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1�9� 32'2/$� 9�6� *$95,6+ DQG 3�0� 58'(1.2

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

$QDO\VLV RI LQSXW SDUDPHWHUV RI QHXUDO QHWZRUNV WR FRQWURO WKH TXDOLW\ RI VSRW ZHOGLQJ ZDV FRQGXFWHG� 7KH SULQFLSDO

UHTXLUHPHQWV WR QHXUDO QHWZRUNV KDYH EHHQ GHILQHG� ,W LV VKRZQ WKDW WKH SURSRVHG QHXUDO QHWZRUN HQVXUHV WKH UHTXLUHG

DFFXUDF\ RI SUHGLFWLQJ WKH ZHOG VSRW QXJJHW GLDPHWHU DQG FDQ EH EXLOW LQWR WKH PLFURFRQWUROOHU WR FRQWURO WKH VSRW

ZHOGLQJ SURFHVV�

.H\ ZRU G V � UHVLVWDQFH VSRW ZHOGLQJ� TXDOLW\ FRQWURO� QHX�

UDO QHWZRUNV� PLFURFRQWUROOHUV

'HVSLWH WKH DEVHQFH RI UHOLDEOH PHWKRGV RI TXDOLW\
FRQWURO� UHVLVWDQFH VSRW ZHOGLQJ UHPDLQV WR EH RQH RI

WKH PDLQ SURFHVVHV RI MRLQLQJ VKHHW PHWDOV� IRU LQ�

VWDQFH� LQ DXWRPRWLYH LQGXVWU\� :LWK WKH SURGXFWLYLW\

RI XS WR ��� VSRWV SHU PLQXWH� LW LV UDWKHU GLIILFXOW WR

HYDOXDWH WKH MRLQW TXDOLW\ RI HDFK ZHOG VSRW� &RQVLG�

HULQJ WKH VWULQJHQW VSHFLILFDWLRQV WR EH IROORZHG LQ

SURGXFWLRQ� LQ SDUWLFXODU� LQ DLUFUDIW LQGXVWU\� ZKHQ

YDULDWLRQ RI LQSXW SDUDPHWHUV GRHV QRW H[FHHG �� ��

SRVLWLYH UHVXOWV ZHUH GHULYHG LQ FRQWUROOLQJ WKH TXDOLW\

RI WKH VSRW� XVLQJ UHJUHVVLRQ PRGHOV >�@� +RZHYHU� D

FRQVLGHUDEOH QRQ�OLQHDULW\ RI WKH SURFHVV GRHV QRW DO�

ORZ FRQVWUXFWLRQ RI DQ DFFHSWDEOH UHJUHVVLRQ PRGHO�
IRU LQVWDQFH� RI WKH VHFRQG RUGHU� IRU TXDOLW\ HYDOX�

DWLRQ LQ D EURDGHU UDQJH RI YDULDWLRQ RI WKH ZHOGLQJ

FRQGLWLRQV�

5HVHDUFK KDV EHHQ JRLQJ RQ ODWHO\ WKDW LV GHYRWHG
WR GHYHORSPHQW RI PDWKHPDWLFDO PRGHOV IRU DUF DQG

UHVLVWDQFH ZHOGLQJ� EDVHG RQ QHXUDO QHWZRUNV� WKDW

DUH FRQVWUXFWHG DQG WKHQ WDXJKW E\ WKH LQSXW DQG

RXWSXW YDULDEOHV RI WKH SURFHVV >�w�@� 2QH RI WKH PRVW

LPSRUWDQW SUREOHPV LV UHDO�WLPH HYDOXDWLRQ RI WKH MRLQW

TXDOLW\�

$QDO\VLV RI SXEOLVKHG ZRUN GHPRQVWUDWHV WKH HI�
IHFWLYHQHVV RI DSSO\LQJ QHXUDO QHWZRUN PRGHOV WR
HYDOXDWH WKH TXDOLW\ RI WKH MRLQWV� PDGH E\ UHVLVWDQFH

ZHOGLQJ� 7KHVH PRGHOV \LHOG WKH HUURU RI IRUHFDVWLQJ

WKH GLDPHWHU RI WKH ZHOG VSRW QXJJHW ZLWKLQ ���w

��� PP LQ ZHOGLQJ WZR VKHHWV ��� WR ��� PP WKLFN�

2Q WKH RWKHU KDQG� WKH SXEOLVKHG DUWLFOHV� DV D UXOH�

GR QRW GHVFULEH WKH UHTXLUHPHQWV WR RSWLPLVDWLRQ RI
WKH QHWZRUN VWUXFWXUH DQG QXPEHU RI YDULDEOHV� DQG

GR QRW GHPRQVWUDWH WKH DELOLW\ WR LQFRUSRUDWH WKH SUR�
JUDPV LQWR WKH H[LVWLQJ FRPSXWHU FRQWUROOHUV WR FRQ�

WURO WKH UHVLVWDQFH ZHOGLQJ PDFKLQHV �IRU LQVWDQFH�

59.������ )RU RSWLPLVDWLRQ RI WKH VWUXFWXUH RI WKH

QHXUDO QHWZRUN DQG QXPEHU RI LQSXW SDUDPHWHUV� DV

ZHOO DV DGDSWDWLRQ DOJRULWKPV� D FRQWUROOHU ZLWK D

VPDOO PHPRU\ DQG ORZ UHVSRQVH FDQ EH XVHG�

7KXV� LW LV QHFHVVDU\ WR QRW RQO\ FRQILUP WKH SRV�
VLELOLW\ RI FUHDWLQJ WKH FRQWURO V\VWHP� EXW DOVR HQVXUH

WKDW WKH DERYH FRQGLWLRQV DUH VDWLVILHG� LQ RUGHU WR

DSSO\ WKH QHXUDO QHWZRUN PRGHO LQ WKH FRQWUROOHU�

'HVFULEHG EHORZ DUH D QHXUDO QHWZRUN� GHYHORSHG

DW WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� ZLWK

RSWLPLVHG VWUXFWXUH DQG LQSXW YDULDEOHV� DV ZHOO DV

WKH UHVXOWV RI LWV WHVWLQJ LQ VSRW ZHOGLQJ RI =Q�SODWHG

VWHHO� XVLQJ 59.����1 W\SH FRQWUROOHU�

:HOGLQJ PRGH SDUDPHWHUV DUH PRVWO\ XVHG DV WKH
LQSXW SDUDPHWHUV RI WKH QHXUDO QHWZRUNV� QDPHO\

ZHOGLQJ FXUUHQW ,Z� LQWHU�HOHFWURGH YROWDJH 8
H
� ZHOG�

LQJ WLPH W
Z
� HOHFWURGH FODPSLQJ IRUFH )

FO
� DV ZHOO DV

WKHLU GHULYDWLYHV �LQWHU�HOHFWURGH UHVLVWDQFH5
H
� SRZHU

3
Z
� HQHUJ\ 4

Z
� HWF���

,Q DGGLWLRQ� WKH QHXUDO QHWZRUNV DUH FKDUDFWHULVHG

E\ WKH QXPEHU RI EXULHG OD\HUV� RI QHXURQV LQ WKHVH
OD\HUV� DV ZHOO DV RXWSXW QHXURQV �)LJXUH ��� 7KH
IROORZLQJ FKDUDFWHULVWLFV RI ZHOGLQJ TXDOLW\ DUH XVHG
DV WKH RXWSXW SDUDPHWHUV� GLDPHWHU RI ZHOG VSRW QXJ�

JHW G
Q
RU UXSWXUH VWUHQJWK )

U
DW PHFKDQLFDO WHVWLQJ RI

VSHFLPHQV� 2WKHU TXDOLW\ FKDUDFWHULVWLFV DUH DOVR XVHG

�SHQHWUDWLRQ GHSWK RI ZHOG VSRW� KS� DYDLODELOLW\ RI

VSODVKHV� FUDFNV RU RWKHU GHIHFWV��

7HDFKLQJ D QHXUDO QHWZRUN LV DQ LWHUDWLRQ SURFHVV�

WKDW LV FRQGXFWHG� XVLQJ DQ H[SHULPHQWDO VDPSOH RI

LQSXW DQG RXWSXW SDUDPHWHUV� DQG GXULQJ ZKLFK WKH

V\QDSWLF ZHLJKWV :LM DQG WKUHVKROGV 4N DUH GHWHU�

PLQHG DW PLQLPDO HUURU RI IRUHFDVWLQJ WKH QXJJHW GL�

DPHWHU ∆
PLQ

 GPHDV�Q w GI�Q �)LJXUH �� RU UXSWXUH IRUFH
PLQ∆)  )PHDV�U w )I�U� )XUWKHU RQ WKH WDXJKW QHXUDO� 1�9� 32'2/$� 9�6� *$95,6+ DQG 3�0� 58'(1.2� ����

)LJXUH �� *HQHUDOLVHG VWUXFWXUH RI D QHXUDO QHWZRUN IRU FRQWUROOLQJ
WKH UHVLVWDQFH ZHOGLQJ TXDOLW\ �[�� [� DQG [Q

DUH WKH LQSXW SDUDPH�
WHUV�
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QHWZRUN FDQ EH XVHG WR HYDOXDWH WKH TXDOLW\ RI ZHOGLQJ

E\ WKH LQSXW SDUDPHWHUV >�@�

,Q QHXUDO QHWZRUN DQDO\VLV WR HYDOXDWH WKHLU HIIHF�

WLYHQHVV WKH IROORZLQJ IDFWRUV ZHUH DVVXPHG� HUURU RI

G
Q
IRUHFDVWLQJ� QXPEHU RI LQSXW VLJQDOV� KLGGHQ OD\HUV

DQG RXWSXW QHXURQV� VLPSOLFLW\ DQG UHOLDELOLW\ RI WKH

VHQVRUV� DV ZHOO DV WKH DELOLW\ RI DSSO\LQJ WKH QHXUDO

QHWZRUNV LQ VLQJOH FU\VWDO FRQWUROOHUV�

/HW XV FRQVLGHU VRPH IHDWXUHV RI QHXUDO QHWZRUNV�

JLYHQ LQ ZRUNV >�w�@�

,Q DUWLFOH >�@ WKH GHVFULEHG QHXUDO QHWZRUN FRQVLVWV

RI �� LQSXW QHXURQV� �� QHXURQV RI WKH EXULHG OD\HU

DQG � RXWSXW QHXURQV� 6LJQDOV� SURSRUWLRQDO WR G\�

QDPLF LQWHU�HOHFWURGH UHVLVWDQFH LQ HDFK SHULRG RI WKH

PDLQV YROWDJH GXULQJ WKH HQWLUH WLPH RI ZHOGLQJ� DUH

DSSOLHG WR WKH QHXUDO QHWZRUN LQSXWV�

5L =
8H

L

,Z
L

(L = �� �� … � ��)�

$V RXWSXW SDUDPHWHUV RQH QHXUDO QHWZRUN XVHV WKH

GLDPHWHU RI WKH VSRW QXJJHW G
Q
DQG SHQHWUDWLRQ GHSWK

KS �)LJXUH ��� DQG DQRWKHU x UXSWXUH VWUHQJWK )U�

7KH HUURU RI GQ IRUHFDVWLQJ LV QRW PRUH WKDQ �� ��

DOWKRXJK LQ VRPH FDVHV LW ULVHV XS WR �� �� $ ODUJH

QXPEHU RI LQSXW SDUDPHWHUV� GHSHQGHQW RQ WKH ZHOGLQJ

SXOVH GXUDWLRQ� DV ZHOO DV WKH ORZ IRUHFDVW SUHFLVLRQ FDQ

EH UHJDUGHG DV WKH VKRUWFRPLQJV RI WKLV V\VWHP�

:RUN >�@ GHVFULEHV D QHXUDO QHWZRUN ZKHUH ,Z�

DYHUDJHG RYHU WKH HQWLUHZHOGLQJ WLPH WZ� LV LQWURGXFHG

LQ DGGLWLRQ WR LQSXW SDUDPHWHUV 5H
L

IRU HDFK KDOI�SH�

ULRG� 7KH RSWLPDO QXPEHU RI QHXURQV LQ WKH LQWHUPH�

GLDWH OD\HU LV VL[� 7KH DEVROXWH HUURU RI GQ IRUHFDVWLQJ

LV QRW PRUH WKDQ ���w��� PP� 2WKHU GLVDGYDQWDJHV RI

WKLV V\VWHP DOVR LQFOXGH D ODUJH QXPEHU RI LQSXW SD�

UDPHWHUV DQG WKHLU GHSHQGHQFH RQ WZ�

,Q VWXG\ >�@ HIIHFWLYH YDOXHV RI ,Z
L

� 8H
L

PHDVXUHG

LQ HDFK KDOI�SHULRG GXULQJ WZ� DUH XVHG DV WKH LQSXW

SDUDPHWHUV� ,Q DGGLWLRQ� DSSOLHG WR WKH QHXUDO QHWZRUN

LQSXWV DUH WKHLU YDOXHV� SURSRUWLRQDO WR WKH GXUDWLRQ

RI ZHOGLQJ FXUUHQW KDOI�ZDYHV LQ WKH ILUVW WKUHH KDOI�

SHULRGV� 7KH QXPEHU RI QHXURQV LQ WKH EXULHG OD\HU

LV ILYH� :HOGLQJ TXDOLW\ LV FODVVLILHG E\ WKH JRRGwEDG

SULQFLSOH� 6\VWHP GLVDGYDQWDJHV DUH VLPLODU WR WKRVH

RI WKH SUHYLRXV V\VWHPV�

'LIIHUHQW FRPELQDWLRQV RI WKH YDOXHV RI LQWHU�HOHF�

WURGH UHVLVWDQFH DUH XVHG IRU WKH LQSXWV RI WKH QHXUDO

QHWZRUN GHVFULEHG LQ >�@� ,Q DGGLWLRQ WR 5H
L

� 5PD[ DQG

5PLQ� GLIIHUHQFH RI UHVLVWDQFHV� FDOFXODWHG DW GLIIHUHQW

PRPHQWV WZ� DV ZHOO DV SRZHU� HYROYHG LQ ZHOGLQJ�

DUH DSSOLHG WR WKH QHXUDO QHWZRUN LQSXW IRU HDFK KDOI�

SHULRG� $W WZ  �� SHULRGV �� SDUDPHWHUV DUH DSSOLHG

WR WKH QHXUDO QHWZRUN LQSXW �)LJXUH ��� 7KH IRUHFDVW

HUURU LV QRW KLJKHU WKDQ ±��� PP IRU �� � RI WKH

FODVVLILHG VSHFLPHQV� $Q H[WUHPHO\ ODUJH QXPEHU RI

LQSXW YDULDEOHV ����� PDNLQJ WKH QHXUDO QHWZRUN

PRGHO PRUH FRPSOLFDWHG� VKRXOG EH UHJDUGHG DV RQH

RI WKH V\VWHP GLVDGYDQWDJHV�

7KH G\QDPLF FKDUDFWHULVWLFV RI WKH ZHOGLQJ SURFHVV

DUH WDNHQ LQWR DFFRXQW WR D JUHDWHU GHJUHH LQ WKH QHXUDO

QHWZRUN� GHVFULEHG LQ VWXG\ >�@� $SSOLHG WR WKH QHXUDO

QHWZRUN LQSXWV� LQ DGGLWLRQ WR ,Z DYHUDJHG RYHU WZ� DUH

YDULRXV FRPELQDWLRQV RI LQWHU�HOHFWURGH UHVLVWDQFHV� WKHLU

PD[LPDO DQG PLQLPDO YDOXHV DQG LQFUHPHQWV RYHU GLI�

IHUHQW WLPH LQWHUYDOV� 1HXUDO QHWZRUN KDV �� LQSXWV�

ZLWK � QHXURQV LQ WKH EXULHG OD\HU� (UURU RI GQ IRUHFDVW�

LQJ LV ±��� PP� 7KH V\VWHP KDV VXFK VKRUWFRPLQJV DV

WKH FXPEHUVRPH QDWXUH RI SUHOLPLQDU\ FDOFXODWLRQV WR

JHQHUDWH WKH LQSXW SDUDPHWHUV�

,W VKRXOG EH DOVR QRWHG WKDW WKHVH SXEOLFDWLRQV GR

QRW JLYH DQ\ GDWD RQ WKH DELOLW\ RI DSSO\LQJ WKH SUR�

SRVHG QHXUDO QHWZRUNV LQ ��ELW FRQWUROOHUV ZLWK OLP�

LWHG FRPSXWDWLRQDO UHVRXUFHV� 7KHLU FRPPRQ GUDZ�

EDFN LV D ODUJH QXPEHU RI LQSXW YDULDEOHV DQG FRPSOH[

VWUXFWXUH�

)RU D UHOLDEOH IRUHFDVW RIGQ XVLQJ D QHXUDO QHWZRUN�

LW LV QHFHVVDU\ WR VHOHFW LWV RSWLPDO VWUXFWXUH� DV ZHOO

DV WKH RSWLPDO FRPELQDWLRQ RI LQSXW YDULDEOHV� WDNLQJ

LQWR DFFRXQW WKH FKDQJHV LQ WKH ZHOGLQJ SURFHVV�

'HWDLOHG DQDO\VLV RI LQSXW SDUDPHWHUV RI D QHXUDO

QHWZRUN DOORZV IRUHFDVWLQJ WKHLU LQIOXHQFH RQ WKH HUURU

RI GQ IRUHFDVWLQJ� 6WXG\LQJ ,Z�W�� 8H�W� DQG 5H�W�

VKRZV WKDW WKH ZHOGLQJ TXDOLW\ LV HVVHQWLDOO\ GHWHU�

)LJXUH �� 'HSHQGHQFH RI WKH HUURU RI GQ IRUHFDVWLQJ RQ WKH QXPEHU
RI WHDFKLQJ F\FOHV� �x XQVDWLVIDFWRU\� �x VDWLVIDFWRU\� �x JRRG
QHXUDO QHWZRUN

)LJXUH �� 1HXUDO QHWZRUN ZLWK LQSXW SDUDPHWHUV 5
L
 8H

L

�,Z
L

)LJXUH �� 1HXUDO QHWZRUN ZLWK LQSXW SDUDPHWHUV 5
L
 8H

L

�,Z
L

�
�5PD[w 5PLQ�� �5L

w 5
Q
� DQG 3Z  8H,Z
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PLQHG QRW RQO\ E\ WKH ILQDO YDOXH RI WKHVH SDUDPHWHUV

RU WKHLU DYHUDJHG YDOXHV WKDW ZDV XVXDOO\ XVHG LQ WKH

NQRZQ V\VWHPV RI PRQLWRULQJ DQG DGMXVWPHQW� EXW

DOVR E\ WKHLU YDOXHV DW GLIIHUHQW PRPHQWV WZ�

)URP )LJXUH � LW FDQ EH VHHQ WKDW WKH ILQDO YDOXHV

RI ,Z DQG 5H DUH DSSUR[LPDWHO\ WKH VDPH� +RZHYHU�

LQ WKH ILUVW FDVH WKH ZHOGLQJ TXDOLW\ LV VDWLVIDFWRU\

�GQ  ��� PP�� DQG LQ WKH VHFRQG D FRPSOHWH ODFN RI

SHQHWUDWLRQ LV IRXQG �ZHOG VSRW QXJJHW LV SUDFWLFDOO\

DEVHQW�� FDXVHG E\ ZHDU RI WKH HOHFWURGH ZRUNLQJ VXU�

IDFH� L�H� LWV LQFUHDVH E\ ��w�� �� )RU WKLV UHDVRQ�

YDOXHV RI ,Z DQG 8H RU 5H� PHDVXUHG DW GLIIHUHQW PR�

PHQWV WZ� ZHUH XVHG DV WKH LQSXW SDUDPHWHUV RI WKH

QHXUDO QHWZRUN�

:HOGLQJ H[SHULPHQWV ZHUH FRQGXFWHG RQ VSHFL�

PHQV RI ORZ�FDUERQ VWHHO RI WKLFNQHVV δ  ��� � ����

��� � ��� DQG ��� � ��� PP ZLWK =Q�SODWHG FRDWLQJ

DQG ZLWKRXW LW LQ $52 W\SH WRQJV�

:HOGLQJ PRGH ZDV DV IROORZV�

IRU δ  ��� � ��� PP� ,Z  ��� N$� WZ  � SHULRGV�
)FO  ��� GD1� 5H ≤ �� PP� GQ  ��� PP�

IRU δ  ��� � ��� PP� ,Z  � N$� WZ  �� SHULRGV�

)FO  ��� GD1� 5H ≤ �� PP� GQ  ��� PP�

IRU δ  ��� � ��� PP� ,Z  �� N$� WZ  �� SHULRGV�
)FO  ��� GD1� 5H ≤ ��� PP� GQ  � PP�

6HOHFWLRQ RI ZHOGLQJ PRGH SDUDPHWHUV DQG WKH SUR�

FHGXUH RI TXDOLW\ HYDOXDWLRQ E\ WKH VSRW QXJJHW GL�

DPHWHU GQ ZDV FRQGXFWHG� WDNLQJ LQWR DFFRXQW ,,:

UHFRPPHQGDWLRQV� 7KH ZHOG VSRW QXJJHW GLDPHWHU ZDV

GHWHUPLQHG DV WKH DYHUDJH PHDVXUHG YDOXH

GQ =
GQ

PD[

w GQ
PLQ

�
�

'XULQJ WKH H[SHULPHQWV WKH ZHOGLQJ PRGH SDUDPH�

WHUV ZHUH YDULHG DV IROORZV� 8P E\ �� w w�� �� ,Z E\

��� w w�� �� GH E\ ��� �� 7KH GLDPHWHU RI WKH ZHOG

VSRW QXJJHW ZDV UHGXFHG E\ ��w�� �� L�H� WKH ZHOGLQJ

PRGH ZDV YDULHG IURP ODFN RI SHQHWUDWLRQ XS WR D

VSODVK� :HOGLQJ SURFHVV SDUDPHWHUV ,Z DQG 8H ZHUH

UHFRUGHG XVLQJ DQ DXWRPDWHG V\VWHP RI GDWD DFTXLVL�

WLRQ DQG SURFHVVLQJ� EDVHG RQ D SHUVRQDO FRPSXWHU RI

,%03& ��� '; W\SH� $ VSHFLDO GDWD ILOH ZDV FUHDWHG�

'XULQJ WHDFKLQJ RI WKH QHXUDO QHWZRUN WKH GDWD

RI PHDVXUHPHQW RI WKH LQVWDQW YDOXHV RI ZHOGLQJ FXU�

UHQW ,Z DQG LQWHU�HOHFWURGH YROWDJH GURS 8H IURP WKLV

ILOH ZHUH XVHG� 3URFHVVLQJ RI WKH LQVWDQW YDOXHV \LHOGHG

GHULYDWLYH SDUDPHWHUV WKDW ZHUH LQWURGXFHG LQWR WKH

QHXUDO QHWZRUN� ,Z LV WKH HIIHFWLYH YDOXH RI FXUUHQW�

DYHUDJHG RYHU WZ� 8H LV WKH HIIHFWLYH YDOXH RI LQWHU�

HOHFWURGH YROWDJH� DYHUDJHG RYHU WZ� ,Z�� ,Z�� ,Z�� ,Z�

DUH WKH HIIHFWLYH YDOXHV RI ZHOGLQJ FXUUHQW� DYHUDJHG

RYHU WKH UHVSHFWLYH LQWHUYDOV RI WLPH �WZ LV GLYLGHG

LQWR IRXU LQWHUYDOV�� WKH VDPH JRHV IRU 8H�� 8H�� 8H�

8H� DQG IRU LQWHU�HOHFWURGH UHVLVWDQFH 5H�� 5H�� 5H��

5H�� 7KHVH SDUDPHWHUV ZHUH LQWURGXFHG LQWR WKH QHXUDO

QHWZRUN LQ GLIIHUHQW FRPELQDWLRQV�

7HDFKLQJ RI WKH QHXUDO QHWZRUN ZDV FDUULHG RXW

DW GLIIHUHQW QXPEHU RI QHXURQV LQ WKH EXULHG OD\HU ���

�� ��� ��� DQG ZDV FRPSOHWHG� ZKHQ WKH PD[LPDO

HUURU RI GQ IRUHFDVWLQJ ZDV OHVV WKDQ �� RI WKH QRPLQDO

YDOXH�

7HDFKLQJ RI WKH QHXUDO QHWZRUN ZDV IROORZHG E\

LWV YHULILFDWLRQ� XVLQJ DQRWKHU VDPSOH RI GDWD� QRW

LQFOXGHG LQWR WKH WHDFKLQJ VDPSOH�

7KH SHUIRUPHG DQDO\VLV VKRZHG WKDW WKH EHVW UH�

VXOWV RQ SUHFLVLRQ RI GQ IRUHFDVWLQJ DUH GHPRQVWUDWHG

E\ QHXUDO QHWZRUNV ZLWK LQSXW SDUDPHWHUV ,Z� 8H DQG

,Z� 5H� DYHUDJHG RYHU HDFK RI WKH IRXU LQWHUYDOV WZ�

1HXUDO QHWZRUN ZLWK LQSXW SDUDPHWHUV ,Z� 8H LV

SUHIHUDEOH IRU PRQLWRULQJ DQG FRQWURO V\VWHPV WKDW

XVH VLQJOH FU\VWDO PLFURFRQWUROOHUV� 7KH PD[LPDO DE�

VROXWH HUURU RI GQ IRUHFDVWLQJ IRU δ  ��� � ��� PP

ZDV ∆PD[  ��� PP �)LJXUH ���

6LPLODU UHVXOWV RQ WKH SUHFLVLRQ RI GQ IRUHFDVWLQJ

ZHUH GHULYHG LQ ZHOGLQJ VSHFLPHQV RI WKH WKLFNQHVV

RI ��� � ��� DQG ��� � ��� PP�

7R HYDOXDWH WKH TXDOLW\ RI SDUWV RI WKH WKLFNQHVV

IURP ��� XS WR ��� PP� XVLQJ RQH QHXUDO QHWZRUN�

RQH PRUH LQSXW ZDV DGGHG WR LW� WR ZKLFK WZ ZDV

DSSOLHG� ,W ZDV DVVXPHG� WKDW VSHFLPHQV RI GLIIHUHQW

WKLFNQHVV ZHUH ZHOGHG DW GLIIHUHQW YDOXHV RI WZ� 7KH

FRQGXFWHG H[SHULPHQWV VKRZHG WKDW LQ WKLV FDVH IRUH�

FDVWLQJ RI GQ LV DOVR SRVVLEOH� IRUHFDVWLQJ HUURU� KRZ�

HYHU� ULVLQJ XS WR ��w�� ��

7KXV� LQYHVWLJDWLRQ RI QHXUDO QHWZRUNV ZLWK GLI�

IHUHQW FRPELQDWLRQV RI RXWSXW SDUDPHWHUV� ,Z� 8H� 5H

YDOXHV DQG VRPH RWKHUV UHYHDOHG� WKDW TXLWH JRRG UH�

VXOWV RI IRUHFDVWLQJ WKH TXDOLW\ GXULQJ ZHOGLQJ RI WKH

MRLQWV FDQ EH GHULYHG ZKHQ XVLQJ ,Z� 8H DQG WZ SD�

UDPHWHUV� 7KH FDOFXODWLRQ SURJUDP FDQ EH H[HFXWHG

)LJXUH �� ,Z�W�� 5H�W� GHSHQGHQFLHV �,Z�� 5H� x ODFN�RI�SHQHWUD�
WLRQ� ,Z�� 5H� x QRUPDO ZHOGLQJ�

)LJXUH �� (YDOXDWLRQ RI WKH HUURU RI GQ IRUHFDVWLQJ
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QRW RQO\ LQ D SHUVRQDO FRPSXWHU� EXW LQ D VLQJOH FU\VWDO

FRQWUROOHU ZLWK OLPLWHG FRPSXWDWLRQDO UHVRXUFHV� XVHG

WR FRQWURO WKH SURFHVV RI ZHOGLQJ DQG WKH ZHOGHG MRLQW

TXDOLW\�

�� 3RGROD� 1�9�� 5XGHQNR� 3�0� ������ 0LFURFRPSXWHU�EDVHG

DXWRPDWHG V\VWHPV IRU PRQLWRULQJ DQG FRQWURO RI UHVLVWDQFH

DQG DUF ZHOGLQJ RQ WKH EDVH RI D PLFURFRPSXWHU� 0RVFRZ�
0DVKLQRVWURHQLH�

�� 3DWRQ� %�(�� 3RGROD� 1�9�� *DYULVK� 9�6� HW DO� ������
(YDOXDWLRQ RI WKH TXDOLW\ RI UHVLVWDQFH VSRW ZHOGLQJ� XVLQJ
QHXUDO QHWZRUNV� $YWRPDWLFK� 6YDUND� ��� �w���

�� ,UYLQJ� %� ������ 1HXUDO QHWZRUNV DUH UD\LQJ RII RQ WKH SUR�
GXFWLRQ OLQH� :HOGLQJ -�� ��� ��w���

�� 0RQDUL� *�� 'LHUDHUW� 2�� 2EHUOH� +� ������ 3UHGLFDWLRQ RI
VSRW ZHOGLQJ GLDPHWHU XVLQJ QHXUDO QHWZRUNV� ,,: 'RF�

,,,�����w���
�� =KDZJ� =�� /L� <�� +H� ;� HW DO� ������ $UWLILFLDO QHXUDO

QHWZRUNV DSSOLHG WR VSRW ZHOGLQJ SURFHVV PRGHOLQJ� &KLQD
:HOGLQJ� �� ��w���

�� 0DWVX\DPD� .� ������ 1XJJHW VL]H VHQVLQJ RI VSRW ZHOG
EDVHG RQ QHXUDO QHWZRUN OHDUQLQJ� ,,: 'RF� ,,,�����w���

�� 'LOWKH\� 9�� 'LFNHUVEDFK� -� ������ 4XDOLW\ DVVXUDQFH RI UH�
VLVWDQFH VSRW ZHOGLQJ E\ HPSOR\PHQW RI QHXUDO QHWZRUNV�
,,: 'RF� ,,,�����w���

�� %URZQ� -�� -REOLQJ� &�� :LOOLDPV� 1� ������ 2SWLPL]DWLRQ
RI VLJQDO LQSXWV WR D QHXUDO QHWZRUN IRU PRGHOLQJ VSRW ZHOG�
LQJ RI ]LQF FRDWHG VWHHOV� ,,: 'RF� ,,,����w���

�� 6DWRK� 7�� $EH� +�� 6X]X\DPD� 6� ������ $ WULDO RI TXDOLW\
DVVXUDQFH LQ UHVLVWDQFH VSRW ZHOGLQJ E\ DLG RI QHXUDO QHW�
ZRUN DQG IX]]\ UHDVRQLQJ� ,,: 'RF� ,,,�����w���

�

���	�
	��	���������	�����	�������

��	���	������	��	������������	�������

9� 32120$5<29� $�9� GD &267$ DQG $� 6&277,

)HGHUDO 8QLYHUVLW\� 8EHUODQGLD� %UD]LO

9ROWDJH GURS DW DQ HOHFWURGH PHWDO GURSOHW DQG LWV HIIHFW RQ WKH DUF YROWDJH YDOXH KDYH EHHQ GHWHUPLQHG� *HRPHWULFDO

SDUDPHWHUV RI WKH GURSOHW DQG OHQJWK RI WKH DUF KDYH EHHQ HVWLPDWHG XVLQJ D PDFKLQH FRQVLVWLQJ RI ODVHU DQG KLJK�VSHHG

GLJLWDO YLGHR FDPHUD� E\ V\QFKURQRXVO\ UHJLVWHULQJ WKH DUF YROWDJH DQG ZHOGLQJ FXUUHQW FXUYHV� ,W KDV EHHQ HVWDEOLVKHG

WKDW WKH YROWDJH GURS SHU XQLW OHQJWK RI WKH GURSOHW PD\ H[FHHG WKH YROWDJH GURS JUDGLHQW LQ WKH DUF FROXPQ� DQG WKH

DUF YROWDJH PD\ LQFUHDVH ZLWK JURZWK RI WKH GURSOHW DQG UHGXFWLRQ RI WKH DUF YROWDJH�

.H\ ZRU G V � 0,*�0$* ZHOGLQJ� PHWDO WUDQVIHU� GURSOHW

SDUDPHWHUV� DUF OHQJWK� YROWDJH GURS DW PHWDO GURSOHW� DUF YROW�

DJH

,W LV D ZHOO�NQRZQ IDFW WKDW WKHUH LV D GLUHFW SURSRU�

WLRQDO UHODWLRQVKLS EHWZHHQ WKH DUF OHQJWK DQG WKH DUF

YROWDJH GURS LQ 0,*�0$* ZHOGLQJ� +RZHYHU� DQ

H[SHULPHQWDO LQYHVWLJDWLRQ RI WKLV UHODWLRQVKLS LV D

GLIILFXOW SUREOHP� DV� RQ WKH RQH KDQG� DQ H[SHULPHQ�

WDO HYDOXDWLRQ RI WKH DUF OHQJWK LQYROYHV GLIILFXOWLHV

DQG� RQ WKH RWKHU KDQG� PHWKRGV IRU GLUHFW PHDVXUH�

PHQW RI WKH DFWXDO DUF YROWDJH DV D VXP RI YROWDJH

GURSV LQ WKH QHDU�HOHFWURGH UHJLRQV DQG DW WKH DUF

FROXPQ DUH EDVHG RQ WKH XVH RI SUREHV DQG DUH GLIILFXOW

WR HPSOR\ >�@� :LWK WKH WUDGLWLRQDO DSSURDFK WR PHDV�

XUHPHQW RI WKH DUF YROWDJH� LQ SDUWLFXODU WKH YROWDJH

EHWZHHQ D WRUFK DQG D ZRUNSLHFH �EHORZ UHIHUUHG WR

DV WKH PHDVXUHG DUF YROWDJH 8D�� YROWDJH GURSV DW WKH

WUDQVLWLRQ FRQWDFW �WRUFKwZLUH�� DW WKH HOHFWURGH H[�

WHQVLRQ DQG HOHFWURGH PHWDO GURSOHW DUH DGGHG WR WKH

DFWXDO DUF YROWDJH� 'LVWLQJXLVKLQJ WKH YROWDJH GURS

DW WKH DUF FROXPQ IURP WKH VXP RI YROWDJH GURSV LV D

YHU\ FRPSOLFDWHG SUREOHP� DV LWV YDULDWLRQV DUH DF�

FRPSDQLHG� DV D UXOH� E\ YDULDWLRQV LQ YROWDJH DW WKH

HOHFWURGH H[WHQVLRQ� GURSOHW DQG QHDU�HOHFWURGH UH�

JLRQV� 7KHUHIRUH� D FKDOOHQJH LV WR GHWHUPLQH WKHVH

DGGLWLRQDO FRPSRQHQWV RI WKH YROWDJH GURS EHWZHHQ

WKH WRUFK DQG ZRUNSLHFH�

7KLV DUWLFOH JLYHV UHVXOWV RI HYDOXDWLRQ RI WKH YROW�

DJH GURS DW WKH HOHFWURGH PHWDO GURSOHW� 8G� GXULQJ

WKH SURFHVV RI LWV IRUPDWLRQ DW WKH HOHFWURGH ZLUH WLS�

8G LV PRVW GLIILFXOW WR PHDVXUH� FRPSDUHG ZLWK WZR

RWKHU YROWDJH GURSV RXWVLGH WKH DUF �DW WKH WRUFKwZLUH

FRQWDFW DQG DW WKH HOHFWURGH H[WHQVLRQ�� 0RUHRYHU� LI

YROWDJH GURSV DW WKH WRUFKwZLUH FRQWDFW DQG HOHFWURGH

H[WHQVLRQ UHPDLQ PRUH RU OHVV FRQVWDQW GXULQJ DUF

EXUQLQJ� 8G YDULHV GHSHQGLQJ XSRQ WKH JHRPHWULFDO

VL]H RI WKH GURSOHW� 8G DOVR YDULHV EHFDXVH RI GLVSODFH�

PHQW RI WKH DQRGH VSRW RYHU WKH GURSOHW VXUIDFH�

([SHULPHQWDO SURFHGXUH� $ VHULHV RI H[SHULPHQWV

ZHUH FRQGXFWHG WR HYDOXDWH WKH DERYH SKHQRPHQRQ�

XVLQJ HOHFWURGHV RI ORZ�FDUERQ VWHHO� VWDLQOHVV VWHHO

DQG DOXPLQLXP� L�H� PDWHULDOV JUHDWO\ GLIIHULQJ LQ VSH�

FLILF HOHFWULFDO UHVLVWDQFH�

$ SRZHU VRXUFH ZLWK D SLQ�VKDSHG H[WHUQDO YROW�

DPSHUH FKDUDFWHULVWLF� HQVXULQJ WKH FRQVWDQW YDOXH RI

WKH ZHOGLQJ FXUUHQW� ZDV XVHG WR UHGXFH WKH HIIHFW RI

IDFWRUV ZKLFK GHWHUPLQH WKH YDOXH RI WKH PHDVXUHG

DUF YROWDJH� 6LQFH WKHUH LV QR VHOI�DGMXVWPHQW RI WKH

DUF XQGHU WKHVH FRQGLWLRQV� WKH DVVLJQHG DUF OHQJWK

ZDV PDLQWDLQHG E\ UHJXODWLQJ WKH HOHFWURGH ZLUH IHHG

VSHHG YI� 2ZLQJ WR WKH FRQVWDQW ZHOGLQJ FXUUHQW� WKH

FXUYH RI WKH PHDVXUHG DUF YROWDJH FRUUHVSRQGHG LQ

VKDSH WR WKH FXUYH RI WKH HOHFWULFDO UHVLVWDQFH LQ WKLV

UHJLRQ RI WKH ZHOGLQJ FLUFXLW�

*HRPHWULFDO SDUDPHWHUV RI D GURSOHW� LWV VKDSH DQG

SRVLWLRQ DW WKH HOHFWURGH WLS� DV ZHOO DV WKH DUF OHQJWK�

ZHUH GHWHUPLQHG XVLQJ DQ LPDJH UHJLVWHULQJ XQLW FRQ�

VLVWLQJ RI D ODVHU DQG KLJK�VSHHG GLJLWDO YLGHR FDPHUD

>�@� 6\QFKURQRXVO\ ZLWK YLGHR FDPHUD ILOPLQJ� YDOXHV
� 9� 32120$5<29� $�9� GD &267$ DQG $� 6&277,� ����
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RI WKH DUF YROWDJH DQG ZHOGLQJ FXUUHQW ZHUH PHDVXUHG

XVLQJ D 3&�EDVHG PHDVXUHPHQW V\VWHP�

7R DYRLG LQFOXVLRQ RI WKH YROWDJH GURS DW WKH WRUFKw

ZLUH WUDQVLWLRQ FRQWDFW LQWR WKH PHDVXUHG DUF YROWDJH�

WKH ODWWHU ZDV GHWHUPLQHG DFFRUGLQJ WR GLDJUDP �

VKRZQ LQ )LJXUH �� XVLQJ D VOLGLQJ FDUERQ FRQWDFW�

5HVXOWV DQG GLVFXVVLRQ� )LJXUH � VKRZV DQ RVFLO�

ORJUDP RI WKH PHDVXUHG DUF YROWDJH� DV ZHOO DV VWDJHV
RI IRUPDWLRQ DQG GHWDFKPHQW RI WKH HOHFWURGH PHWDO

GURSOHW IRU WKH FDVH RI XVLQJ ORZ�FDUERQ VWHHO ZLUH�
7KH HVWDEOLVKHG YDOXH RI WKH ZHOGLQJ FXUUHQW ���� $�

FRUUHVSRQGV WR FRQGLWLRQV RI D JOREXODU HOHFWURGH PHW�

DO WUDQVIHU�

,W FDQ EH ZHOO VHHQ IURP WKH )LJXUH WKDW WKH DUF

YROWDJH YDULHV LQ D F\FOLF PDQQHU� L�H� LW LQFUHDVHV E\

���w��� 9 ZLWK JURZWK RI D GURSOHW� GXULQJ ZKLFK

SHULRG WKH DUF JDS LV UHGXFHG� DQG DIWHU GHWDFKPHQW

RI WKH GURSOHW LW GURSV E\ WKH VDPH YDOXH�

2Q WKH IDFH RI LW� WKLV UHVXOW VHHPV WR FRQWUDGLFW

GLUHFW SURSRUWLRQDO GHSHQGHQFH EHWZHHQ WKH DUF YROW�

DJH DQG OHQJWK� +RZHYHU� WKH REVHUYHG YDULDWLRQV LQ

WKH PHDVXUHG DUF YROWDJH FDQ EH HDVLO\ VXEVWDQWLDWHG�

LI ZH DVVXPH WKDW PROWHQ PHWDO RI WKH GURSOHW KDV

VSHFLILF UHVLVWDQFH ZKLFK LV KLJKHU WKDQ WKDW RI WKH

DUF FROXPQ� ,Q WKLV FDVH WKH PHDVXUHG DUF YROWDJH ZLOO

JURZ ZLWK JURZWK RI WKH GURSOHW DQG LWV UHSODFHPHQW

RI WKH DUF FROXPQ� DV JURZWK RI WKH YROWDJH GURS DW

WKH GURSOHW LV ODUJHU WKDQ GHFUHDVH LQ WKH YROWDJH GURS

DW WKH DUF FROXPQ� ,W LV DVVXPHG LQ WKLV FDVH WKDW WKH

YROWDJH GURS DW WKH HOHFWURGH H[WHQVLRQ� DV ZHOO DV WKH

VXP RI WKH DQRGH DQG FDWKRGH YROWDJH GURSV UHPDLQ

XQFKDQJHG�

'DWD RI )LJXUH � SURYH WKH DVVXPSWLRQ WKDW VSHFLILF

YROWDJH GURS DW WKH GURSOHW PD\ EH YHU\ KLJK� DV

VSHFLILF HOHFWULFDO UHVLVWDQFH RI ORZ�FDUERQ VWHHO LQ D

PROWHQ VWDWH LV �w� WLPHV DV KLJK DV WKDW DW D WHP�

)LJXUH �� 9DULDQWV RI FRQQHFWLRQ GLDJUDPV LQ PHDVXUHPHQW RI WKH
DUF YROWDJH XQGHU 0,*�0$* ZHOGLQJ FRQGLWLRQV

)LJXUH �� 9DULDWLRQV LQ WKH DUF YROWDJH ZLWK IRUPDWLRQ DQG GHWDFKPHQW RI GURSOHW LQ 0,* ZHOGLQJ XVLQJ $:6 (5��6� ORZ�FDUERQ
ZLUH � PP LQ GLDPHWHU �JOREXODU HOHFWURGH PHWDO WUDQVIHU�� VKLHOGLQJ DWPRVSKHUH x $U � � � 2�� ,Z  ��� $� YI  ��� P�PLQ
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SHUDWXUH RI ���w��� �& �DYHUDJH WHPSHUDWXUH DW WKH
HOHFWURGH H[WHQVLRQ >�@��

9DULDWLRQV LQ WKH DUF YROWDJH ZLWK WKH VSUD\ HOHF�
WURGH PHWDO WUDQVIHU �)LJXUH �� DUH VLPLODU WR WKRVH
ZLWK WKH JOREXODU PHWDO WUDQVIHU� +RZHYHU� DV WKH
GURSOHW KDV D VPDOO VL]H DQG LW LV DEVRUEHG E\ WKH DUF
WR D VXEVWDQWLDO GHJUHH �WR EH PRUH H[DFW� LW LV HQFORVHG
E\ WKH DQRGH VSRW�� WKH PHDVXUHG DUF YROWDJH ZLWK
JURZWK RI WKH GURSOHW LQFUHDVHV WR D OHVVHU GHJUHH WKDQ
LQ WKH FDVH RI WKH JOREXODU PHWDO WUDQVIHU�

7R SURYH YDOLGLW\ RI WKH DVVXPSWLRQ WKDW PROWHQ
PHWDO RI WKH GURSOHW LQ WKH FDVH RI XVLQJ ORZ�FDUERQ
VWHHO ZLUH KDV KLJKHU VSHFLILF HOHFWULFDO UHVLVWDQFH WKDQ
WKH DUF FROXPQ� VLPLODU H[SHULPHQWV ZHUH DOVR FRQ�
GXFWHG XVLQJ HOHFWURGH ZLUHV RI VWDLQOHVV VWHHO DQG
DOXPLQLXP�

7KH FKDUDFWHU DQG UDQJH RI YDULDWLRQV LQ WKH PHDV�
XUHG DUF YROWDJH LQ WKH FDVH RI XVLQJ VWDLQOHVV HOHFWURGH
ZLUH DUH FORVH WR WKRVH GHWHUPLQHG IRU ORZ�FDUERQ
HOHFWURGH ZLUH �)LJXUH ��� 'HVSLWH WKH IDFW WKDW DW
QRUPDO WHPSHUDWXUH WKH VSHFLILF HOHFWULFDO UHVLVWDQFH
RI VWDLQOHVV VWHHO LV DOPRVW � WLPHV DV KLJK DV WKDW RI
ORZ�FDUERQ VWHHO� DW KLJK WHPSHUDWXUHV WKLV SDUDPHWHU
KDV FORVH YDOXHV IRU ERWK VWHHOV �VHH )LJXUH ���

$V RSSRVHG WR ORZ�FDUERQ DQG VWDLQOHVV VWHHO ZHOG�
LQJ ZLUHV� LQ WKH FDVH RI XVLQJ DOXPLQLXP ZLUH WKH
PHDVXUHG DUF YROWDJH KDV DQ RSSRVLWH FKDUDFWHU RI
YDULDWLRQV �)LJXUH ��� L�H� LW JUDGXDOO\ GHFUHDVHV ZLWK
JURZWK RI WKH HOHFWURGH PHWDO GURSOHW� DQG WKH DUF
JDS LV DGHTXDWHO\ UHGXFHG ZLWK LWV VXGGHQ LQFUHDVH
DIWHU GHWDFKPHQW RI WKH GURSOHW� 7KH VDPH FKDUDFWHU
RI YDULDWLRQV LQ WKH DUF YROWDJH LV LQGLFDWLYH RI WKH
IDFW WKDW LQ WKLV FDVH WKH GURSOHW PROWHQ PHWDO KDV D
ORZHU VSHFLILF HOHFWULFDO UHVLVWDQFH WKDQ WKH DUF FRO�
XPQ�

'HWHUPLQDWLRQ RI YDOXH RI WKH YROWDJH GURS SHU
XQLW OHQJWK RI WKH HOHFWURGH PHWDO GURSOHW� 7KH VXJ�
JHVWHG GHWHUPLQDWLRQ RI YDOXH RI WKH YROWDJH GURS SHU
XQLW OHQJWK RI WKH HOHFWURGH PHWDO GURSOHW� ∆8G� LV
EDVHG RQ DQDO\VLV RI YDULDWLRQV RI WKH PHDVXUHG DUF
YROWDJH� DUF OHQJWK DQG OHQJWK RI WKH GURSOHW DW LWV

GHWDFKPHQW �VHH )LJXUH ��� 7KH SURFHGXUH GHVFULEHG
LV DSSOLFDEOH WR FRQGLWLRQV RI WKH JOREXODU HOHFWURGH
PHWDO WUDQVIHU� ZKHQ WKH DQRGH VSRW LV FRPSDUDWLYHO\
VPDOO DQG GRHV QRW HQFORVH �GRHV QRW VKXQW� WKH GURS�
OHW� 7KLV DQDO\VLV UHTXLUHV VHOHFWLRQ RI VXFK YLGHR
IUDPHV ZKHUH WKH GURSOHW LV LQ D FR�D[LDO SRVLWLRQ ZLWK
UHVSHFW WR WKH HOHFWURGH� 7KLV DOORZV DQ DVVXPSWLRQ
WKDW WKH DQRGH VSRW LV DW D ORZHU SDUW RI WKH GURSOHW�
L�H� WKH GURSOHW DQG WKH DUF FDQ EH UHJDUGHG DV WZR
UHVLVWDQFHV FRQQHFWHG LQ VHULHV� %DVHG RQ WKLV DQDO\VLV�
ZH ILQG WKDW �)LJXUH ��

8D�  8HO � 8F�D � 8D��F � 8G� ���

8D�  8HO � 8F�D � 8D��F� ���

ZKHUH 8D� DQG 8D� DUH WKH PHDVXUHG DUF YROWDJHV
EHIRUH DQG DIWHU GHWDFKPHQW RI WKH GURSOHW� 8HO LV WKH
YROWDJH GURS DW WKH HOHFWURGH H[WHQVLRQ� DQG8D��F DQG
8D��F DUH WKH YROWDJH GURSV DW WKH DUF FROXPQ EHIRUH
DQG DIWHU GHWDFKPHQW RI WKH GURSOHW�

9ROWDJH GURS DW WKH HOHFWURGH H[WHQVLRQ� 8HO� EH�
IRUH DQG DIWHU GHWDFKPHQW RI WKH GURSOHW GRHV QRW
YDU\� DV OHQJWK RI WKH HOHFWURGH H[WHQVLRQ UHPDLQV

)LJXUH �� 7HPSHUDWXUH GHSHQGHQFH RI VSHFLILF HOHFWULFDO UHVLVWDQFH
IRU SXUH DOXPLQLXP ���� DOXPLQLXP DOOR\ RI WKH ���� W\SH ����
FDUERQ VWHHO RI WKH ���� W\SH ��� DQG VWDLQOHVV VWHHO RI WKH ��� W\SH
��� >�w�@

)LJXUH �� 9DULDWLRQV LQ WKH DUF YROWDJH ZLWK IRUPDWLRQ DQG GHWDFKPHQW RI GURSOHW LQ 0,* ZHOGLQJ XVLQJ $:6 (5��6� ORZ�FDUERQ
ZLUH � PP LQ GLDPHWHU �VSUD\ HOHFWURGH PHWDO WUDQVIHU�� VKLHOGLQJ DWPRVSKHUH x $U � � � 2�� ,Z  ��� $� YI  ��� P�PLQ
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FRQVWDQW �VHH )LJXUH �� �DOORZLQJ IRU WKH UHVLGXDO
GURSOHW RI PROWHQ HOHFWURGH PHWDO��

,W LV DOVR DVVXPHG WKDW DW WKH PRPHQWV EHIRUH DQG
DIWHU GHWDFKPHQW RI WKH GURSOHW WKH VXP RI WKH FDWKRGH
DQG DQRGH YROWDJH GURSV� 8F�D� DQG WKH YROWDJH GURS
SHU XQLW OHQJWK RI WKH DUF FROXPQ� ∆8D�F� GR QRW YDU\
WR D VXEVWDQWLDO GHJUHH� $OORZLQJ IRU WKH ODVW DVVXPS�
WLRQ� ZH ILQG WKH IROORZLQJ H[SUHVVLRQ IRU WKH YROWDJH
GURS DW WKH DUF FROXPQ�

8D�F  ∆8D�F /D� ���

ZKHUH /D LV WKH DUF OHQJWK�
6XEVWLWXWLRQ RI WHUPV8D��F DQG8D��F LQWR HTXDWLRQV

��� DQG ���� DOORZLQJ IRU HTXDWLRQ ��� DQG VXEWUDFWLQJ
HTXDWLRQ ��� IURP ���� \LHOGV H[SUHVVLRQ IRU WKH YROW�
DJH GURS DW WKH HOHFWURGH PHWDO GURSOHW�

8G  �8D� w 8D�� � ∆8D�F�/D� w /D��� ���

,QFUHPHQW LQ WKH DUF OHQJWK DIWHU GHWDFKPHQW RI
WKH GURSOHW LV HTXDO WR WKH OHQJWK RI WKH GURSOHW� 7KHUH�
IRUH� H[SUHVVLRQ ��� FDQ EH ZULWWHQ DV IROORZV�

8G  �8D� w 8D�� � ∆8D�F /G� ���

'LIIHUHQFH LQ WKH PHDVXUHG YROWDJH GURS EHIRUH
DQG DIWHU GHWDFKPHQW RI WKH GURSOHW LV GHWHUPLQHG
IURP WKH 8D RVFLOORJUDP �VHH )LJXUH ��� DQG IRU WKH
FDVH XQGHU FRQVLGHUDWLRQ LW LV ��� 9 RQ WKH DYHUDJH�

3UHOLPLQDU\ H[SHULPHQWV VKRZHG WKDW WKH YROWDJH
GURS SHU XQLW OHQJWK RI WKH DUF FROXPQ� ∆8D�F� IRU WKH
JLYHQ ZHOGLQJ FRQGLWLRQV ZDV DSSUR[LPDWHO\ HTXDO WR
��� 9�PP� ZKLFK LV LQ JRRG DJUHHPHQW ZLWK WKH GDWD
RI >�@�

:KLOH PHDVXULQJ WKH OHQJWK RI WKH GURSOHW� LW LV
QHFHVVDU\ WR EHDU LQ PLQG WKDW WKH OLQH RI FRQMXJDWLRQ
RI WKH DUF ZLWK WKH GURSOHW SDVVHV D ELW KLJKHU WKDQ
WKH ORZHU SDUW RI D YLVLEOH FRQWRXU RI WKH GURSOHW�
7KHUHIRUH� WKH OHQJWK RI WKH GURSOHW VKRXOG EH PHDV�
XUHG ZLWK D FHUWDLQ VKLIW WR WKH FHQWUH RI WKH GURSOHW�
,W LV SRVWXODWHG IRU WKH JOREXODU PHWDO WUDQVIHU WKDW
WKLV VKLIW LV ���� RI WKH HOHFWURGH ZLUH GLDPHWHU� 7KH
OHQJWK RI WKH GURSOHW DW WKH PRPHQW RI LWV GHWDFKPHQW�
/G� LV GHWHUPLQHG IURP WKH YLGHR IUDPHV� DQG LQ WKH
FDVH XQGHU FRQVLGHUDWLRQ LW LV ��� PP RQ WKH DYHUDJH�

7KHUHIRUH� IRU WKH JLYHQ ZHOGLQJ FRQGLWLRQV WKH
DYHUDJH YDOXHV RI WKH WRWDO YROWDJH GURS DW WKH GURSOHW
DQG YROWDJH GURS SHU LWV XQLW OHQJWK DUH� UHVSHFWLYHO\�
DV IROORZV�

)LJXUH �� 9DULDWLRQV LQ WKH DUF YROWDJH ZLWK IRUPDWLRQ DQG GHWDFKPHQW RI GURSOHW LQ 0,* ZHOGLQJ XVLQJ $:6 (5���/6L VWDLQOHVV VWHHO
ZLUH ��� PP LQ GLDPHWHU �JOREXODU HOHFWURGH PHWDO WUDQVIHU�� VKLHOGLQJ DWPRVSKHUH x $U � � � 2�� ,Z  ��� $� YI  ��� P�PLQ

)LJXUH �� 9DULDWLRQV LQ WKH DUF YROWDJH ZLWK IRUPDWLRQ DQG GHWDFKPHQW RI GURSOHW LQ 0,* ZHOGLQJ XVLQJ $:6 $������� DOXPLQLXP
ZLUH ��� PP LQ GLDPHWHU �JOREXODU HOHFWURGH PHWDO WUDQVIHU�� ,Z  �� $� YI  ��� P�PLQ
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8G  ����9� � ����9�PP�⋅����PP�  �����9�� ���

∆8G  �����9������PP�  �����9�PP�� ���

$V VKRZQ E\ WKH UHVXOWV REWDLQHG� WKH YROWDJH GURS
SHU XQLW OHQJWK RI WKH GURSOHWPD\ VXEVWDQWLDOO\ H[FHHG
WKH YROWDJH GURS SHU XQLW OHQJWK RI WKH DUF FROXPQ�
7KLV OHDGV WR WKH IDFW WKDW WKH SULQFLSOH RI VHOI�DGMXVW�
PHQW RI WKH DUF OHQJWK PD\ QRW EH PHW LQ HDFK VHSDUDWH
F\FOH RI IRUPDWLRQ DQG GHWDFKPHQW RI WKH GURSOHW�
+RZHYHU� LW LV QDWXUDO WKDW ZLWK YDULDWLRQV LQ WKH
PHDQ DUF OHQJWK �ZKHUH WKHPHDQ DUF OHQJWK KDV JURZQ
RU� RQ WKH FRQWUDU\� GHFUHDVHG IRU DQ\ UHDVRQ ZKDW�
VRHYHU� WKH SULQFLSOH RI VHOI�DGMXVWPHQW RI WKH DUF
OHQJWK GRHV WDNH SODFH EHFDXVH RI YDULDWLRQV LQ WKH
WRWDO UHVLVWDQFH RI WKH �GURSOHW � DUF� V\VWHP�

7KH UHVXOWV REWDLQHG DOVR VXJJHVW WKDW WKH HIIL�
FLHQF\ RI VHOI�DGMXVWPHQW RI WKH DUF OHQJWK LV KLJKHU
IRU PDWHULDOV ZLWK ORZHU VSHFLILF HOHFWULFDO UHVLVWDQFH�
H�J� LQ WKH FDVH RI XVLQJ DOXPLQLXP HOHFWURGH ZLUH� DV
WKH SULQFLSOH RI VHOI�DGMXVWPHQW RI WKH DUF LQ WKLV FDVH
ZLOO WDNH SODFH ERWK LQ JHQHUDO DQG LQ HDFK VHSDUDWH
F\FOH RI IRUPDWLRQ DQG GHWDFKPHQW RI WKH GURSOHW� ,Q
DGGLWLRQ� LW LV QHFHVVDU\ WR WDNH LQWR DFFRXQW WKDW
ZHOGLQJ FRQGLWLRQV ZLWK WKH JOREXODU PHWDO WUDQVIHU
DUH XVXDOO\ QRW DSSOLHG LQ SUDFWLFH� KHQFH� WKH QHJDWLYH
HIIHFW RI WKH YROWDJH GURS DW WKH GURSOHW LQ0,*�0$*
ZHOGLQJ LV UHODWLYHO\ ORZ�

&21&/86,216

�� 9ROWDJH GURS DW WKH PROWHQ HOHFWURGH PHWDO GURSOHW
LQ 0,*�0$* ZHOGLQJ KDV D VLJQLILFDQW HIIHFW RQ D
YDOXH RI WKH PHDVXUHG DUF YROWDJH EHWZHHQ WKH QR]]OH
DQG ZRUNSLHFH�

�� 9ROWDJH GURS DW WKH GURSOHW GHSHQGV XSRQ WKH
ZHOGLQJ FXUUHQW� VSHFLILF HOHFWULFDO UHVLVWDQFH RI WKH
HOHFWURGH PDWHULDO �LQ OLTXLG VWDWH�� VKDSH DQG VL]H RI
WKH GURSOHW DQG SRVLWLRQ RI WKH DQRGH VSRW RQ WKH
GURSOHW VXUIDFH�

�� +LJK YROWDJH GURS DW WKH GURSOHW PD\ OHDG WR
GHFUHDVH LQ WKH HIILFLHQF\ RI VHOI�DGMXVWPHQW RI WKH
DUF OHQJWK�

7KH DXWKRUV H[SUHVV JUDWLWXGH WR WKH 'LYLVLRQ RI
3RVW�*UDGXDWH 6WXGLHV DW WKH0HFKDQLFDO�(QJLQHHULQJ
'HSDUWPHQW RI WKH )HGHUDO 8QLYHUVLW\ RI 8EHUODQGLD�
%UD]LO� DV ZHOO DV RUJDQLVDWLRQV &13T DQG )$3(0,*
IRU WKHLU ILQDQFLDO VXSSRUW LQ SHUIRUPDQFH RI WKLV ZRUN�

�� /HQLYNLQ� 9�$�� '\XUJHURY� 1�*�� 6DJLURY� .K�1� ������
7HFKQRORJLFDO SURSHUWLHV RI ZHOGLQJ DUF LQ VKLHOGLQJ JDVHV�
0RVFRZ� 0DVKLQRVWURHQLH�

�� %DOVDPR� 3�6�6�� 9LODULQKR� /�2�� 9LOHOD� 0� HW DO� ������
'HYHORSPHQW RI DQ H[SHULPHQWDO WHFKQLTXH IRU VWXG\LQJ
PHWDO WUDQVIHU LQ ZHOGLQJ� 6\QFKURQL]HG 6KDGRZJUDSK\�
$60 ,QW� -� -RLQLQJ RI 0DWHULDOV� �� ��w���

�� +XLVPDQQ� *�� +RIIPHLVWHU� +� ������ 5HDFWLRQV RI FXUUHQW
DQG PHWDO WUDQVIHU RQ XQVWHDG\ ZLUH WUDQVSRUW LQ 0,* ZHOG�
LQJ ZLWK UHVSHFW WR K\SHUEDULF FRQGLWLRQV� ,Q� 3URF� RI �WK
,QW� &RQI� RQ 7UHQGV LQ :HOGLQJ 5HVHDUFK� 3LQH 0RXQWDLQ�
*HRUJLD� 86$� -XQH�

�� ������ $60 0HWDOV +DQGERRN� 9RO� �� 3K\VLFDO SURSHUWLHV
RI FDUERQ DQG ORZ�DOOR\ VWHHO� $60�

�� ������ $60 *XLGH WR HQJLQHHUHG PDWHULDOV� $GY� 0DWHUL�
DOV	3URFHVVHV� ���

�� +DWFK� -�(� ������ 3URSHUWLHV DQG SK\VLFDO PHWDOOXUJ\�
2KLR� $60�

�� 6PLWKHOOV� -�6�� %UDQGHV� (�$�� %URRN� *�%� ������
6PLWKHOOV UHIHUHQFH ERRN� %XWWHUZRUWK�+HLQHPDQQ�

)LJXUH �� 6FKHPDWLF RI WZR VXFFHVVLYH VWHSV RI HOHFWURGH PHWDO
GURSOHW WUDQVIHU� � x GURSOHW DW WKH HOHFWURGH WLS SULRU WR GHWDFK�
PHQW� � x PRPHQW DIWHU GHWDFKPHQW RI WKH GURSOHW
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(�9� &+(5(3,96.$<$ DQG 9�5� 5<$%29

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

$ UHYLHZ RI WKH FXUUHQW PHWKRGV RI IXVLRQ ZHOGLQJ RI $O�EDVHG GLVSHUVLRQ�VWUHQJWKHQHG FRPSRVLWH PDWHULDOV �'6&0��

UHLQIRUFHG ZLWK VLOLFRQ FDUELGH SDUWLFOHV LV SUHVHQWHG� 3URFHVVHV� SURFHHGLQJ LQ DUF ZHOGLQJ RI $O�EDVHG '6&0 DUH

FRQVLGHUHG LQ GHWDLO� 0HFKDQLFDO FKDUDFWHULVWLFV RI ZHOGHG MRLQWV RQ FRPSRVLWH PDWHULDOV DUH JLYHQ� DQG SUREOHPV� DULVLQJ

LQ WKHLU IXVLRQ ZHOGLQJ� DUH FRQVLGHUHG�

.H\ ZRU G V � FRPSRVLWH PDWHULDO� IXVLRQ ZHOGLQJ� DOX�

PLQLXP PDWUL[� UHLQIRUFHU� SDUWLFOH� VLOLFRQ DQG DOXPLQLXP FDU�

ELGHV� GHFRPSRVLWLRQ� VWUXFWXUH� FRPSRVLWLRQ

$PRQJ WKH FXUUHQWO\ DYDLODEOH'6&0WKHPRVWZLGHO\
DFFHSWHG DUH FRPSRVLWHV� UHLQIRUFHG ZLWK 6L& SDUWL�

FOHV� ZKHUH WKH YROXPH IUDFWLRQ PD\ FKDQJH IURP ��

XS WR �� �� 7KLV� QDWXUDOO\� UHVXOWV LQ WKH FKDQJH RI

FRPSRVLWLRQ� VWUXFWXUH DQG PHFKDQLFDO SURSHUWLHV RI

WKH DERYH PDWHULDOV WKDW GHWHUPLQH VHOHFWLRQ RI WKH

ZHOGLQJ SURFHVV� 7KLV SDSHU SURYLGHV DQDO\VLV RI SXE�

OLVKHG GDWD RQ WKH TXDOLW\ DQG SURSHUWLHV RI MRLQWV RI
FRPSRVLWH PDWHULDOV �&0� XQGHU WKH FRQGLWLRQV RI

IXVLRQ ZHOGLQJ�
$UF ZHOGLQJ� ,Q ZHOGLQJ RI $O�EDVHG '6&0� UH�

LQIRUFHG ZLWK 6L& SDUWLFOHV� KLJK�WHPSHUDWXUH KHDWLQJ

OHDGV WR VHYHUDO SUREOHPV >�w�@� WKHVH SDUWLFOHV GH�
FRPSRVLWLRQ GXH WR KLJK�WHPSHUDWXUH KHDWLQJ LQ ZHOG�

LQJ� WKXV UHVXOWLQJ LQ WKH ORVV RI WKH LQLWLDO &0 SURS�

HUWLHV� KLJK WRXJKQHVV RI WKH ZHOG SRRO PHWDO� GLIIL�

FXOW\ RI SURGXFLQJ VRXQG ZHOGV DV D UHVXOW RI SRRU

ZHWWLQJ RI 6L& SDUWLFOH VXUIDFH ZLWK DOXPLQLXP� SR�

URVLW\ DQG HPEULWWOHPHQW RI ZHOGV� $QRWKHU RQH DULVHV

LQ &0 ZHOGLQJ� XVLQJ ILOOHU ZLUH x EDVH PHWDO GLOX�

WLRQ ZLWK WKH ZLUH PHWDO DQG� DV D UHVXOW� WUDQVLWLRQ

RI UHLQIRUFLQJ SDUWLFOHV IURP WKH EDVH LQWR WKH ZHOG

PHWDO� ,Q WKH ODWWHU WKH SDUWLFOHV DUH QRQ�XQLIRUPO\

GLVWULEXWHG RYHU WKH YROXPH GXH WR GLIIHUHQW GHQVLWLHV

RI DOXPLQLXP DOOR\V �a���� NJ�P
�� DQG VLOLFRQ FDU�

ELGH �a���� NJ�P��� WKHLU FOXVWHUV DUH IRXQG LQ WKH

ZHOG URRW� ZKLOH LQ WKH XSSHU SDUW RI WKH ZHOG WKHVH

SDUWLFOHV DUH SUDFWLFDOO\ DEVHQW� +RZHYHU� HYHQ LQ WKH

ZHOG URRW PHWDO WKHLU QXPEHU LV VPDOOHU WKDQ LQ WKH

EDVH PHWDO� 7KH ORZ FRQWHQW RI UHLQIRUFLQJ SDUWLFOHV
LQ WKH ZHOG ]RQH PHWDO DQG DEVHQFH RI PL[LQJ RI WKH

EDVH PHWDO DQG WKH ILOOHU UHVXOW LQ D ORZHU VWUHQJWK RI
WKH ZHOGV LQ UHODWLRQ WR WKH FRPSRVLWH PDWHULDO

VWUHQJWK�

(DUOLHU DWWHPSWV WR MRLQ &0 RI 6L&w$O V\VWHP E\
IXVLRQ ZHOGLQJ OHG WR LWHPV ZLWK DQ LQDGPLVVLEOH KLJK
OHYHO RI SRURVLW\� GHODPLQDWLRQV QHDU WKH EDVHwZHOG

PHWDO LQWHUIDFH DQG ORZ VWUHQJWK� +LJK WRXJKQHVV RI

ZHOGPHWDO PDGH LW GLIILFXOW WR DFKLHYH LWV JRRG VSUHDG�

LQJ�

,Q DUF ZHOGLQJ RI &0� ZKHUH WKH YROXPH IUDFWLRQ

RI 6L& ZDV ��w�� �� ZLWK DQ DOXPLQLXP PDWUL[ RI

$0J� ������ RU $'�� ������ WKH LQIOXHQFH RI WKH

UHLQIRUFLQJ SDUWLFOHV RQ WKH DUF GLVFKDUJH EHKDYLRXU

DQG ZHOG DSSHDUDQFH ZDV QRWHG� $Q XQVWDEOH QDWXUH

RI WKH DUF GLVFKDUJH LV REVHUYHG GXULQJ ZHOGLQJ� DUF

HUULQJ DQG D FKDUDFWHULVWLF QRLVH DUH QRWHG� $ GDUN

SUHFLSLWDWH IRUPV RQ WKH ZHOG IDFH WKDW LV HDVLO\ UH�

PRYHG ODWHU RQ� ,Q WKH FDVH RI DSSOLFDWLRQ RI ILOOHU

PDWHULDOV RI DOXPLQLXP DOOR\V� WKH DUF GLVWRUWLRQ EH�

FRPHV QRWLFHDEO\ VPDOOHU� DQG WKH ZHOG DFTXLUHV D

OLJKW�JUD\ FRORXU� $UF ZHOGLQJ RI VXFK &0 PD\ OHDG
WR IRUPDWLRQ RI SODWH�OLNH $O�&� SKDVHV E\ WKH IROORZ�

LQJ UHDFWLRQ� �$O � �6L& → $O�&� � �6L�

$O�&� SKDVH PD\ DOVR IRUP GXULQJ LQWHUDFWLRQ RI

DOXPLQLXP ZLWK IUHH FDUERQ� SUHVHQW LQ 6L& SDUWLFOHV

>�@� ,Q DGGLWLRQ� $O�6L&� DQG $O�6L&� FRPSRXQGV PD\

IRUP LQ WKLV V\VWHP DW WHPSHUDWXUHV DERYH ���� �&
>�@� ,Q >��� ��@ LW ZDV VKRZQ WKDW VLOLFRQ DGGLWLRQ WR

WKH PDWUL[ DOOR\ DOORZV DQ HVVHQWLDO VORZLQJ GRZQ RU

HYHQ FRPSOHWH HOLPLQDWLRQ RI WKH RFFXUUHQFH RI WKH

DERYH UHDFWLRQ XQGHU FHUWDLQ FRQGLWLRQV� ,W ZDV IRXQG

>�@ WKDW WKH TXDQWLW\ RI 6L& SDUWLFOHV DQG $O�&� SKDVH

IRUPHG LQ WKH IXVLRQ ]RQH� LV WKH IXQFWLRQ RI VSHFLILF
HQHUJ\ GHQVLW\ �)LJXUH ���

,QWHQVLYH KHDWLQJ LQ ZHOGLQJ GHVWUR\V 6L& SDUWLFOHV
DQG SURPRWHV IRUPDWLRQ RI D ODUJH QXPEHU RI UDWKHU

FRDUVH $O�&� SODWHV LQ WKH PHOWLQJ ]RQH �FDUERQ VROX�

ELOLW\ LQ DOXPLQLXP DW WKH WHPSHUDWXUH RI ���� �& LV
SUDFWLFDOO\ ]HUR� DW ����w���� �& LW LV HTXDO WR ���w
��� � DQG ODWHU LW LQFUHDVHV ZLWK WHPSHUDWXUH�� 3UHV�

HQFH RI FRDUVH SDUWLFOHV RI $O�&� LV XQGHVLUDEOH IRU

&0� DV LW OHDGV WR GHJUDGDWLRQ RI WKH PHFKDQLFDO SURS�

HUWLHV RI WKH PDWHULDO� ,Q DGGLWLRQ� DSSHDUDQFH RI D

ODUJH DPRXQW RI $O�&� SKDVH SURPRWHV LWV UHDFWLQJ

ZLWK ZDWHU DQG PRLVWXUH� ,QYHVWLJDWLRQV DOVR VKRZHG

WKDW LQ WKH ZHOG PHWDO VWUXFWXUH� LQ DGGLWLRQ WR $O�&��

D FRQVLGHUDEOH DPRXQW RI $O�6L�&� SKDVH LV REVHUYHG

WKDW KDV WKH IRUP RI SODWHV� 7KH DFLFXODU IRUP RI $O�&�� (�9� &+(5(3,96.$<$ DQG 9�5� 5<$%29 � ����
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SKDVH PD\ LQGXFH VWUHVV FRQFHQWUDWLRQ DW DSSOLFDWLRQ
RI ORDG WR D SDUW� PDGH RI D FRPSRVLWH PDWHULDO� ,Q
RUGHU WR VORZ GRZQ WKH DERYH UHDFWLRQ� LW LV UHFRP�
PHQGHG >��@ WR DSSO\ D 6L�ULFK ILOOHU RI DOXPLQLXP�
IRU LQVWDQFH� (5���� ZLWK WKH ZHLJKW IUDFWLRQ RI 6L
RI ���w��� � �$.�� W\SH� RU (5���� ���w�� � 6L��

7,* ZHOGLQJ RI D FRPSRVLWH PDWHULDO EDVHG RQ
���� ZLWK �� YRO�� 6L& WXUQHG RXW WR EH TXLWH VXF�
FHVVIXO ZLWK DSSOLFDWLRQ RI (5���� ILOOHU ZLUH >��@�
,Q WKLV FDVH DOOR\ ����� SURGXFHG E\ WKH PHWKRG RI
SRZGHU VLQWHULQJ� ZDV LQLWLDOO\ GHJDVVHG XQGHU YDF�
XXP� 7\SLFDO PRGHV RI DUJRQ�DUF ZHOGLQJ RI FRPSRV�
LWHV� EDVHG RQ DOOR\V ���� DQG ���� ZLWK �� YRO��
6L& DQG PHFKDQLFDO SURSHUWLHV RI WKHLU ZHOGHG MRLQWV
DUH JLYHQ LQ 7DEOH �� $V FDQ EH VHHQ IURP WKH 7DEOH�
MRLQWV PDGH ZLWKRXW D ILOOHU KDYH D KLJKHU VWUHQJWK
WKDQ WKRVH PDGH ZLWK (5���� ILOOHU� 3RVW�ZHOG KHDW
WUHDWPHQW RI D ZHOG PDGH ZLWK D ILOOHU� HQKDQFHV WKH
ZHOGHG MRLQW VWUHQJWK�

:RUN >�@ JLYHV WKH UHVXOWV RI H[SHULPHQWV RQ &0

ZHOGLQJ �D PL[WXUH RI WKLQ ILEUHV RU ZKLVNHUV DQG 6L&

SDUWLFOHV ZLWK DQ DOXPLQLXP PDWUL[� ZLWK DERXW ��w

�� � YROXPH IUDFWLRQ RI WKH UHLQIRUFHU� GHSHQGLQJ RQ

WKH JUDGH RI WKH PDWHULDO XVHG� 6L& ZKLVNHUV DUH RI

���w��� µP GLDPHWHU DQG XS WR �� µP OHQJWK� DQG

DOVR KDYH TXLWH JRRG PHFKDQLFDO SURSHUWLHV �σW ≈
≈ �� *3D� ( ≈ ��� *3D�� &0 RI ���� DOOR\ ZLWK

���� YRO�� 6L& PDGH E\ WKH SRZGHU PHWDOOXUJ\ PHWK�

RGV ZDV VHOHFWHG WR VWXG\ WKH ZHOGDELOLW\� $ IHDWXUH

RI VXFK D &0 LV WKH DELOLW\ WR IRUP WKH ELOOHWV LQWR

WKH UHTXLUHG VKDSHV �URGV� SLSHV� VKHHWV� HWF��� XVLQJ

WKH WUDGLWLRQDO SURFHVVLQJ PHWKRGV� 7,* DQG 0,*

ZHOGLQJ ZHUH XVHG WR SURGXFH MRLQWV RI WKH VHOHFWHG

&0� WKH PRGHV DUH JLYHQ LQ 7DEOH ��

$WWHPSWV DW &0 ZHOGLQJ ZLWKRXW GHJDVVLQJ OHW WR

MRLQWV ZLWK LQDGPLVVLEOH KLJK SRUH GHQVLW\� ,W ZDV

IRXQG WKDW YDFXXP GHJDVVLQJ SULRU WR ZHOGLQJ PD\

UHGXFH WKH QXPEHU RI SRUHV�0HWDOORJUDSKLF DQG;�UD\

VWUXFWXUH DQDO\VLV RI WKH PHWDO XVHG IRU ZHOGLQJ DIWHU

GHJDVVLQJ DQG KHDW WUHDWPHQW VKRZHG WKDW D FHUWDLQ

DPRXQW RI 6L& LQ LW GHFRPSRVHG� IRUPLQJ $Ow6L& DQG

$O�&� HXWHFWLFV� $SSDUHQWO\� IRUPDWLRQ RI SRUHV LQ WKH

ZHOG PHWDO LV XQUHODWHG WR HXWHFWLF IRUPDWLRQ >�@� $

EXWW MRLQW ZLWK D JDS ZDV XVHG WR SURYLGH D FRPSOHWH

SHQHWUDWLRQ RI &0� ,Q WKLV FDVH QR GLVFRQWLQXLWLHV

EHWZHHQ WKH EDVH DQG ZHOG PHWDO� RU GHODPLQDWLRQV

ZHUH IRXQG�
)LJXUH � VKRZV D W\SLFDO FXUYH RI KDUGQHVV GLVWUL�

EXWLRQ DFURVV D ZHOGHG MRLQW RI D &0� EDVHG RQ ����
DOOR\ ZLWK ���� YRO�� 6L& �ZLWKRXW KHDW WUHDWPHQW��
%DVH PHWDO KDUGQHVV DIWHU LWV GHJDVVLQJ LQ YDFXXP LV
+9 ���w���� LQ WKH +$= PHWDO LW JUDGXDOO\ LQFUHDVHV

)LJXUH �� 'HSHQGHQFH RI YROXPH IUDFWLRQ 9 RI $O�&� �O� DQG 6L&
�Q� SDUWLFOHV RQ VSHFLILF HQHUJ\ GHQVLW\ Z LQ ZHOGLQJ RI &0 RI
$O����0J DOOR\ >�@

7DEOH �� 5HVXOWV RI UXSWXUH WHVWLQJ RI IODW VDPSOHV RI '6&0 MRLQWV LQ $& ZHOGLQJ >��@

:HOGLQJ FXU�

UHQW� $
9ROWDJH� 9

+HDW LQSXW�

N-�PP

.LQG RI SRVW�ZHOG KHDW

WUHDWPHQW

)LOOHU

PDWHULDO
σW� 03¾ )UDFWXUH VLWH

$OOR\ ���� � �� YRO��6L&

��� ���� ���� 4XHQFKLQJ � DJHLQJ (5���� ��� ,Q WKH ILOOHU

��� ���� ���� 6DPH 6DPH ��� 6DPH

��� ���� ���� � � ��� �

��� ���� ���� � � ��� �

��� ���� ���� $IWHU ZHOGLQJ � ��� �

�� ���� ���� 6DPH :LWKRXW

ILOOHU

��� ,Q ZHOG FHQWHU

�� ���� ���� 4XHQFKLQJ 6DPH ��� 6DPH

$OOR\ ���� � �� YRO��6L&

�� ���� ���� $IWHU ZHOGLQJ � ��� ,Q EDVH PHWDO

�� ���� ���� 4XHQFKLQJ � DJHLQJ � ��� 6DPH

)LJXUH �� +DUGQHVV GLVWULEXWLRQ DFURVV WKH MRLQW RI &0 EDVHG RQ
DOOR\ ���� ZLWK ���� YRO�� 6L&� SURGXFHG E\ 7,* ZHOGLQJ ZLWK
(5���� ILOOHU >�@� ,w,,, x ]RQHV RI EDVH PHWDO� +$= DQG ZHOG�
UHVSHFWLYHO\
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XS WR +9 ����w����� DQG WKHQ GURSV WR +9 ��� LQ
WKH ZHOG PHWDO� ,QFUHDVHG KDUGQHVV RI WKH +$= PHWDO�
QRW FKDUDFWHULVWLF IRU WKH PDMRULW\ RI QRW KHDW�KDU�
GHQDEOHPRQROLWKLF DOXPLQLXP DOOR\V� VKRZV WKDW IUDF�
WXUH RI VXFK D MRLQW LQ WHQVLRQ PD\ RFFXU DFURVV WKH
ZHOG� 7KH FDXVHV IRU KDUGQHVV LQFUHDVH LQ WKH +$=
KDYH QRW EHHQ VWXGLHG x LW LV� SUREDEO\� GXH WR IRU�
PDWLRQ RI VPDOO SUHFLSLWDWLRQV GXULQJ DOXPLQLXP UH�
DFWLRQ ZLWK 6L& WKDW DFW DV D GLVORFDWLRQ EDUULHU�

+HDW WUHDWPHQW RI ZHOGHG MRLQWV E\ 7� PRGH
���� .� � K� DUJRQ� OHDGV WR LQFUHDVHG KDUGQHVV RI
EDVH PHWDO XS WR WKH KDUGQHVV OHYHO RI DV�PDQXIDFWXUHG
PDWHULDO �+9 ����w������ :HOGV� PDGH ZLWK QRQ�
FRQVXPDEOH HOHFWURGH RQ D PDWHULDO DIWHU GHJDVVLQJ�
KDG WKH VWUHQJWK σW ≈ ��� 03D WKDW LQ LWV PDJQLWXGH
LV FORVH WR WKDW RI WKH VWUHQJWK RI ZURXJKW DOXPLQLXP
DOOR\V� $OO WKH ZHOGHG MRLQWV IDLOHG LQ WKH ZHOG� $V
UHJDUGV ZHOGV PDGH ZLWK WKH FRQVXPDEOH HOHFWURGH
WKH UHVXOWV ZHUH GLYHUVH� 9DOXHV RI σW DW WHQVLRQ ZHUH
≈ ��� 03D LQ WKHP� EHFDXVH RI DSSOLFDWLRQ RI (5����
ZLUH �$Ow0J W\SH�� ,Q WHUPV RI PHWDO VWUHQJWK� WKH
REWDLQHG ZHOGV DUH HTXLYDOHQW WR ZURXJKW DOOR\V�
ZHOGHG XVLQJ (5�����

$ IHDWXUH RI &0 ZHOGLQJ LV ORZHU IOXLGLW\ RI ZHOG
SRRO PHWDO DW VLPXOWDQHRXV LQFUHDVH RI WKH FRQWHQW RI
UHLQIRUFLQJ SDUWLFOHV� 7R JXDUDQWHH PHWDO SHQHWUDWLRQ
LQ WKH ZHOG URRW� WKH ILOOHU ZLUH VKRXOG EH ORZHUHG
LQWR WKH ZHOG SRRO� DQG WKH VDPSOH HGJH SUHSDUDWLRQ
DQJOH VKRXOG QRW OHVV WKDQ ���� $OXPLQLXP ZHWWDELOLW\
ZLWK 6L& SDUWLFOHV EHLQJ SRRU� LW LV QHFHVVDU\ WR XVH
ZHOGLQJ ZLUHV� SURYLGLQJ D KLJK IOXLGLW\ RI WKH PHWDO�
8VHG ZLWK WKLV SXUSRVH DUH ZHOGLQJ ZLUHV ZLWK DERXW
� ZW�� 6L �$.�� W\SH�� 7KH\ DOORZ ZHOG PHWDO FRP�
SRVLWLRQ WR EH LPSURYHG DQG KLJK ZHOG TXDOLW\ WR EH
DFKLHYHG� UHVSHFWLYHO\� $V D UXOH� VWDQGDUG ULJJLQJ�
DSSOLHG IRU DUF ZHOGLQJ RI DOXPLQLXP DQG LWV DOOR\V�
LV XVHG LQ ZHOGLQJ &0 ZLWKRXW DQ\ FKDQJHV >��@�

:RUN >��@ LV GHYRWHG WR VWXG\LQJ WKH ZHOGDELOLW\
RI D &0 EDVHG RQ ���� DOOR\ RI $Ow0Jw&X V\VWHP
ZLWK �� YRO�� 6L&� 7KLV DOOR\ LV XVXDOO\ UHJDUGHG DV
XQZHOGDEOH� EHFDXVH RI KRW FUDFNLQJ >��@ DQG ORZ
FRQWHQW RI VLOLFRQ� WKXV FDXVLQJ GLVLQWHJUDWLRQ RI 6L&
SDUWLFOHV DQG IRUPDWLRQ RI $O�&� SKDVH LQ WKH ZHOGLQJ
]RQH� (DUOLHU DWWHPSWV DW VROYLQJ WKH SUREOHP RI LQ�
VXIILFLHQW IOXLGLW\ ZHUH UHGXFHG WR LQFUHDVLQJ WKH KHDW
LQSXW LQWR WKH ZHOGLQJ ]RQH� WKH SUREDELOLW\ RI 6L&
GHFRPSRVLWLRQ EHLQJ� KRZHYHU� LQFUHDVHG� 6DPSOHV RI
� PP WKLFNQHVV ZLWK D 9�VKDSHG HGJH SUHSDUDWLRQ
����� ZHUH XVHG IRU 7,* ZHOGLQJ� 6DPSOHV ZHUH
ZHOGHG� XVLQJ PHOWLQJ PXVKURRP�VKDSHG LQVHUWV� WKH
�PXVKURRP� FDS IRUPLQJ WKH EDFN UHLQIRUFHPHQW RI

WKH ZHOG� 7KH EHVW UHVXOWV x FRPSOHWH PHOWLQJ DQG
DEVHQFH RI $O�&� IRUPDWLRQ ZHUH GHULYHG DW WKH KHDW
LQSXW RI ���� N-�PP� %HORZ WKLV YDOXH� QR SHQHWUD�
WLRQ RI WKH ZHOG URRW ZDV UHFRUGHG� DQG $O�&� IRUPD�
WLRQ ZDV REVHUYHG DERYH WKLV YDOXH� ,W ZDV VKRZQ WKDW
D VPDOO DPRXQW RI $O�&� IRUPV LQ WKH XSSHU SDUW RI
WKH GHSRVLWHG PHWDO DW WKH KHDW LQSXW LQWR WKH ZHOGLQJ
]RQH RQ WKH OHYHO RI ���w��� N-�PP� 7KLV OD\HU PD\
EH UHPRYHG E\PDFKLQLQJ� 7KXV� XVH RI PHOWLQJ LQVHUWV
WXUQHG RXW WR EH VXFFHVVIXO� $XWKRUV RI >��@ DOVR FRQ�
GXFWHG H[SHULPHQWV RQ ZHOGLQJ WXEHV RI ���� PP GL�
DPHWHU DQGZDOO WKLFNQHVV RI ����PP� 5HJXODU ULJJLQJ
ZDV XVHG� WKDW LV DSSOLHG IRU ZHOGLQJ WKLQ�ZDOOHG
WXEHV� :HOGLQJ ZDV SHUIRUPHG LQ WKH IROORZLQJ
PRGHV� ,Z  ��w��� $� YZ  ���w��� PP�PLQ �����w
���� PP�V�� 8D  ���w���� 9� WKLV FRUUHVSRQGLQJ WR
KHDW LQSXW OHYHOV RI �����w����� -�PP� &RQVLGHULQJ
WKH VPDOO WKLFNQHVV RI WKH WXEH ZDOO� VXFK KHDW LQSXW
YDOXHV JXDUDQWHH WKH FRPSOHWH SHQHWUDWLRQ DQG IRU�
PDWLRQ RI WKH MRLQW� ,W ZDV� KRZHYHU� LPSRVVLEOH WR
FRPSOHWHO\ DYRLG WKH IRUPDWLRQ RI DOXPLQLXP FDUELGH
LQ WKLV VHULHV RI H[SHULPHQWV� VLPLODU WR ZHOGLQJ RI
SODWHV� D VPDOO DPRXQW RI LW IRUPHG LQ WKH XSSHU SDUW
RI WKH ZHOG PHWDO�

,Q ZRUN >��@ H[SHULPHQWV ZHUH FRQGXFWHG RQZHOG�
LQJ FDVW VDPSOHV RI '6&0� EDVHG RQ D FDVW DOOR\ $/�
ZLWK DERXW �� YRO�� 6L&� SURGXFHG E\ WKH PHWKRG RI
PHFKDQLFDO PL[LQJ LQWR WKH PHOW� :HOGLQJ ZDV FRQ�
GXFWHG LQ DUJRQ ZLWK � PP WXQJVWHQ HOHFWURGH DW $&
LQ WKH PRGHV� JLYHQ LQ 7DEOH �� 7KH VHOHFWHG '6&0
ZHOGLQJ PRGHV SURYLGH D VDWLVIDFWRU\ IRUPDWLRQ RI
ZHOGV� WKH\ DUH VPRRWK ZLWKRXW XQGHUFXWV ZLWK VODJ
ILOPV YLVLEOH RQZHOG VXUIDFH DORQJ WKHZHOG OLQH �PRGH
�� RU LQ WKH SHULSKHU\ DW ZHOG HGJH �PRGH ��� :HOG
PLFURVWUXFWXUH H[DPLQDWLRQ UHYHDOHG WKH SUHVHQFH RI
UHLQIRUFLQJ SDUWLFOHV LQ WKH ZHOG PHWDO� +RZHYHU�
]RQHV ZLWKRXW WKHVH SDUWLFOHV IRUP QHDU WKH IXVLRQ
OLQH� DV ZHOO DV LQ WKH ZHOG FHQWHU QHDU LWV VXUIDFH�
1RZ� LQ WKRVH DUHDV ZKHUH 6L& SDUWLFOHV DUH SUHVHQW
LQ WKH ZHOG PHWDO� D WHQGHQF\ WR IRUPDWLRQ RI WKHLU
FOXVWHUV �DJJORPHUDWLRQ� LV IRXQG� 7KH PRVW KRPRJH�
QHRXV PLFURVWUXFWXUH RI WKH ZHOGHG MRLQW PHWDO FRXOG
EH SURGXFHG LQ WKH PRGH ZLWK WKH ORZHVW KHDW LQSXW
�PRGH ��� ,Q WKLV FDVH� D SUDFWLFDOO\ FRPSOHWH DEVHQFH
RI ]RQHV� IUHH RI UHLQIRUFLQJ SDUWLFOHV� LV REVHUYHG�
7KXV� WKH UHVXOW RI IXVLRQ ZHOGLQJ RI '6&0 EDVHG
RQ FDVW DOXPLQLXP DOOR\V UHLQIRUFHG ZLWK 6L& SDUWLFOHV
GHSHQGV RQ VHOHFWLRQ RI ZHOGLQJ PRGHV�

7KH >��@ GHVFULEHV WKH SURFHVV RI IXVLRQ ZHOGLQJ RI
PHWDO�PDWUL[ &0� ZKHUH WKH PDWUL[ FDQ EH QRW RQO\ RI
DOXPLQLXP� EXW DOVR PDJQHVLXP� WLWDQLXP DQG LURQ

7DEOH �� 3DUDPHWHUV RI WKH PRGH RI ZHOGLQJ &0 EDVHG RQ ���� DOOR\ ZLWK ���� YRO�� 6L& >�@

$UJRQ�DUF ZHOGLQJ
:HOGLQJ VSHHG�

P�K

+HDW LQSXW�

N-�PP

:HOGLQJ

FXUUHQW� $
9ROWDJH� 9

$UJRQ IORZ

UDWH� O�V
.LQG RI ILOHU PDWHULDO

&RQVXPDEOH HOHFWURGH ���w��� ���w��� ���w��� ��w�� ����w���� $O��0J

1RQ�FRQVXPDEOH HOHFWURGH ���w��� ���w��� ���w��� ��w�� ���w��� ����

1R W H � &0 VDPSOH WKLFNQHVV LV ��� PP� JDS ZLGWK LQ WKH ZHOG EXWW URRW LV ��� PP�
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DOOR\V� 7KH PHWKRG FRQVLVWV LQ IHHGLQJ WKH UHLQIRUFLQJ
PDWHULDO LQWR WKH ZHOGLQJ ]RQH WKURXJK D FRQVXPDEOH
HOHFWURGH� FRQWDLQLQJ SDUWLFOHV RI D UHLQIRUFHU� RU LQ
WKH IRUP RI SRZGHU WKURXJK D WXEH� 7KH LPSDFW RI
WKH DUF UHVXOWV LQ IRUPDWLRQ RI D OLTXLG PHWDO SRRO�
ZKHUH WKH GLPHQVLRQV GHSHQG RQ ZHOGLQJ VSHHG� ,W LV
SUHIHUDEOH WR IHHG WKH UHLQIRUFLQJ PDWHULDO LQWR WKDW
SDUW RI WKH SRRO WKDW KDV D ORZHU WHPSHUDWXUH SULRU
WR WKH VWDUW RI VROLGLILFDWLRQ� 7KH SRZGHU IHHG UDWH
GHSHQGV RQ SRRO GLPHQVLRQV� DV ZHOO DV WKH UDWLR RI
WKH FRQWHQW RI WKH UHLQIRUFHU DQG WKH PDWUL[ PHWDO�
WKDW PXVW EH DFKLHYHG LQ WKH ZHOG PHWDO� 7KLV UDWLR
VKRXOG EH DGMXVWHG FRQVLGHULQJ WKDW WKH SUHVHQFH RI D
ODUJH QXPEHU RI 6L& SDUWLFOHV LQ WKH PROWHQ PHWDO RI
WKH SRRO PD\ LQFUHDVH LWV WRXJKQHVV� WKXV LPSDLULQJ
WKH PHWDO IOXLGLW\ DQG ZHOG FKDUDFWHULVWLFV� $V WKH
KLJK WHPSHUDWXUHV DQG DUF SUHVVXUH SURPRWH GHFRP�
SRVLWLRQ RI SDUWLFOHV� WKH YROXPH IUDFWLRQ RI SDUWLFOHV
IHG LQWR WKH SRRO� VKRXOG EH SUHGHWHUPLQHG WR FRP�
SHQVDWH IRU WKHVH GUDZEDFNV� 7KH UDQJH RI YROXPH
FRQFHQWUDWLRQ RI UHLQIRUFLQJ SDUWLFOHV IRU HDFK VSHFLILF
V\VWHP PD\ YDU\� EXW� DV VWDWHG E\ WKH DXWKRUV RI
>��@� LW LV OLPLWHG WR ��w�� ��

7KH QDWXUH RI ZHOG VROLGLILFDWLRQ DQG UHGLVWULEX�

WLRQ RI UHLQIRUFLQJ SDUWLFOHV LQ WKH FRPSRVLWH LQ ZHOG�

LQJ GHSHQGV RQ WKH WHPSHUDWXUH DQG WLPH FRQGLWLRQV

RI WKH SURFHVV� UHODWHG WR WKH EDVLF ZHOGLQJ SDUDPHWHUV

�KHDW VRXUFH LQWHQVLW\� ZHOGLQJ VSHHG� FRQGLWLRQV RI

KHDW UHPRYDO IURP WKH PHOWLQJ ]RQH�� DV ZHOO DV

WKHUPR�SK\VLFDO SURSHUWLHV RI WKH PHWDO EHLQJ ZHOGHG�

,Q ZRUN >��@ D VSHFLDO ULJJLQJ LQ WKH IRUP RI KHDW�UH�

PRYLQJ VHFWLRQHG FODPSV ZDV XVHG WR VWXG\ WKH LQIOX�

HQFH RQ WKH QDWXUH RI ZHOG VROLGLILFDWLRQ DQG UHGLV�

WULEXWLRQ RI UHLQIRUFLQJ SDUWLFOHV LQ WKH FRPSRVLWH�

7KH\� RQ WKH RQH KDQG� DOORZ D IDVW KHDW UHPRYDO IURP

WKH ZHOG� DQG� RQ WKH RWKHU� SURPRWH UHGXFWLRQ RI

GHIRUPDWLRQV GXULQJ ZHOGLQJ DQG DIWHU LW� ,UUHVSHFWLYH

RI WKH NLQG RI ILOOHU ZLUH� KRZHYHU� WKH PHWDO UHLQ�

IRUFLQJ SKDVH LV QRQ�XQLIRUPO\ GLVWULEXWHG� $ WHQ�

GHQF\ LV IRXQG WR IRUPDWLRQ RI FOXVWHUV RI WKH UHLQ�

IRUFLQJ SDUWLFOHV DQG ]RQHV� IUHH RI WKHP� 6XFK D QRQ�

XQLIRUPLW\ RI WKH UHLQIRUFLQJ ILOOHU GLVWULEXWLRQ LQ WKH

ZHOG PHWDO LV� SRVVLEO\� FRQQHFWHG WR FRQYHFWLYH IORZV

LQ ZHOGLQJ�
/DVHU DQG HOHFWURQ EHDPZHOGLQJ�0RVW RI WKH ZRUN

GHYRWHG WR ODVHU ZHOGLQJ SHUWDLQV WR '6&0 RI $Ow6L&
V\VWHP� &RQWLQXRXV ZDYH DQG SXOVHG &2� ODVHUV ZHUH
WULHG RXW IRU ZHOGLQJ &0 EDVHG RQ DOXPLQLXP DOOR\
$����� ,Q RUGHU WR SUHYHQW WKH IRUPDWLRQ RI $O�&� SKDVH�
D KLJK ZHOGLQJ VSHHG DQG D VKDUSO\�IRFXVHG EHDP RI
��� PP GLDPHWHU DUH UHFRPPHQGHG >��@�

6WXGLHG >��@ LV WKH SRVVLELOLW\ RI ODVHU DQG DUF
ZHOGLQJ RI &0 ZLWK DQ DOXPLQLXP PDWUL[ ZLWK DERXW
�� YRO�� 6L&� &2� ODVHU RI � N: SRZHU ZDV XVHG�
:HOGLQJ ZDV SHUIRUPHG DW YDULRXV VSHHGV LQ DUJRQ
DQG ZLWKRXW LW� 7,* ZHOGLQJ ZDV SHUIRUPHG E\ FRQ�
WLQXRXV DQG WDFN ZHOGV� $FLFXODU LQFOXVLRQV RI $O�&�

ZHUH IRXQG LQ WKH VWUXFWXUH RI PHWDO RI D ODVHU ZHOG�
+LJKHU ZHOGLQJ KHDW LQSXW OHDGV WR FRDUVHQLQJ RI WKH
DERYH LQFOXVLRQV� VHQVLWLYH WR PRLVWXUH� 7KH KDUGQHVV

RI ZHOG PHWDO LV KLJKHU WKDQ WKDW RI EDVH PDWHULDO�
DQG LQ PHFKDQLFDO VWUHQJWK WHVWLQJ IUDFWXUH UXQV
WKURXJK WKH ZHOG PHWDO ZLWKRXW DQ\ VLJQV RI SODVWLF
GHIRUPDWLRQ� )UDFWRJUDSKLF VWXGLHV VKRZHG WKDW WKLV
IUDFWXUH SURFHHGV DORQJ WKH LQWHUSKDVH� 7XQJVWHQ�HOHF�
WURGH DUF ZHOGLQJ LQ KHOLXP LV DOVR DFFRPSDQLHG E\
IRUPDWLRQ RI $O�&� LQFOXVLRQV� WKH TXDQWLW\ DQG VL]H
RI ZKLFK DUH PXFK JUHDWHU WKDQ LQ ODVHU ZHOGLQJ�

,Q ZRUN >��@ VWXGLHG ZDV WKH LQIOXHQFH RI ORZ KHDW
LQSXW DQG VKRUW WLPH RI WKH ZHOGLQJ WKHUPDO F\FOH RQ
WKH PLFURVWUXFWXUH RI DZHOG SURGXFHG LQ ODVHU ZHOGLQJ
RI D &0 ZLWK �� YRO�� 6L&� &RQWLQXRXV ZDYH &2�

ODVHU DQG SXOVHG 1G�<$* ODVHU ZHUH XVHG DW GLIIHUHQW
LQSXW SRZHU DQG ZHOGLQJ VSHHG� /DVHU ZHOGLQJ ZLWK
D ORZ KHDW LQSXW DQG VKRUW WKHUPDO F\FOH DOORZV SUH�
YHQWLRQ RI $O�&� SKDVH IRUPDWLRQ LQ WKH IXVLRQ ]RQH
PHWDO� $ TXDOLWDWLYH PRGHO RI WUDQVIRUPDWLRQV ZDV
FRQVWUXFWHG IRU XQGHUVWDQGLQJ WKH VHTXHQFH RI LWV PL�
FURVWUXFWXUH YDULDWLRQ� GHSHQGLQJ RQ WKH HIIHFWLYH
PD[LPDO WHPSHUDWXUH� DV ZHOO DV VRDNLQJ DW WKLV WHP�
SHUDWXUH �GHSHQGLQJ RQ WKH GLVWDQFH IURP WKH ZHOG
FHQWUDO OLQH�� 7KLV PRGHO VKRZHG WKDW LQ WKH FHQWUH
RI WKH IXVLRQ ]RQH� 6L& SDUWLFOHV GLVVROYH LQ OLTXLG
DOXPLQLXP ZLWK IRUPDWLRQ RI D KRPRORJLFDO OLTXLG DW
WKH WHPSHUDWXUH RI ZHOGLQJ� &RROLQJ OHDGV WR WKH IRO�
ORZLQJ SKDVHV SUHFLSLWDWLRQ IURP WKH OLTXLG� LQLWLDOO\
$O�&�� WKHQ SULPDU\ 6L DQG� ILQDOO\� $Ow6L HXWHFWLF�
$FFRUGLQJ WR WKH PRGHO� SDUWLDO GLVVROXWLRQ RI 6L&
SDUWLFOHV WDNHV SODFH LQ WKH LQWHUPHGLDWH DUHD RI WKH
IXVLRQ ]RQH� $Q $O�&� SKDVH IRUPV LQ FRROLQJ WKDW
LQLWLDWHV DQG JURZV RQ WKHVH SDUWLDOO\ GLVVROYHG SDU�
WLFOHV� $Ow6L HXWHFWLF IRUPV RI WKH UHPDLQLQJ OLTXLG�
,Q WKH RXWHU DUHDV RI WKH IXVLRQ ]RQH� WKH VRDNLQJ
WHPSHUDWXUH DQG WLPH RI WKH WKHUPDO F\FOH DUH LQVXI�
ILFLHQW IRU 6L& SDUWLFOHV WR EH GLVVROYHG� +RZHYHU� WKH
DOXPLQLXP PDWUL[ VROLGLILHV DV $Ow6L HXWHFWLF DV D
UHVXOW RI H[FHHGLQJ WKH OLTXLGXV WHPSHUDWXUH RI WKH
K\SRHXWHFWLF DOOR\� :HOG PLFURVWUXFWXUH SURGXFHG LQ
ZHOGLQJ ZLWK WKH SXOVHG ODVHU LV VLPLODU LQ LWV SKDVH
FRPSRVLWLRQ WR WKDW IRXQG LQ WKH PHWDO RI ZHOGV SUR�
GXFHG ZLWK &2� ODVHU� EXW LV XVXDOO\ ILQHU LQ VL]H�

:RUN >��@ LV D VWXG\ RI ZHOGDELOLW\ RI VDPSOHV RI
D &0 EDVHG RQ PDWUL[ DOOR\ $���� ZLWK �� YRO�� 6L&�
RI �� PP OHQJWK DQG �×�� PP FURVV�VHFWLRQ� 0HFKDQL�
FDO SURSHUWLHV RI WKLV DOOR\ DQG &0 RQ LWV EDVH DUH
JLYHQ LQ 7DEOH �� $ SXOVHG 1G�<$* ODVHU ZDV XVHG�
7KH KLJK UDGLDWLRQ SRZHU �� N:� DQG VSHHG RI
�� P�K OHDG WR IRUPDWLRQ RI D ODUJH DPRXQW RI $O�&�

SKDVH DQG SULPDU\ 6L ZLWK D GHFUHDVH RI 6L& FRQWHQW�
,Q ZHOGLQJ LQ WKH PRGH ZLWK ��� N: DQG �� P�K�

7DEOH �� 0RGHV RI ZHOGLQJ VDPSOHV RI &0 EDVHG RQ $/� DOOR\
ZLWK �� YRO�� 6L& >��@

0RGH

1R�

:HOGLQJ

FXUUHQW�

$

9ROWDJH�

9

:HOGLQJ

VSHHG�

P�K

:HOG VL]H� PP

E K

� ��� �� �� ��w�� ���w�

� ��� �� �� ��w�� �w���

� �� �� ���� ���w� w
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WKH ZHOGHG MRLQW PLFURVWUXFWXUH LV VLPLODU WR WKDW RI
WKH EDVH PHWDO� QR DOXPLQLXP FDUELGH LV IRUPHG� DQG
D JRRG SHQHWUDWLRQ RI WKH PDWHULDO ZLWK WKH ODVHU EHDP
WR WKH GHSWK RI ��� PP LV DFKLHYHG� 8VH RI QLWURJHQ�
KHOLXP DQG DUJRQ DV VKLHOGLQJ JDVHV �IORZ UDWH RI
� GP��PLQ� GRHV QRW DIIHFW WKH ZHOGHG MRLQW VWUXF�
WXUH�

6XFK D GHIHFW DV ERLOLQJ LV REVHUYHG LQ ODVHU ZHOG�
LQJ� 6XFK D SKHQRPHQRQ KDV QHYHU EHHQ REVHUYHG LQ
DQ\ RI WKH PDWHULDOV� ZHOGHG ZLWK D KLJK HQHUJ\ GHQ�
VLW\ VRXUFH >��� ��@� 7KH FDXVH IRU WKDW ZDV WKH IHDWXUH
RI WKH PDWHULDO VWUXFWXUH DQG LWV EHKDYLRXU XQGHU VSH�
FLILF FRQGLWLRQV� DULVLQJ LQ WKH SHQHWUDWLRQ FKDQQHO LQ
ZHOGLQJ ZLWK D SRZHUIXO ODVHU� $QDO\VLV RI WKH SK\VL�
FDO PHFKDQLVP RI WKH SURFHVV GHPRQVWUDWHG WKDW ERLO�
LQJ PD\ EH HOLPLQDWHG RQO\ E\ LWV VXSSUHVVLRQ� $S�
SO\LQJ ORQJLWXGLQDO�WUDQVYHUVH EHDP RVFLOODWLRQV DW
WKH IUHTXHQF\ RI �� +] DQG DPSOLWXGH RI � WR � PP
PD\ EH XVHG DV D WHFKQLTXH� HQVXULQJ VXFK VXSSUHVVLRQ�

:RUN >��@ LV D VWXG\ RI WKH IHDWXUHV RI (%: RI

&0 EDVHG RQ DOXPLQLXP DOOR\ $���� ZLWK �� YRO��

6L&�:HOGLQJ ZDV SHUIRUPHG DW WKH VSHHG RI ����P�K

ZLWK WKH KHDW LQSXW RI ����w���� N-�PP� XVLQJ D

GHIRFXVHG HOHFWURQ EHDP� 7KH PHWDO RI WKH PHOWLQJ

]RQH LQ WKH ZHOGHG MRLQW LV FKDUDFWHUL]HG E\ D JRRG

VWUXFWXUH DQG XQLIRUP GLVWULEXWLRQ RI 6L& SDUWLFOHV�

,QFOXVLRQV RI $O�&� SDUWLFOHV LQ WKH ZHOG ]RQH DUH YHU\

IHZ� EHLQJ RI DQ DFLFXODU VKDSH� QRW OHVV WKDQ �� µP
ORQJ DQG ORFDWHG DW WKH ZHOGHG MRLQW WRS�:LWK JUHDWHU

GHIRFXVLQJ RI WKH EHDP WKH VL]H RI $O�&� QHHGOHV LQ�

FUHDVHV� 1R UHDFWLRQ ZDV REVHUYHG RQ WKH SDUWLFOHwPD�

WUL[ LQWHUIDFH LQ VFDQQLQJ HOHFWURQ PLFURVFRS\ H[DPL�

QDWLRQ� 7KH ZRUN FRQILUPV WKH DGYDQWDJH RI (%:

RYHU ODVHU ZHOGLQJ� EHFDXVH RI WKH GLIIHUHQFH LQ WKH

PHFKDQLVP RI HQHUJ\ DEVRUSWLRQ LQ WKHVH WZR SURF�

HVVHV� DV ZHOO DV UHSRUWV D VXFFHVVIXO DSSOLFDWLRQ RI

ZHOGLQJ SURFHVVHV ZLWK D VKRUW WKHUPDO F\FOH�
$Q LQWHUHVWLQJ WHFKQLTXH XVHG LQ (%: >��@ LV DS�

SOLFDWLRQ RI DQ HPEHGGHG HOHPHQW RI D PDWHULDO LGHQ�
WLFDO WR WKH PDWUL[ PDWHULDO� ,Q ZHOGLQJ GLOXWLRQ RI
WKH HPEHGGHG HOHPHQW PHWDO ZLWK WKH EDVH PHWDO PHOW
DQG UHLQIRUFLQJ SDUWLFOH WUDQVLWLRQ LQWR WKH ZHOG PHWDO

DUH IRXQG� 7KH QXPEHU RI SDUWLFOHV LQ WKH ODWWHU LV
PXFK VPDOOHU WKDQ LQ WKH EDVH PHWDO�

7KH 3:, GHYHORSHG D SURFHVV RI HOHFWURQ EHDP
PHOW GLVSHUVLRQ WKDW FRQVLVWV LQ FUHDWLQJ D GLUHFWHG
IORZ RI PHOW GURSV E\ FHQWULIXJDO VSXWWHULQJ IURP WKH
VLGH VXUIDFH RI D F\OLQGULFDO ELOOHW URWDWLQJ LQ YDFXXP�
DQG VXEVHTXHQW WUDQVIHU ZLWK D XQLIRUP GLVWULEXWLRQ
RI WKH GURSV RQ D KHDWHG IRUP�VKDSLQJ VXUIDFH DQG
WKHLU GLUHFWHG VROLGLILFDWLRQ >��@� 7KLV SURFHVV FDQ EH
XVHG ZLWK WKH DSSURSULDWH HGJH SUHSDUDWLRQ �)LJXUH ��
IRU IXVLRQ ZHOGLQJ RI ORZ�GXFWLOLW\ DOOR\V DQG &0
ZLWKRXW SDUWLDOPHOWLQJ RI WKH EDVHPDWHULDO �FHUDPLFV�
GLVVLPLODU� GLIILFXOW�WR�ZHOG DQG XQZHOGDEOH PDWHUL�
DOV� >��@�

([SHULPHQWV ZHUH FRQGXFWHG LQ 8����0 XQLW ZLWK
D YHUWLFDO ORFDWLRQ RI WKH HOHFWURQ EHDP JXQ� ZKLFK
ZDV SRZHUHG IURP 8����$ VRXUFH ZLWK WKH DFFHOHUDW�
LQJ YROWDJH RI �� N9� 7KH FRQVXPDEOH VDPSOH ZDV
PDGH RI DOXPLQLXP DOOR\ $/�� RI ��� PP GLDPHWHU�
5RWDWLRQ ZDV LPSDUWHG WR WKH FRQVXPDEOH ELOOHW E\
'���$PRWRUZLWK D VPRRWK DGMXVWPHQW RI WKH URWDWLRQ
VSHHG� 7KH ODWWHU ZDV YDULHG LQ WKH UDQJH RI ����w����
USP� 7KH EHDP ZDV FRQWUROOHG XVLQJ D GLVFUHWH VFDQ�
QLQJ LQVWUXPHQW ZLWK D VHW RI VFDQ SDWWHUQV WKDW DO�
ORZHG DGMXVWPHQW RI EHDP SRZHU GHQVLW\ ZLWKLQ WKH
KHDWHG VSRW� &RQGLWLRQV FDQ EH VHW XS IRU GLVWULEXWLRQ
RI WKH EHDPSRZHU GHQVLW\ LQ WKH KHDWHG ]RQH� DOORZLQJ
VXFFHVVIXO FRQWURO RI ERWK WKH LQVWDQW YROXPH RI PRO�
WHQ PHWDO DQG GLPHQVLRQV RI WKH OLTXLG PHOW SRRO� DQG
GLUHFWLRQ RI VSXWWHULQJ RI WKH PHWDO RI WKH ELOOHW UR�
WDWLQJ DW D KLJK VSHHG� DQG� WKHUHIRUH� DOVR WKH GLPHQ�
VLRQV �YROXPH� RI WKH OLTXLG GURSV� WUDQVIHUUHG E\ WKH
FHQWULIXJDO IRUFH WR WKH WDUJHW� 7KH UROH RI &0 SUH�
KHDWLQJ WHPSHUDWXUH DQG PHWKRG RI VXUIDFH SUHSDUD�
WLRQ ZHUH GHWHUPLQHG WR HYDOXDWH WKH GHJUHH RI DGKH�
VLRQ ERQGLQJ RI WKH PHOW ZLWK WKH PDWHULDO RI WKH
VXEVWUDWH RQWR ZKLFK WKH VSUD\HG PDWHULDO ZDV GHSRV�
LWHG� 0HFKDQLFDO WHVWLQJ DQG PHWDOORJUDSKLF H[DPL�
QDWLRQ RI WKH MRLQWV SURGXFHG E\ WKH DERYH WHFKQRORJ\
VKRZHG WKDW WKH RSWLPDO WHPSHUDWXUH UDQJH RI HGJHV
SUHKHDWLQJ LV IURP ���� WR ���� RI VXEVWUDWH PHOWLQJ
WHPSHUDWXUH� &RPSDULVRQ RI σW YDOXHV RI WKH GHSRVLWHG
GLVSHUVHG PHOW DQG FRPPHUFLDO VLOXPLQV VKRZV WKDW
E\ WKH UXSWXUH VWUHQJWK YDOXHV WKH FRDWLQJV SURGXFHG
E\ GHSRVLWLRQ RI OLTXLG PHWDO GURSV FRUUHVSRQG WR
VLOXPLQV�

&RQVLGHULQJ WKH UHVXOWV RI RSWLPLVLQJ WKH GLVSHU�
VLRQ SDUDPHWHUV� VDPSOHV RI DOXPLQLXP FRPSRVLWHV
ZLWK �� YRO�� 6L& ZHUH SUHSDUHG IRU ZHOGLQJ ZLWK
DOOR\ $/�� XVHG DV ILOOHU� *RRG ZHWWLQJ DQG VSUHDGLQJ
RI WKH ILOOHU PDWHULDO DORQJ WKH EDVH PHWDO HGJHV EHLQJ
ZHOGHG DUH REVHUYHG DW WKH WUDQVLWLRQ ERXQGDU\� 6XFK
D MRLQW GRHV QRW KDYH DQ\ GHIHFWV� 8QOLNH ZHOGLQJ

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI PDWUL[ DOOR\ $���� DQG &0
RQ LWV EDVH >��@

0DWHULDO £� *3¾ σW� 03¾ δ� � ρ� J�FP�

$���� �� ��� ��� ����

$���� � �� YRO��

6L&

��� ��� ��� ����

1R W H � &RPSRVLWLRQ RI DOOR\ $����� ZW��� 6L x ���� 0J x ����

$O x EDODQFH�

)LJXUH �� :HOGHG MRLQWV PDGH XVLQJ PHOW GLVSHUVLRQ >��@� D x EXWW� E x ILOOHW� F x RYHUODS� � x EDVH PHWDO� � x ILOOHU PHWDO
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ZLWK VXUIDFH PHOWLQJ RI WKH HGJHV LQ WKH PDWUL[ PD�
WHULDO GLUHFWO\ DW WKH WUDQVLWLRQ ERXQGDU\� WKH SDUWLFOHV
RI 6L& UHLQIRUFHU GLG QRW XQGHUJR DQ\ QRWLFHDEOH
FKDQJHV �IRU LQVWDQFH� GHFRPSRVLWLRQ�� QRU ZDV WKHLU
ERQG ZLWK WKH PDWUL[ PDWHULDO GLVWXUEHG� 7KH ILOOHU
PHWDO LV GHQVH� ZLWKRXW YLVLEOH GHIHFWV� ZKLOH WKH GLV�
SHUVLRQ RI LWV VWUXFWXUDO DQG SKDVH FRPSRQHQWV LV E\
DQ RUGHU RI PDJQLWXGH ORZHU WKDQ WKDW RI WKH EDVH
PHWDO� 7KXV� DQDO\VLV RI WKH UHVXOWV RI WKH FRQGXFWHG
PHFKDQLFDO WHVWLQJ DQG PHWDOORJUDSKLF H[DPLQDWLRQ
OHDGV WR WKH FRQFOXVLRQ WKDW VRXQG MRLQWV RI &0 ZLWK�
RXW VXUIDFH PHOWLQJ RI WKH EDVH PDWHULDO HGJHV FDQ EH
SURGXFHG LQ YDFXXP� XVLQJ HOHFWURQ EHDPPHOWLQJ DQG
GLVSHUVLRQ RI WKH ILOOHU�

-RLQLQJ E\ WKH SODVPD VSUD\LQJ SURFHVV� 3ODVPD

VSUD\LQJ LV RQH RI WKH SRVVLEOH PHWKRGV RI MRLQLQJ &0

SDUWV� 7KH IHDWXUHV RI MRLQLQJ &0 EDVHG RQ ���� DOOR\

ZLWK GLIIHUHQW YROXPH IUDFWLRQV RI UHLQIRUFLQJ 6L&

SDUWLFOHV ��� DQG �� �� ZHUH VWXGLHG LQ >��� ��@�

6DPSOHV ZHUH �� PP ZLGH� ��� PP WKLFN ZLWK WKH

EHYHO DQJOH RI ����� 7KH IDFH VXUIDFH RI WKH MRLQW ]RQH

ZDV WUHDWHG ZLWK VDQG SDSHU WR SURGXFH JUHDWHU URXJK�

QHVV� ZKLFK ZDV IROORZHG E\ VDPSOHV ZHOGLQJ ZLWKRXW

D JDS LQ WKH ZHOG URRW� $ FRPSRVLWH SRZGHU EDVHG RQ

DOOR\ ���� ZLWK �� YRO�� 6L& ZDV XVHG IRU VSUD\LQJ�

ZKHUH WKH GLDPHWHU RI WKH JUDQXOHV ZDV �� WR ��� µP�
6FKHPDWLF RI SODVPD VSUD\LQJ LV VKRZQ LQ )LJXUH ��

7KH QR]]OH IRU VSUD\LQJ PDNHV UHFLSURFDO PRWLRQV ZLWK
WKH VSHHG RI ���� P�V QRUPDO WR WKH VDPSOH� 6SUD\LQJ
LV FRQGXFWHG XQWLO WKH ZHOG WKLFNQHVV LQ WKH FHQWUH RI
WKH MRLQW ]RQH KDV UHDFKHG WKH VDPSOH WKLFNQHVV� ,W LV
H[SHULPHQWDOO\ HVWDEOLVKHG WKDW WKH RSWLPDO GLVWDQFH
EHWZHHQ WKH QR]]OH DQG WKH MRLQW LV �� PP� DQG SUH�
KHDWLQJ WHPSHUDWXUH LV ��� .�

+RW LVRVWDWLF SUHVVLQJ ���� .� � K� ����� 03D��
DV ZHOO DV KHDW WUHDWPHQW RI WKH MRLQWV E\ 7� PRGH
ZHUH SHUIRUPHG WR LPSURYH WKH ZHWWDELOLW\ RI WKH EDVH
PHWDO ZLWK WKH GHSRVLWHG PHWDO� LQFUHDVH WKH MRLQW
VWUHQJWK DQG UHGXFH WKH PLFURSRURVLW\ RI WKH MRLQW
]RQH DIWHU VSUD\LQJ�4XHQFKLQJZLWK VXEVHTXHQWZDWHU
FRROLQJ ZDV IROORZHG E\ DJHLQJ RI ZHOGHG VDPSOHV DW
WKH WHPSHUDWXUH RI ��� . IRU �� K�

,QYHVWLJDWLRQ RI WKH VWUXFWXUH RIZHOGHG MRLQWV DIWHU
KRW LVRVWDWLF SUHVVLQJ \LHOGHG WKH IROORZLQJ UHVXOWV�
:KLOH SULRU WR WKH FRPSRVLWH SRZGHU VSUD\LQJ WKH
YROXPH IUDFWLRQ RI 6L& LQ LW ZDV ��w�� �� LQ WKH
GHSRVLWHG PHWDO LW ZDV RQO\ ��� �� 7KH PDLQ FDXVH
IRU WKH UHGXFHG FRQWHQW RI 6L& LV LWV WKHUPDO GHFRP�
SRVLWLRQ LQ WKH SODVPD IORZ� ,Q WKLV FRQQHFWLRQ� WKH
GLVSHUVLW\ RI 6L& SDUWLFOHV LQ WKH EDVH PDWHULDO LV
KLJKHU WKDQ WKDW LQ WKH GHSRVLWHG PDWHULDO� ,QLWLDO
VXSSRVLWLRQ DERXW D UHDFWLRQ SURFHHGLQJ EHWZHHQ WKH
DOXPLQLXP RI WKH PDWUL[ DQG FDUERQ GXULQJ VSUD\LQJ
ZDV QRW FRQILUPHG� DV VXEVHTXHQW PHWDOORJUDSKLF H[�
DPLQDWLRQ GHPRQVWUDWHG D FRPSOHWH DEVHQFH RI $O�&�

SKDVH LQ WKH GHSRVLWHG PHWDO� +RZHYHU� D JUHDW TXDQ�
WLW\ RI GLVVROYHG VLOLFRQ LV LGHQWLILHG LQ WKH GHSRVLWHG
PHWDO DV D UHVXOW RI WKHUPDO GHFRPSRVLWLRQ RI $O�&��

6XEVHTXHQW PHFKDQLFDO WHVWLQJ RI MRLQWV ZLWKRXW
KHDW WUHDWPHQW� DQG ZLWK 7� DQG FRPELQHG �7� �
+,3� KHDW WUHDWPHQW \LHOGHG WKH IROORZLQJ UHVXOWV�
7KUHH W\SHV RI IUDFWXUH ZHUH REVHUYHG� QDPHO\ DORQJ
WKH LQWHUIDFH EHWZHHQ WKH EDVH DQG WKH GHSRVLWHG PHW�
DO� LQ WKH GHSRVLWHG OD\HU DQG D FRPELQDWLRQ RI ERWK
W\SHV� WKH IUDFWXUH W\SH EHLQJ LQGHSHQGHQW RI WKH NLQG
RI KHDW WUHDWPHQW� ,W ZDV HVWDEOLVKHG� KRZHYHU� WKDW
7� KHDW WUHDWPHQW JUHDWO\ LPSURYHV WKH MRLQW VWUHQJWK�
ZKLFK DIWHU D FRPELQHG WUHDWPHQW EHFDPH � WLPHV
KLJKHU WKDQ GLUHFWO\ DIWHU VSUD\LQJ� 6R� LI ULJKW DIWHU
VSUD\LQJ LW ZDV HTXDO WR �� WR ��� 03D� DIWHU 7� KHDW
WUHDWPHQW LW ZDV HTXDO WR ���w���� DQG DIWHU FRPELQHG
WUHDWPHQW WR ���w��� 03D �)LJXUH ���

&21&/86,21

$V FDQ EH VHHQ IURP WKH DERYH UHYLHZ� LQ WKH ILHOG RI
'6&0 IXVLRQ ZHOGLQJ WKH PDLQ HIIRUWV DUH IRFXVHG
RQ HOLPLQDWLRQ RI WKH SUREOHPV RI 6L& GHFRPSRVLWLRQ
LQ WKH ZHOGLQJ ]RQH� SRURVLW\ DQG VRXQG IRUPDWLRQ RI
ZHOGV� XVLQJ GLYHUVH WHFKQLTXHV�

:KLOH DW DUF ZHOGLQJ WKH MRLQW VWUHQJWK FORVH WR
WKDW RI ZURXJKW DOXPLQLXP DOOR\V FDQ EH DFKLHYHG�
DQG D VOLJKW IRUPDWLRQ RI 6L& LV REVHUYHG RQO\ LQ WKH
ZHOG XSSHU SDUW� LQ ODVHU ZHOGLQJ WKH PDLQ HIIRUWV DUH

)LJXUH �� 6FKHPDWLF RI WKH VSUD\LQJ SURFHVV >��@� � x VSUD\HG
SDUWLFOHV� �x SURWHFWLYHPDVN� �xPDWHULDO GHSRVLWHG E\ VSUD\LQJ�
� x EDVH PDWHULDO

)LJXUH �� &KDQJH RI XOWLPDWH WHQVLOH VWUHQJWK σW DW WHQVLRQ RI MRLQWV
�DOOR\ ���� ZLWK �� YRO�� 6L&�� PDGH E\ SODVPD VSUD\LQJ ZLWKRXW
KHDW WUHDWPHQW DQG DIWHU LWV GLYHUVH W\SHV DQG FRPELQDWLRQV >��@�
� x ULJKW DIWHU VSUD\LQJ� � x DIWHU DJHLQJ KHDW WUHDWPHQW �7���
� x DIWHU +,3� � x VDPH DIWHU VXEVHTXHQW DJHLQJ
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DLPHG DW VXSSUHVVLRQ RI WKH UHDFWLRQ RI 6L& GHFRPSR�
VLWLRQ E\ UHGXFLQJ WKH KHDW LQSXW LQWR WKH ZHOGLQJ
]RQH� ZKLOH WKH VWUHQJWK LVVXHV KDYH SUDFWLFDOO\ QRW
EHHQ JLYHQ DQ\ DWWHQWLRQ�

)XUWKHU VWXGLHV VKRXOG EH DLPHG DW SURYLGLQJ
HTXLYDOHQW VWUHQJWK RI ZHOGHG MRLQWV� $GGLWLRQ RI UH�
LQIRUFLQJ SDUWLFOHV LQWR WKH MRLQW ]RQH XVLQJ LQVHUWV�
IRLOV� VSHFLDO IOX[HV DQG SDVWHV FDQ EH XVHG DV D SRVVLEOH
WHFKQLTXH� ,W LV DOVR QHFHVVDU\ WR GHWHUPLQH WKH LQIOX�
HQFH RI KHDW WUHDWPHQW RQ WKH VWUHQJWK RI &0 ZHOGHG
MRLQWV ZKHUH KHDW�KDUGHQDEOH DOXPLQLXP DOOR\V DUH
XVHG DV PDWUL[�

,PSURYHPHQW RI WKH WHFKQRORJ\ RI FRPSRVLWH IDE�
ULFDWLRQ LV MXVW DV LPSRUWDQW� )RU LQVWDQFH� VXFK D
GHIHFW DV &0 PLFURSRURVLW\ VWURQJO\ LQIOXHQFHV WKH
VWUXFWXUH DQG SURSHUWLHV RI MRLQWV SURGXFHG E\ DUF
ZHOGLQJ� $V D UXOH� SRURVLW\ LQ VXFK ZHOGV KDV LQDG�
PLVVLEOH KLJK YDOXHV� 7KHUHIRUH� WKH SRVVLEOH GHIHFWV
RI WKH LQLWLDO PDWHULDOV VXFK DV SRUHV� VODJ LQFOXVLRQV�
SDUWLFOHV DJJORPHUDWLRQ� HWF� VKRXOG EH PLQLPL]HG�

�� 9LVKQ\DNRY� /�5�� 2QLVNRYD� 1�3�� 5RPDVKNR� ,�0� HW DO�
������ 7HFKQRORJLFDO GHYHORSPHQW RI FRPSRVLWH PDWHULDOV RI
$Ow6L& V\VWHP� 7HNKQRORJL\D /\RJN� 6SODYRY� �� ��w���

�� &KHUQ\VKRYD� 7�$�� .REHOHYD� /�,�� 6KHER� 3� HW DO� ������
,QWHUDFWLRQ RI PHWDO PHOWV ZLWK UHLQIRUFLQJ ILOOHUV� 0RVFRZ�
1DXND�

�� $KHDUQ� -�6�� &RRNH� &�� )LVKPDQ� 6�*� ������ )XVLRQ
ZHOGLQJ RI 6L&�UHLQIRUFHG $O FRPSRVLWHV� 0HWDO &RQVWUXF�
WLRQ� ��� ���w����

�� 6WDXIHU� +�� 1RZDN� 0� ������ *7$ DQG *0$ ZHOGLQJ RI
SDUWLFOH UHLQIRUFHG DOXPLQLXP� ,Q� 3URF� RI �WK ,1$/&2
,QW� &RQI� RQ -RLQWV LQ $OXPLQLXP DW 7:,� $ELQJWRQ� &DP�
EULGJH� $SU� ��w��� �����

�� .OHKQ� 5�� (DJDU� 7�:� ������ -RLQLQJ RI ���� DOXPLQLXP
PDWUL[�FHUDPLF SDUWLFOH UHLQIRUFHG FRPSRVLWHV� :HOG� 5HV�
&RXQFLO� %XOO�� ���� ���

�� ������ )XVLRQ ZHOGLQJ RI 6L& UHLQIRUFHG DOXPLQXP� :HOG�
5HV� &RXQFLO� 3URJU� 5HS�� ���� ���

�� 'DKRWUH� 1�%�� 0F&D\� 7�'�� 0F&D\� 0�+� ������ /DVHU
SURFHVVLQJ RI D 6L&�$O DOOR\ PHWDO PDWUL[ FRPSRVLWH�
-� $SSO� 3K\V�� ��� ����w�����

�� &KHUQ\VKRYD� 7�$�� .REHOHYD� /�,�� 3DQILORY� $�9� HW DO�
������ ,QWHUSKDVH VWUXFWXUH DQG PHFKDQLFDO EHKDYLRU RI
FRPSRVLWH PDWHULDO EDVHG RQ DOXPLQLXP UHLQIRUFHG ZLWK VLOL�
FRQ FDUELGH SDUWLFOHV� 3HUVSHNWLYQ� 0DWHULDO\� �� ��w���

�� $NV\RQRY� $�$�� &KXUPXNRY� (�$�� 5RPDQRYD� 9�6� ������
,QIOXHQFH RI VLOLFRQ RQ LQWHUDFWLRQ SURFHVVHV RQ LQWHUIDFHV RI
$Ow6L& FRPSRVLWHV� ,]Y� 9X]RY� 7VYHWQ� 0HWDOOXUJL\D� ��
���w����

��� /OR\G� '�-� ������ 7KH VROLGLILFDWLRQ PLFURVWUXFWXUH RI SDU�
WLFXODWH UHLQIRUFHG DOXPLQLXP�VLOLFRQ FDUELGH FRPSRVLWHV�
&RPSRV� 6FL� 7HFKQRO�� ��� ����

��� /OR\G� '�-�� /DJDFH� +�� 0F/HRG� $� ������ 0LFURVWUXFWX�
UDO DVSHFWV RI DOXPLQLXP�VLOLFRQ FDUELGH SDUWLFXODWH FRPSRV�
LWHV SURGXFHG E\ D FDVWLQJ PHWKRG� 0DWHU� 6FL� DQG (QJ��
���� ���

��� (OOLV� 0�9� ������ -RLQLQJ RI $O�EDVHG PHWDO PDWUL[ FRP�
SRVLWHV� 0DWHU� DQG 0DQXIDFW� 3URF�� �� ��w���

��� +LOO� -�)�� :LONLQVRQ� 6�:�� )HQQ� 5� ������ )XVLRQ ZHOG�
LQJ RI DQ DOXPLQLXP PDWUL[�6L& UHLQIRUFHG 00&� ,QW� -�
-RLQLQJ RI 0DWHULDOV� �� ��w���

��� ������ :HOGLQJ DQG ZHOGHG PDWHULDOV� 5HIHU� %RRN� (G� E\
(�/� 0DNDURY� 0RVFRZ� 0HWDOOXUJL\D�

��� &KHUQ\VKRYD� 7�$�� %RORWRYD� /�.�� .REHOHYD� /�,� HW DO�
������ $UF ZHOGLQJ RI GLVFUHWHO\ UHLQIRUFHG FRPSRVLWH PDWH�
ULDO RI $Ow6L& V\VWHP� )L]LND L .KLPL\D 2EUDE� 0DWHULD�
ORY� �� ��w���

��� 'DV� .�%� 0HWKRG RI ZHOGLQJ PHWDO PDWUL[ FRPSRVLWHV�
3DW� ������ 86$� ,QW� &O� % �� . ����� �������� 3XEO�
���������

��� 5\DERY� 9�5�� 0XUDYHLQLN� $�1�� %RQGDUHY� $�$� ������
6WXG\ RI WKH VWUXFWXUH RI ZHOGHG MRLQWV RI D GLVSHUVLRQ�
VWUHQJWKHQHG DOXPLQLXP DOOR\� 7HNKQRORJL\D /\RJN� 6SOD�
YRY� ���� ���w����

��� &ROD� 0�-�� /LHQHUW� 7�-�� *RXOG� -�(� HW DO� ������ /DVHU
ZHOGLQJ RI D 6L& SDUWLFXODWH UHLQIRUFHG DOXPLQLXP PHWDO
PDWUL[ FRPSRVLWH� ,Q� 3URF� RI 0DWHU� :HOGDE� 6\PS�� 'H�
WURLW� 2KLR� 0DWHULDOV 3DUN�

��� /LHQHUW� 7�-�� )UDVHU� +�/�� +RRSHU� )�0� ������ /DVHU DQG
HOHFWURQ EHDP ZHOGLQJ RI 6L&�UHLQIRUFHG ���� DOXPLQXP� ,Q�
$EVWU� RI SDS� RI ��WK $:6 $QQ� 0HHWLQJ� 0LDPL� 0LDPL�
$:6�

��� &DOOLDUL� ,�� 'DEDOD� 0�� 3HQDVD� 0� ������ 3XOVHG 1G�<$*
ODVHU ZHOGLQJ RI 00&� $GY� (QJ� 0DWHU�� �� ���w����

��� 6KLJDQRY� ,�1� ������ /DVHU ZHOGLQJ RI QRQ�IHUURXV DQG
FRPSRVLWH PDWHULDOV� 7HNKQRORJL\D 0HWDOORY� �� ��w���

��� 6KLJDQRY� ,�1� ������ )XVLRQ ZHOGLQJ RI FRPSRVLWH PDWHUL�
DOV EDVHG RQ LPPLVFLEOH FRPSRQHQWV� 6YDURFKQ� 3URL]YRG�
VWYR� ��� �w��

��� /LHQHUW� 7�-�� /LSSROG� -�&�� %UDQGRQ� (�'� ������ (OHF�
WURQ EHDP ZHOGLQJ RI 6L&�UHLQIRUFHG DOXPLQXP $���� PHWDO
PDWUL[ FRPSRVLWH� ,Q� $EVWU� RI SDS� RI ���� $:6 &RQYHQW�
+RXVWRQ� $:6�

��� 5\DERY� 9�5�� ,VKFKHQNR� $�<D�� 3DS� 3�$� HW DO� ������
0DQXIDFWXULQJ RI $O�EDVHG FRPSRVLWHV UHLQIRUFHG ZLWK VWHHO
ILEHUV E\ YDFXXP VSUD\LQJ� $YWRPDWLFK� 6YDUND� ����� ��w
���

��� %RQGDUHY� $�$�� 1D]DUHQNR� 6�9�� %RQGDUHY� $QGU�$�
������ ,QYHVWLJDWLRQ RI WKH SURFHVV DQG GHYHORSPHQW RI WKH
WHFKQRORJ\ RI ZHOGLQJ DOXPLQLXP PDWUL[ FRPSRVLWHV UHLQ�
IRUFHG ZLWK $O�2� DQG 6L& SDUWLFOHV� ,Q� 3URF� RI ,QW� &RQI�
RQ ,PSURYHPHQW RI (IILFLHQF\ RI :HOGLQJ 0DQXIDFWXULQJ�
/LSHWVN� ��w�� 2FW�� ����� /LSHWVN

��� ,WVXNDLFKL� 7�� (DJDU� 7�:�� 8PHPRWR� 0� HW DO� ������
3ODVPD VSUD\ MRLQLQJ RI $O�PDWUL[ SDUWLFXODWH UHLQIRUFHG
FRPSRVLWHV� :HOGLQJ -�� �� ���w����

��� ,WVXNDLFKL� 7�� (DJDU� 7�:�� 8PHPRWR� 0� HW DO� ������
3ODVPD VSUD\ MRLQLQJ RI DOXPLQXP PDWUL[ FRPSRVLWHV XVLQJ
2�VSUD\ FRPSRVLWH SRZGHU� 4XDUW� -� -:6� �� ���w����
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1�$� .$/,1 DQG 1�*� (),0(1.2

8NUDLQLDQ (QJLQHHULQJ�3HGDJRJLFDO $FDGHP\� .KDUNRY� 8NUDLQH

,W ZDV HVWDEOLVKHG WKDW WKH SURFHVV RI GHFDUEXUL]DWLRQ RI )Hw& DOOR\� IRU H[DPSOH� LQ WKH IRUP RI FDVW LURQ� LQ HOHFWURGH

FRDWLQJV RFFXUV PDLQO\ LQ WKH VODJ SKDVH XQGHU WKH ORZHU SDUW RI D JURZLQJ GURSOHW� 2[\JHQ GLVVROYHG LQ PHWDO DQG

FRPLQJ IURP WKH VODJ VHUYHV DV R[LGL]HU RI FDUERQ LQ WKH PHOW� ,W ZDV IRXQG WKDW ORVVHV RI FDUERQ IRU R[LGDWLRQ LQ WKH

)Hw& DOOR\ DUH ��� WLPHV KLJKHU WKDQ WKRVH RI JUDSKLWH� DQG WKH UDWH RI GHFDUEXUL]DWLRQ DW WKH GURSOHW VWDJH LV WZLFH DV

KLJK�

.H\ ZRU G V � FDUERQ� )Hw& DOOR\� HOHFWURGH FRDWLQJ� VWDJH

RI GURSOHW� GHFDUEXUL]DWLRQ� R[LGDWLRQ� FDUERQ ORVVHV� PLFUR�

VWUXFWXUH� FDVW LURQ SRZGHU

7KH IHDVLELOLW\ RI XVH RI )Hw& DOOR\V� FDVW LURQ LQ
SDUWLFXODU� DV D GHR[LGL]HU RI WKH ZHOG SRRO� SDUWLDOO\

UHSODFLQJ IHUURPDQJDQHVH� ZDV ILUVWO\ GHVFULEHG LQ

ZRUN RI 1�*� 6ODY\DQRY >�@� +RZHYHU� WKLV LGHD KDV

QRW IRXQG LWV IXUWKHU GHYHORSPHQW�

6RPH ZRUNV >�w�@ ZHUH GHYRWHG WR WKH VWXG\ RI
SRVVLELOLW\ RI FDUERQ XVH DV D GHR[LGL]HU LQ ZHOGLQJ

HOHFWURGHV GXULQJ LWV DGGLQJ LQWR WKH FRDWLQJ LQ D

IUHH VWDWH RU LQ WR WKH FRPSRVLWLRQ RI WKH HOHFWURGH
ZLUH� ,W ZDV HVWDEOLVKHG WKDW FDUERQ LV R[LGL]HG LQ

WKH GURSOHW DOPRVW FRPSOHWHO\� DQG LWV FRQWHQW LQ

WKH SRRO LV QRW SUDFWLFDOO\ FKDQJHG >�@� 5HVXOWV RI

WKH WKHUPRG\QDPLF DQDO\VLV RI WKH UHGR[ SURFHVVHV

ZLWK D FDUERQ SDUWLFLSDWLRQ� SURFHHGLQJ LQ ZHOGLQJ�

VKRZ WKDW FDUERQ LV PRUH SUHIHUDEOH DV D GHR[LGL]HU

LQ D ERXQG VWDWH� IRU H[DPSOH� LQ WKH IRUP RI FDVW

LURQ SRZGHU RU KLJK�FDUERQ IHUURDOOR\V >�@� 1HYHU�

WKHOHVV� WKH ZRUNV RI FDUERQ DSSOLFDWLRQ LQ WKH FRP�

SRVLWLRQ RI )Hw& DOOR\ DV D GHR[LGL]HU LQ IXVLRQ

ZHOGLQJ ZHUH QRW IRXQG E\ XV�

7KH SUHVHQW DUWLFOH LV GHYRWHG WR WKH VWXG\ RI SH�
FXOLDULWLHV RI R[LGDWLRQ RI FDUERQ XVHG LQ WKH FRPSR�

VLWLRQ RI )Hw& DOOR\ DV D GHR[LGL]HU LQ WKH HOHFWURGH

FRDWLQJV RI WKH LOPHQLWH�W\SH�

,W LV DVVXPHG WKDW WKH SURFHVV RI GHFDUEXUL]DWLRQ

RI )Hw& DOOR\ DW WKH GURSOHW VWDJH LV SURFHHGLQJ E\

WKH IROORZLQJ VFKHPH �)LJXUH ��� GXULQJ WKH SURFHVV

RI HOHFWURGH FRUH � PHOWLQJ DQG HOHFWURGH FRDWLQJ �

KHDWLQJ XS WR WHPSHUDWXUH DERYH ���� �&� WKH VPDOO
SDUWLFOHV RI FDVW LURQ � DUH PHOWHG LQ LW� 7KH FDUERQ

PHOW SDVVLQJ WKURXJK WKH OD\HU RI PROWHQ VODJ � LV

DFFXPXODWHG LQ WKH IRUP RI D OD\HU RI FDUERQ PHOW �

XQGHU D JURZLQJ GURSOHW �� 7KLV OD\HU LV DQ HIIHFWLYH

UHGXFLQJ DJHQW� $V D UHVXOW WKH FDUERQ FRQWHQW LQ WKH

GURSOHW ZLOO EH GHWHUPLQHG E\ SURFHHGLQJ UHGR[ UHDF�
WLRQV EHWZHHQ WKH DUF JDV SKDVH � DQG OLTXLG SKDVHV

DW WKH HOHFWURGH HQG� L�H VODJ �� FDUERQ PHOW � DQG

GURSOHW PHWDO �� &DUERQ R[LGL]HU LQ PHOW LV R[\JHQ

GLVVROYHG LQ PHWDO DQG FRPLQJ IURP VODJ >�@�

>&@ � >2@  &2� ���

7R UHDOL]H UHDFWLRQ ��� WKH R[\JHQ VKRXOG HQWHU
PHOW � IURP VODJ �� 3URFHVV RI FDUERQ R[LGDWLRQ LQ

PHOW DW WKH VWDJH RI WKH GURSOHW LV FRPSOH[ DQG PXO�

WLVWDJH� ,W FRQVLVWV RI D QXPEHU RI VXFFHVVLYH� VLPXO�

WDQHRXV� SDUDOOHO DQG PDWLQJ VWDJHV� ,Q WKH FDVH FRQ�

VLGHUHG WKH IROORZLQJ VWDJHV DUH REVHUYHG� GLIIXVLRQ

RI PROHFXODU R[\JHQ WR WKH VXUIDFH RI PROWHQ VODJ

IURP WKH DUF JDV SKDVH� DGVRUSWLRQ�FKHPLFDO LQWHUDF�
WLRQ RI R[\JHQ ZLWK LRQV RI ELYDOHQW LURQ RI FDUERQ

PHOW DQG DGMDFHQW OD\HU RI VODJ ���2� � �)H
��
� �2

�w
 

 �)H2�
w
� WUDQVIHU RI R[\JHQ LRQV 2

�w WKURXJK WKH VODJ

OD\HU� PXWXDO GLIIXVLRQ RI LRQV )H�� DQG )H
��

LQ VODJ�

GLVFKDUJH RI R[\JHQ LRQV DW WKH VXUIDFH RI OLTXLG PHOW
DQG GLVVROXWLRQ RI DWRPLF R[\JHQ �2

�w�  >2@ � �H�

� 1�$� .$/,1 DQG 1�*� (),0(1.2� ����

)LJXUH �� 6FKHPH RI SURFHVV RI GHFDUEXUL]DWLRQ RI )Hw& DOOR\ DW
WKH VWDJH RI GURSOHW �IRU GHVLJQDWLRQV VHH WKH WH[W�
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UHFRYHU\ RI LRQV RI WULYDOHQW LURQ �)H
��
� � H  �)H

��
��

GLIIXVLRQ RI R[\JHQ DQG FDUERQ LQ PHWDO RI FDUERQ

OD\HU WR WKH SODFH RI UHDFWLRQ� FKHPLFDO UHDFWLRQ ���

LQ D FDUERQ OD\HU� IRUPDWLRQ DQG UHPRYDO RI &2 EXE�

EOHV�

(VFDSLQJ &2 EXEEOHV SDVVLQJ WKURXJK WKH FDUERQ

OD\HUwGURSOHW LQWHUIDFH HQWHU WKH PHWDO RI WKH ODWWHU�

0RUHRYHU� LQ WKH SURFHVV RI EXEEOLQJ WKH JDV EXEEOHV

EULQJ ZLWK WKHPVHOYHV VPDOO YROXPHV RI FDUERQ PHOW WR

WKH GURSOHW� GXH WR ZKLFK LW LV VDWXUDWHG ZLWK D JUHDW

QXPEHU RI &2 EXEEOHV DQG )Hw& DOOR\ LQFOXVLRQV PRY�

LQJ XSZDUG� ,Q WKH ERWWRP� PRUH KHDWHG SDUW RI D JURZ�

LQJ GURSOHW WKH UHDFWLRQ RI DGGLWLRQDO R[LGL]LQJ RI FDUERQ

ZLWK &2 SUHFLSLWDWLRQ LQWR WKH DUF ]RQH� EHLQJ QRW FRP�

SOHWHG LQ FDUERQ PHOW� LV SURFHHGLQJ� +HUH� WKH UHVLGXDO

FRQWHQW RI FDUERQ LQ WKH IRUPHG GURSOHW � SDVVLQJ

WKURXJK WKH DUF FROXPQ � LV WHQGHG WR HTXLOLEULXP FRQ�

WHQW ZLWK D GLVVROYHG R[\JHQ�

)RU LQYHVWLJDWLRQV WKH HOHFWURGHV RI � PP GLDPHWHU

ZLWK LOPHQLWH�W\SH FRDWLQJ RQ ZLUH 6Y���$ �&x ����

6L x ����� 0Q x ����w���� ZW��� )H x EDODQFH�

RI WZR W\SHV ZHUH PDQXIDFWXUHG XVLQJ D PHWKRG RI

H[WUXVLRQ� ZLWK D FDVW LURQ SRZGHU DQG JUDSKLWH LQ

FRDWLQJ� DQG DOVR LQLWLDO HOHFWURGHV x ZLWKRXW &�FRQ�

WDLQLQJ FRPSRQHQWV� &RDWLQJV ZLWK FDVW SRZGHU DQG

JUDSKLWH ZHUH PDQXIDFWXUHG IRU � YDULDQWV RI HOHF�

WURGHV ZLWK HTXLYDOHQW FRQWHQW RI FDUERQ WR PDVV RI

HOHFWURGH FRUH� ����� ����� ����� ����� ����� ���� DQG

���� �� 7KH FDUERQ FRQWHQW LQ FDVW LURQ ZDV ��� ��

FRHIILFLHQW RI FRDWLQJ PDVV ZDV ����w����� :HOGLQJ

ZDV SHUIRUPHG DW '&53 �,Z  ���w��� $��

$PDVV IUDFWLRQ RI FDUERQZDV GHWHUPLQHG LQ GURSOHWV

DFFXPXODWHG LQ FODGGLQJ RQ PDVVLYH FRSSHU SODWH XVLQJ

D IDVW�PRYLQJ HOHFWURGH� &KHPLFDO DQDO\VLV RI GHSRV�

LWHG PHWDO ZDV PDGH E\ VDPSOLQJ FKLSV IURP PHWDO

GHSRVLWHG LQWR D FRSSHU ZDWHU�FRROHG PRXOG >�@�

7R VWXG\ WKH SHFXOLDULWLHV RI R[LGDWLRQ RI FDUERQ

WKH PDFUR� DQG PLFURVWUXFWXUH RI PHWDO RI HQGV RI

H[SHULPHQWDO HOHFWURGHV ZLWK DGGLWLRQV RI �� � FDVW

LURQ� � � JUDSKLWH WR WKH FRDWLQJ DQG DOVR ZLWKRXW

DGGLWLRQV ZHUH DQDO\]HG�

7KH UHVXOWV RI FKHPLFDO DQDO\VLV DUH JLYHQ LQ WKH

7DEOH� 7KH UHODWLYH ORVVHV RI FDUERQ LQ R[LGDWLRQ DW WKH

VWDJH RI GURSOHW ZHUH FDOFXODWHG E\ IRUPXOD IURP >�@�

ψG =
&H w &G

&H

>�@�
���

ZKHUH &H� &G DUH WKH FDUERQ FRQWHQW LQ HOHFWURGH DQG

GURSOHWV� UHVSHFWLYHO\�

7RWDO FDUERQ ORVVHV ZHUH GHWHUPLQHG E\ IRUPXOD

ψWRW =
&H w &L

&H

>�@�
���

&DUERQ ORVVHV IRU R[LGDWLRQ LQ SRRO ZHUH IRXQG DV

GLIIHUHQFH LQ FDUERQ ORVVHV

ψS = ψWRW w ψG >�@� ���

5HVXOWV RI FDOFXODWLRQ RI FDUERQ ORVVHV LQ ZHOGLQJ

E\ IRUPXODH ���w��� DUH JLYHQ LQ )LJXUH �� $V LV VHHQ

IURP WKH )LJXUH� DW D VPDOO PDVV IUDFWLRQ RI FDUERQ

LQ HOHFWURGH LWV ORVVHV IRU R[LGDWLRQ ZLOO EH PLQLPXP

>�@� :LWK LQFUHDVH LQ FDUERQ WR FULWLFDO FRQWHQW KDYLQJ

GLIIHUHQW YDOXHV IRU )Hw& DOOR\ DQG JUDSKLWH� ORVVHV

DW WKH VWDJH RI GURSOHW DQG WRWDO ORVVHV DUH LQFUHDVHG

DQG DW WKH VWDJH RI SRRO WKH\ DUH GHFUHDVHG� $W IXUWKHU

LQFUHDVH LQ PDVV IUDFWLRQ RI FDUERQ WKH ORVVHV IRU R[L�

GDWLRQ DUH GHFUHDVHG WKDW LV PDQLIHVWHG LQ FDUEXUL]D�

WLRQ RI ERWK PHWDO RI GURSOHWV DQG DOVR GHSRVLWHG PHW�

DO� 7KLV RFFXUV GXH WR WKH IDFW WKDW WKH R[LGL]LQJ SR�

WHQWLDO RI VODJ V\VWHP RI FRDWLQJ LV H[KDXVWHG� ,W VKRXOG

EH QRWHG WKDW WKH UHDFWLRQ RI FDUERQ R[LGL]LQJ LQ )Hw&

DOOR\ SURFHHGV PRUH FRPSOHWHO\ WKDQ LQ JUDSKLWH DQG

LWV FULWLFDO YDOXH LQ WKH FRDWLQJ FDQ EH KLJKHU� 7KLV LV

H[SODLQHG E\ WKDW WKH PROWHQ FDVW LURQ LQ WKH IRUP RI

FDUERQ PHOW LV EHWWHU ZHWWHG ZLWK D VODJ WKDQ WKH KDUG

FDUERQ� DV WKH &2 EXEEOHV IRUPLQJ LQ FDUERQ R[LGL]�

LQJ� DUH EORFNLQJ WKH VPDOOHU SDUW RI LWV VXUIDFH�

2[LGHV RI LURQ� PDQJDQHVH� VLOLFRQ DQG RWKHU HOH�

PHQWV FRQWDLQHG LQ FDUERQ PHOW DUH GLVVRFLDWHG LQ PHW�

DO ZLWK IXUWKHU R[\JHQ GLIIXVLRQ L QZDUG WKH PHOW

&DUERQ FRQWHQW LQ GURSOHWV DQG GHSRVLWHG PHWDO LQ ZHOGLQJ XVLQJ LQLWLDO DQG H[SHULPHQWDO HOHFWURGHV

2EMHFW IRU DQDO\VLV
0DVV IUDFWLRQ RI FDUERQ� �� LQ H[SHULPHQWV

,QLWLDO �VW �QG �UG �WK �WK �WK �WK

'URSOHWV RI HOHFWURGH PHWDO ���� ����

����

����

����

����

����

����

����

����

����

����

����

����

����

'HSRVLWHG PHWDO ���� ����

����

����

����

����

����

����

����

����

����

����

����

����

����

1R W H � ,Q QXPHUDWRU x FDUERQ LQ )Hw& DOOR\� LQ GHQRPLQDWRU x FDUERQ LQ WKH IRUP RI JUDSKLWH�

)LJXUH �� 'HSHQGHQFH RI FDUERQ ORVVHV ψ IRU R[LGDWLRQ LQ ZHOGLQJ
RQ LWV FRQWHQW LQ HOHFWURGHV� � x LQ GURSOHW� � x WRWDO� � x LQ
SRRO� O x LQ JUDSKLWH� � x LQ FRPSRVLWLRQ RI )Hw& DOOR\
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DQG� DIWHU LQWHUDFWLQJ ZLWK FDUERQ� WKH\ EHFRPH DQ

DGGLWLRQDO VRXUFH RI R[LGL]HU HQWHU >�@�

�0H
Q
2
P
�  Q >0H@ � P >2@�

>&@ � >2@  ¯¬�

���

$V WKH PDVV WUDQVIHU WR WKHPRYDEOH SKDVH LQWHUIDFH

LQ FRQWDFW RI FDUERQ PHOW ZLWK VODJ LV SURFHHGLQJ PRUH

LQWHQVLYHO\ WKDQ EHWZHHQ FDUERQ DQG VODJ� WKHQ WKH

GLIIHUHQFH LQ UDWH RI UHFRYHU\ ZLWK FDUERQ LQ WKH GLI�

IXVLRQ FRQGLWLRQ FDQ UHDFK RQH RUGHU >�@�

,W LV NQRZQ >�@ WKDW WKH UDWH RI FDUERQ R[LGDWLRQ

DW WKH VWDJH RI GURSOHW DW D FRQVWDQW IORZ RI R[\JHQ

LV GHWHUPLQHG E\ HTXDWLRQ

ωG =
ψG&H

W
>� ⁄ V@� ���

ZKHUH W LV WKH WLPH RI LQWHUDFWLRQ LQ GURSOHW GXULQJ

ZHOGLQJ�

$VVXPLQJ W  ���� V >�@� ZH VKDOO REWDLQ

ωG =
ψG&H

����
>� ⁄ V@� ���

)LJXUH � JLYHV WKH FXUYHV RI UDWHV RI GHFDUEXUL]D�

WLRQ DW WKH VWDJH RI GURSOHW� REWDLQHG IRU H[SHULPHQWDO

FRPSRVLWLRQV RI HOHFWURGHV E\ IRUPXOD ���� ,W LV VHHQ

IURP )LJXUH� WKDW PD[LPXP UDWH RI FDUERQ R[LGDWLRQ

DW WKH VWDJH RI GURSOHW� DGGHG WR FRPSRVLWLRQ RI )Hw&

DOOR\� UHDFKHV ≈ ���� ��V� :LWK LQFUHDVH LQ FDUERQ

FRQWHQW DERYH FULWLFDO IRU WKH PHQWLRQHG VODJ V\VWHP

WKH UDWH RI R[LGDWLRQ LV GHFUHDVHG QHJOLJLEO\ DQG UH�

PDLQV DOPRVW DW WKH VDPH OHYHO� 0D[LPXP UDWH RI

R[LGDWLRQ RI FDUERQ LQ WKH IRUP RI JUDSKLWH LV � WLPHV

ORZHU DQG DPRXQWV WR DERXW ���� ��V DW UHDFKLQJ LWV

FULWLFDO FRQWHQW�

'HFUHDVH DQG VWDELOL]LQJ RI UDWH RI FDUERQ R[LGD�

WLRQ LQ GURSOHWV ZLWK ULVH RI LWV FRQWHQW LQ WKH HOHF�

WURGHV LV DOVR H[SODLQHG E\ WKH IDFW WKDW WKH R[LGL]LQJ

SRWHQWLDO RI WKH VODJ V\VWHP LV H[KDXVWHG�

7KH PHOWLQJ RI HOHFWURGHV FRQWDLQLQJ WKH FDVW LURQ

SRZGHU LQ FRDWLQJ �)LJXUH �� D� LV FKDUDFWHUL]HG E\

WKH IRUPDWLRQ RI HDVLO\�PHOWLQJ VODJ OD\HU RI ��� PP

WKLFNQHVV SURMHFWLQJ DORQJ HOHFWURGH FRUH IRU ���w

��� PP KHLJKW DERYH WKH OLQH RI LQWHUIDFH RI OLTXLG

DQG VROLG SKDVH RI WKH FRUH� $W WKH HOHFWURGH HQG WKH

IRUPDWLRQ RI OD\HU RI FDUERQ PHOW DQG FOXVWHULQJ RI

JDV EXEEOHV DQG VODJ LQFOXVLRQV DUH REVHUYHG SURYLQJ

DQ LQWHQVLYH SURFHVV RI PHWDO ERLOLQJ LQ WKH ORZHU SDUW

RI WKH GURSOHW� 7KH GHFDUEXUL]HG PHOW WUDQVIHUV SDU�

WLDOO\ LQWR WKH GURSOHW PHWDO LQ WKH IRUP RI VPDOO

LQFOXVLRQV RI DERXW ���� PP VL]H �)LJXUH �� E��

)LJXUH �� 'HSHQGHQFH RI UDWH RI GHFDUEXUL]DWLRQ DW WKH VWDJH RI
GURSOHW RQ FDUERQ FRQWHQW LQ HOHFWURGH� � x LQ FRPSRVLWLRQ RI
)Hw& DOOR\� � x LQ WKH IRUP RI JUDSKLWH

)LJXUH �� 0LFURVWUXFWXUH RI PHWDO RI HOHFWURGH HQGV ZLWK FRDWLQJ
FRQWDLQLQJ FDVW LURQ SRZGHU� D x ×���� E x ×���

)LJXUH �� 0DFURVWUXFWXUH RI PHWDO RI HOHFWURGH HQGV ZLWK FRDWLQJ
FRQWDLQLQJ FDVW LURQ SRZGHU �D�� JUDSKLWH �E� DQG ZLWK D FRDWLQJ
ZLWKRXW GHR[LGL]HU �F� �×���
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)LQH SDUWLFOHV RI FDUERQ PHOW GXULQJ OLIWLQJ LQWR

WKH XSSHU SDUW RI WKH GURSOHW DUH GHFUHDVHG WR ����w

���� PP DQG DW WKH KHLJKW RI ≈ ���w��� PP WKH IRUP�

LQJ GURSOHWV DUH GLVVROYHG FRPSOHWHO\� 0RUHRYHU� WKH\

DUH VXUURXQGHG E\ &2 JDV EXEEOHV� *DV &2 LV DFFX�

PXODWHG LQ WKH ORZHU� PRUH KHDWHG SDUW RI GURSOHW DQG

UHDFKLQJ FULWLFDO SUHVVXUH LW LV H[SORGHG LQWR WKH DUF

]RQH� ,Q DGGLWLRQ� D W\SLFDO GHSUHVVLRQ LV IRUPHG DW

WKH GURSOHW VXUIDFH �)LJXUH �� D��

,Q HOHFWURGHV ZLWK JUDSKLWH LQ WKH FRDWLQJ DQG LQ�

WHQVLYH ERLOLQJ RI PHWDO LQ WKH HQWLUH YROXPH RI GURSOHW

LV RFFXUUHG GXH WR SUHVHQFH RI KDUG LQFOXVLRQV RI XQ�

VROYHG JUDSKLWH LQ LW �)LJXUH �� E�� 5HDFWLRQ RI R[L�

GDWLRQ RI KDUG JUDSKLWH DW WKLV VWDJH LV QRW ILQLVKHG

FRPSOHWHO\� 5HPQDQWV RI D KDUG IUDFWLRQ RI JUDSKLWH

DUH WUDQVIHUUHG LQWR WKH SRRO DQG FDUEXUL]H WKH ZHOG

PHWDO� &RDWLQJ RI HOHFWURGHV RI WKH LQLWLDO YDULDQW �)LJ�

XUH �� F� LV PHOWHG ZLWKRXW ERLOLQJ RI WKH GURSOHW

PHWDO�

,W FDQ EH FRQFOXGHG RQ WKH EDVLV RI LQYHVWLJDWLRQV

WKDW JUDSKLWH� KDYLQJ D KLJK ����� .� WHPSHUDWXUH

RI PHOWLQJ� FRPHV LQWR UHDFWLRQ RI R[LGDWLRQ ZLWK JDV�

VODJ DQG PHWDO SKDVHV RI WKH DUF LQ D VROLG VWDWH� +HUH�

WKH UDWH RI WKH JUDSKLWH R[LGDWLRQ LQ WKH LOPHQLWH�W\SH

FRDWLQJ LV � WLPHV ORZHU WKDQ WKDW RI FDUERQ LQ )Hw&

DOOR\ WKDW OHDGV WR WKH QHFHVVDU\ GHFUHDVH LQ LWV FULWLFDO

FRQWHQW LQ WKH HOHFWURGH� 7KHUHIRUH� LW LV LPSRVVLEOH

WR XVH JUDSKLWH IXOO\ DV D GHR[LGL]HU LQ ZHOGLQJ HOHF�

WURGHV RI WKH JLYHQ W\SHV�

7KH R[LGDWLRQ RI FDUERQ DGGHG WR WKH FRPSRVLWLRQ

RI )Hw& DOOR\ KDV D QXPEHU RI SHFXOLDU IHDWXUHV� ,W LV

GLVVROYHG LQ PHOWLQJ SRZGHU LQ LWV PHWDOOLF EDVH DQG

FRPHV LQWR UHDFWLRQ RI GHFDUEXUL]DWLRQ ZLWK JDV� VODJ

DQG PHWDO SKDVHV DW WKH VWDJH RI GURSOHW� $IWHU SDUWLDO

R[LGDWLRQ LQ WKH VODJ WKH PROWHQ )Hw& DOOR\ LV WUDQV�

IHUUHG LQWR WKH GURSOHW PHWDO LQ WKH IRUP RI ILQH LQ�

FOXVLRQV ZKHUH LW LV GHFDUEXUL]HG�

7KXV� ZKHQ WKH FDVW LURQ SRZGHU LV XVHG LQ WKH

DPRXQW H[FHHGLQJ WKH FULWLFDO FRQWHQW RI FDUERQ IRU

WKH JLYHQ VODJ V\VWHP WKHUH ZLOO EH QR KD]DUG RI WKH

GHSRVLWHG PHWDO FDUEXUL]DWLRQ�

&21&/86,216

�� 0HFKDQLVP ZDV VWXGLHG DQG VFKHPH RI WKH SURFHVV

RI FDUERQ R[LGDWLRQ IURP )Hw& DOOR\ LQFOXGHG LQWR

WKH FRPSRVLWLRQ RI HOHFWURGH FRDWLQJ ZDV VXJJHVWHG�

�� /RVVHV RI FDUERQ IURP )Hw& DOOR\ DQG JUDSKLWH

LQ HOHFWURGH FRDWLQJ RI LOPHQLWH�W\SH LQ ZHOGLQJ ZHUH

GHWHUPLQHG� ,W ZDV HVWDEOLVKHG WKDW FDUERQ ORVVHV IRU

R[LGDWLRQ RI )Hw& DOOR\ DUH KLJKHU WKDQ WKRVH RI

JUDSKLWH E\ DOPRVW ��� WLPHV�

�� ,W ZDV HVWDEOLVKHG WKDW UDWH RI GHFDUEXUL]DWLRQ

DW WKH GURSOHW VWDJH LQ )Hw& DOOR\ LV � WLPHV KLJKHU

WKDQ WKDW RI JUDSKLWH�

�� 6ODY\DQRY� 1�*� ������ 7UDQVDFWLRQV DQG LQYHQWLRQV� 3HUP�
�� $ORY� $�$� ������ (OHFWURGHV IRU DUF ZHOGLQJ DQG VXUIDF�

LQJ� 0RVFRZ� 0DVKJL]�
�� (URNKLQ� $�$� ������ .LQHWLFV RI PHWDOOXUJLFDO SURFHVVHV RI

DUF ZHOGLQJ� 0RVFRZ� 0DVKLQRVWURHQLH�
�� 0D]HO� $�*� ������ 7HFKQRORJLFDO SURSHUWLHV RI HOHFWULF

ZHOGLQJ DUF� 0RVFRZ� 0DVKLQRVWURHQLH�
�� (URNKLQ� $�$� ������ )XQGDPHQWDOV RI IXVLRQ ZHOGLQJ�

0RVFRZ� 0DVKLQRVWURHQLH�
�� %\NRY� $�1� ������ 2[LGDWLRQ RI FDUERQ LQ ZHOGLQJ ZLWK

KLJK�DOOR\ FDUERQDWH�IOXRULWH FRDWHG HOHFWURGHV� 6YDURFKQ�
3URL]YRGVWYR� ��� �w��

�� (ILPHQNR� 1�*�� .DOLQ� 1�$� ������ 7KHUPRG\QDPLF DQDO\�
VLV RI UHGR[ FDUERQ�LQYROYLQJ SURFHVVHV RFFXUHG GXULQJ IXVL�
RQ ZHOGLQJ� 7KH 3DWRQ :HOGLQJ -�� �� ��w���

�� 0HG]KLER]KVN\� 0�<D� ������ )XQGDPHQWDOV RI WKHUPRG\�
QDPLFV DQG NLQHWLFV RI VWHHOPDNLQJ SURFHVVHV� .\LY�
'RQHWVN� 9\VKFKD 6KNROD�

�� 3RSDO� 6�,�� 6RWQLNRY� $�,�� %RURQHQNRY� 9�1� ������ 7KH�
RU\ RI PHWDOOXUJLFDO SURFHVVHV� 0RVFRZ� 0HWDOOXUJL\D�
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*�9� .DUSHQNR 3K\VLFR�0HFKDQLFDO ,QVWLWXWH� 1$68� /YLY� 8NUDLQH

(OHFWURGH SRWHQWLDOV KDYH EHHQ PHDVXUHG LQ YDULRXV ]RQHV RI D FLUFXPIHUHQWLDO ZHOGHG MRLQW RQ ORZ�FDUERQ VWHHO SLSHV

DW GLIIHUHQW OHYHOV RI ORDGLQJ XVLQJ LQWHUQDO SUHVVXUH� ,W LV VKRZQ WKDW SODVWLF GHIRUPDWLRQ HOLPLQDWHV FRPSOHWHO\ WKH

GLIIHUHQFH RI SRWHQWLDOV EHWZHHQ WKH SDUHQW PHWDO DQG +$= RI WKH ZHOGHG MRLQW�

.H\ ZRU G V � ZHOGHG MRLQWV� SLSHOLQHV� LQWHUQDO SUHVVXUH�

GHIRUPDWLRQ� HOHFWURFKHPLFDO KHWHURJHQHLW\

(OHFWURFKHPLFDO KHWHURJHQHLW\ RI ZHOGHG MRLQWV �:-�
FDQ FDXVH VLJQLILFDQW FRUURVLRQ DQG FRUURVLRQ�PHFKDQL�

FDO GDPDJHV >�@� ,W RFFXUV GXH WR GLIIHUHQFH LQ WKH

FKHPLFDO FRPSRVLWLRQ DQG VWUXFWXUH RI YDULRXV UHJLRQV

RI WKH ZHOGHG MRLQW� DQG DOVR UHVLGXDO VWUHVVHV LQ WKHP

ZKLFK HVSHFLDOO\ UHGXFH WKHLU UHVLVWDQFH WR FRUURVLRQ

DQG VWUHVV�FRUURVLRQ FUDFNLQJ >�w�@� 7R GHFUHDVH LW�

WKH GLIIHUHQW PHWKRGV� LQ SDUWLFXODU VXFK DV KHDW WUHDW�

PHQW RI :-� VHOHFWLRQ RI ZHOGLQJ FRQVXPDEOHV� ZHOG�

LQJ FRQGLWLRQV� HWF� DUH XVHG� ,W LV NQRZQ WKDW UHGLV�

WULEXWLRQ RI UHVLGXDO VWUHVVHV RFFXUV GXULQJ SODVWLF GH�

IRUPDWLRQ RI :- >�@ DQG DOVR LQ FLUFXPIHUHQWLDO :-

RI SLSHOLQHV DW WKHLU ORDGLQJ ZLWK LQWHUQDO SUHVVXUH

>�� �@� /LQHDU SDUW RI RLO DQG JDV SLSHOLQHV LV REOLJDWRU\
WHVWHG XVLQJ DQ LQFUHDVHG SUHVVXUH EHIRUH WKHLU SXWWLQJ

LQWR VHUYLFH WR HYDOXDWH WKH OHDN�WLJKWQHVV DQG

VWUHQJWK� UHYHDOLQJ RI SRVVLEOH ODWHQW GHIHFWV ZKLFK

ZHUH QRW HOLPLQDWHG LQ FRQVWUXFWLRQ >�� ��@� 7KHUHIRUH�

LW LV HYLGHQW WKDW WKH XVH RI K\GUDXOLF WHVWV RI :- DQG

GHFUHDVH WKHLU HOHFWURFKHPLFDO KHWHURJHQHLW\ LV DFWXDO
SUREOHP IRU WKH IDYRXUDEOH UHGLVWULEXWLRQ RI UHVLGXDO

VWUHVVHV LQ :-� 7KH SUHVHQW ZRUN DLP LV WR HYDOXDWH

WKH HIIHFW RI LQWHUQDO SUHVVXUH LQ WKH SLSHOLQH DQG LWV

GHIRUPDWLRQ RQ HOHFWURFKHPLFDO KHWHURJHQHLW\ RI FLU�
FXPIHUHQWLDO :-�

7R HYDOXDWH WKH HOHFWURFKHPLFDO KHWHURJHQHLW\ RI
:-� WKH ORFDO HOHFWURGH SRWHQWLDOV ZHUH PHDVXUHG E\
D YROWPHWHU RI SRWHQWLRVWDW 3����� ZKLFK KDV D KLJK

LQSXW UHVLVWDQFH DQG FDQ EH XVHG IRU GHWHUPLQDWLRQ RI

'& YROWDJH LQ ORZ�SRZHUIXO SRZHU VRXUFHV� (OHFWURGH

SRWHQWLDOV LQ PLFUR]RQHV RI PHWDO FDQ EH GHWHUPLQHG

E\ D PLFURHOHFWURGH ZLWK D FDSLOODU\� ZKRVH LQQHU
GLDPHWHU ZDV FRPPHQVXUDEOH ZLWK D UHJLRQ H[DPLQHG�
2WKHUZLVH� WKH FDSLOODU\ ZLOO RYHUODS WKH VHSDUDWH
]RQHV WKDW ZLOO PDNH LW LPSRVVLEOH WR PHDVXUH WKH

GLIIHUHQFH RI SRWHQWLDOV EHWZHHQ WKHP >��� ��@� 7KH
FDSLOODU\ ZDV PDQXIDFWXUHG IURP D JODVV WXEH RI DERXW

� PP GLDPHWHU� ZKRVH HQG ZDV HORQJDWHG WR GLDPHWHU

��w�� µP� 7KHQ FDSLOODU\ � �)LJXUH �� D� ZDV SUHVVHG�
LQ LQWR D IOXRURSODVWLF WUDQVLWLRQ EXVKLQJ � ZKLFK�

DIWHU LWV ILOOLQJ ZLWK D ZRUNLQJ VROXWLRQ� ZDV SODFHG

WLJKWO\ RQ D F\OLQGULFDO HQG RI D FKORURVLOYHU HOHFWURGH

� WKDW SURYLGHG WKH FDSLOODU\ ILOOLQJ ZLWK WKLV VROXWLRQ�

,Q LQYHVWLJDWLRQV RI PLFURHOHFWURFKHPLFDO KHWHUR�

JHQHLW\ RI PHWDO WKH HVVHQWLDO UROH ZDV SOD\HG E\ DQ

HOHFWURO\WH ZKLFK VKRXOG KDYH D ORZ HOHFWULFDO FRQ�

GXFWLYLW\ >��� ��@� ,Q FDVH RI WKH HOHFWURO\WH ZLWK D
KLJK HOHFWURFRQGXFWLYLW\ WKH PXWXDO SRODUL]DWLRQ RI
DQRGLF DQG FDWKRGLF UHJLRQV RFFXUV� OHDGLQJ WR HVWDE�

OLVKPHQW RI DQ LQWHJUDO SRWHQWLDO IRU ERWK UHJLRQV� ,I
WKH UHVLVWDQFH RI WKH HOHFWURO\WH LV KLJK WKHQ WKH V\VWHP

LV QRW SRODUL]HG DQG SRWHQWLDOV RI VHSDUDWH UHJLRQV FDQ

EHPHDVXUHG� (OHFWURO\WH ZDV VHOHFWHG H[SHULPHQWDOO\�
7KH EHVW ZRUNLQJ VROXWLRQ ZDV D GLVWLOOHG ZDWHU� 7KH

SRVVLEOH MXPS RI WKH GLIIXVLRQ SRWHQWLDO IRU LQWHUIDFH

�.&OwGLVWLOOHG ZDWHU� IURP PLQLPXP FRQFHQWUDWLRQV

RI .&O WR WKH VDWXUDWLRQ IURP GDWD >��@ ZDV RQO\

���w��� P9� 7R SUHYHQW WKH HIIHFW RI D SRVVLEOH MXPS
RI WKH GLIIXVLRQ SRWHQWLDO RQ WKH UHVXOWV RI LQYHVWLJD�

WLRQV� WKHPHDVXUHPHQWV RI HOHFWURGH SRWHQWLDOV VWDUWHG

DIWHU SUHOLPLQDU\ VRDNLQJ �! � K� RI :- LQ D ZRUNLQJ

PHGLXPXQWLO VWDELOL]LQJ WKH HOHFWURGH SRWHQWLDO ZKLFK

EHJDQ DSSUR[LPDWHO\ DIWHU RQH KRXU�
/RFDO HOHFWURGH SRWHQWLDOV ZHUH PHDVXUHG DORQJ

WKH XSSHU JHQHUDWUL[ RI SLSH � �)LJXUH �� E� ZLWK D

� $�,� 5$'.(9,&+� ����

)LJXUH �� 0LFURHOHFWURGH �D�� VFKHPH RI PHDVXUHPHQW RI ORFDO
HOHFWURGH SRWHQWLDOV RI:- RI SLSH �E� DQG GHWHFWLRQ RI ORQJLWXGLQDO
FUDFN �VKRZQ E\ DUURZ� LQ 6W��� SLSH DIWHU IUDFWXUH E\ LQWHUQDO
SUHVVXUH �F� �VHH GHVLJQDWLRQV LQ WH[W�
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FLUFXPIHUHQWLDO ZHOG � LQ WKH PLGGOH� 7KH SLSH ZDV

IL[HG LQ D FHOO � ZLWK D ZRUNLQJ VROXWLRQ� 0LFURHOHF�

WURGH � ZDV PRXQWHG RYHU GLIIHUHQW ]RQHV RI SLSH :-�

([SHULPHQWV ZHUH SHUIRUPHG DW GLIIHUHQW VWUHVVHV LQ

SLSH ZDOO� ZKLFK ZHUH DWWDLQHG E\ GLIIHUHQW SUHVVXUH

3 LQ LWV LQQHU FDYLW\ XVLQJ SUHVV 03����� 'XULQJ

H[SHULPHQWV WKH FKDQJHV LQ RXWVLGH GLDPHWHU RI SLSH

LQ SRLQW $ �DW DERXW ��� PP GLVWDQFH IURP ZHOG�

EH\RQG WKH FHOO � ZHUH UHFRUGHG DQG WKH GHIRUPDWLRQ

δ RI SLSH PHWDO DW WKH H[WHUQDO VXUIDFH GHSHQGLQJ RQ

LQWHUQDO SUHVVXUH ZDV FDOFXODWHG RQ WKH EDVLV RI

FKDQJHV�

6HDPOHVV VWHHO �� �&x ���ZW��� SLSH RI ��×� PP
GLDPHWHU ZDV VHOHFWHG IRU LQYHVWLJDWLRQV� 7R UHGXFH

WKH FROODSVLQJ SUHVVXUH ZKLFK FDQ EH UHDFKHG E\ SUHVV

03���� �≈ ���� 03D�� WKH SLSH ZDOO WKLFNQHVV ZDV

GHFUHDVHG WR GLDPHWHU �� PP DW WKH GLVWDQFH ��� PP

�WRWDO OHQJWK RI HDFK SLSH LV DERXW ��� PP� XVLQJ

ODWKH PDFKLQLQJ� 7KHQ� WZR SLSHV ZHUH ZHOGHG E\ D

FLUFXPIHUHQWLDO ZHOG� 5RRW ZHOG ZDV PDGH E\ DUJRQ�

DUF ZHOGLQJ ZLWK 6Y���*$ �& x � ���� 0Q x ���w

��� ZW��� )H x EDODQFH� ZLUH DQG ILOOLQJ ZHOG ZDV

PDGH E\ HOHFWURGHV )R[ (9��� ,Q WKLFN �QRQ�PD�

FKLQHG� HQGV RI ZHOGHG SLSHV WKH WKUHDGHG SOXJV ZLWK

D PDQRPHWHU �)LJXUH �� F� DQG SLSHOLQH IRU SUHVV 03�

��� ZHUH LQVWDOOHG� 2[LGH ILOPV DQG VFDOH ZKLFK ZHUH

IRUPHG DW WKH SLSH VXUIDFH DIWHU ZHOGLQJ ZHUH VXE�

MHFWHG WR HWFKLQJ�

7KH WHVWV ZHUH SHUIRUPHG LQ WKH IROORZLQJ VH�

TXHQFH� &HOO � ZLWK D ZHOGHG SLSH �� LQVWDOOHG LQWR LW

�VHH )LJXUH �� E� ZDV ILOOHG ZLWK D ZRUNLQJ PHGLXP�

VRDNHG IRU � K WR VWDELOL]H WKH SRWHQWLDO DQG WKHQ WKH

ORFDO HOHFWURGH SRWHQWLDOV ZHUH PHDVXUHG LQ GLIIHUHQW

UHJLRQV RI :- RI SLSH E\ PLFURHOHFWURGH PRYLQJ DORQJ

LWV JHQHUDWUL[� )XUWKHU� WKH LQWHUQDO SUHVVXUH ZDV FUH�

DWHG LQVLGH WKH SLSH� FKDQJHV LQ SLSH GLDPHWHU ZHUH

UHFRUGHG DQG WKH PHDVXUHPHQWV RI ORFDO HOHFWURGH SR�

WHQWLDOV ZHUH UHSHDWHG� 8VLQJ WKLV PHWKRG WKH HOHF�

WURGH SRWHQWLDOV DW GLIIHUHQW LQWHUQDO SUHVVXUH� ZKLFK

ZDV LQFUHDVHG XS WR WKH FROODSVLQJ YDOXH� ZHUH GHWHU�

PLQHG�

,W ZDV HVWDEOLVKHG WKDW ZLWK LQFUHDVH LQ SUHVVXUH WR

XS WR ����w���� 03D WKH SLSH GHIRUPDWLRQ ZDV SURSRU�

WLRQDOO\ LQFUHDVHG WR δ ≤ ���� � �)LJXUH ��� $W KLJK LWV

YDOXHV �3  ��w�� 03D� WKH SODVWLF GHIRUPDWLRQ RI WKH

SLSH RFFXUUHG� DQG DW 3 ! ���� 03D WKH DEUXSW LQFUHDVH

LQ GHIRUPDWLRQ �VHH GDVK OLQH LQ )LJXUH �� DQG SLSH

IUDFWXUH LQ SDUHQW PHWDO ZLWK WKH IRUPDWLRQ RI EXFNOLQJ

DQG FUDFNV RI DERXW �� PP OHQJWK DORQJ WKH JHQHUDWUL[

DUH RFFXUUHG �VHH )LJXUH �� F��

/RFDO HOHFWURGH SRWHQWLDOV ZHUH PHDVXUHG DW WKH

IROORZLQJ YDOXHV RI LQWHUQDO SUHVVXUH� �� ��� �� DQG

�� 03D ZKLFK FRUUHVSRQG WR WKH IROORZLQJ GHIRUPD�

WLRQV δ RI WKH SLSH SDUHQW PHWDO� �� ����� ����� DQG

���� �� ,W ZDV HVWDEOLVKHG WKDW WKH HOHFWURGH SRWHQWLDO

RI LQLWLDO �3  �� :- EHFRPHV PRUH QHJDWLYH LQ WUDQ�

VLWLRQ IURPZHOG WR+$=� WKHQ LW LV JUDGXDOO\ LPSURYHG

LQ WUDQVLWLRQ WR WKH SDUHQW PHWDO DQG VWDELOL]HG DW WKH

GLVWDQFH RI DERXW ��w�� PP �)LJXUH �� FXUYH ��� 'LI�

IHUHQFH RI SRWHQWLDOV ∆(� EHWZHHQ WKH ZHOG DQG +$=

PHWDOV LV KLJKHVW� EHLQJ VRPHZKDW ORZHU EHWZHHQ WKH

SDUHQW DQG +$= PHWDOV �∆(��� 7KH GLIIHUHQFH RI SR�

WHQWLDOV LV DOVR REVHUYHG EHWZHHQ ZHOG DQG SDUHQW

PHWDO �∆(��� :LWK LQFUHDVH LQ LQWHUQDO SUHVVXUH WKH

HOHFWURGH SRWHQWLDOV RI DOO ]RQHV RI :- DUH VKLIWHG WR

WKH UHJLRQ RI PRUH QHJDWLYH SRWHQWLDOV �)LJXUH ��

FXUYHV �w��� WKDW LV FRUUHODWHG FRPSOHWHO\ ZLWK GDWD

>�� �w�@�

1DWXUH RI FXUYHV RI FKDQJLQJ HOHFWURGH SRWHQWLDOV

LV VLPLODU WR UHODWLRQVKLSV RI GLVWULEXWLRQ RI UHVLGXDO

VWUHVVHV LQ FLUFXPIHUHQWLDO :- RI VWHHO SLSHV >�� �@�

'LIIHUHQFH EHWZHHQ WKHP FRQVLVWV LQ WKH IDFW WKDW WKH

UHVLGXDO VWUHVVHV LQ +$= PHWDO DUH DEUXSWO\ FKDQJHG

IURP WHQVLOH WR FRPSUHVVLYH� 7KH HOHFWURGH SRWHQWLDOV

RI VWHHO DUH VKLIWHG WR WKH UHJLRQ RI PRUH QHJDWLYH

SRWHQWLDOV GXH WR DFWLRQ RI VWUHVVHV� ERWK FRPSUHVVLYH

DQG WHQVLOH >�@� 7KHUHIRUH� FXUYHV ∆( w O �)LJXUH ��

UHIOHFW FKDQJHV LQ YDOXH RI UHVLGXDO VWUHVVHV ZLWKRXW

DOORZDQFH IRU WKHLU VLJQ �FRPSUHVVLYH RU WHQVLOH��

:LWK LQFUHDVH LQ LQWHUQDO SUHVVXUH WR �� 03D ∆(�

LV ILUVW GHFUHDVHG E\ ��w�� P9� DQG WKHQ LQFUHDVHG

E\ ��w�� P9 �)LJXUH �� FXUYH �� WKDW LV� HYLGHQWO\�

FDXVHG E\ GLIIHUHQW GHJUHH RI GHIRUPDWLRQ RI ZHOG DQG

SDUHQW PHWDO GXH WR GLIIHUHQFH LQ WKHLU VWUHQJWK� DQG

DOVR HIIHFW RI WKLFNQHVV� 7KH ZHOG UHLQIRUFHPHQW ZDV

���w��� PP� LW ZDV QRW UHPRYHG� DV WKLV FRXOG LQIOX�

HQFH WKH UHVLGXDO VWUHVVHV� 7KH WHQVLOH DQG \LHOG

VWUHQJWKV RI 6W��� �σW ≈ ��� 03D� σ��� ≈ ��� 03D�

)LJXUH �� 'HSHQGHQFH RI 6W��� SLSH SDUHQW PHWDO GHIRUPDWLRQ RQ
LQWHUQDO SUHVVXUH �GDVK OLQH x LQWHQVLYH \LHOGLQJ RI SLSH PHWDO
ZLWK IRUPDWLRQ RI EXFNOLQJ DQG FUDFN�

)LJXUH �� &XUYHV RI GLVWULEXWLRQ RI ORFDO HOHFWURGH SRWHQWLDOV LQ
GLIIHUHQW ]RQHV RI ZHOGHG MRLQW RI 6W��� SLSH DW GLIIHUHQW LQWHUQDO
SUHVVXUHV� � x 3  �� � x 3  ��� � x 3  ��� � x 3  
 �� 03D
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ZHUH VLJQLILFDQWO\ ORZHU DV FRPSDUHG ZLWK WKRVH RI

ZHOGV PDGH E\ HOHFWURGHV )R[ (9�� �σW ≈ ��� 03D�

σ��� ≈ ��� 03D�� 7KXV� DW SUHVVXUHV ��w�� 03D WKH

SODVWLF GHIRUPDWLRQ RI WKH SLSH SDUHQW PHWDO RFFXUUHG

�VHH )LJXUH �� WKDW FDXVHG WKH VKLIWLQJ RI HOHFWURGH

SRWHQWLDOV WR WKH UHJLRQ RI PRUH QHJDWLYH SRWHQWLDOV

�VHH )LJXUH ��� ZKLOH WKH ZHOG PHWDO ZDV QRW \HW

VXEMHFWHG WR SODVWLF GHIRUPDWLRQ DQG LWV HOHFWURGH SR�

WHQWLDO ZDV FKDQJHG QHJOLJLEO\� 7KHUHIRUH� DW 3  ��w

�� 03D ∆(� LQFUHDVHV �)LJXUH �� FXUYH ���

7KH HOHFWURGH SRWHQWLDOV RI ZHOG DUH OHVV QHJDWLYH

WKDQ WKRVH RI SDUHQW PHWDO �VHH )LJXUH ��� ,Q SLSH

GHIRUPDWLRQ ZLWKLQ HODVWLFLW\ UDQJH �XS WR �� 03D�

WKH GLIIHUHQFH RI SRWHQWLDOV EHWZHHQ WKHP ∆(� LV GH�

FUHDVHG �)LJXUH �� FXUYH ��� +RZHYHU� WKH IXUWKHU

LQFUHDVH LQ WKH LQQHU SUHVVXUH LQFUHDVHV ∆(� GXH WR

GLIIHUHQW VWUHVVHV DQG QDWXUH �HODVWLF RU SODVWLF� RI

GHIRUPDWLRQ LQ ZHOG DQG SDUHQW PHWDO�

7KH SRVLWLYH HIIHFW RI GHIRUPDWLRQ RI :- RI SLSH RQ

GHFUHDVH LQ GLIIHUHQFH RI SRWHQWLDOV ∆(� EHWZHHQ SDUHQW

PHWDO DQG +$= LV REVHUYHG DW DOO WKH YDOXHV RI LQWHUQDO

SUHVVXUH �)LJXUH �� FXUYH ��� +RZHYHU� ∆(� LV PRVW

LQWHQVLYHO\ GHFUHDVHG XQGHU WKH DFWLRQ RI SODVWLF GHIRU�

PDWLRQ RI SLSH PHWDO DSSUR[LPDWHO\ DW 3 ≥ �� 03D DQG

DPRXQWV RQO\ WR DERXW �� P9 DW 3  �� 03D� ZKHUHDV

LQ LQLWLDO :- �3  �� ∆(� LV DERXW ��� P9�

7KXV� WKH WHVWLQJ SLSHOLQHV XVLQJ LQFUHDVHG SUHVVXUH

GHFUHDVHV WKH HOHFWURFKHPLFDO KHWHURJHQHLW\ RI FLUFXP�

IHUHQWLDO:- RI SLSHV� 7KHPRVW HIIHFWLYH LPSURYHPHQW

RI FRUURVLRQ UHVLVWDQFH RI:- RFFXUV DW SUHVVXUHVZKLFK

FDXVH WKH SODVWLF GHIRUPDWLRQ RI SLSHV� $W SUHVVXUH

FORVH WR FROODSVLQJ WKH DOPRVW FRPSOHWH OHYHOLQJ RI

YDOXHV RI HOHFWURGH SRWHQWLDOV RI SDUHQW PHWDO DQG

+$= PHWDO RFFXUV �VHH )LJXUH �� WKDW LV QRW DWWDLQHG

HYHQ E\ SRVWZHOG KHDW WUHDWPHQW DFFRUGLQJ WR >�@�

&RQVHTXHQWO\� WKH WHVWLQJ XVLQJ LQFUHDVHG SUHVVXUH LV

UDWLRQDO WR XVH IRU LQFUHDVLQJ GHJUHH RI GHIHFW GHWHFWLRQ

LQ SLSH :-� +RZHYHU� WR XVH LW DV D PHWKRG RI LQ�

FUHDVLQJ SHUIRUPDQFH RI SLSHOLQHV LQ DJJUHVVLYH� LQ

SDUWLFXODU K\GURVXOSKXULF PHGLD LV GDQJHURXV DV WKH

VLJQLILFDQW GHFUHDVH RI HOHFWURFKHPLFDO KHWHURJHQHLW\

RI :- LV SRVVLEOH DW SUHVVXUHV FDXVLQJ SODVWLF GHIRU�

PDWLRQ RI PHWDO RI SLSHOLQHV GXH WR ZKLFK WKH JURZWK

RI DYDLODEOH GHIHFWV LQ :- LV SRVVLEOH >��@�

7KXV� WKH HOHFWURFKHPLFDO H[DPLQDWLRQV VKRZHG

WKDW ZLWK LQFUHDVH LQ LQWHUQDO SUHVVXUH LQ ZHOGHG FDUE�

RQ VWHHO SLSH WKH HOHFWURFKHPLFDO KHWHURJHQHLW\ RI :-

LV GHFUHDVHG� +RZHYHU� WKH WHVWLQJ RI SLSHOLQHV ZLWK

LQFUHDVHG SUHVVXUH LQ SUDFWLFH LV OLPLWHG�

�� .DUSHQNR� *�9�� 9DVLOHQNR� ,�,� ������ &RUURVLRQ FUDFNLQJ

RI VWHHOV� .\LY� 7HNKQLND�
�� 9DVLOHQNR� ,�,�� 0HOHNKRY� 5�.� ������ &RUURVLRQ FUDFNLQJ

RI VWHHOV� .\LY� 1DXNRYD 'XPND�
�� 3RO\DNRY� 6�*�� *RQFKDURY� $�%�� 2QRSULHQNR� /�0� HW DO�

������ ,QIOXHQFH RI HOHFWURFKHPLFDO KHWHURJHQHLW\ RI WLWD�
QLXP�]LUFRQLXP ZHOGHG MRLQW RQ LWV FRUURVLRQ UHVLVWDQFH�
=DVKFKLWD 0HWDOORY� �� ���w����

�� $]KRJLQ� )�)� ������ 6WUHVV�FRUURVLRQ FUDFNLQJ DQG SURWHF�

WLRQ RI KLJK�VWUHQJWK VWHHOV� 0RVFRZ� 0HWDOOXUJL\D�
�� *XWPDQ� (�0� ������ 0HFKDQRFKHPLVWU\ RI PHWDOV DQG FRU�

URVLRQ SURWHFWLRQ� 0RVFRZ� 0HWDOOXUJL\D�
�� 6WHNORY� 2�,� ������ 5HVLVWDQFH RI PDWHULDOV DQG VWUXFWXUHV

WR VWUHVV FRUURVLRQ� 0RVFRZ� 0DVKLQRVWURHQLH�
�� 0DNKQHQNR� 9�,� ������ &RPSXWDWLRQDO PHWKRGV RI VWXG\

RI NLQHWLFV RI ZHOGLQJ VWUHVVHV DQG VWUDLQV� .\LY� 1DXNRYD
'XPND�

�� 0DNKQHQNR� 9�,�� 0DNKQHQNR� 2�9� ������ 'HYHORSPHQW
RI FDOFXODWLRQ SURFHGXUHV IRU DVVHVVPHQW RI DOORZDEOH GHIHFWV
LQ ZHOGHG MRLQWV RI FULWLFDO VWUXFWXUHV� 7KH 3DWRQ :HOGLQJ

-�� ����� ��w���
�� ,YDQWVRY� 2�0� ������ 5HOLDELOLW\ RI PDLQ SLSHOLQHV� 0RV�

FRZ� 1HGUD�
��� *HVVOHU� ;� ������ +\GURWHVW RI SLSHOLQH OD\HG E\ PHWKRG

RI SUHVVXUH ORDGLQJ DERYH \LHOG VWUHVV� ,Q� 3URF� RI �WK 6R�

YLHW�*HUPDQ 6\PS� RQ 3UREOHPV RI 0DQXIDFWXULQJ RI

/DUJH�'LDPHWHU 7XEHV� 0RVFRZ�
��� .DUSHQNR� *�9�� =DPRVW\DQLN� ,�(�� %DEHM� <X�,� HW DO�

������ 'HWHUPLQDWLRQ RI VWUHVVHV LQ PLFURYROXPHV RI PHWDO
ZLWK DLG RI HOHFWURGH SRWHQWLDO� )L]LNR�.KLP� 0HNKDQLND

0DWHULDORY� �� ���w����
��� .DUSHQNR� *�9�� =DPRVW\DQLN� ,�(�� *XWPDQ� (�0� HW DO�

������ 0LFURHOHFWURFKHPLFDO KHWHURJHQHLW\ RI ORZ�FDUERQ
VWHHO ZLWK QRQ�PHWDOOLF LQFOXVLRQV� ,ELG�� �� �w��

��� 5DELQRYLFK� 9�$� ������ 7KHUPRG\QDPLF DFWLYLW\ RI LRQV LQ

HOHFWURO\WH VROXWLRQV� /HQLQJUDG� .KLPL\D�

)LJXUH �� (IIHFW RI LQWHUQDO SUHVVXUH RQ FKDQJH LQ GLIIHUHQFH RI
SRWHQWLDOV LQ 6W��� SLSH :-� � x EHWZHHQ ZHOGV DQG +$= �∆(���
� x +$= DQG SDUHQW PHWDO �∆(��� � x SDUHQW PHWDO DQG ZHOG
�∆(��
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9�6� .29$/&+8.

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

7KH SDSHU GHDOV ZLWK DQ HQJLQHHULQJ PHWKRG RI FDOFXODWLQJ HVWLPDWLRQ RI WKH LQIOXHQFH RI F\FOH DV\PPHWU\ RQ IDWLJXH

UHVLVWDQFH RI VWHHO ZHOGHG MRLQWV DW GLIIHUHQW YDOXHV RI EDVH LQ WKH KLJK�F\FOH UHJLRQ RI IDWLJXH OLIH� $Q LQIRUPDWLYH

GLDJUDP RI OLPLWLQJ UDQJHV RI VWUHVVHV EDVHG RQ DV\PPHWU\ SDUDPHWHUV DQG QXPEHU RI F\FOHV� DV ZHOO DV DQDO\WLFDO

H[SUHVVLRQV IRU LWV GHVFULSWLRQ DUH VXJJHVWHG�

.H\ ZRU G V � ZHOGHG MRLQWV� IDWLJXH UHVLVWDQFH� F\FOH DV\P�

PHWU\� GLDJUDP� FDOFXODWLRQV

0DQ\ PDFKLQH SDUWV DQG PHWDO VWUXFWXUH HOHPHQWV DUH
VXEMHFWHG GXULQJ VHUYLFH WR VLPXOWDQHRXV DFWLRQ RI

F\FOLF DQG VWDWLF ORDGV� $V D UHVXOW RI WKHLU VXPPLQJ

WKH DOWHUQDWLQJ VWUHVVHV ZLWK D GHILQLWH DV\PPHWU\ RI

F\FOH U DUH RFFXUUHG� ,Q ZHOGHG MRLQWV WKH F\FOH DV\P�

PHWU\ LQ WKH ]RQH RI ZHOG FDQ FKDQJH DGGLWLRQDOO\ E\

UHVLGXDO ZHOGLQJ VWUHVVHV� $W D FRPELQHG DFWLRQ RI

DOWHUQDWLQJ DQG FRQVWDQW ORDGV WKH GHIRUPDWLRQ �YL�

EURFUHHS� DQG� UHVSHFWLYHO\� GHIRUPDWLRQDO VWUHQJWK�

HQLQJ RI PHWDO WKDW FDXVHV FRPSOH[ QRQ�OLQHDU PXWXDO

HIIHFW RI VWUHQJWKHQLQJ DQG GDPDJLQJ HIIHFWV DUH LQ�

FUHDVHG >�@� 8QGRXEWHGO\� FRHIILFLHQW U VKRXOG EH

WDNHQ LQWR DFFRXQW LQ IDWLJXH FDOFXODWLRQV LQ GHVLJQLQJ

QHZ DQG DOVR LQ HYDOXDWLRQ RI UHVLGXDO OLIH RI PHWDO

VWUXFWXUHV EHLQJ LQ VHUYLFH IRU D ORQJ WLPH XQGHU DO�

WHUQDWLQJ ORDGLQJ RU WKRVH ZKLFK H[KDXVWHG WKHLU VHUY�

LFH WHUP�

+RZHYHU� LQ VRPH IRUHLJQ VWDQGDUGV RI GHVLJQ DQG

UXOHV RI GHVLJQLQJ >�� �@ WKH VWUHVV UDQJH LV FRQVLGHUHG

DV D GRPLQDWLQJ IDFWRU LQ GHWHUPLQDWLRQ RI IDWLJXH

UHVLVWDQFH RI URDG DQG EXLOGLQJ PHWDO VWUXFWXUHV� ,Q

DGGLWLRQ� WKH DGPLVVLEOH YDOXH RI UDQJH LV WKH IXQFWLRQ

RI VWUHVVHV ZKLFK GHSHQGV RQ WKH VKDSH RI ZHOGHG MRLQW

DQG GHVLJQ IDWLJXH OLIH� ZKLOH WKH F\FOH DV\PPHWU\ LV

QRW DOPRVW WDNHQ LQWR DFFRXQW� ,Q QDWLRQDO 61L3 >�@

WKH HIIHFW RI F\FOH DV\PPHWU\ LV WDNHQ LQWR DFFRXQW

LQ GHWHUPLQDWLRQ RI PD[LPXP VWUHVVHV XVLQJ D FRUUHF�

WLRQ FRHIILFLHQW� EXW ZLWKRXW DOORZDQFH IRU EDVH RI D

F\FOLF OLIH�

8VXDOO\ WKH GHSHQGHQFH RI IDWLJXH UHVLVWDQFH RQ U

LV SUHVHQWHG E\ GLDJUDPV RI OLPLWLQJ VWUHVVHV σPLQ
�

σ
PD[

x σ
P
RU σ

PD[
x σ

PLQ
� SORWWHG E\ NQRZQ YDOXHV

RI IDWLJXH OLPLWV DW VHOHFWHG QXPEHUV RI F\FOHV >�� �@�

+RZHYHU� WR REWDLQ H[SHULPHQWDO GDWD ZLWKLQ WKH HQ�

WLUH LQWHUYDO RI F\FOH DV\PPHWU\ LW LV QHFHVVDU\ WR

IXOILOO D ODUJH QXPEHU RI IDWLJXH WHVWV� 7KHUHIRUH� WKHVH
GLDJUDPV DUH SORWWHG DV D UXOH IRU RQH RU VHYHUDO EDVHV
RI IDWLJXH OLIH XVLQJ D OLPLWHG QXPEHU RI U� $VVXPLQJ

WKDW IDWLJXH OLPLWV GHSHQG OLQHDUO\ RQ F\FOH DV\PPHWU\

>�@ DQ DGGLWLRQDO JULG RI UD\V FRUUHVSRQGLQJ WR GLI�
IHUHQW U LV SXW RQ GLDJUDPV� 7KLV DSSURDFK ZDV YDOLG

IRU SORWWLQJ GLDJUDPV UHODWLYH WR IDWLJXH OLPLWV RI
ZHOGHG MRLQWV RI VWHHO >�@ ZKHUH WKH HIIHFW RI F\FOH

DV\PPHWU\ LV QHJOLJLEOH� 7KH VLPLODU GLDJUDP SORWWLQJ

DW RWKHU YDOXHV RI IDWLJXH VWUHQJWK EDVHV FDQ OHDG WR

HUURUV LQ GHWHUPLQDWLRQ RI IDWLJXH UHVLVWDQFH� 6LPLODU

UHVXOWV FDQ EH REWDLQHG IURP WKH DVVXPSWLRQ WKDW ID�

WLJXH UHVLVWDQFH LV FKDQJHG SURSRUWLRQDOO\ DW DOO WKH

EDVHV �VLPLODULW\ RI IDWLJXH FXUYHV DW V\PPHWULFDO DQG
DV\PPHWULF ORDGLQJ� >��@� 7KLV LV VWLSXODWHG E\ SRV�

VLEOH FKDQJH LQ LQFOLQDWLRQ RI IDWLJXH FXUYHV DW FKDQJH

LQ WKH F\FOH DV\PPHWU\� ,Q DGGLWLRQ� WKH LQFOLQDWLRQ

RI IDWLJXH FXUYHV GHSHQGV RQ WKH SDUDPHWHU RI VWUHVVHV�

)LJXUH �� D SUHVHQWV IDWLJXH FXUYHV RI VWHHO 0��6

� 9�6� .29$/&+8.� ����

)LJXUH �� )DWLJXH FXUYHV RI ODUJH�VL]HG VWHHO 0��6 VSHFLPHQV ZLWK EXWW MRLQWV SORWWHG E\ PD[LPXP VWUHVVHV �D� DQG UDQJHV RI VWUHVVHV �E�
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VSHFLPHQV ZLWK EXWW ZHOGHG MRLQWV �FRRUGLQDWHV

σ
PD[ x OJ 1� >�@ DQG UHSORWWHG FXUYHV LQ FRRUGLQDWHV

RI VWUHVV UDQJHV ∆σ x OJ 1 �)LJXUH �� E�� ,Q WKH ILUVW

FDVH WKH IDWLJXH FXUYHV REWDLQHG DW GLIIHUHQW DV\PPH�

WU\ DUH DOPRVW SDUDOOHO� LQ WKH VHFRQG FDVH WKH\ KDYH

D IRUP RI D IDQ ZLWK LQWHUVHFWLRQ DSSUR[LPDWHO\ DW

WKH OHYHO RI IDWLJXH OLPLW�

$QDO\VLV RI UHVXOWV RI QXPHURXV H[SHULPHQWDO GDWD

REWDLQHG DW WKH (�2� 3DWRQ (OHFWULF:HOGLQJ ,QVWLWXWH

RQ WKH ODUJH�VFDOH VSHFLPHQV ZLWK YDULRXV W\SHV RI

ZHOGHG MRLQWV� PDQXIDFWXUHG IURP VWUXFWXUDO VWHHOV RI

GLIIHUHQW JUDGHV DQG FODVVHV RI VWUHQJWK� VKRZHG WKDW

WKH GHSHQGHQFLHV ∆σ x OJ 1 DW GLIIHUHQW DV\PPHWU\

DUH VLPLODU LQ PRVW FDVHV WR WKRVH VKRZQ LQ )LJXUH ��

E� ,Q WKLV FRQQHFWLRQ LW VHHPV UDWLRQDO WR SORW WKH

GLDJUDP RI OLPLWLQJ UDQJHV RI VWUHVVHV E\ SDUDPHWHUV

1 DQG U� 7KLV W\SH RI GLDJUDP SORWWHG IURP GDWD RI

)LJXUH � IRU VRPH GLVFUHWH YDOXHV RI IDWLJXH VWUHQJWK

EDVHV LV SUHVHQWHG LQ )LJXUH �� 5HODWLRQVKLS ∆σ x U

DW GLIIHUHQW EDVHV RI IDWLJXH VWUHQJWK LV GHVFULEHG PRUH

SUHFLVHO\ E\ PRUH FRPSOH[ FXUYH �HTXDWLRQ RI VHFRQG

RUGHU�� KRZHYHU� LW FDQ EH SUHVHQWHG ZLWK D VXIILFLHQW

SUHFLVLRQ IRU SUDFWLFDO SXUSRVHV LQ WKH IRUP RI D

VWUDLJKW OLQH� 7DNLQJ LQWR DFFRXQW WKDW VFDOH OJ 1 LV

OLQHDU� JULG RI UD\V FRUUHVSRQGLQJ WR VHOHFWHG EDVHV RI

IDWLJXH VWUHQJWK FDQ EH SORWWHG ZLWK D GHVLUDEOH SLWFK�

$V LV VHHQ IURP WKH GLDJUDP� WKH OLPLWLQJ UDQJH RI

VWUHVVHV ∆σ RI ZHOGHG MRLQWV GHSHQGV JUHDWO\ RQ DV\P�

PHWU\ RI F\FOH U DQG EDVH RI ORDGLQJ 1� ,Q WKH OLQHDU

V\VWHP RI FRRUGLQDWHV U x ∆σ WKH OLQN RI WKHVH SD�

UDPHWHUV DW IL[HG EDVHV RI F\FOLF IDWLJXH OLIH 1 FDQ EH

DSSUR[LPDWHG E\ D EHDP RI VWUDLJKW OLQHV �UD\V� LQ�

WHUVHFWLQJ LQ D FRPPRQ SRLQW �SROH� 3��

$QDO\WLF H[SUHVVLRQ RI VWUDLJKW OLQHV SDVVLQJ

WKURXJK SRLQW 3��U�� ∆σ�� LQ D JLYHQ GLUHFWLRQ FDQ EH

SUHVHQWHG LQ WKH IRUP

∆σ  N�U� w U� � ∆σ�� ���

$W SUHVHW EDVH RI F\FOLF IDWLJXH OLIH1� IL[HG YDOXHV

RI FRHIILFLHQW RI F\FOH DV\PPHWU\ U DQG DSSURSULDWH

YDOXHV RI OLPLWLQJ UDQJH RI VWUHVVHV ∆σ WKH FRHIILFLHQW

RI SURSRUWLRQDOLW\

N  �∆σ w ∆σ����U� w U� ���

KDV GLPHQVLRQDOLW\ RI VWUHVVHV DQG HTXDOV QXPHULFDOO\

WR WDQJHQW RI DQJOH RI LQFOLQDWLRQ RI VWUDLJKW OLQH WR

DEVFLVVD D[LV �N  WJ α� LQ FRRUGLQDWHV ∆σ x U�

$V WKH UD\V SORWWHG LQ WKH GLDJUDP DUH LVROLQHV RI

D EDVH QXPEHU RI F\FOLF IDWLJXH OLIH DQG OHIW �LQFOLQHG�

EUDQFK RI IDWLJXH FXUYHV LQ WKH FRRUGLQDWH V\VWHP ZLWK

D ORJDULWKPLF VFDOH RI QXPEHU RI ORDGLQJ F\FOHV UHS�

UHVHQWV D VWUDLJKW OLQH� WKHQ WKHUH LV D GLUHFW UHODWLRQ

EHWZHHQ OLPLWLQJ UDQJH RI VWUHVVHV ∆σ DQG OJ 1�

N  I�1�  γ OJ 1 � G� ���

ZKHUH γ  WJ β �β x DQJOH RI LQFOLQDWLRQ RI VWUDLJKW

OLQH WR DEVFLVVD D[LV LQ FRRUGLQDWHV N x OJ 1�� G LV

WKH FRQVWDQW�

7DNLQJ LQWR DFFRXQW WKH UHODWLRQVKLS ��� WKH HTXD�

WLRQ ��� WDNHV WKH IRUP

∆σ  �γ OJ 1 � G��U� w U� � ∆σ�� ���

6ROXWLRQ RI HTXDWLRQ ��� UHODWLYH WR OJ 1 DOORZV

XV WR REWDLQ H[SUHVVLRQ IRU GHWHUPLQDWLRQ RI ORJDULWKP

RI IDWLJXH OLIH LQ WKH IRUP

OJ 1 =





∆σ w ∆σ�

U� w U
w G





�γ ���

DQG F\FOLF IDWLJXH OLIH

1 = ��







∆σ w ∆σ

�

U� w U
w G






�γ

�
���

7R SORW WKH IXOO GLDJUDP RU WR GHWHUPLQH WKH OLP�

LWLQJ UDQJH RI VWUHVVHV DQG F\FOLF IDWLJXH OLIH XVLQJ

H[SUHVVLRQV ���w��� ZLWKLQ DOO WKH LQWHUYDO RI F\FOH

DV\PPHWU\ DQG WHVW EDVH LW LV QHFHVVDU\ WR NQRZ WKH

PLQLPXP RI LQLWLDO SDUDPHWHUV GHWHUPLQHG H[SHULPHQ�

WDOO\� /HW XV LOOXVWUDWH WKLV RQ H[DPSOH�

)RU EXWW ZHOGHG MRLQWV PDGH IURP VWHHO 0��6 �VHH

)LJXUH �� SRLQW 3��U�� ∆σ�� KDV FRRUGLQDWHV �����

������� (TXDWLRQ RI UD\V LQ WKLV FDVH KDV D IRUP

∆σ  N���� w U� � ������ ���

$V ZDV QRWHG WKH DQJOH RI LQFOLQDWLRQ RI UD\V DQG�

UHVSHFWLYHO\� WKH YDOXH RI FRHIILFLHQW N GHSHQG RQ WKH

VHOHFWHG EDVH RI F\FOLF IDWLJXH OLIH� )RU IL[HG YDOXHV

RI WKHVH EDVH WKH YDOXH N FDQ EH IRXQG IURP H[SUHVVLRQ

���� )URP H[SHULPHQWDO GDWD �)LJXUH ��� IRU H[DPSOH�

DW EDVHV RI IDWLJXH OLIH 1  �⋅��� DQG �⋅��� F\FOHV WKLV
FRHIILFLHQW LV HTXDO WR ���� DQG ����� UHVSHFWLYHO\�

6XEVWLWXWLQJ YDOXHV RI FRHIILFLHQW N DQG OJ 1� FRU�

UHVSRQGLQJ WR LW� LQ WKH HTXDWLRQ ��� ZH VKDOO REWDLQ

WKH V\VWHP RI HTXDWLRQV�

����  �γ � G�

����  �γ � G�

7DNLQJ LQWR FRQVLGHUDWLRQ WKDW γ  WJ β ZH VKDOO

REWDLQ γ w���� �)LJXUH ��� 6XEVWLWXWLQJ WKH REWDLQHG

)LJXUH �� 'LDJUDP RI OLPLWLQJ UDQJHV RI VWUHVVHV ∆σ RI EXWW ZHOGHG
MRLQWV PDGH IURP VWHHO 0��6
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YDOXH γ LQWR RQH RI HTXDWLRQV RI WKH V\VWHP ZH VKDOO

ILQG G  ������

7DNLQJ LQWR DFFRXQW ��� DQG ��� WKH HTXDWLRQ RI

OLPLWLQJ UDQJH RI VWUHVVHV RI EXWW MRLQWV RI VWHHO 0��6

ZLOO WDNH WKH ILQDO IRUP

∆σ  ������ w ��OJ 1����� w U� � ������

+HQFH�

OJ1 =



∆σ w �����

��� w U
w �����




�(w����)�

1 = ��




∆σ w �����

��� w U
w ������(w����)




�

)RU TXDQWLWDWLYH HYDOXDWLRQ RI WKH HIIHFW RI F\FOH

DV\PPHWU\ RQ WKH FKDQJH LQ OLPLWLQJ UDQJH RI VWUHVVHV

LW LV QHFHVVDU\ WR FRPSDUH YDOXHV ∆σ RQ D IL[HG EDVH

RI F\FOLF IDWLJXH OLIH DW GLIIHUHQW YDOXHV RI F\FOH DV\P�

PHWU\� DW FDOFXODWHG UF DQG VWDQGDUG UV�

,Q DFFRUGDQFH ZLWK ��� WKH HTXDWLRQV IRU WKH FDO�

FXODWHG DQG VWDQGDUG YDOXHV RI OLPLWLQJ UDQJH RI

VWUHVVHV FDQ EH ZULWWHQ LQ WKH IRUP

∆σF  N�U� w UF� � ∆σ�� ���

∆σV  N�U� w UV� � ∆σ�� ���

,W LV UDWLRQDO WR FRPSDUH QRW WKH OLPLWLQJ UDQJHV

RI VWUHVVHV WKHPVHOYHV� EXW WKHLU LQFUHPHQWV DERYH

SRLQW ∆σ�� HTXDO RU FORVH WR WKH IDWLJXH OLPLW�

∆σF w ∆σ�  N�U� w UF��

∆σV w ∆σ�  N�U� w UV��

7KHLU UHODWLRQ LV

∆σF w ∆σ��∆σV w ∆σ�  �U� w UF���U� w UV�� ����

,Q SUDFWLFH UV  � LV WDNHQ XVXDOO\ DV D VWDQGDUG

YDOXH� ,W LV LQWHUHVWLQJ WR FRPSDUH WKH LQFUHPHQW RI

OLPLWLQJ UDQJH RI VWUHVVHV DW IUHTXHQWO\ XVHG YDOXHV RI

F\FOH DV\PPHWU\ UF  w� DQG UF  ���� ZLWK UV  ��

)RU MRLQWV PDGH IURP VWHHO 0��6 DW UV  � DQG UF  

 w� ZH VKDOO REWDLQ

∆σF w ������∆σV w �����  ���� � ������  �����

$V LV VHHQ IURP WKLV H[SUHVVLRQ WKH LQFUHPHQW RI

OLPLWLQJ UDQJHV RI VWUHVVHV DW D V\PPHWULFDO ORDGLQJ

H[FHHGV PRUH WKDQ WZLFH WKH VWDQGDUG YDOXH WKDW LV

QDWXUDOO\ SXW LQWR IDWLJXH OLIH PDUJLQ�

$W UV  � DQG UF  ����

∆σF w ������∆σV w �����  ���� w ��������  ������

,Q WKLV FDVH WKH LQFUHPHQW RI OLPLWLQJ UDQJHV RI

VWUHVVHV LV ORZHU WKDQ DW ]HUR F\FOH RI ORDGLQJ E\ ���

WLPHV� ,W LV HYLGHQW� WKDW LQ WKH DUHD RI VLJQ�FRQVWDQW

YDULDEOH WHQVLRQ WKH IDWLJXH OLIH LV IDLOHG DW VXFK DS�

SURDFK�

)RU TXDQWLWDWLYH HYDOXDWLRQ RI FKDQJLQJ F\FOLF ID�

WLJXH OLIH LW LV QHFHVVDU\ WR FRPSDUH YDOXHV 1 DW IL[HG

�VLPLODU� YDOXH RI UDQJH RI VWUHVVHV� EXW DW YDULRXV

DV\PPHWU\ RI F\FOH� L�H� UF DQG UV�

$FFRUGLQJ WR ���� WKH QXPEHU RI F\FOHV DW FDOFXODWHG

DQG VWDQGDUG DV\PPHWU\ FDQ EH ZULWWHQ LQ WKH IRUP

1F = ��






∆σ w ∆σ
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U� w UÎ

w G
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1V = ��






∆σ w ∆σ

�

U� w UV
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�

7KH UHODWLRQ RI IDWLJXH OLYHV LV

1V�1F = ��







∆σ w ∆σ

�

U� w UV

w
∆σ w ∆σ

�

U� w UF






�γ

RU

1F�1V = ��

(∆σ w ∆σ
�)(UF w UV)

γ(U� w UF)(U� w UV)
�

:LWK UHVSHFW WR MRLQWV RI VWHHO 0��6 DW UV  � DQG

UF  w� ZH VKDOO REWDLQ

1w��1� = ��

(∆σ w �����)(w�)
w����(��� + �)���

= ��

(∆σ w �����)
����

�

7KH UHODWLRQ RI IDWLJXH OLYHV GHSHQGV RQ WKH OHYHO

RI ORDGLQJ DQG LQFUHDVHV ZLWK LWV ULVH� $W OLPLWLQJ

UDQJH RI VWUHVVHV ∆σ  ��� 03D WKLV UHODWLRQ LV

1w��1� = ��

(��� w �����)
����

= �����

,Q WKLV FDVH WKH IDWLJXH OLIH PDUJLQ LV �����

$W UV  �� UF  ���� DQG ∆σ  ��� 03D

1����1� = ��

(∆σ w �����)(���)
w����(��� w ���)���

�

1����1� = ��

(��� w �����)(���)
w����(��� w ���)���

= ��
w����� = �������

,W LV HYLGHQW WKDW LW LV QRW QHFHVVDU\ WR QHJOHFW WKH

UHGXFWLRQ RI F\FOLF IDWLJXH OLIH RI ZHOGHG MRLQWV LQ WKH

UHJLRQ RI VLJQ�FRQVWDQW WHQVLRQ E\ PRUH WKDQ � WLPHV�

&21&/86,216

�� 'HWHUPLQDWLRQ RI F\FOLF IDWLJXH OLIH E\ OLPLWLQJ

UDQJHV RI VWUHVVHV FRUUHVSRQGLQJ WR ]HUR F\FOHV ZLWKRXW

DOORZDQFH IRU WKH HIIHFW RI F\FOH V\PPHWU\ LQ WKH

UHJLRQ RI OLPLWLQJ IDWLJXH OLIH FDQ OHDG WR HUURU XS WR

)LJXUH �� 'HSHQGHQFH RI FRHIILFLHQW N RQ OJ 1
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±� WLPHV� (UURU GHSHQGV RQ WKH OHYHO RI ORDGLQJ DQG

LQFUHDVHV ZLWK LWV ULVH� 7KH HIIHFW RI F\FOH DV\PPHWU\

RQ IDWLJXH OLPLW LV QHJOLJLEOH DQG LQ VRPH FDVHV LW FDQ

EH QHJOHFWHG�

�� 7KH RIIHUHG W\SH RI GLDJUDP RI OLPLWLQJ UDQJHV

RI VWUHVVHV ∆σ XVLQJ SDUDPHWHUV RI F\FOH DV\PPHWU\ U

DQG EDVH QXPEHU RI F\FOHV 1 PDNHV LW SRVVLEOH WR

GHWHUPLQH WKH IDWLJXH UHVLVWDQFH RI PDWHULDOV DQG

ZHOGHG MRLQWV ZLWK DOORZDQFH IRU F\FOH DV\PPHWU\

ZLWKLQ WKH UDQJH RI PXOWLF\FOH UHJLRQ RI IDWLJXH OLIH�

�� /D]DQ� %�,� ������ &UHHS DQG IDWLJXH SURSHUWLHV XQGHU F\FOLF
ORDGLQJ DW HOHYDWHG WHPSHUDWXUHV� &XUUHQW DHURQDXW IDWLJXH
SUREOHPV� ,Q� 3URF� RI 6\PS�� 5RPH� ����� 3HUJDPRQ 3UHVV�

�� ������ 2QWDULR KLJKZD\ EULGJH GHVLJQ FRGH� 2QWDULR� 2Q�
WDULR 0LQLVWU\ RI WUDQVSRUWDWLRQ DQG FRPPXQLFDWLRQV�

�� ������ 6WDQGDUG VSHFLILFDWLRQV IRU KLJKZD\ EULGJHV� ��WK
HG� :DVKLQJWRQ� $PHULFDQ DVVRFLDWLRQ RI VWDWH KLJKZD\ DQG
WUDQVSRUWDWLRQ RIILFLDOV�

�� ������ 61L3 �������w��� %ULGJHV DQG WXEHV� 0RVFRZ� 6WUR�
ML]GDW�

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

�� ������ 08� 5' ������w��� 5HOLDELOLW\ LQ WHFKQLTXH� 3URE�
DELOLVWLF PHWKRG RI IDWLJXH FDOFXODWLRQ RI ZHOGHG VWUXFWXUHV�
0RVFRZ� *. 6665�

�� *RUEXQRY� %�1� ������ 6ROLG ZHOGHG EHDPV DQG EULGJHV�
0RVFRZw/HQLQJUDG� *RVVWURML]GDW�

�� .X]PHQNR� 9�$�� ,VKFKHQNR� ,�,�� 7UR\DQ� ,�$� HW DO� ������
,QIOXHQFH RI ORDGLQJ IUHTXHQF\� WHPSHUDWXUH DQG DV\PPHWU\
RI F\FOH RQ GXUDELOLW\ RI �.K�0 DQG .K��1� KLJK�WHPSHUD�
WXUH VWHHOV� 3UREOHP\ 3URFKQRVWL� �� ��w���

��������	��������������	����������
��

��������
���������������������������������
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�����	����
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,�9� 3(17(*29 DQG 2�,� 3(75,(1.2

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

7KH RIIHUHG PHWKRG LV YDOLG IRU WKH HOHFWURGH VWLFNRXW DUHD� L�H� IURP WKH QR]]OH LQOHW WR VWLFNRXW DGMDFHQW WR WKH GURSOHW�

([SUHVVLRQV IRU GHWHUPLQDWLRQ RI FXUUHQW YDOXHV RI YROWDJH GURS LQ WKH HOHFWURGH VWLFNRXW OHQJWK DV IXQFWLRQV RI WHPSHUDWXUH

DQG UHODWLRQV EHWZHHQ WKH FXUUHQW OHQJWK RI HOHFWURGH VWLFNRXW DQG WHPSHUDWXUH DW WKH HQG RI WKH JLYHQ DUHD RI VWLFNRXW

DUH SUHVHQWHG�

.H\ ZRU G V � DUF ZHOGLQJ� &2�� HOHFWURGH VWLFNRXW� PHWKRG

RI FDOFXODWLRQ� YROWDJH GURS� WHPSHUDWXUH� LQYHVWLJDWLRQV� DS�

SUR[LPDWLRQ

,W LV NQRZQ WKDW WKH HOHFWURGH VWLFNRXW OHQJWK DQG

YROWDJH GURS RQ LW DUH WKH RQH RI PDMRU SDUDPHWHUV

LQIOXHQFLQJ WKH SURFHVV RI FRQVXPDEOH HOHFWURGH DUF

ZHOGLQJ� 0DQ\ ZRUNV >�w��@ ZHUH GHYRWHG WR WKH

VWXG\ RI YROWDJH GURS LQ WKH HOHFWURGH VWLFNRXW OHQJWK

LQ &2� ZHOGLQJ� 7R GHWHUPLQH YDOXHV RI WKLV SDUDPH�

WHU� WKHUH DUH GLIIHUHQW H[SHULPHQWDO PHWKRGV >�� ��@�

IRU H[DPSOH� RI WXQJVWHQ RU FRSSHU SUREH� FRQWDFWOHVV

PHWKRGV� +RZHYHU� WKHUH DUH QR QRZ DQDO\WLFDO PHWK�

RGV PDNLQJ LW SRVVLEOH WR GHWHUPLQH WKH YROWDJH GURS

DW DQ\ HOHFWURGH VWLFNRXW� XQFKDQJHDEOH ZLUH IHHG

VSHHGV DQG ZHOGLQJ FXUUHQW�

7KH DLP RI WKH SUHVHQW ZRUN LV WR GHYHORS WKH QHZ

PHWKRG RI FDOFXODWLRQ RI YROWDJH GURS LQ WKH HOHFWURGH

VWLFNRXW OHQJWK DQG WR FRPSDUH WKH UHVXOWV REWDLQHG

ZLWK H[SHULPHQWDO GDWD� ,W VKRXOG EH QRWHG WKDW WKH

RIIHUHG PHWKRG RI FDOFXODWLRQ LV YDOLG IRU GLIIHUHQW

PHWKRGV RI FRQVXPDEOH HOHFWURGH ZHOGLQJ DW FRQVWDQW

VSHHG RI ZLUH IHHGLQJ� IRU H[DPSOH� IRU WKH VXEPHUJHG�

DUF DQG VKLHOGHG�DUF DQG RWKHU PHWKRGV RI ZHOGLQJ

ZLWKRXW VKRUW�FLUFXLWLQJ�

)LJXUH � VKRZV WKH FDOFXODWHG VFKHPH RI GLVWULEX�

WLRQ RI YROWDJH GURS LQ WKH HOHFWURGH VWLFNRXW OHQJWK�

7KH HOHPHQWDU\ UHJLRQ �HOHPHQW� RI ZLUH GO LV PRYHG

LQ WKH GLUHFWLRQ WR WKH GURSOHW DW WKH HOHFWURGH HQG�

/HW XV DVVXPH IRU GO HOHPHQW D V\VWHP RI FRRUGLQDWHV�

EHLQJ IL[HG UHODWLYH WR ZLUH DQG PRYHG WRJHWKHU ZLWK

LW DW D FRQVWDQW IHHG VSHHG YI� +HUH� WKH WHPSHUDWXUH

RI HOHPHQW GO LV LQFUHDVHG DQG D SURFHVV RI KHDWLQJ

KDV D G\QDPLF QDWXUH�

,Q DFFRUGDQFH ZLWK 2KPsV ODZ� WKH YROWDJH GURS

G8 DW HOHPHQW GO RI WKH HOHFWURGH VWLFNRXW FDQ EH

ZULWWHQ LQ WKH IROORZLQJ IRUP�

G8 = ,ρ(7) GO
6H

= Mρ(7)GO� ���

ZKHUH , LV WKH FXUUHQW� $� ρ LV WKH VSHFLILF HOHFWULFDO

UHVLVWDQFH RI PHWDO� 2KP⋅P� 7 LV WKH FXUUHQW YDOXH RI

WHPSHUDWXUH RI HOHPHQW GO� .� 6
H

= πG
H

��� LV WKH FURVV�

VHFWLRQ DUHD RI HOHFWURGH RI GLDPHWHU GH� P
�

� M LV WKH

FXUUHQW GHQVLW\� $�P
�

�

� ,�9� 3(17(*29 DQG 2�,� 3(75,(1.2� ����
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&RQVHTXHQWO\� WKH FXUUHQW YDOXH RI YROWDJH RI WKH
HOHFWURGH VWLFNRXW LV GHWHUPLQHG E\ WKH H[SUHVVLRQ

8
V
(O) = M ∫ρ

�

O

(7)GO� ���

ZKHUH O LV WKH FXUUHQW YDOXH RI HOHFWURGH VWLFNRXW

OHQJWK� PP�
7HPSHUDWXUH 7 RI HOHPHQW GO LV WKH IXQFWLRQ RI D

FXUUHQW OHQJWK RI HOHFWURGH VWLFNRXW O� WKHUHIRUH� DIWHU

VXEVWLWXWLRQ RI LQWHJUDWLRQ YDULDEOHV� WKH H[SUHVVLRQ

��� FDQ EH ZULWWHQ LQ WKH IRUP

8
V
(7� 7

�
) = M ∫ρ

7
�

7

(7) GO

G7
G7� ���

ZKHUH 7� LV WKH WHPSHUDWXUH RI ZLUH DW WKH RXWOHW IURP

WKH QR]]OH� .�

7R GHWHUPLQH WKH GHULYDWLYH G7�GO� ZH VKDOO XVH

WKH GLIIHUHQWLDO HTXDWLRQ RI )XULHUsV KHDW FRQGXFWLYLW\
>��@� :H DVVXPH WKDW UDGLDWLRQ DQG FRQYHFWLRQ ORVVHV

DUH VPDOO DW WKH HOHFWURGH VWLFNRXW DUHD � � O � O� �VHH

)LJXUH ��� ZKHUH WKH HIIHFW RI KHDW FRQGXFWLYLW\ FDQ
EH QHJOHFWHG� 7KHQ� WDNLQJ LQWR DFFRXQW WKH RQH�GL�
PHQVLRQDOLW\ RI WKH SUREOHP ZH VKDOO ZULWH WKH )X�

ULHUsV HTXDWLRQ LQ WKH IRUP

γ&S(7) G7
GW

= ρ(7)M�� ���

ZKHUH γ LV WKH GHQVLW\ RI PHWDO �VWHHO�� NJ�P�
� &S�7�

LV WKH LVREDULF KHDW FDSDFLW\ RI WKH PDVV XQLW\�
-��NJ⋅.�� G7 LV WKH LQFUHPHQW RI WHPSHUDWXUH RI WKH

HOHFWURGH VWLFNRXW HOHPHQW GO GXULQJ WLPH GW�
)RU WKH V\VWHP RI FRRUGLQDWHV FRQVLGHUHG WKH FXUUHQW

OHQJWK RI HOHFWURGH O LV DVVRFLDWHG ZLWK D FXUUHQW WLPH W

E\ D OLQHDU UHODWLRQ O  YIW� 8VLQJ WKH ODWWHU� ZH VKDOO

VXEVWLWXWH YDULDEOH GW  GO�YI LQ WKH HTXDWLRQ ���

G7

GO
=

ρ(7)M�

γ&S(7)YI

� ���

ZKHUH YI LV WKH ZLUH IHHG VSHHG� P�V�

6XEVWLWXWLQJ ��� DQG ��� ZH VKDOO REWDLQ

8
V
(7� 7

�
) =

γY
I

M
∫
7
�

7

&S(7)G7� ���

7KLV H[SUHVVLRQ HQDEOHV XV WR GHWHUPLQH WKH FXUUHQW
YDOXH RI YROWDJH GURS DW WKH HOHFWURGH VWLFNRXW DV D

IXQFWLRQ IURP 7�

7R GHWHUPLQH WKH UHODWLRQVKLSV EHWZHHQ WKH WHP�

SHUDWXUH 7 DQG FXUUHQW OHQJWK RI HOHFWURGH VWLFNRXW O�

ZH VKDOO VHSDUDWH YDULDEOHV LQ IRUPXOD ��� DQG LQWH�

JUDWH WKH H[SUHVVLRQ REWDLQHG LQ WKH IROORZLQJ UDQJHV�

WHPSHUDWXUH x IURP 7� XS WR FXUUHQW YDOXH 7� DQG

VWLFNRXW OHQJWK x IURP � XS WR FXUUHQW YDOXH O�

∫
7
�

7

γ&S(7)
ρ(7) G7 = ∫

�

O

M�GO

YI

�

���

7KLV UHVXOWV LQ WKH H[SUHVVLRQ DOORZLQJ GHWHUPLQD�
WLRQ RI UHODWLRQ EHWZHHQ WKH FXUUHQW YDOXH RI WKH HOHF�

WURGH VWLFNRXW OHQJWK DQG WHPSHUDWXUH DW WKH HQG RI
WKH JLYHQ UHJLRQ RI WKH HOHFWURGH VWLFNRXW�

O(7� 7�) =
YI

M�
∫
7
�

7

γ&S(7)
ρ(7) G7� ���

)RUPXOD ��� LV YDOLG IRU WKH UHJLRQ RI WKH HOHFWURGH
VWLFNRXW IURP � WR O�� ZKHUH WKH KHDW LV UHDOL]HG RQO\

E\ WKH SDVVLQJ FXUUHQW DQG DOO WKH KHDW JHQHUDWHG LV
XVHG IRU LQFUHDVLQJ KHDW FDSDFLW\ RI WKH PHWDO ZKHQ

WKH KHDW IORZ IURP WKH GURSOHW LV QRW \HW PDQLIHVWHG�
L�H� O� ≈ ����OV �KHUH O

V
x IXOO OHQJWK RI WKH HOHFWURGH

VWLFNRXW��

7KXV� WKH HTXDWLRQV ��� DQG ��� SUHVHW WKH SDUD�
PHWULF IRUP RI ZULWLQJ GHSHQGHQFH 8

V
�O�� 7KHVH IRU�

PXODH FRQILUP WKDW WKH YROWDJH GURS GHSHQGV RQ WKH

PHWDO GHQVLW\� LWV VSHFLILF KHDW FDSDFLW\� ZLUH IHHG

VSHHG DQG FXUUHQW GHQVLW\�

,W LV NQRZQ WKDW SRZHU 3�7� LV JHQHUDWHG GXULQJ
FXUUHQW SDVVLQJ LQ WKH HOHFWURGH VWLFNRXW DW WKH DUHD IURP

WKH QR]]OH WR WKH SRLQW RI WHPSHUDWXUH 7� 7KLV SRZHU

FDQ EH ZULWWHQ XVLQJ WKH H[SUHVVLRQ ��� DV IROORZV�

3(7� 7�) = 8(7� 7�), =
γYIπGH

�

�

∫&S

7
�

7

G7 =

= P
V
(7 w 7

�
) �

7 w 7
�

∫&S

7
�

7

G7�

���

ZKHUH ,  πG
H

�M�� LV WKH ZHOGLQJ FXUUHQW� $� P
V
LV WKH

HOHFWURGH ZLUH PDVV FRQVXPSWLRQ SHU VHFRQG� NJ�V�

$W SUHVHQFH RI D FRQWDFW UHVLVWDQFH LQ WKH SRLQW RI
FRQWDFW RI ZHOGLQJ ZLUH DQG QR]]OH RI ZHOGLQJ WRUFK

WKH SRZHU 3
F�7�� LV JHQHUDWHG� ZKLFK OHDGV WR WKH

HOHFWURGH ZLUH KHDWLQJ�

3
F
(7

�
) = 8

F
(7

�
), = P

V
(7

�
w 7

HQY
) &S

DY

(7�)� ����

ZKHUH 8F�7�� LV WKH FRQWDFW GURS RI YROWDJH EHWZHHQ
WKH QR]]OH DQG ZLUH� 9� 7

HQY
LV WKH WHPSHUDWXUH RI

ZHOGLQJ HQYLURQPHQW� .�

)LJXUH �� 6FKHPH RI GLVWULEXWLRQ RI YROWDJH GURS LQ HOHFWURGH VWLFN�
RXW OHQJWK� � x QR]]OH� � x GURSOHW �WKH UHVW GHVLJQDWLRQV DUH LQ
WKH WH[W�
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&S
DY

(7�) = �

7� w 7HQY

∫&S

7
HQY

7
�

(7)G7

LV WKH PHDQ YDOXH RI VSHFLILF KHDW FDSDFLW\ RI ZLUH

PHWDO IRU WKH WHPSHUDWXUH LQWHUYDO LQYHVWLJDWHG�

$V D UHVXOW RI WKLV WKH ZLUH DW WKH QR]]OH RXWOHW LV

RFFXUUHG WR EH DOUHDG\ KHDWHG WR 7�� 7KH FRQWDFW YROW�

DJH GURS DW WKH QR]]OH LV GHWHUPLQHG E\ WKH H[SUHVVLRQ

8V(7�� 7HQY) =
γYI
M

∫&S

7
HQY

7
�

(7)G7� ����

7KH DFWXDO YROWDJH GURS DW WKH HOHFWURGH VWLFNRXW

DUHD EHWZHHQ WKH QR]]OH DQG SRLQW O� �VHH )LJXUH ��

DW 7  7� LQ WKH HOHFWURGH VWLFNRXW OHQJWK� LV HTXDO WR

WKH VXP RI H[SUHVVLRQV ��� DQG ���� LV IRXQG IURP

WKH H[SUHVVLRQ

8QO
�

(7�) =
γYI
M

∫&S

7
HQY

7
�

(7)G7� ����

ZKHUH 7� LV WKH WHPSHUDWXUH DW WKH HOHFWURGH VWLFNRXW

OHQJWK HTXDO WR O� ZKLFK OLHV LQ DOO WKH FDVHV ZLWKLQ

WKH QDUURZ LQWHUYDO RI WHPSHUDWXUHV� ,WV YDOXH FDQ EH

WDNHQ� IRU H[DPSOH� IURP SXEOLFDWLRQV >�� ��@� ZKHUH

7�  ��� .� 7KH SUHOLPLQDU\ FDOFXODWLRQV VKRZHG WKDW

WKH WHPSHUDWXUH 7� LV IURP ��� WR ���� . GHSHQGLQJ

RQ WKH OHQJWK RI WKH HOHFWURGH VWLFNRXW�

&DOFXODWLRQV RI YROWDJH GURS ZHUH PDGH IRU WKH

UHJLRQ ZKLFK LV EHJLQQLQJ DW WKH ZLUH LQOHW WR WKH

QR]]OH DQG FRPSOHWLQJ E\ WKH OHQJWK RI WKH HOHFWURGH

VWLFNRXW O�� GLIIHULQJ IURP WKH IXOO OHQJWK RI VWLFNRXW

OV IRU D YDOXH ∆O� LWV YDOXH QRW H[FHHGLQJ �w� PP� $W
WKH UHJLRQ ∆O VXFK ODZV DUH YDOLG� ZKLFK DUH GLIIHUHG
IURP WKH ODZV GHVFULELQJ WKH KHDWLQJ RI WKH HOHFWURGH

ZLUH ZLWK D SDVVLQJ FXUUHQW� 0RUHRYHU� WKH KHDWLQJ

IURP D GURSOHW KDV D JUHDW HIIHFW� DQG WKH YROWDJH GURS

∆8 LQ WKLV UHJLRQ LV �w� 9� 6SHFLDO LQYHVWLJDWLRQV ZLOO

EH GHYRWHG WR WKLV FDVH�

7KH RIIHUHG PHWKRG PDGH LW SRVVLEOH WR WDNH LQWR

DFFRXQW WKH YROWDJH GURS LQ ZLUHwQR]]OH FRQWDFW� QRW

NQRZLQJ LWV UHVLVWDQFH YDOXH� ,Q DGGLWLRQ� WR GHWHUPLQH

WKH IXOO YROWDJH GURS8QO
�
DW HOHFWURGH VWLFNRXW OHQJWK

O  O� LW LV QRW QHFHVVDU\ WR NQRZ WKH WHPSHUDWXUH 7�

DW WKH ZLUH RXWOHW IURP WKH QR]]OH�

7KH ILQDO YDULDQW RI FDOFXODWLRQV KDV D SDUDPHWULF

IRUP RI UHFRUG RI UHODWLRQVKLS 8V�O� �WR SRLQW O� ZLWK

WHPSHUDWXUH 7���















8QO(7� 7�) =
γYI
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O(7� 7�) =
YI
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∫γ&S(7)

ρ(7)
7
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7
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)URP WKH IRUPXODH REWDLQHG WKH FDOFXODWLRQV IRU

HOHFWURGH ZLUHV 6Y���*�6 �& x ����� 6L x ����

0Q x ���� &U x ≤ ��� ZW��� RI ��� DQG ��� PP

GLDPHWHU LQ WKH HOHFWURGH VWLFNRXW OHQJWK IURPZHOGLQJ

WRUFK QR]]OH WR WKH DUHD DGMDFHQW WR WKH GURSOHW ZHUH

PDGH �VHH )LJXUH ��� )LJXUH � JLYHV WKH FRPSDULVRQ

RI REWDLQHG GDWD ZLWK H[SHULPHQWDO GDWD >�@ RI YROWDJH

GURS LQ WKH HOHFWURGH VWLFNRXW OHQJWK�

%DVHG RQ WKH FDOFXODWHG GDWD DW YI  FRQVW DQG ,  

 FRQVW WKH FXUYHV �w� ZHUH SORWWHG� H[SHULPHQWDO

GDWD >�@ DUH JLYHQ E\ FLUFOHV� ,Q ZRUN >�@ WKHUH DUH

QR GDWD DERXW WKH YROWDJH GURS LQ WKH HOHFWURGH VWLFN�

RXW OHQJWK LQ FHUWDLQ SRLQWV RI VWLFNRXW DW YI  FRQVW

�WKH YDOXHV RI YI ZHUH FKDQJHG WR FKDQJH OV�� 7KHUH�

IRUH� WR REWDLQ WKH LQWHUVHFWLRQ RI FXUYHV ZLWK DSSUR�

SULDWH H[SHULPHQWDO SRLQWV DW D SUHVHW OHQJWK OV WKH

DXWKRUV XVHG GLIIHUHQW YDOXHV 7� IRU HDFK H[SHULPHQWDO

SRLQW� )LJXUH � VKRZV D JRRG FRLQFLGHQFH RI FDOFXODWHG

DQG H[SHULPHQWDO GDWD�

,W FDQ EH FRQFOXGHG RQ WKH EDVLV RI FDOFXODWLRQV�

WKH KLJKHU HOHFWURGH IHHG VSHHG WKH ORZHU FRQWDFW GURS

RI YROWDJH WKDW LV FRLQFLGHG ZLWK H[SHULPHQWDO GDWD�

DQG WKH ORZHU WKH ZLUH WHPSHUDWXUH 7� DW LWV LQOHW

IURP WKH QR]]OH WKH ORZHU YROWDJH GURS LQ WKH HOHFWURGH

VWLFNRXW OHQJWK�

)URP IRUPXOD ���� WKH YROWDJH GURS LQ FRQWDFW ZLWK

ZLUHwQR]]OH XVLQJ ZHOGLQJ ZLUH RI ��� PP GLDPHWHU DQG

7�  ���w��� .ZDV �����w����� 9� ZKHQ ZHOGLQJ ZLUH

RI ��� PP GLDPHWHU ZDV XVHG DQG 7�  ���w��� . WKH

YROWDJH GURS ZDV �����w����� 9� 7KHVH GDWD FRUUHVSRQG

WR WKRVH RI >�@ ZKHUH 8F  ���w��� 9� +RZHYHU� LW

VKRXOG EH WDNHQ LQWR DFFRXQW WKDW LQ ZRUN >�@ D QRQ�

RSWLPL]HG QR]]OH ZDV� SUREDEO\� XVHG DV WKLV VPDOO YDOXH

8F FDQQRW EH REWDLQHG DW WKH RSWLPL]HG QR]]OH >��@� LW

LV XVXDOO\ �w� 9�

&XUYHV LQ )LJXUH � DUH SORWWHG E\ IRUPXODH RI WKH

SDUDPHWULF IRUP RI UHFRUG ���� XVLQJ DSSUR[LPDWLRQV

RI WHPSHUDWXUH UHODWLRQV RI VSHFLILF KHDW FDSDFLW\ DQG

VSHFLILF HOHFWULFDO UHVLVWDQFH JLYHQ LQ )LJXUHV � DQG ��

)LJXUH �� &XUYHV RI YROWDJH GURS LQ VWLFNRXW OHQJWK RI HOHFWURGH
RI ��� �D� DQG ��� �E� PP GLDPHWHU DW YI  ����� ���� ����� ����
����� ���� ����� ���� ����� ���� ����� ���� ����� ��� DQG �����
��� P�V �P x H[SHULPHQWDO GDWD�
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$SSUR[LPDWLRQV KDYH WKH IROORZLQJ IRUP�

IRU VSHFLILF KHDW FDSDFLW\

&S(7) =













��� + ���7 + ������ H
w������ (7& w 7)

DW 7 ≤ 7&�

��� + �����7 + ������� H
w����� (7& w 7)

DW 7& < 7 ≤ �����

��� + �����7 DW ���� < 7 ≤ �����

��� + �����7 DW 7 > �����

����

IRU VSHFLILF HOHFWULFDO UHVLVWDQFH

ρ (7� &� 6L� 0Q� &U� 1L� 3) =

=













����� ⋅��w�(� + ����� (7 w 7�)) + ��� ⋅��w�Hw������ (7& w 7) + ;�

DW 7 ≤ 7&�

����� ⋅��w�(� + ������ (7 w 7�)) + ���� ⋅��w� +
+ ����� ⋅��w�(� w H

������� (7& w 7)) + ;� DW 7 > 7&�

����

ZKHUH 7& LV WKH &XULH WHPSHUDWXUH ����� .�� ;� LV

WKH FRHIILFLHQW RI FKHPLFDO FRPSRVLWLRQ RI ZLUH 6Y�

��*�6�

;�  ����⋅��w� & � �����⋅��w� 6L � ����⋅��w� 0Q �

� �����⋅��w�&U � �����⋅��w� 1L � ����⋅��w� 3�

7KH DSSUR[LPDWLRQV RI WHPSHUDWXUH UHODWLRQVKLSV

�WR ���� .� RI VSHFLILF KHDW FDSDFLW\ DW FRQVWDQW SUHV�

VXUH DQG VSHFLILF HOHFWULFDO UHVLVWDQFH ρ IRU SXUH LURQ

IURP WKH GDWD RI ZRUN >��@ DQG IRU ZHOGLQJ ZLUHV

6Y���$� 6Y���*�6� 6Y���.K0$ �*267 ����w���

DUH JLYHQ� ,Q )LJXUH � WKH WHPSHUDWXUH UHODWLRQVKLSV

RI VSHFLILF KHDW FDSDFLW\ DW FRQVWDQW SUHVVXUH RI WKH

SXUHVW LURQ IURP GDWD RI *ROHWVNR >��� ��@ ZHUH WDNHQ

DV D EDVLV�

&21&/86,216

�� 7KH REWDLQHG HTXDWLRQV DUH SUHVHQWHG LQ WKH IRUP

RI D SDUDPHWULF UHODWLRQVKLS RI GLVWULEXWLRQ RI YROWDJH

GURS LQ WKH HOHFWURGH VWLFNRXW OHQJWK DV D IXQFWLRQ RI

WHPSHUDWXUH ZLWK D DOORZDQFH IRU D QRQ�OLQHDULW\ RI

WKHUPRSK\VLFDO SDUDPHWHUV� L�H� VSHFLILF HOHFWULFDO UH�

VLVWDQFH DQG VSHFLILF KHDW FDSDFLW\�

�� 6XFK SDUDPHWHUV DV FXUUHQW� ZLUH IHHG VSHHG�

LQLWLDO WHPSHUDWXUH RI ZLUH DW LWV LQOHW IURP WKH QR]]OH�

ZKLFK GHSHQGV LQ WXUQ RQ D FRQWDFW UHVLVWDQFH LQ WKH

QR]]OH� JUHDWO\ LQIOXHQFH WKH YROWDJH GURS LQ WKH HOHF�

WURGH VWLFNRXW OHQJWK�

�� 7KH IXOO GURS RI YROWDJH DW WKH QR]]OHwGURSOHW

DUHD FDQ EH FDOFXODWHG QRW NQRZLQJ WKH YDOXHV RI D

FRQWDFW UHVLVWDQFH LQ WKH QR]]OH DQG LQLWLDO WHPSHUDWXUH

RI ZLUH DW LWV RXWOHW IURP WKH QR]]OH�

�� :LWK LQFUHDVH LQ HOHFWURGH ZLUH IHHG VSHHG WKH

FRQWDFW UHVLVWDQFH LQ WKH QR]]OH LV GHFUHDVHG�

�� 7KH FDOFXODWLRQV RI VSHFLILF KHDW FDSDFLW\ DQG

VSHFLILF HOHFWULFDO UHVLVWDQFH DQG DOVR HOHFWURGH KHDWLQJ

E\ SDVVLQJ FXUUHQW DQG WKH IDPLO\ RI FXUYHV� SORWWHG

E\ WKH GDWD REWDLQHG� DUH FRLQFLGHG ZLWK DOUHDG\

NQRZQ H[SHULPHQWDO UHVXOWV LQ WKLV ILHOG RI LQYHVWLJD�

WLRQV �LQ SUHVHQW ZRUN x IRU SXUH LURQ DQG ZLUHV

6Y���*�6� 6Y���$� 6Y���.K0$�� 7KH RIIHUHG PRGHO

RI FDOFXODWLRQ RI WKH YROWDJH GURS LQ WKH HOHFWURGH

VWLFNRXW OHQJWK LV PRUH SUHFLVH DQG YDOLG� DV FRPSDUHG

ZLWK H[LVWLQJ PRGHOV� DV LW UHIOHFWV WKH SURFHVVHV SUR�

FHHGLQJ LQ WKH SRZHU VRXUFHwZHOGLQJ DUF V\VWHP� 8V�

LQJ WKLV PRGHO LW LV SRVVLEOH WR FDOFXODWH DOO WKH PDLQ

SDUDPHWHUV DW GLIIHUHQW FRQGLWLRQV RI FRQVXPDEOH HOHF�

WURGH ZHOGLQJ DQG WR GHVLJQ QHZ SRZHU VRXUFHV ZLWK

LPSURYHG SURSHUWLHV�

�� .RVKNDU\RY� %�7�� 0LNKDMORY� $�1�� %XGQLN� 1�0� ������
,QIOXHQFH RI VWLFNRXW RQ HOHFWURGH PHOWLQJ LQ &2� ZHOGLQJ�
6YDURFKQ� 3URL]YRGVWYR� ��� ��w���

�� 5\NDOLQ� 1�1� ������ &DOFXODWLRQV RI WKHUPDO SURFHVVHV LQ
ZHOGLQJ� 0RVFRZ� 0DVKJL]�

�� 3DWRQ� %�(� ������ $XWRPDWLF HOHFWULF DUF ZHOGLQJ� .\LY�
0DVKJL]�

�� 6KHMQNLQ� 0�=� ������ 'HWHUPLQDWLRQ RI DGPLVVLEOH VWLFNRXW
RI WKLQ HOHFWURGH ZLUH LQ &2� ZHOGLQJ� 6YDURFKQ� 3URL]YRG�
VWYR� �� ��w���

�� =DUXED� ,�,�� .DVDWNLQ %�6�� .DNKRYVN\� 1�,� HW DO� ������
&2� ZHOGLQJ� .\LY� 7HNKQLND�

�� 3RWDSLHYVN\� $�*� ������ *DV PHWDO DUF ZHOGLQJ� 0RVFRZ�
0DVKLQRVWURHQLH�

�� $NXORY� $�,� ������ $ERXW TXDQWLW\ RI KHDW LQWURGXFHG LQ DUF E\
HOHFWURGH KHDWHG LQ VWLFNRXW� $YWRPDWLFK� 6YDUND� �� ��w���

�� 3RNODG\� 9�5� ������ 6WXG\ DQG GHYHORSPHQW RI VHPL�DXWR�
PDWLF ZHOGLQJ WHFKQRORJ\ ZLWK LQFUHDVHG HOHFWURGH VWLFNRXW
LQ &2��2 PL[WXUH� 6\QRSVLV RI 7KHVLV IRU &DQG� RI 7HFKQ�
6FL� 'HJUHH� .\LY� 3:,�

�� 'RURQLQ� 9�3�� 3RSNRY� $�0� 0HWKRG RI PHDVXULQJ RI YROW�
DJH GURS RQ HOHFWURGH VWLFNRXW� 8665 DXWKRUsV FHUW� �������
,QW� &O� % �� . ����� 3XEO� ���������

��� 'RURQLQ� 9�3�� (ODQWVHY� $�,� ������ 0HDVXULQJ RI YROWDJH
GURS RQ HOHFWURGH VWLFNRXW DQG DUF LQ VKRUW�FLUFXLW WUDQVIHU
ZHOGLQJ� ,Q� 3UREOHPV RI ZHOGLQJ PDQXIDFWXULQJ� 7UDQVDFW�
RI &KHO\DELQVN 3RO\WHFKQLFDO ,QVWLWXWH�

��� %H]EDNK� '�.� ������ 8VH RI HOHFWURGH SUHKHDWLQJ WR LPSURYH
WKH ZHOGLQJ SURGXFWLYLW\� $YWRPDWLFK� 6YDUND� �� ��w���

��� %HO\DHY� 1�0� ������ )XQGDPHQWDOV RI KHDW WUDQVIHU� 0DQ�
XDO� .\LY� 9\VKFKD 6KNROD�

��� &KXEXNRY� $�$� ������ 5HVLVWDQFH RI WLS�HOHFWURGH ZLUH FRQ�
WDFW LQ &2��ZHOGLQJ� 6YDURFKQ� 3URL]YRGVWYR� ��� ��w���

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

��� &KLUNLQ� 9�6� ������ 7KHUPRSK\VLFDO SURSHUWLHV RI PDWHUL�
DOV� 0RVFRZ� )L]PDWJL]�

)LJXUH �� $SSUR[LPDWLRQ RI UHODWLRQVKLS EHWZHHQ VSHFLILF HOHFWULFDO
UHVLVWDQFH ρ RI SXUH LURQ DQG ZHOGLQJ ZLUHV RI GLIIHUHQW JUDGHV DQG
WHPSHUDWXUH� �x 6Y���*�6� �x 6Y���.K0$� �x 6Y���$� � x
SXUH LURQ

)LJXUH �� $SSUR[LPDWLRQ RI UHODWLRQVKLS EHWZHHQ VSHFLILF KHDW FD�
SDFLW\ &S RI ZLUH PHWDO DQG WHPSHUDWXUH �$�w$� x SRLQWV RI SKDVH
WUDQVLWLRQV�
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*�1� /8.,1$� 0�9� %2/6+$.29 DQG 6�<D� 3,'*$-&+8.

1DWLRQDO 8QLYHUVLW\ �/YLYVND 3RO\WHNKQLND�� /YLY� 8NUDLQH

6WUXFWXUH DQG SURSHUWLHV RI FRDWLQJV SURGXFHG E\ PDJQHWURQ VSXWWHULQJ RI WDUJHWV RI VWDLQOHVV VWHHO RI WKH ����� W\SH

ZLWK PRO\EGHQXP DGGLWLRQV KDYH EHHQ LQYHVWLJDWHG� $V VKRZQ E\ ;�UD\ GLIIUDFWLRQ DQDO\VLV� WKH )Hw1Lw&Uw0R FRDWLQJV

DUH FKDUDFWHULVHG E\ DQ DPRUSKRXV VWUXFWXUH� VWDEOH LQ WKH ���w��� . UDQJH� 7KH FRDWLQJV DUH SURYHG WR KDYH KLJK YDOXHV

RI PLFURKDUGQHVV ����w��� *3D� DQG FRUURVLRQ UHVLVWDQFH LQ DTXHRXV VDOW VROXWLRQV�

.H\ ZRUG V � FRDWLQJV ZLWK DPRUSKRXV VWUXFWXUH� PDJQHWURQ

VSXWWHULQJ� FRUURVLRQ UHVLVWDQFH� SURWHFWLYH�GHFRUDWLYH FRDWLQJV

+LJK YDOXHV RI DQWL�FRUURVLYH SURSHUWLHV DQG D FRPEL�

QDWLRQ RI SK\VLFDO�FKHPLFDO FKDUDFWHULVWLFV RI DOOR\V

ZLWK DQ DPRUSKRXV VWUXFWXUH RIIHU ZLGH SURVSHFWV IRU

WKHLU FRPPHUFLDO DSSOLFDWLRQ LQ WKH IRUP RI FRDWLQJV�

0DJQHWURQ VSXWWHULQJ SURYLGHV D VXEVWDQWLDO GH�

FUHDVH LQ KHDWLQJ RI WKH VXUIDFH GXH WR LWV GHFUHDVHG

ERPEDUGPHQW E\ VHFRQGDU\ HOHFWURQV >�@� WKXVPDNLQJ
LW SRVVLEOH WR DFKLHYH KLJK FRROLQJ UDWHV LQ IRUPDWLRQ

RI FRDWLQJV� ZKLFK DUH UHTXLUHG IRU WKHLU DPRUSKLVD�

WLRQ� 7KLV FLUFXPVWDQFH PDNHV WKH PDJQHWURQ VSXW�

WHULQJ PHWKRG PRVW SURPLVLQJ IRU SURGXFWLRQ RI FRDW�

LQJV ZLWK DQ DPRUSKRXV VWUXFWXUH� FRPSDUHG ZLWK WKH

NQRZQ PHWKRGV RI YDFXXP FRQGHQVDWLRQ GHSRVLWLRQ�
,Q DGGLWLRQ� WKH DERYH FRDWLQJV� XQOLNH WKHUPDO VSUD\
RQHV� UHTXLUH QR VXEVHTXHQW PDFKLQLQJ DQG KDYH DQ

DWWUDFWLYH DSSHDUDQFH� ZKLFK GHWHUPLQHV WKHLU ZLGH

DSSOLFDWLRQ IRU SURWHFWLYH DQG GHFRUDWLYH SXUSRVHV�

2EMHFWLYHV RI WKH SUHVHQW VWXG\ ZHUH DV IROORZV�
• HYDOXDWLRQ RI WKH SRVVLELOLW\ RI SURGXFLQJ FRDW�

LQJV ZLWK DQ DPRUSKRXV VWUXFWXUH RQ PHWDO SDUWV E\

WKH PHWKRG RI PDJQHWURQ VSXWWHULQJ RI WDUJHWV EDVHG

RQ &Uw1L VWDLQOHVV VWHHOV DOOR\HG ZLWK PRO\EGHQXP�

• LQYHVWLJDWLRQ RI VWUXFWXUH RI WKH UHVXOWLQJ FRDW�

LQJV E\ ;�UD\ GLIIUDFWLRQ DQDO\VLV� GHSHQGLQJ XSRQ

WKHLU FKHPLVWU\ DQG FRQGLWLRQV RI VXEVHTXHQW KHDW

WUHDWPHQW� DV ZHOO DV FRPSDULVRQ RI WKHLU FRUURVLRQ

UHVLVWDQFH�

7KH FKRLFH RI PRO\EGHQXP IRU DOOR\LQJ WKH FRDW�
LQJV LV EDVHG RQ WKH IDFW WKDW LW SURPRWHV VWDELOLVDWLRQ

RI WKH DPRUSKRXV VWUXFWXUH� LQFUHDVHV FRUURVLRQ UHVLV�

WDQFH� LPSURYHV PHFKDQLFDO FKDUDFWHULVWLFV DQG UDLVHV

WKHUPDO VWDELOLW\ RI WKH DOOR\ >�@�

&RDWLQJV �w� µP WKLFN ZHUH GHSRVLWHG RQ VDPSOHV

RI VWHHO ��.K �& x ���� &U x ��� ZW���� 7DUJHWV

IRU VSXWWHULQJ ZHUH PDGH IURP VKHHW VWHHO ��.K��1�7
�& x ����� &U x ����� 1L x ���� 7L x ��� ZW����
&RPSRVLWH WDUJHWV ZLWK PRO\EGHQXP LQVHUWV� ZKLFK
ZHUH PHFKDQLFDOO\ IL[HG LQ UHFWDQJXODU JURRYHV PDGH

LQ WKH VWDLQOHVV VWHHO WDUJHWV� ZHUH XVHG WR SURGXFH

FRDWLQJV RI WKH )Hw1Lw&Uw0R V\VWHP ZLWK D GLIIHULQJ

PRO\EGHQXP FRQWHQW RI WKH FRDWLQJV� 0DVV IUDFWLRQ

RIPRO\EGHQXPZLWKLQ D UDQJH RI �w��� �FDOFXODWLRQ�

ZDV UHJXODWHG E\ YDU\LQJ WKH DUHD RI WKH LQVHUWV LQ

WKH DFWLYH ]RQH RI HURVLRQ RI WKH WDUJHWV� 7KH XSSHU

OLPLW RI WKH FRQWHQW RI PRO\EGHQXP ZDV FKRVHQ RQ
WKH EDVLV RI HFRORJLFDO IDFWRUV DQG LWV UHODWLYH VKRUWDJH

DV DQ DOOR\LQJ HOHPHQW� 6SXWWHULQJ ZDV SHUIRUPHG XQ�

GHU WKH IROORZLQJ FRQGLWLRQV� ZRUNLQJ SUHVVXUH RI DU�
JRQ LQ WKH FKDPEHU ZDV �⋅��w� 3D� ZRUNLQJ YROWDJH

ZDV ��� 9� GLVFKDUJH FXUUHQW ZDV � $� GHSRVLWLRQ UDWH

ZDV ��w�� QP⋅Vw� DQG WHPSHUDWXUH RI KHDWLQJ RI WKH

VDPSOHV GXULQJ WKH FRDWLQJ SURFHVV ZDV QRW LQ H[FHVV

RI ��� .� 7KH WLPH RI VSXWWHULQJ ZDV YDULHG IURP �

WR � K WR SURGXFH FRDWLQJV RI GLIIHULQJ WKLFNQHVV� 3ULRU

WR GHSRVLWLRQ RI WKH FRDWLQJV� WR DFWLYDWH WKH VXUIDFH

DQG LQFUHDVH WKHLU DGKHVLRQ VWUHQJWK WKH VDPSOHV ZHUH

VXEMHFWHG WR SUHOLPLQDU\ WUHDWPHQW LQ DUJRQ SODVPD

ZLWK DQ HQHUJ\ RI LRQV HTXDO WR ��� H9 IRU �w��� K�

6WUXFWXUH RI WKH FRDWLQJV �SDFNLQJ FKDUDFWHU� GH�

JUHH RI GLVSHUVLRQ RI DWRP JURXSV DQG WKHLU PHDQ VL]HV�

ZDV LQYHVWLJDWHG E\ ;�UD\ GLIIUDFWLRQ DQDO\VLV ZLWK

WKH '521�� LQVWUXPHQW LQ D ILOWHUHG LURQ UDGLDWLRQ

�)Hw.α� XVLQJ GLIIHUHQW DWWDFKPHQWV� 6L]HV RI WKH FR�
KHUHQW VFDWWHULQJ EORFNV ZHUH GHWHUPLQHG IURP ZLG�

HQLQJ RI LQWHUIHUHQFH IULQJHV E\ WKH DSSUR[LPDWLRQ

PHWKRG� DV LW SURYLGHV D KLJK DFFXUDF\ IRU FU\VWDOOLQH

JUDLQV ZLWK D VL]H UDQJLQJ IURP �� WR ��� QP� %HFDXVH

RI VPDOO WKLFNQHVV RI WKH FRDWLQJV� WKH LQYHVWLJDWLRQV

ZHUH FRQGXFWHG DW VPDOO LQFLGHQFH DQJOHV WR GHFUHDVH

WKH HIIHFWLYH GHSWK RI SHQHWUDWLRQ RI ;�UD\V� 7KH

PHWKRG RI UHYHUVH ILOPLQJ ZDV HPSOR\HG WR HVWLPDWH

LQWHJUDO LQWHQVLW\ DQG SRVLWLRQ RI GLIIUDFWLRQ OLQHV DW

VSHFLILHG DQJOHV� 7KH KLJK�WHPSHUDWXUH LQYHVWLJDWLRQV

ZHUH FDUULHG RXW LQ D VSHFLDO FKDPEHU LQ WKH KLJK�SX�

ULW\ KHOLXP DWPRVSKHUH� &RUURVLRQ UHVLVWDQFH RI WKH

FRDWLQJVZDV VWXGLHG XVLQJ WKH 3�����* SRWHQWLRPHWHU

E\ UHFRUGLQJ DQRGH SRODULVDWLRQ FXUYHV LQ � � 1D&O
DTXHRXV VROXWLRQ XQGHU SRWHQWLRG\QDPLF FRQGLWLRQV�

(VWLPDWLRQ RI PLFURKDUGQHVV� DFFRUGLQJ WR *267

����w��� ZDV FRQGXFWHG RQ WUDQVYHUVH VHFWLRQV RI WKH

FRDWLQJV ZLWK WKH 307�� PLFURKDUGQHVV PHWHU XVLQJ

D TXDGUDQJXODU S\UDPLG ZLWK D UKRPELF EDVH �.QRRS

S\UDPLG��

7KH DWRPLF GHQVLW\ UDGLDO GLVWULEXWLRQ IXQFWLRQ
�$'5')� LV DQ LPSRUWDQW FKDUDFWHULVWLF RI WKH DPRU�
SKRXV VWUXFWXUH RI DOOR\V� 7KLV IXQFWLRQ LV REWDLQHG

E\ UHGXFLQJ WKH FXUYH RI DQJXODU GHSHQGHQFH RI WKH
� *�1� /8.,1$� 0�9� %2/6+$.29 DQG 6�<D� 3,'*$-&+8.� ����
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LQWHQVLW\ RI VFDWWHULQJ RI ;�UD\V WR HOHFWURQ XQLWV�

*LYHQ WKDW WKH FRDWLQJV LQYHVWLJDWHG DUH PXOWLFRPSR�

QHQW RQHV� WKH VWUXFWXUDO IDFWRU ZDV FDOFXODWHG E\

DYHUDJLQJ WKH DWRPLF IDFWRU >�@�

$V IROORZV IURP WKH UHVXOWV RI VWUXFWXUDO LQYHVWL�

JDWLRQV �7DEOH ��� LQ WKH FDVH RI XVLQJ WKH VWHHO

��.K��1�7 WDUJHWV WKH GHSRVLWHG FRDWLQJV KDYH D PL�

FURFU\VWDOOLQH VWUXFWXUH� DQG WKH FRKHUHQW VFDWWHULQJ

EORFNV DUH PXFK GHFUHDVHG LQ VL]H �DSSUR[LPDWHO\ E\

D IDFWRU RI �� L�H� WR �� QP�� FRPSDUHG ZLWK D PDWHULDO

EHIRUH VSXWWHULQJ �WDUJHW�� ZKLFK LV DFFRPSDQLHG E\

DQ LQFUHDVH LQ PLFURKDUGQHVV� 6LPLODU FRDWLQJV DOOR\HG

ZLWK PRO\EGHQXP DUH FKDUDFWHULVHG E\ D KLJKHU PL�

FURKDUGQHVV DQG KDYH DQ DPRUSKRXV VWUXFWXUH� 'LI�

IUDFWLRQ SDWWHUQV �)LJXUH �� VKRZ D ZLGH GLIIXVLRQ

KDOR LQ D UDQJH RI UHIOHFWLRQ DQJOHV θ  ��w��� DW WKH

DEVHQFH RI GLIIUDFWLRQ SHDNV RI FU\VWDOOLQH SKDVHV RI

WKH DOOR\� 6RPH ELIXUFDWLRQ RI WKH PDLQ LQWHUIHUHQFH

PD[LPXP� ZKLFK GHFUHDVHV ZLWK DQ LQFUHDVH LQ WKH

DPRXQW RI PRO\EGHQXP LQ WKH FRDWLQJ� LV LQGLFDWLYH

RI DQ LQVLJQLILFDQW VWUXFWXUDO KHWHURJHQHLW\ RI WKH

FRDWLQJV� 7KHUHIRUH� DQ DGGLWLRQ RI PRO\EGHQXP WR

WKH FRDWLQJV EDVHG RQ WKH )Hw1Lw&U V\VWHP IDYRXUV

IRUPDWLRQ RI WKHLU DPRUSKRXV VWUXFWXUH DQG OHDGV WR

WKHLU VXEVWDQWLDO KDUGHQLQJ�

,Q YLHZ RI WKH HVWDEOLVKHG DPRUSKRXV VWUXFWXUH RI

WKH )Hw1Lw&Uw0R V\VWHP FRDWLQJV� LW LV LPSRUWDQW WR

VWXG\ WKH SUREOHP RI VLPLODULW\ RI WKH DPRUSKRXV DQG

SRO\FU\VWDOOLQH VWUXFWXUHV LQ WKH VKRUW UDQJH RUGHULQJ

UHJLRQ� 7KLV SUREOHP ZDV VROYHG E\ XVLQJ WKH PHWKRG

RI LQWHJUDWHG DQDO\VLV RI WKH LQWHQVLW\ FXUYHV� ZKLFK

FRQVLVWV LQ SORWWLQJ $'5') DQG VWUXFWXUDO IDFWRU

IURP H[SHULPHQWDO GDWD RI DQJXODU GLVWULEXWLRQ RI WKH

LQWHQVLW\ RI D VFDWWHUHG UDGLDWLRQ RI WKH )Hw1Lw&Uw0R

V\VWHP FRDWLQJV �)LJXUH ��� 7KH JHQHUDO YLHZ RI VWUXF�

WXUDO IDFWRUV �)LJXUH �� D� LV VLPLODU WR W\SLFDO VWUXF�

WXUDO IDFWRUV IRU XQRUGHUHG V\VWHPV� WKH RQO\ GLIIHU�

HQFH O\LQJ LQ WKH IDFW WKDW WKHUH LV D FOHDUO\ GHILQHG

LQWHQVLW\ SHDN RQ WKH VLGH RI VPDOO DQJOHV� ([SHUL�

PHQWDO VWXGLHV RI DOOR\V ZLWK WKH DPRUSKRXV VWUXFWXUH

VKRZHG WKDW WKH IDU UDQJH VWUXFWXUDO RUGHULQJ DQG

SHULRGLFLW\ RI DUUDQJHPHQW RI DWRPV DUH DEVHQW LQ WKLV

FDVH� 7KHUH LV VRPH VKRUW UDQJH RUGHULQJ ZKLFK FDQ

EH ZHOO GHWHUPLQHG DW D GLVWDQFH EHWZHHQ WKH WZR

QHLJKERXULQJ DWRPV� DOWKRXJK WKH FRUUHODWLRQ EH�

WZHHQ WKH DWRPV LQ WKHLU UHODWLYH DUUDQJHPHQW UDSLGO\

DWWHQXDWHV ZLWK DQ LQFUHDVH LQ GLVWDQFH IURP D VHOHFWHG

DWRP >�@�

3RVLWLRQV RI PD[LPD ZHUH FRPSDUHG ZLWK SRVLWLRQV

RI WKH FRUUHVSRQGLQJ PD[LPD IRU SRO\FU\VWDOOLQH FRP�

SRQHQWV RI WKH DOOR\� γ�)H ZDV IRXQG WR EH FKDUDF�

WHULVHG E\ WKH EHVW FRUUHVSRQGHQFH RI WKH PDLQ PD[�

LPD� 3RVLWLRQV RI PD[LPD GHSHQGLQJ XSRQ WKH ZDYH

IDFWRU 6  �π�λVLQ θ �ZKHUH �θ LV WKH DQJOH RI VFDW�

WHULQJ RI ;�UD\ UDGLDWLRQ DQG λ LV WKH ZDYH OHQJWK�

IRU WKHP LV DV IROORZV �7DEOH ���

7KH ILUVW SHDN FDQQRW EH FRPSDUHG ZLWK OLQHV IRU

SRO\FU\VWDOOLQH FRPSRQHQWV RI WKH DOOR\ RU FRP�

SRXQGV� ZKLFK LV LQGLFDWLYH RI WKHLU GLIIHUHQW QDWXUH�

$V WKLV PD[LPXP LV ORFDWHG RQ WKH VLGH RI VPDOOHU

VFDWWHULQJ DQJOHV� LW PD\ FRUUHVSRQG WR FHUWDLQ VWUXF�

WXUDO JURXSV RI ODUJHU VL]HV� L�H� RI WKH W\SH RI FOXVWHUV�

$ FRDWLQJ ZLWK D KLJKHU PRO\EGHQXP FRQWHQW LV FKDU�

DFWHULVHG E\ D OHVV GHILQHG VWUXFWXUDO IDFWRU �WKH ILUVW

DQG VHFRQG PD[LPD DUH VPDOOHU LQ KHLJKW DQG ZLGWK��

ZKLFK LV LQGLFDWLYH RI DQ LQFUHDVHG GHJUHH RI KHWHUR�

JHQHLW\ RI WKH FRDWLQJ VWUXFWXUH�

7KH $'5') YDOXHV FRPSXWHG XVLQJ 3& E\ PHDQV

RI WKH LQWHJUDO )RXULHU WUDQVIRUPDWLRQ ZHUH HPSOR\HG

IRU D PRUH FRPSUHKHQVLYH DQDO\VLV RI VWUXFWXUH RI WKH

FRDWLQJV �)LJXUH �� E�� 7KHPDLQ VWUXFWXUDO SDUDPHWHUV

�SUREDEOH DWRPLF GLVWDQFH DQG PHDQ FRRUGLQDWLRQ

QXPEHU� ZHUH GHWHUPLQHG IURP WKH DERYH YDOXHV�

7KH ILUVW PD[LPD RI $'5') DUH VPHDUHG� DQG

DUHDV EHQHDWK WKHP� HTXDO WR DERXW �� DUH LQVLJQLIL�

FDQW� 7KHVH PD[LPD FRUUHVSRQG WR LQWHUDWRPLF GLV�

WDQFHV ZKLFK DUH DSSUR[LPDWHO\ HTXDO WR ��� QP� WKLV

EHLQJ LQGLFDWLYH RI H[LVWHQFH RI UHJLRQV ZLWK D ORRVH

DWRPLF SDFNLQJ LQ WKH FRDWLQJV� 7KH PDLQ FRRUGLQDWLRQ

PD[LPD DUH PRUH FOHDUO\ GHILQHG DQG FRUUHVSRQG WR

)LJXUH �� 'LIIUDFWLRQ SDWWHUQV RI PDJQHWURQ FRDWLQJV RI WKH )Hw
1Lw&Uw0R V\VWHPSURGXFHG E\ VSXWWHULQJ WDUJHWV RI GLIIHUHQW FKHP�
LVWU\� � x VWHHO ��.K��1�7 � � � 0R� � x VWHHO ��.K��1�7 �
�� � 0R

7DEOH �� &KDUDFWHULVWLFV DQG SURSHUWLHV RI H[SHULPHQWDO FRDWLQJV

7DUJHW PDWHULDO &RDWLQJ WKLFNQHVV� µP 0LFURKDUGQHVV�

*3D

&RKHUHQW VFDWWHULQJ

EORFN VL]HV� QP
&RDWLQJ VWUXFWXUH

6WHHO ��.K��1�7 :LWKRXW FRDWLQJ ��� �� &U\VWDOOLQH

6WHHO ��.K��1�7 � ��� �� 0LFURFU\VWDOOLQH

6WHHO ��.K��1�7 � � � 0R � ��� w $PRUSKRXV

6WHHO ��.K��1�7 � �� � 0R � ��� w 6DPH

7DEOH �� 3RVLWLRQ RI PD[LPD RQ WKH VWUXFWXUDO IDFWRU FXUYHV

,QYHVWLJDWLRQ REMHFW
6� QP

w�

3HDN � 3HDN � 3HDN �

)Hw1Lw&Uw0R V\VWHP FRDWLQJ �� ���� ����

γ�)H w ���� ����
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DQ LQWHUDWRPLF GLVWDQFH RI ����� QP� 7KH DUHD XQGHU

WKH PDLQ FRRUGLQDWLRQ SHDN ZDV FRPSXWHG IURP WKH

UHVXOWLQJ GLVWULEXWLRQ IXQFWLRQV� DV WKLV DUHD GLUHFWO\

FKDUDFWHULVHV WKH SDFNLQJ GHQVLW\ DQG LV RQH RI WKH

EDVLF VKRUW UDQJH RUGHULQJ SDUDPHWHUV� &RRUGLQDWLRQ

QXPEHU IRU WKH )Hw1Lw&Uw0R V\VWHP FRDWLQJV ZDV

IRXQG WR EH ���� DQG ����� GHSHQGLQJ XSRQ WKH PR�

O\EGHQXP FRQWHQW� 6XFK YDOXHV RI WKH DUHDV DUH LQ�

GLFDWLYH RI WKH IDFW WKDW WKH DWRPLF GLVWULEXWLRQ LV WKH

GHQVHVW� $OVR� WKLV SRLQWV WR WKH IDFW WKDW WKH VLPLODULW\

ZLWK α�)H LV D ODUJHU WKDQ ZLWK γ�)H� DV WKH FRRUGL�
QDWLRQ QXPEHU IRU WKH IRUPHU LV �� DQG WKDW IRU WKH

ODWWHU LV �� 6RPH H[FHHGLQJ RI WKH FRRUGLQDWLRQ QXPEHU

RI WKH FRDWLQJV RYHU WKDW RI γ�)H LV LQGLFDWLYH RI D

VXEVWDQWLDO LPSHUIHFWLRQ RI WKH DWRPLF RUGHULQJ� ZKLFK

LV FDXVHG E\ D FRPSOH[ DOOR\LQJ RI WKH FRDWLQJ�

,W FDQ EH FRQFOXGHG RQ WKH EDVLV RI WKH DERYH GDWD

WKDW WKH VKRUW UDQJH RUGHULQJ RI WKH FRDWLQJV ZLWK DQ

DPRUSKRXV VWUXFWXUH LV FKDUDFWHULVHG E\ D GHQVH SDFN�

LQJ RI DWRPV ZLWK WKH PRVWO\ PHWDOOLF FKDUDFWHU RI

ELQGLQJ� DQG LV VLPLODU WR WKH FU\VWDOOLQH VWUXFWXUH RI

LURQ ZLWK WKH IDFH�FHQWUHG FXELF ODWWLFH� $ GUDZEDFN

RI WKH PDMRULW\ RI DOOR\V ZLWK WKH DPRUSKRXV VWUXFWXUH

LV D YHU\ ORZ WKHUPDO VWDELOLW\ RI WKH DPRUSKRXV VWDWH�

L�H� D ORZ YDOXH RI WKH GHYLWULILFDWLRQ WHPSHUDWXUH

�WUDQVLWLRQ IURP WKH DPRUSKRXV WR FU\VWDOOLQH VWDWH��

ZKLFK LV QRUPDOO\ DFFRPSDQLHG E\ D GUDPDWLF GHWH�

ULRUDWLRQ LQ PHFKDQLFDO DQG SK\VLFDO�FKHPLFDO SURS�

HUWLHV >�@� 5DGLRJUDSK\ ZDV FRQGXFWHG LQ WKH KLJK�

WHPSHUDWXUH FKDPEHU ZLWK WKH KLJK�SXULW\ KHOLXP DW�

PRVSKHUH WR SUHYHQW R[LGDWLRQ DW WHPSHUDWXUHV RI ���w

��� . DQG DW D KROGLQJ WLPH RI �w� K� 'LUHFW UDGLRJ�

UDSK\ DW GLIIHUHQW WHPSHUDWXUHV SURYHG WKDW WKH DPRU�

SKRXV VWUXFWXUH RI WKH FRDWLQJV LQYHVWLJDWHG ZDV YHU\

VWDEOH ZLWKLQ D ZLGH WHPSHUDWXUH UDQJH�

7KH LQWHQVLW\ RI WKH PDLQ LQWHUIHUHQFH PD[LPXP�

WKH SURILOH RI ZKLFK DW GLIIHUHQW WHPSHUDWXUH LV VKRZQ

LQ )LJXUH �� ZDV IL[HG� $V FDQ EH VHHQ� QR VXEVWDQWLDO

RU FDUGLQDO FKDQJHV ZHUH UHYHDOHG LQ D WHPSHUDWXUH

UDQJH RI ���w��� .� ,Q KHDWLQJ WR ��� . WKH FRDWLQJ

VWUXFWXUH UHPDLQHG DPRUSKRXV� DG LWV EDVLF FKDUDF�

WHULVWLFV GLG QRW FKDQJH� 7KH DEVHQFH RI LQVLJQLILFDQW

ELIXUFDWLRQ RI PD[LPXP DW KHDWLQJ WHPSHUDWXUHV RI

���w��� . HYLGHQFHV GLVDSSHDUDQFH RI PLFURUHJLRQV

ZLWK DQ LQVLJQLILFDQW VWUXFWXUDO KHWHURJHQHLW\� 7KHUH�

IRUH� WKH DGGLWLRQ RI PRO\EGHQXP WR WKH FRDWLQJV ZDV

)LJXUH �� &XUYHV RI LQWHQVLW\ , RI WKH PDLQ LQWHUIHUHQFH PD[LPXP
RI WKH )Hw1Lw&Uw0R V\VWHP FRDWLQJ DW GLIIHUHQW WHPSHUDWXUH YDO�
XHV� .� � x ���� � x ���� � x ���� � x ���� � x ���

)LJXUH �� 6WUXFWXUDO IDFWRU �D� DQG UDGLDO GLVWULEXWLRQ IXQFWLRQ �E� DW ��� . IRU WKH )Hw1Lw&Uw0R V\VWHP FRDWLQJV ZLWK DPRUSKRXV
VWUXFWXUH SURGXFHG E\ VSXWWHULQJ WDUJHWV RI GLIIHUHQW FKHPLVWU\� J�U� x $'5')� U x GLVWDQFH IURP D IL[HG DWRP� D x VWUXFWXUDO
IDFWRU� 6 x ZDYH IDFWRU �VHH GHVLJQDWLRQV LQ )LJXUH ��
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SURYHG WR SURYLGH WKHUPDO VWDELOLW\ RI WKH DPRUSKRXV

VWUXFWXUH XS WR D WHPSHUDWXUH RI ��� .�

7KH DQRGH SRODULVDWLRQ FXUYHV ZHUH SORWWHG XQGHU

SRWHQWLRG\QDPLF FRQGLWLRQV DW D UDWH RI VXSHUSRVLWLRQ

RI SRWHQWLDOV HTXDO WR � P9�V DW D WHPSHUDWXUH RI

��� . LQ RUGHU WR JHQHUDWH FRPSDUDWLYH GDWD RQ FRU�

URVLRQ UHVLVWDQFH RI WKH )Hw1Lw&U DQG )Hw1Lw&Uw0R

V\VWHP FRDWLQJV ZLWK WKH DPRUSKRXV DQG PLFURFU\V�

WDOOLQH VWUXFWXUHV� $QDO\VLV RI WKH SRODULVDWLRQ FXUYHV

�)LJXUH �� VKRZV WKDW WKH VWDWLRQDU\ HOHFWURGH SRWHQ�

WLDO RI WKH PDMRULW\ RI WKHVH FRDWLQJV LV ZLWKLQ D UDQJH

RI w���� w w���� 9 ZLWK UHVSHFW WR D VDWXUDWHG FKOR�

ULQH� VLOYHU HOHFWURGH� $OO WKH FRDWLQJV DUH FKDUDF�

WHULVHG E\ D UDSLG IRUPDWLRQ RI SDVVLYH SURWHFWLYH ILOPV

DW D ORZ FXUUHQW GHQVLW\ L �≈ �⋅��w� $�FP��� 7KH

)Hw1Lw&U V\VWHP FRDWLQJ KDV D PRUH H[WHQGHG SDVVL�

YDWLRQ UHJLRQ� FRPSDUHG ZLWK VWHHO ��.K��1�7 LQ WKH

LQLWLDO VWDWH� :LGHQLQJ RI WKH SDVVLYDWLRQ UHJLRQ RI

WKH PLFURFU\VWDOOLQH FRDWLQJV EDVHG RQ VWDLQOHVV VWHHO

LV DWWULEXWDEOH WR PRUH KRPRJHQHRXV DQG VWDEOH FKUR�

PLXP R[LGH EDVHG ILOPV IRUPHG RQ WKH FRDWLQJ VXUIDFH�

,W FDQ EH DVVXPHG WKDW D KLJK VWDELOLW\ RI WKHVH ILOPV

LV DVVRFLDWHG ZLWK D UHDG\ HQULFKPHQW RI WKH SDVVLYDW�

LQJ ILOPV ZLWK FKURPLXP� RZLQJ WR WKH PLFURFU\V�

WDOOLQH VWUXFWXUH RI WKH FRDWLQJ�

$GGLWLRQ RI PRO\EGHQXP WR WKH FRDWLQJ OHDGV WR

IRUPDWLRQ RI ODUJH SDVVLYDWLRQ UHJLRQV �IURP w���� WR

���� 9� ZLWK D GHFUHDVHG SDVVLYDWLRQ FXUUHQW GHQVLW\�

FRPSDUHGZLWK FRDWLQJV KDYLQJ D FU\VWDOOLQH VWUXFWXUH�

)DFWRUV WKDW IDYRXU DQ LQFUHDVH LQ FRUURVLRQ UHVLVWDQFH

RI WKH )Hw1Lw&Uw0R V\VWHP FRDWLQJV LQFOXGH WKH SRVL�

WLYH HIIHFW RI PRO\EGHQXP� ZKLFK LV HYLGHQFHG E\

ZLGHQLQJ RI WKH SDVVLYDWLRQ UHJLRQ ZLWK DQ LQFUHDVH

LQ LWV FRQWHQW RI WKH FRDWLQJV �)LJXUH �� DQG E\ WKHLU

DPRUSKRXV VWUXFWXUH� $SSDUHQWO\� PRO\EGHQXP EH�

FRPHV SDUW RI FRPSRVLWLRQ RI WKH SDVVLYDWLQJ ILOPV�

WKXV LQFUHDVLQJ WKHLU VWDELOLW\� %XW ILUVW RI DOO� KLJK

FRUURVLRQ UHVLVWDQFH RI WKH )Hw1Lw&Uw0R V\VWHP FRDW�

LQJV LV DWWULEXWDEOH WR WKH IDFW WKDW WKH SDVVLYDWLQJ

ILOPV KDYH KLJK GHQVLW\� DV WKH\ DUH IRUPHG RQ D GH�

IHFW�IUHH EDVH RI WKH FRDWLQJ ZLWK WKH DPRUSKRXV VWUXF�

WXUH �DEVHQFH RI GLVORFDWLRQV� JUDLQ ERXQGDULHV��

ZKLFK SUHYHQWV SLWWLQJ� ,Q DGGLWLRQ� WKH DPRUSKRXV

VWDWH LV PHWDVWDEOH LQ QDWXUH� ZKLFK OHDGV WR D IDVW

VHOI�UHFRYHU\ RI WKH SDVVLYDWLQJ ILOPV DIWHU GDPDJH�

7KHUHIRUH� WKH )Hw1Lw&Uw0R V\VWHP FRDWLQJV

KDYH WKH KLJKHVW FRUURVLRQ UHVLVWDQFH DPRQJ RWKHU PD�

WHULDOV LQYHVWLJDWHG� DQG SURYLGH DQ HIILFLHQW SURWHF�

WLRQ RI PHWDO SDUWV LQ DJJUHVVLYH HQYLURQPHQWV FRQ�

WDLQLQJ FKORULQH LRQV�

&21&/86,216

�� $GGLWLRQ RI �w�� � PRO\EGHQXP WR FRDWLQJV SUR�

GXFHG E\ PDJQHWURQ VSXWWHULQJ RI FRPSRVLWH WDUJHWV

EDVHG RQ VWDLQOHVV VWHHO ��.K��1�7 LV IDYRXUDEOH IRU

WKHLU DPRUSKLVDWLRQ� ,Q WKLV FDVH WKH VKRUW UDQJH RU�

GHULQJ RI WKH DPRUSKRXV SKDVH LV RI D W\SH VLPLODU WR

WKH FU\VWDOOLQH VWUXFWXUH RI γ�)H ZLWK WKH IFF ODWWLFH�
�� $V VKRZQ E\ GLUHFW UDGLRJUDSK\� WKH DPRUSKRXV

VWUXFWXUH RI WKH )Hw1Lw&Uw0R V\VWHP FRDWLQJV LV VWD�

EOH ZLWKLQ D WHPSHUDWXUH UDQJH RI ���w��� .�

�� 7KH )Hw1Lw&Uw0R V\VWHP FRDWLQJV ZLWK WKH

DPRUSKRXV VWUXFWXUH KDYH KLJK YDOXHV RI PLFURKDUG�

QHVV ����w��� *3D� DQG FRUURVLRQ UHVLVWDQFH LQ DJ�

JUHVVLYH DTXHRXV HQYLURQPHQWV FRQWDLQLQJ FKORULQH

LRQV� DQG DUH LQVHQVLWLYH WR SLWWLQJ IRUPDWLRQ� $Q LQ�

FUHDVH LQ WKH PRO\EGHQXP FRQWHQW RI WKH FRDWLQJV KDV

D SRVLWLYH HIIHFW RQ WKH DERYH FKDUDFWHULVWLFV�

�� 7KH FRPELQDWLRQ RI SURSHUWLHV RI WKH )Hw1Lw

&Uw0R V\VWHP FRDWLQJV ZLWK WKH DPRUSKRXV VWUXFWXUH

PDNHV LW SRVVLEOH WR UHFRPPHQG WKHP IRU GHSRVLWLRQ

RQ YDULRXV PHWDO SDUWV IRU SURWHFWLYH DQG GHFRUDWLYH

SXUSRVHV� IRU RSHUDWLRQ XQGHU DWPRVSKHULF DQG VHD

FRUURVLRQ FRQGLWLRQV�

)LJXUH �� $QRGH SRODULVDWLRQ FXUYHV� � x VWHHO ��.K��1�7� � x
FRDWLQJ SURGXFHG E\ VSXWWHULQJ WKH VWHHO ��.K��1�7 WDUJHW� � x
VDPH� VWHHO ��.K��1�7 � � � 0R� � x VDPH� VWHHO ��.K��1�7 �
�� � 0R� ϕ x VWDWLRQDU\ HOHFWURGH SRWHQWLDO

�� 'DQLOLQ� %�6�� 6\UFKLQ� 9�.� ������ 0DJQHWURQ VSXWWHULQJ
V\VWHPV� 0RVFRZ� 5DGLR L 6Y\D]�

�� 6X]XNL� .�� )X]LPRUL� +�� +DVKLPRWR� .� ������ $PRUSKRXV
PHWDOV� 0RVFRZ� 0HWDOOXUJL\D�

�� 6NU\VKHYVN\� $�)� ������ 6WUXFWXUDO DQDO\VLV RI OLTXLGV DQG
DPRUSKRXV ERGLHV� 0RVFRZ� 9\VVKD\D 6KNROD�
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9�1� %(51$'6.<� 6�<X� 0$.6,029 DQG 0�$� 1(75(%6.<

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

7KH SDSHU SUHVHQWV D UHYLHZ RI -DSDQHVH SXEOLFDWLRQV� GHYRWHG WR ZRUOGsV ILUVW H[SHULHQFH RI GHVLJQLQJ� FRQVWUXFWLRQ DQG

VWXG\LQJ WKH SHUIRUPDQFH RI IORDWLQJ ZHOGHG PHJDVWUXFWXUHV

.H\ ZRU G V � GHVLJQ� IDEULFDWLRQ� PRXQWLQJ� XQGHUZDWHU
ZHOGLQJ� TXDOLW\ FRQWURO� ZHOGHG VWUXFWXUH� RII�VKRUH IORDWLQJ

FRQVWUXFWLRQ� FRUURVLRQ� VHUYLFH� UHSDLU

7KH LGHD RI FUHDWLQJ IORDWLQJ RII�VKRUH VWUXFWXUHV RI

VXSHU�ODUJH GLPHQVLRQV� VR�FDOOHG IORDWLQJ PHJDVWUXF�

WXUHV �)06� RULJLQDWHG DQG IRXQG LWV SUDFWLFDO DSSOL�

FDWLRQ LQ -DSDQ� 7KLV LV H[DFWO\ ZKHUH WKH JUHDWHVW

H[SHULHQFH RI FRQVWUXFWLRQ RI ODUJH IORDWLQJ VWUXFWXUHV

KDV EHHQ DFFXPXODWHG� QDPHO\ RFHDQ VKLSV� RII�VKRUH
SODWIRUPV� SLHUV� HWF� 6RPH RI WKH ODUJHVW IORDWLQJ

VWUXFWXUHV DUH �6HD *LDQW� WDQNHU ��� P ORQJ� ���� P

ZLGH ZLWK ���� P GUDIW DQG VHD RLO VWRUDJH IDFLOLW\

�+LURVKLPD� ��� P ORQJ� �� P ZLGH ZLWK ���� P

GUDIW� 6XFK KXJH IDFLOLWLHV ZHUH PDLQO\ PDQXIDFWXUHG
LQ VKLS�EXLOGLQJ \DUGV LQ WKH GRFNV RU EHUWKV� 7KHLU

GLPHQVLRQV ZHUH OLPLWHG MXVW E\ WKH FDSDELOLWLHV RI D
VSHFLILF IDEULFDWLRQ� 7KH LGHD RI )06 ZDV EDVHG RQ

GHYHORSLQJ D VWUXFWXUH RI D PXFK ODUJHU VFDOH x RI
XS WR VHYHUDO NLORPHWHU OHQJWK� 6XFK D WDVN KDG QR

SUHFHGHQW LQ WKH ZRUOG SUDFWLFH� ,Q RUGHU WR LPSOHPHQW

LW �EXLOG WKH )06 DQG FRQGXFW IXOO�VFDOH WHVWLQJ RI

WKH SURSRVHG HQJLQHHULQJ DQG GHVLJQ VROXWLRQV� ��

VWHHO�PDNLQJ DQG VKLS�EXLOGLQJ FRPSDQLHV RI -DSDQ

IRUPHG LQ $SULO� ���� D 7HFKQRORJLFDO 5HVHDUFK $V�
VRFLDWLRQ 0(*$�)/2$7 �75$0)� WKDW FDUULHV RXW

WKH HQWLUH SDFNDJH RI VFLHQWLILF� GHVLJQ� HQJLQHHULQJ

DQG SURGXFWLRQ GHYHORSPHQWV >�� �@�

2YHU WKH SHULRG RI WKUHH \HDUV DQ H[SHULPHQWDO
VDPSOH RI )06 RI �×��×��� P VL]H ZDV GHVLJQHG DQG

EXLOW� ZKLFK ZDV IROORZHG E\ PDNLQJ LQ ���� D WKUHH�
\HDU SURJUDP� LQFOXGLQJ LQYHVWLJDWLRQV RI YDULRXV DV�

SHFWV RI WKH SUREOHP RI )06 GHYHORSPHQW� LQ SDU�

WLFXODU WKH SRVVLELOLW\ RI WKHLU SUDFWLFDO XVH� ,QYHVWL�

JDWLRQV OHG WR FRQVWUXFWLRQ RI D IXOO�VFDOH PRGHO RI D

IORDWLQJ DLUSRUW � NP ORQJ� ��� P ZLGH DQG � P KLJK
�)LJXUH ��� 7KH IXOO�VFDOH PRGHO ZDV ILWWHG ZLWK V\V�
WHPV RI LQVWUXPHQW ODQGLQJ� ODQGLQJ EHDFRQV� JOLGH�

SDWK V\VWHPV DQG RWKHU PRGHUQ HTXLSPHQW�

'HYHORSPHQW RI WKH DERYH VWUXFWXUH UHTXLUHG VROY�

LQJ D QXPEHU RI SUREOHPV� RQH RI WKH SULQFLSDO RI

ZKLFK ZDV WKH PD[LPXP DOORZDQFH IRU WKH IHDWXUHV

RI VHD ZDYH LPSDFW RQ D IORDWLQJ SODWIRUP RI VXFK

GLPHQVLRQV� 8QOLNH YHVVHOV� WKH )06 GRHV QRW URFN

RQ D ZDYH� EXW VZD\V RU YLEUDWHV� 9HUWLFDO YLEUDWLRQV

LQGXFHG E\ D ZDYH SURSDJDWH DORQJ WKH VWUXFWXUH�

LPSDUWLQJ LW D YHU\ VOLJKW PRWLRQ LQ WKH YHUWLFDO SODQH�

ZKLFK LV QRW W\SLFDO RI UHJXODU VKLSV� EXW LV LQKHUHQW

LQ HODVWLF �WKLQ�ZDOOHG� ERGLHV RI WKH W\SH RI KXJH

IODW VWUXFWXUHV DIORDW� 7KH LQWHUDFWLRQ RI DQ HODVWLF

ERG\ DQG D OLTXLG PHGLXP LV RI D FRPSOH[ QDWXUH�
EHLQJ� KRZHYHU� HDVLO\ PRGHOOHG LV VXFK D ZD\ DV WR
EH DEOH WR SURYLGH D TXDQWLWDWLYH HVWLPDWH RI YDULRXV
FKDUDFWHULVWLFV� ,QGLYLGXDO HOHPHQWV RI D IORDWLQJ ERG\

DUH WDNHQ WR EH PDWHULDO SRLQWV� $QDO\VLV RI WKHVH

SRLQWV PRWLRQ \LHOGV D V\VWHP RI HTXDWLRQV WR GHWHU�

PLQH WKH SDUDPHWHUV RI )06 PRWLRQ DV D ZKROH�

5HVHDUFK SHUIRUPHG DOORZHG GHWHUPLQDWLRQ RI WKH

FKDUDFWHULVWLFV UHTXLUHG IRU )06 GHVLJQ� 7KH GHVLJQ

SURFHVV LQFOXGHG D QXPEHU RI LQGHSHQGHQW VWDJHV WKH

IROORZLQJ RI ZKLFK FDQ EH VLQJOHG RXW >�@� VLPXODWLRQ
RI WKH IORDWLQJ ERG\ DV D IODW UHFWDQJXODU SODWH� FDO�

FXODWLRQ RI WKH VFKHPDWLF RI VWUXFWXUH YLEUDWLRQ �FDO�

FXODWLRQ RI WKH OHYHO RI LQKHUHQW YLEUDWLRQV�� FDOFXOD�

WLRQ RI PD[LPXP PDJQLWXGHV RI PDVV DQG EHQGLQJ

PRPHQW� YHUWLFDO DFFHOHUDWLRQ DQG VXUIDFH VWUHVVHV RI

D IODW ERG\� PRGHOLQJ WKH LQQHU SDUW RI WKH VWUXFWXUH�

VWUHVV DQDO\VLV LQ WKH VWUXFWXUH LQQHU SDUW� GHWHUPLQD�

WLRQ RI VWUHVVHV LQGXFHG E\ WKH LQKHUHQW PDVV DQG

ZRUNLQJ ORDG E\ WKH UHVXOWV RI VWDWLVWLFDO FDOFXODWLRQ�

DQDO\VLV DQG DVVHVVPHQW RI WKH XOWLPDWH VWDWLF

VWUHQJWK� IDWLJXH UHVLVWDQFH DQG XOWLPDWH VHUYLFH OLIH�

$ GHVLJQHG DQG PDQXIDFWXUHG IXOO�VFDOH PRGHO RI

���� W ZHLJKW DQG DUHD RI ���⋅��� P
�
LQ WKH IRUP RI

D ER[�VKDSHG SRQWRRQ FRQVLVWHG RI VL[ PRGXOHV� WKH

ODUJHVW RI ZKLFK ZDV ��� P ORQJ DQG �� P ZLGH >�@�
7KH PRGXOHV ZHUH SULPDULO\ PDGH RI EORFNV� KDYLQJ

� 9�1� %(51$'6.<� 6�<X� 0$.6,029 DQG 0�$� 1(75(%6.<� ���� )LJXUH �� 'HYHORSPHQW RI )06 x D PRGHO RI D IORDWLQJ DLUSRUW
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ORQJLWXGLQDO DQG WUDQVYHUVH SDUWLWLRQV� DV ZHOO DV D
VHW RI VWLIIHQHUV� FRYHUHG ZLWK VWHHO SODWHV RQ DOO WKH
VLGHV >�@�

0RGXOHV ZHUH PDGH E\ D UHJXODU PRGXOH�E\�PRG�
XOH VHTXHQFH� XVHG LQ VKLS�EXLOGLQJ >�@ LQ FRQVWUXFWLRQ
RI RLO WDQNHUV WKDW LQ WKH JHQHUDO WHUPV FRQVLVWV LQ
VXFFHVVLYH DVVHPEO\ DQG MRLQLQJ RI WKH ORQJLWXGLQDO
DQG WUDQVYHUVH SDUWLWLRQV RQ D SODWIRUP �L�H� ORZHU
SDUW SODWLQJ�� ZKLOH PHHWLQJ WKH VWULQJHQW UHTXLUH�
PHQWV IRU SURYLVLRQ RI WKH MRLQW TXDOLW\ DQG WLJKWQHVV�
DV ZHOO DV JXDUDQWHHLQJ D ORQJ�WHUP VHUYLFH XQGHU VHD
FRQGLWLRQV�

7KH ODUJHVW PRGXOH FRQVLVWHG RI �� EORFNV �� E\
ZLGWK DQG �� DORQJ WKH OHQJWK�� 7KH VL]H RI HDFK EORFN
RI ���w��� W ZHLJKW ZDV ���×����×���� P� 7UDQVYHUVH
SDUWLWLRQV ZHUH PRXQWHG HYHU\ � P� H[WUHPH EORFNV
KDG RQH ORQJLWXGLQDO SDUWLWLRQ DQG WKH PLGGOH
EORFN x WZR �ZLWK WKH WRWDO ZLGWK RI WKH PRGXOH RI
�� P�� 6SDFLQJ RI WKH VWLIIHQHUV �ORQJLWXGLQDO VWD\V
RI WKH GHFN DQG WKH ERWWRP� ZDV ��� PP �)LJXUH ���

$IWHU IDEULFDWLRQ WKH EORFNV ZHUH DVVHPEOHG LQWR
PRGXOHV LQ WKH EHUWK� 7KH LQQHU SDUW RI WKH PRGXOH
KDG FRPSDUWPHQWV RI WKH W\SH RI EDOODVW WDQNV DQG DLU
FDYLWLHV IRU DGMXVWPHQW RI GUDIW� 6LQFH VKRS FRQGLWLRQV
DOORZHG PRGXOHV RI JUHDWHU GLPHQVLRQV WR EH PDGH�
WKHLU QXPEHU LQ )06 ZDV PLQLPXP� 7KLV HQDEOHG
VKRUWHQLQJ WKH VFRSH RI RSHUDWLRQV RQ PRGXOHV MRLQLQJ
LQ RSHQ VHD� LPSURYLQJ WKH HIILFLHQF\ RI RSHUDWLRQV
DQG )06 TXDOLW\� DV D ZKROH�

:KHQ PRGXOHV ZHUH MRLQHG RQ WKH ZDWHU VXUIDFH�
VSHFLILF SUREOHPV DURVH QRW FKDUDFWHULVWLF RI WKH WHFK�
QRORJ\ RI IDEULFDWLRQ RI VXFK VWUXFWXUHV XQGHU UHJXODU
FRQGLWLRQV RQ WKH JURXQG >�@� DELOLW\ WR DSSO\ ZHOGLQJ
LV OLPLWHG E\ WKH OHYHO RI PRGXOHV VZD\LQJ UHODWLYH WR
HDFK RWKHU� VWUXFWXUHV DIORDW GHYHORS KLJKHU GHIRUPD�
WLRQ WKDQ RQ WKH JURXQG �GHIRUPDWLRQV� EHFDXVH RI
WKH GLIIHUHQFH RI WHPSHUDWXUH RQ WKH GHFN KHDWHG E\
WKH VRODU UD\V DQG LQ WKH XQGHUERG\ VKHOO� DQG DV\P�
PHWULFDO MRLQWV� EHFDXVH RI PRGXOH MRLQLQJ SUHGRPL�
QDQWO\ IURP RQH VLGH� ZKHUH WKH PRRULQJ GHYLFHV DUH
ORFDWHG�� QHHG WR SHUIRUP XQGHUZDWHU ZHOGLQJ� LQ�
DELOLW\ WR SURYLGH VLWLQJ LQ RSHQ VHD WKDW ZRXOG EH D
SRVLWLRQ UHIHUHQFH� 7KHUHIRUH� YHU\ LPSRUWDQW LV PRQL�
WRULQJ RI WKH GLPHQVLRQV RI D VWUXFWXUH FRQWLQXRXVO\
H[SRVHG WR VZD\LQJ DQG GHIRUPDWLRQV�

,W LV REYLRXV WKDW WKH PRVW VHULRXV SUREOHPV LQ
MRLQLQJ WKH PRGXOHV ZHUH UHODWHG WR WKH DFFXUDF\ DQG
ULJLGLW\ RI WKHLU IDVWHQLQJ >�@� 'XULQJ DEXWPHQW WKH
PRGXOHV URFN IUHHO\ RQ WKH ZDYHV� 9DULRXV GHYLFHV RI
WKH W\SH RI JXLGHV� MDFNV� VZLYHOV� FRXSOLQJV� HWF� ZHUH
XVHG WR JUDGXDOO\ UHGXFH WKHLU VZD\LQJ UHODWLYH WR
HDFK RWKHU� 7R DYRLG RU PLQLPLVH WKH YDULDWLRQ RI JDSV
DW ILQDO DVVHPEO\� WKH PRGXOHV ZHUH IXUWKHU ORDGHG
ZLWK EDOODVW WR UHGXFH WKHLU EXR\DQF\�

3URFHHGLQJ IURP WKH HVWDEOLVKHG SUDFWLFH� IORDWLQJ
VWUXFWXUDO HOHPHQWV FDQ EH MRLQHG HLWKHU E\ ZHOGLQJ
RU XVLQJ PHFKDQLFDO FRQQHFWLRQV� L�H� LQWHUPHGLDWH HOH�
PHQWV� WKDW DUH PHFKDQLFDOO\ IDVWHQHG WR HDFK RWKHU�

)LJXUH �� )DEULFDWLRQ RI )06 EORFNV DQG PRGXOHV� , x WHFKQRORJLFDO VHTXHQFH RI DQ LQGLYLGXDO EORFN IDEULFDWLRQ �� x EDVH SODWIRUP�
XSSHU IORRULQJ� � x ZHOGLQJ RI EORFNV� � x SUHOLPLQDU\ ZHOGLQJ RI ORQJLWXGLQDO VWD\V� � x PRXQWLQJ� � x ZHOGLQJ� � x FRQWURO�
�� ��x SDLQWLQJ� �x WLOWLQJ� �x DUUDQJHPHQW� PRXQWLQJ RQ WKH ERWWRP DQG ZHOGLQJ RQ� ��x FRQWURO�� ,,x VFKHPDWLF RI DVVHPEO\
RI SDUW RI )06 PRGXOH RI LQGLYLGXDO EORFNV �$w' x DVVHPEO\ DOJRULWKP�
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7KLV SURYLGHV D VXIILFLHQW VWUHQJWK DQG WLPH VDYLQJ�
7KHUH LV D UHDO GDQJHU� KRZHYHU� WKDW ODFN RI FRQWLQXLW\
RI WKH IRUPHG MRLQWV RQ D PLFUROHYHO PD\ OHDG WR VWUHVV
FRQFHQWUDWLRQ LQ WKHVH SRLQWV� &RQVLGHULQJ WKH DQWLFL�
SDWHG )06 VHUYLFH OLIH ���� \HDUV�� UHTXLUHPHQWV IRU
WKH MRLQWV DQG FRVW IDFWRUV� ZHOGLQJ ZDV VHOHFWHG DV
WKH PRVW VXLWDEOH PHWKRG RI DVVHPEO\ RI WKH PRGXOHV
LQWR RQH )06�

:HOGLQJ RI WKH XSSHUZRUNV GLG QRW UXQ LQWR DQ\
GLIILFXOWLHV� XQOLNH ZHOGLQJ EHORZ WKH ZDWHU�OLQH� 7ZR
PHWKRGV� DSSOLHG LQ SUDFWLFH ��GU\� DQG �ZHW� ZHOG�
LQJ� KDYH WKHLU GLVDGYDQWDJHV DQG DGYDQWDJHV� �'U\�
ZHOGLQJ LV SHUIRUPHG� XVLQJ UHJXODU HOHFWURGH PDWH�
ULDOV DQG SURYLGHV WKH ZHOGHG MRLQW TXDOLW\ VLPLODU WR
WKDW SURGXFHG LQ DLU� ,W RUGHU WR LPSOHPHQW� LW� KRZ�
HYHU� LW LV QHFHVVDU\ WR GU\ XS WKH VSDFH DGMDFHQW WR
WKH HGJHV WR EH ZHOGHG� �:HW� ZHOGLQJ GLIIHUV E\
VLPSOLFLW\ DQG YHUVDWLOLW\� GRHV QRW UHTXLUH DQ\ DGGL�
WLRQDO FRVW IRU WKH SURWHFWLRQ RI WKH DUF DQG WKH ZHOG
SRRO IURP DPELHQWZDWHU�+RZHYHU� LQ WKLV FDVH VSHFLDO
HOHFWURGH PDWHULDOV DUH UHTXLUHG� ,Q DGGLWLRQ� RQO\
KLJKO\ TXDOLILHG GLYHUV�ZHOGHUV FDQ SHUIRUP LW� &RQ�
VLGHULQJ WKH TXLWH H[WHQVLYH YROXPH RI ZHOGLQJ RSHUD�
WLRQV DQG LQFUHDVHG UHTXLUHPHQWV WR WKH MRLQW TXDOLW\�
WKH GHYHORSHUV GHFLGHG WKDW DSSOLFDWLRQ RI �ZHW�
ZHOGLQJ LV QRW UDWLRQDO LQ WHUPV RI FRVW DQG HQJLQHHULQJ
DVSHFW�

6HYHUDO DSSURDFKHV ZHUH XVHG WR UHPRYH ZDWHU
IURP WKH ZHOGLQJ ]RQH� GHSHQGLQJ RQ WKH IHDWXUHV RI
D VSHFLILF DVVHPEO\ �7DEOH�� HDFK RI ZKLFK KDV LWV
IHDWXUHV FRQVLVWLQJ LQ WKH XVH RI SODWHV�LQVHUWV DQG�RU
PHWDO EDFNLQJ� :KHQ K\GUDXOLF SDFNLQJ ZDV XVHG�
WKH HOHPHQWV RI ERWK WKH PRGXOHV WR EH MRLQHG EHORZ
WKH ZDWHU OHYHO� ZHUH LVRODWHG XVLQJ UXEEHU VHDOV ULJKW
DIWHU ILW XS DQG IDVWHQLQJ� :DWHU ZDV SXPSHG RXW RI
WKH IRUPHG VSDFH� ,Q VRPH FDVHV WKH ERWWRP RI WKH
H[WHUQDO FKDPEHU ZDV OHIW RSHQ WR KDYH XQUHVWUDLQHG
DFFHVV WR WKH ZHOGLQJ VLWH IURP WKH RXWVLGH� DQG LQ

RUGHU WR UHPRYH ZDWHU RQ WKH LQVLGH� D VHFRQG FKDPEHU
ZDV PRXQWHG ZKHUH FRPSUHVVHG DLU ZDV IHG� 'HSHQG�
LQJ RQ WKH GLPHQVLRQV RI FKDPEHUV� GHWHUPLQLQJ WKH
SRVVLELOLW\ RI PDQsV DFFHVV WR WKH VLWH RI ZRUN SHU�
IRUPDQFH� ZHOGLQJ ZDV SHUIRUPHG IURP RQH RU WZR
VLGHV� ,Q WKH ILUVW FDVH� FHUDPLF EDFNLQJ� FRSSHU VKRHV
RU SHUPDQHQW PHWDO EDFNLQJ ZHUH XVHG�

'HVSLWH DSSOLFDWLRQ RI GLYHUVH PHWKRGV RI IDVWHQ�
LQJ WKH PRGXOHV WR EH MRLQHG� LW ZDV QRW SRVVLEOH WR
FRPSOHWHO\ DYRLG WKHLU PLFURYLEUDWLRQ� 7KHUHIRUH�
FRPSDUDWLYH WHVWLQJ RI ZHOGHG MRLQWV ZDV FRQGXFWHG
ZLWK YDULRXV PHWKRGV RI GH�ZDWHULQJ WKH ZHOGLQJ
]RQH� $V D UHVXOW� ZDWHU UHPRYDO E\ IHHGLQJ FRP�
SUHVVHG DLU ZDV UHFRPPHQGHG DV WKH PDLQ SURFHVV�

:HOGLQJ RI IORDWLQJ VWUXFWXUH HOHPHQWV EHORZ WKH ZDWHU�OLQH

�'U\� ZHOGLQJ �:HW� ZHOGLQJ

2XWHU FKDPEHU &RQQHFWHG DLU FKDPEHU 'H�ZDWHULQJ ZLWK

FRPSUHVVHG DLU

:HOGLQJ ZLWK ORFDO GH�

ZDWHULQJ

3RLQW RI FRQWDFW RI FKDPEHU

ZLWK WKH PRGXOH ERWWRP LV

VHDOHG DQG ZDWHU LV SXPSHG

RXW� 'HSHQGLQJ RQ FKDPEHU GL�

PHQVLRQV� ZRUN LV SHUIRUPHG

RQO\ IURP LQVLGH WKH PRGXOH RU

RQ ERWK VLGHV

$IWHU IDVWHQLQJ WKH MRLQHG

PRGXOHV D VPDOO FKDPEHU LV

IRUPHG RQ WKH RXWVLGH� IURP

ZKLFK ZDWHU LV SXPSHG RXW�

:KHQ D IOH[LEOH PHPEUDQH LV

XVHG� WKH FDYLW\ IRUPV ULJKW DIWHU

PRXQWLQJ DQG GU\LQJ

&KDPEHU ZDOOV DUH ZHOGHG WR

WKH PRGXOH ERWWRP IURP ERWK

VLGHV� :DWHU LV RXVWHG DW WKH

H[SHQVH RI IHHGLQJ FRPSUHVVHG

DLU IURP RXWVLGH

:HOGLQJ LV SHUIRUPHG DW GLUHFW

FRQWDFW ZLWK WKH DPELHQW

ZDWHU� $XWRPDWLF ZHOGLQJ

ZLWK ORFDO GH�ZDWHULQJ

)LJXUH ��8QGHUZDWHU PHFKDQLVHG ZHOGLQJ LQ WKH RYHUKHDG SRVLWLRQ
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&RPSXWHU DSSOLFDWLRQ DOORZHG GHWHUPLQDWLRQ RI
WKH RSWLPDO ZHOGLQJ PRGHV� SURYLGLQJ PLQLPDO OLQHDU
HUURU ZKHQ H[WHQGHG ZHOGV DUH PDGH� QDPHO\ �� PP
SHU ���� P RI ZHOG� ,Q DGGLWLRQ� ZHOGLQJ ZDV SHU�
IRUPHG DW QLJKW WR ORZHU WKH OHYHO RI GHIRUPDWLRQV
LQGXFHG E\ WHPSHUDWXUH GLIIHUHQFH EHWZHHQ WKH PRG�
XOH XQGHUERG\ DQG XSSHUZRUNV KHDWHG E\ WKH VXQ�
'HSHQGLQJ RQ GHSWK SRUWDEOH VHPL�DXWRPDWLF PD�
FKLQHV ��GU\� ZHOGLQJ QHDU WKH ZDWHU�OLQH� RU DXWR�
PDWLF PDFKLQHV �ZHOGLQJ ZLWK ORFDO GU\LQJ XS RI WKH
ERWWRP LQ WKH RYHUKHDG SRVLWLRQ� RI D VSHFLDO GHVLJQ
ZHUH XVHG �)LJXUH ��� 7KH PDLQ ZRUN RQ XQGHUZDWHU
ZHOGLQJ ZDV SHUIRUPHG E\ 6XPLWRPR +HDY\ ,QGXV�
WULHV WKDW KDV H[SHULHQFH RI FRQVWUXFWLRQ DIORDW RI
ODUJH�FDSDFLW\ YHVVHOV ZLWK XS WR �� P GUDIW DQG RI
UHSDLU RSHUDWLRQV DW WKH GHSWK GRZQ WR �� P�

$V WKH DQWLFLSDWHG VHUYLFH OLIH RI )06 VKRXOG QRW
EH OHVV WKDQ ��� \HDUV� LW ZDV QHFHVVDU\ WR HQYLVDJH
DOO WKH PHDVXUHV WR SURYLGH LWV UHOLDELOLW\ LQ VHUYLFH�
7KHUHIRUH� WKH IROORZLQJ SUREOHPV ZHUH DGGUHVVHG XQ�
GHU WKH SURMHFW >�@� GHYHORSPHQW RI D V\VWHPRI RSWLPDO
SURWHFWLRQ IURP FRUURVLRQ� VWXG\LQJ WKH DELOLW\ WR DS�
SO\ DGYDQFHG PDWHULDOV� GHYHORSPHQW RI WKH WHFKQRO�
RJ\ RI ORQJ�WHUPPRQLWRULQJ� GHYHORSPHQW RI WKH WHFK�
QRORJ\ IRU XQGHUERG\ UHSDLU�

'XULQJ SURMHFW LPSOHPHQWDWLRQ D V\VWHP RI FRUUR�
VLRQ SURWHFWLRQ ZDV GHYHORSHG WKDW LQFOXGHV WKH XVH
RI 7L�SODWHG VWHHO VKHHWV LQ WKH YDULDEOH ZHWWLQJ ]RQH�
D FRPELQDWLRQ RI SDLQW FRDW DQG DQRGH SURWHFWLRQ RI
WKH ERWWRP� D PHWKRG RI PRLVWXUH UHPRYDO IURP WKH
LQQHU VHFWLRQV� 7KH PHWKRG RI FRUURVLRQ SURWHFWLRQ RI
VHD VWUXFWXUHV ZLWK WLWDQLXP DSSOLFDWLRQ ZDV GHYHO�
RSHG E\ 1LSSRQ 6WHHO DQG LPSOHPHQWHG LQ IDEULFDWLRQ
RI WXEXODU VWHHO SLOHV ZLWK IDFLQJ ZLWK D WKLQ WLWDQLXP
VKHHW IRU FRQVWUXFWLRQ RI EULGJHV DQG PRRULQJ >�@�

&RQWURO RI )06 FRQGLWLRQ ZDV SHUIRUPHG XVLQJ
WKH IROORZLQJ VSHFLDOLVHG HTXLSPHQW� XQLWV IRU H[WHU�
QDO IODZ GHWHFWLRQ� XVHG IRU UHFRUGLQJ GHIRUPDWLRQV

DQG GHJUHH RI FRUURVLRQ GDPDJH� DQ 1'7 URERW� ILWWHG
ZLWK VSHFLDO HTXLSPHQW IRU XOWUDVRQLF DQG PDJQHWLF
GHIHFWRVFRS\� GHVLJQHG IRU PHDVXUHPHQW RI ZDOO WKLFN�
QHVV DQG FUDFN GHWHFWLRQ LQ ZHOGV� PXOWL�SXUSRVH XQLW
ZLWK SHUPDQHQW VWRUDJH IRU PRQLWRULQJ WKH )06 XQ�
GHUERG\� ILWWHG ZLWK D GHYLFH WR SURGXFH DFRXVWLF LP�
DJHV� YLGHR FDPHUD DQG D GHYLFH IRU FRUURVLRQ SRWHQWLDO
PHDVXUHPHQW �)LJXUH ���

,Q RUGHU WR SHUIRUP UHSDLU�UHVWRUDWLRQ ZRUN XQGHU
ZDWHU� D VSHFLDO XQLW ZDV GHYHORSHG �)LJXUH ��� ZKLFK
ZDV ILWWHG ZLWK D SRVLWLRQHU� ZRUNLQJ FKDPEHU ZLWK
WKH HTXLSPHQW IRU �GU\� ZHOGLQJ� JULSV DQG 1'7
PHDQV�

)DEULFDWLRQ� PRXQWLQJ DQG PRQLWRULQJ WKH SHU�
IRUPDQFH RI )06 �D IORDWLQJ DHURGURPH LQ IXOO�VFDOH
WHVWLQJ� FRQILUPHG WKH DFWXDO SRVVLELOLW\ RI FUHDWLRQ
RI VXFK FRQVWUXFWLRQV� DQG WKH GHYHORSHG IXQGDPHQ�
WDOO\ QHZ GHVLJQ DQG HQJLQHHULQJ VROXWLRQV SURYLGHG
WKH KLJK UHOLDELOLW\ RI QRYHO LQJHQLRXV VHD VWUXFWXUHV�
0(*$�)/2$7 $VVRFLDWLRQ SODQV IXUWKHU LPSURYH�
PHQW RI WKH SURFHGXUHV RI FDOFXODWLRQ DQG WHFKQRORJLHV
RI IDEULFDWLRQ RI )06 WR H[SDQG WKH FDSDELOLWLHV RI
GHVLJQLQJ VXFK KXJH ZHOGHG VWUXFWXUHV IRU QHZ IORDW�
LQJ IDFLOLWLHV�

�� 2NDPXUD� +� ������ 'HYHORSPHQW DQG SUDFWLFDO RI
PHJDIORDW� -� -:6� �� ��w���

�� 7RULL� 7�� +D\DVKL� 1�� .DQDL� +� HW DO� ������ 'HYHORSPHQW
RI D YHU\ ODUJH IORDWLQJ VWUXFWXUH� 1LSSRQ 6WHHO 7HFKQLFDO
5HSRUW� ��� ��w���

�� 6DWR� &� ������ 3ULQFLSDO FKDUDFWHULVWLF RI PHJDIORDW DQG LWV
VWUXFWXUH SODQQLQJ IORZ� -� -:6� �� ��w���

�� .DZDL� 0�� 7R\RWD� 0�� .LGD� $� HW DO� ������ 6WUXFWXUH
DQG FRQVWUXFWLRQ RI WKH XQLW�$� ZKLFK LV D FRPSRQHQW RI WKH
IORDWLQJ DLUSRUW PRGHO IRU WKH 0(*$�)/2$7 5	' 3UR�
JUDP 3KDVH ,,� ,ELG�� ��w���

�� <DPDVKLWD� <� ������ -RLQLQJ WHFKQRORJLHV IRU YHU\ ODUJH
IORDWLQJ VWUXFWXUHV� ,ELG�� ��w���

�� <DPDGD� 0� ������ &RUURVLRQ SURWHFWLRQ DQG PDLQWHQDQFH
RI PHJDIORDW� ,ELG�� ��w���

)LJXUH �� $ XQLW IRU UHSDLU�UHVWRUDWLRQ ZRUN XQGHU WKH ZDWHU

)LJXUH �� ([SHULPHQWDO VHW�XS ZLWK SHUPDQHQW VWRUDJH DQG YLGHR
FDPHUD IRU PRQLWRULQJ )06 XQGHUERG\
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9�<D� 3$1&+(1.2 DQG 9�6� *2/8%(9

,QVWLWXWH IRU 3UREOHPV RI /DVHU DQG ,QIRUPDWLRQ 7HFKQRORJLHV RI WKH 5XVVLDQ $FDGHP\ RI 6FLHQFHV� 6KDWXUD� 5XVVLD

1HZ WUHQGV LQ XSJUDGLQJ HTXLSPHQW DQG WHFKQRORJ\ IRU ODVHU WUHDWPHQW RI PDWHULDOV� GHYHORSHG DW WKH ,QVWLWXWH IRU

3UREOHPV RI /DVHU DQG ,QIRUPDWLRQ 7HFKQRORJLHV RI WKH 5XVVLDQ $FDGHP\ RI 6FLHQFHV� WR EH DSSOLHG IRU ZHOGLQJ� FXWWLQJ�

VXUIDFH WUHDWPHQW� VWHUHROLWKRJUDSK\ DQG ODVHU GLDJQRVWLFV DUH EULHIO\ GHVFULEHG�

.H\ ZRU G V � WHFKQRORJLFDO ODVHUV� ODVHU WUHDWPHQW RI PDWH�
ULDOV� ODVHU FXWWLQJ� ODVHU ZHOGLQJ� ODVHU VXUIDFH PRGLILFDWLRQ�

ODVHU VWHUHROLWKRJUDSK\

7KH ,QVWLWXWH IRU 3UREOHPV RI /DVHU DQG ,QIRUPDWLRQ

7HFKQRORJLHV RI WKH 5XVVLDQ $FDGHP\ RI 6FLHQFHV LV
ZRUNLQJ RQ IXQGDPHQWDO DQG DSSOLHG SUREOHPV IRU

GHYHORSPHQW RI ODVHU DQG LQIRUPDWLRQ WHFKQRORJLHV >��
�@� ,W LV RQH RI WKH OHDGLQJ LQVWLWXWLRQV RI 5XVVLD LQ

WKH ILHOG RI GHYHORSPHQW RI KLJK�SRZHU WHFKQRORJLFDO

ODVHUV� HTXLSPHQW RQ WKHLU EDVH DQG ODVHU WHFKQRORJLHV
IRU PDWHULDOV WUHDWPHQW �ZHOGLQJ� FXWWLQJ� VXUIDFH
PRGLILFDWLRQ� VWHUHROLWKRJUDSK\�� 7KH ,QVWLWXWH LV OR�

FDWHG LQ 6KDWXUD DQG KDV D GLYLVLRQ LQ 7URLWVN RI WKH

0RVFRZ 'LVWULFW� ,W KDV D VWDII RI ��� SHRSOH� 7KH

,QVWLWXWH KDV FORVH VFLHQWLILF FRQWDFWV DQG SHUIRUPV

FROODERUDWLYH UHVHDUFK ZLWK OHDGLQJ XQLYHUVLWLHV� UH�

VHDUFK FHQWUHV DQG FRPSDQLHV RI 5XVVLD� 8NUDLQH� %H�

ODUXV� 86$� -DSDQ� *HUPDQ\� *UHDW %ULWDLQ� 3RODQG�
%XOJDULD� *UHHFH� ,WDO\� ,QGLD DQG &KLQD�

7KH ,QVWLWXWH DUUDQJHV DQG UHJXODUO\ KROGV DQ LQ�

WHUQDWLRQDO FRQIHUHQFH �,QGXVWULDO /DVHUV DQG /DVHU

$SSOLFDWLRQV� �,//$�� ZKLFK JDWKHUV DERXW ���w���

SDUWLFLSDQWV ZKR PDNH XS WR ��� SUHVHQWDWLRQV� 7KH

IRFXV RI WKH FRQIHUHQFH LV RQ WKH ODWHVW GHYHORSPHQWV
LQ WKH ILHOG RI WHFKQRORJLFDO ODVHUV DQG ODVHU WUHDWPHQW

RI PDWHULDOV� 7KH FRQIHUHQFH SURFHHGLQJV DUH SXEOLVK�

HG LQ WKH IRUP RI VSHFLDO ERRNV �3URFHHGLQJV 63,(�

�LVVXH ���� LV GHGLFDWHG WR ,//$s��� LVVXH ���� x WR
,//$s��� ���� x WR ,//$s�� DQG ���� ��WK LQ VH�

ULHV� x WR ,//$s������ 6SHFLDO LVVXH ���� �3URJUHVV

LQ 5	' RI +LJK�3RZHU ,QGXVWULDO &2��/DVHUV� 6H�

OHFWHG 3DSHUV�� SXEOLVKHG LQ ����� GHVFULEHV WKH ODWHVW
GHYHORSPHQWV PDGH E\ WKH ,QVWLWXWH� DV ZHOO DV RWKHU
5XVVLDQ DQG IRUHLJQ UHVHDUFK FHQWUHV LQ WKH ILHOG RI

WHFKQRORJLFDO ODVHUV DQG ODVHU WUHDWPHQW RI PDWHULDOV�

0DLQ ILHOGV RI DFWLYLW\ RI WKH ,QVWLWXWH� ,� 7HFK�
QRORJLFDO ODVHUV� ODVHU�FRPSXWHU V\VWHPV DQG WHFK�

QRORJLHV IRU PDWHULDOV WUHDWPHQW�

• GHYHORSPHQW DQG PDQXIDFWXUH RI WHFKQRORJLFDO
���w�� N: &2��ODVHUV ZLWK D KLJK RSWLFDO TXDOLW\ RI

UDGLDWLRQ�

• WHFKQRORJLHV IRU ODVHU WUHDWPHQW RI PDWHULDOV DQG

FRPSXWHULVHG WHFKQRORJLFDO ODVHU V\VWHPV IRU FXWWLQJ�

ZHOGLQJ DQG VXUIDFH PRGLILFDWLRQ�

,,� /DVHU LQIRUPDWLRQ WHFKQRORJLHV�

• IXQGDPHQWDO UHVHDUFK LQ WKH ILHOG RI GHYHORSPHQW
RI EDVLF HOHPHQWV DQG PDWHULDOV IRU PXOWLZDYH RSWLFDO

LQIRUPDWLRQ QHWZRUNV�

• PHWKRGV DQG VPDUW ODVHU V\VWHPV IRU V\QWKHVLV

RI �' REMHFWV RI D FRPSOH[ WRSRORJ\ IURP FRPSXWHU

PRGHOV DQG WRPRJUDSK\ GDWD� LQFOXGLQJ ODVHU VWHUHR�

OLWKRJUDSK\ V\VWHPV�
• PHWKRGV DQG V\VWHPV RI DGDSWLYH RSWLFV IRU VROY�

LQJ SUREOHPV DVVRFLDWHG ZLWK FRQWURO RI WHFKQRORJLFDO

PDWHULDOV WUHDWPHQW SURFHVVHV�

,,,� $SSOLFDWLRQ RI ODVHUV LQ ELRPHGLFLQH�

• ODVHU V\VWHPV IRU P\RFDUGLDO UHYDVFXODULVDWLRQ�
ELRFRPSDWLEOH FRDWLQJV IRU VWRPDWRORJ\ DQG RUWKR�
SDHG\� FRQWUROOHG PRGLILFDWLRQ RI WKH VKDSH RI FDUWL�

ODJLQRXV WLVVXH�

• RSWLFDO�LQIRUPDWLRQ PHWKRGV RI LQYHVWLJDWLRQ RI

ELRORJLFDO REMHFWV�
• ILEUH�RSWLF ZDYHJXLGHV DQG LQVWUXPHQWV IRU ODVHU

WKHUDS\ DQG ELRPHGLFDO RSWLFV�

7KLV DUWLFOH JLYHV LQIRUPDWLRQ DERXW QHZ GHYHORS�

PHQWV DQG UHVXOWV REWDLQHG E\ WKH ,QVWLWXWH LQ ILHOG ,

DQG SDUWLDOO\ LQ ILHOG ,, �VWHUHROLWKRJUDSK\��
7HFKQRORJLFDO ODVHUV DQG V\VWHPV IRU SUHFLVLRQ

FXWWLQJ RI VKHHW PDWHULDOV�7KH ,QVWLWXWH IRU 3UREOHPV

RI /DVHU DQG ,QIRUPDWLRQ 7HFKQRORJLHV LV DFWLYH LQ

GHYHORSPHQW >�w�@ DQG PDQXIDFWXUH RI LQGXVWULDO

WHFKQRORJLFDO &2��ODVHUV ZLWK D SRZHU RI ���w�� N:�

DV ZHOO DV ODVHU V\VWHPV IRU FXWWLQJ� ZHOGLQJ DQG VXU�

IDFH WUHDWPHQW RI PHWDOOLF DQG QRQ�PHWDOOLF PDWHULDOV�

7KH DYDLODEOH SURGXFWLRQ IDFLOLWLHV RI WKH ,QVWLWXWH�

ZKLFK LQFOXGH PRGHUQ RSWLFDO SURGXFWLRQ� DOORZHG LW�

DV ZHOO DV D QXPEHU RI VPDOO HQWHUSULVHV HVWDEOLVKHG

RQ LWV EDVH� WR SURGXFH PRUH WKDQ ��� WHFKQRORJLFDO

ODVHUV DQG WHFKQRORJLFDO ODVHU V\VWHPV� ZKLFK DUH QRZ
LQ RSHUDWLRQ LQ 5XVVLD DQG LQ D QXPEHU RI IRUHLJQ

FRXQWULHV� VXFK DV ,QGLD� &]HFKLD� &KLQD� .RUHD� &XED

DQG <XJRVODYLD�
� 9�<D� 3$1&+(1.2 DQG 9�6� *2/8%(9� ����
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0DLQ WHFKQLFDO FKDUDFWHULVWLFV RI WKH SURGXFHG
WHFKQRORJLFDO ODVHUV XVHG LQ ODVHU FXWWLQJ V\VWHPV DUH
JLYHQ LQ 7DEOH ��

7KHVH ODVHUV DUH FKDUDFWHULVHG E\ WKH SUHVHQFH RI
D PRGHUQ FRQWURO V\VWHP� FRPSOHWH XQLILFDWLRQ RI DV�
VHPEOLHV DQG FRPSRQHQWV DQG WKH SRVVLELOLW\ RI RSHU�
DWLQJ LQ D FUXFLEOHOHVV PRGH� 6RPH PRGHOV RI KLJK�
SRZHU WHFKQRORJLFDO &2��ODVHUV DUH VKRZQ LQ )L�
JXUHV � DQG ��

6SHFLILFDWLRQV RI OD\LQJ�RXW WDEOHV XVHG LQ WKH ODVHU
FXWWLQJ V\VWHPV DUH JLYHQ EHORZ�

0D[LPXP ZRUNLQJ ]RQH� PP
DORQJ D[LV ; ���������������������������������� XS WR ����
DORQJ D[LV < ���������������������������������� XS WR ����

0D[LPXP WUDYHO VSHHG� P�PLQ
DORQJ D[HV ; DQG < ������������������������ ��

5DWHG WUDYHO VSHHG� P�PLQ
DORQJ D[HV ; DQG < ������������������������ ���w����

$FFXUDF\ RI SRVLWLRQLQJ� PP
DORQJ D[HV ; DQG < ������������������������ ���

9ROWDJH� 9 ������������������������������������������ �������
3RZHU FRQVXPSWLRQ� N:�
QRW PRUH WKDQ �������������������������������������� �

7KH DERYH ODVHU HTXLSPHQW SURYLGHV FXWWLQJ RI PH�
WDOOLF �XS WR �� PP WKLFN� DQG QRQ�PHWDOOLF �XS WR
�� PP WKLFN� PDWHULDOV� )LJXUH � VKRZV DSSHDUDQFH
RI D WHFKQRORJLFDO ODVHU FXWWLQJ V\VWHP ZKLFK XVHV WKH
��� N: ODVHU RI PRGHO ������

7KH ZRUN LV QRZ XQGHUZD\ RQ EXLOGLQJ RI KLJK�
HIILFLHQF\ PRGHUQ ODVHU V\VWHPV IRU FRPPHUFLDO FXW�
WLQJ RI VKHHW PHWDO PDWHULDOV� 7KH ,QVWLWXWH� LQ FRO�
ODERUDWLRQ ZLWK WKH 2SHQ -RLQW 6WRFN &RPSDQLHV
�1,$7� DQG �6$90$� �9�$� .DUDV\RY�

*�)� 6PRWULWVN\� 9�9� %OLQNRY� $�9� 6KFKHJORY�
,�9� 9RONRY�� LV FRPSOHWLQJ GHYHORSPHQW DQG PDQX�
IDFWXUH RI D KLJK�VSHHG ODVHU V\VWHP LQWHQGHG IRU SUH�
FLVLRQ FXWWLQJ RI PHWDO VKHHWV PHDVXULQJ XS WR
����×���� PP DQG XS WR �� PP WKLFN� 7KH V\VWHP
FRPSULVHV D PDFKLQH WRRO ZLWK XQLWV IRU WKUHH�D[LV
GLVSODFHPHQW RI WKH ODVHU KHDG� GHYLFH IRU DXWRPDWHG
GLVSODFHPHQW RI WKH WDEOH ZLWK D ELOOHW� WHFKQRORJLFDO
ODVHU ZLWK V\VWHPV IRU WUDQVSRUWDWLRQ RI UDGLDWLRQ� JDV
IHHGLQJ DQG FRROLQJ RI RSWLFDO�PHFKDQLFDO XQLWV� PD�
FKLQH WRRO JXDUG UDLO FDELQ� GHYLFHV IRU UHPRYDO RI
ZDVWH DQG FRROLQJ XQLW� 7KH PRGHUQ FRQWURO V\VWHP
EDVHG RQ D KLJK�FDSDFLW\ DXWRPDWLF KLJK�WHFKQRORJ\
&1& GHYLFH RI WKH �3RZHU $XWRPDWLRQ 3$ ���� 17
&1&�6HULHV� &RPSDQ\ DQG D GULYH RI WKH �,QGUDPDW�
&RPSDQ\ DUH XVHG WR LQFUHDVH SURGXFWLYLW\ DQG LP�
SURYH TXDOLW\ RI FXWWLQJ� 7KH V\VWHP FDQ EH XVHG WR
PDQXIDFWXUH SDUWV IRU DXWRPRWLYH� DHURVSDFH� VKLS�
EXLOGLQJ DQG HOHFWULF HQJLQHHULQJ LQGXVWULHV� DV ZHOO
DV DW HQWHUSULVHV RI WKH GHIHQFH DQG PLQLQJ LQGXVWULHV
IRU FXWWLQJ IODW ELOOHWV RI VWUXFWXUDO� WRRO� VWDLQOHVV�
VLOLFRQ� VSULQJ VWHHOV DQG WKHLU DOOR\V�

/DVHU FXWWLQJ RI VWUXFWXUDO PDWHULDOV� 7KH ,QVWL�
WXWH FDUULHV RXW H[SHULPHQWDO DQG QXPHULFDO LQYHVWL�
JDWLRQV LQWR IXQGDPHQWDO PHFKDQLVPV RI JDV�ODVHU FXW�
WLQJ >�w�@� DV ZHOO DV GHYHORSPHQW RI VSHFLILF WHFK�
QRORJLHV IRU FXWWLQJ YDULRXV VWUXFWXUDO PDWHULDOV� 7KH
SXUSRVH RI WKHVH HIIRUWV LV WR SURYLGH KLJK�HIILFLHQF\
DQG RSWLPDO FXWWLQJ SURFHVVHV ZLWK D KLJK WHFKQRORJL�
FDO TXDOLW\ IRU GLIIHUHQW PDWHULDOV DQG FXW SURILOHV RI
KLJK SUDFWLFDO LPSRUWDQFH� )LJXUH � VKRZV DQ H[DPSOH
RI H[SHULPHQWDO PHDVXUHPHQWV RI WHPSHUDWXUH RI D
VDPSOH DIWHU FXWWLQJ �DVVRFLDWHG JDV x 2�� 2��1��

7DEOH �� 0DLQ WHFKQLFDO FKDUDFWHULVWLFV RI WKH SURGXFHG ODVHUV

0RGHO

0D[LPXP

SRZHU�

N:

$SHUWXUH�

PP

'LYHU�

JHQFH�

PUDG

3RZHU

FRQVXPS�

WLRQ� N:

:HLJKW�

NJ

�����

�7/�����

��� �� ��� �� ����

�����

�7/�����

��� 8S WR �� ��� �� ����

�����

�7/���

� �� ��� �� ����

)LJXUH �� ,QGXVWULDO WHFKQRORJLFDO &2��ODVHU 7/���� )LJXUH �� ,QGXVWULDO WHFKQRORJLFDO &2��ODVHU 7/��
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1�� ZLWK WKH IL[HG OHQJWK RI D FXW SURILOH� ZKLFK
DOORZV WKH EDODQFH RI HQHUJLHV RI WKH SURFHVV WR EH
UHILQHG DQG FXWWLQJ FRQGLWLRQV WR EH RSWLPLVHG >�@�
7DEOH � JLYHV H[SHULPHQWDO GDWD REWDLQHG E\
9�$� .DUDV\RY RQ FXWWLQJ SDUDPHWHUV IRU ORZ�FDUERQ
DQG VWDLQOHVV VWHHOV XVLQJ ODVHU V\VWHPV DYDLODEOH DW
WKH ,QVWLWXWH� 5HVXOWV RI WKH LQYHVWLJDWLRQV FRQGXFWHG
DUH DSSOLHG WR IXOILO RUGHUV RQ FXWWLQJ VKHHW VWUXFWXUDO
PDWHULDOV IRU PDQXIDFWXUH RI VSHFLILF SLHFHV� VXFK DV
DUPRXU VKLHOGV� VDIHV� GRRUV� FDELQV� GLVN VDZV� PHGL�
FDO LQVWUXPHQWV� FDU ERG\ SDUWV DQG UHVHDUFK HTXLS�
PHQW �H�J� VWHHO SODWHV IRU FROOLGHU &(51��

/DVHU FXWWLQJ RI DGYDQFHG PDWHULDOV� 0DQ\ SUR�
MHFWV RI WKH ;;, FHQWXU\ DVVRFLDWHG ZLWK SRZHU JHQ�
HUDWLRQ� H[SORUDWLRQ RI VSDFH DQG PDNLQJ RI QHZ WRROV
UHTXLUH SURFHVVLQJ RI DGYDQFHG PDWHULDOV� 7KH ,QVWL�
WXWH IRU 3UREOHPV RI /DVHU DQG ,QIRUPDWLRQ 7HFKQROR�
JLHV� LQ FRRSHUDWLRQ ZLWK WKH ,QVWLWXWH RI 0HWDOOXUJ\
DQG 0DWHULDOV 6FLHQFH RI WKH 5XVVLDQ $FDGHP\ RI 6FL�
HQFHV �3URI� /�,� ,YDQRY�� LV DFWLYH LQ LQYHVWLJDWLRQ
RI FDSDELOLWLHV DQG SDUDPHWHUV RI ODVHU FXWWLQJ RI WKH
DERYH PDWHULDOV� XVLQJ WKH XS WR ��� N: &2��ODVHUV
JHQHUDWLQJ UDGLDWLRQ LQ FRQWLQXRXV DQG SXOVH�SHULRGLF
�XS WR � N+]� PRGHV ZLWK D KLJK RSWLFDO TXDOLW\ RI
WKH ODVHU EHDP >�@� 7KH UHVXOWV RI WKH HIIRUWV LQFOXGH
LQYHVWLJDWLRQ RI FXWWLQJ SDUDPHWHUV IRU WKH IROORZLQJ

PDWHULDOV� PHWDOV �H�J� &Uw0Q�DOOR\HG VWHHOV�� JUDSK�
LWH� FHUDPLF �ERURQ QLWULGH DQG KHDW�LQVXODWLQJ KLJK�
WHPSHUDWXUH VSHFLDO FHUDPLFV� DQG D QXPEHU RI PLQ�
HUDOV� 7KH FXW GHSWK LV XS WR �� PP� DQG WKH FXWWLQJ
VSHHG LV XS WR � P�PLQ� 2SWLPDO YDOXHV RI WKH IRO�
ORZLQJ PDLQ SURFHVV SDUDPHWHUV ZHUH HVWDEOLVKHG� OD�
VHU SRZHU� SXOVH UHSHWLWLRQ IUHTXHQF\� IHHG VSHHG� OHQV
IRFDO GLVWDQFH� IRFXV GHHSHQLQJ� W\SH DQG SUHVVXUH RI
DQ DX[LOLDU\ JDV� DQG JHRPHWULFDO SDUDPHWHUV RI WKH
JDV�G\QDPLF V\VWHP IRU JDV IHHGLQJ� 7KH LQYHVWLJD�
WLRQV SURYHG WKH IHDVLELOLW\ DQG VKRZHG UHDO FDSDELOL�
WLHV RI ODVHU FXWWLQJ RI D QXPEHU RI KDUG�WR�WUHDW DG�
YDQFHG PDWHULDOV ZLWK D KLJK TXDOLW\ DQG SURGXFWLYLW\
RI WKH SURFHVV�

3URPLVLQJ DUHDV RI DSSOLFDWLRQ RI ODVHU ZHOGLQJ�
7KH KLJK FRQFHQWUDWLRQ RI HQHUJ\ RI UDGLDWLRQ RI WKH
KLJK�SRZHU �IURP � WR �� N:� &2��ODVHUV HQDEOHV
ZHOGLQJ RI PHWDOV IURP ��� WR �� PP WKLFN DW D VSHHG
RI � WR �� P�PLQ� 7KH EDVLF DGYDQWDJH RI ODVHU ZHOG�
LQJ LV QRW MXVW D KLJK VSHHG RI WKH SURFHVV� EXW DOVR
HOLPLQDWLRQ RI UHVLGXDO VWUDLQV DQG HQVXULQJ KLJK YDO�
XHV RI PHFKDQLFDO SURSHUWLHV DQG RSHUDWLRQDO VWUHQJWK�
7KH ,QVWLWXWH PDVWHUHG WKH WHFKQRORJ\ IRU ODVHU ZHOG�
LQJ RI WUDQVPLVVLRQ JHDUV �)LJXUH ��� VWDLQOHVV SLSHV�
K\GUDXOLF WDSSHWV RI IXHO HTXLSPHQW� FDUGDQ VKDIWV�
VSUD\ FDQV DQG IXHO ILOWHU FDVLQJV� 7KH ZRUN LV LQ

)LJXUH �� 6\VWHP IRU SUHFLVLRQ ODVHU FXWWLQJ GHYHORSHG DQG PDQX�
IDFWXUHG E\ WKH ,QVWLWXWH IRU 3UREOHPV RI /DVHU DQG ,QIRUPDWLRQ
7HFKQRORJLHV

)LJXUH �� 'HSHQGHQFH RI WHPSHUDWXUH RI VDPSOHV� 7
V
� DIWHU FXWWLQJ

XSRQ VSHHG Y
F
�FXWWLQJ JDV SUHVVXUH x �� N3D�

7DEOH �� ([SHULPHQWDO GDWD RQ FXWWLQJ SDUDPHWHUV IRU ORZ�FDUERQ DQG VWDLQOHVV VWHHOV

0DWHULDO 7KLFNQHVV� PP &XWWLQJ VSHHG� PP�V /DVHU SRZHU� : &XWWLQJ JDV SUHVVXUH� N3D

=Q�SODWHG VWHHO ��� �� ��� ���w���

��� �� ��� ���w���

&ROG�UROOHG VWHHO ��� ��w��� ���w��� ���w���

��� �� ��� ���w���

6WHHO � ��� ��w�� ���w��� ���w���

���� �� ���� ��

6WHHO �� ��� �� ��� ���w���

��� �� ���� ���

$UPRXU VWHHO ��.K106 ��� �� ��� ���w���

��� �� ��� ���w���

6WDLQOHVV VWHHO ���66 ��� �� ��� ���
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SURJUHVV RQ WKH WHFKQRORJ\ IRU ODVHU ZHOGLQJ RI JDV
DQG RLO SLSHOLQHV >�@� SDUWV RI DOXPLQLXP DOOR\V IRU
DLUFUDIW HQJLQHHULQJ� DQG FDVLQJ SDUWV RI WLWDQLXP DQG
KLJK�VWUHQJWK VWHHOV IRU GHIHQFH LQGXVWU\ >�@� $V DQ
H[DPSOH� FRQVLGHU SDUDPHWHUV RI VRPH RI WKH ZHOGLQJ
SURFHVVHV�

• KLJK�VSHHG ODVHU ZHOGLQJ RI WKLFN�ZDOOHG VWDLQ�

OHVV VWHHO SLSHV� 7KLV SURFHVV ZDV GHYHORSHG IRU ZHOG�

LQJ RI SLSHV ZLWK D GLDPHWHU RI �� PP DQG ZDOO WKLFN�

QHVV RI � PP DW D VSHHG RI �� P�PLQ XVLQJ WKH 7/��0

ODVHU� ,W IRXQG DSSOLFDWLRQ DW 0RVFRZ DQG

'QHSURSHWURYVN SLSH PDQXIDFWXULQJ SODQWV�

• ODVHU ZHOGLQJ RI GLDPRQG DEUDVLYH EHDULQJ VDZ

WHHWK IRU VDZLQJ RI VWRQHV� 7KH SURFHVV LV SHUIRUPHG

RQ VDZV �w�� PP WKLFN XVLQJ WKH 7/��0 ODVHU

�� N:��

• KLJK�VSHHG ODVHU ZHOGLQJ RI FDQV ZLWK D ZDOO

WKLFNQHVV RI ����w���� PP DW D VSHHG RI �� P�PLQ

XVLQJ WKH 7/��0 ODVHU �� N:��

• ODVHU ZHOGLQJ RI PDLQ JDV DQG RLO SLSHOLQHV ZLWK
D ZDOO WKLFNQHVV RI ��w�� PP DW D VSHHG RI � P�PLQ

XVLQJ WKH 7/��� ODVHU ��� N:��

,Q GHYHORSPHQW RI WKH WHFKQRORJLHV IRU ODVHU ZHOG�

LQJ RI SLSHV� WKH ,QVWLWXWH FRRSHUDWHV ZLWK WKH 3:,

>�@ LQ DQ DUHD RI LQYHVWLJDWLRQ RI SHUIRUPDQFH RI

ZHOGHG MRLQWV�

7KH ,QVWLWXWH LV LQYROYHG DOVR LQ WKHRUHWLFDO UH�

VHDUFK >��� ��@ WR VWXG\ PHFKDQLVPV RI K\GURG\QDPLF

LQVWDELOLWLHV RI WKH PHOW LQ GHHS SHQHWUDWLRQ RI WKH

LQWHQVLYH ODVHU EHDP LQWR PHWDO GXULQJ WKH ODVHU ZHOG�

LQJ SURFHVV�

$SSOLFDWLRQ RI ODVHU WHFKQRORJ\ IRU LPSURYH�

PHQW RI TXDOLW\ RI ZRUNLQJ VXUIDFHV RI GLH WRROV�

7KH ,QVWLWXWH LV ZRUNLQJ XQGHU WKH (XURSHDQ 3UR�

JUDP �(85(.$� WR SHUIRUP 3URMHFW �*()(67�

LQWHQGHG IRU GHYHORSPHQW DQG DSSOLFDWLRQ RI WKH

WHFKQRORJLHV IRU ODVHU DQG SODVPD FODGGLQJ RI ZRUN�

LQJ VXUIDFHV RI GLH WRROV� 3DUWLFLSDWLQJ LQ WKH 3URMHFW

DUH WKH ,QVWLWXWH IRU 0HWDOV 7UHDWPHQW DQG 7HFKQL�

FDO 8QLYHUVLW\ �3RODQG�� ,QVWLWXWH IRU 3UREOHPV RI

/DVHU DQG ,QIRUPDWLRQ 7HFKQRORJLHV RI WKH 5XVVLDQ

$FDGHP\ RI 6FLHQFHV� 1�(� %DXPDQ 0RVFRZ 6WDWH

7HFKQLFDO 8QLYHUVLW\ �5XVVLD� DQG WKH 3:,

�8NUDLQH� DQG 0HWDOOXUJLFDO :RUNV �3RODQG�� 7KH

LQLWLDO UHVXOWV REWDLQHG VR IDU LQFOXGH GHYHORSPHQW

RI WKH WHFKQRORJ\ IRU ODVHU PRGLILFDWLRQ RI VXUIDFHV

�KDUGHQLQJ� DOOR\LQJ� RI GLH WRROV IRU WKH PDQXIDF�

WXUH RI SDUWV IRU DXWRPRWLYH LQGXVWU\ >��@�

7KH PHWKRGV ZHUH VHOHFWHG DQG GHYHORSHG IRU ODVHU

WUHDWPHQW RI VXUIDFHV XVLQJ WKH KLJK�SRZHU WHFKQR�

ORJLFDO &2��ODVHU 07/���� ZLWK D PHDQ UDGLDWLRQ

SRZHU RI � N: DQG D VSHFLDOLVHG ILYH�D[LV PDQLSXODWRU

RI WKH 9,63 ����$ W\SH�

6DPSOHV RI GLHV DIWHU ODVHU KDUGHQLQJ DQG ODVHU

DOOR\LQJ ZHUH H[DPLQHG E\ PHWDOORJUDSK\�

$V SURYHG E\ WKH LQYHVWLJDWLRQV FRQGXFWHG� ODVHU

VXUIDFLQJ RI ZRUQ�RXW SDUWV FDQ EH UHSODFHG E\ ODVHU

DOOR\LQJ ZLWK UHIUDFWRU\ DQG VXSHU�KDUG HOHPHQWV RI

WKH W\SH RI ILQHO\ GLVSHUVHG ERURQ�

/DVHU KDUGHQLQJ RI VDPSOHV RI GLH WRROV H[KLELWHG

KLJK DGDSWDELOLW\ IRU LQGXVWULDO DSSOLFDWLRQ� +DUGQHVV

RI WKH WUHDWHG OD\HU �QRW OHVV WKDQ ��� PP WKLFN�

DPRXQWV WR +5& �� �)LJXUH ��� ZKLFK LV UHTXLUHG IRU

RSHUDWLRQ RI WKH GLHV� 6XFK KDUGQHVV ZDV SURGXFHG

ERWK E\ ODVHU KDUGHQLQJ DORQH DQG E\ ODVHU KDUGHQLQJ

SHUIRUPHG DIWHU SUHOLPLQDU\ KHDW WUHDWPHQW RI SDUWV�

%DVHG RQ WHPSHUDWXUH SDUDPHWHUV DQG FKDUDFWHU RI

LPSDFW ORDGV XQGHU FRQGLWLRQV RI RSHUDWLRQ RI GLH

WRROV� LW LV UHFRPPHQGHG WR XVH SUHOLPLQDU\ KDUGHQLQJ

RI SDUWV DW 7KDUG  ���� �&� IROORZHG E\ WHPSHULQJ DW

7WHPS  ��� �&� LQ FRPELQDWLRQ ZLWK ODVHU WUHDWPHQW

DW D UDGLDWLRQ SRZHU RI DERXW � N: DQG WUHDWPHQW

VSHHG RI ��� P�PLQ�

5LJ WHVWV RI WKH WUHDWHG VDPSOHV DW WKH ,QVWLWXWH

IRU 0HWDOV 7UHDWPHQW �3RODQG� \LHOGHG SRVLWLYH UH�

VXOWV�

7KH GDWD REWDLQHG ODLG WKH EDVLV IRU ZRUNLQJ RXW

SULQFLSOHV RI GHYHORSPHQW RI VSHFLILF WHFKQRORJLHV IRU

ODVHU KDUGHQLQJ DQG DOOR\LQJ RI GLH WRROV IRU DXWRPR�

WLYH LQGXVWU\�

/DVHU VWHUHROLWKRJUDSK\ x QHZ KLJK�HIILFLHQF\

WHFKQRORJ\ IRU DFFHOHUDWLRQ RI WKH SURGXFWLRQ F\FOH�

$FKLHYHPHQW RI D KLJK TXDOLWDWLYH OHYHO RI QHZ GHYHO�

RSPHQWV DQG D IDVW UHVSRQVH WR WKH FXUUHQW GHPDQG

UHTXLUH UDSLG FKDQJHV LQ WKH UDQJH RI SURGXFWV DQG�

)LJXUH �� $SSHDUDQFH RI WKH 9$= FDU JHDU �'  �� PP� ZHOGHG
XVLQJ WKH 7.���� ODVHU �ZHOGLQJ VSHHG x � P�PLQ� IRFDO GLV�
WDQFH x ��� PP� PDWHULDO x VWHHO ��.K*7 DQG ��.K�1�$�

)LJXUH �� +DUGQHVV RI VWHHO :/& DV D IXQFWLRQ RI VSHHG RI KHDW
WUHDWPHQW� � x KDUGHQLQJ IURP ���� �&� � x KDUGHQLQJ IURP
���� �& � WHPSHULQJ DW ��� �&� �x ZLWKRXW KHDW WUHDWPHQW �ODVHU
SRZHU x � N:�
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KHQFH� PD[LPXP SRVVLEOH DFFHOHUDWLRQ RI WKH SURFHVV

RI GHVLJQ RI QHZ SURGXFWV DQG FRUUHVSRQGLQJ IL[WXUHV�

DV ZHOO DV PDQXIDFWXUH RI H[SHULPHQWDO VDPSOHV DQG

SURWRW\SHV� 7KHVH SUREOHPV FDQ EH VROYHG E\ RQH RI

WKH WHFKQRORJLHV RI UDSLG SURWRW\SLQJ� L�H� VWHUHROL�

WKRJUDSK\� 7KLV W\SH RI WKH WHFKQRORJ\ LV EHLQJ LQ�

WHQVLYHO\ GHYHORSHG DW WKH ,QVWLWXWH IRU 3UREOHPV RI

/DVHU DQG ,QIRUPDWLRQ 7HFKQRORJLHV� ZKLFK KDV EH�

FRPH WKH 5XVVLDQ OHDGHU LQ WKH ILHOG >��@� 7KH WHFK�

QRORJ\ DOORZV SURGXFWLRQ RI SODVWLF FRSLHV RI �' FRP�

SXWHU PRGHOV RI DOPRVW DQ\ GHJUHH RI FRPSOH[LW\ ZLWK

GLPHQVLRQV RI VHYHUDO WHQV RI PHWUHV ZLWKLQ �� KRXUV�

WKH DFFXUDF\ RI PDQXIDFWXUH EHLQJ QRW ZRUVH WKDQ

��� PP�

,Q RWKHU ZRUGV� ODVHU VWHUHROLWKRJUDSK\ LV WKH OD�

VHU�LQIRUPDWLRQ WHFKQRORJ\ IRU UDSLG PDQXIDFWXUH RI

�' REMHFWV RI D FRPSOH[ WRSRORJ\� EDVHG RQ WKH GDWD

JHQHUDWHG ZLWK WKH FRPSXWHU WHFKQRORJ\ $&$'� IRU

DSSOLFDWLRQ LQ DXWRPRWLYH LQGXVWU\� DHURVSDFH HQJL�

QHHULQJ� SRZHU JHQHUDWLRQ� PHGLFLQH� FULPLQDOLVWLFV

DQG DUFKDHRORJ\�

/DVHU VWHUHROLWKRJUDSK\ DOORZV WKH URXWH IURP D

VWUXFWXUDO RU DUW GHVLJQHUsV LGHD WR D ILQLVKHG PRGHO

WR EH SDVVHG ZLWKLQ D IHZ GD\V �)LJXUH ��� 7KH VRXUFH

GDWD FDQ EH LQ WKH IRUP RI VNHWFKHV DQG GUDZLQJV�

ILOHV� �' REMHFWV� ILOHV RI FRPSXWHU WRPRJUDSKV RU

FRRUGLQDWH�PHDVXUHPHQW PDFKLQHV� HWF�

7KH ,QVWLWXWH KDV GHYHORSHG DQG LV SURGXFLQJ WKH

ODVHU VWHUHROLWKRJUDSK /6���� �)LJXUH ��� ,W LV LQ�

WHQGHG IRU OD\HU�E\�OD\HU PDNLQJ RI PRGHOV� SDUWV�

DVVHPEOLHV DQG VWUXFWXUHV RI DQ\ VKDSH DQG FRPSOH[LW\

IURP OLTXLG FRPSRVLWLRQV ZKLFK DUH SRO\PHULVHG XQGHU

WKH HIIHFW RI ODVHU UDGLDWLRQ� $ �' REMHFW GHVLJQHG RQ

D FRPSXWHU LV JURZQ IURP D OLTXLG SKRWRSRO\PHULVDEOH

FRPSRVLWLRQ LQ VXFFHVVLYH WKLQ OD\HUV IRUPHG XQGHU

WKH HIIHFW RI ODVHU UDGLDWLRQ RQ D PRELOH SODWIRUP LP�

PHUVHG LQWR WKH EDWK ZLWK WKH OLTXLG FRPSRVLWLRQ�

6SHFLILFDWLRQV RI WKH ODVHU VWHUHROLWKRJUDSK
0D[LPXP GLPHQVLRQV RI D SDUW
WR EH PDGH� PP ����������������������������������� ���×���×���
$FFXUDF\ RI PDQXIDFWXUH� PP ���������������� ±���
3RZHU FRQVXPSWLRQ� N: ����������������������� �
'LPHQVLRQV� PP ���������������������������������� ����×����×���
:HLJKW� NJ ����������������������������������������� ���

7KH VRXUFH GDWD FDQ EH WUDQVPLWWHG YLD ,QWHUQHW�

2EMHFWV PDGH ZLWK WKH /6���� GHYLFH FDQ EH XVHG�

• DV VWUXFWXUDO DQG DUW GHVLJQ SURWRW\SHV�
• DV FRQVXPDEOH SDWWHUQV RU IL[WXUHV IRU YDULRXV

W\SHV RI FDVWLQJ�

• DV PDVWHU�PRGHOV IRU PDQXIDFWXUH RI HOHFWURGHV
XWLOLVHG IRU HOHFWURHURVLRQ WUHDWPHQW�

• IRU PDQXIDFWXUH RI REMHFWV E\ WKH GDWD RI FRP�
SXWHU WRPRJUDSKV DQG FRRUGLQDWH�PHDVXUHPHQW PD�

FKLQHV� DQG RWKHU W\SHV RI SURELQJ RI �' REMHFWV�

7KH ,QVWLWXWH LV DOVR DFWLYH LQ GHYHORSPHQW RI WKH

WHFKQRORJ\ IRU ODVHU PLFUR�VWHUHROLWKRJUDSK\� ZKLFK

KDV DOUHDG\ HQDEOHG SURGXFWLRQ RI REMHFWV D IHZ PL�

FURPHWUHV LQ VL]H �$�9� (YVHHY�� 7KH WHFKQRORJ\ IRU

UDSLG PDQXIDFWXUH RI IXQFWLRQDO SDUWV DQG IL[WXUHV LV

EHLQJ GHYHORSHG XVLQJ ODVHU VWHUHROLWKRJUDSK\ DQG

YLGHRJUDPPHWU\ �9�3� <DNXQLQ�� 7KLV WHFKQRORJ\ LV

EDVHG RQ WKH HTXLSPHQW GHYHORSHG DQG EXLOW E\ WKH

,QVWLWXWH IRU WKH UDSLG PDQXIDFWXUH RI SDUWV� IL[WXUHV

RU WKHLU FRSLHV IURP SKRWRSRO\PHULVDEOH FRPSRVLWLRQV�

7KH SRVVLELOLW\ H[LVWV RI PDNLQJ IXQFWLRQDO SDUWV DQG

IL[WXUHV E\ FDVWLQJ XVLQJ FRQVXPDEOH RU ORVW SDWWHUQV�

/DVHU GLDJQRVWLFV RI VXEVXUIDFH GHIHFWV�&RQWDFW�

OHVV QRQ�GHVWUXFWLYH WHVWLQJ PHWKRGV VKRZ SURPLVH IRU

VROYLQJ SUREOHPV LQ ERWK PDFKLQH EXLOGLQJ DQG

�VPDUW� ODVHU WHFKQRORJLHV� 7KHUPDO�ZDYHPLFURVFRS\

LV WRSLFDO DQG RQH RI WKH PRVW LPSRUWDQW PHWKRGV RI

QRQ�GHVWUXFWLYH WHVWLQJ�

7KH SULQFLSOH RI �WKHUPDO�ZDYH PLFURVFRS\ EDVHG

RQ D UXQQLQJ EHDP� LV LQ V\QFKURQLVHG VXUIDFH VFDQ�

)LJXUH �� 3KRWRSRO\PHULF PRGHOV JURZQ E\ WKH PHWKRG RI ODVHU
VWHUHROLWKRJUDSK\

)LJXUH �� /DVHU VWHUHROLWKRJUDSK /6����
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QLQJ RI WKH KHDW EHDP VSRW �LQ WKH IRUP RI D VWULS�

DQG WKH UDQJH RI VHQVLWLYLW\ RI D OLQHDU ,5 UHFHLYHU�

7KH VSHHG RI VFDQQLQJ VKRXOG EH FRPSDUDEOH ZLWK WKH

YHORFLW\ RI D KHDW ZDYH IRU WKH WKHUPDO ILHOG WR EH

HIILFLHQWO\ UHJLVWHUHG� $W SUHVHQW WKLV PHWKRG VKRZV

WKH KLJKHVW SURPLVH LQ SKRWRWKHUPDO PLFURVFRS\� ,W

SURYLGHV D KLJK�FRQWUDVW LPDJLQJ RI KHWHURJHQHLWLHV

ZLWK D KLJK HIILFLHQF\ RI PRQLWRULQJ >��@�

$QRWKHU FRQWDFWOHVV PHWKRG RI QRQ�GHVWUXFWLYH

WHVWLQJ� L�H� ODVHU RSWR�WKHUPRDFRXVWLF GLDJQRVWLFV� LV

EDVHG RQ D VWLPXODWHG ODVHU H[FLWDWLRQ RI VXUIDFH DFRXV�

WLF ZDYHV DQG IL[DWLRQ RI WKH WKHUPDO UHVSRQVH ZKLFK

DFFRPSDQLHV GLODWDWLRQ RI WKH DFRXVWLF ZDYH >��� ��@�

7KH PHWKRG SURYLGHV WKH SRVVLELOLW\ RI LQYHVWLJDWLQJ

DQLVRWURS\ RI HODVWLF FKDUDFWHULVWLFV RI D PDWHULDO E\

DQDO\VLQJ DQJXODU GHSHQGHQFH RI WKH YHORFLW\ RI SURSD�

JDWLRQ RI WKH VXUIDFH DFRXVWLF ZDYH� ZKLFK DOORZV

GHIHFWV RI WKH W\SH RI YHUWLFDO FUDFNV WR EH GHWHFWHG�

7KH PHWKRG LV SDUWLFXODUO\ FRQYHQLHQW IRU WHVWLQJ VDP�

SOHV XQGHU LQFUHDVHG WHPSHUDWXUH FRQGLWLRQV�

�� :HE�VLWH� KWWS���LSOLW�ODVHU�UX
�� 3DQFKHQNR� 9�<D�� *ROXEHY� 9�6� ������ $SSOLFDWLRQV RI

ODVHUV LQ PDFKLQH EXLOGLQJ DQG PHWDOOXUJ\� ,Q� 3URF� 63,(�
9RO� �����

�� *ROXEHY� 9�6� ������ 5HVHDUFK RI VRPH QHZ ZD\V WR LP�
SURYH WKH HIILFLHQF\ DQG RSWLFDO TXDOLW\ RI LQGXVWULDO &2��OD�
VHUV� ,Q� *DV ODVHUV x UHFHQW GHYHORSPHQWV DQG IXWXUH SURV�
SHFWV� (G� E\ :�-� :LWWHPDQ� 9�1� 2FKNLQ� 'RUGUHFKW�
.OXZHU $�3�

�� 9DVLOWVRY� 9�9�� =DEHOLQ� $�0� ������ +LJK SRZHU &2��OD�
VHUV IRU PDWHULDO SURFHVVLQJ� ,Q� 3URF� 63,(� 9RO� �����

�� /HGHQHY� 9�,�� .DUDV\RY� 9�$�� <DNXQLQ� 9�3� ������ 2Q
FDSLOODU\ SKHQRPHQRQ GXULQJ PHOW UHPRYDO XQGHU JDV DV�
VLVWHG ODVHU FXWWLQJ� ,ELG�� 9RO� �����

�� %D]\OHYD� ,�2�� *DOXVKNLQ� 0�*�� *ROXEHY� 9�6� HW DO�
������ 7KHUPDO ORVVHV LQ SURFHVV RI JDV DVVLVWHG ODVHU FXWWLQJ
PHWDOV� ,ELG�� 9RO� �����

�� 'XEURY� 9�'�� 3DQFKHQNR� 9�<D�� *ROXEHY� 9�6� ������
/DVHU FXWWLQJ DQG ZHOGLQJ RI XQVSHFLILHG PDWHULDOV� ,Q�
3URF� RI ,QW� &RQI� RQ 3URJUDP RQ $GYDQFHG /DVHU 7HFKQR�
ORJLHV� &RQVWDQWD� 5RPDQLD� 6HSW� ��w��� �����

�� 5\EDNRY� $�$�� <DNXERYVN\� 9�9�� .LULDQ� 9�,� HW DO�
������ ,QYHVWLJDWLRQ RI RSHUDWLRQDO LQWHJULW\ RI ��*�%7
SLSH VWHHO ZHOGHG MRLQWV SHUIRUPHG E\ WZR�SDVV ODVHU ZHO�
GLQJ� $YWRPDWLFK� 6YDUND� �� ��w���

�� .DMWDQRY� $�<X�� 2]HUVN\� $�'�� =DEHOLQ� 6�0� HW DO�
������ 6WDWLF DQG IDWLJXH VWUHQJKWV RI ODVHU ZHOGHG RYHUODS
MRLQWV ZLWK FRQWUROOHG SHQHWUDWLRQ� ,Q� 3URF� 63,(�
9RO� �����

��� *ROXEHY� 9�6� ������ 3RVVLEOH K\GURG\QDPLF SKHQRPHQD LQ
GHHS SHQHWUDWLRQ ODVHU FKDQQHOV� ,ELG�� 9RO� �����

��� *ROXEHY� 9�6�� 0LU]RHY� )�.K�� 6KLJDQRY� ,�1� ������ +\G�
URG\QDPLFDO PRGHO RI PHOW FRPSRQHQWV VWUDWLILFDWLRQ GXULQJ
VFDQQLQJ ODVHU EHDPV LQWHUDFWLRQ ZLWK KHWHURJHQHRXV PDWHUL�
DOV� ,ELG�� 9RO� ����

��� 3DQFKHQNR� 9�<D�� 9DVLOWVRY� 9�9�� *ROXEHY� 9�6� HW DO�
������ $SSOLFDWLRQ RI ODVHU WHFKQRORJ\ LQ TXDOLW\ LPSURYH�
PHQW RI VWDPSLQJ WRRO ZRUNLQJ VXUIDFHV� ,ELG�

��� $QWRQRY� $�1�� (YVHHY� $�9�� .DPDHY� 6�9� HW DO� ������
/DVHU VWHUHROLWKRJUDSK\ x WKH WHFKQRORJ\ RI OD\HU�E\�OD\HU
PDQXIDFWXULQJ RI �' REMHFWV IURP OLTXLG SKRWRSRO\PHUL]DE�
OH FRPSRVLWLRQV� 2SWLFKHVND\D 7HNKQLND� �� �w���

��� .DUDEXWRY� $�$�� .XE\VKNLQ� $�3� ������ /DVHU WKHUPDO�
ZDYH PLFURVFRS\ IRU UHPRWH QRQGHVWUXFWLYH WHVWLQJ� ,Q�
3URF� 63,(� 9RO� �����

��� .DUDEXWRY� $�$�� .XE\VKNLQ� $�3�� 6DYDWHHYD� (�9� ������
1RYHO QRQFRQWDFW PHWKRG RI VXUIDFH DFRXVWLF ZDYH UHJLVWUD�
WLRQ IRU QRQGHVWUXFWLYH WHVWLQJ� ,ELG�� 9RO� �����

��� .XE\VKNLQ� $�3�� 3DXO� 0�� $UQROG� :� ������ 'HWHFWLRQ
RI ODVHU JHQHUDWHG 5D\OHLJK ZDYHV E\ UHFRUGLQJ WKHLU ,5 UD�
GLDWLRQ� ,ELG�� 9RO� �����
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

5HVLVWDQFH RI GHSRVLWHG PHWDO RI W\SH RI KLJK�FDUERQ &Uw7Lw0R VWHHO XQGHU WKH FRQGLWLRQV RI DEUDVLYH ZHDU ZDV VWXGLHG�

+LJK ZHDU UHVLVWDQFH RI GHSRVLWHG PHWDO RI WKLV W\SH LV H[SODLQHG E\ WKH DELOLW\ RI DXVWHQLWLF�PDUWHQVLWLF PDWUL[ RI DOOR\

WR SUHYHQW WKH ÏKLSSLQJ RI WLWDQLXP FDUELGHV DW WKH H[SHQVH RI IRUPDWLRQ RI FRKHUHQW ERQGV DW WKH DXVWHQLWHwFDUELGH

LQWHUIDFH� 2SWLPXP FRPSRVLWLRQ RI GHSRVLWHG PHWDO ZDV VHOHFWHG DQG VHOI�VKLHOGLQJ IOX[�FRUHG ZLUH ZDV GHYHORSHG RQ

WKH EDVLV RI UHVXOWV RI LQYHVWLJDWLRQV�

.H\ ZRU G V � GHSRVLWHG PHWDO� ZHDU UHVLVWDQFH� GLODWRPHW�
ULF DQDO\VLV� VHOI�VKLHOGLQJ IOX[�FRUHG ZLUH

$EUDVLYH ZHDU UHVLVWDQFH RI GHSRVLWHG PHWDO RI W\SH
RI KLJK�DOOR\HG VWHHOV DQG DOOR\V LV GHWHUPLQHG PDLQO\

E\ D VWUXFWXUDO VWDWH DQG GHJUHH RI DOOR\LQJ RI D EDVH
DV ZHOO DV E\ D QXPEHU DQG FRPSRVLWLRQ RI D FDUELGH

SKDVH� ,Q DGGLWLRQ� ZLWK LQFUHDVH LQ KDUGQHVV RI D

FDUELGH FRQVWLWXHQW D WRWDO ZHDU UHVLVWDQFH LV XVXDOO\

LQFUHDVHG�

7LWDQLXP EHORQJV WR VWURQJ FDUELGH�IRUPLQJ HOH�

PHQWV� DQG LWV FDUELGH RI 7L& W\SH LV RQH RI PRVW KDUG

DQG UHIUDFWRU\ PDWHULDOV� %HVLGHV� WKH FRVW RI IHUURWL�

WDQLXP XVHG LQ FKDUJH RI VXUIDFLQJ IOX[�FRUHG ZLUH

DQG VWULSV LV PXFK ORZHU WKDQ WKH FRVW RI IHUURDOOR\V

RI RWKHU VWURQJ FDUELGH�IRUPLQJ HOHPHQWV �YDQDGLXP�

QLRELXP� WXQJVWHQ�� 7KHUHIRUH� WKH XVH RI WLWDQLXP DV

RQH RI PDLQ DOOR\LQJ HOHPHQWV LQ KLJKO\ ZHDU�UHVLVWDQW

VXUIDFLQJ PDWHULDOV LV UDWKHU FKDOOHQJLQJ�

7KH DLP RI WKH SUHVHQW ZRUN LV WR GHWHUPLQH WKH

RSWLPXP FRPSRVLWLRQ RI WKH GHSRVLWHG PHWDO� EHLQJ

UHVLVWDQW XQGHU WKH DEUDVLYH ZHDU FRQGLWLRQV� LQYHVWL�

JDWLRQ RI VWUXFWXUH RI GHSRVLWHG PHWDO GHSHQGLQJ RQ

WKHUPDO F\FOHV RI D PXOWLOD\HU VXUIDFLQJ� GHYHORSPHQW

RI FRPSRVLWLRQ RI IOX[�FRUHG ZLUH DQG WHFKQRORJ\ RI

HOHFWULF DUF VXUIDFLQJ� SURYLGLQJ WKH PD[LPXP DVVLPL�

ODWLRQ RI WLWDQLXP FKDUDFWHUL]HG E\ D VWURQJ DIILQLW\
WR R[\JHQ DQG DELOLW\ WR EXUQ RXW VLJQLILFDQWO\ LQ

HOHFWULF DUF VXUIDFLQJ�

)RU LQYHVWLJDWLRQV WKH GHSRVLWHG PHWDO RI )Hw&w

&Uw7Lw0R V\VWHP RI DOOR\LQJ ZDV VHOHFWHG� LQ ZKLFK
WKH UROH RI PDLQ FDUELGH�IRUPLQJ HOHPHQW ZDV SOD\HG

E\ WLWDQLXP� ZKLOH FKURPLXP DQG PRO\EGHQXP ZHUH
DGGHG PDLQO\ IRU WKH PDWUL[ VWUHQJWKHQLQJ� &RPLQJ

IURP WKH H[LVWLQJ H[SHULHQFH DQG FDSDELOLWLHV RI PDQX�

IDFWXUH RI WKH IOX[�FRUHG ZLUH >�@ WKH PDVV IUDFWLRQ

RI FKURPLXP LQ WKH GHSRVLWHG PHWDO ZDV OLPLWHG WR

� � DQG PRO\EGHQXP WR � �� &DUERQ FRQWHQW YDULHG
LQ WKH UDQJH RI ���w��� DQG WLWDQLXP x �w� ZW���

,QYHVWLJDWLRQ RI ZHDU UHVLVWDQFH DQG VHOHFWLRQ RI RS�

WLPXP FRPSRVLWLRQ RI WKH GHSRVLWHG PHWDO ZHUH SHU�

IRUPHG RQ PRGHO DOOR\V �7DEOH� PHOWHG LQ D YDFXXP
LQGXFWLRQ IXUQDFH�

7DNLQJ LQWR DFFRXQW WKDW VXUIDFLQJ� DV D UXOH� LV

SHUIRUPHG LQPDQ\ OD\HUV DQG WKHPHWDO RI WKH SUHYLRXV

EHDG XQGHUJRHV WKHUPDO HIIHFW IURP WKH VXEVHTXHQW
OD\HU GXH WR UHSHDWHG KHDWLQJ WR GLIIHUHQW WHPSHUD�
WXUHV� WKH ZHDU UHVLVWDQFH DQG KDUGQHVV RI VHOHFWHG

DOOR\V ZHUH HYDOXDWHG DIWHU WKH KHDW WUHDWPHQW� +HDW

WUHDWPHQW FRQVLVWHG RI KHDWLQJ VDPSOHV XS WR ���w

���� �& DQG FRROLQJ E\ WKHLU DLU EORZLQJ� &RROLQJ

UDWH RI WKH VDPSOHV FRUUHVSRQGHG DSSUR[LPDWHO\ WR

WKH FRROLQJ UDWH RI FRPSRQHQWV DIWHU VXUIDFLQJ�

:HDU UHVLVWDQFH RI VHOHFWHG DOOR\V ZDV HYDOXDWHG
LQ IULFWLRQ RI VDPSOHV DORQJ WKH DEUDVLYH SDSHU LQ WHVW

PDFKLQH ,=$�� >�@� 7ZR VDPSOHV ZHUH WHVWHG VLPXO�

WDQHRXVO\� L�H� H[SHULPHQWDO DQG UHIHUHQFH VDPSOH

� ,�$� 5<$%76(9� ,�$� .21'5$7,(9� 9�*� 9$6,/,(9 DQG /�.� '2526+(1.2� ����

&KHPLFDO FRPSRVLWLRQ RI LQYHVWLJDWHG DOOR\V

$OOR\
(OHPHQWV� ZW��
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7KH UHVW x LURQ�
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IURP DQQHDOHG VWHHO ��� 7HVW UHVXOWV ZHUH H[SUHVVHG
LQ WKH IRUP RI D UHODWLYH ZHDU UHVLVWDQFH HTXDO WR UDWLR
RI ORVV RI UHIHUHQFH VDPSOH PDVV WR WKH ORVV RI WHVW
VDPSOH PDVV�

5HODWLRQVKLSV EHWZHHQ WKH UHODWLYH ZHDU UHVLVWDQFH
DQG KDUGQHVV DQG WHPSHUDWXUH RI KHDW WUHDWPHQW DUH
JLYHQ LQ )LJXUH �� ,W IROORZV IURP )LJXUH WKDW PHWDO
VKRXOG FRQWDLQ� ZW��� & x ���w���� 7L x ���w����
&U x ���w���� 0R x ���w���� WR H[SODLQ WKH KLJK
UHVLVWDQFH XQGHU WKH FRQGLWLRQV RI DEUDVLYH ZHDU� $IWHU
KHDWLQJ ZLWKLQ WKH ZLGH UDQJH RI WHPSHUDWXUHV WKH
KLJK ZHDU UHVLVWDQFH RI WKLV PHWDO LV SUHVHUYHG WKDW LV
YHU\ LPSRUWDQW LQ PXOWLOD\HU VXUIDFLQJ�

$ VHOI�VKLHOGLQJ IOX[�FRUHG ZLUH ZDV GHYHORSHG WR
SURGXFH WKH GHSRVLWHG PHWDO RI WKH DERYH�PHQWLRQHG
FRPSRVLWLRQ� 7DNLQJ LQWR DFFRXQW WKH KLJK GHJUHH RI
DOOR\LQJ RI GHSRVLWHG PHWDO LW ZDV QHFHVVDU\ WR VHOHFW
WKH FRPSRVLWLRQ RI JDV�VODJ�IRUPLQJ SDUW �PLQLPXP
PDVV� RI FKDUJH RI WKH IOX[�FRUHG ZLUH� 6\VWHP RI
UXWLOH�IOXRULWH W\SH ZDV WDNHQ DV D EDVLV DQG QHSKHOLQH
FRQFHQWUDWH ZDV XVHG WR VWDELOL]H WKH DUF EXUQLQJ DQG
WR GHFUHDVH VSDWWHULQJ� ([SHULPHQWV UHVXOWHG LQ WKH
GHYHORSPHQW RI WKH QHZ FRPSRVLWLRQ RI D JDV�VODJ�
IRUPLQJ SDUW RI FKDUJH RI WKH VHOI�VKLHOGLQJ IOX[�FRUHG
ZLUH ZKRVH WRWDO PDVV GLG QRW H[FHHG � �� 7KLV PDGH
LW SRVVLEOH WR PDQXIDFWXUH WKH VHOI�VKLHOGLQJ IOX[�

FRUHG ZLUH 33�1S����.K�7�0 RI GLDPHWHU IURP ���
WR ��� PP� 7KH ZLUH LV FKDUDFWHUL]HG E\ JRRG ZHOG�
LQJ�WHFKQRORJLFDO SURSHUWLHV� DVVLPLODWLRQ RI WLWDQLXP
LQ VXUIDFLQJ LV DPRXQWHG WR ��w�� ��

7R VWXG\ WKH VWUXFWXUDO WUDQVIRUPDWLRQV LQ WKH GH�
SRVLWHG PHWDO RI ���.K�7�0 LQ WKH SURFHVV RI VLQJOH�
DQG PXOWLOD\HU DUF VXUIDFLQJ WKH GLODWRPHWULF H[DPL�
QDWLRQV ZHUH SHUIRUPHG� 6DPSOHV IRU WKLV H[DPLQDWLRQ
ZHUH FXW IURP WKH IRXUWK OD\HU RI WKH PXOWLOD\HU GH�
SRVLWHG PHWDO�

)LUVWO\� WKH WUDQVIRUPDWLRQV LQ WKH GHSRVLWHG PHWDO
ZHUH VWXGLHG E\ VLPXODWLQJ D VLQJOH EHDG� 6DPSOHV
ZHUH KHDWHG WR ���� �& DW ��� �&�V UDWH� FRROLQJ x
DW �� �&�V UDWH� FORVH WR D UHDO VXUIDFLQJ� 6DPSOHV
ZHUH VRDNHG DW ���� �& IRU �PLQ WR LQFUHDVH WKH GHJUHH
RI GLVVROXWLRQ RI FDUELGHV� (VWLPDWHG WHPSHUDWXUH RI
FRROLQJ VDPSOHV ZDV ��� �&� ZKLOH UHDO WHPSHUDWXUH
ZDV ����±��� �&�

7KH LQFUHDVH LQ OHQJWK RQ KHDWLQJ FXUYH LQ WKH
UDQJH RI ���w��� �& WHPSHUDWXUH ZDV REVHUYHG� WKLV
DUHD FRUUHVSRQGHG WR WKH WUDQVIRUPDWLRQ RI UHVLGXDO
DXVWHQLWH �)LJXUH ��� $ERYH WKH ��� �& WHPSHUDWXUH
WKH OHQJWK RI VDPSOH LV GHFUHDVHG WKDW FRUUHVSRQGV WR
FRPSOHWLRQ RI WUDQVIRUPDWLRQ RI UHVLGXDO DXVWHQLWH DQG
EHJLQQLQJ RI FDUELGH WUDQVIRUPDWLRQ� 7HPSHUDWXUH RI
HQG RI WKH FDUELGH WUDQVIRUPDWLRQ LV ���w��� �&�

)LJXUH �� 5HODWLYH ZHDU UHVLVWDQFH ε DQG KDUGQHVV +5& RI &Uw7Lw0R DOOR\V ���.K�7�0 �D�� ���.K�7�0 �E�� ���.K�7�0 �F��
���.K�7�0 �G� DQG ���.K�7�0 �H� GHSHQGLQJ RQ WHPSHUDWXUH RI TXHQFKLQJ 7T
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7UDQVIRUPDWLRQ α → γRFFXUV DW WHPSHUDWXUHV ���w���
�$

F�x EHJLQQLQJ RI WUDQVIRUPDWLRQ � DQG ���w��� �&
�$

F� x HQG RI WUDQVIRUPDWLRQ�� $W IXUWKHU ULVH RI
WHPSHUDWXUH DQG LQFUHDVH LQ WLPH RI VRDNLQJ WKH FDU�
ELGHV DUH GLVVROYHG LQ WKH IRUPHG DXVWHQLWH�

'XULQJ FRROLQJ WKH DXVWHQLWH GHFD\ ZDV QRW RE�
VHUYHG� ,W LV QRW DOVR RFFXUUHG DIWHU VRDNLQJ RI VDPSOHV
IRU � K DW ��� �&� VLPXODWLQJ SUHKHDWLQJ DQG DX[LOLDU\
KHDWLQJ �DXWRSUHKHDWLQJ� LQ WKH SURFHVV RI ORQJ PXO�
WLOD\HU VXUIDFLQJ� 7KH VXEVHTXHQW GHOD\HG FRROLQJ IRU
�� PLQ OHDGV WR WKH IRUPDWLRQ RI PDUWHQVLWH �0E  
 ��� �&�� 7UDQVIRUPDWLRQ LV QRW ILQLVKHG FRPSOHWHO\
LQ FRROLQJ WR URRP WHPSHUDWXUH DQG LW LV FRQWLQXHG LQ
LVRWKHUPDO FRQGLWLRQV� $IWHU VRDNLQJ IRU �� K WKH
PDUWHQVLWH FRQWHQW LQ WKH GHSRVLWHG PHWDO LQFUHDVHV
SURSRUWLRQDOO\ WR OHQJWK.�.� �)LJXUH ��� 7KLV SURYHV
WKDW D ODUJH DPRXQW RI UHVLGXDO DXVWHQLWH LV SUHVHUYHG
LQ WKH VWUXFWXUH RI WKH GHSRVLWHG PHWDO�

'LODWRPHWULF LQYHVWLJDWLRQV RI VDPSOHV ZHUH DOVR
PDGH E\ KHDWLQJ VDPSOHV DW WHPSHUDWXUHV ���w���� �&
DQG� WKXV� VLPXODWLQJ VWUXFWXUDO WUDQVIRUPDWLRQV LQ
WKH GHSRVLWHG PHWDO ���.K�7�0 LQ WKH SURFHVV RI
PXOWLOD\HU VXUIDFLQJ �)LJXUH ��� 7KHQ� ZLWKRXW VRDN�
LQJ WKH\ ZHUH FRROHG DW WKH �� �&�V UDWH� )LJXUH �
VKRZV RQO\ WKH FXUYHV RI FRROLQJ� DV WKH FXUYHV RI
KHDWLQJ LQ DOO WKH FDVHV ZHUH VLPLODU WR WKDW RI )L�
JXUH ��

,Q FRROLQJ IURP WHPSHUDWXUHV ����� ���� ��� �&
�)LJXUH �� FXUYHV �w�� WR WKH SRLQW RI EHJLQQLQJ RI
PDUWHQVLWLF WUDQVIRUPDWLRQ QR EHQGV LQ FXUYHV RI FRRO�
LQJ ZHUH REVHUYHG� ,QFOLQDWLRQ RI FXUYHV LV VLPLODU WR
WKDW RI FXUYH RI FRROLQJ VDPSOHV FRUUHVSRQGLQJ WR VXU�
IDFLQJ RI D VLQJOH EHDG �)LJXUHV � DQG �� FXUYH ���
5HDFKLQJ WKH PDUWHQVLWH SRLQW �IRU HDFK WHPSHUDWXUH
RI KHDWLQJ LW LV GLIIHUHQW� WKH SDUW RI DXVWHQLWH LV WUDQV�
IRUPHG LQWR PDUWHQVLWH� +RZHYHU� WKH VDPH DV LQ FDVH
RI VXUIDFLQJ RI D VLQJOH EHDW WKLV DXVWHQLWH LV UDWKHU
VWDEOH DIWHU FRROLQJ WR URRP WHPSHUDWXUH LWV DPRXQW
LQ WKH VWUXFWXUH RI WKH GHSRVLWHG PHWDO UHPDLQV KLJK�

$W KHDWLQJ WR ��� �&� L�H� WR WKH WHPSHUDWXUH EHORZ
WKH FULWLFDO SRLQW $

F�� WKH QDWXUH RI FRROLQJ FXUYH LV
GLIIHUHG E\ D VPDOOHU LQFOLQDWLRQ DQG PRUH KLJK WHP�
SHUDWXUH RI EHJLQQLQJ WKH PDUWHQVLWH WUDQVIRUPDWLRQ
�)LJXUH �� FXUYH �� WKDQ LQ WKUHH SUHYLRXV FDVHV� 7KXV�
WKH FRQWHQW RI PDUWHQVLWH �WHPSHUHG� VKRXOG LQFUHDVH
LQ +$= KHDWHG WR WKH WHPSHUDWXUH EHORZ $

F��
7KH H[DPLQDWLRQ RI PLFURVWUXFWXUH RI GHSRVLWHG

PHWDO RI ���.K�7�0 W\SH FRQILUPHG WKH GDWD RI GL�
ODWRPHWU\ �)LJXUH ��� 7KH VHFWLRQV VKRZ DUHDV RI UH�
VLGXDO DXVWHQLWH LQVLGH RI ZKLFK PDUWHQVLWLF QHHGOHV
DUH ORFDWHG� D ODUJH DPRXQW RI FDUERQLWULGHV RI WLWD�
QLXP RI GLIIHUHQW JHRPHWULF VKDSH DUH REVHUYHG RYHU
WKH HQWLUH DUHD RI WKH VHFWLRQ�

+DUGQHVV RI VDPSOHV� +5&
'HSRVLWHG PHWDO �FHQWHU RI ILUVW EHDG� ���������������� ��
6LPXODWLRQ RI ILUVW EHDG �KHDWLQJ WR ���� �&� ������ ��
6LPXODWLRQ RI +$= �KHDWLQJ WR ���� �&� ������������ ��
7KH VDPH �KHDWLQJ WR ��� �&� ���������������������������� ��

� �KHDWLQJ WR ��� �&� ���������������������������������� ��
� �KHDWLQJ WR ��� �&� ���������������������������������� ��

7KH PHQWLRQHG WHPSHUDWXUHV FRYHU WKH UDQJH RI
WHPSHUDWXUHV RI KHDWLQJ DUHDV RI ORZHU �QHLJKERULQJ�
EHDG ZKLFK XQGHUJR WKHUPDO HIIHFW LQ VXUIDFLQJ RI D
VXEVHTXHQW EHDG� 1HJOLJLEOH FKDQJH LQ KDUGQHVV PDNHV
LW SRVVLEOH WR VWDWH WKDW WKH ZHDU RI FRPSRQHQWV GH�
SRVLWHG E\ D VHOI�VKLHOGLQJ ZLUH 33�1S����.K�7�0
ZLOO KDYH D XQLIRUP QDWXUH�

$VVXPSWLRQ ZDV PDGH WKDW WKH KLJK ZHDU UHVLV�
WDQFH RI DXVWHQLWLF�FDUELGH VWUXFWXUH RI WKH GHSRV�
LWHG PHWDO RI ���.K�7�0 W\SH LV H[SODLQHG E\ HV�
WDEOLVKPHQW RI VWURQJ ERQGV DW WKH FDUELGHwDXVWHQLWH
LQWHUIDFH LQ WKH SURFHVV RI DOOR\ FU\VWDOOL]DWLRQ� 7LWD�
QLXP FDUELGH DQG DXVWHQLWH KDYH D VLPLODU W\SH RI D
FU\VWDOOLQH ODWWLFH �IFF�� 'DWD RI ;�UD\ VWUXFWXUDO
DQDO\VLV VKRZ WKDW LQ VRPH FU\VWDOORJUDSKLF GLUHFWLRQV

)LJXUH �� 'LODWRPHWHULF FXUYH LQ KHDWLQJ DQG FRROLQJ RI GHSRVLWHG
PHWDO ���.K�7�0 �∆O x LQGLFDWLRQV LQ GLODWRPHWHU VFDOH�

)LJXUH �� 'LODWRPHWULF F\UYHV LQ FRROLQJ GHSRVLWHG PHWDO
���.K�7�0 DW GLIIHUHQW WHPSHUDWXUHV �IRU GHVLJQDWLRQV VHH WKH
WH[W�
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WKH RULHQWHG FRQIRUPLW\ EHWZHHQ FU\VWDOOLQH ODWWLFHV
RI WLWDQLXP FDUELGH DQG DXVWHQLWH ZDV REVHUYHG�

�����7L& _ _ ����� γ�)H� ����!7L& _ _ ����! γ�)H�

,Q WKLV FDVH WKH IRUPDWLRQ RI D VWURQJ PDWLQJ RI
FU\VWDOOLQH ODWWLFHV� L�H� HVWDEOLVKPHQW RI D FRKHUHQW
ERQG LV SRVVLEOH DW WKH DXVWHQLWHwFDUELGH LQWHUIDFH >�@�
5HDO SDUWLFOHV RI WLWDQLXP FDUELGHV DUH QRW PRQRFU\V�
WDOOLQH� WKHUHIRUH� WKH VWURQJ PDWLQJ RFFXUV RQO\ DW
VHSDUDWH UHJLRQV RI WKHLU VXUIDFHV ZKHUH RULHQWDWLRQ
RI FDUELGH JUDLQV RI WLWDQLXP DQG DXVWHQLWH LV IDYRXU�
DEOH�

)RUPDWLRQ RI VWURQJ ERQGV DW WKH WLWDQLXP FDU�
ELGHwDXVWHQLWH LQWHUIDFH LV DOUHDG\ SRVVLEOH DW WKH
VWDJH RI WKH ZHOG SRRO FU\VWDOOL]DWLRQ� 7LWDQLXP FDU�
ELGHV ZKLFK KDYH KLJKHU PHOWLQJ WHPSHUDWXUH WKDQ
WKDW RI LURQ DUH WKH SULPDU\ FHQWHUV RI FU\VWDOOL]DWLRQ
LQ VROLGLILFDWLRQ� 6ROLGLILFDWLRQ RI PDWUL[ PHOW ZLOO
SURFHHG QHDU WKHVH FHQWUHV ZLWK WKH IRUPDWLRQ RI FR�
KHUHQW ERQGV LQ SODFHV RI D IDYRXUDEOH FU\VWDOORJUDSKLF
RULHQWDWLRQ RI JUDLQV�

,QGLUHFW FRQILUPDWLRQ RI WKLV DVVXPSWLRQ LV WKH UH�
VXOWV RI WKHUPDO DQDO\VLV RI GHSRVLWHG PHWDO
���.K�7�0 LQ XQLW 9'7$��0 DW �� �&�PLQ UDWH RI
KHDWLQJ DQG FRROLQJ� 7ZR EHQGV DW WHPSHUDWXUHV ���
DQG ��� �& ZHUH REVHUYHG RQ D WKHUPDO FXUYH DW WKH
EUDQFK RI KHDWLQJ LQ D VROLG VWDWH �)LJXUH �� FXUYH ���
)LUVW RI WKHP FRUUHVSRQGV WR &XULH SRLQW� ZKLOH WKH
VHFRQG x WR WUDQVLWLRQ α → γ� SUREDEO\� 7HPSHUDWXUH
RI EHJLQQLQJ RI PHOWLQJ LV ���� �& DQG ���� �& DW WKH
HQG RI PHOWLQJ�

7ZR SHDNV DUH VHHQ LQ FXUYH RI FRROLQJ �)LJXUH ��
FXUYH �� WKDW SURYHV DERXW WKH FRPSOH[ QDWXUH RI

FU\VWDOOL]DWLRQ� +LJK�WHPSHUDWXUH FRQVWLWXHQW �7 ≥
≥ ���� �&� FDQ EH SUREDEO\ DVVRFLDWHG ZLWK WKH IRU�
PDWLRQ RI FHQWHUV RI FU\VWDOOL]DWLRQ LQ WKH IRUP RI
FDUELGHV� 7KH VHFRQG SHDN RI FU\VWDOOL]DWLRQ DW WHP�
SHUDWXUH 7 ≤ ���� �& LV DVVRFLDWHG ZLWK WKH IRUPDWLRQ
RI γ�SKDVH� ,Q DFFRUGDQFH ZLWK WKH JHQHUDOO\ DFFHSWHG
SURFHGXUH WKH VROLGXV SRLQW LV VHOHFWHG RQ FXUYH RI
KHDWLQJ �7

6
 ���� �&�� DQG WKH OLTXLGXV SRLQW x RQ

FXUYH RI FRROLQJ �7
/
 ���� �&�� 7KXV� WKH IDFW RI

GLYLGLQJ FU\VWDOOL]DWLRQ SHDN� HVWDEOLVKHG DV D UHVXOW
RI LQYHVWLJDWLRQV� FRUUHVSRQGV WR WKH FU\VWDOOL]DWLRQ
RI WZR GLIIHUHQW SKDVHV� ILUVW x FDUELGH FRQVWLWXHQW�
VHFRQG x DXVWHQLWH PDWUL[�

&21&/86,216

�� 6XUIDFLQJ VHOI�VKLHOGLQJ IOX[�FRUHG ZLUH 33�1S�
���.K�7�0 KDV EHHQ GHYHORSHG� ZKLFK SURYLGHV WKH
PHWDO FKDUDFWHUL]HG E\ KLJK UHVLVWDQFH XQGHU WKH FRQ�
GLWLRQV RI DEUDVLYH ZHDU�

�� ,QYHVWLJDWLRQV VKRZHG WKDW KLJK ZHDU UHVLVWDQFH
RI WKH GHSRVLWHG PHWDO RI ���.K�7�0 W\SH LV H[�
SODLQHG E\ WKH DELOLW\ RI DXVWHQLWLF�PDUWHQVLWLF PDWUL[
RI DOOR\ WR SUHYHQW WKH FKLSSLQJ RI WLWDQLXP FDUELGHV
DW WKH H[SHQVH RI IRUPDWLRQ RI FRKHUHQW ERQGV DW WKH
DXVWHQLWHwFDUELGH LQWHUIDFH�

�� 5\DEWVHY� ,�$�� .RQGUDWLHY� ,�$� ������ 0HFKDQL]HG HOHF�
WULF DUF VXUIDFLQJ RI PHWDOOXUJLFDO HTXLSPHQW FRPSRQHQWV�
.\LY� (NRWHNKQRORJL\D�

�� <X]YHQNR� <X�$�� *DYULVK� 9�$�� 0DULHQNR� 9�<X� ������
/DERUDWRU\ XQLWV IRU HYDOXDWLRQ RI ZHDU UHVLVWDQFH RI GHSRV�
LWHG PHWDO� ,Q� 7KHRUHWLFDO DQG WHFKQRORJLFDO EDVHV RI VXU�
IDFLQJ� 3URSHUWLHV DQG WHVWV RI GHSRVLWHG PHWDO� .\LY� 3:,�

�� 3DODWQLN� /�6�� 3DSLURY� ,�,� ������ 2ULHQWHG FU\VWDO�
OL]DWLRQ� 0RVFRZ� 0HWDOOXUJL\D�

)LJXUH �� 0LFURVWUXFWXUH RI GHSRVLWHG PHWDO ���.K�7�0 �×����
�UHGXFHG E\ ����

)LJXUH �� 'LIIHUHQWLDO WKHUPDO FXUYHV LQ KHDWLQJ ��� DQG FRROLQJ
��� RI GHSRVLWHG PHWDO ���.K�7�0
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,�$� 7$5$5<&+.,1
�
DQG $�1� 7.$&+(1.2

�

�
(DVW�8NUDLQLDQ 1DWLRQDO 8QLYHUVLW\� /XJDQVN� 8NUDLQH

�
+ROGLQJ &RPSDQ\ �/XJDQVNWHSORYR]�� /XJDQVN� 8NUDLQH

7KH SDSHU JLYHV WKH UHVXOWV RI ZHOGLQJ WHFKQRORJLHV DSSOLFDWLRQ WR UHSDLU D FUDFN LQ WKH ERG\ RI D ODUJH�VL]HG VWUXFWXUH�
,W LV VKRZQ WKDW WKH PD[LPDO HIIHFWLYHQHVV RI WKH UHSDLU RSHUDWLRQV FDQ EH DFKLHYHG ZKHQ XVLQJ WKH WHFKQRORJ\ RI

QDUURZ�JDS DUF ZHOGLQJ�

.H\ ZRU G V � DUF ZHOGLQJ� ODUJH WKLFNQHVVHV� QDUURZ JDS�

GHIHFWV� TXDOLW\ FRQWURO

7KH DWWUDFWLYHQHVV RI UHSDLU RSHUDWLRQV IRU PRGHUQ

HQWHUSULVHV LV SULPDULO\ UHODWHG WR WKH DELOLW\ RI TXLFNO\

DFKLHYLQJ D UHDO UHVXOW DW D PLQLPDO FRVW OHYHO� 7KH

KLJKHVW UHSDLU HIIHFWLYHQHVV LV DFKLHYHG LQ WKH FDVH RI
UHSDLULQJ GHIHFWV RI ODUJH�VL]HG VWUXFWXUHV� KDYLQJ D

FRQVLGHUDEOH ZHLJKW DQG WKLFNQHVV RI PHWDO� :HOGLQJ

WHFKQRORJLHV DUH ZLGHO\ DSSOLHG LQ UHVWRUDWLRQ RI WKH

SHUIRUPDQFH RI VWUXFWXUHV IRU YDULRXV SXUSRVHV >�w�@�

7KLV SDSHU JLYHV GDWD RQ WKH XVH RI QDUURZ�JDS

DUF ZHOGLQJ WHFKQRORJ\ LQ ZHOGLQJ XS D FUDFN LQ WKH

ERWWRP RI D F\OLQGHU RI D IRUJLQJ KDPPHU LQ
�/XJDQVNWHSORYR]� HQWHUSULVH�

%\ WKH UHVXOWV RI H[WHUQDO H[DPLQDWLRQ RI WKH VWUXF�
WXUH LW ZDV HVWDEOLVKHG WKDW FUDFN SURSDJDWLRQ LQWR

WKH SDUW RI WKH ERG\ ZDV ≈ ��w�� PP� LWV OHQJWK EHLQJ

��� PP �)LJXUH ��� 3DUW WKLFNQHVV LQ WKH SODQH RI

FUDFN SURSDJDWLRQ ZDV IURP ��� WR ��� PP� $ VSHFLDO

IHDWXUH RI UHSDLU ZDV D RQH�VLGHG DFFHVV WR WKH VLWH RI
ZRUN SHUIRUPDQFH� EHFDXVH RI WKH DYDLODELOLW\ RI WKH

IODQJH SDUW� 8QGHU VXFK FRQGLWLRQV� PDNLQJ D RQH�
VLGHG 9�VKDSHG JURRYH ZLWK JURRYH DQJOH α  ���

UHTXLUHV VXEVHTXHQW GHSRVLWLRQ RI PHWDO RI PRUH WKDQ

�� NJ ZHLJKW� DQG DW α  ��� WKH GHSRVLWHG PHWDO

ZHLJKW LV DERXW �� NJ�

2QH�VLGHG GHSRVLWLRQ RI D FRQVLGHUDEOH YROXPH RI

PHWDO OHDGV WR GHYHORSPHQW RI DQJXODU GHIRUPDWLRQ�

WKH PDJQLWXGH RI ZKLFK PD\ EH KLJKHU WKDQ ���� 'H�

IRUPDWLRQ RI VXFK D OHYHO RQ ≈ ��� PP DUP �GLVWDQFH

IURP WKH FUDFN WR WKH FRQQHFWRU KROHV� PD\ OHDG WR
GLVWRUWLRQV RI XS WR �� PP� ZKLFK LV XQDFFHSWDEOH�
7KH DULVLQJ SUREOHPV DUH DOVR UHODWHG WR WKH QHHG WR

SURYLGH WKH UHTXLUHG TXDOLW\ RI UHSDLU ZRUN� DV WKH

VWUXFWXUH IDLOXUH LQ VHUYLFH PD\ OHDG WR D JUDYH DFFL�

GHQW�

7KH DERYH SUREOHPV FDQ EH HIIHFWLYHO\ VROYHG� XV�
LQJ WKH WHFKQRORJ\ RI JDV�VKLHOGHG QDUURZ�JDS DUF

ZHOGLQJ� WKDW KDV WKH IROORZLQJ DGYDQWDJHV� PLQLPXP

YROXPH RI WKH GHSRVLWHG PHWDO� ZKHQ ILOOLQJ WKH

JURRYH� ORZ OHYHO RI UHVLGXDO GHIRUPDWLRQV RI WKH VWUXF�

WXUH� DELOLW\ RI DXWRPDWLRQ RIZHOGLQJ RSHUDWLRQV� 7KLV

UHVXOWV LQ D KLJK TXDOLW\ RI WKH GHSRVLWHG PHWDO PDNLQJ

LW SRWHQWLDOO\ DWWUDFWLYH� ZKHQ UHSDLULQJ GHIHFWV LQ

WKLFN PHWDO� +RZHYHU� WKH FDSDELOLWLHV RI WKLV PHWKRG

ZKHQ DSSOLHG IRU UHSDLU RSHUDWLRQV KDYH QRW SUDFWL�

FDOO\ EHHQ VWXGLHG�

,Q WKLV FDVH WKH WHFKQRORJ\ RI UHSDLU ZRUN LQFOXGHG
WKH IROORZLQJ RSHUDWLRQV�

• PLOOLQJ RXW WKH FUDFN DORQJ WKH HQWLUH OHQJWK WR

D GHSWK RI ��� PP� 7KH WKXV IRUPHG JURRYH �� PP

ZLGH ZDV H[DPLQHG IRU VXUIDFH FUDFNV �G\H SHQHWUDQW

PHWKRG ZDV XVHG��

� ,�$� 7$5$5<&+.,1 DQG $�1� 7.$&+(1.2� ����

)LJXUH �� 6NHWFK RI F\OLQGHU ERWWRP DQG FUDFN ORFDWLRQ )LJXUH �� 6FKHPDWLF RI JURRYH SURSDJDWLRQ IRU ZHOGLQJ
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• ZLGHQLQJ RI WKH JURRYH DW WKH VXUIDFH �)LJXUH ��

LQ YLHZ RI D FRPSOH[ FRQILJXUDWLRQ RI WKH SODQH RI

FUDFN SURSDJDWLRQ�
• ILOOLQJ WKH ORZHU UHFWDQJXODU SDUW RI WKH JURRYH

ZLWK WKH PHWDO� XVLQJ JDV�VKLHOGHG QDUURZ�JDS DXWR�

PDWLF ZHOGLQJ� DQG WKH XSSHU SDUW� XVLQJ FRDWHG�HOHF�
WURGH PDQXDO DUF ZHOGLQJ�

$V ZHOGLQJ RI WKLFN PHWDO VKRXOG EH SHUIRUPHG
ZLWK SUHKHDWLQJ� ZKHQ ILOOLQJ WKH PDLQ SDUW RI WKH
JURRYH� WKH ZHOGLQJ ]RQH ZDV SUHKHDWHG ZLWK JDV
IODPH DSSUR[LPDWHO\ XS WR WKH WHPSHUDWXUH RI ��� �&�
7KH JURRYH XSSHU SDUW ZDV ILOOHG LQ D FDVFDGH� ZKHQ
SUHKHDWLQJ PHWKRGV DUH QRW UHTXLUHG�

:KHQ ILOOLQJ WKH UHFWDQJXODU SDUW RI WKH JURRYH� WKH
ZHOGLQJ RSHUDWLRQV TXDOLW\ ZDV JXDUDQWHHG� E\ XVLQJ
WKH PHWKRG RI SORWWLQJ WKH FKDUWV RI FRQWUROOLQJ WKH
SURFHVV FRQGLWLRQ >�@� 3URFHVV PRQLWRULQJ DQG VWDWLVWLFDO
UHJXODWLRQ RI WKH SURFHVV ZHUH FDUULHG RXW E\ WKH SRVLWLRQ
RI WKH WRUFK UHODWLYH WR WKH JDS FHQWUH� FKDQJH RI WKH
JDS ZLGWK EHFDXVH RI GHYHORSPHQW RI DQJXODU DQG WUDQV�
YHUVH GHIRUPDWLRQV DQG E\ DUF YROWDJH�

)LQDO FRQWURO RI WKH TXDOLW\ RI ZHOGLQJ RSHUDWLRQV
ZDV SHUIRUPHG� XVLQJ WKH XOWUDVRQLF WHVWLQJ PHWKRGV�
)LJXUH � VKRZV WKH DSSHDUDQFH RI WKH LWHP DQG D IUDJ�
PHQW RI WKH UHSDLUHG VHFWLRQ�

7KH REWDLQHG UHVXOWV WXUQHG RXW WR EH VDWLVIDFWRU\
RQ WKH ZKROH� DV WKH TXDOLW\ RI WKH SHUIRUPHG ZRUN
FRUUHVSRQGHG WR WKH UHTXLUHPHQWV PDGH� PDJQLWXGH
RI GLVWRUWLRQV LQ WKH UHJLRQ RI WKH FRQQHFWLQJ KROHV
ZDV �w� PP� WKLV QRW UHTXLULQJ SHUIRUPDQFH RI WKH
RSHUDWLRQV RI VXEVHTXHQW VWUDLJKWHQLQJ� ZKLOH WKH GH�
SRVLWHG PHWDO ZHLJKW ZDV ≈ ��� NJ�

�� 6HP\RQRY� 9�0�� *XOLGD� 9�3�� %UDWVXQ� ,�7� HW DO� ������
([DPLQDWLRQ RI SRVVLELOLW\ RI UHSDLU RI ODUJH IUDPHV ZLWK
FUDFNV� $YWRPDWLFK� 6YDUND� ��� ��w���

�� *XWPDQ� /�0�� %DODNDQRY� 9�$�� 7NDFKHQNR� 2�3� ������
:HOGLQJ RI FUDFNV LQ DXWRPDWLF FRXSOLQJ ERG\� ,ELG�� ���
��w���

�� /R]HEQRY� 3�3� ������ 5HSDLU E\ ZHOGLQJ RI FHOOXORVH VXO�
ILWH GLJHVWLRQ ERLOHU� ,ELG�� �� ��w���

�� 7DUDU\FKNLQ� ,�$� ������ 6WDWLVWLF UHJXODWLRQ RI ZHOGLQJ WHFK�
QRORJLFDO SURFHVVHV XVLQJ WKH PHWKRG RI FRQVWUXFWLRQ RI FKDUWV
RI FRQGLWLRQ FRQWURO� 7KH 3DWRQ :HOGLQJ -�� ��� ��w���

)LJXUH �� $SSHDUDQFH RI UHSDLUHG VWUXFWXUH �D� DQG IUDJPHQW RI
WKH UHVWRUHG VHFWLRQ �E�
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.UHPHQFKXJ 6WDWH 3RO\WHFKQLF 8QLYHUVLW\� .UHPHQFKXJ� 8NUDLQH

7HFKQRORJ\ IRU KDUGHQLQJ VXSSRUW VXUIDFHV RI ERGLHV RI UDLOZD\ FDU D[OH ER[HV PDGH IURP DOXPLQLXP DOOR\ $O����0J

DQG KLJK�VWUHQJWK FDVW LURQ LV GHVFULEHG� 7HFKQRORJ\ SDUDPHWHUV RI H[SORVLRQ ZHOGLQJ RI VWHHO WR DOXPLQLXP SODWHV� DV

ZHOO DV +DGILHOG VWHHO SODWHV WR FDVW LURQ SDUWV DUH JLYHQ�

.H\ ZRU G V � D[OH ER[ ERG\� H[SORVLRQ ZHOGLQJ� FODGGLQJ�

VKRFN ZDYH� VXSSRUW VXUIDFH� SDUDPHWHUV� SURFHVV

3URJUHVV LQ SURGXFWLRQ RI VSHFLDO SURILOHV PDGH E\
H[WUXVLRQ RIIHUHG WKH SRVVLELOLW\ RI PDQXIDFWXULQJ

ERGLHV RI UDLOZD\ FDU D[OH ER[HV IURP DOXPLQLXP DO�
OR\V� $Q LQFUHDVHG FRUURVLRQ UHVLVWDQFH RI WKH ODWWHU
DOORZHG WKH FRVWV RI DQWL�FRUURVLRQ WUHDWPHQW WR EH

HOLPLQDWHG� WKH FRVWV RI UHSDLU GXH WR FRUURVLRQ WR EH

UHGXFHG DQG ZHLJKW RI WKH UXQQLQJ JHDU RI FDUV WR EH

GHFUHDVHG E\ ��w�� �� +RZHYHU� DOXPLQLXP DOOR\V
ODFN DQWL�IULFWLRQ SURSHUWLHV� 7KHUHIRUH� LW LV UHFRP�
PHQGHG WR PDNH VXUIDFHV RI DOXPLQLXP ERGLHV RI D[OH

ER[HV LQ FRQWDFW ZLWK VWHHO VXUIDFHV RI PDWLQJ SDUWV
DOVR IURP VWHHO� 7KH FRDWLQJ PHWKRG EDVHG RQ H[SOR�

VLRQ FODGGLQJ KDV D QXPEHU RI DGYDQWDJHV RYHU RWKHU

NQRZQ PHWKRGV IRU GHSRVLWLRQ RI VWHHO FRDWLQJV RQ
ZRUNLQJ VXUIDFHV RI DOXPLQLXP SDUWV� )RU H[DPSOH�

LW SURYLGHV D VWURQJ ZHOGHG MRLQW RI PHWDOV RYHU WKH

HQWLUH VXUIDFH RI D SDUW� WKH MRLQW� EHLQJ DEVROXWHO\

WKHUPDOO\ XQDIIHFWHG� UHWDLQV VWUXFWXUDO FKDUDF�

WHULVWLFV RI FODG PHWDO� UHVXOWLQJ FRDWLQJV KDYH DQ LQ�

FUHDVHG ZHDU UHVLVWDQFH� ZKLFK LV DWWULEXWDEOH WR WKH

SURFHVVHV RI KDUGHQLQJ RI PDWHULDOV MRLQHG WKDW RFFXU

LQ WKH FRQWDFW ]RQH �ZHDU UHVLVWDQFH LQFUHDVLQJ ZLWK

GLVWDQFH IURP WKH FRQWDFW ]RQH GHHS LQWR WKH FRDWLQJ��
7KH SURFHVV RI FODGGLQJ RI D[OH ER[ ERGLHV ZLWK

ZHDU�UHVLVWDQW VWHHO SODWHV� ZKLFK LV LQ FRPPHUFLDO

SURGXFWLRQ QRZ� LV DV IROORZV� %RGLHV RI UDLOZD\ FDU

D[OH ER[HV DUH PDGH IURP DOXPLQLXP $O����0J DOOR\�

:HDU RI WKH D[OH ER[ OXJ GXULQJ RSHUDWLRQ DPRXQWV

WR ��w�� PP �VWHHOwDOXPLQLXP DOOR\ IULFWLRQ SDLU��

7R SUHYHQW ZHDU� DVVRFLDWHV RI WKH 5HVHDUFK ,QVWLWXWH

IRU 5DLOZD\ 7UDQVSRUW UHFRPPHQGHG WR FODG OXJV RI
WKH D[OH ER[ ERGLHV ZLWK D �w� PP WKLFN OD\HU RI

FDUERQ VWHHO RI JUDGHV ��� �� DQG ��� 6KHDU VWUHQJWK

RI WKH FODGGLQJ OD\HU VKRXOG EH ZLWKLQ D UDQJH RI

��w�� 03D� $V WKH SURFHVVHV RI VSUD\LQJ� VXUIDFLQJ
DQG UROO NQXUOLQJ IDLO WR SURYLGH WKH GHVLUDEOH SDUDPH�

WHUV RI WKH FODGGLQJ OD\HU� LQYHVWLJDWLRQV ZHUH FRQ�

GXFWHG WR VWXG\ WKH SURFHVV RI H[SORVLRQ ZHOGLQJ�
,W LV D NQRZQ IDFW WKDW DOXPLQLXP DQG LURQ IRUP D

FKHPLFDO FRPSRXQG LQ LQWHUDFWLRQ� 0HWDOV RI WKLV JURXS

DUH KDUG WR ZHOG E\ DQ\ ZHOGLQJ PHWKRG� LQFOXGLQJ

H[SORVLRQ ZHOGLQJ� 7KLV PHWKRG FDQ EH UHDOLVHG ZLWKLQ

D YHU\ QDUURZ UDQJH RI FROOLVLRQ SDUDPHWHUV� 1HYHUWKH�

OHVV� LW KDV EHHQ DOUHDG\ PDVWHUHG DQG LV ZLGHO\ DSSOLHG
LQ LQGXVWU\ RI RXU FRXQWU\ DQG DEURDG >�@�

,Q WKH FDVH XQGHU FRQVLGHUDWLRQ WKH DSSOLFDWLRQ RI

H[SORVLRQ ZHOGLQJ LV KDPSHUHG E\ D QXPEHU RI UHD�

VRQV� 2QH RI WKHP LV D VPDOO DUHD RI WKH PDWLQJ VXU�

IDFHV� ,I WKH OHQJWK RI D OXJ LV ZLWKLQ WKH UDQJH RI
VWDEOH ZHOGLQJ FRQGLWLRQV� LWV ZLGWK RI �� PP LV LQ�

VXIILFLHQW� 7KH D[OH ER[ ERG\ FRPSULVHV WZR OXJV� WKH

GLVWDQFH EHWZHHQ ZKLFK LV ��� PP� $Q DLU VKRFN ZDYH

SDVVHV WKLV GLVWDQFH IRU ≈ ���⋅��w� V� 7KHUHIRUH� LQ WKH

FDVH RI FODGGLQJ WZR OXJV WKH GHWRQDWLRQ RI WZR

FKDUJHV VKRXOG EH WLPHG ZLWKLQ ����w����⋅��w� V� ,Q

DGGLWLRQ� VKRFN ZDYH ORDGLQJ LV DFFRPSDQLHG E\ GH�

IRUPDWLRQ RI WKH D[OH ER[ ERG\ DQG SURSDJDWLRQ RI
ZDYH GLVWXUEDQFHV WKURXJK PHWDO�

$OORZLQJ IRU DOO WKHVH IDFWRUV� WKH SUREOHP RI FODG�

GLQJ OXJV RI D[OH ER[ ERGLHV ZLWK VWHHO SODWHV ZDV
VROYHG E\ SUHOLPLQDULO\ FODGGLQJ WKHP ZLWK FRPPHU�

FLDO DOXPLQLXP RI JUDGHV $'�� $'��� RU '�� 7KLFN�

QHVV RI WKH DOXPLQLXP DOOR\ OD\HU ZDV VHOHFWHG VR WKDW

LW SURYLGHG PLQLPXP IRUFLQJ RXW RI PHWDO DW WKH HGJHV

DQG WKHQ PLQLPXP ZHOGLQJ SDUDPHWHU U� L�H� UDWLR RI

PDVV RI DQ H[SORVLYH WR PDVV RI WKH SODWH ZHOGHG� 7KLV

SUDFWLFDOO\ H[FOXGHG DQ\ ODFN RI SHQHWUDWLRQ DW WKH

HGJHV� 7R HOLPLQDWH ODFNV RI SHQHWUDWLRQ DW WKH LQLWLDO

VWDJH RI WKH SURFHVV� UHODWHG WR WKH DEVHQFH RI REOLTXH

FROOLVLRQ DQG FOHDQLQJ RI WKH VXUIDFHV ZHOGHG� WKH H[�

SORVLRQ ZHOGLQJ SURFHVV XVHG LQYROYHG IODQJLQJ RI WKH

SODWH >�@� %LPHWDO VWHHO�DOXPLQLXP �����×��×� PP�
ZDVZHOGHG WR WKH OXJV RI WKH D[OH ER[ ERGLHV�:HOGLQJ

FRQGLWLRQV ZHUH VHOHFWHG RQ WKH EDVLV RI HQVXULQJ WKH

UHTXLUHG DFFXUDF\ RI D ZHOGHG MRLQW DQG PLQLPXP

GHIRUPDWLRQ RI WKH OXJV DQG WKH D[OH ER[ ERG\ DV D
ZKROH� L�H� YDOXHV RI WKH ZHOGLQJ SDUDPHWHUV ZHUH VHW

DW PLQLPXP x U  ��� DQG FROOLVLRQ YHORFLW\ HTXDO

WR ���w��� P⋅Vw��
1R GHIRUPDWLRQ ZDV REVHUYHG XQGHU G\QDPLF ORDG�

LQJ RI ELOOHWV RI WKH ERGLHV SURGXFHG E\ H[WUXVLRQ�

+RZHYHU� WKLV UHVXOWHG LQ DQ HOOLSWLF IRUP RI LQVLGH

RSHQLQJV RI WKH WUHDWHG ELOOHWV� 7KHUHIRUH� LW ZDV QHF�

HVVDU\ WR XVH H[SDQGLQJ PDQGUHOV IRU H[SORVLRQ FODG�

GLQJ RI ILQLVKHG LWHPV WR SUHYHQW GHIRUPDWLRQ RI WKH
ERG\ >�@ DQG H[WLQJXLVKLQJ RI UHIUDFWHG DQG UHIOHFWHG
VKRFN ZDYHV� OHDGLQJ WR GHFUHDVH LQ VWUHQJWK RI D

ZHOGHG MRLQW RU HYHQ WR VHSDUDWLRQ RI WKH FODGGLQJ

OD\HU� 7KH IROORZLQJ H[SORVLRQ ZHOGLQJ SDUDPHWHUV
� 9�9� '5$*2%(76.<� ����
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ZHUH HVWDEOLVKHG� U  ���� K  �G �KHUH K LV WKH ZHOGLQJ

JDS DQG G LV WKH SODWH WKLFNQHVV�� '  ���� P⋅Vw��
+  �� PP �KHUH ' LV WKH GHWRQDWLRQ YHORFLW\ DQG +

LV WKH FKDUJH KHLJKW��

7KH UHVXOWLQJ ZHOGHG MRLQWV ZHUH VXEMHFWHG WR

VWDQGDUG WHQVLOH DQG VKHDU WHVWV� 5XSWXUH RI VSHFLPHQV

FXW IURP WKH HQWLUH VXUIDFH RI WKH ZHOG RFFXUUHG LQ D

OHVV VWURQJ PDWHULDO� WKLV EHLQJ LQGLFDWLYH RI D KLJK

TXDOLW\ RI WKH ZHOGHG MRLQW� $Q H[SHULPHQWDO EDWFK

RI ERGLHV RI D[OH ER[HV ZLWK OXJV FODG ZLWK VWHHO SODWHV

ZDV PDGH DQG VXEMHFWHG WR VHUYLFH WHVWV� $ VDPSOH

ZLWK D SODWH ZHOGHG WR RQH RI WKH OXJV �IRU YLVXDOLVD�

WLRQ� LV VKRZQ LQ WKH )LJXUH�

,Q RXU RSLQLRQ� GLUHFW H[SORVLRQ KDUGHQLQJ RI OXJV

RI DOXPLQLXP ERGLHV HLWKHU E\ H[SORVLRQ ZDYH RU E\

LPSDFW E\ D VROLG ERG\ DFFHOHUDWHG E\ H[SORVLRQ LV

QRW OHVV HIILFLHQW� 7KH SURFHVV RI KDUGHQLQJ XVLQJ D

FDSWLYH H[SORVLRQ FKDUJH �VKRFN ZDYH� LV WHFKQLFDOO\

VLPSOHU DQG HDV\ WR UHDOLVH� 7KLV SURYLGHV D VHYHUDO

WLPHV GHFUHDVH LQ ODERXU FRQVXPSWLRQ RI WKH SURFHVV

E\ HOLPLQDWLQJ WKH QHHG RI PDNLQJ ELPHWDO VWHHO�DOX�

PLQLXP SODWHV DQG WKHLU IODQJLQJ� DQG DYRLGLQJ RS�

HUDWLRQV DVVRFLDWHG ZLWK LQVWDOODWLRQ RI GLVWDQW HOH�

PHQWV DQG FODGGLQJ SODWHV� $IWHU WKH KDUGHQLQJ RS�

HUDWLRQ� KDUGQHVV RI D OXJ WKURXJK LWV HQWLUH WKLFNQHVV

LQFUHDVHV E\ ��w�� �� \LHOG VWUHQJWK LQFUHDVHV E\ �� �

DQG WHQVLOH VWUHQJWK x E\ ��w�� �� L�H� LW LV DSSUR[L�

PDWHO\ HTXDO WR WKDW RI FDUERQ VWHHO ���

+LJKHU YDOXHV RI VWUHQJWK DQG KDUGQHVV DUH

DFKLHYHG E\ KDUGHQLQJ WKH OXJV E\ LPSDFW E\ D VROLG

ERG\ DFFHOHUDWHG E\ H[SORVLRQ XQGHU WKH FROOLVLRQ SD�

UDPHWHUV ZKLFK SURYLGH PHOWLQJ RI WKH VXUIDFH OD\HU

RI WKH D[OH ER[ ERG\ OXJZLWKRXW IRUPDWLRQ RI DZHOGHG

MRLQW� ,Q SDUWLFXODU� YDOXHV RI WKH FROOLVLRQ SDUDPHWHUV

H[FHHG WKH OLPLWV RI H[SORVLRQ ZHOGLQJ SDUDPHWHUV

�GHWRQDWLRQ YHORFLW\ RI DQ H[SORVLYH LV PRUH WKDQ ���

WLPHV KLJKHU WKDQ YHORFLW\ RI VRXQG ZKLFK SURSDJDWHV

LQ DOXPLQLXP DOOR\�� EXW DUH ORZHU WKDQ YDOXHV RI WKH

H[SORVLRQ KDUGHQLQJ SDUDPHWHUV� ,I WKH VXUIDFHV RI WKH

D[OH ER[ ERG\ OXJV DUH JLYHQ D FHUWDLQ URXJKQHVVZKLFK

SURYLGHV IRUPDWLRQ RI RSSRVLQJ FXPXODWLYH PROWHQ

DOOR\ $O����0J MHWV IRUPHG LQ FROOLVLRQ ZLWK D IO\HU

SODWH� WKLV ZLOO UHVXOW LQ IRUPDWLRQ RI D PLFUROD\HU�

,WV PLFURKDUGQHVV FRUUHVSRQGV WR KDUGQHVV RI WLWDQLXP

DOOR\V� 8QGHU VXFK FRQGLWLRQV WKH UDWH RI FRROLQJ RI

WKH RSSRVLQJ FXPXODWLYH MHWV DPRXQWV WR RQH PLOOLRQ

GHJUHHV SHU VHFRQG >�@� ZKLFK UHVXOWV LQ FRQGLWLRQV

IRU UDSLG VROLGLILFDWLRQ� +RZHYHU� ODERXU FRQVXPSWLRQ

RI WKLV SURFHVV LV FRPSDUDEOH ZLWK WKDW RI H[SORVLRQ

ZHOGLQJ SURFHVVHV� 7KLV LV D UHDVRQ ZK\ LW IDLOHG WR

ILQG DSSOLFDWLRQ�

$OWKRXJK WKH SURFHVVHV XQGHU FRQVLGHUDWLRQ SUR�

YLGH DSSUR[LPDWHO\ VLPLODU YDOXHV RI ZHDU UHVLVWDQFH�

SURGXFWLRQ SHRSOH� SUREDEO\ PHFKDQLFDOO\ RU EHFDXVH

RI WKH HVWDEOLVKHG WUDGLWLRQV� SUHIHU WR XVH WKH H[SOR�

VLRQ FODGGLQJ SURFHVV� $W WKH VXJJHVWLRQ RI *HUPDQ

WUDLQ FDU FRQVWUXFWRUV� VXSSRUW VXUIDFHV RI WKH D[OH

ER[ ERGLHV PDGH IURP KLJK�VWUHQJWK FDVW LURQ ZHUH

FODG ZLWK +DGILHOG VWHHO SODWHV� $V IROORZV IURP >��

�@� WKLV VWHHO LV FRQVLGHUHG XQZHOGDEOH DQG LV QRW SUR�

GXFHG LQ WKH UROOHG IRUP ERWK LQ RXU DQG RWKHU &,6

FRXQWULHV�

,W LV OLNHO\ WKDW LQ WKLV FDVH H[SORVLRQ ZHOGLQJ LV

WKH RQO\ SRVVLELOLW\ WR SURGXFH D SHUPDQHQW MRLQW EH�

WZHHQ KLJK�PDQJDQHVH VWHHO DQG FDVW LURQ� 7R SUHYHQW

IRUPDWLRQ RI FUDFNV DQG VHSDUDWLRQV LQ FDVW LURQ ERGLHV

RI D[OH ER[HV� WKH H[SORVLRQ ZHOGLQJ SURFHVV ZDV SHU�

IRUPHG WKURXJK D FRSSHU LQWHUOD\HU �⋅��w� P WKLFN�

7KLV LV DVVRFLDWHG ZLWK WKH IDFW WKDW VWUHQJWK RI FRSSHU

PHHWV VHUYLFH UHTXLUHPHQWV XQGHU ORDGLQJ DQG LW FDQ

EH H[SORVLRQ ZHOGHG WR LURQ�FDUERQ DOOR\V ZLWKLQ D

YHU\ ZLGH UDQJH RI H[SORVLRQ ORDGLQJ SDUDPHWHUV�

/DUJH H[SHULHQFH KDV EHHQ DFFXPXODWHG LQ H[SORVLRQ

ZHOGLQJ RI FRSSHU WR FDVW LURQ� &RSSHU ZDV IRXQG WR

EH FKDUDFWHULVHG E\ KLJK GDPSLQJ SURSHUWLHV LQ FROOL�

VLRQ RI D FODGGLQJ ELOOHW ZLWK D FODG VXUIDFH�

3UHOLPLQDULO\ H[SORVLRQ ZHOGLQJ ZDV FDUULHG RXW

WR MRLQ +DGILHOG VWHHO SODWHV ���×��×� PP WR FRSSHU�

7KH UHVXOWLQJ ZHOGHG MRLQWV KDG DGKHVLRQ VWUHQJWK RI

WKH OD\HUV LQ H[FHVV RI WHQVLOH VWUHQJWK RI FRSSHU� WKH

ZHOGLQJ SDUDPHWHUV EHLQJ DV IROORZV� U  �� '  

 ���� P⋅Vw� DQG K  �⋅��w� P�
3ULRU WR GLUHFW FODGGLQJ RI WKH VXSSRUW VXUIDFHV RI

DQ D[OH ER[ ERG\� LW ZDV QHFHVVDU\ WR GHWHUPLQH SD�

UDPHWHUV RI FROOLVLRQ RI WKH SODWHV ZHOGHG� DW ZKLFK

QR IUDFWXUH RI WKH VXSSRUW VXUIDFHV ZRXOG RFFXU DQG

QR FUDFNV ZRXOG EH IRUPHG LQ WKH VXUIDFH OD\HU DQG

LQ WKH EXON RI WKH D[OH ER[ ERG\� ,Q WKLV FDVH WKH

DGGLWLRQDO GLIILFXOWLHV ZHUH DVVRFLDWHG ZLWK WKH IDFW

WKDW WKH D[OH ER[ ERG\ ZDV PDGH IURP D ORZ�GXFWLOLW\

PDWHULDO ZLWK ORZ FUDFN UHVLVWDQFH DQG KDG IRXU VXS�

SRUW VXUIDFHV� L�H� WZR YHUWLFDO DQG WZR KRUL]RQWDO

RQHV� ORFDWHG LQ SDLUV DQG PXWXDOO\ SHUSHQGLFXODUO\�

6LPXOWDQHRXV H[SORVLRQ FODGGLQJ RI IRXU VXSSRUW VXU�

IDFHV E\ D FRPELQDWLRQ RI WKH YHUWLFDO DQG KRUL]RQWDO

H[SORVLRQ ZHOGLQJ PHWKRGV OHG WR IUDFWXUH RI WKH D[OH

ER[ ERG\� ,Q WKH FDVH RI VLPXOWDQHRXV FODGGLQJ RI WZR

VXSSRUW VXUIDFHV� ZH IDFHG WKH SUREOHP WKDW WKHUH

RFFXUUHG D ORVV RI WKH QRQ�GHWRQDWHG H[SORVLYH DQG

FODGGLQJ SODWH DW WKH LQLWLDO VWDJH RI GHWRQDWLRQ� 7KLV

LV DVVRFLDWHG ZLWK WKH IDFW WKDW WKH H[SORVLYH LV SODFHG

QHDU WKH VXSSRUW VXUIDFH ZKLFK LV QRUPDO WR WKH VXUIDFH

$[OH ER[ ERG\ ZLWK VWHHO SODWH ZHOGHG WR LW
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WUHDWHG DW WKH ILUVW VWDJH� ,QWHUDFWLRQ RI VKRFN ZDYHV

SURSDJDWLQJ LQ WKH WUHDWHG DQG QRQ�WUHDWHG VXSSRUW

VXUIDFHV� DV ZHOO DV LQ WKH D[OH ER[ ERG\� SUHYHQWHG

IRUPDWLRQ RI D ZHOGHG MRLQW� 7R HOLPLQDWH WKH HIIHFW

RI VXEVHTXHQW VKRFN�ZDYH GLVWXUEDQFHV� GLUHFWHG QRU�

PDO WR WKH FODGGLQJ OD\HU� WKH XVH ZDV PDGH RI DQ

H[SDQGLQJ PDQGUHO WKDW FRPSULVHG ODPLQDWHG HOH�

PHQWV ZKLFK H[WLQJXLVKHG WKH HIIHFW RI WKH VKRFN

ZDYHV� 7KH V\VWHP RI FKDUJHV� WKH GHWRQDWLRQ RI ZKLFK

ORFDOLVHV ORDGLQJ LQ D GLUHFWLRQ QRUPDO WR WKDW RI WKH

IO\HU FODGGLQJ SODWH� ZDV XVHG WR HOLPLQDWH WKH HIIHFW

RI VKRFN�ZDYH GLVWXUEDQFHV DQG WKH FRQYHUJLQJ VKRFN

ZDYHV WKDW DUH IRUPHG LQ SODQH RI WKH FODGGLQJ OD\HU

>�@� 7KLFNQHVV RI WKH FRSSHU VXEOD\HU ZDV HVWLPDWHG

IURP D FRQGLWLRQ WKDW VWUHVV IRUPHG LQ LW LQ H[SORVLRQ

FODGGLQJ LV QRW LQ H[FHVV RI WKH G\QDPLF WHQVLOH

VWUHQJWK RI WKH D[OH ER[ ERG\ PDWHULDO DQG GRHV QRW

FDXVH IRUPDWLRQ RI FUDFNV� 7KDW FRUUHVSRQGHG WR D

FROOLVLRQ YHORFLW\ RI XS WR ��� P⋅Vw�� ([SORVLRQ ZHOG�
LQJ RI WKH VWDFN RI SODWHV� L�H� KLJK�PDQJDQHVH VWHHO �

FRSSHU� WR WKH FDVW LURQ D[OH ER[ ERG\ DW FROOLVLRQ

YHORFLWLHV QRW LQ H[FHVV RI WKH PD[LPXP SHUPLVVLEOH

YDOXHV WDNHV SODFH XQGHU WKH IROORZLQJ SDUDPHWHUV�

U  ���� K  �⋅��w� P DQG '  ���� P⋅Vw�� 7KH SURFHVV
RI H[SORVLRQ FODGGLQJ ZLWK SODWHV RI KLJK�PDQJDQHVH

VWHHO WKURXJK D FRSSHU LQWHUOD\HU ZDV SHUIRUPHG XQGHU

VXFK FRQGLWLRQV� 8OWLPDWH VKHDU IRUFHV FRUUHVSRQGHG

WR VWUHQJWK RI FRSSHU� ZKLFK ZDV ��� WLPHV LQ H[FHVV

RI VHUYLFH UHTXLUHPHQWV�

2SWLPLVDWLRQ RI WKH WHFKQRORJ\ RI KDUGHQLQJ RI

OXJV RI VXFK FRPSOH[ SLHFHV DV D[OH ER[ ERGLHV E\

H[SORVLRQ FODGGLQJ DOORZHG D QXPEHU RI SHFXOLDULWLHV

WR EH UHYHDOHG DQG UHFRPPHQGDWLRQV WR EH ZRUNHG RXW

IRU SUDFWLFDO DSSOLFDWLRQ RI WKH SURFHVVHV� 8QOLNH WKH

SURFHVV RI H[SORVLRQ ZHOGLQJ RI IODW RU F\OLQGULFDO

VXUIDFHV� WKH FODGGLQJ ]RQHV �WKHUH DUH WZR RU IRXU RI

WKHP LQ WKH FDVH XQGHU FRQVLGHUDWLRQ� DUH XQGHU WKH

HIIHFW RI UHIOHFWHG� UHIUDFWHG DQG FRQYHUJLQJ VKRFN

ZDYHV� ZKLFK SUHYHQW IRUPDWLRQ RI D ZHOGHG MRLQW�

7KHUHIRUH� WKLV OHDGV WR WKH QHHG WR LQVWDOO SURFHVV

GHYLFHV LQ RSHQ FDYLWLHV WR H[WLQJXLVK UHIOHFWHG VKRFN

ZDYHV� DV ZHOO DV V\QFKURQLVH WKH SURFHVV RI LQLWLDWLRQ

RI VHYHUDO H[SORVLYH FKDUJHV DQG XVH DQ LQWHUOD\HU RI

ODPLQDWHG PDWHULDOV WR SHUIRUP WKH GDPSLQJ IXQFWLRQ

DQG SUHYHQW FUDFNLQJ� ,Q H[SORVLRQ FODGGLQJ RI WKH

VXUIDFH ORFDWHG QHDU WKH ULJLG ZDOO� LW LV QHFHVVDU\ WR

SURYLGH DW WKH VWDJH RI GHVLJQ IRU D SURFHVV JDS EH�

WZHHQ WKH SODWH ZHOGHG DQG WKH ZDOO� ,WV VL]H LV GH�

WHUPLQHG IURP D FRQGLWLRQ WKDW WKH WRWDO WLPH RI SURSD�

JDWLRQ RI DQ DLU VKRFN ZDYH LQ WKH ZDOO VKRXOG EH LQ

H[FHVV RI WKH WLPH RI GHWRQDWLRQ RI WKH H[SORVLYH

FKDUJH� 2WKHUZLVH� WKLV ZLOO UHVXOW LQ D FRPSOLFDWHG

DUUDQJHPHQW RI WKH GHWRQDWLRQ SURFHVV� ,Q GHWHUPLQD�

WLRQ RI SDUDPHWHUV RI WKH G\QDPLF WXUQ DQJOH� DV ZHOO

DV ZHOGLQJ SDUDPHWHUV� LW LV QHFHVVDU\ WR WDNH LQWR

DFFRXQW DPD[LPXP SHUPLVVLEOH FROOLVLRQ YHORFLW\ WKDW

FDXVHV QR GHIRUPDWLRQ RI D VWUXFWXUH�

�� .RQRQ� <X�$�� 3HUYXNKLQ� /�%�� &KXGQRYVN\� $�'� ������
([SORVLRQ ZHOGLQJ� 0RVFRZ� 0DVKLQRVWURHQLH�

�� .REHOHY� $�*�� 3RWDSRY� ,�1�� .X]QHWVRY� (�%� ������
7HFKQRORJ\ IRU ODPLQDWHG PHWDOV� 0RVFRZ� 0HWDOOXUJL\D�

�� 'HULEDV� $�$� ������ 3K\VLFV RI H[SORVLRQ KDUGHQLQJ DQG
ZHOGLQJ� 1RYRVLELUVN� 1DXND�

�� 'UDJREHWVN\� 9�9�� 7V\JDQ� %�*�� 3UX]KLONLQ� ,�,� 0HWKRG
IRU FODGGLQJ PHWDO SDUWV� 8665 DXWKRUsV FHUW� �������� ,QW�
&O� % �� . ������ 3XEO� ���������
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$ QHZ GHYHORSPHQW LQ WKH ILHOG RI ELRHOHFWULF WHFK�

QRORJ\� QDPHO\ ZHOGLQJ RI OLYH WLVVXHV� ZDV GLVFXVVHG

LQ D PHHWLQJ RI WKH 6FLHQWLILF &RXQFLO LQ WKH 0LQLVWU\

RI +HDOWK RI 8NUDLQH LQ .LHY RQ 'HFHPEHU ��� �����

0U� 9�)� 0RVNDOHQNR �0LQLVWHU RI +HDOWK RI

8NUDLQH�� 3URI� %�(� 3DWRQ �3UHVLGHQW RI WKH 1$6 RI

8NUDLQH�� 3URI� $�)� 9R]LDQRY �3UHVLGHQW RI WKH

$FDGHP\ RI0HGLFDO 6FLHQFH RI 8NUDLQH�� 3URI� <X�$�

=R]XO\D �9LFH�3UHVLGHQW RI WKH $06 RI 8NUDLQH� WRRN

SDUW LQ WKH 6FLHQWLILF &RXQFLO PHHWLQJ� FKDLUHG E\

3URI� (�*� 3HGDFKHQNR �&RUUHVS��0HPEHU RI $06 RI

8NUDLQH��

3URI� 0�3� =DNKDUDVK� +HDG RI 'HIHQVH�0HGLFDO $G�

PLQLVWUDWLRQ �'0$� RI WKH 6HFXULW\ 6HUYLFH RI 8NUDLQH

�668�� PDGH D SUHVHQWDWLRQ RQ EHKDOI RI WKH WHDP RI
8NUDLQLDQVFLHQWLVWVDQGVSHFLDOLVWV�GHYHORSHUVRI WKHWHFK�

QRORJ\� +H SUHVHQWHG WKH ZRUN RI D WHDP RI HQJLQHHULQJ

DQG PHGLFDO VWDII RI WKH SDUWLFLSDWLQJ RUJDQLVDWLRQV�

QDPHO\� 7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI

WKH1$6RI8NUDLQH LQ FR�RSHUDWLRQZLWK WKH ,QWHUQDWLRQDO

$VVRFLDWLRQ �:HOGLQJ�� ,QVWLWXWH RI 6XUJHU\ DQG 7UDQV�

SODQWRORJ\ �,67� RI WKH $06 RI 8NUDLQH DQG &HQWUDO

&OLQLFDO +RVSLWDO RI 668'0$� ZKLFK KDV EHHQ IXOILOOHG

LQ FR�RSHUDWLRQ ZLWK &60*� 86$� 7KH SUHVHQWDWLRQ LQ�

FOXGHG GHPRQVWUDWLRQ RI GRFXPHQWDULHV� DQG IUDJPHQWV

RI SODQQHG VXUJHU\ FRQGXFWHG XQGHU FOLQLFDO FRQGLWLRQV�

6DPSOHV RI DGYDQFHG PHGLFDO HTXLSPHQW DQG WRROV� DS�

SOLHGGXULQJ VXFK VXUJHU\�ZHUHGLVSOD\HG�7KHGHYHORSHUV

RI WKLV WHFKQRORJ\ x 3URI� 9�.� /HEHGHY DQG 3URI�

<X�$� )XUPDQRY� DOVR DGGUHVVHG WKH PHHWLQJ�

7KLV ZRUN KDV SURYHG IRU WKH ILUVW WLPH WKH SRVVL�

ELOLW\ RI MRLQLQJ FXWV LQ YDULRXV RUJDQV ZLWKRXW DS�

SO\LQJ VXWXUHV RU PHWDO FUDPSV� 7KH QHZ MRLQLQJ WHFK�

QRORJ\ LV D IXUWKHU GHYHORSPHQW RI HOHFWURVXUJLFDO

WHFKQRORJLHV�

1XPHURXV SUHOLPLQDU\ H[SHULPHQWV RQ DQLPDOV

ZHUH UHSRUWHG� ZKLFK DOORZHG HVWDEOLVKLQJ WKH FRQGL�

WLRQV RI SURGXFLQJ WKH MRLQWV WKDW HQVXUHG UHVWRUDWLRQ

RI WKH SK\VLRORJLFDO IXQFWLRQV RI WKH RUJDQV DIWHU VXU�

JHU\� $ VHULHV RI H[SHULPHQWV RQ D FRQWURO JURXS RI

SLJV RI �� DQLPDOV FRQILUPHG WKH UHOLDELOLW\ RI MRLQLQJ

WKH LQFLVLRQV RI WKH LQWHVWLQH DQG RWKHU RUJDQV� DOORZHG

FRQGXFWLQJ KLVWRORJLFDO VWXGLHV ZLWK WKH REVHUYDWLRQ

WLPH IURP �� XS WR ��� GD\V� ZKLFK FRQILUPHG WKH

IDYRXUDEOH SURFHVV RI UHVWRUDWLRQ RI WLVVXH PRUSKRO�

RJ\� 7KLV ZDV IROORZHG E\ WKH ZRUOGsV ILUVW FOLQLFDO

PDVWHULQJ RI WKH ZHOGLQJ WHFKQRORJ\ LQ WKH ILHOG RI

JHQHUDO VXUJHU\ DQG J\QDHFRORJ\� ERWK LQ RSHQ VXUJHU\

DQG LQ ODSDURVFRS\� 0RUH WKDQ ��� SDWLHQWV KDYH EHHQ

RSHUDWHG RQ ZLWK ��� � SRVLWLYH SRVW�VXUJHU\ UHVXOWV

XQGHU WKH FOLQLFDO FRQGLWLRQV RI 668 '0$ DQG ,67

RI WKH $06 RI 8NUDLQH�

,W ZDV QRWHG WKDW DSSOLFDWLRQ RI ZHOGLQJ WHFKQRO�

RJ\ DQG QHZ PHGLFDO HTXLSPHQW JUHDWO\ VLPSOLILHG

WKH WHFKQLTXH RI VXUJHU\ SHUIRUPDQFH� HOLPLQDWHG WKH

DYDLODELOLW\ RI IRUHLJQ PDWHULDO LQ DQ RUJDQ RU WLVVXH

DIWHU VXUJHU\ ZLWK DOO WKH SRVVLEOH QHJDWLYH FRQVH�

TXHQFHV� SURYLGHG FRPSOHWH WLJKWQHVV RI WKH MRLQW�

VKRUWHQHG WKH GXUDWLRQ RI VXUJLFDO RSHUDWLRQV� RI WKH

SDWLHQW VWD\LQJ XQGHU QDUFRVLV� HVVHQWLDOO\ ORZHUHG

WKH ORVV RI EORRG� UHGXFHG WKH QXPEHU RI VXUJLFDO WRROV

UHTXLUHG� LQ SDUWLFXODU HOLPLQDWHG WKH QHHG IRU VSHFLDO

FRDJXODWLRQ HTXLSPHQW� HQDEOHG GHYHORSPHQW RI VSH�

FLILF SURFHGXUHV QRW DSSOLHG LQ WUDGLWLRQDO VXUJHU\�

7KLV SRLQWV ERWK WR UHKDELOLWDWLRQ FRQGLWLRQV PRUH

IDYRXUDEOH IRU WKH OLYLQJ RUJDQLVP� DQG WR PRUH FRVW�
HIIHFWLYH FRQGLWLRQV IRU VXUJHU\�

3UHVHQWDWLRQ OHG WR D OLYHO\ GLVFXVVLRQ� LQYROYLQJ

3URI� %�(� 3DWRQ� 3URI� $�)� 9R]LDQRY�

3URI� 9�9� 6PLUQRY� DFDGHPLFLDQ RI WKH 1$6 RI

8NUDLQH� ,QVWLWXWH RI 0LFURELRORJ\ DQG 9LUXVRORJ\�

3URI� 6�$� 6KDOLPRY� 'LUHFWRU RI WKH ,QVWLWXWH RI 2Q�

FRORJ\ RI WKH $06 RI 8NUDLQH� 3URI� *�0� %XWHQNR�

DFDGHPLFLDQ RI WKH $06 RI 8NUDLQH� &RUUHVS��0HP�

EHU RI WKH 1$6 RI 8NUDLQH� ,QVWLWXWH RI *HURQWRORJ\�
3URI� *�9� *DMNR� 3URI� '�<X� .ULYFKHQ\D DQG

3URI� *�,� =KDERHGRY� 1DWLRQDO 0HGLFDO 8QLYHUVLW\�

3URI� *�(� 7LPHQ� ,QVWLWXWH RI 2WRODU\QJRORJ\�

*�9� ']\DN� DFDGHPLFLDQ RI WKH $06 RI 8NUDLQH�3URI� 0�3� =DNKDUDVK GXULQJ KLV SUHVHQWDWLRQ
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5HFWRU RI 'QHSURSHWURYVN 0HGLFDO $FDGHP\�

3URI� $�9� 7RNDU� .LHY 0HGLFDO $FDGHP\ RI 3RVW�

*UDGXDWH (GXFDWLRQ� 3URI� <X�$� =R]XO\D� 9LFH�

3UHVLGHQW RI WKH $06 RI 8NUDLQH� 7KH VSHDNHUV QRWHG

WKH LPSRUWDQFH RI WKH VFLHQWLILF DVSHFWV RI WKH QHZ

GHYHORSPHQW DQG WKH JRRG SURVSHFWV IRU LWV DSSOLFDWLRQ

IRU VXUJLFDO SUDFWLFH� 3URI� %�(� 3DWRQ VSHFLILFDOO\

GHVFULEHG WKH SURVSHFWV IRU IXUWKHU LPSURYHPHQW DQG

PDVWHULQJ WKH SURGXFWLRQ RI PHGLFDO DXWRPDWHG ZHOG�

LQJ V\VWHPV� 3URI� $�)� 9R]LDQRY VKRZHG LQWHUHVW LQ

DSSOLFDWLRQ RI WKH QHZ WHFKQRORJ\ LQ XURORJ\�

3URI� <X�$� =R]XO\D QRWHG WKH HYLGHQW UDWLRQDOLW\ RI

ZLGHQLQJ WKH DUHDV RI WKH QHZ WHFKQRORJ\ DSSOLFDWLRQ�

LQ SDUWLFXODU� LQ QHXURVXUJHU\�

7KH 6FLHQWLILF &RXQFLO RI WKH 0LQLVWU\ RI +HDOWK

RI 8NUDLQH DSSURYHG WKH SHUIRUPHG FRPSUHKHQVLYH

WHDP ZRUN DQG QRWHG LWV KLJK LPSRUWDQFH IRU GHYHO�

RSPHQW RI VXUJLFDO V\VWHPV� 7KH UDWLRQDOLW\ RI FRQ�

WLQXLQJ UHVHDUFK LQ WKLV DUHD ZDV QRWHG� DV ZHOO DV WKH

QHHG WR VHW XS SURGXFWLRQ RI WKH HTXLSPHQW IRU WKH

OHDGLQJ FOLQLFV LQ 8NUDLQH DQG D FHQWUH WR WUDLQ SUDF�

WLVLQJ VXUJHRQV WR PDVWHU WKH WHFKQLTXH RI ZHOGLQJ

WLVVXHV� RSHUDWLRQ RI WKH QHZ HTXLSPHQW DQG WR JDLQ

QHZ H[SHULHQFH RI ZHOGLQJ DSSOLFDWLRQ LQ VXUJHU\�

'XULQJ DQ RSHUDWLRQ LQ WKH FOLQLF :HOGLQJ V\VWHP IRU MRLQLQJ OLYH WLVVXHV
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2Q WKH ��
QG

RI )HEUXDU\� ����� WKH 8�6� &RQJUHVVPDQ

0U� %� 6FKDIIHU� DFFRPSDQLHG E\ WKH )LUVW 6HFUHWDU\
RI WKH 8�6� (PEDVV\ LQ 8NUDLQH 0U� '� 0RJDQNR�

YLVLWHG WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI

WKH 1$6 RI 8NUDLQH� 7KH $PHULFDQ JXHVWV ZHUH ZHO�

FRPHG E\ WKH 'LUHFWRU RI WKH ,QVWLWXWH 3URI� %�(� 3D�

WRQ� 3DUWLFLSDWLQJ LQ WKH GLVFXVVLRQV ZHUH 'HSXW\ 'L�

UHFWRUV RI WKH ,QVWLWXWH 3URI� 6�,� .XFKXN�<DWVHQNR�

3URI� .�$� <XVKFKHQNR DQG D QXPEHU RI OHDGLQJ VFL�

HQWLVWV RI WKH ,QVWLWXWH�

3URI� %�(� 3DWRQ LQWURGXFHG 0U� 6FKDIIHU WR UH�

VXOWV RI FRRSHUDWLRQ RI WKH 3:,ZLWK WKH8�6� UHVHDUFK

FHQWUHV� ODERUDWRULHV DQG NQRZQ FRPSDQLHV LQ WKH ILHOG

RI ZHOGLQJ DQG UHODWHG WHFKQRORJLHV� DV ZHOO DV WR WKH

UHDOO\ LQJHQLRXV GHYHORSPHQWV RI WKH ,QVWLWXWH LQ WKH

ILHOG RI KLJK WHFKQRORJLHV�
7KH ,QVWLWXWH KDV EXVLQHVV DQG FUHDWLYH FRQWDFWV

ZLWK WKH $PHULFDQ :HOGLQJ 6RFLHW\ �$:6�� ZKLFK

ODVW IRU DOPRVW TXDUWHU RI D FHQWXU\� 7KH 3DUWLHV UHJX�

ODUO\ H[FKDQJH ZHOGLQJ SHULRGLFDOV DQG VSHFLDOLVWV�
SDUWLFLSDWLQJ LQ LQWHUQDWLRQDO FRQIHUHQFHV DQG H[KLEL�

WLRQV KHOG LQ 8NUDLQH DQG WKH 8�6�$� 7KH 3:, LV D

FROOHFWLYH PHPEHU RI $:6�

7KH FROODERUDWLYH DFWLYLW\ RI WKH -RLQW 9HQWXUH
&RPSDQ\ �3UDWW	:KLWQH\�3DWRQ�� KDYLQJ LWV EXVL�
QHVV SODFH LQ ZRUNVKRSV RI WKH WKH 3:, 3LORW 3ODQW

IRU 1HZ 7HFKQRORJLHV� LV D JRRG H[DPSOH RI WKH VXF�
FHVVIXO FRRSHUDWLRQ� %DVHG RQ LQJHQLRXV GHYHORSPHQWV

RI WKH 3:, DVVRFLDWHV� WKH -9 &RPSDQ\ PDQXIDFWXUHV

VSHFLDOLVHG HTXLSPHQW DQG PDWHULDOV� DQG SHUIRUPV

HOHFWURQ EHDP GHSRVLWLRQ RI WKHUPDO EDUULHU FRDWLQJV

RQ YDULRXV�DSSOLFDWLRQ JDV WXUELQH EODGHV�

7KH XQLTXH WHFKQRORJ\ IRU FRQWLQXRXV IODVK EXWW
ZHOGLQJ GHYHORSHG E\ WKH 3:, KDV IRXQG D ZLGH DS�

SOLFDWLRQ LQ WKH 8�6�$� 6RPH WLPH DJR WKH 8�6� &RP�

SDQ\ �0F'HUPRWW� ERXJKW IURP WKH ,QVWLWXWH WKH

OLFHQVH IRU WKH HTXLSPHQW DQG WHFKQRORJ\ IRU IODVK
EXWW ZHOGLQJ RI RII�VKRUH SLSHOLQHV� 7KH FROODERUDWLYH
ZRUN RQ WKH OLFHQVHG WHFKQRORJ\ IRU IODVK EXWWZHOGLQJ

RI UDLOV LV LQ SURJUHVV ZLWK D QXPEHU RI PDMRU 8�6�

UDLOZD\ FRPSDQLHV� $ERXW �� PRELOH UDLO�ZHOGLQJ

XQLWV DUH QRZ LQ RSHUDWLRQ LQ WKH 8�6�$� 7KH\ DUH

HPSOR\HG IRU FRQVWUXFWLRQ RI UDLOZD\V DQGPHWUR OLQHV�

,Q WKH PLGGOH RI WKH ����V� LQ FROODERUDWLRQ ZLWK

�0F'RQQHOO 'RXJODV� DQG WKH 1$6$ 0DUVKDO 6SDFH

)OLJKW &HQWHU WKH ,QVWLWXWH FRPSOHWHG FRPSUHKHQVLYH

WHVWV RI LWV YHUVDWLOH KDQG WRRO LQWHQGHG IRU SHUIRUPLQJ

YDULRXV WHFKQRORJLFDO RSHUDWLRQV �ZHOGLQJ� FXWWLQJ�

EUD]LQJ� HWF�� LQ VSDFH� 7KH $PHULFDQ DQG 8NUDLQLDQ

VSHFLDOLVWV SUHSDUHG DQ H[SHULPHQW RQ WHVWLQJ WKH

�8QLYHUVDO� KDUGZDUH LQ VSDFH RQ ERDUG WKH �&ROXP�

ELD� VSDFH VKXWWOH� 8QIRUWXQDWHO\� WKH H[SHULPHQW
ZDV QRW FRQGXFWHG EHFDXVH RI FKDQJHV LQ WKH 6KXWWOH

IOLJKW SURJUDP�
7KH ,QVWLWXWH LV LQYROYHG LQ DFFRPSOLVKPHQW RI

LQWHUHVWLQJ SURMHFWV DQG WHFKQRORJLFDO GHYHORSPHQWV

ZLWK FRPSDQLHV �*HQHUDO (OHFWULF�� �0F'RQQHOO

'RXJODV�� /DZUHQFH /LYHUPRUH DQG 6DQGLD 1DWLRQDO

/DERUDWRULHV RQ LQYHVWLJDWLRQ LQWR ZHOGDELOLW\ RI DG�

YDQFHG $Ow/L DQG $Ow6F DOOR\V DQG GLVSHUVLRQ�

VWUHQJWKHQHG PDWHULDOV� DV ZHOO DV RQ ZHOGLQJ DQG

EUD]LQJ RI VLPLODU DQG GLVVLPLODU PDWHULDOV�
2I VSHFLDO LQWHUHVW WR WKH $PHULFDQ JXHVWV ZDV DQ

LQIRUPDWLRQ RQ UHVHDUFK FRQGXFWHG E\ WKH 3:, RQ

MRLQLQJ ELRORJLFDO WLVVXHV E\ KLJK�IUHTXHQF\ UHVLVWDQFH

ZHOGLQJ�:HOGLQJ LQ VXUJHU\ KDV FRPH RXW RI WKH VWDJH

RI H[SHULPHQW DQG LV DSSOLHG QRZ E\ WZR 8NUDLQLDQ

FOLQLFV� ZKLFK KDYH DOUHDG\ SHUIRUPHG PRUH WKDQ ���

VXUJHU\ RSHUDWLRQV XVLQJ WKLV PHWKRG� $OPRVW IURP

WKH YHU\ EHJLQQLQJ� WKHVH ZRUNV ZHUH FDUULHG RXW ZLWK

SDUWLFLSDWLRQ E\ WKH 8�6� &RPSDQ\ �&RQVRUWLXP

6HUYLFH 0DQDJHPHQW *URXS� ,QF��� 1HYHUWKHOHVV� WKLV

WHFKQRORJ\ KDV QRW \HW EHHQ DSSOLHG LQ WKH 8�6�$�

3URI� %�(� 3DWRQ LQ GHWDLO WROG 0U� 6FKDIIHU� DW

KLV UHTXHVW� DERXW WKH DFWLYLW\ RI WKH 3:, LQ WKH ILHOG
RI MRLQLQJ GLVVLPLODU PDWHULDOV� VWHHO WR DOXPLQLXP

DOOR\V� DOXPLQLXP WR FRSSHU DOOR\V� VWHHO WR WLWDQLXP

DOOR\V DQG FHUDPLFV�

$W WKH GHPRQVWUDWLRQ KDOO RI WKH ,QVWLWXWH WKH

JXHVWV ZHUH LQWURGXFHG WR WKHPRVW LQWHUHVWLQJ VDPSOHV

RI HTXLSPHQW DQG WHFKQRORJLHV LQWHQGHG IRU VSDFH DS�

SOLFDWLRQ� DHURVSDFH HQJLQHHULQJ� FRQVWUXFWLRQ RI PDLQ

SLSHOLQHV� HWF�

'XULQJ WKH YLVLW� WKH 8�6� &RQJUHVVPDQ

0U� %� 6FKDIIHU QRWHG WKH KLJK DXWKRULW\ RI WKH
(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH LQ VFLHQWLILF

DQG LQGXVWULDO FRPPXQLW\ RI WKH 8�6�$� 7KH VFLHQ�

WLILF�DQG�WHFKQLFDO FRRSHUDWLRQ RI WKH ,QVWLWXWH ZLWK

WKH $PHULFDQ UHVHDUFK FHQWUHV DQG FRPSDQLHV LQ WKH

ILHOG RI KLJK WHFKQRORJLHV LV PXWXDOO\ EHQHILFLDO DQG
VKRXOG JR RQ LQ WKH IXWXUH� ,Q FRQFOXVLRQ�0U� 6FKDIIHU

H[SUHVVHG JUDWLWXGH WR 3URI� %�(� 3DWRQ IRU LQWHUHVWLQJ

GLVFXVVLRQV DQG SURPLVHG WR UHQGHU DVVLVWDQFH LQ IXU�
WKHU GHYHORSPHQW RI WKH $PHULFDQ�8NUDLQLDQ FRRS�

HUDWLRQ�

,�$� 5\DEWVHY

3:, 3UHVV�*URXS
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