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SCIENTIFIC AND TECHNICAL
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)RXQGHUV� 7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH 3XEOLVKHU� ,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

(GLWRU�LQ�&KLHI %�(�3DWRQ
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%�9�.KLWURYVND\D 9�)�.KRUXQRY
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7�.�9DVLOHQNR

(GLWRU
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(�PDLO� MRXUQDO#SDWRQ�NLHY�XD
KWWS���ZZZ�QDV�JRY�XD�SZM

6WDWH 5HJLVWUDWLRQ &HUWLILFDWH
.9 ���� RI ����������

6XEVFULSWLRQV�
����� �� LVVXHV SHU \HDU�

SRVWDJH DQG SDFNDJLQJ LQFOXGHG�
%DFN LVVXHV DYDLODEOH�
$OO ULJKWV UHVHUYHG�

7KLV SXEOLFDWLRQ DQG HDFK RI WKH DUWLFOHV
FRQWDLQHG KHUHLQ DUH SURWHFWHG E\ FRS\ULJKW�
3HUPLVVLRQ WR UHSURGXFH PDWHULDO FRQWDLQHG LQ
WKLV MRXUQDO PXVW EH REWDLQHG LQ ZULWLQJ IURP

WKH 3XEOLVKHU�
&RSLHV RI LQGLYLGXDO DUWLFOHV PD\ EH REWDLQHG

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

'DWD DUH SUHVHQWHG DERXW WRGD\ SURGXFWLRQ DQG FRQVXPSWLRQ RI VWHHO LQ GLIIHUHQW UHJLRQV RI WKH ZRUOG� 7KH SURJUHVV LQ

PDFKLQH�EXLOGLQJ� VKLSEXLOGLQJ� FLYLO HQJLQHHULQJ DQG RWKHU EUDQFKHV ZLOO UHTXLUH WKH UHGXFWLRQ LQ PDVV RI ZHOGHG

VWUXFWXUHV� LQFUHDVH LQ WKHLU UHOLDELOLW\ DQG OLIH� UHGXFWLRQ LQ HQHUJ\ FRQVXPSWLRQ LQ ZHOGLQJ RSHUDWLRQV� 7KH DERYH�PHQ�

WLRQHG SUREOHPV FDQ EH VROYHG E\ XVLQJ KLJK�VWUHQJWK ORZ�DOOR\ �+6/$� VWHHOV LQ FULWLFDO VWUXFWXUHV� 'DWD DUH JLYHQ

DERXW WKH VWDWH�RI�WKH�DUW RI PHWDOOXUJ\ DQG WHFKQRORJ\ RI +6/$ ZHOGLQJ LQ 5XVVLD DQG 8NUDLQH� 7KH SUREOHPV RI

ZHOGLQJ +6/$ VWHHOV DQG WHQGHQFLHV RI WKHLU GHYHORSPHQW DUH FRQVLGHUHG DQG WUHQGV IRU WKHLU IXUWKHU LQYHVWLJDWLRQ DUH

IRUPXODWHG� 6WDWH�RI�WKH�DUW RI GHYHORSPHQW RI JHQHUDO�SXUSRVH ZHOGLQJ FRQVXPDEOHV LV GHVFULEHG DQG UHFRPPHQGDWLRQV

IRU WKHLU LPSURYHPHQW DUH JLYHQ�

.H\ ZRU G V � DUF ZHOGLQJ� ZHOGLQJ FRQVXPDEOHV� KLJK�

VWUHQJWK ORZ�DOOR\ VWHHOV

7KH ODVW ;; FHQWXU\ ZDV D SHULRG RI RULJLQ DQG SUR�
JUHVV RI ZHOGLQJ� 'XULQJ WKH HODSVHG WLPH PDQ\ QHZ

ZHOGLQJ SURFHVVHV� IURP ZHOGLQJ ZLWK D FDUERQ DQG

PHWDO HOHFWURGH WR HOHFWURQ EHDP� ODVHU� K\EULG ODVHU�

DUF ZHOGLQJ� ZHUH FUHDWHG� 1HYHUWKHOHVV� DPRQJ WKH

QXPHURXV PHWKRGV RI IXVLRQ ZHOGLQJ� WKH DUF ZHOGLQJ

LV GRPLQDWLQJ XQWLO QRZ� 7KH UDQJH RI PDWHULDOV EHLQJ

ZHOGHG LV YHU\ ZLGH� ORZ�FDUERQ DQG DOOR\ VWHHOV� DO�

OR\V RQ WKH EDVH RI WLWDQLXP� DOXPLQLXP� PRO\EGH�
QXP� WXQJVWHQ� LQWHUPHWDOOLFV DQG FHUDPLF PDWHULDOV�

6SHFLDOLVWV WKURXJKRXW WKH ZRUOG VWDWH ZLWK D IXOO

FRQILGHQFH WKDW VWHHO� DV D VWUXFWXUDO PDWHULDO� ZLOO

GRPLQDWH DW OHDVW LQ WKH ILUVW TXDUWHU RI WKH ;;, FHQ�

WXU\�

7KH SURGXFWLRQ RI VWHHO LQ WKH ZRUOG LV FRQWLQX�

RXVO\ JURZLQJ DQG SURJUHVVLQJ �)LJXUH ��� LW ZDV

DERXW ��� POQ W LQ ���� >�@� )RU WKH ILUVW VHYHQPRQWKV

RI ���� PRUH WKDQ ��� POQ W RI VWHHO ZHUH SURGXFHG

LQ WKH ZRUOG� )URP WKH GDWD RI ,QWHUQDWLRQDO ,QVWLWXWH

RI 6WHHO� WKH FRQVXPSWLRQ RI WKLV PDWHULDO ZLOO VRRQ

LQFUHDVH E\ ��� �� 7KH VWHHO SURGXFWLRQ LQ $VLD LV

JURZLQJ PRVW UDSLGO\� �� � RI VWHHO SURGXFWLRQ �)L�

JXUH �� DQG ���� � RI LWV FRQVXPSWLRQ �)LJXUH �� DUH

UHODWHG WR WKH VKDUH RI FRXQWULHV RI WKLV UHJLRQ�

3HRSOHsV 5HSXEOLF RI &KLQD RFFXSLHV WKH OHDGLQJ

SODFH LQ VWHHO SURGXFWLRQ GXULQJ UHFHQW VL[ \HDUV� ,Q

���� LW SURGXFHG ����� POQ W RI VWHHO �LW LV �� � RI

ZRUOGsV PDUNHW� >�@� 6LQFH ���� WKH VWHHO SURGXFWLRQ

LQ &KLQD LQFUHDVHG E\ PRUH WKDQ �� ��

,Q ���� WKH VWHHO SURGXFWLRQ LQ 5XVVLD ZDV

�� POQ W� LQ 8NUDLQH x �� POQ W� L�H� LW DOPRVW �

WLPHV GHFUHDVHG DV FRPSDUHG ZLWK ����� %HFDXVH RI

GLVLQWHJUDWLRQ LQ WKH ILHOG RI PDFKLQH�EXLOGLQJ DQG
FRQVWUXFWLRQ� WKH VWHHO FRQVXPSWLRQ LQ WKHVH FRXQWULHV

VHYHUDO WLPHV GHFUHVHG WKDW FDXVHG WKH UHGXFWLRQ LQ

SURGXFWLRQ RI ZHOGLQJ FRQVXPDEOHV� ,Q ���� RQO\

������ W RI ZHOGLQJ FRQVXPDEOHV ZHUH SURGXFHG LQ

5XVVLD� 8NUDLQH DQG RWKHU &,6 FRXQWULHV� $PRQJ WKHP

�� � LV DPRXQWHG WR WKH VKDUH RI FRDWHG HOHFWURGHV�

VROLG ZLUHV IRU VKLHOGHG�JDV ZHOGLQJ x ��� �� IOX[�

FRUHG ZLUHV x ��� �� IOX[HV x ��� � >�@� 2XWSXW RI

PDWHULDOV IRU WKH PHFKDQL]HG ZHOGLQJ ZDV PRVW GUDV�

WLFDOO\ GHFUHDVHG� 0DQ\ ODUJH VSHFLDOL]HG SURGXFWLRQV

KDG WR ZRUN DW D FRQWLQXRXV ORZ FDSDFLW\� 7KH SULFHV
IRU UDZ PDWHULDOV DQG SRZHU VXSSOLHUV ZHUH VLQJQLIL�
FDQWO\ LQFUHDVHG� 7KH ROG JUDGHV RI FRQVXPDEOHV ZHUH

SURGXFHG� WKHUH ZHUH QR DSSURSULDWH PDUNHWLQJ RI

SURGXFWV� 8QGHU WKHVH FRQGLWLRQV PDQ\ VSHFLDOL]HG

SURGXFWLRQV IDOO LQWR GHFD\� QXPHURXV VPDOO FRPSD�

QLHV DUH DSSHDUHG ZKLFK SURGXFH FKHDS DQG RIWHQ QRQ�

TXDOLW\ ZHOGLQJ FRQVXPDEOHV�

,W VHHPV WKDW WKLV SKHQRPHQRQ LV WHPSRUDU\�8QGHU
WKH SUHVHQW FRQGLWLRQV RQO\ ODUJH VWULFWO\�VSHFLDOL]HG

� ,�.� 32.+2'1<$� ����

)LJXUH �� :RUOG SURGXFWLRQ RI VWHHO LQ ���� )LJXUH �� :RUOG FRQVXPSWLRQ RI VWHHO LQ ����
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SURGXFWLRQV ZKLFK VKRXOG SURJUHVV ZLWK D FORVH FRRSD�
UDWLRQ ZLWK UHVHDUFK RUJDQL]DWLRQV DUH FDSDEOH WR RIIHU
WKH FRPSHWLWLYH SURGXFWV� :KHQ SUHGLFWLQJ WKH GHYH�
ORSPHQW RI DUF ZHOGLQJ LQ RXU FRXQWU\ ZH VKRXOG�
XQGRXEWHGO\� EH RULHQWHG RQ WKH LQGXVWULDOL]HG FRXQ�
WULHV�

)LJXUHV � DQG � JLYH GDWD DERXW RXWSXW RI ZHOGLQJ
FRQVXPDEOHV RI GLIIHUHQW W\SHV LQ (8 FRXQWULHV DQG
-DSDQ >�� �@� )LJXUH � >�@ SUHVHQWV WKH UHVXOWV RI HYDOX�
DWLRQ RI D PHWDO VKDUH GHSRVLWHG E\ GLIIHUHQW PHWKRGV
RI DUF ZHOGLQJ LQ (8 FRXQWULHV� DQG )LJXUH � LOOXV�
WUDWHV GDWD DERXW WKH RXWSXW RI GLIIHUHQW�SXUSRVH
FRDWHG HOHFWURGHV IRU PDQXDO DUF ZHOGLQJ >�@�

,Q WKH LQGXVWULDOL]HG FRXQWULHV WKH YROXPH RI DS�
SOLFDLRQ RI WKH PHFKDQL]HG VKLHOGHG�JDV ZHOGLQJ ZLWK
VROLG DQG IOX[�FRUHG ZLUHV LV ZLGHQHG DQG D VKDUH RI
WKH PDQXDO DUF ZHOGLQJ LV UHGXFHG� )RU H[DPSOH� LQ

FRXQWULHV ZLWK DQ DGYDQFHG VKLSEXLOGLQJ �-DSDQ� .R�
UHD� WKH YROXPH RI IOX[�FRUHG ZLUH DSSOLFDWLRQ LV LQ�
FUHDVHG� ,Q (8 FRXQWULHV WKH ZHOGLQJ LQ JDV PL[LWXUHV
RQ DUJRQ DQG &2� EDVH XVLQJ D VROLG ZLUH LV GRPLQDWHG
DPRQJ WKH PHFKDQL]HG PHWKRGV� $ KLJK VKDUH RI DS�
SOLFDWLRQ RI FRDWHG HOHFWURGHV LV W\SLFDO RI WKH GHYH�
ORSLQJ FRXQWULHV ZLWK D FKHDS PDQSRZHU� $ VKDUH RI
VXEPHUJHG DUF ZHOGLQJ LQ (8 FRXQWULHV KDV EHHQ VWD�
ELOL]HG VLQFH WKH ����V XQWLO QRZ �)LJXUH ���

,Q 5XVVLD DQG 8NUDLQH WKH VLWXDWLRQ LQ WKH ILHOG
RI DSSOLFDWLRQ RI ZHOGLQJ FRQVXPDEOHV ZLOO EH� XQ�
GRXEWHGO\� FKDQJHG� 7KH SURJUHVV LQ WKH PDFKLQH�
EXLOGLQJ� VKLSEXLOGLQJ� FLYLO HQJLQHHULQJ� RLO�FKHPLFDO
DQG RLO�UHILQLQJ FRPSOH[ DQG RWKHU EUDQFKHV RI LQGXV�
WU\� DV ZHOO DV SD\PHQW RI ZHOGHUsV ODERXU DQG VRFLDO
SUREOHPV ZLOO UHTXLUH QHZ VROXWLRQV�

$W SUHVHQW WKH IROORZLQJ UHTXLUHPHQWV DUH VSHFLILHG
WR WKH ZHOGHG VWUXFWXUHV� UHGXFWLRQ LQ WKHLU PDVV DQG
SRZHU FRQVXPSWLRQ LQ PDQXIDFWXUH� LQFUHDVH LQ UHOL�
DELOLW\ DQG VHUYLFH OLIH� 7KH SURJUHVV LQ WKLV GLUHFWLRQ
LV DVVRFLDWHGZLWK WKH IXUWKHUZLGHQLQJ RI KLJK�VWHQJWK
ORZ�DOOR\ �+6/$� VWHHOV DSSOLFDWLRQ� ZKLFK DUH DQ
LPSRUWDQW GHYHORSPHQW RI WKH VHFRQG KDOI RI WKH ;;
FHQWXU\� ,Q ����� WKH ZRUOG SURGXFWLRQ RI+6/$ VWHHOV
UHDFKHG DERXW �� POQ W DW DQ DQQXDO LQFUHDVH LQ SUR�
GXFWLRQ E\ � � DQG PRUH >�@� 1RZ D VKDUH RI SURGXF�
WLRQ RI WKLV PDWHULDO KDV EHHQ PRUH LQFUHDVHG�

0DQ\ \HDUV LQ WKH 8665 WKH ZRUNV ZHUH FDUULHG
RXW IRU WKH GHYHORSPHQW RI +6/$ VWHHOV DQG WHFKQROR�
JLHV IRU WKHLU ZHOGLQJ� ,Q 7V1,,.0 �3URPHWHM� LQ
FROODERUDWLRQ ZLWK WKH (�2� 3DWRQ (OHFWULF :HOGLQJ
,QVWLWXWH WKH PHWKRGV RI SURGXFWLRQ RI KLJK�VWUHQJWK

)LJXUH �� 6KDUH RI RXWSXW RI ZHOGLQJ FRQVXPDEOHV LQ (8 FRXQWULHV
LQ ����

)LJXUH �� 3URGXFWLRQ RI ZHOGLQJ FRQVXPDEOHV �3� LQ -DSDQ GXULQJ
WKH SHULRG IURP ���� WR ����� U x VROLG ZLUH IRU VKLHOGHG�JDV
ZHOGLQJ� ∆ x IOX[�FRUHG ZLUH� Q x FRDWHG HOHFWURGHV� V x
PDWHULDOV �ZLUH DQG IOX[� IRU VXEPHUJHG DUF ZHOGLQJ� X x QRQ�
FRQVXPDEOH HOHFWURGHV DQG PDWHULDOV IRU RWKHU SURFHVVHV RI ZHOGLQJ�
O x LQ WRWDO

)LJXUH �� 6KDUH �6� RI PHWDO GHSRVLWHG E\ GLIIHUHQW PHWKRGV RI DUF
ZHOGLQJ LQ (8 FRXQWULHV GXULQJ ����w����

)LJXUH �� 6KDUH RI SURGXFWLRQ RI GLIIHUHQW�SXUSRVH FRDWHG HOHFWURGHV
LQ (8 FRXQWULHV LQ ���� �UXWLOH HOHFWURGHV DPRXQW DSSUR[LPDWHO\
WR ��� RI D WRWDO VKDUH RI HOHFWURGHV IRU ZHOGLQJ ORZ�FDUERQ VWHHOV�
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KXOO VWHHOV RI $% W\SH ZLWK XS WR ���� 03D \LHOG
VWUHQJWK ZHUH GHYHORSHG �FKDUDFWHULVWLFV RI WKHVH
VWHHOV DUH JLYHQ LQ >�@�� &RQWHQW RI FDUERQ DQG DOOR\LQJ
HOHPHQWV LQ WKHP ZDV GHFUHDVHG WR WKH OHYHO SURYLGLQJ
D WKURXJK KDUGHQLQJ� $IWHU KHDW WUHDWPHQW WKH VWHHO
VWUXFWXUH UHSUHVHQWV D KLJKO\�GLVSHUVHG VRUELWH ZLWK D
VROLG�VROXWLRQ KDUGHQLQJ RI D IHUULWLF PDWUL[ ZKRVH
SUHVHQFH HQVXUHV KLJK VWUHQJWK� GXFWLOLW\ DQG D JRRG
ZHOGDELOLW\� )LJXUHV � DQG � SUHVHQW GDWD DERXW WKH
SURJUHVV LQ PHWDOOXUJ\ DQG WHFKQRORJ\ RI ZHOGLQJ
+6/$ VWHHOV� 2ZLQJ WR WKH LQYHVWLJDWLRQV FDUULHG RXW
LQ 8NUDLQH D VLJQLILFDQW GHFUHDVH LQ FRQFHQWUDWLRQ RI
K\GURJHQ� VXOSKXU DQG R[\JHQ LQ ZHOG PHWDO� LQFUHDVH
LQ LWV PHFKDQLFDO SURSHUWLHV� LPSURYHPHQW RI ZHO�
GDELOLW\ DQG DOVR GHFUHDVH LQ D SUHKHDWLQJ WHPSHUDWXUH
ZHUH DWWDLQHG� 'DWD DERXW WKH FRQWHQW RI LPSXULWLHV
LQ PRGHUQ +6/$ VWHHOV DUH JLYHQ LQ 7DEOH ��

0DLQ WHQGHQFLHV LQ WKH GHYHORSPHQW RI +6/$
VWHHOV� :KHQ GHYHORSLQJ ZHOGLQJ FRQVXPDEOHV DQG
WHFKQRORJLHV RI ZHOGLQJ WKH IROORZLQJ IDFWRUV VKRXOG
EH WDNHQ LQWR DFFRXQW� GHFUHDVH LQ WKH UDQJH RI FRQ�
FHQWUDWLRQV RI DOOR\LQJ HOHPHQWV� LQFUHDVH LQ FRPEL�
QDWLRQV RI PLFURDOOR\LQJ HOHPHQWV� UHGXFWLRQ LQ FDU�
ERQ FRQWHQW� GHFUHDVH LQ D PDVV IUDFWLRQ RI UHVLGXDO

HOHPHQWV� VXOSKXU DQG SKRVSKRUXV� GHFUHDVH LQ FRQ�
FHQWUDWLRQ RI K\GURJHQ� QLWURJHQ� R[\JHQ� LQFUHDVH LQ
KRPRJHQHLW\ DQG OHYHO RI PHFKDQLFDO SURSHUWLHV� LP�
SURYHPHQW RI GHIRUPDELOLW\� LPSURYHPHQW RI ZHO�
GDELOLW\ DQG WRXJKQHVV RI ZHOGV DQG MRLQWV�

7KH PRVW LPSRUWDQW SUREOHP LQ +6/$ VWHHO ZHOG�
LQJ LV WKH SUHYHQWLRQ RI D EULWWOH IUDFWXUH RI ZHOGHG
MRLQWV� 7KLV SKHQRPHQRQ LV FDXVHG E\ VWUXFWXUDO WUDQV�
IRUPDWLRQV LQ ZHOG DQG +$=� DQG DOVR E\ HPEULWWOH�
PHQW DFWLRQ RI LPSXULWLHV� GLVVROYHG LQ PHWDO� DQG�
ILUVW RI DOO� K\GURJHQ� PDQLIDVWLQJ LWVHOI LQ LQLWLDWLRQ
RI K\GURJHQ�LQGXFHG FUDFNV DQG GHOD\HG IUDFWXUH RI
ZHOGHG MRLQWV� 7R SUHYHQW WKLV� WKH DGYDQFHG WHFK�
QRORJLHV RI ZHOGLQJ VWHHOV RI WKH DERYH�PHQWLRQHG W\SH
HQYLVDJH WKH XVH RI SUHOLPLQDU\ DQG DX[LOLDU\ KHDWLQJ
RI SURGXFWV� 7KHVH DUH HQHUJ\� DQG ODERXU�FRQVXPLQJ
DQG DOVR H[SHQVLYH RSHUDWLRQV �)LJXUHV � DQG ����
ZKRVH IXOILOOPHQW UHTXLUHV D KLJK WHFKQRORJLFDO FXO�
WXUH RI SURGXFWLRQ� +RZHYHU� WKH\ GR QRW DOZD\V SUR�
YLGH WKH DEVHQFH RI FUDFNV LQ WKH ZHOGHG MRLQWV� 'XH
WR D KLJK WHPSHUDWXUH RI SURGXFWV� FDXVHG E\ SUHKHDW�
LQJ� WKH ODERXU FRQGLLRQV RI DVVHPEOHUV DQG ZHOGHUV
DUH GUDVWLFDOO\ GHWHULRUDWHG�

7KH PDQXIDFWXUH RI VWUXFWXUHV IURP +6/$ VWHHOV

ZLWKRXW SUHKHDWLQJ LV RQH RI PDMRU SUREOHPV RI DUF

ZHOGLQJ WRGD\� 7KH UHVXOWV RI LQYHVWLJDWLRQV RQ WKH

SUREOHP RI K\GURJHQ EHKDYLRXU LQ ZHOGHG MRLQWV DUH

VXPPDUL]HG LQ ZRUNV >�w��@� 7KLV SUREOHP LV DFWXDO

IRU DOO WKH PHWKRGV RI DUF FRQVXPDEOH HOHFWURGH ZHOG�

LQJ DQG VKRXOG EH REOLJDWRU\ WDNHQ LQWR DFFRXQW LQ

WKH GHYHORSPHQW RI ZHOGLQJ FRQVXPDEOHV�

7KH SUHKHDWLQJ WHPSHUDWXUH RI VWUXFWXUHV GHSHQGV

RQ WKH FRQFHQWUDWLRQ RI D GLIIXVLYH K\GURJHQ LQ ZHOG

PHWDO� FDUERQ HTXLYDOHQW 3FP DQG OLQHDU HQHUJ\ RI

ZHOGLQJ T �)LJXUH ����
,Q VWHHOV DQG ZHOGHG MRLQWV WKH K\GURJHQ WUDQVIHU

LV GHWHUPLQHG E\ LWV GLIIXVLRQ LQ ILHOGV RI D JUDGLHQW
RI FRQFHQWUDWLRQV DQG VWUHVVHV� WKHUPRGLIIXVLRQ� VXU�

)LJXUH �� 0HFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV IURP +6/$ VWHHOV� D x PD[LPXP \LHOG VWUHQJWK σ\ PD[� E x LPSDFW WRXJKQHVV .&9

)LJXUH �� &RQWHQW RI LPSXULWLHV LQ ZHOGHG MRLQWV IURP +6/$ VWHHOV

7DEOH �� &RQWHQW RI LPSXULWLHV �ZW��� LQ +6/$ VWHHOV

&ODVV RI VWHHO 6 3 1 2 + 1� 2 DQG + �LQ WRWDO�

&RQYHQWLRQDO ≤ ����� ≤ ����� ����� ����� ������ ≤ ������

3XUH �HFRQRPLFDOO\ UDWLRQDO� ≤ ����� ≤ ����� ����� ����� ������ ≤ ������
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)LJXUH ��� &RVW �$� RI ZHOGLQJ MREV >�@ �δ x WKLFNQHVV RI VWHHO
EHLQJ ZHOGHG�

)LJXUH ��� 'HSHQGHQFH RI FULWLFDO WHPSHUDWXUH RI SUHKHDWLQJ 7FU�
UHTXLUHG IRU SUHYHQWLRQ RI FUDFN IRUPDWLRQ LQ ZHOGLQJ VWHHO ZLWK
��� 03D \LHOG VWUHQJWK >�@ RQ FRQFHQWUDWLRQ RI GLIIXVLYH K\GURJHQ
>+@GLII LQ ZHOG PHWDO� �x VXEPHUJHG DUF ZHOGLQJ �T  ��� N-�PP�
3
FP
 ������� �x ZHOGLQJ ZLWK FRDWHG HOHFWURGHV �T  ��� N-�PP�

3
FP
 ������� �x ZHOGLQJ ZLWK FRDWHG HOHFWURGHV �T  ��� N-�PP�

3
FP
 ������

)LJXUH ��� 'LVWULEXWLRQ RI K\GURJHQ FRQFHQWUDWLRQV LQ PHWDO RI
ZHOG DQG +$= � K DIWHU ZHOGLQJ ZLWKRXW SUHKHDWLQJ >�@

)LJXUH ��� 'LVWULEXWLRQ RI K\GURJHQ LQ IXVLRQ OLQH LQ PHWDO RI ZHOGV DQG +$=� GLIIHUHQW LQ FKHPLFDO FRPSRVLWLRQ� D  0
6
Z�P

DW ��� �&�
0

6
+$=

DW ��� �&� E x 0
6
Z�P

DW ��� �&� 0
6
+$=

DW ��� �& �O x GLVWDQFH IURP ZHOG D[LV� $ x DXVWHQLWH� % x EDLQLWH� 0 x PDUWHQVLWH�

)LJXUH �� 5HTXLUHG WHPSHUDWXUH RI SDUHQW PHWDO SUHKHDWLQJ �FRQ�
FHQWUDWLRQ RI GLIIXVLYH K\GURJHQ LQ GHSRVLWHG PHWDO VKRXOG QRW
H[FHHG � FP

�

���� J�
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IDFH GLIIXVLRQ� GLIIXVLRQ LQ VWUXFWXUH GHIHFWV� WUDQV�
SRUWDWLRQ� GLVORFDWLRQV� 0RGHOOLQJ RI K\GURJHQ GLV�
WULEXWLRQ LQ WKH ZHOGHG MRLQW LQ WKH SUHVHQFH RI VWUHVVV
UDLVHU ZDV PDGH E\ 1� <XULRND �)LJXUH ���� $V LV VHHQ
IURP WKH )LJXUH� K\GURJHQ LQ WKH ZHOGHG MRLQW LV GLV�
WULEXWHG QRQ�XQLIRUPO\� WKH LQFUHDVHG FRQFHQWUDWLRQ
LV REVHUYHG LQ +$= DQG DORQJ WKH IXVLRQ OLQH� 1DWXUH
RI LWV GLVWULEXWLRQ GHSHQGV RQ UDWLR RI WHPSHUDWXUHV
RI WKH EHJLQQLQJ RI PDUWHQVLWLF WUDQVIRUPDWLRQ LQ PH�
WDO RI ZHOGV 06

Z�P
DQG +$= �06

+$=
� �)LJXUH ���� $W

06
Z�P

! 06
+$=

WKH PDUWHQVLWH LQ ZHOG PHWDO LV IRUPHG

HDUOLHU WKDQ LQ +$=� ZKLFK EHFRPHV D EDUULHU IRU K\�
GURJHQ WUDQVSRUWDWLRQ� $ KLJK FRQFHQWUDWLRQ RI GLIIXVLYH
K\GURJHQ LV REVHUYHG LQ LW DQG SRWHQWLDO FRQGLWLRQV DUH
FUHDWHG IRU FUDFN IRUPDWLRQ �)LJXUH ��� D�� $W 06

Z�P
�

� 06
+$=

WKH PDUWHQVLWH LQ +$= LV IRUPHG HDUOLHU WKDQ

LQ ZHOG PHWDO �)LJXUH ��� E�� ,Q WKH ODWWHU WKH FRQFHQ�
WUDWLRQ RI GLIIXVLYH K\GURJHQ LV KLJKHU� WKHUHIRUH� WKH
SUREDELOLW\ RI FUDFN IRUPDWLRQ LV ODUJHU >��@�

+\GURJHQ GLIIXVLRQ LQWR ZHOG PHWDO GHSHQGV RQ
LWV FKHPLFDO FRPSRVLWLRQ� VWUXFWXUH DQG DOVR WKH SUH�
VHQFH RI GHIHFWV LQ WKH IRUP RI SRUHV DQG QRQ�PHWDOOLF
LQFOXVLRQV� 'DWD DERXW WKH PDVV WUDQVIHU RI K\GURJHQ
LQWR ZHOG PHWDO DUH JLYHQ LQ )LJXUH ���

7KH UDWH RI K\GURJHQ PDVV WUDQVIHU LQWR PHWDO RI
ZHOGV PDGH E\ EDVLF HOHFWURGHV LV VHYHUDO WLPHV KLJKHU
WKDQ WKDW LQ ZHOGV PDGH XVLQJ WKH UXWLOH HOHFWURGHV�
7KLV LV GXH WR WKH SUHVHQFH RI D ODUJH DPRXQW RI K\�
GURJHQ �WUDSV�� L�H� QRQ�PHWDOOLF LQFOXVLRQV DQG VPDOO
SRUHV LQ PHWDO RI ZHOGV SURGXFHG E\ WKH DERYH�PHQ�
WLRQHG PHWKRG� +\GURJHQ �WUDSV� FDQ EH IRUPHG DG�
GLWLRQDOO\ LQ ZHOG PHWDO GXULQJ LWV GHIRUPDWLRQ� :LWK
LQFUHDVH LQ WKH DPRXQW RI GHIHFWV LQ PHWDO WKH PDVV
WUDQVIHU LV GHOD\HG >��@�

7KH FRQFHQWUDWLRQ RI GXIILVLYH K\GURJHQ LQ PHWDO
RI ZHOGV FDQ EH GHFUHDVHG E\ LWV PLFURDOOR\LQJ ZLWK
UDUH�HDUWK PHWDOV DQG K\GULGH�IRUPLQJ HOHPHQWV� )L�
JXUH �� JLYHV GDWD DERXW WKH HIIHFW RI UDUH�HDUWK PHWDOV
DQG \WWULXP RQ GLIIXVLYH K\GURJHQ FRQFHQWUDWLRQ�
:KHQ WKH UDUH�HDUWK PHWDOV DUH DGGHG WKH UHGLVWULEX�
WLRQ RI K\GURJHQ LQ ZHOG PHWDO LV RFFXUUHG� WKH FRQ�
FHQWUDWLRQ RI GXIIXVLYH K\GURJHQ >+@GLII LV GHFUHDVHG
DQG WKDW RI UHVLGXDO K\GURJHQ >+@UHV LV LQFUHDVHG� 2[\�
VXOSKLGHV� IRUPHG LQ PLFURDOO\LQJ RI ZHOGV ZLWK UDUH�
HDUWK PHWDOV� DFFXPXODWH K\GURJHQ�

5HGLVWULEXWLRQ RI K\GURJHQ LQ PHWDO RI ZHOGV FDQ
RFFXU DW SKDVH WUDQVIRUPDWLRQV DQG GHSHQGV RQ WKH
FRROLQJ UDWH� 7KHQ� WKH UHVLGXDO DXVWHQLWH SOD\V WKH
UROH RI �WUDSV� LQ ZHOG PHWDO �)LJXUH ��� >��@�

7KH K\GURJHQ WUDSSLQJ E\ �WUDSV� LV H[SODLQHG E\
D ORZ UDWH RI PDVV WUDQVIHU RI K\GURJHQ LQ UHVLGXDO
DXVWHQLWH� 8VLQJ VWDQGDUG PHDVXUHPHQWV� LW ZDV GH�
WHUPLQHG WKDW LQ WKH SUHVHQFH RI WKH UHVLGXDO DXVWHQLWH
LQ ZHOG PHWDO WKH K\GURJHQ FRQFHQWUDWLRQ LV XQGHU�
HVWLPDWHG DW WKH WHPSHUDWXUH XS WR ��� �&� 7KLV VKRXOG
EH WDNHQ LQWR DFFRXQW LQ SUHGLFWLRQ RI K\GURJHQ�LQ�
GXFHG FUDFN IRUPDWLRQ LQ WKH ZHOGHG MRLQWV�

7KH K\GURJHQ FRQFHQWUDWLRQ LQ ZHOGHG MRLQW PHWDO
GHSHQGV PDLQO\ RQ WKH DPRXQW RI PRLVWXUH DQG K\�
GURJHQ�FRQWDLQLQJ HOHPHQWV LQ HOHFWURGH FRDWLQJV�
IOX[HV� IOX[�FRUHG ZLUH FRUHV� HWF� ,Q GHYHORSPHQW RI
XOWUDORZ�K\GURJHQ ZHOGLQJ FRQVXPDEOHV WKH K\GUR�
JHQ FRQFHQWUDWLRQ LQ ZLUHV DQG SDUHQW PHWDO VKRXOG
EH DFFRXQWHG IRU� 7R GHFUHDVH LW LQ UDZ DQG UHDG\

)LJXUH ��� 7HPSHUDWXUH UHODWRQVKLSV RI FRHIILFLHQW RI GLIIXVLRQ RI
K\GURJHQ �'� LQ PHWDO RI ZHOGV SURGXFHG XVLQJ EDVLF ��� DQG UXWLOH
��� HOHFWURGHV� DQG FRQVWDQWV RI UDWHV RI K\GURJHQ HYROXWLRQ IURP
�WUDSV� LQ PHWDO GHSRVLWHG ZLWK UXWLOH HOHFWURGHV ���

)LJXUH ��� (IIHFW RI FRQWHQW RI UDUH�HDUWK PHWDOV �D� DQG \WWULXP �E� RQ FRQFHQWUDWLRQ RI GLIIXVLYH K\GURJHQ LQ PHWDO RI ZHOGV >��� ��@
PDGH E\ ZHOGLQJ LQ PL[WXUH ��� � +� � $U
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ZHOGLQJ FRQVXPDEOHV WKH KHDW WUHDWPHQW RI HOHFWURGHV
DQG IOX[HV� GU\LQJ RI VKLHOGLQJ JDVHV DUH PDLQO\ XVHG�
0HWKRGV RI UHGXFWLRQ RI K\JURVFRSLFLW\ RI FRDWLQJV
DQG YDFXXP SDFNLQJ RI HOHFWURGHV KDYH EHHQ GHYH�
ORSHG� &RQWHQW RI SRWHQWLDO K\GURJHQ LQ FRQVXPDEOHV
VKRXOG EH UHGXFHG WR PLQLPXP� 7HPSHUDWXUH RI HOHF�
WURGH EDNLQJ LV OLPLWHG E\ ��� �&� ,WV IXUWKHU LQFUHDVH
OHDGV WR WKH GLVVRFLDWLRQ RI FRDWLQJ FRPSRQHQWV� ,Q
PL[WXUHV RI PLQHUDOV WKH WHPSHUDWXUH RI GLVVRFLDWLRQ
EHJLQQLQJ FDQ EH ORZHU WKDQ WKDW LQ LQLWLDO PLQHUDOV�

2QH RI PDLQ VRXUFHV RI K\GURJHQ HQWHU LV WKH GU\
UHPQDQW RI D OLTXLG JODVV� %\ DGMXVWLQJ PRGXOXV DQG
YLVFRVLW\ RI WKH OLTXLG JODVV LW LV SRVVLEOH WR GHFUHDVH
VLJQLILFDQWO\ WKH SRWHQWLDO FRQWHQW RI K\GURJHQ LQ WKH
HOHFWURGH FRDWLQJ �IOX[�� $ ODUJH DPRXQW RI K\GURJHQ
LV HYROYHG IURP WKH PLQHUDOV DW WHPSHUDWXUH H[FHHGLQJ
WKH WHPSHUDWXUH RI EDNLQJ RI HOHFWURGHV DQG IOX[HV�
,Q WKLV FDVH� WR UHGXFH WKH K\GURJHQ FRQFHQWUDWLRQ LQ
ZHOG PHWDO VHYHUDO PHWDOOXUJLFDO PHWKRGV� EDVHG RQ
K\GURJHQ ELQGLQJ LQ WKH DUF DWPRVSKHUH LQWR K\GUR[\O
2+ DQG K\GURJHQ IOXRULGH +)� LQVROXEOH LQ PROWHQ
VWHHO� ZHUH VXJJHVWHG� 7KH FDOFXODWLRQV VKRZHG WKDW
WKH DGGLQJ RI VLOLFRQ WHWUDIOXRULGH 6L)� LQWR D JDV
SKDVH LV PRUH HIIHFWLYH WKDQ WKH DGGLQJ RI D PROHFXODU
R[\JHQ� 6LOLFRQ WHWUDIOXRULGH LV IRUPHG LQ LQWHUDFWLRQ
RI &D)� ZLWK 6L2�� &DOFXODWLRQV RI D SDUWLDO SUHVVXUH
RI 6L)� IRU &D)�w6L2� V\VWHP DUH JLYHQ LQ >��@� 7KLV
ZRUN FRQWDLQV DOVR H[SHULPHQWDO GDWD DERXW WKH K\�
GURJHQ FRQFHQWUDWLRQ LQ ZHOG PHWDO GHSRVLWHG ZLWK
HOHFWURGHV KDYLQJ GLIIHUHQW DPRXQWV RI &D)� DQG 6L2�

LQ WKH FRDWLQJ� $ JRRG FRUUHODWLRQ LV REVHUYHG EHWZHHQ
WKH SDUWLDO SUHVVXUH RI 6L)� DQG K\GURJHQ FRQFHQWUD�
WLRQ� 7KH ZD\ RI K\GURJHQ FRQFHQWUDWLRQ E\ DGGLQJ
VLOLFRQ IOXRULGHV LQWR WKH FRDWLQJ �IOX[� DQG IOX[�FRUHG
ZLUH FRUH LV PXFK PRUH HIIHFWLYH�

&RQVXPDEOHV IRU ZHOGLQJ +6/$ VWHHOV� (OHPHQWV

FRPSRVLWLRQ RI ZHOG PHWDO LV VHOHFWHG XVXDOO\ FRPLQJ

IURP WKH UHTXLUHPHQWV RI SURGXFLQJ ZHOGHG MRLQW KD�

YLQJ D VWUHQJWK HTXDO WR WKDW RI WKH SDUHQW PHWDO� 7KH

PRVW LPSRUWDQW WDVN LV WKH DVVXUDQFH RI KLJK FROG

UHVLVWDQFH RI PHWDO RI ZHOGV DW WHPSHUDWXUHV GRZQ WR

w�� �&� 6HYHUDO V\VWHPV RI ZHOG PHWDO DOOR\LQJ DUH

DFFHSWHG� &Uw1Lw0Qw&Xw0R� 0Qw1Lw7L� 0Qw1Lw

0Rw7L� 7KH FRQWHQW RI WKHVH HOHPHQWV GHSHQGV RQ WKH

UHTXLUHG VWUHQJWK DQG GXFWLOLW\ RI WKH ZHOGHG MRLQW�

0LFURDOOR\LQJ ZLWK ERURQ DQG WLWDQLXP DUH XVHG� 9HU\

SXUH ZHOGLQJ ZLUH IRU ZHOGLQJ KLJK�VWUHQJWK VWHHOV LV

XVHG DV WR WKH FRQWHQW RI VXOSKXU DQG SKRVSKRUXV

�����w���� ��� D PDVV VKDUH RI FDUERQ LQ LW LV ����w

���� �� 7KH FRQWHQW RI DOOR\LQJ HOHPHQWV DQG GHR[L�

GL]HUV� DV ZHOO DV ZHOGLQJ FRQGLWLRQV VKRXOG EH VH�

OHFWHG VR WKDW WR SURYLGH WKH PDVV VKDUH RI R[\JHQ LQ

ZHOG PHWDO ZLWKLQ WKH UDQJHV RI ����w���� �� 7LWD�

QLXP R[LGHV� IRU H[DPSOH 7L2� IRUPLQJ LQ WKLV FDVH�

DUH WKH FHQWHUV RI RULJLQDWLRQ RI IHUULWH QHHGOHV >��@�

7KH VWUXFWXUH RI WKH DFLFXODU IHUULWH LV IDYRXUDEOH WR

SURGXFH ZHOG PHWDO EHLQJ WRXJK DW ORZ WHPSHUDWXUHV�
,QWHUUHODWLRQ EHWZHHQ WKH FKHPLFDO FRPSRVLWLRQ�

VWUXFWXUH DQG SURSHUWLHV RI PHWDO RI ZHOGV PDGH RQ
+6/$ VWHHOV LV GHVFULEHG FRPSUHKHQVLYHO\ LQ ZRUNV

>��� ��@� &KDUDFWHULVWLFV RI VRPH HOHFWURGHV DUH JLYHQ
LQ >��w��@�

+LJKO\�EDVLF DJJORPHUDWHG IOX[HV DQG HOHFWURGHV
ZLWK D EDVLF FRDWLQJ DUH XVHG IRU ZHOGLQJ� ,Q ZHOGLQJ
+6/$ VWHHOV ZLWK D PDVV VKDUH RI ���w��� � & WKH
SUHKHDWLQJ RI SURGXFWV LV UHTXLUHG� 7KH LQLWLDWLRQ RI
K\GURJHQ�LQGXFHG FUDFNV LV RIWHQ REVHUYHG LQ +$=
PHWDO� 7KH SUREOHP RI FUHDWLRQ RI MRLQWV� QRW VXEMHFWHG
WR FUDFNLQJ� LV WULHG WR EH VROYHG E\ WKH GHYHORSPHQW
RI VWHHOV ZLWK DQ XOWUDORZ �WR ���� ZW��� FRQWHQW RI
FDUERQ DQG PRUH KLJK GHJUHH RI DOOR\LQJ� ,Q ZHOGLQJ
VWUXFWXUHV IURP WKHVH VWHHOV WKH K\GURJHQ�LQGXFHG FROG
FUDFNV ZLOO EH IRUPHG LQ ZHOG PHWDO� 7KH VROXWLRQ RI
WKLV SUREOHP LV DVVRFLDWHG ZLWK WKH GHYHORSPHQW RI
UHOLDEOH PHWKRGV RI FRQWURO RI K\GURJHQ EHKDYLRXU LQ
WKH ZHOGHG MRLQWV�

2ZLQJ WR IXQGDPHQWDO LQYHVWLJDWLRQV RI SKHQR�
PHQD RI UHYHUVLEOH K\GURJHQ HPEULWWOHPHQW� FDUULHG
RXW DW WKH 3:, >��w��@� D PHFKDQLVP RI WKLV SURFHVV
ZDV VWXGLHG DW DQ DWRPLF OHYHO�

7KH WUHQGV RI IXUWKHU LQYHVWLJDWLRQV FDQ EH IRUPX�
ODWHG DV IROORZV�

• VWXG\ RI KHWHURSKDVH LQWHUDFWLRQV ZKLFK RFFXU LQ
KHDWLQJ DQG PHOWLQJ RI HOHFWURGHV� IOX[HV DQG IOX[�
FRUHG ZLUHV�

• GHFUHDVH LQ K\GURJHQ FRQFHQWUDWLRQ LQ ZHOGHG
MRLQWV E\ GHFUHDVH LQ FRQWHQW RI K\GURJHQ FRPSRXQGV
LQ VODJ V\VWHPV DQG FRQWURO RI SODVPD�FKHPLFDO UHDF�
WLRQV LQ WKH DUF DWPRVSKHUH�

• LQFUHDVH LQ UHVLVWDQFH RI PHWDO RI ZHOG DQG +$=
WR WKH K\GURJHQ HPEULWWOHPHQW�

• SK\VLFDO DQG PDWKHPDWLFDO PRGHOOLQJ RI K\GUR�
JHQ EHKDYLRXU LQ ZHOGHG MRLQWV�

• FRQWURO RI FRQGLWLRQ RI ZHOGHG MRLQWV WR SUHYHQW
WKH FROG FUDFN IRUPDWLRQ� LQFOXGLQJ FUHDWLRQ RI K\�
GURJHQ �WUDSV�LQ ZHOG PHWDO WR GHFUHDVH WKH FRQFHQ�
WUDWLRQ RI GLIIXVLYH K\GURJHQ DQG OLPLWDWLRQ RI LWV
PDVV WUDQVIHU IURP WKH ZHOG PHWDO WR +$=�

• GHYHORSPHQW RI IXQGDPHQWDOV IRU SURGXFLQJ PH�
WDO RI ZHOG DQG MRLQWV ZLWK KLJK VWUHQJWK� GXFWLOLW\
DQG LPSDFW WRXJKQHVV�

• XSGDWLQJ RI HTXLSPHQW DQG WHFKQRORJ\ RI SUR�
GXFWLRQ RI KLJK�TXDOLW\ ZHOGLQJ FRQVXPDEOHV RI JH�
QHUDO DQG VSHFLDO SXUSRVH�

*HQHUDO�SXUSRVH HOHFWURGHV� 7RGD\� WKH PDLQ
VWHHOV ZKLFK DUH XVHG LQ LQGXVWU\ DQG FRQVWUXFWLRQ LQ

)LJXUH ���7KHUPRGHVRUSWLRQ DQDO\VLV RI UHGLVWULEXWLRQ RI K\GURJHQ
�+� LQPHWDO RI ZHOGPDGH RQ +6/$ VWHHOV DW SKDVH WUDQVIRUPDWLRQV
>��@� � x FRROLQJ RI ZHOG PHWDO LQ DLU� � x WKH VDPH LQ OLTXLG
QLWURJHQ
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&,6 FRXQWULHV� DUH ORZ�FDUERQ DQG ORZ�DOOR\ VWHHOV�
*HQHUDO�SXUSRVH HOHFWURGHV ZLWK UXWLOH DQG LOPHQLWH
FRDWLQJV RFFXS\ ��� RI HOHFWURGHV SURGXFHG� ,W VKRXOG
EH QRWHG WKDW WKH PHFKDQLFDO SURSHUWLHV RI ZHOGHG
MRLQWV� PDGH E\ WKHVH HOHFWURGHV� VDWLVI\ WKH UHTXLUH�
PHQWV RI QDWLRQDO� (XURSHDQ DQG 86 VWDQGDUGV� 7KHVH
HOHFWURGHV VKRXOG EH LPSURYHG DV UHJDUGV WR VWDELOLW\
RI DUF EXUQLQJ� IRUPDWLRQ RI ZHOGV� UHPRYDO RI VODJ
FUXVW� SUHYHQWLRQ RI SRUHV DQG KRW FUDFNV� 7KHVH SURE�
OHPV DUH GHVFULEHG FRPSUHKHQVLYHO\ LQ UHYLHZ >��@�

$GGLQJ RI HDVLO\�LRQL]LQJ HOHPHQWV LQWR WKH FRDWLQJ
OHDGV WR WKH LQFUHDVH LQ FRQFHQWUDWLRQ RI SRVLWLYH LRQV
LQ WKH DUF SHULSKHU\ ]RQH� GHFUHDVH LQ LWV FRQVWULFWLRQ
DQG UHGXFWLRQ LQ ZRUN IXQFWLRQ RI HOHFWURQV IURP FD�
WKRGH� ,Q WKLV FDVH WKH QHFHVVDU\ GHQVLW\ RI FXUUHQW
HOHFWURQV FDQ EH DWWDLQHG DW D ORZHU LQWHQVLW\ RI HOHF�
WULFDO ILHOG QHDU WKH FDWKRGH�

5HPRYDO RI VODJ FUXVW LV GHILQHG JUHDWO\ E\ WKH
SURFHVVHV RI VODJ LQWHUDFWLRQ ZLWK D ZHOG SRRO VROLGL�
ILHG PHWDO� $W WKH PHWDOwVODJ LQWHUIDFH D WKLQ LQWHU�
OD\HU LV� DV D UXOH� IRUPHG� UHSUHVHQWLQJ D QRQ�
VWRLFKLRPHWULF R[LGHV RU VSLQHOV� ,I WKH YDOXHV RI SD�
UDPHWHUV RI D FU\VWDOOLQH ODWWLFH RI WKHVH MRLQWV DUH
FORVH WR WKRVH RI PHWDO� WKHQ WKH FKHPLFDO DGKHVLRQ
DQG HSLWD[LDO JURZWK RI D VODJ SKDVH RFFXUV� WKH VODJ
UHPRYDO LQ WKLV FDVH LV GHWHULRUDWHG� ,W LV SRVVLEOH WR
FRQWURO WKLV SURFHVV E\ FKDQJLQJ R[\JHQ DFWLYLW\ LQ
WKH VODJ� ,Q FDVH RI D SRRU ZHOG IRUPDWLRQ� SUHVHQFH
RI XQGHUFXWV WKH PHFKDQLFDO VWLFNLQJ RI VODJ LV RF�
FXUUHG ZLWK D GHWHULRUDWLRQ RI LWV UHPRYDO�

3UREOHPV RI SRURVLW\ DUH GHVFULEHG FRPSUHKHQ�
VLYHO\ LQ >��@� ,W LV VKRZQ KHUH� WKDW WKH SRURVLW\ RI
ZHOGV LQ ZHOGLQJ ZLWK HOHFWURGHV RI WKLV W\SH LV FDXVHG
E\ K\GURJHQ GLVVROYHG LQ WKH ZHOG SRRO� +\GURJHQ
FRQFHQWUDWLRQ LQ WKH ZHOG SRRO LV VLJQLILFDQWO\ KLJKHU
WKDQ WKH HTXLOLEULXP FRQFHQWUDWLRQ� WKHUHIRUH� LW LV
SRVVLEOH WR SUHYHQW WKH SRUH IRUPDWLRQ LQ WKLV FDVH E\
FRQWURO RI WKH LQWHUSKDVH WHQVLRQ DW WKH PHWDOwJDV
LQWHUIDFH� 7KH LQFUHDVH LQ R[LGL]LQJ SRWHQWLDO RI PHWDO
LV UDWKHU HIIHFWLYH WKDW PDNHV LW SRVVLEOH WR UHGXFH WKH
SUREDELOLW\ RI JDV EXEEOHV RULJLQ� 2QH PRUH PHWKRG
RI SUHYHQWLRQ RI SRUHV IRUPDWLRQ LV WKH FRQWURO RI WKH
UDWH RI JURZWK RI K\GURJHQ EXEEOHV E\ UHGXFWLRQ LQ
VLOLFRQ FRQWHQW LQ WKH ZHOG SRRO�

)RUPDWLRQ RI KRW �FU\VWDOOLQH� FUDFNV LQ ZHOGV RI
ORZ�FDUERQ DQG ORZ�DOOR\ VWHHOV LV DVVRFLDWHG� DV D
UXOH� ZLWK LQFUHDVH LQ FDUERQ DQG VXOSKXU FRQWHQW LQ
WKH ZHOG SRRO >��@� 7KH VXOSKXU VRXUFH LV WKH SDUHQW
PHWDO� ZHOGLQJ ZLUH DQG FRDWLQJ FRPSRQHQWV� ,Q QD�
WLRQDO JHQHUDO�SXUSRVH VWHHOV WKH KLJKHU FRQWHQW RI
VXOSKXU LV DOORZHG WKDQ LQ IRUHLJQ VWHHOV �WKH VDPH
UHIHUV WR WKH ZHOGLQJ ZLUHV�� ,W LV SRVVLEOH WR SUHYHQW
WKH IRUPDWLRQ RI KRW FUDFNV LQ ZHOGV E\ LQFUHDVLQJ D
PDVV VKDUH RI PDQJDQHVH LQ WKH GHSRVLWHG PHWDO XS
WR ���w��� ��

(OHFWURGHV ZLWK D EDVLF FRDWLQJ DUH XVHG� DV D UXOH�
IRU ZHOGLQJ FULWLFDO VWUXFWXUHV PDGH IURP VWHHOV RI
GLIIHUHQW W\SHV� 3UREOHPV RI LPSURYLQJ WKH ZHOGLQJ�
WHFKQRORJLFDO SURSHUWLHV RI HOHFWURGHV DQG PHFKDQLFDO
SURSHUWLHV RI ZHOGHG MRLQWV ZHUH FRQVLGHUHG DERYH�

2QH RI WKH VHULRXV GHIHFWV LQ ZHOGLQJ ZLWK EDVLF
HOHFWURGHV LV D �VWDUW� SRURVLW\ RI ZHOGV� 7KH LQYHV�
WLJDWLRQV FDUULHG RXW VKRZHG WKDW WKH DSSHDUDQFH RI
WKLV GHIHFW LV FDXVHG E\ WKH QLWURJHQ DEVRUSWLRQ E\
GURSV RI HOHFWURGH PHWDO DQG ZHOG SRRO� ,Q ZHOGLQJ
XQGHU WKH EDVLF VODJV FRQWDLQLQJ IOXRULGH FRPSRXQGV�
WKH PROWHQ PHWDO RI GURS DQG PHWDO SRRO� SRRUO\ SUR�
WHFWHG E\ WKH VODJ� FRQWDFW GLUHFWO\ WKH DUF GLVFKDUJH
SODVPD� 8QGHU WKH FRQGLWLRQV RI D WKHUPRG\QDPLF
HTXLOLEULXP� D GLVVRFLDWLRQ RI JDV PROHFXOHV DW WKH
PHWDO VXUIDFH LV D OLPLWLPJ OLQN LQ WKH SURFHVV RI DE�
VRUSWLRQ� ,Q DEVRUSWLRQ RI JDVHV IURP DUF GLVFKDUJH
SODVPD WKH GHJUHH RI GLVVRFLDWLRQ RI JDVHV LV GHILQHG
E\ WKH SODVPD WHPSHUDWXUH�

7KH UHVXOWV RI LQYHVWLJDWLRQV FDUULHG RXW VKRZHG

WKDW WKH KHDW FRQWHQW RI HOHFWURGH PHWDO GURSV GHSHQGV

RQ FXUUHQW DQG LWV SRODULW\ >��@� ,Q PDQ\ FDVHV WKH

WHPSHUDWXUH RI GURSV H[FHHGV WKH WHPSHUDWXUH RI D

PD[LPXP VROXELOLW\ RI JDVHV LQ LURQ� 7KHUHIRUH� WKH

GLIIHUHQFH LQ GURSV DW ���w��� . LQ ZHOGLQJ ZLWK

FRQVXPDEOH HOHFWURGH DW VWUDLJKW DQG UHYHUVH SRODULW\

RI FXUUHQW FDQ JUHDWO\ LQIOXHQFH WKH DEVRUSWLRQ RI

JDVHV� 7KH KLJKHU FRQWHQW RI JDVHV LQ PHWDO REVHUYHG

LQ SUDFWLFH LQ FDVH RI ZHOGLQJ DW DOWHUQDWLQJ FXUUHQW

RI VWUDLJKW SRODULW\� FRQILUPV WKLV VWDWHPHQW�

1LWURJHQ DEVRUSWLRQ GHSHQGV RQ WKH DUF OHQJWK�

7KH GHFUHDVH LQ DUF OHQJWK E\ GHSRVLWLRQ RI HOHFWUR�

FRQGXFWLYH FRPSRVLWLRQV RQ WKH HGJH DQG HOHFWURGH

HGJH VKDUSHQLQJ PDNH LW SRVVLEOH WR VKRUWHQ WKH DUF

OHQJWK DW HOHFWURGH GHWDFKPHQW DW WKH PRPHQW RI DUF

VWULNLQJ� 7KH QLWURJHQ DEVRUSWLRQ FDQ EH UHGXFHG E\

WKH GHFUHDVH LQ LQWHUSKDVH WHQVLRQ DW WKH VODJwPHWDO

LQWHUIDFH WR LPSURYH WKH VODJ SURWHFWLRQ RI WKH PROWHQ

PHWDO DW WKH VWDJH RI GURS DQG SRRO� LQFUHDVH LQ WHP�

SHUDWXUH RI GURSV DQG REWDLQLQJ ILQH�GURS RU VSUD\

PHWDO WUDQVIHU DW WKH H[SHQVH RI WUDQVLWLRQ IURP WKH

DUF GLVFKDUJH LQ JDVHV WR WKH YDSRXU�JDV GLVFKDUJH�

7KH VDPH SKHQRPHQD DUH REVHUYHG LQ LQWHUDFWLRQ RI

PHWDO ZLWK K\GURJHQ� 3K\VLFDO�FKHPLFDO DVSHFWV RI

WKLV SURFHVV ZHUH FRQVLGHUHG DERYH�

7KH PRVW LPSRUWDQW SUREOHPV UHTXLULQJ WKH VROX�

WLRQV LQ WKH GHYHORSPHQW RI EDVLF HOHFWURGHV DUH DV

IROORZV� LPSURYHPHQW RI ZHOGLQJ�WHFKQRORJLFDO SUR�

SHUWLHV� LQFUHDVH LQ LPSDFW WRXJKQHVV RI ZHOGHG MRLQWV

E\ UHGXFLQJ WKH FRQWHQW RI KDUPIXO LPSXULWLHV DQG

PLFURDOOR\LQJ� GHFUHDVH LQ K\GURJHQ FRQFHQWUDWLRQ LQ

ZHOG PHWDO E\ SUHYHQWLRQ RI PRLVWXUH DEVRUSWLRQ LQ

XVH RI QRQ�K\JURVFRSLF W\SHV RI UDZ PDWHULDOV� DSSOL�

FDWLRQ RI KLJK�PRGXODU ORZ�YLVFRXV OLTXLG JODVVHV� RS�

WLPL]LQJ RI EDNLQJ WHPSHUDWXUH DQG SURYLGLQJ RI D

XQLIRUP WHPSHUDWXUH DQG KXPLGLW\ LQ GU\LQJ�EDNLQJ

IXUQDFHV�

,QYHVWLJDWLRQV GLUHFWHG WR WKH LPSURYHPHQW RI K\�

JLHQLF FKDUDFWHULVWLFV RI HOHFWURGHV DUH PRVW LPSRU�

WDQW� 7KH UHVXOWV RI ZRUNV FDUULHG RXW DW WKH 3:, LQ

FROODERUDWLRQZLWK K\JLHQLVWV� WR[LFRORJLVWV� FKHPLVWV�

ELRSK\VLFLVWV DUH JHQHUDOL]HG LQ >��@�
7KH PDLQ VWDWHPHQWV RI WKHVH LQYHVWLJDWLRQV FDQ

EH IRUPXODWHG LQ WKH IROORZLQJ ZD\ >��@�

8 3/2003



• PDLQ WR[LF LQJUHGLHQW LQ IXVLRQ ZHOGLQJ LV D KDUG
FRPSRQHQW RI ZHOGLQJ DHURVRO �+&:$��

• +&:$ LV IRUPHG DV D UHVXOW RI HYDSRUDWLRQ RI
PHWDO DQG VODJ PHOWV� HOHPHQWV ZLWK D KLJK SUHVVXUH
RI YDSRXU DUH HYDSRUDWHG PRUH LQWHQVLYHO\�

• LQ PHOWLQJ HOHFWURGHV ZLWK UXWLOH DQG LOPHQLWH
FRDWLQJV WKH HYDSRUDWLRQ RI PDQJDQHVH IURP PHWDO
PHOW LV E\ DQ RUGHU KLJHU WKDQ IURP WKH VODJ PHOW�

• HYDSRUDWLRQ RI HOHPHQWV DQG FRPSRXQGV IURP
WKH VODJ GHSHQGV RQ LWV EDVLFLW\� ZLWK LQFUHDVH LQ WKH
ODWWHU WKH FRPSRXQGV RI DONDOL DQG DONDOL�HDUWK PHWDOV
DUH HYDSRUDWHG LQWHQVLYHO\�

• VDQLWDU\�K\JLHQLF FKDUDFWHULVWLFV RI HOHFWURGHV
ZLWK UXWLOH DQG LOPHQLWH FRDWLQJV FDQ EH LPSURYHG E\
GHFUHDVH LQ VODJ EDVLFLW\ DQG LQWHUSKDVH WHQVLRQ DW WKH
PHWDOwVODJ LQWHUIDFH�

• RYHUKHDWLQJ RI HOHFWURGH PHWDO GURSV� ZHOGLQJ
SRRO DQG VODJ SURPRWHV WKH LQFUHDVH LQ DPRXQW RI
IRUPHG +&:$� WHPSHUDWXUH RI PROWHQ PHWDO DQG VODJ
FDQ EH UHGXFHG E\ LQFUHDVH LQ FRHIILFLHQW RI FRDWLQJ
PDVV DQG LQFUHDVH LQ FRQWHQW RI LURQ SRZGHU LQ LW�

• LQ PHOWLQJ EDVLF HOHFWURGHV D JDV FRPSRQHQW LV
RI JUHDW LPSRUWDQFH� H[FHSW WKH HYDSRUDWLRQ RI PDQ�
JDQHVH �FKURPLXP�� ZKLFK FDQ UHSUHVHQW IOXRULGH
FRPSRXQGV RI DONDOL DQG DONDOL�HDUWK PHWDOV� DQG DOVR
+) DQG 6L)�� HYROXWLRQ RI WKHVH JDVHV FDQ EH UHJXODWHG
E\ FRQWURO RI DFWLYLW\ RI VLOLFRQ R[LGH LQ VODJ DQG
FRQWHQW RI PRLVWXUH LQ WKH FRDWLQJ�

• OLPLWLQJ�DOORZDEOH FRQFHQWUDWLRQ RI KDUPIXO HOH�
PHQWV LQ +&:$ ZDV HVWDEOLVKHG ZLWKRXW WDNLQJ LQWR
DFFRXQW SHFXOLDULWLHV RI VWUXFWXUH� FRPSRVLWLRQ DQG
VL]H RI LWV SDUWLFOHV� FRPELQHG DFWLRQ RQ WKH RUJDQLVP
RI JURXS RI HOHPHQWV RI FRPSOH[ FRPSRXQGV FDQ
ZHDNHQ RU LQFUHDVH WKH HIIHFW RIPRVW WR[LF FRPSRQHQWV
RI WKH ZHOGLQJ DHURVRO�

• LW LV QHFHVVDU\ WR FRQWLQXH DQG LQWHQVLI\ WKH ZRUNV
RQ PRGHOOLQJ DQG SUHGLFWLRQ RI D ELRORJLFDO HIIHFW RI
+&:$ RQ WKH KXPDQ RUJDQLVP WDNLQJ LQWR DFFRXQW
WKH UHVXOWV RI LQWHJUDWHG LQYHVWLJDWLRQV PDGH LQ WKH
����w����V�

:HOGLQJ ZLUHV� 6ROLG ZLUHV� 7KLV SDUDJUDSK LQ�
FOXGHV VWHHO ZHOGLQJ ZLUHV ZKLFK DUH XVHG IRU PDQX�
IDFWXUH RI FRDWHG HOHFWURGHV IRU PHFKDQL]HG DUF ZHOG�
LQJ LQ VKLHOGHG JDVHV DQG XQGHU IOX[HV� HOHFWURVODJ
ZHOGLQJ DV ILOOHU URGV LQ QRQ�FRQVXPDEOH HOHFWURGH
ZHOGLQJ�

6WHHO IRU ZLUHV LV PHOWHG LQ EDVLF R[\JHQ IXUQDFHV�
RSHQ�KHDUWK DQG HOHFWULF DUF IXUQDFHV DQG SRXUHG
HLWKHU LQWR LQJRWV RU ELOOHWV LQ WKH PDFKLQHV RI FRQ�
WLQXRXV FDVWLQJ RI ELOOHWV� ,Q VRPH FDVHV WKH VWHHO IRU
PDQXIDFWXUH RI ZLUHV LV VXEMHFWHG WR D VSHFLDO WUHDW�
PHQW WR GHFUHDVH WKH FRQWHQW RI KDUPIXO LPSXULWLHV�
QRQ�PHWDOOLF LQFOXVLRQV DQG PHWDO GHJDVVLQJ� ,QJRWV
�ELOOHWV� DUH UROOHG XVLQJ WKH WUDGLWLRQDO WHFKQRORJ\�
7KH UROOHG ZLUH LV VXEMHFWHG WR FROG GHIRUPLQJ E\
GUDZLQJ� 5HTXLUHPHQWV IRU WKH ZLUH DUH UHJXODWHG E\
VWDQGDUG *267 ����w�� ZKLFK KDV EHFRPH DOUHDG\
ROG�

7KH VROLG ZLUHV ZLOO EH IXUWKHU GHYHORSHG E\ XS�
GDWLQJ WKHLU FRPSRVLWLRQ WR LPSURYH WKH ZHOGLQJ�K\�

JLHQLF SURSHUWLHV� PHWDOOXUJLFDO FKDUDFWHULVWLFV RI WKH
ZHOGLQJ SURFHVV DQG LPSURYLQJ SURSHUWLHV RI ZHOGHG
MRLQWV� QDPHO\ PLQLPL]LQJ RI FRQWHQW RI KDUPIXO LP�
SXULWLHV �VXOSKXU� SKRVSKRUXV� DUVHQLF� DQWLPRQ\
HWF��� PLFURDOOR\LQJ ZLWK WLWDQLXP� VWURQWLXP� ERURQ�
UDUH�HDUWKPHWDOV HWF�� GHFUHDVH LQPDVV VKDUH RI FDUERQ
LQ VRPH JUDGHV RI KLJK�DOOR\ ZLUHV� RSWLPL]LQJ V\VWHPV
RI DOOR\LQJ� GHFUHDVH LQ FRQWHQW RI JDVHV LQ ZLUH� LQ�
FUHDVH LQ KRPRJHQHLW\ RI ELOOHW DQG GHFUHDVH LQ DOORZ�
DEOH GHYLDWLRQV RI HOHPHQWV FRQWHQW IURP WKH UDWHG
FRPSRVLWLRQ� 7KRVH ELOOHWV DUH SUHIHUDEOH ZKLFK DUH
SURGXFHG IURP %2) VWHHO LQ WKH PDFKLQHV RI FRQWLQX�
RXV FDVWLQJ RI ELOOHWV�

+LJK GXFWLOLW\ RI WKH ELOOHWV LV QHFHVVDU\ WR LQFUHDVH
WKH UHOLDELOLW\ RI WKH GUDZLQJ SURFHVV� WR SURYLGH PH�
FKDQLFDO SURSHUWLHV RI ZLUHV� KLJK�TXDOLW\ DQG FOHDQ
WKHLU VXUIDFH ZLWKRXW WHDUV DQG VFRUHV� DEVHQFH RI RYD�
OLW\� PLQLPXP GHYLDWLRQV RI VL]HV RI ELOOHWV IURP WKH
SUHVHW YDOXHV�

)OX[�FRUHG ZLUHV� 7KH LQGXVWULDO SURGXFWLRQ RI
IOX[�FRUHGZLUHV LQ WKH8665ZDV FUHDWHG LQ WKH ����w
����V DQG VLQFH WKDW WLPH ZDV SURJUHVVLQJ LQWHQVLYHO\�
7KH IOX[�FRUHG ZLUHV ZHUH XVHG HIIHFWLYHO\ LQ VRPH
EUDQFKHV RI LQGXVWU\ DQG FRQVWUXFWLRQ� 7KH OHYHO RI
GHYHORSPHQWV ZDV KLJK HQRXJK� WKDW LV SURYHG E\
QXPHURXV DXWKRUsV FHUWLILFDWHV DQG SDWHQWV� DQG DOVR
VHOOLQJ RI RXU OLFHQVHV DEURDG DQG RUJDQL]LQJ WKHLU
SURGXFWLRQ LQ VHYHUDO FRXQWULHV� VXFK DV WKH 86$�
*HUPDQ\� )UDQFH� -DSDQ� +XQJDU\� %XOJDULD DQG RWK�
HUV� &KDUDFWHULVWLFV RI WKHVH ZLUHV DQG VSHFLILFV RI
WHFKQRORJ\ RI ZHOGLQJ DUH JLYHQ LQ FDWDORJXH >��@�

'LVLQWLJUDWLRQ RI HFRQRP\ LQ WKH ����V OHG WR WKH
GURS LQ WKH SURGXFWLRQ OHYHO� 1RZ WKH IOX[�FRUHGZLUHV
DUH PDQXIDFWXUHG LQ ROG FDSDFLWLHV RI FRUSRUDWLRQV
�6HYHUVWDO� LQ 5XVVLD DQG �'QHSURPHWL]� LQ 8NUDLQH�
7KH SUHVHUYHG HTXLSPHQW LV XQGHU WKH VHUYLFH XQWLO
LWV IXOO H[KDXVWLRQ� 7KRVH ZLUHV DUH PDQXIDFWXUHG
ZKLFK ZHUH GHYHORSHG DV IDU EDFN DV WKH ����w����V�
0HDQZKLOH� WKLV SURJUHVVLYH WUHQG RI ZHOGLQJ HQJL�
QHHULQJ LV VXFFHVVIXOO\ SURJHVVLQJ LQ VXFK FRXQWULHV DV
WKH 86$� -DSDQ� )UDQFH� *HUPDQ\� 6RXWK .RUHD�
6ZHGHQ� +ROODQG� $XVWULD DQG RWKHUV� 7KH QHZ JUDGHV
RI ZLUHV ZHUH GHYHORSHG WKHUH� WKH ILHOGV RI WKHLU DS�
SOLFDWLRQ ZHUH ZLGHQHG DQG WKH HTXLSPHQW DQG WHFK�
QRORJ\ RI PDQXIDFWXUH ZHUH XSGDWHG� )RU H[DPSOH�
/LQFROQ (OHFWULF� +REDUW� (6$%� 6$)�2HUOLNRQ�
7K\VVHQ %R

..
KOHU� .REHONR� (OJD DQG RWKHU FRPSDQLHV

PDQXIDFWXUH GR]HQV RI JUDGHV RI IOX[�FRUHG ZLUHV IRU
ZHOGLQJ LQ &2� DQG $U � &2� PL[WXUH� DQG DOVR WKH
VHOI�VKLHOGLQJ ZLUHV DQG ZLUHV IRU VXEPHUJHG DUF ZHOG�
LQJ� 7KHVH W\SHV RI ZHOGLQJ FRQVXPDEOHV DUH GHVLJQHG
IRU ZHOGLQJ ORZ�FDUERQ� ORZ�DOOR\� KHDW�UHVLVWDQW�
KLJK�VWUHQJWK� KLJK�WHPSHUDWXUH� VWDLQOHVV VWHHOV XVHG
LQ VKLSEXLOGLQJ� PDFKLQH�EXLOGLQJ� SRZHU HQJLQHHU�
LQJ� PLQLQJ LQGXVWU\� FRQVWUXFWLRQ DQG RWKHU EUDQFKHV
>��w��@�

,W VKRXOG EH QRWHG WKDW WKH GHYHORSPHQWV RI WKH
IOX[�FRUHG ZLUHV LQ WKH DERYH�PHQWLRQHG \HDUV ZHUH
IXOILOOHG LQ VHYHUDO RUJDQL]DWLRQV RI 8NUDLQH DQG 5XV�
VLD� $W WKH 3:, WKH IOX[�FRUHG ZLUHV RI WKH QHZ JHQ�
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HUDWLRQ ZHUH FUHDWHG LQ DFFRUGDQFH ZLWK WKH (XURSHDQ
VWDQGDUG (1 ��� DQG *267 ���w�� >��@�

)RU ZHOGLQJ JHQHUDO�SXUSRVH FDUERQ DQG ORZ�DOOR\
VWHHOV WKH IROORZLQJ JUDGHV RI ZLUHV ZHUH GHYHORSHG�
33�$1��� 33�$1��� 33�$1��� IRU ZHOGLQJ +6/$
VWHHOV x 33�$1��� 33�$1��� 7KHVH ZLUHV KDYH D
WXEXODU GHVLJQ DQG GLDPHWHU IURP ��� XS WR ��� PP�
7KHLU FKDUDFWHULVWLFV DUH JLYHQ LQ 7DEOHV � DQG ��

:HOGV PDGH E\ ZHOGLQJ XVLQJ QHZ ZLUHV DUH FKD�
UDFWHUL]HG E\ D JRRG VKDSH� VPDOO DPRXQW RI VSDWWHUV
DQG DHURVROV� 'XULQJ PHOWLQJ WKH UXWLOH ZLUHV RI WKH
33�$1�� DQG 33�$1�� W\SHV IRUP TXLFNO\�VROLGLILHG
VKRUW VODJV� 7KH\ DUH VXLWDEOH IRU ZHOGLQJ LQ DOO VSDWLDO
SRVLWLRQV� :LUH 33�$1�� ZLWK D PHWDOOLF FRUH ZDV
GHYHORSHG IRU WKH DXWRPDWLF DQG URERWLF ZHOGLQJ LQ
&2� XVHG LQ VKLSEXLOGLQJ DQG PDFKLQH�EXLOGLQJ� 6XU�
IDFLQJ HIILFLHQF\ LQ XVH RI WKLV ZLUH LV E\ �� � KLJKHU
WKDQ WKDW LQ XVH RI WKH VROLG ZLUH RI WKH VDPH GLDPHWHU�
7KLV ZLUH KDV PXFK KLJKHU ZHOGLQJ�WHFKQRORJLFDO
SURSHUWLHV DV FRPSDUHG ZLWK ZLUH 6Y���*�6�

$W WKH 3:, WKH VHOI�VKLHOGLQJ IOX[�FRUHG ZLUHV
ZLWK D IOXRULGH�EDVLF FRUH KDYH EHHQ GHYHORSHG >��@�
2ZLQJ WR WKLV FRPSRVLWLRQ RI WKH FRUH WKH FRQWHQW RI
VLOLFRQ DQG DOXPLQLXP LQ PHWDO RI ZHOGV LV GHFUHDVHG
DQG WKH UHTXLUHG LPSDFW WRXJKQHVV RI ZHOGHG MRLQWV
DW ORZ WHPSHUDWXUHV LV SURYLGHG�

7V1,,.0 �3URPHWHM� FDUULHV RXW ZRUN IRU FUHD�
WLRQ RI JDV�VKLHOGLQJ IOX[�FRUHG ZLUHV RI ���33��1�
���33���5� ���33���5 JUDGHV RI ���w��� PP GLDPH�
WHU IRU ZHOGLQJ ORZ�FDUERQ +6/$ VWHHOV ZLWK \LHOG
VWUHQJWK IURP ��� XS WR ��� 03D >��@� $W WKH SUHVHQW
WLPH� WKH WHFKQRORJ\ RI ZHOGLQJ ZLWK WKHVH ZLUHV LV
XQGHU WKH H[SHULPHQWDO�LQGXVWULDO WULDOV DW VKLSEXLOG�
LQJ \DUGV RI 5XVVLD� DQG WKH WHFKQRORJ\ RI PDQXIDF�
WXUH RI ZLUHV LV DOVR LPSURYHG� $W2-6&�1,,PRQWD]K�

WKH VHOI�VKLHOGLQJ IOX[�FRUHG ZLUHV KDYH EHHQ GHYH�
ORSHG IRU ZHOGLQJ LQ DOO VSDWLDO SRVLWLRQV SURYLGLQJ
ZHOG PHWDO ZLWK \LHOG VWUHQJWK XS WR ��� 03D >��@�

,W LV PRVW LPSRUWDQW WR FUHDWH WKH XSGDWHG KLJK�
HIILFLHQW HTXLSPHQW DQG WHFKQRORJ\ RI PDQXIDFWXUH
RI VPDOO�GLDPHWHU IOX[�FRUHG ZLUHV IRU WKH IXUWKHU GH�
YHORSPHQW RI WKH IOX[�FRUHG ZLUHV� 2YHU WKH UHFHQW
\HDUV D PHWKRG RI PDQXIDFWXUH RI IOX[�FRUHG ZLUHV E\
UROOLQJ�GUDZLQJ KDV EHHQ DGYHUWL]HG� :LUHV PDQXIDF�
WXUHG E\ WKLV WHFKQRORJ\ KDYH D UHPDLQHG WKLQ OD\HU
RI GUDZLQJ OXEULFDQW DW WKH VXUIDFH� RZLQJ WR ZKLFK
D KLJK FRQWHQW RI K\GURJHQ LV QRW HQWUDSSHG LQWR WKH
DUF DWPRVSHUH GXULQJ PHFKDQL]HG ZHOGLQJ� DQG D JRRG
ZLUH IHHGLQJ DORQJ WKH IOH[LEOH KRVHV LV SURYLGHG�

$W WKH 3:,� LQ FROODERUDWLRQ ZLWK LWV 3LORW 3ODQW
RI :HOGLQJ &RQVXPDEOHV DQG +HDY\ 0DFKLQH�%XLOG�
LQJ :RUNV LQ $OPDW\� DQ DGYDQFHG HTXLSPHQW DQG
WHFKQRORJ\ RI PDQXIDFWXUH RI VPDOO�GLDPHWHU IOX[�
FRUHG ZLUHV KDYH EHHQ GHYHORSHG� 6HW RI HTXLSPHQW
IRU PDLQ RSHUDWLRQV RI SURGXFWLRQ LV IXUQLVKHG ZLWK
PRGHUQ XQLWV RI REMHFWLYH FRQWURO� GRFXPHQWLQJ RI
WHFKQRORJLFDO RSHUDWLRQV DQG GLDJQRVWLFV >��@� 7KH
QHZ HTXLSPHQW ZLWK D GHVLJQ FDSDFLW\ RI ���� WRQV
SHU \HDU ZDV GHOLYHUHG WR WKH SODQWV RI &KLQD� 7KH
DWWDLQHG FDSDFLW\ ��� WLPHV H[FHHGHG WKH GHVJLQ FD�
SDFLW\� 7KXV� DOO WKH FRQGLWLRQV KDYH EHHQ FUHDWHG IRU
WKH SURGXFWLRQ RI QHZ ZLUHV DW WKH SODQWV RI 5XVVLD
DQG 8NUDLQH� $ FRPSUHKHQVLYH DQDO\VLV RI WKH PDUNHW
DQG DSSURSULDWH ILQDQFLQJ RI WKLV SURMHFW DUH UHTXLUHG�

7HFKQRORJ\ DQG HTXLSPHQW KDYH EHHQ GHYHORSHG
IRU PDQXIDFWXUH RI �w��PPGLDPHWHU IOX[�FRUHGZLUHV
IRU LQMHFWLRQ PHWDOOXUJ\� 7KH LQGXVWULDO PDQXIDFWXUH
RI WKHVH ZLUHV ZDV LPSOHPHQWHG DW WKH &RPSDQ\
�$UFVHO� DQG DW WKH 3:, 3LORW 3ODQW RI :HOGLQJ
&RQVXPDEOH� 8VLQJ WKLV WHFKQRORJ\ GXULQJ UHFHQW

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI PHWDO RI ZHOGV PDGH E\ IOX[�FRUHG ZLUHV

:LUH JUDGH
<LHOG VWUHQJWK�

03D

8OWLPDWH UXSWXUH

VWUHQJWK� 03D

(ORQJDWLRQ�

�

7HPSHUDWXUH ��&��

SURYLGLQJ UHTXLUHG OHYHO

RI LPSDFW WRXJKQHVV

6ODJ FKDUDFWHULVWLF

33�$1�� ��� ���w��� ��w�� w�� 4XLFNO\�VROLGLILHG RQ UXWLOH EDVH

33�$1�� ��� ���w��� ��w�� w�� 6DPH

33�$1�� ��� ���w��� ��w�� w�� %DVLF

33�$1�� ��� ���w��� ��w�� w�� 2Q UXWLOH EDVH

33�$1�� ��� ���w��� ��w�� w�� %DVLF




,PSDFW HQHUJ\ ZDV QRW OHVV WKDQ �� -�

7DEOH �� &KHPLFDO FRPSRVLWLRQ RI PHWDO �ZW��� GHSRVLWHG ZLWK IOX[�FRUHG ZLUHV



:LUH JUDGH & 0Q 6L 1L
>+@GLII LQ GHSRVLWHG PHWDO�

FP����� J

33�$1�� ����w���� ���w��� ���w��� ���w��� �w�

33�$1�� ����w���� ���w��� ���w��� w �w�

33�$1�� ����w���� ���w��� ���w��� w �w�

33�$1�� ����w���� ���w��� ���w��� ���w��� �w�

33�$1�� ����w���� ���w��� ���w��� ���w��� �w�




0DVV VKDUH RI FKURPLXP DQG PRO\EGHQXP LV ���w��� ��
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\HDUV DW �$]RYVWDO�� ,OMLFK SODQWV DQG RWKHU LQGXVWULDO
HQWHUSULVHV WKH PLOOLRQV RI WRQV RI GLIIHUHQW�SXUSRVH
VWHHOV ZHUH WUHDWHG DQG D VLJQLILFDQW LPSURYHPHQW RI
WKHLU TXDOLW\ ZDV DWWDLQHG� 7KH VWHHOV SURGXFHG ZHUH
FHUWLILHG E\ PRVW LQVXUDQFH DJHQFLHV RI WKH ZRUOG�
$SSOLFDWLRQ RI IOX[�FRUHG ZLUHV LV FKDOOHQJLQJ� 6SH�
FLDOLVWV RI 8NUDLQH DQG 5XVVLD KDYH HQRXJK NQRZOHGJH
DQG H[SHULHQFH WR UHYLYH WKH DGYDQFHG SURGXFWLRQ RI
WKHVH PDWHULDOV�

:HOGLQJ IOX[HV� 7KH PHWKRG RI VXEPHUJHG DUF
ZHOGLQJ� GHYHORSHG GXULQJ WKH SUH�ZDU \HDUV DW WKH
3:,� KDV IRXQG D ZLGH VSUHDGLQJ LQ RXU FRXQWU\ LQ
VKLSEXLOGLQJ� PDFKLQH�EXLOGLQJ� LQ FRQVWUXFWLRQ RI
EULGJHV� IDEULFDWLRQ RI EXLOGLQJ PHWDO VWUXFWXUHV� HWF�
7KH KLJK OHYHO RI VFLHQWLILF GHYHORSPHQWV� SURJUHVVLYH
PHWDOOXUJLFDO VROXWLRQV� ZHOO�RUJDQL]HG LQGXVWULDO
PDQXIDFWXUH� ORZ FRVW RI SRZHU VXSSOLHUV HQVXUHG WKH
PDVV SURGXFWLRQ RI LQH[SHQVLYH KLJK�TXDOLW\ IXVHG
IOX[HV� $V WR WKH YROXPHV RI SURGXFWLRQ RI IXVHG IOX[HV
WKH 8665 RFFXSLHG WKH ILUVW SODFH LQ WKH ZRUOG� 7KH
DSSOLFDWLRQ RI 6$: FDXVHG UHYROXWLRQDU\ UHRUJDQL]D�
WLRQV LQ PDQ\ EUDQFKHV RI LQGXVWU\ DQG FRQVWUXFWLRQ�

$W SUHVHQW WKH SURGXFWLRQ RI ZHOGLQJ IOX[HV LQ WKH
LQGXVWULDOL]HG FRXQWULHV KDV EHHQ VWDELOL]HG� 7KH RXW�
SXW RI FRQVXPDEOHV IRU 6$: LV �w�� � RI WKH WRWDO
YROXPH RI ZHOGLQJ FRQVXPDEOHV� 0HWDOOXUJLFDO DQG
WHFKQRORJLFDO SHFXOLDULWLHV RI 6$: DUH GHVFULEHG LQ
PDQ\ VSHFLDOL]HG SXEOLFDWLRQV >��� ��w��@�

7KH UHGXFWLRQ LQ FRQVXPSWLRQ RI VWHHOV FDXVHG�
QDWXUDOO\� WKH PXOWLSOH UHGXFWLRQ LQ SURGXFWLRQ RI
IXVHG IOX[HV� DQG� ILUVW RI DOO� HQHUJ\�FRQVXPLQJ SUR�
GXFWLRQ RI IOX[HV LQ HOHFWULF IXUQDFHV�

7KH ZRUNV RI WKH UHFHQW \HDUV ZHUH GHYRWHG WR WKH
GHFUHDVH LQ FRQWHQW RI KDUPIXO LPSXULWLHV LQ IOX[HV�
VHDUFKLQJ IRU DGYDQFHG IOX[wZLUH V\VWHPV� SURYLGLQJ
WKH QHFHVVDU\ PHFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV�
GHFUHDVH LQ FRQWHQW RI K\GURJHQ LQ IOX[HV >��w��@�

$VZDV DERYH�PHQWLRQHG� WKH JURZWK RI SURGXFWLRQ
RI +6/$ VWHHOV LV REVHUYHG LQ WKH ZRUOG� ,W LV YHU\
GLIILFXOW WR VDWLVI\ WKH KLJK UHTXLUHPHQWV WR WKH PH�
FKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV XVLQJ WKH IXVHG
IOX[HV� 7KH LQYHVWLJDWLRQV VKRZHG� IRU H[DPSOH� WKDW
LQ ZHOGLQJ +6/$ VWHHO RI ��.K1�0') W\SH� XVHG
IRU PDQXIDFWXUH RI FULWLFDO VWUXFWXUHV RSHUDWLQJ RQ D
FRQWLQHQWDO VKHOI� ZLWK DOOR\HG ZLUH� SURGXFHG E\ D
YDFXXP LQGXFWLRQ PHOWLQJ XQGHU IOX[ ),06���3� WKH
UHTXLUHG OHYHO RI LPSDFW WRXJKQHVV LV SURYLGHG RQO\
DW WHVW WHPSHUDWXUH w�� �&� ZKLOH WKDW DW w�� �& LV
SURYLGHG XQGHU DJJORPDUDWHG IOX[ >��@�

,Q FRXQWULHV RI :HVW (XURSH WKH IXVHG IOX[HV ZHUH
UHSODFHG GXULQJ UHFHQW GHFDGHV E\ DJJORPHUDWHG
IOX[HV� ZKLFK DPRXQW WR �� � RI DOO WKH YROXPH RI
FRQVXPHG ZHOGLQJ IOX[HV >��@� 7KLV LV H[SODLQHG E\
D QXPEHU RI PHWDOOXUJLFDO SRVVLELOLWLHV RI DJJORPH�
UDWHG IOX[HV� VXFK DV FRQWURO RI VLOLFRQ�UHGXFWLRQ SUR�
FHVV� UHILQLQJ DQG PLFURDOOR\LQJ RI ZHOG SRRO� KLJK
VWUHQJWK DQG LPSDFW WRXJKQHVV RI WKH ZHOGHG MRLQWV�
7KH DSSOLFDWLRQ RI ZHOGLQJ IOX[HV HQVXUHV WKH VHYHUDO
WLPHV UHGXFWLRQ LQ HQHUJ\�FRQVXPLQJ RI SURGXFWLRQ�
SURPRWHV WKH GHFUHDVH LQ KDUPIXO H[KDXVWV RI WR[LF

GXVW DQG JDVHV LQWR DWPRVSKHUH� ,QIRUPDWLRQ DERXW
PRGHUQ DJJORPHUDWHG IOX[HV� DQG DOVR WKH GHVFULSWLRQ
RI WKH WHFKQRORJ\ RI WKHLU SURGXFWLRQ DUH DYDLODEOH LQ
>��� ��w��@�

,Q FRQQHFWLRQ ZLWK WKH GHYHORSPHQW RI PDQXIDF�
WXUH RI PRGHUQ SLSHV� VKLSEXLOGLQJ� SRZHU DQG FKHPL�
FDO PDFKLQH�EXLOGLQJ� FRQVWUXFWLRQ RI EULGJHV LQ 5XV�
VLD DQG 8NUDLQH� WKH YROXPHV RI DSSOLFDWLRQ RI +6/$
VWHHOV ZLOO EH� XQGRXEWHGO\� LQFUHDVHG� (YHQ WRGD\ LW
LV QHFHVVDU\ WR FUHDWH WKH LQGXVWULDO PRGHOV RI HTXLS�
PHQW DQG WHFKQRORJ\ RI SURGXFWLRQ RI WKHVH IOX[HV�
WR FHUWLI\ WKH UHDG\ GHYHORSPHQWV� WR PDNH PDUNHWLQJ
DQG WR RUJDQL]H WKH H[SRUW RI SURGXFWV�

&21&/86,216

(IIRUWV RI UHVHDUFKHUV DQG GHYHORSHUV VKRXOG EH FRQ�
FHQWUDWHG RQ WKH VHDUFK IRU QHZ W\SHV RI UDZ PDWHULDOV
DQG FUHDWLRQ RI WKH IROORZLQJ QHZ ZHOGLQJ FRQVX�
PDEOHV�

• JHQHUDO�SXUSRVH HOHFWURGHV ZLWK UXWLOH DQG LO�
PHQLWH FRDWLQJV KDYLQJ H[FHOOHQW ZHOGLQJ�WHFKQRORJL�
FDO DQG K\JLHQLF SURSHUWLHV�

• HOHFWURGHV RI WKH QHZ JHQHUDWLRQ IRU ZHOGLQJ
+6/$ VWHHOV IRU VKLSEXLOGLQJ� PDFKLQH�EXLOGLQJ� FRQ�
VWUXFWLRQ�

• JHQHUDO�SXUSRVH HOHFWURGHV ZLWK D EDVLF FRDWLQJ
SURYLGLQJ LPSDFW WRXJKQHVV RI ZHOGHG MRLQWV RI QRW
ORZHU WKDQ �� -�FP� DW WHVW WHPSHUDWXUH w�� �&�

• HOHFWURGHV IRU ZHOGLQJ VLWH EXWW MRLQWV RI PRGHUQ
PDLQ SLSHOLQHV�

• ZLUHV DQG DJJORPHUDWHG IOX[HV IRU ZHOGLQJ+6/$
VWHHOV ZLWK XS WR ��� 03D \LHOG VWUHQJWK�

• IOX[�FRUHG ZLUHV ZLWK UXWLOH DQG EDVLF FRUH DQG
VPDOO�GLDPHWHU ZLUHV ZLWK DPHWDOOLF FRUH IRU VKLHOGHG�
JDV ZHOGLQJ LQ DOO VSDWLDO SRVLWLRQV�

• YHUVDWLOH VHOI�VKLHOGLQJ IOX[�FRUHG ZLUHV�
• VSHFLDO GLIIHUHQW�SXUSRVH ZHOGLQJ FRQVXPDEOHV�
,QYHVWLJDWLRQV DQG GHYHORSPHQWV RI WKH QHZ KLJK�

HIIFLHQW HTXLSPHQW DQG WHFKQRORJLHV RI PDQXIDFWXUH
RI ZHOGLQJ FRQVXPDEOHV� V\VWHPV RI DQDO\WLF DFFRP�
SDQ\LQJ DQG PDQDJHPHQW RI TXDOLW\ RI SURGXFWV
VKRXOG EHFRPH SULRULW\�

$W WKH ILUVW TXDUWHU RI WKH ;;, FHQWXU\ WKH VWHHO
ZLOO UHPDLQ WR EH WKH PDMRU VWUXFWXUDO PDWHULDO� /RZ�
FDUERQ DQG ORZ�DOOR\ VWHHOV ZLOO EH VWLOO ZLGHO\ XVHG�
7KHLU TXDOLW\� PHFKDQLFDO SURSHUWLHV DQG ZHOGDELOLW\
ZLOO EH LPSURYHG E\ UHGXFWLRQ RI KDUPIXO LPSXULWLHV�
VHDUFK IRU QHZ V\VWHPV RI DOOR\LQJ� KHDW WUHDWPHQW�
LQFUHDVH LQ FRUURVLRQ UHVLVWDQFH LQ GLIIHUHQW PHGLD�
1HZ W\SHV RI +6/$ VWHHOV ZLOO EH UDSLGO\ GHYHORSHG�
LQFOXGLQJ WKRVH ZLWK XOWUDORZ FRQWHQW RI FDUERQ� KHDW�
UHVLVWDQW VWHHOV� VWHHOV IRU VWUXFWXUHV RSHUDWLQJ DW ORZ
FOLPDWLF WHPSHUDWXUHV� DQG DOVR IRU FU\RJHQLF HQJL�
QHHULQJ� GLIIHUHQW�SXUSRVH KLJK�DOOR\ VWHHOV� $OX�
PLQLXP KLJK�VWUHQJWK DOOR\V� DOOR\HG WLWDQLXP DOOR\V
DQG RWKHU W\SHV RI QHZ VWUXFWXUDO PDWHULDOV ZLOO EH
IXUWKHU GHYHORSHG�

7KH DUF ZHOGLQJ ZLOO VWLOO RFFXS\ WKH OHDGLQJ SR�
VLWLRQ DPRQJ WKH H[LVWLQJ PHWKRGV RI IXVLRQ ZHOGLQJ�
7KH SURJUHVV LQ WKH FUHDWLRQ DQG GHYHORSPHQW RI ZHOG�
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LQJ FRQVXPDEOHV GHSHQGV RQ WKH WHQGHQF\ RI WKH GH�
YHORSPHQW RI VWUXFWXUDO PDWHULDOV� 7KH PDLQ VROXWLRQV
LQ WKH ILHOG RI FUHDWLRQ RI QHZ ZHOGLQJ FRQVXPDEOHV
ZLOO EH FRQQHFWHG ZLWK WKH RSWLPL]LQJ V\VWHPV RI ZHOG
PHWDO DOOR\LQJ GHSHQGLQJ RQ VWUXFWXUH DQG SURSHUWLHV
RI WKH SDUHQW PHWDO� VHDUFKLQJ IRU WKH ZD\V WR GHFUHDVH
WKH FRQWHQW RI K\GURJHQ� QLWURJHQ DQG RWKHU KDUPIXO
LPSXULWLHV LQ PHWDO RI ZHOGV� GHYHORSPHQW RI HIIHFWLYH
PDWHULDOV DQG WHFKQRORJLHV� ZKLFK ZLOO PDNH LW SRV�
VLEOH WR LQFUHDVH WKH VWUHQJWK DQG GXFWLOLW\ RI WKH
ZHOGHG MRLQWV� WR UHGXFH WKH SUHKHDWLQJ WHPSHUDWXUH�
WR SUHYHQW WKH IRUPDWLRQ RI GLIIHUHQW W\SHV RI FUDFNV
LQFOXGLQJ K\GURJHQ�LQGXFHG FUDFNV�7KH VHDUFK ZLOO EH
PDGH IRU QHZ VODJ V\VWHPV RI FRUHV RI IOX[�FRUHGZLUHV�
HOHFWURGH FRDWLQJV DQG IOX[HV�0HWDOOXUJLFDO DQGZHOG�
LQJ�WHFKQRORJLFDO SURSHUWLHV RI HOHFWURGHV� IOX[HV�
VROLG DQG IOX[�FRUHG ZLUHV� VKLHOGLQJ JDVHV ZLOO EH
XSGDWHG WR UHGXFH WKH SRURVLW\� WR SUHYHQW FU\VWDOOLQH
FUDFNV� WR LPSURYH SHQHWUDWLRQ� VKDSHV RI ZHOGV� UH�
PRYDO VODJ FUXVW� VWDELOLW\ RI DUF EXUQLQJ DQG WR GH�
FUHDVH VSDWWHULQJ�

0DWKHPDWLFDO DQG SK\VLFDO PRGHOOLQJ RI PDLQ PH�
WDOOXUJLFDO SURFHVVHV RI DUF ZHOGLQJ ZLOO EH IXUWKHU
GHYHORSHG� &RPSXWHUL]HG GDWDEDQNV DQG EDVH RI
NQRZOHGJH� H[SHUWLVH V\VWHPV RQ GLIIHUHQW�SXUSRVH
ZHOGLQJ FRQVXPDEOHV ZLOO EH FUHDWHG�

,Q WKH LQGXVWULDOL]HG FRXQWULHV WKH VKDUH RI RXWSXW
RI FRDWHG HOHFWURGHV ZLOO EH DOVR UHGXFHG LQ IXWXUH LQ
WKH WRWDO YROXPH RI SURGXFWLRQ RI ZHOGLQJ FRQVX�
PDEOHV DQG WKH PDQXIDFWXUH RI VROLG ZLUHV IRU
VKLHOGHG�JDV ZHOGLQJ DQG HVSHFLDOO\ IOX[�FRUHG ZLUHV
�ZLWK IOX[ DQG PHWDOOLF FRUH� ZLOO EH LQFUHDVHG� WKH
VKDUH RI SURGXFWLRQ RIZHOGLQJ IOX[HV KHUHZLOO UHPDLQ�
7KH DUF ZHOGLQJ ZLWK FRDWHG HOHFWURGHV ZLOO EH VWLOO
ZLGHO\ XVHG LQ WKH GHYHORSLQJ FRXQWULHV� 7KH UH�
VHDUFKHUV ZLOO KDYH WR ZRUN IRU WKH GHVFUHDVH LQ PD�
WHULDO DQG SRZHU FRQWHQW RI ZHOGLQJ FRQVXPDEOHV ERWK
LQ WKH SURFHVV RI WKHLU SURGXFWLRQ DQG DOVR LQ WKHLU
DSSOLFDWLRQ� 7KH XQLYHUVDO VPDOO�GLDPHWHU JDV�VKLHOG�
LQJ IOX[�FRUHG ZLUHV DQG DJJORPHUDWHG IOX[HV� HIIHF�
WLYH LQ ZHOGLQJ RI VSHFLDO FULWLFDO VWUXFWXUHV� ZLOO EH
PDLQO\ SURJUHVVHG� $ JUHDW DWWHQWLRQ ZLOO EH DOVR SDLG
WR WKH FUHDWLRQ RI HOHFWURGHV� IOX[HV DQG ZLUHV� DE�
VRUELQJ PLQLPXP PRLVWXUH DQG SURYLGLQJ D JRRG UH�
SHDWHG H[FLWLQJ RI DUF� WKHLU HDV\ �IHHGLQJ� E\ZHOGLQJ
VHPL�DXWRPDWLF DQG DXWRPDWLF PDFKLQHV� PLQLPXP
HYROXWLRQ RI ZHOGLQJ DURVROV�

7KH IXUWKHU ZRUNV ZLOO EH DOVR UHTXLUHG LQ WKH
GLUHFWLRQ RI LPSURYHPHQW DQG LQFUHDVH RI UHOLDELOLW\
RI HTXLSPHQW DQG WHFKQRORJ\ RI SURGXFWLRQ RI ZHOGLQJ
FRQVXPDEOHV� VHDUFKLQJ IRU UDZ PDWHULDOV RI D VWDEOH
TXDOLW\� DXWRPDWLRQ RI DQDO\WLFDO FRQWURO DQG WHFKQR�
ORJLFDO PDQDJHPHQW RI SURGXFWLRQ� 7KH TXDOLW\ RI
ZHOGLQJ FRQVXPDEOHV� WKHLU PDUNHWDEOH VWDWH� SDFNLQJ
DQG WUDQVSRUWDWLRQ ZLOO EH LPSURYHG� ,W LV QHFHVVDU\
WR SUHSDUH WKH GLIIHUHQW VSHFLDOLVWV� UHVHDUFKHUV DQG
GHYHORSHUV RI ZHOGLQJ FRQVXPDEOHV� DQG DOVR WHFK�
QRORJLVWV�PDQXIDFWXUHUV� KLJKO\�TXDOLILHG WHFKQLFLDQV
DQG ZRUNHUV�

7KH XSGDWLQJ RI WKH HFRQRPLFDO V\VWHP� LQFUHDVH
LQ FRPSHWLWLRQ IURP WKH VLGH RI FRXQWULHV RI :HVW DQG
(DVW ZLOO PDNH XV WR LQFUHDVH WKH UDWHV RI HFRQRPL�
FDO�WHFKQLFDO WUDQVIRUPDWLRQV DQG ZLOO SURPRWH WKH
LQFUHDVH LQ SURGXFWLRQ RI ZHOGHG VWUXFWXUHV DQG ZHOG�
LQJ FRQVXPDEOHV WR WKH QHZ OHYHO�

�� 'RULD� -�*� ������ :HOGLQJ FRQVXPDEOHV� 0DUNHW WUHQGV�

,VWDQEXO� (XURSHDQ :HOGLQJ $VVRFLDWLRQ�
�� 7LNKRQRY� $� ������ :RUOG ZDU RI VWHHOPDNHUV� ,]YHVWL\D�

6HSWHPEHU ���
�� ,JQDWFKHQNR� 3�9�� %XJDM� $�,� ������ 6WDWH�RI�WKH�DUW RI

ZHOGLQJ FRQVXPDEOHV PDQXIDFWXULQJ DW WKH WKUHVKROG RI WKH
QHZ FHQWXU\� ,Q� $UF ZHOGLQJ� &RQVXPDEOHV DQG TXDOLW\ DW

WKH WKUHVKROG RI WKH ��VW FHQWXU\� 3URF� RI �QG ,QW� &RQI�
RQ :HOGLQJ &RQVXPDEOHV RI &,6 &RXQWULHV� 2U\RO� -XQH �w
�� �����

�� ������ 7KH -DSDQ :HOGLQJ 1HZV IRU WKH :RUOG� ��� ���
�� ������ YDQ 1DVVDX� /� ������ ([SHUW UHSRUW VWLFN HOHFWURGHV

����� 6WLFN HOHFWURGHV� ,VWDQEXO� (XURSHDQ :HOGLQJ $VVR�
FLDWLRQ�

�� 0RUULVRQ� :�%� ������ 3DVW DQG IXWXUH GHYHORSPHQW RI
+6/$ VWHHOV� ,Q� 3URF� RI �WK ,QW� &RQI� RQ +6/$

6WHHOVs����� 2FW� �� w 1RY� �� ����� %HLMLQJ� 0HW� ,QG�
3UHVV�

�� *RU\QLQ� ,�9�� 0DO\VKHYVN\� 9�$�� /HJRVWDHY� <X�/� HW DO�
������ 3URVSHFWV DQG SUREOHPV RI PDWHULDOV VFLHQFH LQ GHYHO�
RSPHQW RI ZHOGLQJ FRQVXPDEOHV DQG WHFKQRORJLHV GXULQJ
FRQVWUXFWLRQ RI XQLTXH LFH�UHVLVWDQW SODWIRUPV� ,Q� $GYDQFHG
PDWHULDOV VFLHQFH� 7KH ��VW FHQWXU\� (G� E\ ,�.� 3RNKRG�
Q\D� .\LY� 1DXNRYD 'XPND�

�� <XULRND� 1�� 6X]XNL� +� ������ +\GURJHQ DVVLVWHG FUDFNLQJ
LQ &w0Q DQG ORZ DOOR\ VWHHO ZHOGPHQWV� ,QW� 0DWHULDOV

5HY�� �� ���w����
�� <XULRND� 1� ������ 3UHGLFWLYH PHWKRGV IRU SUHYHQWLRQ DQG

FRQWURO RI K\GURJHQ�DVVLVWHG FROG FUDFNLQJ� ,,: 'RF� ,;�

����w���
��� 0DURHI� ,�� 2OVRQ� '�/�� (GYDUV� *�5� ������ +\GURJHQ�LQ�

GXFHG FUDFNLQJ RI KLJK�VWUHQJWK VWHHO ZHOGPHQWV� ,Q� 3URF�
RI ,QW� &RQI� RQ :HOGLQJ DQG 5HODWHG 7HFKQRORJLHV IRU WKH

��VW &HQWXU\� .\LY� 3:,�
��� 3RNKRGQ\D� ,�.� ������ 3UREOHPV RI ZHOGLQJ RI KLJK�

VWUHQJWK ORZ�DOOR\ VWHHOV� ,Q� $GYDQFHG PDWHULDOV VFLHQFH�

7KH ��VW FHQWXU\� (G� E\ ,�.� 3RNKRGQ\D� .\LY� 1DXNRYD
'XPND�

��� 6KYDFKNR� 9�,�� 6WHSDQ\XN� 6�1�� 3RNKRGQ\D� ,�.� ������
7KH HYDOXDWLRQ PHWKRGV RI +6/$ VWHHOV VXVFHSWLELOLW\ WR K\�
GURJHQ HPEULWWOHPHQW� ,Q� 3URF� RI �WK ,QW� &RQI� RQ +6/$

6WHHOVs����� 2FW� �� w 1RY� �� ����� %HLMLQJ� 0HW� ,QG�
3UHVV�

��� *HGHRQ� 6�$�� (DJDU� 7�:� ������ $VVHVVLQJ K\GURJHQ�DV�
VLVWHG FUDFNLQJ IUDFWXUH PRGHV LQ KLJK�VWUHQJWK VWHHO ZHOG�
PHQWV� :HOGLQJ -�� �� ����

��� *HGHRQ� 6�$�� (DJDU� 7�:� ������ 7KHUPRPHFKDQLFDO
DQDO\VLV RI K\GURJHQ DEVRUSWLRQ LQ ZHOGLQJ� ,ELG�� �� ����

��� 3RNKRGQ\D� ,�.�� 6WHSDQ\XN� 6�1�� 6KYDFKNR� 9�,� ������
5ROH RI WHPSHUDWXUH LQ K\GURJHQ�LQGXFHG FUDFNLQJ RI VWUXF�
WXUDO VWHHOV DQG ZHOGHG MRLQWV� 7KH 3DWRQ :HOGLQJ -�� �� �w
��

��� 6KYDFKNR� 9�,� ������ 5HYHUVLEOH K\GURJHQ HPEULWWOHPHQW

RI EFF�DOOR\V RI LURQ�VWUXFWXUDO VWHHOV� 6\Q� RI 7KHVLV IRU 'U�
RI 3K\V��0DWK� 6FL� 'HJUHH� .KDUNLY� .K)7,�

��� 6WHSDQ\XN� 6�0� ������ 5HYHUVLEOH K\GURJHQ HPEULWWOHPHQW

LQ ZHOGLQJ RI KLJK�VWUHQJWK ORZ�DOOR\ VWHHOV� 6\Q� RI 7KHVLV
IRU &DQG� RI 7HFKQ� 6FL� 'HJUHH� .\LY� 3:,�

��� 3DUN� <�'�� 0DURHI� ,�6�� /DQGDX� $� HW DO� ������ 5H�
WDLQHG DXVWHQLWH DV D K\GURJHQ WUDS LQ VWHHO ZHOGV� :HOGLQJ

-�� )HEUXDU\� ��w���
��� 3RNKRGQ\D� ,�.� ������ 0DWKHPDWLFDO PRGHOOLQJ RI SUR�

FHVVHV RI LQWHUDFWLRQ RI PHWDOV ZLWK JDVHV LQ DUF ZHOGLQJ�
7KH 3DWRQ :HOGLQJ -�� �� �w��

��� $EVRQ� '�-� ������ 0LFURVWUXFWXUH DQG PHFKDQLFDO SURSHU�
WLHV RI YHUWLFDO�XS &w0Qw1L VWHHO VHPL�DXWRPDWLF ZHOG PH�
WDO� :HOGLQJ ,QVW� 5HV� 5HS�� �� �w���

��� %DU\VKQLNRY� $�3�� *ULVKFKHQNR� /�9�� 3HWU\NLQ� 9�,�
������ &RYHUHG�HOHFWURGH JDV�VKLHOGHG ZHOGLQJ RI KLJK�
VWUHQJWK FROG�UHVLVWDQW VWHHOV� 3URJU� 0DWHULDO\ L 7HNKQROR�

JLL� �� ���w����
��� 0DO\VKHYVN\� 9�$�� *ULVKFKHQNR� /�9�� %DU\VKQLNRY� $�3�

������ &RQVXPDEOHV DQG WHFKQRORJ\ RI KLJK�VWUHQJWK VWHHOV
ZHOGLQJ� 9RSURV\ 0DWHULDORYHGHQL\D� �� ��w���
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��� *H]KD� 9�9�� %DU\VKQLNRY� $�3�� *ULVKFKHQNR� /�9� HW DO�
������ 0HDQV RI LPSURYHPHQW RI ZHOGLQJ�WHFKQRORJLFDO
FKDUDFWHULVWLFV RI EDVLF HOHFWURGHV GHVLJQHG IRU ZHOGLQJ RI
KLJK�VWUHQJWK DQG FROG�UHVLVWDQW VWHHOV� ,ELG�� �� ��w���

��� 3RNKRGQ\D� ,�.�� 0LOLFKHQNR� 6�6�� *RUSHQ\XN� 9�1� HW DO�
������ $12�70 HOHFWURGHV IRU ZHOGLQJ RI VWDWLRQDU\ RII�
VKRUH SODWIRUPV� 7HNKQRORJL\D 6XGRVWURHQL\D� �� ��w���

��� <DYGRVKFKLQ� ,�5� ������ 1HZ HOHFWURGHV RI WKH 3:, IRU
ZHOGLQJ RI ORZ�FDUERQ DQG ORZ�DOOR\ VWHHO VWUXFWXUHV� ,Q�
6WDWH�RI�WKH�DUW DQG SURVSHFWV RI GHYHORSPHQW RI ZHOGLQJ

FRQVXPDEOHV LQ &,6 FRXQWULHV� 3URF� RI �VW ,QW� &RQI� RQ
:HOGLQJ &RQVXPDEOHV RI &,6 &RXQWULHV� .UDVQRGDU� -XQH
��w��� �����

��� 0DUFKHQNR� $�(�� 6NRULQD� 1�9� ������ (���(�� W\SH HOHF�
WURGHV IRU ZHOGLQJ RI KLJK�VWUHQJWK FROG�UHVLVWDQW VWHHOV�
,ELG�

��� /REDQRY� /�0�� 0LNKRGXM� /�,�� 3R]Q\DNRY� 9�'� HW DO�
������ 6SDUVHO\�DOOR\HG HOHFWURGHV RI (���(�� W\SHV IRU
ZHOGLQJ RI KLJK�VWUHQJWK FROG�UHVLVWDQW VWHHOV� ,ELG�

��� 0DO\VKHYVN\� 9�$�� *ULVKFKHQNR� /�9�� %DU\VKQLNRY� $�3�
HW DO� ������ (OHFWURGHV IRU ZHOGLQJ RI VWUXFWXUHV RSHUDWLQJ
DW ORZ WHPSHUDWXUHV DQG QHFHVVLW\ LQ LPSURYHPHQW LQ WKHLU
WHFKQRORJLFDO SURSHUWLHV� ,ELG�

��� 3RNKRGQ\D� ,�.� ������ :HOGLQJ PHWDOOXUJ\� VWDWH�RI�WKH�
DUW DQG SUREOHPV� ,Q� 3URF� RI ,QW� &RQI� RQ :HOGLQJ DQG

5HODWHG 7HFKQRORJLHV IRU WKH ��VW &HQWXU\� .\LY� 3:,�
��� 3RNKRGQ\D� ,�.� ������ *DVHV LQ ZHOGV� 0RVFRZ� 0DVKL�

QRVWURHQLH�
��� )UXPLQ� ,�,� ������ $XWRPDWLF ZHDU�UHVLVWDQW KDUGIDFLQJ�

.KDUNLY� 0HWDOOXUJL]GDW�
��� 9RMWNHYLFK� 9� ������ :HOGLQJ IXPHV� 6SHFLDO UHSRUW�

$ELQJWRQ�
��� <DYGRVKFKLQ� ,�3�� 3RNKRGQ\D� ,�.� ������ )RUPDWLRQ RI

ZHOGLQJ DHURVRO LQ IXVLRQ DUF ZHOGLQJ DQG LWV K\JLHQLF HVWL�
PDWLRQ� ,Q� 3URF� RI �VW ,QW� 6FL��7HFKQ� &RQI� RQ 3URWHF�

WLRQ RI (QYLURQPHQW� +HDOWK DQG 6DIHW\ LQ :HOGLQJ 3UR�

GXFWLRQ� 2GHVVD� $VWURSULQW�
��� ������ )OX[�FRUHG ZLUHV IRU HOHFWULF DUF ZHOGLQJ� &DWD�

ORJXH�5HIHU� %RRN� (G� E\ ,�.� 3RNKRGQ\D� .\LY� 1DXNRYD
'XPND�

��� $OWHPXKOH� %� ������ 7KH XVH RI UXWLOH FRUHG ZLUHV IRU
ZHOGLQJ KLJK�VWUHQJWK VWHHO LQ FUDQH IDEULFDWLRQ� 6YHWVDUHQ�
�� ��w���

��� )HUUHH� 6�(�� 6LHUG]LQVNL� 0�6� ������ 6WDLQOHVV VWHHO PHWDO
FRUHG ZLUHV IRU ZHOGLQJ DXWRPRWLYH H[KDXVW V\VWHPV� ,ELG��
��w���

��� %ORPH� .� ������ )LODUF 3= ����5� 7KH URERW�IULHQGO\
FRUHG ZLUH� ,ELG�� �� ��w���

��� )DUURZ� 1�� 6WXGKROPH� 6� ������ 6XEPHUJHG DUF ZHOGLQJ
ZLWK IXVHG IOX[ DQG EDVLF FRUHG ZLUH IRU ORZ�WHPSHUDWXUH
DSSOLFDWLRQV� ,ELG�� �� ��w���

��� ������ )DEVKLHOG ����� :HOGLQJ -�� �� �w��
��� 6KOHSDNRY� 9�1�� 5DN� 3�,�� .RVHQNR� 3�$� ������ )OX[�

FRUHG ZLUH RI QHZ JHQHUDWLRQ IRU JDV�VKLHOGHG ZHOGLQJ� ,Q�
$UF ZHOGLQJ� &RQVXPDEOHV DQG TXDOLW\ DW WKH WKUHVKROG RI

WKH ��VW FHQWXU\� 3URF� RI �QG ,QW� &RQI� RQ :HOGLQJ &RQ�
VXPDEOHV RI &,6 &RXQWULHV� 2U\RO� -XQH �w�� �����

��� 1DXPHMNR� 6�0� ������ &RQWURO RI ZHOGLQJ�WHFKQRORJLFDO
SURSHUWLHV RI IOX[�FRUHG ZLUHV DFFRUGLQJ WR GDWD RI SK\VLFR�
FKHPLFDO SURSHUWLHV RI VODJV� ,ELG�

��� %DUDQRY� $�9�� *ULVKFKHQNR� /�9�� %DU\VKQLNRY� $�3� HW DO�
������ 3UREOHPV RI PDQXIDFWXULQJ DQG H[SHULHQFH RI LQGXV�
WULDO DSSOLFDWLRQV RI VPDOO�GLDPHWHU IOX[�FRUHG ZLUHV� ,ELG�

��� 0RMVRY� /�3�� ,VDHQNR� 3�5� ������ 6HOI�VKLHOGHG IOX[�FRUHG
ZLUH 337���� ,ELG�

��� 6KOHSDNRY� 9�1� ������ $XWRPDWHG HTXLSPHQW IRU PDQXIDF�
WXUH RI IOX[�FRUHG ZLUH� ,ELG�

��� )UXPLQ� ,�,�� 5DENLQ� '�0�� 3RGJDHWVN\� 9�9� HW DO� ������
/RZ�VLOLFRQ IOX[HV IRU DXWRPDWLF ZHOGLQJ DQG KDUGIDFLQJ�
$YWRPDWLFK� 6YDUND� �� �w���

��� /\XEDYVN\� .�9� ������ 0HWDOOXUJ\ RI IXVLRQ ZHOGLQJ�
+DQGERRN RQ ZHOGLQJ� (G� E\ (�9� 6RNRORY� 9RO� �� 0RV�
FRZ� 0DVKJL]�

��� ������ :HOGLQJ IOX[HV DQG VODJV� ,Q� 3URF� RI ,QW� 6HPLQDU�
1LNRSRO� 6HSW� ����� (G� E\ %�(� 3DWRQ� .\LY� 1DXNRYD
'XPND�

��� 3RGJDHWVN\� 9�9�� .X]PHQNR� 9�*� ������ :HOGLQJ IOX[HV�
.\LY� 1DXNRYD 'XPND�

��� 3RWDSRY� 1�1� ������ 6WDWH�RI�WKH�DUW DQG SURVSHFWV RI GH�
YHORSPHQW RI IOX[ PDQXIDFWXULQJ� 6YDURFKQ� 3URL]YRGVWYR�
�� ��w���

��� *RQFKDURY� ,�$�� 7RNDUHY� 9�6�� 3DOWVHYLFK� $�3� HW DO�
������ )OX[� OLPLWLQJ WKH K\GURJHQ FRQWHQW LQ ZHOG� ,Q�
6WDWH�RI�WKH�DUW DQG SURVSHFWV RI GHYHORSPHQW RI ZHOGLQJ

FRQVXPDEOHV LQ &,6 FRXQWULHV� 3URF� RI �VW ,QW� &RQI� RQ
:HOGLQJ &RQVXPDEOHV RI &,6 &RXQWULHV� .UDVQRGDU� -XQH
��w��� �����

��� *RQFKDURY� ,�$�� 3DOWVHYLFK� $�3�� 7RNDUHY� 9�6� ������
$ERXW QHZ DSSURDFK WR SRURVLW\ SUHYHQWLRQ LQ ZHOGLQJ XQ�
GHU IXVHG IOX[HV� ,ELG�

��� .X]PHQNR� 9�*� ������ 7KHUPRG\QDPLF DQG VWUXFWXUDO DV�

SHFWV RI VHOHFWLRQ RI IOX[HV IRU HOHFWULF DUF ZHOGLQJ� 6\Q� RI
7KHVLV IRU 'U� RI 7HFKQ� 6FL� 'HJUHH� .\LY� 3:,�

��� *RQFKDURY� ,�2� ������ 'HYHORSPHQW RI ORZ�K\GURJHQ

ZHOGLQJ IOX[HV RI PDQJDQHVH�VLOLFDWH W\SH� 6\Q� RI 7KHVLV
IRU &DQG� RI 7HFKQ� 6FL� 'HJUHH� .\LY� 3:,�

��� ������ :HOGLQJ DQG DOOLHG WHFKQRORJLHV DW WKH (VVHQ )DLU�
7KH 3DWRQ :HOGLQJ -�� �� ��w���

��� 3RNKRGQ\D� ,�.�� .XVKQHUHY� '�0�� 8VWLQRY� 6�'� HW DO�
������ 5HVXOWV RI FRPSDULVRQ WHVWLQJ RI IXVHG DQG FHUDPLF
IOX[HV XVHG LQ ZHOGLQJ RI ��.K1�0') VWHHO� $YWRPDWLFK�
6YDUND� ��� ��w��� ���

��� 3RNKRGQ\D� ,�.�� *RORYNR� 9�9� ������ )OX[HV IRU ZHOGLQJ
RI ORZ�DOOR\ KLJK�VWUHQJWK VWHHOV GHYHORSHG LQ WKH 3:,�
6YDUVKFKLN� �� �w��

��� %DUDQRY� $�9�� *ULVKFKHQNR� /�9�� %DU\VKQLNRY� $�3� HW DO�
������ $JJORPHUDWHG IOX[HV IRU DXWRPDWLF ZHOGLQJ RI KLJK�
VWUHQJWK DQG FROG�UHVLVWDQW VWHHOV DQG WHFKQRORJ\ RI LWV
PDQXIDFWXUH GHYHORSHG E\ 7V1,,.0 �3URPHWHM�� ,Q� $UF

ZHOGLQJ� &RQVXPDEOHV DQG TXDOLW\ DW WKH WKUHVKROG RI WKH

��VW FHQWXU\� 3URF� RI �QG ,QW� &RQI� RQ :HOGLQJ &RQVX�
PDEOHV RI &,6 &RXQWULHV� 2U\RO� -XQH �w�� �����

��� /DNRPVN\� 9�,� ������ 3ODVPD�DUF UHPHOWLQJ� (G� E\ %�(�
3DWRQ� .\LY� 7HNKQLND�
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

6WUXFWXUH� KDUGQHVV DQG ZHDU UHVLVWDQFH RI WZR JURXSV RI LURQ�EDVH KLJK�FDUERQ KLJK�YDQDGLXP DOOR\V ZLWK D GLIIHUHQW

FKURPLXP FRQWHQW ��w� DQG ��w�� �� DUH FRQVLGHUHG� $PRQJ WKH KLJK�FDUERQ KLJK�YDQDGLXP DOOR\V� WKH PDWHULDOV ZLWK

D PDUWHQVLWLF VWUXFWXUH DQG D VPDOO DPRXQW RI UHWDLQHG DXVWHQLWH� DV ZHOO DV ZLWK GLVSHUVHG� XQLIRUPO\ GLVWULEXWHG

YDQDGLXP FDUELGHV DQG FDUELGHV RI WKH 0H
��
&

�
W\SH� ZHUH IRXQG WR KDYH WKH KLJKHVW ZHDU UHVLVWDQFH XQGHU WKH DEUDVLYH

ZHDU FRQGLWLRQV�

.H\ ZRU G V � KLJK�FDUERQ KLJK�YDQDGLXP DOOR\V� FODGGLQJ
SRZGHUV� SODVPD�SRZGHU FODGGLQJ� ZHDU UHVLVWDQFH

'LIIHUHQW LQGXVWULHV H[SHULHQFH WKH QHHG WR FXW QRQ�

PHWDOOLF PDWHULDOV� VXFK DV ZRRO� SDSHU� FDUGERDUG�

OHDWKHU DQG RWKHU PDWHULDOV RI D YHJHWDEOH RU DQLPDO
RULJLQ� 3HUIRUPDQFH RI WRROV IRU FXWWLQJ QRQ�PHWDOOLF

PDWHULDOV GHSHQGV SULPDULO\ XSRQ WKH UHVLVWDQFH RI

WKHLU FXWWLQJ HGJHV WR VSDOOLQJ DQG DEUDVLYH ZHDU�

7KHUH DUH FDVHV� IRU H[DPSOH� NQLYHV IRU LQGXVWULDO

PHDW JULQGHUV� ZKHUH FRUURVLRQ UHVLVWDQFH RI D PDWHULDO

SOD\V DQ LPSRUWDQW UROH� 6SDOOLQJ RI WKH FXWWLQJ HGJHV

FDQ EH DYRLGHG LI PHWDO D NQLIH LV PDGH IURP KDV D

ILQH�JUDLQHG VWUXFWXUH ZLWK D GLVSHUVHG� XQLIRUPO\ GLV�
WULEXWHG UHLQIRUFLQJ FDUELGH SKDVH� $W WKH VDPH WLPH�

WKH IUDFWLRQ RI WKH FDUELGH SKDVH LQ PHWDO VWUXFWXUH

VKRXOG EH DV KLJK DV SRVVLEOH� DV WKLV GHWHUPLQHV WKH

DEUDVLYH ZHDU UHVLVWDQFH RI WRRO VWHHOV DQG DOOR\V� &RU�

URVLRQ UHVLVWDQFH RI NQLYHV FDQ EH SURYLGHG DW D KLJK

KDUGQHVV PDLQWDLQHG E\ DOOR\LQJ WKH PDWHULDO ZLWK
FKURPLXP �PRUH WKDQ �� �� >�@�

&ODGGLQJ LV ZLGHO\ DSSOLHG DW SUHVHQW WR VDYH H[�

SHQVLYH WRRO VWHHOV LQ WKH PDQXIDFWXUH RI GLIIHUHQW

W\SHV RI WRROV� LQFOXGLQJ NQLYHV IRU FROG DQG KRW FXW�

WLQJ RI GLIIHUHQW PDWHULDOV >�@� ,Q JHQHUDO� WKH WRRO

ERGLHV DUH PDGH IURP UHODWLYHO\ LQH[SHQVLYH VWUXFWXUDO
VWHHOV� ZKLOH WKHLU ZRUNLQJ HGJHV RU ZRUNLQJ VXUIDFHV

DUH PDGH IURP WRRO VWHHOV�

%DVLF DOOR\LQJ HOHPHQWV IRU WRRO VWHHOV DQG DOOR\V
DUH WXQJVWHQ� PRO\EGHQXP DQG FKURPLXP�ZKLFK IRUP

FRPSDUDWLYHO\ FRDUVH �XS WR �� µP� FDUELGHV GXULQJ

FODGGLQJ� ,W LV WKLV IDFWRU WKDW OHDGV WR VSDOOLQJ RI WKH

ZRUNLQJ HGJHV RI NQLYHV� ,Q FRQWUDVW WR WKH DERYH

HOHPHQWV� YDQDGLXP� IRUPLQJ YHU\ ILQH DQG� DW WKH

VDPH WLPH� KDUG DQG ZHDU�UHVLVWDQW FDUELGHV� LV D

KLJKO\ SURPLVLQJ DOOR\LQJ HOHPHQW IRU WRRO VWHHOV DQG
DOOR\V LQWHQGHG IRU FODGGLQJ RI WRROV IRU FROG FXWWLQJ

RI QRQ�PHWDOOLF PDWHULDOV >�w�@�

,Q HOHFWURGH DQG ILOOHU PDWHULDOV GHVLJQHG IRU DUF

VXUIDFLQJ� WKH XVH RI YDQDGLXP DV DQ DOOR\LQJ HOHPHQW

LV KLQGHUHG E\ LWV DELOLW\ WR IRUP VSLQHOV� WKH ODWWHU

PDNLQJ WKH VODJ FUXVW KDUG�WR�GHWDFK� )RU WKLV UHDVRQ�

WKH PDVV IUDFWLRQ RI YDQDGLXP LQ IOX[�FRUHG ZLUHV IRU

DUF VXUIDFLQJ RI WRRO VWHHOV LV OLPLWHG WR ��� � >�@�

3ODVPD�SRZGHU FODGGLQJ LQ D VKLHOGLQJ DWPRVSKHUH RI

LQHUW JDVHV RSHQV XS ZLGHU SRVVLELOLWLHV LQ WHUPV RI

DOOR\LQJ WKH GHSRVLWHG PHWDO ZLWK YDQDGLXP�

)H�EDVH DOOR\V LQ WKH IRUP RI SRZGHUV ZLWK D GHVLJQ
YDQDGLXP FRQWHQW RI XS WR �� DQG FDUERQ FRQWHQW RI

XS WR ��� ZW�� ZHUH VWXGLHG LQ RUGHU WR GHYHORS D

QHZ FODVV RI FODGGLQJ FRQVXPDEOHV IRU WUHDWPHQW RI

NQLYHV IRU FROG FXWWLQJ RI QRQ�PHWDOOLF PDWHULDOV�
3RZGHUV IRU FODGGLQJ ZHUH DWRPLVHG LQ QLWURJHQ�

,Q WKH ILUVW JURXS RI SRZGHUV RI DOOR\V 1R��w�
�7DEOH� LQWHQGHG IRU FODGGLQJ RI WRROV IRU FXWWLQJ
QRQ�PHWDOOLF PDWHULDOV KDYLQJ QR FRUURVLRQ�UHVLVWDQW

SURSHUWLHV� WKH GHVLJQ FRQWHQW RI FKURPLXP ZDV ���w

��� �� ,Q DGGLWLRQ� LQ WKLV JURXS RI WKH DOOR\V WKH
YDQDGLXP FRQWHQW ZDV YDULHG DSSUR[LPDWHO\ IURP ��

WR ��� DQG WKH FDUERQ FRQWHQW ZDV YDULHG IURP ��� WR

��� �� ,Q WKH VHFRQG JURXS RI SRZGHUV �1R��w�� WR
EH XVHG IRU FODGGLQJ RI NQLYHV ZLWK LQFUHDVHG FRUUR�

� (�)� 3(5(3/<27&+,.29� ,�$� 5<$%76(9 DQG *�0� *25'$1� ����

&KHPLFDO FRPSRVLWLRQ� KDUGQHVV DQG ZHDU RI WKH VWXGLHG )H�EDVH KLJK�FDUERQ KLJK�YDQDGLXP DOOR\V

$OOR\ 1R�
&RQWHQW RI HOHPHQWV� ZW��

+DUGQHVV� +5& :HDU� PJ
& 0Q 6L &U 9 0R 1L

� ���� ���� ���� ���� ����� ���� w ��w�� �����

� ���� ���� ���� ���� ����� ���� w ��w�� ����

� ���� ���� ���� ���� ����� ���� w ��w�� ����

� ���� ���� ���� ����� ����� ���� w ��w�� ����

� ���� ���� ���� ����� ����� ���� ���� ��w�� ����

�



���� ���� ���� ����� ����� ���� ���� ��w�� ����




,Q DOOR\ 1R�� WKH QLRELXP FRQWHQW LV ���� ��
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VLRQ�UHVLVWDQW SURSHUWLHV� WKH YDQDGLXP FRQWHQW ZDV

��w�� ZW��� DQG WKH FKURPLXP DQG FDUERQ FRQWHQW

LQ HDFK RI WKHVH DOOR\V ZDV NHSW DW WKH VDPH OHYHO

�≈ ���� DQG ��� ZW����

)RU WRRO VWHHOV LW LV YHU\ LPSRUWDQW WR VHOHFW WKH

RSWLPDO SURSRUWLRQ RI FDUERQ DQG FDUELGH�IRUPLQJ HOH�

PHQWV� 'HSHQGLQJ XSRQ WKH VWRLFKLRPHWULF FRPSRVL�

WLRQ RI FDUELGHV� WKH IROORZLQJ PDVV IUDFWLRQ RI FDUERQ

LV UHTXLUHG SHU HDFK SHUFHQW RI YDQDGLXP FRQWDLQHG

LQ VWHHO� 9�&� x ������ 9�&� x ����� DQG 9& x

����� �� 7R HQVXUH WKH EHVW FRPELQDWLRQ RI SURSHUWLHV

RI DQ DOOR\� LW LV GHVLUDEOH WKDW WKH YDQDGLXP WR FDUERQ

UDWLR LQ LW EH ZLWKLQ D UDQJH RI ��� WR ��� >�@� $W WKH

SUHVHQFH RI RWKHU FDUELGH�IRUPLQJ HOHPHQWV LQ VWHHO�

WKH PDVV IUDFWLRQ RI FDUERQ VKRXOG EH VXFK WKDW LW LV

HQRXJK WR IRUP WKH FRUUHVSRQGLQJ FDUELGHV DQG KDUGHQ

WKH PDWUL[�

&KURPLXP DQG PRO\EGHQXP GR QRW RQO\ SDUWLFL�

SDWH LQ IRUPDWLRQ RI FDUELGHV� $OVR� WKH\ PDNH DOOR\V

VXVFHSWLEOH WR TXHQFKLQJ DQG SURYLGH WKH PDUWHQVLWLF

EDVH� 6LOLFRQ DQG PDQJDQHVH DUH DGGHG WR DOOR\V DV

GHR[LGLVHUV�

$OOR\V 1R�� DQG � ZHUH DGGLWLRQDOO\ GRSHG ZLWK

QLFNHO� ,W ZDV H[SHFWHG WKDW WKLV VKRXOG OHDG WR IRU�

PDWLRQ RI DQ H[WUD DPRXQW RI UHWDLQHG DXVWHQLWH LQ

VWUXFWXUH RI WKH DOOR\V DQG LQFUHDVH WKHLU FRUURVLRQ�

UHVLVWDQW SURSHUWLHV� $OOR\ 1R�� ZDV DOVR GRSHG ZLWK

QLRELXP� ZKLFK HQDEOHG HVWLPDWLRQ RI SURSHUWLHV RI

WKLV DOOR\ LQ WKH SUHVHQFH RI DQRWKHU VWURQJ FDUELGH�

IRUPLQJ HOHPHQW�

*LYHQ WKDW WKH IXWXUH SODQV DUH WR XVH H[SHULPHQWDO

DOOR\V IRU WKH PDQXIDFWXUH RI GLIIHUHQW�DSSOLFDWLRQ EL�

PHWDO NQLYHV� H[SHULPHQWV ZHUH FRQGXFWHG WR VWXG\

KDUGQHVV� ZHDU UHVLVWDQFH DQG VWUXFWXUH RI WKH GHSRVL�

WHG PHWDO ZLWK FKHPLFDO FRPSRVLWLRQ FRUUHVSRQGLQJ

WR WKDW RI WKH H[SHULPHQWDO DOOR\V�

7KH H[SHULPHQWV EHJDQ ZLWK VWXGLHV RI ZHOGLQJ�

WHFKQRORJLFDO SURSHUWLHV RI KLJK�FDUERQ KLJK�YDQD�

GLXP DOOR\V� &ODGGLQJ ZDV SHUIRUPHG E\ WKH SODVPD�

SRZGHU PHWKRG� DQG VWHHO 6W�� ZDV XVHG DV WKH EDVH

PHWDO� *URRYH IRU FODGGLQJ ZDV PDGH LQ WKH SODWHV�

WKH VL]H RI WKH JURRYH FRUUHVSRQGLQJ WR WKDW LQ DQ

DFWXDO WRRO IRU FXWWLQJ QRQ�PHWDOOLF PDWHULDOV� 7KH

PRVW LPSRUWDQW SDUDPHWHUV RI SODVPD�SRZGHU FODG�

GLQJ DUH DUF FXUUHQW ,D� FODGGLQJ VSHHG YF DQG SRZGHU
IHHG VSHHG >�� �@� 7KH IROORZLQJ FODGGLQJ FRQGLWLRQV

ZHUH XVHG LQ WKH H[SHULPHQWV� ,D  ���w��� $ DQG

YF  ���w��� P�K�

$V WKH FODGGLQJ VSHHG ZDV LQFUHDVHG� WKH SRZGHU

IHHG VSHHG ZDV LQFUHDVHG DFFRUGLQJO\ �WR NHHS D FURVV

VHFWLRQ RI WKH GHSRVLWHG EHDG FRQVWDQW�� DQG WKH IUH�

TXHQF\ RI SHULRGLF RVFLOODWLRQV RI WKH SODVPDWURQ ZDV

UDLVHG VR WKDW WKH FODGGLQJ SLWFK UHPDLQHG HTXDO WR

DSSUR[LPDWHO\ ��� PP� 7KH DPSOLWXGH RI RVFLOODWLRQV

RI WKH SODVPDWURQ ZDV VHW �w� PP ODUJHU WKDQ WKH

JURRYH ZLGWK� 7KH IORZ UDWHV RI SODVPD� WUDQVSRUWD�

WLRQ DQG VKLHOGLQJ JDVHV LQ DOO WKH H[SHULPHQWV ZHUH

NHSW FRQVWDQW� 7R FRPSDUH� GHSRVLWLRQ RI &Rw&Uw:

DOOR\V� L�H� VWHOOLWHV� ZLGHO\ DSSOLHG IRU FODGGLQJ RI

FXWWLQJ WRROV� ZDV FRQGXFWHG VLPXOWDQHRXVO\ ZLWK

GHSRVLWLRQ RI WKH H[SHULPHQWDO KLJK�FDUERQ KLJK�YD�

QDGLXP DOOR\V�

7KH PDLQ SXUSRVH RI WKH WHFKQRORJLFDO H[SHULPHQWV

ZDV WR GHWHUPLQH WKH RSWLPDO UDQJH RI YDOXHV RI WKH

DUF FXUUHQW DW GLIIHUHQW GHSRVLWLRQ HIILFLHQFLHV� ,Q WKLV

FDVH WKH ORZHU OLPLWV RI WKH ,D YDOXHV ZHUH HVWLPDWHG

IURP D FRQGLWLRQ RI SURGXFLQJ WKH JXDUDQWHHG GHIHFW�

IUHH IXVLRQ RI GHSRVLWHG EHDGV ZLWK WKH EDVH PHWDO DW

D SUHVHW FODGGLQJ VSHHG� ZKHUHDV WKH ORZHU OLPLWV ZHUH

HVWLPDWHG IURP D FRQGLWLRQ RI SURGXFLQJ WKH EDVH PH�

WDO FRQWHQW RI WKH GHSRVLWHG PHWDO QRW KLJKHU WKDQ

�� �� 7KH HIIHFW RI WKH DUF FXUUHQW RQ WKH EDVH PHWDO

FRQWHQW RI WKH GHSRVLWHG OD\HU ZDV VWXGLHG WR GHWHU�

PLQH LWV PD[LPXP SHUPLVVLEOH YDOXHV �VHH )LJXUH ���

7KH EDVH PHWDO FRQWHQW RI WKH GHSRVLWHGPHWDO YDULHG

IURP � WR �� � ZLWKLQ WKH LQYHVWLJDWHG UDQJH RI WKH

SURFHVV FRQGLWLRQV� ,QD UDQJHRI ORZYDOXHV RI WKH FXUUHQW

LWV LQFUHDVH RI �� $ OHG WR DQ LQFUHDVH RI �w� � LQ WKH

EDVH PHWDO FRQWHQW RI WKH GHSRVLWHG PHWDO�

2SWLPDO YDOXHV RI WKH DUF FXUUHQW DW GLIIHUHQW FODG�

GLQJ VSHHGV DUH JLYHQ LQ )LJXUH �� %HDGV GHSRVLWHG

XQGHU WKH UHFRPPHQGHG FRQGLWLRQV DUH FKDUDFWHULVHG

E\ JRRG IRUPDWLRQ DQG FRQVWDQW ZLGWK DQG KHLJKW�

'HVSLWH WKH IDFW WKDW FODGGLQJ RI WKH KLJK�FDUERQ

KLJK�YDQDGLXP DOOR\V ZDV FRQGXFWHGZLWKRXW SUHKHDW�

LQJ� QR FDVH RI FUDFNLQJ DQG SRURVLW\ ZDV QRWHG LQ

WKH GHSRVLWHG PHWDO�

&RPSDUHG ZLWK VWHOOLWHV� WKH KLJK�FDUERQ KLJK�YD�

QDGLXP DOOR\V DUH PRUH FRVW�HIIHFWLYH DQG PRUH SUDF�

WLFDEOH� DV WKH\ FDQ EH GHSRVLWHG DW ORZHU YDOXHV RI

WKH DUF FXUUHQW �VHH )LJXUHV � DQG ���

7KH PHWKRG ZLWK D IL[HG DEUDVLYH ZDV FKRVHQ WR

HVWLPDWH ZHDU UHVLVWDQFH RI WKH KLJK�FDUERQ KLJK�YD�

QDGLXP DOOR\V� 7KH WHVW FRQGLWLRQV ZHUH DV IROORZV�

DEUDVLYHx FRUXQGXP FORWK ZLWK D JULW VL]H RI ��� µP�
IULFWLRQ DUHD � FP

�
� ORDG �� 1 DQG WHVW WLPH �� V� :HDU

UHVLVWDQFH ZDV HVWLPDWHG RQ WKH EDVLV RI ORVV LQ ZHLJKW

RI WKH WHVW VSHFLPHQV�

7KH 7DEOH JLYHV UHVXOWV RI ZHDU UHVLVWDQFH WHVWV RI

DOOR\V 1R��w� GHSRVLWHG XQGHU WKH RSWLPDO FRQGLWLRQV�

7R FRPSDUH� LW VKRXOG EH QRWHG WKDW WKH ZLGHO\ NQRZQ

)LJXUH �� (IIHFW RI DUF FXUUHQW ,
D
RQ WKH EDVH PHWDO FRQWHQW� γ

�
� RI

D OD\HU GHSRVLWHG ZLWK GLIIHUHQW DOOR\V DW Y
F
 ��� P�K� � x

KLJK�YDQDGLXP DOOR\� � x VWHOOLWH

)LJXUH �� 9DULDWLRQ LQ DUF FXUUHQW ,
D
GHSHQGLQJ XSRQ WKH FODGGLQJ

VSHHG Y
F
��� � x VHH )LJXUH ��
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WRRO VWHHO 5�0�)� WHVWHG XQGHU WKH VDPH FRQGLWLRQV

KDG D ZHLJKW ORVV RI ���� PJ� DQG D KDUG DOOR\ RI WKH

9.� W\SH KDG D ZHLJKW ORVV RI ��� PJ� $V VHHQ IURP

WKH GDWD JLYHQ� WKH KLJK�FDUERQ KLJK�YDQDGLXP DOOR\V

WDNH DQ LQWHUPHGLDWH SRVLWLRQ LQ ZHDU UHVLVWDQFH EH�

WZHHQ WRRO VWHHOV DQG KDUG DOOR\V� EXW WKH\ DUH PXFK

OHVV H[SHQVLYH WKDQ WKH ODWWHU�

2I DOO WKH KLJK�FDUERQ KLJK�YDQDGLXP DOOR\V

WHVWHG� DOOR\ 1R�� ZLWK D GHFUHDVHG FDUERQ DQG YDQD�

GLXP FRQWHQWV� FRPSDUHG ZLWK RWKHU PDWHULDOV� KDG

WKH ZRUVW ZHDU UHVLVWDQFH� ,W LV OLNHO\ WKDW WKH PDVV

IUDFWLRQ RI YDQDGLXP VKRXOG EH QRW OHVV WKDQ �� �

DQG WKDW RI FDUERQ x QRW OHVV WKDQ � � WR HQVXUH D

KLJK ZHDU UHVLVWDQFH RI PDWHULDOV� $OOR\V 1R�� DQG �

ZLWK D PDVV IUDFWLRQ RI FKURPLXP HTXDO WR ���w��� �

KDG WKH EHVW ZHDU UHVLVWDQFH� 2I DOOR\V ZLWK DQ LQ�

FUHDVHG FKURPLXP FRQWHQW� WKH EHVW ZHDU UHVLVWDQFH

ZDV H[KLELWHG E\ DOOR\V 1R�� DQG � �VHH WKH 7DEOH��

0LFURVWUXFWXUH RI WKH KLJK�FDUERQ KLJK�YDQDGLXP

DOOR\V ZDV VWXGLHG� 6DPSOHV IRU PHWDOORJUDSK\ ZHUH

FXW IURP WKH 6W�� SODWHV �� PP WKLFN GHSRVLWHG ZLWK

SRZGHUV RI H[SHULPHQWDO DOOR\V 1R��w� XQGHU WKH IRO�

ORZLQJ FRQGLWLRQV� ,D  ���w��� $� YF  ��� P�K�

DQG DLU FRROLQJ DIWHU FODGGLQJ� $FFRUGLQJ WR WKH PH�

WDOORJUDSK\ GDWD� VWUXFWXUH RI WKH KLJK�FDUERQ KLJK�

YDQDGLXP DOOR\V FRQVLVWHG RI FDUELGHV� PDUWHQVLWH DQG

UHWDLQHG DXVWHQLWH� 7KH DPRXQW RI UHWDLQHG DXVWHQLWH

LQ WKH DOOR\V VWXGLHG PD\ YDU\� ZKLFK DIIHFWV WKHLU

KDUGQHVV DQG ZHDU UHVLVWDQFH� )LJXUH � VKRZV D FKD�

UDFWHULVWLF PLFURVWUXFWXUH RI KLJK�FDUERQ KLJK�YDQD�

GLXP DOOR\V 1R�� DQG ��

)RUPDWLRQ RI VWUXFWXUH GXULQJ VROLGLILFDWLRQ RI WKH

KLJK�FDUERQ KLJK�YDQDGLXP DOOR\V FDQ EH GHVFULEHG

DV IROORZV� 9DQDGLXP FDUELGHV DUH WKH ILUVW WR SUHFLSL�

WDWH IURP WKH PHOW DQG DUH WKH QXFOHL ZLWK DQ DXVWHQLWH

GHSOHWHG LQ DOOR\LQJ HOHPHQWV EHLQJ VROLGLILHV DURXQG�

7KH SUHFLSLWDWLRQ SURFHVV LV DFFRPSDQLHG E\ WUDQVIRU�

PDWLRQ RI DXVWHQLWH LQWR PDUWHQVLWH� ([WHUQDO UHJLRQV

RI JUDLQV FRQVLVW RI D KLJK�DOOR\ DXVWHQLWH ZKLFK UH�

WDLQV GXULQJ FRROLQJ WR URRP WHPSHUDWXUH�

6WUXFWXUH RI DOO WKH DOOR\V VWXGLHG LV FKDUDFWHULVHG

E\ D VXIILFLHQWO\ XQLIRUP GLVWULEXWLRQ RI HDFK RI WKH

VWUXFWXUDO FRPSRQHQWV DFURVV WKH VHFWLRQ RI WKH GH�

SRVLWHG EHDG� :LGWK RI WKH WUDQVLWLRQ ]RQH EHWZHHQ

WKH GHSRVLWHG DQG EDVH PHWDOV LV ����w���� PP�

$V D UXOH� KLJK ZHDU UHVLVWDQFH XQGHU DEUDVLYH ZHDU

FRQGLWLRQV LV FKDUDFWHULVWLF RI PXOWL�FRPSRQHQW FDU�

ELGH�UHLQIRUFHG DOOR\V KDYLQJ KLJK KDUGQHVV� ,Q WKLV

FDVH WKH PDWUL[ RI VXFK DOOR\V VKRXOG DOVR EH FDSDEOH

RI UHWDLQLQJ VWURQJ DQG KDUG FDUELGHV GXULQJ ZHDU� LQ

DGGLWLRQ WR KDYLQJ D KLJK KDUGQHVV�

,W LV VXJJHVWHG LQ >�@ WKDW FDUELGHV FDQ EH VWURQJO\

UHWDLQHG E\ WKH PDWUL[ LI D ERQG RI WKH FU\VWDOOLQH

ODWWLFHV DW WKH FDUELGHwPDWUL[ LQWHUIDFH LV IRUPHG GXU�

LQJ VROLGLILFDWLRQ�

;�UD\ GLIIUDFWLRQ DQDO\VLV RI VSHFLPHQV RI WKH GH�

SRVLWHG PHWDO RI WKH W\SH RI WKH KLJK�FDUERQ KLJK�YD�

QDGLXP DOOR\V ZDV FRQGXFWHG XVLQJ WKH '521�� LQ�

VWUXPHQW WR GHWHUPLQH WKH FU\VWDOOLQH ODWWLFH SDUDPH�

WHUV� /LQHV ����� LQ α�LURQ DQG ����� LQ γ�LURQ ZHUH

VHOHFWHG WR PHDVXUH WKH DERYH SDUDPHWHUV� 'HVLJQ HU�

URU RI HVWLPDWLRQ RI WKH ODWWLFH SDUDPHWHUV ZDV

± ������ IRU α�LURQ DQG ± ������ IRU γ�LURQ ZLWKLQ WKH
VHOHFWHG UDQJHV RI WKH UHIOHFWLRQ DQJOHV� 6L]H RI WKH

ODWWLFH RI α�LURQ LQ WKH DOOR\V VWXGLHG ZDV �������w

������� ± ������ DQG WKDW RI γ�LURQ ZDV �������w

������� ± ������ QP� 6L]H RI WKH FU\VWDOOLQH ODWWLFH

RI YDQDGLXP FDUELGH 9&� DFFRUGLQJ WR WKH GDWD RI >�@�

ZDV ������w������ QP�

7KH GDWD RI ;�UD\ GLIIUDFWLRQ DQDO\VLV DUH LQGLFDWLYH

RI PDWFKLQJ RI WKH FU\VWDOOLQH ODWWLFHV RI YDQDGLXP FDU�

ELGH DQGDXVWHQLWH� DQGYDQDGLXPFDUELGHDQGPDUWHQVLWH

VHHQ DORQJ VRPH FU\VWDOORJUDSKLF RULHQWDWLRQV�

�����9& _ _ ����� γ�)H ����!9& _ _ ����! γ�)H
�����9& _ _ ����� α�)H ����!9& _ _ ����! α�)H�

&DOFXODWLRQV PDGH RQ WKH EDVLV RI WKHVH GDWD

VKRZHG WKDW GLIIHUHQFH LQ WKH FU\VWDOOLQH ODWWLFH SD�

UDPHWHUV DORQJ WKH DERYH RULHQWDWLRQV ZDV QR PRUH

WKDQ � � IRU YDQDGLXP FDUELGH DQG DXVWHQLWH DQG � �

IRU YDQDGLXP FDUELGH DQG PDUWHQVLWH�

,Q WKLV FDVH D VWURQJ ERQG RI WKH FU\VWDOOLQH ODWWLFHV�

L�H� FRKHVLRQ� FDQ EH IRUPHG DW WKH DXVWHQLWHwFDUELGH

DQG PDUWHQVLWHwFDUELGH LQWHUIDFHV >��@� 5HDO YDQD�

GLXP FDUELGH SDUWLFOHV DUH QRW VLQJOH FU\VWDOV� 7KHUH�

IRUH� D VWURQJ ERQG LV IRUPHG RQO\ LQ LQGLYLGXDO UHJLRQV

RI WKHLU VXUIDFHV� ZKHUH WKHUH LV D IDYRXUDEOH RULHQWD�

WLRQ RI YDQDGLXP FDUELGH DQG DXVWHQLWH JUDLQV� DV ZHOO

DV RI YDQDGLXP FDUELGH DQG PDUWHQVLWH JUDLQV�

$FFRUGLQJ WR WKH GDWD RI ;�UD\ PLFURDQDO\VLV �)L�

JXUH �� YDQDGLXP IRUPV FDUELGH 9& LQ WKH GHSRVLWHG

PHWDO� ZKHUHDV WKH YDQDGLXP FRQWHQW RI RWKHU VWUXF�

WXUDO FRPSRQHQWV LV QHJOLJLEOH� 6L]H RI YDQDGLXP FDU�

ELGHV YDULHV IURP � WR �� µP� &KURPLXP LV SDUW RI

WKH PDWUL[ DQG FRPSOH[ FDUELGHV RI WKH W\SH RI0H��&�

DQG0H�&� �)LJXUH �� F� I� L�� &RDUVH�DFLFXODU FDUELGHV
RI WKH W\SH RI 0H�&� DUH IRUPHG RQO\ LQ DOOR\V ZKLFK

FRQWDLQ D UHGXQGDQW DPRXQW RI FDUERQ �)LJXUH �� JwL��
6WUXFWXUDO FRPSRQHQWV RI WKH LQYHVWLJDWHG DOOR\V

KDYH WKH IROORZLQJ PLFURKDUGQHVV +9����� FDUELGHV RI

WKH W\SH RI 9& x ����w����� FDUELGHV RI WKH W\SH

RI 0H��&� x ���w����� PDUWHQVLWH x ���w��� DQG

DXVWHQLWH x ���w����

2I WKH ILUVW JURXS RI WKH DOOR\V �1R��w��� WKH PRVW

SURPLVLQJ DOOR\ LV DOOR\ 1R��� ,W LV VRPHZKDW LQIHULRU

LQ ZHDU UHVLVWDQFH WR DOOR\ 1R��� %XW FRPSDUHG ZLWK

WKH ODWWHU� LW LV PRUH SUDFWLFDEOH LQ PDQXIDFWXUH DQG

FODGGLQJ�

2I WKH VHFRQG JURXS RI WKH DOOR\V �1R��w��� DOOR\V

1R�� DQG � KDYH KLJK ZHDU UHVLVWDQFH� ,QYHVWLJDWLRQV

RI PLFURVWUXFWXUH DQG ;�UD\ PLFURDQDO\VLV VKRZHG

)LJXUH ��0LFURVWUXFWXUH RI KLJK�FDUERQ KLJK�YDQDGLXP DOOR\V 1R��
�D� DQG � �E� �×����
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WKDW YDQDGLXP FDUELGHV RI WKH 9& W\SH DQG FKURPLXP

FDUELGHV RI WKH 0H��&� W\SH ZHUH XQLIRUPO\ GLVWULE�

XWHG LQ VWUXFWXUH RI DOOR\ 1R��� DQG WKHLU VL]H ZDV QR

PRUH WKDQ �� µP �)LJXUH �� GwI�� ,Q DOOR\ 1R�� FRQ�
WDLQLQJ PRUH FDUERQ� FRDUVH FKURPLXP FDUELGHV RI WKH

0H�&� W\SH �)LJXUH �� JwL� DUH IRUPHG� LQ DGGLWLRQ

WR ILQH YDQDGLXP DQG QLRELXP FDUELGHV RI WKH 0H&

W\SH� ZKLFK FDQ OHDG WR VSDOOLQJ RI WKH ZRUNLQJ HGJHV

RI WKH NQLYHV� 7KLV IDFWRU PDNHV WKLV DOOR\ PRUH SUH�

IHUDEOH IRU FODGGLQJ RI WKH NQLYHV ZLWK FRUURVLRQ�UH�

VLVWDQW SURSHUWLHV�

&21&/86,216

�� 2SWLPDO UDQJHV RI DOOR\LQJ RI SRZGHUV RI DOOR\V RI

WKH )Hw&w9w&Uw0R V\VWHP ZHUH GHWHUPLQHG IRU

SODVPD�SRZGHU FODGGLQJ RI NQLYHV LQWHQGHG IRU FXW�

WLQJ QRQ�PHWDOOLF PDWHULDOV� ,W LV VKRZQ WKDW IRU FODG�

GLQJ RI WRROV IRU FXWWLQJ QRQ�PHWDOOLF PDWHULDOV KDYLQJ

QR FRUURVLRQ�UHVLVWDQW SURSHUWLHV� WKH PRVW SURPLVLQJ

SRZGHU LV WKDW ZKLFK KDV WKH IROORZLQJ FRPSRVLWLRQ�

ZW��� ���&� ����9� ���&U� ���0R� ,Q FODGGLQJ RI

NQLYHV ZLWK FRUURVLRQ�UHVLVWDQW SURSHUWLHV� WKH PDVV

IUDFWLRQ RI FKURPLXP VKRXOG EH LQFUHDVHG WR ���� ��

�� ,W ZDV IRXQG WKDW� GHSHQGLQJ XSRQ WKH FKHPLFDO

FRPSRVLWLRQ RI WKH KLJK�FDUERQ KLJK�YDQDGLXP DOOR\V�

WKHLU VWUXFWXUH PD\ LQFOXGH PDUWHQVLWH DQG DXVWHQLWH

LQ GLIIHUHQW SURSRUWLRQV� DV ZHOO DV D VXEVWDQWLDO

DPRXQW RI FDUELGHV RI WKH PDLQ DOOR\LQJ HOHPHQWV� L�H�

YDQDGLXP DQG FKURPLXP� 7KH KLJKHVW ZHDU UHVLVWDQFH

XQGHU WKH DEUDVLYH ZHDU FRQGLWLRQV LV SURYLGHG E\ WKH

PDUWHQVLWLF VWUXFWXUH ZLWK D VPDOO DPRXQW RI UHWDLQHG

DXVWHQLWH DQG GLVSHUVHG� XQLIRUPO\ GLVWULEXWHG YDQD�

GLXP FDUELGHV� DV ZHOO DV FKURPLXP FDUELGHV RI WKH

0H��&� W\SH�

)LJXUH �� 'LVWULEXWLRQ RI DOOR\LQJ HOHPHQWV LQ KLJK�FDUERQ KLJK�YDQDGLXP GHSRVLWHG PHWDO DV H[DPLQHG E\ HOHFWURQ VFDQQLQJ PLFURVFRS\�
D� G� Jx LQ EDFN�VFDWWHUHG HOHFWURQV� E� H� Kx VFDQQLQJ SDWWHUQV RI GLVWULEXWLRQ RI FKURPLXP� F� I� Lx VFDQQLQJ SDWWHUQV RI GLVWULEXWLRQ
RI YDQDGLXP� DwF x DOOR\ 1R��� GwI x DOOR\ 1R��� JwL x DOOR\ 1R��

�� *HOOHU� <X�$� ������ 7RRO VWHHOV� 0RVFRZ� 0HWDOOXUJL\D�
�� 5\DEWVHY� ,�$�� .RQGUDWLHY� ,�$� ������ 0HFKDQLVHG HOHF�

WULF DUF VXUIDFLQJ RI PHWDOOXUJLFDO HTXLSPHQW SDUWV� .\LY�
(NRWHNKQRORJL\D�

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

�� (ILPRY� <X�9�� %DURQ� 9�9�� 6DYLWVN\� (�0� ������ 9DQD�
GLXP DQG LWV DOOR\V� 0RVFRZ� 1DXND�

�� /LYVKLWV� /�6�� *ULQEHUJ� 1�$�� .XUNXPHOOL� (�*� ������ 3ULQFL�
SOHV RI GHSRVLWHG PHWDO DOOR\LQJ� 0RVFRZ� 0DVKLQRVWURHQLH�

�� 0HVNLQ� 9�6� ������ 3ULQFLSOHV RI VWHHO DOOR\LQJ� 0RVFRZ�
0HWDOOXUJL\D�

�� 3HUHSO\RWFKLNRY� (�)�� *ODGN\� 3�9� ������ ,QIOXHQFH RI
SODVPD VXUIDFLQJ SDUDPHWHUV RQ EDVH PHWDO SHQHWUDWLRQ� ,Q�
+LJK�HIILFLHQW VXUIDFLQJ SURFHVVHV DQG GHSRVLWHG PDWHULDOV�
.RPPXQDUVN� .0.�

�� *ODGN\� 3�9�� 3HUHSO\RWFKLNRY� (�)�� )UXPLQ� ,�,� ������
3ODVPD VXUIDFLQJ RI FKURPH�QLFNHO DOOR\V ZLWK DGGLWLRQV RI
VLOLFRQ DQG ERURQ� $YWRPDWLFK� 6YDUND� �� ��w���

�� 5\DEWVHY� ,�$�� .RQGUDWLHY� ,�$�� 9DVLOLHY� 9�*� HW DO�
������ :HDU UHVLVWDQFH RI GHSRVLWHG PHWDO RI )Hw&w&Uw7Lw
0R DOOR\LQJ V\VWHP� 7KH 3DWRQ :HOGLQJ -�� �� ��w���

��� 3DODWQLN� /�6�� 3DSLURY� ,�,� ������ 'LUHFWLRQDO VROLGLILFD�
WLRQ� 0RVFRZ� 0HWDOOXUJL\D�
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

7KH SDSHU GHDOV ZLWK WKH UHJXODULWLHV RI YDULDWLRQ RI WKH VWUHQJWK DQG WRXJKQHVV RI ZHOGHG MRLQWV LQ $Ow/L DOOR\V�

GHSHQGLQJ RQ WKH FRPSRVLWLRQ RI WKH EDVH DQG ILOOHU PDWHULDOV� KHDW LQSXW LQ ZHOGLQJ� VWUXFWXUH DQG RSHUDWLQJ FRQGLWLRQV�

.H\ ZRU G V � IXVLRQ ZHOGLQJ� DOXPLQXP�OLWKLXP DOOR\V�
ZHOGHG MRLQWV� VWUXFWXUH� ZHOG PHWDO� IXVLRQ ]RQH� +$=�

VWUHQJWK� IUDFWXUH WRXJKQHVV� RSHUDWLQJ FRQGLWLRQV� LQYHVWLJD�

WLRQV� FRPSDUDWLYH DQDO\VLV�

7KH ILUVW $Ow/L DOOR\V ZHUH GHYHORSHG PRUH WKDQ ��
\HDUV DJR� ([WHQVLYH UHVHDUFKZDV UHTXLUHG WR RSWLPL]H

WKH FRPSRVLWLRQ� GHWHUPLQH WKH WHPSHUDWXUH�WLPH SD�

UDPHWHUV RI WKH WHFKQRORJ\ RI PDNLQJ WKH VHPL�ILQ�

LVKHG SURGXFWV DQG WKHLU MRLQWV� 7KLV UHVXOWHG LQ LQ�

WURGXFWLRQ RI D VHULHV RI $Ow/L DOOR\V� ZKLFK DUH D

QHZ FODVV RI ZHOGDEOH KLJK�VWUHQJWK VWUXFWXUDO DOOR\V

RI WZR DOOR\LQJ V\VWHPV x $Ow0Jw/L ������ �����

����� ����� DQG $Ow&Xw/L ������ ����� ����� �����

����� ����� x ZLWK XOWLPDWH VWUHQJWK RI ���w���

DQG ���w��� 03D >�� �@�

8QLTXH FRPELQDWLRQV RI SK\VLFR�PHFKDQLFDO SURS�
HUWLHV RI $Ow/L DOOR\V �KLJK YDOXHV RI VWUHQJWK DQG

PRGXOXV RI HODVWLFLW\ DW D VPDOO VSHFLILF ZHLJKW� PDNH

WKHP YHU\ DWWUDFWLYH� FRPSDUHG WR WKH WUDGLWLRQDO

KLJK�VWUHQJWK DOXPLQLXP DOOR\V� $ FRPSDUDWLYHO\ ORZ
UDWH RI SURSDJDWLRQ RI IDWLJXH FUDFNV LQ /L�EHDULQJ

DOOR\V� DQG KLJK YDOXHV RI WKH FRHIILFLHQWV RI VWUHVV

LQWHQVLW\� ORZ�F\FOH IDWLJXH VWUHQJWK� VWUHVV FRUURVLRQ

FUDFNLQJ UHVLVWDQFH� OD\HU DQG LQWHUFU\VWDOOLQH FRUUR�

VLRQ� DOORZ FRQVLGHULQJ WKHVH DOOR\V LQ WKH FODVV RI WKH

PRVW SURPLVLQJ VWUXFWXUDOPDWHULDOV IRU GHVLJQLQJ VDP�

SOHV RI DGYDQFHG HTXLSPHQW ZLWK LPSURYHG WDFWLFDO

DQG WHFKQLFDO SDUDPHWHUV�

7KHPDLQ GLIILFXOWLHV RI SURGXFLQJ WLJKWZHOGV KDYH

DOUHDG\ EHHQ RYHUFRPH� 7KHVH GLIILFXOWLHV DUH UHODWHG

WR PDQLIHVWDWLRQ RI WKH PHWDOOXUJLFDO KHUHGLW\ RI WKH

VHPL�ILQLVKHG SURGXFWV RI $Ow/L DOOR\V XQGHU WKH LP�

SDFW RI WKH WKHUPDO F\FOH RI ZHOGLQJ� 2ULJLQDO ZHOGLQJ

WHFKQRORJLHV KDYH EHHQ GHYHORSHG� ZKLFK SURYLGH D

KLJK TXDOLW\ RI ZHOGHG MRLQWV >�w�@� 7KH VWUHQJWK RI
DUF ZHOGHG MRLQWV LV XS WR ��w�� � RI WKDW RI WKH EDVH

PHWDO� 8VH RI (%: SURYLGHV D VWUHQJWK� FORVH WR WKDW

RI WKH EDVH PHWDO� 7KH H[WHQW RI WKH +$= LQ WKLV FDVH

LV HVVHQWLDOO\ UHGXFHG� FRPSDUHG WR MRLQWV� PDGH E\

DUF ZHOGLQJ� ,PSURYHPHQW RI WKH PHWDO SURSHUWLHV LV

QRWHG QRW RQO\ LQ WKH ZHOG� EXW DOVR LQ WKH ZHDNHVW

]RQH RI WKH MRLQWV� QDPHO\ RQ WKH ERXQGDU\ RI IXVLRQ

ZLWK WKH EDVH PHWDO >�@�

'HJUHH RI EDVH PHWDO VRIWHQLQJ LQ ZHOGLQJ RI $Ow/L

DOOR\V DQG +$= H[WHQVLRQ DUH GHSHQGHQW� DORQJVLGH

WKH ZHOGLQJ SURFHVV� DOVR RQ WKH DOOR\ FRPSRVLWLRQ�

$OOR\V� FRQWDLQLQJ PDJQHVLXP DV WKH PDLQ DOOR\LQJ
FRPSRQHQW� DUH OHVV SURQH WR ORVV RI VWUHQJWK XQGHU

WKH FRQGLWLRQV RI WKHUPDO LPSDFW RI ZHOGLQJ WKDQ &X�

EHDULQJ DOOR\V� 7KLV LV UHODWHG WR WKH IDFW� WKDW PDJ�
QHVLXP DGGLWLRQ JUHDWO\ SURPRWHV DFFHOHUDWLRQ RI WKH

SURFHVVHV RI SUHFLSLWDWLRQ RI VWUHQJWKHQLQJ δ′�SKDVH
�$O�/L� DQG LQFUHDVH RI LWV GHQVLW\ LQ WKH PHWDO� FRP�

SDUHG WR DGGLWLRQ RI FRSSHU >�@�

$ GLVDGYDQWDJH RI $Ow/L DOOR\V LV DQ LQFUHDVHG
EULWWOHQHVV RI WKH PHWDO� DQG� WKHUHIRUH� VHQVLWLYLW\ WR
VWUHVV UDLVHUV� ZKLFK� FDXVLQJ WKH LQWHQVLILFDWRQ RI WKH

VWUHVVHG VWDWH� HVWDEOLVK WKH SUHUHTXLVLWHV IRU DFFHOHUD�

WHG FUDFN LQLWLDWLRQ LQ WKH PHWDO� ZKLFK LV UHODWHG WR

SURQHQHVV RI WKH $Ow/L DOOR\V WR ORFDOL]DWLRQ RI GHIRU�

PDWLRQ >�@� 5HVXOWV RI WHVWLQJ VDPSOHV RI ZHOGHG MRLQWV

ZLWK GLIIHUHQW QRWFK UDGLL �IURP ���� WR ���� PP�

DQG D IDWLJXH FUDFN DW RII�FHQWUH WHQVLRQ VKRZHG �)L�

JXUH ��� WKDW LQFUHDVLQJ WKH VKDUSQHVV RI WKH VWUHVV

UDLVHU E\ ��w�� � UHGXFHV WKH YDOXH RI WKH FULWLFDO

FRHIILFLHQW RI VWUHVV LQWHQVLW\ .
F
� ZKLFK GHWHUPLQHV

WKH FRQGLWLRQV IRU SRVVLEOH SURSDJDWLRQ RI IUDFWXUH�

5DQJH RI VFDWWHU RI LWV YDOXHV YDULHV� GHSHQGLQJ RQ

WKH VKDUSQHVV RI WKH QRWFK� VLPXODWLQJ VWUHVV FRQFHQ�

WUDWLRQ LQ LQGLYLGXDO ]RQHV RI WKH ZHOGHG MRLQW� DQG

RQ WKH VWUHVV�VWUDLQ FRQGLWLRQ RI WKH VWUXFWXUH� ZKLFK

LV UHODWHG WR WKH WHPSHUDWXUH DQG GXUDWLRQ RI WKH WKHU�

PDO LPSDFW� ,Q ZHOG PHWDO WKH VFDWWHU LV �� �� DQG LQ

WKH IXVLRQ ]RQH DQG +$= ��w�� �� ZKLFK LV D VLJQLIL�

FDQW GLVWLQFWLYH IHDWXUH RI $Ow/L DOOR\V� FRPSDUHG WR

KLJK�VWUHQJWK DOXPLQLXP DOOR\V $0J� 133 �$Ow0J�
DQG ���� �$Ow&X��

$ VLPLODU GHSHQGHQFH LV WUDFHDEOH DOVR LQ HYDOX�

DWLRQ RI RWKHU FKDUDFWHULVWLFV RI IUDFWXUH UHVLVWDQFH

�7DEOH�� 9DOXHV RI FUDFN WLS RSHQLQJ GLVSODFHPHQW δ
F

DQG HQHUJ\ RI FUDFN LQLWLDWLRQ �-�LQWHJUDO� DUH DOVR

GLIIHUHQW LQ WKH ]RQHV RI WKH ZHOGHG MRLQW� 7KH PHWDO
RQ WKH IXVLRQ ERXQGDU\ RI WKH ZHOG DQG WKH EDVH PHWDO

KDV PLQLPXP YDOXHV RI δ
F
DQG -�LQWHJUDO� )UDFWXUH

WRXJKQHVV LQGLFHV .
F
DQG δ

F
IRU WKLV ]RQH RI ZHOGHG

MRLQW DUH HTXDO WR ��03D√P DQG ����P� UHVSHFWLYHO\�

9DOXHV RI -
F
DQG VSHFLILF ZRUN RI FUDFN SURSDJDWLRQ

�6:&3� GHSHQG RQ WKH FRPSRVLWLRQ RI DOOR\V EHLQJ
ZHOGHG� )RU ���� DOOR\� FRQWDLQLQJ PDJQHVLXP� WKH\

DUH ��� DQG ��� -�FP
�
� UHVSHFWLYHO\� 8VH RI FRSSHU

DV WKH DOOR\LQJ HOHPHQW� SURYLGHV KLJK YDOXHV RI -
F

���� -�FP�� DQG 6:&3 ���� -�FP�� LQ DOOR\ �����
7KH HVWDEOLVKHG UHJXODULWLHV RI YDULDWLRQ RI WKH SUR�

� 7�0� /$%85� ����
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SHUWLHV RI $Ow/L DOOR\ MRLQWV DUH LQGLFDWLYH RI WKH LQ�

IOXHQFH RI WKH FRQGLWLRQ RI ERXQGDULHV RI ZHOG FU\V�

WDOOLWHV DQG EDVH PHWDO JUDLQV LQ WKH ]RQH RI ZHOGLQJ

KHDWLQJ RQ WKH VWUHQJWK RI DGKHVLRQ EHWZHHQ WKH PD�

WUL[ DQG WKH LQWHUPHWDOOLF SKDVHV� ZKLFK GHWHUPLQHV

WKH EULWWOH IUDFWXUH RI WKH PHWDO�

'LIIHUHQW GHJUHH RI LPSDFW RI WKH VKDUSQHVV RI WKH

PHFKDQLFDO QRWFK DQG IDWLJXH FUDFN RQ .
F
YDOXHV LQ

WKH ]RQHV RI ZHOGHG MRLQWV PD\ EH GXH WR GLIIHUHQW

TXDQWLW\ RI /L�ULFK SKDVHV� SUHFLSLWDWLQJ LQ WKH DUHDV

RI MRLQLQJ RI WKH ERXQGDULHV RI ZHOG FU\VWDOOLWHV LQ

WKH ZHOG PHWDO DQG JUDLQV RI EDVH PHWDO XQGHU WKH

FRQGLWLRQV RI WKHUPDO LPSDFW RI WKH ZHOGLQJ SURFHVV�

6DPSOHV DUH SDUWLFXODUO\ VHQVLWLYH WR WKH FKDQJH RI

WKH VKDUSQHVV RI WKH QRWFK WLS LQ WKH FDVH� LI WKH ODWWHU

FRLQFLGHV ZLWK WKH ERXQGDU\ RI ZHOG IXVLRQ ZLWK WKH

EDVH PHWDO �)LJXUH ��� ZKLFK LV UHODWHG WR WKH FRQGL�

WLRQV DQG IHDWXUHV RI IRUPDWLRQ RI WKH VWUXFWXUH RI WKLV

]RQH RI WKH MRLQW XQGHU WKH LPSDFW RI WKH WKHUPDO F\FOH

RI ZHOGLQJ� ,QFUHDVH RI WKH GHQVLW\ RI SUHFLSLWDWLRQ RI

VHFRQGDU\ SKDVHV DV D UHVXOW RI GHFRPSRVLWLRQ RI WKH

VROLG VROXWLRQ� DQG FRDJXODWLRQ RI LQFOXVLRQV RI LQVR�

OXEOH LQWHUPHWDOOLF SKDVHV� SURFHHGLQJ XQGHU WKH FRQ�

GLWLRQV RI ZHOGLQJ KHDWLQJ� OHDG WR IRUPDWLRQ RI LQGL�

YLGXDO SKDVH FOXVWHUV RU UHJLRQV LQ WKH IRUP RI D GHQVH

IUDPHZRUN DORQJ WKH JUDLQ ERXQGDULHV� $V WKH YROXPH

IUDFWLRQ RI EULWWOH UHJLRQV LQFUHDVHV� WKHLU OHYHO RI

VWUHVV FRQFHQWUDWLRQ ULVHV� WKXV LQFUHDVLQJ WKH \LHOG

SRLQW� 7KLV LQWURGXFHV WKH FRQGLWLRQV IRU SUHIUDFWXUH

RI WKH VWUXFWXUH RI ZHOGHG MRLQWV RI $Ow/L DOOR\V� 7KH

OHYHO RI VWUHVVHG VWDWH RI WKH LQWHUJUDQXODU VSDFLQJ LV

LQIOXHQFHG QRW RQO\ E\ WKH GLPHQVLRQV DQG ORFDWLRQ

RI VXFK UHJLRQV� EXW DOVR E\ WKH DOOR\LQJ HOHPHQWV RI

WKH DOOR\� LQFOXGHG LQWR WKH SKDVH FRPSRVLWLRQ� $F�

FRUGLQJ WR WKH GDWD� VKRZQ LQ )LJXUH � DQG WKH 7DEOH�

WKH PHWDO RI WKH ERXQGDU\ RI IXVLRQ LQ MRLQWV RI DOOR\

���� LV FKDUDFWHUL]HG E\ ���w� KLJKHU LQGLFHV RI IUDF�

WXUH UHVLVWDQFH �.
F
� δ

F
DQG -�LQWHJUDO�� FRPSDUHG WR

MRLQWV RI DOOR\ ����� 7KLV LV DWWULEXWDEOH WR VPDOOHU

GLDPHWHU RI FRSSHU DWRP ������ QP�� LQFOXGHG LQWR

WKH FRPSRVLWLRQ RI DOOR\ ����� FRPSDUHG WR WKH GL�

DPHWHU RI PDJQHVLXP DWRP ����� QP�� ZKLFK LV WKH

PDLQ DOOR\LQJ HOHPHQW RI DOOR\ ���� DIWHU OLWKLXP�

7KH SUREDELOLW\ RI IUDFWXUH RI $Ow/L DOOR\ MRLQWV

DORQJ WKH OLQH RI IXVLRQ ZLWK WKH EDVH PHWDO PD\ EH

LQIOXHQFHG DOVR E\ WKH SUHVHQFH RI VOLS OLQHV LQ WKH

VHPL�ILQLVKHG SURGXFW EHLQJ ZHOGHG� &RDUVH FOXVWHUV

RI GLVRUGHUHG DQG GLVRULHQWHG IUDJPHQWV RI WKH VWUXF�

WXUH� IRUPHG E\ WKH VOLS OLQHV DORQJ WKH UROOLQJ GLUHF�

WLRQ� DUH VLWHV RI SODVWLF VKHDU ORFDOL]LQJ� ZKHUH LQWHQ�

VLYH GHYHORSPHQW RI ORFDO VWUHVVHV JRHV KLJKHU WKDQ

WKH YDOXHV RI XOWLPDWH VWUHQJWK� 7KLV OHDGV WR ZHDNH�

QLQJ RI DGKHVLRQ IRUFHV RI JUDLQ ERXQGDULHV� DQG FDXVHV

FUDFN LQLWLDWLRQ GXH WR SDUWLFOH IUDFWXUH� ERWK LQ WKH

ERG\ DQG DORQJ WKH ERXQGDU\ RI FRQWDFW ZLWK WKH

PDWUL[� ,W VKRXOG EH QRWHG� WKDW LQLWLDWLRQ RI DQ LQ�

WHUJUDQXODU FUDFN LV GXH QRW WR WULYLDO PDFURVFRSLF

WHDU RI RQH JUDLQ IURP DQRWKHU� EXW WR UXQQLQJ RI D

SUHOLPLQDU\ GHIRUPDWLRQ� GXULQJ ZKLFK D FULWLFDO

VWUXFWXUH IRUPV LQ WKH QHDU�ERXQGDU\ ]RQH� LQ ZKLFK

QXPHURXV LQWHUJUDQXODU FUDFNV DULVH DQG WKHQ FRDOHVFH

�)LJXUH ��� 3UHVHQFH RI SKDVH FOXVWHUV RQ WKH ERXQGD�

ULHV HQDEOHV PDQLIHVWDWLRQ RQ WKH PDFUROHYHO RI WKH

IHDWXUHV RI WKH SURFHVV RI UHOD[DWLRQ RI LQWHUQDO WHQVLOH

VWUHVVHV� GHYHORSLQJ LQ WKHLU LQWHUJUDQXODU VSDFH� XQ�

GHU WKH FRQGLWLRQV RI WKH WKHUPDO F\FOH RI ZHOGLQJ�

,QIOXHQFH RI D VWUHVV UDLVHU EHFRPHV VWURQJHU XQGHU

WKH FRQGLWLRQV RI WKH LPSDFW RI HPEULWWOLQJ IDFWRUV�

FRQFXUUHQW ZLWK VHUYLFH RI D VWUXFWXUH RI $Ow/L DOOR\V

)LJXUH �� ,QIOXHQFH RI WKH VKDUSQHVV RI WKH QRWFK 5
Q
RQ YDOXHV RI

FULWLFDO FRHIILFLHQW RI VWUHVV LQWHQVLW\ LQ GLIIHUHQW ]RQHV RI ZHOGHG
MRLQWV LQ KLJK�VWUHQJWK DOXPLQLXP DOOR\V $0J� 133 �D�� ���� �E��
���� �F� DQG ���� �G�� �x 5

Q
 ����� �x ���� PP� �x IDWLJXH

FUDFN

,QIOXHQFH RI QRWFK JHRPHWU\ RQ YDOXHV δ
F
DQG -�LQWHJUDO LQ $Ow/L

DOOR\V ����� ���� DQG WKHLU ZHOGHG MRLQWV

$OOR\ 6WXGLHG ]RQH

δ
Ï
� PP -�LQ�

WHJUDO�

-�FP
�

9�VKDSHG

QRWFK

°�VKDSHG

QRWFK

���� �$Ow0Jw/L� %0/ ����� ����� ���

%07 ����� ����� ���

:0 ����� ����� ���

)= ����� ����� ���

+$= �� PP� ����� ����� ���

���� �$Ow&Xw/L� %0/ ����� ����� ���

%07 ����� ����� ���

:0 ����� ����� ���

)= ����� ����� ���

+$= �� PP� ����� ����� ���

1R W H � +HUH %0/ DQG %07 LV WKH EDVH PHWDO RI ORQJLWXGLQDO DQG

WUDQVYHUVH RULHQWDWLRQ UHODWLYH WR UROOLQJ GLUHFWLRQ� :0 LV WKH ZHOG

PHWDO� )= LV WKH IXVLRQ ]RQH PHWDO�
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�FKDQJH RI WKH ORDGLQJ SDWWHUQ� GHIRUPDWLRQ UDWH�

ZRUNLQJ WHPSHUDWXUH�� ,QYHVWLJDWLRQ UHVXOWV >�� �@

VKRZHG WKDW LQFUHDVH RI GHIRUPDWLRQ UDWH RU ORZHULQJ

RI WHVWLQJ WHPSHUDWXUH WR �� . OHDGV WR LQFUHDVH RI

WKH VWUHQJWK RI ZHOGHG MRLQWV RI $Ow/L DOOR\V WR ���w

���03D GXH WR VWUDLQ RU WHPSHUDWXUH KDUGHQLQJ� 'XF�

WLOLW\ RI WKH MRLQWV HLWKHU UHPDLQV WKH VDPH DV DW URRP

WHPSHUDWXUH� RU LV ORZHUHG E\ ��w�� �� UHDFKLQJ WKH

OHYHO RI .F DQG δF ��� 03D√P DQG ���� PP� UHVSHF�

WLYHO\�� -F DQG 6:&3 LQGLFHV FKDQJH� GHSHQGLQJ RQ

WKH DOOR\ FRPSRVLWLRQ� )RU 0J�FRQWDLQLQJ DOOR\V

������ WKH\ DUH HTXDO WR ��� DQG ��� -�FP
�
DQG IRU

DOOR\V ZLWK FRSSHU ������ x ��� DQG ��� -�FP
�
�

UHVSHFWLYHO\� +LJKHU YDOXHV �E\ ��w�� �� RI -F DQG

6:&3 LQ DOOR\V RI $Ow&Xw/L V\VWHP FRQILUP WKH UD�

WLRQDOLW\ RI DSSO\LQJ WKHP LQ VWUXFWXUHV� RSHUDWLQJ

XQGHU WKH FRQGLWLRQV RI WKH LPSDFW RI VWUHVV UDLVHUV

DQG FU\RJHQLF HQYLURQPHQW�

$W KLJKHU VHUYLFH WHPSHUDWXUHV ���� DQG ��� .��

WKH VWUHQJWK RI MRLQWV ���� 03D� GHFUHDVHV E\ �w� �

DQG � WLPHV� UHVSHFWLYHO\� FRPSDUHG WR URRP WHPSHUD�

WXUH� 'HIRUPDWLRQ DQG HQHUJ\ LQGLFHV RI IUDFWXUH

WRXJKQHVV FKDQJH QRQ�XQLIRUPO\ DQG GHSHQG RQ WKH

GLPHQVLRQV DQG VKDSH RI EULWWOH ORFDO VHFWLRQV� IRUPHG

LQ WKH LQWHUJUDQXODU VSDFH DW WKH WKHUPDO LPSDFW RI

WKH ZHOGLQJ F\FOH� ,Q WKH WHPSHUDWXUH UDQJH RI WHVWLQJ

IURP ��� XS WR ��� .� WKH\ ULVH E\ �� � LQ WKH IXVLRQ

]RQH PHWDO DQG E\ �� � LQ WKH ZHOG PHWDO >�@� )XUWKHU

LQFUHDVH RI WHVWLQJ WHPSHUDWXUH XS WR ��� . UHGXFHV

WKH VWUHQJWK DQG WRXJKQHVV � WLPHV� ZKLFK LV LQGLFDWLYH

RI ORZHULQJ RI WKH ORFDO VWUHVV� UHTXLUHG IRU LQLWLDWLRQ

DQG GHYHORSPHQW RI D JUDLQ�ERXQGDU\ FUDFN�

,QFUHDVHG SURQHQHVV WR HPEULWWOHPHQW RI MRLQWV LQ

$Ow/L DOOR\V� FRPSDUHG WR EDVLF DOOR\V� LV DWWULEXWDEOH

WR WKH SUHVHQFH RI H[FHVV SKDVHV LQ WKH LQWHUJUDQXODU

VSDFH� GXH WR D KLJK GHJUHH RI WKHLU DOOR\LQJ� ZKLFK

SUHYHQWV VWUHVV UHOD[DWLRQ GXULQJ GHIRUPDWLRQ� $FFX�

PXODWHG VWUHVVHV OHDG WR GHYHORSPHQW RI DQ XQIDYRXU�

DEOH FRSODQDU W\SH RI GLVORFDWLRQ VWUXFWXUH� ZKLFK LV

UHYHDOHG DIWHU VDPSOH EUHDNLQJ XS LQ WHVWLQJ >�� �� �@�

%ULWWOH IUDFWXUH LQ WKLV FDVH UHVXOWV IURP RFFXUUHQFH

RI HYHQ WKRXJK LQWHQVLYH� EXW KLJKO\ ORFDOL]HG SODVWLF

IORZ� ZKLFK LV SRVVLEOH DW D YHU\ ORZ OHYHO RI VKHDU

VWUHVVHV� DQG ZKLFK VLPXOWDQHRXVO\ OHDGV WR GHYHORS�

PHQW RI ODUJH DQG KD]DUGRXV GLVORFDWLRQ FOXVWHUV�

ZKLFK FUHDWHV SUHUHTXLVLWHV IRU FUDFN LQLWLDWLRQ� 6XFK

D IHDWXUH RI WKH DOOR\V LV UHODWHG WR OLWKLXP VXVFHSWL�

ELOLW\ WR SODQH VOLGLQJ GXULQJ LWV UHGLVWULEXWLRQ DORQJ

JUDLQ ERXQGDULHV� ZKLFK UHVXOWV LQ GXFWLOLW\ ORZHULQJ�

'HFUHDVH RI OLWKLXP FRQWHQW LQ WKH DOOR\ �WR ���w

��� DW��� SURYLGHV D ��� WLPHV LQFUHDVH RI UHODWLYH HORQ�

JDWLRQ >��@� 3RVLWLYH LQIOXHQFH RQ SK\VLFR�PHFKDQLFDO

SURSHUWLHV RI $Ow/L DOOR\V LV DOVR QRWHG� ZKHQ XVLQJ

PRGHV RI WZR�VWHS DQQHDOLQJ ZLWK LQWHUPHGLDWH GHIRU�

PDWLRQ XS WR � �� ZKLFK LV DWWULEXWDEOH WR IRUPDWLRQ RI

D IDYRXUDEOH VWUXFWXUH RI WKH DOOR\V >��@� 6WUDLJKWHQLQJ�

SHUIRUPHG DIWHU TXHQFKLQJ� LQKLELWV IRUPDWLRQ RI WKH

EULWWOH SKDVH� VSHHGV XS GLVVROXWLRQ RI VWUHQJWKHQLQJ

δ′�SKDVH �$O�/L� DQG VRPHZKDW UHGXFHV LWV GLPHQVLRQV�
ZKLFK KDV D IDYRXUDEOH LPSDFW RQ .F�

,QFUHDVH RI UHODWLYH HORQJDWLRQ E\ � � LV QRWHG DOVR

DW DGGLWLRQ RI VXFK D PRGLILHU DV VFDQGLXP WR WKH DOOR\

FRPSRVLWLRQ >�@� ([SHULPHQWDO HYDOXDWLRQ RI WKH FKD�

UDFWHULVWLFV RI IUDFWXUH UHVLVWDQFH RI ZHOGHG MRLQWV LQ

$Ow/L DOOR\V ���� DQG ����� GHSHQGLQJ RQ WKH DPRXQW

RI VFDQGLXP LQ WKH EDVH DQG ILOOHU PDWHULDOV RI DOOR\V

RI $Ow0J RU $Ow&X V\VWHP VKRZHG WKDW WKH ZHOG

PHWDO LV FKDUDFWHUL]HG E\ �� � KLJKHU VWUHQJWK DW

���w��� � 6F LQ WKH ZLUH >��w��@� ,Q WKLV FDVH IRUPD�

WLRQ RI D ILQH�FU\VWDOOLQH DQG VXEJUDLQ VWUXFWXUH UHVXOWV

LQ 6:&3 EHLQJ HTXDO WR �w�� -�FP
�
� GXH WR D FRP�

SOHWH GLPHQVLRQDO�VWUXFWXUDO VLPLODULW\ EHWZHHQ WKH

GLVSHUVH SDUWLFOHV RI VFDQGLXP DOXPLQLGH DQG WKH PD�

WUL[� σEU  ���w��� 03D� .F  ��w�� 03D√P� δF  
 ����w���� PP� -F  �w� -�FP

�
� )DYRXUDEOH LQIOX�

HQFH RI WKH SURGXFHG PLFURVWUXFWXUH RQ WKH WRXJKQHVV

FRQVLVWV LQ WKDW WKH FUDFN SURSDJDWLRQ LV UHWDUGHG E\

HIIHFWLYH EDUULHUV �JUDLQ ERXQGDULHV�� DQGPRUH HQHUJ\

LV VSHQW IRU ILQGLQJ D QHZ GLUHFWLRQ RI LWV SURSDJDWLRQ

WKDQ LQ WKH FDVH RI D FRDUVH JUDLQ� 0RUHRYHU� SUHVHQFH

RI VFDQGLXP LQ WKH EDVH PHWDO� SURPRWHV UHWDUGDWLRQ

RI UHFU\VWDOOL]DWLRQ SURFHVVHV� ZKLFK SURFHHG LQ ZHOG�

LQJ RI DOXPLQLXP DOOR\V� WKXV UHGXFLQJ WKH H[WHQW RI

WKH VRIWHQLQJ ]RQH >�@� 7KH DERYH HIIHFW LV KLJKO\

LPSRUWDQW� DV LW DOORZV ORZHULQJ WKH UHTXLUHPHQWV�

ZKHQ VSHFLI\LQJ WKH WHPSHUDWXUH�WLPH FRQGLWLRQV LQ

ZHOGLQJ RI $Ow/L DOOR\V�

+RZHYHU� RYHUKHDWLQJ RI $Ow/L DOOR\V LQ ZHOGLQJ

KDV D SURQRXQFHG LQIOXHQFH RQ WKH SURFHVVHV RI FUDFN

LQLWLDWLRQ LQ WKHP� DQG GHWHUPLQHV WKH IUDFWXUH PRGH

>��@� *UHDWHU WLPH RI WKH PHWDO VWD\LQJ XQGHU WKH

FRQGLWLRQV RI KLJK WHPSHUDWXUHV ����w��� .� LQ WKH

ZHOGLQJ SURFHVV SURPRWHV IRUPDWLRQ RI PRUH H[WHQGHG

FOXVWHUV RI EULWWOH FRPSRQHQWV RI WKH VWUXFWXUH �RYHU�

VDWXUDWHG DQG LQWHUPHWDOOLF SKDVHV�� ZKLFK KLQGHU WKH

)LJXUH �� 6XUIDFH RI IUDFWXUH RI WKH PHWDO RQ WKH ERXQGDU\ RI IXVLRQ RI DUF�ZHOGHG MRLQWV� D x ���� DOOR\� E x ���� DOOR\ �×����
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SODVWLF VKHDU LQ GHIRUPDWLRQ� 7KHLU DSSHDUDQFH LV GXH

WR LQWHQVLYH GHYHORSPHQW RI VWUXFWXUDO LQKRPRJHQHLW\

EHFDXVH RI GLIIHUHQW FRQWHQW RI DOOR\LQJ HOHPHQWV DQG

LPSXULWLHV QHDU WKH JUDLQ ERXQGDULHV DW VHJUHJDWLRQ�

$Q LQFUHDVH RI VWUHVV FRQFHQWUDWLRQ LV IRXQG ZLWK WKH

LQFUHDVH RI YROXPH IUDFWLRQ RI VXFK UHJLRQV LQ WKH

VWUXFWXUH RI ZHOGHG MRLQWV� ZKLFK LV LQGLFDWHG E\ IRU�

PDWLRQ RI IODW VHFWLRQV RI WKH UHOLHI DORQJ WKH ERXQGD�

ULHV RI FU\VWDOOLWHV DQG JUDLQV LQ IUDFWXUHV RI EURNHQ

VDPSOHV� ,QGLFHV RI VWUHQJWK DQG IUDFWXUH WRXJKQHVV

RI ZHOGHG MRLQWV� FRPSDUHG WR WKRVH RI EDVH PHWDO�

DUH ORZHU LQ WKLV FDVH� σEU  ��� 03D� .F  

 ���� 03D√P� δF  ���� PP� -F  ��� -�FP�
� 6:&3

LV HTXDO WR ��� -�FP
�
�

([WHQW RI UHJLRQV RI DQ XQIDYRXUDEOH VWUXFWXUH LV

UHGXFHG �w�� WLPHV� ZKHQ ZHOGLQJ SURFHVVHV DQG

PRGHV DUH XVHG� ZKLFK DUH FKDUDFWHUL]HG E\ PLQLPDO

KHDW LQSXW� IRU LQVWDQFH SXOVHG DUF ���w���⋅��� -�P
RU HOHFWURQ EHDP ����w����⋅��� -�P� ,Q WKLV FDVH�

IRUPDWLRQ RI EULWWOH LQWHUFU\VWDOOLQH �LQ ZHOGV�� LQWHU�

JUDQXODU �LQ +$=� LQWHUOD\HUV DQG PLFURFDYLWLHV LV

SUHYHQWHG LQ WKH IXVLRQ ]RQH� ZKLFK ORZHUV WKH SUR�

EDELOLW\ RI FUDFN LQLWLDWLRQ DQG LPSURYHV WKH SURSHUWLHV

RI ZHOGHG MRLQWV� 1RPLQDO EUHDNLQJ VWUHVV σEU LQ LQGL�

YLGXDO ]RQHV RI WKH MRLQWV LQ WKLV FDVH LQFUHDVHV E\

��w��� 03D� DQG .F E\ ��w�� � >��@� ,PSURYHPHQW

RI SK\VLFR�PHFKDQLFDO SURSHUWLHV LV DFKLHYHG QRW RQO\

LQ WKH ZHOG PHWDO� EXW DOVR LQ WKH ZHDNHVW ]RQH RI

ZHOGHG MRLQWV� QDPHO\ RQ WKH ERXQGDU\ RI IXVLRQ ZLWK

EDVH PHWDO� ZKLFKPD\ JXDUDQWHH UHOLDEOH SHUIRUPDQFH

RI ZHOGHG MRLQWV LQ VWUXFWXUHV RI $Ow/L DOOR\V�

/RZHULQJ RI VWUHVV FRQFHQWUDWLRQ DORQJ WKH

ERXQGDULHV RI FU\VWDOOLWHV DQG JUDLQV FDQ EH DFKLHYHG

E\ UHGXFLQJ WKH FRQWHQW RI SKDVH LQFOXVLRQV� IRU LQ�

VWDQFH� LQWHUPHWDOOLF� ZKLFK KDYH D KLJKHU EULWWOHQHVV�

7KHLU FRPSRVLWLRQ DQG DPRXQW DUH GHWHUPLQHG E\ DO�

NDOL DQG DONDOL�HDUWK HOHPHQWV �VRGLXP� FDOFLXP� ED�

ULXP� SRWDVVLXP�� SHQHWUDWLQJ LQWR $Ow/L DOOR\V DW

WKH PHWDOOXUJLFDO VWDJH RI PDQXIDFWXULQJ� 'HJUHH RI

DOOR\ HPEULWWOHPHQW GHSHQGV ERWK RQ WKH LQLWLDO DU�

UDQJHPHQW DQG RQ WKH IRUP RI WKH SKDVHV� FRQWDLQLQJ

WKHVH LPSXULWLHV >�@� HYHQ WKRXVDQG IUDFWLRQV RI D SHU�

FHQW RI ZKLFK KDYH DQ DGYHUVH LQIOXHQFH RQ WKH SURSHU�

WLHV RI DOOR\V DQG ZHOGHG MRLQWV� EHFDXVH RI ORZHULQJ

RI WKH PHOWLQJ WHPSHUDWXUH RI SKDVHV� SUHFLSLWDWLQJ

DORQJ JUDLQ ERXQGDULHV� 7KLV PDNHV WKHP KLJKO\ SURQH

WR IUDFWXUH SURSDJDWLRQ� $FFXPXODWLRQ RI DWRPV RI

DONDOL DQG DONDOL�HDUWK HOHPHQWV DORQJ WKH ERXQGDULHV

RI FU\VWDOV DQG JUDLQV RI EDVH PHWDO� UHVXOWLQJ IURP

WKHLU KLJK FKHPLFDO DIILQLW\ WR DOXPLQLXP� LQFUHDVHV

WKH GHJUHH RI HPEULWWOHPHQW RI /L�EHDULQJ DOOR\V� DQG

FDXVHV JUDLQ�ERXQGDU\ FUDFNLQJ� :LWK ����w���� � RI

LQFOXVLRQV� QR GHWHULRUDWLRQ RI VWUHQJWK SURSHUWLHV LV

IRXQG� DQG WKH GXFWLOLW\ DQG IUDFWXUH WRXJKQHVV LQGL�

FHV GHFUHDVH E\ ��w�� � >��� ��@� 6XVFHSWLELOLW\ RI

/L�EHDULQJ DOOR\V WR HPEULWWOHPHQW� UHVXOWLQJ LQ FUDFN�

LQJ� LV OHVV SURQRXQFHG DW GHFUHDVH RI LPSXULWLHV WR

���� �� 7KLV SURYLGHV D �� � LQFUHDVH RI QRPLQDO

EUHDNLQJ VWUHVV σEU DQG �� � LQFUHDVH RI .F� 9DOXHV

RI RWKHU LQGLFHV RI IUDFWXUH UHVLVWDQFH ZLWK XQLIRUP

GLVWULEXWLRQ RI LQWHUPHWDOOLFV DUH DV IROORZV� δF  

 ���� PP� -F  � -�FP
�
� 6:&3 LV HTXDO WR

��� -�FP
�
� ,QWHUFU\VWDOOLQH PHFKDQLVP RI IUDFWXUH LQ

WKH IXVLRQ ]RQH LQ WKLV FDVH FKDQJHV WR WUDQVFU\VWDOOLQH�

7KXV� LPSURYHPHQW RI VWUXFWXUDO FRQGLWLRQV RI WKH

ERXQGDULHV RI FU\VWDOOLWHV DQG JUDLQV DOORZV UHDOO\ FRQ�

WUROOLQJ WKH VWUHQJWK DQG WRXJKQHVV RI ZHOGHG MRLQWV

LQ $Ow/L DOOR\V RI ���� DQG ���� W\SH� /LPLWLQJ WKH

KHDW LQSXW �VSHFLILF HQHUJ\� E\ XVLQJ SXOVHG PRGHV

RI DUF ZHOGLQJ RU (%: DOORZV HOLPLQDWLQJ IRUPDWLRQ

RI EULWWOH UHJLRQV ZLWK XQIDYRXUDEOH VWUXFWXUH DQG

SURYLGLQJ VDWLVIDFWRU\ FKDUDFWHULVWLFV RI VWUHQJWK DQG

IUDFWXUH WRXJKQHVV RI LWHPV RI DHURVSDFH V\VWHPV LQ

H[WUHPH FRQGLWLRQV RI RSHUDWLRQ LQ D EURDG WHPSHUD�

WXUH UDQJH ���w��� .�� (IIHFWLYHQHVV RI WKH WHFKQROR�

JLHV LV FRQILUPHG E\ WKH UHVXOWV RI WKHLU SURGXFWLRQ

WULDOV DQG LQWURGXFWLRQ LQWR SLORW SURGXFWLRQ RI ZHOGHG

VWUXFWXUHV RI ORDG�FDUU\LQJ VKHOOV RI DLUFUDIW DQG KHOL�

FRSWHUV� DV ZHOO DV IXHO WDQNV IRU UHXVDEOH VSDFH YHKL�

FOHV >�� ��w��@�

�� )ULGO\DQGHU� ,�1�� &KXLVWRY� .�9�� %HUH]LQD� )�/� HW DO�
������ $OXPLQLXP�OLWKLXP DOOR\V� VWUXFWXUH DQG SURSHUWLHV�
.\LY� 1DXNRYD 'XPND�

�� )ULGO\DQGHU� ,�1�� %HOHWVN\� 9�0�� .ULYRY� *�$� ������
$OXPLQLXP DOOR\V LQ DLUFUDIW VWUXFWXUHV� 7HNKQRORJ�
6LVWHP\� �� �w���

�� ������ :HOGLQJ LQ DLUFUDIW FRQVWUXFWLRQ� (G� E\ %�(� 3D�
WRQ� .\LY� 0,,97V�

�� ,VKFKHQNR� $�<D�� /DEXU� 7�0�� /R]RYVND\D� $�9� ������
$OXPLQLXP�OLWKLXP DOOR\V IRU DHURVSDFH HQJLQHHULQJ ZHOGHG
VWUXFWXUHV� $YWRPDWLFK� 6YDUND� �� ��w���

�� 2YFKLQQLNRY� 9�9�� 'ULWV� $�0�� .U\PRYD� 7�9� ������
7HFKQRORJLFDO SHFXOLDULWLHV RI PDQXIDFWXULQJ RI DLUFUDIW
ZHOGHG VWUXFWXUHV IURP DOXPLQLXP�OLWKLXP DOOR\ �����
6YDURFKQ� 3URL]YRGVWYR� ��� ��w���

�� ,O\XVKHQNR� 5�9�� /R]RYVND\D� $�9�� 6NODELQVND\D� ,�(� HW DO�
������ 6WUXFWXUH DQG SURSHUWLHV RI DOXPLQLXP�PDJQHVLXP�OLWK�
LXP DOOR\ ZHOGHG MRLQWV� $YWRPDWLFK� 6YDUND� �� ��w���

�� /DEXU� 7�0� ������ 3URSHUWLHV RI DOXPLQLXP DOOR\ ZHOGHG
MRLQWV XQGHU ORZ�WHPSHUDWXUH FRQGLWLRQV� ,ELG�� ��� ��w��� ���

�� /DEXU� 7�0� ������ &KDQJH RI IUDFWXUH UHVLVWDQFH RI ZHOGHG
MRLQWV RI ����� DOOR\ XQGHU KLJK�WHPSHUDWXUH KHDWLQJ FRQGL�
WLRQV� ,ELG�� ��� �w���

�� +HUWVEHUJ� 5�9� ������ 'HIRUPDWLRQ DQG IUDFWXUH PHFKDQ�
LFV RI VWUXFWXUDO PDWHULDOV� 0RVFRZ� 0HWDOOXUJL\D�

��� .RMLPD� <� ������ $OXPLQXP�OLWKLXP DOOR\V� :HOGLQJ
/LJKW 0HWDO� �� ��w���

��� (ODJLQ� 9�,�� 2UR]RY� $�,�� 6KFKHJORYD� 1�0� HW DO� ������
,QYHVWLJDWLRQ RI WKH LQIOXHQFH RI QRUPDOL]LQJ WKHUPR�PH�
FKDQLFDO WUHDWPHQW RQ SURSHUWLHV RI ����� ����� ���� DOOR\
VKHHWV� 7HNKQRORJL\D /\RJ� 6SODYRY� �� ��w���

��� /DEXU� 7�0�� ,O\XVKHQNR� 5�9� ������ ,QIOXHQFH RI VFDQ�
GLXP DGGLWLYHV LQ ILOOHU ZLUH GXULQJ ZHOGLQJ RI ���� DOX�
PLQLXP DOOR\� $YWRPDWLFK� 6YDUND� ������ ��w���

��� /DEXU� 7�0�� ,O\XVKHQNR� 5�9� ������ ,QIOXHQFH RI VFDQ�
GLXP RQ IUDFWXUH UHVLVWDQFH FKDUDFWHULVWLFV RI ZHOGHG MRLQWV
RI ���� DQG ���� DOOR\V� 7HNKQRORJL\D /\RJ� 6SODYRY� ���
��w���

��� /DEXU� 7�0� ������ ,QYHVWLJDWLRQ RI WKH HIILFLHQF\ RI ZHOG
PHWDO VWUHQJWKHQLQJ E\ VFDQGLXP LQ ZHOGLQJ RI DOXPLQLXP�
OLWKLXP DOOR\ ����� $YWRPDWLFK� 6YDUND� �� ��w���

��� /DEXU� 7�0�� %RQGDUHY� $QGU� $�� /R]RYVND\D� $�9� HW DO�
������ ,QIOXHQFH RI ZHOGLQJ SURFHVV RQ IUDFWXUH UHVLVWDQFH RI
MRLQWV LQ DOXPLQLXP�OLWKLXP DOOR\V ���� DQG ����� 7KH 3D�
WRQ :HOGLQJ -�� �� ��w���

��� *UXVKNR� 2�(�� 6KHYHOHYD� /�0� ������ $GGLWLYHV RI DONDOL
DQG DONDOL�HDUWK PHWDOV LQ DOXPLQLXP�OLWKLXP DOOR\ �����
7VYHWQ\H 0HWDOO\� �� ��w���

��� /DEXU� 7�0� ������ ,QIOXHQFH RI DGGLWLRQ HOHPHQWV RQ IUDF�
WXUH UHVLVWDQFH� $YWRPDWLFK� 6YDUND� �� ��w���

��� ,PDPXUD� 7� ������ $SSOLFDWLRQ RI OLJKW PHWDOV LQ VWUXF�
WXUHV RI IO\LQJ YHKLFOHV� .HLNLQ]RNX� �� ���w����

��� %LUN� 5�.�� 'DMNXV� '�3�� )ULGO\DQGHU� ,�1� HW DO� ������
$OXPLQLXP�OLWKLXP DOOR\ ���� DV DQ DGYDQFHG PDWHULDO IRU
IXVHODJH� 0HWDOORYHGHQLH L 7HUP� 2EUDE� 0HWDOORY� �� �w���

��� %DUDERNKLQ� 1�6�� %XVKXHY� <X�*�� 6KXOJLQD� (�9� HW DO�
������ 7HFKQRORJLFDO SHFXOLDULWLHV RI ZHOGLQJ KLJK�VWUHQJWK
DOXPLQLXP DOOR\ ����� 6YDURFKQ� 3URL]YRGVWYR� ��� ��w���
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<X�6� %25,629 DQG 2�9� .2/,61,&+(1.2

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

7HPSHUDWXUH ILHOGV RI VXUIDFH OD\HUV GXULQJ WKH SURFHVV RI SODVPD�GHWRQDWLRQ WUHDWPHQW RI SDUWV ZHUH GHWHUPLQHG RQ WKH

EDVLV RI VROYLQJ WKH QRQ�VWDWLRQDU\ HTXDWLRQ RI WKHUPDO FRQGXFWLYLW\ E\ WKH ILQLWH GLIIHUHQFH PHWKRG� 7KH UHVXOWLQJ

FDOFXODWLRQ GHSHQGHQFLHV ZHUH XVHG WR DQDO\VH NLQHWLFV RI SKDVH WUDQVIRUPDWLRQV LQ VWUXFWXUH RI VWHHO 8� GXULQJ 3'7�

.H\ ZRU G V � SODVPD�GHWRQDWLRQ WUHDWPHQW� FDUERQ VWHHOV�

DEVRUELQJ FRDWLQJV� SURFHVV SDUDPHWHUV� PHWDOORJUDSK\� ;�UD\

SKDVH DQDO\VLV

5HSDLU RI ZHDULQJ VXUIDFHV RI YDULRXV WRROV DQG PD�
FKLQH SDUWV PDGH IURP ORZ�DOOR\ DQG FDUERQ VWHHOV LV

RIWHQ WKH PRVW FRVW�HIIHFWLYH ZD\ RI H[WHQGLQJ WKHLU

VHUYLFH OLIH� ,Q WKLV FRQQHFWLRQ� YHU\ WRSLFDO DUH WKH

VWXGLHV DLPHG DW GHYHORSPHQW RI QHZ UHSDLU DQG� DW

WKH VDPH WLPH� KDUGHQLQJ WHFKQRORJLHV WKDW XVH FRQ�

FHQWUDWHG HQHUJ\ VRXUFHV� VXFK DV ODVHU� HOHFWURQ DQG

LRQ EHDPV DQG SODVPD�

7KH XVH RI WKH ODWWHU JHQHUDWHG E\ SXOVH SODVPD
DFFHOHUDWRUV DW GLVFKDUJH RI FDSDFLWRU EDQNV LV RQH RI

WKH PRVW SURPLVLQJ PHWKRGV IRU VXUIDFH WUHDWPHQW�

2QH RI WKHP LV SODVPD�GHWRQDWLRQ WUHDWPHQW �3'7�

>�� �@� (QHUJ\ SDUDPHWHUV RI WKH IORZ DFKLHYHG LQ WKLV
FDVH DUH VLPLODU WR SDUDPHWHUV DFKLHYHG LQ WKH FDVH RI
XVLQJ D ODVHU KHDW VRXUFH ��⋅���w�⋅���� :�P

�
�� 1HY�

HUWKHOHVV� WKHUH DUH VRPH GLIIHUHQFHV LQ WKH PHFKDQLVP

RI VXUIDFH KHDWLQJ EHWZHHQ WKH ODVHU HIIHFW DQG 3'7�

:KLOH LQWHUDFWLQJ ZLWK DQ DEVRUELQJ HQYLURQPHQW�

WKH ODVHU EHDP LV SDUWLDOO\ UHIOHFWHG IURP WKH VXUIDFH

DQG SDUWLDOO\ SHQHWUDWHV GHHS LQWR D PDWHULDO� $EVRUE�

LQJ FRDWLQJV �H�J� FROORLGDO VROXWLRQ RI JUDSKLWH GH�

SRVLWHG RQ DQ H[SRVHG VXUIDFH LQ WKH IRUP RI ILOP QRW

PRUH WKDQ �� µP WKLFN� DUH XVHG LQ ODVHU WUHDWPHQW

WR LQFUHDVH WKH DEVRUELQJ DELOLW\ RI WKH VXUIDFH� ,W LV

D NQRZQ IDFW WKDW WKH DEVRUELQJ DELOLW\ RI D PDWHULDO

LQFUHDVHV ZLWK GHFUHDVH LQ LWV HOHFWULFDO FRQGXFWLYLW\

>�@� 7KHUHIRUH� WKH HIILFLHQF\ RI ODVHU WUHDWPHQW JURZV
LQ WKH FDVH RI XVLQJ QRQ�PHWDOOLF FRDWLQJV �)H�6��

$O�2�� 0Q��32���� =Q��32�����

&KDUDFWHU RI LQWHUDFWLRQ RI D SODVPD MHW ZLWK WKH

VXUIDFH LQ 3'7 GHSHQGV XSRQ WKH YHORFLW\ RI WKH MHW�

VKDSH DQG VL]H RI WKH VXUIDFH� DV ZHOO DV ORFDWLRQ RI

WKH ODWWHU ZLWK UHVSHFW WR WKH SODVPDWURQ QR]]OH� ,I

VXUIDFH RI D ZRUNSLHFH LV ORFDWHG LQ D UHJLRQ EHIRUH

WKH ILUVW VKRFNZDYH �VXSHUVRQLF IORZ UHJLRQ�� D VKRFN�

FRPSUHVVHG SODVPD UHJLRQ VXEVWDQWLDOO\ GLIIHULQJ LQ

LWV OLJKW DQG SK\VLFDO FKDUDFWHULVWLFV IURP WKH UHVW RI

WKH IORZ UHJLRQ LV IRUPHG DKHDG RI LW� 7KLFNQHVV RI

WKH VKRFN UHJLRQ GHSHQGV XSRQ WKH YHORFLW\ RI WKH MHW�

ZKLOH IRU D SUHVHW YHORFLW\ LW LV PD[LPXP LI WKH MHW

DIIHFWV D IODW EDUULHU >�@� 7KH VKRFN�FRPSUHVVHG SODVPD

UHVXOWV LQ KHDW WUDQVIHU LQWR D ZRUNSLHFH� $ FKDUDF�

WHULVWLF IHDWXUH RI 3'7 LV WKH SRVVLELOLW\ RI FRQQHFWLQJ

WKH ZRUNSLHFH WR WKH GLVFKDUJH FLUFXLW �LWV JURXQGLQJ��

,QYHVWLJDWLRQ RI DPSOLWXGH�WLPH FKDUDFWHULVWLFV RI WKH

FXUUHQW LQ 3'7 LV GHVFULEHG LQ >�@� +HDWLQJ RI WKH

VXUIDFH OD\HU RI D PDWHULDO RFFXUV GXH WR D KHDW IORZ

LQWR WKH ZRUNSLHFH� WKH KHDW IORZ FRQVLVWLQJ RI WKH

HQHUJ\ WUDQVIHUUHG E\ HOHFWURQV� LRQV� QHXWUDO DWRPV�

UDGLDQW FRPSRQHQW DQG YROXPHWULF -RXOH KHDW UHOHDVH

GXULQJ WKH SURFHVV RI SDVVDJH RI WKH SXOVHG FXUUHQW�
9DOXH RI HDFK RI WKH FRPSRQHQWV GHSHQGV XSRQ WKH

SODVPD MHW SDUDPHWHUV DQG VXUIDFH FRQGLWLRQ� DV ZHOO

DV XSRQ WKH SUHVHQFH RU DEVHQFH RI SRWHQWLDO DW WKH

ZRUNSLHFH� ,I WKH ZRUNSLHFH LV FRQQHFWHG WR WKH GLV�

FKDUJH FLUFXLW� SRODULW\ EHFRPHV LPSRUWDQW� DV 3'7

PDNHV LW SRVVLEOH WR UHDOLVH WKH SURFHVVHV RI DOOR\LQJ

RI WKH VXUIDFH OD\HUV� LQ DGGLWLRQ WR KHDW WUHDWPHQW�

6LPLODU WR VSDUN�GLVFKDUJH DOOR\LQJ >�@� 3'7 LV PRVW

HIIHFWLYH LI WKH FRQVXPDEOH HOHFWURGH VHUYHV DV WKH

DQRGH DQG WKH ZRUNSLHFH VHUYHV DV WKH FDWKRGH�

3XUSRVH RI WKLV DUWLFOH LV WR UHYHDO WKH HIIHFW RI

VRPH IDFWRUV RI VXUIDFH KHDWLQJ LQ 3'7 RQ VWUXFWXUH

RI WKH KDUGHQHG OD\HUV RI VWHHO 8�� DQG HYDOXDWH WKH

UROH RI D UDGLDQW FRPSRQHQW LQ 3'7 DQG LPSRUWDQFH

RI FRQQHFWLQJ D ZRUNSLHFH WR WKH GLVFKDUJH FLUFXLW LQ

SDUWLFXODU�

0DWHULDOV DQG LQYHVWLJDWLRQ PHWKRGV� ,QYHVWLJD�

WLRQV ZHUH FRQGXFWHG RQ VDPSOHV PDGH LQ WKH IRUP RI

F\OLQGHUV � PP KLJK DQG �� PP LQ GLDPHWHU IURP

HXWHFWRLG VWHHO 8� �ZW��� ����w����&� XS WR ���&U�

����w����6L� ���w���0Q�� 3UHOLPLQDULO\� WKH VDPSOHV
ZHUH VXEMHFWHG WR YROXPHWULF ZDWHU TXHQFKLQJ IURP

��� �& DQG VXEVHTXHQW WHPSHULQJ DW D WHPSHUDWXUH RI
��� �& IRU �� PLQ� 0LFURKDUGQHVV RI VXUIDFH OD\HUV RI
WKH VDPSOHV DIWHU KHDW WUHDWPHQW ZDV +9 ����w

����03D�0DWHULDOV DSSOLHG LQ SUDFWLFH RI ODVHU WUHDW�
PHQW �7DEOH �� ZHUH XVHG WR VWXG\ WKH HIIHFW RI D

FRDWLQJ PDWHULDO LQ 3'7 LQ WHUPV RI HQKDQFLQJ D UD�

GLDQW KHDW WUDQVIHU� 3'7 ZDV SHUIRUPHG E\ XVLQJ WKH
�,PSXOVH� PDFKLQH XQGHU WKH IROORZLQJ SURFHVV FRQ�

GLWLRQV� YROWDJH DW WKH FDSDFLWRU EDQN SODWHV x
��� N9� LQGXFWDQFH RI WKH GLVFKDUJH FLUFXLW x �� µ+�
SXOVH IUHTXHQF\x �+]� IORZ UDWH RI SURSDQH&�+� x� <X�6� %25,629 DQG 2�9� .2/,61,&+(1.2� ����
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���� P��K� IORZ UDWH RI R[\JHQ x ��� P��K� IORZ
UDWH RI DLU x ��� P��K� FDSDFLWDQFH RI WKH FDSDFLWRU
EDQN x ��� µ)� GLVWDQFH IURP WKH QR]]OH H[LW VHFWLRQ
WR D ZRUNSLHFH x �� PP� GLVWDQFH IURP WKH FHQWUDO
HOHFWURGH WLS WR WKH QR]]OH H[LW VHFWLRQ x �� PP� DQG
FRQVXPDEOH HOHFWURGH PDWHULDO x PRO\EGHQXP� 6WDWH
RI WKH VXUIDFH DQG YDULDEOH SURFHVV SDUDPHWHUV IRU
WUHDWPHQW RI WKH VDPSOHV DUH JLYHQ LQ 7DEOH ��

6WUXFWXUDO�SKDVH DQDO\VLV RI D OD\HU IRUPHG DV D

UHVXOW RI 3'7 ZDV FDUULHG RXW E\ WKH PHWDOORJUDSK\

DQG ;�UD\ SKDVH PHWKRGV XVLQJ WKH �1HRSKRW ���

RSWLFDO PLFURVFRSH DQG '521�� GLIIUDFWRPHWHU ZLWK

D FREDOW VRXUFH RI .α�UDGLDWLRQ� 7KH GHSWK RI SHQH�

WUDWLRQ RI ;�UD\V ZDV ��w�� µP� ,QYHVWLJDWLRQ RI D

JHQHUDO FKDUDFWHU RI GLVWULEXWLRQ RI FKHPLFDO HOHPHQWV

RQ WKH VXUIDFH ZLWKLQ WKH ]RQH DIIHFWHG E\ SODVPD

GHWRQDWLRQ ZDV FRQGXFWHG XVLQJ WKH -(2/ VFDQQLQJ

HOHFWURQ PLFURVFRSH -60����� 7R UHYHDO PLFURVWUXF�

WXUH RI WKH VXUIDFH OD\HUV� WKH VHFWLRQV ZHUH VXEMHFWHG

WR HOHFWURO\WLF HWFKLQJ LQ D �� � FKURPLXP DQK\GULGH

VROXWLRQ� +DUGHQLQJ RI WKH VXUIDFH OD\HU ZDV FKDUDF�

WHULVHG E\ PLFURKDUGQHVV PHDVXUHG RQ PHWDOORJUDSKLF

VHFWLRQV� 0HDVXUHPHQWV ZHUH FRQGXFWHG XVLQJ WKH

/(&2 KDUGQHVV PHWHU 0���� ZLWK D ORDG RI �� J� 7KH

GHJUHH RI WHWUDJRQDOLW\ RI PDUWHQVLWH ZDV GHWHUPLQHG

IURP GRXEOHW VSDFLQJV RI OLQHV RI WKH α�SKDVH >�@� 7KH
PHWKRG RI KRPRORJLFDO SDLUV ZDV HPSOR\HG WR GHWHU�

PLQH WKH DPRXQW RI UHWDLQHG DXVWHQLWH >�@�

5HVXOWV DQG GLVFXVVLRQ� &RQQHFWLRQ RI D VDPSOH
WR WKH GLVFKDUJH FLUFXLW �VDPSOH 1R��� )LJXUH �� D�
UHVXOWV LQ IRUPDWLRQ RI D FOHDUO\ GHILQHG ]RQH RI OR�
FDOLVDWLRQ RI WKH FXUUHQW FKDQQHO ZLWK D GLDPHWHU RI
DERXW �w� PP� &RQQHFWLRQ RI WKH VDPSOH WR WKH GLV�
FKDUJH FLUFXLW DQG SUHVHQFH RI D FDUERQ EODFN FRDWLQJ
�VDPSOH 1R��� )LJXUH �� E� UHVXOW LQ IRUPDWLRQ RI
KHDW�DIIHFWHG ]RQHV LQ WKH SHULSKHUDO ]RQH� ZKLFK LV
LQGLFDWLYH RI D GHFUHDVH LQ FRQWUDFWLRQ RI WKH SXOVDWLQJ
DUF DW WKH ZRUNSLHFH VXUIDFH� 'LVFRQQHFWLRQ RI D ZRUN�
SLHFH IURP WKH GLVFKDUJH FLUFXLW �VDPSOHV 1R�� DQG
��� DV SURYHG E\ PHWDOORJUDSK\� OHDGV WR D PDUNHG
GHFUHDVH LQ KHDW IORZV WR WKH UHJLRQ WUHDWHG� +HUH� DV
D UHVXOW RI DQ DPELSRODU GLIIXVLRQ RI SDUWLFOHV IURP
WKH EXON RI SODVPD� WKH VXUIDFH KDV D IORDWLQJ QHJDWLYH
SRWHQWLDO ZLWK UHVSHFW WR SRWHQWLDO RI WKH DGMRLQLQJ
SODVPD OD\HU >��@� 'LIIHUHQFH RI SRWHQWLDOV LV ∆ϕ  
 �w� 9� 7KLV UHVXOWV LQ D VXEVWDQWLDO GHFUHDVH LQ KHDW�
LQJ RI WKH VXUIDFH GXH WR UHGXFWLRQ RI SDUW RI WKH KHDW
IORZ DVVRFLDWHG ZLWK WKH HQHUJ\ WUDQVIHUUHG E\ HOHF�

7DEOH �� 0DWHULDOV RI DEVRUELQJ FRDWLQJV DQG WKHLU FKDUDFWHULVWLFV

&RDWLQJ

PDWHULDO

7KLFNQHVV�

µP
(OHFWULFDO

FRQGXFWLYLW\

$EVRUSWLRQ

FRHIILFLHQW

>�� �@

&DUERQ EODFN � � &RQGXFWRU ���w���

3ULQWLQJ LQN ��w�� 6DPH � ����

=Q��32��� �w�� ,QVXODWRU ����w����

7DEOH �� 6XUIDFH VWDWH DQG YDULDEOH SURFHVV SDUDPHWHUV IRU WUHDW�
PHQW RI VDPSOHV

6DPSOH

1R�

3UHVHQFH

RI SRWHQWLDO

6XUIDFH

VWDWH

&RDWLQJ

FRPSRVLWLRQ

1XPEHU

RI SXOVHV

� 8QWUHDWHG

� ,QVXODWHG 3ROLVKHG w �

� 6DPH &RDWHG &DUERQ EODFN �

� *URXQGHG 3ROLVKHG w �

� 6DPH &RDWHG &DUERQ EODFN �

� � 3ROLVKHG w �

� � &RDWHG &DUERQ EODFN �

� � 6DPH =Q��32��� �

� � � 6DPH �

�� � � 3ULQWLQJ LQN �

�� � � 6DPH �

)LJXUH �� $SSHDUDQFH RI VDPSOHV 1R�� �D�� � �E�� �� �F� DQG �� �G� DIWHU 3'7 �WUHDWPHQW SDUDPHWHUV DUH JLYHQ LQ 7DEOH ��
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WURQV� DV ZHOO DV WR WKH DEVHQFH RI D YROXPHWULF -RXOH
KHDW UHOHDVH� 3KRVSKDWH FRDWLQJV� KDYLQJ ORZ HOHFWUL�
FDO FRQGXFWLYLW\� LQVXODWH WKH VXUIDFH IURP WKH HOHFWULF
FXUUHQW� ZKHUHDV LQFUHDVH LQ WKH UDGLDQW FRPSRQHQW
GRHV QRW FRPSHQVDWH IRU WKH KHDW IORZ ORVVHV� 'HFUHDVH
LQ KHDW IORZV LQ WKH FDVH RI XVLQJ SKRVSKDWH FRDWLQJV
LV FDXVHG E\ WKH VDPH IDFWRUV DV LQ WKH FDVH RI GLVFRQ�
QHFWLQJ WKH ZRUNSLHFH IURP WKH GLVFKDUJH FLUFXLW� 7KH
XVH RI D SULQWLQJ LQN �VDPSOHV 1R��� DQG ��� )LJXUH ��
F� G� DV FRDWLQJV OHDGV WR IRUPDWLRQ RI FUDWHUV RQ WKH
VDPSOH VXUIDFHV� 7KH\ DUH IRUPHG LQ ORFDWLRQV ZKHUH
WKH FRDWLQJ LV WKH WKLQQHVW DQG� WKXV� WKH RKPLF UH�
VLVWDQFH LV WKH ORZHVW� &XUUHQW GHQVLW\ LQ WKHVH UHJLRQV
LV KLJK�

7KHUHIRUH� WKH XVH RI D PDWHULDO ZLWK ORZ HOHFWULFDO
FRQGXFWLYLW\ �]LQF SKRVSKDWH� DV FRDWLQJV DEVRUELQJ
WKH UDGLDQW HQHUJ\� DV ZHOO DV &�EDVH FRDWLQJV �SULQW�
LQJ LQN� RI D ODUJH WKLFNQHVV �! �� µP� GRHV QRW DV
D WRWDO OHDG WR LQFUHDVH LQ KHDWLQJ RI WKH VXUIDFH OD\HU
RI DPDWHULDO WUHDWHG� ,Q WHUPV RI LQFUHDVLQJ WKH UDGLDQW
FRPSRQHQW RI WKH KHDW IORZ XQGHU WKH 3'7 FRQGLWLRQV�
WKH EHVW FRDWLQJV DUH FRDWLQJV RI FDUERQ EODFN� KDYLQJ
KLJK HOHFWULFDO FRQGXFWLYLW\ DQG SURPRWLQJ IRUPDWLRQ
RI D PHGLXP ZLWK DQ LQFUHDVHG FDUERQ FRQWHQW RQ WKH
ZRUNSLHFH VXUIDFH�

/LNH DIWHU RWKHU PHWKRGV RI VXUIDFH KDUGHQLQJ XV�
LQJ FRQFHQWUDWHG KHDW VRXUFHV� HWFKLQJ RI WKH VXUIDFH
VXEMHFWHG WR 3'7 UHYHDOV D VOLJKWO\ HWFKHG ZKLWH OD\HU
RQ WKLV VXUIDFH �)LJXUH ��� 7KH SUHVHQFH RI WKLV OD\HU
ZDV QRW UHYHDOHG RQ WKH PLFURVHFWLRQV� ZKHUH WKH VDP�
SOHV ZHUH WUHDWHG ZLWK QR DSSOLFDWLRQ RI HOHFWULF SR�
WHQWLDO� 7KLV LV LQGLFDWLYH RI WKH IDFW WKDW LQ WKLV FDVH

WKH HQHUJ\ GHQVLW\ LQ WKH WUHDWHG VSRW LV EHORZ
�⋅��� :�P� >��@� &RQQHFWLQJ WKLV VSRW WUHDWHG E\
RQH SXOVH �VDPSOHV 1R�� DQG �� WR WKH GLVFKDUJH FLUFXLW
UHVXOWV LQ IRUPDWLRQ RI D OD\HU ZLWK D QRQ�XQLIRUP
WKLFNQHVV� ,W LV KDUGO\ QRWLFHDEOH LQ VRPH SODFHV RI
WKH WUHDWPHQW ]RQH� ZKLOH LQ WKH RWKHU SODFHV LWV WKLFN�
QHVV DPRXQWV WR �� µP�)LJXUH �� D� E��0LFURKDUGQHVV
RI WKH ZKLWH OD\HU LV DERXW ����w���� DQG WKDW RI WKH
VXEVWUDWH LV ����w���� 03D� $IWHU WKH WKUHH�IROG
WUHDWPHQW WKH OD\HU EHFRPHV PRUH XQLIRUP RYHU WKH
HQWLUH KHDW�DIIHFWHG UHJLRQ �)LJXUH �� F� G�� LWV WKLFN�
QHVV DPRXQWV WR �� µP DQG PLFURKDUGQHVV x WR
���� 03D� 6FDQQLQJ HOHFWURQ PLFURVFRS\ DOVR UH�
YHDOHG GHSRVLWLRQ RI D PDWHULDO RI WKH HURGHG DQRGH�
HOHFWURGH �0R� RQ WKH VXUIDFH� 7KHVH GDWD HYLGHQFH
WKDW GHSRVLWLRQ RI WKH YDSRXU�GURS SKDVH RI WKH HOHF�
WURGH PDWHULDO HQDEOHV WKH DOOR\LQJ SURFHVVHV WR EH
SHUIRUPHG GXULQJ 3'7�

$V VHHQ IURP WKH ;�UD\ SDWWHUQ �)LJXUH �� RI WHP�
SHUHG VWHHO ZLWKRXW 3'7 �VDPSOH 1R���� WKH SURFHVV
RI WHPSHULQJ RI D TXHQFKLQJ VWUXFWXUH UHVXOWHG LQ SUH�
FLSLWDWLRQ RI FDUERQ IURP PDUWHQVLWH DQG FRQVLGHUDEOH
GHFRPSRVLWLRQ RI DXVWHQLWH� 7KHUHIRUH� WKH SKDVH FRP�
SRVLWLRQ RI VWHHO SULRU WR 3'7 FRQVLVWV RI D WHPSHUHG
ORZ�FDUERQ �≈ ���� � &� PDUWHQVLWH ZLWK D ODWWLFH
FORVH WR D FXELF RQH� ,Q DGGLWLRQ� WKH ;�UD\ SDWWHUQ
VKRZV SHDNV RI )H�&� L�H� FHPHQWLWH� ZHDN SHDNV RI
UHWDLQHG DXVWHQLWH DQG ORZ�WHPSHUDWXUH ε�)H�& FDU�
ELGH� 7KH ;�UD\ SDWWHUQ RI VDPSOH 1R�� LV VLPLODU WR
WKDW RI VDPSOH 1R��� 3HDNV RI α�)H DQG )H�& DUH IL[HG�
7KLV SURYHV DQ LQVLJQLILFDQW KHDW HIIHFW RQ WKH VXUIDFH
ZLWK LQVXODWLRQ RI D ZRUNSLHFH� ,Q DGGLWLRQ� WKHUH

)LJXUH �� 0LFURVWUXFWXUH RI VDPSOHV 1R��� � �D� E�� � DQG � �F� G� �VWHHO 8�� DIWHU 3'7� (OHFWURO\WLF HWFKLQJ LQ �� � FKURPLXP
DQK\GULGH VROXWLRQ� D� E� G x ×���� F x ×���
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DSSHDUHG D SURQRXQFHG SHDN FRUUHVSRQGLQJ WR 0R2��
DV ZHOO DV ZHDN SHDNV RI PRO\EGHQXP� ZKLFK LV LQ�
GLFDWLYH RI WUDQVIHU RI HOHFWURGH PDWHULDO WR WKH ZRUN�
SLHFH VXUIDFH� 7KH XVH RI FDUERQ EODFN DV WKH FRDWLQJ
WR LQFUHDVH WKH HPLVVLYLW\ IDFWRU RI WKH VXUIDFH GRHV
QRW OHDG WR D PDUNHG FKDQJH LQ W\SH RI WKH ;�UD\
SDWWHUQ� 7KH ;�UD\ SDWWHUQ RI VDPSOH 1R�� LV LGHQWLFDO
WR WKDW RI VDPSOH 1R��� &RQQHFWLQJ WKH VDPSOH WR WKH
GLVFKDUJH FLUFXLW� RWKHU WUHDWPHQW FRQGLWLRQV EHLQJ
HTXDO� OHDGV WR D FRQVLGHUDEOH FKDQJH LQ WKH W\SH RI
WKH ;�UD\ SDWWHUQ RI VDPSOH 1R��� ZKLFK VKRZV D
VXEVWDQWLDO GHFUHDVH LQ WKH LQWHQVLW\ RI WKH α�)H OLQHV
DQG IRUPDWLRQ RI WKH UHWDLQHG DXVWHQLWH OLQHV� 7KH
α�)H OLQH ����� LV VSOLW LQWR D SDLU RI WKH PDUWHQVLWH
OLQHV ����� DQG >����� �����@ ORFDWHG FORVHO\ WR HDFK
RWKHU� 7HWUDJRQDOLW\ RI WKH ODWWLFH LV LQFUHDVHG EHFDXVH
RI VDWXUDWLRQ RI PDUWHQVLWH ZLWK FDUERQ� :LGHQLQJ RI
WKH GRXEOHW VSDFLQJ LV VHHQ DW SHDNV ����� DQG ������
ZKLFK SURYHV LQFUHDVH LQ WHWUDJRQDOLW\ RI WKH PDUWHQ�
VLWH ODWWLFH� ,QFUHDVH LQ WKH FDUERQ FRQWHQW RI PDUWHQ�
VLWH LV FDXVHG� ILUVWO\� E\ GLVVRFLDWLRQ RI WKH FDUELGH
SKDVHV �WKH )H�& DQG α�)H�& SHDNV DOPRVW GLVDS�
SHDUHG IURP WKH ;�UD\ SDWWHUQV�� DQG� VHFRQGO\� WKH
SRVVLELOLW\ H[LVWV RI FDUERQ VDWXUDWLRQ IURP WKH SODVPD
HQYLURQPHQW� 7KH WUHDWPHQW ZDV SHUIRUPHG LQ D UH�

GXFWLRQ DWPRVSKHUH ZLWK DQ H[FHVVLYH FRQWHQW RI
&�+�� 7KH ;�UD\ SDWWHUQ QRZ VKRZV WKH SHDN RI
ZXVWLWH )H2� &DUELGH 0R& DOVR PLJKW H[LVW� ,W LV YHU\
GLIILFXOW WR GHWHFW LWV SUHVHQFH EHFDXVH RI FORVH YDOXHV
RI WKH LQWHU�SODQH GLVWDQFHV LQ WKH FU\VWDOOLQH ODWWLFHV
RI0R&DQG)H2� 7KH SUHVHQFH RI DQ DEVRUELQJ FRDWLQJ
LQ WKH IRUP RI FDUERQ EODFN RQ WKH ZRUNSLHFH VXUIDFH
�VDPSOH 1R��� OHDGV WR GHFUHDVH LQ WKH FRQWHQW RI
R[LGHV� %HVLGHV� LQFUHDVH LQ WKH KHDW HIIHFW GXH WR D
UDGLDQW IORZ LV QRWHG� 7KLV OHDGV WR D JURZWK RI WKH

7DEOH �� &DUERQ FRQWHQW RI PDUWHQVLWH DQG UHWDLQHG DXVWHQLWH
FRQWHQW RI VXUIDFH OD\HUV RI VWHHO 8� DIWHU 3'7 �WUHDWPHQW SD�
UDPHWHUV DUH JLYHQ LQ 7DEOH ��

6DPSOH

1R�

&DUERQ FRQWHQW

RI PDUWHQVLWH� �

$XVWHQLWH

FRQWHQW� �

� ���� � �

� ���� � �

� ���� � �

� ���� ��

� ���� ��

� ���� ��

� ���� ��

)LJXUH �� ;�UD\ SDWWHUQV RI VXUIDFHV RI DQ LQLWLDO VDPSOH DQG VDPSOHV DIWHU 3'7 �WUHDWPHQW SDUDPHWHUV DUH JLYHQ LQ 7DEOH ��
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DXVWHQLWH FRQWHQW �SHDN ����� RI γ�)H� VDPSOH 1R���
)LJXUH ��� 7KH GRXEOHW VSDFLQJ RI γ�)H �����w>�����
�����@ LQ WKH ;�UD\ SDWWHUQ RI VDPSOH 1R�� LV ODUJHU
WKDQ WKDW RI VDPSOH 1R��� ZKLFK LV LQGLFDWLYH RI LQ�
FUHDVH LQ WHWUDJRQDOLW\ RI PDUWHQVLWH� ,QFUHDVH LQ WKH
QXPEHU RI SXOVHV WR WKUHH �VDPSOH 1R��� )LJXUH ��
SURPRWHV IXUWKHU JURZWK RI D UHODWLYH LQWHQVLW\ RI WKH
UHWDLQHG DXVWHQLWH SHDNV� 7KH LQWHQVLW\ RI WKH 0R2�

SHDN JURZV WR D VXEVWDQWLDO GHJUHH� 7KH PD[LPXP
FDUERQ FRQWHQW RI PDUWHQVLWH ZDV IL[HG LQ WKH ;�UD\
SDWWHUQ RI VDPSOH 1R��� 7KH γ�)H OLQH ����� LV VSOLW
LQWR D SDLU RI WKH KLJK�FDUERQ PDUWHQVLWH OLQHV �����
DQG >����� �����@�

6PHDULQJ RI OLQHV LQ ;�UD\ SDWWHUQV RI WKH VDPSOHV
DIWHU 3'7 LV LQGLFDWLYH RI D VWUHVVHG VWDWH RI WKH WUHDWHG
VXUIDFH DV D UHVXOW RI SKDVH KDUGHQLQJ� ZKLFK PDNHV
LGHQWLILFDWLRQ RI WKH ;�UD\ SDWWHUQV D ELW PRUH GLIILFXOW�
:LGHQLQJ RI WKH ;�UD\ OLQHV LV ODUJHU XQGHU D PRUH
LQWHQVLYH HQHUJ\ HIIHFW RQ WKH VXUIDFH� ZKLFK ZDV IL[HG
LQ;�UD\ SDWWHUQV RI VDPSOHV1R�� DQG ��'HVSLWH D UDWKHU
KLJK DXVWHQLWH FRQWHQW� KDUGQHVV LQ WKH VXUIDFH OD\HUV
LQFUHDVHV GXH WR SKDVH KDUGHQLQJ DV D UHVXOW RI UHYHUVLEOH
α�γ WUDQVIRUPDWLRQV� 7DEOH � JLYHV UHVXOWV RI HVWLPDWLRQ
RI WKH FDUERQ FRQWHQW RI PDUWHQVLWH DQG WKH UHWDLQHG
DXVWHQLWH FRQWHQW RI WKH VXUIDFH OD\HUV RI VDPSOHV RI VWHHO
8� DIWHU GLIIHUHQW W\SHV RI 3'7�

,W LV D NQRZQ IDFW WKDW LI PDUWHQVLWH FRQWDLQV
��� � &� KDUGQHVV DPRXQWV WR D PD[LPXP YDOXH RI
+5& ��� DQG ZLWK IXUWKHU LQFUHDVH LQ WKH FDUERQ
FRQWHQW LW GRHV QRW PDUNHGO\ LQFUHDVH >��@� *URZWK
RI WKH FDUERQ FRQWHQW RI PDUWHQVLWH ZLWK LQFUHDVH LQ
WKH QXPEHU RI SXOVHV LV DVVRFLDWHG ZLWK VDWXUDWLRQ RI
WKH ZRUNSLHFH VXUIDFH ZLWK FDUERQ IURP WKH SODVPD
HQYLURQPHQW� 7KH PD[LPXP FDUERQ FRQWHQW RI
PDUWHQVLWH ZDV IL[HG LQ VDPSOH 1R��� 7KLV LV DVVRFLDWHG
ZLWK WKH IDFW WKDW LQ DGGLWLRQ WR VDWXUDWLRQ RI WKH
VXUIDFH ZLWK FDUERQ IURP WKH SODVPD HQYLURQPHQW�
SDUW RI LW GLIIXVHV LQWR WKH VXUIDFH OD\HUV GXULQJ 3'7
GLUHFWO\ IURP WKH SUHOLPLQDULO\ DSSOLHG FRDWLQJ �FDU�
ERQ EODFN�� 7KH DPRXQW RI UHWDLQHG DXVWHQLWH JURZV
ZLWK LQFUHDVH LQ WKH QXPEHU RI SODVPD SXOVHV� $IWHU
3'7 LWV FRQWHQW RI WKH VXUIDFH OD\HU PD\ DPRXQW WR
�� �� ZKLFK LV PXFK KLJKHU WKDQ DIWHU IXUQDFH KDUG�
HQLQJ� 7KLV LV DWWULEXWDEOH WR D KLJKHU KHDWLQJ WHP�
SHUDWXUH GXULQJ 3'7� DV ZHOO DV WR D KLJKHU FRROLQJ
UDWH SUHYHQWLQJ WKH DXVWHQLWH GHFRPSRVLWLRQ SURFHVV�
6LPLODU UHVXOWV ZHUH REWDLQHG LQ VXUIDFH WUHDWPHQW
XVLQJ RWKHU FRQFHQWUDWHG KHDW VRXUFHV >��� ��@�

&21&/86,216

�� 'HSRVLWLRQ RI DEVRUELQJ FRDWLQJV RQ D VXUIDFH
WUHDWHG KDV DQ DPELJXRXV HIIHFW RQ WKH SURFHVV RI 3'7
RI SDUWV� 7KH SRVLWLYH HIIHFW ZDV IL[HG LQ WKH FDVH RI
XVLQJ WKLQ �� � µP� &�EDVH FRDWLQJV� H�J� FDUERQ
EODFN� 7KLV UHVXOWV LQ DQ LQVLJQLILFDQW LQWHQVLILFDWLRQ

RI WKH KHDW IORZ GXH WR LWV UDGLDQW FRPSRQHQW� DV ZHOO
DV LQFUHDVH LQ WHWUDJRQDOLW\ RI PDUWHQVLWH GXH WR GLI�
IXVLRQ RI FDUERQ LQWR WKH VXUIDFH OD\HUV�

�� 7KLFN �≈ �� µP� FRDWLQJV EDVHG RQ SULQWLQJ LQN
DQG FRDWLQJV RI ]LQF SKRVSKDWH �≈ � µP� ZLWK D KLJK
HOHFWULFDO UHVLVWDQFH DFW DV EDUULHUV IRU WKH IORZ RI
HQHUJ\ WUDQVIHUUHG E\ HOHFWURQV� QHXWUDO DWRPV DQG
LRQV� ,QFUHDVH LQ WKH UDGLDQW FRPSRQHQW GRHV QRW FRP�
SHQVDWH IRU WKHVH ORVVHV� ZKLFK OHDGV WR D JHQHUDO GH�
FUHDVH LQ WKH LQWHQVLW\ RI VXUIDFH KHDWLQJ�

�� ,Q 3'7 RI DQ LQVXODWHG ZRUNSLHFH� LWV VXUIDFH
LV DW D QHJDWLYH IORDWLQJ SRWHQWLDO ZLWK UHVSHFW WR
SRWHQWLDO RI WKH DGMRLQLQJ SODVPD OD\HU� 7KLV OHDGV WR
D PDUNHG GHFUHDVH LQ WKH KHDW IORZ WUDQVIHUUHG E\ WKH
HOHFWURQ FRPSRQHQW DQG WR HOLPLQDWLRQ RI WKH YROX�
PHWULF -RXOH KHDW UHOHDVH� WKXV UHVXOWLQJ LQ GHFUHDVH
LQ WKH HQHUJ\ GHQVLW\ LQ WKH WUHDWPHQW VSRW EHORZ WKH
OHYHO UHTXLUHG IRU HIILFLHQW PRGLI\LQJ RI WKH VXUIDFH
VWUXFWXUH�

�� 7KH LQYHVWLJDWLRQV SURYHG WKDW 3'7 HQDEOHV
DOOR\LQJ RI WKH VXUIDFH GXH WR WUDQVIHU RI WKH HURGHG
HOHFWURGH PDWHULDO� )RU HIILFLHQW UHDOLVDWLRQ RI WKLV
SURFHVV 3'7 VKRXOG EH FRQGXFWHG LQ D PRGH ZKHUH
WKH HURGHG HOHFWURGH VHUYHV DV WKH DQRGH ZLWK UHVSHFW
WR WKH ZRUNSLHFH VXUIDFH�

�� %RULVRY� <X�6�� 7\XULQ� <X�1� ������ +DUGHQLQJ WUHDWPHQW

RI PDFKLQH SDUWV E\ KLJK�HQHUJ\ SODVPD� .\LY� 3:,�
�� 7\XULQ� <X�1�� .ROLVQLFKHQNR� 2�9�� 7V\JDQNRY� 1�*�

������ 3XOVH�SODVPD KDUGHQLQJ RI WRROV� 7KH 3DWRQ :HOG�

LQJ -�� �� ��w���
�� .RYDOHQNR� 9�6�� *RORYNR� /�)�� &KHUQHQNR� 9�6� ������

/DVHU KDUGHQLQJ DQG DOOR\LQJ RI PDFKLQH SDUWV� .\LY�
7HNKQLND�

�� .LVLOHYVN\� /�,�� 0RUR]RY� 9�$�� 6QRSNR� 9�1� ������ 3UR�
SHUWLHV DQG DSSOLFDWLRQ RI SXOVHG KLJK�HQWKDOS\ VXSHUVRQLF
SODVPD MHWV� ,Q� 3K\VLFV DQG DSSOLFDWLRQ RI SODVPD DFFHOHUD�

WRUV� (G� E\ $�,� 0RUR]RY� 0LQVN� 1DXND L 7HNKQLND�
�� %RULVRY� <X�6�� .ROLVQLFKHQNR� 2�9� ������ ,QYHVWLJDWLRQ

RI DPSOLWXGH�WLPH FKDUDFWHULVWLFV RI WKH FXUUHQW SXOVH LQ
SODVPD�GHWRQDWLRQ WUHDWPHQW RI LWHPV� 7KH 3DWRQ :HOGLQJ

-�� ��� ��w���
�� 6DPVRQRY� *�9�� 9HUNKRWXURY� $�'�� %RYNXQ� *�$� HW DO�

������ (OHFWULF VSDUN DOOR\LQJ RI VXUIDFHV� .\LY� 1DXNRYD
'XPND�

�� 6RORYLRY� 9�$� ������ 'HWHUPLQDWLRQ RI DEVRUSWLRQ IDFWRU RI
FRDWLQJ�PHWDO V\VWHP LQ &2��ODVHU UDGLDWLRQ FRQGLWLRQV� )L�
]LND L .KLPL\D 2EUDE� 0DWHULDORY� �� ���w����

�� 0LUNLQ� /�,� ������ ;�UD\ H[DPLQDWLRQ RI HQJLQHHULQJ PD�

WHULDOV� 5HIHU� %RRN� 0RVFRZ� 0DVKLQRVWURHQLH�
�� %HNUHQHY� $�1�� .RQVWDQWLQRY� 0�3� ������ ;�UD\ GHWHUPL�

QDWLRQ RI UHVLGXDO DXVWHQLWH FRQWHQW RI VWHHOV� =DYRGVND\D
/DERUDWRUL\D� �� ��w���

��� 5DM]HU� <X�3� ������ 3K\VLFV RI JDV GLVFKDUJH� 0RVFRZ�
1DXND�

��� ������ 5HIHUHQFH ERRN RQ ODVHU WUHDWPHQW WHFKQRORJ\� (G�
E\ 9�6� .RYDOHQNR� .\LY� 7HNKQLND�

��� *XO\DHY� $�3� ������ 3K\VLFDO PHWDOOXUJ\� 0DQXDO IRU
KLJKHU HGXFDWLRQ HVWDEOLVKPHQWV� �WK HG� 0RVFRZ� 0HWDOOXU�
JL\D�

��� *XUHHY� '�0� ������ /DVHU HIIHFW RQ FDUERQ UHGLVWULEXWLRQ
LQ VXUIDFH OD\HUV RI WRRO VWHHOV� )L]LND L .KLPL\D 2EUDE�

0DWHULDORY� �� ��w���
��� 9RORVKLQ� 0�1�� *DVLQ� '�$�� .RUDEO\RYD� ,�5� HW DO�

������ 3HFXOLDULWLHV RI 8� VWHHO KDUGHQLQJ XVLQJ SXOVH�
SODVPD WUHDWPHQW� ,ELG�� �� ��w���
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$�<X� %$59,1.2
�
DQG (�$� *2768/<$.

�

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

�
.\LY 1DWLRQDO 8QLYHUVLW\ RI &RQVWUXFWLRQ DQG $UFKLWHFWXUH� .\LY� 8NUDLQH

7KH SDSHU GHDOV ZLWK UHVWRUDWLRQ RI WKH VHUYLFHDELOLW\ RI YHUWLFDO DVVHPEO\ MRLQWV RI WKH ZDOO RI FRLOHG WDQNV E\ VXFFHVVLYH

FXWWLQJ RXW RI WKH VHFWLRQV RI DOLJQHG ZHOGV DQG ZHOGLQJ UHFWDQJXODU LQVHUWV LQWR WKH JLUWKV� ,W LV VKRZQ WKDW LQVHUW

GHYLDWLRQ IURP WKH GHVLJQ SRVLWLRQ LQGXFHV DGGLWLRQDO ORFDO VWUHVVHV DORQJ WKH YHUWLFDO OLQH RI WUDQVLWLRQ IURP WKH LQVHUW

WR WKH VKHOO� DV ZHOO DV LQ WKH LQVHUW FHQWHU� ZKLFK UHTXLUHV HVWDEOLVKLQJ FHUWDLQ GHYLDWLRQ WROHUDQFHV� $ FULWHULRQ LV

VXJJHVWHG WR GHWHUPLQH WKH WROHUDQFHV IRU GHYLDWLRQ RI UHFWDQJXODU LQVHUWV IURP WKH GHVLJQ SRVLWLRQ�

.H\ ZRU G V � FRLOHG WDQNV� YHUWLFDO ZDOOV� DVVHPEO\ MRLQWV�

JHRPHWULFDO VKDSH� ZHOGLQJ�LQ RI LQVHUWV� DGPLVVLEOH GHYLDWLRQV

5HVWRUDWLRQ RI VHUYLFHDELOLW\ RI DOLJQHG YHUWLFDO DV�
VHPEO\ MRLQWV QRZ LV DQ XUJHQW SUREOHP� DULVLQJ LQ

UHSDLU RI F\OLQGULFDO VWHHO WDQNV� ZKLFK ZHUH FRQ�

VWUXFWHG E\ WKH FRLOLQJ PHWKRG >�� �@� 2QH RI WKH

PHWKRGV WR VROYH WKH SUREOHP� SURSRVHG DW WKH 3:,�

LV UHSODFHPHQW RI DOLJQHG DVVHPEO\ MRLQWV E\ MRLQWV

ZLWK VKLIWLQJ RI WKH ZHOGV LQ WKH JLUWKV� 7KH H[LVWLQJ

MRLQW LV FXW RXW VHFWLRQ E\ VHFWLRQ� DQG VSHFLDO LQVHUWV

DUH ZHOGHG LQVWHDG RI LW �)LJXUH �� ZLWK ZHOGV VKLIW�

LQJ� HTXDO WR QRW OHVV WKDQ �� WKLFNQHVVHV RI WKH JLUWK

>�@�

$IWHU WKH LQVHUWV KDYH EHHQ ZHOGHG LQWR WKH WDQN

ZDOO� WKHLU JHRPHWULFDO VKDSH ZLOO GLIIHU IURP WKH GH�

VLJQ VKDSH� GXH WR WKH LQIOXHQFH RI YDULRXV IDFWRUV

�YDULDWLRQ RI WKH GLPHQVLRQV RI WUDQVYHUVH VKULQNDJH�
DFFXUDF\ RI DVVHPEO\� HWF��� ,W LV HVWDEOLVKHG >�@ WKDW

WKH H[LVWLQJ FULWHULD RI HYDOXDWLRQ RI ORFDO GHYLDWLRQV

IURP WKH JHRPHWULFDO VKDSH RI WKH WDQN ZDOO >�@ E\
WKH JDS EHWZHHQ WKH ZDOO DQG � P ORQJ JDXJH� DUH

QRW DOZD\V DSSOLFDEOH IRU LQVHUWV� 2Q WKH RWKHU KDQG�

SUHVHQFH RI VXFK GHYLDWLRQV FDXVHV FRQVLGHUDEOH DGGL�

WLRQDO EHQGLQJ VWUHVVHV� ,Q RUGHU WR OLPLW WKHVH VWUHVVHV�

LW LV QHFHVVDU\ WR GHWHUPLQH DGGLWLRQDO WROHUDQFH IRU

GHYLDWLRQV RI WKH JHRPHWULFDO VKDSH RI LQVHUWV IURP
WKH GHVLJQ VKDSH� SURFHHGLQJ IURP ORFDO VWUHQJWK FRQ�

FHSWV�

$W WKH ILUVW VWDJH RI GHYHORSPHQW RI WROHUDQFHV IRU

GLPHQVLRQV RI GHSUHVVLRQV LQ WKH WDQN ZDOO >�@� LQ�

FOXGHG LQWR WKH FRGH >�@� WKH PDLQ DWWHQWLRQ ZDV JLYHQ

WR SUHYHQWLRQ RI �FROODSVLQJ�� ZKLFK PD\ OHDG WR WKH

ZDOO EUHDNLQJ XS�

/DWHU� LQ DGGLWLRQ WR WKDW� DOVR WKH LQIOXHQFH RI

GHSUHVVLRQV RQ WKH VWUHVVHG VWDWH RI WKH ZDOO EHJDQ WR
EH HYDOXDWHG� 7KH GHSUHVVLRQ LQ WKLV FDVH ZDV FRQVL�
GHUHG DV D VSKHULFDO V\PPHWULFDO VKHOO >�@� RU D ORFDO
FRUUXJDWLRQ LQ D ULQJ RI XQLW KHLJKW� 7KH ILQLWH HOHPHQW

PHWKRG ZDV DOVR XVHG� DOORZLQJ GHVFULSWLRQ RI WKH

DFWXDO VKDSH RI WKH GHSUHVVLRQV DQG HYDOXDWLRQ RI WKHLU

LQIOXHQFH RQ WKH VWUHVVHG VWDWH RI WKH ZDOO >�@�

$YDLODEOH SXEOLVKHG GDWD RQ WKH VWUHVVHG VWDWH RI

WKH F\OLQGULFDO VKHOO RI WKH WDQN ZDOO ZLWK D UHFWDQ�

JXODU GHSUHVVLRQ DUH LQVXIILFLHQW WR GHWHUPLQH WKH DG�

PLVVLEOH GHYLDWLRQ RI WKH JHRPHWULFDO VKDSH RI LQVHUWV�

7KH VWUHVVHG VWDWH RI WKH WDQN ZDOO ZLWK D UHFWDQJX�

ODU�VKDSHG GHSUHVVLRQ ZDV LQYHVWLJDWHG� LQ RUGHU WR
GHWHUPLQH WKH DGGLWLRQDO WROHUDQFHV IRU WKH DERYH GH�

YLDWLRQ�

&RQVLGHULQJ� WKDW WKH GHSUHVVLRQ DQG WKH VKHOO DUH

GHVFULEHG E\ GLIIHUHQW VKDSHV RI WKH VXUIDFH� GHWHUPL�
QDQW UHODWLRQVKLSV RI WKH WKHRU\ RI VKHOOV ZHUH GHILQHG

LQ WKH FRPPRQ FXUYLOLQHDU V\VWHP RI FR�RUGLQDWHV >�@�

7KH SURFHVV RI GHIRUPDWLRQ RI WKLQ VKHOOV ZLWKLQ

WKH ILQLWH GHIRUPDWLRQV ZDV VWXGLHG� XVLQJ WKH /D�

JUDQJLDQ DSSURDFK�'LVFUHWL]DWLRQ RI WKH UHVROYLQJ V\V�

WHP RI VFDODU GLIIHUHQWLDOV LQ FDOFXODWLRQ RI WKH VWUHVVHG

VWDWH RI GHSUHVVLRQV ZDV SHUIRUPHG ZLWK WKH PHWKRG

RI FXUYHG JULGV >��@� 7KH SUREOHP ZDV VROYHG LQ WKH

QRQ�OLQHDU GHILQLWLRQ� XVLQJ WKH 0(.5,6�� SURJUDP

V\VWHP >��@�

7KH F\OLQGULFDO VKHOO ZDV UHSUHVHQWHG E\ LWV PHGLDQ
VXUIDFH LQ WKH SDUDPHWULF IRUP

[  U VLQ [
�
� \  U FRV [

�
� ]  [

�
� ���

ZKHUH U LV WKH UDGLXV RI F\OLQGULFDO VKHOO� ZKLFK LQ

WKH DUHD RI WKH GHSUHVVLRQ LV GHVFULEHG E\ WKH IROORZLQJ

HTXDWLRQ�

U = U� + D�FÌV
π[�

α FÌV
π[�

O

� ���

ZKHUH U� LV WKH GHVLJQ UDGLXV� D� LV WKH GHSWK RI GH�

SUHVVLRQ� α LV WKH FHQWUDO DQJOH RI WKH GHSUHVVLRQ DUF�

O LV WKH OHQJWK RI GHSUHVVLRQ DUF�

$ VLPSOLILHG FDOFXODWLRQ VFKHPDWLF RI DQ LPSHUIHFW

VKHOO RI D WDQN ZDOO ZLWK D GHSUHVVLRQ RI D UHFWDQJXODU

VKDSH RI GHSWK D�  w�� ZDV FRQVLGHUHG� ��� RI WKH

]RQH� VXUURXQGLQJ WKH GHSUHVVLRQ �)LJXUH ��� ZDV VLQ�

JOHG RXW IURP DQ LQILQLWH F\OLQGULFDO VKHOO RI �� PP

WKLFNQHVV DQG ����� PP UDGLXV �FRUUHVSRQGLQJ WR D
� $�<X� %$59,1.2 DQG (�$� *2768/<$.� ����
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WDQN RI �� WKV P� FDSDFLW\� ZLWK D UHFWDQJXODU�VKDSHG

GHSUHVVLRQ ����� × ���� PP�� WR ZKLFK D XQLIRUP

LQWHUQDO SUHVVXUHZDV DSSOLHG� &RQGLWLRQV RI V\PPHWU\

RI WKH ILHOGV RI VWUHVV�VWUDLQ VWDWH ZHUH DVVLJQHG DORQJ

WKH ERXQGDULHV RI WKLV ]RQH�

&DOFXODWLRQ UHVXOWV VKRZHG WKDW WKH PD[LPXP

VWUHVV FRQFHQWUDWLRQ GHYHORSV RQ WKH YHUWLFDO OLQH RI

WUDQVLWLRQ IURP WKH WDQN ZDOO VKHOO WR WKH GHSUHVVLRQ

LQ WKH LQWHUQDO ILEUH �)LJXUH �� D�� ZKHUH WKH FRHIIL�

FLHQW RI VWUHVV FRQFHQWUDWLRQ LV HTXDO WR .  ���� 7KLV

LV DWWULEXWDEOH WR WKH IDFW� WKDW WKHUH LV D NLQN LQ WKH

VXUIDFH LQ WKH DUHD RI WUDQVLWLRQ IURP WKH VKHOO WR WKH

GHSUHVVLRQ� DQG DV D UHVXOW RI WDQN ILOOLQJ ZLWK OLTXLG�

WKH GHSUHVVLRQ VWUDLJKWHQLQJ OHDGV WR DSSHDUDQFH RI

PD[LPXP EHQGLQJ PRPHQWV DQG FRUUHVSRQGLQJ

VWUHVVHV�

$QRWKHU DUHD RI WKH LQVHUW� ZKHUH LQFUHDVH RI

HTXLYDOHQW VWUHVVHV LV IRXQG� LV WKH H[WHUQDO ILEUH LQ

WKH FHQWUH RI WKH GHSUHVVLRQ�ZKHUH.  ���� �)LJXUH ��

E�� $QG DOWKRXJK WKH VWUHVV FRQFHQWUDWLRQ KHUH LV ORZHU

WKDQ RQ WKH WUDQVLWLRQ OLQH� WKH FDOFXODWLRQV� SUREDEO\�

VKRXOG WDNH LQWR DFFRXQW WKH FHQWUDO UHJLRQ RI WKH

LQVHUW� DV LQ WKH DFWXDO VWUXFWXUH WUDQVLWLRQ SURFHHGV

ZLWKRXW IRUPDWLRQ RI WKH NLQN� DQG VWUHVV FRQFHQWUD�

WLRQ LQ WKH WUDQVLWLRQ ]RQH ZLOO EH VLJQLILFDQWO\ ORZHU

WKDQ WKH FDOFXODWHG YDOXH�
)LJXUH �� 'LIIHUHQFH JULG RI D F\OLQGULFDO VKHOO RI D ZDOO RI D WDQN
RI U  ����� PP ZLWK D UHFWDQJXODU�VKDSHG GHSUHVVLRQ

)LJXUH �� )LHOGV RI HTXLYDOHQW VWUHVVHV LQ D F\OLQGULFDO VKHOO ZLWK
D UHFWDQJXODU�VKDSHG GHSUHVVLRQ LQ WKH LQWHUQDO �D� DQG H[WHUQDO
�E� ILEUH �σ

HT
x HTXLYDOHQW VWUHVVHV�

)LJXUH �� 6FKHPDWLF RI ZHOGLQJ�LQ UHFWDQJXODU LQVHUWV LQ WKH ORZHU
JLUWKV RI D ZDOO RI �� WKV P

�

FRLOHG WDQN� ,w9 x QXPEHUV RI WDQN
ZDOO JLUWKV �WKH QXPHUDWRU JLYHV WKH DFWXDO DQG WKH GHQRPLQDWRUx
WKH GHVLJQ WKLFNQHVV RI WKH VKHHW� PP�
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)LJXUH � VKRZV WKH GHSHQGHQFH RI HTXLYDOHQW

VWUHVVHV �FDOFXODWHG E\ �WK WKHRU\� LQ WKH LQWHUQDO

ILEUH RQ WKH YHUWLFDO OLQH RI WUDQVLWLRQ IURP WKH GH�

SUHVVLRQ WR WKH UHVW RI WKH VKHOO� RQ RLO OHYHO� $V LV

VHHQ IURP WKH )LJXUH� FKDQJH RI WKHVH VWUHVVHV IROORZV

WKH OLQHDU ODZ �H[FHSW IRU WKH LQLWLDO GHIRUPDWLRQ

VWDJH��

,Q YLHZ RI WKH IDFW� WKDW LQ HYDOXDWLRQ RI DGGLWLRQDO

VWUHVVHV� LW LV UDWLRQDO WR FRQVLGHU WKH FHQWUDO UHJLRQ

RI WKH GHSUHVVLRQ� DQG DOVR DVVXPLQJ WKH GHSUHVVLRQ

WR EH VKDOORZ DQG LWV WUDQVLWLRQ WR WKH F\OLQGULFDO VKHOO

WR EH VPRRWK� D VLPSOLILHG FDOFXODWLRQ SURFHGXUH RI D

F\OLQGULFDO VKHOO ZLWK DQ LPSHUIHFWLRQ PD\ EH DQD�

O\]HG� ,Q D F\OLQGULFDO VKHOO RI UDGLXV U WKH PDLQ IRUFH�

EDODQFLQJ LQWHUQDO SUHVVXUH T� LV WKH FLUFXPIHUHQWLDO

WHQVLOH IRUFH� IRXQG IURP WKH IROORZLQJ IRUPXOD�

1  TU� ���

/HW XV UHSODFH WKH GHIHFWLYH ]RQH RI WKH VKHOO E\ D

FROXPQ ZLWK LQLWLDO GHSWK RI GHSUHVVLRQ D�� 7KLV FR�

OXPQ LV SLYRWHG� KDV D XQLW ZLGWK DQG OHQJWK O DQG LV

ORDGHG E\ WHQVLOH IRUFH 1 �)LJXUH ���

/HW XV IRUPXODWH WKH HTXDWLRQ RI FROXPQ HTXLOLE�

ULXP� SURFHHGLQJ IURP WKH FRQGLWLRQV RI WKH VXP RI

LQWHUQDO DQG H[WHUQDO PRPHQWV EHLQJ ]HUR�

w (,
G
�
Z

G[
�

= 1 (D w Z)� ���

ZKHUH ( LV WKH PRGXOXV RI HODVWLFLW\ RI VWHHO� , LV WKH

PRPHQW RI LQHUWLD RI WKH FROXPQ�

:H ZLOO DSSUR[LPDWH WKH LQLWLDO GLVWRUWLRQ DQG

GHIOHFWLRQ RI WKH FROXPQ E\ D FRVLQH KDOI�ZDYH�

D = D� FRV
π[
O
� Z = Z� FRV

π[
O
� ���

6XEVWLWXWLQJ H[SUHVVLRQ ��� LQWR WKH HTXLOLEULXP

HTXDWLRQ ���� ZH JHW WKH IROORZLQJ HTXDWLRQ�

(,Z�




π
O





�

FRV
π[
O

= 1(D� w Z�) FRV
π[
O
�

/HW XV ILQG LWV VROXWLRQ�

Z� =
1D�

1 + 1FU

� ���

ZKHUH 1  γ+U �KHUH γ LV WKH VSHFLILF PDVV RI OLTXLG�
FRQWDLQHG LQ WKH WDQN�� 1FU  π�

(,�O� LV WKH FULWLFDO

IRUFH RI WKH SLYRWHG FROXPQ� ,Q WKH FROXPQ FHQWUH

�[  �� ZH ZLOO ILQG PRPHQW 0 DQG PD[LPXP VWUHVV

σF�P DFFRUGLQJ WR FROXPQ PRGHO�

0 =
π�(,1D�

O
� (1 + 1FU)

� ���

σÏ�P = 1
δ +

π�(,1D�
O
� (1 + 1

FU
)
�

δ�
= 1







�

δ +
π�(δD�

�O
� (1 + 1FU)






 �
���

:KHQ WKH WDQN LV ILOOHG ZLWK OLTXLG ZLWK VSHFLILF

ZHLJKW γ XS WR OHYHO +

σÏ�P = +γU






�

δ +
π�

�

(δD�
O
�γU (+ + +FU)






 �

���

ZKHUH +FU  1FU�γU LV WKH FULWLFDO OHYHO RI ILOOLQJ�
&RPSDULVRQ RI HTXLYDOHQW VWUHVVHV LQ WKH H[WHUQDO

ILEUH LQ WKH GHSUHVVLRQ PLGGOH SDUW� FDOFXODWHG� XVLQJ

WKH VKHOO DQG WKH FROXPQ PRGHOV� VKRZV WKDW D JRRG

)LJXUH �� 'HSHQGHQFH RI HTXLYDOHQW VWUHVVHV σ
HT
LQ WKH LQWHUQDO

ILEUH RQ WKH YHUWLFDO OLQH RI WUDQVLWLRQ RQ WKH RLO OHYHO+ DW GLIIHUHQW
GHSWK RI GHSUHVVLRQ� � x D

�
 w��� � x w��� � x w��� � x

w�� PP

)LJXUH �� &ROXPQ PRGHO �Z�
LV WKH LQLWLDO VDJ RI WKH FROXPQ�

)LJXUH �� &RPSDULVRQ RI YDOXHV σ� SURGXFHG XVLQJ WKH VKHOO DQG
FROXPQ PRGHOV DW D�  w�� PP DQG WKLFNQHVV RI WDQN VKHOO RI ��
�D� DQG �� �E� PP� � x HTXLYDOHQW VWUHVVHV� � x VWUHVVHV� IRXQG
IURP FROXPQ PRGHO� � x ORRS VWUHVVHV
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DJUHHPHQW RI WKHLU YDOXHV LV IRXQG IRU WKH F\OLQGULFDO

VKHOO �� PP WKLFN� GLIIHUHQFH LV QRW PRUH WKDQ � � DW

ILOOLQJ OHYHO DERYH � P �)LJXUH �� D�� )RU WKH FDVH RI

WKH VKHOO RI JUHDWHU WKLFNQHVV �δ  �� PP�� WKH DFFX�

UDF\ RI FDOFXODWLRQ� SHUIRUPHGZLWK WKH FROXPQPRGHO�

LV ORZHU� +RZHYHU� DW+  ≥ ��P WKH GLIIHUHQFH EHWZHHQ

HTXLYDOHQW VWUHVV DQG VWUHVV LQ WKH FROXPQ LV QRW PRUH

WKDQ �� � �)LJXUH �� E�� $V ��w�� PP WKLFN VKHHWV

DUH XVHG� DV D UXOH� LQ WKH ORZHU ORDGHG JLUWKV� FRQ�

GLWLRQ + ≥ �� P KROGV� DQG DSSOLFDWLRQ RI WKH FROXPQ

PRGHO IRU FDOFXODWLRQ LV YDOLG LQ WKLV FDVH� 'HSHQGHQFH

RI HTXLYDOHQW VWUHVVHV RQ RLO OHYHO LV FORVH WR D OLQHDU

YDOXH IRU D F\OLQGULFDO VKHOO RI �� DQG ��PP WKLFNQHVV�

/LQHDU QDWXUH RI GHSHQGHQFH RI VWUHVV YDOXHV LQ WKH

LQVHUW FHQWHU DQG DORQJ WKH OLQH RI WUDQVLWLRQ IURP LW

WR WKH VKHOO RQ RLO OHYHO DW GLIIHUHQW YDOXHV RI GHYLDWLRQ

RI WKH GHSUHVVLRQ VKDSH IURP WKH GHVLJQ YDOXH� DQG�

DV VKRZQ E\ H[SHULPHQWDO VWXGLHV� DEVHQFH RI LQVHUW

WZLVWLQJ �MXVW WKH FXUYDWXUH RI WKH FXUYH JHQHUDWRU

FKDQJHV� DOORZ WDNLQJ WKH GHVLJQ OHQJWK RI WKH LQVHUW

VDJ IGHV �)LJXUH �� DV WKH PDLQ FKDUDFWHULVWLF RI LQVHUW

JHRPHWULFDO VKDSH� 'HYLDWLRQ RI WKH JHRPHWULFDO VKDSH

RI WKH LQVHUW� LQ LWV WXUQ� ZLOO EH FKDUDFWHUL]HG E\

YDOXH D�� HTXDO WR WKH GLIIHUHQFH EHWZHHQ WKH DFWXDO

DQG GHVLJQ OHQJWK RI WKH VDJ �)LJXUH ���

)XUWKHU FKHFNLQJ RI WKH DFFXUDF\ RI WKH SURSRVHG

FROXPQ PRGHO ZDV SHUIRUPHG IRU DFWXDO GHYLDWLRQV RI

WKH JHRPHWULFDO VKDSH RI LQVHUWV� ZHOGHG�LQ WR UHSODFH

WKH DOLJQHG YHUWLFDO DVVHPEO\ MRLQWV E\ VKLIWHG MRLQWV

LQ D WDQN RI �� WKV P� YROXPH >�@� *HRPHWULFDO VKDSH

RI WKH WDQN ZDOO LQ WKLV FDVH PHHWV WKH DERYH UHTXLUH�

PHQWV� ,Q SDUWLFXODU� DGGLWLRQDO VWUHVVHV DORQJ WKH YHU�

WLFDO OLQH RI WUDQVLWLRQ IURP WKH LQVHUW WR WDQN ZDOO

ZHUH DEVHQW� ZKLFK DOORZHG WKH FROXPQ PRGHO WR EH

DSSOLHG� &RPSDULVRQ RI HTXLYDOHQW VWUHVVHV� FDOFXODWHG

E\ WKH ILQLWH HOHPHQW PHWKRG� XVLQJ 6&$' FRPSXWLQJ

V\VWHP >��@� LQ WKH H[WHUQDO ILEUH DORQJ WKH YHUWLFDO

D[LV RI V\PPHWU\ RI WKH LQVHUW DQG PDJQLWXGHV RI

VWUHVVHV� FDOFXODWHG E\ WKH FROXPQ PRGHO� VKRZHG

WKHP WR EH TXLWH FORVH x WKH GLIIHUHQFH EHLQJ �� �

RQ DYHUDJH �7DEOH ���

7KXV� WKH UHVXOWV RI WKH SHUIRUPHG LQYHVWLJDWLRQV

LQGLFDWH WKDW WKH FROXPQ PRGHO FDQ EH XVHG WR GH�

WHUPLQH DGPLVVLEOH GHYLDWLRQV RI JHRPHWULFDO VKDSH RI

WKH LQVHUWV DIWHU ZHOGLQJ�LQ� ,Q WKLV FDVH� WKH IROORZLQJ

FRQGLWLRQV VKRXOG EH REVHUYHG� DEVHQFH RI DEUXSW

NLQNV LQ WKH DUHD RI WUDQVLWLRQ IURP WKH F\OLQGULFDO

VKHOO WR LPSHUIHFWLRQV �DORQJ WKH YHUWLFDO DQG KRUL�

]RQWDO OLQHV�� DQG WKH GHSUHVVLRQ VKRXOG EH VKDOORZ�

$QDO\VLV RI WKH GHSHQGHQFH RI PDJQLWXGHV RI DG�

GLWLRQDO VWUHVVHV RQ LQVHUW OHQJWK� GHWHUPLQHG XVLQJ

WKH FROXPQ PRGHO ���� LQ WKH PRVW ORDGHG JLUWK RI

WKH WDQN RI WKH FDSDFLW\ RI �� WKV P� �7DEOH �� VKRZHG

WKDW SUHVHQFH RI HYHQ VOLJKW LQLWLDO GHYLDWLRQV IURP

WKH GHVLJQ JHRPHWULFDO VKDSH LQGXFHV D VLJQLILFDQW

VWUHVV FRQFHQWUDWLRQ� 7KH REWDLQHG UHVXOW UHYHDOV WKH

QHHG IRU D KLJKO\ DFFXUDWH ZHOGLQJ RI LQVHUWV LQWR WKH

WDQN ZDOO� ,W LV IXUWKHU REYLRXV IURP �VHH 7DEOH ���

WKDW WKH UHVXOWV RI PHDVXUHPHQW RI LQVHUW GHYLDWLRQV

ZLWK D ���� PP ORQJ JDXJH� PD\ EH XVHG RQO\ IRU

WKHLU LQLWLDO DVVHVVPHQW� ,Q NHHSLQJ ZLWK >�@� IRU WKLFN�

QHVV RI �w�� PP WKH DGPLVVLEOH FOHDUDQFH EHWZHHQ

WKH JDXJH DQG WKH ZDOO LV ≈ �� PP� ZKLFK LQ WKH FDVH

RI DQ LQVHUW RI ���� PP OHQJWK DQG ����PP WKLFNQHVV�

FRUUHVSRQGV WR WKH FRHIILFLHQW RI VWUHVV FRQFHQWUDWLRQ

. ≅ ����

7KH IROORZLQJ DSSURDFK FDQ EH WDNHQ WR GHWHUPLQH

WKH DGPLVVLELOLW\ RI LQVHUW GHYLDWLRQ� $QDO\VLV RI H[�

SHULPHQWDO GDWD� REWDLQHG DW WKH 3:, RQ WKH DFWXDO

VDJ YDOXHV GHPRQVWUDWHG WKDW LQ SUDFWLFH DQ DFFXUDF\

RI D�  ± � DQG ± �� PP� UHVSHFWLYHO\� LV DFKLHYDEOH

IRU D �� WKV P� WDQN ZLWK �w�� PP ZDOO WKLFNQHVV

7DEOH �� &RPSDULVRQ RI WKH UHVXOWV RI FDOFXODWLRQ RI HTXLYDOHQW VWUHVVHV σHT LQ WKH H[WHUQDO ILEUH� SURGXFHG XVLQJ 6&$'� DQG VWUHVVHV�
FDOFXODWHG E\ FROXPQ PRGHO σF�P

1R� RI WDQN JLUWK δ� PP +� P D�� PP σ
HT� ª3¾ σ

Ï�P� ª3¾ 6WUHVV GLIIHUHQFH� �

, �� ����� ���� ���



��� ��

,9 �� ����� ���� ��� ��� �

9 �� ����� ���� ���



��� ��

9, �� ���� ���� ��� ��� ��




$YHUDJH PDJQLWXGH RI VWUHVV�

7DEOH �� 5DWLR RI VWUHVVHV� FDOFXODWHG E\ FROXPQ PRGHO� WR DG�
PLVVLEOH ORRS VWUHVVHV

D�� PP
/HQJWK RI LQVHUW� PP

���� ���� ���� ���� ����

� ���� ���� ���� ���� ����

�� ���� ���� ���� ���� ����

�� ���� ���� ���� ���� ����

�� ���� ���� ���� ���� ����

�� ���� ���� ���� ���� ����

�� ���� ���� ���� ���� ����

1R W H � 7KH IROORZLQJ GDWD ZDV WDNHQ IRU FDOFXODWLRQ� PD[LPXP RLO

OHYHO LQ WKH WDQN x ����� PP� ,9 JLUWK RI D WDQN RI 96W�*SV VWHHO

RI ���� PP WKLFNQHVV� GHVLJQ UHVLVWDQFH 5\  ��� 03D� γF  ����
)LJXUH �� 'HWHUPLQDWLRQ RI GHYLDWLRQ RI WKH JHRPHWULFDO VKDSH RI
LQVHUWV IURP GHVLJQ SRVLWLRQ� � x GHVLJQ SRVLWLRQ� � x YHUWLFDO
ZHOGV
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DQG ����� PP UDGLXV� ZKHQ ZHOGLQJ�LQ LQVHUWV RI ����

DQG ����PP OHQJWK� 6XFK GHYLDWLRQV VKRXOG QRW FDXVH

DQ\ VLJQLILFDQW DGGLWLRQDO VWUHVVHV� $VVXPLQJ� WKDW DS�

SHDUDQFH RI ORFDO DGGLWLRQDO VWUHVVHV LV FDXVHG E\ EHQG�

LQJ� WKHLU DGPLVVLEOH YDOXHV VKRXOG� SUREDEO\� EH OLPL�

WHG E\ �w� � RI YDOXHV RI ORRS VWUHVVHV� ,I WKH LQVHUWV

DUH PDGH RI VWURQJHU VWHHO WKDW WKH UHVSHFWLYH JLUWK�

WKH YDOXHV RI DGGLWLRQDO VWUHVVHV FDQ EH GHWHUPLQHG�

WDNLQJ LQWR DFFRXQW WKH UDWLRV RI WKHLU GHVLJQ \LHOG

SRLQWV� 3URFHHGLQJ IURP WKH DERYH� ZH PD\ ZULWH

σÏ�P ≤ γFγGHSU5\� ����

KHUH γF LV WKH FRHIILFLHQW RI WKH RSHUDWLQJ FRQGLWLRQV

RI WDQN JLUWK� IRXQG LQ NHHSLQJ ZLWK >��@ RU >�@� γGHSU
LV WKH FRHIILFLHQW� GHILQLQJ WKH DGPLVVLEOH YDOXHV RI

DGGLWLRQDO ORFDO VWUHVVHV LQ WKH LQVHUW �GHSUHVVLRQ� LQ

UHODWLRQ WR ORRS VWUHVVHV DQG WDNHQ WR EH ����w���� RU

γGHSU  5\ LQVHUW�5\ JLUWK �KHUH 5\ LV WKH GHVLJQ UHVLVWDQFH

RI WKH VWHHO JLUWK�LQVHUW E\ \LHOG SRLQW��

:H ZLOO GHWHUPLQH IURP H[SUHVVLRQ ���� LQ YLHZ

RI ��� WKH DGPLVVLEOH GHYLDWLRQ D� IURP GHVLJQ YDOXH�

D
�

≤
�O

� (� + +FU�+)
π�

(δ
γF γGHSU5\ w

+γU
δ � ����

/HW XV HYDOXDWH WKH YDOXHV RI DGGLWLRQDO VWUHVVHV

LQ WKH PRVW ORDGHG ,9 JLUWK RI WDQN 596������

6.31R��� RI 136 �$YJXVWRYND� %UDQFK RI &RPSDQ\

�8NUWUDQVQDIWD� �7DEOH �� IRU WKH DERYH GHYLDWLRQV

RI WKH VDJ� DW LQVHUW OHQJWK RI ���� PP DGGLWLRQDO

VWUHVVHV DUH � � �γGHSU  ������ DQG DW LQVHUW OHQJWK RI
���� PP x � � �γGHSU  ������ ,I ZH DVVXPH� WKDW

γGHSU  ���� DW LQVHUW OHQJWK RI ���� PP� DGPLVVLEOH

GHYLDWLRQV RI WKH JHRPHWULFDO VKDSH RI LQVHUWV� FDOFX�

ODWHG E\ ����� ZLOO EH D�  ± �� PP� )RU RWKHU� OHVV

ORDGHG JLUWKV� WKH VHOHFWHG WROHUDQFH SURYLGHV ORZHU

YDOXHV RI HTXLYDOHQW VWUHVVHV� ZKLFK GR QRW H[FHHG

DGPLVVLEOH PDJQLWXGHV RI ORRS VWUHVVHV x σF�P ≤ γF5\�

&21&/86,216

�� (YDOXDWLRQ RI WKH VWUHVVHG VWDWH RI D F\OLQGULFDO

WDQN ZDOO ZLWK UHFWDQJXODU LQVHUWV VKRXOG WDNH LQWR

DFFRXQW WKH FRQFHQWUDWLRQ RI VWUHVVHV LQ WKH H[WHUQDO

ILEUH LQ WKH LQVHUW FHQWUH�

�� 7KH PDLQ FKDUDFWHULVWLF� GHILQLQJ WKH GHYLDWLRQ

RI WKH JHRPHWULFDO VKDSH RI D UHFWDQJXODU LQVHUW IURP

WKH GHVLJQ VKDSH� LV WKH GLIIHUHQFH EHWZHHQ LWV GHVLJQ

DQG DFWXDO VDJ�

�� ,W LV SURSRVHG WR DVVXPH VXFK YDOXHV RI DGPLV�

VLEOH GHYLDWLRQ RI LQVHUW VDJ IURP WKH GHVLJQ YDOXH�

ZKLFK ZRXOG SURYLGH DGGLWLRQDO VWUHVV YDOXHV RI QRW

PRUH WKDQ �w� � RI WKRVH RI DGPLVVLEOH ORRS VWUHVVHV�

�� $ FROXPQPRGHO FDQ EH XVHG WR DVVLJQ DGPLVVLEOH

GHYLDWLRQV RI WKH VDJ RI D UHFWDQJXODU�VKDSHG LQVHUW

IURP WKH GHVLJQ YDOXH�

�� 'HYHORSPHQW RI D VSHFLDO ZHOGLQJ WHFKQRORJ\�

SURYLGLQJ VXIILFLHQWO\ KLJK DFFXUDF\ RI ZHOGLQJ�LQ WKH

LQVHUWV� LV UHTXLUHG WR DFKLHYH DGPLVVLEOH GHYLDWLRQV

RI LQVHUWV LQ SUDFWLFH�

�� 5DHYVN\� 9�*� ������ 1HZ PHWKRG RI SURGXFWLRQ RI VWDWLR�
QDU\ ZHOGHG WDQNV� $YWRJHQQRH 'HOR� ���� ��w���

�� %LOHWVN\� 6�0�� *ROLQNR� 9�0� ������ ,QGXVWULDO SURGXF�

WLRQ RI RXWVL]HG ZHOGHG VKHHW VWUXFWXUHV� .\LY� 1DXNRYD
'XPND�

�� 9%1 9���������w��� 9HUWLFDO VWHHO WDQNV IRU RLO DQG SHWUR�
OHXP SURGXFW VWRUDJH DW WKH SUHVVXUH RI VDWXUDWHG YDSRUV RI
QRW PRUH WKDQ ���� N3D� ,QWURG� ���������

�� %DUYLQNR� <X�3�� *ROLQNR� 9�0�� %DUYLQNR� $�<X� ������
,PSURYHPHQW RI SHUIRUPDQFH RI YHUWLFDO HUHFWLRQ ZHOGHG
MRLQWV LQ WKH ZDOO RI F\OLQGULFDO WDQNV PDGH RI FRLOHG EODQNV�
7KH 3DWRQ :HOGLQJ -�� �� ��w���

�� 3LVDQNR� 1�0� ������ &RPSOH[ VROXWLRQ RI WKH SUREOHP RI
WROHUDQFHV LQ PDQXIDFWXULQJ RI YHUWLFDO F\OLQGULFDO ZHOGHG
WDQNV� ,Q� 7UDQVDFW� RI 9�9� .XME\VKHY 0,6,� ,VVXH ���

�� 61L3 ,,�9��w��� 0HWDO VWUXFWXUHV� 0DQXIDFWXULQJ� PRXQW�
LQJ DQG DFFHSWDQFH UHJXODWLRQV� ,QWURG� ���������

�� 9DVNHYLFK� $�$� ������ 2Q DGGLWLRQDO VWUHVVHV LQ PHWDO WDQN
HOHPHQWV� 7UDQVSRUW L .KUDQHQLH 1HIWL� �� ��w���

�� .DWDQRY� $�$� ������ &RPSOH[ HYDOXDWLRQ RI VWUHVV�VWUDLQ
VWDWH RI WDQNV XVLQJ FRPSXWHU�DLGHG SURFHGXUHV� ,Q� $EVWU� RI
,QW� &ROORTXLXP RQ 1HZ 6ROXWLRQV LQ 'HVLJQ DQG &RQVWUXF�
WLRQ RI 6WHHO 7DQNV� 2GHVVD� -XQH ��w��� ����� .\LY� 9$7
8NU1',SURHNWVWDONRQVWUXNWVL\D�

�� &KHUQ\NK� .�)� ������ /LQHDU WKHRU\ RI VKHOOV� 3DUW �� /H�
QLQJUDG� /*8�

��� *RWVXO\DN� (�$� ������ 2Q JULG GLJLWL]DWLRQ RI YHFWRU UHOD�
WLRQVKLSV RI WKHRU\ RI VKHOOV LQ D FXUYLOLQHDU V\VWHP RI FR�RU�
GLQDWHV� 3ULNODGQD\D 0HNKDQLND� �� ��w���

��� %D]KHQRY� 9�$�� *XO\DHY� 9�,�� *RWVXO\DN� (�$� HW DO�
������ 6WDELOLW\ DQDO\VLV RI FRPSOLFDWHG VKDSH VKHOOV �3UR�

FHGXUDO JXLGHOLQHV RQ DSSOLFDWLRQ RI 0(.5,6�� SURJUDP

V\VWHP�� .\LY� .,6,�
��� .DUSLORYVN\� 9�6�� .ULNVXQRY� (�=�� 3HUHOPXWHU� $�9� HW DO�

������ 6&$' IRU XVHU� .\LY� .RPSDV�
��� 61L3 �������w��� ,QGXVWULDO EXLOGLQJV� ,QWURG� ���������
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9�3� 7$512*52'6.< DQG (�<X� 32120$5<29$

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

0HWKRGV IRU LQFUHDVLQJ VWUHQJWK RI ZHOGHG MRLQWV LQ WXEHV RI WKHUPRSODVWLF PDWHULDOV DUH UHYLHZHG� 7KHVH PHWKRGV DUH

EDVHG RQ UHPRYDO RI R[LGH ILOP E\ VKHDULQJ LW GXULQJ ZHOGLQJ RI SODVWLFV XVLQJ ,5�UDGLDWLRQ� DSSOLFDWLRQ RI D SURILOHG

KRW WRRO DQG PHFKDQLFDO VWLUULQJ�

.H\ ZRU G V � ZHOGLQJ� WKHUPRSODVWLFV� ,5�HPLWWHU� SURILOHG

KRW WRRO� PHFKDQLFDO VWLUULQJ

7KHRUHWLFDO EDVLV RI VFLHQWLILF GHYHORSPHQWV LQ WKH

ILHOG RI WHFKQRORJ\ DQG HTXLSPHQW IRUZHOGLQJ SODVWLFV
LV LQYHVWLJDWLRQ LQWR WKH PHFKDQLVP RI IRUPDWLRQ RI

ZHOGHG MRLQWV� ,W LV UHSRUWHG >�@ WKDW LQWHUDFWLRQ RI

HGJHV RI D SRO\PHU ZHOGHG ZLWK D KRW WRRO DQG DPELHQW

DWPRVSKHUH GXULQJ ZHOGLQJ �DV D UHVXOW RI WKHUPDO�

R[LGDWLRQ GHVWUXFWLRQ� OHDGV WR IRUPDWLRQ RI D VXUIDFH

OD\HU GUDPDWLFDOO\ GLIIHULQJ LQ LWV SURSHUWLHV IURP WKH
EDVH PDWHULDO� 7KLV OD\HU� L�H� D ILOP� SUHYHQWV MRLQLQJ
RI PROWHQ VXUIDFHV DQG PD\ OHDG WR FRPSOHWH RU SDUWLDO

ODFN RI IXVLRQ� ZKLFK KDV D VXEVWDQWLDO HIIHFW RQ

VWUHQJWK�

7R SURYLGH D VRXQG ZHOGHG MRLQW� LW LV QHFHVVDU\
WR UHPRYH LQJUHGLHQWV IRUPHG RQ WKH VXUIDFH RI PROWHQ

HGJHV WR LQWHQVLI\ UKHRORJLFDO SURFHVVHV ZLWKLQ WKH

FRQWDFW ]RQH� ,W LV ZHOO NQRZQ >�@ WKDW LQFUHDVH LQ

WKLFNQHVV RI WKH ZHOG HGJHV LV DFFRPSDQLHG E\ LQFUHDVH

LQ WLPH RI KHDWLQJ� 7KXV� LQ SUHSDUDWLRQ RI HGJHV IRU

ZHOGLQJ XVLQJ ,5�UDGLDWLRQ� WKH WLPH RI KHDWLQJ IRU

ORZ SUHVVXUH SRO\HWK\OHQH �/33� WXEHV ZLWK D GLDPH�
WHU RI ��� PP DQG ZDOO WKLFNQHVV RI δ  �� PP LV QR

PRUH WKDQ �� V� ZKHUHDV IRU WKH /33 WXEH ZLWK D

GLDPHWHU RI ��� PP DQG δ  �� PP WKH WLPH IRU

SHQHWUDWLRQ WR D GHSWK RI � PP LV �� V� 1DWXUDOO\� LQ

WKH VHFRQG FDVH WKH R[LGH ILOP SUHYHQWLQJ ZHOGLQJ LV

PXFK VWURQJHU EHFDXVH RI D ORQJHU R[LGDWLRQ SHULRG�

DQG VWUHQJWK RI D ZHOGHG MRLQW LQ WKLV FDVH LV ORZHU

WKDQ LQ WKH ILUVW FDVH� 7KHUHIRUH� ZHOGLQJ RI WKLFN�

ZDOOHG HOHPHQWV E\ WKLV PHWKRG LQYROYHV GLIILFXOWLHV�

7KHUH DUH PHWKRGV LQWHQGHG IRU GHVWUXFWLRQ RI R[�

LGH ILOP GXULQJ ZHOGLQJ� 7KH\ LQFOXGH� IRU H[DPSOH�

RVFLOODWLQJ RQH WXEH DERXW LWV D[LV WR �w�� DQG UHFLS�

URFDWLQJ LW UHODWLYH WR WKH D[LV WR �w� PP GXULQJ

XSVHWWLQJ DW D IUHTXHQF\ RI �w� +] >�@� $ GUDZEDFN

RI WKHVH PHWKRGV LV WKDW WKH\ UHTXLUH VSHFLDO PHFKD�

QLVP WR LQGXFH RVFLOODWLQJ RU UHFLSURFDWLQJ PRWLRQ�

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH

1$6 RI 8NUDLQH GHYHORSHG DQG WHVWHG WKH PHWKRG IRU

UHPRYDO RI DQ R[LGH ILOP GXULQJ ZHOGLQJ RI SODVWLFV

XVLQJ ,5�UDGLDWLRQ� 3HFXOLDULW\ RI LWV DSSOLFDWLRQ LV DV

IROORZV� ,5�HPLWWHU � �)LJXUH �� D� E� LV LQWURGXFHG

LQWR D JDS EHWZHHQ ZHOG HGJHV � WR SHQHWUDWH WKHP

WR D UHTXLUHG GHSWK� 7KHQ WKH ZHOG HGJHV DUH SUHVVHG

WR WKH ,5�HPLWWHU� DQG WKH KRW WRRO LV JUDGXDOO\ ZLWK�

GUDZQ ZLWKRXW UHOLHYLQJ WKH XSVHWWLQJ SUHVVXUH �)L�
JXUH �� F�� 7HPSHUDWXUH RI WKH KRW WRRO DW WKH PRPHQW
RI SUHVVLQJ VKRXOG EH ORZHU WKDQ WKH LJQLWLRQ SRLQW�

0DWHULDO LV QRW LJQLWHG DW WKLV WHPSHUDWXUH� ZKHUHDV

WKH R[LGH ILOP DGKHUHV WR WKH VXUIDFH RI WKH KRW WRRO

E\ VLQWHULQJ� 7KHQ� DV WKH KRW WRRO LV ZLWKGUDZQ� WKH
ILOP LV VKHDUHG IURP WKH ZHOG HGJHV �)LJXUH �� G��
DQG WKHLU XSVHWWLQJ LV SHUIRUPHG�

7KLV PHWKRG ZDV WHVWHG LQ ZHOGLQJ RI HOHPHQWV RI

WKH /33 WXEH ZLWK D GLDPHWHU RI ��� PP DQG ZDOO

WKLFNQHVV RI δ  �� PP� 6DPSOHV ZHUH �� × �� ×
× �� PP LQ VL]H� $ SURWRW\SH RI WKH ,5�HPLWWHU ZDV
PDGH E\ WKH 3:,� ,W LV D QLFKURPH SODWH � PP WKLFN

DQG �� PP ZLGH� 7KH HPLWWLQJ VXUIDFH WHPSHUDWXUH

LV ��� �&� 7KH ,5�HPLWWHU LV LQWURGXFHG LQWR WKH FHQWUH
� 9�3� 7$512*52'6.< DQG (�<X� 32120$5<29$� ����

)LJXUH �� )ORZ GLDJUDP RI WKH SURFHVV RI ZHOGLQJ WKHUPRSODVWLF
PDWHULDOV XVLQJ ,5�HPLWWHU �VHH GHVLJQDWLRQV LQ WKH WH[W�
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RI WKH �� PP JDS EHWZHHQ WKH HGJHV WR EH ZHOGHG�
$IWHU WKH VXUIDFH OD\HU RI WKH HGJHV LV SHQHWUDWHG WR
D GHSWK RI � PP �WLPH RI KHDWLQJ WKH HGJHV LV �� V��
WKH KRW WRRO LV VZLWFKHG RII IURP WKH SRZHU VXSSO\
DQG DOORZHG WR FRRO GRZQ IRU � V WR D WHPSHUDWXUH
EHORZ WKH LJQLWLRQ SRLQW �IRU /33 WKLV WHPSHUDWXUH
ZDV DVVXPHG WR EH HTXDO WR ��� �&�� 7KHQ WKH WXEH
HGJHV DUH SUHVVHG WR WKH KRW WRRO ZLWK DQ XSVHWWLQJ
SUHVVXUH RI ���� 03D� $W D WHPSHUDWXUH RI ��� �& WKH
R[LGH ILOP DGKHUHV WR WKH KRW WRRO DV D UHVXOW RI VLQ�
WHULQJ� $IWHU � V� ZLWKRXW UHOLHYLQJ WKH XSVHWWLQJ SUHV�
VXUH RI ����03D� WKH KRW WRRO LV JUDGXDOO\ ZLWKGUDZQ
DW D VSHHG RI � FP�V� DQG WKHQ WKH XSVHWWLQJ SUHVVXUH
LV LQFUHDVHG WR ��� 03D�

'XULQJ WKH ZLWKGUDZDO SURFHVV WKH KRW WRRO VKHDUV
RII WKH R[LGH ILOP DGKHULQJ WR LW� :KHQ WKH KRW WRRO
LV VZLWFKHG RQ DJDLQ� WKH ILOP DQG WKH PDWHULDO WKDW
VWXFN WR LW DUH EXUQW DZD\� L�H� VHOI�FOHDQLQJ WDNHV
SODFH� ZKLFK PHDQV WKDW QR DQWL�DGKHVLRQ OD\HU DQG
QR VSHFLDO FOHDQLQJ DUH UHTXLUHG�

7KH UHVXOWLQJ ZHOGHG MRLQW ZDV WHQVLOH WHVWHG� $V

VKRZQ E\ WKH WHVWV� WKH PHDQ YDOXH RI VWUHQJWK RI WKH

ZHOG LV QRW ORZHU WKDQ WKDW RI WKH EDVH PDWHULDO� 7KLV

LV H[SODLQHG E\ WKH IDFW WKDW WKH PDWLQJ VXUIDFHV ZHUH

QRQ�R[LGLVHG� WKXV WKH ZHOGHG MRLQW ZDV QRW ZHDNHQHG

E\ WKH R[LGH ILOP� ZKLFK LV WKH FDVH RI RWKHU NQRZQ

ZHOGLQJ PHWKRGV XVLQJ WKH ,5�HPLWWHU� 7KH ORDG�FDU�

U\LQJ FDSDFLW\ RI WKH PDWHULDO FDQ EH IXOO\ XWLOLVHG

RZLQJ WR WKH IDFW WKDW WKH ZHOGHG MRLQW KDV VWUHQJWK

HTXDO WR WKDW RI WKH EDVH PDWHULDO�

$QRWKHU LPSRUWDQW IDFWRU ZKLFK GHWHUPLQHV

VWUHQJWK RI WKH ZHOGHG MRLQW LV VWLUULQJ RI WKH PHOW RI

WKH PDWLQJ VXUIDFHV GXULQJ ZHOGLQJ� 7KLV VWLUULQJ ID�

YRXUV HTXDOLVDWLRQ RI SK\VLFDO SDUDPHWHUV RI WKH VR�

OLGLI\LQJ PDWHULDO� EUHDNLQJ DQG SDUWLDO UHPRYDO RI

KDUPIXO LPSXULWLHV IURP WKHZHOGLQJ ]RQH� ZKLFK OHDGV

WR LQFUHDVH LQ VWUHQJWK RI WKH ZHOG�
,Q WKH ����V .�,� =DMWVHY SXW IRUZDUG D �UKHRORJL�

FDO� FRQFHSW RI WKH PHFKDQLVP RI IRUPDWLRQ RI ZHOGHG
MRLQWV LQ SODVWLFV� $FFRUGLQJ WR WKLV FRQFHSW� UKHRORJL�
FDO SURFHVVHV RFFXUULQJ LQ WKH ]RQH RI FRQWDFW RI WKH
SDUWV WR EH MRLQHG SOD\ D VXEVWDQWLDO UROH LQ WKH PHFKD�
QLVP RI IRUPDWLRQ RI ZHOGHG MRLQWV� 7KH VXUIDFH RI
WKH KRW WRRO LV PDGH URXJK WR LQFUHDVH VWUHQJWK RI WKH
ZHOG GXH WR D PRUH FRPSUHKHQVLYH VWLUULQJ RI WKH EDVH
PDWHULDO� 7KLV VXUIDFH PD\ KDYH SHDNV DQG YDOOH\V
ORRNLQJ OLNH D IDEULF ZHDYH SDWWHUQ >�@� ,W ZDV VXJ�
JHVWHG WKDW� DIWHU WKH HQG RI KHDWLQJ RI WKH ZHOG HGJHV
DQG ZLWKGUDZDO RI WKH KRW WRRO IURP WKH JDS EHWZHHQ
WKH HGJHV� L�H� GXULQJ XSVHWWLQJ� WKH SDUWV WR EH MRLQHG
VKRXOG EH PRYHG UHODWLYH WR HDFK RWKHU DQG SDUDOOHO
WR WKH SODQH SDVVLQJ WKURXJK WKHLU HGJHV� 2ZLQJ WR
VXFK DQ RVFLOODWLRQ PRYHPHQW� WKH PDWHULDO KHDWHG WR
D SODVWLF VWDWH LV LQWHQVLYHO\ VWLUUHG� DQG VWUHQJWK RI
WKH ZHOG PDWHULDO LV WKXV LQFUHDVHG� $ GUDZEDFN RI
WKLV PHWKRG LV WKDW LW LV GLIILFXOW WR LQGXFH RVFLOODWLRQV�
,Q DGGLWLRQ� WR ZLWKGUDZ WKH KRW WRRO LW LV QHFHVVDU\
WR GUDZ WKH PDWLQJ VXUIDFHV DSDUW� ZKLFK UHVXOWV LQ
WKHLU R[LGDWLRQ� 6RPH RI WKH R[LGDWLRQ SURGXFWV UH�

PDLQ LQ WKH ZHOG� WKXV GHFUHDVLQJ VWUHQJWK RI WKH
ZHOGHG MRLQW�

7KH HIILFLHQF\ RI VWLUULQJ FDQ EH LQFUHDVHG E\
FKDQJLQJ WKH VKDSH RI WKH HGJHV SULRU WR ZHOGLQJ �E\
PDFKLQLQJ� RU E\ KHDWLQJ �PHOWLQJ� WKHP XVLQJ D
VKDSHG KRW WRRO� $Q H[DPSOH LV D WRRO IRU UHVLVWDQFH
ZHOGLQJ >�@� WKH ZRUNLQJ VXUIDFHV RI ZKLFK DUH SUR�
ILOHG LQ VXFK D ZD\ WKDW WKH\ KDYH D VDZ�WRRWKHG VKDSH
LQ WKHLU FURVV VHFWLRQ� DQG WKH KHLJKW RI WKH WHHWK DQG
GLVWDQFH EHWZHHQ WKHP PD\ EH YDULHG IURP ��� WR
� PP� 'UDZEDFNV RI VXFK D KRW WRRO DUH D VRSKLVWL�
FDWHG WHFKQRORJ\ XVHG WR PDQXIDFWXUH LW DQG GHFUHDVH
LQ VWUHQJWK RI WKH ZHOGHG MRLQW DV D UHVXOWV RI WKH
R[LGDWLRQ SURGXFWV IRUPHG GXULQJ WKH SURFHVV SDXVH�
ZKLFK JHW LQWR WKH ZHOG�

$YDLODEOH LV WKH PHWKRG IRU ZHOGLQJ SRO\PHULF PD�
WHULDOV ZKLFK SUHYHQWV LQJUHVV RI WKH R[LGDWLRQ SUR�
GXFWV LQWR WKH ZHOG >�@� 7KH KRW WRRO� L�H� D PHWDO
SODWH �EODGH�� LV SODFHG EHWZHHQ WKH SDUWV WR EH MRLQHG�
$IWHU WKH KHDW IURP WKH SODWH VRIWHQV WKH VXUIDFHV
SUHVVHG WR LW� WKH SODWH �EODGH� LV UDSLGO\ ZLWKGUDZQ
ZLWKRXW GUDZLQJ WKH HGJHV DSDUW� $ GHYLFH ZDV RIIHUHG
IRU EXWW ZHOGLQJ RI WKHUPRSODVWLF WXEHV E\ XVLQJ WKLV
PHWKRG >�@� +RZHYHU� EHFDXVH ZHOGLQJ LV SHUIRUPHG
RQO\ GXH WR D FRQWDFW RI WKH VXUIDFHV DFWLYDWHG E\
KHDWLQJ� VWUHQJWK RI VXFK DZHOGHG MRLQW LV LQVXIILFLHQW�

6WUHQJWK RI ZHOGHG MRLQWV FDQ EH LQFUHDVHG E\ XVLQJ
D SURILOHG KRW WRRO� LQ ZKLFK D ULGJH RI HDFK SHDN DQG
HQGV RI HDFK YDOOH\ IRUP D FORVHG ORRS �)LJXUH ���
+RW WRRO � LV PDGH IURP D KHDW�FRQGXFWLQJ PDWHULDO
�RI WKH W\SH RI DOXPLQLXP�� DQG WKH ZRUNLQJ VXUIDFH
RI WKH WRRO LV FRYHUHG E\ DQWL�DGKHVLRQ OD\HU �� 7KH
QXPEHU RI WKH ORRSV GHSHQGV XSRQ WKH WKLFNQHVV RI
WKH SDUWV WR EH MRLQHG� ZKLOH WKH GLVWDQFH EHWZHHQ WKH
ULGJHV RI WKH QHLJKERXULQJ ORRSV PD\ EH YDULHG IURP
��� WR � PP� 7KH KRW WRRO FDQ EH KHDWHG XVLQJ DQ\
SRZHU VXSSO\�

7KH GHYLFH ZRUNV DV IROORZV� HGJHV RI WKH SDUWV

MRLQHG DUH SUHVVHG WR WKH SURILOHG KRW WRRO SUHKHDWHG

WR D UHTXLUHG WHPSHUDWXUH� DQG KHDWHG WR IRUP WKH

PDWFKLQJ SDWWHUQ RI SHDNV DQG YDOOH\V� $W WKH VDPH

WLPH� WKH PDWHULDO LV KHDWHG WR D FHUWDLQ GHSWK� WKH

KRW WRRO LV ZLWKGUDZQ� DQG WKH SDUWV DUH MRLQHG WR�

JHWKHU XQGHU D SUHVVXUH� 7KH SHDNV HQWHU WKH YDOOH\V

VLPXOWDQHRXVO\ RYHU WKH HQWLUH VXUIDFH DQG SUHVV RXW

WKH PHOW� ZKLFK LV GLVSODFHG IURP WKH FHQWUH RI WKH

VHFWLRQ WR LWV HQGV� 1R ODWHUDO PRYHPHQW DORQJ WKH

ULGJH UHVXOWV IURP WKH VLPXOWDQHRXV SUHVVLQJ RI WKH

PHOW LQ D FORVHG ORRS� DQG WKH PHOW IORZV QRUPDO WR

WKH ULGJH D[LV� EHLQJ GLVSODFHG XQGHU SUHVVXUH DORQJ

WKH ZDY\ JDS IRUPHG EHWZHHQ WKH SDUWV MRLQHG� $

GUDVWLF FKDQJH LQ WKH GLUHFWLRQ RI PRYHPHQW RI WKH

PHOW LV FKDUDFWHULVHG E\ D WXUEXOHQW IORZ SURPRWLQJ

VWLUULQJ RI WKH PHOW RI WKH SDUWV� ZKLOH DQ HORQJDWHG

SDWK RI PRYHPHQW RI WKH PHOW� FRPSDUHG ZLWK ZHOGLQJ

XVLQJ D IODW KRW WRRO� UDLVHV WKH SUREDELOLW\ RI IRUPD�

WLRQ RI FKHPLFDO ERQGV EHWZHHQ PDWHULDOV RI WKH SDUWV�

$OO WKLV OHDGV WR LQFUHDVH LQ VWUHQJWK RI WKH UHVXOWLQJ

ZHOGHG MRLQW� 7KH VDPSOHV ZHOGHG XVLQJ WKH SURILOHG
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KRW WRRO IUDFWXUHG GXULQJ WKH WHQVLOH WHVWV PRVWO\ LQ

WKH EDVH PDWHULDO� )RU D 39& WXEH σW  ���� 03D�

7KH 3:, GHYHORSHG D GHYLFH IRU ZHOGLQJ WKHUPR�

SODVWLF PDWHULDOV� LQWHQGHG IRU LQFUHDVLQJ VWUHQJWK RI

ZHOGHG MRLQWV� HVSHFLDOO\ LQ KDUG�WR�ZHOG SODVWLFV� 7KH

GHYLFH SURYLGHV LQWHQVLYH PHFKDQLFDO VWLUULQJ RI WKH

PHOW GXULQJ ZHOGLQJ >�@� 7KH KRW WRRO RI WKH DERYH

GHYLFH FRPSULVHV WZR WKLQ PRYDEOH SODWHV ZLWK D FRPE

KDYLQJ KHOLFDO WHHWK PDGH RQ WKHLU WLSV� 7KH WHHWK

SURYLGH PHFKDQLFDO VWLUULQJ RI WKH PDWHULDO RI WKH PDW�

LQJ VXUIDFHV SUHVVHG WR HDFK RWKHU GXULQJ ZLWKGUDZDO

RI WKH WRRO� 7KH KRW WRRO LV PDGH IURP D PDWHULDO ZLWK

D KLJK�RKPLF UHVLVWDQFH �RI WKH W\SH RI QLFKURPH� DQG

LV FRYHUHG ZLWK DQ DQWL�DGKHVLRQ OD\HU�

7KH GHYLFH IRU EXWW ZHOGLQJ RI WKHUPRSODVWLF WXEHV

LV VKRZQ LQ )LJXUH �� 7KH WLS RI SODWHV � DQG � RI WKH

KRW WRRO HQGV ZLWK D FRPE� WHHWK � RI WKH FRPE EHLQJ

WXUQHG DERXW WKHLU ORQJLWXGLQDO D[LV LQ VXFK D ZD\

WKDW WKH\ IRUP D KHOLFDO VXUIDFH� 7KH XSSHU HGJH RI

HDFK WRRWK LV WXUQHG UHODWLYH WR WKH SODQH RI WKH KRW

WRRO WR DQ DQJOH RI α  ��w���� L�H� DQJOH EHWZHHQ

SURMHFWLRQ RI WKH WRRWK HGJH DQG SURMHFWLRQ RI WKH

SODQH RI WKH KRW WRRO RQ D SODQH QRUPDO WR WKH KRW

WRRO �)LJXUH �� XQLW ,�� $QJOH α LV IRUPHG DV D UHVXOW

RI WZLVWLQJ RI WKH HGJH RI WKH WRRWK DERXW LWV ORQJL�

WXGLQDO D[LV� ,Q WKLV FDVH LWV ODWHUDO IDFHV DFTXLUH D

KHOLFDO OLQH VKDSH DV D UHVXOW RI SODVWLF GHIRUPDWLRQ�

'XULQJ ZLWKGUDZDO RI WKH KRW WRRO WKH WHHWK HQWHU

LQWR WKH PROWHQ PDWHULDO DQG VWLU LW E\ WKH SORXJK

HIIHFW PHWKRG �)L�JXUH ��� $ FRPSUHVVHG ]RQH RI WKH

PROWHQ PDWHULDO LV IRUPHG XQGHU WKH KHOLFDO VXUIDFH

RI WHHWK � LQ PRYHPHQW RI WKH KRW WRRO� DQG WKH UDUHILHG

]RQH LV IRUPHG RYHU WKH WHHWK� 7KHUHIRUH� WKH PHOW

IORZV IURP WKH FRPSUHVVHG ]RQH WR WKH UDUHILHG RQH�

L�H� WKH PHOW RI RQH HGJH ZHOGHG IORZV WR WKH ]RQH RI

WKH RWKHU HGJH DQG YLFH YHUVD� WKXV HQKDQFLQJ WKH

HIIHFW RI VWLUULQJ DQG LQFUHDVLQJ VWUHQJWK RI WKH ZHOGHG

MRLQW�
,W ZDV H[SHULPHQWDOO\ IRXQG WKDW WKH HIILFLHQW VWLU�

ULQJ RI WKH PHOW RI D SRO\PHU ZHOGHG ZLWK WKH FRPE
WHHWK EHJLQV DW DQ DQJOH RI α  ���� ,QFUHDVH LQ WKH
DQJOH α LV DFFRPSDQLHG E\ LQFUHDVH LQ GLPHQVLRQV RI
WKH WHHWK IURP WKH SODQH RI WKH KRW WRRO� $W WKH VDPH
WLPH� WKLV OHDGV WR LQFUHDVH LQ SURMHFWLRQ RI WKH WRRWK

)LJXUH �� 6FKHPDWLF RI WKH SURILOHG KRW WRRO IRU ZHOGLQJ F\OLQGULFDO
SDUWV �D� DQG SDUWV RI D UHFWDQJXODU VHFWLRQ �E�� � x KRW WRRO�
� x DGKHVLRQ OD\HU

)LJXUH �� 6FKHPDWLF RI GHYLFH IRU EXWW ZHOGLQJ RI WKHUPRSODVWLF
WXEHV �VHH GHVLJQDWLRQV LQ WKH WH[W�

)LJXUH �� 6FKHPDWLF RI PHFKDQLFDO VWLUULQJ
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DUHD RQ WKH SODQH QRUPDO WR WKH SODQH RI WKH KRW WRRO�
L�H� LQFUHDVH LQ WKH VWLUULQJ ]RQH DUHD� 7KLV DUHD� ZKLFK
�IRU HDFK WRRWK� LV WKH DUHD RI WZR LVRVFHOHV WULDQJOHV
�VHH )LJXUH ��� DPRXQWV WR LWV PD[LPXP YDOXH DW α  
 ���� ,QFUHDVH LQ DQJOH α IURP � WR ��� OHDGV WR LQ�
FUHDVH LQ WKH IRUFH QHHGHG WR ZLWKGUDZ WKH KRW WRRO�
'LIIHUHQW VWLUULQJ YROXPHV DUH UHTXLUHG IRU GLIIHUHQW
SRO\PHUV WR SURGXFH D ZHOGHG MRLQW ZLWK VWUHQJWK
HTXDO WR WKDW RI WKH EDVH PDWHULDO� 2SWLPDO WHFKQR�
ORJLFDO DQG VWUHQJWK SDUDPHWHUV FDQ EH DFKLHYHG E\
YDU\LQJ DQJOH α�

(OHPHQWV RI D 39& WXEH ��� PP LQ GLDPHWHU ZHUH
ZHOGHG XVLQJ WKH DERYH KRW WRRO� )RU WKLV� WKH KRW
WRRO KDG DQ DQJOH RI WXUQLQJ RI WKH XSSHU HGJH RI WKH
WHHWK UHODWLYH WR WKH SODQH RI WKH WRRO HTXDO WR �� DQG
���� 7HQVLOH WHVWV RI WKH UHVXOWLQJ ZHOGHG MRLQWV DQG
EDVH PDWHULDO ZHUH SHUIRUPHG XVLQJ WKH ='������
PDFKLQH� 7KH GHIRUPDWLRQ UDWH XVHG ZDV �� PP�PLQ�
7KH PHDQ YDOXHV RI WHQVLOH VWUHQJWK REWDLQHG DW WKH
LGHQWLFDO ZHOGLQJ SDUDPHWHUV �SUHVVXUH ��� 03D� KRW
WRRO WHPSHUDWXUH 7K  ��� �&� ZHUH σW  ���� DQG
���� 03D� UHVSHFWLYHO\� 7KLV VKRZV WKDW WKH KRW WRRO
ZLWK DQ DQJOH RI WXUQLQJ RI WKH WHHWK HTXDO WR α  
 ��� SURYLGHV D VWURQJHU ZHOGHG MRLQW� 0RVW VSHFL�
PHQV IUDFWXUHG LQ WKH EDVH PDWHULDO� :HOGLQJ �DW WKH
LGHQWLFDO SDUDPHWHUV� RI WKH 39& VDPSOHV XVLQJ D
VLPLODU KRW WRRO EXW ZLWKRXW WHHWK IRU VWLUULQJ \LHOGV
D PHDQ YDOXH RI WHQVLOH VWUHQJWK RI D ZHOGHG MRLQW
HTXDO WR QR PRUH WKDQ σW  ����03D DW σW  ���� 03D
IRU WKH EDVH PDWHULDO�

&21&/86,216

�� 7KUHH PHWKRGV DUH DYDLODEOH IRU LQFUHDVLQJ
VWUHQJWK RI ZHOGHG MRLQWV GXH WR GHVWUXFWLRQ RI D VXU�
IDFH OD\HU DW WKH WXEH HGJHV� 7KH\ DUH EDVHG RQ KHDWLQJ
WKH HGJHV XVLQJ ,5�UDGLDWLRQ� DSSOLFDWLRQ RI D SURILOHG
KRW WRRO DQG LQWHQVLYH PHFKDQLFDO VWLUULQJ RI WKH PHOW
GXULQJ ZHOGLQJ�

�� 5HPRYDO RI LQJUHGLHQWV IURP WKH ZHOG HGJHV� DV
ZHOO DV LQWHQVLILFDWLRQ RI UKHRORJLFDO SURFHVVHV ZLWKLQ
WKH MRLQLQJ ]RQH� LQFUHDVHV ZHOGDELOLW\ RI WKHUPRSODV�
WLF PDWHULDOV�

�� 0HFKDQLFDO VWLUULQJ RI WKH PHOW DOORZV VWUHQJWK
RI D ZHOGHG MRLQW WR EH LQFUHDVHG WR D OHYHO RI WKH EDVH
PDWHULDO�ZKLFK LV HVSHFLDOO\ LPSRUWDQW IRUZHOGLQJ SDUWV
RI KDUG�WR�ZHOG WKHUPRSODVWLF PDWHULDOV� H�J� 39&�

�� =DMWVHY� .�,� ������ 5HVLVWDQFH EXWW ZHOGLQJ RI KLJK�GHQ�
VLW\ SRO\HWK\OHQH WXEHV� $YWRPDWLFK� 6YDUND� ��� ��w���

�� =DMWVHY� .�,�� 0DWV\XN� /�1� ������ :HOGLQJ RI SODVWLFV�
0RVFRZ� 0DVKLQRVWURHQLH�

�� 7RELDV� :�� 6WHLQLFNH� +��(� 9HUIDKUHQ ]XP 6WXPSIVFKZHLβHQ
WKHUPRSODVWLVFKHU +DOE]HXJH XQG )RUPWHLOH� 3DW� ������ ''5�
,QW� &O� % �� & ������ 3XEO� ���������

�� 6FKZDU]� +�� 7RELDV� :� +HLVHOHPHQW 6FKZHLβZHUN]HXJ�
3DW� ������ ''5� ,QW� &O� % �� & ������ 3XEO� ���������

�� 1LNRODHY� .�,�� 2OVKDQVN\� 1�$� ������ 6SHFLDO ZHOGLQJ

PHWKRGV� 0RVFRZ� 0DVKLQRVWURHQLH�
�� 9HQGH� (�$� 'HYLFH IRU EXWW ZHOGLQJ RI WKHUPRSODVWLF WXEHV�

8665 DXWKRUsV FHUW� ������� ,QW� &O� % �� & ������ 3XEO� �����
�� 7DUQRJURGVN\� 9�3�� .RUDE� *�1�� .RORVNRYD� (�<X� 'HYLFH

IRU EXWW ZHOGLQJ RI WKHUPRSODVWLF PDWHULDOV� 8665 DXWKRUsV
FHUW� �������� ,QW� &O� % �� & ������ 3XEO� �����
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9�9� &+(51<.+

5XVVLDQ 5	' :HOGLQJ 6RFLHW\� 0RVFRZ� 5XVVLDQ )HGHUDWLRQ

([SHULHQFH RI LQWHUDFWLRQ RI 5XVVLDQ 5HVHDUFK DQG 'HYHORSPHQW :HOGLQJ 6RFLHW\ ZLWK VLPLODU ZRUOG�OHYHO (XURSHDQ

VWUXFWXUHV LQ WKH ILHOG RI SHUVRQQHO WUDLQLQJ LV GHVFULEHG� &RRUGLQDWLQJ UROH RI WKH ,QWHU�6WDWH &RXQFLO IRU :HOGLQJ DQG

5HODWHG 7HFKQRORJLHV LV VKRZQ� 3URYLVLRQV RI WKH (XURSHDQ FHUWLILFDWLRQ VFKHPHV RQ TXDOLW\ DQG HQYLURQPHQW PDQDJHPHQW

V\VWHPV DUH JLYHQ�

.H\ ZRU G V � ZHOGLQJ SURGXFWLRQ� HFRORJ\� QRQ�SURILW RU�

JDQLVDWLRQV� SHUVRQQHO� LQWHJUDWLRQ� FHUWLILFDWLRQ

5XVVLDQ 5HVHDUFK DQG 'HYHORSPHQW :HOGLQJ 6RFLHW\
�55':6�ZDV IRXQGHG WHQ \HDUV DJR DV D SURIHVVLRQDO
DVVRFLDWLRQ RIZHOGLQJ VSHFLDOLVWV WR UHSUHVHQW LQWHUHVWV
RI RUJDQLVDWLRQV DQG HQWHUSULVHV� FRPSDQLHV� VPDOO
EXVLQHVVHV� DV ZHOO DV VSHFLDOLVWV LQYROYHG LQ VFLHQFH�
SURGXFWLRQ DQG HGXFDWLRQ LQ WKH ILHOG RI ZHOGLQJ DQG
UHODWHG WHFKQRORJLHV IRU GLIIHUHQW UHJLRQV DQG LQGXV�

WULHV UHODWLQJ WR SURGXFWLRQ DQG H[SORLWDWLRQ RI ZHOG�
LQJ VWUXFWXUHV�

7KH PDLQ REMHFWLYH RI 55':6 LV WR SURWHFW SULQ�

FLSOHV RI IUHHGRP RI VFLHQWLILF DQG WHFKQLFDO FUHDWLYH

ZRUN� SURWHFW ULJKWV� OHJDO LQWHUHVWV DQG LQWHOOHFWXDO

SURSHUW\ RI LWV PHPEHUV� IRUP D PDWHULDO DQG VRFLDO

EDVLV IRU UHDOLVDWLRQ RI WKHLU FUHDWLYH DQG SURIHVVLRQDO

SRWHQWLDO IRU WKH EHQHILW RI SURJUHVV RI ZHOGLQJ VFL�

HQFH� WHFKQRORJ\ DQG SURGXFWLRQ�

� 9�9� &+(51<.+� ����




,QIRUPDWLRQ JLYHQ LQ WKLV DUWLFOH ZDV SUHVHQWHG DW WKH ,QWHUQDWLRQDO &RQIHUHQFH RQ 3URWHFWLRQ RI (QYLURQPHQW� +HDOWK DQG 6DIHW\ LQ
:HOGLQJ 3URGXFWLRQ� 2GHVVD� 8NUDLQH� 6HSW� ��w��� �����
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7KH EDVLF FKDUWHU REMHFWLYHV RI 55':6 LQFOXGH IRU�

PDWLRQ DQG KDUPRQLVDWLRQ RI VWDQGDUGV DQG FRGHV� FHU�

WLILFDWLRQ RI ZHOGLQJ FRQVXPDEOHV� WHFKQRORJLHV DQG

HTXLSPHQW� GHYHORSPHQW RI PHWKRGV IRU HQVXULQJ HQYL�

URQPHQWDO VDIHW\ RI SURGXFWLRQ� PHWKRGV IRU WHVWLQJ

ZHOGLQJ VWUXFWXUHV HWF�� DV ZHOO DV SDUWLFLSDWLRQ LQ GH�

YHORSPHQW RI PHDVXUHV IRU IXOILOPHQW RI 5XVVLDQ� (XUR�

SHDQ DQG LQWHUQDWLRQDO VWDQGDUGV DQG FRGHV�

$W SUHVHQW 55':6 LV DQ RIILFLDO DQG DFWLYH PHP�

EHU RI D QXPEHU RI QRQ�JRYHUQPHQWDO 5XVVLDQ DQG
LQWHUQDWLRQDO RUJDQLVDWLRQV� VXFK DV ,QWHUQDWLRQDO DQG

5XVVLDQ 8QLRQV RI 6FLHQWLILF DQG (QJLQHHULQJ 2UJDQL�

VDWLRQV� ,QWHU�6WDWH &RXQFLO IRU :HOGLQJ DQG 5HODWHG

7HFKQRORJLHV� ,QWHUQDWLRQDO ,QVWLWXWH RI :HOGLQJ

�,,:� DQG (XURSHDQ :HOGLQJ )HGHUDWLRQ �(:)��
8QGHU DQ DJUHHPHQW ZLWK *RVVWDQGDUW �6WDWH 6WDQG�

DUG�� 55':6 SDUWLFLSDWHV LQ WKH ,QWHUQDWLRQDO 6WDQ�

GDUGLVDWLRQ 2UJDQLVDWLRQ �,62� DQG KDV DJUHHPHQWV RQ
FRRSHUDWLRQ ZLWK VLPLODU QRQ�SURILW RUJDQLVDWLRQV RI

*HUPDQ\� )UDQFH� 86$ DQG RWKHU FRXQWULHV�
7KH DFWLYLW\ RI ,,: DQG (:) LV JDLQLQJ D VSHFLDO

WRSLFDOLW\ QRZDGD\V LQ YLHZ RI LQWHJUDWLRQ RI QDWLRQDO

V\VWHPV RI HQVXULQJ TXDOLW\ LQ ZHOGLQJ SURGXFWLRQ

LQWR D XQLILHG LQWHUQDWLRQDO V\VWHP IRUPHG RQ WKH EDVLV

RI PXWXDO UHFRJQLWLRQ DQG FRRSHUDWLRQ� ZKLFK KDV

EHHQ FRQILUPHG E\ FRUUHVSRQGLQJ UHJXODWRU\ GRFX�

PHQWV� 7KH OHDGLQJ UROH RI ,,: DQG (:) LQ WKH VFL�

HQWLILF�DQG�WHFKQLFDO FRRSHUDWLRQ LV GHWHUPLQHG E\ WKH

IROORZLQJ JRDOV DQG REMHFWLYHV RI WKHVH RUJDQLVDWLRQV�
• H[FKDQJLQJ RI VFLHQWLILF DQG WHFKQLFDO LQIRUPD�

WLRQ DQG HQVXULQJ RI GLVVHPLQDWLRQ RI NQRZOHGJH LQ

WKH ILHOG�

• GHYHORSPHQW RI UHFRPPHQGDWLRQV� SUHSDUDWLRQ
RI UHYLHZV RI WKH VWDWH�RI�WKH�DUW DQG JXLGHOLQHV LQ WKH

ILHOG RI DSSOLFDWLRQ RI ZHOGLQJ DQG UHODWHG SURFHVVHV�
• UHQGHULQJ DVVLVWDQFH ZLWK DOO DYDLODEOH PHDQV LQ

IRXQGDWLRQ RI QDWLRQDO ZHOGLQJ LQVWLWXWHV RU ZHOGLQJ
VRFLHWLHV LQ FRXQWULHV ZKLFK KDYH QR VXFK RUJDQLVD�

WLRQV�

• DUUDQJLQJ RI FRQJUHVVHV� LQWHUQDWLRQDO FRQIHUHQ�

FHV DQG UHJLRQDO PHHWLQJV�

• GHYHORSPHQW RI VSHFLILFDWLRQV DQG JXLGHOLQHV IRU
HGXFDWLRQ� WUDLQLQJ� TXDOLILFDWLRQ DQG FHUWLILFDWLRQ RI

ZHOGLQJ SHUVRQQHO� DV ZHOO DV UXOHV IRU DSSOLFDWLRQ RI

WKHVH GRFXPHQWV�

• SUHSDUDWLRQ IRU DQG DVVLVWDQFH LQ ZRUNLQJ RXW RI

LQWHUQDWLRQDO VWDQGDUGV LQ FROODERUDWLRQ ZLWK ,62�

• HQVXULQJ DQG VWLPXODWLRQ RI GHYHORSPHQWV RQ

HQYLURQPHQW SURWHFWLRQ�

5HVXOWV RI FRRSHUDWLRQ RI 55':6 ZLWK LQWHUQD�

WLRQDO RUJDQLVDWLRQV DUH LQGLFDWLYH RI WKH HIILFLHQW XWL�

OLVDWLRQ RI WKH ZRUOG�OHYHO H[SHULHQFH LQ LQWHJUDWLRQ
RI (XURSHDQ FRXQWULHV LQ WKH ILHOG RI VFLHQFH DQG WHFK�

QRORJ\� VWDQGDUGLVDWLRQ� WUDLQLQJ� TXDOLILFDWLRQ DQG

FHUWLILFDWLRQ RI SHUVRQQHO� HQYLURQPHQW SURWHFWLRQ�

GHYHORSPHQW DQG DSSOLFDWLRQ RI TXDOLW\ V\VWHPV HWF�
7R UHDOLVH VXFK DQ LQWHJUDWLRQ� WKH FRUUHVSRQGLQJ FR�

RUGLQDWLQJ FRPPLWWHHV� WDVN JURXSV DQG FRPPLVVLRQV

DUH EHLQJ IRXQGHG LQ DFFRUGDQFH ZLWK DOO RI WKH DERYH

GLUHFWLRQV�

6SHFLDO DWWHQWLRQ LV JLYHQ WR FROODERUDWLYH SODQV

RQZRUNLQJ RXW RI UHJXODWRU\ GRFXPHQWV DQG VWDQGDUGV

FRYHULQJ DOO WKH EDVLF DUHDV RI GHYHORSPHQW RI WHFK�

QRORJLHV� ZHOGLQJ FRQVXPDEOHV� HTXLSPHQW� GHVLJQ

DQG H[SORLWDWLRQ RI ZHOGHG VWUXFWXUHV�

7KH ,,: DQG (:) PHPEHU FRXQWULHV LPSOHPHQW

WKH SURFHGXUH RI FHUWLILFDWLRQ RI ZHOGLQJ IDEULFDWLRQV

RQ WKH EDVLV RI VWDQGDUGV ,62 ���� LQ IXOO FRUUHVSRQ�

GHQFH WR WKH EDVLF SURYLVLRQV RI VWDQGDUGV RI WKH ,62
���� VHULHV�

7KH LQWHJUDWLRQ UHVXOWHG LQ IRUPDWLRQ RI D XQLILHG

VWUXFWXUDO GLYLVLRQ RI ,,: DQG (:) WR GHDO ZLWK

WUDLQLQJ� TXDOLILFDWLRQ DQG FHUWLILFDWLRQ RI ZHOGLQJ

SHUVRQQHO� 7KH *HQHUDO $VVHPEO\ RI ,,: DW WKH ��UG

&RQJUHVV LQ ���� DIILUPHG D GHFLVLRQ RQ IRXQGDWLRQ

RI WKH ,QWHUQDWLRQDO %RG\ IRU &HUWLILFDWLRQ RI 3HUVRQ�

QHO� ZKLFK ZRXOG XQLI\ LQWR RQH V\VWHP WKH ,,: DQG

(:) V\VWHPV RI HGXFDWLRQ� WUDLQLQJ DQG TXDOLILFDWLRQ
RI ZHOGLQJ SHUVRQQHO�

7KH VSHFLDO UROH LQ FRRUGLQDWLRQ RI WKHVH HIIRUWV LV

SOD\HG E\ WKH ,QWHU�6WDWH &RXQFLO IRU :HOGLQJ DQG

5HODWHG 7HFKQRORJLHV� ,WV ODVW 0HHWLQJ �&XUUHQW

3UREOHPV LQ ,QFUHDVLQJ /LIH DQG 2SHUDWLRQDO 5HOLDEL�

OLW\ RI :HOGHG 6WUXFWXUHV� &RQVWUXFWLRQV DQG (TXLS�

PHQW� WRRN SODFH LQ 1RYHPEHU ���� DW 5HVHDUFK DQG

3URGXFWLRQ &RPSDQ\ �7V1,,70$6K�� &R�VSRQVRUV

RI WKLV 0HHWLQJ ZHUH WKH ,QWHU�6WDWH &RXQFLO IRU 1DWX�

UDO DQG 7HFKQRJHQRXV (PHUJHQF\ 6LWXDWLRQV� 7DVN

*URXS DW WKH 3UHVLGHQW RI WKH 5XVVLDQ $FDGHP\ RI

6FLHQFHV IRU DQDO\VLV RI ULVN DQG VDIHW\ LVVXHV� 55':6

DQG 5XVVLDQ 6RFLHW\ RI 1RQ�'HVWUXFWLYH 7HVWLQJ DQG

7HFKQLFDO 'LDJQRVWLFV� 7KH 0HHWLQJ ZDV FKDLUHG E\

3URI� %�(� 3DWRQ� WKH 3UHVLGHQW RI WKH 1DWLRQDO $FD�

GHP\ RI 6FLHQFHV RI 8NUDLQH� &KDLUPDQ RI WKH ,QWHU�
6WDWH &RXQFLO IRU :HOGLQJ DQG 5HODWHG 7HFKQRORJLHV

DQG $FDGHPLFLDQ RI WKH 5XVVLDQ $FDGHP\ RI 6FLHQFHV�

7KH 0HHWLQJ ZDV DWWHQGHG E\ DFDGHPLFLDQV DQG FRU�

UHVSRQGLQJ PHPEHUV RI WKH 5XVVLDQ $FDGHP\ RI 6FL�

HQFHV DQG 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI 8NUDLQH�

H[SHUWV RI 55':6 DQG 5XVVLDQ 6RFLHW\ RI 1RQ�'H�

VWUXFWLYH 7HVWLQJ DQG 7HFKQLFDO 'LDJQRVWLFV� UHSUH�

VHQWDWLYHV RI VFLHQWLILF FRPPXQLWLHV RI %HORUXV�

.D]DNKVWDQ DQG *HRUJLD� �� SUHVHQWDWLRQV ZHUH PDGH�

GHGLFDWHG WR GLIIHUHQW DVSHFWV RI WKH SUREOHP LQ WKH

ILHOG RI SRZHU JHQHUDWLRQ� WUDQVSRUW� FKHPLFDO DQG
SHWURFKHPLFDO HQJLQHHULQJ DQG RWKHU LQGXVWULHV�

%HFDXVH RI DQ LQFUHDVLQJ QXPEHU RI WHFKQRJHQRXV

GLVDVWHUV WDNLQJ SODFH WKURXJKRXW WKH ZRUOG� WKH IRFXV

RI VSHFLDOLVWV ZDV RQ LQYHVWLJDWLRQ RI WKHLU FDXVHV� DV

ZHOO DV VHDUFK IRU PHWKRGV IRU WKHLU WLPHO\ SUHYHQWLRQ�

7KH UHVROXWLRQ PDGH DW WKH 0HHWLQJ SURYLGHV IRU ZLG�

HQLQJ RI WKH LQWHU�VWDWH SURJUDP �'HYHORSPHQW RI

:RUOG�&RPSHWLWLYH :HOGHG 6WUXFWXUHV� 5HVRXUFH�

6DYLQJ 7HFKQRORJLHV� 0DWHULDOV DQG (TXLSPHQW IRU

:HOGLQJ 3URGXFWLRQ� E\ LQFOXGLQJ LQWR LW QHZ SUR�

MHFWV DQG WDVNV DLPHG DW KDQGOLQJ WKH SUREOHPV RI

HVWLPDWLRQ DQG H[WHQVLRQ RI OLIH RI FULWLFDO VWUXFWXUHV�

FRQVWUXFWLRQV DQG HTXLSPHQW�
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7KH IROORZLQJ WRS�SULRULW\ SUREOHPV� UHTXLULQJ LP�

PHGLDWH VROXWLRQV DW WKH QDWLRQDO DQG LQWHUQDWLRQDO

OHYHOV� ZHUH GLVWLQJXLVKHG DW WKH 0HHWLQJ�

• GHYHORSPHQW RI WKH UHJXODWRU\ EDVLV IRU VXEVWDQWL�
DWHG KDQGOLQJ RI SUREOHPV DVVRFLDWHG ZLWK HVWLPDWLRQ

DQG H[WHQVLRQ RI OLIH RI FULWLFDO REMHFWV E\ XVLQJ WKH

DGYDQFHG WHFKQLFDO GLDJQRVWLFV IDFLOLWLHV DQG PHWKRGV�

• LPSURYHPHQW RI WKH V\VWHP RI VWDWH LQVSHFWLRQ

ERGLHV VSHFLDOLVLQJ LQ W\SHV RI WHFKQRJHQRXVO\ KD]DUG�

RXV REMHFWV E\ YHVWLQJ WKHP ZLWK IXQFWLRQV RI FROOHFW�

LQJ� V\VWHPDWLVLQJ DQG DQDO\VLV RI WKH LQIRUPDWLRQ RQ

D WHFKQLFDO VWDWH RI WKH DERYH REMHFWV DQG GHYHORSPHQW

RI UHFRPPHQGDWLRQV IRU WKHLU VDIH H[SORLWDWLRQ�

• DUUDQJHPHQW RI WKH LQWHUQDWLRQDO V\VWHP IRU WUDLQ�

LQJ DQG UH�WUDLQLQJ RI SHUVRQQHO LQYROYHG LQ ZHOGLQJ

SURGXFWLRQ� WHFKQLFDO GLDJQRVWLFV� QRQ�GHVWUXFWLYH

WHVWLQJ� HVWLPDWLRQ DQG H[WHQVLRQ RI OLIH RI VWUXFWXUHV

DQG HTXLSPHQW�

,Q YLHZ RI WKH LPSRUWDQFH RI WKH HQYLURQPHQWDO

VDIHW\ SUREOHPV� WKH IHGHUDO ODZ �2Q (QYLURQPHQW

3URWHFWLRQ� ZDV SDVVHG LQ WKH 5XVVLDQ )HGHUDWLRQ RQ

WKH ��WK RI )HEUXDU\� ����� 7KLV LV WKH ILUVW ODZ WKDW

VSHFLILHG SURYLVLRQV IRU HFRORJLFDO FHUWLILFDWLRQ �$UWL�

FOH ���� ,Q WKLV FDVH LW LV ZRUWKZKLOH WR JLYH WKH IXOO

WH[W RI WKLV DUWLFOH WR VKRZ GLUHFWLRQV RI IXUWKHU HIIRUWV

WR EH PDGH SURFHHGLQJ IURP FRPPRQ LQWHUHVWV RI HYHU\

KXPDQ LQGLYLGXDO DQG VRFLHW\ DV D ZKROH�

�$UWLFOH ��� (FRORJLFDO &HUWLILFDWLRQ�

�� (FRORJLFDO FHUWLILFDWLRQ VKDOO EH SHUIRUPHG ZLWK

D SXUSRVH WR HQVXUH DQ HFRORJLFDOO\ VDIH LPSOHPHQWD�

WLRQ RI HFRQRPLF DQG RWKHU DFWLYLWLHV LQ WKH WHUULWRU\

RI WKH 5XVVLDQ )HGHUDWLRQ�

�� (FRORJLFDO FHUWLILFDWLRQ FDQ EH HLWKHU PDQGDWRU\

RU YROXQWDU\�

�� 7KH PDQGDWRU\ HFRORJLFDO FHUWLILFDWLRQ VKDOO EH

SHUIRUPHG LQ FRPSOLDQFH ZLWK WKH UXOHV VSHFLILHG E\

WKH 5XVVLDQ )HGHUDWLRQ *RYHUQPHQW��

$W WKH VDPH WLPH� WKHUH LV DQ DFWLYH GLVFXVVLRQ RI

WKH GUDIW ODZ �2Q 3ULQFLSOHV RI 7HFKQLFDO 5HJXODWLRQ

LQ WKH 5XVVLDQ )HGHUDWLRQ� DW WKH JRYHUQPHQW OHYHO

LQ 5XVVLD� 7KH GUDIW GRFXPHQW SURYLGHV IRU DGRSWLRQ

RI WHFKQLFDO UHJXODWLRQV DLPHG DW SURWHFWLRQ RI OLIH

DQG KHDOWK RI LQGLYLGXDOV DQG HQYLURQPHQW� E\ UHDOL�

VLQJ LQ WKH DERYH GRFXPHQWV WKH PDQGDWRU\ UXOHV DQG

UHJXODWLRQV LQ WKH ILHOGV FRYHUHG E\ WKH ODZ�

,Q WKLV FRQQHFWLRQ� 55':6 VXSSRUWHG DQ LQLWLD�

WLYH VHW IRUWK E\ �� FRXQWULHV x PHPEHUV RI (:) WR

GLVFXVV DQG DGRSW D VHULHV RI UHJXODWRU\ GRFXPHQWV

ZKLFK FRXOG VHUYH DV WKH EDVLV IRU GUDIWLQJ WKH WHFK�

QLFDO UHJXODWLRQ RQ VSHFLDO UHTXLUHPHQWV WR SURFHVVHV

�PHWKRGV� RI IDEULFDWLRQ� H[SORLWDWLRQ DQG GLVSRVDO

RI YDULRXV�DSSOLFDWLRQ ZHOGHG VWUXFWXUHV�

7KH PDLQ DGYDQWDJH RI WKH VFKHPH RI YROXQWDU\

�RU PDQGDWRU\� HFRORJLFDO FHUWLILFDWLRQ VXJJHVWHG E\

(:) LV WKDW LW LV FORVHO\ UHODWHG WR WKH V\VWHP RI

WUDLQLQJ� TXDOLILFDWLRQ DQG FHUWLILFDWLRQ RI ZHOGLQJ

SHUVRQQHO ZKLFK KDV EHHQ SUDFWLFDOO\ DSSOLHG IRU QRW

OHVV WKDQ WHQ \HDUV�



$FFRUGLQJ WR WKH VXJJHVWHG VFKHPHV DQG DOORZLQJ

IRU WKH H[SHULHQFH RI ZRUNLQJ ZLWK ZHOGLQJ SHUVRQQHO�

DV ZHOO DV IRU WKH UHVXOWV RI FHUWLILFDWLRQ RI HQWHUSULVHV

WR ILW UHTXLUHPHQWV RI VWDQGDUG ,62 ���� �(1 �����

SURYLVLRQV DUH PDGH IRU IRUPDWLRQ RI DQ LQGHSHQGHQW

FHUWLILFDWLRQ ERG\ LQ HDFK FRXQWU\ WR FRPELQH IXQF�

WLRQV RI FHUWLILFDWLRQ RI TXDOLW\ V\VWHPV DQG HFRORJLFDO

PDQDJHPHQW V\VWHPV� 7KLV VWDWHPHQW RI WKH SUREOHP

PDNHV XV UHWXUQ DJDLQ WR WKH LVVXHV RI SUHSDUHGQHVV

DQG FRPSHWHQFH RI WKH SHUVRQQHO LQWHQGHG IRU SUDFWLFDO

DSSOLFDWLRQ RI WKHVH VFKHPHV� ,Q WKLV FRQQHFWLRQ� LW LV

H[SHGLHQW WR FLWH IRUPXODWLRQV RI VWDQGDUGV ,62 ����w

���� DQG �����w�� �7DEOH� FRQFHUQLQJ UHTXLUHPHQWV

IRU FRPSHWHQFH RI WKH SHUVRQQHO� ZKLFK LQ RXU RSLQLRQ

LV GHFLVLYH IRU LPSOHPHQWDWLRQ RI WKH VWDWH DQG LQ�

KRXVH SROLFLHV LQ WKH ILHOG RI SURWHFWLRQ RI WKH KXPDQ

OLYLQJ DQG SURGXFWLRQ DFWLYLW\ HQYLURQPHQW�

$V IROORZV IURP WKH H[SHULHQFH LQ WUDLQLQJ� TXDOL�

ILFDWLRQ DQG FHUWLILFDWLRQ RI ZHOGLQJ SHUVRQQHO� WKH

PDLQ SDUW RI WKH V\VWHP RI SURIHVVLRQDO UHODWLRQV QRZ

EHORQJV WR SURFHGXUHV RI WUDLQLQJ DQG DVVHVVPHQW RI

FRPSHWHQFH RI WKH SHUVRQQHO UHVSRQVLEOH IRU LPSOH�

PHQWDWLRQ RI WKH TXDOLW\ DQG HQYLURQPHQW SURWHFWLRQ

V\VWHPV�

:H DUH IDFLQJ QRZ WKH VLWXDWLRQ ZKHUH WKH &,6

FRXQWULHV� GHVSLWH WKHLU DPSOH H[SHULHQFH LQ IDEULFD�

WLRQ DQG H[SORLWDWLRQ RI FULWLFDO ZHOGHG VWUXFWXUHV�

PD\ EH DPRQJ WKH FRXQWULHV WKDW ODJ EHKLQG LQ UHDOL�

VDWLRQ RI WKH EDVLF SULQFLSOHV RI HQYLURQPHQW SURWHF�

WLRQ DFFHSWHG E\ WKH LQWHUQDWLRQDO FRPPXQLW\�

'HYHORSPHQW RI FHUWLILFDWLRQ VFKHPHV RI WKH TXDOL�

W\ DQG HQYLURQPHQW SURWHFWLRQ V\VWHPV LQ WKH &,6

FRXQWULHV WKURXJK WKH DSSURSULDWH DXWKRULVHG QDWLRQDO

ERGLHV VKRXOG EH EDVHG RQ WKH �3URIHVVLRQDO %HKDYLRXU

5XOHV�� D GRFXPHQW DSSURYHG E\ (:) �(:)����w

���� &RQVLGHU D QXPEHU RI SURYLVLRQV RI WKLV GRFX�

PHQW�

$OO WKH LQIRUPDWLRQ JLYHQ DV WKH EDVLV IRU FHUWLIL�

FDWLRQ DQG LWV FRQILUPDWLRQ VKRXOG EH FRUUHFW DQG QRW

PLVOHDGLQJ�

$ FHUWLILFDWH VKRXOG EH XVHG RQO\ ZLWKLQ WKH IUDPH�

ZRUN RI FHUWLILFDWLRQ DQG LQ D ZD\ SURYLGHG IRU E\

FHUWLILFDWLRQ�

3HUVRQV ZKR SDVVHG FHUWLILFDWLRQ VKRXOG WDNH DOO

PHDVXUHV WR FRQILUP WKH IDFW WKDW WKH\ SHUIRUP WKHLU

SURIHVVLRQDO GXWLHV LQ DQ REMHFWLYH� FRPSUHKHQVLYH DQG

FRPSHWHQW ZD\ WR JXDUDQWHH VDIHW\ RI DOO RI WKH UHVW

RI WKH SHRSOH� EH DZDUH RI WKH ODWHVW DFKLHYHPHQWV LQ

WKRVH ILHOGV RI WHFKQRORJ\ ZKHUH WKHLU SURIHVVLRQDO

DFWLYLW\ EHORQJV� DQG IL[ DOO WKH FRPSODLQWV PDGH RQ

WKHP LQ WKH ILHOG WKHLU FHUWLILFDWH FRYHUV�

3HUVRQV ZKR SDVVHG FHUWLILFDWLRQ DQG�RU WKHLU HP�

SOR\HUV VKRXOG QRW XVH WKH FHUWLILFDWH RU LWV SDUW �RU




������ %HUQDGVN\ 9�1�� 0DNRYHWVND\D 2�.�� 3URWVHQNR 3�3� 0RGHUQ (XURSHDQ DQG ,QWHUQDWLRQDO V\VWHP RI HGXFDWLRQ DQG WUDLQLQJ
RI ZHOGLQJ SHUVRQQHO� 3:, 5HYLHZ� .\LY� 3:,� �� SS�
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FRQVFLRXVO\ DOORZ LW WR EH XVHG� LQ D ZD\ ZKLFK FDQ

EH FRQVLGHUHG IUDXG� XQUHDVRQDEO\ UHIHU WR WKH FHUWL�

ILFDWLRQ VFKHPH RU XVH WKH FHUWLILFDWH LQ D PLVOHDGLQJ

ZD\ LQ DGYHUWLVLQJ� FDWDORJXHV HWF�

5HIXVDO WR IROORZ WKH DERYH 5XOHV PD\ OHDG WR

ZLWKGUDZDO RI WKH FHUWLILFDWH�

(WKLFV RI SURIHVVLRQDO EHKDYLRXU DOVR GHWHUPLQHV

WKH UHTXLUHPHQW IRU DQ RSHQ DQG WUXH LQIRUPDWLRQ WR

EH SURYLGHG WR DOO LQWHUHVWHG SDUWLHV RQ WKH FRUUHVSRQ�

GHQFH RI WKH FHUWLILFDWLRQ DQG�RU TXDOLILFDWLRQ

VFKHPHV WR LQWHUQDWLRQDO VWDQGDUGV� FRGHV DQG UHJX�

ODWLRQV�

,62 ����w�� ,62 �����w��

���� +XPDQ UHVRXUFHV

������ *HQHUDO SURYLVLRQV

3HUVRQQHO SHUIRUPLQJ WKH ZRUN ZKLFK DIIHFWV TXDOLW\ RI SURGXFWV

VKRXOG EH FRPSHWHQW WR FRPSO\ ZLWK WKH HGXFDWLRQ� WUDLQLQJ�

VNLOOV DQG H[SHULHQFH LW KDV UHFHLYHG�

������ &RPSHWHQFH� NQRZOHGJH DQG WUDLQLQJ

2UJDQLVDWLRQ VKRXOG�

D� DVVHVV WKH UHTXLUHG FRPSHWHQFH IRU SHUVRQQHO SHUIRUPLQJ WKH

ZRUN ZKLFK DIIHFWV TXDOLW\ RI SURGXFWV�

E� SURYLGH WUDLQLQJ DQG PDNH RWKHU DUUDQJHPHQWV WR PHHW WKH

DERYH UHTXLUHPHQWV�

F� HVWLPDWH UHVXOWV RI WKH DUUDQJHPHQWV PDGH�

G� NHHS LWV SHUVRQQHO LQIRUPHG RI WKH WRSLFDOLW\ DQG LPSRUWDQFH

RI LWV DFWLYLW\ DQG FRQWULEXWLRQ WR DFKLHYHPHQW RI SXUSRVHV LQ

WKH ILHOG RI TXDOLW\�

H� NHHS WKH UHFRUGV RI HGXFDWLRQ� WUDLQLQJ� VNLOOV DQG H[SHULHQFH

RI LWV SHUVRQQHO FRQVWDQWO\ XSGDWHG�

������ 7UDLQLQJ� NQRZOHGJH DQG FRPSHWHQFH

2UJDQLVDWLRQ VKRXOG LGHQWLI\ LWV GHPDQGV IRU WUDLQLQJ RI

SHUVRQQHO� ,W VKRXOG UHTXLUH WKDW DOO WKH SHUVRQQHO SHUIRUPLQJ

WKH ZRUN ZKLFK PD\ VXEVWDQWLDOO\ DIIHFW HQYLURQPHQW KDYH WKH

DSSURSULDWH WUDLQLQJ�

2UJDQLVDWLRQ VKRXOG HVWDEOLVK DQG NHHS XSGDWHG DOO WKH

SURFHGXUHV ZKLFK DOORZ LWV HPSOR\HHV RU VWDII RI HDFK RI LWV

DSSURSULDWH GLYLVLRQV DQG OHYHOV WR XQGHUVWDQG�

D� LPSRUWDQFH RI FRPSOLDQFH ZLWK WKH HFRORJLFDO SROLF\�

SURFHGXUHV DQG UHTXLUHPHQWV RI WKH HQYLURQPHQW PDQDJHPHQW

V\VWHP�

E� VXEVWDQWLDO� DFWXDO RU SRWHQWLDO HIIHFWV LWV DFWLYLW\ PD\ KDYH

RQ HQYLURQPHQW� DV ZHOO DV EHQHILWV RI LPSURYLQJ SHUVRQDO

HIILFLHQF\ IRU HQYLURQPHQW�

3HUVRQQHO SHUIRUPLQJ WKH ZRUN ZKLFK PD\ KDYH D FRQVLGHUDEOH

HIIHFW RQ HQYLURQPHQW VKRXOG KDYH FRPSHWHQFH LQ FRPSOLDQFH

ZLWK FRUUHVSRQGLQJ HGXFDWLRQ� WUDLQLQJ DQG SUDFWLFDO H[SHULHQFH�
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

6RPH IHDWXUHV RI GHYHORSPHQW DQG GHVLJQ RI PHFKDQLVPV RI SXOVHG IHHG RI HOHFWURGH ZLUH DUH GHVFULEHG� 6HULRXV SUREOHPV

DUH FRQVLGHUHG� DULVLQJ DW KLJK DFFHOHUDWLRQV LQ WKH SXOVH DQG DW YDULDEOH IHHG UDWHV� ZKLFK FRQVLVW LQ WKH QHHG WR UHSURGXFH

WKH SXOVH SDUDPHWHUV� VHW E\ WKH HOHFWURGH ZLUH DW LWV LQWHUDFWLRQ ZLWK WKH IHHG UROOHUV� ORZHULQJ WKH OHYHO RI PHFKDQLVP

YLEUDWLRQV� DIIHFWLQJ WKH PHFKDQLFDO UHOLDELOLW\ RI WKH PHFKDQLVP DQG WKH FRQGLWLRQV RI FRQGXFWLQJ WKH ZHOGLQJ SURFHVV�

0HWKRGV WR LPSURYH WKH RSHUDWLQJ FRQGLWLRQV RI SXOVHG IHHG PHFKDQLVP DUH GHPRQVWUDWHG�

.H\ ZRU G V � DUF ZHOGLQJ� PHFKDQL]HG HTXLSPHQW� IHHG

PHFKDQLVP� HOHFWURGH ZLUH� SXOVH

,PSURYHPHQW RI PHFKDQL]HG DUF ZHOGLQJ HTXLSPHQW�

GHVLJQHG IRU ZHOGLQJ DQG VXUIDFLQJ ERWK LQ VKLHOGLQJ
JDVHV� DQG XVLQJ VHOI�VKLHOGHG IOX[�FRUHG HOHFWURGH

ZLUHV� LV DOZD\V UHODWHG WR GHVLJQ RI IHHG PHFKDQLVPV�

8VH RI SXOVHG PHFKDQLVPV RI ZLUH IHHG SURYLGHV DQ

LQWHJUDO VROXWLRQ RI WKH SUREOHP RI LPSURYHPHQW RI

WKH HQWLUH IHHG V\VWHP� ZKLFK LV IDYRXUDEOH IRU WKH

WHFKQRORJLFDO SURFHVV�

7KHUH H[LVW VHYHUDO W\SHV RI SXOVHG IHHG PHFKD�
QLVPV� ZKLFK LQ WKLV ZRUN DUH JURXSHG LQ D FHUWDLQ

IDVKLRQ� GHSHQGLQJ RQ WKH W\SH RI WKH GHVLJQ RI WKH
PHFKDQLFDO GHYLFHV� FRQYHUWLQJ WKHPRWLRQ RI WKH GULYH

LQWR WKH WUDQVODWLRQDO PRWLRQ RI HOHFWURGH ZLUH� 7KHVH

PHFKDQLVPV PDNH UHFLSURFDO PRWLRQ� WUDQVIHUUHG E\ D

FHUWDLQ DOJRULWKP WR RQH�VLGHG JULSV x HOHFWURGH ZLUH

PRYHUV >�� �@� 7KH SDSHU SUHVHQWV D JURXS RI PHFKD�

QLVPV ZLWK FRQYHUVLRQ RI PRWLRQ IURP WKH GULYH �XVLQJ

HOHFWULFPRWRUV�� ZKLFK� LQ WKHLU WXUQ� FRXOG EH GLYLGHG

LQWR WZR ODUJH JURXSV� QDPHO\ ZLWK WUDQVIHU RI PRWLRQ

WR RQH�VLGHG JULSV >�@ DQG WR IHHG UROOHU >�@� +RZHYHU�

WKH SXEOLVKHG GDWD RQ DSSOLFDWLRQ RI VXFK PHFKDQLVPV

DUH LQVXIILFLHQW IRU GHYHORSPHQW RI DQ RSWLPDO V\VWHP

RI SXOVHG ZLUH IHHG�

7KH SXUSRVH RI WKLV ZRUN LV WR VXEVWDQWLDWH VHOHF�

WLRQ RI PHFKDQLVP GHVLJQV� SURYLGLQJ D UHOLDEOH SXOVHG

IHHG RI WKH ZLUH ZLWK VSHFLILHG SDUDPHWHUV DV SDUW RI
WKH HTXLSPHQW IRU PHFKDQL]HG ZHOGLQJ�

3UREOHP �� 2SWLPL]LQJ WKH FODPSLQJ GHYLFH IRU
IHHGLQJ E\ WKH UROOHU PHFKDQLVP RI HOHFWURGH ZLUH�
PRYLQJ DW KLJK DFFHOHUDWLRQV ZLWK LPSOHPHQWDWLRQ RI

SXOVHG IHHG RU DW DEUXSW FKDQJHV RI WKH UDWH �VWDUW

RU DSSOLFDWLRQ RI FXUUHQW PRGXODWLRQ� LQ D UHJXODU

IHHG PHFKDQLVP�
7KH SUREOHP RI RSWLPL]DWLRQ RI WKH FODPSLQJ GH�

YLFH FRQVLVWV LQ LPSURYHPHQW RI WKH HIILFLHQF\ RI HOHF�

WURGHZLUH IHHGPHFKDQLVP� UHGXFLQJZLUH GHIRUPDWLRQ

LQ WKH ]RQH RI FRQWDFW ZLWK WKH UROOHUV� ORZHULQJ WKH

SUREDELOLW\ RI VOLSSLQJ RI WKH IHHG UROOHU UHODWLYH WR

WKH ZLUH ZLWK ORVV RI VSHFLILHG PRWLRQ SDUDPHWHUV�

GHWHUPLQLQJ WKH TXDOLW\ RI WKH WHFKQRORJLFDO SURFHVV
>�@�

/HW XV FRQVLGHU WKH IRUFHV� DFWLQJ GXULQJ ZLUH IHHG

�)LJXUH ��� $ FRQGLWLRQ RI UHOLDEOH IHHG RI WKH ZLUH
PD\ EH ZULWWHQ >�@ DV

)I ! )U� ���

ZKHUH )I LV WKH IHHG IRUFH� WUDQVIHUUHG E\ IHHG UROOHU

WR WKH ZLUH� )
U
LV WKH WRWDO �VWDWLF DQG G\QDPLF� FRQ�

GLWLRQ RI UHVLVWDQFH WR ZLUH PRWLRQ�

)RUFH )I RI ZLUH IHHG LV GXH WR D QXPEHU RI IDFWRUV�

ZKLFK ZLWK D FHUWDLQ VLPSOLILFDWLRQ RI SK\VLFDO SKH�

QRPHQD LQ WKH FRQWDFW ]RQH PD\ EH XQLWHG E\ WKH

IROORZLQJ HTXDWLRQ�

)I  E)FO�I� ���

ZKHUH E LV WKH PDUJLQ RI DGKHVLRQ WR DFKLHYH UHOLDEOH

IHHGLQJ� SURYLGHG E\ VSHFLDO FRQWRXULQJ RI JURRYHV�
NQXUOLQJ� H[SDQVLRQ RI WKH IHHG UROOHU VXUIDFH� HWF��
)

FO
LV WKH IRUFH RI IHHG UROOHU FODPSLQJ� I LV WKH FRHI�

ILFLHQW RI IULFWLRQ RI WKH ZLUH DQG UROOHU PDWHULDOV�

:HZLOO UHZULWH FRQGLWLRQ ���� LQ YLHZ RI HTXDWLRQ

���� LQ WKH IROORZLQJ IRUP�

E)FO�I ! )U� ���

)LJXUH �� )RUFHV� DFWLQJ LQ WKH ]RQH RI FRQWDFW RI IHHG DQG SUHVV�
GRZQ UROOHUV LQ HOHFWURGH ZLUH IHHGLQJ� 9�$� /(%('(9� ����
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$QDO\VLV RI FRQGLWLRQ ��� LQGLFDWHV WKDW IHHG IRUFH
)I  YDU DQG GHSHQGV QRW RQO\ RQ FODPSLQJ IRUFH )FO  
 FRQVW �L�H� LV VHOHFWHG IRU WKH JLYHQ FRQGLWLRQV RI
ZLUH IHHG�� EXW DOVR RQ WKH FRHIILFLHQW RI IULFWLRQ I�
ZKLFK LV D PXOWLIDFWRU TXDQWLW\ DQG LV GHWHUPLQHG E\
D QXPEHU RI SDUDPHWHUV� L�H�

I  I�IT� IV� IU� WG� YI� YV��

ZKHUH IT� IV� IU DUH WKH FRHIILFLHQWV RI IULFWLRQ RI TXL�
HVFHQFH� VOLSSLQJ DQG UROOLQJ� UHVSHFWLYHO\� WG LV WKH
GZHOO WLPH RI WKH UROOHU ZLWK ZLUH� YI LV WKH UDWH RI
ZLUH IHHG� YV LV WKH UDWH RI UROOHU VOLGLQJ UHODWLYH WR
WKH ZLUH�

,W GRHV QRW VHHP SRVVLEOH WR WDNH LQWR DFFRXQW WKH
LQIOXHQFH RI DOO WKH SDUDPHWHUV RQ I� WKHUHIRUH XQGHU
WKH DFWXDO FRQGLWLRQV RI IHHG PHFKDQLVP RSHUDWLRQ�
WKH FODPLQJ IRUFH LV VHW WR EH GHOLEHUDWHO\ JUHDW� VR DV
WR DYRLG YDULDWLRQV RI I DQG)U� 7KLV OHDGV WR DQ LQFUHDVH
RI ORVVHV LQ WKH IHHG XQLW� ZLUH GHIRUPDWLRQ� LQFUHDVH
RI GULYH SRZHU� GHVLJQHG IRU ORQJ�WLPH KLJKHU ORDG�
0HFKDQLVP HIILFLHQF\ GURSV FRQVLGHUDEO\� EHFDXVH RI
WKH ORVHV� DULVLQJ LQ WKH ]RQH RI IULFWLRQ FRQWDFW RI WKH
PHWDO RI UROOHUV DQG ZLUH WR LQFOXGH� K\VWHUHVLV ORVVHV
δK DW UROOHU UROOLQJ RYHU WKH ZLUH� UHVXOWLQJ IURP GH�
IRUPDWLRQ RI WKH ODWWHU E\ WKH UROOHU XQGHU WKH LPSDFW
RI WKH FODPSLQJ IRUFH� LQFUHDVLQJ ZLWK LQFUHDVH RI WKLV
IRUFH DV D UHVXOW RI D ORQJHU DUP RI UROOLQJ IULFWLRQ N�
VFKHPDWLFDOO\ VKRZQ LQ )LJXUH �� VOLS ORVVHV δV� LQ WKLV
FDVH JHRPHWULFDO� GXH WR QRQ�XQLIRUP YDULDWLRQ RI WKH
UDWH DORQJ WKH OLQH RI FRQWDFW ZLWK UROOHU SURILOLQJ�
LQDFFXUDFLHV RI WKHLU PRXQWLQJ RU IDEULFDWLRQ DQG LQ�

FUHDVLQJ ZLWK WKH LQFUHDVH RI WKH FDPSLQJ IRUFH� ORVVHV
LQ EHDULQJ δE RI SUHVV�GRZQ UROOHU� DV ZHOO DV LQ EHQG�
LQJ RI D[HV RI WKH IHHG DQG SUHVV�GRZQ UROOHUV XQGHU
WKH LPSDFW RI WKH FODPSLQJ IRUFH�

,I ORVVHV DUH WR EH GHWHUPLQHG LQ UHODWLYH XQLWV� WKH
HIILFLHQF\ RI WKH IHHG DVVHPEO\ η PD\ EH FDOFXODWHG
DV IROORZV�

η  � w �δK � δV � δE��

7KH DXWKRU SHUIRUPHG H[SHULPHQWDO HYDOXDWLRQ RI
WRWDO UHODWLYH ORVVHV δ �δ  δK � δV � δE� LQ WKH UROOHU
IHHG PHFKDQLVP RI 3'*���� VHPL�DXWRPDWLF PDFKLQH
ZLWK WZR W\SHV RI UROOHUV� QDPHO\ ZLWK D VPRRWK VXU�
IDFH DQG D ZHGJH�W\SH JURRYH DW FKDQJH RI FODPSLQJ
IRUFH� (YDOXDWLRQ UHVXOWV IRU 6Y���*�6 ZLUH RI ��� PP
GLDPHWHU DUH VKRZQ LQ )LJXUH �� 7KH VKDSH RI ERWK
WKH GHSHQGHQFLHV LV SUDFWLFDOO\ WKH VDPH� EXW LQ WKH
FDVH RI D JURRYHG UROOHU� WKH ORVVHV DUH VRPHZKDW
JUHDWHU� ZKLFK� LQ WKH RSLQLRQ RI WKH DXWKRU� UHVXOWV
IURP JUHDW ORVVHV IRU VOLSSLQJ RI WKH ZLUH DORQJ ERWK
ZDOOV RI WKH ZHGJH�VKDSHG JURRYH� $W FRQVLGHUDEOH
FODPSLQJ IRUFHV� WKH ORVVHV DUH VWDELOL]HG� EHFDXVH RI
D ORZ LQFUHPHQW RI FRQWDFW GHIRUPDWLRQ�

7KXV� LQ RUGHU WR PLQLPL]H WKH ORVVHV LQ WKH UROOHU
IHHG XQLW� LW LV UDWLRQDO WR HQVXUH WKH IROORZLQJ FRQ�
GLWLRQ�

)I�)FO  FRQVW� ���

&RQGLWLRQ ��� LV GLIILFXOW WR HQVXUH� LQ SDUWLFXODU�
EHFDXVH RI WKH SUHVHQFH RI D ORQJ IOH[LEOH JXLGH >�@�
)RU LWV LPSOHPHQWDWLRQ� WKH 3:, PDQXIDFWXUHG DQG
GHYHORSHG DQ H[SHULPHQWDO GHYLFH� PRXQWHG LQ WKH
IHHG V\VWHP RI WKH VHPL�DXWRPDWLF ZHOGLQJ PDFKLQH�
5HJXODWRU GHYLFH �)LJXUH �� SHUIRUPV DXWRPDWLF VH�
OHFWLRQ �UHJXODWLRQ� RI WKH IRUFH RI ZLUH FODPSLQJ E\
WKH SUHVV�GRZQ UROOHU� GHSHQGLQJ RQ WKH IRUFH RI IHHG
UHVLVWDQFH� /HW XV FRQVLGHU WKH RSHUDWLRQ RI WKH DERYH
UHJXODWRU�

)DVWHQHG RQ VKDQN � RI KRVH KROGHU � LV WKUXVW ULQJ
�QXW� �� DV ZHOO DV JURRYHG SUHVV�GRZQ HOHPHQW �ZLWK
DQJOH RI LQFOLQDWLRQ α� DLPHG RSSRVLWHO\ WR WKH HOHF�
WURGH ZLUH PRWLRQ �DUURZV LQGLFDWH WKH GLUHFWLRQ��
+RVH KROGHU � LV VSULQJ�ORDGHG UHODWLYH WR FDVH � E\
F\OLQGULFDO VSULQJ �� ZKHUH WKH IRUFH LV DVVLJQHG E\
WKH SRVLWLRQ RI WKUXVW ULQJ �� (OHFWURGH ZLUH � LV
FODPSHG WR IHHG UROOHU � E\ SUHVV�GRZQ UROOHU �� WLHG
WR RQH HQG RI DQ HODVWLF HOHPHQW� IRU LQVWDQFH IODW

)LJXUH �� 'HSHQGHQFH RI UHODWLYH ORVVHV δ LQ UROOHU IHHG XQLW RQ
FODPSLQJ IRUFH� � x VPRRWK IHHG UROOHU� � x IHHG UROOHU ZLWK D
ZHGJH�VKDSHG JURRYH

)LJXUH �� 9DULDQW RI GHVLJQ RI UROOHU IHHG XQLW ZLWK D FODPSLQJ GHYLFH� ZKHUH WKH IRUFH GHSHQGV RQ WKH IRUFH RI UHVLVWDQFH WR HOHFWURGH
ZLUH IHHG LQ HOHPHQWV RI KRVH KROGHU �IRU GHVLJQDWLRQV VHH WKH WH[W�
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VSULQJ ��� )ODW VSULQJ �� LV UHVWLQJ RQ DGMXVWLQJ HOH�
PHQW ��� PDGH LQ WKH IRUP RI D VFUHZ DQG ORFDWHG RQ
EUDFNHW ��� 7KH RWKHU HQG RI IODW VSULQJ �� LV ILWWHG
ZLWK D VOLGLQJ RU UROOLQJ HOHPHQW �� �VSKHUH� DV LQ RXU
FDVH� UROOHU RU EHDULQJ FRXOG DOVR EH XVHG�� ZKLFK
LQWHUDFWV ZLWK SUHVV�GRZQ HOHPHQW �� 6HWWLQJ XS RI
WKH GHYLFH FRQVLVWV LQ VHOHFWLRQ RI LQLWLDO IRUFH RI VSULQJ
�� SURYLGLQJ PRWLRQ RI HOHFWURGH ZLUH LQ WKH PRGH
ZLWKRXW ZHOGLQJ RU PDQLSXODWLRQ RI WKH KROGHU�
6SKHUH �� WRJHWKHU ZLWK RQH RI WKH HQGV RI IODW VSULQJ
�� WDNHV XS SRVLWLRQ $� ,Q WKLV FDVH VDJ RI VSULQJ ���
SURYLGLQJ� DFFRUGLQJ WR FRQGLWLRQ ���� WKH UHTXLUHG
PLQLPXP IRUFH RI HOHFWURGH ZLUH FODPSLQJ GRZQ E\
UROOHU �� LV DGMXVWHG E\ VFUHZ ��� ,I WKH IRUFH RI UH�
VLVWDQFH WR WKH IHHG GRHV QRW FKDQJH� WKH FODPSLQJ
IRUFH LV DOVR XQFKDQJHG� :LWK WKH LQFUHDVH RI WKH IRU�
PHU DERYH WKH IRUFH RI VSULQJ �� WUDQVODWLRQDO PRWLRQ
RI KRVH KROGHU LQ WKH GLUHFWLRQ RI HOHFWURGH ZLUH IHHG
EHJLQV� VSKHUH �� PRYHV LQWR SRVLWLRQ %� FDXVLQJ
JUHDWHU VDJ RI IODW VSULQJ �� DQG WKXV SURYLGLQJ WKH
LQFUHDVH RI FODPSLQJ IRUFH� UHTXLUHG IRU WKLV VLWXDWLRQ�
7KH SURFHVV LV UHYHUVHG ZLWK ORZHULQJ RI WKH IRUFH RI
IHHG UHVLVWDQFH� 7KXV� WKH UHJXODWRU DXWRPDWLFDOO\ VXS�
SRUWV WKH UDWLR RI IRUFHV LQ DFFRUGDQFH ZLWK H[SUHVVLRQ
���� 7KLV UHJXODWRU ZDV WULHG RXW LQ IHHGLQJ IOX[�FRUHG
ZLUHV E\ UROOHUV ZLWK VPRRWK IHHG VXUIDFHV� SUHYHQWLQJ
GHIRUPDWLRQ RI ZLUH VKHDWKHV� $YHUDJH YDOXHV RI ORVVHV
LQ WKH UROOHU XQLW SHU D ZHOGLQJ F\FOH ZHUH UHGXFHG �
WR � WLPHV�

5HJXODWRU RSHUDWLRQ ZLWK SXOVHG ZLUH IHHG ZDV
VWXGLHG� )LJXUH �� D� F VKRZV RVFLOORJUDPV RI PRWLRQ
VSHHG LQ RSHUDWLRQ RI WKH PHFKDQLVP ZLWK D SXOVHG
IHHG ZLWK VPRRWK UROOHUV� 1R UHJXODWRU ZDV PRXQWHG
LQ WKH V\VWHP� UHSUHVHQWHG E\ RVFLOORJUDP �� D� +HUH
ZH FDQ VHH VOLSSLQJ RI WKH IHHG UROOHU UHODWLYH WR WKH
ZLUH� ([SHULPHQWDO VWXG\ RI WKH VOLSSLQJ SKHQRPHQRQ
LQ WKH SXOVHG IHHG PHFKDQLVPV OHG WR WKH IROORZLQJ
FRQFOXVLRQV� :LUH FODPSLQJ IRUFH� SUHVHW LQ WKH UROOHU
IHHG XQLW� DW WKH ILUVW PRPHQW XVXDOO\ SURYLGHV WKH
FRQGLWLRQV� UHTXLUHG IRU LWV PRYHPHQW GXH WR KLJK

HQRXJK YDOXHV RI I �IULFWLRQ RI TXLHVFHQFH� DEVHQFH RI
VOLSSLQJ�� $W LQFUHDVH RI WKH SXOVHG FLUFXPHIHUHQWLDO
VSHHG RI WKH IHHG UROOHU� DERYH YDOXHV I DUH HVVHQWLDOO\
GHFUHDVHG� WKLV OHDGLQJ WR UROOHU VOLSSLQJ UHODWLYH WR
WKH ZLUH� 7KLV SKHQRPHQRQ� DV IROORZV IURP WKH RV�
FLOORJUDPV� PD\ EH RI VHOI�RVFLOODWLQJ QDWXUH LQ WKH
UDQJH RI LPSDFW RI HDFK SXOVH� FKDQJLQJ LWV SDUDPHWHUV�
7KH RVFLOORJUDP �)LJXUH �� F� ZDV SURGXFHG IRU WKH
FDVH� ZKHQ D UHJXODWRU RI WKH FODPSLQJ IRUFH ZDV
PRXQWHG LQ WKH IHHG V\VWHP� $W SXOVH DFWLRQ D FHUWDLQ
PRYHPHQW RI WKH KRVH KROGHU VKDQN VWDUWV VLPXOWDQH�
RXVO\ ZLWK ZLUH PRYHPHQW DW LQFUHDVH RI FODPSLQJ
IRUFH� 'XH WR GLIIHUHQW LQHUWLD SURSHUWLHV RI WKH ZLUH
LQ WKH KRVH KROGHU JXLGH� WKH ZLUH FRQWLQXHV PRYLQJ
WKURXJK WKH JXLGH� DQG WKH KROGHU VWD\V LQ SODFH� $S�
SOLFDWLRQ RI WKH UHJXODWRU OHDGV WR OHVV VOLSSLQJ DQG
WR GLVWRUWLRQ RI WKH VKDSH RI WKH RXWSXW SXOVH x PRUH
VLJQLILFDQW WKDQ LV XVXDOO\ IRXQG LQ WKH FDVH RI ZLUH
PRYLQJ WKURXJK WKH JXLGH >�@� 7KH DERYH SKHQRPHQRQ
VKRXOG EH WDNHQ LQWR DFFRXQW LQ VHWWLQJ XS WKH SXOVH
IHHG PHFKDQLVP�

2VFLOORJUDPV LQ )LJXUH �� E� G ZHUH WDNHQ IRU WKH
FDVH RI DSSOLFDWLRQ RI IHHG UROOHUV ZLWK D JURRYH DORQJ
WKH UROOHU JHQHUDWUL[� 7KH RVFLOORJUDP �)LJXUH �� G�
SUHVHQWV WKH UHVXOW RI RSHUDWLRQ RI WKH SXOVHG IHHG
PHFKDQLVP ZLWKRXW DSSOLFDWLRQ RI WKH UHJXODWRU� DQG
)LJXUH �� E x ZLWK WKH UHJXODWRU� ,Q ERWK WKH FDVHV
WKH VKDSH RI RXWSXW SXOVH LV DFFHSWDEOH IRU DFWLRQ RQ
WKH WHFKQRORJLFDO SURFHVV� 7KH GLIIHUHQFH FRQVLVWV LQ
WKDW WKH UHJXODWRU DOVR VRPHZKDW GLVWRUWV WKH VKDSH
RI WKH IHHG SXOVH�

3UREOHP �� (OLPLQDWLRQ RU ORZHULQJ RI YLEUDWLRQV
LQ WKH PHFKDQLVPV RI SXOVHG ZLUH IHHG ZLWK LQFUHDVH
RI UHOLDELOLW\ RI WKH PHFKDQLVP SURSHU DQG WKH VHPL�
DXWRPDWLF PDFKLQH� DV D ZKROH�

6ROXWLRQ RI WKLV SUREOHP LV RI VSHFLDO LQWHUHVW� DV
VXFFHVVIXO EURDG LQWURGXFWLRQ RI PHFKDQL]HG DUF ZHOG�
LQJ HTXLSPHQW ZLWK D SXOVHG ZLUH IHHG GHSHQGV RQ
KRZ HIIHFWLYHO\ ZLOO WKH YLEUDWLRQV EH UHGXFHG� DQG
KRZ FORVH LWV RSHUDWLRQ LV WR WKDW RI UHJXODU IHHGPHFKD�

)LJXUH �� &KDUDFWHULVWLF RVFLOORJUDPV RI WKH UDWHV RI SXOVHG IHHG RI HOHFWURGH ZLUH �VROLG FXUYH x DW PHFKDQLVP LQOHW� YLQ
� GDVKHG

FXUYH x DW JXLGH RXWOHW� Y
RXW
�
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QLVPV LQ WHUPV RI WKH FKDUDFWHULVWLFV RI UHOLDELOLW\ DQG
VDQLWDU\�K\JLHQLF QRUPV�

+LJKHU OHYHO RI YLEUDWLRQV IRU HOHFWULFDOO\�GULYHQ
PHFKDQLVPV ZLWK D SXOVHG ZLUH IHHG� DV VKRZQ E\
LQYHVWLJDWLRQV� LV IHOW SDUWLFXODUO\ DW IUHTXHQFLHV DERYH
�� +]� L�H� LQ WKH IUHTXHQF\ UDQJH� UHTXLUHG IRU ZHOG�
LQJ� 7HFKQLFDO VROXWLRQV� DVVRFLDWHG ZLWK DSSOLFDWLRQ
RI YLEUDWLRQ�LQVXODWLQJ GHYLFHV �VSULQJV� HODVWLF JDV�
NHWV� HWF��� DUH HIIHFWLYH LQ D QDUURZ IUHTXHQF\ UDQJH�
8VH RI V\VWHPV RI PHFKDQLVP EDODQFLQJ VKRXOG EH
PRUH HIIHFWLYH LQ WKLV FDVH�

3UDFWLFDOO\ DQ\ PHFKDQLVP ZLWK D SXOVHG IHHG�
GULYHQ E\ DQ HOHFWULF PRWRU� XVHV D GHYLFH IRU PRWLRQ
FRQYHUVLRQ� ZKLFK LV EDVHG RQ D FUDQN SDLU DV RQH RI
WKH VLPSOHVW DQG PRVW HIIHFWLYH PHFKDQLVPV� 7KLV LQ�
WHJUDWHG VROXWLRQ DOORZV WKH SUREOHP WR EH IRUPDOL]HG�
DQG D FRPPRQ DSSURDFK WR EH GHYHORSHG WR GHVLJQ
VROXWLRQ IRU ORZHULQJ WKH YLEUDWLRQV LQ WKH SXOVHG IHHG
PHFKDQLVPV�

,Q PDWKHPDWLFDO WHUPV >�@� WKH FRQGLWLRQV IRU ED�
ODQFLQJ DQ\ PHFKDQLVP KDYH WKH IROORZLQJ IRUP�

[V  FRQVW� \V  FRQVW� ���

-[]  FRQVW� -Ñ]  FRQVW� ���

ZKHUH [V� \V DUH WKH FR�RUGLQDWHV RI D FRPPRQ FHQWUH
RI PRYLQJ PDVVHV� -[]� -\] DUH WKH PRPHQWV RI LQHUWLD
RI WKH OLQNV�

)URP HTXDWLRQV ��� DQG ��� LW IROORZV� WKDW WKH
PDLQ� DQG� DV VKRZQ E\ H[SHULHQFH� PRVW FRPSOLFDWHG
WDVN RI FDOFXODWLRQ RI EDODQFLQJ RI DFWXDO PHFKDQLVPV�
LV GHWHUPLQDWLRQ RI WKH PDVVHV RI XQLWV DQG WKHLU FR�
RUGLQDWHV� )RU PHFKDQLVPV ZLWK D SXOVHG ZLUH IHHG
ZLWK RQH�VLGHG JULSV� WKH VLPSOHVW LQ WHUPV RI GHVLJQ
LV D GHYLFH ZLWK D EHDULQJ� PRXQWHG HFFHQWULFDOO\ RQ
WKH HOHFWULF PRWRU VKDIW� ,Q WKLV FDVH� WKH RXWHU UDFH
RI WKH EHDULQJ LV KLQJHG WR WKH PRYLQJ RQH�VLGHG JULS�
DV LQ )LJXUH �� ZKLFK GRHV QRW VKRZ WKH VHFRQG ORFNLQJ
JULS� 7KH V\VWHP LV D FUDQNVKDIW� IRUPHG E\ D VHFWLRQ
EHWZHHQ WKH FHQWUHV RI EHDULQJ DQG HFFHQWULF VKDIW
�KLQJH $�� DV ZHOO DV D FRQQHFWLQJ URG LQ WKH IRUP RI
D VHFWLRQ EHWZHHQ WZR KLQJHV $� % DQG WKH VOLGH�
IRUPHG E\ RQH�VLGHG JULS ZLWK WKH ZLUH� PRYHG E\ LW
�QRW VKRZQ LQ WKH )LJXUH�� ,Q WKLV V\VWHP� WKH FRQ�
QHFWLQJ URG LV D FHUWDLQ IRUPDWLRQ ZLWKRXW DQ\ UHDO
IUDPH� DQG� WKHUHIRUH� DOVR LW KDV PDVV PF�U  �� &UDQN
PDVV PF ZLOO FRQVLVW RI WKDW RI WKH EHDULQJ ZLWK HOH�
PHQWV DWWDFKHG WR LW� 7KH GHYLFH PD\ EH FRQVLGHUHG
DV HFFHQWULF PHFKDQLVP� DQG MXVW WKH URWDWLQJ PDVVHV
PD\ EH EDODQFHG�

,Q NHHSLQJ ZLWK >�@� OHW XV SHUIRUP WKH EDODQFLQJ�
E\ PRXQWLQJ RQ WKH OLQH� SDVVLQJ WKURXJK WKH FHQWHU
RI JUDYLW\ RI WKH PHFKDQLVP� RQ WKH RWKHU VLGH RI WKH
D[LV RI URWDWLRQ� D FRXQWHUZHLJKW RI PDVV PFZ� GHWHU�
PLQHG LQ YLHZ RI H[SUHVVLRQV ��� DQG ����

PFZ  PFH�OFZ� ���

)LJXUH �� 0HFKDQLVP RI SXOVHG IHHG ZLWK RQH PRYLQJ JULS� � x
HFFHQWULF D[LV� �x RXWHU PDQGUHO IRU IDVWHQLQJ KLQJH % RI WKH JULS
�� �x RXWHU UDFH RI EHDULQJ� �x JXLGHV� �x HOHFWULF PRWRU VKDIW
�$ x FRQGLWLRQDO KLQJH EHWZHHQ FUDQN DQG FRQQHFWLQJ URG�

)LJXUH �� 0HFKDQLVP RI SXOVHG IHHG ZLWK WZR PRYLQJ RQH�VLGHG
JULSV ��� ��� HFFHQWULF PHFKDQLVPV ��� �� DUH FRQGLWLRQDOO\ VKLIWHG
UHODWLYH WR HDFK RWKHU IRU EHWWHU SUHVHQWDWLRQ

)LJXUH �� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH PHFKDQLVP RI HOHFWURGH ZLUH SXOVHG IHHG ZLWK 4:&� � x HFFHQWULF VKDIW� � x EHDULQJ� � x
JHDU ZLWK LQWHUQDO WRRWKLQJ� � x PRWLRQ SXOVH IRUPHU� � x JHDU ZLWK H[WHUQDO WRRWKLQJ� � x FDVH� � x GULYH HOHFWULF PRWRU� � x
HOHFWURGH ZLUH� � x IHHG UROOHU
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ZKHUH H LV WKH HFFHQWULFLW\� OFZ LV WKH GLVWDQFH RI FRXQ�
WHUZHLJKW DWWDFKPHQW IURP FHQWHU RI JUDYLW\ 2�

)URP UHODWLRQVKLS ��� LW IROORZV� WKDW ZKHQ WDNLQJ
D GHFLVLRQ RQ PRXQWLQJ WKH FRXQWHUZHLJKW� LW LV QHF�
HVVDU\ WR VHOHFW HLWKHU LWV PDVV� RU GLVWDQFH IURP WKH
PHFKDQLVP FHQWHU RI JUDYLW\� ,Q WKLV FDVH� LW LV FRQ�
YHQLHQW WR XVH D FRXQWHUZHLJKW LQ WKH IRUP RI D GLVF
ZLWK WKH PDVV� FORVH WR WKDW RI WKH PRWLRQ FRQYHUWHU�
ZKLFK LV PRXQWHG DW D VKRUW DGMXVWDEOH GLVWDQFH IURP
WKH FHQWHU RI PDVV LQ WKH GLUHFWLRQ� RSSRVLWH WR WKDW
RI WKH HFFHQWULF�

$ GHVLJQZLWK WZR JULSVPRYLQJ WRZDUGV HDFK RWKHU
LV RIWHQ XVHG� ZKHQ GHVLJQLQJ SXOVHG IHHGPHFKDQLVPV�
6XFK DQ DOJRULWKP RI PHFKDQLVP RSHUDWLRQ VROYHV WKH
SUREOHP RI LWV EDODQFLQJ E\ WZR V\PPHWULFDO IHHG
V\VWHPV �)LJXUH ��� :LWK WZR RSSRVLWHO\�SODFHG JULSV
DQG HFFHQWULF FRQYHUWHUV RI PRWLRQ� WKH PHFKDQLVP
GHVLJQ LV IXQFWLRQDOO\ SHUIHFW�

,Q SXOVHG IHHG PHFKDQLVPV ZLWK TXDVL�ZDYH FRQ�
YHUWHUV �4:&� >�@� RQH RI WKH YDULDQWV RI ZKLFK LV
VKRZQ LQ )LJXUH �� WKH EDODQFLQJ SUREOHP LV VLJQLIL�
FDQWO\ PRUH GLIILFXOW WR VROYH� ZKLFK LV FDXVHG E\
GRXEOH DSSOLFDWLRQ RI IRUFHV LQ WKH NLQHPDWLF OLQNV RI
WKHPHFKDQLVP� WUDQVIHU RI WKH IRUFH IURP HFFHQWULFDOO\
PRXQWHG DQG PRYLQJ JHDU ZLWK H[WHUQDO WRRWKLQJ �
WR JHDU � ZLWK LQWHUQDO WRRWKLQJ DQG IXUWKHU WR IHHG
UROOHU � ZLWK HOHFWURGH ZLUH �� 0RUHRYHU� IRUFHV DUH
DSSOLHG� ZKLFK FRQWURO WKH PRWLRQ RI JHDU � LQ WKH
GHYLFH� IRUPLQJ WKH PRWLRQ SXOVH� )RUPDOL]LQJ WKH
NLQHPDWLF VWUXFWXUH RI WKH PHFKDQLVP� WZR FUDQN V\V�
WHPV FDQ EH VLQJOHG RXW� ,W LV SUDFWLFDOO\ LPSRVVLEOH
WR VWXG\ VXFK D PHFKDQLVP LQ WHUPV RI EDODQFLQJ�
WDNLQJ LQWR DFFRXQW DOO WKH NLQHPDWLF OLQNV� ZKLFK LV
QRW VRPHWKLQJ UHDOO\ UHTXLUHG� DV WKH PDLQ XQEDODQFHG
PDVV LQ WKLV FDVH� VLPLODU WR WKH SUHYLRXV RQH� LV PDGH
XS E\ PHFKDQLVP HOHPHQWV� URWDWLQJ RQ WKH HFFHQWULF�
QDPHO\ EHDULQJ �� JHDU ZLWK H[WHUQDO WRRWKLQJ �� DQG
HFFHQWULF VKDIW �� 7KHUHIRUH� WKH DERYH SURFHGXUH IRU
EDODQFLQJ ZLWK WKH FRXQWHUZHLJKW DFFRUGLQJ WR H[�
SUHVVLRQ ��� LV DOVR DSSOLFDEOH KHUH� 8QIRUWXQDWHO\�
LW KDV QRW VR IDU EHHQ SRVVLEOH WR ILQG D IXQFWLRQDOO\
MXVWLILHG HQJLQHHULQJ VROXWLRQ ZLWK RSSRVLWHO\�
PRXQWHG HFFHQWULFV IRU D GHVLJQ ZLWK 4:& LQ WKH
JHQHUDO FDVH� $Q H[FHSWLRQ LQ WKLV FDVH LV WKH PHFKD�
QLVP ZLWK DQ DGGLWLRQDO PRWLRQ FRQYHUWHU �VHFRQGDU\

HFFHQWULF�� GHVFULEHG LQ >��@� ,Q GHYHORSPHQW DQG GH�
VLJQ LQ WKH JHQHUDO FDVH ZH XVHG UHJXODU GLVF FRXQWHU�
ZHLJKWV� PRXQWHG RQ RSSRVLWH HFFHQWULFLWLHV� ZKLFK
SURYLGHG D � WR � WLPHV ORZHULQJ RI YLEUDWLRQV� WUDQV�
IHUUHG WR WKH FDVH�

&21&/86,216

�� 7KH DELOLW\ KDV EHHQ HVWDEOLVKHG WR ORZHU WKH SURED�
ELOLW\ RI VOLSSLQJ RI IHHG UROOHUV UHODWLYH WR HOHFWURGH
ZLUH DW SXOVHG IHHG� GXH WR FKDQJLQJ WKH IULFWLRQ FKD�
UDFWHULVWLFV LQ WKH FRQWDFW ]RQH E\ VHOHFWLRQ RI WKH
VKDSH DQG VWUXFWXUH RI IHHG VXUIDFH RI UROOHUV RU FUH�
DWLQJ RSWLPDO FRQGLWLRQV IRU FODPSLQJ RI IHHG UROOHUV
WR HOHFWURGH ZLUH�

�� $V YLEUDWLRQV RI DQ HOHFWULFDOO\�GULYHQ PHFKD�
QLVP RI SXOVHG IHHG RI HOHFWURGH ZLUH RI DQ\ GHVLJQ
UHVXOW IURP RSHUDWLRQ RI WKH GHYLFH IRU FRQYHUVLRQ RI
WKH URWDU\ PRWLRQ LQWR SXOVHG�WUDQVODWLRQDO PRWLRQ RU
SXOVHG�URWDU\ PRWLRQ� LW LV HVWDEOLVKHG WKDW WKH PRVW
VLPSOH� DFFHVVLEOH DQG HIIHFWLYHPHWKRG WR UHGXFH WKHP
LV VWDWLF EDODQFLQJ RI MXVW WKH URWDWLQJ PDVVHV� FRP�
SOHPHQWHG E\ XVH RI YLEUDWLRQ�DEVRUELQJ GHYLFHV�

�� 9RURSDM� 1�0�� 6DYHOLHY� 2�1�� 6HPHUJHHY� 6�6� ������
(OHFWURPDJQHWLF PHFKDQLVPV RI SXOVHG HOHFWURGH ZLUH IHHG�
$YWRPDWLFK� 6YDUND� �� ��w���

�� 'XGNR� '�$�� &KYHUWNR� $�,�� 6Y\DWVN\� (�0� HW DO� 0HFKD�
QLVP IRU ZHOGLQJ ZLUH IHHG� 8665 DXWKRUsV FHUW� �������
,QW� &O� % ��. ����� 3XEO� ���������

�� /HEHGHY� 9�$�� 1LNLWHQNR� 9�3� ������ *ULSV IRU SXOVHG
HOHFWURGH ZLUH IHHG� $YWRPDWLFK� 6YDUND� ��� ��w���

�� /HEHGHY� 9�$�� 0RVKNLQ� 9�)�� 3LFKDN� 9�*� ������ 1HZ
PHFKDQLVPV IRU SXOVHG HOHFWURGH ZLUH IHHG� ,ELG�� �� ��w���

�� 9RURSDM� 1�0� ������ 3DUDPHWHUV DQG WHFKQRORJLFDO PHDQV
RI DUF ZHOGLQJ ZLWK SXOVHG IHHG RI HOHFWURGH DQG ILOOHU ZLUH�
,ELG�� ��� �w��

�� %HOIRU� 0�*�� 3DWRQ� 9�(� ������ (TXLSPHQW IRU DUF DQG
VODJ ZHOGLQJ DQG VXUIDFLQJ� 0RVFRZ� 9\VVKD\D 6KNROD�

�� /HEHGHY� 9�$�� 6YHWQLNRY� %�*� ������ (YDOXDWLRQ RI WKH
LQIOXHQFH RI JXLGH DQG FXUUHQW FRQGXLW QR]]OH EHQGV RQ UHVLV�
WDQFH WR HOHFWURGH ZLUH PRYHPHQW �(OHPHQWV RI VWDWLF DQDO\�
VLV�� $YWRPDWLFK� 6YDUND� �� ��w���

�� /HEHGHY� 9�$� ������ ,QIOXHQFH RI JXLGH FKDQQHO RI VHPL�
DXWRPDWLF ZHOGLQJ PDFKLQH RQ WKH SDUDPHWHUV RI SXOVHG
HOHFWURGH ZLUH IHHG� ,ELG�� �� ��w���

�� 6KHSHWLOQLNRY� 9�$� ������ %DODQFLQJ RI PHFKDQLVPV� 0RV�
FRZ� 0DVKLQRVWURHQLH�

��� /HEHGHY� 9�$�� 3LFKDN� 9�*�� 6PRO\DUNR� 9�%� ������
3XOVHG ZLUH IHHG PHFKDQLVPV ZLWK SXOVH SDUDPHWHU FRQWURO�
7KH 3DWRQ :HOGLQJ -�� �� ��w���
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

&RQVLGHUHG DUH WKH LVVXHV DVVRFLDWHG ZLWK GHYHORSPHQW RI QHZ IOX[�FRUHG ZLUHV ZLWK D PHWDO FRUH� FRPELQLQJ KLJK

GHSRVLWLRQ HIILFLHQF\ DQG KLJK \LHOG RI WKH GHSRVLWHG PHWDO� 7KH XVH RI D WKLFN�ZDOOHG VKHDWK SURYLGHV H[FHOOHQW IHHG RI

WKH ZLUH�

.H\ ZRU G V � DUF ZHOGLQJ� IOX[�FRUHG ZLUH� PHWDO FRUH

:HOGLQJ XVLQJ IOX[�FRUHG ZLUHV LV ZLGHO\ DSSOLHG LQ
PDQ\ ILHOGV RI HQJLQHHULQJ DQG FRQVWUXFWLRQ RZLQJ WR

D KLJK SURGXFWLYLW\ RI WKH SURFHVV DQG WKH SRVVLELOLW\

RI UHJXODWLQJ SURSHUWLHV RI D ZHOGHG MRLQW� DV ZHOO DV

RSHUDWLRQDO�ZHOGLQJ FKDUDFWHULVWLFV� WKURXJK LQWUR�

GXFLQJ PLQRU DGGLWLRQV RI PDWHULDOV WR WKH ZLUH FRUH�
2QH RI WKH PRGLILFDWLRQV RI VXFK ZLUHV ZKLFK KDYH

JDLQHG ZLGH DFFHSWDQFH ODWHO\ LV ZLUH ZLWK D PHWDO

SRZGHU FRUH LQWHQGHG IRU JDV�VKLHOGHG ZHOGLQJ� 7KLV

ZLUH FRPELQHV KLJK GHSRVLWLRQ HIILFLHQF\ DQG KLJK

\LHOG RI WKH GHSRVLWHG PHWDO ���w�� ��� ZKLFK LV

FKDUDFWHULVWLF RI ZHOGLQJ XVLQJ VROLG ZLUH�

)OX[�FRUHG ZLUH ZLWK D PHWDO FRUH IRUPV VODJ LV�

ODQGV RQ WKH ZHOG VXUIDFH GXULQJ PHOWLQJ� +RZHYHU�
XQOLNH ZHOGLQJ ZLWK D VROLG ZLUH� WKHVH VODJ FUXVWV

FDQ EH UHDGLO\ UHPRYHG IURP WKH VXUIDFH� 7KH ZHOGLQJ

SURFHVV XVLQJ ZLUHV ZLWK D PHWDO FRUH LV FKDUDFWHULVHG

E\ VWDELOLW\ DQG PLQLPXP VSDWWHULQJ ORVVHV� 7KH ID�
YRXUDEOH VKDSH RI WKH ZHOGV DQG GHHS SHQHWUDWLRQ

SURYLGHG E\ WKHVH ZLUHV PDNH WKHP WKH ZLUHV RI FKRLFH

IRU URERWLF DQG DXWRPDWLF ZHOGLQJ� :HOGLQJ XVLQJ
ZLUH ZLWK D PHWDO FRUH LV SHUIRUPHG LQ WKH DWPRVSKHUH

RI VKLHOGLQJ JDVHV �&2� RU $U�EDVHG PL[WXUHV��

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH LV DF�

WLYH LQ GHYHORSPHQW RI IOX[�FRUHG ZLUHV ZLWK D PHWDO

FRUH IRU &2� ZHOGLQJ DQG ZHOGLQJ LQ WKH $U � &2�

PL[WXUH� 7KH ZLUHV GHYHORSHG KDYH D WKLFN PHWDO

VKHDWK� ZKLFK FDXVHV QR SUREOHPV ZLWK IHHG RI VXFK

D ZLUH LQ WKH FDVH RI PHFKDQLVHG ZHOGLQJ� $ VPDOO

DPRXQW RI QRQ�PHWDOOLF PDWHULDOV LQ WKH FRUH LV XVHG

WR LPSURYH FKDUDFWHULVWLFV RI VWDELOLW\ RI WKH DUF GLV�

FKDUJH DQG UHJXODWLRQ RI PHWDOOXUJLFDO DQG WHFKQR�

ORJLFDO SURSHUWLHV RI VODJ�
7KH EDVLF IOX[�FRUHG ZLUH RI WKH 33�$1��0JUDGH�

KDYLQJ D GLDPHWHU RI ��� ����� ���� PP� LV LQWHQGHG
IRU &2� ZHOGLQJ RU ZHOGLQJ LQ WKH $U � &2� PL[WXUH�

7KH ��� DQG ��� PP ZLUHV DUH GHVLJQHG IRU ZHOGLQJ

PRVWO\ LQ WKH IODW SRVLWLRQ� 'XULQJ PHOWLQJ� WKH\ IRUP

VODJ LVODQGV RI WKH W\SH FORVH WR UXWLOH RQ WKH ZHOG

VXUIDFH� 7KH PDLQ V\VWHP RI PHWDO DOOR\LQJ LV 6Lw0Q�

:HOGLQJ LQ WKH $U � &2� PL[WXUH SURYLGHV EHWWHU

FKDUDFWHULVWLFV RI LJQLWLRQ RI WKH DUF DQG VWDELOLW\ RI

LWV EXUQLQJ� 0XOWLOD\HU ZHOGHG MRLQWV FDQ EH SURGXFHG

ZLWKRXW UHPRYDO RI VODJ LVODQGV IURP WKH VXUIDFH RI

WKH SUHFHGLQJ OD\HUV�

)OX[�FRUHG ZLUH RI WKH 33�$1��0 JUDGH� KDYLQJ

D GLDPHWHU RI ��� PP� LV LQWHQGHG IRU ZHOGLQJ LQ D

PL[WXUH RI JDVHV RI ORZ�DOOR\ VWHHOV ZLWK LQFUHDVHG

UHTXLUHPHQWV IRU WRXJK�GXFWLOH SURSHUWLHV DW ORZ WHP�

SHUDWXUHV� 7KH V\VWHP RI PHWDO DOOR\LQJ LV 6Lw0Qw1L�

7KH ZLUH SURYLGHV TXDOLW\ ZHOGLQJ RI MRLQWV LQ WKLFN
VHFWLRQV RI PHWDO DW D ZHOGLQJ FXUUHQW RI ���w��� $�

� 9�1� 6+/(3$.29 DQG $�9� %,/,1(76� ����

'HSRVLWLRQ HIILFLHQF\ 1 LQ WKH FDVH RI XVLQJ IOX[�FRUHG ZLUHV DQG
VROLG ZLUHV ZLWK D GLDPHWHU RI ��� PP IRU PHFKDQLVHG ZHOGLQJ�
� x IOX[�FRUHG ZLUH ZLWK PHWDO FRUH� � x VDPH ZLWK UXWLOH FRUH�
� x VROLG ZLUH

7DEOH �� 7\SLFDO PHFKDQLFDO SURSHUWLHV RI ZHOG PHWDO DQG
ZHOGHG MRLQWV

:LUH

JUDGH

6KLHOGLQJ

JDV

7HQVLOH WHVWV
,PSDFW EHQGLQJ

WHVWV

σ\�

03D

σW�

03D
δ� � 7WHVW�

Ì¯

.&9�

-�FP�

33�$1��0 &2� ��� ��� �� w�� ���

6DPH $U � &2� ��� ��� �� w�� ���

33�$1��0 6DPH ��� ��� �� w�� ��

7DEOH �� &KHPLFDO FRPSRVLWLRQ RI GHSRVLWHG PHWDO

:LUH

JUDGH

6KLHOGLQJ

JDV

&RQWHQW RI HOHPHQWV� ZW��

¯ 0Q 6L 1L 6 3

33�$1��0 &2� ���� ���� ���� w ����� �����

6DPH $U � &2� ���� ���� ���� w ����� �����

33�$1��0 6DPH ���� ����� ���� ���� ����� �����
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:HOGLQJ GRZQZDUG RQ D YHUWLFDO SODQH FDQ EH VXF�
FHVVIXOO\ SHUIRUPHG DW ORZHU YDOXHV RI WKH ZHOGLQJ
FXUUHQW�

:HOGLQJ XVLQJ IOX[�FRUHG ZLUHV ZLWK D PHWDO FRUH�
RZLQJ WR WKH XVH RI WKLFN�ZDOOHG VKHDWK� SURYLGHV
H[FHOOHQW IHHG RI D ZLUH� QRW LQIHULRU WR WKDW RI D VROLG
ZLUH�

&KHPLFDO FRPSRVLWLRQ RI WKH GHSRVLWHG PHWDO DQG
PHFKDQLFDO SURSHUWLHV RI WKH ZHOG PHWDO DQG ZHOGHG
MRLQWV DUH JLYHQ LQ 7DEOHV � DQG ��

7KH GLIIXVLEOH K\GURJHQ FRQWHQW LV �w� FP� SHU ��� J
RI WKH GHSRVLWHG PHWDO� 3RURVLW\ UHVLVWDQFH LV KLJK�

3LORW VDPSOH RI WKH ZLUH ZLWK D PHWDO FRUH KDV
EHHQ GHYHORSHG� 7KLV ZLUH DOORZV ZHOGLQJ RI WKLQ PH�
WDO ��w� PP�� DV ZHOO DV PDNLQJ RI URRW ZHOGV ZLWKRXW
EDFNLQJ�

&RPSDULQJ LQGLFDWRUV RI WKH SURFHVV SURGXFWLYLW\
XVLQJ ZLUHV IRU PHFKDQLVHG ZHOGLQJ VKRZV �)LJXUH�
WKDW IOX[�FRUHG ZLUHV DQG ZLUHV ZLWK D PHWDO FRUH�
RZLQJ WR D KLJK FXUUHQW GHQVLW\� PDNH LW SRVVLEOH WR
DFKLHYH KLJKHU YDOXHV WKDQ VROLG ZLUHV� :LUHV ZLWK D
PHWDO FRUH SURYLGH GHHS SHQHWUDWLRQ RI WKH EDVH PHWDO
DQG KLJK SURGXFWLYLW\ RI WKH SURFHVV� 7KH\ FDQ EH
XVHG IRU URERWLF ZHOGLQJ�
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7KH SDSHU GHDOV ZLWK DQ DOO�SXUSRVH XQLW IRU PDJQHWURQ VSXWWHULQJ IRU DSSO\LQJ WKH UHIOHFWLQJ DQG RWKHU NLQGV RI FRDWLQJV

RQ VKHHW PDWHULDOV�

.H\ ZRU G V � FRDWLQJ DSSOLFDWLRQ� PDJQHWURQ VSXWWHULQJ�
UHIOHFWLQJ FRDWLQJ� JODVV SDQHOV� F\FOLF�DFWLRQ XQLW� YDFXXP
FKDPEHU

2QH RI WKH SUDFWLFDO DSSOLFDWLRQV RI YDFXXP FRDWLQJV
WHFKQRORJLHV LV DSSOLFDWLRQ RI DQ DOXPLQLXP FRDWLQJ
RQ JODVV WR SURGXFH D UHIOHFWLQJ OD\HU RQ PLUURUV� 7UD�
GLWLRQDO WHFKQRORJLHV RI VXFK FRDWLQJV DSSOLFDWLRQ LQ�
FOXGH DOXPLQLXP HYDSRUDWLRQ LQ YDFXXP ����� 3D��
XVLQJ UHVLVWDQFH KHDWLQJ� ,Q WKH &,6 WKLV WHFKQRORJ\
LV LPSOHPHQWHG� XVLQJ 891��� DQG 89��� XQLWV� GH�
YHORSHG LQ 6.%93 �5LJD� /DWYLD�� DQG PDQXIDFWXUHG
E\ �9DFXXPPDVK� �.D]DQ� 5XVVLD�� ,W� KRZHYHU� KDV
D VLJQLILFDQW GUDZEDFN� UHODWHG WR DOXPLQLXP LQWHU�
DFWLRQ ZLWK WKH HYDSRUDWRU PDWHULDO �WXQJVWHQ�� ,Q�
WHUPHWDOOLF LQFOXVLRQV PD\ OHDG WR GLPPLQJ RI WKH
UHIOHFWLQJ OD\HU DQG LWV GHODPLQDWLRQ DOUHDG\ DIWHU ���w
� PRQWKV RI VHUYLFH� ,Q WKLV FRQQHFWLRQ� MXVW ��w�� �
RI SURGXFWV� SURGXFHG LQ WKHVH XQLWV� PHHW WKH UHTXLUH�
PHQWV RI *267 �����w�� WR UHIOHFWLQJ SURSHUWLHV RI
WKH VSUD\�GHSRVLWHG OD\HU >�@� ,Q DGGLWLRQ� WKLV HTXLS�
PHQW KDV EHHQ GHYHORSHG PRUH WKDQ �� \HDUV DJR� DQG
LV TXLWH REVROHWH�

0HWKRG RI PDJQHWURQ VSXWWHULQJ KDV EHFRPH LQ�
WHQVLYHO\ GHYHORSHG ODWHO\� ZKLFK RIIHUV FRQVLGHUDEOH
DGYDQWDJHV LQ WHUPV RI WKH FRDWLQJ TXDOLW\ DQG WKHLU
GHSRVLWLRQ UDWH� ,W SURYLGHV D KLJK DGKHVLRQ RI WKH
GHSRVLWHG FRDWLQJV� DEVHQFH RI WKH GURS SKDVH� SUH�
VHUYDWLRQ RI WKH VWRLFKLRPHWU\ RI WKH VSUD\HG PDWHULDO
DW GHSRVLWLRQ UDWHV RI VHYHUDO PLFURPHWHUV SHU PLQXWH�
7KH PHWKRG LV XVHG LQ WKH GHYHORSHG IORZ OLQHV IRU
GHSRVLWLRQ RI WKH UHIOHFWLQJ DOXPLQLXP FRDWLQJ RQ
JODVV SDQHOV IRU SURGXFWLRQ RI KRXVHKROG PLUURUV� 7KH

OLQHV FRQVLVW RI �w� FKDPEHUV� FRYHULQJ WKH HQWLUH RS�
HUDWLRQDO VHTXHQFH� LQFOXGLQJ VXUIDFH SUHSDUDWLRQ DQG
FRDWLQJ GHSRVLWLRQ �LQFOXGLQJ WKH DELOLW\ WR DSSO\ DG�
KHVLRQ XQGHUOD\HU DQG PXOWLOD\HU ZRUNLQJ FRDWLQJ��
ZLWK D KLJK OHYHO RI DXWRPDWLRQ RI WKH HQWLUH SURFHVV
>�@� 6XFK HTXLSPHQW LV GHVLJQHG IRU PDVV�SURGXFWLRQ
RI LWHPV ZLWK UHIOHFWLQJ FRDWLQJV LQ ODUJH YROXPHV�

+RZHYHU� XVH RI VXFK OLQHV XQGHU WKH FRQGLWLRQV
RI VPDOO HQWHUSULVHV LV GLIILFXOW� LQ YLHZ RI WKHLU KLJK
FRVW DQG FRQVLGHUDEOH GLPHQVLRQV� DV ZHOO DV IRU WKH
UHDVRQ RI VXFK HQWHUSULVHV KDYLQJ WR TXLFNO\ UHDFW WR
FXVWRPHU UHTXLUHPHQWV ZLWK PDQXIDFWXULQJ RI VPDOO
EDWFKHV RI VSHFLDOL]HG SURGXFWV� )RU WKLV UHDVRQ� WKH
3:, GHYHORSHG D F\FOLF�RSHUDWLRQ PDJQHWURQ VSXWWHU�
LQJ XQLW 805����� IRU FRDWLQJ GHSRVLWLRQ RQ VKHHW
PDWHULDOV DQG� SULPDULO\� IRU DSSOLFDWLRQ RI UHIOHFWLQJ
FRDWLQJV RQ JODVV SDQHOV WR PDNH KRXVHKROG PLUURUV�

&\FOLF�RSHUDWLRQ XQLWV 805����� FRQVLVW RI D F\�
OLQGULFDO ZRUNLQJ FKDPEHU RI � P� YROXPH� D V\VWHP

� 0�/� =+$'.(9,&+ DQG 9�1� 752),0<$.� ���� 0DJQHWURQ VSXWWHULQJ XQLW 805�����
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RI KLJK�YDFXXP GLIIXVLRQ SXPSV� WZR�OLQH V\VWHP RI

URXJKLQJ�GRZQ� V\VWHP RI FRQWURO DQG PRQLWRULQJ RI

WKH SODQWV ZLWK D UHPRWH FRQWURO SDQHO� V\VWHP RI

PRQLWRULQJ WKH YDFXXP FRQGLWLRQ RI HOHPHQWV� V\VWHP

RI IHHGLQJ DQG GRVLQJ WKH JDV FRPSRQHQWV� PRGXOH RI

JURXS V\VWHP RI PDJQHWURQ VSXWWHULQJ� SRZHU VRXUFH

RI PDJQHWURQ VSXWWHULQJ V\VWHP� ORDG PRGXOH ZLWK

WUDQVSRUWDWLRQ V\VWHP IRU GLVSODFHPHQW RI LWHPV LQVLGH

WKH FKDPEHU� WUDQVSRUWDWLRQ V\VWHP RI GLVSODFHPHQW

RI WKH VSXWWHULQJ GHYLFH PRGXOH� RXWHU HOHPHQW RI

WUDQVSRUWDWLRQ V\VWHP RI WKH ORDG PRGXOH�

9DFXXP FKDPEHU LV VHDOHG RII ZLWK DQ HOHFWULFDOO\�
GULYHQPRELOH FRYHU DQG D SQHXPDWLF FODPSLQJ V\VWHP�
7UDQVSRUWDWLRQ V\VWHP RI WKH VSXWWHULQJ GHYLFH LV OR�
FDWHG EHORZ DORQJ WKH JHQHUDWUL[ RI WKH FKDPEHU F\�

OLQGHU� UXQQLQJ KRUL]RQWDOO\� 7KH JURXS VSXWWHULQJ
PRGXOH SURSHU LV PDGH XS RI WZR VSXWWHULQJ GHYLFHV

DQG PRXQWHG YHUWLFDOO\ RQ WKH WUDQVSRUWDWLRQ V\VWHP

FDUULDJH� SURYLGLQJ UHFLSURFDO PRWLRQ RI WKH PRGXOH

DORQJ WKH HQWLUH OHQJWK RI WKH FKDPEHU� ,WHP EODQNV

DUH SODFHG RQ HDFK VLGH RI WKH WUDQVSRUWDWLRQ V\VWHP

RI VSXWWHULQJ PRGXOH� LQ RXU FDVH WKLV LV VKHHW JODVV

�VXEVWUDWH� �)LJXUH�� 0RYLQJ EHWZHHQ WKH VXEVWUDWH
SODQHV WKH VSXWWHULQJ PRGXOH HQVXUHV VLPXOWDQHRXV

SURFHVVLQJ RI WKH VXUIDFHV RI ERWK WKH VXEVWUDWHV� 7R

SURYLGH WKH XQLIRUPLW\ RI FRDWLQJ RYHU WKH HQWLUH DUHD

RI WZR VXEVWUDWHV� IDFLQJ WKH PRGXOH� WKH PDJQHWLF

V\VWHPV RI VSXWWHULQJ GHYLFHV DUH WUDQVIRUPHG VR� WKDW

WKH HURVLRQ ]RQHV� IRUPHG E\ WKH ORRS RI GLVFKDUJH LQ

FDWKRGH VSXWWHULQJ� VLPXODWHG WZR OLQHDU VSXWWHULQJ

VRXUFHV� HDFK WXUQHG WR LWV �RZQ� VXEVWUDWH� UHVSHF�

WLYHO\� ,PSOHPHQWDWLRQ RI VXFK D VFKHPDWLF RI WKH

VSXWWHULQJ GHYLFH DOORZV GRXEOLQJ WKH DUHD RI LWHPV�

SURFHVVHG E\ WKH VSXWWHULQJ PRGXOH LQ RQH SDVV� *URXS

VSXWWHULQJ PRGXOH� PDGH XS LQ WKLV FDVH RI WZR VSXW�

WHULQJ GHYLFHV ZLWK VHSDUDWH SRZHU VXSSO\� SURYLGHV

WKH DELOLW\ RI FRQGXFWLQJ WKH RSHUDWLRQV RI LRQ SUR�

FHVVLQJ� DSSOLFDWLRQ RI WKH DGKHVLYH XQGHUOD\HU �LI

UHTXLUHG�� DSSOLFDWLRQ RI WKH IXQFWLRQDO DQG SURWHFWLYH

FRDWLQJ DV D FRQWLQXRXV VHTXHQFH� 'HVLJQ RI WKH PDJ�

QHWURQV DOORZV FRQGXFWLQJ D IDVW UHSODFHPHQW RI VSXW�

WHULQJ WDUJHW ���w�� PLQ��

$SSOLFDWLRQ RI ORDGLQJ PRGXOH ZLWK LWV RZQ WUDQV�

SRUWDWLRQ V\VWHP RI LWHPV GLVSODFHPHQW DOORZHG LQ�

FUHDVLQJ WKH QXPEHU RI ORDGHG VXEVWUDWHV DQG� WKXV�

LQFUHDVLQJ WKH FRHIILFLHQW RI XWLOL]DWLRQ RI WKH FKDPEHU

ZRUNLQJ YROXPH� )RU EDWFK�RSHUDWLRQ XQLWV WKLV YDOXH

LV WKH UDWLR RI WRWDO DUHD RI PHWDOOL]HG VXUIDFHV RI

VXEVWUDWHV WR YROXPH RI ZRUNLQJ FKDPEHU�

.
XW
 6

V
1�9

FK
�

ZKHUH 6
V
LV WKH DUHD RI VXEVWUDWH PHWDOOL]LQJ� 1 LV WKH

QXPEHU RI VXEVWUDWHV�9
FK
LV WKH YROXPH RI WKH ZRUNLQJ

FKDPEHU�

)RU 805����� DW PD[LPXP ORDG .
XW
 ��� �IRU

890��� .
XW
 �����

8QLW VSHFLILFDWLRQ

(IILFLHQF\ SHU VKLIW� P
�

���������������������������������������������� ��
2SHUDWLQJ PRGH ��������������������������������������������� WKUHH�VKLIW

&RDWLQJ WKLFNQHVV� µP ������������������������������������� ����w����

1XPEHU RI VHUYLFH SHUVRQQHO� SHUV� �������������������������������� �

0D[LPXP VL]H RI VXEVWUDWHV� P ���������������������������� ���×���
2YHUDOO GLPHQVLRQV� P ���������������������������������� ���×���×���

805����� XQLW PD\ EH XVHG E\ HQWHUSULVHV� RUL�
HQWHG WR PHWDOOL]LQJ RI VKHHW LWHPV RI JODVV� FHUDPLFV

DQG SODVWLF� EXW SULPDULO\ WR SURGXFLQJ D UHIOHFWLYH

FRDWLQJ RQ JODVV SDQHOV LQ IDEULFDWLRQ RI KRXVHKROG

DQG GHFRUDWLYH JODVVHV�

$OWKRXJK WKH XQLW LV PDLQO\ GHVLJQHG IRU DSSO\LQJ
WKH UHIOHFWLYH FRDWLQJ RQ JODVV SDQHOV� LW� KRZHYHU�

RIIHUV EDVLF FDSDELOLWLHV RI SURGXFLQJ VXFK FRDWLQJV RI

QRQ�PDJQHWLF PDWHULDOV DQG DOOR\V DQG LPSOHPHQWD�

WLRQ RI WKH PRGH RI UHDFWLYH VSUD\LQJ IRU DSSOLFDWLRQ

RI FRDWLQJV IURP R[LGHV� QLWULGHV HWF�� XVLQJ SODVWLFV

DQG FHUDPLFV DV VXEVWUDWHV�

�� 6HUG\XN� 9�,�� *QDW\XN� 2�9� ������ ,PSURYHPHQW RI
PHWKRGV IRU LQFUHDVLQJ TXDOLW\ RI YDFXXP FRDWLQJV� 7KH 3D�
WRQ :HOGLQJ -�� �� ��w���

�� 'DQLOLQ� %�6� ������ $SSOLFDWLRQ RI ORZ�WHPSHUDWXUH
SODVPD LQ WKLQ ILOP GHSRVLWLRQ� 0RVFRZ� (QHUJRDWRPL]GDW�
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3XOVHG�DUF ZHOGLQJ ZLWK SURJUDPPDEOH IHHG RI VKLHOGLQJ JDVHV LQWR WKH ]RQH RI WKH DUF DOORZV

VROYLQJ WKH SUREOHPV RI FRQWURO RI WKH SURFHVVHV� SURFHHGLQJ DW WKH HOHFWURGH WLS� LQ WKH DUF DQG

WKH ZHOG SRRO� 'HYHORSHG HTXLSPHQW IRU DXWRPDWLF DQG PHFKDQL]HG ZHOGLQJ LQFOXGHV D VSHFLDOL]HG

SRZHU VRXUFH� EORFN RI PRGXODWLRQ RI YDULRXV VKLHOGLQJ JDVHV ZLWK GLIIHUHQW SK\VLFDO�FKHPLFDO

SURSHUWLHV DQG D GHYLFH IRU V\QFKURQL]LQJ WKH FXUUHQW IORZLQJ WKURXJK WKH DUF ZLWK WKH NLQG RI

VKLHOGLQJ JDV� 7KH DERYH V\VWHP DOORZV PDNLQJ MRLQWV RI YDULRXV W\SHV RI VWHHOV RI VPDOO� PHGLXP

DQG JUHDW WKLFNQHVV DW WKH FXUUHQW RI ��w��� $�

$SSOLFDWLRQ RI WKH QHZ ZHOGLQJ SURFHVV DOORZV LPSURYLQJ WKH HQHUJ\ DQG WHFKQRORJLFDO FKDUDF�

WHULVWLFV RI WKH DUF� H[SDQGLQJ WKH FDSDELOLWLHV RI PHFKDQL]HG ZHOGLQJ SURFHVVHV� VDYLQJ ZHOGLQJ

FRQVXPDEOHV DQG SRZHU� 1HZ WHFKQRORJ\� FRPSDUHG WR WKH WUDGLWLRQDO RQHV �ZHOGLQJ LQ &2��

$U�EDVHG PL[WXUHV� SXOVHG�DUF ZHOGLQJ LQ $U � &2� PL[WXUH�� KDV WKH IROORZLQJ DGYDQWDJHV�

• LPSURYHPHQW RI PHFKDQLFDO SURSHUWLHV� LQ SDUWLFXODU LPSDFW WRXJKQHVV� DW EHORZ ]HUR WHPSHUD�

WXUHV E\ �� ��

• UHGXFWLRQ RI DUJRQ IORZ UDWH E\ ���w� WLPHV�

• LPSURYHPHQW RI ZHOG DSSHDUDQFH�

• DELOLW\ WR FRQWURO WKH GHSWK DQG VKDSH RI SHQHWUDWLRQ�

• GHFUHDVLQJ VSDWWHU E\ �� ��

• FRQGXFWLQJ KLJK�TXDOLW\ JUDYLW\ SRVLWLRQ ZHOGLQJ RI VKHHW PHWDO�

7KH DERYH DGYDQWDJHV RI WKH QHZ SURFHVV RI FRQVXPDEOH�HOHFWURGH ZHOGLQJ DOORZ GHYHORSPHQW

RI KLJKO\ HIIHFWLYH DQG FRVW�VDYLQJ WHFKQRORJLHV RI ZHOGLQJ WKLQ PHWDO VWUXFWXUHV� DV ZHOO DV

PXOWLSDVV ZHOGLQJ RI PHWDO VWUXFWXUHV RI PHGLXP DQG JUHDW WKLFNQHVV�

$XWRPDWLF DQG PHFKDQL]HG FRQVXPDEOH�HOHFWURGH ZHOGLQJ DQG VXUIDFLQJ RI ORZ�FDUERQ� ORZ�DO�

OR\HG VWUXFWXUDO VWHHOV� DQG $O�EDVHG DOOR\V FDQ EH XVHG LQ VKLSEXLOGLQJ� FKHPLFDO� SHWURFKHPLFDO

DQG IRRG PHFKDQLFDO HQJLQHHULQJ�

7KH GHYHORSHG ZHOGLQJ SURFHVV �%�(� 3DWRQ� 9�.� /HEHGHY� 3�3� 6KHMNR� $�0� =KHUQRVHNRY�

6�$� 6KHYFKXN� LV SURWHFWHG D SDWHQW RI 8NUDLQH IRU LQYHQWLRQ 1R�������

)RU DGGLWLRQDO LQIRUPDWLRQ SOHDVH FRQWDFW XV E\ SKRQH�
����� ��� �� ��� ��� �� ��
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