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.RPQDWVN\ $�/�� 5RLN 7�$�� 0DUFKHQNR $�0� DQG
'ROJLQVND\D 0�$� )RUPDWLRQ RI VWUXFWXUH DQG SURSHUWLHV
RI KLJK�DOOR\ FRUURVLRQ�UHVLVWDQW VWHHOV LQ HOHFWURVODJ

UHPHOWLQJ �������������������������������������������������������������������������������������� �

(/(&7521 %($0 352&(66(6

<DNRYFKXN .�<X� DQG 5XGRM <X�(� 6LQJOH�VWDJH HOHFWURQ
EHDP WHFKQRORJ\ RI GHSRVLWLRQ RI WKHUPDO EDUULHU JUDGLHQW
FRDWLQJV ��������������������������������������������������������������������������������������� �

7ULJXE 1�3�� =KXN *�9�� 3DS 3�$�� .DOLQ\XN $�1��
.KRPXWVN\ 6�9� DQG ,VKFKXN <X�7� (OHFWURQ EHDP

LQVWDOODWLRQ 8(���� ����������������������������������������������������������������������� ��

.DVXPRY $�0�� 1DNRQHFKQ\ 1�)�� )\RGRURY 9�1� DQG
6KFK\RNLQ�.URWRY 9�$� $FFHOHUDWLQJ FRROLQJ RI WLWDQLXP
LQJRWV DIWHU HOHFWURQ EHDP PHOWLQJ ����������������������������������������������� ��

3/$60$�$5& 7(&+12/2*<

6KDSRYDORY (�9� 6WXG\ RI VSHFWUD RI DUJRQ DUFV IRU
FUHDWLRQ RI DXWRPDWLF V\VWHPV RI FRQWURO RI SODVPD�DUF

PHOWLQJ DQG ZHOGLQJ SURFHVVHV LQ DUJRQ ��������������������������������������� ��

9$&880�,1'8&7,21 0(/7,1*

6KHMNR ,�9� DQG *ULJRUHQNR *�0� ,QGXFWLRQ KHDWLQJ�
&DSDELOLWLHV DQG SURVSHFWV RI LWV DSSOLFDWLRQ LQ SURFHVVHV
RI VSHFLDO HOHFWURPHWDOOXUJ\� 3DUW �� &ODVVLILFDWLRQ RI

PHWKRGV RI LQGXFWLRQ PHOWLQJ RI PHWDOV DQG DOOR\V DQG

PHWKRGV RI FUXFLEOH�IUHH PHOWLQJ �������������������������������������������������� ��

(JRURY 6�*�� &KHUYRQ\ ,�)� DQG 6KYHWV (�<D�

,QYHVWLJDWLRQ RI HOHFWURPDJQHWLF ILHOGV RI PHOWLQJ DQG
SUHKHDWLQJ LQGXFWRUV LQ FUXFLEOH�IUHH ]RQH PHOWLQJ ������������������������ ��

(/(&7520(7$//85*< 2) 67((/ $1' )(552$//2<6

.KUDSNR 6�$� 2SWLPL]LQJ RI FRQGLWLRQ RI VWHHO PHOWLQJ LQ
DUF VWHHOPDNLQJ IXUQDFH ZLWK DOORZDQFH IRU HQWHUSULVH

SURILW ������������������������������������������������������������������������������������������� ��

,1)250$7,21

%ULHI LQIRUPDWLRQ RQ UHVHDUFK ZRUNV FDUULHG RXW

DW WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6

RI 8NUDLQH RYHU WKH SHULRG RI ����w���� �������������������������������������� ��

,QIRUPDWLRQ IRU FRQWULEXWRUV WR WKH MRXUQDO �$GYDQFHV LQ
(OHFWURPHWDOOXUJ\� ����������������������������������������������������������������������� ��

(GLWRU�LQ�&KLHI %�(� 3DWRQ

(GLWRULDO %RDUG�

'�ª� '\DFKHQNR�
H[HF� VHFU� �8NUDLQH��

-� )RFW �)UDQFH��
°� (O *¾PP¾O �*HUPDQ\��

ª�,� *DVLN �8NUDLQH��
*�ª� *ULJRUHQNR�

YLFH�FKLHI HG� �8NUDLQH��

9�,� ¨¾VKLQ �5XVVLD��
%� ¨RURXVKLFK �6ORYHQLD��
9�,� /DNRPVN\ �8NUDLQH��
9�¨� /HEHGHY �8NUDLQH��
6�)� ªHGLQD �6SDLQ��

/�%� ªÃGÌY¾U �8NUDLQH��
�� ªLWFKHO �&DQDGD��

%��� ªÌYFKDQ �8NUDLQH��
��1� 3HWUXQNR �8NUDLQH��

9� 5DPDNULVKQD 5DR �,QGLD��
7V�9� 5¾VKÃY �%XOJDULD��
1�3� °ULJXE �8NUDLQH��

$�$� 7UR\DQVN\ �8NUDLQH��
ª�/� =KDGNHYLFK �8NUDLQH�

([HFXWLYH GLUHFWRU

$�7� =HOQLFKHQNR

7UDQVODWRU

6�$� )RPLQD

(GLWRU

1�$� 'PLWULHYD

(OHFWURQ JDOOH\
,�9� 3HWXVKNRY�
7�<X� 6QHJLU\RYD

(GLWRULDO DQG DGYHUWLVLQJ RIILFHV
DUH ORFDWHG DW 3:,�

,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ��
7KH (� 2� 3DWRQ (OHFWULF

:HOGLQJ ,QVWLWXWH
RI WKH 1$6 RI 8NUDLQH�

��� %R]KHQNR VWU�� ������

.\LY� 8NUDLQH
7HO�� ������� ��� �� ���

��� �� ���
)D[� ������� ��� �� ��

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

6XEVFULSWLRQV�
����� � LVVXH SHU \HDU�

SRVWDJH DQG SDFNDJLQJ LQFOXGHG�

%DFN LVVXH DYDLODEOH
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)RXQGHUV� 7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH 3XEOLVKHU� ,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

� 7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH� ,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�� ����

(QJOLVK WUDQVODWLRQ RI WKH TXDUWHUO\ �6RYUHPHQQD\D (OHNWURPHWDOOXUJL\D� MRXUQDO SXEOLVKHG LQ 5XVVLDQ VLQFH -DQXDU\ ����

4XDUWHUO\
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5	' &HQWHU RI $UWLOOHU\�6KRRWLQJ $UPDPHQW� .\LY� 8NUDLQH

5HVXOWV RI LQYHVWLJDWLRQV RI PHWDOORJUDSKLF VWUXFWXUH� FKHPLFDO� SKDVH FRPSRVLWLRQV DQG SK\VLFDO�PHFKDQLFDO SURSHUWLHV

RI KLJK�DOOR\ FRUURVLRQ�UHVLVWDQW VWHHOV ���/ DQG &��� SURGXFHG E\ WKH HOHFWURVODJ UHPHOWLQJ PHWKRG� DUH JLYHQ�

.H\ZRU G V � HOHFWURVODJ UHPHOWLQJ� KLJK�DOOR\ VWHHOV� PLFUR�

VWUXFWXUH� GHQGULWHV� SRO\FU\VWDOV� PHFKDQLFDO SURSHUWLHV

5HOLDELOLW\ DQG VHUYLFH OLIH RI PRGHUQ PDFKLQHV DQG

PHFKDQLVPV DUH JUHDWO\ GHILQHG E\ WKH TXDOLW\ RI WKHLU

VHSDUDWH FRPSRQHQWV� 6SHFLDO UHTXLUHPHQWV DUH VSHFLILHG

WR WKH SURGXFWV GHVLJQHG IRU VHUYLFH XQGHU VWULFW DQG

OLPLWLQJ H[WUHPH FRQGLWLRQV �DFWLRQ RI LQFUHDVHG DQG

KLJK WHPSHUDWXUHV� KLJK ORDGV� SUHVHQFH RI DJJUHVVLYH
PHGLD�� 7KH IXOILOOPHQW RI WKHVH UHTXLUHPHQWV OHDGV WR

WKH FRPSOLFDWLRQ RI FKHPLFDO FRPSRVLWLRQ RI PHWDOV DQG

DOOR\V� WR WKH QHHG LQ LPSURYLQJ TXDOLW\ RI WKH PHWDO RI

ELOOHWV� ,Q DGGLWLRQ� WKH PHWKRG RI SURGXFLQJ ELOOHWV
VKRXOG EH LQH[SHQVLYH DQG DGDSWDEOH >�@�

8VLQJ WUDGLWLRQDO PHWKRGV RI SURGXFLQJ ELOOHWV�

VXFK DV IRUJLQJ� UROOLQJ RI LQJRWV� FHQWULIXJDO FDVWLQJ�

LW LV QRW DOZD\V SRVVLEOH WR SURGXFH SURGXFWV RI WKH

UHTXLUHG TXDOLW\� 0RUHRYHU� IRUJLQJ DQG UROOLQJ� EH�

FDXVH RI XVH RI FRPSOH[ DQG SRZHUIXO IRUJH�SUHVV DQG

UROOLQJ HTXLSPHQW� DUH YHU\ H[SHQVLYH PHWKRGV RI SUR�

GXFLQJ SURGXFWV� 7KH DSSOLFDWLRQ RI WKH FHQWULIXJDO
FDVWLQJ LQ SURGXFLQJ ELOOHWV �ORQJ SLSH ELOOHWV LQ SDU�

WLFXODU� KDV LWV DGYDQWDJHV� VXFK DV KLJK SURGXFWLYLW\�

PHWDO VDYLQJ WR ��w�� �� UHGXFWLRQ LQ D SURGXFWLRQ

F\FOH >�@� +RZHYHU� DV WR WKH PHWDO TXDOLW\ WKH ELOOHWV

RI WKH FHQWULIXJDO FDVWLQJ DUH LQIHULRU WR WKH IRUJH

FDVWLQJV� DV WKH OLTXDWLRQ RI FKHPLFDO HOHPHQWV� FDUERQ

LQ SDUWLFXODU� LV REVHUYHG ERWK LQ WKHLU OHQJWK DQG

DFURVV WKH WKLFNQHVV >�@�

,Q WKLV FRQQHFWLRQ WKH HOHFWURVODJ UHPHOWLQJ KDV

XQGRXEWHG DGYDQWDJH� WKH XVH RI ZKLFK PDNHV LW SRV�

VLEOH WR SURGXFH PHWDO RI D KLJK GHQVLW\� SK\VLFDO DQG

FKHPLFDO KRPRJHQHLW\� LVRWURS\ RI SURSHUWLHV� XQLIRUP

GLVWULEXWLRQ RI QRQ�PHWDOOLF LQFOXVLRQV FKDUDFWHUL]HG

E\ D KLJK SXULW\ DQG ILQH�GLVSHUVHG VWUXFWXUH� $OO WKH
DERYH�PHQWLRQHG LV YHU\ LPSRUWDQW� LI WKH UHDG\ SUR�

GXFW LV XQGHU WKH H[WUHPH VHUYLFH FRQGLWLRQV� ZKHUH

LWV VWDEOH KLJK SK\VLFDO DQG PHFKDQLFDO SURSHUWLHV DUH

UHTXLUHG�

7KH SUHVHQW ZRUN SUHVHQWV WKH UHVXOWV RI LQYHVWL�

JDWLRQV RI PHWDOORJUDSKLF VWUXFWXUH DQG SURSHUWLHV RI

LQJRWV IURP KLJK�DOOR\ FRUURVLRQ�UHVLVWDQW VWHHOV ���/

DQG &�� RI IRUHLJQ SURGXFWLRQ DIWHU HOHFWURVODJ UH�

PHOWLQJ �(65��

7KH ZRUNV ZHUH FDUULHG LQ LQGXVWULDO PRQRELILODU

HOHFWURVODJ IXUQDFH (6K3���� XVLQJ D VKRUW PRYDEOH

PRXOG� 7KH SURJUDP RI LQYHVWLJDWLRQV LQFOXGHG WKH

VHOHFWLRQ RI WHFKQRORJLFDO FRQGLWLRQV RI PHOWLQJ WZR

LQJRWV� KROORZ LQJRW RI ��� × ��� × ���� PP VL]H DQG

���� W PDVV DQG VROLG LQJRW RI ��� PP GLDPHWHU�
���� PP OHQJWK DQG ��� W PDVV� 7R PHOW WKH KROORZ

LQJRWV WKH VTXDUH�VHFWLRQ HOHFWURGHV �VTXDUH VLGH ZDV

��� PP� ZHUH XVHG� ZKLOH WKH ��� PP GLDPHWHU HOHF�

WURGHV ZHUH XVHG IRU WKH VROLG LQJRWV�

7KH JHQHUDO YLHZ RI WKH KROORZ LQJRW IURP KLJK�

DOOR\ VWHHO ���/ DIWHU (65 LV JLYHQ LQ )LJXUH ��

$IWHUPHOWLQJ WKH KROORZ LQJRW� WKH VSHFLPHQVZHUH

FXW RXW IURP LWV KHDG� PLGGOH DQG ERWWRP SDUWV WR

SHUIRUP WKH IXUWKHU LQYHVWLJDWLRQV� &KHPLFDO FRPSR�

VLWLRQ RI LQLWLDO FRQVXPDEOH HOHFWURGHV DQG PHOWHG KRO�

ORZ LQJRW IURP VWHHO ���/ LV JLYHQ LQ 7DEOH ��
$V LV VHHQ IURP WKH 7DEOH WKH PHWDO RI WKH FRUUR�

VLRQ�UHVLVWDQW VWHHO ZDV VLJQLILFDQWO\ UHILQHG DIWHU

(65� +HUH� WKH FRQWHQW RI KDUPIXO LPSXULWLHV� VXOSKXU

LQ SDUWLFXODU� ZDV PXFK GHFUHDVHG LQ WKH HQWLUH OHQJWK

DV FRPSDUHG ZLWK WKDW RI WKH FRQVXPDEOH HOHFWURGH

LQLWLDO PHWDO� &RQWHQW RI DOOR\LQJ HOHPHQWV ZDV DYH�

UDJHG� WKH\ ZHUH XQLIRUPO\ HQRXJK GLVWULEXWHG LQ VHF�

WLRQ DQG OHQJWK RI WKH PHOWHG KROORZ LQJRW�
,Q H[DPLQDWLRQ RIPDFURVWUXFWXUH RI WUDQVYHUVH VHF�

WLRQV RI VSHFLPHQV FXW RXW IURP WKH ERWWRP� PLGGOH

DQG KHDG SDUWV RI WKH KROORZ LQJRW �)LJXUH ��� WKH

GLIIHUHQFHV LQ IRUPDWLRQ RI VWUXFWXUHV LQ WKH KROORZ

LQJRW ]RQHV ZHUH UHYHDOHG�

7KXV� WKH PDFURVWUXFWXUH RI VSHFLPHQV FXW RXW

IURP WKH ERWWRP DQG PLGGOH SDUWV RI WKH KROORZ LQJRW
�)LJXUH �� D DQG E� DIWHU (65 LV FKDUDFWHUL]HG E\
KRPRJHQHRXV DQG GHQVH VWUXFWXUH ZLWKRXW GHIHFWV RI
OLTXDWLRQ DQG VKULQNDJH RULJLQ� 7KUHH ]RQHV DUH GLV�
WLQJXLVKHG LQ WKH PDFURVWUXFWXUH RI VSHFLPHQV� WZR

ILQHU�JUDLQHG DQG GHQVH ]RQHV DW WKH H[WHUQDO OD\HUV
RI LQJRW VHFWLRQ� DQG WKH WKLUG ]RQH LV LQVLGH WKH VHFWLRQ

KDYLQJ D ORZHU GHQVLW\ RI JUDLQV� 7KH SUHVHQFH RI WKHVH
]RQHV LV FRQQHFWHG ZLWK D GLIIHUHQW UDWH RI FU\VWDO�

OL]DWLRQ LQ WKH LQJRW VHFWLRQ� +HUH� WKH GHIHFWV RI D

� $�/� .201$76.<� 7�$� 52,.� $�0� 0$5&+(1.2 DQG 0�$� '2/*,16.$<$� ����
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7DEOH �� &KHPLFDO FRPSRVLWLRQ �ZW��� RI KROORZ LQJRW DQG LQLWLDO HOHFWURGHV IURP VWHHO ���/

6SHFLPHQ & 0Q 3 6 &U 1L 0R &X

,QLWLDO

HOHFWURGH

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

,QJRW SDUWV�

ERWWRP �����w����� ����w���� �����w����� ������w������ ����w���� ���w��� ����w���� ����w����

PLGGOH �����w����� ����w���� �����w����� �����w����� ����w���� ���w���� ����w���� ����w����

KHDG �����w����� ����w���� ����� �����w����� ����w���� �����w����� ����w���� ����w����

7DEOH � �FRQW��

6SHFLPHQ 6L 7L $O % 1E 9 :

,QLWLDO

HOHFWURGH

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

,QJRW SDUWV�

ERWWRP ����w���� �����w����� �����w����� �������w������� ���� �����w����� �����w�����

PLGGOH ����w���� �����w����� �����w����� �������w������� �����w����� �����w����� �����w�����

KHDG ����w���� �����w����� �����w����� �������w������� �����w����� ����w���� �����w�����

)LJXUH �� *HQHUDO YLHZ RI KROORZ LQJRW
)LJXUH �� 0DFURVWUXFWXUH RI WUDQVYHUVH VHFWLRQ RI VSHFLPHQV FXW
RXW IURP ERWWRP �D�� PLGGOH �E� DQG KHDG �F� SDUWV RI KROORZ
LQJRW
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VKULQNDJH RULJLQ �RI SRURVLW\ W\SH� DUH QRW IRUPHG
LQVLGH WKH LQJRW�

7KH PDFURVWUXFWXUH RI WKH WUDQVYHUVH VHFWLRQ RI
WKH KHDG SDUW RI WKH KROORZ LQJRW �)LJXUH �� F� LV
FKDUDFWHUL]HG E\ WKH SUHVHQFH RI D ILQH�JUDLQ EDQG
IRUPHG DW WKH MXQFWLRQ RI FU\VWDOOL]DWLRQ ]RQHV� 7KH
IRUPDWLRQ RI WKLV ]RQH RI �PHHWLQJ� FU\VWDOV LV W\SLFDO
RI D WUDQVFU\VWDOOLQH PHFKDQLVP RI FU\VWDOOL]DWLRQ� 7KH
ODWWHU WDNHV SODFH ZKHQ WKH JURZWK RI UDGLDO�D[LDO
FU\VWDOV RFFXUV RSSRVLWH HDFK RWKHU IURP WKH PRXOG
ZDOO DQG WKH\ DUH DEXWWHG DSSUR[LPDWHO\ DW ��� RI
WKH LQJRW WKLFNQHVV IRUPLQJ QDUURZ FU\VWDOOLQH EDQGV�
7KH DSSHDUDQFH RI GHIHFWV RI D VKULQNDJH DQG OLTXDWLRQ
RULJLQ LQ WKH ]RQH RI �PHHWLQJ� WUDQVFU\VWDOOLWHV ZDV
QRW REVHUYHG� 7KHVH GLIIHUHQFHV LQ WKH PDFURVWUXFWXUH
RI ]RQHV ORFDWHG LQ WKH LQJRW KHLJKW DUH� HYLGHQWO\� GXH
WR WKHUPRSK\VLFDO SHFXOLDULWLHV RI WKH (65 SURFHVV�

7KH H[DPLQDWLRQ RI WKH PDFURVWUXFWXUH RI DOO WKH
SDUWV RI WKH KROORZ LQJRW XVLQJ D VXOSKXU SULQW GLG
QRW UHYHDO WKH SUHVHQFH RI VWUXFWXUH KHWHURJHQHLW\ GXH
WR D VXOSKXU OLTXDWLRQ �)LJXUH ���

,W LV VHHQ GXULQJ FRPSDULVRQ RI VXOSKXU SULQWV RI
VSHFLPHQV FXW RXW IURP D WUDQVYHUVH VHFWLRQ RI KROORZ
LQJRW DQG LQLWLDO HOHFWURGH IURP VWHHO ���/ �)LJXUH ��
WKDW DIWHU (65 WKH PHWDO LV PXFK SXUHU DV WR WKH
VXOSKXU FRQWHQW� ZKLFK ZDV VSUHDG XQLIRUPO\ LQ VHF�
WLRQ DQG OHQJWK RI WKH LQJRW �VHH 7DEOH ���

([DPLQDWLRQV RI PDFURVWUXFWXUH RI D ORQJLWXGLQDO
VHFWLRQ RI WKH KROORZ LQJRW UHYHDOHG VRPH SHFXOLDULWLHV
FRQQHFWHG ZLWK WKH FRQGLWLRQV RI LWV FU\VWDOOL]DWLRQ
�)LJXUH ���

,Q WKH PDFURVWUXFWXUH RI WKH ORQJLWXGLQDO VHFWLRQ
RI WKH ERWWRP SDUW RI WKH LQJRW �)LJXUH �� D� WKH
GHQGULWLF D[HV� RULHQWHG DW ��� DQJOH WR WKH HGJH ]RQHV
DQG GLUHFWHG YHUWLFDOO\ WR WKH FHQWUDO ]RQH� DUH FOHDUO\
GLVWLQJXLVKHG� ,Q WKH PDFURVWUXFWXUH RI WKH KROORZ
ELOOHW PLGGOH SDUW �)LJXUH �� E� WKH GHQGULWLF D[HV LQ
WKH ]RQH� DGMDFHQW WR WKH ��� PP LQQHU KROH RI WKH
LQJRW� DUH RULHQWHG DW ��� DQJOH� ZKLOH LQ WKH H[WHUQDO
SDUW x DW ��� DQJOH� 7KH\ DUH GLUHFWHG YHUWLFDOO\ WR
WKH FHQWUDO ]RQH� ,Q WKH PDFURVWUXFWXUH RI D ORQJLWX�
GLQDO VHFWLRQ RI DQ LQJRW KHDG SDUW �)LJXUH �� F� WKH
GHQGULWLF D[HV KDYH D WUDQVFU\VWDOOLQH QDWXUH RI RUL�
HQWDWLRQ DW ��� DQJOH RI LQFOLQDWLRQ LQ WKH H[WHUQDO
]RQH DQG ��� LQ WKH ]RQH DGMDFHQW WR WKH ��� PP
GLDPHWHU LQQHU KROH RI WKH LQJRW� 7KH ]RQH RI �PHHW�
LQJ� GHQGULWHV KDV D IRUP RI D QDUURZ EDQG FRQVLVWLQJ
RI FROXPQDU SRO\FU\VWDOOLWHV� )UDJPHQW RI VFKHPH RI
FU\VWDOOL]DWLRQ RI D KROORZ LQJRW IURP VWHHO ���/ LV
SUHVHQWHG LQ )LJXUH ��

7DEOH �� 3K\VLFDO�PHFKDQLFDO SURSHUWLHV RI PHWDO RI WUDQVYHUVH
VSHFLPHQV RI VWHHO ���/ KROORZ LQJRW

,QJRW

SDUWV
σW� 03D σ\� 03D δ� � ψ� �

%RWWRP ���w��� ���w��� ��w�� ��w��

0LGGOH ���w��� ���w��� ��w�� ��w��

+HDG ���w��� ���w��� ��w�� ��w��

)LJXUH �� )UDJPHQW RI VXOSKXU SULQW RI ���/ VWHHO LQLWLDO HOHFWURGH

)LJXUH �� )UDJPHQWV RI VXOSKXU SULQWV RI KHDG �D�� PLGGOH �E� DQG
ERWWRP �F� SDUWV RI KROORZ LQJRW

)LJXUH �� 0DFURVWUXFWXUH RI ORQJLWXGLQDO VHFWLRQ RI VSHFLPHQV FXW
RXW IURP ERWWRP �D�� PLGGOH �E� DQG KHDG �F� SDUWV RI KROORZ
LQJRW
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7KLV QDWXUH RI RULHQWDWLRQ RI GHQGULWLF D[HV RI DOO
WKH KROORZ LQJRW SDUWV LQYHVWLJDWHG SURPRWHV WKH IRU�
PDWLRQ RI D IDYRXUDEOH FRPELQDWLRQ RI VWUHQJWK DQG
GXFWLOH SURSHUWLHV RI WKH PHWDO �7DEOH ���

7R H[DPLQH WKH PLFURVWUXFWXUH RI VWHHO ���/ RI
KROORZ LQJRW DIWHU (65 WKH VSHFLPHQV ZHUH FXW RXW
IURP GLIIHUHQW ]RQHV RI D WUDQVYHUVH VHFWLRQ RI WKH
LQJRW�

,W ZDV QRW PDQDJHG WR UHYHDO LQFOXVLRQV RI R[LGH
DQG VXOSKLGH RULJLQ LQ WKH VWHHO PLFURVWUXFWXUH XVLQJ
D PHWKRG RI D PHWDOORJUDSKLF DQDO\VLV� SUREDEO\� GXH
WR D QHJOLJLEOH FRQWHQW RI VXOSKXU �VHH 7DEOH �� DQG
R[\JHQ� KRZHYHU QLWULGHV RI XS WR �� µP VL]H ��w� SFV
LQ WKH ILHOG RI RFXODU� ZHUH UHYHDOHG� 7KLV LV DVVRFLDWHG
ZLWK D KLJK� DV FRPSDUHG ZLWK R[\JHQ� QLWURJHQ FRQ�
WHQW� WKDW LV FRUUHODWHG ZLWK GDWD SUHVHQWHG LQ 7DEOH ��
7KHVH GDWD ZHUH REWDLQHG GXULQJ LQYHVWLJDWLRQV XVLQJ
D /(&2 JDV DQDO\]HU 76�����

$V LV VHHQ IURP 7DEOH �� WKH FRQWHQW RI KDUPIXO

JDVHV �R[\JHQ DQG QLWURJHQ� DIWHU (65 ZDV GHFUHDVHG

JUHDWO\ DQG ORFDWHG ZLWKLQ WKH DOORZDEOH UDQJH� ZKLFK

LV ������w������ ZW�� IRU R[\JHQ DQG ������w

������ ZW�� IRU QLWURJHQ >�@�

0HWDOORJUDSKLF H[DPLQDWLRQV RI HWFKHG VHFWLRQV

VKRZHG WKDW WKH PLFURVWUXFWXUH RI PHWDO RI DOO WKH

VSHFLPHQV LV DXVWHQLWLF ZLWK DQ RULHQWDWLRQ RI FU\VWDO�

OLWHV W\SLFDO RI SRO\FU\VWDOOLQH PDWHULDOV ZLWK D GHQ�

GULWLF VKDSH RI FU\VWDOV� FKDUDFWHULVWLF RI FU\VWDO�

OL]DWLRQ RI PHWDO XQGHU WKH FRQGLWLRQV RI WKH WHPSHUD�

WXUH JUDGLHQW DQG PLFUROLTXDWLRQ RI DOOR\LQJ HOHPHQWV

�)LJXUH ���

7KH QH[W VWDJH RI H[SHULPHQWV ZDV WKH LQYHVWLJD�
WLRQ RI IRUPDWLRQ RI VWUXFWXUH DQG SURSHUWLHV GXULQJ
(65 LQ D VROLG LQJRW IURP KLJK�DOOR\ FRUURVLRQ�UHVLV�
WDQW VWHHO &��� ZKRVH FKHPLFDO FRPSRVLWLRQ LV JLYHQ
LQ 7DEOH ��

'DWD RI WKH 7DEOH VKRZ WKDW PHWDO DIWHU (65 RI
KLJK�DOOR\ FRUURVLRQ�UHVLVWDQW VWHHO &�� EHFDPH PRUH
SXULILHG IURP VXOSKXU DV FRPSDUHG ZLWK WKH PHWDO RI

)LJXUH �� )UDJPHQW RI VFKHPH RI FU\VWDOOL]DWLRQ RI KROORZ LQJRW
IURP VWHHO ���/ �ULJKW KDOI RI WKH ORQJLWXGLQDO VHFWLRQ�

7DEOH �� &RQWHQW RI R[\JHQ DQG QLWURJHQ LQ VWHHO ���/� LQLWLDO
HOHFWURGH DQG KROORZ LQJRW

6SHFLPHQ
0DVV VKDUH� �

2� 1

,QLWLDO HOHFWURGH ������� �������

,QJRW SDUWV�

ERWWRP ������� �������

PLGGOH ������� �������

KHDG ������� �������

)LJXUH �� 2ULHQWDWLRQ RI FU\VWDOOLWHV LQ PLFURVWUXFWXUH RI VWHHO ���/ RI KROORZ LQJRW �D� �×���� DQG WKHLU VWUXFWXUH �E� �×����
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)LJXUH �� 6FKHPH RI FXWWLQJ VSHFLPHQV RXW RI &�� VWHHO VROLG LQJRW�
� x WHFKQRORJLFDO KROH RI �� PP GLDPHWHU� � x KHDG SDUW

)LJXUH �� 6FKHPH RI FU\VWDOOL]DWLRQ RI VROLG LQJRW� �w� x KHDG�
PLGGOH DQG ERWWRP SDUWV RI LQJRW� UHVSHFWLYHO\

7DEOH �� &KHPLFDO FRPSRVLWLRQ �ZW��� RI VWHHO &�� VROLG LQJRW DQG LQLWLDO HOHFWURGHV

6SHFLPHQ & 0Q 3 6 6L &U 1L 0R

,QLWLDO

HOHFWURGH

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

,QJRW

SDUWV�

KHDG �����w����� ����w���� �����w����� �����w����� ����w���� ����w���� ����w���� ����w����

PLGGOH ������w������ ����w���� �����w����� �����w����� ����w���� ����w���� ����w���� ����w����

ERWWRP �����w����� ����w���� �����w����� ������w������ ����w���� ����w���� ����w���� ����w����

7DEOH � �FRQW��

6SHFLPHQ &X 7L $O % 1E 6Q &H

,QLWLDO

HOHFWURGH

���� ���� ���� ������ ��� ���� �����

,QJRW

SDUWV�

KHDG ����w���� �����w����� �����w����� ������w������ ����w���� �����w����� �����w�����

PLGGOH ����w���� �����w����� �����w����� ������w������ ����w���� �����w����� �����w�����

ERWWRP ����w���� �����w����� �����w����� ������w������ ����w���� �����w����� �����w�����
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DQ LQLWLDO HOHFWURGH DQG KRPRJHQHRXV LQ FKHPLFDO FRP�
SRVLWLRQ ERWK LQ VHFWLRQ DQG DOVR LQ WKH HQWLUH OHQJWK
RI WKH LQJRW�

7R SHUIRUP WKH PHWDOORJUDSKLF H[DPLQDWLRQV WKH
VSHFLPHQV ZHUH FXW RXW IURP WKH KHDG� PLGGOH DQG
ERWWRP SDUWV RI WKH VROLG LQJRW� $ VFKHPH RI FXWWLQJ
LQJRWV IURP WKH LQJRW KHDG SDUW LV JLYHQ LQ )LJXUH ��
FXWWLQJ RI VSHFLPHQV IURP WKHPLGGOH DQG ERWWRPSDUWV
ZDV VLPLODU�

'XULQJ FU\VWDOOL]DWLRQ WKH IRUPDWLRQ RI PLFUR�
VWUXFWXUH RI GLIIHUHQW ]RQHV RI PHWDO� VXEMHFWHG WR
FKDQJHV IURP WKH KHDG WR ERWWRP SDUWV RI WKH LQJRW�
LV RFFXUUHG� 6FKHPH RI IRUPDWLRQ RI FU\VWDOOL]DWLRQ
]RQHV IRU LQJRW VROLGLILFDWLRQ LV JLYHQ LQ )LJXUH ��

7ZR ]RQHV RI GLUHFWHG FU\VWDOOL]DWLRQ DUH GLVWLQ�
JXLVKHG LQ WKHPDFURVWUXFWXUH RI D ORQJLWXGLQDO VHFWLRQ
RI KHDG DQG PLGGOH SDUWV RI WKH VROLG LQJRW �)L�
JXUH ���� , x FROXPQDU GHQGULWHV ORFDWHG DOPRVW SD�
UDOOHO WR WKH LQJRW YHUWLFDO D[LV� ,, x LQFOLQHG GHQ�
GULWHV ORFDWLQJ LQ WKH LQJRW FHQWHU DQG IRUPLQJ ���
DQJOH ZLWK LWV YHUWLFDO D[LV�

7KH PDFURVWUXFWXUH RI D ORQJLWXGLQDO VHFWLRQ RI
WKH VSHFLPHQ RI WKH LQJRW ERWWRP SDUW KDV D WUDQVFU\V�

WDOOLQH QDWXUH RI RULHQWDWLRQ RI GHQGULWHV ZLWK ���
DQJOH RI LQFOLQDWLRQ� WKDW UHIOHFWV WKH VWDELOLW\ RI WKHU�
PRSK\VLFDO FRQGLWLRQV RI PHWDO VROLGLILFDWLRQ LQ WKLV
SDUW RI WKH LQJRW�

7KH GLUHFWHG VXFFHVVLYH VROLGLILFDWLRQ RI PHWDO LQ

WKH FRQGLWLRQV RI D FRQVWDQW UHSOHQLVKPHQW RI FU\VWDO�

OL]DWLRQ IURQW ZLWK D OLTXLG PHWDO KLQGHUHG WKH RFFXU�

UHQFH RI WKH SK\VLFDO KHWHURJHQHLW\� 2ZLQJ WR WKLV�

WKHUH ZHUH QR SRURVLW\� VKULQNDJH FDYLWLHV DQG

OLTXDWLRQ ]RQHV LQ WKH PDFURVWUXFWXUH RI WUDQVYHUVH

VHFWLRQV RI VSHFLPHQV FXW RXW IURP DOO WKH SDUWV RI WKH

VROLG LQJRW�

)LJXUH ��� 'LUHFWHG FU\VWDOOL]DWLRQ LQ VWUXFWXUH RI ORQJLWXGLQDO
PDFURVHFWLRQ RI VROLG LQJRW

)LJXUH ��� ,QWHUPHWDOOLF �D� �×���� DQG FDUELGH �E� �×���� IRUPDWLRQV LQ PLFURVWUXFWXUH RI VWHHO &��

)LJXUH ���0LFURVWUXFWXUH RI &�� VWHHO VROLG LQJRW DIWHU (65 �×����
)LJXUH ��� )RUPDWLRQV RI δ�IHUULWH LQ PLFURVWUXFWXUH RI VWHHO &��
�×����
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7KH SUHVHQFH RI SK\VLFDO DQG FKHPLFDO KRPRJHQH�
LW\ RI PHWDO RI VSHFLPHQV FXW RXW IURP WKH ORQJLWXGLQDO
DQG WUDQVYHUVH VHFWLRQ RI WKH LQJRW LV FRQILUPHG E\
H[DPLQDWLRQV RI WKH PDFURVWUXFWXUH XVLQJ %DXPDQsV
PHWKRG� )UDJPHQW RI D VXOSKXU SULQW SURYHV KLJK SX�
ULW\ RI FKHPLFDOO\ KRPRJHQHRXV PHWDO�

,QYHVWLJDWLRQ RI VWUXFWXUH RI VSHFLPHQV FXW RXW
IURP WKUHH ]RQHV RI VWHHO &�� VROLG LQJRW VKRZHG WKDW
PHWDO KDV D VWUXFWXUH RI DXVWHQLWH ZLWK LQFOXVLRQV RI
LQWHUPHWDOOLF IRUPDWLRQV ZLWK VL]HV RI SULPDU\ JUDLQV
ZKLFK FRUUHVSRQG WR �w� PDUNV RI VFDOH RI *267
����w�� �)LJXUH ����

7KH PDLQ GHQGULWLF D[HV LQ PLFURVWUXFWXUH RI VWHHO
&�� DUH GLVWLQJXLVKHG E\ IRUPDWLRQV RI δ�IHUULWH
ZKLFK� DV LV VHHQ IURP )LJXUH ��� ORRN OLNH OLJKW IRU�
PDWLRQV LQ D GDUN IULQJLQJ RQ WKH HWFKHG VHFWLRQ� 7KH
SUHVHQFH RI δ�IHUULWH LQGLFDWHV WKH KLJK UDWH RI FU\V�
WDOOL]DWLRQ DW KLJK WHPSHUDWXUHV� 7KH GHILQHG ]RQHV�
EHLQJ HORQJDWHG IRUPDWLRQV RI LQWHUPHWDOOLFV DQG FDU�
ELGHV� DQG DOVR FRPSRXQGV LQ WKH IRUP RI OLJKW VPDOO
UKRPEV DQG VSKHULFDO SRLQWV� DFLFXODU FRPSRXQGV� RUL�
HQWHG E\ WKH W\SH RI GDVK OLQHV� VHSDUDWLQJ WKH JUDLQ�
DUH REVHUYHG LQVLGH LWV JUDLQV �)LJXUH ���� 7KH YDULHW\
RI WKHLU VKDSHV DQG RULHQWDWLRQ LV� SUREDEO\� DVVRFLDWHG
ZLWK D KLJK FRQWHQW RI DOOR\LQJ HOHPHQWV �VHH 7D�
EOH ��� DQG DOVR ZLWK FU\VWDOORJUDSKLF SHFXOLDULWLHV RI
FRPSOH[ FRPSRXQGV IRUPHG E\ WKHP�

7KXV� WKH H[DPLQDWLRQ RI PLFURVWUXFWXUH RI VSHFL�
PHQV FXW RXW IURP WKH VROLG LQJRW VKRZHG WKDW LW LV
W\SLFDO E\ D GLUHFWHG FU\VWDOOL]DWLRQ RI GHQGULWLF VWUXF�
WXUH ZLWKRXW OLTXDWLRQ FOXVWHUV� HYHQ LQ WKH FDVW VWDWH
WKH DXVWHQLWLF JUDLQV KDYH D IRUP RI FOHDUO\ GHILQHG LQ�
WHUPHWDOOLF FRPSRXQGV RI LURQ ZLWK DOOR\LQJ HOHPHQWV
LQFOXGHG WR WKH FKHPLFDO FRPSRVLWLRQ RI VWHHO &���

,QYHVWLJDWLRQV RI SK\VLFDO�PHFKDQLFDO SURSHUWLHV
RI VWHHO &�� DIWHU (65 ZHUH PDGH RQ VSHFLPHQV RI
ORQJLWXGLQDO VHFWLRQ FXW RXW IURP WKH KHDG� PLGGOH
DQG ERWWRP SDUWV RI WKH LQJRWV �7DEOH ���

'DWD JLYHQ LQ WKH 7DEOH VKRZ WKH KLJK SK\VLFDO�
FKHPLFDO DQG VWUXFWXUDO KRPRJHQHLW\ RI VWHHO &�� DIWHU
(65� *RRG VWUHQJWK� DQG HVSHFLDOO\� GXFWLOH SURSHU�
WLHV RI WKH PHWDO ZHUH SURGXFHG RZLQJ WR D SURSHU
VHOHFWLRQ RI WHFKQRORJLFDO SDUDPHWHUV RI UHPHOWLQJ
�UDWH RI PHOWLQJ� VHOHFWLRQ RI VODJ DQG WKLFNQHVV RI
VNXOO�� 7KLV LV FRQILUPHG E\ WKH DSSHDUDQFH RI VSHFL�
PHQV EHIRUH DQG DIWHU WHQVLOH WHVWV �)LJXUH ����

&RPLQJ IURP WKH DERYH�GHVFULEHG� WKH FRQFOXVLRQ
FDQ EH PDGH WKDW WKH IXUWKHU LPSURYLQJ (65 ZLOO
PDNH LW SRVVLEOH WR SURGXFH WKH ODUJH�VL]HG ELOOHWV
FKDUDFWHUL]HG E\ WKH KLJK TXDOLW\ RI WKH PHWDO ERWK
LQ WKH HQWLUH OHQJWK DQG DOVR LQ WKH VHFWLRQ RI WKH LQJRW
RI DQ\ VWHHOV RI D FRPSOH[ FKHPLFDO FRPSRVLWLRQ�

)LJXUH ��� 6SHFLPHQV RI VWHHO ���/ EHIRUH DQG DIWHU PHFKDQLFDO
WHVWV

7DEOH �� 3K\VLFDO�PHFKDQLFDO SURSHUWLHV RI PHWDO RI WUDQVYHUVH
VSHFLPHQV RI VWHHO &�� VROLG LQJRWV

,QJRW

SDUW
σW� 03D σ\� 03D δ� � ψ� �

%RWWRP ���w��� ���w��� ����w���� ��w��

0LGGOH ���w��� ���w��� ����w���� ��w��

+HDG ���w��� ���w��� ����w���� ��w��

�� ������ (OHFWURVODJ PHWDO� (G� E\ %�(� 3DWRQ� %�,� 0H�
GRYDU� .\LY� 1DXNRYD 'XPND�

�� .XUEDWRY� ,�3� ������ $UWLOOHU\ PDWHULDOV VFLHQFH� 0RVFRZ�
9RHQL]GDW�

�� 9RONRY� 6�(�� 9RONRY� $�(�� =DEDOXHY� <X�,� HW DO� ������
1RQ�PHWDOOLF LQFOXVLRQV DQG GHIHFWV LQ HOHFWURVODJ LQJRW�
0RVFRZ� 0HWDOOXUJL\D�
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.�<X� <$.29&+8. DQG <X�(� 58'2-

,QWHUQDWLRQDO &HQWHU RI (OHFWURQ %HDP 7HFKQRORJLHV DW WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� .\LY� 8NUDLQH

0HFKDQLVP RI IRUPDWLRQ RI JUDGLHQW VWUXFWXUHV SURGXFHG E\ HOHFWURQ EHDP HYDSRUDWLRQ RI FRPSRVLWH FHUDPLF LQJRW RQ

WKH EDVH RI ]LUFRQLXP GLR[LGH LV FRQVLGHUHG� 5HVXOWV RI LQYHVWLJDWLRQV RI FKHPLFDO FRPSRVLWLRQ� VWUXFWXUH DQG VRPH

SURSHUWLHV RI WKHUPDO EDUULHU JUDGLHQW FRDWLQJV GHSRVLWHG IURP WKH YDSRXU SKDVH RQ WKH VXUIDFH RI KHDW�UHVLVWDQW DOOR\V
XVLQJ D VLQJOH�VWDJH WHFKQRORJ\ DUH SUHVHQWHG�

.H\ZRU G V � HOHFWURQ EHDP HYDSRUDWLRQ DQG GHSRVLWLRQ

�(%�39'�� WKHUPDO EDUULHU JUDGLHQW FRDWLQJV� JDV WXUELQH
EODGHV� ]LUFRQLXP GLR[LGH

7KHUPDO EDUULHU FRDWLQJV� FRQVLVWLQJ RI D PHWDO ERQG

FRDW DQG H[WHUQDO FHUDPLF OD\HU RQ WKH EDVH RI D VWD�

ELOL]HG ]LUFRQLXP GLR[LGH� DUH ZLGHO\ XVHG IRU SURWHF�
WLRQ RI EODGHV RI DLUFUDIW DQG LQGXVWULDO JDV WXUELQHV�

7KH\ LQFUHDVH WKH VHUYLFH OLIH RI WKH WXUELQH EODGHV
DQG DOVR LPSURYH WKH HIILFLHQF\ RI RSHUDWLRQ RI WKH

JDV WXUELQH HQJLQH E\ WKH LQFUHDVH LQ JDV WHPSHUDWXUH

>�� �@�

7UDGLWLRQDO WHFKQRORJLFDO F\FOH RI WKHUPDO EDUULHU
FRDWLQJ GHSRVLWLRQ LQFOXGHV VHYHUDO VWDJHV DQG RSHUD�

WLRQV� LQFOXGLQJ WKH GHSRVLWLRQ RI D PHWDO KHDW� DQG

FRUURVLRQ�UHVLVWDQW ERQG FRDW �E\ GLIIXVLRQ VDWXUDWLRQ�

HOHFWURFKHPLFDO GHSRVLWLRQ� VSUD\LQJ XVLQJ SODVPD RU

HOHFWURQ EHDP PHWKRGV�� KHDW WUHDWPHQW� FRPSDFWLQJ

DQG FOHDQLQJ RI VXUIDFH RI WKLV ERQG FRDW DQG GHSRVL�

WLRQ RI D FHUDPLF OD\HU DW WKH ILQDO VWDJH >�w�@� 0XO�

WLVWDJH QDWXUH RI WKH WHFKQRORJLFDO F\FOH DQG D ODUJH

YDULHW\ RI HTXLSPHQW XVHG IRU WKLV SXUSRVH FDQQRW

SURYLGH D UHOLDEOH UHSHWLWLRQ RI FRDWLQJ SURSHUWLHV�

WKXV UHGXFLQJ HFRQRPLFDO HIILFLHQF\ RI WKHLU DSSOLFD�

WLRQ� $ SODQH PHWDO ERQG FRDW�FHUDPLFV LQWHUIDFH�

GLIIHUHQFH LQ FRHIILFLHQWV RI D OLQHDU H[SDQVLRQ RI WKH
PHWDO DQG FHUDPLFV� DV ZHOO DV WKH FKHPLFDO UHDFWLRQV

RI R[LGL]LQJ DQG FRUURVLRQ LQ WKH FRQWDFW ]RQH FDXVH

GDPDJH �VHSDUDWLRQ� RI WKH FHUDPLF OD\HU� ,W LV SRVVLEOH
WR LQFUHDVH WKH OLIH RI FRDWLQJV E\ WKH FUHDWLRQ RI D
JUDGLHQW WUDQVLWLRQ OD\HU EHWZHHQ WKH PHWDO �DOOR\�

DQG FHUDPLFV >�@�

3URFHVVHV RI HYDSRUDWLRQ DQG FRQGHQVDWLRQ LQ YD�

FXXP FDQ ZLGHQ VLJQLILFDQWO\ WKH H[LVWLQJ WHFKQRORJL�

FDO PHDQV IRU SURGXFLQJ WKHUPDO EDUULHU JUDGLHQW FRDW�

LQJV� )UDFWLRQDWLRQ RI PXOWLFRPSRQHQW V\VWHPV LQ

HYDSRUDWLRQ DQG VXEVHTXHQW FRQGHQVDWLRQ LQ YDFXXP�

EHLQJ WKH SK\VLFDO IXQGDPHQWDOV RI PDQ\ WHFKQRORJL�
FDO SURFHVVHV RI DGYDQFHG YDFXXPPHWDOOXUJ\� UHILQLQJ

RI PHWDOV DQG DOOR\V LQ SDUWLFXODU� FDQ EH XVHIXO LQ

SURGXFLQJ WKHUPDO EDUULHU JUDGLHQW FRDWLQJV E\ YDSRXU

GHSRVLWLRQ�

7KH PHWKRGV RI GHSRVLWLRQ RI SURWHFWLYH JUDGLHQW

FRDWLQJV DUH NQRZQ >�� �@ XVLQJ HOHFWURQ EHDQ HYDSR�

UDWLRQ IURP RQH VRXUFH RI PL[WXUHV RI GLVVLPLODU VXE�

VWDQFHV �IRU H[DPSOH� PHWDOV DQG R[LGHV� DW GLIIHUHQW

YDSRXU SUHVVXUHV� 7KLV PDNHV LW SRVVLEOH WR FUHDWH LQ

PDQ\ FDVHV D JUDGLHQW WUDQVLWLRQ ]RQH LQVWHDG RI D

SODQH LQWHUIDFH EHWZHHQ PHWDO DQG FHUDPLF OD\HUV DQG

WR DWWDLQ D JRRG DGKHVLRQ RI FRDWLQJ ZLWK D VXEVWUDWH

E\ DGGLQJ FRPSRQHQWVZLWK D ORZPHOWLQJ WHPSHUDWXUH
DQG KLJK SUHVVXUH RI YDSRXU WR WKH FRPSRVLWLRQ RI

PL[WXUHV EHLQJ HYDSRUDWHG�

%HORZ� WKH VSHFLILFV RI SURFHVV RI HOHFWURQ EHDP

HYDSRUDWLRQ RI PXOWLFRPSRQHQW PDWHULDOV IURP RQH

VRXUFH DUH GHVFULEHG DQG H[DPSOHV RI D VLQJOH�VWDJH

GHSRVLWLRQ RI WKHUPDO EDUULHU JUDGLHQW FRDWLQJV DUH
JLYHQ�

)RU WKLV SXUSRVH� D FRPSRVLWH LQJRW ZLWK D FHUDPLF

EDVH �)LJXUH �� LV XVHG� KDYLQJ FRPELQDWLRQV RI LQVHUWV
�IUDJPHQWV� IURP PHWDOOLF DQG QRQ�PHWDOOLF PDWHULDOV
RI D UHTXLUHG VKDSH DQG VL]HV ZKLFK DUH DUUDQJHG LQ

WKH LQJRW YROXPH� 'XULQJ FRQWLQXRXV HYDSRUDWLRQ RI

WKLV LQJRW DQG VXEVHTXHQW FRQGHQVDWLRQ WKH IRUPDWLRQ

RI D PXOWLOD\HU JUDGLHQW FRDWLQJ RI D SUHVHW FRPSRVL�

WLRQ DQG VWUXFWXUH LV SURYLGHG�

&HUDPLF EDVH RI WKH LQJRW GHILQHV WKH SXUSRVH RI

WKH JUDGLHQW FRDWLQJ� )RU H[DPSOH� LQ WKHUPDO EDUULHU

FRDWLQJV WKH FHUDPLF EDVH RI WKH LQJRW VKRXOG EH ]LU�

FRQLXP GLR[LGH ZLWK DGGLWLRQV RI VWDELOL]HUV RU RWKHU

V\VWHPV RI R[LGHV �IRU H[DPSOH� RQ KDIQLXP R[LGH

EDVH� ZLWK D ORZ KHDW FRQGXFWLYLW\� ,Q KHDW�UHVLVWDQW
DQG HURVLRQ�UHVLVWDQW FRDWLQJV WKH FHUDPLF EDVH RI WKH

LQJRW FRQVLVWV RI $O�2�� ZKLOH LQ KDUG DQG ZHDU�UH�

VLVWDQW FRDWLQJV LW LV $O�2�� 7L&� 7L%��

3URFHGXUH RI HYDSRUDWLRQ RI WKH FRPSRVLWH LQJRW

LV WUDGLWLRQDO� DQ LQJRW LV SODFHG LQWR D FRSSHU ZDWHU�

FRROHG FUXFLEOH DQG LWV XSSHU HGJH LV KHDWHG VPRRWKO\�

WKHQ LW LV PHOWHG DQG HYDSRUDWHG FRPSOHWHO\ XQGHU

WKH FRQWLQXRXV KHDWLQJ� 7KH PROWHQ SRRO VXUIDFH LV

PDLQWDLQHG DW D FRQVWDQW OHYHO E\ D YHUWLFDO IHHGLQJ

RI LQJRW XVLQJ D ZDWHU�FRROHG URG�

� .�<X� <$.29&+8. DQG <X�(� 58'2-� ����
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,QVHUWV� DUUDQJHG LQ WKH XSSHU SDUW RI WKH FRPSRVLWH
LQJRW� KDYH D VKDSH RI WDEOHWV RU URGV DQG� EHLQJ ILUVW
HYDSRUDWHG� IRUP WUDQVLWLRQ OD\HUV RI D SUHVHW FRPSR�
VLWLRQ DQG VWUXFWXUH� 7KH\ FDQ EH PDQXIDFWXUHG IURP
RUJDQLF FRPSRXQGV� PHWDOV� DOOR\V RU FHUDPLFV� ZKRVH
PHOWLQJ WHPSHUDWXUH LV ORZHU DQG YDSRXU SUHVVXUH LV
KLJKHU WKDQ WKRVH RI WKH LQJRW EDVH �IRU H[DPSOH�
DQWKUDFHQH &��+��� $O� &U� 1L$O� �1L&U�$O� 3W� 3W$O�
�1L3W�$O DQG VR RQ��

,QVHUWV� DUUDQJHG LQ WKH PLGGOH DQG ORZHU SDUWV RI
WKH FRPSRVLWH LQJRW� DUH PDQXIDFWXUHG PDLQO\ IURP
FHUDPLFV RU FHUDPLF PL[WXUHV �IRU H[DPSOH� $O�2��
&H2�� +I2� HWF��� ZKRVH PHOWLQJ WHPSHUDWXUH DQG
YDSRXU SUHVVXUH DUH FORVH WR WKRVH RI WKH LQJRW EDVH�
%HLQJ HYDSRUDWHG DQG FRQGHQVHG VLPXOWDQHRXVO\ ZLWK
WKH LQJRW PDWHULDO� WKH\ IRUP FRPSRVLWLRQ� VWUXFWXUH
DQG SURSHUWLHV RI WKH FHUDPLF OD\HU� 'HSRVLWLRQ RI WKH
XSSHU OD\HU RI JUDGLHQW FRDWLQJ� PDGH IURP FRPSOH[
PXOWLSKDVH FHUDPLFV� LV DWWDLQHG E\ HYDSRUDWLRQ RI DQ
LQVHUW�WDEOHW� PDGH IURP QRQ�PHWDOOLF PDWHULDOV ZLWK
D ZLGH UDQJH RI PHOWLQJ WHPSHUDWXUH DQG YDSRXU SUHV�
VXUH DQG ORFDWHG LQ WKH ORZHU LQJRW SDUW WR FRQWDFW
WKH ZDWHU�FRROHG VXUIDFH RI WKH URG� 7KH WDEOHW LV
HYDSRUDWHG DW WKH ODVW PRPHQW DQG ILQDOL]HV WKH JUD�
GLHQW FRDWLQJ IRUPDWLRQ� LWV FRPSRVLWLRQ DQG FRQGHQ�
VDWLRQ FRQGLWLRQV SUHGHWHUPLQH WKH GHQVLW\ DQG KDUG�
QHVV RI WKH FRDWLQJ XSSHU OD\HU�

$W WKH ,QWHUQDWLRQDO &HQWHU RI (OHFWURQ %HDP

7HFKQRORJLHV DW WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,Q�

VWLWXWH RI WKH 1$6 RI 8NUDLQH D VLQJOH�VWDJH HOHFWURQ

EHDP WHFKQRORJ\ RI GHSRVLWLRQ RI JUDGLHQW WKHUPDO

EDUULHU FRDWLQJV LQ RQH HOHFWURQ EHDP LQVWDOODWLRQ IURP

RQH VRXUFH IRU RQH WHFKQRORJLFDO F\FOH KDV EHHQ GH�

YHORSHG DQG EDVHG RQ XVLQJ FRPSRVLWH LQJRW DQG FDU�

URXVHO�W\SH HYDSRUDWRU� 7KLV FRXOG VLPSOLI\ DQG UH�

GXFH VLJQLILFDQWO\ WKH WHFKQRORJLFDO F\FOH� PHWDO ERQG

FRDW� WUDQVLWLRQ ]RQH DQG FHUDPLF OD\HU DUH GHSRVLWHG

SHU RQH F\FOH�

$W SUHVHQW WKH ,QWHUQDWLRQDO &HQWHU RI (OHFWURQ

%HDP 7HFKQRORJLHV RIIHUV FXVWRPHUV WZR PDLQ JURXSV

RI VLQJOH�VWDJH WKHUPDO EDUULHU JUDGLHQW FRDWLQJV IRU

SURWHFWLRQ RI EODGHV PDGH IURP KHDW�UHVLVWDQW DOOR\V�

7KH ILUVW JURXS LV GHVLJQHG IRU GHSRVLWLRQ RQ DLU�

FRROHG EODGHV RI JDV WXUELQH HQJLQHV PDGH IURP DG�

YDQFHG KLJKO\�KHDW�UHVLVWDQW WKHUPRVWDEOH DOOR\V RI

WKH UHFHQW JHQHUDWLRQV� DV D UXOH� ZLWK D VPDOO WKLFN�

QHVV RI DLUIRLO ZDOOV DQG LQQHU FDYLW\ �DERXW ��� PP�

DQG VPDOO�GLDPHWHU FRROLQJ KROHV� 7R UHGXFH WKH PDVV

WR PD[LPXP DQG� FRQVHTXHQWO\� WKH ORDGV WR WKHVH

EODGHV DQG PLQLPXP QDUURZLQJ RI SHUIRUDWLRQ KROHV�

WKH FRDWLQJV IRU WKHLU SURWHFWLRQ VKRXOG KDYH D PLQL�

PXP WKLFNQHVV� &RPLQJ IURP WKLV� DW WKH ,QWHUQDWLRQDO

&HQWHU WKH WHFKQRORJ\ IRU GHSRVLWLRQ RI WKHUPDO EDU�

ULHU JUDGLHQW FRDWLQJ ZLWK D PHWDO ERQG FRDW RQ WKH

EDVH RI QLFNHO DOXPLQLGH� ZKRVH WKLFNQHVV GRHV QRW

H[FHHG ��w�� µP� KDV EHHQ GHYHORSHG DQG SDVVHG VXF�
FHVVIXO WHVWV� ZKLOH LQ WUDGLWLRQDO WKHUPDO EDUULHU FRDW�

LQJV WKH WKLFNQHVV RI D PHWDO ERQG FRDW LV �w� WLPHV

ODUJHU�

7KH VHFRQG JURXS RI WKHUPDO EDUULHU JUDGLHQW FRDW�
LQJV LV GHVLJQHG IRU SURWHFWLRQ RI ORZ�WKHUPRVWDEOH
KHDW�UHVLVWDQW DOOR\V� ZKRVH FKHPLFDO FRPSRVLWLRQ
FDXVHV WKH QHHG LQ XVH RI D PHWDO ERQG FRDW RI KLJKHU
WKLFNQHVV WR OLPLW WKH GLIIXVLRQ IORZV LQ WKH FRDW�
LQJ�KHDW�UHVLVWDQW DOOR\ FRPELQDWLRQ� 7KHVH DOOR\V
KDYH� DV D UXOH� LQFUHDVHG FRQWHQW RI WLWDQLXP� WDQWD�
OXP� KDIQLXP� VXOSKXU DQG FDUERQ�

,W VKRXOG EH QRWHG WKDW DOO WKH RIIHUHG FRDWLQJV DUH

VXEMHFWHG� DIWHU WKHLU GHSRVLWLRQ� WR D YDFXXP WUHDW�

PHQW DW WKH WHPSHUDWXUH ����w���� �& IRU IRUPDWLRQ

RI WKLQ ILOP RQ α�$O�2� EDVH DW WKH PHWDO�FHUDPLFV

FRQWDFW LQWHUIDFH� VR�FDOOHG 7*2� ZKLFK SURYLGHV D

KLJK DGKHVLRQ EHWZHHQ WKH PHWDO ERQG FRDW DQG FH�

UDPLF OD\HU�
$V LV NQRZQ� RQH RI WKH PDLQ FDXVHV RI IUDFWXUH

RI WKHUPDO EDUULHU FRDWLQJV LQ EODGH VHUYLFH LV WKH
IROORZLQJ JURZWK RI $O�2��EDVHG ILOP DW WKH KHDW�UH�
VLVWDQW ERQG FRDW VXUIDFH� ZKLFK LV VHSDUDWHG DW D
FHUWDLQ FULWLFDO WKLFNQHVV WRJHWKHU ZLWK D FHUDPLF OD\HU
GXH WR RFFXUULQJ VWUHVVHV >�@� 'LIIXVLRQ RI VRPH UH�
IUDFWRU\ PHWDO RI KHDW�UHVLVWDQW DOOR\V WR WKH PHWDO
ERQG FRDW�FHUDPLF OD\HU LQWHUIDFH DOVR FRQWULEXWHV WR
WKLV� 7KHUHIRUH� RQH RI WKH PDMRU SUREOHPV LQ WKH GH�
YHORSPHQW RI QHZ FRDWLQJV� HVSHFLDOO\ ZLWK D GH�
FUHDVHG WKLFNQHVV RI WKH ERQG FRDW� LV WKH GHOD\ LQ WKH
$O�2� ILOP JURZWK DQG GLIIXVLRQ SURFHVVHV LQ WKH KHDW�
UHVLVWDQW DOOR\�ERQG FRDW V\VWHP�

)LJXUH �� 'HVLJQ �D� DQG DSSHDUDQFH �E� RI FRPSRVLWH FHUDPLF
LQJRW XVHG IRU GHSRVLWLRQ RI JUDGLHQW FRDWLQJV
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)LJXUH � SUHVHQWV D VWUXFWXUH DQG FRPSRVLWLRQ RI
D FRPSRVLWH LQJRW XVHG IRU GHSRVLWLRQ RI WKHUPDO EDU�
ULHU JUDGLHQW FRDWLQJ 0[&\ � 1L$O�=U2��<�2��� DQG
DOVR WKH PLFURVWUXFWXUH RI WKLV FRDWLQJ LQ LQLWLDO VWDWH
�DIWHU GHSRVLWLRQ DQG YDFXXP KHDW WUHDWPHQW�� 7KH
FRDWLQJ ZDV SURGXFHG E\ HYDSRUDWLRQ RI ���� PP GL�
DPHWHU FRPSRVLWH FHUDPLF LQJRW =U2�w� � <�2�� FRQ�
WDLQLQJ LQVHUWV IURP SUH�VLQWHUHG 1L$O DQG DQWKUDFHQH
&��+�� LQ WKH IRUP RI WDEOHWV �)LJXUH �� D�� ZLWK D
VXEVHTXHQW GHSRVLWLRQ GLUHFWO\ RQ KHDW�UHVLVWDQW DOOR\
VXUIDFH KHDWHG WR ��� �&� 7KH SHFXOLDU IHDWXUH RI WKLV
JUDGLHQW FRDWLQJ FRQVLVWLQJ RI ��w�� µP WKLFN 1L$O
ERQG FRDW DQG H[WHUQDO FHUDPLF OD\HU RI ��� µP WKLFN�
QHVV� LV WKH SUHVHQFH RI D WKLQ WUDQVLWLRQ ]RQH HQULFKHG
ZLWK FDUELGHV RI DOOR\LQJ HOHPHQWV RI KHDW�UHVLVWDQW
DOOR\ 0[&\ �ILUVW RI DOO� ZLWK FDUELGHV RI WXQJVWHQ
DQG FKURPLXP�� 7KLV WUDQVLWLRQ ]RQH DW WKH KHDW�UH�
VLVWDQW DOOR\�ERQG FRDW LQWHUIDFH FUHDWHV D GLIIXVLRQ
EDUULHU GHOD\LQJ WKH SHQHWUDWLRQ RI KHDW�UHVLVWDQW DOOR\
HOHPHQWV WR FHUDPLF OD\HU� )RUPDWLRQ RI WKH WUDQVLWLRQ
]RQH RFFXUV GXH WR LQLWLDO HYDSRUDWLRQ RI LQVHUW RI
DQWKUDFHQH &��+�� LQFOXGHG LQWR FRPSRVLWLRQ RI WKH

LQJRW� 7KH FOHDQLQJ RI WKH KHDW�UHVLVWDQW DOOR\ VXUIDFH
LV DOVR RFFXUUHG E\ UHFRYHU\ DFWLRQ RI K\GURJHQ DWRPV
IRUPHG LQ K\GURFDUERQ GHFRPSRVLWLRQ�

2QH YDFXXP F\FOH RI GHSRVLWLRQ UHVXOWV LQ IRUPD�
WLRQ RI D WKHUPDO EDUULHU FRDWLQJ� FRQVLVWLQJ RI D JUD�
GLHQW ERQG FRDW DQG H[WHUQDO FHUDPLF OD\HU� RQ WKH
VXUIDFH RI WKH KHDW�UHVLVWDQW DOOR\� $W VXEVHTXHQW YD�
FXXP KHDW WUHDWPHQW DQ R[LGH ILOP �7*2� RQ α�$O�2�

EDVH LV IRUPHG RQ WKH ERQG FRDW VXUIDFH� FRQWDLQLQJ
XS WR �� � $O�

)LJXUH �� D� E VKRZV WKH GLVWULEXWLRQ RI HOHPHQWV
DQG PLFURVWUXFWXUH RI FRDWLQJ 0[&\ �
1L$O�=U2��<�2�� DIWHU ��� WKHUPDO F\FOHV RI WHVWV
XVLQJ FRQGLWLRQ �� ↔ ���� �& ZLWK �� PLQ KROGLQJ
DW PD[LPXP WHPSHUDWXUH� 7KLFNQHVV RI VFDOH $O�2�

DW ERQG FRDW�FHUDPLFV LQWHUIDFH GRHV QRW H[FHHG
� µP� WUDQVLWLRQ ]RQH� HQULFKHG ZLWK FDUELGHV� KLQ�
GHUHG WKH GLIIXVLRQ RI WXQJVWHQ� UKHQLXP DQG� WR D
OHVV H[WHQW� WLWDQLXP IURP WKH KHDW�UHVLVWDQW DOOR\�

7KHUPRF\FOLQJ WHVWV RI VLPLODU FRDWLQJV RQ DG�
YDQFHG DOOR\V� VXFK DV &06;�� DQG 5HQH � VKRZHG
WKDW WKHLU OLIH LV VHYHUDO WLPHV VXSHULRU WR WKDW RI RWKHU
V\VWHPV RI FRDWLQJV�

7KH VHFRQG JURXS RI WKHUPDO EDUULHU JUDGLHQW FRDW�
LQJV� GHYHORSHG DQG WHVWHG RYHU WKH UHFHQW \HDUV DW
WKH ,QWHUQDWLRQDO &HQWHU� LQFOXGHV DOVR FRDWLQJV GH�
SRVLWHG RQ WKH VXUIDFH RI WKH WUDGLWLRQDO ERQG FRDW

)LJXUH �� 6WUXFWXUH RI FRPSRVLWH FHUDPLF LQJRW �D�� GLVWULEXWLRQ RI
FKHPLFDO HOHPHQWV DFURVV FRDWLQJ WKLFNQHVV �E� DQG PLFURVWUXFWXUH
RI WUDQVYHUVH VHFWLRQ �F� RI WKHUPDO EDUULHU FRDWLQJ 0[&\ �
1L$O�=U2��<�2�� RQ VXEVWUDWH 5HQH ��� LQ LQLWLDO VWDWH

)LJXUH ��'LVWULEXWLRQ RI FKHPLFDO HOHPHQWV DFURVV FRDWLQJ WKLFNQHVV
�D� DQG PLFURVWUXFWXUH RI WUDQVYHUVH VHFWLRQ �E� RI WKHUPDO EDUULHU
JUDGLHQW FRDWLQJ 0[&\ � 1L$O�=U2��<�2�� RQ VXEVWUDWH &06;��
DIWHU ��� WKHUPDO F\FOHV

2/2003 11



1L&R&U$O< �6'3�� W\SH�� 7KLV ERQG FRDW RI D UH�
TXLUHG WKLFNQHVV LV GHSRVLWHG IRU RQH F\FOH XVLQJ WKH
ILUVW HYDSRUDWRU RI WKH HOHFWURQ EHDP LQVWDOODWLRQ� WKHQ
WKH IL[WXUH ZLWK SURGXFWV LV WUDQVIHUUHG DQG DUUDQJHG
RYHU WKH QH[W HYDSRUDWRU �RI FDUURXVHO W\SH�� ZKHUH
WKH FRPSRVLWH LQJRW LV HYDSRUDWHG� $V ZDV DOUHDG\
QRWHG� WKH GHSRVLWLRQ RI WKLFNHU ERQG FRDW 1L&R&U$O<
LV SUHIHUDEOH IRU LQVXIILFLHQWO\ WKHUPRVWDEOH KHDW�UH�
VLVWDQW DOOR\V�

2QH RI YDULDQWV RI WKH JUDGLHQW FRDWLQJV� GHSRVLWHG
RQ ERQG FRDW 1L&R&U$O<� LV WKH FRDWLQJ FRQWDLQLQJ
WKH $O �&U WUDQVLWLRQ ]RQH� 6WUXFWXUH DQG FRPSRVLWLRQ
RI WKH FRPSRVLWH LQJRW XVHG IRU GHSRVLWLRQ RI WKHUPDO
EDUULHU JUDGLHQW FRDWLQJ 1L&R&U$O<�$O �
&U�=U2��<�2��� GLVWULEXWLRQ RI FKHPLFDO HOHPHQWV
LQ WKLV FRDWLQJ DQG LWV PLFURVWUXFWXUH DUH JLYHQ LQ
)LJXUH �� $OXPLQLXP� FRQWDLQHG LQ D WDEOHW �)LJXUH ��
D�� KDV WKH KLJKHVW YDSRXU SUHVVXUH DW HYDSRUDWLRQ
WHPSHUDWXUH DV FRPSDUHG ZLWK FKURPLXP DQG
=U2��<�2�� DQG� WKHUHIRUH� LV HYDSRUDWHG LQ WKH ILUVW
SODFH� $WRPV RI DOXPLQLXP PHHW WKH VXUIDFH RI WKH

ERQG FRDW� KHDWHG WR WHPSHUDWXUH PXFK H[FHHGLQJ WKH
DOXPLQLXP PHOWLQJ WHPSHUDWXUH ���� �&�� KHUH WKHLU
FRQGHQVDWLRQ LV RFFXUUHG E\ YDSRXUwOLTXLGwVROLG
SKDVH PHFKDQLVP� &RQGHQVLQJ OLTXLG SKDVH LQWHUDFWV
LQWHQVLYHO\ ZLWK WKH VXUIDFH RI ERQG FRDW 1L&R&U$O<
E\ FKDQJLQJ LWV FKHPLFDO FRPSRVLWLRQ DQG IRUPLQJ WKH
VHFRQG ERQG FRDW ZLWK D KLJK FRQWHQW RI DOXPLQLXP
FORVH E\ WKH FRPSRVLWLRQ WR 1L$O� )XUWKHU� FKURPLXP
LV HYDSRUDWHG IURP WKH WDEOHW� IRUPLQJ WKLQ �DERXW
�w� µP� WUDQVLWLRQ ]RQH RQ WKH DOXPLQLGH VXUIDFH ZLWK
XS WR �� � &U� ZKLFK GLUHFWO\ FRQWDFWV WKH ]LUFRQLXP
GLR[LGH OD\HU GHSRVLWHG DIWHU DOO �)LJXUH �� E�� &KUR�
PLXP DQG R[LGH RI FKURPLXP FRQWDLQHG LQ WKH WUDQ�
VLWLRQ ]RQH IDYRXU WKH IRUPDWLRQ RI α�$O�2� PDLQO\
DQG FUHDWH HIIHFWLYH GLIIXVLRQ EDUULHU GHOD\LQJ� ILUVW RI
DOO� WKH JURZWK RI DOXPLQLXP R[LGH OD\HU �)LJXUHV �� E
DQG �� D�� &RDWLQJV ZLWK ERQG FRDW 1L&R&U$O< DUH
SUHIHUDEOH LQ SURWHFWLRQ RI KHDW�UHVLVWDQW DOOR\V RI
5HQH ���� &0���/&� 3:$ ���� DQG =K6�� W\SHV�

)LJXUH � VKRZV WKH JHQHUDOL]HG UHVXOWV RI WKHUPR�
F\FOLQJ WHVWV RI WUDGLWLRQDO DQG JUDGLHQW WKHUPDO EDU�
ULHU FRDWLQJV RQ GLIIHUHQW KHDW�UHVLVWDQW DOOR\V� $V LV
VHHQ� WKH JUDGLHQW WKHUPDO EDUULHU FRDWLQJV ZLWK ERQG

)LJXUH �� 6WUXFWXUH RI FRPSRVLWH FHUDPLF LQJRW �D�� GLVWULEXWLRQ
RI FKHPLFDO HOHPHQWV DFURVV WKH FRDWLQJ WKLFNQHVV �E� DQG PLFUR�
VWUXFWXUH RI WUDQVYHUVH VHFWLRQ �F� RI WKHUPDO EDUULHU JUDGLHQW FRDW�
LQJ 1L&R&U$O<�$O � &U�=U2��<�2�� RQ VXEVWUDWH 5HQH � LQ
LQLWLDO VWDWH

)LJXUH ��'LVWULEXWLRQ RI FKHPLFDO HOHPHQWV DFURVV WKH FRDWLQJ WKLFN�
QHVV �D� DQG PLFURVWUXFWXUH RI WUDQVYHUVH VHFWLRQ �E� RI WKHUPDO
EDUULHU JUDGLHQW FRDWLQJ 1L&R&U$O<�$O � &U�=U2��<�2�� RQ VXE�
VWUDWH &0���� DIWHU ���� WKHUPDO F\FOHV
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FRDW RI 0[&\�1L$O DQG 1L&R&U$O<�$O � &U W\SH
SRVVHVV WKH KLJKHVW OLIH� 7KLV LV H[SODLQHG E\ WKHLU
KLJK WKHUPDO VWDELOLW\ DQG KHDW UHVLVWDQFH GXH WR IRU�
PDWLRQ RI JUDGLHQW WUDQVLWLRQ ]RQHV DW WKH ERQG
FRDW�KHDW UHVLVWDQW DOOR\ DQG ERQG FRDW�FHUDPLF
OD\HU LQWHUIDFH� 7KLV LV FRQILUPHG E\ D GHOD\ LQ NLQHWLFV
RI JURZWK RI $O�2��EDVHG ILOP EHWZHHQ WKH ERQG FRDW
DQG FHUDPLF OD\HU GXULQJ WHVWV �7DEOH��

2QH RI WKH LPSRUWDQW WUHQGV LQ WKH LPSURYHPHQW

RI WKHUPDO EDUULHU FRDWLQJV LV WKH LQFUHDVH LQ HURVLRQ

UHVLVWDQFH RI H[WHUQDO FHUDPLF OD\HU DQG GHFUHDVH LQ

LWV SHQHWUDELOLW\ WR SUHYHQW WKH SHQHWUDWLRQ RI GLIIHU�

HQW KDUPIXO FRPSRXQGV IURP DWPRVSKHUH RU IXHO FRP�

EXVWLRQ SURGXFWV ZKLFK FDQ SURYRNH WKH GDPDJH �GHV�

WDELOL]LQJ� RU VSDOOLQJ RI WKH FHUDPLF OD\HU� 7KLV LV

DWWDLQHG E\ FRPSDFWLQJ H[WHUQDO FHUDPLF OD\HU XVLQJ

GHSRVLWLRQ RQ LW RI WKH PRUH KDUG DQG GHQVH OD\HU RI

DQRWKHU FKHPLFDO FRPSRVLWLRQ RU E\ KHDW WUHDWPHQW

ZLWK XVH RI FRQFHQWUDWHG SRZHU VRXUFHV �IRU H[DPSOH�

ODVHU��
,Q WKLV FDVH WKH QHHG DULVHV LQ DGGLWLRQDO WHFKQR�

ORJLFDO HTXLSPHQW� WKDW FRPSOLFDWHV DQG PDNHV WKH
SURFHVV RI GHSRVLWLRQ RI WUDGLWLRQDO WKHUPDO EDUULHU
FRDWLQJV PRUH H[SHQVLYH� 7KH XVH RI WKH FRPSRVLWH
FHUDPLF LQJRW ZLWK D ORZHU LQVHUW PDNHV LW SRVVLEOH
WR VROYH HIIHFWLYHO\ WKH SUREOHP RI GHSRVLWLRQ RI JUD�
GLHQW WKHUPDO EDUULHU FRDWLQJV ZLWK D FRPSDFW VXUIDFH
RI WKH H[WHUQDO FHUDPLF OD\HU XVLQJ D VLQJOH�VWDJH WHFK�
QRORJ\� )LJXUH �� D VKRZV WKH VFKHPH RI WKH FRPSRVLWH
FHUDPLF LQJRW XVHG IRU GHSRVLWLRQ RI WKH JUDGLHQW WKHU�
PDO EDUULHU FRDWLQJ ZLWK D FHUDPLF OD\HU =U2��<�2��
RI ��� µP WKLFNQHVV� KHUH WKH H[WHUQDO OD\HU RI DERXW
�� µP WKLFNQHVV LV FRPSDFWHG E\ D JUDGLHQW DGGLQJ
RI +I2�� 7KLV LV DWWDLQHG E\ WKH IDFW WKDW ZLWK PRYLQJ
RI WKH PROWHQ SRRO IURQW WR WKH ORZHU LQVHUW DQG IXUWKHU
WR WKH LQJRW HQG WKH LQVHUW WRJHWKHU ZLWK LQJRW PDWHULDO
EHJLQV WR HYDSRUDWH DQG� DV D UHVXOW� WKH VXUIDFH RI
WKH GHSRVLWHG FRDWLQJ FRQWDLQV WKH DGGLWLRQV RI KDI�
QLXPR[LGH �)LJXUH �� E�� ZKRVH DPRXQW DW WKH FHUDPLF
OD\HU VXUIDFH UHDFKHV �� �� $V LV NQRZQ� KDIQLXP
R[LGH� EHLQJ UHIUDFWRU\� IRUPV D FRQWLQXRXV VHULHV RI
VROLG VROXWLRQV ZLWK =U2�� KHUH WKH KLJK�WHPSHUDWXUH
PHFKDQLFDO SURSHUWLHV� LQ SDUWLFXODU HURVLRQ UHVLV�
WDQFH� DUH KLJKHU DV FRPSDUHG ZLWK WUDGLWLRQDO

)LJXUH �� 7KHUPRF\FOLQJ OLIH RI VSHFLPHQV ZLWK WKHUPDO EDUULHU
FRDWLQJV GXULQJ IXUQDFH WHVWV LQ DLU ��� ↔ ���� �&� � K F\FOH�
GHSHQGLQJ RQ W\SH RI ERQG FRDW� � x WUDGLWLRQDO FRDWLQJ
1L&R&U$O<�=U2��<�2�� RQ DOOR\V 3:$ ����� 5HQH ���� &06;�
� =K6��� �x JUDGLHQW FRDWLQJ 1L&R&U$O<�$O � &U�=U2��<�2��
RQ DOOR\V 3:$ ����� 5HQH ���� =K6��� � x JUDGLHQW FRDWLQJ
0[&\ � 1L$O�=U2��<�2�� RQ DOOR\V 5HQH ���� &06;��

5HVXOWV RI PHDVXUHPHQW RI WKLFNQHVV RI $O�2��EDVHG VFDOH IRUPHG
LQ ERQG FRDW�FHUDPLF OD\HU WUDQVLWLRQ ]RQH

7KHUPDO EDUULHU FRDWLQJ

7KLFNQHVV RI $O�2��EDVHG VFDOH

�µP� GHSHQGLQJ RQ QXPEHU RI

WKHUPDO F\FOHV

�� ��� ��� ���

7UDGLWLRQDO

1L&R&U$O<�=U2��<�2��

� �� w w

*UDGLHQW

0[&\ � 1L$O�=U2��<�2��

� � � �

*UDGLHQW

1L&R&U$O<�$O�&U�=U2��<�2��

� � �� w

1R W H � 7KHUPRF\FOLQJ WHVWV ZHUH SHUIRUPHG XVLQJ FRQGLWLRQ

���� ↔ �� �& RQ VSHFLPHQV IURP KHDW�UHVLVWDQW DOOR\ 5HQH ����

)LJXUH �� 6WUXFWXUH RI FRPSRVLWH FHUDPLF LQJRW �D�� GLVWULEXWLRQ
RI FKHPLFDO HOHPHQWV DFURVV WKH WKLFNQHVV RI JUDGLHQW FHUDPLF OD\HU
=U2��<�2���+I2� �E� DQG PLFURVWUXFWXUH RI VXUIDFH RI FHUDPLF
OD\HU =U2��<�2�� �F� FRPSDFWHG E\ D ORFDO RYHUKHDWLQJ XVLQJ HOHF�
WURQ EHDP
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=U2��<�2��� $V WKH LQYHVWLJDWLRQV RI PLFURKDUGQHVV
DQG WKHUPRF\FOLQJ OLIH VKRZHG� WKH PLFURKDUGQHVV RI
WKH FRPSDFWHG VXUIDFH RI FHUDPLF OD\HU LV E\ ��� *3D
KLJKHU WKDQ WKDW RI WUDGLWLRQDO OD\HU� PRUHRYHU� WKH
WKHUPRF\FOLQJ OLIH RI WKH JUDGLHQW FRDWLQJ LV QRW GH�
WHULRUDWHG�

7KH FRPSDFWLQJ RI WKH WKHUPDO EDUULHU FRDWLQJ VXU�
IDFH OD\HU LV SHUIRUPHG DOVR E\ D WKHUPDO RSHUDWLRQ�
L�H� E\ D ORFDO RYHUKHDWLQJ RI FHUDPLF OD\HU VXUIDFH DW
D ILQDO VWDJH RI WKH HYDSRUDWLRQ RI FRPSRVLWH LQJRW
XVLQJ DQ DEUXSW LQFUHDVH LQ EHDP SRZHU RI HOHFWURQ
JXQ GHVLJQHG IRU SUHKHDWLQJ WKH FRQGHQVDWLRQ VXUIDFH�
0LFURVWUXFWXUH RI WKLV FHUDPLF OD\HU LV JLYHQ LQ )L�
JXUH �� F� +HUH WKH PLFURKDUGQHVV RI WKH FRPSDFWHG
VXUIDFH OD\HU LV WZLFH LQFUHDVHG� DV FRPSDUHG ZLWK D
WUDGLWLRQDO FHUDPLF OD\HU� DQG UHDFKHV �� *3D�

$W SUHVHQW WKH ZRUNV DUH FRQWLQXHG DW WKH ,QWHU�
QDWLRQDO &HQWHU IRU LPSURYHPHQW RI WKH VLQJOH�VWDJH
WKHUPDO EDUULHU FRDWLQJV� KDYLQJ D JUDGLHQW PLFURSR�
URXV FHUDPLF OD\HU ZLWK ORZHU YDOXHV RI KHDW FRQGXF�
WLYLW\ DV FRPSDUHG ZLWK WUDGLWLRQDO WKHUPDO EDUULHU
FRDWLQJV� )LJXUH � VKRZV VFKHPH DQG IUDJPHQWV RI
PLFURVWUXFWXUH RI RQH RI WKH YDULDQWV RI WKH JUDGLHQW
WKHUPDO EDUULHU FRDWLQJ GHSRVLWHG SHU RQH WHFKQRORJL�
FDO F\FOH XVLQJ D FRPSRVLWH LQJRW� 7R GHSRVLW VLPLODU
FRDWLQJV WKH FRPSRVLWH LQJRW KDV DOVR� LQ SDUDOOHO ZLWK
HDUOLHU GHVFULEHG LQVHUWV� DGGLWLRQDO LQVHUWV LQ WKH PLG�
GOH DQG ORZHU SDUWV ZKLFK SURYLGH IRUPDWLRQ RI JUD�
GLHQW FRPSRVLWLRQ DQG VWUXFWXUHV RI WKH FHUDPLF OD\HU�
)RU H[DPSOH� DGGLWLRQDO LQVHUWV� FRQWDLQLQJ VRGLXP
FKORULGH DQG DUUDQJLQJ LQ WKH LQJRW PLGGOH SDUW� DUH
HYDSRUDWHG DIWHU WKH EHJLQQLQJ RI HYDSRUDWLRQ RI

=U2��<�2�� DQG IRUP JUDGLHQW �FROXPQDU DQG GHQ�
GULWLF� VWUXFWXUH RI WKH FHUDPLF OD\HU�

7KH DSSOLFDWLRQ RI HOHFWURQ EHDP WHFKQRORJ\ IRU
GHSRVLWLRQ RI SURWHFWLYH FRDWLQJV XVLQJ WKH FRPSRVLWH
LQJRW DOORZV GHSRVLWLRQ RI WKHUPDO EDUULHU JUDGLHQW
FRDWLQJV ZLWK D KLJK GHJUHH RI UHSURGXFLELOLW\ RI VWUXF�
WXUH DQG SURSHUWLHV�

7KH XVH RI FRPSRVLWH LQJRWV IRU GHSRVLWLRQ RI WKHU�
PDO EDUULHU JUDGLHQW FRDWLQJV FDQ PDNH WKH WHFKQR�
ORJLFDO F\FOH VKRUWHU DQG OHVV H[SHQVLYH RZLQJ WR WKH
VLQJOH�VWDJH SURFHVV�

7KH RIIHUHG WKHUPDO EDUULHU JUDGLHQW FRDWLQJV DUH
��� WLPHV VXSHULRU E\ WKHUPRF\FOLQJ OLIH WR WUDGLWLRQDO
GRXEOH�OD\HU FRDWLQJV 0&U$O<�=U2��<�2���

�� 0LOOHU� 5�$� ������ &XUUHQW VWDWXV RI WKHUPDO EDUULHU FRD�
WLQJV� $Q RYHUYLHZ� 6XUIDFH DQG &RDW� 7HFKQRO�� �� �w���

�� %HHOH� :�� 0DULMQLVVHQ� *�� /LHVKRXW� YDQ $� ������ 7KH
HYROXWLRQ RI WKHUPDO EDUULHU FRDWLQJV x VWDWXV DQG XSFR�
PLQJ VROXWLRQV IRU WRGD\sV NH\ LVVXHV� ,ELG�� �������� ��w
���

�� +D\QHV� -�$�� /DQFH� 0�-�� 3LQW� %�$� HW DO� ������ &KDUDF�
WHUL]DWLRQ RI FRPPHUFLDO (%�39' 7%& V\VWHPV ZLWK &9'
�1L� 3W�$O ERQG FRDWLQJV� ,ELG�� �������� ���w����

�� :RUWPDQ� '�-�� 'XGHUVWDGW� (�6�� 1HOVRQ� :�$� ������
%RQG FRDW GHYHORSPHQW IRU WKHUPDO EDUULHU FRDWLQJV� -� (Q�
JLQHHULQJ IRU *DV 7XUELQHV DQG 3RZHU� ���� ���w����

�� .DEORY� (�� 0XER\DG]KDQ� 6� ������ 3URWHFWLYH FRDWLQJV RI
WXUELQH EODGHV RI JDV WXUELQH HQJLQH� *D]RWXUE� 7HNKQRORJLL�
�� ��w���

�� +LUDL� 7� ������ )XQFWLRQDO JUDGLHQW PDWHULDOV� 0DW�

6FL�	7HFKQRORJ\� 3URF� RI FHUDPLFV� 3DUW ��
�� 0RYFKDQ� %�$� ������ (%�39' WHFKQRORJ\ LQ JDV WXUELQH

LQGXVWU\� SUHVHQW DQG IXWXUH� -� 0HWDOV� ��� ��w���
�� 0RYFKDQ� %�$� ������ )XQFWLRQDOO\ JUDGHG (%�39' FRD�

WLQJV� 6XUIDFH DQG &RDW� 7HFKQRO�� ���� ���w����
�� (YDQV� $�*�� 0XPP� '�5�� +XWFKLQVRQ� *�+� HW DO� ������

0HFKDQLVPV FRQWUROOLQJ WKH GXUDELOLW\ RI WKHUPDO EDUULHU
FRDWLQJV� 3URJUHVV LQ 0DWHULDOV 6FLHQFH� ��� ���w����

)LJXUH �� 6FKHPH RI VWUXFWXUH RI JUDGLHQW WKHUPDO EDUULHU FRDWLQJ GHSRVLWHG XVLQJ WKH VLQJOH�VWDJH WHFKQRORJ\

14 2/2003



���������	�
����
�
��
�����������

1�3� 75,*8%� *�9� =+8.� 3�$� 3$3� $�1� .$/,1<8.� 6�9� .+20876.< DQG <X�7� ,6+&+8.

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

(OHFWURQ EHDQ LQGXVWULDO LQVWDOODWLRQ RI WKH 8(���� W\SH LV GHVFULEHG DQG LWV WHFKQLFDO GDWD DUH JLYHQ� 0DLQ IXQFWLRQDO

IHDWXUHV RI LQVWDOODWLRQ XQLWV� VXFK DV ZRUNLQJ FKDPEHUV� WHFKQRORJLFDO RXWILW� HOHFWURQ JXQV� SRZHU VRXUFHV DUH SUHVHQWHG�

.H\ZRU G V � HOHFWURQ EHDP UHPHOWLQJ� LQVWDOODWLRQ� LQWHUPH�

GLDWH FUXFLEOH� D[LDO JXQ� PHOWLQJ RI PHWDOV DQG DOOR\V

7KH XVH RI WKH HOHFWURQ EHDP UHPHOWLQJ ZLWK DQ LQ�

WHUPHGLDWH FUXFLEOH �(%5,&� >�@ ZLGHQV VLJQLILFDQWO\

WKH FDSDELOLWLHV RI WKH UHPHOWLQJ SURFHVV RZLQJ WR WKH

SUHVHQFH RI DQ LQGHSHQGHQW FRQFHQWUDWHG KHDW VRXUFH�

L�H� HOHFWURQ EHDP� $W SUHVHQW WKH WHFKQRORJLHV RI XWLOL�

]DWLRQ RI ZDVWHV DQG PHOWLQJ RI DOOR\V E\ WKH (%5,&

PHWKRG KDYH EHHQ GHYHORSHG >�� �@� 7R DWWDLQ WKH

PD[LPXP HIIHFW IURP WKH UHDOL]DWLRQ RI WKHVH WHFK�

QRORJLHV WKH QHZ KLJK�HIILFLHQW LQVWDOODWLRQV RI WKH

LQGXVWULDO W\SH DUH UHTXLUHG� $ ODUJH H[SHULHQFH KDV

EHHQ JDLQHG DW WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,Q�

VWLWXWH LQ WKH GHYHORSPHQW RI WKHVH LQVWDOODWLRQV�

%DVHG RQ WKH ODE LQVWDOODWLRQ (���� >�@ WKH HOHFWURQ

EHDP LQVWDOODWLRQ 8(���� KDV EHHQ GHVLJQHG �)L�
JXUH ��� FRQVLVWLQJ RI WKUHH FKDPEHUV� PHOWLQJ� ORDG�

LQJ DQG LQJRW� $OO WKH HOHPHQWV RI GHVLJQ KDYH KROORZ

ZDOOV IRU ZDWHU FLUFXODWLRQ WR KDYH D IRUFHG FRROLQJ

RI LQJRW GXULQJ PHOWLQJ DQG FRROLQJ� 7KH LQVWDOODWLRQ

LV HTXLSSHG DOVR ZLWK DQ HOHFWULF VXSSO\ XQLW� YDFXXP

V\VWHP� FRQWURO DQG VWDELOL]LQJ V\VWHPV� 7KH PDLQ

WHFKQLFDO FKDUDFWHULVWLFV RI WKH HOHFWURQ EHDP LQVWDO�

ODWLRQ 8(���� DUH DV IROORZV�

6HW SRZHU� N9⋅$ ��������������������������������������� ���
$FFHOHUDWLQJ YROWDJH� N9 ��������������������������� ��
1XPEHU RI JXQV� SFV ��������������������������������� �

0D[LPXP GLPHQVLRQV RI ELOOHW� P�

OHQJWK ������������������������������������������������ ���

VHFWLRQ ������������������������������������������������ ����×����
0D[LPXP GLPHQVLRQV RI LQJRW� P�

OHQJWK ������������������������������������������������ ���
GLDPHWHU ��������������������������������������������� ���

UHFWDQJXODU VHFWLRQ ������������������������������� ����×����
(IILFLHQF\ RI KLJK�YDFXXP V\VWHP
SXPSLQJ� O�V ������������������������������������������ �����
2SHUDWLQJ YDFXXP� 3D�

LQ JXQV ����������������������������������������������� ����w���⋅��w�
LQ PHOWLQJ FKDPEHU ������������������������������ ����w���⋅��w�

0D[LPXP FRQVXPSWLRQ RI FRROLQJ
ZDWHU� P

�
�K ������������������������������������������� ��

'LPHQVLRQV RI LQVWDOODWLRQ� P ��������������������� ��×�×�

7KH PHOWLQJ FKDPEHU LV D FHQWUDO SDUW RI WKH LQ�

VWDOODWLRQ� LQ ZKLFK WKH SURFHVV RI PHOWLQJ LV UHDOL]HG�

,W UHSUHVHQWV D YHUWLFDOO\ DUUDQJHG F\OLQGHU RI ��� P
GLDPHWHU DQG ��� P KHLJKW� FRQILQHG E\ YDFXXP�
SDFNHG FRYHUV IURP WKH WRS DQG EHQHDWK� 7KH FKDPEHU

ZDOO WKLFNQHVV SUHYHQWV FRPSOHWHO\ WKH SHQHWUDWLRQ RI

WKH VHFRQGDU\ ;�UD\ UDGLDWLRQ RXWVLGH� FDXVHG E\ UH�

WDUGLQJ RI HOHFWURQV RQ PDWHULDO UHPHOWHG� ,QVLGH WKH

FKDPEHU WKHUH LV D WHFKQRORJLFDO HTXLSPHQW� FRQVLVW�

LQJ RI D PRXOG DQG LQWHUPHGLDWH FUXFLEOH �)LJXUH ���

7KUHH HOHFWURQ EHDP JXQV DUH DUUDQJHG RQ WKH XSSHU

FRYHU �)LJXUH ��� 7KH\ KDYH WKH IROORZLQJ WHFKQLFDO

FKDUDFWHULVWLFV�

5DWHG SRZHU� N: ����������������������������������������� ���

0D[LPXP IUHTXHQF\ RI VFDQQLQJ� +] ��������������� ����

0D[LPXP FXUUHQW� $ ������������������������������������� ��

$QJOH RI GHYLDWLRQ RI EHDP RI HOHFWURQV
IURP JXQ D[LV� GHJ ���������������������������������������� �w��

7R UHPRYH WKH XSSHU FRYHU ZLWK DUUDQJHG HOHFWURQ

EHDP JXQV EH\RQG WKH PHOWLQJ FKDPEHU� D UDLO V\VWHP
LV XVHG� 2ZLQJ WR WKLV V\VWHP LW LV SRVVLEOH WRZLWKGUDZ

WKH UHDG\ LQJRW ZLWK WKH KHOS RI D VKRS FUDQH� DQG

� 1�3� 75,*8%� *�9� =+8.� 3�$� 3$3� $�1� .$/,1<8.� 6�9� .+20876.< DQG <X�7� ,6+&+8.� ����

)LJXUH �� $SSHDUDQFH RI HOHFWURQ EHDP LQVWDOODWLRQ 8(����
)LJXUH �� 7HFKQRORJLFDO HTXLSPHQW IRU VLPXOWDQHRXV PHOWLQJ RI
VHYHUDO LQJRWV
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DOVR WR FOHDQ WKH LQQHU VXUIDFHV RI WKH FRYHU DQG JXQV

IURP VXEOLPDWHV SUHFLSLWDWHG GXULQJ PHOWLQJ� 7KH LQ�

JRW FKDPEHU LV FRQQHFWHG WR D WHFKQRORJLFDO KROH LQ

D ORZHU FRYHU� :DWHU LV VXSSOLHG WR D PRXOG DQG LQ�

WHUPHGLDWH FUXFLEOH ZLWK D V\VWHP RI IOH[LEOH KRVHV

WKURXJK SLSH FRQQHFWLRQV� DYDLODEOH DW WKH ORZHU

FRYHU� ZKLFK DUH GHVLJQHG IRU FRROLQJ� $W WKH ODWHUDO

FKDPEHU ZDOO DUH ORFDWHG� DQ REVHUYDWLRQ V\VWHP �RI

D VWURERVFRSLF W\SH� RI WKH RSHUDWRU� FRQQHFWRUV IRU

LQSXW RI WKHUPRFRXSOHV DQG WXEHV�PDQRPHWHUV� 2Q

WKH OHIW IURP WKH RSHUDWRUsV SODFH WKHUH LV D EUDQFK

SLSH '8 ��� LQ WKH FKDPEHU ZDOO WKURXJK ZKLFK D

PHOWLQJ FKDPEHU LV FRQQHFWHG WR D SXPSLQJ V\VWHP

ZLWK WKH KHOS RI D YDFXXP JDWH� 2Q WKH ULJKW IURP

WKH RSHUDWRUsV SODFH WKHUH LV D YDFXXP�WLJKW WHFKQR�

ORJLFDO GRRU RI ��� × ��� P DW WKH ODWHUDO ZDOO� RQ

ZKLFK DQ REVHUYDWLRQ V\VWHP XVHG E\ D WHFKQRORJLVW

IRU REVHUYDWLRQ RI WKH PHOWLQJ SURFHVV LV DUUDQJHG�

2SSRVLWH WKH RSHUDWRUsV SODFH D PHOWLQJ FKDPEHU LV

FRQQHFWHG WR D ORDGLQJ FKDPEHU�

7KH ORDGLQJ FKDPEHU LV D KROORZ SDUDOOHOHSLSLG

DQG FRQVLVWV RI WZR SDUWV FRQQHFWHG EHWZHHQ HDFK

RWKHU E\ D YDFXXP VHDO� ,WV WRWDO OHQJWK LV ��� P� 7R

ORDG WKH FKDUJH� WKH DERYH�PHQWLRQHG SDUWV RI WKH

FKDPEHU DUH PRYHG DSDUW DIWHU UHOHDVLQJ FODPSV OR�

FDWHG DURXQG WKH VHDO SHULPHWHU� WKHQ WKH UHDU SDUW RI

WKH ORDGLQJ FKDPEHU LV VHSDUDWHG DQG PRYHG DVLGH

ZLWK WKH KHOS RI DQ HOHFWULF GULYH� ,Q WKH ORDGLQJ

FKDPEHU D PHFKDQLVP RI FKDUJH IHHGLQJ LV DUUDQJHG�

ZKLFK LV UHPRYHG WRJHWKHU ZLWK D VHSDUDWHG SDUW RI

WKH FKDPEHU� 7KH PHFKDQLVP RI FKDUJH IHHGLQJ UHS�

UHVHQWV D QXPEHU RI SDUDOOHO JXLGHV DORQJ ZKLFK D

SXVKHU LV PRYHG ZLWK WKH KHOS RI D FKDLQ JHDU� 2ZLQJ

WR WKH IHHGLQJ PHFKDQLVP LW LV SRVVLEOH WR IHHG D ZKROH

ELOOHW� FRQVXPDEOH ER[ ZLWK FKDUJH PDWHULDOV� OXPS\

FKDUJH DQG EXON\ PDWHULDOV� IRU H[DPSOH VSRQJ\ WLWD�

QLXP� ,Q WKH ILUVW WZR FDVHV D UROOHU FRQYH\RU LV

PRXQWHG DORQJ ZKLFK D SXVKHU IHHGV WKH ELOOHW WR WKH

PHOWLQJ ]RQH� :KHQ WKH EXON\ FKDUJH LV XVHG� D QRQ�

FRQVXPDEOH ER[ LV PRXQWHG� ZKRVH ZLGWK GRHV QRW

H[FHHG WKH ZLGWK RI D UHDU ZDOO RI DQ LQWHUPHGLDWH

FUXFLEOH� DQG D SXVKHU IHHGV XQLIRUPO\ WKH FKDUJH

PDWHULDOV WR WKH LQWHUPHGLDWH FUXFLEOH� 2ZLQJ WR ORDG�

LQJ FKDPEHU PRYLQJ DSDUW LW LV SRVVLEOH WR ORDG WKH

FKDUJH YHU\ IDVW XVLQJ D VKRS FUDQH RI �� W FDSDFLW\�

7KH LQJRW FKDPEHU UHSUHVHQWV D ZDWHU�FRROHG F\�

OLQGHU RI ��� P GLDPHWHU ZKLFK LV IL[HG WR D ORZHU

FRYHU RI WKH PHOWLQJ FKDPEHU WKURXJK D IODQJH� $ URG�

DW WKH XSSHU SDUW RI ZKLFK D ZDWHU�FRROHG ERWWRP

SODWH LV DUUDQJHG� LV LQWURGXFHG WR WKH LQJRW FKDPEHU

WKURXJK D YDFXXP VHDO IURP EHQHDWK� 7KH ERWWRP

SODWH LV IL[HG LQ WKH LQJRW FKDPEHU ZLWK WKH KHOS RI

WZR WUDYHUVHV FRQQHFWHG E\ VFUHZ WLH URGV� $ GULYH LV

ORFDWHG RXWVLGH WKH LQJRW FKDPEHU ZKLFK PRYHV WKH

URG LQ YHUWLFDO GLUHFWLRQ ZLWK WKH KHOS RI VFUHZ WLH

URGV WR ZLWKGUDZ LQJRW LQ WKH PHOWLQJ SURFHVV� 7KH

GULYH FRQVLVWV RI DQ HOHFWULF PRWRU DQG UHGXFHU� %HIRUH

WKH PHOWLQJ EHJLQQLQJ WKH �SULPHUV�� PDGH IURP WKH

PDWHULDO RI WKH LQJRW PHOWHG� DUH IDVWHQHG RQ WKH ERW�

WRP SODWH� ,Q WKH ORZHU SDUW RI WKH LQJRW FKDPEHU D

WHFKQRORJLFDO KDWFK LV ORFDWHG ZKLFK SURYLGHV DFFHVV

WR LQWHUQDO SDUWV RI WKH ZLWKGUDZDO PHFKDQLVP�

7KURXJK WKLV KDWFK WKH SODFLQJ RI �SULPHUV� EHIRUH

PHOWLQJ� UHOHDVH RI WKH UHDG\ LQJRW DIWHU PHOWLQJ DQG

LWV ZLWKGUDZDO IURP WKH LQVWDOODWLRQ DUH PDGH�

7HFKQRORJLFDO HTXLSPHQW LQ ZKLFK WKH SURFHVV RI

HOHFWURQ EHDP UHPHOWLQJ LV UHDOL]HG FRQVLVWV RI DQ LQ�

WHUPHGLDWH FUXFLEOH DQG D PRXOG� ,Q ZDOOV RI WKH LQ�

WHUPHGLDWH FUXFLEOH �FROG KHDUWK� WKHUH LV DQ RSHQLQJ

IRU WKH PROWHQ PHWDO SRXULQJ �SRXULQJ OLS�� 7KH FKDUJH

ZKLFK LV IHG IURP WKH ORDGLQJ FKDPEHU LV PHOWHG LQ

WKLV FUXFLEOH� 7KH LQWHUPHGLDWH FUXFLEOH VHUYHV IRU DYH�

UDJLQJ WKH FKHPLFDO FRPSRVLWLRQ� PHOW UHILQLQJ IURP

LPSXULWLHV �LQFOXGLQJ JDV LPSXULWLHV� DQG LQFOXVLRQV

>�@� 'XULQJ PHOWLQJ D VNXOO LV IRUPHG LQ WKH FUXFLEOH�

SUHYHQWLQJ LWV ZDOOV DQG ERWWRP IURP LQWHUDFWLRQ ZLWK

WKH PROWHQ PHWDO� 7KH PHWDO IURP WKH LQWHUPHGLDWH

FUXFLEOH LV SRXUHG LQWR D PRXOG� UHSUHVHQWLQJ D KROORZ

FORVHG FRQWRXU �RSHQLQJ�� ,WV LQQHU SDUW� ZKLFK FRQ�

WDFWV WKH LQJRW PHWDO� LV PDGH IURP WKH ZDWHU�FRROHG

FRSSHU� 7KH LQWHUPHGLDWH FUXFLEOH DQG PRXOG DUH DQ

LQWHJUDO XQLW PRXQWHG RQ D VWHHO IUDPH IL[HG LQ WKH

PHOWLQJ FKDPEHU� 7KH GHVLJQ VFKHPH RI HTXLSPHQW

IDVWHQLQJ LQVLGH WKH FKDPEHU HQDEOHV RSHUDWRU WR

FKDQJH TXLFNO\ LWV XQLWV ZKHQ WKH VL]HV RI LQJRWV DUH

FKDQJHG� 7R UHGXFH WKH FRQVXPSWLRQ RI WLPH DQG PD�

WHULDOV D UDGLFDOO\ QHZ VFKHPH RI WKH WHFKQRORJLFDO

HTXLSPHQW LV XVHG �VHH )LJXUH ��� :KHQ FKDQJLQJ WKH

)LJXUH �� (OHFWURQ EHDP JXQ �3DWRQ�����
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SRXULQJ OLS WKH ORVVHV ZHUH GHFUHDVHG DW RSHQLQJ LQ

LQWHUPHGLDWH FUXFLEOH ZDOO� EHFDXVH WKH PD[LPXP

RYHUKHDWLQJ RI WKH PHOW DQG LWV HYDSRUDWLRQ LV RFFXUUHG

DW WKH SRXULQJ OLS� 2ZLQJ WR WKH RSHQLQJV LQ WKHPRXOG

WKH HIILFLHQF\ RI WKH PHOWLQJ SURFHVV LQ FDVH RI VPDOO�

GLDPHWHU LQJRWV LV LQFUHDVHG�

*XQV �3DWRQ����� �)LJXUH �� UHSUHVHQW HOHFWURQ

EHDP KHDWHUV RI DQ D[LDO W\SH >�@� (DFK JXQ FRQVLVWV

RI D FDWKRGH XQLW ZLWK D WXQJVWHQ HOHFWURGH PRXQWHG

RQ D KLJK�YROWDJH LVRODWRU� DQRGH ZDWHU�FRROHG XQLW�

PDJQHWLF OHQV� GHIOHFWLQJ V\VWHP DQG EHDP JXLGH� ,W

LV DOVR HTXLSSHG ZLWK DQ LQGLYLGXDO V\VWHP RI SXPS�

LQJ� 7KH JXQV DUH VXSSOLHG IURP KLJK�YROWDJH VRXUFH

RI �� N9 FRQVWDQW YROWDJH� FRQVLVWLQJ RI D FRPPXWD�

WLRQ VWDUWLQJ�SURWHFWLRQ HTXLSPHQW� D WK\ULVWRU

VZLWFK� FKRNH� WUDQVIRUPHU� UHFWLILHU DQG VRXUFHV RI

JXQ FDWKRGH ILODPHQW� &RQWURO V\VWHP SURYLGHV WKH

VWDELOL]DWLRQ RI WKH HOHFWURQ EHDP FXUUHQW E\ LQWUR�

GXFLQJ IHHGEDFN LQWR WKH FLUFXLW RI DXWRPDWLF DGMXVW�

PHQW RI WKH FDWKRGH ILODPHQW FXUUHQW� 7KH HOHPHQWDU\

GLDJUDP RI JXQ ILODPHQW FRQWURO �)LJXUH �� FRQVLVWV

RI WKH IROORZLQJ IXQFWLRQDO XQLWV� UHVLVWRU KLJK�YROWDJH

GLYLGHUV RI YROWDJH 5�� 5�� KLJK�YROWDJH VHQVRU +96�

ILODPHQW FXUUHQW UHVLVWRU�SUHVHW GHYLFH 5�� DXWRPDWLF

FRQWUROOHU RI ILODPHQW FXUUHQW $&)&� PHDVXULQJ FRQ�

YHUWHU RI HOHFWURQ EHDP FXUUHQW LQWR FRQVWDQW YROWDJH�

JDOYDQLFDOO\ GHFRXSOHG IURP KLJK�YROWDJH FLUFXLWV�

VRXUFH RI JXQ ILODPHQW �EORFN RI HOHFWURQ ERPEDUG�

PHQW DQG ILODPHQW WUDQVIRUPHU��

9DFXXP V\VWHP RI LQVWDOODWLRQ 8(���� �)LJXUH ��

LQFOXGHV YDFXXP OLQHV� JDWHV DQG SXPSV� VXFK DV PH�

FKDQLFDO� VWHDP�MHW DQG GLIIXVLRQ� /LQHV FRQVLVW RI VWHHO

SLSHV� FRQQHFWLQJ SLSHV EHWZHHQ HDFK RWKHU DQG DOVR

WR WKH PHOWLQJ FKDPEHU DQG JXQV� /LQHV SURYLGH QH�

FHVVDU\ SDVVLQJ FURVV�VHFWLRQV IRU PD[LPXP SURGXF�

WLYLW\ RI SXPSV� (YDFXDWLRQ RI LQQHU FDYLWLHV RI LQ�

VWDOODWLRQ FKDPEHUV IURP WKH OHYHO RI DWPRVSKHULF

SUHVVXUH LV UHDOL]HG E\ D PHFKDQLFDO SXPS 591���

'XH WR LWV SURGXFWLYLW\ WKH UHVLGXDO SUHVVXUH �⋅��� 3D
LV DWWDLQHG LQ WKH PHOWLQJ FKDPEHU GXULQJ �� PLQ� 7R

KDYH D IXUWKHU HYDFXDWLRQ RI WKH LQVWDOODWLRQ DQG WR

UHPRYH JDVHV DQG YDSRXUV RI PHWDO GXULQJ PHOWLQJ D

PDLQ OLQH LV XVHG FRQVLVWLQJ RIPHFKDQLFDO SXPSV19=�

��� �� SFV�� �'91 ���� �� SFV�� DQG DOVR VWHDP�MHW

�19%0 ��� �� SF� DQG GLIIXVLRQ 1���� �� SFV�

SXPSV�

7KH YDFXXP V\VWHP RI WKH LQVWDOODWLRQ 8(����

PDNHV LW SRVVLEOH WR FUHDWH SUHVVXUH �⋅��w� 3D LQ WKH

YROXPH RI PHOWLQJ FKDPEHU DQG �⋅��w� 3D LQ WKH JXQV

WKDW SURYLGHV D FRQWLQXRXV RSHUDWLRQ RI JXQV DQG SUH�

VHUYHV WKH UHTXLUHG OHYHO RI UHILQLQJ PHWDO EHLQJ UH�

PHOWHG GXULQJ WKH HQWLUH WHFKQRORJLFDO SURFHVV�

7KXV� WKH HOHFWURQ EHDP LQVWDOODWLRQ 8(���� LV WKH

KLJK�HIILFLHQW XQLW RI WKH LQGXVWULDO W\SH IRU PHOWLQJ

PHWDOV DQG DOOR\V XVLQJ DQ LQWHUPHGLDWH FUXFLEOH� %RWK

WKH VROLG FRQVXPDEOH ELOOHWV� DQG DOVR OXPS\ ZDVWH

RU EXON\ PDWHULDOV FDQ EH XVHG DV FKDUJH PDWHULDOV�

2ZLQJ WR D TXLFN FKDQJH RI WKH WHFKQRORJLFDO HTXLS�

PHQW LW LV SRVVLEOH WR PHOW LQJRWV RI URXQG DQG UHF�

WDQJXODU VHFWLRQV LQ WKLV LQVWDOODWLRQ IURP DOOR\V RQ

WKH EDVH RI LURQ� QLFNHO� WLWDQLXP DQG UHIUDFWRU\ PH�

WDOV�

�� 3DWRQ� %�(�� 7ULJXE� 1�3�� .R]OLWLQ� '�$� HW DO� ������
(OHFWURQ EHDP PHOWLQJ� .\LY� 1DXNRYD 'XPND�

�� 7LNKRQRYVN\� $�/�� 7ULJXE� 1�3�� .DOLQ\XN� $�1� HW DO�
������ 5HF\FOLQJ RI WLWDQLXP SURGXFWLRQ ZDVWHV E\ PHOWLQJ
ZLWK LQWHUPHGLDWH FUXFLEOH� 3UREOHP\ 6SHWV� (OHNWURPHWDO�
OXUJLL� �� ��w���

�� .DOLQ\XN� $�1�� .R]ORYHWV� 2�1�� 7V\EDQ� ,�9� HW DO� ������
6WUXFWXUH DQG SURSHUWLHV RI 97�V WLWDQLXP DOOR\ RI HOHFWURQ
EHDP PHOWLQJ� ,ELG�� �� ��w���

)LJXUH �� 6FKHPH RI YDFXXP V\VWHP RI LQVWDOODWLRQ 8(����

)LJXUH �� 6FKHPDWLF GLDJUDP RI JXQ ILODPHQW FRQWURO
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&RPSDQ\ �),.2�� .\LY� 8NUDLQH

7LPH RI FRROLQJ WLWDQLXP LQJRWV DIWHU (%0 ZDV � WLPHV UHGXFHG� (IIHFW ZDV DWWDLQHG E\ LQFUHDVLQJ UDGLDWLRQ FDSDELOLW\

RI VXUIDFH RI LQJRWV LQ R[LGL]LQJ E\ WKH DLU IORZ� 7KH IHDVLELOLW\ RI FKLSV UHPHOWLQJ LV GHVFULEHG� ,QFUHDVH LQ SURGXFWLRQ

FDSDFLW\ RI WKH PHOWLQJ VKRS ED\ LV �� ��

.H\ZRU G V � WLWDQLXP� LQJRW� FRROLQJ� HOHFWURQ EHDP PHOWLQJ

&RROLQJ RI WLWDQLXP LQJRWV LQ YDFXXP DIWHU HOHFWURQ
EHDP PHOWLQJ �(%0� WR WKH ��� �& VXUIDFH WHPSHUD�
WXUH� VDIH IRU LQJRW ZLWKGUDZDO IURP WKH PHOWLQJ XQLW�
LV ODVWHG DERXW � K DQG UHSUHVHQWV DQ LPSRUWDQW SDUW
RI WKH HQWLUH F\FOH RI WKHLU SURGXFWLRQ� ,W LV SRVVLEOH

WR UHGXFH WKH WLPH RI FRROLQJ LQJRWV E\ DQ DGGLWLRQDO
KHDW UHPRYDO� 7KH VHOHFWLRQ RI PHWKRG LV GHILQHG ERWK

E\ LWV HIIHFWLYHQHVV DQG DOVR E\ WKH IHDVLELOLW\ WR FRP�

ELQH WKH XVHG WHFKQRORJ\ RI ZLWKGUDZDO DQG VXE�

VHTXHQW SURFHVVLQJ RI LQJRWV� 7KH SUHVHQW ZRUN LOOXV�

WUDWHV DQ H[DPSOH RI UHDOL]DWLRQ RI VXFK DSSURDFK
ZKLFK ZDV DSSOLHG DW WKH HOHFWURQ EHDP PHWDOOXUJ\

SODQW &RPSDQ\ �),.2��

(IIHFWLYHQHVV RI GLIIHUHQW PHWKRGV RI KHDW UHPRYDO

ZDV GHILQHG ZLWK WLPH VSHQW IRU FRROLQJ ��� PP GL�

DPHWHU LQJRWV DQG FDOFXODWHG XVLQJ SURFHGXUH RI ZRUN

>�@ IRU D FRQVWDQW WHPSHUDWXUH RI WKH DPELHQW PHGLXP�
,W ZDV HVWDEOLVKHG WKDW WKH WLPH RI FRROLQJ LQ WKH
PHWKRGV FRQVLGHUHG LV FRUUHODWHG DV IROORZV� FRROLQJ

LQ YDFXXP x �� DUJRQ x ����� KHOLXP x ����� DLU

DW LQJRW DUUDQJHPHQW LQ LWV FKDPEHU ZLWKRXW IDQ EORZ�

LQJ x ����� ZLWK IDQ EORZLQJ x ����� LQ DLU DW LQJRW
DUUDQJHPHQW LQ D ZLGHU FKDPEHU RI PHOWLQJ� ZLWKRXW

EORZLQJ x ����� ZLWK EORZLQJ x ����� 7KH LQJRW
ZLWKGUDZDO IURP WKH PHOWLQJ XQLW MXVW DIWHU FRPSOH�

WLRQ RI PHOWLQJ� DQG DOVR WKH SURFHVV RI FRROLQJ ZLWK
D VXEVHTXHQW IXVLRQ RI VXUIDFH� GXH WR GHVLJQ IHDWXUHV

RI WKH PHOWLQJ XQLW� QRW DOORZLQJ WKH FRQGXFWDQFH RI

WKHVH RSHUDWLRQV� ZHUH QRW FRQVLGHUHG�
&RROLQJ RI WKH LQJRW VWDUWHG MXVW DIWHU FRPSOHWLRQ

RI WKH RSHUDWLRQ RI WKH VKULQNDJH FDYLW\ IDGH RXW DQG

FRQVLVWHG RI WKH IROORZLQJ VWDJHV� DLU OHDN�LQ WR WKH

ZRUNLQJ VSDFH RI WKH PHOWLQJ XQLW� RSHQLQJ RI FKDP�

EHU� LQJRW OLIWLQJ WR WKH PHOWLQJ FKDPEHU� XQLIRUP
EORZLQJ RI LWV VXUIDFH ZLWK WKH IDQ� 'LDJUDP RI FRROLQJ
LQJRW LQ WKH PHOWLQJ FKDPEHU LV VKRZQ LQ )LJXUH ��

&RQWDFW RI D KRW VXUIDFH RI WKH LQJRW ZLWK DLU OHG WR
WKH IRUPDWLRQ RI D VFDOH OD\HU� LQFUHDVLQJ WKH GHJUHH RI
WLWDQLXP EODFNQHVV IURP ��� >�@ WR ��� >�@ DQG� UHVSHF�
WLYHO\� KHDW UHPRYDO E\ UDGLDWLRQ E\ � WLPHV� 7KH FDO�
FXODWLRQ VKRZV WKDW DV WKH ORVVHV IRU UDGLDWLRQ DUH WKH

PDLQPHFKDQLVP RI FRROLQJ LQJRW LQ WKH FRQGLWLRQV EHLQJ

FRQVLGHUHG� WKHQ WKH WLPHRI WKLVSURFHVVZDVDOVR UHGXFHG

� WLPHV DV FRPSDUHG ZLWK D YDFXXP FRROLQJ�
)LJXUH � VKRZV FXUYHV RI UHGXFWLRQ LQ VXUIDFH WHP�

SHUDWXUH RI LQJRWV GXULQJ WKH SURFHVV RI YDFXXP FRRO�

LQJ DQG LQ DLU EORZLQJ LQ WKH PHOWLQJ FKDPEHU� 7HP�

SHUDWXUH ZDV PHDVXUHG E\ GLIIHUHQWLDO WKHUPRFRXSOHV

LQ WKH VXUIDFH UHJLRQ� FRUUHVSRQGLQJ WR WKH ORZHU HGJH
RI WKH PRXOG� ,W LV VHHP IURP WKH )LJXUH WKDW GXULQJ

� $�0� .$68029� 1�)� 1$.21(&+1<� 9�1� )<2'2529 DQG 9�$� 6+&+<2.,1�.52729� ����

)LJXUH �� 6FKHPH RI FRROLQJ LQJRW LQ DLU EORZLQJ� � x LQJRW� � x
PHOWLQJ FKDPEHU� � x LQJRW FKDPEHU� � x DLU IORZ� � x URG ZLWK
D ERWWRP SODWH

)LJXUH �� &KDQJH LQ WHPSHUDWXUH RI LQJRW VXUIDFH GHSHQGLQJ RQ
FRROLQJ WLPH� � x LQ YDFXXP� � x LQ PHOWLQJ FKDPEHU ZLWK DLU
EORZLQJ
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WKH LQLWLDO SHULRG RI DLU FRROLQJ� ZKHQ WKH VFDOH OD\HU
LV IRUPHG� WKH KLJKHVW UHGXFWLRQ LQ LQJRW VXUIDFH WHP�
SHUDWXUH LV RFFXUUHG� 7KH LQJRW DUUDQJHPHQW LQ D ZLGH
PHOWLQJ FKDPEHU SURPRWHV WKH DGGLWLRQDO IDVW FRROLQJ�
ZKHUH WKH UHFHLYLQJ RI LWV UDGLDWLRQ LV LQFUHDVHG GXH
WR D ODUJHU DUHD RI WKH ZDWHU�FRROHG ZDOOV�

1XPHULFDO HVWLPDWLRQ RI WKH UROH RI D FRQYHFWLRQ
PHFKDQLVP RI FRROLQJ DW XVHG FRQGLWLRQV RI IDQ FRROLQJ
VKRZV WKDW WK KHDW GLVVLSDWLRQ E\ FRQYHFWLRQ LV DS�
SUR[LPDWHO\ �� WLPHV LQIHULRU WR WKH KHDW UHPRYDO E\
UDGLDWLRQ� 1HYHUWKHOHVV� WKH EORZLQJ RI WKH LQJRW ZDV
QRW H[FOXGHG IURP WKH WHFKQRORJ\ RI WKH SURFHVV DV LW
FRQWULEXWHG WR D IDVW UHPRYDO RI D KRW DLU IURP WKH
PHOWLQJ FKDPEHU RI WKH XQLW� WKXV SUHYHQWLQJ WKH UXE�
EHU JDVNHWV IURP GDPDJH�

,W LV FOHDU IURP WKH DERYH�GHVFULEHG WKDW WKH FRQWURO
RI WKH UDGLDWLRQ FDSDFLW\ RI WKH LQJRW VXUIDFH PDNHV
LW SRVVLEOH WR FKDQJH WKH WLPH RI LWV FRROLQJ ZLWKLQ
WKH ZLGH UDQJH�

7KH DFFHOHUDWLQJ FRROLQJ RI WKH WLWDQLXP LQJRWV
LQIOXHQFHV IDYRUDEO\ RQ WKHLU PDFURVWUXFWXUH OHDGLQJ
WR VRPH GHFUHDVH LQ VL]H RI FU\VWDOV� )LJXUH � VKRZV
WKH FKDQJH LQ DUHD RI FU\VWDOV LQ D UDGLXV RI WHPSOHWV
FXW RXW IURP LQJRWV FRROHG GXULQJ � K LQ YDFXXP DQG
� K LQ DLU EORZLQJ� 7HPSOHWV ZHUH FXW RXW DW WKH
GLVWDQFH RI ��� PP IURP WKH XSSHU HGJH RI WKH LQJRW�
L�H� EH\RQG WKH UHJLRQ RI DFWLRQ RI VKULQNDJH HIIHFWV�
DQG HWFKHG DFFRUGLQJ WR SURFHGXUH RI ZRUN >�@� ,W ZDV
FDOFXODWHG RQ WKH EDVLV RI WKH )LJXUH WKDW WKH PHDQ
DUHD RI FU\VWDOV LQ WKH ILUVW FDVH LV ��� PP�

� FU\VWDO
VL]H LV �� PP� ZKLOH LQ WKH VHFRQG FDVH LW LV ��� PP

�

DQG ���� PP� UHVSHFWLYHO\� L�H� WKH REVHUYHG GHFUHDVH
RI FU\VWDOV LV �� � DW D UDSLG FRROLQJ�

7KH UDSLG FRROLQJ RI LQJRWV GRZQ WR ORZ WHPSHUD�
WXUHV LV ZHOO FRPELQHG ZLWK WUDGLWLRQDO WHFKQRORJ\ RI
HQWHUSULVH IRU WKHLU ZLWKGUDZDO IURP WKH PHOWLQJ XQLW
E\ WKH XSSHU HGJH ZLWK WKH KHOS RI D KRLVWLQJ GHYLFH�
6WUHVVHV� LQLWLDWLQJ LQ WKH SODFHV RI JULSSLQJ� DUH
��� NJI�PP�

� L�H� PXFK ORZHU WKDQ WKHLU OLPLWLQJ
YDOXHV IRU WLWDQLXP DW WKH WHPSHUDWXUH ��� �& �σ���  
 ��w�� NJI�PP

�
� >�@ DQG FDQQRW OHDG WR WKH GHIRU�

PDWLRQ DQG VOLSSLQJ RI WKH LQJRW� ,Q DGGLWLRQ� WKH ORZ
WHPSHUDWXUH DOORZV SHUVRQQHO WR ZRUN ZLWK D KRLVWLQJ
GHYLFH GLUHFWO\ QHDU WKH LQJRW�

2Q WKH RWKHU KDQG� WKH DLU FRROLQJ LV FRPELQHG
ZLWK D ODWKHPDFKLQLQJ RI LQJRWV XVHG DW WKH HQWHUSULVH�
7KH VFDOH OD\HU IRUPLQJ DW WKH VXUIDFH LQ FRQWDFW ZLWK
DLU KDV D VPDOO WKLFNQHVV� XS WR �� µP� WKHUHIRUH�
ZKHQ UHPRYLQJ LW E\ PDFKLQLQJ WKH ORVVHV LQ LQJRW
PDVV DUH DOVR VPDOO DQG GR QRW H[FHHG � ��

7KH UHPRYHG OD\HU RI WKH WRS FKLSV LV JUHDWO\ FRQ�
WDPLQDWHG ZLWK JDVHV� IRU H[DPSOH� WKH QLWURJHQ FRQWHQW
UHDFKHV ����w���� � LQ LW DW DOORZDEOH OHYHO ���� � IRU
97���� 7KHUHIRUH� WKH FKLSV DUH QRW VXLWDEOH IRU WKH
UHSHDWHG UHPHOWLQJ� +RZHYHU� WKH FKLSV WDNHQ IURP
GHHSHU OD\HUV WR UHPRYH VXUIDFH GHIHFWV� GR QRW FRQWDLQ
WKH H[FHVV RI JDV LPSXULWLHV DQG DOORZHG WR EH UHPHOWHG�

7R SUHYHQW WKH FRQWDPLQDWLRQ RI FKLSV LQ PDFKLQ�
LQJ WKH FRQGLWLRQV RI FXWWHU UXQQLQJ ZDV VHOHFWHG FDUH�
IXOO\ WR UHPRYH RYHUKHDWLQJ DQG PHWDO R[LGL]LQJ
FDXVHG E\ LW� WKH PDFKLQH RLO ZDV QRW DOORZHG WKDW
FRXOG OHDG WR FDUEXUL]LQJ� WKH GU\LQJ DV�SUHVVHG FKLSV
ZDV SHUIRUPHG GXULQJ � K LQ EORZLQJ ZLWK KRW DLU
��� �&� WR UHPRYH WKH ZDWHU UHPQDQWV� FRROLQJ WKH
FXWWHU� ZKLFK FDQ LQFUHDVH WKH R[\JHQ DQG K\GURJHQ
FRQWHQW LQ WLWDQLXP� 0DVV RI FKLSV WDNHQ IURP GHHS
OD\HUV ZDV XS WR � � RI WKH LQJRW PDVV�

7KH 7DEOH JLYHV WKH FRQWHQW RI WKH PHQWLRQHG LP�
SXULWLHV LQ PHWDO RI LQJRWV PHOWHG XVLQJ WKH FKLSV RI
GHHS OD\HUV� $V LV VHHQ IURP WKH 7DEOH� HYHQ DGGLQJ
WKH ODUJH DPRXQW RI FKLSV WR WKH LQJRWV� XS WR �� �
RI LQJRW PDVV� WKH FRQWHQW RI DGPL[WXUHV LQ PHWDO GRHV
H[FHHG WKH UDWHG YDOXH�

7KH SRVLWLYH HIIHFW UHDFKHG GXH WR VKRUWHQLQJ WKH
WLPH RI FRROLQJ LQJRWV IURP � WR � K LV H[SUHVVHG LQ
LQFUHDVH LQ HIILFLHQF\ RI WKH PHOWLQJ VKRS ED\ E\
���� �� +HUH� WKH ORVVHV FDXVHG E\ UHPRYLQJ WKH WRS
OD\HU RI R[LGL]HG FKLSV� DUH FRPSDUDEOH ZLWK D JDLQ
REWDLQHG IURP UHGXFWLRQ LQ H[SHQVHV IRU VHUYLFH RI WKH
PHOWLQJ XQLW DQG PXWXDOO\ FRPSHQVDWHG�

�� 7DMWV� 1�<X� ������ 7HFKQRORJ\ RI VWHHO KHDWLQJ� 0RVFRZ�
*17, RQ )HUURXV DQG 1RQ�)HUURXV 0HWDOOXUJ\�

�� .R]HONLQ� 9�� 8VROWVHY� )� ������ 3ULQFLSOHV RI LQIUDUHG
WHFKQLTXH� 0RVFRZ� 0DVKLQRVWURHQLH�

�� 6DPVRQRY� *�9� ������ 3K\VLFDO�FKHPLFDO SURSHUWLHV RI R[L�
GHV� 0RVFRZ� 0HWDOOXUJL\D�

�� %RULVRY� (�$� ������ 7LWDQLXP DOOR\V� 0HWDOORJUDSK\ RI WL�
WDQLXP DOOR\V� 0RVFRZ� 0HWDOOXUJL\D�

�� (U\RPHQNR� 9�1� ������ 7LWDQLXP DQG LWV DOOR\V� .\LY�
$1 8NU� 665�

)LJXUH �� 'LVWULEXWLRQ RI DUHD RI FU\VWDOV LQ UDGLXV RI WHPSOHWV IURP
LQJRWV� FRROHG LQ YDFXXP IRU � K �D� DQG LQ DLU EORZLQJ IRU � K �E�

&RQWHQW RI LPSXULWLHV LQ DLU�FRROHG LQJRWV PHOWHG XVLQJ FKLSV

1R�

RI LQJRW

,QJRW

PDWHULDO

0DVV

RI FKLSV� �

&RQWHQW RI LPSXULWLHV� �
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1R W H V � �� 2YHU WKH OLQH WKH FRQWHQW LQ LQJRW KHDG SDUW LV JLYHQ�

XQGHU WKH OLQH x LQ LQJRW ERWWRP SDUW� �� 7KH FRQWHQW RI K\GURJHQ

LQ ERWK SDUWV RI LQJRW ZDV OHVV WKDQ ����� ��
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(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

([SHULPHQWDO GDWD RQ VWXG\ RI DUJRQ DUF VSHFWUXP DUH SUHVHQWHG� 7KH REWDLQHG H[SHULPHQWDO GDWD DUH QHFHVVDU\ WR FUHDWH

WKH V\VWHPV RI WHFKQLFDO YLVLRQ RSHUDWLQJ LQ WKH FRQGLWLRQV RI DUJRQ DUFV�

.H\ZRU G V � DXWRPDWLRQ RI SURFHVVHV� SODVPD�DUF PHOWLQJ�

DUJRQ DUF ZHOGLQJ� VSHFWUXP RI DUJRQ DUF� V\VWHP RI WHFKQLFDO

YLVLRQ� &&' RI PDWUL[

$XWRPDWLRQ RI WHFKQRORJLFDO SURFHVVHV RI SODVPD�DUF

PHOWLQJ DQG ZHOGLQJ HQYLVDJHV WKH SUHVHQFH RI D WHFK�

QLFDO YLVLRQ V\VWHP �796� DOORZLQJ XV WR REWDLQ D

YLVXDO LQIRUPDWLRQ DERXW WKH SDUDPHWHUV RI WHFKQR�

ORJLFDO SURFHVVHV �VL]HV DQG VKDSH RI PHWDO SRRO� GLV�
WDQFH IURP SRRO WR SODVPDWURQ QR]]OH H[LW VHFWLRQ�

OHYHO RI PHWDO UHODWLYH WR PRXOG HGJH� VSDWLDO SRVLWLRQ
RI EXWW� SDUDPHWHUV RI HGJH SUHSDUDWLRQ� HWF�� LQ D

UHDO WLPH� ,Q QRQ�DXWRPDWHG V\VWHPV WKHVH IXQFWLRQV

DUH IXOILOOHG E\ WKH RSHUDWRU RU ZHOGHU�

7KH DLP RI WKLV ZRUN LV WR VWXG\ WKH VSHFWUD RI
DUJRQ DUFV WR GHFUHDVH WKH HIIHFW DUF UDGLDWLRQ WR 796

XVHG LQ WHFKQRORJLFDO SURFHVVHV RI SODVPD�DUF PHOWLQJ

DQG ZHOGLQJ LQ DUJRQ�

7KH UHODWLYH VHQVLWLYLW\ RI UHFHSWRUV RI KXPDQ YL�
VLRQ GHSHQGLQJ RQ WKH ZDYH OHQJWK LV VKRZQ LQ )L�

JXUH � >�@� 7R SURWHFW WKH KXPDQ YLVLRQ IURP LQWHQVLYH

UDGLDWLRQ RI WKH HOHFWULF DUF WKH VHULDO�SURGXFHG RSWLFDO

ILOWHUV DUH XVHG� )LJXUH � VKRZV VSHFWUD RI DEVRUSWLRQ

RI WKH PRVW ZLGHO\ VSUHDG ILOWHUV 6�� DQG 6��� $V LW

IROORZV IURP )LJXUHV � DQG � WKH VSHFWUXP RI DEVRUS�

WLRQ RI ILOWHUV 6�� DQG 6�� FRYHUV DOPRVW FRPSOHWHO\

WKH UDQJH RI ZDYH OHQJWKV WR ZKLFK D KXPDQ H\H LV

VHQVLWLYH�

$W SUHVHQW D FKDUJH�FRXSOHG GHYLFH �&&'� RI PD�

WUL[ LV XVHG DV D OLJKW�VHQVLWLYH GHYLFH LQ PRVW 796�

7KH SULQFLSOH RI RSHUDWLRQ RI PDWUL[ &&' LV DV

IROORZV� $PDWUL[ RI OLJKW�VHQVLWLYH HOHPHQWV LV FUHDWHG
RQ WKH EDVHV RI VHPLFRQGXFWRU PDWHULDO �VLOLFRQ� JHU�

PDQLXP�� (DFK OLJKW�VHQVLWLYH HOHPHQW KDV D SURSHUW\

WR DFFXPXODWH FKDUJHV SURSRUWLRQDOO\ WR WKH DPRXQW

RI SKRWRQV IDOOLQJ RQ LW� 7KXV� WZR�GLPHQVLRQDO PDWUL[

RI FKDUJHV SURSRUWLRQDO WR WKH OXPLQRVLW\ RI LQLWLDO

LPDJH LV REWDLQHG RYHU WKH SHULRG RI H[SRVXUH RQ WKH

DFFXPXODWLRQ VHFWLRQV� 7KH DFFXPXODWHG FKDUJHV DUH

ILUVWO\ WUDQVIHUUHG WR D VWRUDJH VHFWLRQ� DQG WKHQ OLQH�
E\�OLQH WR WKH PDWUL[ RXWSXW�

,Q VSLWH RI D YLVLEOH YDULHW\ RI 79 FDPHUDV� &&'
RI PDWUL[� XVHG LQ WKHP� DUH DOPRVW VLPLODU� DV WKH

WHFKQRORJ\ RI WKHLU PDQXIDFWXUH LV VLPLODU LQ DOO WKH

PDQXIDFWXUHUV� 0DMRU SDUDPHWHUV RI &&' RI PDWULFHV

DUH WKH GLPHQVLRQ LQ SL[HOV DQG VSHFWUDO VHQVLWLYLW\�

5HVROXWLRQ RI &&' RI FDPHUDV LV GHWHUPLQHG

PDLQO\ E\ WKH GLPHQVLRQ RI &&' RI PDWUL[ LQ SL[HOV

DQG TXDOLW\ RI DQ REMHFWLYH� &&' RI PDWUL[ ZLWK WKH

UHVROXWLRQ RULHQWHG WR 79 VWDQGDUG� L�H� ���×��� DQG

���×���� UHIHU WR PRVW ZLGHO\ DSSOLHG� )RU 796� XVHG
LQ WKH DXWRPDWLF V\VWHPV RI FRQWURO RI SODVPD�DUFPHOW�

LQJ DQG ZHOGLQJ SURFHVVHV� WKH XVH RI WKH PDWUL[ RI

� (�9� 6+$329$/29� ����

)LJXUH �� 5HODWLYH VHQVLWLYLW\ RI UHFHSWRUV RI KXPDQ YLVLRQ� � x
URGV� � x FRQHV �OQ σ x ORJDULWKP RI UHODWLYH VHQVLWLYLW\� λ x
ZDYH OHQJWK�

)LJXUH �� 6SHFWUXP RI DEVRUSWLRQ RI ZHOGLQJ JODVVHV 6�� DQG 6��
�γ x DEVRUSWLRQ FRHIILFLHQW�
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���×��� IRUPDW LV PRVW VXLWDEOH� 7KLV LV VWLSXODWHG E\
WKH IROORZLQJ IDFWRUV�

• &&' RI PDWUL[ RI ���×��� IRUPDW SURGXFH PD[L�
PXP UHVROXWLRQ IRU D VWDQGDUG 79 VLJQDO�

• XQOLNH WKH PDWULFHV RI ���×��� IRUPDW WKH\ KDYH
D QHWZRUN RI DUUDQJHPHQW RI OLJKW�VHQVLWLYH HOHPHQWV
FORVH WR D VTXDUH� DQG� FRQVHTXHQWO\� VLPLODU UHVROX�
WLRQ LQ KRUL]RQWDO DQG YHUWLFDO�

:KHQ WKH &&' RI PDWUL[ ZLWK D KLJK UHVROXWLRQ
LV XVHG� DGGLWLRQDO GLIILFXOWLHV DULVH ZLWK WKH SURFHVV�
LQJ RI LPDJHV LQ D UHDO WLPH� )RU 796� RSHUDWLQJ XQGHU
WKH FRQGLWLRQV RI HOHFWULF DUF� D VSHFWUDO VHQVLWLYLW\ RI
&&' RI PDWULFHV LV WKH LPSRUWDQW IDFWRU� :RUN >�@
GHVFULEHV VSHFWUDO FKDUDFWHULVWLFV RI VRPH &&' RI PD�
WULFHV �)LJXUH ���

&&' RI PDWUL[ DUH PDQXIDFWXUHG PDLQO\ RQ WKH
VLOLFRQ EDVH� 7KHUHIRUH� LQ VSLWH RI YDULHW\ RI FKDUDF�

WHULVWLFV WKH\ DUH FKDUDFWHUL]HG DOVR E\ WKH PD[LPXP
VHQVLWLYLW\ LQ UHG DQG QHDU LQIUDUHG �,5� UDQJH� *HU�
PDQLXP &&' RI PDWUL[ DUH QRW DOPRVW XVHG LQ 796
GXH WR WKHLU KLJK FRVW LQ VSLWH RI KDYLQJ WKH ZLGHU
UDQJH RI VHQVLWLYLW\ LQ WKH IDU ,5 UHJLRQ RI WKH VSHF�
WUXP� )URP WKH GDWD RI >�@� WKH 6RQ\ &RPSDQ\ SUR�
GXFHV DOO LWV EODFN�ZKLWH PDWULFHV ZLWK D VSHFWUDO FKD�
UDFWHULVWLF VKRZQ LQ )LJXUH ��

&&' RI PDWUL[ SRVVHVV WKH KLJKHU UDQJH RI VSHFWUDO
VHQVLWLYLWLHV DV FRPSDUHG ZLWK WKH KXPDQ YLVLRQ�
WKHUHIRUH� WKH XVH RI VWDQGDUG RSWLFDO ILOWHUV LV LPSRV�
VLEOH� 'LIILFXOWLHV DULVH LQ GHWHUPLQDWLRQ RI SDUDPHWHUV
RI WKH RSWLFDO ILOWHU SURWHFWLQJ &&' PDWUL[ IURP WKH
HOHFWULF DUF LQWHQVLYH UDGLDWLRQ LQ FRQVWUXFWLRQ RI 796
V\VWHP IRU FRQWURO RI SURFHVVHV RI SODVPD�DUF PHOWLQJ
LQ DUJRQ�

0RVW 796� GHVLJQHG IRU IROORZLQJ EXWW OLQH LQ
DUJRQ ZHOGLQJ� LQFOXGH DQ LOOXPLQDWRU >�w�@� 6HOHF�

)LJXUH �� 6SHFWUDO FKDUDFWHULVWLFV RI &&' RI PDWULFHV RI GLIIHUHQW
PDQXIDFWXUHUV� �x 'DOVD� �x 7KRPVRQ� �x 7H[DV ,QVWUXPHQWV
�σ x VSHFWUDO VHQVLWLYLW\�

)LJXUH �� )DPLO\ RI W\SLFDO FKDUDFWHULVWLFV RI VSHFWUDO VHQVLWLYLW\
RI VRPH &&' RI PDWULFHV RI 6RQ\

)LJXUH �� 6SHFWUDO FKDUDFWHULVWLFV RI DUJRQ DUFV� � x DOXPLQLXP� � x VWHHO� � x DUJRQ �% x OXPLQRVLW\�
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WLRQ RI D ZDYH OHQJWK RI WKLV LOOXPLQDWRU LV RQH RI WKH
LPSRUWDQW VFLHQWLILF SUREOHPV DV WKH DUF LQ WKLV FDVH
VKRXOG KDYH DV ORZ DV SRVVLEOH HIIHFW RQ WKH 796
RSHUDWLRQ� DQG &&' PDWUL[ VKRXOG KDYH D VXIILFLHQW
VHQVLWLYLW\ WR WKLV ZDYH OHQJWK�

7R VROYH WKH DERYH�PHQWLRQHG SUREOHPV� WKH H[�
SHULPHQWDO LQYHVWLJDWLRQV RI D VSHFWUXP RI DUJRQ DUF
XVLQJ D GLIIUDFWLRQ VSHFWURPHWHU ZHUH FDUULHG RXW DW
WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 7KH VSHF�
WURPHWHU GHVLJQ LQFOXGHV IRXU PDLQ XQLWV� GLIIUDFWLRQ
JUDWLQJ� REMHFWLYH� SKRWRGHWHFWRU� PLFURSURFHVVLQJ
EORFN IRU GDWD SURFHVVLQJ� &&' PDWUL[ ZDV XVHG DV
D SKRWRGHWHFWRU� 5DGLDWLRQ RI DUJRQ DUF ZDV IRFXVHG
RQ WKH VSHFWURPHWHU GLIIUDFWLRQ JUDWLQJ XVLQJ D SULVP
DQG REMHFWLYH� 7KH PHDVXUHPHQWV ZHUH PDGH LQ IRXU
UDQJHV� ���w���� ���w���� ���w���� ���w���� QP�
([SHULPHQWDO VSHFWUDO FKDUDFWHULVWLFV RI DUJRQ DUFV RI
VWHHO DQG DOXPLQLXP DUH VKRZQ LQ )LJXUH ��

6KDSHV RI H[SHULPHQWDO FXUYHV IRU VWHHO DQG DOX�
PLQLXP KDYH QR QRWLFHDEOH GLIIHUHQFHV� 7KLV FDQ EH
H[SODLQHG E\ WKH IDFW WKDW WKH VSHFWUDO OLQHV RI DWRPV
RI XVHG PHWDOV DUH QRW FKDUDFWHUL]HG E\ D KLJK OXPL�
QRVLW\ LQ WKH UDQJH RI ���w���� QP� $EVRUSWLRQ RI
WKHVH VSHFWUDO OLQHV LV DOVR SRVVLEOH E\ WKH VKLHOGLQJ
JDV �DUJRQ� RU DLU� 7KH H[SHULPHQWDO GDWD REWDLQHG
DUH QHFHVVDU\ IRU GHWHUPLQDWLRQ RI SDUDPHWHUV RI RS�
WLFDO ILOWHUV XVHG LQ 796 RI SODVPD�DUF PHOWLQJ DQG
ZHOGLQJ LQ DUJRQ�

$FFRUGLQJ WR H[SHULPHQWDO GDWD� WKH PD[LPXP YD�
OXHV RI DUJRQ DUF OXPLQRVLW\ ZHUH UHFRUGHG LQ WKH
UDQJH IURP ��� WR ��� QP� DQG WKH UDQJHV ���w��� QP
DUH PRVW IDYRXUDEOH IRU WKH 796 RSHUDWLRQ�

)LJXUH � SUHVHQWV DOVR WKH WKHRUHWLFDO YDOXHV RI
OXPLQRVLW\ RI DUJRQ VSHFWUDO OLQHV >�@� 'LIIHUHQFH LQ
H[SHULPHQWDO DQG WKHRUHWLFDO GDWD LV VWLSXODWHG E\

VRPH IDFWRUV� ,Q WKH ODWWHU WKH DEVRUSWLRQ RI DUF UD�
GLDWLRQ E\ WKH SDVVLQJ PHGLXP �DLU�� WKH HIIHFW RI
WHPSHUDWXUH OXPLQRXV HPLWWDQFH RI WKH PROWHQ PHWDO
ZHUH QRW WDNHQ LQWR DFFRXQW� 6RPH ZLGHQLQJ RI VSHF�
WUDO OLQHV FDQ DOVR EH RXWOLQHG WKDW LV H[SODLQHG E\ D
FKDRWLF WKHUPDO PRWLRQ LQ WKH JDV� 7KH ZLGWK RI VSHF�
WUDO OLQHV LV LQIOXHQFHG E\ FROOLVLRQV EHWZHHQ UDGLDWLQJ
SDUWLFOHV� VWURQJ GLVWXUEDQFHV LQ IUHTXHQF\ RI LRQV�
FDXVHG E\ WKHLU UDQGRP DUUDQJHPHQW LQ D FU\VWDOOLQH
ODWWLFH� FKDQJH LQ IUHTXHQF\ RI LRQV UDGLDWLRQ GXH WR
'RSSOHU HIIHFW�

7DNLQJ LQWR DFFRXQW WKH UHVXOWV REWDLQHG DW 3:,
D V\VWHP RI WRUFK WUDFNLQJ DORQJ WKH EXWW XVLQJ D 79
VHQVRU KDV EHHQ GHYHORSHG >�@� 7KH XVH RI WKH EDQG
ILOWHUV LQ WKH UDQJH IURP ��� WR ��� QPPDGH LW SRVVLEOH
WR REVHUYH WKH PHWDO SRRO GXULQJ DUJRQ SODVPD�DUF
PHOWLQJ LQ WKH 833�� W\SH IXUQDFH XVLQJ &&' RI WKH
YLGHR FDPHUD�

�� 3UHWW� 8� ������ 'LJLWDO WUHDWPHQW RI LPDJHV� 0RVFRZ�
0LU�

�� 0DMRURY� 9�3�� 2YFKLQQLNRY� /�)�� 6\RPLQ� 0�6� ������
5HDVRQLQJV DERXW 79 FDPHUDV� .RPSLXWHUUD� ��� ��w���

�� &KXUD� 1�,� ������ ,5�LOOXPLQDWLRQ LQ 79 REVHUYDWLRQ�
6SHWV� 7HNKQLND� �� ��w���

�� .LVLOHYVN\� )�1�� %XWDNRY� *�$�� 'ROLQHQNR� 9�9� HW DO�
������ 4XDOLW\ LPSURYHPHQW RI MRLQW IROORZLQJ RQ WKH EDVH
RI WHFKQLFDO YLVLRQ� ,Q� 3URF� RI ,QW� 6FLH��3UDFW� &RQI� DQG
([KLELWLRQ RQ 3UREOHPV RI 4XDOLW\ $VVXUDQFH LQ :HOGLQJ
3URGXFWLRQ� .\LY� $SULO �w�� �����

�� 8VWLQRY� 1�*�� .DUSLOHQNR� $�9� ������ 2SWLFDO VHQVRU IRU
DXWRPDWLF ZHOGLQJ� $YWRPDWLFK� 6YDUND� ���� ��w���

�� %RLOORW� -�3�� 1RUXN� -� ������ 7KH EHQHILWV RI ODVHU YLVLRQ
LQ URERWLF DUF ZHOGLQJ� :HOGLQJ -�� �� ��w���

�� .LVLOHYVN\� )�1�� 3ULWXOD� 6�,�� 'ROLQHQNR� 9�9� ������ 6\V�
WHP RI ZHOGLQJ WRUFK IROORZLQJ DORQJ WKH EXWW XVLQJ D 79
VHQVRU� 7KH 3DWRQ :HOGLQJ -�� �� ��w���

�� .LVLOHYVN\� )�1�� %XWDNRY� *�$�� 'ROLQHQNR� 9�9� HW DO�
������ 2SWLFDO VHQVRU IRU EXWW IROORZLQJ DW JDS VL]HV FORVH
WR ]HUR� ,ELG�� �� ��w���

�� =DMGHO� $�1�� 3URNRILHY� 9�.�� 5DMVN\� 6�0� HW DO� ������
7DEOHV RI VSHFWUDO OLQHV� 5HIHU� %RRN� 0RVFRZ� 1DXND�
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,�9� 6+(-.2 DQG *�0� *5,*25(1.2

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

&ODVVLILFDWLRQ RI GLIIHUHQW PHWKRGV RI PHWDO PHOWLQJ EDVHG RQ LQGXFWLRQ KHDWLQJ LV JLYHQ� 7HFKQLFDO FKDUDFWHULVWLFV RI

FUXFLEOH�IUHH PHWKRGV RI PHOWLQJ DUH FRQVLGHUHG DQG DQDO\VLV RI WKHLU WHFKQRORJLFDO FDSDELOLWLHV LV PDGH�

.H\ZRU G V � LQGXFWRU� HOHFWURPDJQHWLF ILHOG� PHWDO SRRO� LQ�

JRW� VHFWLRQDO PRXOG� FROG FUXFLEOH� PHWDO FU\VWDOOL]DWLRQ

,QGXFWLRQ KHDWLQJ LV ZLGHO\ XVHG LQ GLIIHUHQW SUR�
FHVVHV� LQFOXGLQJ DOVR LQ PHOWLQJ GLIIHUHQW PHWDOV DQG

DOOR\V WKDW LV VWLSXODWHG E\ D FRPSOH[ RI WKH IROORZLQJ

WHFKQRORJLFDO SURSHUWLHV W\SLFDO RI LQGXFWLRQ KHDW

VRXUFH >�w�@� QDPHO\�

• KLJK VWHULOLW\ RI KHDW HQHUJ\ VRXUFH� DV LW KDV QR
QHJDWLYH HIIHFW RQ SURSHUWLHV RI PDWHULDO EHLQJ KHDWHG�

• LQWHQVLYH VWLUULQJ RI PHOW GXULQJ PHOWLQJ OHYHOV

WKH WHPSHUDWXUH DQG FKHPLFDO FRPSRVLWLRQ LQ WKH SRRO

YROXPH�

• DEVHQFH RI D ORFDO RYHUKHDWLQJ� WKXV UHVXOWLQJ LQ

VPDOO ORVV LQ DOOR\LQJ HOHPHQWV�

• DEVHQFH RI D ULJLG UHODWLRQ EHWZHHQ WKH VXSSOLHG

SRZHU DQG PHOWLQJ VSHHG�

• IHDVLELOLW\ WR PDLQWDLQ PHWDO PHOW LQ D PROWHQ
VWDWH IRU XQOLPLWHG WLPH�

• VLPSOLFLW\ LQ FRQWURO DQG PDLQWDLQLQJ WKH PHOW

WHPSHUDWXUH LQ D SUHVHW UDQJH�

• KLJK GHJUHH RI UHOLDELOLW\ LQ RSHUDWLRQ DQG D JRRG
DGDSWDWLRQ LQ WKH DXWRPDWLRQ V\VWHP RI WHFKQRORJLFDO

HTXLSPHQW XVHG LQ WKH LQGXFWLRQ KHDWLQJ SURFHVVHV�

• QR QHHG LQ FUHDWLRQ RI DQ\ VSHFLDO FRQGLWLRQV IRU

LWV RSHUDWLRQ DQG� WKHUHIRUH� WKH WHFKQRORJLFDO SUR�

FHVVHV FDQ EH SHUIRUPHG LQ D JDVHRXV PHGLXP RI DQ\

FRPSRVLWLRQ DQG SUHVVXUH� LQFOXGLQJ DOVR LQ YDFXXP�

7KH DERYH�GHVFULEHG IHDWXUHV DQG WHFKQRORJLFDO

DGYDQWDJHV RI LQGXFWLRQ KHDW VRXUFHV VWLSXODWH D FRQ�

WLQXRXV ZLGHQLQJ RI WKH VSKHUH RI WKHLU DSSOLFDWLRQ LQ

GLIIHUHQW EUDQFKHV RI LQGXVWU\� 'HSHQGLQJ RQ WKH SUR�
FHVV SXUSRVH� W\SH RI PDWHULDO RU SURGXFW WUHDWHG DQG

D ILQDO SURGXFW� DOO WKH WHFKQRORJLFDO SURFHVVHV� EDVHG

RQ LQGXFWLRQ KHDWLQJ� FDQ EH FODVVLILHG DV IROORZV �)L�

JXUH ���

7UDGLWLRQDO ILHOGV RI DSSOLFDWLRQ RI LQGXFWLRQ KHDW�

LQJ DUH KHDW WUHDWPHQW �TXHQFKLQJ� WHPSHULQJ� QRU�

� ,�9� 6+(-.2 DQG *�0� *5,*25(1.2� ����

)LJXUH �� &ODVVLILFDWLRQ RI SURFHVVHV DQG HTXLSPHQW XVLQJ LQGXFWLRQ KHDWLQJ
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PDOL]LQJ�� KHDWLQJ RI ELOOHWV EHIRUH SUHVVXUH WUHDWPHQW

�SUHVVLQJ� VWDPSLQJ� EHQGLQJ� DQG PHFKDQLFDO WUHDW�

PHQW �PLOOLQJ� ODWKH RSHUDWLRQV DQG FXWWLQJ� >�� ��

�w��@� ,Q WKLV FDVH WKH YDOXHV RI KHDWLQJ WHPSHUDWXUH

IRU WKHVH SURFHVVHV PD\ YDU\ IURP ��� WR ���� .�

6RPHWLPHV� VRPH SURFHVVHV� IRU H[DPSOH GHIRUPDWLRQ

DQG KHDW WUHDWPHQW� FDQ EH FRPELQHG� ,QGXFWLRQ KHDW�

LQJ PDNHV LW SRVVLEOH� KHUH� WR VWDELOL]H DQG RSWLPL]H

WKH WHPSHUDWXUH FRQGLWLRQ RI WKH SURFHVV� WR LQFUHDVH

WKH HIILFLHQF\ RI WKH PHFKDQLFDO HTXLSPHQW DQG WR

UHGXFH WKH PHWDO ZDVWHV�

7KH LQGXFWLRQ KHDWLQJ IRXQG WKH ZLGHVW VSUHDGLQJ

LQ WKH ILHOG RI ZHOGLQJ� EUD]LQJ DQG FRDWLQJ GHSRVLWLRQ

RQ VKHHW PHWDO >�� ��w��@� :HOGLQJ� EDVHG RQ KLJK�

IUHTXHQF\ KHDWLQJ RI PHWDO LQ WKH ZHOG ]RQH� LV DG�

YDQWDJHRXV E\ WKH KLJK HIILFLHQF\ RI WKH SURFHVV�

UHDFKLQJ ��� P RI ZHOG SHU PLQXWH� YHUVDWLOLW\ RI WKH

SURFHVV� EHFDXVH LW FDQ ZHOG DOPRVW DQ\ PHWDOV ZLWK�

RXW XVH RI VKLHOGLQJ PHGLD� KLJK TXDOLW\ RI WKH MRLQW

RZLQJ WR D ORFDOL]DWLRQ RI WKH KHDW HQHUJ\ LQ WKH QDU�

URZ ]RQH RI HGJHV EHLQJ ZHOGHG� ,Q VHSDUDWH FDVHV�

IRU H[DPSOH LQ ZHOGLQJ FDEOH VKHDWKV� WKH KLJK�IUH�

TXHQF\ LV RQO\ SRVVLEOH�

7KH XVH RI WKH LQGXFWLRQ KHDWLQJ LQ WKH SURFHVVHV

RI EUD]LQJ FDQ VROYH RQH RI PDMRU SUREOHPV� VXFK DV

SURYLGLQJ KRPRJHQHRXV WHPSHUDWXUHV RI ERGLHV MRLQHG

DQG EUD]LQJ DOOR\ LQ WKH EUD]LQJ ]RQH� $W VLQJOH�W\SH

SURGXFWV DQG LQ PDVV SURGXFWLRQ WKH EUD]LQJ SURFHVV

FDQ EH DXWRPDWHG�

,QGXFWLRQ KHDW VRXUFHV DUH XVHG VXFFHVVIXOO\ LQ WKH

SURFHVVHV RI KLJK�WHPSHUDWXUH SODVPD�FKHPLFDO V\Q�

WKHVLV RI FKHPLFDO FRPSRXQGV RI PHWDO ZLWK RWKHU

HOHPHQWV� LQ SURGXFLQJ XOWUD�SXUH PDWHULDOV DQG

VSKHURLGL]LQJ RI PHWDO DQG FHUDPLF SRZGHUV XVLQJ D

KLJK�IUHTXHQF\ SODVPD >��w��@�

7KH ZLGH DSSOLFDWLRQ RI WKH LQGXFWLRQ KHDWLQJ IRU

PHOWLQJ PHWDOV DQG DOOR\V LV H[SODLQHG E\ LWV VSHFLILF

GLIIHUHQFH IURP RWKHU PHWKRGV� ,W FRQVLVWV LQ WKH IDFW

WKDW KHDW� UHTXLUHG IRU KHDWLQJ� LV JHQHUDWHG GLUHFWO\

LQ WKH PDWHULDO LWVHOI� 0RUHRYHU� WKH KHDW JHQHUDWLRQ

LQ WKH ERG\ KHDWHG FDQ EH UHDOL]HG� GHSHQGLQJ RQ WKH

SUREOHPV WR EH VROYHG� IURP DQ\ VLGH� IURP EHQHDWK�

ODWHUDO DQG IURP WKH WRS�

$V WKH PROWHQ PHWDO� DYDLODEOH LQ WKH DOWHUQDWLQJ

HOHFWURPDJQHWLF ILHOG RI WKH LQGXFWRU� LV VWLUUHG FRQ�

WLQXRXVO\ XQGHU WKH DFWLRQ RI HOHFWURPDJQHWLF IRUFHV

LW VHHPV SRVVLEOH WR FUHDWH WKH IDYRXUDEOH K\GURG\�

QDPLF FRQGLWLRQ ZKHQ GHYHORSLQJ WKH WHFKQRORJLFDO

SURFHVV E\ VHOHFWLQJ WKH QHFHVVDU\ FXUUHQW IUHTXHQF\

DQG GHVLJQ RI WKH KHDWHU �LQGXFWRU��

3URFHVVHV RI PHOWLQJ DQG WUHDWPHQW RI WKH PROWHQ

PHWDO XVLQJ WKH LQGXFWLRQ KHDWLQJ FDQ EH GLYLGHG LQWR

WKUHH PDLQ JURXSV�

• KHDW HQHUJ\ LV JHQHUDWHG LQ WKH PDWHULDO KHDWHG�
DQG WKH PHWDO PHOW GRHV QRW FRQWDFW WKH FUXFLEOH PD�

WHULDO�

• PHWDO PHOW GXULQJ WKH HQWLUH F\FOH RI KHDWLQJ

FRQWDFWV WKH UHIUDFWRU\ PDWHULDO DQG WKH KHDW HQHUJ\

LV JHQHUDWHG GLUHFWO\ LQ WKH PHOW RU FKDUJH�

• KHDW HQHUJ\ LV JHQHUDWHG LQ D YHVVHO �FUXFLEOH��

PDGH IURP HOHFWULFDOO\�FRQGXFWLYH PDWHULDO� ZKRVH

VSHFLILF HOHFWULF UHVLVWDQFH DQG PHOWLQJ WHPSHUDWXUH

DUHPXFK KLJKHU WKDQ WKRVH RIPDWHULDO EHLQJ UHPHOWHG�

+HUH� WKH KHDWLQJ DQG PHOWLQJ RI FKDUJH� DQG DOVR

RYHUKHDWLQJ RIPHWDOPHOW RFFXU GXH WR KHDW GLVVLSDWLRQ

E\ WKH PRUH KHDWHG ZDOO RI WKH FUXFLEOH�

'HSHQGLQJ RQ WKH W\SH DQG PDWHULDO RI FUXFLEOHV

XVHG DQGPHWKRG RI KHDW VXSSO\ WR WKHPHOW� WKH YDULHW\

RI WHFKQRORJLFDO PHWKRGV RI LQGXFWLRQ PHOWLQJ DQG

DSSURSULDWH PHOWLQJ HTXLSPHQW FDQ EH FODVVLILHG DV

IROORZV�

$W SUHVHQW WKH SURFHVVHV DQG GHYLFHV� DOORZLQJ

PHOWLQJ PHWDOV ZLWKRXW FRQWDFW RI PHOW ZLWK UHIUDF�

WRU\ PDWHULDOV� FRPSRVH D VHSDUDWH JURXS RI WKH LQ�

GXFWLRQ PHOWLQJ PHWKRGV >�� ��w��@� 7KH\ LQFOXGH

VXFK W\SHV RI PHOWLQJ DV�

• OHYLWDWLRQ�
• FUXFLEOH�IUHH ]RQH�
• ZLWK HOHFWURPDJQHWLF PHOW PDLQWDLQLQJ RQ VXS�

SRUW�

• VNXOO�
• LQ FROG FUXFLEOHV�
0HWKRG RI WKH OHYLWDWLRQ LQGXFWLRQ PHOWLQJ KDV

EHHQ ZHOO GHYHORSHG DQG IRXQG D ZLGH DSSOLFDWLRQ LQ

FRQGXFWDQFH RI SK\VLFDO�FKHPLFDO LQYHVWLJDWLRQV >��w

��� ��w��@� ,WV SULQFLSOH LV DV IROORZV� 7KH HOHFWUR�

PDJQHWLF ILHOG LV JHQHUDWHG XVLQJ RQH LQGXFWRU RU D

V\VWHP RI LQGXFWRUV ZLWK D VR�FDOOHG SRWHQWLDO SLW� L�H�

WKH ILHOG� LQVLGH RI ZKLFK D ORZ LQWHQVLW\ ]RQH LV OR�

FDWHG �)LJXUH ��� 0HWDO ZHLJKW� SODFHG LQWR WKLV ]RQH�

LV VWHDG\ VXVSHQGHG LI WKH JUDYLW\ IRUFHV DUH OHYHOOHG

E\ D UHVXOWDQW IRUFH FUHDWHG E\ WKH ILHOG RI D ORZHU

LQGXFWRU� ,Q WKH PHWDO ZHLJKW WKH FXUUHQWV DUH LQGXFHG

FDXVLQJ KHDWLQJ DQG VXEVHTXHQW PHOWLQJ� 7KH VSDFH

SRVLWLRQ RI D ZHLJKHG PHWDO GURS LV ZHOO VWDELOL]HG LQ

WKH LQGXFLQJ V\VWHP RI WZR FR�D[LDO VHFWLRQV RI LQGXF�

WRUV� ORFDWHG FR�D[LDOO\ RQH RYHU DQRWKHU� +HUH� WKH

GLUHFWLRQ RI FXUUHQWV LQ VHFWLRQV VKRXOG EH RSSRVLWH�

)LJXUH �� 6FKHPH RI LQGXFWLRQ OHYLWDWLRQ PHOWLQJ� �� � x XSSHU
DQG ORZHU VHFWLRQV RI LQGXFWRU� UHVSHFWLYHO\� � x PROWHQ ZHLJKW
RI PHWDO� � x IRUFH OLQHV RI HOHFWURPDJQHWLF ILHOG �� DQG O x
GLUHFWLRQV RI FXUUHQW LQ LQGXFWRU WXUQV�
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:LWK FKDQJH LQ SRZHU VXSSOLHG WR WKH LQGXFWRU�

QRW RQO\ WKH LQWHQVLW\ RI WKH HOHFWURPDJQHWLF ILHOG LV

FKDQJHG� EXW DOVR LWV FRQILJXUDWLRQ WKDW OHDGV� LQ WXUQ�

WR WKH FKDQJH LQ VSDFH SRVLWLRQ RI WKH PROWHQ PHWDO

LQ WKH LQGXFWRU� ,Q D VWHDG\ FRQGLWLRQ� WKH SRZHU JH�

QHUDWHG LQ WKH PHOW� LV HTXDO WR WKH SRZHU ORVW E\ WKH

PHWDO VXUIDFH GXH WR UDGLDWLRQ DQG FRQYHFWLRQ�

7KH SULQFLSOH RI D FUXFLEOH�IUHH ]RQH PHOWLQJ LV

EDVHG RQ WKH FDSDELOLW\ RI WKH PROWHQ ]RQH WR UHGLV�

WULEXWH LPSXULWLHV EHWZHHQ WKH OLTXLG DQG VROLG SKDVHV

>��w��� ��@� (IIHFWLYHQHVV RI WKLV PHWKRG LV GHILQHG

E\ PDQ\ IDFWRUV LQFOXGLQJ GHVLJQ IHDWXUHV RI WKH LQ�

VWDOODWLRQ� PHWKRG RI ]RQH KHDWLQJ� DQG DOVR FKDUDF�

WHULVWLFV RI WKH PDWHULDO EHLQJ WUHDWHG� 7KH PRVW LP�

SRUWDQW FKDUDFWHULVWLF RI WKH PDWHULDO LV DQ HIIHFWLYH

FRHIILFLHQW RI GLVWULEXWLRQ RI LPSXULWLHV .� ZKLFK UHS�
UHVHQWV D UDWLR RI LPSXULW\ FRQFHQWUDWLRQ LQ D VROLG

SKDVH &
V
WR LWV FRQFHQWUDWLRQ LQ D OLTXLG SKDVH &

O
� L�H�

.  &
V
�&

O
>��w��@� &RHIILFLHQW RI GLVWULEXWLRQ . FDQ

EH ODUJHU DQG VPDOOHU WKDQ XQLW\ GHSHQGLQJ RQ WKH

IDFW KRZ WKH LPSXULW\ LQIOXHQFHV WKH WHPSHUDWXUH RI

PHOWLQJ VROYHQW �PDWUL[�� ,I WKH LPSXULW\ FRQWULEXWHV

WR WKH LQFUHDVH LQ WHPSHUDWXUH RI WKH VROYHQW PHOWLQJ�

WKHQ LWV FRQFHQWUDWLRQ LQ WKH VROLGLILHG SKDVH ZLOO EH

KLJKHU WKDQ LQ WKH OLTXLG SKDVH �. ! �� DQG� YLFH

YHUVD� L�H� . � ��

6FKHPH RI WKH SURFHVV RI D YHUWLFDO ]RQH PHOWLQJ

LV SUHVHQWHG LQ )LJXUH �� 7KH SULQFLSOH RI WKLV PHWKRG

RI PHOWLQJ FRQVLVWV LQ WKH IDFW WKDW ]RQH � LV PHOWHG

LQ D F\OLQGULFDO URG � XVLQJ LQGXFWRU �� PHWDO RI WKLV
]RQH LV PDLQWDLQHG E\ VXUIDFH WHQVLRQ IRUFHV DQG HOHF�

WURPDJQHWLF IRUFHV RI DOWHUQDWLQJ ILHOG� 7KH ]RQH LV

VORZO\ PRYHG DORQJ WKH URG� +HUH� WKH LPSXULWLHV DUH

PRYHG WRJHWKHU ZLWK WKH PROWHQ ]RQH DQG� WKXV�

SXVKHG DVLGH WR WKH URG HQG�

7KH SURFHVV FDQ EH SHUIRUPHG LQ YDFXXP RU JDVHRXV

DWPRVSKHUH RI D SUHVHW FRPSRVLWLRQ� ,QJRW ZLWK D YHU\

ORZ FRQWHQW RI LPSXULWLHV LV SURGXFHG IRU VHYHUDO

SDVVHV DORQJ WKH URG� 7KH SXULILFDWLRQ GHJUHH GHSHQGV

RQ WKH QXPEHU RI SDVVHV� =RQH FUXFLEOH�IUHH PHOWLQJ

FDQ EH XVHG QRW RQO\ IRU SXULILFDWLRQ RI WKH PDWHULDO

UHPHOWHG IURP KDUPIXO LPSXULWLHV DQG WKHLU XQLIRUP

GLVWULEXWLRQ DFURVV WKH VHFWLRQ DQG OHQJWK RI WKH URG�

=RQH PHOWLQJ PDNHV LW SRVVLEOH WR DGG WKH UHTXLUHG

DPRXQW RI LPSXULWLHV WR WKH PDWHULDO DQG WR SUHYHQW

DOPRVW FRPSOHWHO\ WKH VHJUHJDWLRQ RI LPSXULWLHV LQ WKH

PDWHULDO WUHDWHG�

7KH PRGHUQ SURFHGXUH RI ]RQH PHOWLQJ DQG DG�

YDQFHG WHFKQRORJLHV JLYH RSSRUWXQLW\ WR SURGXFH PD�

WHULDOV ZLWK WKH FRQWHQW RI LPSXULWLHV LQ VHYHUDO GR]HQV

RI DWRPV SHU PLOOLRQ RI PDWUL[ DWRPV� 'LDPHWHU RI

LQJRWV PHOWHG LV YDULHG IURP VHYHUDO PLOOLPHWHUV WR

VHYHUDO WHQV RI PLOOLPHWHUV�

7KH SURFHVV RI ]RQH PHOWLQJ LV FRPELQHG LQ PRVW

FDVHV ZLWK WKH SURGXFLQJ RI D SUHVHW FU\VWDOOLQH VWUXF�

WXUH LQ WKH LQJRW� LQFOXGLQJ VLQJOH�FU\VWDO VWUXFWXUH�

0HOWLQJ ZLWK WKH HOHFWURPDJQHWLF PDLQWDLQLQJ RI
PHOW RQ WKH VXSSRUW LV FKDUDFWHUL]HG E\ WKH IXOOHVW XVH
RI SURSHUWLHV RI WKH HOHFWURPDJQHWLF ILHOG� +HDWLQJ

DQG PHOWLQJ RI WKH PDWHULDO DUH FRPELQHG KHUH ZLWK

WKHPDLQWDLQLQJ RIPHOW E\ LQWHUDFWLRQ IRUFHV RFFXUULQJ

EHWZHHQ LQGXFHG FXUUHQWV LQ PDWHULDO DQG DOWHUQDWLQJ

PDJQHWLF ILHOG RI WKH LQGXFWRU >�� ��� ��� ��� ��� ��@�

:LWK DOORZDQFH IRU WKH HOHFWURPDJQHWLF PDLQWDLQ�

LQJ RI PHOW RQ WKH VXSSRUW� WZR PHWKRGV RI SURGXFLQJ

LQJRWV ZHUH GHYHORSHG� VHPLFRQWLQXRXV FDVWLQJ LQ WKH

VR�FDOOHGPDJQHWLF PRXOG �)LJXUH �� D� >��@ DQG JURZ�
LQJ RI VLQJOH FU\VWDOV E\ WKH PHWKRG RI &]RFKUDOVNL

�)LJXUH �� E� >��� ��@�
'HSHQGLQJ RQ QDWXUH RI WHFKQRORJLFDO SURFHVV� D

VROLGLI\LQJ LQJRW� PRQROLWKLF ELOOHW RU FKDUJH� VNXOO

RU ZDWHU�FRROHG ERWWRP SODWH FDQ VHUYH DV D VXSSRUW

IRU WKH PHOW�

'XULQJ FDVWLQJ LQJRWV WKH PROWHQ PHWDO IURP WKH

PHOWLQJ IXUQDFH HQWHUV D ERWWRP SODWH �� PRXQWHG LQ
WKH ]RQH RI LQGXFWRU �� 7KXV� D PHWDO SRRO � LV VHW RQ
WKH ERWWRP SODWH� 7KH PROWHQ PHWDO SRRO LV VTXHH]HG

DQG PDLQWDLQHG RQ WKH ERWWRP SODWH E\ WKH HOHFWUR�

PDJQHWLF ILHOG JHQHUDWHG E\ WKH DOWHUQDWLQJ FXUUHQW

SDVVLQJ LQ WKH LQGXFWRU �� :LWK LQFUHDVH LQ PHWDO SRRO

YROXPH WKH ERWWRP SODWH � LV VORZO\ ORZHUHG GRZQ

DQG FRROLQJ ZDWHU LV VXSSOLHG WR D ODWHUDO VXUIDFH RI

WKH VROLGLI\LQJ LQJRW � WKURXJK KROHV LQ WKH LQGXFWRU�
&DVWLQJ ZLWK WKH IRUPDWLRQ RI WKH ODWHUDO VXUIDFH

RI LQJRW LQ WKH HOHFWURPDJQHWLF ILHOG DYRLGV FRPSOHWHO\

WKH PHFKDQLFDO LQWHUDFWLRQ EHWZHHQ WKH LQJRW DQG

PRXOG ZDOO� WKXV SURYLGLQJ WKH KLJK TXDOLW\ RI WKH

VXUIDFH� 7KH SURGXFHG LQJRWV KDYH QR VXUIDFH GHIHFWV

�FUDFNV� RYHUODSV� FROG VKXWV DQG RWKHUV� DQG GR QRW

UHTXLUH PHFKDQLFDO WULPPLQJ EHIRUH GHIRUPDWLRQ >��@�

$V WR LWV WHFKQLFDO FDSDELOLWLHV� LQFOXGLQJ WKH SX�

ULW\ RI WKH PHWDO PHOWHG� WKH LQGXFWLRQ PHOWLQJ RQ WKH

VXSSRUW LV FORVH WR WKH OHYLWDWLRQ PHOWLQJ� $W WKH VDPH

WLPH WKH SUHVHQFH RI VXSSRUW XQGHU WKH PHOW DOORZV

PDLQWDLQLQJ RI D VXIILFLHQWO\ ODUJH PDVVHV RI WKH PRO�

WHQ PHWDO� 7KH PHQWLRQHG VSHFLILFV RI WKH SURFHVV ZDV

)LJXUH �� 6FKHPH RI FUXFLEOH�IUHH PHOWLQJ� � x F\OLQGULFDO URG
EHLQJ WUHDWHG� �x LQGXFWRU� �x PROWHQ ]RQH� �x UHPHOWHG PHWDO
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IXUWKHU GHYHORSHG WR JURZ WKH VLQJOH FU\VWDOV �VHH

)LJXUH �� E�� (OHFWURPDJQHWLF ILHOG� JHQHUDWHG E\ WKH
LQGXFWRU �� LV XVHG IRU PHOWLQJ WKH WRS SDUW RI WKH

LQJRW �FRQVXPDEOH ELOOHW� � DQG IRUPDWLRQ RI D PHWDO
SRRO � LQ WKLV ]RQH� 8VLQJ D VLQJOH�FU\VWDO SULPHU �QRW
VKRZQ LQ )LJXUH�� ZKLFK LV VHW LQ FRQWDFW ZLWK WKH

SRRO WRS DW WKH EHJLQQLQJ RI WKH SURFHVV� D VLQJOH

FU\VWDO � LV �ZLWKGUDZQ� IURP WKH SRRO� 7R DYHUDJH

WKH WHPSHUDWXUH ILHOGV RI VLQJOH FU\VWDO LQ WKH ]RQH RI

FRQWDFW ZLWK D PHWDO PHOW WKH VLQJOH FU\VWDO LV URWDWHG

DURXQG D ORQJLWXGLQDO D[LV� 7KLV PHWKRG LV ZLGHO\

XVHG IRU SURGXFLQJ VLQJOH FU\VWDOV IURP VHPLFRQGXFWRU

PDWHULDOV� DQG DOVR VLQJOH FU\VWDOV RI PDQ\ KLJKO\�UH�

DFWLYH PHWDOV�

6SHFLILFV RI DQ\ VNXOO PHOWLQJ LV WKDW WKH PHWDO

EHLQJ UHPHOWHG FRQWDFWV WKH VROLG PHWDO RI WKH VDPH

FKHPLFDO FRPSRVLWLRQ DV WKH PHOW� ,Q DGGLWLRQ� WKH

VROLG PHWDO VHSDUDWHV WKH PHWDO IURP LWV FRQWDFW ZLWK

HOHPHQWV RI IXUQDFH VWUXFWXUH DQG� WKXV� SURWHFWV IURP

FRQWDPLQDWLRQ >��� ��@� %RWK KLJKO\�FRQFHQWUDWHG

VRXUFHV �HOHFWULF DUF� DUF SODVPD DQG HOHFWURQ EHDP�

DQG DOVR VRXUFHV ZLWK D GLVVLSDWHG KHDWLQJ �LQGXFWLRQ�

FDQ EH XVHG DV VRXUFHV RI KHDW HQHUJ\ >��� ��@�

7ZR VFKHPHV RI LQGXFWLRQ VNXOO PHOWLQJ DUH XVHG�

7KH\ DUH GLIIHUHG E\ WKH PHWKRG RI SRZHU VXSSO\ WR

WKH PHWDO� WKURXJK WKH RSHQ PLUURU RI SRRO RU IURP

RQH VLGH WKURXJK D VNXOO �)LJXUH ��� 7KH ILUVW VFKHPH

)LJXUH �� 6FKHPH RI SURFHVVHV ZLWK HOHFWURPDJQHWLF PDLQWDLQLQJ RI PHOW RQ WKH VXSSRUW� Dx LQJRW FDVWLQJ LQ DQ HOHFWURPDJQHWLF PRXOG�
E x JURZLQJ RI VLQJOH FU\VWDOV� � x PHWDO SRRO� � x LQGXFWRU� � x LQJRW� � x ERWWRP SODWH� � x ZDWHU MHWV� � x PRXOG� � x
VLQJOH FU\VWDO

)LJXUH �� 6FKHPH RI LQGXFWLRQ VNXOO PHOWLQJ� D� E x XSSHU DQG
ODWHUDO HQHUJ\ VXSSO\ WR PHWDO� UHVSHFWLYHO\� � x LQGXFWRU� � x
PHWDO PHOW� � x VNXOO� � x FRROHG VXUIDFH RI VNXOO
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�)LJXUH �� D� GRHV QRW GLIIHU IURP RWKHU PHWKRGV RI

VNXOO PHOWLQJ ZKHUH WKH KLJKO\�FRQFHQWUDWHG VRXUFHV

RI KHDW HQHUJ\ DUH XVHG� ,WV PDLQ DGYDQWDJH LV WKH

DEVHQFH RI HOHFWULFDO ORVVHV LQ VNXOO GXULQJ VXSSO\ RI

KHDW HQHUJ\ WR WKH SRRO� +RZHYHU� LW LV FKDUDFWHUL]HG

E\ D SRRU HOHFWURPDJQHWLF FRXSOLQJ� UHVXOWLQJ LQ D

YHU\ ORZ HOHFWULFDO HIILFLHQF\ IDFWRU RI HGJH LQGXFWRUw

ORDGLQJ V\VWHP� 'XH WR WKLV� WKH VFKHPH ZLWK D WRS

VXSSO\ RI SRZHU GRHV QRW ILQG D SUDFWLFDO DSSOLFDWLRQ�

7KH VHFRQG VFKHPH RI LQGXFWLRQ VNXOO PHOWLQJ ZLWK

D ODWHUDO VXSSO\ RI SRZHU LV FRQVLGHUHGPRUH SUHIHUDEOH

�)LJXUH �� E�� (OHFWULFDO HIILFLHQF\ IDFWRU RI F\OLQGUL�
FDO LQGXFWRUwORDGLQJ V\VWHP LV KLJKHU WKDQ DW WKH WRS

SRZHU VXSSO\� 7KH ODWHUDO VNXOO LV PDGH IURP PHWDO

SRZGHUZKLFK LV UHPHOWHG� 7KH ILQH�GLVSHUVHG SDUWLFOHV

RI SRZGHU DUH �WUDQVSDUHQW� IRU WKH HOHFWURPDJQHWLF

ILHOG DQG� WKHUHIRUH� WKH WHPSHUDWXUH RI WKHLU KHDWLQJ

LV PXFK ORZHU WKDQ WKH PHOWLQJ WHPSHUDWXUH� 'XULQJ

PHOWLQJ WKH SRZGHU LV VLQWHUHG ZLWK WKH IRUPDWLRQ RI

D FUXVW LQ ZKLFK PHOW LV DUUDQJHG� ,Q DGGLWLRQ� WKH

SDUW RI WKH VXSSOLHG HQHUJ\ LV ORVW LQ WKH VNXOO�

,Q VSLWH RI WKH IDFW WKDW WKLV PHWKRG ZDV VXJJHVWHG

PRUH WKDQ �� \HDUV DJR DQG WKH ODUJH YROXPH RI WKHR�

UHWLFDO DQG ODERUDWRU\ LQYHVWLJDWLRQV KDYH EHHQ DO�

UHDG\ FDUULHG RXW� WKHUH LV QR LQIRUPDWLRQ LQ WKH OL�

WHUDWXUH DERXW LWV SUDFWLFDO DSSOLFDWLRQ�

,Q ZRUNV >��� ��w��@ WZR WHFKQRORJLFDO GLDJUDPV

RI LQGXFWLRQ PHOWLQJ RI PHWDOV LQ FROG FUXFLEOHV ZHUH
GHVFULEHG� GLIIHULQJ E\ WKH VLWH RI FRQQHFWLRQ RI WKH

HOHFWURPDJQHWLF ILHOG HQHUJ\ WR WKH PHWDO PHOW� XSSHU�

WKURXJK WKH RSHQ PLUURU RI PHWDO SRRO XVLQJ DQ HGJH

LQGXFWRU �)LJXUH �� D�� DQG ODWHUDO� WKURXJK WKH FUX�
FLEOH ZDOO XVLQJ D F\OLQGULFDO LQGXFWRU �)LJXUH �� E��

7KH FKDUJH WR EH UHPHOWHG LV SODFHG LQWR D FROG

FUXFLEOH � PDGH LQ WKH IRUP RI D EOLQG�ERWWRP ZDWHU�

FRROHG YHVVHO� 6XSSO\ DQG GUDLQ RI WKH FRROLQJ ZDWHU

IURP D FROG FUXFLEOH LV PDGH WKURXJK D KROORZ URG

�VHH )LJXUH �� D�� (GJH LQGXFWRU � PDGH LQ WKH IRUP
RI D ULQJ �VLQJOH�WXUQ� RU DQ $UFKLPHGHDQ VSLUDO �PXO�

WLWXUQ� LV PRXQWHG FRD[LDOO\ RYHU WKH FROG FUXFLEOH�

$UURZV VKRZ WKH GLUHFWLRQ RI HQHUJ\ WUDQVIHU WR WKH

PHWDO PHOW DQG LWV UHPRYDO IURP WKH PHOW�

$W WKLV VFKHPH RI HQHUJ\ VXSSO\ WR WKH FKDUJH

�PHOW� WR EH UHPHOWHG� UHSHDWLQJ WKH SULQFLSOH EDVHG

RQ XVH RI WKH KLJKO\�FRQFHQWUDWHG VRXUFHV RI KHDW HQHU�

J\ �HOHFWULF DUF� ORZ�WHPSHUDWXUH SODVPD RU GLUHFWHG

IORZ RI HOHFWURQV�� WKH LQGXFWLRQ KHDWLQJ LV ORZ�HIIHF�

WLYH� DV WKH HGJH LQGXFWRU KDV D ZHDN FRXSOLQJ ZLWK

PHOW LQ WKH FUXFLEOH� 7KHUHIRUH� WKH KHDW HQHUJ\� JH�

QHUDWHG LQ WKH PHOW� GRHV QRW SURYLGH VHWWLQJ RI D

VXIILFLHQW YROXPH� DQG DOVR QHFHVVDU\ RYHUKHDWLQJ RI

WKH PHOW� 0RUHRYHU� WKH SDLUV RI PHWDOV ZKLFK DUH

FRQGHQVHG RQ WKH LQGXFWRU� FDQ FDXVH WKH HOHFWULFDO

EUHDNGRZQV EHWZHHQ WKH LQGXFWRU WXUQV >��� ��@� 7KH

JLYHQ VFKHPH RI WKH LQGXFWLRQ PHOWLQJ GLG QRW ILQG

WKH SUDFWLFDO DSSOLFDWLRQ GXH WR WKH DERYH�GHVFULEHG

UHDVRQV�

,QGXFWLRQPHOWLQJ LQ D FROG FUXFLEOHZLWK DQ HQHUJ\

VXSSO\ WR WKH PHWDO SRRO WKURXJK LWV ODWHUDO VXUIDFH

�VHH )LJXUH �� E� LV PRUH SURPLVLQJ DQG OHVV SRZHU

FRQVXPLQJ� 0HWDO SRRO � LV ORFDWHG LQ D FROG FUXFLEOH
�� ZKRVH F\OLQGULFDO ZDOO LV PDGH IURP VHSDUDWH FRROHG

VHFWLRQV� LVRODWHG HOHFWULFDOO\ IURP HDFK RWKHU� DQG

�WUDQVSDUHQW� IRU HOHFWURPDJQHWLF ILHOG JHQHUDWHG E\

D KLJK�IUHTXHQF\ FXUUHQW SDVVLQJ LQ LQGXFWRU �� ,Q�
GXFWRU LV PDGH LQ WKH IRUP RI D F\OLQGULFDO VSLUDO DQG

D FROG FUXFLEOH LV SODFHG LQWR LW�

0HOWLQJ LQ D FROG FUXFLEOH GLIIHUV IURP WKH FRQ�

YHQWLRQDO FUXFLEOH LQGXFWLRQPHOWLQJ E\ WKH FRQGLWLRQV

RI HQHUJ\ WUDQVIHU IURP LQGXFWRU WR PHOW� DV WKH FROG

FUXFLEOH ZDOO� ZKLFK GLVWRUWV HOHFWURPDJQHWLF ILHOG�

JHQHUDWHG E\ WKH FXUUHQW LQ WKH LQGXFWRU� LV ORFDWHG

EHWZHHQ WKH LQGXFWRU DQG PHWDO PHOW�

6ROLG PHWDO ZDOO RI D FRQYHQWLRQDO ZDWHU�FRROHG

FUXFLEOH LV D VFUHHQ IRU WKH KLJK�IUHTXHQF\ HOHFWURPDJ�

QHWLF ILHOG JHQHUDWHG E\ WKH LQGXFWRU DV WKH HGG\ FXU�

UHQWV LQGXFHG LQ WKH FUXFLEOH ZDOO IRUP WKH FORVHG

HOHFWULF FLUFXLW DORQJ WKH H[WHUQDO VXUIDFH RI LWV ZDOO�

7KH FROG FUXFLEOH ZDOO PDGH IURP VHSDUDWH HOHFWULFDOO\

LVRODWHG FRROHG VHFWLRQV UHSUHVHQWV D VHFRQGDU\ ZLQG�

LQJ RI WKH WUDQVIRUPHU� 2ZLQJ WR WKLV� WKH WUDQVIHU RI

)LJXUH �� 6FKHPH RI LQGXFWLRQ PHOWLQJ LQ D FROG FUXFLEOH� D� E x
HQHUJ\ VXSSO\ WKURXJK RSHQ PLUURU RI PHWDO SRRO DQG WKURXJK WKH
FROG FUXFLEOHZDOO� UHVSHFWLYHO\� �x PHWDO SRRO� �x FROG FUXFLEOH�
� x LQGXFWRU� � x ERWWRP SODWH
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HOHFWURPDJQHWLF ILHOG HQHUJ\ RFFXUV IURP LQGXFWRU WR

WKH PHOW LQ D FROG FUXFLEOH >��w��@�

,Q VSLWH RI WKH IDFW WKDW WKH SDUW RI HOHFWURPDJQHWLF

ILHOG HQHUJ\ LV ORVW LQ WKH FRROHG FUXFLEOH ZDOO� D UDWKHU

KLJK YDOXH RI SRZHU IDFWRU RI WKH F\OLQGULFDO LQGXFWRU

�DV FRPSDUHG ZLWK HGJH LQGXFWRU� SURYLGHV WKH HYR�

OXWLRQ RI KHDW HQHUJ\ LQ WKH FKDUJH� VXIILFLHQW IRU LWV

PHOWLQJ DQG VXEVHTXHQW RYHUKHDWLQJ RI WKHPHWDO PHOW�

8QLIRUP ODWHUDO KHDWLQJ DQG LQWHQVLYH VWLUULQJ RI WKH

PHOW LQ WKH HOHFWURPDJQHWLF ILHOG FDQ SURGXFH SRRO

ZLWK D KRPRJHQHRXV FKHPLFDO FRPSRVLWLRQ DQG WHP�

SHUDWXUH�

,Q LQGXFWLRQ PHOWLQJ LQ D FROG FUXFLEOH LWV JHRPHW�

ULF SDUDPHWHUV DUH FORVH WR WKRVH RI FUXFLEOHV PDGH

IURP UHIUDFWRU\ PDWHULDOV XVHG LQ FRQYHQWLRQDO IXU�

QDFHV� L�H� KHLJKW RI FUXFLEOH DQG LQGXFWRU VHYHUDO

WLPHV H[FHHGV WKH FUXFLEOH GLDPHWHU� 7KHUHIRUH� WKH

LQGXFWLRQ PHOWLQJ LQ D FROG FUXFLEOH LV W\SLFDO RI D

ODUJH GHSWK RI WKH PHWDO SRRO� ,Q KHLJKW RI WKH PHWDO

PHOW� ORFDWLQJ LQ D FROG FUXFLEOH� WKUHH W\SLFDO ]RQHV

FDQ EH GLVWLQJXLVKHG �)LJXUH �� >��@� 8SSHU , LV WKH
]RQH RI D FRPSOHWH VTXHH]LQJ RXW RI PHOW IURP WKH

FROG FUXFLEOH ZDOO� PLGGOH ,, LV WKH ]RQH RI D SDUWLDO
�VORW� VTXHH]LQJ RXW RI PHOW IURP FUXFLEOH ZDOO DQG

ORZHU ,,, LV WKH ]RQH RI D IXOO FRQWDFW RI PHOW ZLWK D
FROG FUXFLEOH ZDOO�

$Q HVVHQWLDO GUDZEDFN RI IXUQDFHV ZLWK D FROG

FUXFLEOH LV WKH IDFW WKDW GXULQJ PHWDO SRXULQJ LWV ODUJH

SDUW LV IUR]HQ RQ WKH FUXFLEOH ZDOO DQG SRXULQJ OLS�

$PRXQW RI WKH SRXUHG PHWDO GRHV QRW H[FHHG ��w�� �

>��w��@� ,Q DGGLWLRQ� LQJRWV� FDVW LQWR PRXOG� KDYH

GHIHFWV RI D VKULQNDJH RULJLQ DQG GHYHORSHG OLTXDWLRQ

RI DOOR\LQJ HOHPHQWV WKDW LV W\SLFDO RI FRQYHQWLRQDO

PHWKRGV RI FDVWLQJ� ,Q VSLWH RI WKH IDFW WKDW PDQ\

DVSHFWV RI WKH SURFHVV RI LQGXFWLRQ PHOWLQJ LQ FROG

FUXFLEOHV DUH ZHOO�VWXGLHG ERWK LQ WKHRUHWLFDO DQG LQ

GHVLJQ GLUHFWLRQ �SUREOHPV RI HOHFWULFDO SDUDPHWHUV

DQG SRZHU FKDUDFWHULVWLFV RI WKH SURFHVV DV D ZKROH�

GHVLJQ RI FROG FUXFLEOHV� HWF��� LWV SUDFWLFDO XVH IRU

SURGXFLQJ FDVWLQJV DQG LQJRWV ZDV QRW UHDOL]HG�

7KH LQGXFWLRQ XQLWV ZLWK D FROG FUXFLEOH DUH XVHG

LQ WHFKQRORJLFDO SURFHVVHV ZKLFK DUH QRW UHODWHG WR D

PHWDO SRXULQJ� 2QH RI WKHP LV PHWDOORWKHUPLF UHGXF�

WLRQ� ZLGHO\ XVHG LQ SURGXFLQJ PHWDOV FKDUDFWHUL]HG

E\ KLJK UHDFWLYLW\ LQ D PROWHQ VWDWH� IRU H[DPSOH�

]LUFRQLXP� YDQDGLXP DQG RWKHUV >��� ��@� 3URFHVVHV

RI PHWDOORWKHUPLF UHGXFWLRQ DUH UHDOL]HG LQ VSHFLDO

UHDFWRUV RU WKHUPDO XQLWV� ,QGXFWLRQ XQLWV ZLWK D

ZDWHU�FRROHG VHFWLRQDO PRXOG FDQ EH XVHG DV WKHVH

XQLWV� 7KH\ JLYH DQ RSSRUWXQLW\ WR UHDOL]H WKH LQSXW

RI KHDW HQHUJ\ RI WKH HOHFWURPDJQHWLF ILHOG DGGLWLR�

QDOO\ WR WKH KHDW RI FKHPLFDO UHDFWLRQV ZKLFK LV JH�

QHUDWHG LQ WKH UHDFWLRQ PDVV� 7KLV FRQWULEXWHV WR D

XQLIRUP KHDWLQJ RI WKH UHDFWLRQ PDVV DQG WR WKH EHWWHU

VHSDUDWLRQ RI WKH IRUPHG PHWDO DQG VODJ LQ D PROWHQ

VWDWH�

:RUN >��@ GHVFULEHV GHVLJQ DQG FKDUDFWHULVWLFV RI

WKH LQGXVWULDO LQVWDOODWLRQ �,PSXOV� ZLWK D FROG FUXVW

GHVLJQHG IRU SURGXFLQJ VXFK PHWDOV DV YDQDGLXP� ]LU�

FRQLXP DQG RWKHUV� ,QVWDOODWLRQ FRQVLVWV RI IRXU PHO�

WLQJ PRGXOHV� KDYLQJ D FRPPRQ YDFXXP V\VWHP� DQG

RQH VHW RI KLJK�IUHTXHQF\ HTXLSPHQW �)LJXUH ��� (DFK

RI PHOWLQJ PRGXOHV FRQWDLQV D SUHVVXUL]HG PHOWLQJ

FKDPEHU� LQVLGH RI ZKLFK D VHFWLRQDO ZDWHU�FRROHG FUX�

FLEOH ����� P GLDPHWHU� � P KHLJKW� ZLWK LQGXFWRU LV

PRXQWHG� DQG DOVR D PHFKDQLVP RI LQJRW XQORDGLQJ�

7KH SURFHVVHV RI ORDGLQJ� PHOWLQJ� FRROLQJ RI UH�

DFWLRQ SURGXFWV DQG WKHLU XQORDGLQJ IURP PHOWLQJ

FKDPEHU DUH UHDOL]HG LQ HDFK PHOWLQJ PRGXOH VXFFHV�

VLYHO\ ZLWK D VKLIWLQJ LQ WLPH ZLWK UHVSHFW WR RWKHU

PRGXOHV�

&UXFLEOH UHSUHVHQWV D F\OLQGULFDO PHWDO ZDWHU�

FRROHG VWUXFWXUH� DVVHPEOHG IURP HOHFWULFDOO\ LVRODWHG

VHFWLRQV ��� FRSSHU VHFWLRQV RI D WUDSH]RLGDO IRUPZLWK

FKDQQHOV IRU FRROLQJ ZDWHU IORZ��

7KH LQVWDOODWLRQ �,PSXOV� LV HTXLSSHG ZLWK IRXU

PDFKLQH IUHTXHQF\ FRQYHUWHUV RI ���� N: WRWDO FD�

SDFLW\� 2SHUDWLQJ IUHTXHQF\ RI FXUUHQW VXSSOLHG WR

WKH LQGXFWRU LV ��� N+]�

'XULQJ KHDWLQJ RI WKH UHDFWLRQ PDVV E\ WKH HOHF�

WURPDJQHWLF ILHOG WKH WHPSHUDWXUH� VXIILFLHQW IRU LQL�

WLDWLRQ RI FKHPLFDO UHDFWLRQ LQ WKH ORDGHG PDVV� LV

UHDFKHG� 0HWDO DQG VODJ DUH IRUPHG DV D UHVXOW RI

SURFHHGLQJ WKH UHGR[ UHDFWLRQ� 'XH WR D ODUJH GLIIHU�

HQFH LQ GHQVLW\ WKH PHWDO DQG VODJ DUH ZHOO VHSDUDWHG�

7KH PHWDO LQJRW LV IRUPHG RQ WKH ERWWRP SODWH DQG

WKH VODJ SRRO LV ORFDWHG RYHU LW� $IWHU FRPSOHWLRQ RI

WKH UHGXFWLRQ SURFHVV DQG LQJRW FRROLQJ WKH ODWWHU LV

ZLWKGUDZQ IURP WKH PHOWLQJ FKDPEHU XVLQJ D ZLWK�

GUDZDO PHFKDQLVP�

'XUDWLRQ RI F\FOH LQ HDFK PHOWLQJ PRGXOH FDQ EH

IURP � WR ��� K WDNLQJ LQWR DFFRXQW WKH WLPH RI WKH

LQJRW FRROLQJ�

7KH PHWDO LQJRW SURGXFHG E\ WKLV WHFKQRORJ\ FRQ�

WDLQV DQ LQFUHDVHG DPRXQW RI JDV LPSXULWLHV� QRQ�PH�

)LJXUH �� 6FKHPH RI PHWDO SRRO LQ PHOWLQJ LQ D FROG FUXFLEOH� , x
]RQH RI FRPSOHWH PHOW VTXHH]LQJ IURP FUXFLEOH ZDOO� ,, x ]RQH RI
VORW VTXHH]LQJ RI PHOW� ,,, x ]RQH RI D IXOO FRQWDFW RI PHOW ZLWK
FUXFLEOH ZDOO� � x FROG FUXFLEOH� � x LQGXFWRU� � x PHWDO SRRO�
� x VNXOO� � x ERWWRP
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WDOOLF LQFOXVLRQV� DQG DOVR WHFKQRJHQHRXV LPSXULWLHV

�LQFUHDVHG FRQWHQW RI D UHGXFHU PHWDO�� 7KHUHIRUH�

WKHVH LQJRWV DUH VXEMHFWHG WR UHILQLQJ UHPHOWLQJ LQ

IXUQDFHV RI YDFXXP�DUF RU HOHFWURQ EHDP UHPHOWLQJ�

6R� LW FDQ EH FRQFOXGHG IURP DQDO\]LQJ WKH VFKHPHV

RI SURFHVVHV RI LQGXFWLRQ FUXFLEOH�IUHH PHOWLQJ� WKHLU

WHFKQLFDO FKDUDFWHULVWLFV� SHFXOLDULWLHV DQG FDSDELOL�

WLHV� WKDW WKH LQGXVWULDO DSSOLFDWLRQ RI OHYLWDWLRQ PHOW�

LQJ ZLOO EH KDUGO\ SRVVLEOH LQ WKH QHDU IXWXUH�

7KH LQGXFWLRQ OHYLWDWLRQ PHOWLQJ LV LQGLVSHQVDEOH

DQG� SUREDEO\� WKH RQO\ PRGHUQ PHWKRG RI SK\VLFDO�

FKHPLFDO LQYHVWLJDWLRQV RI PHWDO PHOWV�

=RQH PHOWLQJ DQG PHOWLQJ ZLWK HOHFWURPDJQHWLF

PDLQWDLQLQJ RI PHOW RQ WKH VXSSRUW KDYH DOUHDG\ IRXQG

DSSOLFDWLRQ LQ LQGXVWU\ LQ SURGXFWLRQ RI XOWUD�SXUH

PHWDOV�

$V WR WKH LQGXFWLRQ PHOWLQJ LQ D FROG FUXFLEOH�

WKHQ LW VKRXOG EH QRWHG WKDW LQ VSLWH RI DSSOLFDWLRQ LQ

LQGXVWULDO VFDOH WKLV SURFHVV UHTXLUHV JUHDW PRGLILFD�

WLRQV LQ WHFKQRORJLHV DQG PHOWLQJ HTXLSPHQW WR LP�

SURYH LWV WHFKQLFDO�HFRQRPLFDO FKDUDFWHULVWLFV�

�� 9DMQEHUJ� $�0� ������ ,QGXFWLRQ PHOWLQJ IXUQDFHV� 0RV�
FRZ� *RVHQHUJRL]GDW�

�� %URFNPD\HU� &� ������ ,QGXFWLRQ PHOWLQJ IXUQDFHV� 0RV�
FRZ� (QHUJL\D�

�� 3URVW\DNRY� $�$� ������ ,QGXFWLRQ IXUQDFHV DQG PL[HUV IRU
FDVW LURQ PHOWLQJ� 0RVFRZ� (QHUJL\D�

�� %DWDVK� *�,� ������ ,QGXFWLRQ KHDWLQJ RI PHWDOV DQG LWV LQ�
GXVWULDO DSSOLFDWLRQ� 0RVFRZ�/HQLQJUDG� (QHUJL\D�

�� 6OXNKRWVN\� $�(�� 1HPNRY� 9�6�� 3DYORY� 1�$� HW DO� ������
,QGXFWLRQ KHDWLQJ XQLWV� 0DQXDO IRU KLJKHU HGXFDWLRQ
VFKRROV� /HQLQJUDG� (QHUJRL]GDW�

�� *OXNKDQRY� 1�3� ������ 3K\VLFDO SULQFLSOHV RI KLJK�IUH�
TXHQF\ KHDWLQJ� ,VVXH �� /HQLQJUDG� 0DVKLQRVWURHQLH�

�� 6KDPRY� $�1�� %RGD]KNRY� 9�$� ������ 'HVLJQ DQG VHUYLFH
RI KLJK�IUHTXHQF\ XQLWV� /HQLQJUDG� 0DVKLQRVWURHQLH�

�� *RORYQ\RYD� 0�$�� $WURVKHQNR� $�3� ������ (TXLSPHQW
DQG WHFKQRORJ\ IRU KRW VWDPSLQJ� 0DQXDO IRU PDFKLQH�
EXLOGLQJ WHFKQLFDO VHFRQGDU\ VFKRROV� 0RVFRZ�/HQLQJUDG�
0DVKJL]�

�� 3URVW\DNRY� $�$� ������ ,QGXFWLRQ KHDWLQJ XQLWV� 0RVFRZ�
(QHUJL\D�

)LJXUH �� 6FKHPH RI LQGXFWLRQ LQVWDOODWLRQ �,PSXOV� IRU PHWDOORWKHUPLF UHGXFWLRQ� � x PHOWLQJ FKDPEHU �UHDFWRU�� � x FROG FUXFLEOH�
� x LQGXFWRU� � x LQJRW RI PHWDO� � x ERWWRP SODWH� � x PHFKDQLVP RI LQJRW ZLWKGUDZDO� � x YDFXXP V\VWHP
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��� 5\VNDQ� 6�(�� 6PLUQRY� 9�0�� %ODJRYHVKFKHQVN\� *�9�
������ ,QGXFWLRQ KHDW�WUHDWPHQW HTXLSPHQW� 0RVFRZ�/HQLQ�
JUDG� 0DVKLQRVWURHQLH�

��� 6NDFKNR� <X�1�� 3RSRY� 1�9�� 0RVKNLQ� 9�)� HW DO� ������
8QLW IRU KLJK�IUHTXHQF\ ZHOGLQJ RI VSLUDOO\�ZHOGHG SLSHV�
$YWRPDWLFK� 6YDUND� ��� ��w���

��� 3LVPHQQ\� $�6� ������ 1HZ LQ LQGXFWLRQ KHDWLQJ DSSOLFD�
WLRQ IRU ZHOGLQJ DQG UHODWHG WHFKQRORJLHV� ,ELG�� ��� ��w���

��� /HEHGHY� 9�.�� 7DEHOHY� 9�'�� 3LVPHQQ\� $�6� ������ %XWW
SUHVVXUH EUD]LQJ RI VWHHO SLSHOLQHV� ,ELG�� �� ��w���

��� 6KDPRY� $�1�� /XQLQ� ,�9�� ,YDQRY� 9�1� ������ +LJK�IUH�
TXHQF\ ZHOGLQJ RI PHWDOV� /HQLQJUDG� 0DVKLQRVWURHQLH�

��� 9RORJGLQ� 9�9�� .XVKFK� (�9� ������ ,QGXFWLRQ EUD]LQJ ,Q�
/LEUDU\ RI VSHFLDOLVW LQ KLJK�IUHTXHQF\ ZHOGLQJ DQG KHDW
WUHDWPHQW� ,VVXH �� /HQLQJUDG� 0DVKLQRVWURHQLH�

��� 5HERX[I� -� ������ /HV SODVPDV LQGXFWLRQ� XQ RXWLO H[FHS�
WLRQQHO SRXU XQH PHWDOOXUJLH GH TXDOLWH� -� )U� (OHFWURWHUP��
�� ���

��� /DNRPVN\� 9�,�� 0HOQLN� *�$� ������ 6SKHURLGLVLQJ LQ
KLJK�IUHTXHQF\ GLVFKDUJH RI DOXPLQLXP R[LGH SRZGHU�
3RURVKNRYD\D 0HWDOOXUJL\D� �� �w��

��� $UVHQLHY� 3�$�� .XVWRY� (�)� ������ ,QYHVWLJDWLRQ RI KLJK�
IUHTXHQF\ JDV GLVFKDUJH RI KLJK SUHVVXUH� 7HSORIL]LND 9\V�
7HPSHUDWXU� �� ���w����

��� $QWLSRY� ,�9�� *XJQ\DN� $�%�� 'PLWULHY� 6�1� ������ 3UR�
FHVV RI SURGXFWLRQ RI WLWDQLXP SLJPHQW GLR[LGH LQ KLJK�IUH�
TXHQF\ GLVFKDUJH RI R[\JHQ SODVPD� )L]LND L .KLPL\D
2EUDE� 0DWHULDORY� �� ���w����

��� /DNRPVN\� 9�,� ������ 3URFHGXUH RI LQYHVWLJDWLRQ RI K\GUR�
JHQ VROXELOLW\ LQ OLTXLG PHWDOV DW WKH ZLGH WHPSHUDWXUH
UDQJH� ,Q� *DVHV LQ FDVW PHWDOV� 0RVFRZ� 1DXND�

��� )RJHO� $�$� ������ ,QGXFWLRQ PHWKRG RI FRQILQHPHQW RI OL�
TXLG PHWDOV LQ VXVSHQVLRQ VWDWH� (G� E\ $�1� 6KDPRY� /H�
QLQJUDG� 0DVKLQRVWURHQLH�

��� )RJHO� $�$�� .RUNLQ� ,�9� ������ /HYLWDWLRQ PHOWLQJ XVLQJ
HOHFWURQ EHDP KHDWLQJ� ,]Y� $1 6665� 6HULHV 0HWDOV� ��
���w����

��� 5DWQLNRY� '�*� ������ &UXFLEOH�IUHH PHWKRG RI ]RQH PHOW�
LQJ� 0RVFRZ� 0HWDOOXUJL\D�

��� 9LJGRURYLFK� 9�1�� 9ROS\DQ� $�(�� .XUG\XPRY� 7�0�
������ $SSOLFDWLRQ RI ]RQH UHFU\VWDOOLVDWLRQ IRU SK\VLFR�
FKHPLFDO DQDO\VLV� =DYRG� /DERUDWRUL\D� ��� ����w�����

��� 7LU� /�/�� )RPLQ� 1�,� ������ &XUUHQW PHWKRGV RI LQGXFWLRQ
PHOWLQJ� ,Q� /LEUDU\ RI HOHFWULF KHDW�WUHDWHU� ,VVXH ��� 0RV�
FRZ� (QHUJL\D�

��� %\QGLQ� 9�0�� 'REURYROVND\D� 9�,�� 5DWQLNRY� '�7� ������
,QGXFWLRQ KHDWLQJ LQ SURGXFWLRQ RI VXSHUSXUH PHWDOV� (G�
E\ $�1� 6KDPRY� /HQLQJUDG� 0DVKLQRVWURHQLH�

��� .RJDQ� 0�*� ������ $XWRFUXFLEOH LQGXFWLRQ PHOWLQJ� 7H�
SORIL]LND 9\V� 7HPSHUDWXU� �� ���w����

��� *XEFKHQNR� $�3� ������ 0HOWLQJ DQG VROLGLILFDWLRQ RI PHOW
LQ HOHFWURPDJQHWLF ILHOG RQ VXSSRUW� 0DJQLWQD\D *LGURGL�
QDPLND� �� ���w����

��� )RPLQ� 1�,�� 7LU� /�/� ������ $VVXUDQFH RI SUHGHWHUPLQHG
FRQILJXUDWLRQ RI PHOW FRQWDLQHG E\ PDJQHWLF ILHOG� ,Q� 3URF�
RI �WK 5LJDsV 0HHWLQJ RQ 0DJQHWLF +\GURG\QDPLFV� 5LJD�
0DUFK ����� 9RO� ��

��� *ULJRUHQNR� *�0�� 3RPDULQ� <X�0�� /DNRPVN\� 9�,� HW DO�
������ 7HPSHUDWXUH GHSHQGHQFH RI VROXELOLW\ LQ OLTXLG LURQ�
PDQJDQHVH DOOR\V� ,]Y� $1 6665� 6HULHV 0HWDOV� �� ��w���

��� /DNRPVN\� 9�,�� *ULJRUHQNR� *�0�� 7RUNKRY� *�)� HW DO�
������ ,QIOXHQFH RI FKURPH DQG QLFNHO RQ QLWURJHQ VROXEL�
OLW\ LQ LURQ DOOR\V DW KLJK WHPSHUDWXUHV� ,Q� ,QWHUDFWLRQ RI
QLWURJHQ ZLWK PHWDOV� 0RVFRZ� 1DXND�

��� 3RPDULQ� <X�0�� 6KHMNR� ,�9�� *ULURUHQNR� *�0� HW DO�
������ 6WXG\ RI QLWURJHQ VROXELOLW\ DW LQFUHDVHG SUHVVXUH LQ
ORZ�DOOR\ VWDLQOHVV VWHHO ��.K��1�$0�� ,Q� 3UREOHPV RI
6SHFLDO (OHFWURPHWDOOXUJ\� ,VVXH ���

��� )HGRUFKHQNR� 9�1�� $YHULQ� $�9� ������ 6WXG\ RI VROXELOLW\
DQG NLQHWLFV RI QLWURJHQ VROXELOLW\ LQ LURQ�R[\JHQ DQG LURQ�
VXOIXU PHOWV XVLQJ WKH FUXFLEOHOHVV PHWKRG� ,Q� ,QWHUDFWLRQ
RI PHWDOV DQG JDVHV LQ VWHHO�PDNLQJ SURFHVVHV� 0RVFRZ�
0,6L6�

��� 6KLPD\R� ,�� 7DNDPL� 7� ������ ,QYHVWLJDWLRQ RI NLQHWLFV RI
UHDFWLRQ EHWZHHQ OLTXLG LURQ DQG QLWURJHQ E\ WKH OHYLWDWLRQ
PHOWLQJ PHWKRG� ,Q� 3K\VLFDO�FKHPLFDO SULQFLSOHV RI PHWDO�
OXUJLFDO SURFHVVHV� 0RVFRZ� 1DXND�

��� :DGD� +�� *XQGL� .�� :DGD� 7� ������ 6ROXELOLW\ RI QLWUR�
JHQ DQG LQWHUDFWLRQ ZLWK R[\JHQ LQ OLTXLG LURQ� 7UDQVDFW� RI
,URQ DQG 6WHHO ,QVW� -DS�� �� ���w����

��� 1HG]YHWVN\� <X�(� ������ 0HWKRGV RI LQFUHDVH RI URG VHF�
WLRQ LQ FUXFLEOHOHVV ]RQH PHOWLQJ� ,Q� ,QGXVWULDO DSSOLFDWLRQ
RI KLJK�IUHTXHQF\ FXUUHQWV� 0RVFRZ� 0DVKJL]�

��� $UW\VKHYVN\� 3�3�� .UDYHWVN\� '�<D�� =DWXORYVN\� /�0�
������ ,QYHVWLJDWLRQ RI JURZLQJ SURFHVV RI SURILOH VLOLFRQ
FU\VWDOV IURP SHGHVWDO� ,]Y� $1 6665� 6HULHV 3K\VLFV � ��
���w����

��� /LYDQRY� 9�$�� *DELGXOOLQ� 5�0�� 6KLSDORY� 9�6� ������
&RQWLQXRXV FDVWLQJ RI DOXPLQLXP DOOR\V� 0RVFRZ� 0HWDOOXU�
JL\D�

��� 1HXVWUXHY� $�$�� .KRGRURYVN\� *�$� ������ 9DFXXP VNXOO
IXUQDFHV� 0RVFRZ� 0HWDOOXUJL\D�

��� 9RORNKRQVN\� /�$� ������ 7KHUPRSK\VLFDO SURFHVVHV DQG
HQHUJ\ EDODQFH LQ VNXOO PHOWLQJ� 0RVFRZ� 91,,(0�

��� *OXNKDQRY� 1�3�� =KH]KHULQ� 5�3�� 0HOLNRY� 0�$� HW DO� ,Q�
GXFWLRQ PHOWLQJ PHWKRG RI FKHPLFDOO\ DFWLYH PHWDOV LQ FUX�
FLEOH IURP WKH VDPH PHWDO� 8665 DXWKRUsV FHUW� ������� ,QW�
&O� &��& ����� 3XEO� �����

��� )RPLQ� 1�,�� 7LU� /�/�� 9HUWPDQ� $�$� ������ 8VH RI LQGXF�
WLRQ PHOWLQJ GHYLFHV ZLWK FROG FUXFLEOHV DQG HOHFWURPDJQHWLF
UHGXFWLRQ RI PHOW IRU KLJK�WHPSHUDWXUH SK\VLFRFKHPLFDO LQ�
YHVWLJDWLRQV� ,Q� (OHFWURWKHUPLFV� ,VVXH ���

��� 3HWURY� <X�%�� 5DWQLNRY� '�*� ������ &ROG FUXFLEOHV� 0RV�
FRZ� 0HWDOOXUJL\D�

��� 7LU� /�/�� *XEFKHQNR� $�3� ������ ,QGXFWLRQ PHOWLQJ IXU�
QDFHV IRU SURFHVVHV RI LQFUHDVHG DFFXUDF\ DQG SXULW\� 0RV�
FRZ� (QHUJRL]GDW�

��� .XGU\DYWVHY� <X�1� ������ ,QGXFWLRQ FUXFLEOH IXUQDFHV IRU
PHOWLQJ DQG FDVWLQJ RI WLWDQLXP DOOR\V� 7LWDQ� �� ��w���

��� 'RQVNRM� $�9�� 5DWQLNRY� '�*� ������ 2Q XVH RI FRROHG
FUXFLEOHV LQ LQGXFWLRQ IXUQDFHV� ,Q� (OHFWURWKHUPLFV� ,VVXH ��

��� .DFKXU� /�,�� *XEFKHQNR� $�3� ������ 3HFXOLDULWLHV RI PHOW�
LQJ DQG SURGXFWLRQ RI KRPRJHQRXV DOOR\V LQ LQGXFWLRQ IXU�
QDFH ZLWK D FROG FUXFLEOH� 7VYHWQ� 0HWDOO\� �� ��w���
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6�*� (*2529� ,�)� &+(5921< DQG (�<D� 6+9(76

=DSRUR]KLH 6WDWH (QJLQHHULQJ $FDGHP\� =DSRUR]KLH� 8NUDLQH

,Q WKLV ZRUN WKH PDJQHWLF ILHOGV RI PHOWLQJ DQG SUHKHDWLQJ LQGXFWRUV DUH FDOFXODWHG� 7KHLU LQIOXHQFH RQ WKH SURFHVVHV

SURFHHGLQJ LQ LQGXFWLRQ FUXFLEOH�IUHH ]RQH PHOWLQJ RI VLOLFRQ ERWK LQVLGH WKH PHOW DQG DOVR DW LWV VXUIDFH LV DQDO\]HG�

0HWKRG RI LPSURYLQJ WKH GHJUHH RI PDJQHWLF ILHOG DFWLRQ LV RIIHUHG�

.H\ZRU G V � LQGXFWRU� PDJQHWLF ILHOG� 7D\ORUsV FULWHULRQ�
+DUWPDQQsV FULWHULRQ� FRQYHFWLRQ

2YHU WKH UHFHQW \HDUV WKH PHWKRGV RI FRQWURO RI K\�
GURG\QDPLFV� KHDW DQG PDVV WUDQVIHU� EDVHG RQ DSSOL�
FDWLRQ RI PDJQHWLF ILHOGV� IRXQG WKH ZLGH VSUHDGLQJ

LQ WKH SURFHVVHV RI SURGXFLQJ VLQJOH FU\VWDOV RI VHPL�

FRQGXFWRUV >�@� 7KH SUHPLVH IRU DSSOLFDWLRQ RI HOHF�

WURPDJQHWLF ILHOGV LV D UDWKHU KLJK HOHFWULF FRQGXFWL�

YLW\ RI VHPLFRQGXFWRUV LQ D OLTXLG VWDWH� L�H� σ  �⋅���w
�⋅��� �2KP⋅P�w�� 7KH HIIHFW RI HOHFWURPDJQHWLF ILHOGV

LV PDQLIHVWHG LQ WKH IDFW WKDW WKH\ KLQGHU WKH FKDQJH

LQ UDWH RI DYHUDJHG IORZ RI PHOW� DQG DOVR LWV WHPSHUD�

WXUH DQG FRQFHQWUDWLRQ� ,Q SURGXFLQJ VLQJOH FU\VWDOV

XVLQJ WKH PHWKRG RI FUXFLEOH�IUHH ]RQH PHOWLQJ

�&)=0� WKH HOHFWURPDJQHWLF ILHOGV RI PHOWLQJ DQG
SUHKHDWLQJ LQGXFWRUV DOVR LQIOXHQFH WKH PROWHQ ]RQH

>�� �@� ,Q WKH PHQWLRQHG ZRUNV WKH HIIHFW RI HOHFWUR�

PDJQHWLF ILHOG RI WKH PHOWLQJ LQGXFWRU LV DQDO\]HG�

EXW WKH HIIHFW RI HOHFWURPDJQHWLF ILHOG RI WKH SUHKHDW�
LQJ LQGXFWRU RQ WKH PROWHQ ]RQH LV QRW DFFRXQWHG IRU�

7KH SUHVHQW ZRUN LV GHYRWHG WR WKH FDOFXODWLRQ RI

PDJQHWLF ILHOGV RI PHOWLQJ DQG SUHKHDWLQJ LQGXFWRUV�

DQG DOVR WR WKH DQDO\VLV RI WKHLU HIIHFW RQ WKH SURFHVVHV

SURFHHGLQJ ERWK LQVLGH WKH PROWHQ ]RQH DQG DOVR DW

LWV VXUIDFH� 7KH FDOFXODWHG PRGHO RI WKH SURFHVV LV

JLYHQ LQ )LJXUH �� ,W PD[LPXP DSSURDFKHV LWV UHDO

PRGHO IRU WKH FDVH RI JURZLQJ VLOLFRQ VLQJOH FU\VWDOV

RI �� PP GLDPHWHU� ,QQHU GLDPHWHUV RI PHOWLQJ DQG

SUHKHDWLQJ LQGXFWRUV DUH �� DQG �� PP� UHVSHFWLYHO\�

FXUUHQW RIPHOWLQJ LQGXFWRUx ����$� UDWLR RIPHOWLQJ

DQG SUHKHDWLQJ LQGXFWRU FXUUHQWV LV ,PHOW�,SUHKHDW  

 ���� FXUUHQW IUHTXHQF\ x ��� 0+]�

7R FDOFXODWH WKH HOHFWURPDJQHWLF ILHOG WKH GLIIHU�

HQWLDO HTXDWLRQ LQ SDUWLDO GHULYDWLYHV UHODWLYH WR D FRP�

SOH[ DPSOLWXGH RI D YHFWRU PDJQHWLF SRWHQWLDO$ZKLFK

LV DVVRFLDWHG ZLWK D YHFWRU RI PDJQHWLF LQGXFWLRQ E\

WKH IROORZLQJ HTXDWLRQ�

%  ∇ $� ���

,W LV DVVXPHG WKDW WKH YHFWRU RI WKH PDJQHWLF LQ�

GXFWLRQ LV ORFDWHG LQ WKH PRGHO SODQH� ZKLOH WKH YHFWRU
RI HOHFWULF FXUUHQW GHQVLW\ M DQG YHFWRU PDJQHWLF SR�

WHQWLDO $ DUH RUWKRJRQDO WR LW�

7KH HTXDWLRQ RI YHFWRU PDJQHWLF SRWHQWLDO IRU D[L�
V\PPHWULF FDVH KDV D IROORZLQJ IRUP�

∂
∂U




�

U µ
]

∂ (U$)
∂U





+
∂
∂]




�
µ
U

∂$
∂]



 w ωσ$ = wM

�
� ���

ZKHUH ]� U DUH WKH VSDFH FRRUGLQDWHV� µ
U
, µ

]
DUH WKH

FRPSRQHQWV RI UHODWLYH PDJQHWLF SHUPHDELOLW\� ω LV

WKH DQJXODU IUHTXHQF\� V
w�

� σ LV WKH PDWHULDO HOHFWULF

FRQGXFWLYLW\� �2KP⋅P�
w�

� M
�
LV WKH FXUUHQW�VLGHG FRP�

)LJXUH �� *HRPHWULFDO PRGHO RI &)=0� � x IHHG FRUH� �� � x
PHOWLQJ DQG SUHKHDWLQJ LQGXFWRUV� UHVSHFWLYHO\� �x VLQJOH FU\VWDO�
� x PROWHQ ]RQH

� 6�*� (*2529� ,�)� &+(5921< DQG (�<D� 6+9(76� ����

)LJXUH �� &DOFXODWHG SDWWHUQ RI PDJQHWLF ILHOG
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SRQHQW FDXVHG E\ DSSOLHG H[WHUQDO YROWDJH� $� 9DOXHV
µ
U� µ

]
� σ� M� IRU HDFK PDWHULDO ZHUH WDNHQ FRQVWDQW�

)LHOG FKDQJH ZLWK WLPH ZDV VXSSRVHG WR EH VLQXVRLGDO�
7KH UHJLRQ FRQVLGHUHG ZDV LQ YDFXXP DQG LQFOXGHG

D IHHG FRUH� PHOWLQJ LQGXFWRU� PHOW� VLQJOH FU\VWDO DQG
RQH WXUQ RI WKH SUHKHDWLQJ LQGXFWRU� 7KH HIIHFW RI WKH
UHVW WXUQV RI WKLV LQGXFWRU RQ WKH PHOW ZDV QRW WDNHQ
LQWR DFFRXQW� DV WKH\ DUH ORFDWHG EHORZ WKH PHQWLRQHG
WXUQ DW WKH UHODWLYHO\ ODUJH ���w�� PP� GLVWDQFH IURP
HDFK RWKHU� 7KH VHOHFWLRQ RI UHJLRQ ERXQGDU\ ZDV UH�
DOL]HG VR WKDW D PDJQHWLF SRWHQWLDO YHFWRU� DUUDQJLQJ
RQ LW� ZDV HTXDO WR ]HUR� 7KH GLVWDQFH EHWZHHQ WKH
UHJLRQ ERXQGDU\� IURQW RI FU\VWDOOL]DWLRQ DQG LQGXFWRU
ZHUH VHOHFWHG IURP FRQVLGHUDWLRQV RI D PLQLPXP GLV�
WRUWLRQ RI WKH PDJQHWLF ILHOG SDWWHUQ�

7KH WDVN SXW IRUZDUG ZDV VROYHG E\ WKH PHWKRG
RI ILQLWH HOHPHQWV XVLQJ VRIWZDUH 4XLFN)LHOG ���7�
5HVXOWV RI FDOFXODWLRQ DUH JLYHQ LQ )LJXUH �� $V LV VHHQ
IURP WKH )LJXUH� WKH FDOFXODWHG PDJQHWLF ILHOG LV FRP�
ELQHG ZLWK D VXSSRVHG PRYHPHQW RI WKH PHOW FDXVHG
E\ DQ HOHFWURG\QDPLF FRQYHFWLRQ >�@� ,W LV DOVR QR�
WLFHDEOH WKDW WKH PDJQHWLF ILHOG GRHV QRW SHQHWUDWH
GHHSO\ LQWR WKH PHOW� EXW LV FRQFHQWUDWHG QHDU WKH IUHH
LWV VXUIDFH� &RQVHTXHQWO\� LW KDV WKH JUHDWHU LQIOXHQFH
RQ WKH WKHUPRFDSLOODU\ IRUFHV WKDQ RQ YLVFRVLW\ IRUFHV�
7R HYDOXDWH WKH LQWHUDFWLRQ EHWZHHQ WKH WKHUPRFDSLO�
ODU\ FRQYHFWLRQ DQG URWDWLQJ PDJQHWLF ILHOG WKH GL�
PHQVLRQOHVV 7D\ORUsV FULWHULRQ ZDV XVHG >�@�

7D =
%
�ωU 5

� σ
�ρ ν�

� ���

ZKHUH ωU LV WKH DQJXODU VSHHG RI URWDWLQJ PDJQHWLF
ILHOG� V

w�

� 5 LV WKH UDGLXV RI D VLQJOH FU\VWDO� P� ρ LV
WKH GHQVLW\ RI PROWHQ VLOLFRQ� ρ  ���� NJ�P

�

� ν LV
LWV YLVFRVLW\� ν  ���⋅��w�P�

�V� +RZHYHU� LQ WKLV FDVH
WKH PDJQHWLF ILHOG ZDV VWDWLRQDU\� DQG WKH VLQJOH FU\V�
WDO ZDV URWDWLQJ� 7KHUHIRUH� LQ IRUPXOD ��� WKH DQJXODU
VSHHG RI URWDWLRQ RI WKH VLQJOH FU\VWDO ZDV XVHG

ω =
Qπ
��

� ���

ZKHUH Q LV WKH IUHTXHQF\ RI URWDWLRQ RI D VLQJOH FU\VWDO�
USP� ,Q FDOFXODWLRQ Q ZDV WDNHQ HTXDO WR �� USP�
$IWHU VXEVWLWXWLQJ YDOXHV RI SK\VLFDO SDUDPHWHUV RI
WKH PROWHQ VLOLFRQ DQG FDOFXODWHG YDOXHV RI YHFWRU RI
PDJQHWLF LQGXFWLRQ WR IRUPXOD ��� ZH VKDOO REWDLQ
WKDW WKH 7D\ORUsV FULWHULRQ LV 7D ! �⋅���� ,W FRUUHVSRQGV
WR WKH FRQGLWLRQ ZLWK D GRPLQDWLQJ DFWLRQ RI WKH PDJ�
QHWLF ILHOG� DW ZKLFK WKH WKHUPRFDSLOODU\ IORZ LV GH�
FUHDVHG VLJQLILFDQWO\ >�@� 7KXV� WKH PDJQHWLF ILHOG RI
PHOWLQJ DQG SUHKHDWLQJ LQGXFWRUV DW FXUUHQW IUHTXHQF\
��� 0+] VXSSUHVVHV WKH WKHUPRFDSLOODU\ FRQYHFWLRQ�

7KH KLJKHVW SHUPHDELOLW\ RI WKH PDJQHWLF ILHOG LQ
WKH VLOLFRQ PHOW YROXPH LV DWWDLQHG DW �� RU ��� +]
IUHTXHQF\ RI FXUUHQW >�� �@� $V LW LV LPSRVVLEOH WR
GHFUHDVH WKH IUHTXHQF\ RI FXUUHQW RI PHOWLQJ DQG SUH�
KHDWLQJ LQGXFWRUV GRZQ WR WKH PHQWLRQHG YDOXHV ZLWK�
RXW GLVWXUEDQFH RI RSWLPXP FRQGLWLRQV RI PHOWLQJ�
WKHQ DQ DGGLWLRQDO LQGXFWRU� ZKLFK LV DUUDQJHG EH�
WZHHQ WKH PHOWLQJ DQG SUHKHDWLQJ LQGXFWRUV� LV XVHG�
7KH SDWWHUQ RI PDJQHWLF ILHOG JHQHUDWHG E\ WKLV LQ�
GXFWRU LV VKRZQ LQ )LJXUH �� ,W GLIIHUV QRWLFHDEO\ IURP
WKDW SUHVHQWHG LQ )LJXUH �� ,W LV VHHQ WKDW WKH ODUJHU
SDUW RI WKH PHOW LV ORFDWHG LQ WKH PDJQHWLF ILHOG� ,W LV
WKH DUHD ZKHUH WKH �PDLQ� YRUWH[ LQIOXHQFLQJ WKH
FU\VWDOOL]DWLRQ FRQGLWLRQV LV GHYHORSHG�

'HJUHH RI DFWLRQ RI PDJQHWLF IRUFHV RQ WKH YLVFRVLW\
IRUFHV ZDV GHWHUPLQHG E\ WKH +DUWPDQQsV FULWHULRQ

+D = %5 √ σ
ρν � ���

7KH FDOFXODWHG YDOXHV RI WKH +DUWPDQQsV FULWHULRQ

DORQJ WKH OHQJWK &1 �VHH )LJXUH �� DUH VKRZQ LQ

)LJXUH �� $W +D ! � WKH PDJQHWLF IRUFHV EHJLQ WR

GRPLQDWH RYHU WKH YLVFRVLW\ IRUFHV WKDW FDQ KLQGHU WKH

FKDQJH LQ WHPSHUDWXUH DQG UDWH RI WKH PHOW PRYHPHQW�

7KXV� WKH PDJQHWLF ILHOG RI PHOWLQJ DQG SUHKHDWLQJ

LQGXFWRUV VXSSUHVVHV WKH WKHUPRFDSLOODU\ FRQYHFWLRQ�

DQG WKH DSSOLFDWLRQ RI WKH DGGLWLRQDO LQGXFWRU ZLWK

�� +] IUHTXHQF\ RI FXUUHQW FDQ OHDG WR WKH LPSURYHPHQW

RI WKH FU\VWDOOL]DWLRQ FRQGLWLRQV� 0RUHRYHU� LQ WKLV FDVH

DQ DGGLWLRQDO SRVVLELOLW\ LQ FRQWURO RI FRQFHQWUDWLRQ RI

LPSXULWLHV LQ VLOLFRQ VLQJOH FU\VWDOV LV DSSHDUHG�

�� *HOIJDW� <X�0�� =HPVNRY� 9�6�� 5DXNKPDQ� 0�5� HW DO�
������ *URZLQJ RI VHPLFRQGXFWRU VLQJOH FU\VWDOV E\ HOHFWUR�
PDJQHWLF DFWLRQ RQ PHOW� ,Q� 3URFHVVHV RI JURZLQJ RI VHPL�
FRQGXFWRU FU\VWDOV DQG ILOPV� 1RYRVLELUVN� 1DXND�

�� 'ROG� 3�� &UROO� $�� /LFKWHQVWHLJHU� 0� HW DO� ������ )ORDW�
LQJ ]RQH JURZWK RI VLOLFRQ LQ PDJQHWLF ILHOGV� 3DUW �� 5RWD�
WLQJ PDJQHWLF ILHOG� -� &U\VWDO *URZWK� ���� ��w����

�� 1DQF\� 0D�� :DONHU� -�6�� /XGJH� $� HW DO� ������ 6LOLFRQ
IORDW ]RQH SURFHVV ZLWK D ZHHN WUDQVYHUVH PDJQHWLF ILHOG DQG
FU\VWDO URWDWLRQ� -� (OHFWURFKHPLFDO 6RF�� ���� ����w�����

�� 0XKOEDXHU� $�� (UGPDQQ� :�� .HOOHU� :� ������ (OHFWUR�
G\QDPLF FRQYHFWLRQ LQ VLOLFRQ IORDWLQJ ]RQHV� -� &U\VWDO
*URZWK� ��� ���w����

�� -RQVWRQ� 9�6�� 7LOOHU� 9�$� ������ /LTXLG IORZ FRQWURO GXU�
LQJ VROLGLILFDWLRQ� ,Q� =RQH PHOWLQJ� 0RVFRZ� 0HWDOOXUJL\D�

)LJXUH �� &DOFXODWHG SDWWHUQ RI PDJQHWLF ILHOG REWDLQHG LQ �� +]
IUHTXHQF\ RI FXUUHQW

)LJXUH �� &XUYH RI GLVWULEXWLRQ RI +DUWPDQQsV FULWHULRQ DORQJ WKH
VLQJOH FU\VWDO UDGLXV
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6�$� .+5$3.2

'RQHWVN 1DWLRQDO 7HFKQLFDO 8QLYHUVLW\� 'RQHWVN� 8NUDLQH

'HSHQGHQFH RI SURGXFWLRQ HIIHFWLYHQHVV RI VWHHOPDNLQJ VKRS RQ WHFKQRORJLFDO SDUDPHWHUV RI WKH VWHHO PHOWLQJ SURFHVV LV

DQDO\]HG� ,W LV VKRZQ WKDW DW GLIIHUHQW YDULDQWV RI WKH WHFKQRORJ\ DQG DOVR LQ DXWRPDWHG V\VWHPV RI FRQWURO RI WHFKQRORJLFDO

SURFHVVHV RI PHOWLQJ DQG ODGOH WUHDWPHQW D ILQDO DLP RI DQ\ SURGXFWLRQ� L�H� HQWHUSULVH SURILW� VKRXOG EH XVHG DV D

SXUSRVHIXO IXQFWLRQ RI RSWLPL]LQJ� EXW QRW WKH LQGLUHFW LQGLFHV RI VKRS RSHUDWLRQ �HIILFLHQF\ RI WKH XQLW� FRVW RI SURGXFWV��

.H\ZRU G V � WHFKQRORJ\ RI HOHFWULF PHOWLQJ� R[\JHQ EORZLQJ
LQ� H[RWKHUPDO UHDFWLRQV� RXWSXW RI HIILFLHQW PHWDO� DUF IXUQDFH
HIILFLHQF\� FRVW� HQWHUSULVH SURILW

7R DQDO\]H WKH SURILW GHSHQGHQFH RQ SURGXFWLRQ YR�
OXPH �RU IXUQDFH HIILFLHQF\� WKH IROORZLQJ FRQVLGHUD�
WLRQV DUH WDNHQ LQWR DFFRXQW >�@� ([SHQVHV RI WKH HQ�

WHUSULVH IRU SURGXFWV PDQXIDFWXULQJ DUH

=  6*� ���

ZKHUH 6 DUH WKH H[SHQVHV IRU PDLQ PDWHULDOV DQG HQ�

HUJ\ VXSSOLHUV SHU WRQ RI UHDG\ SURGXFWV� 86��W� *

LV WKH PDVV RI SURGXFHG PHWDO� W�\HDU� 3URILW RI HQ�

WHUSULVH IURP PHWDO VHOOLQJ LV

<  &*� ���

ZKHUH & LV WKH SULFH RI SURGXFWV� 86��W�

$V D UHVXOW� WKH IROORZLQJ IRUPXOD LV REWDLQHG IRU

GHWHUPLQDWLRQ RI DQQXDO SURILW RI WKH HQWHUSULVH�

3  < w =w =τ  �& w 6�* w =τ � ���

ZKHUH =τ LV WKH FRQGLWLRQDOO\ FRQVWDQW H[SHQVHV �VD�

ODU\� WD[HV� SD\PHQW IRU ODQG� HTXLSPHQW UHSDLU� L�H�
HYHU\WKLQJ SDLG E\ WKH HQWHUSULVH LQGHSHQGHQWO\ RI

WKH SURGXFWV PDQXIDFWXULQJ�� 86��\HDU�

,W IROORZV IURP WKH IRUPXOD WKDW WKH HQWHUSULVH

EHFRPHV XQSURILWDEOH DW WKH SURGXFWLYLW\ RI OHVV WKDQ
=τ��&w6�� 7KH LQFUHDVH LQ WKH SURGXFWLYLW\ OHDGV DO�
ZD\V DGHTXDWHO\ WR WKH LQFUHDVH LQ WKH SURILW� 7KH

DERYH�PHQWLRQHG GHSHQGHQFH LV LOOXVWUDWHG E\ D GLD�

JUDP VKRZQ LQ )LJXUH � >�@�

,Q WKHVH FRQVLGHUDWLRQ WKHUH LV RQH GUDZEDFN� LW LV

FRQVLGHUHG WKDW ZLWK LQFUHDVH LQ IXUQDFH HIILFLHQF\ DOO

LQLWLDO GDWD �FRVW FRHIILFLHQWV� UHPDLQ FRQVWDQW� 7KLV

VLWXDWLRQ FRUUHVSRQGV WR �H[WHQVLYH� ZD\ RI LQFUHDV�

LQJ SURGXFWLYLW\ �LQFUHDVH LQ QXPEHU RI IXUQDFHV� WKHLU

FDSDFLW\� HWF��� ,I WKH PHWKRG RI LQFUHDVLQJ IXUQDFH

HIILFLHQF\ E\ FKDQJLQJ PHOWLQJ WHFKQRORJ\ LV FRQVL�

GHUHG �LQ SDUWLFXODU� LQWHQVLILFDWLRQ RI R[\JHQ EORZ�

LQJ LQ�� WKHQ LW LV QHFHVVDU\ WR WDNH LQWR DFFRXQW WKDW

LQ WKLV FDVH QRW RQO\ WKH PHOWLQJ GXUDWLRQ LV GHFUHDVHG

�GXH WR DGGLWLRQDO KHDW RI FKHPLFDO UHDFWLRQV�� EXW

DOVR WKH PDVV RI WKH PROWHQ VHPL�SURGXFW DW WKH RXWOHW

�GXH WR LQFUHDVHG LURQ ORVV�� +HUH� WKH H[SHQVHV IRU
PDLQ PDWHULDOV DQG HQHUJ\ VXSSOLHUV SHU RQH PHOWLQJ

DUH QRW DOPRVW FKDQJHG� WKDW LV HTXLYDOHQW WR WKH

JURZWK RI DOO WKH FRVW FRHIILFLHQWV SHU � W RI PROWHQ

PHWDO� 7KXV� IRUPXOD ��� GRHV QRW DOUHDG\ UHIOHFW WKH

GHSHQGHQFH RI HQWHUSULVH H[SHQVHV RQ WKH PDVV RI SUR�
GXFHG PHWDO DQG � WKHUHIRUH� LW LV QHFHVVDU\ WR FRQVLGHU
WKH H[SHQVHV IL[HG IRU HDFK PHOWLQJ� ,Q RWKHU ZRUGV�

D PHWDO VFUDS RI D GHILQLWH FRVW LV ORDGHG LQWR WKH

IXUQDFH� WKHQ WKLV FRVW ZLOO QRW GHSHQG RQ WKH UHVXOWV
RI PHOWLQJ� L�H� �� RU �� � RI PHWDO ZLOO EH WUDQVIHUUHG

WR WKH VODJ�

$V DQ H[DPSOH ZH VKDOO FRQVLGHU WZR YDULDQWV RI

WHFKQRORJLHV� EDVLF DQG FRPSDUDWLYH� /HW XV DVVXPH

WKDW WKH FRPSDUDWLYH YDULDQW LV GLIIHUHG IURP WKH EDVLF

YDULDQW RQO\ E\ D VPDOOHU PDVV RI WKH SURGXFHG PHWDO

DQG PHOWLQJ GXUDWLRQ� DOO RWKHU FKDUDFWHULVWLFV ZLOO EH

FRQVLGHUHG XQFKDQJHG� FRQGLWLRQDOO\�FRQVWDQW H[�

SHQVHV =τ  �� POQ 86��\HDU �DSSUR[LPDWH HVWLPD�

WLRQ� LW LV VKRZQ IXUWKHU WKDW WKLV YDOXH GRHV QRW LQ�

IOXHQFH WKH UHVXOWV RI FRPSDULVRQ�� WKH SULFH RI PROWHQ
VHPL�SURGXFW �SULFH RI ELOOHW PLQXV H[SHQVHV IRU DO�

� 6�$� .+5$3.2� ����

)LJXUH �� 'HSHQGHQFH RI SURILW RQ YROXPH RI SURGXFWLRQ DQG H[�
SHQVHV
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OR\LQJ� UROOLQJ� SRXULQJ� WUDQVSRUWLQJ DQG VR RQ� &  
 ��� 86��W� GXUDWLRQ RI IXUQDFH RSHUDWLRQ SHU \HDU
7  ���� K� H[SHQVHV IRU PDLQ PDWHULDOV DQG HQHUJ\
VXSSOLHUV SHU RQH PHOWLQJ =

P
 ����� 86� �DSSUR[L�

PDWH FDOFXODWLRQ LV JLYHQ LQ 7DEOH ���
/HW XV HVWLPDWH WKH UHGXFWLRQ LQ PDVV DQG PHOWLQJ

GXUDWLRQ ZLWK LQFUHDVH LQ LQWHQVLW\ RI R[\JHQ EORZLQJ
LQ� 7KH WRWDO KHDW FRQVXPSWLRQ IRU PHOWLQJ � W RI
PHWDO LV ≈ ��� N:⋅K�W RU ���� 0-�W� 7R UHGXFH WKH
PHOWLQJ GXUDWLRQ IRU � PLQ �IURP �� PLQ LQ D EDVLF
YDULDQW WR �� PLQ LQ D FRPSDUDWLYH YDULDQW�� LW LV
QHFHVVDU\ WR LQWURGXFH �������  ���� 0-�W RI KHDW
DW WKH H[SHQVH RI LURQ R[LGDWLRQ E\ WKH EORZQ�LQ R[\�
JHQ� 7KH UHDFWLRQ RI LURQ R[LGL]LQJ ZLWK JDVHRXV R[\�
JHQ KDV D WKHUPDO HIIHFW RI QRW PRUH WKDQ ��� 0-�NJ
RI LURQ� &RQVHTXHQWO\� WKH DGGLWLRQDO LURQ ORVV SHU
HDFK PLQXWH RI UHGXFWLRQ LQ PHOWLQJ GXUDWLRQ ZLOO EH
��� NJ�W� DQG DW DYHUDJH PDVV RI PHOWLQJ ��� W WKH
UHGXFWLRQ LQ PDVV RI WKH RXWSXW PHWDO ZLOO UHDFK
����� W�

/HW XV DQDO\]H WKH GHSHQGHQFH RI SURILW SHU WLPH
XQLW\ RQ LQWHQVLW\ RI R[\JHQ EORZLQJ LQ WR WKH DUF
VWHHOPHOWLQJ IXUQDFH� 7KH FKDQJHV LQ FKDUDFWHULVWLFV
ZLWK LQFUHDVH LQ LQWHQVLW\ RI EORZLQJ LQ DUH JLYHQ LQ
7DEOH ��

7KH FDOFXODWLRQV VKRZ WKDW WKH FRPSDUDWLYH YDUL�
DQW LV QRW SURILWDEOH �DQQXDO SURILW LV GHFUHDVHG E\
����� 86�� LQ VSLWH RI LQFUHDVH LQ SURGXFWLRQ SUR�
GXFWLYLW\ E\ ����� W RI VWHHO SHU \HDU� 7R VLPSOLI\ WKH
DQDO\VLV RI GLIIHUHQW YDULDQWV RI WKH WHFKQRORJ\� LW LV
GHVLUDEOH WR KDYH WKH DQDO\WLFDO IRUP RI GHSHQGHQFH
RI SURILW RQ DERYH�JLYHQ IDFWRUV�

6XEVWLWXWLQJ H[SUHVVLRQV RI 7DEOH WR IRUPXOD ���
JLYHV WKH IROORZLQJ IRUP RI GHSHQGHQFH RI HQWHUSULVH
SURILW SHU \HDU RQ PHOWLQJ GXUDWLRQ�

3 = 7
&0 w =

P

τ w =τ� ���

7R DQDO\]H IRUPXOD ��� ZH VKDOO FDOFXODWH WKH GH�
ULYDWLYH

G3

Gτ = 7
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


&
G0

Gτ w (&0 w =P)




=

= 1&



G0

Gτ w 4



� w

6

&







�

���

5HGXFWLRQ LQPHOWLQJ GXUDWLRQ OHDGV WR WKH LQFUHDVH
LQ SURILW �G3�Gτ �� LI

G0

Gτ � 4



� w

6

&




� ���

,W LV LQWHUHVWLQJ WKDW RQO\ WZR FKDUDFWHULVWLFV LQ
IRUPXOD ��� DUH RI LPSRUWDQFH� SURGXFWLYLW\ DQG PD�
WHULDO H[SHQVHV�WR�VHPL�SURGXFW SULFH UDWLR� $OO RWKHU
FKDUDFWHULVWLFV �τ� 0� 7� =τ� GR QRW LQIOXHQFH WKH
WHFKQRORJ\ SURILWDELOLW\� $W WKH DERYH JLYHQ EDVLF
FKDUDFWHULVWLFV WKH SURILWDELOLW\ RI LQWHQVLILFDWLRQ RI
R[\JHQ EORZLQJ LQ LV GHWHUPLQHG E\ H[SUHVVLRQ

G0

Gτ � �� W�K ����� W�PLQ�� ���

L�H� UHGXFWLRQ LQ PHOWLQJ GXUDWLRQ E\ � PLQ VKRXOG
OHDG WR WKH GHFUHDVH LQ PHWDO PDVV E\ QRW PRUH WKDQ
���� W �RU� LQ RWKHU ZRUGV� HDFK WRQ RI WKH R[LGL]HG
PHWDO VKRXOG SURYLGH UHGXFWLRQ LQ PHOWLQJ GXUDWLRQ
E\ QRW OHVV WKDQ ��� PLQ�� ,I WKH PHWDO PDVV LV UHGXFHG
E\ PRUH WKDQ ���� W ����� W LQ D FRPSDUDWLYH YDULDQW��

7DEOH �� &RVW FRHIILFLHQWV �H[SHQVHV IRU PDLQ PDWHULDOV DQG HQHU�
J\ VXSSOLHUV� LQ D EDVLF YDULDQW DW RXWSXW PDVV 0  ��� W� 86�

'HVFULSWLRQ RI

UHVRXUFHV

3ULFH RI

UHVRXUFHV

XQLW

&RQVXPSWLRQ

RI

UHVRXUFHV

SHU � W RI

VWHHO

&RVW RI

UHVRXUFHV

SHU � W RI

VWHHO

&RVW RI

UHVRXUFHV SHU

PHOWLQJ

6FUDS� W �� ��� �� ����

(OHFWULF HQHUJ\�

N:⋅K
���� ��� �� ����

(OHFWURGHV� NJ � � � ����

/LPH� NJ ���� �� ��� �����

1DWXUDO JDV� P� ���� �� ��� ����

,Q WRWDO� �� =P  �����

7DEOH �� &RPSDULVRQ RI FKDUDFWHULVWLFV

'HVFULSWLRQ RI FKDUDFWHULVWLFV %DVLF YDULDQW &RPSDUDWLYH YDULDQW &KDQJH

'XUDWLRQ RI PHOWLQJ τ� PLQ �� �� w�

2XWSXW PDVV 0� W ��� ������ w����

)XUQDFH HIILFLHQF\ 4  0�τ� W�K ��� ������ �����

1XPEHU RI PHOWV SHU \HDU 1  7�τ ���� ���� ����

6SHFLILF H[SHQVHV IRU PDLQ PDWHULDOV DQG HQHUJ\ VXSSOLHUV

6  =P�0� 86��W

�� ����� �����

9ROXPH RI DQQXDO SURGXFWLRQ *  47� WKV W ���� ������� ������

7RWDO H[SHQVHV SHU \HDU =  =P1� WKV 86� ����� ����� �����

5HFHLSWV RI SODQW SHU \HDU <  *&� WKV 86� ������ ������ �����

3URILW SHU \HDU 3  <w=w=τ� WKV 86� ���� ���� w���

3URILW IURP RQH PHOWLQJ 3�1� 86� ���� ������� w�����

3URILW SHU KRXU 3�7� 86��K ���� ������� w�����
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WKHQ LW LV PRUH SURILWDEOH QRW WR LQFUHDVH WKH LQWHQVLW\
RI R[\JHQ EORZLQJ LQ� DQG� YLFH YHUVD� WR GHFUHDVH LW�
+HUH� WKH SURGXFWLYLW\ ZLOO GHFUHDVH� KRZHYHU� WKH
GHFUHDVH LQ FRVW RI PDLQ PDWHULDOV DQG HQHUJ\ VXSSOLHUV
SHU PHWDO WRQ ZLOO EH GRPLQDWLQJ WKDW ZLOO LQFUHDVH
WKH SURGXFWLRQ SURILW�

7KH DERYH FDOFXODWLRQV GR QRW GHQ\ WKH HFRQRPLFDO
HIILFLHQF\ RI LQWHQVLILFDWLRQ RI R[\JHQ EORZLQJ LQ WR
WKH DUF IXUQDFH� 7KH WKLQJ LV WKDW WKH UHDFWLRQ RI
R[LGDWLRQ RI PHWDO LPSXULWLHV �FDUERQ� PDQJDQHVH�
VLOLFRQ� SURYLGHV �w� WLPHV KLJKHU KHDW �SHU NLORJUDP
RI LPSXULWLHV� WKDQ WKH UHDFWLRQ RI LURQ R[LGDWLRQ� 7KH
R[LGDWLRQ RI WKH DERYH LPSXULWLHV OHDGV WR WKH GHFUHDVH
LQ PHWDO PDVV E\ ����w���� W �SHU HDFK PLQXWH RI
UHGXFWLRQ LQ PHOWLQJ GXUDWLRQ� WKDW LV EHORZ WKH FULWL�
FDO YDOXH ���� W� $V D UHVXOW� WKH SURGXFWLRQ SURILW
ZLWK LQFUHDVH LQ R[\JHQ FRQVXPSWLRQ LV JURZLQJ� EXW
RQO\ DW WKH DGYDQWDJHRXV R[LGL]LQJ RI LPSXULWLHV� EXW
QRW RI LURQ� $W WKH IXUWKHU LQFUHDVH RI R[\JHQ FRQ�
VXPSWLRQ WKH GHSHQGHQFH LV FKDQJHG IRU RSSRVLWH� ,Q
RWKHU ZRUGV� FDUERQ� PDQJDQHVH DQG VLOLFRQ DV KHDW
VRXUFHV DUH SURILWDEOH� ZKLOH �WR KHDW� WKH IXUQDFH
ZLWK LURQ LV QRW SURILWDEOH� 7KHUHIRUH� WKHUH LV D GHIL�
QLWH OLPLW DIWHU ZKLFK DOO WKH EORZQ�LQ R[\JHQ LV FRQ�
VXPHG IRU LURQ EXUQLQJ DQG IXUWKHU LQFUHDVH LQ LWV
FRQVXPSWLRQ EHFRPHV QRW UDWLRQDO �)LJXUH ��� 7KLV
H[WUHPXP FDQ EH GHWHUPLQHG XVLQJ DXWRPDWHG V\VWHPV
RI FRQWURO RI WHFKQRORJLFDO SURFHVV RI VWHHO PHOWLQJ�
EDVHG RQ VWULFW WKHUPRG\QDPLF PRGHOV� IRU H[DPSOH
V\VWHP 73�25$.8/ >�w�@�

)RUPXOD ��� DOORZV PDNLQJ RQH PRUH FRQFOXVLRQ�
HFRQRPLFDO UDWLRQDOLW\ RI LURQ EXUQLQJ �DQG SRVLWLRQ
RI FULWLFDO SRLQW� LV GHWHUPLQHG PDLQO\ E\ UDWLR RI
H[SHQVHV IRU PDWHULDOV WR VHPL�SURGXFW SULFH� )RU H[�
DPSOH� LI WKH H[SHQVHV IRU PDWHULDOV DQG HQHUJ\ VXS�
SOLHUV DUH OHVV WKDQ �� � RI SULFH RI PROWHQ VHPL�SUR�
GXFW� WKHQ �WR KHDW� WKH IXUQDFH ZLWK LURQ EHFRPHV
SURILWDEOH �RSHUDWLRQ RQ �IUHH RI FKDUJH�PHWDO VFUDS��

,Q WKH DERYH�GHVFULEHG FDOFXODWLRQV RQO\ JHQHUDO
SULQFLSOHV ��VNHOHWRQ�� RI DQDO\VLV RI HFRQRPLFDO �VRO�
YHQF\� RI WHFKQRORJLFDO YDULDQWV RI VWHHO PHOWLQJ DUH
FRQVLGHUHG� ,Q SDUWLFXODU� LQ FRQGLWLRQ ��� RQO\ RQH
RI LQIOXHQFLQJ IDFWRUV LV FRQVLGHUHG� WKHUHIRUH� LW LV
VLPSOLILHG DQG UDWKHU DSSUR[LPDWHG� ,Q DXWRPDWHG
FRQWURO V\VWHP 73�25$.8/ QRW RQO\ PDMRU� EXW DOVR
PDQ\ RWKHU IDFWRUV FRQWULEXWLQJ WR LQFUHDVH LQ LQWHQ�
VLW\ RI XVH RI R[\JHQ EORZLQJ LQ �WKRXJK LQIOXHQFLQJ
WKH HFRQRPLFDO HIILFLHQF\ RI WHFKQRORJ\ WR D OHVV H[�
WHQW� DUH FRQVLGHUHG� GHFHDVH LQ FRQVXPSWLRQ RI HOHF�
WULF HQHUJ\ GXH WR DQ DGGLWLRQDO KHDW RI FKHPLFDO UH�
DFWLRQV� LQFUHDVH LQ FRQVXPSWLRQ RI HOHFWURGHV GXH WR
D PRUH LQWHQVLYH R[LGDWLRQ ZLWK R[\JHQ� R[\JHQ FRVW�
LQFUHDVH LQ FRQVXPSWLRQ RI GHR[LGL]HUV DQG ORVV LQ
DOOR\LQJ HOHPHQWV GXULQJ DOOR\LQJ DW SRXULQJ RI VHPL�
SURGXFW WR WKH ODGOH�

0RUHRYHU� ZLWK LQFUHDVH LQ LQWHQVLW\ RI R[\JHQ
EORZLQJ LQ WKH WHFKQLFDO FDSDELOLWLHV RI XQLWV IRU R[\�
JHQ DGGLQJ WR PHWDO� SUHVHQFH RI UHVHUYHV IRU LQWHQVL�
ILFDWLRQ RI JDVHRXV R[\JHQ SURGXFLQJ� IDFLOLWDWLQJ WKH

WHFKQRORJ\ RI WUHDWPHQW RI VWHHOV ZLWK D GHFUHDVHG
FRQWHQW RI FDUERQ DQG SKRVSKRUXV LQ IXUQDFHwODGOH
XQLW� GHWHULRUDWLRQ RI FRQGLWLRQV RI RSHUDWLRQ RI OLQLQJ�
JDV SXULILFDWLRQ DQG RWKHUV DUH FRQVLGHUHG�

&21&/86,216

�� ,W LV HVWDEOLVKHG WKDW WKH LQFUHDVH LQ SURGXFWLYLW\
�SURGXFWLRQ YROXPH� GRHV QRW DOZD\V OHDG WR WKH LQ�
FUHDVH LQ SURILW� 7KH ODWWHU LV JXDUDQWHHG RQO\ LQ WKDW
FDVH LI WKH FRVW FRHIILFLHQWV RI PDLQ PDWHULDOV DQG
HQHUJ\ VXSSOLHUV SHU XQLW RI SURGXFWV DUH SUHVHUYHG
XQFKDQJHG �RU FKDQJHG QHJOLJLEO\��

�� ,QFUHDVH LQ IXUQDFH HIILFLHQF\ E\ FKDQJLQJ WHFK�
QRORJ\ RI PHOWLQJ VHPL�SURGXFW FDXVHV DOZD\V WKH
FKDQJH LQ FRVW FRHIILFLHQWV� WKHUHIRUH� D PRUH FRPSUH�
KHQVLYH DQDO\VLV RI HLWKHU FKDQJHV LQ WHFKQRORJ\ DUH
UHTXLUHG �ZKHWKHU WKH HQWHUSULVH SURILW LV LQFUHDVHG�
EXW QRW WKH VWHHO SURGXFWLRQ YROXPH��

�� $OO SRVVLEOH YDULDQWV RI WHFKQRORJ\ RI VWHHO PHOW�
LQJ DUH �FRXQWHG� XVLQJ DXWRPDWHG FRQWURO V\VWHP
73�25$.8/� ZKLFK PDNHV LW SRVVLEOH WR VHOHFW DQ
RSWLPXPPHWKRG RI FRQGXFWDQFH RI HDFK GHILQLWH PHOW�
LQJ ZLWK DOORZDQFH IRU WRGD\sV HFRQRPLFDO FRQGLWLRQV
DQG WKH DERYH�PHQWLRQHG DGGLWLRQDO IDFWRUV�

�� (ODQVN\� '�*� ������ 7HQGHQFLHV LQ GHYHORSPHQW RI HOHFWULF
IXUQDFH VWHHOPDNLQJ� (OHNWURPHWDOOXUJL\D� �� �w���

�� 6WDURVRWVN\� $�9�� .HUHMQLN� $�9�� 6KFKHUELQD� 7�9� HW DO�
������ &RPSOH[ SURFHVV FRQWURO V\VWHP RI VWHHO PHOWLQJ� ,Q�
3URF� RI �QG ,QW� 6FL��3UDFW� &RQI� RQ $XWRPDWHG )XUQDFH
8QLWV DQG (QHUJ\�6DYLQJ 7HFKQRORJLHV LQ 0HWDOOXUJ\�
0RVFRZ� 0,6L6�

�� .KUDSNR� 6�$�� 6WDURVRWVN\� $�9� ������ $XWRPDWLF FRQWURO
V\VWHP RI VWHHO GHR[LGDWLRQ DQG DOOR\LQJ� ,ELG�

�� 6WDURVRWVN\� $�9�� %DELFKHY� $�.�� 'HUHY\DQFKHQNR� ,�9� HW
DO� ������ &UHDWLRQ RI DXWRPDWLF IROORZLQJ V\VWHP RI PHOW�
LQJ LQ $6) DV D ILUVW VWHS RI XVH RI LQWHOOLJHQW FRQWURO V\V�
WHPV LQ VWHHOPDNLQJ SURGXFWLRQ� ,Q� 3URF� RI �WK &RQJUHVV
RI 6WHHOPDNHUV� 0RVFRZ� &KHUPHWLQIRUPDWVL\D�

)LJXUH �� 'HSHQGHQFH RI SURILW RQ LQWHQVLW\ RI EORZLQJ LQ
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%ULHI LQIRUPDWLRQ RQ UHVHDUFK ZRUNV FDUULHG RXW RQ WKH EHORZ�JLYHQ VXEMHFWV

DW WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH RYHU

WKH SHULRG RI ����w�����

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

�����
�	�������
�	�����	�����	��

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

�	�� 
����!��
����������������
�	�"

0DQDJHU x 3URI� /�%� 0('29$5

7KH DLP RI ZRUNV RQ 5	' VXEMHFW ZDV WR GHYHORS

IXQGDPHQWDOV RI WHFKQRORJLFDO SURFHVVHV RI PHOWLQJ

WLWDQLXP XVLQJ VSRQJH DQG QRQ�FRPSDFW FKDUJH PDWH�

ULDOV LQ HOHFWURVODJ SURFHVV� DQG DOVR RWKHU PHWKRGV RI

KHDWLQJ IRU PHOWLQJ� ZKLFK FDQ EH XVHG HIIHFWLYHO\ LQ
FUHDWLRQ RI QHZ HQHUJ\�VDYLQJ WHFKQRORJLHV IRU PDQX�

IDFWXUH WLWDQLXP VHPL�SURGXFWV DQG WKHLU LPSOHPHQ�

WDWLRQ LQ SURGXFWLRQ� 7KHVH LQYHVWLJDWLRQV ZHUH

VWDUWHG E\ WKH LQLWLDWLYH RI 3URI� %�,� 0HGRYDU�

,Q VSLWH RI WKH IDFW WKDW WKH WLWDQLXP PHOWLQJ KDV

DOPRVW D FHQWXU\ KLVWRU\� LQWHUHVW WR WKH VHOHFWLRQ RI

PHWKRG RI SURGXFWLRQ RI WLWDQLXP LQJRWV UHPDLQV VXI�

ILFLHQWO\ DFXWH� DV LW GHILQHV WR D JUHDW H[WHQW WKH FRVW
RI PHOWHG PHWDO DQG LWV TXDOLW\�

7KH JURZLQJ GHPDQG RI HQWHUSULVHV RI GLIIHUHQW

EUDQFKHV IRU WLWDQLXP VHPL�SURGXFWV UHTXLUHV WKH FUHD�
WLRQ RI WLWDQLXPSURGXFWLRQ LQ8NUDLQH� WKH UDWLRQDOLW\

RI ZKLFK LV FRQILUPHG E\ WKH SUHVHQFH RI ODUJH LQGXV�

WULDOO\ H[SORULQJ GHSRVLWV RI WLWDQLXP UDZ PDWHULDO LQ

WKH FRXQWU\� 7KH LPSRUWDQW DUJXPHQW LV DOVR WKH H[�

LVWLQJ 6DSRUR]KLH 7LWDQLXP�0DJQHVLXP &RQFHUQ�

0DQ\ OHDGLQJ FRPSDQLHV RI WKHZRUOG DUH VHDUFKLQJ
IRU ZD\V RI LPSURYHPHQW RI WHFKQRORJ\ DQG HTXLSPHQW
IRU PHOWLQJ WLWDQLXP DOOR\V� SURYLGLQJ ��� � JXDUDQ�

)LJXUH �� 6FKHPH RI (60 DSSOLFDWLRQ LQ SURGXFWLRQ RI WLWDQLXP LQJRWV� D x WUDGLWLRQDO� E x ZLWK XVH RI (60 &0
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WHH RI PHOWLQJ UHIUDFWRU\ KLJK�QLWURJHQ α�LQFOXVLRQV
ZKLFK FDQ EH FRQWDLQHG LQ WKH FRQVXPDEOH FKDUJH
PDWHULDOV� 7KH PDLQ WUHQG LQ WKHVH ZRUNV LV WKH FUHD�
WLRQ RI WKH WHFKQRORJ\ DQG IXUQDFHV ZLWK D VHSDUDWLRQ
RI ]RQHV RI PHOWLQJ DQG FU\VWDOOL]DWLRQ RI WKH LQJRW�
,Q SDUWLFXODU� LQ 5XVVLD D PHWKRG RI YDFXXP VNXOO
PHOWLQJ XVLQJ D VNXOO DV D FRQVXPDEOH HOHFWURGH RI
WKH SUHYLRXV PHOWLQJ KDV EHHQ GHYHORSHG�

1HZ RSSRUWXQLWLHV LQ WKH VROXWLRQ RI SUREOHP RI
SURGXFLQJ LQJRWV RQ WKH EDVH RI HOHFWURVODJ WHFKQRORJ\
ZLWKRXW KDUG LQFOXVLRQV DUH RSHQHG XS RZLQJ WR WKH
XVH RI (60 SURFHVV LQ D FXUUHQW�FDUU\LQJ PRXOG �(60
&0�� ZKHUH WKH PRVW RSWLPXP WHFKQRORJLFDO (60
VFKHPH LV SURYLGHG� FRQVLVWLQJ RI VHSDUDWLRQ RI ]RQH
RI PHOWLQJ FRQVXPDEOH PDWHULDOV DQG ]RQH RI WKH LQJRW
IRUPDWLRQ� 7KH PRVW LPSRUWDQW DGYDQWDJH RI WKH (60
&0 LV DOVR WKH IDFW WKDW LW FDQ EH XVHG DV D SURFHVV
RI VSRQJH FRPSDFWLQJ� ,Q WKLV FDVH WKHUH LV QR QHHG
LQ VXFK H[SHQVLYH RSHUDWLRQ DV SUHVVLQJ RI FRQVXPDEOH
HOHFWURGHV IURP VSRQJH DQG QRQ�FRPSDFW FKDUJH PD�
WHULDOV�

&RPSOH[ RI LQYHVWLJDWLRQV DFFRUGLQJ WR 5	' SODQ
UHVXOWHG LQ WKH GHYHORSPHQW RI WHFKQRORJLFDO VFKHPH
IRU UHDOL]DWLRQ RI UHPHOWLQJ RI QRQ�FRPSDFW WLWDQLXP
VSRQJH DQG FKDUJH PDWHULDOV >�� �@� 3URGXFWLRQ RI
WLWDQLXP LQJRWV XVLQJ WKH SURFHVV (60 &0 LQ FRP�
SDULVRQ ZLWK WKH WUDGLWLRQDO VFKHPH RI UHPHOWLQJ RI
SUHVVHG HOHFWURGHV LV VKRZQ VFKHPDWLFDOO\ LQ )LJXUH ��

6FKHPH RI WKH GHYHORSHG SURFHVV (60 &0 RI WL�
WDQLXP VSRQJH LQ D FKDPEHU IXUQDFH LV VKRZQ LQ )L�
JXUH �� 7KH SURFHVV RI SURGXFLQJ WKH PRQROLWKLF WLWD�
QLXP LQJRW � IURP VSRQJH LV VWDUWHG IURP ILOOLQJ FKDP�
EHU �ZLWK DUJRQ� SRXULQJ RIPROWHQ VODJ WR WKHPHOWLQJ
VSDFH RI FXUUHQW�FDUU\LQJ PRXOG � RQ ERWWRP SODWH ��
PRXQWHG LQVLGH IRUPLQJ VHFWLRQ � RI WKH PRXOG LQ VXFK
D ZD\ WKDW WKH XSSHU HGJH RI ERWWRP SODWH �� ZDV
ORFDWHG D OLWWOH ORZHU WKDQ WKH XSSHU HGJH RI IRUPLQJ
VHFWLRQ � DQG FRQQHFWLRQ RI VXSSO\ VRXUFHV �� 6HFWLRQV
RI WKH PRXOG �w� DUH VHSDUDWHG E\ LVRODWLQJ LQVHUWV ��
6ODJ SRRO � LV HOHFWULFDOO\ FRQGXFWLYH DQG FORVHV WKH
HOHFWULFDO FLUFXLW� FXUUHQW�FDUU\LQJ VHFWLRQ �wERWWRP
SODWH ��wLQJRW � DQG QRQ�FRQVXPDEOH HOHFWURGH ��w
ERWWRP SODWH ��wLQJRW �� LQ ZKLFK FXUUHQW VWDUWV LWV
SDVVLQJ DQG KHDWV VODJ SRRO � XS WR WHPSHUDWXUH ����w
���� �&� &XUUHQW LV DGMXVWHG E\ YDU\LQJ RSHQ�FLUFXLW
YROWDJH LQ WKH FLUFXLW FXUUHQW�FDUU\LQJ VHFWLRQ �wERW�
WRP SODWH ��wLQJRW � DQG E\ FKDQJLQJ WKH QRQ�FRQ�

VXPDEOH HOHFWURGH �� LPPHUVLRQ LQWR VODJ SRRO � LQ
WKH FLUFXLW QRQ�FRQVXPDEOH HOHFWURGH ��wERWWRP SODWH
��wLQJRW �� $IWHU KHDWLQJ RI VODJ SRRO WR WKH SUHVHW
WHPSHUDWXUH D WLWDQLXP VSRQJH �� LV IHG IURP D EDWFKHU
WR VODJ SRRO � LQWR WKH PRXOG PHOWLQJ VSDFH� 2ZLQJ
WR WKH KLJKHU GHQVLW\ WKDQ WKDW RI D VODJ� WKH WLWDQLXP
VSRQJH LV ORZHUHG E\ KHDWLQJ LQ VODJ SRRO � RQ ERWWRP
SODWH �� ZKHUH LW LV PHOWHG LQ WKH ]RQH RI FRQWDFW
UHVLVWDQFH RI VODJwERWWRP SODWH ZLWK WKH IRUPDWLRQ RI
D PHWDO SRRO �� 7KH VSHHG RI ZLWKGUDZDO RI LQJRW ��
IL[HG RQ ERWWRP SODWH ��� IURP IRUPLQJ VHFWLRQ � RI
WKH PRXOG LV PDLQWDLQHG ZLWK WKH KHOS RI LQGXFWLYH
VHQVRU RI D PROWHQ PHWDO SRRO OHYHO� ([SHULPHQWDO
PHOWLQJV RI WLWDQLXP VSRQJH RI ��w�� PP IUDFWLRQDO
FRPSRVLWLRQ DFFRUGLQJ WR WKLV VFKHPH ZHUH SHUIRUPHG
LQ D FXUUHQW�FDUU\LQJ PRXOG RI ��� PP LQQHU GLDPHWHU
RI WKH FXUUHQW�FDUU\LQJ VHFWLRQ DQG ��� PP LQQHU GL�
DPHWHU RI WKH IRUPLQJ VHFWLRQ�

7KH DSSOLFDWLRQ RI (60 &0 SURFHVV LQ (60 RI
WLWDQLXP LQJRWV LV PRUH HIIHFWLYH PHDQV IRU SUHYHQWLRQ
RI KDUG KLJK�QLWURJHQ LQFOXVLRQV� (IIHFW RI D TXLFN
GLVVROXWLRQ RI ODUJH QLWURJHQ LQFOXVLRQV LQ VODJ LQ (60
&0 ZDV HVWDEOLVKHG H[SHULPHQWDOO\� WKHVH LQFOXVLRQV
ZHUH LPSODQWHG LQWR D VSHFLDOO\ SUHSDUHG FRQVXPDEOH
HOHFWURGH �)LJXUH ��� 1DWXUDOO\� WKDW LQ WKLV FDVH WKH\
DUH QRW PHOWHG� EXW� UHILQHG DQG XQLIRUPO\ GLVWULEXWHG

)LJXUH �� 6FKHPH RI (60 &0 RI WLWDQLXP VSRQJH >�@

)LJXUH �� $SSHDUDQFH RI IXVHG HQGV RI HOHFWURGHV� FRQWDLQLQJ �� �D� DQG �� �E� � RI KLJK�QLWURJHQ LQFOXVLRQV
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LQ WKH WLWDQLXP LQJRW YROXPH� ,Q FDVH RI XVH RI DGGL�
WLRQV RI PHWDO FDOFLXP WR WKH VODJ LQ (60 &0 WKH
UDWH RI GLVVROXWLRQ RI KLJK�QLWURJHQ LQFOXVLRQV FDQ EH
LQFUHDVHG VLJQLILFDQWO\� +RZHYHU� WKH UHDOL]DWLRQ RI
WKLV DFWLYH WHFKQRORJLFDO SURFHVV RI (60 LV SRVVLEOH
RQO\ LQ D FKDPEHU IXUQDFH ZLWK D FRQWUROODEOH DWPRV�
SKHUH� 7KH XVH RI WKH ORZHU�HQHUJ\ FRQVXPLQJ PHWKRG
RI DUF�VODJ SURFHVV LQVWHDG RI (60 FDQ DSSHDU WR EH
UDWKHU SURPLVLQJ�

$V D UHVXOW RI IXOILOOPHQW RI 5	' ZRUNV� WKH IXQ�
GDPHQWDOV RI WHFKQRORJLFDOSURFHVVHV RI WLWDQLXPPHOWLQJ
XVLQJ VSRQJH DQG QRQ�FRPSDFW FKDUJH PDWHULDOV SURYLG�
LQJ DSSOLFDWLRQ RI HOHFWURVODJ SURFHVV DQG RWKHU KHDW
VRXUFHV IRU PHOWLQJ� ,QLWLDO GDWD ZHUH REWDLQHG IRU WKH
GHYHORSPHQW RI QHZ HIIHFWLYH WHFKQRORJLHV DQG HTXLS�

PHQW IRU SURGXFWLRQ RI WLWDQLXP VHPL�SURGXFWV XVLQJ
PHWKRG RI VHPL� RU FRQWLQXRXV HOHFWURVODJ FDVWLQJ�

7KH UHVXOWV REWDLQHG FDQ EH XVHG LQ RUJDQL]LQJ QHZ
LQGXVWULDO SURGXFWLRQ RI WLWDQLXP VHPL�SURGXFWV XVLQJ
PHWKRG RI VHPL� RU FRQWLQXRXV FDVWLQJ DW HQWHUSULVHV
RI 8NUDLQH� LQ SDUWLFXODU DW �'QHSURVSHWVVWDO�
:RUNV� ZKHUH WKLV SURGXFWLRQ LV SODQQHG WR EH FUHDWHG
LQ WKH QHDUHVW IXWXUH�

�� 3DWRQ� %�(�� 0HGRYDU� %�,�� 0HGRYDU� /�%� HW DO� 0HWDO

PHWKRG RI FRQWLQXRXV FDVWLQJ RI WLWDQLXP DQG LWV DOOR\V LQ

WKH FKDPEHU� 3DW� ����� 8NUDLQH� ,QW� &O� � & �� % �����
3XEO� ���������

�� 0HGRYDU� %�,�� 0HGRYDU� /�%�� )HGRURYVN\� %�%� HW DO�
0HWDO PHWKRG RI SURGXFWLRQ RI PRQROLWKLF FRQVXPDEOH HOHFW�

URGH IURP WLWDQLXP VSRQJH� 3DW� ����� 8NUDLQH� ,QW� &O� �
�� % ����� 3XEO� ���������
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,QYHVWLJDWLRQV DQG GHYHORSPHQW RI WKH SURFHVV RI HOHF�
WURQ EHDP HYDSRUDWLRQ DQG FRQGHQVDWLRQ LQ YDFXXP
RI KDUG JUDGLHQW SURWHFWLYH FRDWLQJV RQ WKH EDVH RI
FDUELGHV RI WLWDQLXP� FKURPLXP DQG ERURQ ZHUH SHU�
IRUPHG� GXULQJ ZKLFK WKH FRPSRVLWLRQ RI SURGXFHG
FRQGHQVDWHV DQG VWUXFWXUH RI FRDWLQJV LQ WKLFNQHVV DQG
DOVR WKHLU SURSHUWLHV ZHUH H[DPLQHG�

7HFKQRORJ\ KDV EHHQ GHYHORSHG IRU D VLPXOWDQHRXV
HYDSRUDWLRQ RI D PXOWLFRPSRQHQW PL[WXUH �WDEOHW�
IURP RQH FUXFLEOH ZLWK SURGXFLQJ RI FRPSOH[ FDUELGH
FRDWLQJV� ,W SURYLGHV UHSHWLWLRQ DQG UHOLDELOLW\ RI WKH
SURFHVV� HOLPLQDWHV WKH QHHG LQ XVH RI UHDG\ FDUELGH
FRPSRXQGV DV LQLWLDO UDZ PDWHULDO� DQG DOVR SURPRWHV
WKH UHGXFWLRQ LQ WLPH RI WHFKQRORJLFDO SURFHVV DQG
LQFUHDVH LQ SRZHU FKDUDFWHULVWLFV WKDW VLPSOLILHV LW VLJ�
QLILFDQWO\ DQG PDNHV QRW VR H[SHQVLYH DV FRPSDUHG
ZLWK RWKHU WHFKQRORJLFDO VFKHPHV�

5HJXODULWLHV RI IRUPDWLRQ RI KDUG FRDWLQJV ZLWK
YDULDEOH� SUHVHW FRPSRVLWLRQ DQG SURSHUWLHV LQ WKLFN�
QHVV ZLWKLQ WKH ZLGH UDQJH DUH VWXGLHG�

)URP HYDSRUDWLQJ WDEOHWV 1Lw&Uw&� &Rw7w&� 1Lw
&Rw7Lw& DQG 1Lw&Rw&Uw7Lw& WKH ��w�� µP WKLFN
KDUG FDUELGH FRDWLQJV ZHUH SURGXFHG RQ EDVH RI FKUR�
PLXP DQG WLWDQLXP FDUELGHV ZLWK D JUDGLHQW RI FRP�
SRVLWLRQ� VWUXFWXUH DQG SURSHUWLHV LQ WKLFNQHVV�

&RDWLQJV RI &Rw7Lw& DQG 1Lw&Rw7L W\SH LQ KDUG
UHJLRQ DUH FORVH E\ FRPSRVLWLRQ DQG SURSHUWLHV WR D
VWRLFKLRPHWULF WLWDQLXP FDUELGH� 0LFURKDUGQHVV RI
FRDWLQJV UHDFKHV ��w�� *3D LQ WKLV FDVH�

,Q FRDWLQJV RI 1Lw&Rw&Uw7Lw& W\SH D PL[WXUH RI
WLWDQLXP DQG FKURPLXP FDUELGHV LV IRUPHG� 'XH WR D
KLJK FRQWHQW RI HOHPHQWV ZLWK D KLJK YDSRXU SUHVVXUH�
WKH EHJLQQLQJ RI JURZWK LQ FRQFHQWUDWLRQV RI WLWDQLXP
DQG FDUERQ LV VKLIWHG ZLWK UHVSHFW WR WKH EHJLQQLQJ
RI FRDWLQJ WKDW SURPRWHV WKH LQFUHDVH LQ WUDQVLWLRQ
]RQH� VKLIWLQJ RI KDUGQHVV SHDN WR WKH H[WHUQDO VXUIDFH
DW D VPRRWK UDWH RI LWV FKDQJH �)LJXUH ��� 7KH PLFUR�
KDUGQHVV RI WKHVH FRDWLQJV LV ��w�� *3D �)LJXUH ���

)LJXUH �� &KDQJH LQ PLFURKDUGQHVV +9 LQ WKLFNQHVV RI FRDWLQJV RI
1Lw&Rw&Uw7Lw& W\SH

)LJXUH �� 'LVWULEXWLRQ RI HOHPHQWV LQ WKLFNQHVV δ RI FRDWLQJV RI
1Lw&Rw&Uw7Lw& W\SH
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,W ZDV HVWDEOLVKHG WKDW LQ XVH RI WKH HOHFWURQ EHDP
WHFKQRORJ\ LW LV SRVVLEOH WR SURGXFH WKH FRPSOH[ FRDW�
LQJV ZLWK FRPSRQHQWV GLIIHUHQW LQ WKHLU SURSHUWLHV WKDW
ZDV GHPRQVWUDWHG RQ WKH H[DPSOH RI FRDWLQJV RI 1Lw
&Uw& W\SH� &RPSRVLWLRQ� VWUXFWXUH DQG SURSHUWLHV RI
WKHVH FRDWLQJV KDYH D FOHDUO\ H[SUHVVHG JUDGLHQW QD�
WXUH� DQG D PDLQ SDUDPHWHU �PLFURKDUGQHVV� LV LQ�
FUHDVHG JUDGXDOO\ LQ FRDWLQJ WKLFNQHVV DQG HTXDO WR
��w�� *3D LQ D VXUIDFH DUHD� WKDW FRUUHVSRQGV WR WKH
SURSHUWLHV RI D KLJKHU FDUELGH RI FKURPLXP &U�&��

7KH DSSOLFDWLRQ RI WKH WHFKQRORJ\ GHYHORSHGPDNHV
LW SRVVLEOH WR V\QWKHVL]H VXFFHVVIXOO\ WKH FRDWLQJV RI
ERURQ FDUELGH EDVH %�& GLUHFWO\ RQ WKH VXEVWUDWH KDY�
LQJ FRHIILFLHQWV RI WKHUPDO H[SDQVLRQ FORVH WR WKRVH
RI ERURQ FDUELGH �IRU H[DPSOH� PRO\EGHQXP SODWHV��
7KXV� WKH SURGXFHG FDUELGH FRDWLQJV KDYH D JUDGLHQW
RI FRPSRVLWLRQ� VWUXFWXUH DQG SURSHUWLHV LQ WKLFNQHVV�
0LFURKDUGQHVV RI FRDWLQJ LV ��w�� *3D�

'XULQJ LQYHVWLJDWLRQV RI SURSHUWLHV RQ WKH EDVH RI
FRQGHQVDWHV RI 7L&w&X V\VWHP� WKHLU KLJK PLFURKDUG�

QHVV ���w�� *3D�� QRW GHSHQGLQJ RQ FRSSHU FRQWHQW
XS WR �� ZW��� ZDV UHFRUGHG�

6WXG\ RI FRPSRVLWLRQ DQG VWUXFWXUH RI FRQGHQVDWHV

RI 7L&w&X V\VWHP VKRZHG WKDW WKH\ FRQVLVW RI KDUG

JUDLQV RI WLWDQLXP FDUELGH� ORFDWHG LQ FRSSHU PDWUL[�

ILOOLQJ WKH VSDFH EHWZHHQ 7L& VLWHV XS WR ≈ �� ZW���

$W D PDVV IUDFWLRQ DERYH �� � WKH FRSSHU LQ FRQGHQ�

VDWHV RI 7L&w&X V\VWHP LV DOVR ORFDWHG LQVLGH JUDLQV

WKDW UHGXFHV WKHLU PLFURKDUGQHVV�

7KH UHVXOWV RI LQYHVWLJDWLRQV FDQ EH D EDVLV IRU

IXUWKHU RSWLPL]LQJ WHFKQRORJ\ IRU SURGXFLQJ KDUG

FRDWLQJV DQG LPSURYLQJ WKHLU TXDOLW\� 7KH FRDWLQJV

SURGXFHG FDQ EH UHFRPPHQGHG IRU GHSRVLWLRQ RQ

VWHHO DQG KDUG�DOOR\ FXWWLQJ WRRO� RQ VWHHO SURGXFWV

RSHUDWLQJ XQGHU WKH FRQGLWLRQV RI IULFWLRQ �VOLGLQJ�

ZLWKRXW OXEULFDWLRQ� LQFOXGLQJ WKRVH DW LQFUHDVHG

WHPSHUDWXUHV� RQ SDUWV VXEMHFWHG WR HIIHFW RI HURVLRQ

DQG FRUURVLRQ� DJJUHVVLYH PHGLD DQG LQFUHDVHG WHP�

SHUDWXUH�
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0DQDJHU x 'U� 9�$� 6+$329$/29

7KH SURJUHVV LQ WKH PRGHUQ HQJLQHHULQJ UHTXLUHV WKH

DSSOLFDWLRQ RI QHZ PHWDOOLF PDWHULDOV� VRPHWLPHV ZLWK

UDGLFDOO\ QHZ FRPELQDWLRQ RI SURSHUWLHV� ,Q LQGXVWUL�

DOL]HG FRXQWULHV WKH QHZ PHWDOOLF PDWHULDOV DUH FUHDWHG

XVLQJ WKH QHZHVW WHFKQRORJLHV� DQG WKH H[LVWLQJ WHFK�

QRORJLHV DQG HTXLSPHQW IRU WKHLU SURGXFWLRQ DUH LP�

SURYHG DQG XSGDWHG�

7KH UHSRUW RQ WKLV VXEMHFW FRQVLVWV RI WKUHH VHF�

WLRQV�

• WKH ILUVW VHFWLRQ LV GHYRWHG WR WKH VWXG\ RI SK\VL�
FDO�FKHPLFDO DQG WHFKQRORJLFDO SHFXOLDULWLHV RI

SODVPD�DUF PHOWLQJ RQ GLVSHUVHG KHDUWK DQG GHYHORS�

PHQW RI WKH WHFKQRORJ\ RI FRPSDFWLQJ UHIUDFWRU\ DQG

KHDW�FRQGXFWLYH PHWDOV DQG DOOR\V�

• WKH VHFRQG VHFWLRQ GHVFULEHV LQYHVWLJDWLRQV RI

SODVPD WHFKQRORJ\ RI PHOWLQJ DQG UHILQLQJ RI VWHHO

DQG IHUURDOOR\V�

• WKH WKLUG VHFWLRQ LV LQWHJUDO� ,W LQFOXGHV VWXG\ RI
VSHFLILFV RI PHOWLQJ KRPRJHQHRXV LQJRWV RI WLWDQLXP

DQG PDQJDQHVH LQ WKH FRQGLWLRQV RI LQGXFWLRQ PHOWLQJ

LQ D VHFWLRQDO PRXOG RI WKH HOHFWURVODJ SURFHVV� JURZ�

LQJ RI VLQJOH FU\VWDOV RI UHIUDFWRU\ PHWDOV DQG GLVSHU�

VLRQ RI PHWDO PHOW�

&RQYHUVLRQ LQ GHIHQVH LQGXVWU\ RI 8NUDLQH KDV OHG
WR WKH IRUPDWLRQ RI ODUJH DPRXQW RI ZDVWHV RI UDUH
DQG YDOXDEOH PHWDOV DQG DOOR\V� 2QH RI WKH GLUHFWLRQV
RI WKH SUHVHQW ZRUN ZDV WR FUHDWH WKH WHFKQRORJLFDO
SURFHVV DQG HTXLSPHQW IRU FRPSDFWLQJ ZDVWHV RI PR�
O\EGHQXP� FKURPLXP� QLRELXP� WXQJVWHQ� WLWDQLXP
DQG RWKHU H[SHQVLYH PHWDOV LQWR LQJRWV DQG ELOOHWV�
DQG DOVR SURGXFWLRQ RI IHUURDOOR\V DQG PDVWHU DOOR\V
RQ WKHLU EDVH UHTXLUHG IRU PHWDOOXUJLFDO LQGXVWU\ DQG
SURGXFWLRQ RI ZHOGLQJ FRQVXPDEOHV�

+LJK WHFKQRORJLHV ZHUH GLUHFWHG WR WKH XVH RI SUR�
FHVVHV SURYLGLQJ WKH KLJK OHYHO RI TXDOLW\ RI WKH SUR�
GXFHG VWHHOV DQG IHUURDOOR\V DW PLQLPXP HQHUJ\� DQG
UHVRXUFHV FRQVXPSWLRQ� 7KLV LV D GXSOH[�SURFHVV LQ
VWHHO SURGXFWLRQ� DW ZKLFK WKH PHWDO LV PHOWHG LQ KLJK�
HIILFLHQW XQLWV� DQG PHWDO LPSURYHPHQW LQ FKHPLFDO
FRPSRVLWLRQ DQG LWV UHILQLQJ DUH PDGH E\ ODGOH WUHDW�
PHQW XVLQJ HOHFWULF DUF KHDWLQJ RI PHWDO E\ JUDSKLWL]HG
HOHFWURGHV�

7KH DLP RI LQYHVWLJDWLRQV LQ WKH VFRSH RI WKLV VXE�
MHFW ZDV WR LPSURYH WKH TXDOLW\ RI VWHHO DQG IHUURDOOR\V
WR WKH OHYHO RI ZRUOG VWDQGDUGV� WR VDYH HQHUJ\ DQG
PDWHULDO UHVRXUFHV� WR GHFUHDVH FRQWDPLQDWLRQ RI HQ�
YLURQPHQW�
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2YHU WKH UHFHQW \HDUV WKH LQWHUHVW LQFUHDVHG WR WKH
SUREOHPV RI SURGXFWLRQ DQG DSSOLFDWLRQ LQ LQGXVWULDO
VFDOHV RI PHWDOOLF PDWHULDOV SURGXFHG E\ WKH PHWKRG
RI IDVW TXHQFKLQJ IURP PHOW� DQG DOVR WR WKH JURZLQJ
RI ODUJH VLQJOH FU\VWDOV RI UHIUDFWRU\ PHWDOV� 7KHVH
PDWHULDOV DUH PXFK VXSHULRU E\ WKHLU SURSHUWLHV WR
FRQYHQWLRQDO FDVW RU ZURXJKW PHWDO� 5HSRUW JLYHV UH�
VXOWV RI LQYHVWLJDWLRQV RI SURFHVVHV IRU SURGXFLQJ WKH
PHQWLRQHG PDWHULDOV� RQ WKH EDVLV RI ZKLFK WKH WHFK�
QRORJLHV DQG HTXLSPHQW IRU WKHLU SURGXFWLRQ ZHUH GH�
YHORSHG�

7KH UHSRUW SUHVHQWV UHVXOWV RI LQYHVWLJDWLRQV RI
SK\VLFDO�FKHPLFDO SURFHVVHV SURFHHGLQJ LQ PHWDO SRRO
LQ PHOWLQJ DQG UHILQLQJ RI PHOWV� FRQWDLQLQJ KLJKO\�
DFWLYH FRPSRQHQWV� XVLQJ ILQH�GLVSHUVHG FKDUJH PDWH�
ULDOV LQ SODVPD�DUF DQG LQGXFWLRQ KHDWLQJ� DQG DOVR LQ
HOHFWURVODJ SURFHVV ZLWK D QRQ�FRQVXPDEOH HOHFWURGH�

2QH RI WKH GLUHFWLRQV RI WKH SUHVHQW ZRUN ZDV WKH
GHYHORSPHQW RI WHFKQRORJLHV RI UHPHOWLQJ RI ZDVWHV
RI UHDFWLYH DQG UHIUDFWRU\PHWDOV� FRPSDFWLQJ RIZKLFK
E\ FRQYHQWLRQDO PHWDOOXUJLFDO SURFHVVHV XVLQJ RSHQ
XQLWV OHDGV� DV D UXOH� WR VLJQLILFDQW ORVVHV LQ YDOXDEOH
FRPSRQHQWV RU WR WKHLU FRQWDPLQDWLRQ ZLWK JDV LPSX�
ULWLHV� 7KH DLP RI WKHVH LQYHVWLJDWLRQV ZDV WR SURGXFH
F\OLQGULFDO RU VODE ELOOHWV RI WLWDQLXP� QLRELXP� PR�
O\EGHQXP� WDQWDOXP IURP WKHLU ZDVWHV XVLQJ SODVPD
PHWDOOXUJLFDO WHFKQRORJ\� 2SWLPXP FRQGLWLRQV RI
FRPSDFWLQJ FKURPLXP� WLWDQLXP� WDQWDOXP LQWR URXQG
ELOOHWV ZHUH GHILQHG� ,W ZDV VKRZQ WKDW WKH UHSURFHV�
VLQJ RI ZDVWHV LQWR IHUURDOOR\V DQG PDVWHU DOOR\V LV
WKH PRVW VXLWDEOH ZD\ RI UHSURFHVVLQJ WKH ZDVWHV RI
FRQYHUVLRQ�

7KH UHSRUW SUHVHQWV SURFHGXUHV RI VWXG\ RI KHDW
SURFHVVHV ZKLFK DUH SURFHHGLQJ LQ D GLVSHUVHG IRUPD�
WLRQ� DQG DOVR HIIHFW RI VL]HV RI SDUWLFOHV DQG WKLFNQHVV
RI GLVSHUVHG IRUPDWLRQ RQ SRZHU FKDUDFWHULVWLFV RI WKH
SURFHVV�

7KH PDLQ GUDZEDFNV RI DSSOLFDWLRQ RI HOHFWULF DUF
KHDWLQJ LQ PHWDOOXUJ\ DUH WKH LQFUHDVHG FRQVXPSWLRQ
RI HOHFWULF HQHUJ\� UHIUDFWRU\ PDWHULDOV DQG JUDSKL�
WL]HG HOHFWURGHV�

:H KDYH VXJJHVWHG WKH SODVPD�DUF KHDWHUV RI RSHQ
W\SH �3$+27� ZKLFK UHSUHVHQW PXOWLDUF KHDWLQJ
FRPSOH[HV� 7KH\ DUH VXSSOLHG IURP VRXUFHV RI GLUHFW�
DOWHUQDWLQJ FXUUHQW RU IURP FRPELQHG FLUFXLWV� 6FKH�
PDWLF GLDJUDPV IRU 3$+27 ZHUH GHYHORSHG� RQ WKH

EDVLV RI ZKLFK WKH ODERUDWRU\ DQG SLORW�LQGXVWULDO
PRGHOV RI WKHVH KHDWHUV ZHUH FUHDWHG� 7KH FKDQJH LQ
HOHFWULFDO SDUDPHWHUV RI 3$+27 ZLWK KROORZ JUDSKL�
WL]HG HOHFWURGHV GHSHQGLQJ RQ WKHLU JHRPHWULF VL]HV
ZHUH LQYHVWLJDWHG� 3RZHU SDUDPHWHUV RI SURFHVV RI
PHOWLQJ IHUURDOOR\V XVLQJ 3$+27 ZHUH VWXGLHG� 7KH
IROORZLQJ VSHFLILF SDUDPHWHUV RI DUF VWHHOPHOWLQJ DQG
RUH�UHGXFWLRQ IXUQDFHV ZHUH UHFRPPHQGHG� ���w
���� N:�P� SRZHU RQ KHDUWK VXUIDFH� ���w
��� N:�P� SRZHU LQ SRRO YROXPH� ����w
���� N:�P� DFWXDO SRZHU RQ WKH DUHD RI EUHDNGRZQ
RI HOHFWURGHV� ����w���� $�P� FXUUHQW GHQVLW\ DW
SRRO VXUIDFH�

,Q SURGXFWLRQ RI VRPH SUHFLVLRQ DQG VSHFLDO DOOR\V
WKH QHHG DULVHV LQ XVH RI PDQJDQHVH ZLWK D ORZ FRQWHQW
RI LPSXULWLHV� $W WKH (�2� 3DWRQ (OHFWULF :HOGLQJ
,QVWLWXWH� D PHWKRG RI HOHFWURVODJ UHILQLQJ RI HOHFWUR�
O\WLF PDQJDQHVH LQ WKH IRUP RI IODNHV RI WKLFNQHVV RI
VHYHUDO PLOOLPHWHUV E\ UHPHOWLQJ LQ D PROWHQ VODJ OD\HU
KDV EHHQ GHYHORSHG DQG UHDOL]HG VXFFHVVIXOO\�

7HFKQRORJ\ RI PHOWLQJ RI KLJKO\�GDPSLQJ 0Qw&X
DOOR\V ZDV PDVWHUHG RQ WKH EDVLV RI PHWKRG RI HOHF�
WURVODJ UHILQLQJ RI PDQJDQHVH� 7KH DWWDLQHG GHJUHH RI
PHWDO SXULW\ LQ FRPELQDWLRQ ZLWK KLJK HIILFLHQW PHWDO
RXWSXW JLYHV JURXQG WR FRQVLGHU WKLV PHWKRG YHU\ FKDO�
OHQJLQJ IRU SURGXFLQJ DOOR\V RI 0Qw&X V\VWHP XVHG
IRU PDQXIDFWXUH RI KLJK�TXDOLW\ YLEURDEVRUELQJ GH�
YLFHV�

,Q UHSRUW WKH H[LVWLQJ PHWKRGV DUH DQDO\]HG DQG
GDWD DUH JLYHQ DERXW UDGLFDOO\ QHZ PHWKRG RI SURGXF�
LQJ ODUJH VLQJOH FU\VWDOV RI UHIUDFWRU\ PHWDOV�

,W LV VKRZQ WKDW SODVPD�LQGXFWLRQ PHWKRG RI JURZ�
LQJ ODUJH VLQJOH FU\VWDOV PDNHV LW SRVVLEOH WR UHGXFH
WR PLQLPXP WKH WHPSHUDWXUH JUDGLHQW DQG PHFKDQLFDO
VWUHVVHV LQ LW E\ IOH[LEOH FRQWURO RI WHPSHUDWXUH ILHOG
RI WKH LQJRW�

7KH UHSRUW SUHVHQWV UHVXOWV RI LQYHVWLJDWLRQV RI
SURFHVV RI IDVW TXHQFKLQJ RI PHWDO PHOWV LQ WKH FRQ�
GLWLRQV RI LQGXFWLRQ PHOWLQJ LQ D VHFWLRQDO PRXOG� 7KH
LQYHVWLJDWLRQV FDUULHG RXW UHVXOWHG LQ WKH GHYHORSPHQW
RI WHFKQRORJLFDO UHJXODWLRQV RI SURFHVVHV RI SURGXFWLRQ
RI KLJK�TXDOLW\ VWHHOV DQG PHWKRGV RI PHOWLQJ IHUUR�
DOOR\V IURP RUHV DQG LQGXVWULDO ZDVWHV� JURZLQJ RI
VLQJOH FU\VWDOV RI UHIUDFWRU\ PHWDOV� SURGXFLQJ IODN\
PHWDOOLF PDWHULDOV XVLQJ SODVPD�DUF DQG LQGXFWLRQ
KHDWHUV RI WKH QHZ JHQHUDWLRQ�

40 2/2003



����������	
����
�	����	
���

����)������	����������������
�������/������0��	
�

�	�����
��
�������
�	���($�
�����
��������1���	�
��	

���������
�	���
���
���+����������)	������	��
$

�	����
����	�
��	����������
���

��� �
���2�	���
���
������������������
��	"

0DQDJHU x 3URI� *�0� *5,*25(1.2

,Q WKH VFRSH RI VXEMHFW WKH FRPSOH[ RI DQDO\WLFDO�
UHVHDUFK� PHWDOV VFLHQFH DQG WHFKQRORJLFDO ZRUNV ZDV
IXOILOOHG� 'XULQJ LQYHVWLJDWLRQV WKH PHWKRGV RI FKHPL�
FDO� DWRPLF�DEVRUSWLRQ� FRXORPHWULF� HPLVVLRQ�VSHF�
WUDO DQDO\VHV ZHUH XVHG� 0HWDOORJUDSKLF H[DPLQDWLRQV
ZHUH FDUULHG RXW XVLQJ RSWLFDO� VFDQQLQJ DQG WUDQV�
PLVVLRQ PLFURVFRS\� &RPSRVLWLRQ RI SKDVHV ZDV H[�
DPLQHG E\ WKH PHWKRG RI ;�UD\ GLIIUDFWLRQ DQG GLI�
IHUHQWLDO WKHUPDO DQDO\VLV� ,QGXFWLRQ� HOHFWULF DUF DQG
SODVPD PHOWLQJ� GLIIXVLRQ DQG SHUFXVVLRQ ZHOGLQJ LQ
YDFXXP ZHUH XVHG LQ WHFKQRORJLFDO ZRUNV�

'LIIHUHQW PHWKRGV RI ZHOGLQJ� VXUIDFLQJ DQG
VSUD\LQJ ZHUH XVHG LQ ZRUNV ZKLFK ZHUH FDUULHG RXW
LQ FROODERUDWLRQZLWK WHFKQRORJLFDO GHSDUWPHQWV� HOHF�
WULF DUF� HOHFWURQ EHDP� IODVK�EXWW ZHOGLQJ� HOHFWULF
DUF DQG SODVPD VXUIDFLQJ� SODVPD DQG SODVPD�GHQRWD�
WLRQ VSUD\LQJ�

:RUNV RQ WKH VXEMHFW ZHUH GLYLGHG LQWR WHQ VHF�
WLRQV�

7KH ILUVW VHFWLRQ LQFOXGHG LQYHVWLJDWLRQV RI NLQH�
WLFV RI QLWURJHQ VRUSWLRQ E\ OLTXLG KLJKO\�UHDFWLYH PH�
WDOV DW GLIIHUHQW FRQGLWLRQV RI KHDWLQJ� 7KH UHVXOWV
REWDLQHG DOORZHG XV WR GHWHUPLQH WKH QXPHULFDO YDOXHV
RI FRQVWDQWV RI UDWHV RI UHDFWLRQ RI QLWURJHQ DEVRUSWLRQ
LQ LQGXFWLRQ� DUF DQG SODVPD PHOWLQJ DQG WR GHYHORS
WKH SK\VLFDO DQG PDWKHPDWLFDO PRGHOV RI QLWURJHQ
VRUSWLRQ ZLWK PHWDOV RI ,9 DQG 9$ JURXSV� 0RGHO
DOORZV XV WR RSWLPL]H WKH SURFHVVHV RI ZHOGLQJ DQG
PHOWLQJ RI WKH KLJKO\�UHDFWLYH PHWDOV DQG DOOR\V RQ
WKHLU EDVH�

,Q WKH VHFRQG VHFWLRQ WKH UHJXODULWLHV RI IRUPDWLRQ
RI WUDQVLWLRQ ]RQH LQ MRLQWV RI GLIILFXOW�WR�ZHOG GLV�
VLPLODU PHWDOV DW GLIIHUHQW WKHUPRGHIRUPDWLRQDO FRQ�
GLWLRQV RI IODVK�EXWW ZHOGLQJ ZHUH FRQVLGHUHG� 7KLQ
VWUXFWXUH� SKDVH WUDQVIRUPDWLRQV� FKDQJH LQ FRQFHQ�
WUDWLRQ RI HOHPHQWV DQG IRUPDWLRQ RI LQWHUPHWDOOLF
SKDVHV LQ ZHOGLQJ DXVWHQLWLF VWHHO ���*��/ ZLWK UDLO
VWHHO 0��� FRSSHU ZLWK DOXPLQLXP DQG VWHHO ZLWK
DOXPLQLXP ZHUH H[DPLQHG� 7KH FRQGLWLRQV DW ZKLFK
WKLV PHWKRG RI ZHOGLQJ FDQ EH XVHG IRU MRLQLQJ GLIIL�
FXOW�WR�ZHOG PHWDOV ZHUH GHILQHG�

7KH WKLUG VHFWLRQ ZDV GHYRWHG WR LQYHVWLJDWLRQV RI
SURFHVVHV RI IRUPDWLRQ RI VWUXFWXUH DQG SURSHUWLHV RI
FRDWLQJV ZLWK DQ LQFUHDVHG OHYHO RI ZHDU� KHDW� DQG

FRUURVLRQ UHVLVWDQFH E\ FRPELQLQJ PHWKRGV RI WKHUPDO
VSUD\LQJ� SURFHVV RI VHOI�SURSDJDWLQJ KLJK�WHPSHUD�
WXUH V\QWKHVLV ZLWK D VXEVHTXHQW LPSUHJQDWLRQ RI FRDW�
LQJV� KHDW DQG FKHPLFDO�KHDW WUHDWPHQW� 7KH WKHUPDO
VSUD\LQJ ZLWK D VXEVHTXHQW LPSUHJQDWLRQ ZLWK DOX�
PRSKRVSKDWH ELQGHUV DQG KHDW WUHDWPHQW ��� WLPHV
LQFUHDVHV DGKHVLRQ ZLWK D EDVH DQG � WLPHV LQFUHDVHV
WKH ZHDU UHVLVWDQFH LQ WKH FRQGLWLRQV RI DEUDVLYH ZHDU�
&RPSRVLWLRQ RI SRZGHUV LV GHWHUPLQHG DQG VSUD\LQJ
FRQGLWLRQV DUH FRUUHFWHG� WKXV SURYLGLQJ WKH KLJKHVW
TXDOLW\ RI FRDWLQJV DW GHWRQDWLRQ DQG PLFURSODVPD
VSUD\LQJ RI )H7L � %�& DQG DLU�JDV VSUD\LQJ RI )H7L �
6L&�

,Q WKH IRXUWK VHFWLRQ WKH VWUXFWXUDO WUDQVIRUPD�
WLRQV LQ ZHOGLQJ DQG UHSDLU RI KHDW�UHVLVWDQW KXOO VWHHOV
ZHUH LQYHVWLJDWHG� ,W ZDV HVWDEOLVKHG WKDW WKH XVH RI
IOX[ 6)7�� LQ ZHOGLQJ KHDW�UHVLVWDQW KXOO VWHHO
��.K�10)$ SUHYHQWV WKH GHYHORSLQJ RI SRO\JRQL]D�
WLRQ LQ ZHOG PHWDO� SURYLGHV � WLPHV GHFUHDVH LQ D
YROXPH VKDUH RI QRQ�PHWDOOLF LQFOXVLRQV� WKHLU UHILQLQJ
DQG XQLIRUP GLVWULEXWLRQ LQ ZHOG� 7KH PHQWLRQHG IDF�
WRUV SURPRWH WKH ��� WLPHV LQFUHDVH LQ LPSDFW VWUHQJWK
DV FRPSDUHG ZLWK ZHOGLQJ XVLQJ IOX[ $1����

7KH ILIWK VHFWLRQ ZDV GHYRWHG WR LQYHVWLJDWLRQV RI
VWUXFWXUH RI KLJK�VWUHQJWK ZHOGV PDGH E\ HOHFWURGHV
ZLWK XOWUD�ORZ FRQWHQW RI FDUERQ� 5HJXODULWLHV RI
VWUXFWXUDO FRPSRVLWLRQ DQG FRPSRVLWLRQ RI QRQ�PHWDO�
OLF LQFOXVLRQV GHSHQGLQJ RQ R[LGL]LQJ SRWHQWLDO RI IOX[
ZHUH REWDLQHG DQG LW ZDV VKRZQ WKDW WKH KLJKHVW YD�
OXHV RI VWUHQJWK DQG WRXJKQHVV DUH W\SLFDO RI ZHOGV
ZLWK XOWUD�ORZ FRQWHQW RI FDUERQ� PDGH XVLQJ QHXWUDO
RU EDVLF IOX[�

7KH VL[WK VHFWLRQ LQFOXGHG LQYHVWLJDWLRQV RI UHJX�
ODULWLHV RI IRUPDWLRQ RI SKDVHV DQG SKDVH WUDQVLWLRQV
LQ KHWHURJHQHRXV VWUXFWXUH RI PXOWLOD\HU FRUURVLRQ�UH�
VLVWDQW GHSRVLWHG )H�EDVHG PHWDO DOOR\HG ZLWK YDQD�
GLXP� FKURPLXP� PRO\EGHQXP DQG SKRVSKRUXV� &RP�
SRVLWLRQ DQG VWUXFWXUH RI WKH GHSRVLWHG PHWDO ZHUH
RSWLPL]HG IURP WKH UHVXOWV RI LQYHVWLJDWLRQV WKDW DO�
ORZHG XV WR LQFUHDVH LWV KDUGQHVV DQG ZHDU UHVLVWDQFH
E\ �w� WLPHV�

7KH VHYHQWK VHFWLRQ ZDV GHYRWHG WR LQYHVWLJDWLRQV
RI FKHPLFDO PLFURKHWHURJHQHLW\ LQ ZHOGHG MRLQWV RI
$Ow/L DOOR\V DQG LQ +$= LQ HOHFWULF DUF DQG HOHFWURQ
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EHDP ZHOGLQJ� ,W ZDV VKRZQ WKDW DOOR\LQJ ZLWK OL�
WKLXP FRQWULEXWHV WR VWUHQJWKHQLQJ RI ZHOG DQG GRHV
QRW LQIOXHQFH WKH UHGLVWULEXWLRQ RI RWKHU DOOR\LQJ HOH�
PHQWV� (OHFWURQ EHDP ZHOGLQJ PDNHV LW SRVVLEOH WR
SURGXFH ZHOGHG MRLQWV ZLWK WKH KLJKHU OHYHO RI PH�
FKDQLFDO SURSHUWLHV�

7KH HLJKWK VHFWLRQV LQFOXGHG PDWHULDOV UHODWHG WR
WKH QHZ WHFKQRORJ\ RI PDQXIDFWXUH RI R[LGH FDWKRGHV�
7KH QHZ PHWKRG ZDV RIIHUHG IRU PDQXIDFWXUH RI WKH
R[LGH FDWKRGH LQFOXGLQJ WKH XVH RI LQVHUW IURP D SRZ�
GHU PL[WXUH RI ]LUFRQLXP ZLWK ODQWKDQXP KH[DERULGH
DQG LWV VXEVHTXHQW MRLQLQJ ZLWK FRSSHU XVLQJ WKH
PHWKRG RI D SHUFXVVLRQ GHIRUPDWLRQ LQ YDFXXP� &RP�
SUHKHQVLYH PHWDOORJUDSKLF H[DPLQDWLRQV LQ DUJRQ�
&2� DQG DLU VKRZHG WKH PRQROLWKLF QDWXUH RI ZHOGHG
MRLQWV DQG WKHLU UHOLDELOLW\ LQ VHUYLFH�

7KH QLQWK VHFWLRQ ZDV GHYRWHG WR WKH VWXG\ RI
UHJXODULWLHV RI IRUPDWLRQ RI VWUXFWXUDO DQG FKHPLFDO
LQKRPRJHQHLW\� DQG DOVR QRQ�PHWDOOLF LQFOXVLRQV LQ
QHDU�FRQWDFW YROXPHV RI PHWDO LQ SUHVVXUH ZHOGLQJ RI
SLSH VWHHOV� ,W ZDV VKRZQ WKDW WKH DSSHDUDQFH RI D
IHUULWLF OD\HU DQG D ZKLWH EDQG LQ WKH ZHOGHG MRLQW
]RQH LV GXH WR SK\VLFDO DQG FKHPLFDO LQKRPRJHQHLW\
LQ LW� 0HFKDQLVP RI IRUPDWLRQ RI D IHUULWLF OD\HU LQ�
FOXGLQJ FRPELQDWLRQ RI GLIIXVLRQ DQG UHFU\VWDOOL]DWLRQ
SURFHVVHV OHDGLQJ WR GHFDUEXUL]DWLRQ RI WKH QHDU�FRQ�
WDFW ]RQH ZDV VXJJHVWHG� 1DWXUH RI D ZKLWH EDQG ZDV
VWXGLHG DQG LW ZDV VKRZQ WKDW WKHVH VWUXFWXUDO FKDQJHV
KDYH QR QHJDWLYH HIIHFW RQ WKH ZHOGHG MRLQW TXDOLW\�

7KH WHQWK VHFWLRQ LQFOXGHG GHYHORSHG DQG FHUWLILHG
QHZ SURFHGXUHV RI HPLVVLRQ�VSHFWUDO DQDO\VLV RI FRQ�

WHQW RI OLWKLXP LQ DOXPLQLXP DQG LWV DOOR\V LQ WKH
���w��� ZW�� UDQJH� OLWKLXP DQG FRSSHU LQ WKH �w
�� ZW�� UDQJH� SKRVSKRUXV LQ FRSSHU� EUDVVHV DQG
EURQ]HV LQ WKH �����w� ZW�� UDQJHV�

7KH IROORZLQJ SUDFWLFDO UHVXOWV ZHUH REWDLQHG DIWHU
IXOILOOPHQW RI ZRUNV RQ VXEMHFW�

'HWHUPLQHG DUH WKH SK\VLFDO�FKHPLFDO FRQVWDQWV
FKDUDFWHUL]LQJ WKH QLWURJHQ LQWHUDFWLRQ ZLWK PROWHQ
KLJKO\�UHDFWLYH PHWDOV ZKLFK PDNH LW SRVVLEOH WR FRQ�
WURO WKH SURFHVV RI PHWDO DOOR\LQJ ZLWK QLWURJHQ IURP
JDV SKDVH�

&UHDWHG DUH WKH QHZ DQDO\WLFDO SURFHGXUHV IRU
FKHPLFDO DQG VSHFWUDO DQDO\VLV RI OLWKLXP DQG SKRV�
SKRUXV LQ PHWDOV DQG DOOR\V�

'HYHORSHG DUH WKH IXQGDPHQWDOV IRU LPSURYLQJ

VHUYLFH SURSHUWLHV RI ZHOGHG MRLQWV DQG SURWHFWLYH FRDW�

LQJV E\ RSWLPL]LQJ VWUXFWXUDO�SKDVH DQG FKHPLFDO FRP�

SRVLWLRQ RI ZHOGV� GHSRVLWV DQG FRDWLQJV IRU WKH SUR�

FHVVHV� WKHUPDO VSUD\LQJ ZLWK D V\QWKHVLV RI FRDWLQJ

PDWHULDOV� SUHVVXUH ZHOGLQJ RI GLVVLPLODU PHWDOV� HOHF�

WULF DUF ZHOGLQJ RI KHDW�UHVLVWDQW VWHHOV DQG ORZ�DOOR\

KLJK�VWUHQJWK VWHHOV UHVLVWDQW DJDLQVW EULWWOH IUDFWXUH�

HOHFWULF DUF DQG HOHFWURQ EHDP ZHOGLQJ RI KLJK�

VWUHQJWK DOXPLQLXP DOOR\V� DOOR\HG ZLWK OLWKLXP DQG

VFDQGLXP� VXUIDFLQJ RI ZHDU�UHVLVWDQW PDWHULDOV�

VWUHQJWKHQHG E\ FDUERQ DQG SKRVSKRUXV� IODVK�EXWW

ZHOGLQJ RI SLSH VWHHOV ZLWK LQFUHDVHG UHVLVWDQFH

DJDLQVW IUDFWXUH DW ORZ WHPSHUDWXUHV� FUHDWLRQ RI WKH

QHZ W\SH RI R[LGH WKHUPRFKHPLFDO FDWKRGHV ZLWK DQ

LQVHUW RI SRZGHU PDWHULDOV�
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7KH ZRUN ZDV FDUULHG RXW LQ IRXU GLUHFWLRQV�

6HFWLRQ �� �0DWKHPDWLFDO 0RGHOOLQJ RI 0DFUR�

SK\VLFDO 3URFHVVHV LQ :HOGLQJ 'LVVLPLODU 6WHHOV��

2Q WKH EDVLV RI FRPSUHKHQVLYH OLWHUDWXUH UHYLHZ

RI SURFHVVHV RI IXVLRQ ZHOGLQJ RI GLVVLPLODU VWHHOV �IHU�

ULWLF�DXVWHQLWLF�� WKH IROORZLQJ VHYHQ PDMRU SUREOHPV

GHILQLQJ WKH TXDOLW\ RI ZHOGHG MRLQW ZHUH IRUPXODWHG�

LQ WKH VROXWLRQ RI ZKLFK WKH UROH RI WKH PDWKHPDWLFDO

PRGHOOLQJ FDQ EH YHU\ LPSRUWDQW�

• KHDWLQJ RI SURGXFW� VL]H RI SHQHWUDWLRQ ]RQH DQG
LWV FKHPLFDO FRPSRVLWLRQ�

• SULPDU\ FU\VWDOOL]DWLRQ� SHFXOLDULWLHV RI D ORFDO
FKHPLFDO LQKRPRJHQHLW\ DQG PLFURVWUXFWXUH QHDU WKH
IXVLRQ ERXQGDU\�

• IRUPDWLRQ RI FDUELGHV�
• PLFURVWUXFWXUH DQG SURSHUWLHV RI ZHOGHG MRLQW�
• ZHOGLQJ VWUHVVHV DQG VWUDLQV LQ ZHOGLQJ GLVVLPLODU

PHWDOV�
• ULVN LQ RFFXUUHQFH RI KRW DQG FROG FUDFNV�
• EHKDYLRXU RI ZHOGHG MRLQW XQGHU VHUYLFH FRQGL�

WLRQV� LQ KHDW FKDQJHV LQ SDUWLFXODU�
0RVW RI WKH DERYH�OLVWHG SUREOHPV DUH FORVHO\ FRQ�

QHFWHG ZLWK HDFK RWKHU� WKDW UHTXLUHV LQ PDQ\ FDVHV
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DQ LQWHJUDO WKHLU FRQVLGHUDWLRQ LQ PRGHOOLQJ UHDO SURF�
HVVHV RI ZHOGLQJ �VXUIDFLQJ� RI GLVVLPLODU VWHHOV�

,W VKRXOG EH QRWHG WKDW GXULQJ VXUIDFLQJ WKH GLV�
VLPLODULWLHV DUH PDQLIHVWHG PRVW FOHDUO\ DQG WKH XVH
RI PDWKHPDWLFDO PRGHOOLQJ IRU WKHLU VROXWLRQ LV QRW
OHVV DFWXDO WKDQ IRU ZHOGLQJ� 'XULQJ VXUIDFLQJ� WKH
QXPEHU RI WHFKQRORJLFDO SDUDPHWHUV� ZKLFK DUH YDULHG�
DV D UXOH� LV ODUJHU DQG WKH SUREOHP RI WKHLU UDWLRQDO
VHOHFWLRQ XVLQJ DSSURSULDWH PDWKHPDWLFDO PRGHOV LV
VROYHG PRUH HIIHFWLYHO\ WKDQ XVLQJ WKH SXUH H[SHUL�
PHQWDO ZD\�

,Q WKH VFRSH RI WKH DERYH�PHQWLRQHG� WKH ZRUNV
RI WKLV VHFWLRQ ZHUH GHDOLQJ ZLWK WKH FUHDWLRQ RI GHIL�
QLWH FDOFXODWLRQ DOJRULWKPV DQG IXOILOOPHQW RI DSSUR�
SULDWH QXPHULFDO LQYHVWLJDWLRQV RI W\SLFDO FDVHV RI
ZHOGLQJ �VXUIDFLQJ� RI GLVVLPLODU VWHHOV�

7\SLFDO FDVHV� GLFWDWHG E\ WKH GHPDQGV RI LQGXVWU\
RI 8NUDLQH DQG IRUHLJQ FRPSDQLHV� DUH GHVFULEHG EHORZ�

• VXUIDFLQJ XQGHU DQJOH RI HGJHV RI IHUULWLF VWHHO
VKHHWV ZLWK DXVWHQLWLF OD\HU IRU SURGXFLQJ GLVVLPLODU
EXWW MRLQW IHUULWLF VWHHOwDXVWHQLWLF VWHHO �FRRSHUDWLRQ
ZLWK SRZHU HQJLQHHUV DFFRUGLQJ WR $JUHHPHQW��

• ZHOGLQJ RI WXEHV IURP DXVWHQLWLF VWHHO WR WXEH
VKHHWV IURP IHUULWLF VWHHO �FRRSHUDWLRQ ZLWK *HUPDQ
FRPSDQLHV �6/9 0HFNOHQJXUJ� DQG �,QIUDFRQ���

• VXUIDFLQJ RI FRUURVLRQ�UHVLVWDQW OD\HU E\ HOHFWULF
DUF VSLUDOO\ ZHOGLQJ RQ WKH VXUIDFH RI VKDIWV PDGH
IURP VWHHO RI W\SH �� RU ��; �FRRSHUDWLRQ ZLWK VKLS�
EXLOGLQJ HQWHUSULVHV��

• VXUIDFLQJ RI ZHDU�UHVLVWDQW OD\HU RQ ODUJH WKLQ
SODWHV IURP IHUULWLF VWHHO RI DSSURSULDWH ELOOHWV IRU
VWDPSLQJ SDUWV� IRU H[DPSOH� EODGHV RI VSHFLDO IDQV
DQG VR RQ �FRRSHUDWLRQ ZLWK �6/9 0HFNOHQEXUJ���

• IODVK�EXWW ZHOGLQJ RI UDLOZD\ UDLOV IURP VWHHOV
5�� DQG +DWILHOG LQ IURJV �FRRSHUDWLRQ ZLWK GHSDUW�
PHQW RI 3:, DQG PHWDOOXUJLFDO HQWHUSULVHV RI
8NUDLQH xPDQXIDFWXUHUV RI IURJV��

• VSHFLILFV RI K\GURJHQ WUDQVIHU LQ GLVVLPLODU FRP�
SRXQGV �FRRSHUDWLRQ ZLWK 8NUDLQLDQ FRPSDQ\
�.25%$���

• EXWW ZHOGLQJ WKURXJK D VROLG LQWHUOD\HU RI IRDP
SODWHV �FRRSHUDWLRQ ZLWK �6/9 0HFNOHQEXUJ���

6HFWLRQ �� �&RPSXWHU 0RGHOOLQJ RI +\GURG\�
QDPLF 3KHQRPHQD LQ 7HFKQRORJLFDO 3URFHVVHV RI
:HOGLQJ DQG 6SHFLDO (OHFWURPHWDOOXUJ\��

'HYHORSHG DUH WKH FRQMXJDWH D[LV\PPHWULF PRGHOV
RI K\GURG\QDPLFV DQG KHDW�PDVV H[FKDQJH LQ IRUPD�
WLRQ RI LQJRWV XVLQJ PHWKRGV RI VSHFLDO HOHFWURPHWDO�
OXUJ\� HOHFWURQ EHDP UHPHOWLQJ RI LQJRWV RI WLWDQLXP
DOOR\ DQG HOHFWURQ EHDP FUXFLEOH�IUHH ]RQH PHOWLQJ RI
VLOLFRQ VLQJOH FU\VWDO� 0RGHOV DUH EDVHG RQ D FRPSOHWH
V\VWHP RI HTXDWLRQV RI G\QDPLFV RI PRWLRQ RI YLVFRXV
QRQ�FRPSUHVVHG OLTXLG LQ WKH %RLVVLQHVT DSSUR[LPD�
WLRQ� HTXDWLRQ RI FRQYHFWLYH�FRQGXFWLYH WUDQVIHU RI
HQHUJ\ DQG HTXDWLRQ RI FRQYHFWLYH GLIIXVLRQ� 6HYHUDO
IRUFH IDFWRUV DUH FRQVLGHUHG� LQIOXHQFLQJ WKH PHOW PR�
WLRQ�

• WKHUPRJUDYLWDWLRQDO FRQYHFWLRQ RFFXUULQJ LQ
WKHUPDOO\ QRQ�KRPRJHQHRXV OLTXLG XQGHU WKH DFWLRQ
RI WKH JUDYLW\ IRUFH�

• WKHUPRFDSLOODU\ FRQYHFWLRQ� VWLSXODWHG E\ D FR�
HIILFLHQW JUDGLHQW RI VXUIDFH WHQVLRQ RQ WKH PHWDO SRRO
IUHH VXUIDFH�

• IRUFHG FRQYHFWLRQ RFFXUULQJ DV D UHVXOW RI DFWLRQ
RI MHW RI PHWDO ZKLFK LV SHULRGLFDOO\ SRXUHG LQWRPRXOG
IURP DQ LQWHUPHGLDWH FUXFLEOH� 7DVN RI WKH K\GURG\�
QDPLFV LV VROYHG LQ WKH UHJLRQ RI D FRPSOH[ VKDSH
IRUPHG E\ ERXQGDULHV RI SKDVH WUDQVLWLRQV ZKRVH JH�
RPHWU\ LV GHILQHG LQ WKH SURFHVV RI VROXWLRQ RI WKH
FRQMXJDWH SUREOHP� 7KH ERXQGDU\ FRQGLWLRQV IRU GH�
WHUPLQDWLRQ RI ILHOG RI WHPSHUDWXUHV WDNH LQWR DFFRXQW
WKH UDGLDWLRQ KHDW H[FKDQJH RI VXUIDFH ZLWK WKH FKDP�
EHU ZDOO �KHDW VFUHHQ�� GLIIHUHQW YDULDQWV RI GLVWULEX�
WLRQ RI GHQVLW\ RI HOHFWURQ EHDP KHDW VRXUFH� VFDQQLQJ
RI HOHFWURQ EHDP RYHU WKH IUHH VXUIDFH RI WKH PHWDO
SRRO� $W ]RQH PHOWLQJ RI VLOLFRQ VLQJOH FU\VWDO D IHD�
VLELOLW\ RI PHOWLQJ LQ WKH ZHLJKWOHVVQHVV FRQGLWLRQ LV
SURYLGHG� 7R VWXG\ WKH UHGLVWULEXWLRQ RI DOOR\LQJ �LP�
SXULW\� HOHPHQWV LQ WKH FU\VWDOOL]DWLRQ SURFHVV WKH
HYDSRUDWLRQ IORZ E\ WKH /DQJPXLU ODZ� DQG DOVR WKH
GLOXWLRQ RIPHOW E\ LWV GUDLQ IURP LQWHUPHGLDWH FUXFLEOH
LV WDNHQ LQWR DFFRXQW�

$ FRPSDUDWLYH DQDO\VLV RI FRQGLWLRQV RI IRUPDWLRQ
RI VLOLFRQ VLQJOH FU\VWDO LQ HOHFWURQ EHDP FUXFLEOH�IUHH
PHOWLQJ RI PLFURJUDYLWDWLRQ ZDV SHUIRUPHG� ,W ZDV
GHWHUPLQHG WKDW GXULQJ PLFURJUDYLWDWLRQ WKH K\GUR�
G\QDPLFV RI WKHPROWHQ ]RQH LV VWLSXODWHG E\ WKH DFWLRQ
RI 0DUDQJRQL IRUFH� DQG WKH UDWH RI PHOW PRWLRQ LV �
WLPHV GHFUHDVHG DV FRPSDUHG ZLWK UDWH LQ WKH HDUWK
FRQGLWLRQV� 7KLV OHDGV WR KLJK ORVVHV LQ HQHUJ\ IRU
UDGLDWLRQ� WR WKH GHFUHDVH LQ KHLJKW RI PROWHQ ]RQH
DQG DSSHDUDQFH RI D FRQYH[ IURQW RI FU\VWDOOL]DWLRQ
ZLWK ���� PP EHQGLQJ KHLJKW� ,W ZDV VKRZQ WKDW WKH
XVH RI D VKRUW KHDW VFUHHQ� ORFDWHG EHORZ WKH FU\VWDO�
OL]DWLRQ IURQW�PDNHV LW SRVVLEOH WR SUHVHUYH SDUDPHWHUV
RI WKH PROWHQ ]RQH DW WKH OHYHO PHHWLQJ WKH HDUWK
FRQGLWLRQV RI PHOWLQJ� 5DWLRQDOLW\ RI VFDQQLQJ RI HOHF�
WURQ EHDP ZLWK IUHTXHQF\ ��� +] DQG PRUH ZDV HV�
WDEOLVKHG� DV WKLV WHFKQRORJLFDO SURFHGXUH FDQ GHFUHDVH
WKH LQWHQVLW\ RI WKHUPRFDSLOODU\ FRQYHFWLRQ LQ WKH PL�
FURJUDYLWDWLRQ FRQGLWLRQV DW WKH H[SHQVH RI ORZHU RYHU�
KHDWLQJ RI D IUHH VXUIDFH RI WKH PROWHQ ]RQH� ,Q DGGL�
WLRQ� WKH GHFUHDVH LQ HOHFWULFDO SRZHU LV DWWDLQHG VL�
PXOWDQHRXVO\ DW WKH VDPH JHRPHWULF SDUDPHWHUV RI WKH
]RQH WKDW LV LPSRUWDQW LQ FRQGXFWDQFH RI VSDFH H[SHUL�
PHQW LQ WKH FRQGLWLRQV RI D OLPLWHG HQHUJ\ VXSSO\�

6HFWLRQ �� �0DWKHPDWLFDO 0RGHOOLQJ RI 'HIHFWV
LQ WKH =RQH RI :HOGHG -RLQWV DQG 'HYHORSPHQW RI
&DOFXODWHG $OJRULWKPV DQG 3URJUDPV IRU (YDOXDWLRQ
RI .LQHWLFV RI *URZWK RI 'HIHFWV XS WR &ULWLFDO 6L]HV
LQ WKH &RQGLWLRQV RI /RDGLQJ RI :HOGHG -RLQWV��

,Q WKLV VHFWLRQ WKHPDWKHPDWLFDO PRGHOV DUH FUHDWHG
IRU WKH HYDOXDWLRQ RI ORDG�FDUU\LQJ FDSDFLW\ RI WKH
ZHOGHG VXE�DVVHPEOLHV IURP GLVVLPLODU VWHHOV �PDLQO\
WKLFN�ZDOOHG ZHOGHG VKHOOV RI IHUULWLF VWHHO ZLWK D GH�
SRVLWHG FRUURVLRQ�UHVLVWDQW OD\HU RI DXVWHQLWLF VWHHO�
LQ W\SLFDO FRQGLWLRQV RI ORDGLQJ� FRUUHVSRQGLQJ WR
HPHUJHQF\ ORDGLQJ RI FDVLQJV RI QXFOHDU SRZHU UHDF�
WRUV RI ::(5����� W\SH ZKLFK DUH XQGHU VHUYLFH LQ
8NUDLQH�
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,Q WKH VFRSH RI WKLV VDPH VHFWLRQ WKH PDWKHPDWLFDO
PRGHO LV GHYHORSHG IRU HYDOXDWLQJ VDIH FRQGLWLRQV RI
ZHOGLQJ�XS RI SLW GHIHFWV DW WKH H[WHUQDO VXUIDFH RI
JDV� DQG RLO SLSHOLQHV ZLWKRXW LQWHUUXSWLRQ RI VHUYLFH
RI DSSURSULDWH UHJLRQV� 5HVXOWV RI WKLV ZRUN ZHUH DS�
SOLHG LQ SUDFWLFH LQ WKH ZRUNLQJ RXW RI VWDQGDUGL]HG
PDWHULDOV IRU UHSDLU RI WKH DERYH�PHQWLRQHG UHJLRQV�

6HFWLRQ �� �'HYHORSPHQW RI ,QIRUPDWLRQ 6\VWHP
RI &RPSXWHU 'HVLJQLQJ RI &RQGLWLRQV RI (OHFWULF $UF
:HOGLQJ 6WUXFWXUDO $OOR\ 6WHHOV IRU :HOGLQJ &RQ�
VXPDEOHV RI 'LIIHUHQW )RUPV��

7KH LQWHUHVW WR PRGHUQ LQIRUPDWLRQ V\VWHPV LQ WKH
VROXWLRQ RI GLIIHUHQW WHFKQRORJLFDO SUREOHPV RI ZHOG�
LQJ� VXUIDFLQJ� FRDWLQJ GHSRVLWLRQ ZDV DOZD\V RQH RI
SULRULW\ SUREOHPV LQ DFWLYLW\ RI WKH (�2� 3DWRQ (OHF�
WULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH� 2YHU
WKH SDVW \HDUV D QXPEHU RI ZRUNV ZDV GRQH� UHODWHG
WR WKH FUHDWLRQ RI GDWDEDVHV� H[SHUW DQG FDOFXODWLRQ�
H[SHULPHQWDO V\VWHPV RQ HOHFWURQ FDUULHUV� +RZHYHU�
WKH SURJUHVV LQ FRPSXWHU HQJLQHHULQJ� PHWKRGV RI
PDWKHPDWLFDO PRGHOOLQJ� JURZLQJ GHPDQGV RI WHFK�
QRORJ\ UHTXLUH QHZ DSSURDFKHV LQ WKLV GLUHFWLRQ�

,Q WKLV FRQQHFWLRQ WKH ZRUNV ZHUH FDUULHG RXW LQ
WZR GLUHFWLRQV� 7KH ILUVW GLUHFWLRQ ZDV GHDOLQJ ZLWK
XSGDWLQJ RI H[LVWLQJ GDWDEDVHV DQG H[SHUW V\VWHPV�
)RU H[DPSOH� GDWDEDVH �0HFKDQLFDO 3URSHUWLHV RI
:HOGHG -RLQWV� RU H[SHUWLVH V\VWHP �6XUIDFLQJ�� 7KH
VHFRQG GLUHFWLRQ ZDV FRQQHFWHG ZLWK WKH FUHDWLRQ RI
V\VWHPV RQ WKH EDVLV RI PDWKHPDWLFDO PRGHOOLQJ DQG
GHILQLWH LQIRUPDWLRQ VXEV\VWHPV LQ ZKLFK D JUHDW DW�

WHQWLRQ ZDV SDLG WR WKH PDWKHPDWLFDO PRGHOOLQJ WR
REWDLQ TXDQWLWDWLYH GDWD QHFHVVDU\ IRU WKH GHYHORS�
PHQW RI WHFKQRORJLHV� ,Q SDUWLFXODU� WKH FRPSXWHU V\V�
WHP �6HOHFWLRQ RI :HOGLQJ &RQVXPDEOHV IRU $UF
:HOGLQJ RI 6WUXFWXUDO 0DWHULDOV�� FUHDWHG LQ FROODER�
UDWLRQ ZLWK FRPSDQ\ �.25%$�� LV GHVLJQHG� WR D
FHUWDLQ H[WHQW� IRU UHSODFHPHQW RI H[SHULPHQWV FRQ�
GXFWHG RQ DSSURSULDWH VDPSOHV RI ZHOGHG MRLQWV�

8VLQJ FHUWLILFDWH GDWD RI WKH FRPSDQ\�PDQXIDF�

WXUHU RI ZHOGLQJ FRQVXPDEOHV �HOHFWURGHV� IOX[�FRUHG

ZLUHV� IOX[HV� DERXW WKH UHFRPPHQGHG FRQGLWLRQV RI

DUF ZHOGLQJ� GHSRVLWLRQ FRHIILFLHQW� FKHPLFDO FRPSR�

VLWLRQ RI GHSRVLWHG PHWDO� WKH V\VWHP SURYLGHV LQIRU�

PDWLRQ IRU FDVHV RI ZHOGLQJ EXWW DQG 7�MRLQWV RI GLI�

IHUHQW VWUXFWXUDO VWHHOV DERXW�

• VL]HV DQG VKDSH RI SHQHWUDWLRQ ]RQH �3=� IRU URRW
ZHOG DQG QH[W SDVVHV�

• FKHPLFDO FRPSRVLWLRQ RI 3=�

• PLFURVWUXFWXUDO FRPSRVLWLRQ LQ 3= DQG KHDW�DI�

IHFWHG ]RQH �+$=��

• PHFKDQLFDO SURSHUWLHV LQ 3= DQG +$=� LQFOXGLQJ

KDUGQHVV� XOWLPDWH VWUHQJWK� \LHOG VWUHQJWK� HORQJD�

WLRQ� LPSDFW VWUHQJWK�

• ULVN RI IRUPDWLRQ RI KRW DQG FROG FUDFNV�

• ORFDO FRQFHQWUDWLRQ RI K\GURJHQ LQ 3= DQG LWV

HIIHFW RQ FROG FUDFN IRUPDWLRQ�
$W WKH SUHVHQW PRPHQW WKH V\VWHP LV WHVWHG DW VRPH

HQWHUSULVHV RI 8NUDLQH� LQ SDUWLFXODU� DW �2NHDQ�
:RUNV LQ 1LNRODHY FLW\�
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0DQDJHU x 3URI� 1�3� 75,*<%

7KH QHZ PHWKRG RI GLVSHUVLRQ RI PHWDO PHOW IURP DQ
LQWHUPHGLDWH FUXFLEOH XVLQJ D URWDWLQJ GUXP�PRXOG
KDV EHHQ GHYHORSHG �)LJXUH ��� 0HOWLQJ RI D FRQVX�
PDEOH ELOOHW RU FKDUJH LV SHUIRUPHG LQ HOHFWURQ EHDP
LQVWDOODWLRQ� WKH VDPH DV LQ HOHFWURQ EHDP UHPHOWLQJ�
$FFXPXODWHG PROWHQ PHWDO RI WKH FRQVXPDEOH ELOOHW
LQ WKH LQWHUPHGLDWH FUXFLEOH GXULQJ PHOWLQJ LV SRXUHG
SHULRGLFDOO\ WR WKH URWDWLQJ GUXP�PRXOG� 7KHQ� WKH
KLJK UDWH RI URWDWLRQ LV VHW WR WKH GUXP ����� USP�
DQG WKH PROWHQ PHWDO LV GHWDFKHG IURP WKH GUXP VXU�
IDFH LQ WKH IRUP RI IORZ RI GLVSHUVHG PROWHQ GURSV�
7KH IORZ RI PHOW GURSV LV GLUHFWHG WR WKH VKDSH�IRUPLQJ
VXUIDFH �VXEVWUDWH� ZKHUH WKH GURSV DUH VSUHDGLQJ DQG
LPPHGLDWHO\ FU\VWDOOL]HG ZLWKRXW PROWHQ SRRO IRUP�
LQJ�:DWHU�FRROHGPRXOG �IRU LQJRW SURGXFLQJ�� PHWDO
SODWH �IRU SURGXFLQJ ELPHWDO FRPELQDWLRQV�� JURRYH
RI SDUWV EHLQJ ZHOGHG �IRU ZHOGLQJ�� IUDPHZRUN RI

VWUHQJWKHQLQJ HOHPHQWV �IRU SURGXFLQJ FRPSRVLWH PD�
WHULDOV� FDQ EH XVHG DV D VXEVWUDWH�

(OHFWURQ EHDP LQVWDOODWLRQ 8(���� ZDV XVHG IRU
H[SHULPHQWDO LQYHVWLJDWLRQV RI SURGXFLQJ ILEURXV PH�
WDOOLF FRPSRVLWHV� $ PHFKDQLVP RI GLVSHUVLRQ� FRQVLVW�
LQJ RI D GLVSHUVLRQ GUXP� LWV IDVWHQLQJ HOHPHQWV� V\V�
WHP RI URWDWLRQ WUDQVPLVVLRQZLWK D YDFXXP�WLJKW WUDQ�
VLWLRQ SLHFH� HOHFWULF PRWRU DQG FRQWURO V\VWHP� ZDV
PRXQWHG RQ WKLV LQVWDOODWLRQ�

7KH URWDWLRQPHFKDQLVP LV FRQWUROOHG XVLQJ DQ HOHF�
WURQ V\VWHP �5D]PHU�� KHUH WKH URWDWLRQ VSHHG RI D
GLYLGHU LV DGMXVWHG VPRRWKO\ LQ WKH �w���� USP UDQJH�
7KH UHVLGXDO SUHVVXUH GXULQJ WKH SURFHVV LQ PHOWLQJ
FKDPEHU ZDV ���� 3D� LQ FKDPEHU RI HOHFWURQ EHDP
KHDWHU LW ZDV ����� 3D� 6FUDS RI DOXPLQLXP DQG WLWD�
QLXP DOOR\V ZDV XVHG DV D FKDUJH� $ MHW RI GURSV RI
WKH GLVSHUVHG PHOW ZDV IRUPHG DQG GLUHFWHG WR WKH
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VXEVWUDWH RQ ZKLFK D VWHHO IUDPHZRUN ZLWK VWUHWFKHG
ILEUHV �VWHHO� WXQJVWHQ� ZDV PRXQWHG� )LEUHV ZHUH QRW
KHDWHG SUHOLPLQDU\� 7KH HIILFLHQF\ RI GLVSHUVHG PHOW
MHW ZDV ��� NJ�K� $IWHU GHSRVLWLRQ RI PDWUL[ RI ��w
�� PP WKLFNQHVV WKH SURFHVV ZDV LQWHUUXSWHG DQG WKH
SURGXFW ZDV KROG LQ YDFXXP IRU � K�

$ PDWKHPDWLFDO PRGHO RI KHDW SURFHVVHV LQ FHQ�
WUDO�V\PPHWULFDO V\VWHP RI ILEUHwPDWUL[ ZLWK D FHQWHU
RQ ILEUH D[LV ZDV FUHDWHG �)LJXUH ��� 7KH SURFHVV ZDV
PRGHOHG� ZKHUH WKH PDWUL[ PDWHULDO ZDV GHSRVLWHG
XVLQJ WKH PHWKRG RI HOHFWURQ EHDP GLVSHUVLRQ RQ VXE�
VWUDWH� RYHU ZKLFK WKH VWUHQJWKHQLQJ ILEUHV DUH
VWUHWFKHG DW GLIIHUHQW OHYHOV� $W WKH ILUVW VWDJH WKH
WKHUPRSK\VLFDO SURFHVVHV LQ VXEVWUDWHwPDWUL[ V\VWHP
ZHUH PRGHOHG ZLWKRXW DOORZDQFH IRU HIIHFW RI ILEUHV�
DW WKH VHFRQG VWDJH WKH ORFDO WHPSHUDWXUH ILHOGV ZHUH
FDOFXODWHG LQ WKH GLUHFW YLFLQLW\ WR WKH ILEUH�

,Q WKH VFRSH RI WKH PRGHO VXJJHVWHG WKH FDOFXOD�
WLRQV RI WKHUPDO ILHOGV IRU DOXPLQLXP DQG WLWDQLXP
PDWULFHV ZHUH SHUIRUPHG� ,W ZDV GHWHUPLQHG WKDW WR
SUHYHQW WKH PROWHQ SRRO RFFXUUHQFH DW WKH VXUIDFH RI
WKH IRUPLQJ PDWUL[ WKH UDWH RI GLVSHUVHG PHOW GHSR�
VLWLRQ IRU WLWDQLXP VKRXOG QRW H[FHHG ��� DQG IRU DOX�
PLQLXP ��� NJ�V� ,Q DGGLWLRQ� WKH WHPSHUDWXUH LQ WKH
PDWUL[ DUHD GXULQJ WKH HQWLUH SURFHVV LV ���w��� .
IRU DOXPLQLXP DQG ����w���� . IRU WLWDQLXP� WKDW
JXDUDQWHHV WKH VDWLVIDFWRU\ TXDOLW\ RI MRLQLQJ RI WKH
GHSRVLWHG PHWDO OD\HUV�

6DPSOHV RI FRPSRVLWH PDWHULDOV RQ WKH EDVH RI DOX�
PLQLXP DQG WLWDQLXP PDWUL[ VWUHQJWKHQHG E\ VWHHO
DQG WXQJVWHQ ILEUHV� UHVSHFWLYHO\� ZHUH LQYHVWLJDWHG�

0DFURVWUXFWXUH RI WUDQVYHUVH VHFWLRQ RI FRPSRVLWH
KDV D EDQGHG VWUXFWXUH ZLWK ZDY\ ERXQGDULHV ZKLFK

FRUUHVSRQG WR WKH FU\VWDOOL]DWLRQ OD\HUV �)LJXUH ���
'HIHFWV LQ WKH IRUP RI SRUHV DQG GLVFRQWLQXLWLHV� ZKLFK
FDQ EH FDXVHG E\ D ODFN RI IXVLRQ RI VXFFHVVLYHO\ FU\V�
WDOOL]LQJ OD\HUV� ZHUH QRW REVHUYHG�

7KH OD\HUV RI FU\VWDOOL]DWLRQ RI VDPSOHV� REVHUYHG
RQPDFURVHFWLRQ� DUH GLIIHUHG E\ D JUDLQ VL]H DQG GHJUHH
RI HWFKLQJ� $ORQJVLGH ZLWK DUHDV RI D ILQH JUDLQ ���w
��� µP�� WKH DUHDV� ZKHUH WKH JUDLQ VL]H UHDFKHV
��� µP� DUH REVHUYHG�

$W D SUHKHDWLQJ RI VXEVWUDWH DW WKH PDWUL[wILEUH
LQWHUIDFH WKH FKHPLFDO LQWHUDFWLRQ RI PHWDOV WDNHV
SODFH LQ $O�EDVHG FRPSRVLWH DQG LQWHUOD\HU )H$O� LV
IRUPHG ZKRVH WKLFNQHVV LV YDULHG LQ WKH UDQJH RI ��w
�� µP GHSHQGLQJ RQ WHPSHUDWXUH RI VXEVWUDWH SUH�
KHDWLQJ�

0HFKDQLFDO WHVWV RI SURGXFHG VDPSOHV ZHUH SHU�
IRUPHG� 8OWLPDWH VWUHQJWK RI FRPSRVLWHV DORQJ WKH
ILEUHV IRU DOXPLQLXP PDWUL[ $0J�� UHLQIRUFHG ZLWK
VWHHO ILEUHV� ZDV �� 03D� IRU WLWDQLXP PDWUL[ 97����
UHLQIRUFHG ZLWK WXQJVWHQ ILEUHV x ��� 03D�

)LJXUH �� 0DFURVWUXFWXUH RI WUDQVYHUVH VHFWLRQ RI FRPSRVLWH �×��

)LJXUH �� 6FKHPH RI SURFHVV RI PHOW GLVSHUVLRQ IURP LQWHUPHGLDWH
FUXFLEOH

)LJXUH �� 6FKHPH RI PRGHOOLQJ RI SURFHVV RI SURGXFLQJ ILEURXV
FRPSRVLWH PDWHULDO
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0DQDJHU x 3URI� <X�6� %25,629

$W WKH PRGHUQ VWDJH RI GHYHORSPHQW RI WKH VXUIDFH
HQJLQHHULQJ� LQFOXGLQJ WKH WHFKQRORJLHV RI FRDWLQJ
GHSRVLWLRQ DQG PRGLI\LQJ RI VXUIDFH� WKH SURFHVVHV LQ
ZKLFK FRDWLQJ GHSRVLWLRQ LV FRPELQHG ZLWK D V\QWKHVLV
RI FRDWLQJ PDWHULDO� DQG DOVR WKH SURFHVVHV RI DFWLYD�
WLRQ E\ HIIHFW RI SODVPD� ODVHU RU RWKHU HQHUJ\ VRXUFHV
DUH RI WKH PRUH LPSRUWDQFH� ([DPSOHV FDQ EH LOOXV�
WUDWHG E\ VXFK YDFXXP PHWKRGV DV DFWLYDWHG UHDFWLYH
HYDSRUDWLRQ� UHDFWLYH LRQ GHSRVLWLRQ� SURFHVV RI JDV�
SKDVH GHSRVLWLRQ� E\ DFWLYDWHG SODVPD DQG RWKHUV�
7KXV� LW LV SRVVLEOH WR LQFUHDVH WKH UDWH RI FRDWLQJ
GHSRVLWLRQ� ZLGHQ WKHLU UDQJH DQG LPSURYH WKHLU TXD�
OLW\�

6LPLODU LGHDV DUH DOVR SURJUHVVLQJ LQ WKH ILHOG RI
WKHUPDO VSUD\LQJ �76�� ,Q WKH SURFHVVHV RI UHDFWLYH
SODVPD�DUF VSUD\LQJ WKH DFWLYLW\ RI FRPSRQHQWV RI
SODVPD MHW LV XVHG IRU V\QWKHVLV RI QLWULGHV DQG FDUELGHV
LQ WKH SURFHVV RI KHDWLQJ SRZGHUV RI PHWDOV ZLWK WKH
IRUPDWLRQ RI VWUHQJWKHQHG FRDWLQJV� $QRWKHU PHWKRG
RI FRPELQDWLRQ RI V\QWKHVLV RI FRDWLQJ PDWHULDO ZLWK
76 SURFHVV LV WKH XVH RI FRPSRVLWH SRZGHUV �&3� DQG
SRZGHUHG ZLUHV DW KHDWLQJ RI ZKLFK WKH LQWHUDFWLRQ
RI FRPSRQHQWV RFFXUV ZLWK WKH IRUPDWLRQ RI WKH QHZ
VXEVWDQFH� IRU H[DPSOH� LQWHUPHWDOOLF� ZKLFK LV D PD�
WHULDO RI WKH FRDWLQJ� +RZHYHU� DOO WKH PHQWLRQHG UH�
VXOWV ZHUH REWDLQHG LQ VHSDUDWH H[SHULPHQWV DQG GH�
PRQVWUDWHG PDLQO\ RQO\ WKH SULQFLSDO IHDVLELOLW\ RI
WKHVH VROXWLRQV LQ WKH ILHOG RI 76�

7KH DLP RI WKH SUHVHQW ZRUN ZDV WR LQYHVWLJDWH
WKH SURFHVV RI H[RWKHUPLF V\QWKHVLV RI FRDWLQJPDWHULDO
LQ 76 &3 ZLWK DOORZDQFH IRU SHFXOLDULWLHV RI GLIIHUHQW
W\SHV RI 76� QDPHO\ SODVPD�PLFURSODVPD� GHWRQDWLRQ�
LQ HYDOXDWLRQ RI IHDVLELOLW\ RI DFWLYDWLRQ RI WKH SURFHVV
RI FKURPL]LQJ� LQ XSGDWLQJ RI WHFKQRORJ\ RI UHDFWLYH
YDFXXP�DUF GHSRVLWLRQ RI QLWULGH FRDWLQJV DQG GHILQLQJ
RI FRQGLWLRQV RI FRPELQDWLRQ RI SODVPD�GHWRQDWLRQ
WUHDWPHQW RI VXUIDFH ZLWK DOOR\LQJ RI WKH PRGLILHG
OD\HU�

,Q WKH GHYHORSPHQW RI WKH ILUVW VHFWLRQ RI WKH VXE�
MHFW WKH DQDO\VLV ZDV PDGH RI SUHVHQW VWDWXV RI WKLV
GLUHFWLRQ LQ 76� DQG DOVR RI PRGHUQ OHYHO RI WKHRU\
DQG SUDFWLFH RI WKH VHOI�SURSDJDWLQJ KLJK�WHPSHUDWXUH
V\QWKHVLV �6+6� DV FKDOOHQJLQJ LQ WKH FRQGLWLRQV RI
76 IRU UHDOL]DWLRQ RI WKH V\QWKHVLV SURFHVV GXH WR KLJK
UDWHV RI LWV SURFHHGLQJ� $V D UHVXOW RI WKLV DQDO\VLV WKH
6+6 FKDUDFWHULVWLFV DUH GLVWLQJXLVKHG ZKLFK VKRXOG

SOD\ WKH PRVW LPSRUWDQW UROH LQ WKH 76 FRQGLWLRQV�
7KH\ LQFOXGH WKH KHDW RI V\QWKHVLV UHDFWLRQ DQG� GXH
WR LW� WKH DGLDEDWLF LQFUHDVH LQ WHPSHUDWXUH RI FRPEL�
QDWLRQ� FKDUDFWHULVWLF RI SURFHVV NLQHWLFV LQIOXHQFLQJ
WKH OLQHDU UDWH RI 6+6 IURQW PRYHPHQW�

$V DQ REMHFW RI LQYHVWLJDWLRQV WKH &3 ZHUH VH�
OHFWHG� FRQVLVWLQJ RI IHUURDOOR\V RI WLWDQLXP� YDQDGLXP
RU FKURPLXP� DQG DOVR FDUELGHV RI ERURQ RU VLOLFRQ�
7KHUPRG\QDPLF HYDOXDWLRQ DQG GDWD RI GLIIHUHQWLDO
WKHUPDO DQDO\VLV PDGH LW SRVVLEOH WR GHWHUPLQH WKH
FKDUDFWHULVWLFV RI WKH SURFHVV RI H[RWKHUPDO V\QWKHVLV
LQ WKHVH FRPELQDWLRQV DQG WKH PRVW HIIHFWLYH FRPSR�
VLWLRQV RI WKHVH FRPELQDWLRQV �)H7Lw��%�&� )H7Lw
��6L&� )H9w��%�&� )H9w����6L&� )Hw&Uw��%�&�
)Hw&Uw����6L&�� 7R SURGXFH WKH SLORW EDWFKHV RI
WKHVH SRZGHUV IRU H[SHULPHQWDO LQYHVWLJDWLRQV WKH
WHFKQRORJLHV RI &3 E\ PHWKRGV RI FRQJORPHUDWLRQ RQ
RUJDQLF ELQGHUV DQG UHDFWLYH VLQWHULQJ RI FRPSRQHQWV
ZHUH GHYHORSHG�

)RU FDOFXODWLRQ�WKHRUHWLFDO HYDOXDWLRQ RI HIIHFW RI
H[RWKHUPDO UHDFWLRQ RI V\QWKHVLV RQ KHDWLQJ DQG PR�
WLRQ RI &3 SDUWLFOHV LQ D SODVPD MHW D PDWKHPDWLFDO
PRGHO RI WKH SURFHVV RI SODVPD VSUD\LQJ� FRPELQHG
ZLWK H[RWKHUPDO V\QWKHVLV RI WKH FRDWLQJ PDWHULDO ZDV
GHYHORSHG� $ VRIWZDUH ZDV FUHDWHG RQ LWV EDVH ZLWK
DOORZDQFH IRU H[SHULHQFH LQ WKH GHYHORSPHQW RI 1Lw$O
&3 IRU QXPHULFDO LQYHVWLJDWLRQ RI SHFXOLDULWLHV RI
SODVPD VSUD\LQJ LQ WKH JLYHQ FRQGLWLRQV� ,W LV VKRZQ
WKDW WKH KLJKHVW HIIHFW RQ G\QDPLFV RI KHDWLQJ RI
H[RWKHUPDOO\ UHDFWLQJ SDUWLFOHV LV PDGH E\ D NLQHWLF
FKDUDFWHULVWLF UHODWHG WR PHFKDQLVP RI LQWHUSKDVH LQ�
WHUDFWLRQ� FRQWDFW DUHD DQG VRPH RWKHU FKDUDFWHULVWLFV�
+LJK UDWHV RI WKH V\QWKHVLV SURFHVV OHDG WR H[FHVVLYH
RYHUKHDWLQJ RI SDUWLFOHV� XS WR WKHLU SDUWLDO HYDSRUD�
WLRQ� ZKLOH ORZ UDWHV OHDG WR WKH WUDQVIHU RI SDUW RI
WKH V\QWKHVLV SURFHVV RQ WKH EDVH ZLWK LWV SURFHHGLQJ
LQ WKH SHULRG RI IRUPDWLRQ RI WKH FRDWLQJ OD\HU� 2WKHU
IDFWRUV� LQIOXHQFLQJ WKH SURFHHGLQJ RI V\QWKHVLV SUR�
FHVV LQ WKH FRQGLWLRQ RI SODVPD VSUD\LQJ� UHIHU WR VL]H
RI SDUWLFOHV� SRZGHU FRQVXPSWLRQ DQG WHPSHUDWXUH RI
SODVPD MHW �RU SRZHUIXO SODVPDWURQ�� 7KH REWDLQHG
UHVXOWV RI QXPHULFDO LQYHVWLJDWLRQ DOORZ LVVXH UHFRP�
PHQGDWLRQV DV UHJDUGV WR SHFXOLDULWLHV RI WHFKQRORJ\
RI SODVPD VSUD\LQJ RI H[RWKHUPDOO\ UHDFWLQJ &3�

([SHULPHQWV RQ 76 RI WKH DERYH�PHQWLRQHG &3
ZHUH FRQGXFWHG LQ WKH FRQGLWLRQV RI SODVPD� PLFUR�
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SODVPD DQG GHWRQDWLRQ VSUD\LQJ� GLIIHUHG E\ WHPSHUD�
WXUH DQG UDWH RI KLJK�WHPSHUDWXUH JDV MHW WKDW VKRXOG
LQIOXHQFH WKH GXUDWLRQ RI SDUWLFOHV LQ KHDWLQJ ]RQH DQG
GHJUHH RI V\QWKHVLV SURFHVV FRPSOHWLRQ LQ WKH SHULRG
RI SDUWLFOHV PRWLRQ WR WKH EDVH VXUIDFH�

6WUXFWXUH DQG FRPSRVLWLRQ RI ERWK VSUD\HG FRDW�
LQJV DQG DOVR VSUD\HG SDUWLFOHV� WUDSSHG E\ D ZDWHU
SRRO� ZHUH H[DPLQHG XVLQJ WKH PHWKRGV RI RSWLFDO
PLFURVFRS\� SKRWRPHWU\ DQG ;�UD\ SKDVH DQDO\VLV�
5HVXOWV RI H[DPLQDWLRQV VKRZHG WKDW WKH KLJKHVW GH�
JUHH RI FRPSOHWLRQ RI WKH V\QWKHVLV SURFHVV ZDV RE�
VHUYHG LQ FDVH RI PLFURSODVPD VSUD\LQJ� DQG WKH VXI�
ILFLHQWO\ KLJK GHJUHHx LQ FRQYHQWLRQDO SODVPD VSUD\�
LQJ� $W GHWRQDWLRQ VSUD\LQJ WKH SURFHVV RI LQWHUDFWLRQ
LV VWDUWHG HYHQ LQ WKH JXQ VKDIW� EXW LW LV DOUHDG\
FRPSOHWHG� DV D UXOH� RQ WKH EDVH GXULQJ FRDWLQJ IRU�
PDWLRQ� WKDW LV H[SODLQHG E\ WKH GXUDWLRQ RI SDUWLFOHV
LQ WKH MHW�

6WUXFWXUH RI SURGXFHG FRDWLQJV FRQWDLQV VXFK SUR�
GXFWV RI V\QWKHVLV DV ERULGHV �LQ XVH RI&3ZLWK%�& x
9%�9�%�� 9�%�� 7L%�� &U%� )H%� HWF��� FDUELGHV �9&�
9�&�� &U�&�� 7L&� HWF��� VLOLFLGHV �LQ XVH RI &3 ZLWK
6L& x 9�6L�� 7L6L�� 7L�6L�� &U6L�� HWF��� DQG DOVR
WHUQDU\ SKDVHV �)Hw7L6L� )H6L&�� ([FHSW WKH SURGXFWV
RI V\QWKHVLV� D QXPEHU RI R[LGH SKDVHV ZDV UHYHDOHG�
PRUHRYHU� WKH ODUJHVW LWV DPRXQW ZDV REVHUYHG LQ GHWR�
QDWLRQ FRDWLQJV� 0LFURKDUGQHVV RI FRDWLQJV FRQWDLQLQJ
ERULGH SKDVHV UHDFK ���� 03D DW GHWRQDWLRQ VSUD\LQJ
�)Hw&Uw%�&� DQG ����� 03D DW SODVPD VSUD\LQJ
�)H9w%�&�� 0LFURKDUGQHVV RI SODVPD FRDWLQJV� FRQ�
WDLQLQJ FDUELGHV DQG VLOLFLGHV� LQ VSUD\LQJ RI )H9w6L&
LV ����w������ LQ FDVH RI )H7Lw6L& LW LV ����w
����� 03D�

5HVXOWV RI WHVWLQJ FRDWLQJV IRU JDV�DEUDVLYH ZHDU
LQ FRPELQDWLRQ ZLWK WKH PHQWLRQHG YDOXHV RI WKHLU
KDUGQHVV PDGH LW SRVVLEOH WR UHFRPPHQG WKH GHYHORSHG
&3 IRU SUDFWLFDO DSSOLFDWLRQ DV D ZHDU�UHVLVWDQW FRP�
SRQHQW LQ VSUD\LQJ LQ WKH FRPSRVLWLRQ RI PHFKDQLFDO
PL[WXUHV ZLWK QLFNHO RU LURQ DOOR\V�

([FHSW IHUURDOOR\�QRQ�PHWDOOLF UHIUDFWRU\ FRP�
SRXQG FRPELQDWLRQV� WKH FRQGLWLRQV RI IRUPDWLRQ DQG
SURSHUWLHV RI DOXPRFHUDPLF FRDWLQJV SURGXFHG LQ
SODVPD VSUD\LQJ DOXPLQLXP�LOPHQLWH &3 ZHUH VWXG�
LHG� 7KH SUHVHQFH RI DOXPRWKHUPLF UHDFWLRQ ZDV VKRZQ
LQ KHDWLQJ RI WKLV FRPELQDWLRQ ZLWK WKH IRUPDWLRQ RI
DOXPLQLXP R[LGH� DV ZHOO DV DOXPLQLGHV RI WLWDQLXP
DQG DOXPLQLXP DV SURGXFWV RI V\QWKHVLV� 7KH SURGXFHG
FRDWLQJV DUH FKDUDFWHUL]HG E\ WKH KLJKHU ZHDU UHVLV�
WDQFH ��w�� WLPHV� WKDQ WKH FRDWLQJV RI SXUH DOX�
PLQLXP� SUHVHUYLQJ KLJK UHVLVWDQFH WR FRUURVLRQ� W\SL�
FDO RI DOXPLQLXP�

,W ZDV HVWDEOLVKHG GXULQJ LQYHVWLJDWLRQ RI WKH IHD�
VLELOLW\ RI DFFHOHUDWLQJ RI SURFHVVHV RI FKURPL]LQJ RI

VWHHO SURGXFWV WKDW DGGLQJ RI DFWLYDWLQJ DGGLWLRQV WR
WKH VDWXUDWHG PL[WXUH LQ WKH IRUP RI WLWDQLXP K\GULGH
�� ZW��� DQG SRZGHU RI DOXPLQLXP DOOR\V ZLWK ODQ�
WKDQXP RU VLOLFRQ �� ZW��� PDNHV LW SRVVLEOH WR IRUP
WKH GLIIXVLRQ OD\HU RI ���w��� µP GXULQJ �� PLQ� 7KH
SURGXFHG FRDWLQJV DUH FKDUDFWHUL]HG E\ KLJK UHVLVWDQFH
WR ZHDU DQG FRUURVLRQ� 7HVWV RI SDUWV ZLWK FKURPLXP�
FDUELGH FRDWLQJ LQ LQGXVWULDO FRQGLWLRQV VKRZHG WKH
�w� WLPHV LQFUHDVH LQ WKHLU OLIH�

7KH HIIHFW RI UDWH RI HYDSRUDWLRQ RI FDWKRGH PDWH�

ULDO� SUHVVXUH RI UHDFWLRQ JDV LQ RSHUDWLQJ FKDPEHU

DQG HQHUJ\ RI LRQV LQ D SODVPD MHW RQ WKH PRUSKRORJ\

RI VXUIDFH RI JURZLQJ OD\HU RI WLWDQLXP QLWULGH� FRDWLQJ

VWUXFWXUH� DGKHVLRQ RI FRQGHQVDWH WR WKH EDVH DQG

SK\VLFDO�PHFKDQLFDO SURSHUWLHV RI WKH FRDWLQJ ZHUH

VWXGLHG� ,W ZDV VKRZQ WKDW IRUPDWLRQ RI WKH OD\HU RI

VWRLFKLRPHWULF WLWDQLXP QLWULGH RFFXUV DW QLWURJHQ

SUHVVXUH LQ RSHUDWLQJ FKDPEHU ��w��⋅��w� 3D� DQG

PD[LPXP PLFURKDUGQHVV DQG PLQLPXP YLVFRVLW\ RI

FRDWLQJV DUH UHDFKHG DW WKH UHDFWLRQ JDV SUHVVXUH ����w

����⋅��w� 3D� 7KH QHZ GHVLJQ RI F\OLQGULFDO YDFXXP�

DUF HYDSRUDWRU RI FRQWLQXRXV RSHUDWLRQ ZLWK D ODWHUDO

VXUIDFH� HURGHG LQ FKDUJH� KDV EHHQ GHYHORSHG DQG

WHVWHG� 7KLV HTXLSPHQW LV GHVLJQHG IRU FRDWLQJ GHSR�

VLWLRQ RQ ODUJH VXUIDFHV WR SURYLGH WKH XQLIRUPLW\ RI

WKLFNQHVV RI WKH OD\HU GHSRVLWHG�

7R LPSURYH WKH PHWKRG RI WKH SODVPD�GHWRQDWLRQ

PRGLI\LQJ �3'0� RI VXUIDFH� D PDWKHPDWLFDO PRGHO�

OLQJ RI WKH SURFHVV RI LQWHUDFWLRQ RI D SXOVHG SODVPD

MHW ZLWK WKH VXUIDFH ZDV PDGH� ,W ZDV VKRZQ WKDW WKH

KHDW IORZ LQWR VXUIDFH LV PD[LPXP ZKHQ WKH SURGXFW

EHFRPHV DQRGH� DQG PLQLPXP x DW LVRODWLQJ RI SUR�

GXFW IURP D FXUUHQW GLVFKDUJH� ,W ZDV HVWDEOLVKHG WKDW

WKH PRVW LQWHQVLYH FRPELQDWLRQ RI 3'0 SURFHVV ZLWK

VXUIDFH DOOR\LQJ IURP YDSRXU�GURS SKDVH� IRUPHG E\

SURGXFWV RI HURVLRQ RI D FHQWUDO HOHFWURGH� RFFXUV LQ

WKH FRQGLWLRQ RI GLVFKDUJH RI SURGXFWwFDWKRGH EDQN

RI FDSDFLWRUV� 7KH HIIHFW RI FRQGLWLRQV RI JHQHUDWLRQ

RI D SODVPD SXOVH RQ WKH SURFHVV RI PRGLI\LQJ DQG

DOOR\LQJ RI VXUIDFH ZDV GHILQHG� &DSDFLW\ RI WKH EDQN

RI FDSDFLWRUV� GLVWDQFH IURP QR]]OH H[LW WR SURGXFW

DQG IURP WKH FHQWUDO HOHFWURGH HQG WR QR]]OH H[LW LQ�

IOXHQFH PDLQO\ WKH FXUUHQW� ,W ZDV VKRZQ WKDW DW 3'0

RI VWHHO 8� WKH UDWH RI TXHQFKLQJ LQ VXUIDFH OD\HUV

UHDFKHG ���⋅��� GHJ⋅Vw�� WKDW OHDGV WR WKH IRUPDWLRQ RI
D PRGLILHG OD\HU RI �� µP WKLFNQHVV� ZKLOH LQ XVH RI

WKH FHQWUDO PRO\EGHQXP HOHFWURGH LW LV SRVVLEOH WR

DOOR\ LW ZLWK PRO\EGHQXP IRU GHSWK XS WR �� µP�
3UDFWLFDO DSSOLFDWLRQ RI 3'0 PHWKRG ZLWK VXUIDFH

DOOR\LQJ SURYLGHV WKH �w� WLPHV LQFUHDVH LQ WRRO VHU�

YLFHDELOLW\�
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HQWLILF MRXUQDO SXEOLVKLQJ IXQGDPHQWDO DQG DSSOLHG

SDSHUV DQG VKRUW QRWHV LQ WKH DUHD RI

• HOHFWURVODJ ZHOGLQJ DQG FODGGLQJ

• HOHFWURVODJ UHPHOWLQJ� FDVWLQJ� KRW WRSSLQJ� KHDWLQJ

• SODVPD�DUF PHOWLQJ DQG UHPHOWLQJ

• YDFXXP�DUF UHPHOWLQJ

• LQGXFWLRQ PHOWLQJ

• HOHFWURPHWDOOXUJ\ RI VWHHO DQG IHUURDOOR\V

• HOHFWURQ EHDP UHPHOWLQJ

• HOHFWURQ EHDP HYDSRUDWLRQ DQG FRQGHQVDWLRQ

RI PHWDOOLF PDWHULDOV LQ YDFXXP

• ODGOH VWHHO WUHDWPHQW

• PHWDO GLVSHUVLRQ DQG SURGXFLQJ FRQGHQVDWHV

• GHVLJQLQJ RI HOHFWURPHWDOOXUJLFDO HTXLSPHQW
• WHFKQRORJLHV RI SURGXFLQJ LQJRWV� KLJK�TXDOLW\

FDVWLQJV IURP GLIIHUHQW PDWHULDOV

• WHFKQRORJLHV RI SURGXFLQJ WLWDQLXP DOOR\ LQJRWV

• GHSRVLWLRQ RI FRDWLQJV� LQFOXGLQJ WKRVH
RI FRPSRVLWH PDWHULDOV

• HQHUJ\� DQG UHVRXUFHV�VDYLQJ WHFKQRORJLHV

• SK\VLFDO DQG FKHPLFDO IXQGDPHQWDOV RI VWHHO

SURGXFWLRQ

• WKHRULHV RI PHWDOOXUJLFDO SURFHVVHV

• LQYHVWLJDWLRQV LQ JDVwVODJwPHWDO V\VWHP
• V\VWHPV RI DXWRPDWLRQ RI UHPHOWLQJ SURFHVVHV

• PDWKHPDWLFDO PRGHOOLQJ RI SURFHVVHV

7KH MRXUQDO DFFHSWV DOVR DGYHUWLVHPHQWV DQG DQ�

QRXQFHPHQWV RI FRQIHUHQFHV DQG SXEOLFDWLRQV RQ UH�

ODWHG WRSLFV�

$'9$1&(6 ,1 (/(&7520(7$//85*< LV SXE�

OLVKHG IRXU WLPH SHU \HDU� 6XEVFULSWLRQ UHTXHVWV VKRXOG
EH VHQW WR WKH (GLWRULDO 2IILFH�

0DQXVFULSWV VKRXOG EH VXEPLWWHG LQ GXSOLFDWH LQ (QJ�
OLVK� DQG VXSSOHPHQWHG ZLWK D WH[W ILOH DQG ILJXUHV RQ
D GLVNHWWH� $Q HOHFWURQLF FRS\ PD\ EH VXEPLWWHG E\

H�PDLO�

7KH UXOHV IRU VXEPLVVLRQ RI HOHFWURQLF FRSLHV DUH DV
IROORZV�

• DQ HOHFWURQLF FRS\ VKRXOG EH VXEPLWWHG RQ D GLVNHWWH

RU E\ H�PDLO VLPXOWDQHRXVO\ ZLWK VHQGLQJ D KDUG

FRS\ RI WKH PDQXVFULSW�

• DFFHSWDEOH WH[W IRUPDWV� 0XOWL(GLW �
�W[W��

06 :RUG �� �
�UWI� 
�GRF��
• DFFHSWDEOH JUDSKLF IRUPDWV IRU ILJXUHV� (36� 7,))�

&'5� )LJXUHV FUHDWHG XVLQJ VRIWZDUH IRU PDWKHPDWL�

FDO DQG VWDWLVWLFDO FDOFXODWLRQV VKRXOG EH FRQYHUWHG

WR RQH RI WKHVH IRUPDWV�

0DQXVFULSWV VKRXOG EH VHQW WR

$OHNVDQGHU 7� =HOQLFKHQNR

([HFXWLYH 'LUHFWRU RI 3URMHFW
3:,� ,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

��� %R]KHQNR 6WU��

������ .\LY� 8NUDLQH
7HO�� ������� ��� �� ��� )D[� ��� �� ��

(�PDLO� MRXUQDO#SDWRQ�NLHY�XD

0DQXVFULSWV VKRXOG EH VXSSOHPHQWHG ZLWK
• RIILFLDO OHWWHU VLJQHG E\ D FKLHI PDQDJHU RI WKH LQVWL�

WXWLRQ ZKHUH WKH ZRUN ZDV SHUIRUPHG� 7KLV UXOH GRHV

QRW DSSO\ WR SDSHUV VXEPLWWHG E\ LQWHUQDWLRQDO

JURXSV RI DXWKRUV�

• SXEOLFDWLRQ SHUPLVVLRQ� FRQFOXVLRQ RI D FRPPLVVLRQ

DXWKRUL]HG WR SHUPLW RSHQ SXEOLFDWLRQ RI WKH SDSHU

�RQO\ IRU DXWKRUV IURP 8NUDLQH��
7LWOH 3DJH�

• WLWOH RI WKH SDSHU DQG QDPH�V� RI WKH DXWKRU�V��
• QDPH RI DIILOLDWHG LQVWLWXWLRQ� IXOO DGGUHVV� WHOHSKRQH

DQG ID[ QXPEHUV� H�PDLO DGGUHVVHV �LI DYDLODEOH� IRU

HDFK DXWKRU�

$EVWUDFW� XS WR ��� ZRUGV� PXVW EH SUHVHQWHG LQ

(QJOLVK� %HIRUH WKH DEVWUDFW WH[W RQH VKRXOG LQGLFDWH
LQ WKH VDPH ODQJXDJH� WKH SDSHU WLWOH� VXUQDPHV DQG

LQLWLDOV RI DOO DXWKRUV�

.H\ ZRUGV� WKHLU DPRXQW PXVW QRW H[FHHG HLJKW

ZRUG XQLWV� ,Q WKH VSHFLILF FDVHV LW LV DFFHSWLEOH WR XVH

WZR� RU WKUHH�ZRUG WHUPV� 7KHVH ZRUGV PXVW EH SODFHG

XQGHU WKH DEVWUDFW DQG ZULWWHQ LQ WKH VDPH ODQJXDJH�

7H[W VKRXOG EH SULQWHG GRXEOH�VSDFHG RQ ZKLWH SDSHU

�$� IRUPDW� ZLWK D ���SRLQW IRQW� 7LWOHV RI WKH SDSHU
DQG VHFWLRQV VKRXOG EH W\SHG ZLWK EROG FDSLWDOV�

7DEOHV VKRXOG EH VXEPLWWHG RQ VHSDUDWH SDJHV LQ WKH

IRUPDW RI DSSURSULDWH WH[W SURFHVVRUV� RU LQ WKH WH[W
IRUPDW �ZLWK FROXPQV VHSDUDWHG E\ SHULRGV� FRPPDV�
VHPLFRORQV� RU WDEXODWLRQ FKDUDFWHUV�� 8VH RI SVHXGR�

JUDSKLF FKDUDFWHUV LV QRW DOORZHG�

/LVW RI UHIHUHQFHV VKRXOG EH GRXEOH�VSDFHG� ZLWK

UHIHUHQFHV QXPEHUHG LQ RUGHU RI WKHLU DSSHDUDQFH LQ

WKH WH[W�

&DSWLRQV IRU ILJXUHV DQG WDEOHV VKRXOG EH SULQWHG

LQ WKH PDQXVFULSW GRXEOH�VSDFHG DIWHU WKH OLVW RI UH�

IHUHQFHV�

3LFWXUHV ZLOO EH VFDQQHG IRU GLJLWDO UHSURGXFWLRQ�

2QO\ KLJK�TXDOLW\ SLFWXUHV FDQ EH DFFHSWHG� ,QVFULS�
WLRQV DQG V\PEROV VKRXOG EH SULQWHG LQVLGH� 1HJDWLYHV�
VOLGHV DQG WUDQVSDUHQFLHV DUH DFFHSWHG�

)LJXUHV� HDFK ILJXUH VKRXOG EH SULQWHG RQ D VHSDUDWH

SDJH RI WKH PDQXVFULSW DQG KDYH D VL]H QRW H[FHHGLQJ

��� × ��� PP� )RU WH[W LQ ILJXUHV� XVH ���SRLQW IRQWV�
$OO ILJXUHV DUH WR EH QXPEHUHG LQ RUGHU RI WKHLU DS�

SHDUDQFH LQ WKH WH[W� ZLWK VHFWLRQV GHQRWHG DV �D��

�E�� HWF� 3ODFLQJ ILJXUH QXPEHUV DQG FDSWLRQV LQVLGH
ILJXUHV LV QRW DOORZHG� 2Q WKH EDFN VLGH� ZULWH ZLWK
D SHQFLO WKH SDSHU WLWOH� DXWKRU�V� QDPH�V� DQG ILJXUH

QXPEHU� DQG PDUN WKH WRS VLGH ZLWK DQ DUURZ�

3KRWRJUDSKV VKRXOG EH VXEPLWHG DV RULJLQDO SULQWV�

&RORU SULQWLQJ LV SRVVLEOH LI LWV FRVW LV FRYHUHG E\ WKH
DXWKRUV RU WKHLU VSRQVRUV� )RU LQIRUPDWLRQ DERXW WKH UXOHV

DQG FRVWV� FRQWDFW WKH ([HFXWLYH 'LUHFWRU RI 3URMHFW�

1R DXWKRUsV IHH LV SURYLGHG IRU�

3XEOLFDWLRQ LQ $'9$1&(6 ,1 (/(&7520(7$/�

/85*< LV IUHH RI FKDUJH�
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