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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 ���



&KDSWHU �

�

�� ,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

3���
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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

3���
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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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OLJKW�GDUN F\FOH FRQWLQXRXV OLJKW
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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



&KDSWHU �

��

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�

�

�

�

�

�

�

�

�

�

�

�



6SHFLILF JURZWK UDWH RI &� UHLQKDUGWLL DQG &� VRURNLQLDQD XQGHU OLJKW�GDUN F\FOHV� �� ± �� V

��

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

��
V
��
�
��
�

32��PD[

�PJ J
��
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
��
V
��
�

� ��� ��� ��� ��� ��� ��� ���

P
�K

��
�

����

����

����
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FRQWLQXRXV LOOXPLQDWLRQ

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

H ���

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

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

$EVWUDFW

7KH OLJKW UHJLPH LQVLGH D SKRWRELRUHDFWRU LV FKDUDFWHUL]HG E\ D OLJKW JUDGLHQW ZLWK IXOO

�VXQ�OLJKW DW WKH OLJKW�H[SRVHG VXUIDFH DQG GDUNQHVV LQ WKH LQWHULRU RI WKH ELRUHDFWRU�

&RQVHTXHQWO\� GHSHQGLQJ RQ WKH PL[LQJ FKDUDFWHULVWLFV� DOJDH ZLOO EH H[SRVHG WR FHUWDLQ

OLJKW�GDUN F\FOHV� ,Q WKLV VWXG\ WKH JUHHQ DOJD &KODP\GRPRQDV UHLQKDUGWLL ZDV FXOWLYDWHG

XQGHU ILYH GLIIHUHQW OLJKW UHJLPHV� �� FRQWLQXRXV LOOXPLQDWLRQ� �� D VTXDUH�ZDYH OLJKW�GDUN

F\FOH ZLWK D OLJKW IUDFWLRQ �H� RI ��� DQG D GXUDWLRQ �WF� RI ��� V� �� H  ���� WF  ���� V� �� H  

���� WF  ���� V DQG �� H  ���� WF  ���� V�

7KH ELRPDVV \LHOG RQ OLJKW HQHUJ\� SURWHLQ SHU SKRWRQV� GHFUHDVHG XQGHU OLJKW�GDUN F\FOHV �H  

���� LQ FRPSDULVRQ WR FRQWLQXRXV OLJKW �&/�� IURP ����� WR ����� � ����� J PRO
��
�

&RQFRPLWDQWO\� WKH PD[LPDO VSHFLILF SKRWRV\QWKHWLF DFWLYLW\� R[\JHQ SURGXFWLRQ SHU SURWHLQ�

GHFUHDVHG IURP ���� �&/� WR ���� � ���� J J
��
K
��
�H  ����� $OVR WKH TXDQWXP \LHOG RI

SKRWRFKHPLVWU\� \LHOG RI WKH FRQYHUVLRQ RI OLJKW HQHUJ\ LQWR FKHPLFDO HQHUJ\� GHFUHDVHG IURP

���� �&/� WR ���� �H  ���� WF  ���� V�� $SSDUHQWO\� &� UHLQKDUGWLL LV QRW DEOH WR PDLQWDLQ D

KLJK SKRWRV\QWKHWLF FDSDFLW\ XQGHU PHGLXP�GXUDWLRQ OLJKW�GDUN F\FOHV DQG VLQFH VSHFLILF OLJKW

DEVRUSWLRQ GLG QRW FKDQJH� OLJKW XWLOL]DWLRQ HIILFLHQF\ GHFUHDVHG LQ FRPSDULVRQ WR FRQWLQXRXV

LOOXPLQDWLRQ�

7KLV FKDSWHU KDV EHHQ SXEOLVKHG DV� -DQVVHQ 0� -DQVVHQ 0� GH :LQWHU 0� 7UDPSHU -� 0XU /5� 6QHO -

DQG :LMIIHOV 5+� (IILFLHQF\ RI OLJKW XWLOL]DWLRQ RI &KODP\GRPRQDV UHLQKDUGWLL XQGHU PHGLXP GXUDWLRQ

OLJKW�GDUN F\FOHV� -RXUQDO RI %LRWHFKQRORJ\� 9RO� ��� S� �������� �����



(IILFLHQF\ RI OLJKW XWLOL]DWLRQ RI &� UHLQKDUGWLL XQGHU OLJKW�GDUN F\FOHV� � � �� V

��

,QWURGXFWLRQ

7KH SRVVLELOLW\ RI XVLQJ PLFURDOJDH IRU YDULRXV SXUSRVHV KDV EHHQ UHFRJQL]HG LQ

ELRWHFKQRORJ\� )RU PDQ\ RI WKHVH DSSOLFDWLRQV LW LV QHFHVVDU\ WR XVH PRQRFXOWXUHV ZKLFK KDYH

WR EH FXOWLYDWHG LQ FORVHG SKRWRELRUHDFWRUV� 7KH GHVLJQ RI SKRWRELRUHDFWRUV� KRZHYHU� LV

FRPSOLFDWHG EHFDXVH WKH VXUIDFH�YROXPH UDWLR VKRXOG EH KLJK WR UHDFK KLJK ELRPDVV GHQVLWLHV�

$ ORZ VXUIDFH�YROXPH UDWLR UHVXOWV LQ PRUH YROXPLQRXV UHDFWRUV� ORZ ELRPDVV GHQVLWLHV DQG

WKHUHIRUH KLJK SURFHVVLQJ FRVWV RI WKH GLOXWH VXVSHQVLRQV� $V D UHVXOW� ODUJH�VFDOH FXOWLYDWLRQ LV

VWLOO OLPLWHG E\ HFRQRPLFV RI UHDFWRU GHVLJQ DQG GRZQVWUHDP SURFHVVLQJ� ,PSURYHPHQW RI

SKRWRELRUHDFWRU GHVLJQ DQG SURGXFWLYLW\ LV D QHFHVVLW\�

8VXDOO\ ELRPDVV GHQVLW\ DQG OLJKW SDWK OHQJWK DUH VXFK WKDW SKRWRELRUHDFWRUV FDQ EH GLYLGHG

LQWR WZR ]RQHV� ,Q WKH VR�FDOOHG SKRWLF ]RQH DOJDH DUH H[SRVHG WR OLJKW ZHOO LQ H[FHVV RI WKDW

ZKDW LV QHHGHG WR VDWXUDWH SKRWRV\QWKHVLV� DOJDH RXWVLGH WKH SKRWLF ]RQH UHFHLYH OLWWOH RU QR

OLJKW� 0L[LQJ RI WKH FXOWXUH UHVXOWV LQ PRYHPHQW RI WKH DOJDH WKURXJK WKHVH ]RQHV DQG� DV VXFK�

WKH\ DUH H[SRVHG WR FHUWDLQ OLJKW�GDUN F\FOHV� 7KHVH OLJKW�GDUN F\FOHV FDQ UDQJH IURP ���

VHFRQGV LQ IODW�SDQHO UHDFWRUV �5LFKPRQG DQG 4LDQJ� ����� WR WHQV RI VHFRQGV LQ DLU�OLIW ORRS

UHDFWRUV �&KLVWL� ������ 7KH GHJUHH RI PL[LQJ DOUHDG\ KDV EHHQ VKRZQ WR LQIOXHQFH UHDFWRU

SURGXFWLYLW\ VLJQLILFDQWO\ �*UREEHODDU� ����� 5LFKPRQG DQG 4LDQJ� ����� DQG WKH HIIHFW RI

OLJKW�GDUN IOXFWXDWLRQV RQ DOJDO JURZWK� R[\JHQ SURGXFWLRQ RU FDUERQ GLR[LGH IL[DWLRQ KDV

EHHQ VWXGLHG WR VRPH H[WHQG�

7KH HIIHFW RI IDVW OLJKW�GDUN IOXFWXDWLRQV �! ���� +]� RQ DOJDH LV RIWHQ GLVFXVVHG ZLWK KHOS RI

WKH WHUP µOLJKW LQWHJUDWLRQ¶ �7HUU\� ������ ,Q FRQWLQXRXV OLJKW WKH VSHFLILF JURZWK UDWH RU

R[\JHQ SURGXFWLRQ UDWH FDQ EH ZULWWHQ DV D VDWXUDWLQJ IXQFWLRQ RI WKH SKRWRQ IOX[ GHQVLW\�

P  I�3)'�� ERWK UDWHV LQLWLDOO\ DUH QHDUO\ SURSRUWLRQDO WR 3)'� WKHUHDIWHU ERWK DSSURDFK D

KRUL]RQWDO DV\PSWRWH ZKLFK LV GHILQHG DV WKH PD[LPXP UDWH� 2Q WKH RWKHU KDQG� LI DOJDO FHOOV

DUH SODFHG LQ DQ LQWHUPLWWHQW OLJKW HQYLURQPHQW� WKHQ� ZLWK IXOO LQWHJUDWLRQ RI OLJKW LQWHQVLW\�

P  I�H�3)'�� :LWK QR LQWHJUDWLRQ RI OLJKW� P  H�I�3)'�� ZKHUH H LV HTXDO WR WKH IUDFWLRQ RI

WLPH FHOOV DUH VXEMHFWHG WR OLJKW GXULQJ D OLJKW�GDUN F\FOH� 6LQFH WKH VSHFLILF JURZWK RU VSHFLILF

R[\JHQ SURGXFWLRQ UDWH ZDV D VDWXUDWLQJ IXQFWLRQ RI 3)' LW LV FOHDU WKDW� I�H�3)'� t H�I�3)'��

$ FRQVLGHUDEOH DPRXQW RI ZRUN KDV EHHQ GRQH RQ WKH HIIHFW RI KLJK�IUHTXHQF\ OLJKW�GDUN

IOXFWXDWLRQV �!��� +]� RQ WKH VSHFLILF JURZWK UDWH RU R[\JHQ SURGXFWLRQ UDWH� 7KH &KORURSK\W

&KORUHOOD LV DEOH WR XVH OLJKW IODVKHV RI � PV� RU OHVV� DV HIILFLHQWO\ DV FRQWLQXRXV OLJKW RI WKH

VDPH WLPH�DYHUDJHG 3)'� 7KHVH OLJKW IODVKHV ZHUH IROORZHG E\ GDUN SHULRGV � WR �� WLPHV DV
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ORQJ� 7KLV HIIHFW LV FDOOHG WKH IODVKLQJ�OLJKW HIIHFW �.RN� ����� 3KLOOLSV DQG 0\HUV� �����

0DWWKLMV� HW DO�� ����� 1HGEDO� HW DO�� ����� DQG LV WKH VDPH DV FRPSOHWH OLJKW LQWHJUDWLRQ� ,Q

RWKHU ZRUGV� DOJDO JURZWK RU R[\JHQ SURGXFWLRQ RQO\ GHSHQGV RQ WKH WRWDO DPRXQW RI SKRWRQV

VXSSOLHG�

$W IUHTXHQFLHV GHFUHDVLQJ IURP ��� +] WR ���� +] D GHFUHDVLQJ OHYHO RI OLJKW LQWHJUDWLRQ ZDV

REVHUYHG �3KLOOLSV DQG 0\HUV� ����� 7HUU\� ����� 0RXJHW� HW DO�� ����� 1HGEDO� HW DO�� ������

/LJKW�GDUN IOXFWXDWLRQV LQ WXEXODU SKRWRELRUHDFWRUV� IODW�SDQHO UHDFWRUV DQG EXEEOH FROXPQV

DUH LQ WKLV UDQJH� ,Q WKHVH V\VWHPV IDVWHU PL[LQJ RI KLJK�GHQVLW\ FXOWXUHV� UHVXOWLQJ LQ

OLJKW�GDUN F\FOHV RI ��� WR � V �� WR � +]�� LQFUHDVHG WKH \LHOG RI ELRPDVV RQ OLJKW HQHUJ\ DW

KLJK 3)'V �/DZV� HW DO�� ����� 5LFKPRQG DQG 4LDQJ� ������

7KH LQIOXHQFH RI PHGLXP�IUHTXHQF\ IOXFWXDWLQJ OLJKW ����� � ���� +]� RQ DOJDO JURZWK� R[\JHQ

SURGXFWLRQ RU FDUERQ GLR[LGH IL[DWLRQ LV QRW ZHOO NQRZQ� 7KHVH OLJKW�GDUN IOXFWXDWLRQV DUH

HQFRXQWHUHG LQ DLU�OLIW V\VWHPV DQG DOJDO SRQGV� ,Q VKRUW�WHUP H[SHULPHQWV ZLWK &KORUHOOD DQG

6FHQHGHVPXV QR LQIOXHQFH RI IOXFWXDWLQJ OLJKW� LQ WKH UDQJH � WR ������ +]� ZDV IRXQG RQ

VSHFLILF R[\JHQ SURGXFWLRQ DQG FDUERQ GLR[LGH IL[DWLRQ XQGHU HTXDO WLPH�DYHUDJHG 3)'

�*UREEHODDU� ���� DQG ����� *UREEHODDU� HW DO�� ������ 2WKHUV REVHUYHG D GHFUHDVH RI WKH

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

6FHQHGHVPXV DW IUHTXHQFLHV RI ��� � ��� +] LQ FRPSDULVRQ WR FRQWLQXRXV LOOXPLQDWLRQ RI WKH

VDPH WLPH�DYHUDJHG 3)' �:DOVK DQG /HJHQGUH� ����� 4XpJXLQHU DQG /HJHQGUH� �����

1HGEDO� HW DO�� ������ ,Q RWKHU ZRUGV� OLJKW LQWHJUDWLRQ ZDV QRW FRPSOHWH�

2Q WKH FRQWUDU\� 3LUW ������ DQG 0HUFKXN HW DO� ������ FRQFOXGHG WKDW WKH FKORURSK\W

&KORUHOOD VRURNLQLDQD DQG WKH UHG PLFURDOJD 3RUSK\ULGLXP VS� FRXOG VXVWDLQ WKHLU PD[LPDO

JURZWK UDWH GXULQJ OLJKW�GDUN F\FOHV ZLWK D GDUN SHULRG RI � DQG � V� UHVSHFWLYHO\ �FRPSOHWH

OLJKW LQWHJUDWLRQ�� ,Q DGGLWLRQ� %RVFD HW DO� ������ IRXQG WKDW FDUERQ GLR[LGH IL[DWLRQ ZDV

KLJKHU �XS WR ��� WLPHV� XQGHU � V OLJKW�GDUN IOXFWXDWLRQV LQ FRPSDULVRQ WR FRQWLQXRXV OLJKW

XQGHU HTXDO WLPH�DYHUDJHG 3)'� $OVR� LW LV VXJJHVWHG WKDW SKRWRV\QWKHVLV LQ JUHHQ SODQWV LV

XOWLPDWHO\ OLPLWHG E\ VXFURVH V\QWKHVLV XQGHU VDWXUDWLQJ OLJKW DQG WKDW VKRUW GDUN SHULRGV ���

WR �� V� FDQ UHVXOW LQ HQKDQFHG FDUERQ GLR[LGH IL[DWLRQ �6WLWW� ������

,W LV QRW FOHDU KRZ PHGLXP�GXUDWLRQ OLJKW�GDUN F\FOHV FRXOG DIIHFW SKRWRELRUHDFWRU

SURGXFWLYLW\� ,Q WKH SUHVHQW VWXG\ ZH WKHUHIRUH GHWHUPLQHG WKH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ RI

WKH JUHHQ DOJD �FKORURSK\W� &KODP\GRPRQDV UHLQKDUGWLL XQGHU PHGLXP�GXUDWLRQ �� � �� V�

OLJKW�GDUN F\FOHV� 7KH SKRWRQ IOX[ GHQVLW\ GXULQJ WKH OLJKW SHULRG RI WKH F\FOHV ZDV FRQVWDQW

DQG RYHU�VDWXUDWLQJ� WKDW LV WR VD\ PRUH WKDQ VXIILFLHQW WR VXVWDLQ WKH PD[LPDO VSHFLILF JURZWK

UDWH XQGHU FRQWLQXRXV LOOXPLQDWLRQ� 6SHFLILF JURZWK UDWH DQG VSHFLILF OLJKW DEVRUSWLRQ UDWH
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ZHUH PHDVXUHG XQGHU � GLIIHUHQW OLJKW�GDUN F\FOHV� 7KHVH UDWHV ZHUH XVHG WR FDOFXODWH WKH

ELRPDVV \LHOG RQ OLJKW HQHUJ\� $OVR WKH VSHFLILF SKRWRV\QWKHWLF DFWLYLW\ DQG WKH TXDQWXP \LHOG

RI SKRWRFKHPLVWU\ ZHUH GHWHUPLQHG� 7KHVH WZR SDUDPHWHUV SURYLGHG LQIRUPDWLRQ DERXW

DFFOLPDWLRQ RI &� UHLQKDUGWLL� 7KH TXDQWXP \LHOG RI SKRWRFKHPLVWU\ ZDV GHWHUPLQHG E\

PHDVXULQJ FKORURSK\OO IOXRUHVFHQFH DQG LV HTXDO WR WKH HIILFLHQF\ RI WKH ILUVW VWHSV RI

SKRWRV\QWKHVLV� L�H� OLJKW FDSWXUH DQG FKDUJH VHSDUDWLRQ LQ WKH SKRWRV\VWHPV DV LV H[SODLQHG LQ

WKH IROORZLQJ 7KHRU\ VHFWLRQ�

7KHRU\� $QDO\VLV RI DOJDO SKRWRFKHPLFDO HIILFLHQF\ E\ FKORURSK\OO

IOXRUHVFHQFH

7KH FKORURSODVW RI D JUHHQ DOJD FRQWDLQV WK\ODNRLG PHPEUDQHV LQ ZKLFK WKH SKRWRV\VWHPV DUH

IL[HG� 7KHUH DUH WZR W\SHV RI SKRWRV\VWHPV �36, DQG 36,,� FRQQHFWHG E\ DQ HOHFWURQ WUDQVSRUW

FKDLQ DQG ZRUNLQJ LQ VHULHV WR WUDQVIHU HOHFWURQV IURP ZDWHU WR R[LGL]HG QLFRWLQDPLGH DGHQLQH

GLQXFOHRWLGH SKRVSKDWH �1$'3
�
�� 7KLV OLQHDU HOHFWURQ WUDQVSRUW DGGLWLRQDOO\ UHVXOWV LQ

SXPSLQJ RI SURWRQV DFURVV WKH WK\ODNRLG PHPEUDQH� D WUDQV�WK\ODNRLGDO SURWRQ JUDGLHQW

GHYHORSV DQG WKLV LV XVHG IRU DGHQRVLQH WULSKRVSKDWH �$73� SURGXFWLRQ�

,Q )LJXUH ��� WKH SURFHVVHV LQYROYHG LQ 36,, SKRWRFKHPLVWU\ DUH H[SODLQHG LQ PRUH GHWDLO�

3KRWRQV DUH LQWHUFHSWHG E\ WKH DQWHQQD FRPSOH[ DQG WKH UHVXOWLQJ H[FLWDWLRQ HQHUJ\ LV

GHOLYHUHG WR WKH VR�FDOOHG UHDFWLRQ FHQWHU� ,Q WKH UHDFWLRQ FHQWHU WKH H[FLWDWLRQ HQHUJ\ LV XVHG

WR LQFUHDVH WKH HQHUJ\ RI DQ HOHFWURQ ZKLFK LV WUDQVIHUUHG WR DQ DFFHSWRU �FKDUJH VHSDUDWLRQ RU

SKRWRFKHPLVWU\�� $GGLWLRQDOO\� D SDUW RI WKH H[FLWDWLRQ HQHUJ\ LV ORVW E\ D QXPEHU RI QRQ�

UDGLDWLYH GHFD\ SURFHVVHV� SUHGRPLQDQWO\ KHDW GLVVLSDWLRQ LQ WKH DQWHQQD FRPSOH[ �+RUWRQ� HW

DO�� ������ 7KLV KHDW GLVVLSDWLRQ LV GHSHQGHQW RQ WKH HQHUJL]DWLRQ RI WKH WK\ODNRLG PHPEUDQHV�

WKH PDJQLWXGH RI WKH WUDQV�WK\ODNRLGDO SURWRQ JUDGLHQW �%ULDQWDLV� HW DO�� ������ DQG VHUYHV WR

SURWHFW WKH SKRWRV\VWHPV IRU RYHU�H[FLWDWLRQ�

$ VPDOO DPRXQW RI WKH H[FLWDWLRQ HQHUJ\ LV DOVR ORVW DV IOXRUHVFHQFH� 7KH IOXRUHVFHQFH RI 36,,

FDQ EH PHDVXUHG DQG XVHG WR FDOFXODWH WZR SDUDPHWHUV� WKH TXDQWXP \LHOG RI SKRWRFKHPLVWU\

�MS� DQG QRQ�SKRWRFKHPLFDO TXHQFKLQJ �134�� 7KH SDUDPHWHU MS LV GHULYHG WR EH HTXDO WR WKH

IUDFWLRQ RI SKRWRQV DEVRUEHG E\ WKH 36,, DQWHQQD XVHG IRU FKDUJH VHSDUDWLRQ �*HQW\� HW DO��

������ 134 LV GHILQHG DV WKH UHODWLYH GHFUHDVH �TXHQFKLQJ� RI 36,, IOXRUHVFHQFH GXH WR WKH

LQGXFWLRQ RI KHDW GLVVLSDWLRQ RU RWKHU SURFHVVHV H[FHSW SKRWRFKHPLVWU\� )LUVW WKH DFWXDO

IOXRUHVFHQFH PHDVXUHPHQW ZLOO EH FRYHUHG DQG IROORZLQJ WKH GHULYDWLRQ RI MS DQG 134�
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)LJXUH ���� 6FKHPDWLF UHSUHVHQWDWLRQ RI SKRWRV\VWHP ,,� VHH 7KHRU\�

7KH IOXRUHVFHQFH \LHOG LV PHDVXUHG E\ SXOVH�DPSOLWXGH�PRGXODWLRQ �3$0� IOXRURPHWU\ LQ

FRPELQDWLRQ ZLWK WKH VDWXUDWLQJ�SXOVH WHFKQLTXH �6FKUHLEHU� HW DO�� ������ )OXRUHVFHQFH LV

LQGXFHG ZLWK PRGXODWHG OLJKW SXOVHV RI ��� QP� ORZ LQWHQVLW\ DQG VKRUW GXUDWLRQ �� PV�� 7KLV

OLJKW LV FDOOHG WKH PHDVXULQJ OLJKW DQG LV WRR ZHDN WR LQIOXHQFH SKRWRFKHPLVWU\� 7KH

IOXRUHVFHQFH LQWHQVLW\ RU \LHOG �! ��� QP� LV PHDVXUHG E\ D GHWHFWRU� GH�PRGXODWHG DQG

UHFRUGHG� $ W\SLFDO UHFRUGHU WUDFH LV VKRZQ LQ )LJXUH �� )LUVW WKH DOJDO VDPSOH LV SODFHG LQ WKH

GDUN IRU �� WR �� PLQXWHV WR UHDFK WKH VLWXDWLRQ WKDW DOO UHDFWLRQ FHQWHUV DUH RSHQHG �HOHFWURQ

WUDQVSRUW FKDLQ EHWZHHQ 36,, DQG 36, LV IXOO\ R[LGL]HG� DQG WKH WK\ODNRLG PHPEUDQHV DUH QRW

HQHUJL]HG� $V D UHVXOW� WKH \LHOG RI SKRWRFKHPLVWU\ LV PD[LPDO DQG KHDW GLVVLSDWLRQ PLQLPDO�

7KH PHDVXULQJ OLJKW �0/� LV WXUQHG RQ DQG WKH IOXRUHVFHQFH \LHOG LV GHWHFWHG� %HFDXVH WKH

SKRWRFKHPLFDO \LHOG LV PD[LPDO� WKH IOXRUHVFHQFH \LHOG LV PLQLPDO DQG WKLV OHYHO LV FDOOHG )�

DIWHU YDQ .RRWHQ DQG 6QHO ������� 1RZ� D VDWXUDWLQJ OLJKW SXOVH �63�� ��� WR ��� V� FDQ EH

JLYHQ WR VDWXUDWH DOO SKRWRFKHPLVWU\� $OO UHDFWLRQ FHQWHUV DUH RFFXSLHG GXULQJ WKLV SXOVH DQG

WKH HOHFWURQ WUDQVSRUW FKDLQ EHWZHHQ 36,, DQG 36, LV IXOO\ UHGXFHG� +HDW GLVVLSDWLRQ LV VWLOO

PLQLPDO DQG FRQVHTXHQWO\ WKH IOXRUHVFHQFH \LHOG TXLFNO\ ULVHV WR D PD[LPXP� )P�

OLJKW �SKRWRQV�

DQWHQQD
FRPSOH[

UHDFWLRQ
FHQWHU

H[FLWDWLRQ
HQHUJ\

KHDW

IOXRUHVFHQFH
FKDUJH
VHSDUDWLRQ

I
S

134
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)LJXUH ���� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH VDWXUDWLQJ�SXOVH IOXRUHVFHQFH PHWKRG�

DGDSWHG IURP YDQ .RRWHQ DQG 6QHO ������� $UURZV LQGLFDWH WKH DFWLYDWLRQ RI GLIIHUHQW OLJKW

VRXUFHV� 0/� PHDVXULQJ OLJKW� 63� VDWXUDWLQJ�SXOVH ODPS� &/� FXOWLYDWLRQ OLJKW� )RXU

GLIIHUHQW VWDWHV ZLWK GLIIHUHQW IOXRUHVFHQFH \LHOGV DUH GLVWLQJXLVKHG� )�� PLQLPDO

IOXRUHVFHQFH \LHOG LQ GDUN�DGDSWHG VWDWH� )P� PD[LPDO IOXRUHVFHQFH LQ GDUN DGDSWHG VWDWH�

)� IOXRUHVFHQFH \LHOG XQGHU FXOWLYDWLRQ OLJKW� )P¶� PD[LPDO IOXRUHVFHQFH XQGHU FXOWLYDWLRQ

OLJKW�

$IWHU GDUN�DGDSWDWLRQ� FXOWLYDWLRQ OLJKW �&/� LV WXUQHG RQ DQG WKH IOXRUHVFHQFH \LHOG TXLFNO\

ULVHV EHFDXVH RI FORVLQJ UHDFWLRQ FHQWHUV� %XW WKHQ WKH \LHOG VWDUWV WR GHFUHDVH WR D FRQVWDQW

OHYHO� )� EHFDXVH KHDW GLVVLSDWLRQ LQFUHDVHV� 7KLV KHDW GLVVLSDWLRQ LV LQGXFHG E\ WKH

HQHUJL]DWLRQ RI WKH WK\ODNRLG PHPEUDQHV DIWHU VZLWFKLQJ WR &/� $OVR LQ WKH OLJKW�DGDSWHG VWDWH

D VDWXUDWLQJ SXOVH FDQ EH JLYHQ DQG D PD[LPXP� )P¶� LV UHDFKHG� )P¶ LV ORZHU WKDQ )P EHFDXVH

LQ WKH OLJKW�DGDSWHG VWDWH PRUH H[FLWDWLRQ HQHUJ\ LV GLVVLSDWHG DV KHDW LQ WKH 36,, DQWHQQDH�

7KH TXDQWXP \LHOG RI 36,, SKRWRFKHPLVWU\ �IS� FDQ EH FDOFXODWHG IURP ) DQG )P¶ �*HQW\� HW

DO�� ������ :H ZLOO IROORZ WKH VLPSOLILHG ZD\ RI 6FKUHLEHU HW DO� ������ WR YLVXDOL]H WKH

FDOFXODWLRQ� ,Q )LJXUH ��� LW ZDV VKRZQ WKDW WKH H[FLWDWLRQ HQHUJ\ RI DQ DEVRUEHG SKRWRQ

�TXDQWXP� FDQ OHDYH 36,, E\ WKUHH GLIIHUHQW ZD\V� SKRWRFKHPLVWU\ �FKDUJH VHSDUDWLRQ�� KHDW

GLVVLSDWLRQ RU IOXRUHVFHQFH� ,W LV DVVXPHG WKDW� �� WKH VXP RI TXDQWXP \LHOGV RI

SKRWRFKHPLVWU\ �IS�� IOXRUHVFHQFH �I)� DQG KHDW GLVVLSDWLRQ �I'� LV XQLW\� IS � I) � I'  �� ��

ZLWK WKH DSSOLFDWLRQ RI D VDWXUDWLQJ SXOVH IS EHFRPHV ]HUR� �I)�6 � �I'�6  �� �� GXULQJ WKH

VDWXUDWLQJ SXOVH WKHUH LV QR FKDQJH LQ WKH UDWLR EHWZHHQ KHDW GLVVLSDWLRQ DQG IOXRUHVFHQFH�

�I)�6��I'�6  I)�I'� %DVHG RQ WKH DERYH DVVXPSWLRQV LW LV SRVVLEOH WR H[SUHVV IS E\

IOXRUHVFHQFH SDUDPHWHUV DORQH� IS  ^�I)�6 � I)`��I)�6� )LQDOO\� �I)�6 DQG I) DUH OLQHDUO\
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FRUUHODWHG WR WKH PHDVXUHG IOXRUHVFHQFH LQWHQVLWLHV )P¶ DQG ) �)LJXUH ����� UHVSHFWLYHO\� DQG

WKHUHIRUH IS FDQ EH FDOFXODWHG DV �)P¶ � )��)P¶�

1RQ�SKRWRFKHPLFDO TXHQFKLQJ �134�� LV FDOFXODWHG DV �)P � )P¶��)P¶ �*LOPRUH DQG

<DPDPRWR� ������ ,W LV FOHDU WKDW WKH GLIIHUHQFH EHWZHHQ )P DQG )P¶ LV FRUUHODWHG WR WKH OHYHO

RI KHDW GLVVLSDWLRQ� WKH GLIIHUHQFH LV ODUJHU DW KLJKHU OHYHOV RI KHDW GLVVLSDWLRQ� 7KH QDPH

134� QRQ�SKRWRFKHPLFDO TXHQFKLQJ RI IOXRUHVFHQFH� UHVXOWV IURP WKH IDFW WKDW WKH TXHQFKLQJ

RI )P WR )P¶ LV FDXVHG E\ RWKHU SURFHVVHV WKDQ SKRWRFKHPLVWU\�

0DWHULDOV DQG PHWKRGV

([SHULPHQWDO VHW�XS

&KODP\GRPRQDV UHLQKDUGWLL ZDV FXOWLYDWHG XQGHU GLIIHUHQW OLJKW UHJLPHV� VHSDUDWHG LQWR WZR

SHULRGV� 'XULQJ WKH ILUVW SHULRG� SHULRG ,� &� UHLQKDUGWLL ZDV FXOWLYDWHG XQGHU FRQWLQXRXV

LOOXPLQDWLRQ RI YDU\LQJ SKRWRQ IOX[ GHQVLWLHV �3)'V� DQG RQO\ WKH VSHFLILF JURZWK UDWH ZDV

GHWHUPLQHG� 7KHVH H[SHULPHQWV ZHUH GRQH ZLWKRXW DSSO\LQJ D GD\�QLJKW F\FOH�

'XULQJ WKH VHFRQG SHULRG� SHULRG ,,� &� UHLQKDUGWLL ZDV FXOWLYDWHG XQGHU ILYH GLIIHUHQW OLJKW

UHJLPHV� �� FRQWLQXRXV LOOXPLQDWLRQ� �� D VTXDUH�ZDYH OLJKW�GDUN F\FOH ZLWK D OLJKW IUDFWLRQ �H�

RI ��� DQG D GXUDWLRQ �WF� RI ��� V� �� H  ��� DQG WF  ���� V� �� H  ��� DQG WF  ���� V� �� H  

��� DQG WF  ���� V� 8QGHU WKHVH FLUFXPVWDQFHV VSHFLILF JURZWK UDWH� VSHFLILF SKRWRV\QWKHWLF

DFWLYLW\� VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW DQG IOXRUHVFHQFH SDUDPHWHUV ZHUH

GHWHUPLQHG� 7KH SHULRG ,, H[SHULPHQWV ZHUH GRQH DW D 3)' RI ��� � ��� PPRO P��
V
��
GXULQJ

WKH OLJKW SHULRG� )XUWKHUPRUH� D ���� K GD\�QLJKW F\FOH ZDV DSSOLHG WR FRQWURO FHOO�F\FOH

HYHQWV� ,W KDV EHHQ VKRZQ WKDW WKH FHOO�GLYLVLRQ F\FOH RI &KODP\GRPRQDV FDQ EH FRQWUROOHG E\

D �� KRXUV GD\�QLJKW F\FOH �*RWR DQG -RKQVRQ� ������ 'DLO\ VDPSOHV IRU WKH VSHFLILF

DEVRUSWLRQ FRHIILFLHQW RU SKRWRV\QWKHWLF DFWLYLW\ ZHUH DOZD\V WDNHQ DW WKH VDPH WLPH� � KRXUV

DIWHU RQVHW RI LOOXPLQDWLRQ� WR REWDLQ FHOOV LQ WKH VDPH SKDVH RI WKH FHOO F\FOH�

2UJDQLVP DQG PHGLXP

&KODP\GRPRQDV UHLQKDUGWLL && ���� ZLOG W\SH �� JU PW� ZDV NLQGO\ SURYLGHG E\ (OL]DEHWK

+DUULV IURP WKH &KODP\GRPRQDV *HQHWLFV &HQWHU �'XNH 8QLYHUVLW\� 'XUKDP� 1&� 86$�� 7KH

RUJDQLVP ZDV FXOWLYDWHG LQ D 6XHRND KLJK VDOWV �+6� PHGLXP DV GHVFULEHG E\ +DUULV ������� LW

LV FRPSRVHG RI �DPRXQWV LQ J /
��
�� 1+�&O� ���� 0J62���+�2� ����� &D&O���+�2� �����

.�+32�� ����� .+�32�� ����� 1D+&2�� ���� DQG � P/ /
��

RI +�WQHU¶V WUDFH�HOHPHQWV
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VROXWLRQ� 3XUH FXOWXUHV ZHUH PDLQWDLQHG RQ DJDU VODQWV DW �� ± �� �&� �� � �� PPRO P��
V
��
DQG

D ���� K GD\�QLJKW F\FOH� %HIRUH EHLQJ XVHG DV DQ LQRFXOXP� DOJDH IURP WKH VODQWV ZHUH

DOORZHG WR JURZ XQGHU WKH VDPH FRQGLWLRQV LQ �� P/ RI OLTXLG PHGLXP IRU VHYHUDO GD\V�

&XOWXUH FRQGLWLRQV

$ WXUELGRVWDW�W\SH UHDFWRU ZDV XVHG IRU FXOWLYDWLRQ RI &� UHLQKDUGWLL IRU RQH RU WZR ZHHNV

XQGHU D FHUWDLQ OLJKW UHJLPH� 7KH WXUELGRVWDW LV VKRZQ LQ )LJXUH ���� WKH VXVSHQVLRQ YROXPH

ZDV �� P/ DQG WKH KHLJKW RI WKH VXVSHQVLRQ ZDV � FP� ,OOXPLQDWLRQ RI WKH WXUELGRVWDW ZDV

SURYLGHG E\ D KDORJHQ ODPS ���� �� RU �� :�� 7KH ODPS FRXOG EH GLPPHG ZLWK RQO\ PLQRU

HIIHFWV RQ WKH VSHFWUDO GLVWULEXWLRQ� 7KH ODPS ZDV FRQQHFWHG WR D WLPHU WR DSSO\ D ���� K

GD\�QLJKW F\FOH� 7ZR RWKHU WLPHUV� GHWHUPLQLQJ RQ� DQG RII�WLPH� ZHUH XVHG WR LPSRVH

GLIIHUHQW OLJKW�GDUN F\FOHV GXULQJ WKH �� K GD\ SHULRG�

)LJXUH ���� 6HW�XS RI WXUELGRVWDW UHDFWRU XVHG IRU FXOWLYDWLRQ RI &� UHLQKDUGWLL XQGHU

GLIIHUHQW OLJKW UHJLPHV�

7KH RSWLFDO GHQVLW\ LQ WKH WXUELGRVWDW ZDV PRQLWRUHG E\ PHDQV RI D ��S 3$5�VHQVRU �,0$*�

'/2� WKH 1HWKHUODQGV� SODFHG XQGHU WKH ERWWRP RI WKH UHDFWRU �)LJXUH ���� WR PHDVXUH WKH RXW�

JRLQJ 3)'� 7KLV 3)' ZDV FRQWLQXRXVO\ FRPSDUHG WR D VHWSRLQW DQG ZKHQ LW ZDV ORZHU WKH

VXVSHQVLRQ ZDV WHPSRUDULO\ GLOXWHG� ,Q WKLV ZD\ WKH RSWLFDO GHQVLW\ DW ��� QP �2'���� RI WKH

DOJDO FXOWXUH ZDV PDLQWDLQHG EHWZHHQ ���� DQG ����� 7KH WXUELGRVWDW ZDV DOVR HTXLSSHG ZLWK D

ZDWHU MDFNHW FRQQHFWHG WR D WHPSHUDWXUH�FRQWUROOHG ZDWHU EDWK� �� � ���� q&� 7KH VXVSHQVLRQ

ZDV JHQWO\ EXEEOHG ZLWK DQ DLU�FDUERQ GLR[LGH PL[WXUH� �� / K
��
� DQG PL[HG ZLWK D PDJQHWLF

VWLUULQJ EDU� 7KH S+ RI WKH FXOWXUH ZDV PDLQWDLQHG EHWZHHQ ��� DQG ��� E\ VHWWLQJ WKH FDUERQ

OLJKW

PHGLXP LQOHW
� JDV LQOHW

JDV RXWOHW

DOJDO
VXVSHQVLRQ

��� FP

VXVSHQVLRQ
RXWOHW

SKRWRGLRGH

FRROLQJ ZDWHU
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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�

(T� ���
��

�
OQ

¿
¾
½

¯
®
­

»
¼

º
«
¬

ª

�
 

PV

VVWDUW

HQG
99

92'
2'

P �K
��
�

$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
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JHQWO\ UHVXVSHQGHG LQ � � �� P/ �� P0 SRWDVVLXP�SKRVSKDWH EXIIHU RI S+ � WR REWDLQ D

SURWHLQ FRQFHQWUDWLRQ RI �� � ��� PJ /
��
� $EVRUEDQFH ZDV PHDVXUHG LQ D %HFNPDQ '8����

VSHFWURSKRWRPHWHU HTXLSSHG ZLWK DQ 56$�%(��� LQWHJUDWLQJ VSKHUH �/DEVSKHUH� 8.� SODFHG

EHKLQG WKH VDPSOH FXYHWWH �� PP OLJKW SDWK�� )RUZDUG�VFDWWHUHG OLJKW ZDV FROOHFWHG ZLWK WKLV

VHW�XS� 7KH DEVRUEDQFH ZDV PHDVXUHG LQ GXSOLFDWH IURP ��� WR ��� QP ZLWK D ��� QP LQWHUYDO�

$EVRUEDQFH DW ��� QP ZDV DOVR PHDVXUHG DQG VXEWUDFWHG IURP WKH DEVRUEDQFH EHWZHHQ ���

DQG ��� QP DVVXPLQJ WKLV ZDV UHVLGXDO VFDWWHULQJ�

7KH VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW �D


SURW�� OLJKW�DEVRUELQJ VXUIDFH SHU SURWHLQ�

QRZ FRXOG EH FDOFXODWHG DFFRUGLQJ WR 'XELQVN\ HW DO� ������� 7KH UHODWLYH VSHFWUDO GLVWULEXWLRQ

RI WKH KDORJHQ ODPSV ZDV QHHGHG IRU WKHVH FDOFXODWLRQV DQG ZDV PHDVXUHG IURP ��� WR ���

QP ZLWK D ��� QP LQWHUYDO RQ D 65���� VSHFWURUDGLRPHWHU �0DFDP� 8.��

3KRWRV\QWKHWLF DFWLYLW\

7KH SKRWRV\QWKHWLF DFWLYLW\ �32��� PHDVXUHG DV R[\JHQ HYROXWLRQ UDWH SHU SURWHLQ� ZDV

GHWHUPLQHG LQ D VPDOO F\OLQGULFDO VWLUUHG YLDO ZLWK D ZDWHU MDFNHW FRQQHFWHG WR D WHPSHUDWXUH�

FRQWUROOHG ZDWHU EDWK ���� &�� 7KH YLDO ZDV HTXLSSHG ZLWK D <6, ���� &ODUN�W\SH R[\JHQ

HOHFWURGH �<HOORZ 6SULQJV ,QVWUXPHQWV� &R� 86$�� 7KH YLDO ZDV LOOXPLQDWHG ZLWK D VOLGH

SURMHFWRU HTXLSSHG ZLWK D KDORJHQ ODPS� 7KH 3)' LQ WKH YLDO ZDV VHW XVLQJ 1* QHXWUDO GHQVLW\

ILOWHUV �6FKRWW *ODVZHUNH� *HUPDQ\�� $IWHU HDFK H[SHULPHQW WKH 3)' LQ WKH HPSW\ YLDO ZDV

PHDVXUHG LQ WKH GLUHFWLRQ RI WKH OLJKW EHDP ZLWK D ��S 3$5�VHQVRU �,0$*�'/2� 7KH

1HWKHUODQGV��

)RU HDFK PHDVXUHPHQW IUHVK VXVSHQVLRQ ZDV WDNHQ RXW RI WKH WXUELGRVWDW DQG � P/ ZDV GLOXWHG

ZLWK � P/ �� P0 SKRVSKDWH EXIIHU� S+ ���� $IWHU �� PLQ GDUN DGDSWDWLRQ� WKH R[\JHQ

FRQFHQWUDWLRQ LQ WKH VDPSOH ZDV ORZHUHG E\ SXUJLQJ DQ DLU�QLWURJHQ PL[WXUH� �� � Y�Y� ([WUD

FDUERQ GLR[LGH ZDV DGGHG DV VRGLXP ELFDUERQDWH ��� P/� ���� 0� DQG GDUN UHVSLUDWLRQ ZDV

PHDVXUHG� 7KH SURMHFWRU ODPS ZDV WXUQHG RQ DQG WKH R[\JHQ HYROXWLRQ UDWH ZDV IROORZHG XQWLO

DLU VDWXUDWLRQ� ,Q WKLV SHULRG ��� PLQ� WKH VDPSOH ZDV H[SRVHG WR WHQ LQFUHDVLQJ 3)'V� )LQDOO\�

SKRWRV\QWKHWLF DFWLYLW\ ZDV FDOFXODWHG E\ DGGLQJ WKH GDUN UHVSLUDWLRQ WR WKH PHDVXUHG R[\JHQ

HYROXWLRQ UDWH�

2SWLFDO GHQVLW\

7KH RSWLFDO GHQVLW\ RI DOJDO VXVSHQVLRQV �2'���� ZDV PHDVXUHG DV DEVRUEDQFH DW ��� QP RQ DQ

8OWURVSHF ���� VSHFWURSKRWRPHWHU �3KDUPDFLD %LRWHFK� 8.� DJDLQVW D UHIHUHQFH RI 6XHRND

PHGLXP�
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3URWHLQ GHWHUPLQDWLRQ

$OJDO VXVSHQVLRQV ���� � ��� PJ SURWHLQ� ZHUH ILOWUDWHG RYHU :KDWPDQ *)�) JODVV�ILEHU ILOWHUV

DQG ZDVKHG E\ DGGLWLRQDO ILOWUDWLRQ RI �� P/ �� P0 SRWDVVLXP�SKRVSKDWH EXIIHU RI S+ ��

7KH ILOWHUV ZLWK FDNHV ZHUH UHVXVSHQGHG LQ �� P/ EXIIHU FRQWDLQLQJ � � Z�Y VRGLXP GRGHF\O

VXOSKDWH �6'6� DQG VRQLFDWHG RQ LFH ZDWHU �%UDQVRQ 6RQLILHU ��� ZLWK PLFURWLS� �0HLMHU DQG

:LMIIHOV� ������ 7KH VXVSHQVLRQV ZHUH FHQWULIXJHG DQG VDPSOHV IURP HDFK VXSHUQDWDQW ZHUH

VWRUHG DW ±�� q&� 3URWHLQ ZDV TXDQWLILHG ODWHU ZLWK ELFLQFKRQLQLF DFLG �%&$� �6PLWK� HW DO��

����� XVLQJ D FRPPHUFLDOO\ DYDLODEOH NLW �3LHUFH��

)OXRUHVFHQFH PHDVXUHPHQWV

7KH DOJDO VDPSOH ZDV SXW LQWR D �� PP OLJKW�SDWK FXYHWWH� ZKLFK ZDV SODFHG LQ DQ HPLWWHU�

GHWHFWRU�FXYHWWH DVVHPEO\� (' ���86 �+HLQ] :DO] *PEK� *HUPDQ\�� 7ZR OLJKW�JXLGLQJ

SHUVSH[ URGV ZHUH SODFHG DJDLQVW WZR VLGHV RI WKH FXYHWWH� 2QH URG ZDV FRQQHFWHG WR WKH

IOXRUHVFHQFH�LQGXFLQJ PHDVXULQJ OLJKW DQG WKH RWKHU WR D SKRWRGLRGH� 7KH PHDVXULQJ OLJKW DQG

GHWHFWRU ZHUH RSHUDWHG E\ PHDQV RI WKH 3$0 ��� FRQWURO XQLW �+HLQ] :DO] *PEK�� $QRWKHU

VLGH RI WKH FXYHWWH FRXOG EH LOOXPLQDWHG E\ D ./���� VDWXUDWLRQ SXOVH ODPS FRQWUROOHG E\ WKH

3$0 ��� DFFHVVRU\ XQLW� 7KH FOHDU ERWWRP RI WKH TXDUW] FXYHWWH FRXOG EH LOOXPLQDWHG E\ D

VOLGH SURMHFWRU� ZKLFK VLPXODWHG WKH FXOWLYDWLRQ OLJKW LQ WKH WXUELGRVWDW� $OJDH ZHUH FXOWLYDWHG

XQGHU OLJKW�GDUN F\FOHV LQ WKH WXUELGRVWDW� ,Q RUGHU WR VLPXODWH WKLV LQWHUPLWWHQW OLJKW UHJLPH LQ

WKH FXYHWWH� D 965�� VKXWWHU �8QLEOLW]� 1<� 86$� ZDV XVHG WR FXW RII WKH SURMHFWRU OLJKW

EHDP� 7KH VKXWWHU ZDV FRQWUROOHG ZLWK D &5 �� GDWDORJJHU �&DPSEHOO 6FLHQWLILF /WG�� 8.�

SURJUDPPHG IRU WKH VSHFLILF LQWHUPLWWHQW OLJKW UHJLPH�

,Q WKLV VWXG\ � P/ VDPSOHV ZHUH WDNHQ IURP WKH WXUELGRVWDW DQG GLOXWHG ZLWK � P/ �� P0

SKRVSKDWH EXIIHU RI S+ ���� 6RGLXP ELFDUERQDWH ��� PO� ���� 0� DQG DPPRQLXP FKORULGH ���

P/� ���� 0� ZHUH DGGHG� 7KH FXYHWWH ZDV ILOOHG ZLWK � P/ RI VXVSHQVLRQ DQG GDUN DGDSWHG IRU

�� � �� PLQXWHV EHIRUH PHDVXULQJ )� DQG )P� $IWHU GDUN DGDSWDWLRQ WKH FXOWLYDWLRQ OLJKW �&/�

ZDV WXUQHG RQ DQG ) DQG )P¶ ZHUH PHDVXUHG� 'XULQJ PHDVXUHPHQWV WKH VDPSOHV LQ WKH FXYHWWH

ZHUH PL[HG ZLWK D VPDOO VWLUUHU�
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5HVXOWV DQG GLVFXVVLRQ

3HULRG ,� VSHFLILF JURZWK UDWH

'XULQJ SHULRG , WKH VSHFLILF JURZWK UDWH RI &� UHLQKDUGWLL ZDV PHDVXUHG XQGHU FRQWLQXRXV

LOOXPLQDWLRQ RI YDU\LQJ 3)'V� 7KH UHVXOWV DUH SUHVHQWHG LQ )LJXUH ���� 1LQH WXUELGRVWDW UXQV

ZHUH FDUULHG RXW� FRUUHVSRQGLQJ WR QLQH 3)'V� (DFK VROLG GRW LV WKH UHVXOW RI RQH JURZWK�UDWH

GHWHUPLQDWLRQ LQ RQH RI WKH EDWFK UHDFWRUV� 6LQFH WKH LQWHQVLW\ RI WKH WKUHH ODPSV ZDV QRW

H[DFWO\ WKH VDPH� WKH UHVXOWV DUH JURXSHG DURXQG GLIIHUHQW 3)'V� :H GHGXFHG IURP )LJXUH ���

WKDW &� UHLQKDUGWLL ZDV OLJKW�OLPLWHG XS WR ��� PPRO P��
V
��
DQG OLJKW�VDWXUDWHG DW D 3)' RI

��� PPRO P��
V
��
� 7KH $LED PRGHO� P  I�3)'� �$LED� ������ ZDV ILWWHG WR WKH PHDVXUHG

VSHFLILF JURZWK UDWHV DQG LV UHSUHVHQWHG DV WKH VROLG OLQH LQ )LJXUH ���� ,Q WKLV PRGHO

SKRWRLQKLELWLRQ DW KLJK 3)'V LV LQFOXGHG E\ PHDQV RI DQ LQKLELWLRQ FRQVWDQW� %XW LQ )LJXUH ���

LW FDQ EH VHHQ WKDW LQKLELWLRQ LV QHJOLEOH DW 3)'V ORZHU WKDQ ��� PPRO P��
V
��
�

,Q DGGLWLRQ� D WXUELGRVWDW UXQ ZDV GRQH XQGHU D OLJKW�GDUN F\FOH RI �� V GXUDWLRQ DQG D OLJKW

IUDFWLRQ RI ���� DW D 3)' RI ��� PPRO P��
V
��
LQ WKH OLJKW SHULRG �VROLG VTXDUHV LQ )LJXUH �����

)RU FRPSDULVRQ� WKH GDVKHG OLQH LQ )LJXUH ��� UHSUHVHQWV FRPSOHWH OLJKW LQWHJUDWLRQ XQGHU WKLV

OLJKW�GDUN F\FOH� DV H[SODLQHG LQ WKH LQWURGXFWLRQ� P  I�3)'�H�� 7KLV PHDQV WKDW WKH DOJDH

ZRXOG EH DEOH WR XVH LQWHUPLWWHQW OLJKW DV HIILFLHQWO\ DV FRQWLQXRXV OLJKW RI WKH VDPH WLPH�

DYHUDJHG 3)'� ,W VHHPV WKDW OLJKW LQWHJUDWLRQ GLG QRW WDNH SODFH� 0RUHRYHU� LW LV PRUH OLNHO\

WKDW OLJKW LQWHJUDWLRQ LV FRPSOHWHO\ DEVHQW XQGHU WKLV OLJKW�GDUN F\FOH EHFDXVH WKH VSHFLILF

JURZWK UDWH GHFUHDVHG SURSRUWLRQDO WR WKH OLJKW IUDFWLRQ LQ FRPSDULVRQ WR FRQWLQXRXV

LOOXPLQDWLRQ� P  H�I�3)'� �GRWWHG OLQH LQ )LJXUH ����� :H GLG DOUHDG\ REVHUYH WKLV LQ SUHYLRXV

ZRUN �-DQVVHQ� HW DO�� ������

7KH SHULRG , H[SHULPHQWV ZHUH GRQH XQGHU �� KRXUV RI OLJKW SHU GD\� QR GD\�QLJKW F\FOH ZDV

DSSOLHG� %XW ZH IRXQG WKDW ZLWKRXW D QLJKW SHULRG FHOO GLYLVLRQ RI &KODP\GRPRQDV VWLOO

IROORZV D �� KRXUV SHULRGLFLW\� 7KLV ZDV DOVR UHSRUWHG E\ *RWR DQG -RKQVRQ ������� +RZHYHU�

WKLV SHULRG ZDV QRW H[DFWO\ �� KRXUV EXW D OLWWOH ELW ORQJHU� 6DPSOHV WDNHQ DW WKH VDPH WLPH RQ

GLIIHUHQW GD\V FRXOG FRQVLVW RI FHOOV LQ GLIIHUHQW SK\VLRORJLFDO VWDWHV� 7KHUHIRUH ZH DSSOLHG D

���� K GD\�QLJKW F\FOH GXULQJ SHULRG ,, WR IRUFH WKH FHOO F\FOH LQWR D ���KRXUV UK\WKP�
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)LJXUH ���� 6SHFLILF JURZWK UDWH �P� RI &� UHLQKDUGWLL DV IXQFWLRQ RI FRQWLQXRXV LOOXPLQDWLRQ

RI GLIIHUHQW 3)'V �z�� 7KH VROLG OLQH JLYHV D ILW RI WKH $LED PRGHO� P  I�3)'�� 7KH GDVKHG

OLQH UHSUHVHQWV FRPSOHWH OLJKW LQWHJUDWLRQ DW D �� V OLJKW�GDUN F\FOH ZLWK D OLJKW IUDFWLRQ �H�

RI ����� P  I�3)'�H�� 7KH GRWWHG OLQH UHSUHVHQWV WKH DEVHQFH RI DQ\ OLJKW LQWHJUDWLRQ

HIIHFWV� P  H�I�3)'�� 7KH FORVHG VTXDUHV ��� DUH PHDVXUHG JURZWK UDWHV XQGHU WKLV F\FOH�

7KH [�D[LV JLYHV WKH 3)' GXULQJ WKH OLJKW SHULRG�

3HULRG ,,� VSHFLILF JURZWK DQG OLJKW DEVRUSWLRQ UDWH DQG ELRPDVV \LHOG RQ OLJKW HQHUJ\

'XULQJ WKH VHFRQG H[SHULPHQWDO SHULRG� SHULRG ,,� &� UHLQKDUGWLL ZDV FXOWLYDWHG XQGHU D ���� K

GD\�QLJKW F\FOH LQ FRQWUDVW WR �� KRXUV RI OLJKW SHU GD\ GXULQJ SHULRG ,� 'XULQJ WKH GD\ SHULRG

IRXU PHGLXP�GXUDWLRQ OLJKW�GDUN F\FOHV ZHUH DSSOLHG� $V D UHIHUHQFH� WKH DOJDH ZHUH DOVR

FXOWLYDWHG XQGHU FRQWLQXRXV LOOXPLQDWLRQ GXULQJ WKH GD\ SHULRG� 7KH OLJKW LQWHQVLW\ GXULQJ

LOOXPLQDWLRQ ZDV RYHU�VDWXUDWLQJ� ��� � ��� PPRO P��
V
��
� 7KH UHVXOWV RI WKH PHDVXUHPHQWV RI

WKH VSHFLILF JURZWK UDWH DUH VKRZQ LQ )LJXUH ���� 8QGHU FRQWLQXRXV LOOXPLQDWLRQ WKH VSHFLILF

JURZWK UDWH �P� ZDV ����� K
��
� ,Q )LJXUH ��� DOUHDG\ FRXOG EH VHHQ WKDW XQGHU �� KRXUV RI

FRQWLQXRXV LOOXPLQDWLRQ P ZDV ����� K��� $OWKRXJK WKH GDLO\ OLJKW VXSSO\ GHFUHDVHG E\ ���� P

LV RQO\ ORZHU E\ ��� XQGHU WKH ���� KRXUV GD\�QLJKW F\FOH LQ FRPSDULVRQ WR �� KRXUV RI

VDWXUDWLQJ OLJKW�

3)' ��PRO P
��
V
��
�

� ��� ��� ��� ��� ����
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$OO VSHFLILF JURZWK UDWHV SUHVHQWHG LQ )LJXUH ��� DUH QRUPDOL]HG WR WKH UDWH PHDVXUHG XQGHU

FRQWLQXRXV LOOXPLQDWLRQ� ����� K
��
� DQG SORWWHG DJDLQVW WKH OLJKW IUDFWLRQ �H�� )RU HDFK

QRUPDOL]HG VSHFLILF JURZWK UDWH �PQ� WKH FRUUHVSRQGLQJ GXUDWLRQ RI WKH OLJKW�GDUN F\FOH LV DOVR

VKRZQ� 7KH QRUPDOL]HG UDWH ZDV ����� DW D OLJKW IUDFWLRQ �H� RI ���� 2Q WKH FRQWUDU\� PQ ZDV

ORZHU WKDQ H DW D OLJKW IUDFWLRQ RI ���� L�H� ���� � ����� 2EYLRXVO\� OLJKW LQWHJUDWLRQ ZDV

FRPSOHWHO\ DEVHQW DW D ��� OLJKW IUDFWLRQ VLQFH WKH JURZWK UDWH GHFUHDVHG HYHQ PRUH WKDQ

SURSRUWLRQDO WR H� ,Q D QXPEHU RI VWXGLHV VHYHUDO &KORURSK\WD VKRZHG D GHFUHDVH LQ VSHFLILF

JURZWK UDWH XQGHU IOXFWXDWLQJ OLJKW� ��� � ��� +]� LQ FRPSDULVRQ WR FRQWLQXRXV OLJKW RI HTXDO

WLPH�DYHUDJHG 3)' �:DOVK DQG /HJHQGUH� ����� 4XpJXLQHU DQG /HJHQGUH� ����� 1HGEDO� HW

DO�� ������ $OVR LQ WKHVH VWXGLHV FRPSOHWH OLJKW LQWHJUDWLRQ GLG QRW RFFXU�

)LJXUH ���� 1RUPDOL]HG VSHFLILF JURZWK UDWH �PQ� z� DV IXQFWLRQ RI OLJKW IUDFWLRQ �H� IRU &�

UHLQKDUGWLL FXOWLYDWHG XQGHU FRQWLQXRXV LOOXPLQDWLRQ DQG XQGHU LQWHUPLWWHQW LOOXPLQDWLRQ RI

YDULDEOH F\FOH GXUDWLRQ �WF� DQG OLJKW IUDFWLRQ �H�� 7KH JURZWK UDWHV ZHUH QRUPDOL]HG WR WKH

UDWH PHDVXUHG XQGHU FRQWLQXRXV LOOXPLQDWLRQ� ����� K
��
� WF LV SUHVHQWHG DV WKH QXPEHUV

FRQQHFWHG WR WKH GDWD SRLQWV� 7KH GDVKHG�GRWWHG OLQH UHSUHVHQWV WKH DEVHQFH RI DQ\ OLJKW

LQWHJUDWLRQ HIIHFWV� P  H�I�3)'�� 3)'V GXULQJ WKH OLJKW SHULRG YDULHG EHWZHHQ ��� DQG ���

PPRO P
��
V
��
� (UURU EDUV UHSUHVHQW �� � FRQILGHQFH LQWHUYDOV�

7KH GHJUHH RI OLJKW LQWHJUDWLRQ DORQH LV QRW D JRRG SDUDPHWHU WR FRPSDUH WKH HIILFLHQF\ RI

OLJKW XWLOL]DWLRQ XQGHU GLIIHUHQW OLJKW UHJLPHV EHFDXVH LW LV RQO\ EDVHG RQ VSHFLILF JURZWK UDWHV�

7R FDOFXODWH WKH HIILFLHQF\ DOVR WKH VSHFLILF UDWH RI OLJKW DEVRUSWLRQ VKRXOG EH NQRZQ�

H ���

��� ��� ��� ��� ��� ���

P
Q
��

�

���
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���

���

���
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7KHUHIRUH WKH VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW ZDV GHWHUPLQHG RQ SURWHLQ EDVLV�

D
SURW LQ P
�
J
��
� 3URWHLQ ZDV XVHG DV D PHDVXUH IRU ELRPDVV EHFDXVH WKH SURWHLQ IUDFWLRQ LV WKH

PRVW FRQVWDQW IDFWRU LQ WKH FHOO �3RVW� HW DO�� ���� DQG ������ 7KH SURWHLQ IUDFWLRQ FRQVLVWV

SUHGRPLQDQWO\ RI ELRDFWLYH RU VWUXFWXUDO PROHFXOHV� DQG SURWHLQ GRHV QRW VHUYH DV D PDMRU

HQHUJ\ VWRUDJH FRPSRXQG� 2Q WKH RWKHU KDQG� FHOOXODU FRQFHQWUDWLRQV RI FDUERK\GUDWHV� OLSLGV

DQG FKORURSK\OO FDQ YDU\ VWURQJO\ GXULQJ WKH GD\ DQG XQGHU GLIIHUHQW OLJKW UHJLPHV DQG WKLV

ZLOO DOVR DIIHFW GU\ ZHLJKW PHDVXUHPHQWV�

7KH UHVXOWV RI WKH DEVRUSWLRQ PHDVXUHPHQWV DUH VKRZQ LQ )LJXUH ���� 5HPDUNDEO\� D
SURW ZDV

VLPLODU IRU DOO FXOWXUHV� ���� P
�
J
��
� 8QGHU FRQWLQXRXV LOOXPLQDWLRQ VSHFLILF OLJKW DEVRUSWLRQ

JHQHUDOO\ LQFUHDVHV ZKHQ DOJDH DFFOLPDWH WR ORZHU 3)'V �)DONRZVNL DQG /D5RFKH� ������ ,Q

RXU VWXG\ WKH WLPH�DYHUDJHG 3)' XQGHU LQWHUPLWWHQW LOOXPLQDWLRQ �H  ���� ZDV UHGXFHG E\ D

IDFWRU RI WZR LQ FRPSDULVRQ WR FRQWLQXRXV LOOXPLQDWLRQ� %XW WKLV UHGXFWLRQ GLG QRW OHDG \HW WR

DQ LQFUHDVH RI VSHFLILF OLJKW DEVRUSWLRQ E\ &� UHLQKDUGWLL RQ SURWHLQ EDVLV�

)LJXUH ���� $YHUDJH VSHFWUDO DEVRUSWLRQ FRHIILFLHQWV �D


SURW� RI &� UHLQKDUGWLL�

&LUFXPVWDQFHV DV GHVFULEHG LQ )LJXUH ����

7KH VSHFLILF JURZWK UDWH� VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW� FXOWLYDWLRQ 3)' �3)'FXOW�

DQG WKH OLJKW IUDFWLRQ ZHUH FRPELQHG WR REWDLQ WKH \LHOG RI ELRPDVV RQ OLJKW HQHUJ\� <[�( LQ

SURWHLQ SHU SKRWRQV �(T� ����� 7KH IDFWRUV ��� �� DQG ��� ��
��
LQ (T� ��� DUH QHHGHG WR FRQYHUW

PPRO V�� LQWR PRO G�� LQFOXGLQJ WKH ���� K GD\�QLJKW F\FOH� 7KLV HTXDWLRQ FDQ RQO\ EH XVHG LI

WKH 3)' LV WKH VDPH HYHU\ZKHUH LQ WKH FXOWXUH� +RZHYHU� LQ RXU UHDFWRUV WKHUH ZDV D YHUWLFDO
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OLJKW JUDGLHQW� 1HYHUWKHOHVV� WKH \LHOGV ZHUH FRPSDUDEOH ZLWK HDFK RWKHU EHFDXVH WKH OLJKW

JUDGLHQWV ZHUH VPDOO DQG DERXW HTXDO GXULQJ DOO WKH H[SHULPHQWDO UXQV�
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7KH UHVXOWV RI WKH FDOFXODWLRQV DUH VKRZQ LQ )LJXUH �� <[�( ZDV KLJKHVW XQGHU FRQWLQXRXV

LOOXPLQDWLRQ DQG LQWHUPLWWHQW LOOXPLQDWLRQ ZLWK D KLJK OLJKW IUDFWLRQ RI ���� %XW WKH \LHOGV ZHUH

FRQVLGHUDEO\ ORZHU XQGHU OLJKW IUDFWLRQV RI ���� 7KHVH UHVXOWV VKRZ WKDW WKH HIILFLHQF\ RI OLJKW

XWLOL]DWLRQ E\ &� UHLQKDUGWLL GHFUHDVHV GXULQJ DFFOLPDWLRQ WR PHGLXP�GXUDWLRQ OLJKW�GDUN

F\FOHV �H  ���� LQ FRPSDULVRQ WR FRQWLQXRXV LOOXPLQDWLRQ�

)LJXUH ���� <LHOG RI ELRPDVV RQ OLJKW HQHUJ\ �<[�(� LQ JUDP SURWHLQ SHU PRO SKRWRQV RI &�

UHLQKDUGWLL� &LUFXPVWDQFHV DV GHVFULEHG LQ )LJXUH ����

3HULRG ,,� VSHFLILF SKRWRV\QWKHWLF DFWLYLW\

0RUH LQVLJKW LQ WKH DFFOLPDWLRQ RI &� UHLQKDUGWLL WR WKH OLJKW�GDUN F\FOHV DSSOLHG GXULQJ SHULRG

,, ZDV REWDLQHG E\ PHDVXULQJ WKH SKRWRV\QWKHWLF DFWLYLW\ �32��� LQ R[\JHQ SHU SURWHLQ SHU KRXU

�J J
��
K
��
�� XQGHU D ZLGH UDQJH RI 3)'V� 7KLV ZDV GRQH RQ WZR RU WKUHH GD\V GXULQJ D

WXUELGRVWDW UXQ XQGHU D FHUWDLQ OLJKW UHJLPH� 7KH GDWD RI WKHVH PHDVXUHPHQWV ZHUH SRROHG DQG

ILWWHG E\ WKH K\SHUEROLF WDQJHQW PRGHO �&KDONHU� ����� DQG D SKRWRV\QWKHVLV�LUUDGLDQFH �3,�

FXUYH ZDV REWDLQHG� 7KH PRGHO FRQWDLQV WZR ILW SDUDPHWHUV� WKH LQLWLDO VORSH RI WKH FXUYH� D�
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DQG WKH PD[LPDO SKRWRV\QWKHWLF DFWLYLW\� 32��PD[� 7KH ILWWHG SDUDPHWHUV IRU DOO ILYH OLJKW

UHJLPHV DUH SUHVHQWHG LQ 7DEOH ����

7KH SDUDPHWHU D FDQ EH FRPELQHG ZLWK D
SURW WR REWDLQ WKH SKRWRV\QWKHWLF HIILFLHQF\ DW

OLPLWLQJ 3)'V� D�D
SURW LQ R[\JHQ SHU SKRWRQV �J PPRO���� 7KH GLIIHUHQFH LQ WKH LQLWLDO VORSH

�D� RI WKH 3,�FXUYHV ZDV UDWKHU VPDOO� 2QO\ WKH �� V SHULRG FXOWXUH KDG D VLJQLILFDQWO\ ORZHU D�

6LQFH D
SURW UHPDLQHG XQFKDQJHG XQGHU DOO OLJKW UHJLPHV� RQO\ WKH HIILFLHQF\ IRU WKH �� V

SHULRG FXOWXUH LV VLJQLILFDQWO\ VPDOOHU� 'LIIHUHQFHV LQ D�D
SURW WKHUHIRUH FDQ RQO\ SDUWO\ H[SODLQ

WKH GLIIHUHQFHV IRXQG LQ <[�(� 2Q WKH RWKHU KDQG� WKH GLIIHUHQFHV LQ 32��PD[ FRUUHODWH YHU\ ZHOO

WR <[�(� 32��PD[ LV D PHDVXUH RI WKH PD[LPDO FDSDFLW\ RI WKH SKRWRV\QWKHWLF DSSDUDWXV� 7KH

32��PD[ RI WKH FRQWLQXRXVO\ LOOXPLQDWHG FXOWXUH ZDV WKH KLJKHVW RI DOO FXOWXUHV� ���� J J
��
K
��
�

7KH PD[LPDO DFWLYLW\ RI WKH ��� OLJKW IUDFWLRQ FXOWXUH ZDV D ELW VPDOOHU� EXW WKH DFWLYLWLHV RI WKH

RWKHU FXOWXUHV �H  ���� ZHUH DOO VLJQLILFDQWO\ ORZHU� ���� � ���� J J�� K���

7DEOH ��� 0D[LPDO SKRWRV\QWKHWLF DFWLYLW\ �32��PD[� DQG LQLWLDO VORSH RI 3,�FXUYH �D� RI

&KODP\GRPRQDV UHLQKDUGWLL RQ SURWHLQ EDVLV� &� UHLQKDUGWLL ZDV FXOWLYDWHG XQGHU

FRQWLQXRXV OLJKW DQG LQWHUPLWWHQW LOOXPLQDWLRQ RI YDULDEOH F\FOH OHQJWK �WF� DQG OLJKW IUDFWLRQ
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&RQWLQXRXV OLJKW ����� ����� � ����� ���� ���� � ����

3HULRG ,,� TXDQWXP \LHOG RI SKRWRFKHPLVWU\ �IIS� DQG QRQ�SKRWRFKHPLFDO TXHQFKLQJ RI

IOXRUHVFHQFH �134��

$OVR WKH IOXRUHVFHQFH SDUDPHWHUV IS DQG 134 SURYLGH PRUH LQVLJKW LQ WKH DFFOLPDWLRQ RI &�

UHLQKDUGWLL WR PHGLXP�GXUDWLRQ OLJKW�GDUN F\FOHV� 7KH TXDQWXP \LHOG RI SKRWRFKHPLVWU\� IS�

JLYHV WKH IUDFWLRQ RI SKRWRQV FDSWXUHG E\ WKH SKRWRV\VWHPV ZKLFK DUH DFWXDOO\ XVHG IRU FKDUJH

VHSDUDWLRQ� ,Q DGGLWLRQ� QRQ�SKRWRFKHPLFDO TXHQFKLQJ RI IOXRUHVFHQFH� 134� LV D PHDVXUH RI

KHDW GLVVLSDWLRQ LQ WKH SKRWRV\VWHPV� 7KH GHULYDWLRQ DQG PHDVXUHPHQW RI ERWK SDUDPHWHUV LV

H[SODLQHG LQ WKH 7KHRU\ VHFWLRQ�
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)LJXUH ��� 4XDQWXP \LHOG RI SKRWRFKHPLVWU\ �D�� IS� DQG QRQ�SKRWRFKHPLFDO TXHQFKLQJ RI

IOXRUHVFHQFH �E�� 134� RI &� UHLQKDUGWLL FXOWXUHV DFFOLPDWHG WR� FRQWLQXRXV LOOXPLQDWLRQ

�z�� LQWHUPLWWHQW LOOXPLQDWLRQ ZLWK D � V ��� DQG �� V �V� OLJKW�GDUN F\FOH� H  ���� %RWK

SDUDPHWHUV ZHUH GHWHUPLQHG XQGHU WKH FXOWLYDWLRQ OLJKW UHJLPH DQG WKH 3)' RI WKH

VLPXODWHG FXOWLYDWLRQ OLJKW ZDV ��� PPRO P
��
V
��
� 7KH GD\ SHULRG RI WKH GD\�QLJKW F\FOH

VWDUWHG DW ���� K DQG HQGHG DW ����� K� (UURU EDUV UHSUHVHQW �� � FRQILGHQFH LQWHUYDOV

FDOFXODWHG IURP WKUHH LQGHSHQGHQW PHDVXUHPHQWV� HDFK RQ D GLIIHUHQW GD\�

7KH SDUDPHWHUV IS DQG 134 ZHUH GHWHUPLQHG GXULQJ WKUHH RI WKH ILYH WXUELGRVWDW UXQV�

FRQWLQXRXV OLJKW DQG WZR LQWHUPLWWHQW OLJKW UHJLPHV ZLWK D OLJKW IUDFWLRQ RI ��� DQG D F\FOH

GXUDWLRQ RI � DQG �� V� UHVSHFWLYHO\� 3K\VLRORJLFDO SDUDPHWHUV RI DOJDH FKDQJH GXULQJ WKH GD\

DQG WKHUHIRUH IS ZDV IROORZHG GXULQJ D SDUW RI WKH GD\� IURP ���� K WR ����� K� 7KH GD\ EHJDQ

DW ���� K DQG HQGHG DW ����� K� 7KLV ZDV GRQH IRU WKH FRQWLQXRXVO\ LOOXPLQDWHG FXOWXUH RQO\

�)LJXUH ����� %HWZHHQ ���� K DQG ����� K IS GLG QRW FKDQJH VLJQLILFDQWO\ DQG ZDV ����� 7KLV
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PHDQV WKDW DERXW KDOI RI WKH SKRWRQV DEVRUEHG E\ WKH SKRWRV\VWHPV DUH XVHG IRU

SKRWRFKHPLVWU\�

7KH IOXRUHVFHQFH SDUDPHWHUV RI WKH FXOWXUHV DFFOLPDWHG WR LQWHUPLWWHQW LOOXPLQDWLRQ ZHUH

GHWHUPLQHG DW WZR KRXUV� ����� K DQG ����� K� GXULQJ WKH GD\� ,Q )LJXUH ��� FDQ EH VHHQ WKDW

IS XQGHU WKH �� V OLJKW�GDUN F\FOH LV WZLFH DV ORZ DV WKH \LHOG XQGHU FRQWLQXRXV LOOXPLQDWLRQ�

$OVR XQGHU WKH � V OLJKW�GDUN F\FOH IS VHHPV WR EH ORZHU WKDQ XQGHU FRQWLQXRXV LOOXPLQDWLRQ�

:H FRQFOXGH WKDW WKH TXDQWXP \LHOG RI SKRWRFKHPLVWU\ GHFUHDVHV GXULQJ DFFOLPDWLRQ WR

PHGLXP�GXUDWLRQ OLJKW�GDUN F\FOHV LQ FRPSDULVRQ WR FRQWLQXRXV OLJKW� 7KLV LV LQ DJUHHPHQW

ZLWK WKH REVHUYHG GHFUHDVH RI WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\� <[�(� DQG WKH GHFUHDVH RI WKH

VSHFLILF SKRWRV\QWKHWLF DFWLYLW\� 32�� 8QGHU WKH VDPH FLUFXPVWDQFHV QRQ�SKRWRFKHPLFDO

TXHQFKLQJ RI IOXRUHVFHQFH� 134� ZDV GHWHUPLQHG DQG WKH UHVXOWV DUH VKRZQ LQ )LJXUH ���� 7KH

SDUDPHWHU 134 ZDV FRQVLGHUDEO\ KLJKHU XQGHU WKH �� V OLJKW�GDUN F\FOH WKDQ XQGHU FRQWLQXRXV

LOOXPLQDWLRQ DQG DOVR XQGHU WKH � V F\FOH 134 DSSHDUV WR EH KLJKHU� ,Q FRPSDULVRQ WR

FRQWLQXRXV LOOXPLQDWLRQ� XQGHU LQWHUPLWWHQW LOOXPLQDWLRQ D ODUJHU SDUW RI WKH H[FLWDWLRQ HQHUJ\

LV GLVVLSDWHG DV KHDW�

%HIRUH JRLQJ IXUWKHU LQWR WKH GHWDLOV RI WKH UHVXOWV RI WKH IOXRUHVFHQFH PHDVXUHPHQWV ZH FDQ

DOUHDG\ FRQFOXGH WKDW FKDQJHV WDNH SODFH LQ WKH SKRWRV\QWKHWLF DSSDUDWXV DQG�RU FDUERQ

IL[DWLRQ PHWDEROLVP RI &� UHLQKDUGWLL DV D UHVXOW RI ORQJ H[SRVXUH WR PHGLXP�GXUDWLRQ

OLJKW�GDUN F\FOHV� &� UHLQKDUGWLL LV QRW DEOH WR PDLQWDLQ D SKRWRV\QWKHWLF FDSDFLW\ XQGHU

OLJKW�GDUN F\FOHV �H  ���� DV KLJK DV XQGHU FRQWLQXRXV LOOXPLQDWLRQ� 7KLV LV FRQFOXGHG IURP

WKH REVHUYDWLRQV WKDW WKH VSHFLILF SKRWRV\QWKHWLF DFWLYLW\� 32�� DQG WKH TXDQWXP \LHOG RI

SKRWRFKHPLVWU\� IS� GHFUHDVHG XQGHU OLJKW�GDUN F\FOHV ZKLOH VSHFLILF OLJKW DEVRUSWLRQ� D


SURW�

GLG QRW FKDQJH� ,Q DGGLWLRQ� ZH IRXQG WKDW QRQ�SKRWRFKHPLFDO TXHQFKLQJ RI IOXRUHVFHQFH�

134� LQFUHDVHG XQGHU OLJKW�GDUN F\FOHV UHIOHFWLQJ LQFUHDVHG WKHUPDO GLVVLSDWLRQ RI DEVRUEHG

OLJKW HQHUJ\� $V D UHVXOW� WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\� <[�(� GHFUHDVHG XQGHU PHGLXP�

GXUDWLRQ OLJKW�GDUN F\FOHV LQ FRPSDULVRQ WR FRQWLQXRXV LOOXPLQDWLRQ�

7KH FRQFOXVLRQV DERYH FDQ EH VSHFLILHG ZLWK UHVSHFW WR WKH OHQJWK RI WKH OLJKW�GDUN F\FOH DQG

WKH PDJQLWXGH RI WKH OLJKW IUDFWLRQ� IS ZDV FRQVLGHUDEO\ ORZHU XQGHU WKH �� V OLJKW�GDUN F\FOH

WKDQ XQGHU WKH � V F\FOH �)LJXUH ���� DQG DOVR <[�( ZDV ORZHU �)LJXUH ����� $SSDUHQWO\ WKH

OHQJWK RI WKH GDUN SHULRG LV DQ LPSRUWDQW YDULDEOH� )XUWKHUPRUH� <[�( DQG 32� GLG QRW GHFUHDVH

DW D OLJKW IUDFWLRQ RI ��� ��� V F\FOH GXUDWLRQ� LQ FRPSDULVRQ WR FRQWLQXRXV OLJKW �)LJXUH ���

DQG 7DEOH ����� 7KH UHODWLYHO\ VKRUW GDUN SHULRG RI WKLV OLJKW UHJLPH GLG QRW KDYH D ELJ

LQIOXHQFH�
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,Q PDQ\ VWXGLHV LW LV DOUHDG\ VKRZQ WKDW WKH OLJKW XWLOL]DWLRQ HIILFLHQF\ LV VWURQJO\ GHSHQGHQW

RQ WKH OLJKW�GDUN F\FOHV WR ZKLFK DOJDO FXOWXUHV DUH VXEMHFWHG �/DZV� HW DO�� ����� 2JERQQD� HW

DO�� ����� 5LFKPRQG DQG 4LDQJ� ������ ,Q WKLV VWXG\ WKLV LV GHPRQVWUDWHG DJDLQ� EXW QRZ IRU

PHGLXP�GXUDWLRQ OLJKW�GDUN F\FOHV XVLQJ WKH FKORURSK\W &� UHLQKDUGWLL� +RZHYHU� RXU UHVXOWV

FDQQRW EH WUDQVODWHG LQ GHVLJQ UXOHV IRU SUDFWLFDO �DLU�OLIW� V\VWHPV HDVLO\ EHFDXVH ZH

VLPSOLILHG WKH OLJKW UHJLPH� :H XVHG VTXDUH�ZDYH OLJKW�GDUN F\FOHV ZLWK D FRQVWDQW DQG

VDWXUDWLQJ LQWHQVLW\ GXULQJ WKH OLJKW SHULRG RI ��� � ��� PPRO P��
V
��
� 7KLV 3)' FRXOG EH HTXDO

WR WKH DYHUDJH 3)' LQ WKH SKRWLF ]RQH RI DQ RXWGRRU UHDFWRU� %XW LQ WKH SKRWLF ]RQH RI VXFK D

UHDFWRU D OLJKW JUDGLHQW ZLOO H[LVW� JRLQJ IURP PRUH WKDQ ���� PPRO P��
V
��
DW WKH VXUIDFH WR

DOPRVW ]HUR DW WKH GDUN VLGH� ,W UHPDLQV WR EH LQYHVWLJDWHG ZKHWKHU WKLV VLPSOLILFDWLRQ RI WKH

OLJKW UHJLPH LV DOORZHG�

,I RXU DSSUR[LPDWLRQ RI UHDOLW\ ZLWK VTXDUH�ZDYH OLJKW�GDUN F\FOHV LV DOORZHG� ZH FRXOG

FRQFOXGH WKDW WKH UHODWLYH VL]H RI WKH GDUN ]RQH LQ D SKRWRELRUHDFWRU VKRXOG EH DV VPDOO DV

SRVVLEOH� 7KH GDUN IUDFWLRQ VKRXOG QRW EH PXFK ODUJHU WKDQ ��� IRU &KODP\GRPRQDV DW F\FOH

WLPHV RI �� V� &RQVHTXHQWO\� WKH ELRPDVV GHQVLW\ DQG VXUIDFH�YROXPH UDWLR RI WKH

SKRWRELRUHDFWRU QHHG WR EH LQ EDODQFH� 7KH ELRPDVV GHQVLW\ SUHIHUDEO\ VKRXOG EH KLJK DQG DV D

UHVXOW WKH VXUIDFH�YROXPH UDWLR KDV WR EH KLJK SUHYHQWLQJ WKH FUHDWLRQ RI D ODUJH GDUN ]RQH� $

VHFRQG SRVVLELOLW\ LV WR DOORZ WKH H[LVWHQFH RI D FRQVLGHUDEOH GDUN ]RQH �H  ����� EXW WKHQ WKH

FLUFXODWLRQ WLPH EHWZHHQ OLJKW�H[SRVHG VXUIDFH DQG GDUN ]RQH VKRXOG EH DV VKRUW DV SRVVLEOH� LW

VKRXOG HYHQ EH FRQVLGHUDEO\ VKRUWHU WKDQ � V LQ WKH FDVH RI &KODP\GRPRQDV�

3HULRG ,,� TXDQWXP \LHOG RI SKRWRFKHPLVWU\ �IIS� DQG QRQ�SKRWRFKHPLFDO TXHQFKLQJ RI

IOXRUHVFHQFH �134�� NLQHWLFV GXULQJ OLJKW�GDUN F\FOH�

7KH IOXRUHVFHQFH LQWHQVLW\ ) ZDV QRW FRQVWDQW GXULQJ D OLJKW�GDUN F\FOH� 7KH FKDQJH RI )

GXULQJ D QXPEHU RI F\FOHV LV VKRZQ LQ )LJXUH ���� ) LV KLJKHU GXULQJ D OLJKW SHULRG WKDQ GXULQJ

D GDUN SHULRG� 'XULQJ D OLJKW SHULRG D FRQVLGHUDEOH SDUW RI WKH 36,, UHDFWLRQ FHQWHUV LV

RFFXSLHG DQG QRW UHDG\ WR H[HFXWH SKRWRFKHPLVWU\� ,Q WKH IROORZLQJ GDUN SHULRG WKH HOHFWURQ

WUDQVSRUW FKDLQ EHWZHHQ 36,, DQG 36, LV TXLFNO\ UHR[LGL]HG DQG 36,, UHDFWLRQ FHQWHUV DUH

UHRSHQHG� &RQVHTXHQWO\� GXULQJ D OLJKW SHULRG D ODUJHU SDUW RI WKH H[FLWDWLRQ HQHUJ\� FRPLQJ

IURP WKH ZHDN DQG PRGXODWHG PHDVXULQJ OLJKW� ZLOO EH GLVVLSDWHG DV KHDW RU ORVW DV

IOXRUHVFHQFH WKDQ GXULQJ WKH GDUN SHULRG�

'XULQJ ORQJ OLJKW�GDUN F\FOHV� OLNH WKH �� V F\FOH� ) DOVR FKDQJHV VLJQLILFDQWO\ ZLWKLQ D OLJKW RU

D GDUN SHULRG �)LJXUH ����� 'XULQJ D OLJKW SHULRG� ) VKRZV D YHU\ VKDUS LQFUHDVH LPPHGLDWHO\

DIWHU VZLWFKLQJ IURP GDUNQHVV WR OLJKW� )ROORZLQJ WKH VKDUS SHDN� ) GHFUHDVHV� 2Q WKH RWKHU
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KDQG� ) GURSV WR D PLQLPXP DIWHU VZLWFKLQJ WR GDUNQHVV� )ROORZLQJ WKLV PLQLPXP� ) LQFUHDVHV

DJDLQ� 7KHVH IOXRUHVFHQFH FKDQJHV DUH SUREDEO\ UHODWHG WR FKDQJHV LQ WKH SURWRQ JUDGLHQW

DFURVV WKH WK\ODNRLG PHPEUDQHV� 7KH WLPH VFDOHV RI WKHVH FKDQJHV DUH RQ WKH OHYHO RI VHFRQGV

WR PLQXWHV �'DX� ������ 7KH SURWRQ JUDGLHQW ZLOO LQFUHDVH LQ WKH OLJKW GXH WR SKRWRFKHPLVWU\

DQG ZLOO GHFUHDVH DJDLQ XQGHU GDUNQHVV� %XLOG�XS RI D SURWRQ JUDGLHQW GXULQJ D OLJKW SHULRG

LQGXFHV DQ LQFUHDVH RI WKH KHDW GLVVLSDWLRQ LQ WKH 36,, DQWHQQD FRPSOH[ DQG DV D UHVXOW )

GHFUHDVHV� ([DFWO\ WKH RSSRVLWH SURFHVV RFFXUV GXULQJ WKH IROORZLQJ GDUN SHULRG�

)LJXUH ��� )OXRUHVFHQFH LQWHQVLW\ LQ UHODWLYH XQLWV RI &� UHLQKDUGWLL FXOWXUHV GXULQJ D � V �D�

DQG �� V �E� OLJKW�GDUN F\FOH� H  ���� 7KH FXOWXUHV ZHUH DFFOLPDWHG WR WKHVH OLJKW UHJLPHV�

6DWXUDWLQJ SXOVHV� IRU GHWHUPLQLQJ )P¶� DUH LQGLFDWHG E\ 63 DQG WKHVH ZHUH JLYHQ RQ

FHUWDLQ PRPHQWV ZLWKLQ D OLJKW�GDUN F\FOH� VHH WH[W� $OVR WKH FRUUHVSRQGLQJ OHYHOV RI ) DQG

)P¶ DUH LQGLFDWHG� 7KHVH ILJXUHV ZHUH UHGUDZQ IURP WKH RULJLQDO FKDUW UHFRUGHU UHDGLQJV�
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,Q RUGHU WR GHWHUPLQH WKH SKRWRFKHPLFDO TXDQWXP \LHOG �IS� DQG WKH QRQ�SKRWRFKHPLFDO

TXHQFKLQJ SDUDPHWHU �134� GXULQJ WKH OLJKW SHULRG RI D OLJKW�GDUN F\FOH� VDWXUDWLQJ SXOVHV

�63� ZHUH DSSOLHG WR UHDFK )P¶� 7KLV LV DOVR LOOXVWUDWHG LQ )LJXUH ���� 6LQFH WKH HQHUJL]DWLRQ RI

WKH WK\ODNRLG PHPEUDQHV LV FRQWLQXRXVO\ FKDQJLQJ GXULQJ D F\FOH� VHH DERYH� WKH SXOVHV KDYH

WR EH JLYHQ DW GLIIHUHQW PRPHQWV ZLWKLQ WKH OLJKW SHULRG� 7KH DYHUDJH IS DQG 134 GXULQJ WKH

OLJKW SHULRG FDQ EH FDOFXODWHG DQG WKRVH ZHUH DOUHDG\ SUHVHQWHG LQ )LJXUH ���� 'XULQJ WKH

PHDVXUHPHQWV XQGHU WKH � V F\FOH VDWXUDWLQJ SXOVHV ZHUH JLYHQ RQ �� � DQG � V ZLWKLQ WKH ��

VHFRQGV OLJKW SHULRG� 'XULQJ WKH �� V F\FOH SXOVHV ZHUH JLYHQ RQ �� � DQG �� V ZLWKLQ WKH ���

VHFRQGV OLJKW SHULRG� 8QGHU WKH � V F\FOH LW ZDV QRW SRVVLEOH WR FDOFXODWH IS RQ � V ZLWKLQ WKH

OLJKW SHULRG DQG DOVR XQGHU WKH �� V F\FOH LW ZDV QRW SRVVLEOH WR FDOFXODWH IS RQ � V ZLWKLQ WKH

OLJKW SHULRG� ,PPHGLDWHO\ DIWHU VZLWFKLQJ IURP WKH GDUN SHULRG WR WKH OLJKW SHULRG WKH )�OHYHO

FKDQJHG YHU\ TXLFNO\ �)LJXUH ���� DQG WKHUHIRUH LW ZDV QRW SRVVLEOH WR FKRRVH WKH FRUUHFW )�

OHYHO IRU WKH FDOFXODWLRQ RI IS� �)P¶�)��)P¶� 7KH DYHUDJH IS SUHVHQWHG LQ )LJXUH ��� WKHUHIRUH

ZDV EDVHG RQ WKH PHDVXUHPHQWV RQ �� � DQG �� �� V ZLWKLQ WKH OLJKW SHULRG IRU WKH � V DQG �� V

F\FOH FXOWXUHV� UHVSHFWLYHO\�

8VLQJ WKH )P¶�OHYHO PHDVXUHG RQ GLIIHUHQW PRPHQWV ZLWKLQ WKH OLJKW DQG GDUN SHULRG ZH ZHUH

DEOH WR FDOFXODWH 134� �)P�)P¶��)P¶� RQ WKHVH PRPHQWV� ,Q )LJXUH ���� WKH UHVXOWV DUH VKRZQ

IRU WKH �� V F\FOH FXOWXUH� 7KH SDUDPHWHU 134 LQFUHDVHG GXULQJ WKH OLJKW SHULRG DQG GHFUHDVHG

DJDLQ GXULQJ WKH GDUN SHULRG� 7KHVH FKDQJHV DUH SUREDEO\ UHODWHG WR WKH FKDQJHV RI WKH )�OHYHO

ZLWKLQ WKLV F\FOH �)LJXUH ����� GLVFXVVHG DERYH� 'XULQJ WKH �� V F\FOH 134 ZDV VLJQLILFDQWO\

ORZHU DIWHU � V WKDQ DIWHU � DQG �� V LQ WKH OLJKW SHULRG �)LJXUH ������ 7KLV PHDVXUHPHQW�

KRZHYHU� ZDV QRW LQFOXGHG LQ WKH DYHUDJH 134 SUHVHQWHG LQ )LJXUH ���� 7KLV ZDV GRQH WR EH

DEOH WR SUHVHQW D �� � FRQILGHQFH LQWHUYDO� +RZHYHU� LI WKH PHDVXUHPHQW DIWHU � V LV WDNHQ LQWR

DFFRXQW WKH DYHUDJH 134 VWLOO LV VLJQLILFDQWO\ KLJKHU WKDQ WKH 134 OHYHOV RI WKH WZR RWKHU

FXOWXUHV�

)URP WKH WUDQVLHQWV LQ WKH )�OHYHO DQG 134 GLVFXVVHG DERYH LW LV FOHDU WKDW WKH SURFHVVHV LQ WKH

SKRWRV\VWHPV DUH FKDQJLQJ SHULRGLFDOO\ XQGHU OLJKW�GDUN F\FOHV RI �� V �)LJXUH ��� DQG )LJXUH

������ :H DOUHDG\ FRQFOXGHG WKDW WKH WUDQVLHQWV LQ 134 DUH PRVW OLNHO\ FDXVHG E\ FKDQJHV LQ

WKH HQHUJL]DWLRQ RI WKH WK\ODNRLG PHPEUDQHV �'DX� ����� GXULQJ D F\FOH� 3HULRGLFLW\ LQ WKLV

HQHUJL]DWLRQ �WUDQV�WK\ODNRLG SURWRQ JUDGLHQW� FRXOG OHDG WR D SHULRGLFLW\ LQ WKHUPDO

GLVVLSDWLRQ RI DEVRUEHG OLJKW HQHUJ\ �%ULDQWDLV� HW DO�� ������ )XUWKHUPRUH� WKH GLIIHUHQFHV LQ

WKH DYHUDJH 134 EHWZHHQ WKH WZR OLJKW�GDUN F\FOHV� � V DQG �� V SHULRG� DQG FRQWLQXRXV

LOOXPLQDWLRQ �)LJXUH ���� DUH PRVW OLNHO\ FDXVHG E\ GLIIHUHQFHV LQ WKH WRWDO FDSDFLW\ RI WKHUPDO
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GLVVLSDWLRQ� 7KH FDSDFLW\ RI KHDW GLVVLSDWLRQ LQ &KODP\GRPRQDV UHLQKDUGWLL LV GHWHUPLQHG E\

WKH FRQFHQWUDWLRQ RI [DQWRSK\OO SLJPHQWV DQG WKH PDJQLWXGH RI WKH WUDQV�WK\ODNRLG SURWRQ

JUDGLHQW �1L\RJL� HW DO�� ����D DQG ����E�� ;DQWRSK\OOV LQ WKH DQWHQQD FRPSOH[ DUH DEOH WR

GLVVLSDWH H[FHVV H[FLWDWLRQ HQHUJ\ TXLFNO\ DV KHDW� 7KH FDSDFLW\ RI WKLV PHFKDQLVP LV KLJKHU

ZKHQ WKH SURWRQ JUDGLHQW RU WKH FHOOXODU FRQFHQWUDWLRQ RI WKHVH SLJPHQWV LV KLJKHU�

)LJXUH ����� 134 RI &� UHLQKDUGWLL FXOWXUH GXULQJ WKH �� V OLJKW�GDUN F\FOH� H  ���� WKH

FXOWXUH ZDV DFFOLPDWHG WR WKLV F\FOH� &LUFXPVWDQFHV DV GHVFULEHG LQ )LJXUH ����

&RQFOXVLRQV

7KH JUHHQ DOJD &KODP\GRPRQDV UHLQKDUGWLL ZDV FXOWLYDWHG XQGHU FRQWLQXRXV LOOXPLQDWLRQ DQG

XQGHU OLJKW�GDUN F\FOHV� ZKLFK ZLOO DOVR EH HQFRXQWHUHG ZKHQ DOJDH DUH FXOWLYDWHG LQ DLU�OLIW

ORRS UHDFWRUV� 7KLV VWXG\ ZDV GRQH XQGHU RYHU�VDWXUDWLQJ SKRWRQ IOX[ GHQVLWLHV GXULQJ WKH OLJKW

SHULRG� ��� � ��� PPRO P��
V
��
� WR VLPXODWH WKH VLWXDWLRQ LQ WKH SKRWLF ]RQH RI VXFK

SKRWRELRUHDFWRUV� 7KH ELRPDVV �SURWHLQ� \LHOG RQ OLJKW HQHUJ\ �<[�(� ZDV ORZHU XQGHU

OLJKW�GDUN F\FOHV ZLWK D OLJKW IUDFWLRQ RI ���� ����� ± ����� J PRO
��
� WKDQ XQGHU FRQWLQXRXV

LOOXPLQDWLRQ� ����� J PRO
��
�

6LPLODU UHVXOWV ZHUH REWDLQHG E\ PHDVXUHPHQW RI FKORURSK\OO IOXRUHVFHQFH� 7KH TXDQWXP

\LHOG RI SKRWRFKHPLVWU\ �IS� GHFUHDVHG IURP ���� XQGHU FRQWLQXRXV LOOXPLQDWLRQ WR ���� XQGHU

LQWHUPLWWHQW LOOXPLQDWLRQ ZLWK D OLJKW IUDFWLRQ RI ��� DQG �� V GXUDWLRQ� 7KH TXDQWXP \LHOG LV D

7LPH LQ F\FOH �V�
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PHDVXUH IRU WKH HIILFLHQF\ RI WKH FRQYHUVLRQ RI OLJKW HQHUJ\ LQWR FKHPLFDO HQHUJ\� 7KLV VWXG\

VKRZHG WKHUH LV D JRRG FRUUHODWLRQ EHWZHHQ WKH TXDQWXP \LHOG RI SKRWRFKHPLVWU\ DQG WKH

ELRPDVV �SURWHLQ� \LHOG RQ OLJKW HQHUJ\� ,Q DGGLWLRQ� WKH KLJK WLPH�UHVROXWLRQ RI WKH

PHDVXUHPHQWV DOORZHG WKH GHWHUPLQDWLRQ RI FKDQJHV LQ KHDW GLVVLSDWLRQ ZLWKLQ D OLJKW�GDUN

F\FOH�

1RPHQFODWXUH

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

36, SKRWRV\VWHP ,

36,, SKRWRV\VWHP ,,

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

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

P VSHFLILF JURZWK UDWH >K��@

PQ QRUPDOL]HG VSHFLILF JURZWK UDWH >�@

IS TXDQWXP \LHOG RI 36,, SKRWRFKHPLVWU\ >�@

D
SURW VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW� SURWHLQ EDVLV >P� J��@

) IOXRUHVFHQFH \LHOG XQGHU FXOWLYDWLRQ OLJKW UHJLPH >�@

)� PLQLPDO IOXRUHVFHQFH \LHOG LQ GDUN�DGDSWHG VWDWH >�@

)P PD[LPDO IOXRUHVFHQFH \LHOG LQ GDUN�DGDSWHG VWDWH >�@

)P¶ PD[LPDO IOXRUHVFHQFH \LHOG XQGHU FXOWLYDWLRQ OLJKW UHJLPH >�@

134 QRQ�SKRWRFKHPLFDO TXHQFKLQJ RI IOXRUHVFHQFH >�@

2'��� RSWLFDO GHQVLW\ DW ��� QP >�@

3)' SKRWRQ IOX[ GHQVLW\ LQ 3$5 UDQJH >PPRO P�� V��@

32� SKRWRV\QWKHWLF DFWLYLW\� R[\JHQ SURGXFWLRQ SHU SURWHLQ >J J�� K��@

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

<[�( ELRPDVV \LHOG RQ OLJKW HQHUJ\� SURWHLQ SHU SKRWRQV >J PRO��@

6XEVFULSWV� FXOW� FXOWLYDWLRQ� SURW� SURWHLQ�
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�� (IILFLHQF\ RI OLJKW XWLOL]DWLRQ RI &KODP\GRPRQDV UHLQKDUGWLL DQG

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

�� V

$EVWUDFW

7KH JUHHQ PLFUR�DOJDH &KODP\GRPRQDV UHLQKDUGWLL DQG 'XQDOLHOOD WHUWLROHFWD ZHUH FXOWLYDWHG

XQGHU PHGLXP�GXUDWLRQ VTXDUH�ZDYH OLJKW�GDUN F\FOHV ZLWK D F\FOH WLPH RI �� V� 7KHVH F\FOHV

ZHUH XVHG WR VLPXODWH WKH OLJKW UHJLPH H[SHULHQFHG E\ PLFUR�DOJDH LQ H[WHUQDOO\�LOOXPLQDWHG

�VXQOLJKW� DLU�OLIW ORRS ELRUHDFWRUV ZLWK LQWHUQDO GUDIW WXEH� %LRPDVV \LHOG LQ UHODWLRQ WR OLJKW

HQHUJ\ ZDV GHWHUPLQHG DV JUDPV RI SURWHLQ SHU PRO RI SKRWRQV ���� � ��� QP�� %HWZHHQ ���

DQG ���� PPRO P��
V
��
WKH \LHOG DW D ���� V OLJKW�GDUN F\FOH ZDV HTXDO WR WKH \LHOG DW

FRQWLQXRXV LOOXPLQDWLRQ� &RQVHTXHQWO\� SURYLGHG WKDW WKH OLTXLG FLUFXODWLRQ WLPH LV �� V� D

FRQVLGHUDEOH GDUN ]RQH VHHPV WR EH DOORZHG LQ WKH LQWHULRU RI DLU�OLIW ORRS SKRWRELRUHDFWRUV

��� � Y�Y� ZLWKRXW ORVV RI OLJKW XWLOL]DWLRQ HIILFLHQF\� +RZHYHU� DW D ���� V OLJKW�GDUN F\FOH�

FRUUHVSRQGLQJ WR D �� � Y�Y GDUN ]RQH� ELRPDVV \LHOG GHFUHDVHG� )XUWKHUPRUH� ERWK DOJDH� &�

UHLQKDUGWLL DQG '� WHUWLROHFWD� UHVSRQGHG VLPLODUO\ WR WKHVH F\FOHV ZLWK UHVSHFW WR ELRPDVV

\LHOG� 7KLV ZDV LQWHUHVWLQJ EHFDXVH WKH\ ZHUH UHSRUWHG WR H[KLELW D GLIIHUHQW SKRWRDFFOLPDWLRQ

VWUDWHJ\� )LQDOO\� LW ZDV GHPRQVWUDWHG WKDW '� WHUWLROHFWD ZDV PXFK PRUH HIILFLHQW DW ORZ

�DYHUDJH� SKRWRQ IOX[ GHQVLWLHV ��� � ��� PPRO P��
V
��
� WKDQ DW KLJK 3)'V �! ��� PPRO P��

V
��
�

DQG LW ZDV VKRZQ WKDW '� WHUWLROHFWD ZDV FXOWLYDWHG DW D VXE�RSWLPDO WHPSHUDWXUH ��� �&��

7KLV FKDSWHU KDV EHHQ SXEOLVKHG DV� -DQVVHQ 0� GH %UHVVHU /� %DLMHQV %�� 7UDPSHU -� 0XU /5� 6QHO

-)+ DQG :LMIIHOV 5+� 6FDOH�XS DVSHFWV RI SKRWRELRUHDFWRUV� HIIHFWV RI PL[LQJ�LQGXFHG OLJKW�GDUN

F\FOHV� -RXUQDO RI $SSOLHG 3K\FRORJ\� 9RO� ��� S� �������� �����
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,QWURGXFWLRQ

$OWKRXJK PLFURDOJDH SURGXFH FRPPHUFLDOO\ LQWHUHVWLQJ FRPSRXQGV� ODUJH�VFDOH FXOWLYDWLRQ

KDV EHHQ KDPSHUHG VR IDU EHFDXVH SURGXFWLRQ FRVWV DUH WRR KLJK� &XOWLYDWLRQ RI D VPDOO

QXPEHU RI VSHFLHV LQ VKDOORZ RSHQ SRQGV KDV GHYHORSHG LQWR D FRQVLGHUDEOH HFRQRPLF

DFWLYLW\� 0DQ\ RWKHU LQWHUHVWLQJ DSSOLFDWLRQV GHSHQG RQ PRQRFXOWXUHV VXVFHSWLEOH WR

FRQWDPLQDWLRQ E\ RWKHU DOJDH RU EDFWHULD DQG FDQQRW EH PDLQWDLQHG LQ RSHQ V\VWHPV� 0DQ\

SURFHVVHV DOVR QHHG WR EH RSHUDWHG XQGHU FRQWUROOHG FRQGLWLRQV ZLWK UHVSHFW WR WHPSHUDWXUH�

S+� VDOLQLW\ RU RWKHU HQYLURQPHQWDO IDFWRUV� &OHDUO\� FORVHG SKRWRELRUHDFWRUV DUH D QHFHVVLW\

EXW WKH\ DUH H[SHQVLYH DQG UHTXLUH FRQVLGHUDEOH LPSURYHPHQW RI UHDFWRU SURGXFWLYLW\ �3XO]

DQG 6FKHLEHQERJHQ� ������

)LJXUH ���� /LTXLG IORZ DQG UHVXOWLQJ OLJKW�GDUN F\FOHV LQ D FRQFHQWULF WXEH DLU�OLIW ORRS

SKRWRELRUHDFWRU�

$LU�OLIW ORRS ELRUHDFWRUV FDQ EH DSSOLHG DV SKRWRELRUHDFWRUV IRU FXOWLYDWLRQ RI PLFURDOJDO

PRQRFXOWXUHV �)LJXUH ����� ,Q DLU�OLIW UHDFWRUV HIILFLHQW PL[LQJ LV FRPELQHG ZLWK D FRQWUROOHG

DLU�&2
�

SKRWLF ]RQH
�GRZQFRPHU�

GDUN ]RQH
�ULVHU�

OLTXLG
IORZ

VXQOLJKW

PLFURDOJD
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OLTXLG IORZ� ,Q VXFK D V\VWHP FDUERQ�GLR[LGH VXSSO\ DQG R[\JHQ UHPRYDO ZLOO QRW OLPLW UHDFWRU

SURGXFWLYLW\� WKH DYDLODELOLW\ RI OLJKW� KRZHYHU� ZLOO� 'HSHQGLQJ RQ WKH ELRPDVV FRQFHQWUDWLRQ

D GDUN ]RQH ZLOO H[LVW LQ WKH LQWHULRU RI WKH UHDFWRU �)LJXUH ����� $ FRQFHQWULF�WXEH DLU�OLIW

UHDFWRU FRXOG EH GHVLJQHG LQ VXFK D ZD\ WKDW WKH ULVHU FRPSULVHV WKH GDUN ]RQH� &RQVHTXHQWO\�

WKH WLPH DOJDH VSHQG LQ WKH GDUN DQG WKH SKRWLF ]RQH LV GHWHUPLQHG E\ WKH OLTXLG FLUFXODWLRQ

WLPH ��� � ��� V�� ZKLFK GHSHQGV RQ WKH VXSHUILFLDO JDV IORZ UDWH �&KLVWL� ������

,Q D SUHYLRXV VWXG\ LW ZDV IRXQG WKDW OLJKW�GDUN F\FOHV LQVLGH WKH UDQJH RI �� � ��� V FRXOG

KDYH D FRQVLGHUDEOH LQIOXHQFH RQ WKH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ� &KODP\GRPRQDV

UHLQKDUGWLL ZDV FXOWLYDWHG XQGHU VTXDUH�ZDYH OLJKW�GDUN F\FOHV �� � �� V� ZLWK D VDWXUDWLQJ

SKRWRQ IOX[ GHQVLW\ �3)'� RI ��� � ��� PPRO P��
V
��
GXULQJ WKH OLJKW SHULRG� 7KH GDUN SHULRG

VKRXOG EH OLPLWHG WR DERXW �� � RI WKH F\FOH WLPH WR PDLQWDLQ D ELRPDVV \LHOG RQ OLJKW HQHUJ\

DV KLJK DV XQGHU FRQWLQXRXV LOOXPLQDWLRQ RI WKLV 3)'� 7KH HIILFLHQF\ ZDV IRXQG WR GHFUHDVH

ZKHQ ORQJHU GDUN SHULRGV� �� � RI WKH F\FOH WLPH� ZHUH DSSOLHG �-DQVVHQ� HW DO�� ����E��

$W 3)'V KLJKHU WKDQ ��� PPRO P��
V
��
WKH SUREDELOLW\ RI SKRWRGDPDJH ZLOO LQFUHDVH DQG

SKRWRGDPDJH ZLOO UHVXOW LQ D UHGXFWLRQ RI WKH SKRWRV\QWKHWLF FDSDFLW\ �0HOLV� ������ 7KLV ZDV

FOHDUO\ GHPRQVWUDWHG LQ F\DQREDFWHULXP FXOWXUHV �-HQVHQ DQG .QXWVHQ� ����� 9RQVKDN� HW DO��

����� 7RU]LOOR� HW DO�� ����� DQG DOVR JUHHQ DOJDH DUH VXVFHSWLEOH WR SKRWRLQKLELWLRQ �)DON� HW

DO�� ����� 6DQFKH]� HW DO�� ����� *ULPD� HW DO�� ������ 7KH LQWURGXFWLRQ RI D GDUN ]RQH FRXOG

UHGXFH WKLV HIIHFW E\ DYRLGLQJ ORQJ H[SRVXUH WR KLJK 3)'V DQG SURYLGLQJ µGDUN¶ WLPH IRU WKH

DOJDH WR UHSDLU SKRWR�LQGXFHG GDPDJH �0HUFKXN� HW DO�� ������

7KH LQIOXHQFH RI SKRWRDFFOLPDWLRQ RQ WKH UHVSRQVH RI DOJDH WR OLJKW�GDUN F\FOHV FRXOG EH

LPSRUWDQW DV ZHOO� ,Q JHQHUDO PLFURDOJDH VKRZ RQH RI WZR GLIIHUHQW DFFOLPDWLRQ VWUDWHJLHV

�)DONRZVNL DQG /D5RFKH� ������ &RQVLGHULQJ D VKLIW IURP KLJK WR ORZ OLJKW�

�� WKH DQWHQQD VL]H LV LQFUHDVHG ZKLOH WKH QXPEHU RI SKRWRV\VWHPV SHU FHOO UHPDLQV

XQFKDQJHG� DV LV GRQH E\ &KODP\GRPRQDV UHLQKDUGWLL �1HDOH DQG 0HOLV� ������

�� WKH QXPEHU RI SKRWRV\VWHPV LV LQFUHDVHG ZKLOH WKH DYHUDJH DQWHQQD VL]H UHPDLQV

XQFKDQJHG� DV LV GRQH E\ 'XQDOLHOOD WHUWLROHFWD �)DONRZVNL DQG 2ZHQV� ����� )DONRZVNL�

HW DO�� ������

7KH LQWURGXFWLRQ RI D GDUN ]RQH LQ D SKRWRELRUHDFWRU� E\ LQFUHDVLQJ WKH ELRPDVV GHQVLW\� ZLOO

OHDG WR D ORZHU DYHUDJH 3)'� 7KLV ZLOO UHVXOW LQ D ORZHU WLPH�DYHUDJHG UHGXFWLRQ VWDWH RI WKH

HOHFWURQ WUDQVSRUW FKDLQ EHWZHHQ 36,, DQG 36,� 7KLV UHGXFWLRQ VWDWH LV VXJJHVWHG WR EH WKH

VLJQDO FRQWUROOLQJ SKRWRDFFOLPDWLRQ �(VFRXEDV� HW DO�� ����� 'XUQIRUG DQG )DONRZVNL� ������

,W LV OLNHO\ WKDW WKH LQWURGXFWLRQ RI D GDUN ]RQH ZLOO OHDG WR SKRWRDFFOLPDWLRQ� L�H� DQ LQFUHDVH

RI WKH VSHFLILF OLJKW�DEVRUELQJ VXUIDFH� ,I SKRWRDFFOLPDWLRQ WDNHV SODFH� WKH VHFRQG
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DFFOLPDWLRQ VWUDWHJ\ PLJKW EH EHWWHU ZLWK UHVSHFW WR ELRUHDFWRU SURGXFWLYLW\� $Q LQFUHDVH RI WKH

QXPEHU RI SKRWRV\VWHPV FRXOG JLYH DQ DOJDO FHOO WKH SRVVLELOLW\ WR IL[ PRUH OLJKW HQHUJ\ DW WKH

UHDFWRU VXUIDFH ZKHUH WKH 3)' LV KLJK� $V D UHVXOW� OLJKW HQHUJ\ FRXOG EH XVHG PRUH HIILFLHQWO\

DQG UHDFWRU SURGXFWLYLW\ FRXOG ULVH�

7KH HIIHFW RI WKH SKRWRDFFOLPDWLRQ VWUDWHJ\ RQ WKH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ RI WKH

&KORURSK\WD &KODP\GRPRQDV UHLQKDUGWLL DQG 'XQDOLHOOD WHUWLROHFWD XQGHU OLJKW�GDUN F\FOHV

ZHUH VWXGLHG� 7KH DOJDH ZHUH FXOWLYDWHG DW KLJK SKRWRQ IOX[ GHQVLWLHV RI ���� � ����

PPRO P��
V
��
WR VWXG\ WKH HIIHFW RI SKRWRLQKLELWLRQ WRR� )RU FRPSDULVRQ� WKH DYHUDJH 3)' LQ

WKH SKRWLF ]RQH RI D F\OLQGULFDO SKRWRELRUHDFWRU �G  ��� P� LQ IXOO VXQOLJKW ZLOO EH LQ WKH

UDQJH RI ��� � ��� PPRO P��
V
��
� 7KHVH YDOXHV ZHUH FDOFXODWHG E\ PHDQV RI WKH PRGHO

SUHVHQWHG E\ (YHUV ������� ,Q WKLV PRGHO ZH XVHG GLIIHUHQW DWWHQXDWLRQ FRHIILFLHQWV WR REWDLQ

GLIIHUHQW OLJKW�GDUN UDWLRV DW LQFLGHQW 3)'V RI ���� � ���� PPRO P��
V
��

�µGDUN¶ � ��

PPRO P��
V
��
�� %HFDXVH RI WKHVH FDOFXODWLRQV '� WHUWLROHFWD ZDV DOVR FXOWLYDWHG DW ��� � ���

PPRO P��
V
��
� LQ RXU SUHYLRXV VWXG\ &� UHLQKDUGWLL ZDV DOUHDG\ FXOWLYDWHG DW ��� � ���

PPRO P��
V
��
�-DQVVHQ� HW DO�� ����E�� 7KH OLJKW�GDUN F\FOHV DSSOLHG ZHUH �� V DQG WKLV LV ZLWKLQ

WKH UDQJH RI OLTXLG FLUFXODWLRQ WLPHV LQ DLU�OLIW ORRS UHDFWRUV�

8QGHU WKHVH OLJKW UHJLPHV WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\ �<[�(� ZDV GHWHUPLQHG DQG

FRPSDUHG WR WKH \LHOG GHWHUPLQHG XQGHU FRQWLQXRXV LOOXPLQDWLRQ� ,Q DGGLWLRQ� WKH TXDQWXP

\LHOG RI 36,, SKRWRFKHPLVWU\ DQG WKH SKRWRFKHPLFDO TXDQWXP \LHOG RI RSHQ 36,, UHDFWLRQ

FHQWHUV� IS DQG ISR �*HQW\� HW DO�� ������ ZHUH GHWHUPLQHG� 7KH SDUDPHWHU ISR ZDV XVHG DV DQ

LQGLFDWRU RI SKRWRLQKLELWLRQ �9RQVKDN� HW DO�� ����� 7RU]LOOR� HW DO�� ������ )LQDOO\� DV D

FRPSDULVRQ� WKH ELRPDVV \LHOG RI '� WHUWLROHFWD ZDV DOVR GHWHUPLQHG DW ORZ �DYHUDJH� 3)'V

��� � ��� PPRO P��
V
��
� DQG DW �� �& LQVWHDG RI �� �&� 7KH ELRPDVV \LHOG ZLOO EH KLJKHU DW ORZ

3)'V DQG DW WHPSHUDWXUHV FORVHU WR WKH RSWLPXP JURZWK WHPSHUDWXUH�

0DWHULDOV DQG 0HWKRGV

2UJDQLVP DQG FXOWXUH PHGLXP

&KODP\GRPRQDV UHLQKDUGWLL && ���� ZLOG W\SH �� JU PW� ZDV NLQGO\ SURYLGHG E\ (OL]DEHWK

+DUULV IURP WKH &KODP\GRPRQDV *HQHWLFV &HQWHU �'XNH 8QLYHUVLW\� 'XUKDP� 1&� 86$�� 7KH

RUJDQLVP ZDV FXOWLYDWHG LQ D 6XHRND KLJK�VDOWV �+6� PHGLXP DV GHVFULEHG E\ +DUULV �������

7KH PHGLXP LV FRPSRVHG RI �TXDQWLWLHV LQ PPRO /
��
�� 1+�&O� ����� 0J62���+�2� �������

&D&O���+�2� ������� .�+32�� ����� .+�32�� ����� 1D+&2�� ��� � P/ /
��
RI +�WQHU¶V WUDFH�
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��

HOHPHQWV VROXWLRQ �+DUULV� ������ 3XUH FXOWXUHV ZHUH PDLQWDLQHG RQ DJDU VODQWV DW �� �&�

�� � �� PPRO P��
V
��
DQG D ���� K GD\�QLJKW F\FOH� %HIRUH LQRFXODWLQJ D UHDFWRU� DOJDH ZHUH

WUDQVIHUUHG IURP WKH VODQWV WR D ��� P/ (UOHQPH\HU IODVN FRQWDLQLQJ �� P/ RI PHGLXP� 7KLV

VXVSHQGHG FXOWXUH ZDV VWLUUHG DQG PDLQWDLQHG XQGHU WKH VDPH FRQGLWLRQV DV WKH VODQWV� ,Q WKH

H[SRQHQWLDO JURZWK SKDVH WKH VXVSHQGHG FXOWXUH ZDV XVHG DV DQ LQRFXOXP IRU WKH ELRUHDFWRU�

'XQDOLHOOD WHUWLROHFWD &&$3 ����% ZDV REWDLQHG IURP WKH &XOWXUH &ROOHFWLRQ RI $OJDH DQG

3URWR]RD �2EDQ� 8.�� '� WHUWLROHFWD ZDV FXOWLYDWHG LQ DUWLILFLDO VHDZDWHU PHGLXP FRPSRVHG RI

�TXDQWLWLHV LQ J /
��
�� 1D&O� ����� 0J&O���+�2� ����� &D&O���+�2� ����� 1D�62�� ����� .�62��

����� 7KH IROORZLQJ QXWULHQWV ZHUH DGGHG �TXDQWLWLHV LQ PPRO /
��
�� .12�� �����

1D+�32��+�2� ����� 1D+&2�� ����� $OVR WKH IROORZLQJ WUDFH�HOHPHQWV ZHUH DGGHG

�TXDQWLWLHV LQ PPRO /��
�� 1D�('7$��+�2� ����� )H&O���+�2� ����� &X62���+�2� ������

=Q62���+�2� ������ &R&O���+�2� ������ 0Q&O���+�2� ����� 1D�0R2�� ������ )LQDOO\ WKH

IROORZLQJ YLWDPLQV ZHUH DGGHG �TXDQWLWLHV LQ PJ /��
�� ELRWLQ� �� WKLDPLQH�+&O� ���

F\DQRFREDODPLQH �%���� �� 'XQDOLHOOD ZDV PDLQWDLQHG DV SXUH VXVSHQGHG FXOWXUH LQ ��� P/

(UOHQPH\HU IODVNV FRQWDLQLQJ �� P/ RI PHGLXP� 7KH FXOWXUHV ZHUH QRW VWLUUHG DQG WKH\ ZHUH

SODFHG DW �� �&� �� � �� PPRO P��
V
��
XQGHU D ���� K GD\�QLJKW F\FOH� (YHU\ WKUHH ZHHNV ���

P/ RI D FXOWXUH ZDV WUDQVIHUUHG WR D QHZ IODVN FRQWDLQLQJ IUHVK PHGLXP� 7KH UHDFWRU ZDV

LQRFXODWHG GLUHFWO\ ZLWK WKH FXOWXUH RI RQH IODVN�

'HVFULSWLRQ RI WKH UHDFWRUV

&KODP\GRPRQDV DQG 'XQDOLHOOD ERWK ZHUH FXOWLYDWHG LQ UHFWDQJXODU ELRUHDFWRUV ZLWK D VKRUW

OLJKW SDWK� 7KH UHDFWRUV ZHUH SODFHG LQ DQ DTXDULXP ILOOHG ZLWK ZDWHU� 7KH ZDWHU ZDV

PDLQWDLQHG DW �� q& IRU &KODP\GRPRQDV DQG DW �� q& IRU 'XQDOLHOOD� 7KH IURQW VLGH RI WKH

UHDFWRU ZDV LOOXPLQDWHG E\ D VHULHV RI �� KDORJHQ ODPSV �'HFRVWDU 7LWDQ� �� :� �� : RU ��

:� 2VUDP� SODFHG RXWVLGH WKH DTXDULXP� $OZD\V D ���� KRXUV GD\�QLJKW F\FOH ZDV DSSOLHG�

'XULQJ WKH GD\ SHULRG WKH ODPSV FRXOG EH DOWHUQDWHO\ WXUQHG RQ DQG RII WR FUHDWH VTXDUH�ZDYH

OLJKW�GDUN F\FOHV RI �� V GXUDWLRQ�

)LJXUH ���D UHSUHVHQWV D IURQW YLHZ RI WKH &KODP\GRPRQDV UHDFWRU� ZLWK D ��� P/ OLTXLG

YROXPH DQG DQ RSWLFDO GHSWK � UHDFWRU GHSWK� RI ���� FP� *DV ZDV VSDUJHG DW WKH ERWWRP� L�H�

��� � Y�Y FDUERQ GLR[LGH LQ DLU DW D UDWH RI �� / K
��
� 7KH JDV IORZ SURYLGHG PL[LQJ� FDUERQ

GLR[LGH DQG D FRQVWDQW S+ ���� � ����� 'XQDOLHOOD ZDV FXOWLYDWHG LQ D GLIIHUHQW W\SH RI

ELRUHDFWRU �)LJXUH ���E�� ZLWK D ���� P/ OLTXLG YROXPH DQG D � FP OLJKW SDWK� $JDLQ� WKH

OLTXLG ZDV PL[HG E\ DLU VSDUJHG DW D UDWH RI ���� / K
��
� 7KH S+ ZDV PDLQWDLQHG LQ WKH UDQJH



(IILFLHQF\ RI OLJKW XWLOL]DWLRQ RI &� UHLQKDUGWLL DQG '� WHUWLROHFWD XQGHU OLJKW�GDUN F\FOHV� �� V

��

���� � ����� 7KLV ZDV GRQH E\ SXOVHG DGGLWLRQ RI FDUERQ GLR[LGH WR WKH DLU IORZ� $V D UHVXOW�

DOVR WKH FDUERQ�GLR[LGH FRQFHQWUDWLRQ ZDV PDLQWDLQHG FRQVWDQW�

)LJXUH ���� 6HW�XS RI WKH &KODP\GRPRQDV UHDFWRU �D� DQG 'XQDOLHOOD UHDFWRU �E�� 7KH

QXPEHUV UHSUHVHQW WKH 3)' GLVWULEXWLRQ LQ WKH &KODP\GRPRQDV UHDFWRU DQG WKH DEVROXWH

3)' LQFLGHQW RQ WKH 'XQDOLHOOD UHDFWRU VXUIDFH LQ PPRO P
��

V
��

GXULQJ RQH RI WKH

H[SHULPHQWV�

7KH DOJDO FXOWXUHV LQ ERWK W\SHV RI ELRUHDFWRUV ZHUH PDLQWDLQHG XQGHU D VSHFLILF OLJKW UHJLPH

IRU RQH RU WZR ZHHNV DQG WKH\ ZHUH GLOXWHG GDLO\� ,Q RWKHU ZRUGV� WKH UHDFWRUV ZHUH RSHUDWHG

VHPL�FRQWLQXRXVO\� 8QGHU RQH OLJKW UHJLPH RQO\� WKH 'XQDOLHOOD UHDFWRU ZDV DOVR RSHUDWHG DV D

WXUELGRVWDW LQ RUGHU WR DFKLHYH D VWHHS OLJKW JUDGLHQW DORQJVLGH WKH UHDFWRU OLJKW SDWK� )RU WKLV

H[SHULPHQW D TXDQWXP VHQVRU ZDV SODFHG EHKLQG WKH UHDFWRU DQG WKH SKRWRQ IOX[ SDVVLQJ

WKURXJK WKH UHDFWRU ZDV PHDVXUHG FRQWLQXRXVO\� :KHQ WKH IOX[ GURSSHG EHORZ D FHUWDLQ YDOXH

WKH UHDFWRU ZDV DXWRPDWLFDOO\ GLOXWHG XQWLO WKLV VHW SRLQW ZDV UHDFKHG DJDLQ� 7KH FRQWLQXRXV

GLOXWLRQ LQ WKLV WXUELGRVWDW ZDV VWRSSHG GXULQJ WKH � KRXUV QLJKW SHULRG�

DLU�&2
�

/LTXLG
IORZ���
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$QDO\WLFDO SURFHGXUHV DQG PHDVXUHPHQWV

6SHFLILF JURZWK UDWH

$IWHU WKUHH RU IRXU GD\V RI DFFOLPDWLRQ� WKH VSHFLILF JURZWK UDWH �P� ZDV IROORZHG GDLO\� 7KH

UHDFWRUV ZHUH HPSWLHG FRPSOHWHO\ HYHU\ �� KRXUV� DOZD\V DW WKH PLGGOH RI WKH �� KRXUV GD\

SHULRG� $ NQRZQ YROXPH RI VXVSHQVLRQ �9V� ZDV GLOXWHG ZLWK D NQRZQ YROXPH RI PHGLXP

�9P�� 7KH GLOXWHG DOJDO VXVSHQVLRQ ZDV SXW LQWR D QHZ DQG FOHDQ UHDFWRU DQG WKH UHDFWRU ZDV

TXLFNO\ SODFHG LQ WKH DTXDULXP DJDLQ� 7KH RSWLFDO GHQVLW\ RI WKH XQGLOXWHG DOJDH VXVSHQVLRQ

ZDV PHDVXUHG DW ��� QP �2'���� DQG LV FDOOHG 2'VWDUW� ,Q WKH UHDFWRU H[SRQHQWLDO JURZWK ZDV

DOORZHG WR FRQWLQXH IRU �� KRXUV DJDLQ DQG DIWHU WKLV 2'��� ZDV PHDVXUHG IRU WKH VHFRQG WLPH�

2'HQG� 7KH VSHFLILF JURZWK UDWH ZDV FDOFXODWHG DFFRUGLQJ WR (T� ���� %\ FKRRVLQJ DQ

DSSURSULDWH GLOXWLRQ� 2'HQG ZDV PDLQWDLQHG EHWZHHQ ���� DQG ���� LQ RUGHU WR PLQLPL]H VHOI�

VKDGLQJ RI WKH DOJDH�
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$W HDFK OLJKW UHJLPH� FRUUHVSRQGLQJ WR D � RU ��ZHHNV UXQ� WKH JURZWK UDWH ZDV PHDVXUHG RQ

WKUHH RU PRUH GD\V� 7KHVH VHSDUDWH GHWHUPLQDWLRQV DW D FHUWDLQ OLJKW UHJLPH ZHUH XVHG WR

FDOFXODWH WKH �� � FRQILGHQFH LQWHUYDO� $V DOUHDG\ VWDWHG WKH 'XQDOLHOOD UHDFWRU ZDV DOVR

RSHUDWHG DV D WXUELGRVWDW DW RQH OLJKW UHJLPH DQG LQ WKLV H[SHULPHQW WKH VSHFLILF JURZWK UDWH

ZDV WDNHQ HTXDO WR WKH PHDVXUHG GLOXWLRQ UDWH�

3KRWRQ IOX[ GHQVLW\

7KH SKRWRQ IOX[ GHQVLW\ ZDV DOZD\V PHDVXUHG DV 3$5 �3KRWRV\QWKHWLF $FWLYH 5DGLDWLRQ� ����

��� QP�� :H XVHG D ��S 3$5�VHQVRU� /,����6$ �/,�&25� /LQFROQ� 1(� 86$�� 7KLV VHQVRU

FRXOG EH SODFHG GLUHFWO\ LQ WKH HPSW\ 'XQDOLHOOD UHDFWRU �)LJXUH ���E�� 7KH 3)' ZDV

PHDVXUHG DW �� SRVLWLRQV IDFLQJ WKH OLJKW� VHH WKH QXPEHUV LQ )LJXUH ���E� DQG WKHVH YDOXHV

ZHUH DYHUDJHG� 7KH DYHUDJH 3)' ZDV PHDVXUHG EHIRUH VWDUWLQJ DQG DIWHU HQGLQJ DQ

H[SHULPHQW DW D VSHFLILF OLJKW UHJLPH� 7KH UHVXOWLQJ YDOXHV ZHUH DYHUDJHG DJDLQ� 7KH OLJKW

LQWHQVLWLHV ZHUH PHDVXUHG DW GLIIHUHQW SODFHV LQVLGH WKH &KODP\GRPRQDV UHDFWRU DV ZHOO� DV LV

VKRZQ LQ )LJXUH ���D�

6SHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW

$IWHU GDLO\ GLOXWLRQ RI WKH VHPL�FRQWLQXRXV UHDFWRU WKH DOJDH VXVSHQVLRQ ZDV FHQWULIXJHG ��

PLQ� ���� J DQG � q&�� 7KH VXSHUQDWDQW ZDV FHQWULIXJHG DJDLQ� %RWK SHOOHWV ZHUH JHQWO\



(IILFLHQF\ RI OLJKW XWLOL]DWLRQ RI &� UHLQKDUGWLL DQG '� WHUWLROHFWD XQGHU OLJKW�GDUN F\FOHV� �� V

��

UHVXVSHQGHG LQ � � �� P/ �� P0 SRWDVVLXP�SKRVSKDWH EXIIHU RI S+ � LQ WKH FDVH RI

&KODP\GRPRQDV� 'XQDOLHOOD SHOOHWV ZHUH UHVXVSHQGHG LQ JURZWK PHGLXP RI S+ ��� � ����

$IWHU WKLV� 2'��� RI WKH VXVSHQVLRQ ZDV ��� RU ORZHU� 7KH DEVRUEDQFH RI WKHVH VXVSHQVLRQV

ZDV PHDVXUHG IURP ��� WR ��� QP LQ D VSHFWURSKRWRPHWHU HTXLSSHG ZLWK DQ LQWHJUDWLQJ

VSKHUH DV GHVFULEHG LQ -DQVVHQ HW DO� �����E�� 7KH DEVRUEDQFH DW WKH FRQFHQWUDWLRQV XVHG ZDV

OLQHDU ZLWK ELRPDVV FRQFHQWUDWLRQ� $IWHUZDUGV� WKH SURWHLQ FRQFHQWUDWLRQ RI WKH VXVSHQVLRQV

ZDV GHWHUPLQHG�

)URP WKH DEVRUEDQFH VFDQV WKH VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW� D


SURW RU D



FKO�D� ZDV

FDOFXODWHG DFFRUGLQJ WR 'XELQVN\ HW DO� ������� 7KLV FRHIILFLHQW LV HTXDO WR WKH OLJKW�DEVRUELQJ

VXUIDFH LQ WHUPV RI SURWHLQ RU FKORURSK\OO�D� UHVSHFWLYHO\� LQ P
�
J
��
� 7KH UHODWLYH VSHFWUDO

GLVWULEXWLRQ RI WKH KDORJHQ ODPSV ZDV QHHGHG IRU WKHVH FDOFXODWLRQV DQG ZDV PHDVXUHG IURP

��� WR ��� QP RQ D 65���� VSHFWURUDGLRPHWHU �0DFDP� 8.��

3URWHLQ FRQFHQWUDWLRQ

$OJDO VXVSHQVLRQV ZHUH ILOWUDWHG DQG DIWHU WKLV WKH ILOWHUV ZLWK FDNHV ZHUH ZDVKHG� UHVXVSHQGHG

LQ EXIIHU FRQWDLQLQJ VRGLXP GRGHF\O VXOSKDWH DQG VRQLFDWHG EHIRUH SURWHLQ ZDV GHWHUPLQHG

�-DQVVHQ� HW DO�� ����E�� %RYLQH VHUXP DOEXPLQH �IUDFWLRQ 9� FU\VWDOOL]HG� $������ 6LJPD� ZDV

XVHG DV D VWDQGDUG� 3URWHLQ LQ 'XQDOLHOOD VXVSHQVLRQV ZDV GHWHUPLQHG LQ D VLPLODU ZD\ RQO\

JURZWK PHGLXP ZDV XVHG IRU ZDVKLQJ WKH ILOWHU FDNH DQG WKH ILOWHU ZDV FXW LQ VPDOO VWULSV

EHIRUH VRQLFDWLRQ� $OVR ZH FKDQJHG IURP ILOWUDWLRQ WR FHQWULIXJDWLRQ �� PLQ� ���� J DQG � q&�

GXULQJ WKH H[SHULPHQWV� 7KH GHWHUPLQDWLRQ ZDV DOZD\V GRQH LQ WULSOLFDWH�

%LRPDVV \LHOG RQ OLJKW HQHUJ\

7KH ELRPDVV \LHOG �<[�(� ZDV GHWHUPLQHG DQG H[SUHVVHG LQ WHUPV RI SURWHLQ LQ J PRO
��
� 7KH

\LHOG FRXOG EH FDOFXODWHG E\ GLYLGLQJ WKH VSHFLILF JURZWK UDWH E\ WKH VSHFLILF OLJKW DEVRUSWLRQ

UDWH DFFRUGLQJ WR (T� ���� 7KH IDFWRUV ��� �� DQG ��� ��
��
LQ (T� ��� DUH QHHGHG WR FRQYHUW

PPRO V�� LQWR PRO G�� LQFOXGLQJ WKH ���� K GD\�QLJKW F\FOH� )RU WKLV FDOFXODWLRQ ZH QHHGHG WKH

VSHFLILF VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW �D


SURW� DQG WKLV FRHIILFLHQW ZDV GHWHUPLQHG

WRJHWKHU ZLWK WKH VSHFLILF JURZWK UDWH �P�� 7KH FDOFXODWLRQ RI WKH VSHFLILF OLJKW DEVRUSWLRQ LV

QRW SRVVLEOH DW KLJK DOJDO GHQVLWLHV EHFDXVH WKH 3)' LV QRW FRQVWDQW DORQJ WKH OLJKW SDWK EXW

ZLOO GHFUHDVH VKDUSO\� 7KLV ZDV WKH UHDVRQ ZH XVHG VKRUW OLJKW�SDWK UHDFWRUV DQG PDLQWDLQHG D

ORZ FXOWXUH GHQVLW\� $V D UHVXOW ZH FRXOG DVVXPH D FRQVWDQW 3)' GXULQJ WKH PHDVXUHPHQW RI

WKH VSHFLILF JURZWK UDWH�
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'XULQJ WKH H[SHULPHQW ZLWK '� WHUWLROHFWD LQ WKH WXUELGRVWDW <[�( ZDV FDOFXODWHG GLIIHUHQWO\

EHFDXVH D VWHHS OLJKW JUDGLHQW ZDV DOORZHG DORQJVLGH WKH UHDFWRU OLJKW SDWK� 7KH TXDQWLW\ RI

DOJDO ELRPDVV �SURWHLQ� GLOXWHG LQ D GD\ ZDV PHDVXUHG DQG GLYLGHG E\ WKH TXDQWLW\ RI OLJKW

DEVRUEHG� 7KH OLJKW DEVRUEHG ZDV HTXDO WR WKH LQFLGHQW 3)' PLQXV WKH 3)' SDVVLQJ WKURXJK

WKH UHDFWRU PXOWLSOLHG E\ WKH LOOXPLQDWHG VXUIDFH DQG WKH GDLO\ LOOXPLQDWLRQ WLPH�

&KORURSK\OO�D

7KH FKORURSK\OO�D FRQFHQWUDWLRQ LQ DOJDO VXVSHQVLRQV ZDV GHWHUPLQHG DFFRUGLQJ WR WKH PHWKRG

RI 1XVFK ������� $OVR WKLV GHWHUPLQDWLRQ ZDV GRQH LQ WULSOLFDWH�

)OXRUHVFHQFH PHDVXUHPHQWV

7KH IOXRUHVFHQFH \LHOG ZDV GHWHUPLQHG E\ SXOVH�DPSOLWXGH�PRGXODWLRQ �3$0� IOXRURPHWU\ LQ

FRPELQDWLRQ ZLWK WKH VDWXUDWLQJ�SXOVH WHFKQLTXH �6FKUHLEHU� HW DO�� ������ 7KH TXDQWXP \LHOG

RI 36,, SKRWRFKHPLVWU\ �IS� ZDV FDOFXODWHG DFFRUGLQJ WR *HQW\ HW DO� ������� 7KH

PHDVXUHPHQW DSSDUDWXV ZDV DOUHDG\ GHVFULEHG LQ -DQVVHQ HW DO� �����E��

&KODP\GRPRQDV VDPSOHV ZHUH GLOXWHG ZLWK SKRVSKDWH EXIIHU� S+ ���� DQG 'XQDOLHOOD VDPSOHV

ZLWK JURZWK PHGLXP FRQWDLQLQJ +HSHV EXIIHU� S+ ���� UHVXOWLQJ LQ FKORURSK\OO�D

FRQFHQWUDWLRQV EHWZHHQ ��� DQG ��� PJ P/
��
� ([WUD VRGLXP ELFDUERQDWH ZDV DGGHG DQG WKH

&KODP\GRPRQDV VDPSOHV DOVR UHFHLYHG H[WUD DPPRQLXP FKORULGH� $IWHU WKLV� WZR FXYHWWHV

ZHUH ILOOHG ZLWK ���� � ���� P/ RI WKH VDPH VXVSHQVLRQ� 2QH FXYHWWH ZDV SODFHG LPPHGLDWHO\

LQ WKH FXYHWWH DVVHPEO\ WR GHWHUPLQH WKH SKRWRFKHPLFDO TXDQWXP \LHOG �IS� XQGHU WKH

FXOWLYDWLRQ OLJKW UHJLPH� ,Q WKH FDVH RI OLJKW�GDUN F\FOHV WKH TXDQWXP \LHOG ZDV GHWHUPLQHG

GXULQJ WKH OLJKW SHULRG DV ZDV VKRZQ LQ -DQVVHQ HW DO� �����E�� 7KH VHFRQG FXYHWWH ZDV SODFHG

LQ WKH GDUN WR GHWHUPLQH WKH PD[LPDO SKRWRFKHPLFDO TXDQWXP \LHOG RU WKH SKRWRFKHPLFDO

\LHOG RI RSHQ 36,, UHDFWLRQ FHQWHUV �ISR�� 7KLV ZDV GRQH DIWHU WKH PHDVXUHPHQWV XQGHU

FXOWLYDWLRQ OLJKW� 7KH DOJDO VDPSOHV LQ WKH FXYHWWH ZHUH PL[HG E\ D VPDOO VWLUUHU

�&KODP\GRPRQDV� RU E\ D VPDOO JODVV SLSHWWH XVHG WR VXFN DQG UHOHDVH WKH VDPSOH UHJXODUO\

�'XQDOLHOOD��



(IILFLHQF\ RI OLJKW XWLOL]DWLRQ RI &� UHLQKDUGWLL DQG '� WHUWLROHFWD XQGHU OLJKW�GDUN F\FOHV� �� V

��

5HVXOWV

&KODP\GRPRQDV UHLQKDUGWLL DQG 'XQDOLHOOD WHUWLROHFWD ZHUH FXOWLYDWHG XQGHU � DQG � GLIIHUHQW

OLJKW UHJLPHV� UHVSHFWLYHO\� $V DQ H[DPSOH )LJXUH ���D VKRZV WKH RSWLFDO GHQVLW\ �2'���� DQG

WKH GDLO\�FDOFXODWHG VSHFLILF JURZWK UDWH �P� GXULQJ WKH FXOWLYDWLRQ RI '� WHUWLROHFWD XQGHU

FRQWLQXRXV LOOXPLQDWLRQ RI �� PPRO P��
V
��
� 7KH DOJDO VXVSHQVLRQ LQ WKH UHDFWRU ZDV GLOXWHG

HYHU\ GD\ DW WKH PLGGOH RI WKH �� KRXUV GD\ SHULRG� %HIRUH GLOXWLRQ WKH RSWLFDO GHQVLW\ �2'����

ZDV PHDVXUHG DQG WKH VSHFLILF JURZWK UDWH �P� FDOFXODWHG�

)LJXUH ���� 6SHFLILF JURZWK UDWH �P� V� RI 'XQDOLHOOD WHUWLROHFWD ZKHQ H[SRVHG WR

FRQWLQXRXV LOOXPLQDWLRQ RI �� PPRO P
��
V
��
�D� DQG ���� PPRO P

��
V
��
�E�� 7KH FDOFXODWHG

DYHUDJH VSHFLILF JURZWK UDWH LV JLYHQ E\ PDY �V� DQG 2'��� �O� LV WKH RSWLFDO GHQVLW\ RI WKH

FXOWXUHV DW WKH HQG RI HYHU\ �� KRXUV EDWFK SHULRG�

� � � � � ��
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��

7KUHH RU IRXU GD\V DIWHU LQRFXODWLRQ WKH VSHFLILF JURZWK UDWH GLG QRW FKDQJH DQ\PRUH� DQG DQ

DYHUDJH JURZWK UDWH FRXOG EH FDOFXODWHG �PDY�� 2QO\ XQGHU FRQWLQXRXV LOOXPLQDWLRQ RI ����

PPRO P��
V
��
WKH DFFOLPDWLRQ WRRN ORQJHU� ,W WRRN DOPRVW �� GD\V EHIRUH WKH VSHFLILF JURZWK RI

'� WHUWLROHFWD VHHPHG WR UHDFK D FRQVWDQW UDWH �)LJXUH ���E��

$OJDO VXVSHQVLRQV EHFDPH DYDLODEOH HDFK GD\ EHFDXVH GDLO\ D SDUW RI WKH DOJDO VXVSHQVLRQ ZDV

UHSODFHG E\ IUHVK PHGLXP� $IWHU WKUHH RU IRXU GD\V RI DFFOLPDWLRQ WLPH WKHVH VXVSHQVLRQV

ZHUH XVHG WR GHWHUPLQH VHYHUDO SDUDPHWHUV� WKH VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW

EDVHG RQ SURWHLQ �D


SURW�� WKH VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW EDVHG RQ FKORURSK\OO�D

�D


FKO�D�� IRU '� WHUWLROHFWD RQO\� WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\ LQ WHUPV RI SURWHLQ �<[�(��

WKH FKORURSK\OO�D FRQWHQW H[SUHVVHG RQ SURWHLQ EDVLV �>FKO�D@�� IRU '� WHUWLROHFWD RQO\� )LQDOO\�

WKH DFWXDO SKRWRFKHPLFDO TXDQWXP \LHOG �IS� DQG WKH PD[LPDO TXDQWXP \LHOG �ISR� ZHUH

GHWHUPLQHG XVLQJ VDPSOHV WDNHQ GLUHFWO\ IURP WKH ELRUHDFWRUV� 7KHVH VDPSOHV ZHUH WDNHQ � WR

� KRXUV EHIRUH WKH PLGGOH RI WKH GD\ SHULRG�

7DEOH ���� 6SHFLILF JURZWK UDWH �P� DQG VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW �D


SURW�

RQ SURWHLQ EDVLV RI &KODP\GRPRQDV UHLQKDUGWLL XQGHU OLJKW�GDUN �/�'� F\FOHV DQG

FRQWLQXRXV OLJKW �&/�� 67' LV WKH HVWLPDWHG VWDQGDUG GHYLDWLRQ RI µQ¶ LQGHSHQGHQW

GHWHUPLQDWLRQV�

/LJKW

5HJLPH

3)'

�PPRO P
��
V
��
�

P

�K
��
� 67' �Q�

D


SURW

�P
�
J
��
� 67' �Q�

&/ ���� ����� ����� ��� ����� ����� ���

���� V /�' ���� ����� ����� ��� ����� ����� ���

���� V /�' ���� ����� ����� ��� ����� ����� ���

,Q 7DEOH ��� WKH VSHFLILF JURZWK UDWHV �P� RI &� UHLQKDUGWLL DUH SUHVHQWHG� 7KHVH UDWHV ZHUH

GLYLGHG E\ WKH UDWH XQGHU FRQWLQXRXV LOOXPLQDWLRQ RI ��� PPRO P��
V
��
PHDVXUHG E\ -DQVVHQ HW

DO� �����E�� ZKLFK ZDV ����� K
��
� 7KLV ZDV WKH KLJKHVW UDWH PHDVXUHG LQ WKDW VWXG\ DQG LV D

JRRG HVWLPDWH RI WKH PD[LPDO VSHFLILF JURZWK UDWH RI &KODP\GRPRQDV UHLQKDUGWLL DW �� �&

DQG D ���� K GD\�QLJKW UK\WKP� 7KH UHVXOWLQJ QRUPDOL]HG JURZWK UDWHV �PQ� DUH SUHVHQWHG LQ

)LJXUH ���D DQG IRU FRPSDULVRQ DOVR WZR RWKHU SRLQWV IURP WKDW SUHYLRXV VWXG\ DUH VKRZQ� 7KH

OLJKW IUDFWLRQ� H� RQ WKH [�D[LV RI )LJXUH ��� LV HTXDO WR WKH IUDFWLRQ RI WLPH WKH DOJDH DUH

H[SRVHG WR OLJKW� 7KH ���� V OLJKW�GDUN �/�'� F\FOH FRUUHVSRQGV WR DQ H RI ���� DQG WKH ���� V

/�' F\FOH FRUUHVSRQGV WR DQ H RI ����� 7KH VSHFLILF JURZWK UDWHV �P� RI 'XQDOLHOOD WHUWLROHFWD

DUH VKRZQ LQ 7DEOH ��� DQG WKH\ ZHUH GLYLGHG E\ WKH JURZWK UDWH XQGHU FRQWLQXRXV



(IILFLHQF\ RI OLJKW XWLOL]DWLRQ RI &� UHLQKDUGWLL DQG '� WHUWLROHFWD XQGHU OLJKW�GDUN F\FOHV� �� V

��

LOOXPLQDWLRQ RI ��� PPRO P��
V
��
� $OVR WKLV UDWH LV D JRRG HVWLPDWH RI WKH PD[LPDO VSHFLILF

JURZWK UDWH RI '� WHUWLROHFWD XQGHU WKH FXOWLYDWLRQ SDUDPHWHUV� �� �& DQG D ���� K GD\�QLJKW

UK\WKP� 7KH UHVXOWLQJ QRUPDOL]HG UDWHV �PQ� DUH VKRZQ LQ )LJXUH ���E�

7DEOH ���� 6SHFLILF JURZWK UDWH �P�� VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW �D


SURW DQG

D


FKO�D� DQG FKORURSK\OO�D FRQWHQW �>FKO�D@� RQ SURWHLQ EDVLV RI 'XQDOLHOOD WHUWLROHFWD XQGHU

OLJKW�GDUN �/�'� F\FOHV DQG FRQWLQXRXV OLJKW �&/�� 67' LV WKH HVWLPDWHG VWDQGDUG GHYLDWLRQ

RI µQ¶ LQGHSHQGHQW GHWHUPLQDWLRQV�

/LJKW

5HJLPH

3)'

�PPRO P
��
V
��
�

P

�K
��
� 67' �Q�

D


SURW

�P
�
J
��
� 67' �Q�

D


FKO�D

�P
�
J
��
� 67' �Q�

>FKO�D@

�PJ J
��
� 67' �Q�

&/ ���� ������ ������ ��� ��� ��� ��� ��� ��� ���

���� V /�' ���� ������ ������ ��� ����� ����� ��� ���� ���� ��� ���� ��� ���

���� V /�' ���� ������ ������ ��� ����� ����� ��� ���� ���� ��� ���� ��� ���

&/ ��� ������ ������ ��� ����� ����� ��� ���� ���� ��� ���� ��� ���

���� V /�' ��� ������ ������ ��� ����� ����� ��� ���� ���� ��� ���� ��� ���

���� V /�' ��� ������ ������ ��� ����� ����� ��� ���� ���� ��� ���� ��� ���

&/ �� ������ ������ ��� ����� ����� ��� ���� ���� ��� ���� ��� ���

6SHFLILF OLJKW DEVRUSWLRQ ZDV PHDVXUHG DV WKH VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW �D


SURW

LQ 7DEOH ��� DQG 7DEOH ����� 7KH DEVRUSWLRQ FRHIILFLHQW LV H[SUHVVHG RQ D SURWHLQ EDVLV EXW FDQ

DOVR EH SUHVHQWHG EDVHG RQ RWKHU FHOOXODU FRPSRXQGV� H�J� FKORURSK\OO�D� 7KH FKORURSK\OO�D

FRQWHQW �>FKO�D@� RI '� WHUWLROHFWD ZDV GHWHUPLQHG DQG LV SUHVHQWHG LQ 7DEOH ���� 7KLV YDOXH LV

WKHUHIRUH XVHG WR H[SUHVV WKH VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW LQ WHUPV RI

FKORURSK\OO�D �D


FKO�D� LQ 7DEOH �����

7KH ELRPDVV \LHOG RQ OLJKW HQHUJ\ �<[�(� ZDV FDOFXODWHG XQGHU HDFK OLJKW UHJLPH XVLQJ WKH

VSHFLILF JURZWK UDWH �P�� SKRWRQ IOX[ GHQVLW\ �3)'�� VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW

�D


SURW� DQG (T� ���� 7KH YDOXHV RI WKHVH SDUDPHWHUV DUH VKRZQ LQ 7DEOH ��� DQG 7DEOH ���� 7KH

ELRPDVV \LHOGV UHVXOWLQJ IURP WKHVH FDOFXODWLRQV DUH H[SUHVVHG LQ J SURWHLQ SHU PRO RI SKRWRQV

���� � ��� QP� DQG DUH VKRZQ LQ )LJXUH ���� )LJXUH ���D IRU &� UHLQKDUGWLL DQG )LJXUH ���E IRU

'� WHUWLROHFWD� 7KH \LHOG RI '� WHUWLROHFWD DW ORZ 3)' ��� PPRO P��
V
��
� LV ���� r ����� J PRO��

ZKLFK LV QRW VKRZQ LQ )LJXUH ���E�

7KH TXDQWXP \LHOG RI 36,, SKRWRFKHPLVWU\ �IS� ZDV DOVR GHWHUPLQHG XQGHU GLIIHUHQW

FXOWLYDWLRQ OLJKW UHJLPHV DQG LV SUHVHQWHG LQ )LJXUH ���� ,Q DGGLWLRQ� WKH PD[LPDO TXDQWXP

\LHOG ZDV GHWHUPLQHG DIWHU GDUN LQFXEDWLRQ �t �� PLQXWHV� WR REWDLQ WKH TXDQWXP \LHOG RI RSHQ

36,, UHDFWLRQ FHQWHUV �ISR�� 7KHVH UHVXOWV DUH SUHVHQWHG LQ )LJXUH ���D IRU &� UHLQKDUGWLL DQG LQ



&KDSWHU �

��

)LJXUH ���E IRU '� WHUWLROHFWD� 'XH WR WHFKQLFDO SUREOHPV ZH ZHUH QRW DEOH WR PHDVXUH WKH

TXDQWXP \LHOG �MS� RI '� WHUWLROHFWD LQ WKH UDQJH RI ���� � ���� PPRO P
��
V
��
�

'XQDOLHOOD WHUWLROHFWD ZDV DOZD\V FXOWLYDWHG DW �� q&� %XW DW RQH OLJKW UHJLPH� WKH ���� V /�'

F\FOH DW ���� PPRO P��
V
��
� '� WHUWLROHFWD ZDV DOVR FXOWLYDWHG DW �� q&� 7KH UHVXOWV DUH

SUHVHQWHG LQ WKH VHFRQG FROXPQ RI 7DEOH ���� 7KH GDWD LQ WKH ILUVW FROXPQ RI 7DEOH ��� ZHUH

DOUHDG\ SUHVHQWHG LQ 7DEOH ���� EXW DGGHG DJDLQ WR DOORZ HDV\ FRPSDULVRQ EHWZHHQ WKH WZR

FXOWLYDWLRQ WHPSHUDWXUHV�

7DEOH ���� 3K\VLRORJLFDO SDUDPHWHUV RI 'XQDOLHOOD WHUWLROHFWD FXOWLYDWHG DW ����

PPRO P
��
V
��
XQGHU D ���� V OLJKW�GDUN F\FOH DW �� DQG �� q& LQ D GLOXWH VXVSHQVLRQ ZLWKRXW

OLJKW JUDGLHQW� DQG XQGHU D ���� V F\FOH DW �� q& ZLWK D OLJKW JUDGLHQW LQ WKH UHDFWRU� 7KH

H[SHULPHQW XQGHU WKH OLJKW JUDGLHQW ZDV GRQH LQ D WXUELGRVWDW PRGH� 67' LV WKH HVWLPDWHG

VWDQGDUG GHYLDWLRQ RI µQ¶ LQGHSHQGHQW GHWHUPLQDWLRQV�

3DUDPHWHU 1R OLJKW JUDGLHQW

�� q&

1R OLJKW JUDGLHQW

�� q&

/LJKW JUDGLHQW

�� q&

3)' �PPRO P
��
V
��
� ���� ���� ����o ��

P �K
��
� ������ ������ ������

67' �Q� ������ ��� ������ ��� ������ ���

D


SURW �P

�
J
��
� ����� ����� � ����� ����� � �����

67' �Q� ����� ��� ��� ��� ��� ���

<[�( �J PRO
��
� ����� ����� � ����� ����� � �����

67' �Q� ����� ��� ��� ��� ��� ���

IS ��� 3)'�

���� ± ���� o o ����� � �����

��� ± ��� o o ����� � �����

�� ± �� o o ����� � �����

>FKO�D@ �PJ J
��
� ���� ���� � ���� ���� � ����

67' �Q� ��� ��� ��� ��� ��� ���

)XUWKHUPRUH� WKH DOJDH ZHUH DOZD\V FXOWLYDWHG XQGHU D FRQVWDQW 3)' GXULQJ WKH OLJKW SHULRG�

,Q SUDFWLFH D OLJKW JUDGLHQW ZLOO H[LVW LQ WKH SKRWLF ]RQH RI D SKRWRELRUHDFWRU� 7KLV LV WKH UHDVRQ

'� WHUWLROHFWD ZDV DOVR FXOWLYDWHG XQGHU D OLJKW JUDGLHQW GXULQJ WKH OLJKW SHULRG� 7KLV ZDV GRQH

DW RQH OLJKW UHJLPH DJDLQ� WKH ���� V /�' F\FOH DW ���� PPRO P��
V
��
DQG �� q&� )RU WKLV� WKH

'XQDOLHOOD UHDFWRU ZDV RSHUDWHG DV D WXUELGRVWDW DW KLJK ELRPDVV GHQVLW\� 7KH 3)' SDVVLQJ

WKURXJK WKH UHDFWRU ZDV FRQWUROOHG DW �� PPRO P��
V
��
� UHVXOWLQJ LQ D ELRPDVV GHQVLW\� SURWHLQ

FRQFHQWUDWLRQ� RI ��� PJ /
��
�2'���  ������ %HFDXVH VWDQGLQJ ELRPDVV FRQFHQWUDWLRQ ZDV



(IILFLHQF\ RI OLJKW XWLOL]DWLRQ RI &� UHLQKDUGWLL DQG '� WHUWLROHFWD XQGHU OLJKW�GDUN F\FOHV� �� V

��

KLJKHU WKDQ GXULQJ WKH RWKHU H[SHULPHQWV QLWURJHQ DQG SKRVSKRUXV LQ WKH PHGLXP ZHUH

LQFUHDVHG WR � DQG �� P0� UHVSHFWLYHO\� 7KH UHVXOWV DUH VKRZQ LQ WKH WKLUG FROXPQ RI 7DEOH

���� %HFDXVH WKH 3)' GXULQJ WKH �� V OLJKW SHULRG ZDV QRW FRQVWDQW GXH WR WKH OLJKW JUDGLHQW�

WKH SKRWRFKHPLFDO TXDQWXP \LHOG �IS� ZDV PHDVXUHG DW WKUHH GLIIHUHQW 3)'V �7DEOH �����

'LVFXVVLRQ

7KH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ RI &KODP\GRPRQDV UHLQKDUGWLL DQG 'XQDOLHOOD WHUWLROHFWD

XQGHU PHGLXP�GXUDWLRQ OLJKW�GDUN F\FOHV ZDV GHWHUPLQHG LQ FRPSDULVRQ WR WKH HIILFLHQF\ DW

FRQWLQXRXV LOOXPLQDWLRQ� /LJKW�GDUN F\FOHV RI �� V ZHUH DSSOLHG� D ���� V OLJKW�GDUN �/�'�

F\FOH� FRUUHVSRQGLQJ WR H  ����� DQG D ���� V /�' F\FOH� FRUUHVSRQGLQJ WR H  ����� ZHUH

XVHG� )LJXUH ��� VKRZV WKDW WKH VSHFLILF JURZWK UDWHV RI &� UHLQKDUGWLL DQG '� WHUWLROHFWD

LQFUHDVHG ZLWK WKH OLJKW IUDFWLRQ DV ZDV IRXQG LQ SUHYLRXV VWXGLHV �-DQVVHQ� HW DO�� �����

-DQVVHQ� HW DO�� ����E�� 7KH GLDJRQDO OLQHV LQ )LJXUH ��� UHSUHVHQW WKLV SURSRUWLRQDOLW\� $W OLJKW

IUDFWLRQV RI ���� DQG KLJKHU� WKH DYHUDJH VSHFLILF JURZWK UDWH RI ERWK &� UHLQKDUGWLL DQG '�

WHUWLROHFWD DUH DERYH WKH SURSRUWLRQDOLW\ OLQH� $W OLJKW IUDFWLRQV RI ��� DQG ORZHU WKH DYHUDJH

VSHFLILF JURZWK UDWHV RI &� UHLQKDUGWLL DUH EHORZ WKH OLQH� 7KH VSHFLILF JURZWK VHHPV WR

GHSHQG RQ WKH OLJKW IUDFWLRQ LQ D QRQ�OLQHDU ZD\�

3KRWRLQKLELWLRQ DW KLJK SKRWRQ IOX[ GHQVLWLHV �3)'V� VKRXOG UHVXOW LQ ORZHU VSHFLILF JURZWK

UDWHV LQ FRPSDULVRQ WR ORZHU 3)'V� ,Q )LJXUH ���D LW LV VKRZQ WKDW WKH DYHUDJH VSHFLILF JURZWK

RI &� UHLQKDUGWLL DW FRQWLQXRXV LOOXPLQDWLRQ RI ���� PPRO P��
V
��
LV DSSUR[LPDWHO\ WKH VDPH DV

DW ��� PPRO P��
V
��
� '� WHUWLROHFWD ZDV PRUH VHQVLWLYH WR SKRWR LQKLELWLRQ DV WKH VSHFLILF

JURZWK UDWH DW ���� PPRO P��
V
��
ZDV VOLJKWO\ ORZHU WKDQ DW ��� PPRO P��

V
��
�)LJXUH ���E�� ,Q

)LJXUH ���E LW FRXOG DOUHDG\ EH VHHQ WKDW '� WHUWLROHFWD QHHGV D ORQJ WLPH WR DFFOLPDWH WR ����

PPRO P��
V
��
EXW HYHQWXDOO\ VSHFLILF JURZWK LV DOPRVW DV IDVW DV DW ��� PPRO P��

V
��
�

(QHUJ\ IRU DOJDO JURZWK RULJLQDWHV IURP OLJKW FDSWXUHG E\ WKH DQWHQQDH RI WKH SKRWRV\VWHPV�

$FFOLPDWLRQ WR D GLIIHUHQW OLJKW UHJLPH ZLOO OHDG WR D FKDQJH LQ SKRWRV\VWHP QXPEHU RU

DQWHQQD VL]H UHVXOWLQJ LQ D FKDQJH LQ VSHFLILF OLJKW DEVRUSWLRQ �)DONRZVNL� HW DO�� ����� 1HDOH

DQG 0HOLV� ������ ,Q WKLV VWXG\ ZH GHWHUPLQHG WKH VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW

LQ WHUPV RI SURWHLQ �D


SURW�� ,Q WKH FDVH RI &� UHLQKDUGWLL� D



SURW LQFUHDVHG IURP ����� P

�
J
��

XQGHU FRQWLQXRXV LOOXPLQDWLRQ ����� � ���� PPRO P��
V
��
� WR ����� P

�
J
��
XQGHU WKH ���� V /�'

F\FOH� DQG HYHQ IXUWKHU WR ����� P
�
J
��
XQGHU WKH ���� F\FOH �7DEOH ����� '� WHUWLROHFWD VKRZHG

DQ LQFUHDVH RI ����� P
�
J
��
XQGHU FRQWLQXRXV LOOXPLQDWLRQ ���� � ��� PPRO P��

V
��
� WR �����
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��

P
�
J
��
XQGHU WKH ���� F\FOH� $OVR DW ���� � ���� PPRO P��

V
��
� D



SURW RI '� WHUWLROHFWD LQFUHDVHG

IURP ����� P
�
J
��
XQGHU WKH ���� V /�' F\FOH WR ����� P

�
J
��
XQGHU WKH ���� F\FOH �7DEOH �����

)LJXUH ���� 1RUPDOL]HG VSHFLILF JURZWK UDWH �PQ� RI &KODP\GRPRQDV UHLQKDUGWLL �D�� x�

UHVXOWV WKLV VWXG\� i� UHVXOWV SUHYLRXV VWXG\ �-DQVVHQ� HW DO�� ����E�� $QG WKH QRUPDOL]HG

VSHFLILF JURZWK UDWH �PQ� RI 'XQDOLHOOD WHUWLROHFWD �E�� 7KH F\FOH WLPH RI WKH OLJKW�GDUN F\FOHV

ZDV �� V� WKH QXPEHUV JLYH WKH 3)' GXULQJ WKH OLJKW SHULRG LQ PPRO P
��
V
��
DQG HUURU EDUV

UHSUHVHQW �� � FRQILGHQFH LQWHUYDOV�

7KH SKRWRV\VWHP DQWHQQDH FRQVLVW RI VHYHUDO KXQGUHG FKORURSK\OO PROHFXOHV� SUHGRPLQDQWO\

FKORURSK\OO�D� 7KH FKORURSK\OO�D FRQWHQW �>FKO�D@� RI '� WHUWLROHFWD ZDV PHDVXUHG DQG

H[SUHVVHG LQ WHUPV RI SURWHLQ� 7KH FKORURSK\OO�D FRQWHQW ZDV SRVLWLYHO\ FRUUHODWHG WR D


SURW�

>FKO�D@ ZDV KLJKHVW XQGHU WKH ���� V /�' F\FOHV ZKHQ DOVR D


SURW ZDV KLJKHVW WRR �7DEOH �����

7KLV FRUUHODWLRQ LV QRW OLQHDU� ZKLFK FDQ EH GHGXFHG IURP WKH VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ
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(IILFLHQF\ RI OLJKW XWLOL]DWLRQ RI &� UHLQKDUGWLL DQG '� WHUWLROHFWD XQGHU OLJKW�GDUN F\FOHV� �� V

��

FRHIILFLHQW RQ FKORURSK\OO�D EDVLV �D


FKO�D� 7DEOH ����� ,I D



SURW DQG >FKO�D@ ZHUH OLQHDUO\

FRUUHODWHG D


FKO�D VKRXOG EH D FRQVWDQW� +RZHYHU� D



FKO�D GHFUHDVHV DV >FKO�D@ LQFUHDVHV� 7KLV FDQ

EH H[SODLQHG E\ WKH IDFW WKDW DW KLJK FKORURSK\OO�D FRQFHQWUDWLRQV D FRQVLGHUDEOH DPRXQW RI

FKORURSK\OO PROHFXOHV DUH LQ WKH VKDGH RI RWKHUV �'X\VHQV� ������ 7R FRQFOXGH� WKH FKDQJHV LQ

>FKO�D@ DQG D


SURW VKRZ WKDW DFFOLPDWLRQ RFFXUV ZKHQ '� WHUWLROHFWD DQG &� UHLQKDUGWLL DUH

VXEMHFWHG WR GLIIHUHQW OLJKW�GDUN F\FOHV LQ FRPSDULVRQ WR FRQWLQXRXV OLJKW�

)LJXUH ���� %LRPDVV \LHOG RQ OLJKW HQHUJ\ �<[�(� RI &KODP\GRPRQDV UHLQKDUGWLL �D� RQ

SURWHLQ EDVLV� x� UHVXOWV WKLV VWXG\� i� UHVXOWV SUHYLRXV VWXG\ �-DQVVHQ� HW DO�� ����E�� $QG

ELRPDVV \LHOG RQ OLJKW HQHUJ\ �<[�(� RI 'XQDOLHOOD WHUWLROHFWD �E�� 7KH F\FOH WLPH RI WKH

OLJKW�GDUN F\FOHV ZDV �� V� WKH QXPEHUV JLYH WKH 3)' GXULQJ WKH OLJKW SHULRG LQ

PPRO P
��
V
��
DQG HUURU EDUV UHSUHVHQW �� � FRQILGHQFH LQWHUYDOV� <[�( DW ���� PPRO P

��
V
��

DQG H  � ZDV HVWLPDWHG XVLQJ WKH D


SURW RI ����� P

�
J
��
GHWHUPLQHG DW ��� PPRO P

��
V
��

DQG H  � �7DEOH �����
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&KDSWHU �

��

)RU GHYHORSPHQW RI SKRWRELRUHDFWRUV RQH RI WKH PRVW LPSRUWDQW IDFWRUV LV WKH \LHOG RI ELRPDVV

RQ OLJKW HQHUJ\ �<[�(�� ,I OLJKW LV OLPLWLQJ ELRUHDFWRU SURGXFWLYLW\ LW LV RI FUXFLDO LPSRUWDQFH WR

XVH OLJKW HQHUJ\ DV HIILFLHQWO\ DV SRVVLEOH� 7KH ELRPDVV \LHOG LV H[SUHVVHG LQ WHUPV RI SURWHLQ

EHFDXVH WKH SURWHLQ IUDFWLRQ LV WKH PRVW FRQVWDQW IDFWRU LQ WKH FHOO �3RVW� HW DO�� ���� DQG

������ 7KH SURWHLQ IUDFWLRQ FRQVLVWV SUHGRPLQDQWO\ RI ELRDFWLYH DQG VWUXFWXUDO PROHFXOHV DQG

SURWHLQ GRHV QRW VHUYH DV D PDMRU HQHUJ\ VWRUDJH FRPSRXQG� 2Q WKH RWKHU KDQG� FHOOXODU

FRQFHQWUDWLRQV RI FDUERK\GUDWHV� OLSLGV DQG FKORURSK\OO FDQ YDU\ VWURQJO\ GXULQJ WKH GD\ DQG

XQGHU GLIIHUHQW OLJKW UHJLPHV DQG WKLV ZLOO DOVR DIIHFW GU\ ZHLJKW PHDVXUHPHQWV�

$W ���� � ���� PPRO P��
V
��
WKH ELRPDVV \LHOG RI &� UHLQKDUGWLL XQGHU FRQWLQXRXV OLJKW LV

HTXDO WR WKH \LHOG XQGHU D ���� V /�' F\FOH� +RZHYHU� XQGHU D ���� F\FOH� <[�( LV VLJQLILFDQWO\

ORZHU �)LJXUH ���D�� ,Q D SUHYLRXV VWXG\ ZH IRXQG D VLPLODU WUHQG IRU &� UHLQKDUGWLL FXOWLYDWHG

XQGHU ��� � ��� PPRO P��
V
��
�-DQVVHQ� HW DO�� ����E�� ,Q RUGHU WR DOORZ HDV\ FRPSDULVRQ� WKHVH

GDWD DUH DOVR SUHVHQWHG LQ )LJXUH ���D� 7KH ELRPDVV \LHOGV RI '� WHUWLROHFWD XQGHU ��� � ���

PPRO P��
V
��
ZHUH KLJKHU WKDQ WKH \LHOGV GHWHUPLQHG XQGHU ���� � ���� PPRO P��

V
��
�)LJXUH

���E�� $OVR IRU 'XQDOLHOOD <[�( LV ORZHU DW WKH ���� V /�' F\FOH WKDQ DW WKH ���� F\FOH�

)XUWKHUPRUH� LW FDQ EH VHHQ WKDW '� WHUWLROHFWD XWLOL]HV LQWHUPLWWHQW OLJKW ZLWK D ���� V /�'

F\FOH DV HIILFLHQWO\ DV FRQWLQXRXV OLJKW� %HFDXVH WKH VSHFLILF DEVRUSWLRQ FRHIILFLHQW ZDV QRW

GHWHUPLQHG XQGHU FRQWLQXRXV OLJKW RI ���� PPRO P��
V
��
WKH ELRPDVV \LHOG ZDV HVWLPDWHG

XVLQJ WKH D


SURW RI ����� P

�
J
��
GHWHUPLQHG XQGHU FRQWLQXRXV OLJKW RI ��� PPRO P��

V
��
�7DEOH

�����

3URYLGHG WKH OLTXLG FLUFXODWLRQ WLPH LV �� V ZH FRXOG H[WUDSRODWH RXU UHVXOWV WR ODUJH�VFDOH �DLU�

OLIW ORRS� SKRWRELRUHDFWRUV� ,I WKH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ LV QRW DIIHFWHG E\ D � V GDUN

SHULRG ZLWKLQ D �� V F\FOH WKLV PHDQV WKDW D GDUN ]RQH RI DW OHDVW ��� Y�Y LV DOORZHG LQ

SKRWRELRUHDFWRUV� 7KLV UHODWLYH GDUN�]RQH YROXPH FDQ EH XVHG WR VHW D OLPLW WR ELRPDVV GHQVLW\

RU FROXPQ GLDPHWHU�

,Q DGGLWLRQ WR WKH ELRPDVV \LHOG ZH ZHUH DEOH WR PHDVXUH WKH SKRWRFKHPLFDO TXDQWXP \LHOG

�IS� XQGHU VHYHUDO RI WKH OLJKW UHJLPHV DSSOLHG� ,Q WKH FDVH RI OLJKW�GDUN F\FOHV� WKH SDUDPHWHU

IS ZDV PHDVXUHG ZLWKLQ WKH OLJKW SHULRG� 7KH TXDQWXP \LHOG LV HTXDO WR WKH SUREDELOLW\ D

SKRWRQ DEVRUEHG E\ 36,, LV XVHG IRU FKDUJH VHSDUDWLRQ LQ WKH 36,, UHDFWLRQ FHQWHU DQG

FRQFRPLWDQW HOHFWURQ WUDQVSRUW� 7KH TXDQWXP \LHOG RI &� UHLQKDUGWLL LV VLJQLILFDQWO\ ORZHU

XQGHU WKH ���� V /�' F\FOH WKDQ XQGHU WKH ���� F\FOH DQG FRQWLQXRXV OLJKW �)LJXUH ���D��

8QGHU WKH ���� V /�' F\FOH� RQ WKH RWKHU KDQG� WKH TXDQWXP \LHOG LV QRW VLJQLILFDQWO\ GLIIHUHQW

IURP WKDW XQGHU FRQWLQXRXV OLJKW� ,I )LJXUH ���D DQG )LJXUH ���D DUH FRPSDUHG LW FDQ EH VHHQ



(IILFLHQF\ RI OLJKW XWLOL]DWLRQ RI &� UHLQKDUGWLL DQG '� WHUWLROHFWD XQGHU OLJKW�GDUN F\FOHV� �� V

��

WKDW IS VKRZV D VLPLODU WUHQG DV <[�(� 1HDOH DQG 0HOLV ������ VKRZHG WKDW WKH FHOOXODU QXPEHU

RI 36,, XQLWV DQG F\WRFKURPH I GLG QRW FKDQJH LQ &� UHLQKDUGWLL GXULQJ SKRWRDFFOLPDWLRQ� RQO\

WKH 36,, DQWHQQD VL]H FKDQJHG� 7KH ORZ \LHOG LQ WKH SURFHVV RI FKDUJH VHSDUDWLRQ DQG HOHFWURQ

WUDQVSRUW �IS� WKHUHIRUH FRXOG KDYH UHVXOWHG LQ WKH ORZ ELRPDVV \LHOG RQ OLJKW HQHUJ\ �<[�(�

XQGHU WKH ���� V /�' F\FOH�

)LJXUH ���� 3KRWRFKHPLFDO TXDQWXP \LHOGV �IS�� O DQG ISR � V� RI &KODP\GRPRQDV

UHLQKDUGWLL �D� DQG 'XQDOLHOOD WHUWLROHFWD �E�� IS LV WKH TXDQWXP \LHOG GHWHUPLQHG GXULQJ WKH

OLJKW SHULRG RI WKH VLPXODWHG FXOWLYDWLRQ OLJKW UHJLPH DQG ISR LV WKH SKRWRFKHPLFDO TXDQWXP

\LHOG RI RSHQ 36,, UHDFWLRQ FHQWHUV� 7KH F\FOH WLPH RI WKH OLJKW�GDUN F\FOHV ZDV �� V� WKH

QXPEHUV JLYH WKH 3)' GXULQJ WKH OLJKW SHULRG LQ PPRO P
��
V
��
DQG HUURU EDUV UHSUHVHQW

�� � FRQILGHQFH LQWHUYDOV�
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&KDSWHU �

��

$OVR WKH SKRWRFKHPLFDO TXDQWXP \LHOG RI '� WHUWLROHFWD ZDV ORZHVW XQGHU WKH ���� V /�' F\FOH

DW ��� � ��� PPRO P��
V
��
�)LJXUH ���E�� 7KH GLIIHUHQFH ZLWK WKH TXDQWXP \LHOG XQGHU WKH ����

F\FOH DQG FRQWLQXRXV OLJKW� KRZHYHU� LV UDWKHU VPDOO� ,Q RWKHU VWXGLHV LW ZDV VKRZQ WKDW '�

WHUWLROHFWD LQFUHDVHV WKH FHOOXODU QXPEHU RI SKRWRV\VWHPV GXULQJ SKRWRDFFOLPDWLRQ WR ORZ OLJKW

�)DONRZVNL DQG 2ZHQV� ����� )DONRZVNL� HW DO�� ������ ,Q DGGLWLRQ� ZH GHWHUPLQHG WKDW WKH

DYHUDJH VSHFWUDO OLJKW DEVRUSWLRQ FRHIILFLHQW DQG WKH FKORURSK\OO�D FRQWHQW ZHUH KLJKHVW XQGHU

WKH ���� F\FOH �7DEOH ����� 3URYLGHG WKH KLJK VSHFLILF DEVRUSWLRQ FRHIILFLHQW UHIOHFWV D KLJK

QXPEHU RI SKRWRV\VWHPV SHU FHOO RU FHOOXODU SURWHLQ LW FRXOG EH GHGXFHG WKDW WKH DEVROXWH

HOHFWURQ IORZ LV KLJKHVW GXULQJ WKH OLJKW SHULRG RI WKH ���� F\FOH� 7KH ELRPDVV \LHOG RQ OLJKW

HQHUJ\� KRZHYHU� ZDV ORZHVW XQGHU WKH ���� F\FOH� $ FRQVLGHUDEOH SDUW RI WKH HOHFWURQ

WUDQVSRUW PD\EH LV XVHG IRU RWKHU SURFHVVHV WKDQ SURWHLQ SURGXFWLRQ DQG FRXOG EH ZDVWHG LQ

RYHU�IORZ SURFHVVHV OLNH 0HKOHU UHDFWLRQV RU SKRWRUHVSLUDWLRQ �9DFKD� ����� RU LV XVHG IRU

DFFXPXODWLRQ�H[FUHWLRQ RI PHWDEROLWHV�

)OXRUHVFHQFH PHDVXUHPHQWV DUH DOVR D WRRO WR LQYHVWLJDWH SKRWRLQKLELWLRQ� $ GHFUHDVH RI WKH

PD[LPDO SKRWRFKHPLFDO TXDQWXP \LHOG RU WKH TXDQWXP \LHOG RI RSHQ 36,, UHDFWLRQ FHQWHUV

�ISR� LV DQ LQGLFDWLRQ RI SKRWRLQKLELWRU\ GDPDJH �9RQVKDN� HW DO�� ����� 7RU]LOOR� HW DO�� ������

$W KLJKHU 3)'V WKH SRVVLELOLW\ RI SKRWRGDPDJH ZLOO LQFUHDVH DQG WKH LQWURGXFWLRQ RI D GDUN

SHULRG FRXOG JLYH DOJDH WLPH WR UHFRYHU �0HUFKXN� HW DO�� ������ ,QGHHG� LQ )LJXUH ���D LW FDQ

EH VHHQ WKDW ISR LV ORZHVW ZKHQ &� UHLQKDUGWLL LV H[SRVHG WR FRQWLQXRXV OLJKW �H  ��� 7KH

GLIIHUHQFH ZLWK WKH ���� V /�' F\FOH� KRZHYHU� LV UDWKHU VPDOO DQG ZKHQ WKH GDUN SHULRG

LQFUHDVHV IURP � WR �� V� ISR GHFUHDVHV DJDLQ�

$OVR LQ WKH FDVH RI '� WHUWLROHFWD� WKH PD[LPXP TXDQWXP \LHOG LV ORZHVW XQGHU FRQWLQXRXV

LOOXPLQDWLRQ RI ��� PPRO P��
V
��
DQG LQFUHDVHV LI D � V GDUN SHULRG LV LQWURGXFHG� ,Q FRQWUDVW WR

&� UHLQKDUGWLL� ISR LQFUHDVHV IXUWKHU LI WKH GDUN SHULRG LV LQFUHDVHG WR �� V �)LJXUH ���E�� 7KH

PD[LPXP TXDQWXP \LHOG ZDV IRXQG WR EH ORZHU DW KLJKHU 3)'V RI ���� WR ���� PPRO P��
V
��
�

7KH GLIIHUHQFH EHWZHHQ WKH ���� DQG ���� V /�' F\FOH� KRZHYHU� ZDV QRW VLJQLILFDQW LQ WKLV

UDQJH� '� WHUWLROHFWD ZDV DOVR FXOWLYDWHG DW D 3)' RI �� PPRO P��
V
��
\LHOGLQJ WKH KLJKHVW ISR�

7KLV ZDV H[SHFWHG EHFDXVH SKRWRLQKLELWLRQ ZLOO QRW RFFXU DW WKHVH ORZ 3)'V�

%DVHG RQ WKH PD[LPXP TXDQWXP \LHOGV DQG VSHFLILF JURZWK UDWHV �)LJXUH ��� DQG )LJXUH ����

ZH WKLQN WKDW SKRWRLQKLELWLRQ ZDV QRW LPSRUWDQW XQGHU RXU H[SHULPHQWDO FRQGLWLRQV ZLWK 3)'V

RI ���� PPRO P��
V
��
RU OHVV� ,Q ELRUHDFWRUV� WKRXJK� DOJDH FDQ EH VXEMHFWHG WR SHDN 3)'V

PXFK KLJKHU WKDQ ���� PPRO P��
V
��
� 6XFK 3)'V FRXOG UHVXOW LQ FRQVLGHUDEOH LQKLELWLRQ DIWHU

SURORQJHG H[SRVXUH� %XW� LI WKH SKRWLF ]RQH LV ZHOO PL[HG� H[SRVXUH WLPH WR KLJK 3)'V LV



(IILFLHQF\ RI OLJKW XWLOL]DWLRQ RI &� UHLQKDUGWLL DQG '� WHUWLROHFWD XQGHU OLJKW�GDUN F\FOHV� �� V

��

VKRUW DQG� DV D UHVXOW� SKRWRLQKLELWLRQ SUREDEO\ ZLOO EH ORZ� 7KLV DVVXPSWLRQ LV EDVHG RQ RWKHU

VWXGLHV� ,W ZDV IRXQG WKDW WKH HIIHFW RI SKRWRLQKLELWLRQ RQ ELRPDVV SURGXFWLYLW\ ZDV ORZ LQ

ZHOO�PL[HG SKRWRELRUHDWRUV RSHUDWHG DW KLJK ELRPDVV GHQVLWLHV� L�H� D ODUJH GDUN ]RQH �+X DQG

5LFKPRQG� ����� 9RQVKDN� HW DO�� ����� 7RU]LOOR� HW DO�� ����� *ULPD� HW DO�� ����� +X� HW DO��

����E��

$OWKRXJK &� UHLQKDUGWLL DQG '� WHUWLROHFWD GLIIHU� DV GLVFXVVHG DERYH� WKHVH GLIIHUHQFHV DUH QRW

UHIOHFWHG LQ WKH UHODWLRQ EHWZHHQ VSHFLILF JURZWK UDWH �P� DQG OLJKW UHJLPH �)LJXUH ���� DQG LQ

WKH UHODWLRQ EHWZHHQ ELRPDVV \LHOG �<[�(� DQG OLJKW UHJLPH �)LJXUH ����� ,I WKH FDSDFLW\ RI WKH

SKRWRV\VWHPV DQG WKH SKRWRV\QWKHWLF HOHFWURQ WUDQVSRUW FKDLQ ZHUH OLPLWLQJ DOJDO JURZWK� LW

ZRXOG EH H[SHFWHG WR REVHUYH D GLIIHUHQW UHODWLRQ EHWZHHQ ELRPDVV \LHOG RU VSHFLILF JURZWK

UDWH DQG WKH OLJKW UHJLPH� 7KLV ZDV QRW REVHUYHG DQG LW VHHPV WKDW WKH FDSDFLW\ RI WKH

SKRWRV\VWHPV DQG HOHFWURQ WUDQVSRUW FKDLQ LV QRW OLPLWLQJ� EXW PHWDEROLF SURFHVVHV IROORZLQJ

WKH OLJKW UHDFWLRQV� 6XNHQLN HW DO� ������ DOUHDG\ IRXQG VWURQJ HYLGHQFH WKDW WKH DEVROXWH UDWH

RI OLJKW�VDWXUDWHG SKRWRV\QWKHVLV RI '� WHUWLROHFWD LV OLPLWHG LQ FDUERQ IL[DWLRQ UDWKHU WKDQ

HOHFWURQ WUDQVSRUW�

3KRWRV\QWKHWLF RUJDQLVPV DUH PRVW HIILFLHQW ZLWK UHVSHFW WR OLJKW XWLOL]DWLRQ DW ORZ SKRWRQ IOX[

GHQVLWLHV� )RU WKLV UHDVRQ '� WHUWLROHFWD ZDV FXOWLYDWHG XQGHU FRQWLQXRXV LOOXPLQDWLRQ RI ORZ

3)'� �� PPRO P��
V
��
� WR KDYH D JRRG HVWLPDWH RI WKH PD[LPDO ELRPDVV \LHOG RQ OLJKW HQHUJ\�

7KH VSHFLILF JURZWK UDWH �P� DW �� PPRO P��
V
��
LV VOLJKWO\ VPDOOHU WKDQ DW ��� PPRO P��

V
��
DQG

WKH VSHFLILF VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW �D


SURW� LV ����� P

�
J
��
�7DEOH ����� $V D

UHVXOW WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\ �<[�(� LV KLJK� ���� r ����� J PRO
��
� $OVR WKH

SKRWRFKHPLFDO TXDQWXP \LHOG �IS� LV KLJKHVW DW �� PPRO P��
V
��
�)LJXUH ���E�� 0XFK PRUH

OLJKW HQHUJ\ LV ZDVWHG XQGHU FRQWLQXRXV LOOXPLQDWLRQ DW ��� PPRO P��
V
��

WKDQ DW ��

PPRO P��
V
��
� $ FRQVLGHUDEOH SDUW RI WKH DEVRUEHG OLJKW HQHUJ\ LV ORVW DV KHDW LQ WKH DQWHQQDH RU

LV XVHG IRU SURFHVVHV RWKHU WKDQ SURWHLQ SURGXFWLRQ� SUREDEO\ ZDVWH�PHWDEROLVP DV WKHUH DUH

0HKOHU UHDFWLRQV DQG SKRWRUHVSLUDWLRQ �9DFKD� ����� RU DFFXPXODWLRQ�H[FUHWLRQ RI

PHWDEROLWHV�

7KH GLIIHUHQFH EHWZHHQ WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\ GHWHUPLQHG DW �� PPRO P��
V
��
DQG

3)'V KLJKHU WKDQ RU HTXDO WR ��� PPRO P��
V
��
LV YHU\ ODUJH� 7KH TXHVWLRQ URVH ZKHWKHU RXU

H[SHULPHQWDO FRQGLWLRQV ZHUH FORVH HQRXJK WR SUDFWLFDO V\VWHPV� ,Q RWKHU VWXGLHV ZDV IRXQG

WKDW WKH RSWLPXP WHPSHUDWXUH RI '� WHUWLROHFWD LV FORVHU WR �� q& WKDQ WR �� q& �(SSOH\ DQG

6ORDQ� ������ +RZHYHU� ZH FXOWLYDWHG '� WHUWLROHFWD DW �� q& EHFDXVH WKLV ZDV WKH PRVW

FRPPRQ WHPSHUDWXUH LQ ODE�VFDOH H[SHULPHQWV �(SSOH\ DQG &RDWVZRUWK� ����� )DONRZVNL DQG



&KDSWHU �

��

2ZHQV� ����� 6XNHQLN� HW DO�� ����� DQG LW LV DOVR DQ HFRQRPLF FXOWLYDWLRQ WHPSHUDWXUH LQ

FRXQWULHV ZLWK D PRGHUDWH FOLPDWH� 3UREDEO\ '� WHUWLROHFWD LV OLPLWHG LQ WHPSHUDWXUH�GHSHQGHQW

SURFHVVHV DW 3)'V HTXDO WR RU KLJKHU WKDQ ��� PPRO P��
V
��
� %HFDXVH RI WKLV ZH DOVR FXOWLYDWHG

'� WHUWLROHFWD DW �� q& XQGHU D ���� V /�' F\FOH DQG ���� PPRO P��
V
��
� 7KH UHVXOWV DUH

SUHVHQWHG LQ 7DEOH ��� WRJHWKHU ZLWK WKH UHVXOWV REWDLQHG DW �� q&� 6SHFLILF JURZWK UDWH ZDV

FRQVLGHUDEO\ ODUJHU DW �� q& LQ FRPSDULVRQ WR �� q&� D
SURW ZDV ORZHU� DQG >FKO�D@ FRQWHQW GLG

QRW FKDQJH� &RQVHTXHQWO\� JRLQJ IURP �� WR �� q&� WKH ELRPDVV \LHOG LQFUHDVHG IURP ����� WR

����� J PRO
��
DQG LW LV FOHDU WKDW �� �& LV D VXE�RSWLPDO JURZWK WHPSHUDWXUH IRU '� WHUWLROHFWD�

7KH OLJKW UHJLPH LQ WKH SKRWLF ]RQH LV GLIIHUHQW LQ SUDFWLFDO V\VWHPV LQ FRPSDULVRQ WR RXU

H[SHULPHQWV� 7KH 3)' LQ WKH SKRWLF ]RQH ZDV DVVXPHG WR EH FRQVWDQW� ,Q UHDOLW\ D OLJKW

JUDGLHQW ZLOO H[LVW LQ WKH GRZQFRPHU RI WKH DLU�OLIW UHDFWRU ZLWK IXOO �VXQ�OLJKW DW WKH VXUIDFH

DQG D ORZ 3)' DW WKH ULVHU WXEH ZDOO �)LJXUH ����� %HFDXVH WKH ELRPDVV \LHOG LV PXFK KLJKHU

XQGHU ORZ 3)'V� WKH \LHOG XQGHU VXFK D OLJKW JUDGLHQW ZDV PHDVXUHG DV ZHOO� WKH 3)'

GHFUHDVHG IURP ���� DW WKH IURQW VXUIDFH RI WKH UHDFWRU �)LJXUH ���E� WR �� PPRO P��
V
��
DW WKH

EDFN� $JDLQ D ���� V OLJKW�GDUN F\FOH ZDV DSSOLHG DW �� q&�

7KH VSHFLILF JURZWK UDWH LV ORZHU XQGHU WKH OLJKW JUDGLHQW LQ FRPSDULVRQ WR FRQVWDQW OLJKW

GXULQJ WKH OLJKW SHULRG� EXW D


SURW DQG >FKO�D@ DUH FRQVLGHUDEO\ KLJKHU �7DEOH ����� 7KH DYHUDJH

3)' XQGHU WKH OLJKW JUDGLHQW LV ��� PPRO P��
V
��
DQG DSSDUHQWO\ WKLV GHFUHDVH LQ 3)' LQGXFHG

DQ DFFOLPDWLRQ WR FROOHFW PRUH OLJKW HQHUJ\� 7KH <[�( LV PXFK KLJKHU XQGHU WKH OLJKW JUDGLHQW�

����� J PRO
��
LQ FRPSDULVRQ WR ����� J PRO

��
ZLWKRXW OLJKW JUDGLHQW� $ VLPLODU LQFUHDVH ZLWK D

IDFWRU ��� ZDV REVHUYHG ZKHQ '� WHUWLROHFWD ZDV FXOWLYDWHG XQGHU ��� PPRO P��
V
��
LQVWHDG RI

���� PPRO P��
V
��
DW D ���� F\FOH ZLWKRXW OLJKW JUDGLHQW �)LJXUH ���E�� 7KH GLIIHUHQFH EHWZHHQ

WKH ELRPDVV \LHOG XQGHU D OLJKW JUDGLHQW DQG QR OLJKW JUDGLHQW FDQ YHU\ ZHOO EH H[SODLQHG E\

WKH GLIIHUHQFH LQ WKH DYHUDJH 3)' DORQH� $OVR SKRWRFKHPLFDO TXDQWXP \LHOGV ZHUH GHWHUPLQHG

DW WKUHH GLIIHUHQW 3)'V� $V WKH 3)' GHFUHDVHV IURP ���� WR �� PPRO P��
V
��
� IS LQFUHDVHV IURP

����� WR ����� �7DEOH ����� 'HSHQGLQJ RQ WKH GLVWDQFH WR WKH LOOXPLQDWHG VXUIDFH WKH

SKRWRV\QWKHWLF HIILFLHQF\ RI '� WHUWLROHFWD LQ WKH WXUELGRVWDW ZLOO GLIIHU FRQVLGHUDEO\�

,W FDQ EH FRQFOXGHG WKDW WKH ELRPDVV \LHOG LQ RXWGRRU DLU�OLIW V\VWHPV ZLOO EH FRQVLGHUDEO\

ORZHU WKDQ WKH \LHOG REWDLQHG XQGHU ORZ SKRWRQ IOX[ GHQVLWLHV LQ WKH ODE� +LJKHU \LHOGV FRXOG

EH UHDFKHG LQ RWKHU UHDFWRU W\SHV� OLNH ZHOO�DHUDWHG IODW SDQHOV RU EXEEOH FROXPQV� ZLWK VKRUWHU

OLJKW SDWK DQG�RU IDVWHU FLUFXODWLRQ SDWWHUQV �5LFKPRQG� ����� 5LFKPRQG DQG 4LDQJ� �����

3XO] DQG 6FKHLEHQERJHQ� ������ $OVR WXEXODU ELRUHDFWRUV ZLWK D WXUEXOHQW IORZ FRXOG JLYH ULVH

WR KLJKHU \LHOGV �3XO] DQG 6FKHLEHQERJHQ� ������ &LUFXODWLRQ WLPHV EHWZHHQ WKH OLJKW�H[SRVHG



(IILFLHQF\ RI OLJKW XWLOL]DWLRQ RI &� UHLQKDUGWLL DQG '� WHUWLROHFWD XQGHU OLJKW�GDUN F\FOHV� �� V

��

VXUIDFH DQG WKH GDUN ]RQH DUH OHVV WKDQ RQH VHFRQG LQ WKHVH V\VWHPV� 2WKHU DVSHFWV VXFK DV

R[\JHQ UHPRYDO� ELRILOP IRUPDWLRQ� FRPSOH[LW\ RI GHVLJQ DQG VFDODELOLW\ VKRXOG EH WDNHQ LQWR

DFFRXQW DV ZHOO� 3HUIRUPDQFH RI DLU�OLIW UHDFWRUV LQ WKLV UHVSHFW LV YHU\ JRRG DQG WKHUHIRUH

NQRZOHGJH DERXW WKH UHODWLRQ EHWZHHQ PHGLXP�GXUDWLRQ OLJKW�GDUN F\FOHV DQG ELRPDVV \LHOG

ZLOO VWLOO EH YDOXDEOH�

1RPHQFODWXUH

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

36, SKRWRV\VWHP ,

36,, SKRWRV\VWHP ,,

FKO�D FKORURSK\OO�D

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

P VSHFLILF JURZWK UDWH >K��@

PQ QRUPDOL]HG VSHFLILF JURZWK UDWH >�@

IS TXDQWXP \LHOG RI 36,, SKRWRFKHPLVWU\ >�@

ISR TXDQWXP \LHOG RI RSHQ 36,, UHDFWLRQ FHQWHUV >�@

>FKO�D@ FKO�D FRQWHQW� SURWHLQ EDVLV >PJ J��@

D
FKO�D VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW� FKO�D EDVLV >P� J��@

D
SURW VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW� SURWHLQ EDVLV >P� J��@

2'��� RSWLFDO GHQVLW\ DW ��� QP >�@

3)' SKRWRQ IOX[ GHQVLW\ LQ 3$5 UDQJH >PPRO P�� V��@

<[�( ELRPDVV \LHOG RQ OLJKW HQHUJ\� SURWHLQ SHU SKRWRQV >J PRO��@
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�� 0LFURDOJDH FXOWLYDWLRQ� PRGHOLQJ ELRPDVV \LHOG RQ OLJKW HQHUJ\

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

$EVWUDFW

7KH VORZ GHYHORSPHQW RI PLFURDOJDO ELRWHFKQRORJ\ VWHPV IURP WKH IDLOXUH LQ WKH GHVLJQ RI

ODUJH�VFDOH SKRWRELRUHDFWRUV ZKHUH OLJKW HQHUJ\ LV HIILFLHQWO\ XWLOL]HG� 'XH WR WKH OLJKW

JUDGLHQW LQVLGH WKH UHDFWRU DQG GHSHQGLQJ RQ WKH PL[LQJ SURSHUWLHV� DOJDH DUH VXEMHFWHG WR

FHUWDLQ OLJKW�GDUN F\FOHV ZKHUH WKH OLJKW SHULRG LV FKDUDFWHUL]HG E\ D OLJKW JUDGLHQW� 7KHVH

OLJKW�JUDGLHQW�GDUN F\FOHV ZLOO GHWHUPLQH SURGXFWLYLW\ DQG ELRPDVV \LHOG RQ OLJKW HQHUJ\�

$LU�OLIW UHDFWRUV FDQ EH XVHG IRU PLFURDOJDH FXOWLYDWLRQ DQG PHGLXP�IUHTXHQF\ OLJKW�GDUN

F\FOHV ZLOO EH IRXQG LQ WKHVH V\VWHPV� /LJKW�GDUN F\FOHV DUH DVVRFLDWHG ZLWK WZR EDVLF

SDUDPHWHUV� ILUVW� WKH OLJKW IUDFWLRQ� L�H� WKH UDWLR EHWZHHQ WKH OLJKW SHULRG DQG WKH F\FOH WLPH

DQG VHFRQGO\� WKH IUHTXHQF\ RI WKH F\FOH� ,Q WKH SUHVHQW ZRUN� OLJKW�GDUN F\FOHV IRXQG LQ DLU�

OLIW UHDFWRUV ZHUH VLPXODWHG WDNLQJ LQWR DFFRXQW WKH OLJKW JUDGLHQW GXULQJ WKH OLJKW SHULRG� 7KH

HIIHFW RI PHGLXP�GXUDWLRQ F\FOH WLPH ��� � ��� V� DQG WKH HIIHFW RI WKH OLJKW IUDFWLRQ ���� � ����

RQ WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\ RI 'XQDOLHOOD WHUWLROHFWD ZDV VWXGLHG� 7KH ELRPDVV \LHOG

ZDV PDLQO\ DIIHFWHG E\ WKH OLJKW IUDFWLRQ� ZKHUHDV F\FOH WLPH KDG OLWWOH LQIOXHQFH� 5HVSRQVH

VXUIDFH PHWKRGRORJ\ ZDV XVHG DQG D VWDWLVWLFDO PRGHO� GHVFULELQJ WKH HIIHFW RI OLJKW IUDFWLRQ

DQG F\FOH WLPH RQ WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\� ZDV GHYHORSHG� 7KH XVH RI WKH PRGHO DV D

UHDFWRU GHVLJQ FULWHULRQ LV GLVFXVVHG�

7KLV FKDSWHU LV D PRGLILHG YHUVLRQ RI WKH PDQXVFULSW VXEPLWWHG IRU SXEOLFDWLRQ DV� %DUERVD 0-�

-DQVVHQ 0� +DP 1� 7UDPSHU - DQG :LMIIHOV 5+� 0LFURDOJDH FXOWLYDWLRQ LQ DLU�OLIW UHDFWRUV� PRGHOLQJ

ELRPDVV \LHOG DQG JURZWK UDWH DV D IXQFWLRQ RI OLJKW JUDGLHQW � GDUN F\FOHV�



0LFURDOJDH FXOWLYDWLRQ� PRGHOLQJ ELRPDVV \LHOG RQ OLJKW HQHUJ\ XQGHU OLJKW�JUDGLHQW�GDUN F\FOHV� �� � ��� V

��

,QWURGXFWLRQ

$OJDO ELRWHFKQRORJ\ KDV SURJUHVVHG UHODWLYHO\ VORZO\ LQ VSLWH RI LWV UHFRJQL]HG XWLOLW\ DV D

SRWHQWLDO VRXUFH RI KLJK�YDOXH FRPSRXQGV IRU WKH SKDUPDFHXWLFDO DQG IRRG LQGXVWU\ �$SW DQG

%HKUHQV� ������ $ FRQVWUDLQLQJ IDFWRU LV WKH ODFN RI HIILFLHQW ODUJH�VFDOH FXOWLYDWLRQ

WHFKQLTXHV� 6HYHUDO RI WKH PLFURDOJDH DSSOLFDWLRQV GHPDQG WKH XVH RI PRQRFXOWXUHV DQG

FRQWUROOHG FXOWLYDWLRQ V\VWHPV� 7KLV UHTXLUHPHQW KDV OHG WR LQFUHDVHG HPSKDVLV RQ WKH

GHYHORSPHQW RI FORVHG SKRWRELRUHDFWRUV� 0DQ\ HQJLQHHULQJ SUREOHPV VWLOO QHHG WR EH ZRUNHG

RXW LQ RUGHU WR GHYHORS FRVW�HIIHFWLYH SURGXFWLRQ V\VWHPV� )RU WKLV UHDVRQ LW LV LPSRUWDQW WR

EXLOG XS JHQHUDO NQRZOHGJH LQ WKLV ILHOG� ZLWK HPSKDVLV RQ WKH PRVW FULWLFDO VFDOLQJ XS

SDUDPHWHUV�

2QH RI WKH PDMRU VXEMHFWV RQ ZKLFK HIIRUWV LQ PLFURDOJDO ELRWHFKQRORJ\ VKRXOG EH IRFXVHG LV

WKH HIILFLHQW XWLOL]DWLRQ RI KLJK OLJKW LQWHQVLWLHV� ZLWK WKH DLP RI LQFUHDVLQJ WKH ELRPDVV \LHOG

RQ OLJKW HQHUJ\� ,Q GHQVH PLFURDOJDO FXOWXUHV OLJKW LQWHQVLW\ GHFUHDVHV ZLWK GLVWDQFH IURP WKH

LUUDGLDWHG VXUIDFH GXH WR VHOI�VKDGLQJ DQG OLJKW DEVRUSWLRQ� $V D UHVXOW RI WKLV OLJKW JUDGLHQW

DFURVV WKH UHDFWRU� DOJDH DUH H[SRVHG WR PL[LQJ�LQGXFHG OLJKW�GDUN F\FOHV ZKHUH WKH OLJKW

SHULRG LV FKDUDFWHULVHG E\ D JUDGLHQW� )RU WKLV UHDVRQ WKHVH F\FOHV� ZKLFK DUH FRPPRQO\ IRXQG

LQ SKRWRELRUHDFWRUV� ZLOO EH UHIHUUHG WR DV OLJKW�JUDGLHQW�GDUN F\FOHV �)LJXUH ����� &HOOV RI

PDVV FXOWXUHV WKHUHIRUH UHFHLYH OLJKW LQWHUPLWWHQWO\� ZKLFK LV WKH PRVW SUDFWLFDO PRGH WR GLOXWH

VWURQJ OLJKW DQG FRXOG UHVXOW LQ DQ HIIHFWLYH XVH RI OLJKW E\ WKH FXOWXUH �5LFKPRQG� ������

/LJKW LQWHUPLWWHQFH LV DVVRFLDWHG ZLWK WZR EDVLF SDUDPHWHUV� ILUVW� WKH OLJKW IUDFWLRQ� L�H� WKH

UDWLR EHWZHHQ WKH OLJKW SHULRG DQG WKH F\FOH WLPH �H�� DQG VHFRQG� WKH OHQJWK RI WKH OLJKW�GDUN

F\FOH �WF��

,Q SKRWRELRUHDFWRUV� WKH UHDFWRU GHVLJQ� OLJKW�SDWK OHQJWK� FHOO FRQFHQWUDWLRQ� H[WHQW RI FXOWXUH

WXUEXOHQFH DQG OLJKW LQWHQVLW\� ZLOO GHWHUPLQH WKH IUHTXHQF\ DQG OLJKW IUDFWLRQ RI WKH F\FOHV�

7KH GHJUHH RI PL[LQJ LV NQRZQ WR VLJQLILFDQWO\ DIIHFW WKH UHDFWRU SURGXFWLYLW\ DQG WKH \LHOG RI

ELRPDVV RQ OLJKW HQHUJ\ GXH WR WKH UHVXOWDQW OLJKW�GDUN F\FOHV �+X� HW DO�� ����D� +X DQG

5LFKPRQG� ������ +LJK IUHTXHQF\ IOXFWXDWLQJ OLJKW �WF d ��� PV� KDV EHHQ UHSRUWHG WR OHDG WR

KLJKHU JURZWK UDWHV DQG KLJKHU SKRWRV\QWKHVLV UDWHV LQ FRPSDULVRQ WR FRQWLQXRXV OLJKW �.RN�

����� 0DWWKLMV� HW DO�� ����� 1HGEDO� HW DO�� ������ ,Q VRPH RI WKHVH H[SHULPHQWV WKH OLJKW

LQWHQVLW\ GXULQJ WKH OLJKW SHULRG ZDV FKRVHQ HTXDO WR WKH LQWHQVLW\ RI WKH FRQWLQXRXV OLJKW� ,Q

RWKHU H[SHULPHQWV WKH WLPH�DYHUDJHG LQWHQVLW\ ZDV HTXDO XQGHU LQWHUPLWWHQW DQG FRQWLQXRXV

OLJKW�
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)LJXUH ���� $LU�OLIW ORRS UHDFWRU� OLTXLG IORZ� OLJKW UHJLPH DQG UHVXOWLQJ OLJKW�JUDGLHQW � GDUN

F\FOHV� 3)' LV WKH SKRWRQ IOX[ GHQVLW\�

+RZHYHU� WKHVH VKRUW F\FOHV DUH QRW IRXQG LQ SKRWRELRUHDFWRUV� ZKHUH PHGLXP�IUHTXHQF\

IOXFWXDWLRQV SUHYDLO� 7KH EHKDYLRU VHHPV WR EH GLIIHUHQW IRU PHGLXP�IUHTXHQF\ IOXFWXDWLRQV�

/LJKW�GDUN F\FOHV LQ WKH UDQJH RI � WR �� V OHDG WR VLPLODU RU ORZHU JURZWK UDWHV DQG ELRPDVV

\LHOGV RQ OLJKW HQHUJ\ LQ FRPSDULVRQ WR WKH RQHV REWDLQHG XQGHU FRQWLQXRXV OLJKW RI WKH VDPH

OLJKW LQWHQVLW\ DV GXULQJ WKH OLJKW SHULRG RI WKH OLJKW�GDUN F\FOHV �-DQVVHQ� HW DO�� ����� ����D

DQG ����E�� 1R LQIOXHQFH RI OLJKW�GDUN F\FOHV LQ WKH UDQJH ����� V ZDV IRXQG RQ WKH

YROXPHWULF SURGXFWLYLW\� VSHFLILF R[\JHQ SURGXFWLRQ RU FDUERQ GLR[LGH IL[DWLRQ UDWH

�*UREEHODDU� ���� DQG ������

,Q FRQWUDGLFWLRQ WR WKH ILQGLQJV DERYH� /HH DQG 3LUW ������ DQG 0HUFKXN HW DO� ������

REVHUYHG PD[LPDO JURZWK UDWHV XQGHU OLJKW�GDUN F\FOHV ZLWK D GDUN SHULRG RI � DQG � V�

UHVSHFWLYHO\� %RVFD HW DO� ������ UHSRUWHG D KLJKHU FDUERQ GLR[LGH IL[DWLRQ XQGHU � V OLJKW�GDUN

IOXFWXDWLRQV LQ FRPSDULVRQ WR FRQWLQXRXV OLJKW� 7KH HIIHFW RI PHGLXP�IUHTXHQF\ OLJKW�GDUN

F\FOHV LV WKXV WR EH FODULILHG IXUWKHU� 0RUHRYHU� PRVW RI WKH HDUOLHU VWXGLHV PHQWLRQHG DERYH

KDYH WKH GUDZEDFN RI EHLQJ GRQH ZLWK GLOXWHG FXOWXUHV LQ RUGHU WR DYRLG D OLJKW JUDGLHQW� $V D

DLU�&2
�

SKRWLF ]RQH
�GRZQFRPHU�

GDUN ]RQH
�ULVHU�

OLTXLG
IORZ

VXQOLJKW

PLFURDOJD

GHSWK

3
)
'
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UHVXOW �KLJK� OLJKW SHULRGV ZHUH IROORZHG E\ SHULRGV RI WRWDO GDUNQHVV� +RZHYHU� WKH UHDOLW\ LQ

SKRWRELRUHDFWRUV ZLWK GHQVH FXOWXUHV LV GLIIHUHQW� 7KH FHOOV PRYH UDQGRPO\ ZLWK WKH IORZ IURP

OLJKW�VDWXUDWHG WR OLJKW�OLPLWHG ]RQHV� 7KH OLJKW LQWHQVLW\ QHYHU F\FOHV VKDUSO\ IURP WRWDO

GDUNQHVV WR KRPRJHQHRXV OLJKW� LQVWHDG� WKHUH LV D FRQWLQXRXV FKDQJH LQ WKH OLJKW LQWHQVLW\

IURP KLJK WR OLJKW�OLPLWHG OHYHOV DV LOOXVWUDWHG LQ )LJXUH ����

-DQVVHQ HW DO� �����D� VKRZHG WKDW D OLJKW JUDGLHQW GXULQJ WKH OLJKW SHULRG VWURQJO\ LQIOXHQFHV

WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\� $V D FRQVHTXHQFH WKH OLJKW�GDUN F\FOH GDWD REWDLQHG LQ WKH

SDVW FDQ QRW EH XVHG WR DFFXUDWHO\ HVWLPDWH WKH SHUIRUPDQFH RI SKRWRELRUHDFWRUV� &ODULI\LQJ

DQG PRGHOLQJ WKH HIIHFW RI PHGLXP�GXUDWLRQ OLJKW�JUDGLHQW�GDUN F\FOHV RQ PLFURDOJDO

SURGXFWLYLW\ VWLOO QHHGV WR EH GRQH DV LW LV DQ LPSRUWDQW GHVLJQ WRRO IRU SKRWRELRUHDFWRUV�

$LU�OLIW UHDFWRUV FDQ EH XVHG IRU PLFURDOJDH FXOWLYDWLRQ� $ FRQFHQWULF GUDXJKW�WXEH LQWHUQDO

ORRS DLU�OLIW UHDFWRU FRXOG EH GHVLJQHG LQ VXFK D ZD\ WKDW WKH ULVHU FRPSULVHV WKH GDUN ]RQH DQG

WKH GRZQFRPHU WKH SKRWLF ]RQH �)LJXUH ����� &RQVHTXHQWO\ WKH WLPH DOJDH VSHQG LQ WKH GDUN

DQG SKRWLF ]RQH LV GHWHUPLQHG E\ OLTXLG FLUFXODWLRQ WLPH ��� � ��� V�� ZKLFK GHSHQGV RQ WKH

VXSHUILFLDO JDV YHORFLW\ DQG UHDFWRU GHVLJQ �&KLVWL� ������

,Q WKH SUHVHQW ZRUN WKH HIIHFW RI F\FOH WLPH ��� � ��� V� DQG OLJKW IUDFWLRQ ���� ± ���� RQ

ELRPDVV \LHOG RQ OLJKW HQHUJ\ ZDV VWXGLHG� 7KH ELRPDVV \LHOG ZDV PDLQO\ DIIHFWHG E\ WKH OLJKW

IUDFWLRQ� &\FOH WLPH KDG D VPDOO LQIOXHQFH RQ WKH \LHOG� $ VWDWLVWLFDO PRGHO GHVFULELQJ WKH

HIIHFW RI OLJKW IUDFWLRQ DQG F\FOH WLPH LV SURSRVHG� $Q HPSLULFDO PRGHO ZDV SUHIHUUHG WR D

WKHRUHWLFDO PRGHO EHFDXVH LW DOORZV WKH VWXG\ RI D ZLGH UDQJH RI OLJKW�JUDGLHQW�GDUN F\FOHV DQG

LW LV DQ HVWDEOLVKHG PHWKRG WR VWXG\ PDLQ HIIHFWV DQG WZR�IDFWRU LQWHUDFWLRQV ZLWK UHODWLYHO\

IHZ H[SHULPHQWDO WULDOV �+ZDQJ DQG +DQVHQ� ����� (O�+HORZ� HW DO�� ������ 7KH GHYHORSPHQW

RI D WKHRUHWLFDO PRGHO ZRXOG UHTXLUH H[WHQVLYH NQRZOHGJH RQ WKH PHWDEROLF UHVSRQVH WR

GLIIHUHQW OLJKW�JUDGLHQW�GDUN F\FOHV� ZKLFK LV QRW DYDLODEOH \HW� 7KH XVH RI WKH PRGHO DV D

UHDFWRU GHVLJQ FULWHULRQ LV GLVFXVVHG�

0DWHULDOV DQG 0HWKRGV

([SHULPHQWDO GHVLJQ

7KH �� GLIIHUHQW UXQV �7DEOH ���� ZHUH GRQH DFFRUGLQJ WR D FHQWUDO FRPSRVLWH GHVLJQ

�+DDODQG� ������ 7KH REVHUYDWLRQV REWDLQHG LQ WKH H[SHULPHQWV ZHUH ILWWHG WR WKH IROORZLQJ

PRGHO�

(T� ��� ����

�

���

�

�������� ;;E;E;E;E;EE< ����������� 
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:KHUH < LV WKH GHSHQGHQW YDULDEOH� WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\ �<[�(�� ;� DQG ;� DUH WKH

LQGHSHQGHQW YDULDEOHV� F\FOH WLPH �WF� DQG OLJKW IUDFWLRQ �H�� ER LV WKH UHJUHVVLRQ FRHIILFLHQW DW

WKH FHQWHU SRLQW� E� DQG E� DUH OLQHDU FRHIILFLHQWV� E�� DQG E�� DUH TXDGUDWLF FRHIILFLHQWV� E�� LV D

VHFRQG�RUGHU LQWHUDFWLRQ FRHIILFLHQW�

7DEOH ��� ([SHULPHQWDO GHVLJQ

WF �V� H ���

���� �����

���� �����

���� �����

���� �����

���� �����

����� �����

���� �����

���� �����

���� �����

���� �����
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6WUDLQ DQG FXOWXUH PHGLXP

'XQDOLHOOD WHUWLROHFWD &&$3 ����% ZDV REWDLQHG IURP WKH &XOWXUH &ROOHFWLRQ RI $OJDH DQG

3URWR]RD �2EDQ� 8.�� '� WHUWLROHFWD ZDV FXOWLYDWHG LQ DUWLILFLDO VHDZDWHU PHGLXP �$6:�

FRPSRVHG RI �TXDQWLWLHV LQ J /
��
�� 1D&O� ����� 0J&O���+�2� ���� &D&O���+�2� ����� 1D�62��

���� .�62�� ����� 7KH IROORZLQJ QXWULHQWV ZHUH DGGHG �TXDQWLWLHV LQ PPRO /
��
�� .12�� �����

1D+�32���+�2� ���� 1D+&2�� ���� $OVR WKH IROORZLQJ WUDFH HOHPHQWV ZHUH DGGHG �TXDQWLWLHV

LQ �PRO /
��
�� 1D�('7$��+�2� ����� )H&O���+�2� ����� &X62���+�2� ������ =Q62���+�2�

������ &R&O���+�2� ������ 0Q&O���+�2� ����� 1D�0R2�� ������

'� WHUWLROHFWD ZDV PDLQWDLQHG DV SXUH VXVSHQGHG FXOWXUH LQ ��� P/�(UOHQPH\HU IODVNV

FRQWDLQLQJ �� P/ RI PHGLXP� 7KH FXOWXUHV ZHUH NHSW DW �� �&� XQGHU D OLJKW LQWHQVLW\ RI

�� � �� �PRO P
��
V
��
DQG D ���� K GD\�QLJKW F\FOH� (YHU\ WKUHH ZHHNV ��� P/ RI D FXOWXUH ZDV

WUDQVIHUUHG WR D QHZ IODVN FRQWDLQLQJ IUHVK PHGLXP� 7KH UHDFWRU ZDV LQRFXODWHG GLUHFWO\ ZLWK

WKH � ZHHNV ROG FXOWXUH RI RQH IODVN�



0LFURDOJDH FXOWLYDWLRQ� PRGHOLQJ ELRPDVV \LHOG RQ OLJKW HQHUJ\ XQGHU OLJKW�JUDGLHQW�GDUN F\FOHV� �� � ��� V

��

&XOWLYDWLRQ V\VWHP

$ WXUELGRVWDW�W\SH UHDFWRU ZDV XVHG IRU FXOWLYDWLRQ RI '� WHUWLROHFWD IRU � ZHHNV XQGHU HDFK

OLJKW UHJLPH� 7KH UHDFWRU LV VKRZQ LQ )LJXUH ���� WKH VXVSHQVLRQ YROXPH ZDV DERXW ��� P/

DQG WKH OLJKW SDWK ZDV � FP� 7KH WXUELGRVWDW ZDV HTXLSSHG ZLWK D ZDWHU MDFNHW FRQQHFWHG WR D

WHPSHUDWXUH�FRQWUROOHG ZDWHU EDWK RSHUDWHG DW WKH FXOWLYDWLRQ WHPSHUDWXUH� �� �&� 7KH S+ ZDV

PDLQWDLQHG EHWZHHQ ���� � ���� E\ DGGLQJ SXOVHV RI FDUERQ GLR[LGH WR WKH DLU RU QLWURJHQ IORZ�

'XULQJ WKH �� K GD\ SHULRG WKH FXOWXUH ZDV EXEEOHG ZLWK QLWURJHQ DQG GXULQJ WKH � K QLJKW

SHULRG DLU ZDV XVHG� ERWK DW D IORZ UDWH RI ��� / K
��
�

/LJKW ZDV SURYLGHG E\ D VOLGH SURMHFWRU HTXLSSHG ZLWK D KDORJHQ ODPS ���� :� DQG FRQQHFWHG

WR D WLPHU WR DSSO\ D ���� K GD\�QLJKW F\FOH� $ VKXWWHU SODFHG EHWZHHQ WKH UHDFWRU DQG WKH OLJKW

VLPXODWHG WKH OLJKW�GDUN F\FOHV E\ FXWWLQJ RII WKH SURMHFWRU OLJKW EHDP� 7KH ELRPDVV

FRQFHQWUDWLRQ LQ WKH WXUELGRVWDW ZDV PDLQWDLQHG FRQVWDQW E\ FRQWLQXRXVO\ PHDVXULQJ WKH RXW�

JRLQJ SKRWRQ IOX[ GHQVLW\ �3)'RXW� ZLWK D �S 3$5 VHQVRU �,0$*�'/2� 7KH 1HWKHUODQGV��

VHH )LJXUH ���� $ &5 �� GDWDORJJHU �&DPSEHOO 6FLHQWLILF� 8.� ZDV SURJUDPPHG WR FRQWURO WKH

965�� VKXWWHUV �8QLEOLW]� 1<� 86$� DQG WR PHDVXUH DQG UHJLVWHU 3)'RXW DQG GLOXWH WKH

UHDFWRUV ZKHQHYHU 3)'RXW ZDV EHORZ WKH VHW SRLQW �3)'VHW�� 7KH FRQWLQXRXV GLOXWLRQ LQ WKH

WXUELGRVWDW ZDV VWRSSHG GXULQJ WKH � K QLJKW SHULRG�

)LJXUH ���� 5HDFWRU VHW�XS� IURQW DQG WRS YLHZ�

OLTXLG

KHLJKW OLJKW

7RS YLHZ

S+�VHQVRU

ZDWHU
LQ

ZDWHU
RXW

KHDW

MDFNHW

)URQW YLHZ

OLJKW VHQVRU

LQOHW RI 1
�
� DLU

&2� DQG PHGLXP

RXWOHW

ELRPDVV FXOWXUH
FKDPEHU
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3KRWRQ IOX[ GHQVLW\ �3)'�

7KH SKRWRQ IOX[ GHQVLW\ ZDV DOZD\V PHDVXUHG DV 3$5� SKRWRV\QWKHWLF DFWLYH UDGLDWLRQ

���� � ��� QP��

3)'LQ 7KH LQ�JRLQJ 3)' ZDV PHDVXUHG ZLWK D /,����6$ �S 3$5�VHQVRU� �/,�&25� /LQFROQ�

1(� 86$� EHKLQG D GXPP\ UHDFWRU ILOOHG ZLWK ZDWHU VLPXODWLQJ WKH KHDW MDFNHW RI WKH UHDFWRU�

7KH 3)' ZDV PHDVXUHG RQ � GLIIHUHQW VSRWV RI WKH LOOXPLQDWHG DUHD� 7KH DYHUDJH RI WKHVH

YDOXHV ZLOO EH UHIHUUHG WR DV 3)'LQ�

3)'� %HIRUH LQRFXODWLRQ� WKH RXWJRLQJ 3)' ZDV FRQWLQXRXVO\ PHDVXUHG IRU � KRXUV ZLWK D �S

3$5 VHQVRU DV LV VKRZQ LQ )LJXUH ���� ,Q WKLV VLWXDWLRQ WKH UHDFWRU ZDV ILOOHG ZLWK PHGLXP

RQO\� 7KH DYHUDJH 3)' GXULQJ WKLV WLPH ZLOO EH UHIHUUHG WR DV 3)'��

3)'RXW 'XULQJ WKH H[SHULPHQWV� WKH RXWJRLQJ 3)' ZDV FRQWLQXRXVO\ PHDVXUHG ZLWK WKH 3$5

VHQVRU DV LV VKRZQ LQ )LJXUH ���� ,Q WKLV VLWXDWLRQ WKH UHDFWRU ZDV ILOOHG ZLWK PHGLXP DQG DOVR

DOJDH� 7KH 3)'RXW ZDV VHW LQ RUGHU WR NHHS WKH WUDQVPLWWDQFH FRQVWDQW IRU DOO WKH H[SHULPHQWV�

7KH WUDQVPLWWDQFH �7� ZDV NHSW DW ��� ��

7KH VHW SRLQW �3)'VHW� IRU HDFK H[SHULPHQW ZDV FDOFXODWHG DFFRUGLQJ WR (T� ����

(T� ��� �
���

3)'
7

3)'
VHW

� >PPRO P��
V
��
@

3KRWRDFFOLPDWLRQ

,Q RUGHU WR DYRLG SKRWRLQKLELWLRQ DQG WR DVVXUH WKH VDPH LQLWLDO FXOWXUH FRQGLWLRQV IRU DOO WKH

H[SHULPHQWV WKH FXOWXUHV ZHUH LQLWLDOO\ JURZQ XQGHU WKH VDPH FRQGLWLRQV EHIRUH LPSRVLQJ WKH

H[SHULPHQWDO OLJKW�JUDGLHQW�GDUN F\FOHV� 'XULQJ WKLV SHULRG �RQH ZHHN� WKH OLJKW LQWHQVLW\ ZDV

JUDGXDOO\ LQFUHDVHG DV IROORZV�

�� /RZ OLJKW LQWHQVLW\ �3)'LQ  ��� � ��� �PRO P
��
V
��
� DQG FRQWLQXRXV OLJKW

�� +LJK OLJKW LQWHQVLW\ �3)'LQ  ��� � ���� �PRO P
��
V
��
� DQG FRQWLQXRXV OLJKW

�� +LJK OLJKW ,QWHQVLW\ �3)'LQ  ��� � ���� �PRO P
��
V
��
� DQG H[SHULPHQWDO OLJKW�GDUN F\FOHV

7KH VSHFLILF JURZWK UDWH RI WKH DOJDO FXOWXUHV DW WKH HQG RI SKDVH � ZDV DOPRVW HTXDO LQ DOO

H[SHULPHQWV� 7KH DYHUDJH� r �� � FRQILGHQFH LQWHUYDO� ZDV ����� r ����� K
��
� ,W FDQ EH

FRQFOXGHG WKH H[SHULPHQWV VWDUWHG XQGHU WKH VDPH LQLWLDO FRQGLWLRQV� L�H� µSK\VLRORJLFDO VWDWH¶

RI WKH DOJDH� $OO PHDVXUHPHQWV ZHUH GRQH IRU � FRQVHFXWLYH GD\V DIWHU WKLV ZHHN RI

DFFOLPDWLRQ�
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��

6SHFLILF JURZWK UDWH

$V WKH UHDFWRU ZDV RSHUDWHG DV D WXUELGRVWDW WKH VSHFLILF JURZWK UDWH �P� FRUUHVSRQGV WR WKH

GLOXWLRQ UDWH ZKLFK ZDV IROORZHG E\ GDLO\ PHDVXUHPHQW RI WKH GLOXWHG YROXPH� 7KH GLOXWLRQ

UDWH ZDV FDOFXODWHG E\ GLYLGLQJ WKH YROXPH FROOHFWHG� ZLWK WKH UHDFWRU OLTXLG YROXPH� DQG ZLWK

�� KRXU� ZKLFK FRUUHVSRQGV WR WKH GD\ SHULRG�

6XVSHQVLRQ FROOHFWLRQ

7KH VXVSHQVLRQ FROOHFWHG IURP WKH UHDFWRU ZDV FHQWULIXJHG DW ���� J DQG � �& IRU � PLQ� 7KH

VXSHUQDWDQW ZDV FHQWULIXJHG DJDLQ� %RWK SHOOHWV ZHUH UH�VXVSHQGHG LQ $6: WR D ILQDO 2'��� RI

���� 7KLV FRQFHQWUDWHG VXVSHQVLRQ ZDV XVHG IRU WKH GHWHUPLQDWLRQ RI WKH SURWHLQ FRQFHQWUDWLRQ

LQ WKH RULJLQDO VXVSHQVLRQ�

3URWHLQ GHWHUPLQDWLRQ

7KH FRQFHQWUDWHG VXVSHQVLRQ ���� P/� VHH DERYH� ZDV FHQWULIXJHG DW ���� J DQG � �& IRU �

PLQ� 7KH VXSHUQDWDQW ZDV FHQWULIXJHG DJDLQ� %RWK SHOOHWV ZHUH UH�VXVSHQGHG LQ VRGLXP�

SKRVSKDWH EXIIHU ��� PO� FRQWDLQLQJ � � Z�Y VRGLXP GRGHF\O VXOSKDWH �6'6� DQG VRQLFDWHG

RQ LFH ZDWHU �0HLMHU DQG :LMIIHOV� ������ 7KH VXVSHQVLRQV ZHUH FHQWULIXJHG DQG VDPSOHV IURP

HDFK VXSHUQDWDQW ZHUH VWRUHG DW ±�� �& XQWLO DQDO\VLV� 3URWHLQ ZDV TXDQWLILHG ZLWK

ELFLQFKRQLQLF DFLG �%&$� �6PLWK� HW DO�� ����� XVLQJ D FRPPHUFLDOO\ DYDLODEOH NLW �3LHUFH��

/LJKW DEVRUSWLRQ

7KH OLJKW DEVRUEHG �(DEV� E\ WKH FXOWXUH ZDV FDOFXODWHG DV PPRO SKRWRQV SHU GD\ DFFRUGLQJ WR

(T� ����

(T� ��� � � $
7

3)'(
LQDEV

����¸
¹

·
¨
©

§ �� �����
���

� H >PPRO G
��
@

7KH SDUDPHWHU 7 LV WKH WUDQVPLWWDQFH� ZKLFK ZDV VHW DW ��� �� 7KH SDUDPHWHU $ LV WKH

LOOXPLQDWHG DUHD LQ P
�
� 7KH IDFWRUV ��� DQG �� DUH QHHGHG WR FRQYHUW PPRO V�� LQWR PPRO G��

LQFOXGLQJ WKH ���� K GD\�QLJKW F\FOH�

%LRPDVV \LHOG RQ OLJKW HQHUJ\

7KH ELRPDVV \LHOG RQ OLJKW HQHUJ\ �<[�(� ZDV FDOFXODWHG DV JUDP SURWHLQ SURGXFHG SHU PRO

SKRWRQV DEVRUEHG DFFRUGLQJ WR (T� ����

(T� ���
DEV

[

([

(

3
<  � >J PRO

��
@
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7KH SDUDPHWHU 3[ LV WKH SURGXFWLYLW\� L�H� WKH DPRXQW RI SURWHLQ SURGXFHG SHU GD\ �PJ G
��
��

7KH GDLO\ SURGXFWLYLW\ �3[� ZDV FDOFXODWHG PXOWLSO\LQJ WKH YROXPH RI FXOWXUH VXVSHQVLRQ

GLOXWHG GXULQJ RQH GD\ ZLWK WKH SURWHLQ FRQFHQWUDWLRQ RI WKDW VXVSHQVLRQ�

5HVXOWV DQG 'LVFXVVLRQ

7KH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ E\ WKH PLFURDOJD 'XQDOLHOOD WHUWLROHFWD XQGHU

PHGLXP�GXUDWLRQ OLJKW�JUDGLHQW�GDUN F\FOHV ZDV LQYHVWLJDWHG� 'XULQJ DOO H[SHULPHQWV D OLJKW

JUDGLHQW ZDV PDLQWDLQHG LQ WKH OLJKW SHULRG� JRLQJ IURP ���� � ���� �PRO P
��
V
��
�3)'LQ�

7DEOH ���� WR ��� � RI WKLV UDQJH ��� � �� �PRO P
��
V
��
��

7DEOH ���� 3URGXFWLYLW\ �3[� PJ SURWHLQ G
��
� DQG OLJKW DEVRUSWLRQ �(DEV� PPRO SKRWRQV G

��
�

LQVLGH WKH WXUELGRVWDW �)LJXUH ���� DV D IXQFWLRQ RI OLJKW IUDFWLRQ �H� DQG F\FOH WLPH �WF� RI

OLJKW�JUDGLHQW�GDUN F\FOHV� $OVR 3)'LQ LV SUHVHQWHG� WKH WUDQVPLWWDQFH RI WKH FXOWXUH ZDV

PDLQWDLQHG DW ��� �� 3[ DQG (DEV DUH DYHUDJHV RI IRXU LQGHSHQGHQW GHWHUPLQDWLRQV RQ

FRQVHFXWLYH GD\V�

WF

�V�

H

���

3)'LQ

�PPRO P
��
V
��
�

(DEV

�PPRO G
��
�

3[

�PJ G
��
�

���� ����� ���� ���� ����
���

���� ����� ���� ��� ����

���� ����� ���� ��� ����
���

���� ����� ���� ��� ����

���� ����� ���� ��� ����

����� ����� ���� ��� ����

���� ����� ���� ��� ����
���

���� ����� ���� ��� ����

���� ����� ���� ��� ����

���� ����� ���� ��� ����

���� ����� ���� ��� ����

��� YDOXH EDVHG RQ ILUVW WZR GD\V DIWHU DFFOLPDWLRQ� 3[ GURSSHG DQG RQ GD\ � SURGXFWLRQ ZDV WRR
ORZ WR EH PHDVXUHG

��� DOJDH GLG QRW JURZ XQGHU WKHVH F\FOHV

,Q 7DEOH ��� WKH WXUELGRVWDW SURGXFWLYLW\ �3[� DQG OLJKW DEVRUSWLRQ �(DEV� GXULQJ DOO WKH ��

H[SHULPHQWDO UXQV DUH SUHVHQWHG� $V ZDV H[SHFWHG D FRUUHODWLRQ ZDV IRXQG EHWZHHQ 3[ DQG

(DEV� 3[ LV KLJK ZKHQ (DEV LV KLJK DQG YLFH YHUVD� 7KH H[DFW UDWLR EHWZHHQ 3[ DQG (DEV JLYHV WKH

ELRPDVV \LHOG RQ OLJKW HQHUJ\ �<[�(� LQ �P�JUDP SURWHLQ SHU �P�PRO SKRWRQV �(T� ����� )RU DOO



0LFURDOJDH FXOWLYDWLRQ� PRGHOLQJ ELRPDVV \LHOG RQ OLJKW HQHUJ\ XQGHU OLJKW�JUDGLHQW�GDUN F\FOHV� �� � ��� V

���

WKH �� H[SHULPHQWV RI WKH GHVLJQ� WKH ELRPDVV \LHOG LV SUHVHQWHG LQ )LJXUH ��� DV D IXQFWLRQ RI

WKH OLJKW IUDFWLRQ� H� DQG WKH F\FOH WLPH� WF�

)LJXUH ���� &XOWLYDWLRQ RI 'XQDOLHOOD WHUWLROHFWD XQGHU OLJKW�JUDGLHQW�GDUN F\FOHV� (IIHFW RI

OLJKW IUDFWLRQ �H� DQG F\FOH WLPH �WF� RQ WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\ �<;�(� LQ JUDP

SURWHLQ SHU PRO SKRWRQV� 1RQ�ILOOHG WULDQJOHV UHSUHVHQW �� � FRQILGHQFH LQWHUYDOV� 2QH

GDWD SRLQW �i� ZLWK GDVKHG GURS OLQHV� RULJLQDWHV IURP SUHYLRXV ZRUN GHVFULEHG LQ &KDSWHU

� �-DQVVHQ� HW DO�� ����D��

7KH HIIHFW RI WKH WZR PDLQ SDUDPHWHUV DVVRFLDWHG WR OLJKW�JUDGLHQW�GDUN F\FOHV� L�H� OLJKW

IUDFWLRQ �H� DQG F\FOH WLPH �WF�� RQ WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\ �<[�(� FDQ EH GHGXFHG

IURP )LJXUH ���� $Q LQFUHDVH LQ WKH OLJKW IUDFWLRQ OHDGV WR D VLJQLILFDQW LQFUHDVH LQ WKH ELRPDVV

\LHOG DV ZDV SUHYLRXVO\ UHSRUWHG LQ &KDSWHUV � DQG � �-DQVVHQ� HW DO�� ����D DQG ����E��

%LRPDVV SURGXFWLRQ ZDV IRXQG QRW WR EH SRVVLEOH DW H VPDOOHU WKDQ ������ %XW� XQGHU D OLJKW

IUDFWLRQ RI ������ <[�( ZDV DOPRVW DV KLJK DV XQGHU FRQWLQXRXV LOOXPLQDWLRQ �H  ���

)XUWKHUPRUH� LW FDQ EH REVHUYHG WKDW XQGHU OLJKW IUDFWLRQV VPDOOHU WKDQ RU HTXDO WR ����� VKRUW

F\FOH WLPHV UHVXOWHG LQ KLJKHU ELRPDVV \LHOGV WKDQ ORQJHU F\FOHV� $W H HTXDO WR ������ RQ WKH

RWKHU KDQG� ORQJHU F\FOH WLPHV VHHPHG WR EH PRUH EHQHILFLDO ZLWK UHVSHFW WR WKH ELRPDVV \LHOG

�)LJXUH ����� 7KLV ZDV QRW H[SHFWHG DQG ZLOO EH GLVFXVVHG ODWHU� $OO WKHVH UHVXOWV VKRZ WKH

����
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LPSRUWDQFH RI ZHOO GHILQLQJ HDFK SDUDPHWHU �F\FOH WLPH DQG OLJKW IUDFWLRQ� WR VWXG\ WKH HIIHFW

RI PHGLXP�GXUDWLRQ OLJKW�JUDGLHQW�GDUN F\FOHV LQ PLFURDOJDH FXOWLYDWLRQ�

7KH ELRPDVV \LHOG RQ OLJKW HQHUJ\ XQGHU FRQWLQXRXV LOOXPLQDWLRQ DJUHHV ZLWK SUHYLRXV ZRUN�

GHVFULEHG LQ &KDSWHU �� LQ D ��/ WXUELGRVWDW ZLWK D OLJKW SDWK RI � FP �-DQVVHQ� HW DO�� ����D��

,Q WKDW VWXG\ D \LHOG RI ����� J PRO
��
ZDV IRXQG LQ D �� V OLJKW�JUDGLHQW�GDUN F\FOH ZLWK H

HTXDO WR ���� DQG WKH VDPH OLJKW JUDGLHQW LQ WKH OLJKW SHULRG� 7KDW YDOXH LV FORVH WR WKH

PD[LPDO \LHOG RI ����� J PRO
��
IRXQG XQGHU FRQWLQXRXV LOOXPLQDWLRQ LQ WKLV VWXG\ �)LJXUH �����

%XW� LW PXVW EH QRWHG WKDW D \LHOG RI ����� J PRO
��
VWLOO LV VLJQLILFDQWO\ ORZHU WKDQ WKH \LHOG RI

���� J PRO
��
GHWHUPLQHG XQGHU D FRQVWDQW 3)' RI RQO\ �� PPRO P��

V
��
�&KDSWHU ��� 7KH \LHOG

XQGHU ORZ SKRWRQ IOX[ GHQVLWLHV LV D JRRG PHDVXUH IRU WKH PD[LPDO HIILFLHQF\ RI OLJKW

XWLOL]DWLRQ�

,Q FKDSWHU � LW ZDV DOVR GHVFULEHG WKDW 'XQDOLHOOD WHUWLROHFWD LQFUHDVHG LWV VSHFLILF OLJKW

DEVRUELQJ VXUIDFH �D


SURW� XQGHU OLJKW�GDUN F\FOHV ZLWK GHFUHDVLQJ OLJKW IUDFWLRQ� L�H� GHFUHDVLQJ

OLJKW VXSSO\ �-DQVVHQ� HW DO�� ����D�� 7KH VDPH ZDV REVHUYHG DJDLQ GXULQJ WKLV VWXG\� EXW WKHVH

GDWD DUH QRW SUHVHQWHG�

,W ZDV DOUHDG\ PHQWLRQHG WKDW LW ZDV QRW H[SHFWHG WKDW WKH ELRPDVV \LHOG ZRXOG EH KLJKHU DW

ORQJHU F\FOH WLPHV� %XW WKLV ZDV REVHUYHG DW WKH OLJKW IUDFWLRQ RI ����� �)LJXUH ����� $W WF

HTXDO WR ���� V WKH \LHOG ZDV KLJKHU WKDQ DW ���� V� 0RUHRYHU� <[�( XQGHU WKH ���� V F\FOH ZDV

DOPRVW HTXDO WR WKH \LHOG GHWHUPLQHG XQGHU FRQWLQXRXV OLJKW� ����� J PRO
��
DV RSSRVHG WR

����� J PRO
��
� 7KLV UHVXOW SRVVLEO\ LV UHODWHG WR WKH IDFW WKDW 3)'LQ ZDV KLJKHU XQGHU WKH ���� V

F\FOH LQ FRPSDULVRQ WR WKH ���� V F\FOH� ���� DV RSSRVHG WR ���� PPRO P��
V
��
�7DEOH �����

7KH µDGGLWLRQDO¶ 3)' RI ��� PPRO P��
V
��
XQGHU WKH ���� V F\FOH SRVVLEO\ FDQQRW EH XWLOL]HG DV

HIILFLHQWO\ DV WKH µRULJLQDO¶ 3)'LQ RI ���� PPRO P
��
V
��
DSSOLHG XQGHU WKH ���� V F\FOH�

$ VLPLODU HIIHFW ZDV IRXQG E\ FRLQFLGHQFH� 7ZR H[SHULPHQWV RXW RI WKH ���H[SHULPHQW GHVLJQ

ZHUH DOVR GRQH DW D 3)'LQ RI DSSUR[LPDWHO\ ���� PPRO P��
V
��
� &RPSDULQJ WKHVH H[WUD

H[SHULPHQWV ZLWK WKH FRUUHVSRQGLQJ H[SHULPHQWV IURP WKH H[SHULPHQWDO GHVLJQ� FDUULHG RXW

XQGHU 3)'LQ RI ���� PPRO P��
V
��
� VKRZV WKDW WKH ELRPDVV \LHOG GURSV FRQVLGHUDEO\ XQGHU

KLJKHU 3)'LQ �)LJXUH ���E�� ,W DSSHDUV WKDW µDGGLWLRQDO¶ 3)' DGGHG WR 3)'LQ FDQQRW EH XWLOL]HG

DV HIILFLHQWO\ DV WKH RULJLQDO SKRWRQ IOX[ VXSSOLHG WR WKH PLFURDOJDH� 0RUHRYHU� LW VHHPV WKDW

SKRWRLQKLELWLRQ RFFXUV XQGHU ���� PPRO P��
V
��
� 3KRWRLQKLELWLRQ LV FKDUDFWHUL]HG E\ D

GHFUHDVH LQ WKH SKRWRV\QWKHWLF FDSDFLW\ �0HOLV� ������ ,Q )LJXUH ���D FDQ EH VHHQ WKDW WKH

VSHFLILF JURZWK UDWH LV VLJQLILFDQWO\ ORZHU DW ���� PPRO P��
V
��
LQ FRPSDULVRQ WR ����
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���

PPRO P��
V
��
� 7KH SKRWRLQKLELWLRQ HIIHFW LV DOVR PRUH SURQRXQFHG XQGHU WKH ��� V F\FOH WKDQ

XQGHU WKH �� V F\FOH�

)LJXUH ���� &XOWLYDWLRQ RI 'XQDOLHOOD WHUWLROHFWD XQGHU OLJKW�JUDGLHQW�GDUN F\FOHV� HIIHFW RI

3')LQ RQ� �D� VSHFLILF JURZWK UDWH ���� �E� ELRPDVV \LHOG RQ OLJKW HQHUJ\ �<;�(� LQ JUDP SURWHLQ

SHU PRO SKRWRQV� $OO � OLJKW�GDUN F\FOH H[SHULPHQWV ZHUH GRQH DW H HTXDO WR ����� &/ LV

FRQWLQXRXV OLJKW �H  ��� (UURU EDUV UHSUHVHQW �� � FRQILGHQFH LQWHUYDOV�

$OWKRXJK SKRWRLQKLELWLRQ ZDV GHPRQVWUDWHG WKLV GRHV QRW PHDQ WKDW OLJKW�GDUN F\FOLQJ PLJKW

EH EHWWHU WKDQ FRQWLQXRXV OLJKW DV ZDV VXJJHVWHG E\ 0HUFKXN HW DO� ������� ,W FDQ EH VDIHO\

FRQFOXGHG WKDW� XS WR LQ�FRPLQJ SKRWRQ IOX[ GHQVLWLHV RI DW OHDVW ���� PPRO P��
V
��
� WKH

SURFHVV RI SKRWRLQKLELWLRQ GLG QRW OHDG WR PRUH HIILFLHQW OLJKW XWLOL]DWLRQ XQGHU PHGLXP�
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GXUDWLRQ OLJKW�JUDGLHQW�GDUN F\FOHV LQ FRPSDULVRQ WR FRQWLQXRXV OLJKW� 2Q WKH FRQWUDU\� LW

VHHPV PRUH OLNHO\ WKDW LQWURGXFWLRQ RI VLJQLILFDQW GDUN ]RQHV ZLOO OHDG WR D KLJKHU

YXOQHUDELOLW\ WR OLJKW�LQGXFHG GDPDJH� 'XH WR WKH SURFHVV RI SKRWRDFFOLPDWLRQ REVHUYHG LQ

WKLV DQG SUHYLRXV ZRUN� &KDSWHU � �-DQVVHQ� HW DO�� ����D�� WKH VSHFLILF OLJKW DEVRUELQJ VXUIDFH

RI WKH PLFURDOJDH LQFUHDVHV XQGHU OLJKW��JUDGLHQW��GDUN F\FOHV� $V D UHVXOW� WKH DOJDH ZLOO

LQWHUFHSW HYHQ PRUH OLJKW LQ WKH KLJK OLJKW ]RQH SRVVLEO\ OHDGLQJ WR PRUH SKRWRGDPDJH�

$W SKRWRQ IOX[ GHQVLWLHV KLJKHU WKDQ ���� PPRO P��
V
��
WKH UROH RI SKRWRLQKLELWLRQ FRXOG

EHFRPH PRUH SURQRXQFHG DV FDQ EH VHHQ LQ )LJXUH ���� ,Q WKLV VLWXDWLRQ OLJKW�JUDGLHQW�GDUN

F\FOLQJ PLJKW EH PRUH DWWUDFWLYH ZLWK UHVSHFW WR WKH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ WKDQ D

FRQWLQXRXV OLJKW�JUDGLHQW� +RZHYHU� WKH QHJDWLYH HIIHFW RI SKRWRLQKLELWLRQ RQ WKH ELRPDVV

\LHOG RQ OLJKW HQHUJ\ FDQ EH UHGXFHG ZLWK DQ LQFUHDVHG UDWH RI F\FOLQJ EHWZHHQ OLJKW DQG GDUN

]RQHV LQ D SKRWRELRUHDFWRU� 7KLV ZDV GHPRQVWUDWHG E\ RWKHUV �9RQVKDN� HW DO�� ����� 7RU]LOOR�

HW DO�� ����� *ULPD� HW DO�� ����� DQG WKLV HIIHFW FDQ DOVR EH VHHQ LQ )LJXUH ��� FRPSDULQJ WKH

�� V DQG ��� V F\FOHV�

7R VXPPDUL]H� WKH HIIHFW RI PHGLXP�GXUDWLRQ OLJKW�GDUN F\FOHV RQ PLFURDOJDO SURGXFWLYLW\ KDV

EHHQ VKRZQ WR KDYH D VWURQJ LQIOXHQFH RQ WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\� 0RGHOLQJ WKLV

GHSHQGHQF\ ZRXOG WKXV EH DQ LPSRUWDQW GHVLJQ WRRO IRU SKRWRELRUHDFWRUV�

6WDWLVWLFDO PRGHO

5HVSRQVH VXUIDFH PHWKRGRORJ\ LV DQ HPSLULFDO PRGHOLQJ WHFKQLTXH GHYRWHG WR WKH HYDOXDWLRQ

RI WKH UHODWLRQVKLS RI D VHW RI FRQWUROOHG H[SHULPHQWDO IDFWRUV DQG REVHUYHG UHVXOWV �$QQDGXUDL�

������ $Q HPSLULFDO PRGHO ZDV SUHIHUUHG KHUH WR D WKHRUHWLFDO PRGHO EHFDXVH WKH ILUVW RQH LV

DQ HVWDEOLVKHG PHWKRG WR VWXG\ PDLQ HIIHFWV DQG WZR IDFWRU LQWHUDFWLRQV ZLWK UHODWLYHO\ IHZ

H[SHULPHQWDO WULDOV �+ZDQJ DQG +DQVHQ� ����� (O�+HORZ� HW DO�� ������ 7KH GHYHORSPHQW RI D

WKHRUHWLFDO PRGHO ZRXOG UHTXLUH H[WHQVLYH NQRZOHGJH RQ WKH PHWDEROLF UHVSRQVH WR GLIIHUHQW

OLJKW�JUDGLHQW�GDUN F\FOHV� ZKLFK ZRXOG VHYHUHO\ OLPLW WKH UDQJH DQG QXPEHU RI FRPELQDWLRQV

RI WKH WZR YDULDEOHV� $ VWDWLVWLFDO PRGHO RYHUFRPHV WKLV OLPLWDWLRQ�

7KLV LV WKH ILUVW VWXG\ RQ WKH GHPRQVWUDWLRQ RI WKH UHVSRQVH VXUIDFH PHWKRG WR RSWLPL]H

ELRPDVV \LHOG RQ OLJKW HQHUJ\ DV D IXQFWLRQ RI OLJKW�JUDGLHQW�GDUN F\FOHV LQ PLFURDOJDH

FXOWLYDWLRQ� $V DOUHDG\ GLVFXVVHG� �� UXQV ZHUH GRQH DFFRUGLQJ WR D FHQWUDO FRPSRVLWH GHVLJQ

�+DDODQG� ������ ,W ZDV SRLQWHG RXW WKDW WKH WZR H[SHULPHQWV GRQH DW H HTXDO WR ����� FRXOG EH

DIIHFWHG E\ D FRQVLGHUDEOH GLIIHUHQFH LQ 3)'LQ� 7KLV LV WKH UHDVRQ WKH \LHOG� GHWHUPLQHG LQ

SUHYLRXV ZRUN XQGHU D �� V F\FOH DW H HTXDO WR ���� �)LJXUH ����� ZDV DGGHG WR WKH RWKHU ��
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���

GDWD SRLQWV� $ VHFRQG�RUGHU SRO\QRPLDO IXQFWLRQ �(T� ���� ZDV ILWWHG WR WKH H[SHULPHQWDO

UHVXOWV RI WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\� <[�(�

HHH �������������� ���

FFF([
WWW< �����

� ���������������������������������

7KH ILW RI WKH PRGHO LV H[SUHVVHG E\ WKH FRHIILFLHQW RI GHWHUPLQDWLRQ� U
�
� ZKLFK ZDV FDOFXODWHG

WR EH ������ 7KH FORVHU WKH U
�
YDOXH WR ����� WKH VWURQJHU WKH PRGHO LV DQG WKH EHWWHU LW SUHGLFWV

UHVSRQVHV� $FFRUGLQJO\� RXU FDOFXODWHG U
�
YDOXH LQGLFDWHV WKDW WKH PRGHO FRXOG H[SODLQ ���� �

RI WKH YDULDELOLW\ LQ WKH UHVSRQVH� 7KH FRQWRXU IRU WKH ELRPDVV \LHOG DGMXVWHG WR WKH PRGHO DUH

VKRZQ LQ )LJXUH ����

)LJXUH ���� &XOWLYDWLRQ RI 'XQDOLHOOD WHUWLROHFWD XQGHU OLJKW�JUDGLHQW�GDUN F\FOHV� &RQWRXU

SORWV LOOXVWUDWLQJ WKH HIIHFW RI OLJKW IUDFWLRQ �H� DQG F\FOH WLPH �WF� RQ WKH ELRPDVV \LHOG RQ

OLJKW HQHUJ\ �<;�(� LQ JUDP SURWHLQ SHU PRO SKRWRQV�

$FFRUGLQJ WR WKH UHVXOWV REWDLQHG IURP WKH PRGHO� DQ LQFUHDVH RI OLJKW IUDFWLRQ� IRU D FRQVWDQW

F\FOH WLPH� DOZD\V OHDGV WR DQ LQFUHDVH RI WKH ELRPDVV \LHOG� 7KH UDWH RI LQFUHDVH VORZV GRZQ

VLJQLILFDQWO\ DW KLJKHU H �)LJXUH ����� 7KH LQIOXHQFH RI WKH F\FOH GXUDWLRQ RQ WKH ELRPDVV \LHOG

LV OHVV SURQRXQFHG DQG GHSHQGV RQ WKH OLJKW IUDFWLRQ� ,Q JHQHUDO LW FDQ EH VDLG WKDW VKRUWHU

F\FOH GXUDWLRQ OHDGV WR KLJKHU HIILFLHQFLHV� L�H� ELRPDVV \LHOGV RQ OLJKW HQHUJ\� 2QO\ DW KLJK

OLJKW IUDFWLRQ �H t ���� WKH HIILFLHQF\ LV KLJKHVW DW VKRUW� EXW DOVR DW ORQJ F\FOH WLPHV� +RZHYHU�

DV GLVFXVVHG� WKLV HIIHFW PD\ EH GXH WR H[SHULPHQWDO YDULDELOLW\ RI ZKLFK WKH YDULDWLRQ LQ 3)'LQ

SUREDEO\ LV WKH PRVW LPSRUWDQW�
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7KH VWDWLVWLFDO PRGHO GHYHORSHG LQ WKLV VWXG\ FDQ EH XVHG DV D WRRO IRU SKRWRELRUHDFWRU GHVLJQ�

$LU�OLIW UHDFWRUV FRXOG EH XVHG IRU PLFURDOJDH FXOWLYDWLRQ� $ FRQFHQWULF GUDXJKW�WXEH LQWHUQDO

ORRS DLU�OLIW UHDFWRU FDQ EH GHVLJQHG LQ VXFK D ZD\ WKDW WKH ULVHU FRPSULVHV WKH GDUN ]RQH �3)'

d �� �PRO P��
V
��
� DQG WKH GRZQFRPHU HTXDOV WKH SKRWLF ]RQH �)LJXUH ����� &RQVHTXHQWO\� WKH

WLPH DOJDH VSHQG LQ WKH GDUN DQG SKRWLF ]RQH LV GHSHQGHQW RQ UHDFWRU GHVLJQ DQG WKH OLTXLG

FLUFXODWLRQ YHORFLW\� 7KH OLTXLG FLUFXODWLRQ YHORFLW\ RQ LWV WXUQ GHSHQGV RQ WKH VXSHUILFLDO JDV

YHORFLW\ DQG DOVR UHDFWRU GHVLJQ�

7KH VXSHUILFLDO OLTXLG YHORFLW\ LQ WKH ULVHU� F\FOH WLPH �WF� DQG WKH OLJKW IUDFWLRQ �H� FDQ EH

FDOFXODWHG IRU HDFK VSHFLILF UHDFWRU GHVLJQ XVLQJ UHODWLRQV DV GHVFULEHG E\ &KLVWL �������

.QRZLQJ WKH SDUDPHWHUV WF DQG H� WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\ �<[�(� FDQ EH HVWLPDWHG

XVLQJ WKH VWDWLVWLFDO PRGHO� 7KLV FDQ EH GRQH RQO\ XQGHU WKH DVVXPSWLRQ WKDW 3)'LQ LV

DSSUR[LPDWHO\ HTXDO WR ���� PPRO P��
V
��
� 7KH HIIHFW RI SDUDPHWHUV VXFK DV UHDFWRU KHLJKW�

VXSHUILFLDO JDV YHORFLW\ DQG GRZQFRPHU WR ULVHU FURVV�VHFWLRQDO DUHD RQ SKRWRELRUHDFWRU

SURGXFWLYLW\ FDQ EH HYDOXDWHG�

,W FDQ EH FRQFOXGHG DOUHDG\ WKDW DLU�OLIW UHDFWRUV DUH LQHIILFLHQW IRU PLFURDOJDH FXOWLYDWLRQ GXH

WR SUHVHQFH RI PHGLXP�GXUDWLRQ OLJKW�GDUN F\FOHV ��� ± ��� V� DVVRFLDWHG ZLWK WKHVH UHDFWRUV�

7KH H[LVWHQFH RI VXFK D GDUN SHULRG ZLOO DOZD\V OHDG WR D GHFUHDVH RI ELRPDVV \LHOG RQ OLJKW

HQHUJ\ LQ FRPSDULVRQ WR FRQWLQXRXV OLJKW� 2QO\ DW KLJK OLJKW IUDFWLRQV �H t ����� ELRPDVV \LHOG

ZLOO EH FRPSDUDEOH WR WKH \LHOG XQGHU D FRQWLQXRXV OLJKW JUDGLHQW� $W WKLV SRLQW LW VKRXOG EH

QRWHG DJDLQ WKDW WKH ELRPDVV \LHOG XQGHU D OLJKW JUDGLHQW �����o �� PPRO P��
V
��
� ZLWKRXW D

GDUN SHULRG �H  �� LV ORZHU WKDQ WKH \LHOG REWDLQHG XQGHU ORZ 3)'V� ���� J PRO
��
�)LJXUH ����

DV RSSRVHG WR ���� J PRO
��
�&KDSWHU ��� 7KH \LHOG XQGHU ORZ SKRWRQ IOX[ GHQVLWLHV LV D JRRG

PHDVXUH IRU WKH PD[LPDO HIILFLHQF\ RI OLJKW XWLOL]DWLRQ� ZKLFK VKRXOG EH WKH WDUJHW IRU

SKRWRELRUHDFWRU GHVLJQ�

1RPHQFODWXUH

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

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

P VSHFLILF JURZWK UDWH >K��@

$ LOOXPLQDWHG DUHD WXUELGRVWDW >P�@

D
SURW VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW� SURWHLQ EDVLV >P� J��@

(DEV OLJKW DEVRUEHG LQ WXUELGRVWDW >PPRO G��@
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3)' SKRWRQ IOX[ GHQVLW\ LQ 3$5 UDQJH >PPRO P�� V��@

3)'LQ 3)' RQ OLJKW�H[SRVHG VXUIDFH WXUELGRVWDW �)LJXUH ���� >PPRO P�� V��@

3[ SURGXFWLYLW\ RI WXUELGRVWDW� SURWHLQ EDVLV >PJ G��@

7 WUDQVPLWWDQFH WXUELGRVWDW FXOWXUH >�@

WF GXUDWLRQ OLJKW�JUDGLHQW�GDUN F\FOH >V@

<[�( ELRPDVV \LHOG RQ OLJKW HQHUJ\� SURWHLQ SHU SKRWRQV >J PRO��@
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�� (IILFLHQF\ RI OLJKW XWLOL]DWLRQ RI 'XQDOLHOOD WHUWLROHFWD XQGHU

VKRUW OLJKW�GDUN F\FOHV� ���� � � V

$EVWUDFW

,QVLGH SKRWRELRUHDFWRUV DOJDH DUH H[SRVHG WR OLJKW�GDUN IOXFWXDWLRQV� ,Q WKLV VWXG\ WKH PDULQH

JUHHQ DOJD 'XQDOLHOOD WHUWLROHFWD ZDV FXOWLYDWHG XQGHU VKRUW OLJKW�GDUN F\FOHV RI ��� V� �����

PV DQG ������ PV DV IRXQG LQ PHGLXP DQG VKRUW OLJKW�SDWK UHDFWRUV� 7KH SKRWRQ IOX[ GHQVLW\

�3)'� GXULQJ WKH OLJKW SHULRG ZDV ��� � ��� PPRO P��
V
��
DQG� XQGHU WKH ������ PV F\FOH

RQO\� ���� PPRO P��
V
���
� $UWLILFLDO LOOXPLQDWLRQ ZDV XVHG� µUHG¶ OLJKW HPLWWLQJ GLRGHV �/('V�

ZLWK D SHDN ZDYHOHQJWK DW ��� QP� 7KH SKRWRV\QWKHWLF HIILFLHQF\ ZDV GHWHUPLQHG DQG

H[SUHVVHG DV WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\ LQ JUDP SURWHLQ SURGXFHG SHU PRO RI SKRWRQV

DEVRUEHG� 7KH \LHOG XQGHU WKH ����� PV F\FOH ZDV KLJKHU WKDQ WKH \LHOG XQGHU FRQWLQXRXV OLJKW

RI ��� � ��� PPRO P��
V
��
� $SSDUHQWO\ D OLJKW LQWHJUDWLRQ HIIHFW RFFXUV XQGHU WKH ����� PV

F\FOH WRJHWKHU ZLWK DQ LQFUHDVH RI WKH SKRWRV\QWKHWLF HIILFLHQF\� 2Q WKH FRQWUDU\� DW WKH ��� V

F\FOH WKH HIILFLHQF\ GHFUHDVHG� $OVR XQGHU WKH ������ PV F\FOH� ZLWK ���� PPRO P��
V
��
LQ WKH

OLJKW SHULRG� WKH \LHOG ZDV ORZHU WKDQ XQGHU FRQWLQXRXV OLJKW� 7KH UHVXOWV REWDLQHG XQGHU WKH

������ PV OLJKW�GDUN F\FOH DUH GLVFXVVHG ZLWK UHVSHFW WR WKH SHUIRUPDQFH RI VKRUW OLJKW�SDWK

IODW SDQHO SKRWRELRUHDFWRUV RSHUDWHG DW KLJK ELRPDVV GHQVLWLHV�

7KLV FKDSWHU KDV EHHQ SXEOLVKHG DV� -DQVVHQ 0� 6OHQGHUV 3� 7UDPSHU -� 0XU /5 DQG :LMIIHOV 5+�

3KRWRV\QWKHWLF HIILFLHQF\ RI 'XQDOLHOOD WHUWLROHFWD XQGHU VKRUW OLJKW�GDUN F\FOHV� (Q]\PH DQG 0LFURELDO

7HFKQRORJ\� 9RO� ��� S� �������� �����
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,QWURGXFWLRQ

/DUJH�VFDOH FXOWLYDWLRQ RI DOJDO PRQRFXOWXUHV LV VWLOO OLPLWHG WR D VPDOO QXPEHU RI VSHFLHV

FXOWLYDWHG LQ RSHQ UDFHZD\ SRQGV� 7KH FRQVWUDLQLQJ IDFWRU LV WKDW PDQ\ VSHFLHV QHHG

FRQWUROOHG DQG DVHSWLF FRQGLWLRQV DQG WKHUHIRUH QHHG WR EH FXOWLYDWHG LQ FORVHG

SKRWRELRUHDFWRUV� 6HYHUDO W\SHV RI FORVHG SKRWRELRUHDFWRUV KDYH EHHQ GHYHORSHG DQG VWXGLHG

EXW HLWKHU WKH SURGXFWLYLW\ LV ORZ RU VFDOH�XS LV SUREOHPDWLF� %HFDXVH OLJKW HQHUJ\ LV WKH

OLPLWLQJ VXEVWUDWH LQ VXFK V\VWHPV LW LV LPSRUWDQW WR IRFXV RQ WKH SKRWRV\QWKHWLF HIILFLHQF\ RU

WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\� 7KH OLJKW UHJLPH LQVLGH SKRWRELRUHDFWRUV LV FRPSOLFDWHG�

DOJDH DUH H[SRVHG WR KLJK�LQWHQVLW\ VXQOLJKW LQ WKH VR�FDOOHG SKRWLF ]RQH FORVH WR WKH UHDFWRU

VXUIDFH DQG FRPSOHWH GDUNQHVV LQ WKH LQWHULRU� $V D UHVXOW� DOJDH DUH H[SRVHG WR FHUWDLQ

OLJKW�GDUN F\FOHV� ZKLFK FRXOG KDYH D FRQVLGHUDEOH HIIHFW RQ WKH SKRWRV\QWKHWLF HIILFLHQF\�

6KRUW OLJKW�GDUN F\FOHV RI VHYHUDO VHFRQGV WR WHQWKV RI D VHFRQG DUH IRXQG LQ ZHOO�PL[HG

PHGLXP OLJKW�SDWK ��� � ��� PP� RU VKRUW OLJKW�SDWK �� �� PP� UHDFWRUV OLNH EXEEOH FROXPQV�

WXEXODU UHDFWRUV RU IODW SDQHOV� ,W KDV DOUHDG\ EHHQ GHPRQVWUDWHG WKDW VKRUW F\FOHV FDQ KDYH D

VWURQJ LQIOXHQFH RQ SKRWRV\QWKHWLF DFWLYLW\ DQG VSHFLILF JURZWK UDWH �7HUU\� ����� 1HGEDO� HW

DO�� ����� 0HUFKXN� HW DO�� ������ 7KH WHUP OLJKW LQWHJUDWLRQ LV RIWHQ XVHG LQ WKLV UHVSHFW� ,Q

FRQWLQXRXV OLJKW WKH VSHFLILF JURZWK UDWH RU R[\JHQ SURGXFWLRQ UDWH FDQ EH ZULWWHQ DV D

VDWXUDWLQJ IXQFWLRQ RI WKH SKRWRQ IOX[ GHQVLW\ �3)'�� P  I�3)'�� 7KH LQLWLDO UDWH LV QHDUO\

SURSRUWLRQDO WR 3)' DQG DSSURDFKHV D KRUL]RQWDO DV\PSWRWH DW KLJKHU 3)'V GHILQHG DV WKH

PD[LPXP UDWH� 2Q WKH RWKHU KDQG� XQGHU OLJKW�GDUN F\FOHV DOJDH DUH H[SRVHG WR D FHUWDLQ 3)'

GXULQJ WKH OLJKW SHULRG DQG QR SKRWRQ IOX[ DW DOO LQ WKH GDUN ]RQH� 7KH IUDFWLRQ RI WLPH WKH FHOOV

DUH LOOXPLQDWHG GXULQJ D F\FOH �H� FDQ EH XVHG WR SUHGLFW WKH JURZWK UDWH� ZLWK IXOO LQWHJUDWLRQ

RI OLJKW� P  I�H�3)'�� DQG ZLWK QR LQWHJUDWLRQ RI OLJKW� P  H�I�3)'�� 6LQFH WKH JURZWK UDWH RU

R[\JHQ SURGXFWLRQ UDWH LV D VDWXUDWLQJ IXQFWLRQ RI 3)' LW LV FOHDU WKDW XQGHU VDWXUDWLQJ 3)'V�

I�H�3)'� t H�I�3)'�� ,Q RWKHU ZRUGV� GXH WR OLJKW LQWHJUDWLRQ WKH UDWH ZLOO GHFUHDVH OHVV WKDQ

SURSRUWLRQDO WR D GHFUHDVH RI WKH OLJKW IUDFWLRQ �H��

,Q VHYHUDO VWXGLHV OLJKW LQWHJUDWLRQ XQGHU VKRUW OLJKW�GDUN F\FOHV ZDV GHPRQVWUDWHG GXULQJ

R[\JHQ SURGXFWLRQ PHDVXUHPHQWV ZLWK WKH JUHHQ DOJD &KORUHOOD DQG WKH GLDWRP

3KDHRGDFW\OXP �.RN� ����� 3KLOOLSV DQG 0\HUV� ����� 7HUU\� ������ $OVR LQ PRUH UHFHQW

VWXGLHV OLJKW LQWHJUDWLRQ ZDV REVHUYHG IRU RWKHU JUHHQ DOJDH DQG F\DQREDFWHULD ZLWK UHVSHFW WR



&KDSWHU �

���

VSHFLILF R[\JHQ SURGXFWLRQ DQG VSHFLILF JURZWK UDWH �0DWWKLMV� HW DO�� ����� *UREEHODDU� HW DO��

����� 1HGEDO� HW DO�� ������

7KH RFFXUUHQFH RI OLJKW LQWHJUDWLRQ FDQ EH H[SODLQHG ZLWK WKH IDFW OLJKW HQHUJ\ FDQ EH XWLOL]HG

PRUH HIILFLHQWO\ E\ WKH SKRWRV\QWKHWLF DSSDUDWXV LI LW LV GHOLYHUHG LQ VPDOO SXOVHV� VHSDUDWHG LQ

WLPH� LQ FRPSDULVRQ WR D FRQVWDQW IOX[� 7KLV FRXOG OHDG WR WKH SDUWLDO UH�R[LGDWLRQ RI WKH

SODVWRTXLQRQH SRRO LQ WKH SKRWRV\QWKHWLF PHPEUDQH GXULQJ GDUN SHULRGV JLYLQJ ULVH WR DQ

LQFUHDVHG FDSDFLW\ WR FRQYHUW OLJKW HQHUJ\ LQWR FKHPLFDO HQHUJ\ GXULQJ WKH OLJKW SXOVH

�1HGEDO� HW DO�� ������ ,Q DGGLWLRQ� FKDQJHV LQ WKH R[LGDWLRQ�UHGXFWLRQ VWDWH FRXOG LQIOXHQFH WKH

DQWHQQD VL]H RI WKH SKRWRV\QWKHWLF DSSDUDWXV �(VFRXEDV� HW DO�� ������ ,Q WKDW VLWXDWLRQ VSHFLILF

OLJKW DEVRUSWLRQ FRXOG LQFUHDVH DQG WKH HIILFLHQF\ LQFUHDVH GXH WR OLJKW�GDUN F\FOLQJ FRXOG EH

ORZHU� %HFDXVH RI WKLV� DOVR VSHFLILF OLJKW DEVRUSWLRQ VKRXOG EH FRQVLGHUHG ZKHQ HYDOXDWLQJ

WKH HIIHFW RI OLJKW�GDUN IOXFWXDWLRQV� 1HYHUWKHOHVV� LQWHQVH PL[LQJ RI DOJDO FXOWXUHV� OHDGLQJ WR

VKRUW OLJKW�GDUN F\FOHV� FRXOG OHDG WR KLJKHU SKRWRV\QWKHWLF HIILFLHQFLHV�

6WURQJ HYLGHQFH IRU WKLV PL[LQJ�LQGXFHG LQFUHDVH RI WKH SKRWRV\QWKHWLF HIILFLHQF\ LV SURYLGHG

E\ WKH VWXGLHV GRQH LQ VKRUW OLJKW�SDWK ���� � ��� FP� IODW SDQHO UHDFWRUV �+X DQG 5LFKPRQG�

����� +X� HW DO�� ����D� � ,Q WKHVH VWXGLHV SKRWRV\QWKHWLF HIILFLHQFLHV RI ��� ZHUH IRXQG IRU

WKH F\DQREDFWHULXP 6SLUXOLQD SODWHQVLV� 7KH SKRWRV\QWKHWLF HIILFLHQF\ ZDV EDVHG RQ WKH

HQHUJ\ FRQWHQW RI WKH ELRPDVV SURGXFHG DQG SKRWRQV DEVRUEHG� 7KH 3)' DW WKH UHDFWRU VXUIDFH

ZDV ���� PPRO P��
V
��
ZKLFK UHVHPEOHV LQWHQVH VXQOLJKW� 3UREDEO\ WKH 3)' FDQ EH LQFUHDVHG

IXUWKHU WR ���� PPRO P��
V
��

ZLWKRXW DIIHFWLQJ WKH HIILFLHQF\ �+X� HW DO�� ����F�� )RU

FRPSDULVRQ� WKH KLJKHVW SKRWRV\QWKHWLF HIILFLHQFLHV UHSRUWHG LQ RWKHU VWXGLHV UDQJH IURP ���

WR ��� DQG D WKHRUHWLFDO OLPLW ZDV FDOFXODWHG DW ��� �3XO] DQG 6FKHLEHQERJHQ� ������ 7KHVH

ODERUDWRU\ VWXGLHV ZHUH FDUULHG RXW XQGHU OLJKW�OLPLWLQJ FRQGLWLRQV DQG� XVXDOO\� DW D ORZ 3)'

\LHOGLQJ WKH KLJKHVW HIILFLHQF\ �3LUW� HW DO�� ������ 2Q WKH RWKHU KDQG� WKH 3)' RQ WKH IODW SDQHO

VXUIDFH ZDV YHU\ KLJK� EXW WKH OLJKW�GDUN F\FOHV ZHUH YHU\ VKRUW �� ��� PV� �+X DQG

5LFKPRQG� ����� +X� HW DO�� ����D�� 7KHUHIRUH LW ZDV VXJJHVWHG WKDW OLJKW HQHUJ\ ZDV

LQWHJUDWHG LQ WLPH DQG YHU\ HIILFLHQWO\ GLUHFWHG WR JURZWK�

7KH SKRWRV\QWKHWLF HIILFLHQF\ LQ WKHVH SLORW�VFDOH V\VWHPV FRXOG EH GHWHUPLQHG HDVLO\ �+X DQG

5LFKPRQG� ����� +X� HW DO�� ����D�� 7KH DFWXDO OLJKW�GDUN F\FOHV LQVLGH WKH UHDFWRU� KRZHYHU�

FRXOG QRW EH FOHDUO\ GHWHUPLQHG RU FDOFXODWHG E\ WKH DXWKRUV� 2Q WKH RWKHU KDQG� LQ ODE�VFDOH

H[SHULPHQWV WKH OLJKW�GDUN F\FOH FRXOG EH FRQWUROOHG YHU\ ZHOO EXW WKH VSHFLILF UDWH RI OLJKW

DEVRUSWLRQ ZDV QHYHU GHWHUPLQHG� $OWKRXJK OLJKW LQWHJUDWLRQ ZDV GHPRQVWUDWHG� LW ZDV QRW

SRVVLEOH WR GUDZ FRQFOXVLRQV FRQFHUQLQJ WKH SKRWRV\QWKHWLF HIILFLHQF\ ZLWKRXW DFFXUDWH

NQRZOHGJH RI VSHFLILF OLJKW DEVRUSWLRQ �7HUU\� ����� 1HGEDO� HW DO�� ������ ,Q DGGLWLRQ� LQ PRVW
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VWXGLHV DOJDH ZHUH QRW DOORZHG WR DFFOLPDWH �! � JHQHUDWLRQ WLPHV� WR WKH OLJKW�GDUN F\FOHV

VWXGLHG �.RN� ����� 3KLOOLSV DQG 0\HUV� ����� 7HUU\� ����� *UREEHODDU� HW DO�� ������

,Q WKH SUHVHQW VWXG\ WKH SKRWRV\QWKHWLF HIILFLHQF\ ZDV GLUHFWO\ PHDVXUHG DV WKH ELRPDVV \LHOG

RQ OLJKW HQHUJ\� 7KLV LV GRQH LQ ODE�VFDOH UHDFWRUV DIWHU DFFOLPDWLRQ WR SUHFLVHO\ GHILQHG

OLJKW�GDUN F\FOHV RI VHYHUDO VHFRQGV WR WHQWKV RI D VHFRQG� 7KH JUHHQ DOJD 'XQDOLHOOD

WHUWLROHFWD ZDV FXOWLYDWHG XQGHU OLJKW�GDUN �/�'� F\FOHV RI ��� V� ����� PV DQG ������ PV� )RU

FRPSDULVRQ WKH DOJD ZDV DOVR FXOWLYDWHG XQGHU FRQWLQXRXV OLJKW RI ORZ DQG KLJK OLJKW LQWHQVLW\�

,W ZDV GHPRQVWUDWHG WKDW XQGHU WKH ����� PV F\FOH D OLJKW LQWHJUDWLRQ HIIHFW WDNHV SODFH DQG

WKDW SKRWRV\QWKHWLF HIILFLHQF\ LQFUHDVHV LQ FRPSDULVRQ WR FRQWLQXRXV LOOXPLQDWLRQ� 7KLV

FRQILUPV WKH H[SHFWDWLRQV IURP RWKHU VWXGLHV WKDW OLJKW LQWHJUDWLRQ FDQ WDNH SODFH LQ VKRUW

OLJKW�SDWK UHDFWRUV WRJHWKHU ZLWK DQ LQFUHDVH RI WKH SKRWRV\QWKHWLF HIILFLHQF\� 8QGHU WKH ��� V

DQG WKH ������ PV /�' F\FOHV WKH HIILFLHQF\ ZDV ORZHU LQ FRPSDULVRQ WR FRQWLQXRXV

LOOXPLQDWLRQ� 7KH UHVXOWV REWDLQHG XQGHU WKH ������ PV /�' F\FOH DUH GLVFXVVHG ZLWK UHVSHFW

WR WKH SHUIRUPDQFH RI VKRUW OLJKW�SDWK IODW SDQHO SKRWRELRUHDFWRUV RSHUDWHG DW KLJK ELRPDVV

GHQVLWLHV�

0DWHULDOV DQG 0HWKRGV

2UJDQLVP DQG PHGLXP

'XQDOLHOOD WHUWLROHFWD &&$3 ����% ZDV REWDLQHG IURP WKH &XOWXUH &ROOHFWLRQ RI $OJDH DQG

3URWR]RD �2EDQ� 8.�� '� WHUWLROHFWD ZDV FXOWLYDWHG LQ DUWLILFLDO VHDZDWHU PHGLXP DV GHVFULEHG

SUHYLRXVO\ �-DQVVHQ� HW DO�� ����D�� 'XQDOLHOOD ZDV PDLQWDLQHG DV SXUH VXVSHQGHG FXOWXUH LQ

��� P/ HUOHQPH\HU IODVNV FRQWDLQLQJ �� P/ RI PHGLXP� 7KH FXOWXUHV ZHUH QRW VWLUUHG DQG

SODFHG DW �� �&� DW D SKRWRQ IOX[ GHQVLW\ �3)'� RI �� � �� PPRO P��
V
��
XQGHU D ���� K

GD\�QLJKW F\FOH� (YHU\ WKUHH ZHHNV ��� P/ RI D FXOWXUH ZDV WUDQVIHUUHG WR D QHZ IODVN

FRQWDLQLQJ IUHVK PHGLXP� 7KH UHDFWRU ZDV LQRFXODWHG GLUHFWO\ ZLWK WKH FXOWXUH RI RQH IODVN�

5HDFWRU VHW�XS

'XQDOLHOOD ZDV FXOWLYDWHG LQ D IODW ELRUHDFWRU SODFHG LQ DQ DTXDULXP ILOOHG ZLWK ZDWHU DV

GHVFULEHG SUHYLRXVO\ �-DQVVHQ� HW DO�� ����D�� 7KH ZDWHU ZDV PDLQWDLQHG DW WKH FXOWLYDWLRQ

WHPSHUDWXUH� �� q&� 7KH UHDFWRU KDG D ���� P/ OLTXLG YROXPH DQG D � FP OLJKW SDWK� 7KH

OLTXLG ZDV PL[HG E\ DLU EXEEOHG DW D UDWH RI ���� / K
��
� 7KH S+ ZDV PDLQWDLQHG EHWZHHQ ����
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DQG ���� E\ SXOVHG DGGLWLRQ RI FDUERQ GLR[LGH WR WKH DLU IORZ� $V D UHVXOW� DOVR WKH FDUERQ�

GLR[LGH FRQFHQWUDWLRQ ZDV PDLQWDLQHG FRQVWDQW�

7KH IURQW VLGH RI WKH UHDFWRU DV D ZKROH ZDV LOOXPLQDWHG ZLWK D SDQHO �ZLGWK [ KHLJKW  �� [

�� FP� RI ���� OLJKW HPLWWLQJ GLRGHV �/('V� ZKLFK ZDV SODFHG RXWVLGH WKH DTXDULXP� 'XULQJ

FXOWLYDWLRQ DOZD\V D ���� KRXUV GD\�QLJKW F\FOH ZDV DSSOLHG FRPSDUDEOH WR GD\�QLJKW F\FOHV LQ

RXWGRRU SKRWRELRUHDFWRUV� ,Q DGGLWLRQ� WKH ODPSV FRXOG EH DOWHUQDWHO\ WXUQHG RQ DQG RII WR

FUHDWH VKRUW OLJKW�GDUN F\FOHV ZLWK YDULDEOH F\FOH OHQJWK ���� PV DQG � V� DQG OLJKW IUDFWLRQV

���� DQG ������ GXULQJ WKH GD\� VHH EHORZ� 7KH DOJDO FXOWXUHV LQ WKH ELRUHDFWRUV ZHUH

PDLQWDLQHG IRU RQH ZHHN XQGHU D FHUWDLQ OLJKW UHJLPH DQG ZHUH GLOXWHG GDLO\�

)LJXUH ���� &KDUDFWHULVWLF DEVRUSWLRQ VSHFWUXP RI 'XQDOLHOOD WHUWLROHFWD DQG HPLVVLRQ

VSHFWUXP �LQ PPRO PPRO
��
� RI WKH .LQJEULJKW /���65&�) OLJKW HPLWWLQJ GLRGH �/('�� 7KH

DEVRUSWLRQ VSHFWUXP LV QRUPDOL]HG WR WKH DEVRUSWLRQ DW ��� QP� 7KH HPLVVLRQ VSHFWUXP LV

QRUPDOL]HG WR WKH SHDN LUUDGLDQFH DW ��� QP�

7KH /(' W\SH XVHG ZDV D .LQJEULJKW /���65&�) �.LQJEULJKW� 8.� DQG WKH HPLVVLRQ

VSHFWUXP LV VKRZQ LQ )LJXUH ��� WRJHWKHU ZLWK D FKDUDFWHULVWLF DEVRUSWLRQ VSHFWUXP RI

'XQDOLHOOD� 7KH 3)' LQVLGH WKH UHDFWRU ZDV PHDVXUHG EHIRUH VWDUWLQJ DQG DIWHU HQGLQJ HDFK

RQH�ZHHN H[SHULPHQW DQG LI QHFHVVDU\ WKH SDQHOV ZHUH PRYHG FORVHU WR WKH UHDFWRUV LQ RUGHU WR

PDLQWDLQ D FRQVWDQW 3)'� 7KH /('V ZHUH FRQQHFWHG LQ VHULHV RI �� /('V� 7KH YROWDJH

DSSOLHG SHU /(' ZDV ��� 9 DQG WKH ODPSV FRXOG EH WXUQHG RQ RU RII YLD D 7,3 ��� 'DUOLQJWRQ

WUDQVLVWRU FRQQHFWHG WR D SXOVH JHQHUDWRU YLD DQ RSWR�FRXSOHU� 7KH SXOVH JHQHUDWRU XVHG ZDV D

ZDYHOHQJWK �QP�
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&DPSEHOO &5�� GDWDORJJHU �&DPSEHOO� 8.� ZKLFK FRXOG EH SURJUDPPHG WR GHOLYHU �9 SXOVHV

LQ LQWHUYDOV RI ���� V ������ PV� RU D PXOWLSOH RI WKLV�

6SHFLILF JURZWK UDWH

$IWHU � RU � GD\V RI DFFOLPDWLRQ WLPH� WKH VSHFLILF JURZWK UDWH �P� ZDV IROORZHG GDLO\ E\

PHDVXULQJ WKH GLOXWLRQ� 7KH UHDFWRUV ZHUH HPSWLHG FRPSOHWHO\� DOZD\V DW WKH PLGGOH RI WKH ��

KRXUV GD\ SHULRG� $ NQRZQ YROXPH RI VXVSHQVLRQ �9V� ZDV GLOXWHG ZLWK D NQRZQ YROXPH RI

PHGLXP �9P�� 7KH RSWLFDO GHQVLW\ RI WKH XQGLOXWHG DOJDO VXVSHQVLRQ �2'VWDUW� ZDV PHDVXUHG

DQG WKH GLOXWHG DOJDO VXVSHQVLRQ ZDV SXW LQWR D FOHDQ UHDFWRU� ([SRQHQWLDO JURZWK FRQWLQXHG

IRU �� KRXUV DQG DIWHU WKLV WKH 2' ZDV PHDVXUHG DJDLQ �2'HQG�� 7KH VSHFLILF JURZWK UDWH

FRXOG EH FDOFXODWHG DFFRUGLQJ WR (T� ����
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,Q RUGHU WR PLQLPL]H PXWXDO VKDGLQJ RI DOJDO FHOOV� ELRPDVV FRQFHQWUDWLRQV DW WKH HQG RI D ��

KRXUV JURZWK F\FOH ZHUH PDLQWDLQHG DW D ORZ OHYHO �� �� PJ SURWHLQ /
��
�� 7KH DFFXUDF\ RI WKH

RSWLFDO GHQVLW\ �2'� GHWHUPLQDWLRQ� KRZHYHU� GHFUHDVHV ZLWK ELRPDVV FRQFHQWUDWLRQ DQG

WKHUHIRUH WKH 2' ZDV PHDVXUHG DW ��� QP FRUUHVSRQGLQJ WR WKH FKORURSK\OO�D DEVRUSWLRQ

PD[LPXP� ,W LV NQRZQ WKH FHOOXODU FKORURSK\OO�D FRQWHQW ZLOO FKDQJH GXULQJ GD\�QLJKW F\FOHV

DQG LW ZLOO DOVR GHSHQG RQ WKH FXOWLYDWLRQ OLJKW UHJLPH� %XW� WKHVH IDFWRUV GLG QRW LQWHUIHUH

EHFDXVH WKH 2' ZDV DOZD\V PHDVXUHG RQ WKH VDPH PRPHQW ZLWKLQ WKH GD\�QLJKW F\FOH DQG LW

ZDV RQO\ XVHG WR FDOFXODWH WKH JURZWK UDWH XVLQJ WKH UDWLR 2'HQG � 2'VWDUW�

$W HDFK OLJKW UHJLPH WKH JURZWK UDWH ZDV PHDVXUHG RQ �� � RU � GD\V DIWHU D � RU � GD\V

DFFOLPDWLRQ SHULRG� 7KHVH VHSDUDWH GHWHUPLQDWLRQV ZHUH XVHG WR FDOFXODWH WKH ����FRQILGHQFH

LQWHUYDO XVLQJ D W�WHVW�

3KRWRQ IOX[ GHQVLW\

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

5DGLDWLRQ� ������� QP�� :H XVHG D ��S 3$5�VHQVRU� /,����6$ �/,�&25� 1(� 86$�� ZKLFK

FRXOG EH SODFHG GLUHFWO\ LQ WKH HPSW\ UHDFWRU� 7KH 3)' LQVLGH WKH UHDFWRU ZDV PHDVXUHG

EHIRUH VWDUWLQJ DQG DIWHU HQGLQJ HDFK RQH�ZHHN H[SHULPHQW� 7KLV ZDV GRQH RQ SRVLWLRQV VSUHDG

DFURVV WKH UHDFWRU VXUIDFH DQG WKH FRUUHVSRQGLQJ YDOXHV ZHUH DYHUDJHG DV GHVFULEHG LQ D

SUHYLRXV VWXG\ �-DQVVHQ� HW DO�� ����D��
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6SHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW

$IWHU WKH GDLO\ GLOXWLRQ RI D UHDFWRU WKH UHPDLQLQJ DOJDO VXVSHQVLRQ ZDV FROOHFWHG DQG XVHG WR

GHWHUPLQH WKH VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW� 7KH PHWKRG LV GHVFULEHG PRUH

H[WHQVLYHO\ LQ SUHYLRXV VWXGLHV �-DQVVHQ� HW DO�� ����D DQG ����E�� %LRPDVV ZDV FRQFHQWUDWHG

DQG WKH DEVRUEDQFH RI WKH VXVSHQVLRQV ZDV PHDVXUHG LQ D VSHFWURSKRWRPHWHU HTXLSSHG ZLWK DQ

LQWHJUDWLQJ VSKHUH� )RUZDUG�VFDWWHUHG OLJKW ZDV FROOHFWHG ZLWK WKLV VHW�XS� $EVRUEDQFH ZDV

PHDVXUHG IURP ��� WR ��� QP� $YHUDJH DEVRUEDQFH EHWZHHQ ��� DQG ��� QP ZDV PHDVXUHG

WRR DQG VXEWUDFWHG IURP WKH DEVRUEDQFH EHWZHHQ ��� DQG ��� QP EHFDXVH WKH SLJPHQWV GR QR

DEVRUE LQ WKLV UDQJH DQG WKH DEVRUEDQFH PXVW EH FDXVHG E\ UHVLGXDO VFDWWHULQJ �'X\VHQV�

������ $IWHUZDUGV� WKH SURWHLQ FRQWHQW RI WKH VXVSHQVLRQV ZDV GHWHUPLQHG�

)URP WKH DEVRUEDQFH VFDQV WKH VSHFWUDOO\ DYHUDJHG VSHFLILF DEVRUSWLRQ FRHIILFLHQW� OLJKW�

DEVRUELQJ VXUIDFH SHU DPRXQW RI SURWHLQ �D


SURW�� ZDV FDOFXODWHG DFFRUGLQJ WR 'XELQVN\ HW DO�

������� 7KH UHODWLYH VSHFWUDO GLVWULEXWLRQ RI WKH OLJKW HPLWWLQJ GLRGHV �)LJXUH ���� ZDV QHHGHG

IRU WKHVH FDOFXODWLRQV DQG ZDV PHDVXUHG IURP ��� WR ��� QP ZLWK D VSHFWURUDGLRPHWHU �65

����� 0DFDP� 8.�� 6LPLODU WR RSWLFDO GHQVLW\ PHDVXUHPHQWV WKH DYHUDJH DEVRUSWLRQ EHWZHHQ

��� DQG ��� QP �6&$���� ZDV FDXVHG E\ VFDWWHULQJ DQG FRXOG EH XVHG DV D PHDVXUH RI FHOO

QXPEHU� 7KHUHIRUH WKH VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW ZDV H[SUHVVHG RQ WKLV YDOXH

WRR DQG ZDV GHVLJQDWHG DV D


��� LQ P

��
6&$���

��
�

3URWHLQ FRQFHQWUDWLRQ

3URWHLQ FRQFHQWUDWLRQ LQ WKH VDPSOHV XVHG IRU WKH PHDVXUHPHQW RI WKH VSHFWUDOO\ DYHUDJHG

DEVRUSWLRQ FRHIILFLHQW ZDV GHWHUPLQHG LPPHGLDWHO\ DIWHU WKH DEVRUEDQFH PHDVXUHPHQW� (DFK

VDPSOH ZDV GLOXWHG WR D SURWHLQ FRQFHQWUDWLRQ RI �� � ��� PJ /
��
XVLQJ IUHVK PHGLXP DQG �

P/ VDPSOHV ZHUH VWRUHG DW ±�� �&� $IWHU WKDZLQJ WKH FHOOV ZHUH EURNHQ DQG DW WKH VDPH WLPH

SURWHLQ ZDV SUHFLSLWDWHG ZLWK ��� PO �� � Z�Y WULFKORURDFHWLF DFLG� 7KH VXVSHQVLRQV ZHUH

FHQWULIXJHG ����� 5&)� �� PLQ� � �&� DQG WKH SHOOHWV ZHUH UH�VXVSHQGHG LQ � 1 VRGLXP

K\GUR[LGH� )ROORZLQJ� WKH VDPSOHV ZHUH KHDWHG IRU � PLQ DW �� q& WR GLVVROYH WKH SURWHLQ�

$IWHU WKLV SUHWUHDWPHQW SURWHLQ ZDV GHWHUPLQHG IROORZLQJ WKH %UDGIRUG PHWKRG �%UDGIRUG�

����� XVLQJ D FRPPHUFLDOO\ DYDLODEOH NLW �&RRPDVVLH 3URWHLQ $VVD\ 5HDJHQW� 3LHUFH� 86$��

%RYLQH VHUXP DOEXPLQH �IUDFWLRQ 9� FU\VWDOOL]HG� $������ 6LJPD� ZDV XVHG DV D VWDQGDUG�

%LRPDVV \LHOG RQ OLJKW HQHUJ\

7KH ELRPDVV \LHOG RQ OLJKW HQHUJ\ �<[�(� ZDV GHWHUPLQHG RQ SURWHLQ EDVLV� JUDP SURWHLQ

SURGXFHG SHU PRO RI SKRWRQV DEVRUEHG� 7KH \LHOG ZDV FDOFXODWHG E\ GLYLGLQJ WKH VSHFLILF
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JURZWK UDWH E\ WKH VSHFLILF OLJKW DEVRUSWLRQ UDWH DFFRUGLQJ WR (T� ���� ,Q WKLV HTXDWLRQ H LV WKH

IUDFWLRQ RI WLPH WKH DOJDH DUH LOOXPLQDWHG ZLWKLQ D OLJKW�GDUN F\FOH� 7KH 3)' LV WKH DYHUDJH

YDOXH PHDVXUHG LQVLGH WKH HPSW\ UHDFWRU DQG ZDV DVVXPHG WR EH FRQVWDQW� 7KLV DVVXPSWLRQ

ZDV DOORZHG EHFDXVH ZH XVHG ELRUHDFWRUV ZLWK D VPDOO OLJKW SDWK DQG WKH FXOWXUH ZDV

PDLQWDLQHG DW ORZ GHQVLW\ �� �� PJ SURWHLQ /
��
��
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7KH IDFWRUV ��� �� DQG ��� ��
��
LQ (T� ��� DUH QHHGHG WR FRQYHUW PPRO V�� LQWR PRO G�� LQFOXGLQJ

WKH ���� K GD\�QLJKW F\FOH�

5HVXOWV DQG 'LVFXVVLRQ

6SHFLILF JURZWK UDWH

7KH VSHFLILF JURZWK UDWH RI 'XQDOLHOOD WHUWLROHFWD ZDV GHWHUPLQHG XQGHU � GLIIHUHQW OLJKW

UHJLPHV DV LV VKRZQ LQ )LJXUH ���� ,Q )LJXUH ��� WKH SKRWRQ IOX[ GHQVLW\ �3)'� LV JLYHQ RQ WKH

[�D[LV DV WKH WLPH�DYHUDJHG SKRWRQ IOX[ GHQVLW\ �3)'DY� LQ PRO P
��
G
��
� 8QGHU WKH OLJKW�GDUN

UHJLPHV DSSOLHG� WKH DFWXDO 3)' GXULQJ WKH OLJKW SHULRG ZDV KLJKHU DQG XVXDOO\ WKLV 3)' LV

JLYHQ LQ WKH SDUDJUDSKV EHORZ LQ PPRO P��
V
��
� ,Q )LJXUH ��� LW FDQ EH VHHQ WKDW WKH VSHFLILF

JURZWK UDWH ZDV KLJKHVW XQGHU FRQWLQXRXV LOOXPLQDWLRQ RI ���� PRO P
��
G
��
���� PPRO P��

V
��
�

DQG ZDV HTXDO WR ����� r ������ K
��
� $W D ORZHU 3)'DY RI ���� PRO P

��
G
��
��� PPRO P��

V
��
�

WKH VSHFLILF JURZWK UDWH ZDV ORZHU� ����� r ������ K
��
� $W D 3)' RI ]HUR WKH VSHFLILF JURZWK

UDWH DOVR ZLOO EH ]HUR DQG WKHUHIRUH LW LV FOHDU WKDW WKH UHODWLRQVKLS EHWZHHQ VSHFLILF JURZWK UDWH

DQG 3)' LV QRW OLQHDU� 7KH JURZWK UDWH LV EHVW GHVFULEHG DV D VDWXUDWLQJ IXQFWLRQ RI WKH SKRWRQ

IOX[ GHQVLW\�

7KH WLPH�DYHUDJHG SKRWRQ IOX[ GHQVLW\ �3)'DY� ZLOO DOVR GHFUHDVH DIWHU LQWURGXFWLRQ RI

OLJKW�GDUN F\FOHV� ZKLOH WKH 3)' LQ WKH OLJKW SHULRG UHPDLQV HTXDO� DV ZLOO RFFXU LQ

SKRWRELRUHDFWRUV� 8QGHU WKH ��� V OLJKW�GDUN �/�'� F\FOH� 3)'DY ZDV ���� PRO P
��
G
��
DQG WKH

3)' GXULQJ WKH OLJKW SHULRG ZDV ��� PPRO P��
V
��
� 7KH VSHFLILF JURZWK UDWH XQGHU WKLV F\FOH

ZDV FRQVLGHUDEO\ ORZHU WKDQ WKH UDWH XQGHU FRQWLQXRXV LOOXPLQDWLRQ RI ��� PPRO P��
V
��
� 2Q

WKH RWKHU KDQG� XQGHU WKH ����� PV /�' F\FOH WKH VSHFLILF JURZWK ZDV FRQVLGHUDEO\ KLJKHU

DJDLQ WKDQ XQGHU WKH ��� V /�' F\FOH� ����� r ������ K
��
DV RSSRVHG WR ����� r ������ K

��

�)LJXUH ����� 7KLV UHVXOW VKRZV WKDW XQGHU OLJKW�GDUN F\FOHV RI VHYHUDO VHFRQGV WKH VSHFLILF
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���

JURZWK UDWH GHFUHDVHV DOPRVW SURSRUWLRQDO WR WKH OLJKW IUDFWLRQ DW DQ HTXDO 3)' GXULQJ WKH

OLJKW SHULRG �GRWWHG OLQH LQ )LJXUH ����� 7KLV ZDV DOUHDG\ VKRZQ IRU 'XQDOLHOOD�

&KODP\GRPRQDV DQG &KORUHOOD LQ SUHYLRXV VWXGLHV �-DQVVHQ� HW DO�� ����� ����D DQG ����E��

%XW� XQGHU D ����� PV /�' F\FOH VSHFLILF JURZWK LV FRQVLGHUDEO\ IDVWHU WKHQ XQGHU WKH ��� V

F\FOH� 7KLV LV FOHDU HYLGHQFH WKDW FRQVLGHUDEOH OLJKW LQWHJUDWLRQ RFFXUV ZKHQ WKH F\FOH WLPH LV

VXIILFLHQWO\ VPDOO�

)LJXUH ���� 6SHFLILF JURZWK UDWH �P� RI 'XQDOLHOOD WHUWLROHFWD XQGHU FRQWLQXRXV LOOXPLQDWLRQ

�&/�� D ��� V OLJKW�GDUN �/�'� F\FOH� D ����� PV /�' F\FOH DQG XQGHU D ������ PV /�'

F\FOH DV D IXQFWLRQ RI 3)'DY� 7KH HUURU EDUV JLYH WKH �� � FRQILGHQFH LQWHUYDO�

%HVLGHV F\FOH WLPH DOVR WKH 3)' LQ WKH OLJKW SHULRG DQG WKH UHODWLYH VL]H RI WKH OLJKW SHULRG

KDYH D ELJ LQIOXHQFH� 7KH VSHFLILF JURZWK UDWH ZDV ORZHVW XQGHU WKH ������ PV OLJKW�GDUN

F\FOH� 7KH 3)' GXULQJ WKH OLJKW SHULRG ZDV LQFUHDVHG IURP ��� � ��� WR ���� PPRO P��
V
��
WR

DSSURDFK WKH VLWXDWLRQ LQ SKRWRELRUHDFWRUV ZLWK D VWHHS OLJKW JUDGLHQW DQG D KLJK 3)' DW WKH

VXUIDFH� $OWKRXJK WKH F\FOH WLPH ZDV RQO\ ��� PV WKH OLJKW LQWHJUDWLRQ HIIHFW DOPRVW

GLVDSSHDUHG �)LJXUH �����

6SHFLILF OLJKW DEVRUSWLRQ

7KH VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW �D


SURW� FDQ EH XVHG WR FDOFXODWH VSHFLILF OLJKW

DEVRUSWLRQ DQG WKLV SDUDPHWHU LV SUHVHQWHG LQ )LJXUH ���� 7KH OLJKW DEVRUELQJ VXUIDFH SHU

DPRXQW RI SURWHLQ LV ORZHVW XQGHU FRQWLQXRXV LOOXPLQDWLRQ RI WKH KLJKHVW LQWHQVLW\� ���� r

3)'
DY
�PRO P

��
G
��
�

� � �� �� �� �� ��

P
�K

��
�

����

����

����

����

����

����

&/

&/
����� PV /�'

��� V /�'
������ PV /�'
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���

����� P
�
J
��
� 2Q WKH RWKHU KDQG� XQGHU ORZ LQWHQVLW\ FRQWLQXRXV OLJKW D



SURW LV VLJQLILFDQWO\

KLJKHU� ���� r ����� P�
J
��
� 7KH YDOXHV IRU D



SURW XQGHU WKH ��� V DQG ����� PV /�' F\FOHV DUH

LQ EHWZHHQ WKHVH WZR YDOXHV� 0RUH VSHFLILFDOO\� WKH VSHFLILF OLJKW DEVRUELQJ VXUIDFH RI

'XQDOLHOOD LV ORZHU DIWHU DFFOLPDWLRQ WR WKH ��� PV F\FOH WKDQ DIWHU DFFOLPDWLRQ WR WKH � V

F\FOH�

)LJXUH ���� 6SHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW �D


SURW� LQ VTXDUH PHWHU SHU JUDP

SURWHLQ DV D IXQFWLRQ RI OLJKW UHJLPH� /�'  OLJKW�GDUN F\FOH DQG &/  FRQWLQXRXV OLJKW� 7KH

QXPEHUV ZLWKLQ WKH EDUV JLYH WKH 3)' LQ PPRO P
��
V
��
LQ WKH OLJKW SHULRG DQG� LQ EHWZHHQ

EUDFNHWV� 3)'DY LQ PRO P
��
G
��
� 7KH HUURU EDUV JLYH WKH �� � FRQILGHQFH LQWHUYDO�

)URP WKH UHVXOWV SUHVHQWHG LQ )LJXUH ��� LW DSSHDUV WKDW WKH VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ

FRHIILFLHQW LV KLJKHU DW ORZHU WLPH�DYHUDJHG 3)'V� 7KLV ZDV H[SHFWHG EHFDXVH LQ VLWXDWLRQV RI

GHFUHDVLQJ OLJKW DYDLODELOLW\ DOJDH JHQHUDOO\ UHVSRQG E\ LQFUHDVLQJ WKHLU OLJKW DEVRUELQJ

VXUIDFH �)DONRZVNL DQG /D5RFKH� ������ 7KH SDUDPHWHU 3)'DY� KRZHYHU� LV QRW WKH RQO\ IDFWRU

GHWHUPLQLQJ VSHFLILF DEVRUSWLRQ� $W HTXDO 3)'DY� ���� PRO P
��
G
��
� WKH VSHFLILF VXUIDFH ZDV

KLJKHU XQGHU WKH ��� V WKDQ XQGHU WKH ����� PV /�' F\FOH� 0RUHRYHU� WKH VSHFLILF VXUIDFH ZDV

KLJKHVW XQGHU WKH ������ PV /�' F\FOH DOWKRXJK 3)'DY LV VWLOO FRQVLGHUDEOH� ��� PRO P
��
G
��

�)LJXUH ����� $SSDUHQWO\� DOVR ORQJHU OLJKW�GDUN F\FOHV RU ORQJHU GDUN IUDFWLRQV ZLWKLQ D F\FOH

OHDG WR DQ LQFUHDVH LQ WKH FRQWHQW RI DQWHQQD SLJPHQWV� 7KH VLJQDO LQGXFLQJ WKH FHOOXODU

SURGXFWLRQ RI DQWHQQD SLJPHQWV LV VXJJHVWHG WR EH WKH UHGXFWLRQ VWDWH RI WKH SODVWRTXLQRQH

SRRO ORFDWHG LQ WKH SKRWRV\QWKHWLF PHPEUDQHV �(VFRXEDV� HW DO�� ������ ,W VHHPV WKDW WKH VLJQDO

��� ��� ��� ��� ��� ���

������ PV /�'

����� PV /�'

��� V /�'

&/

&/

�� �����

��� ������

��� ������
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HYROYLQJ IURP WKLV UHGR[ VWDWH RU WKH UHGR[ VWDWH LWVHOI GRHV QRW RQO\ GHSHQG RQ 3)'DY EXW DOVR

GHSHQGV RQ WKH QDWXUH RI WKH OLJKW�GDUN IOXFWXDWLRQV�

7KH SURWHLQ EDVHG ZDYHOHQJWK�GHSHQGHQW VSHFLILF DEVRUSWLRQ FRHIILFLHQWV GHWHUPLQHG GXULQJ

WKH PHDVXUHPHQW RI D


SURW FDQ EH XVHG WR FDOFXODWH WKH OLJKW JUDGLHQW GXULQJ D �� KRXUV JURZWK

F\FOH� ,Q )LJXUH ��� WKLV LV LOOXVWUDWHG IRU WKH H[SHULPHQW XQGHU FRQWLQXRXV OLJKW RI ���

PPRO P��
V
��
� 7KH OLJKW JUDGLHQW DFURVV WKH � FP UHDFWRU OLJKW SDWK LV VPDOOHVW DW WKH VWDUW RI WKH

�� KRXUV F\FOH �� K LQ )LJXUH ����� (YHQ DIWHU �� KRXUV WKH JUDGLHQW LV VPDOO� 7KH ELRPDVV

FRQFHQWUDWLRQ LQ WKH UHDFWRU DIWHU �� K FRUUHVSRQGV WR RQO\ �� PJ SURWHLQ /
��
� %DVHG RQ WKHVH

FDOFXODWLRQV ZH WKLQN LW LV MXVWLILHG WR QHJOHFW PXWXDO VKDGLQJ RI DOJDO FHOOV LQ RXU H[SHULPHQWV�

)XUWKHUPRUH� WKH VPDOO HUURU LQWURGXFHG DSSO\LQJ WKLV VLPSOLILFDWLRQ LV FRPSDUDEOH LQ DOO

H[SHULPHQWV�

)LJXUH ���� 3)' DV D IXQFWLRQ RI UHDFWRU GHSWK DQG WLPH GXULQJ D �� KRXUV JURZWK F\FOH

XQGHU FRQWLQXRXV LOOXPLQDWLRQ RI ��� PPRO P
��
V
��
� 7KH 3)' ZDV FDOFXODWHG XVLQJ %HHU¶V

/DZ� WKH LQ�FRPLQJ 3)' PHDVXUHG DV 3$5� WKH SURWHLQ EDVHG ZDYHOHQJWK�GHSHQGHQW

VSHFLILF DEVRUSWLRQ FRHIILFLHQWV DQG WKH VSHFWUDO GLVWULEXWLRQ RI WKH /(' OLJKW VRXUFH�

7KH VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW �D


SURW� ZDV H[SUHVVHG SHU DPRXQW RI SURWHLQ�

3URWHLQ ZDV FKRVHQ EHFDXVH WKH FHOOXODU SURWHLQ IUDFWLRQ UHSUHVHQWV SUHGRPLQDQWO\ VWUXFWXUDO

DQG ELRDFWLYH PROHFXOHV� %HVLGHV SURWHLQ DOVR FHOO QXPEHU FRXOG EH FKRVHQ DV D EDVLV IRU WKH

VSHFLILF OLJKW DEVRUSWLRQ� /LJKW VFDWWHULQJ E\ DOJDO VXVSHQVLRQV FRXOG EH XVHG DV D PHDVXUH RI

FHOO QXPEHU� 'XULQJ WKH DEVRUEDQFH PHDVXUHPHQWV WKH DYHUDJH DEVRUEDQFH EHWZHHQ ��� DQG

GHSWK �P�

���� ���� ���� ����
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���

��� QP� 6&$���� ZDV GHWHUPLQHG� 7KLV DEVRUEDQFH DFWXDOO\ ZDV UHVLGXDO VFDWWHULQJ� ZKLFK

ZDV QRW FRUUHFWHG IRU E\ WKH LQWHJUDWLQJ VSKHUH EHFDXVH WKH VFDWWHULQJ DQJOH ZDV WRR KLJK� 7KLV

YDOXH ZDV VXEWUDFWHG IURP WKH DEVRUEDQFH EHWZHHQ ��� DQG ��� QP WR REWDLQ WKH UHDO

DEVRUEDQFH� ,Q DGGLWLRQ� ZH XVHG 6&$��� DV D PHDVXUH RI FHOO QXPEHU DQG H[SUHVVHG WKH

VSHFLILF DEVRUSWLRQ FRHIILFLHQW RQ EDVLV RI 6&$��� �D


�����

7KH UHVXOWV RI WKHVH FDOFXODWLRQV DUH VKRZQ LQ )LJXUH ���� $OWKRXJK WKHUH DUH VRPH GLIIHUHQFHV

EHWZHHQ D


��� DQG D



SURW �)LJXUH ���� WKH WUHQGV DUH WKH VDPH� 7KH GLIIHUHQFHV SUREDEO\ FRXOG

EH FDXVHG E\ GLIIHUHQFHV LQ FHOO VL]H DQG FHOO FRPSRVLWLRQ XQGHU GLIIHUHQW OLJKW UHJLPHV

UHVXOWLQJ LQ GLIIHUHQW VFDWWHULQJ SURSHUWLHV �6WUDPVNL DQG 0RUHO� ������ $V D UHVXOW WKH

UHODWLRQVKLS EHWZHHQ VFDWWHULQJ DQG SURWHLQ FRQWHQW PD\ QRW EH OLQHDU� )RU WKH FDOFXODWLRQ RI

WKH ELRPDVV \LHOG ZH WKHUHIRUH FKRVH IRU WKH SURWHLQ EDVLV�

)LJXUH ���� 6SHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW �D


���� LQ VTXDUH PHWHU SHU 6&$���

XQLW DV D IXQFWLRQ RI OLJKW UHJLPH� VHH )LJXUH ����

%LRPDVV \LHOG RQ OLJKW HQHUJ\

7KH ELRPDVV \LHOG RQ OLJKW HQHUJ\� <[�( LQ JUDP SURWHLQ SHU PRO RI SKRWRQV DEVRUEHG� LV

VKRZQ LQ )LJXUH ���� 7KH \LHOG ZDV FDOFXODWHG DFFRUGLQJ WR (T� ��� LQ ZKLFK WKH VSHFLILF

JURZWK UDWH LV GLYLGHG E\ WKH VSHFLILF UDWH RI OLJKW DEVRUSWLRQ� 7KH VSHFLILF UDWH RI OLJKW

DEVRUSWLRQ ZDV FDOFXODWHG IURP WKH DYHUDJH 3)' LQ WKH HPSW\ UHDFWRU� WKH OLJKW IUDFWLRQ �H�

DQG WKH VSHFLILF VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW �D


SURW�� $V H[SHFWHG WKH \LHOG ZDV

D
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KLJKHVW XQGHU FRQWLQXRXV OLJKW RI WKH ORZHVW LQWHQVLW\� �� PPRO P��
V
��
� 8QGHU WKHVH

FLUFXPVWDQFHV ����� r ����� J RI SURWHLQ LV SURGXFHG SHU PRO RI SKRWRQV DEVRUEHG �)LJXUH

����� $W D 3)' RI ��� PPRO P��
V
��
WKH \LHOG ZDV PXFK ORZHU� ����� r ������ J PRO

��
� ,W FDQ

EH FRQFOXGHG WKDW XQGHU KLJK OLJKW LQWHQVLWLHV WKH DOJDH DUH QRW DEOH WR XVH DOO WKH OLJKW HQHUJ\

DEVRUEHG DQG D FRQVLGHUDEOH SDUW LV ORVW� SUREDEO\ YLD KHDW GLVVLSDWLRQ DQG IOXRUHVFHQFH�

,Q WKH VLWXDWLRQ 'XQDOLHOOD LV H[SRVHG WR OLJKW�GDUN F\FOHV WKH \LHOG ZDV KLJKHVW XQGHU WKH

VKRUWHVW F\FOH� $OWKRXJK WKH 3)' GXULQJ LOOXPLQDWLRQ LV KLJK� ��� PPRO P��
V
��
� WKH DOJD LV

DEOH WR XWLOL]H WKLV SKRWRQ IOX[ PRUH HIILFLHQWO\ WKDQ GXULQJ FRQWLQXRXV LOOXPLQDWLRQ ZLWK WKH

VDPH 3)'� $W ORQJHU /�' F\FOHV ���� V /�'�� KRZHYHU� WKH HIIHFW LV RSSRVLWH DQG WKH ELRPDVV

\LHOG RQ OLJKW HQHUJ\ LV ORZHU WKDQ XQGHU FRQWLQXRXV OLJKW� /LJKW�GDUN F\FOHV LQ PHGLXP OLJKW�

SDWK UHDFWRUV ZLOO EH LQ WKH VHFRQG UDQJH DQG WKLV LV DSSDUHQWO\ QRW YHU\ HIILFLHQW ZLWK UHVSHFW

WR OLJKW XWLOL]DWLRQ�

)LJXUH ���� %LRPDVV \LHOG RQ OLJKW HQHUJ\ �<[�(� LQ JUDP SURWHLQ SHU PRO SKRWRQV DV D

IXQFWLRQ RI OLJKW UHJLPH� VHH )LJXUH ����

$SSDUHQWO\� VKRUW /�' F\FOHV DUH EHQHILFLDO ZLWK UHVSHFW WR WKH SKRWRV\QWKHWLF HIILFLHQF\�

+RZHYHU� ZKHQ WKH OLJKW IUDFWLRQ �H� ZLWKLQ D ��� PV F\FOH ZDV GHFUHDVHG IURP ��� WR �����

WKH ELRPDVV \LHOG ZDV ORZHVW �)LJXUH ��� 2QO\ ����� r ������ JUDP SURWHLQ LV SURGXFHG SHU

PRO RI SKRWRQV DEVRUEHG� %XW LW QHHGV WR EH FRQVLGHUHG WKH 3)' GXULQJ WKH OLJKW SHULRG ZDV

LQFUHDVHG IURP ��� � ��� WR ���� PPRO P��
V
��
� 7KLV OLJKW UHJLPH ZDV FKRVHQ EHFDXVH LW

<
[�(

�J PRO
��
�

��� ��� ��� ��� ��� ���

������ PV /�'

����� PV /�'

��� V /�'
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UHVHPEOHV WKH SUDFWLFDO VLWXDWLRQ LQ SKRWRELRUHDFWRUV ZLWK RYHU�VDWXUDWLQJ 3)' LQ WKH SKRWLF

]RQH DQG D ODUJH GDUN ]RQH LQ WKH LQWHULRU� ,W VHHPV WKDW WKH 3)' FDQQRW EH LQFUHDVHG ZLWKRXW

DIIHFWLQJ WKH HIILFLHQF\ HYHQ DW WKHVH VKRUW F\FOHV� 7KLV ZDV QRW H[SHFWHG EHFDXVH VWXGLHV GRQH

ZLWK VKRUW OLJKW�SDWK IODW�SDQHO UHDFWRUV VKRZHG D KLJK SKRWRV\QWKHWLF HIILFLHQF\ DW VLPLODU

F\FOH OHQJWKV DQG KLJK 3)'V DW WKH UHDFWRU VXUIDFH� ���� PPRO P��
V
��
�+X DQG 5LFKPRQG�

����� +X� HW DO�� ����D�� 7KHUHIRUH ZH UHWXUQ WR WKHVH VWXGLHV WR FKDUDFWHUL]H WKH OLJKW UHJLPH

LQ WKHVH UHDFWRUV PRUH DFFXUDWHO\ DQG FRPSDUH WKLV ZLWK WKH OLJKW UHJLPH DSSOLHG LQ RXU

SUHVHQW VWXG\�

7KH SKRWRELRUHDFWRU YROXPH FDQ EH GLYLGHG LQWR D SKRWLF ]RQH DQG D GDUN ]RQH� *LWHOVRQ HW DO�

������ GHILQHG WKH SKRWLF ]RQH DV WKH FXOWXUH GHSWK DW ZKLFK �� � RI WKH LQFRPLQJ OLJKW ZDV

DEVRUEHG� 7KH DYHUDJH 3)' LQ WKH SKRWLF ]RQH WKHQ LV �� � RI WKH LQFRPLQJ 3)' XVLQJ %HHU¶V

ODZ� 7KH PD[LPDO OLJKW LQWHQVLW\ IDOOLQJ RQ RQH VLGH RI WKH UHDFWRU DW PD[LPDO SKRWRV\QWKHWLF

HIILFLHQF\ ZDV ���� PPRO P��
V
��
DQG LQ WKDW FDVH WKH DYHUDJH LQWHQVLW\ LQ WKH SKRWLF ]RQH FDQ

EH FDOFXODWHG DW ��� PPRO P��
V
��
�

*LWHOVRQ HW DO� ������ VWDWHG WKH SHQHWUDWLRQ GHSWK IRU EOXH DQG UHG OLJKW LV OHVV WKDQ � PP DW

��� PJ /
��
RI FKORURSK\OO�D IRU 6SLUXOLQD SODWHQVLV� $W PD[LPDO SKRWRV\QWKHWLF HIILFLHQF\� WKH

ELRPDVV FRQFHQWUDWLRQ LQ VKRUW OLJKW�SDWK UHDFWRUV LV DURXQG �� J /
��
�+X DQG 5LFKPRQG�

����� +X� HW DO�� ����D� ����E DQG ����E�� 7KLV FRUUHVSRQGV WR ��� J FKO�D P
��
XVLQJ D FKO�D

FRQWHQW RI ���� � �+X� HW DO�� ����E�� 8VLQJ %HHU¶V ODZ ZH FDQ FDOFXODWH D SHQHWUDWLRQ GHSWK

RI ��� PP IRU UHG OLJKW� 7KLV FRUUHVSRQGV WR D OLJKW IUDFWLRQ �H� RI ����� RU ����� IRU D OLJKW

SDWK RI ��� RU ��� FP� UHVSHFWLYHO\�

7KH IUHTXHQF\ RI WKH OLJKW�GDUN F\FOHV ZDV HVWLPDWHG EDVHG RQ WKH OLTXLG IORZ� ZKLFK ZDV

PHDVXUHG DV WKH UDWH RI GLVSHUVLRQ RI D G\H LQVLGH WKH UHDFWRU �+X DQG 5LFKPRQG� ����� +X� HW

DO�� ����D�� 7KH OLTXLG IORZ ZDV LQ WKH UDQJH RI �� WR �� FP V
��
� 5LFKPRQG DVVXPHG WKDW WKH

OLTXLG PRYHV ZLWK WKH VDPH YHORFLW\ DORQJVLGH WKH OLJKW�SDWK D[LV �5LFKPRQG� ������ ,Q WKDW

VLWXDWLRQ WKH OHQJWK RI D F\FOH ZRXOG EH �� � ��� PV DQG ��� � ��� PV LQ D ��� DQG ��� FP

OLJKW SDWK UHDFWRU� UHVSHFWLYHO\� 7KH DEVROXWH OHQJWK RI WKH OLJKW DQG GDUN SHULRGV QRZ FDQ EH

FDOFXODWHG E\ PXOWLSO\LQJ WKH UHODWLYH VL]H RI WKH GDUN RU OLJKW ]RQH DQG WKH HVWLPDWHG F\FOH

OHQJWK� WKH UHVXOWV DUH VKRZQ LQ 7DEOH ��
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7DEOH ���� (VWLPDWHG OLJKW�GDUN F\FOHV LQ VKRUW OLJKW�SDWK IODW�SDQHO SKRWRELRUHDFWRUV �+X

DQG 5LFKPRQG� ����� +X� HW DO�� ����D� +X� HW DO�� ����E�� FDOFXODWLRQV DUH H[SODLQHG LQ

WKH WH[W�

OLJKW�SDWK

�FP�

F\FOH GXUDWLRQ

�PV�

OLJKW IDFWLRQ �H�

���

OLJKW SHULRG �/�

�PV�

GDUN SHULRG �'�

�PV�

��� �� ��� ��� ����

��� ��� ��� ��� �����

��� ��� ��� ��� �����

��� ��� ��� ��� �����

7KH GLIIHUHQFH EHWZHHQ WKH HVWLPDWHG F\FOHV LQ WKH SLORW�VFDOH IODW SDQHO UHDFWRUV DQG WKH

OLJKW�GDUN F\FOHV DSSOLHG LQ WKH SUHVHQW VWXG\ LV REYLRXV� 7KH WRWDO F\FOH OHQJWK RI ��� PV LV

FRPSDUDEOH DQG DOVR WKH DYHUDJH 3)' LQ WKH OLJKW SHULRG RU SKRWLF ]RQH LV FRPSDUDEOH�

+RZHYHU� GXH WR WKH KLJK ELRPDVV GHQVLW\� WKH OLJKW IUDFWLRQ DQG WKHUHIRUH WKH DEVROXWH WLPH LQ

WKH SKRWLF ]RQH LQ WKH SLORW�VFDOH V\VWHPV �7DEOH ���� LV PXFK VPDOOHU WKDQ WKH OLJKW SHULRGV LQ

RXU H[SHULPHQWV� $SSDUHQWO\ WKH DEVROXWH WLPH LQ WKH SKRWLF ]RQH PXVW EH YHU\ VKRUW DW KLJK

3)'V� $ OLJKW SHULRG RI �� PV LV WRR ORQJ� DQG SUREDEO\ QHHGV WR EH UHGXFHG WR OHVV WKDQ ��

PV WR REWDLQ KLJKHU SKRWRV\QWKHWLF HIILFLHQFLHV�

$ PLQRU GLIIHUHQFH EHWZHHQ WKH GLIIHUHQW VWXGLHV LV WKH RUJDQLVP XVHG� ,Q WKLV VWXG\ ZH XVHG

'XQDOLHOOD WHUWLROHFWD� ZKLFK LV D PDULQH JUHHQ DOJD� 7KH SLORW�VFDOH H[SHULPHQWV LQ WKH IODW�

SDQHO UHDFWRUV ZHUH GRQH ZLWK 6SLUXOLQD� D F\DQREDFWHULXP� DQG DOVR ZLWK 0RQRGRV� D

IUHVKZDWHU JUHHQ DOJD� DQG ZLWK &KORURFRFFXP� D PDULQH JUHHQ DOJD� $OO WKHVH

SKRWRDXWRWURSKV \LHOGHG VLPLODU UHVXOWV� KLJK SKRWRV\QWKHWLF HIILFLHQFLHV LQ WXUEXOHQWO\ PL[HG

VKRUW OLJKW�SDWK UHDFWRUV RSHUDWHG DW KLJK FHOO GHQVLWLHV �+X DQG 5LFKPRQG� ����� +X� HW DO��

����D DQG ����D�� 7KH W\SH RI RUJDQLVP SUREDEO\ GRHV QRW KDYH D ELJ LQIOXHQFH RQ WKH

JHQHUDO HIIHFW RI OLJKW�GDUN F\FOHV DQG WKLV LV QRW VWUDQJH EHFDXVH WKH SKRWRV\QWKHWLF SDWKZD\

DQG WKH FDUERQ IL[DWLRQ F\FOH LV VLPLODU LQ DOO R[\JHQLF SKRWRWURSKLF PLFUR�RUJDQLVPV�

&RQFOXVLRQV

'HVSLWH WKH GLIIHUHQFHV EHWZHHQ WKH ODE�VFDOH H[SHULPHQWV RI WKH SUHVHQW VWXG\ DQG SLORW�VFDOH

H[SHULPHQWV ZLWK VKRUW OLJKW�SDWK UHDFWRUV� WKH SUHVHQW UHVXOWV FOHDUO\ VKRZ WKDW XQGHU WKH

����� PV F\FOH OLJKW HQHUJ\ LV LQWHJUDWHG DQG WKH SKRWRV\QWKHWLF HIILFLHQF\ LV KLJKHU WKDQ

XQGHU FRQWLQXRXV OLJKW� 0D\EH WKH HIILFLHQF\ ZLOO EH DV JRRG RU HYHQ EHWWHU DW VPDOOHU OLJKW



(IILFLHQF\ RI OLJKW XWLOL]DWLRQ '� WHUWLROHFWD XQGHU VKRUW OLJKW�GDUN F\FOHV� ���� � � V

���

IUDFWLRQV DQG�RU KLJKHU SKRWRQ IOX[ GHQVLWLHV� %XW LQ WKH ODWWHU FDVH WKH DEVROXWH OHQJWK RI WKH

OLJKW SHULRG PXVW EH YHU\ VKRUW� SUREDEO\ OHVV WKDQ �� PV� $ OLJKW H[SRVXUH WLPH RI �� PV DW D

3)' RI ���� PPRO P��
V
��
ZDV SURYHQ WR EH WRR ORQJ LQ WKH SUHVHQW VWXG\� :LWK UHVSHFW WR

SKRWRELRUHDFWRU GHVLJQ LW LV FOHDU WKDW YHU\ VKRUW OLJKW�GDUN F\FOHV �� ��� PV� DUH D QHFHVVLW\ WR

UHDFK KLJK SKRWRV\QWKHWLF HIILFLHQFLHV LQ V\VWHPV ZLWK DQ RYHU�VDWXUDWLQJ 3)' LQ WKH SKRWLF

]RQH� ,Q WKDW FDVH LW LV SUREDEO\ HVVHQWLDO WR UHGXFH WKH OLJKW H[SRVXUH WLPH WR �� PV RU OHVV�

2Q WKH RWKHU KDQG� LI LW LV SRVVLEOH WR UHGXFH WKH 3)' LQ WKH SKRWLF ]RQH WR OHYHOV MXVW EHORZ

OLJKW VDWXUDWLRQ� WRJHWKHU ZLWK DQ LQFUHDVH RI WKH UHODWLYH VL]H RI WKH SKRWLF ]RQH� OLJKW�GDUN

F\FOLQJ FRXOG EHFRPH OHVV LPSRUWDQW� 7KLV FDQ EH GHGXFHG IURP WKH KLJK ELRPDVV \LHOG XQGHU

FRQWLQXRXV OLJKW RI ORZ 3)'�

1RPHQFODWXUH

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

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

P VSHFLILF JURZWK UDWH >K��@

D
��� VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW� 6&$��� EDVLV >P�� 6&$���
��@

D
SURW VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW� SURWHLQ EDVLV >P� J��@

2'��� RSWLFDO GHQVLW\ DW ��� QP >�@

3)' SKRWRQ IOX[ GHQVLW\ LQ 3$5�UDQJH >PPRO P�� V��@

3)'DY WLPH�DYHUDJHG 3)' >PRO P�� G��@

6&$��� VFDWWHULQJ DW ��� QP PHDVXUHG ZLWK LQWHJUDWLQJ VSKHUH >�@

<[�( ELRPDVV \LHOG RQ OLJKW HQHUJ\� SURWHLQ SHU SKRWRQV >J PRO��@
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�� (QFORVHG RXWGRRU SKRWRELRUHDFWRUV� OLJKW UHJLPH�

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

$EVWUDFW

(QFORVHG RXWGRRU SKRWRELRUHDFWRUV QHHG WR EH GHYHORSHG DQG GHVLJQHG IRU ODUJH�VFDOH

SURGXFWLRQ RI SKRWRWURSKLF PLFURRUJDQLVPV� 7KH OLJKW UHJLPH DQG WKH SKRWRV\QWKHWLF

HIILFLHQF\ LQ FKDUDFWHULVWLF H[DPSOHV RI VWDWH�RI�WKH�DUW SLORW�VFDOH SKRWRELRUHDFWRUV ZHUH

DQDO\]HG� ,W LV VKRZQ WKDW SURGXFWLYLW\ RI SKRWRELRUHDFWRUV LV GHWHUPLQHG E\ WKH OLJKW UHJLPH

LQVLGH WKH ELRUHDFWRUV� ,Q DGGLWLRQ WR OLJKW UHJLPH� RQO\ R[\JHQ DFFXPXODWLRQ DQG VKHDU VWUHVV

OLPLW SURGXFWLYLW\ LQ FHUWDLQ GHVLJQV� ,Q VKRUW OLJKW�SDWK V\VWHPV� KLJK HIILFLHQFLHV� �� WR �� �

EDVHG RQ SKRWRV\QWKHWLF DFWLYH UDGLDWLRQ �3$5� ��� � ��� QP�� FDQ EH UHDFKHG DW KLJK

ELRPDVV FRQFHQWUDWLRQV �! � NJ GZ P
��
�� %XW LV GHPRQVWUDWHG WKDW WKHVH DQG RWKHU

SKRWRELRUHDFWRU GHVLJQV DUH SRRUO\ VFDODEOH �PD[LPDO XQLW VL]H RI ��� WR �� P
�
� DQG�RU QRW

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

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

7KHVH V\VWHPV SRVVLEO\ FDQ EH VFDOHG WR ODUJHU XQLW VL]HV� �� P
�
WR PRUH WKDQ ��� P

�
� DQG WKH

UHDFWRU OLTXLG DV D ZKROH LV PL[HG DQG DHUDWHG� ,W LV GHGXFHG WKDW KLJK SKRWRV\QWKHWLF

HIILFLHQFLHV� �� WR �� � RQ 3$5�EDVLV� FDQ EH DFKLHYHG� 2OG DQG QHZ GHVLJQV IURP RSWLFDO

HQJLQHHUV VKRXOG EH XVHG WR FROOHFW� FRQFHQWUDWH DQG WUDQVSRUW VXQOLJKW IROORZHG E\ UH�

GLVWULEXWLRQ LQ DQ HIILFLHQW ODUJH�VFDOH SKRWRELRUHDFWRU�

7KLV FKDSWHU KDV EHHQ VXEPLWWHG IRU SXEOLFDWLRQ DV� -DQVVHQ 0� 7UDPSHU -� 0XU /5 DQG :LMIIHOV 5+�

(QFORVHG RXWGRRU SKRWRELRUHDFWRUV� OLJKW UHJLPH� SKRWRV\QWKHWLF HIILFLHQF\� VFDOH�XS DQG IXWXUH

SURVSHFWV�



(QFORVHG RXWGRRU SKRWRELRUHDFWRUV� OLJKW UHJLPH� SKRWRV\QWKHWLF HIILFLHQF\� VFDOH�XS DQG IXWXUH SURVSHFWV

���

,QWURGXFWLRQ

3KRWRWURSKLF PLFURRUJDQLVPV VXFK DV PLFURDOJDH DQG F\DQREDFWHULD FRXOG SURYLGH YDOXDEOH

FRPSRXQGV� DV SLJPHQWV� YLWDPLQV RU RWKHU IRRG VXSSOHPHQWV �$SW DQG %HKUHQV� ������

0LFURDOJDH DUH DOVR FRQVLGHUHG WR EH D SURPLVLQJ VRXUFH RI QHZ VHFRQGDU\ PHWDEROLWHV

GHPRQVWUDWLQJ KLJKO\ VHOHFWLYH SKDUPDFRORJLFDO DFWLYLW\ �6KLPL]X� ������ ,Q DGGLWLRQ�

SKRWRV\QWKHVLV SURYLGHV WKH RQO\ ZD\ RI SURGXFLQJ ELRPDVV DV DQ HQHUJ\ VRXUFH IURP VXQOLJKW

DQG FDUERQ GLR[LGH� $OWKRXJK SURGXFWLRQ RI PLFURDOJDH DQG F\DQREDFWHULD DV D ELRIXHO GRHV

QRW VHHP WR EH YHU\ DWWUDFWLYH DW WKH PRPHQW� WKLV SRVVLELOLW\ FRXOG EHFRPH LPSRUWDQW LQ WKH

IXWXUH� 8QLFHOOXODU SKRWRWURSKLF RUJDQLVPV DUH DEOH WR XVH VXQOLJKW PXFK PRUH HIILFLHQWO\ WKDQ

KLJKHU SODQWV� $OVR JHQHWLF HQJLQHHULQJ FRXOG SURYLGH PLFURDOJDH RU F\DQREDFWHULD ZLWK

VPDOOHU SLJPHQW FRPSOH[HV� ,Q WKDW FDVH OLJKW HQHUJ\ FDQ EH XWLOL]HG PXFK PRUH HIILFLHQWO\

�0HOLV� HW DO�� ����� 1DNDMLPD� HW DO�� ������

)RU PDQ\ RI WKHVH DSSOLFDWLRQV LW LV HVVHQWLDO WR XVH HQFORVHG SKRWRELRUHDFWRUV LQ ZKLFK

PRQRFXOWXUHV FDQ EH PDLQWDLQHG IRU DQ H[WHQGHG WLPH� SUHIHUDEO\ ZLWK VXQOLJKW DV WKH HQHUJ\

VRXUFH� $ ODUJH YDULHW\ RI HQFORVHG SKRWRELRUHDFWRUV KDV EHHQ GHYHORSHG �3XO] DQG

6FKHLEHQERJHQ� ������ ,Q WKLV UHYLHZ WKUHH RI WKH PRVW LQWHUHVWLQJ GHVLJQV KDYH EHHQ VHOHFWHG�

SQHXPDWLFDOO\ DJLWDWHG YHUWLFDO FROXPQ UHDFWRUV� WXEXODU UHDFWRUV DQG IODW SDQHO UHDFWRUV� 7KH

IROORZLQJ DVSHFWV ZLOO EH FRPSDUHG� OLJKW JUDGLHQWV DQG PL[LQJ�LQGXFHG OLJKW�GDUN �/�'�

F\FOHV� SKRWRV\QWKHWLF HIILFLHQF\� VFDODELOLW\� $W WKH HQG QHZ SKRWRELRUHDFWRU GHVLJQV ZLOO EH

SURSRVHG DQG WKHVH ZLOO EH DQDO\]HG ZLWK UHVSHFW WR WKH VDPH DVSHFWV� %XW� ILUVW WKH JHQHUDO

UHODWLRQVKLS EHWZHHQ OLJKW UHJLPH DQG SKRWRV\QWKHWLF HIILFLHQF\ ZLOO EH GLVFXVVHG�

3KRWRV\QWKHWLF HIILFLHQF\ DQG OLJKW UHJLPH

/LJKW VXSSO\ SOD\V D NH\ UROH LQ SKRWRELRUHDFWRU GHVLJQ� $OO RWKHU QXWULHQWV DUH FKHDS

LQRUJDQLF VDOWV DQG FDQ EH VXSSOLHG DW D IDVW UDWH� ,Q RUGHU WR LQWHUFHSW VXIILFLHQW VXQOLJKW D KLJK

VXUIDFH WR YROXPH UDWLR LV D SUH�UHTXLVLWH IRU SKRWRELRUHDFWRUV� /LJKW HQHUJ\ IDOOLQJ RQ WKH

OLJKW�H[SRVHG VXUIDFH� KRZHYHU� LV QRW DOZD\V XWLOL]HG HIILFLHQWO\� (YHQ XQGHU ORZ�LQWHQVLW\

VXQOLJKW PRVW SKRWRV\QWKHWLF RUJDQLVPV LQWHUFHSW WRR PXFK OLJKW DW WKH OLJKW�H[SRVHG VXUIDFH�

7KH H[FLWDWLRQ HQHUJ\ LV RQO\ SDUWO\ XWLOL]HG LQ WKH SKRWRV\QWKHWLF DSSDUDWXV DQG UHVLGXDO

HQHUJ\ LV ORVW DV KHDW RU IOXRUHVFHQFH �*UXV]HFNL� HW DO�� ������ (YHQ ZRUVH� DQ RYHUGRVH RI

H[FLWDWLRQ HQHUJ\ FRXOG GDPDJH WKH SKRWRV\QWKHWLF DSSDUDWXV LQ D SURFHVV FDOOHG
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SKRWRLQKLELWLRQ �0HOLV� ������ )ROORZLQJ H[SRVXUH WR OLJKW� OLTXLG PRYHPHQWV ZLOO EULQJ WKH

VDPH RUJDQLVPV DOVR LQWR WKH LQWHULRU RI WKH UHDFWRU ZKHUH OLJKW DYDLODELOLW\ LV ORZ�

3KRWRWURSKLF PLFUR�RUJDQLVPV FXOWLYDWHG XQGHU D FHUWDLQ FRQVWDQW SKRWRQ IOX[ GHQVLW\ �3)'�

ZLOO H[KLELW D FRUUHVSRQGLQJ VSHFLILF JURZWK UDWH� $OVR WKH VL]H RI WKH FHOOXODU OLJKW�DEVRUELQJ

VXUIDFH� FRQVLVWLQJ RI SLJPHQW PROHFXOHV DUUDQJHG LQ DQWHQQD FRPSOH[HV� ZLOO DGDSW WR WKLV

3)'� 7KH VSHFLILF VXUIDFH GHFUHDVHV LI WKH 3)' LQFUHDVHV DQG WKLV SURFHVV LV FDOOHG

SKRWRDFFOLPDWLRQ �)DONRZVNL DQG /D5RFKH� ������

)LJXUH ��� 6SHFLILF JURZWK UDWH �P�� SURWHLQ EDVHG VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ

FRHIILFLHQW �D


SURW� DQG SURWHLQ EDVHG ELRPDVV \LHOG RQ OLJKW HQHUJ\ �<SURW�(� RI

&KODP\GRPRQDV UHLQKDUGWLL DV IXQFWLRQV RI WKH SKRWRQ IOX[ GHQVLW\ �3)'� �-DQVVHQ� HW DO��

����D DQG ����E�� ,Q WKLV VLPXODWLRQ QR OLJKW�GDUN F\FOHV DQG GD\�QLJKW F\FOHV ZHUH WDNHQ

LQWR DFFRXQW �(T� �����

,Q )LJXUH ��� WKH VSHFLILF JURZWK UDWH �P� RI WKH JUHHQ DOJD &KODP\GRPRQDV UHLQKDUGWLL LV

SORWWHG DV D IXQFWLRQ RI WKH 3)' �-DQVVHQ� HW DO�� ����E�� $OVR DQ HVWLPDWHG UHODWLRQVKLS

EHWZHHQ WKH SURWHLQ EDVHG VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW �D


SURW� DQG 3)' LV

VKRZQ� ,W ZDV DVVXPHG WKDW D


SURW LV ���� P

�
J
��
DW 3)'V ORZHU WKDQ ��� PPRO P��

V
��
DQG ����

P
�
J
��
DW 3)'V KLJKHU WKDQ ���� PPRO P��

V
��
� 7KHVH ZHUH WKH KLJKHVW DQG ORZHVW YDOXHV IRU &�

UHLQKDUGWLL GHWHUPLQHG LQ SUHYLRXV VWXGLHV �-DQVVHQ� HW DO�� ����D DQG ����E�� ,Q DGGLWLRQ� D

OLQHDU GHFUHDVH RI D


SURW ZDV DVVXPHG JRLQJ IURP ��� WR ���� PPRO P��

V
��
�

3)' �PPRO P
��
V
��
�

� ��� ��� ��� ��� ����
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7KH VSHFLILF JURZWK UDWH� WKH VSHFLILF DEVRUSWLRQ FRHIILFLHQW DQG WKH SKRWRQ IOX[ GHQVLW\ FDQ

EH FRPELQHG WR REWDLQ WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\ �<SURW�(� LQ JUDP SURWHLQ SHU PRO RI

SKRWRQV LQ WKH UDQJH RI SKRWRV\QWKHWLF DFWLYH UDGLDWLRQ �3$5� ��� � ��� QP� DV LOOXVWUDWHG LQ

(T� ���� 7KLV SDUDPHWHU LV D JRRG PHDVXUH IRU WKH SKRWRV\QWKHWLF HIILFLHQF\ RI SKRWRWURSKLF

JURZWK� %XW� LQVWHDG RI SURWHLQ DOVR GU\ ZHLJKW �GZ� FRXOG EH XVHG DV ZDV GRQH E\ 3XO] DQG

6FKHLEHQERJHQ� <GZ�( �3XO] DQG 6FKHLEHQERJHQ� ������ ,Q DGGLWLRQ� WKH SKRWRV\QWKHWLF

HIILFLHQF\ RI SKRWRWURSKLF JURZWK FDQ EH GHILQHG DV WKH HQHUJ\ VWRUHG DV QHZ ELRPDVV SHU XQLW

RI OLJKW HQHUJ\ DEVRUEHG DQG LV XVXDOO\ DEEUHYLDWHG DV 3( �+X DQG 5LFKPRQG� ������ $OO WKHVH

SDUDPHWHUV ZLOO KDYH D VLPLODU GHSHQGHQF\ RQ WKH 3)' DQG LQ )LJXUH ��� WKH UHODWLRQ EHWZHHQ

<SURW�( DQG WKH 3)' LV SUHVHQWHG� ,W FDQ EH VHHQ WKDW <SURW�( LV KLJKHVW DW ORZ 3)'V EXW

GHFUHDVHV ZKHQ WKH 3)' LQFUHDVHV�

(T� ���
�
�

����� ����
 

3)'D
<

SURW
(SURW

P
>J PRO

��
@

0LFURRUJDQLVPV DUH QRW H[SRVHG WR D FRQVWDQW 3)' LQ SKRWRELRUHDFWRUV GXH WR PXWXDO VKDGLQJ

RI WKH FHOOV DQG PL[LQJ�LQGXFHG OLTXLG PRYHPHQWV� ,W LV RIWHQ VXJJHVWHG WKDW FLUFXODWLRQ

EHWZHHQ GDUN DQG OLJKW ]RQHV FRXOG OHDG WR SKRWRV\QWKHWLF HIILFLHQFLHV KLJKHU WKDQ WKH

HIILFLHQF\ GHWHUPLQHG XQGHU FRQWLQXRXV LOOXPLQDWLRQ RI D 3)' HTXDO WR WKH 3)' LQ WKH OLJKW

]RQH� ,QGHHG� YHU\ IDVW IOXFWXDWLRQV RQ D PV � PV VFDOH KDYH EHHQ VKRZQ WR JLYH ULVH WR

FRQVLGHUDEOH KLJKHU SKRWRV\QWKHWLF HIILFLHQF\ �.RN� ����� 3KLOOLSV DQG 0\HUV� ����� 0DWWKLMV�

HW DO�� ����� 1HGEDO� HW DO�� ������ 7KH SKRWRV\QWKHWLF HIILFLHQF\ LQ WKHVH VWXGLHV ZDV GHILQHG

DV WKH VSHFLILF R[\JHQ SURGXFWLRQ UDWH RU VSHFLILF JURZWK UDWH SHU XQLW RI OLJKW HQHUJ\

VXSSOLHG� 7KH GDUN SHULRGV LQ WKHVH VWXGLHV ZHUH VLJQLILFDQWO\ ODUJHU WKDQ WKH OLJKW SHULRGV�

$OVR ZKHQ JRLQJ IURP � PV WR F\FOHV RI � � � V WKLV HIIHFW KDV EHHQ GHPRQVWUDWHG �3KLOOLSV DQG

0\HUV� ����� 7HUU\� ����� 1HGEDO� HW DO�� ����� -DQVVHQ� HW DO�� ������ +RZHYHU� WKH HIILFLHQF\

LPSURYHPHQW ZDV ORZ DW WKH ORQJHVW F\FOHV LQ WKLV UDQJH�

7KH LQIOXHQFH RI OLJKW�GDUN F\FOHV RI VHYHUDO VHFRQGV WR WHQV RI VHFRQGV GRHV QRW DSSHDU WR

UHVXOW LQ DQ LPSURYHPHQW RI WKH SKRWRV\QWKHWLF HIILFLHQF\� ,W ZDV HYHQ IRXQG WKDW WKHVH ORQJ

F\FOHV FRXOG OHDG WR D GHFUHDVH LQ WKH SKRWRV\QWKHWLF HIILFLHQF\ LQ FRPSDULVRQ WR WKH

HIILFLHQF\ XQGHU FRQWLQXRXV OLJKW �-DQVVHQ� HW DO�� ����D� ����E DQG ����� %DUERVD� HW DO��

������ 7KLV FRXOG EH H[SODLQHG E\ WKH IDFW WKDW VSHFLILF OLJKW DEVRUSWLRQ LQFUHDVHV GXH WR

SKRWRDFFOLPDWLRQ� 7KH FHOOV ZLOO DFFOLPDWH WR DQ DYHUDJH 3)' VHQVHG DV WKH DYHUDJH UHGR[

VWDWH RI WKH SODVWRTXLQRQH SRRO RI WKH SKRWRV\QWKHWLF HOHFWURQ WUDQVSRUW FKDLQ �'XUQIRUG DQG

)DONRZVNL� ����� .DQD� HW DO�� ������ 3ODVWRTXLQRQH LV D PRELOH HOHFWURQ FDUULHU LQ WKH
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SKRWRV\QWKHWLF PHPEUDQHV� 7KH DYHUDJH 3)' ZLOO EH ORZHU WKDQ WKH 3)' DW WKH VXQOLJKW�

H[SRVHG UHDFWRU VXUIDFH� $V D UHVXOW� WKH VSHFLILF VXUIDFH� D


SURW� ZLOO EH UHODWLYHO\ ODUJH

�-DQVVHQ� HW DO�� ����D� DQG WKH DPRXQW RI OLJKW HQHUJ\ ZDVWHG DW WKH OLJKW�H[SRVHG VXUIDFH ZLOO

EH KLJKHU WKDQ XQGHU FRQWLQXRXV LOOXPLQDWLRQ RI D 3)' HTXDO WR WKH 3)' LQ WKH OLJKW ]RQH DV

ZDV LOOXVWUDWHG LQ )LJXUH ����

,Q DGGLWLRQ� LW LV VXJJHVWHG WKDW SKRWRGDPDJH GXULQJ ORQJ KLJK�OLJKW SHULRGV OHDGV WR D

GHFUHDVH RI WKH SKRWRV\QWKHWLF HIILFLHQF\ �0HUFKXN� HW DO�� ������ 6WURQJ HYLGHQFH IRU VXFK DQ

HIIHFW LV JLYHQ E\ 0ROLQD *ULPD HW DO� ������� /RQJ GDUN SHULRGV� RQ WKH RWKHU KDQG� JLYH ULVH

WR LQFUHDVHG PDLQWHQDQFH UHTXLUHPHQWV DV UHSRUWHG E\ /HH DQG 3LUW ������� %XW� WKHLU UHVXOWV

FDQ DOVR EH LQWHUSUHWHG DV D GHFUHDVH LQ WKH FDSDELOLW\ WR XWLOL]H WKH OLJKW HQHUJ\ DEVRUEHG�

ZKLFK LV H[SUHVVHG LQ WKH SDUDPHWHUV <GZ�( DQG 3( DOUHDG\ LQWURGXFHG� &OHDUO\� PL[LQJ�

LQGXFHG OLJKW�GDUN F\FOHV FDQ EH YHU\ LPSRUWDQW ZLWK UHVSHFW WR WKH SKRWRV\QWKHWLF HIILFLHQF\

RI SKRWRWURSKLF JURZWK LQ SKRWRELRUHDFWRUV� ,Q WKH QH[W SDUW WKH OLJKW UHJLPH LQ SLORW�VFDOH

HQFORVHG SKRWRELRUHDFWRUV ZLOO EH DQDO\]HG ILUVW�

/LJKW UHJLPH LQ HQFORVHG RXWGRRU SKRWRELRUHDFWRUV

7KH OLJKW UHJLPH LQVLGH D SKRWRELRUHDFWRU FDQ EH FKDUDFWHUL]HG ZLWK D SKRWLF ]RQH RI LQWHQVH

VXQOLJKW DW WKH UHDFWRU VXUIDFH DQG D GDUN ]RQH LQ WKH LQWHULRU RI WKH UHDFWRU� ,Q WKLV VWXG\ WKH

SKRWLF ]RQH LV DUELWUDULO\ GHILQHG ZLWK WKH GHSWK DW ZKLFK �� � RI WKH LQFRPLQJ SKRWRQ IOX[ LV

DEVRUEHG DQG WKLV ZLOO EH FDOOHG WKH OLJKW SHQHWUDWLRQ GHSWK �GS�� $V DQ H[DPSOH� IRU D RQH�

GLPHQVLRQDO V\VWHP� D IODW SDQHO ZLWK OLJKW HQWHULQJ DW RQH VLGH� WKH DYHUDJH 3)' LQ WKH SKRWLF

]RQH LV �� � RI WKH 3)' DW WKH VXUIDFH �3)'LQ� DFFRUGLQJ WR %HHU¶V ODZ� ,Q WKLV SDUDJUDSK ZH

ZLOO RQO\ GLVFXVV WKH OLJKW JUDGLHQW LQ VWDWH�RI�WKH�DUW SLORW�VFDOH SKRWRELRUHDFWRUV DQG DOVR WKH

PL[LQJ�LQGXFHG /�' F\FOHV UHVXOWLQJ IURP WKLV JUDGLHQW� 7KH DEVROXWH YDOXH RI WKH LQFLGHQW

3)' �3)'LQ� LV GHSHQGHQW RQ PDQ\ IDFWRUV� JHRJUDSKLFDO� VHDVRQDO DQG FOLPDWH IDFWRUV� ,Q WKLV

VHFWLRQ ZH ZLOO QRW GLVFXVV WKH DEVROXWH YDOXH� 7KH LQIOXHQFH RI 3)'LQ RQ WKH SKRWRV\QWKHWLF

HIILFLHQF\ �3(� RI SKRWRELRUHDFWRUV ZLOO EH FRQVLGHUHG ODWHU LQ WKH VHFWLRQ RQ WKH HIILFLHQF\�

9HUWLFDO FROXPQ UHDFWRUV

9HUWLFDO EXEEOH FROXPQ DQG DLU�OLIW UHDFWRUV DUH FRQVLGHUHG WR EH DWWUDFWLYH IRU RXWGRRU

FXOWLYDWLRQ RI SKRWRWURSKLF PLFUR�RUJDQLVPV� 2QO\ FROXPQV ZLWK GLDPHWHUV KLJKHU WKDQ ��� P

DUH FRQVLGHUHG� /LJKW ZLOO HQWHU WKH UHDFWRU WKURXJK WKH WUDQVSDUHQW ZDOO DQG GHSHQGLQJ RQ

ELRPDVV FRQFHQWUDWLRQ DQG FROXPQ GLDPHWHU D SDUW RI WKH UHDFWRU FHQWHU ZLOO EH GDUN� 8VLQJ D
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���

PRGLILHG PRGHO RI (YHUV ������� VHH )LJXUH ���� (T� ��� DQG (T� ���� DQG ZDYHOHQJWK�

GHSHQGHQW FKORURK\OO�D�VSHFLILF DEVRUSWLRQ FRHIILFLHQWV �DFKO�D�� WKH SHQHWUDWLRQ GHSWK RI OLJKW

RI GLIIHUHQW ZDYHOHQJWKV ZDV FDOFXODWHG� 7KH YDOXHV IRU DFKO�D ZHUH REWDLQHG IURP WKH JUHHQ

DOJD 'XQDOLHOOD WHUWLROHFWD FXOWLYDWHG XQGHU D ORZ 3)'� �� PPRO P��
V
��
�-DQVVHQ� HW DO��

����D��
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V3)' FKOD
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(T� ��� � � � �� � ���
��� VLQFRV 4����4�� VUUVUE

)LJXUH ���� ,OOXVWUDWLRQ RI WKH FDOFXODWLRQ RI WKH OLJKW JUDGLHQW LQ YHUWLFDO FROXPQ UHDFWRUV RU

WXEXODU UHDFWRUV� WKH JUDGLHQW LV FDOFXODWHG DFFRUGLQJ WR D PRGLILHG PRGHO RI (YHUV �������

7KLV PRGHO FDQ EH UHSUHVHQWHG ZLWK (T� ��� DQG (T� ����

$OWKRXJK WKH PRGHO GRHV QRW GHVFULEH UHDOLW\ FRPSOHWHO\ EHFDXVH OLJKW VFDWWHULQJ E\ WKH

PLFURDOJDH FHOOV LV QHJOHFWHG LW LV VXLWDEOH WR HVWLPDWH OLJKW SHQHWUDWLRQ� (VSHFLDOO\ ZKHQ LW LV

WDNHQ LQWR DFFRXQW WKDW LQ RXWGRRU FRQGLWLRQV KDOI RI WKH LUUDGLDQFH LV PRQR�GLUHFWLRQDO DQG

OLJKW LV VFDWWHUHG SUHGRPLQDQWO\ XQGHU VPDOO IRUZDUG DQJOHV E\ PLFURDOJDH �6WUDPVNL DQG

0RUHO� ������ ,Q WKH RULJLQDO PRGHO WKH OLJKW DEVRUELQJ VXUIDFH ZDV WDNHQ DV D F\OLQGULFDO

VXUIDFH� ,Q RXU PRGLILHG YHUVLRQ ZH WDNH WKH OLJKW H[SRVHG VXUIDFH DV D IODW VXUIDFH IDFLQJ WKH

UHDFWRU ZDOO� XVLQJ WKH FRVLQH ODZ� 2QO\ OLJKW EHDPV ZLWK DQ DQJOH RI LQFLGHQFH RI ��� WR ±���

ZLWK WKH QRUPDO RI WKH IODW VXUIDFH ZHUH WDNHQ LQWR DFFRXQW� 7KLV PRGLILFDWLRQ ZDV GRQH WR

V U�V

U

4

UHDFWRU

ZDOO

E

3)'LQ

3)'
LQ

3)'�V�
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DOORZ D EHWWHU FRPSDULVRQ RI OLJKW JUDGLHQWV LQ FXUYHG UHDFWRUV� YHUWLFDO FROXPQV DQG

KRUL]RQWDO WXEHV� ZLWK JUDGLHQWV LQ IODW SDQHO SKRWRELRUHDFWRUV�

7KH UHODWLYH SKRWLF YROXPH �H�� UDWLR RI WKH YROXPH RI WKH SKRWLF ]RQH RYHU UHDFWRU YROXPH� LV

FDOFXODWHG VHSDUDWHO\ IRU WKUHH ZDYHOHQJWKV DV D IXQFWLRQ RI FKO�D FRQFHQWUDWLRQ� 7KUHH

ZDYHOHQJWKV ZHUH XVHG� ��� QP� UHSUHVHQWLQJ OLJKW DEVRUSWLRQ E\ FDURWHQRLGV DQG

FKORURSK\OOV LQ WKH µEOXH¶ UHJLRQ ���� � ��� QP�� ��� QP� UHSUHVHQWLQJ FKORURSK\OO DEVRUSWLRQ

LQ WKH µUHG¶ UHJLRQ ���� � ��� QP�� ��� QP� UHSUHVHQWLQJ µJUHHQ¶ OLJKW ���� � ��� QP� SRRUO\

DEVRUEHG E\ JUHHQ DOJDO FDURWHQRLGV DQG FKORURSK\OOV�

)LJXUH ���� /LJKW IUDFWLRQ �H� DV IXQFWLRQ RI WKH FKORURSK\OO�D �FKO�D� FRQFHQWUDWLRQ LQ

YHUWLFDO FROXPQ UHDFWRUV ZLWK GLDPHWHU RI ��� P �VROLG OLQHV� DQG ��� P �GDVKHG OLQHV� IRU

EOXH ���� QP� O�� JUHHQ ���� QP� W� DQG UHG ���� QP� V� OLJKW� ,Q WKH VPDOO )LJXUH H LV

JLYHQ DV D IXQFWLRQ RI WKH SHQHWUDWLRQ GHSWK �GS�� 6SHFLILF DEVRUSWLRQ FRHIILFLHQWV RI

'XQDOLHOOD WHUWLROHFWD FXOWLYDWHG XQGHU �� PPRO P��
V
��
�-DQVVHQ� HW DO�� ����D� ZHUH XVHG

LQ FRPELQDWLRQ ZLWK D PRGLILHG PRGHO RI (YHUV �)LJXUH ���� (T� ��� DQG (T� �����

7KH UHVXOWV DUH SUHVHQWHG LQ )LJXUH ��� IRU WZR FROXPQ GLDPHWHUV ���� DQG ��� P� DQG DOVR WKH

UHODWLRQ EHWZHHQ SHQHWUDWLRQ GHSWK �GS� DQG SKRWLF YROXPH �H� LV VKRZQ� )RU HDFK ZDYHOHQJWK

DQRWKHU FKO�D VSHFLILF DEVRUSWLRQ FRHIILFLHQW LV XVHG� ,W FDQ EH VHHQ WKDW WKH SHQHWUDWLRQ GHSWK

IRU EOXH ���� QP� DQG UHG OLJKW ���� QP� LV RQO\ UHDVRQDEOH IRU � J FKO�D P
��
LQ WKH ��� P

>FKO�D@ �J P
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���

GLDPHWHU FROXPQ� GS  � � � FP DQG H  ��� � ��� �)LJXUH ����� $W D FKO�D FRQFHQWUDWLRQ RI ��

J P
��
� H DOUHDG\ KDV GURSSHG WR ���� )RU D ��� P GLDPHWHU FROXPQ LW LV HYHQ ZRUVH DQG H LV ����

IRU EOXH DQG UHG OLJKW DW �� J FKO�D P
��
� 2QO\ µJUHHQ¶ OLJKW ���� QP� LV DEOH WR SHQHWUDWH IDU

LQWR WKH LQWHULRU RI WKH UHDFWRU�

7KH PRGHO RI (YHUV LV D VLPSOLILFDWLRQ RI UHDOLW\� ,Q )LJXUH ��� LW VHHPV WKDW DW KLJK FKO�D

FRQFHQWUDWLRQV ��� J P
��
RU PRUH� WKH UHODWLYH SKRWLF YROXPH GHFUHDVHV YHU\ VORZO\ ZLWK WKH

FKO�D FRQFHQWUDWLRQ� ,W ZDV DVVXPHG OLJKW LV RQO\ DEVRUEHG DQG WKHUHIRUH µSXUH¶ DEVRUSWLRQ

FRHIILFLHQWV ZHUH XVHG� +RZHYHU� OLJKW LV DOVR VFDWWHUHG E\ WKH PLFURDOJDO FHOOV �%ULFDXG� HW DO��

������ (VSHFLDOO\ DW KLJK ELRPDVV FRQFHQWUDWLRQV VFDWWHULQJ ZLOO LQFUHDVH WKH OLJKW SDWK DQG� DV

D UHVXOW� WKH SUREDELOLW\ RI DEVRUSWLRQ ZLOO LQFUHDVH� ,Q UHDOLW\ WKH SHQHWUDWLRQ GHSWK DQG

UHODWLYH SKRWLF YROXPH DW KLJK FKO�D FRQFHQWUDWLRQV ZLOO EH VPDOOHU WKDQ WKRVH SUHVHQWHG LQ

)LJXUH ����

2Q D SLORW�SODQW VFDOH OHYHO QRW PDQ\ H[SHULPHQWV KDYH EHHQ GRQH ZLWK YHUWLFDO FROXPQ

UHDFWRUV� ,Q RXWGRRU YHUWLFDO FROXPQ UHDFWRUV RI ����� P GLDPHWHU� 0LUyQ HW DO� �����D� IRXQG

ELRPDVV GU\ ZHLJKW �GZ� FRQFHQWUDWLRQV EHWZHHQ ���� DQG ���� J /
��
�| �� � �� J FKO�D�F P

��

DW DQ HVWLPDWHG ��� � RI GZ� )HUQDQGH]� HW DO�� ����� LQ WKH OLQHDU JURZWK SKDVH RI EDWFK

FXOWXUHV RI 3KDHRGDFW\OXP WULFRUQXWXP� $OVR LQ RXU ODERUDWRU\ ZH FDUULHG RXW H[SHULPHQWV

ZLWK D ��� P GLDPHWHU EXEEOH FROXPQ� $Q RSWLPDO ELRPDVV GHQVLW\ RI ���� J O
��
� ���� J FKO�D

P
��
� ��� � RI GZ� ZDV IRXQG \LHOGLQJ WKH KLJKHVW SURGXFWLYLW\ IRU 'XQDOLHOOD WHUWLROHFWD

�XQSXEOLVKHG GDWD�� 7KLV H[SHULPHQW ZDV GRQH LQGRRUV ZLWK FRQWLQXRXV DUWLILFLDO LOOXPLQDWLRQ

RI PRGHUDWH 3)'� ��� PPRO P��
V
��

DW WKH UHDFWRU VXUIDFH� %HFDXVH WKH RSWLPDO FKO�D

FRQFHQWUDWLRQ VHHPV WR EH LQ WKH UDQJH RI �� � �� J P
��
LW LV FOHDU WKDW �� � RI WKH EOXH DQG UHG

OLJKW LV DEVRUEHG LQ WKH RXWHU � WR �� � RI WKH FXOWXUH YROXPH� *UHHQ OLJKW� KRZHYHU� ZLOO

SHQHWUDWH PXFK IXUWKHU DQG EHWZHHQ �� DQG �� � RI WKH YROXPH ZLOO EH H[SRVHG WR PRUH WKDQ

�� � RI WKH µJUHHQ¶ 3)' HQWHULQJ WKH UHDFWRU �)LJXUH �����

9HUWLFDO�FROXPQ UHDFWRUV� DLU�OLIW ORRS UHDFWRUV

2QO\ DLU�OLIW UHDFWRUV ZLWK LQWHUQDO GUDXJKW WXEH DUH FRQVLGHUHG� $LU LV LQMHFWHG LQWR WKH GUDXJKW

WXEH� $V D UHVXOW RI D GLIIHUHQFH LQ GHQVLW\� WKH UHDFWRU OLTXLG ULVHV LQ WKH GUDXJKW WXEH� WKH

ULVHU� DQG FRPHV GRZQ DJDLQ LQ WKH VSDFH EHWZHHQ GUDXJKW WXEH DQG UHDFWRU ZDOO� WKH

GRZQFRPHU� 7KH OLTXLG IORZ LQ WKH GRZQFRPHU UHVHPEOHV SOXJ IORZ �0HUFKXN� HW DO�� ������

$OVR WKH IORZ UHJLPH LQ WKH ULVHU LV FORVH WR SOXJ IORZ ZLWK RQO\ VPDOO GLIIHUHQFHV LQ ODWHUDO

YHORFLW\ �0HUFKXN� ����� 0HUFKXN� HW DO�� ������ $GMXVWLQJ UHDFWRU GHVLJQ DQG�RU ELRPDVV

FRQFHQWUDWLRQ WKH GDUN ]RQH FDQ EH PDGH WR RYHUODS ZLWK WKH ULVHU DQG WKH GRZQFRPHU
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���

EHFRPHV WKH SKRWLF YROXPH �)LJXUH ����� ,Q WKDW VLWXDWLRQ WKH OLTXLG FLUFXODWLRQ YHORFLW\ ZLOO

GHWHUPLQH WKH IUHTXHQF\ RI /�' IOXFWXDWLRQV�

7KH OLTXLG FLUFXODWLRQ YHORFLW\ GHSHQGV RQ UHDFWRU GHVLJQ DQG VXSHUILFLDO JDV YHORFLW\� &KLVWL

������ GHYHORSHG D SURFHGXUH WR FDOFXODWH WKH VXSHUILFLDO OLTXLG YHORFLW\ LQ WKH ULVHU �YOVU��

8VLQJ WKLV YHORFLW\ WKH OLTXLG FLUFXODWLRQ WLPH �WF� FDQ EH FDOFXODWHG DV D IXQFWLRQ RI UHDFWRU

GHVLJQ DV LV H[SODLQHG LQ $SSHQGL[ ,� 6XFK FDOFXODWLRQV ZHUH GRQH IRU WZR UHDFWRU VL]HV� � P

KHLJKW DQG ��� P GLDPHWHU �7Y�� �� P KHLJKW DQG ��� P GLDPHWHU� 7KH UHVXOWV DUH SUHVHQWHG LQ

7DEOH ��� DQG 7DEOH ���� UHVSHFWLYHO\� )RU HDFK UHDFWRU VL]H WKH FLUFXODWLRQ WLPH ZDV FDOFXODWHG

IRU WKUHH GLIIHUHQW GUDXJKW WXEH GLDPHWHUV FRUUHVSRQGLQJ WR GRZQFRPHU�UHDFWRU FURVV�VHFWLRQDO

UDWLRV �$G�$5� RI RQH WKLUG� KDOI DQG WZR WKLUGV� $OVR WKH LQIOXHQFH RI WKH VXSHUILFLDO JDV IORZ

UDWH LQ WKH ULVHU �YJVU� ZDV FRQVLGHUHG� ,W FDQ EH VHHQ WKDW WKH FLUFXODWLRQ WLPH GRHV QRW YDU\

PXFK DQG LW ZLOO EH LQ WKH UDQJH RI �� WR �� V� $SSDUHQWO\� WKH LQIOXHQFH RI VXSHUILFLDO JDV

IORZ UDWH DQG $G�$5�UDWLR LV UDWKHU VPDOO�

7DEOH ���� /LTXLG FLUFXODWLRQ WLPH �WF� LQ DLU�OLIW ORRS UHDFWRUV� 7Y  ��� P� KO  � P DQG &E  

����� P� :DWHU DW �� q& LV WDNHQ DV WKH OLTXLG SKDVH �$SSHQGL[ ,��

$G � $5 ���o ���� ���� ����

YJVU �P V
��
� p WF �V� p WF �V� p WF �V� p

����� ���� ���� ����

����� ���� ���� ����

7DEOH ���� /LTXLG FLUFXODWLRQ WLPH �WF� LQ DLU�OLIW ORRS UHDFWRUV� 7Y  ��� P� KO  �� P DQG &E  

����� P� :DWHU DW �� q& LV WDNHQ DV WKH OLTXLG SKDVH �$SSHQGL[ ,��

$G � $5 ���o ���� ���� ����

YJVU �P V
��
� p WF �V� p WF �V� p WF �V� p

����� ���� ���� ����

����� ���� ���� ����

9HUWLFDO�FROXPQ UHDFWRUV� EXEEOH FROXPQV

/LTXLG IORZ LQ EXEEOH FROXPQV LQ WKH KHWHURJHQHRXV IORZ UHJLPH LV FKDUDFWHUL]HG E\ ODUJH

FLUFXODWRU\ IORZV� 7KH FLUFXODWLRQ DULVHV IURP KLJKHU JDV KROG�XS YDOXHV LQ WKH FHQWHU RI WKH

FROXPQ OHDGLQJ WR DQ XSZDUG YHORFLW\ LQ WKH FHQWHU DQG D GRZQZDUG YHORFLW\ FORVH WR WKH

UHDFWRU ZDOO �0HUFKXN� ������ 7KH FLUFXODWRU\ IORZV GR QRW FRYHU WKH ZKROH OHQJWK RI WKH
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���

FROXPQ EXW DSSHDU WR EH RI WKH RUGHU RI WKH FROXPQ GLDPHWHU �7Y� �0HUFKXN� HW DO�� ������ 7KH

FLUFXODWRU\ PRYHPHQWV RI GLIIHUHQW OLTXLG HOHPHQWV GLIIHU FRQVLGHUDEO\� 1HYHUWKHOHVV� ZH ZLOO

FKDUDFWHUL]H WKH /�' F\FOHV WR ZKLFK FHOOV� SUHVHQW LQ GLIIHUHQW OLTXLG HOHPHQWV� DUH VXEMHFWHG

ZLWK D VLQJOH DYHUDJH F\FOH WLPH� )RU WKLV� ZH XVHG D OLTXLG�IORZ PRGHO IRU EXEEOH FROXPQV

GHYHORSHG E\ -RVKL DQG 6KDUPD ������� WKH SURFHGXUH LV H[SODLQHG LQ $SSHQGL[ ,,�

7KH OLTXLG FLUFXODWLRQ PRGHO ZDV GHYHORSHG IRU KHWHURJHQHRXV IORZ� )RU FROXPQ GLDPHWHUV RI

��� P RU PRUH� WKH WUDQVLWLRQ IURP WKH KRPRJHQHRXV UHJLPH WR WKH KHWHURJHQHRXV UHJLPH WDNHV

SODFH DW VXSHUILFLDO JDV YHORFLWLHV EHWZHHQ ���� DQG ���� P V
��
�0HUFKXN� HW DO�� ������ -RVKL

DQG 6KDUPD ������ VKRZHG WKDW WKHLU PRGHO ZDV VWLOO DEOH WR SUHGLFW OLTXLG YHORFLWLHV DW

VXSHUILFLDO JDV YHORFLWLHV RI ���� P V
��
� ,Q DGGLWLRQ� 0HQ]HO HW DO� ������ DQG /HIqEUH DQG *X\

������ GHPRQVWUDWHG WKH H[LVWHQFH RI D FRQVLGHUDEOH UDGLDO JUDGLHQW LQ WKH D[LDO OLTXLG YHORFLW\

DW VXSHUILFLDO JDV IORZV RI ���� P V
��
ZLWK XSZDUG OLTXLG IORZ LQ WKH FHQWHU DQG D GRZQZDUG

IORZ FORVH WR WKH UHDFWRU ZDOO�

,Q DOJDO ELRWHFKQRORJ\ RQO\ D IHZ VWXGLHV KDYH EHHQ GRQH LQ EXEEOH FROXPQV DQG XVXDOO\ JDV

IORZ UDWHV RI ���� P V
��
RU VPDOOHU ZHUH DSSOLHG� &LUFXODWLRQ FHOOV GR QRW UHDOO\ H[LVW DW WKHVH

JDV YHORFLWLHV DV ZDV VHHQ LQ YLVXDO REVHUYDWLRQ �0HUFKXN� ������ ,Q WKDW VLWXDWLRQ WKH

FLUFXODWLRQ PRGHO FDQQRW EH XVHG DQG 0HUFKXN HW DO� ������ XVHG D GLIIHUHQW DSSURDFK WR

HVWLPDWH WKH /�' UHJLPH LQ EXEEOH FROXPQV� 7KH DQDORJ\ EHWZHHQ KHDW DQG PDVV WUDQVIHU ZDV

XVHG DV D WRRO WR FDOFXODWH WKH PDVV WUDQVIHU FRHIILFLHQW IROORZHG E\ WKH FDOFXODWLRQ RI WKH

OLTXLG ILOP UHQHZDO UDWH DW WKH UHDFWRU VXUIDFH �$SSHQGL[ ,,��

7KH UHVXOWV RI WKH FDOFXODWLRQV GHVFULEHG DERYH DUH VKRZQ LQ 7DEOH ���� $W KLJK VXSHUILFLDO JDV

YHORFLWLHV� ���� P V
��
RU KLJKHU� WKH DYHUDJH OLTXLG FLUFXODWLRQ WLPH LV EHWZHHQ ��� DQG � V

DFFRUGLQJ WR WKH PRGHO RI -RVKL DQG 6KDUPD� $W D VXSHUILFLDO JDV IORZ UDWH RI ������ P V
��
WKH

0HUFKXN DSSURDFK ZDV XVHG DQG D VXUIDFH FRQWDFW WLPH RI ���� V ZDV FDOFXODWHG DQG WKLV YDOXH

LV LQGHSHQGHQW RI FROXPQ GLDPHWHU� 7KH VXUIDFH FRQWDFW WLPH LV VWURQJO\ GHSHQGHQW RQ WKH

VXSHUILFLDO JDV IORZ� $W D IORZ RI ���� P V
��
WKH FRQWDFW WLPH GHFUHDVHV WR ���� V� 7KH GHSWK RI

WKH OLTXLG ILOP UHQHZHG DW WKH UHDFWRU ZDOO KDV WR EH HVWLPDWHG DUELWUDULO\� 0HUFKXN HW DO�

������ HVWLPDWHG � FP IRU D FROXPQ GLDPHWHU RI �� FP� $FFRUGLQJO\� WKH FLUFXODWLRQ WLPH LV

���� V DVVXPLQJ WKH SKRWLF ]RQH RYHUODSV ZLWK WKH OLTXLG ILOP UHQHZHG� $ OLTXLG ILOP OD\HU RI

� FP� KRZHYHU� LV ELJ DQG WKLV DSSURDFK GRHV QRW VHHP WR EH VXLWDEOH� 0RUHRYHU� ZH UH�

FDOFXODWHG WKH VXUIDFH FRQWDFW WLPH DQG RXU YDOXH RI ���� V �7DEOH ���� LV PRUH WKDQ WZR WLPHV

VPDOOHU WKDQ WKH YDOXH RI ��� V RULJLQDOO\ FDOFXODWHG E\ 0HUFKXN HW DO� �������
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7DEOH ���� /LTXLG FLUFXODWLRQ WLPH �WF� DQG VXUIDFH FRQWDFW WLPH �WVF� LQ EXEEOH FROXPQ

UHDFWRUV� :DWHU DW �� q& LV WDNHQ DV WKH OLTXLG SKDVH �$SSHQGL[ ,,��

7Y �P�o � ��� ���

YJV �P�V
��
� p WVF �V�

��� p WF �V�
��� p WF �V�

��� p

������ ���� � �

������ ���� ���� ����

��� FDOFXODWLRQV DFFRUGLQJ WR 0HUFKXN HW DO� ������

��� FDOFXODWLRQV DFFRUGLQJ WR -RVKL DQG 6KDUPD ������

$V D FRQVHTXHQFH� ZLWKRXW PRUH HODERUDWH UHVHDUFK RU VWXG\ RQ OLTXLG FLUFXODWLRQ LQ EXEEOH

FROXPQ UHDFWRUV ZH FDQ RQO\ PDNH D URXJK HVWLPDWLRQ RI WKH DYHUDJH FLUFXODWLRQ WLPH� 7KHVH

SUREDEO\ DUH LQ WKH UDQJH RI ��� WR �� V� 2QO\ DW KLJK VXSHUILFLDO JDV IORZ UDWHV �t ���� P V
��
�

ZH FDQ FRQFOXGH WKDW WKH DYHUDJH F\FOH WLPH ZLOO EH VKRUWHU WKDQ � V� 6XFK JDV IORZV KDYH QRW

EHHQ XVHG IRU PLFURDOJDH FXOWLYDWLRQ LQ SLORW�VFDOH VWXGLHV� 7KH UHDVRQ IRU WKLV FRXOG EH QRQ�

SXEOLVKHG REVHUYDWLRQV RI GHFUHDVHG SURGXFWLYLW\ GXH WR VKHDU VWUHVV LPSRVHG RQ PLFURDOJDH DW

KLJK DHUDWLRQ UDWHV� 7KLV KDV EHHQ REVHUYHG LQ DLU�OLIW UHDFWRUV GXULQJ EDWFK FXOWLYDWLRQ RI

3KDHRGDFW\OXP DQG 3RUK\ULGLXP �*RPH]� HW DO�� ����� 0HUFKXN� HW DO�� ������ 2Q WKH RWKHU

KDQG� LW VHHPV LW KDV QRW EHHQ WULHG \HW WR FXOWLYDWH D ZLGH UDQJH RI PLFURDOJDH LQ EXEEOH

FROXPQ UHDFWRUV DW KLJK VXSHUILFLDO JDV YHORFLWLHV �t ���� P V
��
��

)ODW SDQHO UHDFWRUV

)ODW SDQHO UHDFWRUV FRQVLVW RI D UHFWDQJXODU WUDQVSDUHQW ER[ ZLWK D GHSWK RI RQO\ � WR � FP�

+HLJKW DQG ZLGWK FDQ EH YDULHG WR VRPH H[WHQW EXW LQ SUDFWLFH RQO\ SDQHOV ZLWK D KHLJKW DQG

ZLGWK ERWK VPDOOHU WKDQ � P KDYH EHHQ VWXGLHG� $OVR WKHVH SKRWRELRUHDFWRUV DUH PL[HG ZLWK

DLU LQWURGXFHG YLD D SHUIRUDWHG WXEH DW WKH ERWWRP RI WKH UHDFWRU� ,Q RUGHU WR FUHDWH D KLJK

GHJUHH RI WXUEXOHQFH ��� WR ��� OLWHU RI DLU SHU OLWHU RI UHDFWRU YROXPH SHU PLQXWH KDV WR EH

SURYLGHG FRUUHVSRQGLQJ WR VXSHUILFLDO JDV YHORFLWLHV EHWZHHQ RI ����� WR ����� P V
��
�+X� HW

DO�� ����D� +X DQG 5LFKPRQG� ����� +X� HW DO�� ����E�� 8VXDOO\ WKH SDQHOV DUH LOOXPLQDWHG

IURP RQH VLGH E\ GLUHFW VXQOLJKW DQG WKH SDQHOV DUH SODFHG YHUWLFDOO\ RU LQFOLQHG IDFLQJ WKH VXQ�

,Q IODW SDQHO UHDFWRUV ELRPDVV FRQFHQWUDWLRQV DUH LQ WKH UDQJH RI � WR ���� J /
��
DW PD[LPDO

SURGXFWLYLW\ RI WKH F\DQREDFWHULXP 6SLUXOLQD SODWHQVLV �+X DQG 5LFKPRQG� ����� +X� HW DO��

����E�� 7KLV FRUUHVSRQGV WR ���� WR ��� J P
��
FKO�D XVLQJ D FKO�D FRQWHQW RI ���� � �+X� HW

DO�� ����E�� *LWHOVRQ HW DO� ������ VKRZHG WKDW WKH SHQHWUDWLRQ GHSWK IRU EOXH DQG UHG OLJKW LV

OHVV WKDQ � PP DW ��� J P
��
RI FKO�D IRU 6SLUXOLQD SODWHQVLV� $V DQ DYHUDJH IRU IODW SDQHO
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���

UHDFWRUV� D ELRPDVV FRQFHQWUDWLRQ RI �� J /
��
FDQ EH XVHG �+X� HW DO�� ����D� ����E DQG

����E�� FRUUHVSRQGLQJ WR ��� J FKO�D P
��
� 8VLQJ %HHU¶V ODZ ZH FDOFXODWHG D SHQHWUDWLRQ GHSWK

RI ��� PP IRU µUHG¶ OLJKW ���� QP� DQG WKLV LV HTXDO WR D SKRWLF ]RQH �H� RI ����� RU ����� IRU D

OLJKW SDWK RI ��� RU ��� FP� UHVSHFWLYHO\�

7KH IUHTXHQF\ RI WKH OLJKW�GDUN F\FOHV ZDV HVWLPDWHG EDVHG RQ WKH OLTXLG IORZ� ZKLFK ZDV

PHDVXUHG DV WKH UDWH RI GLVSHUVLRQ RI D G\H LQVLGH WKH UHDFWRU �+X� HW DO�� ����D� +X DQG

5LFKPRQG� ������ 7KH OLTXLG IORZ ZDV LQ WKH UDQJH RI �� WR �� FP V
��
� 5LFKPRQG ������

DVVXPHG WKDW WKH OLTXLG PRYHV ZLWK WKH VDPH YHORFLW\ DORQJVLGH WKH OLJKW�SDWK D[LV� ,Q WKDW

VLWXDWLRQ WKH OHQJWK RI D F\FOH ZRXOG EH �� � ��� PV DQG ��� � ��� PV LQ D ��� DQG ��� FP

OLJKW SDWK UHDFWRU� UHVSHFWLYHO\� 7KH DEVROXWH OHQJWK RI WKH OLJKW DQG GDUN SHULRGV FDQ EH

FDOFXODWHG E\ PXOWLSO\LQJ WKH UHODWLYH VL]H RI WKH GDUN RU OLJKW ]RQH DQG WKH HVWLPDWHG F\FOH

GXUDWLRQ� WKH UHVXOWV DUH VKRZQ LQ 7DEOH ���� 7KH DEVROXWH OHQJWK RI WKH OLJKW SHULRG IRU UHG

OLJKW LV RQO\ � WR �� PV�

7DEOH ���� (VWLPDWHG OLJKW�GDUN �/�'� F\FOHV IRU µUHG¶ OLJKW ���� QP� LQ VKRUW OLJKW�SDWK IODW

SDQHO UHDFWRUV �5LFKPRQG� ����� +X� HW DO�� ����D� +X DQG 5LFKPRQG� ������ FDOFXODWLRQV

DUH H[SODLQHG LQ WKH WH[W�

OLJKW�SDWK

�FP�

F\FOH GXUDWLRQ

�PV�

OLJKW IDFWLRQ �H�

���

OLJKW SHULRG �/�

�PV�

GDUN SHULRG �'�

�PV�

��� �� ��� ��� ����

��� ��� ��� ��� �����

��� ��� ��� ��� �����

��� ��� ��� ��� �����

7XEXODU UHDFWRUV

7XEXODU SKRWRELRUHDFWRUV FRQVLVW RI ORQJ WUDQVSDUHQW WXEHV ZLWK GLDPHWHUV UDQJLQJ IURP � WR �

FP DQG OHQJWKV UDQJLQJ IURP �� WR ��� P� 7KH FXOWXUH OLTXLG LV SXPSHG WKURXJK WKHVH WXEHV

E\ PHDQV RI PHFKDQLFDO RU DLU�OLIW SXPSV� 7KH WXEHV FDQ EH SRVLWLRQHG RQ PDQ\ GLIIHUHQW

ZD\V� LQ D KRUL]RQWDO SODQH DV VWUDLJKW WXEHV ZLWK D VPDOO RU ODUJH QXPEHU RI 8�EHQGV� YHUWLFDO�

FRLOHG DV D FLOLQGHU RU D FRQH� LQ D YHUWLFDO SODQH� SRVLWLRQHG LQ D IHQFH�OLNH VWUXFWXUH XVLQJ 8�

EHQGV RU FRQQHFWHG E\ PDQLIROGV� KRUL]RQWDO RU LQFOLQHG� SDUDOOHO WXEHV FRQQHFWHG E\

PDQLIROGV� LQ DGGLWLRQ� KRUL]RQWDO WXEHV FDQ EH SODFHG RQ GLIIHUHQW UHIOHFWLYH VXUIDFHV ZLWK D

FHUWDLQ GLVWDQFH EHWZHHQ WKH WXEHV� $OWKRXJK WXEXODU UHDFWRU GHVLJQ LV YHU\ GLYHUV� WKH

SUHGRPLQDQW HIIHFW RI WKH VSHFLILF GHVLJQV RQ WKH OLJKW UHJLPH LV D GLYHUVLW\ LQ WKH SKRWRQ IOX[
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GHQVLW\ LQFLGHQW RQ WKH UHDFWRU VXUIDFH �3)'LQ�� 7KH VKDSH RI WKH OLJKW JUDGLHQW LQ WKH WXEHV LV

VLPLODU LQ PRVW GHVLJQV� $OVR ZLWK UHVSHFW WR OLTXLG PL[LQJ� L�H� /�' F\FOLQJ� WKH

FLUFXPVWDQFHV LQ PRVW GHVLJQV DUH VLPLODU�

)LJXUH ���� /LJKW IUDFWLRQ �H� DV IXQFWLRQ RI WKH FKORURSK\OO�D �FKO�D� FRQFHQWUDWLRQ LQ

WXEXODU UHDFWRUV ZLWK GLDPHWHU RI � FP �VROLG OLQHV� DQG � FP �GDVKHG OLQHV� IRU EOXH ����

QP� O�� JUHHQ ���� QP� W� DQG UHG ���� QP� V� OLJKW� ,Q WKH VPDOO )LJXUH H LV JLYHQ DV D

IXQFWLRQ RI WKH SHQHWUDWLRQ GHSWK �GS�� 6SHFLILF DEVRUSWLRQ FRHIILFLHQWV RI 'XQDOLHOOD

WHUWLROHFWD FXOWLYDWHG XQGHU �� PPRO P��
V
��

�-DQVVHQ� HW DO�� ����D� ZHUH XVHG LQ

FRPELQDWLRQ ZLWK D PRGLILHG PRGHO RI (YHUV �)LJXUH ���� (T� ��� DQG (T� �����

7KH GLDPHWHU RI WKH WXEH DQG WKH ELRPDVV GHQVLW\ LQ WKH FXOWXUH OLTXLG DUH WKH SUHGRPLQDQW

IDFWRUV GHWHUPLQLQJ WKH OLJKW JUDGLHQW� $JDLQ ZH ZLOO XVH WKH PRGLILHG YHUVLRQ RI WKH PRGHO RI

(YHUV ������ WR HVWLPDWH WKH SHQHWUDWLRQ GHSWK RI EOXH ���� QP�� JUHHQ ���� QP� DQG UHG OLJKW

���� QP�� XVLQJ FKO�D VSHFLILF DEVRUSWLRQ FRHIILFLHQWV GHWHUPLQHG IRU 'XQDOLHOOD WHUWLROHFWD�

7KH RQO\ GLIIHUHQFH LV WKH GLDPHWHU XVHG IRU WKH FDOFXODWLRQV� 7KHVH ZHUH VPDOOHU WKDQ WKRVH

G
S �PP�

��� ��� ��� ��� ��� ���

H
��
�

����

����

����

����

����

����
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XVHG IRU WKH YHUWLFDO FROXPQ UHDFWRUV� � DQG � FP� 7KH UHVXOWV DUH SUHVHQWHG LQ )LJXUH ����

&RPSDULQJ )LJXUH ��� ZLWK )LJXUH ��� LW FDQ EH VHHQ WKDW ELRPDVV GHQVLW\ LQ WXEXODU V\VWHPV

WKHRUHWLFDOO\ FDQ EH KLJKHU ZLWK D IDFWRU � LQ RUGHU WR PDLQWDLQ WKH VDPH OLJKW IUDFWLRQ �H� DV LQ

ODUJHU GLDPHWHU ���� � ��� P� YHUWLFDO FROXPQ UHDFWRUV�

7RU]LOOR HW DO� ������ XVHG D FXOWXUH GHQVLW\ RI ��� DQG ��� J GZ /
��
IRU 6SLUXOLQD LQ D

KRUL]RQWDO WXEXODU V\VWHP RI ��� FP GLDPHWHU� )RU 6SLUXOLQD D FKO�D FRQWHQW RI ���� � RQ GZ

EDVLV ZDV PHDVXUHG LQ D VLPLODU V\VWHP E\ 7UHGLFL DQG =LWHOOL ������� 7UHGLFL DQG =LWHOOL XVHG

FXOWXUH GHQVLWLHV RI ��� DQG ��� J /
��
LQ KRUL]RQWDO WXEXODU V\VWHPV ZLWK LQWHUQDO GLDPHWHUV RI

��� DQG ��� FP� ,W DSSHDUV WKHUHIRUH WKDW LQ KRUL]RQWDO WXEXODU V\VWHPV RI � FP GLDPHWHU FKO�D

FRQFHQWUDWLRQ ZLOO EH EHWZHHQ �� WR �� J P
��
DQG WKLV FRUUHVSRQGV WR DQ H EHWZHHQ ���� DQG

���� IRU EOXH DQG UHG OLJKW �)LJXUH ����� $W WKHVH FKO�D FRQFHQWUDWLRQV ZH ZRXOG ILQG D

SHQHWUDWLRQ GHSWK RI DERXW � PP LQ D IODW SDQHO DFFRUGLQJ WR *LWHOVRQ HW DO� ������� 7KLV DOVR

FRUUHVSRQGV ZLWK RXU FDOFXODWLRQV� DV LV VKRZQ LQ )LJXUH ���� 3KRWLF YROXPHV RI ���� DQG ����

FRUUHVSRQG WR D SHQHWUDWLRQ GHSWK RI ��� DQG ��� PP� UHVSHFWLYHO\� ,Q DGGLWLRQ� *ULPD HW DO�

������ FRPSDUHG KRUL]RQWDO WXEXODU UHDFWRUV RI � FP DQG � FP GLDPHWHU� 7KH KLJKHVW

SURGXFWLYLWLHV RI WKH PLFURDOJD 3KDHRGDFW\OXP WULFRUQXWXP ZHUH UHDFKHG DW ELRPDVV GHQVLWLHV

EHWZHHQ � DQG � J /
��
�| �� � ��� J FKO�D�F P��

DW ��� � ��� � RI GZ� )HUQDQGH]� HW DO�� ������

7DEOH ���� /LTXLG FLUFXODWLRQ WLPH �WF� DQG VXUIDFH FRQWDFW WLPH �WVF� LQ WXEXODU

SKRWRELRUHDFWRUV� :DWHU DW �� q& LV WDNHQ DV WKH OLTXLG SKDVH �$SSHQGL[ ,, DQG $SSHQGL[

,,,��

G �FP�o � �

YOV �P V
��
� p WF �V�

��� p WVF �V�
��� p WF �V�

��� p WVF �V�
��� p

��� ���� ���� ���� ����

��� ���� ���� ���� ����

��� ���� ���� ���� ����

��� FDOFXODWLRQV DFFRUGLQJ WR )HUQDQGH] HW DO� ������

��� FDOFXODWLRQV DFFRUGLQJ WR 0HUFKXN HW DO� ������

)HUQDQGH] HW DO� ������ XVHG WKH FKDUDFWHULVWLF WXUEXOHQFH YHORFLW\ �'DYLHV� ����� WR HVWLPDWH

WKH DYHUDJH F\FOH WLPH LQ WXEXODU SKRWRELRUHDFWRUV� 7KLV SURFHGXUH LV HOXFLGDWHG LQ $SSHQGL[

,,, DQG WKH UHVXOWV DUH SUHVHQWHG LQ 7DEOH ���� $FFRUGLQJ WR WKHVH FDOFXODWLRQV WKH DYHUDJH

F\FOH WLPH �WF� LV EHWZHHQ ��� DQG � VHFRQGV GHSHQGLQJ RQ WXEH GLDPHWHU �G� DQG VXSHUILFLDO

D[LDO OLTXLG YHORFLW\ �YOV�� 7KH DYHUDJH VXUIDFH FRQWDFW WLPH �WVF� ZDV DOVR FDOFXODWHG IROORZLQJ

WKH SURFHGXUH RI 0HUFKXN HW DO� ������ �$SSHQGL[ ,,�� 7KH LQWHUQDO KHDW WUDQVIHU FRHIILFLHQWV
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IRU �WXUEXOHQW� SLSH IORZ ZHUH FDOFXODWHG XVLQJ WKH 6LHGHU�7DWH DQG +DXVHQ¶V HTXDWLRQV �3HUU\

DQG *UHHQH� ������ 7KH VXUIDFH FRQWDFW WLPHV ZHUH IRXQG WR EH KLJKHU WKDQ WKH F\FOH WLPHV

FDOFXODWHG XVLQJ WKH 'DYLHV HTXDWLRQ� $Q H[SODQDWLRQ IRU WKLV GLVFUHSDQF\ ZLOO EH JLYHQ LQ WKH

QH[W SDUDJUDSK�

5HVLGHQFH WLPH GLVWULEXWLRQ LQ SKRWLF DQG GDUN ]RQHV

,Q WKH SUHFHGLQJ SDUDJUDSKV HVWLPDWLRQV RI WKH DYHUDJH OHQJWK RI /�' F\FOHV LQ GLIIHUHQW

SKRWRELRUHDFWRUV DUH JLYHQ WRJHWKHU ZLWK DQ DQDO\VLV RI WKH OLJKW JUDGLHQW GXULQJ FXOWLYDWLRQ RI

SKRWRWURSKLF PLFURRUJDQLVPV� ,Q UHDOLW\ D GLVWULEXWLRQ LQ F\FOH WLPHV ZLOO H[LVW� 3RZHOO HW DO�

������ XVHG D SUREDELOLW\ PRGHO FDOLEUDWHG ZLWK D GLIIXVLRQ PRGHO WR FDOFXODWH WKLV GLVWULEXWLRQ

IRU WXUEXOHQW IORZ LQ VPDOO FKDQQHOV� 7KLV V\VWHP LV FRPSDUDEOH WR KRUL]RQWDO WXEXODU

SKRWRELRUHDFWRUV� 7KHLU FDOFXODWLRQV VKRZHG WKDW WKH UHVLGHQFH WLPH GLVWULEXWLRQ LQ SKRWLF DQG

GDUN ]RQHV ZDV YHU\ ZLGH DQG WKH\ FRQFOXGHG WKDW WKH DFWXDO OLJKW UHJLPH H[SHULHQFHG E\ DQ

DOJD ZLOO GHYLDWH FRQVLGHUDEO\ IURP WKH FDOFXODWHG DYHUDJH /�' F\FOH�

$QRWKHU FRPSOLFDWLQJ IDFWRU LV WKH IDFW WKDW WKH PL[LQJ LQWHQVLW\ LV QRW XQLIRUP DFURVV WKH

FURVV VHFWLRQ RI D WXEXODU UHDFWRU� (YHQ LQ WXUEXOHQW IORZ D ODPLQDU VXE�OD\HU GHYHORSV DW WKH

UHDFWRU VXUIDFH� 7KH GHSWK RI WKLV OD\HU FDQ EH FDOFXODWHG XVLQJ 'HLVVOHUV HPSLULFDO IRUPXOD

�%LUG� HW DO�� ������ ,Q D WXEH ZLWK D GLDPHWHU RI � FP DQG D VXSHUILFLDO OLTXLG IORZ RI ��� P V
��

WKH GHSWK RI WKH ODPLQDU VXEOD\HU LV ���� PP� 7XUEXOHQW IORZ LV RQO\ IXOO\ GHYHORSHG DW D

GHSWK RI ���� PP� 7KLV LV DOVR LQ DJUHHPHQW ZLWK WKH UHODWLYHO\ ORQJ VXUIDFH FRQWDFW WLPH

FDOFXODWHG IRU WKLV V\VWHP� ,Q 7DEOH ��� FDQ EH VHHQ WKDW WKH VXUIDFH FRQWDFW WLPH �WFV� HTXDOV

���� V� EXW WKH DYHUDJH GXUDWLRQ RI D OLJKW�GDUN F\FOH �WF� LV RQO\ ���� V� ,W LV YHU\ OLNHO\ WKDW

OLTXLG HOHPHQWV FORVH WR WKH UHDFWRU VXUIDFH �� ���� PP� VHH DERYH� DUH UHODWLYHO\ VORZO\

UHSODFHG ZLWK HOHPHQWV FRPLQJ IURP WKH LQWHULRU� $OJDH VXVSHQGHG LQ WKH VXUIDFH OLTXLG ILOP

FRXOG EH H[SRVHG WR KLJK SKRWRQ IOX[ GHQVLWLHV PXFK ORQJHU WKDQ HVWLPDWHG IURP WKH DYHUDJH

OLJKW H[SRVXUH WLPH �WO  WF u H�� $OVR LQ EXEEOH FROXPQ DQG DLU�OLIW UHDFWRUV WKH OLTXLG FORVH WR

WKH UHDFWRU VXUIDFH ZLOO EH PL[HG PRUH VORZO\� ,Q VKRUW OLJKW�SDWK DHUDWHG IODW SDQHO UHDFWRUV

WKLV HIIHFW FRXOG EH UHGXFHG E\ JDV EXEEOHV UHJXODUO\ VKHDULQJ WKH VXUIDFH�

3KRWRV\QWKHWLF HIILFLHQF\ LQ HQFORVHG RXWGRRU SKRWRELRUHDFWRUV

3URGXFWLYLW\ RI SKRWRELRUHDFWRUV LV OLJKW OLPLWHG DV H[SODLQHG LQ WKH VHFWLRQ RQ SKRWRV\QWKHWLF

HIILFLHQF\ DQG OLJKW UHJLPH� 7KH OLJKW UHJLPH LQVLGH WKH UHDFWRU� WKHUHIRUH� KDV D SUHGRPLQDQW

HIIHFW RQ WKH SURGXFWLYLW\� ,Q WKH SUHFHGLQJ VHFWLRQ WKH OLJKW UHJLPH ZDV DQDO\]HG ZLWK UHVSHFW
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WR WKH OLJKW JUDGLHQW DQG PL[LQJ�LQGXFHG /�' F\FOHV� 7KH SKRWRV\QWKHWLF HIILFLHQF\ RI

SKRWRWURSKLF JURZWK LQ SLORW�VFDOH SKRWRELRUHDFWRUV LV FRYHUHG LQ WKLV VHFWLRQ DQG LV UHODWHG WR

WKH OLJKW UHJLPH� 5HDFWRUV DUH FRPSDUHG ZLWK UHVSHFW WR WKH SKRWRV\QWKHWLF HIILFLHQF\ �3(��

HQHUJ\ VWRUHG DV ELRPDVV SURGXFHG SHU XQLW RI OLJKW HQHUJ\ DEVRUEHG LQ WKH 3$5 UDQJH �����

��� QP�� 7KH PD[LPXP 3( XQGHU LGHDO FRQGLWLRQV LV �� � �5DGPHU DQG .RN� ����� .LUN�

������ RU � � EDVHG RQ IXOO VRODU LUUDGLDQFH �DOO ZDYHOHQJWKV LQFOXGHG�� 1H[W WR WKH 3( DOVR

WKH GU\ ZHLJKW �GZ� ELRPDVV \LHOG RQ OLJKW HQHUJ\ �<GZ�(� LV XVHG� GU\ ZHLJKW SURGXFHG SHU

PRO RI SKRWRQV DEVRUEHG LQ WKH 3$5 UDQJH�

,Q 7DEOH ��� WKH UHDFWRU W\SHV GLVFXVVHG EHIRUH DUH FRPSDUHG XVLQJ UHSUHVHQWDWLYH H[DPSOHV

IURP OLWHUDWXUH� 2QO\ D IHZ VWXGLHV KDYH EHHQ SXEOLVKHG RQ EXEEOH FROXPQ DQG DLU�OLIW UHDFWRUV

IRU SKRWRWURSKLF FXOWLYDWLRQ XQGHU KLJK�3)' RXWGRRU FRQGLWLRQV� &RPELQLQJ SURGXFWLYLW\ GDWD

RI &DPDFKR HW DO� ������ DQG 0LUyQ HW DO� �����D� DQG VRODU LUUDGLDQFH GDWD IURP WKH (XURSHDQ

'DWDEDVH RI 'D\OLJKW DQG 6RODU 5DGLDWLRQ �)RQWR\QRQW� HW DO�� ����� ZH ZHUH DEOH WR FDOFXODWH

ELRPDVV \LHOGV �<GZ�(� IRU WKH GLDWRP 3KDHRGDFW\OXP� 7KHVH ZHUH FRQVLGHUDEOH� D \LHOG RI

���� J GZ PRO
��
ZDV IRXQG IRU D ����� GLDPHWHU GUDIW�WXEH DLU�OLIW UHDFWRU� ,Q ODUJHU GLDPHWHU

������ P� EXEEOH FROXPQ DQG DOVR DLU�OLIW UHDFWRUV �LQWHUQDO GUDXJKW WXEH DQG VSOLW�F\OLQGHU� D

VLPLODU \LHOG ZDV REWDLQHG� ���� J GZ PRO
��
� ,Q DGGLWLRQ� 0HUFKXN HW DO� ������ GLG QRW ILQG D

GLIIHUHQFH EHWZHHQ D EXEEOH FROXPQ UHDFWRU DQG D GUDIW�WXEH DLU�OLIW UHDFWRU �GLDPHWHU� ���� P�

UHDFWRU KHLJKW� � P� XQGHU LQGRRU FRQGLWLRQV �3)'LQ  ��� PPRO P
��
V
��
��

,W PD\ VHHP VXUSULVLQJ WKDW EXEEOH FROXPQ DQG DLU�OLIW UHDFWRUV VKRZ D VLPLODU \LHOG EHFDXVH

/�' F\FOHV LQ WKHVH V\VWHPV ZHUH VKRZQ WR EH TXLWH GLIIHUHQW LQ WKH SUHYLRXV SDUDJUDSK� 7KH

VXSHUILFLDO JDV IORZ UDWHV LQ WKHVH FRPSDUDWLYH VWXGLHV� KRZHYHU� ZHUH ORZ� ������ DQG �����

P V
��
UHVSHFWLYHO\ �0HUFKXN� HW DO�� ����� 0LURQ� HW DO�� ����D�� 7KLV LV WKH UHDVRQ WKH DYHUDJH

F\FOH WLPHV LQVLGH WKH EXEEOH FROXPQ UHDFWRUV DUH GLIILFXOW WR HVWLPDWH� %XW� DV PHQWLRQHG LQ

WKH VHFRQG SDUDJUDSK� WKH DYHUDJH /�' F\FOH FRXOG EH FORVH WR �� V� ,Q DGGLWLRQ� WKH KHLJKW RI

WKH UHDFWRUV ZDV RQO\ � P DQG WKH FLUFXODWLRQ WLPH LQ DQ DLU�OLIW LV SURSRUWLRQDO WR WKH VTXDUH

URRW RI WKH OLTXLG GLVSHUVLRQ KHLJKW �KG�� ,W FDQ EH FDOFXODWHG WKDW WKH FLUFXODWLRQ WLPH LQ WKH DLU�

OLIW UHDFWRUV ZLOO EH DSSUR[LPDWHO\ �� V� 7KHVH IDFWV FRPELQHG OHDG WR WKH FRQFOXVLRQ WKDW WKH

OLJKW UHJLPH LQ WKH EXEEOH FROXPQV DQG DLU�OLIW UHDFWRUV VWXGLHG UHVHPEOH HDFK RWKHU DV GRHV

WKHLU SURGXFWLYLW\�

,W LV SRVVLEOH WKDW WKH SHUIRUPDQFH RI EXEEOH FROXPQV ZLOO LPSURYH ZKHQ RSHUDWHG XQGHU

KLJKHU VXSHUILFLDO JDV YHORFLWLHV EHFDXVH F\FOH WLPHV ZLOO EHFRPH PXFK VKRUWHU DQG ZLOO EH ���

V RU OHVV LQ WKH KHWHURJHQHRXV IORZ UHJLPH �7DEOH ����� 7HUU\ HW DO� ������ GHPRQVWUDWHG WKDW

WKH SKRWRV\QWKHWLF HIILFLHQF\ RI 3KDHRGDFW\OXP XQGHU KLJK 3)'V ZDV KLJKHU XQGHU OLJKW�GDUN



&KDSWHU �

���

F\FOHV ����� � � V� LQ FRPSDULVRQ WR FRQWLQXRXV OLJKW� ,Q DGGLWLRQ� WKH SHUIRUPDQFH RI EXEEOH

FROXPQV FRPSDUHG WR DLU�OLIW UHDFWRUV PLJKW EH EHWWHU DW LQFUHDVHG FROXPQ KHLJKW� &\FOH WLPHV

LQ �� P DLU�OLIW FROXPQV DUH �� V �7DEOH ���� LQ FRPSDULVRQ WR �� V LQ � P FROXPQV� ,Q &KDSWHU

� �%DUERVD� HW DO�� ����� ZDV GHPRQVWUDWHG WKDW WKH SKRWRV\QWKHWLF HIILFLHQF\ RI 'XQDOLHOOD

WHUWLROHFWD GHFUHDVHG VOLJKWO\ ZKHQ WKH F\FOH WLPH ZDV LQFUHDVHG� $V RSSRVHG WR DLU�OLIW

UHDFWRUV� FLUFXODWLRQ WLPHV LQ EXEEOH FROXPQV DUH QRW GHSHQGHQW RQ FROXPQ KHLJKW �$SSHQGL[

,,��

7KH ELRPDVV GHQVLW\ RI 3KDHRGDFW\OXP LQ WKH YHUWLFDO FROXPQ UHDFWRUV ZDV VXFK WKDW WKH

SKRWLF ]RQH FRPSULVHG RQO\ � WR �� � RI WKH FXOWXUH YROXPH IRU EOXH DQG UHG OLJKW� ,Q

&KDSWHUV �� � DQG � ZDV FRQFOXGHG WKDW WKH SKRWRV\QWKHWLF HIILFLHQF\ RI WKH JUHHQ DOJDH

&KODP\GRPRQDV UHLQKDUGWLL DQG 'XQDOLHOOD WHUWLROHFWD XQGHU PHGLXP�GXUDWLRQ /�' F\FOHV

��� � ��� V� ZHUH KLJKHVW DW KLJK UHODWLYH SKRWLF YROXPHV �-DQVVHQ� HW DO�� ����D DQG ����E�

%DUERVD� HW DO�� ������ ([WUDSRODWLQJ WKHVH UHVXOWV ZRXOG UHVXOW LQ ORZ ELRPDVV GHQVLWLHV

FRUUHVSRQGLQJ WR D SKRWLF ]RQH RI PRUH WKDQ ���� �H�� $SSDUHQWO\ WKHVH UHVXOWV FDQQRW EH

H[WUDSRODWHG GLUHFWO\� 2QH GLVFUHSDQF\ LV WKH IDFW WKDW GLIIHUHQW RUJDQLVPV ZHUH XVHG� 7KH &KO�

D FRQWHQW RQ D GZ EDVLV RI 'XQDOLHOOD� IRU H[DPSOH� LV WZLFH DV KLJK WKDW RI 3KDHRGDFW\OXP�

7KLV ZLOO UHIOHFW RQ WKH OLJKW JUDGLHQW DQG SRVVLEO\ DOVR RQ WKH SKRWRV\QWKHWLF HIILFLHQF\� 0RUH

LPSRUWDQW FRXOG EH WKH VHW�XS RI WKH ODE�VFDOH H[SHULPHQWV� ,Q WKH ODERUDWRU\ ZHOO�GHILQHG

OLJKW�GDUN F\FOHV ZHUH DSSOLHG LQ ORZ�GHQVLW\ FXOWXUHV XVLQJ DOWHUQDWLQJ OLJKW VRXUFHV� $V D

UHVXOW� GDUN SHULRGV ZHUH FRPSOHWHO\ GDUN DQG QR SKRWRV\QWKHVLV ZDV SRVVLEOH� ,Q WKH SLORW�

VFDOH UHDFWRUV WKH LQWHULRU LV QRW FRPSOHWHO\ GDUN EHFDXVH WKH GDUN ]RQH VWLOO UHFHLYHV �� � RI

WKH WRWDO SKRWRQ IOX[� ,Q DGGLWLRQ� JUHHQ OLJKW LV DEOH WR SHQHWUDWH PXFK IXUWKHU LQVLGH WKH

FXOWXUH WKDQ EOXH DQG UHG OLJKW �)LJXUH ����� DQG FDQ EH XWLOL]HG DV HIILFLHQWO\ E\ PDQ\

PLFURDOJDH �(PHUVRQ DQG /HZLV� ����� 7DQDGD� ������

7XEXODU SKRWRELRUHDFWRUV DUH DV HIILFLHQW RU OHVV HIILFLHQW WKDQ EXEEOH FROXPQ RU DLU�OLIW

UHDFWRUV �7DEOH ����� 7KH ELRPDVV \LHOG� <GZ�(� UDQJHV IURP ���� WR ���� J GZ PRO
��
IRU

3KDHRGDFW\OXP LQ DQ H[WHQVLYH VWXG\ GRQH E\ )HUQDQGH] HW DO� ������� 7KHVH \LHOGV ZHUH

EDVHG RQ WKH SKRWRQ IOX[ HQWHULQJ WKH WXEHV EHFDXVH WKH SRVLWLRQLQJ RI WKH WXEHV WKHPVHOYHV RQ

WKH DYDLODEOH JURXQG VXUIDFH ZDV QRW RSWLPL]HG \HW� 7KLV ZDV GRQH ODWHU DQG DQ DHULDO

SURGXFWLYLW\ RI ���� J GZ P
��
G
��
ZDV IRXQG LQ WKH VSULQJ WLPH LQ 6RXWKHUQ 6SDLQ ZLWKRXW

DIIHFWLQJ WKH SKRWRV\QWKHWLF HIILFLHQF\ RI WKH FXOWXUH �)HUQDQGH]� HW DO�� ������ 7RU]LOOR HW DO�

������ IRXQG ���� J GZ P
��
G
��
IRU 6SLUXOLQD LQ VXPPHU WLPH LQ QRUWKHUQ ,WDO\� 7KLV ODVW YDOXH

ZDV UHFDOFXODWHG E\ WKHP DQG FRUUHVSRQGHG WR D <GZ�( RI ���� J PRO
��
DQG D 3( RI ��� �

�7DEOH �����
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$OWKRXJK WKH ELRPDVV \LHOG LQ WXEXODU UHDFWRUV LV ORZHU WKDQ RU FRPSDUDEOH WR WKH \LHOG LQ

YHUWLFDO FROXPQ UHDFWRUV� WKH ELRPDVV GHQVLW\ LV WZLFH DV KLJK �7DEOH ����� :LWK UHVSHFW WR WKH

OLJKW UHJLPH� WXEXODU SKRWRELRUHDFWRUV VKRXOG EH EHWWHU EHFDXVH WKH DYHUDJH /�' F\FOHV DUH

VKRUWHU WKDQ LQ WKH YHUWLFDO FROXPQ UHDFWRUV �7DEOH ����� ,W VHHPV� WKHUHIRUH� WKDW RWKHU IDFWRUV

OLPLW WKH SKRWRV\QWKHWLF HIILFLHQF\� IRU H[DPSOH DFFXPXODWLRQ RI SKRWRV\QWKHWLFDOO\ SURGXFHG

R[\JHQ LQ WKH QRQ�DHUDWHG WXEHV �:HLVVPDQ� HW DO�� ������ 7KLV LV VXSSRUWHG E\ WKH IDFW WKH

HIILFLHQF\ LV ORZHU LQ WXEHV ZLWK VPDOOHU GLDPHWHU DQG KLJKHU YROXPHWULF SURGXFWLYLW\ �7DEOH

����� 2[\JHQ FRPSHWHV ZLWK FDUERQ GLR[LGH IRU WKH FDUERQ GLR[LGH IL[LQJ HQ]\PH 5XELVFR LQ

D SURFHVV FDOOHG SKRWRUHVSLUDWLRQ� %XW� PD\EH PRUH LPSRUWDQW LV WKH KLJK SHDN LUUDGLDQFH

FORVH WR WKH UHDFWRU ZDOO LQ WXEXODU SKRWRELRUHDFWRUV �&DPDFKR� HW DO�� ������ 0LFURDOJDH

FRXOG EH H[SRVHG WR WKLV SHDN LUUDGLDQFH IRU D IHZ VHFRQGV �7DEOH ���� EHFDXVH WKH ODPLQDU

VXEOD\HU LV SRRUO\ PL[HG� &RPELQHG ZLWK WKH HOHYDWHG R[\JHQ SDUWLDO SUHVVXUH �9DFKD� �����

WKLV FRXOG OHDG WR FRQVLGHUDEOH SKRWRLQKLELWLRQ�

)HUQDQGH] HW DO� ������ GHYHORSHG D PRGHO WR SUHGLFW SURGXFWLYLW\ LQ WXEXODU SKRWRELRUHDFWRUV�

7KH\ RQO\ IRXQG D JRRG ILW RI WKHLU H[SHULPHQWV LI WKH\ LQFOXGHG SKRWRLQKLELWLRQ LQ WKHLU

JURZWK HTXDWLRQ� ,Q DGGLWLRQ� 7RU]LOOR HW DO� ������ GLUHFWO\ VKRZHG SKRWRLQKLELWLRQ LQ DQ

RXWGRRU WXEXODU SKRWRELRUHDFWRU� ,Q YHUWLFDO FROXPQ UHDFWRUV� RQ WKH RWKHU KDQG�

SKRWRLQKLELWLRQ ZLOO EH PXFK OHVV VHYHUH EHFDXVH WKH LUUDGLDQFH LV PRUH HYHQO\ GLVWULEXWHG

DFURVV WKH UHDFWRU ZDOO �&DPDFKR� HW DO�� ������ $OVR R[\JHQ DFFXPXODWLRQ ZLOO QRW EH D

SUREOHP LQ ZHOO�DHUDWHG FROXPQ DQG IODW SDQHO SKRWRELRUHDFWRUV�

)ODW SDQHO UHDFWRUV DSSHDU WR EH VXSHULRU WR WKH RWKHU UHDFWRU W\SHV ZLWK UHVSHFW WR WKH

SKRWRV\QWKHWLF HIILFLHQF\ RU ELRPDVV \LHOG RQ OLJKW HQHUJ\� 0RUHRYHU� ELRPDVV GHQVLW\ LV

KLJKHVW LQ WKHVH V\VWHPV �7DEOH ����� 8VLQJ KLJK�3)' LOOXPLQDWLRQ D SKRWRV\QWKHWLF HIILFLHQF\

RI �� � ZDV UHDFKHG FRUUHVSRQGLQJ WR D ELRPDVV \LHOG �GZ� RQ OLJKW HQHUJ\ RI ���� J PRO���

$OVR LQ RXWGRRU FRQGLWLRQV HIILFLHQFLHV RI �� WR �� � ZHUH UHDFKHG� ,W VKRXOG EH QRWHG WKDW

SRZHU FRQVXPSWLRQ RI DHUDWLRQ LV KLJK� ��� : P�� �$SSHQGL[ ,9�� $OWKRXJK OLJKW HQHUJ\ LV

XWLOL]HG YHU\ HIILFLHQWO\� D FRQVLGHUDEOH DPRXQW RI HQHUJ\ ZLOO EH QHHGHG WR IHHG WKH DLU

FRPSUHVVRU�V��

7KH OLJKW SDWK LQ WKH SDQHOV LV YHU\ VPDOO ���� FP� DQG WKH ELRPDVV GHQVLW\ ZDV KLJK UDQJLQJ

IURP � WR ���� J /��� 2SWLPDO YROXPHWULF SURGXFWLYLW\ ZDV DFKLHYHG DW KLJK ELRPDVV GHQVLWLHV�

,Q SDUDJUDSK � LW ZDV DOUHDG\ VKRZQ WKDW WKH DYHUDJH OLJKW�GDUN F\FOHV DUH YHU\ VKRUW LQ WKHVH

UHDFWRUV ��� WR ��� PV� ZLWK D UHODWLYHO\ VKRUW OLJKW SHULRG �� WR � � IRU UHG OLJKW�� 7KLV

VSHFLILF OLJKW UHJLPH LV FRQVLGHUHG WR EH WKH NH\ IDFWRU OHDGLQJ WR WKH KLJK SKRWRV\QWKHWLF

HIILFLHQF\ RI IODW SDQHO SKRWRELRUHDFWRUV �5LFKPRQG� ������ 7KLV K\SRWKHVLV LV VXSSRUWHG E\
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WKH IDFW WKDW LQ ODE�VFDOH VWXGLHV XQGHU VKRUW /�' F\FOHV �� PV � � V� WKH SKRWRV\QWKHWLF

HIILFLHQF\ ZDV KLJKHU WKDQ WKH HIILFLHQF\ GHWHUPLQHG XQGHU FRQWLQXRXV LOOXPLQDWLRQ RI D 3)'

HTXDO WR WKH 3)' LQ WKH OLJKW ]RQH �3KLOOLSV DQG 0\HUV� ����� 7HUU\� ����� 1HGEDO� HW DO��

����� -DQVVHQ� HW DO�� ������

7KH DQDO\VLV RI W\SLFDO H[DPSOHV RI PLFURDOJDO FXOWLYDWLRQ LQ HQFORVHG �RXWGRRU�

SKRWRELRUHDFWRUV VKRZHG WKDW WKH SKRWRV\QWKHWLF HIILFLHQF\ DQG SURGXFWLYLW\ LV GHWHUPLQHG E\

WKH OLJKW UHJLPH LQVLGH WKH UHDFWRUV� ,Q DGGLWLRQ WR WKH OLJKW UHJLPH� RQO\ R[\JHQ DFFXPXODWLRQ

DQG VKHDU VWUHVV OLPLW SURGXFWLYLW\ LQ FHUWDLQ GHVLJQV� .QRZOHGJH RI WKH OLJKW UHJLPH LQVLGH

SKRWRELRUHDFWRUV� LQFOXGLQJ PL[LQJ�LQGXFHG /�' F\FOHV� DOORZV TXDOLWDWLYH HVWLPDWLRQ RI WKH

SKRWRV\QWKHWLF HIILFLHQF\ DQG YROXPHWULF SURGXFWLYLW\� SURYLGHG JDV H[FKDQJH LV VXIILFLHQW WR

SUHYHQW R[\JHQ EXLOW�XS� 0RUH DFFXUDWH PRGHOLQJ RI OLJKW UHJLPH� LQFOXGLQJ VFDWWHULQJ� OLTXLG

FLUFXODWLRQ� LQFOXGLQJ UHVLGHQFH WLPH GLVWULEXWLRQ� DQG� PRVW LPSRUWDQWO\� PRUH NQRZOHGJH RI

SKRWRV\QWKHVLV G\QDPLFV XQGHU FKDQJLQJ OLJKW UHJLPHV FDQ SURYLGH XV ZLWK D TXDQWLWDWLYH

PRGHO WR SUHGLFW SKRWRELRUHDFWRU SURGXFWLYLW\�

,PSURYHPHQW SKRWRV\QWKHWLF HIILFLHQF\ SKRWRELRUHDFWRUV

7KH SKRWRV\QWKHWLF HIILFLHQF\ �3(� RI WKH SKRWRELRUHDFWRUV GHVFULEHG SRVVLEO\ FDQ EH

LQFUHDVHG� +LJKHU JDV IORZ UDWHV LQ EXEEOH FROXPQV FRXOG OHDG WR VKRUWHU /�' F\FOHV� KLJKHU

ELRPDVV GHQVLW\ DQG D KLJKHU 3(� %XW� KLJKHU JDV IORZ UDWHV ZLOO DOVR OHDG WR LQFUHDVHG SRZHU

FRQVXPSWLRQ �$SSHQGL[ ,9� DQG VKHDU VWUHVV IRU WKH PLFURRUJDQLVPV� %RWK HIIHFWV ZLOO KDYH WR

EH EDODQFHG LQ WKH IXWXUH� :LWK UHVSHFW WR DLU�OLIW UHDFWRUV LW LV LQWHUHVWLQJ WR DSSO\ DQQXOXV

VSDUJLQJ LQVWHDG RI VSDUJLQJ WKH LQQHU F\OLQGHU� ,Q WKDW ZD\ WXUEXOHQFH LV VKLIWHG IURP WKH GDUN

]RQH LQ WKH FHQWHU RI WKH SKRWRELRUHDFWRU WR WKH SKRWLF ]RQH LQ WKH RXWHU F\OLQGHU DQG WKLV

FRXOG OHDG WR KLJKHU HIILFLHQFLHV�

0DQ\ LQWHUHVWLQJ LGHDV RQ WKH LPSURYHPHQW RI WKH SKRWRV\QWKHWLF HIILFLHQF\ LQ WXEXODU

SKRWRELRUHDFWRUV KDYH EHHQ SXEOLVKHG� 0RVW GHVLJQV LQYROYH D ORZHU 3)' LQFLGHQW RQ WKH

VXUIDFH RI WKH WXEHV� IRU H[DPSOH WKH FRQH�VKDSHG KHOLFDO UHDFWRU �0RULWD� HW DO�� ������ WKH D�

VKDSHG WXEXODU UHDFWRU �/HH� HW DO�� ����� RU XQGXODWLQJ URZ SKRWRELRUHDFWRUV �&DUOR]]L� ������

/RZHU 3)'V ZLOO OHDG WR FRQVLGHUDEO\ KLJKHU HIILFLHQFLHV DV H[SODLQHG LQ WKH VHFWLRQ

µSKRWRV\QWKHWLF HIILFLHQF\ DQG OLJKW UHJLPH¶ DQG FOHDUO\ GHPRQVWUDWHG E\ *ULPD HW DO� �������

7KH GLVDGYDQWDJH RI PRVW RI WKHVH GHVLJQV LV WKHLU FRPSOH[LW\� ,Q DGGLWLRQ� WKH ELRPDVV

GHQVLW\ DW RSWLPDO SURGXFWLYLW\ ZLOO EH ORZHU LQ FRPSDULVRQ WR WKH RULJLQDO KRUL]RQWDO WXEHV�

,Q D VLPLODU ZD\ WKH HIILFLHQF\ RI IODW SDQHOV LV KLJKHVW ZKHQ WKH\ DUH SODFHG YHUWLFDOO\ DQG�RU

FORVH WR HDFK RWKHU �3XO]� HW DO�� ����� 5LFKPRQG� ����� 3XO]� HW DO�� ������ 7KLV ZDV
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GHPRQVWUDWHG E\ +X HW DO� �����E�� ,Q 7DEOH ��� WKHLU GDWD ZHUH VKRZQ� 7KH 3( UDQJHG IURP

�� WR �� � LQ WKH RXWGRRU IODW SDQHO UHDFWRUV LQFOLQHG DW GLIIHUHQW DQJOHV� 0RUH VSHFLILFDOO\� LQ

WKH UHDFWRUV LQFOLQHG DW ��q DQG ��q ZLWK WKH KRUL]RQWDO WKH 3( UDQJHG IURP �� WR �� �� ,Q WKH

UHDFWRUV LQFOLQHG DW ��q 3( ZDV DERXW �� � DQG LQ YHUWLFDO UHDFWRUV ���q� HIILFLHQFLHV RI �� �

ZHUH UHDFKHG �+X� HW DO�� ����E�� ,I WKH SDQHOV DUH SODFHG YHUWLFDOO\� DQG�RU FORVH WR HDFK RWKHU�

WKH LUUDGLDQFH DW WKH VXUIDFH DURXQG VRODU QRRQ ZLOO EH ORZHU DQG� DV D FRQVHTXHQFH� OLJKW

HQHUJ\ LV XWLOL]HG PRUH HIILFLHQWO\� %XW DJDLQ� WKH RSWLPDO ELRPDVV GHQVLW\ ZLOO EH

FRQVLGHUDEO\ ORZHU LQ YHUWLFDO V\VWHPV LQ FRPSDULVRQ WR LQFOLQHG V\VWHPV�

6FDOH�XS RI SKRWRELRUHDFWRUV

7KH VFDODELOLW\ RI YHUWLFDO DLU�OLIW UHDFWRUV DQG EXEEOH FROXPQV LV RIWHQ XVHG DV DQ DGYDQWDJH RI

WKHVH V\VWHPV �0LURQ� HW DO�� ������ ,Q WKH VDPH VWXG\ FDOFXODWLRQV IRU D SURGXFWLRQ IDUP RI

HLFRVDSHQWDHQRLF DFLG IURP 3KDHRGDFW\OXP WULFRUQXWXP EDVHG RQ WKH XVH RI EXEEOH FROXPQV

ZHUH SUHVHQWHG� 7KH FROXPQ YROXPH ZDV RQO\ ��� / ���� P GLDPHWHU DQG � P KHLJKW� DQG

KHQFH D ODUJH IRUHVW RI FROXPQV ZRXOG EH QHFHVVDU\ IRU D FRQVLGHUDEOH SURGXFWLRQ FDSDFLW\� $

VLJQLILFDQW LQFUHDVH RI WKH FROXPQ YROXPH LV QRW SRVVLEOH� 7KH GLDPHWHU FDQQRW EH LQFUHDVHG

ZLWKRXW D GHFUHDVH LQ WKH ELRPDVV GHQVLW\ DQG� FRUUHVSRQGLQJO\� YROXPHWULF SURGXFWLYLW\ ZKHQ

D VLPLODU UHODWLYH SKRWLF YROXPH PXVW EH PDLQWDLQHG �)LJXUH ����� $OVR FROXPQ KHLJKW FDQQRW

EH LQFUHDVHG VLJQLILFDQWO\ EHFDXVH WKH D[LDO PL[LQJ UDWH ZLOO GHFUHDVH DQG WKH UHDFWRU PXVW EH

DEOH WR UHVLVW KLJK ZLQG ORDGV�

7KH PD[LPDO XQLW VL]H RI WXEXODU SKRWRELRUHDFWRUV LV OLPLWHG WRR �)HUQDQGH]� HW DO�� ������ 7KH

WXEH OHQJWK LV OLPLWHG EHFDXVH RI R[\JHQ DFFXPXODWLRQ LQ WKH QRQ�DHUDWHG WXEHV� 2[\JHQ

DFFXPXODWLRQ DOVR PDQGDWHV D FHUWDLQ OLTXLG YHORFLW\ LQ D WXEH RI IL[HG OHQJWK� 7KH GLDPHWHU

LV EDODQFHG WR REWDLQ DQ RSWLPXP IRU WZR FRQIOLFWLQJ SDUDPHWHUV� DHULDO SURGXFWLYLW\ �| <GZ�(

RU 3(� DQG YROXPHWULF SURGXFWLYLW\ �| ELRPDVV GHQVLW\�� ,Q DGGLWLRQ� WKH OLTXLG IORZ LQ WKH

WXEHV VKRXOG EH WXUEXOHQW WR REWDLQ VKRUW /�' F\FOHV� 7KH SKRWRWURSKV� KRZHYHU� FRXOG EH

VXEMHFWHG WR KLJK VKHDU VWUHVVHV DW KLJK OLTXLG IORZ UDWHV DQG WKHUHIRUH WKH IORZ UDWH VKRXOG EH

OLPLWHG� )HUQDQGH] HW DO� ������ IRXQG D JRRG EDODQFH LQ D ELRUHDFWRU ZLWK D WXEXODU ORRS RI ��

P DQG D WXEH GLDPHWHU RI � FP� 7KH UHDFWRU YROXPH ZDV RQO\ ��� / RQ D �� P� ODQG DUHD� 7KH

RQO\ ZD\ WR VFDOH WXEXODU V\VWHPV IXUWKHU WKDQ WKLV VL]H ZDV GHVFULEHG E\ 5LFKPRQG HW DO�

������ DQG LV DOVR XVHG LQ WKH %,2&2,/ GHVLJQ �%RURZLW]ND� ������ ,Q WKHVH GHVLJQV D
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QXPEHU RI WXEHV DUH FRQQHFWHG YLD PDQLIROGV� ,Q WKLV ZD\ WKH UHDFWRU YROXPH FDQ EH LQFUHDVHG

ZLWKRXW LQFUHDVLQJ WKH OHQJWK RI WKH VHSDUDWH WXEHV�

7KLV LV DOVR WKH SDWK IROORZHG DW WKH ,*9 �,QVWLWXW I�U *HWUHLGHYHUDUEHLWXQJ *PE+� *HUPDQ\��

$IWHU ORQJ�WHUP LQYHVWLJDWLRQ E\ WKH ,*9 WKH *HUPDQ FRPSDQ\ 3UHXVVDJ LQLWLDWHG WKH

FRQVWUXFWLRQ RI D �� PLOOLRQ '0 SKRWRELRUHDFWRU V\VWHP LQ .O|W]H �*HUPDQ\� RI ��� P�

YROXPH DQG ����� P� VXUIDFH� 7KLV V\VWHP DFWXDOO\ FRQVLVWV RI �� VHSDUDWH �� P� XQLWV DQG ��

P� WKHUHIRUH VHHPV WR EH WKH PD[LPDO VFDODEOH VL]H� (DFK XQLW FRQVLVWV RI ����� P JODVV WXEHV

RI DSSUR[LPDWHO\ � FP GLDPHWHU WKURXJK ZKLFK WKH FXOWXUH LV SXPSHG PHFKDQLFDOO\� 7R

SUHYHQW EXLOG�XS RI KLJK R[\JHQ OHYHOV LQ WKH WXEHV WKH\ DUH FRQQHFWHG LQ SDUDOOHO XVLQJ

PDQLIROGV DQG D FHQWUDO GHJDVVLQJ XQLW� &RPELQHG ZLWK WKH IDFW WKDW UDGLDWLRQ LV GLOXWHG

VWURQJO\ �3XO]� HW DO�� ������ DQG OLTXLG IORZ LV WXUEXOHQW WKLV FRXOG EH DQ HIILFLHQW DQG

SURGXFWLYH V\VWHP�

$OWKRXJK� DW SUHVHQW� LW LV WKH ODUJHVW HQFORVHG SKRWRELRUHDFWRU LQ WKH ZRUOG LW UHPDLQV WR EH

VHHQ ZKHWKHU LW ZLOO DQVZHU WKH SURGXFWLRQ GHPDQGV� 7KH HVWLPDWHG SURGXFWLYLW\ RI ���

WRQ \U�� &KORUHOOD YXOJDULV ELRPDVV LQ WKH ����� P� SKRWRELRUHDFWRU V\VWHP UHSRUWHG E\ 3XO]

HW DO� ������ PXVW EH WRR KLJK� $VVXPLQJ D FRPEXVWLRQ HQWKDOS\ RI ���� N- J�� GZ DQG D

\HDUO\ LUUDGLDQFH RI ���� 0- P�� \U�� �(XURSHDQ 'DWDEDVH RI 'D\OLJKW DQG 6RODU 5DGLDWLRQ�

)RQWR\QRQW� HW DO�� ����� WKLV ZRXOG LPSO\ D 3( RQ 3$5 EDVLV RI �� �� ZKLFK LV YHU\ KLJK LQ

FRPSDULVRQ WR RWKHU �WXEXODU� SKRWRELRUHDFWRUV �7DEOH ����� ,Q DGGLWLRQ� 3XO] DQG

6FKHLEHQERJHQ ������ UHSRUWHG DQ DHULDO SURGXFWLYLW\ RI �� J P�� G�� LQ D VLPLODU V\VWHP DW D

VLPLODU ORFDWLRQ� ([WUDSRODWLQJ WKHVH GDWD WKH SURGXFWLRQ ZRXOG EH RQO\ ��� WRQ \U�� RQ D

����� P� JURXQG VXUIDFH�

2ODL]ROD ������ GHVFULEHG D �� P� FRPPHUFLDO�VFDOH WXEXODU SKRWRELRUHDFWRU RFFXS\LQJ D

JURXQG VXUIDFH RI RQO\ ��� P� LQ XVH DW $TXDVHDUFK ,QF� �+DZDLL� 86$�� 7KH VRIW SODVWLF

WXEHV DUH YHU\ ZLGH� ���� WR ���� P GLDPHWHU� PDNLQJ WKH V\VWHP YHU\ YROXPLQRXV DOWKRXJK

WKH\ DUH RQO\ SDUWO\ ILOOHG ZLWK FXOWXUH VXVSHQVLRQ� 7KH DHULDO SURGXFWLYLW\ ZDV �� J P�� G���

ZKLFK LV DERXW KDOI WKH SURGXFWLYLW\ REWDLQHG LQ KRUL]RQWDO WXEXODU SKRWRELRUHDFWRUV� $OWKRXJK

WKLV LV D YROXPLQRXV V\VWHP LW LV QRW YHU\ SURGXFWLYH DQG ELRPDVV FRQFHQWUDWLRQ LV ORZ� OHVV

WKDQ ��� J /��� ,W FDQ EH FRQVLGHUHG DV DQ LQWHUPHGLDWH GHVLJQ EHWZHHQ VKDOORZ SRQGV DQG

HQFORVHG WXEXODU SKRWRELRUHDFWRUV�

)LQDOO\� WKH PD[LPDO XQLW VL]H RI IODW SDQHOV LV DSSUR[LPDWHO\ ���� O� 5LFKPRQG DQG &KHQJ�

:X ������ UHSRUWHG RQ D ���� / V\VWHP FRQVLVWLQJ RI ILYH ��� / XQLWV ZLWK D SDVVDJH EHWZHHQ

WKH XQLWV� 7KH PL[LQJ�UDWH RI WKH UHDFWRU OLTXLG DV D ZKROH ����� /� ZLOO EH ORZ LQ WKLV V\VWHP

DQG ���� / VHHPV WR EH WKH PD[LPXP VL]H� ,Q DGGLWLRQ� WKH UHDFWRU GHSWK ZDV LQFUHDVHG WR ��
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FP DQG� DV D UHVXOW� ELRPDVV GHQVLW\ DQG YROXPHWULF SURGXFWLYLW\ DUH ORZHU WKDQ LQ WKH VKRUW

OLJKW�SDWK ���� FP� SDQHOV �+X DQG 5LFKPRQG� ����� +X� HW DO�� ����E��

7KH VFDODELOLW\ RI WKH SKRWRELRUHDFWRUV GHVFULEHG LV PRGHVW WR SRRU� ,Q JHQHUDO� VFDOH�XS RI WKH

SURGXFWLRQ RI SKRWRV\QWKHWLF PLFUR�RUJDQLVPV FDQ RQO\ EH GRQH E\ LQFUHDVLQJ WKH QXPEHU RI

XQLWV� )RU HYHU\ XQLW VHSDUDWH FRQWURO GHYLFHV IRU S+� WHPSHUDWXUH� DHUDWLRQ� FDUERQ GLR[LGH

VXSSO\� QXWULHQWV VXSSO\ DQG FXOWXUH GLOXWLRQ DUH QHHGHG� 7KLV PDNHV VXFK D SURGXFWLRQ µIDUP¶

ODERU LQWHQVLYH DQG FRVWO\� ,Q DGGLWLRQ� LW ZLOO EH YHU\ GLIILFXOW WR PDLQWDLQ PRQRFXOWXUHV LQ D

ODUJH QXPEHU RI VPDOO�YROXPH UHDFWRUV� $OWKRXJK WKH ,*9 GHVLJQ KDV D ODUJH YROXPH VLQJOH

XQLW� �� P�� LW LV QRW FOHDU ZKHWKHU LW FDQ EH VWHULOL]HG WKRURXJKO\ DQG XVHG IRU FXOWLYDWLRQ RI

VSHFLILF PRQRFXOWXUHV� )LQDOO\� FRPSOHWH WHPSHUDWXUH FRQWURO LV FRVWO\ RU LPSUDFWLFDO IRU DOO

WKHVH VHSDUDWH XQLWV SODFHG RXWGRRUV� 8VXDOO\ RQO\ VSUD\LQJ GHYLFHV DUH XVHG IRU HYDSRUDWLYH

FRROLQJ RI WKH UHDFWRU ZDOO�

)XWXUH SURVSHFWV LQ SKRWRELRUHDFWRU GHVLJQ

$OWKRXJK WKH SKRWRELRUHDFWRUV GHVFULEHG DERYH DUH QRW HDVLO\ VFDODEOH� WKH\ DUH XVHIXO LQ

VPDOO�VFDOH DSSOLFDWLRQV DV WKHUH LV WKH RQ�VLWH SURGXFWLRQ RI DTXDFXOWXUH IHHG� $OVR WKHLU XVH

IRU SURGXFWLRQ RI D ODUJH VL]H PRQRFXOWXUH DV DQ LQRFXOXP IRU RSHQ UDFHZD\ V\VWHPV LV

ZLWKRXW DQ\ GRXEW �2ODL]ROD� ������ $OVR WKH ,*9 GHVLJQ FRXOG RSHQ XS QHZ SRVVLELOLWLHV�

+RZHYHU� IRU WKH IXWXUH RI PLFURDOJDO ELRWHFKQRORJ\ LW LV LPSRUWDQW WR GHYHORS ODUJH�VFDOH

SKRWRELRUHDFWRUV ZKLFK FDQ EH RSHUDWHG XQGHU IL[HG DQG RSWLPDO FRQGLWLRQV ZLWK JRRG

SRVVLELOLWLHV IRU VWHULOL]DWLRQ� DQG FRQWDPLQDWLRQ ULVNV DV ORZ DV SRVVLEOH�

:H WKLQN LW LV YHU\ DWWUDFWLYH WR VHSDUDWH OLJKW FROOHFWLRQ IURP DOJDO FXOWLYDWLRQ DV ZDV DOUHDG\

GRQH E\ 0RUL ������� 6RODU EHDP LUUDGLDWLRQ LQ µFOHDU�VN\¶ DUHDV FDQ EH FROOHFWHG DQG

FRQFHQWUDWHG LQWR RSWLFDO ILEHUV ZLWK OHQVHV RU SDUDEROLF PLUURUV� 9LD WKH ILEHUV OLJKW FDQ EH

JXLGHG LQWR D ODUJH�VFDOH SKRWRELRUHDFWRU� 7KLV VHHPV D YHU\ FRVWO\ VROXWLRQ� EXW� DV D ILUVW

VWHS� WKLV FRXOG EH DSSOLHG IRU WKH SURGXFWLRQ RI KLJK�YDOXH FRPSRXQGV �6KLPL]X� ������ ,Q

WLPH� WKH PDWHULDO DQG SURGXFWLRQ FRVWV RI WKH OHQVHV� PLUURUV� VRODU WUDFNLQJ GHYLFHV DQG

RSWLFDO ILEHUV ZLOO GHFUHDVH EHFDXVH RI VFDOH�HIIHFWV� $QG SRVVLEO\� LQ WKH IXWXUH� WKLV

FXOWLYDWLRQ WHFKQLTXH FRXOG EH XVHG IRU RWKHU DSSOLFDWLRQV WRR�

)HXHUPDQQ DQG *RUGRQ ����� DQG ����� UHSRUWHG RQ DQ LQWHUHVWLQJ V\VWHP FRQVLVWLQJ RI D

ODUJH QXPEHU RI VPDOO SDUDEROLF PLUURUV WR FROOHFW DQG FRQFHQWUDWH VRODU EHDP LUUDGLDQFH LQWR

JODVV ILEHUV� ,W ZDV HVWLPDWHG �� � RI WKH VXQOLJKW LQFLGHQW RQ VXFK D µILEHU RSWLF PLQL�GLVK¶

FRXOG EH WUDQVSRUWHG WR D FHQWUDO UHFHLYHU YLD WKH JODVV ILEHUV� $ FRQVLGHUDEOH IUDFWLRQ RI WKH
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ORVVHV LV FDXVHG E\ DWWHQXDWLRQ LQ WKH ILEHUV �)HXHUPDQQ DQG *RUGRQ� ����� -DUDPLOOR� HW DO��

������

)LJXUH ���� 'HVLJQ RI D UHFWDQJXODU DLU�OLIW SKRWRELRUHDFWRU ZLWK OLJKW UH�GLVWULEXWLQJ SODWHV

DQG H[WHUQDO OLJKW FROOHFWLRQ�

7KH GHVLJQ RI D SKRWRELRUHDFWRU ZLWK D OLJKW UH�GLVWULEXWLQJ V\VWHP ZLOO EH D JUHDW FKDOOHQJH

IRU SURFHVV HQJLQHHUV� 0RUL ������ XVHG D YHUWLFDO �EXEEOH� FROXPQ ZLWK D ODUJH QXPEHU RI

JODVV ILEHUV IL[HG D[LDOO\� 2JERQQD HW DO� ������ UHSODFHG WKH ILEHUV ZLWK D IHZ VROLG

WUDQVSDUHQW EDUV �JODVV RU TXDUW]� DQG XVHG D VWLUUHG WDQN UHDFWRU� %RWK V\VWHPV DUH QRW VFDODEOH

VLQFH \RX ZLOO QHHG DQ LQFUHGLEOH DPRXQW RI ILEHUV RU EDUV LQ D ODUJH�VFDOH IHUPHQWRU� :H

SURSRVH D QHZ NLQG RI V\VWHP LOOXVWUDWHG LQ )LJXUH ���� ,W LV D UHFWDQJXODU DLU�OLIW

SKRWRELRUHDFWRU ZLWK D ODUJH QXPEHU RI OLJKW UH�GLVWULEXWLQJ SODWHV IL[HG D IHZ FHQWLPHWHUV

IURP HDFK RWKHU� 0L[LQJ ZLOO EH SURYLGHG E\ DLU LQMHFWHG EHWZHHQ DGMDFHQW SODWHV DQG WKH

FXOWXUH OLTXLG ZLOO ULVH LQ EHWZHHQ� 2QO\ WKH VSDFH EHWZHHQ WKH WZR FHQWHU SODWHV LV QRW DHUDWHG

DQG ZLOO DFW DV D GRZQFRPHU� 7KLV UHDFWRU FRQFHSW LV VLPLODU WR V\VWHPV GHVFULEHG E\ 8VXL DQG

,NHQRXFKL ������ DQG -DYDQPDUGLDQ DQG 3DOVVRQ ������� ,Q RXU V\VWHP� KRZHYHU� WKH FXOWXUH

YROXPH DV D ZKROH LV PL[HG�

DHUDWLRQ

&2
�

OLTXLG

IORZ

DOJDH

VXVSHQVLRQ

OLJKW UH�GLVWULEXWLQJ SODWH

&URVV VHFWLRQ YHUWLFDO SODQH

)ORZ

FRQWURO

JODVV ILEHU

&URVV VHFWLRQ KRUL]RQWDO SODQH

DOJDH

VXVSHQVLRQ

OLJKW

UH�GLVWULEXWLQJ

SODWH

SDUDEROLF

GLVK
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7KH UHFWDQJXODU DLU�OLIW ELRUHDFWRU �)LJXUH ���� FRXOG EH PDGH LQ D F\OLQGULFDO ZD\ WRR� ,Q D

UHFWDQJXODU V\VWHP� KRZHYHU� LW VHHPV HDVLHU WR FRQQHFW WKH JODVV ILEHUV WR WKH OLJKW UH�

GLVWULEXWLQJ SODWHV� 7KH SODWHV FDQ EH FRQQHFWHG WR WKH VLGHV RI WKH UHDFWRU DQG WKH ILEHUV FDQ

EH FRQQHFWHG WR WKH SODWHV DW WKHVH VLGHV� ,GHDV DOUHDG\ H[LVW IRU WKH GHVLJQ RI WKH OLJKW UH�

GLVWULEXWLQJ SODWHV DQG WKH FRQQHFWLRQV EHWZHHQ WKH ILEHUV DQG WKH SODWHV �&V|J|U� HW DO�� ������

7KLV GHVLJQ QHHGV WR EH GRQH E\ RSWLFDO HQJLQHHUV LQ FORVH FROODERUDWLRQ ZLWK ELRSURFHVV

HQJLQHHUV� 'LPHQVLRQDO FDOFXODWLRQV KDYH EHHQ GRQH DQG DUH SUHVHQWHG LQ 7DEOH ���� )URP

WKHVH GLPHQVLRQV LW DSSHDUV WKH V\VWHP FDQ EH VFDOHG WR PRUH WKDQ KXQGUHG FXELF PHWHUV RI

FXOWXUH YROXPH� $IWHU RSWLPL]LQJ WKH DLU�OLIW W\SH RI PL[LQJ E\ FKDQJLQJ WKH JDV IORZ UDWH DQG

WKH GRZQFRPHU DUHD� RQO\ RQH UHJXODWRU\ XQLW IRU FDUERQ GLR[LGH VXSSO\� S+ FRQWURO� QXWULHQWV

VXSSO\� FXOWXUH GLOXWLRQ DQG WHPSHUDWXUH FRQWURO ZLOO VXIILFH� 7KLV LV D ELJ DGYDQWDJH LQ

FRPSDULVRQ WR H[LVWLQJ V\VWHPV DV H[SODLQHG LQ WKH SUHFHGLQJ VHFWLRQ� ,Q DGGLWLRQ� VXFK D

V\VWHP FDQ EH VWHULOL]HG XVLQJ VWHDP DQG�RU FKHPLFDOV EHFDXVH WKH PDWHULDOV XVHG ZLOO EH RQO\

VWDLQOHVV VWHHO DQG JODVV� $V D UHVXOW� ORQJ�WHUP ODUJH�VFDOH FXOWLYDWLRQ RI PRQRFXOWXUHV RI

DWWUDFWLYH SKRWRDXWRWURSKLF FXOWXUHV ZLOO EHFRPH SRVVLEOH�

7DEOH ���� 'LPHQVLRQV RI FRQFHSWXDO UHFWDQJXODU DLU�OLIW UHDFWRU ZLWK OLJKW UH�GLVWULEXWLQJ

SODWHV�

WRWDO YROXPH ����� P
�

ZLGWK ���� P

GHSWK � P

KHLJKW �� P

WKLFNQHVV SODWHV ���� P

GLVWDQFH EHWZHHQ SODWHV ���� P

� SODWHV ��

VXUIDFH OLJKW UH�GLVWULEXWLQJ SODWHV ���� P
�

ZLGWK GRZQFRPHU ���� P

OLTXLG YROXPH ����� P
�

VSHFLILF OLJKW�H[SRVHG VXUIDFH ���� P
�
P

�

%HVLGHV SDUDEROLF PLUURUV DOVR D ODUJH QXPEHU RI IODW PLUURUV� KHOLRVWDW ILHOG �.ULEXV� HW DO��

������ FRXOG EH XVHG WR LQFUHDVH WKH 3)' IDOOLQJ RQ D ODUJH QXPEHU RI WDOO YHUWLFDO UHDFWRUV�

7KH ELJ DGYDQWDJH RI WKLV SRVVLELOLW\ LV WKDW QR OLJKW LV ORVW GXULQJ µWUDQVSRUW¶ WKURXJK DLU� $

FRQFHSWXDO GHVLJQ RI VXFK D V\VWHP LV VKRZQ LQ )LJXUH ��� DQG GLPHQVLRQDO FDOFXODWLRQV DUH

SUHVHQWHG LQ 7DEOH ���� ,Q WKLV VHW�XS LW LV HVVHQWLDO WR KDYH DQ RXWHU VXUIDFH DV ODUJH DV SRVVLEOH
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���

DQG WKHUHIRUH LW LV EHVW WR KDYH D ODUJH QXPEHU RI VPDOO GLDPHWHU FROXPQV� ,Q WKLV GHVLJQ ZLWK

��� FROXPQV RI �� P KHLJKW DQG ��� P GLDPHWHU �7DEOH ���� WKH OLTXLG YROXPH LV �� P�� $JDLQ

YLD DQ DLU�OLIW V\VWHP WKH OLTXLG LQ DOO WKH VHSDUDWH FROXPQV FDQ EH PL[HG DV D ZKROH� )RU WKH

PL[LQJ LW LV HVVHQWLDO WKH FHQWUDO GRZQFRPHU LV SURYLGHG ZLWK KHOLFDO IORZ SURPRWHUV

�0HUFKXN� HW DO�� ����� WR FUHDWH D WDQJHQWLDO IORZ�

)LJXUH ���� 'HVLJQ RI D PXOWLSOH FROXPQ DLU�OLIW SKRWRELRUHDFWRU ZLWK IODW PLUURUV WR LQFUHDVH

LUUDGLDQFH RQ UHDFWRU VXUIDFH�

:LWK UHVSHFW WR WKH /�' F\FOHV� ERWK SKRWRELRUHDFWRUV FDQ EH GLYLGHG LQWR WZR ]RQHV� 7KH

GRZQFRPHUV RI WKH UHDFWRUV DUH GDUN ]RQHV� 7KH IUDFWLRQ RI WKH GRZQFRPHU YROXPH WR WRWDO

YROXPH LV RQO\ ������ ,I WKH DEVROXWH WLPH LQ WKLV GDUN ]RQH LV QRW WRR ODUJH� IRU H[DPSOH �� V�

WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\ ZLOO GHFUHDVH RQO\ VOLJKWO\ LQ FRPSDULVRQ WR WKH VLWXDWLRQ

ZLWK QR GDUN ]RQH �%DUERVD� HW DO�� ������ &RQVHTXHQWO\� WKH OLTXLG YHORFLW\ LQ WKH GRZQFRPHU

VKRXOG EH ���� P V�� DQG WKH XSZDUG OLTXLG YHORFLW\ EHWZHHQ WKH SODWHV �)LJXUH ���� RU LQ WKH

FROXPQV �)LJXUH ���� LV ���� P V��� $V D UHVXOW� WKH UHVLGHQFH WLPH LQ WKH ULVHUV LV � PLQXWHV�

7KH VHFRQG /�' F\FOH LV IRXQG LQVLGH WKH ULVHUV� 'HSHQGLQJ RQ WKH ELRPDVV FRQFHQWUDWLRQ D

OLJKW JUDGLHQW GHYHORSV DQG GXH WR WKH ULVLQJ DLU DOJDH PRYH TXLFNO\ WKURXJK WKLV JUDGLHQW�

7KHVH F\FOHV FDQ EH FRPSDUHG WR WKRVH IRXQG LQ IODW SDQHO UHDFWRUV� 7KH RQO\ GLIIHUHQFH LV D

&URVV VHFWLRQ YHUWLFDO SODQH &URVV VHFWLRQ KRUL]RQWDO SODQH
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���

QHW XSZDUG OLTXLG PRYHPHQW RI ���� P V�� LQ WKH DLU�OLIW ELRUHDFWRU� 3UREDEO\ WKLV QHW D[LDO

YHORFLW\ ZLOO GHFUHDVH ODWHUDO WUDQVSRUW WR VRPH H[WHQW�

7DEOH ���� 'LPHQVLRQV RI FRQFHSWXDO DLU�OLIW UHDFWRU ZLWK PXOWLSOH FROXPQV�

WRWDO YROXPH � OLTXLG YROXPH� ����� P
�

KHLJKW �� P

GLDPHWHU FROXPQV ��� P

� FROXPQV ���

VXUIDFH FROXPQV ��� P
�

RXWHU GLDPHWHU GRZQFRPHU ����� P

LQQHU GLDPHWHU GRZQFRPHU ����� P

ZLGWK GRZQFRPHU ���� FP

VSHFLILF OLJKW�H[SRVHG VXUIDFH ���� P
�
P

�

7KH VLPLODULW\ ZLWK IODW SDQHO SKRWRELRUHDFWRUV DOORZV DQ HVWLPDWLRQ RI UHDFWRU SURGXFWLYLW\�

7KH K\GURG\QDPLFV RI WKH UHFWDQJXODU DLU�OLIW UHDFWRU ZLWK OLJKW UH�GLVWULEXWLQJ SODWHV UHVHPEOH

WKRVH LQ IODW SDQHOV DQG DOVR WKH OLJKW�SDWK OHQJWK LV VLPLODU� &RQVHTXHQWO\� /�' F\FOHV DUH YHU\

VKRUW DQG D KLJK ELRPDVV GHQVLW\� XS WR �� J GZ /��� FDQ EH PDLQWDLQHG WRJHWKHU ZLWK D KLJK

3)' DW WKH OLJKW UH�GLVWULEXWLQJ SODWHV� 8QGHU WKHVH RSHUDWLRQDO SDUDPHWHUV D SKRWRV\QWKHWLF

\LHOG RI �� � FDQ EH UHDFKHG ZLWK 3)'V RI ���� PPRO P�� V�� �5LFKPRQG� ����� DW WKH UHDFWRU

VXUIDFH� ,Q RUGHU WR HVWLPDWH WKH SURGXFWLYLW\ ZH DLPHG DW D GDLO\ DYHUDJH 3)' RI ����

PPRO P�� V�� DW WKH VXUIDFH RI WKH OLJKW UH�GLVWULEXWLQJ SODWHV� 7RJHWKHU ZLWK RWKHU GDWD

�$SSHQGL[ 9,� D SURGXFWLYLW\ RI ����� WRQ GZ \U�� RI 6SLUXOLQD ELRPDVV ZDV HVWLPDWHG�

7KH KLJK�WHFK GHVLJQ RI WKH DLU�OLIW SKRWRELRUHDFWRU ZLWK OLJWK UH�GLVWULEXWLQJ SODWHV DQG VRODU

FROOHFWRUV VHHPV WR EH YHU\ H[SHQVLYH� 7R SURGXFH ����� WRQ \U�� GLUHFW VRODU EHDP UDGLDWLRQ

IURP D JURXQG VXUIDFH RI ����� P� � �� P UDGLXV FLUFXODU ILHOG� QHHGV WR EH FROOHFWHG

�$SSHQGL[ 9,�� $W WKH PRPHQW� FRVW RI RSWLFDO ILEHU LV � 86� P��� ZKLFK LPSOLHV ILEHU FRVWV RI

���� 86� P�� IRU D OLJKW FROOHFWLRQ ILHOG ZLWK �� P UDGLXV �)HXHUPDQQ DQG *RUGRQ� ������

&RVWV RI RSWLFDO ILEHU DUH H[SHFWHG WR GHFUHDVH ZLWK D IDFWRU �� WR ��� DW VXIILFLHQWO\ ODUJH�

YROXPH SURGXFWLRQ DQG WKLV ZRXOG UHGXFH WRWDO FRVWV WR ���� WR ����� PLOOLRQ 86� IRU WKH ��

P UDGLXV ILHOG� $W WKH PRPHQW SURGXFWLRQ FRVWV RI 1DQQRFKORURSVLV� ULFK LQ HLFRVDSHQWDHQRLF

DFLG� LV HVWLPDWHG DW 86� �� NJ�� GZ RU PRUH �&KHQJ�:X� HW DO�� ������ 7KLV PHDQV WRWDO

LQYHVWPHQW DQG SURGXFWLRQ FRVWV RI ����� PLOOLRQ 86� LV DOORZHG IRU RXU GHVLJQ GXULQJ D ��

\HDUV OLIHWLPH� $Q LQYHVWPHQW RI ���� PLOOLRQ 86� IRU RSWLFDO ILEHU WKHUHIRUH VHHPV
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���

UHDVRQDEOH� HVSHFLDOO\ ZKHQ LW LV FRQVLGHUHG WKH OLIHWLPH RI RSWLFDO ILEHU FRXOG EH PXFK ORQJHU

WKDQ �� \HDUV�

,Q DGGLWLRQ WR OLJKW FROOHFWLRQ� WRWDO SRZHU GLVVLSDWLRQ LQ WKLV V\VWHP FRXOG EH FRVWO\� $ SRZHU

GLVVLSDWLRQ RI ��� : P�� LV QHHGHG WR SURYLGH VXIILFLHQW WXUEXOHQFH DQG WKLV DGGV XS WR �����

7- \U�� IRU WKH ZKROH UHDFWRU �$SSHQGL[ ,9�� 7KLV LV HTXDO WR �� � RI WKH VRODU HQHUJ\ IL[HG

LQVLGH WKH ELRPDVV SURGXFHG� ���� 7- \U�� �$SSHQGL[ 9,�� $OWKRXJK WKHVH QXPEHUV VHHP WR EH

YHU\ KLJK� WKH\ DUH FRPSDUDEOH WR FRQYHQWLRQDO SKRWRELRUHDFWRUV� (VSHFLDOO\� ZKHQ LW LV

FRQVLGHUHG WKDW WKH YROXPHWULF SURGXFWLYLW\ LQ WKLV GHVLJQ LV PXFK KLJKHU WKDQ LQ FRQYHQWLRQDO

UHDFWRUV� ,Q RWKHU ZRUGV� LW ZRXOG EH VDIHU WR H[SUHVV WKH SRZHU GLVVLSDWLRQ SHU DPRXQW RI

ELRPDVV SURGXFHG� ���� .- J�� GZ LQ RXU GHVLJQ�

$ VLPLODU HVWLPDWLRQ FDQ EH GRQH IRU WKH PXOWLSOH FROXPQ DLU�OLIW GHVLJQ �7DEOH ����� &DPDFKR

HW DO� ������ DQG 0LUyQ HW DO� �����D� SURYLGHG WKH RQO\ XVHIXO GDWD IURP ZKLFK \LHOGV RI ����

DQG ���� J GZ PRO�� ZHUH REWDLQHG LQ ����� DQG ����� P GLDPHWHU YHUWLFDO FROXPQ UHDFWRUV�

UHVSHFWLYHO\ �7DEOH ����� 7KLV FRUUHVSRQGV WR D 3( RI DSSUR[LPDWHO\ � � RQ 3$5 EDVLV� )RU

RXU GHVLJQ ZH WRRN D 3( RI �� �� %DVHG RQ WKLV HIILFLHQF\ ZH FDOFXODWHG D SURGXFWLYLW\ RI

����� WRQ GU\ 6SLUXOLQD ELRPDVV \U�� �$SSHQGL[ 9,� DQG D ���� P� JURXQG VXUIDFH IRU WKH

KHOLRVWDW ILHOG�

$Q LPSRUWDQW DGYDQWDJH RI WKHVH FRPSDFW UHDFWRU GHVLJQV LV WKH SRVVLELOLW\ RI HIILFLHQW

WHPSHUDWXUH FRQWURO� )RU WKH UHFWDQJXODU DLU�OLIW GHVLJQ ZLWK OLJKW UH�GLVWULEXWLQJ SODWHV FRROLQJ

GHYLFHV ZLOO QRW EH QHFHVVDU\ EHFDXVH WKHUPDO UDGLDWLRQ FDQ EH UHPRYHG DQG SRVVLEO\ XVHG

GXULQJ FROOHFWLRQ DQG FRQFHQWUDWLRQ RI VXQOLJKW� )XUWKHUPRUH� WKH FRQWDFW VXUIDFH EHWZHHQ

ELRUHDFWRU DQG HQYLURQPHQW LV UHODWLYHO\ VPDOO� +HDWLQJ RI WKH FXOWXUH OLTXLG ZLOO EH PXFK OHVV

FRVWO\ DQG KHDWLQJ FRXOG EH FRXSOHG WR KHDW FROOHFWHG LQ WKH FRROLQJ PRGH RI UHDFWRU RSHUDWLRQ�

7HPSHUDWXUH FRQWURO RI WKH PXOWLSOH�FROXPQ DLU�OLIW UHDFWRU ZLOO EH OHVV HIILFLHQW EHFDXVH RI WKH

ODUJH FRQWDFW VXUIDFH EHWZHHQ ELRUHDFWRU DQG HQYLURQPHQW�

7HPSHUDWXUH FRQWURO DOORZV ORZHULQJ RI WKH WHPSHUDWXUH GXULQJ WKH QLJKW WR GHFUHDVH

UHVSLUDWRU\ DFWLYLW\ �7RU]LOOR� HW DO�� ������ ,Q DGGLWLRQ� LQ WKH HDUO\ PRUQLQJ WHPSHUDWXUH FDQ

EH TXLFNO\ LQFUHDVHG WR RSWLPDO YDOXHV� $V D FRQVHTXHQFH KLJK 3)'V FDQ EH XWLOL]HG PRUH

HIILFLHQWO\ E\ WKH DOJDH �/HH� HW DO�� ����� 'DYLVRQ� ����� DQG WKH VRODU FROOHFWRUV RU IODW

PLUURUV FDQ EH LQFOLQHG IDFLQJ WKH VXQ WR VWDUW WKH GD\ ZLWK D KLJK 3)' LQVLGH WKH UHDFWRU

UHVXOWLQJ LQ D KLJK ELRPDVV SURGXFWLYLW\� 7KLV DVSHFW LV SDUWLFXODUO\ LQWHUHVWLQJ LQ DUHDV ZLWK

ELJ WHPSHUDWXUH IOXFWXDWLRQV EHWZHHQ GD\ DQG QLJKW� $OVR LQ FROGHU DUHDV RU GXULQJ D FROG

VHDVRQ WHPSHUDWXUH FRQWURO ZLOO DOORZ RSWLPDO WHPSHUDWXUHV XQGHU KLJK 3)'V ZKLFK ZRXOG

QRUPDOO\ UHVXOW LQ SKRWRLQKLELWLRQ �-HQVHQ DQG .QXWVHQ� ������
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3URVSHFWV IRU DUWLILFLDO LOOXPLQDWLRQ

6XQOLJKW LV LPSOLFLWO\ DVVXPHG WR EH WKH RQO\ VXLWDEOH VRXUFH RI OLJKW HQHUJ\ LQ WKLV VWXG\� %XW�

LW LV RIWHQ VXJJHVWHG WR XVH DUWLILFLDO LOOXPLQDWLRQ IRU WKH SKRWRWURSKLF SURGXFWLRQ RI KLJK�

YDOXH FRPSRXQGV� ,Q $SSHQGL[ 9,, LW LV FDOFXODWHG ZKDW LV QHHGHG WR SURYLGH DUWLILFLDO

LOOXPLQDWLRQ HTXLYDOHQW WR WKH UHFWDQJXODU DLU�OLIW GHVLJQ ZLWK ���� P� OLJKW UH�GLVWULEXWLQJ

SODWHV� $W WKH PRPHQW IOXRUHVFHQW WXEHV DUH WKH PRVW SUDFWLFDO OLJKW VRXUFH IRU VXFK DQ

DSSOLFDWLRQ DQG ����� WXEHV RI ��� P ��� :� DUH QHHGHG� 7KH FRVWV RI WKH ODPSV DQG WKHLU

SRZHU FRQVXPSWLRQ LV HVWLPDWHG DW ���� PLOOLRQ 86� SHU \HDU� $OVR D RQH�WLPH LQYHVWPHQW RI

���� PLOOLRQ 86� LV QHHGHG IRU WKH SRZHU VXSSOLHV� 7KH FRVWV RI UHSODFHPHQW RI WKH

IOXRUHVFHQW WXEHV WZLFH D \HDU LV YHU\ ODERU LQWHQVLYH� EXW WKHVH DUH QRW FRQVLGHUHG \HW�

,Q DGGLWLRQ WR HFRQRPLF DUJXPHQWV� LW LV SUDFWLFDOO\ DOPRVW LPSRVVLEOH WR LQVWDOO WKRXVDQGV RI

ODPSV LQVLGH D ODUJH�VFDOH SKRWRELRUHDFWRU ZKLOH DOORZLQJ VXIILFLHQW PL[LQJ RI WKH FXOWXUH

OLTXLG� $QG� IURP DQ HQYLURQPHQWDO SRLQW RI YLHZ� D ORW RI HQHUJ\ LV ZDVWHG XVLQJ DUWLILFLDO

LOOXPLQDWLRQ� $OPRVW �� � RI WKH HOHFWULFDO SRZHU FRQVXPHG E\ WKH ODPSV LV QRW FRQYHUWHG WR

OLJKW� (YHQ ZRUVH� HOHFWULFLW\ SURGXFWLRQ IURP QDWXUDO JDV RU FRDO OHDGV WR PRUH HQHUJ\

ZDVWLQJ DQG FDUERQ GLR[LGH SURGXFWLRQ� ,Q WKH IXWXUH PRUH HIILFLHQW ODPSV FRXOG EHFRPH

DYDLODEOH VXFK DV OLJKW�HPLWWLQJ GLRGHV �/('V� RU VXOIXU ODPSV� ZKLFK DOVR KDYH D PXFK

ORQJHU OLIHWLPH� ,Q WKDW VFHQDULR� DSSOLFDELOLW\ RI DUWLILFLDO LOOXPLQDWLRQ PRVW OLNHO\ ZLOO EH

OLPLWHG WR WKH VPDOO�VFDOH SURGXFWLRQ RI KLJK�YDOXH FRPSRXQGV GHSHQGHG RQ YHU\ VSHFLILF

FXOWLYDWLRQ FRQGLWLRQV�

$SSHQGL[ ,� /LJKW�GDUN IUHTXHQF\ LQ DLU�OLIW ORRS UHDFWRUV

7KH OLTXLG FLUFXODWLRQ YHORFLW\ LQ DLU�OLIW ORRS UHDFWRUV ZDV FDOFXODWHG DFFRUGLQJ WR WKH

SURFHGXUH RI &KLVWL ������� 7KH VXSHUILFLDO OLTXLG YHORFLW\ LQ WKH ULVHU ZDV FDOFXODWHG ZLWK (T�
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7KH KROG�XS LQ WKH ULVHU DQG GRZQFRPHU ZDV HVWLPDWHG ZLWK WKH IROORZLQJ HTXDWLRQV �(T� ���

DQG (T� �����
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(T� ��� JUJG HH � ���� >�@

7KH SDUDPHWHUV KG� WKH KHLJKW RI OLTXLG GLVSHUVLRQ� DQG .%� WKH IULFWLRQ ORVV FRHIILFLHQW IRU WKH

ERWWRP ]RQH� FRXOG EH FDOFXODWHG XVLQJ UHDFWRU GLPHQVLRQV �&KLVWL� ����� DQG WKH KROG�XS�

6LQFH YOVU DSSHDUV DOVR LQ (T� ��� DQ LQLWLDO HVWLPDWLRQ KDV WR EH PDGH IROORZHG E\ DQ LWHUDWLRQ

SURFHGXUH� /LTXLG FLUFXODWLRQ WLPH ILQDOO\ LV FDOFXODWHG ZLWK (T� ����
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$SSHQGL[ ,,� /LJKW�GDUN IUHTXHQF\ LQ EXEEOH FROXPQV

-RVKL DQG 6KDUPD ������ GHYHORSHG D IORZ PRGHO IRU EXEEOH FROXPQV LQ WKH KHWHURJHQHRXV

UHJLPH DQG ZHUH DEOH WR GHVFULEH WKH DYHUDJH OLTXLG FLUFXODWLRQ YHORFLW\ �YOF� IDLUO\ ZHOO E\

PHDQV RI (T� ����

(T� ��� � �� � �
�

���� EVJJVYOF YY7JY ����� H >P V��@

7KH DYHUDJH OLTXLG FLUFXODWLRQ WLPH �WF� WKHQ LV FDOFXODWHG ZLWK (T� ��� VLQFH WKH OHQJWK

WUDYHOHG ZLWKLQ D FLUFXODWLRQ FHOO LV DERXW WZR WLPHV WKH GLDPHWHU�
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7KH IUDFWLRQDO JDV KROG�XS �HJ� FDQ EH HVWLPDWHG E\ PHDQV RI (T� ���� �&KLVWL� ������

(T� ����
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���� JVJ Y� H >�@

7KH VOLS YHORFLW\ �YEV� RI WKH JDV EXEEOHV LQ WKH ULVHU LV DVVXPHG WR EH HTXDO WR WKH VWDWLRQDU\

ULVH YHORFLW\ �+HLMQHQ DQG 5LHW� ������ ���� P V���

0HUFKXN HW DO� ������ GHYHORSHG D PHWKRG WR FDOFXODWH WKH VXUIDFH UHQHZDO UDWH �'DQFNZHUWV�

������ V� DQG WKH PHDQ UHVLGHQFH WLPH� WVF� DW WKH ZDOO RI D EXEEOH FROXPQ �(T� ���� DQG (T�

������ 7KLV ZDV XVHG DV DQ HVWLPDWLRQ IRU WKH DYHUDJH WLPH DQ DOJDO FHOO LV H[SRVHG WR OLJKW DW

WKH UHDFWRU ZDOO�
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7KH GLIIXVLRQ FRHIILFLHQW RI ZDWHU LQ ZDWHU �,'� ZDV HVWLPDWHG ZLWK WKH :LONH�&KDQJ

WHFKQLTXH �3HUU\ DQG *UHHQH� ������ 7KH PDVV WUDQVIHU FRHIILFLHQW �NO� ZDV FDOFXODWHG E\

PHDQV RI WKH KHDW WUDQVIHU FRHIILFLHQW �K� XVLQJ (T� ����� WKH &ROEXUQ DQDORJ\ �%LUG� HW DO��
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7KH KHDW WUDQVIHU FRHIILFLHQW ZDV FDOFXODWHG XVLQJ D UHODWLRQVKLS �(T� ����� GHYHORSHG IRU

EXEEOH FROXPQV ZLWK RQO\ WKH VXSHUILFLDO JDV YHORFLW\ DV D YDULDEOH �'HFNZHU DQG )LHOG�

������

(T� ���� � � �����3U5H���
�

��� )U6W >�@

(T� ����
SJV &Y

K
6W

��
 

U
>�@

(T� ����
K

U

�

�
 �

J

Y
)U

JV

�

5H >�@

$SSHQGL[ ,,,� /LJKW�GDUN IUHTXHQF\ LQ WXEXODU SKRWRELRUHDFWRUV

)ROORZLQJ )HUQDQGH] HW DO� ������ WKH FKDUDFWHULVWLF WXUEXOHQFH YHORFLW\ �'DYLHV� ����� ZDV

XVHG WR HVWLPDWH DYHUDJH UDGLDO YHORFLW\� YOU� RI D IOXLG HOHPHQW �(T� ������
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7KH )DQQLQJ IULFWLRQ IDFWRU� &I� LV FDOFXODWHG ZLWK WKH %ODVLXV HTXDWLRQ �(T� ������
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,I D GDUN ]RQH LV WDNHQ FRPSULVLQJ WZR WKLUGV RI WKH WRWDO YROXPH WKH OLJKW�GDUN LQWHUIDFH LV D

ILFWLRQDO WXEH RI GLDPHWHU G��� �(T� ������
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7KH VSHFLILF LQWHUIDFLDO OLTXLG IORZ� 4/�'¶� WRZDUGV WKH OLJKW RU GDUN ]RQH QRZ FDQ EH

FDOFXODWHG XVLQJ (T� �����

(T� ���� OU'/ YG4 ��� ���� ���
 S >P� P�� V��@

7KH IDFWRU ��� LV LQWURGXFHG EHFDXVH KDOI RI WKH OLTXLG IORZ FURVVLQJ WKH OLJKW�GDUN LQWHUIDFH LV

GLUHFWHG WRZDUGV WKH WXEH FHQWHU DQG WKH RWKHU KDOI WRZDUGV WKH WXEH ZDOO� )LQDOO\ ZH FDQ

FDOFXODWH WKH OLTXLG FLUFXODWLRQ WLPH�
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$SSHQGL[ ,9� 3RZHU GLVVLSDWLRQ DHUDWLRQ EXEEOH FROXPQV DQG IODW SDQHOV

5RHOV DQG +HLMQHQ ������ VKRZHG WKDW WKH SRZHU GLVVLSDWLRQ� 3J LQ :� LQ EXEEOH FROXPQ

UHDFWRUV FDQ EH FDOFXODWHG IURP WKH FKDQJH RI HQWURS\ RI WKH JDV �(T� ������

(T� ���� ¸̧
¹

·
¨̈
©

§
��� 

W

V

JJ
S

S
75)3 OQ >:@

)J LV WKH PRODU JDV IORZ UDWH DQG SV DQG SW DUH WKH SUHVVXUHV DW WKH VSDUJHU DQG WKH WRS RI WKH

UHDFWRU OLTXLG� UHVSHFWLYHO\� 8VXDOO\ SW LV DSSUR[LPDWHO\ HTXDO WR WKH VWDQGDUG SUHVVXUH S� DQG

SV FDQ EH FDOFXODWHG XVLQJ (T� �����

(T� ���� OOWV KJSS ��� U >3D@

)RU D IODW SDQHO UHDFWRU DHUDWHG DW ��� / /�� PLQ�� DQG DQ HVWLPDWHG QRQ�DHUDWHG OLTXLG KHLJWK�

KO� RI ��� P �+X DQG 5LFKPRQG� ����� ZH FDOFXODWHG D SRZHU GLVVLSDWLRQ RI ��� : P�� �7  

�� �&�� 7KLV LV DOPRVW WKH VDPH DV D GLVVLSDWLRQ RI ��� : P�� DW DQ DHUDWLRQ UDWH RI �

/ /�� PLQ�� DW D JLYHQ KHLJWK RI ��� P �+X� HW DO�� ����D�� $OVR IRU WKH ����� P�� UHFWDQJXODU

DLU�OLIW GHVLJQ ZLWK OLJKW UH�GLVWULEXWLQJ SODWHV ZH DQWLFLSDWHG D SRZHU FRQVXPSWLRQ RI ���

: P�� GXULQJ �� KRXUV SHU GD\ IRU ��� GD\V SHU \HDU� ����� 7- \U���
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$SSHQGL[ 9� (VWLPDWLRQ SKRWRV\QWKHWLF HIILFLHQF\ WXEXODU SKRWRELRUHDFWRUV

)HUQDQGH] HW DO� ������ UHSRUWHG H[WHQVLYHO\ RQ WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\ �<GZ�(��

<LHOGV KLJKHU WKDQ � J PRO�� ZHUH UHSRUWHG� ,Q FRPSDULVRQ ZLWK WKH RWKHU GDWD LQ 7DEOH ��� WKLV

VHHPV WRR KLJK� :H UHFDOFXODWHG <GZ�( GLIIHUHQWO\� DV ZLOO EH H[SODLQHG EHORZ� ,Q WKHLU ZRUN

WKH TXDQWXP VFDODU LUUDGLDQFH (Z LQ PRO P�� G�� ZDV PHDVXUHG ZLWK D VSKHULFDO VHQVRU LQVLGH

WKH ZDWHU SRRO LQ ZKLFK WKH WXEHV ZHUH LPPHUVHG �)HUQDQGH]� HW DO�� ������ 7KLV FDQ EH

UHFDOFXODWHG WR )YRO�PD[� WKH DPRXQW RI SKRWRQV �3$5� DEVRUEHG SHU YROXPH SHU GD\� XVLQJ WKH

WXEH UDGLXV 5�
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7KLV HTXDWLRQ ZDV GHGXFHG E\ &RPH] HW DO� ������ DQG *ULPD HW DO� ������ DVVXPLQJ DOO OLJKW

LV DEVRUEHG ZLWKLQ WKH FXOWXUH� ,Q DGGLWLRQ� LW ZDV GHGXFHG IRU D GLIIXVH IOX[ LQ RQH SODQH ���

GLPHQVLRQDO� �(YHUV� ����� *ULPD� HW DO�� ������ ,Q SUDFWLFH WKH OLJKW ILHOG� RULJLQDWLQJ IURP

WKH VXQ� ZDV � GLPHQVLRQDO DQG FRQVLVWHG RI D PRQRGLUHFWLRQDO IUDFWLRQ �GLUHFW EHDPV� DQG D

GLIIXVH IUDFWLRQ� $V PHQWLRQHG� (Z ZDV PHDVXUHG ZLWK D VSHULFDO VHQVRU �)HUQDQGH]� HW DO��

����� DQG 0LURQ HW DO� �����E� VKRZHG WKDW )YRO�PD[ FDOFXODWHG DV VXFK \LHOGHG VLPLODU UHVXOWV

DV WZR GLIIHUHQW DSSURDFKHV� $V D UHVXOW� )YRO�PD[ DQG WKH YROXPHWULF SURGXFWLYLW\� 3GZ LQ

J P�� G��� FDQ EH FRPELQHG WR REWDLQ D JRRG HVWLPDWH RI <GZ�( �(T� ������
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,I ZH FRPSDUH WKH QHZ SURFHGXUH DERYH ZLWK WKH RULJLQDO FDOFXODWLRQ SURFHGXUH RI )HUQDQGH]

HW DO� ������ LW IROORZV WKDW ZH GLG QRW XVH WKH HVWLPDWHG DYHUDJH 3)' LQVLGH WKH ELRUHDFWRU�

EXW WKH WRWDO SKRWRQ IOX[ HQWHULQJ WKH WXEHV�

$SSHQGL[ 9,� HVWLPDWLRQ SURGXFWLYLW\ DLU�OLIW UHDFWRU ZLWK OLJKW UH�

GLVWULEXWLQJ SODWHV DQG PXOWLSOH FROXPQ DLU�OLIW UHDFWRU

7KH OLJKW�H[SRVHG VXUIDFH RI WKH DLU�OLIW UHDFWRU ZLWK OLJKW UH�GLVWULEXWLQJ SODWHV LV ���� P�

�7DEOH ����� :H DLPHG DW D GDLO\ DYHUDJH LUUDGLDQFH RI ���� PPRO P�� V�� FRPLQJ IURP WKH

SODWHV� FRUUHVSRQGLQJ WR ����� : P�� ����� PPRO -�� IRU VXQOLJKW� 7KLPLMDQ DQG +HLQV� ������

7DNLQJ D �� KRXUV GD\ SHULRG WKH GDLO\ LQSXW RI 3$5 UDGLDWLRQ EHFRPHV ����� *-�

)XUWKHUPRUH ZH DVVXPHG WKH UHDFWRU ZLOO EH GRZQ IURP 'HFHPEHU �� XQWLO -DQXDU\ �� ����
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GD\V� DQG DV D UHVXOW WKH \HDUO\ LQSXW LV ����� 7-� )LQDOO\� DVVXPLQJ D 3( RI �� � DQG D

FDORULF YDOXH RI 6SLUXOLQD RI ���� N-�J�� �7RU]LOOR� HW DO�� ����� ZH REWDLQ D SURGXFWLYLW\ RI

����� WRQ GZ \U���

+RZHYHU� WR EH DEOH WR FROOHFW ����� 7- 3$5 SHU \HDU IURP -DQXDU\ �� XQWLO 'HFHPEHU ���

JURXQG VXUIDFH LV QHHGHG� )LUVW� 3$5 UDGLDWLRQ �SKRWRV\QWKHWLF DFWLYH UDGLDWLRQ� ��� � ��� QP�

VKRXOG EH FRQYHUWHG WR VRODU UDGLDWLRQ� 6XQOLJKW FRQVLVWV IRU ���� � RI 3$5 �7KLPLMDQ DQG

+HLQV� ����� DQG WKH \HDUO\ 3$5 LQSXW RI ����� 7- FRUUHVSRQGV WR ����� 7- VRODU UDGLDWLRQ�

1H[W� ZH XVHG WKH PRQWKO\ PHDQV RI GDLO\ GLUHFW EHDP LUUDGLDQFH RQ D KRUL]RQWDO VXUIDFH LQ

6HYLOOD �VRXWKHUQ 6SDLQ� GXULQJ WKH \HDUV ���� DQG ���� �ZZZ�6DWHO�OLJKW�FRP� WKH (XURSHDQ

'DWDEDVH RI 'D\OLJKW DQG 6RODU 5DGLDWLRQ� )RQWR\QRQW� HW DO�� ������ RQ DYHUDJH �����

0- P�� G�� EHWZHHQ -DQXDU\ �� DQG 'HFHPEHU ��� :LWK WKHVH YDOXHV ZH FDOFXODWHG D

KRUL]RQWDO JURXQG VXUIDFH RI ����� P� IURP ZKLFK DOO GLUHFW EHDP LUUDGLDQFH VKRXOG EH

FROOHFWHG DQG WUDQVSRUWHG WR WKH SKRWRELRUHDFWRU YLD RSWLFDO ILEHUV� :H DQWLFLSDWHG D ORVV RI

�� � RI VXQOLJKW GXULQJ FROOHFWLRQ DQG WUDQVSRUW WR WKH UHDFWRU� $V D UHVXOW� WKH JURXQG VXUIDFH

FRYHUHG ZLWK VRODU FROOHFWRUV VKRXOG EH LQFUHDVHG WR ����� P�� 7KLV LV HTXDO WR D FLUFXODU ILHOG

ZLWK D UDGLXV RI ����� P�

7KH OLJKW�H[SRVHG VXUIDFH RI WKH PXOWLSOH�FROXPQ DLU�OLIW UHDFWRU LV ����� P� �7DEOH ����� 7KH

VDPH HVWLPDWLRQV ZHUH GRQH DV GHVFULEHG DERYH� RQO\ D 3( RI �� � ZDV XVHG� 7KLV UHVXOWHG LQ

D SURGXFWLYLW\ RI ����� WRQ GZ \U��� )RU WKLV GLUHFW VRODU EHDP LUUDGLDQFH RQ D JURXQG VXUIDFH

RI ���� P� VKRXOG EH UHGLUHFWHG WR WKH WXEH VXUIDFHV XVLQJ PLUURUV� D KHOLRVWDW ILHOG�

$SSHQGL[ 9,,� &RVWV DUWLILFLDO LOOXPLQDWLRQ

,Q RUGHU WR HVWLPDWH WKH FRVWV RI DUWLILFLDO LOOXPLQDWLRQ D YHU\ HIILFLHQW IOXRUHVFHQW WXEH ZDV

FKRVHQ� WKH %ULWHJUR ����� ��� P OHQJWK DQG �� : SRZHU FRQVXPSWLRQ �2VUDP�6\OYDQLD�

*HUPDQ\�� 7KLV WXEH FRQYHUWV �� � RI WKH HOHFWULFDO HQHUJ\ LQWR SKRWRV\QWKHWLF DFWLYH

UDGLDWLRQ �3$5� DQG GHOLYHUV ���� PRO G��� ,Q $SSHQGL[ 9, LW LV HVWLPDWHG WKDW WKH UHFWDQJXODU

DLU�OLIW UHDFWRU ZLWK OLJKW UH�GLVWULEXWLQJ SODWHV FDQ GLVWULEXWH ����� 7- \U��� FRUUHVSRQGLQJ WR

����� 0PRO \U��� $UWLILFLDO LOOXPLQDWLRQ FDQ EH XVHG �� KRXUV D GD\ WKH ZKROH \HDU URXQG DQG

WKHUHIRUH ����� WXEHV DUH QHHGHG WR SURYLGH D \HDUO\ 3$5 LQSXW RI ����� 7- \U��� 7KH OLIHWLPH

RI WKH WXEHV ZDV ��� GD\V DW �� � ORVV RI RXWSXW� )RU WKLV UHDVRQ� LW ZDV LQFRUSRUDWHG WKH WXEHV

VKRXOG EH UHSODFHG WZLFH D \HDU� 7KH SULFH RI WKH ODPSV ZDV 86� ���� SHU SLHFH DQG WKH FRVW

RI HOHFWULFLW\ ZDV HVWLPDWHG DW ����� 86� 0-���
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1RPHQFODWXUH

FKO FKORURSK\OO

GZ GU\ ZHLJKW

/�' OLJKW�GDUN

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

3( SKRWRV\QWKHWLF HIILFLHQF\

K G\QDPLF YLVFRVLW\ >1 V P��@

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

W� ZDOO VKHDU VWUHVV >1 P��@

HJ IUDFWLRQDO JDV KROG�XS >�@

HJG IUDFWLRQDO JDV KROG�XS GRZQFRPHU >�@

HJU IUDFWLRQDO JDV KROG�XS ULVHU >�@

DFKO�D ZDYHOHQJWK�GHSHQGHQW DEVRUSWLRQ FRHIILFLHQW� FKO�D EDVLV >P� J��@

D
SURW VSHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW� SURWHLQ EDVLV >P� J��@

$G FURVV VHFWLRQDO DUHD GRZQFRPHU >P�@

$5 FURVV VHFWLRQDO DUHD UHDFWRU >P�@

$U FURVV VHFWLRQDO DUHD ULVHU >P�@

&E ERWWRP FOHDUDQFH DLU�OLIW UHDFWRU >P@

&I )DQQLQJ IULFWLRQ IDFWRU >�@

G WXEH GLDPHWHU >P@

)U )URXGH GLPHQVLRQOHVV JURXS >�@

KG OLTXLG GLVSHUVLRQ KHLJKW >P@

KO QRQ�DHUDWHG OLTXLG KHLJKW >P@

.% IULFWLRQ ORVV FRHIILFLHQW ERWWRP ]RQH DLU�OLIW UHDFWRU >�@

3J GLVVLSDWHG SRZHU JDV IORZ >:@

3U 3UDQGWO GLPHQVLRQOHVV JURXS >�@

SV SUHVVXUH DW VSDUJHU >1 P��@

SW SUHVVXUH WRS UHDFWRU >1 P��@

5H 5H\QROGV GLPHQVLRQOHVV JURXS >�@

6F 6FKPLGW GLPHQVLRQOHVV JURXS >�@

6W 6WDQWRQ GLPHQVLRQOHVV JURXS >�@

WVF DYHUDJH VXUIDFH FRQWDFW WLPH >V@

7Y YHVVHO GLDPHWHU >P@

9O OLTXLG YROXPH UHDFWRU >P�@
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<GZ�( ELRPDVV \LHOG RQ OLJKW HQHUJ\� GU\ ZHLJKW SHU SKRWRQV >J PRO��@

<SURW�( ELRPDVV \LHOG RQ OLJKW HQHUJ\� SURWHLQ SHU SKRWRQV >J PRO��@

GS SHQHWUDWLRQ GHSWK OLJKW >P@

WF FLUFXODWLRQ WLPH  GXUDWLRQ /�' F\FOH >V@

WO GXUDWLRQ OLJKW SHULRG /�' F\FOH >V@

5 WXEH UDGLXV >P@

3GZ YROXPHWULF SURGXFWLYLW\� GU\ ZHLJKW EDVLV >J P�� G��@

U GHQVLW\ >NJ P��@

>FKO�D@ FKORURSK\OO�D FRQFHQWUDWLRQ >J P��@

K KHDW WUDQVIHU FRHILLFLHQW >: P�� .��@

3)' SKRWRQ IOX[ GHQVLW\ LQ 3$5 UDQJH >PPRO P�� V��@

3)'LQ SKRWRQ IOX[ GHQVLW\ RQ UHDFWRU VXUIDFH >PPRO P�� V��@

)YRO�PD[ WLPH�DYHUDJHG YROXPHWULF SKRWRQ DEVRUSWLRQ UDWH >PRO P�� G��@

O WKHUPDO FRQGXFWLYLW\ >: P�� .��@

&S KHDW FDSDFLW\ >- NJ�� .��@

(Z WLPH�DYHUDJHG 3)' DV PHDVXUHG ZLWK VSKHULFDO VHQVRU >PRO P�� G��@

P VSHFLILF JURZWK UDWH >K��@

)J PRODU JDV IORZ >PRO V��@

,' GLIIXVLYLW\ >P� V��@

NO PDVV WUDQVIHU FRHIILFLHQW >P V��@

4/�'¶ VSHFLILF OLTXLG IORZ OLJKW�GDUN LQWHUIDFH >P� V��@

V VXUIDFH UHQHZDO UDWH >V��@

YEV EXEEOH VOLS YHORFLW\ >P V��@

YJV VXSHUILFLDO JDV YHORFLW\ >P V��@

YJVU VXSHUILFLDO JDV YHORFLW\ LQ WKH ULVHU >P V��@

YOF OLTXLG FLUFXODWLRQ YHORFLW\ >P V��@

YOU OLTXLG UDGLDO YHORFLW\ >P V��@

YOV VXSHUILFLDO OLTXLG YHORFLW\ >P�V��@

YOVU VXSHUILFLDO OLTXLG YHORFLW\ LQ WKH ULVHU >P V��@

&[ ELRPDVV FRQFHQWUDWLRQ� GU\ ZHLJKW EDVLV >J /��@
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6XPPDUL]LQJ GLVFXVVLRQ

,Q WKLV WKHVLV WKH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ RI PLFURDOJDH ZDV VWXGLHG XQGHU OLJKW�GDUN

F\FOHV HQFRXQWHUHG LQ SKRWRELRUHDFWRUV� 3KRWRWURSKLF PLFURRUJDQLVPV VXFK DV PLFURDOJDH DQG

F\DQREDFWHULD FRXOG SURYLGH YDOXDEOH FRPSRXQGV� )RU PDQ\ RI WKHVH DSSOLFDWLRQV LW LV

HVVHQWLDO WR XVH HQFORVHG SKRWRELRUHDFWRUV LQ ZKLFK PRQRFXOWXUHV FDQ EH PDLQWDLQHG IRU DQ

H[WHQGHG WLPH� %HFDXVH OLJKW HQHUJ\ LV WKH JURZWK OLPLWLQJ VXEVWUDWH� OLJKW VXSSO\ SOD\V D NH\

UROH LQ SKRWRELRUHDFWRU GHVLJQ�

7KH OLJKW UHJLPH LQVLGH SKRWRELRUHDFWRUV LV FRPSOLFDWHG� DOJDH DUH H[SRVHG WR KLJK�LQWHQVLW\

VXQOLJKW LQ WKH VR�FDOOHG SKRWLF ]RQH FORVH WR WKH UHDFWRU VXUIDFH DQG FRPSOHWH GDUNQHVV LQ WKH

LQWHULRU� $V D UHVXOW RI PL[LQJ RI WKH UHDFWRU OLTXLG� DOJDH DUH H[SRVHG WR OLJKW�JUDGLHQW�GDUN

F\FOHV DQG WKLV IOXFWXDWLQJ OLJKW UHJLPH FRXOG KDYH D FRQVLGHUDEOH LQIOXHQFH RQ WKH HIILFLHQF\

RI OLJKW XWLOL]DWLRQ IRU ELRPDVV JURZWK� DOVR UHIHUUHG WR DV WKH SKRWRV\QWKHWLF HIILFLHQF\�

(YHQ XQGHU ORZ�LQWHQVLW\ VXQOLJKW PRVW SKRWRV\QWKHWLF PLFURRUJDQLVPV LQWHUFHSW WRR PXFK

OLJKW DW WKH OLJKW�H[SRVHG VXUIDFH� 7KH H[FLWDWLRQ HQHUJ\ LV RQO\ SDUWO\ XWLOL]HG LQ WKH

SKRWRV\QWKHWLF DSSDUDWXV DQG D FRQVLGHUDEOH DPRXQW RI OLJKW HQHUJ\ LV ORVW DV KHDW RU

IOXRUHVFHQFH� ,W LV RIWHQ VXJJHVWHG WKDW LQWHUPLWWHQW LOOXPLQDWLRQ� L�H� OLJKW�GDUN F\FOLQJ� LV WKH

PRVW SUDFWLFDO PRGH WR GLOXWH VWURQJ OLJKW DQG FRXOG UHVXOW LQ HIIHFWLYH OLJKW XWLOL]DWLRQ E\ DOJDO

FXOWXUHV �5LFKPRQG� ������ 7KLV HIIHFW RI µOLJKW LQWHJUDWLRQ¶ KDV EHHQ GHPRQVWUDWHG XQGHU

KLJK�IUHTXHQF\ IOXFWXDWLQJ OLJKW �! �� +]� DQG LV DOVR UHIHUUHG WR DV WKH µIODVKLQJ�OLJKW HIIHFW¶

�.RN� ������ +RZHYHU� VXFK D OLJKW UHJLPH LV YHU\ GLIILFXOW WR HVWDEOLVK LQ ODUJH�VFDOH

SKRWRELRUHDFWRUV �3RZHOO� HW DO�� ����� /DZV� HW DO�� ������

7KH SUHVHQW VWXG\ WKHUHIRUH ZDV OLPLWHG WR PHGLXP�IUHTXHQF\ OLJKW�GDUN F\FOHV� 7KHVH KDYH D

GXUDWLRQ RI D IHZ VHFRQGV WR ��� V� 2QO\ LQ &KDSWHU � H[SHULPHQWV ZHUH GRQH RQ WKH LQIOXHQFH

RI OLJKW�GDUN F\FOHV VPDOOHU WKDQ � V� 0HGLXP�GXUDWLRQ OLJKW�GDUN F\FOHV ZLOO EH HQFRXQWHUHG

GXULQJ VFDOH�XS RI SKRWRELRUHDFWRUV� )RU WKLV UHDVRQ LW LV HVVHQWLDO WR XQGHUVWDQG WKH UHODWLRQ

EHWZHHQ PHGLXP�GXUDWLRQ OLJKW�GDUN F\FOHV DQG WKH SKRWRV\QWKHWLF HIILFLHQF\� 0RUHRYHU� LW

ZDV KRSHG IRU WKDW DOVR PHGLXP�GXUDWLRQ F\FOHV PLJKW OHDG WR KLJKHU SKRWRV\QWKHWLF

HIILFLHQF\ LQ WKH SKRWLF ]RQH RI SKRWRELRUHDFWRUV LQ FRPSDULVRQ WR FRQVWDQW OLJKW OHYHOV� EXW

FOHDU HYLGHQFH ZDV VWLOO ODFNLQJ�

,Q WKH SUHVHQW VWXG\ LW LV FOHDUO\ VKRZQ WKDW PHGLXP�GXUDWLRQ OLJKW�GDUN F\FOHV GR QRW OHDG WR

OLJKW LQWHJUDWLRQ� 7KH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ ZDV GHWHUPLQHG DV WKH \LHOG RI ELRPDVV�

PHDVXUHG DV SURWHLQ� RQ OLJKW HQHUJ\� PHDVXUHG DV µSKRWRV\QWKHWLF DFWLYH UDGLDWLRQ¶ �3$5�
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��� � ��� QP�� ,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 � LW ZDV GHPRQVWUDWHG WKH VSHFLILF JURZWK UDWH RI WZR IUHVKZDWHU JUHHQ DOJDH�

&KODP\GRPRQDV UHLQKDUGWLL DQG &KORUHOOD VRURNLQLDQD GHFUHDVHV DIWHU LQWURGXFWLRQ RI D GDUN

SHULRG LQ D FRQWLQXRXV OLJKW UHJLPH �VTXDUH�ZDYH OLJKW�GDUN F\FOH� )LJXUH ������ 0RUHRYHU�

FLUFXPVWDQWLDO HYLGHQFH ZDV SURYLGHG WKDW VSHFLILF OLJKW DEVRUSWLRQ LV KLJKHU XQGHU OLJKW�GDUN

F\FOHV� &RPELQLQJ WKH LQFUHDVH RI OLJKW DEVRUSWLRQ ZLWK WKH GHFUHDVH RI JURZWK UDWH� WKH

SKRWRV\QWKHWLF HIILFLHQF\ ZDV WKRXJKW WR EH ORZHU GXULQJ WKH OLJKW SHULRG RI OLJKW�GDUN F\FOHV

WKDQ GXULQJ FRQWLQXRXV OLJKW�

7KLV µH[SHFWDWLRQ¶ ZDV FRQILUPHG IRU &KODP\GRPRQDV E\ WKH H[SHULPHQWV GHVFULEHG LQ

&KDSWHU �� 7KH ELRPDVV \LHOG RQ OLJKW HQHUJ\� PHDVXUHG DV SURWHLQ SHU SKRWRQV� ZDV ORZHVW

XQGHU OLJKW�GDUN F\FOHV� ,W ZDV ����� � ����� J PRO
��
XQGHU OLJKW�GDUN F\FOHV ZLWK D OLJKW

SHULRG GXUDWLRQ KDOI RI WKH F\FOH GXUDWLRQ �H  ����� DV RSSRVHG WR ����� J PRO
��
XQGHU

FRQWLQXRXV OLJKW �H  ��� 7KH GHFUHDVH LQ ELRPDVV \LHOG ZDV WKH UHVXOW RI D GHFUHDVH RI WKH

VSHFLILF JURZWK UDWH� 7KH VSHFLILF OLJKW DEVRUSWLRQ FRHIILFLHQW ZDV FRQVWDQW XQGHU WKH OLJKW

UHJLPHV DSSOLHG�

$GGLWLRQDO H[SHULPHQWV VKRZHG WKDW WRJHWKHU ZLWK WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\ DOVR WKH

FDSDFLW\ RI WKH SKRWRV\QWKHWLF DSSDUDWXV GHFUHDVHG� 7KH SKRWRV\QWKHWLF FDSDFLW\ ZDV

PHDVXUHG DV WKH PD[LPXP R[\JHQ SURGXFWLRQ UDWH� ,Q DGGLWLRQ� WKH TXDQWXP \LHOG RI

SKRWRFKHPLVWU\ ZDV IRXQG WR EH ORZHU GXULQJ WKH OLJKW SHULRG RI D OLJKW�GDUN F\FOH LQ

FRPSDULVRQ WR FRQWLQXRXV LOOXPLQDWLRQ� $OWKRXJK WKH GHFUHDVH LQ JURZWK UDWH XQGHU OLJKW�GDUN

IOXFWXDWLRQV FRXOG EH WUDFHG EDFN WR WKH UDWH RI HOHFWURQ WUDQVSRUW LQ WKH SKRWRV\QWKHWLF

DSSDUDWXV� LW LV QRW NQRZQ ZKLFK VWHSV DUH UDWH�OLPLWLQJ� 1HYHUWKHOHVV� EHFDXVH WKH OLJKW�GDUN

F\FOHV DSSOLHG ZHUH UHODWLYHO\ IDVW LW LV OLNHO\ WKH OLPLWDWLRQ FDQ EH IRXQG LQ WKH VR�FDOOHG OLJKW

UHDFWLRQV RI SKRWRV\QWKHVLV� RU LQ SDWKZD\V LPPHGLDWHO\ IROORZLQJ WKH OLJKW UHDFWLRQV� VXFK DV

FDUERQ GLR[LGH IL[DWLRQ�

,Q &KDSWHU � LW ZDV VXJJHVWHG WKH VSHFLILF OLJKW DEVRUSWLRQ FRHIILFLHQW RI DOJDH FXOWLYDWHG

XQGHU OLJKW�GDUN F\FOHV LV KLJKHU WKDQ WKRVH FXOWLYDWHG XQGHU FRQWLQXRXV OLJKW� 7KLV ZRXOG

LPSO\ WKDW SKRWRDFFOLPDWLRQ �)DONRZVNL DQG /D5RFKH� ����� WDNHV SODFH DIWHU WUDQVIHU RI

DOJDH IURP D FRQVWDQW SKRWRQ IOX[ GHQVLW\ �3)'� WR OLJKW�GDUN F\FOHV� )RU WKLV UHDVRQ DOVR WKH

PDULQH JUHHQ DOJD 'XQDOLHOOD WHUWLROHFWD ZDV LQYHVWLJDWHG WRJHWKHU ZLWK &KODP\GRPRQDV�

'XQDOLHOOD KDV EHHQ VWXGLHG H[WHQVLYHO\ ZLWK UHVSHFW WR SKRWRDFFOLPDWLRQ �)DONRZVNL DQG
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2ZHQV� ����� )DONRZVNL� HW DO�� ����� DQG GHPRQVWUDWHG D GLIIHUHQW VWUDWHJ\ RI

SKRWRDFFOLPDWLRQ WKDQ &KODP\GRPRQDV �1HDOH DQG 0HOLV� ������ ,Q &KDSWHU �� KRZHYHU� LV

GHVFULEHG 'XQDOLHOOD EHKDYHV VLPLODU WR &KODP\GRPDQDV� WKH ELRPDVV \LHOG RQ OLJKW HQHUJ\ LV

ORZHU XQGHU PHGLXP�GXUDWLRQ OLJKW�GDUN F\FOHV WKDQ XQGHU FXOWLYDWLRQ ZLWK FRQVWDQW 3)'�

7KHVH H[SHULPHQWV ZHUH DOVR H[WHQGHG WR KLJKHU SKRWRQ IOX[ GHQVLWLHV �3)'V�� ��� � ��� o

���� � ���� PPRO P
��
V
��
�&KDSWHU ��� $W KLJKHU 3)'V SKRWRLQKLELWRU\ GDPDJH RI DOJDO

SKRWRV\VWHPV FRXOG EHFRPH DQ LPSRUWDQW IDFWRU� $OWKRXJK SKRWRLQKLELWLRQ ZDV REVHUYHG WKLV

GLG QRW KDYH D VLJQLILFDQW LQIOXHQFH RQ WKH FRPSDULVRQ EHWZHHQ FRQWLQXRXV DQG IOXFWXDWLQJ

OLJKW UHJLPHV� 7KH ELRPDVV \LHOG RQ OLJKW HQHUJ\ DQG WKH TXDQWXP \LHOG RI SKRWRFKHPLVWU\

ZHUH KLJKHU XQGHU D FRQVWDQW 3)' RI ���� � ���� PPRO P
��
V
��
WKDQ XQGHU OLJKW�GDUN F\FOHV

ZLWK WKH VDPH 3)' GXULQJ WKH OLJKW SHULRG�

,Q WKHVH H[SHULPHQWV LW ZDV DOVR GHPRQVWUDWHG WKDW WKH WUDQVLWLRQ IURP FRQVWDQW 3)' WR

OLJKW�GDUN F\FOHV UHVXOWHG LQ D VLJQLILFDQW LQFUHDVH LQ WKH VSHFLILF DEVRUSWLRQ FRHIILFLHQW RI

'XQDOLHOOD ���� ± ���� PPRO P
��
V
��
� DQG &KODP\GRPRQDV ����� ± ���� PPRO P

��
V
��
�� 7KLV

DFFOLPDWLRQ UHVHPEOHV WKH SURFHVV RI SKRWRDFFOLPDWLRQ REVHUYHG DIWHU D WUDQVLWLRQ IURP D KLJK�

EXW FRQVWDQW� SKRWRQ IOX[ GHQVLW\ WR D ORZ 3)'� ,W VHHPV OLNHO\ WKDW D VKLIW IURP D FRQVWDQW

3)' WR OLJKW�GDUN F\FOLQJ OHDGV WR D GHFUHDVH LQ WKH �DYHUDJH� UHGXFWLRQ VWDWH RI WKH

SKRWRV\QWKHWLF DSSDUDWXV RI DOJDH� $V D UHDFWLRQ� DOJDH ZLOO DFFOLPDWH LQFUHDVLQJ WKHLU VSHFLILF

OLJKW DEVRUELQJ VXUIDFH �'XUQIRUG DQG )DONRZVNL� ������ 7KLV FRXOG EH WKH UHDVRQ PRUH OLJKW

HQHUJ\ LV ZDVWHG �KHDW ORVVHV� GXULQJ WKH OLJKW SHULRG RI OLJKW�GDUN F\FOHV WKDQ XQGHU FRQVWDQW

OLJKW�

7KH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ ZDV IRXQG WR EH ORZHU XQGHU OLJKW�GDUN F\FOHV DV LV

GHVFULEHG LQ &KDSWHUV � DQG �� %XW LW VKRXOG DOVR EH QRWHG WKDW� LQ WKH VLWXDWLRQ WKH GDUN SHULRG

FRPSULVHV RQO\ �� � �&KDSWHU �� RU �� � �&KDSWHU ��� WKH \LHOG ZDV HTXDO WR WKH RQH

GHWHUPLQHG XQGHU FRQWLQXRXV LOOXPLQDWLRQ� 7KLV PHDQV D UHODWLYHO\ VPDOO GDUN ]RQH FDQ EH

DOORZHG LQ SKRWRELRUHDFWRUV ZLWKRXW DIIHFWLQJ UHDFWRU SURGXFWLYLW\� UHDFWRUV FDQ EH RSHUDWHG DW

VOLJKWO\ KLJKHU ELRPDVV GHQVLWLHV IDFLOLWDWLQJ GRZQVWUHDP SURFHVVLQJ RI WKH ELRPDVV�

7KH SUHYLRXV REVHUYDWLRQ LV UHODWHG WR WKH IDFW WKDW WKH VSHFLILF JURZWK UDWH GRHV QRW GHFUHDVH

OLQHDU WR D GHFUHDVH RI WKH UDWLR EHWZHHQ OLJKW SHULRG DQG F\FOH GXUDWLRQ �H�� $W KLJK H �! �����

WKH VSHFLILF JURZWK UDWH GHFUHDVHV OHVV WKDQ SURSRUWLRQDO WR H� 7KLV REVHUYDWLRQ ZDV DOVR

GHVFULEHG LQ WKH UHJXODUO\ FLWHG VWXGLHV RI /HH DQG 3LUW ������ DQG 0HUFKXN HW DO� ������� 7KH\

IRXQG DOJDH �3RUSK\ULGLXP DQG &KORUHOOD� FRXOG EH LQ WKH GDUN IRU � ± � V ZKLOH VWLOO

H[KLELWLQJ WKHLU PD[LPXP JURZWK UDWH GXULQJ OLJKW�GDUN F\FOHV RI �� DQG �� V GXUDWLRQ�
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UHVSHFWLYHO\� 1RWKLQJ ZDV NQRZQ DERXW WKH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ� %DVHG RQ WKH ZRUN

GHVFULEHG LQ WKLV WKHVLV LW VHHPV OLNHO\ WKDW DOVR XQGHU WKHLU FLUFXPVWDQFHV WKH ELRPDVV \LHOG RQ

OLJKW HQHUJ\ XQGHU OLJKW�GDUN F\FOHV ZDV QRW KLJKHU� DQG SUHVXPDEO\ ORZHU� WKDQ REWDLQDEOH

XQGHU FRQVWDQW 3)'� 0RUHRYHU� WKLV FRXOG EH GHGXFHG IURP WKH LQYHUVH SURSRUWLRQDOLW\

EHWZHHQ WKH PDLQWHQDQFH UHTXLUHPHQW DQG H UHSRUWHG E\ /HH DQG 3LUW ������� 7KH LQFUHDVH RI

WKH PDLQWHQDQFH UHTXLUHPHQW FDQ EH WUDQVODWHG LQWR WKH REVHUYDWLRQ D ODUJHU SDUW RI WKH OLJKW

HQHUJ\ DEVRUEHG FDQQRW EH XWLOL]HG IRU JURZWK� 7KLV ZLOO OHDG WR D ORZHU \LHOG RI ELRPDVV RQ

OLJKW HQHUJ\ DV GHILQHG LQ WKLV WKHVLV�

'XQDOLHOOD WHUWLROHFWD ZDV FKRVHQ DV D PRGHO RUJDQLVP IRU IXUWKHU UHVHDUFK DQG WKH HIIHFW RI

F\FOH GXUDWLRQ ��� � ��� V� DQG OLJKW IUDFWLRQ �H� ��� ± ���� RQ WKH ELRPDVV \LHOG ZDV PRGHOHG

DV GHVFULEHG LQ &KDSWHU �� /LJKW�GDUN F\FOHV IRXQG LQ DLU�OLIW UHDFWRUV ZHUH VLPXODWHG WDNLQJ

LQWR DFFRXQW WKH OLJKW JUDGLHQW GXULQJ WKH OLJKW SHULRG �)LJXUH ����� 7KLV PHDQV WKH OLJKW SHULRG

ZDV FKDUDFWHUL]HG E\ D OLJKW JUDGLHQW JRLQJ IURP ���� WR RQO\ �� PPRO P
��
V
��
� ,Q DGGLWLRQ� WKH

FXOWLYDWLRQ WHPSHUDWXUH ZDV LQFUHDVHG IURP �� WR �� q&� �� q& ZDV IRXQG WR EH WKH RSWLPXP

JURZWK WHPSHUDWXUH IRU 'XQDOLHOOD �(SSOH\ DQG 6ORDQ� ������

7KH ELRPDVV \LHOG ZDV PDLQO\ DIIHFWHG E\ WKH OLJKW IUDFWLRQ �H�� ZKHUHDV F\FOH GXUDWLRQ RQO\

KDG D VPDOO LQIOXHQFH �&KDSWHU ��� $ VWDWLVWLFDO PRGHO� GHVFULELQJ WKH HIIHFW RI OLJKW IUDFWLRQ

DQG F\FOH WLPH RQ WKH ELRPDVV \LHOG ZDV GHYHORSHG� 7KH PRGHO SUHGLFWLRQV FRUUHODWHG ZHOO

ZLWK WKH PRUH TXDOLWDWLYH UHVXOWV GHVFULEHG LQ &KDSWHUV � DQG �� 7KH \LHOG RI ELRPDVV RQ OLJKW

HQHUJ\ ZDV ORZHU XQGHU OLJKW�JUDGLHQW�GDUN F\FOHV �H d ���� LQ FRPSDULVRQ WR D OLJKW�JUDGLHQW

RQO\ �H  ��� 2QO\ LQ WKH VLWXDWLRQ WKH GXUDWLRQ RI WKH OLJKW SHULRG ZDV UHODWLYHO\ VKRUW WKH

ELRPDVV \LHOG DSSURDFKHG WKH \LHOG XQGHU D OLJKW JUDGLHQW ZLWKRXW DQ DGGLWLRQDO GDUN SHULRG�

7KH VWDWLVWLFDO PRGHO GHYHORSHG FDQ EH XVHG DV D WRRO IRU WKH GHVLJQ RI SKRWRELRUHDFWRUV� 7KLV

VSHFLILF PRGHO ZDV SDUWLFXODUO\ VXLWDEOH IRU DLU�OLIW ORRS UHDFWRUV� 7KHVH FDQ EH GHVLJQHG LQ

VXFK D ZD\ WKDW WKH ULVHU FRPSULVHV WKH GDUN ]RQH DQG WKH GRZQFRPHU HTXDOV WKH SKRWLF ]RQH

RU YLFH YHUVD� &RQVHTXHQWO\� WKH WLPH DOJDH VSHQG LQ WKH GDUN DQG SKRWLF ]RQH LV GHSHQGHQW RQ

UHDFWRU GHVLJQ DQG WKH OLTXLG FLUFXODWLRQ YHORFLW\� +RZHYHU� LW FDQ EH FRQFOXGHG WKDW VXFK

GHVLJQV DUH LQHIILFLHQW IRU PLFURDOJDH FXOWLYDWLRQ GXH WR SUHVHQFH RI PHGLXP�GXUDWLRQ

OLJKW�GDUN F\FOHV ��� ± ��� V�� 2QO\ DW KLJK OLJKW IUDFWLRQV �H t ����� ELRPDVV \LHOG ZLOO EH

FRPSDUDEOH WR WKH \LHOG XQGHU D FRQWLQXRXV OLJKW JUDGLHQW �H  ��� ,Q DGGLWLRQ� WKH ELRPDVV

\LHOG XQGHU WKH OLJKW JUDGLHQW �����o �� PPRO P
��
V
��
� ZLWKRXW GDUN SHULRG �H  �� LWVHOI LV

PXFK ORZHU WKDQ WKH \LHOG REWDLQHG XQGHU D ORZ 3)' ��� PPRO P
��
V
��
� ZLWKRXW GDUN SHULRG�

���� J PRO
��
DV RSSRVHG WR ���� J PRO

��
�&KDSWHUV � DQG ��� 7KH \LHOG XQGHU VXFK ORZ SKRWRQ
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IOX[ GHQVLWLHV LV D JRRG PHDVXUH IRU WKH PD[LPDO HIILFLHQF\ RI OLJKW XWLOL]DWLRQ� ZKLFK VKRXOG

EH WKH XOWLPDWH WDUJHW IRU SKRWRELRUHDFWRU GHVLJQ�

%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 VWXGLHG� ,Q

&KDSWHU � H[SHULPHQWV ZHUH SUHVHQWHG RI 'XQDOLHOOD WHUWLROHFWD JURZQ XQGHU VKRUW ����� DQG �

V� VTXDUH�ZDYH OLJKW�GDUN F\FOHV� $ VLJQLILFDQW HIILFLHQF\ LQFUHDVH ZDV REVHUYHG XQGHU ���� V

F\FOHV LQ FRPSDULVRQ WR FRQWLQXRXV LOOXPLQDWLRQ� 7KHVH UHVXOWV ZHUH GLVFXVVHG ZLWK UHVSHFW WR

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

7KRVH UHDFWRUV DUH UHSRUWHG WR H[KLELW KLJK SKRWRV\QWKHWLF HIILFLHQFLHV WRJHWKHU ZLWK IDVW

OLTXLG FLUFXODWLRQ ���� V� EHWZHHQ SKRWLF DQG GDUN ]RQHV LQVLGH WKH SKRWRELRUHDFWRU

�5LFKPRQG� ������ 7KH ODE�VFDOH VWXGLHV GHVFULEHG LQ &KDSWHU � WKHUHIRUH DUH LQ DJUHHPHQW

ZLWK WKHVH REVHUYDWLRQV�

7R VXPPDUL]H� WKH VWDWH�RI WKH�DUW RI HQFORVHG RXWGRRU SKRWRELRUHDFWRUV ZDV DQDO\]HG LQ

&KDSWHU �� &KDUDFWHULVWLF H[DPSOHV ZHUH VHOHFWHG DQG VWXGLHG ZLWK UHVSHFW WR WKH OLJKW UHJLPH

DQG WKH SKRWRV\QWKHWLF HIILFLHQF\� ,W LV VKRZQ WKDW KLJK SKRWRV\QWKHWLF HIILFLHQFLHV RQO\ FDQ

EH UHDFKHG DW KLJK ELRPDVV FRQFHQWUDWLRQ LQ VKRUW OLJKW�SDWK ELRUHDFWRUV� ,W LV GHPRQVWUDWHG�

KRZHYHU� WKDW WKHVH DQG DOVR WKH RWKHU W\SHV RI SKRWRELRUHDFWRUV DUH SRRUO\ VFDODEOH DQG�RU QRW

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

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

DLU�OLIW W\SH SKRWRELRUHDFWRU LV SURSRVHG ZLWK PDQ\ OLJKW UH�GLVWULEXWLQJ SODWHV FRQQHFWHG WR

VRODU FRQFHQWUDWRUV YLD RSWLFDO ILEHUV� 7KH UHDFWRU OLTXLG� XS WR ��� P
�
� FDQ EH PL[HG DV D

ZKROH SURYLGLQJ PDQ\ SRVVLELOLWLHV IRU FRQWUROOHG FXOWLYDWLRQ RI PRQRFXOWXUHV RI PLFURDOJDH�



���
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5HIHUHQFHV

$LED 6� ����� *URZWK NLQHWLFV RI SKRWRV\QWKHWLF PLFURRUJDQLVPV� $GY %LRFKHP (QJ ����������

$NLPRWR 0� <DPDGD +� 2KWDJXFKL .� .RLGH .� ����� 3KRWRDXWRWURSKLF FXOWLYDWLRQ RI WKH JUHHQ DOJD

&KODP\GRPRQDV UHLQKDUGWLL DV D PHWKRG IRU FDUERQ GLR[LGH IL[DWLRQ DQG DOSKD�OLQROHQLF DFLG
SURGXFWLRQ� - $P 2LO &KHP 6RF �����������

$QQDGXUDL *� ����� 'HVLJQ RI RSWLPXP UHVSRQVH VXUIDFH H[SHULPHQWV IRU DGVRUSWLRQ RI GLUHFW G\H RQ

FKLWRVDQ� %LRSURFHVV (QJ �����������

$SW .(� %HKUHQV 3:� ����� &RPPHUFLDO GHYHORSPHQWV LQ PLFURDOJDO ELRWHFKQRORJ\� - 3K\FRO �������

����

%DUEHU -� ����� 0ROHFXODU EDVLV RI WKH YXOQHUDELOLW\ RI SKRWRV\VWHP ,, WR GDPDJH E\ OLJKW� $XVW - 3ODQW

3K\VLRO �����������

%DUERVD 0-� -DQVVHQ 0� +DP 1� 7UDPSHU -� :LMIIHOV 5+� ����� 0LFURDOJDH FXOWLYDWLRQ LQ DLU�OLIW

UHDFWRUV� PRGHOLQJ ELRPDVV \LHOG DQG JURZWK UDWH DV D IXQFWLRQ RI OLJKW JUDGLHQW � GDUN F\FOHV�
6XEPLWWHG�

%HFNHU (:� ����� 0LFURDOJDH� ELRWHFKQRORJ\ DQG PLFURELRORJ\� &DPEULGJH� &DPEULGJH 8QLYHUVLW\

3UHVV�

%HQHPDQQ -5� ����� 0LFURDOJDH SURGXFWV DQG SURGXFWLRQ� DQ RYHUYLHZ� - ,QG 0LFURELRO �����������

%LUG 5%� 6WHZDUW :(� /LJKWIRRW (1� ����� 7UDQVSRUW 3KHQRPHQD� 1HZ <RUN� :LOH\� ��� S�

%RURZLW]ND 0$� ����� $OJDO ELRWHFKQRORJ\ SURGXFWV DQG SURFHVVHV� PDWFKLQJ VFLHQFH DQG HFRQRPLFV�

- $SSO 3K\FRO ����������

%RURZLW]ND 0$� ����� 0LFURDOJDH DV VRXUFHV RI SKDUPDFHXWLFDOV DQG RWKHU ELRORJLFDOO\ DFWLYH

FRPSRXQGV� - $SSO 3K\FRO �������

%RURZLW]ND 0$� ����� &RPPHUFLDO SURGXFWLRQ RI PLFURDOJDH� SRQGV� WDQNV� WXEHV DQG IHUPHQWHUV� -

%LRWHFKQRO �����������

%RVFD &� 'DXWD $� 0DUYDOLQ 2� ����� ,QWHQVLYH RXWGRRU DOJDO FXOWXUHV� +RZ PL[LQJ HQKDQFHV WKH

SKRWRV\QWKHWLF SURGXFWLRQ UDWH� %LRUHVRXUFH 7HFKQRO �����������

%UDGIRUG 00� ����� $ UDSLG DQG VHQVLWLYH PHWKRG IRU WKH TXDQWLWDWLRQ RI PLFURJUDP TXDQWLWLHV RI

SURWHLQ XWLOL]LQJ WKH SULQFLSOH RI SURWHLQ�G\H ELQGLQJ� $QDO\W %LRFKHP �����������

%UDXQ $5� 5HLWK -+� ����� $OJHQ LQ GH 1HGHUODQGVH HQHUJLHKXLVKRXGLQJ� 1HWKHUODQGV 2UJDQLVDWLRQ

IRU (QHUJ\ DQG WKH (QYLURQPHQW �129(0�� 5HSRUW 1R� �����

%ULDQWDLV -0� 9HUQRWWH &� 3LFDXG 0� .UDXVH *+� ����� &KORURSK\OO IOXRUHVFHQFH DV D SUREH IRU WKH

GHWHUPLQDWLRQ RI WKH SKRWR�LQGXFHG SURWRQ JUDGLHQW LQ LVRODWHG FKORURSODVWV� %LRFKLP %LRSK\V $FWD
������������

%ULFDXG $� 0RUHO $� 3ULHU /� ����� 2SWLFDO HIILFLHQF\ IDFWRUV RI VRPH SK\WRSODQNWHUV� /LPQRO

2FHDQRJU �����������

&DPDFKR )*� *RPH] $&� )HUQDQGH] )*$� 6HYLOOD -0)� *ULPD (0� ����� 8VH RI FRQFHQWULF�WXEH

DLUOLIW SKRWRELRUHDFWRUV IRU PLFURDOJDO RXWGRRU PDVV FXOWXUHV� (Q]\PH 0LFURE 7HFK �����������

&DUOR]]L 3� ����� +\GURG\QDPLF DVSHFWV DQG $UWKURVSLUD JURZWK LQ WZR RXWGRRU WXEXODU XQGXODWLQJ

URZ UHDFWRUV� $SSO 0LFURELRO %LRWHFKQRO ���������

&DVDGHYDOO (� 'LI '� /DUJHDX &� *XGLQ &� &KDXPRQW '� 'HVDQWL 2� ����� 6WXGLHV RQ EDWFK DQG

FRQWLQXRXV FXOWXUHV RI %RWU\RFRFFXV EUDXQLL� K\GURFDUERQ SURGXFWLRQ LQ UHODWLRQ WR SK\VLRORJLFDO
VWDWH� FHOO XOWUDVWUXFWXUH� DQG SKRVSKDWH QXWULWLRQ� %LRWHFKQRO %LRHQJ �����������
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&DVSHU�/LQGOH\ &� %M|UNPDQ 2� ����� )OXRUHVFHQFH TXHQFKLQJ LQ IRXU XQLFHOOXODU DOJDH ZLWK GLIIHUHQW

OLJKW�KDUYHVWLQJ DQG [DQWRSK\OO�F\FOH SLJPHQWV� 3KRWRV\QWK 5HV �����������

&KDONHU %(� ����� 0RGHOOLQJ OLJKW VDWXUDWLRQ FXUYHV IRU SKRWRV\QWKHVLV� $Q H[SRQHQWLDO IXQFWLRQ� -

WKHRU %LRO �����������

&KHQJ�:X =� =PRUD 2� .RSHO 5� 5LFKPRQG $� ����� $Q LQGXVWULDO�VL]H IODW SODWH JODVV UHDFWRU IRU

PDVV SURGXFWLRQ RI 1DQQRFKORURSVLV VS� �(XVWLJPDWRSK\FHDH�� $TXDFXOWXUH ����������

&KLVWL 0<� ����� $LUOLIW ELRUHDFWRUV� /RQGRQ� (OVHYLHU $SSOLHG 6FLHQFH� ��� S�

&KLVWL 0<� ����� 3QHXPDWLFDOO\ DJLWDWHG ELRUHDFWRUV LQ LQGXVWULDO DQG HQYLURQPHQWDO ELRSURFHVVLQJ�

+\GURG\QDPLFV� K\GUDXOLFV� DQG WUDQVSRUW SKHQRPHQD� $SSO 0HFK 5HY ����������

&RKHQ =� ����� 3URGXFWV IURP PLFURDOJDH� ,Q� 5LFKPRQG $� HGLWRU� +DQGERRN RI 0LFURDOJDO 0DVV

&XOWXUH� %RFD 5DWRQ� &5&� S ��������

&V|J|U =� +HUUHQEDXHU 0� 3HUQHU ,� 6FKPLGW .� 3RVWHQ &� ����� 'HVLJQ RI D SKRWR�ELRUHDFWRU IRU

PRGHOOLQJ SXUSRVHV� &KHP (QJ 3URFHVV �����������

'DQFNZHUWV 39� ����� 6LJQLILFDQFH RI OLTXLG�ILOP FRHIILFLHQWV LQ JDV DEVRUSWLRQ� ,QG (QJ &KHP

�������������

'DX +� ����� 6KRUW�WHUP DGDSWDWLRQ RI SODQWV WR FKDQJLQJ OLJKW LQWHQVLWLHV DQG LWV UHODWLRQ WR

3KRWRV\VWHP ,, SKRWRFKHPLVWU\ DQG IOXRUHVFHQFH HPLVVLRQ� - 3KRWRFK 3KRWRELR % ��������

'DYLHV -7� ����� 7XUEXOHQFH SKHQRPHQD� DQ LQWURGXFWLRQ WR WKH HGG\ WUDQVIHU RI PRPHQWXP� PDVV DQG

KHDW� SDUWLFXODUO\ LQWHUIDFHV� 1HZ <RUN� $FDGHPLF 3UHVV� ��� S�

'DYLVRQ ,5� ����� 0LQLUHYLHZ� (QYLURQPHQWDO HIIHFWV RQ DOJDO SKRWRV\QWKHVLV� 7HPSHUDWXUH� - 3K\FRO

�������

'HFNZHU :'� )LHOG 5:� ����� %XEEOH &ROXPQ 5HDFWRUV� &KLFKHVWHU� :LOH\� ��� S�

'HPPLJ�$GDPV %� $GDPV ::� /RJDQ %$� 9HUKRHYHQ $6� ����� ;DQWKRSK\OO�F\FOH GHSHQGHQW

HQHUJ\ GLVVLSDWLRQ DQG IOH[LEOH SKRWRV\VWHP ,, HIILFLHQF\ LQ SODQWV DFFOLPDWHG WR OLJKW VWUHVV� $XVW -
3ODQW 3K\VLRO �����������

'XELQVN\ =� )DONRZVNL 3*� :\PDQ .� ����� /LJKW KDUYHVWLQJ DQG XWLOL]DWLRQ E\ SK\WRSODQNWRQ� 3ODQW

&HOO 3K\VLRO �������������

'XUQIRUG '*� )DONRZVNL 3*� ����� &KORURSODVW UHGR[ UHJXODWLRQ RI QXFOHDU JHQH WUDQVFULSWLRQ GXULQJ

SKRWRDFFOLPDWLRQ� 3KRWRV\QWK 5HV �����������

'X\VHQV /10� ����� 7KH IODWWHQLQJ RI WKH DEVRUSWLRQ VSHFWUXP RI VXVSHQVLRQV� DV FRPSDUHG WR WKDW RI

VROXWLRQV� %LRFKLP %LRSK\V $FWD ��������

(GJH 5� 0F*DUYH\ '-� 7UXVFRWW 7*� ����� 7KH FDURWHQRLGV DV DQWL�R[LGDQWV � D UHYLHZ� - 3KRWRFK

3KRWRELR % �����������

(O�+HORZ (5� $EGHO�)DWWDK <5� *KDQHP .0� 0RKDPDG ($� ����� $SSOLFDWLRQ RI WKH UHVSRQVH

VXUIDFH PHWKRGRORJ\ IRU RSWLPL]LQJ WKH DFWLYLW\ RI DQ DSU(�GULYHQ JHQH H[SUHVVLRQ V\VWHP LQ
%DFLOOXV VXEWLOLV� $SSO 0LFURELRO %LRWHFKQRO �����������

(PHUVRQ 5� /HZLV &0� ����� 7KH GHSHQGHQFH RI WKH TXDQWXP \LHOG RI &KORUHOOD RQ ZDYHOHQJWK RI

OLJKW� $P - %RW �����������

(SSOH\ 5:� &RDWVZRUWK -/� ����� &XOWXUH RI WKH PDULQH SK\WRSODQNWHU� 'XQDOLHOOD WHUWLROHFWD� ZLWK

OLJKW�GDUN F\FOHV� $UFK 0LNURE ���������

(SSOH\ 5:� 6ORDQ 35� ����� *URZWK UDWHV RI PDULQH SK\WRSODQNWRQ� FRUUHODWLRQ ZLWK OLJKW DEVRUSWLRQ

E\ FHOO FKORURSK\OO D� 3K\VLRO 3ODQWDUXP ���������

(VFRXEDV -0� /RPDV 0� /D5RFKH -� )DONRZVNL 3*� ����� /LJKW LQWHQVLW\ UHJXODWLRQ RI FDE JHQH

WUDQVFULSWLRQ LV VLJQDOHG E\ WKH UHGR[ VWDWH RI WKH SODVWRTXLQRQH SRRO� 3URF 1DW $FDG 6FL �86$�
���������������
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(YHUV (*� ����� $ PRGHO IRU OLJKW�OLPLWHG FRQWLQXRXV FXOWXUHV� JURZWK� VKDGLQJ� DQG PDLQWHQDQFH�

%LRWHFKQRO %LRHQJ �����������

)DON 6� /HYHUHQ] -:� 6DPXHOVVRQ *� 2TXLVW *� ����� &KDQJHV LQ SKRWRV\VWHP ,, IOXRUHVFHQFH LQ

&KODP\GRPRQDV UHLQKDUGWLL H[SRVHG WR LQFUHDVLQJ OHYHOV RI LUUDGLDQFH LQ UHODWLRQVKLS WR WKH
SKRWRV\QWKHWLF UHVSRQVH WR OLJKW� 3KRWRV\QWK 5HV ���������

)DONRZVNL 3*� 2ZHQV 7*� ����� /LJKW�VKDGH DGDSWDWLRQ� WZR VWUDWHJLHV LQ PDULQH SK\WRSODQNWRQ�

3ODQW 3K\VLRO �����������

)DONRZVNL 3*� 2ZHQV 7*� /H\ $&� 0DX]HUDOO '� ����� (IIHFWV RI JURZWK LUUDGLDQFH OHYHOV RQ WKH

UDWLR RI UHDFWLRQ FHQWHUV LQ WZR VSHFLHV RI PDULQH SK\WRSODQNWRQ� 3ODQW 3K\VLRO �����������

)DONRZVNL 3*� /D5RFKH -� ����� 0LQLUHYLHZ� $FFOLPDWLRQ WR VSHFWUDO LUUDGLDQFH LQ DOJDH� - 3K\FRO

��������

)HUQDQGH] )*$� &DPDFKR )*� 3HUH] -$6� 6HYLOOD -0)� *ULPD (0� ����� 0RGHOLQJ RI ELRPDVV

SURGXFWLYLW\ LQ WXEXODU SKRWRELRUHDFWRUV IRU PLFURDOJDO FXOWXUHV� (IIHFWV RI GLOXWLRQ UDWH� WXEH
GLDPHWHU� DQG VRODU LUUDGLDQFH� %LRWHFKQRO %LRHQJ �����������

)HUQDQGH] )*$� 3HUH] -$6� 6HYLOOD -0)� &DPDFKR )*� *ULPD (0� ����� 0RGHOLQJ RI

HLFRVDSHQWDHQRLF DFLG �(3$� SURGXFWLRQ IURP 3KDHRGDFW\OXP WULFRUQXWXP FXOWXUHV LQ WXEXODU

SKRWRELRUHDFWRUV� (IIHFWV RI GLOXWLRQ UDWH� WXEH GLDPHWHU� DQG VRODU LUUDGLDQFH� %LRWHFKQRO %LRHQJ
�����������

)HUQDQGH] )*$� 6HYLOOD -0)� 3HUH] -$6� *ULPD (0� &KLVWL 0<� ����� $LUOLIW�GULYHQ H[WHUQDO�ORRS

WXEXODU SKRWRELRUHDFWRUV IRU RXWGRRU SURGXFWLRQ RI PLFURDOJDH� DVVHVPHQW RI GHVLJQ DQG
SHUIRUPDQFH� &KHP (QJ 6FL �������������

)HXHUPDQQ '� *RUGRQ -0� ����� 6RODU ILEHU�RSWLF PLQL�GLVKHV� $ QHZ DSSURDFK WR WKH HIILFLHQW
FROOHFWLRQ RI VXQOLJKW� 6RO (QHUJ\ �����������

)HXHUPDQQ '� *RUGRQ -0� ����� +LJK�FRQFHQWUDWLRQ SKRWRYROWDLF GHVLJQV EDVHG RQ PLQLDWXUH

SDUDEROLF GLVKHV� 6RO (QHUJ\ �����������

)RQWR\QRQW 0� 'XPRUWLHU '� +HLQHPDQQ '� +DPPHU $� 2OVHWK -� 6NDUWYHLW $� ,QHLFKHQ 3� 5HLVH &K�

3DJH -� 5RFKH /� %H\HU +*� :DOG /� ����� 6DWHOOLJKW� D ZZZ VHUYHU ZKLFK SURYLGHV KLJK TXDOLW\

GD\OLJKW DQG VRODU UDGLDWLRQ GDWD IRU ZHVWHUQ DQG FHQWUDO (XURSH� 3URF �WK &RQI RQ 6DWHOOLWH
0HWHRURORJ\ DQG 2FHDQRJUDSK\ �3DULV��

*HQW\ %� %ULDQWDLV -0� %DNHU 15� ����� 7KH UHODWLRQVKLS EHWZHHQ WKH TXDQWXP \LHOG RI

SKRWRV\QWKHWLF HOHFWURQ WUDQVSRUW DQG TXHQFKLQJ RI FKORUSK\OO IOXRUHVFHQFH� %LRFKLP %LRSK\V $FWD
����������

*LOPRUH $0� <DPDPRWR +<� ����� =HD[DQWKLQ IRUPDWLRQ DQG HQHUJ\�GHSHQGHQW IOXRUHVFHQFH

TXHQFKLQJ LQ SHD FKORURSODVWV XQGHU DUWLILFLDOO\ PHGLDWHG OLQHDU DQG F\FOLF HOHFWURQ WUDQVSRUW� 3ODQW
3K\VLRO �����������

*LOPRUH $0� ����� 0HFKDQLVWLF DVSHFWV RI [DQWRSK\OO�F\FOH GHSHQGHQW SKRWRSURWHFWLRQ LQ KLJKHU

SODQW FKORURSODVWV DQG OHDYHV� 3K\VLRO 3ODQWDUXP �����������

*LWHOVRQ $� 4LDQJ +� 5LFKPRQG $� ����� 3KRWLF YROXPH LQ SKRWRELRUHDFWRUV VXSSRUWLQJ XOWUDKLJK

SRSXODWLRQ GHQVLWLHV RI WKH SKRWRDXWRWURSK 6SLUXOLQD SODWHQVLV� $SSO HQYLURQ 0LFURELRO ��������
�����

*RPH] $&� &DPDFKR )*� *ULPD (0� 0HUFKXN -&� ����� ,QWHUDFWLRQ EHWZHHQ &2��PDVV WUDQVIHU�

OLJKW DYDLODELOLW\� DQG K\GURG\QDPLF VWUHVV LQ WKH JURZWK RI 3KDHRGDFW\OXP WULFRUQXWXP LQ D
FRQFHQWULF WXEH DLUOLIW ELRUHDFWRU� %LRWHFKQRO %LRHQJ �����������

*RWR .� -RKQVRQ &+� ����� ,V WKH FHOO GLYLVLRQ F\FOH JDWHG E\ D FLUFDGLDQ FORFN" 7KH FDVH RI

&KODP\GRPRQDV UHLQKDUGWLL� - &HOO %LRO ��������������



5HIHUHQFHV

���

*ULPD (0� 6HYLOOD -0)� 3HUH] -$6� &DPDFKR )*� ����� $ VWXG\ RQ VLPXOWDQHRXV SKRWROLPLWDWLRQ DQG

SKRWRLQKLELWLRQ LQ GHQVH PLFURDOJDO FXOWXUHV WDNLQJ LQWR DFFRXQW LQFLGHQW DQG DYHUDJHG LUUDGLDQFHV�
- %LRWHFKQRO ���������

*ULPD (0� &DPDFKR )*� 3HUH] -$6� )HUQDQGH] )*$� 6HYLOOD -0)� ����� (YDOXDWLRQ RI

SKRWRV\QWKHWLF HIILFLHQF\ LQ PLFURDOJDO FXOWXUHV XVLQJ DYHUDJHG LUUDGLDQFH� (Q]\PH 0LFURE 7HFK
�����������

*ULPD (0� )HUQDQGH] )*$� &DPDFKR )*� 5XELR )&� &KLVWL 0<� ����� 6FDOH�XS RI WXEXODU

SKRWRELRUHDFWRUV� - $SSO 3K\FRO �����������

*UREEHODDU -8� ����� 'R OLJKW�GDUN F\FOHV RI PHGLXP IUHTXHQF\ HQKDQFH SK\WRSODQNWRQ SURGXFWLYLW\"

- $SSO 3K\FRO ����������

*UREEHODDU -8� ����� 7KH LQIOXHQFH RI OLJKW�GDUN F\FOHV LQ PL[HG DOJDO FXOWXUHV RQ WKHLU SURGXFWLYLW\�

%LRUHVRXUFH 7HFKQRO �����������

*UREEHODDU -8� .URRQ %0$� %XUJHU�:LHUVPD 7� 0XU /5� ����� ,QIOXHQFH RI PHGLXP IUHTXHQF\

OLJKW�GDUN F\FOHV RI HTXDO GXUDWLRQ RQ WKH SKRWRV\QWKHVLV DQG UHVSLUDWLRQ RI &KORUHOOD S\UHQRLGRVD�
+\GURELRORJLD ����������

*UREEHODDU -8� ����� 7XUEXOHQFH LQ PDVV DOJDO FXOWXUHV DQG WKH UROH RI OLJKW�GDUN IOXFWXDWLRQV� - $SSO

3K\FRO ����������

*UREEHODDU -8� 1HGEDO /� 7LFK\ 9� ����� ,QIOXHQFH RI KLJK IUHTXHQF\ OLJKW�GDUN IOXFWXDWLRQV RQ

SKRWRV\QWKHWLF FKDUDFWHULVWLFV RI PLFURDOJDH SKRWRDFFOLPDWHG WR GLIIHUHQW OLJKW LQWHQVLWLHV DQG
LPSOLFDWLRQV IRU PDVV DOJDO FXOWLYDWLRQ� - $SSO 3K\FRO ����������

*UXV]HFNL :,� :RMWRZLF] .� .UXSD =� 6WU]DOND .� ����� $ GLUHFW PHDVXUHPHQW RI WKHUPDO HQHUJ\

GLVVLSDWLRQ LQ WKH SKRWRV\QWKHWLF DSSDUDWXV GXULQJ LQGXFWLRQ RI IOXRUHVFHQFH� - 3KRWRFKHP
3KRWRELRO %� %LRO ���������

+DDODQG 3� ����� ([SHULPHQWDO GHVLJQ LQ %LRWHFKQRORJ\� 1HZ <RUN DQG %DVHO� 0DUFHO 'HNNHU� ,QF�

��� S�

+DUULV (+� ����� 7KH &KODP\GRPRQDV VRXUFHERRN� D FRPSUHKHQVLYH JXLGH WR ELRORJ\ DQG ODERUDWRU\

XVH� 6DQ 'LHJR� $FDGHPLF 3UHVV�

+HLMQHQ --� 5LHW .� ����� 0DVV WUDQVIHU� PL[LQJ DQG KHDW WUDQVIHU SKHQRPHQD LQ ORZ YLVFRVLW\ EXEEOH

FROXPQ UHDFWRUV� &KHP (QJ - ���%���%���

+RUWRQ 3� 5XEDQ $9� :DOWHUV 5*� ����� 5HJXODWLRQ RI OLJKW KDUYHVWLQJ LQ JUHHQ SODQWV� 3ODQW 3K\VLRO

������������

+X 4� 5LFKPRQG $� ����� 2SWLPL]LQJ WKH SRSXODWLRQ GHQVLW\ LQ LVRFKU\VLV JDOEDQD JURZQ RXWGRRUV LQ

D JODVV FROXPQ SKRWRELRUHDFWRU� - $SSO 3K\FRO ����������

+X 4� 5LFKPRQG $� ����� 3URGXFWLYLW\ DQG SKRWRV\QWKHWLF HIILFLHQF\ RI 6SLUXOLQD SODWHQVLV DV

DIIHFWHG E\ OLJKW LQWHQVLW\� DOJDO GHQVLW\ DQG UDWH RI PL[LQJ LQ D IODW SODWH SKRWRELRUHDFWRU� - $SSO
3K\FRO ����������

+X 4� *XWHUPDQ +� 5LFKPRQG $� ����D� $ IODW LQFOLQHG PRGXODU SKRWRELRUHDFWRU IRU RXWGRRU PDVV

FXOWLYDWLRQ RI SKRWRDXWRWURSKV� %LRWHFKQRO %LRHQJ ���������

+X 4� *XWHUPDQ +� 5LFKPRQG $� ����E� 3K\VLRORJLFDO FKDUDFWHULVWLFV RI 6SLUXOLQD SODWHQVLV

�F\DQREDFWHULD� FXOWXUHG DW XOWUDKLJK FHOO GHQVLWLHV� - 3K\FRO �������������

+X 4� .XUDQR 1� .DZDFKL 0� ,ZDVDNL ,� 0L\DFKL 6� ����D� 8OWUDKLJK�FHOO�GHQVLW\ FXOWXUH RI D PDULQH

JUHHQ DOJD &KORURFRFFXP OLWWRUDOH LQ D IODW�SODWH SKRWRELRUHDFWRU� $SSO 0LFURELRO %LRWHFKQRO
�����������

+X 4� )DLPDQ '� 5LFKPRQG $� ����E� 2SWLPDO WLOW DQJOHV RI HQFORVHG UHDFWRUV IRU JURZLQJ

SKRWRDXWRWURSKLF PLFURRUJDQLVPV RXWGRRUV� - )HUPHQW %LRHQJ �����������
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+X 4� =DUPL <� 5LFKPRQG $� ����F� &RPELQHG HIIHFWV RI OLJKW LQWHQVLW\� OLJKW�SDWK DQG FXOWXUH

GHQVLW\ RQ RXWSXW UDWH RI 6SLUXOLQD SODWHQVLV �&\DQREDFWHULD�� (XU - 3K\FRO �����������

+ZDQJ 6� +DQVHQ &/� ����� 0RGHOLQJ DQG RSWLPLVDWLRQ LQ DQDHURELF ELRFRQYHUVLRQ RI FRPSOH[

VXEVWUDWHV WR DFHWLF DQG EXW\ULF DFLGV� %LRWHFKQRO %LRHQJ �����������

-DQVVHQ 0� .XLMSHUV 7&� 9HOGKRHQ %� 7HUQEDFK 0%� 7UDPSHU -� 0XU /5� :LMIIHOV 5+� ����� 6SHFLILF

JURZWK UDWH RI &KODP\GRPRQDV UHLQKDUGWLL DQG &KORUHOOD VRURNLQLDQD XQGHU PHGLXP GXUDWLRQ
OLJKW�GDUN F\FOHV� ����� V� - %LRWHFKQRO �����������

-DQVVHQ 0� GH %UHVVHU /� %DLMHQV 7� 7UDPSHU -� 0XU /5� 6QHO -)+� :LMIIHOV 5+� ����D� 6FDOH�XS

DVSHFWV RI SKRWRELRUHDFWRUV� HIIHFWV RI PL[LQJ�LQGXFHG OLJKW�GDUN F\FOHV� - $SSO 3K\FRO �������
����

-DQVVHQ 0� GH :LQWHU 0� 7UDPSHU -� 0XU /5� 6QHO -)+� :LMIIHOV 5+� ����E� (IILFLHQF\ RI OLJKW

XWLOL]DWLRQ RI &KODP\GRPRQDV UHLQKDUGWLL XQGHU PHGLXP�GXUDWLRQ OLJKW�GDUN F\FOHV� - %LRWHFKQRO
�����������

-DQVVHQ 0� 6OHQGHUV 3� 7UDPSHU -� 0XU /5� :LMIIHOV 5+� ����� 3KRWRV\QWKHWLF HIILFLHQF\ RI

'XQDOLHOOD WHUWLROHFWD XQGHU VKRUW OLJKW�GDUN F\FOHV� (Q]\PH 0LFURE 7HFK �����������

-DUDPLOOR 2$� $UULDJD /*� 6HEDVWLDQ 3-� )HUQDQGH] $0� 'HO 5LR -$� ����� $SSOLFDWLRQ RI ILEHU RSWLFV

LQ WKH K\GURJHQ SURGXFWLRQ E\ SKRWRHOHFWURO\VLV� ,QW - +\GURJHQ (QHUJ\ �����������

-DYDQPDUGLDQ 0� 3DOVVRQ %2� ����� +LJK�GHQVLW\ SKRWRDXWRWURSKLF DOJDO FXOWXUHV� GHVLJQ�

FRQVWUXFWLRQ DQG RSHUDWLRQ RI D QRYHO SKRWRELRUHDFWRU V\VWHP� %LRWHFKQRO %LRHQJ �������������

-HQVHQ 6� .QXWVHQ *� ����� ,QIOXHQFH RI OLJKW DQG WHPSHUDWXUH RQ SKRWRLQKLELWLRQ RI SKRWRV\QWKHVLV LQ

6SLUXOLQD SODWHQVLV� - $SSO 3K\FRO ����������

-RVKL %� 6KDUPD 00� ����� $ FLUFXODWLRQ FHOO PRGHO IRU EXEEOH FROXPQ� 7UDQV ,&KHP( �����������

.DQD 70� *HLGHU 5-� &ULWFKOH\ &� ����� 5HJXODWLRQ RI SKRWRV\QWKHWLF SLJPHQWV LQ PLFUR�DOJDH E\

PXOWLSOH HQYLURQPHQWDO IDFWRUV� D G\QDPLF EDODQFH K\SRWKHVLV� 1HZ 3K\WRO ������������

.LUN -72� ����� /LJKW DQG SKRWRV\QWKHVLV LQ DTXDWLF HFRV\VWHPV� &DPEULGJH� &DPEULGJH 8QLYHUVLW\

3UHVV� ��� S�

.RN %� ����� ([SHULPHQWV RQ SKRWRV\QWKHVLV E\ &KORUHOOD LQ IODVKLQJ OLJKW� ,Q� %XUOHZ -6� HGLWRU�

$OJDO &XOWXUH� :DVKLQJWRQ� &DUQHJLH ,QVWLWXWLRQ RI :DVKLQJWRQ� 3XE ���� S ������

.RRWHQ YDQ 2� 6QHO -)+� ����� 7KH XVH RI FKORURSK\OO IOXRUHVFHQFH QRPHQFODWXUH LQ SODQW VWUHVV

SK\VLRORJ\� 3KRWRV\QWK 5HV �����������

.ULEXV $� .UXSNLQ 9� <RJHY $� 6SLUNO :� ����� 3HUIRUPDQFH OLPLWV RI KHOLRVWDW ILHOGV� 7UDQVDFWLRQV

RI WKH $60( ������������

.URPNDPS -� /LPEHHN 0� ����� (IIHFW RI VKRUW�WHUP YDULDWLRQ LQ LUUDGLDQFH RQ OLJKW KDUYHVWLQJ DQG

SKRWRV\QWKHVLV RI WKH PDULQH GLDWRP 6NHOHWRQHPD FRVWDWXP � D ODERUDWRU\ VWXG\ VLPXODWLQJ YHUWLFDO
PL[LQJ� - JHQ 0LFURELRO ��������

/DZV ($� 7HUU\ ./� :LFNPDQ -� &KDOXS 06� ����� $ VLPSOH DOJDO SURGXFWLRQ V\VWHP GHVLJQHG WR

XWLOL]H WKH IODVKLQJ OLJKW HIIHFW� %LRWHFKQRO %LRHQJ �������������

/HH <.� 3LUW 6-� ����� (QHUJHWLFV RI SKRWRV\QWKHWLF DOJDO JURZWK� ,QIOXHQFH RI LQWHUPLWWHQW

LOOXPLQDWLRQ LQ VKRUW ���V� F\FOHV� - JHQ 0LFURELRO ����������

/HH <.� 7DQ +0� +HZ &6� ����� 7KH HIIHFW RI JURZWK WHPSHUDWXUH RQ WKH ELRHQHUJHWLFV RI

SKRWRV\QWKHWLF DOJDO FXOWXUHV� %LRWHFKQRO %LRHQJ �����������

/HH <.� 'LQJ 6<� /RZ &�6� &KDQJ <�&� )RUGD\ :/� &KHZ 3�&� ����� 'HVLJQ DQG SHUIRUPDQFH RI

DQ D�W\SH WXEXODU SKRWRELRUHDFWRU IRU PDVV FXOWLYDWLRQ RI PLFURDOJDH� - $SSO 3K\FRO ��������

/HIHEYUH 6� *X\ &� ����� &KDUDFWHUL]DWLRQ RI EXEEOH FROXPQ K\GURG\QDPLFV ZLWK ORFDO

PHDVXUHPHQWV� &KHP (QJ 6FL �������������



5HIHUHQFHV

���

0DVRMLGHN -� 7RU]LOOR *� .REOt]HN 0� .RSHFNê -� %HUQDUGLQL 3� 6DFFKL $� .RPHQGD -� �����

3KRWRDGDSWDWLRQ RI WZR PHPEHUV RI WKH &KORURSK\WD �6FHQHGHVPXV DQG &KORUHOOD� LQ ODERUDWRU\

DQG RXWGRRU FXOWXUHV� FKDQJHV LQ FKORURSK\OO IOXRUHVFHQFH TXHQFKLQJ DQG WKH [DQWRSK\OO F\FOH�
3ODQWD ������������

0DVRMLGHN -� 7RU]LOOR *� .RSHFNê -� .REOt]HN 0� 1LGLDFL /� .RPHQGD -� /XNDYVND $� 6DFFKL $� �����

&KDQJHV LQ FKORURSK\OO IOXRUHVFHQFH TXHQFKLQJ DQG SLJPHQW FRPSRVLWLRQ LQ WKH JUHHQ DOJD
&KORURFRFFXP VS� JURZQ XQGHU QLWURJHQ GHILFLHQF\ DQG VDOLQLW\ VWUHVV� - $SSO 3K\FRO �����������

0DWWKLMV +&3� %DONH +� +HV YDQ 80� .URRQ %0$� 0XU /5� %LQRW 5$� ����� $SSOLFDWLRQ RI OLJKW�

HPLWWLQJ GLRGHV LQ ELRUHDFWRUV� )ODVKLQJ OLJKW HIIHFWV DQG HQHUJ\ HFRQRP\ LQ DOJDO FXOWXUH
�&KORUHOOD S\UHQRLGRVD�� %LRWHFKQRO %LRHQJ ����������

0HLMHU ($� :LMIIHOV 5+� ����� 'HYHORSPHQW RI D IDVW� UHSURGXFLEOH DQG HIIHFWLYH PHWKRG IRU WKH

H[WUDFWLRQ DQG TXDQWLILFDWLRQ RI SURWHLQV RI PLFUR�DOJDH� %LRWHFKQRO 7HFK �����������

0HOLV $� 1HLGKDUGW -� %HQHPDQQ -5� ����� 'XQDOLHOOD VDOLQD �&KORURSK\WD� ZLWK VPDOO FKORURSK\OO

DQWHQQD VL]HV H[KLELW KLJKHU SKRWRV\QWKHWLF SURGXFWLYLWLHV DQG SKRWRQ XVH HIILFLHQFLHV WKDQ
QRUPDOO\ SLJPHQWHG FHOOV� - $SSO 3K\FRO �����������

0HOLV $� ����� 3KRWRV\VWHP�,, GDPDJH DQG UHSDLU F\FOH LQ FKORURSODVWV� ZKDW PRGXODWHV WKH UDWH RI

SKRWRGDPDJH LQ YLYR" 7UHQGV 3ODQW 6FL ����������

0HQ]HO 7� LQ GHU :HLGH 7� 6WDXGDFKHU 2� :HLQ 2� 2QNHQ 8� ����� 5H\QROGV VKHDU VWUHVV IRU PRGHOLQJ

RI EXEEOH FROXPQ UHDFWRUV� ,QG (QJ &KHP 5HV �����������

0HUFKXN -&� ����� *DV KROG�XS DQG OLTXLG YHORFLW\ LQ D WZR�GLPHQVLRQDO DLU OLIW UHDFWRU� &KHP (QJ

6FL ���������

0HUFKXN -&� %HQ =6� 1LUDQMDQ .� ����� :K\ XVH EXEEOH FROXPQ ELRUHDFWRUV" 7UHQGV %LRWHFKQRO
�����������

0HUFKXN -&� /DGZD 1� &DPHURQ $� %XOPHU 0� %HU]LQ ,� 3LFNHWW $0� ����� /LTXLG IORZ DQG PL[LQJ

LQ FRQFHQWULF WXEH DLU�OLIW UHDFWRUV� - &KHP 7HFK %LRWHFKQRO �����������

0HUFKXN -&� 5RQHQ 0� *LULV 6� $UDG 60� ����� /LJKW�GDUN F\FOHV LQ WKH JURZWK RI WKH UHG PLFURDOJD

3RUSK\ULGLXP VS� %LRWHFKQRO %LRHQJ �����������

0HUFKXN -&� *OX] 0� 0XNPHQHY ,� ����� &RPSDULVRQ RI 3KRWRELRUHDFWRUV IRU FXOWLYDWLRQ RI WKH UHG

PLFURDOJD 3RUSK\ULGLXP VS� - &KHP 7HFK %LRWHFKQRO �������������

0LURQ $6� *RPH] $&� &DPDFKR )*� *ULPD (0� &KLVWL 0<� ����� &RPSDUDWLYH HYDOXDWLRQ RI

FRPSDFW SKRWRELRUHDFWRUV IRU ODUJH�VFDOH PRQRFXOWXUH RI PLFURDOJDH� - %LRWHFKQRO �����������

0LURQ $6� &DPDFKR )*� *RPH] $&� *ULPD (0� &KLVWL 0<� ����D� %XEEOH�FROXPQ DQG DLUOLIW

SKRWRELRUHDFWRUV IRU DOJDO FXOWXUH� $,&K( -RXUQDO �������������

0LURQ $6� *ULPD (0� 6HYLOOD -0)� &KLVWL 0<� &DPDFKR )*� ����E� $VVHVVPHQW RI WKH

SKRWRV\QWKHWLFDOO\ DFWLYH UDGLDWLRQ LQ RXWGRRU SKRWRELRUHDFWRUV XVLQJ R[DOLF DFLG�XUDQ\O VXOIDWH
FKHPLFDO DFWLQRPHWHU� - $SSO 3K\FRO �����������

0RUL .� ����� 3KRWRDXWRWURSKLF ELRUHDFWRU XVLQJ YLVLEOH VRODU UD\V FRQGHQVHG E\ )UHVQHO OHQVHV DQG

WUDQVPLWWHG WKURXJK RSWLFDO ILEHUV� %LRWHFKQRO %LRHQJ 6\PS �����������

0RULWD 0� :DWDQDEH <� 2NDZD 7� 6DLNL +� ����� 3KRWRV\QWKHWLF SURGXFWLYLW\ RI FRQLFDO KHOLFDO

WXEXODU SKRWRELRUHDFWRUV LQFRUSRUDWLQJ &KORUHOOD VS� XQGHU YDULRXV FXOWXUH PHGLXP IORZ
FRQGLWLRQV� %LRWHFKQRO %LRHQJ �����������

0RXJHW -�/� 1RXH GH OD -� /HJHQGUH /� -HDQ <� 9LDURXJH 3� ����� /RQJ�WHUP DFFOLPDWL]DWLRQ RI

6FHQHGHVPXV ELFHOOXODULV WR KLJK�IUHTXHQF\ LQWHUPLWWHQW OLJKWLQJ ���� +]�� ,� *URZWK�
SKRWRV\QWKHVLV DQG SKRWRV\VWHP ,, DFWLYLW\� - 3ODQNWRQ 5HV �����������

1DNDMLPD <� 7VX]XNL 0� 8HGD 5� ����� ,PSURYHG SURGXFWLYLW\ E\ UHGXFWLRQ RI WKH FRQWHQW RI OLJKW�

KDUYHVWLQJ SLJPHQW LQ &KODP\GRPRQDV SHULJUDQXODWD� - $SSO 3K\FRO ����������



5HIHUHQFHV

���

1HDOH 3-� 0HOLV $� ����� $OJDO SKRWRV\QWKHWLF PHPEUDQH FRPSOH[HV DQG WKH SKRWRV\QWKHVLV�

LUUDGLDQFH FXUYH� D FRPSDULVRQ RI OLJKW�DGDSWDWLRQ UHVSRQVHV LQ &KODP\GRPRQDV UHLQKDUGWLL
�&KORURSK\WD�� - 3K\FRO �����������

1HGEDO /� 7LFK\ 9� ;LRQJ )� *UREEHODDU -8� ����� 0LFURVFRSLF JUHHQ DOJDH DQG F\DQREDFWHULD LQ

KLJK�IUHTXHQF\ LQWHUPLWWHQW OLJKW� - $SSO 3K\FRO ����������

1L\RJL ..� %M|UNPDQ 2� *URVVPDQ $5� ����D� &KODP\GRPRQDV [DQWRSK\OO F\FOH PXWDQWV LGHQWLILHG

E\ YLGHR LPDJLQJ RI FKORURSK\OO IOXRUHVFHQFH TXHQFKLQJ� 3ODQW &HOO ������������

1L\RJL ..� %M|UNPDQ 2� *URVVPDQ $5� ����E� 7KH UROHV RI VSHFLILF [DQWRSK\OOV LQ SKRWRSURWHFWLRQ�

3URF 1DW $FDG 6FL �86$� ���������������

1XVFK ($� ����� &RPSDULVRQ RI GLIIHUHQW PHWKRGV IRU FKORURSK\OO DQG SKDHRSLJPHQW GHWHUPLQDWLRQ�

$UFK +\GURELRO %HLKHIW ���������

2JERQQD -&� <DGD +� 7DQDND +� ����� (IIHFW RI FHOO PRYHPHQW E\ UDQGRP PL[LQJ EHWZHHQ WKH

VXUIDFH DQG WKH ERWWRP RI SKRWRELRUHDFWRUV RQ DOJDO SURGXFWLYLW\� - )HUPHQW %LRHQJ �����������

2JERQQD -&� 6RHMLPD 7� 7DQDND +� ����� $Q LQWHJUDWHG VRODU DQG DUWLILFLDO OLJKW V\VWHP IRU LQWHUQDO

LOOXPLQDWLRQ RI SKRWRELRUHDFWRUV� - %LRWHFKQRO �����������

2ODL]ROD 0� ����� &RPPHUFLDO SURGXFWLRQ RI DVWD[DQWKLQ IURP +DHPDWRFRFFXV SOXYLDOLV XVLQJ �������

OLWHU RXWGRRU SKRWRELRUHDFWRUV� - $SSO 3K\FRO �����������

3HUU\ 5+� *UHHQH '� ����� 3HUU\
V &KHPLFDO (QJLQHHUV
 +DQGERRN� 1HZ <RUN� 0F*UDZ�+LOO� ,QF�

3KLOOLSV -1� 0\HUV -1� ����� *URZWK UDWH RI &KORUHOOD LQ IODVKLQJ OLJKW� 3ODQW 3K\VLRO �����������

3LUW 6-� /HH <.� 5LFKPRQG $� :DWWV 3LUW 0� ����� 7KH SKRWRV\QWKHWLF HIILFLHQF\ RI &KORUHOOD

ELRPDVV JURZWK ZLWK UHIHUHQFH WR VRODU HQHUJ\ XWLOLVDWLRQ� - &KHP 7HFK %LRWHFKQRO ���������

3LUW 6-� ����� 7KH WKHUPRG\QDPLF HIILFLHQF\ �TXDQWXP GHPDQG� DQG G\QDPLFV RI SKRWRV\QWKHWLF
JURZWK� 1HZ 3K\WRO ���������

3RVW $)� 'XELQVN\ =� :\PDQ .� )DONRZVNL 3*� ����� 3K\VLRORJLFDO UHVSRQVHV RI D PDULQH SODQNWRQLF

GLDWRP WR WUDQVLWLRQV LQ JURZWK LUUDGLDQFH� 0DU (FRO�3URJ 6HU �����������

3RVW $)� /RRJPDQ -*� 0XU /5� ����� 3KRWRV\QWKHVLV� FDUERQ IORZV DQG JURZWK RI 2VFLOODWRULD

DJDUGKLL *RPRQW LQ HQYLURQPHQWV ZLWK D SHULRGLF VXSSO\ RI OLJKW� - JHQ 0LFURELRO ��������������

3RZHOO &.� &KDGGRFN -%� 'L[RQ -5� ����� 7KH PRWLRQ RI DOJDH LQ WXUEXOHQW IORZ� %LRWHFKQRO %LRHQJ

����������

3XO] 2� *HUEVFK 1� %XFKKRO] 5� ����� /LJKW HQHUJ\ VXSSO\ LQ SODWH�W\SH DQG OLJKW GLIIXVLQJ RSWLFDO

ILEHU ELRUHDFWRUV� - $SSO 3K\FRO ����������

3XO] 2� 6FKHLEHQERJHQ .� ����� 3KRWRELRUHDFWRUV� 'HVLJQ DQG SHUIRUPDQFH ZLWK UHVSHFW WR OLJKW

HQHUJ\ LQSXW� ,Q� 6FKHSHU 7� HGLWRU� $GYDQFHV LQ %LRFKHPLFDO (QJLQHHULQJ�%LRWHFKQRORJ\� %HUOLQ
+HLGHOEHUJ� 6SULQJHU�9HUODJ� 9RO ��� S ��������

3XO] 2� 6FKHLEHQERJHQ .� *URE :� ����� %LRWHFKQRORJ\ ZLWK F\DQREDFWHULD DQG PLFURDOJDH� ,Q�

5HKP +-� 5HHG *� 3XKOHU $� 6WDGOHU 3� HGLWRUV� %LRWHFKQRORJ\� :HLQKHLP� :LOH\�9&+� 9RO ��� S
��������

4XpJXLQHU %� /HJHQGUH /� ����� 3K\WRSODQNWRQ SKRWRV\QWKHWLF DGDSWDWLRQ WR KLJK IUHTXHQF\ OLJKW

IOXFWXDWLRQV VLPXODWLQJ WKRVH LQGXFHG E\ VHD VXUIDFH ZDYHV� 0DU %LRO �����������

5DGPHU 5� .RN %� ����� 3KRWRV\QWKHVLV� /LPLWHG \LHOGV� XQOLPLWHG GUHDPV� %LR6FLHQFH �����������

5DR ..� +DOO '2� ����� +\GURJHQ SURGXFWLRQ E\ F\DQREDFWHULD� 3RWHQWLDO� SUREOHPV DQG SURVSHFWV� -

0DU %LRWHFKQRO ��������

5LFKPRQG $� %RXVVLED 6� 9RQVKDN $� .RSHO 5� ����� $ QHZ WXEXODU UHDFWRU IRU PDVV SURGXFWLRQ RI

PLFURDOJDH RXWGRRUV� - $SSO 3K\FRO ����������



5HIHUHQFHV

���

5LFKPRQG $� ����� (IILFLHQW XWLOL]DWLRQ RI KLJK LUUDGLDQFH IRU SURGXFWLRQ RI SKRWRDXWRWURSKLF FHOO

PDVV� D VXUYH\� - $SSO 3K\FRO ����������

5LFKPRQG $� 4LDQJ +� ����� 3ULQFLSOHV IRU HIILFLHQW XWLOL]DWLRQ RI OLJKW IRU PDVV SURGXFWLRQ RI

SKRWRDXWRWURSKLF PLFURRUJDQLVPV� $SSO %LRFKHP %LRWHFK ��������������

5LFKPRQG $� ����� 0LFURDOJDO ELRWHFKQRORJ\ DW WKH WXUQ RI WKH PLOOHQQLXP� $ SHUVRQDO YLHZ� - $SSO

3K\FRO �����������

5LFKPRQG $� &KHQJ�:X =� ����� 2SWLPL]DWLRQ RI D IODW SODWH JODVV UHDFWRU IRU PDVV SURGXFWLRQ RI

1DQQRFKORURSVLV VS� RXWGRRUV� - %LRWHFKQRO �����������

5RHOV -$� +HLMQHQ --� ����� 3RZHU GLVVLSDWLRQ DQG KHDW SURGXFWLRQ LQ EXEEOH FROXPQV� $SSURDFK

EDVHG RQ QRQHTXLOLEULXP WKHUPRG\QDPLFV� %LRWHFKQRO %LRHQJ �������������

6DQFKH] -/*� 3HUH] -$6� &DPDFKR )*� 6HYLOOD -0)� *ULPD (0� ����� 2SWLPL]DWLRQ RI OLJKW DQG

WHPSHUDWXUH IRU JURZLQJ &KORUHOOD VS� XVLQJ UHVSRQVH VXUIDFH PHWKRGRORJ\� %LRWHFKQRO 7HFK
�����������

6FKUHLEHU 8� 6FKOLZD 8� %LOJHU :� ����� &RQWLQXRXV UHFRUGLQJ RI SKRWRFKHPLFDO DQG QRQ�

SKRWRFKHPLFDO FKORURSK\OO IOXRUHVFHQFH TXHQFKLQJ ZLWK D QHZ W\SH RI PRGXODWLRQ IOXRURPHWHU�
3KRWRV\QWK 5HV ���������

6FKUHLEHU 8� +RUPDQQ +� 1HXEDXHU &� .OXJKDPPHU &� ����� $VVHVVPHQW RI SKRWRV\VWHP ,,

SKRWRFKHPLFDO TXDQWXP \LHOG E\ FKORURSK\OO IOXRUHVFHQFH TXHQFKLQJ DQDO\VLV� $XVW - 3ODQW 3K\VLRO
�����������

6FKXO] 5� ����� +\GURJHQDVHV DQG K\GURJHQ SURGXFWLRQ LQ HXNDU\RWLF RUJDQLVPV DQG F\DQREDFWHULD� -

0DU %LRWHFKQRO ��������

6KDUNH\ '6� 6WLWW 0� +HLQHNH '� *HUKDUGW 5� 5DVFKNH .� +HOGW +:� ����D� /LPLWDWLRQ RI

SKRWRV\QWKHVLV E\ FDUERQ PHWDEROLVP� ,,� 2��LQVHQVLWLYH &2� XSWDNH UHVXOWV IURP OLPLWDWLRQ RI
WULRVH SKRVSKDWH XWLOL]DWLRQ� 3ODQW 3K\VLRO �������������

6KDUNH\ '6� 6HHPDQQ -5� 3HDUF\ 5:� ����E� &RQWULEXWLRQ RI PHWDEROLWHV RI SKRWRV\QWKHVLV WR

SRVWLOOXPLQDWLRQ &2� DVVLPLODWLRQ LQ UHVSRQVH WR OLJKWIOHFNV� 3ODQW 3K\VLRO �������������

6KLPL]X <� ����� 0LFURDOJDH DV D GUXJ VRXUFH� ,Q� )XVHWDQL 1� HGLWRU� 'UXJV IURP WKH VHD� %DVHO�

.DUJHU� S ������

6KLQ &1� 5KHH *�<� &KHQ -� ����� 3KRVSKDWH UHTXLUHPHQW� SKRWRV\QWKHVLV� DQG GLHO FHOO F\FOH RI

6FHQHGHVPXV REOLTXXV XQGHU IOXFWXDWLQJ OLJKW� &DQ - )LVK DTXDW 6FL �������������

6PLWK 3.� .URKQ 5,� +HUPDQVRQ *7� 0DOOLD $.� *DUWQHU )+� 3URYHQ]DQR 0'� )XMLPRWR (.� *RHNH

10� 2OVRQ %-� .OHQN '&� ����� 0HDVXUHPHQW RI SURWHLQ XVLQJ ELFLQFKRQLQLF DFLG� $QDO\W
%LRFKHP ����������

6WLWW 0� ����� /LPLWDWLRQ RI SKRWRV\QWKHVLV E\ FDUERQ PHWDEROLVP� ,� (YLGHQFH IRU H[FHVV HOHFWURQ

WUDQVSRUW FDSDFLW\ LQ OHDYHV FDUU\LQJ RXW SKRWRV\QWKHVLV LQ VDWXUDWLQJ OLJKW DQG &2�� 3ODQW 3K\VLRO
�������������

6WUDPVNL '� 0RUHO $� ����� 2SWLFDO SURSHUWLHV RI SKRWRV\QWKHWLF SLFRSODQNWRQ LQ GLIIHUHQW

SK\VLRORJLFDO VWDWHV DV DIIHFWHG E\ JURZWK LUUDGLDQFH� 'HHS�6HD 5HV 3DUW $ �����������

6XNHQLN $� %HQQHWW -� )DONRZVNL 3*� ����� /LJKW�VDWXUDWHG SKRWRV\QWKHVLV � OLPLWDWLRQ E\ HOHFWURQ

WUDQVSRUW RU FDUERQ IL[DWLRQ" %LRFKLP %LRSK\V $FWD ������������

7DQDGD 7� ����� 7KH SKRWRV\QWKHWLF HIILFLHQF\ RI FDURWHQRLG SLJPHQWV LQ 1DYLFXOD PLQLPD� $P - %RW

�����������

7HUU\ ./� ����� 3KRWRV\QWKHVLV LQ PRGXODWHG OLJKW� 4XDQWLWDWLYH GHSHQGHQFH RI SKRWRV\QWKHWLF

HQKDQFHPHQW RQ IODVKLQJ UDWH� %LRWHFKQRO %LRHQJ �����������

7KLPLMDQ 5:� +HLQV 5'� ����� 3KRWRPHWULF� UDGLRPHWULF� DQG TXDQWXP OLJKW XQLWV RI PHDVXUH� $

UHYLHZ RI SURFHGXUHV IRU LQWHUFRQYHUVLRQ� +RUW6FLHQFH �����������



5HIHUHQFHV

���

7RU]LOOR *� 6DFFKL $� 0DWHUDVVL 5� 5LFKPRQG $� ����� (IIHFW RI WHPSHUDWXUH RQ \LHOG DQG QLJKW

ELRPDVV ORVV LQ 6SLUXOLQD SODWHQVLV JURZQ RXWGRRUV LQ WXEXODU SKRWRELRUHDFWRUV� - $SSO 3K\FRO
����������

7RU]LOOR *� &DUOR]]L 3� 3XVKSDUDM %� 0RQWDLQL (� 0DWHUDVVL 5� ����� $ WZR�SODQH WXEXODU

SKRWRELRUHDFWRU IRU RXWGRRU FXOWXUH RI 6SLUXOLQD� %LRWHFKQRO %LRHQJ �����������

7RU]LOOR *� $FFROOD 3� 3LQ]DQL (� 0DVRMLGHN -� ����� ,Q VLWX PRQLWRULQJ RI FKORURSK\OO IOXRUHVFHQFH WR

DVVHVV WKH V\QHUJLVWLF HIIHFW RI ORZ WHPSHUDWXUH DQG KLJK LUUDGLDQFH VWUHVVHV LQ 6SLUXOLQD FXOWXUHV
JURZQ RXWGRRUV LQ SKRWRELRUHDFWRUV� - $SSO 3K\FRO ����������

7UHGLFL 05� =LWWHOOL *&� ����� (IILFLHQF\ RI VXQOLJKW XWLOL]DWLRQ� 7XEXODU YHUVXV IODW SKRWRELRUHDFWRUV�

%LRWHFKQRO %LRHQJ �����������

7UHGLFL 05� ����� %LRUHDFWRUV� 3KRWR� ,Q� )OLFNLQJHU 0&� 'UHZ 6:� HGLWRUV� (QF\FORSHGLD RI

ELRSURFHVV WHFKQRORJ\ � )HUPHQWDWLRQ� ELRFDWDO\VLV� DQG ELRVHSDUDWLRQ� -RKQ :LOH\ 	 6RQV� ,QF� S
��������

8VXL 1� ,NHQRXFKL 0� ����� 7KH ELRORJLFDO &2� IL[DWLRQ DQG XWLOL]DWLRQ SURMHFW E\ 5,7(��� +LJKO\�

HIIHFWLYH SKRWRELRUHDFWRU V\VWHP� (QHUJ &RQYHUV 0DQDJH �� 6XSSO� 6�6����6����

9DFKD )� ����� 7KH UROH RI R[\JHQ LQ SKRWRV\QWKHVLV� 3KRWRV\QWKHWLFD �����������

9RQVKDN $� 7RU]LOOR *� 7RPDVHOL /� ����� 8VH RI FKORURSK\OO IOXRUHVFHQFH WR HVWLPDWH WKH HIIHFW RI

SKRWRLQKLELWLRQ LQ RXWGRRU FXOWXUHV RI 6SLUXOLQD SODWHQVLV� - $SSO 3K\FRO ��������

:DOVK 3� /HJHQGUH /� ����� (IIHWV GHV IOXFWXDWLRQV UDSLGHV GH OD OXPLqUH VXU OD SKRWRV\QWKpVH GX

SK\WRSODQFWRQ� - 3ODQNWRQ 5HV ����������

:HLVVPDQ -&� *RHEHO 53� %HQHPDQQ -5� ����� 3KRWRELRUHDFWRU GHVLJQ� 0L[LQJ� FDUERQ XWLOL]DWLRQ�

DQG R[\JHQ DFFXPXODWLRQ� %LRWHFKQRO %LRHQJ �����������

<RVKLKDUD .,� 1DJDVH +� (JXFKL .� +LUDWD .� 0L\DPRWR .� ����� %LRORJLFDO HOLPLQDWLRQ RI QLWULF

R[LGH DQG FDUERQ GLR[LGH IURP IOXH JDV E\ PDULQH PLFURDOJD 12$���� FXOWLYDWHG LQ D ORQJ WXEXODU
SKRWRELRUHDFWRU� - )HUPHQW %LRHQJ �����������



���



6DPHQYDWWLQJ

���

6DPHQYDWWLQJ

)RWRWURIH ppQFHOOLJH PLFUR�RUJDQLVPHQ ]RDOV DOJHQ HQ F\DQREDFWHULsQ �µEODXZ�JURHQH DOJHQ¶�

NXQQHQ RQV YRRU]LHQ YDQ YHOH ZDDUGHYROOH FRPSRQHQWHQ� ]RDOV YRHGLQJVVXSSOHPHQWHQ HQ

VWRIIHQ PHW IDUPDFHXWLVFKH ZHUNLQJ� 9RRU YHHO YDQ GH]H WRHSDVVLQJHQ LV KHW JHEUXLN YDQ

JHVORWHQ ELRUHDFWRUHQ QRRG]DNHOLMN� $OOHHQ LQ VWHULOLVHHUEDUH UHDFWRUHQ� DIJHVORWHQ YDQ GH

EXLWHQZHUHOG� LV KHW PRJHOLMN JHGXUHQGH ODQJH WLMG PRQRFXOWXUHQ YDQ JHZHQVWH PLFURDOJHQ WH

NZHNHQ�

,Q GLW SURHIVFKULIW LV EHVFKUHYHQ KRH ppQFHOOLJH DOJHQ UHDJHUHQ RS OLFKW�GRQNHUF\FOL ]RDOV GH]H

YRRUNRPHQ LQ IRWRELRUHDFWRUHQ� /LFKWHQHUJLH LV GH HQLJH HQHUJLHEURQ YRRU IRWRWURIH PLFUR�

RUJDQLVPHQ� 'DDURP ]LMQ IRWRELRUHDFWRUHQ YRRU]LHQ YDQ WUDQVSDUDQWH ZDQGHQ� ]RGDW ]RYHHO

PRJHOLMN ]RQOLFKW LQ GH NZHHNYORHLVWRI NDQ GRRUGULQJHQ� 'H OLFKWYRRU]LHQLQJ LQ GH]H

IRWRELRUHDFWRUHQ LV GDQ RRN GH EHODQJULMNVWH RQWZHUSSDUDPHWHU� /LFKW LV KHW JURHL�OLPLWHUHQG

µVXEVWUDDW¶� $OOH DQGHUH VXEVWUDWHQ � NRROVWRIGLR[LGH� VWLNVWRI� HQ IRVIDDWYHUELQGLQJHQ � ]LMQ

PDNNHOLMN HQ WHJHQ ODJH NRVWHQ WRH WH YRHUHQ DDQ GH ZDWHULJH NZHHNYORHLVWRI�

'H OLFKWYRRU]LHQLQJ LQ HHQ IRWRELRUHDFWRU LV JHFRPSOLFHHUG� $DQ GH UHDFWRUZDQG ZRUGHQ

DOJHQ EORRWJHVWHOG DDQ ]RQOLFKW ����� � ���� PPRO IRWRQHQ P
��
V
��
� HQ GLHS LQ GH UHDFWRU� ZHJ

YDQ GH ZDQG� EHYLQGHQ GH DOJHQ ]LFK QDJHQRHJ LQ KHW GRQNHU� 'LW ODDWVWH ZRUGW YHURRU]DDNW

GRRUGDW DO KHW OLFKW ZRUGW JHDEVRUEHHUG GRRU DOJHQ GLFKW ELM GH ZDQG� GH ppQ ]LW LQ GH VFKDGXZ

YDQ GH DQGHU� $OV JHYROJ YDQ PHQJLQJ YDQ GH NZHHNYORHLVWRI ZRUGHQ GH DOJHQ YHUSODDWVW GRRU

GH]H OLFKWJUDGLsQW HQ ZRUGHQ ]H EORRWJHVWHOG DDQ OLFKW�GRQNHUF\FOL� 'LW IOXFWXHUHQGH

OLFKWUHJLPH ]RX HHQ JURWH LQYORHG NXQQHQ KHEEHQ RS GH HIILFLsQWLH ZDDUPHH DOJHQ GH

JHDEVRUEHHUGH OLFKWHQHUJLH DDQZHQGHQ YRRU JURHL� 'H]H HIILFLsQWLH ZRUGW RRN ZHO GH

IRWRV\QWKHVH�HIILFLsQWLH JHQRHPG�

,Q GH SUDNWLMN LV GH]H HIILFLsQWLH WH ODDJ� =HOIV LQ KHW JHYDO GDW DOJHQ ZRUGHQ EORRWJHVWHOG DDQ

]ZDN ]RQOLFKW ���� ± ��� PPRO IRWRQHQ P
��
V
��
� NDQ VOHFKWV HHQ GHHO YDQ GH HQHUJLH ZRUGHQ

YHUZHUNW� +HW UHVWDQW JDDW YHUORUHQ DOV ZDUPWH RI IOXRUHVFHQWLH� $OOHHQ RQGHU ]HHU ]ZDN OLFKW

JDDQ DOJHQ XLWHUVW HIILFLsQW PHW OLFKW RP� $OV HU ]RQOLFKW ZRUGW JHEUXLNW� LV HHQ VQHOOH

DIZLVVHOLQJ WXVVHQ NRUWH SHULRGHV YDQ KRJH OLFKWLQWHQVLWHLW HQ GRQNHUH SHULRGHV GH HQLJH

SUDNWLVFKH PDQLHU RP GH µJHPLGGHOGH¶ OLFKWLQWHQVLWHLW WH µYHUODJHQ¶� ,Q GH MDUHQ YLMIWLJ LV

QDPHOLMN DO DDQJHWRRQG GDW KRRJIUHTXHQW IOXFWXHUHQG OLFKW �! �� +]� OHLGW WRW µOLFKWLQWHJUDWLH¶�

DOJHQ JHNZHHNW RQGHU IOXFWXHUHQG OLFKW PHW OLFKWIOLWVHQ YDQ KRJH LQWHQVLWHLW JDDQ YHHO
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HIILFLsQWHU PHW OLFKWHQHUJLH RP GDQ DOJHQ JHNZHHNW RQGHU FRQWLQXH EHOLFKWLQJ YDQ GH]HOIGH

KRJH LQWHQVLWHLW� 'LW IHQRPHHQ ZRUGW RRN ZHO KHW µIOLWVOLFKWHIIHFW¶ JHQRHPG�

+HW LV ]HHU ODVWLJ RP JHEUXLN WH PDNHQ YDQ KHW µIOLWVOLFKWHIIHFW¶ LQ IRWRELRUHDFWRUHQ YDQ JURWH

VFKDDO� 6OHFKWV LQ UHDFWRUHQ PHW HHQ GLHSWH YDQ HQNHOH FHQWLPHWHUV GLH RRN QRJ LQWHQVLHI

ZRUGHQ JHPHQJG GRRU PLGGHO YDQ EHOXFKWLQJ� NDQ OLFKWLQWHJUDWLH ZRUGHQ YHUNUHJHQ� +HW

NZHHNYROXPH YDQ ]XONH UHDFWRUHQ LV EHSHUNW HQ GH FRQVWUXFWLH LV FRPSOH[� 'LW LV GH UHGHQ

ZDDURP LQ GLW RQGHU]RHN HHQ VWXGLH LV JHPDDNW YDQ KHW HIIHFW YDQ ODQJHUH OLFKW�GRQNHUF\FOL

PHW HHQ OHQJWH YDQ � WRW ��� VHFRQGHQ� 'LW ]LMQ OLFKW�GRQNHUF\FOL ]RDOV GLH YRRU ]XOOHQ NRPHQ

LQ IRWRELRUHDFWRUHQ YDQ JURWHUH VFKDDO�

,Q GH]H VWXGLH LV GXLGHOLMN DDQJHWRRQG GDW HU JHHQ OLFKWLQWHJUDWLH SODDWVYLQGW RQGHU OLFKW�

GRQNHUF\FOL YDQ � VHFRQGHQ RI PHHU� 'H IRWRV\QWKHVH�HIILFLsQWLH LV ODJHU RQGHU EORRWVWHOOLQJ

DDQ OLFKW�GRQNHUF\FOL GDQ RQGHU FRQWLQX OLFKW� %LM GH]H YHUJHOLMNLQJ LV GH OLFKWLQWHQVLWHLW RQGHU

FRQWLQX OLFKW DOWLMG JHOLMN JHKRXGHQ DDQ GLH WLMGHQV GH OLFKWSHULRGH YDQ GH FRUUHVSRQGHUHQGH

OLFKW�GRQNHUF\FOL� 9HUVFKLOOHQGH VRRUWHQ DOJHQ� &KODP\GRPRQDV UHLQKDUGWLL� &KORUHOOD

VRURNLQLDQD HQ 'XQDOLHOOD WHUWLROHFWD� ]LMQ LQ KHW ODERUDWRULXP JHNZHHNW RQGHU HHQ DDQWDO

F\FOL� $OV UHIHUHQWLH ]LMQ ]H RRN RQGHU FRQWLQX OLFKW JHNZHHNW� 2QGHU HON OLFKWUHJLPH LV GH

ELRPDVVDWRHQDPH� JHPHWHQ DOV HLZLW� SHU KRHYHHOKHLG JHDEVRUEHHUGH OLFKWHQHUJLH EHSDDOG�

'H]H ELRPDVVDWRHQDPH RS OLFKWHQHUJLH LV HHQ JRHGH PDDW YRRU GH IRWRV\QWKHVH�HIILFLsQWLH� 'H

JHEUXLNWH DOJHQ ]LMQ PRGHORUJDQLVPHQ GLH YDDN ZRUGHQ JHEUXLNW LQ KHW ODERUDWRULXP HQ

ZDDUYDQ YHHO EHNHQG LV� &KODP\GRPRQDV HQ &KORUHOOD ]LMQ JURHQH ]RHWZDWHUDOJHQ HQ

'XQDOLHOOD LV HHQ JURHQH ]RXWZDWHUDOJ�

,Q DDQYXOOHQGH H[SHULPHQWHQ LV QDDVW GH ELRPDVVDWRHQDPH RRN GH ]XXUVWRISURGXFWLHFDSDFLWHLW

YDQ &KODP\GRPRQDV EHSDDOG� 'H ]XXUVWRISURGXFWLHFDSDFLWHLW EOHHN ODJHU WH ]LMQ ZDQQHHU

&KODP\GRPRQDV ZDV RSJHNZHHNW RQGHU HHQ OLFKW�GRQNHUF\FOXV GDQ ZDQQHHU GH]H RQGHU

FRQWLQX OLFKW ZDV RSJHNZHHNW� 'H ]XXUVWRISURGXFWLHFDSDFLWHLW LV HHQ PDDW YRRU GH PD[LPDOH

VQHOKHLG YDQ IRWRV\QWKHVH� 'LW UHVXOWDDW FRUUHOHHUW JRHG PHW GH ODJHUH ELRPDVVDWRHQDPH RS

OLFKWHQHUJLH RQGHU OLFKW�GRQNHUF\FOL�

'H HIILFLsQWLH ZDDUPHH GH IRWRV\QWKHVH�PDFKLQHULH YDQ DOJHQ OLFKW EHQXW� NDQ RRN ZRUGHQ

JHPHWHQ PHW µSXOVH DPSOLWXGH PRGXODWLRQ¶ �3$0� IOXRURPHWULH� +HW IRWRV\VWHHP YDQ HHQ DOJ

IOXRUHVFHHUW HHQ �NOHLQH� IUDFWLH YDQ KHW JHDEVRUEHHUGH OLFKW� 'H]H IOXRUHVFHQWLH NDQ ZRUGHQ

JHPHWHQ PHW EHKXOS YDQ GH 3$0�WHFKQLHN HQ KLHUPHH NDQ GH ]RJHQDDPGH IRWRFKHPLVFKH

HIILFLsQWLH YDQ IRWRV\VWHHP ,, ZRUGHQ EHUHNHQG� 1HW DOV GH ELRPDVVDWRHQDPH RS OLFKWHQHUJLH

ZDV GH IRWRFKHPLVFKH HIILFLsQWLH ODJHU WLMGHQV NZHHN RQGHU OLFKW�GRQNHUF\FOL GDQ RQGHU

FRQWLQX OLFKW�
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$OJHQ ]LMQ KHHO IOH[LEHO HQ NXQQHQ GH VWUXFWXXU YDQ KXQ IRWRV\QWKHVH�PDFKLQHULH DDQSDVVHQ

DDQ KHW KHHUVHQGH OLFKWUHJLPH� 'H]H PDFKLQHULH� LQ GH FKORURSODVW YDQ HHQ DOJHQFHO� EHVWDDW

XLW HHQ JURRW DDQWDO IRWRV\VWHPHQ� (ON IRWRV\VWHHP EHVWDDW XLW HHQ DQWHQQH YDQ

SLJPHQWPROHFXOHQ GLH LV JHNRSSHOG DDQ HHQ UHDFWLHFHQWUXP� ,Q KHW UHDFWLHFHQWUXP ZRUGW GH

LQJHYDQJHQ OLFKWHQHUJLH RPJH]HW LQ FKHPLVFKH HQHUJLH GLH EUXLNEDDU LV YRRU GH FHO� :DQQHHU

GH OLFKWLQWHQVLWHLW ZRUGW YHUODDJG� ZRUGHQ KHW]LM PHHU IRWRV\VWHPHQ DDQJHPDDNW GRRU GH FHO�

KHW]LM GH DQWHQQH¶V YDQ GH EHVWDDQGH IRWRV\VWHPHQ YHUJURRW� 'LW SURFHV ZRUGW

IRWRDFFOLPDWLVHULQJ JHQRHPG�

,Q GH]H VWXGLH LV DDQJHWRRQG GDW &KODP\GRPRQDV HQ 'XQDOLHOOD KXQ VSHFLILHN

DEVRUSWLHRSSHUYODN YHUJURWHQ DOV ]H ZRUGHQ RSJHNZHHNW RQGHU OLFKW�GRQNHUF\FOL LQ SODDWV YDQ

RQGHU FRQWLQX OLFKW� 'H RYHUJDQJ YDQ FRQWLQX OLFKW QDDU OLFKW�GRQNHUF\FOL OHLGW WRW HHQ

YHUODJLQJ YDQ GH EHVFKLNEDDUKHLG YDQ �OLFKW�HQHUJLH� :DDUVFKLMQOLMN WUHHGW DOV JHYROJ KLHUYDQ

IRWRDFFOLPDWLVHULQJ RS HQ YHUJURWHQ GH DOJHQ KXQ IRWRV\VWHPHQ�

+HW RSWUHGHQ YDQ IRWRDFFOLPDWLVHULQJ NDQ GH ODJHUH IRWRV\QWKHVH�HIILFLsQWLH RQGHU OLFKW�

GRQNHUF\FOL YHUNODUHQ� 2PGDW KHW VSHFLILHN DEVRUSWLHRSSHUYODN LV YHUJURRW� ZRUGW WLMGHQV GH

OLFKWSHULRGH YDQ GH OLFKW�GRQNHUF\FOXV PHHU OLFKW JHDEVRUEHHUG GDQ RQGHU KHW

RYHUHHQNRPVWLJH FRQWLQX�OLFKWUHJLPH� %OLMNEDDU NXQQHQ GH DOJHQ GH]H H[WUD KRHYHHOKHLG

HQHUJLH QLHW YHUZHUNHQ HQ JDDW GH]H YHUORUHQ DOV ZDUPWH� )RWRDFFOLPDWLVHULQJ LV GXV QLHW

JHZHQVW LQ KHW JHYDO YDQ HHQ IOXFWXHUHQG OLFKWUHJLPH�

(HQ WZHHGH SURFHV GDW LQ KHW RQGHU]RHN LV PHHJHQRPHQ� LV IRWRLQKLELWLH� )RWRLQKLELWLH WUHHGW

RS ELM ]HHU KRJH OLFKWLQWHQVLWHLWHQ HQ ZRUGW YHURRU]DDNW GRRU HHQ RYHUGRVLV YDQ JHDEVRUEHHUGH

OLFKWHQHUJLH� (HQ GHHO YDQ GH IRWRV\VWHPHQ UDDNW EHVFKDGLJG HQ GH FDSDFLWHLW HQ HIILFLsQWLH

YDQ IRWRV\QWKHVH QHPHQ DI� ,Q GH]H VWXGLH LV GH OLFKWLQWHQVLWHLW JHYDULHHUG WRW PD[LPDDO ����

PPRO IRWRQHQ P
��
V
��
� 2QGHU GH]H KRJH OLFKWLQWHQVLWHLW EOHHN IRWRLQKLELWLH QRJ JHHQ JURWH URO WH

VSHOHQ YRRU &KODP\GRPRQDV HQ 'XQDOLHOOD�

,Q GH]H VWXGLH LV KHW GXLGHOLMN DDQJHWRRQG GDW YRRU KHW NZHNHQ YDQ PLFURDOJHQ OLFKW�

GRQNHUF\FOL PHW HHQ OHQJWH YDQ � VHFRQGHQ RI PHHU� PLQGHU DDQWUHNNHOLMN ]LMQ GDQ FRQWLQX

OLFKW� 'H IRWRV\QWKHVH�HIILFLsQWLH LV ODJHU GDQ GH WRFK DO ODJH HIILFLsQWLH RQGHU FRQWLQX OLFKW�

'HVDOQLHWWHPLQ ]LMQ GH]H F\FOL VRPV RQYHUPLMGHOLMN LQ IRWRELRUHDFWRUHQ� 'LW LV GH UHGHQ GDW GH

ELRPDVVDWRHQDPH RS OLFKWHQHUJLH LV JHPRGHOOHHUG DOV IXQFWLH YDQ F\FOXVGXXU HQ GH UHODWLHYH

OHQJWH YDQ GH OLFKWSHULRGH LQ HHQ OLFKW�GRQNHUF\FOXV� GH OLFKWIUDFWLH� (U LV HHQ VWDWLVWLVFK PRGHO

JHEUXLNW RPGDW KHW V\VWHHP YRRUORSLJ QRJ WH FRPSOH[ LV RP HHQ WKHRUHWLVFK PRGHO WH

RQWZLNNHOHQ� +HW PRGHO ZDV YRRU 'XQDOLHOOD LQ VWDDW GH ELRPDVVDWRHQDPH RS OLFKWHQHUJLH WH
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EHVFKULMYHQ LQ HHQ UDDPZHUN PHW HHQ F\FOXVGXXU YDQ �� WRW ��� VHFRQGHQ HQ HHQ OLFKWIUDFWLH

YDQ ��� WRW � ��  FRQWLQX OLFKW��

'H RPVWDQGLJKHGHQ WLMGHQV GH H[SHULPHQWHQ ZDDUPHH GH PRGHOSDUDPHWHUV ]LMQ EHSDDOG� ]LMQ

DDQJHSDVW LQ YHUJHOLMNLQJ WRW GH DQGHUH H[SHULPHQWHQ� 'H OLFKWLQWHQVLWHLW LQ GH OLFKWSHULRGH

ZDV QDPHOLMN QLHW FRQVWDQW� PDDU GH DOJHQ ZDUHQ EORRWJHVWHOG DDQ HHQ OLFKWJUDGLsQW� 'H

OLFKWLQWHQVLWHLW YDULHHUGH YDQ ���� WRW �� PPRO IRWRQHQ P
��
V
��
� 2S GH]H PDQLHU LV KHW PRGHO

HHQ JRHGH EHVFKULMYLQJ YDQ GH SUDNWLMN� ,Q IRWRELRUHDFWRUHQ LV GH OLFKWLQWHQVLWHLW LQ GH EHOLFKWH

]RQH QDPHOLMN QLHW FRQVWDQW 'H LQWHQVLWHLW QHHPW DI YDQ GH LQWHQVLWHLW YDQ ]RQOLFKW DDQ GH

UHDFWRUZDQG WRW HHQ ]HHU ODJH OLFKWLQWHQVLWHLW WHU KRRJWH YDQ GH �DUELWUDLUH� JUHQV YDQ GH

EHOLFKWH HQ GRQNHUH ]RQH�

2RN RQGHU GH]H PHHU QDWXXUOLMNH OLFKWJUDGLsQW�GRQNHUF\FOL ZDV KHW GXLGHOLMN GDW GH

IRWRV\QWKHVH�HIILFLsQWLH ODJHU ZDV RQGHU GH]H F\FOL GDQ RQGHU FRQWLQX OLFKW� 0DDU DOV GH

GRQNHUH SHULRGH NRUWHU LV GDQ ppQ GHUGH YDQ GH F\FOXVGXXU� LV GH ELRPDVVDWRHQDPH RS

OLFKWHQHUJLH RQJHYHHU JHOLMN DDQ GLH RQGHU FRQWLQX OLFKW�

$DQJH]LHQ OLFKWLQWHJUDWLH QLHW RSWUHHGW RQGHU OLFKW�GRQNHU F\FOL JURWHU GDQ � VHFRQGHQ LV GH

F\FOXVGXXU YHUGHU YHUODDJG WRW ���� VHFRQGHQ� 2QGHU GH]H RPVWDQGLJKHGHQ LV ZHO

OLFKWLQWHJUDWLH ZDDUJHQRPHQ� 'H ELRPDVVDWRHQDPH RS OLFKWHQHUJLH RQGHU GH]H F\FOXV ZDV

QDPHOLMN KRJHU GDQ GLH RQGHU KHW FRUUHVSRQGHUHQGH FRQWLQX�OLFKWUHJLPH� 'H]H UHVXOWDWHQ

RQGHUVWHXQHQ KHW UHHGV EHNHQGH IHQRPHHQ GDW OLFKWLQWHJUDWLH RSWUHHGW ELM OLFKW�GRQNHUF\FOL

YDQ ��� VHFRQGHQ RI PLQGHU � �� +]��

$OV VORW YDQ GH]H VWXGLH ]LMQ GH EHODQJULMNVWH IRWRELRUHDFWRUHQ JHsYDOXHHUG PHW EHWUHNNLQJ WRW

KHW OLFKWUHJLPH HQ IRWRV\QWKHVH�HIILFLsQWLH� +HW LV GXLGHOLMN DDQJHWRRQG GDW HHQ KRJH

IRWRV\QWKHVH�HIILFLsQWLH DOOHHQ KDDOEDDU LV LQ IRWRELRUHDFWRUHQ PHW HHQ ]HHU NRUWH OLFKWZHJ � 

JHULQJH GLHSWH�� HHQ ]HHU KRJH ELRPDVVDFRQFHQWUDWLH � NRUWH OLFKWIOLWV� HQ HHQ ]HHU LQWHQVLHYH

PHQJLQJ GRRU PLGGHO YDQ EHOXFKWLQJ � NRUWH F\FOXVGXXU�� 'LW ]LMQ GH ]RJHKHWHQ YODNNH

SDQHHOUHDFWRUHQ� (U PRHW HFKWHU JHFRQFOXGHHUG ZRUGHQ GDW GH]H UHDFWRUHQ HQ RRN GH DQGHUH

EHVWXGHHUGH IRWRELRUHDFWRUHQ ]HHU VOHFKW ]LMQ RS WH VFKDOHQ� 'DDURP LV YRRUJHVWHOG OLFKWLQYDQJ

WH VFKHLGHQ YDQ GH ELRUHDFWRU� 9LD VSLHJHOV HQ JODVYH]HOV NDQ OLFKW ZRUGHQ LQJHYDQJHQ HQ QDDU

HHQ FRPSDFWH JHVORWHQ ELRUHDFWRU ZRUGHQ JHOHLG� 'H]H FRPSDFWH ELRUHDFWRU ]RX GDQ EHVWDDQ

XLW HHQ JURRW DDQWDO YODNNH SDQHHOUHDFWRUHQ GLH YDQ HONDDU JHVFKHLGHQ ]LMQ GRRU

OLFKWYHUVSUHLGHQGH SODWHQ� 'RRU GH]H HHQKHGHQ RS HHQ VOLPPH PDQLHU PHW HONDDU WH YHUELQGHQ�

NDQ GH ELRUHDFWRU ZRUGHQ RSJHVFKDDOG� 2S EDVLV YDQ GH KXLGLJH NHQQLV ]RX LQ HHQ GHUJHOLMN

QLHXZ UHDFWRURQWZHUS HHQ ]HHU KRJH IRWRV\QWKHVH�HIILFLsQWLH KDDOEDDU PRHWHQ ]LMQ�
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+HW VFKULMYHQ ]LW HU ELMQD RS� -RHSLH� ,N EHQ HUJ EOLM GDW PLMQ SURHIVFKULIW NODDU LV� 'H ODDWVWH

WZHH MDUHQ ZDUHQ ]ZDDU� +HW FRPELQHUHQ YDQ HHQ µSUH�GRF¶ SRVW�GRF SRVLWLH PHW GH ODDWVWH

ORRGMHV YDQ HHQ SURHIVFKULIW YLHO QLHW PHH� 9RRU GH GXLGHOLMNKHLG� YDQ MDQXDUL ���� WRW HQ PHW

GHFHPEHU ���� KHE LN KHW SUDNWLVFK ZHUN YHUULFKW ZDW WRW GLW SURHIVFKULIW KHHIW JHOHLG� 1D HHQ

YDNDQWLH LQ $IULND EHQ LN LQ PDDUW ���� EHJRQQHQ DOV SRVW�GRF RQGHU]RHNHU DDQ HHQ QLHXZ ��

MDULJ RQGHU]RHN� ZDWHUVWRISURGXNWLH XLW ELRPDVVD PHW EHKXOS YDQ IRWRV\QWKHWLVFKH EDFWHULsQ�

,Q PLMQ µYULMH¶ WLMG NRQ LN PRRL PLMQ SURHIVFKULIW VFKULMYHQ� 'DW LV GXV JHOXNW�

,N ZRRQ RQGHUWXVVHQ DO ELMQD GHUWLHQ MDDU LQ :DJHQLQJHQ� ,Q ���� EHQ LN UHHGV PHW PLMQ

VWXGLH 0LOLHXWHFKQRORJLH EHJRQQHQ� 0LMQ HQWKRXVLDVPH YRRU KHW RQGHU]RHN LV RQWVWDDQ LQ GH

ODDWVWH MDUHQ YDQ GH VWXGLH WRHQ LN DIVWXGHHURQGHU]RHNHQ JLQJ GRHQ� =HOIVWDQGLJ ZHUNHQ HQ

QDGHQNHQ YRQG LN YHHO OHXNHU GDQ YDNMHV OHUHQ HQ H[DPHQV GRHQ� 0LMQ HHUVWH DIVWXGHHUYDN

ZDV OHXN� PLMQ WZHHGH DIVWXGHHUYDN ZDV QRJ YHHO OHXNHU� ,N ZDV GH HHUVWH VWXGHQW GLH ELM GH

VHFWLH 3URFHVNXQGH PHW DOJHQ PRFKW ZHUNHQ� ,N YRQG KHW IDQWDVWLVFK OLFKW HQ NRROVWRIGLR[LGH

WH JHEUXLNHQ RP DOJHQ WH NZHNHQ� ,Q GLH WLMG ZLOGHQ ZH GH DOJHQ JDDQ JHEUXLNHQ RP ]ZDUH

PHWDOHQ XLW DIYDOZDWHU WH YHUZLMGHUHQ� +HW SUDNWLVFK ZHUN ZDV QLHXZ HQ XLWGDJHQG HQ WRHQ DO

NUHHJ LN YDQ PLMQ EHJHOHLGHU 5HQp :LMIIHOV DOOH UXLPWH HQ WLMG RP PLMQ HLJHQ ZHJ WH JDDQ�

+HW LV GDQ RRN QLHW YUHHPG GDW LN WLMGHQV PLMQ VWDJH LQ GH 9HUHQLJGH 6WDWHQ PHWHHQ MD ]HL RS

HHQ DDQERG YDQ 5HQp RP DOV RQGHU]RHNHU LQ RSOHLGLQJ YHUGHU WH ZHUNHQ DDQ KHW

DOJHQRQGHU]RHN� +HW ZDV KHW SODQ RP HHUVW WH NLMNHQ RI DOJHQ HIILFLsQWHU JHNZHHNW NXQQHQ

ZRUGHQ LQ DLU�OLIW UHDFWRUHQ ZDDULQ MH EHSDDOGH OLFKW�GRQNHU F\FOL NXQW RSOHJJHQ� 'DDUQD

]RXGHQ GH DOJHQ JHwPPRELOLVHHUG PRHWHQ ZRUGHQ LQ NOHLQH EROOHWMHV ]RGDW DIYDOZDWHU PHW

JURWH VQHOKHLG GRRU GH UHDFWRU JHSRPSW NRQ ZRUGHQ WHUZLMO GH DOJHQ GH ]ZDUH PHWDOHQ ]RXGHQ

YHUZLMGHUHQ� $OV MH KHW SURHIVFKULIW� RI DOOHHQ GH VDPHQYDWWLQJ� KHEW JHOH]HQ ]DO MH RSYDOOHQ

GDW LN PH EHSHUNW KHE WRW KHW HHUVWH GHHO YDQ GH RRUVSURQNHOLMNH RQGHU]RHNVYUDDJ�

'LW RQGHU]RHN KDG LN LQ PLMQ HHQWMH QDWXXUOLMN QRRLW NXQQHQ GRHQ� 2RN ELM KHW VFKULMYHQ KHE LN

YHHO KXOS JHKDG� $OV HHUVWH ZLO LN GDDURP JUDDJ PLMQ FR�SURPRWRU 5HQp :LMIIHOV EHGDQNHQ�

(HQ EHWHUH EHJHOHLGHU HQ EDDV NRQ HQ NDQ LN PH QLHW ZHQVHQ� +DQV 7UDPSHU� PLMQ SURPRWRU�

KDG LQ KHW EHJLQ PRHLWH PHW GH DOJHQ HQ IRWRV\QWKHVH� QHW DOV LN YHHO PRHLWH KDG PHW

VFKULMYHQ� 0HQLJ FRQFHSW DUWLNHO NZDP WHUXJ PHW KHW FRPPHQWDDU� µGLW EHJULMS LN QLHW¶� +DQV�

WRFK EHQ LN HUJ EOLM GDW MH ]R NULWLVFK ZDV HQ PLM WHONHQV GZRQJ PH EHWHU WH IRUPXOHUHQ� 2RN MH
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ZDUPH DDQGDFKW YRRU DO GLH OHXNH RSVWHOOLQJHQ LQ /DE ��� ZDV HUJ PRWLYHUHQG� /XXF 0XU�

PLMQ WZHHGH FR�SURPRWRU� ZLO LN JUDDJ EHGDQNHQ YRRU ]LMQ IULVVH EOLN YDQ EXLWHQDI�

(HQ JURRW GHHO YDQ KHW SUDNWLVFK ZHUN LV YHUULFKW GRRU VWXGHQWHQ GLH ELM PLM HHQ

DIVWXGHHURQGHU]RHN KHEEHQ JHGDDQ� 7MLEEH &KULV� %UDP� 0LFKHO� 6DVNLD� %DV� 0LFKLHO�

0DUFHO� 0DWW\� 7HXQ� /XFDV� 3HWHU HQ 1LHQNH GDQN MXOOLH ZHO YRRU MXOOLH JHZHOGLJH LQ]HW HQ

HQWKRXVLDVPH� 2RN DOOH DQGHUH VWXGHQWHQ GLH /DE ��� KHEEHQ EHYRONW ZLO LN JUDDJ EHGDQNHQ

YRRU KXQ SOH]LHULJH DDQZH]LJKHLG HQ YRRU PHQLJ JH]HOOLJ XXUWMH EXLWHQ ZHUNWLMG� 0HW QDPH

&LQG\ EHGDQNW YRRU KHW FRDFKHQ YDQ GH µ3URFHVNXQGH +HUHQ 5RHLSORHJ¶�

'LH DQGHUH VWXGHQWHQ KDGGHQ QDWXXUOLMN RRN HHQ DQGHUH EHJHOHLGHU� &DWULQXV� PLMQ

NDPHUJHQRRW� &DWULQXV� LN YRQG KHW HUJ OHXN PHW MH VDPHQ WH ZHUNHQ� 1RRLW KRRUGH LN MRX

PRSSHUHQ HQ LN NRQ YDDN PLMQ NODDJ]DQJ ELM MRX GRHQ� 2RN YRQG LN KHW HUJ SUHWWLJ GDW MH

µ*9&��¶ HHQ SDDU MDDU ODQJ QDDU HHQ KRJHU QLYHDX ZLVW WH WLOOHQ� ,N KDG QRRLW JHGDFKW GDW ]R¶Q

ODQJH )ULHV ]R PDNNHOLMN HHQ WHJHQVWDQGHU NRQ µSRRUWHQ¶� YHHO VXFFHV RS GH µ/DQJH /HHJWH¶�

6SHFLDOH DDQGDFKW YHUGLHQW RRN 5RQDOG� GLH QHW DOV PLM DOOHPDDO QLHXZH GLQJHQ PRHVW

YHU]LQQHQ LQ KHW ODE��� 5RQDOG� YRRUDO RRN EHGDQNW GDW MH PH GRRU GH PRHLOLMNH XUHQ YDQ PLMQ

SURPRWLHRQGHU]RHN KHEW JHKROSHQ� (Q QDWXXUOLMN ZLO LN JUDDJ KHW ]RQQHWMH LQ KXLV� 0DULD�

EHGDQNHQ YRRU KDDU DOWLMG SOH]LHULJH DDQZH]LJKHLG� 0DULD� LN EHQ MH QDWXXUOLMN RRN QRJ HUJ

GDQNEDDU GDW MH VDPHQ PHW 1LHQNH YHUGHU EHQW JHJDDQ PHW PLMQ RQGHU]RHN HQ PLM +RRIGVWXN

� JHJHYHQ KHEW�

5RXNH� RRN MLM EHGDQNW YRRU MH HQWKRXVLDVPH HQ LQ]HW YRRU GH µPDULHQH ELRWHFKQRORJLH JURHS¶

YRRU GH µERUUHOV¶ HQ KHW µ]DDOYRHWEDO¶� YHHO VXFFHV PHW MH HLJHQ SURPRWLH� )UHG� *HUULW HQ -RV�

KDUVWLNNH EHGDQNW YRRU MXOOLH DGYLH]HQ HQ KXOS� GH µ2¶ LQ 2%3¶HU LV PHHU GDQ YHUGLHQG� 5ROI�

RRN DO EHQ MH JHHQ 2%3¶HU MH VWDDW DOWLMG YRRU LHGHUHHQ NODDU HQ MH EHQW HHQ HFKWH &ROOHJD�

9HUGHU ZLO LN GH PHQVHQ YDQ GH ZHUNSODDWVHQ EHGDQNHQ� -DQ� (YHUW� (ULF� $QGUp� 5HLQRXG�

3HWHU HQ +DQV� MXOOLH NXQQHQ HFKW LHWV WRHYRHJHQ DDQ WRHJHSDVW RQGHU]RHN� +RSHOLMN NXQQHQ

MXOOLH KHW ZHUN EOLMYHQ GRHQ ZDW MXOOLH ]R OHXN YLQGHQ HQ ZDW ]R EHODQJULMN LV YRRU GH

XQLYHUVLWHLW� 7HQVORWWH ZLO LN JUDDJ DO PLMQ FROOHJD¶V YDQ 3URFHVNXQGH EHGDQNHQ YRRU GH

JH]HOOLJKHLG HQ GH HUJ SOH]LHULJH ZHUNRPJHYLQJ�

1DDVW PLMQ FROOHJD¶V ]LMQ KHW QDWXXUOLMN PLMQ YULHQGHQ GLH KHW OHYHQ OHXN PDNHQ� $OV HHUVWH GH

µ7URHOOLHV¶� 0DUWLQ HQ :LOEHUW� LN YRQG KHW WRS WLMGHQV PLMQ µRLR¶�MDUHQ ELM MXOOLH LQ KXLV WH

KHEEHQ JHZRRQG� :H KHEEHQ HFKW HUJ YHHO OHXNH GLQJHQ JHGDDQ� WHYHHO RP RS WH QRHPHQ�

VDPHQ PHW +DQQHNH� 0DUWLMQ� 0DULVND HQ 6\EUHQ� +HW ZDV HHQ PRRLH WLMG� -HURHQ� MLM RRN

EHGDQNW YRRU MH KXPRU� VFKHUS]LQQLJKHLG� NOHLQH SHVWHULMWMHV HQ KHW RUJDQLVHUHQ YDQ OHXNH

µXLWMHV¶� 7HQVORWWH :LOEHUW 6�� LN EHQ HUJ EOLM GDW MH GLH SUDFKWLJH 6FDQLD EXV KHEW JHNRFKW YDQ
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7LQXV RP PHH QDDU *DPELD WH ULMGHQ� HQ GDW LN ]RPDDU LQ NRQ VWDSSHQ� +HW ZDV HHQ WRFKW RP

QRRLW WH YHUJHWHQ� $OOH YULHQGHQ GLH LN QLHW JHQRHPG KHE� DOOHPDDO KDUWVWLNNH EHGDQNW YRRU DO

GLH PRRLH PRPHQWHQ GLH KHW OHYHQ ]R OHXN PDNHQ�

,N ZLOGH KHW NRUW KRXGHQ� PDDU KHODDV GDW JDDW WRFK QLHW OXNNHQ ZDQW LN ZLO QDWXXUOLMN PLMQ

IDPLOLH QRJ EHGDQNHQ� 3DS HQ PDP� LN EHQ MXOOLH HUJ GDQNEDDU GDW MXOOLH PLM GH NDQV KHEEHQ

JHJHYHQ QDDU GH XQLYHUVLWHLW WH JDDQ HQ KHW RQGHU]RHN LQ WH JDDQ� =RQGHU MXOOLH VWLPXODQV HQ

KXOS ZDV GLW QRRLW JHOXNW� ,N EHQ HUJ WURWV RS MXOOLH� $QMD� MH EHQW PLM YRRUJHJDDQ LQ

:DJHQLQJHQ HQ MH ZRRQW QRJ VWHHGV VOHFKWV HHQ SDDU VWUDWHQ YHUGHU� ,N YLQG KHW HUJ ILMQ GDW LN

MH LQ GH EXXUW KHE DI HQ WRH OHNNHU RYHU KHW ZHUN� KHW YRHWEDO HQ DQGHUH GLQJHQ NDQ SUDWHQ� +HW

SURHIVFKULIW LV DI� GH ]RQGDJ LV ZHHU YULM�

/LHYH 'RULHQ� HHQ PLOMRHQ NQXIIHOV YRRU MRXZ VWHXQ� 2Q]H UHODWLH LV JHOXNNLJ QLHW DOV HHQ

OLFKW�GRQNHU F\FOXV� PDDU HHQ DOWLMG DDQZH]LJ PRRL HQ IHO OLFKW QDDVW PLM� +HW LV IDQWDVWLVFK GDW

LN MRX EHQ WHJHQJHNRPHQ� ,N ]LH GH WRHNRPVW VWUDOHQG� PHW HHQ KRJH LQWHQVLWHLW� WHJHPRHW���

7KLV ZRUN ZDV FDUULHG RXW DW :DJHQLQJHQ 8QLYHUVLW\� 'HSDUWPHQW RI $JURWHFKQRORJ\ DQG

)RRG 6FLHQFHV� )RRG DQG %LRSURFHVV (QJLQHHULQJ *URXS� 3�2� %R[ ����� ���� (9

:DJHQLQJHQ� 7KH 1HWKHUODQGV�

7KLV UHVHDUFK ZDV VSRQVRUHG LQ SDUW E\ WKH 1HWKHUODQGV 2UJDQL]DWLRQ IRU 6FLHQWLILF 5HVHDUFK�

&RXQFLO IRU &KHPLFDO 6FLHQFHV �1:2�&:� DQG ZDV SDUW RI WKH UHVHDUFK SURJUDP RI WKH

*UDGXDWH 6FKRRO 2637 �3URFHVV 7HFKQRORJ\��
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&XUULFXOXP 9LWDH

���

&XUULFXOXP 9LWDH

0DUFHO -DQVVHQ ZHUG JHERUHQ RS � VHSWHPEHU ���� LQ +RUVW� +LM EHJRQ LQ ���� PHW GH

PLGGHOEDUH VFKRRO RSOHLGLQJ DDQ KHW %RVFKYHOGFROOHJH LQ 9HQUD\� ,Q ���� ZHUG KHW 9:2�

GLSORPD EHKDDOG� ,Q KHW QDMDDU YDQ ���� LV KLM YDQ VWDUW JHJDDQ PHW GH VWXGLH 0LOLHXK\JLsQH

DDQ GH /DQGERXZXQLYHUVLWHLW :DJHQLQJHQ PHW DOV RULsQWDWLH 0LOHXWHFKQRORJLH� ,Q GH

GRFWRUDDOIDVH KHHIW KLM DIVWXGHHURQGHU]RHNHQ XLWJHYRHUG ELM GH YDNJURHS 0LOLHXWHFKQRORJLH

�3URI� *� /HWWLQJD HQ 'U� 6� 5HEDF� HQ GH VHFWLH 3URFHVNXQGH �3URI� -� 7UDPSHU HQ 'U� 5�+�

:LMIIHOV�� 9DQ DSULO WRW HQ PHW VHSWHPEHU ���� ZHUG HHQ VWDJH YHUULFKW ELM GH 8QLYHUVLW\ RI

1RWUH 'DPH �3URI� 5�/� ,UYLQH HQ 'U� 3�-� +LUO� LQ GH 9HUHQLJGH 6WDWHQ� ,Q MDQXDUL ���� ZHUG

KHW GRFWRUDDOGLSORPD EHKDDOG�

9DQ MDQXDUL ���� WRW HQ PHW GHFHPEHU ���� GHHG KLM HHQ SURPRWLH�RQGHU]RHN DDQ GH VHFWLH

3URFHVNXQGH YDQ KHW 'HSDUWHPHQW $JURWHFKQRORJLH HQ 9RHGLQJVZHWHQVFKDSSHQ YDQ

:DJHQLQJHQ 8QLYHUVLWHLW� 'LW SURPRWLH�RQGHU]RHN LV XLWJHYRHUG RQGHU EHJHOHLGLQJ YDQ 3URI�

-� 7UDPSHU� 'U� 5�+� :LMIIHOV HQ 3URI� /�5� 0XU HQ GH LQKRXG VWDDW EHVFKUHYHQ LQ GLW

SURHIVFKULIW� 9DQDI PDDUW ���� LV KLM ZHUN]DDP DOV SRVWGRFWRUDDO RQGHU]RHNHU ELM GH VHFWLH

3URFHVNXQGH ELQQHQ KHW (8 SURMHFW µ%LRK\GURJHQ¶� RIZHO ¶ZDWHUVWRISURGXNWLH XLW ELRPDVVD¶�



Daglicht / Dag licht

Ik leef,
heen en weer geslingerd 
tussen licht en donker,
tussen hoop en vrees.

Duisternis
verstikt me. Ik voel een gemis.
Het gemis van leven,
gevoed door licht.

Licht bundelt haar krachten
en ik absorbeer
de kracht te strijden. Tegen het lot
dat het telkens weer ...

donker wordt.

                                          Dorien


