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6KHYWVRY 9�/�� =KDGNHYLFK 0�/�� 0DMGDQQLN 9�<D��
3X]ULQ /�*� DQG %RJDFKHQNR $�*� (OHFWURVODJ FDVWLQJ
LQVWHDG RI IRUJLQJ LQ WKH SURGXFWLRQ RI KLJK�SUHVVXUH
&KULVWPDV WUHH ������������������������������������������������������������������������������ �

0HGRYDU /�%� $ERXW PLOO UROOV RI IXWXUH DQG HOHFWURVODJ
WHFKQRORJLHV RI WKHLU SURGXFWLRQ ���������������������������������������������������� �

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

7ULJXE 1�3�� =KXN *�9�� 3LNXOLQ $�1�� .DOLQ\XN $�1�
DQG .RUQLMFKXN 9�'� (OHFWURQ EHDP LQVWDOODWLRQ 8(����

IRU IXVLRQ RI VXUIDFH OD\HU RI LQJRWV ���������������������������������������������� ��

,YDQFKHQNR 1�9�� 8VWLQRY $�,� DQG 0RNKRUW 9�$�

7KHUPRG\QDPLF DQDO\VLV RI HYDSRUDWLRQ RI WLWDQLXP DQG
QLFNHO IURP 7Lw1L PHOW LQ YDFXXP �������������������������������������������������� ��

/HVQRM $�%� DQG 'HPFKHQNR 9�)� 0RGHOOLQJ RI
K\GURG\QDPLFV DQG PDVV H[FKDQJH LQ HOHFWURQ EHDP
UHPHOWLQJ RI WLWDQLXP DOOR\V ����������������������������������������������������������� ��

3/$60$�$5& 7(&+12/2*<

6KDSRYDORY 9�$�� <DNXVKD 9�9� DQG *QL]G\OR $�1�
7KHUPDO ILHOG RI ODUJH�VL]HG UHIUDFWRU\ VLQJOH FU\VWDOV DW
FRPELQHG SODVPD�LQGXFWLRQ KHDWLQJ ��������������������������������������������� ��

9$&880�$5& 5(0(/7,1*

/LVLHQNR 9�*�� 1DV\MURY <D�$�� .OLPRY 0�,�� $OWPDQ
3�6�� 7DVKNLQRY $�<X� DQG *RQFKDURY $�(� (IIHFW RI

LRQL]DWLRQ RQ YROWDJH GURS DQG IUHTXHQF\ RI GURSOHW
VKRUW�FLUFXLWV LQ YDFXXP�DUF UHPHOWLQJ RI KLJK�DOOR\ VWHHOV ������������ ��

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

$QWRQ\XN 6�/�� .RURO 9�1�� 0RO\DU $�*�� 5RPDVKNR
,�0�� =DPNRY 9�1� DQG 7RSROVN\ 9�)� ,QYHVWLJDWLRQ RI
PHFKDQLFDO SURSHUWLHV RI IRUJHG VHPL�SURGXFWV RI

H[SHULPHQWDO WLWDQLXP DOOR\ 7���� ������������������������������������������������� ��

%XU\O\RY %�3� DQG 0RMVRY /�3� 'LVWULEXWLRQ RI QLWURJHQ
EHWZHHQ PHWDO DQG VODJ ��������������������������������������������������������������� ��

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

*DVLN 0�,�� *DVLN 0�0�� 3RO\DNRY 2�,� DQG =XERY 9�/�

7KHUPRG\QDPLF PRGHO RI SURFHVV RI PHOWLQJ IHUURVLOLFLXP
LQ KLJK�FDSDFLW\ RUH WKHUPDO HOHFWULF IXUQDFHV ������������������������������� ��

(1(5*< $1' 5(6285&( 6$9,1*

/DNRPVN\ 9�,� 0DWKHPDWLFDO PRGHO RI FDOFXODWLRQ RI

VSHFLILF HOHFWULFDO UHVLVWDQFH RI JUDLQHG WKHUPRDQWKUDFLWH

GHSHQGLQJ RQ LWV IUDFWLRQDO FRPSRVLWLRQ ���������������������������������������� ��

(GLWRU�LQ�&KLHI %�(� 3DWRQ

(GLWRULDO %RDUG�

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

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

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

YLFH�FKLHI HG� �8NUDLQH��

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

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

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

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

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

([HFXWLYH GLUHFWRU

$�7� =HOQLFKHQNR

7UDQVODWRU

6�$� )RPLQD

(GLWRU

1�$� 'PLWULHYD

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

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

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

,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

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

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

4XDUWHUO\
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�
(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

�
,QQRYDWLRQ FRPSDQ\ �(OWHUP�� .\LY� 8NUDLQH

,W LV VKRZQ WKDW ELOOHWV RI VWURQJ ERGLHV RI &KULVWPDV WUHH �&7�� SURGXFHG E\ (6& PHWKRG� DUH VXSHULRU E\ FKDUDFWHULVWLFV

RI GXFWLOLW\ DQG WRXJKQHVV WR WKH IRUJHG PHWDO RI &7 ERGLHV� ZKLFK DUH PDQXIDFWXUHG E\ DGYDQFHG IRUHLJQ FRPSDQLHV�

,W LV HVWDEOLVKHG WKDW (6& PHWDO LV DOVR VXSHULRU WR WKH IRUJHG PHWDO E\ WKH FDSDELOLW\ WR XQGHUJR WKH SODVWLF GHIRUPDWLRQ

LQ WKH FRQGLWLRQV RI D FRPSOH[ VWUHVVHG VWDWH� 7KH PDQXIDFWXUH RI KLJK�SUHVVXUH &7 XVLQJ (6& SURYLGHV DW PLQLPXP

FRVW WKH KLJKHVW LWV UHOLDELOLW\ GXULQJ ORQJ�WLPH VHUYLFH�

.H\ZRU G V � &KULVWPDV WUHH� VWURQJ ERGLHV� KLJK SUHVVXUH�
IRUJHG PHWDO� HOHFWURVODJ FDVW PHWDO� PHFKDQLFDO SURSHUWLHV�
EULWWOH IUDFWXUH UHVLVWDQFH� UHOLDELOLW\

7KH &KULVWPDV WUHH �&7� LV XVHG IRU RLO DQG JDV SUR�

GXFWLRQ XVLQJ D IRXQWDLQ PHWKRG� ,W LV PRXQWHG RQ D
ZHOO PRXWK DQG XVHG IRU LWV RSHUDWLRQ GXULQJ VHUYLFH

DQG FRQWURO RI IORZ RI WKH SURGXFWV SURGXFHG� 7KH

&7� ZKLFK LV PRXQWHG RQ ZHOOV RI D ODUJH GHSWK �DERXW
���� P�� RSHUDWHV XQGHU SUHVVXUH XS WR �� 03D� 7KH

LQFUHDVHG ILUH KD]DUG RI RLO DQG QDWXUDO JDV DQG WKHLU

WR[LFLW\ UHTXLUH HVSHFLDOO\ KLJK UHOLDELOLW\ RI RSHUDWLRQ

RI WKH &7 GXULQJ D ORQJ SHULRG RI LWV VHUYLFH >�@� ,W

FRQFHUQV� ILUVW RI DOO� WKH FDSDELOLW\ RI PHWDO RI ERGLHV

RI VHSDUDWH &7 HOHPHQWV WR UHVLVW EULWWOH IUDFWXUH LQ

RSHUDWLRQ XQGHU WKH KLJK SUHVVXUH�

7KH &7 VHW LQFOXGHV D PDVVLYH KHDG IRU VXVSHQVLRQ

RI D FROXPQ RI SXPSLQJ�FRPSUHVVRU SLSHV� VKDIW

YDOYHV� YDOYHV RQ EUDQFK SLSHV� WKURWWOHV DQG RWKHU

FRPSRQHQWV� 7KH DV�DVVHPEOHG &7 FRPSOHWH VHW IRU

�� 03D KDV ��� P KHLJKW DQG ��� W PDVV �)LJXUH ���

,Q WKH SURFHVV RI PDQXIDFWXUH WKH ERG\ RI HDFK FRP�

SRQHQW RI WKLV &7 LV VXEMHFWHG WR WHVWLQJ DW ��� 03D

SUHVVXUH� 8QWLO UHFHQWO\ WKLV &7ZDV QRWPDQXIDFWXUHG

LQ 8NUDLQH� 7KH GHPDQG IRU LW ZDV UHDOL]HG E\ LPSRUW�

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

1$6 RI 8NUDLQH LQ FROODERUDWLRQZLWK LQQRYDWLRQ FRP�

SDQ\ �(OWHUP� KDV PDVWHUHG IRU WKH ILUVW WLPH LQ

8NUDLQH WKH PDQXIDFWXUH RI D UHOLDEOH &7� RSHUDWLQJ

XQGHU �� 03D SUHVVXUH >�� �@� ,Q WKH GHYHORSPHQW RI

WHFKQRORJ\ RI SURGXFWLRQ RI WKLV &7 WKH PDMRU DWWHQ�

WLRQ ZDV SDLG WR WKH LQFUHDVH LQ UHOLDELOLW\ LQ LWV RSH�

UDWLRQ GXULQJ WKH ORQJ�WLPH VHUYLFH� ,Q WKLV DUWLFOH ZH

VKDOO GHVFULEH WKH VROXWLRQ RI RQO\ RQH� EXW LQ RXU

RSLQLRQ� PRVW LPSRUWDQW SUREOHP RI HQVXULQJ D UHOL�

DEOH RSHUDWLRQ RI VWURQJ YDOYH ERGLHV RI &7 XQGHU WKH

KLJK SUHVVXUH�
%RGLHV RI &7 FRPSRQHQWV� HVSHFLDOO\ RI YDOYHV�

KDYH D UDWKHU LQWULFDWH VKDSH� 0DVV RI ELOOHWV� IURP
ZKLFK WKHVH ERGLHV DUH PDQXIDFWXUHG� PD\ DPRXQW WR

PRUH WKDQ ��� NJ� 7KHVH ELOOHWV DUH RIWHQ SURGXFHG

E\ WKH PHWKRG RI D FRQYHQWLRQDO FDVWLQJ� &DVWLQJV LQ
PDQXIDFWXUH RI WKHVH FRPSRQHQWV UHTXLUH RQO\ PLQL�

PXPPHFKDQLFDO WUHDWPHQW� +RZHYHU� GXH WR ORZ KHDW

FRQGXFWLYLW\ RI WKHPRXOGPDWHULDO� WKH FU\VWDOOL]DWLRQ

RI PHWDO GXULQJ FDVWLQJ RFFXUV VORZO\ DQG ZLWK D VPDOO

RYHUFRROLQJ� 'XH WR WKLV� D FRDUVH�JUDLQ VWUXFWXUH LV

IRUPHG LQ WKH FDVWLQJ PHWDO DQG D VLJQLILFDQW ]RQDO
OLTXDWLRQ RI DOOR\LQJ HOHPHQWV DQG LPSXULWLHV WDNHV
SODFH� 7KH VXUIDFH OD\HUV RI FDVWLQJ DUH ILUVWO\ VROLGL�

ILHG DQG WKH IXUWKHU LWV FU\VWDOOL]DWLRQ RFFXUV ZLWKRXW
DQ DGGLWLRQDO KRW WRSSLQJ ZLWK D PROWHQ PHWDO� $V D

UHVXOW RI WKLV� SRUHV DQG VKULQNDJH SRURVLW\ DUH IRUPHG�

� 9�/� 6+(97629� 0�/� =+$'.(9,&+� 9�<D� 0$-'$11,.� /�*� 38=5,1 DQG $�*� %2*$&+(1.2� ����

)LJXUH �� &KULVWPDV WUHH $).�������;��� � x WKURWWOHV� � x
YDOYHV DW EUDQFK SLSHV ZLWK �� PP GLDPHWHU SDVVLQJ VHFWLRQ� � x
VKDIW YDOYHV ZLWK �� PP GLDPHWHU SDVVLQJ VHFWLRQ� � x KHDGV RI
SXPSLQJ�FRPSUHVVRU SLSH
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WKXV UHGXFLQJ WKH PHWDO GHQVLW\ DQG OHDGLQJ WR WKH

FRPSDUDWLYHO\ ORZ DQG LQVWDEOH PHFKDQLFDO SURSHUWLHV

RI FDVW ELOOHWV� 'DWD DERXW PHFKDQLFDO SURSHUWLHV RI

ELOOHWV RI &7 ERGLHV� REWDLQHG E\ GLIIHUHQW PHWKRGV

XVLQJ VWHHO ��&U0R� DQG VLQJOH�W\SH VWHHO ��.K0�

DUH JLYHQ LQ 7DEOH �� &KHPLFDO FRPSRVLWLRQ RI WKHVH

VWHHOV LV JLYHQ LQ 7DEOH ��

$V LV VHHQ IURP 7DEOH �� WKH YDOXHV RI GXFWLOLW\ �δ�
ψ� DQG WRXJKQHVV �.&8� LQ ELOOHWV RI &7 ERGLHV SUR�

GXFHG E\ D FRQYHQWLRQDO FDVWLQJ RFFXUUHG WR EH WKH

ORZHVW� 7KHVH DUH WKH YDOXHV WKDW GHILQH WKH FDSDELOLW\

RI PHWDO WR UHVLVW EULWWOH IUDFWXUH XQGHU WKH FRQGLWLRQV

RI WKUHH�GLPHQVLRQDO VWUHVVHG VWDWH� ZKLFK FDQ RFFXU

XQGHU WKH DFWLRQ RI KLJK RSHUDWLQJ SUHVVXUH LQ WKRVH

SODFHV RI ERGLHV ZKHUH VWUHVV FRQFHQWUDWRUV� IRU H[DP�

SOH� VKULQNDJH SRURVLW\� DUH SUHVHQW� 7KHUHIRUH� LW LV

SURILWDEOH WR PDQXIDFWXUH WKH ERGLHV E\ WKH WUDGLWLRQDO

FDVWLQJ IURP WKH HFRQRPLFDO SRLQW RI YLHZ RQO\ LQ

SURGXFWLRQ RI &7 RSHUDWLQJ XQGHU WKH SUHVVXUH RI QRW

PRUH WKDQ �� 03D� 7KLV SUHVVXUH GRHV QRW FDXVH D

KD]DUGRXV OHYHO RI VWUHVVHV LQ FDVW ELOOHWV RI &7 ERGLHV�

$OO WKH IRUHLJQ FRPSDQLHV� ZKLFK SURGXFH &7 IRU

RSHUDWLRQ XQGHU WKH SUHVVXUH DERYH �� 03D� PDQX�

IDFWXUH ERGLHV RI LWV FRPSRQHQWV IURP IRUJHG ELOOHWV�

7KH IRUJHG PHWDO� XQOLNH WKH PHWDO RI FRQYHQWLRQDO

FDVWLQJV� KDV KLJKHU GHQVLW\� LQFUHDVHG VWUHQJWK SUR�

SHUWLHV DQG KLJKHU DQG VWDEOH GXFWLOLW\ DQG WRXJKQHVV

WKDW LV HVSHFLDOO\ LPSRUWDQW WR SUHYHQW KD]DUG RI EULWWOH

IUDFWXUH� +RZHYHU� WKH SURGXFWLRQ RI &7 ERGLHV E\ WKH

PHWKRGV RI IRUJLQJ LQFUHDVHV JUHDWO\ WKH FRVW RI WKHLU

PDQXIDFWXUH� GXH WR QHHG LQ XVH RI H[SHQVLYH HTXLSPHQW�

DQG DOVR WR LQFUHDVH WROHUDQFHV IRU VL]HV RI ELOOHWV� L�H�

WR LQFUHDVH WKH YROXPHV RI PHFKDQLFDO WUHDWPHQW�

7KH *HUPDQ FRPSDQ\ �&DPHURQ�� WKH OHDGLQJ

PDQXIDFWXUHU RI &7� KDV GHYHORSHG WKH WHFKQRORJ\ RI

PDQXIDFWXUH RI ELOOHWV RI LWV ERGLHV� ZKLFK LQFOXGHV

PHOWLQJ VWHHO LQ HOHFWULFDO IXUQDFHV� LWV SRXULQJ LQWR

PHWDOOLF PRXOGV� UHSHDWHG KHDWLQJ RI LQJRWV DQG WKHLU

FRJJLQJ LQ SUHVVHV� 7KHQ WKH VXUIDFH RI WKH SURGXFHG

IRUJLQJV LV PDFKLQHG DQG FXW LQWR ELOOHWV RI VWULFWO\

GHILQLWH PDVV� 7KHVH PHDVXUHG SLHFHV DUH SUHVVHG LQ

FORVHG GLHV DQG ELOOHWV RI LQWULFDWH VKDSH ZLWK D GHJUHH

RI FRJJLQJ DUH SURGXFHG IURP WKHP >�@� &RPSDQ\

�&DPHURQ� SURGXFHV ELOOHWV RI &7 ERGLHV ZLWK KLJK

PHFKDQLFDO SURSHUWLHV XVLQJ WKLV ODERXU�LQWHQVLYH

WHFKQRORJ\ �VHH 7DEOH ��� ([WHUQDO FRQILJXUDWLRQ RI

WKHVH ELOOHWV� WKH VDPH DV LQ FRQYHQWLRQDO FDVWLQJ� LV

FORVH WR WKH VKDSH RI UHDG\ YDOYH ERGLHV� +RZHYHU�

WKLV DGYDQWDJH LV DWWDLQHG E\ XVLQJ XQLTXH IRUJH DQG

VWDPSLQJ SUHVVHV RI IRUFH XS WR ����� W� 2XWOLQLQJ

WKH KLJK TXDOLW\ DQG UHOLDELOLW\ RI LWV SURGXFWV� WKH

FRPSDQ\ �&DPHURQ� UHFRJQL]HV WKDW WKH SULFH RI LWV

&7 DQG YDOYHV LV RFFXUUHG WR EH KLJKHU WKDQ WKDW RI

WKHLU FRPSHWLWRUV� GXH WR XVH RI WKH FRPSOH[ HTXLS�

PHQW DQG H[SHQVLYH WHFKQRORJLHV >�@�
$W WKH VDPH WLPH� WKH GHFUHDVHG GXFWLOH SURSHUWLHV

RI IODQJH PHWDO DQG� LQ SDUWLFXODU RI PHWDO RI EUDQFK
SLSH� FRQQHFWLQJ IODQJH WR WKH YDOYH ERG\ DWWUDFW DW�
WHQWLRQ LQ GDWD JLYHQ E\ WKH FRPSDQ\ �&DPHURQ�� ,Q
SDUDOOHO ZLWK KLJK YDOXHV RI UHGXFWLRQ LQ DUHD �ψORQJ�
DQG LPSDFW VWUHQJWK �.&8ORQJ� RI ORQJLWXGLQDO VSHFL�
PHQV RI EUDQFK SLSH WKH UDGLDO VSHFLPHQV KDYH UDWKHU
ORZ SURSHUWLHV� ψUDG  ���� �� ZKLOH .&8UDG  
 ���� -�FP

�
>�@� &KDUDFWHULVWLF RI DQLVRWURS\1 FDO�

FXODWHG E\ IRUPXOD

1 = ���(ψORQJ�ψUDG + .&8ORQJ�.&8UDG)� ���

IRU PHWDO RI WKLV EUDQFK SLSH LV HTXDO WR ����� 7KLV
YDOXH RI FKDUDFWHULVWLF 1 SURYHV KLJK DQLVRWURS\ RI
PHFKDQLFDO SURSHUWLHV RI PHWDO RI ELOOHWV RI &7 ERGLHV
PDQXIDFWXUHG IURP IRUJLQJV�

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH DQG
LQQRYDWLRQ FRPSDQ\ �(OWHUP� VHOHFWHG DQRWKHU ZD\
LQ SURGXFWLRQ RI KLJK�TXDOLW\ DQG UHOLDEOH KLJK�SUHV�
VXUH &7 DQG XVHG� IRU WKH ILUVW WLPH LQ WKH ZRUOG� WKH
PHWKRG RI HOHFWURVODJ FDVWLQJ IRU PDQXIDFWXUH RI LWV
ERGLHV >�@� 7KH KLJK TXDOLW\ RI HOHFWURVODJ PHWDO UDQNV
LW EH\RQG WKH FRPSHWLWLRQ ZLWK WKH PHWDO RI RSHQ
PHOWLQJ� 7KLV IDFW LV FRQILUPHG E\ QXPHURXV LQYHVWL�
JDWLRQV FDUULHG RXW ERWK LQ RXU FRXQWU\ DQG DEURDG
>�w�@�

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI ELOOHWV RI &7 ERGLHV SURGXFHG E\ GLIIHUHQW PHWKRGV

0HWKRG RI

SURGXFLQJ
σ���� 03D σW� 03D σ����σW� � δ� � ψ� � .&8� -�FP
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1R W H � $ERYH WKH OLQH WKH PLQLPXP DQG PD[LPXP YDOXHV DUH JLYHQ� XQGHU WKH OLQH WKH PHDQ YDOXHV DUH JLYHQ�



'DWD RI FRPSDQ\ �&DPHURQ� >�@�




'DWD RI FRPSDQ\ �(OWHUP� REWDLQHG LQ WHVWLQJ RI �� VSHFLPHQV�

7DEOH �� *UDGH FKHPLFDO FRPSRVLWLRQ RI VWHHOV XVHG IRU PDQXIDFWXUH RI VWURQJ ERGLHV RI &7 FRPSRQHQWV

6WHHO

JUDGH

(OHPHQW FRQWHQW� ZW��

& 6L ªQ ¯U 0R 1L 9 6 3

��&U0R� ����w���� ����w���� ����w���� ����w���� ����w���� ≤ ���� ≤ ���� ≤ ����� ≤ �����

��.K0 ����w���� ����w���� ����w���� ����w���� ����w���� ≤ ���� ≤ ���� ≤ ����� ≤ �����
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7KH SUHPLVHV IRU WKH FUHDWLRQ RI WHFKQRORJ\ RI (6&
RI ELOOHWV IRU&7ERGLHVZHUH WKH WHFKQRORJLHV� GHYHORSHG
DW 3:, IRU (6& RI SRZHU VWRS YDOYH ERGLHV GHVLJQHG
IRU RSHUDWLRQ LQ KHDW DQG QXFOHDU SRZHU VWDWLRQV >�@�
DQG DOVR IRU FHQWULIXJDO FDVWLQJ RI 7�MRLQW ERGLHV XVHG
DW JDV�FRQGHQVDWH GHSRVLWV RI WKH ([WUHPH 1RUWK DW SUHV�
VXUH XS WR �� 03D >�@� ,Q DVVHPEO\ RI WKLV HTXLSPHQW
WKHVH YDOYHV DQG 7�MRLQW SLHFHV DUH MRLQHG WR SLSHOLQHV
E\ ZHOGLQJ� )RU WKLV SXUSRVH� WKHLU ERGLHV KDYH EUDQFK
SLSHV �)LJXUH �� ZKLFK GR QRW KLQGHU VKULQNDJH RI PHWDO
LQ PRXOG GXULQJ WKH ELOOHW FDVWLQJ�

7KH &7 YDOYHV KDYH IODQJHV DW WKH HQGV RI EUDQFK
SLSHV �)LJXUH ��� GHVLJQHG IRU MRLQLQJ VHSDUDWH &7
VXE�DVVHPEOLHV ZLWK SLQV� 7KHVH MXQFWLRQV DUH QHFHV�
VDU\ WR UHSODFH YDOYHV� FRPLQJ RXW RI RUGHU GXULQJ
VHUYLFH� GLUHFWO\ RQ RSHUDWLQJ ZHOO� 'XH WR KLJK ILUH
KD]DUG WKH ZHOGLQJ MREV WKHUH DUH QRW DGPLVVLEOH >�@�
,W LV PRUH GLIILFXOW WR PDQXIDFWXUH WKH ERGLHV RI YDOYHV
ZLWK IODQJHV XVLQJ (6& PHWKRG� DV WKH IODQJHV KLQGHU
PHWDO VKULQNDJH LQ PRXOG DQG SURPRWH WKH IRUPDWLRQ
RI KRW FUDFNV LQ FDVW ELOOHW�

,Q WKH FUHDWLRQ RI WKH WHFKQRORJ\ RI PDQXIDFWXUH
RI &7 ERGLHV IURP HOHFWURVODJ PHWDO� ZH KDYH RYHU�

FRPH WKHVH GLIILFXOWLHV DQG GHYHORSHG WZR YDULDQWV RI
(6& WHFKQRORJ\� 2QH RI WKHP LV WKH UHPHOWLQJ RI
FRQVXPDEOH HOHFWURGH LQ VSHFLDO FRPSRVLWH ZDWHU�
FRROHG PRXOGV FDSDEOH WR FRPSHQVDWH WKH ORQJLWXGLQDO
WHPSHUDWXUH VKULQNDJH RI ELOOHW GXULQJ (6&� &RQILJX�
UDWLRQ RI WKH LQQHU VXUIDFH RI WKHVH PRXOGV FRUUHVSRQGV
WR WKH H[WHUQDO VXUIDFH RI ELOOHWV PHOWHG >��@� 7KH
VHFRQG YDULDQW LV WKH FHQWULIXJDO FDVWLQJ XVLQJ HOHF�
WURVODJ FUXFLEOH PHOWLQJ RI PHWDO >��@� (OHFWURVODJ
ELOOHWV RI &7 ERGLHV SURGXFHG E\ WKHVH PHWKRGV KDYH
VKDSH DQG VL]HV FORVH WR UHDG\ ERGLHV �)LJXUH ��� 7KH
(6& ELOOHWV� VLPLODU WR ELOOHWV SURGXFHG E\ FRQYHQ�
WLRQDO FDVWLQJ RU VWDPSLQJ LQ FORVHG GLHV� UHTXLUH RQO\
PLQLPXP PHFKDQLFDO WUHDWPHQW RI H[WHUQDO VXUIDFH�
+HUH� WKH TXDOLW\ RI FDVW HOHFWURVODJ ELOOHWV LV QRW RQO\
LQIHULRU WR WKH TXDOLW\ RI IRUJH ELOOHWV� EXW HYHQ VXSH�
ULRU WR LW E\ PDQ\ FKDUDFWHULVWLFV �VHH 7DEOH ���

,Q HOHFWURVODJ UHPHOWLQJ WKH FRQWHQW RI VXFK KDUP�
IXO LPSXULWLHV DV VXOSKXU� JDVHV DQG QRQ�PHWDOOLF LQ�
FOXVLRQV LV GHFUHDVHG� 7DEOH � VKRZV WKH FKDQJH LQ
FRPSRVLWLRQ RI VWHHO ��.K0 LQ WKH SURFHVV RI PDQX�
IDFWXUH RI &7 ERGLHV IURP LW XVLQJ WKH PHWKRG RI (6&
RI ELOOHWV� 2ZLQJ WR GLUHFWHG KHDW UHPRYDO WKH FU\V�

)LJXUH �� 6FKHPH RI (6& ELOOHWV� D x ERGLHV RI SRZHU VWRS YDOYHV� E x 7�MRLQW SLHFH

)LJXUH �� 6FKHPH �D� DQG DSSHDUDQFH �E� RI ELOOHW RI &7 VKDIW YDOYH ZLWK �� PP GLDPHWHU SDVVLQJ VHFWLRQ SURGXFHG E\ WKH PHWKRG RI
HOHFWURVODJ FDVWLQJ �WKLQ OLQHV VKRZ WKH H[WHUQDO FRQWRXU RI D UHDG\ FRPSRQHQW�
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WDOOL]DWLRQ RI HOHFWURVODJ ELOOHWV RFFXUV ZLWK D QRWLFH�
DEO\ KLJKHU UDWH DQG RYHUFRROLQJ WKDQ LQ FRQYHQWLRQDO
FDVWLQJ WKDW SURPRWHV WKH SURGXFLQJ RI GHQVH ILQH�
JUDLQ VWUXFWXUH RI PHWDO DQG GHFUHDVH LQ PLFURVFRSLF
DQG ]RQDO OLTXDWLRQ LQ WKH FDVW ELOOHW ERG\� $OO WKLV
OHDGV WR WKH LQFUHDVH LQ GHQVLW\ RI WKH HOHFWURVODJ PH�
WDO� )RU H[DPSOH� WKH GHQVLW\ RI FDVW HOHFWURVODJ VWHHO
RI ��.K0 JUDGH� IURP ZKLFK WKH &7 ERGLHV DUH PDQX�
IDFWXUHG� LV HTXDO WR ������ J�FP

�
� $W WKH VDPH WLPH

WKH GHQVLW\ RI UROOHG VWRFN IURP WKLV VWHHO LV RQO\
������ J�FP

�
� L�H� E\ ��� � ORZHU >�@� 2ZLQJ WR DOO

WKHVH SRVLWLYH IDFWRUV WKH HOHFWURVODJ PHWDO DFTXLUHV
KLJKHU GXFWLOLW\ DQG WRXJKQHVV WKDQ WKH IRUJHG PHWDO
�VHH 7DEOH ��� 7KLV SURPRWHV WKH LQFUHDVH LQ UHVLVWDQFH
RI PHWDO WR EULWWOH IUDFWXUHV WKDW VKRXOG OHDG WR WKH
JURZWK RI UHOLDELOLW\ RI VWUXFWXUH PDGH IURP FDVW HOHF�
WURVODJ ELOOHWV�

7R FRQILUP WKLV VWDWHPHQW ZH KDYH FDUULHG RXW

FRPSDUDWLYH PHFKDQLFDO WHVWV RI FDVW HOHFWURVODJ PHWDO

DQG ZURXJKW PHWDO RI FRQYHQWLRQDO FDVWLQJ WR GHWHU�

PLQH WKH FDSDELOLW\ RI WKHVH PHWDOV WR UHVLVW IUDFWXUH

XQGHU WKH DFWLRQ RI KLJK VWUHVVHV LQ WKH FRQGLWLRQV RI

WKUHH�GLPHQVLRQDO VWUHVVHG VWDWH QHDU WKH VWUHVV FRQ�

FHQWUDWRU DQG WR EH VWUHQJWKHQHG GXULQJ GHIRUPDWLRQ

ZLWKRXW IUDFWXUH� 7KLV VWDWH LV W\SLFDO RI ERG\ RI &7

FRPSRQHQWV LQ VHUYLFH�

7KH VWURQJ KLJK�SUHVVXUH &7 ERGLHV DUH PDQXIDF�

WXUHG IURP VWUXFWXUDO VWHHOV RI ��.K� ��.K0� ��.K0

JUDGHV DQG VRPH RWKHU� :H XVHG WKH OHDVW DOOR\HG VWHHO

��.K IRU WHVWLQJ� ZKLFK KDV WKH ORZHVW OHYHO RI GXF�

WLOLW\ DPRQJ WKH DERYH�PHQWLRQHG JUDGHV� 0HFKDQLFDO

WHVWV ZHUH SHUIRUPHG RQ URXQG VSHFLPHQV ZLWK D QRWFK

�)LJXUH ��� 7KHVH VSHFLPHQV ZHUH FXW LQ GLIIHUHQW GL�

UHFWLRQV IURP WKH ELOOHW RI FDVW HOHFWURVODJ ERG\ RI

YDOYH DQG UROOHG FRQVXPDEOH HOHFWURGH ZKLFK ZHUH

XVHG IRU PHOWLQJ WKLV ELOOHW�

$W XQLD[LDO WHQVLRQ RI WKHVH VSHFLPHQV D WKUHH�GL�

PHQVLRQDO VWUHVVHG VWDWH LV RFFXUUHG LQ D SODFH RI QRWFK�

WKDW KLQGHUV WKH SODVWLF GHIRUPDWLRQ RI WKH PHWDO�

0RUHRYHU� WKH YDOXH RI VWUHVVHV QHDU WKH FRQFHQWUDWRU

�QRWFK� VHYHUDO WLPHV LQFUHDVHV WKH OHYHO RI VWUHVVHV

DW VRPH GLVWDQFH IURP LW >��� ��@� 7KLV WKUHH�GLPHQ�

VLRQDO VWDWH WDNHV SODFH DOVR LQ PDVVLYH &7 ERGLHV ERWK

QHDU WKH SRVVLEOH GHIHFWV RI VWUXFWXUH DQG DOVR LQ SODFH

RI PDWLQJ VHSDUDWH GHVLJQ HOHPHQWV RI WKH ERG\� 7KH

FDSDELOLW\ RI PHWDO LQ WKHVH FRQGLWLRQ WR XQGHUJR WKH

SODVWLF GHIRUPDWLRQZLWKRXW IUDFWXUH LQ SODFHV RIPD[L�

PXP VWUHVVHV DQG� WKXV� WR UHGLVWULEXWH ORDG WR ORZHU�

VWUHVVHG UHJLRQV� GHILQHV WKH UHOLDELOLW\ RI VWUXFWXUH

GXULQJ VHUYLFH�
,Q WHQVLOH WHVW RI QRWFKHG VSHFLPHQV WKH HVWLPDWLRQ

RI PHWDO EULWWOH IUDFWXUH UHVLVWDQFH LV SHUIRUPHG E\ D
YDOXH RI WUXH VWUHVVHV LQ IUDFWXUH �σWUXH�� UHODWLRQ RI
WKLV YDOXH WR \LHOG VWUHQJWK �σWUXH�σ���� DQG WHQVLOH
VWUHQJWK �σWUXH�σW� DQG UHGXFWLRQ LQ DUHD RI PHWDO LQ
QRWFK DUHD DIWHU IUDFWXUH �ψQ�� +HUH� WKH YDOXHV σ���
DQGσW DUH GHWHUPLQHG RQ VWDQGDUG IODW VSHFLPHQVZLWK�
RXW QRWFK� 7KH WUXH VWUHVVHV LQ IUDFWXUH RI QRWFKHG
VSHFLPHQV DUH GHWHUPLQHG DV D TXRWLHQW IURP GLYLVLRQ
RI IUDFWXUH IRUFH E\ VSHFLPHQ DUHD LQ SODFH RI IUDFWXUH�
PHDVXUHG DIWHU WHVWV�

7DEOH � JLYHV PHFKDQLFDO SURSHUWLHV RI FDVW HOHF�
WURVODJ ELOOHW IURP VWHHO ��.K DQG UROOHG FRQVXPDEOH
HOHFWURGH LQ WKH IRUP RI ��� PP GLDPHWHU URG DIWHU
RLO TXHQFKLQJ IURP ��� �& WHPSHUDWXUH DQG WHPSHULQJ
DW ��� �&� REWDLQHG GXULQJ VWDQGDUG WHVWV RI F\OLQGULFDO
��IROG VSHFLPHQV ZLWKRXW QRWFK� ,Q WKLV 7DEOH WKH
KLJKHU YDOXHV RI VWUHQJWK RI UROOHG PHWDO� HVSHFLDOO\
DORQJ UROOLQJ� DV FRPSDUHG ZLWK WKDW RI FDVW PHWDO�
DWWUDFW DWWHQWLRQ� +RZHYHU� WKH ORZHU YDOXHV RI LWV
GXFWLOLW\ DQG WRXJKQHVV� DQG DOVR DQLVRWURS\ RI SUR�
SHUWLHV� W\SLFDO RI ZURXJKW PHWDO� DUH DOVR VHHQ� &KD�
UDFWHULVWLF RI DQLVRWURS\ IRU D UROOHG HOHFWURGH� FDOFX�
ODWHG E\ IRUPXOD ���� LV ����� ,W VKRXOG EH QRWHG KHUH�
WKDW WKH PHWDO RI FDVW HOHFWURVODJ ELOOHW RI YDOYH ERG\

7DEOH �� &KHPLFDO FRPSRVLWLRQ RI VWHHO ��.K0 EHIRUH DQG DIWHU HOHFWURVODJ FDVWLQJ

2EMHFW RI

DQDO\VLV

(OHPHQW FRQWHQW� ZW�� 1RQ�PHWDOOLF

LQFOXVLRQV�

YRO��⋅��w�& 6L 0Q &U 3 6 ¬� �⋅��w�

(OHFWURGH ����w���� ����w���� ����w���� ����w���� �����w����� �����w����� ����w���� ���w���

(6& ERG\ ����w���� ����w���� ����w���� ����w���� �����w����� �����w����� ����w���� ��w���

1R W H � 'DWD DUH JLYHQ IURP �� PHOWLQJV�

)LJXUH �� 6FKHPH RI QRWFK RQ VSHFLPHQ IRU WHQVLOH WHVW

)LJXUH �� 5DWLR σWUXH�σ��� �D� DQG σWUXH�σW �E� IRU VWHHO ��.K�
REWDLQHG LQ FRPSDUDWLYH WHVWV RI VPRRWK VSHFLPHQV DQG VSHFLPHQV
ZLWK D VKDUS QRWFK� U x FDVW HOHFWURVODJ PHWDO� x ZURXJKW
PHWDO RI RSHQ PHOWLQJ
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RI VWHHO ��.K KDV QR DOPRVW DQLVRWURS\ RI PHFKDQLFDO
SURSHUWLHV �1  ������

5HVXOWV RI WHQVLOH WHVWV RI QRWFKHG VSHFLPHQV DUH
JLYHQ LQ 7DEOH �� 7KHVH VSHFLPHQV ZHUH PDQXIDFWXUHG
IURP WKH VDPH ELOOHWV DV WKH IODW VSHFLPHQV DQG SDVVHG
KHDW WUHDWPHQW LQ WKH VDPH IXUQDFH FKDUJH� 'DWD RI
WKLV 7DEOH VKRZ DGHTXDWHO\ WKDW WKH FDVW HOHFWURVODJ
PHWDO LV PXFK VXSHULRU WR WKH ZURXJKW PHWDO RI RSHQ
PHOWLQJ E\ WKH YDOXHV RI WUXH VWUHVVHV RI IUDFWXUHV DQG�
HVSHFLDOO\� E\ UHGXFWLRQ LQ DUHD XQGHU WKH FRQGLWLRQV
RI SODVWLF GHIRUPDWLRQ LQ FRPSOH[�VWUHVVHG VWDWH�
7KXV� WKH YDOXHV ψQ REWDLQHG LQ WHVWLQJ ORQJLWXGLQDO
VSHFLPHQV IURP HOHFWURVODJPHWDO� DUH �w� WLPHV KLJKHU
WKDQ WKH VLPLODU YDOXHV LQ VSHFLPHQV IURP ZURXJKW
PHWDO� 9DOXHV ψQ REWDLQHG RQ UDGLDO VSHFLPHQV KDYH
PXFK ODUJHU GLIIHUHQFH�

$GYDQWDJH RI FDVW HOHFWURVODJPHWDO LV DOVR FRQILUPHG
E\ UDWLRV σWUXH�σ��� DQG σWUXH�σW� JLYHQ LQ )LJXUH ��
$V LV VHHQ� WKH UDWLR σWUXH�σ���� REWDLQHG LQ WHVWLQJ
VSHFLPHQV IURP FDVW HOHFWURVODJ PHWDO� E\ �� � KLJKHU
RI VLPLODU UDWLR LQ VSHFLPHQV IURP WKH ZURXJKW PHWDO�
,Q FRPSDULVRQ RI σWUXH�σW UDWLRV LW LV VHHQ WKDW WKLV UDWLR
LQ HOHFWURVODJ PHWDO LV E\ �� � KLJKHU WKDQ WKDW LQ UROOHG
PHWDO� 7KH DERYH UHVXOWV RI WHVWV PDNH LW SRVVLEOH WR
FRQVLGHU WKDW VWUXFWXUHVPDGH IURPFDVW HOHFWURVODJPHWDO
KDYH WKH KLJKHU PDUJLQ RI UHOLDELOLW\ LQ VHUYLFH WKDQ WKH
VLPLODU VWUXFWXUHV PDGH IURP ZURXJKW PHWDO RI RSHQ
PHOWLQJ�7KXV� WKH UHSODFHPHQW RI IRUJLQJV LQSURGXFWLRQ
RI VWURQJ &7 ERGLHV E\ HOHFWURVODJ FDVW ELOOHWV FDQ LQ�
FUHDVH WKH UHOLDELOLW\ RI &7 VWUXFWXUH�

7KH DSSOLFDWLRQ RI HOHFWURVODJ FDVWLQJ IRU PDQX�
IDFWXUH RI ELOOHWV RI ERGLHV DOORZHG 3:, DQG LQQRYD�
WLRQ FRPSDQ\ �(OWHUP� QRW RQO\ WR HVWDEOLVK WKH SUR�

GXFWLRQ RI &7 IRU ��03D DW VPDOO FDSLWDO LQYHVWPHQWV
DQG PLQLPXP SURGXFWLRQ H[SHQVHV� EXW DOVR WR LQ�
FUHDVH VLJQLILFDQWO\ WKH UHOLDELOLW\ RI LWV RSHUDWLRQ GXU�
LQJ ORQJ�WLPH VHUYLFH�

�� 9DMVEHUJ� *�/�� 5LPFKXN� '�9� ������ )ORZLQJ VDIHW\�
.KDUNLY�

�� $UW\RPRY� 9�,�� .DQDNRY� 9�9�� 6KHYWVRY� 9�/� HW DO�
������ &KULVWPDV WUHH IRU SUHVVXUH RI XS WR �� 03D�
1DIWRYD L *D]RYD 3URP\VORYLVW� �� ��w���

�� 6KHYWVRY� 9�/�� 0DMGDQQLN� 9�<D�� .KDQHQNR� 9�0� HW DO�
������ 0DQXIDFWXULQJ RI &KULVWPDV WUHH IRU GHHS RLO DQG
JDV ZHOOV E\ PHWKRGV RI HOHFWURVODJ FDVWLQJ DQG SODVPD�SRZ�
GHU VXUIDFLQJ� 6YDUVKFKLN� �� �w��

�� 6WHHO IRUJLQJV LQVWHDG RI VWHHO FDVWLQJV� $GYHUWLVLQJ RI
�&DPHURQ� FRPSDQ\ IRU WKH ([KLELWLRQ �1HIWHJD]�����

�� 3DWRQ� %�(�� 0HGRYDU� %�,�� %RMNR� *�$� ������ (OHF�
WURVODJ FDVWLQJ� .\LY� 1DXNRYD 'XPND�

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

�� 0HGRYDU� %�,�� 6KHYWVRY� 9�/�� 0DUW\Q� 9�0� HW DO� ������
(OHFWURVODJ FUXFLEOH PHOWLQJ DQG SRXULQJ RI PHWDO� (G� E\
%�(� 3DWRQ� %�,� 0HGRYDU� .\LY� 1DXNRYD 'XPND�

�� 8MLL� $�� 6DWR� 6�� 1DJDWD� -� ������ $SSOLFDWLRQ RI (65 IRU
SURGXFWLRQ RI KHDY\ WKLFNQHVV PDWHULDO RI SUHVVXUH YHVVHO�
,Q� 3URF� RI &RQI� RQ (OHFWURVODJ 5HILQLQJ RI ,URQ DQG 6WHHO
,QVW�� 6KHIILHOG 0HW� DQG (QJ� $VVRF�� 6KHIILHOG� -DQ� ��w
��� ����� /RQGRQ� ,URQ DQG 6WHHO ,QVW�

�� 3DWRQ� %�(�� 0HGRYDU� %�,�� 6KHYWVRY� 9�/� HW DO� ������
&HQWULIXJDO HOHFWURVODJ FDVWLQJ RI ELOOHWV RI WHH�MRLQW SLSHV�
3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� �w��

��� 6KHYWVRY� 9�/�� 0DMGDQQLN� 9�<D�� =KDGNHYLFK� 0�/� HW DO�
������ (OHFWURVODJ FDVWLQJ RI ELOOHWV RI KLJK�SUHVVXUH &KULVW�
PDV WUHH ERGLHV� ,ELG�� �� �w���

��� 6KHYWVRY� 9�/�� 0DMGDQQLN� 9�<D�� =KDGNHYLFK� 0�/� HW DO�
������ &HQWULIXJDO HOHFWURVODJ FDVWLQJ RI ELOOHWV RI KLJK�
SUHVVXUH &KULVWPDV WUHH YDOYH ERGLHV� ,ELG�� �� ��w���

��� *XO\DHY� $�3� ������ 3K\VLFDO PHWDOOXUJ\� 0RVFRZ� 0HWDO�
OXUJL\D�

��� /HEHGHY� $�$�� .RYDOFKXN� %�,�� *LJLQ\DN� )�)� HW DO�
������ 0HFKDQLFDO SURSHUWLHV RI VWUXFWXUDO PDWHULDOV LQ
FRPSOH[ VWUHVV VWDWH� 5HIHU� %RRN� (G� E\ 9�7� 7UR�
VKFKHQNR� .\LY� 1DXNRYD 'XPND�

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI VPRRWK VSHFLPHQV RI VWHHO ��.K

3ODFH RI VSHFLPHQ

FXWWLQJ RXW
σ���� 03D σW� 03D σ����σW� � δ� � ψ� � .&8� -�FP

�

(6& ERG\�

ORQJLWXGLQDO ���w���
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���w���
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1R W H � $ERYH WKH OLQH WKH PLQLPXP DQG PD[LPXP YDOXHV DUH JLYHQ� XQGHU WKH OLQH WKH PHDQ YDOXHV DUH JLYHQ�

7DEOH �� 5HVXOWV RI WHQVLOH WHVWV RI QRWFKHG VSHFLPHQV

&KDUDFWHULVWLFV RI VWUHQJWK

DQG GXFWLOLW\

3ODFH RI VSHFLPHQ FXWWLQJ RXW

(6& ERG\ (OHFWURGH �UROOHG PHWDO�

/RQJLWXGLQDO 5DGLDO /RQJLWXGLQDO 5DGLDO

σWUXH� 03D ����w����

����

����w����

����

����w����

����

����w����

����

ψQ, % ����w����

����

����w����

����

���w���

���

���w���

���

1R W H � $ERYH WKH OLQH WKH PLQLPXP DQG PD[LPXP YDOXHV DUH JLYHQ� XQGHU WKH OLQH WKH PHDQ YDOXHV DUH JLYHQ�
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(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

6WDWH�RI�WKH�DUW RI SURGXFWLRQ RI PLOO UROOV DQG WHQGHQF\ RI LWV XSGDWLQJ DUH GLVFXVVHG� ,W LV VKRZQ WKDW WKH PLOO UROOV RI

WKH QHDU IXWXUH ZLOO EH SURGXFHG GRXEOH�OD\HUHG ZLWK D KLJK�DOOR\ ZRUNLQJ OD\HU� $GYDQWDJHV RI DSSOLFDWLRQ RI HOHFWURVODJ

WHFKQRORJLHV LQ SURGXFWLRQ RI GRXEOH�OD\HU UROO DUH FRQVLGHUHG�

.H\ZRU G V � PLOO UROO� HOHFWURVODJ UHPHOWLQJ� HOHFWURVODJ

FODGGLQJ� FHQWULIXJDO FDVWLQJ� &3& WHFKQRORJ\

6WDWH�RI�WKH�DUW RI SURGXFWLRQ DQG DSSOLFDWLRQ RI PLOO
UROOV LQ 8NUDLQH DQG &,6 FRXQWULHV DURXVH DQ[LHW\�

%\ VRPH W\SHV RI UROOV WKH ODJ IURP ZRUOG OHYHO LV
DERXW �� \HDUV� 7KH PRVW VWULNLQJ H[DPSOH LV GRXEOH�

OD\HU ZRUNLQJ UROOV ZLWK D ZRUNLQJ OD\HU RI KLJK�FKUR�
PLXP FDVW LURQ IRU ILQLVKLQJ VWDQGV RI ZLGH�VWULS PLOOV

RI KRW UROOLQJ� ,Q IRUHLJQ FRXQWULHV WKH UROOV RI WKLV

W\SH EHJDQ WR XVHG DV IDU EDFN DV WKH ����V RI ODVW

FHQWXU\ DQG RQO\ VHYHUDO \HDUV DJR LQ 8NUDLQH DQG

&,6 FRXQWULHV�

'XULQJ UHFHQW \HDUV LQ 8NUDLQH DQG &,6 FRXQWULHV
WKH DGYDQFHG UROOV RI GLIIHUHQW W\SHV RI OHDGLQJ ZRUOG

FRPSDQLHV DSSHDUHG LQ PDQ\ PLOOV� 6SHFLDOLVWV LQ WKLV

ILHOG KDG DQ DFFHVV WR WKH QHZHVW LQIRUPDWLRQ RQ UROOV�

1HYHUWKHOHVV WKH PDMRU WHQGHQFLHV LQ WKH GHYHORSPHQW

RI �UROO� LQGXVWU\� LQWHUUHODWLRQ EHWZHHQ PDUNHW UH�

TXLUHPHQWV� DV LV VDLG QRZ� DQG SUDFWLFH RI SURGXFWLRQ

RI PLOO UROOV DUH QRW PXFK HYLGHQW� $Q DWWHPSW LV PDGH

LQ WKLV ZRUN WR RXWOLQH VRPH PDMRU� LQ WKH DXWKRUsV

RSLQLRQ� SUREOHPV LQ WKLV ILHOG RI PHWDOOXUJ\� 7DNLQJ

LQWR DFFRXQW WKH GLVFXVVLRQ QDWXUH RI SUHVHQWHG FRQ�

VLGHUDWLRQV DQG FRQFOXVLRQV� WKH UHIHUHQFHV RQ QXPHU�

RXV UHFHQW SXEOLFDWLRQV RQ WKH DERYH�PHQWLRQHG SURE�

OHPV DUH QRW JLYHQ SXUSRVHIXOO\�
6R� ZKDW DUH WKH UROOV RI IXWXUH� ZKDW LV WKH IXWXUH

RI UROOV" 7KHVH DUH WZR TXHVWLRQV� RQH RI WKHP FRQFHUQV

WKH PDQXIDFWXUHUV RI UROOV� ZKLOH DQRWKHU TXHVWLRQ LV

UHODWHG WR WKH IHUURXV PHWDOOXUJ\� 8QGRXEWHGO\� WKH

HYROXWLRQ RI IHUURXV PHWDOOXUJ\ GHILQHV FRPSOHWHO\

WKH SURJUHVV DQG VHOHFWLRQ RI VWUDWHJ\ RI SURGXFWLRQ

RI UROOV� 7KHUH DUH QR GRXEWV WKDW UDGLFDO FKDQJHV ZLOO

EH H[SHFWHG LQ IXWXUH� ZKLFK ZLOO FRQFHUQ QRW RQO\
WHFKQRORJ\ DQG TXDOLW\ RI SURGXFWV� EXW DOVR UHODWLRQV

ZLWK FRQVXPHUV� 3DUWLDOO\� WKHVH UHYROXWLRQDU\

FKDQJHV ZLWKRXW H[DJJHUDWLRQ� KDYH EHHQ DOUHDG\

VWDUWHG LQ WKH ZRUOG� KRZHYHU LQ (XURSH WKLV SURFHVV

GHOD\HG� DOVR GXH WR D VORZ SURJUHVV LQ SURGXFWLRQ RI
UROOV RI WKH QHZ JHQHUDWLRQ� LQFOXGLQJ VR�FDOOHG �KLJK�

VSHHG� UROOV� 8QWLO QRZ� DOPRVW DOO WKH PDQXIDFWXUHUV

RI UROOV� ZKR XVHG WHFKQRORJ\ RI IRUJLQJ DQG�RU FDVW�

LQJ� ZHUH OLYLQJ DQG ZRUNLQJ ZLWKRXW SUREOHPV DV WR

UROOV IRU VWULS PLOOV RI FROG DQG KRW UROOLQJ�

7RGD\ WKH VLWXDWLRQ KDV FKDQJHG� 7KH SULFH RI UROOV
RI WUDGLWLRQDO TXDOLW\ ZDV GHFUHDVHG GUDVWLFDOO\� VRPH

RI PDQXIDFWXUHUV RFFXUUHG WR EH LQFDSDEOH WR IROORZ

WKH WHFKQLFDO UHYROXWLRQ DQG KDG WR FORVH EXVLQHVV�

6LWXDWLRQ ZLOO DJJUDYDWH LQ WKH PRVW QHDU IXWXUH� EH�

FDXVH WKH UROOV RI WKH QHZ JHQHUDWLRQ ZLOO KDYH �w�

KLJKHU VHUYLFH OLIH WKDQ WKH SUHVHQW�GD\ UROOV RI WKH
WUDGLWLRQDO TXDOLW\� 7KHUH DUH QR GRXEWV WKDW WKLV LV

QRW D VLQJOH LPSURYHPHQW� EXW D UHYROXWLRQ� 7KH FRQ�

VHTXHQFHV DUH HYLGHQW�

• UHDO VFLHQWLILF NQRZOHGJH DERXW UROOV ZLOO EHFRPH

D GHFLVLYH IDFWRU� +RZHYHU XQWLO QRZ� WKH VLWXDWLRQ

LV REVHUYHG ZKHQ VLQJOH�W\SH UROOV RI GLIIHUHQW VXSSOL�

HUV DUH GLIIHUHG VLJQLILFDQWO\ LQ RSHUDWLRQ LQ WKH VDPH

PLOO� LQ WKH VDPH VWDQG� 0RUHRYHU� WKH UROOV RI WKH

EHWWHU TXDOLW\ KDYH QRW DOZD\V WKH KLJKHU SULFH UH�
VSHFWLYHO\�

• VSHFLDOL]DWLRQ RI SURGXFWLRQ RQO\ RQ UROOV RI D

VLQJOH W\SH� IRU H[DPSOH� IRU IODW UROOHG VWRFN� ZLOO

UHPDLQ LQ WKH SDVW� (DFK RI PDQXIDFWXUHUV RI UROOV

VKRXOG EH UHDG\ WR WKH IDFW WKDW LW ZRXOG EH QHFHVVDU\

WR SURGXFH UROOV ERWK IRU VKHHW DQG IRU VKDSHG PHWDO

RI WKH ZLGH DVVRUWPHQW DV PXFK DV SRVVLEOH� ,Q SDU�

WLFXODU� WKH PDQXIDFWXUHUV RI UROOV IRU IODW UROOHG PHWDO

ZLOO KDYH WR SURGXFH QRW RQO\ WKH ZRUNLQJ UROOV RI

ILQLVKLQJ VWDQGV RI KRW UROOLQJ PLOOV� EXW DOVR WKHZRUN�

LQJ UROOV RI FROG UROOLQJ� UROOV RI URXJKLQJ VWDQGV DQG

UROOV IRU SODWH PLOOV�

• UHODWLRQV EHWZHHQ WKH UROOV PDQXIDFWXUHUV ZLWK

PHWDOOXUJLVWV ZLOO DOVR FKDQJH LQ IXWXUH� *OREDOL]DWLRQ

DQG LQWHUQDWLRQDOLVP LQ WKH ZRUOG IHUURXV PHWDOOXUJ\

KDYH EHHQ DOUHDG\ OHG WR WKH QH[W LQFUHDVH LQ D UROH
RI WHFKQLFDO H[SHUWV LQ WKH IRUPDWLRQ RI SROLWLFV RI

PHWDOOXUJLFDO FRPSDQLHV DQG WR WKH PRUH RIWHQ SUH�

YDLOLQJ RI TXDOLW\ RYHU WKH SULFH� 7KH TXDOLW\ RI UROOHG

PHWDO GHSHQGV PDLQO\ RQ WKH TXDOLW\ RI UROOV� 7KHUH�

IRUH� WKH LQFUHDVH LQ WKH TXDOLW\ RI UROOV RFFXUV VRPH�
WLPHV WR EH PRUH LPSRUWDQW WKDQ WKH EDODQFH �SULFHw

TXDOLW\�� 7KLV VLWXDWLRQZLWK UROOV LV REVHUYHG LQ -DSDQ

DQG SDUWLDOO\ LQ $VLD DV D ZKROH� *UDGXDOO\� LQ WKH

1RUWK $PHULFD� WKH PRVW TXDOLW\ DQG H[SHQVLYH -DSD�

QHVH �KLJK�VSHHG� UROOV &3& DOVR EHJLQ WR IRUFH RXW

WKH �KLJK�VSHHG� UROOV RI D FHQWULIXJDO FDVWLQJ�� /�%� 0('29$5� ����
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7KH PDMRU FKDQJHV LQ PHWDOOXUJ\ RI UROOV FDQ EH
GHILQHG E\ WZR FOHDU FRQFHSWLRQV� LQFUHDVH LQ DPRXQW
RI 0& FDUELGHV� L�H� FDUELGHV RI VXSHUKLJK KDUGQHVV
LQ D ZRUNLQJ OD\HU RI UROOV� LQFUHDVH LQ KRW KDUGQHVV
RI D ZRUNLQJ OD\HU RI UROOV E\ FRQWURO RI D VHFRQGDU\
KDUGHQLQJ� 7KLV PHDQV WKH DSSOLFDWLRQ RI KLJK DXVWHQL�
WL]LQJ WHPSHUDWXUHV �PRUH WKDQ ���� �&� DQG LQFUHDVHG
WHPSHUDWXUHV RI WHPSHULQJ WR HOLPLQDWH FRPSOHWHO\
WKH UHVLGXDO DXVWHQLWH�

7KHVH WZR VWUDWHJLF PHWDOV VFLHQFH FRQFHSWLRQV
PHDQ WKH PRUH DQG PRUH ZLGH DSSOLFDWLRQ RI VXFK
PDWHULDOV DV KLJK�VSHHG DQG VHPL�KLJK VSHHG VWHHOV�
DQG DOVR D FKLOOHG FDVW LURQ VWUHQJWKHQHGZLWK FDUELGHV�
7KH DSSOLFDWLRQ RI WKH DERYH�PHQWLRQHG PDWHULDOV IRU
WKH WHFKQRORJ\ RI SURGXFWLRQ RI UROOV DVVXPHV WKH
ZLGHU WUDQVLWLRQ IURP PRQROLWKLF UROOV� PDQXIDFWXUHG
IURP RQH PDWHULDO� WR GRXEOH�OD\HU UROOV ZLWK UHOD�
WLYHO\ LQH[SHQVLYH D[OH DQG D ZRUNLQJ OD\HU GLIIHUHG
IURP WKH D[OH PDWHULDO� +HUH� RQH LPSRUWDQW IDFW
VKRXOG EH QRWHG� IRU VRPH W\SHV RI UROOV� IRU H[DPSOH
RI SLOJHU PLOOV DQG ���UROO PLOOV RI 6HQG]LPLU� WKH
DERYH�PHQWLRQHG FRQFHSWLRQV RI VHOHFWLRQ RI PDWHULDOV
DUH XVHG IRU D ORQJ WLPH �VWHHOV RI �.K�9�� .K��0�
5�0� W\SHV��

$W SUHVHQW WKUHH PDLQ WHFKQRORJLHV DUH XVHG LQ
SURGXFWLRQ RI ELPHWDO UROOV IRU IODW UROOHG PHWDO� FHQ�
WULIXJDO FDVWLQJ DQG FODGGLQJ XVLQJ -DSDQHVH WHFKQR�
ORJ\ RI FRQWLQXRXV SRXULQJ IRU FODGGLQJ �&3&� RU
8NUDLQLDQ WHFKQRORJ\ RI HOHFWURVODJ FODGGLQJ ZLWK D
OLTXLG PHWDO �(6& /0�� ,Q >�@ WKH H[SHUW FRPSDULVRQ
RI WKHVH WHFKQRORJLHV DQG TXDOLW\ RI UROOV LV JLYHQ� 7R
PDQXIDFWXUH FDVW LURQ UROOV ZLWK D FKLOOHG OD\HU�
VWUHQJWKHQHG ZLWK FDUELGHV� ERWK FHQWULIXJDO DQG DOVR
VWDWLRQDU\ FDVWLQJ� LQFOXGLQJ WZR�OD\HU FDVWLQJ� LV
XVHG�

,Q FRQWLQXRXV ZLGH�VWULS PLOOV RI KRW UROOLQJ WKH

GRXEOH�OD\HU UROOV ZLWK D ZRUNLQJ OD\HU IURP D KLJK�

VSHHG VWHHO DUH DOPRVW HYHU\ZKHUH XVHG IRU ILUVW IRXU�

ILYH VWDQGV RI D ILQLVKLQJ JURXS LQ -DSDQ DQG WKH 1RUWK

$PHULFD� )RU WKH ODWWHU VWDQGV RI D ILQLVKLQJ JURXS

WKH UROOV ZLWK D ZRUNLQJ OD\HU IURP D FKLOOHG FDVW LURQ�

VWUHQJWKHQHG ZLWK FDUELGHV� DUH XVHG� ,W LV QRWDEOH

WKDW WKH VWDQGDUG FDVW LURQ UROOV� LQFOXGLQJ GRXEOH�

OD\HU UROOV ZLWK D ZRUNLQJ OD\HU IURP KLJK�FKURPLXP

FDVW LURQ� DUH QRW DOPRVW XVHG� $W WKH VDPH WLPH LQ

(XURSH WKH ODJ LQ XVH RI �KLJK�VSHHG� UROOV LV UHPDUN�

DEOH� 7KH\ DUH XVHG PDLQO\ LQ WKRVH PLOOV ZKHUH WKH

VWDLQOHVV VWHHO LV UROOHG�

,Q $VLD WKH QHZ W\SHV RI UROOV DUH XVHG DOPRVW LQ

DOO WKH PRGHUQ PLOOV� ,Q &,6 FRXQWULHV WKH �KLJK�

VSHHG� UROOV DUH DW WKH VWDJH RI WHVWLQJ RQO\ LQ VRPH

PLOOV� ,Q VSLWH RI JUHDW GLIIHUHQFHV LQ VSUHDGLQJ QHZ

W\SHV RI UROOV E\ FRXQWULHV� WKH DGYDQWDJHV RI �KLJK�

VSHHG� UROOV DUH EH\RQG WKH GRXEWV DW SUHVHQW� LQ SDU�

WLFXODU� ZLWK DOORZDQFH IRU D FRQWLQXRXVO\ JURZLQJ

UHTXLUHPHQWV IRU WKH TXDOLW\ RI VXUIDFH DQG DFFXUDF\

RI WKH KRW�UROOHG VKHHW�
,Q URXJKLQJ VWDQGV RI FRQWLQXRXV ZLGH�VWULS PLOOV

WKH GRXEOH�OD\HU UROOV ZLWK D ZRUNLQJ OD\HU IURP KLJK�
FKURPLXP� VHPL� DQG KLJK�VSHHG VWHHOV DUH PRUH RIWHQ

XVHG� :LWK DOORZDQFH IRU VL]HV RI WKHVH UROOV WKH\ DUH
PDQXIDFWXUHG QRZ RQO\ E\ D FHQWULIXJDO FDVWLQJ� KRZ�
HYHU� LQ WKH QHDUHVW IXWXUH WKH DSSHDUDQFH RI WKLV W\SH
RI UROOV SURGXFHG DOVR E\ (6& /0 LV H[SHFWHG� 'RX�
EOH�OD\HU UROOV ZLWK D ZRUNLQJ OD\HU IURP D FKLOOHG
FDVW LURQ� VWUHQJWKHQHG E\ FDUELGHV� SURGXFHG E\ D
FHQWULIXJDO FDVWLQJ� DUH EHVW QRZ IRU SODWH PLOOV�

)RU PLOOV RI FROG UROOLQJ WKH IRUJHG ZRUNLQJ UROOV
IURP � � &U VWHHO KDYH DOUHDG\ EHFRPH FRQYHQWLRQDO�
*UDGXDOO\� WKH PDVWHULQJ RI WKHVH UROOV LV EHJLQQLQJ
DOVR LQ &,6 FRXQWULHV� 7KH QHZ JHQHUDWLRQ RI ZRUNLQJ
UROOV RI FROG UROOLQJ PLOOV LV WKH GRXEOH�OD\HU UROOV
ZLWK D ZRUNLQJ OD\HU IURP VHPL�KLJK�VSHHG VWHHOV SUR�
YLGLQJ WKH WKUHH�IROG LQFUHDVH LQ VHUYLFH OLIH RI UROOV
DW WKH KLJKHVW TXDOLW\ RI VXUIDFH RZLQJ WR DEVHQFH RI
PLFURSRURVLW\� W\SLFDO RI UROOV ZLWK �w� � &U�

6R� WKH PRGHUQ WHQGHQF\ LQ DSSOLFDWLRQ RI GRXEOH�
OD\HU UROOV ZLWK D KLJKO\�HIILFLHQW ZRUNLQJ OD\HU� �w�
WLPHV LQFUHDVLQJ WKH VHUYLFH OLIH RI WKH UROO LQ WKH PLOO�
LV TXLWH HYLGHQW� ,W LV QDWXUDOO\ WKDW WKLV LQFUHDVH LQ
VHUYLFH OLIH RI UROOV OHDGV WR D FRUUHVSRQGLQJ GHFUHDVH
LQ WKHLU WRWDO FRQVXPSWLRQ� DW OHDVW� � WLPHV� 7RGD\�
LQ WKH ZRUOG� DV ZDV DERYH�PHQWLRQHG� WKHUH DUH RQO\
WKUHH WHFKQRORJLHV RI SURGXFLQJ GRXEOH�OD\HU UROOV RI
WKH PHQWLRQHG W\SHV� 7KHVH DUH FHQWULIXJDO FDVWLQJ
DQG WHFKQRORJ\ RI FODGGLQJ &3& DQG (6& /0� ,W
VKRXOG EH DOVR QRWHG WKDW WKH HDUOLHU DWWHPSWV RI DS�
SOLFDWLRQ RI EDQGLQJ UROOV� LQFOXGLQJ DOVR VXSSRUW
UROOV� ZKLFK DUH PDGH DOVR QRZ GXH WR FHUWDLQ HFR�
QRPLFDO DVSHFWV� DUH QRW FKDOOHQJLQJ� 7KLV LV FRQQHFWHG
ZLWK WKH IDFW WKDW WKH JURZWK LQ UHTXLUHPHQWV IRU
DFFXUDF\ RI JHRPHWULF VL]HV RI UROOHG PHWDO VWLSXODWHV
WKH QHHG LQ SUHVHUYLQJ JHRPHWU\ RI UROOV LQ WKH SURFHVV
RI UROOLQJ� WKDW FDQ EH KDUGO\ SURYLGHG IRU EDQGLQJ
UROOV� +RZHYHU� HYHQ LQ WKLV FDVH RQH LPSRUWDQW LGHD
LV QRWLFHDEOH� L�H� GHVLUH WR KDYH D PXOWLSOH XVH RI UROO
D[OH� EHFDXVH WKH PDVV RI D UROO ZRUNLQJ OD\HU� PLQL�
PL]LQJ LQ WKH SURFHVV RI VHUYLFH� H[FHHGV VHOGRP �� �
RI WKH WRWDO UROO PDVV�

7KH VLPLODU DSSURDFKHV DUH DOVR VHHQ IRU VHFWLRQ
UROOV� UHFHQWO\� WKHUH DSSHDUHG LQIRUPDWLRQ DERXW VXF�
FHVVIXO DSSOLFDWLRQ RI �KLJK�VSHHG� UROOV LQ VHFWLRQ
PLOOV� $V D ZKROH� ZKHQ FKDUDFWHUL]LQJ WKH VWDWH�RI�
WKH�DUW RI SURGXFWLRQ RI PLOO UROOV� LW LV QHFHVVDU\ WR
QRWH RQH PRUH VSHFLILFV� ZKLFK ZDV DFWXDOO\ GHVFULEHG
DERYH� :H DUH VSHDNLQJ DERXW WKH VWULNLQJ ZLGH VSHF�
WUXP RI WHFKQRORJLHV DQG PDWHULDOV� ,Q WKLV VSHFWUXP
DQ HOHFWURVODJ UHPHOWLQJ H[LVWV IRU D ORQJ WLPH�

7UDGLWLRQDOO\� WKH (65 LQ UROO SURGXFWLRQ LV XVHG
IRU PHOWLQJ VXSHUKLJK TXDOLW\ IRUJLQJ LQJRWV� L�H� ELO�
OHWV RI UROOV RI FROG UROOLQJ� ,W LV DOVR LPSRUWDQW WKDW
(65 SUHVHUYHV LWV SRVLWLRQV LQ WKH SURGXFWLRQ RI UROOV
RI VXSHUKLJK TXDOLW\ DOVR WRGD\� ,Q SURGXFWLRQ RI UROOV
ZLWK D OHYHO RI KDUGQHVV +6& ���� LQ SDUWLFXODU IRU
PRGHUQ PLOOV RI FROG UROOLQJ� (65 LV UHPDLQHG WR EH
WKH PDLQ WHFKQRORJ\ LQ SURGXFWLRQ RI UROOV HYHQ IURP
VWHHOV ZLWK �w� � &U� 7KH UHDVRQ LV QRW RQO\ LQ VRPH
ORZHU SRURVLW\� EXW DOVR LQ DGGLWLRQDO PDUJLQ RI (65
PHWDO GXFWLOLW\ DV FRPSDUHG ZLWK PHWDO RI RSHQ PHOW�
LQJ RI WKH VDPH FKHPLFDO FRPSRVLWLRQ DQG WKH VDPH
OHYHO RI FRQWDPLQDWLRQ� 7KHUHIRUH� WKH (65 SUHVHUYHG
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DQG VWUHQJWKHQHG LWV SRVLWLRQV LQ WKLV VHFWRU RI WKH
UROO SURGXFWLRQ� ,W LV LPSRUWDQW DOVR WKDW LW LV LPSRV�
VLEOH WR SURGXFH D UROO ZLWK D VWDEOH VWUXFWXUH DQG
FRQVXPHUsV SURSHUWLHV WDNLQJ LQWR DFFRXQW WKH QRWHG
WHQGHQFLHV LQ FRPSOLFDWLRQ RI V\VWHPV RI UROOV DOOR\LQJ
ZLWKRXW FRQWURO RI LQJRW VROLGLI\LQJ DQG VWULFW FRQWURO
RI VKDSH DQG FRQVWDQF\ RI GHSWK RI WZR�SKDVH ]RQH� ,W
VKRXOG EH QRWHG WKDW RQO\ DGYDQFHG DXWRPDWLF V\VWHPV
RI (65 WHFKQRORJLFDO SURFHVV FRQWURO SURYLGH PHOWLQJ
RI VXIILFLHQWO\ KRPRJHQHRXV LQJRWV IRU VXEVHTXHQW
IRUJLQJ DQGPDQXIDFWXUH RI LQJRW� %XW WKLV DSSOLFDWLRQ
RI (65 GRHV QRW FRPH EH\RQG WKH VFRSH RI WUDGLWLRQDO�

0DQ\ WLPHV WKH DWWHPSWV ZHUH PDGH WR SURGXFH
LQJRWV�ELOOHWV RI UROOV ZLWK D YDULDEOH FKHPLFDO FRP�
SRVLWLRQ XVLQJ (65� EHFDXVH LW LV FOHDU WKDW UROOV RI
VKHHW PLOOV VKRXOG KDYH YDULDEOH FRPSRVLWLRQ QRW RQO\
DFURVV VHFWLRQ� EXW DOVR LQ UROO EDUUHO OHQJWK� 7HFK�
QRORJ\ RI HOHFWURVODJ FODGGLQJ ZLWK D OLTXLG PHWDO�
GHYHORSHG XQGHU WKH VXSHUYLVLRQ RI 3URI� %�,� 0H�
GRYDU� PDNHV LW SRVVLEOH WR VROYH ERWK SUREOHPV� L�H�
SURGXFLQJ UROO ELOOHW ZLWK D SUHVHW KHWHURJHQHLW\ RI
FRPSRVLWLRQ DQG SURSHUWLHV DFURVV VHFWLRQ DQG LQ
OHQJWK� 7KLV VSHFLILFV RI (6& /0 DQG DOVR WKH IHDVL�
ELOLW\ RI UHVWRUDWLRQ RI ZRUQ�RXW UROOV XVLQJ WKH DERYH�
PHQWLRQHG PHWKRGV DUH GHVFULEHG LQ GHWDLO LQ VSHFLDO
SXEOLFDWLRQV� )URP WKH SRLQW RI YLHZ RI FRQVLGHULQJ
FKDQJHV LQ UROO PDUNHW� ZH VKDOO QRWH PDMRU FDSDELOL�
WLHV RI (6& /0 IRU SUHVHQW�GD\ UROOV� ,Q 8NUDLQH DQG�
WR D FHUWDLQ H[WHQW� LQ &,6 FRXQWULHV� LW EHFRPHV D
TXLWH UHDO VLWXDWLRQ ZKHQ UROOV RI WKH EHVW TXDOLW\
RSHUDWH LQ WKH ODUJHU DQG ODUJHU DPRXQW RI UROOLQJ
PLOOV� 7KHVH IXWXUH SURVSHFWV IRU WKH GRPHVWLF PDQX�
IDFWXUHUV RI UROOV PHDQ RQO\ WKDW HYHQ WRGD\ WKH\
HQWHUHG WKH FRPSHWLWLYH VWUXJJOH ZLWK WKH EHVW ZRUOG
UROO FRPSDQLHV� 7KH H[SHULHQFH RI UHFHQW \HDUV VKRZHG
WKDW LQ WKLV SDWK RXU UROO PDQXIDFWXUHUV �DQG DOVR
QHLJKERUV LQ 5XVVLD� VHOHFWHG XVXDO� EXW LPSDVVHG ZD\
RI UHSHWLWLRQ RI DOO WKLQJV WKDW KDYH EHHQ DOUHDG\ FUH�
DWHG DQG RSHUDWHG LQ DGYDQFHG UROO DQG PHWDOOXUJLFDO
FRPSDQLHV� 7DNLQJ LQWR DFFRXQW WKH ODJ LQ WLPH� DQG
DOVR WKH QHHG LQ JDLQLQJ H[SHULHQFH RI DSSOLFDWLRQ RI
DGYDQFHG UROOV LQ YDULRXV W\SHV RI PLOOV IRU UROOLQJ RI
GLIIHUHQW W\SHV RI VWHHOV� LW LV SRVVLEOH WR DVVXPH ZLWK
FRQILGHQFH WKDW RQO\ FRS\LQJ WR REWDLQ WKH ORZ FRVW
ZLOO QRW OHDG WR WKH VXFFHVV� $W WKH VDPH WLPH WKH
GRPHVWLF WHFKQRORJ\ RI (6& /0� PDVWHUHG VXFFHVV�
IXOO\ DW 1RYR�.UDPDWRUVN 0DFKLQH�%XLOGLQJ :RUNV
IRU KLJK�FKURPLXP GRXEOH�OD\HU UROOV RI KRW UROOLQJ
DOORZ SURGXFLQJ RI GRXEOH�OD\HU UROO RI DOO WKH DERYH�
OLVWHG W\SHV�

,Q FRQFOXVLRQ� ZH VKDOO WU\ WR JURXQG RXU YLVLRQ

LQ UDWLRQDO DSSOLFDWLRQ RI WKLV (6& /0 WHFKQRORJ\

IRU SURGXFWLRQ RI GRXEOH�OD\HU UROOV RI WKH PRVW FRP�

SOH[ FRPSRVLWLRQ� L�H� UROOV RI IXWXUH� ,W LV LPSRUWDQW

WR QRWH WKDW WKH FHQWULIXJDO FDVWLQJ LQ LWV QDWXUH GRHV

QRW SURYLGH D VXIILFLHQW KRPRJHQHLW\ DFURVV WKLFNQHVV

RI D KLJK�DOOR\ FDVWLQJ� ZKLOH LQ RXU FDVH WKH KRPR�

JHQHLW\ DFURVV WKLFNQHVV RI WKH UROO ZRUNLQJ OD\HU LV

SURYLGHG� 7KH -DSDQHVH WHFKQRORJ\ &3&� DV ZDV DO�

UHDG\ PHQWLRQHG� SURYLGHV SURGXFLQJ UROOV RI WKH EHVW

TXDOLW\� +RZHYHU� DV WR QDWXUH RI MRLQLQJ RI D[OH PHWDO

ZLWK ZRUNLQJ OD\HU PHWDO� &3& LV WKH SURFHVV RI EUD]�

LQJ WKDW VSHFLILHV VSHFLDO UHTXLUHPHQWV WR WKH D[OH

SUHSDUDWLRQ IRU FODGGLQJ� $W WKH VDPH WLPH LQ (6&

/0 WKH GLVVLPLODU PHWDO MRLQLQJ LV RFFXUUHG LQ WKH

SURFHVV RI HOHFWURVODJ ZHOGLQJ� WKDW VLPSOLILHV WKH VXU�

IDFH OD\HU SUHSDUDWLRQ� ,Q DGGLWLRQ� LQ VSLWH RI QDPH

&3& �&RQWLQXRXV 3RXULQJ IRU &ODGGLQJ�� WKLV LV WKH

SURFHVV ZLWK D SRUWLRQ IHHGLQJ RI PROWHQ PHWDO LQWR

WKH PRXOG� WKH VDPH DV LQ (6& /0� ,Q SURGXFWLRQ RI

GRXEOH�OD\HU ELOOHWV RI UROOV IRU KRW UROOLQJ PLOOV�

ZKLFK DUH UROOLQJ VKHHWV RI DERXW � PP WKLFNQHVV� DQG

IRU FROG UROOLQJ PLOOV XVLQJ &3& WHFKQRORJ\� LW LV

LPSRVVLEOH WR SUHYHQW WKH DSSHDUDQFH RI QRQ�KRPRJH�

QHLW\ LQ VWUXFWXUH RI WKH ZRUNLQJ OD\HU EHLQJ GHSR�

VLWHG� 7KLV FDXVHG WKH QHHG LQ PDFKLQLQJ DQ DGGLWLRQDO

OD\HU IURP WKH VXUIDFH RI D GRXEOH�OD\HU ELOOHWV RI XS

WR ��w�� PP WKLFNQHVV� XS WR �� PP LQ WRWDO� $W WKH

VDPH WLPH WKH TXDOLW\ RI VXUIDFH RI ELOOHWV LV VXFK WKDW

LW ZDV HQRXJK WR PDFKLQH RQO\ �w�� PP� ,W LV SRVVLEOH

WR DYRLG WKHVH WURXEOHV LQ (6& /0 DQG WR XVH WKH

VDPH WROHUDQFHV IRU PHFKDQLFDO WUHDWPHQW RI VXUIDFH

DV IRU WKH VWDQGDUG (65 LQJRWV� 0RUHRYHU� WKH NQRZQ

SHFXOLDULWLHV RI HOHFWURVODJ SURFHVV DUH VXFK WKDW LW LV

SRVVLEOH WR UHDOL]H WKH GLUHFWHG FRQWURO RI FDUELGH IRU�

PDWLRQ LQ (6& /0 WKDW LV LPSRUWDQW LQ SULQFLSOH IRU

DGYDQFHG PDWHULDOV RI UROOV� &RPLQJ IURP DERYH�VDLG�

ZH VXSSRVH WKDW (6& /0 FDQ EHFRPH WKH EDVLF WHFK�

QRORJ\ IRU SURGXFWLRQ RI GRXEOH�OD\HU UROOV IRU PLOOV

RI KRW DQG FROG UROOLQJ RI IODW UROOHG PHWDO� 0RUHRYHU�

LI IRU ZRUNLQJ UROOV RI FRQWLQXRXV PLOOV WKH PHWDOOXU�

JLFDO TXDOLW\ RI &3& DQG (6& /0 UROOV LV FRPSDUDEOH

DW XQGRXEWHG DGYDQWDJH RI (6& /0 E\ HFRQRPLFDO

DVSHFW� WKHQ IRU VXSSRUW UROOV RI PLOOV RI WKHVH W\SHV

WKH (6& /0 FDQ EHFRPH� SUREDEO\� WKH PDMRU WHFK�

QRORJLFDO SURFHVV LQ WKH QHDUHVW IXWXUH�

7KH DXWKRU LV JUDWHIXO WR KLV FROOHDJXHV� EHFDXVH

WKH DSSHDUDQFH RI WKLV LQIRUPDWLRQ EHFDPH SRVVLEOH

RQO\ GXH WR FRQWLQXRXV GLVFXVVLRQV ZLWK VSHFLDOLVWV RI

WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� �(OPHW�

5ROO� /WG��� �1.0=� /WG��� QDPHO\ %�%� )H�

GRURYVN\� $�.� 7V\NXOHQNR� 9�<D� 6DHQNR� 9�,� 8V�

$�9� &KHUQHWV� 9�(� 6KHYFKHQNR� ,�$� /DQWVPDQ�

*�0� 6NXGDU� 9�%� 6KDEDQRY� 2�9� 6YLULGRY� <X�$�

*UXVKNR DQG -��.� :HUTXLQ �)UDQFH� DQG 5� %DJOH\

�8.��
7KH FRQWLQXRXV GLVFXVVLRQV RI WKH SUREOHP RI SUR�

GXFWLRQ DQG DSSOLFDWLRQ RI PLOO UROO ZLWK
3URI� %�(� 3DWRQ ZHUH HVSHFLDOO\ YDOXDEOH�

�� 0HGRYDU� /�%�� *UDQRYVN\� 9�.� ������ 3UREOHPV DQG
SURVSHFWV RI SURGXFWLRQ RI FXUUHQW PLOO UROOV� 3UREOHP\
6SHWV� (OHNWURPHWDOOXUJLL� �� ��w���
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1�3� 75,*8%� *�9� =+8.� $�1� 3,.8/,1� $�1� .$/,1<8. DQG 9�'� .251,-&+8.

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

(TXLSPHQW DQG HOHPHQWV RI WHFKQRORJ\ RI IXVLRQ RI D ODWHUDO VXUIDFH RI LQJRWV RI PHWDOV DQG DOOR\V XVLQJ HOHFWURQ EHDP

DUH GHVFULEHG� 7KH RIIHUHG GHVLJQ RI WKH LQVWDOODWLRQ DQG PHFKDQLVPV FDQ UHDOL]H IXVLRQ RI ERWK URXQG DQG DOVR VODE

LQJRWV� WKH IXVLRQ RI VODE LQJRWV EHLQJ SHUIRUPHG KHUH IRU D VLQJOH HYDFXDWLRQ�0DLQ WHFKQLFDO SDUDPHWHUV RI WKH LQVWDOODWLRQ

DUH JLYHQ�

.H\ZRU G V � HOHFWURQ EHDP IXVLRQ� LQJRW� PHFKDQLVP RI GLV�

SODFHPHQW DQG URWDWLRQ� HOHFWURQ EHDP JXQ

%\ VHYHUDO UHDVRQV FDXVHG E\ PHWDOOXUJLFDO DQG WHFK�

QRORJLFDO VSHFLILFV� WKH GLIIHUHQW W\SHV RI GHIHFWV� VXFK

DV FRUUXJDWLRQV� FUDFNV� ILOPV� ULSSOHV� HWF�� DUH IRUPHG

RQ WKH VXUIDFH RI LQJRWV IURP DOOR\V RQ WKH EDVH RI

LURQ� QLFNHO� UHIUDFWRU\ PHWDOV� SURGXFHG E\ YDFXXP�

DUF� SODVPD�DUF DQG HOHFWURQ EHDP UHPHOWLQJV� 7KH

PRVW ZLGHO\ VSUHDG PHWKRGV RI UHPRYLQJ WKHVH GHIHFWV

DUH PHFKDQLFDO PHWKRGV� WULPPLQJ� DEUDVLYH FOHDQLQJ�

PLOOLQJ� JRXJLQJ� HWF� >�@� 7KHVH PHWKRGV DUH FKDUDF�

WHUL]HG E\ D ORZ SURGXFWLYLW\ DQG OLIH RI D WRRO� DQG

DOVR E\ WKH SUHVHQFH RI ZDVWH LQ WKH IRUP RI FKLSV RU

PHWDO DEUDVLYH GXVW� WKDW DPRXQWV ILQDOO\ WR �w�� �

RI PDVV RI WKH LQJRW EHLQJ WUHDWHG�

,Q WKH ����V WKH PHWKRGV RI WUHDWPHQW RI VXUIDFH

RI PHWDOOLF PDWHULDOV EHJDQ WR EH ZLGHO\ DSSOLHG LQ

LQGXVWU\ XVLQJ FRQFHQWUDWHG SRZHU VRXUFHV� VXFK DV

ODVHU DQG HOHFWURQ EHDPV� DQG DOVR D SODVPD DUF >��
�@� 7KH HOHFWURQ EHDP WUHDWPHQW RI WKH VXUIDFH OD\HU
RI LQJRWV DQG ELOOHWV KDV FHUWDLQ DGYDQWDJHV� VXFK DV

SUHVHQFH RI YDFXXP LQ D IXUQDFH VSDFH DV SURWHFWLYH

DQG UHILQLQJ PHGLXP� KLJK GHQVLW\ RI HQHUJ\ VXSSOLHG�

SUHFLVLRQ� VLPSOLFLW\ RI PRQLWRULQJ DQG FRQWURO RI

WHFKQRORJLFDO SDUDPHWHUV�

$W WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI

WKH 1$6 RI 8NUDLQH� D SLORW�LQGXVWULDO LQVWDOODWLRQ RI

WKH 8(���� W\SH KDV EHHQ GHVLJQHG� PDQXIDFWXUHG

DQG PRXQWHG IRU IXVLRQ RI D VXUIDFH OD\HU RI VODE DQG

URXQG LQJRWV �)LJXUH ��� 7KH LQVWDOODWLRQ RSHUDWLRQ

LV EDVHG RQ WKH SULQFLSOH RI LQJRW IXVLRQ ZLWK DQ HOHF�

WURQ EHDP >�@�

7HFKQLFDO FKDUDFWHULVWLF RI WKH LQVWDOODWLRQ

'LPHQVLRQV RI LQJRWV IRU IXVLRQ� PP�
URXQG

GLDPHWHU ����������������������������������������������������� ���w����
OHQJWK ������������������������������������������������������������ ≤ ����

VODE

ZLGWK �������������������������������������������������������������� ≤ ���
KHLJKW ������������������������������������������������������������� ≤ ���
OHQJWK ������������������������������������������������������������ ≤ ����

6SHHG RI URWDWLRQ RI LQJRWV� USP�
RSHUDWLQJ ������������������������������������������������������� ���w���

WUDYHO ������������������������������������������������������������������ ��

0D[LPXP GLVSODFHPHQW RI WDLOVWRFN� PP �������������������� ����

0D[LPXP GLVSODFHPHQW RI PHFKDQLVP
IRU LQJRW ORDGLQJ� PP ��������������������������������������������� ����
5HVLGXDO SUHVVXUH� 3D�

LQ FDYLW\ RI HOHFWURQ JXQV �������������������� ���⋅��w�w���⋅��w�
LQ FKDPEHU RI IXVLRQ ��������������������������� ���⋅��w�w���⋅��w�

1XPEHU RI HOHFWURQ JXQV� SFV ���������������������������������������� �
$FFHOHUDWLQJ YROWDJH� N9 ��������������������������������������������� ��
5DWHG FXUUHQW RI JXQ� $ ����������������������������������������������� �

5HTXLUHPHQWV VSHFLILHG WR HQHUJ\ DQG KHDW VXSSOL�
HUV� DUH DV IROORZV�

5DWHG YROWDJH RI PDLQV RI WKUHH�SKDVH $&
DW �� +] IUHTXHQF\� 9 ����������������������������������������������� ���
6HW SRZHU� N9⋅$ ������������������������������������������������������ ���

3UHVVXUH RI FRROLQJ ZDWHU� 3D ����������������������������� ��w��⋅���
&RQVXPSWLRQ RI FRROLQJ FLUFXODWLQJ ZDWHU
DW WHPSHUDWXUH �� �&� P

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

4XDOLW\ RI FRROLQJ FLUFXODWLQJ ZDWHU� FODVV ���������������������� �

3UHVVXUH RI KRW ZDWHU� 3D ���������������������������������� ��w��⋅���
&RQVXPSWLRQ RI KRW ZDWHU DW WHPSHUDWXUH
�� �& �VXSSOLHG �� PLQ EHIRUH HYDFXDWLRQ
RI LQVWDOODWLRQ�� P

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

4XDOLW\ RI KRW ZDWHU� FODVV ������������������������������������������� �

$LU FRQVXPSWLRQ DW SUHVVXUH ��w��⋅��� 3D� P�
�K ����������� ≤ �

4XDOLW\ RI DLU� FODVV ���������������������������������������������������� ��

7KH LQVWDOODWLRQ UHSUHVHQWV D YDFXXP FKDPEHUZLWK

PHFKDQLVPV� GHYLFHV DQG V\VWHPV� HQVXULQJ WKH SUR�

FHHGLQJ RI WHFKQRORJLFDO SURFHVV RI IXVLRQ �)LJXUH ���

9DFXXP FKDPEHU RI IXVLRQ LV D KRUL]RQWDOO\ DUUDQJHG

F\OLQGULFDO YHVVHO ZLWK GRXEOH ZDOOV� FRQQHFWHG ZLWK

IODQJHV WR HDFK RWKHU� DQG PDQXIDFWXUHG IURP D ORZ�
FDUERQ VWHHO� $ FRROLQJ ZDWHU LV FLUFXODWLQJ LQ D JDS

EHWZHHQ WKH ZDOOV� ,QQHU GLDPHWHU RI WKH FKDPEHU LV

���� PP DQG OHQJWK LV ���� PP� 7KLFNQHVV RI ZDOOV

RI WKH YDFXXP FKDPEHU SURYLGHV ULJLGLW\ DQG VDIH

SURWHFWLRQ RI WKH SHUVRQQHO IURP ;�UD\ UDGLDWLRQ� 2E�

VHUYDWLRQ V\VWHPV DUH DUUDQJHG RYHU WKH HQWLUH OHQJWK

WR REVHUYH WKH WHFKQRORJLFDO SURFHVV�

$ EUDQFK SLSH LV FRQQHFWHG WR WKH FKDPEHU WR KDYH

FRQQHFWLRQ WR D V\VWHP RI YDFXXP SXPSV� 7KH EUDQFK

SLSH KDV D VWRS YDOYH IRU UHPRYLQJ JDVHV DW HPHUJHQF\

LQFUHDVH RI SUHVVXUH LQ WKH PHOWLQJ FKDPEHU�

7KH YDFXXP FKDPEHU LV VHDOHG ZLWK WZR YHUWLFDO

FRYHUV� RQ RQH RI ZKLFK WKH PHFKDQLVPV RI URWDWLRQ

DQG GLVSODFHPHQW RI URXQG RU VODJ LQJRWV DUH PRXQWHG�

7ZR KDWFKHV DUH ORFDWHG EHQHDWK WKH FKDPEHU� RQ

ZKLFK WKH PHFKDQLVPV RI YHUWLFDO GLVSODFHPHQW RI VODE

� 1�3� 75,*8%� *�9� =+8.� $�1� 3,.8/,1� $�1� .$/,1<8. DQG 9�'� .251,-&+8.� ����
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LQJRWV DQG SUHYHQWLRQ RI WKHLU EHQGLQJ GXULQJ IXVLRQ

SURFHVV DUH PRXQWHG�

0HFKDQLVP RI URWDWLRQ DQG GLVSODFHPHQW RI URXQG

LQJRWV FRQVLVWV RI D FRYHU� ZKLFK LV DGMDFHQW E\ LWV

ODWHUDO VXUIDFH WR WKH FKDPEHU DQG IDVWHQHG WR D IUDPH

RI D ZKHHOHG�RXW FDUULDJH ZLWK EUDFNHWV� 2Q WKH IUDPH

DUH DUUDQJHG IRXU UROOV IRU IXVLRQ RI URXQG LQJRWV� 7KH

UROOV DUH VHW LQWR D URWDWLRQDO PRWLRQ IURP D GULYH�

KDYLQJ DGMXVWPHQW RI WKH URWDWLRQ VSHHG� 0HFKDQLVP

ZKHHOLQJ�RXW LV UHDOL]HG E\ D GULYH ZLWK D FKDLQ JHDU�

7KH FRYHU KDV DQ REVHUYDWLRQ V\VWHP WR REVHUYH WKH

WHFKQRORJLFDO SURFHVV�

$ FKXFNZLWK PRYDEOH DQG VWDWLRQDU\ ZDWHU�FRROHG

FRSSHU VKRHV DQG WZREHDPV� FRQQHFWHG EHWZHHQ WKHP�

VHOYHV E\ D WUDYHUVH� LV IL[HG LQ WKH PHFKDQLVP RI

URWDWLRQ DQG GLVSODFHPHQW RI VODE LQJRWV DW WKH D[LV

RI D FRYHU ODWHUDO VXUIDFH� ZKLFK LV DEXWWHG WKH FKDP�

EHU� 7DLOVWRFN� KDYLQJ DOVR D FKXFN PRXQWHG RQ WKH

D[LV� LV IL[HG DQG GLVSODFHG ORQJLWXGLQDOO\ RQ WKH

EHDPV� ,QJRW RI WKH UHFWDQJXODU VHFWLRQ LV IL[HG E\

VKRHV LQ FKXFNV DQG VHW LQWR URWDWLRQ IURP D GULYH� ,Q

RWKHU UHVSHFWV� WKH GHVLJQ RI PHFKDQLVP RI URWDWLRQ

DQG GLVSODFHPHQW RI VODE LQJRWV UHSHDWV WKHPHFKDQLVP

IRU WKH URXQG LQJRWV�

$V D KHDW VRXUFH� WKUHH D[LDO JXQV �3DWRQ������

GHVLJQHG DW 3:,� DUH XVHG >�@� *XQV DUH PRXQWHG RQ

ZDWHU�FRROHG IODQJHV LQ WKH XSSHU SDUW RI WKH FKDPEHU�

7KH YDFXXP V\VWHP RI WKH HOHFWURQ EHDP LQVWDOOD�

WLRQ DOORZV VHSDUDWH HYDFXDWLRQ RI WKH IXVLRQ FKDPEHU

DQG HOHFWURQ EHDP JXQV� 7KH SUHOLPLQDU\ HYDFXDWLRQ

)LJXUH �� 0HFKDQLVP RI URWDWLRQ RI LQJRWV

)LJXUH �� $SSHDUDQFH RI HOHFWURQ EHDP LQVWDOODWLRQ 8(����
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LQ WKH YDFXXP FKDPEHU LV FUHDWHG E\ D V\VWHP RI

PHFKDQLFDO SXPSV 19=���� DQG �'91������ (YDFX�

DWLRQ RI WKH IXVLRQ FKDPEHU LV UHDOL]HG E\ WZR RLO�YD�

SRXU ERRVWHU SXPSV �19%0���� DQG HYDFXDWLRQ RI

FDYLWLHV RI HOHFWURQ EHDP JXQV LV PDGH E\ KLJK�YDFXXP

GLIIXVLRQ SXPSV 1��������

&RROLQJ V\VWHP FRQVLVWV RI D FRPSOH[ RI K\GUDXOLF

XQLWV DQG FROOHFWRUV SURYLGLQJ VXSSO\ DQG GUDLQ RI

ZDWHU XVHG IRU FRROLQJ FKDPEHU� PHFKDQLVPV� SXPSV

DQG KHDW�ORDGHG XQLWV RI WKH LQVWDOODWLRQ�

7R SURYLGH IXVLRQ FRQGLWLRQV �VWDELOL]DWLRQ RI

EHDPV RI JXQV� URWDWLRQ VSHHG RI LQJRWV� RSHUDWLRQ RI

YDFXXP XQLWV� PHDVXUHPHQW RI HYDFXDWLRQ GHJUHH DQG

VR RQ�� WKHUH LV D V\VWHP IRU PRQLWRULQJ DQG FRQWURO

RI WKH WHFKQRORJLFDO SURFHVV�

7HFKQRORJ\ RI IXVLRQ RI URXQG LQJRWV FDQ EH GL�

YLGHG LQWR WKUHH VWDJHV� SUHOLPLQDU\ �SUHSDUDWLRQ��

LQJRW IXVLRQ SURSHU DQG ILQDO�

3UHOLPLQDU\ VWDJH� 2SHUDWRU RI D VKRS FUDQH ��� W

FDSDFLW\� LV OD\LQJ LQJRW WR EH IXVHG RQ UROOV RI WKH

PHFKDQLVP RI URWDWLRQ DQG GLVSODFHPHQW RI URXQG LQ�

JRWV DQG FKHFNLQJ WKH RSHUDWLRQ RI WKH URWDWLRQ GULYH�

7KHQ� WKH GULYH LV HQHUJL]HG DQG WKH RSHUDWRU DOLJQV

WKH PHFKDQLVP FRYHU ZLWK WKH FKDPEHU XVLQJ FODPSV�

&RYHU� ORFDWLQJ IURP WKH RSSRVLWH VLGH RI WKH FKDPEHU

DQG PRYLQJ DORQJ WKH EHDP RQ D VXVSHQVLRQ� LV DOVR

DOLJQHG E\ WKH RSHUDWRU ZLWK WKH FKDPEHU XVLQJ

FODPSV� 7KH LQVWDOODWLRQ LV HYDFXDWHG� DQG WKH FRROLQJ

V\VWHP LV VZLWFKHG RQ�

6WDJH RI LQJRW IXVLRQ� 2SHUDWRU VZLWFKHV RQ WKH

KLJK�YROWDJH VXSSO\ VRXUFH DQG V\VWHP RI JXQV FRQ�

WURO� 'ULYH RI URWDWLRQ RI UROOV� RQ ZKLFK WKH LQJRW LV

DUUDQJHG� LV HQHUJL]HG� 7KHQ� WKH ILODPHQW FXUUHQW LV

JUDGXDOO\ LQFUHDVHG� IRFXVLQJ WKH EHDPV RI HOHFWURQ

JXQV RQ WKH LQJRW� DQG WKHQ WKH JXQV DUH VHW IRU WKH

RSHUDWLRQ FRQGLWLRQ� )XVLRQ RI WKH LQJRW LV SHUIRUPHG

E\ D SUHVHW WHFKQRORJLFDO GLDJUDP� 7KH SURFHVV RI IX�

VLRQ RI LQJRWV LV VKRZQ LQ )LJXUH �� DQG WKHLU DSSHDU�

DQFH LV JLYHQ LQ )LJXUH ��

)LQDO VWDJH� $IWHU D UHTXLUHG KROGLQJ �FRROLQJ� RI

LQJRW LQ YDFXXP� WKH RSHUDWRU GHSUHVVXUL]HV WKH LQ�

VWDOODWLRQ �FRYHU LV UHOHDVHG IURP FODPSV�� 7KH FRYHU

RI PHFKDQLVP RI URWDWLRQ DQG GLVSODFHPHQW RI URXQG

LQJRWV LV VHSDUDWHG IURP WKH LQVWDOODWLRQ DQG WKH IXVHG

LQJRW LV ZLWKGUDZQ E\ D VKRS FUDQH�

7R SHUIRUP IXVLRQ RI VODE LQJRWV� LW LV QHFHVVDU\

WR SHUIRUP WKH VLPLODU FRPSOH[ RI ZRUNV� GLIIHULQJ

RQO\ IURP WKH SUHYLRXV RQHV E\ VRPH WHFKQRORJLFDO

IHDWXUHV� 'XULQJ SUHOLPLQDU\ DQG ILQDO VWDJHV WKHVH

IHDWXUHV DUH GXH WR WKH QHHG LQ IL[DWLRQ RI D VODE LQJRW

LQ D VSHFLDO GHYLFH SURYLGLQJ LWV URWDWLRQ GXULQJ IXVLRQ�

7KLV GHYLFH LV PRXQWHG RQ WKH PHFKDQLVP RI URWDWLRQ

DQG GLVSODFHPHQW RI D VODE LQJRW� 7KH WHFKQRORJ\ RI

IXVLRQ LQ WKLV FDVH FDQ EH GLYLGHG LQWR IRXU VWDJHV �E\

WKH QXPEHU RI IDFHWV RI WKH VODE LQJRW�� $IWHU IXVLRQ

RI HDFK IDFHW WKH SURFHVV LV LQWHUUXSWHG� WKH LQJRW LV

UHWXUQHG E\ ��� DQG WKHQ WKH QH[W IDFHW LV VXEMHFWHG

WR IXVLRQ� 7KH RSHUDWLRQ RI URWDWLRQ LV UHSHDWHG XQWLO

IXVLRQ RI DOO WKH IDFHWV�

7KH HOHFWURQ EHDP LQVWDOODWLRQ 8(���� PDNHV LW

SRVVLEOH WR LQFUHDVH WKH HIILFLHQW PHWDO \LHOG XS WR

�� � DQG WR LPSURYH WKH HFRORJ\ LQ WKH LQGXVWULDO

VKRSV�

�� 6KXUDOHY� 0�9� ������ 0HWKRGV RI GUHVVLQJ RI VXUIDFH GH�
IHFWV RI PHWDO� 0RVFRZ� 0HWDOOXUJL]GDW�

�� /DWDVK� <X�9�� 7RUNKRY� *�9�� 0RGHONLQ� <X�,� HW DO�
������ 2Q SUREOHP RI SODVPD�DUF UHPHOWLQJ RI VXUIDFH OD\HU
RI YDFXXP�DUF UHPHOWLQJ LQJRWV� ,Q� 3UREOHPV RI VSHFLDO
HOHFWURPHWDOOXUJ\� ,VVXH ���

�� 6FKLOOHU� =�� *DM]LN� 8�� 3DQ]HU� =� ������ (OHFWURQ EHDP
WHFKQRORJ\� 0RVFRZ� (QHUJL\D�

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

�� 7ULJXE� 1�3�� =KXN� *�9�� 3DS� 3�$� HW DO� ������ (OHFWURQ
EHDP LQVWDOODWLRQ 8(����� $GYDQFHV LQ (OHFWURPHWDOOXUJ\�
�� ��w���

)LJXUH �� 3URFHVV RI IXVLRQ

)LJXUH �� ,QJRWV RI ���w��� PP GLDPHWHU DIWHU IXVLRQ

12 3/2003



��������	
���

	
�����

��
��
���
���	
��
���
	���

	�
	�����

����
���	�
����
�	
�
����

1�9� ,9$1&+(1.2
�
� $�,� 867,129

�
DQG 9�$� 02.+257

�

�
,QWHUQDWLRQDO &HQWHU RI (OHFWURQ %HDP 7HFKQRORJLHV RI WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

�
1DWLRQDO 7HFKQLFDO 8QLYHUVLW\ RI 8NUDLQH �.3,�� .\LY� 8NUDLQH

7DNLQJ LQWR DFFRXQW WKH UHDO YDOXHV RI WKHUPRG\QDPLF SURSHUWLHV RI WLWDQLXP DQG QLFNHO LQ PHOW 7Lw1L� WKH FKDUDFWHULVWLFV

RI HYDSRUDWLRQ RI FRPSRQHQWV LQ YDFXXP DUH DQDO\]HG GHSHQGLQJ RQ WKHLU FKDUDFWHULVWLFV LQ PHOW DQG LWV WHPSHUDWXUH�

,W LV VKRZQ WKDW ZLWK LQFUHDVH LQ PHOW WHPSHUDWXUH RI DOOR\V RI 7Lw1L V\VWHP WKH FRHIILFLHQW RI HYDSRUDWLRQ RI QLFNHO LV

JUHDWO\ GHFUHDVHG� &KHPLFDO FRPSRVLWLRQ RI PROWHQ SRRO LQ WKH UDQJH RI WHPSHUDWXUHV IURP ���� WR ���� .� UHTXLUHG

IRU DWWDLQLQJ HTXLDWRPLF FRPSRVLWLRQ RI YDSRXU SKDVH� LV FDOFXODWHG�

.H\ZRU G V � QLWLQRO� HOHFWURQ EHDP HYDSRUDWLRQ� UDWH RI

HYDSRUDWLRQ� HYDSRUDWLRQ FRHIILFLHQW

2YHU WKH UHFHQW \HDUV D JUHDW DWWHQWLRQ LV SDLG WR WKH
PDQXIDFWXUH RI GHYLFHV RQ WKH EDVH RI DOOR\ 7Lw1L

�QLWLQRO�� FORVH E\ WKH FRPSRVLWLRQ WR HTXLDWRPLF DO�
OR\� 7KLV LV VWLSXODWHG E\ WKH IDFW WKDW WKHVH DOOR\V
SRVVHVV VWDEOH FKDUDFWHULVWLFV RI VKDSH PHPRU\ HIIHFW

DIWHU PXOWLSOH F\FOHV RI VKDSH FKDQJLQJ DW WKH DPSOL�

WXGH RI GHIRUPLQJ XS WR �� � >�@� 0LQLDWXUH GHYLFHV

DQG LPSODQWV RQ WKH EDVH RI QLWLQRO DUH RI D VSHFLDO

LQWHUHVW >�@� 7R FUHDWH WKHVH GHYLFHV DQG LPSODQWV� WKH

QLWLQRO LV UHTXLUHG LQ WKH IRUP RI D WKLQ IRLO ZLWK SUHVHW

FKDUDFWHULVWLFV RI VKDSH FKDQJLQJ� 7KH SURGXFLQJ RI

D WKLQ IRLO RI QLWLQRO E\ UROOLQJ LV GLIILFXOW GXH WR KLJK

VHQVLWLYLW\ RI LWV PHFKDQLFDO SURSHUWLHV WR LPSXULWLHV

DQG WH[WXUH IRUPDWLRQ� 7KHUHIRUH� LQ VRPH ZRUNV >��

�@ WKH WHFKQRORJLHV RI SURGXFLQJ RI D WKLQ IRLO IURP

WKH YDSRXU SKDVH DUH GHYHORSHG� )URP WKLV SRLQW RI

YLHZ� LW VHHPV SURPLVLQJ WR XVH PHWKRGV EDVHG RQ

HOHFWURQ EHDP HYDSRUDWLRQ RI LQJRWV RQ 7Lw1L EDVH RI

WKH SUHVHW FRPSRVLWLRQ DQG FRQGHQVDWLRQ RI YDSRXU LQ

YDFXXP� ,Q WXUQ� WKH LQJRWV �WDUJHWV�� QHFHVVDU\ IRU

WKLV SURFHVV UHDOL]DWLRQ� VKRXOG EH SXULILHG IURP LP�

SXULWLHV DQG KDYH D GHILQLWH UDWLR RI FRPSRQHQWV� 7KH

SURGXFLQJ RI WKHVH LQJRWV LV SRVVLEOH� IRU H[DPSOH� E\

HOHFWURQ EHDP UHPHOWLQJ RI WLWDQLXP DQG QLFNHO LQ

YDFXXP� WKDW SURYLGHV WKHLU UHILQLQJ� $V WKH XVH RI

HOHFWURQ EHDP KHDWLQJ LQ ERWK SURFHVVHV ZLOO FDXVH

HYDSRUDWLRQ RI DOOR\ FRPSRQHQWV� D WKHUPRG\QDPLF

DQDO\VLV RI HYDSRUDWLRQ RI WLWDQLXP DQG QLFNHO LQ WKH

ZLGH LQWHUYDO RI WHPSHUDWXUHV DQG FRPSRVLWLRQV ZDV

PDGH LQ WKH SUHVHQW ZRUN�

7KH UDWH RI HYDSRUDWLRQ RI FRPSRQHQWV LQ YDFXXP

LV GHVFULEHG E\ WKH HTXDWLRQ RI /DQJPXLU�

- = ;L γL 3L

� (0L ⁄� π37)�⁄�� ���

ZKHUH - LV WKH IORZ RI FRPSRQHQW L IURP PHOW�
NJ��P�⋅V�� ;L LV WKH FRQFHQWUDWLRQ RI FRPSRQHQW L LQ

WKH PHOW� H[SUHVVHG LQ DWRPLF IUDFWLRQV� γL LV WKH FR�

HIILFLHQW RI WKHUPRG\QDPLF DFWLYLW\ RI FRPSRQHQW L

LQ PHOW� 3L

�
LV WKH SDUWLDO SUHVVXUH RI YDSRXUV RYHU WKH

SXUH FRPSRQHQW L� 3D� 0L LV WKH PROHFXODU PDVV RI

FRPSRQHQW L� NJ�PRO� 5  ������ -��PRO⋅.� LV WKH
JDV FRQVWDQW� 7 LV WKH DEVROXWH WHPSHUDWXUH RI PHOW� .�

3UHVVXUH RI YDSRXUV RYHU WKH SXUH QLFNHO DQG WLWD�

QLXP LQ PROWHQ VWDWH FDQ EH FDOFXODWHG XVLQJ WKH HTXD�

WLRQ RI &ODXVLXVw&ODSH\URQ�

OJ 3L

� = w $�7 + % + & OJ 7 + ��
w�

'7� ���

&RUUHVSRQGLQJ YDOXHV RI FRHIILFLHQWV RI HTXDWLRQ
��� DUH SUHVHQWHG LQ 7DEOH �� 7DNLQJ LQWR DFFRXQW WKH
YDOXHV RI WKHVH FRHIILFLHQWV� WKH H[SUHVVLRQ ��� IRU

FDOFXODWLRQ RI D SDUWLDO SUHVVXUH RI YDSRXUV RI QLFNHO

DQG WLWDQLXP LQ WKH LQWHUQDWLRQDO V\VWHP RI XQLWV 6,

WDNHV WKH IRUP

31L

� = ��� 7
w����� ⋅ ��(w������7 + ������)

�

37L

� = ��� 7
w����� ⋅ ��(w������7 + ������)

�

���

7KHUPRG\QDPLF SURSHUWLHV RI FRPSRQHQWV RI 1Lw7L
V\VWHP ZHUH RSWLPL]HG IURP WKH GDWD RI GLIIHUHQW

DXWKRUV ERWK E\ WKH PRGHO RI LGHDO DVVRFLDWHG VROXWLRQ

>�@ DQG DOVR LQ WKH VFRSH RI PRGHO RI 5HGOLNKw.LVWHU
>�@� $FFRUGLQJ WR WKLV PRGHO� WKH H[FHVVLYH IUHH HQHUJ\
RI IRUPDWLRQ RI D OLTXLG SKDVH LQ FDVH RI D WZR�FRP�

SRQHQW VROLG VROXWLRQ LV GHVFULEHG E\ HTXDWLRQ

∆*H[ = ;$;% ∑
Q = �

P

/
(Q) (;$ w ;%)Q�

���

ZKHUH

� 1�9� ,9$1&+(1.2� $�,� 867,129 DQG 9�$� 02.+257� ����

7DEOH �� &RQVWDQWV RI HTXDWLRQ RI &ODXVLXVw&ODSH\URQ IRU QLFNHO
DQG WLWDQLXP >�@

0HOW FRPSR�

QHQWV
$ % & '

1LFNHO ����� ������ w����� �

7LWDQLXP ����� ������ w����� �
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/
(Q) = $Q + %Q 7 + &Q 7 OQ 7 + (Q 7

� + )Q 7
�� ���

,W LV HYLGHQW WKDW UHSUHVHQWDWLRQ RI WKHUPRG\QDPLF
SURSHUWLHV RI FRPSRQHQWV LQ WKH UDQJH RI PRGHO RI
5HGOLNKw.LVWHU LV QRQH RWKHU WKDQ H[SDQVLRQ LQWR D
SRZHU VHULHV RI WKH FRQFHQWUDWLRQ UHODWLRQVKLS RI H[�
FHVVLYH IUHH HQHUJ\ RI IRUPDWLRQ RI OLTXLG VROXWLRQ /

�Q�

ZLWK FRHIILFLHQWV� ZKLFK UHIOHFW LWV WHPSHUDWXUH UHOD�
WLRQVKLS�

7KH YDOXHV RI FRHIILFLHQWV GHVFULELQJ WKH RSWLPL]HG
WKHUPRG\QDPLF SURSHUWLHV RI OLTXLG SKDVH LQ DOOR\V RI
7Lw1L V\VWHP DUH SUHVHQWHG LQ 7DEOH �� 7KXV� WKH FRQ�
FHQWUDWLRQ�WHPSHUDWXUH UHODWLRQVKLS RI H[FHVVLYH IUHH
HQHUJ\ RI IRUPDWLRQ RI D OLTXLG SKDVH WDNHV D IRUP

∆*H[ = ;1L;7L >w������ + ������ 7 w ����⋅��w� 7� +

+ �����⋅��w�� 7� + (w����� + ������ 7) (;1L w ;7L)@�
���

$V LV NQRZQ� WKH FRHIILFLHQW RI DFWLYLW\ γ
L
LV DVVR�

FLDWHG ZLWK D SDUWLDO H[FHVVLYH IUHH HQHUJ\ ∆*
w
L
H[

E\

WKH IROORZLQJ UDWLR�

γL = H[S (∆*
w
L

H[
�57)� ���

9DOXHV ∆*
w
L
H[

UHTXLUHG IRU VXEVWLWXWLRQ LQWR HTXD�

OLW\ ���� ZHUH FDOFXODWHG E\ NQRZQ UDWLRV EHWZHHQ
WKH LQWHJUDO DQG SDUWLDO WKHUPRG\QDPLF YDOXHV� ZKLFK
KDYH WKH IROORZLQJ IRUP IRU WKH JLYHQ ELQDU\ V\VWHP�

∆*
w
1L

H[ = ∆*H[ w ;7L ∂∆*H[
�∂;7L�

∆*
w
7L

H[ = ∆*H[ + (� w ;7L) ∂∆*H[
�∂;7L�

���

6XEVWLWXWLQJ UHODWLRQVKLS ��� LQWR V\VWHP RI HTXD�
WLRQV ���� ZH VKDOO REWDLQ

∆*
w
1L

H[ = ;7L

� >/(�) + (�;1L w ;7L)/
(�)@�

∆*
w
7L

H[ = ;1L

� >/(�) + (;1L w �;7L)/
(�)@�

���

*HQHUDO H[SUHVVLRQV RI UHODWLRQVKLSV RI UDWHV RI
HYDSRUDWLRQ RI QLFNHO DQG WLWDQLXP IURP PHOW ZLOO EH
REWDLQHG E\ VXEVWLWXWLRQ LQWR HTXDWLRQ RI /DQJPXLU
��� RI SDUWLDO SUHVVXUHV RI JDVHV RYHU SXUH FRPSRQHQWV
��� DQG DFWLYLWLHV FDOFXODWHG E\ H[SUHVVLRQ ���� $V D
UHVXOW� WKH GHSHQGHQFH RI UDWHV RI QLFNHO DQG WLWDQLXP
HYDSRUDWLRQ RQ WKH FRPSRVLWLRQ RI PHOW DQG WHPSHUD�
WXUH ZLOO WDNH D IRUP

-1L = ���;1L H[S (;7L

� (/(�) + (�;1L w ;7L) /
(�))�57) ×

× 7w�����⋅��(w������7 + ������) (01L��π57)���� ����

-7L = ���;7L H[S (;1L

� (/(�) + (;1L w �;7L) /
(�))�57) ×

× 7w�����⋅��(w������7 + ������) (07L��π57)���� ����

7KXV� LW LV SRVVLEOH WR FDOFXODWH WKH SDUWLDO SUHVVXUHV
RI YDSRXUV RI QLFNHO DQG WLWDQLXP RYHU WKH SXUH HOHPHQWV
RQ WKH EDVLV RI UHODWLRQVKLSV ���� ZKLOH WKH SDUWLDO H[�
FHVVLYH IUHH HQHUJLHV RI QLFNHO DQG WLWDQLXP LQ D OLTXLG
VROXWLRQ FDQ EH FDOFXODWHG E\ HTXDWLRQV ���� WKDW PDNHV
LW SRVVLEOH WR DQDO\]H WKH PDVV IORZV RI YDSRXUV RI WKHVH
FRPSRQHQWV IURP PHOW GHSHQGLQJ RQ FRQFHQWUDWLRQ DQG
WHPSHUDWXUH RI WKH OLTXLG VROXWLRQ�

)LJXUH � VKRZV UHODWLRQVKLSV RI UDWHV RI HYDSRUD�
WLRQ RI FRPSRQHQWV IURP PHOW RI HTXLDWRPLF FRPSR�
VLWLRQ LQ WKH ����w���� . UDQJH RI WHPSHUDWXUHV� ,W
LV VHHQ WKDW FXUYHV RI WKH WHPSHUDWXUH UHODWLRQVKLS RI
HYDSRUDWLRQ UDWHV IRU ERWK FRPSRQHQWV DUH DOPRVW
HTXLGLVWDQW� DQG WKH HYDSRUDWLRQ UDWH RI WLWDQLXP LV
�� WLPHV ORZHU WKDQ WKDW RI QLFNHO�

)LJXUH � JLYHV FRQFHQWUDWLRQ UHODWLRQVKLSV RI HYDSR�
UDWLRQ UDWHV RI WLWDQLXP DQG QLFNHO� FDOFXODWHG DW �����
���� DQG ���� . WHPSHUDWXUHV� ,W LV VHHQ WKDW ZLWK
GHFUHDVH LQ QLFNHO FRQFHQWUDWLRQ WKH UDWH RI LWV HYDSR�
UDWLRQ LV UHGXFHG� ZKLOH WKH UDWH RI WLWDQLXP HYDSRUDWLRQ
LV LQFUHDVHG� 7KXV� DW ���� . WKH GHFUHDVH LQ QLFNHO
FRQFHQWUDWLRQV LQ PHOW IURP �� WR �� DW�� FDXVHV WKH
GHFUHDVH LQ LWV UDWH RI HYDSRUDWLRQ IURP ����⋅��w� WR
���⋅��w� NJ��P�⋅V�� ZKLOH WKH UDWH RI WLWDQLXP HYDSRUD�
WLRQ LV LQFUHDVHG IURP ����⋅��w� WR ����⋅��w� NJ��P�⋅V��

7KH FKDQJH LQ WKH DOOR\ FRPSRVLWLRQ GXULQJ KROG�
LQJ LQ D PROWHQ VWDWH LV EHWWHU FKDUDFWHUL]HG E\ D FR�
HIILFLHQW RI HYDSRUDWLRQ (5 �HYDSRUDWLRQ UDWLR�� ,W LV

7DEOH �� 7KHUPRG\QDPLF SDUDPHWHUV RI H[FHVVLYH IUHH HQHUJ\ RI
OLTXLG SKDVH RI DOOR\V LI 1Lw7L V\VWHP LQ WKH VFRSH RI PRGHO RI
5HGOLNKw.LVWHU

Q



$Q %Q &Q (Q )Q

� w������ ������ � w����⋅��w� �����⋅��w��

� w������� ������ � � �




Q x H[SDQVLRQ LQWR D SRZHU VHULHV�

)LJXUH �� 7HPSHUDWXUH UHODWLRQVKLS RI UDWH RI HYDSRUDWLRQ RI QLFNHO
DQG WLWDQLXP IURP WKH PHOW RI HTXLDWRPLF FRPSRVLWLRQ
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GHULYHG IURP WKH FRQGLWLRQ RI D FRQJUXHQW HYDSRUD�
WLRQ� ZKHQ WKH UDWLR RI PROHFXODU IORZV : RI ERWK
FRPSRQHQWV LV HTXDO WR WKH UDWLR RI DWRPLF SDUWLFOHV
RI FRPSRQHQWV LQ PHOW:1L�:7L  ;1L�;7L� 0ROHFX�
ODU IORZV DUH FDOFXODWHG E\ IRUPXODH�

:1L = -1L�01L� ����

:7L = -7L�07L� ����

,W LV HYLGHQW� WKDW LI

(5 = (:1L�:7L) (;7L�;1L) ! �� ����

WKH PHOW LV GHSOHWHG ZLWK QLFNHO� $V WKHUH DUH VLPSOH
UHODWLRQVKLSV ���� DQG ���� EHWZHHQ -

L
DQG:

L
� WKHQ

:L = ;L γL 3L

� (�π570L)
w���� ����

,W LV HYLGHQW WKDW DW WKH FRQGLWLRQ RI LGHDO PHOW

�γL  �� WKH FRHIILFLHQWV RI HYDSRUDWLRQ GR QRW GHSHQG
RQ DOOR\ FRPSRVLWLRQ� EXW GHSHQG RQO\ RQ WKH WHP�

SHUDWXUH DQG UDWLR RI PROHFXODU PDVV RI FRPSRQHQWV�

(5 = (31L

�
�37L

� ) (07L

����01L

���)� ����

'HYLDWLRQ RI WKHUPRG\QDPLF SURSHUWLHV RI PHOW

IURP LGHDOLW\ FDQ LQIOXHQFH JUHDWO\ WKH WHPSHUDWXUH

DQG FRQFHQWUDWLRQ UHODWLRQVKLSV (5�

(5 = >H[S (∆*
w
1L

H[
�57) 31L

�
07L

���@ �

� >H[S (∆*
w
7L

H[
�57) 37L

�
01L

���@�
����

DV WKH FRHIILFLHQWV RI DFWLYLW\ RI QLFNHO DQG WLWDQLXP
KDYH D FRPSOH[ GHSHQGHQFH RQ WHPSHUDWXUH DQG FRP�
SRVLWLRQ ���� )LJXUH � JLYHV WHPSHUDWXUH UHODWLRQVKLSV
(5 IRU DOOR\ RI HTXLDWRPLF FRPSRVLWLRQ� FDOFXODWHG
LQ DSSUR[LPDWLRQ RI LGHDO VROXWLRQ DQG ZLWK DOORZDQFH
IRU GHYLDWLRQ RI WKHUPRG\QDPLF SURSHUWLHV RI FRHIIL�
FLHQWV IURP LGHDOLW\� ,W LV VHHQ WKDW WKH FRHIILFLHQW RI
HYDSRUDWLRQ SUHVHW E\ H[SUHVVLRQ ���� KDV QRW RQO\

WKH TXLWH ORZHU YDOXHV WKDQ LQ DSSUR[LPDWLRQ RI LGHDO
VROXWLRQ ����� EXW LW DOVR OLWWOH GHSHQGV RQ WKH WHP�
SHUDWXUH�

)URP WKH SUDFWLFDO SRLQW RI YLHZ� LW VHHPV LPSRU�
WDQW WR HVWDEOLVK WKH FRQFHQWUDWLRQ UHODWLRQVKLSV (5
DW GLIIHUHQW WHPSHUDWXUHV RI WKH PHOW �)LJXUH ��� $V
ZDV QRWHG DERYH� (5 LQ D SHUIHFW DSSUR[LPDWLRQ GRHV
QRW GHSHQG RQ WKH PHOW FRPSRVLWLRQ� +RZHYHU� LW
VKRXOG EH QRWHG IURP WKH UHVXOWV� REWDLQHG ZLWK DO�
ORZDQFH IRU WKH GHYLDWLRQ RI WKHUPRG\QDPLF SURSHU�
WLHV RI FRPSRQHQWV IURP WKH LGHDOLW\� WKDW ZLWK LQ�
FUHDVH LQ QLFNHO FRQFHQWUDWLRQ LQ WKH PHOW WKH FRHIIL�
FLHQW RI HYDSRUDWLRQ LV DOVR GHFUHDVHG� PRUHRYHU� WKH
ORZHU WKH PHOW WHPSHUDWXUH WKH KLJKHU LWV GHFUHDVH�

,W IROORZV IURP WKH UHODWLRQVKLSV JLYHQ LQ )LJXUHV �
DQG �� WKDW WR SUHVHUYH WKH SUHVHW UDWLR RI FRPSRQHQWV
LQ WKH SURFHVV RI UHILQLQJ LQJRWV� LW LV QHFHVVDU\ WR
PDLQWDLQ WKH PHOW WHPSHUDWXUH KLJKHU �≈ ���� .�� DV
LQ WKLV FDVH(5 IRU DOOR\V ZLWK QLFNHO FRQWHQW RI KLJKHU
WKDQ �� DW�� LV GHFUHDVHG�

/HW XV FRQVLGHU FRQGLWLRQV RI IRUPDWLRQ RI FRQGHQ�
VDWHV RQ WKH EDVH RI 7Lw1L RI HTXLDWRPLF FRPSRVLWLRQ
LQ HOHFWURQ EHDP HYDSRUDWLRQ RI LQJRW RI WKH VDPH

)LJXUH �� 'HSHQGHQFH RI HYDSRUDWLRQ UDWH RI QLFNHO DQG WLWDQLXP
IURP PHOW RQ QLFNHO FRQFHQWUDWLRQ LQ WKH ����w���� . UDQJH RI
WHPSHUDWXUHV

)LJXUH �� 7HPSHUDWXUH UHODWLRQVKLS RI FRHIILFLHQW RI HYDSRUDWLRQ
IURP PHOW RI HTXLDWRPLF FRPSRVLWLRQ� � x FDOFXODWHG LQ DSSUR[L�
PDWLRQ WR LGHDO VROXWLRQ� � x ZLWK DOORZDQFH IRU GHYLDWLRQ RI
WKHUPRG\QDPLF SURSHUWLHV IURP LGHDOLW\

)LJXUH �� 'HSHQGHQFH RI FRHIILFLHQW RI HYDSRUDWLRQ RQ FRQFHQWUD�
WLRQ RI QLFNHO LQ DOOR\ LQ WKH ����w���� . UDQJH RI WHPSHUDWXUHV
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FRPSRVLWLRQ� ,W LV FOHDU WKDW DW WKH LQLWLDO VWDJHV RI
HOHFWURQ EHDP HYDSRUDWLRQ RI LQJRW WKH FRPSRVLWLRQ
RI WKH PROWHQ SRRO ZLOO FKDQJH GXH WR WKH IDFW WKDW
WKH SDUWLDO SUHVVXUH RI QLFNHO LV KLJKHU WKDQ WKDW RI
WLWDQLXP� $V D UHVXOW RI SRRO HQULFKPHQW ZLWK WLWD�
QLXP� LWV UDWH RI HYDSRUDWLRQZLWK VRPH WLPH LV OHYHOOHG
ZLWK D UDWH RI QLFNHO HYDSRUDWLRQ� 7KHQ� WKH SRRO FRP�
SRVLWLRQ FDQ EH GHWHUPLQHG IURP WKH FRQGLWLRQ RI
HTXDOLW\ RI PROHFXODU IORZV RI QLFNHO DQG WLWDQLXP�

:1L = :7L� ����

RU

;1L H[S (∆*
w
1L

H[
�57) 31L

� (�π01L 57)
w��� w

w ;7L H[S (∆*
w
1L

H[
�57) 37L

� (�π01L 57)w��� = ��
����

5HVXOWV RI QXPHULFDO VROXWLRQ RI WKLV HTXDWLRQ IRU
GLIIHUHQW WHPSHUDWXUHV RI PROWHQ SRRO DUH VKRZQ LQ
)LJXUH �� ,W LV VHHQ WKDW WR SURGXFH FRQGHQVDWHV� FORVH
E\ FRPSRVLWLRQ WR WKH HTXLDWRPLF FRPSRVLWLRQ� WKH
FRQFHQWUDWLRQ RI QLFNHO LQ WKH PHOW LQ WKH UDQJH RI
����w���� . WHPSHUDWXUHV VKRXOG EH ORZHU WKDQ
����� DW�� 1L� 7DNLQJ LQWR DFFRXQW WKH UHVXOWV RI FDO�
FXODWLRQ� SUHVHQWHG LQ )LJXUH �� LW FDQ EH FRQFOXGHG
WKDW ZLWK WKH FKDQJH LQ WKH PHOW WHPSHUDWXUH� WKH

FRHIILFLHQW RI HYDSRUDWLRQ LV FKDQJHG QHJOLJLEO\ IRU
WKHVH FRPSRVLWLRQV RI WKH PROWHQ SRRO� 7KLV IDFW ZLOO
PDNH LW SRVVLEOH WR SUHVHUYH WKH UDWLR RI FRPSRQHQWV
LQ D YDSRXU IORZ DQG� DV D FRQVHTXHQFH� WR SURYLGH D
QHJOLJLEOH GHYLDWLRQ RI FRPSRVLWLRQ RI WKH YDSRXU
SKDVH IURP WKH LQJRW FRPSRVLWLRQ LQ IOXFWXDWLRQV RI
PROWHQ SRRO WHPSHUDWXUH LQ WKH SURFHVV RI LQJRW HYDSR�
UDWLRQ�

&21&/86,216

�� 7KH UDWH RI QLFNHO HYDSRUDWLRQ IURP 1Lw7L PHOW RI
WKH HTXLDWRPLF FRPSRVLWLRQ H[FHHGV DOPRVW E\ RQH
RUGHU WKH UDWH RI WLWDQLXP HYDSRUDWLRQ�

�� 7KH LQFUHDVH LQ QLFNHO FRQFHQWUDWLRQ LQ WKH PHOW
LV DFFRPSDQLHG E\ D ULVH LQ LWV UDWH RI HYDSRUDWLRQ�
PRUHRYHU� WKH PRVW LQWHQVLYH JURZWK VKRXOG EH RE�
VHUYHG DW QLFNHO FRQFHQWUDWLRQ RI PRUH WKDQ �� DW���

�� :LWK LQFUHDVH LQ PHOW WHPSHUDWXUH DW QLFNHO
FRQFHQWUDWLRQ RI PRUH WKDQ �� DW��� WKH FRHIILFLHQW
RI HYDSRUDWLRQ EHJLQ WR GHFUHDVH JUHDWO\� 7KHUHIRUH�
WR SUHVHUYH QLFNHO FRQFHQWUDWLRQ RI PRUH WKDQ �� DW��
LQ LQJRWV RI 1Lw7L DOOR\� WKH PHOW WHPSHUDWXUH LQ WKH
SURFHVV RI WKHLU UHILQLQJ VKRXOG EH LQFUHDVHG�

�� (QULFKPHQW RI 7Lw1L DOOR\ PHOW ZLWK WLWDQLXP�
FORVH WR HTXLDWRPLF FRPSRVLWLRQ� ZLOO SURPRWH VWDEL�
OL]LQJ RI WKH HYDSRUDWLRQ SURFHVV LQ WKH FRQGLWLRQV RI
UDQGRP IOXFWXDWLRQV RI WKH SRRO WHPSHUDWXUH�

�� 'XHULQJ� 7�:�� 0HOWRQ� .�1�� 6WRFNHO� '� HW DO� ������ (Q�
JLQHHULQJ DVSHFWV RI VKDSH PHPRU\ DOOR\V� /RQGRQ� %XWWHU�
ZRUWK�+HLQHPDQQ�

�� 0LUJD]L]RY� 0�=�� *XQWHU� 9�(�� ,WLQ� 9�,� ������ 6XSHU�
HODVWLF LPSODQWV DQG VWUXFWXUHV IURP VKDSH PHPRU\ DOOR\V LQ
VWRPDWRORJ\�%HUOLQ� 4XLQWHVVHQ]�

�� +R� .�.�� &DUPDQ� *�3� ������ 6SXWWHU GHSRVLWLRQ RI 1L7L
WKLQ ILOP VKDSH PHPRU\ DOOR\V XVLQJ D KHDWHG WDUJHW� 7KLQ
6ROLG )LOPV� ���� ��w���

�� &KX� -�3�� /DL� <�:�� /LQ� 7�1� HW DO� ������ 'HSRVLWLRQ
DQG FKDUDFWHUL]DWLRQ RI 7L1L�EDVH WKLQ ILOPV E\ VSXWWHULQJ�
0DWHULDO 6FL� DQG (QJ�� $���� ��w���

�� (ILPRY� $�,�� %HORUXNRYD� /�3�� 9DVLONRYD� ,�9� HW DO�
������ 3URSHUWLHV RI LQRUJDQLF FRPSRXQGV� /HQLQJUDG�
.KLPL\D�

�� 7XUFKDQLQ� 0�$�� %HORNRQHQNR� ,�9�� 7XUFKDQLQ� $�$�
������ (QWKDOSLHV RI IRUPDWLRQ RI OLTXLG ELQDU\ 1L � �7L�
=U� +I� DOOR\V� 3DUW �� (QHUJ\ 7HFKQRORJ\� ��� ��w���

�� 7XUFKDQLQ� 0�$�� $JUDYDO� 3�*�� 7XUFKDQLQ� $�$� ������
0RGHOOLQJ RI WKH WHPSHUDWXUH�FRQFHQWUDWLRQ GHSHQGHQFH RI
WKH WKHUPRG\QDPLF SURSHUWLHV DQG PHWDVWDEOH SKDVH HTXLOLE�
ULXP LQ ELQDU\ 1L � �7L� =U� +I� V\VWHPV� ,Q� $EVWU� RI �WK
,QW� 6FKRRO�&RQI� RQ 3KDVH 'LDJUDPV LQ 0DWHULDOV 6FLHQFH�
.\LY� 2FW� ��w��� �����

)LJXUH ��(IIHFW RI WHPSHUDWXUH RQ FRQFHQWUDWLRQ RI QLFNHO DW VLPLODU
LQWHQVLW\ RI PROHFXODU IORZV RI WLWDQLXP DQG QLFNHO
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(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

1XPHULFDO PRGHOOLQJ RI SURFHVVHV RI KHDW�PDVV H[FKDQJH DQG K\GURG\QDPLFV LQ VROLGLILFDWLRQ RI LQJRWV� SURGXFHG E\

HOHFWURQ EHDP UHPHOWLQJ� ZDV PDGH� 7KH PRGHO LV EDVHG RI FRQMXJDWH VROXWLRQ RI HTXDWLRQV RI FRQYHFWLYH KHDW�PDVV

WUDQVIHU DQG K\GURG\QDPLFV� 7KH PHOW PRWLRQ XQGHU WKH DFWLRQ RI WKHUPRFDSLOODU\ DQG JUDYLWDWLRQDO IRUFHV RFFXUULQJ LQ

WKH SUHVHQFH RI JUDGLHQWV RI WHPSHUDWXUHV DQG FRQFHQWUDWLRQV LQ PHWDO SRRO LV WDNHQ LQWR FRQVLGHUDWLRQ� )DFWRUV DUH

DQDO\]HG DQG UHJXODULWLHV RI IRUPDWLRQ RI FKHPLFDO QRQ�KRPRJHQHLW\ LQ PROWHQ DQG VROLGLI\LQJ PHWDO DUH HVWDEOLVKHG�

.H\ZRU G V � HOHFWURQ EHDP UHPHOWLQJ� QXPHULFDO PRGHOOLQJ�

WKHUPDO� K\GURG\QDPLFDO� PDVV�H[FKDQJH SURFHVVHV� HYDSRUD�
WLRQ� FKHPLFDO LQKRPRJHQHLW\� FU\VWDOOL]DWLRQ RI (%5 LQJRWV

,Q WKH WHFKQRORJLFDO SURFHVVHV RI PHOWLQJ LQJRWV XVLQJ

WKH PHWKRGV RI VSHFLDO HOHFWURPHWDOOXUJ\� LQ IXVLRQ

ZHOGLQJ DQG RWKHU DOOLHG WHFKQRORJLHV DVVRFLDWHG ZLWK

PHOWLQJ DQG FU\VWDOOL]DWLRQ RI PHWDO� WKH G\QDPLFV RI

WKH PHOW PRWLRQ H[HUWV D GHWHUPLQDWLYH HIIHFW RQ WKH

IRUPDWLRQ RI FKHPLFDO LQKRPRJHQHLW\ LQ D VROLGLI\LQJ
PHWDO� $OPRVW IRU DOO WKH DERYH�PHQWLRQHG FDVHV� WKH

YDOXHV RI PDVV DQG WHPSHUDWXUH QXPEHU RI 3HFOHW H[�

FHHG JUHDWO\ WKH XQLW\� WKDW SURYHV WKH SULPDU\ HIIHFW

RI FRQYHFWLYH IORZV RQ KHDW�PDVV H[FKDQJH LQ WKHPHOW�

,Q VSLWH RI XQGHUVWDQGLQJ WKH LPSRUWDQW UROH RI D

K\GURG\QDPLF IDFWRU LQ DWWDLQLQJ RI WHFKQRORJLFDO UH�
VXOWV� WKH LQYHVWLJDWLRQV RI FRQYHFWLRQ RI PHWDO SRRO

KDYH DW SUHVHQW D UDWKHU OLPLWLQJ DQG� WR D FHUWDLQ
H[WHQW� VXSHUILFLDO QDWXUH� 7KLV VWDWXV RI WKH SUREOHP

LV FRQQHFWHG� ILUVW RI DOO� ZLWK JUHDW H[SHULPHQWDO GLI�

ILFXOWLHV FDXVHG E\ KLJK WHPSHUDWXUHV� DJJUHVVLYHQHVV
RI PHGLXP� QRQ�WUDQVSDUHQF\ RI PHOW� VPDOO YROXPHV

RI WKH SRRO �LQ ZHOGLQJ� DQG RWKHU IDFWRUV� ,Q WKLV

FRQQHFWLRQ� WKH PHWKRGV RI PDWKHPDWLFDO PRGHOOLQJ

RI VROLGLILFDWLRQ SURFHVVHV KDYH EHHQ ZLGHO\ GHYH�

ORSHG� WKXV PLQLPL]LQJ WKH H[SHQVLYH IXOO�VFDOH H[�
SHULPHQWV� LQ SDUWLFXODU� DW WKH LQLWLDO VWDJHV RI WHFK�

QRORJ\ WHVWLQJ DQG HTXLSPHQW GHVLJQLQJ >�@�

7KH H[LVWLQJ ZRUNV RQ PDWKHPDWLFDO PRGHOOLQJ RI

PDVV H[FKDQJH SURFHVVHV LQ HOHFWURQ EHDP UHPHOWLQJ

�(%5� FDQ EH FRQGLWLRQDOO\ GLYLGHG LQWR WZR JURXSV�
7KH ILUVW JURXS LQFOXGHV PRGHOV ZLWK OXPSHG SD�

UDPHWHUV EDVHG RQ HTXDWLRQV RI DQ LQWHJUDO EDODQFH RI

PDVV >�� �@� ,Q WKHVH ZRUNV� DV D UXOH� D SULRUL FRHI�

ILFLHQW RI PDVV H[FKDQJH RI QHDU�VXUIDFH OD\HUV RI WKH
SRRO PLUURU ZLWK D SHUIHFWO\ PL[HG FHQWHU RI WKH PHOW

LV XVHG� ZKLFK GHILQHV DFWXDOO\ WKH GLIIXVLRQ UHVLVWDQFH

RI K\GURG\QDPLF ERXQGDU\ OD\HU DQG LQWHQVLW\ RI PDVV

H[FKDQJH SURFHVVHV� 7KH OLPLWDWLYH FDSDELOLWLHV RI

WKHVH PRGHOV FDQQRW EH XVHG IRU LQYHVWLJDWLRQV RI QRQ�

VWDWLRQDU\ SURFHVVHV RI HYDSRUDWLRQ DW KLJK QRQ�XQL�

IRUP HOHFWURQ EHDP KHDWLQJ RI WKH SRRO PLUURU VXUIDFH�
ZKLFK LV PRVW W\SLFDO RI PDQ\ WHFKQRORJLFDO GLDJUDPV

RI (%5�

7KH VHFRQG JURXS LV GLVWLQJXLVKHG E\PDWKHPDWLFDO
PRGHOV ZLWK D GLUHFW FDOFXODWLRQ RI FRQYHFWLYH�GLIIX�

VLRQ PDVV WUDQVIHU LQ WKH PROWHQ PHWDO WDNLQJ LQWR

DFFRXQW WKH QRQ�XQLIRUPLW\ RI VSHFLILF IORZV RI HYDSR�

UDWLRQ GHSHQGLQJ RQ WHPSHUDWXUH DQG FRQFHQWUDWLRQ

RIPHOW FRPSRQHQWV QHDU WKH VXUIDFH RI WKH SRROPLUURU�

$V W\SLFDO UHSUHVHQWDWLYHV RI WKLV JURXS� ZH VKDOO GH�
VFULEH PRGHOV >�w�@� LQ ZKLFK FDOFXODWLRQ RI PDVV

H[FKDQJH SURFHVVHV FRQVLVWV RI WZR SDUWV� ,Q WKH ILUVW

SDUW� D WKHUPDO PRGHO LQ D WUDQVLWLRQ FRQGLWLRQ >�@ LV

FRQVLGHUHG� ZKLFK LV XVHG IRU GHWHUPLQDWLRQ RI WKH

LQJRW WKHUPDO VWDWH� ,Q WKH VHFRQG SDUW WKH PRGHO RI

PXWXDO WUDQVIHU RI VXEVWDQFH� KHDW HQHUJ\ DQG SXOVH

LQ WKH PHWDO SRRO LV FDOFXODWHG� 7KH VSHFLILFV RI FDO�

FXODWLRQV LV VXFK WKDW WKH PRGHOOLQJ RI PDVV�H[FKDQJH

SURFHVVHV LV SHUIRUPHG LQ D �IL[HG� PHWDO SRRO� ZKRVH

VKDSH ZDV REWDLQHG RQ WKH EDVLV RI UHVXOWV RI WKH ILUVW

WKHUPDO PRGHO� 7KH VLPLODU DSSURDFKHV ZHUH XVHG IRU

FDOFXODWLRQ RI K\GURG\QDPLF SURFHVVHV LQ LQJRWV SUR�

GXFHG E\ WKH YDFXXP�DUF UHPHOWLQJ >�� �@�
7KH XVH RI WKLV DSSUR[LPDWLRQ WR UHGXFH WKH YROXPH

RI FDOFXODWLRQV LV MXVWLILHG WR D FHUWDLQ GHJUHH E\ WKH

IDFW WKDWZKHQ WKH LQJRW UHDFKHV WKH KHLJKW FRPSDUDEOH
ZLWK WZR GLDPHWHUV RI WKH PRXOG� WKH WKHUPDO FRQGL�

WLRQ RI WKH LQJRW LV FORVH WR WKH TXDVL�VWDWLRQDU\ FRQ�

GLWLRQ >�@ DQG WKH SRRO VKDSH LV QRW DOPRVW FKDQJHG
ZLWK WLPH� )URP WKH RWKHU KDQG� WKH VROXWLRQ RI SURE�

OHPV RI KHDW DQG PDVV H[FKDQJH VHSDUDWHO\ IURP WKH
D K\GURG\QDPLF SUREOHP OHDGV LQHYLWDEO\ WR WKH HUURU

LQ WKH VROXWLRQ REWDLQHG� DV WKH LQWHUUHODWLRQ RI SUR�

FHVVHV RI WUDQVIHU RI KHDW� PDVV DQG SXOVH LV ORVW� 7KH

PRVW QRWLFHDEOH GUDZEDFN RI D �VWDWLF� SRRO LV WKH

DEVHQFH RI IHDVLELOLW\ WR SUHGLFW WKH FKHPLFDO LQKRPR�

JHQHLW\ LQ D IRUPLQJ VROLG SKDVH� $W WKH VDPH WLPH

WKH SUHGLFWLQJ HVWLPDWLRQV RI SURFHVVHV RIPDVV WUDQVIHU

LQ (%5 UHSUHVHQW LQWHUHVW E\ VHYHUDO UHDVRQV�

)LUVWO\� WKH TXDQWLWDWLYH HVWLPDWLRQV RI NLQHWLFV RI
HYDSRUDWLRQ RI DOOR\LQJ HOHPHQWV� LQ SDUWLFXODU� ZLWK

D KLJK YDSRXU SUHVVXUH WR FRPSHQVDWH WKHLU PHOWLQJ� $�%� /(612- DQG 9�)� '(0&+(1.2� ����
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ORVV� DUH QHFHVVDU\� 6HFRQGO\� LW LV QHFHVVDU\ WR KDYH
D TXDQWLWDWLYH UHSUHVHQWDWLRQ DERXW RQ WKH UHJXODULWLHV
RI IRUPDWLRQ RI FKHPLFDO LQKRPRJHQHLW\ LQ OLTXLG DQG
VROLGLILHG PHWDO� 7KLUGO\� LW LV GHVLUDEOH WR EH DEOH WR
KDYH DQ LGHD RI WKH QDWXUH RI GLVWULEXWLRQ RI ERWK
DOOR\LQJ DQG LPSXULW\ HOHPHQWV LQ DQ RSWLRQDO VHFWLRQ
RI WKH LQJRW WR GHWHUPLQH WKH HIILFLHQW PHWDO \LHOG�
FRUUHVSRQGLQJ WR WKH WHFKQLFDO VSHFLILFDWLRQV�

,Q WKH SUHVHQW DUWLFOH� XQOLNH WKH HDUOLHU ZRUNV� D
FRPSXWHU PRGHO RI FRQMXJDWH SURFHVVHV RI KHDW DQG
PDVV H[FKDQJH DQG K\GURG\QDPLFV LV RIIHUHG� ZKLFK
PDNHV LW SRVVLEOH WR IROORZ WKH NLQHWLFV RI IRUPDWLRQ
RI WKHUPDO DQG FRQFHQWUDWLRQ VWDWH RI WKH LQJRW LQ WKH
PROWHQ DQG VROLGLILHG PHWDO LQ (%5 ZLWK DQ LQWHUPH�
GLDWH FUXFLEOH RI WLWDQLXP DOOR\V ZLWK DQ LQFUHDVHG
FRQWHQW RI DOXPLQLXP �97�� 97���� VWDUWLQJ IURP
SRXULQJ RI WKH ILUVW SRUWLRQ RI PHWDO XS WR DWWDLQLQJ
WKH TXDVL�VWDWLRQDU\ VWDWH LQ WKH LQJRW�

7KH PDWKHPDWLFDO PRGHO RI KHDW H[FKDQJH DQG K\�
GURG\QDPLFV >�@ ZDV DGGHG ZLWK HTXDWLRQV RI D FRQ�
YHFWLYH GLIIXVLRQ� 7KH PDLQ VWDWHPHQWV RI D PRUH FRP�
SUHKHQVLYH PRGHO VKRXOG EH QRWHG� $[LDO V\PPHWU\
RI WKHUPDO� FRQFHQWUDWLRQ DQG K\GURG\QDPLF ILHOGV LQ
WKH LQJRW ZLOO EH DVVXPHG� ,Q WKLV FRQQHFWLRQ WKH
WKUHH�GLPHQVLRQDO SUREOHP ZDV UHGXFHG WR WKH VROX�
WLRQ RI WZR�GLPHQVLRQDO SUREOHP LQ F\OLQGULFDO FRRU�
GLQDWHV �)LJXUH ��� &DOFXODWLRQ RI KHDW DQG PDVV H[�
FKDQJH SURFHVVHV WDNHV LQWR DFFRXQW WKH FRQYHFWLYH�
FRQGXFWLYH� FRQYHFWLYH�GLIIXVLRQ PHFKDQLVP RI WUDQV�
IHU RI KHDW HQHUJ\ DQG PDVV� DQG DOVR D WXUEXOHQW
QDWXUH RI WKH PHOW PRWLRQ� 7KH SUREOHP RI K\GURG\�
QDPLFV LV VROYHG RQ WKH EDVH RI D IXOO V\VWHP RI 1DYLHUw
6WRFNV HTXDWLRQV LQ 2EHUEHFNw%RLVVLQHVT DSSUR[LPD�
WLRQ� 7KH IROORZLQJ IDFWRUV OHDGLQJ WR WKH PROWHQ PH�
WDO PRWLRQ DUH WDNHQ LQWR DFFRXQW� ILUVWO\� WKH YROXPH
JUDYLWDWLRQDO FRQYHFWLRQ RFFXUULQJ LQ WKH ILHOG RI D
JUDYLW\ IRUFH LQ WKH SUHVHQFH RI JUDGLHQWV RI WHPSHUD�
WXUHV DQG FRQFHQWUDWLRQV LQ WKH PHOW� VHFRQGO\� WKH

VXUIDFH WKHUPRFDSLOODU\ FRQYHFWLRQ RI 0DUDQJRQL� RF�
FXUULQJ GXH WR FKDQJH LQ IRUFHV RI VXUIDFH WHQVLRQ DW
QRQ�XQLIRUP KHDWLQJ RI D IUHH VXUIDFH RI WKH SRRO PLU�
URU�

3URFHVVHV RI PDVV WUDQVIHU LQ D PXOWLFRPSRQHQW
PHOW DUH GHVFULEHG E\ WKH HTXDWLRQ RI D FRQYHFWLYH
GLIIXVLRQ�

∂&L

∂W + (9
→
∇) &L = GLY ('L

(W) (7) ∇ &L)�

Ω = 

� � U � 5� � � ] � +(W) � W ∈ >�� W∗ @�

���

ZKHUH &L LV WKH FRQFHQWUDWLRQ RI L�WK FRPSRQHQW� 9
→

LV WKH YHFWRU RI UDWH� 'L

(W) (7) = 'L +
/

�
 9
→
 LV WKH

FRHIILFLHQW RI GLIIXVLRQ� DFFRXQWLQJ IRU WXUEXOHQW QD�
WXUH RI WUDQVIHU RI WKH L�WK VXEVWDQFH� / LV WKH PHDQ
VFDOH RI WXUEXOHQW YRUWH[HV� E\ ZKLFK WKH DYHUDJLQJ
LV PDGH� 7R FDOFXODWH WKH GLIIXVLRQ FRHIILFLHQW 'L WKH
WHPSHUDWXUH UHODWLRQVKLS LV XVHG�

'L = 'L

(�) H[S



w
∆(
57




� ���

ZKHUH ∆( LV WKH HQHUJ\ RI DFWLYDWLRQ� -�PRO� 5 LV WKH

XQLYHUVDO JDV FRQVWDQW� -��PRO⋅.�� 'L

(�) LV WKH SUH�

H[SRQHQWLDO PXOWLSOLHU� FP��V�
7KH FKDQJH LQ LQJRW KHLJKW LQ WKH PRGHO FDQ EH

WDNHQ LQWR DFFRXQW E\ VHYHUDO PHWKRGV� GLVFUHWHO\� L�H�
GUDLQ RI PHWDO E\ SRUWLRQV IURP DQ LQWHUPHGLDWH FUX�
FLEOH� DQG FRQWLQXRXVO\� L�H� D[LDO UHPHOWLQJ DQG FRP�
ELQDWLRQ RI GLVFUHWH DQG FRQWLQXRXV SRXULQJ RI PHWDO�

$W WKH IURQW RI VROLGLILFDWLRQ� WKH IXOILOOPHQW RI
FRQGLWLRQV RI LQWHJUDWLRQ RI VSHFLILF IORZV RI PDVV RI
D OLTXDWLRQ HOHPHQW LV DVVXPHG�












'L

(/) ∂&L

(/)

∂Q

)

w 'L

(6) ∂&L

(6)

∂Q

)

= YQ (&L

(6) w &L

(/))

&L

(6) 
)

= .L &L

(/) 
)

�

���

ZKHUH YQ LV WKH SURMHFWLRQ RI YHFWRU RI VROLGLILFDWLRQ
UDWH RQ QRUPDO WR LQWHUSKDVH ERXQGDU\�.L LV WKH HTXL�
OLEULXP FRHIILFLHQW RI GLVWULEXWLRQ RI WKH L�WK HOHPHQW�
LQGLFHV 6� / FRUUHVSRQG WR VROLG DQG OLTXLG SKDVHV�

7KH ERXQGDU\ FRQGLWLRQV ZHUH IRUPXODWHG DV IRO�
ORZV� 7KHUH LV QR PDVV H[FKDQJH RQ WKH D[LV� ODWHUDO
DQG ERWWRP VXUIDFHV RI WKH LQJRW�

∂&L

∂U
 U = � = ��

∂&L

∂U
 U = 5 = ��

∂&L

∂]
 ] = � = �� ���

2Q WKH SRRO PLUURU WKH IROORZLQJ FRQGLWLRQV RI D
ORFDO EDODQFH RI PDVV DUH WDNHQ LQWR DFFRXQW HQWHU RI
PHWDO EHLQJ UHPHOWHG LQWR D PRXOG ZLWK LQLWLDO FRQ�

FHQWUDWLRQ &L

(�)� VSHFLILF IORZ RI PDVV RI DOOR\LQJ HOH�

PHQW HQWHULQJ IURP WKH PHOW GHSWK GXH WR D FRQYHF�
WLYH�GLIIXVLRQ PHFKDQLVP� DQG WKH ORVVHV DV D UHVXOW
RI HYDSRUDWLRQ�

ρ'L

∂&L

∂]
 ] = +(W) = YL

(PDVV) + YL
(HYDS)� ���

)LJXUH �� 6FKHPH RI PDWKHPDWLFDO PRGHO RI IRUPDWLRQ RI URXQG
(%5 LQJRW� � x PRXOG� � x VROLGLILHG LQJRW �+�W� x FXUUHQW
KHLJKW RI LQJRW� ) x IURQW RI VROLGLILFDWLRQ� K x SRRO GHSWK�
+

PRXOG
x PRXOG KHLJKW�
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KHQFH

YL
(PDVV) = P(U) ρ &L

 ] = +(W) w &L

(�) Y=(U� W) ] =+(W)� ���

ZKHUH ρ LV WKH VSHFLILF GHQVLW\ RI WKH PHOW� YL
(PDVV) LV

WKH VSHFLILF PDVV IORZ DVVRFLDWHG ZLWK HQWHU RI PHWDO
EHLQJ UHPHOWHG LQWR WKH PRXOG ZLWK DQ LQLWLDO FRQFHQ�

WUDWLRQ RI WKH GLVVROYHG VXEVWDQFH &L

(�) DQG UDWH

Y=(U� W) ] = +(W)� P�U� LV WKH VXUIDFH GHQVLW\ RI GLVWUL�

EXWLRQ RI GURSV �GHSHQGV RQ VSHFLILFV RI UHPHOWLQJ��

YL
(HYDS) LV WKH VSHFLILF PDVV IORZ DVVRFLDWHG ZLWK HYDSR�

UDWLRQ RI WKH GLVVROYHG VXEVWDQFH� 0RGHO RI HYDSRUD�
WLRQ LV EDVHG RQ WKH /DQJPXLU ODZ� ,W LV VKRZQ LQ >�@�
XVLQJ WKH NLQHWLF %ROW]PDQQ HTXDWLRQ� WKDW LQ WKH
FRQGLWLRQV RI WHFKQRORJLFDO YDFXXP RI (%5 ����w
��� 3D� WKLV UDWLR PDNHV LW SRVVLEOH WR FDOFXODWH DGH�
TXDWHO\ WKH ORFDO UDWHV RI HYDSRUDWLRQ�

YL
(HYDS) =

α γL 3L

�
&L
 ] = +(W)

√�π50L 7
 ] =+(W)

� ���

ZKHUH α LV WKH FRHIILFLHQW RI DFFRPRGDWLRQ� 0L LV WKH
PRODU PDVV� γL LV WKH FRHIILFLHQW RI DFWLYLW\ RI VXEVWDQFH
LQ VROXWLRQ� 3L

� LV WKH SUHVVXUH RI VDWXUDWHG YDSRXU RI

D SXUH FRPSRQHQW� +HUH

3L

� = $L H[S






w

%L

7
] = +(W)







� ���

ZKHUH $L� %L DUH WKH FRQVWDQWV�
$W WKH LQLWLDO PRPHQW RI WLPH W  � WKH H[LVWHQFH

RI SULPLQJ YROXPH RI PROWHQ PHWDO RI KHLJKW +���
ZLWK D KRPRJHQHRXV FRQFHQWUDWLRQ ILHOG &L�U� ]� ��  

 &L

�  FRQVW LV DVVXPHG�

)RU D QXPHULFDO UHDOL]DWLRQ RI DQ LQWHJUDWHG FRQ�
MXJDWH PRGHO RI KHDW DQG PDVV H[FKDQJH DQG K\GUR�
G\QDPLFV D FRPELQHG /DJUDQJHw(XOHU PHWKRG >��@ LV
DSSOLHG� ZKLFK XVHV DSSUR[LPDWLRQ RQ ORFDO /DJUDQJH
QHWZRUNV RI FRQYHFWLYH WHUPV LQ HTXDWLRQV RI WUDQVIHU
WRJHWKHU ZLWK VXEVWDQWLDO GHULYDWLYHV� 7KLV PHWKRG�
GXH WR PLQLPL]LQJ WKH HIIHFWV RI FRXQWLQJ GLVVLSDWLRQ�
SURYLGHV WKH DFFHSWDEOH SUHFLVLRQ RI QXPHULFDO VROX�

WLRQ >��@ RQ VXIILFLHQWO\ URXJK VSDFH DQG WLPH QHW�
ZRUNV� 7KH SUREOHP ZDV FDOFXODWHG LQ QDWXUDO YDUL�
DEOHV XVLQJ VFKHPHV RI HTXDWLRQV VSOLWWLQJ E\ SK\VLFDO
VXESURFHVVHV� 6RIWZDUH� GHYHORSHG LQ PHGLXP &RP�
SDT 9LVXDO )RUWUDQ ���� DOORZV FDOFXODWLQJ WKH IXOO
WLPH F\FOH RI IRUPDWLRQ RI WKH (%5 LQJRW �VWDUWLQJ
IURP SRXULQJ RI WKH ILUVW SRUWLRQ� IDGH RXW RI VKULQNDJH
FDYLW\ DQG FRROLQJ WKH LQJRW VXUIDFH WR WKH SUHVHW
WHPSHUDWXUH� LQ WKH SHUVRQDO FRPSXWHUV�

/HW XV FRQVLGHU IDFWRUV VWLSXODWLQJ IRUPDWLRQ RI
FKHPLFDO LQKRPRJHQHLW\ LQ WKH PHWDO SRRO� ILUVWO\� WKH
SHULRGLF HQWHU RI PROWHQ PHWDO RI LQLWLDO FRQFHQWUDWLRQ
IURP WKH LQWHUPHGLDWH FUXFLEOH� VHFRQGO\� WHFKQRORJL�
FDO VSHFLILFV RI (%5 LV VXFK WKDW QHDU WKH PRXOG ZDOO
D IUHH VXUIDFH RI PHOW VKRXOG EH PRUH LQWHQVLYHO\
KHDWHG WR PDLQWDLQ WKH PROWHQ SRRO F\OLQGULFDO SDUW�
,Q WKHVH FRQGLWLRQV WKH QRQ�XQLIRUPLW\ RI KHDW IORZ
OHDGV WR WKH QRQ�LQLIRUPLW\ LQ HYDSRUDWLRQ RI DOOR\LQJ
DQG LPSXULW\ FRPSRQHQWV RI PHOW DQG� FRQVHTXHQWO\�
WR WKH IRUPDWLRQ RI FKHPLFDO LQKRPRJHQHLW\ LQ D OLTXLG
SKDVH� WKLUGO\� D FRPSOH[ QDWXUH RI D GLUHFWHG FRQ�
YHFWLYH PDVV WUDQVIHU LQ WKH PHOW YROXPH XQGHU WKH
DFWLRQ RI JUDYLWDWLRQDO DQG WKHUPRFDSLOODU\ IRUFHV�

7KH FDOFXODWLRQV ZHUH SHUIRUPHG IRU PHOWLQJ WLWD�
QLXP DOOR\ 97� XVLQJ WKH IROORZLQJ WHFKQRORJLFDO SD�
UDPHWHUV� PRXOG GLDPHWHUx �� FP�PDVV SURGXFWLYLW\
RI UHPHOWLQJ x �� J�V� WRWDO FDSDFLW\ RI HOHFWURQ
EHDP KHDWLQJ x ��w�� N:� GXUDWLRQ RI PROWHQ PHWDO
DFFXPXODWLRQ LQ LQWHUPHGLDWH FUXFLEOH x ��� V� FRQ�
WHQW RI DOXPLQLXP LQ PHOW HQWHUHG WKH PRXOG x � ��
HTXLOLEULXP FRHIILFLHQW RI GLVWULEXWLRQ RI DOXPLQLXP
DW WKH VROLGLILFDWLRQ IURQW LV FORVH WR �� ,Q FDOFXODWLRQV�
WKH VFKHPH� PRVW ZLGHO\ DSSOLHG LQ RSHUDWLQJ WHFK�
QRORJLHV RI (%5� RI GLVWULEXWLRQ RI KHDW IORZ RI HOHF�
WURQ EHDP KHDWLQJ� L� H� XQLIRUP IRU FHQWUDO ]RQH RI
SRRO PLUURU DQG ZLWK D PD[LPXP FRQFHQWUDWLRQ RQO\
QHDU WKH PRXOG ZDOO� ZDV XVHG �)LJXUH �� D��

8QGHU WKHVH FRQGLWLRQV DQ LQWHQVLYH WXUEXOHQW IORZ
LV IRUPHG LQ WKH PROWHQ PHWDO YROXPH� ZKLFK LV OR�
FDOL]HG QHDU WKH PRXOG ZDOO LQ WKH XSSHU SDUW RI WKH
PHWDO SRRO� ZKLOH WKH FHQWUDO YROXPHV RI WKH SRRO DUH
VWLUULQJ QHJOLJLEO\ �)LJXUH �� E�� 7KLV FLUFXPVWDQFH
OHDGV WR D XQLIRUP HYDSRUDWLRQ RI DOXPLQLXP IURP WKH
FHQWUDO SDUW RI WKH SRRO PLUURU �)LJXUH �� E��

)LJXUH �� 6SHFLILF KHDW IORZV �D�� VSHFLILF IORZV RI HYDSRUDWLRQ RI DOXPLQLXP �E� DQG WHPSHUDWXUH RI SRRO VXUIDFH �F�
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,Q WKH ]RQH RI WKH KLJKHU KHDW LQSXW� WKH KLJKHVW
RYHUKHDWLQJ RI PHWDO DERYH WKH OLTXLGXV WHPSHUDWXUH
LV IRUPHG� L�H� � WLPHV KLJKHU WKDQ LQ WKH SRRO FHQWUDO
SDUW �)LJXUH �� F�� ZKLFK VWLSXODWHV WKH ��� WLPHV
LQFUHDVH LQ ORVVHV LQ HDVLO\�HYDSRUDWLQJ FRPSRQHQWV�
WKDW FDXVHV LQ LWV WXUQ WKH IRUPDWLRQ RI FKHPLFDO LQ�

KRPRJHQHLW\ LQ WKH PROWHQ PHWDO QHDU WKH VXUIDFH RI
HYDSRUDWLRQ� ,Q WKH ]RQH RI WKH KLJKHU KHDW LQSXW
���� � U � ���5� WKH YROXPHV RI PHWDO� GHSOHWHG ZLWK
DOXPLQLXP� DUH IRUPHG LQ WKH QHDU�VXUIDFH SDUW RI WKH
SRRO �)LJXUH ���

)LJXUH �� 5HODWLYH GLVWULEXWLRQ RI DOXPLQLXP �&
$O
�&

$O

[

� LQ VROLGLILHG LQJRW �D�� PHWDO SRRO �E� DQG K\GURG\QDPLFV RI PHOW DW XQLIRUP
SUHKHDWLQJ RI D FHQWUDO SDUW RI PHOW IUHH VXUIDFH �&

$O

[

 ��� � LV WKH W\SLFDO FRQFHQWUDWLRQ RI DOXPLQLXP LQ VROLGLILHG PHWDO�

)LJXUH �� 0DS RI LVRFRQFHQWUDWHV RI UHODWLYH GLVWULEXWLRQ RI DOXPLQLXP LQ PHWDO SRRO DW XQLIRUP SUHKHDWLQJ RI D FHQWUDO SDUW RI PHOW
IUHH VXUIDFH �=

�/�
 �� w �+�W� w ]��K�⋅��� ��
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7KH GHSOHWHG PHWDO LV WUDQVSRUWHG E\ FRQYHFWLYH
IORZV LQWR WZR GLUHFWLRQV� DORQJ WKH IUHH VXUIDFH IURP
SHULSKHU\ WR WKH LQJRW D[LV DQG DOVR LQ WKH IRUP RI
GRZQZDUG IORZ DORQJ WKH VROLGLILFDWLRQ IURQW� PRUH�
RYHU� WKH PHWDO ZLWK KLJKHU DOXPLQLXP FRQWHQW LV
SXVKHG DVLGH LQWR FHQWUDO YROXPHV RI WKH SRRO� $V D
UHVXOW� WKH FKHPLFDO FRPSRVLWLRQ RI PROWHQ PHWDO EH�
FRPHV QRQ�KRPRJHQHRXV ERWK LQ UDGLDO DQG DOVR LQ
D[LDO GLUHFWLRQV �)LJXUHV � DQG ��� ,W VKRXOG EH RXW�
OLQHG WKDW WKH GRZQZDUG FRQYHFWLYH IORZ DORQJ WKH
VROLGLILFDWLRQ IURQW �)LJXUHV �� E DQG �� GHILQHV WKH
PDLQ PHFKDQLVP RI IRUPDWLRQ RI WKH FKHPLFDO LQKR�
PRJHQHLW\ DORQJ WKH UDGLXV RI WKH VROLGLI\LQJ LQJRW�
$W WKH WLPH ZKHQ FRQYHFWLYH IORZ RI PHOW DORQJ D IUHH
VXUIDFH KLQGHUV WKH PDVV WUDQVIHU RI PHOW� PRUH HQ�
ULFKHGZLWK DOXPLQLXP� IURP FHQWHU WR WKH SRROPLUURU�
WKH HYDSRUDWLRQ RI DOOR\LQJ FRPSRQHQW LV GHFUHDVHG�
WKXV FDXVLQJ WKH FXUYH EHQGLQJ LQ )LJXUH �� E�

&DOFXODWLRQV VKRZ �)LJXUH �� D� WKDW WKH OHDVW
IDYRXUDEOH FRQGLWLRQV IRU DSSHDUDQFH RI WKH FKHPLFDO
LQKRPRJHQHLW\ DORQJ WKH LQJRW D[LV DUH IRUPHG DW WKH
WUDQVLWLRQ VWDJHV RI VWDUWLQJ DQG FRPSOHWLRQ RI UHPHOW�
LQJ� 3HULRGLF HQWHU RI WKH PROWHQ PHWDO IURP WKH LQ�
WHUPHGLDWH FUXFLEOH ZLWK D KLJKHU FRQWHQW RI DOX�
PLQLXP LQ WKH VROLGLILHG PHWDO WKDQ WKDW LQ WKH PHWDO
SRRO� LV PDQLIHVWHG LQ WKH IRUP RI QHJOLJLEOH MXPSV LQ
FRQFHQWUDWLRQ RQO\ QHDU WKH ODWHUDO VXUIDFH RI WKH LQJRW
����� � U � ���5�� 7KH FHQWUDO SDUW RI WKH LQJRW LV
FKDUDFWHUL]HG E\ D VXIILFLHQWO\ KLJK KRPRJHQHLW\ ERWK
LQ KHLJKW DQG DOVR LQ UDGLXV�

&21&/86,216

�� 7KH PDWKHPDWLFDO PRGHO IRU FDOFXODWLRQ RI QRQ�VWD�
WLRQDU\ SURFHVVHV RI KHDW DQG PDVV WUDQVIHU DQG K\�
GURG\QDPLFV� SURFHHGLQJ LQ HOHFWURQ EHDP UHPHOWLQJ
WLWDQLXP DOOR\V ZLWK LQFUHDVHG FRQWHQW RI DOXPLQLXP
KDV EHHQ GHYHORSHG� 7KH PRGHO DOORZV LQYHVWLJDWLRQ
RI WKHUPDO� FRQFHQWUDWLRQ DQG K\GURG\QDPLF FRQGL�
WLRQV RI WKH LQJRW GHSHQGLQJ XSRQ WKH UHPHOWLQJ SUR�
FHVV SDUDPHWHUV�

�� 7KH UHVXOWV REWDLQHG PDNH LW SRVVLEOH WR HVWLPDWH
WKH VSHFLILF IORZV RI HYDSRUDWLRQ DQG PDVV ORVVHV RI
DOXPLQLXP� UHODWLYH GLVWULEXWLRQ RI DOOR\LQJ FRPSR�
QHQW DFURVV WKH PHOWHG LQJRW VHFWLRQ� GHJUHH RI HYDSR�
UDWLRQ ORVV DQG WR GLVWLQJXLVK WKH ]RQHV RI LQFUHDVHG
FKHPLFDO LQKRPRJHQHLW\ LQ WKH LQJRW�

�� 5HJXODULWLHV DQG PHFKDQLVPV RI IRUPDWLRQ RI D
ORFDO FKHPLFDO LQKRPRJHQHLW\ LQ PROWHQ DQG VROLGLI\�

LQJ PHWDO DW XQLIRUP KHDWLQJ RI WKH SRRO PLUURU FHQWUDO
]RQH ZLWK D PD[LPXP FRQFHQWUDWLRQ RI KHDW IORZ RQO\
QHDU WKH PRXOG ZDOO DUH HVWDEOLVKHG�

�� 3DWRQ� %�(� ������ &XUUHQW HOHFWURQ EHDP WHFKQRORJLHV RI
WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI
8NUDLQH� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� ��w���

�� %RURQHQNRY� 9�1�� =KDGNHYLFK� 0�/�� 6DODPDWRY� $�0� HW
DO� ������ 0DWKHPDWLFDO PRGHO RI FDOFXODWLRQ RI PHWDO FRP�
SRVLWLRQ LQ HOHFWURQ EHDP UHPHOWLQJ RI KHDW�UHVLVWDQW 1L�EDVH
DOOR\V� ,ELG�� �� ��w���

�� 9DULFK� ,�<X�� $NKRQLQ� 6�9�� 7ULJXE� 1�3� HW DO� ������
(YDSRUDWLRQ RI 7L�EDVH DOXPLQLXP DOOR\V GXULQJ HOHFWURQ
EHDP PHOWLQJ ZLWK LQWHUPHGLDWH FUXFLEOH� ,ELG�� �� ��w���

�� %HOORW� -��3�� -DUG\� $�� $QV� $� HW DO� ������ 7KHUPRK\GUR�
G\QDPLF VWDWH RI PHOW LQ HOHFWURQ EHDP UHPHOWLQJ RI WLWD�
QLXP LQJRW� ,ELG�� �� �w���

�� %OXP� 0�� &KRXGKXU\� $�� 5RPEHUJ� 0� HW DO� ������ (OHF�
WURQ EHDP UHPHOWLQJ RI VXSHUDOOR\V ZLWK ORZ HYDSRUDWLRQ
ORVVHV DQG KLJK FOHDQOLQHVV� ,Q� 3URF� RI &RQI� RQ (OHFWURQ
%HDP 0HOWLQJ DQG 5HILQLQJ� 6WDWH�RI�WKH�$UW ����� 5HQR�
86$�

�� -DUG\� $�� $EOLW]HU� '� ������ &RPSRUWHPHQW GX SXLWV
OLTXLGH GHV OLQJRWV 9$5� 0HPRLUHV HW HWXGHV VFLHQWLILTXHV
GH OD 5HYXH GH 0HWDOOXUJLH� ���� ���w����

�� -DUG\� $�� $EOLW]HU� '� ������ 2Q FRQYHFWLYH DQG WXUEXOHQW
KHDW WUDQVIHU LQ 9$5 LQJRW SRROV� ,Q� 3URF� RI �WK ,QW�
&RQI� RQ 0RGHOLQJ RI &DVWLQJ� :HOGLQJ DQG $GYDQFHG 6R�
OLGLILFDWLRQ 3URFHVVHV� 'DYRV� 6XLVVH� 6HSW�� �����

�� /HVQRM� $�%�� 'HPFKHQNR� 9�)�� =KDGNHYLFK� 0�/� ������
0RGHOOLQJ RI K\GURG\QDPLFV DQG KHDW H[FKDQJH LQ VROLGLIL�
FDWLRQ RI HOHFWURQ EHDP UHPHOWLQJ LQJRWV� 3UREOHP\ 6SHWV�
(OHNWURPHWDOOXUJLL� �� ��w���

�� %HOORW� -��3�� 'XYDO� $�� $EOLW]HU� '� ������ .LQHWLFV RI
HYDSRUDWLRQ SURFHVVHV LQ YDFXXQ PHWDOOXUJ\� ,ELG�� �� ��w
���

��� 'HPFKHQNR� 9�)� ������ 'LIIHUHQFH VFKHPHV IRU FRQYHFWLYH
GLIIXVLRQ HTXDWLRQ� ,Q� 3URF� RI ,QW� &ROORTXLXP� 6RILD�
90(,�

��� 'HPFKHQNR� 9�)�� /HVQRM� $�%� ������ /DJUDQJHw(XOHU
PHWKRG RI QXPHULFDO FDOFXODWLRQ RI FRQYHFWLYH GLIIXVLRQ
PXOWLYDULDWH SUREOHP� 'RSRYLGL 1DWV� $NDG� 1DXN 8N�
UDLQ\� ��� ��w���

)LJXUH �� 'LVWULEXWLRQ RI DOXPLQLXP DORQJ WKH LQJRW UDGLXV IRU
KRUL]RQV RI PHWDO SRRO� � x ���� � x ���� � x ���� � x ��� FP
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9�$� 6+$329$/29� 9�9� <$.86+$ DQG $�1� *1,='</2

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

5HVXOWV RI LQYHVWLJDWLRQV RI WKHUPDO ILHOGV RI ODUJH VLQJOH FU\VWDOV RI WXQJVWHQ LQ WKH FRQGLWLRQV RI SODVPD�LQGXFWLRQ ]RQH

PHOWLQJ �3,=0� DUH SUHVHQWHG� ,W LV VKRZQ WKDW WKH XVH RI 3,=0 ZLWK IL[HG SODVPD�DUF KHDW VRXUFH DOORZV JURZLQJ

VLQJOH FU\VWDOV RI WXQJVWHQ RI GLDPHWHU RI QRW PRUH WKDQ �� PP� 6FDQQLQJ RI SODVPD�DUF KHDW VRXUFH DORQJ WKH UDGLXV RI

FU\VWDO JLYHV DQ RSSRUWXQLW\ WR LQFUHDVH LWV GLDPHWHU� 7KH UDWLRV RI FDSDFLWLHV RI VRXUFHV RI SODVPD�DUF DQG LQGXFWLRQ

KHDWLQJ LQ JURZLQJ ODUJH FU\VWDOV DUH JLYHQ�

.H\ZRU G V � PDWKHPDWLFDO PRGHO� SODVPD�LQGXFWLRQ ]RQH

PHOWLQJ� WKHUPDO ILHOG� LQWHUQDO VWUHVVHV� ODUJH VLQJOH FU\VWDOV RI

UHIUDFWRU\ PHWDOV

2ZLQJ WR WKH XVH RI WZR LQGHSHQGHQW KHDW VRXUFHV >�@

DQG IHDVLELOLW\ RI D ILQH DGMXVWPHQW RI WHFKQRORJLFDO

SDUDPHWHUV WKH SODVPD�LQGXFWLRQ ]RQH PHOWLQJ

�3,=0� RSHQV XS WKH ZLGH RSSRUWXQLWLHV IRU FRQWURO
RI WKH VLQJOH FU\VWDO JURZLQJ SURFHVV� +RZHYHU� WKH

KLJK WHPSHUDWXUH RI PHOWLQJ DQG FRPSOH[LW\ RI HTXLS�

PHQW PDNH WKLV PHWKRG RI SURGXFLQJ FU\VWDOV FRPSOL�

FDWHG DQG ODERXU�LQWHQVLYH�

7KHUHIRUH� WKH SUREOHP RI RSWLPL]LQJ WHFKQRORJL�

FDO SDUDPHWHUV KDV DQ DFWXDO LPSRUWDQFH LQ WKH GHYH�

ORSPHQW RI 3,=0 WHFKQRORJ\ ERWK IRU WKH ODERUDWRU\
LQYHVWLJDWLRQV DQG DOVR IRU LWV LPSOHPHQWDWLRQ LQ LQ�

GXVWU\� 5DWLRQDO DQG HIIHFWLYH VROXWLRQ RI WKLV W\SH RI
SUREOHPV� DV WKH DGYDQFHG ZRUOG SUDFWLFH VKRZV� LV

DVVRFLDWHG ZLWK PDWKHPDWLFDO PRGHOOLQJ RI WKH WHFK�

QRORJLFDO SURFHVV�

7KH VFLHQWLILF LQWHUHVW RI LQYHVWLJDWLRQV RI JURZLQJ

VLQJOH FU\VWDOV RI UHIUDFWRU\ PHWDOV LV FRQFHQWUDWHG RQ

WKH VWXG\ RI WHPSHUDWXUH VWDWH RI LQJRW GXULQJ LWV

JURZWK� 7KH NQRZOHGJH REWDLQHG DERXW WKH WHPSHUD�

WXUH GLVWULEXWLRQ LQ WKH LQJRW VHFWLRQ� DERXW WKH VKDSH

DQG FXUYDWXUH RI VXUIDFH RI SKDVHV LQWHUIDFH PDNHV LW

SRVVLEOH WR LQIOXHQFH HIIHFWLYHO\ WKH SURFHVVHV RI VWUXF�

WXUH IRUPDWLRQ RI VLQJOH FU\VWDOV DQG WR RSWLPL]H WKH

WHFKQRORJ\ IRU DGMXVWPHQW RI WKH KHDW VRXUFH SRZHU

ZLWKLQ WKH SUHVHW UDQJHV�

(DUOLHU LQ WKH ZRUN >�@ ZH FDUULHG RXW LQYHVWLJD�

WLRQV RI WKHUPDO VWDWH RI UHIUDFWRU\ VLQJOH FU\VWDOV�

IRUPLQJ XQGHU WKH FRQGLWLRQV RI D FRPELQHG SODVPD�
LQGXFWLRQ KHDWLQJ� RQ WKH H[DPSOH RI D PDWKHPDWLFDO

PRGHO� +RZHYHU� WKH UHYHDOHG UHJXODULWLHV DQG UDQJHV

RI SRZHU FKDQJHV ZHUH REWDLQHG RQ VDPSOHV RI VPDOO

VL]HV ���w�� PP GLDPHWHU�� 7KH SUREOHP DERXW WKH

WKHUPDO VWDWH RI ODUJH FU\VWDOV LQ WKLV ZRUN ZDV QRW

FRQVLGHUHG�

7KH DLP RI WKH SUHVHQW ZRUN LV WR VWXG\ WKH WKHUPDO
VWDWH RI UHIUDFWRU\ PHWDO VLQJOH FU\VWDOV RI ODUJH VL]HV

�XS WR ��� PP GLDPHWHU� DQG WR FRPSDUH WKH UHVXOWV
REWDLQHG ZLWK HDUOLHU UHYHDOHG UHODWLRQVKLSV RQ VPDOO

VDPSOHV�

7KH WHPSHUDWXUH ILHOG RI VLQJOH FU\VWDOV ZDV LQYHV�
WLJDWHG XVLQJ D PDWKHPDWLFDO PRGHO RQ DQ H[DPSOH RI

WXQJVWHQ� 'HVFULSWLRQ RI WKH PDWKHPDWLFDO PRGHO RI

WKH SODVPD�LQGXFWLRQ KHDWLQJ� DVVXPHG SHUIHFWLRQ RI

KHDW VRXUFHV� LQLWLDO DQG ERXQGDU\ FRQGLWLRQV RI HTXD�
WLRQ RI KHDW FRQGXFWLYLW\ DUH VKRZQ LQ GHWDLO LQ >��

�@� 'LDPHWHUV RI FU\VWDOV ZHUH FKDQJHG LQ WKH UDQJH
IURP �� WR ��� PP� 7KHLU KHLJKW� WKH VDPH DV LQ
SUHYLRXV ZRUN >�@� ZDV QRW OHVV WKDQ WKUHH GLDPHWHUV�

(IIHFW RI LQGXFWRU KHLJKW RQ WKH SDWWHUQ RI WHPSHUDWXUH

ILHOG LV KLJKHU ZLWK WKH KLJKHU VSHFLILF SRZHU RI WKH
LQGXFWLRQ KHDWLQJ� :KHQ VWXG\LQJ WKH WKHUPDO VWDWH

RI VLQJOH FU\VWDOV RI ��w�� PP GLDPHWHU WKH VSHFLILF

SRZHU RI WKH LQGXFWLRQ KHDWLQJ ZDV FKDQJHG LQ WKH

UDQJH RI ���w��� :�FP
�
� ,Q RXU LQYHVWLJDWLRQV ZH

ZHUH OLPLWHG E\ WKH PRVW UHDO YDOXH ��� :�FP
�
� 7KH

HIIHFW RI LQGXFWRU KHLJKW+LQG RQ WKH PHWDO SRRO GHSWK

KS DW GLIIHUHQW GLDPHWHUV RI VLQJOH FU\VWDO LV VKRZQ LQ

)LJXUH �� &XUYHV �w� UHIOHFW WKLV UHODWLRQVKLS IRU WKH

IROORZLQJ GLDPHWHUV� ���� ��� �� DQG �� PP� 3RZHU
RI SODVPDWURQ ZDV LQ WKLV FDVH� UHVSHFWLYHO\� DV IRO�

ORZV� ��� ��� ���� DQG �� N:�

,W ZDV HVWDEOLVKHG LQ >�@ WKDW WKH GHSWK RI SRRO

UHPDLQV FRQVWDQW LQ WKDW FDVHZKHQ WKH LQGXFWRU KHLJKW

� WLPHV H[FHHGV WKH LQJRW GLDPHWHU� ,W IROORZV IURP
)LJXUH � WKDW ZLWK LQFUHDVH LQ VLQJOH FU\VWDO GLDPHWHU
WKH UHODWLRQVKLS RI HIIHFW RI LQGXFWRU KHLJKW �]RQH RI

KHDWLQJ� RQ SRRO GHSWK� UHYHDOHG HDUOLHU IRU VPDOO
VDPSOHV� LV GLVWXUEHG� ,Q WKH LQYHVWLJDWHG UDQJH RI

� 9�$� 6+$329$/29� 9�9� <$.86+$ DQG $�1� *1,='</2� ����


7KH ZRUN ZDV IXOILOOHG XQGHU WKH ILQDQFLQJ VXSSRUW RI 6FLHQFH DQG 7HFKQRORJ\ &HQWHU LQ 8NUDLQH�
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GLDPHWHUV RI VLQJOH FU\VWDO WKH LQGXFWRU KHLJKW�FU\V�
WDO GLDPHWHU UDWLR LV GHFUHDVHG IURP � WR ����

7KH PDWKHPDWLFDO PRGHO XVHG IRU LQYHVWLJDWLRQ RI
WHPSHUDWXUH ILHOGV UHIOHFWV UDWKHU SUHFLVHO\� LQ RXU
RSLQLRQ� WKH UHDO SDWWHUQ RI HIIHFW RI LQGXFWRU KHLJKW
RQ SRRO GHSWK� $V WR WKH VKDSH RI SKDVHV LQWHUIDFH WKH
QHZ SUREOHPV DUH DSSHDUHG KHUH� EHLQJ DVVRFLDWHGZLWK
WKH SHUIHFWLRQ RI WKH SODVPD KHDW VRXUFH� 7KH KHDW
IORZ� HQWHUHG WKH SRRO� LV GLYLGHG FRQGLWLRQDOO\ RQ
WKH PRGHO LQWR WZR ]RQHV� LQ WKH UDQJH RI ZKLFK LWV
SRZHU LV FRQVWDQW� ,Q SUDFWLFH� ZKHQ SODVPD�DUF KHDW
VRXUFHV DUH XVHG� WKH OHQJWK RI WKH ]RQH ZLWK D ORZ
LQWHQVLW\ RI IORZ� DV ZHOO DV WKH ]RQH RI KHDWLQJ ZLWK
KLJKHU LQWHQVLW\ �DUF VSRW ]RQH�� LV QRW NQRZQ�

:LWK LQFUHDVH LQ OLQHDU VL]HV RI VLQJOH FU\VWDOV �GL�
DPHWHU� WKH LQYHVWLJDWHG VFKHPH RI D FRPELQHG KHDW�
LQJ GRHV QRW SURYLGH WKH IRUPDWLRQ RI PROWHQ SRRO RI
WKH UHTXLUHG VL]HV� 7KHUHIRUH� WKH JURZLQJ RI VLQJOH
FU\VWDOV RI GLDPHWHU RI PRUH WKDQ ��w�� PP ZLOO EH
SUREOHPDWLF� 7KLV FRQFOXVLRQ LV IROORZHG LQGLUHFWO\
IURP )LJXUH �� DV WKH HVWDEOLVKHG HDUOLHU UHODWLRQ EH�
WZHHQ WKH FULWLFDO KHLJKW RI WKH LQGXFWRU DQG GLDPHWHU
RI WKH VLQJOH FU\VWDO LV GLVWXUEHG DIWHU LQFUHDVH LQ WKH
GLDPHWHU RI WKH ODWWHU DERYH WKH JLYHQ GDWD� 7R SURGXFH
ODUJHU VLQJOH FU\VWDOV LW LV UDWLRQDO WR PRYH WKH PHWDO
SRRO RI WKH VL]H� EHLQJ VPDOOHU WKDQ FU\VWDO GLDPHWHU�
DORQJ WKH HQWLUH IRUPLQJ VXUIDFH� +HUH� GLIIHUHQW YDUL�
DQWV FDQ EH VXJJHVWHG� EXW LQ HDFK RI WKHP WKH SODV�
PDWURQ LV ORFDWHG D[LV\PPHWULFDOO\ ZLWK UHVSHFW WR
WKH FU\VWDO� 7KH SURFHVV RI FU\VWDO IRUPDWLRQ RFFXUV
OD\HU�E\�OD\HUZLWK D VKLIWLQJ RI WKH LQFUHPHQWLQJ SDWK
RU ZLWKRXW VKLIWLQJ DQG ZLWK FKDQJH LQ WKH GLUHFWLRQ
RI URWDWLRQ RI WKH FU\VWDO DIWHU WUDQVLWLRQ WR WKH QHZ
OD\HU�

7KH XVH RI WKH VFKHPH ZLWK D IL[HG SODVPDWURQ
�)LJXUH �� D� DOVR SXWV OLPLWDWLRQV RQ OLPLWLQJ YDOXHV
RI WKH VLQJOH FU\VWDO GLDPHWHU� DV WKH SRRO GLDPHWHU
VKRXOG EH ODUJHU WKDQ WKH VLQJOH FU\VWDO UDGLXV� :LWK
D ODUJH LQFUHDVH LQ WKH SRRO� WKH SUREOHPV DUH DSSHDUHG�
VLPLODU WR WKRVH� ZKLFK DUH W\SLFDO RI WKH D[LV\PPHW�
ULFDO VFKHPH� 7KH SURFHVV� WKH GLDJUDP RI ZKLFK LV
VKRZQ LQ )LJXUH �� E� DOORZV JURZLQJ VLQJOH FU\VWDOV
RI DOPRVW DQ\ VL]H� KRZHYHU� LW FDQ EH OLPLWHG E\ WKH
FDSDFLW\ RI WKH KLJK�IUHTXHQF\ JHQHUDWRU� LI LW LV QHF�
HVVDU\ WR KHDW WKH HQWLUH VLQJOH FU\VWDO� ,I WR XVH DQR�
WKHU NLQG RI KHDWLQJ WR PDLQWDLQ WKH QHFHVVDU\ WHP�

SHUDWXUH LQ WKH ORZHU SDUW RI WKH FU\VWDO� IRU H[DPSOH�
UDGLDWLRQ KHDWLQJ� WKHQ LW LV SRVVLEOH WR JURZ FU\VWDOV
RI D UDWKHU ODUJH GLDPHWHU DW FRPSDUDWLYHO\ ORZ SRZHU
RI WKH KLJK�IUHTXHQF\ JHQHUDWRU� UHTXLUHG RQO\ WR
PDLQWDLQ PHWDO SRRO IURP IORZLQJ RXW DQG KHDWLQJ RI
WKH XSSHU SDUW RI WKH VLQJOH FU\VWDO�

7KH LQYHVWLJDWLRQV FDUULHG RXW RQ PRGHOOLQJ RI
WKHUPDO ILHOGV DOORZ XV WR GHWHUPLQH WKH UHODWLRQVKLSV
RI FDSDFLWLHV RI SODVPD�DUF DQG KLJK�IUHTXHQF\ KHDW
VRXUFHV� )LJXUH � VKRZV WKH FKDQJH LQ SRZHU : RI
KHDW IORZV� WDNHQ E\ WKH VLQJOH FU\VWDO IURP HDFK KHDW
VRXUFH� ,Q H[SHULPHQW FRQGXFWDQFH WKH RULHQWDWLRQ
ZDV PDGH WR WKH IROORZLQJ� ,QGHSHQGHQWO\ RI WKH VLQ�
JOH FU\VWDO GLDPHWHU GFU WKH SRRO KHLJKW DW LWV ODWHUDO
VXUIDFH ZDV NHSW FRQVWDQW� 7KH LQGXFWRU KHLJKW ZDV
PLQLPXP� FRPLQJ IURP WKH FRQGLWLRQ WKDW LWV IXUWKHU
LQFUHDVH GRHV QRW LQIOXHQFH WKH SRRO GHSWK LQ FU\VWDO
D[LV� $V LW IROORZV IURP WKH DQDO\VLV RI )LJXUH �� ZLWK
LQFUHDVH LQ GLDPHWHU RI D VLQJOH FU\VWDO WKH UHODWLRQVKLS

)LJXUH �� 'HSHQGHQFH RI SRRO GHSWK RQ KHLJKW RI KHDWLQJ ]RQH

)LJXUH �� 6FKHPHV RI 3,=0 IRU JURZLQJ ODUJH F\OLQGULFDO FU\VWDOV�
Dx IL[HG SODVPDWURQ� Ex SODVPDWURQ LV VFDQQLQJ DORQJ WKH VLQJOH
FU\VWDO UDGLXV� �x VLQJOH FU\VWDO� �x PHWDO SRRO� �x SODVPDWURQ

)LJXUH �� &KDQJH LQ SRZHU RI KHDW IORZV WDNHQ E\ VLQJOH FU\VWDO
GHSHQGLQJ RQ GLDPHWHU RI WKH ODWWHU DW FRPELQHG KHDWLQJ E\ SODV�
PDWURQ DQG LQGXFWRU� � x LQGXFWLRQ KHDWLQJ� � x SODVPD�DUF
KHDWLQJ
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EHWZHHQ WKH DPRXQW RI KHDW� WUDQVIHUUHG WR LW E\ WKH
KLJK�IUHTXHQF\ DQG SODVPD�DUF KHDWLQJ� LV UHGXFHG
IURP ���� WR ��� ZLWK LQFUHDVH LQ FU\VWDO GLDPHWHU
IURP �� WR ��� PP� 7KH UHODWLRQVKLS REWDLQHG LV EDVHG
RQ D VFDOH IDFWRU�

7KH UHODWLRQVKLS LV HVWLPDWLQJ DQG FKDQJHG ZLWK
LQFUHDVH LQ KHLJKW RI WKH VLQJOH FU\VWDO� DV KHUH LW LV
QHFHVVDU\ WR LQFUHDVH WKH VSHFLILF SRZHU RI KHDWLQJ
:VS WR PDLQWDLQ WKH UHTXLUHG WHPSHUDWXUH LQ WKH ORZHU
SDUW RI WKH FU\VWDO� ,W ZDV HVWDEOLVKHG E\ XV WKDW WKH
VSHFLILF SRZHU RI SUHKHDWLQJ RI WKH FU\VWDO ORZHU SDUW
LQ XVH RI WKH WZR�VHFWLRQDO PRXOG >�@ FDQQRW EH ORZHU
WKDQ �� :�FP� �)LJXUH ��� DV IRU WKH FRQGLWLRQV RI
UHOD[DWLRQ RI LQWHUQDO VWUHVVHV WKH WHPSHUDWXUH RI SUH�
KHDWLQJ RI WKH FU\VWDO ORZHU SDUW VKRXOG EH KLJKHU
WKDQ ���7PHOW >�@ �IRU WXQJVWHQ LW LV KLJKHU WKDQ
���� .��

7KXV� ZKHQ PLQLPL]LQJ WKH FDSDFLWLHV RI WKH LQ�
GXFWLRQ KHDWHUV WKH WRWDO YDOXH RI WKH SRZHU JHQHUDWHG
E\ LW LQ UHDFKLQJ WKH OHQJWK RI FU\VWDO HTXDO WR ��w��
GLDPHWHUV� FDQ LQFUHDVH ���w��� WLPHV� 7KHUHIRUH� WKH
UHDO UDWLR RI FDSDFLWLHV RI VRXUFHV RI LQGXFWLRQ DQG
SODVPD�DUF KHDWLQJ IRU VXIILFLHQWO\ ORQJ FU\VWDO ZLOO
FKDQJH LQ WKH UDQJH RI ���w����� 7KH ORZHU YDOXH LV
IRU WKH ODUJHU FU\VWDOV� ZKLOH WKH KLJKHU YDOXH LV IRU
VPDOO�GLDPHWHU FU\VWDOV�

7KH FRQFOXVLRQ FDQ EH PDGH IURP WKH LQYHVWLJDWLRQ
UHVXOWV WKDW WKH JUHDW GLIIHUHQFHV LQ SDWWHUQV RI WHP�
SHUDWXUH ILHOGV DQG LQ UDWLRV RI FDSDFLWLHV RI VRXUFHV
RI SODVPD�DUF DQG LQGXFWLRQ KHDWLQJ IRU ODUJH VLQJOH
FU\VWDOV RI UHIUDFWRU\ PHWDOV DQG FU\VWDOV RI VPDOO VL]HV
DUH FDXVHG PDLQO\ E\ D VFDOH IDFWRU ZKLFK WDNHV LQWR
DFFRXQW WKH WKHUPRSK\VLFDO FKDUDFWHULVWLFV RI WKH PD�
WHULDO� LWV YROXPH DQG JHRPHWU\ RI KHDW�GLVVLSDWLQJ
VXUIDFH�

:KHQ GHYHORSLQJ WKH WHFKQRORJ\ RI SURGXFLQJ
ODUJH VLQJOH FU\VWDOV RI UHIUDFWRU\ PHWDOV �RI PRUH WKDQ
��w�� PP GLDPHWHU�� LW LV UDWLRQDO WR XVH D SODVPD
KHDW VRXUFH RI D ORZ VLQJOH�XQLW SRZHU� UHTXLUHG IRU
VHWWLQJ XS WKH PROWHQ PHWDO SRRO RI D VL]H� EHLQJ
VPDOOHU WKDQ WKH GLDPHWHU RI WKH JURZLQJ FU\VWDO� DQG
WR PRYH LW DORQJ WKH IRUPLQJ VXUIDFH XVLQJ D SUHVHW
SURFHGXUH� +HUH� LW LV QHFHVVDU\ WR XVH DQ LQGXFWLRQ
KHDWLQJ DORQJ WKH DOO KHLJKW RI WKH IRUPLQJ LQJRW WR
JURZ VPDOO�KHLJKW FU\VWDOV WRPDLQWDLQ WKH VWDEOH KHDW�
LQJ FRQGLWLRQV� ,Q FDVH RI JURZLQJ VXIILFLHQWO\ ODUJH
FU\VWDOV LW LV QHFHVVDU\ WR XVH D KHDWHU FRPSRVHG RI
WZR VHFWLRQV� 7KH XSSHU LQGXFWLRQ VHFWLRQZLOO SHUIRUP
WKH IXQFWLRQV RI PDLQWDLQLQJ WKH PROWHQ PHWDO SRRO
IURP IORZLQJ RXW� VWDELOL]DWLRQ RI JHRPHWU\ RI FU\V�
WDOOL]DWLRQ IURQW� DQG DOVR UHPRYDO RI WKH KHDW VKRFN
IURP WKH SODVPD DUF IODPH LQ WKH FU\VWDO ]RQH DGMDFHQW
WR WKH UHJLRQ RI LQWHUIDFH RI VROLG DQG OLTXLG SKDVHV�
)XQFWLRQV RI WKH VHFRQG VHFWLRQ RI WKH KHDWHU �LQGXF�
WLRQ RU UDGLDWLRQ� ZLOO FRQVLVW LQ PDLQWDLQLQJ WKH UH�
TXLUHG WKHUPDO FRQGLWLRQV IRU UHOD[DWLRQ RI LQWHUQDO
VWUHVVHV LQ WKH LQJRW ORZHU SDUW�

)LJXUH �� 'HSHQGHQFH RI WHPSHUDWXUH RI WXQJVWHQ VLQJOH FU\VWDO RQ
VSHFLILF SRZHU RI KHDWLQJ

�� 6KDSRYDORY� 9�$�� =KDGNHYLFK� 0�/�� 7RUNKRY� *�)� HW DO�
������ *URZLQJ RI UHIUDFWRU\ PHWDO VLQJOH FU\VWDOV �5H�
YLHZ�� $GYDQFHV LQ (OHFWURPHWDOOXUJ\� �� ��w���

�� 6KDSRYDORY� 9�$�� <DNXVKD� 9�9�� *QL]G\OR� $�1� ������
7KHUPDO ILHOG RI D VLQJOH FU\VWDO DW D FRPELQHG KHDWLQJ�
,ELG�� �� ��w���

�� 6KDSRYDORY� 9�$� ������ 7KHUPDO ILHOG RI WXQJVWHQ VLQJOH
FU\VWDO LQ SODVPD�LQGXFWLRQ ]RQH PHOWLQJ� ,ELG�� �� ��w���

�� =RORWDUHYVN\� 9�6� ������ 0HFKDQLFDO SURSHUWLHV RI PHWDOV�
0RVFRZ� 0HWDOOXUJL\D�
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9�*� /,6,(1.2� <D�$� 1$6<-529� 0�,� ./,029� 3�6� $/70$1� $�<X� 7$6+.,129 DQG $�(� *21&+$529

9HUNKQ\D\D 6DOGD 0HWDOOXUJLFDO 3URGXFWLRQ $VVRFLDWLRQ� 9HUNKQ\D\D 6DOGD� 5XVVLD

([SHULPHQW RQ YDFXXP DUF UHPHOWLQJ RI ��� PP GLDPHWHU HOHFWURGH RI DOOR\ VWHHO LQWR ��� PP GLDPHWHU PRXOG ZDV

SHUIRUPHG LQ WKH LQGXVWULDO FRQGLWLRQV� 6WDWLVWLF PRGHO RI FKDQJLQJ DUF YROWDJH GURS GHSHQGLQJ RQ WKH GXUDWLRQ RI

UHOD[DWLRQ SHULRG RI LRQL]DWLRQ KDV EHHQ GHYHORSHG� 7KH RIIHUHG PRGHO FDQ EH XVHG IRU RSWLPXP FRQWURO RI SURFHVV RI

YDFXXP�DUF UHPHOWLQJ�

.H\ZRU G V � LRQL]DWLRQ� LQWHUHOHFWURGH JDS� YROWDJH GURS�
IUHTXHQF\ RI GURSOHW VKRUW�FLUFXLWV

,RQL]DWLRQ LQPHOWLQJ LV FDOOHG FRQGLWLRQDOO\ D FRPSOH[
RI SKHQRPHQD FRQVLVWLQJ RI LRQL]DWLRQ DQG H[FLWDWLRQ

RI YDSRXUV DQG JDVHV LQ D JDS EHWZHHQ HOHFWURGH �FDWK�

RGH� DQG PROWHQ PHWDO SRRO �DQRGH� >�@� ,RQL]DWLRQ

RFFXUV LQ HYDSRUDWLRQ DQG FRQGHQVDWLRQ RI ORZ�ERLOLQJ

LPSXULWLHV DQG DOOR\LQJ DGGLWLRQV RI PDJQHVLXP� PDJ�
QHVLXP FKORULGH� PDQJDQHVH� HWF� 7KH PDLQ SDUW RI D

OXPLQRXV FORXG KDV D JUHHQLVK�EOXH FRORXU� ZKLFK LV
FKDQJHG IRU \HOORZ DQG UHG EHLQJ FORVHU WR WKH

�FURZQ� RI LQJRW� /XPLQHVFHQFH FDQ KDYH D IRUP RI

D FOHDUO\ H[SUHVVHG WDLO DQG IROORZ WKH DQRGH VSRW

VOLGLQJ E\ WUDMHFWRU\� /XPLQHVFHQFH FDQ EH VKRUW�WLPH

��w� V�� GHWDFKLQJ IURP WKH DUF DQG LOOXPLQDWLQJ LWVHOI
WKH JDS EHWZHHQ WKH HOHFWURGH DQG PRXOG� DQG FDQ EH
DOVR ORQJ�WLPH ��w��� V�� KLGLQJ WKH PLUURU RI PROWHQ

PHWDO DQG HOHFWURGH ORZHU HQG XQGHU LWV EULJKW VSRW�

7KH PDLQ DLP RI WKH ZRUN LV WR DQDO\]H LRQL]DWLRQ DQG
WR GHWHUPLQH LWV HIIHFW RQ SDUDPHWHUV RI DUF YROWDJH GURS
DQG IUHTXHQF\ RI GURSOHW VKRUW�FLUFXLWV GXULQJ PHOWLQJ�

([SHULPHQW DQG GLVFXVVLRQ� 'XULQJ PHOWLQJ WKH
DUF YROWDJH GURS 8D DQG IUHTXHQF\ RI GURSOHW VKRUW�

FLUFXLWV )'6& ZHUH UHFRUGHG LQ LQGXVWULDO FRPSXWHU

$:6���� RI FRPSDQ\ �$GYDQWHFK� DW � +] IUH�
TXHQF\� $OO GDWD ZHUH DYHUDJHG IURP ILYH SUHYLRXV

SRLQWV� 3UHVVXUH LQ IXUQDFH ZDVPDLQWDLQHG DW WKH OHYHO

RI � 3D� ,QWHUHOHFWURGH JDS ZDV �� ± � PP ZLWKLQ WKH

HQWLUH SHULRG RI PHOWLQJ� DUF FXUUHQW ZDV � N$� )L�

JXUH � VKRZV GHSHQGHQFLHV RI DUF YROWDJH GURS DQG

IUHTXHQF\ RI GURSOHW VKRUW�FLUFXLWV RQ WLPH LQ UHPHOW�
LQJ RI ��� PP GLDPHWHU KLJK�DOOR\ VWHHO HOHFWURGH LQ
��� PP GLDPHWHU PRXOG�

,Q LRQL]DWLRQ WKH DUF YROWDJH GURS E\ �w� 9 DQG
GHFUHDVH LQ IUHTXHQF\ RI GURSOHWV VKRUW�FLUFXLWV XS WR
LWV FRPSOHWH DEVHQFH DUH RFFXUUHG >�� �@� ,Q WKLV FRQ�

QHFWLRQ� LW ZDV GHFLGHG WR DQDO\]H WKH PRVW W\SLFDO

SURFHVVHV RI LRQL]DWLRQ GXULQJ WKH HQWLUH SHULRG RI

PHOWLQJ� �� GLIIHUHQW GLDJUDPV RI LRQL]DWLRQZHUH XVHG�

(DFK GLDJUDP ZDV GLIIHUHG E\ DQ DYHUDJH DUF YROWDJH
GURS EHIRUH LRQL]DWLRQ� 8DY� PLQLPXP YROWDJH GURS

GXULQJ LRQL]DWLRQ� 8PLQ� GLIIHUHQFH EHWZHHQ WKH DUF

YROWDJH GURS EHIRUH LRQL]DWLRQ DQG LWV PLQLPXP YDOXH�

8GLII� DQG DOVR DYHUDJHG IUHTXHQF\ RI GURSOHW VKRUW�

FLUFXLWV EHIRUH LRQL]DWLRQ� )DY�

(DFK LRQL]DWLRQ LV GHWHUPLQHG E\ WKH IROORZLQJ
SDUDPHWHUV� WLPH RI YROWDJH GURS� WG� WLPH RI UHOD[D�

WLRQ SURFHVV RI YROWDJH GURS� WU� WLPH DW ZKLFK WKH

YDOXH RI IUHTXHQF\ RI GURSOHW VKRUW�FLUFXLWV LV FORVH WR

]HUR� W'6&� $V D UHVXOW� D JUDSKLFDO PRGHO RI LRQL]DWLRQ

EHKDYLRXU� SUHVHQWHG LQ )LJXUH �� ZDV VXJJHVWHG� 7D�
EOH JLYHV GDWD IRU HDFK LRQL]DWLRQ GXULQJ PHOWLQJ�

8VLQJ SDFNDJH 6WDWLVWLND ���� WKH DQDO\VLV RI GH�
SHQGHQFH RI YDOXH8GLII RQ GXUDWLRQ RI UHOD[DWLRQ SUR�

FHVV WU ZDV PDGH� 5HODWLRQVKLS LV ZHOO DSSUR[LPDWHG

E\ WKH IROORZLQJ OLQHDU HTXDWLRQ�

8GLII  �����W
U
� ������ ���

&RHIILFLHQW RI UHJUHVVLRQ IRU WKH JLYHQ PRGHO LV
HTXDO WR ����� ZKLFK LQGLFDWHV WKDW WKH PRGHO GH�

VFULEHV ZHOO HQRXJK WKH GDWD RI H[SHULPHQW� )LJXUH �

VKRZV GLVWULEXWLRQ 8GLII GHSHQGLQJ RQ GXUDWLRQ RI

� 9�*� /,6,(1.2� <D�$� 1$6<-529� 0�,� ./,029� 3�6� $/70$1� $�<X� 7$6+.,129 DQG $�(� *21&+$529� ����

)LJXUH �� *UDSKLFDO PRGHO RI LRQL]DWLRQ LQ YDFXXP DUF UHPHOWLQJ
)LJXUH �� 'HSHQGHQFH RI DUF YROWDJH GURS DQG IUHTXHQF\ RI GURSOHW
VKRUW�FLUFXLWV RQ WLPH
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UHOD[DWLRQ SURFHVV WU� DQG )LJXUH � JLYHV GLDJUDP RI

VFDWWHULQJ RI GHSHQGHQFH RI H[SHULPHQWDO GDWD RQ SUH�

GLFWHG YDOXHV 8GLII E\ HTXDWLRQ ����

,Q DGGLWLRQ� WKH DQDO\VLV RI WKH UHVW YDOXHV ZDV

PDGH� L�H� GLIIHUHQFH RI YDOXHV 8GLII� SUHGLFWHG E\

HTXDWLRQ ��� DQG REWDLQHG H[SHULPHQWDOO\� ZDV GHWHU�

PLQHG� )LJXUH � VKRZV JUDSK RI UDWHG IXQFWLRQ RI

GLVWULEXWLRQ RI UHPQDQWV�

7KH FRQFOXVLRQ FDQ EH PDGH IURP )LJXUHV � DQG �

DERXW WKH DGHTXDF\ RI VXJJHVWHG UHJUHVVLRQ HTXDWLRQ

���� 7KXV� E\ FKDQJLQJ WKH SDUDPHWHU 8GLII LW LV SRV�

VLEOH WR PDNH DVVXPSWLRQ ZLWK D KLJK VKDUH RI SUR�

EDELOLW\ DERXW WKH GXUDWLRQ RI LRQL]DWLRQ DQG WLPH RI

LWV FRPSOHWLRQ� 7KH FKDUDFWHULVWLF IHDWXUH RI LRQL]DWLRQ

LV WKH LQWHUUXSWLRQ RI GURSOHW VKRUW�FLUFXLWV GXULQJ

UHOD[DWLRQ SURFHVV� 'XULQJ WKH SHULRG RI LRQL]DWLRQ

)'6& LV HTXDO WR ]HUR DQG RQO\ LQ VRPH FDVHV WKH

VR�FDOOHG �QRLVHV� DUH RFFXUUHG� WKH PHWDO GURSOHWV

IURPWKH HOHFWURGH HQG OHDG WR VKRUW�FLUFXLWZLWKDPROWHQ

PHWDO SRRO� )UHTXHQF\ RI WKHVH �QRLVHV� LV DERXW �w�+]�

GXUDWLRQ LV QRW PRUH WKDQ �w� V DQG LW LV HDV\ WR GLVWLQ�

JXLVK LW� EHFDXVH WKH IUHTXHQF\ RI GURSOHW VKRUW�FLUFXLWV

EHIRUH LRQL]DWLRQ LV �w� +] DQG PRUH�

$SSOLFDWLRQ RI PRGHO LQ 9$5 FRQWURO� 2SHUDWLRQ

RI DXWRPDWHG FRQWURO V\VWHPV RI YDFXXP�DUF UHPHOWLQJ

LV UHDOL]HG� DV D UXOH� HLWKHU E\ SDUDPHWHUV RI YROWDJH

GURS RU E\ IUHTXHQF\ RI GURSOHW VKRUW�FLUFXLWV >�@� $W

ORQJ�WLPH LRQL]DWLRQ� L�H� YROWDJH GURS DQG DEVHQFH RI

IUHTXHQF\ RI GURSOHW VKRUW�FLUFXLWV� WKH GHWHULRUDWLRQ

LQ RSHUDWLRQ RI DXWRPDWLF FRQWUROOHUV LV SRVVLEOH� FDXV�

LQJ WKH LQVWDELOLW\ LQ FRQWURO RI WKH PHOWLQJ SURFHVV�

,Q DFFRUGDQFH ZLWK WKH RIIHUHG UHJUHVVLRQ PRGHO WKHUH

LV D IHDVLELOLW\ WR LGHQWLI\ LRQL]DWLRQ DV D SKHQRPHQRQ

DQG� ZLWK DOORZDQFH IRU D SUHVHW PRGHO� WR SURYLGH

WKH RSWLPXP FRQWURO RI WKH PHOWLQJ SURFHVV�

&21&/86,216

�� $UF YROWDJH GURS LQ YDFXXP�DUF PHWKRG RI UHPHOWLQJ

LV DEUXSWO\ MXPS\ GHFUHDVHG� KHUH� WKH GXUDWLRQ RI UH�

OD[DWLRQ SHULRG LV LQFUHDVHG VORZO\ WR WKH LQLWLDO YDOXH�

�� 'HSHQGHQFH RI MXPS\ FKDQJH LQ YROWDJH GURS

RQ WKH GXUDWLRQ RI UHOD[DWLRQ SHULRG LV ZHOO GHVFULEHG

E\ D OLQHDU PRGHO�

�� )UHTXHQF\ RI GURSOHW VKRUW�FLUFXLWV GXULQJ UH�

OD[DWLRQ SURFHVV RI LRQL]DWLRQ LV DOPRVW LQWHUUXSWHG

DQG LWV OHYHO LV ���w��� +]�

�� 7KH RIIHUHG UHJUHVVLRQ PRGHO FDQ EH XVHG LQ

DXWRPDWLF FRQWUROOHUV RI PHOWLQJ WR FRQWURO WKH FRQ�

VXPDEOH HOHFWURGH PRYHPHQW�

�� $QGUHHY� $�/�� $QRVKNLQ� 1�)�� %RFKYDU� *�$� HW DO� ������
0HOWLQJ DQG FDVWLQJ RI WLWDQLXP DOOR\V� 0RVFRZ� 0HWDOOXUJL\D�

�� =DQQHU� )�'�� :LOOLDPVRQ� 5�/�� +DUULVRQ� 5�3� HW DO� ������
9DFXXP�DUF UHPHOWLQJ RI ,QFRQHO ���� -� 6RF� RI 6SHFLDOLVWV RQ
0LQHUDOV DQG 0HWDOV� 6HULHV %� ��� ���w����

�� =DQQHU� )�'�� 6NOLQGJHU� 0�(�� +LJKVLQGJHU� .�/� HW DO�
������ &XUUHQW VWUDWHJLHV RI FRQWURO RI YDFXXP�DUF UHPHOW�
LQJ DOOR\V VHQVLWLYH WR OLTXDWLRQ� ,ELG�� ��� ��w���

�� $OSHURYLFK� 0�(� ������ $XWRPDWLRQ DQG RSWLPLVDWLRQ RI PDLQ
SURFHVVHV RI VSHFLDO HOHFWURPHWDOOXUJ\� 0RVFRZ� 0HWDOOXUJL\D�

3DUDPHWHUV RI DUF YROWDJH GURS DQG IUHTXHQF\ RI GURSOHW VKRUW�
FLUFXLWV IRU HDFK LRQL]DWLRQ

1R� RI

LRQL]DWLRQ
8

PLQ
� 9 8

GLII
� 9 W

G
� V W

U
� V W

'6&
� V

� ���� ��� ��� �� ��

� ���� ��� ��� �� ��

� ���� ��� ��� �� ��

� ���� ��� ��� �� ��

� ���� ��� ��� �� ��

� ���� ��� ��� �� ��

� ���� ��� ��� �� ��

� ���� ��� ��� �� ��

� ���� ��� ��� �� ��

�� ���� ��� ��� �� ��

�� ���� ��� ��� �� ��

�� ���� ��� ��� �� ��

�� ���� ��� ��� �� ��

�� ���� ��� ��� �� ��

�� ���� ��� ��� �� ��

1R W H � 8
DY

IRU DOO WKH GLDJUDPV RI LRQL]DWLRQ LV ���� 9�

)LJXUH �� 'LDJUDP RI VFDWWHULQJ RI GHSHQGHQFH RI REVHUYHG �H[�
SHULPHQWDO� GDWD RQ SUHGLFWHG GDWD E\ HTXDWLRQ ��� �VROLG OLQH
LQGLFDWHV UHODWLRQVKLS E\ HTXDWLRQ ���� GDVKHG OLQH VKRZV �� �
LQWHUYDO UHODWLYH WR OLQH RI UHJUHVVLRQ�

)LJXUH �� 'HSHQGHQFH RI 8
GLII

RQ GXUDWLRQ RI UHOD[DWLRQ SURFHVV RI
LRQL]DWLRQ �SRLQWV x GDWD RI H[SHULPHQWV� VROLG OLQH x SUHGLFWLRQ
E\ HTXDWLRQ ����

)LJXUH ��*UDSK RI UDWHG IXQFWLRQ RI GLVWULEXWLRQ RI UHPQDQWV �VROLG
OLQH x IXQFWLRQ RI GLVWULEXWLRQ� SRLQWV x YDOXHV RI UHPQDQWV�
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6WUHQJWK FKDUDFWHULVWLFV RI IRUJHG VHPL�SURGXFWV RI H[SHULPHQWDO KLJK�VWUHQJWK �α � β��WLWDQLXP DOOR\V RI 7Lw$Ow0Rw
9w1Ew)Hw=U V\VWHP �7����� DIWHU GLIIHUHQW FRQGLWLRQV RI IRUJLQJ DQG KHDW WUHDWPHQW DUH GHILQHG� 7HFKQRORJLFDO SD�

UDPHWHUV RI IRUJLQJ DQG KHDW WUHDWPHQW SURYLGLQJ WKH UHTXLUHG OHYHO RI PHFKDQLFDO SURSHUWLHV DUH GHYHORSHG� ,W LV VKRZQ

WKDW WKH DV�DQQHDOHG IRUJHG DOOR\ 7���� LV QRW LQIHULRU E\ WKH OHYHO RI VWUHQJWK WR WKH IRUJLQJV RI LQGXVWULDO DOOR\ 97���

.H\ZRU G V � WLWDQLXP DOOR\V� KHDW WUHDWPHQW� IRUJLQJ� PL�
FURVWUXFWXUH� PHFKDQLFDO SURSHUWLHV

3URJUHVV LQ DLUFUDIW HQJLQHHULQJ LV DFFRPSDQLHG E\ D
FRQWLQXRXV LQFUHDVH LQ UHTXLUHPHQWV IRU WKH TXDOLW\

DQG OHYHO RI SURSHUWLHV RI PDWHULDOV XVHG WR SURYLGH

ERWK PD[LPXP VHUYLFH UHOLDELOLW\ RI IO\LQJ YHKLFOHV
DQG DOVR WKHLU KLJK ZHLJKW HIIHFWLYHQHVV�

7R GHFUHDVH WKH PDVV RI IO\LQJ YHKLFOHV WKH KLJK�
VWUHQJWK WZR�SKDVH �α � β��WLWDQLXP DOOR\V DUH XVHG
LQ VWUXFWXUHV RI WKHLU ORDG�FDUU\LQJ HOHPHQWV� 6WUHQJWK

RI WKHVH DOOR\V LV GHWHUPLQHG QRW RQO\ E\ WKH GHJUHH

RI DOOR\LQJ� EXW DOVR E\ WKH SDUDPHWHUV RI SUHVVXUH

WUHDWPHQW� SRVW KHDW DQG WKHUPRPHFKDQLFDO WUHDW�

PHQW� +RZHYHU� ZLWK LQFUHDVH LQ DOOR\ VWUHQJWK LWV

GXFWLOLW\ LV� DV D UXOH� GHFUHDVHG� WKDW LV DQ LPSRUWDQW
GUDZEDFN RI WKH PDWHULDO RI VWUXFWXUHV� RSHUDWLQJ XQ�

GHU YLEUDWLRQ� UHSHDWHG VWDWLFV� EHQGLQJ� VKRFN ORDGV�
7KHUHIRUH� GXULQJ UHFHQWO\ WKH PRUH DQG PRUH DWWHQ�

WLRQ LV SDLG WR WKH LPSURYHPHQW RI �α � β��WLWDQLXP
DOOR\V� RSWLPL]LQJ RI SDUDPHWHUV RI LQJRWV GHIRUPDWLRQ

LQ PDQXIDFWXUH RI VHPL�SURGXFWV IURP WKHP DQG FRQ�

GLWLRQV RI KDUGHQLQJ KHDW WUHDWPHQW�
3K\VLFDO�FKHPLFDO DQG WKHUPRSK\VLFDO SHFXOLDUL�

WLHV RI WLWDQLXP DQG LWV DOOR\V UHTXLUH FRPSUHKHQVLYH

DSSURDFK WR WKH SURFHVVHV RI WKHLU GHIRUPLQJ� 7KLV LV

VWLSXODWHG E\ WKH IROORZLQJ IDFWRUV� 7KH UHGXFHG KHDW�

FRQGXFWLYLW\ RI WLWDQLXP DOOR\V OHDGV WR WHPSHUDWXUH

GURSV LQ VHFWLRQ RI LQJRWV DQG ELOOHWV GXULQJ WKHLU
KHDWLQJ� RFFXUUHQFH RI KLJK LQWHUQDO VWUHVVHV� DQG LQ
VHSDUDWH FDVHV WR WKH LQLWLDWLRQ RI FUDFNV� 7KLV UHTXLUHV

WR OLPLW WKH UDWH RI KHDWLQJ� LQ SDUWLFXODU RI LQJRWV

DQG ELOOHWV RI ODUJH VL]HV� 6LJQLILFDQW WHPSHUDWXUH

GURSV PD\ DOVR RFFXU LQ FRROLQJ RI ELOOHWV� )RU H[DP�

SOH� WKH UDSLG FKLOOLQJ RI DFXWH DQJOHV� WKLQ HOHPHQWV

RI VHFWLRQV RI ELOOHWV KLQGHUV JUHDWO\ WR SURYLGH XQL�

IRUP GHIRUPDWLRQ� OHDGV WR WKH IRUPDWLRQ RI FUDFNV

DQG RWKHU GHIHFWV�

/RZ KHDW FRQGXFWLYLW\ RI WLWDQLXP DQG LWV DOOR\V
KDV D QHJDWLYH HIIHFW GLUHFWO\ RQ WKH SURFHVV RI KRW
GHIRUPDWLRQ� 'XH WR KHDW HIIHFW RI GHIRUPDWLRQ DW

KLJK GHJUHHV RI UHGXFWLRQ� D VLJQLILFDQW PHWDO RYHU�
KHDWLQJ LQ ]RQHV RI LQWHQVLYH GHIRUPDWLRQ� GHWHULRUD�
WLRQ RI LWV VWUXFWXUH DQG SURSHUWLHV DUH REVHUYHG� 7KLV

LV FOHDUO\ PDQLIHVWHG XQGHU XQIDYRXUDEOH FRQGLWLRQV

RI IRUJLQJ �XSVHWWLQJ� RI ELOOHWV� VKDSH UROOLQJ RI URGV

DQG GHIRUPDWLRQDO SURFHVVHV� ,W LV SRVVLEOH WR SUHYHQW

WKH IRUPDWLRQ RI WKHVH ]RQHV ZLWK XQIDYRXUDEOH VWUXF�

WXUH RQO\ E\ D SURSHU VHOHFWLRQ RI VFKHPH� GHJUHH� UDWH

DQG LQLWLDO WHPSHUDWXUH RI PHWDO GHIRUPDWLRQ�

$W WHPSHUDWXUHV RI KHDWLQJ� UHTXLUHG IRU KRW GH�

IRUPDWLRQ RU KHDW WUHDWPHQW� WLWDQLXP DOOR\V LQWHUDFW
DFWLYHO\ ZLWK R[\JHQ� QLWURJHQ� K\GURJHQ DQG RWKHU

JDVHV RI DWPRVSKHUH� WKHLU GLIIXVLRQ LQVLGH WKH PHWDO

LV RFFXUUHG� WKH VXUIDFH JDV�VDWXUDWHG OD\HUV DUH

IRUPHG� 7KH\ DUH FKDUDFWHUL]HG E\ D KLJK KDUGQHVV
DQG ORZ GXFWLOLW\� SURPRWH WKH DSSHDUDQFH RI WHDUV LQ

GHIRUPDWLRQ� GHWHULRUDWLRQ RI TXDOLW\ RI VXUIDFH RI
VHPL�SURGXFWV� (IIHFWLYH PHWKRG RI SUHYHQWLRQ RI IRU�

PDWLRQ RI JDV�VDWXUDWHG OD\HUV LV WKH DSSOLFDWLRQ RI

SURWHFWLYH FRDWLQJV� SUHYHQWLQJ PHWDO IURP DEVRUSWLRQ

RI JDVHV QRW RQO\ LQ KHDWLQJ� EXW DOVR LQ WKH SURFHVV

RI GHIRUPDWLRQ LWVHOI DQG VXEVHTXHQW FRROLQJ�

+HDWLQJ RI �α � β��DOOR\V RI WLWDQLXP XS WR WKH
WHPSHUDWXUHV FRUUHVSRQGLQJ WR VLQJOH�SKDVH β�UHJLRQ�

LV DFFRPSDQLHG E\ D VLJQLILFDQW LQFUHDVH LQ GXFWLOLW\�

LQ SDUWLFXODU LQ GHIRUPDWLRQ RI FDVW PHWDO� DQG E\

UHGXFWLRQ LQ UHVLVWDQFH WR GHIRUPDWLRQ� +RZHYHU� WKH

GHIRUPDWLRQ RQO\ LQ β�UHJLRQ GRHV QRW PDNH LW SRVVLEOH

WR SURGXFH WKH PHWDO VWUXFWXUH SURYLGLQJ LWV KLJK VHU�

YLFH SURSHUWLHV� 2SWLPXP VWUXFWXUH FDQ EH SURGXFHG

LQ GHIRUPDWLRQ LQ �α � β��UHJLRQ� KRZHYHU� WKH PHWDO
GXFWLOLW\� LQ SDUWLFXODU LQ FDVW VWDWH� LQ WKLV LQWHUYDO
RI WHPSHUDWXUHV LV PXFK ORZHU� ZKLOH WKH GHIRUPDWLRQ

UHVLVWDQFH LV KLJKHU� ,Q SUDFWLFH RI LQGXVWULDO SURGXF�

WLRQ WKLV FRQWUDGLFWLRQ LV RYHUFRPH LQ UHDOL]DWLRQ RI

GHIRUPDWLRQ LQ WZR VWDJHV� GHIRUPDWLRQ RI LQJRWV LQ
β�UHJLRQ DQG QH[W GHIRUPDWLRQ LQ �α � β��UHJLRQ� 'H�

JUHH RI GHIRUPDWLRQ DW WKHVH VWDJHV LV VHOHFWHG FRPLQJ

IURP WKH UHTXLUHG WRWDO FKDQJH LQ VKDSH RI PHWDO LQ
PDQXIDFWXUH RI VHPL�SURGXFW� 0LQLPXP YDOXH RI GH�

� 6�/� $1721<8.� 9�1� .252/� $�*� 02/<$5� ,�0� 520$6+.2� 9�1� =$0.29 DQG 9�)� 7232/6.<� ����
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IRUPDWLRQ GHJUHH DW WKH ILUVW VWDJH LV GHILQHG E\ WKH
QHHG LQ SURGXFLQJ ILQH�JUDLQ PDFURVWUXFWXUH� DW WKH
VHFRQG VWDJH x LQ SURGXFLQJ RSWLPXP PLFURVWUXF�
WXUH� $V UHJDUGV WR GLIIHUHQW W\SHV RI VHPL�SURGXFWV
WKLV SULQFLSOH LV UHDOL]HG LQ YDULRXV YDULDQWV RI YDOXHV
RI GHJUHH DQG WHPSHUDWXUH RI GHIRUPDWLRQ >�@�

7KH DLP RI WKH SUHVHQW ZRUN ZDV WR HVWDEOLVK WKH
SDUDPHWHUV RI GHIRUPDWLRQ LQ IRUJLQJ DQG FRQGLWLRQV
RI SRVW KHDW WUHDWPHQW� SURYLGLQJ WKH UHTXLUHG OHYHO
RI PHFKDQLFDO SURSHUWLHV RI WLWDQLXP DOOR\ 7�����

7DEOH �� &RQGLWLRQV RI GHIRUPDWLRQ DQG KHDWLQJ LQ IRUJLQJ RI H[SHULPHQWDO WLWDQLXP DOOR\ 7����

2SHUDWLRQ

,QJRW 6ODE LQJRW

'XUDWLRQ RI

RSHUDWLRQ� K6FKHPH � 6FKHPH �

$ % $ %

+HDWLQJ ���� �& ���� �& ���� �& ���� �& �

8SVHWWLQJ IRU ��� RI KHLJKW

&KDQJH LQ D[LV DQG GUDZLQJ IRU

VTXDUH

���

&KDQJH LQ D[LV DQG XSVHWWLQJ IRU

��� RI KHLJKW

3UHKHDWLQJ RI ELOOHW ��� �& ��� �& ��� �& ��� �& ���

'UDZLQJ IRU ��� PP VTXDUH DQG

FXWWLQJ IRU PHDVXUHG ELOOHWV

���

3UHKHDWLQJ RI ELOOHWV ��� �& ��� �& ��� �& ��� �& ���

'UDZLQJ IRU ��� PP VTXDUH DQG

FXWWLQJ IRU PHDVXUHG ELOOHWV

���

3UHKHDWLQJ RI ELOOHWV ��� �& ��� �& ��� �& ��� �& �

'UDZLQJ IRU �� PP VTXDUH DQG

FXWWLQJ IRU PHDVXUHG ELOOHWV

���

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI DOOR\ 7���� DIWHU IRUJLQJ

6FKH�

PH

RI

IRUJ�

LQJ

7\SH RI

VHPL�

SURGXFW

σ
W
� 03D δ� � ψ� � .&8�

-�FP
�

��$ 5RG ����w���� ����w���� ����w���� ��w��

)RUJLQJ ����w���� ����w���� ����w���� ��w��

��% )RUJLQJ ����w���� ����w���� ����w���� ��w��
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3URFHGXUH RI H[SHULPHQW� $V LQLWLDO FDVW ELOOHWV
RI DOOR\ 7����� WKH LQJRWV�VODEV RI ���×���×���� PP
VL]H� DQG DOVR URXQG LQJRWV RI ��� PP GLDPHWHU DQG
����PP OHQJWK ZHUH XVHG� ,QJRW ZHUH PHOWHG �GRXEOH
UHPHOWLQJ� LQ HOHFWURQ EHDP LQVWDOODWLRQ ZLWK DQ LQ�
WHUPHGLDWH FUXFLEOH RI WKH 8(���� W\SH DW 5	3&HQWHU
�7LWDQ� RI WKH (�2� 3DWRQ (OHFWULF:HOGLQJ ,QVWLWXWH�
7HPSHUDWXUH RI SRO\PRUSKRXV β ↔ �α � β� WUDQVIRU�
PDWLRQ RI FDVW PHWDO ZDV GHWHUPLQHG WR PDNH D SURSHU
VHOHFWLRQ RI WHPSHUDWXUH FRQGLWLRQV RI GHIRUPLQJ DQG
FRQGLWLRQV RI SRVW KHDW WUHDWPHQW E\ WKH PHWKRG RI
KDUGHQLQJ� ,W ZDV ��� �& IRU ERWK LQJRWV� $V DQ H[�
DPSOH� ZH VKDOO JLYH WKH FKHPLFDO FRPSRVLWLRQ RI D
URXQG LQJRW RI DOOR\ 7����� ZW��� 7L x EDVH� $O x
����� 0R x ����� 9 x ����� 1E x ����� )H x �����
=U x ����� 2� x ������ 1� x ����� +� x ������

7KH URXQG LQJRW DQG LQJRW�VODE ZHUH VXEMHFWHG WR
IRUJLQJ IRU ��� PP GLDPHWHU URG� 7KHQ WKLV URG ZDV
IRUJHG DJDLQ IRU VTXDUH URG ZLWK �� PP VLGH DQG
VXEMHFWHG WR KHDW WUHDWPHQW�

,W ZDV UHTXLUHG LQ WKH FRQGLWLRQV RI WKLV ZRUN WR
SURGXFH WKH IROORZLQJ PHFKDQLFDO SURSHUWLHV� σW ≥
≥ ���� 03D� .&8 ≥ �� -�FP�� L�H� LW ZDV QHFHVVDU\
WR SURYLGH KLJK GXFWLOLW\ DW VLPXOWDQHRXV SUHVHUYLQJ
RI KLJK OHYHO RI VWUHQJWK� 7KHVH ERXQGDU\ FRQGLWLRQV
DUH W\SLFDO LQ WKH VHOHFWLRQ RI PDWHULDOV IRU KLJKO\�
ORDGHG HOHPHQWV RI DLUFUDIW VWUXFWXUHV� LQ SDUWLFXODU
FKDVVLV�

'HIRUPDWLRQ E\ IRUJLQJ ZDV SHUIRUPHG E\ WZR
VFKHPHV �7DEOH �� IRU LQJRW DQG VODE� 3DUDPHWHU�
ZKLFK ZDV FKDQJHG LQ WKH SURFHVV RI IRUJLQJ� ZDV
WHPSHUDWXUH� +HUH� WKH REOLJDWRU\ FRQGLWLRQ ZDV WR
SHUIRUP GHIRUPDWLRQ DW QH[W IRU WKH ODVW LQWHUPHGLDWH
DQG ILQDO VL]HV DW WHPSHUDWXUH EHORZ WKH WHPSHUDWXUH
RI β → �α � β� WUDQVIRUPDWLRQ IRU QRW OHVV WKDQ E\
�� �&�

7R GHILQH WKH RSWLPXP WHPSHUDWXUH FRQGLWLRQV RI
IRUJLQJ WKH SUH�IRUJLQJ RI VPDOO WHPSOHWV RI �� NJ
PDVV ZDV PDGH XVLQJ DOO RSHUDWLRQV JLYHQ LQ 7DEOH ��
7HPSOHWV ZHUH UHIRUJHG IRU D URG DQG IRUJLQJV DQG
WKHQ VXEMHFWHG WR KHDW WUHDWPHQW XVLQJ RQH FRPPRQ
FRQGLWLRQ� DQQHDOLQJ DW WHPSHUDWXUH ��� �&� � K KROG�
LQJ� DLU FRROLQJ DW �w� �&�PLQ UDWH� 5HVXOWV RI WHVWLQJ
WKHVH IRUJLQJV DQG URG IRU VWDWLF WHQVLRQ DQG LPSDFW
VWUHQJWK DUH JLYHQ LQ 7DEOH ��

,W LV VHHQ IURP 7DEOH GDWD WKDW VFKHPH RI IRUJLQJ
��$ JLYHV PRUH VWDEOH UHVXOWV DQG SURYLGHV EHWWHU FRP�
ELQDWLRQ RI PHFKDQLFDO FKDUDFWHULVWLFV WKDQ IRUJLQJ E\
VFKHPH ��%� 7KLV LV� SUREDEO\� VWLSXODWHG E\ WKH IDFW
WKDW LQ WKH ILUVW OD\HU DW WKH ILUVW WUDQVLWLRQ RI IRUJLQJ
WKH EHWWHU SURFHVVLQJ RI LQLWLDO FDVW VWUXFWXUH WDNHV
SODFH LQ WKH SURFHVV RI GHIRUPDWLRQ DW WKH KLJKHU WHP�
SHUDWXUH� $QDO\VLV RI PLFURVWUXFWXUH RI IRUJHG PHWDO
FRQILUPV WKLV DVVXPSWLRQ �)LJXUH ��� 7\SH RI JUDLQ
RI PLFURVWUXFWXUH FRUUHVSRQGV WR �w� W\SH RI ��W\SH
VFDOH RI 9,$0� +RZHYHU� DIWHU IRUJLQJ E\ VFKHPH

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI VHPL�SURGXFWV RI DOOR\ 97��

7\SH RI

VHPL�SURGXFW
σ
W
� 03D δ� � ψ� � .&8�

-�FP
�

5RG RI �� PP

GLDPHWHU

���� ����w���� ����w���� ��

5RG RI �� PP

GLDPHWHU

����w���� ����w���� ����w���� ��w��

5RG RI ��� PP

GLDPHWHU

����w���� ���w��� ����w���� ��w��

���� ����w���� ����w���� ��w��

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI IRUJHG URGV DIWHU KHDW WUHDW�
PHQW

&RQGLWLRQ

RI KHDW

WUHDWPHQW

σ
W
� 03D δ� � ψ� � .&8� -�FP

�

� ����w���� ���w���� ����w���� ��w��

� ����w���� ���w���� ����w���� ��w��

� ����w���� ����w���� ����w���� ��w��

)LJXUH �� 0LFURVWUXFWXUH RI DOOR\ 7���� DIWHU IRUJLQJ E\ VFKHPHV ��$ �D� E� DQG ��% �F� G�� D� F x ×���� E� G x ×���
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��%� GXH WR LQVXIILFLHQW SURFHVVLQJ RI VWUXFWXUH RI FDVW
PHWDO� WKH JUHDW GLIIHUHQFH LQ JUDLQV LV REVHUYHG LQ LWV
PLFURVWUXFWXUH�

)URP UHVXOWV RI WKHVH SUHOLPLQDU\ H[SHULPHQWV WKH
IRUJLQJ RI D URXQG LQJRW DQG LQJRW�VODJ ZDV PDGH E\
VFKHPH ��$� )RUJHG URGV ZHUH VXEMHFWHG WR KHDW WUHDW�
PHQW XVLQJ IROORZLQJ FRQGLWLRQV�

�� +HDWLQJ XS WR ��� �&� � K KROGLQJ� DLU FRROLQJ�
�� +HDWLQJ XS WR ��� �&� ��� K KROGLQJ� IXUQDFH

FRROLQJ WR ��� �&� ��� K KROGLQJ� IXUQDFH FRROLQJ WR
��� �&� � K KROGLQJ� DLU FRROLQJ� KHDWLQJ XS WR ��� �&�
� K KROGLQJ� DLU FRROLQJ� KHDWLQJ XS WR ��� �&� � K
KROGLQJ� DLU FRROLQJ�

�� 9DFXXP DQQHDOLQJ DW ��� �&� � K KROGLQJ�
&RQGLWLRQV RI KHDW WUHDWPHQW RI DOOR\ 7���� ZHUH

VHOHFWHG HDUOLHU >�@� 0HFKDQLFDO SURSHUWLHV RI IRUJHG
URGV DIWHU KHDW WUHDWPHQW DUH JLYHQ LQ 7DEOH �� )RU
FRPSDULVRQ� 7DEOH � JLYHV W\SLFDO SURSHUWLHV RI VHPL�
SURGXFWV RI DOOR\ 97�� DIWHU KHDW WUHDWPHQW�

0LFURVWUXFWXUH RI URGV DIWHU KHDW WUHDWPHQW LV SUH�
VHQWHG LQ )LJXUH ��

([DPLQDWLRQV RI VWUXFWXUH VKRZHG WKDW PDFUR�
VWUXFWXUH RI URGV FRUUHVSRQGV WR �w� PDUNV LQ ���PDUN
VFDOH RI PDFURVWUXFWXUHV� ZKLOH WKH W\SH RI JUDLQ RI
PLFURVWUXFWXUH FRUUHVSRQGV WR �w� W\SH LQ ��W\SH VFDOH
RI PLFURVWUXFWXUHV� 0LFURVWUXFWXUH RI PHWDO RI URGV
DIWHU KHDW WUHDWPHQW DFFRUGLQJ WR FRQGLWLRQV � DQG �
KDV D JOREXODU PRUSKRORJ\ RI α�SUHFLSLWDWLRQV LQVLGH
WKH JUDLQV� 0RUHRYHU� WKH JOREXODUL]DWLRQ RI SUHFLSL�
WDWLRQV RI α�SKDVH RFFXUV LQ PRUH FRPSOHWH YROXPH LQ
WKH SURFHVV RI WUHDWPHQW E\ VWDJHV� ,Q SDUDOOHO ZLWK
JOREXODU SUHFLSLWDWLRQV WKH ODPLQDU SUHFLSLWDWLRQV DUH
DOVR SUHVHQW LQ VWUXFWXUH� 7KLV W\SH RI VWUXFWXUH LV
UHIHUUHG WR ELPRGDO� ,Q YDFXXP WUHDWPHQW �FRQGL�
WLRQ �� WKH DPRXQW RI WKH JOREXODU SUHFLSLWDWLRQV LV

VPDOOHU� DQG WKH ODPLQDU SUHFLSLWDWLRQV IRUP WKH VWUXF�
WXUH LQ WKH IRUP RI D EDVNHW ZHDYLQJ�

&21&/86,216

�� 3DUDPHWHUV RI IRUJLQJ RI H[SHULPHQWDO WLWDQLXP
DOOR\ 7���� KDYH EHHQ VHOHFWHG� ,W ZDV HVWDEOLVKHG
WKDW WKH SUHOLPLQDU\ IRUJLQJ LQ β�UHJLRQ VKRXOG EH
SHUIRUPHG DW WHPSHUDWXUH RI QRW ORZHU WKDQ ���� �&
WR SURYLGH WKH PRUH FRPSOHWH SURFHVVLQJ RI FDVW VWUXF�
WXUH LQ WKH SURFHVV RI GHIRUPDWLRQ�

�� )RUJHG URGV RI DV�DQQHDOHG DOOR\ 7���� KDYH WKH
OHYHO RI VWUHQJWK RI QRW OHVV WKDQ ���� 03D� EHLQJ
QRW LQIHULRU E\ WKLV FKDUDFWHULVWLF WR DOOR\ 97��� DQG
VXSHULRU WR LW E\ WKH OHYHO RI GXFWLOLW\ DQG LPSDFW
VWUHQJWK�

�� 9DFXXP DQQHDOLQJ �FRQGLWLRQ �� PDNHV LW SRV�
VLEOH WR SURGXFH WKH KLJKHVW GXFWLOLW\ DQG LPSDFW
VWUHQJWK RI DOOR\ 7����� 0XOWL�VWDJH KHDW WUHDWPHQW
�FRQGLWLRQ �� RI DOOR\ 7���� SURYLGHV WKH EHVW FRP�
ELQDWLRQ RI FKDUDFWHULVWLFV RI VWUHQJWK DQG GXFWLOLW\�
$QQHDOLQJ DW WHPSHUDWXUH ��� �& �FRQGLWLRQ �� LV VLP�
SOHVW E\ D W\SH RI KHDW WUHDWPHQW DQG SURYLGHV DOVR
PLQLPXP UHTXLUHG OHYHO RI PHFKDQLFDO SURSHUWLHV�

�� 0DFUR� DQG PLFURVWUXFWXUHV RI SURGXFHG IRUJHG
URGV FRUUHVSRQG WR �w� PDUNV RI ���PDUN VFDOH RI
PDFURVWUXFWXUHV DQG �w� W\SH RI ��W\SH VFDOH RI PL�
FURVWUXFWXUHV� L�H� FRUUHVSRQG WR WKH UHTXLUHPHQWV
VSHFLILHG WR WKH SDUDPHWHUV RI VWUXFWXUH RI WKLV W\SH
RI VHPL�SURGXFWV�

�� $OHNVDQGURY� 9�.�� $QRVKNLQ� 1�)�� %RFKYDU� $�*� HW DO�
������ 6HPL�ILQLVKHG SURGXFWV IURP WLWDQLXP DOOR\V� 0RV�
FRZ� 0HWDOOXUJL\D�

�� $QWRQ\XN� 6�/�� 0RO\DU� $�*�� .DOLQ\XN� $�1� HW DO�
������ 7LWDQLXP DOOR\V IRU DLUFUDIW LQGXVWU\ RI 8NUDLQH� $G�
YDQFHV LQ (OHFWURPHWDOOXUJ\� �� ��w���

)LJXUH �� 0LFURVWUXFWXUH RI IRUJHG URGV RI DOOR\ 7���� DIWHU KHDW WUHDWPHQW DFFRUGLQJ WR FRQGLWLRQV � �D�� � �E� DQG � �F� �×����
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%�3� %85</<29 DQG /�3� 02-629

1,,0RQWD]K &RPSDQ\� .UDVQRGDU� 5XVVLD

&DOFXODWLRQ HTXDWLRQV DUH JLYHQ IRU GHWHUPLQDWLRQ RI QLWURJHQ VROXELOLW\ LQ PHWDO DQG VODJ PHOWV� 7KHUPRG\QDPLF
SURSHUWLHV RI VODJ PHOWV RI &D2w6L2

�
w$O

�
2

�
V\VWHP DUH FRQVLGHUHG� 8VLQJ WKH JLYHQ HTXDWLRQV WKH YDOXHV RI QLWURJHQ

VROXELOLW\ LQ PHWDO DQG VODJ� DQG DOVR WKH FRHIILFLHQW RI QLWURJHQ GLVWULEXWLRQ EHWZHHQ WKH VODJ DQG PHWDO DUH HVWDEOLVKHG�

.H\ZRU G V � QLWURJHQ VROXELOLW\� FRHIILFLHQW RI GLVWULEXWLRQ�

DFWLYLW\ RI FRPSRQHQWV� FRPSRVLWLRQ RI PHWDO DQG VODJ

$W SUHVHQW� WKHUH DUH PDQ\ H[SHULPHQWDO GDWD DERXW
WKH VROXELOLW\ RI QLWURJHQ LQ PHWDO SKDVH DQG OLWWOH

GDWD DERXW LWV VROXELOLW\ LQ VODJV� +RZHYHU� LW LV QH�
FHVVDU\ WR KDYH GDWD DERXW LWV VROXELOLW\ LQ ERWK SKDVHV

WR GHWHUPLQH WKH FRHIILFLHQWV RI QLWURJHQ GLVWULEXWLRQ�

,Q WKH SUHVHQW ZRUNV FDOFXODWLRQ HTXDWLRQV RI QL�

WURJHQ VROXELOLW\ LQ PHWDO DQG VODJ DUH JLYHQ DQG WKH

HIIHFW RI GLIIHUHQW IDFWRUV RQ FKDQJH LQ FRQWHQW RI

QLWURJHQ LQ WKHVH PHOWV LV GHILQHG�

1LWURJHQ VROXELOLW\ LQ )H�EDVH PHWDO ZDV VWXGLHG
HDUOLHU LQ >�@� 7KH QLWURJHQ FRQWHQW LQ GLIIHUHQW FRP�

SRVLWLRQV RI )Hw&w6Lw3 PHOW FDQ EH GHWHUPLQHG IURP

HTXDWLRQ

OJ >� 1@ = w
���

7
w ���� + �

�
OJ 31

�
w

���[6L

[)H

w

w

����[&

[)H

w
���[3

[)H

+ OJ (�[)H w �)�
���

ZKHUH 31� LV WKH SDUWLDO SUHVVXUH RI QLWURJHQ LQ JDV

SKDVH� [ LV WKH DWRPLF IUDFWLRQ RI FRPSRQHQWV� 7 LV

WKH DEVROXWH WHPSHUDWXUH�

7R KDYH D FRPSOHWH FKDUDFWHULVWLF RI QLWURJHQ EH�

KDYLRXU LQ PHWDO� LW LV LPSRUWDQW WR NQRZ LWV VROXELOLW\
LQ VODJV� (TXDWLRQV DUH GHULYHG RQ WKH EDVLV RI WKHRU\

RI QRQ�PHWDOV� GLVVROYHG LQ PL[HG VROYHQWV >�@� :LWK

DFFRXQW IRU WKH FRQFHQWUDWLRQ UHODWLRQVKLS RI HQHUJ\

RI LQWHUDFWLRQ WKH FRHIILFLHQW RI DFWLYLW\ I� RI VXEVWDQFH
� LQ WKH VROXWLRQ RI FRPSRQHQWV � DQG � LV GHWHUPLQHG

E\ HTXDWLRQ

57 OQ I� =
�[�

[� + [�

ϕ��

(��) +
�[�

[� + [�

ϕ��

(�)
w

w

[� [�

[� + [�

ϕ��

(�)
w 57 OQ ([� + [� w [�)�

���

ZKHUH ϕ��

(��)
� ϕ��

(�)
DQG ϕ��

(�) LV WKH HQHUJ\ RI LQWHUDFWLRQ EH�

WZHHQ SDUWLFOHV RI WKH VXEVWDQFH EHLQJ GLVVROYHG� LQ D

SXUH VROYHQW � DQG DW DGGLQJ RI FRPSRQHQW �� UHVSHF�

WLYHO\�

[� [�

[� + [�

ϕ��

(�) = ∆*H[F
LV WKH H[FHVVLYH PRODU HQHU�

J\ RI *LEEV IRU WKH VROXWLRQ RI FRPSRQHQWV � DQG ��

,I WKH VROXWLRQ LV VDWXUDWHG E\ D FRPSRQHQW � DQG
LV LQ WKH HTXLOLEULXP ZLWK D SXUH VXEVWDQFH �� KDYLQJ

DFWLYLW\� HTXDO WR XQLW\� WKHQ

OQ [� = w OQ I�� ���

DQG IURP H[SUHVVLRQV ��� DQG ��� ZH VKDOO ILQG VROX�

ELOLW\�

57 OQ [� = w
�[�

[� + [�

ϕ��

(��)
w

�[�

[� + [�

ϕ��

(�) +

+
∆*H[F

[� + [�

+ 57 OQ ([� + [� w [�)�
���

6XEVWLWXWLQJ [�  � RU [�  �� ZH VKDOO REWDLQ

VROXELOLW\ RI VXEVWDQFH � LQ SXUH FRPSRQHQWV � DQG ��

[�

(�) = (� w �[�) H[S





w

�[�

� w [�

ϕ��

(��)

57






 �

���

[�

(�) = (� w �[�) H[S





w

�[�

� w [�

ϕ��

(��)

57

w

�ϕ��

(�)

57






 �

���

7KHQ LW IROORZV IURP H[SUHVVLRQV ���w��� WKDW

57 OQ [� =
[�

� w [�

57 OQ [�

(�) +

+
[�

� w [�

57 OQ [�
(�) +

∆*H[F

� w [�

�

���

$W D VPDOO DPRXQW RI GLVVROYHG VXEVWDQFH � WKH

YDOXH RI D PRODU IUDFWLRQ LQ GHQRPLQDWRU FDQ EH QH�

JOHFWHG DV FRPSDUHGZLWK XQLW\� 7KH GHULYHG HTXDWLRQV

DUH HDVLO\ VXPPDUL]HG IRU V\VWHPV� FRQWDLQLQJ Q FRP�

SRQHQWV RI VROYHQW L� LQ ZKLFK WKH VXEVWDQFH M LV GLV�

VROYHG�

57 OQ [L = ∑
L = �

Q

[L 57 OQ [M
(L) + ∆*�

���

7KXV� WR FDOFXODWH WKH QLWURJHQ VROXELOLW\ LQ FRP�

SOH[ V\VWHPV� LW LV QHFHVVDU\ WR NQRZ LWV VROXELOLW\ LQ

� %�3� %85</<29 DQG /�3� 02-629� ����
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SXUH FRPSRQHQWV� DQG DOVR WKH WKHUPRG\QDPLF SUR�

SHUWLHV RI WKH VROXWLRQ IRUPHG E\ WKHVH FRPSRQHQWV�

7KH H[FHVVLYH *LEEV HQHUJ\ RI WHUQDU\ VROXWLRQ LV

GHWHUPLQHG E\ WKH HTXDWLRQ

∆*H[F = 57 ([� OQ I� + [� OQ I� + [� OQ I�) =

= 57∑
L = �

Q

[L OQ IL�
���

ZKHUH IL LV WKH FRHIILFLHQW RI DFWLYLW\ RI FRPSRQHQWV

L� Q LV WKH QXPEHU RI VROYHQW FRPSRQHQWV�
,W IROORZV IURP H[SUHVVLRQ ��� WKDW LW LV QHFHVVDU\

WR NQRZ FRHIILFLHQWV RI DFWLYLW\ RI FRPSRQHQWV IRU

VODJV RI &D2w6L2�w$O�2� V\VWHP� 5HVXOWV RI FDOFX�

ODWLRQ IRU &D2w6L2� V\VWHP DUH JLYHQ LQ >�@� $FWLYLWLHV

LQ &D2w$O�2� PHOWV DQG LQ WHUQDU\ &D2w6L2�w$O�2�

V\VWHP DUH GHWHUPLQHG H[SHULPHQWDOO\ E\ GLIIHUHQW

PHWKRGV� WKH UHYLHZ RI ZKLFK LV JLYHQ LQ >�@�

7R REWDLQ LQWHUSRODWLRQ IRUPXODH RI FRQFHQWUDWLRQ

UHODWLRQVKLS RI FRHIILFLHQWV RI DFWLYLW\ RI FRPSRQHQWV

LQ ELQDU\ PHOWV &D2w$O�2� DQG 6L2�w$O�2� WKH IRO�

ORZLQJ H[SUHVVLRQ LV XVHG�

57 OQ IL = (� w [L)
(�)
4LM + .� ����

ZKHUH [L LV WKH LRQ IUDFWLRQ RI FRPSRQHQW L� 4LM LV WKH

HQHUJ\ RI VKLIWLQJ RI FRPSRQHQWV L DQG M� . LV WKH

FRQVWDQW ZKLFK GHSHQGV RQ VHOHFWLRQ RI VWDQGDUG VWDWH

RI FRPSRQHQW L�
9DOXHV 4LM DUH JLYHQ LQ >�w�@� )URP GLIIHUHQW H[�

SHULPHQWDO GDWD� ZH VKDOO REWDLQ4��  w��� N-�PRO�

4��  w��� N-�PRO DQG 4��  w��� N-�PRO� ,Q

IXUWKHU FDOFXODWLRQV ZH VKDOO XVH PHDQ YDOXH 4��  

 w��� N-�PRO�

0RODU HQHUJ\ RI *LEEV RI WHUQDU\ VROXWLRQ FDQ EH

GHWHUPLQHG DFFRUGLQJ WR >�@ E\ HTXDWLRQ

* = [�*� + [�*� + [�*� +

+ 57 ([� OQ [� + [� OQ [� + [� OQ [�) +

+ [�[�4�� + [�[�4�� + [�[�4�� + T[�(�[� w �)��

����

)URP WKLV H[SUHVVLRQ� LW LV SRVVLEOH WR REWDLQ YDOXHV

RI FKHPLFDO SRWHQWLDOV RI VROYHQW FRPSRQHQWV

µL =
∂* ([� + [� + [�)

∂[L
� ����

DQG DV

µL = *L + 57 OQ [L + 57 OQ IL� ����

WKHQ WKH FRHIILFLHQWV RI DFWLYLW\ RI R[LGHV RI VLOLFRQ

�,9� DQG DOXPLQLXP �,,,� DUH GHWHUPLQHG E\ HTXD�

WLRQV�

57 OQ I� = >4�� + �T (�[� w �)@ [� (� w [�) w

w [�[�4�� + [� (� w [�) 4��� ����

57 OQ I� = >w4�� w �T (�[� w �)@ [�[� +

+ [� (� w [�) 4�� + [� (� w [�) 4��� ����

9DOXH 4��  w�� N-�PRO ZDV GHWHUPLQHG IURP

H[SUHVVLRQ ���� ZLWK DOORZDQFH IRU YDOXHV 4��  

 w��� N-�PRO� T  ���� N-�PRO DQG 4��  

 w��� N-�PRO IURP H[SHULPHQWDO GDWD RI DFWLYLW\

RI VLOLFD LQ VODJV ZLWK D FRQWHQW RI DOXPLQD XS WR

�� ZW�� LQ WKH ����w���� . UDQJH RI WHPSHUDWXUHV�

7KH REWDLQHG GDWD4LMZHUH FKHFNHG E\ FRPSDULVRQ

RI UHVXOWV RI FDOFXODWLRQ E\ HTXDWLRQV ���� DQG ����

ZLWK H[SHULPHQWDO GDWD RI PHDVXUHPHQWV RI DFWLYLW\

RI VLOLFRQ R[LGH �,9� DQG DOXPLQLXP R[LGH �,,,� LQ

WHUQDU\ VROXWLRQV &D2w6L2�w$O�2� E\ ('6 PHWKRG

DW ���� .�

7DNLQJ LQWR DFFRXQW H[SUHVVLRQV ��� DQG ���� IRU

H[FHVVLYH HQHUJ\ RI *LEEV RI WHUQDU\ VROXWLRQ &D2w

6L2�w$O�2� ZH VKDOO REWDLQ

∆*H[F = w���[�[� w ���[�[� w

w ��[�[� + ����[�(�[� w �)�� ����

,W ZDV IRXQG IURP HTXDWLRQV ��� DQG ���� ZLWK

DFFRXQW IRU H[SHULPHQWDO GDWD >�@� WKDW ORJDULWKP RI

VROXELOLW\ RI QLWURJHQ LQ K\SRWKHWLF SXUH &D2� 6L2�

DQG $O�2� LV DERXW ���� w��� DQG ���� 7KHVH YDOXHV

DUH FRQILUPHG E\ H[SHULPHQWDO GDWD DERXW WKH QLWURJHQ

VROXELOLW\ LQ EDVLF DQG DFLG VODJV� 8VXDOO\� WKH QLWUR�

JHQ FRQWHQW LQ ZKLWH VODJV RI UHGXFWLRQ SHULRG H[FHHGV

WKDW RI VODJV RI R[LGL]LQJ SHULRG LQ SURGXFWLRQ RI VWHHO

LQ DUF HOHFWULF IXUQDFHV�

7KH FDOFXODWLRQ HTXDWLRQ ��� RI QLWURJHQ VROXELOLW\

LQ VODJV DW ���� . DQG 31�
 ���� DWP ������ 3D�

ZLOO WDNH D IRUP

OJ >� 1@ = ���&D2 w ���[6L2
�

+

+ ���[$O
�
2

�

+
∆*H[F

�����7
�

����

7KH FRPSDULVRQ RI UHVXOWV RI FDOFXODWLRQ ZLWK H[�

SHULPHQWDO GDWD >�@ LV VKRZQ LQ WKH 7DEOH� (UURU LQ

GHWHUPLQDWLRQ RI QLWURJHQ VROXELOLW\ LQ VODJV RI GLI�

IHUHQW FRPSRVLWLRQV LV RQ DYHUDJH DERXW �� � IURP D

PHDVXUHG YDOXH� WKDW LV VRPHZKDW KLJKHU WKDQ OLPLWV

RI DFFXUDF\ RI H[SHULPHQWDO GHWHUPLQDWLRQV� $ ODUJH

VFDWWHULQJ LQ WKH QH[W WR WKH ODVW YDOXHV RI H[SHULPHQ�

WDO DQG FDOFXODWHG FRQWHQW RI QLWURJHQ LV� SUREDEO\�

H[SODLQHG E\ WKH SUHVHQFH RI D ODUJH QXPEHU RI FDOFLXP

FDUELGH LQ WKLV VODJ� ZKLFK LQFUHDVHV QLWURJHQ VROXEL�

OLW\� ,Q DGGLWLRQ� LW IROORZV IURP WKH 7DEOH WKDW WKH

FDOFXODWHG YDOXHV RI QLWURJHQ VROXELOLW\ DUH ORZHU IRU

KLJKO\�EDVLF VODJV� KDYLQJ &D&�� ZKLFK ZDV QRW WDNHQ

LQWR DFFRXQW LQ H[SHULPHQWV >�@ DQG FDOFXODWLRQ IRU�

PXOD ����� ,W PDNHV JURXQGV WR FRQVLGHU WKDW H[SUHV�

VLRQ ���� ZLOO JLYH JRRG UHVXOWV LQ FDOFXODWLRQ RI QL�

WURJHQ VROXELOLW\ LQ GLIIHUHQW VODJV RI ZHOGLQJ SURGXF�

WLRQ�

7KH FDOFXODWLRQV RI FRHIILFLHQWV RI QLWURJHQ GLVWUL�

EXWLRQ EHWZHHQ WKH VODJ DQG PHWDO SKDVHV VKRZHG WKDW

QLWURJHQ VROXELOLW\ LQ VODJV GRHV QRW GHSHQG RQ PHWDO

JUDGH� EXW GHSHQGV RQ VODJ EDVLFLW\� 7KH OLPLWLQJ FRQ�

WHQW RI QLWURJHQ LQ D PHWDO SKDVH GRHV QRW GHSHQG RQ

VODJ FRPSRVLWLRQ� EXW GLIIHUV VLJQLILFDQWO\ GHSHQGLQJ
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RQPHWDO FRPSRVLWLRQ� WKDW LV FDXVHG E\ GLIIHUHQW HIIHFW

RI DOOR\LQJ HOHPHQWV RQ QLWURJHQ VROXELOLW\� ,W LV

NQRZQ >�@ WKDW PDQJDQHVH DQG FKURPLXP LQFUHDVH

VROXELOLW\� ZKLOH FDUERQ� VLOLFRQ� SKRVSKRUXV DQG

QLFNHO GHFUHDVH LW� 7KHUHIRUH� WKH ILQDO FRQWHQW RI QL�

WURJHQ LV GHWHUPLQHG E\ DPRXQW RI DOOR\LQJ HOHPHQWV�

WHPSHUDWXUH DQG SDUWLDO SUHVVXUH RI QLWURJHQ LQ JDV

SKDVH�

&RHIILFLHQW RI QLWURJHQ GLVWULEXWLRQ EHWZHHQ VODJ

DQG PHWDO

/ =
(� 1)
>� 1@

����

LV GHWHUPLQHG� ILUVW RI DOO� E\ WKH FRPSRVLWLRQ RI FRQ�

WDFWLQJ PHWDO DQG VODJ SKDVHV�

&RHIILFLHQW RI GLVWULEXWLRQ FDQ EH GHWHUPLQHG E\

NQRZLQJ WKH YDOXH RI FRHIILFLHQWV RI DFWLYLW\ RI QLWUR�

JHQ LQ VODJ DQG PHWDO�

/ =
D1
VO

D1
PHW

=
(� 1) I 1

VO

>� 1@ I 1
PHW

�
����

&RHIILFLHQW RI DFWLYLW\ RI QLWURJHQ LQ PHWDO SKDVH

FDQ EH FDOFXODWHG E\ HTXDWLRQV� VLPLODU WR WKRVH JLYHQ

LQ >�@� DQG FRHIILFLHQW RI QLWURJHQ DFWLYLW\ RI QLWURJHQ

RI D ZLGH UDQJH RI FRPSRVLWLRQV DW 31�
 � DWP

������� 3D� FDQ EH GHWHUPLQHG E\ H[SUHVVLRQ

I1 = ���� w OJ
[&D + [0J

[6L
w OJ .1� ����

,I WR DVVXPH WKH QLWURJHQ VWDWH LQ VODJ ZLWK

EDVLFLW\� HTXDO WR XQLW\� DV D VWDQGDUG VWDWH� WKHQ LQ

WKLV FDVH I 1
VO
 � DQG OJ .  �����

7DNLQJ LQWR DFFRXQW WKHVH H[SUHVVLRQV WKH FRHIIL�

FLHQW RI QLWURJHQ GLVWULEXWLRQ EHWZHHQ VODJ DQG PHWDO

IURP HTXDWLRQ ���� ZLOO EH /  �� ,W GHSHQGV RQO\ RQ

WHPSHUDWXUH DQG LV QRW FKDQJHG ZLWK D FKDQJH LQ FRP�

SRVLWLRQ RI PHWDO DQG VODJ LQ WKH ZLGH UDQJH RI FRQ�

FHQWUDWLRQV� 7KH PHQWLRQHG SUREOHP RI VDWXUDWLRQ RI

GHSRVLWHG PHWDO ZLWK QLWURJHQ IURP D VODJ PHOW LV

DFWXDO DQG LWV VROXWLRQ ZLOO PDNH LW SRVVLEOH WR FRQWURO

WKH QLWURJHQ DPRXQW LQ PHWDO E\ FKDQJLQJ WKH VODJ

PHOW FRPSRVLWLRQ�

�� %XU\O\RY� %�3� ������ 2Q JDV VDWXUDWLRQ RI FDVW LURQ� ,]Y�
$1 6665� 0HWDOOXUJL\D L *RUQRH 'HOR� �� ���w����

�� %XU\O\RY� %�3� ������ 7R WKHRU\ RI QRQ�PHWDOOLF VROXWLRQV
LQ PL[HG VROYHQWV� =KXUQDO )L]� .KLPLL� �� ����w�����

�� .R]KHXURY� 9�$� ������ 7KHUPRG\QDPLFV RI PHWDOOXUJLFDO
VODJV� 6YHUGORYVN� 0HWDOOXUJL]GDW�

�� %XU\O\RY� %�3�� 6U\YDOLQ� ,�7�� .RUSDFK\RY� 9�*� ������ $SSOL�
FDWLRQ RI DSSUR[LPDWHG PHWKRGV IRU FDOFXODWLRQ RI WKHUPRG\�
QDPLFDO SURSHUWLHV RI R[LGH DQG PHWDOOLF V\VWHPV� .UDVQRGDU�

�� 0RMVRY� /�3�� %XU\O\RY� %�3� ������ 3K\VLFDO�FKHPLFDO
EDVHV RI FUHDWLRQ RI QHZ ZHOGLQJ FRQVXPDEOHV� 5RVWRY�RQ�
'RQ� 5*8�

�� .DP\VKRY� 9�0�� (VLQ� 2�$�� &KXFKPDU\RY� 6�1� ������
6ROXELOLW\ RI QLWURJHQ LQ LURQ�IUHH VODJV� ,]Y� 9X]RY� &K\RUQ�
0HWDOOXUJL\D� �� ��w���

1LWURJHQ VROXELOLW\ LQ VODJV RI &D2w6L2�w$O�2� V\VWHP �31�
 ���� DWP ������ 3D�� 7  ���� .�

&KHPLFDO FRPSRVLWLRQ 1LWURJHQ FRQWHQW� ZW��

0DVV SHUFHQWV ,RQ IUDFWLRQV
([SHULPHQWDO &DOFXODWHG

¯¾¬ 6L¬� �O�¬� [&¾ [6L [$,

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

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

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

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

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

�� �� w ����� ����� w ����� �����

�� �� � ����� ����� ����� ����� �����

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

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

�� �� � ����� ����� ����� ����� �����

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

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

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

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

�� w �� ����� w ����� ����� �����

�� �� w ����� ����� w ����� �����
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0�,� *$6,.� 0�0� *$6,.� 2�,� 32/<$.29 DQG 9�/� =8%29

1DWLRQDO 0HWDOOXUJLFDO $FDGHP\ RI 8NUDLQH� 'QHSURSHWURYVN� 8NUDLQH

7KHUPRG\QDPLF PRGHO RI SURFHVV RI SURGXFLQJ IHUURVLOLFLXP �VLOLFRQ DOOR\V� KDV EHHQ RIIHUHG IURP WKH UHVXOWV RI FRPSXWHU

PRGHOOLQJ HTXLOLEULXPV LQ 6Lw2w&w�+
�
� +

�
2� V\VWHP� WDNLQJ LQWR DFFRXQW WKH HIIHFW RI K\GURJHQ DQG PRLVWXUH LQ JDV

SKDVH RI KLJK�WHPSHUDWXUH UHDFWLRQ ]RQH RI RUH WKHUPDO HOHFWULF IXUQDFH RQ WKHUPRG\QDPLF VWDELOLW\ RI JDV DQG FRQGHQVHG

SKDVHV LQ FDUERQ UHGXFWLRQ RI TXDUW]LWH�

.H\ZRU G V � FRPSXWHU PRGHOOLQJ� WKHUPRG\QDPLF HTXLOLE�

ULXP� VLOLFRQ� UHGXFWLRQ� TXDUW]LWH� K\GURJHQ� PRLVWXUH� R[LGD�

WLRQ�UHGXFWLRQ SRWHQWLDO� VWDELOLW\ RI JDV SKDVH� QRQ�HIILFLHQW
FRQVXPSWLRQ RI FDUERQ� PRLVWXUH RI FDUERQ UHGXFWLRQ

7KHUPRG\QDPLF PRGHOV DOORZLQJ SUHGLFWLRQ RI SD�
UDPHWHUV RI SURFHVVHV RI KLJK�WHPSHUDWXUH FDUERQ WKHU�

PDO UHGXFWLRQ RI VLOLFRQ IURP TXDUW]LWH LQ RUH WKHUPDO

HOHFWULF IXUQDFHV LQ SURGXFWLRQ RI FU\VWDOOLQH VLOLFRQ

RI .U��w.U� JUDGHV ZLWK 6L ≥ ��w�� � PDVV IUDFWLRQ

DQG IHUURVLOLFLXP RI WKH ZLGHVW DVVRUWPHQW RI )6��w

)6�� JUDGHV ZLWK �� ≤ 6L ≥ �� � PDVV IUDFWLRQ� DUH

D PRGHUQ SK\VLFDO�FKHPLFDO EDVLV IRU WKH GHYHORSPHQW

RI LQGXVWULDO WHFKQRORJLHV IRU SURGXFWLRQ RI VLOLFRQ

DOOR\V �LQFOXGLQJ SURGXFWLRQ RI IHUURVLOLFRFKURPLXP�

VLOLFRDOXPLQLXP� HWF�� >�@� 7KHVH PRGHOV DUH EDVHG RQ

WKH DQDO\VLV RI HTXLOLEULXP RI UHDFWLRQV LQ 6Lw2w&

�FU\VWDOOLQH VLOLFRQ� DQG )Hw6Lw2w& �IHUURVLOLFLXP�
DQG� LQ PRUH JHQHUDO FDVH� 0Hw6Lw2w& �&Uw6Lw2w

& x IHUURVLOLFRFKURPLXP� $Ow6Lw2w& x VLOLFRDOX�

PLQLXP� HWF�� V\VWHPV� 6FKHPDWLFDOO\� WKH SURFHVV RI

SURGXFLQJ FU\VWDOOLQH VLOLFRQ FDQ EH GHVFULEHG E\ UH�

DFWLRQ

6L2� � �&  6L � �&2�

.6L  3&2

�
DQG ∆*6L

R = ������ w ������7 >-�PRO@�

ZKHUH . LV WKH FRQVWDQW RI HTXLOLEULXP� ∆*6L

R
LV WKH

VWDQGDUG FKDQJH LQ *LEEV HQHUJ\� DQG WKH SURFHVV RI

SURGXFLQJ IHUURVLOLFLXP E\ UHDFWLRQ

6L2� � �& � [)H  >6L@
[)H � �&2�

ZKHUH [ LV WKH VWRLFKLRPHWULF FRHIILFLHQW�

.6L = D6L 3&2

�
�

ZKHUH D6L LV WKH DFWLYLW\ RI VLOLFRQ LQ VROXWLRQ )Hw6Lw

&
VDW
� VDWXUDWHG ZLWK FDUERQ� 7KH FKDQJH LQ *LEEV HQHU�

J\ RI WKH ODVW UHDFWLRQ DW FRQVWDQW WHPSHUDWXUH DQG

SUHVVXUH LV GHWHUPLQHG E\ WKH DFWLYLW\ RI VLOLFRQ LQ

DOOR\� ZKLFK LV LQ LWV WHUP� LV WKH IXQFWLRQ RI VLOLFRQ

FRQFHQWUDWLRQ LQ IHUURVLOLFLXP�

3URFHVVHV RI FDUERQ UHGXFWLRQ RI VLOLFD DUH SURFHHG�

LQJ ZLWK SDUWLFLSDWLRQ RI WZR LQWHUPHGLDWH FRP�

SRXQGV� VXFK DV JDVHRXV PRQR[LGH RI VLOLFRQ 6L2JDV

DQG KDUG VLOLFRQ FDUELGH 6L&�ZKLFK LV WKHUPDOO\ VWDEOH

XS WR WHPSHUDWXUH ����� ± ��� .� DQG DW WKH KLJKHU

WHPSHUDWXUH LW LV GHFRPSRVHG LQWR JDVHRXV VLOLFRQ 6LJDV
DQG KDUG JUDSKLWH�

,Q DFFRUGDQFH ZLWK D UXOH RI *LEEV SKDVHV WKH

6Lw2w& V\VWHP ZLWK WZR H[WHUQDO SDUDPHWHUV �YDUL�
DEOH WHPSHUDWXUH DQG FRQVWDQW SUHVVXUH�� LQ WKH SUH�

VHQFH RI IRXU FRQGHQVHG SKDVHV �6L2�� &� 6L& DQG 6L�

DQG WZR�FRPSRQHQW �6L2JDV� &2� RI JDV SKDVH LV GH�

VFULEHG E\ WKH V\VWHP RI VL[ FKHPLFDO UHDFWLRQV�

6L2� � &  6L2JDV � &2JDV�

OJ.�  OJ�36L2�3&2��
���

�6L2� � 6L&  �6L2JDV � &2JDV�

OJ.�  OJ �36L2

� ⁄3∞��
���

6L2JDV � �&  6L& � &2JDV�

OJ.�  OJ�3¯2�36L2��
���

6L2� � 6L  �6L2JDV�

OJ.�  OJ�36L2

�
��

���

6L2JDV � 6L&  �6LO � &2JDV�

OJ.�  OJ�3¯2�36L2��
���

6L2JDV � &  6LO � &2JDV�

OJ.�  OJ�3¯2�36L2��
���

2ULJLQDOO\� LQ ZRUNV RI ,� 5\DEFKLNRY >�@ DQG

1� 7ROVWRJX]RY >�@ WKH SKDVH GLDJUDP RI FRQGHQVHG

SKDVHV LQ FRRUGLQDWHV OJ �36L2�3&2� w ��7 ZDV SORW�

WHG RQ WKH EDVLV RI D WKHUPRG\QDPLF DQDO\VLV RI WKH

PHQWLRQHG UHDFWLRQV� ,Q ODWHU SXEOLFDWLRQV RI VRPH

DXWKRUV� LQFOXGLQJ QHZ WKHUPRG\QDPLF GDWD DQG DO�

JRULWKPV RI FDOFXODWLRQV� LWV VHSDUDWH VWUXFWXUDO HOH�

PHQWV ZHUH FODULILHG �GLDJUDP LQ )LJXUH � ZDV SORWWHG

E\ XV XVLQJ GDWD RI >�@��

� 0�,� *$6,.� 0�0� *$6,.� 2�,� 32/<$.29 DQG 9�/� =8%29� ����
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9� 0LQGLQ DQG 6� 0D]PLVKYLOL >�@ DQDO\]HG WKH
6Lw2w& V\VWHP RQ WKH EDVLV RI PLQLPL]LQJ WKH *LEEV
HQHUJ\ RI FORVHG V\VWHP�

∆*WRWDO = ∑
�

Q

[M












∆*M
R + 57 OQ

3[M

∑
�

Q

[M










+ ∑
Q + �

Q + N

∆*M
R
[M�

ZKHUH Q LV WKH QXPEHU RI JDVHRXV FRPSRQHQWV� N LV
WKH QXPEHU RI FRQGHQVHG SKDVHV ZKLFK DUH WDNHQ LQWR
DFFRXQW DW WKLV VWDJH RI FDOFXODWLRQ� 5 LV WKH XQLYHUVDO
JDV FRQVWDQW� 3 LV WKH SUHVVXUH RI JDV SKDVH� [M LV WKH

DPRXQW RI PROHV RI WKH M�WK FRPSRQHQW� ∆*M
R
LV WKH

VWDQGDUG FKDQJH LQ *LEEV HQHUJ\ RI WKH M�WK FRPSR�
QHQW� )RU WKH V\VWHP� FORVHG E\ PDVV �DPRXQW RI
PROHV�� WKH IROORZLQJ FRQGLWLRQ LV NHSW�

∑
M = �

Q + N

DLM [M = EL� L = �wP�

ZKHUH DLM LV WKH QXPEHU RI DWRPV RI L VRUW LQ WKH M�WK
FRPSRQHQW� EL LV WKH WRWDO DPRXQW RI DWRPV RI L VRUW
LQ WKH V\VWHP� P LV WKH DPRXQW RI VRUWV RI DWRPV LQ
WKH V\VWHP�

,Q FDOFXODWLRQV WKH IROORZLQJ FRPSRQHQWV ZHUH
WDNHQ LQWR DFFRXQW� JDVHRXV �FRQGLWLRQ RI LGHDO
JDV� x 2�� 2�� 2�� &�� &�� &�� &2� &2�� 6L� 6L��
6L2� 6L2�� 6L&�� 6L�&� DQG FRQGHQVHG �LQGLYLGXDO
SXUH VXEVWDQFHV� QRW IRUPLQJ VROXWLRQV� x &� 6L�
6L2�� 6L&� 7KH FDOFXODWLRQV LQ >�@ ZHUH PDGH LQ WKH
LQWHUYDO RI WHPSHUDWXUHV ����w���� . DW SUHVVXUH
���� 03D DQG PRODU UDWLR 1&�16L  ���� ���� ����
��� DQG ���� 5HVXOWV DUH JLYHQ DV FKDQJH LQ DPRXQW
RI FRPSRQHQWV RI JDV SKDVH DQG FRQGHQVHG SKDVHV LQ
FRRUGLQDWHV [Mw1&�16L DW GLIIHUHQW WHPSHUDWXUHV
�ZLWK ��� . SLWFK�� DQG DOVR LQ WKH IRUP RI GLDJUDP
RI UHJLRQV RI VWDELOLW\ RI FRQGHQVHG SKDVHV LQ FRRUGL�
QDWHV 1&�16Lw7�

6LPLODU PHWKRG ZDV XVHG E\ DXWKRUV RI >�@ IRU
FDOFXODWLRQ RI VLOLFD LQWHUDFWLRQ ZLWK FDUERQ DW WHP�
SHUDWXUHV ����w���� .� SUHVVXUH ��� 03D DQG PRODU
UDWLR &�6L2� IURP ��� WR ���� ,Q WKLV ZRUN WKH HIIHFW
RI WHPSHUDWXUH RQ HTXLOLEULXP RI FRQWHQW RI FRP�
SRXQGV �JDVHRXV DQG FRQGHQVHG� LV VKRZQ DQG UHJLRQV
RI VWDELOLW\ RI FRQGHQVHG SKDVHV LQ FRRUGLQDWHV
1&�16L2�

w7 DUH SUHVHQWHG�

,� .XOLNRY >�@ KDV GHYHORSHG WKH PHWKRG RI WKHU�
PRG\QDPLF DQDO\VLV RI 6Lw2w& V\VWHP�ZKLFK LV EDVHG
RQ UHDFWLRQV RI DWRPL]DWLRQ �GLVVRFLDWLRQ RI LQGLYLGXDO
VXEVWDQFHV LQWR FRQVWLWXHQWV RI WKHLU DWRPV EHLQJ LQ
WKH FRQGLWLRQ RI LGHDO JDV�� $FFRUGLQJ WR WKLV PHWKRG�
WKH SDUWLDO SUHVVXUH RI JDV SKDVH FRQVWLWXHQWV DW GLI�
IHUHQW WHPSHUDWXUHV LV GHWHUPLQHG E\ YDOXHV RI HQHUJ\
RI DWRPL]DWLRQ� $V D FRQGLWLRQ RI D FRQGHQVHG SKDVH
VWDELOLW\� WKH H[FHHGLQJ RI D SDUWLDO SUHVVXUH RI YDSR�
URXV FRPSRQHQW 3L RYHU WKH SUHVVXUH RI LWV VDWXUDWHG
YDSRXU 3L VDW DW WKH SUHVHW WHPSHUDWXUH 7L ≥ 7L VDW LV
WDNHQ�

,Q WKH FRXUVH RI WKHUPRG\QDPLF LQYHVWLJDWLRQV WKH
SUREDEOH PHFKDQLVPV RI VLOLFD UHGXFWLRQ ZLWK FDUERQ
LQ PHOWLQJ RI IHUURVLOLFLXP DQG FU\VWDOOLQH VLOLFRQ ZHUH
VWXGLHG LQ VHSDUDWH ZRUNV� 7KH EDODQFH PHWKRG RI
WKHUPRG\QDPLF DQDO\VLV� GLUHFWHG WR WKH VWXG\ RI D
VXSSRVHG PHFKDQLVP RI FDUERQ WKHUPDO UHGXFWLRQ
SURFHVVHV DW VHSDUDWH VWDJHV RI SURGXFLQJ IHUURVLOLFLXP
DQG VLOLFRQ LQ RUH WKHUPDO HOHFWULF IXUQDFHV ZDV GH�
YHORSHG E\ 9� %HUGQLNRY >�@� 0RGHO� VXJJHVWHG E\
<X� 3RQRPDUHQNR >�@� LV EDVHG RQ WKH DQDO\VLV RI WKH
PRVW HQHUJ\�FRQVXPLQJ VR�FDOOHG FKHPLFDO ERLOLQJ RI
SRVVLEOH SURFHVVHV SURFHHGLQJ LQ WKH SRRO RI IHU�
URVLOLFLXP �RU VLOLFRQ� HOHFWULF IXUQDFH� ,W LV VXSSRVHG
WKDW WKLV SURFHVV VWDELOL]HV WKH WHPSHUDWXUH RI WKH WKHU�
PRG\QDPLF V\VWHP DW WKH OHYHO GHILQHG E\ DQ HTXDOLW\
RI SUHVVXUH IRUPHG LQ D ORFDO YROXPH RI JDV �YDSRXU�
DQG WKH H[WHUQDO SUHVVXUH�

1� <DNXVKHYLFK DQG *� *DOHYVN\ JHQHUDOL]HG DQG
DQDO\]HG LQ >��@ WKH WKHUPRFKHPLFDO DQG WKHUPRNL�
QHWLF PRGHOV RI FDUERQ UHGXFWLRQ RI VLOLFD �TXDUW]LWH��
$FFRUGLQJ WR >��@� RQH RI PDMRU IHDWXUHV RI LQWHUDFWLRQ
RI HOHPHQWV LQ 6Lw2w& DQG )Hw6Lw2w& V\VWHPV LV
WKH �UHPRYDO� RI R[\JHQ IURP WKH ODWWLFH RI TXDUW]
RU FU\VWREDOLWH� L�H� SRO\PRUSKRXV PRGLILFDWLRQV RI
VLOLFD� ZLWK WKH IRUPDWLRQ RI QRQ�VWRLFKLRPHWULF SKDVH
6L2��[� VFDUFH LQ R[\JHQ �KHUH [ x LQGH[ RI QRQ�
VWRLFKLRPHWU\� L�H� QXPEHU RI YDFDQFLHV IRU WZR DWRPV
RI R[\JHQ�� WKH WHPSHUDWXUH RI WKLV SKDVH WUDQVLWLRQ
LQWR OLTXLG VWDWH LV ≈ ���� .� ,Q DFFRUGDQFH ZLWK WKLV
K\SRWKHVLV� WKH OLTXLG VLOLFD �IHUURVLOLFLXP� LV IRUPHG
LQ ORFDO ]RQHV RI VLOLFDwFRNH FRQWDFW LQ WKH SUHVHQFH
RI 6L& DQG 6LYDS DV D UHVXOW RI LQWHUDFWLRQ RI PHOW
6L2��[�O� ZLWK FDUERQ RI D UHGXFLQJ DJHQW DQG VLOLFRQ
FDUELGH E\ UHDFWLRQV

6L2��[�O� � �� w [ w \�&V  

 �� w \�6L�O� � \6L2� � �� w [ w \�&2�

6L2��[�O� � ]6L&  ��] � [ w ��6L�O� �

� �� w [ w ]�6L2� � ]&2�

ZKHUH \ LV WKH VKDUH RI IRUPLQJ 6L2�� ] LV WKH VKDUH
RI 6L&� FRPLQJ LQWR UHDFWLRQ�

,Q DOO WKH FRQVLGHUHG PRGHOV DQG VFKHPHV WKH HTXL�
OLEULXP JDV SKDVH LV SUHVHQWHG E\ WZR FRPSRQHQWV�
VXFK DV JDVHRXV PRQR[LGH RI VLOLFRQ 6L2JDV DQG PR�
QR[LGH RI FDUERQ &2� 7KH YDOLGLW\ RI WKLV UHSUH�
VHQWDWLRQ ZDV FRQYLQFLQJO\ SURYHG LQ >�w��@� $W WKH
VDPH WLPH� LQ RXU SXEOLFDWLRQ >��@ WKH LGHD� VXJJHVWHG
E\ 0�,� *DVLN� DERXW WKH HIIHFW RI K\GURJHQ �DQG
QLWURJHQ� RI JDV SKDVH RI RUH WKHUPDO IXUQDFH� PHOWLQJ
FU\VWDOOLQH VLOLFRQ DQG IHUURVLOLFLXP ZLWK GLIIHUHQW
FRQWHQW RI VLOLFRQ� WKDW LV DOVR DSSOLFDEOH IRU VLOLFRQ
DOOR\V RI WKH ZLGH UDQJH� ZDV ZLGHO\ VSUHDG� 7R IRUH�
VWDOO HYHQWV� LW VKRXOG EH QRWHG WKDW WKH DFFRXQW IRU
K\GURJHQ FRQWDLQHG LQ JDV SKDVH RI 6Lw2w&w�+� V\V�
WHP OHDGV WR VKLIWLQJ RI HTXLOLEULXP VR WKDW WKH WHP�
SHUDWXUH RI VWDEOH H[LVWHQFH RI VLOLFRQ PHOW �RU )Hw6L�
LV QRWLFHDEO\ UHGXFHG� 7KLV FDQ H[SODLQ WKH DYDLODEOH
SUDFWLFDO �LQGXVWULDO� GDWD �WHPSHUDWXUH DW WDSSLQJ
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DQG VLOLFRQ FRQWHQW LQ DOOR\� DQG DOVR WKH UHODWLYHO\
KLJK FRQFHQWUDWLRQ RI K\GURJHQ LQ DOOR\V OHDGLQJ WR
SRURVLW\ RI IHUURVLOLFLXP LQJRWV� 7KH UHFHQW REVHUYD�
WLRQ� ZKLFK ZDV� XQIRUWXQDWHO\� QRW WDNHQ LQWR DWWHQ�
WLRQ E\ WKH IRUPHU GHYHORSHUV RI WKHUPRG\QDPLF PR�
GHOV RI FDUERQ WKHUPDO UHGXFWLRQ RI VLOLFD LQ WKH FRQ�
GLWLRQV RI D UHDO SURFHVV RI SURGXFWLRQ RI VLOLFRQ DQG
IHUURVLOLFLXP �VLOLFRQ DOOR\V�� EHFDPH WKH EDVLV RI WKH
VXJJHVWHG ZRUNLQJ K\SRWKHVLV�

$W WKH VDPH WLPH� D QXPEHU RI H[SHULPHQWDO ZRUNV�
GHYRWHG WR WKH GHWHUPLQDWLRQ RI VROXELOLW\ RI PROHFX�
ODU K\GURJHQ LQ )Hw6L DOOR\V� FRQWDLQLQJ �w��� � 6L�
LV NQRZQ� 7HPSHUDWXUH UHODWLRQVKLSV RI K\GURJHQ
VROXELOLW\ LQ OLTXLG DQG VROLG VLOLFRQ DW ����w���� .�
IURP GDWD RI 7� .RVWLQD DQG %� %DXP >��@� DUH GH�
VFULEHG E\ HTXDWLRQV

OJ.+
6L

O = w�����7 w ������ OJ.+
6L

V = w������7 + �����

,Q >��@ WKH WHPSHUDWXUH UHODWLRQVKLS RI VROXELOLW\
RI PROHFXODU K\GURJHQ LQ SXUH VLOLFRQ LV SUHVHQWHG E\
HTXDWLRQ

OJ >� +@6L  ������ w �����7�

:H GLG QRW PDQDJH WR ILQG WKH SXEOLVKHG H[SHUL�
PHQWDO GDWD DERXW WKH K\GURJHQ VROXELOLW\ LQ FU\VWDO�
OLQH VLOLFRQ RI LQGXVWULDO PHOWLQJ�

6ROXELOLW\ RI K\GURJHQ LQ PHOWV )Hw6L KDV DQ H[�
WUHPDO QDWXUH ZLWK PLQLPXP RI ≈ ��w�� FP

�
���� J

DW ��w�� DW�� 6L >��@� $XWKRUV RI >��@ JLYH WKH HTXD�
WLRQ GHVFULELQJ WKH WHPSHUDWXUH UHODWLRQVKLS RI K\GUR�
JHQ VROXELOLW\ LQ PRGHO DOOR\V )Hw6L FRQWDLQLQJ
�� ZW�� 6L�

OJ >� +@�� � 6L  w������ w �����7�

:RUNV >��w��@ DUH GHYRWHG WR WKH GHWHUPLQDWLRQ

RI K\GURJHQ FRQWHQW LQ FRPPHUFLDO IHUURVLOLFLXP� +\�

GURJHQ FRQFHQWUDWLRQ LQ TXLFN�KDUGHQHG VDPSOHV RI

�� � PHOW RI IHUURVLOLFLXP ZDV� IURP WKH GDWD RI

3� *HOG DQG 9� <DYRMVN\ >��@� ������ ����� DQG

����� FP
�
���� J DW WKH WDS�KROH� LQ ODGOH DQG LQJRWV�

UHVSHFWLYHO\�

,W LV QRWHG LQ ZRUN RI <D� 6KFKHGURYLWVN\ >��@

�ZLWK UHIHUHQFH WR GDWD RI %� %DXP� WKDW K\GURJHQ

FRQFHQWUDWLRQ LQ PHOW RI IHUURVLOLFLXP DW WDSSLQJ IURP

IXUQDFH UHDFKHV ��w�� FP
�
���� J IRU IHUURVLOLFLXP RI

)6�� JUDGH DQG �� FP
�
���� J IRU )6�� JUDGH� WKDW

�w� WLPHV H[FHHGV LWV FRQFHQWUDWLRQ LQ LQJRWV� ,Q >��@

WKH FRQWHQW RI K\GURJHQ LQ �� � PHOW RI IHUURVLOLFLXP

ZDV GHWHUPLQHG� 5HVXOWV VKRZHG WKDW DW WKH EHJLQ�

QLQJ� PLGGOH DQG HQG RI WDSSLQJ IURP WKH IXUQDFH �RQ

MHW� WKH K\GURJHQ FRQFHQWUDWLRQ LQ IHUURVLOLFLXP DOOR\

ZDV ����� ��� DQG ���� FP
�
���� J� UHVSHFWLYHO\� DQG

DW WKH EHJLQQLQJ� PLGGOH DQG HQG RI SRXULQJ �DIWHU

KROGLQJ LQ ODGOH� LW ZDV ����� ���� DQG

���� FP
�
���� J� UHVSHFWLYHO\�

7KH JLYHQ GDWD� LQ VSLWH� VRPHWLPHV� RI VLJQLILFDQW

GLIIHUHQFH LQ QXPHULFDO YDOXHV� VKRZHG WKDW K\GURJHQ

FRQWHQW LQ FRPPHUFLDO IHUURFLOLFLXP H[FHHGV LWV VROX�

ELOLW\ LQ DOOR\V )Hw6L DW 3+�
 ��� 03D DQG 7  

 ����w���� .� 7KLV FDQ EH FDXVHG E\ WKH IDFW WKDW

K\GURJHQ LQ WKH ]RQH RI DUF RI WKH RUH WKHUPDO IXUQDFH

H[LVWV QRW RQO\ LQ D PROHFXODU� EXW DOVR LQ DWRPLF

IRUP� 7KH SUREDELOLW\ RI IRUPDWLRQ RI JDVHRXV LRQV RI

K\GURJHQ LQ HOHFWULF DUF SODVPD LV DOVR KLJK� 7KXV� LQ

SODVPD�DUF PHOWLQJ D ]RQH RI DEVRUSWLRQ� LQ ZKLFK WKH

FKHPLFDO SRWHQWLDO RI JDV VKRXOG EH KLJKHU WKDQ FKHPL�

FDO SRWHQWLDO RI JDV GLVVROYHG LQ PHWDO� LV IRUPHG DW

WKH VXUIDFH RI PHWDO SRRO FRQWDFWLQJ WKH DUF �SODVPD

IODPH�� DV WKH JDV DEVRUSWLRQ E\ PHWDO LV RFFXUUHG�

$W WHPSHUDWXUH RI ≈ ���� . WKH K\GURJHQ SODVPD LV

DOPRVW FRPSOHWHO\ DWRPL]HG� XQOLNH WKH QLWURJHQ

SODVPD� IRU ZKLFK DW WKH VDPH FRQGLWLRQV31�
≥ �� N3D

DQG 31�
! 31 >��@� 7KH SRRO VXUIDFH� QRW FRYHUHG ZLWK

D SODVPD IODPH� UHSUHVHQWV D ]RQH RI GHVRUSWLRQ� LQ

ZKLFK D SDUWLDO PHWDO GHJDVVLQJ LV RFFXUUHG� 5DWLR RI

DUHDV RI VXUIDFHV RI ]RQHV RI GHVRUSWLRQ DQG DEVRUSWLRQ

GHILQHV� ILQDOO\� WKH H[FHHGLQJ RI FRQFHQWUDWLRQ RI GLV�

VROYHG JDVHV RYHU WKH VROXELOLW\ FDOFXODWHG LQ DVVXPS�

WLRQ RI VDWLVILDELOLW\ RI 6LHYHUWV ODZ�

$V WKH SUDFWLFH VKRZHG� WKH K\GURJHQ FRQWHQW LQ

SODVPD�DUF PHOWLQJ RI PHWDOV FDQ VHYHUDO WLPHV H[FHHG

LWV VWDQGDUG VROXELOLW\ >+@  .+�
3+�

���� WKDW LV RXWOLQHG�

IRU H[DPSOH� LQ >��@� WKH DXWKRUV RI ZKLFK DVVRFLDWH

LW ZLWK LQFUHDVH LQ DFWLYLW\ RI JDV SDUWLFOHV LQ HOHFWULF

DUF FROXPQ� 6LPLODU SKHQRPHQD VKRXOG WDNH SODFH�

XQGRXEWHGO\� LQ IXUQDFHV IRU PHOWLQJ FU\VWDOOLQH VLOL�

FRQ DQG IHUURVLOLFLXP �VLOLFRQ DOOR\V�� DOO WKH PRUH

WKDW DUHD RI ]RQH RI PHWDO FRQWDFW ZLWK HOHFWULF DUF LV

��w�� � RI WKH PHWDO SRRO DUHD GHSHQGLQJ RQ VLOLFRQ

FRQWHQW �ORZHU ERXQGDU\ FRUUHVSRQGV WR IHUURVLOLFLXP

RI )6�� JUDGH� WKH XSSHU ERXQGDU\x WR )6�� JUDGH��
&DOFXODWLRQV RI HTXLOLEULXP LQ WKH ZLGHQHG V\VWHP

6Lw2w&w�+� ZHUH SHUIRUPHG WDNLQJ LQWR DFFRXQW WKH
GDWD RI 3� *HOG DQG 2� (VLQ >��@� ZKR DQDO\]HG WKH
WKHUPRG\QDPLFV RI UHDFWLRQ 6L2� � �+�  6L � �+�2
DQG VKRZHG WKDW PROHFXODU K\GURJHQ LV PXFK ZHDNHU
UHGXFLQJ DJHQW UHODWLYH WR 6L2� WKDQ HYHQ &2� &DO�
FXODWLRQV RI HTXLOLEULXP LQ V\VWHPV 6Lw2w&w�+�2�
DQG 6Lw2w&w�+� DW WHPSHUDWXUH ����w���� .� PDGH
E\ XV XVLQJ VRIWZDUH +6/ &KHPLVWU\ ��� �(60 6RIW�
ZDUH� 2XWRNXPSX� )LQODQG�� DQG QHZ WKHUPRG\�
QDPLF GDWD RI >�@ VKRZHG WKDW UDWLR OJ (3+�2

�3+�
) LV

ZLWKLQ WKH UDQJHV RI w���� w w���� IRU WKH ILUVW V\VWHP
DQG w���� w w���� IRU WKH VHFRQG V\VWHP� 7KHVH GDWD
FRQILUP WKH FRQFOXVLRQV RI ZRUN >�@ DERXW WKH IDFW
WKDW K\GURJHQ LQ V\VWHP 6Lw2w&w+ FDQ EH FRQVLGHUHG
DV D UHGXFLQJ DJHQW RI VLOLFRQ� 7KHUHIRUH� LW ZDV DF�
FHSWHG WKDW LQ D ZLGHQHG V\VWHP 6Lw2w&w�+� K\GUR�
JHQ LV DQ LQHUW VROYHQW� ZKRVH SDUWLDO SUHVVXUH LV LQ�
FOXGHG DV LWHP LQWR H[SUHVVLRQ IRU WRWDO SUHVVXUH RI
JDV SKDVH 3Σ  36L2 � 3&2 � 3+�

� WKRXJK WKH K\GURJHQ

VKRZV DOVR D GHILQLWH HIIHFW RQ HOHFWULF UHVLVWDQFH RI
JDV SKDVH LQ XQGHU�HOHFWURGH VSDFH �DUF GLVFKDUJH
JDS�� $WRPLF K\GURJHQ ZDV QRW WDNHQ LQWR DFFRXQW
LQ FDOFXODWLRQV� DV DW WKH WHPSHUDWXUH 7 ≤ ���� .�
XQOLNH WKH ]RQH RI HIIHFW RI HOHFWULF DUFV� WKH UDWLR
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3+�3+�
≥ �� DQG LW LV VXFK WHPSHUDWXUH DW ZKLFK WKH

SURFHVVHV RI UHGXFWLRQ LQ WKH V\VWHP FRQVLGHUHG DUH
SURFHHGLQJ�

7KHUPRG\QDPLF GDWD RI >�@� ZKLFK DUH VHHPHG WR
XV DVPRVW UHOLDEOH IURPDOO DYDLODEOH GDWD� DUH LQFOXGHG
LQWR UHFRPPHQGDWLRQV ,83$& DQG &2'$7$ DQG
XVHG LQ QDWLRQDO DQG IRUHLJQ EDQNV RI WKHUPRG\QDPLF

GDWD� 5HVXOWV RI FDOFXODWLRQV ∆*7
R
 ∆+7

R
w ∆67

R
7 RI

UHDFWLRQV ���w��� DUH DSSUR[LPDWHG E\ OLQHDU HTXD�

WLRQV ∆*7
R
 ∆+7

R
w ∆67

R
7� WKDW PDGH LW SRVVLEOH WR

VLPSOLI\ WKH PDWKHPDWLFDO PRGHO E\ OLQHDUL]LQJ WKH
WHPSHUDWXUH UHODWLRQVKLSV RI ORJDULWKPV RI FRQVWDQWV
RI HTXLOLEULXP RI UHDFWLRQV OJ .  $�7 � %�

OJ.3���  w������7 � ������

OJ.3���  w������7 � ������

OJ.3���  �����7 � ������

OJ.3���  w������7 � ������

OJ.3���  w�����7 � ������

OJ.3���  w�����7 � �����

7KH VDPH DV LQ >�� �@� WKH UHVXOWV RI FDOFXODWLRQV
RI HTXLOLEULXP DUH SUHVHQWHG LQ WKH IRUP RI D GLDJUDP
RI VWDELOLW\ RI FRQGHQVHG SKDVHV LQ FRRUGLQDWHV
OJ �36L2�3&2� w ��7� 5DWLR 36L2�3&2 IRU UHDFWLRQV
���� ��� DQG ��� LV GHWHUPLQHG GLUHFWO\ IURP FRQVWDQWV
RI HTXLOLEULXP DQG IRU UHDFWLRQ ��� x IURP WKH HTXD�
WLRQ

36L2�3&2  √.� �

3Σ w 3+

�
w .�


 �

)RU UHDFWLRQ ��� 36L2�3&2 LV GHWHUPLQHG E\ WKH
VROXWLRQ RI V\VWHP RI HTXDWLRQV

.�  36L2�3&2�

36L + 3&2 = 3Σ w 3+
�
�

ZKLFK DUH UHGXFHG LQ D WULYLDO ZD\ WR D TXDGUDWLF
HTXDWLRQ�

)RU UHDFWLRQ ��� WKH UDWLR 36L2�3&2 FDQ EH RE�
WDLQHG IURP WKH V\VWHP RI HTXDWLRQV

.� = 36L2
�

3&2�

36L2 + 3&2 = 3Σ w 3+
�
�

L�H� DV WKH VROXWLRQ RI HTXDWLRQ RI WKH IRXUWK GHJUHH�
,Q FDOFXODWLRQV� WKH SDUWLDO SUHVVXUH RI JDV�VROYHQW

RI IXUQDFH JDV DWPRVSKHUH �+�� ZDV WDNHQ HTXDO WR

3+�
= ���⋅��� 3¾ DQG 3Σ  36L2 � 3&2 � 3+�

 

 �������⋅��� 3¾�
7KH REWDLQHG GLDJUDP RI VWDELOLW\ RI FRQGHQVHG

SKDVHV RI V\VWHP 6Lw2w&w�+� LV SUHVHQWHG LQ )L�

JXUH � �VROLG OLQHV�� 7R PDNH WKH GHJUHH RI K\GURJHQ

HIIHFW LQ JDV SKDVH RQ SRVLWLRQ RI OLQHV DQG SRLQWV

�WKHLU VKLIWLQJ�� FRUUHVSRQGLQJ WRPRQR� DQG QRQ�YDUL�

DQW HTXLOLEULXPV RI FR�H[LVWLQJ FRQGHQVHG SKDVHV�

PRUH GHVFULSWLYH DQG YLVXDOL]HG� WKH GLDJUDP 6Lw2w

&w�+� LV FRPELQHG ZLWK D GLDJUDP RI �LGHDO� V\VWHP

6Lw2w& �EROG GDVKHG OLQHV�� FDOFXODWHG XVLQJ WKH

VDPH WKHUPRG\QDPLF GDWD >�@ �GDVKHG OLQHV IRU HTXD�

WLRQV ���� ��� DQG ���� ZKRVH FRRUGLQDWHV DUH VKLIWHG

LQ K\GURJHQ DGGLQJ WR WKH V\VWHP�� 6ROLG OLQHV LQ

)LJXUH � FRUUHVSRQG WR PRQRYDULDQW HTXLOLEULXP� � x

�6L2�� &�� � x �6L2�� 6L&�� � x �&� 6L&�� � x

�6L2�� 6L�� � x �6L� 6L&� DQG � x �6L� &�� 7KH

PHQWLRQHG SRLQWV UHIHU WR QRQ�YDULDQW HTXLOLEULXP

�GHVLJQDWLRQV ZLWK KDWFKLQJ DUH UHIHUUHG WR V\VWHP

6Lw2w&w�+�� ZLWKRXW KDWFKLQJ x WR V\VWHP 6Lw2w

&�� ILJXUHV LQ SRLQWV DUH WKHLU FRRUGLQDWHV�

3RLQWV RI QRQ�

YDULDQW HTXL�

OLEULXP

$� $′ %� %′ &� &′

&R�H[LVWLQJ

FRPSRQHQWV

�6L2�� &� 6L&� �6L2�� 6L&� 6L� �6L&� &� 6L�

%LYDULDQW HTXLOLEULXP� L�H� WKH UHJLRQV RI VWDELOLW\
RI FRQGHQVHG SKDVHV 6L2�� 6L� 6L&� &� LV GHVLJQDWHG
ZLWK FRUUHVSRQGLQJ FKHPLFDO IRUPXODH�

7KH GDWD REWDLQHG SURYH WKDW WKH SUHVHQFH RI K\�
GURJHQ LQ XQGHU�HOHFWURGH JDV FDYLWLHV RI SRRO RI RUH
WKHUPDO IXUQDFH OHDGV WR ZLGHQLQJ WKH UHJLRQ RI WKHU�
PRG\QDPLF VWDELOLW\ RI VLOLFRQ DQG VLOLFRQ FDUELGH�
7KLV LV FOHDUO\ PDQLIHVWHG LQ FRQVWUXFWLRQ RI GLDJUDP
LQ )LJXUH �� FRRUGLQDWHV RI SRLQW % x 7  ���� .
DQG 36L2�3&2  ����� SRLQW %′ x 7  ���� . DQG

36L2�3&2  ����� &RRUGLQDWHV RI SRLQWV $ DQG $′ DUH

)LJXUH �� 'LDJUDP RI VWDELOLW\ RI FRQGHQVHG SKDVHV LQ 6L2w2w&w
�+� V\VWHP �GHVLJQDWLRQ RI OLQHV DQG SRLQWV VHH LQ WH[W� ILJXUHV RQ
FXUYHV DUH QXPEHUV RI FKHPLFDO UHDFWLRQV�
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DOVR VLJQLILFDQWO\ GLIIHUHG� &RRUGLQDWHV RI SRLQW$ FRU�
UHVSRQG WR 7  ���� . DQG 36L2�3&2  ������� SRLQW
$′ x 7  ���� . DQG 36L2�3&2  �������

7KXV� LW LV VKRZQ WKDW WKH REVHUYHG KLJK FRQWHQW
RI K\GURJHQ LQ IHUURVLOLFLXP LV WKH FRQVHTXHQFH RI
VLJQLILFDQW SDUWLDO SUHVVXUH RI K\GURJHQ LQ XQGHU�HOHF�
WURGH FDYLWLHV� DQG WKLV VKRXOG EH REOLJDWRU\ WDNHQ
LQWR DFFRXQW LQ WKHUPRG\QDPLF DQDO\VLV RI UHDFWLRQV
RI FDUERQ WKHUPDO UHGXFWLRQ RI VLOLFRQ IURP VLOLFD�
7KRXJK WKH PROHFXODU K\GURJHQ GRHV QRW SDUWLFLSDWH
GLUHFWO\ LQ UHGXFWLRQ UHDFWLRQV� LWV SUHVHQFH LQ V\VWHP
6Lw2w&w�+� VKLIWV WKH ERXQGDULHV RI UHJLRQ RI WKHU�
PRG\QDPLF VWDELOLW\ RI FRQGHQVHG SKDVH RI D SXUSRVH�
IXO FRPSRQHQW �VLOLFRQ� LQ UHDO FRQGLWLRQV RI RUH WKHU�
PDO IXUQDFH LQ PHOWLQJ RI VLOLFRQ DQG IHUURVLOLFLXP �RU
RWKHU VLOLFRQ DOOR\V� WR WKH UHJLRQ RI ORZHU WHPSHUD�
WXUHV WKDW LPSURYHV WKHUPRG\QDPLF FRQGLWLRQV RI WKHLU
PHOWLQJ�

,W VKRXOG EH QRWHG WKDW WKH KLJK K\GURJHQ FRQWHQW�

REVHUYHG LQ SUDFWLFH� LQ PHOW RI IHUURFLOLFLXP DW WDS�

SLQJ IURP IXUQDFH� ZKLFK H[FHHGV JUHDWO\ LWV VROXELO�

LW\� GHWHUPLQHG LQ DFFRUGDQFH ZLWK 6LHYHUWV ODZ�

FDXVHV WKH QHHG LQ SK\VLFDO�FKHPLFDO JURXQGLQJ RI WKH

SURFHVV RI LQWHUDFWLRQ RI K\GURJHQ IURP JDV SKDVH RI

KLJK�WHPSHUDWXUH XQGHU�HOHFWURGH FDYLW\ RI HOHFWULF

DUF GLVFKDUJH ZLWK D PHOW RI IHUURVLOLFLXP �VLOLFRQ��

$QRWKHU LPSRUWDQW IDFWRU� GLVFXVVHG LQ WKH SUHVHQW

ZRUN� FRQVLVWV LQ WKH IDFW WKDW� DV ZLOO EH VKRZQ EHORZ�

WKH PRLVWXUH� HQWHUHG WRJHWKHU ZLWK FKDUJH PDWHULDOV�

SOD\V D UDWKHU HVVHQWLDO UROH LQ SURFHVVHV RI HOHFWURWKHU�

PDO SURGXFWLRQ RI VLOLFRQ IHUURDOOR\V EDVHG RQ FDUERQ

WKHUPDO UHGXFWLRQ RI VLOLFRQ IURP VLOLFD� ,Q WKLV SDUW

RI DUWLFOH ZH VKDOO FRQVLGHU ILUVW WKH WKHUPRG\QDPLF

DVSHFWV RI HIIHFW RI ZDWHU GURSV RQ HTXLOLEULXP FRP�

SRVLWLRQ RI JDV DQG FRQGHQVHG SKDVHV RI 6Lw2w&w+�2

V\VWHP� DQG WKHQ ZH VKDOO H[SUHVV RXU FRQVLGHUDWLRQV

FRQFHUQLQJ WKH VRXUFHV RI ZDWHU HQWHU LQWR WKH HOHFWULF

IXUQDFH SRRO� PRUHRYHU� LQWR KLJK�WHPSHUDWXUH �7 ≥
≥ ���� .� ]RQHV RI UHGXFWLRQ SURFHVVHV� 7KLV VHTXHQFH
RI LQWHUSUHWDWLRQ VHHPV WR XV UDWLRQDO E\ WKH IROORZLQJ

UHDVRQV�
• KLJK FRQWHQW RI K\GURJHQ LQ IHUURVLOLFLXP LV VWLSX�

ODWHG E\ WKH SUHVHQFH RI K\GURJHQ LQ JDV SKDVH ZLWK
D VLJQLILFDQW SDUWLDO SUHVVXUH �VHH DERYH��

• LW LV LPSUREDEOH WKDW DOO K\GURJHQ ZDV HQWHUHG
E\ KHDY\ K\GURFDUERQV RI UHGXFLQJ DJHQW �IURP FRNH�
FRDOV� HWF��� LQ VSLWH RI WKH IDFW IURP GDWD RI (� 7DMWV
>��@� WKDW LWV FRQWHQW LQ KDUG FRDO LV IURP ��� WR
��� ZW��� DQG LQ FRNH x DERXW �w� ZW���

• WKH PRVW SUREDEOH VRXUFH RI ZDWHU LV WKH PRLVWXUH
RI QDWXUDO PLQHUDOV >��@ RI RUH FRQVWLWXHQW RI FKDUJH�
DQG WR WKH ODUJHU H[WHQW� PRLVWXUH RI FRNH �ZHW H[�
WLQJXLVKLQJ�� ZKRVH WKUHVKROG VWUXFWXUH E\ LWV RULJLQ
LV IUDFWDO >��� ��@� WKDW DOORZV WKLV PDWHULDO WR PDLQ�
WDLQ ZDWHU WR WHPSHUDWXUH ≈ ���� . DQG KLJKHU� 6R�
WKH PRLVWXUH LV� XQGRXEWHGO\� LQWURGXFHG LQWR WKH SRRO
RI WKH RUH WKHUPDO HOHFWULF IXUQDFH� ,W ZRXOG EH FRU�
UHFWO\� LI ZH GHILQH� ILUVWO\� WKH GHJUHH RI LWV HIIHFW RQ
UHGXFWLRQ SURFHVV� DQG WKHQ� LQ FDVH RI SRVLWLYH DQVZHU

RQ WKH ILUVW TXHVWLRQ� ZH VKDOO FRQVLGHU WKH VRXUFH RI
HQWHU�

,Q SUHYLRXV SXEOLFDWLRQ >��@ ZH FRQVLGHUHG WKH
FDXVHV RI QRQ�HIILFLHQW FRQVXPSWLRQ RI UHGXFLQJ DJHQWV
LQ IHUURDOOR\ SURFHVVHV� ,W ZDV VKRZQ WKDW WKH OHDGLQJ
UROH LV SOD\HG E\ R[LGDWLRQ�UHGXFWLRQ SRWHQWLDO RI JDV
SKDVH RI IXUQDFH DWPRVSKHUH� LQ SDUWLFXODU� WKH SUH�
VHQFH RI FRPSRQHQWV�R[LGL]HUV� VXFK DV YDSRXUV RI
ZDWHU DQG FDUERQ GLR[LGH LQ WKH SURGXFWLRQ RI VLOLFRQ
DOOR\V �IHUURVLOLFLXP PDLQO\�� 0RUHRYHU� LW LV +�2YDS

WKDW LV WKH R[LGL]LQJ FRPSRQHQW RI JDV SKDVH ZKLFK
SURYLGHV UHF\FOLQJ RI 6L2� LQ WKH HOHFWULF IXUQDFH SRRO
DQG� WKXV� OHDGV WR QRQ�HIILFLHQW FRQVXPSWLRQ RI FDU�
ERQ RI WKH UHGXFLQJ DJHQW� 7KH DERYH�VDLG FDQ EH
FRQILUPHG RQ H[DPSOHV RI WKH VFKHPH� LQFOXGLQJ WKH
UHDFWLRQV RI GLVSURSRUWLRQ RI JDVHRXV PRQR[LGH RI
FDUERQ �6L2JDV  6L2� � 6L DQG R[LGDWLRQ RI WKH IRUP�
LQJ VLOLFRQ E\ ZDWHU YDSRXUV 6L � �+�2  6L2� � �+��
RU D VXPPHG UHDFWLRQ 6L2JDV � +�2  6L2� � +��

,W VKRXOG EH QRWHG WKDW FDUERQ PRQR[LGH FDQ DOVR
SOD\ UROH RI DQ R[LGL]HU ZLWK UHVSHFW WR 6L2JDV� DV LQ
WKH FRQGLWLRQV RI RUH WKHUPDO HOHFWULF IXUQDFH WKH IRO�
ORZLQJ UHDFWLRQV DUH UHDOL]HG�

�6L2JDV + &2 = �6L2� + 6L&�

∆*�
R = w������� + �����7 >-�PRO@�

∆*�
R ≤ � DW 7 ≤ ���� .�

���

6L2JDV + &2 = 6L2� + 6L&�

∆*�
R = w������ + �����7 >-�PRO@�

∆*�
R ≤ � DW 7 ≤ ���� .�

���

,Q DGGLWLRQ� VLOLFRQ� IRUPLQJ DV D UHVXOW RI UHDFWLRQ
RI GLVSURSRUWLRQ RI JDVHRXV PRQR[LGH RI FDUERQ� FDQ
EH DOVR R[LGL]HG E\ FDUERQ PRQR[LGH�

6L + �&2 = 6L2� + �&�

∆*�
R = w������ + �����7 >-�PRO@�

∆*�
R ≤ � DW 7 ≤ ���� .�

���

7KXV� WKH JDV SKDVH &2w6L2JDV� W\SLFDO RI WKH
SURFHVV RI SURGXFLQJ IHUURVLOLFLXP �VLOLFRQ DOOR\V�� LV
LQVWDEOH DW WHPSHUDWXUHV� ORZHU WKDQ ���� .� GXH WR
SURFHHGLQJ RI UHDFWLRQV ���w���� DQG DW 7 �
� ���� . x GXH WR UHDFWLRQ RI GLVSURSRUWLRQ�

6L2JDV = ���6L2� + ���6L�

∆*�
R = w������ + �����7 >-�PRO@�

∆*�
R ≤ � DW 7 ≤ ���� .�

����

,W VKRXOG EH QRWHG WKDW VFKHPH� LQFOXGLQJ UHDFWLRQV
���w����� FDQQRW VHUYH WKH JURXQGLQJ RI QHHG LQ H[FHVV
RI FDUERQ DJDLQVW LWV VWRLFKLRPHWULF FRQWHQW LQ SUR�
GXFWLRQ RI IHUURVLOLFLXP �VLOLFRQ DOOR\V�� DV VRPH
DXWKRUV VXSSRVH� IRU H[DPSOH� RI ZRUN >��@� $FWXDOO\�
DORQJVLGH ZLWK WKH IRUPDWLRQ RI R[LGL]HG FRPSRQHQW
6L2� WKH UHGXFHG FRPSRQHQWV DUH IRUPHG VLPXOWDQH�
RXVO\ GXULQJ SURFHHGLQJ WKH PHQWLRQHG UHDFWLRQV�
6L& x E\ ���� 6L x E\ ����� IUHH FDUERQ x E\ ���
DQG ���� ,Q RWKHU ZRUGV� WKH EDODQFH RI FDUERQ DQG
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R[\JHQ LV FORVHG� DQG ZLWK LQFUHDVH LQ WHPSHUDWXUH DV
D UHVXOW RI WUDQVIHU RI SURGXFWV RI WKHVH UHDFWLRQV� ZLWK
D FKDUJH ORZHULQJ LQWR WKH ORZHU KRUL]RQV RI WKH SRRO�
WKH GLUHFWLRQ RI SURFHVVHV LQ DFFRUGDQFH ZLWK FKDQJH
LQ *LEEV HQHUJ\ LV FKDQJHG IRU RSSRVLWH�

6XUHO\� LW LV QHFHVVDU\ DOVR WR WDNH LQWR DFFRXQW
WKDW WKH WUDQVIHU RI DPRUSKRXV 6L2�� SURGXFW RI UH�
DFWLRQV ���w����� IURP WKH IXUQDFH SRRO H[FHHGV
JUHDWO\ WKH WRWDO ORVVHV RI FDUERQ� SURGXFHG DV D UHVXOW
RI UHDFWLRQV ���w��� ZLWK D GXVW� DQG 6L&� SURGXFW
RI UHDFWLRQ ��� ZLWK VODJV� ,Q SUDFWLFH� WKLV LV WDNHQ
DOZD\V LQWR DFFRXQW ZKHQ FDOFXODWLQJ WKH FKDUJH >��
��� ��@�

7KH UROH DQG LPSRUWDQFH RI JDV SKDVH LQ UHGXFWLRQ
SURFHVVHV LQ SURGXFLQJ IHUURVLOLFLXP �VLOLFRQ DOOR\V��
DQG HVSHFLDOO\ JDVHRXV PRQR[LGH RI VLOLFRQ� ZHUH FRQ�
ILUPHG E\PDQ\ LQYHVWLJDWLRQV >�w��@� &RPSUHKHQVLYH
UHYLHZ RI VXJJHVWHG WKHUPRG\QDPLF PRGHOV ZDV PDGH
E\ XV LQ ZRUN >��@� ,Q VSLWH RI VRPHZKDW GLIIHUHQW
LQLWLDO SUHPLVHV DQG GLIIHUHQW LQWHUSUHWDWLRQ RI UHVXOWV
LQ GHWDLOV� DOO WKH PHQWLRQHG ZRUNV DUH VLPLODU LQ RQH
SRLQW� L�H� WKH HTXLOLEULXP UDWLR &2�6L2JDV GHILQHV LQ
PDQ\ ZD\V WKH SURFHHGLQJ DQG UHVXOWV RI 6L2� FDUERQ
UHGXFWLRQ� 0RVW SDUW RI FRQVLGHUHG WKHUPRG\QDPLF
PRGHOV LQ >�w��@ �H[FHSW >�� �@� LV EDVHG RQ WKH DQDO\�
VLV RI FKDQJH LQ *LEEV HQHUJ\ LQ UHDFWLRQV� SURFHHGLQJ

LQ V\VWHP 6Lw2w& LQ VWDQGDUG FRQGLWLRQV (∆*L
R)� WKDW

LV QRW DOZD\V FRUUHFW� DV LW LV QHFHVVDU\ WR WDNH LQWR
DFFRXQW DOVR WKH PDVV IUDFWLRQ RI FRPSRQHQWV LQ LQLWLDO
PL[WXUH� WKLV LGHD EHORQJHG HYHQ WR -�9� *LEEV >��@�

,Q WKLV FRQQHFWLRQ� LQ WKH SUHVHQW ZRUN ZH KDYH
VWXGLHG WKH VWDELOLW\� LQ WKH VHQVH RI SRVVLELOLW\ RI
UHDOL]LQJ UHDFWLRQV ���w����� RI WZR�FRPSRQHQW JDV
SKDVH &2w6L2JDV ZLWK GHFUHDVH LQ WHPSHUDWXUH� ,Q
RWKHU ZRUGV� WKH FRQGLWLRQV DUH PRGHOOHG� RFFXUULQJ
LQ ILOWHULQJ JDV WKURXJK WKH OD\HU RI FKDUJH PDWHULDOV
WR WKH WRS RI WKH RUH WKHUPDO IXUQDFH�

&DOFXODWLRQV RI HTXLOLEULXP LQ JDV SKDVH &2w

6L2JDV DUH PDGH XVLQJ VRIWZDUH +6& &KHPLVWU\ ���

�(60 6RIWZDUH� 2XWRNXPSX� )LQODQG�� UHDOL]LQJ WKH

DOJRULWKP RI PLQLPL]LQJ *LEEV HQHUJ\� ZKRVH PDLQ

HTXDWLRQ LV ZULWWHQ LQ WKH IROORZLQJ IRUP ZLWK DOORZ�

DQFH IRU PDVV EDODQFH�

² = ∑
L

QL







µL
R + 57 OQ

QL

∑
L

QL


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+
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ZKHUH QL LV WKH DPRXQW RI PROHV RI WKH L�WK VXEVWDQFH�
µR LV WKH VWDQGDUG YDOXH RI FKHPLFDO SRWHQWLDO �7� 3  

 FRQVW�� QM
R
LV WKH WRWDO DPRXQW RI PROHV RI SDUWLFOHV

RI EDVLV �HOHPHQWDU\ FKHPLFDO IRUPV� FKHPLFDO HOHPHQWV
LQ RXU FDVH�� λL LV WKH /DJUDQJH PXOWLSOLHUV� νLM LV WKH
VWRLFKLRPHWULF FRHIILFLHQW IRU M�WK SDUWLFOH RI EDVLV LQ WKH
L�WK UHDFWLRQ DQG QHZ WKHUPRG\QDPLF GDWD >�@�

)LJXUH � SUHVHQWV GDWD RQO\ DERXW WKRVH VXEVWDQFHV�
ZKRVH DPRXQW RI PROHV LV LQ HTXLOLEULXP QL ≥ �����
&RPSRVLWLRQ RI JDV SKDVH LV SUHVHQWHG E\ DPRXQW RI

PROHV RI QL FRPSRQHQWV EXW QRW SDUWLDO SUHVVXUH� VR
DV WR REVHUYH LWV FKDQJH HDVLHU� 7KXV� Q&2  � PRO
ZDV WDNHQ LQ FDOFXODWLRQV DQG Q6L2 ZDV YDULHG ZLWKLQ
�w� PRO� DQG WKH GHYLDWLRQ IURP FRPSRVLWLRQ RI LQLWLDO
PL[WXUH ZDV LQWHUSUHWHG� IRU H[DPSOH� DV D UHVXOW RI
SURFHHGLQJ RI FKHPLFDO UHDFWLRQV ���w�����

7KH IROORZLQJ FRQFOXVLRQV FDQ EH PDGH RQ WKH
EDVLV RI DQDO\VLV RI GDWD REWDLQHG� $W WHPSHUDWXUH
���� . �)LJXUH �� D�� ZKHQ FRPSRVLWLRQ RI JDV SKDVH
&2w6L2JDV VKRXOG QRW XQGHUJR FKDQJHV DV FRPSDUHG
ZLWK LQLWLDO PL[WXUH DFFRUGLQJ WR HTXDWLRQV IRU VWDQ�
GDUG HQHUJ\ RI*LEEV RI UHDFWLRQV ���w����� WKH V\VWHP
UHPDLQV VWDEOH RQO\ DW Q6L2 ≤ ��� PRO� 7KH IXUWKHU
LQFUHDVH LQ Q6L2 LQ LQLWLDO PL[WXUH OHDGV WR FKDQJH LQ
HTXLOLEULXP FRPSRVLWLRQ� PRUHRYHU� QRW RQO\ KLJK�
WHPSHUDWXUH UHDFWLRQV �6L2JDV � &2  �6L2� � 6L&
��� �DSSHDUDQFH RI FRQGHQVHG 6L&� DQG 6L2JDV  
 ���6L2� � ���6L ���� �WKH SUHVHQFH RI FRQGHQVHG
VLOLFRQ� JHWWLQJ DKHDG RI JURZWK LQ 6L2� DPRXQW� DUH
UHDOL]HG� EXW DOVR WKH ORZ�WHPSHUDWXUH UHDFWLRQV
6L2JDV � &2  6L2� � & ��� DQG 6L � �&2  6L2� �
�& ���� OHDGLQJ WR WKH IRUPDWLRQ RI D IUHH FDUERQ�
+HUH� LW LV ZRUWK\ WR QRWH RQFH DJDLQ� WKDW LW LV QRW
HQRXJK WR XVH WKH GDWD DERXW VWDQGDUG HQHUJ\ RI *LEEV
RI FKHPLFDO UHDFWLRQV LQ WKHUPRG\QDPLF LQYHVWLJD�

)LJXUH �� &RPSXWHU PRGHOOLQJ RI VWDELOLW\ RI WZR�FRPSRQHQW JDV
SKDVH DW GLIIHUHQW UDWLRQ &2�6L2JDV LQ LQLWLDO PL[WXUH DW ���� �D��
���� �E�� ���� �F� DQG ��� �G� . �QL

HT

x DPRXQW RI PROHV RI
FRPSRQHQW LQ HTXLOLEULXP�
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WLRQV� EXW LW LV QHFHVVDU\ DOVR WR WDNH LQWR DFFRXQW WKH
DPRXQW RI VXEVWDQFHV� FRPSRVLQJ WKH LQLWLDO V\VWHP�
,Q RWKHU ZRUGV� WKH GHILQLWH HTXLOLEULXPV IURP FRQ�
VWDQWV DFFRUGLQJ WR WKH VHFRQG RU WKLUG ODZ RI WKHU�

PRG\QDPLFV ∆*7
R
IRU LQGLYLGXDO FKHPLFDO UHDFWLRQV

FKDUDFWHUL]H UDWKHU VSHFLILF VWDQGDUG FRQGLWLRQV RI
WKHLU SURFHHGLQJ� &DOFXODWLRQV IRU DQ\ UHDO V\VWHP
UHTXLUH DQRWKHU DSSURDFK� IRU H[DPSOH� WKH XVH RI
PHWKRG RI WKHUPRG\QDPLF SRWHQWLDOV RI *LEEV >��@
ZKLFK LV UHGXFHG ILQDOO\ WR PLQLPL]LQJ RI VXLWDEOH
�GHSHQGLQJ RQ WKHUPRG\QDPLF FRQGLWLRQV RI V\VWHP
PDWLQJ ZLWK HQYLURQPHQW� FKDUDFWHULVWLF �GHULYDWLYH�
IXQFWLRQ� )RU FRQGLWLRQV 7� 3  FRQVW� LW LV HTXDWLRQ
����� :H GLG QRW FRQVLGHUHG KHUH WKH WKHRU\ RI FKHPL�
FDO DIILQLW\ >��� ��@� DOORZLQJ IRU SURGXFLQJ HQWKURS\
LQ V\VWHP ZLWK FKHPLFDO UHDFWLRQV DQG FRQVLGHULQJ
FKHPLFDO SURFHVVHV DV QRQ�HTXLOLEULXP� 5HVXOWV RI WKH
SUHVHQW ZRUN ZHUH REWDLQHG FRPSOHWHO\ LQ WKH VFRSH
RI WKH HTXLOLEULXP WKHUPRG\QDPLFV�

:LWK GHFUHDVH LQ WHPSHUDWXUH RI JDV SKDVH &2w
6L2JDV �)LJXUH �� EwG� ERWK TXDQWLWDWLYH �FKDQJH LQ
DPRXQW RIPROHV RI FR�H[LVWLQJ SKDVHV�� DQG DOVR TXDOL�
WDWLYH �UHGXFWLRQ RI QXPEHU RI FR�H[LVWLQJ FKHPLFDO

VXEVWDQFHV� HVSHFLDOO\ RI FRQGHQVHG SKDVHV� FKDQJHV
LQ HTXLOLEULXP V\VWHP DUH REVHUYHG� 7KXV� DW ���� .
�)LJXUH �� E� VLOLFRQ GLVDSSHDUV DOPRVW FRPSOHWHO\�
FRQWHQW RI 6L2� DQG FDUERQ LV DEUXSWO\ LQFUHDVHG�
FRQWHQW RI 6L& LV GHFUHDVHG E\ RQH WKLUG� PRQR[LGH
RI VLOLFRQ 6L2JDV LQ WKH HQWLUH LQWHUYDO RI FKDQJLQJ LWV
FRQWHQW LQ LQLWLDO PL[WXUH LV QRW REVHUYHG LQ JDV SKDVH�
,W LV FRQVXPHG FRPSOHWHO\ E\ UHDFWLRQV �6L2JDV � &2  
 �6L2� � 6L2 ��� DQG 6L2JDV � &2  6L2� � & ���
�WKDW LV PDQLIHVWHG LQ GHFUHDVH RI DPRXQW RI &2PROHV
DV FRPSDUHG ZLWK LQLWLDO PL[WXUH�� DQG DOVR FRQVXPHG
SDUWLDOO\ E\ UHDFWLRQ RI GLVSURSRUWLRQ RI 6L2JDV  
 ���6L2� � ���6L ����� ZKHUH VRPH DPRXQW
�WKRXJK VPDOO� GXH WR GHYHORSLQJ UHDFWLRQ ��� 6L �
� �&2  6L2� � �&� RI D IUHH VLOLFRQ LV \HW SUHVHQW�
7KH IXUWKHU GHFUHDVH LQ WHPSHUDWXUH OHDGV WR WKH
JURZWK RI R[LGL]LQJ SRWHQWLDO RI JDV SKDVH� (YHQ DW
���� . �)LJXUH �� F� WKH HTXLOLEULXP &2� EHJLQV WR
DSSHDU� ZKLOH FRQGHQVHG SKDVHV DUH SUHVHQWHG RQO\ E\
FDUERQ DQG 6L2��

$W ��� . �)LJXUH �� G� WKH JDV HTXLOLEULXP SKDVH
LV UHGXFHG WR VLQJOH�FRPSRQHQW SKDVH DQG FRQVLVWV RI
RQO\ &2�� DQG WKH FRQGHQVHG SKDVHV DUH SUHVHQWHG
RQO\ E\ 6L2� DQG FDUERQ� ,Q FDVH RI Q6L2  � WKH
FRPSRVLWLRQ RI HTXLOLEULXP JDV SKDVH LV FRQWUROOHG
FRPSOHWHO\ E\ UHDFWLRQ

&2  ���&2� � ���&�

∆*��
R = w����� + ����7 >-�PRO@�

∆*°
R ≤ � DW 7 ≤ ��� .�

DQG� DW DGGLQJ RI VLOLFRQ PRQR[LGH LQWR LQLWLDO PL[�
WXUH� LW LV DOVR FRQWUROOHG E\ UHDFWLRQ 6L2 � ���&2�  
 6L2� � ���&� 'DWD� REWDLQHG DW VXFK UHODWLYHO\
ORZ WHPSHUDWXUH VKRXOG EH FRQVLGHUHG WDNLQJ LQWR DF�
FRXQW NLQHWLF IDFWRUV� DV WKH UHDFKLQJ RI WKHUPRG\�
QDPLF HTXLOLEULXP E\ WKH V\VWHP FDQ UHTXLUH PXFK
WLPH�

(TXLOLEULXP LQ ZLGHQHG V\VWHP 6L2w&2w+�2

ZDV VWXGLHG DW UDWLR &2�6L2  � �WKDW FRUUHVSRQGV

WR WKH FRQGLWLRQV RI IRUPDWLRQ RI PHOW RI IHUURVLOLFLXP

LQ RUH WKHUPDO HOHFWULF IXUQDFHV XQGHU WKH DSSURSULDWH

WHPSHUDWXUH FRQGLWLRQV� VXFK DV 7 ≥ ���� .�� E\

YDU\LQJ DPRXQW RI +�2 LQ LQLWLDO PL[WXUH LQ WKH UDQJH

RI �w� PRO �)LJXUH ��� ,W LV FOHDU� WKH XSSHU OLPLW RI

LQWHUYDO RI +�2 FKDQJLQJ VHHPV WR EH PXFK LQFUHDVHG�

,W LV PDGH IRU WKH SXUSRVH WR IROORZ WKH FKDQJHV RF�

FXUULQJ LQ DGGLQJ RIPRLVWXUH LQWR LQLWLDO PL[WXUH 6L2w

&2� $W 7  ���� . �)LJXUH �� D� D QRWLFHDEOH JURZWK

LQ &2 FRQWHQW LQ HTXLOLEULXP JDV SKDVH LV REVHUYHG�

WKDW LV D UHVXOW RI VXSUHVVLRQ RI UHDFWLRQV �6L2JDV �

&2  �6L2� � 6L& ��� DQG 6L2JDV � &2  6L2� � &

��� E\ D FRPSHWLQJ SURFHVV

6L2JDV + +�2 = 6L2� + +��

∆*��
R = w������ + �����7 >-�PRO@�

∆*��
R ≤ � DW 7 ≤ ���� ¨�

����

7KH VDPH UHDFWLRQ OHDGV WR D VLJQLILFDQW LQFUHDVH
LQ 6L2� FRQWHQW LQ HTXLOLEULXP V\VWHP� DQG DOVR VLOL�

)LJXUH �� &RPSXWHU PRGHOOLQJ RI VWDELOLW\ RI JDV SKDVH RI &2w
6L2JDVw+�2JDV V\VWHPGHSHQGLQJ RQ+�2FRQWHQW LQ LQLWLDO PL[WXUH
DW UDWLR &2�6L2JDV  � �DwG x VHH )LJXUH ��
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FRQ� VLOLFRQ FDUELGH DQG FDUERQ �FRPSDUH ZLWK )L�
JXUH �� D�� 7KLV LV D UHVXOW RI WKH K\GURJHQ SUHVHQFH
LQ HTXLOLEULXP JDV SKDVH� IRUPLQJ E\ UHDFWLRQ ����
DQG ZLGHQLQJ WKH UHJLRQV RI VWDELOLW\ RI VLOLFRQ DQG
6L& �VHH )LJXUH ��� &RQWHQW RI 6L2JDV LV GHFUHDVHG
VLJQLILFDQWO\� DQG� KHUH� WKH UHODWLRQVKLS DFTXLUHV DQ
H[WUHPDO QDWXUH ZLWK PD[LPXP FRUUHVSRQGLQJ WR
Q+�2

≈ ���� PRO� :DWHU YDSRXUV LQ WKH HTXLOLEULXP

V\VWHP DUH DSSHDUHG DW Q+�2
≥ ���� PRO� 7KXV� VLWX�

DWLRQ LV DSSHDUHG� ZKLFK� IURP WKH ILUVW JODQFH� PD\
VHHP WR EH SDUDGR[LFDO� WKH SUHVHQFH RI R[LGL]HU �ZDWHU
YDSRXUV� LQ WKH V\VWHP FDXVHV WKH LQFUHDVH LQ FRQWHQW
RI D UHGXFHG FRPSRQHQW� L�H� VLOLFRQ� $FWXDOO\� LI WR
SD\ DWWHQWLRQ WR WKH IDFW WKDW PRLVWXUH� HQWHUHG WKH
V\VWHP DW WKH VWDJH RI SUHSDUDWLRQ RI LQLWLDO PL[WXUH�
LV FRPSOHWHO\ FRQVXPHGE\ UHDFWLRQV 6L2JDV�+�2JDV  
 6L2� � +� ����� DQG WKH IRUPLQJ K\GURJHQ VKLIWV
WKH HTXLOLEULXP RI UHDFWLRQV ���� ��� DQG ���

6L2� � &  6L2JDV � &2JDV� OJ.�  OJ�36L23&2��

�6L2� � 6L&  �6L2JDV � &2JDV� OJ.�  OJ�36L2
�
3&2��

6L2� � 6L  �6L2JDV� OJ.�  OJ�36L2
� �

VR� WKDW WKH ERXQGDULHV RI UHJLRQV RI VWDELOLW\ VLOLFRQ
DQG 6L& LQ ZLGHQHG V\VWHP 6Lw2w&w�+�2� +��� DV
ZDV VKRZQ DERYH� DUH VKLIWHG LQ WKH GLUHFWLRQ RI ORZHU
WHPSHUDWXUHV� DV FRPSDUHG ZLWK WKH V\VWHP 6Lw2w&�
WKH VLWXDWLRQ ORRNV TXLWH QDWXUDOO\�

2QH PRUH LPSRUWDQW PRPHQW� GLUHFWO\ DVVRFLDWHG
ZLWK D QRQ�HIILFLHQW FRQVXPSWLRQ RI FDUERQ �H[FHVV
RI UHGXFLQJ DJHQW DJDLQVW VWRLFKLRPHWULF DJHQW LQ SUR�
GXFWLRQ RI IHUURVLOLFLXP�� ORRNV DV IROORZV IURP WKH
SRLQW RI YLHZ RI UHVXOWV REWDLQHG� ,Q SUDFWLFH RI SUR�
GXFWLRQ RI VLOLFRQ DOOR\V �FU\VWDOOLQH VLOLFRQ� IHU�
URVLOLFLXP� IHUURVLOLFRFKURPLXP DQG RWKHUV�� WKH FDO�
FXODWLRQ RI UHTXLUHG DPRXQW RI FDUERQ RI WKH UHGXFLQJ
DJHQW LV EDVHG RQPDNLQJPDWHULDO EDODQFHV RI PHOWLQJ�
+HUH� WKH IROORZLQJ LWHPV RI FRQVXPSWLRQ DUH WDNHQ
LQWR DFFRXQW� IRU UHGXFWLRQ RI VLOLFRQ IURP VLOLFD
�TXDUW]LWH� DVK RI FRNH ILQHV� E\ VWRLFKLRPHWULF UHDF�
WLRQ 6L2� � �&  6L � �&2� IRU UHDFWLRQV RI IRUPDWLRQ
RI VLOLFRQ PRQR[LGH ZLWK D ORVV RI 6L2JDV SDUW WRJHWKHU
ZLWK D WRS JDV� IRU UHDFWLRQV RI UHGXFWLRQ RI LPSXULW\
PHWDOV �DOXPLQLXP� FDOFLXP� EDULXP DQG RWKHUV� LQ
WKHLU WUDQVLWLRQ LQWR IHUURVLOLFLXP� IRU R[LGDWLRQ RI
FDUERQ RI UHGXFLQJ DJHQW DW WKH WRS �ORVV�� IRU ORVVHV
RI D QHJOLJLEOH SDUW RI 6L& ZLWK IXUQDFH VODJV� FRQ�
WDLQLQJ IURP �� WR �� ZW�� 6L&� ORVVHV RI D QHJOLJLEOH
SDUW RI DOOR\ LQ WKH IRUP RI ELVFXLWV RI IHUURVLOLFLXP
ZLWK VODJ� ,W LV VXSSRVHG KHUH WKDW PRLVWXUH� HQWHUHG
WKH IXUQDFH ZLWK FKDUJH PDWHULDOV� LV HYDSRUDWHG DW
WKH WRS �RU LQ XSSHU KRUL]RQV RI HOHFWULF IXUQDFH�� DQG
WKH H[FHVV RI UHGXFHG VLOLFRQ �LQ FRPSDULVRQZLWK WKHU�
PRG\QDPLF FDOFXODWLRQV E\ DQ\ PRGHO� LV UHIHUUHG
HLWKHU WR QRQ�HTXLOLEULXP RI V\VWHP� RU LW LV FRUUHFWHG
E\ WKH FRUUHFWLRQ RI VLOLFRQ DFWLYLW\ LQ WKH DOOR\� 7KH
SHFXOLDU IHDWXUH RI WKH PRGHO� VXJJHVWHG E\ XV� LQ WKH
DVSHFW RI WKH HIIHFW EHLQJ GLVFXVVHG� LV WKH DFFRXQWLQJ
IRU HIIHFW RI K\GURJHQ RI JDV SKDVH RQ WKH HTXLOLEULXP
RI SURFHVV RI FDUERQ WKHUPDO UHGXFWLRQ RI VLOLFRQ IURP

VLOLFD LQ SURGXFWLRQ RI VLOLFRQ DOOR\V� 0RUHRYHU� LW LV
QRW LPSRUWDQW ZKHWKHU WKH K\GURJHQ HQWHUV WKH JDV
PHGLXP LQ D PROHFXODU IRUP LQ WKH FRPSRVLWLRQ RI
K\GURFDUERQV RU IRUPHG LQ KLJK�WHPSHUDWXUH ]RQHV LQ
LQWHUDFWLRQ RI PRLVWXUH RI FKDUJH ZLWK VLOLFRQ PRQR[�
LGH� IRU H[DPSOH� IURP UHDFWLRQ ����� 6L2JDV �
� +�2JDV  6L2� � +� �LW IROORZV IURP UHVXOWV RI LQ�
YHVWLJDWLRQV RI V\VWHPV 6Lw2w&w�+�� GHVFULEHG LQ
>��@� DQG DOVR DERYH LQ WKH SUHVHQW ZRUN� DQG 6Lw2w
&w�+�2� �)LJXUH �� D��� )URP WKH RWKHU KDQG� WR
LQWHUSUHW DQG H[SODLQ WKH PHFKDQLVP RI RFFXUUHQFH RI
HIIHFW RI �UHGXFLQJ DJHQW H[FHVV�� WKH UHDFWLRQ ����
LWVHOI LV GHFLVLYH IRU UHGXFWLRQ RI 6L2� IRUPLQJ IURP
R[LGDWLRQ RI PRQR[LGH RI VLOLFRQ 6L2JDV ZLWK ZDWHU
YDSRXUV� DQ DGGLWLRQDO DPRXQW RI FDUERQ ZKLFK� LQ
WKH NQRZQ VHQVH� FDQ EH FRQVLGHUHG QRQ�HIILFLHQW �VHH
>��@��

'HFUHDVH RI WHPSHUDWXUH LQ 6L2w&2w+�2 V\VWHP
OHDGV� WKH VDPH DV LQ 6L2w&2 V\VWHP� WR WKH UHGXFWLRQ
LQ DPRXQW RI FR�H[LVWLQJ FKHPLFDO VXEVWDQFHV� DFFRP�
SDQLHG E\ FKDQJH LQ DPRXQW RI SUHVHUYHG FRPSRXQGV�
7KXV� DW ���� . �)LJXUH �� E� 6L2JDV LV GLVDSSHDUHG
FRPSOHWHO\ ERWK DW WKH H[SHQVH RI SURFHHGLQJ UHDFWLRQV
�6L2JDV � &2  �6L2� � 6L& ��� DQG 6L2JDV � &2  
 6L2� � & ���� DQG DOVR RZLQJ WR UHDFWLRQ 6L2JDV �
+�2JDV  6L2� � +� ����� ILQGLQJ WKH ZLGHU GHYHORS�
PHQW �ZLWK JURZWK RI +�2 LQ LQLWLDO PL[WXUH�� 0RUH�
RYHU� UHDFWLRQ ��� SUHYDLOV RYHU ���� WKDW LV UHIOHFWHG
LQ VLJQLILFDQWO\ SDVVLQJ DKHDG JURZWK RI FDUERQ FRQ�
WHQW� DV FRPSDUHG ZLWK 6L& PHGLXP� WKRXJK WKH FRQ�
WHQW RI WKH ODWWHU LV DOVR LQFUHDVHG ZLWK GHFUHDVH LQ
WHPSHUDWXUH IURP ���� WR ���� .� &RQWHQW RI 6L2�

LV QRWLFHDEO\ LQFUHDVHG� WKDW UHIOHFWV WKH HIIHFW RI MRLQW
DFWLRQ RI SURFHVVHV GHVFULEHG E\ UHDFWLRQV �6L2JDV �
� &2  �6L2� � 6L& ���� 6L2JDV � &2  6L2� � &
��� DQG 6L2JDV � +�2JDV  6L2� � +� ����� &RQWHQW
RI &2 RI JDV SKDVH LV ORZHU WKDQ DW ���� .� EXW LW LV
LQFUHDVHG ZLWK JURZWK RI +�2 LQ LQLWLDO PL[WXUH�
PRUHRYHU� WKH VDPH DV DW ���� . WR WKH OHYHO RI � PRO
GXH WR VXSSUHVVLRQ RI UHDFWLRQV ��� DQG ��� E\ UHDFWLRQ
�����

$W ���� . WKH ZDWHU YDSRXUV LQ HTXLOLEULXP V\VWHP

DUH DSSHDUHG HYHQ DW Q+�2 ≈ ��� PRO LQ LQLWLDO PL[WXUH�
&2� LV DSSHDUHG DW Q+�2 ≈ ��� PRO� WKDW LV D UHVXOW RI
SURFHHGLQJ UHDFWLRQ RI ZDWHU JDV�

&2 + +�2 = &2� + +��

∆*��
R = w����� + ����7 >-�PRO@�

∆*��
R ≤ � DW ° ≤ ���� .�

����

+HUH� WKH UHDFWLRQ ���� LV UHDOL]HG E\ WKH FRQGL�

WLRQV RI WHPSHUDWXUH UHODWLRQVKLS ∆*��

R
� DV ZDV H[�

SHFWHG� DW D VLJQLILFDQW H[FHVV RI +�2 LQ LQLWLDO PL[�
WXUH� 7KH DEUXSW GHFUHDVH LQ FDUERQ FRQWHQW LQGLFDWHV
WKH IHDVLELOLW\ RI LWV R[LGDWLRQ E\ ZDWHU YDSRXUV� & �
� +�2  &2 � +� RU �WKDW LV KDUGO\ SUREDEOH DW WKLV
WHPSHUDWXUH� ���& � +�2  ���&2� � +�� $PRXQW
RI 6L2�� UHDFKLQJ WKH OHYHO Q6L2  �PRO� LV QRW FKDQJHG
ZLWK LQFUHDVH LQ Q+�2

HYHQ DW Q+�2
 ��
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$W ��� . WHPSHUDWXUH WKH SUHVHQFH RI ZDWHU YDSRXU
LV REVHUYHG �VWDUWLQJ IURP Q+�2

≈ ����� PRO LWV DPRXQW
LQ LQLWLDO PL[WXUH LV LQFUHDVHG XS WR ��� PRO DW Q+�2

 � PRO LQ LQLWLDO PL[WXUH�� +HUH� WKH FRQWHQW RI +�

DQG &2 LQ JDV SKDVH LV DEUXSWO\ GHFUHDVHG� WKH &2�

FRQWHQW LV LQFUHDVHG� SUREDEO\� DV D UHVXOW RI UHDFWLRQ
&2  ���&2� � ���&� WKDW LV SURYHG E\ GHFUHDVH
LQ FDUERQ FRQWHQW LQ HTXLOLEULXP V\VWHP DV FRPSDUHG
ZLWK 7  ���� .� LQ VSLWH RI PRUH LQWHQVLYH SURFHHGLQJ
RI UHDFWLRQ & � +�2  &2 � +� ����& � +�2  
 ���&2� � +� LV DOVR SRVVLEOH�� 8OWUDORZ FRQWHQW
RI &2 LQ WKHUPRG\QDPLFDOO\ HTXLOLEULXP V\VWHP
�����w���� PRO� DWWUDFWV DWWHQWLRQ� +HUH� WKH VDPH DV
IRU &2w6L2 V\VWHP� WKH UHVXOWV VKRXOG EH FRQVLGHUHG
DOVR LQ D NLQHWLF DVSHFW RI UHDFKLQJ HTXLOLEULXP E\
V\VWHP�

/HW XV GLVFXVV WKH SRVVLEOH VRXUFHV RI PRLVWXUH
HQWHU LQWR UHDFWLRQ ]RQHV RI WKH IXUQDFH� $FWXDOO\� DOO
FKDUJH PDWHULDOV� XVHG LQ PHOWLQJ RI IHUURVLOLFLXP
�TXDUW]LWH� LURQ FKLSV� FRNH ILQHV� DUH WKH VRXUFHV RI
PRLVWXUH HQWHU WKH SRRO RI WKH RUH WKHUPDO HOHFWULF
IXUQDFH� 0RLVWXUH LQ TXDUWL]H PD\ EH FRQWDLQHG ERWK
LQ PLFURFUDFNV DQG DOVR LQ JDV�OLTXLG �IOXLG� LQFOX�
VLRQV� 7KH ODWWHU FRQWDLQ YRODWLOH FRPSRQHQWV �ILUVW
RI DOO ZDWHU�� SDUWLFLSDWLQJ LQ PDJPDWLF SURFHVVHV
ERWK LQ WKH IRUP RI VXEVWDQFHV GLVVROYHG LQ PHOW� DQG
DOVR LQ WKH IRUP RI DQ LQGHSHQGHQW IOXLG SKDVH� 7KH
IOXLG LQFOXVLRQV DUH XVXDOO\ PXOWLSKDVH� 7KHLU PDLQ
FRPSRQHQWV DUH DV IROORZV� ZDWHU� VDOWV �1D&O� &D&O��
.&O�� FDUERQDWHV DQG VXOSKDWHV RI LURQ DQG PDJQH�
VLXP LQ VPDOO DPRXQWV�� JDVHV �PDLQO\ &2�� ZKLFK
FDQ EH DYDLODEOH LQ WKH IRUP RI OLTXLG� LQ DGGLWLRQ�
&2� &+�� +�� +�6� 1�� +&O� +)� 62�� 1+�� $U DQG
RWKHU LQ VXERUGLQDWH DPRXQWV�� *DV�OLTXLG LQFOXVLRQV
DW URRP WHPSHUDWXUH DUH GLYLGHG LQWR VLQJOH�SKDVH
�ZKLFK FRQWDLQ RQO\ JDV RU RQO\ OLTXLG�� WZR�SKDVH
�JDV DQG OLTXLG DUH SUHVHQW LQ LQFOXVLRQ�� WKUHH�SKDVH
�FRQVLVWLQJ RI WZR JDVHV DQG OLTXLG RU RI WZR OLTXLGV
DQG JDV� DQG PXOWLSKDVH LQFOXVLRQV �ZLWK GDXJKWHU
SKDVHV� FRQWDLQLQJ JDV� OLTXLG DQG GDXJKWHUPLQHUDOV��
&RQWHQW RI ZDWHU LQ TXDUW]LWHV FDQ UHDFK ���� �W\SLFDO
YDOXH DPRXQWV WR DERXW ��� ��� :DWHU� ERXQG LQ
TXDUW]LWHV� OHDGV WR D WKHUPDO FUDFNLQJ RI WKH ODWWHU�
7KHVH TXDUW]LWHV DUH QRW XVHG LQ RUH WKHUPDO SURFHVV
DV WKH FUDFNLQJ RI TXDUW]LWH DW WKH WRS RU DW D VPDOO
GHSWK RI WKH SRRO OHDGV WR WKH IRUPDWLRQ RI D ODUJH
DPRXQW RI ILQHV DQG� ILQDOO\� WR WKH GHFUHDVH LQ JDV
SHUPHDELOLW\ RI FKDUJH FROXPQ DQGGLVWXUEDQFH LQ HOHF�
WULF IXUQDFH RSHUDWLRQ�

0RLVWXUH RI LURQ FKLSV �K\GUR[LGHV RI LURQ� PDLQO\
DV SURGXFWV RI DWPRVSKHULF FRUURVLRQ� FDQQRW� SUR�
EDEO\� SOD\ D VLJQLILFDQW UROH� DV LWV DPRXQW LV QHJOL�
JLEOH� DQG� EHVLGHV� WKH WKHUPDO UHVLVWDQFH RI LURQ K\�
GUR[LGHV LV TXLWH LQVXIILFLHQW WR WUDQVIHU PRLVWXUH LQWR
KLJK�WHPSHUDWXUH ]RQHV RI WKH SRRO�

7KH PRVW SUREDEOH VRXUFH RI PRLVWXUH HQWHU FDQ
EH FDUERQ UHGXFLQJ DJHQW� LQ SDUWLFXODU FRNH ILQHV�
7KLV FRQFOXVLRQ FDQ EH FRQILUPHG E\ WKH IROORZLQJ
DUJXPHQWV� 7KXV� IURP WKH GDWD RI LQYHVWLJDWLRQV JLYHQ
E\ IRUHLJQ VFLHQWLVWV� WKH QHWZRUN RI SRUHV �GLDPHWHU

RI WKH OHDVW RI WKHP LV DERXW � QP� LQ FRDOV DQG FRNH�
XVHG DV UHGXFLQJ DJHQW LQ IHUURDOOR\ SURFHVVHV� KDV D
IUDFWDO VWUXFWXUH ZLWK D IUDFWDO GLPHQVLRQ 'V ≅ ��
6DPSOHV IRU LQYHVWLJDWLRQVZHUH REWDLQHG LQ SURFHVVLQJ
RI KDUG FRDO DW ���� . E\ ZDWHU� )URP WKH HVWLPDWHV
RI IRUHLJQ UHVHDUFKHUV� WKH VXUIDFH RI SRUH VWUXFWXUH LV
QRW OHVV WKDQ ���� P

�
�J� 0RLVWXUH� DEVRUEHG RQ LW�

LV DVVRFLDWHG ZLWK D PDWHULDO VXUIDFH ZLWK LQGXFHG
GLSROH PRPHQW RI ZDWHU PROHFXOHV E\ 9DQ GHU :DDOV
IRUFHV ZLWK ELQGLQJ HQHUJ\ HTXDO WR HQHUJ\ RI LGHDO
JDV DW SUHVVXUH ���� 03D� 7KLV HVWLPDWH RI DGVRUSWLRQ
HQHUJ\ LV ZHOO FRLQFLGHG ZLWK GDWD RI >��@� ZKHUH
YDOXHV RI HQHUJ\ ��w��� N-�PRO DUH JLYHQ IRU ZDWHU
RI PRQRPROHFXODU DGVRUSWLRQ� DQG QRW OHVV WKDQ
�� N-�PRO IRU WKH ZDWHU RI SRO\PROHFXODU DGVRUSWLRQ�
7HPSHUDWXUH XS WR ���� . LV UHTXLUHG IRU WKHUPDO
DFWLYDWLRQ RI GHVRUSWLRQ DQG ZDWHU HYDSRUDWLRQ DW
WKHVH YDOXHV RI HQHUJ\ RI DGVRUSWLRQ LQ DFFRUGDQFH
ZLWK 7UXWRQ UXOH ∆+YDS  ����57 >��@�

)UDFWDO GLPHQVLRQ RI QHWZRUN RI SRUHV RI FRDO'S  

 ���w���� WUHDWHG ZLWK QLWURJHQ DQG ZDWHU YDSRXU DW

KLJK WHPSHUDWXUH� ZDV UHYHDOHG E\ WKH QDWXUH RI D

ORZ�DQJOH VFDWWHULQJ RI ;�UD\V RQ WKH VDPSOH E\ LWV

FDSDELOLW\ WR DEVRUE WKH QLWURJHQ� DQG DOVR XVLQJ WKH

VFDQQLQJ WXQQHO PLFURVFRSH� ,Q R[LGDWLRQ ZLWK ZDWHU

YDSRXU WKH ZDOOV EHWZHHQ PLFURVFRSLF FDYLWLHV ZHUH

IUDFWXUHG DQG FKDRWLF V\VWHP RI LQWHUUHODWHG FKDQQHOV

RI GLDPHWHUV IURP ���w��� XS WR ���w��� QP ZDV

RFFXUUHG� 7RWDO SRURVLW\ RI VDPSOHV LQYHVWLJDWHG ZDV

���w���� WKDW FRUUHVSRQGV WR SRURVLW\ RI PRVW FDUERQ

UHGXFLQJ DJHQWV� $W WKH PHQWLRQHG SDUDPHWHUV DQG

���� QP
�
� DUHD IRU RQH PROHFXOH RI ZDWHU� XS WR � �

RI PRLVWXUH FDQ DEVRUE DW WKH VXUIDFH RI QDQRSRUHV�

WKLV PRLVWXUH LV QRW GHWHUPLQHG E\ WHFKQLFDO DQDO\VLV

RI FDUERQ UHGXFLQJ DJHQW E\ WKH UHDVRQV FRQVLGHUHG

DERYH�
0RYHPHQW RI ZDWHU PROHFXOHV LQ FKDQQHOV RI

QDQRSRURXV VWUXFWXUH RI FDUERQ UHGXFLQJ DJHQW FDQQRW
EH DOUHDG\ FRQVLGHUHG DV JDV PRYHPHQW LQ DSSUR[LPD�
WLRQ RI D FRQWLQXRXV PHGLXP� (� .DODVKQLNRY DQG
%� 3HY]QHU >��@ VXJJHVWHG WR FRLQFLGH WKLV PRYHPHQW
DV GLVORFDWLRQ�G\QDPLF GLIIXVLRQ LQ PRGHO RI )UHQNHOw
.DQWRURYD� ZKLFK DFFRXQWV IRU D ORFDO SUHVHUYDWLRQ
RI D SXOVH LQ LQWHUDFWLRQ ZLWK D SHULRGLF SRWHQWLDO ILHOG
FUHDWHG E\ DWRPV IRUPLQJ WKH FKDQQHO ZDOOV� ([FHSW
WKH PRGXOXV RI PDWHULDO VKHDU� IRUPLQJ WKH FKDQQHO�
HQHUJ\ RI DFWLYDWLRQ LQ WKH VFRSH RI WKH VXJJHVWHG
PRGHO� GHSHQGV RQ SRODUL]DELOLW\ RI PROHFXOHV �SDUWL�
FOHV� RI D GLIIXVDQW� $V WKH SRODUL]DELOLW\ RI LQHUW JDV
DWRP LV E\ RQH RUGHU ORZHU WKDQ SRODUL]DELOLW\ RI GLSROH
PROHFXOHV RI ZDWHU� WKH GLHOHFWULF SHUPHDELOLW\ RI
ZKLFK LQ WKLQ ILOPV LV DOVR GHFUHDVHG JUHDWO\ �IURP ��
LQ YROXPH XS WR �w�� QP LQ WKLQ ILOPV� LQ ILOPV RI
���w��� QP WKLFNQHVV WKH YDOXHV RI GLHOHFWULF SHUPH�
DELOLW\ GR QRW H[FHHG �w� >��@�� WKH QRWLFHDEOH PDVV
WUDQVIHU� DVVRFLDWHG ZLWK RYHUFRPLQJ RI DFWLYDWLRQ
EDUULHU RI ���� H9 KHLJKW ���� N-�PRO� DW HDFK VLQJOH
GLIIXVLRQ VKHDU ZLOO EH REVHUYHG DW WHPSHUDWXUH� UHDFK�
LQJ QRW OHVV WKDQ ���� .� ,Q WKH FRQGLWLRQV RI WZR�
GLPHQVLRQDO GLIIXVLRQ RQ WKH VXUIDFH RI SRUHV� WKH WLPH
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UHTXLUHG IRU UHPRYDO PRLVWXUH IURP WKH PDWHULDO ZLOO
H[FHHG JUHDWO\ WKH WLPH RI UHGXFLQJ DJHQW GXUDWLRQ LQ
WKH HOHFWULF IXUQDFH SRRO�

0DVV WUDQVIHU RI PRLVWXUH E\ FKDQQHOV RIPLFURPHW�
ULF VL]H LV KLQGHUHG GXH WR LQFUHDVH LQ YLVFRVLW\ RI
ERXQG ZDWHU E\ ��� WLPHV LQ ILOPV RI ���w��� QP
WKLFNQHVV DQG E\ ��� WLPHV LQ ILOPV RI �� QP WKLFNQHVV
>��@�

,Q RWKHU ZRUGV� FDUERQ UHGXFLQJ DJHQW VHUYHV QRW
RQO\ DV VXSSOLHU RI PRLVWXUH WR WKH RUH WKHUPDO IXUQDFH�
EXW LV DOVR D PHDQV RI LWV WUDQVSRUW WR WKH UHDFWLRQ
]RQH� ,Q WKH FRXUVH RI FRQVXPSWLRQ RI FRNH OXPSV IRU
UHGXFWLRQ SURFHVVHV� WKH ERXQG ZDWHU FRQWDLQHG LQ
WKHP LV UHOHDVHG DQG KDV DQ DFWLYH SDUWLFLSDWLRQ� DV
ZDV VKRZQ DERYH� LQ SK\VLFDO�FKHPLFDO SURFHVVHV RI
KLJK�WHPSHUDWXUH UHDFWLRQ ]RQHV RI HOHFWULF IXUQDFH�

�� *DVLN� 0�,�� /\DNLVKHY� 1�3� ������ 7KHRU\ DQG WHFKQRORJ\
RI IHUURDOOR\ HOHFWURPHWDOOXUJ\� 0RVFRZ� ,QWHUPHW�(QJL�
QHHULQJ�

�� 5\DEFKLNRY� ,�6� ������ 7KHUPRG\QDPLF LQYHVWLJDWLRQ RI
6Lw2w& V\VWHP DW KLJK WHPSHUDWXUHV� ,]Y� $1 6665� 0H�
WDOO\� �� ��w���

�� 7ROVWRJX]RY� 1�9� ������ 7KHRUHWLFDO SULQFLSOHV DQG WHFK�
QRORJ\ RI PHOWLQJ RI VLOLFRQ DQG PDQJDQHVH DOOR\V� 0RVFRZ�
0HWDOOXUJL\D�

�� *XUYLFK� /�9�� 9HMWV� ,�9�� 0HGYHGHY� 9�$� HW DO� ������
7KHUPRG\QDPLF SURSHUWLHV RI LQGLYLGXDO VXEVWDQFHV� 5HIHU�
%RRN� (G� E\ 9�3� *OXVKNR� 0RVFRZ� 1DXND�

�� 0LQGLQ� 9�<X�� 0D]PLVKYLOL� 6�0� ������ 7KHUPRG\QDPLF
DQDO\VLV RI LQWHUDFWLRQ LQ VLOLFRQ�FDUERQ GLR[LGH V\VWHP�
=KXUQDO 3ULNO� .KLPLL� �� ����w�����

�� +DWFKLVRQ� 6�*�� 5LFKDUGVRQ� /�6�� :DO� 6�0� ������ &DU�
ERWKHUPLF UHGXFWLRQ RI VLOLFRQ GLR[LGH� D WKHUPRG\QDPLF LQ�
YHVWLJDWLRQ� 0HWDOOXUJLFDO 7UDQVDFW�� ���� ���w����

�� .XOLNRY� ,�6� ������ 7KHUPRG\QDPLF GLVVRFLDWLRQ RI FRP�
SRXQGV� 0RVFRZ� 0HWDOOXUJL\D�

�� %HUGQLNRY� 9�,� ������ $SSOLFDWLRQ RI EDODQFH WKHUPRG\�
QDPLF DQDO\VLV IRU LQYHVWLJDWLRQ RI VLOLFRQ UHGXFWLRQ PHFKD�
QLVP LQ IHUURDOOR\ IXUQDFH� 6WDO� �� ��w���

�� 3RQRPDUHQNR� <X�*� ������ &DOFXODWLRQV IRU PRGHO RI FDU�
ERWKHUPLF UHGXFWLRQ RI VLOLFRQ LQ HOHFWULF IXUQDFH� ,ELG�� ��
��w���

��� <DNXVKHYLFK� 1�)�� *DOHYVN\� *�9� ������ ,QWHUDFWLRQ RI
FDUERQ ZLWK FDOFLXP� VLOLFRQ DQG DOXPLQLXP R[LGHV� 1R�
YRNX]QHWVN� 6LELU� *38�

��� 6KFKHGURYLWVN\� <D�6� ������ +LJK�VLOLFRQ IHUURDOOR\V�
6YHUGORYVN� 0HWDOOXUJL]GDW�

��� *DVLN� 0�,�� *DVLN� 0�0�� =XERY� 9�/� HW DO� ������ ,QIOX�
HQFH RI K\GURJHQ RI IXUQDFH JDV SKDVH RQ WKHUPRG\QDPLF
VWDELOLW\ RI FRQGHQVHG SKDVH FRPSRQHQWV LQ 6Lw2w&w�+��
6WDO� ��� ��w���

��� .RVWLQD� 7�%�� %DXP� %�$� ������ 6ROXELOLW\ RI K\GURJHQ LQ
OLTXLG DOOR\V RI LURQ ZLWK VLOLFRQ� =KXUQDO )L]� .KLPLL� ��
���w����

��� .OHDQ� 2�6�� (QJK� 7�$� ������ 'LVVROYHG LPSXULWLHV LQ
)H6L GHYHORSPHQW RI D ILOWHU VDPSOHU� ,Q� ,1)$&21���
7URQGKHLP�

��� *HOG� 3�9�� <DYRMVN\� 9�,� ������ 6WXG\ RI FDXVHV RI JDV
GLVVROXWLRQ LQ IHUURDOOR\V� 6YHUGORYVN� 83,�

��� /LFKPDQ� 9�6�� .UDYFKHQNR� 9�$�� 6HUHEUHQQLNRY� $�$�
������ ,PSURYHPHQW RI TXDOLW\ RI �� � IHUURVLOLFLXP RI PD�
FKLQH SRXULQJ� 6WDO� �� ����

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

��� +RXGHQ� '�� 0LOQHU� '� ������ +\GURJHQ DEVRUSWLRQ LQ DUF
PHOWLQJ� %ULWLVK :HOGLQJ� �� ���w����

��� *HOG� 3�9�� (VLQ� 2�$� ������ 3K\VLFDO FKHPLVWU\ RI S\�
URPHWDOOXUJLFDO SURFHVVHV� 3DUW �� 6YHUGORYVN� 0HWDOOX�
UJL]GDW�

��� 7DMWV� (�0� ������ 3URSHUWLHV RI FRDOV DQG SURFHVV RI FRNH
JHQHUDWLRQ� 0RVFRZ� 0HWDOOXUJL]GDW�

��� .RURO\RY� 9�$� ������ %RXQG ZDWHU LQ URFNV� QHZ FDVHV DQG
SUREOHPV� 6RURVRY� 2EUD]RYDW� =KXUQDO� �� ��w���

��� 6KUHGHU� 0� ������ )UDFWDOV� FKDRV� SRZHU ODZV� ,]KHYVN�
5HJ� L .KDRWLFK� 'LQDPLND�

��� %DOH� +�'�� 6PLWK� 3�:� ������ 6PDOO�DQJOH ;�UD\ VFDWWHU�
LQJ LQYHVWLJDWLRQ RI VXEPLFURVFRSLF SRURVLW\ ZLWK IUDFWDO
SURSHUWLHV� 3K\V� 5HY� /HWW�� ��� ���w����

��� *DVLN� 0�,�� =XERY� 9�/�� 3RO\DNRY� 2�,� ������ 3UREOHP
RI QRQ�SURGXFWLYH XVH RI UHGXFLQJ DJHQWV LQ PHOWLQJ RI IHUUR�
DOOR\V� 6WDO� �� ��w���

��� 7ROVWRJX]RY� 1�9�� (ONLQ� .�6�� 7ROVWRJX]RY� 9�1� ������
6WXG\ RI ODZV RI FDUERQ FRQVXPSWLRQ LQ PHOWLQJ RI VLOLFRQ
DOOR\V� ,ELG�� ��� ��w���

��� *LEEV� -�9� ������ 7KHUPRG\QDPLFV� 6WDWLVWLFDO PHFKDQLFV�
0RVFRZ� 1DXND�

��� GH 'RQGH� 7�� YDQ 5LVVHOEHUJ� 3� ������ 7KHUPRG\QDPLF
WKHRU\ RI DIILQLW\ �%RRN RI SULQFLSOHV�� (G� E\ 9�0� *OD�
]RY� 0RVFRZ� 0HWDOOXUJL\D�

��� 3ULJR]KLQ� ,�� .RQGHSXGL� '� ������ &XUUHQW WKHUPRG
\QDPLFV� 0RVFRZ� 0LU�

��� *LUVKIHOGHU� -�� .HUWLV� &�� %HUG� 5� ������ 0ROHFXODU WKH�
RU\ RI JDVHV DQG OLTXLGV� 0RVFRZ� ,QRVWU� /LWHUDWXUD�

��� .DODVKQLNRY� (�9�� 3HY]QHU� %�=� ������ +HOLXP DWRP PR�
WLRQ DORQJ WKH FKDQQHO RI SURSRUWLRQDO GLDPHWHU LQ WKH FRQ�
WH[W RI )UHQNHOw.DQWRURYD PRGHO� )L]LND 7Y\RUG� 7HOD� ���
���w����
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9�,� /$.206.<

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

,W LV VKRZQ KRZ LW LV SRVVLEOH WR REWDLQ DQDO\WLFDO GHSHQGHQFH RI VSHFLILF HOHFWULFDO UHVLVWDQFH RI EXON PDVV RQ LQWHUQDO

VSHFLILF UHVLVWDQFH RI PDWHULDO RI VROLG ERG\ DQG IUDFWLRQDO FRPSRVLWLRQ RI EXON PL[WXUH E\ XVLQJ FRQFHSWLRQ RI 5� +ROP

DERXW D UHDO FRQWDFW RI WZR IUDJPHQWV RI VROLG ERG\�

.H\ZRU G V � EXON PDWHULDOV� HOHFWULFDO UHVLVWDQFH RI EXON
PL[WXUH� IUDFWLRQDO FRPSRVLWLRQ RI JUDLQHG PDWHULDO

$W WKH LQGXVWULDO HQWHUSULVH RI &RPSDQ\ �8NUDLQLDQ
JUDSKLWH� VHYHUDO SRZHUIXO HOHFWULFDO IXUQDFHV�FDOFL�

QDWRUV IRU WKH SURGXFWLRQ RI WKHUPRDQWKUDFLWH DUH RSH�

UDWLQJ� 'XH WR VRPH GUDZEDFNV LQ WKHLU GHVLJQ� WKH

H[WUD FRQVXPSWLRQ RI HQHUJ\ LV REVHUYHG� 7KH SUHVHQW

DUWLFOH LV WKH ILUVW ZRUN RI WKH (�2� 3DWRQ (OHFWULF

:HOGLQJ ,QVWLWXWH IRU WKH LPSURYHPHQW RI WHFKQRORJ\
DQG GHVLJQ RI WKHVH IXUQDFHV�

7KH PDMRU FKDUDFWHULVWLF RI TXDOLW\ LQ IXUQDFHV�
FDOFLQDWRUV RI HOHFWURWKHUPRDQWKUDFLWH LV WKH VSHFLILF

HOHFWULFDO UHVLVWDQFH �6(5�� 4XDQWLWDWLYH GHWHUPLQD�

WLRQ RI 6(5 LV PDGH E\ WKH PHWKRG� VSHFLILHG E\

*267 ����w��� LI WR VSHDN DERXW WKH IDFWRU\ FRQ�

VXPSWLRQ RU H[SRUW WR &,6 FRXQWULHV� ,I WKH WKHUPRDQ�

WKUDFLWH LV H[SRUWHG DEURDG� WKHQ 6(5 VKRXOG EH HV�

WLPDWHG E\ WKH LQWHUQDWLRQDO VWDQGDUG ,62 ������

$FFRUGLQJ WR WKH ILUVW VWDQGDUG� WR GHWHUPLQH 6(5

RI WKHUPRDQWKUDFLWH LW LV QHFHVVDU\ WR FUXVK LW WR �����w

����� PP IUDFWLRQV DQG WR PHDVXUH HOHFWULFDO UHVLV�

WDQFH RI SUHVVLQJ XQGHU � 03D ± ��� � SUHVVXUH� ,I

WKH 6(5 LV GHWHUPLQHG E\ WKH LQWHUQDWLRQDO VWDQGDUG�

WKHQ WKH WKHUPRDQWKUDFLWH LV FUXVKHG WR WKH VL]HV RI

���w��� PP SDUWLFOHV DQG WKH SUHVVXUH LV UHGXFHG WR

� 03D ± � ��

,Q LV JHQHUDOO\ NQRZQ� WKDW HOHFWULFDO FXUUHQW LV
SDVVHG WKURXJK EXON HOHFWURFRQGXFWLYH PDWHULDO ERWK

RQ WKH SDUWLFOHV RI WKLV PDWHULDOV DQG DOVR RQ SRLQWV

RI HOHFWULFDO FRQWDFW EHWZHHQ WKHP� ,W LV DOVR NQRZQ�

WKDW FRQWDFW HOHFWULFDO UHVLVWDQFH H[FHHGV DOZD\V WKH

UHVLVWDQFH RIPDVV RI WKHPDWHULDO LWVHOI� &RQVHTXHQWO\�

WKH VPDOOHU SDUWLFOHV� WKH ODUJHU DPRXQW RI SODFHV RI

FXUUHQW WUDQVLWLRQ IURP SDUWLFOHV RI RQH HOHPHQWDU\

OD\HU WR SDUWLFOHV RI DQRWKHU OD\HU� WKH ORZHU HOHFWULF
UHVLVWDQFH RI WKH JUDLQHG PDWHULDO� ,Q RWKHU ZRUGV� WKH

EHWWHU FUXVKLQJ RI EXONPDWHULDO� WKH KLJKHU LWV HOHFWULF
FRQGXFWLYLW\�

)XUWKHU� LW FDQ EH VDLG D SULRUL� WKDW ZLWK LQFUHDVH

RI SUHVVXUH RQ EXON PDWHULDO PDVV WKH UHVLVWDQFH RI

WKH ODWWHU ZLOO GHFUHDVH GXH WR WKH IDFW WKDW PDWHULDO

LV SDFNHG� DQG WKH QXPEHU RI SRLQWV RI WKH HOHFWULFDO

FRQWDFW LV LQFUHDVHG� 0RUHRYHU� WKH YROXPH RI SRUHV�

ILOOHG ZLWK DLU� QRW SDUWLFLSDWLQJ LQ HOHFWULF FRQGXF�
WLYLW\ RI SUHVVLQJ� LV GHFUHDVHG� ,Q DGGLWLRQ� ZLWK LQ�

FUHDVH LQ SUHVVXUH WKH HOHFWULFDO UHVLVWDQFH RI FRQWDFW�

LQJ SDUWLFOHV LV GHFUHDVHG GXH WR LQFUHDVH LQ DUHD RI D

UHDO FRQWDFW EHWZHHQ WKH SDUWLFOHV� DQG DOVR FORVHU

SUHVVLQJ RI FRQWDFWLQJ VXUIDFHV DJDLQVW HDFK RWKHU�

7DNLQJ LQWR DFFRXQW WKH DERYH�VDLG� LW LV HDV\ WR

XQGHUVWDQG WKDW YDOXHV RI 6(5� PHDVXUHG E\ WZR

VWDQGDUGV� ZLOO QRW FRLQFLGH REOLJDWRU\� DQG WKH PRUH

VR WKH\ ZLOO QRW UHSUHVHQW 6(5 RI DQWKUDFLWH DV D

PDVVLYH PDWHULDO� DQG DOVR LQ WKH IRUP RI D FKDUJH RI

WKH IXUQDFH�FDOFLQDWRU�

$W WKH VDPH WLPH� WR KDYH D VNLOOHG DQDO\VLV RI

SURFHVVHV RI HOHFWULFDO KHDWLQJ RI DQWKUDFLWH LQ WKH

IXUQDFH VKDIW DQG WR FRQWURO WKHVH SURFHVVHV� LW LV QH�

FHVVDU\ WR NQRZ 6(5 RI DQWKUDFLWH LWVHOI RI GLIIHUHQW

IUDFWLRQDO FRPSRVLWLRQ� ZKLFK FDQ EH XVHG IRU FDOFL�

QDWLRQ�

7KXV� WKH SUREOHP LV WR ILQG WKH DQDO\WLFDO GHSHQG�

HQFH RI 6(5 RI EXON PDWHULDO RI GLIIHUHQW IUDFWLRQDO

FRPSRVLWLRQ RQ 6(5 RI WKH VDPH PDWHULDO EXW DV D

PRQROLWK DQG GHJUHH RI FUXVKLQJ RI WKLV PRQROLWK� ,Q

RWKHU ZRUGV� LW LV QHFHVVDU\ WR VKRZ WKH FKDQJH LQ

6(5 RI HOHFWURFRQGXFWLYH PDWHULDO LQ WKH FRXUVH RI LWV

FUXVKLQJ�

7R REWDLQ WKH DQDO\WLFDO UHODWLRQVKLS EHWZHHQ 6(5

RI EXON PDWHULDO DQG VL]H RI LWV SDUWLFOHV� OHW XV LPDJLQH

WKH IROORZLQJ PRGHO RI WKH HOHFWURFRQGXFWLYH JUDLQHG

PDWHULDO� /HW XV DVVXPH� DV LW LV PDGH LQ PRGHOOLQJ

RI GLVSHUVHG PHGLD >�@� WKDW WKH EXON PDWHULDO UHSUH�

VHQWV D V\VWHP RI VSKHULFDO SDUWLFOHV RI UDGLXV U� KR�

PRJHQHRXV LQ FKHPLFDO FRPSRVLWLRQ DQG VWUXFWXUH�

7KHQ� ZH VKDOO FRQVLGHU D URZ SDFNLQJ RI WKH JUDLQHG

PDWHULDO ILUVW RQ D GHILQLWH OHQJWK� DQG WKHQ PXOWLURZ

SDFNLQJ RQ D GHILQLWH DUHD DQG� DW ODVW� ZH VKDOO GHFLGH

KRZ PDQ\ VLPLODU SDUWLFOHV FDQ EH SDFNHG LQ WKH XQLW\
RI YROXPH DW WKH VDPH VFKHPH RI SDFNLQJ�

� 9�,� /$.206.<� ����
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,W LV QRW GLIILFXOW WR LPDJLQH WKDW DW WKH OHQJWK
XQLW\ LQ WKLV FDVH WKH DPRXQW RI SDUWLFOHV HTXDO WR
���U LV SDFNHG LQ URZ QO� DQG Q6  ���U

�
LV DUUDQJHG

DW WKH DUHD XQLW\� $V WR WKH XQLW YROXPH� WKHQ WKH
ODWWHU ZLOO FRQWDLQ Q9  ���U

�
SDUWLFOHV� 7KLV SDFNLQJ

LV FDOOHG FXELF LQ WKH FU\VWDOORJUDSK\� ,I WR MRLQ WKH
FHQWUHV RI QHLJKERULQJ VSKHUHV� WKHQ ZH VKDOO REWDLQ
FXEH� ZKRVH VLGH LV HTXDO WR �U� ,Q WKLV FDVH DOO HLJKW
VSKHULFDO VHJPHQWV ZLWK FHQWUHV LQ FXEH DQJOHV DUH
HTXDO EHWZHHQ WKHPVHOYHV� DQG WKH VXP RI WKHLU YR�
OXPHV LV HTXDO WR WKH IXOO YROXPH RI RQH VSKHUH� 7KHQ
WKH YROXPH� RFFXSLHG E\ SRUHV LQ HDFK FHOO� FRQVLVWLQJ

RI HLJKW VSKHUHV� LV HTXDO WR
�U

�
w ���πU�

�U
�

� $V LV VHHQ

IURP WKLV IRUPXOD� WKH YROXPH RI SRUHV GRHV QRW GH�
SHQG RQ UDGLXV RI VSKHUH DQG LV ����� � RI WKH WRWDO
YROXPH RI FHOO� 5RXJKO\ VSHDNLQJ� RQO\ D KDOI RI YR�
OXPH RI EXON PDWHULDO DW VXFK DUUDQJHPHQW LV ILOOHG
ZLWK VSKHULFDO SDUWLFOHV� ZKLOH WKH VHFRQG KDOI RI WKH
YROXPH LV SRUHV� 7KLV VFKHPH RI SDFNLQJ LV � SRURXV��
LW LV LQVWDEOH XQGHU WKH PHFKDQLFDO DFWLRQ RQ EXON
PDWHULDO PDVV DQG FDQ EH SDFNHG DW LQWHQVLYH VKDNLQJ
RI WKH PDWHULDO� DQG LWV EXON PDVV FDQ LQFUHDVH�

,Q FXELF SDFNLQJ HDFK SDUWLFOH RI D VSKHULFDO VKDSH
KDV � SRLQWV RI FRQWDFW ZLWK QHLJKERULQJ VSKHUHV� RQH
FRQWDFW ZLWK ORZHU� VHFRQG x ZLWK XSSHU DQG � x
ZLWK ODWHUDO VSKHUHV� $V WKH HOHFWULFDO FXUUHQW LV D
YHFWRU YDOXH� WKHQ LQ WKLV FDVH RQO\ � FRQWDFWV RI HDFK
VSKHUH ZLOO FRQGXFW HOHFWULFDO FXUUHQW�

,Q QDWXUH� EHVLGH WKH DERYH�PHQWLRQHG SDFNLQJ�

WKHUH LV DOVR GHQVH� WKH VR�FDOOHG WHWUDKHGUDO SDFNLQJ�

7KLV SDFNLQJ� XQOLNH WKH FXELF SDFNLQJ� LV VWDEOH� EH�

FDXVH DW DQ\ VKDNLQJ WKH EXON PDWHULDO ZLOO QHYHU EH

SDFNHG� $W VXFK SDFNLQJ WKH OLQHV FRQQHFWLQJ FHQWHUV

RI QHLJKERULQJ VSKHUHV ZLOO IRUP DQ HTXLODWHUDO WULDQ�

JOH� ,Q WKLV V\VWHP HDFK VSKHUH KDV DOUHDG\ QRW �� EXW

�� SRLQWV RI FRQWDFW� � ZLWK XSSHU VSKHUHV� � ZLWK

ORZHU DQG WKH VDPH DPRXQW ZLWK ODWHUDO VSKHUHV� 9R�

OXPH RI YRLGV EHWZHHQ WKH VSKHUHV LQ WKLV FDVH LV RQO\

����� ��
$FFRUGLQJ WR WKH WKHRU\ RI FRQWDFW KHDW WUDQVIHU

LQ GLVSHUVLRQ PHGLD >�@� WKH SKHQRPHQRQ VLPLODU WR
HOHFWULFDO FRQGXFWLYLW\ RI EXON PDWHULDOV� WKH VFKHPH
RI FXELF SDFNLQJ RI VSKHUHV LV FORVH WR UHDO VWUXFWXUHV�
IUHH IURP H[WHUQDO ORDG RI EXON PDVVHV� 7KLV VWUXFWXUH

LV IRUPHG LQ SRXULQJ RXW RI DQ\ GLVSHUVHG PDWHULDO
IURP D KRSSHU ZLWKRXW DQ\ VXEVHTXHQW SDFNLQJ�
$QDO\VLV RI WKLV VWUXFWXUH KDV QRW RQO\ WKH WKHRUHWLFDO�
EXW DOVR SUDFWLFDO LPSRUWDQFH�

7DNLQJ LQWR DFFRXQW WKH VFKHPH RI ORDGLQJ RI
FUXVKHG DQWKUDFLWH LQWR IXUQDFH DQG FRQGLWLRQV RI IRU�
PDWLRQ RI FKDUJH FROXPQ LQ WKH IXUQDFH VKDIW� OHW XV
WDNH FXELF VFKHPH RI SDFNLQJ RI HOHPHQWDU\ VSKHUHV
IRU DQDO\VLV RI SURFHVVHV RI HOHFWULF FXUUHQW WUDQVPLV�
VLRQ LQ D OD\HU RI EXON PDWHULDO DQG WU\ WR HVWDEOLVK
WKH DQDO\WLFDO UHODWLRQVKLS EHWZHHQ HOHFWULFDO UHVLV�
WDQFH RI EXON PDWHULDO DQG LWV IUDFWLRQDO FRPSRVLWLRQ�

)ROORZLQJ WKH FODVVLFDO WKHRU\ RI HOHFWULFDO FRQ�
WDFWV >�@� OHW XV DVVXPH WKDW WUDQVLWLRQ RI HOHFWULFDO
FXUUHQW IURP RQH SDUWLFOH RI VROLGPDWHULDO LQWR DQRWKHU
SDUWLFOH LV UHDOL]HG WKURXJK VR�FDOOHG D�VSRW E\ WHUPL�
QRORJ\ RI 5� +ROP� WKH DXWKRU RI WKLV WKHRU\� 7KH
PHQWLRQHG D�VSRWV DUH UDWKHU VPDOO DV FRPSDUHG ZLWK
D YLVLEOH JHRPHWULF DUHD RI WKH FRQWDFW� ,Q WKLV FRQ�
QHFWLRQ� WKH HOHFWULFDO FXUUHQW� SDVVLQJ WKURXJK WKHP�
XQGHUJRHV VLJQLILFDQW FRPSUHVVLRQ EHIRUH HQWHULQJ D�
VSRW DQG H[SDQVLRQ DIWHU FRPLQJ RXW IURP LW DOUHDG\
LQ DQRWKHU SDUWLFOH RI WKH HOHFWURFRQGXFWLYH PDWHULDO�
5HVHDUFKHUV� VWXGLHG WKH FRQWDFW WKHUPDO UHVLVWDQFH
>�@� FRQVLGHU WKDW WKH VKDSH RI FRQWDFW D�VSRW DS�
SURDFKHV FLUFOH� LI ZH DUH GHDOLQJ ZLWK FROOLVLRQ RI
WZR ERGLHV ZLWK D URXJK VXUIDFH� DV WKDW RI DQWKUDFLWH�

$ FHUWDLQ HQHUJ\ LV FRQVXPHG IRU FRPSUHVVLRQ LQ
RQH DQG H[SDQVLRQ LV DQRWKHU JUDLQ RI DQWKUDFLWH RI
HOHFWULFDO SRZHU OLQHV� ZKLFK LV SURSRUWLRQDO WR WKH
UHVLVWDQFH� HTXDO� DFFRUGLQJ WR >�@� WR ρ���D� ZKHUH
ρ� LV WKH 6(5 RI WKH DQWKUDFLWH LWVHOI� D LV WKH UDGLXV
RI HOHPHQWDU\ D�VSRW� 7KH JLYHQ H[SUHVVLRQ LV UHIHUUHG
WR RQH D�VSRW RI UDGLXV D� LW WDNHV LQWR DFFRXQW ERWK
WKH FRPSUHVVLRQ UHVLVWDQFH DW FXUUHQW LQSXW WR D�VSRW�
DQG DOVR WKH H[SDQVLRQ UHVLVWDQFH DW FXUUHQW RXWSXW
IURP D�VSRW� ,Q UHDO FRQWDFWV QXPHURXV FRQWDFW VSRWV
DUH XVXDOO\ DYDLODEOH� $V WKH HOHFWULFDO FXUUHQW LV
SDVVHG VLPXOWDQHRXVO\ DORQJ DOO WKH DYDLODEOH VSRWV�
WKHQ WKH UHVLVWDQFH RI FRPSUHVVLRQ DV D ZKROH ZLOO EH
Q WLPHV ORZHU DQG HTXDO WR ρ���QD�

,Q PDWKHPDWLFDO FDOFXODWLRQV WKH ILUVW H[SUHVVLRQ
RI FRQWDFW UHVLVWDQFH LV XVHG� DV LW LV LPSRVVLEOH WR
FRXQW WKH QXPEHU RI VHSDUDWH D�VSRWV� ,Q SDUWLFXODU�
ZKHQ DQDO\]LQJ WKH VFKHPH RI FXUUHQW SDVVLQJ IURP
RQH SLHFH RI FRDO WR DQRWKHU SLHFH LQ D OD\HU RI DQ�

6FKHPH RI DUUDQJHPHQW RI JUDLQV RI KDUG PDWHULDO� D x LQ RQH URZ� E x LQ RQH SODQH� F x LQ WKH IRUP RI FXEH �DUURZV VKRZ WKH
GLUHFWLRQV RI HOHFWULF FXUUHQW�
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WKUDFLWH RI FXELF SDFNLQJ� ZH VKDOO FRQVLGHU RQH JLYHQ
VSRW� DV ZDV DERYH�DJUHHG�

7R FDOFXODWH WKH HOHFWULFDO UHVLVWDQFH LQ FXUUHQW
SDVVLQJ LQ YROXPH RI D VSKHULFDO SDUWLFOH� ZH VKDOO XVH
WKH NQRZQ SURFHGXUH LQ PDWKHPDWLFV� L�H� LQVWHDG RI
VSKHUH ZH VKDOO LPDJLQH DQ HTXLYROXPH F\OLQGHU�
ZKRVH KHLJKW LV HTXDO WR WKH VSKHUH UDGLXV� DQG WKH
F\OLQGHU UDGLXV LV ��√ � RI WKH VSKHUH UDGLXV� 7KHQ�

WKH HOHFWULFDO UHVLVWDQFH LQ FXUUHQW SDVVLQJ LQ YROXPH
RI WKH DQWKUDFLWH SDUWLFOH RI DQ LPDJLQHG F\OLQGULFDO

VKDSH ZLOO EH
�ρ�
�πU� ZKHUH U LV D UDGLXV RI WKH VSKHULFDO

DQWKUDFLWH SDUWLFOH DFFHSWHG E\ XV�
$V WKH HOHFWULFDO FXUUHQW� SDVVLQJ WKURXJK HDFK

SDUWLFOH DW LWV URZ SDFNLQJ� LV RYHUFRPLQJ VXFFHVVLYHO\
ERWK FRQWDFW UHVLVWDQFH� DQG WKH UHVLVWDQFH RI YROXPH
RI WKH SDUWLFOH LWVHOI� WKHQ WKH LPSHGDQFH RI HDFK HOH�
PHQWDU\ SDUWLFOH RI WKH EXON PDWHULDO �)LJXUH� D� LV

WKH VXP RI WKHVH UHVLVWDQFHV 5Σ  
ρ�
�D

+
�ρ�
�πU RU DIWHU

WUDQVIRUPDWLRQ 5Σ  
ρ�
�




�

D

+ �

�πU



�

1RZ� OHW XV HVWLPDWH HOHFWULFDO UHVLVWDQFH RI XQLW\
RI YROXPH RI WKH EXON PDWHULDO� HLWKHU LW LV FXELF FHQ�
WLPHWHU RU FXELF PHWHU� WKDW LV 6(5� LQ SULQFLSOH� RI
WKH JUDLQHG PDWHULDO FRQVLGHUHG LQ GLIIHUHQW XQLWV RI
PHDVXUHPHQW� 7KH HOHFWULFDO UHVLVWDQFH RI RQH OD\HU RI
SDUWLFOHV RI D URZ SDFNLQJ DW WKH DUHD XQLW\ ZLOO EH
HTXDO WR WKH LPSHGDQFH RI HDFK HOHPHQWDU\ SDUWLFOH�
GLYLGHG E\ WKH QXPEHU RI SDUWLFOHV LQ WKLV OD\HU� WKDW
LV IROORZHG IURP WKH UXOH RI SDUDOOHO VZLWFKLQJ RQ RI
UHVLVWDQFH �)LJXUH� E�� ,Q YROXPH XQLW\� OHW EH FXEH
�)LJXUH� F�� DV PXFK OD\HUV RI SDUWLFOHV ZLOO EH DU�
UDQJHG DV WKHLU TXDQWLW\ FRXOG EH DUUDQJHG LQ OHQJWK
RI WKLV FXEH HGJH� &RQVHTXHQWO\� WKH REWDLQHG TXR�
WLHQW VKRXOG EH PXOWLSOLHG E\ WKH QXPEHU RI OD\HUV LQ
WKLV FXEH� 7KXV� WKH HOHFWULFDO UHVLVWDQFH RI YROXPH
XQLW\ RI JUDLQHG PDWHULDO RU WKH VDPH DV 6(5 RI WKLV

EXON PDWHULDO� ZLOO EH HTXDO WR ρ%0  
5Σ
�
U
�

�U
�

,I WR VXEVWLWXWH WKH YDOXH RI HOHFWULFDO LPSHGDQFH
RI WKH HOHPHQWDU\ SDUWLFOH RI WKH PDWHULDO FRQVLGHUHG�
WKHQ� DIWHU WKH DSSURSULDWH WUDQVIRUPDWLRQV� ZH VKDOO
REWDLQ WKH XQNQRZQ DQDO\WLFDO H[SUHVVLRQ

ρ%0 = ρ�



U

D

+ �

�π



� ���

7KLV HTXDWLRQ FDQ EH VLPSOLILHG� WDNHQ DZD\ WKH
WHUP LQ EUDFNHWV� UHSUHVHQWLQJ WKH LQQHU UHVLVWDQFH RI
WKH VSKHUH PDWHULDO� DV LW LV ORZ DV FRPSDUHG ZLWK
FRQWDFW UHVLVWDQFH� DQG WKHQ ZH VKDOO REWDLQ

ρ%0 = ρ�
U

D

� ���

/HW XV DQDO\]H WKH JLYHQ DQDO\WLFDO GHSHQGHQFH
6(5 RI EXON PDWHULDO RQ VL]H RI LWV FRPSRVHG SDUWLFOHV�

,W IROORZV IURP WKH GHSHQGHQFHV�
• 6(5 RI FUXVKHG HOHFWURFRQGXFWLYH PDWHULDO LV

DOZD\V KLJKHU WKDQ 6(5 RI PRQROLWKLF PDWHULDO� EH�

FDXVH YDOXH D FDQ QHYHU UHDFK DQG� PRUHRYHU� H[FHHG
WKH YDOXH U� WKDW LV IROORZHG IURP WKH DERYH�JLYHQ
GHWHUPLQDWLRQ RI D YDOXH�

• WKH ODUJHU SDUWLFOHV RI EXON PDWHULDO PL[WXUH� L�H�
WKH KLJKHU YDOXH U� WKH KLJKHU 6(5 RI IUDFWLRQDO PD�
WHULDOV DQG� VXUHO\� WKH KLJKHU LWV GLIIHUHQFH IURP 6(5
RI PRQROLWK�

• 6(5 RI EXON PDWHULDO LV GLIIHUHG IURP 6(5PRQR�
OLWK EHFDXVH RI D VLJQLILFDQW UROH SOD\HG E\ D VL]H RI
D�VSRW RI D UHDO HOHFWULFDO FRQWDFW� WKDW LV IROORZHG
IURP PDWKHPDWLFDO DQG SK\VLFDO FRQVLGHUDWLRQV�

• ZLWK D JURZWK RI SUHVVLQJ IRUFH RI FRQWDFWLQJ
SDUWLFOHV WR HDFK RWKHU WKH GLDPHWHU RI D JLYHQ D�VSRW
LV LQFUHDVHG� FRQVHTXHQWO\� WKH 6(5 RI EXON PDWHULDO
VKRXOG GHFUHDVH� WKDW LV REVHUYHG LQ SUDFWLFH �WKH UH�
VLVWDQFH LV DOZD\V ORZHU� DQG WKH FXUUHQW GHQVLW\ LV
KLJKHU LQ D WKLFN OD\HU RI EXONPDWHULDO� WKURXJKZKLFK
WKH HOHFWULF FXUUHQW LV SDVVLQJ� LQ WKH ORZHU PRQROD\HU�
XQGHUJRLQJ WKH SUHVVXUH RI VXSHUDGMDFHQW OD\HUV�� ,Q
JHQHUDO� WKH UDGLXV RI WKH UHDO FRQWDFW LV GHWHUPLQHG
E\ DQ H[WHUQDO IRUFH DSSOLHG WR D FRQWDFW SDLU DQG WKH
KDUGQHVV RI LWV PDWHULDO� LI ZH DUH VSHDNLQJ DERXW
VLPLODU PDWHULDO� RU KDUGQHVV RI VRIWHU PDWHULDO LQ FDVH
RI GLVVLPLODU PDWHULDOV�

/HW FRQVLGHU WKH ILHOG RI DGDSWDELOLW\ RI WKH UHODWLRQ
REWDLQHG ZLWK UHVSHFW WR UDGLXV RI SDUWLFOHV RI VHSDUDWH
IUDFWLRQV RI DQWKUDFLWH� $V WR WKH PD[LPXP YDOXH U�
WKHQ WKHUH LV QR OLPLWDWLRQV IURP WKH SK\VLFDO SRLQW
RI YLHZ�ZKLOH IURP WKH SRLQW RI YLHZ RI KHDW WUHDWPHQW
RI �JUHHQ� DQWKUDFLWH LW LV KDUGO\ UDWLRQDO WR XVH WKH
IUDFWLRQ RI ODUJHU WKDQ �� PP� 2WKHUZLVH� WKH QRQ�
KRPRJHQHLW\ RI SURSHUWLHV RI VHSDUDWH SLHFHV RI WKHU�
PRDQWKUDFLWH� SURGXFHG LQ IXUQDFH� LV LQFUHDVHG
JUHDWO\� 7KH YDOXH U VKRXOG EH UHFRJQL]HG K\SRWKHWL�
FDOO\ PLQLPXP ZKHQ LW LV HTXDO WR WKH UDGLXV RI D
JLYHQ D�VSRW�

$V LV NQRZQ� WKH YDOXH D LV LQFUHDVHG ZLWK D JURZWK
RI SUHVVXUH�:KDW DUH WKHPD[LPXPSUHVVXUHV DWZKLFK
WKH REWDLQHG GHSHQGHQFH FDQ EH XVHG" 6SHFLDO LQYHV�
WLJDWLRQV VKRZHG >�@ WKDW WR HTXDOL]H WKH UHVLVWDQFH
RI SRZGHUV RI FDUERQ PDWHULDOV ZLWK WKDW RI PRQROLWK�
LW LV QHFHVVDU\ WR LQFUHDVH SUHVVXUH XS WR ��� 03D�

7R XVH WKH REWDLQHG DQDO\WLFDO UHODWLRQVKLSV LQ

SUDFWLFDO FDOFXODWLRQV� LW LV QHFHVVDU\ WR NQRZ 6(5 RI

WKH PDWHULDO LWVHOI DV D PRQROLWK DQG LWV WHPSHUDWXUH

UHODWLRQVKLS� DV ZHOO DV D UDGLXV RI D�VSRW IRU DQWKUDFLWH

DW GLIIHUHQW SUHVVXUHV DQG WHPSHUDWXUH� 7KH 6(5 RI

WKH PDWHULDO LWVHOI DW URRP WHPSHUDWXUH FDQ EH GHWHU�

PLQHG E\ WKH PHWKRG RI DPPHWHU�YROWPHWHU E\ FXWWLQJ

IURP WKH ODUJHVW SDUWLFOHV RI WKHUPRDQWKUDFLWH RI VDP�

SOH LQ WKH IRUP RI D SDUDOOHSLSHG ZLWK D KLJK SRVVLEOH

UDWLR RI WKH ODWWHU WR WKH VLGH RI LWV FURVV VHFWLRQ�

7DNLQJ LQWR DFFRXQW WKH QRQ�KRPRJHQHLW\ DQG DQLVRW�

URS\ RI DQWKUDFLWHV LW LV QHFHVVDU\ WR DQDO\]H D ODUJH

DPRXQW RI VDPSOHV WR REWDLQ WKH YDOLG GDWD�
5HFHQWO\� ZH KDYH GHWHUPLQHG WKH 6(5 RI WKH DQ�

WKUDFLWH SURGXFHG LQ JDV KHDWLQJ IXUQDFH� EHFDXVH RQO\
LQ WKLV IXUQDFH WKH DQWKUDFLWH RI ODUJH IUDFWLRQV VXLW�
DEOH IRU FXWWLQJ RXW RI VDPSOHV IURP LW RI �� PP OHQJWK
DQG �×� RU �×� PP VHFWLRQ LV FDOFLQDWHG� 7KH 6(5 RI

46 3/2003



HLJKW VDPSOHV ZDV PHDVXUHG� $V ZDV H[SHFWHG� LW ZDV
GLIIHUHQW DQG DPRXQW IURP ���� XS WR ����� µ2KQ⋅P�
7KH UHSURGXFLELOLW\ RI UHVXOWV RIPHDVXUHPHQWV RQ HDFK
VDPSOH ZDV H[FHOOHQW� RQ VL[ VDPSOHV WKH HUURU RI
GHWHUPLQDWLRQV ZDV QRW EH\RQG ± � �� RQ WZR VDP�
SOHV x EH\RQG ± ��� ��

5HVXOWV RI GHWHUPLQDWLRQ RI 6(5 �DFFRUGLQJ WR
*267 ����w��� RI WKH VDPH WKHUPRDQWKUDFLWH� EXW
LQ D FKUXVKHG VDPSOH� VKRZHG RQ DYHUDJH ��� µ2KQ⋅P�
,I WR XVH QRZ WKH HTXDWLRQ ���� WKHQ LW LV SRVVLEOH WR
GHWHUPLQH WKDW UDGLXV RI JLYHQ D�VSRW LQ DFFRUGDQFH
ZLWK *267 PHDVXUHPHQW �IUDFWLRQ FRPSRVLWLRQ RI
FRDO �����w����� PP� �� 03D SUHVVXUH IRU SUHVVLQJ�
ZLOO EH IURP ��w�� µP�

,W LV SRVVLEOH WR VKRZ KRZ LPSRUWDQW LV WKH HIIHFW
RI SUHVVXUH RQ HOHFWULFDO UHVLVWDQFH RI OD\HU RI FUXVKHG
FRDO LI WR PHDVXUH 6(5 RI WKLV FRDO LQ WKH OD\HU RI
���w��� PP WKLFNQHVV ZLWKRXW H[WHUQDO SUHVVXUH�
7KXV� 6(5 RI WKH DQWKUDFLWH RI �w� PP IUDFWLRQ LV
����� µ2KP⋅P� 5DGLXV RI JLYHQ D�VSRW HTXDO WR � µP
IRU WKLV YDOXH RI 6(5� ZKLOH IRU IUDFWLRQ �w�� PP LW
LV �� µP�

7KLV H[DPSOH SURYHV WKDW LQ HOHFWULF FDOFLQDWRU� LQ
ZKLFK WKH FROXPQ RI FRDO FKDUJH UHDFKHV � P� WKH
6(5 RI EXON PDWHULDO LV FKDQJHG LQ WKH SURFHVV RI
DQWKUDFLWH FDOFLQDWLRQ IURP WHQV RI WKRXVDQGV RI
µ2KP⋅P LQ XSSHU OD\HUV RI FKDUJH FROXPQ �EXW QRW
LQ WKH XSSHUPRVW OD\HUV� ZKHUH �JUHHQ� DQWKUDFLWH
HQWHUV� XS WR VHYHUDO WKRXVDQGV RI µ2KP⋅P LQ WKH
ORZHU OD\HUV EHIRUH WKH XQORDGLQJ IURP WKH IXUQDFH�
DQG WKLV LV DVVRFLDWHG ZLWK DQ HIIHFW RI SUHVVXUH� QRW
HYHQ VSHDNLQJ DERXW RWKHU IDFWRUV� IRU H[DPSOH WHP�
SHUDWXUH�

.QRZLQJ WKH GHSHQGHQFH RI 6(5 RI EXON PDWHULDO
RQ LWV IUDFWLRQDO FRPSRVLWLRQ DQG WKDW 6(5 RI PL[WXUH
LV DGGLWLYH ZLWK UHVSHFW WR LWV IUDFWLRQV >�� �@� LW LV
SRVVLEOH WR REWDLQ WKH HVWLPDWHG YDOXH RI HOHFWULFDO
UHVLVWDQFH RI PL[WXUH RI FUXVKHG DQWKUDFLWH DW URRP
WHPSHUDWXUH DQG DEVHQFH RI SUHVVXUH RQ FRDO� )RU WKLV�
RQO\ WKH YDOXH RI UDGLXV RI D�VSRW VKRXOG EH SUHVHW�

/HW XV DVVXPH WKDW WKH IUDFWLRQDO FRPSRVLWLRQ RI
FRDO �E\ PDVV�� HQWHUHG IRU FDOFLQDWLRQ� LV WKH IROORZ�
LQJ� IUDFWLRQV RI �w�� PP x �� �� IUDFWLRQV RI ��w
�� PP x �� �� IUDFWLRQV RI ��w�� PP x �� �� DQG
IUDFWLRQV RI ��w�� PP x �� �� $VVXPH DOVR WKDW WKH
PHDQ UDGLXV RI WKH JLYHQ D�VSRW LV �� µP �WKLV LV WKH
PRVW GDULQJ DVVXPSWLRQ�� 1RZ� XVLQJ WKH DERYH�RE�
WDLQHG GHSHQGHQFH� ZH VKDOO GHWHUPLQH 6(5 RI HDFK

IUDFWLRQ DW URRP WHPSHUDWXUH DQG DEVHQFH RI SUHVVXUH
RQ WKH FRDO OD\HU� XVLQJ D PHDQ DULWKPHWLF UDGLXV RI
IUDFWLRQ SDUWLFOHV LQ FDOFXODWLRQ� 6(5 RI FRDO IUDFWLRQ
RI �w�� PP ZLOO EH ������ IUDFWLRQ RI ��w�� PP x
������ IUDFWLRQ RI ��w�� PP x ����� DQG� DW ODVW�
IUDFWLRQ RI ��w�� PP x ����� µ2KP⋅P� 7KH
ZHLJKWHG PHDQ YDOXH RI 6(5 RI PL[WXUH LQ WKHVH FRQ�
GLWLRQV LV ����� µ2KP⋅P�

1DWXUDOO\� WKH 6(5 RI WKHUPRDQWKUDFLWH LQ IXUQDFH

ZLOO EH GLIIHUHQW �ORZHU�� DV WKH ODWWHU ZLOO EH ORFDWHG

XQGHU WKH SUHVVXUH DQG WHPSHUDWXUH� FKDQJLQJ LQ

KHLJKW RI WKH FKDUJH FROXPQ� ,Q DGGLWLRQ� LW ZRXOG EH

RXWOLQHG WKDW WKH PHQWLRQHG 6(5 RI OXPS\ DQWKUDFLWH

LV WKH WUXH YDOXH� EXW QRW FRQGLWLRQDO� GHWHUPLQHG E\

*267�
,W LV VHHQ IURP WKH DERYH�PHQWLRQHG WKDW UDGLXV RI

D�VSRW LV LPSRUWDQW IRU FDOFXODWLRQV RI 6(5 RI HOHF�
WURWKHUPRDQWKUDFLWH� HVSHFLDOO\ LWV GHSHQGHQFH RQ
SUHVVXUH RQ FRQWDFW VSRW DQG SURSHUWLHV RI DQWKUDFLWH
DV D FRQWDFW PDWHULDO� ,Q OLWHUDWXUH� DV LV NQRZQ WR
XV� WKHUH DUH QR WKHVH GDWD� %\ WKH ZD\� WKHUH DUH QR
DOVR FRQFHSWLRQ DERXW VWUXFWXUH RI D�VSRW RQ DQWKUD�
FLWH� ,W LV SRVVLEOH RQO\ WR VXSSRVH E\ WKH VLPLODULW\
ZLWK WKH SURFHVV RI PHDVXUHPHQW RI PLFURKDUGQHVV RI
DQWKUDFLWH WKDW WKH UHDO FRQWDFW VSRW IRU GHWHUPLQDWLRQ
RI HOHFWULF UHVLVWDQFH LQ HOHFWULF FXUUHQW SDVVLQJ ZLOO
EH OLNH LQGHQWDWLRQ RI D LQGHQWRU LQ PLFURKDUGQHVV
PHDVXUHPHQW� $V WR WKH ODWWHU� WKHQ WKH DXWKRULWLHV LQ
WKH ILHOG RI FDUERQ PDWHULDOV UHFRJQL]H >�@ WKDW WKH
�PLFURKDUGQHVV RI DQWKUDFLWH FDQ EH PHDVXUHG RQO\
RQ YHU\ VPDOO DUHDV RI WKH VDPSOH LQYHVWLJDWHG� DQG
RQO\ DW D FRPSOHWH DEVHQFH RI SODVWLF GHIRUPDWLRQV��
,Q WKLV FRQQHFWLRQ LW FDQ EH DVVXPHG WKDW D�VSRW RQ
WKH DQWKUDFLWH ZLOO UHSUHVHQW YHU\ VPDOO ORFDO ]RQH RI
EULWWOH IUDFWXUH LQ VL]HV� LQ ZKLFK QRW�UHPRYHG PLFUR�
SURGXFWV RI IUDFWXUH DUH SUHVHQW�

�� &KXGQRYVN\� $�)� ������ +HDW H[FKDQJH LQ GLVSHUVHG

PHGLD� 0RVFRZ� *RVWHNKL]GDW�
�� +ROP� 5� ������ (OHFWULFDO FRQWDFWV� 0RVFRZ� ,QRVWU� /LWH�

UDWXUD�
�� 6KO\NRY� <X�3�� *DQLQ� (�$�� 7VDUHYVN\� 6�1� ������ &RQ�

WDFW WKHUPDO UHVLVWDQFH� 0RVFRZ� (QHUJL\D�
�� $JURVNLQ� $�$� ������ 3K\VLFV RI FRDO� 0RVFRZ� 1HGUD�
�� $JURVNLQ� $�$� ������ 7KHUPDO DQG HOHFWULF SURSHUWLHV RI

FRDOV� 0RVFRZ� 0HWDOOXUJL]GDW�
�� $ULDNRV� *�<D� ������ (OHFWULF FRQGXFWLYLW\ RI PL[WXUH RI

SRZGHU FDUERQDFHRXV PDWHULDOV� =K7)� �� ���w����
�� )LDONRY� $�6� ������ &DUERQ� LQWHUOD\HU FRPSRXQGV DQG

FRPSRVLWHV RQ LWV EDVH� 0RVFRZ� $VSHFW 3UHVV�
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$'9$1&(6 ,1 (/(&7520(7$//85*< LV D VFL�

HQWLILF MRXUQDO SXEOLVKLQJ IXQGDPHQWDO DQG DSSOLHG

SDSHUV DQG VKRUW QRWHV LQ WKH DUHD RI

• HOHFWURVODJ ZHOGLQJ DQG FODGGLQJ

• HOHFWURVODJ UHPHOWLQJ� FDVWLQJ� KRW WRSSLQJ� KHDWLQJ

• SODVPD�DUF PHOWLQJ DQG UHPHOWLQJ

• YDFXXP�DUF UHPHOWLQJ

• LQGXFWLRQ PHOWLQJ

• HOHFWURPHWDOOXUJ\ RI VWHHO DQG IHUURDOOR\V

• HOHFWURQ EHDP UHPHOWLQJ

• HOHFWURQ EHDP HYDSRUDWLRQ DQG FRQGHQVDWLRQ

RI PHWDOOLF PDWHULDOV LQ YDFXXP

• ODGOH VWHHO WUHDWPHQW

• PHWDO GLVSHUVLRQ DQG SURGXFLQJ FRQGHQVDWHV

• GHVLJQLQJ RI HOHFWURPHWDOOXUJLFDO HTXLSPHQW
• WHFKQRORJLHV RI SURGXFLQJ LQJRWV� KLJK�TXDOLW\

FDVWLQJV IURP GLIIHUHQW PDWHULDOV

• WHFKQRORJLHV RI SURGXFLQJ WLWDQLXP DOOR\ LQJRWV

• GHSRVLWLRQ RI FRDWLQJV� LQFOXGLQJ WKRVH
RI FRPSRVLWH PDWHULDOV

• HQHUJ\� DQG UHVRXUFHV�VDYLQJ WHFKQRORJLHV

• SK\VLFDO DQG FKHPLFDO IXQGDPHQWDOV RI VWHHO

SURGXFWLRQ

• WKHRULHV RI PHWDOOXUJLFDO SURFHVVHV

• LQYHVWLJDWLRQV LQ JDVwVODJwPHWDO V\VWHP
• V\VWHPV RI DXWRPDWLRQ RI UHPHOWLQJ SURFHVVHV

• PDWKHPDWLFDO PRGHOOLQJ RI SURFHVVHV

7KH MRXUQDO DFFHSWV DOVR DGYHUWLVHPHQWV DQG DQ�

QRXQFHPHQWV RI FRQIHUHQFHV DQG SXEOLFDWLRQV RQ UH�

ODWHG WRSLFV�

$'9$1&(6 ,1 (/(&7520(7$//85*< LV SXE�

OLVKHG IRXU WLPH SHU \HDU� 6XEVFULSWLRQ UHTXHVWV VKRXOG
EH VHQW WR WKH (GLWRULDO 2IILFH�

0DQXVFULSWV VKRXOG EH VXEPLWWHG LQ GXSOLFDWH LQ (QJ�
OLVK� DQG VXSSOHPHQWHG ZLWK D WH[W ILOH DQG ILJXUHV RQ
D GLVNHWWH� $Q HOHFWURQLF FRS\ PD\ EH VXEPLWWHG E\

H�PDLO�

7KH UXOHV IRU VXEPLVVLRQ RI HOHFWURQLF FRSLHV DUH DV
IROORZV�

• DQ HOHFWURQLF FRS\ VKRXOG EH VXEPLWWHG RQ D GLVNHWWH

RU E\ H�PDLO VLPXOWDQHRXVO\ ZLWK VHQGLQJ D KDUG

FRS\ RI WKH PDQXVFULSW�

• DFFHSWDEOH WH[W IRUPDWV� 0XOWL(GLW �
�W[W��

06 :RUG �� �
�UWI� 
�GRF��
• DFFHSWDEOH JUDSKLF IRUPDWV IRU ILJXUHV� (36� 7,))�

&'5� )LJXUHV FUHDWHG XVLQJ VRIWZDUH IRU PDWKHPDWL�

FDO DQG VWDWLVWLFDO FDOFXODWLRQV VKRXOG EH FRQYHUWHG

WR RQH RI WKHVH IRUPDWV�

0DQXVFULSWV VKRXOG EH VHQW WR

$OHNVDQGHU 7� =HOQLFKHQNR

([HFXWLYH 'LUHFWRU RI 3URMHFW
3:,� ,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

��� %R]KHQNR 6WU��

������ .\LY� 8NUDLQH
7HO�� ������� ��� �� ��� )D[� ��� �� ��

(�PDLO� MRXUQDO#SDWRQ�NLHY�XD

0DQXVFULSWV VKRXOG EH VXSSOHPHQWHG ZLWK
• RIILFLDO OHWWHU VLJQHG E\ D FKLHI PDQDJHU RI WKH LQVWL�

WXWLRQ ZKHUH WKH ZRUN ZDV SHUIRUPHG� 7KLV UXOH GRHV

QRW DSSO\ WR SDSHUV VXEPLWWHG E\ LQWHUQDWLRQDO

JURXSV RI DXWKRUV�

• SXEOLFDWLRQ SHUPLVVLRQ� FRQFOXVLRQ RI D FRPPLVVLRQ

DXWKRUL]HG WR SHUPLW RSHQ SXEOLFDWLRQ RI WKH SDSHU

�RQO\ IRU DXWKRUV IURP 8NUDLQH��
7LWOH 3DJH�

• WLWOH RI WKH SDSHU DQG QDPH�V� RI WKH DXWKRU�V��
• QDPH RI DIILOLDWHG LQVWLWXWLRQ� IXOO DGGUHVV� WHOHSKRQH

DQG ID[ QXPEHUV� H�PDLO DGGUHVVHV �LI DYDLODEOH� IRU

HDFK DXWKRU�

$EVWUDFW� XS WR ��� ZRUGV� PXVW EH SUHVHQWHG LQ

(QJOLVK� %HIRUH WKH DEVWUDFW WH[W RQH VKRXOG LQGLFDWH
LQ WKH VDPH ODQJXDJH� WKH SDSHU WLWOH� VXUQDPHV DQG

LQLWLDOV RI DOO DXWKRUV�

.H\ ZRUGV� WKHLU DPRXQW PXVW QRW H[FHHG HLJKW

ZRUG XQLWV� ,Q WKH VSHFLILF FDVHV LW LV DFFHSWLEOH WR XVH

WZR� RU WKUHH�ZRUG WHUPV� 7KHVH ZRUGV PXVW EH SODFHG

XQGHU WKH DEVWUDFW DQG ZULWWHQ LQ WKH VDPH ODQJXDJH�

7H[W VKRXOG EH SULQWHG GRXEOH�VSDFHG RQ ZKLWH SDSHU

�$� IRUPDW� ZLWK D ���SRLQW IRQW� 7LWOHV RI WKH SDSHU
DQG VHFWLRQV VKRXOG EH W\SHG ZLWK EROG FDSLWDOV�

7DEOHV VKRXOG EH VXEPLWWHG RQ VHSDUDWH SDJHV LQ WKH

IRUPDW RI DSSURSULDWH WH[W SURFHVVRUV� RU LQ WKH WH[W
IRUPDW �ZLWK FROXPQV VHSDUDWHG E\ SHULRGV� FRPPDV�
VHPLFRORQV� RU WDEXODWLRQ FKDUDFWHUV�� 8VH RI SVHXGR�

JUDSKLF FKDUDFWHUV LV QRW DOORZHG�

/LVW RI UHIHUHQFHV VKRXOG EH GRXEOH�VSDFHG� ZLWK

UHIHUHQFHV QXPEHUHG LQ RUGHU RI WKHLU DSSHDUDQFH LQ

WKH WH[W�

&DSWLRQV IRU ILJXUHV DQG WDEOHV VKRXOG EH SULQWHG

LQ WKH PDQXVFULSW GRXEOH�VSDFHG DIWHU WKH OLVW RI UH�

IHUHQFHV�

3LFWXUHV ZLOO EH VFDQQHG IRU GLJLWDO UHSURGXFWLRQ�

2QO\ KLJK�TXDOLW\ SLFWXUHV FDQ EH DFFHSWHG� ,QVFULS�
WLRQV DQG V\PEROV VKRXOG EH SULQWHG LQVLGH� 1HJDWLYHV�
VOLGHV DQG WUDQVSDUHQFLHV DUH DFFHSWHG�

)LJXUHV� HDFK ILJXUH VKRXOG EH SULQWHG RQ D VHSDUDWH

SDJH RI WKH PDQXVFULSW DQG KDYH D VL]H QRW H[FHHGLQJ

��� × ��� PP� )RU WH[W LQ ILJXUHV� XVH ���SRLQW IRQWV�
$OO ILJXUHV DUH WR EH QXPEHUHG LQ RUGHU RI WKHLU DS�

SHDUDQFH LQ WKH WH[W� ZLWK VHFWLRQV GHQRWHG DV �D��

�E�� HWF� 3ODFLQJ ILJXUH QXPEHUV DQG FDSWLRQV LQVLGH
ILJXUHV LV QRW DOORZHG� 2Q WKH EDFN VLGH� ZULWH ZLWK
D SHQFLO WKH SDSHU WLWOH� DXWKRU�V� QDPH�V� DQG ILJXUH

QXPEHU� DQG PDUN WKH WRS VLGH ZLWK DQ DUURZ�

3KRWRJUDSKV VKRXOG EH VXEPLWHG DV RULJLQDO SULQWV�

&RORU SULQWLQJ LV SRVVLEOH LI LWV FRVW LV FRYHUHG E\ WKH
DXWKRUV RU WKHLU VSRQVRUV� )RU LQIRUPDWLRQ DERXW WKH UXOHV

DQG FRVWV� FRQWDFW WKH ([HFXWLYH 'LUHFWRU RI 3URMHFW�

1R DXWKRUsV IHH LV SURYLGHG IRU�

3XEOLFDWLRQ LQ $'9$1&(6 ,1 (/(&7520(7$/�

/85*< LV IUHH RI FKDUJH�
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