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5\DEWVHY $�'�� 7UR\DQVN\ $�$�� .RU]XQ (�/��

0DVWHSDQ 9�<X� DQG 6DPERUVN\ 0�9� 0HWDO DOOR\LQJ

ZLWK QLWURJHQ IURP JDV SKDVH LQ (65 SURFHVV �������������������������������� �

'XERGHORY 9�,�� 3RJRUVN\ 9�.�� 6KQXUNR 9�.��

=DJRURYVN\ 3�,�� 6KDEDQRY 9�%�� 6YLULGRY 2�9��

3DQFKHQNR 9�(� DQG *DSRQRY 9�*� $SSOLFDWLRQ RI

PDJQHWRG\QDPLF XQLW LQ WKH WHFKQRORJ\ RI HOHFWURVODJ

FODGGLQJ RI VWHHO PLOO UROOV XVLQJ D OLTXLG PHWDO ������������������������������� �

%LNWDJLURY )�.� $SSOLFDWLRQ RI HOHFWURVODJ SURFHVV ZLWK

QRQ�FRQVXPDEOH HOHFWURGHV IRU PHOWLQJ� UHILQLQJ DQG

WUHDWPHQW RI PHWDOV� 3DUW � ������������������������������������������������������������ �

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

=KXN *�9� DQG 7ULJXE 1�3� 1HZ PHWKRG IRU GLVSHUVLQJ

WKH PHOW LQ HOHFWURQ EHDP XQLWV DQG HTXLSPHQW IRU LWV

UHDOLVDWLRQ ������������������������������������������������������������������������������������ ��

3/$60$�$5& 7(&+12/2*<

6KDSRYDORY 9�$�� =KDGNHYLFK 0�/�� 7RUNKRY *�)��
=KROXG 9�9� DQG <DNXVKD 9�9� *URZLQJ RI UHIUDFWRU\
PHWDOOLF VLQJOH FU\VWDOV �5HYLHZ� ��������������������������������������������������� ��

6KDSRYDORY 9�$� 7KHUPDO ILHOG RI WXQJVWHQ VLQJOH FU\VWDO

LQ SODVPD�LQGXFWLRQ ]RQH PHOWLQJ ������������������������������������������������� ��

*(1(5$/ 352%/(06 2) 0(7$//85*<

3DWRQ %�(� DQG 0HGRYDU /�%� 6SHFLDO HOHFWURPHWDOOXUJ\
DW WKH EHJLQQLQJ RI WKH ;;, FHQWXU\ ����������������������������������������������� ��

*ULJRUHQNR *�0�� %RULVRYD $�/�� %RULVRY <X�6��
$GHHYD /�,�� 'RURVKHQNR /�.� DQG 5XSFKHY 9�/�

,QYHVWLJDWLRQ RI LQWHUSKDVH LQWHUDFWLRQ RI IHUURWLWDQLXP ZLWK

VLOLFRQ FDUELGH LQ SRZGHU PL[WXUHV XVHG IRU WKHUPDO VSUD\

FRDWLQJ ���������������������������������������������������������������������������������������� ��

*DVLN 0�0�� =XERY 9�/� DQG *DVLN 0�,� ,QYHVWLJDWLRQ RI

SKDVH WUDQVIRUPDWLRQV LQ FRPPHUFLDO IHUURVLOLFLXP XVLQJ

WKH PHWKRG RI V\QFKURQRXV WKHUPDO DQDO\VLV ��������������������������������� ��

5XGRM $�3�� 0HOQLN 9�.K� DQG 3RUWQRY $�3� 3URSHUWLHV RI

DOOR\V EDVHG RQ KLJK�SXULW\ FKURPLXP ������������������������������������������ ��

,QGH[ RI DUWLFOHV IRU $6(0s����� 1R� �w� �������������������������������������� ��

/LVW RI DXWKRUV ������������������������������������������������������������������������������ ��

(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

7UDQVODWRUV

6�$� )RPLQD� ,�1� .XWLDQRYD�
7�.� 9DVLOHQNR

(GLWRU

1�$� 'PLWULHYD

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

(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\ �3UREOHP\ 6SHWVLDOQRM (OHFWURPHWDOOXUJLL� MRXUQDO SXEOLVKHG LQ 5XVVLDQ VLQFH -DQXDU\ ����

4XDUWHUO\
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$�'� 5<$%76(9� $�$� 752<$16.<� (�/� .25=81� 9�<X� 0$67(3$1 DQG 0�9� 6$0%256.<

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

8VLQJ D WKHUPRG\QDPLF DQDO\VLV DQ DWWHPSW ZDV PDGH WR HYDOXDWH WKH IHDVLELOLW\ RI PHWDO QLWULGLQJ IURP D JDV SKDVH

GXULQJ WKH HOHFWURVODJ UHPHOWLQJ �(65�� ,W ZDV VKRZQ H[SHULPHQWDOO\ WKDW LQ XVH RI VODJV RI &Dw&D)
�
V\VWHP DQG

DWPRVSKHUH RI QLWURJHQ LQ FKDPEHU�W\SH (65 XQLWV WKH QHFHVVDU\ FRQGLWLRQV DUH FUHDWHG IRU WUDQVLWLRQ RI QLWURJHQ WR

PHWDO LQ WKH DPRXQWV VXIILFLHQW IRU QLWULGLQJ�

.H\ ZRU G V � QLWULGLQJ� HOHFWURVODJ UHPHOWLQJ� FKDPEHU IXU�

QDFH� PHWDO FDOFLXP

7KH XVH RI QLWURJHQ DV DOOR\LQJ HOHPHQW LV ZHOO�NQRZQ
DQG UHDOL]HG E\ PDQXIDFWXUHUV IRU SURGXFLQJ VWHHO GH�

VLJQHG� ILUVW RI DOO� IRU RSHUDWLRQ XQGHU WKH FRPSOH[

FRQGLWLRQV� +RZHYHU� WKH PHFKDQLVP RI QLWURJHQ LQ�

MHFWLRQ LQWR D VWHHO DV FRPSDUHG ZLWK PHFKDQLVPV RI

LQMHFWLRQ RI RWKHU DOOR\LQJ HOHPHQWV KDV VRPH VSHFLILF

IHDWXUHV DQG SUHVHQWV XQWLO QRZ D JUHDW LQWHUHVW IURP
WKH SRLQW RI YLHZ RI VWXG\ RI ODZV RI QLWURJHQ EHKD�

YLRXU DQG GHYHORSPHQW RI D FRPSDUDWLYHO\ LQH[SHQVLYH

PHWKRG RI VWHHO SURGXFWLRQ ZLWK D JXDUDQWHHG OHYHO

RI WKH QLWURJHQ FRQWHQW�

7KH EDVLF PHWKRGV RI QLWURJHQ LQMHFWLRQ LQWR PHWDO

DUH FRQQHFWHG ZLWK

• XVH RI PDWHULDOV KDYLQJ D KLJK FRQWHQW RI D GLV�

VROYHG QLWURJHQ�

• QLWURJHQ FRPSRXQGV HDVLO\ GHFRPSRVLQJ DW WHP�

SHUDWXUHV RI WKH PHWDOOXUJLFDO SURFHVV�

• DFWLYDWLRQ RI PROHFXODU QLWURJHQ DQG LWV GLVVROX�

WLRQ LQ PROWHQ PHWDO�

'LVDGYDQWDJHV RI WKH ILUVW WZR PHWKRGV DUH WKH

QHFHVVLW\ LQ SURGXFWLRQ RI VSHFLDO IHUURDOOR\V RU FKHPL�

FDO FRPSRVLWLRQV� LQVWDELOLW\ RI DVVLPLODWLRQ RI QLWUR�

JHQ IURP WKHP LQ WKH SURFHVV RI DOOR\LQJ DQG UDWKHU

KLJK QRQ�XQLIRUPLW\ RI QLWURJHQ FRQWHQW LQ WKH UHDG\
PHWDO�

(YLGHQWO\� LW LV PRUH UDWLRQDO IURP WKH HFRORJLFDO
DQG HFRQRPLFDO DVSHFWV WR XVH D JDVHRXV QLWURJHQ IRU

WKH PHWDO DOOR\LQJ� +RZHYHU� WKH GLIILFXOWLHV RFFXU�

ULQJ GXH WR HQHUJ\ FRQVXPSWLRQ IRU DFWLYDWLRQ RI LQ�

WHUPROHFXODU ERQGV OLPLW WKH ZLGH VSUHDGLQJ RI DOOR\�

LQJ ZLWK QLWURJHQ IURP WKH JDV SKDVH� :RUNV RQ PDV�

WHULQJ PHWKRGV RI PHWDO DOOR\LQJ ZLWK QLWURJHQ IURP

WKH JDV SKDVH DUH FDUULHG RXW LQWHQVLYHO\ IRU VHYHUDO

GHFDGHV ERWK LQ RXU FRXQWU\ DQG DEURDG >�w�@�
,W LV SRVVLEOH WR DOOR\PHWDO ZLWK D JDVHRXV QLWURJHQ

ERWK LQ OLTXLG DQG VROLG DJJUHJDWH VWDWHV� 1LWULGLQJ RI
VROLG PHWDO LV XVHG IRU SURGXFWV KDYLQJ VPDOO VHFWLRQV

RU SURGXFHG E\ WKH PHWKRGV RI SRZGHU PHWDOOXUJ\

>�w�@� 7HFKQRORJLHV RI DOOR\LQJ ZLWK QLWURJHQ IURP
WKH JDV SKDVH RI PROWHQ PHWDO DUH PRUH ZLGHO\ XVHG�

7KH\ FDQ EH FODVVLILHG E\ D YDOXH RI WKH JDV SKDVH

SUHVVXUH LQ XQLWV LQ ZKLFK WKH DOOR\LQJ SURFHVVHV DUH

SURFHHGLQJ�

• DW SUHVVXUH EHORZ DWPRVSKHULF x YDFXXP�DUF

UHPHOWLQJ �9$5� >��@ DQG SODVPD�DUF UHPHOWLQJ

�3$5� >�� �� ��� ��@�
• DW DWPRVSKHULF SUHVVXUH x EORZLQJ RI PROWHQ

PHWDO LQ D ODGOH >�@� YDFXXP� DQG JDV�R[\JHQ GHFDU�

EXUL]DWLRQ RI PHWDO >�� ��@� SODVPD�DUF UHPHOWLQJ >��
�@ DQG DUF VODJ UHPHOWLQJ �$65� >�@�

• DW LQFUHDVHG SUHVVXUH �XS WR ��03D�x SUHVVXUH

SRXULQJ >�@� SODVPD�DUF UHPHOWLQJ >�� �@� HOHFWURVODJ

KHDWLQJ RI PROWHQ PHWDO XQGHU SUHVVXUH �(6+3� >�@�
DUF VODJ UHPHOWLQJ XQGHU SUHVVXUH �$653� >�@ DQG

LQGXFWLRQ PHOWLQJ XQGHU SUHVVXUH >�� ��� ��@�

$QDO\VLV RI WHFKQRORJ\ RI PHWKRGV RI DOOR\LQJ ZLWK

D JDVHRXV QLWURJHQ VKRZV WKDW WR SURGXFH VWHHOV ZLWK

D OHYHO RI QLWURJHQ FRQWHQW WR ���� � WKH SURFHVVHV�

SURFHHGLQJ LQ RSHQ XQLWV� EORZLQJ LQ D ODGOH� YDFXXP�

DQG JDV�R[\JHQ GHFDUEXUL]DWLRQ� DUH TXLWH DFFHSWDEOH�

7HFKQRORJLHV DQG XQLWV XVHG IRU SURGXFLQJ KLJK�QL�

WURJHQ DQG VXSHUKLJK�QLWURJHQ VWHHOV DUH RSHUDWLQJ

XVXDOO\ DW JDV SUHVVXUHV ZKLFK GLIIHU IURP WKH DWPRV�

SKHULF SUHVVXUH� ,Q DGGLWLRQ� DOO WKH PHWKRGV RI SUR�

GXFLQJ KLJK�QLWURJHQ VWHHOV DUH FKDUDFWHUL]HG E\ D KLJK
HQHUJ\ FRQVXPSWLRQ� FRPSOH[LW\ RI HTXLSPHQW� HVSH�

FLDOO\ WKRVH UHDOL]HG DW KLJKHU SUHVVXUHV� DQG DOVR E\

D QHHG RI SUHOLPLQDU\ PHOWLQJ RI LQLWLDO PHWDO ZLWK D

UHTXLUHG ILQDO FKHPLFDO FRPSRVLWLRQ H[FHSW QLWURJHQ�

0HWKRG RI 9$5 IRU SURGXFWLRQ RI KLJK�QLWURJHQ

DQG VXSHUKLJK�QLWURJHQ VWHHOV GLG QRW ILQG D ZLGH

VSUHDGLQJ GXH WR GLIILFXOWLHV FRQQHFWHG ZLWK D VWDEL�

OL]DWLRQ RI DUF GLVFKDUJH DW ZRUNLQJ SUHVVXUHV �w

�� N3D DQG ORZ RXWSXW RI HIILFLHQW TXDOLW\ PHWDO�

W\SLFDO RI WKH 9$5� 0HWKRG RI 3$5� LQ VSLWH RI QX�

PHURXV DGYDQWDJHV� GR QRW ILQG D ZLGH VSUHDGLQJ LQ

WKH SURGXFWLRQ RI WKH DERYH�PHQWLRQHG VWHHOV GXH WR

FRPSOH[LW\ RI HTXLSPHQW DQG KLJK H[SHQVHV IRU SUR�

GXFWLRQ� 0HWKRG $65� EHLQJ OHVV HQHUJ\� DQG UH�
VRXUFHV�FRQVXPLQJ SURFHVV� UHTXLUHV WKH SUHOLPLQDU\

SUHSDUDWLRQ RI D FRQVXPDEOH HOHFWURGH� DV WKH WHFK�

QRORJ\ RI DOOR\LQJ ZLWK D JDVHRXV QLWURJHQ HQYLVDJHV

LQ WKLV FDVH WKH QLWURJHQ EORZLQJ LQWR WKH DUF UHJLRQ

� $�'� 5<$%76(9� $�$� 752<$16.<� (�/� .25=81� 9�<X� 0$67(3$1 DQG 0�9� 6$0%256.<� ����
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WKURXJK D FDYLW\ LQ WKH HOHFWURGH WKDW PDNHV WKH ILQDO

SURGXFWLRQ PRUH H[SHQVLYH�

7KH SUHVHQW ZRUN LV DLPHG DW WHVWLQJ WKH IHDVLELOLW\

RI SURGXFLQJ VWHHOV DOOR\HG ZLWK QLWURJHQ IURP WKH

JDV SKDVH DW WKH SUHVVXUH LQ WKH XQLW HTXDO WR WKH

DWPRVSKHULF SUHVVXUH�

/DZV RI QLWURJHQ EHKDYLRXU LQ VWHHO�PDNLQJ SUR�
FHVVHV XVLQJ D VODJ� $FWLYLW\ RI FRPSRQHQWV αL LQ D

VODJ R[LGH SKDVH GHSHQGV QRW RQO\ RQ FRQFHQWUDWLRQ

RI FRPSRQHQW FL� EXW DOVR RQ D SDUWLDO SUHVVXUH RI

R[\JHQ 32�
RYHU WKH VODJ PHOW >��@� &RQFHQWUDWLRQ

DQG DFWLYLW\ RI WKH L�WK FRPSRQHQW LQ VODJ DUH FRP�

ELQHG LQ WKH IROORZLQJ H[SUHVVLRQ�

ÏL = N′ DL 32
�

ν
L

�
�

���

ZKHUH N′ LV WKH FRQVWDQW RI HTXLOLEULXP UHDFWLRQ� νL LV

WKH YDOHQF\ RI WKH L�WK FRPSRQHQW LQ VODJ�

7KLV IDFW� FRQILUPHG H[SHULPHQWDOO\ >��w��@ LQ

UHDO PHWDOOXUJLFDO V\VWHPV� OHDGV WR WKH DSSHDUDQFH RI

�SXPSLQJ� HIIHFW >��@� /HW XV FRQVLGHU WKH �SXPS�

LQJ� HIIHFW DV UHJDUGV WR QLWURJHQ RQ GHILQLWH H[DPSOH�

,W LV NQRZQ WKDW VODJ� FRQWDFWLQJ WKH IXUQDFH DWPRV�

SKHUH �3  ������ 3D DQG 32�
 �������� 3D�� GRHV

QRW GLVVROYH QLWURJHQ LQ SULQFLSOH� %HLQJ LQ FRQWDFW

ZLWK PHWDO WKH VODJ OD\HU LV GHR[LGL]HG �>2@ ≈ ��� �

DQG 32�
≈ �����⋅��w� 3D� DQG GLVVROYHV D QRWLFHDEOH

DPRXQW RI QLWURJHQ�

$W FRQYHFWLYH PRYHPHQW WKH VHSDUDWH VODJ SRUWLRQV

DSSHDU LQ WXUQ LQ WKH UHJLRQV RI D ORZHU DQG LQFUHDVHG

R[LGDWLRQ� DEVRUELQJ QLWURJHQ QHDU WKH PHWDO DQG H[�

KDXVWLQJ LW LQWR DWPRVSKHUH �)LJXUH��

6ODJ VWLUULQJ SOD\V DQ DFWLYH UROH LQ WKH RSHUDWLRQ

RI WKH QLWURJHQ �SXPS�� LQFUHDVLQJ DEUXSWO\ LWV HIIL�

FLHQF\� +RZHYHU� HYHQ LQ WKH DEVHQFH RI VWLUULQJ WKH

�SXPSLQJ� HIIHFW VKRXOG H[LVW DQG EH JRYHUQHG E\

WKH VDPH ODZV� ,W IROORZV IURP WKH DERYH�VDLG� WKDW D

UHDO QLWURJHQ FRQFHQWUDWLRQ LQ PHWDO LV DOZD\V ORZHU�

ZKLOH WKDW RI K\GURJHQ LV KLJKHU WKDQ WKH HTXLOLEULXP

FRQFHQWUDWLRQ ZLWK D IXUQDFH DWPRVSKHUH� 7KLV GHYLD�

WLRQ FDQ UHDFK KLJK YDOXHV�

>1@PLQ = >1@HT ⋅
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7KH DERYH ODZ RI QLWURJHQ EHKDYLRXU KDYH EHHQ

FRQILUPHG LQ SUDFWLFH� 7KH QLWURJHQ FRQWHQW LV PRUH

WKDQ �� WLPHV ORZHU WKDQ HTXLOLEULXP FRQWHQW LQ DOO

WKH RSHQ VWHHO�PDNLQJ XQLWV DQG HYHQ LQ DUF HOHFWULF

IXUQDFHV ZKHUH WKH LQWHQVLYH PHWDO VDWXUDWLRQ ZLWK

QLWURJHQ LQ WKH DUF UHJLRQV WDNHV SODFH� $W KROGLQJ

XQGHU VODJ WKH K\GURJHQ FRQWHQW LQ PHWDO LV LQFUHDVHG�

ZKLOH WKH QLWURJHQ FRQWHQW LV GHFUHDVHG >��w��@�

&RQVHTXHQWO\� WR DOOR\PHWDO ZLWK QLWURJHQ IURP WKH

JDV SKDVH LW LV QHFHVVDU\ WR SURYLGH� WKH XVH RI PROWHQ

DQG PRELOH �VWLUULQJ� VODJ� WKH SUHVHQFH RI UHGXFWLRQ

DWPRVSKHUH QHDU JDVwVODJ LQWHUIDFH� WKH SUHVHQFH RI JUD�

GLHQW RI VODJ R[LGDELOLW\ GLUHFWHG IURP VODJwPHWDO LQ�

WHUIDFH WR JDVwVODJ LQWHUIDFH �32�

,
� 32�

,,
�� KHUH� WKH

KLJKHU WKLV JUDGLHQW WKH KLJKHU WKH PRWLYH IRUFH RI

WKH DOOR\LQJ SURFHVV�

7R UHDOL]H DOO WKH DERYH�OLVWHG FRQGLWLRQV� DQ (65

LQ D FKDPEHU IXUQDFH ZDV VXJJHVWHG XVLQJ DFWLYH &D�

FRQWDLQLQJ VODJV >��@ ZLWK D UHSODFHPHQW RI QHXWUDO

JDV DWPRVSKHUH E\ 1�FRQWDLQLQJ QRQ�R[LGL]LQJ DWPRV�

SKHUH� 7KLV PHWKRG VDWLVILHV WKH DERYH UHTXLUHPHQWV

RI PHWDO DOOR\LQJ ZLWK D JDVHRXV QLWURJHQ XVLQJ D

�SXPSLQJ� HIIHFW� QDPHO\ VODJ LV XVHG� D ORZ FKHPLFDO

SRWHQWLDO RI R[\JHQ GXH WR SUHVHQFH RI FDOFLXP LQ VODJ

DQG LWV DFWLYH HYDSRUDWLRQ LV FUHDWHG LQ D VPDOO JDV

OD\HU RYHU WKH VODJ� VODJ LV VWLUULQJ LQWHQVLYHO\ RZLQJ

WR PDJQHWRK\GURG\QDPLF HIIHFWV LQ WKH IXUQDFH SRRO�

3UHVHQFH RI PHWDO FDOFLXP LQ VODJ SURPRWHV DQ DEUXSW

GHFUHDVH RI VXOSKXU FRQWHQW LQ PHWDO ZKRVH SUHVHQFH

LQIOXHQFHV QHJDWLYHO\ RQ VDWXUDWLRQ RI LURQ PHOWV ZLWK

QLWURJHQ >��@�

7R YHULI\ WKH DERYH�JLYHQ FRQVLGHUDWLRQV VHYHUDO

EDVLF RU FRPSDUDWLYH H[SHULPHQWV RI SURGXFLQJ (65

LQJRWV ZHUH SHUIRUPHG XVLQJ� VODJ $1)��3� IOXRULGH

VODJV ZLWK FUHDWLRQ RI DQ R[\JHQ IORZ GXULQJ UHPHOWLQJ

GLUHFWHG IURP PHWDO WR IXUQDFH DWPRVSKHUH GXH WR

R[LGDWLRQ RI K\GURJHQ DGGHG LQ WKH IRUP RI WKHUPRV�

SOLWWLQJ JUDSKLWH PDWHULDO �76*0� DW WKH VODJwJDV

LQWHUIDFH� IOXRULGH VODJV ZLWK WKH FUHDWLRQ RI R[\JHQ

IORZ GXULQJ UHPHOWLQJ GLUHFWHG IURP PHWDO WR IXUQDFH

DWPRVSKHUH GXH WR FDOFLXP R[LGDWLRQ DW WKH VODJwJDV

LQWHUIDFH�

3URFHGXUH RI FRQGXFWDQFH RI H[SHULPHQWV� 5H�
PHOWLQJ RI �� PP GLDPHWHU HOHFWURGHV IURP 6W���

���� ZW�� &� )Hx EDODQFH� ZDV UHDOL]HG LQ D FKDPEHU

IXUQDFH� PDQXIDFWXUHG RQ WKH EDVH RI XQLW $���� >��@�

LQWR D �� PP GLDPHWHU PRXOG� (OHFWULFDO FRQGLWLRQV

RI UHPHOWLQJ ZHUH DV IROORZV� ���w��� N$ FXUUHQW�

�� 9 YROWDJH� &RPPHUFLDO IOX[ $1)��3 DQG FDOFLXP

IOXRULGH 26&K���� �78����������w��� ZHUH XVHG DV

PDLQ FRPSRQHQWV RI VODJ� ZKLOH PHWDO FDOFLXP RI

���� � SXULW\ DQG 76*0 ZHUH XVHG DV DGGLWLRQDO

FRPSRQHQWV >��@� $GGLWLRQV ZHUH DGGHG WR WKH IOX[

E\ PL[LQJ DQ DGGLQJ FRPSRQHQW WR WKH LQLWLDO PDLQ

FRPSRQHQW EHIRUH WKH PHOWLQJ EHJLQQLQJ� 7R FUHDWH

WKH IXUQDFH DWPRVSKHUH WKH IROORZLQJ HOHPHQWV ZHUH

XVHG� JDVHRXV DUJRQ ZLWK D YROXPH VKDUH RI DUJRQ

≥ ������� R[\JHQ ≤ ������� QLWURJHQ ≤ ����� �� JDVH�

RXV QLWURJHQ ZLWK D YROXPH VKDUH RI QLWURJHQ ≥ ������

R[\JHQ ≤ ������� DUJRQ ≤ ��� �� *DV SUHVVXUH LQ

IXUQDFH FKDPEHU ZDV PDLQWDLQHG DW WKH ��� N3D OHYHO�

7UDQVYHUVH �� PP WKLFN WHPSOHWV ZHUH FXW IURP

WKH SURGXFHG LQJRWV DW �� DQG �� PP KHLJKW IURP

WKHLU ERWWRP SDUW DQG WKHQ WKH FKLSV ZHUH WDNHQ IURP

'LDJUDP RI DSSHDUDQFH RI �SXPSLQJ� HIIHFW LQ R[LGH VODJV �-2 x
R[\JHQ IORZ� -1 x QLWURJHQ IORZ�
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WKHP WR DQDO\]H WKH VXOSKXU DQG QLWURJHQ FRQWHQW LQ

PHWDO� 7R GHWHUPLQH WKH R[\JHQ FRQWHQW WKH VWDQGDUG

VDPSOHV ZHUH PDQXIDFWXUHG IURP WKH WHPSOHW D[LDO

SDUW� &RQWHQW RI JDVHV ZDV H[DPLQHG E\ D VWDQGDUG

SURFHGXUH LQ /(&2 XQLWV 7&���� DQG ()����� (UURU

LQ GHWHUPLQDWLRQ RI QLWURJHQ DQG R[\JHQ FRQWHQW ZDV

�⋅��w� ZW��� 6XOSKXU FRQWHQW ZDV HYDOXDWHG E\ WKH

PHWKRG RI LQIUDUHG VSHFWURVFRS\ XVLQJ D VWDQGDUG SUR�

FHGXUH LQ /(&2 XQLW &6����� WKH HUURU LQ GHWHUPL�

QDWLRQ ZDV �⋅��w�ZW��� (DFK GHWHUPLQDWLRQ ZDV PDGH
QRW OHVV WKDQ � WLPHV� 5HVXOWV RI FKHPLFDO DQDO\VLV RI

PHWDO DIWHU (65 DUH JLYHQ LQ WKH 7DEOH�

'LVFXVVLRQ RI UHVXOWV� 'XULQJ UHPHOWLQJ LQ DLU

�PHOW 1R��� WKH QLWURJHQ FRQWHQW LQ VWHHO LV QRW DOPRVW

FKDQJHG� WKRXJK WKH R[\JHQ FRQWHQW LV GHFUHDVHG WKDW

LV HYLGHQWO\ GXH LQ WKH RSHQ SURFHVV WR WKH DVVLPLODWLRQ

RI R[LGH LQFOXVLRQV E\ D VODJ � $W VLPLODU UHPHOWLQJ LQ

QLWURJHQ DWPRVSKHUH �PHOW 1R��� D VPDOO LQFUHDVH LQ

LWV FRQWHQW LQ WKH UHPHOWHG PHWDO LV REVHUYHG�

5HPHOWLQJ XQGHU WKH &D�FRQWDLQLQJ VODJ LQ DUJRQ

DWPRVSKHUH �PHOW 1R��� OHDGV WR DQ DEUXSW GHFUHDVH

LQ FRQWHQW RI FRQWUROODEOH LPSXULW\ HOHPHQWV LQ VWHHO�

R[\JHQ� QLWURJHQ DQG VXOSKXU� ,Q DGGLQJ PHWDO FDO�

FLXP WR VODJ DQG LQ QLWURJHQ UHPHOWLQJ WKH PHWDO LV

VDWXUDWHG ZLWK QLWURJHQ IURP WKH JDV SKDVH �PHOW

1R���� +RZHYHU� ZKHQ 76*0 LV DGGHG �PHOW 1R���

�� WKH HIIHFW RI QLWURJHQ �SXPSLQJ� LV QRW FRQILUPHG�

,Q RXU RSLQLRQ� WKLV QLWURJHQ EHKDYLRXU LV H[�

SODLQHG E\ WKH FRPSRVLWLRQ RI VODJ V\VWHP XVHG IRU

UHPHOWLQJ� ZH XVHG D IOXRULGH V\VWHP� DQG WKHRUHWLFDO

FRQVLGHUDWLRQV ZHUH PDGH RQ WKH EDVLV RI DQDO\VLV RI

QLWURJHQ EHKDYLRXU LQ R[LGH VODJV� ,W FDQ EH DVVXPHG

ZLWK D KLJK SUREDELOLW\ IRU WKH IOXRULGH V\VWHP RU

IOXRULGH�R[LGH V\VWHPV ZLWK D GRPLQDWLQJ IOXRULGH

SDUW VLPLODUO\ WR WKH ODZV VHW IRU R[LGH SKDVHV �H[�

SUHVVLRQ ����� WKDW WKH DFWLYLW\ RI FRPSRQHQW LQ VODJ

GHSHQGV QRW RQO\ RQ LWV FRQFHQWUDWLRQ� EXW DOVR RQ D

SDUWLDO SUHVVXUH RI IOXRULQH RYHU WKH VODJ PHOW�

FL = N′ DL 3)
�

ν
L

�
� ���

)RU QLWURJHQ WKH H[SUHVVLRQ ��� WDNHV D IRUP

(1) = N1 31
�

�

�
3)

�

w
�

�
� ���

7R GHILQH WKH GLUHFWLRQ RI IOXRULQH IORZ LQ WKH

SURFHVV RI (65� ZH FDOFXODWH WKH YDOXH RI DQ HTXLOLE�

ULXP SDUWLDO SUHVVXUH RI IOXRULQH DW WKH VODJwJDV DQG

PHWDOwVODJ LQWHUIDFHV� 8QGHU FRQGLWLRQV RI RSHQ (65

SURFHVV XVLQJ D IOXRULGH VODJ WKH HTXLOLEULXP IOXRULQH

SUHVVXUH DW WKH DERYH�PHQWLRQHG LQWHUIDFHV LV GHWHU�

PLQHG E\ WKH HTXLOLEULXP RI UHDFWLRQ RI IRUPDWLRQ RI

FDOFLXP IOXRULGH EHLQJ D VODJ EDVH�



&D



 + 


)�



 = (&D)�) � ���

*LEEV HQHUJ\ �-�PRO� RI HTXDWLRQ ��� KDV WKH

IROORZLQJ GHSHQGHQFH RQ WHPSHUDWXUH >��@�

∆*� = w������ + �� 7 � ���

+LJK YDOXHV RI FRQVWDQW RI HTXLOLEULXP RI UHDFWLRQ

��� x .�  ���⋅���� DW ���� . DQG .�  ���⋅���� DW
���� . LQGLFDWH DERXW YHU\ ORZ YDOXHV RI SDUWLDO SUHV�

VXUH RI IOXRULQH DW ERWK SKDVH LQWHUIDFHV� $EVHQFH RI

D YHU\ VWURQJ UHGXFHU RI FDOFLXP IOXRULGH ERWK LQ JDV

DQG LQPHWDOOLF SKDVHV VWLSXODWHV WKH HTXDOLW\ RI SDUWLDO

SUHVVXUHV RI IOXRULQH DW WKH SKDVH LQWHUIDFHV FRQVL�

GHUHG�

$W 76*0 DGGLQJ WR WKH VODJ VXUIDFH WKH HTXLOLE�

ULXP RI UHDFWLRQ ��� GXH WR FDUERQ IOXRULGHV IRUPDWLRQ

LV QRW GLVWXUEHG�

ÏLQWHUIDFH + � (&D)�) = 

&)�



 + 


&D



 � ���

∆*� = ����� + ���� 7 ! �� ���

7KHUHIRUH LQ PHWDO RI PHOWV 1R�� DQG � WKH QLWURJHQ

FRQWHQW LV FORVH WR LWV FRQWHQW LQ D UHIHUHQFH LQJRW

�PHOW 1R����

0HOWLQJ

1R�
&RPSRVLWLRQ RI LQLWLDO IOX[ FRPSRQHQWV� � )XUQDFH DWPRVSKHUH

&RQWHQW RI HOHPHQWV LQ PHWDO� ZW��

1 2 6

,QLWLDO PHWDO ������ ������ ������

� $1)��3 x ��� $LU ������

������

w

������

������

������

� $1)��3 x ����

¯¾ x ���

76*0 x ���

6DPH

������

������

w

������

������

������

� ¯¾)�x �����

¯¾ x ����

$UJRQ ������

������

w

������

������

������

� ¯¾)�x �����

¯¾ x ����

1LWURJHQ ������

������

w

������

������

������

� ¯¾)� x ��� 6DPH ������

������

w

������

������

������

� ¯¾)�x ����

76*0 x ���

� ������

������

w

������

������

������

1R W H � $ERYH WKH OLQH WKH HOHPHQW FRQWHQW LQ VDPSOH WDNHQ DW �� PP OHYHO IURP WKH LQJRW ERWWRP LV JLYHQ� XQGHU WKH OLQH x WKH VDPH DW

�� PP OHYHO IURP WKH LQJRW ERWWRP�
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:KHQ PHWDO FDOFLXP LV DGGHG WR WKH VODJ FRPSR�

VLWLRQ� ZH VKLIW DUWLILFLDOO\ WKH HTXLOLEULXP RI UHDFWLRQ

��� WRZDUGV WKH LQLWLDO VXEVWDQFHV� +HUH� LW LV SRVVLEOH

WR FDOFXODWH WKH IOXRULQH SDUWLDO SUHVVXUH RYHU D &D�

FRQWDLQLQJ VODJ� DVVXPLQJ SDUWLDO SUHVVXUH RI FDOFLXP

LQ WKH ILUVW DSSUR[LPDWLRQ WR EH HTXDO WR ������ 3D�

.� =
D(&D)

�
)

3&D 3)
�

� ���

9DOXH RI IOXRULQH SDUWLDO SUHVVXUH DW WKH JDVwVODJ LQ�

WHUIDFH LV GHWHUPLQHG IURP WKH IROORZLQJ H[SUHVVLRQ�

3)
�

=
D(&D)

�
)

.� 3&D

=
D(&D)�)

H[S




w

∆*�

57




3&D

=

= �

H[S




w

∆*�

57





= H[S




∆*�

57




�

����

/HW XV DVVXPH WKH DFWLYLW\ RI FDOFLXP IOXRULGH WR

EH HTXDO WR XQLW\ DQG WKH WHPSHUDWXUH RI VODJwJDV

LQWHUIDFH x WR ���� .� 7KHQ� WKH SDUWLDO SUHVVXUH RI

IOXRULQH DW WKH JDVwVODJ LQWHUIDFH ZLOO EH 3)�

,
 

 ���⋅��w�� 3D�
7R FRQVLGHU WKH IOXRULQH EHKDYLRXU DW VODJwPHWDO

SKDVH LQWHUIDFH� OHW XV DVVXPH WKH IROORZLQJ� EDVH RI

WKH PROWHQ PHWDO LV LURQ� FRQFHQWUDWLRQV RI UHVW HOH�

PHQWV DUH QHJOHFWHG� IOXRULQH VROXWLRQ LQ PROWHQ LURQ

LV LQILQLWHO\ GLOXWHG�

7DNLQJ LQWR DFFRXQW WKH GLVWULEXWLRQ RI FDOFLXP�

DGGHG WR WKH LQLWLDO IOX[� EHWZHHQ SKDVHV RI WKH V\VWHP�

WKH EHKDYLRXU RI IOXRULQH DW VODJwPHWDO LQWHUIDFH FDQ

EH GHVFULEHG E\ UHDFWLRQ

>&D@)H � � >)@)H  �&D)��� ����

7KLV UHDFWLRQ FDQ EH SUHVHQWHG DV D VXP RI UHDFWLRQ

��� DQG WKH IROORZLQJ UHDFWLRQV�

&D  >&D@)H � ����

∆*�� = ������ w ���� 7 >��@� ����

�

�
)� = >)@)H � ����

∆*�� = $ + %7� ����

7DNLQJ LQWR DFFRXQW WKH DERYH�JLYHQ DVVXPSWLRQV�

WKH YDOXH RI SDUDPHWHU $ LQ IRUPXOD ���� FDQ EH VHW

HTXDO WR WKH YDOXH RI LQLWLDO KHDW RI IOXRULQH GLVVROXWLRQ

LQ D PROWHQ LURQ ZKLFK FDQ EH HVWLPDWHG XVLQJ PHWKRG

0LHGHPD >��� ��� E\ IRUPXOD

∆+)
∞ =

� 9)

�

�

S

Q:6
)H

w
�

�
+ Q:6

)

w
�

�

×

×


 w (N)H w N))

� + 4


Q:6

)H

�

�

w Q:6
)

�

� 



�

w D5



 �

����

ZKHUH 9)  ����� FP��PRO LV WKH PRODU YROXPH RI

IOXRULQH >��@� Q:6)H
 ���� LV WKH HOHFWURQ GHQVLW\ DW

WKH ERXQGDULHV RI DWRPLF FHOO RI :LJQHUw6HLW]� FRQ�

GLWLRQDO XQLWV RI GHQVLW\ >��@� N)H  ���� >��@ DQG

N)  � >��@ DUH WKH HOHFWURQHJDWLYLW\ RI HOHPHQWV� UH�

VSHFWLYHO\� S  ����� -�PRO >��@� 4  ���� -�PRO

DQG5 � >��@ DUH WKH SDUDPHWHUV RI0LHGHPDsVPRGHO�

D LV WKH FRHIILFLHQW WDNLQJ LQWR DFFRXQW WKH DJJUHJDWH

VWDWH RI VROXWLRQ� IRU OLTXLG VROXWLRQV D  ���� >��@�

9DOXH RI HOHFWURQLF GHQVLW\ DW WKH ERXQGDULHV RI

DWRPLF FHOO RI :LJQHUw6HLW] IRU IOXRULQH ZDV GHWHU�

PLQHG E\ HPSLULF FRUUHODWLRQ UHODWLRQVKLS IRXQG E\

0LHGHPD >��@�

Q:6
)

= ���⋅��w�





%L

9L







�

�

� ����

ZKHUH %L LV WKH YROXPH PRGXOXV RI FRPSUHVVLRQ�

NJ�FP�� ZKLFK LV GHWHUPLQHG IURP H[SUHVVLRQ >��@

%L =



����

UV�D�





�

⋅���� (G\Q�FP
�) =




����

UV�D�





�

⋅������ ����

ZKHUH D� LV WKH %RKU UDGLXV� UV LV WKH UDGLXV RI VSKHUH�

ZKRVH YROXPH LV HTXDO WR WKH YROXPH IDOOLQJ RQ RQH

HOHFWURQ RI FRQGXFWLYLW\�

UV =




�

� π QL





�

�

� ����

ZKHUH QL LV WKH GHQVLW\ RI HOHFWURQ JDV LQ VWXG\ RI

HOHPHQW GLVVROYLQJ LQ D PHWDOOLF VWDWH�

QL =
1$ ]L ρL

P

$
L

� ����

ZKHUH 1$  �����⋅���� LV WKH $YRJDGUR QXPEHU� ]L LV
WKH QXPEHU RI YDOHQFH HOHFWURQV� ])  �� ρL

P LV WKH

GHQVLW\ RI HOHPHQW GLVVROYLQJ LQ PHWDOOLF VWDWH� IRU

IOXRULQH WKH GHQVLW\ LV WDNHQ LQ VROLG VWDWH ρ)  

 ��� J�FP�� $L LV WKH UHODWLYH DWRPLF PDVV�

,W ZDV REWDLQHG DV D UHVXOW FDOFXODWLRQ WKDW WKH

LQLWLDO KHDW RI IOXRULQH GLVVROXWLRQ LQ PROWHQ LURQ LV

������ -�PRO� 8VLQJ WKH VWDWHPHQWV RI WKHRU\ RI

TXDVL�UHJXODU VROXWLRQV� ZH VKDOO REWDLQ WKH LVREDU�

LVRWKHUPDO SRWHQWLDO RI H[SUHVVLRQ ���� ZLWK QXPHUL�

FDO YDOXHV�

∆*�� = ������ w �� 7� ����

7KHQ� WKH H[SUHVVLRQ RI WKLV SRWHQWLDO IRU UHDFWLRQ

���� ZLOO KDYH D IRUP�

∆*� = ∆*� w ∆*�� w �∆*�� = w������� + ��� 7� ����
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)URP H[SUHVVLRQ RI FRQVWDQW RI HTXLOLEULXP UHDF�

WLRQ ����

.� =
D(&D)

�
)

D>&D@ D>)@
�

����

DW WKH DVVXPSWLRQ WKDW WHPSHUDWXUH DW VODJwPHWDO LQ�

WHUIDFH LV ���� .� WKH DFWLYLW\ RI FDOFLXP LQ PHOW LV

HTXDO WR LWV VROXELOLW\ LQ D SXUH PROWHQ LURQ� L�H�

������ ZW�� >��@� DQG WKH DFWLYLW\ RI FDOFLXP IOXRULGH

LQ VODJ LV HTXDO WR �� ZH VKDOO ILQG WKH SDUWLDO SUHVVXUH

RI IOXRULQH DW VODJwPHWDO LQWHUIDFH 3)�
,,  ���⋅��w�� 3D�

&RPSDULQJ WKH SDUWLDO SUHVVXUH RI IOXRULQH DW GLIIH�

UHQW VODJ SKDVH LQWHUIDFHV� ZH VWDWH WKH SUHVHQFH RI JUD�

GLHQW RI IOXRULQH FRQFHQWUDWLRQV GLUHFWHG WR PHWDO WKDW

OHDGV WR WKH DSSHDUDQFH RI IOXRULQH IORZ GLUHFWHG IURP

WKH PHWDO� 7KH IOXRULQH IORZ LQ LWV WXUQ FDXVHV WKH IRU�

PDWLRQ RI WKH QLWURJHQ IORZ GLUHFWHG RSSRVLWH WR LW�

7KXV� LW LV SRVVLEOH WR UHDOL]H WKH DOOR\LQJ RI PHWDO

UHPHOWHG ZLWK QLWURJHQ IURP D JDV SKDVH LQ (65 LQ D

FKDPEHU IXUQDFH LQ QLWURJHQ DWPRVSKHUH XVLQJ VODJV

RI &Dw&D)� V\VWHP DW WKH H[SHQVH RI �SXPSLQJ� HI�

IHFW�

�� /DNRPVN\� 9�,� ������ 3ODVPD�DUF UHPHOWLQJ� .\LY�
7HNKQLND�

�� *ULJRUHQNR� *�0�� 3RPDULQ� <X�0� ������ +\GURJHQ DQG
QLWURJHQ LQ PHWDOV GXULQJ SODVPD PHOWLQJ� .\LY� 1DXNRYD
'XPND�

�� 5DVKHY� 7V� ������ 3URGXFWLRQ RI DOOR\ VWHHO� 0RVFRZ� 0H�
WDOOXUJL\D�

�� 3DWRQ� %�(�� 0HGRYDU� %�,�� 6DHQNR� 9�<D� HW DO� ������
3RVLWLRQ RI HOHFWURVODJ WHFKQRORJ\ LQ SURGXFWLRQ RI KLJK�QL�
WURJHQ VWHHOV� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� �w���

�� 3DWRQ� %�(�� 0HGRYDU� %�,�� /HEHGHY� 9�.� HW DO� ������
1LWULGLQJ RI OLTXLG PHWDO IURP JDV SKDVH LQ SUHVVXUH VODJ DUF
UHPHOWLQJ� ,ELG�� ��w���

�� 6Y\D]KLQ� $�*� ������ 1LWURJHQ DOOR\LQJ RI VWHHO� &K\RUQ�
0HWDOOXUJL\D� %XOO� 17,� ��

�� 3DWRQ� %�(�� 0HGRYDU� %�,�� *ULJRUHQNR� *�0� HW DO�
������ 1LWULGLQJ SURFHVVHV LQ VODJ DUF UHPHOWLQJ� 3UREOHP\
6SHWV� (OHNWURPHWDOOXUJLL� �� ��w���

�� 7DNDNL� 6�� 7VXFKL\DPD� 6�� ,WR� +� HW DO� ������ 0LFUR�
VWUXFWXUH DQG PHFKDQLFDO SURSHUWLHV RI KLJK QLWURJHQ
DXVWHQLWLF VWHHOV SURGXFHG E\ QLWURJHQ DEVRUSWLRQ DW VROLG
VWDWH� &XUUHQW $GYDQFHV LQ 0DWHULDOV DQG 3URFHVVHV� ��
���w����

�� .DWDRND� .�� 7VXFKL\DPD� 6�� 7DNDNL� 6� ������ 0LFURVWUXF�
WXUH DQG PHFKDQLFDO SURSHUWLHV RI KLJK QLWURJHQ DXVWHQLWLF
VWHHOV SURGXFHG WKURXJK PHFKDQLFDO PLOOLQJ SURFHVV� ,ELG��
���w����

��� *RWLQ� 9�1�� 6KDOLPRY� $O�*� ������ 9DFXXP DUF UHPHOWLQJ
RI VWHHOV DQG DOOR\V ZLWK VSHFLILHG FRQWHQW RI QLWURJHQ� 6WDO�
��� ��w���

��� .DWV� <D�/�� /DNWLRQRY� $�9�� 2NRURNRY� *�1� ������ ,Q�
WHUDFWLRQ EHWZHHQ QLWURJHQ DQG PHWDOOLF PHOWV GXULQJ YD�

FXXP�SODVPD KHDWLQJ� 3DUW �� 3UREOHP\ 6SHWV� (OHNWURPH�
WDOOXUJLL� �� ��w���

��� .DWV� <D�/�� /DNWLRQRY� $�9�� 2NRURNRY� *�1� ������ ,Q�
WHUDFWLRQ EHWZHHQ QLWURJHQ DQG PHWDO PHOWV GXULQJ YDFXXP�
SODVPD KHDWLQJ� 3DUW �� ,ELG�� �� ��w��� ����

��� /HMEHQ]RQ� 9�$�� .D]DNRY� 6�6�� 6DGRYQLNRY� <X�9� HW DO�
������ 0HOWLQJ RI KLJK�QLWURJHQ &Uw1Lw0Q VWHHOV E\ JDV�
R[\JHQ UHILQLQJ PHWKRG� 6WDO� �� ��w���

��� 3DWRQ� %�(�� /DNRPVN\� 9�,�� 7RUNKRY� *�)� HW DO� ������
3URGXFWLRQ RI KLJK�QLWURJHQ VWHHOV DQG WKHLU SURSHUWLHV�
3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� ��w���

��� ,PDPXWGLQRY� ,� ������ 0RUH QLWURJHQ VWHHO IRU WKH FRXQ�
WU\� (NVSHUW� �� ���

��� 0RUR]RY� $�1�� 3RQRPDUHQNR� $�*�� .R]ORY� <X�(� ������
2Q VROXELOLW\ RI QLWURJHQ LQ VODJV� ,]Y� $1 6665� 0HWDOO\�
�� ��w���

��� 3RQRPDUHQNR� $�*�� .R]ORY� <X�(�� 0RUR]RY� $�1� ������
2Q VROXELOLW\ RI QLWURJHQ LQ VODJV� ,ELG�� �� ��w���

��� 8WRFKNLQ� <X�,�� 3DYORY� $�9�� )URMGH� 7� HW DO� ������ ,Q�
IOXHQFH RI R[LGL]LQJ SRWHQWLDO RQ VROXELOLW\ RI QLWURJHQ LQ
VODJ PHOWV� ,]Y� 9X]RY� &K\RUQ� 0HWDOOXUJL\D� �� ��w���

��� *ULJRU\DQ� 9�$�� %HO\DQFKLNRY� /�1�� 6WRPDNKLQ� $�<D�
������ 7KHRUHWLFDO SULQFLSOHV RI HOHFWULF VWHHO�PDNLQJ SUR�
FHVVHV� 0RVFRZ� 0HWDOOXUJL\D�

��� <DYRMVN\� 9�,� ������ *DVHV LQ PHWDO SRROV RI VWHHO�PDNLQJ
IXUQDFHV� 0RVFRZ�6YHUGORYVN� 0HWDOOXUJL]GDW�

��� 0RUR]RY� $�1� ������ +\GURJHQ DQG QLWURJHQ LQ VWHHO�
0RVFRZ� 0HWDOOXUJL\D�

��� 6WRPDNKLQ� $�<D� ������ 2Q LQWHUDFWLRQ EHWZHHQ PHWDO
PHOW DQG QLWURJHQ LQ HOHFWULF DUF� ,]Y� 9X]RY� &K\RUQ� 0H�
WDOOXUJL\D� �� ��w���

��� 0RUR]RY� 6�6�� .U\DNRYVN\� <X�9�� 6DIURQRY� $�$� HW DO�
������ %HKDYLRXU RI QLWURJHQ GXULQJ PHOWLQJ RI KLJK�TXDOLW\
VWHHOV LQ GLIIHUHQW VWHHO�PDNLQJ XQLWV� ,ELG�� �� ��w���

��� 5\DEWVHY� $�'�� 7UR\DQVN\� $�$� ������ 3URGXFWLRQ RI LQ�
JRWV IURP WLWDQLXP� FKURPH DQG DOOR\V RQ WKHLU EDVH LQ
FKDPEHU IXUQDFHV ZLWK XVH RI �DFWLYH� PHWDO�FRQWDLQLQJ
IOX[HV� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� �w���

��� /LQFKHYVN\� %�9� ������ 7KHUPRG\QDPLFV DQG NLQHWLFV RI
LQWHUDFWLRQ EHWZHHQ JDVHV DQG OLTXLG PHWDOV� 0RVFRZ� 0H�
WDOOXUJL\D�

��� 5\DEWVHY� $�'� ������ 8QLW IRU HOHFWURVODJ UHPHOWLQJ RI
KLJK�UHDFWLYH PHWDOV DQG DOOR\V ZLWK XVH RI DFWLYH FDOFLXP�
FRQWDLQLQJ IOX[HV LQ FRQWUROODEOH DWPRVSKHUH RU YDFXXP� ,Q�
7UDQVDFW� RI 'RQ*78 RQ 0HWDOOXUJ\� ,VVXH ��� 'RQHWVN�

��� 7UR\DQVN\� $�$�� <DURVKHQNR� $�3�� 6DYRVNLQ� 0�9� HW DO�
������ $SSOLFDWLRQ RI WKHUPDOO\ VSOLW JUDSKLWH DV D WKHU�
PDO� DQG JDV�LQVXODWLQJ FRDWLQJ GXULQJ HOHFWURVODJ UHPHO�
WLQJ RI VWHHOV DQG DOOR\V� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXU�
JLL� �� �w���

��� 0RJXWQRY� %�0�� 7RPLOLQ� ,�$�� 6KYDUWVPDQ� /�$� ������
7KHUPRG\QDPLFV RI LURQ DOOR\V� 0RVFRZ� 0HWDOOXUJL\D�

��� *ULJRU\DQ� 9�$�� 6WRPDNKLQ� $�<D�� 3RQRPDUHQNR� $�*� HW
DO� ������ 3K\VLFDO�FKHPLFDO FDOFXODWLRQV RI HOHFWULF VWHHO�
PDNLQJ SURFHVVHV� 0RVFRZ� 0HWDOOXUJL\D�

��� ������ 3URSHUWLHV RI HOHPHQWV� +DQGERRN� 9RO� �� (G� E\
0�(� 'ULWV� 0RVFRZ� 0HWDOOXUJL\D�

��� 5XGQLWVN\� /�$� ������ 6RPH VXUIDFH DQG YROXPH SURSHUWLHV
RI VROLGV LQ WHUPV RI HOHFWURQHJDWLYLW\� =KXUQDO )L]� .KLPLL�
��� ����w�����

��� $VKNURIW� 1�� 0HUPLQ� 1� ������ 3K\VLFV RI VROLGV� 0RV�
FRZ� 0LU�

��� .XEDVKHYVN\� 2� ������ &RQVWLWXWLRQ GLDJUDPV RI ELQDU\
V\VWHPV RQ LURQ EDVH� 0RVFRZ� 0HWDOOXUJL\D�
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'LIIHUHQW W\SHV RI HTXLSPHQW IRU VWHHO FDVWLQJ DUH FRQVLGHUHG� 7KH XVH RI D PDJQHWRG\QDPLF XQLW IRU RYHUKHDWLQJ DQG

SRXULQJ RI LURQ�FDUERQ DOOR\V DV D OLQN LQ WKH WHFKQRORJLFDO GLDJUDP RI WKH HOHFWURVODJ FODGGLQJ RI PLOO UROOV LV RIIHUHG�

.H\ ZRU G V � PDJQHWRG\QDPLF XQLW� HOHFWURVODJ FODGGLQJ�

OLTXLG �PROWHQ� PHWDO� PLOO UROO� VWHHO� PHWDO KHDWLQJ� FDVWLQJ
�SRXULQJ�

7KH HOHFWURVODJ FODGGLQJ RI VWHHO SDUWV XVLQJ D OLTXLG

PHWDO EHORQJV WR RQH RI WKHPRVW HIIHFWLYH WHFKQRORJLHV

LQ VSHFLDO HOHFWURPHWDOOXUJ\ >�@� 5HDOL]DWLRQ RI WKLV

PHWKRG LQ LQGXVWU\ UHTXLUHV WKH XVH RI XQLWV IRU D

FRQWUROODEOH IHHGLQJ RI OLTXLG ILOOHU PHWDO LQWR D

PRXOG� $QDO\VLV RI WKH SURFHVV RI HOHFWURVODJ FODGGLQJ

RI VWHHO SDUWV VKRZV WKDW WKH SRXULQJ XQLW VKRXOG VD�

WLVI\ WKH IROORZLQJ UHTXLUHPHQWV� XVHIXO FDSDFLW\ RI

QRW OHVV WKDQ WKH PDVV RI RQH OD\HU RI FODGGLQJ� IHD�

VLELOLW\ RI ORQJ�WLPH KROGLQJ DQG� ZKHQ QHFHVVDU\�

PHOW SUHKHDWLQJ XS WR ����w���� �&� SURYLVLRQ RI

FRQWLQXRXV RU SHULRGLF SRUWLRQ IHHGLQJ RI PHOW LQWR D

PRXOG ZLWK D SUHVHW FRQVXPSWLRQ�

,Q VWHHO�PDNLQJ LQGXVWU\ WKH PROWHQ VWHHO LV SRXUHG
PDLQO\ E\ ODGOHV ZLWK XVH RI ERWWRP�WDS GHYLFHV RU D

JDWH WR FRQWURO WKH PHOW FRQVXPSWLRQ RU WR FXW RII WKH

MHW� 7KLV HTXLSPHQW IRU WKH WHFKQRORJ\ ZLWK D ORQJ�

WLPH F\FOH RI VWHHO SRXULQJ ZLWK VPDOO SRUWLRQV ��w

�� NJ� DQG FRQVXPSWLRQ ����w��� NJ� LV QRW VXLWDEOH�

EHFDXVH LW LV GLIILFXOW WR UHDOL]H WKHVH FRQGLWLRQV XVLQJ
DERYH�PHQWLRQHG H[HFXWLYH PHFKDQLVPV�

(OHFWULF WHFKQRORJLFDO XQLWV� LQFOXGLQJ WKRVH RI

PDJQHWRG\QDPLF W\SH� ZKLFK DUH ZLGHO\ XVHG LQ IRXQ�

GU\ LQ PDQXIDFWXUH RI FDVWLQJV IURP QRQ�IHUURXV DOOR\V
DQG FDVW LURQ� PHHW PRVW FRPSOHWHO\ WKH DERYH�PHQ�

WLRQHG UHTXLUHPHQWV >�@�

7KH NQRZQ PDJQHWRG\QDPLF XQLWV XVHG IRU SUH�
KHDWLQJ DQG SRXULQJ RI PROWHQ FDVW LURQ FDQ VHUYH D
EDVLV IRU WKH FUHDWLRQ RI VLPLODU HTXLSPHQW IRU VWHHO
SRXULQJ� ,Q VRPH FDVH� LQ SRXULQJ RI KLJK�FDUERQ DO�

OR\HG JUDGHV RI VWHHOV ZLWK ����w���� �& OLTXLGXV
WHPSHUDWXUH LQ SDUWLFXODU� WKH\ FDQ EH XVHG ZLWKRXW

VLJQLILFDQW FKDQJHV LQ GHVLJQ�

,Q RSWLPL]LQJ WKH SURFHVV RI HOHFWURVODJ FODGGLQJ

RI VWHHO PLOO UROOV RI ���w��� PP GLDPHWHU WKH WHFK�

QRORJLFDO GLDJUDP HQYLVDJHG WKH XVH RI DQ HOHFWULF

IXUQDFH� PDJQHWRG\QDPLF XQLW IRU KROGLQJ DQG SUH�
KHDWLQJ RI PHOW DQG LQWHUPHGLDWH FKXWH IRU IHHGLQJ
WKH OLTXLG PHWDO LQWR WKH PRXOG

 �)LJXUH��
)RU SUDFWLFDO UHDOL]DWLRQ RI UROOV FODGGLQJ ZLWK DF�

FRXQW IRU UHTXLUHPHQWV RI WKH WHFKQRORJ\� FKHPLFDO

FRPSRVLWLRQ RI ILOOHU PHOW DQG WHPSHUDWXUH RI LWV SRXU�

LQJ� WKH PDJQHWRG\QDPLF XQLW RI WKH 0'1��FK������

W\SH ZDV XVHG�

7KH VHOHFWLRQ RI WKLV XQLW ZDV VWLSXODWHG E\ WKH
IDFW WKDW XVHIXO FDSDFLW\ RI WKH XQLW FUXFLEOH JXDUDQ�

WHHG WKH QHFHVVDU\ VWRFN RI OLTXLG PHWDO� WKH LQGXFWRU

SRZHU DOORZHG LWV KHDWLQJ DQG ORQJ�WLPH KROGLQJ DW

����w���� �& WHPSHUDWXUH� DQG WKH HOHFWURPDJQHWLF

V\VWHP SURYLGHG WKH PHWDO FRQVXPSWLRQ LQ SRXULQJ

XS WR �w� NJ�V� ,Q DGGLWLRQ� WKLV XQLW FRXOG� ZKHQ

QHFHVVDU\� FRUUHFW FKHPLFDO FRPSRVLWLRQ RI WKH PHOW

E\ DGGLQJ IHUURDOOR\ DQG FKDUJH PDWHULDOV� 7KH XQLW
RI WKH DERYH�PHQWLRQHG PRGLILFDWLRQ ZDV HTXLSSHG

ZLWK DQ LQGXFWLRQ SDUW ZKLFK LQFOXGHG DQ LQGXFWRU�

HOHFWURPDJQHW� UHIUDFWRU\ EORFNZLWK D (�VKDSHG FKDQ�

QHO DQG WZR SRXULQJ OLSV�

,GHD RI XVH RI WKH PDJQHWRG\QDPLF XQLW LQ WKH WHFKQRORJLFDO SURFHVV RI HOHFWURVODJ FODGGLQJ ZLWK OLTXLG PHWDO RI PLOO UROOV EHORQJV WR
3URI� %RULV ,� 0HGRYDU�

� 9�,� '8%2'(/29� 9�.� 32*256.<� 9�.� 6+185.2� 3�,� =$*25296.<� 9�%� 6+$%$129� 2�9� 69,5,'29� 9�(� 3$1&+(1.2 DQG 9�*� *$32129� ����

/D\RXW RI HTXLSPHQW LQ HOHFWURVODJ FODGGLQJ RI PLOO UROOV� � x
HOHFWURVODJ IXUQDFH� �x FKXWH IRU PHOW IHHGLQJ WR WKH PRXOG� � x
PDJQHWRG\QDPLF XQLW
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7KH H[SHULHQFH RI DSSOLFDWLRQ RI PDJQHWRG\QDPLF
XQLWV IRU SRXULQJ RI ORZ�FDUERQ VWHHO VKRZHG WKDW
WKHLU VHUYLFHDELOLW\ GHSHQGV PDLQO\ RQ WKH OLIH RI UH�
IUDFWRU\ OLQLQJ >�@� 7KHUHIRUH� D VSHFLDO DWWHQWLRQ ZDV
SDLG GXULQJ H[SHULPHQWV WR WKH SUREOHPV RI WHFKQRORJ\
RIPDQXIDFWXUH� UHVLVWDQFH DQG VHUYLFH OLIH RI WKH OLQLQJ
LQ SDUDOOHO ZLWK VWXG\ RI SHFXOLDULWLHV RI RSHUDWLRQ RI
HOHFWURPDJQHWLF V\VWHPV RI WKH HTXLSPHQW XVHG IRU
PLOO UROO FODGGLQJ�

,Q WHVWLQJ WHFKQRORJ\ RI HOHFWURVODJ FODGGLQJ RI
VWHHO PLOO UROOV ZLWK D ZRUNLQJ OD\HU IURP KLJK�VSHHG
VWHHO >�@ WKH OLQLQJ RI WKH FUXFLEOH ZRUNLQJ OD\HU DQG
XQLW FKDQQHO ZDV PDQXIDFWXUHG IURP PXOOLWH�FRUXQ�
GXP PDVV ZLWK D KLJK FRQWHQW RI DOXPLQLXP R[LGH�
%HIRUH SXWWLQJ WKLV XQLW LQWR RSHUDWLRQ WKH OLQLQJ ZDV
KHDWHG XS WR ���w���� �& ZLWK JDV WRUFKHV� PRXQWHG
LQ WKH FUXFLEOH� +HDWLQJ RI WKH FKDQQHO OLQLQJ ZDV
PDGH E\ LQMHFWLRQ RI RYHUKHDWHG DLU IURP WKH FUXFLEOH
ZRUNLQJ VSDFH LQWR WKH FKDQQHO FDYLW\� 7R GHFUHDVH
WKH KHDW ORDG� WR SUHYHQW WKHUPDO VKRFN RQ QRW \HW
VLQWHUHG ZRUNLQJ OD\HU RI OLQLQJ� WKH XQLW ZDV SXW LQWR
RSHUDWLRQ XVLQJ )Hw& PHOW ZLWK D KLJK FRQWHQW RI
FDUERQ DQG VLOLFRQ�

7KH LQLWLDO PHWDO ZDV PHOWHG LQ DUF IXUQDFH� $W
WKH ���� �&PHOW WHPSHUDWXUH LQ IXUQDFH� LW ZDV SRXUHG
LQWR D ERWWRP�WDS ODGOH DQG IHG WR WKH PDJQHWRG\�
QDPLF XQLW� ���� NJ RI PHOW ZDV SRXUHG LQWR WKH XQLW
FUXFLEOH� LWV WHPSHUDWXUH LQ WKLV FDVH ZDV UHGXFHG E\
���w��� �&� ,QGXFWRUV IRU PHWDO SUHKHDWLQJ ZHUH
VZLWFKHG RQ� $IWHU ��w�� PLQ WKH PHWDO WHPSHUDWXUH
LQ WKH XQLW ZDV VWDELOL]HG DQG WKHQ LQFUHDVHG DV D
UHVXOW RI LWV LQGXFWLRQ KHDWLQJ LQ FKDQQHOV DQG KHDW
WUDQVIHU WR WKH FUXFLEOH GXH WR PDJQHWRK\GURG\QDPLF
DQG FRQYHFWLYH IORZV LQ WKH FKDQQHOwFUXFLEOH V\VWHP
RI WKH XQLW�

$IWHU VLQWHULQJ RI WKH OLQLQJ ZRUNLQJ OD\HU WKH
SHFXOLDULWLHV RI RSHUDWLRQ RI WKH PDJQHWRG\QDPLF XQLW
XVLQJ PROWHQ VWHHO� LQ SDUWLFXODU FKDUDFWHULVWLFV RI
HOHFWURPDJQHWLF V\VWHPV� FRQGLWLRQV RI KHDWLQJ DQG
VWDELOL]DWLRQ RI PHOW WHPSHUDWXUH� HIIHFW RI WHFKQR�
ORJLFDO SDUDPHWHUV RQ DFFXUDF\ RI SURSRUWLRQLQJ DQG
FKHPLFDO FRPSRVLWLRQ VWDELOLW\ ZHUH GHWHUPLQHG�

1DWXUH RI FKDQJH RI PHWDO WHPSHUDWXUH LQ WKH XQLW
GHSHQGLQJ RQ WKH VXSSOLHG SRZHU ZDV VWXGLHG� ,W ZDV
HVWDEOLVKHG WKDW� E\ FKDQJLQJ WKH WRWDO SRZHU RI LQ�
GXFWRUV ZLWKLQ WKH ���w��� N: UDQJHV� LW LV SRVVLEOH
WR FRQWURO WKH PHOW WHPSHUDWXUH LQ WKH FRQGLWLRQV RI
KROGLQJ DQG SRXULQJ� DQG DOVR GXULQJ DGGLQJ RI DO�
OR\LQJ HOHPHQWV WR WKH PHOW IRU FRUUHFWLRQ RI LWV FKHPL�
FDO FRPSRVLWLRQ�

,Q FODGGLQJ RI D SLORW EDWFK RI PLOO UROOV WKH LQLWLDO
PHOW ZDV SURGXFHG LQ DUF IXUQDFH DQG WKH DOOR\LQJ
HOHPHQWV ZHUH DGGHG IRU PDNLQJ VWHHO RI D FKHPLFDO
FRPSRVLWLRQ UHTXLUHG E\ WKH WHFKQRORJ\� $W ����w
���� �& WHPSHUDWXUH LQ WKH IXUQDFH WKH PROWHQ VWHHO
ZDV SRXUHG LQWR D ERWWRP�WDS ODGOH DQG WKHQ SRXUHG
LQWR D PDJQHWRG\QDPLF XQLW� IURPZKLFK WKH VDPSOLQJ
ZDV PDGH IRU WKH PHOW FKHPLFDO DQDO\VLV� :KHQ QH�
FHVVDU\� WKH IHUURDOOR\V ZHUH DGGHG WR WKH XQLW FUXFLEOH
WR FRUUHFW WKH VWHHO FKHPLFDO FRPSRVLWLRQ� 7KH PDLQ

WHFKQRORJLFDO SDUDPHWHUV� ZKLFK VKRXOG EH SURYLGHG
E\ WKH XQLW LQ UROO FODGGLQJ� DUH WKH VWDELOLW\ RI FKHPL�
FDO FRPSRVLWLRQ� WHPSHUDWXUH RI SRXULQJ DQG PDVV RI
SRXUHG SRUWLRQ RI ILOOHU PHOW IRU LQFUHPHQW�

,Q VWHHO SRXULQJ LQWR WKH PRXOG WKH FRQVWDQW HOHF�
WULFDO SDUDPHWHUV ZHUH PDLQO\ PDLQWDLQHG LQ HOHFWUR�
PDJQHWLF V\VWHPV RI WKH XQLW� $IWHU PHOW SRXULQJ IURP
WKH XQLW LWV PDVV ZDV GHFUHDVHG� 7KLV OHG WR VRPH
LQFUHDVH LQ PHWDO WHPSHUDWXUH� ,I QHFHVVDU\� WKH WHP�
SHUDWXUH RI WKH PHOW ZDV FRUUHFWHG E\ FKDQJLQJ VXSSO\
YROWDJH RI WKH LQGXFWLRQ SDUW E\ ��w�� 9�

%HIRUH WKH UROO FODGGLQJ WKH PHOW SRUWLRQV� SRXUHG
E\ HDFK OLS RI WKH XQLW� ZHUH FDOLEUDWHG� DQG VXFK
VXSSO\ YROWDJHV RI HOHFWURPDJQHWLF V\VWHPV ZHUH VHW
ZKLFK SURYLGHG WKH PLQLPXP GHYLDWLRQ RI PDVV SRU�
WLRQ IURP WKH SUHVHW YDOXH�

$FFRUGLQJ WR WKH WHFKQRORJ\ GHYHORSHG IRU VWHHO
PLOO UROO FODGGLQJ� WKH VWHHO PHOW ZDV IHG WR WKH PRXOG
E\ SRUWLRQV XVLQJ D PDJQHWRG\QDPLF XQLW ZLWK D F\FOH
RI D SRUWLRQ SRXULQJ E\ D SUHVHW SURJUDP� &RPPDQG
IRU SRUWLRQ SRXULQJ ZDV JLYHQ E\ DQ RSHUDWRU IURP
WKH FRQWURO SDQHO HTXLSSHG ZLWK D FRPSXWHU V\VWHP
RI GLDJQRVWLFV RI WHFKQRORJLFDO SDUDPHWHUV RI WKH UROO
FODGGLQJ SURFHVV� 7KH YDOXH RI SRUWLRQ ZDV FRUUHFWHG
E\ DQ RSHUDWRU� FKDQJLQJ WKH WLPH RI SURSRUWLRQLQJ�
7KH PHOW ZDV IHG WR WKH PRXOG LQ DQ LQWHUPHGLDWH
FKXWH� $W LWV FOHDQLQJ IURP VFUDS� D VSDUH FKXWH ZDV
XVHG� +HUH� WKH YROWDJH ZDV VXSSOLHG WR DQ DGGLWLRQDO
HOHFWURPDJQHW� ���w��� W RI ZHDU�UHVLVWDQW PDWHULDO
ZHUH GHSRVLWHG RQ WKH VWHHO UROO VXUIDFH GXULQJ ���w
��� K� ,Q QRQ�ZRUNLQJ VKLIWV WKH XQLW ZDV RSHUDWHG LQ
WKH FRQGLWLRQ RI VWHHO KROGLQJ� ,Q WKLV FDVH� WKH YROWDJH
IRU LQGXFWLRQ SDUW RI WKH XQLW ZDV UHGXFHG DQG PHOW
WHPSHUDWXUH LQ WKH UDQJH RI ����w���� �& ZDV NHSW�

7KH FRPSOH[ RI ZRUNV PDGH LW SRVVLEOH WR GHILQH
WKH UDWLRQDO WHFKQRORJLFDO SDUDPHWHUV RI WKH SURFHVV
RI SRXULQJ KLJK�VSHHG VWHHOV DQG FRQILUPHG WKH VHU�
YLFHDELOLW\ RI WKH XVHG PDJQHWRG\QDPLF XQLW� 7KLV
JDYH DQ RSSRUWXQLW\ WR FUHDWH DQ HIIHFWLYH GRPHVWLF
FRPSOH[ RI HOHFWURVODJ FODGGLQJ RI ZRUNLQJ PLOO UROOV
RI ���w��� PP GLDPHWHU DQG ����w���� PP OHQJWK
RI ZRUNLQJ SDUW DQG WR RUJDQL]H WKH VHULDO SURGXFLQJ
RI UROOV ZKRVH ZHDU UHVLVWDQFH �w��� WLPHV LQFUHDVHV
WKH ZHDU UHVLVWDQFH RI UROOV PDQXIDFWXUHG E\ WKH WUD�
GLWLRQDO WHFKQRORJ\ >�� �@�

�� 0HGRYDU� %�,�� 0HGRYDU� /�%�� 7V\NXOHQNR� $�.� HW DO�
������ 2Q SUREOHP RI HOHFWURVODJ PHOWLQJ RI ODUJH�WRQQDJH
ELOOHWV IURP KLJK�DOOR\ VSHFLDO VWHHOV DQG DOOR\V� 3UREOHP\
6SHWV� (OHNWURPHWDOOXUJLL� �� ��w���

�� 3ROLVKFKXN� 9�3�� 7VLQ� 0�5�� *RUQ� 5�.� HW DO� ������
0DJQHWRG\QDPLF SXPSV IRU OLTXLG PHWDOV� .\LY� 1DXNRYD
'XPND�

�� 3ROLVKFKXN� 9�3�� 3RJRUVN\� 9�.�� *RUQ� 5�.� ������ 7HVW
RI K\GURG\QDPLF SRXULQJ GHYLFH IRU VWHHO LQ LQGXVWULDO FRQ�
GLWLRQV� ,Q� $EVWU� RI SDS� RI ��WK 0HHWLQJ RQ 0DJQHWLF
+\GURG\QDPLFV LQ 5LJD� 6DODVSLOV� ,QVWLWXWH RI 3K\VLFV RI
$1 /DWY� 665� 3DUW ��

�� 6KDEDQRY� 9�%�� 6YLULGRY� 2�9�� %HOREURY� <X�1� HW DO�
������ &UHDWLRQ RI HOHFWURVODJ FODGGLQJ FRPSOH[ ZLWK OLTXLG
ILOOHU PHWDO RI KRW PLOO ZRUNLQJ UROO IRU FRQWLQXRXV ZLGH�
VWULS PLOOV� $YWRPDWLFK� 6YDUND� �� ��w���

�� 0HGRYDU� /�%�� &KHUQHWV� $�9�� *UDERYVN\� 7V�)� HW DO�
������ ([SHULHQFH RI PDQXIDFWXUH DQG DSSOLFDWLRQ RI KLJK�
VSHHG VWHHO UROOV XVLQJ (6& ZLWK RI OLTXLG PHWDO� 3UREOHP\
6SHWV� (OHNWURPHWDOOXUJLL� �� �w��
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

7HFKQRORJLHV RI HOHFWURVODJ WUHDWPHQW RI PHWDOV LQ ZKLFK WKH HOHFWURVODJ SURFHVV LV UHDOL]HG XVLQJ QRQ�FRQVXPDEOH

HOHFWURGHV DUH FRQVLGHUHG� 7KH FDSDELOLWLHV RI HOHFWURVODJ KHDWLQJ DQG UHILQLQJ RI PROWHQ PHWDOV WR LPSURYH WKH PHWDO

SURGXFWLRQ TXDOLW\ DUH VKRZQ�

.H\ ZRU G V � HOHFWURVODJ SURFHVV� QRQ�FRQVXPDEOH HOHFWURGH�

HOHFWURVODJ FDVWLQJ� UHILQLQJ� KHDWLQJ� PHWDO TXDOLW\

(OHFWURVODJ UHPHOWLQJ DQG RWKHU YDULHWLHV RI PHOWLQJ

LQ D VODJ PHOW RI WKH FRQVXPDEOH HOHFWURGH KDYH IRXQG

D ZLGH VSUHDGLQJ DV HIIHFWLYH SURFHVVHV RI LPSURYLQJ

TXDOLW\ RI PHWDO SURGXFWV ZKLFK LV DWWDLQHG DOVR RZLQJ

WR PHWDO UHILQLQJ ZLWK D VODJ� ,Q WKHVH WHFKQRORJLHV

WKH VODJ LV KHDWHG E\ D KHDW JHQHUDWHG LQ LW GXULQJ

SDVVLQJ WKH FXUUHQW VXSSOLHG E\ RQH RU VHYHUDO PHWDO

HOHFWURGHV ZKLFK DUH FXUUHQW�FDUU\LQJ HOHPHQWV DQG

REMHFWV RI PHOWLQJ VLPXOWDQHRXVO\� $W WKH VDPH WLPH�

EHFDXVH RI YDULRXV UHDVRQV� WKHUH DSSHDUV RIWHQ D QHHG
LQ VODJ KHDWLQJ ZLWKRXW WKH XVH RI WKH FRQVXPDEOH

HOHFWURGH� 7KHVH UHDVRQV PD\ EH� IRU H[DPSOH� LPSRV�

VLELOLW\� FRPSOH[LW\ RU H[SHQVLYHQHVV LQ PDQXIDFWXUH

RI WKH FRQVXPDEOH HOHFWURGH� DEVHQFH RI QHHG LQ DG�

GLWLRQDO HQWHU RI PROWHQ PHWDO IURP WKH FRQVXPDEOH

HOHFWURGH� LPSRVVLELOLW\ RI IXOILOOPHQW RI UHTXLUHPHQWV

IRU WKH FRPSRVLWLRQ DQG WHPSHUDWXUH RI VODJ LQ XVH RI
WKH FRQVXPDEOH HOHFWURGH� 7KHUHIRUH� WKH WHFKQRORJLHV

EDVHG RQ FRQGXFWDQFH RI WKH HOHFWURVODJ SURFHVV XVLQJ
QRQ�FRQVXPDEOH HOHFWURGHV ZHUH GHYHORSHG DW WKH

(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH LQ SDUDOOHO

ZLWK D FODVVLFDO HOHFWURVODJ UHPHOWLQJ� 7\SLFDO JUDSKL�

WL]HG HOHFWURGHV DUH XVHG PRUH RIWHQ DV WKH ODWWHU� EXW�

ZKHQ QHFHVVDU\� WKH PHWDO ZDWHU�FRROHG HOHFWURGHV

ZLWK D ZRUNLQJ SDUW RI GLIIHUHQW FXUUHQW�FRQGXFWLQJ

PDWHULDOV� LQFOXGLQJ UHIUDFWRU\ PHWDOV� LPPHUVHG LQWR

D VODJ PHOW� DUH XVHG�

(OHFWURVODJ WHFKQRORJLHV ZLWK QRQ�FRQVXPDEOH

HOHFWURGHV XVHG IRU PHOWLQJ� UHILQLQJ DQG FDVWLQJ RI

PHWDOV FDQ EH GLYLGHG FRQGLWLRQDOO\ LQWR WZR ODUJH

JURXSV� 7KH ILUVW JURXS LQFOXGHV WHFKQRORJLHV ZKHUH

WKHPROWHQPHWDO� SUHOLPLQDU\ SUHSDUHG LQ DQ\PHOWLQJ

XQLW� LV VXEMHFWHG WR HOHFWURVODJ WUHDWPHQW� 7KH VHFRQG

JURXS LQFOXGHV WHFKQRORJLHV ZKHUH WKH LQLWLDO PHWDO

LV LQ D VROLG VWDWH DQG LWV WUHDWPHQW LV DFFRPSDQLHG

E\ D SDUWLDO RU FRPSOHWH PHOWLQJ� 7HFKQRORJLHV UHODWHG
WR WKH SURGXFWLRQ RI LQJRWV IURP VWHHOV DQG DOOR\V DUH

PRVW W\SLFDO RI WKH ILUVW JURXS� 7KLV LV HOHFWURVODJ

KHDWLQJ RI D KHDG SDUW RI LQJRWV� HOHFWURVODJ FDVWLQJ
DQG SRUWLRQ HOHFWURVODJ FDVWLQJ�

7KH DLP RI WKH HOHFWURVODJ KHDWLQJ LV WR GHFUHDVH

WKH VKULQNDJH FDYLW\ DQG WR UHGXFH WKH WRS GLVFDUG�

7KH WHFKQRORJ\ RI HOHFWURVODJ KHDWLQJ ZDV VXFFHVVIXOO\

LPSOHPHQWHG E\ WKH DVVRFLDWHV RI WKH 3:, DW VHYHUDO

PHWDOOXUJLFDO DQG PDFKLQH�EXLOGLQJ SODQWV DV IDU EDFN

DV DW WKH HQG RI WKH ����V DQG EHJLQQLQJ RI WKH ����V

RI WKH ODVW FHQWXU\ >�� �@� 7HFKQRORJLFDO VFKHPH RI

HOHFWURVODJ KHDWLQJ LV SUHVHQWHG LQ )LJXUH �� $ VSHFLDO

ZDWHU�FRROHG RU OLQHG KRW WRS LV PRXQWHG RQ D FDVW

LURQ PRXOG� $IWHU ILOOLQJ WKLV KRW WRS ZLWK D PROWHQ

PHWDO WKH VODJ LV PHOWHG XVLQJ QRQ�FRQVXPDEOH HOHF�

WURGHV� 'XULQJ LQJRW IRUPDWLRQ LWV KHDG SDUW LV KHDWHG

ZLWK DQ RYHUKHDWHG VODJ DQG WKH PHWDO LV PDLQWDLQHG

LQ WKLV UHJLRQ LQ D PROWHQ VWDWH�

7KH HOHFWURVODJ KHDWLQJ LPSURYHV WKH VWUXFWXUH RI

WKH KHDG SDUW RI WKH LQJRW DQG SUHYHQWV WKH DSSHDUDQFH

RI FRDUVH GHIHFWV RI D VKULQNDJH RULJLQ� WKXV SURYLGLQJ

WKH GHFUHDVH LQ D WRS GLVFDUG DQG LQFUHDVH LQ WKH HIIL�

FLHQW PHWDO RXWSXW� $W WKH VDPH WLPH WKH HOHFWURVODJ

KHDWLQJ GRHV QRW LQIOXHQFH LQ SULQFLSOH RQ WKH IRUPD�

WLRQ RI RWKHU GHIHFWV W\SLFDO RI LQJRWV RI WKH WUDGLWLRQDO

PHWKRGV RI SURGXFWLRQ� ,W FDQ EH RQO\ QRWHG WKDW WKH

UHILQLQJ RI PHWDO YROXPHV DGMDFHQW WR WKH VODJ LV RF�

FXUUHG LQ WKLV FDVH DQG VRPH GHFUHDVH LQ WKH ]RQH RI

D QHJDWLYH OLTXDWLRQ LQ WKH LQJRW ERWWRP SDUW LV RE�

VHUYHG�

7R LQFUHDVH WKH TXDOLW\ RI WKH PHWDO SURGXFWV PRUH
VLJQLILFDQWO\ D PHWKRG RI HOHFWURVODJ FDVWLQJ �(6&�

KDV EHHQ GHYHORSHG >�� �@� 7KH SULQFLSOH RI WKLVPHWKRG
LV DV IROORZV� $ VODJ SRRO LV VHW DQG KHDWHG WR WKH

UHTXLUHG WHPSHUDWXUH LQ D ZDWHU�FRROHG PRXOG XVLQJ

QRQ�FRQVXPDEOH HOHFWURGHV �)LJXUH ��� 7KHQ� DPROWHQ

PHWDO LV SRXUHG WKURXJK D VODJ LQWR WKH PRXOG� ZKLFK

LV VROLGLILHG GXULQJ WKH HOHFWURVODJ KHDWLQJ XQGHU WKH

FRQGLWLRQ RI UHPRYLQJ WKH VKULQNDJH FDYLW\ ZLWK D

JUDGXDO GHFUHDVH LQ SRZHU VXSSOLHG WR WKH VODJ SRRO�

$IWHU KHDWLQJ FRPSOHWLRQ DQG FRPSOHWH VROLGLILFDWLRQ

� )�.� %,.7$*,529� ����
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RI WKH VODJ DQG PHWDO WKH LQJRW SURGXFHG LV ZLWKGUDZQ

IURP WKH PRXOG�

8VLQJ WKLV JHQHUDO WHFKQRORJLFDO GLDJUDP� WKH UHDO

UHDOL]DWLRQ RI WKLV PHWKRG FDQ EH GLIIHUHQW� )RU H[�

DPSOH� DOO WKH GHVFULEHG PHWKRG FDQ EH SHUIRUPHG LQ

D ZDWHU�FRROHG PRXOG PRXQWHG RQ D IODW ZDWHU�FRROHG

ERWWRP SODWH� 2U� D FRQYHQWLRQDO FDVW LURQ PRXOG FDQ

EH PRXQWHG RQ D ZDWHU�FRROHG ERWWRP SODWH LQFOXGLQJ

DOO WKH YROXPH RI D VODJ PHOW� DQG GLIIHUHQW W\SHV RI

KRW WRSV DUH PRXQWHG RQ WKLV PRXOG� 7KH FDVWLQJ FDQ

EH SHUIRUPHG ERWK LQWR D PRYDEOH PRXOG� ZKHQ WKH

OHYHO RI WKH PHWDO SRXUHG LV NHSW FRQVWDQW DQG WR D

IL[HG PRXOG� ,Q WKH ODWWHU FDVH WKH FXUUHQW�FDUU\LQJ

HOHFWURGHV DUH JUDGXDOO\ PRYHG XSZDUG GXULQJ WKH

PRXOG ILOOLQJ� 6ODJ FDQ EH PHOWHG IURP LQLWLDO VROLG

FRPSRQHQWV GLUHFWO\ LQ D PRXOG RU LQ D VHSDUDWH IOX[�

PHOWLQJ IXUQDFH DQG SRXUHG WR WKH PRXOG EHIRUH WKH

PHWDO FDVWLQJ� (OHFWULFDO GLDJUDP RI WKH HOHFWURVODJ

KHDWLQJ FDQ EH VLQJOH� RU WKUHH�SKDVH ZLWK GLIIHUHQW

PHWKRGV RI HOHFWURGHV FRQQHFWLRQ WR WKH SRZHU VRXUFH�

,Q VSLWH RI PDQ\ YDULDQWV RI WKH (6& PHWKRGV�

WKH\ KDYH FRPPRQ IHDWXUHV GHILQLQJ WKH TXDOLW\ RI

WKH LQJRWV SURGXFHG� )LUVWO\� WKH PHWDO LV WUHDWHG LQ�

WHQVLYHO\ ZLWK D VODJ� HQWUDSSHG LQWR WKH WKLFNQHVV RI

)LJXUH �� 6FKHPH RI HOHFWURVODJ KHDWLQJ RI D KHDG SDUW RI LQJRW� � x HOHFWURGHV� � x KRW WRS� � x PROWHQ VODJ� � x PRXOG� � x
PROWHQ PHWDO� � x VROLG PHWDO� � x VROLG VODJ

)LJXUH �� 6FKHPH RI HOHFWURVODJ FDVWLQJ RI LQJRWV
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PHWDO PHOW EHLQJ SRXUHG E\ D VWUHDP� &DOFXODWLRQV

DQG PRGHO H[SHULPHQWV VKRZHG WKDW GXULQJ WKLV SHULRG

IURP � WR � � RI DOO WKH DPRXQW RI VODJ LV DYDLODEOH

LQ WKH PHWDO SRRO� DQG WKH UHDFWLRQ VXUIDFH RI WKH

LQWHUDFWLQJ SKDVHV LV LQFUHDVHG RI WHQV DQG KXQGUHGV

WLPHV� 6HFRQGO\� GXULQJ HOHFWURVODJ FDVWLQJ WKH VODJ

SURWHFWV PHWDO IURP D GLUHFW FRQWDFW ZLWK WKH VXU�

URXQGLQJ DWPRVSKHUH WKDW UHGXFHV LWV R[LGDWLRQ DQG

SUREDELOLW\ RI IRUPDWLRQ RI VHFRQGDU\ QRQ�PHWDOOLF

LQFOXVLRQV� ,Q DGGLWLRQ� LQFOXVLRQV RI HQGRJHQHRXV DQG

H[RJHQHRXV RULJLQ DUH DVVLPLODWHG ZLWK D VODJ ERWK LQ

FDVWLQJ DQG GXULQJ DOO WKH SHULRG RI WKH LQJRW IRUPD�

WLRQ� 7KLUGO\� LQ PHWDO FDVWLQJ XQGHU VODJ D WKLQ VODJ

OD\HU� D VNXOO� LV IRUPHG EHWZHHQ WKH LQJRW ODWHUDO

VXUIDFH DQG PRXOG� WKDW SURPRWHV WKH IRUPDWLRQ RI D

GHIHFW�IUHH VXUIDFH RI WKH LQJRW�

7KH DERYH SHFXOLDULWLHV RI WKH HOHFWURVODJ FDVWLQJ

SURYLGH D FRPSOH[ LPSURYHPHQW RI WKH TXDOLW\ RI LQ�

JRWV SURGXFHG� 1XPHURXV LQYHVWLJDWLRQV RI (6& LQJRWV

RI PDVV IURP � WR �� WRQV� SURGXFHG IURP UROO� VWDPS�

URWRU� EDOO�EHDULQJ DQG VWDLQOHVV VWHHOV� DQG DOVR KHDW�

UHVLVWDQW DOOR\V FRQILUP WKLV� $W D SURSHUO\ VHOHFWHG

WHFKQRORJ\ WKHUH LV QR FORVHG VKULQNDJH FDYLW\ LQ WKH

(6& LQJRWV� ,Q WKH KHDG SDUW RQO\ D QHJOLJLEOH FXS�OLNH

GHSUHVVLRQ LV DYDLODEOH ZKRVH VL]HV LQ D[LV GR QRW H[�

FHHG �w� � RI WKH WRWDO LQJRW OHQJWK� 7KH ERWWRP SDUW

RI LQJRWV LV GHQVH DQG KRPRJHQHRXV GXH WR FRROLQJ

DFWLRQ RI WKH ERWWRP SODWH� WKHUHIRUH� WKHUH LV QR QHHG

LQ D ERWWRP GLVFDUG� +RZHYHU� WKH KHDG SDUW RI (6&

LQJRWV LV HLWKHU QRW UHPRYHG RU UHPRYHG YHU\ OLWWOH�

7KH VXUIDFH RI WKH LQJRWV SURGXFHG LV VPRRWK� ZLWKRXW

FUDFNV� FRUUXJDWLRQV� ILOPV DQG VROLGLILHG PHWDO VSDW�

WHUV� WKDW DOPRVW H[FOXGHV WKH QHHG LQ LWV WULPPLQJ RU

FOHDQLQJ EHIRUH VXEVHTXHQW SURFHVVLQJ� 'LVWULEXWLRQ

RI HOHPHQWV LQ KHLJKW DQG VHFWLRQ RI WKHVH LQJRWV LV

PRUH XQLIRUP� DQG D ]RQDO DQG GLIIHUHQW W\SHV RI D

ORFDO FKHPLFDO LQKRPRJHQHLW\� LQ SDUWLFXODU 9� DQG

Λ�VKDSHG OLTXDWLRQ� DUH H[SUHVVHG QRW VR FOHDUO\ DV LQ
VLPLODU LQJRWV RI WKH FRQYHQWLRQDO SURGXFWLRQ� &RQ�

WHQW RI VXOSKXU DQG QRQ�PHWDOOLF LQFOXVLRQV LQ PHWDO

RI (6& LQJRWV LV ���w� WLPHV ORZHU WKDQ LQ D ODGOH

VDPSOH >�@�

7KH LPSURYHPHQW RI TXDOLW\ RI (6& LQJRWV KDV D

SRVLWLYH HIIHFW RQ VHUYLFH SURSHUWLHV RI SURGXFWV PDQX�

IDFWXUHG IURP WKHP� 7KXV� PHFKDQLFDO SURSHUWLHV� LQ

SDUWLFXODU FKDUDFWHULVWLFV RI GXFWLOLW\ DQG LPSDFW

VWUHQJWK RI VWUXFWXUDO DQG VWDLQOHVV VWHHOV DUH LQFUHDVHG

E\ ��w�� �� DQG WKH VHUYLFH OLIH RI GLHV DQG FROG PLOO

UROOV LV LQFUHDVHG E\ ��w�� �� 7KH (6& PHWKRG LV

HVSHFLDOO\ HIIHFWLYH LQ SURGXFWLRQ RI LQJRWV IURP FRP�

SOH[O\�DOOR\HG VWHHOV DQG DOOR\V� DV WKH H[WUD H[SHQVHV

DUH ZHOO FRPSHQVDWHG E\ PHWDO VDYLQJ GXH WR LQFUHDVH

LQ HIILFLHQWPHWDO RXWSXW DQG HOLPLQDWLRQ RI WKH VXUIDFH

FOHDQLQJ�

(6& SURYLGHV JRRG FRQGLWLRQV RI IRUPDWLRQ RI D

FUXVW ]RQH DQG PHWDO UHILQLQJ IURP QRQ�PHWDOOLF LQ�

FOXVLRQV DQG KDUPIXO LPSXULWLHV� LPSURYHV WKH VWUXF�

WXUH RI KHDG DQG ERWWRP SDUWV RI WKH LQJRW� +RZHYHU�

LW GRHV QRW PDNH LW SRVVLEOH WR LQIOXHQFH DFWLYHO\ RQ

FRQGLWLRQV RI VROLGLILFDWLRQ RI WKH LQJRW FHQWUDO UH�

JLRQV� 7KH DSSHDUDQFH RI VHYHUDO GHIHFWV RI VWUXFWXUH

RI VWHHO LQJRWV LV DVVRFLDWHG RIWHQ ZLWK WKRVH SURFHVVHV

SURFHHGLQJ LQ WKHVH PHQWLRQHG ]RQH� LQ SDUWLFXODU ZLWK

WKH IRUPDWLRQ RI DQ H[WHQGHG WZR�SKDVH ]RQH� ,Q VR�

OLGLILFDWLRQ RI PHWDO� SRXUHG LQWR WKH PRXOG� WKH

ERXQGDU\ RI EHJLQQLQJ LWV VROLGLILFDWLRQ �OLTXLGXV

OLQH� DIWHU UHPRYLQJ RI LQQHU KHDW RI RYHUKHDWLQJ� LV

PRYLQJ TXLFNO\ XSZDUGV WKDW FDXVHV WKH IRUPDWLRQ RI

D ZLGH UHJLRQ RI D VROLG�OLTXLG VWDWH� ,Q (6& WKH OL�

PLWLQJ HIIHFW RI KHDWLQJ RQ PRYHPHQW RI WKH VROLGLIL�

FDWLRQ IURQW LV YDOLG RQO\ IRU WKH GHSWK RI ���w���

RI WKH LQJRW GLDPHWHU� WKHUHIRUH� WKH XQGHUOD\LQJ YR�

OXPHV RI PHWDOV DUH VROLGLILHG DOPRVW DW WKH VDPH FRQ�

GLWLRQV DV LQ WKH FRQYHQWLRQDO LQJRW�

,W LV NQRZQ WKDW RQH RI WKH PDLQ PHDQV RI LPSURYLQJ

WKH SK\VLFDO DQG FKHPLFDO KRPRJHQHLW\ RI WKH LQJRW LV

WKH RUJDQL]LQJ RI VXFFHVVLYH VROLGLILFDWLRQ RI PHWDO LQ D

YHUWLFDO GLUHFWLRQ XVLQJ D VKDOORZ PHWDO SRRO DQG KLJK

WHPSHUDWXUH JUDGLHQW LQ LW� 7R DWWDLQ WKHVH FRQGLWLRQV D

PHWKRG RI D SRUWLRQ HOHFWURVODJ FDVWLQJ �3(6&� KDV

EHHQ GHYHORSHG DW WKH 3:, >�� �@�

,W GLIIHUV IURP WKH (6& E\ WKDW WKH PHWDO LV SRXUHG

LQWR WKH PRXOG QRW DW RQFH� EXW LQ VHYHUDO SURFHGXUHV�

)LUVWO\� WKH ILUVW SRUWLRQ LV SRXUHG WKURXJK D PROWHQ

VODJ� ZKLFK ILOOV RQO\ D SDUW RI WKH PRXOG YROXPH

�)LJXUH ��� $IWHU WKLV SRXULQJ WKH PHWDO PLUURU LV

VXEMHFWHG WR HOHFWURVODJ KHDWLQJ XVLQJ FRQGLWLRQV

ZKLFK NHHS WKH SRUWLRQ XSSHU SDUW PROWHQ� +HUH� WKH

SRXUHG PHWDO LV VROLGLILHG JUDGXDOO\ XSZDUGV� $IWHU D

GHILQLWH WLPH� ZKHQ D VPDOO DPRXQW RI PROWHQ PHWDO

LV UHPDLQHG XQGHU WKH VODJ OD\HU� WKH VHFRQG SRUWLRQ

RI PHWDO LV SRXUHG WR WKHPRXOG ZKLFK LV DOVR VXEMHFWHG

WR KROGLQJ DW WKH HOHFWURVODJ KHDWLQJ DQG VROLGLILHG LQ

DQ D[LDO GLUHFWLRQ� 7KH VLPLODU SRXULQJ RI PHWDO ZLWK

VPDOO SRUWLRQV LV UHSHDWHG XQWLO WKH IXOO ILOOLQJ RI WKH

PRXOG� $W WKH ILQDO VWDJH RI IRUPDWLRQ RI 3(6& LQJRW

WKH SRZHU VXSSOLHG WR WKH VODJ SRRO LV GHFUHDVHG JUDGX�

DOO\ WR UHPRYH WKH VKULQNDJH FDYLW\�

8VLQJ WKLV PHWKRG RI LQJRW FDVWLQJ WKHUH LV D IHD�

VLELOLW\ WR SURYLGH XSZDUG VXFFHVVLYH PHWDO VROLGLI\LQJ

ZLWK D SUHVHQFH RI D FRPSDUDWLYHO\ VPDOO PHWDO SRRO

DW HDFK PRPHQW RI WLPH� :LWK D FKDQJH LQ VXFK 3(6&

SDUDPHWHUV� DV YROXPH DQG KHLJKW RI SRUWLRQV� WLPH

RI KROGLQJ� WHPSHUDWXUH RI VODJ SRRO FDQ JRYHUQ WKH

SURFHVV RI VROLGLILFDWLRQ DQG FUHDWH WKH IDYRXUDEOH FRQ�

GLWLRQV RI WKH LQJRW IRUPDWLRQ�

7KH 3(6& PHWKRG KDV SDVVHG D FRPSUHKHQVLYH

H[SHULPHQWDO�LQGXVWULDO WHVWLQJ LQ SURGXFWLRQ RI LQ�

JRWV RI PDVV IURP � WR ��� W DQG RI GLIIHUHQW VWHHO

JUDGHV� 8QGHU RSWLPXP FRQGLWLRQV RI WKH HOHFWURVODJ

KHDWLQJ� HVSHFLDOO\ LQ WKH SHULRG EHIRUH WKH SRXULQJ

RI QH[W SRUWLRQ� WKH LQJRWV SURGXFHG KDG D JRRG VXU�

IDFH� DW ZKLFK WKH LQWHUIDFH EHWZHHQ WKH SRUWLRQV ZDV

GLVWLQJXLVKHG LQ WKH IRUP RI QRW GHHS VPRRWK QDUURZ�

LQJ RI XS WR �w� PP� 7KH\ GLG QRW PDNH REVWDFOHV

IRU WKH IXUWKHU SURFHVVLQJ RI LQJRWV DQG GLG QRW UHTXLUH

DQ\ SUHOLPLQDU\ PDFKLQLQJ�

([DPLQDWLRQ RI PDFURVWUXFWXUH DQG VXOSKXU SULQWV

RI ORQJLWXGLQDO D[LDO WHPSOHWV VKRZHG WKDW WKHUH LV

QR 9�VKDSHG OLTXDWLRQ DQG RWKHU D[LDO GHIHFWV LQ WKH
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IRUP RI SRURVLW\� FOXVWHUV RI VHJUHJDWHV DQG LQFOXVLRQV

LQ WKH 3(6& LQJRWV SURGXFHG HYHQ IURP VWHHOV KDYLQJ

D ZLGH LQWHUYDO RI VROLGLILFDWLRQ �VXFK DV 6K.K���

�.K DQG �.K0� XQOLNH WKH WUDGLWLRQDO LQJRWV� $Q

RII�D[LV Λ�VKDSHG OLTXDWLRQ LV HLWKHU DEVHQW RU H[�

SUHVVHG VOLJKWO\� ZKLFK LV VKRZQ LQ WKH VXOSKXU SULQWV

LQ WKH IRUP RI VHSDUDWH VKRUW OLQHV� 7KH VKULQNDJH

FDYLW\ LQ WKH KHDG SDUW LV DEVHQW� DQG WKH GHQVLW\ RI

WKH FDVW PHWDO RI WKH 3(6& LQJRWV LV PXFK KLJKHU

WKDQ WKDW LQ LQJRWV RI D FRQYHQWLRQDO FDVWLQJ� ,W WKLV

FDVH LW LV QRW GHFUHDVHG DEUXSWO\ IURP WKH VXUIDFH WR

WKH FHQWHU� EXW LW KDV RIWHQ WKH WHQGHQF\ WR WKH LQFUHDVH

LQ WKLV GLUHFWLRQ �)LJXUH ��� 7KH PHWDO UHILQLQJ ZLWK

D VODJ XQGHU WKH 3(6& FRQGLWLRQV LV PRUH HIIHFWLYH

WKDQ WKDW LQ (6&� 7KLV LV H[SODLQHG E\ VPDOOHU YROXPHV

RI PHWDO SRXUHG WKURXJK WKH VODJ DQG ORQJHU PHWDO

KROGLQJ XQGHU WKH VODJ� 7KH FRQWHQW RI VXOSKXU DQG

VXOSKLGH LQFOXVLRQV LV UHGXFHG XVXDOO\ E\ �w� WLPHV

DQG R[LGH LQFOXVLRQV x E\ ���w� WLPHV� DQG WKHLU

GLVWULEXWLRQ LQ KHLJKW DQG VHFWLRQ RI WKH 3(6& LQJRW

LV FRPSDUDWLYHO\ XQLIRUP�

7DNLQJ LQWR DFFRXQW WKDW WKH 3(6& LQJRW FRQVLVWV

DV LI RI VHSDUDWH PROWHQ�VWDWH IXVHG SDUWV� D VSHFLDO

DWWHQWLRQ ZDV SDLG WR WKH H[DPLQDWLRQ RI TXDOLW\ RI

WKH WUDQVLWLRQ ]RQH EHWZHHQ WKH SRUWLRQV� ,W ZDV UH�

YHDOHG WKDW WKH LQJRW PDFURFU\VWDOOLQH VWUXFWXUH FDQ

EH GLIIHUHQW GHSHQGLQJ RQ WKH SK\VLFDO�FKHPLFDO SUR�

SHUWLHV RI WKH FDVWLQJ PHWDO� ,Q RQH FDVH D QDUURZ ]RQH

RI ILQH�JUDLQHG FU\VWDOV LV IRUPHG E\ WKH FRQWRXU RI D

PHWDO SRRO ZKLFK H[LVWHG E\ WKH PRPHQW RI SRXULQJ

WKH QH[W SRUWLRQ� DQG WKHQ WKH FROXPQ FU\VWDOV DUH

IROORZHG� ,Q DQRWKHU FDVH WKH VWUXFWXUH RI LQJRWV LV

DSSUR[LPDWHO\ WKH VDPH� EXW WKH ILQH FU\VWDOV DUH QRW

IRUPHG DW WKH LQWHUIDFH EHWZHHQ WKH SRUWLRQV� ,Q WKH

WKLUG FDVH WKH FU\VWDOV FKDQJH RQO\ WKHLU RULHQWDWLRQ�

+RZHYHU� GXULQJ H[DPLQDWLRQ RI WKH PLFURVWUXF�

WXUH WKH ]RQH RI IXVLRQ ZDV QRW UHYHDOHG� 7KLV ]RQH

ZDV QRW DOVR UHYHDOHG RQ WKHPDFURWHPSOHWV DIWHU WUHDW�

PHQW RI LQJRWV E\ SUHVVXUH �IRUJLQJ� UROOLQJ� DQG KHDW

WUHDWPHQW� ,W ZDV HVWDEOLVKHG WKDW WKH YLVLEOH FRQGL�

WLRQDO LQWHUIDFH EHWZHHQ SRUWLRQV GXULQJ PDFURHWFK�

LQJ RI WKH LQLWLDO PHWDO LV QRW D GHIHFW RI WKH 3(6&

LQJRW VWUXFWXUH� EXW LW UHIOHFWV RQO\ WKH FKDQJH LQ KHDW

FRQGLWLRQV RI IRUPDWLRQ RI WKH SULPDU\ FU\VWDOOLQH

VWUXFWXUH� 0RUHRYHU� WKH H[DPLQDWLRQ RI WKH FKHPLFDO

FRPSRVLWLRQ� GHQVLW\ DQG PHFKDQLFDO SURSHUWLHV

VKRZHG WKDW WKH PHWDO LQ WKH WUDQVLWLRQ ]RQH SRVVHVVHV

WKH EHWWHU FKDUDFWHULVWLFV WKDQ WKRVH EH\RQG LW�

)LJXUH �� 'HQVLW\ RI FDVW PHWDO RI D FRQYHQWLRQDO �D� DQG 3(6&
�E� LQJRW

)LJXUH �� 6FKHPH RI D SRUWLRQ HOHFWURVODJ FDVWLQJ� � x QRQ�FRQVXPDEOH HOHFWURGHV� � x PRXOG� � x VODJ SRRO� � x ERWWRP SODWH� � x
SULPHU� � x VNXOO� � x PHWDO SRRO� � x VROLG PHWDO
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+LJK TXDOLW\ RI WKH 3(6& LQJRWV LV DWWDLQHG RZLQJ

WR WKH IDYRXUDEOH FRQGLWLRQV RI PHWDO WUDQVLWLRQ IURP

OLTXLG WR VROLG VWDWH� )LJXUH � SUHVHQWV� DV DQ H[DPSOH�

WKH UHVXOWV RI D PDWKHPDWLFDO PRGHOOLQJ RI FKDQJH LQ

GHSWK RI PHWDO SRRO� +S� DQG H[WHQVLRQ RI WZR�SKDVH

]RQH LQ DQ D[LDO ]RQH� %� RI ���WRQ 3(6& ���� PP

GLDPHWHU LQJRW SURGXFHG IURP URWRU VWHHO� $W WRWDO

OHQJWK RI PRUH WKDQ ���� PP WKH SRRO GHSWK RQ

OLTXLGXV OLQH GRHV QRW H[FHHG ���� PP� DQG PD[LPXP

VL]H RI WZR�SKDVH ]RQH LV RQO\ DERXW ��� PP� )RU

FRPSDULVRQ� DFFRUGLQJ WR GDWD RI >�@ WKH FRDUVH

OLTXDWLRQ GHIHFWV DUH REVHUYHG LQ WKDW FDVH LQ (65 RI

���WRQ LQJRW SURGXFHG IURP WKH VLPLODU FODVV RI PHWDO�

ZKHQ WKH GLVWDQFH EHWZHHQ WKH LVRWKHUPV RI OLTXLGXV

DQG VROLGXV H[FHHGV ���w��� PP� 7KH H[DPLQDWLRQ

RI GLVSHUVLW\ RI VWUXFWXUH RI WKHPHQWLRQHG 3(6& LQJRW

VKRZHG WKDW WKH GLVWDQFH EHWZHHQ WKH VHFRQGDU\ D[HV

RI GHQGULWHV� DQG WKLV SDUDPHWHU EHLQJ FORVHO\ DVVRFL�

DWHG ZLWK VL]HV RI WKH WZR�SKDVH ]RQH� LV YDULHG IURP

����w���� QHDU WKH VXUIDFH XS WR ����w���� PP LQ

D[LDO ]RQHV� ,Q DGGLWLRQ� WKH GHQVLW\ RI D GHQGULWLF

VWUXFWXUH LV LQFUHDVHG LQ WKH ]RQHV RI FRDOHVFHQFH RI

SRUWLRQV� 7KH VLPLODU GDWD RI FU\VWDOOLQH VWUXFWXUH RI

LQJRWV RI FRQYHQWLRQDO SURGXFWLRQ DUH PXFK ZRUVH�

WKDW LV SURYHG E\ FRPSDULVRQ RI FKDUDFWHULVWLFV RI D

GHQGULWLF OLTXDWLRQ� UHIOHFWLQJ WKH FRQGLWLRQV RI IRU�

PDWLRQ RI D SULPDU\ VWUXFWXUH �)LJXUH ��� $V LV VHHQ�

WKH 3(6& PHWDO LV FORVH E\ WKLV SDUDPHWHU WR WKH (65

PHWDO DQG JUHDWO\ VXSHULRU WR WKH FRQYHQWLRQDO PHWDO�

3XULW\� GHQVLW\ DQG KRPRJHQHLW\ RI WKH 3(6& PH�

WDO FRQWULEXWH� QDWXUDOO\� WR WKH PHFKDQLFDO SURSHUWLHV

RI SURGXFWV� PDQXIDFWXUHG IURP WKHP� ZKRVH OHYHO

H[FHHGV XVXDOO\ WKH UHTXLUHPHQWV RI WHFKQLFDO VSHFL�

ILFDWLRQV� 0RUHRYHU� WKH FRPELQDWLRQ RI KLJK VWUHQJWK

DQG GXFWLOLW\ LV FKDUDFWHULVWLF KHUH� ZKLFK LV YHU\ LP�

SRUWDQW VRPHWLPHV IRU D QXPEHU RI GRPHVWLF FULWLFDO

SURGXFWV� VXFK DV FROG PLOO UROOV RU WXUELQH URWRUV�

7KH KLJK TXDOLW\ RI WKH 3(6&PHWDO DOORZV VRPHWLPHV

LWV XVH HYHQ ZLWKRXW D SUHVVXUH WUHDWPHQW� )RU H[DP�

SOH� WKH VHUYLFH OLIH RI GLHV �VWHHO RI � .K10 JUDGH�

PDQXIDFWXUHG RI 3(6& LQJRW RI � W PDVV LV QRW LQIHULRU

WR WKH VHUYLFHDELOLW\ RI GLHV PDQXIDFWXUHG IURP D

IRUJHG PHWDO RI D FRQYHQWLRQDO SURGXFWLRQ�

7KH SRUWLRQ HOHFWURVODJ FDVWLQJ LV XVHG PDLQO\ IRU

SURGXFWLRQ RI ODUJH IRUJH LQJRWV DV D PHDQV RI SUH�

YHQWLRQ RI GHIHFWV RI OLTXDWLRQ DQG VKULQNDJH RULJLQ�

ZKRVH IRUPDWLRQ LQ D FRQYHQWLRQDO FDVWLQJ LV LQFUHDVHG

ZLWK LQFUHDVH LQ WKH LQJRW PDVV� +RZHYHU� WKLV FDVWLQJ

LV QRW OHVV HIIHFWLYH DOVR LQ SURGXFLQJ FRPSDUDWLYHO\

VPDOO LQJRWV RI PDVV RI VHYHUDO WRQV� LQ SDUWLFXODU IURP

PHWDOV VXVFHSWLEOH WR OLTXDWLRQ DQG IRUPDWLRQ RI D

FRDUVH FDVW VWUXFWXUH GXULQJ WKH SURFHVV RI VROLGLILFD�

WLRQ� 0HWDO SRXULQJ E\ SRUWLRQV DQG WKHLU IXVLRQ LQ D

PROWHQ VWDWH FDQ DOVR EH D ZD\ RI HQODUJHPHQW� PDNLQJ

LW SRVVLEOH WR SURGXFH ELOOHW RI D PXFK ODUJHU PDVV�

DV ZDV VKRZQ RQ WKH H[DPSOH RI SURGXFLQJ (6& LQJRWV

RI QLFNHO� XVLQJ D PHOWLQJ XQLW RI D FRPSDUDWLYHO\ ORZ

FDSDFLW\ >�� ��@�

([FHSW WKH DERYH�GHVFULEHG PHWKRGV RI FDVWLQJ RI

LQJRWV� WKH HOHFWURVODJ SURFHVV ZLWK QRQ�FRQVXPDEOH

HOHFWURGHV LV DOVR XVHG VXFFHVVIXOO\ IRU RWKHU W\SHV RI

WUHDWPHQW RI PROWHQ PHWDO� IRU H[DPSOH� IRU UHILQLQJ

DQG RYHUKHDWLQJ RI FRSSHU� FRSSHU DQG DOXPLQLXP DO�

OR\V� FDVW LURQ >��@� ,Q WKLV FDVH D VODJ SRRO LV VHW LQ

D VSHFLDO OLQHG YHVVHO� WKHQ D PROWHQ PHWDO� PHOWHG LQ

LQGXFWLRQ IXUQDFH RU RWKHU PHOWLQJ XQLW� LV SRXUHG

LQWR WKLV YHVVHO� 'XULQJ SRXULQJ DQ LQWHQVLYH VWLUULQJ

RI VODJ DQG PHWDO DQG UHILQLQJ RI WKH ODWWHU DUH RF�

FXUUHG� )XUWKHU� WKHPHWDO PHOW LV VXEMHFWHG WR KROGLQJ

XQGHU WKH VODJ KHDWHG E\ QRQ�FRQVXPDEOH HOHFWURGHV�

WKDW PDNHV LW SRVVLEOH WR UHDOL]H D FRQWUROODEOH PHWDO

KHDWLQJ DQG LWV DGGLWLRQDO WUHDWPHQW� LQFOXGLQJ LQJUH�

GLHQWV VSHFLDOO\ DGGHG WR VODJ RU PHWDO� 7KH PROWHQ

PHWDO SUHSDUHG LV SHULRGLFDOO\ RU FRQWLQXRXVO\ SRXUHG

IURP WKH PHOWLQJ YHVVHO�

$FFRUGLQJ WR GDWD RI >��@� LQ HOHFWURVODJ WUHDWPHQW

RI PROWHQ FRSSHU WKH FRQFHQWUDWLRQ RI R[\JHQ LV UH�

)LJXUH ��&KDQJH LQ GHSWK RI PHWDO SRRO ��� DQG ZLGWK RI WZR�SKDVH
]RQH ��� LQ SURFHVV RI 3(6& RI ���WRQ LQJRW IURP URWRU VWHHO

)LJXUH �� &KDQJH LQ FRHIILFLHQW RI GHQGULWLF OLTXDWLRQ� .G� RI PR�
O\EGHQXP �D� DQG FKURPLXP �E� LQ VHFWLRQ RI URWRU VWHHO LQJRW RI
��w��� W PDVV� � x FRQYHQWLRQDO LQJRW� � x 3(6& LQJRW� � x
(65 LQJRW
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GXFHG E\ RQH RUGHU� VXOSKXU DQG QRQ�PHWDOOLF LQFOX�

VLRQV DUH UHGXFHG E\ VHYHUDO WLPHV LQ LW� ,Q VLPLODU

WUHDWPHQW RI DOXPLQLXP DOOR\V WKH JDV VDWXUDWLRQ DQG

FRQWDPLQDWLRQ RI PHWDO DUH GHFUHDVHG� )RU H[DPSOH�

LQ DOOR\ $Ow���0J WKH FRQWDPLQDWLRQ ZLWK R[LGH ILOPV

ZDV UHGXFHG IURP ����� WR ����� PP
�
�FP

�
>��@� ,W

LV FRQVLGHUHG WKDW WKH HOHFWURVODJ UHILQLQJ LV PRVW HI�

IHFWLYH DPRQJ WKH NQRZQ PHWKRGV RI SXULILFDWLRQ RI

DOXPLQLXP DOOR\V� ,Q HOHFWURVODJ WUHDWPHQW RI FDVW LURQ

WKH HIIHFW RI PRGLI\LQJ PHWDO ZLWK 0J� DQG &D�FRQ�

WDLQLQJ FRPSRQHQWV RI VODJ LV DWWDLQHG� H[FHSW GHFUHDVH

LQ FRQFHQWUDWLRQ RI JDVHV� QRQ�PHWDOOLF LQFOXVLRQV DQG

VXOSKXU >��@� ,W LV H[SUHVVHG LQ UHILQLQJ RI SUHFLSLWD�

WLRQV RI JUDSKLWH DQG FKDQJLQJ LWV VKDSH IURP SODWH�

WRPRUH IDYRXUDEOH YHUPLFXODU�W\SH�'XH WR WKLV� ZKHQ

QHFHVVDU\ WR SURGXFH JUDSKLWH RI D QRGXODU VKDSH LQ

FDVW LURQ WKH FRQVXPSWLRQ RI PRGLILHUV �FHULXP� PDJ�

QHVLXP� 5(0 DQG RWKHUV� FDQ EH GHFUHDVHG DSSUR[L�

PDWHO\ WZLFH� $V D UHVXOW� WKH PHWDO PRGLI\LQJ� LQ�

FUHDVH LQ LWV SXULW\ DQG WHPSHUDWXUH SURPRWH LQFUHDVH

LQ VWUHQJWK DQG GXFWLOH SURSHUWLHV RI FDVW LURQ DQG

TXDOLW\ RI SURGXFWV SURGXFHG�

0HWKRG RI HOHFWURVODJ KHDWLQJ RI VWHHO LQ DQ LQWHU�

PHGLDWH ODGOH �WXQGLVK� LQ FRQWLQXRXV SRXULQJ LV YHU\

VLPLODU E\ WKH GHVLJQ DQG WHFKQRORJLFDO SURFHGXUHV WR

WKH PHWKRGV RI HOHFWURVODJ WUHDWPHQW RI QRQ�IHUURXV

PHWDOV DQG FDVW LURQ >��@� 7KH DLP RI WKLV KHDWLQJ LV

WKH FRPSHQVDWLRQ RI KHDW ORVVHV IURP WKH LQWHUPHGLDWH

ODGOH DQG NHHSLQJ WKH PHWDO WHPSHUDWXUH LQ QDUURZ

UDQJHV GXULQJ ORQJ WLPH� 7KLV LV YHU\ LPSRUWDQW IURP

WKH SRLQW RI YLHZ RI VWDELOL]DWLRQ RI WKH SURFHVV RI

SRXULQJ� HVSHFLDOO\ DW PHWDO WHPSHUDWXUHV FORVH WR WKH

OLTXLGXV WHPSHUDWXUH� ,Q XVH RI WKH VODJV RI &D)�w

&D2w$O�2�w6L2� V\VWHP� W\SLFDO RI HOHFWURVODJ SUR�

FHVV� WKH PHWDO KHDWLQJ RFFXUV VLPXOWDQHRXVO\ ZLWK LWV

UHILQLQJ IURP VXOSKXU� )URP WKH GDWD RI DXWKRUV RI

WKH SUHVHQW ZRUN WKH FRQFHQWUDWLRQ RI VXOSKXU LV GH�

FUHDVHG IURP LQLWLDO �����w����� WR �����w����� ��

,Q DGGLWLRQ� WKHVH VODJV DVVLPLODWH QRQ�PHWDOOLF LQFOX�

VLRQV� LQ SDUWLFXODU DOXPLQLXP R[LGHV� WKDW UHGXFHV

JUHDWO\ WKH KD]DUG RI VWLFNLQJ RI SRXULQJ VOHHYH OLS

ZLWK PHWDO�

7KH DERYH�GHVFULEHG H[DPSOHV RI HOHFWURVODJ WUHDW�

PHQW RI PROWHQ PHWDOV SURYH ZLGH RSSRUWXQLWLHV LQ

XVH RI VLPLODU WHFKQRORJLHV IRU LPSURYLQJ TXDOLW\ RI

PHWDO SURGXFWV� 7KH DSSOLFDWLRQ RI HOHFWURVODJ SURFHVV

ZLWK QRQ�FRQVXPDEOH HOHFWURGHV LV QRW OHVV HIIHFWLYH

IRU PHOWLQJ DQG UHILQLQJ RI VROLG PHWDOV� 7KLV LQIRU�

PDWLRQ ZLOO EH JLYHQ LQ 5HSRUW � RI WKLV DUWLFOH�

�� 7\DJXQ�%HORXV� *�6�� 'XGNR� '�$� ������ (OHFWURVODJ KHDW�
LQJ ZLWK QRQ�FRQVXPDEOH HOHFWURGHV RI LQJRW KHDGV DQG
VKDSHG FDVWLQJV� $YWRPDWLFK� 6YDUND� ��� ��w���

�� %DNXPHQNR� 6�3�� *XO\DHY� %�%�� 9HUNKRYWVHY� (�9�
������ 'HFUHDVH RI VWHHO LQJRW ZDVWH� 0RVFRZ� 0HWDOOXU�
JL\D�

�� /DWDVK� <X�9�� 3VKHQLFKQ\� %�$�� 9RURQLQ� $�(� HW DO�
������ (OHFWURVODJ FDVWLQJ RI LQJRWV IURP KLJK�DOOR\ VWHHOV
DQG DOOR\V� 6WDO� �� ��w���

�� %DVWUDNRY� 1�)�� 7XOLQ� 1�$�� 1HPFKHQNR� 9�3� HW DO�
������ (OHFWURVODJ SRXULQJ RI VWHHO� 0RVFRZ� 0HWDOOXUJL\D�

�� %LNWDJLURY� )�.�� /DWDVK� <X�9�� 3VKHQLFKQ\� %�$� HW DO�
������ (OHFWURVODJ FDVWLQJ RI LQJRWV LQ 82���� XQLW� 3URE�
OHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� �w���

�� /DWDVK� <X�9�� 9RURQLQ� $�(�� 1LNRODHY� 9�$� HW DO� ������
1HZ SURFHVV RI SURGXFWLRQ RI KLJK�TXDOLW\ ODUJH IRUJLQJ LQ�
JRWV� ,Q� 3UREOHPV RI VSHFLDO HOHFWURPHWDOOXUJ\� ,VVXH ��

�� /DWDVK� <X�9�� 9RURQLQ� $�(�� 1LNRODHY� 9�$� ������ 3UR�
GXFWLRQ RI KLJK�TXDOLW\ ODUJH LQJRWV E\ SRUWLRQ HOHFWURVODJ
FDVWLQJ� 6WDO� ��� ���w�����

�� 1LLPL� 7�� 0LXUD� 0�� 0DWVXPRWR� 6� HW DO� ������ (YDOXD�
WLRQ RI ODUJH (65 LQJRW� ,Q� (OHFWURVODJ UHPHOWLQJ� .\LY�
1DXNRYD 'XPND�

�� 7\Q\DQNLQ� 9�%�� /DWDVK� <X�9�� .UXWLNRY� 5�*� HW DO�
������ 3URGXFLQJ RI QLFNHO VODEV E\ SRUWLRQ HOHFWURVODJ FDV�
WLQJ PHWKRG� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� ��w���

��� /DWDVK� <X�9�� .UXWLNRY� 5�*�� 7\Q\DQNLQ� 9�%� HW DO�
������ 3RUWLRQ HOHFWURVODJ FDVWLQJ RI 13�� QLFNHO LQJRWV� ,Q�
7UDQVDFW� RQ $GYDQFHG 3URFHVVHV RI 0HOWLQJ DQG &DVWLQJ RI
1RQ�)HUURXV 0HWDOV� 0RVFRZ� 7V1,,70$6K�

��� /\XW\� ,�<X�� /DWDVK� <X�9� ������ (OHFWURVODJ FDVWLQJ DQG
UHILQLQJ RI PHWDOV� .\LY� 1DXNRYD 'XPND�

��� 5DENLQ� '�0�� ,VKFKHQNR� $�<D� ������ 2Q WKH UHVXOWV RI
SLORW�LQGXVWULDO WULDOV RI DOXPLQLXP DOOR\V HOHFWURVODJ UHIL�
QLQJ� 7HNKQRORJL\D /\RJN� 6SODYRY� �� ��w���

��� /\XW\� ,�<X�� /DWDVK� <X�9�� .UHVWLDQRY� 9�,� HW DO� ������
(OHFWURVODJ UHILQLQJ DQG PRGLILFDWLRQ RI FDVW LURQ� ,Q� $G�
YDQFHG WHFKQRORJLFDO SURFHVVHV RI FDVW LURQ PHOWLQJ DQG SUR�
FHVVLQJ� 3HQ]D� 7V17,�

��� :ROIJDQJ� +�� +DUDOG� +�� %HUWUDP� 2� ������ (OHFWURVODJ
KHDWLQJ LQ WXQGLVK RU ODGOH� 6WHHO 7LPHV� 0DUFK� ���w����
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*�9� =+8. DQG 1�3� 75,*8%

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

1HZ PHWKRG IRU GLVSHUVLRQ RI WKH PHOW IURP D FROG KHDUWK GXULQJ WKH HOHFWURQ EHDP UHPHOWLQJ SURFHVV KDV EHHQ GHYHORSHG�

7HFKQRORJLFDO IL[WXUH IRU LWV UHDOLVDWLRQ LQ WKH HOHFWURQ EHDP IXUQDFH KDV EHHQ PDQXIDFWXUHG� 7KH SURFHVV RI SURGXFLQJ

DOXPLQLXP DOOR\ $0J� LQJRW E\ WKH QHZ PHWKRG LV GHVFULEHG� 0DFUR� DQG PLFURVWUXFWXUHV RI WKH UHVXOWLQJ VDPSOH KDYH

EHHQ H[DPLQHG�

.H\ ZRUGV� HOHFWURQ EHDP XQLW� PHOW GLVSHUVLRQ� UDSLG VROLGL�

ILFDWLRQ� WHFKQRORJLFDO IL[WXUH

&XUUHQW PHWDOOXUJLFDO WHFKQRORJLHV SURYLGH IRU IRUPD�
WLRQ RI VWUXFWXUH DQG SURSHUWLHV RI PHWDO DW WKH VWDJH RI

LWV PHOWLQJ� 7KLV DOORZV VXEVHTXHQW WHFKQRORJLFDO FRVWV

UHODWHG WR WKHUPRPHFKDQLFDO WUHDWPHQW RI LQJRWV RU FDVW�

LQJV WR EH PLQLPLVHG� 7KLV IDFWRU LV HVSHFLDOO\ LPSRUWDQW

IRU PXOWL�FRPSRQHQW DOOR\V �KLJK�WHPSHUDWXUH� KHDW�UH�
VLVWDQW� FRUURVLRQ�UHVLVWDQW� HWF��� 7KH WDUJHW LQ PHOWLQJ

VXFK DOOR\V LV WR SURYLGH D UHILQHG VWUXFWXUH DQG DYRLG

VWUXFWXUDO DQG FKHPLFDO PDFUR� DQGPLFURKHWHURJHQHLW\�

2QH RI WKH ZD\V RI DFKLHYLQJ WKLV WDUJHW FRQVLVWV LQ
LQFUHDVLQJ WKH QXPEHU RI FU\VWDOOLVDWLRQ FHQWUHV LQ VR�

OLGLILFDWLRQ RI WKH PHWDO PHOW E\ UDLVLQJ LQLWLDO FRROLQJ
UDWHV >�@� 8QGHU HOHFWURQ EHDP UHPHOWLQJ FRQGLWLRQV WKH

PHWDO FRROLQJ UDWH GXULQJ VROLGLILFDWLRQ FDQ EH VXEVWDQ�

WLDOO\ LQFUHDVHG E\ XVLQJ WKH PHWKRG IRU GLVSHUVLRQ RI

WKH PHOW IURP WKH FRQVXPDEOH ELOOHW VXUIDFH >�@� 7KH

PDLQ GUDZEDFN RI WKLV PHWKRG LV WKDW LW LV QHFHVVDU\ WR

SUHOLPLQDULO\PDNH D F\OLQGULFDO ELOOHW DQG WKDW WKH ELOOHW

VKRXOGPHHW KLJK UHTXLUHPHQWV IRU DOLJQPHQWDQG VXUIDFH

ILQLVK�

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH KDV

GHYHORSHG D QHZ PHWKRG IRU GLVSHUVLQJ WKH PHWDO PHOW

GLUHFWO\ IURP WKH FROG KHDUWK E\ XVLQJ D URWDU\ GUXP�
W\SH PRXOG �GLYLGHU� �)LJXUH ���

7KH SRLQW RI WKH PHWKRG LV DV IROORZV� 0HOWLQJ RI
D FRQVXPDEOH ELOOHW RU D FKDUJH WDNHV SODFH LQ WKH

HOHFWURQ EHDP XQLW OLNH LQ HOHFWURQ EHDP UHPHOWLQJ�

%RWK EXON PDWHULDOV �VFUDS� VSRQJH VHPL�ILQLVKHG
SURGXFWV� DQG VROLG ZHOGHG ELOOHWV �LQ WKH FDVH RI

DOOR\LQJ WKH EDVH PHWDO RI DQ DOOR\� FDQ EH XVHG DV

UDZ PDWHULDOV WR EH UHPHOWHG� 7KH FRQVXPDEOH ELOOHW

LV IHG E\ WKH IHHG PHFKDQLVP WR WKH PHOWLQJ ]RQH�
ZKHUH LW LV PHOWHG XQGHU WKH HIIHFW RI HOHFWURQ EHDPV

WR IORZ WR WKH FROG KHDUWK� $ PHWDO SRRO LV IRUPHG LQ
WKH FROG KHDUWK DIWHU EXLOGLQJ�XS RI WKH VNXOO� 7KH
SRRO LV PDLQWDLQHG E\ KHDWLQJ ZLWK WKH VFDQQLQJ HOHF�

WURQ EHDPV� 0ROWHQ PHWDO DFFXPXODWHG LQ WKH FROG

KHDUWK LV SRXUHG WR WKH URWDU\ GUXP�W\SHPRXOG�ZKHUH
LW LV EXLOW�RQ LQ WKH IRUP RI WKH VNXOO WR D UHTXLUHG
WKLFNQHVV� 7KHQ WKH GUXP�W\SH PRXOG LV LPSDUWHG D
KLJK URWDWLRQ VSHHG �DERXW ���� USP�� DQG WKH VNXOO
VXUIDFH LV PHOWHG E\ WKH FRQFHQWUDWHG HOHFWURQ EHDP�

7KH PROWHQ PHWDO LV VWULSSHG XQGHU WKH HIIHFW RI WKH
FHQWULIXJDO IRUFHV IURP WKH VNXOO VXUIDFH WR IORZ DORQJ

D OLQH WDQJHQW WR WKH IRFDO VSRW RI WKH FRQFHQWUDWHG

HOHFWURQ EHDP LQ WKH IRUP RI D MHW RI GLVSHUVHG OLTXLG

GURSOHWV� 7KH MHW RI WKHVH GURSOHWV� KDYLQJ D VPDOO
GLDPHWHU �DERXW � PP� DQG KLJK VSHHG �DERXW
�� P�V�� LV GLUHFWHG WR WKH IRUPLQJ VXUIDFH �PRXOG��

� *�9� =+8. DQG 1�3� 75,*8%� ����

)LJXUH �� 6FKHPDWLF RI GLVSHUVLRQ RI WKH PHOW IURP WKH FROG KHDUWK )LJXUH �� 7HFKQRORJLFDO IL[WXUH LQVLGH WKH ZRUN FKDPEHU
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,Q WKH PRXOG WKH GURSOHWV VSUHDG LQWR D WKLQ OD\HU
�≈ ��� PP WKLFN� XQGHU WKH HIIHFW RI WKH SUHVVXUH KHDG
DQG VROLGLI\ ZLWK QR IRUPDWLRQ RI WKH OLTXLG SRRO�
:DWHU�FRROHG KHDUWK �WR SURGXFH LQJRWV�� PHWDO SODWH
�WR SURGXFH ELPHWDO FRPSRVLWLRQV�� JURRYH RI SDUWV
WR EH ZHOGHG �IRU ZHOGLQJ�� RU D IUDPH RI KDUGHQLQJ
HOHPHQWV �WR SURGXFH FRPSRVLWHPDWHULDOV� FDQ EH XVHG
DV D PRXOG�

7KH QHZ PHWKRG IRU GLVSHUVLRQ IURP WKH FROG KHDUWK
ZDV UHDOLVHG XVLQJ WKH XSJUDGHG XQLW 8(���� >�@� 7KH
GLVSHUVLRQ PHFKDQLVP LV PRXQWHG RQ WKH XQLW� 3K\VL�
FDOO\� WKH PHFKDQLVP FRQVLVWV RI D GLVSHUVLQJ GUXP�W\SH
PRXOG ZLWK UHSODFHDEOH ZRUNLQJ VXUIDFHV �WLWDQLXP�
FRSSHU�� V\VWHP IRU LPSDUWLQJ URWDWLRQ XVLQJ D YDFXXP�
WLJKW DGDSWHU� HOHFWULF PRWRU DQG FRQWURO V\VWHP�

7KH GUXP�W\SH PRXOG LV PRXQWHG RQ WKH VKDIW XV�
LQJ D VSHFLDO IL[DWLRQ V\VWHP WR PLQLPLVH KHDW WUDQVIHU
IURP WKH ZRUNLQJ VXUIDFH RI WKH GUXP�W\SH PRXOG WR
WKH VKDIW� ,Q WXUQ� WKH VKDIW LV VHFXUHG LQ EHDULQJV RQ
VXSSRUWV IL[HG RQ WKH IUDPH RI WKH XQLW �)LJXUH ���
7KUHH�SKDVH DV\QFKURQRXV PRWRU ZLWK D SRZHU RI
��� N: LV ORFDWHG RXWVLGH WKH XQLW �)LJXUH ��� 5RWD�
WLRQ LV WUDQVIHUUHG IURP WKH PRWRU WR WKH GUXP�W\SH
PRXOG XVLQJ D IOH[LEOH JHDU YLD WKH YDFXXP�WLJKW
VOHHYH EXLOW LQWR WKH FRROLQJ MDFNHW RI WKH ZRUN FKDP�
EHU RI WKH 8(���� XQLW� 7KH URWDWLRQ PHFKDQLVP LV
FRQWUROOHG XVLQJ WKH HOHFWURQLF V\VWHP �5D]PHU�� ,Q
WKLV FDVH WKH VSHHG RI URWDWLRQ RI WKH GLYLGHU FDQ EH
JUDGXDOO\ UHJXODWHG ZLWKLQ D UDQJH RI � WR ���� USP�
&RQQHFWLRQV DUH PDGH LQ WKH LQJRW FKDPEHU RI WKH
XQLW WR LQWURGXFH WKHUPRFRXSOHV �� SFV� LQWR WKH PHOW�
LQJ FKDPEHU� 7KH WKHUPRFRXSOHV XVHG ZHUH WXQJVWHQ�

UKHQLXP DQG FKURPHO�DOXPHO RQHV� 7KH\ ZHUH FRQ�
QHFWHG WR WKH .63�� UHFRUGHU� 7KH PRXOG �VXEVWUDWH��
KDYLQJ KRUL]RQWDO RSHQLQJV WR IL[ WKHUPRFRXSOHV� LV
LQVWDOOHG RQ WKH KHDUWK RI WKH URG WR ZLWKGUDZ LQJRWV�
ZKLFK DOORZV SRVLWLRQ RI WKH PRXOG UHODWLYH WR WKH
GLVSHUVHG IORZ WR EH UHJXODWHG YLD YHUWLFDO GLVSODFH�
PHQW RI WKH URG�

0HOWLQJ ZDV GRQH LQ FRPSOLDQFH ZLWK WKH DERYH
SURFHGXUH� 5HVLGXDO SUHVVXUH GXULQJ PHOWLQJ ZDV DV
IROORZV� ���� 3D LQ WKH PHOWLQJ FKDPEHU DQG ����� 3D
LQ WKH HOHFWURQ EHDP KHDWLQJ FKDPEHU� 6FUDS RI DOX�
PLQLXP DOOR\ $0J� ZDV XVHG DV WKH FKDUJH� 7KH
FKDUJH ZDV IHG IURP D QRQ�FRQVXPDEOH ER[ LQWR WKH
FROG KHDUWK� IURP ZKLFK WKH PHOW ZDV SRXUHG WR WKH
GUXP�W\SH PRXOG �)LJXUH ��� 'LVWDQFH IURP WKH FROG
KHDUWK VSRXW WR WKH VXUIDFH RI WKH GUXP�W\SH PRXOG
LQ YHUWLFDO DQG KRUL]RQWDO GLUHFWLRQV� DV ZHOO DV WKH
GUXP�W\SH PRXOG URWDWLRQ VSHHG ZHUH VHOHFWHG H[SHUL�
PHQWDOO\� 7KLV UHVXOWHG LQ WKH IRUPDWLRQ RI D MHW RI
WKH GLVSHUVHG PHOW GURSOHWV GLUHFWHG RQWR WKH VXE�
VWUDWH� 7KH GLVSHUVLRQ SURFHVV ZDV FDUULHG RXW XQWLO
WKH LQJRW �� PP WKLFN ZDV JURZQ� 7KHQ WKH HOHFWURQ
EHDP KHDWLQJ ZDV VWRSSHG DQG FRROLQJ RI WKH LQJRW
ZDV SHUIRUPHG XQGHU YDFXXP FRQGLWLRQV�

&KHPLFDO FRPSRVLWLRQ RI WKH UHVXOWLQJ VDPSOH ZDV
GHWHUPLQHG E\ WKH VSHFWUDO DQDO\VLV PHWKRG� �� $O x
EDVH� ����&X� ����)H� ����0J� ����0Q DQG ���6L�
0DFUR� DQG PLFURVWUXFWXUHV RI WKH FURVV VHFWLRQ RI WKH
VDPSOH ZHUH H[DPLQHG �)LJXUH ��� 0DFURVWUXFWXUH RI
WKH VDPSOH ZDV ILQH�JUDLQHG� FRQWDLQLQJ QR SRUHV RU
GLVFRQWLQXLWLHV� 5HJLRQV ZLWK D GLIIHULQJ JUDLQ VL]H�
L�H� IURP��� WR ���µP�ZHUH GHWHFWHG�0LFURVWUXFWXUH
RI WKH VDPSOH ZDV KHWHURJHQHRXV� FRQVLVWLQJ RI JUDLQV
RI α�VROLG VROXWLRQ DQG 0J�$O� SUHFLSLWDWHV ORFDWHG
DORQJ WKH JUDLQ ERXQGDULHV�

�� &KDOPHUV� %� ������ 7KHRU\ RI VROLGLILFDWLRQ� 0RVFRZ�
0HWDOOXUJL\D�

�� 7LNKRQRYVN\� $�/�� 3DS� 3�$�� .R]OLWLQ� '�$� HW DO� ������
(OHFWURQ�EHDP FDVWLQJ IURP GLVSHUVHG PHOW� 3UREOHP\ 6SHWV�
(OHNWURPHWDOOXUJLL� �� ��w���

�� 7LNKRQRYVN\� $�/�� 7XU� $�$�� .UDYHWV� $�1� HW DO� ������
8(���� HOHFWURQ�EHDP XQLW� ,ELG�� �� ��w���

)LJXUH �� 8SJUDGHG HOHFWURQ EHDP XQLW 8(����

)LJXUH �� 7HFKQRORJLFDO IL[WXUH PRXQWHG RQ D PRYHDEOH IUDPH�
�x QRQ�FRQVXPDEOH ER[� �x FROG KHDUWK� �x GUXP�W\SH PRXOG

)LJXUH �� 0DFUR� �D� DQG PLFURVWUXFWXUH �E� �×��� RI WKH $0J�
DOOR\ VDPSOH SURGXFHG E\ WKH PHOW GLVSHUVLRQ PHWKRG
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

%DVLF PHWKRGV RI SURGXFLQJ VLQJOH FU\VWDOV IURP UHIUDFWRU\ PHWDO IURP YDSRXU� OLTXLG DQG VROLG SKDVHV DUH FRQVLGHUHG�

.H\ DWWHQWLRQZDV SDLG WR WKHPHWKRGV RI SURGXFLQJ FU\VWDOV IURP WKH OLTXLG SKDVH� HOHFWURQ EHDP ]RQHPHOWLQJ� SODVPD�DUF

GURS PHOWLQJ� SODVPD�LQGXFWLRQ ]RQH PHOWLQJ� ,W LV VKRZQ WKDW WKH WHFKQRORJ\ RI SODVPD�LQGXFWLRQ ]RQH PHOWLQJ GHYHORSHG

DW WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH LV WKH PRVW UDWLRQDO PHWKRG RI SURGXFLQJ IODW VLQJOH

FU\VWDO ELOOHWV IRU IXUWKHU PDQXIDFWXULQJ RI VLQJOH FU\VWDO UROOHG PHWDO �VKHHW� URGV� ZLUH��

.H\ ZRU G V � VLQJOH FU\VWDOV RI UHIUDFWRU\ PHWDOV� PHWKRGV

RI JURZLQJ VLQJOH FU\VWDOV� VWUXFWXUH� VKDSHG VLQJOH FU\VWDO

UROOHG PHWDO

0DMRU SUHVHQW DQG IXWXUH VFLHQWLILF DQG WHFKQLFDO SUR�
JUDPV RI GHYHORSPHQW RI KLJK WHFKQRORJLHV �VSDFH QX�

FOHDU HQHUJ\� DHURVSDFH HQJLQHHULQJ� FKHPLFDO LQGXVWU\�

HWF�� GHSHQG JUHDWO\ RQ WKH SURJUHVV RI VFLHQFH DQG HQ�

JLQHHULQJ RI UHIUDFWRU\ PDWHULDOV >�w�@� 7KH VROXWLRQ RI

SUREOHPV RI SURGXFLQJ IXQFWLRQDO PDWHULDOV SRVVHVVLQJ

VSHFLILF SURSHUWLHV �DELOLW\ RI ORQJ�WLPH RSHUDWLRQ XQGHU

WKH FRQGLWLRQV RI KLJK WHPSHUDWXUHV DQG DJJUHVVLYH PH�
GLD� F\FOLF ORDGV DQG VR RQ� EHFRPHV DFWXDO� 2ZLQJ WR
WKH FRPSOH[ RI XQLTXH SK\VLFDO DQG WHFKQRORJLFDO SUR�
SHUWLHV >�@� W\SLFDO RI UHIUDFWRU\ VLQJOH FU\VWDOV� WKH\

VDWLVI\ JUHDWO\ WKH UHTXLUHPHQWV VSHFLILHG� WKHUHIRUH�

WKH\ DUH WKH FKDOOHQJLQJ PDWHULDOV QDPHG LQ WKH VFLHQ�

WLILF�WHFKQLFDO OLWHUDWXUH DV IXQFWLRQDO PDWHULDOV� $OO

WKHVHSUREOHPVDUH LQVHSDUDEO\ OLQNHGZLWKDFKLHYHPHQWV
RI PDWHULDOV VFLHQFH� VSHFLDO PHWDOOXUJ\ DQG UROOHGPHWDO

SURGXFWLRQ LQ WKH WHFKQRORJ\ RI JURZLQJ UHIUDFWRU\ PH�

WDOOLF VLQJOH FU\VWDOV� WKHLU IXUWKHU SURFHVVLQJ DQG DOVR
LQ VWXG\ RI WKHLU SURSHUWLHV�

,Q WKH QDWXUDO IRUP� WKH PHWDOOLF VLQJOH FU\VWDOV
DUH PHW LQ QDWXUH YHU\ UDUH� WKHVH DUH PDLQO\ FU\VWDOV

RI QREOH PHWDOV �SODWLQXP� JROG� >�@� ([LVWLQJ PHWDOV

LQ D VLQJOH FU\VWDO VWDWH ZHUH SURGXFHG DUWLILFLDOO\�
%ULHI KLVWRU\ RI DSSHDUDQFH RI PDLQ PHWKRGV RI WKHLU
JURZLQJ LV JLYHQ LQ >�@�

$W WKH VWDJHV RI GHYHORSPHQW DQG SURJUHVV RI WKH
WHFKQRORJ\ RI JURZLQJ VLQJOH FU\VWDOV� ZKHQ WKH SUR�
FHVV LV QRW DXWRPDWHG RU DXWRPDWHG SDUWLDOO\� WKH SUR�

GXFLQJ RI VLQJOH FU\VWDOV ZLWK VWDEOH JHRPHWULF VL]HV�
SUHVHW FU\VWDOORJUDSK\� KLJK GHJUHH RI VWUXFWXUDO SHU�

IHFWLRQ DQG SXULW\ �DW RWKHU FRQGLWLRQV EHLQJ HTXDO�
GHSHQG JUHDWO\ RQ WKH VNLOO �DUW� RI DQ RSHUDWRU RI WKH
WHFKQRORJLFDO SURFHVV�

0DQ\ H[LVWLQJ PHWKRGV RI JURZLQJ FU\VWDOV� DQG
WKH\ DUH PRUH WKDQ ��� IURP WKH GDWD RI DXWKRUV RI
>�@� FDQ EH FODVVLILHG E\ VHYHUDO IHDWXUHV� )URP WKH
DJJUHJDWH VWDWH RI SKDVHV SDUWLFLSDWLQJ LQ WKH SURFHVV

RI JURZWK� WKH PHWKRGV RI JURZLQJ VLQJOH FU\VWDOV

IURP YDSRXU� OLTXLG DQG VROLG SKDVHV DUH GLVWLQ�

JXLVKHG� (DFK RI WKLV JURXS RI PHWKRGV FDQ EH GLYLGHG

LQWR VXEJURXSV� %\ WKH QDWXUH RI KHDW HQHUJ\ VRXUFHV
PHWKRGV ZLWK UDGLDWLRQ� LQGXFWLRQ� HOHFWURQ�EHDP�

SODVPD�DUF� ODVHU� VRODU DQG FRPELQHG KHDW VRXUFHV�

DQG DOVR HOHFWURO\VLV RI PHOW RI VDOWV DUH GLVWLQJXLVKHG�

6HOHFWLRQ RI HLWKHU PHWKRG RI JURZLQJ GHSHQGV RQ
FKDUDFWHULVWLFV VSHFLILHG IRU WKH VLQJOH FU\VWDO� $QDO\VLV

RI PHWKRGV RI SURGXFWLRQ RI VLQJOH FU\VWDOV RI UHIUDFWRU\

PHWDOV ZDV PDGH WR VWXG\ WKH IHDVLELOLW\ RI SURGXFLQJ

GHILQLWH JHRPHWU\ RI FU\VWDOV� V\VWHP RI FU\VWDOORJUDSKLF
RULHQWDWLRQV� GHJUHHRI VWUXFWXUDOSHUIHFWLRQDQG UHTXLUHG

OHYHO RI SXULW\ RI FU\VWDOV EHLQJ JURZQ�
*URZLQJ RI FU\VWDOV IURP JDV SKDVH� 0DWHULDOV�

SURGXFHG E\ GHSRVLWLRQ IURP WKH JDV SKDVH� SOD\ D

VLJQLILFDQW UROH LQ PRGHUQ LQGXVWU\ DQG WKHLU IXWXUH

ZLGHU DSSOLFDWLRQ LV H[SHFWHG� 7KLV LV H[SODLQHG E\

WKDW WKH GHSRVLWLRQ IURP JDV SKDVH LV XQLYHUVDO DQG

FRPSDUDWLYHO\ HFRQRPLFDO PHWKRG RI D PROHFXODU

IRUPLQJ �SURGXFLQJ FRDWLQJV� SRZGHUV� SURGXFWV� LQ�

VWUXPHQWV� E\ D FRQWUROODEOH VXEVWDQFH GHSRVLWLRQ LQ

WKH IRUP RI VHSDUDWH DWRPV RU PROHFXOHV >�@�

7KH SURFHVV RI JURZLQJ VLQJOH FU\VWDOV IURP WKH
JDV SKDVH IRXQG LWV GHYHORSPHQW DV IDU EDFN DV DW WKH

HQG RI WKH ;,; FHQWXU\� 0HFKDQLVPV RI JURZWK RI

FU\VWDOV IURP RYHUVDWXUDWHG YDSRXU ZHUH GHVFULEHG LQ

PDQ\ ZRUNV GHYRWHG WR WKH WKHRU\ DQG SUDFWLFH RI

SURFHVVHV RI JURZLQJ VLQJOH FU\VWDOV >�w��@� 'HSRVL�

WLRQ IURP WKH JDV SKDVH FDQ EH GHILQHG DV FRQGHQVDWLRQ

RI JDVHRXV �YDSRXU�OLNH� HOHPHQWV RU FRPSRXQGV ZLWK

WKH IRUPDWLRQ RI KDUG GHSRVLWV� 7KH JDV SKDVH FDQ EH

RI WKH VDPH FRPSRVLWLRQ DV WKH GHSRVLW� 7KLV LV D XVXDO

FDVH RI D SK\VLFDO GHSRVLWLRQ IURP WKH JDV SKDVH DW

ZKLFK WKH FU\VWDOV DUH SURGXFHG RQO\ GXH WR WKH VXE�

VWDQFH FRQGHQVDWLRQ� 'XULQJ FKHPLFDO GHSRVLWLRQ IURP

WKH JDV SKDVH LWV FRPSRVLWLRQ DQG FRPSRVLWLRQ RI GH�

SRVLW DUH GLIIHUHG VLJQLILFDQWO\ IURP HDFK RWKHU� ,Q

WKLV FDVH WKH GHSRVLWV DUH IRUPHG DV D UHVXOW RI FKHPLFDO

� 9�$� 6+$329$/29� 0�/� =+$'.(9,&+� *�)� 725.+29� 9�9� =+2/8' DQG 9�9� <$.86+$� ����

7KH ZRUN ZDV FDUULHG RXW E\ VXSSRUW RI 6FLHQFH DQG 7HFKQRORJ\ &HQWHU LQ 8NUDLQH �67&8��
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UHDFWLRQV ZKLFK DUH SURFHHGLQJ QHDU WKH VXUIDFH� DW
WKH VXUIDFH RU LQ D VXEVXUIDFH OD\HU RI D VXEVWUDWH�

'HSHQGLQJ RQ WKH PHWKRG RI WUDQVSRUWLQJ WKH YD�
SRXU�OLNH VXEVWDQFH IURP WKH VRXUFH WR WKH FU\VWDO�
OL]DWLRQ ]RQH IRXU PDLQ PHWKRGV DUH GLVWLQJXLVKHG
>��@� PROHFXODU EHDPV� FDWKRGH VSXWWHULQJ� FU\VWDO�
OL]DWLRQ IURP WKH JDV SKDVH LQ D FORVHG YROXPH� FU\V�
WDOOL]DWLRQ LQ WKH LQHUW JDV IORZ� 0HWDO FRQGHQVDWLRQ
PD\ RFFXU ERWK LQWR OLTXLG DQG VROLG SKDVHV� 2SWLPXP
WHPSHUDWXUH FRQGLWLRQ VKRXOG SURYLGH WKH VLPXOWDQH�
RXV H[LVWHQFH RI OLTXLG DQG VROLG SKDVHV DW KRW DQG
FROG HQGV RI WKH FRQGHQVHU� 7KH ODUJH GUDZEDFN RI
FU\VWDOV JURZQ E\ FRQGHQVDWLRQ IURP D QDWXUDO YDSRXU
LV WKH OLPLWHG JHRPHWULF VL]HV�

$V UHJDUGV WR SURGXFLQJ VLQJOH FU\VWDOV RI UHIUDF�
WRU\ PHWDOV IURP WKH JDV SKDVH D PHWKRG RI FKHPLFDO
WUDQVSRUW UHDFWLRQV �&75� KDV IRXQG WKH PRVW ZLGH
VSUHDGLQJ >�� ��w��@� 7KH VFKHPDWLF GLDJUDP RI WKH
PHWKRG LV VKRZQ LQ )LJXUH �� 6LQJOH FU\VWDOV SURGXFHG
LQ YDSRXU GHSRVLWLRQ DV D UHVXOW RI UHGXFWLRQ RI KDORLG
VDOWV �LRGLGHV� IOXRULGHV� FKORULGHV� HWF�� KDYH FRP�
SDUDWLYHO\ ODUJH VL]HV DQG D UHTXLUHG SURILOH ZKLFK LV
SUHVHW E\ WKH VXEVWUDWH VXUIDFH JHRPHWU\� 7KH PDLQ
IDFWRUV LQIOXHQFLQJ WKH QDWXUH RI JURZWK RI FU\VWDOV
�VXUIDFH PRUSKRORJ\� VWUXFWXUH KRPRJHQHLW\� JURZWK
UDWH DQG VR RQ� DUH DV IROORZV� W\SH RI &75� FU\VWDO�
ORJUDSK\ RI VXEVWUDWH� YDOXH RI SUHVVXUH LQ D V\VWHP�
SUHVHQFH RI DGVRUSWLRQ�DFWLYH JDV FRPSRQHQWV LQ WKH
V\VWHP �R[\JHQ� IOXRULQH� FKORULQH� >��� ��@�

6LQJOH FU\VWDOV RI QLRELXP� ZKLFK ZHUH JURZQ LQ
WKH SURFHVV RI 1E&O� K\GURJHQ UHGXFWLRQ RQ WKH KHDWHG
QLRELXP VXEVWUDWH �ZLUH� VWULS� >��@� KDG D GLVRULHQ�
WDWLRQ RI XQLWV RI OHVV WKDQ ����� $W FHUWDLQ FRQGLWLRQV
RI FRQGXFWDQFH RI H[SHULPHQWV WKH VLQJOH FU\VWDOV RI
XS WR �� PP OHQJWK DQG �w� PP WKLFNQHVV ZHUH JURZ�
LQJ DW VHSDUDWH DUHDV RI VXEVWUDWH� 7KH JURZWK RI VLQJOH
FU\VWDOV ZDV REVHUYHG PDLQO\ LQ WKH GLUHFWLRQ >�

__
��@�

7KH HVVHQWLDO GUDZEDFN RI FU\VWDOV SURGXFHG E\ K\�
GURJHQ UHGXFWLRQ LV D KLJK JDV VDWXUDWLRQ� &RQWHQW RI
JDV LPSXULWLHV LQ QLRELXP VLQJOH FU\VWDOV ZDV LQ ZW���
����+� ����1� ����2�

,Q ZRUNV >��w��@ WKH SURFHVVHV RI SURGXFLQJ DQG
SURSHUWLHV RI JDV�SKDVH VLQJOH FU\VWDO WXQJVWHQ DQG
PRO\EGHQXP ZHUH VHOHFWHG DV D VXEMHFW RI LQYHVWLJD�
WLRQV� $W VXIILFLHQWO\ KLJK GHJUHHV RI RYHUVDWXUDWLRQ
WKH VLQJOH FU\VWDOV RI WXQJVWHQ >��@ GHSRVLWHG RQ PR�
O\EGHQXP VXEVWUDWHV KDG D KRPRJHQHRXV VWUXFWXUH
ZLWK PDFURVFRSLFDOO\�VPRRWK OLPLWHG ODWHUDO VXUIDFHV�
'HSHQGLQJ RQ WKH VWUXFWXUH RI VXEVWUDWH� WKH SUHVHQFH
RI IRUHLJQ LPSXULWLHV LQ LW� SUHVVXUH IOXFWXDWLRQV LQ
WKH V\VWHP WKH VXEVWUXFWXUHV RI GLIIHUHQW SHUIHFWLRQ
ZHUH IRUPHG�

8VLQJ WKH &75 PHWKRG WKH VXSHUWKLFN �VHYHUDO
PLOOLPHWHUV� KH[DJRQDO VLQJOH FU\VWDOV RI WXQJVWHQ RQ

PRO\EGHQXP VLQJOH FU\VWDO WXEXODU VXEVWUDWHV RI ��w
�� PP GLDPHWHU ZHUH JURZQ LQ D FKORULGH V\VWHP >��@
DW WKH UDWHV RI JURZWK XS WR ���� PJ��FP

�⋅V� DW WKH
IROORZLQJ UHDFWLRQ RQ WKH VXEVWUDWH�

:&O� wxxxx→
���� w ���� .

: + �&O��

7KH &75PHWKRG LV XVHG ZLGHO\ IRU SURGXFLQJ ZKLV�
NHUV RI UHIUDFWRU\ PHWDOV� DV WKH FRPSDUDWLYHO\ ORQJ
WKUHDGV FDQ EH JURZQ XVLQJ D YHU\ VLPSOH HTXLSPHQW�
7KH ZKLVNHUV DUH FKDUDFWHUL]HG E\ D KLJK LQWHUQDO SHU�
IHFWLRQ� KDYH D PRUH FOHDUO\ H[SUHVVHG RULHQWDWLRQ� WKDQ
WKH FU\VWDOV JURZQ E\ RWKHU PHWKRGV� DQG� VRPHWLPHV�
YHU\ VPRRWK IDFHWV RI VPDOO LQGLFHV >�@�

:KHQ FU\VWDOV DUH JURZLQJ IURP YDSRXU� WKHUH LV
D IHDVLELOLW\ RI D VHOHFWLYH WUDQVLWLRQ RI LQLWLDO PDWHULDO
LQWR WKH JDV SKDVH� QH[W LWV WUDQVLWLRQ WR WKH VXEVWUDWH
DQG SURGXFLQJ GHSRVLW RI D SUHVHW VWUXFWXUH� &KHPLFDO
WUDQVIHU DOORZV PDNLQJ DQ DGGLWLRQDO SXULILFDWLRQ E\
D VHSDUDWLQJ GLVWLOODWLRQ RI YRODWLOH LQWHUPHGLDWH SUR�
GXFWV� DQG DOVR E\ D VHOHFWLYH UHDFWLRQ LQ WKH PDWHULDO
VRXUFH RU RQ WKH VXEVWUDWH KHDWHG� 6XUIDFHV RI WKH
GHSRVLWLQJ VLQJOH FU\VWDOV DUH� DV UXOH� YHU\ IODW WKDW
LV LPSRVVLEOH WR SURGXFH XVLQJ RWKHU PHWKRGV� 8VLQJ
&75 PHWKRG LW LV SRVVLEOH WR JURZ WKH TXLWH SXUH
FU\VWDOV� KRZHYHU� LW FDQ EH XVHG RQO\ IRU PHWDOV ZKLFK
IRUP YRODWLOH DQG HDVLO\�UHGXFHG FRPSRXQGV� 7KLV
PHWKRG PDNHV LW SRVVLEOH WR DWWDLQ WKH UHODWLYHO\ KLJK
UDWHV RI FU\VWDO JURZWK DW WHPSHUDWXUHV EHLQJ PXFK
ORZHU WKDQ WKH PHWDO PHOWLQJ SRLQWV�

+RZHYHU WKH UDWH RI JURZLQJ VLQJOH FU\VWDOV IURP
WKH JDV SKDVH LV ORZHU E\ VHYHUDO RUGHUV WKDQ WKH UDWH
RI JURZWK RI FU\VWDOV IURP WKH PHOW GXH WR D ORZ
FRQFHQWUDWLRQ RI WKH VXEVWDQFH EHLQJ FU\VWDOOL]HG LQ
YDSRXU� 7KH VLQJOH FU\VWDOV SURGXFHG IURP WKH JDV
SKDVH KDYH QHJOLJLEOH VL]HV DQG LQFUHDVHG FRQWHQW RI
JDV LPSXULWLHV� ,W LV QRW DOZD\V PDQDJHG WR JURZ FU\V�
WDOV RI WKH SUHVHW VKDSH DQG FU\VWDOORJUDSK\� 7KH
DERYH�PHQWLRQHG FLUFXPVWDQFHV OLPLW DW SUHVHQW WKH
ZLGH DSSOLFDWLRQ RI JDV�SKDVH PHWKRGV IRU JURZLQJ
VLQJOH FU\VWDOV RI UHIUDFWRU\ PHWDOV� $V D UXOH� WKHVH
WHFKQRORJLHV ILQG DSSOLFDWLRQ IRU SURGXFLQJ ZKLVNHUV
DQG WKLQ HSLWD[LDO ILOPV�

3URGXFLQJ VLQJOH FU\VWDOV LQ VROLG SKDVH� 7KH DS�
SOLFDWLRQ RI PHWKRGV� EDVHG RQ SURFHVVHV RI UHFU\VWDO�
OL]DWLRQ� DUH NQRZQ ORQJ DJR LQ WKH SUDFWLFH RI JURZLQJ
RI VLQJOH FU\VWDOV� 7KH ILUVW LQIRUPDWLRQ DERXW SURGXF�
LQJ VLQJOH FU\VWDOV XVLQJ WKH PHWKRG RI �GHIRUPDWLRQ�
DQQHDOLQJ� LV UHIHUUHG WR ���� ZKHQ &DUSHQWHU DQG
,ODP ILUVW VXJJHVWHG WKLV PHWKRG IRU SURGXFLQJ VLQJOH
FU\VWDOV DQG ODUJH�FU\VWDOOLQH DOXPLQLXP >��@� ,Q VSLWH
RI WKHLU DJH� WKH VROLG�SKDVH PHWKRGV RI FU\VWDO JURZ�
LQJ DUH XVHG ZLGHO\ LQ LQGXVWU\� $W SUHVHQW WKLV LV RQH
RI RSWLPXP SRVVLEOH PHWKRGV RI SURGXFLQJ VLQJOH FU\V�
WDOV LQ WKH IRUP RI SODWHV� VWULS DQG ZLUH ZLWK ULJLG
WROHUDQFHV LQ JHRPHWU\� DQG DOVR VLQJOH FU\VWDOV ZLWK
D ZLGH LQWHUYDO RI FU\VWDOOL]DWLRQ�

&RQGLWLRQV� DW ZKLFK WKH JURZWK RI VLQJOH FU\VWDOV
LQ D VROLG SKDVH LV RFFXUUHG� GLIIHU LQ WKH PDLQ IURP
WKH FRQGLWLRQV H[LVWLQJ LQ WKH SURFHVV RI JURZWK RI
FU\VWDOV IURP PHOW RU YDSRXU� ,Q WKH JLYHQ FDVH WKH
VXUIDFH RI WKH JURZLQJ FU\VWDO GRHV QRW FROOLGH ZLWK
IUHH DWRPV DQG PROHFXOHV DQG VKRXOG FDSWXUH SDUWLFOHV

)LJXUH �� 6FKHPH RI JURZLQJ WXQJVWHQ FU\VWDO E\ WKH &75 PHWKRG
RI YDQ $UNHO >�@� � x KHDWHG ZLUH ZLWK WXQJVWHQ SULPLQJ �ZKLV�
NHUV�� � x VXEOLPDWHG VDOW :%U�
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IURP WKH DGMDFHQW OD\HUV RI WKH VXUURXQGLQJ PDWUL[
KDYLQJ WKH FU\VWDOOLQH VWUXFWXUH� $V D UHVXOW� WKH
JURZWK RI FU\VWDO RFFXUV E\ D JUDGXDO PRYHPHQW RI
JUDLQ ERXQGDU\ EHWZHHQ WZR GLIIHUHQWO\ RULHQWHG UH�
JLRQV RI WKH FU\VWDOOLQH ODWWLFH >��@�

)RUPDWLRQ RI VLQJOH FU\VWDO VWUXFWXUH LQ D VROLG VWDWH
LV DVVRFLDWHG ZLWK D GRPLQDWLQJ JURZWK RI RQH JUDLQ DW
WKH H[SHQVH RI D VXUURXQGLQJ SRO\FU\VWDOOLQH PDWUL[�
)URP WKH HQHUJ\ SRLQW RI YLHZ� WKLV SURFHVV LV PRUH
SURILWDEOH� LWV PRWLYH IRUFH LV WKH GHFUHDVH LQ VXUIDFH
HQHUJ\ RI JUDLQ ERXQGDULHV GXH WR GHFUHDVH LQ WKHLU WRWDO
H[WHQVLRQ DQG DFWLRQ RI VXUIDFH WHQVLRQ IRUFHV >��@� $W
VRPH GHILQLWH WHPSHUDWXUH WKH DPSOLWXGHV RI RVFLOODWLRQV
RI DWRPV DUH LQFUHDVHG VR WKDW WKHLU WUDQVLWLRQ IURP RQH
FU\VWDO WR DQRWKHU EHFRPHV SRVVLEOH� L�H� WKH PRYHPHQW
RI JUDLQ ERXQGDULHV LV RFFXUUHG�

7KH SURFHVV RI IRUPDWLRQ RI D VLQJOH FU\VWDO VWUXFWXUH
LQ KHDWLQJ RI D VHPL�FU\VWDOOLQH VDPSOH GHIRUPHG WR D
FULWLFDO GHJUHH LV EHJLQQLQJ IURP QXFOHL SURQH WR WKH
IXUWKHU JURZWK� 7KH JURZWK RI QXFOHL RFFXUV GXH WR
WUDQVLWLRQ RI DWRPV IURP GHIRUPHG FU\VWDOV WR PRUH UH�
VLVWDQW WKHUPRG\QDPLFDOO\ VPDOOHU�GHIRUPHG FU\VWDOV�
7KH ILUVW VWDJH RI UHFU\VWDOOL]DWLRQ �SULPDU\ RU UHFU\V�
WDOOL]DWLRQ RI SURFHVVLQJ� FRQVLVWV LQ UHSODFHPHQW RI GH�
IRUPHG JUDLQV E\ QHZ XQGHIRUPHG JUDLQV� 7KH VHFRQG
VWDJH �FROOHFWLYH UHFU\VWDOOL]DWLRQ� UHVXOWV LQ JURZWK RI
QHZ VPDOO�GHIRUPHG JUDLQV FRPLQJ LQWR FRQWDFW ZLWK
GHIRUPHG JUDLQV� ,Q D SHUIHFW FDVH WKH FROOHFWLYH UHFU\V�
WDOOL]DWLRQ OHDGV WR RFFXUUHQFH RI D VWDEOH VLQJOH FU\VWDO
VWUXFWXUH RI PHWDO� +RZHYHU� WKLV LV GLIILFXOW WR DWWDLQ
LQ SUDFWLFH� 2QH RI WKH PDLQ FDXVHV RI EUDNLQJ WKH JUDLQ
JURZWK LV WKH LPSXULWLHV ZKLFK DUH DUUDQJHG DORQJ WKH
ERXQGDULHV >�@� 7KLV UHTXLUHV WKH XVH RI WKH KLJK�SXULW\
LQLWLDO PDWHULDOV� 7KH VHFRQG GLUHFWLRQ SURYLGLQJ WKH
IDYRXUDEOH JURZWK RI FU\VWDOV LV EDVHG RQ XVH RI DOOR\LQJ
PLFURILOOHUV >��w��@ ZKLFK VWLPXODWH WKH JURZWK RI
JUDLQV LQ D VROLG SKDVH� 7KH SUHVHQFH RI D GRVHG DPRXQW
RI FDOFLXP DQG PDQJDQHVH R[LGH EUDNHV WKH QRUPDO
JURZWK RI JUDLQ LQ WKH ORZ�WHPSHUDWXUH UHJLRQ RI DQ�
QHDOLQJ DQG SURPRWHV LWV DQRPDORXV JURZWK LQ WKH KLJK�
WHPSHUDWXUH UHJLRQ >��@�

$FFRUGLQJ WR WKHVH GHYHORSPHQWV� WKH VLQWHUHG ELO�
OHWV DUH PDQXIDFWXUHG IURP WKH PDWUL[ PHWDO �WXQJ�
VWHQ� PRO\EGHQXP� ZLWK PLFURDGGLWLRQV &D2 DQG
0J2 E\ WKH PHWKRG RI D SRZGHU PHWDOOXUJ\ DQG WKHQ
VXEMHFWHG WR WKH KLJK�WHPSHUDWXUH SODVWLF GHIRUPDWLRQ
�UROOLQJ ZLWK D KLJK UHGXFWLRQ UDWLR� WR SURGXFH WKH
SULPDU\ WH[WXUH� )RUPDWLRQ RI VLQJOH FU\VWDO VWUXFWXUH
RFFXUV LQ DQQHDOLQJ RI VDPSOHV LQ YDFXXP RU K\GURJHQ
GXULQJ VHYHUDO GR]HQV RI KRXUV DW WHPSHUDWXUHV ZKLFK
DUH ORZHU WKDQ WKH WHPSHUDWXUH RI PDWUL[ PHWDO PHOW�
LQJ� 7KHUH LV LQIRUPDWLRQ DERXW SURGXFLQJ VLQJOH FU\V�
WDO WXQJVWHQ ���×���×�� PP SODWHV XVLQJ WKH DERYH�
PHQWLRQHG WHFKQRORJ\� 6LQJOH FU\VWDOV FRQWDLQLQJ DO�
OR\LQJ PLFURDGGLWLRQV >��� ��@ DUH FKDUDFWHUL]HG E\
WKH SUHVHQFH RI KLJK LQWHUQDO VWUHVVHV� 7KH PLFURUH�
JLRQV RI RWKHU RULHQWDWLRQ� L�H� �SDUDVLWLF� LVODQG
JUDLQV� DUH UHPDLQHG XVXDOO\ LQ WKHP�

,Q PRVW PHWKRGV RI JURZLQJ FU\VWDOV D WHPSHUDWXUH
JUDGLHQW LV FUHDWHG LQ KHDWLQJ >��@ ZKRVH SUHVHQFH LQ
WKH JURZWK SURFHVV LV QHFHVVDU\ WR SUHYHQW WKH DUEL�
WUDU\ RULJLQDWLRQ RI QXFOHL LQ GLIIHUHQW UHJLRQV RI WKH
VDPSOH� 7KH PRVW IDYRXUDEOH FRQGLWLRQV IRU WKH

JURZWK DUH SURYLGHG LQ WKDW FDVH ZKHQ D QXFOHXV LV
LQWURGXFHG LQWR D IXUQDFH KRW ]RQH� ZKLFK LV JURZLQJ
VR TXLFNO\ WKDW DEVRUEV D ILQH�JUDLQ PDWUL[ EHIRUH WKH
RULJLQ RI WKH VHFRQG QXFOHXV LQ LW� 2SWLPXP JUDGLHQW
DQG UDWH RI PRYHPHQW RI WKH VDPSOH DUH GHWHUPLQHG
E\ D WHPSHUDWXUH UHODWLRQVKLS RI UDWHV RI RULJLQ DQG
JURZWK� 7KLV FRQFOXVLRQ LV EDVHG RQ WKH IDFW WKDW WKH
DPRXQW RI JUDLQV ZKLFK RFFXUV LQ WKH VDPSOH LV LQ�
FUHDVHG RIWHQ ZLWK WKH LQFUHDVH LQ WKH KHDWLQJ UDWH�

$V ZLWK DOO WKH H[LVWLQJ PHWKRGV RI SURGXFLQJ VLQ�
JOH FU\VWDOV WKH SUHVHQW PHWKRG KDV LWV DGYDQWDJHV DQG
GLVDGYDQWDJHV� 'LVDGYDQWDJHV LQFOXGH WKH FRPSOH[LW\
RI FRQWURO RI RULHQWDWLRQV RI WKH JURZLQJ FU\VWDO� OLPL�
WDWLRQ RI VDPSOH WKLFNQHVV� SRVVLELOLW\ RI DSSHDUDQFH
RI �SDUDVLWLF� LVODQG JUDLQV RI VL]HV IURP ���� WR
���� PP LQ WKH VLQJOH FU\VWDO VWUXFWXUH >��@ ZKLFK
GLVWXUE WKH PRQRFU\VWDOOLQLW\ DQG GHWHULRUDWH SURSHU�
WLHV� PDNH IXUWKHU SURFHVVLQJ E\ GHIRUPDWLRQ PRUH
FRPSOLFDWHG� EHLQJ FHQWHUV RI LQLWLDWLRQ RI FUDFNV OHDG�
LQJ WR WKH FU\VWDO IUDFWXUH� 7KH EDVLF GUDZEDFN LV WKH
LPSRVVLELOLW\ RI SURGXFLQJ VLQJOH FU\VWDOV RI D GHILQLWH
FU\VWDOORJUDSKLF RULHQWDWLRQ DV WKH SURFHVVHV RI GHIRU�
PDWLRQ LQ FU\VWDOV DUH SURFHHGLQJ DORQJ WKH FU\VWDO�
ORJUDSKLF SODQHV DQG GLUHFWLRQV GHILQHG IRU HDFK W\SH
RI ODWWLFH >��@�

+RZHYHU� WKH PHWKRGV RI SURGXFLQJ FU\VWDOV LQ D
VROLG VWDWH DUH RIWHQ PRUH SUHIHUDEOH WKDQ RWKHUV E\
WKH IROORZLQJ UHDVRQV� WKH\ DOORZ XV WR SURGXFH VLQJOH
FU\VWDOV LQ ZKLFK WKH SKDVH WUDQVIRUPDWLRQV DUH RF�
FXUUHG EHWZHHQ WKH PHOWLQJ SRLQW DQG URRP WHPSHUD�
WXUH� LQ FRPELQDWLRQ ZLWK SUHOLPLQDU\ FKHPLFDO FOHDQ�
LQJ WKH UHFU\VWDOOL]DWLRQ DQQHDOLQJ FDQ SURYLGH SUR�
GXFLQJ VLQJOH FU\VWDOV ZLWK D VXIILFLHQWO\ SHUIHFW VWUXF�
WXUH FKDUDFWHUL]HG E\ DEVHQFH RI VXEJUDLQV DQG UHOD�
WLYHO\ XQLIRUP GHQVLW\ RI GLVORFDWLRQV� VKDSH RI VDPSOH
FDQ EH PRUH DFFXUDWH WKDQ LQ JURZLQJ IURP WKH PHOW�
WKXV SURYLGLQJ LQ VRPH FDVHV WKH HDV\ SURGXFLQJ RI
FU\VWDOV LQ WKH IRUP RI WKLQ VKHHWV RU ZLUH RI VPDOO
GLDPHWHU �PHWKRG RI +XJHU >��@��

3URGXFLQJ RI VLQJOH FU\VWDOV RI UHIUDFWRU\ PHWDOV
E\ WKHPHWKRGRI HOHFWURQEHDP]RQHPHOWLQJ �(%=0��
$PRQJ WKH OLTXLG SKDVH PHWKRGV RI JURZLQJ VLQJOH FU\V�
WDOV RI UHIUDFWRU\ PHWDOV XVLQJ WKH KLJKO\�FRQFHQWUDWHG
KHDW VRXUFHV� WKH (%=0 RFFXSLHV RQH RI WKH ILUVW SODFHV
LQ WKLV ILHOG DV WR WKH LQGXVWULDO DSSOLFDWLRQ� QXPEHU RI
SXEOLVKHG VFLHQWLILF ZRUNV DQG GHJUHH RI VWXG\�

7KHPHWKRG RI D ]RQHPHOWLQJZLWK HOHFWURQ KHDWLQJ
KDV D QXPEHU RI DGYDQWDJHV >��@� KLJK VSHFLILF FRQ�
FHQWUDWLRQ RI SRZHU� KLJK HIILFLHQF\ IDFWRU RI XQLWV
�PRUH WKDQ ����� IHDVLELOLW\ RI FUHDWLQJ D YHU\ QDUURZ
]RQH RI KHDWLQJ E\ IRFXVLQJ WKH EHDP RI HOHFWURQV�
IHDVLELOLW\ RI ]RQH PRYHPHQW QRW RQO\ DV D UHVXOW RI
D PHFKDQLFDO PRYHPHQW RI WKH VDPSOH RU HPLWWHU� EXW
DOVR GXH WR GHIOHFWLRQ RI WKH IORZ RI HOHFWURQV�

7KH JURZWK RI FU\VWDOV XQGHU WKH (%=0FRQGLWLRQV
LV SURFHHGLQJ E\ WKH SURFHVV RI D GLUHFWHG FU\VWDO�
OL]DWLRQ RI D VORZO\ PRYLQJ QDUURZ ]RQH RI WKH PROWHQ
PHWDO� 7R DYRLG WKH FRQWDFW RI UHIUDFWRU\ PHWDO EHLQJ
UHPHOWHG ZLWK D FUXFLEOH PDWHULDO DQG WR SUHYHQW LW
IURP LQHYLWDEOH FRQWDPLQDWLRQ� WKH SURFHVV RI JURZLQJ
VLQJOH FU\VWDOV LV SHUIRUPHG E\ YHUWLFDO FUXFLEOH�IUHH
(%=0 �)LJXUH ��� ,Q D YHUWLFDOO\�ORFDWHG VDPSOH D
QDUURZ PROWHQ ]RQH RI PHWDO� IRUPHG E\ D EHDP RI
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HOHFWURQV� LV PDLQWDLQHG IURP IORZLQJ RXW E\ VXUIDFH
WHQVLRQ IRUFHV� +HUH� WKH UDWLR RI VXUIDFH WHQVLRQ �LQ
1�P� WR PHOW GHQVLW\ �LQ NJ�P

�
� VKRXOG EH QRW OHVV

WKDQ ����� >��@� 7KH PHWKRG PDNHV LW SRVVLEOH WR JURZ
VLQJOH FU\VWDOV RI PRO\EGHQXP DQG WXQJVWHQ RI D F\�
OLQGULFDO VKDSH �DW WKURXJK PHOWLQJ RI WKH ELOOHW� RI
GLDPHWHU XS WR �� DQG �� PP� UHVSHFWLYHO\�

7KH LQVWDOODWLRQV IRU ]RQH PHOWLQJ ZLWK DQ HOHFWURQ
KHDWLQJ DUH GLYLGHG LQWR WZR EDVLF FODVVHV E\ WKH W\SH
RI HOHFWURQ HPLWWHUV� ZLWK FLUFXODU DQG D[LDO HPLWWHUV�
7KH FLUFXODU HPLWWHUV DUH PRUH RIWHQ XVHG LQ LQVWDOOD�
WLRQV IRU WKH YHUWLFDO FUXFLEOH�IUHH ]RQH PHOWLQJ� DV
PRUH HFRQRPLFDO DQG VLPSOH LQ GHVLJQ�

'XULQJ WKH SURFHVV RI WKH FUXFLEOH�IUHH (%=0 WKH
LQWHQVLYH �EXUVW� HYDSRUDWLRQ RI LPSXULWLHV ZKLFK LV
DFFRPSDQLHG E\ VSDWWHUV RI WKH PROWHQ PHWDO LV SRV�
VLEOH� ,Q SDUDOOHO� WKH VLJQLILFDQW HYDSRUDWLRQ RI WKH
SDUHQW PHWDO LV DOVR REVHUYHG >��@� ,Q WKLV FDVH� D
VLPXOWDQHRXV FRQWDPLQDWLRQ RI ERWK FDWKRGH ZLWK
HYDSRUDWLQJ DGPL[WXUHV DQG GURSOHWV RI PHWDO� DQG
DOVR RI WKH UHPHOWLQJ PHWDO ZLWK D FDWKRGH PDWHULDO
LV SRVVLEOH� WKXV UHVXOWLQJ LQ LQVWDELOLW\ RI DQRGLF FXU�
UHQW LQIOXHQFLQJ QHJDWLYHO\ RQ WKH TXDOLW\ RI WKH FU\V�
WDO EHLQJ JURZQ� 7R DYRLG WKH DERYH�PHQWLRQHG� VSH�
FLDO GHVLJQV RI WKH FDWKRGH XQLW DUH PDGH XVLQJ VKLHOGV
DQG GHIOHFWLQJ V\VWHPV� 7KH HYDSRUDWLRQ RI DGPL[WXUHV
DQG ]RQH VHFRQGDU\ UHFU\VWDOOL]DWLRQ DUH WKH PDLQ
PHFKDQLVPV RI UHILQLQJ UHIUDFWRU\ PHWDOV LQ (%=0
>��� ��@� 7KH KLJK GHJUHH RI UHILQLQJ LV DWWDLQHG E\ D
PXOWLSOHPRYHPHQW RI WKHPROWHQ ]RQH DORQJ WKH LQJRW�

7KH HOHFWURQ PHOWLQJ LV FORVHO\ FRQQHFWHG ZLWK WKH
SUHVHQFH RI YDFXXP� 7KH H[SHULHQFH VKRZV WKDW GXULQJ
RSHUDWLRQ RI WKH LQVWDOODWLRQ IRU ]RQH PHOWLQJ XVLQJ HOHF�
WURQ KHDWLQJ WKH UHVLGXDO SUHVVXUH LQ FKDPEHU VKRXOG EH

QRW PRUH WKDQ ����⋅��w� 3D� $V D UXOH� WKH XVH RI RLO
YDFXXP SXPSV GRHV QRW SURYLGH WKH SURGXFLQJ UHIUDF�
WRU\ VLQJOH FU\VWDOV ZLWK D ORZ FRQWHQW RI FDUERQ� +RZ�
HYHU� WKH VLQJOH FU\VWDOV RI WXQJVWHQ >��@� JURZQ IURP
FRPPHUFLDO URG WXQJVWHQ XQGHU FRQGLWLRQV RI VXSHUKLJK
YDFXXP DW D ORZ �����⋅��w� 3D� SDUWLDO SUHVVXUH RI K\�
GURFDUERQV �DSSOLFDWLRQ RI FU\RJHQLF FRQGHQVDWLRQ DQG
VRUSWLRQ YDFXXP SXPSV�� KDG KLJK GHJUHH RI SXULW\ DQG
D ORZ GHQVLW\ RI GLVORFDWLRQV RI �⋅���w�⋅��� FPw�

RUGHU�
'XULQJ ]RQH PHOWLQJ WKH PHWDOOLF LPSXULWLHV� FORVH WR
WKH EDVH HOHPHQW E\ YDSRXU SUHVVXUH� LQ SDUWLFXODU RI
VXFK UHIUDFWRU\ PHWDOV DV YDQDGLXP� ]LUFRQLXP� DUH QRW
DOPRVW UHPRYHG DQG WKH UHILQLQJ IURP LQWHUVWLWLDO LPSX�
ULWLHV LV ORZ�HIIHFWLYH >��@�

7KH XVH RI LQWHJUDWHG WHFKQRORJLHV LQFOXGLQJ D GHHS
UHILQLQJ RI LQLWLDO PDWHULDOV >��� ��@ DQG QH[W PXOWLSOH
(%=0 JLYHV DQ RSSRUWXQLW\ WR JURZ VLQJOH FU\VWDOV
RI WXQJVWHQZLWK PRO\EGHQXP FRQWHQW DQG VLQJOH FU\V�
WDOV RI PRO\EGHQXPZLWK WXQJVWHQ FRQWHQW DW WKH OHYHO
RI � SSP� 7KH SURGXFHG FU\VWDOV DUH FKDUDFWHUL]HG E\
UDWLR RI HOHFWULF UHVLVWDQFHV 5��� .�5���� HTXDO WR
������ IRU WXQJVWHQ DQG ������� IRU PRO\EGHQXP�
7KHVH KLJK YDOXHV RI UHODWLYH UHVLGXDO HOHFWULF UHVLV�
WDQFH JLYH JURXQGV WR VWDWH >��@ WKH VWUXFWXUDO SHU�
IHFWLRQ RI WKH SURGXFHG VLQJOH FU\VWDOV� &U\VWDOV RI D
VPDOO GLDPHWHU ��w�� PP� KDYH WKLV VWUXFWXUDO SHU�
IHFWLRQ DQG KLJK SXULW\� 7KH WXQJVWHQ FU\VWDOV� JURZQ
E\ (%=0� DUH FKDUDFWHUL]HG XVXDOO\ E\ WKH GHQVLW\
RI GLVORFDWLRQV RI ��

�
w��

�
FP

w�
RUGHU DQG VXEVWUXFWXUH

RI WKUHH VFDOH OHYHOV� 7KH PDLQ VRXUFHV RI GLVORFDWLRQV
DUH KLJK WKHUPDO VWUHVVHV H[LVWLQJ ERWK LQ JURZWK DQG
LQ FRROLQJ RI VLQJOH FU\VWDOV�

&U\VWDOV RI D ODUJH GLDPHWHU �XS WR �� PP� FDQ
EH SURGXFHG E\ WKH PHWKRG RI D SHULSKHU\ HOHFWURQ
EHDP ]RQH PHOWLQJ >��� ��� ��@� 7KH SHULSKHU\ (%=0
JLYHV DQ RSSRUWXQLW\ WR JURZ OD\HU�E\�OD\HU WKH DG�
GLWLRQDO VLQJOH FU\VWDO OD\HUV RQ D VLQJOH�OD\HU SULPHU
ZLWKRXW D WKURXJK SHQHWUDWLRQ RI WKH SULPHU �)L�
JXUH ��� 7KHUH LV D KLJK SUREDELOLW\ LQ WKLV SURFHVV RI
DQ DSSHDUDQFH RI SRUHV DW WKH FU\VWDOwGHSRVLWHG OD\HU
LQWHUIDFH� ,Q WKH QHDU�VXUIDFH UHJLRQ� REWDLQHG E\ DQ
LQFUHPHQW RI OD\HUV� D EUDQFK VXEVWUXFWXUH GLUHFWHG
DW WKH DQJOH WR WKH VXUIDFH LV REVHUYHG� &U\VWDOV DUH
VXVFHSWLEOH WR FUDFNLQJ DW SUHVVXUH WUHDWPHQW DV WKH\
KDYH KLJK LQWHUQDO VWUHVVHV ZKLFK DUH FDXVHG E\ KLJK
WHPSHUDWXUH JUDGLHQWV LQ WKH LQJRW VHFWLRQ�

3URGXFLQJ RI VLQJOH FU\VWDOV RI UHIUDFWRU\ PHWDOV
E\ SODVPD�DUF PHWKRG� *URZLQJ RI VLQJOH FU\VWDOV RI
VXFK UHIUDFWRU\ PHWDOV DV WXQJVWHQ� PRO\EGHQXP� WDQ�
WDOXP DQG RWKHUV E\ D FODVVLFDO VFKHPH RI 9HUQHXLO
PHWKRG >��@ ZDV QRW UHDOL]DEOH LQ SULQFLSOH� 7HPSHUD�
WXUHV ZKLFK ZHUH DWWDLQHG XVLQJ JDV WRUFKHV DQG KLJK�
IUHTXHQF\ SODVPDWURQV �PD[LPXP DERXW ���� �&� GLG
QRW SURYLGHPHOWLQJ DQGPDLQWHQDQFH RI WKHPHQWLRQHG
PHWDOV LQ D PROWHQ VWDWH� *HQHUDO WHQGHQFLHV RI GH�
YHORSPHQW RI WKH SODVPD PHWDOOXUJ\ DW WKH PLGGOH RI
WKH ODVW FHQWXU\ DQG GHYHORSPHQW RI ORZ�WHPSHUDWXUH
SODVPD VRXUFHV RI D KLJK XQLW SRZHU SURPRWHG WKH
IXUWKHU GHYHORSPHQW RI WKH 9HUQHXLO PHWKRG IRU SUR�
GXFLQJ KLJK�WHPSHUDWXUH PHWDOOLF FU\VWDOV�

7HFKQRORJ\ RI FUXFLEOH�IUHH SODVPD�DUF GURS PHOW�
LQJ �SURJUHVV RI WKH 9HUQHXLO PHWKRG� ZDV D SURJUHVV�
LQJ DOWHUQDWLYH WR WKH (%=0 SURFHVV DQG JDYH D IHD�

)LJXUH �� 6FKHPH RI FUXFLEOH�IUHH HOHFWURQ EHDP ]RQH PHOWLQJ� � x
SRO\FU\VWDO URG� � x DQQXODU FDWKRGH� � x �IORDWLQJ� ]RQH� � x
VLQJOH FU\VWDO
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VLELOLW\ WR LQFUHDVH ERWK JHRPHWULF VL]HV DQG DOVR QXP�
EHU RI JHRPHWULF VKDSHV RI FU\VWDOV EHLQJ PHOWHG� 7KH
GDWD DERXW SURGXFLQJ UHIUDFWRU\ PHWDOOLF FU\VWDOV ERWK
E\ GRPHVWLF DQG IRUHLJQ VFLHQWLVWV DSSHDUHG DOPRVW
VLPXOWDQHRXVO\ LQ WKH VFLHQWLILF�WHFKQLFDO OLWHUDWXUH
>��� ��@�

3ODVPD�DUF KHDWLQJ DV UHJDUGV WR JURZLQJ VLQJOH
FU\VWDOV RI UHIUDFWRU\ PHWDOV FDQ PHOW DQG PDLQWDLQ D
FRPSDUDWLYHO\ ODUJH YROXPH RI PHWDO LQ DPROWHQ VWDWH�
FUHDWH D JDVHRXV DWPRVSKHUH RI D SUHVHW FRPSRVLWLRQ
DQG SUHVVXUH LQ WKH PHOWLQJ FKDPEHU WKDW GLIIHUHG LW
EHQHILFLDOO\ IURP WKH (%=0 PHOWLQJ >��@�

7KH SODVPD�DUF WHFKQRORJ\ LQ SURGXFWLRQ RI UHIUDF�
WRU\ VLQJOH FU\VWDOV� GHYHORSHG E\ VFLHQWLVWV RI $�$� %DM�
NRY ,QVWLWXWH RI 0HWDOOXUJ\ RI WKH 5XVVLDQ $FDGHP\ RI
6FLHQFHV �,0(7 5$6� LQ ���� XQGHU VXSHUYLVLRQ RI
6DYLWVN\(�0� DQG%XUNKDQRY*�6�� ZDV GHYHORSHG UDS�
LGO\ GXULQJ UHFHQW \HDUV� %DVHG RQ WKH LQYHVWLJDWLRQV�
WKH ODERUDWRU\ DQG LQGXVWULDO LQVWDOODWLRQV RI SODVPD�DUF
KHDWLQJ ZHUH PDQXIDFWXUHG� SURGXFLQJ FU\VWDOV ERWK LQ
WKH IRUP RI D F\OLQGHU DQG LQ WKH IRUP RI SLSHV RI D
YDULDEOH VHFWLRQ DQG VPDOO SODWHV� 7KH VL]HV RI SURGXFHG
FU\VWDOV PRUH WKDQ WZLFH LQFUHDVHG WKH VL]HV RI FU\VWDOV
SURGXFHG E\ FRQYHQWLRQDO (%=0� 7XQJVWHQ DQG PR�
O\EGHQXP FU\VWDOV RI �� DQG �� PP GLDPHWHU� UHVSHF�
WLYHO\� ZHUH PHOWHG E\ WKH PHQWLRQHG PHWKRG�

,Q WKH PHWKRG FRQVLGHUHG WKH JURZLQJ RI FU\VWDOV
LV VWDUWHG IURP IXVLRQ RI DQ HGJH VXUIDFH RI WKH SULPHU
E\ D SODVPD MHW �)LJXUH �� >��@� 7KHQ� WKH FRQWLQXRXV
DGGLQJ RI D SRRO LV PDGH E\ D ODWHUDO IHHGLQJ RI WKH
URG DQG LWV IXVLRQ LQ D SODVPD MHW� 6LPXOWDQHRXVO\�
WKH SULPHU� ORFDWHG RQ D SLQ� LV GLVSODFHG GRZQZDUG
NHHSLQJ WKH LQWHUIDFH RI OLTXLG�VROLG SKDVHV DW D FRQ�
VWDQW OHYHO�

/DWHU WKH WHFKQRORJLFDO GLDJUDPV ZHUH WHVWHG LQ
ZKLFK UHIUDFWRU\ SRZGHU�OLNH SDUWLFOHV� GLUHFWO\ IHG LQWR
D SODVPD MHW ZHUH XVHG LQVWHDG RI FRQVXPDEOH URGV� 'XH
WR D KLJK DUHD RI SRZGHU PDWHULDO UHDFWLQJ ZLWK D SODVPD
DUF WKH SURFHVVHV RI UHILQLQJ RI WKH FU\VWDOV EHLQJ JURZQ
DUH SURFHHGLQJ PRUH LQWHQVLYHO\� 7KHUH LV QR QHHG LQ
ODERXU�LQWHQVLYHSUHOLPLQDU\ VWDJHRISURGXFLQJ UHPHOWLQJ
URGV E\ VLQWHULQJ URG SLHFHV ZLWK D VXEVHTXHQW RSHUDWLRQ
RI D URWDWLRQDO IRUJLQJ >��@�

$V FRPSDUHGZLWK HOHFWURQ EHDPPHWKRG WKH SODVPD�
DUF PHWKRG XVLQJ DUJRQ ZLWK KHOLXP DGGLWLRQV DV D
SODVPD JDV SURYLGHV PRUH HIIHFWLYH UHPRYDO RI FDUERQ�
R[\JHQ� VLOLFRQ� SKRVSKRUXV� VXOSKXU� FKURPLXP� PDQ�
JDQHVH� LURQ� QLFNHO� DOXPLQLXP DQG RWKHU LPSXULWLHV
IURP WXQJVWHQ� 7KH UHPRYDO RI LPSXULWLHV RFFXUV LQ IX�
VLRQ RI DQ LQLWLDO ELOOHW� IURP D GURS RI PHOW DQG IURP
WKH PHOW GLUHFWO\ >��@� &RQWHQW RI FDUERQ LQ WXQJVWHQ
VLQJOH FU\VWDOV GRHV QRW H[FHHG �����w����� ��

:KHQ PHOWLQJ VLQJOH FU\VWDOV RI ODUJH VL]HV LW LV
QHFHVVDU\ WRPDLQWDLQ ODUJHPDVVHV RIPHWDO LQ DPROWHQ
VWDWH WR KDYH D FRQWLQXRXV DGGLQJ RI FU\VWDO GXULQJ
JURZWK� ,Q WKH JLYHQ PHWKRG WKLV LV DWWDLQHG E\ XVLQJ
SODVPDWURQV RI D VSHFLDO GHVLJQ� ZKLFK IRUP D SODVPD
MHW ZLWK D WHPSHUDWXUH LQ WKH SHULSKHU\ ]RQH HTXDO WR
WKH WHPSHUDWXUH RI PHWDO FU\VWDOOL]DWLRQ� 'XH WR RYHU�
KHDWLQJ RI FHQWUDO UHJLRQV RI PHWDO SRRO ZLWK UHVSHFW
WR LWV HGJHV D FRQFDYH IURQW RI FU\VWDOOL]DWLRQ LV IRUPHG
>��@� ZKLFK FDQ PDLQWDLQ D ODUJH YROXPH RI PROWHQ
PHWDO DW WKH HGJH RI WKH VLQJOH FU\VWDO EHLQJ JURZQ

IURP IORZLQJ� +RZHYHU� WKH LQFUHDVH LQ FXUYDWXUH RI
FU\VWDOOL]DWLRQ IURQW� IURP WKH RWKHU VLGH� OHDGV WR D
JURZWK LQ QXPEHU RI IRUPLQJ GHIHFWV LQ D VROLG SKDVH
QHDU WKH IURQW RI FU\VWDOOL]DWLRQ� &U\VWDOV ZKLFK ZHUH
JURZQ E\ WKH SODVPD�DUF PHWKRG� DUH FKDUDFWHUL]HG
E\ D GHYHORSHG VWUXFWXUH� IRUPLQJ XQGHU WKH DFWLRQ
RI QRQ�KRPRJHQHRXV WHPSHUDWXUH ILHOGV DQG KLJK UD�
GLDO DQG D[LDO JUDGLHQWV RI WHPSHUDWXUHV� 7KH PHDQ
GHQVLW\ RI GLVORFDWLRQV RI VLQJOH FU\VWDOV RI WXQJVWHQ
DQG PRO\EGHQXP LV DW WKH OHYHO RI ���w��

�
FP

w�
�

4XDOLW\ RI D ODWHUDO VXUIDFH RI FU\VWDOV GHSHQGV
JUHDWO\ RQ VWDELOL]DWLRQ RI HOHFWULFSDUDPHWHUV RI DSODVPD
VRXUFH RI KHDWLQJ DQG LW LV QRW VDWLVIDFWRU\ LQ VRPH FDVHV
WKDW FRPSOLFDWHV WKH VXEVHTXHQW SURFHVVLQJ RI FU\VWDOV
LQ SODVWLF GHIRUPDWLRQ �UROOLQJ� GUDZLQJ� HWF���

3URGXFLQJ RI UHIUDFWRU\ VLQJOH FU\VWDOV XVLQJ WKH
PHWKRG RI SODVPD�LQGXFWLRQ ]RQH PHOWLQJ �3,=0��
&RPLQJ IURP WKH DERYH�VDLG LW FDQ EH VWDWHG WKDW WKH
VKDSHG VLQJOH FU\VWDO ELOOHWV IRU ZLGH�VL]HG UROOHG PH�
WDO FDQ EH SURGXFHG XVLQJ WKH PHWKRGV RI D VHFRQGDU\
UHFU\VWDOOL]DWLRQ RU WKH WHFKQRORJ\ RI SODVPD�DUF GURS
PHOWLQJ� 'XH WR VSHFLILFV LQ JURZLQJ UHIUDFWRU\ VLQJOH
FU\VWDOV E\ WKH PHQWLRQHG PHWKRGV WKH LQLWLDO ELOOHWV
GR QRW DOZD\V PHHW WKH UHTXLUHPHQWV IRU WKH FU\VWDO�
ORJUDSKLF RULHQWDWLRQ� GHJUHH RI VWUXFWXUDO SHUIHFWLRQ
DQG SXULW\� VSHFLILHG E\ WKH FRQGLWLRQV RI WKH UROOLQJ
SURFHVV� $ UHFWDQJXODU SODWH LV WKH PRVW RSWLPXP
VKDSH RI WKH ELOOHW IRU LWV IXUWKHU UROOLQJ LQWR D ZLGH�
VL]HG VKHHW RU IRLO�

)LJXUH �� 'LDJUDP RI JURZLQJ VLQJOH FU\VWDOV XVLQJ WKH PHWKRG RI
D SHULSKHU\ HOHFWURQ EHDP ]RQH PHOWLQJ >��@� � x VLQJOH FU\VWDO�
� x DQQXODU FDWKRGH� � x �IORDWLQJ� ]RQH� � x VLQJOH FU\VWDO
EDU�SULPHU� � x EXQGOH RI URGV UHPHOWHG
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0DQXIDFWXUH RI SURGXFWV IURP FU\VWDOV ZLWK D JXDU�
DQWHHG SUHVHUYLQJ RI D PRQRFU\VWDOOLW\ DIWHU D KLJK
SODVWLF GHIRUPDWLRQ DQG HIIHFW RI KLJK WHPSHUDWXUHV
LV RQH RI WKH PRVW LPSRUWDQW SUREOHPV RI KLJK WHFK�
QRORJLHV RI UHIUDFWRU\ PHWDOV IRU VSHFLDO DSSOLFDWLRQV
>��@� 7XQJVWHQ VODEV RI ���×��×��� PP VL]H� VXLWDEOH
IRU GHIRUPDWLRQ� ZHUH PDQXIDFWXUHG XVLQJ WKH SODVPD�
DUF WHFKQRORJ\� GHYHORSHG E\ WKH DXWKRUV RI WKLV ZRUN�
7KHUH LV DYDLODEOH LQIRUPDWLRQ DERXW SURGXFLQJ VLQJOH
FU\VWDO SODWHV RI PRO\EGHQXP RI �×��×��� PP VL]H
XVLQJ WKH PHWKRG RI ,0(7 5$6 >�@�

$W WKH EHJLQQLQJ RI WKH ����V RI ODVW FHQWXU\ WKH
VFLHQWLVWV RI WKH 3:, GHYHORSHG WKH WHFKQRORJ\ RI
SURGXFLQJ VLQJOH FU\VWDOV XVLQJ WKH PHWKRG RI D 3,=0
XQGHU WKH VXSHUYLVLRQ RI <X�9� /DWDVK� *�0�
*ULJRUHQNR DQG <X�0� 3RPDULQ >��@� 7KLV ZDV D JUHDW
SURJUHVV LQ WKH ILHOG RI WHFKQRORJLHV RI JURZLQJ ODUJH
VLQJOH FU\VWDOV RI UHIUDFWRU\ PHWDOV� 8VLQJ WKLV WHFK�
QRORJ\ WKH RULHQWHG VLQJOH FU\VWDO F\OLQGULFDO VDPSOHV
RI PRUH WKDQ �� PP GLDPHWHU DQG DOVR SODWHV RI
��×���×��� PP VL]H� PDGH IURP PRO\EGHQXP DQG
WXQJVWHQ� ZHUH SURGXFHG�

$ UDGLFDO GLIIHUHQFH RI WKLV WHFKQRORJ\ IURP WKH
SODVPD�DUF WHFKQRORJ\ FRQVLVWHG LQ XVH RI DQ LQGH�
SHQGHQW VRXUFH RI LQGXFWLRQ KHDWLQJ� IXOILOOLQJ WKH
IXQFWLRQV RI DQ DGGLWLRQDO KHDWLQJ RI JURZLQJ FU\VWDO�
7KLV PDGH LW SRVVLEOH WR GHFUHDVH VLJQLILFDQWO\ WKH
WHPSHUDWXUH JUDGLHQWV LQ LWV VHFWLRQ DQG WR SURGXFH D
VLQJOH FU\VWDO LQJRW VXLWDEOH IRU IXUWKHU GHIRUPDWLRQ
ZLWKRXW D ULVN RI LWV IUDFWXUH�

7KH SURFHVV RI VLQJOH FU\VWDO JURZLQJ FRQVLVWV RI
D OD\HU�E\�OD\HU LQFUHPHQW RI PHWDO RQ WKH RULHQWHG
VLQJOH FU\VWDO SULPHU XQGHU WKH FRQGLWLRQV RI KHDWLQJ
RI D IRUPLQJ SDUW RI WKH FU\VWDO E\ D KLJK�IUHTXHQF\
HOHFWURPDJQHWLF ILHOG �)LJXUH ��� +HOLXP�DUJRQ PL[�
WXUH ZLWK KHOLXP FRQWHQW XS WR �� � LV XVHG DV D
SODVPD JDV� 8QOLNH WKH SODVPD�DUF WHFKQRORJ\ WKH
PHWDO SRRO LQ 3,=0 LV PDLQWDLQHG IURP IORZLQJ E\
VXUIDFH WHQVLRQ IRUFHV DQG DOVR HOHFWURPDJQHWLF ILHOG
RI +) LQGXFWRU� $ ULJLG VWDELOL]LQJ RI JHRPHWULF SD�
UDPHWHUV RI WKH FU\VWDO LV DWWDLQHG E\ DQ DGMXVWDEOH
FKDQJH LQ SRZHU RI SODVPD�DUF DQG LQGXFWLRQ KHDW
VRXUFHV GXULQJ PHOWLQJ� WKXV DYRLGLQJ WKH IRUPDWLRQ
RI URXJK GHIHFWV �RYHUODSV� VSLOODJHV� WKDW LV LPSRUWDQW
DW LWV IXUWKHU SUHVVXUH SURFHVVLQJ� ,Q WKH PHQWLRQHG
KHDW FRQGLWLRQV RI 3,=0WKH SURILOH RI D FU\VWDOOL]DWLRQ
IURQW LV IRUPHG ZKLFK LV FORVH WR D SODQH SURILOH ZLWK
D QHJOLJLEOH FRQFDYH FHQWUDO SDUW DQG FRQYH[ HGJHV
>��@� ,Q FDVH RI D SDUDVLWLF FU\VWDO� UHVXOWHG IURP UDQ�
GRP KHDW IOXFWXDWLRQV LQ WKH SURFHVV RI VLQJOH FU\VWDO
JURZWK� WKH DERYH�PHQWLRQHG VKDSH RI WKH FU\VWDO�
OL]DWLRQ IURQW ZLOO QRW RQO\ SUHYHQW WKH GHIHFW GHHS�
HQLQJ LQVLGH WKH ERG\� EXW DOVR SURPRWH LWV HVFDSH WR
WKH LQJRW VXUIDFH� 7KH VDPH DV LQ WKH SODVPD�DUF WHFK�
QRORJ\� D VLJQLILFDQW UHGXFWLRQ RI FDUERQ FRQFHQWUD�
WLRQ LQ WKH VLQJOH FU\VWDO WXQJVWHQ �GRZQ WR ������ ��
LV DWWDLQHG GXH WR WKH SUHVHQFH RI D FRQWUROODEOH JDV
DWPRVSKHUH� 2[\JHQ FRQWHQW LV DW WKH ODYHO RI �������
QLWURJHQ x ����� � >��@�

7KH ;�UD\ H[DPLQDWLRQ RI VXEVWUXFWXUH RI 3,=0�
FU\VWDOV VKRZHG WKDW WKH\ DUH VROLG VLQJOH FU\VWDO ER�
GLHV ZLWK DQ RULHQWDWLRQ RI IDFHWV ZKLFK FRUUHVSRQGV
WR WKH SUHVHW SULPLQJ FU\VWDOV ZLWK SRVVLEOH GHYLDWLRQV
IURP WKH JURZWK D[LV XS WR ��� 7KH GHQVLW\ RI GLVOR�
FDWLRQV LV �w�⋅��� FPw�

�
7KH SUHOLPLQDU\ LQYHVWLJDWLRQV RI GHIRUPHG VLQJOH

FU\VWDO ELOOHWV VKRZHG WKDW WKH\ FDQ EH XVHG IRU SUR�
GXFLQJ SURILOHG VLQJOH FU\VWDO UROOHG PHWDO RI UHIUDF�
WRU\ PHWDOV >��@�

$XWRPDWLRQ RI WKH WHFKQRORJLFDO SURFHVV RI 3,=0�
ZKLFK LV DW WKH VWDJH RI D SUDFWLFDO UHDOL]DWLRQ� JLYHV
JURXQGV WR H[SHFW WKH UHDO LQFUHDVH LQ WKH TXDOLW\ RI UHDG\
VLQJOH FU\VWDO SURGXFWV DQG WKH SURFHVV SURGXFWLYLW\�

)LJXUH �� 'LDJUDP RI JURZLQJ VLQJOH FU\VWDOV RI UHIUDFWRU\ PHWDOV
XVLQJ SODVPD�DUF KHDWLQJ >�@� � x SODVPDWURQ� � x URG� � x
FU\VWDO

)LJXUH ��'LDJUDP RI SODVPD�LQGXFWLRQ PHWKRG RI JURZLQJ SURILOHG
VLQJOH FU\VWDOV RI UHIUDFWRU\ PHWDOV RI WKH 3:, >��@� � x SODVPD�
WURQ� � x LQGXFWRU� � x SULPLQJ FU\VWDO� � x PHFKDQLVP RI URG
IHHGLQJ� � x URG� � x PROWHQ PHWDO GURS� � x PROWHQ PHWDO
SRRO� � x FU\VWDO
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,Q FDQ EH FRQFOXGHG IURP WKH DERYH�GHVFULEHG UH�
YLHZ RI PDMRU PHWKRGV RI SURGXFWLRQ RI VLQJOH FU\VWDOV
RI UHIUDFWRU\ PHWDOV WKDW WKH PHWKRGV RI JURZLQJ FU\V�
WDOV IURP VROLG DQG OLTXLG SKDVHV KDYH WKH PRVW ZLGH
SUDFWLFDO DSSOLFDWLRQ� 7HFKQLFDOO\�FRPSOLFDWHG DQG
DFWXDO SUREOHPV RI SURGXFLQJ VKDSHG VLQJOH FU\VWDO
ELOOHWV ILQG WKH PRVW FRPSOHWH DQG HIIHFWLYH VROXWLRQ
LQ XVH RI WKH SODVPD�LQGXFWLRQ WHFKQRORJ\ RI JURZLQJ
UHIUDFWRU\ VLQJOH FU\VWDOV� GHYHORSHG DW WKH (�2� 3DWRQ
(OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH�

�� 6FKLGHU� 6� ������ +RFKVFKPHO]HQGH 0HWDOOH IXHU +LJK
7HFK�$QZHQGXQJHQ� 0HWDOO� ,QWHUQDWLRQDOH =HLWVFKULIWH IX

..
U

7HFKQLFN XQG :LUWVFKDIW� %HUOLQ�+HLGHQEHUJ� 0HWDOO�
�� :LWWHQDXHU� -� ������ 5HIUDFWRU\ PHWDOV ����� ROG FKDO�

OHQJHV� QHZ RSSRUWXQLWLHV� -20� �� ��
�� %ULDQW� &�/� ������ 3URFHVVLQJ UHIUDFWRU\ PHWDOV� WKH WUDGL�

WLRQDO DQG WKH QRYHO� ,ELG�� �� ���
�� %XUNKDQRY� *�6�� 6KLVKLQ� 9�0�� .X]PLVKFKHY� 9�$� HW DO�

������ 3ODVPD JURZLQJ RI UHIUDFWRU\ VLQJOH FU\VWDOV� 0RV�
FRZ� 0HWDOOXUJL\D�

�� 6DYLWVN\� (�0�� %XUNKDQRY� *�6� ������ 6LQJOH FU\VWDOV RI
UHIUDFWRU\ DQG UDUH PHWDOV DQG DOOR\V� 0RVFRZ� 1DXND�

�� &DKQ� 5�:� ������ 7KH XVH RI PHWDOOLF VLQJOH FU\VWDOV LQ
PHWDOV UHVHDUFK� D FRQFLVH KLVWRU\� 0HWDOONGH� ��� ����

�� ������ *DV SKDVH GHSRVLWLRQ� (G� E\ &� 3RZHOO� .� 2FNVO\�
-� %ORFKHU� 0RVFRZ� $WRPL]GDW�

�� %UHQQHU� 6�6� ������ 7KHRU\ DQG SUDFWLFH RI VLQJOH FU\VWDOV
JURZLQJ� 0RVFRZ� 0HWDOOXUJL\D�

�� ������ 3URFHVVHV RI JURZWK DQG JURZLQJ RI VLQJOH FU\VWDOV�
(G� E\ 1�1� 6KHIWDO� 0RVFRZ� ,QRVWU� /LWHUDWXUD�

��� ������ *URZWK RI FU\VWDOV� 7KHRU\ RI JURZWK DQG PHWKRGV RI
JURZLQJ RI VLQJOH FU\VWDOV� (G� E\ .� *XGPDQ� 0RVFRZ� 0LU�

��� ,YDQRY� 9�(�� 1HFKLSRUHQNR� (�3�� .ULYRUXFKNR� 9�0� HW DO�
������ 6ROLGLILFDWLRQ RI UHIUDFWRU\ PHWDOV IURP JDV SKDVH�
0RVFRZ� $WRPL]GDW�

��� /\DNLVKHY� $�3�� %XUNKDQRY� *�6� ������ 6LQJOH FU\VWDOV RI
PDWHULDOV ZLWK PHWDO W\SH RI FRPSRXQG� 9\VRNRFKLVW� 9HVK�
FKHVWYD� �� �w���

��� (YVW\XNKLQ� $�,�� $EDQLQ� '�'�� 0DVORY� 9�3� ������ 3UR�
GXFLQJ DQG SURSHUWLHV RI FKURPH VLQJOH FU\VWDOV� ,Q� *URZ�
LQJ RI VLQJOH FU\VWDOV RI UDUH DQG UHIUDFWRU\ PHWDOV� (G� E\
(�0� 6DYLWVN\� 0RVFRZ� 1DXND�

��� 3HWUXVHYLFK� ,�9�� $EUDPRY� 9�9�� )LUVRY� 9�,� HW DO� ������
2Q SURGXFLQJ RI QLRELXP VLQJOH FU\VWDOV LQ UHGXFWLRQ RI
1E&O� IURP YDSRXU SKDVH ZLWK K\GURJHQ� ,ELG�

��� 6LGRURY� <X�,�� 5\PDVKHYVN\� *�$�� 6PLUQRY� 9�3� HW DO�
������ 3URGXFLQJ RI WXQJVWHQ VLQJOH FU\VWDO SODWHV E\ VROLGL�
ILFDWLRQ IURP JDV SKDVH� ,Q� +LJK�SXULW\ DQG VLQJOH FU\VWDO
PHWDOOLF PDWHULDOV� (G� E\ $�,� 0DQRNKLQ� 0RVFRZ� 1DXND�

��� 6PLUQRY� 9�3�� <DQFKXU� 9�3�� 6LGRURY� <X�,� HW DO� ������
0RUSKRORJ\ DQG VWUXFWXUH RI JDV�SKDVH VLQJOH FU\VWDO WXQJ�
VWHQ� ,ELG�

��� .DUHWQLNRY� '�9�� .RU\XNLQ� 9�$�� 2EUH]XPRY� 9�3�
������ (PLVVLRQ SURSHUWLHV RI JDV�SKDVH FKORULF WXQJVWHQ RI
F\OLQGULFDO VKDSH� ,ELG�

��� 5HLW]HQVWHLQ� :�� :HLVH� *� ������ 'LH 5HDOVWUXNWXU YRQ
DXV GHU *DVSKDVH JHZDFKVHQ 0RO\EGD

..
Q� XQG :ROIUDPHLQ�

NULVWDOOHQ� -� &U\VWDO *URZWK� �� ���w����
��� .RE\DNRY� 9�3� ������ )DFHWWLQJ RI WXQJVWHQ SUHFLSLWDWHV

GXULQJ JDV�SKDVH HSLWD[\ RQ F\OLQGULFDO VXUIDFH RI VXEVWUDWH
0R ����!� .ULVWDOORJUDIL\D� �� ���w����

��� *RUHOLN� 6�6� ������ 5HFU\VWDOOLVDWLRQ RI PHWDOV DQG DOOR\V�
0RVFRZ� 0HWDOOXUJL\D�

��� %XUJHUV� 9�*� ������ 0DLQ QRWLRQV FRQFHUQLQJ UHFU\VWDOOLVD�
WLRQ� ,Q� 7KHRU\ DQG SUDFWLFH RI JURZLQJ RI VLQJOH FU\VWDOV�
0RVFRZ� 0HWDOOXUJL\D�

��� 6DYLWVN\� (�0�� %XUNKDQRY� *�6�� 3RYDURYD� .�%� HW DO�
������ 5HIUDFWRU\ PHWDOV DQG DOOR\V� 0RVFRZ� 0HWDOOXUJL\D�

��� )XMLL� 7�� 2NDPRWR� .� ������ (IIHFW RI GRSDQWV RQ WKH VH�
FRQGDU\ JUDLQ JURZWK LQ WKH KRW�UROOHG WXQJVWHQ VKHHW� -�
-DS� 6RF� 3RZGHU DQG 3RZGHU 0HW�� �� ���w����

��� .DWR� 0�� ,LGD� 6�� 6XJLWD� +� HW DO� ������ ;�UD\ FKDUDF�
WHUL]DWLRQ RI WXQJVWHQ VLQJOH FU\VWDOV JURZWK E\ VHFRQGDU\
UHFU\VWDOOL]DWLRQ PHWKRG� -� &U\VWDO *URZWK� ���� ���w����

��� )XMLL� 7�� :DWDQDEH� 5�� +LUDRND� <� HW DO� ������ 3UHSDUD�
WLRQ RI ODUJH�VFDOH PRO\EGHQXP VLQJOH FU\VWDOV VKHHW E\
PHDQV RI VHFRQGDU\ UHFU\VWDOOL]DWLRQ� -� /HVV�&RPPRQ 0H�
WDOV� �� ���w����

��� 7DNHED� .�� )XMLL� 7� ������ 3UHSDUDWLRQ RI ODUJH�VFDOH PR�
O\EGHQXP ELFU\VWDOV VKHHW IURP VKHHW 0R E\ PHDQV RI VHFRQ�
GDU\ UHFU\VWDOOL]DWLRQ� -� -DS� 6RF� 3RZGHU DQG 3RZGHU
0HW�� �� ���w����

��� +LUDRND� <�� .XR� &�/�� %LOOHOR� -�&� ������ 3HUIHFWLRQ RI
PRO\EGHQXP VLQJOH FU\VWDO SURGXFHG E\ PHDQV RI VHFRQGDU\
UHFU\VWDOOL]DWLRQ� -� -,0� ��� ����w�����

��� +LUDRND� <�� (L�LFKL 6XNHGDL ������ 5RRP WHPSHUDWXUH VOLS
LQ PRO\EGHQXP ELFU\VWDO SUHSDUHG E\ PHDQV RI VHFRQGDU\ UH�
FU\VWDOOL]DWLRQ� 0HWDOONGH� �� ����

��� )XMLL� 7�� +LUDRND� <�� :DWDQDEH� 5� /DUJH FU\VWDOV JUDLQV
RU VLQJOH FU\VWDOV RI PRO\EGHQXP DQG SURFHVV IRU SURGXFWLRQ
WKHUHRI� 3DW� ������� 86$� ,QW� &O� &��& ������ &��)
����� 3XEO� ���������

��� =RORWDUHYVN\� 9�6� ������ 0HFKDQLFDO SURSHUWLHV RI PHWDOV�
0RVFRZ� 0HWDOOXUJL\D�

��� 6PLWHOOV� ¯� ������ 7XQJVWHQ� 0RVFRZ� 0HWDOOXUJL\D�
��� 5DWQLNRY� '�*� ������ &UXFLEOH�IUHH ]RQDO PHOWLQJ� 0RV�

FRZ� 0HWDOOXUJL\D�
��� %URGVN\� ,�$�� .URNKPDOHY� 9�$�� 3HWXVKNRY� (�(� HW DO�

������ 6LQJOH FU\VWDOV RI PRO\EGHQXP DQG WXQJVWHQ�
7DVKNHQW� )DQ�

��� $]KD]KD� 9�0�� .RYWXQ� *�3�� 7LNKLQVN\� *�)� ������ 3UR�
GXFWLRQ DQG PHWDOORSK\VLFV RI VXSHUSXUH PHWDOV� 0HWDOORIL�
]LND L 1RY� 7HNKQRORJLL� �� ��w���

��� 3IDQQ� 9� ������ =RQDO PHOWLQJ� 0RVFRZ� 0LU�
��� .DWULFK� 1�3�� 3XJDFK� *�0�� 5R]HQEHUJ� 7�%� ������ ([�

DPLQDWLRQ RI VSHFWUDO GLVWULEXWLRQ RI UHVLGXDO JDVHV LQ JURZ�
LQJ RI WXQJVWHQ VLQJOH FU\VWDOV LQ VXSHUKLJK YDFXXP� ,Q� 0H�
WDOOLF VLQJOH FU\VWDOV� 3URGXFWLRQ DQG VWXG\ RI SURSHUWLHV�
(G� E\ (�0� 6DYLWVN\� 0RVFRZ� 1DXND�

��� .RSHWVN\� &K�9�� 3O\XVKFKHYD� 6�9�� 6DWXQNLQD� /�)� HW DO�
������ 3URGXFLQJ RI VXSHUSXUH WXQJVWHQ� 0HWDOO\� �� ��w���

��� .OLPHQNR� *�/�� %ORNKLQ� $�$�� *OHERYVN\� 9�*� HW DO�
������ $SSOLFDWLRQ RI LRQ H[FKDQJH PHWKRG LQ WHFKQRORJ\ RI
SURGXFWLRQ RI KLJK�SXULW\ WXQJVWHQ DQG PRO\EGHQXP� ,ELG��
�� ��w���

��� 7DJLURYD� '�0�� '\DNLQD� 9�3�� 6WDUWVHY� 9�(� HW DO�
������ 6WUXFWXUDO SHUIHFWLRQ DQG UHVLGXDO HOHFWULF UHVLVWDQFH
RI WXQJVWHQ VLQJOH FU\VWDOV� )L]LND 0HWDOORY L 0HWDO�
ORYHGHQLH� �� ��w���

��� 0LNKDMORY� 6�0�� &KHFKHQWVHY� 9�1�� 6KPDNRY� $�0�
������ ([SHULHQFH RI SURGXFLQJ RI QRQ�SRURXV PRO\EGHQXP
VLQJOH FU\VWDOV RI LQFUHDVHG GLDPHWHU� ,Q� *URZLQJ RI VLQJOH
FU\VWDOV RI UHIUDFWRU\ DQG UDUH PHWDOV� (G� E\ (�0� 6DYL�
WVN\� 0RVFRZ� 1DXND�

��� &KHUQ\VKRY� $�,�� 6KLVKNRY� 9�9�� 'RORPDQRY� /�$� ������
6WXG\ RI VXEVWUXFWXUH RI LQFUHDVHG GLDPHWHU PRO\EGHQXP
VLQJOH U\VWDOV� (G� E\ $�,� 0DQRNKLQ� 0RVFRZ� 1DXND�

��� %D\HU� 9�.K�� )LOG� 9�*� ������ 9HUQHLO PHWKRG� ,Q� 7KH�
RU\ DQG SUDFWLFH RI VLQJOH FU\VWDOV JURZLQJ� 0RVFRZ� 0H�
WDOOXUJL\D�

��� 6DYLWVN\� (�0�� %XUNKDQRY� *�6�� %DUDQRY� /�*� HW DO� 0HWKRG
RI SURGXFWLRQ RI VLQJOH FU\VWDOV RI UHIUDFWRU\ PHWDOV DQG DOOR\V�
8665 DXWKRUsV FHUW� ������� %XOO� ,]REUHW�� ��� ����

��� 5D\PRQG� /�� &DUYDW� )� ������ 6KHHWV IURP VLQJOH FU\VWDO
WXQJVWHQ� 5DNHWQD\D 7HNKQLND L .RVPRQDYWLND� �� ���w����

��� =KDGNHYLFK� 0�/�� 6KDSRYDORY� 9�$�� 6KHMNR� ,�9� HW DO�
������ 6WXG\ RI WHFKQRORJLFDO SDUDPHWHUV RI SODVPD�LQGXF�
WLRQ PHOWLQJ RI UHIUDFWRU\ PHWDOV VLQJOH FU\VWDOV� 3UREOHP\
6SHWV� (OHNWURPHWDOOXUJLL� �� ��w���

��� 6DYLWVN\� (�0�� %XUNKDQRY� *�6�� %RQGDUHQNR� .�3� HW DO�
������ 'HYHORSPHQW RI SODVPD PHWKRGV RI JURZLQJ RI VLQ�
JOH FU\VWDO UHIUDFWRU\ PHWDOV DQG DOOR\V� ,Q� 6LQJOH FU\VWDOV
RI UHIUDFWRU\ DQG UHDU PHWDOV� DOOR\V DQG FRPSRXQGV� (G�
E\ 1�9� 7LQDQDHY� 0RVFRZ� 1DXND�

��� 'HY\DW\NK� *�*�� %XUNKDQRY� *�6� ������ +LJK�SXULW\ PH�
WDOOLF PDWHULDOV� ,Q� 3URF� RI �WK ,QW� 6\PS� RQ 3XUH 0H�
WDOV� .KDUNRY�

��� %XUNKDQRY� *�6�� .X]PLVKFKHY� 9�$�� 6GRE\UHY� 9�9�
������ ,QIOXHQFH RI VRPH VROLGLILFDWLRQ SDUDPHWHUV RQ SHU�
IHFWLRQ RI WXQJVWHQ VLQJOH FU\VWDOV VWUXFWXUH SURGXFHG E\
SODVPD�DUF SURFHVV� ,Q� +LJK�SXULW\ DQG VLQJOH FU\VWDO PH�
WDOOLF PDWHULDOV� (G� E\ $�,� 0DQRNKLQ� 0RVFRZ� 1DXND�

��� 6KDSRYDORY� 9�$�� .RYDOHQNR� $�$�� /DWDVK� <X�9� HW DO�
������ ,QYHVWLJDWLRQ RI SURFHVV RI JURZLQJ RI IODW WXQJVWHQ
DQG PRO\EGHQXP VLQJOH FU\VWDOV� 3UREOHP\ 6SHWV� (OHN�
WURPHWDOOXUJLL� �� ��w���

��� 6KDSRYDORY� 9�$�� =KDGNHYLFK� 0�/�� 7RUNKRY� *�)� HW DO�
������ 5HILQLQJ RI WXQJVWHQ LQ SODVPD�LQGXFWLRQ PHOWLQJ RI
VLQJOH FU\VWDOV� ,Q� 3URF� RI �WK ,QW� 6\PS� RQ +LJK�3XULW\
0HWDOOLF DQG 6HPLFRQGXFWRU 0DWHULDOV� .KDUNRY�

��� 6KDSRYDORY� 9�$�� =KDGNHYLFK� 0�/�� 7RUNKRY� *�)� HW DO�
������ ,QIOXHQFH RI KHDWLQJ PHWKRGV RQ VKDSH RI LQWHUIDFH LQ
JURZLQJ RI FRDUVH VLQJOH FU\VWDOV RI UHIUDFWRU\ PHWDOV� ,ELG�

��� 6KDSRYDORY� 9�$� ������ $SSOLFDWLRQ RI SODVWLF ZRUNLQJ RI
WXQJVWHQ VLQJOH FU\VWDOV IRU ZLUH PDQXIDFWXULQJ� ,Q� 7UDQV�
DFW� RQ ,PSURYHPHQW RI 3URFHVVHV DQG (TXLSPHQW IRU 3ODV�
WLF :RUNLQJ LQ 0HWDOOXUJ\ DQG 0HFKDQLFDO (QJLQHHULQJ�
.UDPDWRUVN�
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

0DWKHPDWLFDO PRGHO KDV EHHQ VHOHFWHG IRU VWXG\ RI WKHUPDO ILHOGV RI VLQJOH FU\VWDOV GXULQJ KHDWLQJ ZLWK GLIIHUHQW VRXUFHV�

SODVPD�DUF� KLJK�IUHTXHQF\ DQG FRPELQHG SODVPD � KLJK�IUHTXHQF\� ,W LV VKRZQ WKDW WKH FRPELQHG KHDWLQJ PDNHV LW

SRVVLEOH WR FRQWURO WKH FXUYDWXUH RI SKDVH LQWHUIDFH� 8QGHU FHUWDLQ FRQGLWLRQV WKH VXUIDFH FDQ EHFRPH DOPRVW SODQH� 7KH

KLJKHVW HIILFLHQF\ RI WKH WKHUPDO ILHOG FRQWURO LV DWWDLQHG ZKHQ DOO WKH FU\VWDO LV KHDWHG E\ DQ LQGXFWRU�

.H\ ZRU G V � WXQJVWHQ� VLQJOH FU\VWDO� SODVPD�LQGXFWLRQ
KHDWLQJ� WKHUPDO ILHOG� PRGHOOLQJ

7KH PHWKRG RI SODVPD�LQGXFWLRQ ]RQH PHOWLQJ

�3,=0� IRU JURZLQJ ODUJH RULHQWHG VLQJOH FU\VWDOV RI
WXQJVWHQ DQG PRO\EGHQXP� GHVFULEHG LQ >�w�@� KDV

DQ LQGLVSXWDEOH DGYDQWDJH RYHU RWKHU NQRZQPHWKRGV�

)URP WKH RQH KDQG� WKLV LV WKH XVH RI WKH HOHFWURPDJ�

QHWLF ILHOG WR PDLQWDLQ D PHWDO SRRO IURP IORZLQJ�

DQG� IURP WKH RWKHU KDQG� WKH FUHDWLRQ RI WKH UHTXLUHG

WKHUPDO ILHOG LQ D JURZLQJ FU\VWDO� 'XULQJ WKH SHULRG

RI GHYHORSPHQW RI WKH PHWKRG WKH SUREOHP RI D VLQJOH

FU\VWDO SUHKHDWLQJ ZDV VWXGLHG� EXW LW ZDV YHU\ GLIIL�

FXOW WR GHWHUPLQH WKH VSHFLILF DQG WRWDO SRZHU RI SUH�

KHDWLQJ� DV WKHUH ZDV QR H[SHULHQFH LQ UHDOL]DWLRQ RI
VLPLODU K\EULG SURFHVVHV� 7KHUHIRUH� LW ZDV QHFHVVDU\

WR HYDOXDWH WKH HIIHFW RI HDFK KHDW VRXUFH RQ WKH WKHU�

PDO VWDWH RI WKH VLQJOH FU\VWDO IRU WKH FUHDWLRQ RI D

UHDO SURFHVV�

7R VROYH WKH SUREOHP XVLQJ D PDWKHPDWLFDO PRGHO�

OHW XV FRQVLGHU D GHILQLWH VFKHPH RI D SODVPD�LQGXFWLRQ
PHWKRG RI ]RQH PHOWLQJ XVHG IRU WKH VLQJOH FU\VWDO

JURZLQJ� 7KH PHWKRG LV SHFXOLDU E\ WKDW WKH SODVPD�

WURQ� LQGXFWRU DQG VLQJOH FU\VWDO DUH FRD[LDO DQG WKH

D[LV LV ORFDWHG YHUWLFDOO\� 7KH LQGXFWRU FDQ EH FRP�

SRVHG RI DQ\ QXPEHU RI WXUQV� EXW WKH ]RQH RI LWV

HIIHFW RQ FU\VWDO LV OLPLWHG E\ D KHLJKW� ZKLFK LV QRW

H[FHHGLQJ WKH GLDPHWHU RI WKH ODWWHU� )LJXUH � VKRZV

WKH VFKHPH RI WKH 3,=0 SURFHVV�

0RGHOOLQJ ZLOO EH EDVHG RQ WKH VROXWLRQ RI D QRQ�

VWDWLRQDU\ WZR�GLPHQVLRQDO HTXDWLRQ RI KHDW FRQGXF�

WLYLW\ LQ FRRUGLQDWHV �U� ]� >�@�

SF9
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� ���

ZKHUH τ LV WKH FXUUHQW WLPH� 7 LV WKH FXUUHQW WHPSHUD�

WXUH� S  S�7� LV WKH PHWDO GHQVLW\� F9  F9�7� LV WKH
LVRFKRULF KHDW FDSDFLW\� λ  λ�7� LV WKH FRHIILFLHQW RI

PHWDO KHDW FRQGXFWLYLW\� 6ROXWLRQ RI WKH HTXDWLRQ RI

KHDW FRQGXFWLYLW\ LV LPSRVVLEOH ZLWKRXW GHILQLWHQHVV
LQ GHVFULSWLRQ RI ERXQGDU\ DQG LQLWLDO FRQGLWLRQV >�@�

,QLWLDO FRQGLWLRQ LV

7 τ = � = 7�� ���

ZKHUH 7� LV WKH WHPSHUDWXUH RI HQYLURQPHQW ZLWK

ZKLFK WKH ERG\ LV LQ FRQWDFW�

%RXQGDU\ FRQGLWLRQV�
• WKH FRQGLWLRQ EHORZ LV DOZD\V IXOILOOHG RQ WKH

FU\VWDO D[LV

wλ
∂7
∂τ 

U = � = �� ���

ZKLFK LV IROORZHG IURP WKH SUREOHP V\PPHWU\�

• RYHU WKH HQWLUH VXUIDFH 6 �H[FHSW WKDW FRYHUHG
ZLWK SODVPD� WKH KHDW ORVVHV E\ UDGLDWLRQ 4O DQG FRQ�

YHFWLRQ 4
F
DUH OLQNHG E\ WKH IROORZLQJ UHODWLRQVKLS�

wλ
D
∇ 7

6
= 4O + 4F� ���

ZKHUH D  P� K LV WKH PHWDO VWDWH �P x PHOW� K x

VROLG ERG\�� 7 6 LV WKH WHPSHUDWXUH LQ DQ\ SRLQW DW

WKH F\OLQGHU VXUIDFH� *UDGLHQW RI WHPSHUDWXUHV QHDU

VXUIDFH �LQVLGH� RI PHWDO LV GHWHUPLQHG DORQJ Q
→

XQLW

YHFWRU� GLUHFWHG QRUPDO �RXWVLGH� WR VXUIDFH� 4O  

= σ�η67
� 6 w 7

��� KHUH σ LV WKH 6WHIDQw%ROW]PDQQ

FRQVWDQW� η6 LV WKH FRHIILFLHQW RI VXUIDFH GXOOQHVV�4F
 

 N
Q
�7

6
w 7��� ZKHUH N

Q
LV WKH FRHIILFLHQW RI H[WHUQDO

KHDW FRQGXFWLYLW\ ZKLFK LV TXLWH HPSLULF LQ DFFRUGDQFH
ZLWK 1HZWRQsV ODZ�

• DW VXUIDFH 6L WKH HQHUJ\ VXSSOLHG IURP LQGXFWRU

LV FRQYHUWHG LQWR KHDW IORZ 4L SHU WLPH XQLW�

wλ
D
∇ 7

6
= 4

O
+ 4

F
w4L� ���

6LJQ �PLQXV� LQ IURQW RI 4L GHQRWHV WKDW WKH IORZ LV

GLUHFWHG LQVLGH WKH ERG\ �LQ RSSRVLWH GLUHFWLRQ ZLWK
UHVSHFW WR Q

→
��

,Q SODVPD�DUF KHDWLQJ� WR GHWHUPLQH WKH KHDW H[�

FKDQJH LQ WKH ]RQH RI DUF DFWLRQ ZH VKDOO FRPH IURP

WKH IROORZLQJ�

• KHDW IORZ IURP SODVPD�DUF VRXUFH HQWHUV WKH VLQ�
JOH FU\VWDO WKURXJK LWV XSSHU HGJH� 7KLV KHDW IORZ LV

UHVXOWDQW DQG DFFRXQWV IRU KHDW WUDQVIHU IURP DUF E\

FRQYHFWLRQ DQG UDGLDWLRQ� KHDW LQ DUF DQRGLF VSRW� KHDW

FRPLQJ IRU YDSRXU IRUPDWLRQ� KHDW HYROYHG LQ FRQGHQ�

� 9�$� 6+$329$/29� ����
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VDWLRQ RI PHWDOOLF YDSRXU DW WKH SRRO VXUIDFH DQG KHDW

ORVVHV E\ WKH PHWDO SRRO LQWR IXUQDFH ZRUNLQJ VSDFH�

• GLVWULEXWLRQ RI KHDW IORZ GHQVLW\ DW WKH VLQJOH

FU\VWDO HGJH KHDWHG E\ SODVPDWURQ LV SUHVHW E\ WKH

HTXDWLRQ







T = 4� U = �� 5D�

T = K�4� U = 5D� 5O�
���

ZKHUH T LV WKH VSHFLILF KHDW IORZ HQWHULQJ WKH PHWDO

LQ WKH ]RQH RI DUF KHDWLQJ� 4 LV WKH VSHFLILF KHDW IORZ

HQWHULQJ WKH PHWDO LQ WKH DUF VSRW ]RQH� K� LV WKH

QRUPDOL]LQJ IDFWRU� 5D LV WKH DUF VSRW UDGLXV� 5O LV WKH

PHWDO SRRO UDGLXV�

• DW WKH VXUIDFH RQ ZKLFK WKH DUF VSRW LV VXSSRUWHG
LQ UHJLRQ 6D 7 6  7E� ZKHUH 7E LV WKH ERLOLQJ WHP�

SHUDWXUH�

• DW WKH VXUIDFH RI SKDVH WUDQVLWLRQ *P WKH IROORZ�

LQJ HTXDOLW\ LV IXOILOOHG�

wλK∇ 7 *P+K + λO∇ 7 *P+O = w (P YP� ���

ZKHUH λO� λK DUH WKH FRHIILFLHQWV RI KHDW FRQGXFWLYLW\

RI OLTXLG DQG VROLG SKDVHV� UHVSHFWLYHO\� (P LV WKH

PHOWLQJ HQHUJ\� YP LV WKH UDWH RI LQWHUIDFH PRYHPHQW�

&RPELQDWLRQ RI WZR KHDW VRXUFHV FKDQJHV WKHPRGH

RI KHDW WUDQVIHU LQ WKH VLQJOH FU\VWDO DV D ZKROH� 7DNLQJ

LQWR DFFRXQW WKDW HDFK RI WKH VRXUFHV IRUPV LWV WKHUPDO

ILHOGV LQ WKH VLQJOH FU\VWDO ZLWK DPD[LPXP JHQHUDWLRQ

RI HQHUJ\ LQ GLIIHUHQW UHJLRQV LW FDQ EH DVVXPHG WKDW

WKLV FRPELQDWLRQ RI VRXUFHV ZLOO DOORZ XV WR SURYLGH

D IOH[LEOH FRQWURO RI LQWHUIDFH FRQILJXUDWLRQ EHWZHHQ

WKH VROLG DQG OLTXLG SKDVHV� &RQILJXUDWLRQ RI LQWHU�

IDFH� L�H� WKH FU\VWDOOL]DWLRQ IURQW VXUIDFH� ZLOO FKDQJH

IURP FRQYH[ WR FRQFDYH� 7KH FRQILJXUDWLRQ RI LQWHUIDFH

ZLOO GHSHQG� IURP WKH RQH KDQG� RQ UDWLR RI SRZHU RI

VRXUFHV� DQG� IURP WKH RWKHU KDQG� RQ WKH FRQGLWLRQV

RI KHDW H[FKDQJH RI VLQJOH FU\VWDO ZLWK HQYLURQPHQW�

+HDW SURFHVVHV ZLOO EH VWXGLHG RQ PRGHOV FRUUH�

VSRQGLQJ WR D UHDO WXQJVWHQ VLQJOH FU\VWDO RI �� PP

GLDPHWHU DQG PRUH WKDQ ��� PP OHQJWK� 'XH WR OLPL�

WDWLRQV� WKH PRGHO ZLOO SURYLGH RQO\ WKH DSSUR[LPDWH

HYDOXDWLRQ RI WKH UHDO SURFHVV� )LUVW RI DOO� WKHVH OLPL�

WDWLRQV DUH GXH WR FRQIRUPLW\ RI WKH PRGHO VKDSH WR

WKH UHDO FU\VWDO VKDSH� ,Q WKH UHDO FU\VWDO WKH HGJHV RI

WKH PHWDO SRRO DUH URXQGHG E\ WKH VXUIDFH WHQVLRQ

IRUFHV� ZKLOH WKH SRRO HGJHV RI WKH PRGHO KDYH DQ

DQJOH� 5DGLXV DQG DQJOH LQIOXHQFH RQ KHDW H[FKDQJH

SURFHVVHV LQ WKLV UHJLRQ LQ D GLIIHUHQW ZD\� 0LFURUH�

JLRQ� HQFORVHG LQWR DQJOH� GLVVLSDWHV KHDW PRUH LQWHQ�

VLYHO\ LQWR VXUURXQGLQJ PHGLXP� 7KLV LQIOXHQFHV WKH

SRRO GHSWK DQG VKDSH RI SKDVH LQWHUIDFH� 1HYHUWKHOHVV�

WKH XVH RI HYHQ QRQ�SHUIHFW PRGHO HQDEOHV XV WR VWXG\

WKH HIIHFW RI HDFK KHDW VRXUFH RQ WKH IRUPDWLRQ RI

SKDVH LQWHUIDFH �FU\VWDO VXEVWUXFWXUH��

7R VWXG\ WKH HIIHFW RI HDFK KHDW VRXUFH RQ WKH

GLVWULEXWLRQ RI WHPSHUDWXUHV LQ D VLQJOH FU\VWDO� OHW XV

)LJXUH �� 6FKHPH RI D FRPELQHG KHDWLQJ RI D VLQJOH FU\VWDO� � x
KHDW IORZ IURP SODVPDWURQ� � x VLQJOH FU\VWDO� � x LQGXFWRU FRLO�
5

D
x DUF VSRW UDGLXV� 5x VLQJOH FU\VWDO UDGLXV� K

�
x QRUPDOL]LQJ

IDFWRU� + x KHLJKW RI VLQJOH FU\VWDO� 4 x VSHFLILF KHDW IORZ LQ
DUF VSRW

)LJXUH� �� 3DWWHUQ RI WKHUPDO ILHOG LQ XSSHU SDUW RI VLQJOH FU\VWDO LQ KHDWLQJ ZLWK GLIIHUHQW VRXUFHV� D x LQGXFWRU� E x SODVPDWURQ�
F x LQGXFWRU � SODVPDWURQ
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FRQVLGHU WKH SDWWHUQ RI WKHUPDO ILHOGV� )LJXUH �� D DQG

E VKRZV WKHUPDO ILHOGV LQ KHDWLQJ FU\VWDO E\ RQH RI

WKH VRXUFHV� L�H� E\ LQGXFWRU DQG SODVPDWURQ� UHVSHF�

WLYHO\� 3RZHU RI HDFK RI VRXUFHV LV WKH VDPH DV LQ XVH

RI D FRPELQHG KHDWLQJ� 7KHUHIRUH� LW LV GLIILFXOW WR

IRUP SRRO E\ SODVPDWURQ RQO\ RU WR PHOW WXQJVWHQ E\

LQGXFWRU RQO\� EXW LW LV SRVVLEOH WR FUHDWH D GHILQLWH

WHPSHUDWXUH ILHOG� 7KH ODWHUDO VXUIDFH RI WKH VLQJOH

FU\VWDO LQ WKH ]RQH RI LQGXFWRU DFWLRQ LV KHDWHG PRVW

LQWHQVLYHO\� 7HPSHUDWXUH RI KHDWLQJ FDQ EH DGMXVWHG�

3ODVPDWURQ KHDWV WKH HGJH VXUIDFH RI WKH FU\VWDO PRUH

LQWHQVLYHO\� WKXV PHOWLQJ PHWDO� EXW WKH SRRO LV VPDOO�

DQG WKH FRQILJXUDWLRQ RI SKDVH LQWHUIDFH LV GLVWRUWHG�

8QIDYRXUDEOH FRQGLWLRQV DUH FUHDWHG IRU WKH IRUPDWLRQ

RI WKH VLQJOH FU\VWDO VXEVWUXFWXUH�

)LJXUH �� F VKRZV SDWWHUQ RI KHDWLQJ WKH XSSHU

SDUW RI WKH VLQJOH FU\VWDO XVLQJ D FRPELQHG KHDWLQJ�

6XUIDFH RI WKH SKDVH LQWHUIDFH EHFRPHV PRUH DQG PRUH

SODQH� 7KH VXSHUSRVLWLRQ RI WKHUPDO ILHOGV RI WZR KHDW

VRXUFHV FUHDWHV SHUIHFW FRQGLWLRQV IRU WKH VWUXFWXUH

IRUPDWLRQ� +RZHYHU� WKLV LV RQH DVSHFW RI WKH SUREOHP

RI IRUPDWLRQ RI D WKHUPDO ILHOG RI D JURZLQJ FU\VWDO�

7KH VHFRQG DVSHFW LV WKH GLVWULEXWLRQ RI WHPSHUDWXUH

DORQJ WKH D[LV RI WKH VLQJOH FU\VWDO JURZLQJ� 7KLV LV

VKRZQ YLVXDOO\ LQ )LJXUH �� &XUYHV FRUUHVSRQG WR GLI�

IHUHQW FRQGLWLRQV RI KHDWLQJ� LQGXFWRU KHDWV WKH XSSHU

SDUW RI WKH VLQJOH FU\VWDO� SODVPDWURQ KHDWV WKH FU\VWDO

IURP WKH HGJH� ZKLOH LQ XVH RI D FRPELQHG VRXUFH WKH

SODVPDWURQ KHDWV WKH VLQJOH FU\VWDO IURP WKH HGJH� DQG

WKH LQGXFWRU KHDWV LWV ODWHUDO VXUIDFH�

,W IROORZV IURP WKH )LJXUH WKDW WKH HIIHFW RI WKH

FRPELQHG KHDWLQJ RQ WKDW SDUW RI WKH FU\VWDO ZKLFK

LV ORFDWHG FORVHU WR LWV ORZHU HGJH� GLIIHUV QHJOLJLEO\

IURP WKH YDULDQW RI KHDWLQJ ZKLFK LV UHDOL]HG E\ RQH

VRXUFH� HLWKHU LQGXFWRU RU SODVPDWURQ� 'LVWULEXWLRQ RI

WHPSHUDWXUH LQ WKH VLQJOH FU\VWDO GRHV QRW GHSHQG RQ

WKH W\SH RI KHDWLQJ DW WKH GLVWDQFH IURP WKH XSSHU

HGJH RI PRUH WKDQ ���w� GLDPHWHUV RI D VLQJOH FU\VWDO�

,W IROORZV IURP WKH UHVXOWV REWDLQHG WKDW WR SURYLGH

DQ HIIHFWLYH FRQWURO RI VLQJOH FU\VWDO WHPSHUDWXUH ILHOG

LW LV QHFHVVDU\ WR XVH DQ LQGXFWRU ZKRVH KHDWLQJ ]RQH

ZLOO FRYHU DOO WKH ODWHUDO VXUIDFH RI WKH VLQJOH FU\VWDO�

7KXV� WKH FRPELQHG KHDWLQJ XVLQJ SODVPDWURQ DQG

LQGXFWRU PDNHV LW SRVVLEOH WR FKDQJH WKH FRQILJXUDWLRQ

RI LQWHUIDFH RI OLTXLG DQG VROLG SKDVHV� &RQWURO RI

WHPSHUDWXUH ILHOG RI WKH VLQJOH FU\VWDO FDQ EH HIIHFWLYH

LI WR XVH WKH LQGXFWRU ZKLFK ZLOO KHDW DOO WKH ODWHUDO

VXUIDFH RI WKH FU\VWDO�

)LJXUH �� 'LVWULEXWLRQ RI WHPSHUDWXUH DORQJ WKH D[LV RI VLQJOH
FU\VWDO LQ KHDWLQJ ZLWK GLIIHUHQW VRXUFHV� � x LQGXFWRU� � x SODV�
PDWURQ� � x LQGXFWRU � SODVPDWURQ

�� 6KDSRYDORY� 9�$�� .RYDOHQNR� $�$�� /DWDVK� <X�9� HW DO�
������ 6WXG\ RI SURFHVV RI WXQJVWHQ DQG PRO\EGHQXP IODW
VLQJOH FU\VWDOV JURZLQJ� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXU�
JLL� �� ��w���

�� 6KDSRYDORY� 9�$�� /DWDVK� <X�9�� =KROXG� 9�9� HW DO�
������ /DUJH�VL]HG IODW VLQJOH FU\VWDOV RI WXQJVWHQ DQG PR�
O\EGHQXP DQG SURGXFLQJ PHWKRGV� ,Q� 3URF� RI �WK ,QW�
6\PS� RQ 3XUH 0HWDOV� .KDUNRY�

�� 6KDSRYDORY� 9�$�� /DWDVK� <X�9�� %RULPVND\D� 6�7� HW DO�
������ 2ULHQWHG WXQJVWHQ VLQJOH FU\VWDOV� SURGXFLQJ� VWXG\
DQG DSSOLFDWLRQ� 0HWDOO\� �� ��w���

�� ,VDFKHQNR� 9�3�� 2VLSRYD� 9�$�� 6XNRPHO� $�6� ������
+HDW WUDQVIHU� 0DQXDO IRU KLJKHU HGXFDWLRQDO LQVWLWXWLRQV�
�WK HGLWLRQ� 0RVFRZ� (QHUJRL]GDW�

�� 6DPDUVN\� $�$� ������ ,QWURGXFWLRQ WR QXPHULFDO FDOFXOD�
WLRQ PHWKRGV� 0RVFRZ� 1DXND�
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$Q DWWHPSW ZDV PDGH WR HVWLPDWH WKH VWDWH�RI�WKH�DUW DQG SURVSHFWV RI IHUURXV PHWDOOXUJ\� LQFOXGLQJ WKH VSHFLDO HOHF�

WURPHWDOOXUJ\� 7KH VWHS� MXPS\ QDWXUH RI WKH GHYHORSPHQW RI PHWDOOXUJLFDO WHFKQRORJLHV RYHU WKH UHFHQW GHFDGHV LV

VKRZQ� $ FRQFOXVLRQ SUHGLFWV WKH DSSURDFKLQJ QH[W SHULRG RI D UDSLG XSGDWLQJ RI PDMRU PHWDOOXUJLFDO WHFKQRORJLHV�

.H\ ZRU G V � HOHFWURVODJ UHPHOWLQJ� YDFXXP�DUF UHPHOWLQJ�

VXSHUDOOR\V� WLWDQLXP� LQWHUPHWDOOLFV

7KH WHUP �VSHFLDO HOHFWURPHWDOOXUJ\� ZDV VXJJHVWHG DW
WKH 3:, DW WKH PLGGOH RI WKH ����V RI WKH ODVW FHQWXU\�

7KH DSSHDUDQFH RI WKLV WHUP ZDV GXH WR WKH RULJLQ RI D

QHZ VXEEUDQFK RI WKH IHUURXV PHWDOOXUJ\� VSHFLDOL]HG LQ

D ODUJH�VFDOH SURGXFWLRQ� LQ KXQGUHG WKRXVDQGV WRQV RI

VWHHOV DQG DOOR\V RI VXSHUKLJK TXDOLW\ RQ WKH EDVLV RI

UHPHOWLQJ SURFHVVHV� HOHFWURVODJ DQG YDFXXP�DUF SUR�

FHVVHV LQ SDUWLFXODU� /HW XV GHILQH RQH OLQJXLVWLF SRLQW�

,Q 5XVVLDQ DQG8NUDLQLDQ ODQJXDJHV WKH ZRUG �VSHFLDO�

KDV D QXDQFH� GLUHFWO\ LQGLFDWLQJ WKH UHODWLRQ RI VRPH�
WKLQJ RU VRPHERG\ WR WKH PLOLWDU\ VXEMHFW� $W WKH VDPH

WLPH WKH (QJOLVK HTXLYDOHQW �VSHFLDO� KDV D GLUHFW UHOD�

WLRQ WR KLJK TXDOLW\ RU D VSHFLDO SRVLWLRQ� LQ RXU FDVH RI

PHWDO LQ SDUWLFXODU� )RU H[DPSOH� ,1.2 &RPSDQ\� WKH

ZRUOG�NQRZQ PDQXIDFWXUHU RI VXSHUDOOR\V� LV LQFOXGHG

QRZ WR &RQVRUWLXP �6SHFLDO0HWDOV�� 7KXV� LQ 5XVVLDQ�

8NUDLQLDQ DQG(QJOLVK ODQJXDJHV WKH WHUP �VSHFLDO HOHF�

WURPHWDOOXUJ\� GHVFULEHV H[DFWO\ WKH SURGXFWLRQ DQG

ILHOGV RI DSSOLFDWLRQ RI WKH PHWDO RI WKH KLJKHVW TXDOLW\�
0HWKRGV RI VSHFLDO HOHFWURPHWDOOXUJ\ ERWK LQ RXU

FRXQWU\ DQG DEURDG LQFOXGH� H[FHSW WKH DERYH�PHQ�

WLRQHG (65 DQG 9$5 PHWKRGV� D YDFXXP�LQGXFWLRQ

PHOWLQJ� DQG DOVR DOO YDULHWLHV RI SODVPD DQG HOHFWURQ�

EHDP PHWDOOXUJLFDO WHFKQRORJLHV DQG� FRQVHTXHQWO\�
SURGXFWLRQ RI QRW RQO\ VWHHO DQG VXSHUDOOR\V� EXW DOVR

RWKHU VWUXFWXUDO PDWHULDOV� LQFOXGLQJ WLWDQLXP DOOR\V�

LQWHUPHWDOOLFV DQG RWKHUV�

1HYHUWKHOHVV� HYHQ WRGD\ WKH VSHFLDO PHWDOOXUJ\ LV
FORVHO\ UHODWHG WR WKH IHUURXV PHWDOOXUJ\� 7KH UDSLG

GHYHORSPHQW RI ERWK YDFXXP DQG RWKHU PHDQV RI ODGOH
WUHDWPHQW DQG WKHLU DSSOLFDWLRQ LQ SURGXFWLRQ RI VWHHOV

DQG DOOR\V RI WKH KLJKHVW TXDOLW\ KDV OHG WR WKH FKDQJH

LQ FRQFHSW �VSHFLDO HOHFWURPHWDOOXUJ\�� )RU H[DPSOH�

DW SUHVHQW WKHUH LV QR QHHG WR VXEMHFW KLJK�VWUHQJWK

DQG EDOO�EHDULQJ VWHHOV WR (65� DQG QLFNHO VXSHUDOOR\V

DUH SDVVLQJ RIWHQ WKURXJK $2' ZLWKRXW YDFXXP�LQ�

GXFWLRQ IXUQDFH� ,Q WKLV FRQQHFWLRQ GXULQJ UHFHQW \HDUV
WKH WHUP �VSHFLDO PHWDOOXUJ\� LV XVHG VRPHWLPHV LQ�

VWHDG RI �VSHFLDO HOHFWURPHWDOOXUJ\�� 1DWXUDOO\� WKH

WHUPLQRORJ\ ZLOO EH YDOLG RQO\ GXULQJ VRPH SHULRG RI

WLPH� ,Q DQ\ FDVH WKH DQDO\VLV RI WKH VWDWH�RI�WKH�DUW

DQG SURVSHFWV RI VSHFLDO HOHFWURPHWDOOXUJ\ ZLOO EH QRW

FRPSUHKHQVLYH ZLWKRXW HVWLPDWLRQ RI WHQGHQFLHV LQ

WKH GHYHORSPHQW RI WKH IHUURXV PHWDOOXUJ\�

/HW XV WU\ WR DQDO\]H VRPH WHQGHQFLHV DQG SURVSHFWV
LQ WKH GHYHORSPHQW RI WKH ELJ PHWDOOXUJ\� DQG WKHQ

LQ VSHFLDO HOHFWURPHWDOOXUJ\� LWV PRVW LPSRUWDQW VXE�

EUDQFK� 7KLV LV HVSHFLDOO\ LPSRUWDQW� EHFDXVH VWHHO
UHPDLQV D PDMRU VWUXFWXUDO PDWHULDO LQ WKH PRGHUQ

ZRUOG� ZKLOH IRU 8NUDLQH DQG 5XVVLD WKH IHUURXV PH�

WDOOXUJ\ �DQG VSHFLDO HOHFWURPHWDOOXUJ\� LV DQG ZLOO

EH WKH NH\ EUDQFK RI HFRQRP\ IRU WKH QHDUHVW \HDUV�
2YHU UHFHQW ��w�� \HDUV WKH UDGLFDO FKDQJHV ZHUH

REVHUYHG LQ WKH IHUURXV PHWDOOXUJ\ ERWK LQ WKH FUHDWLRQ

RI WKH TXLWH QHZ WHFKQRORJLHV DQG PDWHULDOV� DQG DOVR

LQ WKH XSGDWLQJ RI WKH WUDGLWLRQDO RQHV� ,W VHHPV� WKDW

GXULQJ WKLV SHULRG D EDVLF R[\JHQ IXUQDFH �%2)� SUR�
GXFWLRQ RI VWHHO� LWV ODGOH WUHDWPHQW DQG FRQWLQXRXV

FDVWLQJ ZHUH UHDOO\ HSRFKDO IRU WKH IHUURXV PHWDOOXUJ\�

7KHUH ZHUH WKHVH WKUHH NH\ WHFKQRORJLFDO SURFHVVHV

WKDW GHILQHG WKH WHFKQLFDO DQG HFRQRPLFDO VWDWXV RI

WKH PRGHUQ PHWDOOXUJLFDO SURGXFWLRQ �HYHQ GLUHFW UH�

GXFWLRQ RI LURQ WRGD\ KDV D OHVV LPSRUWDQFH��
,W VHHPHG E\ WKH HQG RI WKH ����V DQG EHJLQQLQJ

RI WKH ����V RI WKH ODVW FHQWXU\ WKDW WKH HSRFK RI UDSLG

FKDQJHV KDG ILQLVKHG� DQG WKH SHULRG RI DFFXPXODWLRQ�

JUDGXDO XSGDWLQJ KDV FRPH LQ WKH PHWDOOXUJ\� +RZ�

HYHU� LW ZDV H[DFWO\ WKDW SHULRG ZKHQ D QHZ VWDJH RI

TXDOLWDWLYH FKDQJHV EHJDQ� 8QIRUWXQDWHO\� RXU PH�

WDOOXUJLVWV NQRZ OLWWOH DERXW WKH QDPH RI D PDQ ZKR

SHUVRQLILHG WKDW WLPH� +LV QDPH ZDV .HQ ,YHUVRQ� ,W

ZDV WKH PDQ� ZKR� EHLQJ WKH KHDG RI 86 &RPSDQ\

�1XFRU 6WHHO�� UHDOL]LQJ WKH SURGXFWLRQ RI VWHHO DW D

FRQYHQWLRQDO PLQL�IDFWRU\� GHFLGHG ILUVW LQ WKH ZRUOG

WR RUJDQL]H DOO WKH SURGXFWLRQ RI WKH FRPSDQ\ RQ WKH

EDVLV RI D FRQWLQXRXV FDVWLQJ RI WKLQ VODEV DQG WKHLU
VXEVHTXHQW GLUHFW UROOLQJ IRU WKH VKHHW� 7KH TXLWH UHDO

LGHD WR PDNH VHFWLRQ RI D FRQWLQXRXVO\�FDVW ELOOHW FORVH

� %�(� 3$721 DQG /�%� 0('29$5� ����

7KLV DUWLFOH ZDV SUHVHQWHG DV D SDSHU DW WKH ,QWHUQDWLRQDO 6FLHQWLILF�7HFKQLFDO &RQIHUHQFH RQ 6SHFLDO 0HWDOOXUJ\� <HVWHUGD\� 7RGD\�
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WR WKDW RI D UROOHG SURGXFW� DQG� PRUHRYHU� WR FRPELQH

FDVWLQJ DQG UROOLQJ LQWR D VLQJOH DQG FRQWLQXRXV OLQH�

D VLQJOH XQLW� VRPHWLPHV FDOOHG WRGD\ FDVWLQJ�UROOLQJ

>�@� DWWUDFWHG PHWDOOXUJLVWV ORQJ DJR� ,W LV DOVR QDWXUDO

WKDW E\ WKH PRPHQW RI SURJUHVV RI �1XFRU 6WHHO�� L�H�

�� \HDUV DJR� WKHUH ZHUH PDQ\ GLIIHUHQW� DV QRZ FDOOHG

�SLORW� SURMHFWV RI D FRQWLQXRXV FDVWLQJ RI WKLQ VODEV

LQ WKH ZRUOG� 7KH SUREOHP ZDV WR PDNH D GHFLVLRQ

DQG .HQ ,YHUVRQ GLG QRW DIUDLG WR GR WKLV� $QG DW

SUHVHQW PRUH WKDQ �� PLOOLRQ WRQV RI VWHHO LQ WKH ZRUOG

DUH SURGXFHG XVLQJ WKLV PHWKRG� 7KH &RPSDQ\ �1XFRU

6WHHO� LWVHOI KDV WUDQVIRUPHG IURP D PLQL�IDFWRU\ WR

WKH ODUJHVW VWHHO PDQXIDFWXUHU LQ WKH 86$� .HQ ,YHU�

VRQ GHVFULEHG KLV OLIH DV D KHDG RI WKH PRVW PRGHUQ

DQG VXFFHVVIXO PHWDOOXUJLFDO HQWHUSULVH LQ ERRN �7DON

3ODLQ� >�@� 7KH UHYROXWLRQDU\ GHFLVLRQV RI WKLV SHUVRQ�

GLHG LQ $SULO WKLV \HDU� DUH VLPLODU WR WKRVH ZKLFK DUH

ZHOO�NQRZQ LQ RXU FRXQWU\� 7KH TXHVWLRQ LV DERXW

VXFK D QRQ�RUGLQDU\ SHUVRQ DV 1LNLWD 6� .KUXVKFKHY

DQG KLV GHFLVLRQ WR EX\ OLFHQVH RQ %2) PHOWLQJ IRU

1RYROLSHWVN 0HWDOOXUJLFDO :RUNV�

,W ZHUH WKHVH GDULQJ GHFLVLRQV RI WKDW WLPH WKDW

OHG WR WKH DSSHDUDQFH RI WKH ILUVW LQ WKH ZRUOG SODQW

ZLWK ��� � FRQWLQXRXV FDVWLQJ RI VWHHO� ILUVW RI DOO�

RI %2) PHOWLQJ� 7KHUH LV QR QHHG WR SURYH WKDW LQ D

IXOO FRQIRUPLW\ WR ODZV RI GLDOHFWLFV WKH IHUURXV PH�

WDOOXUJ\ DW SUHVHQW LV DW WKH VWDJH RI TXDQWLWDWLYH

FKDQJHV� DQG WKLV PHDQV� WKDW WKH QH[W VWDJH RI D

MXPS\ WUDQVLWLRQ RI TXDQWLW\ LQWR TXDOLW\ LV ZDLWLQJ

IRU XV DKHDG� 3HUKDSV� WKH RQO\ FKDQFH RI PHWDOOXUJLVWV

RI RXU FRXQWU\ LV WR SHUIRUP D TXDOLWDWLYH MXPS QRZ�

EXW QRW RQO\ WR UHSHDW WKH DOUHDG\ SDVVHG ZD\ DQG WR

WU\ WR RYHUWDNH WKH DGYDQFHG PHWDOOXUJLFDO FRPSDQLHV

DW WKH H[SHQVH RI D FKHDS ODERXU DQG SXUFKDVH RI WKH

PRVW DGYDQFHG DW SUHVHQW WHFKQRORJLHV DQG HTXLSPHQW�

EXW DOUHDG\ XVHG E\ VRPHERG\ DQG VRPHZKHUH� 2QO\

FRPELQDWLRQ RI D UHDVRQDEOH ULVN ZLWK WKH XVH RI WKH

QHZHVW UHVHDUFK DQG WHFKQRORJLFDO GHYHORSPHQWV ZLOO

DOORZ ERWK 8NUDLQH DQG 5XVVLD WR UHWXUQ WR WKH UDQN

RI WKH OHDGLQJ PHWDOOXUJLFDO FRXQWULHV�

([DPSOH ZLWK %2) SURFHVVLQJ DQG FRQWLQXRXV

FDVWLQJ KDV DOUHDG\ EHFRPH FODVVLFDO IRU WKH PHWDOOXU�

JLVWV RI WKH IRUPHU 8665� +RZHYHU� DOO WKLV ZDV LQ

WKH SDVW�:KDW UHDOO\ QHZ FDQ EH UHFRPPHQGHG WRGD\"

+DYH ZH QRZ WKH SLRQHHULQJ GHYHORSPHQWV� VLPLODU

WR HYDSRUDWLQJ FRROLQJ RI EODVW IXUQDFHV RU (65�ZKRVH

OLFHQVHV ZHUH ERXJKW DOPRVW E\ DOO WKH LQGXVWULDOL]HG

FRXQWULHV" :H WKLQN� WKH\ H[LVW� (DFK OHDGHU RI RXU

PHWDOOXUJLFDO LQGXVWU\ VKRXOG� RQ WKH EDVLV RI WKH

ZRUOG VFLHQWLILF DFKLHYHPHQWV� FDUU\ RXW RZQ VHDUFK

DQG WDNH VROXWLRQV DQG WKHQ WKH UHDOO\ XQLTXH DQG

QHZ WHFKQRORJLHV DQG HTXLSPHQW ZLOO DSSHDU DW WKH

PHWDOOXUJLFDO SODQWV RI RXU FRXQWU\� ,W LV QHFHVVDU\ WR

UHPHPEHU WKDW WKH VFLHQWLVWV LQ WKH ILHOG RI PDWHULDOV

VFLHQFH ZHUH DOZD\V PLJKW\ LQ WKH IRUPHU 8665 DQG

WKH\ UHPDLQ DV VXFK WRGD\�

+HUH� ZH ZRXOG OLNH WR GZHOO RQ WZR SRWHQWLDO

FDSDELOLWLHV� ZKLFK� LQ RXU RSLQLRQ� KDYH QRW \HW IRXQG

D GHVHUYLQJ XQGHUVWDQGLQJ� 7KH TXHVWLRQ LV DERXW VXFK

WUDGLWLRQDO PDWHULDOV IRU PHWDOOXUJLVWV DV D ULPPHG

VWHHO DQG ELPHWDO�

0RUH WKDQ �� \HDUV DJR LW ZDV VKRZQ >�@ WKDW LW

LV SRVVLEOH WR IRUP WKH ��w�� PP WKLFN FRQWLQXRXV

VWULS RI ULPPHG VWHHO DQG WR FRQYH\ LW WR WKH UROOLQJ

PLOO XVLQJ VXFK SURFHVVHV RI PROWHQ PHWDO VSUD\LQJ DV

2s6SUH\ DQG�RU /LTXLG '\QDPLF &RPSDFWLRQ

�/'&� �)LJXUH�� 7KHUH DUH DOO WKH JURXQGV WR VXSSRVH

WKDW WKH VWHHO TXDOLW\ GXH WR WKH KLJKHVW UDWH RI VR�

'LDJUDPV RI VSUD\LQJ SURFHVVHV� Dx 2s6SUH\ ��x PROWHQ PHWDO�
� x WUDQVLWLRQ SLHFH� � x VWULS� � x VXEVWUDWH� � x FKDPEHU
ZLWK LQHUW JDV� � x URXQG QR]]OH�� E x /'& �� x PROWHQ PHWDO�
�x ORQJLWXGLQDO QR]]OH� �x �FRQWLQXRXV� VXEVWUDWH� �x VWULS��
F x PLFURVWUXFWXUH RI VWULS RI VWHHO ��NS �ULPPHG� SURGXFHG E\
VSUD\LQJ �×����
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OLGLILFDWLRQ ZLOO EH DFFHSWDEOH IRU LWV XVH HTXDOO\ ZLWK

D NLOOHG VWHHO�

$GYDQWDJHV RI ELPHWDO SURGXFWV DUH NQRZQ ORQJ

DJR� $ ORW RI ZRUN LQ WKLV ILHOG ZDV GRQH DW RXU ,Q�

VWLWXWH� (YHQ WRGD\ WKH ELPHWDO VKHHW RI WKH KLJKHVW

TXDOLW\ LV SURGXFHG XVLQJ HOHFWURVODJ UHPHOWLQJ DQG

FODGGLQJ� 1RZ� WKH ILUVW V\PSWRPV DSSHDUHG WKDW LQ

WKH QHDUHVW WLPH WKH ELPHWDO UROOHG PHWDO LQ WKH IRUP

RI YDULRXV VKDSHV RI EXLOGLQJ DVVRUWPHQW LQ SDUWLFXODU�

LQFOXGLQJ UHLQIRUFHG VWHHO� ZLOO EH ZLGHU DQG ZLGHU

XVHG LQ LQGXVWU\� 7KH 7DEOH SUHVHQWV GDWD RI &RPSDQ\

�6WHOD[� DERXW WKH FRUURVLRQ UHVLVWDQFH RI D WUDGL�

WLRQDO UHLQIRUFHPHQW� PDGH RI VWDLQOHVV VWHHO DQG EL�

PHWDO� QDPHG 1XRYLQR[� DQG JLYHV WKH FRPSDULVRQ RI

FRVW RI UHLQIRUFHPHQW RI GLIIHUHQW W\SHV� 7KHVH GDWD

DUH YHU\ LPSUHVVLYH DQG GR QRW QHHG DGGLWLRQDO FRP�

PHQWV� ,Q DGGLWLRQ� GXULQJ UHFHQWO\ WKH ELPHWDO SUR�

GXFWV �QRW RQO\ UHLQIRUFHPHQW� RI WKLV &RPSDQ\ EH�

FDPH WR EH XVHG ZLGHU LQ UHSDLU DQG FRQVWUXFWLRQ RI

QHZ EULGJHV DQG LQWURGXFHG LQWR DSSURSULDWH VWDQGDUG

GRFXPHQWV LQ WKH 86$� 7KHVH SURGXFWV FDQ EH SUR�

GXFHG XVLQJ WKH YDULHWLHV RI (65 ZLWK D OLTXLG PHWDO�

ZLWKRXW FRQVXPDEOH HOHFWURGHV� ZKLFK ZHUH GHYH�

ORSHG DW RXU ,QVWLWXWH RYHU WKH UHFHQW \HDUV >�@�

$W SUHVHQW PDQ\ QHZ VWUXFWXUDO PDWHULDOV DUH DS�

SHDUHG WR VDWLVI\ WKH QHHGV RI DLUFUDIW� VSDFH DQG RWKHU

LQGXVWULHV� DV ZDV DFFHSWHG WR VD\ IRU �FULWLFDO DSSOL�

FDWLRQV�� +RZHYHU� WKH H[DPSOH RI 1XRYLQR[ SURYHV

WKDW VWUXFWXUDO VWHHOV ZLOO DOVR EHFRPH LQ WKH QHDUHVW

IXWXUH GLIIHUHQW DQG PHWDOOXUJLVWV VKRXOG EH UHDG\

WRGD\ WR WKH VRRQ FKDQJHV LQ WKH PDUNHW HYHQ RI WUD�

GLWLRQDO NLQGV RI UROOHG PHWDO�

&KDOOHQJH RI WLPH JUHDWO\ LQIOXHQFHV DOVR WKH VSH�

FLDO HOHFWURPHWDOOXUJ\� :H VXSSRVH WKDW WKH SURVSHFWV

RI WKH VSHFLDO HOHFWURPHWDOOXUJ\ DUH REVHUYHG WRGD\

LQ WKH SURGXFWLRQ RI VXSHUDOOR\V� WLWDQLXP DQG LWV DO�

OR\V� DV ZHOO DV RI LQWHUPHWDOOLFV IRU ERWK SRZHU DQG

DLUFUDIW JDV WXUELQH FRQVWUXFWLRQ� ,W LV H[SHFWHG� WKDW

WKH QH[W TXDOLWDWLYH MXPS ERWK LQ WHFKQRORJLHV DQG

PDWHULDOV ZLOO EHJLQ LQ WKH ILHOG RI D VSHFLDO HOHF�

WURPHWDOOXUJ\�
$OO WKHVH YDULRXV WHFKQRORJLFDO SURFHVVHV DUH FRP�

PRQ QRZ LQ WKH IDFW WKDW WKH\ VKRXOG EH FDUULHG RXW�
DQG LQ VRPH FDVHV WKH\ DUH DOUHDG\ FDUULHG RXW� RQO\
RQ WKH EDVLV RI D FDUHIXO PDWKHPDWLFDO PRGHOOLQJ RI
PHWDO VWUXFWXUH UHTXLUHG E\ FXVWRPHUV� EXW QRW RI D
VLPSOH GHVLJQ RI D SURILOH DQG GHSWK RI WZR�SKDVH ]RQH
LQ VROLGLILFDWLRQ RI LQJRWV� 7KH H[SHULHQFH RI DSSOLFD�
WLRQ RI WKLV NLQG RI PRGHOV LQ PHOWLQJ VXSHUDOOR\V LV
SRVLWLYH� $QG WRGD\ WKH GHYHORSPHQW RI WHFKQRORJ\
RI 9$5 DQG (65 RI DOOR\V RI ,QFRQHO W\SHV LV EDVHG
RQ PDWKHPDWLFDO PRGHOOLQJ ZLWKRXW IXOO�VFDOH H[SHQ�
VLYH PHOWV� ,W LV HYLGHQW� WKDW WR REWDLQ WKHVH UHVXOWV
D SHUIHFW V\VWHP RI FRQWURO RI WHFKQRORJLFDO SURFHVVHV
LV UHTXLUHG WR JXDUDQWHH WKH FRQVWDQF\ RI FRQGLWLRQV
RI PHWDO VROLGLILFDWLRQ GXULQJ DOO WKH PHOWLQJ� ,W LV
SRVVLEOH WR VD\ ZLWK D FRQILGHQFH WKDW WKH NH\ WUHQG
LQ WKH VSHFLDO HOHFWURPHWDOOXUJ\ LQ WKH QHDUHVW \HDUV
ZLOO EH GHYHORSPHQW RI WKH V\VWHP RI PRQLWRULQJ DQG
FRQWURO RI PHOWLQJ DOOR\V RI GLIIHUHQW W\SHV RQ WKH
EDVLV RI VWXG\ RI VSHFLILFV RI WKHLU FU\VWDOOL]DWLRQ DQG

VWUXFWXUH IRUPDWLRQ� ,Q RWKHU ZRUGV� LW ZRXOG EH QH�
FHVVDU\ WR H[DPLQH WKH SHFXOLDULWLHV RI VWUXFWXUH IRU�
PDWLRQ RI HDFK W\SH RI DOOR\V� WR FRQVWUXFW DQ DSSUR�
SULDWH PDWKHPDWLFDO PRGHO DQG WR SHUIRUP PHOWLQJ
SXUSRVHIXOO\� SUHVHWWLQJ ERWK WKH SURGXFLQJ PDWUL[�
DQG DOVR HLWKHU IRUP DQG GLVWULEXWLRQ RI VHFRQG SKDVHV
RI WKH JLYHQ DOOR\�

:H VHH WKH IXWXUH RI WKH VSHFLDO HOHFWURPHWDOOXUJ\
LQ UHDOL]DWLRQ RI XQLTXH SRWHQWLDOLWLHV WR LQIOXHQFH SXU�
SRVHIXOO\ RQ WKH PHWDO VWUXFWXUH� ,W LV HVSHFLDOO\ LP�
SRUWDQW LQ FRQQHFWLRQ ZLWK D UDSLG JURZWK RI SURGXF�
WLRQ DQG DSSOLFDWLRQ RI QDQRFU\VWDOOLQH PDWHULDOV�
+HUH� LW LV LPSRUWDQW WR WDNH LQWR DFFRXQW WKDW DQ\
DOOR\ FDQ EH LQ SULQFLSOH FRQVLGHUHG DV D FRPSRVLWH
PDWHULDO DQG WKH PHWDOOXUJLVWV RI D FODVVLFDO FODVV
VKRXOG SUHSDUH WKHPVHOYHV WR VXFK LQWHUSUHWDWLRQ RI
VWUXFWXUDO PHWDOOLF PDWHULDOV RI WKH IXWXUH� 7RGD\ ZH
FDQ JXDUDQWHH WKH RSWLPXP FRPELQDWLRQ RI VHUYLFH
SURSHUWLHV RQO\ IRU D UDWKHU OLPLWHG QXPEHU RI VWHHOV
DQG DOOR\V EHFDXVH RI WKH DEVHQFH RI WHFKQRORJLFDO
FDSDELOLWLHV RI D SXUSRVHIXO FRQWURO RI WKH VWUXFWXUH�
,Q WKH QXPEHU RI WKHVH UDUH H[FOXVLRQV� WKHUH DUH PH�
WDOV� IRU H[DPSOH� ZKLFK DUH SDVVLQJ WKH KHDW�PHFKDQL�
FDO WUHDWPHQW� LQFOXGLQJ WKH FRQWUROODEOH UROOLQJ DQG
PXOWLOD\HU PHWDOV� LQFOXGLQJ DOVR ELPHWDOV� ,Q LWV WLPH
ZKHQ ZRUNLQJ ZLWK PXOWLOD\HU VWHHOV WKH DVVRFLDWHV
RI WKH 3:, VXJJHVWHG WR FRQVLGHU WKHP DV VWHHOV ZLWK
SUHVHW DQLVRWURS\ RI VWUXFWXUH >�@� 7RGD\ LW LV QHFHV�
VDU\ WR ZLGHQ WKLV DSSURDFK DQG FRQVLGHU DOOR\V DV
PDWHULDOV ZLWK D SUHVHW DQLVRWURS\ RI WKH SURSHUWLHV�

,W VKRXOG EH QRWHG LQ FRQFOXVLRQ� WKDW HYHQ PRVW
FDXWLRXV DQG PRVW RSWLPLVWLF SUHGLFWLRQV DUH RIWHQ
UHIXWHG E\ WKH UHDOLW\� 1HYHUWKHOHVV� ZH VKDOO WDNH D
ULVN WR VXSSRVH WKDW WKH VSHFLDO HOHFWURPHWDOOXUJ\ ZLOO
KDYH D JRRG IXWXUH� $QG WKH PDLQ SUREOHPV� ZKLFK
DUH WR EH VROYHG� ZLOO EH UHODWHG WR PDWHULDOV IRU SRZHU
DQG DHURVSDFH HQJLQHHULQJ� $QG WKH VROXWLRQ RI WKHVH
SUREOHPV ZLOO EH RQ WKH ZD\ RI DQ LQWHJUDWHG DSSOL�
FDWLRQ RI GLIIHUHQW WHFKQRORJLHV DV LW LV GRQH WRGD\ LQ
SURGXFWLRQ RI VXSHUDOOR\V E\ D VXFFHVVLYH YDFXXP�LQ�
GXFWLRQ PHOWLQJ� (65 DQG ILQDO 9$5�

�� 'XELQD� 2�9�� 2VWDSHQNR� $�/�� 1LNLWLQD� /�$� HW DO�
������ 7HFKQRORJ\ DQG HTXLSPHQW� SUREOHPV DQG SURVSHFWV
RI FRQWLQXRXV KRW UROOLQJ LQ ZLGH�VWULS PLOOV� %XOO� &KHUPHW�
LQIRUP�� �� ��w���

�� ,YHUVRQ� .� ������ 7DON 3ODLQ� /HVVRQV IURP EXVLQHVV PDY�
HULFN� $,6(�

�� 3DWRQ� %�(�� 0HGRYDU� %�,�� 0HGRYDU� /�%� HW DO� ������
2Q OLTXLG�G\QDPLF FRPSDFWLRQ RI VWHHO� 'RNODG\ $1 6665�
7HNKQLFK� )L]LND� �� ���w����

�� 7V\NXOHQNR� .�$� ������ (OHFWURVODJ FODGGLQJ ZLWK OLTXLG
PHWDO� ,Q� 3URF� RI ,QW� &RQI� RQ 6SHFLDO 0HWDOOXUJ\� <HV�
WHUGD\� 7RGD\� 7RPRUURZ� .\LY� 3ROLWHNKQLND�

�� 3DWRQ� %�(�� 0HGRYDU� %�,�� 7V\NXOHQNR� $�.� HW DO� ������
0XOWLOD\HU VWHHO LQ ZHOGHG VWUXFWXUHV� .\LY� 1DXNRYD
'XPND�

0DWHULDO RI UHLQIRUFHPHQW

VHFWLRQ

0HDQ VHUYLFH OLIH

EHIRUH ILUVW

UHSDLU� \HDUV

5HODWLYH FRVW RI

UHLQIRUFHPHQW

VHFWLRQ

&DUERQ VWHHO �w�� �

&DUERQ VWHHO FRDWHG

E\ HSR[\ UHVLQ

��w�� ���

%LPHWDO�

FDUERQ VWHHO � VWDLQOHVV VWHHO

�� �

6WDLQOHVV VWHHO �� ���
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*�0� *5,*25(1.2� $�/� %25,629$� <X�6� %25,629� /�,� $'((9$� /�.� '2526+(1.2 DQG 9�/� 583&+(9

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

([RWKHUPDO LQWHUDFWLRQ LQ )H7Lw6L& V\VWHPZDV LQYHVWLJDWHG� 0D[LPXP H[RWKHUPDO HIIHFW ZDV DFKLHYHG LV XVH RI �� ZW��

)H7L � �� ZW�� 6L& PL[WXUH ZLWK WKH IRUPDWLRQ RI 7L&� 7L
�
6L

�w[
&

[

� )H
�
6L� )H

�
6L

�
DV SURGXFWV RI LQWHUDFWLRQ� 7KH SRZGHU

PL[WXUH RI WKLV FRPSRVLWLRQ LV PRVW FKDOOHQJLQJ IRU SURGXFLQJ FRPSRVLWH SRZGHUV DQG VSUD\LQJ RI WKHUPDO FRDWLQJV ZLWK

D KLJK ZHDU DQG FRUURVLRQ UHVLVWDQFH�

.H\ ZRU G V � WKHUPRG\QDPLF FDOFXODWLRQV RI HTXLOLEULXPV�
H[RWKHUPDO HIIHFW� GLIIHUHQWLDO WKHUPDO DQDO\VLV� PLFURVWUXFWXUH�

SKDVHV RI )Hw7Lw6Lw& V\VWHP

,Q WKH SUHVHQW ZRUN WKH LQWHUDFWLRQ RI IHUURWLWDQLXP
ZLWK VLOLFRQ FDUELGH XVLQJ D PHWKRG RI GLIIHUHQWLDO

WKHUPDO DQDO\VLV �'7$� ZDV VWXGLHG WR VHOHFW WKH FRP�

SRVLWLRQ RI D FRPSRVLWH SRZGHU RI )Hw7Lw6Lw& V\VWHP�

RSWLPXP IRU SURGXFLQJ ZHDU�UHVLVWDQW FRDWLQJV E\

WKHUPDO VSUD\LQJ� ,Q HDUOLHU ZRUNV >�w�@ WKH LQWHUDF�
WLRQ LQ FRPSRVLWH SRZGHUV 7Lw6L& DQG SURSHUWLHV RI
FRDWLQJV SURGXFHG IURP WKHP E\ WKH PHWKRG RI D

SODVPD VSUD\LQJ ZHUH LQYHVWLJDWHG� +HUH� WKH SURV�

SHFWV RI XVH RI WKH GHYHORSHG FRDWLQJV IRU SURWHFWLRQ

RI IULFWLRQ XQLWV RI IXHO HTXLSPHQW� PDFKLQH DQG HTXLS�

PHQW SDUWV IURP ZHDU DUH VKRZQ� 7R UHGXFH WKH FRVW

RI LQLWLDO PDWHULDOV IRU FRDWLQJ GHSRVLWLRQ DQG DOVR WKH

OHYHO RI LQWHUQDO VWUHVVHV DW WKH LQWHUIDFH RI FRDWLQJ
ZLWK D PHWDO EDVH �VWHHO�� WLWDQLXP ZDV UHSODFHG E\

IHUURWLWDQLXP�

7KH LQYHVWLJDWLRQ RI LQWHUDFWLRQ RI IHUURWLWDQLXP

ZLWK VLOLFRQ FDUELGH ZDV PDGH XVLQJ PHWKRGV RI WKHU�

PRG\QDPLF� GLIIHUHQWLDO WKHUPDO� PHWDOORJUDSKLF� PL�

FURGXURPHWULF DQG ;�UD\ GLIIUDFWLRQ SKDVH DQDO\VLV�

(YDOXDWLRQ RI IHDVLELOLW\ RI SURFHHGLQJ WKH VLPSOHVW
UHDFWLRQV RI WLWDQLXP DQG LURQ ZLWK VLOLFRQ FDUELGH

ZDV PDGH RQ WKH EDVLV RI WKHUPRG\QDPLF FDOFXODWLRQV

RI FKDQJHV LQ YDOXHV RI LVREDULF�LVRWKHUPDO SRWHQWLDO

∆= �*LEEV HQHUJ\�� &DOFXODWLRQV ZHUH PDGH XVLQJ
NQRZQ PHWKRGV >�� �@ DQG PRVW YDOLG LQLWLDO WKHUPR�

G\QDPLF GDWD >�w�@� ,W ZDV DVVXPHG KHUH WKDW WKH
UHDFWLRQV DUH SURFHHGLQJ ZLWK SDUWLFLSDWLQJ RI LQVR�

OXEOH SKDVHV�
$GLDEDWLF LQFUHDVH LQ WHPSHUDWXUH DV D UHVXOW RI

SURFHHGLQJ UHDFWLRQ FDQ EH SUHVHQWHG LQ WKH IRUP

∆W
DG

=
4

H[

&S

�

ZKHUH 4
H[

LV WKH WKHUPDO HIIHFW RI LQWHUDFWLRQ� &S LV

WKH KHDW FDSDFLW\ RI UHDFWLRQ SURGXFWV�
,Q DEVHQFH RI YDOXHV &S LWV DYHUDJHG YDOXH ZDV XVHG

LQ VRPH GHILQLWH FDVHV IRU VLPSOH VXEVWDQFHV DQG FRP�

SRXQGV ZKLFK ZDV HTXDO WR ���� N-��NJ�DWRP⋅GHJ�
IURPGDWD RI.HOOH\ >�@� 5HVXOWV RI FDOFXODWLRQV DUH JLYHQ
LQ )LJXUHV � DQG � DQG 7DEOHV � DQG ��

,Q LQWHUDFWLRQ RI VLOLFRQ FDUELGH ZLWK WLWDQLXP WKH

UHDFWLRQV RI IRUPDWLRQ RI PL[WXUH RI SKDVHV� WLWDQLXP

FDUELGH ZLWK WLWDQLXP VLOLFLGHV �)LJXUH �� FXUYHV �w��
DUH PRVW SUREDEOH WKHUPRG\QDPLFDOO\� 0RUHRYHU� LQ

WUDQVLWLRQ IURP 7L�6L� WR 7L6L DQG WKHQ WR 7L6L� WKH

� *�0� *5,*25(1.2� $�/� %25,629$� <X�6� %25,629� /�,� $'((9$� /�.� '2526+(1.2 DQG 9�/� 583&+(9� ����

7DEOH �� 7KHUPDO DFWLYLW\ RI UHDFWLRQV RI VLOLFRQ FDUELGH ZLWK WLWDQLXP

1R� 5HDFWLRQV

&RQWHQW RI 6L& 9DOXH RI KHDW HIIHFW

∆W
DG
� �¯

ZW�� YRO��
N-��J⋅PRO�

RI 6L&

N-�NJ

RI PL[WXUH

N-�FP
�

RI PL[WXUH

� 6L¯ � 7L  7L¯ � 6L �� �� ������ ���� ���� ����

� 6L¯ � �⁄�7L  �⁄�7L�6L� � ¯ �� �� ������ ���� ���� ���

� 6L¯ � 7L  7L6L � ¯ �� �� ����� �� ���� ���

� 6L¯ � �⁄�7L  �⁄�7L6L� � ¯ ���� �� w���� w�� w���� w��

� 6L¯ � �⁄�7L  7L¯ � �⁄�7L�6L� �� �� ������ ���� ���� ����

� 6L¯ � �7L  7L¯ � 7L6L �� �� ������ ���� ���� ����

� 6L¯ � �⁄�7L  7L¯ � �⁄�7L6L� �� �� ������ ���� ���� ����
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SUREDELOLW\ RI UHDFWLRQ LV GLPLQLVKHG� 5HDFWLRQ RI IRU�
PDWLRQ RI ORZHU WLWDQLXP VLOLFLGH 7L�6L� ZLWK SUHFLSL�
WDWLRQ RI D IUHH FDUERQ LV LPSRVVLEOH WKHUPRG\QDPL�
FDOO\ �FXUYH ��� WKH RWKHU UHDFWLRQV RFFXS\ WKH LQWHU�
PHGLDWH SRVLWLRQ� ([RWKHUPLFLW\ RI UHDFWLRQV FRQVL�
GHUHG LV VXIILFLHQWO\ KLJK� WKH KLJKHVW DGLDEDWLF SHDN
RI WHPSHUDWXUH UHDFKHV DOPRVW ���� �& �7DEOH ���

,Q LQWHUDFWLRQ RI VLOLFRQ FDUELGH ZLWK LURQ WKH UH�
DFWLRQV RI IRUPDWLRQ RI VLOLFLGHV ZLWK SUHFLSLWDWLRQ RI
D IUHH FDUERQ �)LJXUH �� FXUYHV �w�� DUHPRVW SUREDEOH�
KHUH WKH GHJUHH RI WKHLU SUREDELOLW\ LV LQFUHDVHG LQ WKH
URZ )H6L→)H�6L�→)H�6L� 5HDFWLRQV RI IRUPDWLRQ RI
WKH VDPH VLOLFLGHV LQ PL[WXUH ZLWK )H�& DUH SRVVLEOH
DW WHPSHUDWXUHV DERYH ���� ��� DQG ��� �& IRU VLOLFLGHV
)H�6L� )H�6L�� )H6L� UHVSHFWLYHO\ �FXUYHV �w��� 5HDF�
WLRQV RI )H6L� IRUPDWLRQ ZLWK SUHFLSLWDWLRQ RI D IUHH
FDUERQ� )H�& ZLWK SUHFLSLWDWLRQ RI D IUHH VLOLFRQ DQG
PL[WXUHV )H6L� DQG )H�& �FXUYHV �� �� �� DUH LPSRV�
VLEOH ZLWKLQ WKH HQWLUH WHPSHUDWXUH LQWHUYDO �XS WR
���� �&�� $GLDEDWLF SHDN RI WHPSHUDWXUH GRHV QRW
H[FHHG ��� �& �7DEOH ���

7KXV� LQ LQWHUDFWLRQ RI IHUURWLWDQLXP ZLWK VLOLFRQ
FDUELGH WKH IRUPDWLRQ RI PL[WXUH RI SKDVHV VKRXOG EH

H[SHFWHG� WLWDQLXP FDUELGH� WLWDQLXP VLOLFLGHV �ILUVW
RI DOO 7L�6L�� DQG LURQ VLOLFLGHV �SUREDELOLW\ RI )H�6L�
)H�6L� DQG )H6L IRUPDWLRQ LV GLIIHUHG QHJOLJLEO\��

'XH WR WKH DEVHQFH RI LQLWLDO WKHUPRG\QDPLF GDWD
WKH IHDVLELOLW\ RI IRUPDWLRQ RI WHUQDU\ RU PRUH FRPSOH[
FRPSRXQGV� DV ZHOO DV VROLG VROXWLRQV ZDV QRW FRQVL�
GHUHG LQ FDOFXODWLRQV� 1HYHUWKHOHVV� WKH H[LVWHQFH RI
WZR WHUQDU\ FRPSRXQGV LV NQRZQ LQ WKH 7Lw6Lw& V\V�
WHP >��@� )H�6L&� DQG 7L�6L�w[&[

ZKLFK ZHUH UHYHDOHG
HDUOLHU E\ XV LQ SURGXFWV RI LQWHUDFWLRQ RI SRZGHU
PL[WXUHV RI WLWDQLXP ZLWK VLOLFRQ FDUELGH >�@�

)RU H[SHULPHQWDO LQYHVWLJDWLRQ RI IHUURWLWDQLXP
LQWHUDFWLRQ ZLWK VLOLFRQ FDUELGH WKH FRPSRVLWLRQV RI
PL[WXUHV ZHUH VHOHFWHG� ZKLFK ZHUH FKDUDFWHUL]HG E\
WKH KLJKHVW GHJUHH RI H[RWKHUPDO DFWLYLW\� QDPHO\ 7L �
�� ZW�� 6L& �7DEOH �� UHDFWLRQ 1R���� )H � �� ZW��
6L& �7DEOH �� UHDFWLRQ 1R���� &RPSRVLWLRQ RIPL[WXUHV
ZLWK IHUURWLWDQLXP ZKLFK FRQWDLQV �� DW��
)H ��� ZW��� DQG �� DW�� 7L ��� ZW��� VKRXOG EH DV
IROORZV� �� ZW�� )H7L � �� ZW�� 6L&�

$V LQLWLDO PDWHULDO WKH SRZGHUV RI IHUURWLWDQLXP
ZLWK ��w��� µP VL]H RI SDUWLFOHV� VLOLFRQ FDUELGH RI
WZR IUDFWLRQV ���w��� µP DQG � � µP� SURGXFHG E\
WKH PHWKRG RI JULQGLQJ ZHUH XVHG IRU LQYHVWLJDWLRQV�
3RZGHUV RI SXUH LURQ DQG WLWDQLXP KDG � � µP VL]H

)LJXUH �� 7HPSHUDWXUH UHODWLRQVKLS LQ FKDQJLQJ *LEEV HQHUJ\ GXU�
LQJ UHDFWLRQ RI VLOLFRQ FDUELGH ZLWK WLWDQLXP �ILJXUHV RQ FXUYHV
FRUUHVSRQG WR QXPEHUV RI UHDFWLRQV LQ 7DEOH ��

)LJXUH �� 7HPSHUDWXUH UHODWLRQVKLS LQ FKDQJLQJ *LEEV HQHUJ\ GXU�
LQJ UHDFWLRQ RI VLOLFRQ FDUELGH ZLWK LURQ �ILJXUHV RQ FXUYHV FRUUH�
VSRQG WR QXPEHUV RI UHDFWLRQV LQ 7DEOH ��

7DEOH �� 7KHUPDO DFWLYLW\ RI UHDFWLRQV RI VLOLFRQ FDUELGH ZLWK LURQ

1R 5HDFWLRQV

&RQWHQW RI 6L& 9DOXH RI KHDW HIIHFW

∆WDG� �¯
ZW�� YRO��

N-��J⋅PRO�
RI 6L&

N-�NJ

RI PL[WXUH

N-�FP
�

RI PL[WXUH

� 6L¯ � �)H  )H�6L � ¯ �� �� ����� ��� ���� ���

� 6L¯ � �⁄�)H  �⁄�)H�6L� � ¯ �� �� ���� �� ���� ��

� 6L¯ � )H  )H6L � ¯ �� �� ���� �� ���� ��

� 6L¯ � �⁄�)H  �⁄�)H6L� � ¯ �� �� w����� w��� w���� w��

� 6L¯ � �)H  )H�¯ � 6L �� �� w���� w��� w���� w���

� 6L¯ � �)H  )H�¯ � )H�6L �� �� w���� w�� w���� w��

� 6L¯ � ��⁄�)H  )H�¯ � �⁄�)H�6L� �� �� w����� w�� w���� w��

� 6L¯ � �)H  )H�¯ � )H6L �� �� w����� w�� w��� w���

� 6L¯ � ���)H  )H�¯ � �⁄�)H6L� �� �� w����� w��� w���� w��
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RI SDUWLFOHV� ;�UD\ GLIIUDFWLRQ SKDVH DQDO\VLV VKRZHG
WKDWRQO\SRZGHU RI IHUURWLWDQLXPFRQWDLQV� H[FHSWSKDVH
)H7L� D VPDOO DPRXQW RI )H�7L� γ�)H7L2 DQG 7L&�w[�
7KH UHVW SRZGHUV GR QRW FRQWDLQ LPSXULWLHV� WKH VLOLFRQ
FDUELGH KDV D VWUXFWXUH ZLWK D KH[DJRQDO ODWWLFH�

6DPSOHV IRU '7$ ZHUH SUHSDUHG IURP LQLWLDO SRZ�
GHUV E\ FDUHIXO PL[LQJ LQ +60 W\SH PL[HU RI �+HU�
]RJ� &RPSDQ\ DQG VXEVHTXHQW SUHVVLQJ DW � W�FP

�

SUHVVXUH� '7$ ZDV PDGH LQ XQLW 9'7$��0 LQ D VWDWLF
PHGLXP RI KHOLXP DW �� .�PLQ UDWH RI FRROLQJ�

$QDO\VLV RI GLIIHUHQWLDO WKHUPDO FXUYHV RI KHDWLQJ
SRZGHU PL[WXUHV �)LJXUH �� VKRZHG WKDW '7$ FXUYH �
IRU )H7Lw6L& KDV D QXPEHU RI FRPPRQ IHDWXUHV ZLWK
FXUYHV � DQG � IRU 7Lw6L& DQG )Hw6L&� UHVSHFWLYHO\�
7KXV� WKH HQGRWKHUPDO HIIHFW LV REVHUYHG RQ FXUYHV �
DQG � DW WHPSHUDWXUH DERYH ���� �&� ZKLOH RQ FXUYHV
� DQG � WKH VKDUS SHDN RI H[RWKHUPDO HIIHFW DW WHP�
SHUDWXUHV ���� DQG ���� �&� UHVSHFWLYHO\� LV REVHUYHG�

7KH ;�UD\ GLIIUDFWLRQ SKDVH DQDO\VLV RI VDPSOHV
�7DEOH �� VKRZHG WKDW LQWHUDFWLRQ RI SRZGHUV )H �
6L& LQ PL[WXUH LV SURFHHGLQJ PDLQO\ ZLWK WKH IRUPD�
WLRQ RI VLOLFLGH SKDVHV RI LURQ �)H�6L�� )H�6L DQG )H6L��
(QGRWKHUPDO SHDN DW WHPSHUDWXUHV ����w���� �& LV
GXH WR WKH DSSHDUDQFH RI WKH OLTXLG SKDVH� L�H� HXWHFWLF
)H�6Lw)H�6L� �7PHOW  ���� �& >��@��

,Q )H7Lw6L& V\VWHP WKH LQWHUDFWLRQ LV VWDUWHG� SUR�
EDEO\� ZLWK WKH IRUPDWLRQ RI LURQ VLOLFLGHV� 7KH DSSHDU�
DQFH RI OLTXLG SKDVH �HXWHFWLF�� SURPRWLQJ WKH DFFHOHUD�
WLRQ RI WUDQVIHU RI UHDJHQWV WR WKH UHDFWLRQ ]RQH� OHDGV
WR WKH WUDQVLWLRQ RI WKH ILUVW �VORZ� VWDJH LQWR WKH VWDJH
RI DFWLYH LQWHUDFWLRQ ZLWK DQ DEUXSW ULVH RI WHPSHUDWXUH
DV D UHVXOW RI UHDFWLRQ RI VLOLFRQ FDUELGH ZLWK WLWDQLXP
FRQWDLQHG LQ WKH IHUURWLWDQLXP FRPSRVLWLRQ�

7KH SUHVHQFH RI LURQ LQ PL[WXUH )H7Lw6L& DQG IRU�
PDWLRQ RI LURQ VLOLFLGHV DW WKH ILUVW VWDJH� XQOLNH 7Lw6L&�
OHDGV WR VKLIWLQJ WKH WHPSHUDWXUH LQWHUYDO RI DFWLYH LQ�
WHUDFWLRQ WR WKH UHJLRQ RI WKH KLJKHU WHPSHUDWXUHV� &RP�
SDULVRQ RI SKDVH FRPSRVLWLRQ RI LQJRWV SURGXFHG DW '7$
DQG SKDVHV H[SHFWHG RQ WKH EDVLV RI WKHUPRG\QDPLF
HVWLPDWHV VKRZHG WKDW SURGXFWV RI UHDFWLRQV FRQWDLQ DG�
GLWLRQDOO\ �WKRXJK LQ D VPDOO DPRXQW� WKH WHUQDU\ FRP�
SRXQGV DQG VROLG VROXWLRQV �7DEOH ��� ,Q RWKHU UHVSHFWV
WKH UHVXOWV RI H[SHULPHQWDO LQYHVWLJDWLRQ FRQILUP WKH
GDWD RI WKH WKHUPRG\QDPLFDO DQDO\VLV� 7KH PDLQ SUR�
GXFWV RI LQWHUDFWLRQ RI )H7L ZLWK 6L& DUH WKH LURQ DQG
WLWDQLXP VLOLFLGHV� DQG DOVR WLWDQLXP FDUELGH� 7KH ODWWHU�
KDYLQJ D ZLGH UHJLRQ RI KRPRJHQHLW\� ELQGV FDUERQ SUH�
FLSLWDWLQJ DFFRUGLQJ WR UHDFWLRQ

P)H � Q6L&  )H
P
6L

Q
� Q&�

,Q FRPSDULVRQ RI PLFURVWUXFWXUH DQG SKDVH FRP�
SRVLWLRQ RI LQJRWV� SURGXFHG IURP PL[WXUHV RI IHUURWL�
WDQLXP ZLWK VLOLFRQ FDUELGH RI GLIIHUHQW GLVSHUVLW\
���w��� µP DQG � � µP�� LW ZDV RXWOLQHG WKDW LQ WKH
ILUVW FDVH WKH UHDFWLRQ LV QRW SURFHHGLQJ WR WKH HQG
�OLQHV 6L&� )H7L DQG )H�7L ZHUH UHYHDOHG RQ UDGLR�

)LJXUH �� 'LIIHUHQWLDO WKHUPDO FXUYHV RI KHDWLQJ SRZGHU PL[WXUHV
RI FRPSRVLWLRQ� ZW��� �x ��7L � ��6L&� �x ��)H � ��6L&� � x
��)H7L � ��6L&� � x ��)H7L � ��6L&� � x ��)H7L � �6L&

7DEOH �� &KDUDFWHULVWLF RI PRVW H[RWKHUPDO PL[WXUHV RI UHDFWLRQ SURGXFWV

0L[WXUH

FRPSRVLWLRQ�

ZW��

3KDVH FRPSRVLWLRQ

0LFURKDUGQHVV� *3D

FDOFXODWHG H[SHULPHQWDO

��)H7L � ��6L& 7L¯�

7L�6L�� )H�6L� )H6L� )H�6L�

7L¯��Ó� 7L�6L��[&[
�

)H�6L� )H6L� )H�6L�

����w���� �FDUELGH LQFOXVLRQV�
����w����� �VLOLFLGH PDWUL[�

��)H � ��6L& )H�6L� )H6L� )H�6L�� & )H�6L� )H6L� )H�6L�� )H�6L�&�

)Hw& VROLG VROXWLRQ

���w���

��7L � ��6L& 7L&�

7L�6L��

7L&��[�

7L�6L��[&[

����w���� �FDUELGH LQFOXVLRQV�
����w���� �VLOLFLGH PDWUL[�
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JUDPV� DQG WKHUH DUH SRUHV LQ WKH LQJRW VWUXFWXUH �)L�
JXUH �� D�� ,Q WKH VHFRQG FDVH WKH VWUXFWXUH LV PRUH
KRPRJHQHRXV� ILQH�GLVSHUVHG� SRUHV RQ PLFURVHFWLRQV
DUH QRW VHHQ HYHQ DW PXFK KLJKHU PDJQLILFDWLRQ �)L�
JXUH �� E�� 6WUXFWXUH RI VLPLODU W\SH LV PRVW SUHIHUDEOH
IRU FRUURVLRQ�UHVLVWDQW FRDWLQJV RSHUDWLQJ IRU ZHDU�

7R FKHFN WKH HIIHFW RI VLOLFRQ FDUELGH LQ PL[WXUH
ZLWK IHUURWLWDQLXP RQ LWV H[RWKHUPLFLW\� WKH H[SHUL�
PHQWV ZHUH SHUIRUPHG ZLWK �� DQG � ZW�� 6L& �)L�
JXUH �� FXUYHV � DQG ��� 5HVXOWV VKRZ WKH UHGXFWLRQ
RI WKHUPDO DFWLYLW\ RI PL[WXUH ZLWK D GHFUHDVH RI VLOL�
FRQ FDUELGH DPRXQW LQ LW� +HUH� WKH LQJRW VWUXFWXUH
EHFRPHV OHVV KRPRJHQHRXV �)LJXUH �� F� G�� PLFUR�
KDUGQHVV RI PDWUL[ LV GHFUHDVHG �IRU )H7L � � ZW��
6L& x XS WR ��� *3D�� WKDW LV DVVRFLDWHG ZLWK WKH
SUHVHQFH RI D QRQ�UHDFWHG IHUURWLWDQLXP LQ LW� :LWK
6L& LQFUHDVH LQ PL[WXUH DV FRPSDUHG ZLWK RSWLPXP
FRQWHQW �PRUH WKDQ �� ZW��� WKH ODUJH DPRXQW RI
UHVLGXDO 6L& LV SUHVHUYHG LQ WKH LQJRW� L�H� WKH UHDFWLRQ
LV SURFHHGLQJ XS WR WKH HQG� UHVXOWLQJ LQ GHFUHDVH LQ
LQJRW VWUHQJWK�

7KXV� WKH LQWHUDFWLRQ RI )H7L ZLWK 6L& LQ SRZGHU
PL[WXUHV KDV DQ H[RWKHUPDO QDWXUH� 7LWDQLXP UHSODFH�
PHQW E\ IHUURWLWDQLXP OHDGV WR VRPH GHFUHDVH LQ
H[RWKHUPLFLW\ RI WKH SURFHVV RI LQWHUDFWLRQ ZLWK 6L&
DQG LQFUHDVH LQ WHPSHUDWXUH RI EHJLQQLQJ WKH DFWLYH
LQWHUDFWLRQ DSSUR[LPDWHO\ E\ ��� �& WKDW LV FDXVHG
E\ WKH IRUPDWLRQ RI LURQ VLOLFLGHV DQG WKHLU IXVLEOH
HXWHFWLFV� %DVHG RQ H[SHULPHQWDO GDWD FRUUHVSRQGLQJ
WR WKHRUHWLFDO FDOFXODWLRQV WKH PD[LPXP H[RWKHUPDO

HIIHFW LV DWWDLQHG LQ XVH RI PL[WXUHV �� ZW�� )H7L �
�� ZW�� 6L& ZLWK WKH IRUPDWLRQ RI 7L&� 7L�6L�w[&[

�
)H�6L� )H�6L� DV LQWHUDFWLRQ SURGXFWV� ZKRVH PLFUR�
KDUGQHVV LV ����w���� DQG ����w����� *3D IRU FDUELGH
DQG VLOLFLGH PDWUL[� UHVSHFWLYHO\� 7KLV FRPELQDWLRQ RI
VWUXFWXUH FRPSRQHQWV� L�H� KDUG FDUELGH LQFOXVLRQV LQ
PRUH VRIW DQG SODVWLF VLOLFLGH PDWUL[� DUH PRVW RSWL�
PXP IRU WKHUPDO FRDWLQJV ZLWK D KLJK ZHDU DQG FRU�
URVLRQ UHVLVWDQFH�

�� %RULVRYD� $�/�� %RULVRY� <X�6�� 3RO\DQLQ� %�$� HW DO� ������
,QWHUDFWLRQ RI 7Lw6L& LQ FRPSRVLWH SRZGHUV DQG SURSHUWLHV RI
VSUD\HG FRDWLQJV� 3RURVKNRYD\D 0HWDOOXUJL\D� ��� ��w���

�� %RULVRYD� $�/�� 6KYHGRYD� /�.�� 0DUVKFKHQ\XN� ,�6� ������
,QWHUIDFH LQWHUDFWLRQ LQ FRPSRVLWH SRZGHUV RI PHWDOwQRQ�
PHWDOOLF UHIUDFWRU\ FRPSRXQG� ,Q� $GKHVLRQ RI PHOWV DQG
EUD]LQJ RI PHWDOV� ,VVXH ��� ��w���

�� %RULVRY� <X�6�� %RULVRYD� $�/�� $GHHYD� /�,� HW DO� ������
&RPSRVLWH SODVPD FRDWLQJV RI 7Lw6Lw& V\VWHP� 3UREOHP\
6SHWV� (OHNWURPHWDOOXUJLL� �� ��w���

�� .UHVWRYQLNRY� $�1�� 9LJGRURYLFK� 9�1� ������ &KHPLFDO
WKHUPRG\QDPLFV� 0RVFRZ� 0HWDOOXUJL]GDW�

�� .XEDVKHYVN\� 2�� (YDQV� (� ������ 7KHUPRFKHPLVWU\ LQ
PHWDOOXUJ\� 0RVFRZ� ,QRVWU� /LWHUDWXUD�

�� ������ 3URSHUWLHV� SURGXFWLRQ DQG DSSOLFDWLRQ RI UHIUDFWRU\
FRPSRXQGV� 5HIHU� %RRN� (G� E\ 7�<D� .RVRODSRYD� 0RV�
FRZ� 0HWDOOXUJL\D�

�� :L[� &�(�� %ORFN� )�(� ������ 7KHUPRG\QDPLFDO SURSHUWLHV
RI �� HOHPHQWV� WKHLU R[LGHV� KDORJHQV� 0RVFRZ� 0HWDOOXUJL\D�

�� 9RMWRYLFK� 5�)� ������ 5HIUDFWRU\ FRPSRXQGV� 7KHUPRG\�
QDPLFDO FKDUDFWHULVWLFV� 5HIHU� %RRN� .\LY� 1DXNRYD 'XPND�

�� 9HU\DWLQ� 8�'�� 0DVKLUHY� 9�3�� 5\DEWVHY� 1�*� HW DO�
������ 7KHUPRG\QDPLFDO SURSHUWLHV RI LQRUJDQLF VXE�
VWDQFHV� 5HIHU� %RRN� 0RVFRZ� $WRPL]GDW�

��� 1LFNO� -�� 6FKZLW]HU� .�� /X[HQEHUJ� 3� ������ *DVSKDVHQ�
DEVFKHLGXQJ LP V\VWHP 7Lw6Lw&� -� /HVV &RPPRQ 0HWDOV�
�� ���w����

��� +DQVHQ� 0�� $QGHUNR� .� ������ 6WUXFWXUHV RI ELQDU\ DO�
OR\V� 0RVFRZ� 0HWDOOXUJL]GDW�

)LJXUH �� 0LFURVWUXFWXUH RI SURGXFWV RI LQWHUDFWLRQ RI IHUURWLWDQLXP ZLWK VLOLFRQ FDUELGH �QRW HWFKHG�� D� E x �� ZW�� 6L& �� x
WLWDQLXP FDUELGHV� � x VLOLFLGHV RI WLWDQLXP DQG LURQ� � x VLOLFRQ FDUELGHV� �×����� F x �� ZW�� 6L&� G x � ZW�� 6L& �×����
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0�0� *$6,.� 9�/� =8%29 DQG 0�,� *$6,.

1DWLRQDO 0HWDOOXUJLFDO $FDGHP\ RI 8NUDLQH� 'QHSURSHWURYVN� 8NUDLQH

5HVXOWV RI H[SHULPHQWDO VWXG\ RI SKDVH WUDQVIRUPDWLRQV LQ IHUURVLOLFLXP RI )6��� )6�� DQG )6�� JUDGHV E\ D V\QFKURQRXV

WKHUPDO DQDO\VLV XVLQJ D GLIIHUHQWLDO VFDQQLQJ FDORULPHWU\ �'6&� DQG WKHUPRJUDYLPHWU\ DUH FRQVLGHUHG� 7KHUPDO HIIHFWV

RFFXUULQJ LQ KHDWLQJ DQG FRROLQJ DV D UHVXOW RI SKDVH WUDQVIRUPDWLRQV DUH HVWLPDWHG TXDQWLWDWLYHO\� 7KH FKDQJH LQ PDVV

RI VDPSOHV LQ WKH SURFHVV RI KHDWLQJ DQG FRROLQJ� DQG DOVR WKH KHDW FDSDFLW\ RI IHUURVLOLFLXP ZLWKLQ WKH WHPSHUDWXUH

��w���� �& LQWHUYDO DUH GHWHUPLQHG� &RPSDUDWLYH DQDO\VLV RI WHPSHUDWXUH WUDQVIRUPDWLRQV LQ IHUURVLOLFLXP RI GLIIHUHQW

JUDGHV E\ SRVLWLRQ RI SHDNV RI '6& FXUYHV ZDV PDGH�

.H\ ZRU G V � KLJK�VLOLFRQ IHUURVLOLFLXP� )Hw6L VWDWH GLD�
JUDP� SKDVH WUDQVIRUPDWLRQV� V\QFKURQRXV WKHUPDO DQDO\VLV �GLI�

IHUHQWLDO VFDQQLQJ FDORULPHWU\� WKHUPRJUDYLPHWU\�� WKHUPDO HI�
IHFWV RI WUDQVIRUPDWLRQV

(OHFWURWKHUPDO IHUURVLOLFLXP FRYHUV E\ LWV FKHPLFDO
FRPSRVLWLRQ D ZLGH FRQFHQWUDWLRQ UHJLRQ RI VWDWH GLD�

JUDP RI )Hw6L V\VWHP� QDPHO\ IURP �� XS WR ≥ �� �

6L �*267 ����w��� >�� �@� ,Q WKLV FRQQHFWLRQ WKH

VHOHFWLRQ RI IHUURVLOLFLXP FRPSRVLWLRQ� WHFKQRORJ\ RI

FDVWLQJ DQG DOVR LWV DSSOLFDWLRQ LQ VWHHO�PDNLQJ LQGXV�

WU\ LQ GHR[LGL]LQJ DQG DOOR\LQJ RI VWHHOV DQG DOOR\V RI

D GLIIHUHQW IXQFWLRQDO SXUSRVH LV GHILQHG PDLQO\ E\

WKH OHYHO RI NQRZOHGJH DQG DYDLODELOLW\ RI YDOLG WKHU�

PRG\QDPLF GDWD DERXW WKH SURSHUWLHV RI IHUURVLOLFLXP

RI HDFK JUDGH�

$QDO\VLV RI OLWHUDWXUH GDWD VKRZV WKDW WKH VWDEOH
VWDWH GLDJUDP RI )Hw6L V\VWHP KDV EHHQ VWXGLHG FRP�

SUHKHQVLYHO\ RZLQJ WR IXQGDPHQWDO LQYHVWLJDWLRQV

PDGH GXULQJ WKH UHFHQW GHFDGHV DW WKH HQG RI WKH ODVW

FHQWXU\� WKRXJK WKHUH DUH VRPH SUREOHPV� VXFK DV

FRPSRVLWLRQV DQG W\SHV RI FU\VWDOOLQH VWUXFWXUHV RI

FRPSRXQGV� WHPSHUDWXUHV RI SKDVH WUDQVIRUPDWLRQV

�ILUVW RI DOO OHEHDXLWH� ZKLFK FRQWLQXH WR UHPDLQ RSHQ
WR GLVFXVVLRQV >�� �@�

(OHFWURWKHUPDO IHUURVLOLFLXP RI LQGXVWULDO PHOWLQJ

FRQWDLQV D QXPEHU RI LPSXULW\ HOHPHQWV DPRQJ ZKLFK

DOXPLQLXP� FDOFLXP� PDQJDQHVH� FKURPLXP� WLWD�

QLXP� SKRVSKRUXV� VXOSKXU DQG FDUERQ DUH UHJXODWHG

E\ *267 ����w��� 7KH SUHVHQFH RI WKHVH HOHPHQWV
KDV D GHILQLWH HIIHFW RQ SKDVH WUDQVIRUPDWLRQV LQ IHU�
URVLOLFLXP GXULQJ IRUPDWLRQ RI VWUXFWXUH� GHYHORSLQJ

RI OLTXDWLRQ SKHQRPHQD� SUHFLSLWDWLRQ RI H[FHVVLYH

SKDVHV LQ LQJRWV DQG DOVR LQWHQVLYH WKHLU VXVFHSWLELOLW\

WR WKH SKHQRPHQRQ RI D VHOI�FUXPEOLQJ LQ D KXPLG

DWPRVSKHUH ZLWK D IRUPDWLRQ RI SRLVRQ JDVHV RI

SKRVSKLQH DQG DUVLQH >�� �@�

3URGXFWLRQ RI IHUURVLOLFLXP KDV DQ H[SRUW�RULHQWHG

QDWXUH� WKDW GHILQHV LWV JUDGH FRPSRVLWLRQ� 7KHVH DUH

PDLQO\ )6��� )6�� DQG )6�� �)6�� UDUHO\�� ,Q WKLV

FRQQHFWLRQ WKH SKDVH WUDQVIRUPDWLRQV LQ IHUURVLOLFLXP

RI � HOLWH� JUDGHV� FRPSHWLWLYH DW QDWLRQDO DQG LQWHU�

QDWLRQDO PDUNHWV RI IHUURVLOLFLXP SURGXFWV ZHUH LQ�

YHVWLJDWHG LQ WKH SUHVHQW ZRUN� 6DPSOHV RI FRPPHUFLDO

IHUURVLOLFLXP RI WKUHH JUDGHV RI SUHVHQW�GD\ SURGXFWLRQ
ZHUH XVHG �7DEOH ���

3KDVH WUDQVIRUPDWLRQV LQ KHDWLQJ �FRROLQJ� RI IHU�

URVLOLFLXP VDPSOHV ZHUH H[DPLQHG XVLQJ D PHWKRG RI

D V\QFKURQRXV WKHUPDO DQDO\VLV UHSUHVHQWLQJ D FRPEL�

QDWLRQ RI PHWKRGV RI JUDYLPHWU\ DQG '6&� 3ULQFLSOH

RI '6& FRQVLVWV LQ D G\QDPLF FKDQJLQJ RI D KHDW IORZ�

GLUHFWHG WR WKH IHUURVLOLFLXP VDPSOH H[DPLQHG� 7KLV
FKDQJH LV QHFHVVDU\ IRU FRPSHQVDWLRQ LQ WKH GLIIHUHQFH

RI WHPSHUDWXUHV EHWZHHQ WKH VDPSOH DQG UHIHUHQFH

�VDSSKLUH�� $V FRPSDUHG ZLWK HTXLSPHQW XVHG WUDGL�
WLRQDOO\ IRU GLIIHUHQWLDO WKHUPDO DQDO\VLV� WKH HTXLS�

PHQW IRU WHPSHUDWXUH PHDVXULQJ LQ '6& KDV D VSHFLDO

GHVLJQ RI D PHDVXULQJ SDUW DQG LV FKDUDFWHUL]HG E\ D
KLJKHU VHQVLWLYLW\�

7KH DLP RI WKH SUHVHQW ZRUN LV WR HVWDEOLVK WHP�

SHUDWXUHV DQG HQWKDOSLHV RI SKDVH WUDQVIRUPDWLRQV �UH�

DFWLRQV� LQ KHDWLQJ �FRROLQJ� RI IHUURVLOLFLXP VDPSOHV

E\ FKHPLFDO FRPSRVLWLRQ UHIHUULQJ WR D FRQFHQWUDWLRQ
UHJLRQ )H6Lw6L RI VWDWH GLDJUDP RI )Hw6L V\VWHP �)L�

JXUH ���

7KH LQYHVWLJDWLRQV ZHUH SHUIRUPHG LQ XQLW -XSLWHU

67$ ���& ZKLFK PDNHV LW SRVVLEOH WR SHUIRUP WKH

V\QFKURQRXV WKHUPDO DQDO\VLV ZLWK D VHQVLWLYLW\ E\

PDVV XS WR ��� µJ DQG E\ HQWKDOS\ XS WR � �� 6DPSOHV

RI ���w��� J ZHUH KHDWHG LQ DWPRVSKHUH RI D SXUH

7DEOH �� &KHPLFDO FRPSRVLWLRQ RI VDPSOHV RI FRPPHUFLDO IHU�
URVLOLFLXP �*267 ����w���

)HU�

URVLOLFLXP

JUDGH

&RQWHQW� ZW��

6L $O 0Q &U 7L &X 3 6

)6�� ���� ��� ��� ��� ��� ���� ���� ����

)6�� ���� ��� ��� ��� ��� ���� ���� ����

)6�� ���� ��� ��� ��� ��� ���� ���� ����

� 0�0� *$6,.� 9�/� =8%29 DQG 0�,� *$6,.� ����
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DUJRQ LQ DOXQGXP FDOLEUDWHG FUXFLEOHV DW WKH UDWH RI

�� �&�PLQ XS WR ���� �&� �� PLQ KROGLQJ DQG FRROLQJ

DW � �&�PLQ UDWH ZLWK UHFRUGLQJ RI FKDQJH LQ PDVV

DQG WHPSHUDWXUH� $ VDSSKLUH GLVF ZLWK D NQRZQ KHDW

FDSDFLW\ ZDV XVHG DV D UHIHUHQFH VDPSOH� ([SHULPHQWDO

GDWD DQG FRUUHODWLRQ FXUYH RI D VSHFLILF KHDW FDSDFLW\

RI VDSSKLUH GHSHQGLQJ RQ WHPSHUDWXUH REWDLQHG GXULQJ

FDOLEUDWLRQ RI WKH LQVWUXPHQW DUH JLYHQ LQ )LJXUH ��

7KHRUHWLFDO YDOXHV RI KHDW FDSDFLW\ RI SKDVHV RI LQGH�

SHQGHQW V\VWHP )H6Lw6L DUH SUHVHQWHG LQ 7DEOH ��

7KH KHDW FDSDFLW\ RI IHUURVLOLFLXP VDPSOHV LV GH�

WHUPLQHG E\ IRUPXOD

&S = G+
G7

�P 7(τ) �

ZKHUH G+ LV WKH HQWKDOS\ FKDQJH� 7 LV WKH WHPSHUD�

WXUH� P LV WKH VDPSOH PDVV ZKLFK FDQ GHSHQG RQ WLPH

τ DQG WHPSHUDWXUH� 7KHUHIRUH� WKH VSHFLILF KHDW FDSD�
FLW\ FDQ EH SUHVHQWHG LQ DFFRUGDQFH ZLWK WKH '6&

PHWKRG E\ WKH H[SUHVVLRQ

&S =
PVWG'6&V w '6&EDVH

P
V
'6&VWG w '6&EDVH

&S
V WG

�

ZKHUH LQGLFHV �V�� �VWG�� �EDVH� DUH WKH VDPSOH�
VWDQGDUG DQG EDVH OLQH� UHVSHFWLYHO\� '6& LV WKH VLJ�
QDO�

%HORZ� WKH UHVXOWV RI RXU H[SHULPHQWV DQG WKHLU
DQDO\VLV DUH JLYHQ� 7\SLFDO FXUYHV RI '6& DQG WKHU�
PRJUDYLPHWU\ RI WKHUPDO DQDO\VLV RI IHUURVLOLFLXP RI
)6�� JUDGH DUH VKRZQ LQ )LJXUH �� +DWFKHG OLQH FKD�
UDFWHUL]HV WKH ULVH RI WHPSHUDWXUH RI DOOR\ VDPSOH LQ
DQ DOXQGXP FUXFLEOH ZLWK WLPH DW D SUHVHW FRQVWDQW
UDWH ��� �&�PLQ�� LVRWKHUPDO KROGLQJ GXULQJ �� PLQ
DQG FRROLQJ RI VDPSOH ZLWK D FUXFLEOH DW � �&�PLQ
UDWH� 7KH PDVV RI IHUURVLOLFLXP VDPSOH LV LQFUHDVHG
RQO\ LQ WKH UHJLRQ RI KHDWLQJ DQG KROGLQJ DW WKH H[�
SHQVH� SUREDEO\� RI DOOR\ R[LGDWLRQ� ZKLOH LQ FRROLQJ
LW UHPDLQV DOPRVW FRQVWDQW ZLWKLQ WKH LQWHUYDO RI WHP�
SHUDWXUHV IURP ���� �& DQG ORZHU WKDW LV SURYHG E\
D KRUL]RQWDO UHJLRQ RQ FXUYH P�

)LJXUH �� D� E SUHVHQWV WKH'6&FRPSDUDWLYH FXUYHV
RI DOO WKH DOOR\V LQ KHDWLQJ DQG FRROLQJ� UHVSHFWLYHO\�
7KH FKDQJH LQ PDVV RI IHUURVLOLFLXP VDPSOHV LQ H[SHUL�
PHQWV ZDV QHJOLJLEOH� L�H� WR ��� �� %\ FRPSDULQJ
PRVW FOHDU SHDNV RQ '6& FXUYHV �)LJXUH �� D� RI
WKHUPDO DQDO\VLV RI IHUURVLOLFLXP RI WKUHH JUDGHV ZLWK
D VWDEOH VWDWH GLDJUDP RI )Hw6L V\VWHP� LW ZDV VKRZQ
WKDW WKH SRVLWLRQ RI WKHVH SHDNV� LQ VSLWH RI KLJK UDWH
RI KHDWLQJ VDPSOHV ��� �&�PLQ� KDV D JRRG FRUUHODWLRQ
ZLWK WHPSHUDWXUH SKDVH WUDQVIRUPDWLRQV LQ )H6Lw6L
LQGHSHQGHQW V\VWHP�

$W WKH VDPH WLPH� LQ FRROLQJ VDPSOHV RI DOOR\V DW
D ORZHU UDWH �� �&�PLQ� DV FRPSDUHG ZLWK WKDW RI
KHDWLQJ WKH HIIHFW RI RYHUFRROLQJ �E\ ��w�� �&� LV

7DEOH �� 7KHRUHWLFDO YDOXHV RI VSHFLILF KHDW FDSDFLW\� -��J⋅.��
RI VLOLFRQ DQG VLOLFLGH SKDVHV LQ LQGHSHQGHQW V\VWHP )H6Lw6L

3KDVH
&
S

= $ + % ⋅ ��w� 7 + &7w� + ' ⋅ ��w� 7�

� % ¯ ' °� ¨

6L ������� ������� w����� w ���w����

)H6L
����

������� w w w ���w���

)H6L
����

������� ������ w������� w ���w���

β�)H6L
�

������ ������ ������ w ���w���

)H6L ������ ������� ����� w���� ���w����

1R W H � 'DWDEDVH +6& ����� 2XWRNXPSX 5HVHDUFK� )LQODQG� 7$33

���� (60 ,QF�� 86$�

)LJXUH �� 6WDWH GLDJUDP RI ELQDU\ )Hw6L V\VWHP

)LJXUH �� 'HSHQGHQFH RI VSHFLILF KHDW FDSDFLW\ RI VDSSKLUH �α�
$O

�
2

�
� RQ WHPSHUDWXUH �VLJQV RI FRUUHODWLRQ FXUYH x H[SHULPHQWDO

GDWD�
)LJXUH �� 7\SLFDO FXUYHV RI GLIIHUHQWLDO VFDQQLQJ FDORULPHWU\ DQG
WKHUPRJUDYLPHWU\
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PDQLIHVWHG WKDW FDQ EH FDXVHG E\ WKH HIIHFW RI LPSXULW\
HOHPHQWV LQ IHUURVLOLFLXP RQ WKH WHPSHUDWXUHV RI HX�
WHFWLFV� DV WKH OLTXLGXV WHPSHUDWXUH LV FRLQFLGHG DOPRVW
ZLWK DSSURSULDWH WHPSHUDWXUHV RI PHOWLQJ DOOR\V IURP
WKH GDWD RI VWDEOH VWDWH GLDJUDP RI )Hw6L V\VWHP �)L�
JXUH �� E��

,GHQWLILFDWLRQ RI SHDNV RQ '6& FXUYH RI IHU�
URVLOLFLXP RI )6�� JUDGH HQDEOHV XV WR PDNH D FRQ�
FOXVLRQ WKDW WKH DOOR\ XQGHUJRHV WKH HXWHFWLF WUDQV�
IRUPDWLRQ LQ KHDWLQJ XS WR ���� �& �FRROLQJ ���� �&�
DQG OLTXLGXV WUDQVIRUPDWLRQ DW ����w���� �& �FRROLQJ
���� �&�� )HUURVLOLFLXP )6�� XQGHUJRHV HXWHFWLF
WUDQVIRUPDWLRQ LQ KHDWLQJ XS WR ���� �& �FRROLQJ
���� �&�� $W IXUWKHU LQFUHDVH RI WHPSHUDWXUH WKLV DOOR\
XQGHUJRHV OLTXLGXV WUDQVIRUPDWLRQ DW ���� �& �FRROLQJ
���� �&�� $OPRVW FRPSOHWH FRLQFLGHQFH RI OLTXLGXV LQ
KHDWLQJ DQG FRROLQJ RI VDPSOHV RI IHUURVLOLFLXP RI
)6�� DQG )6�� JUDGHV ZDV VWLSXODWHG E\ D YHU\ ORZ
WHPSHUDWXUH LQWHUYDO RI VROLGXVwOLTXLGXV WUDQVIRUPD�
WLRQ� WKRXJK OLTXLGXV RI FRPPHUFLDO IHUURVLOLFLXP RI
)6�� JUDGH LV E\ DERXW �� �& KLJKHU WKDQ WKH WHP�
SHUDWXUH RI PHOWLQJ RI )H6L��� VLOLFLGH� 7HPSHUDWXUHV
RI SKDVH WUDQVIRUPDWLRQV IURP GDWD RI LGHQWLILHG '6&
SHDNV IRU IHUURVLOLFLXP RI )6��� )6�� DQG )6�� JUDGHV
DUH JLYHQ LQ 7DEOH ��

,Q DFFRUGDQFH ZLWK DQ LQGHSHQGHQW VWDWH GLDJUDP
RI )H6Lw6L V\VWHP WKH HXWHFWLF�� UHSUHVHQWV )H6L���
�OHEHDXLWH� � )H6L� HXWHFWLF�� x 6L � )H6L���� DQG

OLTXLGXVHV � DQG � DUH WKH WHPSHUDWXUHV RI WUDQVLWLRQ
IURP WZR�SKDVH UHJLRQV �VROLGwOLTXLG� LQWR D OLTXLG
VWDWH�

2Q '6& FXUYHV RI DOOR\V )6�� DQG )6�� VRPH
SHDNV DUH UHYHDOHG ZKLFK FRXOG QRW EH LGHQWLILHG LQ
VSLWH RI WKHLU UHSHWLWLRQ DW VXFFHVVLYH KHDWLQJ �FRROLQJ�
RI VDPSOHV� 7KHVH SHDNV DUH GXH WR WKH WUDQVIRUPDWLRQV
LQ DOOR\V LQ D VROLG VWDWH� WKRXJK RQH SHDN ���� �& LV
UHYHDOHG LQ KHDWLQJ VDPSOH RI DOOR\ )6�� LQ D WZR�
SKDVH WHPSHUDWXUH UHJLRQ�

7KH DVVXPLQJ UHDFWLRQV IRU LQWHUSUHWDWLRQ RI QRQ�
LGHQWLILHG SHDNV RQ '6& FXUYHV IRU DOOR\V )6�� DQG
)6�� DUH JLYHQ LQ 7DEOH ��

7KHUPRNLQHWLF DQDO\VLV RI PHOWLQJ �VROLGLILFD�
WLRQ� RI IHUURVLOLFLXP� 7KH WKHUPRNLQHWLF DQDO\VLV RI
PHOWLQJ IHUURVLOLFLXP KDV D WKHRUHWLFDO DQG SUDFWLFDO
LPSRUWDQFH DQG� ILUVW RI DOO� DV ZDV DERYH�PHQWLRQHG�
LQ GHR[LGL]LQJ DQG DOOR\LQJ RI VWHHO� ,W ZDV QRW PD�
QDJHG WR ILQG UHVXOWV LQ OLWHUDWXUH RI D VLPLODU WKHUPDO
DQDO\VLV RI HXWHFWLF UHDFWLRQV H[LVWLQJ LQ PHOWLQJ �VR�
OLGLILFDWLRQ� RI IHUURVLOLFLXP RI )6��� )6�� DQG )6��
JUDGHV� 7R FRPSHQVDWH WKLV ODFN RI GDWD WKH H[SHUL�
PHQWDO '6& FXUYHV LQ WKH SUHVHQW ZRUN ZHUH SURF�
HVVHG� DIWHU D QHFHVVDU\ FRUUHFWLRQ �]HUR OLQH RI LQVWUX�
PHQW DQG WKHUPDO UHVLVWDQFH RI DOOR\ VDPSOH�� XVLQJ
D PHWKRG RI D QRQ�OLQHDU UHJUHVVLRQ ZLWK DQDO\VLV RI
SRVVLEOH W\SHV RI UHDFWLRQV �RI ILUVW� VHFRQG DQG KLJKHU

7DEOH �� &RPSDULVRQ RI WHPSHUDWXUHV RI '6& SHDNV RI GLIIHUHQW
DOOR\V LQ KHDWLQJ �DERYH OLQH� DQG FRROLQJ �XQGHU OLQH�

3RVVLEOH

WUDQVIRUPDWLRQ

7HPSHUDWXUH RI SKDVH WUDQVIRUPDWLRQ� �&

)6�� )6�� )6��

)URP

VWDWH

GLDJUDP

�)LJXUH ��

(XWHFWLF�� ����

����

w w ����

(XWHFWLF�� w ����

����

����

����

����

/LTXLGXV�� ����w����

����

w w ����

/LTXLGXV�� w ����

����

����

����

���� ��� ���

���� ��� ��

)LJXUH �� &RPSDUDWLYH '6& FXUYHV RI DOOR\V )6��� )6��� )6�� LQ KHDWLQJ �D� DQG FRROLQJ �E�

7DEOH �� 1RQ�LGHQWLILHG '6& SHDNV RI GLIIHUHQW DOOR\V LQ KHDWLQJ
�DERYH OLQH� DQG FRROLQJ �XQGHU OLQH�

3RVVLEOH WUDQVIRUPDWLRQ

7HPSHUDWXUH RI SKDVH

WUDQVIRUPDWLRQ� �&

)6�� )6��

3HULWHFWRLG OHEHDXLWH � )H6L → β�)H6L
�

w

���

w

3HULWHFWRLG  β�)H6L
� → OHEHDXLWH � 6L w ���

w

3HULWHFWRLG β�)H6L
�

→ OHEHDXLWH � )H6L ���

w

w

&DXVHG E\ LPSXULW\ SKDVHV ����

w

w

6DPH ����

w

w
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RUGHUV� SURFHVVHV FRQWUROODEOH E\ GLIIXVLRQ DQG VR RQ�
�)LJXUH ��� 7KH KLJKHVW FRUUHODWLRQ ZDV REWDLQHG E\
WZR HTXDWLRQV RI $YUDPLw(URIHHY >�@� UHIOHFWLQJ WKH
SURFHVVHV RI D YROXPH QXFOHDWLRQ LQ WKH IRUPDO WKHRU\
RI FKHPLFDO NLQHWLFV�

G>$@

Gτ = )Hw( ⁄ 57
Q >$@




w OQ >$@

Qw�

Q




�

ZKHUH >$@  $�$� LV WKH UHODWLYH FRQFHQWUDWLRQ RI
LQLWLDO SKDVH� Q LV WKH UHDFWLRQ RUGHU� ) LV WKH SUHH[�
SRQHQWLDO IDFWRU�( LV WKH DSSDUHQW HQHUJ\ RI DFWLYDWLRQ
RI HXWHFWLF UHDFWLRQ� 7KH DERYH�JLYHQ H[SUHVVLRQ IRU
GDWD RI )LJXUH � FDQ EH ZULWWHQ LQ WKH IRUP

G>$@

Gτ = ��� Hw����� >$@


wOQ $





ZLWK ��� N-�PRO DSSDUHQW HQHUJ\ RI DFWLYDWLRQ RI

PHOWLQJ SURFHVV�

$FFRUGLQJ WKH DERYH SURFHGXUH WKH VSHFLILF KHDW

FDSDFLW\ RI DOOR\ )6�� ZDV FDOFXODWHG �)LJXUH ���

.QRZQ KHDW FDSDFLW\ DV D IXQFWLRQ RI WHPSHUDWXUH

PDNHV LW SRVVLEOH WR FDOFXODWH WKH HQWKDOS\ RI DOOR\

E\ LQWHJUDWLRQ �)LJXUH ��� 'XULQJ DQDO\VLV WKH FKDQJH

LQ HQWKDOS\ RI DOOR\ )6�� IRU LQGHSHQGHQW UHDFWLRQV

�OLTXLGXV���� �HXWHFWLF��� DQG �SHULWHFWRLG β�
)H6L� → OHEHDXLWH � 6L� ZDV GHWHUPLQHG� +HUH� WKH

SHDNV RI FXUYH RI KHDW FDSDFLW\ ZHUH FODVVLILHG E\ WKH

)UDVHUw6X]XNL >�@ XVLQJ WKH SURFHGXUHV RI QRQ�OLQHDU

UHJUHVVLRQ� ,Q WKLV PHWKRG WKH VLJQDO LV DSSUR[LPDWHG

E\ DQ DV\PPHWULF SHDN E\ HTXDWLRQV�

\ = $ H[S
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ZKHUH \ LV WKH VLJQDO� $ LV WKH DPSOLWXGH� : LV WKH
KDOI�ZLGWK RI SHDN� 6 LV WKH SHDN DUHD� α LV WKH SHDN
DV\PPHWU\� [ LV WKH FXUUHQW FRRUGLQDWH� [U LV WKH SHDN
SRVLWLRQ� ,W IROORZV IURP WKH UHVXOWV RI FODVVLILFDWLRQ
�)LJXUH �� WKDW OLTXLGXV SHDN VKRXOG VSUHDG WR WKH
UHJLRQ RI VXIILFLHQWO\ KLJK WHPSHUDWXUHV �ORZHU WKDQ
��� �&� WKDW� SUREDEO\� UHTXLUHV DQ DGGLWLRQDO H[SOD�
QDWLRQ� $OOR\ )6�� FRQWDLQV D ODUJH DPRXQW RI SULPDU\
VLOLFRQ �RI DERXW �� � DW ���� �&�� ZKRVH FRQVWDQW
LQFUHDVH LQ KHDW FDSDFLW\ DQG GHFUHDVH LQ VKDUH ZLWKLQ
WKH ZLGH UDQJH RI WHPSHUDWXUHV VKLIW WKH EDVH OLQH RI
KHDW FDSDFLW\ WRZDUGV WKH KLJKHU YDOXHV� 7KHUHIRUH�
QXPHULFDO YDOXHV RI HVWLPDWLRQ RI HQWKDOS\ RI UHDFWLRQV
UHIHU WR � J RI DOOR\� EXW QRW WR � PRO�

3HDN � �3HULWHFWRLG
β�)H6L� →
OHEHDXLWH � 6L�

∆+�  w���� ± ���� -�J

3HDN � �(XWHFWLF��� ∆+�  w����� ± ��� -�J

3HDN � �/LTXLGXV��� ∆+�  ����� ± ���� -�J

7KH DERYH YDOXHV RI FKDQJH LQ HQWKDOS\ DUH HVWL�
PDWLQJ� DV WKH DPRXQW RI SULPDU\ VLOLFRQ DQG LPSX�
ULWLHV� ZKLFK DUH �LQHUW� DV UHJDUGV WR UHDFWLRQV LQ�
YHVWLJDWHG LV XQNQRZQ D SULRUL� $W WKH VDPH WLPH LW
ZDV HVWDEOLVKHG WKDW WKH �HXWHFWLF��� DQG �OLTXLGXV�
�� WUDQVIRUPDWLRQV DUH DFFRPSDQLHG E\ PXFK KLJKHU
FKDQJHV LQ HQWKDOS\ WKDQ WKH SHULWHFWRLG WUDQVIRUPD�
WLRQ RI OHEHDXLWH� 'LIILFXOWLHV LQ DGHTXDWH GHWHUPLQD�

)LJXUH �� &KDQJH RI HQWKDOS\ RI IHUURVLOLFLXP RI )6�� JUDGH GH�
SHQGLQJ RQ WHPSHUDWXUH

)LJXUH �� .LQHWLF FXUYHV RI PHOWLQJ WZR VDPSOHV RI IHUURVLOLFLXP
)6��� VLJQVx H[SHULPHQWDO GDWD� OLQHV x GDWD RI RSWLPL]HG PRGHO
E\ $YUDPLw(URIHHY HTXDWLRQ

)LJXUH �� &XUYHV RI GLIIHUHQWLDO VFDQQLQJ FDORULPHWU\ DQG VSHFLILF
KHDW FDSDFLW\ LQ KHDWLQJ IHUURVLOLFLXP RI )6�� JUDGH

)LJXUH ��&ODVVLILFDWLRQ DQG LQWHJUDWLQJ RI SHDNV RI FXUYH RI VSHFLILF
KHDW FDSDFLW\ RI IHUURVLOLFLXP RI )6�� JUDGH
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WLRQ RI WKH SHULWHFWRLG WUDQVIRUPDWLRQ DUH� SUREDEO\�
DVVRFLDWHG ERWK ZLWK D ORZ KHDW HIIHFW RI WKLV UHDFWLRQ
DQG DOVR ZLWK D ORZ UDWH RI LWV SURFHHGLQJ� ,QGLUHFW
HVWLPDWLRQ VKRZV WKDW� DVVXPLQJ WKH FKDQJH RI HQ�
WKDOS\ LQ PHOWLQJ VLOLFRQ WR EH HTXDO WR ����� -�PRO
DQG )H6L ≈ ����� -�PRO� WKH FKDQJH RI HQWKDOS\ RI
HXWHFWLF UHDFWLRQ ZLOO EH �����w����� -�PRO� ,I WR
FRQVLGHU WKDW HXWHFWLF �OHEHDXLWHwVLOLFRQ� LV ORFDWHG
YHU\ FORVH WR WKH SKDVH UHJLRQ RI OHEHDXLWH �)LJXUH ���
WKHQ HQWKDOS\ RI PHOWLQJ WKH ODWWHU LQ D FRPPHUFLDO
IHUURVLOLFLXPZLOO EH �����w����� -�PRO LQ SULQFLSOH�

7KH GDWD REWDLQHG LQ WKLV ZRUN DUH LPSRUWDQW IRU
GHVLJQLQJ WHFKQRORJ\ RI SRXULQJ RI IHUURVLOLFLXP SUR�
YLGLQJ D KLJK RXWSXW RI FRPPHUFLDO FODVVHV RI VL]H LQ
IUDFWLRQDWLRQ RI LQJRWV E\ FUXVKLQJ� VLHYLQJ DQG DOVR
IRU WKHUPDO SK\VLFDO FDOFXODWLRQV RI SURFHVVHV RI GLV�
VROXWLRQ RI IHUURVLOLFLXP RI GLIIHUHQW JUDGHV LQ GHR[L�
GL]LQJ DQG DOOR\LQJ RI VWHHO RU PRGLI\LQJ RI FDVW LURQV
E\ VLOLFRQ�

�� *DVLN� 0�,�� /\DNLVKHY� 1�3� ������ 7KHRU\ DQG WHFKQRORJ\

RI HOHFWURPHWDOOXUJ\ RI IHUURDOOR\V� 0RVFRZ� ,QWHUPHW (QJL�
QHHULQJ�

�� ������ 6WDWH GLDJUDPV RI ELQDU\ PHWDO V\VWHP� 5HIHU�
%RRN� (G� E\ 1�3� /\DNLVKHY� 0RVFRZ� 0DVKLQRVWURHQLH�

�� 0DJQXVVRQ� 7K�� 6LJIXVVRQ� 7K�� +HOJDVRQ� 2� ������ 3KDVH
VWDELOLW\ LQ VLOLFRQ ULFK IHUURVLOLFRQ� ,Q� 3URF� RI �WK ,QW�

)HUURDOOR\V &RQJUHVV� -XQH �w��� ����� %HLMLQJ� &KLQD� %HL�
MLQJ� &K� 6FL��7HFKQ�

�� 6LJIXVVRQ� 7K�� ������ )HUURVLOLFRQ UHVHDUFK LQ ,FHODQG� ,Q�
3URF� RI ,1)$&21s�� -XQH� ����� 7URQGKHLP� 1RUZD\�
7URQGKHLP� )))�

�� =XERY� 9�/�� 2YFKDUXN� $�1�� *DVLN� 0�,� ������ ;�UD\
VSHFWURPHWU\ H[DPLQDWLRQV RI PLFURVWUXFWXUH RI �� � IHU�
URVLOLFRQ SURGXFHG E\ PDFKLQH SRXULQJ� 0HWDOOXUJLFK� L

*RUQRUXGQD\D 3URP\VKOHQQRVW� �� ��w���
�� *DVLN� 0�,� ������ 3UREOHPV RI VFDWWHULQJ RI KLJK�SHUFHQW�

DJH IHUURVLOLFRQ DFFRPSDQLHG ZLWK IRUPDWLRQ RI WR[LF JDVHV�
6WDO� �� ��w���

�� %URZQ� 0�� 'ROOLPDU� '�� *DOYD\� $� ������ 5HDFWLRQV RI

VROLGV� 0RVFRZ� 0LU�
�� 6HOLYDQRYD� (�9�� 6WURPEHUJ� $�*�� 5RPDQHQNR� 6�9�

������ 0RGHOOLQJ RI DV\PPHWULF SHDNV LQ DQDO\WLFDO FKHPLV�
WU\ x ZLUH�IUDPH PRGHO RI DV\PPHWULF EDVH SHDN RI .RVKLw
)UDVHUw6X]XNL� ,Q� 3URF� RI �QG $OO�5XVVLD 6FL� &RQI� RQ

&KHPLVWU\ DQG &KHPLFDO 7HFKQRORJ\ DW WKH 7KUHVKROG RI

0LOOHQLXPV� 7RPVN� 7*8�
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,QVWLWXWH IRU 3UREOHPV RI 0DWHULDOV 6FLHQFH� 1$68� .\LY� 8NUDLQH

&KURPLXP DOOR\V� DOOR\HG ZLWK ODQWKDQXP� LURQ� QLFNHO DQG FREDOW ZHUH SURGXFHG IURP KLJK�SXULW\ FKURPLXP LQJRWV

PHOWHG E\ LQGXFWLRQ�DUF PHWKRG� +DUGQHVV DQG WUDQVLWLRQ WHPSHUDWXUH RI WKHVH DOOR\V ZHUH H[DPLQHG� ,W LV VKRZQ WKDW

KDUGQHVV GHFUHDVHG IURP ���� WR ���� 03D� DQG WHPSHUDWXUH RI EULWWOHQHVV GHFUHDVHG IURP �� WR w�� �¯� ,W LV DOVR VKRZQ

WKDW DOOR\ &Uw/Dw)H LV HDVLO\ GHIRUPHG E\ UROOLQJ DQG URWDWLRQDO IRUJLQJ� 'XFWLOLW\ RI WKLV DOOR\ PDNHV LW SRVVLEOH WR

SURGXFH WKH SURWHFWLYH FRDWLQJV IURP LW� 7HVWV RI DUWLOOHU\ EDUUHOV ZLWK WKLV SURWHFWLYH FRDWLQJ IRU JXQSRZGHU HURVLRQ

VKRZHG WKH � WLPHV LQFUHDVH LQ VHUYLFH OLIH RI WKH EDUUHOV�

.H\ ZRU G V � FKURPLXP� DOOR\� KDUGQHVV� EULWWOHQHVV WHP�

SHUDWXUH� SURFHVVLQJ GXFWLOLW\� SURWHFWLYH FRDWLQJ

&KURPLXP� SHUWDLQLQJ WR PHWDOV RI JURXS 9, RI WKH
SHULRGLF WDEOH� LV KLJKO\ VHQVLWLYH WR WKH SUHVHQFH RI

LQWHUVWLWLDO LPSXULWLHV �FDUERQ� QLWURJHQ� R[\JHQ� K\�

GURJHQ�� ZKLFK KDYH D ORZ VROXELOLW\� ZW��� + x
�������w������� &x �������w������� 1x ��������

2 x �������� 7KH\ IRUP RYHUVDWXUDWHG VROLG VROX�

WLRQV DQG WZR�SKDVH DOOR\V ZLWK FKURPLXP� WKLV OHDG�

LQJ WR LPSXULW\ VHJUHJDWLRQ RQ GLVORFDWLRQV� ZKLFK

UHVXOWV LQ FKURPLXP SURQHQHVV WR LQWHUFU\VWDOOLQH IUDF�

WXUH� DQG WR ORZHULQJ RI ORZ�WHPSHUDWXUH DQG SUR�

FHVVLQJ GXFWLOLW\� UHVSHFWLYHO\ >�w�@�

6LQFH FKURPLXP KDV D QXPEHU RI XVHIXO SURSHUWLHV

DQG� LQ SDUWLFXODU� KLJK FRUURVLRQ DQG HURVLRQ UHVLV�

WDQFH LQ DJJUHVVLYH PHGLD� LW LV UDWLRQDO WR XVH LW DV

FDWKRGH PDWHULDO LQ FRDWLQJ GHSRVLWLRQ RQ WKH VXUIDFH

RI LWHPV� H[SRVHG WR DJJUHVVLYH PHGLD LQ VHUYLFH >�@�

&KURPLXP RI (5.K JUDGH �78 ������w���� SUR�
GXFHG E\ 5XVVLDQ FRPSDQLHV� ZDV XVHG DV LQLWLDO PD�
WHULDO WR PHOW RXW FKURPLXP LQJRWV RI ����� ZW�� SX�

ULW\ DQG XS WR �� NJ ZHLJKW� E\ WKH WHFKQRORJ\ RI

SURGXFLQJ FRPSDFW FKURPLXP� GHYHORSHG E\ XV >�@�

&KURPLXP RI D KLJKHU SXULW\ FDQ EH SURGXFHG DV VPDOO
VDPSOHV E\ LRGLGH UHILQLQJ RU RWKHU FOHDQLQJ PHWKRGV�

+RZHYHU� GXULQJ LWV UHPHOWLQJ LQWR ODUJHU LQJRWV�

FKURPLXP PD\ EH FRQWDPLQDWHG�

3URWHFWLYH FRDWLQJV �� WR �� µP WKLFN� SURGXFHG

LQ YDFXXP E\ WKH PHWKRG RI LRQ�SODVPD VSUD\LQJ RI

KLJK�SXULW\ FKURPLXP DOOR\V� FRQWDLQLQJ ODQWKDQXP
�XS WR ��� ZW���� SURYLGHG UHOLDEOH SURWHFWLRQ RI LWHPV
IURP HURVLRQ GDPDJH LQ DJJUHVVLYH PHGLD DW KLJK WHP�

SHUDWXUHV� )RU LQVWDQFH� GHSRVLWLRQ RI DGGLWLRQDO FKUR�

PLXP FRDWLQJ RQ FRPEXVWLRQ FKDPEHUV RI OLTXLG�IXHO

URFNHW HQJLQHV� PDGH RI FRSSHU DOOR\V ZLWK FRDWLQJV

RI VWDLQOHVV VWHHO DQG FREDOW DOOR\V� DOORZHG LPSURYLQJ

WKH ZRUNLQJ WHPSHUDWXUHV RI FRPEXVWLRQ FKDPEHUV RI

MHW HQJLQHV DQG WKH SRZHU RI WKH ODWWHU� UHVSHFWLYHO\�

$WWHPSWV DW SURWHFWLQJ JXQ EDUUHOV� XVLQJ FRDWLQJV

RI KLJK�SXULW\ FKURPLXP DQG LWV DOOR\V ZLWK ODQWKD�

QXP GLG QRW \LHOG DQ\ SRVLWLYH UHVXOWV� EHFDXVH RI

FRDWLQJ FUDFNLQJ DW LPSDFW ORDGV DQG VKRWV� ZKLFK

ZDV� SUREDEO\� GXH WR IRUPDWLRQ RI GHIHFWV RQ GLVOR�

FDWLRQV�

$OOR\LQJ RI KLJK�SXULW\ FKURPLXP� FRQWDLQLQJ XS
WR ��� ZW�� ODQWKDQXP ZLWK PHWDOV RI JURXS 9,,, RI

SHULRGLF V\VWHP� KDYLQJ DWRPLF QXPEHUV� FORVH WR FKUR�

PLXP DQG GLVVROYLQJ LQ LW LQ WKH OLTXLG DQG VROLG VWDWH

XS WR ��� ZW��� HQDEOHG ORZHULQJ +9 KDUGQHVV DQG

EULWWOHQHVV WHPSHUDWXUH7EU RI WKH SURGXFHG WKUHH�FRP�

SRQHQW DOOR\V�

)LJXUH �� D JLYHV WKH GHSHQGHQFLHV RI KDUGQHVV RI

&Uw/Dw)H� &Uw/Dw1L DQG &Uw/Dw&R DOOR\V RQ WKH
FRQWHQW RI DOOR\LQJ HOHPHQWV RI LURQ� QLFNHO DQG FR�

EDOW� ,W LV VHHQ WKDW DW VPDOO FRQFHQWUDWLRQV RI WKH

ODWWHU �XS WR ����w���� ZW��� DOOR\ KDUGQHVV LV PDUN�
HGO\ GHFUHDVHG� :LWK WKH LQFUHDVH RI WKHLU FRQFHQWUD�

WLRQ +9 ULVHV FRQVLGHUDEO\� SDUWLFXODUO\ VR IRU DOOR\V

&Uw/Dw1L DQG &Uw/Dw&R�

,QYHVWLJDWLRQ RI WKH LQIOXHQFH RI DOOR\LQJ RQ EULW�

WOHQHVV WHPSHUDWXUH ZDV FRQGXFWHG RQ WKH VDPH DOOR\V�

7EU RI LQLWLDO DOOR\V ZDV FORVH WR ]HUR� )URP )LJXUH ��

E LW LV VHHQ WKDW DW ORZ FRQFHQWUDWLRQV RI LURQ DQG

QLFNHO �XS WR ��� ZW��� EULWWOHQHVV WHPSHUDWXUH LV

ORZHUHG WR w�� DQG w�� �&� UHVSHFWLYHO\� DQG ZLWK
WKH LQFUHDVH RI WKHLU FRQWHQW 7EU ULVHV� ZKLFK LV LQ�

GLFDWLYH RI D GXFWLOLW\ GURS� &REDOW GHILQLWHO\ LPSDLUV
WKH GXFWLOLW\ RI EDVLF DOOR\ &Uw/D LQ WKH HQWLUH VWXGLHG

UDQJH RI FRQFHQWUDWLRQV DQG� WKHUHIRUH� LV QRW EHQHIL�

FLDO DV DQ DGGLWLYH LQ GHYHORSPHQW RI D FDWKRGH DOOR\�

7KXV� LQ YLHZ RI WKH DERYH� LW PD\ EH DVVXPHG

WKDW QLFNHO DQG LURQ KDYH D IDYRXUDEOH HIIHFW RQ WKH

SURSHUWLHV RI DOOR\V RI &Uw/D V\VWHP� QLFNHO DGGLWLYHV

LQFUHDVLQJ WKH GXFWLOLW\ WR D JUHDWHU GHJUHH� DQG LURQ

DGGLWLYHV� FRQWUDULO\� PRUH PDUNHGO\ ORZHULQJ WKH

KDUGQHVV RI WKH VWXGLHG DOOR\V LQ DV�FDVW FRQGLWLRQ�
7KH LQIOXHQFH RI DQQHDOLQJ WHPSHUDWXUH 7

DQ
RI FDVW

DOOR\V &Uw/Dw)H DQG &Uw/Dw1L� SURGXFHG XQGHU RXU

FRQGLWLRQV� RQ WKHLU SURSHUWLHV �+9 DQG 7EU� ZDV DOVR

VWXGLHG� $OOR\V RI WKH IROORZLQJ FRPSRVLWLRQV ZHUH

XVHG� ZW��� &U x EDODQFH� /D x ����� 1L x ����

DQG &U x EDODQFH� /D x ����� )H x ����� 2QH�KRXU

DQQHDOLQJ ZDV FRQGXFWHG LQ DUJRQ DWPRVSKHUH LQ WKH� $�3� 58'2-� 9�.K� 0(/1,. DQG $�3� 3257129� ����
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WHPSHUDWXUH UDQJH RI ��� WR ���� �&� $OOR\ VDPSOHV

ZHUH FRROHG WR URRP WHPSHUDWXUH ZLWK WKH IXUQDFH�

$V LV VHHQ IURP )LJXUH �� D KDUGQHVV RI DOOR\

&Uw/Dw)H GHFUHDVHV VPRRWKO\ XS WR DQQHDOLQJ WHP�

SHUDWXUH RI ��� �&� DQG WKHQ� DW IXUWKHU LQFUHDVH RI

WHPSHUDWXUH� LW ULVHV PDUNHGO\� ZKLFK LV DWWULEXWDEOH

WR UHGLVWULEXWLRQ RI LPSXULWLHV EHWZHHQ FKURPLXP DQG

ODQWKDQXP� 7KH QDWXUH RI KDUGQHVV YDULDWLRQ ZLWK WKH

LQFUHDVH RI DQQHDOLQJ WHPSHUDWXUH RI &Uw/Dw1L DOOR\

IROORZV WKH VDPH ODZ� EXW LV QRW VR SURQRXQFHG�

)LJXUH �� E VKRZV WKH YDULDWLRQ RI 7EU ZLWK WKH

LQFUHDVH RI 7DQ RI DOOR\V &Uw/Dw)H DQG &Uw/Dw1L� ,I

LQ WKH FDVH RI DOOR\ &Uw/Dw)H WKH QDWXUH RI 7EU GH�

SHQGHQFH RQ DQQHDOLQJ WHPSHUDWXUH� VLPLODU WR WKDW

RI+9 RQ DQQHDOLQJ WHPSHUDWXUH� LV SUHVHUYHG� LQ DOOR\

&Uw/Dw1L D PRQRWRQLF ORZHULQJ RI 7EU LV IRXQG ZLWK

LQFUHDVH RI DQQHDOLQJ WHPSHUDWXUH LQ WKH VWXGLHG WHP�

SHUDWXUH UDQJH� 2EWDLQHG GDWD DOORZ UHFRPPHQGLQJ

RQH�KRXU DQQHDOLQJ IRU FDVW DOOR\V &Uw/Dw)H DQG &Uw

/Dw1L WR LPSURYH DOOR\ GXFWLOLW\�

5HVXOWV RI WKH ZRUN SHUIRUPHG E\ XV VKRZHG WKH

JRRG SURVSHFWV IRU DSSOLFDWLRQ RI ORZ�DOOR\HG FKUR�

PLXP DOOR\V RI &Uw/Dw)H DQG &Uw/Dw1L V\VWHPV DV

FDWKRGH PDWHULDO� $W KLJK SURFHVVLQJ GXFWLOLW\� DOORZ�

LQJ UDGLDO�W\SH FDWKRGHV WR EH PDGH RI WKHVH DOOR\V�

WKH\ KDYH D QXPEHU RI RWKHU DGYDQWDJHV� QDPHO\ JRRG

DGKHVLRQ WR LWHP PDWHULDO� KLJK�WHPSHUDWXUH UHVLV�

WDQFH DQG FUDFNLQJ UHVLVWDQFH� 7KLV ZDV FRQILUPHG E\

FRQGXFWHG LQ 5XVVLD WHVWLQJ RI JXQ EDUUHOV� WKH LQQHU

VXUIDFH RI ZKLFK ZDV FRDWHG E\ D SURWHFWLYH OD\HU RI

&Uw/Dw)H� ZKLFK GHPRQVWUDWHG DQ LQFUHDVH RI EDUUHO

OLIH RI DERXW WKUHH WLPHV�

)LJXUH �� ,QIOXHQFH RI QLFNHO ���� FREDOW ��� DQG LURQ ��� RQ KDUG�
QHVV �D� DQG EULWWOHQHVV WHPSHUDWXUH �E� RI &Uw/D DOOR\V

)LJXUH �� ,QIOXHQFH RI DQQHDOLQJ WHPSHUDWXUH RQ KDUGQHVV �D� DQG
EULWWOHQHVV WHPSHUDWXUH �E� RI &Uw/D DOOR\V� DOOR\HG ZLWK QLFNHO
��� DQG LURQ ���

�� 7UHILORY� 9�,�� )LUVWRY� 6�$�� 0LOPDQ� <X�9� ������ %DVLF
SK\VLFV RI VWUHQJWK RI UHIUDFWRU\ PHWDOV� .\LY� 1DXNRYD
'XPND�

�� *ULGQHY� 9�1�� 7UHILORY� 9�,� ������ 6WXGLHV RQ WKH SUREOHP
RI FKURPH� ,Q� 3K\VLFDO�FKHPLFDO VWXGLHV RI UHIUDFWRU\ DO�
OR\V� 0RVFRZ� 1DXND�

�� 7UHILORY� 9�,�� 3K\VLFDO QDWXUH RI PHWDO EULWWOH IUDFWXUH�
.\LY� 1DXNRYD 'XPND�

�� 5XGRM� $�3�� )LDONRYVN\� 5�9� ������ ,QGXFWLRQ�DUF SURFHVV
RI IXVLRQ RI PHWDOV� ,Q� 0HWDO 3KLVLFV� ,VVXH ���

�� *ULGQHY� 9�1�� 5R]YRUVN\� $�0�� 5XGRM� $�3� HW DO�
&KURPH�EDVH DOOR\� 8665 DXWKRUsV FHUW� ������� ,QW� &O�
&��& ������ 3ULRULW\ ���������
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(OHFWURVODJ WHFKQRORJ\
$ERXW GHWHUPLQDWLRQ RI FKHPLFDO FRPSRVLWLRQ RI PHWDO RI HOHFWURVODJ
UHPHOWLQJ �.DSXVWLQ ,�9�� $NXORY 9�3�� *DOXVKND $�$� DQG 6WRYEXQ

1�$��

�

$ERXW KLVWRU\ RI FUHDWLRQ RI WKH ILUVW (65 IXUQDFHV �6DHQNR 9�<D�� �

$SSOLFDWLRQ RI HOHFWURVODJ SURFHVV ZLWK QRQ�FRQVXPDEOH HOHFWURGHV
IRU PHOWLQJ� UHILQLQJ DQG WUHDWPHQW RI PHWDOV� 3DUW � �%LNWDJLURY
)�.��

�

$SSOLFDWLRQ RI HOHFWURVODJ WHFKQRORJ\ IRU UHILQLQJ WLWDQLXP DQG WL�
WDQLXP DOOR\V IURP QLWURJHQ�ULFK LQFOXVLRQV �5\DEWVHY $�'�� 7UR�
\DQVN\ $�$�� 3DVKLQVN\ 9�9�� 6DPERUVN\ 0�9� DQG &DUWHU :�7��

�

$SSOLFDWLRQ RI PDJQHWRG\QDPLF XQLW LQ WKH WHFKQRORJ\ RI HOHFWURVODJ
FODGGLQJ RI VWHHO PLOO UROOV XVLQJ D OLTXLG PHWDO �'XERGHORY 9�,��

3RJRUVN\ 9�.�� 6KQXUNR 9�.�� =DJRURYVN\ 3�,�� 6KDEDQRY 9�%��
6YLULGRY 2�9�� 3DQFKHQNR 9�(� DQG *DSRQRY 9�*��

�

$UF�VODJ UHPHOWLQJ x VWDWH�RI�WKH�DUW DQG SURVSHFWV RI GHYHORSPHQW
�3DWRQ %�(�� 6DHQNR 9�<D�� 3RPDULQ <X�0�� 0HGRYDU /�%��
*ULJRUHQNR *�0� DQG )HGRURYVN\ %�%��

�

,PSURYHPHQW RI HIILFLHQF\ LQ (65 PHWDO SURGXFWLRQ �3DWRQ %�(��
0HGRYDU /�%� DQG 6DHQNR 9�<D��

�

0HWDO DOOR\LQJ ZLWK QLWURJHQ IURP JDV SKDVH LQ HVU SURFHVV �5\DEWVHY
$�'�� 7UR\DQVN\ $�$�� .RU]XQ (�/�� 0DVWHSDQ 9�<X� DQG 6DPERU�
VN\ 0�9��

�

)LOOLQJ XS RI FDYLW\
$SSOLFDWLRQ RI WKH HOHFWURVODJ SURFHVV IRU UHSDLU RI IRUJLQJ KDPPHU
GLH SODWHV �6NULSQLN 6�9� DQG &KHUQHJD '�)��

�

/LTXLG ILOOHU PHWDO
'HYLFHV IRU PROWHQ PHWDO SRXULQJ� 5HTXLUHPHQWV WR WKHVH GHYLFHV
IRU (67 /0 �7V\NXOHQNR .�$��

�

7ZR�FLUFXLW GLDJUDP
6RPH QHZ ILHOGV RI DSSOLFDWLRQ RI HOHFWURVODJ WHFKQRORJ\
�7V\NXOHQNR $�.�� 0HGRYDU /�%� DQG &KHUQHWV $�9��

�

8WLOL]DWLRQ RI PHWDO UHMHFWLRQV
(OHFWURVODJ FUXFLEOH ELILODU IXUQDFH (73%���� ZLWK D FRQVXPDEOH
HOHFWURGH DQG D EORFN RI QRQ�FRQVXPDEOH HOHFWURGHV �=DNKDUFKHQNR

9�,�� 6NULSQLN 6�9�� &KHUQHJD '�)�� 6NULSQLN 9�3�� 6HPHQRY $�1�
DQG 'XGHWVND\D /�5��

�

(OHFWURQ EHDP SURFHVVHV
(IIHFW RI HOHFWURQ EHDP UHPHOWLQJ RQ VWUXFWXUH DQG SURSHUWLHV RI
KLJK�VSHHG VWHHO 5�0� �6KSDN 3�$�� *UHFKDQ\XN 9�*� DQG 2VRNLQ
9�$��

�

)DLOXUH RI D SURWHFWLYH FRDWLQJ RQ QLRELXP DW KLJK�WHPSHUDWXUH R[L�
GDWLRQ �'HPFKLVKLQ $�9�� .XUDSRY <X�$�� 3ROLVKFKXN (�3� DQG
7HUQRYRM (�*��

�

0DQXIDFWXUH RI VHPL�ILQLVKHG SURGXFWV IURP WLWDQLXP LQJRWV SUR�
GXFHG E\ WKH (%&+0 PHWKRG �.DOLQ\XN $�1�� .R]ORYHWV 2�1� DQG
$NKRQLQ 6�9��

�

0LFURVFRSLF OLPLW RI HODVWLFLW\ RI WZR�SKDVH &Xw�� YRO�� )HPDWHULDO
SURGXFHG E\ HOHFWURQ EHDP SK\VLFDO YDSRXU GHVRVLWLRQ LQ YDFXXP

�0RJLOQLNRYD 7�7�� 1HURGHQNR /�0� DQG 0RYFKDQ %�$��

�

'DPSLQJ IDFWRU
$PSOLWXGH GHSHQGHQFH DQG PLFURVFRSLF HODVWLFLW\ OLPLW RI WKH 1L�
�� � &R PDWHULDO GHSRVLWHG IURP WKH YDSRU SKDVH �0RJLOQLNRYD
7�7�� 1HURGHQNR /�0� DQG 0RYFKDQ %�$��

�

'LVSHUVHG PHOW
(IIHFW RI LQLWLDO FRROLQJ UDWHV LQ VROLGLILFDWLRQ RQ VWUXFWXUH RI KHDW�
UHVLVWDQW QLFNHO DOOR\V �3DWRQ %�(�� =KXN *�9� DQG 7ULJXE 1�3��

�

1HZ PHWKRG IRU GLVSHUVLQJ WKH PHOW LQ HOHFWURQ EHDP XQLWV DQG
HTXLSPHQW IRU LWV UHDOLVDWLRQ �=KXN *�9� DQG 7ULJXE 1�3��

�

'LVWULEXWLRQ RI LPSXULWLHV
9LEUDWLRQ RI WKH PHOW ZLWK HOHFWURQ EHDP GXULQJ (%5 �)\RGRURY
9�1�� 6KFKHNLQ�.URWRY 9�$� DQG .DVXPRY $�0��

�

0RGHOOLQJ
&DOFXODWLRQ RI WKH WKLFNQHVV RI LQWHUPHWDOOLF OD\HU IRUPHG LQ GHSR�
VLWLRQ RI WLWDQLXP DQG DOXPLQLXP PDWUL[ RQ VWHHO ILEUHV E\ WKH

PHWKRG RI HOHFWURQ EHDP PHOW GLVSHUVLRQ �=KXN *�9��

�

0RGHOOLQJ RI FRQGLWLRQV RI UHPRYDO RI VKULQNDJH SLSH IURP F\OLQG�
ULFDO (%&+ LQJRWV �=KXN *�9�� .DOLQ\XN $�1� DQG 7ULJXE 1�3��

�

3ODVPD�DUF WHFKQRORJ\
3ODVPD WHFKQRORJ\ RI UHPHOWLQJ PHWDOOLF UDGLRDFWLYH ZDVWH �/REDQRY
/�0�� =KDGNHYLFK 0�/�� 6KDSRYDORY 9�$�� =DEDULOR 2�6�� 0HOQLN
*�$�� =KGDQRYVN\ $�$�� 3ULNKRGNR 0�6� DQG *QDWXVKHQNR $�9��

�

3ODVPD�DUF VNXOO PHOWLQJ DQG FDVWLQJ RI UHIUDFWRU\ PHWDOV DQG DOOR\V
�%XUQDVKHY 9�5�� =KDGNHYLFK 0�/� DQG 6KDSRYDORY 9�$��

�

&\OLQGULFDO FDWKRGH�DUF SODVPD VRXUFHV IRU YDFXXP HYDSRUDWLRQ
�'HPFKLVKLQ $�9�� .XUDSRY <X�$�� 0LFKHQNR 9�$�� .RVWLQ (�*�
DQG 7HUQRYRM (�*��

�

'XSOH[�SURFHVV
&HUWDLQ SRVVLELOLWLHV IRU VWHHO WUHDWPHQW LQ WKH DUF DQG SODVPD ODGOH�
IXUQDFHV �0HOQLN *�$�� =DEDULOR 2�6�� =KDGNHYLFK 0�/��
=KGDQRYVN\ $�$�� 3ULNKRGNR 0�6� DQG 3RERO $�$��

�

0RGHOOLQJ
0RGHO RI LQGXFWLRQ KHDWLQJ IRU SODVPD�LQGXFWLRQ JURZLQJ RI VLQJOH�
FU\VWDOV �6KDSRYDORY 9�$��

�

7KHUPDO ILHOG RI WXQJVWHQ VLQJOH FU\VWDO LQ SODVPD�LQGXFWLRQ ]RQH
PHOWLQJ �6KDSRYDORY 9�$��

�

6LQJOH FU\VWDO ]RQDO PHOWLQJ
*URZLQJ RI UHIUDFWRU\PHWDOOLF VLQJOH FU\VWDOV �5HYLHZ� �6KDSRYDORY
9�$�� =KDGNHYLFK 0�/�� 7RUNKRY *�)�� =KROXG 9�9� DQG <DNXVKD
9�9��

�

+HDW PRGHO RI SODVPD�DUF SURFHVV RI JURZLQJ WXQJVWHQ VLQJOH FU\VWDOV
�6KDSRYDORY 9�$��

�

9DFXXP�DUF UHPHOWLQJ
6SHFLILFV RI GLVWULEXWLRQ RI DUF YROWDJH DQG IUHTXHQF\ RI GURSOHW
VKRUW�FLUFXLWV GXULQJ YDFXXP�DUF UHPHOWLQJ RI WLWDQLXP DOOR\V

�/LVLHQNR 9�*�� 1DV\MURY <D�$�� .OLPRY0�,�� $OWPDQ 3�6�� 7DVKNL�
QRY $�<X� DQG *RQFKDURY $�(��

�

9DFXXP�LQGXFWLRQ PHOWLQJ
0DWKHPDWLFDO VLPXODWLRQ RI WKH PRGHV RI FDVW LURQ KHDWLQJ DQG
VRDNLQJ LQ D PDJQHWRG\QDPLF KROGLQJ IXUQDFH �7DUDVHYLFK 1�,��

'XERGHORY 9�,�� *RU\XN 0�6� DQG 5\ELWVN\ $�,��

�

5HPRYDO RI VKULQNDJH FDYLW\ IURP LQJRWV GXULQJ LQGXFWLRQ PHOWLQJ
LQ VHFWLRQDO PRXOG �6KHMNR ,�9��

�

&RPELQHG UHPHOWLQJ
&RPELQHG LQGXFWLRQ DQG HOHFWURQ EHDP PHOWLQJ RI FDVWLQJ SURGXF�
WLRQ ZDVWHV RI KHDW�UHVLVWDQW DOOR\V =K6�'. DQG =+6���9, �$QLNLQ
<X�)�� 'RENLQD <X�*�� /DGRNKLQ 6�9�� .ORFKLNKLQ 9�9� DQG =KH�
PDQ\XN 3�'��

�

5HF\FOLQJ KLJK�WHPSHUDWXUH DOOR\ ZDVWH E\ YDFXXP UHPHOWLQJ PH�
WKRGV �$QLNLQ <X�)�� 0DNV\XWD ,�,�� 'RENLQD <X�*� DQG 9HUELOR
0�$��

�

*HQHUDO SUREOHPV RI PHWDOOXUJ\
$ERXW EHKDYLRXU RI QLWURJHQ LQ JDVwVODJwPHWDO V\VWHP �*ULJRUHQNR
*�0�� 3RPDULQ <X�0�� /DNRPVN\ 9�9� DQG 2UORYVN\ 9�<X��

�

,GHQWLILFDWLRQ RI W\SHV RI R[LGH LQFOXVLRQV LQ VWHHO ���*��/ E\
IUDFWLRQDO JDV DQDO\VLV HYDORJUDPV �*DVLN 0�,� DQG *ULJRURYLFK
.�9��

�

3\URPHWU\ PHDVXUHPHQWV LQ (%&+ PHOWLQJ �)HGRURY 9�1��
6KFKHNLQ�.URWRY 9�$� DQG .DVXPRY $�0��

�

6SHFLDO HOHFWURPHWDOOXUJ\ DW WKH EHJLQQLQJ RI WKH ;;, FHQWXU\ �3D�
WRQ %�(� DQG 0HGRYDU /�%��

�

6XEOLPDWLRQ RI PHWDOV LQ KHDWLQJ XQGHU DXWRYDFXXP FRQGLWLRQV
�.KDUFKHQNR *�.�� )DOFKHQNR <X�9�� 7DUDQRYD 7�*�� 1RYRPOLQHWV
2�$� DQG 3RORYHWVN\ (�9��

�

&RQWDFW IDWLJXH GHIHFWV
6LPXODWLRQ RI ZHDU UHVLVWDQFH FKDUDFWHULVWLFV RI KLJK�PDQJDQHVH VWHHO
WXUQRXW IURJV LQ VHUYLFH �*DVLN 0�,�� 6HPHQRY ,�$�� <XVKNHYLFK
2�3�� 2YFKDUXN $�1� DQG 3URMGDN <X�6��

�

'7$

,QYHVWLJDWLRQ RI LQWHUSKDVH LQWHUDFWLRQ RI IHUURWLWDQLXP ZLWK VLOLFRQ
FDUELGH LQ SRZGHU PL[WXUHV XVHG IRU WKHUPDO VSUD\ FRDWLQJ

�*ULJRUHQNR *�0�� %RULVRYD $�/�� %RULVRY <X�6�� $GHHYD /�,��
'RURVKHQNR /�.� DQG 5XSFKHY 9�/��

�

)Hw6L VWDWH GLDJUDP
,QYHVWLJDWLRQ RI SKDVH WUDQVIRUPDWLRQV LQ FRPPHUFLDO IHUURVLOLFLXP
XVLQJ WKH PHWKRG RI V\QFKURQRXV WKHUPDO DQDO\VLV �*DVLN 0�0��

=XERY 9�/� DQG *DVLN 0�,��

�

3URFHVVLQJ GXFWLOLW\
3URSHUWLHV RI DOOR\V EDVHG RQ KLJK�SXULW\ FKURPLXP �5XGRM $�3��
0HOQLN 9�.K� DQG 3RUWQRY $�3��

�

6WDWLVWLFDO�WKHUPRG\QDPLF WKHRU\
(QWKDOS\ RI OLTXLG VODJV RI WKH &D2w$O�2�w6L2� V\VWHP DW GLIIHUHQW

WHPSHUDWXUHV �0RMVRY /�3�� %XU\OHY %�3� DQG /DSWHY '�0��
�

,QIRUPDWLRQ

9�.� /HEHGHY LV ��� 1R��

$GYHUWLVLQJ �

,QGH[ RI DUWLFOHV IRU $6(0s���� �

/LVW RI DXWKRUV �
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