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WKLV MRXUQDO PXVW EH REWDLQHG LQ ZULWLQJ IURP

WKH 3XEOLVKHU�

&RSLHV RI LQGLYLGXDO DUWLFOHV PD\ EH REWDLQHG

IURP WKH 3XEOLVKHU�
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*HRUJ\ $OHNVDQGURYLFK 1LNRODHY ZDV ERUQ LQ ����� ,Q ���� KH JUDGXDWHG IURP

WKH ,QVWLWXWH RI 7UDQVSRUWDWLRQ (QJLQHHUV DQG LQ ���� IURP WKH 0HFKDQR�

0DWKHPDWLFDO 'HSDUWPHQW RI WKH 0RVFRZ 6WDWH 8QLYHUVLW\� ,Q ���� KH ZDV
DGYDQFHG WR WKH DFDGHPLF WLWOH RI 3URIHVVRU� LQ ���� KH ZDV JLYHQ WKH GHJUHH

RI 'RFWRU RI 6FLHQFH �(QJ���

*�$� 1LNRODHY EHJDQ WKH HQJLQHHULQJ DQG VFLHQWLILF ZRUN IURP ����� DQG

SHGDJRJLFDO DFWLYLW\ IURP ����� ,Q ���� KH EHFDPH 'HDQ RI 0HFKDQR�7HFKQR�

ORJLFDO 'HSDUWPHQW� )URP ���� WR ���� KH ZDV 3UR�5HFWRU IRU 5HVHDUFK� DQG
IURP ���� WR ���� x 5HFWRU RI 1�(� %DXPDQ 0RVFRZ +LJKHU (QJLQHHULQJ
&ROOHJH �0+(&�� ,Q ����w���� KH ZDV +HDG RI WKH &KDLU RI 0DWHULDOV 5H�

VLVWDQFH� DQG IURP ���� WR ���� x +HDG RI WKH &KDLU RI 0DFKLQHV DQG $XWR�

PDWLRQ RI :HOGLQJ 3URFHVVHV�

*�$� 1LNRODHY LV DQ RXWVWDQGLQJ VFLHQWLVW� ZKR FRQWULEXWHG IXQGDPHQWDO WKHRUHWLFDO DQG H[SHULPHQWDO LQYHVWL�

JDWLRQV WR WKH SURJUHVV RI VFLHQFH� +H JDYH D ORW RI DWWHQWLRQ WR SUREOHPV RI VWUHQJWK DQG SHUIRUPDQFH RI ZHOGHG
VWUXFWXUHV� DV ZHOO DV GHYHORSPHQW RI FRGHV IRU WKHLU GHVLJQ� +LV SURIRXQG VWXGLHV RI LQKHUHQW VWUHVVHV DQG VWUDLQV

RI ZHOGHG VWUXFWXUHV IRUPHG WKH EDVH IRU D QXPEHU RI QHZ DUHDV RI ZHOGLQJ VFLHQFH DQG D WKHRUHWLFDO DQG SUDFWLFDO

EDVH IRU EURDG DFFHSWDQFH RI ZHOGLQJ LQ YDULRXV VHFWRUV RI QDWLRQDO HFRQRP\� 7KH ILUVW ZHOGHG UDLOZD\ EULGJHV
ZHUH FRQVWUXFWHG ZLWK KLV SDUWLFLSDWLRQ�

'XULQJ WKH 6HFRQG :RUOG :DU *�$� 1LNRODHY PDGH D JUHDW FRQWULEXWLRQ LQWR DSSOLFDWLRQ RI ZHOGLQJ LQ DUPV
PDQXIDFWXULQJ�

6WDUWLQJ IURP ����� *�$� 1LNRODHY EHJDQ GHYHORSLQJ ZHOGLQJ DQG EUD]LQJ WHFKQRORJLHV� LQ SDUWLFXODU� DGYDQFHG
SURFHVVHV RI MRLQLQJ PHWDOV DQG QRQ�PHWDOV� 8QGHU GLUHFW OHDGHUVKLS RI *�$� 1LNRODHY DQG ZLWK KLV SDUWLFLSDWLRQ

RXWVWDQGLQJ UHVXOWV ZHUH DFKLHYHG LQ GHYHORSPHQW RI IXQGDPHQWDOO\ QHZ SURFHVVHV RI YDFXXP ZHOGLQJ� XOWUDVRQLF

ZHOGLQJ DQG FXWWLQJ RI QRQ�PHWDOOLF PDWHULDOV� ,Q ���� *�$� 1LNRODHY ZDV DZDUGHG WKH 6WDWH 3UL]H DQG ,QYHQWRUsV

'LSORPD IRU KLV ZRUN RQ ZHOGLQJ DQG FXWWLQJ ELRORJLFDO WLVVXHV� LQ SDUWLFXODU XOWUDVRQLF FXWWLQJ ZKLFK EHFDPH

ZLGHO\ DFFHSWHG LQ VXUJHU\�

)RU RXWVWDQGLQJ DFKLHYHPHQWV LQ GHYHORSPHQW RI PDWHULDO SURFHVVLQJ WHFKQRORJ\ *�$� 1LNRODHY ZDV HOHFWHG LQ

���� WKH &RUUHVSRQGLQJ 0HPEHU DQG LQ ���� WKH IXOO 0HPEHU RI WKH 8665 $FDGHP\ RI 6FLHQFHV LQ WKH 'LYLVLRQ

RI 3K\VLFDO &KHPLVWU\ DQG 7HFKQRORJ\ RI ,QRUJDQLF 0DWHULDOV�

*�$� 1LNRODHY LV WKH IRXQGHU DQG OHDGHU RI D PDMRU VFLHQWLILF VFKRRO RI ZHOGHUV� ,Q WKH SHULRG IURP ���� DQG

���� PRUH WKDQ �� WKHVHV RI &DQGLGDWH RI 6FLHQFH DQG �� WKHVHV RI 'RFWRU RI 6FLHQFH ZHUH SUHSDUHG DQG VXFFHVVIXOO\

GHIHQGHG XQGHU KLV OHDGHUVKLS� ,Q WKH VFLHQWLILF DUHD� OHG E\ *�$� 1LNRODHY� �� PRQRJUDSKV DQG PDQXDOV ZHUH

ZULWWHQ DQG SXEOLVKHG RYHU WKH ODVW �� \HDU E\ MXVW WKH VWDII RI WKH &KDLU RI :HOGLQJ RI 1�(� %DXPDQ 0+(&�

*�$� 1LNRODHY KDV PRUH WKDQ ��� SXEOLFDWLRQV� 7KHVH LQFOXGH KDQGERRNV DQG PDQXDOV IRU FROOHJHV RQ GHVLJQ RI

ZHOGHG VWUXFWXUHV� PRQRJUDSKV RQ VWUHQJWK DQG DGYDQFHG ZHOGLQJ SURFHVVHV� $ QXPEHU RI SXEOLFDWLRQV KDYH EHHQ

WUDQVODWHG LQWR (QJOLVK� )UHQFK� *HUPDQ� &KHFN� 3ROLVK� +XQJDULDQ� 5XPDQLDQ DQG &KLQHVH ODQJXDJHV�

*�$� 1LNRODHY JDYH D ORW RI KLV DWWHQWLRQ WR GHYHORSPHQW RI WKH WHFKQRORJ\ RI MRLQLQJ PHWDOOLF PDWHULDOV� VWUHQJWK

RI ZHOGHG VWUXFWXUHV DQG DXWRPDWLRQ RI ZHOGLQJ SURFHVVHV� :RUN� SHUIRUPHG E\ WKH &KDLU� KHDGHG E\ KLP� ZDV

DZDUGHG /HQLQ DQG RWKHU 6WDWH 3UL]HV� VL[ 3UL]HV RI 8665 6RYLHW RI 0LQLVWHUV DQG WZR /HQLQ .RPVRPRO 3UL]HV�

6FLHQWLILF DUHDV� LQLWLDWHG E\ *�$� 1LNRODHY� VXFK DV XOWUDVRXQG DSSOLFDWLRQ IRU WUHDWPHQW RI ELRWLVVXHV DQG ODVHU

V\VWHPV ZHUH WKH EDVLV IRU HVWDEOLVKLQJ WZR QHZ FKDLUV DW 0+(&�

,Q ���� KH ZDV HOHFWHG 'HSXW\ RI WKH 6XSUHPH 6RYLHW RI WKH 5XVVLDQ )HGHUDWLRQ� +H ZDV 'HSXW\ &KDLUPDQ RI

WKH &RPPLVVLRQ RQ 3XEOLF (GXFDWLRQ� 6FLHQFH DQG &XOWXUH RI WKH 6XSUHPH 6RYLHW RI WKH 5XVVLDQ )HGHUDWLRQ�

6LQFH ���� KH ZDV VHYHUDO WLPHV HOHFWHG D PHPEHU RI 0RVFRZ &LW\ DQG %DXPDQ 'LVWULFW &RPPXQLVW 3DUW\

&RPPLWWHHV� +H ZDV HOHFWHG GHOHJDWH WR VHYHUDO FRQJUHVVHV RI WKH &RPPXQLVW 3DUW\ RI WKH 6RYLHW 8QLRQ�

*�$� 1LNRODHY ZDV DZDUGHG WKUHH RUGHUV RI /HQLQ� RUGHU RI 2FWREHU 5HYROXWLRQ� IRXU RUGHUV RI /DERXU 5HG

%DQQHU� 2UGHU RI 0HULW DQG ILYH PHGDOV RI WKH 8665� ,Q ���� *�$� 1LNRODHY ZDV DZDUGHG WKH WLWOH RI +HUR

RI 6RFLDOLVW /DERXU IRU KLV JUHDW FRQWULEXWLRQ WR GHYHORSPHQW RI 6RYLHW VFLHQFH�

(GLWRULDO %RDUG RI �7KH 3DWRQ :HOGLQJ -RXUQDO�
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3URI� %RULV (� 3$721

7KH EHJLQQLQJ RI VFLHQWLILF DQG WHDFKLQJ DFWLYLW\ RI
3URI� *HRUJ\ 1LNRODHY FRLQFLGHG ZLWK WKH KLVWRULFDO
SHULRG RI WUDQVLWLRQ WR WKH LQGXVWULDOL]LQJ RI WKH 8665

DQG ZHOGLQJ LPSOHPHQWDWLRQ LQ WKH LQGXVWULDO FRQ�

VWUXFWLRQ� 6RPH PHWKRGV RI DUF� UHVLVWDQFH� JDV DQG

WKHUPDO ZHOGLQJ VWDUWHG WKHLU XVH LQ VPDOO YROXPHV�

KRZHYHU� WKH SUREOHP RI GHYHORSPHQW RI UHOLDEOH
ZHOGPHQWV DV D ILQDO DLP RI WKH ZHOGLQJ LQGXVWU\ KDG

QRW EHHQ \HW VROYHG VXFFHVVIXOO\�

*�$� 1LNRODHY EHFDPH RQH RI WKH IRXQGHUV RI VFL�

HQFH RI VWUHQJWK RI ZHOGHG VWUXFWXUHV� FDUU\LQJ RXW

UHVHDUFK ZRUNV LQ ZHOGLQJ VWUHVVHV DQG VWUDLQV LQ SDU�

WLFXODU� 7KH VFLHQWLILF DFKLHYHPHQWV RI WKH \RXQJ VFL�

HQWLVW ZHUH EDVHG RQ KLV LQWHUHVW WR ZHOGLQJ DQG JRRG

HQJLQHHULQJ HGXFDWLRQ� ZKLFK KH UHFHLYHG DW 0RVFRZ

,QVWLWXWH RI 7UDQVSRUW (QJLQHHUV� ZKHUH

3URI� (YJHQ\ 2� 3DWRQ ZDV D WHDFKHU HDUOLHU� DQG WKHQ
DW 0RVFRZ 6WDWH 8QLYHUVLW\� ZKHUH *�$� 1LNRODHY

VWXGLHG WKH WKHRU\ RI VWUHQJWK� +LV UHVHDUFK ZRUNV

FOHDUHG WKH ZD\ IRU ZHOGLQJ DSSOLFDWLRQ LQ PDQXIDF�

WXUH RI VXFK FULWLFDO HQJLQHHULQJ FRQVWUXFWLRQV DV UDLO�

ZD\ EULGJHV�

6LQFH WKH ����V *�$� 1LNRODHY ZDV GHYHORSLQJ WKH

PHWKRGV RI GHVLJQ RI VWUHQJWK DQG GHVLJQLQJ RI ZHOGHG

VWUXFWXUHV� DQG DOVR PHWKRGV RI FDOFXODWLRQ DQG GH�

WHUPLQDWLRQ RIZHOGLQJ VWUHVVHV DQG VWUDLQVZKLFKZHUH

LQFOXGHG LQWR VWDQGDUGL]HG GRFXPHQWDWLRQ� PDQX�

VFULSWV DQG PDQXDOV� (YHQ DW WKH EHJLQQLQJ RI WKH

VFLHQWLILF DFWLYLW\ *�$� 1LNRODHY FDUULHG RXW D ORW RI

ZRUNV RQ WHVWLQJ ZHOGHG MRLQWV DQG VXE�DVVHPEOLHV�

VWXG\ RI GLVWULEXWLRQ RI VWUHVVHV LQ ZHOGV� VWUHQJWKHQ�

LQJ RI ZRUQ�RXW EULGJHV E\ ZHOGLQJ� GHVLJQLQJ RI

ZHOGHG VSDQV RI EULGJHV� FRPSLOLQJ RI WKH ILUVW WHFK�

QLFDO VSHFLILFDWLRQV IRU GHVLJQLQJ VSDQV RI UDLOZD\

EULGJHV LQ WKH 8665�
$ JUHDW DWWHQWLRQ ZDV SDLG E\ *�$� 1LNRODHY WR

WKH DQDO\VLV RI FDXVHV RI IDLOXUH DQG WR WKH VROXWLRQ

RI SUREOHPV RI DVVXUDQFH RI ZHOGHG VWUXFWXUH UHOLDEL�

OLW\ E\ WKH SDUDPHWHU RI D SUREDELOLW\ RI D IDLOXUH�IUHH
RSHUDWLRQ LQ VHUYLFH XQWLO UHDFKLQJ WKH OLPLWLQJ VWDWH�

*�$� 1LNRODHY ZDV WKH ILUVW ZKR FDPH WR WKH FRQFOX�

VLRQ WKDW WKHVH SUREOHPV VKRXOG EH VROYHG QRW RQO\

WDNLQJ LQWR FRQVLGHUDWLRQ WKH WHFKQRORJLHV RI PDQX�

IDFWXUH� EXW DOVR ZLWK DFFRXQW IRU DFKLHYHPHQWV LQ



)URP WKH VSHHFK DW WKH RSHQLQJ RI WKH $OO�5XVVLDQ &RQIHUHQFH RQ :HOGLQJ DW WKH 7UDQVLWLRQ RI &HQWXUHV� -DQ� ��w��� �����

1�(� %DXPDQ 0+7&� 0RVFRZ�

'HOHJDWLRQ RI VSHFLDOLVWV�ZHOGHUV RI WKH 8665 LQ $XVWULD� ����� $W WKH WRS �WK RQ WKH OHIW x 3URI� *� 1LNRODHY
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VFLHQFH LQ WKH ILHOG RI PHWDOOXUJ\� PHWDOV VFLHQFH�

VWUHQJWK� WKHRU\ RI HODVWLFLW\ DQG SODVWLFLW\� IUDFWXUH

PHFKDQLFV� 7KHVH WUHQGV RI LQYHVWLJDWLRQV IRXQG WKHLU

GHYHORSPHQW LQ ZRUNV RI QXPHURXV SXSLOV DQG VXFFHV�

VRUV RI *�$� 1LNRODHY�

*�$� 1LNRODHY DQG KLV SXSLOV SDLG DOVR D JUHDW

DWWHQWLRQ WR WKH VROXWLRQ RI SUREOHP RI VWUHQJWK RI

ZHOGHG MRLQWV DW DOWHUQDWLQJ ORDGV� ,QYHVWLJDWLRQV DQG

JHQHUDOL]DWLRQV PDGH XQGHU KLV VXSHUYLVLRQ UHIOHFWHG

JHQHUDO UHJXODULWLHV LQ FKDQJH RI IDWLJXH UHVLVWDQFH RI

ZHOGHG MRLQWV� LQFOXGHG DSSURDFKHV WR DSSO\LQJ UDWHV

RI DOORZDEOH VWUHVVHV LQ IDWLJXH OLIH FDOFXODWLRQV DQG

DQDO\]HG WKH ZD\V RI LPSURYLQJ IDWLJXH UHVLVWDQFH RI

WKH MRLQWV�

0RUHRYHU� WKH QDPH RI *�$� 1LNRODHY LV DVVRFLDWHG

ZLWK D QXPEHU RI VXFFHVVIXO ZRUNV RQ YDFXXP ZHOG�

LQJ� XOWUDVRQLF ZHOGLQJ DQG FXWWLQJ RI QRQ�PHWDOOLF

PDWHULDOV� LQ SDUWLFXODU ELRORJLFDO WLVVXHV�

7KH ZRUNV RI 3URI� 1LNRODHY KDYH D JUHDW LPSRU�

WDQFH DOVR IRU WKH VROXWLRQ RI PRGHUQ SUREOHPV RI

HYDOXDWLRQ DQG H[WHQVLRQ RI VHUYLFH OLIH RI ZHOGHG

VWUXFWXUHV� 7KHVH SUREOHPV DFTXLUHG D VSHFLDO DFWXD�

OLW\ GXH WR WKH IDFW WKDW PDQ\ FRQVWUXFWLRQV� PDFKLQHV

DQG HTXLSPHQW� EHLQJ QRZ XQGHU WKH VHUYLFH LQ &,6

FRXQWULHV� KDYH DOUHDG\ H[KDXVWHG WKHLU GHVLJQ SHULRG

RI OLIH�

*�$� 1LNRODHY ZDV DOVR D WDOHQWHG DQG ZHOO�NQRZQ

WHDFKHU� ZKR PDGH D JUHDW FRQWULEXWLRQ WR WKH HGXFD�

WLRQ RI KLJKO\�TXDOLILHG VSHFLDOLVWV� ([DFWO\ �� \HDUV

DJR KH ZDV JLYHQ KLV ILUVW SRVW�JUDGXDWH VWXGHQW� DQG�

LQ WRWDO� PRUH WKDQ DERXW KXQGUHG RI FDQGLGDWHsV DQG

PRUH WKDQ �� GRFWRUsV VFLHQWLILF WKHVHV ZHUH PDGH

XQGHU KLV VXSHUYLVLRQ� 7KH ZHOO�NQRZQ VFLHQWLILF

VFKRRO RI *�$� 1LNRODHY ZDV FUHDWHG� $PRQJ KLV SX�

SLOV� WKHUH DUH RXWVWDQGLQJ VFLHQWLVWV� OHDGHUV RI HQ�

WHUSULVHV� UHVHDUFK LQVWLWXWLRQV� KLJK HGXFDWLRQDO LQ�

VWLWXWLRQV DQG FKDLUV LQ PDQ\ FRXQWULHV� $QG� LI WR

WDNH LQWR DFFRXQW WKDW GXULQJ GHFDGHV DOO WKH IXWXUH

ZHOGLQJ HQJLQHHUV ZHUH HGXFDWHG E\ KLV PDQXDOV� DQG

DJDLQ LQ PDQ\ FRXQWULHV� WKHQ WKH FRQWULEXWLRQ RI

*HRUJ\ 1LNRODHY LV H[WUHPHO\ YDOXDEOH�

+LV ZRUN LQ WKH +LJKHU $WWHVWDWLRQ &RPPLVVLRQ�

LQ &RPPLVVLRQ RQ 3HRSOHsV (GXFDWLRQ RI WKH 6XSUHPH

6RYLHW RI 5XVVLDQ )HGHUDWLRQ� LQ WKH &RXQFLO RI 5HF�

WRUV RI KLJK HGXFDWLRQDO LQVWLWXWLRQV RI 0RVFRZ FDQ

EH DGGHG WR DOO WKH DERYH�PHQWLRQHG�

$OO WKH SHRSOH� FRPPXQLFDWLQJ ZLWK KLP� ZHUH

FRQTXHUHG E\ KLV LQWHOOHFWXDOLW\� UHILQHPHQW� JHQXLQH

LQWHUHVW WR WKH KLVWRU\� 'XULQJ HYHU\ YLVLW WR .LHY KH

ZDV KDYLQJ D ZDON LQ WKH KLVWRULFDO VWUHHWV� YLVLWHG

PXVHXPV� 2QFH� KH VSHQW WKHZKROH GD\ LQ WKHPXVHXP

XQGHU WKH RSHQ VN\ x 0XVHXP RI $UFKLWHFWXUH DQG

0RGH RI /LIH LQ 8NUDLQH� 7KRVH� ZKR DFFRPSDQLHG

KLP DQG GLG QRW NQRZ DERXW KLV SDVVLRQ IRU PRXQW�

LQJ�VNLLQJ DQG FOLPELQJ� ZHUH VXUSULVHG RI KLV HQGX�

UDQFH DQG LQGRPLWDEOH HQHUJ\� (YHU\ WLPH� ZKHQ

*HRUJ\ $OHNVDQGURYLFK FDPH WR .LHY� KH ZDV PHW DW

WKH UDLOZD\ WHUPLQDO DQG KH UHIXVHG DOZD\V WR WDNH

WKH ,QVWLWXWHsV FDU DQG� SDVVLQJ VHYHUDO NLORPHWHUV WR

WKH (�2� 3DWRQ(OHFWULF:HOGLQJ ,QVWLWXWH� KH FOLPEHG

RQ IRRW WR WKH ��WK IORRU ��'LUHFWRUsV IORRU��� HYHQ

EHLQJ DKHDG RI WKRVH ZKR PHW KLP DW WKH HQWUDQFH�

0DQ\ SDWRQRYLWHV NQHZ *HRUJ\ $OHNVDQGURYLFK DV D

IHUYHQW IROORZHU RI D KHDOWK\� VSRUWLQJ ZD\ RI OLIH�

DQ DQWDJRQLVW RI DOFRKRO DQG VPRNLQJ� , WKLQN LW LV QR

PHUH FKDQFH WKDW DPRQJ WKH JUDGXDWHV RI 1�(� %DXPDQ

0RVFRZ +LJKHU 7HFKQLFDO &ROOHJH �0+7&� WKHUH DUH

VHYHUDO FRVPRQDXWV DQG IDPRXV VSRUWVPHQ� L�H� SHRSOH

ZKR UHFHLYHG QRW RQO\ HGXFDWLRQ LQ RQH RI WKH PRVW

�GLIILFXOW� DQG SUHVWLJLRXV KLJKHU HGXFDWLRQDO LQVWL�

WXWLRQV RI WKH FRXQWU\� EXW SRVVHVVHG DOVR DQ H[FHOOHQW

KHDOWK� $PRQJ WKHVH JUDGXDWHV� FRVPRQDXW 6YHWODQD

6DYLWVND\D� LV WKH ZRPDQ ZKR FRXOG PDVWHU WKH WHFK�

QRORJ\ RI ZHOGLQJ DQG VSUD\LQJ LQ RSHQ VSDFH XVLQJ

D YHUVDWLOH KDQG WRRO�

,W LV QHFHVVDU\ WR RXWOLQH VSHFLDOO\ D JUHDW FRQWUL�

EXWLRQ RI *HRUJ\ $� 1LNRODHY WR WKH HVWDEOLVKPHQW

DQG VWUHQJWKHQLQJ RI LQWHUVWDWH DQG LQWHUQDWLRQDO FR�

RSHUDWLRQ RI VFLHQWLVWV DQG VSHFLDOLVWV ZRUNLQJ LQ WKH

ILHOG RI ZHOGLQJ DQG UHODWHG WHFKQRORJLHV� +H ZDV D

PHPEHU RI WKH 1DWLRQDO &RPPLWWHH RI WKH 8665 RQ

:HOGLQJ DQG UHSUHVHQWHG LW ZLWK GLJQLW\ DW WKH ,QWHU�

QDWLRQDO ,QVWLWXWH RI :HOGLQJ�

6HYHUDO GHFDGHV 3URI� 1LNRODHY ZDV D PHPEHU RI

EXUHDX RI WKH 6FLHQWLILF DQG &RRUGLQDWLRQ &RXQFLOV

RQ :HOGLQJ DW WKH 8665 6WDWH &RPPLWWHH RQ 6FLHQFH

DQG 7HFKQRORJ\� SDUWLFLSDWHG LQ RUJDQL]LQJ� FUHDWLQJ

DQG IXOILOOPHQW RI D QXPEHU RI QDWLRQDO LQWHJUDWHG

SURJUDPV IRU GHYHORSPHQW RI ZHOGLQJ LQGXVWU\� VFL�

3URI� *� 1LNRODHY LV FRQVXOWLQJ VWXGHQWV� ����

3URI� *� 1LNRODHY DW WKH GHIHQVH RI WKHVLV� ����
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HQFH DQG WHFKQRORJ\ LQ WKH ILHOG RI ZHOGLQJ LQ WKH

FRXQWU\� ,W LV QLFH WR RXWOLQH WKDW RZLQJ WR WKH HIIRUWV

RI *�$� 1LNRODHY WKH FORVH VFLHQWLILF�WHFKQLFDO UHOD�

WLRQV ZHUH HVWDEOLVKHG EHWZHHQ 1�(� %DXPDQ 0+7&

DQG VFLHQWLVWV DQG VSHFLDOLVWV RI 8NUDLQH� DQG ILUVW RI

DOO� WKH IUXLWIXO FRRSHUDWLRQ ZLWK WKH (�2� 3DWRQ (OHF�

WULF :HOGLQJ ,QVWLWXWH RI WKH 1DWLRQDO $FDGHP\ RI

6FLHQFHV RI 8NUDLQH�

*�$� 1LNRODHY NQHZ ZHOO PDLQ (XURSHDQ ODQ�

JXDJHV� ,W LV UHPHPEHUHG� IRU H[DPSOH� WKDW DW WKH

RSHQLQJ RI WKH ,QWHUQDWLRQDO &RQIHUHQFH GHYRWHG WR

WKH MXELOHH RI (YJHQ\ 3DWRQ� *HRUJ\ $OHNVDQGURYLFK

PDGH D VSHHFK LQ 5XVVLDQ� (QJOLVK� *HUPDQ DQG

)UHQFK� +LV HPRWLRQDO VSHHFK ZDV PHW E\ FRQWLQXRXV

DSSODXVH DQG VHW WKH SLWFK RI WKH FRQIHUHQFH� +LV VFL�

HQWLILF SDSHUV DW V\PSRVLD� FRQJUHVVHV DQG FRQIHUHQFHV

ZHUH ZHOFRPHG� FKDUDFWHUL]HG E\ DUJXPHQWHG DQG DW

WKH VDPH WLPH VLPSOH LQWHUSUHWDWLRQ� +H ZDV ERUQ D

OHFWXUHU� VFLHQWLVW�SRSXODUL]HU RI VFLHQFH� 6HYHUDO

WLPHV� E\ P\ UHTXHVW� KH PDGH UHSRUWV OLNH WKH HGX�

FDWLRQDO OHFWXUHV IRU WKH VWDII RI WKH 3:,� 7KHVH OHF�

WXUHV� GHOLYHUHG LQ DQ RYHU�FURZGHG FRQIHUHQFH�KDOO

ZHUH YHU\ OLYHO\� DQG , WKLQN� YHU\ XVHIXO IRU RXU VWDII�

5HVXOWV RI UHVHDUFK DQG SHGDJRJLFDO DFWLYLW\ RI

*�$� 1LNRODHY FRQWLQXH WR EH XVHG IRU WKH GHYHORSPHQW

RI ZHOGLQJ VFLHQFH DQG WKH VFKRRO� EDVHG E\ KLP ZLOO�

XQGRXEWHGO\� FRQWLQXH WR HQULFK WKH ZHOGLQJ VFLHQFH

DQG WHFKQRORJ\ ZLWK QHZ UHPDUNDEOH DFKLHYHPHQWV�

SURPRWH WKH VFLHQWLILF�WHFKQLFDO SURJUHVV LQ WKH QHZ

;;, FHQWXU\� SDVVLQJ WKH WKUHVKROG RI FHQWXULHV�

,Q WKH ODVW FHQWXU\� ZH� UHSUHVHQWDWLYHV RI OHDGLQJ

VFLHQWLILF�WHFKQLFDO VFKRROV� PDQDJHG WR VROYH PDQ\

FRPSOLFDWHG VFLHQWLILF� HQJLQHHULQJ DQG RUJDQL]LQJ

SUREOHPV� +RZHYHU� WKH VFLHQFH� WHFKQRORJ\ DQG SUR�

GXFWLRQ DUH IDFLQJ QRZ WKH PRUH DQG PRUH QHZ SURE�

OHPV� ,W ZRXOG EH QHFHVVDU\ IRU XV� ZHOGHUV� WR H[SORUH

WKH VSDFH DQG VHD GHSWKV� WR PDQXIDFWXUH VWUXFWXUHV

RSHUDWLQJ DW VXSHUKLJK SUHVVXUHV� XOWUDORZ DQG VXSHU�

KLJK WHPSHUDWXUHV LQ YDFXXP DQG DJJUHVVLYH PHGLD�

WR FUHDWH DQG XVH WKH QHZ PDWHULDOV� ,W LV EHWWHU WR

VROYH DOO WKHVH SUREOHPV WRJHWKHU E\ H[FKDQJLQJ H[�

SHULHQFH DQG RSLQLRQV� E\ XQLWLQJ HIIRUWV RI FUHDWLYH

WHDPV� ,Q WKLV FRQQHFWLRQ� WKH HDUQHVW VFLHQWLILF FRQ�

IHUHQFHV DUH YHU\ XVHIXO ZKLFK FDQ QRW RQO\ VXPPDUL]H

DQG SUHVHQW WKH UHVXOWV RI LQYHVWLJDWLRQV DQG GHYHORS�

PHQWV� EXW DOVR RXWOLQH WKH IXWXUH WUHQGV�
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,�,� 5<$%76(9 DQG <X�0� .86.29

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$QDO\VLV RI OLWHUDWXUH GDWD RQ WKH HIIHFW RI SKRVSKRUXV RQ PHFKDQLFDO DQG VHUYLFH SURSHUWLHV RI VWHHOV DQG FDVW LURQV KDV

EHHQ FRQGXFWHG� ,W LV VKRZQ WKDW SKRVSKRUXV LV D FDQGLGDWH DOOR\LQJ HOHPHQW IRU VXUIDFLQJ FRQVXPDEOHV LQWHQGHG IRU
UHSDLU DQG KDUGHQLQJ RI SDUWV RSHUDWLQJ XQGHU PHWDO DJDLQVW PHWDO IULFWLRQ FRQGLWLRQV�

.H\ ZRU G V � VWHHO� FDVW LURQ� SKRVSKRUXV DOOR\LQJ�

SKRVSKLGH HXWHFWLFV� PHFKDQLFDO SURSHUWLHV� VXUIDFLQJ FRQVX�

PDEOHV

3KRVSKRUXV LV UDWKHU FRPPRQ LQ QDWXUH x LW WDNHV

XS DERXW ���� � RI WKH WRWDO PDVV RI WKH HDUWKsV FUXVW�

7KH PDLQ UDZ PDWHULDO WR REWDLQ SKRVSKRUXV DQG LWV

FRPSRXQGV DUH SKRVSKLWHV DQG DSDWLWHV� )HUURSKRV�

SKRUXV DQG IHUURPDQJDQRSKRVSKRUXV DUH SURGXFHG RQ

LQGXVWULDO VFDOH E\ EODVW IXUQDFH PHOWLQJ� 7KHVH DOOR\V

DUH XVHG LQ PHWDOOXUJ\ IRU DOOR\LQJ DQG GHR[LGDWLRQ

RI VSHFLDO VWHHOV DQG FDVW LURQV�

'DWD RQ SKRVSKRUXV VROXELOLW\ LQ LURQ DUH FRQWUD�
GLFWRU\� $XWKRU RI >�@ VWDWHV WKDW DW URRP WHPSHUDWXUH
WKH ZHLJKW IUDFWLRQ RI SKRVSKRUXV� GLVVROYHG LURQ ZLWK

VROLG VROXWLRQ IRUPDWLRQ� PD\ EH XS WR ��� �� $FFRUG�

LQJ WR RWKHU ZRUNV >�@ DW URRP WHPSHUDWXUH SKRVSKR�

UXV SUDFWLFDOO\ GRHV QRW GLVVROYH LQ LURQ� IRUPLQJ )H3�

)H�3� )H�3 SKRVSKLGHV� DQG RQO\ DW KLJK WHPSHUDWXUHV
WKH ZHLJKW IUDFWLRQ RI SKRVSKRUXV GLVVROYHG LQ LURQ

PD\ EH XS WR ��� �� ,Q >�@ LW LV QRWHG WKDW DW VROLGL�

ILFDWLRQ RI VWHHOV DQG FDVW LURQV ZLWK WKLV HOHPHQW

FRQWHQW RI ����w���� � D WHUQDU\ SKRVSKLGH HXWHFWLF

XVXDOO\ IRUPV� ZKLFK KDV D PHOWLQJ WHPSHUDWXUH RI

��� �& DQG FRQVLVWV RI FHPHQWLWH� )H�3 SKRVSKLGH DQG

DXVWHQLWH �IHUULWH�� $W D KLJKHU FRQWHQW RI SKRVSKRUXV�

D GRXEOH SKRVSKLGH HXWHFWLF �SKRVSKLGHwIHUULWH�

SKRVSKLGHwDXVWHQLWH� PD\ IRUP� DORQJVLGH WKH WHUQDU\

HXWHFWLF�

7KLV UHYLHZ SUHVHQWV GDWD RQ SKRVSKRUXV LQIOXHQFH

RQ WKH SURSHUWLHV RI VWHHOV DQG FDVW LURQV� DQG DQDO\]HV

WKH SURVSHFWV IRU LWV XVH DV DQ DOOR\LQJ HOHPHQW LQ

VXUIDFLQJ FRQVXPDEOHV�

3KRVSKRUXV LQIOXHQFH RQ WKH SURSHUWLHV RI VWHHOV�
3KRVSKRUXV LQ VPDOO DPRXQWV LV FRQWDLQHG SUDFWLFDOO\
LQ DOO WKH FRPPHUFLDO VWHHOV DQG FDVW LURQV� ZKHUH LW

DOPRVW DOZD\V LV DQ XQGHVLUDEOH LPSXULW\� ,W LV SURQH

WR LQWHUFU\VWDOOLQH VHJUHJDWLRQ� OHDGLQJ WR GHWHULRUD�

WLRQ RI GXFWLOH FKDUDFWHULVWLFV RI VWHHOV� SDUWLFXODUO\

DW ORZHU WHPSHUDWXUHV� )RU WKLV UHDVRQ� WKH ZHLJKW

IUDFWLRQ RI WKLV HOHPHQW LQ KLJK�TXDOLW\ )H�EDVH DOOR\V
LV OLPLWHG E\ ���� � >�@� 1RQHWKHOHVV� LW LV NQRZQ

>�w�@ WKDW SKRVSKRUXV LQFUHDVHV WKH VWUHQJWK RI LURQ
DQG VWHHO WR D JUHDWHU H[WHQW WKDQ VLOLFRQ� PDQJDQHVH�

PRO\EGHQXP� FKURPLXP� YDQDGLXP DQG VRPH RWKHU

HOHPHQWV �)LJXUHV � DQG ��� 6WHHOV ZLWK D KLJKHU FRQ�

WHQW RI SKRVSKRUXV DOVR KDYH DQWLFRUURVLRQ SURSHUWLHV

>�� �@ DQG TXLWH JRRG PDJQHWLF FKDUDFWHULVWLFV >�� ��@�
2Q WKH RWKHU KDQG� ZKHQ WKH VLPXOWDQHRXV LQIOX�

HQFH RI SKRVSKRUXV DQG FDUERQ RQ LPSDFW WRXJKQHVV

� ,�,� 5<$%76(9 DQG <X�0� .86.29� ����

)LJXUH �� ,QIOXHQFH RI WKH FRQWHQW RI YDULRXV DOOR\LQJ HOHPHQWV RQ
α�LURQ \LHOG SRLQW σ\� � x %H� � x 3� � x &X� � x 6L� � x 7L�
� x 0Q� � x 1L� � x 9� � x &R� �� x &U

)LJXUH �� ,QIOXHQFH RI WKH FRQWHQW RI YDULRXV DOOR\LQJ HOHPHQWV RQ
UHODWLYH VWUHQJWK RI QRUPDOL]HG VWHHO� � x &� � x 0R� � x 3�
� x 9� � x 0Q� � x &X� � x 6L� � x &U� � x 1L
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RI VRPH VWHHOV ZDV VWXGLHG� LW ZDV HVWDEOLVKHG >�@ WKDW
WKLV LQGH[ GURSV PDUNHGO\ DW SKRVSKRUXV FRQWHQW RI
≥ ��� � �)LJXUH ��� 3KRVSKRUXV DOVR KDV DQ DGYHUVH
LQIOXHQFH RQ EULWWOH WUDQVLWLRQ WHPSHUDWXUH RI SHDUOLWLF
VWHHOV ZLWK ��� ZW�� &� $GYHUVH LQIOXHQFH RI SKRV�
SKRUXV RQ LPSDFW WRXJKQHVV DQG EULWWOH WUDQVLWLRQ WHP�
SHUDWXUH RI VWHHO FDQ EH QHXWUDOL]HG WKURXJK LWV DOOR\�
LQJ E\ DOXPLQLXP >��� ��@� $ IDYRXUDEOH LQIOXHQFH RI
WKH ODWWHU LW DWWULEXWHG E\ VRPH DXWKRUV >��@ WR ORZ�
HULQJ RI H[FHVV HQHUJ\ RI PHWDO JUDLQ ERXQGDULHV� HQ�
ULFKHG ZLWK SKRVSKRUXV�

3RVVLELOLW\ RI XVLQJ SKRVSKRUXV WR LPSURYH WKH
KLJK�WHPSHUDWXUH SURSHUWLHV RI VWHHO ZDV VWXGLHG� ,W
ZDV HVWDEOLVKHG >�@ WKDW DGGLWLRQ RI ��� � 3 WR VWHHO
ZLWK ���� � &� ��� � &U� ��� � 0R LQFUHDVHV WKH
KLJK�WHPSHUDWXUH XOWLPDWH VWUHQJWK DQG \LHOG SRLQW
ZLWK D VOLJKW ORVV RI GXFWLOLW\� ,Q >��@ LW LV QRWHG WKDW
DW SKRVSKRUXV FRQWHQW RI ��� � LQ ��.K��1�7
����66� VWHHO LWV KLJK�WHPSHUDWXUH UHVLVWDQFH ULVHV �
WR �� WLPHV ZLWKRXW ORZHULQJ RI WKH LQWHUFU\VWDOOLQH
FRUURVLRQ UHVLVWDQFH�

7KHUH LV DQ RSLQLRQ WKDW SKRVSKRUXV LQFUHDVHV WKH
ZHDU UHVLVWDQFH DQG ORZHUV WKH FRHIILFLHQW RI VOLGLQJ
IULFWLRQ RI )H�EDVH DOOR\V >��@� 7KLV LV FRQILUPHG E\
WKH GDWD RI >��w��@� LQ ZKLFK )H�EDVH FDVW DOOR\V ZHUH
VWXGLHG� ZKLFK FRQWDLQHG XS WR �� � &X� ���w��� � 3�
����w���� � 6 DQG XS WR ���� � &� ,W LV VKRZQ WKDW
HXWHFWLF SKDVHV� DFWLQJ DV VROLG OXEULFDQWV� IRUP LQ WKH
VWUXFWXUH RI DOOR\V RI )Hw&X V\VWHP ZLWK ���w��� �
3 DQG ���w��� � 6� 7ULERWHFKQLFDO FKDUDFWHULVWLFV RI
WKHVH DOOR\V XQGHU WKH FRQGLWLRQV RI VOLGLQJ IULFWLRQ
DW ERXQGDU\ OXEULFDWLRQ DUH RQ WKH OHYHO RI WKRVH IRU
EURQ]H %U�2)�����

7KXV� SUHVHQFH LQ WKH FRPSRVLWLRQ RI WKHVH DOOR\V
RI FRPSRQHQWV� EDVHG RQ SKRVSKRUXV DQG VXOSKXU FRP�
SRXQGV� VKRXOG PDUNHGO\ ORZHU WKH IULFWLRQ ORVVHV�

:RUN >��@ JLYHV WKH UHVXOWV RI VWXG\LQJ WKH LQIOX�
HQFH RI FDUERQ RQ WKH VWUXFWXUH RI DQWLIULFWLRQ )H�EDVH
DOOR\V� DOOR\HG ZLWK FRSSHU� VXOSKXU DQG SKRVSKRUXV
LQ WKH DV�FDVW DQG TXHQFKHG FRQGLWLRQ �7DEOH ��� ,W
LV HVWDEOLVKHG WKDW ZHDU UHVLVWDQFH RI WHVW DOOR\V ZLWK
WKH ZHLJKW IUDFWLRQ RI FDUERQ DERYH ��� � LV KLJKHU
WKDQ WKDW RI EURQ]H %U�$=K0WV�������� WKUHH DQG
PRUH WLPHV� 6WUXFWXUH RI WKH VWXGLHG DOOR\V FKDQJHV
IURP WKH IHUULWH�SHDUOLWH VWUXFWXUH �DOOR\ 1R��� WR
SHDUOLWH�FDUELGH VWUXFWXUH �DOOR\ 1R���� 0LFURKDUG�
QHVV RI WKH SKRVSKLGH HXWHFWLF YDULHV IURP ���� �DOOR\
1R��� XS WR ���� 03D �DOOR\ 1R���� 7KH DOOR\V KDYH

D KLJK ZHDU UHVLVWDQFH DQG JRRG DQWLIULFWLRQ SURSHU�
WLHV� ZKLFK PD\ EH YDULHG LQ FHUWDLQ UDQJHV E\ FKDQJ�
LQJ WKH DOOR\ FRPSRVLWLRQ�

,QIOXHQFH RI SKRVSKRUXV RQ VFDOH UHVLVWDQFH� VSH�
FLILF HOHFWULF UHVLVWDQFH DQG PDJQHWLF FKDUDFWHULVWLFV
RI VWHHOV KDV EHHQ VWXGLHG >�@� 3KRVSKRUXV HVVHQWLDOO\
ORZHUV VWHHO R[LGDWLRQ DW KLJK�WHPSHUDWXUH KHDWLQJ
�)LJXUH ��� ,QFUHDVH RI SKRVSKRUXV ZHLJKW IUDFWLRQ
XS WR DSSUR[LPDWHO\ ���� � OHDGV WR D OLQHDU JURZWK
RI WKH VSHFLILF HOHFWULF UHVLVWDQFH� )XUWKHU LQFUHDVH RI
SKRVSKRUXV FRQWHQW SUDFWLFDOO\ GRHV QRW LQIOXHQFH WKLV
FKDUDFWHULVWLF� 0DJQHWLF SURSHUWLHV RI VWHHO DOVR
FKDQJH ZLWK WKH LQFUHDVH RI SKRVSKRUXV ZHLJKW IUDF�
WLRQ� 3KRVSKRUXV DOVR SURPRWHV UHGXFWLRQ RI WKH FR�
HUFLYH IRUFH� LQFUHDVH RI WKH PD[LPDO PDJQHWLF SHU�
PHDELOLW\� EXW SUDFWLFDOO\ GRHV QRW LQIOXHQFH WKH UH�
VLGXDO LQGXFWLRQ�

3KRVSKRUXV LQIOXHQFH RQ FDVW LURQ SURSHUWLHV�
3KRVSKRUXV LV DGGHG WR FDVW LURQV LQ PXFK JUHDWHU
DPRXQWV �XS WR VHYHUDO SHUFHQW� WKDQ WR VWHHO� 3UH�
VHQFH RI DQ DOOR\HG SKRVSKLGH HXWHFWLF LPSURYHV WKH
IOXLGLW\ RI FDVW LURQV DQG DOORZV SURGXFLQJ VRXQG FDVW�
LQJV IURP WKHP �IRU LQVWDQFH� FHQWULIXJDO SLSHV� DUW
FDVWLQJV�� 3KRVSKRUXV FDVW LURQV DUH IXUWKHU FKDUDF�
WHUL]HG E\ UDWKHU KLJK ZHDU�� KLJK WHPSHUDWXUH� DQG
FRUURVLRQ�UHVLVWDQFH >��@� +RZHYHU� ORZ VWUHQJWK� GH�

)LJXUH �� ,QIOXHQFH RI SKRVSKRUXV FRQWHQW RQ LPSDFW WRXJKQHVV α
RI VWHHO DW WKH IROORZLQJ ZHLJKW IUDFWLRQ RI FDUERQ� �� �x �����w
������ � x ����w����� � x ����w����

)LJXUH �� ,QIOXHQFH RI SKRVSKRUXV FRQWHQW RQ UHODWLYH ZHLJKW ORVV
∆P �KDWFKHG DUHD� DW KHDWLQJ RI ORZ�FDUERQ VWHHOV LQ DLU DW 7  
 ��� �&

7DEOH �� &RPSRVLWLRQ DQG KDUGQHVV RI WKH VWXGLHG DOOR\V

$OOR\
:HLJKW IUDFWLRQ RI HOHPHQWV� �

$OOR\ KDUGQHVV

+5&

& &X 6 3 FDVW TXHQFKHG

� ���� ���� ���� ���� �� ��

� ���� ���� ���� ���� �� ��

� ���� ���� ���� ���� �� ��

� ���� ���� ���� ���� �� ��

� ���� ���� ���� ���� �� ��
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VSLWH WKH JRRG DQWLIULFWLRQ SURSHUWLHV� UHVWUDLQV WKHLU
FRPPHUFLDO DSSOLFDWLRQ�

,Q >��@ WKH DXWKRUV VWXGLHG WKH QDWXUH RI EULWWOHQHVV
RI DOXPLQLXP FDVW LURQ ZLWK SKRVSKRUXV� FRQWDLQLQJ
�ZW��� ����w����&� ����w����$O� ����w����0Q�
����w����6L� 3KRVSKRUXV ZHLJKW IUDFWLRQ ZDV YDULHG
LQ WKH UDQJH RI ���� WR ���� � LQ GLIIHUHQW PHOWV�
3KRVSKLGH HXWHFWLF ZDV GHWHFWHG LQ DOO WKH VDPSOHV RI
WHVW PHOWV� LWV GLVWULEXWLRQ FKDQJLQJ ZLWK WKH LQFUHDVH
RI SKRVSKRUXV FRQWHQW IURP LQGLYLGXDO XQLIRUPO\ GLV�
WULEXWHG LQFOXVLRQV XS WR FRDUVH FOXVWHUV LQ WKH IRUP
RI D EURNHQ QHW DORQJ WKH ERXQGDULHV RI PHWDO JUDLQV�
;�UD\ GLIIUDFWLRQ DQDO\VLV VKRZHG WKDW D 3�VDWXUDWHG
OD\HU RI WKH WKLFNQHVV RI MXVW �� WR �� µP IRUPV LQ
WKH PDWUL[ UHJLRQV� ERUGHULQJ RQ WKH SKRVSKLGH HX�
WHFWLF� $ IHDWXUH RI WKLV HOHPHQW GLVWULEXWLRQ LQ DOX�
PLQLXP FDVW LURQ LV WKH VPDOO ZLGWK RI WKH WUDQVLWLRQ
OD\HU QHDU WKH SKRVSKLGH HXWHFWLF� ZKLFK VKRXOG EH
IDYRXUDEOH IRU WKH LQGLFHV RI WRXJKQHVV DQG GXFWLOLW\
RI FDVW LURQ� 7KLV DVVXPSWLRQ ZDV FRQILUPHG E\ WKH
UHVXOWV RI PHFKDQLFDO WHVWV� ORZHULQJ RI EULWWOHQHVV
XQGHU WKH LQIOXHQFH RI SKRVSKRUXV� FKDUDFWHULVWLF RI
FDVW LURQV RI )Hw6Lw& V\VWHP� LV VLJQLILFDQWO\ UHGXFHG
DW SDUWLDO RU FRPSOHWH UHSODFHPHQW RI VLOLFRQ E\ DOX�
PLQLXP LQ WKHP� 6LOLFRQ DQG DOXPLQLXP LQIOXHQFH RQ
GXFWLOH SURSHUWLHV RI SKRVSKRUXV FDVW LURQV LV H[�
SODLQHG E\ WKH DXWKRUV RI >��@ DV IROORZV� 3KRVSKRUXV
DWRPV� SUHVHQW LQ WKH VROLG VROXWLRQ� DUH QRW RQO\
ZHDNO\ ERQGHG WR WKH DWRPV RI LURQ DQG VLOLFRQ� EXW
DOVR ZHDNHQ WKH IRUFHV RI LQWHUDFWLRQ RI WKH DWRPV RI
WKH PDLQ FRPSRQHQW ZLWK HDFK RWKHU� 6LOLFRQ UHSODFH�
PHQW E\ DOXPLQLXP VKRXOG EH DFFRPSDQLHG E\ UHGLV�
WULEXWLRQ RI WKH IRUFHV RI LQWHUDWRPLF ERQGV� ,Q WKLV
FDVH VWDEOH ERQGV RI WKH W\SH RI $Ow3 PD\ IRUP LQ
WKH VROLG VROXWLRQ� 7KHLU DSSHDUDQFH VKRXOG QHXWUDOL]H
WKH DGYHUVH LQIOXHQFH RI SKRVSKRUXV RQ WKH SURFHVVHV
RI LQWHUDFWLRQ RI WKH DWRPV RI WKH PDLQ FRPSRQHQW�
7KXV� DOXPLQLXP SURPRWHV D TXDOLWDWLYH DQG TXDQWL�
WDWLYH FKDQJH RI WKH QDWXUH DQG PHFKDQLVP RI SKRV�
SKRUXV LQIOXHQFH RQ FDVW LURQ EULWWOHQHVV� FUHDWLQJ ID�
YRXUDEOH SURVSHFWV WR SURGXFH KLJK�TXDOLW\ DOOR\V�

,Q PRGHUQ PHFKDQLFDO HQJLQHHULQJ 3�FRQWDLQLQJ
����w��� �� JUH\ FDVW LURQV �3&*&,�� DOOR\HG ZLWK
YDULRXV HOHPHQWV� DUH HYHU ZLGHU DSSOLHG IRU IDEULFD�
WLRQ RI FULWLFDO SDUWV� RSHUDWLQJ XQGHU WKH FRQGLWLRQV
RI OXEULFDWHG IULFWLRQ >��@� 6WUXFWXUH RI 3&*&, FDVW�
LQJV VKRXOG FRQWDLQ XQLIRUPO\ GLVWULEXWHG ODPHOODU
JUDSKLWH RI PHGLXP VL]H� ILQHO\ GLVSHUVHG SHDUOLWH PD�
WUL[� FRQWLQXRXV QHW RI ILQH LQFOXVLRQV RI WHUQDU\

SKRVSKLGH HXWHFWLF DQG ILQH HXWHFWLF JUDLQ >��@� 3UHV�
HQFH RI WHUQDU\ SKRVSKLGH HXWHFWLF� SDUWLFXODUO\ LQ WKH
IRUP RI D FRQWLQXRXV RU EURNHQ QHW� OHDGV WR OHVV ZHDU
DQG EHWWHU WHDULQJ UHVLVWDQFH RI WKH PHWDO�

,W LV NQRZQ >��@ WKDW SKRVSKRUXV� VLPLODU WR VLOL�
FRQ� LQFUHDVHV WKH UHDFWLYLW\ RI FDUERQ LQ )Hw& DOOR\�
WKLV OHDGLQJ WR JUDSKLWL]DWLRQ RI FDVW LURQ� 7KHUHIRUH�
SKRVSKRUXV� VLPLODU WR VLOLFRQ� VKRXOG KDYH D PRGLI\�
LQJ DFWLRQ LQ FDVW LURQ PHOWLQJ� $SSOLFDWLRQ RI 3�FRQ�
WDLQLQJ PDVWHU DOOR\V� DV JUDSKLWL]LQJ PRGLILHU� LP�
SURYHV 3&*&, VWUXFWXUH� ZKLFK� LQ WKH RSLQLRQ RI WKH
DXWKRUV RI >��@� VKRXOG LQFUHDVH WKH ZHDU UHVLVWDQFH
DQG VWUHQJWK SURSHUWLHV RI SDUWV� RSHUDWLQJ DW IULFWLRQ
DQG OXEULFDWLRQ�

,Q >��@ VWUHQJWK RI FDVW LURQ ZLWK SKRVSKRUXV FRQ�
WHQW RI ����w���� � ZDV VWXGLHG DIWHU YDULRXV KHDW
WUHDWPHQW PRGHV �VDPSOHV ZHUH VXEMHFWHG WR QRUPDO�
L]LQJ RU IHUULWL]LQJ DQQHDOLQJ�� ,W LV HVWDEOLVKHG WKDW
ZLWK WKH LQFUHDVH RI SKRVSKRUXV FRQWHQW XS WR WKH
VSHFLILHG OLPLWV� FDVW LURQ KDUGQHVV ULVHV E\ �� �� DQG
XOWLPDWH VWUHQJWK GHFUHDVHV � WLPHV� FRPSDUHG WR FDVW
LURQ� XQDOOR\HG ZLWK SKRVSKRUXV� 7KLV LV� DSSDUHQWO\�
UHODWHG WR IRUPDWLRQ RI D SKRVSKLGH HXWHFWLF LQ WKH
FDVW LURQ VWUXFWXUH�

$QWLIULFWLRQ SURSHUWLHV DQG ZHDU UHVLVWDQFH RI FDVW
LURQ ZHUH GHWHUPLQHG LQ IULFWLRQ PDFKLQH 07��� >��@�
DW VOLGLQJ UDWH RI �w� P�V DQG XS WR �� N3D SUHVVXUH
ZLWK OLPLWHG IHHG RI ,��� OXEULFDQW� 4XHQFKHG VWHHO
�� ZDV XVHG DV WKH PDWLQJ ERG\� 3KRVSKRUXV DOOR\LQJ
LQ WKH UDQJH RI ����w���� � OHDGV WR � WLPHV LQFUHDVH
RI ZHDU UHVLVWDQFH RI FDVW LURQ DW QRUPDOL]LQJ DQG �
WLPHV DW IHUULWL]LQJ DQQHDOLQJ� FRPSDUHG WR XQDOOR\HG
FDVW LURQ� 1R SKRVSKRUXV LQIOXHQFH RQ WKH FKDQJH RI
FDVW LURQ IULFWLRQ FRHIILFLHQW ZDV IRXQG >��@�

,Q RUGHU WR LPSURYH WKH SHUIRUPDQFH RI ZKHHO
FKRFNV RI UDLOZD\ DQG LQGXVWULDO WUDQVSRUW� WKH SRV�
VLELOLW\ ZDV VWXGLHG >��@ RI PRGLI\LQJ ZLWK �ZW���
���w��� � &H DGGLWLYHV WKH K\SRHXWHFWLF FDVW LURQV
ZLWK ���w���&� ���w���6L� ���w���0Q� ���w���3�
:LWK WKH LQFUHDVH RI SKRVSKRUXV FRQWHQW WKH JUDSKLWH
SODWHV ILUVW EHFRPH WKLQQHU� WKHQ FRDUVH ODPHOODU
JUDSKLWH IRUPV� DQG WKH QXPEHU DQG TXDQWLW\ RI HX�
WHFWLF LQFOXVLRQV FKDQJH� DFFRUGLQJO\� 'HQGULWH
EUDQFKLQJ LV HQKDQFHG� DQG GHQGULWH QXPEHU DQG GL�
PHQVLRQV EHFRPH VPDOOHU� $W ZHLJKW IUDFWLRQ RI SKRV�
SKRUXV RI ���w��� � WKH DPRXQW RI H[FHVV DXVWHQLWH
EHFRPHV VPDOOHU� DQG WKDW RI SKRVSKLGH HXWHFWLF ULVHV�
,W LV HVWDEOLVKHG WKDW VPDOO DGGLWLYHV RI VHOHQLXP DUH
HIIHFWLYH PRGLILHUV� ,Q FDVW LURQV ZLWK SKRVSKRUXV FRQ�
WHQW RI ��� � DQG PRUH� WKH HIIHFWLYHQHVV RI VHOHQLXP
DV PRGLILHU LV HQKDQFHG� :HDU UHVLVWDQFH DQG IULFWLRQ
SURSHUWLHV RI FDVW LURQ DUH LPSURYHG ZLWK WKH LQFUHDVH
RI SKRVSKRUXV FRQWHQW� 6R� DW SKRVSKRUXV FRQWHQW RI
��� �� WKH ZHDU UHVLVWDQFH DQG FRHIILFLHQW RI IULFWLRQ
RI FDVW LURQV DUH E\ ��w�� � VPDOOHU WKDQ LQ FDVW LURQV
ZLWK ��� � 3�

2QH RI WKH PRVW SURPLVLQJ PHWKRGV WR LPSURYH
ZHDU UHVLVWDQFH RI FDVW LURQ IRU EUDNH DVVHPEOLHV LV LWV
DOOR\LQJ ZLWK SKRVSKRUXV LQ FRPELQDWLRQ ZLWK YDQD�
GLXP� WLWDQLXP DQG RWKHU DOOR\LQJ HOHPHQWV >��@�

7DEOH �� (QWKDOS\ RI IRUPDWLRQ RI FHUWDLQ PHWDO FDUELGHV >��@
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%HQFK DQG RSHUDWLQJ WHVWV RI EUDNH EORFNV RI SKRV�
SKRUXV FDVW LURQ VKRZHG WKDW DQ LQFUHDVHG FRQWHQW RI
SKRVSKRUXV� DOOR\LQJ DQG PRGLI\LQJ HOHPHQWV LV ID�
YRXUDEOH IRU WKH VWUXFWXUH RI SKRVSKLGH HXWHFWLF DQG
VWUXFWXUDO EDVH RI FDVW LURQ� ZKLFK UHVXOWV LQ ZHDU
UHVLVWDQFH RI SDUWV LQFUHDVLQJ E\ �w� WLPHV� FRPSDUHG
WR ZHDU UHVLVWDQFH RI SDUWV RI XQDOOR\HG FDVW LURQ�

3URVSHFWV IRU DSSOLFDWLRQ RI SKRVSKRUXV LQ VXU�
IDFLQJ FRQVXPDEOHV� $QDO\VLV RI SXEOLVKHG GDWD�
JLYHQ LQ WKLV UHYLHZ� VKRZV WKDW SKRVSKRUXV DOOR\LQJ
LPSURYHV WKH WULERWHFKQLFDO SURSHUWLHV RI VWHHOV DQG
FDVW LURQV� 7KLV LV LQGLFDWLYH RI JRRG SURVSHFWV IRU LWV
DSSOLFDWLRQ LQ PDWHULDOV� XVHG IRU VXUIDFLQJ YDULRXV
VKDIWV� D[OHV� UROOHU FRQYH\RU UROOHUV� DQG UROOHUV DQG
WUDFN OLQNV RI LQGXVWULDO DQG DJULFXOWXUDO WUDFWRUV DQG
RWKHU FRPSRQHQWV� RSHUDWLQJ XQGHU WKH FRQGLWLRQV RI
PHWDO IULFWLRQ RYHU PHWDO� 6RPH UHVHDUFKHUV DOVR EH�
OLHYH SKRVSKRUXV WR LPSURYH WKH WHDULQJ UHVLVWDQFH RI
VWHHO >��@� 7KLV PD\ EH XVHG LQ PDWHULDO DOOR\LQJ IRU
VXUIDFLQJ WKH GHHS KHDGLQJ GLHV DQG RWKHU SDUWV� RS�
HUDWLQJ XQGHU VLPLODU FRQGLWLRQV�

,Q XQDOOR\HG VWHHOV SKRVSKRUXV IRUPV ORZ�PHOWLQJ

EULWWOH HXWHFWLFV RI )H3w)H�3 W\SH� ,URQ SKRVSKLGHV

GR QRW KDYH D KLJK KDUGQHVV RU WKHUPRG\QDPLF VWD�

ELOLW\� 7KHUHIRUH� LW LV LQWHQGHG WR ELQG SKRVSKRUXV

LQWR KLJK�PHOWLQJ SKRVSKLGH SKDVHV RI $Ow3� %w3 RU

�)H� &U��3 DQG �)H� 0R��3 W\SH� LQVWHDG RI WKH ORZ�

PHOWLQJ DQG EULWWOH HXWHFWLFV RI )H3w)H�3 W\SH >��@�

,Q WKLV FDVH WKH )H�EDVH SKRVSKLGH SKDVH ZLOO EH LQ

WKHUPRG\QDPLF HTXLOLEULXP ZLWK WKH WHUQDU\

SKRVSKLGH SKDVH� +HDW WUHDWPHQW DOORZV EULQJLQJ

WKHVH SKRVSKLGH SKDVHV LQWR D ILQHO\ GLVSHUVHG VWDWH�

VWUHQJWKHQLQJ WKH VWHHO VLPLODU WR FDUELGHV >��@� ,Q

YLHZ RI WKH IDFW WKDW LQ VXUIDFLQJ DOOR\V VWURQJ FDU�

ELGH�IRUPLQJ HOHPHQWV DUH XVXDOO\ XVHG IRU DOOR\LQJ�

LW LV LPSRUWDQW WR HVWDEOLVK DQ HTXLOLELUXP EHWZHHQ

WKH FDUELGHV DQG SKRVSKLGHV RI DOOR\LQJ PHWDOV� ZKLFK

GHSHQGV RQ WKHLU WKHUPRG\QDPLF FKDUDFWHULVWLFV �7D�

EOHV � DQG ��� 6R� SURFHHGLQJ IURP WKHVH GDWD� WLWDQLXP

FDUELGH VKRXOG IRUP EHIRUH LWV SKRVSKLGH GRHV�

3KRVSKRUXV JUHDWO\ LPSURYHV WKH IOXLGLW\ RI )H�

EDVH DOOR\V� ORZHULQJ WKHLU VXUIDFH WHQVLRQ� 3KRVSKR�

UXV LQIOXHQFH RQ IOXLGLW\ RI SXUH LURQ ZDV VWXGLHG LQ

>��@� $W WKH WHPSHUDWXUH RI DERXW ����w���� �& FRP�

SOHWH VSUHDGLQJ RI OLTXLG 3�FRQWDLQLQJ DOOR\ LV RE�

VHUYHG� 7KXV� SKRVSKRUXV GHPRQVWUDWHV VXUIDFH DFWL�

YLW\ LQ OLTXLG LURQ� SURPRWLQJ D GURS RI VXUIDFH WHQ�

VLRQ� /RZHULQJ RI WKH ODWWHU VKRXOG EH IDYRXUDEOH IRU

IRUPDWLRQ RI WKH GHSRVLWHG OD\HUV� %HWWHU IRUPDWLRQ

RI WKH GHSRVLWHG PHWDO SHUPLWV UHGXFLQJ WKH DOORZ�

DQFHV DQG VLPSOLI\LQJ WKH PDFKLQLQJ RI WKH VXUIDFHG

SDUWV� ZKLFK� LQ WKH ORQJ UXQ� ZLOO LPSURYH WKH HFR�

QRPLFV RI WKH VXUIDFLQJ SURFHVV�

,Q VXUIDFLQJ WKH QHJDWLYH LQIOXHQFH RI SKRVSKRUXV

PD\ EH QHXWUDOL]HG E\ WKDW LQ WKH VXUIDFHG SDUW WKH

VWUHQJWK LV HQVXUHG E\ WKH EDVH PHWDO� DQG WKH GHSR�

VLWHG OD\HU LPSURYHV WKH SHUIRUPDQFH �UHVLVWDQFH WR

GLIIHUHQW NLQGV RI ZHDU� FRUURVLRQ� HWF���
,W LV LQWHQGHG WR XVH SKRVSKRUXV LQ VXUIDFLQJ FRQ�

VXPDEOHV DV DQ DOOR\LQJ HOHPHQW x LWV FRQWHQW PD\
UHDFK VHYHUDO SHUFHQW� 7KHUHIRUH� WKH SULPDU\ REMHF�
WLYHV LQ GHYHORSPHQW RI VXFK FRQVXPDEOHV ZLOO EH GH�
WHUPLQDWLRQ RI WKH FRHIILFLHQW RI SKRVSKRUXV WUDQVLWLRQ
LQWR WKH GHSRVLWHG PHWDO ZLWK GLIIHUHQW SURFHVVHV RI
DUF VXUIDFLQJ� HYDOXDWLRQ RI ZHOGLQJ�SURFHVVLQJ SURS�
HUWLHV DQG IRUPDWLRQ RI GHSRVLWHG PHWDO� DV ZHOO DV LWV
VXVFHSWLELOLW\ WR KRW DQG FROG FUDFNV�

&21&/86,216

�� 3KRVSKRUXV DOOR\LQJ DW XS WR ��� � FRQWHQW LP�
SURYHV WKH VWHHO VWUHQJWK� ,WV GXFWLOLW\ FKDUDFWHULVWLFV�
QDPHO\ LPSDFW WRXJKQHVV� UHODWLYH HORQJDWLRQ DQG UH�
GXFWLRQ LQ DUHD GHWHULRUDWH VLPXOWDQHRXVO\ ZLWK LQ�
FUHDVH RI SKRVSKRUXV FRQWHQW�

�� 3KRVSKRUXV LPSURYHV WKH ZHDU UHVLVWDQFH DQG
ORZHUV WKH FRHIILFLHQW RI IULFWLRQ RI )H�EDVH DOOR\V�
7KH VWUXFWXUH RI VXFK DOOR\V� FRQWDLQLQJ SKRVSKRUXV
DQG VXOSKXU ZLWK ZHLJKW IUDFWLRQ RI ���w��� DQG ���w
��� �� UHVSHFWLYHO\� IRUPV HXWHFWLFV� ZKLFK PD\ DFW
DV KDUG OXEULFDQW�

�� ,QFUHDVHG ZHDU UHVLVWDQFH RI VXUIDFLQJ DOOR\V�
FRQWDLQLQJ SKRVSKRUXV� FDQ EH DFKLHYHG E\ IRUPLQJ
LQ WKH VWUXFWXUH WKH FRPSDFW SKRVSKLGHV RI DOOR\LQJ
HOHPHQWV �SULPDULO\� PRO\EGHQXP� QLRELXP� WLWD�
QLXP� ]LUFRQLXP�� ZKRVH IRUPDWLRQ LV WKH PRVW SUR�
EDEOH LQ WHUPV RI WKHUPRG\QDPLFV� %HWWHU UHVXOWV RQ

7DEOH �� (QWKDOS\ RI IRUPDWLRQ RI SKRVSKLGHV RI VRPH PHWDOV >��@
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ZHDU UHVLVWDQFH ZLWK SKRVKSLGH HXWHFWLF DUUDQJHPHQW
DORQJ WKH JUDLQ ERXQGDULHV FDQ EH REWDLQHG� ZKHQ LW
IRUPV DV D WKLQ FRQWLQXRXV RU EURNHQ QHW�

�� $GGLWLRQ RI HYHQ VPDOO DPRXQWV RI SKRVSKRUXV
WR ORZ�DOOR\HG VXUIDFLQJ DOOR\V VKRXOG EH IDYRXUDEOH
IRU IRUPDWLRQ RI GHSRVLWHG OD\HUV� ZKLFK LV UHODWHG WR
ORZHULQJ RI VXUIDFH WHQVLRQ RI PROWHQ PHWDO�

�� 8VH RI SKRVSKRUXV DV DOOR\LQJ HOHPHQW DOORZV
GHYHORSPHQW RI D QHZ FODVV RI ORZ�DOOR\HG ZHDU�UH�
VLVWDQW VXUIDFLQJ FRQVXPDEOHV IRU VXUIDFLQJ LWHPV� H[�
SRVHG WR PHWDO IULFWLRQ RYHU PHWDO LQ VHUYLFH�

7KH DXWKRUV DUH JUDWHIXO WR 'U� 9� &KHUQRJRUHQNR
�,QVWLWXWH IRU 3UREOHPV RI 0DWHULDOV 6FLHQFH RI WKH
1$6 RI 8NUDLQH� IRU DVVLVWDQFH LQ VHOHFWLRQ RI SXE�
OLVKHG VRXUFHV DQG YDOXDEOH DGYLFH LQ ZULWLQJ WKLV
UHYLHZ�

�� 'RURVKHN� 6�,� ������ ,QIOXHQFH RI SKRVSKRUXV RQ VWUXFWXUDO
WUDQVIRUPDWLRQV DQG SURSHUWLHV RI ORZ�DOOR\HG HOHFWULF VWHHO�
)L]LND 0HWDOORY L 0HWDOORYHGHQLH� �� ���w����

�� *RXGUHPRQW� (� ������ 6SHFLDO VWHHOV� 0RVFRZ� 0HWDOOXU�
JL\D� 9RO� ��

�� ������ (QF\FORSHGLD RI LQRUJDQLF PDWHULDOV� 9RO� �� .\LY�
8NU� 6RY� (QWV�

�� 0XFKQLN� 6�9� ������ &KHPLVWU\ DQG WHFKQRORJ\ RI SKRV�
SKRUXV�EHDULQJ DOOR\V� 3KRVSKRUXV�EHDULQJ DOOR\V� ,Q� &KH�
PLVWU\ DQG WHFKQRORJ\ RI SKRVSKLGHV DQG SKRVSKRUXV�EHDU�
LQJ DOOR\V� .\LY� ,30 $1 8665�

�� 6WLW]LJ� :�$�� 6REHU� 5�,� ������ (IIHFW RI SKRVSKRUXV RQ
WKH PHFKDQLFDO SURSHUWLHV RI KRW�UROOHG ���w��� 0Q VWHHO
VWULS� 0HW� 7UDQV�� ��� ����w�����

�� .XVDND� .�� )XNDVH� 7� 3KRVSKRUXV�EHDULQJ KLJK�PDQJDQHVH
VWHHO GHVLJQHG IRU YDOYHV� 3DW� ������� -DSDQ� 3XEO�
���������

�� 6SUHWLQLDN� -�:� ������ 3KRVSKRUXV LQ PHWDOOXUJ\� 3KRV�
SKRUXV DQG LWV FRPSRXQGV� 9RO� �� 7HFKQRORJ\� ELRORJLFDO
IXQFWLRQV DQG DSSOLFDWLRQ� (G� E\ 5� -RKQ YDQ :D]HU� ,Q�
WHUVFLHQFH�

�� *XO\DHY� $�3�� 7VXONRYD� 9�0� ������ ,QIOXHQFH RI SKRV�
SKRUXV RQ FRUURVLRQ SURSHUWLHV RI VWDLQOHVV VWHHOV� ,Q� &RUUR�
VLRQ�UHVLVWDQW PHWDOOLF VWUXFWXUDO PDWHULDOV DQG WKHLU DSSOL�
FDWLRQ� 0RVFRZ� 0DVKLQRVWURHQLH�

�� 6FKXEHUW� +� ������ 1HXH 'DXHUPDJQHWZHUNVWRIIH� ,QW� -�
0DJQ�� �w�� ���w����

��� 7DND\DQDJL� .�� 1HJLVKL� $� :HDU�UHVLVWDQW DOOR\V ZLWK
PDJQHWLF SHUPHDELOLW\� $SSO� ������� )5*� 3XEO�
���������

��� .HL]� 6�/�� 9DQ�*RUQ� .�5� ������ $OXPLQLXP LQ FDVW LURQ
DQG VWHHO� 0RVFRZ� 0HWDOOXUJL]GDW�

��� 6YHFKQLNRY� 9�1�� 7UXVK� ,�.K� ������ ,QIOXHQFH RI QLWUR�
JHQ RQ PHFKDQLFDO SURSHUWLHV RI PHGLXP�FDUERQ SKRVSKRUXV
VWHHO� ,]Y� 9X]RY� &K\RUQ� 0HWDOOXUJL\D� ��� ��w���

��� *UGLQD� <X�9�� *OLNPDQ� (�(� ������ 2Q PHFKDQLVP RI LQ�
IOXHQFH RI DOXPLQLXP DQG SKRVSKRUXV RQ EULWWOH IUDFWXUH VXV�
FHSWLELOLW\ RI KLJK�SKRVSKRUXV VWHHO� ,ELG�� ��� ���w����

��� 0HGRYDU� %�,�� 3LQFKXN� 1�,�� 3X]ULQ� /�*� ������ ,QIOXHQ�
FH RI SKRVSKRUXV RQ ORQJ�WHUP VWUHQJWK RI .K��1�7 VWHHO
ZHOGHG MRLQWV� 0HWDOORYHGHQLH L 7HUP� 2EUDE� 0HWDOORY� ��
��w���

��� %DNIDUW� )�*�� 'DQLHO� 6�*� ������ 1HZ DERXW OXEULFDQWV�
,Q� $EVWU� RI SDS� RI ,QW� &RQI� RQ /XEULFDQWV� :DVKLQJWRQ�
����� 0RVFRZ� .KLPL\D�

��� 0DUNRYVN\� (�$�� .DFKNR� 1�$�� 0DVKLQHWVN\� 1�<D�
������ )RUPDWLRQ RI VXUIDFH VWUXFWXUH RI )Hw&X V\VWHP DOOR�
\V DOOR\HG E\ VXOSKXU DQG SKRVSKRUXV� 3URWVHVV\ /LWLD� ��
��w���

��� .DFKNR� 0�2�� 0DUNRYVN\� (�$�� ,OFKHQNR� 9�'� ������
$QWLIULFWLRQ LURQ DOOR\V ZLWK SKDVHV RI VROLG OXEULFDQW� 0H�
WDOR]QDYVWYR WD 2EURE� 0HWDOLY� �� ��w���

��� 0DUNRYVN\� (�$�� ,OFKHQNR� 9�'�� %XWHQNR� /�,� HW DO�
������ ,QIOXHQFH RI FRPSRVLWLRQ DQG VWUXFWXUH RI DQWLIULFWL�
RQ DOOR\ RQ LWV ZHDU UHVLVWDQFH� 3URWVHVV\ /LWLD� �� ��w���

��� ,OFKHQNR� 9�'�� 0DUNRYVN\� (�$�� %XWHQNR� /�,� HW DO�
������ &DVWLQJ SURSHUWLHV RI DQWLIULFWLRQ DOOR\V� GHSHQGLQJ
RQ TXDQWLW\ RI PDLQ DOOR\LQJ HOHPHQWV LQ DOOR\� ,ELG�� ��
��w���

��� %REUR� <X�*�� 6DYFKXN� 6�$� ������ 6LQWHJDO x QHZ VWUXF�
WXUDO FDVW LURQ IURP )Hw$Ow& JURXS RI DOOR\V� ,Q� &DVW DOOR�
\V� .\LY� 1DXNRYD 'XPND�

��� %REUR� <X�*�� 6DYFKXN� 6�$�� 6KDUNLQ� 2�3� ������ 1DWXUH
RI EULWWOHQHVV RI DOXPLQLXP FDVW LURQ ZLWK SKRVSKRUXV� /L�
WHMQRH 3URL]YRGVWYR� ��� ��w���

��� 6\URNYDVKHY� $�9�� %DXPDQ� %�9� ������ 0RGLILFDWLRQ RI
JUD\ SKRVSKRUXV FDVW LURQV� RSHUDWLQJ LQ IULFWLRQ FRQGLWLRQV�
,ELG�� �� ��w���

��� .UDO\D� 9�'�� 3XVKNDUHY� 9�9�� 0DWYLHQNR� $�,� HW DO�
������ $QWLIULFWLRQ SURSHUWLHV DQG ZHDU UHVLVWDQFH RI PRGLIL�
HG FDVW LURQ DOOR\HG ZLWK IHUURPDQJDQRSKRVSKRUXV DQG IHU�
URSKRVSKRUXV� ,Q� &KHPLVWU\ DQG WHFKQRORJ\ RI SKRVSKLGHV
DQG SKRVSKRUXV�EHDULQJ DOOR\V� .\LY� ,30 $1 8665�

��� ������ ([SODQDWRU\ GLFWLRQDU\ RQ IULFWLRQ� ZHDU DQG OXEUL�
FDWLRQ RI PDFKLQH HOHPHQWV� .\LY� 1DXNRYD 'XPND�

��� (VDXORY� 9�3�� <DWVHQNR� $�,�� %HODM� *�(� HW DO� ������
0RGLILHG KLJK�SKRVSKRUXV FDVW LURQV� /LWHMQRH 3URL]YRGVW�
YR� �� �w���

��� .XQDHY� $�0�� 6XNKDUQLNRY� <X�,�� /HYLQWRY� %�/� ������
3URVSHFWV RI SURGXFWLRQ DQG DSSOLFDWLRQ RI KLJK�SKRVSKRUXV
FRPSOH[ DOOR\V� FRQWDLQLQJ DOOR\LQJ PHWDOV� ,Q� &KHPLVWU\
DQG WHFKQRORJ\ RI SKRVSKLGHV DQG SKRVSKRUXV�EHDULQJ DOOR�
\V� .\LY� ,30 $1 8665�

��� &KHUQRJRUHQNR� 9�%� ������ :D\V WR GHYHORS WKH ZRUNV
FRQFHUQLQJ SURGXFWLRQ� LQYHVWLJDWLRQ DQG DSSOLFDWLRQ RI
SKRVSKLGHV DQG SKRVSKLGH�EHDULQJ DOOR\V� ,ELG�

��� &KHUQRJRUHQNR� 9�%�� (UVKRY� *�*�� *DYULO\XN� *�9�
������ 'HFUHDVH RI GHWULPHQWDO HIIHFW RI SKRVSKRUXV LQ LURQ�
FDUERQ DOOR\V E\ DOOR\LQJ� 0HWDOO\� �� �w���

��� 6DPVRQRY� *�9�� 3DQDV\XN� $�'�� %RURYLNRYD� 0�6� ������
,QIOXHQFH RI SKRVSKRUXV RQ DGKHVLRQ RI OLTXLG PHWDOV WR UH�
IUDFWRU\ FRPSRXQGV� ,Q� 3URGXFWLRQ� SURSHUWLHV DQG DSSOLFD�
WLRQ RI SKRVSKLGHV� .\LY� 1DXNRYD 'XPND�
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9�$� 7,729� <X�,� )$'((1.2 DQG 9�*� 3(786+.29

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

5HVXOWV RI LQYHVWLJDWLRQ LQWR WKH HIIHFW RI H[SORVLRQ WUHDWPHQW RI ZHOGHG MRLQWV XVLQJ HORQJDWHG H[SORVLYH FKDUJHV RQ

GLVWULEXWLRQ RI UHVLGXDO VWUHVVHV DUH JLYHQ� )RUPXODH UHODWLQJ SDUDPHWHUV RI UHVLGXDO VWUHVV ILHOGV LQ WKH H[SORVLRQ WUHDWHG

ZHOGHG MRLQWV WR SDUDPHWHUV FKDUDFWHULVLQJ H[SORVLRQ WUHDWPHQW FRQGLWLRQV DUH SUHVHQWHG�

.H\ ZRU G V � ZHOGHG MRLQWV� H[SORVLRQ WUHDWPHQW� UHVLGXDO

VWUHVVHV� FDOFXODWLRQ RI SDUDPHWHUV� FKDUJH� H[SORVLYHV

([SORVLRQ WUHDWPHQW �(7�� EHLQJ D PRELOH DQG ORZ�
FRVW RSHUDWLRQ� LV RQH RI WKH PRVW SURPLVLQJ PHWKRGV

LQFUHDVLQJ IDWLJXH UHVLVWDQFH RI VWHHO SDUWV DQG ZHOGHG

PHWDO VWUXFWXUHV >�w�@� 3K\VLFDO EDVLV RI WKLV W\SH RI

WUHDWPHQW HPSOR\HG WR LQFUHDVH UHVLVWDQFH WR GLIIHUHQW
NLQGV RI IUDFWXUHV LV IRUPDWLRQ RI D VWUHVV�VWUDLQ WUDFH

�667� LQ ORFDO KLJK�UDWH GHIRUPDWLRQ RI PHWDO DW WKH
PRPHQW ZKHQ D VKRFN ZDYH SURSDJDWHV WKURXJK LW

>�w�@� 0HWDO LQ WKH 667 ]RQH LV FKDUDFWHULVHG E\ DQ
LQFUHDVHG KDUGQHVV �H[SORVLRQ RU VWUDLQ KDUGHQLQJ��

FRPSDUHG ZLWK WKH EDVH PHWDO� DQG ELD[LDO FRPSUHV�

VLYH UHVLGXDO VWUHVVHV �56� SUHVHQW LQ WKH VXUIDFH OD\HU

RI WKH PHWDO� 7KH ODVW IDFWRU SUHYHQWV SURSDJDWLRQ RI

FUDFNV XVXDOO\ LQLWLDWHG RQ WKH ZRUNSLHFH VXUIDFH�

6WUXFWXUH� LQWHQVLW\ DQG VL]H RI 667 GHSHQG XSRQ WKH
W\SH RI DQ H[SORVLYH DQG LWV JHRPHWULF SHFXOLDULWLHV�
DV ZHOO DV XSRQ WKH VWUHQJWK FKDUDFWHULVWLFV RI PHWDO

WUHDWHG >�� �@�

$ ZLGH YDULHW\ RI FRPPHUFLDOO\ SURGXFHG H[SOR�
VLYHV DOORZHG WKH DXWKRUV RI >�� �� �� �w��@ WR LQYHV�

WLJDWH WKH HIIHFW RI (7 RQ F\FOLF VWUHQJWK RI GLIIHUHQW
W\SHV RI ZHOGHG MRLQWV E\ YDU\LQJ RYHU ZLGH UDQJHV
WKH LQWHQVLW\ DQG JHRPHWU\ RI H[SORVLYH ORDGLQJ� 7KH
DERYH HIIRUWV \LHOGHG ERWK SRVLWLYH DQG QHJDWLYH UH�

VXOWV� +RZHYHU� QR JHQHUDO WKHRU\ KDV EHHQ GHYHORSHG

DV \HW RQ WKHLU EDVLV WR H[SODLQ WKH PHFKDQLVP RI

LQFUHDVH LQ IDWLJXH UHVLVWDQFH RI ZHOGHG MRLQWV E\ (7�
2QH RI WKH UHDVRQV LV WKH ODFN RI XQGHUVWDQGLQJ RI WKH
GHSHQGHQFH RI VWUXFWXUH DQG SDUDPHWHUV RI 667 XSRQ
WKH VWUHQJWK SURSHUWLHV RI PHWDO DQG FKDUDFWHULVWLFV

RI DQ H[SORVLYH FKDUJH� ,Q WXUQ� WKLV ODFN RI XQGHU�

VWDQGLQJ LV DWWULEXWDEOH WR D FXPEHUVRPH QDWXUH RI

DQDO\WLFDO PHWKRGV IRU LQYHVWLJDWLRQV RI HYHQ WKH VLP�

SOHVW SUREOHPV RI IRUPDWLRQ RI 667 >��@� DV ZHOO DV

WR FRQVLGHUDEOH ODERXU H[SHQGLWXUHV QHHGHG WR UHYHDO
WKH GHVLUHG H[SHULPHQWDO UHODWLRQVKLSV� 7KH ODWWHU FDQ
EH H[SODLQHG SURFHHGLQJ IURP WKH EHORZ UHDVRQLQJ�

&RQVLGHU WKH FDVH RI WUHDWPHQW RI PHWDO SODWH RI
DQ LQILQLWH OHQJWK WKURXJK DQ LQHUW LQWHUOD\HU XVLQJ

DQ HORQJDWHG F\OLQGULFDO H[SORVLYH FKDUJH ZLWK UDGLXV

U�� DQG FKDUDFWHULVH WUHDWPHQW FRQGLWLRQV XVLQJ WKH

IROORZLQJ SDUDPHWHUV� ρ�� ρ� DQG ρ� x GHQVLW\ RI DQ

H[SORVLYH� LQWHUOD\HU DQG PHWDO SODWH� UHVSHFWLYHO\� '

DQG S x GHWRQDWLRQ YHORFLW\ DQG SUHVVXUH� UHVSHF�

WLYHO\� F�� F� DQG F� x YHORFLW\ RI VRXQG LQ WKH GHWR�

QDWLRQ SURGXFWV� LQWHUOD\HU DQG SODWH� UHVSHFWLYHO\�

δ�� δ� DQG δ� x WKLFNQHVV RI WKH H[SORVLYH FKDUJH�

LQWHUOD\HU DQG SODWH� UHVSHFWLYHO\� σ\ x \LHOG VWUHVV

RI WKH PHWDO� DQG0x LWV GHIRUPDWLRQ PRGXOXV� /HW

[ DQG ] EH FRRUGLQDWHV RI D SODWH HOHPHQW LQ ZKLFK LW
LV QHFHVVDU\ WR GHWHUPLQH FRPSRQHQWV RI WKH 56 ILHOG�
)���� 7KHQ� SURFHHGLQJ IURP WKH VLPLODULW\ WKHRU\ DQG

GLPHQVLRQV� WKH GHVLUHG UHODWLRQVKLSV VKRXOG KDYH WKH
IROORZLQJ IRUP�

)���([� ]) = I���([�δ�)� ]�δ�� S�ρ�'
�
� ρ�F��ρ�F� �

ρ�F��ρ�F�� δ��δ�� δ��δ�� S�σ\� 0�σ\�

���

7KLV VLPSOHVW FDVH DV LW LV GRHV QRW \HW DOORZ IRU
D VKHDWK WKH FRUG FKDUJH KDV� IRU D FRPPRQ SUDFWLFH

RI DSSOLFDWLRQ RI WKH FKDUJH FRQVLVWLQJ RI VHYHUDO VHF�

WLRQV RI WKH GHWRQDWLQJ FRUGV� DV ZHOO DV IRU WKH FRQ�

GLWLRQV RI FRQWDFW EHWZHHQ WKH SODWH WUHDWHG DQG D
PDVVLYH VXSSRUW�'LVWULEXWLRQ RI 56 WKURXJK WKLFNQHVV

RI WKH SODWH LV GHWHUPLQHG� IRU H[DPSOH� E\ XVLQJ WKH

1�1� 'DYLGHQNRY PHWKRG� ZKLFK FRQVLVWV LQ OD\HU�E\�
OD\HU HWFKLQJ RI PHWDO� UHVXOWLQJ LQ YDULDWLRQV LQ UH�
VLGXDO VWUHVVHV� 7KHQ WKH GDWD REWDLQHG DUH UHFDOFX�

ODWHG XVLQJ D VSHFLDO VRIWZDUH�
,W FDQ EH HDVLO\ VHHQ IURP WKH DERYH�VDLG WKDW H[�

SHULPHQWDO PHDVXUHPHQWV RI WKH WRWDO 56 ILHOG DUH D

YHU\ ODERXU�FRQVXPLQJ RSHUDWLRQ� KDUGO\ VXLWDEOH IRU

D V\VWHPDWLF XVH LQ URXWLQH SUDFWLFH RI RSWLPLVDWLRQ

RI WKH (7 SURFHVV SDUDPHWHUV� 7KHUHIRUH� WKH SUDFWLFDO

RSWLPLVDWLRQ SURFHGXUH KDV WR UHO\ RQ VLPSOLILHG WHFK�

QLTXHV� )RU H[DPSOH� LQ SURFHVVLQJ RI WKH H[SHULPHQWDO

GDWD EDVHG RQ WKH DYDLODEOH H[SHULHQFH� VRPH RI WKH
GLPHQVLRQOHVV SDUDPHWHUV RI WKH ULJKW SDUW RI ��� DUH
RIWHQ LJQRUHG� DQG WKH HORQJDWHG FRQFHQWUDWHG FKDUJH

LV FKDUDFWHULVHG RQO\ E\ ZHLJKW RI DQ H[SORVLYH SHU
LWV XQLW OHQJWK� µ� VSHFLILF FDORULILF YDOXH �H[SORVLRQ

KHDW� 4 RU H[SORVLRQ HQHUJ\ LQSXW (  µ4� +RZHYHU�
WKH PRVW HIILFLHQW RI WKH VLPSOLI\LQJ WHFKQLTXHV LV WKH
XVH RI D FHUWDLQ VLPLODULW\ RI WKH 56 ILHOGV DQG KDUGQHVV

LQFUHDVH ILHOGV �H[SORVLRQ KDUGHQLQJ��

2EYLRXVO\� LQ D JHQHUDO FDVH QR H[DFW FRUUHVSRQ�

GHQFH H[LVWV EHWZHHQ WKHVH WZR ILHOGV� DV VWUDLQ KDUG�

HQLQJ LV GHWHUPLQHG E\ DQ RYHUDOO SODVWLF GHIRUPDWLRQ

DQG SUHVVXUH XQGHU ZKLFK LW ZDV UHDOLVHG� ,Q DGGLWLRQ�

DV RSSRVHG WR WKH 56 ILHOG� WKH VWUDLQ KDUGHQLQJ ILHOG� 9�$� 7,729� <X�,� )$'((1.2 DQG 9�*� 3(786+.29� ����
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GRHV QRW H[FHHG WKH OLPLWV RI WKH ]RQH RI PDUNHG UH�
VLGXDO SODVWLF VWUDLQV� $W WKH VDPH WLPH� VWUXFWXUH RI
WKH 56 ILHOG LV GHWHUPLQHG E\ JUDGLHQWV RI UHVLGXDO
�QRW RYHUDOO� SODVWLF VWUDLQV� 7KLV ILHOG PD\ H[WHQG
IDU EH\RQG WKH OLPLWV RI WKH UHJLRQ RI HODVWLF VWUDLQV�

+RZHYHU� DV SURYHG E\ PDQ\ \HDUV RI SUDFWLFH� LQ
WKH PDMRULW\ RI FDVHV WKHUH DUH WZR PDLQ SDUDPHWHUV
RI WKH 56 ILHOG� L�H� WKLFNQHVV RI WKH VXUIDFH OD\HU RI
FRPSUHVVLYH VWUHVVHV DQG DPSOLWXGH RI UHVLGXDO VWUHVVHV
LQ LW� ZKLFK YDU\ ZLWK YDULDWLRQV LQ WKH WUHDWPHQW
FRQGLWLRQV� OLNH WKLFNQHVV RI WKH VWUDLQ�KDUGHQHG OD\HU
DQG DPSOLWXGH RI WKH VWUDLQ KDUGHQLQJ ILHOG GR� 7KHUH�
IRUH� D ODERXU�FRQVXPLQJ SURFHGXUH RI PHDVXULQJ WKH
56 GLDJUDPV DW WKH ILUVW VWDJH RI RSWLPLVDWLRQ RI WKH
WHFKQRORJ\ FDQ EH UHSODFHG E\ D VLPSOH DQG IDVW PHDV�
XUHPHQW RI GLVWULEXWLRQ RI KDUGQHVV LQ WKH VWUDLQ KDUG�
HQLQJ UHJLRQ� 7KLV JLYHV ULVH WR D SUDFWLFDOO\ LPSRUWDQW
SUREOHP RI HVWDEOLVKLQJ JHQHUDO UHODWLRQVKLSV EHWZHHQ
WKH VWUDLQ KDUGHQLQJ ILHOG SDUDPHWHUV DQG (7 SDUDPH�
WHUV� ZKLFK H[DFWO\ LV WKH SXUSRVH RI WKLV VWXG\�

([SHULPHQWDO SURFHGXUH� 6WHHOV ZLWK ORZ �σ\  
 ��� 03D� σW  ���03D�� LQFUHDVHG �σ\  ���03D�
σW  ��� 03D� DQG KLJK �σ\  ���� 03D� σW  

 ���� 03D� VWUHQJWK ZHUH VHOHFWHG IRU WKH H[SHUL�
PHQWV�

$QDO\VLV RI WKH FKDUDFWHU RI GHIRUPDWLRQ RI PHWDO
LQ (7 ZDV GRQH E\ PHDVXULQJ KDUGQHVV LQ VHFWLRQDO
VDPSOHV XVLQJ SURFHGXUH GHVFULEHG LQ >��@� 5HVLGXDO
VWUHVVHV ZHUH HYDOXDWHG E\ WKH PDJQHWRHODVWLF VWUDLQ
PHDVXUHPHQW PHWKRG GHVFULEHG LQ GHWDLO LQ >��@�

'XFWLOLW\ RI PHWDO ZDV VWXGLHG E\ WHVWLQJ VSHFL�
PHQV ZLWK LQGXFHG IDWLJXH FUDFNV �PP ORQJ WR FULWLFDO
FUDFN WLS RSHQLQJ GLVSODFHPHQW δF XVLQJ WKH WHQVLOH
WHVWLQJ PDFKLQH �����5��

)DWLJXH OLPLW RI ZHOGHG MRLQWV ZDV HYDOXDWHG XVLQJ
WKH G\QDPLF SXOVHU 7V'0���� 38 ZLWK D WHVW IUH�
TXHQF\ RI � +]� 6WDQGDUG FRUG DQG WKLQ SODVWLF VWULS
H[SORVLYHV� EDVHG RQ 5';� ZHUH XVHG DV WKH H[SORVLYH
FKDUJHV IRU WKH H[SHULPHQWV�

7UHDWPHQW XVLQJ FRUG FKDUJHV� 3ODFHPHQW RI DQ
H[SORVLYH FKDUJH GLUHFWO\ RQ PHWDO OHDGV WR IRUPDWLRQ
RI WKH VWUDLQ KDUGHQLQJ ]RQH� ZKLFK KDV D SURQRXQFHG
PD[LPXP KDUGQHVV YDOXH XQGHU WKH FKDUJH D[LV �)L�
JXUH ��� $ GUDPDWLF GHFUHDVH LQ KDUGHQLQJ GRZQ WR
DQ LQLWLDO YDOXH LV VHHQ DW D GLVWDQFH IURP WKLV ]RQH
WKURXJK WKLFNQHVV DQG LQ ZLGWK �)LJXUHV � DQG ���
$EVROXWH VL]HV RI WKH GHIRUPHG ]RQH GHSHQG XSRQ WKH
VWUHQJWK SURSHUWLHV RI VWHHO� VXFK DV WKH WHQVLOH
VWUHQJWK WR \LHOG VWUHVV UDWLR� N  σW�σ\� DQG ZHLJKW
RI WKH FKDUJH SHU LWV XQLW OHQJWK�P� 7KH 56 FRPSRQHQW
LQ WKH VXUIDFH OD\HU RI VWHHO DERXW � PP WKLFN LQ D
GLUHFWLRQ WUDQVYHUVH WR WKH FKDUJH D[LV� [ �σ56�� LV
FRPSUHVVLYH� 6L]HV RI WKH VXUIDFH ]RQH RI FRPSUHVVLYH
UHVLGXDO VWUHVVHV DUH FORVH WR WKRVH RI WKH VWUDLQ KDUGH�
QLQJ ]RQH �)LJXUHV � DQG ��� ,Q DOO WKH FDVHV UHVLGXDO
GHQWV FRYHUHG E\ D QHWZRUN RI VFUDWFKHV ZHUH VHHQ RQ
WKH WUHDWHG VXUIDFH RI D VWHHO VSHFLPHQ� +DUGHQLQJ RI
PHWDO DFKLHYHG LQ WKLV FDVH LV D UHVXOW RI LQFUHDVH LQ
WKH GHQVLW\ RI GLVORFDWLRQV DQG WZLQV� 6SHFLILF GDWD
RQ UHODWLYH FRQWULEXWLRQV RI WKHVH WZR PHFKDQLVPV RI
GHIRUPDWLRQ DQG KDUGHQLQJ DUH DYDLODEOH RQO\ IRU ORZ�
VWUHQJWK VWHHOV� $FFRUGLQJ WR WKH GDWD RI >��@� LQ WKH
FRQFHUQHG WHFKQRORJLFDO UDQJH RI WKH PD[LPXP ORDG�
LQJ SUHVVXUH YDOXHV HTXDO WR �w�� *3D IRU VWHHO ���
DQ LQFUHDVH LQ SUHVVXUH LV DFFRPSDQLHG E\ WKH JUDGXDO
UHSODFHPHQW RI D GLVORFDWLRQ VOLS E\ WZLQQLQJ�

,Q WKLV FDVH DQ LQFUHDVH LQ \LHOG VWUHVV LV H[SUHVVHG
LQ WHUPV RI WKH GHQVLW\ RI GLVORFDWLRQV 1 DQG WZLQV β
WKURXJK WKH UHODWLRQVKLS RI WKH IROORZLQJ W\SH�

∆σ\ = D�β
��� + D�1

���
�

���

ZKHUH D� DQG D� DUH VRPH FRQVWDQW YDOXHV� DQG LQFUHDVH
LQ WKH \LHOG VWUHVV LV SURSRUWLRQDO WR WKH PD[LPXP
ORDGLQJ SUHVVXUH �WKH VWUDLQ KDUGHQLQJ ILHOG DOPRVW
FRLQFLGHV ZLWK WKH PD[LPXP ORDGLQJ SUHVVXUH ILHOG��

$OORZLQJ IRU WKH IDFW WKDW ZHOGHG VWUXFWXUHV VXE�
MHFWHG WR H[SORVLRQ WUHDWPHQW RSHUDWH DW GLIIHUHQW FOL�
PDWLF WHPSHUDWXUHV� DQ LQYHVWLJDWLRQ ZDV FRQGXFWHG
WR VWXG\ WKH HIIHFW RI H[SORVLRQ KDUGHQLQJ E\ WKH H[�
SORVLRQ ORDGLQJPHWKRG XQGHU FRQVLGHUDWLRQ RQ GXFWLOH
SURSHUWLHV RI VWHHO� $Q LQFUHDVHG�VWUHQJWK VWHHO FKD�
UDFWHULVHG E\ D VXEVWDQWLDO GLVFRQWLQXRXV GHFUHDVH LQ
IUDFWXUH UHVLVWDQFH GXULQJ WKH WRXJK WR EULWWOH IUDFWXUH
WUDQVLWLRQ ZDV FKRVHQ IRU WKH LQYHVWLJDWLRQ�

7KH LQYHVWLJDWLRQ UHVXOWV VKRZQ LQ )LJXUH � DUH
LQGLFDWLYH RI D QHJDWLYH HIIHFW H[HUWHG E\ H[SORVLRQ
KDUGHQLQJ RQ GXFWLOLW\ RI VWHHO RYHU D ZLGH UDQJH RI

)LJXUH �� 'LVWULEXWLRQ RI LQFUHDVH LQ KDUGQHVV� ∆+� LQ 667 LQ D
GLUHFWLRQ WUDQVYHUVH WR WKH FKDUJH D[LV DW D GHSWK RI ��� PP DIWHU
(7 XVLQJ D FRUG H[SORVLYH FKDUJH� �� �x KLJK�VWUHQJWK VWHHO �σ\  
 ���� 03D�� �� � x ORZ�VWUHQJWK VWHHO ��*�6 �σ\  ��� 03D�
�OLJKW VLJQV x FRQWDFW FKDUJH� GDUN VLJQV x XVLQJ D GDPSLQJ
LQWHUOD\HU�

)LJXUH �� 'LVWULEXWLRQ RI LQFUHDVH LQ KDUGQHVV� ∆+� WKURXJK WKLFN�
QHVV RI WKH ORZ�VWUHQJWK VWHHO ��*�6 VSHFLPHQ DIWHU (7 SHUIRUPHG
E\ GLIIHUHQW PHWKRGV� � x XVLQJ RQH FRQWDFW FRUG FKDUJH� � x
VDPH XVLQJ D SOXJ ZLWK D GHQVLW\ RI ��� J�FP

�
� � x XVLQJ D

FXPXODWLYH HIIHFW� � x XVLQJ DQ DLU LQWHUOD\HU� �� �′ x XVLQJ
LQWHUOD\HUV RI D GLIIHULQJ WKLFNQHVV
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WHVW WHPSHUDWXUHV� 7KLV LV FRQILUPHG E\ WKH GDWD RI
>�@� ZKLFK UHSRUWV WKDW IDWLJXH WHVWV RI WKH FUXFLIRUP�
W\SH ZHOGHG MRLQWV LQ D VLPLODU VWHHO UHYHDOHG GHFUHDVH
LQ WKHLU IDWLJXH OLIH DIWHU (7 SHUIRUPHG E\ WKH PHWKRG
XQGHU FRQVLGHUDWLRQ� 7KH QHJDWLYH HIIHFW RQ IDWLJXH
UHVLVWDQFH RI ZHOGHG MRLQWV LV H[HUWHG DOVR E\ WKH SUH�
VHQFH RI D VFUDWFK QHWZRUN RQ WKH VXUIDFH WUHDWHG� HVSH�
FLDOO\ LQ WKH FDVH RI ZHOGHG MRLQWV LQ VWHHOV ZLWK DQ
LQFUHDVHG VHQVLWLYLW\ WR WKH FRQFHQWUDWLRQ RI VWUHVVHV�

)UDFWXUH RI ZHOGHG VWUXFWXUHV VXEMHFWHG WR DOWHU�
QDWLQJ ORDGV LV DOZD\V RI D ORFDO FKDUDFWHU� ,W DOPRVW
DOZD\V RFFXUV LQ WKH ZHOG WR EDVH PHWDO WUDQVLWLRQ
]RQH� L�H� LQ WKH ]RQH RI WKH KLJKHVW FRQFHQWUDWLRQ RI
VWUHVVHV FDXVHG E\ H[WHUQDO ORDGLQJ� 7KH VL]H RI WKLV
]RQH GHSHQGV XSRQ WKH UDGLXV RI WKH ZHOG WR EDVH
PHWDO WUDQVLWLRQ UHJLRQ DQG UDQJHV IURP ���� �EXWW
MRLQW� WR ���� PP �ZHOGLQJ RI GLIIHUHQW VWUXFWXUDO
PHPEHUV WR EDVH PHWDO�� &RQVLGHULQJ KLJK YDOXHV RI
WKH JUDGLHQWV RI KDUGQHVV DQG UHVLGXDO VWUHVVHV LQ 667
LQ ZLGWK �VHH )LJXUHV � DQG ��� DV ZHOO DV WKH IDFW
WKDW WKH FRUG FKDUJH D[LV FDQ KDUGO\ EH DOLJQHG ZLWK
WKH ]RQH RI H[SHFWHG IUDFWXUH EHFDXVH RI JHRPHWULF
SHFXOLDULWLHV RI ZHOGHG MRLQWV� WKHUH LV QR ZD\ WR UH�
SURGXFH (7 E\ XVLQJ WKH PHWKRG XQGHU FRQVLGHUDWLRQ
WR WKH VXIILFLHQW GHJUHH RI DFFXUDF\�

$OORZLQJ IRU WKH DERYH GUDZEDFNV RI GLIIHUHQW (7
PHWKRGV ZKLFK SURYLGH IRU D GLUHFW FRQWDFW EHWZHHQ
DQ H[SORVLYH DQG PHWDO� LQ D VHULHV RI WKH H[SHULPHQWV
FRQGXFWHG WKH GDPSLQJ LQWHUOD\HUV RI DQ LQHUW PDWHULDO
ZHUH SODFHG EHWZHHQ WKH WUHDWHG VXUIDFH RI D ZHOGHG
MRLQW DQG WKH FRUG H[SORVLYH FKDUJH� $W WKH SUHVHQFH
RI DQ LQWHUOD\HU WKH FKDUDFWHU RI IUDFWXUH FKDQJHV�
KDUGQHVV GLDJUDPV �VHH )LJXUH �� WDNH D �OLNH IRUP
ZLWK D ZLGH SODWHDX RI PD[LPXP YDOXHV� WKXV SURYLG�
LQJ D JRRG UHSURGXFLELOLW\ RI WKH (7 UHVXOWV IRU WKH
SUREDELOLW\ RI VKLIW RI WKH FKDUJH D[LV IURP WKH H[�
SHFWHG IUDFWXUH ]RQH� 7KH 56 GLDJUDPV LQ WKH VXUIDFH
OD\HU DOPRVW UHSHDW WKH KDUGQHVV GLVWULEXWLRQ GLDJUDPV
�VHH )LJXUHV � DQG ��� 7KLV FRLQFLGHQFH VHHQ PRUH
WKDQ RQFH DOVR ZLWK RWKHU (7 PHWKRGV FDQ VHUYH DV
WKH EDVLV IRU XVLQJ WKH DERYH PHWKRG IRU SUHOLPLQDU\
VHOHFWLRQ RI WKH RSWLPDO WUHDWPHQW SDUDPHWHUV�

)LJXUHV � DQG � VKRZ YDULDWLRQV LQ KDUGQHVV RI DQ
LQFUHDVHG�VWUHQJWK VWHHO DIWHU (7� GHSHQGLQJ XSRQ WKH
GDPSLQJ LQWHUOD\HU WKLFNQHVV� 'XFWLOH SURSHUWLHV RI
WKH VWHHO ZLWK VXFK (7 PHWKRGV UHPDLQ VXLWDEOH IRU
WKH SUREOHPV WR EH KDQGOHG �VHH )LJXUH ��� )LJXUH �
VKRZV UHVXOWV RI IDWLJXH WHVWV RI ODUJH VSHFLPHQV RI

VWHHO LQFUHDVHG VWUHQJWK ��.K61'� �� PP WKLFN� DIWHU
(7 XVLQJ D VSHFLDO PHWKRG� 3RVLWLYH UHVXOWV ZHUH RE�
WDLQHG LQ DOO WKH FDVHV� 7KH IDWLJXH OLIH RI ZHOGHG
MRLQWV DW WKH VWDJH RI FUDFN SURSDJDWLRQ LQFUHDVHG �w��
DQG PRUH WLPHV� ZKLOH WKH IDWLJXH OLPLW DOPRVW GRX�
EOHG� FRPSDUHG ZLWK WKH LQLWLDO VWDWH�

+DUGHQLQJ XVLQJ VWULS FKDUJHV� 7KH UHVXOWV RE�
WDLQHG LQ XVLQJ VWULS FKDUJHV GLIIHU IURP WKRVH REWDLQHG
LQ WKH FDVH RI XVLQJ FRUG FKDUJHV� +DUGHQLQJ RI ORZ�
DQG LQFUHDVHG�VWUHQJWK VWHHOV XVLQJ VWULS H[SORVLYH
FKDUJHV� LQ FRQWUDVW WR WKH FRUG FKDUJHV� OHDGV WR IRU�
PDWLRQ RI WKH XQLIRUPO\ KDUGHQHG ]RQHV LQPHWDO XQGHU
WKH HQWLUH VXUIDFH DUHD RI WKH FKDUJH� 6L]HV RI WKHVH
]RQHV GHSHQG XSRQ WKH VWUHQJWK RI VWHHO� 5HVLGXDO
VWUDLQV DUH QRWHG RQ WKH VXUIDFH WUHDWHG� (7 RI KLJK�
VWUHQJWK VWHHOV� LQ ZKLFK WKH N  σW�σ\ UDWLR LV FORVH
WR RQH� OHDGV WR D IXQGDPHQWDO FKDQJH LQ JHRPHWU\ RI
WKH KDUGHQHG ]RQH� ,Q WKLV FDVH KDUGHQLQJ RFFXUV RQO\
DW WKH HQGV RI WKH FKDUJH �)LJXUH ��� ZKHUH WKH SODVWLF
GLVSODFHPHQW ILHOG LQ PHWDO LV VLPLODU WR WKH PDVV
YHORFLW\ ILHOG IRUPHG LQ H[SORVLRQ RI D VWULS FDSWLYH
FKDUJH RQ WKH VXUIDFH RI OLTXLG RU VRLO �VHH� H�J� >��@��
7ZR DVVXPSWLRQV FDQ EH PDGH WR H[SODLQ FDXVHV RI
WKH DEQRUPDO GLVWULEXWLRQ RI VWUDLQ KDUGHQLQJ�

)LUVWO\� PDUNHG UHVLGXDO VWUDLQV DUH IRUPHG DW WKH
HQGV RI D IODW FKDUJH� ZKLOH WKH\ DUH DEVHQW XQGHU WKH
FHQWUDO SDUW RI WKH FKDUJH� 7KLV PLJKW EH FDXVHG E\
WKH IDFW WKDW WKH GHJUHH RI VWUDLQ KDUGHQLQJ LV VRPHKRZ
DVVRFLDWHG ZLWK UHVLGXDO VWUDLQV�

)LJXUH �� 'LDJUDP RI GLVWULEXWLRQ RI UHVLGXDO VWUHVVHV LQ 667
WKURXJK PHWDO WKLFNQHVV� δ

x WKLFNQHVV RI WKH VXUIDFH OD\HU ZLWK
FRPSUHVVLYH VWUHVVHV

)LJXUH �� 'LVWULEXWLRQ RI UHVLGXDO VWUHVVHV LQ WKH VXUIDFH OD\HU RI
PHWDO DERXW ��� PP WKLFN DIWHU (7 DORQJ ��� DQG DFURVV ��� WKH
ZHOG� \ x GLVWDQFH IURP WKH ZHOG D[LV

)LJXUH �� (QHUJ\ RI IUDFWXUH RI VSHFLPHQV� $� ZLWK D VKDUS QRWFK�
� x LQLWLDO VWDWH� �w� x (7 PRGLILFDWLRQV
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6HFRQGO\� DQG WKLV LV PRUH SUREDEOH� WKLV SKHQRPH�
QRQ LV DWWULEXWDEOH WR WKH GHSHQGHQFH RI PHFKDQLVPV
RI PXOWLSOLFDWLRQ RI WZLQV DQG GLVORFDWLRQV GXH WR D
K\GURVWDWLF SUHVVXUH �JURZWK RI D UHODWLYH UROH RI GLV�
ORFDWLRQ GHIRUPDWLRQ� FRPSDUHG ZLWK WKH UROH RI WZLQ�
QLQJ� LQ WKH GHFUHDVHG�SUHVVXUH ]RQH QHDU WKH IUHH VXU�
IDFH� L�H� WKH HQG ]RQH��

5HVXOWV RI IDWLJXH WHVWV RI ZHOGHG MRLQWV LQ ORZ�
DQG LQFUHDVHG�VWUHQJWK VWHHOV DUH LQGLFDWLYH RI WKH HI�
ILFLHQF\ RI XVLQJ VWULS FKDUJHV IRU LQFUHDVLQJ WKHLU
IDWLJXH IUDFWXUH UHVLVWDQFH� +HUH� OLNH LQ WKH FDVH RI
FRUG FKDUJHV� LW LV LQGLFDWHG WR XVH GDPSLQJ LQWHUOD\HUV
WR SUHYHQW HPEULWWOHPHQW RI VWUDLQ�KDUGHQHG PHWDO�
,Q (7 RI ZHOGHG MRLQWV LQ KLJK�VWUHQJWK VWHHOV ZLWK D
YDOXH RI N FORVH WR RQH� WKH XVH RI WKH VWULS FKDUJHV�

SODFHG VR WKDW WKH H[SHFWHG IUDFWXUH ]RQH LV ORFDWHG
XQGHU WKH FHQWUDO SDUW� LV LQHIILFLHQW� 6XSSRVHGO\� WKH
SRVLWLYH UHVXOWV LQ WKLV FDVH FDQ EH REWDLQHG LI WKH VWULS
FKDUJH LV SODFHG VR WKDW LWV HQG LV ORFDWHG H[DFWO\ RYHU
WKH IXVLRQ OLQH� 7KLV SURYLGHV UHVLGXDO GHIRUPDWLRQ RI
PHWDO LQ WKLV ORFDWLRQ�

3ULQFLSOHV RI IRUPDWLRQ RI WKH VWUDLQ KDUGHQLQJ
]RQH� &RQILJXUDWLRQ RI VKRFN�ZDYH IORZV LQ DQ H[SOR�
VLRQ�ORDGHG VROLG LV YHU\ FRPSOLFDWHG� 7KLV FDQ EH VHHQ
IURP )LJXUH � >��@� ZKLFK VKRZV VWUXFWXUH RI VKRFN
ZDYHV LQ PHWDO ORDGHG E\ WKH PHWKRG DQDO\VHG LQ WKLV
VWXG\� 7KH UHVXOWV REWDLQHG LQGLFDWH WKDW LQ WUHDWPHQW
XQGHU RSWLPDO WHFKQRORJLFDO FRQGLWLRQV WKH ILUVW DQG
PRVW ODERXU�H[WHQVLYH SDUW RI WKH H[SHULPHQWV FDQ EH
FRQGXFWHG ZLWKRXW PHDVXULQJ UHVLGXDO VWUHVVHV LQ�
GXFHG E\ WKH WUHDWPHQW� EXW E\ PHDVXULQJ MXVW KDUG�
QHVV� )XUWKHU VLPSOLILFDWLRQ FDQ EH DFKLHYHG E\ HVWDE�
OLVKLQJ SULQFLSOHV WR UHODWH VL]HV RI WKH VWUDLQ KDUGHQLQJ
]RQH WR WKH WUHDWPHQW SDUDPHWHUV� ,QGHHG� LW LV HQRXJK
WR NQRZ WZR SDUDPHWHUV RI WKH VWUDLQ KDUGHQLQJ ILHOG
WR WU\ RXW WKH SURFHVV XQGHU RSWLPDO FRQGLWLRQV� ZLGWK
RI WKH VWULS ZLWK D FRQVWDQW KDUGQHVV� OF�K� DQG GHSWK
RI WKH KDUGHQHG ]RQH� O� LQ WKLV DUHD�

7KH ILUVW RI WKHVH YDOXHV LV GHWHUPLQHG E\ GLUHFW
PHDVXUHPHQWV RI KDUGQHVV RQ WKH VXUIDFH WUHDWHG�
ZKHUHDV PHDVXUHPHQW RI WKH VHFRQG LV WLPH FRQVXPLQJ
EHFDXVH RI WKH QHHG WR PDNH VSHFLPHQV�

,Q WKLV VWXG\ WKH DXWKRUV LQYHVWLJDWHG SKHQR�
PHQRORJLFDO SULQFLSOHV UHODWLQJ LQFUHDVH LQ \LHOG VWUHVV
LQ WKH VXUIDFH OD\HU RI VWHHO WUHDWHG �GHILQLWHO\ UHODWHG
WR LQFUHDVH LQ KDUGQHVV� DQG WKH OF�K DQG O YDOXHV WR
WKH FRUG FKDUJH DQG GDPSLQJ LQWHUOD\HU SDUDPHWHUV�
WKXV DOORZLQJ WKH VHDUFK IRU RSWLPDO WUHDWPHQW FRQ�
GLWLRQV WR EH VXEVWDQWLDOO\ DFFHOHUDWHG�

$ VHULHV RI H[SHULPHQWV ZDV FDUULHG RXW WR HVWDEOLVK
WKHVH SULQFLSOHV� (DFK RI WKH H[SHULPHQWV LQFOXGHG
YDULDWLRQV LQ MXVW RQH RI WKH SDUDPHWHUV FKDUDFWHULVLQJ
SURSHUWLHV RI WKH FRUG FKDUJH DQG LQWHUOD\HU� WKH UHVW
RI WKH SDUDPHWHUV EHLQJ NHSW XQFKDQJHG� 3URFHVVLQJ
RI WKH UHVXOWV REWDLQHG DOORZHG GHWHUPLQDWLRQ RI WKH
JHQHUDO IRUP RI UHODWLRQVKLSV RI WKH GHVLUHG SDUDPH�
WHUV� L�H� OF�K DQG PD[LPXP LQFUHDVH LQ \LHOG VWUHVV �RU

)LJXUH �� 'HSHQGHQFH RI WKH YHORFLW\ RI WKH IDWLJXH FUDFN� GO�G1�
XSRQ WKH DPSOLWXGH RI WKH VWUHVV LQWHQVLW\ IDFWRU� ∆.� IRU WKH VKDUS�
QRWFKHG VSHFLPHQV� � x LQ WKH LQLWLDO VWDWH� � x DIWHU RQH�VLGHG
(7 XVLQJ D VWULS H[SORVLYH FKDUJH� �x VDPH XVLQJ D ����IROG FKDUJH
�Ox OHQJWK RI WKH IDWLJXH FUDFN� 1x TXDQWLW\ RI ORDGLQJ F\FOHV�

)LJXUH �� 'LVWULEXWLRQ RI KDUGQHVV �D� DQG UHVLGXDO VWUHVVHV �E� LQ VXUIDFH OD\HUV RI VSHFLPHQV RI KLJK�VWUHQJWK VWHHO DIWHU (7 XVLQJ D
IODW OLQHDU KLJK�H[SORVLYH FKDUJH ��� PP WKLFN DQG �� PP ZLGH DW D GHSWK RI ��� ���� ��� ��� DQG ��� ��� PP �; x GLVWDQFH IURP WKH
FKDUJH HQG�
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KDUGQHVV� RQ WKHPHWDO VXUIDFH� ZLWK WKH GLPHQVLRQOHVV
SDUDPHWHUV FKDUDFWHULVLQJ WUHDWPHQW FRQGLWLRQV�
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ZKHUH ( LV WKH HQHUJ\ LQSXW RI WKH H[SORVLYH FKDUJH�
σG LV WKH G\QDPLF \LHOG VWUHVV RI VWHHO� VXEVWDQWLDOO\
GLIIHUHQW IURP WKH VWDWLF RQH >��@� $�w$� DUH WKH FR�
HIILFLHQWV GHSHQGLQJ XSRQ WKH FKRLFH RI DQ H[SORVLYH
DQG LQWHUOD\HU PDWHULDO� DQG YDOXHV RI N  σW�σ\ FKD�
UDFWHULVH WKH JUDGH RI VWHHO�

5HODWLRQVKLSV ��� WKURXJK ��� DUH YDOLG RQO\ IRU
D OLPLWHG UDQJH RI SDUDPHWHUV XVHG SDUWLFXODUO\ IRU
(7 WR LQFUHDVH IDWLJXH IUDFWXUH UHVLVWDQFH RI ZHOGHG
MRLQWV �LQ SDUWLFXODU� IRU LQWHUOD\HUV ZLWK WKLFNQHVV
VXIILFLHQW WR DIIHFW WKH OF�K YDOXH� EXW H[HUWLQJ QR HIIHFW
RQ WKH O DQG ∆σ\ YDOXHV�� +RZHYHU� WKH NQRZOHGJH
RI WKHVH UHODWLRQVKLSV LV DOVR RI D PRUH JHQHUDO VLJQLIL�
FDQFH� DV LW PDNHV WKH SURFHGXUH RI VHDUFKLQJ IRU RS�
WLPDO FRQGLWLRQV RI DQ\ W\SHV RI (7 XVLQJ FRQFHQWUDWHG
HORQJDWHG FKDUJHV PXFK VKRUWHU�

7KHUHIRUH� NQRZLQJ WKH LQLWLDO 56 ILHOGV LQ D
ZHOGHG MRLQW DQG SDUDPHWHUV RI H[SORVLRQ ORDGLQJ XV�
LQJ FRUG FKDUJHV� WKH UHVXOWV REWDLQHG LQ WKLV VWXG\
DOORZ WKH VL]H DQG LQWHQVLW\ RI 667 DIWHU H[SORVLRQ
WUHDWPHQW WR EH DSSUR[LPDWHO\ SUHGLFWHG DQG SDUDPH�
WHUV RI WKH WUHDWPHQW WR EH UHDVRQDEO\ VHOHFWHG IRU D
ILQDO GHYHORSPHQW RI WKH WHFKQRORJ\ E\ PHDVXULQJ WKH
LQGXFHG 56 ILHOGV�

,W VKRXOG EH QRWHG LQ FRQFOXVLRQ WKDW WKHUH DUH
DOVR RWKHU SRVVLELOLWLHV RI HPSOR\LQJ WKH H[SORVLRQ
HQHUJ\ WR FRQWURO SDUDPHWHUV RI WKH 56 ILHOGV� H�J�
XVLQJ PHWKRGV EDVHG RQ XWLOLVDWLRQ RI D FXPXODWLYH
HIIHFW� LQFUHDVLQJ WKH LQWHQVLW\ RI FRPSUHVVLRQ ZDYHV
LQ WKHLU UHIOHFWLRQ IURP DFRXVWLFDOO\ KDUG VFUHHQV� RU
XVLQJ PDVVLYH LQHUW SOXJV FDSDEOH RI GUDPDWLFDOO\ LQ�
FUHDVLQJ GXUDWLRQ RI WKH SKDVH RI WKH KLJK SUHVVXUH
HIIHFW� WKXV UHVXOWLQJ LQ D VXEVWDQWLDO LQFUHDVH LQ SD�
UDPHWHUV RI 667�

&21&/86,216

�� 7UHDWPHQW RI ZHOGHG MRLQWV DORQJ WKH ZHOG DQG
EDVH PHWDO IXVLRQ OLQHV XVLQJ FRUG DQG WKLQ VWULS H[�
SORVLYH FKDUJHV LV DQ HIILFLHQW PHWKRG IRU IRUPDWLRQ
RI FRPSUHVVLYH UHVLGXDO VWUHVV ILHOGV LQ VXUIDFH OD\HUV
RI PHWDO DQG LQFUHDVH LQ IDWLJXH IUDFWXUH UHVLVWDQFH RI
VWHHO ZHOGHG MRLQWV� &RUG H[SORVLYH FKDUJHV �FRPPHU�
FLDOO\ SURGXFHG GHWRQDWLRQ FRUGV� RIIHU WKH RSWLPDO
VROXWLRQ IRU WKH DERYH SUREOHPV�

�� 7KH DERYH WUHDWPHQW VKRXOG EH SHUIRUPHG
WKURXJK GDPSLQJ LQWHUOD\HUV� DOORZLQJ WKH (7 UHVXOWV
WR EH VWDELOLVHG DQG HPEULWWOHPHQW RI KDUGHQHG PHWDO
WR EH HOLPLQDWHG WKURXJK YDU\LQJ SDUDPHWHUV RI WKH
JHQHUDWHG 667�

�� 7HFKQLTXHV ZHUH VHOHFWHG RQ WKH EDVLV RI WKH
H[SHULPHQWV FRQGXFWHG� HQDEOLQJ ODERXU FRQVXPSWLRQ
IRU WU\LQJ RXW RI RSWLPDO (7 FRQGLWLRQV WR EH UHGXFHG�
,Q SDUWLFXODU� DW WKH ILUVW VWDJH RI WKH ZRUN LW LV LQGL�

FDWHG WR FRQWURO UHVXOWV E\ PHDVXULQJ WKH GLVWULEXWLRQ
RI KDUGQHVV� LQVWHDG RI ODERXU�FRQVXPLQJ PHDVXUH�
PHQWV RI GLVWULEXWLRQ RI UHVLGXDO VWUHVVHV� 'HSHQGHQ�
FLHV ZHUH GHULYHG WR UHODWH SDUDPHWHUV RI WKH KDUGHQHG
]RQH WR SDUDPHWHUV FKDUDFWHULVLQJ (7 FRQGLWLRQV XVLQJ
FRUG H[SORVLYH FKDUJHV�

�� 7UXI\DNRY� 9�,�� 0LNKHHY� 3�3�� %XVKWHGW� <X�3� ������
$SSOLFDWLRQ RI SXOVHG WUHDWPHQW WR LQFUHDVH WKH IDWLJXH OLIH
RI ZHOGHG MRLQWV� $YWRPDWLFK� 6YDUND� ��� ��w���

�� 7UXI\DNRY� 9�,� ������ )DWLJXH RI ZHOGHG MRLQWV� .\LY�
1DXNRYD 'XPND�

�� 7UXI\DNRY� 9�,�� 0LNKHHY� 3�3�� .XGLQRY� 9�0� HW DO�
������ ,QFUHDVH RI ZHOGHG MRLQWV IDWLJXH UHVLVWDQFH E\ H[SOR�
VLRQ ORDGLQJ� $YWRPDWLFK� 6YDUND� �� ��w���

�� 7UXI\DNRY� 9�,�� .XGLQRY� 9�0�� 0LNKHHY� 3�3� HW DO�
������ ,QFUHDVH RI IDWLJXH UHVLVWDQFH RI VWHHO SDUWV E\ H[SOR�
VLRQ WUHDWPHQW� 9HVWQLN 0DVKLQRVWURHQL\D� �� ��w���

�� 3HWXVKNRY� 9�*�� )DGHHQNR� <X�,� ������ 2Q H[SORVLRQ
WUHDWPHQW RI ZHOGHG MRLQWV� )L]LND *RUHQL\D L 9]U\YD� ��
��w���

�� 3HWXVKNRY� 9�*� ������ 2Q PHFKDQLVP RI GHFUHDVH RI UHVLGXDO
VWUHVVHV E\ H[SORVLRQ WUHDWPHQW� $YWRPDWLFK� 6YDUND� �� �w��

�� 3HWXVKNRY� 9�*� ������ 5HVLGXDO VWUHVVHV IRUPDWLRQ LQ
ZHOGHG MRLQWV GXULQJ H[SORVLRQ WUHDWPHQW� 3UREOHP\
3URFKQRVWL� ��� ��w���

�� 7LWRY� 9�$�� 0LNKHHY� 3�3�� 2UHNKRY� *�7� HW DO� ������
'LVWULEXWLRQ RI UHVLGXDO VWUHVVHV LQ VXUIDFH OD\HUV RI VWHHO DI�
WHU H[SORVLRQ WUHDWPHQW� $YWRPDWLFK� 6YDUND� �� ��w���

�� 7LWRY� 9�$� ������ ,QFUHDVH LQ IDWLJXH UHVLVWDQFH RI ZHOGHG
MRLQWV E\ H[SORVLRQ� ,Q� 3URF� RI �VW ,QW� &RQI� RI <RXQJ
6FL� LQ )LHOG RI :HOGLQJ DQG 5HODWHG 7HFKQRORJLHV� .\LY�
0D\ ��w��� ����� .\LY� 3:,�

��� .DVSHURYLFK� 9�%�� 1DXPRYLFK� 1�9�� 7LWRY� 9�$� HW DO�
������ $SSOLFDWLRQ RI H[SORVLRQ WUHDWPHQW WR LQFUHDVH UHOLDEL�
OLW\ DQG VHUYLFH OLIH RI ZHOGHG MRLQWV RQ ODUJH GXPS WUXFN %HO�
$=� ,Q� 3URF� RI �WK $OO�8QLRQ &RQI� RQ ([SORVLRQ :HOGLQJ�
&XWWLQJ DQG 7UHDWPHQW� 0LQVN� 6HSW� ��w��� ����� 0LQVN�

��� 7LWRY� 9�$�� 0LNKHHY� 3�3�� 3HWXVKNRY� 9�*� HW DO� ������
$SSOLFDWLRQ RI H[SORVLRQ WUHDWPHQW WR LQFUHDVH IDWLJXH UHVLV�
WDQFH RI ZHOGHG MRLQWV� ,Q� 3URF� RI �WK ,QW� 6\PS� RQ $S�
SOLFDWLRQ RI ([SORVLRQ (QHUJ\ IRU 3URGXFWLRQ RI 0HWDOOLF
0DWHULDOV ZLWK 1HZ 3URSHUWLHV� *RWYDOGRY� 2FW� ��w���
����� 3DUGXELWVH�

��� *RGXQRY� 6�.�� 6HUJHHY�$OERY� 1�1� ������ (TXDWLRQV RI OLQHDU
WKHRU\ RI HODVWLFLW\ ZLWK 0D[ZHOO SRLQW VRXUFHV RI VWUHVV UHOD[D�
WLRQ� 3ULNODGQ� 0HNKDQLND L 7HNKQ� )L]LND� �� ���w����

��� 3HWXVKNRY� 9�*�� .DVDWNLQ� 6�%� ������ $SSOLFDWLRQ RI H[SOR�
VLRQ HQHUJ\ WR LQFUHDVH EULWWOH IUDFWXUH UHVLVWDQFH RI ZHOGHG
MRLQWV� ,Q� 3URF� RI �WK ,QW� 6\PS� RQ $SSOLFDWLRQ RI ([SOR�
VLRQ (QHUJ\ IRU 3URGXFWLRQ RI 0HWDOOLF 0DWHULDOV ZLWK 1HZ
3URSHUWLHV� *RWYDOGRY� 2FW� �w�� ����� *RWYDOGRY�

��� 3HWXVKNRY� 9�*�� %U\]JDOLQ� $�*�� 7LWRY� 9�$� HW DO�
������ (VWLPDWLRQ RI VWUHVV VWDWH RI ZHOGHG PHWDOOLF VWUXF�
WXUHV E\ WKH PHWKRG RI PDJQHWRHODVWLF VWUDLQ PHDVXUHPHQW�
$YWRPDWLFK� 6YDUND� �� ��w���

��� (IURV� %�0�� =DLND� 7�3�� /RODG]H� /�9� HW DO� ������ ,QIOX�
HQFH RI VKRFN�ZDYH ORDGLQJ RQ VWUXFWXUH DQG SURSHUWLHV RI
FDUERQ VWHHOV� )L]LND L 7HNKQLND 9\V� 'DYOHQ\� �� ��w���

��� /DYUHQWLHY� 0�$�� 6KDEDW� %�9� ������ 3UREOHPV RI K\GUR�
G\QDPLFV DQG WKHLU PDWKHPDWLFDO PRGHOV� 0RVFRZ� 1DXND�

��� 3HWXVKNRY� 9�*�� .XGLQRY� 9�0�� )DGHHQNR� <X�,� ������
([SORVLRQ WUHDWPHQW RI ZHOGHG MRLQWV RQ PHWDO VWUXFWXUHV�
0RVFRZ� 0HWDOOXUJL\D�

)LJXUH �� 6WUXFWXUH RI VKRFN ZDYHV LQ D ORDGHG VROLG XVLQJ D QDUURZ
VWULS H[SORVLYH FKDUJH
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/�,� 0$5.$6+29$� (�1� %(5'1,.29$ DQG ,�,� .+20876.$<$

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

5HVXOWV RI LQYHVWLJDWLRQV RI VSHFLILFV RI SURFHVVHV RI VWUXFWXUH DQG SKDVH IRUPDWLRQ LQ MRLQWV RI GLVVLPLODU PHWDOV ZLWK D

OLPLWHG PXWXDO VROXELOLW\ �6W�� � DOXPLQLXP�� PDGH E\ SUHVVXUH ZHOGLQJ XVLQJ GLIIHUHQW WHPSHUDWXUH FRQGLWLRQV RI

ZHOGLQJ GHIRUPDWLRQ �FRQYHQWLRQDO DQG LQHUWLD IULFWLRQ ZHOGLQJ DQG H[SORVLRQ ZHOGLQJ� DUH SUHVHQWHG�

.H\ ZRU G V � IULFWLRQ ZHOGLQJ� H[SORVLRQ ZHOGLQJ� VWHHO�
DOXPLQLXP MRLQWV� VWUXFWXUDO SDUDPHWHUV� VWUHQJWKHQLQJ� PH�

FKDQLFDO SURSHUWLHV� SKDVH SUHFLSLWDWLRQV� GLVORFDWLRQV

$PRQJ WKH QHZ VWUXFWXUDO PDWHULDOV ZLWK VSHFLDO

SK\VLFDO�FKHPLFDO DQG VHUYLFH SURSHUWLHV DQ LPSRUWDQW

SODFH LV RFFXSLHG E\ MRLQWV RI GLIILFXOW�WR�ZHOG GLV�

VLPLODU PDWHULDOV FKDUDFWHUL]HG E\ D OLPLWHG PXWXDO

VROXELOLW\� ZKRVH PDMRU SDUW LV ZHOGHG XVLQJ GLIIHUHQW

PHWKRGV RI SUHVVXUH ZHOGLQJ� +RZHYHU� WKH MRLQWV RI

WKLV W\SH DUH W\SLFDO RI LQVWDELOLW\ RI PHFKDQLFDO SUR�

SHUWLHV� 7R FODULI\ WKH UHDVRQV� WKH PRUH FRPSUHKHQ�

VLYH LQYHVWLJDWLRQV RI GHSHQGHQFH RI D G\QDPLFV RI

VWUXFWXUH�SKDVH VWDWH RI PHWDO LQ WKH ]RQH RI ZHOGLQJ

RQ WHFKQRORJLFDO SDUDPHWHUV� DQG DOVR D PRUH GHWDLOHG

DQDO\VLV RI LQWHUUHODWLRQ RI VWUXFWXUH VWDWH RI MRLQWV

DQG FKDQJHV LQ WKHLU PHFKDQLFDO FKDUDFWHULVWLFV DUH

UHTXLUHG�

7KH XVH RI WKH LQWHJUDWHG SURFHGXUH RI LQYHVWLJD�

WLRQV� LQFOXGLQJ WKH TXDQWLWDWLYH RSWLFDO PHWDOORJUD�

SK\� DQDO\WLFDO VFDQQLQJ DQG WUDQVPLVVLRQ HOHFWURQ

PLFURVFRS\� FRXOG JLYH D FOHDU LGHD RI VWUXFWXUH DQG

SKDVH FRPSRVLWLRQ RI PHWDOV ZHOGHG LQ DOO WKH ]RQHV

RI WKH MRLQW LQFOXGLQJ WKH LQWHUIDFH� 2Q WKLV EDVLV� D

PHWKRGRORJLFDO DSSURDFK ZDV GHYHORSHG WR D TXDQWL�

WDWLYH HYDOXDWLRQ RI HIIHFW RI GHILQLWH VWUXFWXUH SD�

UDPHWHUV RI PHWDOV ZHOGHG �FKHPLFDO FRPSRVLWLRQ� VL]H

RI JUDLQ DQG VXEJUDLQ� GHQVLW\ RI GLVORFDWLRQV� VL]H�

PRUSKRORJ\ DQG QDWXUH RI GLVWULEXWLRQ RI SKDVH IRU�

PDWLRQV� HWF�� RQ FKDQJHV LQ PHFKDQLFDO FKDUDF�

WHULVWLFV RI GLVVLPLODU ZHOGHG MRLQWV LQ WKH UHJLRQ OR�

FDWHG DORQJ D ORFDO ]RQH RI FRQWDFW�

7KLV HYDOXDWLRQ RQ WKH H[DPSOH RI FKDQJLQJ WKH

\LHOG VWUHQJWK ∆σ\ ZDV JLYHQ HDUOLHU LQ >�@ IRU 6W�� �

DOXPLQLXP MRLQWV PDGH E\ FRQYHQWLRQDO DQG LQHUWLD

IULFWLRQ ZHOGLQJ� FKDUDFWHUL]LQJ E\ GLIIHUHQW WHPSHUD�
WXUH RI ZHOGLQJ GHIRUPDWLRQ�

,Q WKH SUHVHQW ZRUN ZH VKDOO GZHOO PRUH LQ GHWDLO

RQ WKH FDXVHV RI FKDQJHV LQ VWUHQJWK SURSHUWLHV� DQG

DOVR RQ WKH VWXG\ RI D SULQFLSOH RI DQ DQDO\WLFDO HYDOX�

DWLRQ RI FKDQJHV LQ \LHOG VWUHQJWK GHSHQGLQJ RQ VWUXF�

WXUH SDUDPHWHUV RI D WUDQVLWLRQ ]RQH RI GLVVLPLODU MRLQWV

PDGH E\ IULFWLRQ ZHOGLQJ �LQHUWLD DQG FRQYHQWLRQDO�

DQG H[SORVLRQ ZHOGLQJ�

)LJXUHV �w� VKRZ WKH FKDQJHV LQ VWUXFWXUHV LQ WKH

]RQH RI FRQWDFW RI 6W�� � DOXPLQLXP MRLQWV� PDGH E\

WKH FRQYHQWLRQDO DQG LQHUWLD IULFWLRQ ZHOGLQJ� DV ZHOO

DV WKHLU FRQWULEXWLRQ WR WKH VWUHQJWKHQLQJ σ\�

7KXV� WKH VWUHQJWKHQLQJ LQ MRLQWV SURGXFHG E\ WKH
LQHUWLD IULFWLRQ ZHOGLQJ IURP WKH VWHHO VLGH LV SURYLGHG

PDLQO\ E\ LQFUHDVLQJ D WRWDO GHQVLW\ RI GLVORFDWLRQV

� /�,� 0$5.$6+29$� (�1� %(5'1,.29$ DQG ,�,� .+20876.$<$� ����

)LJXUH �� &KDQJH LQ VL]HV RI VXEJUDLQ G6* DQG GHQVLW\ RI GLVORFDWLRQV ρ LQ WKH ]RQH RI FRQWDFW RI 6W�� � DOXPLQLXP MRLQWV� PDGH E\
IULFWLRQ ZHOGLQJ �O,) x GLVWDQFH IURP LQWHUIDFH�
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�≈ �� � RI FRQWULEXWLRQ�� DQG DOVR E\ UHILQLQJ RI D
JUDLQ VWUXFWXUH DQG VXEVWUXFWXUH �≈ �� � RI WRWDO FRQ�
WULEXWLRQ�� +HUH� LQ DOXPLQLXP �VRIWHU PHWDO DV FRP�
SDUHG ZLWK VWHHO� D VLJQLILFDQW LQFUHDVH LQ YDOXH RI
\LHOG VWUHQJWK GXH WR IRUPDWLRQ RI WKH QHZ GLVSHUVHG
LQWHUPHWDOOLF SKDVHV �DERXW �� ��� DQG DOVR LQFUHDVH
LQ GHQVLW\ RI GLVORFDWLRQV �DERXW �� �� LV REVHUYHG
GLUHFWO\ LQ WKH FRQWDFW ]RQH�

7KH TXDQWLWDWLYH HYDOXDWLRQ RI VWUHQJWKHQLQJ �LQ�
FUHPHQW RI \LHOG VWUHQJWK� VWLSXODWHG E\ WKH FRQWUL�
EXWLRQ RI HDFK RI VWUXFWXUH SDUDPHWHUV� ZDV PDGH DV
IROORZV� 7KH \LHOG VWUHQJWK RI WKH PDWHULDOV ZHOGHG
ZDV FRQVLGHUHG DV D VXP RI WKH IROORZLQJ FRPSRQHQWV
>�@�

• ODWWLFH IULFWLRQ UHVLVWDQFH σ� �σ�  �⋅��w�*� 03D�
ZKHUH * LV WKH VKHDU PRGXOXV� HTXDO IRU DOXPLQLXP
WR ������ IRU VWHHO x ����� 03D >�@�

• VWUHQJWKHQLQJ RI VROLG VROXWLRQ ZLWK DOOR\LQJ HOH�
PHQWV ∆σ66 �∆σ66  ΣNL&L� 03D� ZKHUH NL LV WKH FR�
HIILFLHQW RI VWUHQJWKHQLQJ >�@� &L LV WKH FRQFHQWUDWLRQ
RI DOOR\LQJ HOHPHQW LQ VROLG VROXWLRQ��

• VWUHQJWKHQLQJ DW WKH H[SHQVH RI D SHDUOLWLF FRP�
SRQHQW ∆σS �∆σS  ���3� 03D� ZKHUH 3 LV WKH FRQWHQW
RI D SHDUOLWLF FRPSRQHQW� YRO����

• VWUHQJWKHQLQJ DW WKH H[SHQVH RI FKDQJLQJ LQ VL]HV
RI JUDLQ ∆σJ DQG VXEJUDLQ ∆σ6*� HYDOXDWHG E\ WKH

NQRZQ UHODWLRQVKLS RI +DOOw3HWFK �∆σJ  N\'J
w����

∆σ6*  NFG6*
w� � 03$� ZKHUH NF DQG N\ DUH WKH FRHIIL�

FLHQWV DFFRXQWLQJ IRU D EDUULHU HIIHFW RI VXEERXQGDULHV
DQG ERXQGDULHV >�� �w�@�'J� G6* DUH WKH VL]HV RI JUDLQ
DQG VXEJUDLQ� UHVSHFWLYHO\��

• GLVORFDWLRQ VWUHQJWKHQLQJ ∆σG �∆σG  α*Eρ���
�

03D� ZKHUH α LV WKH FRHIILFLHQW� HTXDO WR ��� IRU DOX�
PLQLXP DQG ��� IRU VWHHO >�w��@� E LV WKH %XUJHUsV YHFWRU
HTXDO WR ���⋅��w� PP IRU DOXPLQLXP DQG ���⋅��w� PP
IRU VWHHO >�� ��@�

• GLVSHUVLRQ VWUHQJWKHQLQJ ZLWK SDUWLFOHV RI IRUP�
LQJ SKDVH SUHFLSLWDWLRQV� FDOFXODWHG E\ WKH 2URZDQsV

UHODWLRQVKLS ∆σSDUW �∆σSDUW  ����
*E

�π ϕ OQ
O�U
�E

�
O w �U

�

03D� ZKHUH ϕ LV WKH FRHIILFLHQW FKDUDFWHUL]LQJ WKH
W\SH RI GLVORFDWLRQV LQWHUDFWLQJ ZLWK SDUWLFOHV >���
��@� U LV WKH UDGLXV RI SDUWLFOHV� O LV WKH GLVWDQFH EH�
WZHHQ WKH SDUWLFOHV�� 7KLV UHVXOWLQJ LQ

σ\  σ� � ∆σ66 � ∆σJ � ∆σS � ∆σ6* � ∆σG � ∆σSDUW�

7KH H[DPLQDWLRQ RI VWUXFWXUH LQ WKH ]RQH RI ZHOG�
LQJ DQG HYDOXDWLRQ RI FKDQJH LQ SURSHUWLHV ZHUH DOVR
PDGH RQ WKH MRLQWV RI D VLPLODU SDLU RI PHWDOV �DOX�
PLQLXP ZLWK VWHHO�� PDGH E\ WKH H[SORVLRQ ZHOGLQJ�

&KDQJHV LQ VWUXFWXUH SDUDPHWHUV� LQFOXGLQJ LQWHU�
PHWDOOLF SKDVHV �WKHLU VL]HV� GHQVLW\ RI GLVWULEXWLRQ��
IRU WKH PHQWLRQHG W\SH RI WKH MRLQW DUH VKRZQ LQ )L�
JXUH �� D� 5HVXOWV RI FDOFXODWLRQV RI FRQWULEXWLRQ RI
HDFK RI WKH VWUXFWXUH SDUDPHWHUV WR WKH FKDQJH LQ
VWUHQJWK FKDUDFWHULVWLFV LQ GLIIHUHQW ]RQHV RI ZHOGLQJ
DUH JLYHQ LQ )LJXUH �� E� DQG D YHFWRU GLDJUDP �)L�

)LJXUH �� &RQWULEXWLRQ RI VWUXFWXUDO SDUDPHWHUV G6* �U� DQG ρ
�Q� WR VWUHQJWKHQLQJ LQ WKH ]RQH RI FRQWDFW RI 6W�� � DOXPLQLXP
MRLQWV PDGH E\ IULFWLRQ ZHOGLQJ� D� E x FRQYHQWLRQDO� F� G x
LQHUWLD ZHOGLQJ

)LJXUH �� &KDQJH LQ VL]HV RI LQQHU�YROXPH GLVSHUVHG SDUWLFOHV RI SKDVH SUHFLSLWDWLRQV LQ DOXPLQLXP GSDUW DQG GLVWDQFH EHWZHHQ WKHP OSDUW
LQ WKH ]RQH RI FRQWDFW RI 6W�� � DOXPLQLXP MRLQWV PDGH E\ FRQYHQWLRQDO ZHOGLQJ �D�� DQG DOVR FRQWULEXWLRQ RI WKHVH SDUDPHWHUV WR D
WRWDO VWUHQJWKHQLQJ LQ LQHUWLD ZHOGLQJ �E�
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JXUH �� F� UHIOHFWV WKH WRWDO VWUHQJWKHQLQJ� 7KH 7DEOH
VKRZV UHVXOWV RI FDOFXODWLRQ RI FRQWULEXWLRQ RI HDFK
RI VWUXFWXUH SDUDPHWHUV WR WKH VWUHQJWKHQLQJ RI PHWDO
RI GLIIHUHQW ]RQHV RI WKH ZHOGHG 6W�� � DOXPLQLXP
MRLQW LQ H[SORVLRQ ZHOGLQJ�

$QDO\VLV RI H[SHULPHQWDO DQG FDOFXODWHG GDWD
VKRZHG WKDW LQ H[SORVLRQ ZHOGLQJ WKHUH LV QR JUDGLHQW
RI PHFKDQLFDO SURSHUWLHV GLUHFWO\ DORQJ WKH LQWHUIDFH
ZKLFK LV REVHUYHG XVXDOO\ LQ ZHOGLQJ GLVVLPLODU PH�
WDOV� 0RUHRYHU� WKH WRWDO LQFUHDVH LQ VWUHQJWK SURSHU�

WLHV RFFXUV ERWK IURP WKH VWHHO VLGH DQG DOVR IURP WKH
DOXPLQLXP VLGH� ZKLFK LV PDQLIHVWHG PRUH FOHDUO\�

,W VKRXOG EH QRWHG WKDW WKH LQFUHDVH LQ VWUHQJWK RI
WKH ZHOGHG MRLQW IURP WKH VWHHO VLGH LV SURYLGHG PDLQO\
GXH WR WKH LQFUHDVH LQ D WRWDO GHQVLW\ RI GLVORFDWLRQV
DQG UHILQLQJ RI WKH JUDLQ VWUXFWXUH DQG VXEVWUXFWXUH
�)LJXUH �� D� F�� )URP WKH DOXPLQLXP VLGH D VLJQLILFDQW
LQFUHDVH LQ \LHOG VWUHQJWK LQ WKH FRQWDFW ]RQH RFFXUV
PDLQO\ GXH WR WKH IRUPDWLRQ RI GLVSHUVHG QHZ SKDVHV�
GLVWULEXWHG LQ YROXPHV RI JUDLQV �)LJXUH �� H� DQG
DOVR UHILQLQJ RI VXEVWUXFWXUH �)LJXUH �� E� G�� 7KXV�
LW FDQ EH FRQFOXGHG E\ DQDO\]LQJ WKH G\QDPLFV RI
FKDQJLQJ SURSHUWLHV RI HDFK RI PDWHULDOV ZHOGHG LQ
WKH ]RQH RI ZHOGLQJ WKDW WKH PDLQ FRQWULEXWLRQ LQWR
WKH VWUHQJWKHQLQJ RI WKH ZHOGHG MRLQW IURP WKH DOX�
PLQLXP VLGH �ZLWK UHVSHFW WR VWUHQJWK RI WKH SDUHQW
PHWDO� LV PDGH E\ UHILQLQJ RI JUDLQ DQG VXEJUDLQ VWUXF�
WXUHV� L�H� �� 03D ����� �� DQG ��� 03D ������ ���
UHVSHFWLYHO\� IRUPDWLRQ RI WKH QHZ GLVSHUVHG LQWHUPH�
WDOOLF SKDVHV� L�H� ��� 03D ������ � � DQG DOVR LQFUHDVH
LQ GHQVLW\ RI GLVORFDWLRQV� L�H �� 03D ����� ��� 7KH
WRWDO VWUHQJWKHQLQJ LQ WKLV� DV D UXOH� ZHDNHQHG ]RQH RI
WKHZHOGHG MRLQW LV ���03D� WKDW DSSUR[LPDWHO\ � WLPHV
H[FHHGV WKH VWUHQJWK RI DV�LQLWLDO DOXPLQLXP�

,W LV LPSRUWDQW WR RXWOLQH DJDLQ WKH UROH RI WKH QHZ
SKDVH IRUPDWLRQV LQ WKH FKDQJH RI SURSHUWLHV GLUHFWO\
LQ WKH ]RQH RI LQWHUDFWLRQ IURP WKH VLGH RI WKH OHDVW
VWURQJ PHWDO �DOXPLQLXP LQ WKLV FDVH�� $V ZDV VKRZQ
HDUOLHU� WKH SDUWLFOHV RI SKDVH SUHFLSLWDWLRQV� GLVSHUVHG
DQG XQLIRUPO\ GLVWULEXWHG LQ LQQHU YROXPHV RI WKH
DOXPLQLXP JUDLQV �)LJXUH �� H�� KDYH D WHUQDU\ HIIHFW
RQ WKH VWUHQJWKHQLQJ QDWXUH� )LUVWO\� SDUWLFOHV SUR�
PRWH WKH IRUPDWLRQ RI D ILQH�JUDLQ VWUXFWXUH� DQG WKH
HIIHFW RI SKDVH SUHFLSLWDWLRQV RQ LQFUHPHQW RI \LHOG
VWUHQJWK LQ WKLV FDVH LV UHDOL]HG E\ WKH NQRZQ PHFKD�
QLVP RI +DOOw3HWFK >�� �@� VHFRQGO\� LW LV D EDUULHU
LQIOXHQFH RI IRUPLQJ SDUWLFOHV LQ WKH ]RQH RI ZHOGLQJ
WKDW SUHVHUYHV D KLJK OHYHO RI GHQVLW\ RI GLVORFDWLRQV
WKDW LV UHIOHFWHG LQ WKH LQFUHDVH RI D FRPSRQHQW RI
GLVORFDWLRQ VWUHQJWKHQLQJ >�� ��@� WKLUGO\� WKH
VWUHQJWKHQLQJ LV SURYLGHG E\ WKH SDUWLFOHV SURSHU�
ZKRVH HIIHFW LV GHWHUPLQHG XVXDOO\ E\ WKH NQRZQ UH�
ODWLRQVKLS RI 2URZDQ >��� ��@�

&DOFXODWHG HYDOXDWHG RI \LHOG VWUHQJWK �03D� RI PHWDO UHJLRQV RI ZHOGHG MRLQWV DW GLIIHUHQW GLVWDQFH IURP LQWHUIDFH

0HFKDQLVP RI VWUHQJWKHQLQJ

'LVWDQFH IURP LQWHUIDFH� µP

$OXPLQLXP 6W��

���� ��� ��� �� � � �� ��� ��� ����

)ULFWLRQ VWUHVV RI ODWWLFH � � � � � �� �� �� �� ��

6ROLG�VROXWLRQ � � � � �� �� �� �� �� ��

6XEJUDLQ �� �� �� ��� ��� ��� ��� �� �� ��

*UDLQ�ERXQGDU\ �� �� �� �� �� ��� ��� ��� ��� ���

'LVORFDWLRQ � � � �� �� ��� ��� �� �� ��

'LVSHUVLRQ w �� ��� ��� ��� w w w w w

6WUXFWXUDO �SHDUOLWH IRUPDWLRQ� w w w w w �� �� �� �� ��

7RWDO �FDOFXODWHG� VWUHQJWKHQLQJ� 03D ��� ��� ��� ��� ��� ��� ��� ��� ��� ���

)LJXUH �� &KDQJH LQ VWUXFWXUH DQG VWUHQJWK SURSHUWLHV LQ 6W�� �
DOXPLQLXP MRLQWV PDGH E\ H[SORVLRQ ZHOGLQJ DW GLIIHUHQW GLVWDQFH
IURP LQWHUIDFH O,)� D x GLVWULEXWLRQ RI PDLQ VWUXFWXUDO SDUDPHWHUV
RI ZHOGLQJ ]RQH �� x 'J� � x G6*� � x ρ� � x OSDUW� � x GSDUW��
Ex FRQWULEXWLRQ RI VHSDUDWH VWUXFWXUDO SDUDPHWHUV LQ VWUHQJWKHQLQJ
RI GLIIHUHQW ]RQHV RI WKH MRLQW� F x WRWDO VWUHQJWKHQLQJ VWLSXODWHG
E\ WKH VWUXFWXUH RI WKH ZHOGHG MRLQW PHWDO
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7KXV� DW FHUWDLQ ZHOGLQJ FRQGLWLRQV� DSSURSULDWH
WHPSHUDWXUH LQWHUYDOV RI SRO\JRQL]DWLRQ �WKLV LV RE�
VHUYHG ERWK LQ WKH FRQGLWLRQV RI LQHUWLD IULFWLRQ ZHOG�
LQJ DQG H[SORVLRQ ZHOGLQJ� WKH IRUPDWLRQ RI WKH GLV�
SHUVHG QHZ SKDVHV XQLIRUPO\ GLVWULEXWHG LQ LQQHU YR�
OXPHV RI JUDLQV LQ WKH WUDQVLWLRQ ]RQH RI D OHVV VWURQJ
PHWDO �DOXPLQLXP� IURP WKH SDLU ZHOGHG OHDGV WR D
PRUH JUDGXDO FKDQJH LQ PHFKDQLFDO SURSHUWLHV LQ WKH
]RQH RI FRQWDFW RI GLVVLPLODU PHWDOV �IURP VWURQJHU WR
OHVV VWURQJ PHWDO�� 7KLV LV SURYLGHG E\ D VLJQLILFDQW
VWUHQJWKHQLQJ RI WKH ZHOGHG MRLQW IURP WKH VLGH RI
DOXPLQLXP �VHH )LJXUH �� F�� DV WKH DOXPLQLXP UHS�
UHVHQWV DQ DOPRVW QHZ PHWDO E\ VWUXFWXUH�SKDVH VWDWH�
ZKLFK GLIIHUV JUHDWO\ IURP WKH LQLWLDO DOXPLQLXP�
6WUXFWXUH RI WKLV� TXLWH QHZ DOXPLQLXP� VDWXUDWHG
ZLWK GLVSHUVHG SDUWLFOHV RI SKDVH SUHFLSLWDWLRQV� LV
VLPLODU WR WKH VWUXFWXUH RI FRPSRVLWH�

&21&/86,216

�� 7KH RSWLPXP VWUXFWXUH�SKDVH VWDWH RI PHWDO RI WKH
FRQWDFW ]RQH IRU WKH FRQGLWLRQV RI ZHOGLQJ GLVVLPLODU
PHWDOV� FKDUDFWHUL]HG E\ D OLPLWHG PXWXDO VROXELOLW\�
LV IRUPHG DW GHILQLWH �OLPLWHG� WHPSHUDWXUH FRQGLWLRQV
RI ZHOGLQJ� 7KLV UDQJH RI WHPSHUDWXUHV FRUUHVSRQGV
WR WHPSHUDWXUH LQWHUYDOV RI SRO\JRQL]DWLRQ DQG SUR�
YLGHG E\ FRQGLWLRQV RI WKH LQHUWLD IULFWLRQ ZHOGLQJ�

�� )RU RSWLPXP VWUXFWXUH RI WKH PRVW VRIW PDWHULDO
�DOXPLQLXP� RI PHWDOV ZHOGHG DW WKH WHPSHUDWXUH FRU�
UHVSRQGLQJ WR WKH LQWHUYDO RI SRO\JRQL]DWLRQ� WKH IRU�
PDWLRQ RI D VSHFLILF VWUXFWXUH VWDWH RI D TXDVL�FRPSR�
VLWH W\SH LV FKDUDFWHULVWLF� IRU ZKLFK WKH IRUPDWLRQ RI
GLVSHUVHG LQWHUPHWDOOLF SKDVHV WKDW SURPRWH UHILQLQJ

RI VWUXFWXUH DQG LQFUHDVH LQ D WRWDO GHQVLW\ RI GLVOR�
FDWLRQ LV W\SLFDO�

�� 7KH IRUPLQJ VWUXFWXUH RI D TXDVL�FRPSRVLWH UH�
VXOWV LQ D VLJQLILFDQW �XS WR ���w��� 03D� VWUHQJWKH�
QLQJ RI DOXPLQLXP LQ WKH FRQWDFW ]RQH GXH WR WKH
GLVSHUVLRQ VWUHQJWKHQLQJ ZLWK SDUWLFOHV RI IRUPLQJ
SKDVH SUHFLSLWDWLRQV� DQG DOVR GLVORFDWLRQ� JUDLQ�
ERXQGDU\ DQG VXEJUDLQ VWUHQJWKHQLQJ� 7KLV PDNHV LW
SRVVLEOH WR OHYHO DQ DEUXSW JUDGLHQW RI SURSHUWLHV
�PRUH WKDQ ��� 03D� REVHUYHG GLUHFWO\ LQ WKH ]RQH
RI FRQWDFW RI 6W�� � DOXPLQLXP ZHOGHG MRLQWV�

�� 0DUNDVKRYD� /�,�� *ULJRUHQNR� *�0�� $UVHQ\XN� 9�9� HW DO�
������ 2Q UHODWLRQVKLS EHWZHHQ VWUXFWXUH DQG SURSHUWLHV RI
VWHHO�DOXPLQLXP MRLQWV SURGXFHG E\ IULFWLRQ ZHOGLQJ� $YWR�
PDWLFK� 6YDUND� �� �w���

�� 6X]XNL� +� ������ 2Q \LHOG VWUHVV RI SRO\FU\VWDOOLQH PHWDOV
DQG DOOR\V� ,Q� 6WUXFWXUH DQG PHFKDQLFDO SURSHUWLHV RI PH�
WDOV� 0RVFRZ� 0HWDOOXUJL\D�

�� $VKE\� 0�)� ������ 2Q 2URZDQ VWUHVV� ,Q� 3K\VLFV RI
VWUHQJWK DQG SODVWLFLW\� 0RVFRZ� 0HWDOOXUJLD�

�� *ROGVKWHMQ� 0�,�� /LWYLQRY� 9�6�� %URQILQ� %�0� ������ 0H�
WDOORSK\VLFV RI KLJK�VWUHQJWK DOOR\V� 0RVFRZ� 0HWDOOXUJL\D�

�� .RQUDG� *� ������ 0RGHO RI VWUDLQ KDUGHQLQJ WR H[SODLQ LQ�
IOXHQFH RI JUDLQ VL]H RQ IORZ PHWDOV VWUHVV� ,Q� 8OWUDILQH
JUDLQ LQ PHWDOV� 0RVFRZ� 0HWDOOXUJL\D�

�� $UPVWURQJ� 5�9� ������ 6WUHQJWK SURSHUWLHV RI XOWUDILQH
JUDLQ PHWDOV� ,ELG�

�� 3HWFK� 1�-� ������ 7KH FOHDYDJH VWUHQJWK RI SRO\FU\VWDOOLQH�
-� ,URQ DQG 6WHHO ,QVW�� �� ��w���

�� ,WRK� <�� 6KLQGRK� 7�� 6DLWRK� 0� HW DO� ������ &KDUDF�
WHULVWLFV RI EHKDYLRXU RI GLIIXVLRQ LQ WKH WUDQVLWLRQ ]RQH RI D
FRSSHU DOXPLQLXP MRLQW GXULQJ IULFWLRQ ZHOGLQJ� 7UDQVDFW�
-DS� 6RF� 0HFK� (QJ� $�� ���� ���w����

�� 2URZDQ� (� ������ 'LVORFDWLRQ LQ PHWDOV� 1HZ <RUN�
$,0(�

��� $VKE\� 0�)� ������ 0HFKDQLVPV RI GHIRUPDWLRQ DQG IUDF�
WXUH� $GY� $SSO� 0HFK�� ��� ���w����

��� .HOO\� $�� 1LFNROVRQ� 5� ������ 'LVSHUVLRQ KDUGHQLQJ� 0RV�
FRZ� 0HWDOOXUJL\D�

��� (EHOOLQJ� 5�� $VKE\� 0�)� ������ <LHOGLQJ DQG IORZ RI WZR
SKDVH FRSSHU DOOR\V� 3KLO� 0DJ�� �� ���w����

)LJXUH �� )LQH VWUXFWXUH RI SKDVH IRUPDWLRQ LQ 6W�� � DOXPLQLXP MRLQWV LQ WKH FRQGLWLRQV RI H[SORVLRQ ZHOGLQJ� D� E x SDUHQW PHWDO
6W�� DQG DOXPLQLXP� UHVSHFWLYHO\ �×������� F� G x UHILQLQJ RI JUDLQ DQG VXEJUDLQ VWUXFWXUHV LQ WKH ]RQH RI FRQWDFW� UHVSHFWLYHO\� IURP
WKH VWHHO VLGH �F� �×������ DQG DOXPLQLXP �G� �×������� H x LQWUDYROXPH GLVWULEXWLRQ RI SKDVHV LQ DOXPLQLXP �×������
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�
7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

�
*�9� .XUG\XPRY ,QVWLWXWH RI 0HWDO 3K\VLFV� 1$68� .\LY� 8NUDLQH

)XVLELOLW\ FXUYHV DQG VWUXFWXUDO SHFXOLDULWLHV RI DOOR\V RI WKH 6Qw=Qw1L V\VWHPV LQ D UDQJH RI 6Q�ULFK FRPSRVLWLRQV ZHUH

VWXGLHG XVLQJ GLIIHUHQWLDO WKHUPDO DQDO\VLV� 7KH UHVXOWLQJ GDWD FDQ EH HPSOR\HG IRU GHYHORSPHQW RI FRPPHUFLDO 3E�IUHH

VROGHUV IRU VROGHULQJ SDUWV XVHG LQ UDGLR HOHFWURQLFV�

.H\ ZRU G V � OHDG�IUHH VROGHU� DOOR\ RI WKH 6Q�=Q�%L V\V�
WHP� IXVLELOLW\ FXUYH� PLFURVWUXFWXUH� HOHFWURQLFV

$OOR\V RI WKH 6Qw3E V\VWHP DUH WKH EDVLF W\SH RI
VROGHUV XVHG LQ HOHFWURQLFV� /HDG LV NQRZQ WR EH D

WR[LF HOHPHQW� 2QH RI WKH PRVW LPSRUWDQW WDVNV RI

PRGHUQ UDGLR HOHFWURQLFV LV WR PDNH HQYLURQPHQWDOO\

FOHDQ 3E�IUHH VROGHUV� 7KLV WDVN LV GLIILFXOW� EHFDXVH

LW LV QHFHVVDU\ WR WDNH LQWR DFFRXQW D XQLTXH SK\VLFDO

QDWXUH RI VROGHUV RI WKH 6Qw3E V\VWHP DQG D ZLGH

ILHOG RI WKHLU DSSOLFDWLRQ�
$V HYLGHQFHG E\ OLWHUDWXUH GDWD� RZLQJ WR FORVH

PHOWLQJ WHPSHUDWXUHV� DOOR\V RI WKH 6Qw=Qw%L V\VWHP

FDQ VXFFHVVIXOO\ VXEVWLWXWH IRU WKH 6Qw3E V\VWHP VRO�

GHUV ZLGHO\ DSSOLHG LQ HOHFWURQLFV�

2QH VWXG\ RQ DOOR\V RI WKH 6Qw=Qw%L V\VWHP LV
NQRZQ IURP WKH ERRN �&RQVWLWXWLRQDO 'LDJUDPV RI
0HWDO 6\VWHPV� >�@� ZKLFK SURYLGHV WKH PRVW FRP�

SUHKHQVLYH LQIRUPDWLRQ RQ WKH VXEMHFW� 7KLV VWXG\ SUH�

VHQWV FDOFXODWLRQ OLQHV IRU WKH OLTXLGXV VXUIDFH� 7KH

OLTXLG WHPSHUDWXUHV UDQJH DSSUR[LPDWHO\ IURP ��� WR
��� �&�

7KH 06, GDWDEDVH RQ WKH FRQVWLWXWLRQDO GLDJUDPV

E\ ���� KDG LQFOXGHG �� SXEOLFDWLRQV RQ LQYHVWLJD�
WLRQV RI DOOR\V RI WKH 6Qw=Qw%L V\VWHP� LQFOXGLQJ

WKRVH DGGLWLRQDOO\ DOOR\HG ZLWK FDGPLXP� LQGLXP DQG

OHDG� 8QIRUWXQDWHO\� QRZ WKH DFFHVV WR D PRUH FRP�

SUHKHQVLYH LQIRUPDWLRQ RQ WKH VXEMHFW LV GLIILFXOW�

7KH SXUSRVH RI WKLV VWXG\ ZDV WR H[SHULPHQWDOO\
LQYHVWLJDWH WKH IXVLELOLW\ FXUYHV DQG VWUXFWXUDO SHFX�

OLDULWLHV RI DOOR\V RI WKH JLYHQ V\VWHP DV WKH PRVW
LPSRUWDQW FKDUDFWHULVWLFV UHTXLUHG IRU GHYHORSPHQW RI

VROGHUV�

3RO\WKHUPDO SURILOHV RI WKH FRQVWLWXWLRQDO GLD�
JUDPV RI DOOR\V ZLWK D FRQVWDQW ]LQF FRQWHQW RI � DQG

� � �6Qw�=Qw���%L� 6Qw�=Qw���%L� DQG ELVPXWK FRQ�

WHQW RI � � �6Qw�%Lw���=Q� ZHUH FRQVLGHUHG LQ D UDQJH

RI FRPSRVLWLRQV ULFK LQ WLQ�

7KH FKDUJH FRPSRVLWLRQV RI WKH DOOR\V DUH VKRZQ
LQ WKH 7DEOH� 7KHVH DOOR\V ZHUH PHOWHG LQ DUJRQ LQ D

IXUQDFH ZLWK LQGXFWLRQ KHDWLQJ XVLQJ DOXQGXP FUXFL�

� 9�)� .+258129� 9�,� 6+9(76� 7�*� 7$5$129$ DQG *�)� .2%=(1.2� ����

3KDVH WUDQVLWLRQ WHPSHUDWXUH RI DOOR\V RI WKH 6Qw=Qw%L V\VWHP

$OOR\

VHULHV

1R�

$OOR\

1R�

$OOR\

FRPSRVLWLRQ
7E

HX
�
Ì
¯ 7H

HX
�
Ì
¯ 7H

DO
�
Ì
¯

, �� 6Qw�=Q ��� ��� w

� 6Qw�=Qw�%L ��� ��� w

� 6Qw�=Qw�%L ��� ��� w

� 6Qw�=Qw��%L ��� ��� w

� 6Qw�=Qw��%L ��� ��� w

,, � 6Qw�=Q ���


���


w

� 6Qw�=Qw�%L ��� ��� �����

� 6Qw�=Qw�%L ��� ��� �����

� 6Qw�=Qw�%L ��� ��� �����

� 6Qw�=Qw�%L ��� ��� �����

�� 6Qw�=Qw��%L ��� ��� �����

�� 6Qw�=Qw��%L ��� ��� �����

,,, �� 6Qw�%L ���


���


w

� 6Qw�%Lw�=Q ��� ��� �����

�� 6Qw�%Lw�=Q ��� ��� �����

�� 6Qw�%Lw�=Q ��� ��� �����

1R W H V � 7E

H X
DQG 7H

H X
DUH WKH WHPSHUDWXUHV RI WKH EHJLQQLQJ DQG HQG

RI PHOWLQJ RI HXWHFWLF� UHVSHFWLYHO\� 7
H

DO

LV WKH WHPSHUDWXUH RI WKH

HQG RI PHOWLQJ RI DQ DOOR\� WKH DVWHULVN PDUNV WKH WHPSHUDWXUH RI

WKH EHJLQQLQJ DQG HQG RI VROLGLILFDWLRQ RI VROLG VROXWLRQ�
)LJXUH �� 3RVLWLRQ RI ILJXUDWLYH SRLQWV ��w��� RI DOOR\V EHLQJ DQD�
O\VHG RQ D SODQH RI WKH FRQFHQWUDWLRQ WULDQJOH
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EOHV� 7KH VRXUFH PDWHULDOV ZHUH WLQ 29&K����� ELV�
PXWK 9X� DQG ]LQF 7V9&K� $ WRWDO QXPEHU RI DOOR\V
PHOWHG ZDV �� �)LJXUH ���

%LQDU\ PHWDO V\VWHPV KDYH EHHQ VWXGLHG LQ GHWDLO
XS WR QRZ� ,W LV NQRZQ WKDW WLQ FRPELQHV ZLWK ]LQF
DQG ELVPXWK WR IRUP HXWHFWLF V\VWHPV RI WZR OLPLWHG
VROLG VROXWLRQV ZLWK WKH HXWHFWLF SRLQW DW D WLQ FRQWHQW
RI DERXW � DQG �� � DQG WHPSHUDWXUH RI ��� DQG
��� �&� UHVSHFWLYHO\ >�@�

$V IROORZV IURP WKH FRQVWLWXWLRQDO GLDJUDP RI WKH
%Lw=Q V\VWHP� HXWHFWLF LV IRUPHG EHWZHHQ D VROLG VR�
OXWLRQ RI ]LQF LQ ELVPXWK DQG ]LQF LQ D UDQJH RI DOOR\V
ULFK LQ ELVPXWK >�@� +HUH WKH HXWHFWLF SRLQW FRUUH�
VSRQGV WR D ]LQF FRQWHQW RI ��� ZW�� DQG WHPSHUDWXUH
RI ����� �&� =LQF DQG ELVPXWK KDYH D OLPLWHG VROXELOLW\
QRW RQO\ LQ VROLG EXW DOVR LQ OLTXLG VWDWH� DQG DW ��� �&
WKH\ IRUP D V\VWHP ZLWK D PRQRWHFWLF HTXLOLEULXP DQG
D PRQRWHFWLF SRLQW FRUUHVSRQGLQJ WR D ]LQF FRQWHQW RI
���� ��

7KHUHIRUH� WKH 6Qw=Qw%L V\VWHP LV OLPLWHG WR WKUHH
ELQDU\ V\VWHPV RI WKH HXWHFWLF W\SH� DQG LV OLNHO\ WR
EH WKH V\VWHP ZLWK D WHUQDU\ HXWHFWLF�

'DWD RI WKLV VWXG\ ZHUH JHQHUDWHG XVLQJ GLIIHUHQ�
WLDO WKHUPDO DQDO\VLV� PHWDOORJUDSK\ DQG ;�UD\ PL�
FURDQDO\VLV�

3KDVH WUDQVLWLRQ WHPSHUDWXUHV ZHUH GHWHUPLQHG XV�
LQJ WKH 4�����' GHULYDWRJUDSK LQ KHOLXP� 7KH LQ�
YROYHG FUXFLEOHV ZLWK FRYHUV ZHUH PDGH IURP DOX�
PLQLXP R[LGH� 7KH KHDWLQJ UDWH ZDV � .�PLQ� &RRO�
LQJ UDWH ZDV QRW VSHFLILHG� %DVHG RQ SRVLWLRQ RI WKH
FXUYHV RI WKH 7  I�τ� GHSHQGHQFH �)LJXUH ��� LW HTXDOV
DSSUR[LPDWHO\ � .�PLQ�

$V WKHUPDO DQDO\VLV ZDV FDUULHG RXW LQ D KHDWLQJ
PRGH XVLQJ D QRQ�FRQWUROOHG KHDW IORZ� UDQJHV RI
SKDVH WUDQVLWLRQ WHPSHUDWXUHV WXUQHG RXW WR EH ZLGH�
QHG DV D UHVXOW RI VKLIW RI WKH WHPSHUDWXUH RI WKH HQG
RI PHOWLQJ RI WKH HXWHFWLF WRZDUGV KLJKHU WHPSHUD�
WXUHV� &RQVHTXHQWO\� WKH H[SHULPHQWDO GDWD ZHUH FRU�
UHFWHG �VHH WKH GDVKHG FXUYH LQ )LJXUH �� D� E� E\ D
YDOXH UHYHDOHG E\ DQDO\VLV RI PHOWLQJ RI SXUH PHWDOV�
L�H� WLQ DQG ELVPXWK� ,Q D UHJLRQ FRUUHVSRQGLQJ WR WKH
]LQF FRQWHQW RI �w� � �)LJXUH �� F�� WKH GDVKHG OLQH
VKRZV WKH VKDSH RI WKH FXUYH SUHGLFWHG E\ WKH DXWKRUV�

0LFURVWUXFWXUH RI DOOR\V ZDV H[DPLQHG LQ WKH FDVW
VWDWH DQG DIWHU WKHUPDO DQDO\VLV XVLQJ WKH VFDQQLQJ

)LJXUH �� &KDUDFWHULVWLF WKHUPDO FXUYHV �7  I�τ�� ∆7  I�7� τ�� RI DOOR\V RI WKH 6Qw=Qw%L V\VWHP� Dx 6Qw�=Qw�%L� Ex 6Qw�=Qw�%L�
F x 6Qw�%Lw�=Q

)LJXUH �� 3RO\WKHUPDO SURILOHV RI WKH IXVLELOLW\ FXUYHV RI DOOR\V RI WKH 6Qw=Qw%L V\VWHP� D x 6Qw�=Qw���%L �DOOR\ RI VHULHV ,�� E x
6Qw�=Qw���%L �DOOR\ RI VHULHV ,,�� F x 6Qw�%Lw���=Q �DOOR\ RI VHULHV ,,,�
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HOHFWURQ PLFURVFRSH ,60���� ZLWK WKH PLFURDQDO\VHU
�/LQN�6\VWHPV�� 7KH GDWD REWDLQHG IURP ;�UD\ PL�
FURDQDO\VLV ZHUH XVHG WR LGHQWLI\ VWUXFWXUDO FRPSR�
QHQWV RI WKH DOOR\V LQ DFFRUGDQFH ZLWK WKH ELQDU\ FRQ�
VWLWXWLRQDO GLDJUDPV RI K\SRWKHWLFDO VROLG VROXWLRQV
EDVHG RQ WLQ� ELVPXWK DQG ]LQF�

7KHUPRJUDPV RI WKH DOOR\V� EDVHG RQ SRO\WKHUPDO
SURILOH RI WKH FRQVWLWXWLRQDO GLDJUDP RI WKH 6Qw=Qw%L
V\VWHP ZLWK D FRQVWDQW FRQWHQW RI ]LQF HTXDO WR � ZW��
�VHULHV ,� VKRZ RQH SHDN �)LJXUH �� D�� ,QFUHDVH LQ
WKH ELVPXWK FRQWHQW LV DFFRPSDQLHG E\ D VKLIW RI WKH
SHDN WRZDUGV ORZHU WHPSHUDWXUHV� 7KLV DOVR LQYROYHV
GHFUHDVH LQ WHPSHUDWXUHV RI WKH EHJLQQLQJ DQG HQG RI
SKDVH WUDQVLWLRQ �)LJXUH �� D� DQG WKH 7DEOH��

0LFURVWUXFWXUH RI WKH DQDO\VHG DOOR\V RI VHULHV ,
�)LJXUH �� D� E� LV D WLQ PDWUL[ ZLWK DFLFXODU LQFOXVLRQV
RI WKH =Q�EDVHG SKDVH DQG VSKHULFDO ILQH LQFOXVLRQV RI
WKH %L�EDVHG SKDVH �WKH ODWWHU DUH DEVHQW LQ WKH 6Qw
�=Q DOOR\��

,W LV OLNHO\ WKDW WKH SHDN REVHUYHG LQ WKH WKHUPR�
JUDPV LV FDXVHG E\ D KHDW HIIHFW RI PHOWLQJ �VROLGLIL�
FDWLRQ� RI ELQDU\ HXWHFWLF 6Qw=Q� DQG WKH %L�EDVHG
LQFOXVLRQV DUH WKH UHGXQGDQW SKDVH IRUPHG LQ VROLG
VWDWH DV D UHVXOW RI D VXEVWDQWLDO GHFUHDVH LQ VROXELOLW\
RI ELVPXWK LQ WKH α�6Q SKDVH GXULQJ FRROLQJ� 3UHFLSL�
WDWLRQ RI ]LQF VKRXOG EH VLPLODU LQ QDWXUH� 7KH ODWWHU
LV OLNHO\ WR GHSRVLW RQ WKH =Q�EDVHG HXWHFWLF FU\VWDOV�

)LJXUH �� &KDUDFWHULVWLF PLFURVWUXFWXUHV RI DOOR\V RI WKH 6Qw�=Qw���%L V\VWHP �DOOR\ 6Qw�=Qw�%L RI VHULHV ,� �D�� 6Qw�=Qw���%L �DOOR\
6Qw�=Qw�%L RI VHULHV ,,� �F�� DQG 6Qw�%Lw���=Q �DOOR\ 6Qw�%Lw�=Q RI VHULHV ,,,� �H�� D� F� H x JHQHUDO YLHZ �×����� E x �×������
G� I x IUDJPHQWV DW KLJKHU PDJQLILFDWLRQ �×����
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7KHUPRJUDPV RI DOOR\V RI WKH SRO\WKHUPDO SURILOH
ZLWK D FRQVWDQW ]LQF FRQWHQW RI � � �VHULHV ,,� VKRZ
WZR SHDNV �VHH )LJXUH �� E�� ,QFUHDVH LQ WKH ELVPXWK
FRQWHQW LV DOVR DFFRPSDQLHG E\ D VKLIW RI ERWK SHDNV
WR D UHJLRQ RI ORZHU WHPSHUDWXUHV� ,Q WKLV FDVH WKH
ORZ�WHPSHUDWXUH SHDN UHPDLQV LQVLJQLILFDQW FRPSDUHG
ZLWK WKH KLJK�WHPSHUDWXUH RQH� 'HSHQGHQFH RI WHP�
SHUDWXUHV RI WKH EHJLQQLQJ DQG HQG RI WKH FRUUHVSRQG�
LQJ SKDVH WUDQVLWLRQV XSRQ WKH ELVPXWK FRQWHQW LV
VKRZQ LQ )LJXUH �� E� ZKLOH WKH QXPHULF YDOXHV DUH
JLYHQ LQ WKH 7DEOH�

0LFURVWUXFWXUH RI WKLV VHULHV RI WKH DOOR\V �)L�
JXUH �� F� G� FRQWDLQV JUDLQV RI WKH 6Q�EDVHG SKDVH
IUDPHG E\ WKH%L�EDVHG SKDVH LQFOXVLRQV� 7KH =Q�EDVHG
SKDVH LQFOXVLRQV DUH GLVWULEXWHG LQ WKH EXON RI WKH
PDWUL[�

&RPSDULVRQ RI WKH PHWDOORJUDSK\ DQG WKHUPDO
DQDO\VLV UHVXOWV VXJJHVWV WKDW WKH ORZ�WHPSHUDWXUH
SHDN LV FDXVHG E\ D WKHUPDO HIIHFW RI PHOWLQJ �VROLGL�
ILFDWLRQ� RI WKH ELQDU\ HXWHFWLF 6Qw=Q� ZKHUHDV WKH
KLJK�WHPSHUDWXUH RQH LV FDXVHG E\ WKDW RI SULPDU\
FU\VWDOV α�6Q� 7KH α�%L SKDVH LV UHGXQGDQW� ,QFUHDVHG
GHQVLW\ RI SUHFLSLWDWHV RI WKLV SKDVH DORQJ WKH ERXQGD�
ULHV RI JUDLQV RI WKH α�6Q SKDVH UHVXOWV IURP VHJUHJD�
WLRQ KHWHURJHQHLW\ RI SULPDU\ FU\VWDOV� 7KH SUHVHQFH
RI DQ LQVLJQLILFDQW DPRXQW RI WKH =Q�EDVHG SKDVH LQ�
FOXVLRQV LV GHWHUPLQHG E\ D VPDOO YROXPH IUDFWLRQ RI
ELQDU\ HXWHFWLF 6Qw=Q�

7KHUPRJUDPV RI DOOR\V RI WKH SRO\WKHUPDO SURILOH
ZLWK D FRQVWDQW ELVPXWK FRQWHQW RI � � �VHULHV ,,,�
VKRZ WZR SHDNV �VHH )LJXUH �� F�� ,W VKRXOG EH QRWHG
WKDW LQFUHDVH LQ WKH ]LQF FRQWHQW OHDGV WR D VXEVWDQWLDO
HQKDQFHPHQW RI WKH ORZ�WHPSHUDWXUH HIIHFW� 7KLV
FDXVHV WKH WHPSHUDWXUHV RI WKH EHJLQQLQJ DQG HQG RI
SKDVH WUDQVLWLRQ WR LQFUHDVH� 7KH UDQJH RI WKH SKDVH
WUDQVLWLRQ WHPSHUDWXUHV FDXVHV IRUPDWLRQ RI WKH KLJK�
WHPSHUDWXUH HIIHFW� ZKLFK LV DWWULEXWDEOH WR LQFUHDVH
LQ WHPSHUDWXUH RI WKH EHJLQQLQJ RI SKDVH WUDQVIRUPD�
WLRQ DQG GHFUHDVH LQ WHPSHUDWXUH RI WKH HQG RI SKDVH
WUDQVIRUPDWLRQ �VHH )LJXUH �� F� DQG WKH 7DEOH��

0LFURVWUXFWXUH RI WKH DOOR\V �VHH )LJXUH �� H� I�
LV VLPLODU WR WKDW RI WKH DOOR\V ZLWK D FRQVWDQW ]LQF
FRQWHQW RI � �� ,W LV OLNHO\ WKDW WKH KLJK�WHPSHUDWXUH
KHDW HIIHFW LV DOVR FDXVHG E\ VROLGLILFDWLRQ RI SULPDU\
FU\VWDOV α�6Q� DQG WKH ORZ�WHPSHUDWXUH RQH LV FDXVHG
E\ ELQDU\ HXWHFWLF 6Qw=Q� ,QFUHDVH LQ WKH ]LQF FRQWHQW
OHDGV WR LQFUHDVH LQ YROXPH IUDFWLRQ RI WKH HXWHFWLF�

,W FDQ EH DVVXPHG WKDW WKH WHUQDU\ HXWHFWLF PD\
DOVR H[LVW� SURFHHGLQJ IURP FKDUDFWHU DQG WHPSHUD�
WXUHV RI SKDVH WUDQVLWLRQV LQ WKH 6Qw=Q� 6Qw%L DQG
%Lw=Q V\VWHPV DQG UHVXOWV RI LQYHVWLJDWLRQ RI WHUQDU\
DOOR\V RI WKH 6Qw=Qw%L V\VWHP�

,QYHVWLJDWLRQV RI DOOR\V ZLWK D KLJKHU ELVPXWK DQG
]LQF FRQWHQWV �6Qw��=Qw��%L� SURYHG WKH SUHVHQFH
RI WKH IRXU�SKDVH HXWHFWLF HTXLOLEULXP / ↔ α�6Q �
� α�=Q � α�%L �KHUH / LV WKH OLTXLG� DW D WHPSHUDWXUH
RI ��� �&�

7KHUHIRUH� WKH H[SHULPHQWDO GDWD REWDLQHG DUH LQ
DJUHHPHQW ZLWK WKH WKHRUHWLFDO SRVWXODWHV� DFFRUGLQJ
WR ZKLFK VROLGLILFDWLRQ RI WKH DOOR\V FRQVLGHUHG EHJLQV
IURP SUHFLSLWDWLRQ RI SULPDU\ FU\VWDOV α�6Q� WKHQ IRO�
ORZV IRUPDWLRQ RI ELQDU\ HXWHFWLF 6Qw=Q� $Q H[FHS�
WLRQ LV SRVVLEOH IRU D QDUURZ UDQJH RI FRPSRVLWLRQV RI
DOOR\V DGMRLQLQJ WKH 6Qw%L VLGH RI WKH FRQFHQWUDWLRQ
WULDQJOH �VHH )LJXUH ��� ZKLFK VROLGLI\ DV VROLG VROX�
WLRQ�

7KH GDWD REWDLQHG RQ WKH UDQJHV RI PHOWLQJ DQG
VWUXFWXUH RI DOOR\V RI WKH 6Qw=Qw%L V\VWHP DOORZ D
FRQFOXVLRQ WKDW DOOR\V RI WKLV V\VWHP DUH SURPLVLQJ
IRU WKH XVH DV VXEVWLWXWHV IRU WKH 6Qw3E VROGHUV�

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH KDV DOO
QHFHVVDU\ FDSDELOLWLHV WR SURGXFH VROGHUV RI DQ RSWLPDO
FRPSRVLWLRQ WR PHHW WKH QHHGV RI LQWHUHVWHG FRPSD�
QLHV�

�� ������ &RQVWLWXWLRQDO GLDJUDPV RI PHWDOOLF V\VWHPV SXEOLVK�
HG LQ ����� 8665 6WDWH &RPPLWWHH RQ 6FLHQFH DQG 7HFKQR�
ORJ\ RI 8665 $6� ,VVXH ;;,,,� 0RVFRZ� 9,1,7,

�� ������ &RQVWLWXWLRQDO GLDJUDPV RI ELQDU\ PHWDOOLF V\VWHPV�
5HIHU� %RRN� 9RO� �� (G� E\ 1�3� /\DNLVKHY� 0RVFRZ�
0DVKLQRVWURHQLH�

�� ������ ,ELG� 9RO� ��
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,�0� 63,5,'2129$� (�9� 68.+29$<$ DQG 6�%� 3,/<$(9$

'QHSURSHWURYVN 1DWLRQDO 8QLYHUVLW\� 'QHSURSHWURYVN� 8NUDLQH

6WUXFWXUH DQG DEUDVLYH ZHDU UHVLVWDQFH RI FRPSRVLWH FRDWLQJV ZLWK D EUDVV ELQGHU DQG ILOOHUV� PDGH IURP DOOR\V �)Hw%w&��

FRQWDLQLQJ �w� � %� �w� � &� )H EHLQJ WKH EDODQFH� GHSRVLWHG RQ VWHHO FRPSRQHQWV� DUH VWXGLHG� 7KH HIIHFW RI VWUXFWXUDO

DQG SKDVH FRPSRVLWLRQ RI WKH ILOOHU RQ VWUXFWXUH DQG ZLGWK RI ]RQHV RI D FRQWDFW LQWHUDFWLRQ IRUPLQJ DW WKH LQWHUIDFHV RI

FRPSRVLWH FRDWLQJV LV VKRZQ� 2SWLPXP VL]HV DQG VWUXFWXUDO FRPSRVLWLRQ RI ]RQHV RI LQWHUDFWLRQ DUH GHWHUPLQHG ZKLFK

SURYLGH WKH KLJKHU ZHDU UHVLVWDQFH RI WKH FRPSRVLWH FRDWLQJV�

.H\ ZRU G V � FRPSRVLWH PDWHULDO� FRDWLQJ� LPSUHJQDWLRQ�

LQWHUSKDVH LQWHUDFWLRQ� GLVVROXWLRQ� DEUDVLYH ZHDU UHVLVWDQFH

'XULQJ WKH UHFHQW \HDUV WKH FRPSRVLWH PDWHULDOV ILQG
WKH ZLGH DSSOLFDWLRQ DV FRDWLQJV WR SURWHFW DQG WR

UHVWRUH WKH TXLFN�ZRUQ SDUWV RI WKH HTXLSPHQW� 7KHVH

PDWHULDOV UHSUHVHQW D KHWHURJHQHRXV V\VWHP ZKLFK LV

FKDUDFWHUL]HG E\ D WKHUPRG\QDPLF LQVWDELOLW\ GXH WR

WKH SUHVHQFH RI GHYHORSHG LQWHUQDO LQWHUIDFHV� 7KH LQ�

VWDELOLW\ UHVXOWV LQ DQ LQWHUSKDVH LQWHUDFWLRQ RI FRP�

SRQHQWV LQ WKH SURFHVV RI SURGXFLQJ DQG VHUYLFH RI

FRPSRVLWH FRDWLQJV� ZKLFK FDQ OHDG WR WKH IRUPDWLRQ

RI QHZ XQGHVLUDEOH SKDVHV DW WKH LQWHUIDFHV� WKXV GH�

WHULRUDWLQJ WKH VHUYLFH FKDUDFWHULVWLFV�

7KHUHIRUH� WKH HIIHFW RI VWUXFWXUDO DQG SKDVH FRP�

SRVLWLRQ RI FRPSRVLWH FRDWLQJV ZLWK ILOOHUV RI )Hw%w&

V\VWHP ��w� � %� �w� � &� )H EHLQJ WKH EDODQFH� RQ

WKHLU ZHDU UHVLVWDQFH ZDV VWXGLHG �7DEOH ��� %UDVV

/�� ZDV XVHG DV DQ DOOR\�ELQGHU� &RPSRVLWH FRDWLQJV
ZHUH SURGXFHG XVLQJ WKH PHWKRG RI IXUQDFH LPSUHJ�

QDWLRQ� )RU WKLV SXUSRVH� WKH ILOOHU JUDQXOHV RI ���w

��� PP VL]HV ZHUH SRXUHG DQG SDFNHG LQ WKH PRXOG�

ZKLFK UHVHPEOHV WKH VXUIDFH RI D VWHHO SDUW ZLWK D JDS

HTXDO WR WKH WKLFNQHVV RI WKH FRPSRVLWH FRDWLQJ EHLQJ

GHSRVLWHG� $W WKH WRS� WKH OXPSV RI DQ DOOR\�ELQGHU
ZHUH ORFDWHG� $IWHU WKH PRXOG VHDOLQJ WKH ELOOHW ZDV

SXW LQWR D IXUQDFH KHDWHG XS WR ���� �& WHPSHUDWXUH�

,VRWKHUPDO VRDNLQJ LQ WKH IXUQDFH� UHTXLUHG IRU D XQL�

IRUP KHDWLQJ RI WKH ELOOHW� ZDV �� PLQ� 7KHQ� WKH
ELOOHW ZDV FRROHG WRJHWKHU ZLWK D IXUQDFH DW WKH
��� �&�V UDWH� $IWHU LPSUHJQDWLRQ FRPSOHWLRQ WKH

PRXOG ZDV UHPRYHG E\ D PHFKDQLFDO WUHDWPHQW �FXW�

WLQJ DQG JULQGLQJ��

7KH SURGXFHG FRPSRVLWH FRDWLQJV ZHUH H[DPLQHG

XVLQJ WKH PHWDOORJUDSKLF� ;�UD\ GLIIUDFWLRQ DQG ;�UD\

PLFURDQDO\VLV� :HDU UHVLVWDQFH LQ WKH FRQGLWLRQV RI

WKH DEUDVLYH ZHDU ZDV H[DPLQHG LQ WKH XQLW ZKLFK

FDQ HVWLPDWH WKH GHFUHDVH LQ D VDPSOH PDVV GXULQJ

JULQGLQJ ZLWK DQ HPHU\ SDSHU DW ��� P SDWK� 6DPSOHV

ZHUH RI ��×�×�� PP VL]HV� ([SHULPHQWV ZHUH SHU�

IRUPHG DW WHPSHUDWXUH �� ± � �& DQG UHODWLYH KXPLGLW\

RI DLU �� ± � �� $FFXUDF\ LQ GHWHUPLQDWLRQ RI PDVV

ORVVHV ZDV ������ J LQ VFDOHV 9/$����0� 6DPSOH IURP
VWHHO ��.K/ ZDV XVHG DV D UHIHUHQFH�

6WUXFWXUH RI WKH H[DPLQHG FRPSRVLWH FRDWLQJV LV

FKDUDFWHUL]HG E\ WKH SUHVHQFH RI WKH ILOOHU SDUWLFOHV RI

LUUHJXODU RU VSKHULFDO VKDSH� GLVWULEXWHG XQLIRUPO\ LQ

PDWUL[ DQG RFFXS\LQJ ��w�� � RI YROXPH� 6WUXFWXUDO

DQG SKDVH FRPSRVLWLRQ RI WKH ILOOHU LV FKDQJHG FRP�

SOHWHO\ RQO\ LQ DOOR\ 1R��� $IWHU LPSUHJQDWLRQ WKH

FU\VWDOV RI IHUULWH DQG IODN\ JUDSKLWH DUH REVHUYHG

LQVWHDG RI LQLWLDO OHGHEXULWH VWUXFWXUH �7DEOH ��� ZKLFK

SURYHV DERXW SURFHHGLQJ RI SURFHVV RI D FHPHQWLWH

GHFD\ LQ WKH ILOOHU �)LJXUH �� D��

� ,�0� 63,5,'2129$� (�9� 68.+29$<$ DQG 6�%� 3,/<$(9$� ����

7DEOH �� &KHPLFDO DQG VWUXFWXUDO FRPSRVLWLRQ RI DOOR\V�ILOOHUV RI )Hw%w& V\VWHP

$OOR\

1R�

&KHPLFDO FRPSRVLWLRQ�

� &RROLQJ UDWH�
Ì

¯�V
6KDSH RI SDUWLFOH 6WUXFWXUDO FRPSRVLWLRQ

  ¯

� w ��� ���� 6SKHULFDO (XWHFWLF )Hw)H�&

� ��� ��� ��� ,UUHJXODU )H��&� %�� HXWHFWLF )Hw)H��&�  �

� ��� w ��� 6DPH )H�%� HXWHFWLF )Hw)H�  ��� ��

� ��� ��� ��� � )H��&� %�� )H��&� %�� HXWHFWLF )Hw)H��&�  �

� ��� w ��� � )H�%� HXWHFWLF )Hw)H�  �� ��

� ��� ��� ��� � )H��%� ¯�� HXWHFWLF )Hw)H�� � ¯� �� ��

� ��� ��� ���� 6SKHULFDO )H��%� ¯�� HXWHFWLF )Hw)H�� � ¯� ��� ��

� ��� ��� ��� ,UUHJXODU )H��%� ¯�� HXWHFWLF ¯w)H�� � ¯�
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,Q DOO WKH VDPSOHV DW WKH LQWHUIDFH ZLWK D EUDVV
IURP WKH VLGH RI D PDWUL[ D FRQWLQXRXV URZ RI VROLG
VROXWLRQV &Xw)Hw=Qw&w% LV IRUPHG �)LJXUH ��� )URP
WKH ILOOHU VLGH D OD\HU RI UHFU\VWDOOL]DWLRQ LV IRUPHG�
,Q VDPSOH 1R�� D FRQWLQXRXV FURZQ RU VHSDUDWH FU\VWDOV
RI D JOREXODU VKDSH ZLWK D SHDUOLWH VWUXFWXUH� DOOR\HG
ZLWK ]LQF DQG FRSSHU D OLWWOH� DUH DSSHDUHG QHDU WKH
LQWHUIDFH �)LJXUHV �� D� DQG ��� :KHQ ��� � % LV
DGGHG LQWR WKH FRPSRVLWLRQ RI WKH ILOOHU )Hw� � &
�DOOR\ 1R��� WKH SURFHVVHV RI JUDSKLWL]DWLRQ DUH VXS�
SUHVVHG DQG WKH SULPDU\ FU\VWDOV )H��&� %� DQG OHGH�
EXULWH DOOR\HG ZLWK ERURQ DUH REVHUYHG DJDLQ LQ WKH
ILOOHU VWUXFWXUH DIWHU LPSUHJQDWLRQ �7DEOH ��� 0RU�
SKRORJ\ RI HXWHFWLF FRORQLHV LV FKDQJHG GXH WR SUR�
FHHGLQJ RI SURFHVVHV RI D KLJK�WHPSHUDWXUH FRDOHV�
FHQFH� $W WKH LQWHUIDFH� WKH FRPSRVLWLRQ RI DXVWHQLWH
LQ HXWHFWLF LV FKDQJHG DV D UHVXOW RI ]LQF DQG FRSSHU
GLVVROXWLRQ LQ LW� ,Q DGGLWLRQ� FU\VWDOV RI JOREXODU SHDU�
OLWH DUH DSSHDUHG KHUH DGGLWLRQDOO\ �)LJXUH �� E��
:LGWK RI ]RQHV RI FRQWDFW LQWHUDFWLRQ LQ VDPSOH 1R��
LV SUHVHUYHG DV FRPSDUHG ZLWK VDPSOH 1R�� �VHH 7D�
EOH ��� ,Q VDPSOH ZLWK D ILOOHU PDGH IURP DOOR\ 1R��
D FRQJORPHUDWH RI SKDVHV FRQVLVWLQJ RI D VROLG VROXWLRQ
RQ WKH EDVH RI LURQ� SHDUOLWH DQG )H�% LV IRUPHG DW
WKH LQWHUIDFH ZLWK D EUDVV LQVWHDG RI WKH LQLWLDO HXWHFWLF
)Hw)H�% �)LJXUH �� F�� 7KH ]RQHV RI FRQWDFW LQWHUDF�
WLRQ IRUPLQJ DW WKH LQWHUIDFH EHWZHHQ WKH ILOOHU DQG
PDWUL[ KDYH D PD[LPXP ZLGWK LQ WKLV VDPSOH�

7KH LQLWLDO VWUXFWXUH RI DOOR\�ILOOHU 1R�� UHPDLQV

XQFKDQJHG DIWHU LPSUHJQDWLRQ DQG LQFOXGHV WKH SUL�

PDU\ FU\VWDOV )H��&� %�� SHULWHFWLF SKDVH )H��&� %�

DQG HXWHFWLF )Hw)H��&� %� �VHH 7DEOH ��� 7KH GHJUHH

RI FRPSOHWLRQ RI D SHULWHFWLF UHDFWLRQ / � )H��&� %� →
→ )H��&� %� LQ WKH ILOOHU LV QRW FKDQJHG� )URP WKH

VLGH RI WKH ILOOHU WKH FU\VWDOV ZLWK D SHDUOLWH VWUXFWXUH

DUH IRUPHG DGGLWLRQDOO\ LQ WKH VWUXFWXUH RI WKH LQWHU�

DFWLRQ ]RQH �)LJXUH �� G��
:LWK LQFUHDVH LQ ERURQ FRQWHQW LQ WKH ILOOHU 1R��

XS WR � � DV FRPSDUHG ZLWK � � % LQ WKH VDPSOH 1R��
WKH FRQWHQW RI WKH SULPDU\ SKDVH )H�% LQ WKH VWUXFWXUH

)LJXUH �� 0LFURVWUXFWXUH RI FRPSRVLWH FRDWLQJV ZLWK ILOOHUV RI )Hw%w& V\VWHP �×����� DwK x QXPEHU RI DOOR\ DFFRUGLQJ WR 7DEOHV �
DQG �

)LJXUH �� 'LDJUDP RI GLVWULEXWLRQ RI LQWHQVLW\ RI UDGLDWLRQ RI
HOHPHQWV LQ WKH SUREH SDVVLQJ WKURXJK WKH UHJLRQ RI LQWHUIDFH
�)Hw� � &��/��
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LV LQFUHDVHG� DQG WKH HXWHFWLF )Hw)H�% LV GHFUHDVHG
�VHH 7DEOH ��� 0RUSKRORJ\ RI HXWHFWLF )Hw)H�% DIWHU
LPSUHJQDWLRQ LV FKDQJHG DQG D FRDUVH FRQJORPHUDWH
RI SKDVHV FRQVLVWLQJ RI VROLG VROXWLRQV RQ WKH EDVH RI
)H DQG )H�% LV IRUPHG DORQJ WKH ERXQGDULHV RI JUDLQV
)H�% �)LJXUH �� H�� $GGLWLRQDO DOOR\LQJ ZLWK ��� � &
RI DOOR\ 1R�� OHDGV WR WKH DSSHDUDQFH RI D SKDVH )H��%�
&� LQ WKH ILOOHU VWUXFWXUH DQG WR WKH IRUPDWLRQ RI D
FRDUVH FRQJORPHUDWH RI VROLG VROXWLRQV RQ WKH EDVH RI
)H DQG )H�% �)LJXUH �� I�� 9ROXPHWULF UDWLR RI VWUXF�
WXUDO FRPSRQHQWV LQ WKH ILOOHU LV QRW FKDQJHG� 7KH
LQFUHDVH LQ FRROLQJ UDWH RI WKH DOOR\ RI )Hw� � %w
��� � & V\VWHP �DOOR\ 1R��� IURP ��� WR ��� �&�V
�DOOR\ 1R��� OHDGV WR WKH JURZWK RI D YROXPH FRQWHQW
RI WKH DERYH�PHQWLRQHG FRQJORPHUDWH RI SKDVHV γ DQG
)H��%� &� LQ VWUXFWXUH IURP � WR �� YRO�� �)LJXUH ��
J�� :LWK LQFUHDVH LQ FDUERQ FRQWHQW LQ DOOR\ 1R�� XS
WR � � LQ WKH ILOOHU VWUXFWXUH LQVWHDG RI FRQJORPHUDWH
RI SKDVHV γ DQG )H��%� &� WKH HXWHFWLF &w)H��%� &��
KDYLQJ D JOREXODU ILQH�GLVSHUVHG VWUXFWXUH� LV DSSHDUHG
�)LJXUH �� K��

6WUXFWXUH RI LQWHUIDFH IURP WKH VLGH RI ILOOHU LQ
VDPSOHV 1R��w� LV FKDUDFWHUL]HG E\ WKH IRUPDWLRQ RI
D UHFU\VWDOOL]DWLRQ OD\HU KDYLQJ DQ LQFUHDVHG FRQWHQW

RI LURQ DV FRPSDUHG WR WKH LQLWLDO SKDVH )H�% RU )H��%�
&� DQG DOOR\HG ZLWK ]LQF DQG FRSSHU �)LJXUH �� HwJ��
3URFHHGLQJ RI SURFHVVHV RI D KLJK�WHPSHUDWXUH FRDOHV�
FHQFH LQ WKHVH VDPSOHV OHDGV WR ODUJHU GLVWULEXWLRQ RI
SKDVHV RI WKH FRDUVH FRQJORPHUDWH DQG RQO\ DXVWHQLWH
DOOR\HG ZLWK ]LQF DQG FRSSHU LV DYDLODEOH DW WKH LQ�
WHUIDFHV RI SKDVH )H�% RU )H��%� &� DIWHU LPSUHJQD�
WLRQ� ,Q VDPSOH 1R�� WKLV SKHQRPHQRQ LV REVHUYHG
DORQJ WKH HQWLUH VHFWLRQ RI WKH ILOOHU SDUWLFOH� DQG LQ
VDPSOH � x RQO\ DW WKH LQWHUIDFH� 8QOLNH WKH VDPSOHV
1R��w� WKH ZLGWK RI UHFU\VWDOOL]DWLRQ OD\HU IURP WKH
VLGH RI WKH ILOOHU GRHV QRW H[FHHG � µP LQ WKH VWUXFWXUH
RI VDPSOH 1R�� �VHH 7DEOH ��� 6WUXFWXUH FKDQJHV DW
WKH LQWHUIDFH LQ WKLV VDPSOH DUH QRW REVHUYHG �)LJXUH
�� K�� $W WKH LQWHUIDFH RI WKH FRPSRVLWH FRDWLQJ �)Hw
%w&��/�� ZLWK VWHHO D GHFDUEXUL]HG OD\HU LV DOVR
IRUPHG IURP WKH VLGH RI WKH ODWWHU� 7KH IRUPDWLRQ RI
D YLVFRXV IHUULWH OD\HU� DOOR\HG ZLWK ]LQF �)LJXUH ��
KDV D IDYRXUDEOH HIIHFW RQ WKH PHFKDQLFDO SURSHUWLHV
RI WKH ELPHWDO MRLQW� $ ODUJH DPRXQW RI FU\VWDOV ZLWK
D SHDUOLWH VWUXFWXUH DUH DSSHDUHG IURP WKH VLGH RI FRDW�
LQJ QHDU WKH LQWHUIDFH ZLWK VWHHO �)LJXUH �� D��

5HVXOWV RI GHWHUPLQDWLRQ RI FRHIILFLHQWV RI D UHOD�
WLYH DEUDVLYH ZHDU UHVLVWDQFH RI H[DPLQHG FRPSRVLWH

)LJXUH �� 0LFURVWUXFWXUH �D� DQG GLDJUDP RI GLVWULEXWLRQ RI LQWHQVLW\ RI UDGLDWLRQ RI HOHPHQWV LQ WKH SUREH SDVVLQJ WKURXJK WKH UHJLRQ
RI LQWHUIDFH /���6W�� RI FRPSRVLWH FRDWLQJ ZLWK D ILOOHU RI )Hw%w& V\VWHP �E� �×����

7DEOH �� 6WUXFWXUDO FRPSRVLWLRQ DQG ZLGWK RI ]RQHV RI D FRQWDFW LQWHUDFWLRQ DW WKH LQWHUIDFHV EHWZHHQ WKH ILOOHU RI )Hw%w& V\VWHP
DQG PDWUL[ RI FRPSRVLWH FRDWLQJV

$OOR\

1R�
6WUXFWXUDO FRPSRVLWLRQ RI ]RQHV RI LQWHUDFWLRQ IURP WKH ILOOHU VLGH

 :LGWK RI ]RQHV

RI LQWHUDFWLRQ� µP

� 3HDUOLWH� IHUULWH� JUDSKLWH ��w��

� 3HDUOLWH� )H��&� %�� HXWHFWLF )Hw)H��&� %� ��w��

� )H� )H�%� SHDUOLWH� HXWHFWLF )Hw)H�  ���w���

� 3HDUOLWH� )H��&� %�� )H��&� %�� HXWHFWLF )Hw)H��&� %� ��w��

� 6ROLG VROXWLRQ RQ )H�% EDVH� FRQJORPHUDWH RI SKDVHV )H DQG )H�% ��w��

� 6ROLG VROXWLRQ RQ )H��%� &� EDVH� FRQJORPHUDWH RI SKDVHV )H��%� &� DQG VROLG VROXWLRQ RQ )H EDVH ��w��

� 6ROLG VROXWLRQ RQ )H��%� &� EDVH� FRQJORPHUDWH RI SKDVHV )H��%� &� DQG VROLG VROXWLRQ RQ )H EDVH ��w��

� 6ROLG VROXWLRQ RQ )H��%� &� EDVH� HXWHFWLF ¯w)H��%� &� � � µP


$ FRQWLQXRXV URZ RI VROLG VROXWLRQV &Xw)Hw=Qw&w% LV IRUPHG IURP WKH PDWUL[ VLGH�
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FRDWLQJV DUH JLYHQ LQ 7DEOH �� 0D[LPXP ZHDU UHVLV�
WDQFH LV W\SLFDO RI VDPSOH 1R��� ZKLOH WKH PLQLPXPx
RI VDPSOH 1R��� &RPSRVLWH FRDWLQJV� ZKRVH ILOOHU KDV
HXWHFWLF )Hw)H��&� %� LQ VWUXFWXUH DUH FKDUDFWHUL]HG
E\ WKH KLJKHU ZHDU UHVLVWDQFH �VDPSOHV 1R�� DQG ���
7KHQ� FRPSRVLWH FRDWLQJV FKDUDFWHUL]HG E\ WKH SUH�
VHQFH RI HXWHFWLFV )Hw)H�% RU )Hw)H��%� &� LQ WKH
ILOOHU VWUXFWXUH DUH IROORZHG �VDPSOHV 1R�� DQG ���
:LWK GHFUHDVH LQ FRQWHQW RI WKHVH HXWHFWLFV LQ VDPSOHV
1R�� DQG � WR � YRO�� WKH ZHDU UHVLVWDQFH LV GHFUHDVHG�
UHVSHFWLYHO\� � DQG ��� WLPHV� 7KH ZHDU UHVLVWDQFH RI
VDPSOH 1R�� LV PXFK ORZHU WKDQ WKLV FKDUDFWHULVWLF LQ
VDPSOHV 1R�� DQG ��

7KH UHVXOWV REWDLQHG FDQ EH H[SODLQHG E\ WKH IDFW
WKDW WR DWWDLQ WKH KLJKHU ZHDU UHVLVWDQFH RI FRPSRVLWH
FRDWLQJV LW LV QHFHVVDU\ WR IRUP D VWURQJ UHODWLRQ EH�
WZHHQ WKH ILOOHU DQG PDWUL[� DQG DOVR EHWZHHQ WKH
FRPSRVLWH FRDWLQJ DQG WKH VWHHO SDUW� 7KLV UHODWLRQ LV
SURYLGHG RZLQJ WR SURFHHGLQJ SURFHVVHV RI D FRQWDFW
LQWHUDFWLRQ DW WKH LQWHUIDFHV �)Hw%w&��/�� DQG
/���6W�� LQ FRPSRVLWH FRDWLQJV�

7KHVH SURFHVVHV LQFOXGH WKH IROORZLQJ VWDJHV� ZHW�
WLQJ� GLVVROXWLRQ RI VWUXFWXUH FRPSRQHQWV RI WKH ILOOHU
DQG VWHHO LQ WKH PROWHQ EUDVV� UHFU\VWDOOL]DWLRQ DQG
VROLG�SKDVH GLIIXVLRQ� ,W FDQ EH FRQFOXGHG RQ WKH EDVLV
RI DQDO\VLV RI VWUXFWXUDO FRPSRVLWLRQ RI LQWHUDFWLRQ
]RQHV� IRUPLQJ DW WKH LQWHUIDFHV� WKDW GXULQJ LPSUHJ�
QDWLRQ WKH SKDVHV RQ WKH DXVWHQLWH EDVH DUH GLVVROYHG
LQ WKH ILUVW WXUQ�

7KH RIIHUHG PHFKDQLVP RI D FRQWDFW LQWHUDFWLRQ

H[SODLQV WKH DSSHDUDQFH RI OD\HUV RI UHFU\VWDOOL]DWLRQ

FORVH E\ FRPSRVLWLRQ WR WKH DOOR\ RI D OLPLWHG VDWXUD�

WLRQ DW WKH VROLG VXUIDFHV RI WKH ILOOHU DQG�RU VWHHO�

$XVWHQLWH LQFOXGHG LQWR WKH FRPSRVLWLRQ RI HXWHFWLFV

)Hw)H�& DQG )Hw)H��&� %� �VDPSOHV 1R��� �� �� LV

GLVVROYHG WR D OHVV GHJUHH WKDQ WKH DXVWHQLWH LQ HXWHFWLF

)Hw)H�% �VDPSOH 1R��� WKDW LV FRQILUPHG E\ WKH UH�

VXOWV RI GHWHUPLQDWLRQ RI ZLGWK RI ]RQHV RI FRQWDFW

LQWHUDFWLRQ� 7KLV LV GXH WR D ODUJH H[WHQVLRQ RI SKDVH

LQWHUIDFHV DQG LQFUHDVHG FRQWHQW RI LURQ LQ HXWHFWLF

)Hw)H�%� 7KHQ� VHSDUDWH FU\VWDOV RU D FRQWLQXRXV OD\HU

ZLWK D SHDUOLWH VWUXFWXUH DUH IRUPHG DW VXEVHTXHQW

FRROLQJ DW WKH H[SHQVH RI FRPSRQHQWV RI DXVWHQLWH

GLVVROYHG LQ WKH EUDVV� &RPSRVLWLRQ RI DXVWHQLWH LQ

HXWHFWLFV )Hw)H�%� )Hw)H��&� %�� )Hw)H�& DQG )Hw

)H��&� %� LV DOVR FKDQJHG LQ UHFU\VWDOOL]DWLRQ� $V WKH

FDUELGH� ERULGH DQG FDUELGH�ERULGH SKDVHV RI HXWHFWLF

DUH GLVVROYHG LQ LPSUHJQDWLRQ ZLWK EUDVV PXFK VORZHU�

WKH UHFU\VWDOOL]DWLRQ OD\HU LV FKDUDFWHUL]HG E\ D SKDVH

FRPSRVLWLRQ RQ WKH LURQ EDVH DQG LQKHULWV WKH PRU�

SKRORJ\ RI WKH LQLWLDO HXWHFWLFV ZLWK D FRDUVHU GLIIHU�

HQWLDWLRQ� 3KDVHV )H�% DQG )H��%� &� LQ WKH SODFHV

RI FRQWDFW ZLWK WKH PROWHQ EUDVV DUH DOVR GLVVROYHG

�VDPSOHV 1R��w��� ([FHSW WKLV� WKH DXVWHQLWH LQ VDP�

SOHV 1R��w�� LQFOXGHG LQWR WKH FRPSRVLWLRQ RI D FRQ�

JORPHUDWH RI SKDVHV ZKLFK IRUP )H�% DQG )H��%� &�

DW WKH JUDLQ ERXQGDULHV� LV GLVVROYHG� 7KLV LV H[SODLQHG

E\ WKH DSSHDUDQFH RI FRPSRVLWH PDWHULDOV RI D UHFU\V�

WDOOL]DWLRQ OD\HU ZLWK DQ LQFUHDVHG LURQ FRQWHQW IURP

WKH ILOOHU VLGH DW WKH LQWHUIDFHV�

7DNLQJ LQWR DFFRXQW WKH RIIHUHG PHFKDQLVP RI
VWUXFWXUH IRUPDWLRQ DQG UHVXOWV RI GHWHUPLQDWLRQ RI
FRHIILFLHQWV RI D UHODWLYH DEUDVLYH ZHDU UHVLVWDQFH RI
FRPSRVLWH FRDWLQJV LW FDQ EH FRQFOXGHG WKDW WKH RS�
WLPXP VWUXFWXUH RI WKH LQWHUIDFH LV IRUPHG LQ VDPSOHV
ZKRVH ILOOHU FRQWDLQV HXWHFWLF )Hw)H��&� %�� 7KH GH�
FUHDVH LQ ZHDU UHVLVWDQFH RI FRPSRVLWH FRDWLQJV� ZKRVH
ILOOHU LV FKDUDFWHUL]HG E\ WKH SUHVHQFH RI HXWHFWLF )Hw
)H�& LQ WKH VWUXFWXUH LV H[SODLQHG E\ SURFHHGLQJ RI
SURFHVVHV RI JUDSKLWL]LQJ LQ D QRQ�GLVVROYHG YROXPH
RI WKH ILOOHU GXULQJ LPSUHJQDWLRQ� 7KH SUHVHQFH RI
ILOOHU )Hw� � % RI HXWHFWLF )Hw)H�% LQ WKH VWUXFWXUH
FDXVHV WKH LQWHQVLILFDWLRQ RI SURFHVVHV RI GLVVROXWLRQ
RI WKH ILOOHU LQ WKH PROWHQ EUDVV� 7KLV UHVXOWV LQ GH�
FUHDVH RI WKHZHDU UHVLVWDQFH RI WKH FRPSRVLWH FRDWLQJV�

7KH GHFUHDVH LQ FRQWHQW RI HXWHFWLF )Hw)H�% LQ
ILOOHU )Hw� � % GRHV QRW OHDG WR WKH LQFUHDVH LQ ZHDU
UHVLVWDQFH RI FRPSRVLWH FRDWLQJV DV LQ WKLV FDVH WKH
SURFHHGLQJ RI SURFHVVHV RI D FRQWDFW LQWHUDFWLRQ GRHV
QRW SURYLGH WKH IRUPDWLRQ RI D UHOLDEOH OLQN EHWZHHQ
WKH ILOOHU DQG PDWUL[�

,QFUHDVH LQ ZHDU UHVLVWDQFH RI WKH VDPSOHV�
VWUHQJWKHQHG E\ WKH ILOOHU RI D VLPLODU FRPSRVLWLRQ�
EXW FRROHG LQ VROLGLILFDWLRQ DW D KLJKHU UDWH LV DVVRFL�
DWHG ZLWK WKH LQFUHDVH LQ FRQWHQW RI HXWHFWLF )Hw)H�%
LQ VWUXFWXUH DQG� FRQVHTXHQWO\� ZLWK LQWHQVLILFDWLRQ
RI SURFHVVHV RI FRQWDFW LQWHUDFWLRQ DQG IRUPDWLRQ RI
VWURQJHU LQWHUIDFHV EHWZHHQ WKH ILOOHU DQG PDWUL[ LQ
WKH FRPSRVLWH FRDWLQJV� 7KH ORZHVW ZHDU UHVLVWDQFH RI
VDPSOHV ZLWK D ILOOHU )Hw� � %w� � & LV H[SODLQHG
E\ WKH DEVHQFH RI DXVWHQLWLF SKDVHV LQ LWV VWUXFWXUH�
7KH SURFHVVHV RI GLVVROXWLRQ RI WKH SKDVH )H��%� &�
DW WKH LQWHUIDFH RI WKLV FRPSRVLWH FRDWLQJ DUH SURFHHG�
LQJ VORZO\ DQG� FRQVHTXHQWO\� WKH OLQN EHWZHHQ WKH
ILOOHU DQG PDWUL[ LV LQVXIILFLHQW WR DWWDLQ WKH RSWLPXP
VWUHQJWK RI WKH PDWHULDO�

7KXV� LW LV SRVVLEOH WR FRQWURO WKH SURFHVVHV RI D
FRQWDFW LQWHUDFWLRQ SURFHHGLQJ DW WKH LQWHUIDFH RI FRP�
SRVLWH PDWHULDOV XVHG WR SURGXFH FRDWLQJV RQ VWHHO
SDUWV E\ D SURSHU VHOHFWLRQ RI VWUXFWXUDO DQG SKDVH
FRPSRVLWLRQ RI WKH ILOOHUV RI )Hw%w& V\VWHP� 2ZLQJ
WR WKLV� D UHOLDEOH OLQN RI ILOOHU DQG PDWUL[� UHTXLUHG
WR DWWDLQ WKH KLJK ZHDU UHVLVWDQFH RI FRPSRVLWH FRDW�
LQJV LV SURYLGHG LQ WKH FRQGLWLRQV RI WKH DEUDVLYH ZHDU�

7DEOH �� &RHIILFLHQWV RI UHODWLYH ZHDU UHVLVWDQFH �ε� LQ FRPSRVLWH
FRDWLQJV ZLWK ILOOHUV RI )Hw%w& V\VWHP
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�
7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

�
2SHQ -RLQW 6WRFN &RPSDQ\ �(QHUJRPRQWD]KSURHNW�

�
-RLQW 6WRFN &RPSDQ\ �.\LYHQHUJR�

7KH OLVW RI WHFKQRORJLFDO LQVWUXFWLRQV DQG SURFHVV IORZ VKHHWV IRU ZHOGLQJ RSHUDWLRQV WR EH XVHG DV D JXLGHOLQH LQ

PDQXIDFWXUH� DVVHPEO\ DQG UHSDLU RI SRZHU JHQHUDWLRQ HTXLSPHQW LV JLYHQ�

.H\ ZRU G V � KHDW SRZHU VWDWLRQ� WKHUPRHOHFWULF SODQW�
VWHDP SODQW� KHDWLQJ ERLOHU SODQW� KHDWLQJ V\VWHP� GLVWULEXWLRQ

V\VWHPV� JDV SLSHOLQHV� SLSHOLQHV� SLSHV� ZHOGLQJ� KHDW WUHDW�

PHQW� ZHOGHG MRLQWV� LQVSHFWLRQ RI ZHOGHG MRLQWV� WHFKQRORJLFDO

GRFXPHQWV

7KHUPDO SRZHU JHQHUDWLRQ SOD\V WKH PDMRU UROH LQ
SURGXFWLRQ RI KHDW DQG HOHFWULF SRZHU LQ 8NUDLQH�

+HDW SRZHU VWDWLRQV �7(6� DQG WKHUPRHOHFWULF SODQWV
�7(7V� SURGXFH DERXW �� �� QXFOHDU SRZHU VWD�
WLRQV x DERXW ���� � DQG K\GURHOHFWULF VWDWLRQV x
DERXW ��� � RI WKH HOHFWULF SRZHU LQ WKH FRXQWU\�

8NUDLQH KDV �� KHDW SRZHU VWDWLRQV LQ RSHUDWLRQ�

FRPSULVLQJ ��� XQLWV RI D GLIIHUHQW FDSDFLW\ �� XQLWV

IRU ��� 0:� �� XQLWV IRU ��� 0:� � XQLWV IRU
��� 0:� �� XQLWV IRU ��� 0: DQG � XQLWV IRU

��� 0:�� PRUH WKDQ �� WKHUPRHOHFWULF DQG VWHDP

SODQWV EHORQJLQJ WR WKH0LQLVWU\ RI 3RZHU*HQHUDWLRQ�

DV ZHOO DV SRZHU ZRUNVKRSV RSHUDWLQJ DW HQWHUSULVHV�


$OO WKH FLWLHV KDYH KHDWLQJ ERLOHU SODQWV RI D GLIIHUHQW

FDSDFLW\� ,Q DOO WKH FDVHV KHDW LV VXSSOLHG WKURXJK

KHDWLQJ DQG GLVWULEXWLRQ V\VWHPV�
7KHUPDO SRZHU JHQHUDWLRQ LV D PDMRU LQGXVWU\ RI

WKH FRXQWU\� +HDW SRZHU VWDWLRQV RI 8NUDLQH DUH SUL�
PDULO\ HTXLSSHG ZLWK XQLWV KDYLQJ D FDSDFLW\ IURP

��� WR ��� 0:� ZKLOH WKHUPRHOHFWULF SODQWV �DQG
VRPH KHDW SRZHU VWDWLRQV� LQFRUSRUDWH XQLWV RI D ORZHU

FDSDFLW\� L�H� IURP �� WR ��� 0:� 7KH WUHQG LV WR

FRQVWUXFWLRQ RI KLJKHU�FDSDFLW\ XQLWV DW WKHUPRHOHF�

WULF SODQWV� )RU H[DPSOH� D XQLW ZLWK D FDSDFLW\ RI
��� 0: LV FRQVWUXFWHG DW 7(7V�� LQ .\LY�

7KH PRVW W\SLFDO XQLWV RSHUDWLQJ DW KHDW SRZHU
VWDWLRQV DQG WKHUPRHOHFWULF SODQWV RI 8NUDLQH KDYH

FDSDFLW\ RI XS WR ��� 0:� /DUJH SRZHU XQLWV RI D

KLJK FDSDFLW\ ����0: HDFK� ZHUH SXW LQWR RSHUDWLRQ
LQ ����w���� DW WKH 8JOHJRUVND\D �� XQLWV��
=DSRUR]KVND\D �� XQLWV� DQG 6ODY\DQVND\D �� XQLWV�
KHDW SRZHU VWDWLRQV�

7KHUPDO SRZHU IDFLOLWLHV DUH FODVVHG ZLWK WKRVH RI
DQ LQFUHDVHG KD]DUG� $OPRVW DOO HTXLSPHQW DW KHDW

SRZHU VWDWLRQV� WKHUPRHOHFWULF DQG VWHDPSODQWV� RWKHU

WKHUPDO IDFLOLWLHV� KHDWLQJ ERLOHU SODQWV� KHDWLQJ DQG
GLVWULEXWLRQ V\VWHPV� DV ZHOO DV SDUW RI WKH DX[LOLDU\
HTXLSPHQW �JDV GLVWULEXWLRQ� VWHDP DQG UHVLGXDO IXHO

RLO OLQHV� SLSHOLQH KDQJHUV DQG VXSSRUWV� IHHG ZDWHU

VXSSO\ OLQHV� HWF�� DUH VXEMHFW WR UHTXLUHPHQWV RI VWDWH

OHJLVODWLRQ WR HQVXUH VDIH RSHUDWLRQ RI KHDW DQG SRZHU
XQLWV� DV ZHOO DV VDIHW\ RI DWWHQGLQJ SHUVRQQHO >�w���

HWF�@� 6FRSHV DQG FRPSOH[LW\ RI ZHOGLQJ RSHUDWLRQV

HPSOR\HG LQ PDQXIDFWXUH� DVVHPEO\ DQG UHSDLU RI

SURFHVV HTXLSPHQW RI KHDW SRZHU VWDWLRQV� WKHUPRHOHF�

WULF DQG VWHDP SODQWV� DV ZHOO DV RWKHU WKHUPDO IDFLOL�
WLHV� DUH YHU\ KLJK� )LUVW RI DOO� WKLV LV DVVRFLDWHG ZLWK
ZLGH UDQJHV RI VWHHOV XVHG� ELOOHWV� SDUWV� VHFWLRQV DQG

RSHUDWLRQ FRQGLWLRQV �VSDWLDO SRVLWLRQ RI SLSHOLQHV DQG

RWKHU DVVHPEOLHV�� 0DQXIDFWXUH� DVVHPEO\ DQG UHSDLU

RSHUDWLRQV DUH SHUIRUPHG XVLQJ SLSHV� SODWHV� IRUJLQJV�

VWUXFWXUDO VKDSHV DQG FDVWLQJV IURP JHQHUDO�DSSOLFD�



=DSRUR]KVND\D� 3ULGQHSURYVND\D� .ULYRUR]KVND\D� =XHYVND\D� .XUDNKRYVND\D� /XJDQVND\D� 6ODY\DQVND\D� 6WDUREHVKHYVND\D� %XUVK�

WLQVND\D� 'REURWYRUVND\D� /DG\]KLQVND\D� 8JOHJRUVND\D� =PLHYVND\D� 7ULSROVND\D�



7(7V��� 7(7V��� 7(7V��� 7(7V��� 7(7V�� �.\LY�� 7(7V�� �(VNKDU�� 7(7V��� 7(7V�� �.KDUNLY�� 6HYDVWRSROVND\D� /LVLFKDQVND\D�
.UDPDWRUVND\D� &KHUNDVVND\D� 6HYHURGRQHWVND\D� (QHUJRGDUVND\D� 7(6 RI WKH =DSRUL]K\D $OXPLQLXP 3URGXFWLRQ :RUNV� 2SHQ -RLQW

6WRFN &RPSDQ\ �$]RYVWDO� DQG ,O\LFK 0HWDOOXUJLFDO :RUNV �0DULXSRO�� 2SHQ -RLQW 6WRFN &RPSDQ\ �.ULYRUR]KVWDO� DQG (DVWHUQ

0LQLQJ )DFLOLW\ �=KHOW\H 9RG\�� HWF�
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7DEOH �� &KDUDFWHULVWLFV RI SLSHOLQHV XVHG LQ KHDW DQG SRZHU
XQLWV
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7DEOH �� 0RGXOHV RI 7HFKQRORJLFDO ,QVWUXFWLRQV �7,� DQG 3URFHVV )ORZ 6KHHWV �3)6� IRU ZHOGLQJ� KHDW WUHDWPHQW DQG LQVSHFWLRQ RI
ZHOGHG MRLQWV LQ SURFHVV HTXLSPHQW RI KHDW SRZHU VWDWLRQV� WKHUPRHOHFWULF SODQWV� VWHDP SODQWV� KHDWLQJ ERLOHU SODQWV� KHDWLQJ DQG
GLVWULEXWLRQ V\VWHPV DQG JDV SLSHOLQHV

,QGH[

RI 7,

DQG 3)6

'HVLJQDWLRQ RI 7, DQG 3)6

3UHSDUDWLRQ RI SURGXFWLRQ DQG LPSURYHPHQW RI VNLOO RI ZRUNHUV SHUIRUPLQJ DVVHPEO\� ZHOGLQJ DQG LQVSHFWLRQ RI ZHOGHG MRLQWV

��� ,QVWUXFWLRQ IRU TXDOLILFDWLRQ RI ZRUN SODFHV RI ZHOGHUV� IODZ GHWHFWLRQ VSHFLDOLVWV DQG ILWWHUV

��� 7HFKQRORJ\ IRU PDQXIDFWXUH RI EDFNLQJ ULQJV

��� 7, IRU IHHGLQJ DUJRQ LQVLGH D SLSH IRU ZHOGLQJ SRZHU XQLW SLSHOLQHV

��� 7, IRU SUHOLPLQDU\ LQVSHFWLRQ RI ZHOGLQJ FRQVXPDEOHV DQG VKLHOGLQJ JDVHV

:HOGLQJ RI SLSHOLQHV DQG SURFHVV HTXLSPHQW

��� 7, IRU PDQXDO DUF ZHOGLQJ RI FDUERQ DQG ORZ�DOOR\ VWHHO VWDWLRQ SLSHOLQHV IRU KHDW DQG SRZHU XQLWV

��� 7, IRU PDQXDO DUF ZHOGLQJ RI KLJK�WHPSHUDWXUH SHDUOLWLF VWHHO VWDWLRQ SLSHOLQHV IRU KHDW DQG SRZHU XQLWV

��� 7, IRU PDQXDO DUJRQ�DUF DQG FRPELQHG ZHOGLQJ RI SHDUOLWLF VWHHO SLSHOLQHV IURP �� WR ��� PP LQ GLDPHWHU IRU KHDW DQG

SRZHU XQLWV

��� 7, IRU ZHOGLQJ RI JDV SLSHOLQHV IURP JDV GLVWULEXWLRQ VXEVWDWLRQV WR ERLOHUV DQG PDLQ SLSHOLQHV

��� 7, IRU ZHOGLQJ RI DXVWHQLWLF VWHHO SLSHOLQHV IRU SRZHU XQLWV

��� 7, IRU ZHOGLQJ GLVVLPLODU VWHHO SLSHOLQHV IRU SRZHU XQLWV

��� 7, IRU ZHOGLQJ RI DXVWHQLWLF VWHHO QR]]OH EUDQFK SLSHV IRU SRZHU XQLWV

��� 7, IRU PDQXDO DUF ZHOGLQJ RI VWHDP DQG KRW ZDWHU SLSHOLQHV �FDWHJRULHV ,,, DQG ,9� DQG LQVLGH D ERLOHU

��� 7, IRU PDQXDO DUF ZHOGLQJ DQG LQVSHFWLRQ RI ZHOGHG MRLQWV LQ UHKHDW SLSHOLQHV RI ORZ�DOOR\ KLJK�WHPSHUDWXUH SHDUOLWLF

VWHHOV DW KHDW DQG SRZHU XQLWV

��� 7, IRU ZHOGLQJ DQG LQVSHFWLRQ RI ZHOGHG MRLQWV RI VXSSRUWV DQG KDQJHUV WR SLSHOLQHV

��� 7, IRU ZHOGLQJ RI SHDUOLWLF VWHHO QR]]OH EUDQFK SLSHV

��� 7, IRU PDQXDO DUF ZHOGLQJ RI KHDWLQJ PDLQ SLSHOLQHV �IURP �� WR ���� PP LQ GLDPHWHU� DQG GLVWULEXWLRQ V\VWHPV

��� 7, IRU ZHOGLQJ RI ORDG�FDUU\LQJ DQG HQFORVXUH PHWDO VWUXFWXUHV IRU KHDW DQG SRZHU XQLWV

��� 7, IRU ZHOGLQJ RI SLSHOLQHV RQ D EDFNLQJ ULQJ

��� 7, IRU ZHOGLQJ RI SODWH VWUXFWXUHV IRU PDQXIDFWXUH DQG DVVHPEO\ RI ODUJH�VL]H YHVVHOV �WDQNV�

��� 7, IRU EXWW ZHOGLQJ RI RLO DQG VWHDP�UHVLGXDO IXHO RLO SLSHOLQHV

��� 7, IRU ZHOGLQJ LQ PDQXIDFWXUH RI VHFWLRQ EUDQFK SLSHV

5HSDLU RI HOHPHQWV RI HTXLSPHQW DQG ZHOGHG MRLQWV

��� 7, IRU UHSDLU RI VHFWLRQV RI SLSHOLQHV DIWHU WUDQVSRUWDWLRQ DQG UHVKLSPHQW

��� 7, IRU UHSDLU RI GHIHFWV RI ZHOGHG MRLQWV LQ SLSHOLQHV

��� 7, IRU UHSDLU RI W\SLFDO GDPDJHV LQ PHGLXP� DQG KLJK�SUHVVXUH VWHDP OLQHV GXULQJ RSHUDWLRQ

��� 7, IRU UHSDLU RI SLSH V\VWHPV RI VWHDP DQG ZDWHU�KHDWLQJ ERLOHUV

(TXLSPHQW DQG WHFKQRORJ\ IRU SUHKHDWLQJ DQG KHDW WUHDWPHQW RI ZHOGHG MRLQWV

��� 7, IRU SUHKHDWLQJ RI HGJHV LQ ZHOGLQJ DQG KHDW WUHDWPHQW RI ZHOGHG MRLQWV

,QVSHFWLRQ RI ZHOGLQJ FRQVXPDEOHV DQG ZHOGHG MRLQWV

��� 7, IRU SUHOLPLQDU\ LQVSHFWLRQ RI ZHOGLQJ FRQVXPDEOHV DQG VKLHOGLQJ JDVHV

��� 7, IRU UDGLRJUDSKLF LQVSHFWLRQ RI ZHOGHG MRLQWV LQ QR]]OH EUDQFK SLSHV RI SLSHOLQHV

��� 7, IRU SUHOLPLQDU\ LQVSHFWLRQ DQG PRQLWRULQJ GXULQJ ZHOGLQJ

,Q�SURFHVV LQVSHFWLRQ RI ZHOGLQJ DQG KHDW WUHDWPHQW RI ZHOGHG MRLQWV

��� 3)6 IRU WKH WHFKQRORJLFDO SURFHVV RI ZHOGLQJ RI SHDUOLWLF VWHHO SLSHOLQHV

��� 3)6 IRU WKH WHFKQRORJLFDO SURFHVV RI ZHOGLQJ RI DXVWHQLWLF VWHHO SLSHOLQHV

��� 3)6 IRU WKH WHFKQRORJLFDO SURFHVV RI ZHOGLQJ RI GLVVLPLODU VWHHO SLSHOLQHV

��� 3)6 IRU WKH WHFKQRORJLFDO SURFHVV RI KHDW WUHDWPHQW LQ ZHOGLQJ RI SRZHU XQLW SLSHOLQHV



:LWK IORZ FKDUWV�


7R EH FRQVLGHUHG WRJHWKHU ZLWK LQVWUXFWLRQV ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����
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WLRQ FDUERQ VWHHOV �DOO PRGLILFDWLRQV RI 6W���� KLJK�
TXDOLW\ FDUERQ VWHHOV RI SHDUOLWLF JUDGHV �6W����
6W����� ORZ� DQG PHGLXP�DOOR\HG VWHHOV �RI WKH 0Qw
6L� &Uw0R DQG &Uw0Rw9 V\VWHPV�� KLJK�WHPSHUDWXUH
VWHHOV RI SHDUOLWLF JUDGHV ���.K0� ��.K�0)�
��.K�0�)� HWF��� RWKHU KLJK�DOOR\ FKURPLXP VWHHOV
RI WKH ��.K��9�0) JUDGH DQG FKURPH�QLFNHO DXVWHQL�
WLF VWHHOV RI WKH ��.K��1��7� ��.K��1��7�
��.K��1��7 DQG RWKHU JUDGHV� 2QH�WKLUG RI KHDW DQG
SRZHU XQLWV FRQVLVWV RI SLSHOLQHV RI IRXU FDWHJRULHV
DQG QLQH JURXSV �7DEOH �� RI WKH DERYH VWHHO JUDGHV�
:HOGLQJ RI SLSHOLQHV ZLWK D GLDPHWHU RI OHVV WKDQ
��� PP LQYROYHV PXFK GLIILFXOWLHV� DV LQ WKLV FDVH
WKHUH LV QR ZD\ RI ZHOGLQJ WKH ZHOG URRW IURP LQVLGH
RI D SLSH�

$OO WKH DYDLODEOH IXVLRQ ZHOGLQJ PHWKRGV DUH HP�
SOR\HG IRU PDQXIDFWXUH RI SURFHVV HTXLSPHQW IRU KHDW
DQG SRZHU XQLWV� ZKHUHDV UHSDLU LV FDUULHG RXW XVLQJ
FRYHUHG�HOHFWURGH ZHOGLQJ� 7,* ZHOGLQJ LQ DUJRQ DW�
PRVSKHUH ZLWK DQG ZLWKRXW D ILOOHU ZLUH DQG FRPELQHG
ZHOGLQJ� ,Q WKH ODWWHU FDVH WKH ZHOG URRW ��w� EHDGV�
LV ZHOGHG LQ DUJRQ DQG JURRYH LV ILOOHG XVLQJ FRYHUHG
HOHFWURGHV� $W QHJDWLYH WHPSHUDWXUHV DOO WKH DVVHP�
EOLHV DUH ZHOGHG ZLWK SUHKHDWLQJ� ZKLOH WKRVH RI FDU�
ERQ VWHHOV ZLWK D FDUERQ FRQWHQW RI PRUH WKDQ ���� �
DQG RI ORZ� DQG PHGLXP�DOOR\HG VWHHOV� LQGHSHQGHQWO\
RI WKH DPELHQW WHPSHUDWXUH� DUH ZHOGHG ZLWK SUHKHDW�
LQJ SOXV PDQGDWRU\ KHDW WUHDWPHQW RI ZHOGHG MRLQWV�

$OO WKH RSHUDWLRQV DVVRFLDWHG ZLWK ZHOGLQJ� KHDW
WUHDWPHQW DQG LQVSHFWLRQ RI SLSHOLQHV RI FDWHJRULHV ,,,
DQG ,9 RSHUDWLQJ XQGHU H[WUHPH WHPSHUDWXUH DQG SUHV�
VXUH FRQGLWLRQV DUH SHUIRUPHG ZLWK VSHFLDO FDUH�

,QVSHFWLRQ RI ZHOGHG MRLQWV LV D GLIILFXOW HOHPHQW
RI D ZHOGLQJ WHFKQRORJ\�

6SHFLDOLVWV VKRXOG WDNH LQWR DFFRXQW PDQ\ VWDWH
UHJXODWRU\ GRFXPHQWV� LQFOXGLQJ VWDQGDUG
5' �� ������w�� �570��6w��� �:HOGLQJ� +HDW
7UHDWPHQW DQG &RQWURO RI 3LSH 6\VWHPV RI %RLOHUV
DQG 3LSHOLQHV LQ $VVHPEO\ DQG 5HSDLU RI (OHFWULF
3RZHU 6WDWLRQ (TXLSPHQW�� WR SHUIRUP DVVHPEO\�
ZHOGLQJ� KHDW WUHDWPHQW DQG LQVSHFWLRQ RI ZHOGHG
MRLQWV LQ SLSHOLQHV� SLSH V\VWHPV RI ERLOHUV� DX[LOLDU\
HTXLSPHQW� KHDW DQG GLVWULEXWLRQ V\VWHPV� JDV SLSH�
OLQHV DQG RWKHU HTXLSPHQW RSHUDWLQJ DW KHDW SRZHU
VWDWLRQV� WKHUPRHOHFWULF SODQWV DQG RWKHU WKHUPDO ID�
FLOLWLHV� $OO VXFK GRFXPHQWV ZHUH SUHSDUHG LQ D JHQHUDO
IRUP� WKLV PDNLQJ WKHP GLIILFXOW WR XVH� 7KHUH DUH
FDVHV ZKHUH VRPH LPSRUWDQW UHTXLUHPHQWV DUH QRW PHW
GXULQJ ZHOGLQJ� ,Q YLHZ RI WKLV IDFW� WKH (�2� 3DWRQ
(OHFWULF :HOGLQJ ,QVWLWXWH� LQ FROODERUDWLRQ ZLWK WKH
2SHQ -RLQW 6WRFN &RPSDQ\ �(QHUJRPRQWD]KSURHNW�
DQG -RLQW 6WRFN &RPSDQ\ �.\LYHQHUJR�� GHYHORSHG
PRGXOHV RI 7HFKQRORJLFDO ,QVWUXFWLRQV �7,� ZLWK IORZ
FKDUWV DQG 3URFHVV )ORZ 6KHHWV �3)6� ��� LWHPV LQ
WRWDO� IRU ZHOGLQJ� KHDW WUHDWPHQW DQG LQVSHFWLRQ RI
VSHFLILF DVVHPEOLHV RI KHDW SRZHU VWDWLRQV� WKHUPR�
HOHFWULF SODQWV DQG RWKHU WKHUPDO IDFLOLWLHV �7DEOH ���

7KH 7, DQG 3)6 GHYHORSHG KDYH EHHQ H[DPLQHG�
DJUHHG XSRQ ZLWK WKH 6WDWH 'HSDUWPHQW RI WKH 0L�
QLVWU\ RI +HDOWK DQG 6DIHW\ �*RVQDG]RURNKUDQWUXGD�
RI 8NUDLQH DQG HQDFWHG VLQFH ����w����� 7KHVH GRFX�
PHQWV JLYH D GHWDLOHG GHVFULSWLRQ RI DOO WKH VWDJHV RI

D WHFKQRORJLFDO SURFHVV IRU ZHOGLQJ VSHFLILF DVVHPEOLHV
RI KHDW SRZHU VWDWLRQV� WKHUPRHOHFWULF SODQWV DQG
RWKHU WKHUPDO IDFLOLWLHV DQG V\VWHPV� VWDUWLQJ IURP
DFFHSWDQFH RI LQLWLDO ELOOHWV� IDFWRU\ PDGH VHFWLRQV�
WKHLU UHSDLU LQ D FDVH RI GDPDJH GXULQJ WUDQVSRUWDWLRQ
DQG KDQGOLQJ� DQG HQGLQJ ZLWK DFFHSWDQFH RI ILQLVKHG
ZHOGPHQWV E\ WHFKQLFDO LQVSHFWLRQ ERGLHV� $OVR� WKH\
JLYH UHFRPPHQGDWLRQV RQ UHSDLU RI DVVHPEOLHV ZLWK
W\SLFDO GDPDJH� DSSOLFDWLRQ RI ZHOGLQJ FRQVXPDEOHV�
ZHOGLQJ DQG KHDW WUHDWPHQW HTXLSPHQW� SDUDPHWHUV
RI DOO WKH SUHSDUDWRU\ RSHUDWLRQV IRU ZHOGLQJ� SUHKHDW�
LQJ �FRROLQJ�� KHDW WUHDWPHQW DQG LQVSHFWLRQ RI
ZHOGHG MRLQWV� 3URFHVV )ORZ 6KHHWV LQFOXGH GDWD RQ
LQ�SURFHVV PRQLWRULQJ E\ WKH PDQDJLQJ� DQG H[HFX�
WLYH�OHYHO WHFKQLFDO DQG HQJLQHHULQJ HPSOR\HHV�

7HFKQRORJLFDO ,QVWUXFWLRQV DQG 3URFHVV )ORZ
6KHHWV GHYHORSHG IRU ZHOGLQJ RI ERLOHU SDUWV� GLVWUL�
EXWLRQ V\VWHPV� LQGXVWULDO UHKHDW SLSHOLQHV �FDWHJRULHV
,,, DQG ,9� FRYHU KHDW DQG SRZHU XQLWV ZLWK D FDSDFLW\
RI XS WR ��� 0:� 7KH UHVW RI 7, DQG 3)6 FDQ EH XVHG
LQGHSHQGHQWO\ RI WKH FDSDFLW\ RI XQLWV DYDLODEOH DW
KHDW SRZHU VWDWLRQV DQG WKHUPRHOHFWULF SODQWV�

,I QHFHVVDU\� VSHFLDOLVWV RI WKH (�2� 3DWRQ (OHFWULF
:HOGLQJ ,QVWLWXWH FDQ SURYLGH D VSHFLILF ILHOG GHYH�
ORSPHQW RI 7, DQG 3)6 WR PHHW WKH QHHGV RI D FXVWRPHU
IRU VSHFLILF KHDW DQG SRZHU XQLWV� DQG SHUIRUP DQ
DSSURSULDWH H[DPLQDWLRQ DQG FRRUGLQDWLRQ ZLWK WKH
DXWKRULWLHV RI WKH *RVQDG]RURNKUDQWUXGD RI 8NUDLQH�

$SSOLFDWLRQ RI WKH GRFXPHQWV VXJJHVWHG ZLOO PDNH
LW SRVVLEOH WR LQFUHDVH WKH OHYHO RI SUHSDUDWLRQ DQG SHU�
IRUPDQFH RI ZHOGLQJ RSHUDWLRQV� LPSURYH WKH VNLOO� WHFK�
QRORJLFDO GLVFLSOLQH DQG UHVSRQVLELOLW\ RI ZRUNHUV �RSH�
UDWRUV DQG WHFKQLFDO DQG HQJLQHHULQJ HPSOR\HHV� LQ�
YROYHG LQ PDQXIDFWXUH� DVVHPEO\ DQG UHSDLU RI KHDW DQG
SRZHU XQLW HTXLSPHQW� DYRLG PLVWDNHV LQ GHYHORSPHQW
RI WHFKQRORJLHV DQG� FRQVHTXHQWO\� SURYLGH KLJK TXDOLW\
DQG RSHUDWLRQDO UHOLDELOLW\ RI HTXLSPHQW XVHG DW KHDW
SRZHU VWDWLRQV� WKHUPRHOHFWULF DQG VWHDPSODQWV� KHDWLQJ
ERLOHU SODQWV� KHDW V\VWHPV DQG JDV SLSHOLQHV�

7KH QHZ GRFXPHQWV DUH DSSOLHG E\ &RPSDQ\
�.\LYHQHUJR� IRU FRQVWUXFWLRQ RI SRZHU XQLW ZLWK D
FDSDFLW\ RI ���0: DW WKH .\LY 7(7V��� ,W LV SODQQHG
WR XVH WKHP IRU UHSDLU DQG UHFRQVWUXFWLRQ RI SRZHU
XQLWV DW KHDW SRZHU VWDWLRQV DQG WKHUPRHOHFWULF SODQWV�

�� '1$23 ���������w��� 5XOHV RI DUUDQJHPHQW DQG VDIH RSHUDWL�
RQ RI VWHDP DQG KRW ZDWHU SLSLQJV� $SSU� ��������� .\LY�

�� '1$23 ���������w��� 5XOHV RI DUUDQJHPHQW DQG VDIH RSHUDWL�
RQ RI VWHDP DQG KRW�ZDWHU ERLOHUV� $SSU� ��������� .\LY�

�� '1$23 ���������w��� 5XOHV RI DUUDQJHPHQW DQG VDIH RSH�
UDWLRQ RI SUHVVXUH YHVVHOV� $SSU� ��������� .\LY�

�� 61L3 �������w��� +HDWLQJ V\VWHPV� ,QWU� ���������
�� 61L3 �������w��� +HDWLQJ V\VWHPV� ,QWU� ���������
�� 61L3 �������w��� /RDG�FDUU\LQJ VWUXFWXUHV DQG HQFORVXUHV�

,QWU� ���������
�� '1$23 ���������w��� 6DIHW\ UXOHV IRU JDV VXSSO\ V\VWHPV�

,QWU� ���������
�� 61L3 �������w��� *DV VXSSO\� 5XOHV RI SURGXFWLRQ DQG DF�

FHSWDQFH RI ZRUN� ,QWHULRU HTXLSPHQW� ([WHULRU V\VWHPV DQG
LQVWDOODWLRQV� ,QWU� ���������

�� 61L3 �������w��� %XLOGLQJ FRGHV DQG UXOHV� 0DQXIDFWXULQJ
HTXLSPHQW DQG LQGXVWULDO SLSHOLQHV� ,QWU� ���������

��� ������ &XUUHQW UHJXODWRU\ GRFXPHQWV RQ SURWHFWLRQ RI ODER�
XU DQG ILUH VDIHW\ PDQGDWRU\ IRU IXOILOOPHQW E\ HQWHUSULVHV
DQG RUJDQLVDWLRQV RI 0LQHQHUJR RI 8NUDLQH� .\LY� 1',
(QHUJHW\N\�
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9�3� %8'1,.

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

3DSHUV GHGLFDWHG WR WKH SURFHVV RI GLUHFW SRODULW\ FXUUHQW ZHOGLQJ RI DOXPLQLXP DOOR\V GHYHORSHG E\ WKH (�2� 3DWRQ

(OHFWULF :HOGLQJ ,QVWLWXWH DQG LWV FRPPHUFLDO DSSOLFDWLRQ DUH UHYLHZHG� 7KH DSSOLFDWLRQ ILHOG RI WKLV SURFHVV KDV EHHQ

LGHQWLILHG� WKH UHODWHG SUREOHPV DUH OLVWHG DQG DGYDQWDJHV DUH VKRZQ�

.H\ ZRU G V � DUF ZHOGLQJ� DOXPLQLXP DOOR\V� QRQ�FRQVX�

PDEOH HOHFWURGH� VWUDLJKW SRODULW\� R[LGH ILOP

'HYHORSPHQW RI OHDGLQJ LQGXVWULDO VHFWRUV� LQ SDU�

WLFXODU� ZHOGLQJ IDEULFDWLRQ� LV FORVHO\ FRQQHFWHG

ZLWK GHYHORSPHQW DQG LQWURGXFWLRQ RI QHZ KLJKO\

HIILFLHQW WHFKQRORJLHV DQG HTXLSPHQW� ,Q ����w��V

LQ )68 DGYDQFHG VWUXFWXUHV ZHUH GHYHORSHG LQ

VSDFH� DLUFUDIW� VKLS�EXLOGLQJ DQG RWKHU VHFWRUV RI

HQJLQHHULQJ ZLWK D ZLGH VFRSH RI DSSOLFDWLRQ RI DOX�

PLQLXP DOOR\V� 'HYHORSPHQW RI �%XUDQ� VSDFH V\V�

WHP ZDV VWDUWHG� $GYDQFHG KLJK�VWUHQJWK ZHOGDEOH

DOXPLQLXP DOOR\V ZHUH EHLQJ GHYHORSHG DQG XVHG DW

WKH VDPH WLPH� IRU LQVWDQFH� D QXPEHU RI DOOR\V RI

����� '��� '��� ���� W\SH RI $Ow=Qw0J DQG $Ow

&Xw0Q DOOR\LQJ V\VWHPV� 7KH QHHG DURVH WR SHUIRUP

VLQJOH�SDVV ZHOGLQJ RI ��w�� PP WKLFN PHWDO DW

PLQLPDO KHDW LQSXW� 7KH DYDLODEOH ZHOGLQJ SURFHVVHV

GLG QRW SHUPLW VDWLVI\LQJ WKHVH UHTXLUHPHQWV� $W
WKDW WLPH WKH 3:, VWDUWHG SHUIRUPLQJ LQYHVWLJDWLRQV

WR GHYHORS DQG LPSURYH DGYDQFHG KLJKO\ HIILFLHQW

SURFHVVHV RI ZHOGLQJ DOXPLQLXP DOOR\V� QDPHO\ HOHF�

WURQ EHDP DQG KHOLXP�DUF ZHOGLQJ �+$:� DW GLUHFW

FXUUHQW RI VWUDLJKW SRODULW\ �'&63� >�@�

%DVHG RQ WKH GDWD� SXEOLVKHG LQ IRUHLJQ MRXUQDOV

>�� �@� WKH QRQ�FRQVXPDEOH HOHFWURGH VWUDLJKW SRODULW\
+$: SURFHVV ZDV SURPLVLQJ� +RZHYHU� WKH LQIRUPD�

WLRQ JLYHQ LQ WKHP PRVWO\ ZDV RI SURPRWLRQDO QDWXUH�

)RU VXFFHVVIXO DSSOLFDWLRQ RI +$: WKH LQGXVWU\ KDG
WR VROYH D QXPEHU RI WKHRUHWLFDO DQG H[SHULPHQWDO

SUREOHPV� 7KH PRVW XUJHQW RI WKHP LQFOXGHG LQYHVWL�

JDWLRQ RI WKH SURFHVV RI R[LGH ILOPGLVUXSWLRQ� VWXG\LQJ

WKH HQHUJ\ FKDUDFWHULVWLFV� GHYHORSPHQW RI LQGXVWULDO

WHFKQRORJ\� GHILQLQJ UHTXLUHPHQWV WR VSHFLDO HTXLS�

PHQW DQG LWV GHYHORSPHQW� DQG VWXG\LQJ WKH SURSHUWLHV

RI MRLQWV LQ KLJK�VWUHQJWK DOOR\V�

:RUN RQ+$: LQYHVWLJDWLRQ DQG LQWURGXFWLRQZDV

FRQGXFWHG E\ D WHDP� OHG E\ 3URI� 'DQLLO 0� 5DENLQ�

7KH FRUH RI WKH WHDP ZDV PDGH XS E\ 2�1� ,YDQRYD�
9�3� %XGQLN� %�$� 6WHEORYVN\�

'XULQJ GLVFXVVLRQ RI WKH DULVLQJ LVVXHV

3URI� 5DENLQ HPSKDVL]HG PRUH WKDQ RQFH WKDW VROXWLRQ

RI WKH SRVHG SUREOHPV GHSHQGV RQ LGHQWLI\LQJ DQG

GHILQLQJ PRUH SUHFLVHO\ WKH SURFHVVHV� SURFHHGLQJ LQ

WKH DUF DW '&63� LQFOXGLQJ WKRVH� ZKLFK LQIOXHQFH

GLVUXSWLRQ RI DOXPLQLXP R[LGH ILOP�
,W ZDV EHOLHYHG IRU D ORQJ WLPH WKDW FDWKRGH VSXW�

WHULQJ LV WKH PDLQ SURFHVV� SURPRWLQJ GLVUXSWLRQ RI

WKH R[LGH ILOP LQ ZHOGLQJ RI DOXPLQLXP DOOR\V >�@�

)URP WKLV YLHZ SRLQW� LW ZDV LPSRVVLEOH WR DFFRXQW

IRU WKH DELOLW\ RI SURGXFLQJ VRXQG ZHOGV LQ VWUDLJKW
SRODULW\ ZHOGLQJ� :RUN >�@ VXJJHVWHG WKH SRVVLELOLW\

RI DQ HQHUJ\�EDVHG SURFHVV RI R[LGH GLVUXSWLRQ RFFXU�

ULQJ LQ ZHOGLQJ�

$ VHULHV RI H[SHULPHQWV ZHUH FRQGXFWHG DW WKH

3:,� SURYLGLQJ D UHSO\ WR WKLV TXHVWLRQ >�@� 0DVV�
VSHFWURPHWU\ LQYHVWLJDWLRQV RI SDLUV RI DOXPLQLXP

VDPSOHV UHYHDOHG LRQ FXUUHQWV� FRUUHVSRQGLQJ WR PROH�

FXOHV RI DOXPLQLXP DQG $O�2� 7KHUPRG\QDPLF FDOFX�
ODWLRQ RI WKH SRVVLEOH FKHPLFDO UHDFWLRQV LQ WKH ZHOG
SRRO VKRZHG WKH PRVW SUREDEOH W\SH RI LQWHUDFWLRQ RI

WKH R[LGH ILOP ZLWK PROWHQ DOXPLQLXP�

$O�2��VROLG� � �$O�OLTXLG� ↔ �$O�2�JDV SKDVH��

7KHVH H[SHULPHQWV DOORZHG HVWDEOLVKLQJ WKH SRVVLEL�

OLW\ RI D FKHPLFDO UHDFWLRQ� SURFHHGLQJ LQ PROWHQ DOX�

PLQLXP� DV ZHOO DV GLVUXSWLRQ RI R[LGHV LQ WKH ZHOG

SRRO�

7KHUPRG\QDPLF FDOFXODWLRQ DQG H[SHULPHQWDO
GDWD \LHOGHG WKH VRXJKW YDOXHV RI WKH HTXLOLEULXP WHP�

SHUDWXUH RI WKLV UHDFWLRQ� ���� . �WKHRUHWLFDO� DQG

���� . �DW UHFDOFXODWLRQ RI H[SHULPHQWDO GDWD��

7KXV� LW ZDV HVWDEOLVKHG WKDW GLVUXSWLRQ RI R[LGH

ILOP LQ DOXPLQLXP ZHOGLQJ SURFHHGV DW KLJK WHPSHUD�
WXUHV RI PROWHQ PHWDO� 7KHUHIRUH� GHYHORSPHQW RI D

FKHPLFDO UHDFWLRQ LQ WKH HQWLUH YROXPH RI WKH ZHOG

SRRO LV XQOLNHO\�

7HPSHUDWXUH FRQGLWLRQV GXULQJ ZHOGLQJ ZHUH VWX�

GLHG E\ WDNLQJ PHDVXUHPHQWV ZLWK WXQJVWHQ�UKHQLXP
WKHUPRFRXSOHV >�@� ([SHULPHQWV ZHUH FRQGXFWHG LQ

KHOLXP DQG DUJRQ� :KHQ KHOLXP ZDV XVHG� D WHPSHUD�
WXUH ULVH E\ ���w��� . ZDV IRXQG DFURVV WKH HQWLUH

GHSWK RI WKH SRRO� FRPSDUHG WR ZHOGLQJ LQ DUJRQ� ,Q
+$: WKH PHDVXUHG WHPSHUDWXUH GLUHFWO\ XQGHU WKH
DUF RI WKH OLTXLG PHWDO LV ����w���� .� ,W LV REYLRXV

WKDW WKH EXON RI WKH R[LGH ILOP GLVLQWHJUDWHV GLUHFWO\

LQ WKH QHDU�HOHFWURGH OD\HU� 7KHVH H[SHULPHQWV DOVR

SURYLGH DQ H[SODQDWLRQ IRU LQVXIILFLHQW GLVUXSWLRQ RI

WKH R[LGHV� ZKHQ XVLQJ DUJRQ� DQG LPSRVVLELOLW\ RI LWV

DSSOLFDWLRQ IRU ZHOGLQJ E\ WKLV SURFHVV�� 9�3� %8'1,.� ����
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$ VRXQG ZHOG VXUIDFH FDQ EH REWDLQHG DW D KLJK
FRQFHQWUDWLRQ RI WKH DUF HQHUJ\� ZKLFK LV DFKLHYHG LQ
+$:� 'LVUXSWLRQ RI WKH R[LGH ILOP LV DOVR UHJLVWHUHG
LQ DUJRQ�DUF ZHOGLQJ EXW ZLWK DQ DUF JDS� FORVH WR D
VKRUW�FLUFXLW LQ LWV OHQJWK� DQG DW D VLJQLILFDQWO\ VKDO�
ORZHU SHQHWUDWLRQ� +$: DOVR UHTXLUHV D VKRUW DUF�
EXW WKLV UHTXLUHPHQW LV OHVV VWULQJHQW WKDQ ZKHQ DUJRQ
LV XVHG� 7KLV IHDWXUH RI WKH SURFHVV� DV ZHOO DV WKH
QHHG WR DSSO\ H[SHQVLYH KHOLXP� FDQ EH UHJDUGHG DV
WKH GLVDGYDQWDJHV RI WKH DERYH ZHOGLQJ SURFHVV�

(VWDEOLVKLQJ WKH VHTXHQFH RI DOXPLQLXP R[LGH GLV�
UXSWLRQ LQ WKH ZHOG SRRO DOORZHG LQYHVWLJDWLRQ RI WKH
IHDWXUHV RI WKH SURFHVV RI '& ZHOGLQJ� +$: DGYDQ�
WDJHV ZHUH VWXGLHG� 3URFHVV HIILFLHQF\ FDQ EH XS WR
�� �� ZKLFK OHDGV WR D JUHDWHU GHSWK RI SHQHWUDWLRQ
DW VPDOOHU FXUUHQW �FRPSDUHG WR RWKHU DUF SURFHVVHV��

$ KLJK SHQHWUDELOLW\ RI WKH SURFHVV SHUPLWV PDNLQJ
ZHOGV RQ WKLFN PHWDO LQ RQH SDVV >�@� 8S WR �� PP
WKLFN MRLQWV PD\ EH SURGXFHG �)LJXUH ��� ,W LV LPSRV�
VLEOH WR ZHOG SDUWV RI VXFK RU VLPLODU WKLFNQHVV E\
VLQJOH�SDVV DUJRQ�DUF ZHOGLQJ �$$:��

+LJK FRQFHQWUDWLRQ RI WKHUPDO HQHUJ\� KLJK UDWHV
RI KHDWLQJ DQG FRROLQJ RI WKH EDVH PHWDO� OHDG WR D
QDUURZHU +$= RI WKH MRLQW� H[SRVHG WR KLJK WHPSHUD�
WXUHV� $V D UHVXOW� LQ +$: WKH +$= DQG ZHOG ZLGWK
DUH ��� WR � WLPHV VPDOOHU WKDQ LQ $& ZHOGLQJ LQ DUJRQ
�)LJXUH �� >�@� 6XFK DQ DGYDQWDJH LV SDUWLFXODUO\ LP�
SRUWDQW LQ ZHOGLQJ RI KHDW�KDUGHQDEOH KLJK�VWUHQJWK
DOOR\V�

,W LV HVWDEOLVKHG WKDW LQ +$: LW LV SRVVLEOH WR
SURGXFH MRLQWV DW PXFK KLJKHU VSHHGV WKDQ DW $$:�
6R� D MRLQW RI PHWDO � PP WKLFN ZDV SHUIRUPHG DW
ZHOGLQJ VSHHG RI ��� P�KZLWKRXW GLVWXUELQJ RI ZHOG
IRUPDWLRQ�

7KH IHDWXUHV RI +$: SURFHVV IXUWKHU LQFOXGH WKH
LQIOXHQFH RI WKH KLJK WHPSHUDWXUH RI ZHOG SRRO RQ WKH
EHKDYLRXU RI DOOR\LQJ FRPSRQHQWV RI WKH PHWDO�

(YDSRUDWLRQ RI RYHUKHDWHG LQWHUOD\HU IURP WKH QHDU�
DQRGH VSRW LV HQKDQFHG� 7KLV LV SDUWLFXODUO\ QRWLFHDEOH
LQ ZHOGLQJ RI DOXPLQLXP DOOR\V ZLWK DOOR\LQJ HOHPHQWV
�]LQF� PDQJDQHVH� OLWKLXP�� KDYLQJ D ORZ ERLOLQJ WHP�
SHUDWXUH RI ���� ���� DQG ���� �&� UHVSHFWLYHO\� ,Q
DOXPLQLXP WKLV LQGH[ LV ���� �&� 6XFK HOHPHQWV HYDSR�
UDWH UDWKHU LQWHQVLYHO\� OHDYLQJ D GDUN UHVLGXH RQ WKH
VXUIDFH RI WKH ZHOG DQG WKH MRLQW� ZKLFK LV HDVLO\
UHPRYHG� DQG GRHV QRW LQ DQ\ ZD\ DIIHFW WKH MRLQW
SURSHUWLHV� 6XFK D UHVLGXH LV QRW IRUPHG LQ ZHOGLQJ
RI DOOR\V� QRW FRQWDLQLQJ HOHPHQWV ZLWK D ORZ ERLOLQJ
WHPSHUDWXUH� 7KH DSSHDUDQFH RI WKH VXUIDFH RI D +$:
ZHOG RQ DOOR\ ����� LV VKRZQ LQ )LJXUH ��

3URFHVV DXWRPDWLRQ DQG GHYHORSPHQW RI VSHFLDO
HTXLSPHQW EHFDPH QHFHVVDU\ WR PDLQWDLQ D VKRUW DUF
JDS LQ +$:� $ V\VWHP RI DXWRPDWLF DGMXVWPHQW RI
DUF YROWDJH �$$$9� ZDV GHYHORSHG� EDVHG RQ WKH
GHSHQGHQFH� H[LVWLQJ EHWZHHQ DUF YROWDJH DQG OHQJWK�
2QH RI WKH FRPSRQHQWV RI WKLV V\VWHP LV WKH ZHOGLQJ
WRUFK �$����� W\SH� ZLWK D PRELOH HOHFWURGH� GHYH�
ORSHG LQ WKH 3:, 'HVLJQ %XUHDX� 7RUFK FRQWURO WR
PDLQWDLQ DQ DUF JDS ZLWK DQ HUURU RI ± ��� PP ZDV
SHUIRUPHG ZLWK 2%����� PRGXOH�

7KH SURFHVV RI ZHOGLQJ ZLWK DSSOLFDWLRQ RI $$$9

V\VWHP KDV JUHDWO\ LPSURYHG WKH VWDELOLW\ RI ZHOG

IRUPDWLRQ� 7KH RWKHU ZHOGLQJ HTXLSPHQW XVHG PD\ EH

EDWFK�SURGXFHG� ZLWKRXW DGGLWLRQDO UHWURILWWLQJ�

)XUWKHU GHYHORSPHQW RI WKH SURFHVV RI'&63ZHOG�

LQJ RI DOXPLQLXP DOOR\V LV DLPHG DW LQFUHDVLQJ WKH

OHYHO RI DXWRPDWLRQ ZLWK FRQWUROOLQJ WKH GHSWK RI

SHQHWUDWLRQ RI WKH MRLQWV�

$ ULJLG FRQQHFWLRQ EHWZHHQ WKH GURS RI WKH YROWDJH

RI WKH DUF DQG DUF JDS ZDV XVHG IRU GHYHORSPHQW RI

WKH SURFHVV RI JUDYLW\ ZHOGLQJ� 7KLV DOORZHG VWDELOL]�

LQJ WKH GHSWK RI SHQHWUDWLRQ� PDLQWDLQLQJ LW DW D FRQ�

VWDQW OHYHO E\ DXWRPDWLF YDULDWLRQ RI FXUUHQW�

$ QXPEHU RI LQYHVWLJDWLRQV KDG EHHQ FRQGXFWHG�

DQG WKHLU UHVXOWV ZHUH XVHG WR GHYHORS D EORFN WR

FRQWURO WKH SRZHU VRXUFH IRU DGMXVWPHQW RI ZHOGLQJ

FXUUHQW� 7HFKQRORJLFDO H[SHULPHQWV GHPRQVWUDWHG WKH

DELOLW\ WR SURGXFH ZHOGHG MRLQWV RI DOXPLQLXP DOOR\V

ZLWKRXW VXSSRUWLQJ WKH PROWHQ PHWDO E\ EDFNLQJ HOH�

PHQWV�
7HFKQRORJ\ RI PDQXDO +$: ZDV GHYHORSHG� ,P�

SRVVLELOLW\ RI DXWRPDWLFDOO\ FRQWUROOLQJ WKH DUF JDS
PDNHV LW PRUH GLIILFXOW WR FRQGXFW VXFK D SURFHVV�
1RQHWKHOHVV� D VNLOOHG ZHOGHU FDQ SHUIRUP UHSDLU ZHOG�
LQJ RI YDULRXV MRLQWV� SDUWLFXODUO\ RQ WKLFN PHWDO� ,Q
WKLV FDVH� DOO WKH DGYDQWDJHV RI +$: SURFHVV DUH

)LJXUH �� 0DFURVHFWLRQ RI D MRLQW RI DOOR\ ���� �� PP WKLFN�
SURGXFHG LQ VLQJOH�SDVV +$: �,

Z
 ��� $� Y

Z
 � P�K�

)LJXUH ��0DFURVHFWLRQV RI MRLQWV RI DOOR\ ���� �� PP WKLFN� D x LQ VLQJOH�SDVV +$: �,
Z
 ��� $� Y

Z
 �� P�K�� Ex LQ $$: �,

Z
 

 ��� $� Y
Z
 � P�K�
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SUHVHUYHG� QDPHO\ D KLJK SHQHWUDELOLW\� VPDOO +$=�
DQG QR KHDWLQJ UHTXLUHG WR DFKLHYH GHHSHU SHQHWUDWLRQ�

:KHQ WKH WHFKQRORJ\ RI'&63ZHOGLQJ DOXPLQLXP
DOOR\V ZDV GHYHORSHG� UHTXLUHPHQWV WR WKH VKDSH RI
WKH ZRUNLQJ WLS RI QRQ�FRQVXPDEOH HOHFWURGH� EDVH
PHWDO SUHSDUDWLRQ DQG MRLQW ILW�XS ZHUH GHILQHG� 7HFK�
QRORJLFDO IDFWRUV� UHVSRQVLEOH IRU ZHOG TXDOLW\� ZHUH
VWXGLHG LQ GHWDLO� DQG FRQGLWLRQV ZHUH HVWDEOLVKHG�
SURYLGLQJ RSWLPDO UHVXOWV LQ ZHOGLQJ�

3HUIRUPHG UHVHDUFK DOORZHG HVWDEOLVKLQJ WKH SRV�
VLELOLW\ RI DSSO\LQJ '&63 ZHOGLQJ RI DOXPLQLXP DO�
OR\V IRU IDEULFDWLRQ RI FULWLFDO VWUXFWXUHV� +$: SUR�
FHVV ZDV LQWURGXFHG LQ VSDFH DQG DLUFUDIW LQGXVWULHV
RI )68 �LQ IDEULFDWLRQ RI �(QHUJL\D� URFNHW IXHO WDQNV
DQG FRPSRQHQWV RI WKH IOLJKW GHFN RI �%XUDQ� VSDFH
VKXWWOH�� DV ZHOO DV IRU D QXPEHU RI RWKHU FULWLFDO
VWUXFWXUHV�

&21&/86,216

�� '&63 ZHOGLQJ RI DOXPLQLXP DOOR\V KDV WKH DGYDQ�
WDJHV RI KLJK SHQHWUDELOLW\� EHLQJ ���w� WLPHV JUHDWHU�
FRPSDUHG WR $$:� ZKLFK DOORZV SHUIRUPLQJ VLQJOH�
SDVV ZHOGLQJ RI WKLFN PHWDO� ���w� WLPHV ORZHU KHDW
LQSXW WKDQ LQ $$:� +$= UHGXFWLRQ� DELOLW\ WR SHU�
IRUP KLJK�VSHHG ZHOGLQJ�

�� 7KH GLVDGYDQWDJHV RI WKH SURFHVV LQFOXGH WKH
QHHG WR SHUIRUP ZHOGLQJ ZLWK D VKRUW DUF JDS� ZKLFK
UHTXLUHV DSSOLFDWLRQ RI DXWRPDWLF FRQWURO� QHHG IRU D
WKRURXJK SUHSDUDWLRQ RI WKH PHWDO IRU ZHOGLQJ DQG RI
WKH MRLQW�ILW XS WR PHHW KLJKHU UHTXLUHPHQWV WKDQ LQ

$$:� ,Q DGGLWLRQ� XVH RI KHOLXP DV WKH VKLHOGLQJ
PHGLXP PDNHV WKH ZHOGLQJ SURFHVV PRUH H[SHQVLYH�

�� ,W LV UDWLRQDO WR DSSO\ +$: SURFHVV IRU ZHOGLQJ
FULWLFDO VWUXFWXUHV RI KLJK�VWUHQJWK KHDW�KDUGHQDEOH
DQG ZRUN�KDUGHQHG DOOR\V�

�� 5DENLQ� '�0�� ,YDQRYD� 2�1�� 6WHEORYVN\� %�$� HW DO�
������ :HOGLQJ RI DOXPLQLXP DOOR\V DW GLUHFW FXUUHQW RI
VWUDLJKW SRODULW\� $YWRPDWLFK� 6YDUND� �� ��w���

�� /LSWDN� -�$� ������ *DV WXQJVWHQ�DUF ZHOGLQJ KHDY\ DOX�
PLQLXP SODWH� :HOGLQJ -�� �� ���w����

�� $JQHZ� 6�$�� $QGHUVRQ� 1�(�� )HOPOH\� &�5� HW DO� ������
:HOGLQJ DOXPLQXP VSDFH ODXQFK YHKLFOHV� ,ELG�� ��� ���w����

�� %URGVN\� $�<D� ������ 7XQJVWHQ�HOHFWURGH DUJRQ�DUF ZHOG�
LQJ� 0RVFRZ� 0DVKJL]�

�� <XVXIRYD� =�$�� /HVNRY� *�,� ������ 2Q PHFKDQLVP RI GLV�
UXSWLRQ RI R[LGH ILOPV GXULQJ LQHUW�JDV VKLHOGHG ZHOGLQJ RI
DOXPLQLXP DOOR\V� 6YDURFKQ� 3URL]YRGVWYR� �� ��w���

�� %XGQLN� 9�3�� 5DENLQ� '�0�� 6PL\DQ� 2�'� HW DO� ������
7KHUPDO GLVUXSWLRQ RI R[LGH ILOP GXULQJ ZHOGLQJ RI DOX�
PLQLXP� $YWRPDWLFK� 6YDUND� ��� ��w���

�� %XGQLN� 9�3� ������ ,QIOXHQFH RI LQHUW JDV W\SH RQ WHPSHUD�
WXUH RI SRRO DQG GLVUXSWLRQ RI R[LGH ILOP GXULQJ ZHOGLQJ RI
DOXPLQLXP� ,ELG�� ��� ��w���

�� %XGQLN� 9�3�� 6WHEORYVN\� %�$�� %XWVNR� 0�*� HW DO�
������ 3HQHWUDELOLW\ RI '& DQG $& DUF� ,ELG�� �� ��w���

�� ,YDQRYD� 2�1�� /R]RYVND\D� $�9�� 5DENLQ� '�0� HW DO�
������ 3URSHUWLHV RI DOXPLQLXP DOOR\ ZHOGHG MRLQWV SUR�
GXFHG E\ '&63 ZHOGLQJ� ,ELG�� �� �w���

)LJXUH �� $SSHDUDQFH RI D ZHOG LQ +$: RI DOOR\ ���� �� PP WKLFN
�,
Z
 ��� $� Y

Z
 �� P�K�

���������
��

	������������������������������������	�����

9�'� 6+(/<$*,1� 9�<X� .+$6.,1� $�9� 6,25$� $�9� 6$.+$5129 DQG (�,� *21&+$5(1.2

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$GYDQWDJHV RI ODVHU ZHOGLQJ XVLQJ YDULRXV WHFKQRORJLFDO DSSURDFKHV� LQFOXGLQJ DQ DGGLWLRQDO IHHG RI D ILOOHU ZLUH�

GHSRVLWLRQ RI WKLQ OD\HUV RI IOX[ RQ EDVH PHWDO� GHFUHDVH LQ IRFDO GLVWDQFH RI WKH OHQV DQG DSSOLFDWLRQ RI SHULRGLF�SXOVH

PRGXODWLRQ RI WKH ODVHU EHDP� DUH FRQVLGHUHG�

.H\ ZRU G V � ODVHU ZHOGLQJ� WKLQ�VKHHW VWHHOV� VSHFLDO DS�
SURDFKHV� IOX[� ILOOHU ZLUHV� IRFDO GLVWDQFH� FRQWLQXRXV DQG SHUL�
RGLF�SXOVH UDGLDWLRQ� ZHOGLQJ VSHHG� PLFURVWUXFWXUH� PLFURKDUG�
QHVV

/DVHU ZHOGLQJ >�@� DQG ODVHU ZHOGLQJ RI WKLQ�VKHHW
�XS WR ���w��� PP� VWHHOV LQ SDUWLFXODU� ILQGV DQ LQ�
FUHDVLQJO\ ZLGH DSSOLFDWLRQ LQ LQGXVWULDOLVHG FRXQ�
WULHV� )RU H[DPSOH� ODVHU ZHOGLQJ LV DSSOLHG IRU MRLQLQJ
WDLORUHG EODQNV RI VWHHOV RI GLIIHUHQW JUDGHV DQG WKLFN�
QHVV IRU IRUPLQJ RI FDU ERGLHV >�@� 7KH GRPHVWLF LQ�
GXVWU\ DOVR KDV DUHDV ZKHUH LW LV QHFHVVDU\ WR ZHOG
ODUJH�VL]H SDUWV RI WKLQ�VKHHW VWDLQOHVV DQG FDUERQ
VWHHOV E\ DYRLGLQJ WKHLU WKHUPDO GLVWRUWLRQV� )RU H[�

DPSOH� WKLV DSSOLHV WR ZHOGLQJ RI ODUJH�VL]H FRQLFDO
GLIIXVHUV RI VWDLQOHVV VWHHO ZLWK WKLFNQHVV RI δ ��� PP
IRU IRRG SURFHVVLQJ LQGXVWU\� �' VWUXFWXUHV IRU LQWHULRU
GHVLJQV RI VKRSV HWF� ,W LV HLWKHU LPSRVVLEOH RU YHU\
GLIILFXOW WR VROYH VXFK SUREOHPV E\ WUDGLWLRQDO ZHOGLQJ
PHWKRGV�

2QH RI WKH PHWKRGV ZKLFK DOORZV WKH SUREOHPV
WKDW PD\ DULVH WR EH KDQGOHG LV ODVHU ZHOGLQJ� +RZ�
HYHU� LW LPSRVHV FHUWDLQ UHTXLUHPHQWV WR DOLJQLQJ RI
HGJHV ZHOGHG >�@ �HVSHFLDOO\ LQ WKH FDVH RI ZHOGLQJ
WKLQ�VKHHW SDUWV�� ,Q DGGLWLRQ� FRQYHQWLRQDO ODVHU
ZHOGLQJ PD\ LQYROYH VXFK SKHQRPHQD DV WKLQQLQJ RI
D ZHOG� IRUPDWLRQ RI SRUHV DQG LQWHUQDO FDYLWLHV� XQ�

� 9�'� 6+(/<$*,1� 9�<X� .+$6.,1� $�9� 6,25$� $�9� 6$.+$5129 DQG (�,� *21&+$5(1.2� ����
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GHUFXWV� EOLVWHULQJ RI PHWDO LQ WKH XSSHU SDUW RI WKH
ZHOG �HVSHFLDOO\ LQ KLJK�VSHHG ZHOGLQJ RI ULPPLQJ

DQG QRQ�R[LGLVHG VWHHOV�� $Q H[DPSOH PD\ EH D EXWW

MRLQW �)LJXUH �� PDGH E\ ODVHU ZHOGLQJ DW D VSHHG RI

��� P�K �EHDP SRZHU LV � N: DQG IRFDO GLVWDQFH RI

WKH OHQV LV ��� PP�� $ ZHOGLQJ SURGXFWLRQ HQJLQHHU

QHHGV WR XVH GLIIHUHQW WHFKQRORJLFDO DSSURDFKHV WR

PDNH SHUIRUPDQFH RI SUHSDUDWRU\ ZHOGLQJ RSHUDWLRQV

HDVLHU� VLPSOLI\ GHVLJQ RI SURFHVV IL[WXUHV DQG UHOLDEO\

DYRLG WKH DERYH GHIHFWV RI WKH ZHOGV�

7KH UHTXLUHG IL[WXUH ZDV GHVLJQHG IRU ODVHU ZHOG�

LQJ RI WKLQ�VKHHW VWHHOV� DQG VSHFLDO WHFKQRORJLFDO DS�

SURDFKHV ZHUH GHYHORSHG WR LPSURYH ZHOG IRUPDWLRQ�

SURYLGH PHFKDQLFDO SURSHUWLHV RI WKH ZHOGV DV FORVH

DV SRVVLEOH WR WKRVH RI WKH EDVH PHWDO� UHOLHYH VWULQJHQW

UHTXLUHPHQWV IRU SUHSDUDWLRQ RI WKH ZHOG HGJHV� GH�

FUHDVH WKH ODVHU EHDP SRZHU DQG LQFUHDVH WKH ZHOGLQJ

VSHHG� 6XFK DSSURDFKHV LQFOXGH WKRVH WUDGLWLRQDOO\

UHODWHG WR ZHOGLQJ �DSSOLFDWLRQ RI IOX[HV DQG ILOOHU

ZLUHV�� WKRVH DVVRFLDWHG ZLWK SHFXOLDULWLHV RI ODVHU UD�

GLDWLRQ DV D KHDW VRXUFH �XVH RI YDULRXV IRFXVLQJ OHQVHV�
SHULRGLF�SXOVH ODVHU EHDP PRGXODWLRQ�� DV ZHOO DV D

FRPELQDWLRQ RI ODVHU KHDWLQJ ZLWK SODVPD� DUF RU KLJK�

IUHTXHQF\ KHDWLQJ �K\EULG DQG FRPELQHG ZHOGLQJ
PHWKRGV�� 7KH ODWWHU JURXS LV YHU\ SURPLVLQJ� DV LW

DOORZV WKH ODVHU EHDP SRZHU WR EH SDUWLDOO\ UHSODFHG

E\ SRZHU RI FKHDSHU KHDW VRXUFHV �H�J� HOHFWULF DUF
RQHV� DW FRPSDUDWLYHO\ QHJOLJLEOH YDULDWLRQV LQ TXDOLW\

RI WKH SURFHVV >�@� 7KLV DUWLFOH FRQVLGHUV RQO\ WKH ILUVW

WZR JURXSV RI VSHFLDO DSSURDFKHV�

,QYHVWLJDWLRQV RI ODVHU ZHOGLQJ RI WKLQ�VKHHW VWHHOV

ZHUH FRQGXFWHG XVLQJ D WHFKQRORJLFDO ODVHU /7����

�ZLWK D SRZHU RI XS WR �� N:� >�@� :HOGLQJ ZDV
FDUULHG RXW XVLQJ �IO\LQJ� RSWLFV LQVWDOOHG RQ D WZR�

D[LV PDQLSXODWRU� 6DPSOHV ���×��� PP LQ VL]H ZHUH

IL[HG LQ D VSHFLDO FODPS� 7KH\ ZHUH PDGH IURP ORZ�
FDUERQ ULPPLQJ �6W���NS� 6W���NS� 6W��NS� DQG VWDLQ�

OHVV ���.K��1�<�� ��.K��1��7� VWHHOV ZLWK δ  ����
���� ���� ����� ��� DQG ��� PP� :HOGLQJ ZDV SHU�

IRUPHG E\ WKH EXWW DQG RYHUODS PHWKRGV XVLQJ D RQH�
FRPSRQHQW IOX[ �7L2�� ZLWKRXW DQG ZLWK ILOOHU ZLUHV

RI WKH 6Y���*�6 DQG ��.K��1��7 JUDGHV �δ  

 ��� PP� �)LJXUH ��� &DUERQ GLR[LGH ZDV XVHG DV D

VKLHOGLQJ JDV IRU ZHOGLQJ ORZ�FDUERQ VWHHOV� DQG DU�

JRQ x DV D VKLHOGLQJ JDV IRU ZHOGLQJ VWDLQOHVV VWHHOV�

$ VSHFLDO ZHOGLQJ KHDG ZDV PDGH IRU ZHOGLQJ XVLQJ

D ILOOHU ZLUH �)LJXUH ��� ,Q DOO WKH FDVHV SRZHU RI D

FRQWLQXRXV &2� ODVHU EHDP IRFXVHG RQ D ZRUNSLHFH
ZDV DERXW � N:� 7KH RSWLPDO ILOOHU ZLUH IHHG VSHHG

ZDV IRXQG WR UDQJH IURP �� WR ��� P�K IRU DOPRVW

DOO WKH FDVHV WULHG� 7KH XVH RI D ILOOHU ZLUH OHDGV WR D

VXEVWDQWLDO GHFUHDVH LQ UHTXLUHPHQWV WR DOLJQPHQW RI

HGJHV WR EH MRLQHG� JDSV RI XS WR ��w�� � δ DQG

ZDUSLQJ RI XS WR �� � DUH SHUPLWWHG >�@ �WKH ODWWHU

SDUDPHWHU VKRXOG SUHIHUDEO\ EH HOLPLQDWHG IURP DQ

DHVWKHWLF VWDQGSRLQW��

7ZR W\SHV RI WKH RQH�HOHPHQW OHQV ZHUH XVHG IRU
IRFXVLQJ RI WKH ODVHU EHDP� ZLWK D IRFDO GLVWDQFH RI
)  ��� DQG ��� PP� &DXVWLF QHFNLQJ ZDV ORFDWHG DW

D KDOI�WKLFNQHVV RI WKH VDPSOH� 7KH ZHOGLQJ VSHHG RI

Y
Z
 ��� P�K �δ  ��� PP� DQG ��� P�K �δ  

 ��� PP� ZDV DFKLHYHG ZLWK WKH OHQV KDYLQJ D IRFDO

GLVWDQFH RI )  ��� PP� ,Q WKH FDVH RI XVLQJ D ILOOHU

ZLUH Y
Z
ZDV XS WR ��� P�K �δ  ��� PP�� 7KH OHQV

ZLWK )  ��� PP PDGH LW SRVVLEOH WR DFKLHYH Y
Z
 

 ��� P�K �δ  ��� PP� DQG ���w��� P�K �δ  

 ��� PP�� ,Q WKH FDVH RI XVLQJ D ILOOHU ZLUH Y
Z
ZDV

XS WR ��� P�K �δ  ��� PP��

,W VKRXOG EH QRWHG WKDW ZLWK DQ LQFUHDVHG WKLFNQHVV

RI WKH VDPSOH �δ ≥ � PP� WKH XVH RI VKRUW�IRFXV OHQVHV

SUHYHQWV DQ\ IXUWKHU LQFUHDVH LQ WKH ZHOGLQJ VSHHG�

:HOGV PDGH E\ XVLQJ VXFK OHQVHV DUH PXFK ZLGHU WKDQ
WKRVH PDGH ZLWK ORQJHU�IRFXV RQHV� 7KLV LV DWWULEXW�

DEOH WR GHFUHDVH LQ OHQJWK RI WKH FDXVWLF QHFN ZLWK

GHFUHDVH LQ WKH IRFDO GLVWDQFH >�@�

7KH QHFHVVLW\ RI DSSO\LQJ IOX[HV LV FDXVHG E\ WKH
IDFW WKDW D YHU\ KLJK ZHOGLQJ VSHHG ����w��� P�K�

)LJXUH �� 0LFURVWUXFWXUH RI D ZHOGHG MRLQW LQ VWHHO 6W���NS �ULP�
PLQJ� PDGH E\ ODVHU ZHOGLQJ XVLQJ QR DGGLWLRQDO DSSURDFKHV �×���

)LJXUH ��*HQHUDO YLHZ RI WKH ZHOGLQJ KHDG IRU ODVHU ZHOGLQJ XVLQJ
ILOOHU ZLUH
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JLYHV QR WLPH IRU WKH ZHOG SRRO WR EH IXOO\ GHJDVVHG�
WKXV OHDGLQJ WR IRUPDWLRQ RI SRUHV LQ WKH XSSHU SDUW
RI WKH ZHOG� :HOGLQJ IOX[HV VORZ GRZQ FRROLQJ RI
WKH WDLOLQJ HGJH RI WKH ZHOG SRRO� DOOR\ LW �GHR[LGLVH�
DQG DOORZ WKH VRXQG ZHOGV WR EH SURGXFHG� 7KH XVH
RI D IOX[ IRU KLJK�VSHHG ZHOGLQJ LV MXVWLILDEOH LI LW LV
DSSOLHG LQ D YHU\ WKLQ OD\HU �� ��� PP� VWURQJO\
DGKHULQJ WR WKH VDPSOH� ,I WKH OD\HU LV UHODWLYHO\ WKLFN
DQG ORRVHO\ DGKHUHV WR WKH VDPSOH� WKH EHDP SRZHU LV
DEVRUEHG LQ WKH IOX[ DQG IDLOV WR EH WUDQVIHUUHG WR

PHWDO� 7KXV� WKH IOX[ �7L2� EDVHG� DQG D ELQGLQJ
FRPSRQHQW� L�H� JOXH �6XSHUWVHPHQW� �D OD\HU RI DERXW
��� PP WKLFN�� DUH GHSRVLWHG RQ VDPSOHV �6W��NS DQG
6W���NS� WR SURYLGH D UHOLDEOH GHR[LGDWLRQ RI WKH ZHOG
SRRO DQG DYRLG SRURVLW\� :LWK D OHQV RI )  ��� PP
YZ  ��� P�K IRU δ  ��� PP DQG YZ  ��� P�K IRU
δ  ���� PP�

,W LV SRVVLEOH WR HOLPLQDWH SRURVLW\ LQ KLJK�VSHHG
ODVHU ZHOGLQJ QRW RQO\ WKURXJK XVLQJ IOX[HV� EXW DOVR
WKURXJK DOOR\LQJ WKH ZHOG SRRO IURP ILOOHU ZLUHV� ,W
LV UHDVRQDEOH WR XVH WKHP IRUZHOGLQJ ORZ�FDUERQ VWHHOV
�YZ ! ��� P�K� DQG IRU D FDVH RI XQDYRLGDEOH JDSV
SUHVHQW EHWZHHQ WKH HGJHV EHLQJ DOLJQHG� 7KH PDLQ
GLVDGYDQWDJH RI XVLQJ ILOOHU ZLUHV LV WKH QHHG WR LQ�
FUHDVH WKH SRZHU RI ODVHU UDGLDWLRQ WR DFKLYH D KLJKHU
ZHOGLQJ VSHHG� ,Q WKLV FRQQHFWLRQ� LW LV RI LQWHUHVW WR
XVH DQ H[WUD SRZHU VRXUFH LQ WKH IRUP RI WKH PHWDO�
HOHFWURGH DUF FRPELQHG ZLWK WKH ODVHU EHDP�

,W LV DGYLVDEOH WR SHUIRUP ZHOGLQJ RI VXSHU�WKLQ
VWHHOV XVLQJ D SHULRGLF�SXOVH ODVHU EHDP� ,Q WKLV FDVH
WKH +$= LV VXEVWDQWLDOO\ GHFUHDVHG LQ VL]H� VWDELOLW\
RI WKH SURFHVV LV LPSURYHG DQG WKH ULVN RI EXUQV�
WKURXJK LV DYRLGHG >�@� 6R� WKH IROORZLQJ SURFHVV FRQ�
GLWLRQV FRXOG EH UHFRPPHQGHG IRU ZHOGLQJ VWDLQOHVV
IRLO ZLWK δ ��� PP� VKLHOGLQJx D[LDO DUJRQ IHHGLQJ�
IRFDO GLVWDQFH RI WKH OHQV )  ��� PP� GLDPHWHU RI
WKH UDGLDWLRQ VSRW RQ WKH ZRUNSLHFH VXUIDFH ��� PP�
PHDQ SRZHU RI WKH EHDP ���w��� :� SHDN SRZHU RI
WKH EHDP ���w���:� SXOVH IUHTXHQF\ ���+]� UHODWLYH
SXOVH GXUDWLRQ ���w���� DQG YZ  ��� P�K�

0HWDOORJUDSK\ RI WKH ZHOG DQG +$= PHWDOV ZDV
FRQGXFWHG RQ PLFURVHFWLRQV XVLQJ WKH RSWLFDO PLFUR�
VFRSH �1HRSKRW���� �×��w���� DQG /(&2 KDUGQHVV
PHWHU 0���� 09.�( XQGHU ORDGLQJ RI ����w�� 1�
0LFWURVWUXFWXUH RI ZHOGV LQ ORZ�FDUERQ VWHHOV ZDV
UHYHDOHG E\ FROG FKHPLFDO HWFKLQJ LQ D � � DOFRKRO
VROXWLRQ RI QLWULF DFLG� DQG WKDW LQ VWDLQOHVV VWHHO ZDV
UHYHDOHG E\ HOHFWURO\WLF HWFKLQJ LQ D FKURPLF DFLG VR�
OXWLRQ� 3URFHVVLQJ RI WKH UHVXOWV RI ZHOGLQJ VWHHO
6W���NS �δ  ��� PP� VKRZHG WKH IROORZLQJ�

,Q ODVHU ZHOGLQJ XVLQJ QR VSHFLDO DSSURDFKHV �YZ  
 ��� P�K� WKH UHVXOWLQJ ZHOG LV ����� PP ZLGH DQG
WKH +$= PHWDO LV �����w����� PP ZLGH� 6WUXFWXUH
RI WKH ZHOG PHWDO LV D PL[WXUH RI IHUULWH
�+9 ���� 03D� DQG SHDUOLWH �+9 ���� 03D�� $
VPDOO SRUWLRQ RI IHUULWH KDV D :LGPDQVWD

..
WWHQ VWUXF�

WXUH� 7KH +$= PHWDO KDV D IHUULWLF�SHDUOLWLF VWUXFWXUH�
7KH DPRXQW RI SHDUOLWH LV VXEVWDQWLDO� ZKLFK LV SUR�
EDEO\ DVVRFLDWHG ZLWK KLJK FRROLQJ UDWHV GXULQJ ODVHU
ZHOGLQJ �KLJK�UDWH FRROLQJ OHDGV WR IRUPDWLRQ RI D
SVHXGRHXWHFWRLG FRQWDLQLQJ OHVV FDUERQ WKDQ SHDUOLWH
IRUPHG LQ VORZ FRROLQJ� >�@� ,QGH[ RI WKH IHUULWH JUDLQ
LV �w�� DFFRUGLQJ WR *267 ����w���

,Q ODVHU ZHOGLQJ XVLQJ WKH 6Y���*�6 ILOOHU ZLUH
�δ  ��� PP� YZ  ��� P�K� WKH ZHOG ZLGWK LV
����� PP DQG WKH +$= PHWDO ZLGWK LV �����w
����� PP� 6WUXFWXUH RI WKH ZHOG PHWDO LV IHUULWLF�SHDU�
OLWLF �+9 ���� 03D x IHUULWH� DQG +9 ����w
���� 03D x SHDUOLWH�� $OVR� WKHUH DUH UHJLRQV RI
IHUULWH ZLWK D :LGPDQVWD

..
WWHQ VWUXFWXUH� DV ZHOO DV

)LJXUH ��0LFURVWUXFWXUH RI ODVHU ZHOGHG MRLQWV LQ ORZ�FDUERQ VWHHOV
�×���� D x Y

Z
 ��� P�K� δ  ��� PP� E x XVLQJ ILOOHU ZLUH

6Y���*�6 �Y
Z
 ��� P�K� δ  ��� PP�� F x EXWW ZHOGLQJ RI

VKHHWV RI D GLIIHUHQW WKLFNQHVV XVLQJ ILOOHU ZLUH �Y
Z
 ��� P�K�

δ  ��� DQG ��� PP� �×���

)LJXUH �� 'LVWULEXWLRQ RI PLFURKDUGQHVV +9 LQ GLUHFWLRQ < QRUPDO
WR WKH SODQH RI D EXWW ZHOGHG MRLQW� DW WKH FHQWUH RI WKH VDPSOH IRU
D FDVH RI KLJK�VSHHG ODVHU ZHOGLQJ �X� DQG ODVHU ZHOGLQJ XVLQJ D
ILOOHU ZLUH �P�� � x EDVH PHWDO� � x +$= PHWDO� � x ZHOG
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UHJLRQV ZLWK DQ DFLFXODU VWUXFWXUH� SUREDEO\ EDLQLWLF
�+9 ����w���� 03D�� 7KH +$= PHWDO KDV D IHUULWLF�
SHDUOLWLF VWUXFWXUH� +HUH WKH FRQWHQW RI SHDUOLWH LV D
ELW KLJKHU� FRPSDUHG ZLWK WKH SUHYLRXV VDPSOH� ,QGH[
RI WKH IHUULWH JUDLQ LV �w��

7UDQVYHUVH GLVWULEXWLRQ RI PLFURKDUGQHVV LQ WKH
FHQWUDO SDUW RI WKH ZHOGV VKRZQ LQ )LJXUH �� D� E� LV
SUHVHQWHG LQ )LJXUH �� 7KH UHVXOW RI XVLQJ ILOOHU ZLUH
LV VKRZQ LQ )LJXUH �� E� F� $V VHHQ IURP FRPSDULVRQ
RI )LJXUH �� D DQG E� WKH ILOOHU ZLUH OHDGV WR HOLPLQDWLRQ
RI VDJ RI WKH ZHOGV DQG IRUPV WKH UHTXLUHG UHLQIRUFH�
PHQW RI WKH XSSHU EHDG� $ VPDOO EHQG RI HGJHV LQ WKH
ZHOG DUHD UHVXOWV IURP WKH HIIHFW RI JXLOORWLQH VKHDUV
XVHG WR PDNH WKH VDPSOHV �QR DGGLWLRQDO HGJH SUHSD�
UDWLRQ ZDV GRQH�� 6WUXFWXUH RI WKH ZHOGV LQ VWDLQOHVV
VWHHO ZLWK δ  ��� PP LV VKRZQ LQ )LJXUH ��

&21&/86,216

�� 7HFKQRORJLFDO SHFXOLDULWLHV RI ODVHU ZHOGLQJ RI WKLQ�
VKHHW �δ ≤ � PP� ORZ�FDUERQ DQG VWDLQOHVV VWHHOV ZHUH
VWXGLHG�

• IHHGLQJ RI D ILOOHU ZLUH DW D VSHHG RI ��w��� P�K
DOORZV WKH ZHOG PHWDO WR EH DOOR\HG� SRURVLW\ DQG
XQGHUFXWV WR EH DYRLGHG� DQG UHTXLUHPHQWV WR DOLJQ�
PHQW RI ZHOG HGJHV WR EH FRQVLGHUDEO\ GHFUHDVHG� WKH
ILOOHU ZLUH PHWDO IRUPV WKH UHTXLUHG UHLQIRUFHPHQW�

• XVH RI IOX[HV GHSRVLWHG LQ GHQVH WKLQ OD\HUV OHDGV
WR GHR[LGDWLRQ RI WKH ZHOG PHWDO� VORZV GRZQ FRROLQJ
RI WKH WDLOLQJ SDUW RI WKH ZHOG SRRO� HOLPLQDWHV SRURVLW\
DQG LPSURYHV IRUPDWLRQ RI WKH XSSHU UHLQIRUFHPHQW
EHDG�

• GHFUHDVH LQ IRFDO GLVWDQFH RI WKH OHQV IURP ���
WR ��� PP DOORZV WKH VSHHG RI ZHOGLQJ WKLQ�VKHHW
VWHHOV WR EH UHGXFHG ���w� WLPHV �WKLV UHODWLRQVKLS LV
ORVW DW δ  � PP��

• XVH RI SHULRGLF�SXOVH PRGXODWLRQ RI WKH ODVHU
EHDP OHDGV WR IRUPDWLRQ RI QDUURZ DQG ILQHO\ GLVSHUVHG
ZHOGV ZLWK D VPDOO +$=� ZKLFK FDQ EH EHQHILFLDO IRU
ZHOGLQJ RI IRLOV�

�� $V VKRZQ E\ PHWDOORJUDSK\� ODVHU ZHOGLQJ RI
WKLQ�VKHHW VWHHOV XVLQJ VSHFLDO DSSURDFKHV �OLNH FRQ�
YHQWLRQDO ODVHU ZHOGLQJ� SURYLGHV VXIILFLHQWO\ VWURQJ
DQG GXFWLOH MRLQWV ZLWK D ILQHO\ GLVSHUVHG HTXLD[HG
IHUULWLF�SHDUOLWLF VWUXFWXUH LQ WKH FDVH RI D ORZ �XS WR
��� �� FDUERQ FRQWHQW RI ERWK EDVH DQG ILOOHU PHWDO�

�� $ GUDZEDFN RI ODVHU ZHOGLQJ XVLQJ D ILOOHU ZLUH
LV WKH QHHG WR VSHQG DQ DGGLWLRQDO ODVHU EHDP SRZHU
���w�� �� WR PHOW WKLV ZLUH�

�� .RYDOHQNR� 9�6� ������ /DVHU WHFKQRORJ\ DW D QHZ VWDJH RI
GHYHORSPHQW� 7KH 3DWRQ :HOGLQJ -�� ��� �w��

�� 6FKQHLGHU� &�� 3UDQJH� :� ������ 7DLORUHG %ODQNV x HLQ
:HUNVWRII IX

..
U QHXH )RUPHQ GHU .RQVWUXNWLRQ� 7K\VVHQ 7HF�

KQLVFKH %HULFKWH� �� ��w����
�� 6KHO\DJLQ� 9�'�� .KDVNLQ� 9�<X� ������ 7HQGHQFLHV LQ GH�

YHORSPHQW RI ODVHU�DUF ZHOGLQJ �5HYLHZ�� 7KH 3DWRQ :HO�

GLQJ -�� �� ��w���
�� *DUDVKFKXN� 9�3�� 6KHO\DJLQ� 9�'�� 1D]DUHQNR� 2�.� HW DO�

������ &2
�
WHFKQRORJLFDO ODVHU /7 ��� RI �� N: SRZHU�

$YWRPDWLFK� 6YDUND� �� ��w���
�� *ULJRULDQWV� $�7�� 6KLJDQRY� ,�1� ������ /DVHU HTXLSPHQW

DQG WHFKQRORJLHV� %RRN �� /DVHU ZHOGLQJ RI PHWDOV� 0RV�
FRZ� 9\VVKD\D 6KNROD�

�� /DQGVEHUJ� *�6� ������ 2SWLFV� 0RVFRZ� 1DXND�
�� .KDVNLQ� 9�<X�� 3DYORYVN\� 6�<X�� *DUDVKFKXN� 9�3� HW DO�

������ 3HFXOLDULWLHV RI ZHOGLQJ WKLQ�VKHHW ORZ�FDUERQ VWHHOV
XVLQJ D SXOVHG�SHULRGLF UDGLDWLRQ RI &2

�
ODVHU� 7KH 3DWRQ

:HOGLQJ -�� �� ��w���
�� *UDELQ� 9�)� ������ 3K\VLFDO PHWDOOXUJ\ RI IXVLRQ ZHOGLQJ�

.\LY� 1DXNRYD 'XPND�

)LJXUH ��0LFURVWUXFWXUH RI WKH ZHOG LQ VWDLQOHVV VWHHO �δ  ��� PP�
PDGH E\ SHULRGLF�SXOVH ODVHU ZHOGLQJ �×����
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�
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�
3ULD]RYVN\ 6WDWH 7HFKQLFDO 8QLYHUVLW\� 0DULXSRO� 8NUDLQH

�
1RYR�.UDPDWRUVN 0DFKLQH�%XLOGLQJ :RUNV� 1RYR�.UDPDWRUVN� 8NUDLQH

'UDZEDFNV RI WKH WHFKQRORJ\ IRU IOX[�FRUHG ZLUH VXEPHUJHG�DUF VXUIDFLQJ RI PHWDOOXUJLFDO HTXLSPHQW SDUWV RSHUDWLQJ

XQGHU WKHUPDO ORDGLQJ FRQGLWLRQV DUH QRWHG� 1RQ�XQLIRUP GLVWULEXWLRQ RI DOOR\LQJ HOHPHQWV DFURVV WKH GHSRVLWHG EHDG

VHFWLRQ OHDGV WR GHFUHDVH LQ VWUHQJWK RI WKH UROO�W\SH FRQWLQXRXV FDVWLQJPDFKLQHV� 3HFXOLDULWLHV RI KHDW LQSXW LQ SODVPD�0,*

VXUIDFLQJ SURYLGH XQLIRUP GLVWULEXWLRQ RI WKH VXUIDFLQJ DOOR\ FRPSRQHQWV LQ WKH ILUVW OD\HU�

.H\ ZRU G V � DUF VXUIDFLQJ� SODVPD�0,* VXUIDFLQJ� UHSDLU

WHFKQRORJ\� PHWDOOXUJLFDO HTXLSPHQW� KHDW LQSXW� WKHUPDO F\FOH�
HOHPHQW GLVWULEXWLRQ

0HWKRGV RI SODVPD VXUIDFLQJ� DSSOLHG LQ LQGXVWU\�
IHDWXUH D QXPEHU RI WHFKQRORJLFDO DGYDQWDJHV� DQG LQ
PDQ\ FDVHV SURYLGH D UDWKHU KLJK TXDOLW\ RI WKH GH�

SRVLWHG PHWDO� 1RQHWKHOHVV� IOX[�FRUHG ZLUH DUF VXU�

IDFLQJ LV H[DFWO\ WKH SURFHVV� ZKLFK DOORZV SURGXFLQJ
GHSRVLWHG PHWDO RI WKH VSHFLILHG FDOFXODWHG FRPSRVL�
WLRQ DQG SURYLGLQJ KLJK SHUIRUPDQFH RI LWHPV� H[SRVHG

WR PHWDO� ZKLFK LV OLTXLG DQG KHDWHG XS WR KLJK WHP�

SHUDWXUHV� WR KLJK WKHUPRF\FOLF ORDGV� HWF� >�@�

3RVVLELOLWLHV RI IOX[�FRUHG ZLUH VXUIDFLQJ FDQ EH

XVHG WR WKH XWPRVW LQ SODVPD�0,* SURFHVV� DOORZLQJ

VHSDUDWH UHJXODWLRQ RI FXUUHQW� DV ZHOO DV KHDW LQSXW

IURP DQ DUF� IRUPHG E\ D FLUFXODU HOHFWURGH� DQG FHQ�

WUDO DUF RI WKH FRQVXPDEOH HOHFWURGH >�w�@� 7KLV VWXG\

ZDV DLPHG DW GHWHUPLQDWLRQ RI WKH WRWDO DFWLRQ RI

WHPSHUDWXUH ILHOGV IURP ERWK KHDW VRXUFHV DQG DELOLW\

WR FRQWURO WKH WKHUPDO F\FOHV LQ WKH +$=�

([SHULPHQWV ZHUH FRQGXFWHG LQ VXUIDFLQJ RI

��×���×��� PP SODWHV RI ��.K01 VWHHO� ZKLFK ZDV

SHUIRUPHG ZLWK 10�� SODVPDWURQ ZLWK D FRSSHU FLU�

FXODU QRQ�FRQVXPDEOH HOHFWURGH ZLWK LQQHU GLDPHWHU

RI � PP DQG ULQJ ZLGWK RI � PP� 6XFK SDUDPHWHUV

DOORZ PDLQWDLQLQJ XS WR �� $�PP FXUUHQW GHQVLW\

>�@�

,Q WKH ILUVW VWDJH WKH SRVVLELOLW\ ZDV FRQVLGHUHG RI
UHSODFHPHQW RI WKH WRWDO SUHKHDWLQJ �XS WR7  ��� �&�

E\ ORFDO SUHKHDWLQJ LQ WKH VXUIDFLQJ ]RQH� FKDUDF�
WHULVWLF RI SODVPD�0,* SURFHVV ZLWK DQ H[WHUQDO DUF�

IRUPHG E\ D FLUFXODU HOHFWURGH�
7KHUPDO F\FOHV ZHUH GHWHUPLQHG E\ WKH GDWD� RE�

WDLQHG E\ PHDVXUHPHQW ZLWK FKURPHO�DOXPHO WKHUPR�

FRXSOHV� DUUDQJHG DV IROORZV� WKUHH x LQ WKH GLUHFWLRQ

RI GLVSODFHPHQW DORQJ WKH VDPSOH D[LV DW � PP GLV�

WDQFH IURP HDFK RWKHU �WKHUPRFRXSOH MXQFWLRQV ZHUH

EXULHG LQ WKH GULOOHG FKDQQHOV DW �� � DQG �� PP

GLVWDQFH IURP WKH SURFHVVHG VXUIDFH�� DQG WKUHH x LQ
WKH WUDQVYHUVH VHFWLRQ� QRUPDO WR VDPSOH D[LV DW � PP

GLVWDQFH IURP HDFK RWKHU DW � PP GHSWK IURP VDPSOH
VXUIDFH �)LJXUH �� �D� �E� �F DQG �D� �G� �H��

=RQH RI PHDVXUHPHQW �WKHUPRFRXSOH DUUDQJH�

PHQW� ZDV ORFDWHG LQ D VHFWLRQ� HTXDO WR ��� RI SODWH

OHQJWK� ZKLFK HQVXUHG H[SHULPHQW SHUIRUPDQFH LQ D
VWHDG\�VWDWH KHDW PRGH� 3DUDPHWHUV RI VXUIDFLQJ PRGH

ZHUH DV IROORZV� SODVPD DUF FXUUHQW ,3$  ���w��� $�

SODVPD DUF YROWDJH83$  �� 9� FRQVXPDEOH HOHFWURGH

FXUUHQW ,&(  ��� $� FRQVXPDEOH HOHFWURGH DUF YROWDJH

8&(  ��w�� 9� GHSRVLWLRQ UDWH YG  �� P�K� IORZ

UDWH RI SODVPD �FHQWUDO� JDV 4SO  �w� O�PLQ� VKLHOG�

LQJ JDV IORZ UDWH 4
VK
 ��w�� O�PLQ�

7KUHH VHULHV RI H[SHULPHQWV ZHUH FRQGXFWHG ZLWK

YDULDWLRQ RI ,3$ �)LJXUH ��� 4SO DQG 4VK� 2WKHU SD�

UDPHWHUV UHPDLQHG XQFKDQJHG� 7KH DERYH WKUHH VHULHV

RI H[SHULPHQWV ZHUH FRQGXFWHG WZLFH� ZLWKRXW FRQ�

VXPDEOH HOHFWURGH DUF �,&(  �� DQGZLWK VLPXOWDQHRXV

� 1�$� 0$.$5(1.2 DQG 9�$� 1(9,'206.<� ����

)LJXUH �� 6FKHPDWLF RI DQ H[SHULPHQW WR GHWHUPLQH WKH WKHUPDO
F\FOHV� �x FRQVXPDEOH HOHFWURGH� �x QRQ�FRQVXPDEOH HOHFWURGH�
� x SURWHFWLYH QR]]OH� � x DUF� IRUPHG E\ D FLUFXODU FDWKRGH�
� x FRQVXPDEOH HOHFWURGH DUF� � x LWHP� �D� �E� �F DQG �D� �G�
�H x WKHUPRFRXSOHV� ORFDWHG DORQJ WKH OLQH RI HOHFWURGH GLVSODFH�
PHQW DORQJ VDPSOH D[LV DQG LQ WKH WUDQVYHUVH VHFWLRQ� QRUPDO WR
VDPSOH D[LV� UHVSHFWLYHO\
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UXQQLQJ RI WZR DUFV ZLWK IRUPDWLRQ RI WKH ZHOG SRRO
DQG EHDG�

)LJXUH � VKRZV WKH LVRWKHUPV� UHJLVWHUHG E\ WKHU�
PRFRXSOH �D �VHH )LJXUH ��� ORFDWHG DORQJ WKH OLQH RI
GLVSODFHPHQW RI WKH SODVPDWURQ D[LV� DW FKDQJH RI
FXUUHQW RI WKH SODVPD DUF� IRUPHG E\ WKH FLUFXODU HOHF�
WURGH ����� ���� ��� $ x ZLWKRXW FRQVXPDEOH HOHF�
WURGH DUF�� 6WDUW RI WKH LVRWKHUP FRUUHVSRQGV WR WKH
PRPHQW RI FRQWDFW ZLWK WKH KHDW VSRW IURP WKH DUF�
IRUPHG E\ D FLUFXODU HOHFWURGH�

,QYHVWLJDWLRQV VKRZHG WKDW LQFUHDVH RI WKH IORZ
UDWH RI SODVPD JDV 4SO SURPRWHV D PLQRU LQFUHDVH RI
WKH WHPSHUDWXUH SHDN DQG D FHUWDLQ GHFUHDVH RI WKH
KHDWLQJ WHPSHUDWXUH LQ D VHFWLRQ� FORVH WR WKH PRPHQW
RI SODVPDWURQ SDVVDJH WR WKHUPRFRXSOH �D� )XUWKHURQ
WKH WHPSHUDWXUH LV HTXDOL]HG� DQG LVRWKHUP OLQHV PHUJH
LQWR RQH� ZKLFK LV LQGLFDWLYH RI WKH IDFW� WKDW SODVPD
JDV IORZ UDWH GRHV QRW LQIOXHQFH WKH KHDW LQSXW ZLWK
WKH RWKHU PRGH SDUDPHWHUV XQFKDQJHG�

([SHULPHQWV RQ KHDWLQJ WKH SODWH VXUIDFH VKRZHG
WKDW WKH KHDW IORZ IURP WKH DUF� IRUPHG E\ D FLUFXODU
HOHFWURGH� LV XQLIRUPO\ GLVWULEXWHG RYHU D ZLGWK� HTXDO
WR WKH GLDPHWHU RI WKH QRQ�FRQVXPDEOH FRSSHU HOHF�
WURGH DW WKH PRPHQW� ZKHQ WKH OHDGLQJ IURQW RI WKH
SRRO� IRUPHG XQGHU WKH LPSDFW RI WKH FRQVXPDEOH HOHF�
WURGH� SDVVHV WKURXJK WKH ]RQH RI KHDWLQJ E\ WKH
SODVPD DUF�

2I JUHDWHVW LQWHUHVW LV WKH WKHUPDO FRQGLWLRQ RI WKH

VWXGLHG VHFWLRQ DW WKH PRPHQW RI KHDWLQJ E\ ERWK DUFV

DQG KHDW RI PROWHQ HOHFWURGH PHWDO�

3UHOLPLQDU\ GHWHUPLQDWLRQ RI WKH EDVH PHWDO IXVLRQ

]RQH� PDGH RQ PDFURVHFWLRQV� VKRZHG WKH IROORZLQJ�

• GHSWK RI EDVH PHWDO PHOWLQJ E\ MXVW WKH DUF�

IRUPHG E\ WKH FLUFXODU HOHFWURGH� LV HTXDO WR ���w

��� PP�

• DW FRPSOHWH UXQQLQJ RI WKH VXUIDFLQJ SURFHVV� WKH
SHQHWUDWLRQ GHSWK LV HTXDO WR ���w��� PP �RQ EHDG

D[LV�� ,VRWKHUPV IRU SRLQWV� ORFDWHG DW WKH GHSWK RI

� PP IURP WKH SURFHVVHG VXUIDFH �)LJXUH �� WKHUPR�

FRXSOHV �D� �G� �H� LQGLFDWH WKDW KHDWLQJ LQ D SRLQW�

ORFDWHG LQ WKH SODQH RI EHDG D[LV ��D� UHDFKHV WKH

YDOXH RI ���w��� �& ���w��� V DIWHU WKH UHIHUHQFH WLPH

�)LJXUH ��� 5HIHUHQFH WLPH ZDV VHOHFWHG WR EH WKH

PRPHQW� ZKHQ WKH OHDGLQJ IURQW RI WKH KHDW VSRW IURP

WKH DUF� IRUPHG E\ D FLUFXODU HOHFWURGH� KDV UHDFKHG

D SRLQW RQ WKH VDPSOH VXUIDFH� XQGHU ZKLFK WKHUPR�

FRXSOH �D LV ORFDWHG�

)XUWKHURQ �DIWHU KDOI D VHFRQG� WKH YDOXHV RI WHP�

SHUDWXUH RI ����w���� �& DUH UHFRUGHG E\ WKHUPRFR�

XSOH �G� ZKLFK FRUUHVSRQGV WR WKH PRPHQW RI GLUHFW

KHDWLQJ RI WKLV VHFWLRQ E\ D VKLIWHG SODVPD DUF� $W WKH

VDPH PRPHQW �)LJXUH �� WKH D[LV RI WKH FRQVXPDEOH

HOHFWURGH LV DERYH WKHUPRFRXSOH �D� DQG WKHUPRFRXSOH

UHDGLQJV DUH LQFUHDVHG XS WR ����w���� �&� 7KXV� WKH

FRQGXFWHG UHVHDUFK VKRZV WKDW WKH GURS RI HOHFWURGH

PHWDO SHQHWUDWHV LQWR D VKDOORZ SRRO RI LQLWLDOO\ SDU�

WLDOO\ PHOWHG EDVH PHWDO�

$V LQ VXUIDFLQJ LQ WKH DERYH UDQJH RI PRGHV WKH

WKHUPDO F\FOHV YDU\ RQO\ VOLJKWO\� DGGLWLRQDO VWXGLHV

ZHUH FRQGXFWHG DW D ORZHU YDOXH RI FXUUHQW RI WKH

SODVPD DUF �,3$  ���w��� $� DQG LQFUHDVHG VSHHG RI

GLVSODFHPHQW �YG  �� P�K�� L�H� KHDW LQSXW LQWR WKH

LWHP IURP WKH DUF� IRUPHG E\ D FLUFXODU HOHFWURGH ZDV

WKXV UHGXFHG�

7KHUPRJUDPV DQG FDOFXODWLRQV VKRZHG WKDW WKH

UHJXODULW\ RI WHPSHUDWXUH GLVWULEXWLRQ� FKDUDFWHULVWLF

RI WKLV SURFHVV� LV SUHVHUYHG� +RZHYHU� WHPSHUDWXUH

YDOXHV LQ WKH VXUIDFLQJ ]RQH GHFUHDVHG� FRPSDUHG WR

D VLPLODU SUHYLRXV H[SHULPHQW DQG ZHUH HTXDO WR ���w

��� �&� 7KHUHIRUH� SODVPD�0,* SURFHVV DOORZV UHJX�

ODWLRQ RI WKH SUHKHDWLQJ WHPSHUDWXUH RI WKH LWHP EHLQJ

VXUIDFHG E\ YDU\LQJ WKH FXUUHQW RI WKH DUF� IRUPHG E\

D FLUFXODU HOHFWURGH�

,QWHQVLW\ RI WKH IORZ RI HQHUJ\� DSSOLHG E\ HDFK

RI WKH VRXUFHV� ZDV GHWHUPLQHG E\ WKH GDWD RI PHD�

VXUHPHQW RI WHPSHUDWXUH� DUHD RI DFWLYH VSRWV DQG HOHF�

WULF SDUDPHWHUV RI WKH DUFV� $UHDV RI DSSOLFDWLRQ RI

KHDW �HQHUJ\� ZHUH WDNHQ WR EH DV IROORZV�

• IRU SODVPD DUF x HTXDO WR WKH DUHD RI WKH FLUFXODU

HOHFWURGH�

• IRU FRQVXPDEOH HOHFWURGH x E\ WKH GDWD RI KLJK�

VSHHG ILOPLQJ�
,W VKRXOG EH QRWHG WKDW LQ WKH ODWWHU FDVH WKH GL�

DPHWHU RI WKH DFWLYH VSRW FKDQJHG GXULQJ WKH GURS
IRUPDWLRQ IURP WKH VL]H� HTXDO WR HOHFWURGH GLDPHWHU�
WR D GLDPHWHU� H[FHHGLQJ WKH LQLWLDO RQH � WLPHV� DQG

)LJXUH �� ,VRWKHUPV LQ SRLQW �D� ORFDWHG DORQJ WKH OLQH RI SODVPDWURQ
GLVSODFHPHQW ZLWK YDULDWLRQ RI ,3$ � �x ���� �x ���� �x ��� $�
4SO  � O�PLQ� 4VK  �� O�PLQ

)LJXUH �� 7KHUPDO F\FOH RI WKH SURFHVV RI SODVPD�0,* VXUIDFLQJ
�LVRWKHUPV RI KHDWLQJ E\ D FRQVXPDEOH HOHFWURGH DUF�� �D� �G� �H x
WKHUPRFRXSOHV� QRWHG LQ )LJXUH �
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ZDV WDNHQ WR EH RQ DYHUDJH HTXDO WR ��� GLDPHWHUV RI
WKH FRQVXPDEOH HOHFWURGH�

,QYHVWLJDWLRQ UHVXOWV VKRZ WKDW WKH KHDW LQSXW LQWR
WKH LWHP FRQVLVWV RI WKH VXP RI HQHUJ\ IORZV IURP WKH
SODVPD DUF DQG FRQVXPDEOH HOHFWURGH DUF� $ GHSHQ�
GHQFH ZDV GHULYHG RI WKH GHQVLW\ RI KHDW IORZ T LQ
GLIIHUHQW SRLQWV RI WKH KHDW VSRW� IURPZKLFK LV IROORZV
WKDW T RI WKH SODVPD DUF UHDFKHV LWV PD[LPXP YDOXH
RI ��� :�FP� DW GLVWDQFH U  ��� PP IURP WKH SRLQW
RI SURMHFWLRQ RI WKH FRQVXPDEOH HOHFWURGH D[LV RQ WKH
VDPSOH �)LJXUH �� FXUYH ���

9DOXH RI T� GHSHQGLQJ RQ FXUUHQW RI WKH FRQVXP�
DEOH HOHFWURGH DUF� UHDFKHV WKH PD[LPXP YDOXH �DERXW
���� :�FP�� DW U  � �)LJXUH �� FXUYH ��� 'HSHQ�
GHQFLHV ZHUH GHULYHG LQ WKH IROORZLQJ PRGHV RI GHSR�
VLWLRQ� ,3$  ��� $� 83$  �� 9� ,&(  ��� $� 8&(  
 �� 9� YG  �� P�K�4SO  � O�PLQ� 4VK  �� O�PLQ
�)LJXUH �� FXUYH ��� $ WRWDO GHSHQGHQFH RI WKH GHQ�
VLWLHV RI KHDW IORZV IURP WKH SODVPD DUF DQG FRQVX�
PDEOH HOHFWURGH DUF �)LJXUH �� FXUYH �� ZDV GHWHU�
PLQHG IRU UHJXODWLRQ RI WKH KHDW LQSXW LQWR WKH LWHP
E\ VHOHFWLRQ RI WKH VXUIDFLQJ PRGH SDUDPHWHUV� UH�
TXLUHG IRU RSWLPDO SUHKHDWLQJ RI WKH VXUIDFH�

&21&/86,216

�� ,Q SODVPD�0,* VXUIDFLQJ LQ WKH UDQJH RI ZRUNLQJ
SDUDPHWHUV WKH LVRWKHUP RI KHDWLQJ E\ WKH DUF� IRUPHG
E\ D FLUFXODU HOHFWURGH� LQ D SRLQW� ORFDWHG DW � PP
GLVWDQFH IURP WKH VXUIDFH� UHDFKHV D PD[LPXP DW WKH
PRPHQW RI WKH FRQVXPDEOH HOHFWURGH DUF D[LV EHLQJ
LQ WKLV SRLQW� 'HSWK RI PHOWLQJ E\ DQ DUF� IRUPHG E\
D FLUFXODU HOHFWURGH� LV ���w��� PP� WHPSHUDWXUH RI
KHDWLQJ LQ WKH PHDVXUHG VHFWLRQ �DW WKH GHSWK RI � PP
IURP WKH VXUIDFH� LV XS WR ���� �&�

�� 5DGLXV RI WKH KHDW VSRW IURP WKH DUF� IRUPHG
E\ D FLUFXODU HOHFWURGH� LV RQO\ VOLJKWO\ JUHDWHU WKDQ
WKH HOHFWURGH GLDPHWHU� +HDW HQHUJ\ LV DSSOLHG WR WKH
LWHP DURXQG WKH SHULSKHU\ RI WKH VSRW DQG GHSHQGV RQ
FXUUHQW� YROWDJH DQG VSHHG RI GLVSODFHPHQW�

�� 3URFHVV RI SODVPD�0,* VXUIDFLQJ DOORZV UHJX�
ODWLRQ RI WKH KHDW LQSXW E\ FKDQJLQJ WKH PDLQ SDUDPH�
WHUV RI VXUIDFLQJ LQ D VXIILFLHQWO\ EURDG UDQJH�

�� )UXPLQ� ,�,� ������ $XWRPDWLF HOHFWULF�DUF VXUIDFLQJ�
.KDUNRY� 0HWDOOXUJL]GDW�

�� 0DNDUHQNR� 1�$�� *UDQRYVN\� $�9�� .RQGUDVKRY� .�$�
������ ,PSURYHPHQW RI WHFKQRORJLFDO FKDUDFWHULVWLFV RI
SODVPD�0,* VXUIDFLQJ XVLQJ IOX[�FRUHG ZLUH� 7KH 3DWRQ
:HOGLQJ -�� �� ��w���

�� &KLJDUHY� 9�9�� 0DNDUHQNR� 1�$�� .RQGUDVKRY� .�$� HW DO�
������ )HDWXUHV RI HOHFWURGH ZLUH PHOWLQJ LQ VXUIDFLQJ E\
SODVPD�0,* SURFHVV� ,ELG�� �� ��w���

�� &KLJDUHY� 9�9�� 0DNDUHQNR� 1�$�� .RQGUDVKRY� .�$�
������ 3HFXOLDULWLHV RI GHYHORSPHQW RI WHFKQRORJ\ IRU SUR�
GXFWLRQ RI SUHVV PROGV UHVLVWLQJ WKHUPRF\FOLF ORDGLQJV� ,Q�
,PSURYHPHQW RI SURFHVVHV DQG HTXLSPHQW IRU SUHVVXUH WUHDW�
PHQW XVHG LQ PHWDOOXUJ\ DQG PHFKDQLFDO HQJLQHHULQJ�
.UDPDWRUVN� ''0$�

�� .RQGUDVKRY� .�$�� &KLJDUHY� 9�9�� 0DNDUHQNR� 1�$�
������ ,QYHVWLJDWLRQ RI HQHUJ\ DQG WHFKQRORJLFDO SHFXOLDUL�
WLHV RI SODVPD�0,* VXUIDFLQJ� ,Q� 3URF� RI �WK 5HJLRQDO
6FL��7HFK� &RQI� 0DULXSRO� 3*78�

)LJXUH �� 'LVWULEXWLRQ RI GHQVLW\ RI WKH YDSRXU IORZ
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2�*� /(9&+(1.2 DQG 9�6� 0$6+,1

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

5HVXOWV RI LQYHVWLJDWLRQ RI WKH FRQWHQW RI KDUPIXO HOHPHQWV LQ DLU LQ LQHUW�JDV ZHOGLQJ RI DOXPLQLXP DOOR\V DUH SUHVHQWHG�

5HFRPPHQGDWLRQ DUH JLYHQ RQ SURWHFWLRQ RI ZHOGHUVs UHVSLUDWRU\ RUJDQV�

.H\ ZRU G V � DUF ZHOGLQJ� DOXPLQLXP DOOR\� ZHOGLQJ DHUR�

VROV� ODERXU FRQGLWLRQV� ORFDO YHQWLODWLRQ� SURWHFWLRQ PHDQV

0,* ZHOGLQJ RI DOXPLQLXP DOOR\V DV FRPSDUHG ZLWK
7,* ZHOGLQJ SURYLGHV WKH KLJKHU HIILFLHQF\ RI WKH
SURFHVV� GHFUHDVH LQ WKH +$= DQG UHGXFWLRQ LQ WKH

OHYHO RI UHVLGXDO GHIRUPDWLRQV RI SURGXFWV� 0,*ZHOG�

LQJ PDNHV LW SRVVLEOH WR IXOILO PXOWLOD\HU ZHOGV LQWR

D QDUURZ JURRYH DQG LV LQGLVSHQVDEOH LQ PDQXIDFWXUH

RI 7� DQG RYHUODS MRLQWV� ,Q DGGLWLRQ� WKH HFRQRPLFDO

FKDUDFWHULVWLFV RI WKH SURFHVV DUH LPSURYHG ZLWK LQ�

FUHDVH LQ WKLFNQHVV RI WKH PHWDO EHLQJ ZHOGHG�

'LVDGYDQWDJHV RI WKH 0,* ZHOGLQJ LQ DUJRQ DUH WKH

LQFUHDVHG SRURVLW\ RI ZHOGV� ODUJH ORVVHV RI HDVLO\�HYDSR�

UDWLQJ DOOR\LQJ HOHPHQWV IURP WKH HOHFWURGH PHWDO DQG

KLJK HYROXWLRQV RI KDUPIXO HOHPHQWV LQ WKH IRUP RI D
ZHOGLQJ DHURVRO �:$� LQWR D ZRUNLQJ ]RQH DLU� WKDW

UHTXLUHV WKH XVH RI VSHFLDO GHYLFHV RI ORFDO YHQWLODWLRQ�

DQG DOVR �LQ VRPH FDVHV� WKH PHDQV RI DQ LQGLYLGXDO

SURWHFWLRQ RI WKH ZHOGHUVs UHVSLUDWRU\ RUJDQV�

7KH KLJKHU TXDOLW\ RI WKH ZHOGV LV DWWDLQHG LQ ZHOG�

LQJ LQ KHOLXP RU KHOLXP�DUJRQ PL[WXUH� 7KH DSSOLFD�

WLRQ RI +H�EDVHG VKLHOGLQJ JDVHV LQ ZHOGLQJ DW KLJK

FXUUHQWV �ZKHQ WKH WHPSHUDWXUH RI HOHFWURGH ZLUH

GURSV UHDFKHV WKH ERLOLQJ WHPSHUDWXUH RI PHWDO� OHDGV
�DV FRPSDUHG ZLWK DUJRQ ZHOGLQJ� WR WKH GURS RI D
PHDQ WHPSHUDWXUH RI HOHFWURGH GURSOHWV E\ ���w

��� �&� GHFUHDVH LQ HYDSRUDWLRQ RI HDVLO\�ERLOLQJ DO�

OR\LQJ HOHPHQWV DQG� FRQVHTXHQWO\� WR WKH UHGXFWLRQ
RI HYROXWLRQ RI DUF EXUQLQJ SURGXFWV LQWR WKH VXU�

URXQGLQJ DWPRVSKHUH�

7KH DLP RI WKH ZRUN LV WR SHUIRUP WKH FRPSDUDWLYH

LQYHVWLJDWLRQV RI VDQLWDU\�K\JLHQLF FRQGLWLRQV RI OD�

ERXU RI RSHUDWRUV LQ 0,* DQG 7,* ZHOGLQJ DW LQ�

FUHDVHG FXUUHQWV RI WKLFN�SODWH DOXPLQLXP DOOR\ RI

$0J� JUDGH DQG WR ZRUN RXW UHFRPPHQGDWLRQV RQ

SURWHFWLRQ IURP :$�

)RU H[SHULPHQWV RQ :$ VDPSOLQJ WKH $0J� DOOR\

SODWHV �*267 ����w��� RI �� PP WKLFNQHVV� ZHOGLQJ

ZLUH 6Y�$0J� �*267 ����w��� RI ��� DQG ���� PP

GLDPHWHU� KLJK�JUDGH DUJRQ �*267 �����w��� DQG
KHOLXP RI JUDGH % �76 ������w��� ZHUH XVHG� &KHPL�
FDO FRPSRVLWLRQ RI PHWDO EHLQJ ZHOGHG DQG HOHFWURGH

ZLUH LV JLYHQ LQ 7DEOH �� 3ODWHV DQG ZLUH ZHUH FOHDQHG

LQ VROXWLRQV RI DONDOL DQG QLWURJHQ DFLG� (GJHV ZHUH

VXEMHFWHG WR VFUDSLQJ EHIRUH ZHOGLQJ�

6LQJOH�VLGHG 7,* ZHOGLQJ ZDV SHUIRUPHG XVLQJ

HTXLSPHQW 356���� DW WKH IROORZLQJ FRQGLWLRQV� ,Z  

 ���w��� $� 8
D
 ��w�� 9� YI  �� P�K� Y

Z
 

 � P�K� G
HO
 �PP� G

ZLUH
 ��� PP�4$U  �� O�PLQ�

:LGWK RI JURRYH ZLWK D FXUYLOLQHDU EHYHO RI WZR HGJHV

ZDV �� PP� EOXQWLQJ x � PP�

6LQJOH�VLGHG 0,* ZHOGLQJ LQ KHOLXP�DUJRQ PL[�

WXUH ��� � +H� ZDV SHUIRUPHG XVLQJ $���� PDFKLQH

VXSSOLHG IURP 9'8����� SRZHU VRXUFH DW WKH IROORZ�

LQJ FRQGLWLRQV� ,
Z
 ���w��� $� 8

D
 ��w�� 9� YI  

 ��� P�K� YZ  �� P�K� G
ZLUH

 ���� PP� 4
PL[

 

 �� O�PLQ� :LGWK RI RSHQLQJ RI HGJHV ZLWK D FXU�

YLOLQHDU EHYHO ZDV �� PP� EOXQWLQJ x � PP�

-RLQWV ZHUH VXEMHFWHG WR ;�UD\ FRQWURO� PHWDO�

ORJUDSKLF H[DPLQDWLRQ DQG PHFKDQLFDO WHVWV�
&RQGLWLRQ RI DLU PHGLXP ZDV HYDOXDWHG E\ DLU VDP�

SOLQJ LQ WKH ZHOGLQJ ]RQH DW WKH �� FP GLVWDQFH IURP

WKH DUF� 7R SURYLGH YDOLGLW\ RI UHVXOWV VL[ VDPSOHV DW

OHDVW ZHUH WDNHQ� 'XULQJ GHWHUPLQDWLRQ RI FRQWHQW RI

KDUPIXO HOHPHQWV LQ DLU� FRQWDPLQDWHG ZLWK :$� WKH

DLU ZDV DVSLUDWHG XVLQJ DQ HOHFWULF DVSLUDWRU RI PRGHO

��� WKURXJK SUHOLPLQDU\ ZHLJKWHG ILOWHUV $)$�93���

DW WKH UDWH RI �w�� O�PLQ >�� �@�

$PRXQW RI D KDUG FRPSRQHQW RI :$ �+&:$� LQ

DLU RI WKH ZRUNLQJ ]RQH ZDV GHWHUPLQHG E\ D JUDYL�

PHWULF PHWKRG >�@� &RQWHQW RI +&:$ FRPSRQHQWV

�FRPSRXQGV RI DOXPLQLXP� PDQJDQHVH� LURQ� WLWD�
QLXP� FRSSHU� ZDV GHWHUPLQHG XVLQJ WKH SURFHGXUH

GHVFULEHG LQ >�@�

&RQFHQWUDWLRQ RI FRPSRQHQWV RI D JDVHRXV FRPSR�

QHQW RI :$ �*&:$� �R]RQH� FDUERQ PRQR[LGH� QL�

WURJHQ R[LGH DQG GLR[LGH� ZDV GHWHUPLQHG LQ XQLW

*.K�� XVLQJ FRORULPHWULF PHWKRGV >�@�� 2�*� /(9&+(1.2 DQG 9�6� 0$6+,1� ����

7DEOH �� &KHPLFDO FRPSRVLWLRQ RI PHWDO EHLQJ ZHOGHG DQG HOHF�
WURGH �ILOOHU� ZLUH

2EMHFW RI

H[DPLQDWLRQ

(OHPHQWV� ZW��

0J 0Q 6L )H 7L &X =Q

$OOR\ $0J� ���� ���� ���� ���� ���� ���� ����

:LUH 6Y�$0J� ���� ���� ���� ���� ���� ���� ����
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&RQGLWLRQ RI DLU PHGLXP LQ WKH LQGXVWULDO URRP
ZDV HYDOXDWHG LQ DFFRUGDQFH ZLWK UHTXLUHPHQWV RI
*267 ��������w���

7R SURYLGH YDOLGLW\ RI REWDLQHG GDWD� WKH PHWKRGV
RI D PDWKHPDWLFDO VWDWLVWLFV ZHUH XVHG >�@� ��� DLU
VDPSOHV ZHUH WDNHQ IURP WKH RSHUDWRUsV UHVSLUDWRU\
]RQH� ��� FKHPLFDO DQDO\VHV DQG �� H[SUHVV�DQDO\VHV
ZHUH PDGH�

5HVXOWV RI ;�UD\ H[DPLQDWLRQ RI D OLQHDU OHQJWK RI
��� P RI PXOWLSDVV ZHOGV VKRZHG WKDW LQ0,*ZHOGLQJ
VLQJOH SRUHV RI ���w��� PP GLDPHWHU� WXQJVWHQ LQFOX�
VLRQV RI ���w��� PP DQG R[LGH ILOPV RI �w�� PP
OHQJWK ZHUH UHYHDOHG LQ WKHP� ,Q 7,* ZHOGLQJ RQO\
VLQJOH SRUHV RI ���w��� PP GLDPHWHU ZHUH REVHUYHG�

9DOXHV RI VWUHQJWK RI ZHOG PHWDOV DQG ZHOGHG
MRLQWV SURGXFHG E\ 0,* DQG 7,* ZHOGLQJ DUH RQ
DYHUDJH DW WKH VDPH OHYHO �LQ ERWK FDVHV WKH VDPSOHV
ZHUH FXW IURP GHIHFW�IUHH UHJLRQV�� 6WUHQJWK IDFWRU RI
7,* DQG 0,* ZHOGHG MRLQWV ZDV ����w���� DQG ����w
����� UHVSHFWLYHO\� RI VWUHQJWK RI DV�GHOLYHUHG SDUHQW
PHWDO �σW  ��� 03D��

5HVXOWV RI GHWHUPLQDWLRQ RI FRQFHQWUDWLRQ RI KDUP�
IXO HOHPHQWV LQ WKH RSHUDWRUsV UHVSLUDWRU\ ]RQH �DW
�� FP GLVWDQFH IURP ZHOGLQJ DUF� DQG LQ D QHXWUDO
SRLQW �DW � P GLVWDQFH IURP DUF� DUH JLYHQ LQ 7DEOH ��
$V LV IROORZV IURP GDWD RI WKH 7DEOH� ZKHQ WKH FRQ�
VXPDEOH HOHFWURGH LV XVHG WKH FRQFHQWUDWLRQ RI +&:$
LQ WKH RSHUDWRUsV UHVSLUDWRU\ ]RQH LV PXFK KLJKHU WKDQ
LQ XVH RI WKH QRQ�FRQVXPDEOH HOHFWURGH� 7KLV LV H[�
SODLQHG E\ WKDW WKH PDLQ VRXUFH RI +&:$ IRUPDWLRQ
LV WKH HYDSRUDWLRQV IURP WKH FRQVXPDEOH HOHFWURGH
HQG� ZKLFK KDYH WKH KLJKHU WHPSHUDWXUH DV FRPSDUHG
ZLWK WKDW RI WKH SDUHQW PHWDO >�@� $V WKH QRQ�FRQ�

VXPDEOH �WXQJVWHQ� HOHFWURGH GRHV QRW FRQWULEXWH WR
WKH +&:$ IRUPDWLRQ� DQG WKH HIILFLHQF\ RI PHOWLQJ
RI D ILOOHU ZLUH LV PXFK ORZHU� WKHQ WKH DPRXQW RI
PHWDO HYDSRUDWHG LQ WKLV SURFHVV LV VPDOOHU WKDQ WKDW
LQ XVH RI WKH FRQVXPDEOH HOHFWURGH�

7KH PDLQ WR[LF FRPSRQHQW RI +&:$ LV PDQJD�
QHVH� &KHPLFDO DQDO\VLV +&:$ VDPSOHV �VHH 7DEOH ��
SURYHV WKDW DYHUDJH FRQFHQWUDWLRQ RI WKLV FRPSRQHQW
ZDV ���� ± ����PJ�P�� WKDW LV DSSUR[LPDWHO\ � WLPHV
KLJKHU WKDQ WKH OLPLWLQJ DGPLVVLEOH FRQFHQWUDWLRQ
�/$&��

$V WR WKH FRPSRXQGV RI DOXPLQLXP DQG PDJQH�
VLXP� WKHQ WKHLU FRQFHQWUDWLRQ H[FHHGHG /$& E\ ��
DQG �� WLPHV� UHVSHFWLYHO\� &RQFHQWUDWLRQ RI LURQ R[L�
GHV GLG QRW H[FHHG WKH HVWDEOLVKHG VWDQGDUGV� &RP�
SRXQGV RI WLWDQLXP DQG FRSSHU ZHUH QRW REVHUYHG LQ
DQ\ VDPSOH�

$PRQJ WKH WR[LF *&:$� IRUPLQJ LQ 0,* ZHOGLQJ
RI DOXPLQLXP� R]RQH LV PRVW KD]DUGRXV� ZKRVH FRQFHQ�
WUDWLRQ H[FHHGHG /$& E\ ��� WLPHV� 7R[LF QLWURJHQ GL�
R[LGH ZDV QRW UHYHDOHG� ZKLOH WKH QLWURJHQ R[LGH FRQ�
FHQWUDWLRQ H[FHHGHG WKH VWDQGDUG E\ ��� WLPHV� &RQFHQ�
WUDWLRQ RI FDUERQ PRQR[LGH GLG QRW H[FHHG /$&�

5HVXOWV RI HYDOXDWLRQ RI DLU PHGLXP FRQGLWLRQ DW
WKH � P GLVWDQFH IURP WKH DUF VKRZHG WKDW LQ WKH
FRXUVH RI UHPRYLQJ IURP LW WKH +&:$ FRQFHQWUDWLRQ
LV GHFUHDVHG GUDVWLFDOO\ ���� WLPHV�� 1DWXUDOO\� WKH
FRQFHQWUDWLRQ RI FRPSRQHQWV LQFOXGHG LQWR LWV FRP�
SRVLWLRQ DUH DOVR GHFUHDVHG �LQ WKLV FDVH ORZHU WKDQ
/$&�� ZKLOH LURQ� PDQJDQHVH� WLWDQLXP DQG FRSSHU
LQ VDPSOHV DUH DEVHQW� 2QO\ R]RQH LQ WKH DPRXQW� QRW
H[FHHGLQJ /$&� ZDV UHYHDOHG DPRQJ WKH JDVHRXV FRP�
SRQHQWV �VHH 7DEOH ���

7DEOH �� &RQWHQW RI KDUPIXO HOHPHQWV LQ DLU GXULQJ ZHOGLQJ

3ODFH RI :$

VDPSOLQJ

'HVFULSWLRQ RI :$

FRPSRQHQWV

1XPEHU

RI GHWHUPL�

QDWLRQV

&RQFHQWUDWLRQ RI :$ FRPSRQHQWV� PJ�P
�

5DQJH RI YDOXHV 0HDQ YDOXH

0,* PHWKRG

���� P IURP DUF +&:$ �� �����w����� ����� ± �����

$O�2� �� ����w����� ����� ± ����

0J2 �� ���w���� ���� ± ����

0Q2� �� ���w���� ���� ± ����

)H�2� �� ���w��� ��� ± ����

2� � ����w���� ���� ± �����

&2 � ����w���� ���� ± �

12 � ���w���� ��� ± ����

��� P IURP DUF +&:$ � ���w��� ��� ± ����

$O�2� � ���w��� ��� ± ����

0J2 � ����w���� ���� ± �����

2� � ����w���� ���� ± �����

7,* PHWKRG

��� P IURP DUF +&:$ � ���w��� ��� ± ����

2� � �����w����� ����� ± �����

¯¬ � ����w���� ���� ± �

12 � ���w��� ��� ± ����
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,W ZDV HVWDEOLVKHG GXULQJ H[DPLQDWLRQ RI DLU PH�
GLXP FRPSRVLWLRQ RI WKH ZHOGHUVs UHVSLUDWRU\ ]RQH LQ
XVH RI WKH WXQJVWHQ HOHFWURGH WKDW WKLV SURFHVV LV DF�
FRPSDQLHG E\ PXFK ORZHU HYROXWLRQV RI +&:$ DQG
JDVHV �VHH 7DEOH ��� 'XH WR D QHJOLJLEOH FRQWDPLQDWLRQ
RI DLU ZLWK D GXVW� LW ZDV QRW SRVVLEOH WR GHWHUPLQH
WKH FRQWHQW RI FRPSRQHQWV LQFOXGHG LQ WKH FRPSRVLWLRQ
RI $0J� DOOR\ �FRPSRXQGV RI DOXPLQLXP� PDQJDQHVH�
WLWDQLXP� LURQ DQG FRSSHU�� ,Q WKH FRPSRVLWLRQ RI
JDVHV� HYROYLQJ GXULQJ ZHOGLQJ� R[LGHV RI FDUERQ DQG
QLWURJHQ� DV ZHOO DV R]RQH ZHUH UHYHDOHG LQ VPDOO
DPRXQWV QRW H[FHHGLQJ /$&�

7KXV� LW ZDV VWDWHG WKDW LQ0,* ZHOGLQJ RI $Ow0J
DOOR\ $0J� WKH DLU RI WKH ZRUNLQJ ]RQH LV FRQWDPL�
QDWHG ZLWK :$ RI D FRPSOH[ FKHPLFDO FRPSRVLWLRQ
FRQWDLQLQJ VRPH WR[LF FRPSRQHQWV LQ WKH FRPSRVLWLRQ
RI D KDUG FRPSRQHQW �XS WR �� � DOXPLQLXP R[LGH�
��� � PDJQHVLXP R[LGH� ��� � PDQJDQHVH GLR[LGH�
DERXW �� LURQ R[LGHV� DQG JDVHRXV FRPSRQHQW �R]RQH�
FDUERQ PRQR[LGH DQG QLWURJHQ R[LGH��

2QH RI WKH VLPSOHVW K\JLHQLF UHFRPPHQGDWLRQV LQ
DXWRPDWLF 0,* ZHOGLQJ LV WKH LQFUHDVH LQ GLVWDQFH
IURP WKH ZHOGLQJ DUF ZKHUH WKH FRQFHQWUDWLRQ RI KDUP�
IXO HOHPHQWV LV ORZHU�

7KH PRVW HIIHFWLYH PHDQV RI SURWHFWLRQ RI WKH UHV�
SLUDWRU\ RUJDQV DUH WKH GHYLFHV RI D ORFDO H[KDXVW
YHQWLODWLRQ ZKLFK DUH FDSDEOH WR WUDS :$ GLUHFWO\
QHDU WKH VRXUFH RI WKHLU HYROXWLRQ >�@� ,W LV UHFRP�
PHQGHG IRU 0,* ZHOGLQJ WR XVH PRELOH RU VWDWLRQDU\
YHQWLODWLRQ RU ILOWHULQJ�YHQWLODWLRQ XQLWV RI HIILFLHQF\
RI QRW OHVV WKDQ ���� P��K >�@� 7R SURYLGH WKH PD[L�
PXP ORFDOL]LQJ RI WKH HYROYLQJ IODPH RI :$ WKH DLU�

UHFHLYLQJ IXQQHOV RI WKHVH XQLWV ZLWK IOH[LEOH DLU FRQ�
GXLWV VKRXOG EHPRXQWHG GLUHFWO\ RQ WKH ZHOGLQJ KHDGV
RI WKH PDFKLQHV RU QHDU WKHP DW D PLQLPXP GLVWDQFH
IURP WKH DUF� ,Q ILOWHULQJ�YHQWLODWLRQ XQLWV WKH XVH RI
ILOWHUV LV QHFHVVDU\ WR SXULI\ WKH DLU� UHPRYHG IURP
WKH SODFH RI ZHOGLQJ� QRW RQO\ IURP +&:$� EXW DOVR
IURP *&:$ �R]RQH� FDUERQ PRQR[LGH DQG QLWURJHQ
R[LGH� >�@�

,Q FDVH ZKHQ WKH XVH RI WKH RIIHUHG PHDQV RI D ORFDO
YHQWLODWLRQ LV LPSRVVLEOH RU D ORZ�HIILFLHQW YHQWLODWLRQ
LV XVHG� L�H H[FHHGLQJ /$&� WKH PHDQV RI DQ LQGLYLGXDO
SURWHFWLRQ RI UHVSLUDWRU\ RUJDQV� ILOWHULQJ UHVSLUDWRUV
ZLWK DSSURSULDWH ILOWHUV VKRXOG EH XVHG >�� �@�

�� 08 ����w��� +\JLHQLF HVWLPDWLRQ RI FRQVXPDEOHV DQG SUR�
FHVVHV RI ZHOGLQJ� VXUIDFLQJ DQG FXWWLQJ RI PHWDOV� 0RVFRZ�
0LQ]GUDY 6665�

�� 08 ����w��� 0HWKRGRORJLFDO JXLGHOLQHV RQ GHILQLWLRQ RI
KDUPIXO VXEVWDQFHV LQ ZHOGLQJ DHURVRO �KDUG SKDVH DQG
JDVHV�� 0RVFRZ� 0LQ]GUDZ 6665�

�� &KDU\NRY� $�.� ������ 0DWKHPDWLFDO SURFHVVLQJ RI FKHPL�
FDO DQDO\VLV UHVXOWV� /HQLQJUDG� .KLPL\D�

�� .RED\DVKL� 0�� 0DNL� 6�� +DVKLPRWR� 9� HW DO� ������ 4X�
HOTXHV FRQVLGHUDWLRQV VXU OH PHFDQLVPH GH IRUPDWLRQ GHV IX�
PHHV GH VRXGDJH� 6RXGDJH HW 7HFKQLTXHV &RQQH[HV� ����
���w����

�� /HYFKHQNR� 2�*�� 0HWOLWVN\� 9�$� ������ &XUUHQW PHDQV RI
YHQWLODWLRQ GXULQJ ZHOGLQJ �5HYLHZ�� $YWRPDWLFK� 6YDUND�
�� ��w���

�� /HYFKHQNR� 2�*�� 0HWOLWVN\� 9�$� ������ &XUUHQW PHDQV RI
ZHOGHUV SURWHFWLRQ� .\LY� (NRWHNKQRORJL\D�

�� /HYFKHQNR� 2�*� ������ &ODVVLILFDWLRQ RI ZHOGLQJ DHURVROV
DQG VHOHFWLRQ RI PHWKRGV RI WKHLU QHXWUDOLVDWLRQ� $YWRPD�
WLFK� 6YDUND� �� ��w���

�� 5DNLWVND\D� 7�/�� (QQDQ� $�$�� %DQGXUNR� $�<X� ������
&DUERQ ILEHU PDWHULDOV IRU UHVSLUDWRU �6QH]KRN *3�R]RQ��
,ELG�� �� ��w���
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)�1� .,6(/(96.<� 6�,� 35,78/$ DQG 9�9� '2/,1(1.2

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$UFKLWHFWXUH RI V\VWHP IRU WKH EXWW IROORZLQJ XVLQJ D ODVHU�79 VHQVRU LV FRQVLGHUHG� +DUGZDUH FRPSRQHQWV RI D SLORW

PRGHO RI WKLV V\VWHP DUH GHVFULEHG DQG WKHLU WHFKQLFDO FKDUDFWHULVWLFV DUH JLYHQ�

.H\ ZRU G V � DXWRPDWLF V\VWHP� EXWW IROORZLQJ� REMHFW�RUL�

HQWHG GHVLJQLQJ� ODVHU�79 VHQVRU� OXPLQRXV VHFWLRQ� JHRPHWULF

DQG WHFKQLFDO DGDSWDWLRQ

6\VWHPV RI EXWW IROORZLQJ DUH ZLGHO\ XVHG ERWK DEURDG
DQG DW GRPHVWLF ZHOGLQJ HQWHUSULVHV ZKHUH WKH DXWR�

PDWLF ZHOGLQJ RI EXWWV RI GLIIHUHQW FRQILJXUDWLRQV LV

XVHG >�w�@� 7KHVH V\VWHPV DOORZ WR EH SRVLWLRQHG DXWR�

PDWLFDOO\ DW D SUHVHW SRLQW EHIRUH WKH EHJLQQLQJ RI

ZHOGLQJ� HQDEOH XV WR GLUHFW WKH WRUFK DORQJ WKH ZHOG

DW D SUHVHW VHW�XS RI VKLIWLQJ DV UHJDUGV WR WKH EXWW

D[LV DQG WR FRPSOHWH WKH ZHOGLQJ SURFHVV SURSHUO\ E\

DQ RSHUDWLRQ RI �FUDWHU ILOOLQJ�� $V WKH IROORZLQJ V\V�

WHP LV FRPSOLFDWHG IURP WKH WHFKQLFDO SRLQW RI YLHZ�

LW LV UDWLRQDO WR XVH DQ REMHFW�RULHQWHG DSSURDFK GXULQJ

LWV GHYHORSPHQW ZKLFK ZLOO PDNH LW SRVVLEOH WR WUDQV�

IRUP DQ H[WHUQDO FRPSOH[LW\ RI GHVLJQLQJ SUREOHP
LQWR DQ LQWHUQDO VLPSOLFLW\ RI DUFKLWHFWXUH DQG D SUR�

JUDP FRGH� 7KH REMHFW�RULHQWHG DSSURDFK JLYHV DQ RS�

SRUWXQLW\ WR WKH GHYHORSHUV WR XVH WKH GHILQLWH IRUPDO

UXOHV RI GHVLJQLQJ DQG WR DSSO\ WKH VWDQGDUGL]HG VRIW�

ZDUH�KDUGZDUH VROXWLRQV >�� �@�

&RQWLQXLQJ WKH GHVLJQLQJ RI IROORZLQJ V\VWHPV
ZLWK 79 VHQVRUV� D UDGLFDOO\ QHZ V\VWHP RI WKH EXWW

IROORZLQJ KDV EHHQ GHYHORSHG RQ WKH EDVLV RI WKH RE�

MHFW�RULHQWHG DSSURDFK� $V D UHVXOW RI WKH DQDO\VLV WKH

IROORZLQJ FODVVHV RI REMHFWV RI WKH IROORZLQJ V\VWHP
DUH GLVWLQJXLVKHG�

• VXEV\VWHP RI 79 VHQVRU �ODVHU�79 XQLW �/78�

DQG D PRGXOH RI PHDVXULQJ D FRQWRXU RI D OXPLQRXV

VHFWLRQ RI EXWW�ZHOG��

• VXEV\VWHP RI D JHRPHWULF DGDSWDWLRQ �D PRGXOH

RI HYDOXDWLQJ WKH ZHOG EXWW SDUDPHWHUV� PDWKHPDWLFDO

PRGHO RI ZHOG EXWW DQG PRGXOH RI WRUFK SRVLWLRQ FRQ�

WURO��

• VXEV\VWHP RI D WHFKQRORJLFDO DGDSWDWLRQ�

,Q DFFRUGDQFH ZLWK D FRQFHSWLRQ RI RSHQ V\VWHPV�
D ORFDO LQIRUPDWLRQ QHWZRUN (WKHUQHW ��%DVH�7 VHUYHV

D V\VWHP�IRUPLQJ HOHPHQW �)LJXUH ��� 6HOHFWLRQ RI

W\SH RI WKH LQIRUPDWLRQ QHWZRUN XVHG DQG SURWRFROV

RI H[FKDQJH �7&3�,3� 1HW%,26� ,3;�63;� HWF��

FDQ EH VSHFLILHG LQ WHFKQLFDO DVVLJQPHQW�

7KH IROORZLQJ V\VWHP LV D GLJLWDO V\VWHP RI WKH
DXWRPDWLF FRQWURO� WKHUHIRUH� WKH EHKDYLRXU RI LWV FRQ�

VWLWXHQW REMHFWV LV UHDOL]HG LQ WKH IRUP RI PDFKLQH

SURJUDPV �H[FHSW /78�� ZKLFK RSHUDWH LQ D UHDO WLPH�

� )�1� .,6(/(96.<� 6�,� 35,78/$ DQG 9�9� '2/,1(1.2� ����

)LJXUH �� 6FKHPDWLF GLDJUDP RI RSHQ V\VWHP RI EXWW IROORZLQJ

)LJXUH �� *HQHUDO YLHZ RI D PDQLSXODWRU ZLWK D ODVHU�79 XQLW
�SURWHFWLYH KRXVLQJ LV UHPRYHG� RI RSHQ V\VWHP RI EXWW IROORZLQJ
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7R UHDOL]H WKH IROORZLQJ V\VWHP� ERWK RQH FRQWUROOHU
RI ,%0�3& W\SH DQG DOVR VHYHUDO WKHVH XQLWV� UH�
PRYHG DW DQ DUELWUDU\ GLVWDQFH IURP HDFK RWKHU FDQ
EH XVHG�

,Q H[KLELWLRQ �:HOGLQJw8NUDLQH ���s�� �.\LY�

D SLORW PRGHO RI WKH V\VWHP RI EXWW IROORZLQJ ZLWK

/78� PDQXIDFWXUHG DW WKH (�2� 3DWRQ (OHFWULF:HOG�

LQJ ,QVWLWXWH� ZDV H[KLELWHG �)LJXUH ��� 7KH XQLW RSH�

UDWHV E\ D SULQFLSOH RI D OXPLQRXV VHFWLRQ DQG FRUUH�

VSRQGV E\ GHVLJQ WR WKH YDULDQW ZLWK D UHIOHFWLQJ PLU�

URU LQ DQ RSWLFDO D[LV RI WKH YLGHR�FDPHUD� 7KH V\VWHP

LV HTXLSSHG ZLWK D WZR�FRRUGLQDWH PDQLSXODWRU RI

WRUFK �PHFKDQLVP RI FRUUHFWLRQ� RI 7'��������� W\SH

DQG '& HOHFWULFDO GULYHV RI 3&��� W\SH GHYHORSHG E\

&RPSDQ\ �'XJD� �WKH 3:,�� 7KH V\VWHP LQFOXGHV D

FRQWURO FRPSXWHU ,%0�3&�3HQWLXP�,,,����� KDYLQJ

D ERDUG RI D YLGHRFDSWXUH ZLWK D YLGHR SURFHVVRU %W�

��� DQG DPRGXOH RI RXWSXW RI DQDORJ VLJQDOV 3&,�����

�$GYDQWHFK &R�� /WG�� ZKLFK VHUYHV IRU FRQWURO RI WKH

WRUFK PDQLSXODWRU GULYHV� 7KH SDUDPHWHUV RI ZHOG FDQ

EH HYDOXDWHG ERWK IURP WKH PRGHO ZLWK D ZHOG UHLQ�

IRUFHPHQW DQG ZHDNHQLQJ� 7KH UHOLDEOH ZHOG IROORZ�

LQJ LV JXDUDQWHHG LQ WKH SUHVHQFH RI WDFNV DQG GLIIHUHQW

GDPDJHV RI WKH VXUIDFHV ZHOGHG� 7KH PDLQ SDUDPHWHUV

RI WKH GHYLFH DUH JLYHQ EHORZ�

HUURU LQ IROORZLQJ DFURVV WKH EXWW� PP ������������������� ± ����
HUURU LQ IROORZLQJ LQ GLVWDQFH� PP ������������������������� ± ����
HUURU LQ GHWHUPLQDWLRQ RI D JDS YDOXH� PP �������������� ± ����
HUURU LQ GHWHUPLQDWLRQ RI YDOXH RI GLVSODFHPHQW
RI HGJHV� PP ������������������������������������������������������ ± ����
G\QDPLFV RI FRPSHQVDWLRQ RI EXWW GHYLDWLRQ� PP�V ������ ≤ �
ZRUNLQJ UDQJH RI PHDVXULQJ RI JDS ZLGWK� PP ���� ����w����
UHFRPPHQGHG GLVWDQFH WR ZRUNSLHFH
VXUIDFH +�� PP ��������������������������������������������������������� ��
ZRUNLQJ UDQJH RI PHDVXULQJ GLVWDQFH +� PP ��������� +� ± ��
/78 PDVV� NJ ��������������������������������������������������������� ≤ �
GLPHQVLRQV RI /78� PP �������������������������������� ���×���×��

�� 3DWRQ� 9�(�� 0RVKNLQ� 9�)�� 3ULWXOD� 6�,� HW DO� ������
3URVSHFWV RI GHYHORSPHQW RI DUF ZHOGLQJ HTXLSPHQW� ,Q�
3UREOHPV RI :HOGLQJ DQG 6SHFLDO (OHFWURPH�WDOOXUJ\� .\LY�
1DXNRYD 'XPND�

�� 6DNDOR� 1�1� ������ ([SHULHQFH RI FUHDWLRQ RI IROORZLQJ V\V�
WHPV IRU ZHOGHG VWUXFWXUHV DXWRPDWLF SURGXFWLRQ� ,ELG�

�� 1D]DUHQNR� 2�.� ������ 6HFRQGDU\ HOHFWURQ VHUYRV\VWHP ZLWK
HOHFWURPHFKDQLFDO GULYH� $YWRPDWLFK� 6YDUND� ��� ��w���

�� .LVLOHYVN\� )�1�� 'ROLQHQNR� 9�9� ������ 2EMHFW�RULHQWHG
SURJUDPPLQJ RI V\VWHPV RI ZHOGLQJ WHFKQRORJLFDO SURFHVV
FRQWURO� 7KH 3DWRQ :HOGLQJ -�� �� ��w���

�� .LVLOHYVN\� )�1�� %XWDNRY� *�$�� 'ROLQHQNR� 9�9� HW DO�
������ ,QFUHDVH LQ TXDOLW\ RI VHDP WUDFNLQJ RQ WKH EDVH RI
WHFKQLFDO YLVLRQ� ,Q� 3URF� RI ,QW� 6FL��3UDFW� &RQI� DQG ([�
KLELWLRQ RQ 3UREOHPV RI 4XDOLW\ 0DLQWHQDQFH LQ :HOGLQJ
3URGXFWLRQ� .\LY�

��
���������
�	�
�����������

���������	������
�������

$�(� .2527<16.<

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

'HVLJQ RI D PXOWLIXQFWLRQDO ZHOGLQJ LQYHUWHU LV GHVFULEHG ZKLFK LV EDVHG RQ D WZR�PRGXOH VFKHPH� $ PRGXOH EDVHG RQ

D VLQJOH�VWHS EULGJH FRQYHUWHU ZDV VHOHFWHG DV WKH LQYHUWHU FRUH� 6HYHUDO GHVLJQ YDULDQWV IRU 00$� 7,* DQG 0,*�0$*

ZHOGLQJ DUH GHVFULEHG� DV ZHOO DV IRU DLU�SODVPD FXWWLQJ� EDVHG RQ D WZR�PRGXOH VWUXFWXUH�

.H\ ZRU G V � DUF ZHOGLQJ� LQYHUWHU� PRGXOH� FRQWURO GH�
YLFHV

7KLV FODVV RI ZHOGLQJ HTXLSPHQW LV EDVHG RQ D VHOI�
FRQWDLQHG SRZHU PRGXOH �30� GHVLJQHG RQ D EDVH RI
D KLJK�IUHTXHQF\ VLQJOH�F\FOH EULGJH WUDQVLVWRU FRQ�
YHUWHU� ZKRVH RXWSXW FKDUDFWHULVWLF LV IRUPHG ZLWK WKH
KHOS RI D FRQWURO XQLW �&8�� 7KXV� LWV H[WHUQDO FKD�

UDFWHULVWLF LV GHILQHG E\ WLPH SDUDPHWHUV RI &8 DQG
RXWSXW FKRNH �)LJXUH ���

0HWKRGV RI LQSXW DQG RXWSXW FRQQHFWLRQ RI PR�
GXOHV FDQ EH GLVWLQJXLVKHG GHSHQGLQJ RQ WKH WHFKQR�
ORJLFDO WDVN WR EH VROYHG� ,I WKHLU LQSXW SDUDPHWHUV
FRUUHVSRQG WR ��� 9� �� +]� WKHQ WKH\ FDQ EH FRQ�
QHFWHG LQ SDUDOOHO WR D VLQJOH�SKDVH PDLQV ��×��� 9��
6XUHO\� LI WKH QXPEHU RI PRGXOHV LV GLYLVLEOH E\ ��
WKHQ WKH WKUHH�SKDVH FRQQHFWLRQ LV SUHIHUDEOH
��×��� 9�� WKHLU FRQQHFWLRQ WR PDLQV �×��� 9 LV DOVR
DGPLVVLEOH� $W WKH DEVHQFH RI WKH WKUHH�SKDVH PDLQV
LW LV DOZD\V HDV\ WR WUDQVIHU WR D VLQJOH�SKDVH VXSSO\
RI LQSXW FLUFXLWV WKDW LV� XQGRXEWHGO\� DGYDQWDJH RI
WKHVH SRZHU VRXUFHV�

2XWSXW WHUPLQDOV RI PRGXOHV DUH FRQQHFWHG LQ SD�
UDOOHO DOPRVW LQ DOO WKH PHWKRGV RI DUF ZHOGLQJ� ZKLOH
D VHULHV FRQQHFWLRQ LV XVHG LQ DLU�SODVPD FXWWLQJ �$3&�
DQG SHULRGLFDOO\ LQ GHILQLWH LQWHUYDOV RI WLPH LQ UHDOL�
]DWLRQ RI $& FRQGLWLRQ RI ZHOGLQJ�

/HW XV FRQVLGHU PRUH FRPSUHKHQVLYHO\ WKH VSHFLILFV
RI GHVLJQ DQG RSHUDWLRQ RI D WZR�PRGXOH GHYLFH RQ

� $�(� .2527<16.<� ����

)LJXUH �� 6FKHPDWLF GLDJUDP RI D WZR�PRGXOH PXOWLIXQFWLRQDO
ZHOGLQJ VRXUFH ZLWK D UHFRQILJXUDEOH VWUXFWXUH
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ZKRVH EDVH LW LV SRVVLEOH WR GHVLJQ WKH GLIIHUHQW LQ

FRQILJXUDWLRQ VFKHPDWLF GLDJUDPV RI SRZHU VRXUFHV RI

WKH UHTXLUHG WHFKQRORJLFDO SXUSRVH� 7DEOH � JLYHV D

VFKHPDWLF UHSUHVHQWDWLRQ RI VHSDUDWH VWUXFWXUHV DQG

DOVR YDULDQWV RI WKHLU WHFKQRORJLFDO DSSOLFDWLRQ DUH

LQGLFDWHG� $OO WKH WHFKQRORJLFDO FRQGLWLRQV� VKRZQ LQ

WKH 7DEOH� DUH UHDOL]HG LQ SUDFWLFH XVLQJ D VFKHPH RI

D WZR�PRGXOH PXOWLIXQFWLRQDO VRXUFH �)LJXUH ��� 7KH

GHYLFH LQFOXGHV WZR LGHQWLFDO SRZHU PRGXOHV 30�
DQG30�ZLWK FRQWURO XQLWV&8� DQG&8�� 7KH ODWWHU

DUH FDSDEOH WR RSHUDWH ERWK LQ D VHOI�FRQWDLQHG FRQ�

GLWLRQ DQG DOVR E\ WKH FRPPDQGV RI D FRPPRQ FRQWURO
XQLW &8�&� IRUPLQJ FRQWURO VLJQDOV IRU WKH EORFN RI

FRPPXWDWLRQ RI FRQGLWLRQV �%&&�� )URP LWV FRP�

PDQGV� ZKLFK GHWHUPLQH WKH FRQGLWLRQ RI SRZHU FRP�

PXWDWLQJ HOHPHQWV �FRPPXWDWRUV� ¯�� ¯� DQG ¯�� D

QHFHVVDU\ WHFKQRORJLFDO FRQGLWLRQ LV SUHVHW IURP WKH

FRQWURO SDQHO �&3�� :KHQ DOO WKH FRPPXWDWRUV DUH

RSHQ� WKH PHQWLRQHG GHYLFH FDQ RSHUDWH LQ WKH FRQGL�

WLRQ RI D WZR�VWDWLRQZHOGLQJZLWK D FRPSOHWH LVRODWLRQ

RI ZHOGLQJ FLUFXLWV� :KHQ FRPPXWDWRU &� LV FORVHG

WKH GHYLFH LV WUDQVIHUUHG LQWR WKH FRQGLWLRQ RI DLU�

SODVPD FXWWLQJ DW ZKLFK FXUUHQW XS WR ��� $ LV SUR�

YLGHG�

6RPH GLIILFXOWLHV RFFXU LQ WKH FRQGLWLRQ RI D SD�

UDOOHO FRQQHFWLRQ RI PRGXOHV� EHFDXVH LQ WKLV FDVH LW

LV QHFHVVDU\ LQ WKH ZLGH UDQJHV RI DGMXVWPHQW WR NHHS

WKH HTXDOLW\ RI YDOXHV RI WKHLU RXWSXW YROWDJHV ZLWK

DQ HUURU RI QRW ZRUVH WKDQ ≤ � �� 7KLV LV DWWDLQHG E\
DQ DFWLRQ RI D VFKHPH RI FRPSDULVRQ LQFOXGHG LQWR

7DEOH �

7\SH RI XQLW )XQFWLRQDO SXUSRVH 'HOLYHU\ VHW

�.RUDO������� '& ZHOGLQJ� ��� $ FRQGLWLRQ w

�.RUDO������� '& ZHOGLQJ� ��� $ FRQGLWLRQ� WZR�VWDWLRQ FRQGLWLRQ �×��� $ w

�.RUDO������� '& ZHOGLQJ� ��� $ FRQGLWLRQ� WZR�VWDWLRQ FRQGLWLRQ �×��� $� DLU�SODVPD FXWWLQJ

���� 9���� $ FRQGLWLRQ�

w

�.RUDO������� '& DQG $& ZHOGLQJ� ��� $ FRQGLWLRQ 7RUFK IRU 7,*

ZHOGLQJ

�.RUDO������� '& DQG $& ZHOGLQJ� ��� $ FRQGLWLRQ� WZR�VWDWLRQ '& FRQGLWLRQ �×��� $ 6DPH

�.RUDO�����SD� '& ZHOGLQJ� ��� $ FRQGLWLRQ� PHFKDQL]HG ZHOGLQJ ZLWK D VHOI�VKLHOGLQJ ZLUH�

DQG DOVR LQ &2�

)HHGLQJ

PHFKDQLVP

7DEOH �

9DULDQW RI VFKHPDWLF

GLDJUDP

&RQGLWLRQ

RI FRPPXWDWRUV

&RQGLWLRQ

RI RXWSXWV
9DULDQW RI WHFKQRORJLFDO DSSOLFDWLRQ

&���

&���

&���

���

 ��

¯��

3DUDOOHO FRQQHFWLRQ

8VHG LQ 00$ ZHOGLQJ DQG PHFKDQL]HG

0,*�0$* ZHOGLQJ DW FXUUHQW FRQGLWLRQV ��w

��� $

&���

&���

&���

���

 ��

¯��

6HULHV FRQQHFWLRQ

8VHG LQ DLU�SODVPD FXWWLQJ DW FRQGLWLRQV RI ��� 9�

��� $

&���

&���

&���

���

 ��

¯��

6HSDUDWH FRQQHFWLRQ

8VHG LQ WZR�VWDWLRQ 00$ ZHOGLQJ DQG

PHFKDQL]HG 0,*�0$* ZHOGLQJ DW FXUUHQW

FRQGLWLRQV �w��� $

1R W H � 7KH JLYHQ SDUDPHWHUV FRUUHVSRQG WR WKH PRGXOH ZLWK SDUDPHWHUV 8
R��F

 �� 9� ,  ��� $�

)LJXUH �� 9DULDQW RI VWUXFWXUH RI ZHOGLQJ SRZHU VRXUFH LQ WKH FRQGLWLRQ RI DOWHUQDWLQJ FXUUHQW �D� DQG WLPH GLDJUDPV RI LWV RSHUDWLRQ
�E�� � x SXOVH RI 30�� � x SXOVH RI &0�� � x RXWSXW FXUUHQW RI SRZHU VRXUFH
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&8�& GHVLJQ� 7KH PHDQ�VTXDUH YDOXHV RI YROWDJHV�
DYDLODEOH DW&K� DQG&K� DUH XVHG DV IHHGEDFN VLJQDOV�

7KH GHVFULEHG GHYLFH FDQ EH XVHG IRU $& ZHOGLQJ
DW D QHJOLJLEOH PRGLILFDWLRQ� 9DULDQW RI VWUXFWXUH RI
ZHOGLQJ VRXUFH ZLWK DQ LQGLFDWHG IXQFWLRQDO SXUSRVH
LV VKRZQ LQ )LJXUH �� 'HYLFH IRU FRQWURO RI WK\ULVWRUV
�'&7� DQG WZR SRZHU FRPPXWDWRUV 7&� DQG 7&�

DUH LQFOXGHG LQWR LW DGGLWLRQDOO\� (DFK FRPPXWDWRU
RSHUDWHV� UHVSHFWLYHO\� LQ IRUPDWLRQ RI SXOVHV RI SRVL�
WLYH DQG QHJDWLYH KDOI�ZDYHV RI ZHOGLQJ FXUUHQW�

$OJRULWKP RI RSHUDWLRQ RI WKH GHYLFH ZLOO EH H[�
SODLQHG XVLQJ WLPH GLDJUDPV SUHVHQWHG LQ )LJXUH �� E�
$W WKH PRPHQW W� IURP FRPPDQG RI &8� D PRGXOH
30� LV HQHUJL]HG DQG D WK\ULVWRU FRPPXWDWRU 7&� LV
RSHQ VLPXOWDQHRXVO\� 7KH SXOVH RI ZHOGLQJ FXUUHQW RI
D SRVLWLYH SRODULW\ LV EHJLQQLQJ WR EH IRUPHG DW WKH
GHYLFH RXWSXW� $W WKH PRPHQW W� 30� LV ILUVW
VZLWFKHG RII DQG WKHQ 7&� LV FORVHG� :LWKLQ WKH WLPH
LQWHUYDO �W�wW�� WKHUH LV QR ZHOGLQJ FXUUHQW DW WKH
SRZHU VRXUFH RXWSXW� 7KLV LQWHUYDO LV VHOHFWHG IURP

WKH FRQGLWLRQ RI D QHFHVVDU\ WLPH IRU GDPSLQJ RI WUDQ�
VLWLRQ SURFHVVHV FRQQHFWHGZLWK FRPPXWDWLRQ RI SRZHU
HOHPHQWV RI WKH ZHOGLQJ SRZHU VRXUFH� $W WKH PRPHQW
W� WKH SKDVH RI IRUPDWLRQ RI D SXOVH RI FXUUHQW RI D
QHJDWLYH SRODULW\ LV EHJLQQLQJ� 6XFFHVVLYHO\� 30� LV
HQHUJL]HG DQG FRPPXWDWRU 7&� LV RSHQ� 1HJDWLYH
SXOVH RI ZHOGLQJ FXUUHQW LV LQWHUUXSWHG DW WKH PRPHQW
W�� )XUWKHU� WKH SURFHVVHV DUH UHSHDWHG ZLWK D SHUL�
RGLFLW\ ZKLFK LV SUHVHW E\ WKH RSHUDWRU� 7LPH LQWHUYDOV
W�wW� DQG W�wW� DUH SUHVHW IURP WKH &3 DQG FDQ EH VHW
LQ WKH UDQJH RI �w��� PV� $PSOLWXGHV RI SXOVHV RI
FXUUHQW RI ERWK SRVLWLYH DQG QHJDWLYH SRODULW\ DUH VHW
LQGHSHQGHQWO\ ZLWKLQ WKH �w��� $� 7KXV� WKH GH�
VFULEHG GHYLFH UHSUHVHQWV D VXIILFLHQWO\ FRQYHQLHQW
WRRO IRU ZHOGLQJ DOXPLQLXP DOOR\V DQG RWKHU QRQ�IHU�
URXV PHWDOV�

7DNLQJ LQWR DFFRXQW WKH PRGHUQ UHTXLUHPHQWV WR
D HOHFWURPDJQHWLF FRPSDWLELOLW\ WKH SRZHU VRXUFH LV
HTXLSSHG ZLWK D SURWHFWLRQ GHYLFH �3'� RI PDLQV
ZKLFK UHSUHVHQWV D FRPELQHG ILOWHU RI ORZHU DQG XSSHU
IUHTXHQFLHV� 7KH ILUVW ILOWHU VXSSUHVVHV WKH ORZ�IUH�
TXHQF\ FRPPXWDWLQJ GLVWXUEDQFHV� ZKLOH WKH VHFRQG
ILOWHU VXSSUHVVHV GLVWXUEDQFHV FUHDWHG E\ KLJK�IUH�
TXHQF\ FRQYHUWHUV RI SRZHU PRGXOHV� 7KH H[SHULPHQ�
WDO FKHFN�RXW VKRZHG WKDW DV WR WKH HOHFWURPDJQHWLF
FRPSDWLELOLW\ WKH GHYLFH PHHWV WKH UHTXLUHPHQWV RI
WKH (XURSHDQ VWDQGDUG (1 �����w���

7KH DSSHDUDQFH RI WKH PXOWLIXQFWLRQDO ZHOGLQJ
XQLW �.RUDO�������� GHYHORSHG DW WKH (�2� 3DWRQ
(OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH� LV
JLYHQ LQ )LJXUH ��

7DEOH � SUHVHQWV GLIIHUHQW YDULDQWV RI ZHOGLQJ LQ�
YHUWHUV ZKLFK FDQ EH UHDOL]HG RQ WKH EDVH RI D WZR�
PRGXOH GHVLJQ RI WKH SRZHU XQLW� DQG DOVR WKHLU GH�
OLYHU\ VHWV DUH JLYHQ�

)LJXUH �� 0XOWLIXQFWLRQDO ZHOGLQJ XQLW �.RUDO�������
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,Q YLHZ RI WKH IDFW WKDW PRVW PHWDO VWUXFWXUHV DUH

PDGH IURP PHWDOV RI VPDOO DQG PHGLXP WKLFNQHVV� WKH

�3DWRQ 335����� GHYLFH �)LJXUH� FRPPHUFLDOO\ SUR�

GXFHG E\ WKH 3:, 3LORW 3ODQW IRU:HOGLQJ (TXLSPHQW
KDV IRXQG ZLGH DSSOLFDWLRQ IRU EODQNLQJ RSHUDWLRQV
LQ PDFKLQH EXLOGLQJ� IRU FXWWLQJ DQG VSUD\LQJ LQ IRRG

DQG FKHPLFDO LQGXVWULHV� UHSDLU RI KHDW DQG ZDWHU GLV�

WULEXWLRQ SLSHV LQ SXEOLF XWLOLWLHV� UHSDLU RI JDV�SXPS�

LQJ VWDWLRQV DQG RLO DQG JDV SLSHOLQHV� DV ZHOO DV IRU

GLVSRVDO RI PHWDO VWUXFWXUHV �ZDJRQV� VKLSV� SODQHV�
EULGJH JLUGHUV DQG RWKHU IDFLOLWLHV WKDW H[KDXVWHG WKHLU
VHUYLFH OLIH��

�3DWRQ 335����� VSHFLILFDWLRQV

0DLQV YROWDJH ��� +]�� 9 ���������������������������������������� ���
5DWHG ZHOGLQJ FXUUHQW� $ ����������������������������������������� ���
3RZHU FRQVXPSWLRQ� N9⋅$ ����������������������������������������� ��
'XW\ F\FOH� � ��������������������������������������������������������� ��
2SHQ�FLUFXLW YROWDJH� 9 ������������������������������������������� ���

5DQJH RI RSHUDWLQJ YROWDJHV� 9 �������������������������� ���w���

3ODVPD JDV IORZ UDWH� P
�
�K ��������������������������������� ���w���

3ODVPDWURQ W\SH ��������������������������������� 935���� 935����

7KLFNQHVV RI PHWDO FXW� PP�

VWHHO ���������������������������������������������������������������� �w��
FRSSHU ������������������������������������������������������������� �w��

DOXPLQLXP ������������������������������������������������������� �w��
$UF LJQLWLRQ �������������������������������������������������� RVFLOODWLRQ

&RROLQJ �������������������������������������������������������������� ZDWHU

2YHUDOO GLPHQVLRQV� PP ���������������������������� ����×���×���
:HLJKW� NJ ������������������������������������������������������������ ���

7KH SRZHU VXSSO\ LV PDGH RQ WKH EDVH RI D VSHFLDO

WKUHH�SKDVH SRZHU WUDQVIRUPHU ZLWK WZR JURXSV RI

VHFRQGDU\ ZLQGLQJV� (DFK JURXS LV FRQQHFWHG WR LWV

UHFWLI\LQJ XQLW� 7KH UHFWLI\LQJ XQLWV DUH FRQQHFWHG WR

HDFK RWKHU LQ VHULHV� &RQQHFWLRQ RI WZR JURXSV RI

VHFRQGDU\ ZLQGLQJV RI WKH SRZHU WUDQVIRUPHU SUR�

YLGHG D YHFWRU GLDJUDP ZLWK D VKLIW RI SKDVHV RI FXU�

UHQWV DQG YROWDJHV RI RQH JURXS UHODWLYH WR WKH RWKHU�

7KH YROW�DPSHUH FKDUDFWHULVWLF UHVXOWLQJ IURP WKH VXP

RI FXUUHQWV DQG YROWDJHV DW WKH UHFWLI\LQJ EULGJHV LV

GHWHUPLQHG E\ WKH FRQILJXUDWLRQ RI WKH SODVPD JH�
QHUDWLRQ FKDPEHU�

7KH YDOXH RI SXOVDWLRQV RI WKH UHFWLILHG SODVPDWURQ

FXUUHQW LV GHFUHDVHG� ZKLFK DOORZHG D VPRRWKLQJ

FKRNH WR EH DYRLGHG� SURYLGHG WKH VWDEOH DUF DQG H[�

WHQGHG WKH OLIH RI HOHFWURGH DQG QR]]OH�

7KH GHYLFH FDQ EH RSWLRQDOO\ ILWWHG ZLWK WKH LQGH�
SHQGHQW FRROLQJ XQLW �3DWRQ %$2����� RSHUDWLQJ

ZLWK ZDWHU RU DQWLIUHH]LQJ DJHQW� 7KH XQLW SURYLGHV

HIILFLHQW FRROLQJ RI WKH ZHOGLQJ WRRO� ,W LV FRVW HIIHFWLYH

DQG PRELOH�

7KH �3DWRQ 335����� VHPL�DXWRPDWLF GHYLFH LV

DGYDQWDJHRXV RZLQJ WR LWV KLJK RSHUDWLRQDO UHOLDELOLW\�

,W LV VLPSOH WR PDLQWDLQ DQG EHQHILFLDO LQ WHUPV RI

ZHLJKW DQG RYHUDOO GLPHQVLRQV�

)RU PRUH LQIRUPDWLRQ SOHDVH FRQWDFW�
7HO�� ���� ��� ���������� ���������

)D[� ���� ��� ���������� ���������

(�PDLO� R]VSDWRQ#XNUQHW�QHW

1/2003 53



��������	
������
	������	����

7KH FRPSOH[ LV GHVLJQHG IRU WKH ILHOG FRQWLQXRXV IODVK�EXWW ZHOGLQJ RI UDLOV RI FURVV�VHFWLRQ DUHD IURP
���� XS WR ����� PP

�
ZLWK D IODVK UHPRYDO GLUHFWO\ DIWHU ZHOGLQJ� 7KH FRPSOH[ LV FRPSOHWHG ZLWK D

ZHOGLQJ KHDG . ������

7KH .60 ��� W\SH LV PDQXIDFWXUHG RQ WKH EDVH RI DXWRPRELOH FKDVVLV 0$=��������� DQG KDV D
FRPELQHG WUDYHO IRU PRYHPHQW RQ WKH UDLOZD\ WUDFN WKDW DOORZV LW WR DUULYH DW WKH VLWH RI FRQVWUXFWLRQ

DQG UHSDLU RI WKH UDLOZD\ LQ VKRUW SHULRGV RI WLPH� ,Q WKH DXWRPRELOH ERG\ DUH DUUDQJHG� HOHFWULF

VWDWLRQ� ZHOGLQJ PDFKLQH� SXPSLQJ VWDWLRQ� FRQWURO FDELQHW� KRLVW DQG RWKHU DX[LOLDU\ HTXLSPHQW�

7HFKQLFDO FKDUDFWHULVWLFV RI ZHOGLQJ PRELOH FRPSOH[ .60 ���

(OHFWULF VWDWLRQ $'=����� N9⋅$ ������������������������������������������������������������������������������������������������������������������������ ���

5DWHG YROWDJH RI HOHFWULF VWDWLRQ� 9 ������������������������������������������������������������������������������������������������������������������� ���
)UHTXHQF\� +] ������������������������������������������������������������������������������������������������������������������������������������������������� ��

7LPH RI ZHOGLQJ RQH ZHOG� PLQ ������������������������������������������������������������������������������������������������������� QRW PRUH WKDQ �

$QJOH RI KRLVW URWDWLRQ ZLWK D ZHOGLQJ KHDG LQ KRUL]RQWDO SRVLWLRQ� GHJ �������������������������������������������������������������������� ��

+RLVW ERRP H[WHQVLRQ IURP WKH WUDFN D[LV� PP ������������������������������������������������������������������������������������������������� ����

0D[LPXP H[WHQVLRQ RI VHFWLRQ ZLWK D ZHOGLQJ KHDG� PP �������������������������������������������������������������������������������������� ���

0RYHPHQW VSHHG DORQJ WKH UDLOZD\ WUDFN� NP�K ��������������������������������������������������������������������������������������������������� ��

'LPHQVLRQV� PP ����������������������������������������������������������������������������������������������������� QRW PRUH WKDQ �����×����×����
0DVV RI IXUQLVKHG FRPSOH[� NJ ���������������������������������������������������������������������������������������������������������������������� �����

5DWHG ORQJ�WLPH VHFRQGDU\ FXUUHQW� N$ ������������������������������������������������������������������������������������������������������������� ����

+LJKHVW VHFRQGDU\ FXUUHQW� N$ ��������������������������������������������������������������������������������������������������������������������������� ��

+LJKHVW VKRUW�FLUFXLW SRZHU� N9⋅$ ��������������������������������������������������������������������������������������������������������������������� ���

5DWHG XSVHWWLQJ IRUFH DW �� 03D SUHVVXUH LQ K\GURV\VWHP� N1 ����������������������������������������������������������������������������� ����

&DSDFLW\ DW �� � GXW\ F\FOH� N9⋅$ ������������������������������������������������������������������������������������������������������������������� ���

0D[LPXP XSVHWWLQJ UDWH� PP�V ������������������������������������������������������������������������������������������������������������������������� ��

.DNKRYND 3ODQW RI (OHFWULF :HOGLQJ (TXLSPHQW

���� 3XVKNLQ VWU��

.KHUVRQ UHJLRQ� .DNKRYND FLW\�
������ 8NUDLQH�

7HO�� ��� ������ ������ ������ )D[� ��� ������ �����

(�PDLO� LQIR#N]HVR�FRP
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