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SCIENTIFIC AND TECHNICAL

.XFKXN�<DWVHQNR 6�,�� =\DNKRU ,�9� DQG *RUGDQ *�1�

(IIHFW RI SURFHVV SDUDPHWHUV DQG EUDNLQJ G\QDPLFV LQ

IULFWLRQ ZHOGLQJ RQ VWUXFWXUH DQG SURSHUWLHV RI MRLQWV

EHWZHHQ FRSSHU DQG DOXPLQLXP ����������������������������������������������������� �

(ILPHQNR 1�*� 0RGLI\LQJ� UHILQLQJ DQG DOOR\LQJ ZLWK

\WWULXP LQ ZHOGLQJ RI VWHHOV ������������������������������������������������������������ �

3LQFKXN 1�,�� 5\D]DQVWHY 1�.� DQG 5RYHQVN\ ,�/�

:HOGHG MRLQWV RI DXVWHQLWLF VWHHO ��&Uw��1Lw�6L LQ

DXJPHQWHG WXUERSLVWRQ HQJLQHV ��������������������������������������������������� ��

6NULSND 1�1� 6WUXFWXUH DQG SURSHUWLHV RI QLFNHO�EDVHG
DOOR\ GHSRVLWHG E\ ODVHU�SRZGHU PHWKRG �������������������������������������� ��

7DUDVRY 1�0�� *RUORY $�.� DQG /DVKNR 6�1� 1XPHULFDO

PRGHOOLQJ RI WKH SURFHVV RI IRUPDWLRQ RI D PROWHQ PHWDO

GURS DW WKH WLS RI D FRQVXPDEOH HOHFWURGH ������������������������������������ ��

INDUSTRIAL

6KHO\DJLQ 9�'� DQG .KDVNLQ 9�<X� 7HQGHQFLHV LQ

GHYHORSPHQW RI ODVHU�DUF ZHOGLQJ �5HYLHZ� ����������������������������������� ��

6LGRUXN 9�6� DQG *DOLQLFK 9�,� &ODVVLILFDWLRQ RI IOX[HV IRU

DUF ZHOGLQJ E\ PHWDOOXUJLFDO DQG WHFKQRORJLFDO SURSHUWLHV ������������� ��

9DVLONRY 9�,�� .LVOLWVN\ $�$�� 2QXFKLQ 1�9��

3FKHONLQ 5�'�� 5R]KNRY 9�9�� 8VKDNRY $�9��

6WUXNRY $�9�� 5HPSH 1�*� DQG 2VLSRY ,�9� ([SHULHQFH
RI XVLQJ JXQV ZLWK SODVPD FDWKRGHV IRU HOHFWURQ EHDP

ZHOGLQJ RI QXFOHDU SRZHU VWDWLRQ IXHO HOHPHQWV ����������������������������� ��

/HEHGHY 9�$� DQG 3LFKDN 9�*� 0HFKDQL]HG HTXLSPHQW

IRU ZHOGLQJ� KDUGIDFLQJ DQG FXWWLQJ LQ WKH ILHOG FRQGLWLRQV ������������� ��
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%DFN LVVXHV DYDLODEOH

$OO ULJKWV UHVHUYHG�

7KLV SXEOLFDWLRQ DQG HDFK RI WKH DUWLFOHV

FRQWDLQHG KHUHLQ DUH SURWHFWHG E\ FRS\ULJKW�

3HUPLVVLRQ WR UHSURGXFH PDWHULDO FRQWDLQHG LQ

WKLV MRXUQDO PXVW EH REWDLQHG LQ ZULWLQJ IURP

WKH 3XEOLVKHU�

&RSLHV RI LQGLYLGXDO DUWLFOHV PD\ EH REWDLQHG

IURP WKH 3XEOLVKHU�
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6�,� .8&+8.�<$76(1.2� ,�9� =<$.+25 DQG *�1� *25'$1

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

7KH WHFKQRORJ\ IRU IULFWLRQ ZHOGLQJ ZLWK D UHJXODWHG EUDNLQJ KDV EHHQ GHYHORSHG� ,W SURYLGHV MRLQWV ZLWK KLJK VWUHQJWK

DQG GXFWLOLW\ YDOXHV� FRQWDLQLQJ QR LQWHUPHWDOOLF OD\HU� 7KH XVH RI WKH QHZ WHFKQRORJ\ DOORZV WHFKQRORJLFDO FDSDELOLWLHV

RI VWDQGDUG IULFWLRQ ZHOGLQJ HTXLSPHQW WR EH H[SDQGHG�

.H\ ZRU G V � IULFWLRQ ZHOGLQJ� WHFKQRORJ\� GLVVLPLODU
MRLQWV� SURFHVV SDUDPHWHUV� FRQYHQWLRQDO IULFWLRQ ZHOGLQJ� LQHU�
WLD FRPSOHWLRQ RI WKH SURFHVV� KHDWLQJ DQG IRUJLQJ SUHVVXUH� UR�
WDWLRQ IUHTXHQF\� XSVHWWLQJ� KHDWLQJ� IRUJLQJ DQG EUDNLQJ WLPH�
LQWHUPHWDOOLF OD\HU� TXDOLW\ RI MRLQW� HTXLSPHQW

7KHPDLQ GLIILFXOW\ LQ RSWLPLVDWLRQ RI IULFWLRQZHOGLQJ
FRQGLWLRQV LV DVVRFLDWHG ZLWK D ODUJH QXPEHU RI YDUL�

DEOH SDUDPHWHUV� 7KXV� SDUDPHWHUV ZKLFK DUH VHW LQ

FRQYHQWLRQDO IULFWLRQ ZHOGLQJ DUH URWDWLRQ VSHHG�

KHDWLQJ SUHVVXUH� KHDWLQJ WLPH �RU DOORZDQFH� DQG
IRUJLQJ SUHVVXUH� 7R FKRVH WKH RSWLPXP FRPELQDWLRQ
RI WKH SURFHVV SDUDPHWHUV� LW LV QHFHVVDU\ WR FRQGXFW

D ODUJH QXPEHU RI H[SHULPHQWV� HDFK RI ZKLFK LQYROYHV

PHFKDQLFDO WHVWV� PHWDOORJUDSK\� GXURPHWU\ DQG RWKHU

LQYHVWLJDWLRQV�

7KH QHHG WR DOORZ IRU D QXPEHU RI RWKHU IDFWRUV

ZKLFK DIIHFW WKH TXDOLW\ RI ZHOGHG MRLQWV DGGV WR WKH

FRPSOH[LW\ RI WKH WDVN RI RSWLPLVDWLRQ RI SDUDPHWHUV

IRU ZHOGLQJ GLVVLPLODU PHWDOV� HVSHFLDOO\ WKRVH ZKLFK
HQWHU LQWR FKHPLFDO LQWHUDFWLRQ GXULQJ KHDWLQJ� 7KHVH

IDFWRUV LQFOXGH FKHPLFDO FRPSRVLWLRQ RI PDWHULDOV�
VWDWH LQ ZKLFK WKH\ ZHUH UHFHLYHG DQG WKHLU KHDW WUHDW�

PHQW KLVWRU\ >�� �@� TXDOLW\ RI SUHSDUDWLRQ RI VXUIDFHV

WR EH ZHOGHG >�w�@� DQG G\QDPLF FKDUDFWHULVWLFV RI D

URWDWLRQ GULYH RI WKH ZHOGLQJ HTXLSPHQW� ZKLFK GH�

WHUPLQH WKH WLPH RI LQWHUUXSWLRQ RI UHODWLYH URWDWLRQ

DW WKH ILQDO VWDJH RI WKH SURFHVV >�� �� �@� )RU H[DPSOH�

DFFRUGLQJ WR WKH GDWD JLYHQ LQ >�@� WKH TXDOLW\ IULFWLRQ

ZHOGHG MRLQWV EHWZHHQ FRSSHU DQG DOXPLQLXP ZHUH

SURGXFHG DW D EUDNLQJ WLPH RI QRW OHVV WKDQ ���� V�

ZKHUHDV LQ >�@ IRUJLQJ ZDV SHUIRUPHG ZLWK D GHOD\HG

VZLWFK�RQ RI WKH URWDWLRQ GULYH�

$QDO\VLV RI WKH GDWD RQ IULFWLRQ ZHOGLQJ RI FRSSHU
WR DOXPLQLXP >�w�@ UHYHDOV VXEVWDQWLDO GLIIHUHQFHV LQ

VSHFLILF YDOXHV RI WKH UHFRPPHQGHG SURFHVV SDUDPHWHUV

JLYHQ E\ GLIIHUHQW LQYHVWLJDWRUV� ,Q DGGLWLRQ� WKH GDWD

DYDLODEOH LQ OLWHUDWXUH FRQFHUQ FRQYHQWLRQDO IULFWLRQ

ZHOGLQJ� ZKLFK SURYLGHV IRU D UDSLG IRUFHG LQWHUUXS�

WLRQ RI URWDWLRQ E\ DSSO\LQJ WKH IRUJLQJ IRUFH� 7KH

HIIHFW RI WKH EUDNLQJ G\QDPLFV RQ FRQGLWLRQV RI IRU�

PDWLRQ RI WKH MRLQWV KDV EHHQ LQVXIILFLHQWO\ VWXGLHG�

DOWKRXJK UHSRUWHGO\ WKH LQHUWLD FRPSOHWLRQ RI WKH IULF�

WLRQ ZHOGLQJ SURFHVV DOORZHG WKHUPDO�GHIRUPDWLRQ

FRQGLWLRQV RI IRUPDWLRQ RI WKH MRLQWV EHWZHHQ GLVVLPL�

ODU PDWHULDOV WR EH RSWLPLVHG LQ PDQ\ FDVHV >�w��@�
7KH WDVN RI WKLV VWXG\ LV WR GHWHUPLQH WKH HIIHFW

RI WKH SURFHVV SDUDPHWHUV� VXFK DV KHDWLQJ WLPH� KHDW�

LQJ DQG IRUJLQJ SUHVVXUH� EUDNLQJ WLPH DQG WKHLU FRP�

ELQDWLRQV� RQ WKH TXDOLW\ RI WKH MRLQWV EHWZHHQ FRSSHU
DQG DOXPLQLXP� DQG RSWLPLVH RQ WKLV EDVLV WKH FRQGL�

WLRQV IRU IULFWLRQ ZHOGLQJ RI FRSSHU�DOXPLQLXP WUDQ�

VLWLRQ SLHFHV�

%DVH PDWHULDOV� L�H� FRSSHU 0� ����� � &X� DQG

FRPPHUFLDO SXULW\ DOXPLQLXP ����� � $O�� ZHUH VWXG�

LHG RQ ELOOHWV ZLWK D GLDPHWHU RI ��PP� &RSSHU ELOOHWV

ZHUH DQQHDOHG ���� �&� ��� K�� DQG WKHPDWLQJ VXUIDFHV

SULRU WR ZHOGLQJ ZHUH PDFKLQHG XVLQJ D ODWKH DQG

GHJUHDVHG ZLWK DFHWRQH� ([SHULPHQWV ZHUH FRQGXFWHG
XVLQJ WKH XSJUDGHG IULFWLRQ ZHOGLQJ XQLW 67�����

ZKLFK DOORZV WKH EUDNLQJ G\QDPLFV WR EH YDULHG DQG

WKH URWDWLRQ EUDNLQJ WLPH DW WKH ILQDO ZHOGLQJ VWDJH

WR EH SURJUDPPHG� 3URJUDPPLQJ RI WKH ZHOGLQJ F\FOH

ZDV GRQH RQ WKH EDVLV RI WKH KHDWLQJ WLPH WK� DQG WKH

PRPHQW RI DSSOLFDWLRQ RI WKH IRUJLQJ SUHVVXUH FRLQ�

FLGHG ZLWK WKH EHJLQQLQJ RI EUDNLQJ� 7KH 1��� RVFLO�

ORJUDSK UHFRUGHG WKH IROORZLQJ ZHOGLQJ SDUDPHWHUV�
URWDWLRQ IUHTXHQF\ Q� KHDWLQJ DQG IRUJLQJ SUHVVXUH 3K

DQG 3I� XSVHWWLQJ �VKRUWHQLQJ� RI ELOOHWV LQ ZHOGLQJ

/� KHDWLQJ� IRUJLQJ DQG EUDNLQJ WLPH WK� WI DQG WE� 7R

VXEVWDQWLDOO\ UHGXFH WKH DPRXQW RI H[SHULPHQWV� WKH

VWXGLHV ZHUH FRQGXFWHG XVLQJ WKH PHWKRGV RI PDWKH�

PDWLFDO H[SHULPHQWDO GHVLJQ >��w��@� 7KH VHFRQG�RU�

GHU SRO\QRPLDO RI D SDUDPHWHU EHLQJ RSWLPLVHG� FKDU�
DFWHULVLQJ WKH TXDOLW\ RI D MRLQW� ZDV VHOHFWHG DV WKH

PDWKHPDWLFDO PRGHO� <  E� � E�;� � ��� � E
Q
;

Q
�

� E�Qw��;�Qw��;Q
� ZKHUH < LV WKH UHVSRQVLEOH IXQFWLRQ�

E�� ���� E
Q
DUH WKH UHJUHVVLRQ FRHIILFLHQWV� DQG ;� � ���

��� � ;
Q
DUH WKH IDFWRUV WR EH VWXGLHG �ZHOGLQJ SD�

UDPHWHUV��

+HDWLQJ SUHVVXUH 3K �;��� KHDWLQJ WLPH WK �;���
IRUJLQJ SUHVVXUH 3I �;�� DQG EUDNLQJ WLPH WE �;��

ZHUH VHOHFWHG DV WKH RSWLPLVDWLRQ SDUDPHWHUV� ,GHQWL�

ILFDWLRQ RI WKH YDULDWLRQ UDQJH IRU WKH SDUDPHWHUV WR
EH VWXGLHG� L�H� VHOHFWLRQ RI WKH EDVHOLQH �]HUR� OHYHO

DQG UDQJHV RI YDULDWLRQV RI WKH IDFWRUV� ZDV GRQH VR� 6�,� .8&+8.�<$76(1.2� ,�9� =<$.+25 DQG *�1� *25'$1� ����
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WKDW LW FRYHUV PRVWO\ WKH HQWLUH UDQJH RI WKH UHFRP�

PHQGHG ZHOGLQJ SDUDPHWHUV >�w�@� 9DOXHV RI WKH

FRGHG YDULDEOHV� L�H� w�� � DQG ��� ZKLFK GHWHUPLQH�

UHVSHFWLYHO\� WKH ORZHU� EDVHOLQH DQG XSSHU OHYHOV RI

WKH VWXGLHG IDFWRUV DUH JLYHQ LQ 7DEOH �� 7KH URWDWLRQ

IUHTXHQF\ Q� VHOHFWHG RQ WKH EDVLV RI SUHOLPLQDU\ LQ�

YHVWLJDWLRQV� DOORZLQJ IRU FRQFOXVLRQV RI VWXGLHV >��

�@� ZDV Q  ���� USP� ZKLFK FRUUHVSRQGHG WR D OLQHDU

VSHHG RQ WKH SHULSKHU\ RI VDPSOHV x YSHU  ��� P�V�

7KH IRUJLQJ WLPH LQ DOO WKH H[SHULPHQWV ZDV WI  � V�

)LJXUH � VKRZV D W\SLFDO RVFLOORJUDP RI WKH ZHOGLQJ

SURFHVV�

$V VWDQGDUG WHQVLOH DQG VWDWLF EHQGLQJ WHVWV IDLO

WR SURYLGH D VDWLVIDFWRU\ FRQWURO RI WKH TXDOLW\ RI

GLVVLPLODU ZHOGHG MRLQWV� WKH EHQGLQJ DQJOH α ZDV

DVVXPHG WR EH WKH UHVSRQVLEOH IXQFWLRQ < LQ LPSDFW

EHQGLQJ WHVWV RI D IXOO�VFDOH ZHOGHG MRLQW �DIWHU IODVK

UHPRYDO�� 7KLV PHWKRG LV ZLGHO\ DSSOLHG E\ PDQ\

LQYHVWLJDWRUV IRU DVVHVVPHQW RI WKH TXDOLW\ RI IULFWLRQ

ZHOGLQJ >�� ��� ��@� DOWKRXJK LW IDLOV WR SURYLGH D

FRPSUHKHQVLYH TXDQWLWDWLYH HVWLPDWLRQ RI PHFKDQLFDO

SURSHUWLHV� DV WKH PDMRU SDUW RI GHIRUPDWLRQ RFFXUV

LQ WKH EDVH PHWDO RI D OHVV VWURQJ ELOOHW >��@� 7R PDNH

WKH WHVW FRQGLWLRQV PRUH VWULQJHQW DQG ORFDOLVH GHIRU�

PDWLRQ LQ WKH MRLQLQJ ]RQH� WKH ELOOHWV WHVWHG ZHUH

FODPSHG LQ WKH ]RQH RI DQ DOXPLQLXPSDUW� DW D GLVWDQFH

IURP WKH MRLQLQJ OLQH HTXDO WR GLDPHWHU RI WKH ELOOHWV

MRLQHG�0HWDOORJUDSK\ �RSWLFDO PLFURVFRSH �1HRSKRW�

����� HOHFWURQ PLFURVFRS\ �VFDQQLQJ HOHFWURQ PLFUR�

VFRSH -60�7����� ;�UD\ PLFURDQDO\VLV �&DPHFD 6;�

�� PLFURDQDO\VHU ZLWK D SUREH GLDPHWHU RI DERXW

� µP� DQG ;�UD\ GLIIUDFWLRQ DQDO\VLV �'521�80��

XQLW� ZHUH FRQGXFWHG WR GHWHUPLQH UHODWLRQVKLS EH�

WZHHQ PHFKDQLFDO SURSHUWLHV RI WKH MRLQWV DQG WKHLU

VWUXFWXUH� $QJOH ODS PLFURVHFWLRQV >�@� ZKLFK ZHUH

VWXGLHG LQ D QRQ�HWFKHG FRQGLWLRQ� ZHUH PDGH IRU YLV�

XDO HQODUJHPHQW RI WKH MRLQLQJ ]RQH�

7KH H[SHULPHQWDO GHVLJQ PDWUL[ DQG UHVXOWV DUH

JLYHQ LQ 7DEOH �� 9DULDQFH RI WKH HQWLUH H[SHULPHQWDO

FULWHULRQ DW HDFK SRLQW RI WKH GHVLJQ ZDV GHWHUPLQHG

RQ WKH EDVLV RI WZR SDUDOOHO H[SHULPHQWV�+RPRJHQHLW\

RI YDULDQFHV ZDV FKHFNHG XVLQJ WKH &RÏKUDQ WHVW� 9DO�

XHV RI WKH UHJUHVVLRQ FRHIILFLHQWV RI WKH PRGHO GHYHO�

RSHG �DGHTXDWH DW D VLJQLILFDQFH OHYHO RI � ��� GHWHU�

PLQHG E\ WKH OHDVW�VTXDUHV PHWKRG� DUH DV IROORZV�

E� x ������ E� x ����� E� x w������ E� x �����

E� x ������ E�� x w����� E�� x ����� E�� x w�����

E�� x ����� E�� x w����� DQG E�� x w����

7KHUHIRUH� WKH UHJUHVVLRQ HTXDWLRQ� DOORZLQJ IRU

LQWHUDFWLRQ RI WKH IDFWRUV� LQFOXGLQJ ;� x EUDNLQJ

WLPH �;�;�� ;�;�� ;�;��� KDV WKH IROORZLQJ IRUP�

<  ����� � ����³� w �����³� � ����³� � �����³� w

w ����³�³� w �����³�³� w ���³�³��

$FFRUGLQJ WR >��@� ;L  �[L w [���-� ZKHUH ;L LV

WKH FRGHG YDOXH RI WKH IDFWRU� [L DQG [� DUH WKH QDWXUDO

YDOXHV RI WKH IDFWRU DQG EDVHOLQH OHYHO� DQG - LV WKH

YDULDWLRQ UDQJH� $IWHU VXEVWLWXWLRQ RI ;L WR WKH UHJUHV�

VLRQ HTXDWLRQ� WKH PRGHO ZKLFK DGHTXDWHO\ GHVFULEHV

WKH YDOXH RI EHQGLQJ DQJOH α LQ LPSDFW EHQGLQJ WHVWV

RI WKH IULFWLRQ ZHOGHG MRLQWV EHWZHHQ FRSSHU DQG DOX�

PLQLXP� SURGXFHG ZLWKLQ WKH LQGLFDWHG UDQJH RI YDUL�

DWLRQV RI WKH SURFHVV SDUDPHWHUV� ZLOO KDYH

)LJXUH �� 7\SLFDO RVFLOORJUDP RI WKH IULFWLRQ ZHOGLQJ SURFHVV� 3K

DQG 3I x KHDWLQJ DQG IRUJLQJ SUHVVXUHV� UHVSHFWLYHO\� Qx URWDWLRQ
IUHTXHQF\� / x XSVHWWLQJ RI WKH ELOOHWV� WK� WE DQG WI x WLPH RI
KHDWLQJ� EUDNLQJ DQG IRUJLQJ� UHVSHFWLYHO\

7DEOH �� /HYHOV DQG UDQJHV RI YDULDWLRQV RI WKH LQYHVWLJDWHG IDF�
WRUV

2SWLPLVDWLRQ SD�

UDPHWHU
)DFWRU

/HYHO 9DULDWLRQ

UDQJH -
w� � ��

+HDWLQJ SUHVVXUH

3K� 03D

;� �� �� �� ��

+HDWLQJ WLPH

WK� V

;� ��� ��� ��� ���

)RUJLQJ SUHVVXUH

3I� 03D

;� ��� ��� ��� ��

%UDNLQJ WLPH

WE� V

;� ��� ��� ��� ���

7DEOH �� ([SHULPHQWDO GHVLJQ PDWUL[ DQG UHVXOWV

-RLQW

1R�
;� ;� ;� ;�

%HQGLQJ DQJOH

α� GHJ

� w w w w �

� w w w � ��

� w w � w �

� w w � � ��

� w � w w �

� w � w � �

� w � � w �

� w � � � ��

� � w w w �

�� � w w � ��

�� � w � w ��

�� � w � � ��

�� � � w w �

�� � � w � �

�� � � � w �

�� � � � � �
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α  ����� � �����®K w ������ w ������WK w �������� �

� �����®I w ������� � ������WE w �������� w

w �����®K w ����WE w ������ w ������WK w �����WE w

w ��������� w ����®I w �����WE w ��������

3RVLWLYH YDOXHV RI WKH UHJUHVVLRQ FRHIILFLHQWV ZHUH

REWDLQHG IRU WKH KHDWLQJ DQG IRUJLQJ SUHVVXUHV DQG

EUDNLQJ WLPH� ZKLOH WKH QHJDWLYH YDOXHV ZHUH REWDLQHG

IRU WKH KHDWLQJ WLPH� 6LJQLILFDQFH RI WKH FRHIILFLHQWV

ZLWK GHFUHDVH LQ WKHLU QXPHULFDO YDOXHV LV DV IROORZV�

KHDWLQJ WLPH �w������� EUDNLQJ WLPH �������� IRUJLQJ

SUHVVXUH ������ DQG KHDWLQJ SUHVVXUH ������� $V LQ�

FUHDVH LQ WKH UHVSRQVLEOH IXQFWLRQ < FRUUHVSRQGV WR

GHFUHDVH LQ IDFWRUV ZKLFK KDYH D QHJDWLYH UHJUHVVLRQ

FRHIILFLHQW DQG LQFUHDVH LQ IDFWRUV ZLWK D SRVLWLYH FR�

HIILFLHQW� WKH UHVXOWV REWDLQHG DOORZ WKH IROORZLQJ FRQ�

FOXVLRQV�

7R RSWLPLVH WKH KHDWLQJ VWDJH SDUDPHWHUV� LW LV

QHFHVVDU\ WR LQFUHDVH SUHVVXUH DQG UHGXFH WLPH� 7KH

KHDWLQJ WLPH� ZKLFK GHWHUPLQHV WKH WKHUPDO ZHOGLQJ

F\FOH DQG� WKXV� LQLWLDWLRQ DQG JURZWK RI WKH LQWHU�

PHWDOOLF SKDVH� KDV D KLJKHU LPSDFW RQ WKH TXDOLW\ RI

WKH MRLQWV� 7KH SRVLWLYH HIIHFW RI WKH KHDWLQJ SUHVVXUH

3K RQ WKH TXDOLW\ RI WKH MRLQWV LV OLNHO\ WR FRQVLVWV LQ

WKH IROORZLQJ� LQFUHDVH LQ 3K SURYLGHV D PRUH UDSLG

JURZWK RI WHPSHUDWXUH DQG LWV OHYHOOLQJ DFURVV WKH

VHFWLRQV RI WKH ELOOHWV� WKH PD[LPXP FRQWDFW WHPSHUD�

WXUH LV GHFUHDVHG WR VRPH H[WHQW >�@� DQG WKH ILWWLQJ

GXUDWLRQ� L�H� WKH LQLWLDO SKDVH RI KHDWLQJ� ZKLFK LV

QRW DFFRPSDQLHG E\ D PDUNHG SUHVVLQJ RI WKH KHDWHG

PHWDO IURP WKH ZHOGHG MRLQW ]RQH� LV UHGXFHG� 7KLV LV

LQGLFDWLYH RI WKH IDFW WKDW LQFUHDVH LQ SUHVVXUH 3K

ZLWKLQ WKH UDQJH LQYHVWLJDWHG KDV D SRVLWLYH HIIHFW RQ

WKHUPDO�GHIRUPDWLRQ SURFHVVHV RFFXUULQJ LQ WKH

ZHOGHG MRLQW DW WKH KHDWLQJ VWDJH�

7KH IRUJLQJ VWDJH SDUDPHWHUV� L�H� SUHVVXUH 3I �FR�

HIILFLHQW ����� DQG EUDNLQJ WLPH WE �������� H[HUW D

VXEVWDQWLDO LPSDFW RQ WKH SURFHVV RI IRUPDWLRQ RI

ZHOGHG MRLQWV� 7KH LPSRUWDQW UROH RI WKH IRUJLQJ SUHV�

VXUH LV QRWHG E\ WKH PDMRULW\ RI LQYHVWLJDWRUV >�w�@�

DV LQFUHDVH LQ 3I OHDGV WR GHFUHDVH LQ WKLFNQHVV RI WKH

EULWWOH OD\HU FRQWDLQLQJ LQWHUPHWDOOLF FRPSRXQGV�

$QDO\VLV RI WKH HIIHFW RI WKH EUDNLQJ WLPH WE RQ

WKH TXDOLW\ RI WKH ZHOGHG MRLQWV VKRZV WKDW DW WKH

ORZHU OHYHO RI LWV YDOXH WKH MRLQWV IUDFWXUH E\ WKH

EULWWOH PHFKDQLVP RYHU WKH FRQWDFW VXUIDFH DW WKH

EHQGLQJ DQJOH YDOXHV FORVH WR ]HUR� HYHQ ZLWK PD[L�

PXP YDOXHV RI WKH KHDWLQJ DQG IRUJLQJ SUHVVXUHV� 7KH

FKDUDFWHU RI IUDFWXUHV DQG PLFURVWUXFWXUH RI WKH MRLQWV

SURGXFHG DW GLIIHUHQW YDOXHV RI WKH KHDWLQJ WLPH WK

DUH VXEVWDQWLDOO\ GLIIHUHQW� $W WKH ORZHU OHYHO RI WKH

WE DQG WK YDOXHV WKH IUDFWXUHV FRQWDLQ LQGLYLGXDO VWLFN�

LQJ UHJLRQV �VHH )LJXUH �� D�� DQG WKH IUDFWXUH VXUIDFH

RQ WKH FRSSHU ELOOHW VLGH KDV D FKDUDFWHULVWLF FRSSHU

WLQW� 0HWDOORJUDSK\ UHYHDOV LQGLYLGXDO DGKHVLRQ UH�

JLRQV LQ D SHULSKHUDO SDUW RI WKH VHFWLRQ DQG DEVHQFH

RI DGKHVLRQ LQ WKH FHQWUDO SDUW �)LJXUH �� D�� ZKLFK

LV D UHVXOW RI DQ LQVXIILFLHQW KHDWLQJ RI WKH FRQWDFW

]RQH�

$W WKH XSSHU OHYHO RI WK DQG ORZHU RQH RI WE WKH

FKDUDFWHU RI IUDFWXUHV FKDQJHV� L�H� DOPRVW DOO WKH VXUIDFH

RI WKH FRSSHU ELOOHW LV FRYHUHG E\ D WKLQ OD\HU RI PHWDO

RI D OLJKW�JUH\ FRORXU �VHH )LJXUH �� E�� $FFRUGLQJ WR

WKH GDWD RI ;�UD\ GLIIUDFWLRQ DQDO\VLV �)LJXUH ��� WKH

SKDVH FRUUHVSRQGLQJ WR FRPSRXQG &X$O LV IRXQG RQ WKH

IUDFWXUH VXUIDFH RQ WKH FRSSHU ELOOHW VLGH�

$V HVWDEOLVKHG E\ PHWDOORJUDSK\� WKH VKDSH RI WKH

LQWHUIDFH LQ WKH ZHOGHG MRLQW YDULHV ZLWK WKH KHDWLQJ

SUHVVXUH DQG WLPH IURP DOPRVW VWUDLJKW�OLQHG WR WKDW

ZLWK D FRPSOH[ UHOLHI� FRQWDLQLQJ WKH ZDYH�IRUPDWLRQ

UHJLRQV �)LJXUH �� E�� $Q LQWHUOD\HU ZLWK WKLFNQHVV

)LJXUH �� )UDFWXUH VXUIDFHV RI ZHOGHG MRLQWV SURGXFHG DW GLIIHUHQW
YDOXHV RI WKH KHDWLQJ DQG EUDNLQJ WLPH� D x WK  ��� DQG WE  ����
E x WK  ��� DQG WE  ��� V

)LJXUH �� 0LFURVWUXFWXUH RI WKH FRSSHU WR DOXPLQLXP MRLQLQJ ]RQH�
D x ×���� E� F x ×���� G x ×���
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LQFUHDVLQJ ZLWK D WUDQVLWLRQ IURP WKH FHQWUH WR WKH

SHULSKHU\ RI VHFWLRQV RI WKH ELOOHWV LV UHYHDOHG ZLWKLQ

WKH MRLQLQJ ]RQH�0D[LPXP WKLFNQHVV RI WKH LQWHUOD\HU

GHFUHDVHV ZLWK LQFUHDVH LQ WKH KHDWLQJ SUHVVXUH�

,GHQWLILFDWLRQ RI SKDVHV LQ WKH MRLQLQJ ]RQH E\ ;�

UD\ PLFURDQDO\VLV �)LJXUH �� D� E� VKRZHG LQWHUPHW�

DOOLF FRPSRXQGV ZLWK D FRPSRVLWLRQ FORVH WR WKDW RI

WKH &X$O�� &X$O DQG &X�$O� SKDVHV� 0DVV IUDFWLRQ RI

FRSSHU LQ GLIIHUHQW UHJLRQV RI WKH WUDQVLWLRQ ]RQH YDULHV

IURP �� WR �� �� ZKLFK LV DVVRFLDWHG ZLWK IRUPDWLRQ

RI GLIIHUHQW FRPSRVLWLRQV RI SKDVHV� $V LQ SUHVVXUH

ZHOGLQJ WKH MRLQLQJ ]RQH LV IRUPHG LQ WKH SUHVHQFH RI

D KLJK FRQFHQWUDWLRQ JUDGLHQW DFURVV WKH FRQWDFW ]RQH

DQG XQGHU FRQGLWLRQV RI LQWHQVLYH VWLUULQJ RI PLQRU

SDUWLFOHV ZLWKRXW D FKDQJH LQ WKH FRQFHQWUDWLRQ RI

FKHPLFDO HOHPHQWV� SKDVH FRPSRVLWLRQ RI WKH IRUPHG

LQWHUPHWDOOLF FRPSRXQGV PD\ QRW EH LQ IXOO FRUUHVSRQ�

GHQFH WR WKH FRQVWLWXWLRQDO GLDJUDP RI &Xw$O GHULYHG

IRU WKH HTXLOLEULXP VWDWH >��@�

7KHUHIRUH� WKH WUDQVLWLRQ OD\HU KDV D ODPLQDWHG

VWUXFWXUH� WKH &X$O� SKDVH EHLQJ GRPLQDQW RQ WKH

DOXPLQLXP VLGH DQG WKH &X$O DQG &X�$O� SKDVHV x

RQ WKH FRSSHU VLGH� 3URSHUWLHV RI ZHOGHG MRLQWV EH�

WZHHQ GLVVLPLODU PHWDOV ZLWK D OLPLWHG PXWXDO VROX�

ELOLW\ DUH NQRZQ WR GHSHQG XSRQ WKH SURSHUWLHV RI WKH

GLIIXVLRQ ]RQHV IRUPHG LQ WKH FRQWDFW ]RQH >��@� ;�UD\

GLIIUDFWLRQ DQDO\VLV RI IUDFWXUH VXUIDFHV RI WKH MRLQWV

VKRZV WKDW IUDFWXUH RI WKH MRLQWV LQ PHFKDQLFDO WHVWV

RFFXUV SULPDULO\ DORQJ WKH LQWHUIDFH EHWZHHQ WKH

&X$O� DQG &X$O SKDVHV�

-RLQWV SURGXFHG DW WKH XSSHU OHYHO RI WKH EUDNLQJ

WLPH WE KDYH KLJKHU PHFKDQLFDO SURSHUWLHV� +RZHYHU�

RQO\ WKH MRLQWV ZKLFK ZHUH SURGXFHG DW D PLQLPXP

YDOXH RI WK ZLWKVWRRG EHQGLQJ WR ��� ZLWKRXW IUDFWXUH

�)LJXUH ��� 1R LQWHUPHWDOOLF SKDVH ZDV IRXQG LQ WKH

LQWHUOD\HUV LQ MRLQWV 1R��� �� �� DQG ��� DFFRUGLQJ WR

WKH PHWDOORJUDSK\ �VHH )LJXUH �� F� DQG ;�UD\ PL�

FURDQDO\VLV �)LJXUH �� F� GDWD� 'LIIXVLRQ RI FRSSHU

LQWR DOXPLQLXP WR D GHSWK RI �w� µP ZDV IRXQG LQ

WKH FRQWDFW ]RQH� ZKLFK LV LQGLFDWLYH RI D FKDQJH LQ

WKH FRQFHQWUDWLRQ RI FRSSHU ZLWK GLVWDQFH WR WKH FRQ�

WDFW ERXQGDU\ �RQ WKH DOXPLQLXP VLGH�� 0LQLPXP

YDOXHV RI WKH DERYH UDQJH FRUUHVSRQG WR WKH FHQWUDO

SDUW RI WKH VHFWLRQ� DQG PD[LPXP YDOXHV FRUUHVSRQG

WR WKH SHULSKHUDO SDUW� )RUPDWLRQ RI PHWDVWDEOH VROLG

VROXWLRQV RI FRSSHU LQ DOXPLQLXP� KDYLQJ D YDULDEOH

FRPSRVLWLRQ� LV FKDUDFWHULVWLF RI VWUXFWXUH RI WKH WUDQ�

VLWLRQ ]RQH� )RUPDWLRQ RI WKH LQWHUPHWDOOLF SKDVH FDQ

EH IL[HG DW WKH LQLWLDO VWDJH XQWLO D VROLG OD\HU LV

IRUPHG�

$W WKH XSSHU OHYHO RI WE DQG WK DOO WKH MRLQWV IUDF�

WXUHG E\ D EULWWOH PHFKDQLVP� 0HWDOORJUDSK\ �)L�

JXUH �� G� DQG DQDO\VLV RI IUDFWXUH VXUIDFHV RI VDPSOHV

WKDW IUDFWXUHG VKRZ WKH SUHVHQFH RI WKH ���w��� µP

)LJXUH �� 5HVXOWV RI ;�UD\ GLIIUDFWLRQ DQDO\VLV RI IUDFWXUH RQ WKH
FRSSHU ELOOHW VLGH

)LJXUH �� 'LVWULEXWLRQ RI FRSSHU DQG DOXPLQLXP DFURVV WKH MRLQLQJ
]RQH DW GLIIHUHQW YDOXHV RI WKH KHDWLQJ DQG EUDNLQJ WLPH� D� E x
WK  ��� DQG WE  ��� V DW WKH FHQWUH RI WKH VHFWLRQ �E� DQG RQ WKH
SHULSKHU\ �D�� F x WK  ��� DQG WE  ��� V RQ WKH SHULSKHU\ RI WKH
VHFWLRQ

)LJXUH �� :HOGHG MRLQWV �3K  ��w�� 03D� 3I  ��� 03D� WK  
 ��� V� WE  ��� V� DIWHU LPSDFW EHQGLQJ WHVWV
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WKLFN LQWHUOD\HU FRQWDLQLQJ LQWHUPHWDOOLFV �ZKLFK LV

PXFK VPDOOHU FRPSDUHG ZLWK MRLQWV SURGXFHG DW D KLJK

URWDWLRQ EUDNLQJ�� $ FRQVLGHUDEOH GHFUHDVH LQ WKLFN�

QHVV RI WKH LQWHUPHWDOOLF OD\HU LV QRWHG LQ WKH FDVH RI

LQFUHDVH LQ WKH IRUJLQJ SUHVVXUH� +RZHYHU� WKH DW�

WHPSWV DLPHG DW GHFUHDVLQJ WKLFNQHVV RI WKLV OD\HU WR

YDOXHV DW ZKLFK WKH KLJK GXFWLOH SURSHUWLHV RI WKH

MRLQWV FDQ EH SURYLGHG IDLO HYHQ ZLWK WKH XSSHU YDOXHV

RI 3I DQG WE ZLWKLQ WKH LQYHVWLJDWHG UDQJH RI WKHLU

YDULDWLRQV� 7KHUHIRUH� WR RSWLPLVH ZHOGLQJ SDUDPH�

WHUV� LW LV QHFHVVDU\ WR GHFUHDVH WKH KHDWLQJ WLPH DQG

LQFUHDVH WKH UHVW RI WKH SURJUDPPHG SURFHVV SDUDPH�

WHUV�

7KH RSWLPDO ZHOGLQJ FRQGLWLRQV GHWHUPLQHG RQ WKH

EDVLV RI WKH GDWD REWDLQHG DUH DV IROORZV�3K  �� 03D�

WK  ��� V� 3I  ��� 03D� WE  ��� V� WI  � V DQG Y  

 ��� P�V� $ VHULHV RI WKH MRLQWV ZDV ZHOGHG XQGHU

WKHVH FRQGLWLRQV� ,Q WHVWLQJ WKH VSHFLPHQV WR VWDWLF

DQG LPSDFW EHQGLQJ� DOO WKH MRLQWV ZLWKVWRRG EHQGLQJ

WR DQ DQJOH RI ��� ZLWKRXW IUDFWXUH� ZKLOH LQ FRXQWHU�

EHQGLQJ WKH VSHFLPHQV IUDFWXUHG LQ DOXPLQLXP�

$QDO\VLV RI LQWHUDFWLRQ RI IDFWRUV ;�;�� ;�;� DQG

;�;� DOORZV D FRQFOXVLRQ WKDW ZLWKLQ WKH UDQJH LQ�

YHVWLJDWHG WKH KHDWLQJ WLPH DQG KHDWLQJ DQG IRUJLQJ

SUHVVXUHV FDQ EH GHFUHDVHG GXH WR LQFUHDVLQJ WKH EUDN�

LQJ WLPH� ZLWK QR GHWHULRUDWLRQ RI WKH TXDOLW\ RI WKH

ZHOGHG MRLQWV� 7KH ;�;� LQWHUDFWLRQ LV RI WKH KLJKHVW

SUDFWLFDO LPSRUWDQFH� DV GHFUHDVH LQ WKH IRUJLQJ SUHV�

VXUH DOORZV WKH UDQJH RI VHFWLRQV ZHOGHG E\ WKH VDPH

XQLW WR EH VXEVWDQWLDOO\ ZLGHQHG�
7R VWXG\ WKH SRVVLELOLW\ RI GHFUHDVLQJ WKH IRUJLQJ

SUHVVXUH DQG HIIHFW RI WKH VFDOH IDFWRU RQ FRQGLWLRQV

RI SURGXFLQJ WKH TXDOLW\ ZHOGHG MRLQWV� DQ H[SHULPHQ�
WDO EDWFK RI ELOOHWV ZLWK D GLDPHWHU RI ��� ��� ��� ��
DQG ��PPZDVZHOGHG XVLQJ WKH XSJUDGHG XQLWV067�
���� DQG 67���� ZLWK D PD[LPXP D[LDO IRUFH RI ��
DQG �� W� UHVSHFWLYHO\� 7KH UDQJH RI YDULDWLRQ RI WKH
EUDNLQJ WLPH ZDV ���w��� V� :HOGHG FRSSHU�DOX�
PLQLXP WUDQVLWLRQ SLHFHV ZHUH WHVWHG WR WHQVLRQ� VWDWLF
DQG LPSDFW EHQGLQJ� 5HVXOWV RI PHFKDQLFDO WHVWV
VKRZHG QR IUDFWXUHV LQ WKH ZHOGLQJ ]RQH ZLWK D GH�
FUHDVH LQ WKH IRUJLQJ SUHVVXUH WR ��w�� 03D IRU GLI�
IHUHQW GLDPHWHUV RI WKH ELOOHWV� ,Q WKLV FDVH� FRQFOX�
VLRQV PDGH LQ DQDO\VLV RI WKH GHULYHG UHJUHVVLRQ HTXD�
WLRQ ZHUH YDOLG IRU WKH HQWLUH UDQJH RI WKH GLDPHWHUV�
$V LQFUHDVH LQ WKH GLDPHWHU RI WKH ELOOHWV ZDV DFFRP�
SDQLHG E\ D GUDVWLF LQFUHDVH LQ WKH IULFWLRQ PRPHQW
LQ WKH MRLQWV �HVSHFLDOO\ DW WKH LQLWLDO VWDJH RI WKH
SURFHVV�� VHWWLQJ WKH YDOXH RI WKH KHDWLQJ SUHVVXUH LQ
ZHOGLQJ RI ODUJH�GLDPHWHU ELOOHWV VKRXOG EH GRQH ZLWK
DOORZDQFH IRU UHOLDELOLW\ RI WKH FODPSLQJ PHFKDQLVPV
DQG ULJLGLW\ RI WKH IRUFH FKRUG RI WKH ZHOGLQJ HTXLS�
PHQW�

0DFURVHFWLRQV RI MRLQWV LQ VDPSOHV ZLWK D GLDPHWHU

RI �� DQG ��PPDUH VKRZQ LQ )LJXUH �� D� ,QVLJQLILFDQW

ZLGWK RI WKH WKHUPR�PHFKDQLFDO\ DIIHFWHG ]RQH LV LQ�

GLFDWLYH RI ORFDOLVDWLRQ RI GHIRUPDWLRQ ZLWKLQ WKH FRQ�

WDFW ]RQH� 0HFKDQLFDO WHVWV RI WKH VSHFLPHQV FXW IURP

GLIIHUHQW SDUWV RI WKH VHFWLRQV �)LJXUH �� E� VKRZHG

KLJK VWUHQJWK DQG GXFWLOLW\ SURSHUWLHV RI WKH MRLQWV�

0LFURVWUXFWXUH RI WKH MRLQWV ZDV VWXGLHG RQ QRQ�

HWFKHG DQJOH ODS VHFWLRQV >�@ FXW DW DQ DQJOH RI ������

7KLFNQHVV RI WKH MRLQLQJ ]RQH LQ WKLV FDVH ZDV YLVXDOO\

LQFUHDVHG E\ D IDFWRU RI �� 0HWDOORJUDSK\ RI WKH MRLQWV

DW D PD[LPXP PDJQLILFDWLRQ SURYLGHG E\ WKH �1HR�

)LJXUH �� )ULFWLRQ ZHOGHG MRLQWV EHWZHHQ FRSSHU DQG DOXPLQLXP SURGXFHG DW WKH UHJXODWHG EUDNLQJ G\QDPLFV� D x PDFURVHFWLRQV RI
WKH MRLQLQJ ]RQH� E x VSHFLPHQV DIWHU PHFKDQLFDO WHVWV� F x PLFURVWUXFWXUH RI WKH MRLQLQJ ]RQH �×�����
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SKRW���� PLFURVFRSH UHYHDOHG QR WUDQVLWLRQ OD\HU FRQ�

WDLQLQJ LQWHUPHWDOOLF SKDVHV �)LJXUH �� F��

7KHUHIRUH� DSSOLFDWLRQ RI WKH IRUJLQJ SUHVVXUH ZLWK

D JUDGXDOO\ GHFUHDVHG URWDWLRQ IUHTXHQF\� L�H� WKH FRP�

ELQHG HIIHFW RI D[LDO DQG WDQJHQWLDO GHIRUPDWLRQ FRP�

SRQHQWV RQ WKH SODVWLVLVHG PHWDO DW WKH VWDJH RI IRUJ�

LQJ� SURYLGHV IRUPDWLRQ RI WKH TXDOLW\ ZHOGHG MRLQWV

DW D ORZHU SUHVVXUH� +RZHYHU� WKLV HIIHFW FDQ EH

DFKLHYHG RQO\ RQ WKH FRQGLWLRQ RI VHWWLQJ WKH KHDWLQJ

WLPH DW ZKLFK WKH WKHUPDO ZHOGLQJ F\FOH LV QRW LQ

H[FHVV RI WKH WLPH�WHPSHUDWXUH SDUDPHWHUV RI IRUPD�

WLRQ RI WKH LQWHUPHWDOOLF LQWHUOD\HU� ,Q WKLV FDVH WKH

WKHUPDO�GHIRUPDWLRQ SDUDPHWHUV RI IRUPDWLRQ RI WKH

MRLQWV DUH LGHQWLFDO WR WKRVH RI WKH LQHUWLD IULFWLRQ

ZHOGLQJ�

7KH WHFKQRORJ\ IRU ZHOGLQJ ZLWK D UHJXODWHG EUDN�

LQJ KDV EHHQ GHYHORSHG RQ WKH EDVLV RI WKH UHVXOWV

REWDLQHG� 7KH WHFKQRORJ\ LV FKDUDFWHULVHG E\ D PLQL�

PXP GXUDWLRQ RI WKH KHDWLQJ VWDJH DQG SURJUDPPDEOH

GHFUHDVH RI WKH URWDWLRQ IUHTXHQF\ DW WKH IRUJLQJ VWDJH�

7R UHDOLVH WKH WHFKQRORJ\ XVLQJ WKH VWDQGDUG IULFWLRQ

ZHOGLQJ HTXLSPHQW� WKH ODWWHU ZDV XSJUDGHG ZLWK D

SXUSRVH WR FUHDWH WKH SRVVLELOLW\ RI SURJUDPPLQJ WKH

URWDWLRQ EUDNLQJ G\QDPLFV DW WKH ILQDO VWDJH RI WKH

ZHOGLQJ SURFHVV� 7KH XSJUDGHG ZHOGLQJ XQLWV KDYH

KLJK WHFKQRORJLFDO FDSDELOLWLHV� FRPSDUHG ZLWK WKH

VWDQGDUG IULFWLRQ ZHOGLQJ HTXLSPHQW� )RU H[DPSOH�

WKH FRPPHUFLDO PDFKLQH 067����� FDQ SURYLGH WKH

TXDOLW\ MRLQWV EHWZHHQ FRSSHU DQG DOXPLQLXP RQ ELO�

OHWV ZLWK D GLDPHWHU RI XS WR �� PP �IRUJLQJ SUHVVXUH

RI QRW OHVV WKDQ ��� 03D�� 6XEMHFWHG WR DSSURSULDWH

XSJUDGLQJ� WKLV PDFKLQH SURYLGHV WKH TXDOLW\ FRSSHU�

DOXPLQLXP WUDQVLWLRQ SLHFHV ZLWK GLDPHWHUV LQ D UDQJH

RI �� WR �� PP�

&21&/86,216

�� 7KH EUDNLQJ WLPH DW WKH ILQDO VWDJH RI WKH SURFHVV

SOD\V D FRQVLGHUDEOH UROH LQ IRUPDWLRQ RI VWUXFWXUH�

SKDVH FRPSRVLWLRQ DQG PHFKDQLFDO SURSHUWLHV RI IULF�

WLRQ ZHOGHG MRLQWV EHWZHHQ FRSSHU DQG DOXPLQLXP�

�� :LWKLQ WKH LQYHVWLJDWHG UDQJH RI YDULDWLRQV RI

WKH SURFHVV SDUDPHWHUV� WKH MRLQWV SURGXFHG DW D PLQL�

PXP YDOXH RI WKH KHDWLQJ WLPH DQG PD[LPXP YDOXHV

RI WKH EUDNLQJ WLPH DQG KHDWLQJ DQG IRUJLQJ SUHVVXUHV

DUH FKDUDFWHULVHG E\ WKH EHVW PHFKDQLFDO SURSHUWLHV�

�� 7KH SRVVLELOLW\ RI D VXEVWDQWLDO GHFUHDVH LQ WKH

IRUJLQJ SUHVVXUH� FRPSDUHGZLWK WKH FRQYHQWLRQDO IULF�

WLRQ ZHOGLQJ SURFHVV� LV SURYLGHG E\ RSWLPLVLQJ WKH

EUDNLQJ WLPH�

�� 7KH QHZ WHFKQRORJ\ IRU IULFWLRQ ZHOGLQJ ZLWK

D UHJXODWHG EUDNLQJ KDV EHHQ GHYHORSHG� ,W SURYLGHV

MRLQWV ZLWKRXW WKH LQWHUPHWDOOLF OD\HU� FKDUDFWHULVHG

E\ KLJK VWUHQJWK DQG GXFWLOLW\ SURSHUWLHV�

�� 7KH XVH RI WKH QHZ WHFKQRORJ\ DOORZV ZLGHQLQJ

RI WKH WHFKQRORJLFDO FDSDELOLWLHV RI WKH VWDQGDUG IULF�

WLRQ ZHOGLQJ HTXLSPHQW�

�� /HEHGHY� 9�.�� &KHUQHQNR� ,�$�� 9LOO� 9�,� HW DO� ������
)ULFWLRQ ZHOGLQJ� 5HIHU� %RRN� /HQLQJUDG� 0DVKLQRVWURHQLH�

�� (OOLV� &�5�� 1LFKRODV� (�'� ������ 'HWHUPLQDWLRQ RI D SUR�
FHGXUH IRU PDNLQJ IULFWLRQ ZHOGV EHWZHHQ HOHFWULFDO JUDGH
DOXPLQLXP DQG WRXJK SLWFK FRSSHU� :HOGLQJ 5HVHDUFK ,QW��
�� �w���

�� 6KWHUQLQ� /�$�� 3URNRILHY� 6�1� ������ )ULFWLRQ ZHOGLQJ RI
DOXPLQLXP ZLWK VWHHO DQG FRSSHU� 6YDURFKQ� 3URL]YRGVWYR�
��� ��w���

�� .UH\H� +�� 5HLQHUV� *� ������ 0HWDOOXUJLFDO DVSHFWV DQG DS�
SOLFDWLRQ RI IULFWLRQ ZHOGLQJ� ,Q� $GYDQFHV LQ ZHOGLQJ VFL�
HQFH DQG WHFKQRORJ\� 3URF� RI ,QW� &RQI� RQ 7UHQGV LQ
:HOGLQJ 5HVHDUFK� *DWOLEXUJ� 86$� 0D\ ��w��� �����

�� $ULWRVKL� 0�� 2NLWD� .�� (QMR� 7� HW DO� ������ )ULFWLRQ
ZHOGLQJ RI FRSSHU�WXQJVWHQ VLQWHUHG DOOR\ WR SXUH DOX�
PLQLXP� 7UDQVDFW� RI -:6� �� ��w���

�� =\DNKRU� ,�9� ������ 3HFXOLDULWLHV RI IULFWLRQ ZHOGLQJ RI GLV�
VLPLODU PHWDOV DQG DOOR\V� 7KH 3DWRQ :HOGLQJ -�� �� ��w���

�� =\DNKRU� ,�9�� .XFKXN�<DWVHQNR� 6�,� ������ 3HFXOLDULWLHV
RI IRUPDWLRQ RI IULFWLRQ ZHOGHG MRLQWV EHWZHHQ FRSSHU DQG
DOXPLQLXP� ,ELG�� �� ��w���

�� &DWHUSLOODU WUDFWRU FRPSDQ\� )ULFWLRQ ZHOGLQJ RI FRSSHU WR
DOXPLQLXP� 3DW� ������� *UHDW %ULWDLQ� 3XEO� ���������

�� /HEHGHY� 9�.�� &KHUQHQNR� ,�$� ������ )ULFWLRQ ZHOGLQJ�
:HOGLQJ DQG 6XUIDFLQJ 5HY�� 9RO� �� +DUZRRG $�3�

��� .XFKXN�<DWVHQNR� 6�,� ������ 6WDWH�RI�WKH�DUW DQG SURVSHFWV
RI GHYHORSPHQW RI IULFWLRQ ZHOGLQJ� ,Q� 3URF� RI ,QW� &RQI�
RQ :HOGLQJ DQG 5HODWHG 7HFKQRORJLHV WR ;;, &HQWXU\�
.\LY� 3:,�

��� )RLVWHU� 3�9� ������ +HDW XQGHU SRZHU �+83� IULFWLRQ
ZHOGLQJ� ,Q� 3URF� RI �UG ,QW� &RQI� RQ $GYDQFHV LQ :HOG�
LQJ 3URFHVVHV� +DUURJDWH� 0D\ �w�� �����

��� $GOHU� <X�3�� 0DUNRYD� (�9�� *UDQRYVN\� <X�9� ������
'HVLJQ RI H[SHULPHQWV IRU VHDUFK RI RSWLPXP FRQGLWLRQV�
0RVFRZ� 1DXND�

��� 1DOLPRY� 9�9� ������ 7KHRU\ RI H[SHULPHQWV� 0RVFRZ�
1DXND�

��� 0XUWL� .�*�.�� 6XQGDUHVDQ� 6� ������ 3DUDPHWHU RSWLPL]D�
WLRQ LQ IULFWLRQ ZHOGLQJ GLVVLPLODU PDWHULDOV� 0HWDO &RQ�
VWUXFWLRQ� �� ���w����

��� (OOLV� &�5�� 1LFKRODV� (�'� ������ 0HFKDQLFDO WHVWLQJ RI
GLVVLPLODU PHWDO IULFWLRQ ZHOGV� :HOGLQJ 5HVHDUFK ,QW�� ��
�w���

��� -HVVRS� 7�-�� 1LFKRODV� (�'�� 'LQVGDOH� :�2� ������ )ULF�
WLRQ ZHOGLQJ RI GLVVLPLODU PHWDOV� ,Q� 3URF� RI �WK ,QW�
&RQI� RQ $GYDQFHV LQ :HOGLQJ 3URFHVVHV� +DUURJDWH� 0D\
�w��� �����

��� :DOODFK� (�5�� 'DYLHV� *�-� ������ 0HFKDQLFDO SURSHUWLHV
RI DOXPLQLXP�FRSSHU VROLG�SKDVH ZHOGV� 0HWDOV 7HFKQRO�� ��
���w����

��� .DUDNR]RY� (�6� ������ 3UHVVXUH ZHOGLQJ RI PHWDOV� 0RV�
FRZ� 0DVKLQRVWURHQLH�
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8NUDLQLDQ (QJLQHHULQJ�3HGDJRJLFDO $FDGHP\� .KDUNLY� 8NUDLQH

5HILQLQJ� PRGLI\LQJ DQG DOOR\LQJ HIIHFW RI \WWULXP LQ FDVW VWHHO �� ZDV VXEVWDQWLDWHG XVLQJ DGYDQFHG SURFHGXUHV�

0HFKDQLVP RI \WWULXP HIIHFW RQ FROG UHVLVWDQFH RI SHDUOLWLF VWHHOV DQG WKHLU ZHOGHG MRLQWV LV VSHFLILHG�

.H\ ZRU G V � UDUH�HDUWK PHWDOV� PRGLI\LQJ� DOOR\LQJ� UHILQ�

LQJ� VWHHO� FROG UHVLVWDQFH� LQWHUQDO IULFWLRQ RI ODWWLFH� GLVORFD�
WLRQV� VXEVWUXFWXUH� 0R

..
VVEDXUHU VSHFWUD� ODWWLFH SLWFK

,W LV ZHOO�NQRZQ WKDW WKH DGGLQJ RI PLFURDGGLWLRQV
RI UDUH�HDUWK PHWDOV �5(0� LQWR FRPSRVLWLRQ RI )Hw&

DOOR\V� LQFOXGLQJ DOVR ZHOGLQJ FRQVXPDEOHV� LQFUHDVHV

WKH UHVLVWDQFH RI WKH ODWWHU DJDLQVW WKH WUDQVLWLRQ WR
EULWWOH VWDWH DQG UHGXFHV WKH FULWLFDO EULWWOH WHPSHUD�
WXUH >�� �@� +RZHYHU� WKHUH LV QR VLQJOH RSLQLRQ DV WR
WKH QDWXUH RI 5(0 HIIHFW RQ SK\VLFDO�PHFKDQLFDO
SURSHUWLHV RI VWHHO� LQ SDUWLFXODU RQ ZHOG PHWDO� ,W LV

VWDWHG LQ VRPH SXEOLFDWLRQV WKDW WKH PRGLI\LQJ HIIHFW

RI 5(0� SURYLGLQJ D KHWHURJHQHRXV FU\VWDOOL]DWLRQ

IURP WKH PHOW� LV WKH PDLQ IDFWRU RI LPSURYLQJ VHUYLFH
SURSHUWLHV RI WKH PHWDO >�� �@� $W WKH VDPH WLPH WKH

ILQH�JUDLQHG VWUXFWXUH FDQ EH SURGXFHG E\ DGGLQJ
RWKHU NQRZQ PRGLILFDWRUV LQWR WKH VWHHO FRPSRVLWLRQ�

IRU H[DPSOH� QLWULGHV� FDUELGHV� R[LGHV� EXW KHUH LW LV
QRW PDQDJHG WR LQFUHDVH VLJQLILFDQWO\ WKH ORZ�WHP�

SHUDWXUH WRXJKQHVV RI PHWDO�

7KH ORZ�WHPSHUDWXUH HPEULWWOHPHQW RI PHWDO LV
GXH WR D GLVORFDWLRQ VWUXFWXUH� :KHQ H[DPLQLQJ WKH
PHGLXP�DOOR\HG PHWDO RI HOHFWURVODJ UHPHOWLQJ� SUR�

GXFHG XQGHU IOX[� FRQWDLQLQJ5(0R[LGHV� WKH DXWKRUV
RI >�@ UHYHDOHG D FOHDU LQWHUUHODWLRQ RI SODVWLF FKDUDF�

WHULVWLFV DQG WRXJKQHVV ZLWK SHFXOLDULWLHV RI D ILQH
VWUXFWXUH� VL]HV DQG QDWXUH RI GLVWULEXWLRQ RI QRQ�PH�

WDOOLF LQFOXVLRQV �10,�� +HUH� WKH PRGH RI PHWDO IUDF�

WXUH XQGHU WKH HIIHFW RI 5(0ZDV FKDQJHG IURP TXDVL�
EULWWOH WR WRXJK WUDQVFU\VWDOOLWH�

7KHFDXVHRI LQFUHDVH LQFROG UHVLVWDQFHRI ORZ�DOOR\HG
DQG ORZ�FDUERQ VWHHOV� PLFURDOOR\HG ZLWK FHULXP� LV H[�

SODLQHG LQ >�@ E\ GHFUHDVH LQ GHQVLW\ RI GLVORFDWLRQV DQG

3DWFKw+DOO IDFWRU ZKLFK FKDUDFWHUL]HV WKH GHJUHH RI
WKHLU ORFNLQJ� ,W VKRXOG EH QRWHG KHUH WKDW FHULXP GRHV
QRW FKDQJH SDUDPHWHUV RI WKH FU\VWDOOLQH ODWWLFH� L�H� LW

GRHV QRW DOOR\ WKH VROLG VROXWLRQ�
'HFUHDVH LQ GLVORFDWLRQ GHQVLW\ZDVPHQWLRQHG DOVR

E\ DXWKRUV RI >�@� ZKR H[DPLQHG WKH KLJK�FKURPLXP
VWHHO� EHLQJ PLFURDOOR\HG ZLWK 5(0 �FHULXP� ODQWKD�

QXP� QLRELXP�� +RZHYHU� WKH\ GHVFULEHG DQRWKHU

VFKHPH RI HIIHFW� 5(0� LQWHUDFWLQJ ZLWK LPSXULWLHV

LQ PHWDO� VKRZ D EDUULHU HIIHFW DQG DUUHVW WKH PRYH�

PHQW RI GLVORFDWLRQV�

7KH REWDLQHG GDWD SURYH D FRQWUDGLFWLRQ RI VRPH
VWDWHPHQWV RI K\SRWKHVHV DQG UHTXLUH DGGLWLRQDO VWXGLHV�

7KH SUHVHQW ZRUN ZDV DLPHG DW LQWHJUDWHG HVWLPD�
WLRQ RI 5(0 HIIHFW RQ ORZ�WHPSHUDWXUH EHKDYLRXU RI

PHWDO� 5HVXOWV RI LQYHVWLJDWLRQV PDNH LW SRVVLEOH WR

FODULI\ PDQ\ XQFOHDU PRPHQWV DQG WR VLPSOLI\ DS�

SURDFKHV WR WKH SUREOHP RI 5(0 DSSOLFDWLRQ LQ VWHHO

ZHOGLQJ� ,W LV GLIILFXOW WR REWDLQ WKH UHOLDEOH UHVXOWV

LQ ILQH SURFHGXUHV RI LQYHVWLJDWLRQ RI PHWDO RI ZHOGHG

MRLQWV EHFDXVH RI VSHFLILFV RI LWV SURGXFLQJ� ,PSURYLQJ
WKH H[SHULPHQW YDOLGLW\ DQG WDNLQJ LQWR DFFRXQW WKH
VLPLODULW\ RI SURFHVVHV RI VROLGLILFDWLRQ RI FDVWLQJV DQG

ZHOGV >�� �@� WKH FDVW 6W���� ZKLFK LV FORVH WR FDUERQ

DQG ORZ�DOOR\HG VWUXFWXUDO VWHHOV LQ FDUERQ FRQWHQW�

ZDV WDNHQ DV D PRGHO IRU LQYHVWLJDWLRQV� <WWULXP�

VKRZLQJ WKH JUHDWHVW HIIHFW RQ ZHOG PHWDO� ZDV DGGHG

WR VWHHO LQ WKH IRUP RI PLFURDGGLWLRQV� &KHPLFDO FRP�

SRVLWLRQ RI WKH VWHHO YDULDQWV LQYHVWLJDWHG LV SUHVHQWHG

LQ WKH 7DEOH�

$W WKH VHFRQG VWDJH WKH ZHOG PHWDO PDGH E\ HOHF�
WURGHV� KDYLQJ PLFURDOOR\HG FDVW PHWDO LQ FRUHV� ZDV
LQYHVWLJDWHG� 5HVXOWV RI LQYHVWLJDWLRQV ZLOO EH JLYHQ

LQ QH[W SXEOLFDWLRQV GHYRWHG WR WKLV SUREOHP�

&KDQJH LQ VXEVWUXFWXUH RI PHWDO XQGHU WKH HIIHFW
RI \WWULXP DGGLWLRQV ZDV H[DPLQHG XVLQJ WKH PHWKRG

RI LQWHUQDO IULFWLRQ �,)�� ZKLFK PDNHV LW SRVVLEOH WR

UHFRUG WKH GLVVLSDWLRQ RI HQHUJ\ RI PHFKDQLFDO RVFLO�

ODWLRQV >�@�

7HPSHUDWXUH DQG DPSOLWXGH UHODWLRQV RI ,) ZHUH
VWXGLHG LQ D UHOD[RPHWHU RI �UHYHUVH WRUVLRQ SHQGX�

OXP� W\SH DW IUHTXHQF\ RI IUHH WRUVLRQDO RVFLOODWLRQV
RI � +] RUGHU� 0HDVXUHPHQW ZDV PDGH LQ D ORQJLWX�

GLQDO PDJQHWLF ILHOG RI �� $�P LQWHQVLW\� &\OLQGULFDO
VDPSOHV RI ��� PP OHQJWK DQG � PP GLDPHWHU ZHUH

XVHG� 7KH OHQJWK RI D ZRUNLQJ SDUW RI � PP GLDPHWHU

VDPSOHV ZDV �� PP�

0HWDO VWUXFWXUH ZDV H[DPLQHG XVLQJ RSWLFDO DQG
HOHFWURQ PLFURVFRS\� 6L]H RI D IHUULWH JUDLQ ZDV UH�

YHDOHG E\ WKH PHWKRG RI UDQGRP VHFDQWV� /DWWLFH SLWFK

ZDV GHWHUPLQHG LQ OLQH >���@ RQ URHQWJHQRJUDPV PDGH

E\ D PHWKRG RI D EDFN�UHIOHFWLRQ ;�UD\ SKRWRJUDSK\
LQ FREDOW UDGLDWLRQ� 6LOYHU ZDV XVHG DV D UHIHUHQFH� ,Q

SDUDOOHO ZLWK D SKRWRJUDSKLF PHWKRG D UHFRUG RI D

SURILOH RI LQWHUIHUHQFH PD[LPD LQ '521�� XQLW LQ

LURQ UDGLDWLRQ ZDV XVHG� 7KH UHFRUG ZDV PDGH E\
SRLQWV� /LQHV >���@ DQG >���@ZHUH UHFRUGHG� 7KH VFDQ�

QLQJ SLWFK ZDV ������
7KH H[DPLQDWLRQV VKRZHG WKDW \WWULXP DGGLWLRQ

WR VWHHO XS WR ����� � OHDGV WR UHGXFWLRQ RI ,) EDFN�

JURXQG �)LJXUH �� D�� 7KH IXUWKHU LQFUHDVH LQ \WWULXP
FRQWHQW LQFUHDVHV WKH ,) EDFNJURXQG �)LJXUH �� D�

FXUYH ���

7KH ,) EDFNJURXQG GHFUHDVH LQ EFF�PHWDOV WHVWLILHV
DERXW IRUPDWLRQ RI VWDELOL]HG VWUXFWXUHV WKDW LV� SURE�� 1�*� (),0(1.2� ����
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DEO\� GXH WR LQFUHDVH LQ 3HLHUOVw1DEDUUR IRUFH �ODWWLFH
IULFWLRQ� ZLWK D WRWDO GHFUHDVH LQ DPRXQW RI GLVORFD�
WLRQV DQG VWURQJHU WKHLU ORFNLQJ ZLWK LQWHUVWLWLDO DW�
RPV� 7KH ODWWHU IDFWRU FDQ UHVXOW ERWK IURP LQFUHDVH
LQ QXPEHU RI DQFKRUHG SRLQWV GXH WR LQFUHDVH LQ D
QXPEHU RI LQWHUVWLWLDO DWRPV DQG DOVR WR WKH JURZWK
RI HQHUJ\ RI LQWHUVWLWLDO DWRPV ELQGLQJ ZLWK GLVORFD�
WLRQV� $FFRUGLQJ WR GDWD RI >�@� GHQVLW\ RI GLVORFDWLRQ
LQ VWHHOV ZLWK 5(0 LV GHFUHDVHG DQG WKHLU FOXVWHULQJ
LV HOLPLQDWHG�

$V WR WKH ODWWLFH IULFWLRQ LW LV NQRZQ WKDW WKH VPDOO
DPRXQWV RI LPSXULWLHV� GLVVROYLQJ E\ WKH W\SH RI VXE�
VWLWXWLRQ �\WWULXP LV GLVVROYHG LQ LURQ E\ WKH VXEVWL�
WXWLRQ W\SH� FDQ HIIHFW QRWLFHDEO\ RQ WKH ELQGLQJ
IRUFHV EHWZHHQ LURQ DWRPV� WKXV LQFUHDVLQJ RU GHFUHDV�
LQJ WKH 3HLHUOVw1DEDUUR EDUULHU�

7KXV� WKH H[DPLQDWLRQV FRQILUP WKDW \WWULXP DGG�
LQJ WR VWHHO OHDGV WR ORFNLQJ RI GLVORFDWLRQV� ,Q DF�
FRUGDQFH ZLWK GDWD RI >�@ WKH FULWLFDO DPSOLWXGH γ

FU�
FKDUDFWHUL]LQJ WKH PRPHQW RI GLVORFDWLRQ VHSDUDWLRQ
IURP WKHLU LPSXULWLHV RI ORFNLQJ� DUH FDOFXODWHG E\
IRUPXOD

γFU = 8

*E
�
&� H[S




w
8

N7




�

ZKHUH 8 LV WKH HQHUJ\ RI LQWHUVWLWLDO DWRPV ELQGLQJ
ZLWK GLVORFDWLRQV� * LV WKH VKHDU PRGXOXV� E LV WKH
%XUJHUsV YHFWRU� &� LV WKH PHDQ FRQFHQWUDWLRQ RI LP�
SXULWLHV LQ D VROLG VROXWLRQ�

,W IROORZV IURP IRUPXOD WKDW WKH FULWLFDO DPSOLWXGH
GHSHQGV OLQHDUO\ RQ WKH FRQFHQWUDWLRQ RI LPSXULWLHV
DQG RQ HQHUJ\ RI WKHLU LQWHUDFWLRQ ZLWK GLVORFDWLRQV
H[SRQHQWLDOO\� 7KH ODWWHU IDFWRU SOD\V D PDLQ UROH LQ
ORFNLQJ RI GLVORFDWLRQV DQG LQFUHDVH LQ HQHUJ\ RI WKHLU
VHSDUDWLRQ IURP WKHLU LPSXULWLHV RI ORFNLQJ�

7KH IDFW RI GLVORFDWLRQV ORFNLQJ LQ PLFURDOOR\LQJ
RI VWHHO ZLWK \WWULXP LV FRQILUPHG DOVR E\ GHFUHDVH LQ
DQJOH RI LQFOLQDWLRQ RI EUDQFK α RI DPSOLWXGH�GHSHQG�
HQW ,) �VHH )LJXUH �� D�� +HUH� LW VKRXOG EH QRWHG
WKDW WKH PLQLPXP YDOXH RI ,) EDFNJURXQG DQG WJ α
LV UHFRUGHG DW \WWULXP FRQWHQW ����� � x ���� DQG
LQ VWHHO ZLWKRXW \WWULXP� IURP ����� DQG ���� � \W�
WULXP x ����� ���� DQG ����� UHVSHFWLYHO\�

2QH RI WKH PRVW VHQVLWLYH IDFWRUV FKDUDFWHUL]LQJ
WKH FKDQJH LQ OHYHO RI GLVORFDWLRQ ORFNLQJ LV D WKHUPDO
VWDELOLW\ RI WKH PHWDO FU\VWDOOLQH VWUXFWXUH� 7KH VWXG\
RI WKH WHPSHUDWXUH UHODWLRQ RI ,) EDFNJURXQG RI VWHHOV
ZLWK GLIIHUHQW FRQWHQW RI \WWULXP VKRZHG WKDW WKH

&KHPLFDO FRPSRVLWLRQ RI H[SHULPHQWDO VWHHOV

&RQGLWLRQDO GHV�

LJQDWLRQ RI VWHHO

(OHPHQWV� ZW��

& 0Q 6L $O 3 6 <

� ���� ���� ���� ����� ����� ����� w

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

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

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

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

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

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

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

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

)LJXUH �� $PSOLWXGH �D� DQG WHPSHUDWXUH �E� UHODWLRQVKLSV RI LQWHUQDO IULFWLRQ EDFNJURXQG� � x VWHHO ZLWKRXW \WWULXP� �w� x ZLWK D
PDVV VKDUH RI \WWULXP ������ ����� DQG ���� �� UHVSHFWLYHO\
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ORZHVW ,) EDFNJURXQG LQ WKH JLYHQ FDVH LV LQ VWHHO�
FRQWDLQLQJ ����� � < �VHH )LJXUH �� E� FXUYH ��� $W
\WWULXP FRQWHQW XS WR ����� � LQ VWHHO WKH WKHUPDO
VWDELOLW\ WKUHVKROG LV LQFUHDVHG� L�H� WKH LQFUHDVH LQ
WHPSHUDWXUH RI EHJLQQLQJ RI LQWHQVLYH VHSDUDWLRQ RI
GLVORFDWLRQ LV RFFXUUHG� ,Q VWHHO ZLWK ����� ZW�� <
WKLV WHPSHUDWXUH OLHV LQ WKH UDQJH RI ��� �&� ZKLOH
WKLV WKUHVKROG LQ VWHHO ZLWKRXW \WWULXP LV REVHUYHG LQ
WKH ���w��� �& UDQJH� 7KH IXUWKHU LQFUHDVH LQ \WWULXP
FRQWHQW �LQ RXU FDVH ���� ZW�� < LQ VWHHO� OHDGV WR
WKH LQFUHDVH LQ ,) EDFNJURXQG DQG� UHVSHFWLYHO\� WR
WKH UHGXFWLRQ RI WHPSHUDWXUH RI GLVORFDWLRQ VHSDUDWLRQ
�VHH )LJXUH �� E� FXUYH ��� ,W IROORZV IURP DERYH�PHQ�
WLRQHG WKDW ZKHQ \WWULXP XS WR ����� � LV DGGHG WR
VWHHO WKH WHQGHQF\ RI LQFUHDVLQJ WKH VWUXFWXUH VWDEL�
OL]LQJ ZDV UHYHDOHG� ZKLOH DW ����� � < FRQWHQW LWV
PD[LPXP VWDELOLW\ LV SURYLGHG�

0DLQ IDFWRUV� LQIOXHQFLQJ LQFUHDVH LQ HQHUJ\ RI LQ�
WHUDWRPLF ERQGV� FDQ EH DV IROORZV� GLVVROXWLRQ RI \W�
WULXP LQ VROLG VROXWLRQ� L�H� DW PHWDO DOOR\LQJ� DQG FOXV�
WHULQJ RI LQWHUVWLWLDO DWRPV DURXQG LPSHUIHFWLRQV RI FU\V�
WDOOLQH ODWWLFH� 7KH HIIHFW RI PHWDO UHILQLQJ E\ \WWULXP�
OHDGLQJ WR QHXWUDOL]LQJ RI VXUIDFH�DFWLYH HOHPHQWV �VXO�
SKXU� R[\JHQ� FDUERQ�� GHFUHDVLQJ WKH HQHUJ\ RI LQWHUD�
WRPLFERQGV� LV QRW H[FOXGHG�7KH ODWWHU IDFWRU UHSUHVHQWV
D VSHFLDO LQWHUHVW� EHFDXVH WKHZHOGPHWDOGXULQJZHOGLQJ
XQGHUJRHV WKH KLJK�WHPSHUDWXUH WUHDWPHQW DQG 5(0 LQ
PHWDO� KDYLQJ KLJK WKHUPRG\QDPLF DFWLYLW\� DUH FRQ�
VXPHG PDLQO\ IRU PHWDO UHILQLQJ�

<WWULXP DGGLWLRQV LQ VWHHO LQIOXHQFH DGHTXDWHO\ RQ
WKH FKDQJH LQ SLWFK RI α�SKDVH ODWWLFH DQG PLFURKDUG�
QHVV RI IHUULWH DQG SHDUOLWH �)LJXUH ��� $W \WWULXP
FRQWHQW DSSUR[LPDWHO\ XS WR ����� � WKH PD[LPD RQ
FXUYHV DUH REVHUYHG� 7KH IXUWKHU LQFUHDVH LQ \WWULXP
XS WR ���� � FDXVHV WKH GHFUHDVH LQ WKH PHQWLRQHG
SDUDPHWHUV DQG WKHQ WKH JURZWK LQ ODWWLFH SLWFK �PD[L�
PXP DW ���� � <� LV REVHUYHG DJDLQ�

7KLV FRPSOH[ FKDQJH LQ ODWWLFH SDUDPHWHU LV H[�
SODLQHG E\ D VLPXOWDQHRXV HIIHFW RI VHYHUDO IDFWRUV�
)URP WKH GDWD RI VHYHUDO DXWKRUV WKH \WWULXP LQ VPDOO
DPRXQWV LV GLVVROYHG LQ LURQ WKDW OHDGV WR WKH JURZWK
LQ WKH ODWWLFH SLWFK� ,Q SDUDOOHO ZLWK GLVVROXWLRQ LQ
LURQ LWV LQWHUDFWLRQ ZLWK R[\JHQ DQG RWKHU HOHPHQWV
SURYLGLQJ VWHHO UHILQLQJ LV RFFXUUHG� ,Q ERXQGDU\ UH�
JLRQV WKH VXEPLFURVFRSLF SUHFLSLWDWLRQV RI \WWULXP
ZLWK KRURSKLOH LPSXULWLHV DUH IRUPHG WKDW OHDGV WR
GHSOHWLRQ RI VROLG VROXWLRQ ZLWK \WWULXP DQG� UHVSHF�
WLYHO\� WR WKH GHFUHDVH LQ WKH ODWWLFH SLWFK ������w

���� � UDQJH RI FRQFHQWUDWLRQV� >��@� ,QFUHDVH LQ PDVV
VKDUH RI \WWULXP XS WR ����� OHDGV DJDLQ WR WKH JURZWK
LQ ODWWLFH SLWFK� HYHQ WR ODUJHU JURZWK WKDQ WKDW DW
WKH LQLWLDO VWDJH� )URP GDWD RI >��@ WKH 5(0 DWRPV
DUH GLVVROYHG DJDLQ LQ WKH ERXQGDU\ ]RQHV DIWHU ELQG�
LQJ DOO LPSXULWLHV ZKLFK ILOO WKH JUDLQ ERXQGDULHV�

7KH FKDQJH LQ ODWWLFH SLWFK KDV D JRRG FRUUHODWLRQ
ZLWK D VKDSH RI FXUYH RI SHDUOLWH DQG IHUULWH PLFUR�
KDUGQHVV �)LJXUH �� FXUYHV �� ��� 'HFUHDVH LQ PLFUR�
KDUGQHVV RI VWUXFWXUDO FRQVWLWXHQWV DW PDVV VKDUH RI
\WWULXP RI PRUH WKDQ ��� � LV H[SODLQHG E\ GHFUHDVH
LQ LWV FRQWHQW LQ α�VROXWLRQ GXH WR IRUPDWLRQ� DV ZDV
VKRZQ HDUOLHU >��@� RI KLJK�\WWULXP SKDVHV DQG DOVR
E\ GHFUHDVH LQ FDUERQ FRQWHQW LQ IHUULWH GXH WR IRUPD�
WLRQ RI \WWULXP FDUELGHV LQ WKH ERXQGDU\ UHJLRQV�

7KH LQFUHDVH LQ HQHUJ\ RI LQWHUDWRPLF DQG LQWHUFU\V�
WDOOLQH ERQGV� L�H� FKDQJH LQ GLVWULEXWLRQ RI HOHFWURQV RQ
H[WHUQDO VKHOOV XQGHU WKH 5(0 HIIHFW� FRQWULEXWHG
JUHDWO\ WR WKH FKDQJH RI PHWDO SURSHUWLHV� LQ SDUWLFXODU
LQ LQFUHDVH LQ HQHUJ\ RI ORZ�WHPSHUDWXUH IUDFWXUH� 6WDWH
RI VROLG VROXWLRQ DQG FDUELGH SKDVH ZHUH VWXGLHG XVLQJ
WKH PHWKRG RI D QXFOHDU JDPPD�UHVRQDQFH ZKLFK LV
NQRZQ DV 0R

..
VVEDXHU HIIHFW� 7R REWDLQ VSHFWURJUDPV

��&R LQ SDOODGLXP RI �� P&L DFWLYLW\ ZDV XVHG DV VRXUFH
RI γ�TXDQWD� )LQH VWUXFWXUH RI 0R

..
VVEDXHU VSHFWUD RI DE�

VRUSWLRQ ZDV DQDO\]HG� WKXV PDNLQJ LW SRVVLEOH WR MXGJH
DERXW HOHFWURQLF VWUXFWXUH RI PHWDO� YDOXH RI TXDGUXSROH
VSOLWWLQJ� FDUU\LQJ LQIRUPDWLRQ DERXW IRUPDWLRQ RI
FKHPLFDO FRPSRXQGV RI D QRQ�VWRLFKLRPHWULF FRPSRVL�
WLRQ� FKDQJH LQ ZLGWK DQG LQWHQVLW\ RI VSHFWUXP OLQHV�
DVVRFLDWHG ZLWK DWRPLF LPSHUIHFWLRQ DQG DPRXQW RI VXE�
VWDQFH DQDO\]HG� LVRPHULF VKHDU� JLYLQJ LQIRUPDWLRQ
DERXW FKDQJLQJ UDGLDWLQJ DQG DEVRUELQJ QXFOHL LQ D ORFDO
FKHPLFDO HQYLURQPHQW�

$QDO\VLV RI 0R
..
VVEDXHU VSHFWUD RI VWHHOV ZLWK GLI�

IHUHQW \WWULXP FRQWHQW� REWDLQHG DV D UHVXOW RI H[SHUL�
PHQW� GLG QRW UHYHDO WKHLU QRWLFHDEOH GLIIHUHQFH� 7KH\
UHSUHVHQW VL[ OLQHV RI DEVRUSWLRQ FRUUHVSRQGLQJ WR =HH�
PDQ VSOLWWLQJ DQG W\SLFDO RI α�LURQ�

$W D FRPSUHKHQVLYH DQDO\VLV RI GHSHQGHQFH RI
ZLGWK RI PRVW LQWHQVLYH �ILUVW DQG VL[WK� OLQHV RI VSHF�
WUXP RQ WKH \WWULXP FRQWHQW� WKHLU ZLGHQLQJ LV ILUVW
REVHUYHG� DQG WKHQ WKHLU ZLGWK EHJLQV WR GHFUHDVH LQ
WKH UHJLRQ RI FRQFHQWUDWLRQV E\ ≈ �����w����� � DQG
UHDFKHV D SHDN RI QDUURZLQJ DW \WWULXP PDVV VKDUH
�����w��� � �)LJXUH ��� 7KH IXUWKHU LQFUHDVH LQ \W�
WULXP FRQWHQW OHDGV WR WKH ZLGHQLQJ RI OLQHV�

&RPLQJ IURP UHVXOWV REWDLQHG� LW LV SRVVLEOH WR
VWDWH WKDW PLQLPXP GHJUHH RI FU\VWDOOLQH ODWWLFH GLV�
WRUWLRQ LV SURYLGHG DW PDVV VKDUH RI \WWULXP LQ VWHHO
LQ WKH ����� � UDQJH DQG DVVRFLDWHG ZLWK D VROLG VR�
OXWLRQ UHILQLQJ� FKDQJH LQ HQHUJ\ RI LQWHUDFWLRQ RI
LQWHUVWLWLDO LPSXULWLHV ZLWK GLVORFDWLRQ LQ GLVVROXWLRQ
ZLWK JLYHQ ,) FKDQJHV �VHH )LJXUH ��� $QDO\]LQJ WKH
VKDSH RI FXUYH � LQ )LJXUH � LW VKRXOG EH QRWHG WKDW
DW PDVV VKDUH RI \WWULXP RI DERXW ����� � WKH LVRPHULF
VKHDU FKDQJHV VLJQ IRU RSSRVLWH� 6XFK FKDQJH SURYHV
DERXW WKH GHFUHDVH LQ GHQVLW\ RI V�HOHFWURQV RQ D UHVR�
QDQFH QXFOHXV >��@ DQG LQFUHDVH LQ DPRXQW RI �G�HOHF�
WURQV LQ α�LURQ WKDW LV HTXLYDOHQW WR LQFUHDVH RI GHJUHH
RI ERQG FRYDOHQFH >��@�

,Q VWXG\ RI VSHFWUD RI FDUELGH GHSRVLWV� SUHFLSLWDWHG
E\ HOHFWURO\WLF HWFKLQJ IURP VWHHOV RI LQLWLDO YDULDQW

)LJXUH �� &KDQJH LQ D SLWFK RI α�SKDVH ODWWLFH ���� PLFURKDUGQHVV
RI SHDUOLWH ��� DQG IHUULWH ��� GHSHQGLQJ RQ \WWULXP FRQWHQW LQ
VWHHO
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DQG FRQWDLQLQJ \WWULXP� D TXDGUXSROH VSOLWWLQJ �)L�
JXUH �� ZDV UHYHDOHG ZKRVH YDOXH LV FKDQJHG GHSHQG�
LQJ RQ WKH \WWULXP DPRXQW �VHH FXUYH � LQ )LJXUH ���
7KH SUHVHQFH RI WKH TXDGUXSROH VSOLWWLQJ SURYHV DERXW
QRQ�V\PPHWU\ RI HQYLURQPHQW RI LURQ UHVRQDQFH QX�
FOHXV LQ FHPHQWLWH�

'HFUHDVH LQ TXDGUXSROH VSOLWWLQJ DW PDVV VKDUH RI
\WWULXP XS WR ����� � LV D UHVXOW RI LQFUHDVH LQ V\P�
PHWU\ RI ILHOGV HIIHFWLQJ WKH UHVRQDQFH QXFOHXV� $W
\WWULXP FRQFHQWUDWLRQ DERYH ����� � WKH FKDQJHV LQ
TXDGUXSROH VSOLWWLQJ DUH FDXVHG� SUREDEO\� E\ D VWDUW�
LQJ IRUPDWLRQ RI \WWULXP FRPSRXQGV ZLWK FDUERQ DQG
LURQ� 7KH VLJQLILFDQW SRVLWLYH LVRPHULF VKHDU RI FHPHQ�
WLWH LV FDXVHG E\ WKH KLJKHU GHQVLW\ RI V�HOHFWURQV LQ
LURQ RI FHPHQWLWH WKDQ LQ D SXUH LURQ� &RUUHODWLRQ

EHWZHHQ WKH FHPHQWLWH DPRXQW DQG LVRPHULF VKHDU
SURYHV DERXW FKDQJHV LQ VWRLFKLRPHWULF FRPSRVLWLRQ
RFFXUULQJ XQGHU WKH \WWULXP LQIOXHQFH�

<WWULXP DGGLQJ KDV D JUHDW LQIOXHQFH RQ WKH VWUXF�
WXUH GLVSHUVLW\� :LWK JUDLQ UHILQLQJ WKHLU VFDWWHULQJ
LQ VL]H LV UHGXFHG �)LJXUH ��� 6L]H RI JUDLQ LQ VWHHO
ZLWKRXW \WWULXP LV IURP � WR �� µP� ,Q VWHHO ZLWK
��� � < �� � RI JUDLQV KDV D VL]H RI DERXW � µP DW
VFDWWHULQJ IURP � WR �� µP� 5DWLR RI VWUXFWXUDO FRQ�
VWLWXHQWV� IHUULWH DQG SHDUOLWH� LV DOVR FKDQJHG �)L�
JXUH ��� ,QFUHDVH LQ \WWULXP FRQWHQW XS WR ��� � OHDGV
WR WKH JURZWK RI D SHDUOLWLF FRQVWLWXHQW ZKLFK UHDFKHV
�� � DW WKH JLYHQ FRQFHQWUDWLRQ� 7KH IXUWKHU LQFUHDVH
LQ \WWULXP FRQWHQW OHDGV WR WKH GHFUHDVH LQ SHDUOLWH
FRQWHQW DQG LQFUHDVH LQ IHUULWH� 7KH PRGLI\LQJ HIIHFW
RI VWHHO VWUXFWXUH LV DW WKH PLFUROHYHO� 6WUXFWXUH RI
SHDUOLWH LV JUHDWO\ FKDQJHG� FHPHQWLWH SODWHV ORVH RUL�
HQWDWLRQ ZLWKLQ WKH SHDUOLWH FRORQ\� WKH\ DUH FUXVKHG
DQG DFTXLUH URXQG VKDSH �)LJXUH ��� $W \WWULXP PDVV
VKDUH VWDUWLQJ IURP ����� � WKH SHDUOLWLF UHJLRQV DF�
TXLUH VWUXFWXUH VLPLODU WR D JUDLQHG VWUXFWXUH� 7KHQ�
ZKHQ \WWULXP EHJLQV WR GLVSOD\ LWVHOI DV IHUULWL]HU WKH
SHDUOLWLF UHJLRQV EHFRPH ODPLQDWHG ZLWK D KLJK GHJUHH
RI GLVSHUVLW\�

5HVXOWV RI H[SHULPHQWDO LQYHVWLJDWLRQV FDQ PDNH
WKH IROORZLQJ FRQFOXVLRQV�

0DVV VKDUH RI \WWULXP ����w����� � LQ VWHHO FDXVHV
WKH JURZWK LQ SLWFK RI α�SKDVH ODWWLFH WKDW LQGLFDWHV
LWV GLVVROXWLRQ LQ D VROLG VROXWLRQ� 7KLV OHDGV WR WKH

)LJXUH �� ,VRPHULF VKHDU ��� DQG ZLGWK RI ILUVW ��� DQG VL[WK ���
OLQHV RI DEVRUSWLRQ VSHFWUXP GHSHQGLQJ RQ \WWULXP FRQWHQW LQ DOOR\

)LJXUH �� $PRXQW RI FHPHQWLWH ���� TXDGUXSROH VSOLWWLQJ ��� DQG
LWV LVRPHULF VKHDU ��� GHSHQGLQJ \WWULXP FRQWHQW LQ VWHHOV

)LJXUH �� 'LVWULEXWLRQ RI JUDLQV E\ VL]HV LQ 6W���� � x ZLWKRXW
\WWULXP� �w�x ZLWK D PDVV VKDUH RI \WWULXP ������ ���� DQG ��� ��
UHVSHFWLYHO\

)LJXUH �� &KDQJH LQ DPRXQW RI SHDUOLWH LQ \WWULXP DGGLQJ WR VWHHO
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LQFUHDVH LQ HQHUJ\ RI DWRPV ELQGLQJ LQ FU\VWDOOLQH ODW�
WLFH WKDW LV SURYHG E\ FKDQJLQJ D VLJQ RI LVRPHULF
VKHDU FKDUDFWHUL]LQJ WKH LQFUHDVH LQ GHJUHH RI ERQG
FRYDOHQFH� 7KH LQWHQVLYH JURZWK RI D SHDUOLWLF FRQ�
VWLWXHQW LV DOVR QRWHG�

7KH LQFUHDVH LQ PDVV VKDUH RI \WWULXP IURP �����
WR �����w��� � LQWHQVLILHV WKH SURFHVV RI UHILQLQJ VROLG
VROXWLRQ� OHDGV WR IRUPDWLRQ RI D VWDELOL]HG VWUXFWXUH�
GHFUHDVH LQ GHQVLW\ RI GLVORFDWLRQ ZLWK D VLPXOWDQHRXV
LQFUHDVH LQ GHJUHH RI WKHLU ORFNLQJ E\ LQWHUVWLWLDO DW�
RPV� GHFUHDVH LQ D SLWFK RI α�SKDVH ODWWLFH� 7KH WRWDO
VKDUH RI D SHDUOLWLF FRQVWLWXHQW LQ VWHHO FRQWDLQLQJ
����� � < UHDFKHV �� � DW D VLPXOWDQHRXV VWURQJ
PRGLI\LQJ RI SHDUOLWLF FRORQLHV DQG FKDQJH RI WKHLU
VKDSH� *UDLQ VL]H LV GHFUHDVHG�

7KH IXUWKHU JURZWK RI \WWULXP PDVV VKDUH XS WR
���� � DQG KLJKHU OHDGV WR WKH GHFUHDVH LQ D SHDUOLWLF
FRQVWLWXHQW XS WR ��w�� � ZLWK VLPXOWDQHRXV IRUPD�
WLRQ RI SKDVHV� KLJKO\�HQULFKHG ZLWK \WWULXP� LQ WKH
ERXQGDU\ UHJLRQV� 7KH PHQWLRQHG FKDQJHV KDYH D JRRG
FRUUHODWLRQ ZLWK UHVXOWV RI QXFOHDU JDPPD�UHVRQDQFH
H[DPLQDWLRQV� IURP ZKLFK WKH LQFUHDVH LQ TXDGUXSROH
VSOLWWLQJ DQG LVRPHULF VKHDU SURYHV DERXW IRUPDWLRQ
RI FRPSOH[ FRPSRXQGV RI \WWULXP ZLWK LURQ DQG FDUE�
RQ� 6WURQJ PRGLI\LQJ HIIHFW LD DSSHDUHG� VWUXFWXUH
VWDELOLW\ LV UHGXFHG� ZKLFK LV FRQILUPHG E\ LQFUHDVH
LQ ,) EDFNJURXQG�

5HVXOWV RI LQYHVWLJDWLRQV VKRZ DGHTXDWHO\ WKH FRP�
SOH[ GHSHQGHQFH RI FKDQJH LQ PHWDO SURSHUWLHV RQ WKH
DPRXQW RI \WWULXP DGGHG� 0HFKDQLVPV RI \WWULXP HI�
IHFW RQ PHWDO� L�H� DOOR\LQJ� UHILQLQJ� PRGLI\LQJ� DUH
FORVHO\ LQWHUUHODWHG� 7KH GDWD REWDLQHG FDQ VHUYH DQ
LPSRUWDQW FULWHULD LQ VWXG\ RI WKH QDWXUH RI D SRVLWLYH
5(0 HIIHFW RQ FROG UHVLVWDQFH RI VWHHO DQG ZHOG PHWDO�

7KXV� LQ SDUDOOHO ZLWK PRGLI\LQJ DQG UHILQLQJ HI�
IHFW WKH \WWULXP LQ FHUWDLQ FRQFHQWUDWLRQV VKRZV DQ
DOOR\LQJ HIIHFW RQ VWHHO� LQFUHDVHV WKH IRUFHV RI LQWHUD�

WRPLF ERQGV LQ FU\VWDOOLQH ODWWLFH� LQFUHDVHV GHJUHH RI
ORFNLQJ GLVORFDWLRQV DW VLPXOWDQHRXV GHFUHDVH LQ WKHLU
GHQVLW\ DQG VWDELOL]HV WKH VWUXFWXUH�

�� 0LNKRGXM� /�,�� 0RYFKDQ� 0�%�� 0HOQLN� ,�6� HW DO� ������
,QIOXHQFH RI VXOIXU� SKRVSKRUXV DQG UDUH�HDUWK PHWDOV FRQ�
WHQW RQ VWUXFWXUH DQG SURSHUWLHV RI KLJK�VWUHQJWK ZHOGV�
$YWRPDWLFK� 6YDUND� ��� ��w���

�� 7LNKRQRY� 9�$�� 0HGRYDU� %�,�� 0DUNDVKRYD� /�,� HW DO�
������ 6WXG\ RI VWUXFWXUH RI &Uw1Lw0R PHGLXP�DOOR\ VWHHO
VXEMHFWHG WR (65 XVLQJ R[LGHV RI UDUH�HDUWK PHWDOV DV IOX[
LQJUHGLHQWV� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� ��w���

�� $UNKDURY� 9�,� ������ 7KHRU\ RI PLFURDOOR\LQJ RI DOOR\V�
0RVFRZ� 0DVKLQRVWURHQLH�

�� *DMGXN� 9�9�� 1DWDQRY� %�6�� 2OVKDQHWVN\� 9�(� ������ ,Q�
IOXHQFH RI VWDWH RI LQWHUJUDLQXODU ERXQGDULHV RQ SURSHUWLHV RI
=K6 DOOR\ FRQWDLQLQJ KRURSKLOH LPSXULW\� )L]LND 0HWDOORY L
0HWDOORYHGHQLH� �� ���w����

�� 5XEHQFKLN� (�,�� *OXVKNR� 9�<D�� 0HGLQVND\D� 3�3� HW DO�
������ $SSOLFDWLRQ RI UDUH�HDUWK PHWDOV IRU GHYHORSPHQW RI
ZHOGDEOH VWHHOV DQG DOOR\V ZLWK VSHFLDO SURSHUWLHV� ,Q� $OOR\V
RI UDUH�HDUWK PHWDOV ZLWK VSHFLDO SK\VLFDO�FKHPLFDO SURSHU�
WLHV� 0RVFRZ� 1DXND�

�� %UDXQ� 0�3�� $OHNVDQGURYD� 1�3�� 7LNKRQRYVND\D� /�'� HW
DO� ������ 0LFURDOOR\LQJ RI FDVW KLJK�UHVLVWDQW VWHHOV� .\LY�
1DXNRYD 'XPND�

�� 0DWVXGD� )� ������ 3URFHVV RI PHWDO VROLGLILFDWLRQ DQG
JURZLQJ RI FU\VWDOOLWHV LQ ZHOGLQJ� <RVHWVX *DNNDLVKL� ��
���w����

�� 'DYLHV� *�,�� *DUODQG� ,�*� ������ 6ROLGLILFDWLRQ VWUXFWXUHV
DQG SURSHUWLHV RI IXVLRQ ZHOGV� 0HWDOOXUJLFDO 5HY�� ��� ��w
����

�� .ULVKWDO� 0�$�� *RORYLQ� 6�$� ������ ,QWHUQDO IULFWLRQ DQG
VWUXFWXUH RI PHWDOV� 0RVFRZ� 0HWDOOXUJL\D�

��� *OXF� '�5�� -RQHV� &�+�� /OR\G� +�.�0� ������ (IIHFW RI
FRPSRVLWLRQ DQG WKHUPDO WUHDWPHQW RQ WKH RYHUKHDWLQJ FKDU�
DFWHULVWLFV RI ORZ�DOOR\ VWHHO� 0HWDO 7HFKQRO�� �� ���w����

��� .RYDO� $�'�� 2OVKDQHWVN\� 9�(� ������ ,QIOXHQFH RI PL�
FURDGGLWLRQV RI UDUH�HDUWK PHWDOV RQ QLFNHO JUDLQ ERXQGDU\
HQHUJ\� ,]Y� $1 6665� 0HWDOO\� �� ���w����

��� (ILPHQNR� 1�*�� 6WHUHQERJHQ� <X�$�� 'RURVKHQNR� /�.� HW DO�
������ ,QIOXHQFH RI \WWULXP RQ WHPSHUDWXUH LQWHUYDO RI VROLGL�
ILFDWLRQ RI FDUERQ VWHHO� $YWRPDWLFK� 6YDUND� ��� ��w���

��� =KGDQRY� *�6�� ,OLXVKLQ� $�6�� 1LNLWLQD� 6�9� ������ 'LI�

IUDFWLRQ DQG UHVRQDQFH VWUXFWXUDO DQDO\VLV� 0RVFRZ� 1DXND�
��� 'HGLN� $�1�� (NKLFKHY� 2�1�� /HYHQHWV� 9�9� HW DO� ������

&KDPEHU IRU HOHPHQWDU\ DQDO\VLV RQ EHDPV RI KHDY\ FKDUJ�
LQJ SDUWLFOHV� ,Q� 3UREOHPV RI QXFOHDU VFLHQFH DQG HQJLQHHU�

LQJ� 6HULHV *HQHUDO DQG QXFOHDU SK\VLFV� ,VVXH ��

)LJXUH �� 6WUXFWXUH RI D SHDUOLWLF FRQVWLWXHQW LQ VWHHO ZLWKRXW \WWULXP �D� E� DQG ZLWK ����� � \WWULXP �F� G� �D� F x ×���� E� G x
×������
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

�
.KDUNLY (QJLQH 'HVLJQ %XUHDX� .KDUNLY� 8NUDLQH

([SHULPHQWDO GDWD DUH JLYHQ RQ SUHYHQWLRQ RI KRW FUDFNV LQ GLVVLPLODU ZHOGHG MRLQWV RI KLJK�VLOLFRQ ��&Uw��1Lw�6L VWHHO

ZLWK ��.K��1��7 VWHHO DQG .K1��07<X QLFNHO DOOR\� ,W LV VKRZQ WKDW DOOR\LQJ RI ZHOG PHWDO ZLWK ERURQ LQ WKH DPRXQW

RI ����w���� � LPSURYHV WKH WHFKQRORJLFDO VWUHQJWK RI ZHOGV�

.H\ ZRU G V � DXVWHQLWLF ZHOG� KRW FUDFNV� PLFURVWUXFWXUH�

VHFRQG SULPDU\ SKDVH� ZHOGHG MRLQWV

:RUNLQJ WHPSHUDWXUH RI JDV LQ DXJPHQWHG WXUERSLV�

WRQ HQJLQHV >�� �@ PD\ ULVH XS WR ���w���� �&� 7KH

PDLQ UHTXLUHPHQWV PDGH RI WKH PDWHULDO RI WKH SDUWV

RSHUDWLQJ DW VXFK D WHPSHUDWXUH DUH VWUHQJWK DQG UH�

VLVWDQFH WR KLJK�WHPSHUDWXUH JDV FRUURVLRQ� ,Q NHHSLQJ

ZLWK WKHVH UHTXLUHPHQWV KLJK�WHPSHUDWXUH DQG KHDW�

UHVLVWDQW VWHHOV DQG DOOR\V RI ��&Uw��1Lw�6L W\SH�

ZKHUH WKH VLOLFRQ ZHLJKW IUDFWLRQ PD\ EH XS WR �w�

�� DUH XVHG LQ WKH DXJPHQWHG WXUERSLVWRQ HQJLQHV
GHYHORSHG E\ WKH .KDUNLY (QJLQH 'HVLJQ %XUHDX
�.K('%�� &DVWLQJ VWHHO ��.K��1��6�/ �(, ���� LV
DSSOLHG IRU IDEULFDWLRQ RI ZHOGHG VWUXFWXUH RI GLV�

FKDUJH PDQLIROG� DQG ZURXJKW VWHHO ��.K��1��6� LV

XVHG IRU WKH FRPEXVWLRQ FKDPEHU SDUWV�

,W LV NQRZQ >�� �@ WKDW WKH SUREOHP RI ZHOGLQJ

DXVWHQLWLF VWHHOV DQG DOOR\V ZLWK VLOLFRQ LV SDUWLFXODUO\

FRPSOLFDWHG� 6LOLFRQ SHUWDLQV WR HOHPHQWV IRUPHG RQ

WKH FU\VWDOOLWH ERXQGDULHV LQ WKH ZHOG PHWDO LQ WKH

OLTXLG SKDVH LQWHUOD\HU� ZKLFK LQGXFH KRW FUDFNV� 7KLV
LV VSHFLILFDOO\ PDQLIHVWHG� LI WKH ZHOG PHWDO KDV D

KLJKHU FRQWHQW RI QLFNHO� ,Q WKLV FDVH WKH HOHPHQWV
ZLWK OLTXDWLRQ FDSDELOLWLHV� KDYH D ORZHU VROXELOLW\

DQG WKHUH H[LVWV D KLJKHU SUREDELOLW\ RI IRUPDWLRQ RI

OLTXLG HXWHFWLF LQWHUOD\HUV� 6LQJOH�SKDVH DXVWHQLWLF
ZHOGV RI WKH W\SH RI ��&Uw��1L� ��&Uw��1Lw�6L DQG

��&Uw��1Lw�6L DUH VR KLJKO\ VXVFHSWLEOH WR KRW FUDFN�

LQJ LQ ZHOGLQJ RI LWHPV WKDW WKLV KDV EHFRPH D FODVVLFDO

H[DPSOH RI FUDFNLQJ LQ ZHOGLQJ �)LJXUH �� D�� $ FKDU�

DFWHULVWLF ORZHULQJ RI WKH FULWLFDO GHIRUPDWLRQ UDWH

DQG LQFUHDVH RI WKH VXVFHSWLELOLW\ WR KRW VROLGLILFDWLRQ

FUDFNLQJ ZLWK WKH LQFUHDVH RI VLOLFRQ ZHLJKW IUDFWLRQ

LV NQRZQ IRU ZHOGV RI WKH W\SH RI ��&Uw��1L >�@ DQG

��&Uw��1L >�@ �)LJXUH �� E��
7R UHGXFH WKH FUDFNLQJ VXVFHSWLELOLW\ RI ZHOGPHWDO

LQ ZHOGLQJ RI WKH DERYH VWHHOV DQG DOOR\V� ZHOGLQJ
PRGHV DUH VRPHWLPHV XVHG� SURYLGLQJ D ORZHULQJ RI

WKH VKDUH RI EDVH PHWDO DQG RI VLOLFRQ� FRQWULEXWHG WR

WKH ZHOG SRRO� UHVSHFWLYHO\� 1R VLJQLILFDQW LQFUHDVH
RI WKH FUDFNLQJ UHVLVWDQFH LV IRXQG� KRZHYHU� DV HYHQ

D VPDOO VKDUH RI VLOLFRQ LQ VLQJOH�SKDVH ZHOGV OHDGV WR

IRUPDWLRQ RI OLTXLG HXWHFWLF LQWHUOD\HUV�
7KH VWUXFWXUH RI FDVW DXVWHQLWLF VWHHOV RI

.K��1��6� W\SH FRQWDLQV WZR SULPDU\ SKDVHV� QDPHO\
DXVWHQLWH DQG VLOLFRQ HXWHFWLF� 7KLV JXDUDQWHHV JRRG

ZHOGDELOLW\ RI WKHVH VWHHOV DQG DEVHQFH RI QHDU�ZHOG

FUDFNV� 3UREOHP RI ZHOGLQJ VXFK VWHHOV FRQVLVWV LQ

DFKLHYLQJ D ZHOG PHWDO FRPSRVLWLRQ SURYLGLQJ FUDFN�

LQJ UHVLVWDQFH� %\ DQDORJ\ ZLWK WKH +$= WKH ZHOG

FUDFNLQJ UHVLVWDQFH PD\ DOVR EH SURYLGHG E\ D WZR�

SKDVH SULPDU\ VWUXFWXUH RI LWV PHWDO� IRU LQVWDQFH�

DXVWHQLWLF�IHUULWLF VWUXFWXUH >�@� ,W LV IRXQG >�� �@ WKDW

LQ RUGHU WR SUHYHQW KRW FUDFNV LQ ZHOGLQJ RI VWHHOV

DQG DOOR\V H[SRVHG WR HOHYDWHG DQG KLJK WHPSHUDWXUHV

LQ VHUYLFH� LW LV UDWLRQDO WR XVH ERULGH HXWHFWLF DV WKH

VHFRQG SULPDU\ SKDVH LQ WKH ZHOG PHWDO� $PRQJ WKH

� 1�,� 3,1&+8.� 1�.� 5<$=$167(9 DQG ,�/� 529(16.<� ����

)LJXUH �� 6XVFHSWLELOLW\ WR VROLGLILFDWLRQ FUDFNLQJ LQ VLQJOH�SKDVH DXVWHQLWLF ZHOGV� D x KRW VROLGLILFDWLRQ FUDFNV LQ WKH ZHOG PHWDO RI
DQ LWHP RQ ��.K��1��6� VWHHO �×����� E x VLOLFRQ LQIOXHQFH RQ FULWLFDO GHIRUPDWLRQ UDWH YFU RI GHSRVLWHG ��&Uw��1Lw1E PHWDO >�@
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VWXGLHG ZLWK WKLV SXUSRVH DOOR\V RI LURQ� FKURPLXP
DQG QLFNHO� FRQWDLQLQJ HOHPHQWV� ZKLFK IRUP HXWHFWLFV
�SKRVSKRUXV� VXOSKXU� FKURPLXP� ERURQ� >�@� ERURQ
KDV DQ DGYDQWDJH� &DUERQ LV LQIHULRU WR LW� DV GXULQJ
DJHLQJ WKH FDUELGHV XQGHUJR WUDQVIRUPDWLRQV DQG VXFK
D VWUXFWXUH LV XQVWDEOH� 7KH FKLHI DGYDQWDJH RI ERURQ�
FRPSDUHG WR WKH DERYH HOHPHQWV� LV VWDELOLW\ RI WKH
VWUXFWXUH DQG SURSHUWLHV RI GHSRVLWHG PHWDO� DOOR\HG
ZLWK ERURQ� QR VXVFHSWLELOLW\ WR HPEULWWOHPHQW DQG
KLJK ORQJ�WHUP GXFWLOLW\ RI ZHOGV�

%HLQJ DQ DFWLYH UDLVHU RI KRW FUDFNV LQ ZHOGV DW LWV
ORZ FRQWHQW �KXQGUHG IUDFWLRQV RI D SHUFHQW�� LQ ODUJH
DPRXQWV �PRUH WKDQ ��� � IRU )H�EDVHG DXVWHQLWLF

ZHOGV DQG PRUH WKDQ ��� � IRU 1L�EDVHG ZHOGV�� ERURQ
SUHYHQWV WKHLU IRUPDWLRQ� $W D VXIILFLHQW FRQWHQW RI
WKH HXWHFWLF OLTXLG� LW HQFORVHV WKH FU\VWDOOLWHV DQG
SURPRWHV UHOD[DWLRQ RI ZHOGLQJ VWUHVVHV� 7KLV UHVXOWV
LQ D JUHDWHU UHVLVWDQFH RI ZHOGV WR KRW FUDFNLQJ�

7KH GDWD RI >�@ DUH LQGLFDWLYH RI DQ LQFUHDVH RI WKH
FULWLFDO GHIRUPDWLRQ UDWH DQG UHGXFHG KRW VROLGLILFDWLRQ
FUDFNLQJ LQ DOOR\LQJ RI DXVWHQLWLF ZHOGV RI ��&Uw��1L
W\SH �7DEOH �� DQG QLFNHO ZHOGV RI .K1��097<X W\SH
>�@ ZLWK ERURQ� ,QFUHDVH RI FUDFNLQJ UHVLVWDQFH RI ZHOGV
LV DOVR IRXQG LQ ERURQ DOOR\LQJ RI QLFNHO ZHOGV RI WKH
W\SH RI 1Lw&U DQG 1Lw&Uw0R >�@�

7KH 3:, GHYHORSHG D QXPEHU RI DXVWHQLWH�ERULGH

ZHOGLQJ FRQVXPDEOHV� ZKLFK SURYLGH D KLJKHU UHVLV�

WDQFH WR FUDFNLQJ RI ZHOGV >�� �@� ,Q SDUWLFXODU� (3 ���

���.K��1��6�5�� ZHOGLQJ ZLUH KDV EHHQ GHYHORSHG

IRU ZHOGLQJ ��&Uw��1Lw�6L VWHHO >�@� 7KLV ZLUH KDV

EHHQ XVHG LQ LQGXVWU\ DOUHDG\ VWDUWLQJ IURP ����V LQ

ZHOGLQJ PXIIOHV RI FDUEXUL]HUV� WKHUPDO IXUQDFH UROOV�

UHSDLU ZHOGLQJ RI QR]]OH GLDSKUDJPV DQG EODGHV RI JDV

SXPSLQJ XQLW WXUELQHV DQG JDV WXUELQH EODGHV >�� ��

��w��@�
7KLV SDSHU JLYHV WKH GDWD RQ DSSOLFDWLRQ RI

DXVWHQLWH�ERULGH ZLUH (3 ��� IRU ZHOGLQJ JDV WXUELQH

7DEOH �� ,QIOXHQFH RI ERURQ FRQWHQW �ZW��� RQ FULWLFDO GHIRUPD�
WLRQ UDWH YFU �VROLGLILFDWLRQ FUDFNLQJ VXVFHSWLELOLW\� LQ DXVWHQLWLF
ZHOGV >�@

:HOG PHWDO W\SH 6L % YFU� PP�PLQ

.K��1��90 ���� w �

���� ���� ����

���� ���� ����

.K��1��907<X ���� w �

���� w �

���� ���� ����

���� ���� ����

.K��1��907 ���� w �

���� w �

���� ���� ����

���� ���� ����

)LJXUH �� 'HVLJQ RI D ZHOGHG KHDGHU RI D WXUELQH� D x VFKHPDWLF
RI D MRLQW RI SDUWV LQ WKH KHDGHU ��x FDVW QR]]OHV� �x LQWHUPHGLDWH
FRPSHQVDWRU�� E x VFKHPDWLF RI MRLQLQJ SDUWV LQ D QR]]HOHwFRP�
SHQVDWRU ZHOGPHQW LQ IURQW RI WXUELQH HQWUDQFH ��x QR]]OH RI FDVW
VWHHO ��.K��1��6�/� � x SURWHFWLYH VOHHYH RI EHOORZV RI
��.K��1��7 VWHHO� � x WXUELQH HQWUDQFH�

)LJXUH �� 0LFURVWUXFWXUH RI D QR]]OH�FRPSHQVDWRU ZHOGHG MRLQW RI WKH KHDGHU IURP WKH QR]]OH VLGH �D x ×���� E x ×����
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KHDGHUV LQ DXJPHQWHG WXUERSLVWRQ HQJLQHV
� ZKLFK DUH
EDWFK� SURGXFHG E\ 3$ �0DO\VKHY 3ODQW� �.KDUNLY��

7XUERSLVWRQ HQJLQHV ZLWK D KLJKHU OHYHO RI IRUFLQJ�
GHYHORSHG E\ .K('%� DUH ILWWHG ZLWK KLJK�VSHHG RXW�
OHW KHDGHUV� PDGH LQ WKH IRUP RI WZR DV\PPHWULFDO
HMHFWRUV� 7KH SXUSRVH RI WKH KHDGHUV LV IHHGLQJ WKH
IORZV RI GLVFKDUJH JDVHV WR WKH SRZHU WXUELQH� 7KH
JDV WHPSHUDWXUH DQG SUHVVXUH LQ WKH KHDGHUV YDU\ IURP
��� XS WR ��� �& DQG IURP ��� WR ��� N3D RYHU D
��� V SHULRG� UHVSHFWLYHO\� +HDGHUV FRQVLVW RI LQGLYLG�
XDO QR]]OHV SURGXFHG E\ SUHFLVLRQ FDVWLQJ IURP KHDW�
UHVLVWDQW (, ��� VWHHO ZLWK DQ RXWHU GLDPHWHU RI
��� PP DQG ZDOO WKLFNQHVV RI � PP� 7HPSHUDWXUH
GHIRUPDWLRQ FRPSHQVDWRUV DUH ORFDWHG EHWZHHQ WKH
QR]]OHV �)LJXUH ��� 7KH ODWWHU DUH PDGH RI DXVWHQLWLF
VWHHO ��.K��1��7 DQG LQVXODWHG IURP WKH GLUHFW LP�
SDFW RI WKH KRW JDV�

$ GLVVLPLODU MRLQW RI WKH QR]]OH RI 6L�FRQWDLQLQJ
(, ��� VWHHO DQG FRPSHQVDWRU RI ��.K��1��7 VWHHO
LV PDGH E\ PDQXDO WXQJVWHQ HOHFWURGH DUJRQ�DUF ZHOG�
LQJ ZLWK (3 ��� DXVWHQLWLF ILOOHU ZLUH DOOR\HG ZLWK
ERURQ� ,Q WKLV FDVH ZHOG PHWDO LV SURGXFHG ZLWK D
WZR�SKDVH SULPDU\ VWUXFWXUH �)LJXUH ��� QDPHO\ γ�
VROLG VROXWLRQ RI DOOR\LQJ HOHPHQWV LQ LURQ DQG ERULGH
HXWHFWLF RI γ� �&U�% RU �&U� 6L� )H� 1L�Q%P� $OOR\LQJ
HOHPHQW FRQWHQW LQ WKH ZHOG PHWDO RI WKH QR]]OHwFRP�
SHQVDWRU ZHOGHG MRLQW RI WKH KHDGHU LV VKRZQ LQ 7D�
EOH �� 7HFKQRORJ\ XVHG LQ KHDGHU PDQXIDFWXULQJ SUR�
YLGHV VRXQG ZHOGHG MRLQWV ZLWK D KLJK VHUYLFH UHOL�
DELOLW\�

,Q (3 ��� ZHOGLQJ ZLUH WKH VLOLFRQ HXWHFWLF LV D
FRPSRQHQW RI WKH RYHUDOO ERULGH�VLOLFRQ HXWHFWLF >�@�
6LPXOWDQHRXV DGGLWLRQ RI ERURQ DQG VLOLFRQ LQ WKH
VHOHFWHG UDWLR ����w��� � % DQG ���w��� � 6L� HQVXUHV
ZHOG PHWDO UHVLVWDQFH WR FUDFNLQJ DQG LQFUHDVHV WKH
OHYHO RI R[LGDWLRQ UHVLVWDQFH DW KLJK WHPSHUDWXUHV �7D�
EOH ��� 6FDOH UHVLVWDQFH RI WKH PHWDO RI DXVWHQLWH�

ERULGH ZHOGV� PDGH ZLWK (3 ��� ZLUH DW WKH WHPSHUD�
WXUH RI ��� �& FRUUHVSRQGV WR WKH OHYHO RI (, ��� VWHHO
�WHVWLQJ ZDV FRQGXFWHG IRU ���� K� WHVWLQJ GDWD DUH
SURYLGHG E\ ,�,� 3RO]XQRY &HQWUDO %RLOHU�7XUELQH ,Q�
VWLWXWH�� %\ WKH OHYHOV RI VKRUW�WLPH UXSWXUH DQG ORQJ�
WLPH VWUHQJWK ZHOGHG MRLQWV RI (, ��� VWHHO� PDGH
ZLWK (3 ��� ZLUH DUH HTXLYDOHQW WR WKH EDVH PHWDO
>�@ �)L�JXUH ��� 7KH ZHOO�NQRZQ SUREOHP RI HPEULW�
WOHPHQW RI VLQJOH�SKDVH ZHOGV RI WKH W\SH RI )Hw&Uw1L
DW WKHUPDO DJHLQJ >�� ��@ LV SUDFWLFDOO\ DEVHQW LQ WZR�
SKDVH DXVWHQLWLF�ERULGH ZHOGV� :HOGV RI WKLV W\SH DUH
QRW VXEMHFW WR HPEULWWOHPHQW DW ORQJ�WHUP VHUYLFH XQ�
GHU WKH FRQGLWLRQV RI HOHYDWHG DQG KLJK WHPSHUDWXUHV�
9DOXHV RI LPSDFW WRXJKQHVV RI FDUEXUL]HU PXIIOHV RI
VWHHO (, ��� DIWHU ORQJ�WHUP VHUYLFH DW ��� �& IRU
����� K DUH KLJKHU WKDQ DIWHU ZHOGLQJ DQG DQQHDOLQJ
�7DEOH ���

(YDOXDWLRQ RI PHFKDQLFDO SURSHUWLHV RI WKH KHDGHU
ZHOGHG MRLQWV ZDV SHUIRUPHG RQ VDPSOHV RI ULJLG
ZHOGHG MRLQWV VLPXODWLQJ WKH QR]]OHwFRPSHQVDWRU
MRLQW� %XWW ZHOGLQJ RI VDPSOHV RI VWHHO (, ��� �FDVW
SODWH� DQG ��.K��1��7 �ZURXJKW SODWH VWHHO� �� PP
WKLFN ZDV SHUIRUPHG LQ DUJRQ ZLWK QRQ�FRQVXPDEOH
WXQJVWHQ HOHFWURGH ZLWK (3 ��� ILOOHU ZLUH� $V VKRZQ
E\ WKH WHVWLQJ UHVXOW� DV WR WKH OHYHO RI VKRUW�WLPH
VWUHQJWK DW URRP DQG KLJK WHPSHUDWXUHV� WKH ZHOGHG
MRLQWV VLPXODWLQJ WKH QR]]OHwFRPSHQVDWRU MRLQW� DUH
FORVH WR WKH OHYHO RI VWUHQJWK RI (, ��� VWHHO �7DEOH ���

,Q VFLHQWLILF DQG SUDFWLFDO WHUPV WKH UHVXOWV RI H[�
SHULPHQWDO ZRUN FRQGXFWHG DW .K('% ZLWK WKH 3:,
SDUWLFLSDWLRQ DUH DOVR RI LQWHUHVW� D FRYHU SODWH RI
ZURXJKW 6L�FRQWDLQLQJ VWHHO .K��1��6� LV ZHOGHG WR
IDVWHQHUV RI D KHDW�UHVLVWDQW QLFNHO DOOR\ (, ���

7DEOH �� &RQWHQW RI FKHPLFDO HOHPHQWV �ZW��� LQ WKH ZHOG PHWDO� EDVH PHWDO DQG (3 ��� ZLUH RI QR]]OHwFRPSHQVDWRU ZHOGHG MRLQW RI
WKH KHDGHU

2EMHFW RI VWXG\ & 0Q 6L &U 1L % 6 3

:HOG PHWDO ���� ���� ��� ����� ���� ���� ����� �����

%DVH PHWDO �(, ��� VWHHO� ���� ���� ��� ���� ���� w ����� �����

(3 ��� ZLUH �WR VSHFLILFDWLRQ UH�

TXLUHPHQWV�

≤ ���� ≤ ���� ���w��� ����w���� ����w���� ����w���� ≤ ����� ≤ 0.030

)LJXUH �� 6WUHQJWK RI ZHOGHG MRLQWV RI (, ��� VWHHO DW WKH WHPSHUD�
WXUH RI ��� �& >�@� � x ZHOGHG MRLQW� � x EDVH PHWDO

)LJXUH �� 6FKHPDWLF RI D MRLQW RI SDUWV RI WKH FRPEXVWLRQ FKDPEHU�
� x FRYHU SODWH RI ��.K��1��6� VWHHO� � x IDVWHQHU RI (, ���
DOOR\� � x ZHOG




'HVLJQHU $�9� &KHPHULV SDUWLFLSDWHG LQ WKH ZRUN SHUIRUPHG E\ .K('% RQ KHDGHU ZHOGLQJ�
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�.K��907<X�
� :KHQ WKH DERYH GLVVLPLODU MRLQW LV
PDGH �)LJXUH ��� D QLFNHO ZHOG VKRXOG EH SURGXFHG�
SURFHHGLQJ IURP WKH FRQGLWLRQV RI LWV VWUHQJWK� $V ZDV
QRWHG DERYH� ERURQ DOOR\LQJ WR SUHYHQW IRUPDWLRQ RI
ZHOGLQJ FUDFNV LV DOVR HIIHFWLYH IRU QLFNHO ZHOGV >��
�� ��@� 6R� VWXG\ >�@ VKRZV WKDW WKH FULWLFDO GHIRUPD�
WLRQ UDWH YFU DQG FUDFNLQJ UHVLVWDQFH RI GHSRVLWHG
QLFNHO PHWDO RI WKH W\SH RI .K1��097<X DUH LQ�
FUHDVHG DW ERURQ FRQWHQW DERYH ��� ��

'LVVLPLODU ULJLG ZHOGHG MRLQWV RI SODWHV RI (, ���
VWHHO DQG (, ��� QLFNHO DOOR\ �� PP WKLFN PDGH DW
WKH 3:, E\ PDQXDO DUF ZHOGLQJ LQWR D 9�VKDSHG FLU�
FXODU JURRYH � PP GHHS �HGJH EHYHO DQJOH RI ��w�����
GHPRQVWUDWHG WKH HIIHFWLYHQHVV RI DSSO\LQJ QLFNHO
ERULGH HOHFWURGHV (=K��� ZKLFK SURYLGH WKH GHSRVLWHG
PHWDO DOOR\LQJ ZLWK ERURQ ZLWKLQ ����w���� �� ,Q�
YHVWLJDWLRQV ZHUH FRQGXFWHG RQ PDFUR� DQG PLFURVHF�
WLRQV� :HOG PHWDO PLFURVWUXFWXUH FRQWDLQV WZR SUL�
PDU\ SKDVHV� QDPHO\ γ�VROLG VROXWLRQ RI HOHPHQWV �&U�
0R� )H� LQ QLFNHO DQG ERULGH HXWHFWLF �γ � �1L��% RU
γ � �1L� &U� )H� 6L� 0R�Q%P W\SH� 3UHVHQFH RI WKH
VHFRQG SULPDU\ SKDVH� QDPHO\ DQ HXWHFWLF� SURPRWHV
LQFUHDVHG UHVLVWDQFH RI ZHOG PHWDO WR KRW VROLGLILFDWLRQ
FUDFNLQJ� 7KH DERYH ULJLG VDPSOHV GLG QRW KDYH DQ\
FUDFNV� HLWKHU DIWHU ZHOGLQJ RU DIWHU SRVW�ZHOG KHDW
WUHDWPHQW �KHDWLQJ DW ��� �& IRU �� PLQ� FRROLQJ LQ
DLU��

7KHUPRJUDSKLF DQDO\VLV E\ GLIIHUHQWLDO WKHUPDO
DQDO\VLV �'7$� PHWKRG VKRZV WKDW WKH PHWDO RI

.K1��05� W\SH GHSRVLWHG ZLWK QLFNHO ERULGH HOHF�
WURGHV (=K�� KDV D UHODWLYHO\ QDUURZ WHPSHUDWXUH LQ�
WHUYDO RI VROLGLILFDWLRQ �DERXW �� �&� �)LJXUH ��� 6R�
OLGLILFDWLRQ VWDUWV ZLWK SUHFLSLWDWLRQ RI VROLG VROXWLRQ
FU\VWDOV� $V WKH\ JURZ� WKH OLTXLG SKDVH LV HQULFKHG
ZLWK ERURQ DQG RWKHU VHJUHJDWLQJ HOHPHQWV�

6ROLGLILFDWLRQ UHVXOWV LQ IRUPDWLRQ RI D HXWHFWLF�
WDNLQJ XS D FRQVLGHUDEOH SDUW RI WKH GHSRVLWHG PHWDO
YROXPH� ,Q DQ DOOR\HG QLFNHO DOOR\ .K1��05� WKH
WHPSHUDWXUH RI ERURQ HXWHFWLF LV KLJKHU WKDQ LQ D EL�
QDU\ 1Lw% DOOR\ ����� �&� DQG LV DERXW ���� �&� 7KH
DERYH GLVVLPLODU MRLQWV ZHUH ZHOGHG XQGHU WKH FRQGL�
WLRQV RI .K('% SLORW SURGXFWLRQ RQ H[SHULPHQWDO
SDUWV RI HQJLQHV� 7ZR YDULDQWV RI WKH WHFKQRORJ\ ZHUH
WLUHG RXW� QDPHO\ DUJRQ�DUF ZHOGLQJ ZLWK QLFNHO ILOOHU
ZLUH .K1��0 �(3 ���� DQG DUF ZHOGLQJ ZLWK (=K��
W\SH FRDWHG HOHFWURGHV �GHSRVLWHG PHWDO RI
.K1��05� W\SH�� ,Q WKH FDVH RI D VLQJOH�SKDVH QLFNHO
ZHOG SURGXFHG LQ DUJRQ�DUFZHOGLQJZLWK (3 ��� ILOOHU
ZLUH� KRW FUDFNV ZHUH IRXQG LQ WKH ZHOG PHWDO �)L�
JXUH ��� 8QGHU WKH FRQGLWLRQV RI SURGXFWLRQ DQG D
KLJKHU ULJLGLW\ RI GLVVLPLODU MRLQWV RQ IXOO�VFDOH SDUWV
RI ��.K��1��6� VWHHO DQG KLJK�WHPSHUDWXUH QLFNHO
DOOR\ (, ��� D VRXQG MRLQW ZLWKRXW FUDFNV ZDV SUR�
GXFHG RQO\ LQ ZHOGLQJ ZLWK D WZR�SKDVH QLFNHO ZHOG
PDGH ZLWK (=K�� HOHFWURGHV �)LJXUH �� E�� &RPSDUL�
VRQ RI WKH UHVXOWV RI ZHOGLQJ ZLWK WKH GDWD RQ ZHOG
PHWDO FRPSRVLWLRQ �7DEOH �� VKRZV WKDW LQ D VLQJOH�
SKDVH QLFNHO ZHOG �(3 ��� ILOOHU ZLUH� KRW FUDFNV
IRUP DW VLOLFRQ FRQWHQW RI ����w���� �� ,Q D WZR�SKDVH
ERULGH ZHOG ZLWK D KLJK FUDFNLQJ UHVLVWDQFH �(=K��

7DEOH �� 6FDOH UHVLVWDQFH RI EDVH PHWDO DQG ZHOG PHWDO PDGH
ZLWK (3 ��� ZLUH DW WKH WHPSHUDWXUH RI ���� �& >�@

2EMHFW RI

VWXG\

:HLJKW IUDFWLRQ RI HOHPHQWV� � ,QFUHDVH LQ

ZHLJKW�

J��P
�⋅K�&U 6L %

(, ��� VWHHO ���� ���� w �����

:HOG PHWDO ���� ���� ���� �����

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV RI VWHHO (, ���
PDGH ZLWK (3 ��� ZLUH� EHIRUH DQG DIWHU VHUYLFH DW URRP WHP�
SHUDWXUH

2EMHFW RI VWXG\ &RQGLWLRQ σW � ª3¾ ¾Q� -�ÏP
�

:HOGHG MRLQW $IWHU ZHOGLQJ DQG

DQQHDOLQJ

���
 ��



$IWHU VHUYLFH ���
 ��



%DVH PHWDO

�(, ��� VWHHO�

%HIRUH VHUYLFH ��� ���

$IWHU VHUYLFH ��� ���


)UDFWXUH LQ WKH EDVH PHWDO�



1RWFK DFURVV WKH ZHOG�

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV VLPXODWLQJ WKH
KHDGHU QR]]OHwFRPSHQVDWRU MRLQW RI (, ��� DQG ��.K��1��7
VWHHOV PDGH ZLWK (3 ��� ZLUH

2EMHFW

RI VWXG\
°�

Ì
¯

σ\�

ª3¾

σ
W
�

ª3¾

δ�
�

ψ�
�

¾Q�

-�ÏP
�

:HOG PHWDO �� ��� ��� ���� ���� ��

��� ��� ��� ���� ���� ��

:HOGHG MRLQW �� w ���
 w w w

��� w ���
 w w w

(, ��� VWHHO �� ��� ��� ���� ���� ���

��� �� �� ���� ���� w


)UDFWXUH UXQV LQ VWHHO ��.K��1��7�

)LJXUH �� &XUYHV SURGXFHG E\ '7$ PHWKRG LQ KHDWLQJ DQG FRROLQJ
RI ZHOG PHWDO RI .K1��05� W\SH� GHSRVLWHG ZLWK (=K�� HOHFWURGHV




'HVLJQHU 9�$� %RUQRHQNR SDUWLFLSDWHG LQ .K('% ZRUN RQ ZHOGLQJ WKH FRYHU SODWHwIDVWHQHU DVVHPEO\�

16 6/2002



)LJXUH �� 0DFUR� ��� DQG PLFURVWUXFWXUH ��� RI D ZHOGHG MRLQW RI D FRYHU SODWHwIDVWHQHU LQ DQ H[SHULPHQWDO DVVHPEO\ RI WKH FRPEXVWLRQ
FKDPEHU� D x KRW VROLGLILFDWLRQ FUDFNV LQ WKH PHWDO RI D VLQJOH�SKDVH ZHOG �� x ×�� � x ×����� E x WZR�SKDVH ZHOG� QR FUDFNV �� x
×��� � x ×����� F x QHDU�ZHOG ]RQH RI D WZR�SKDVH ZHOG IURP WKH VLGH RI WKH IDVWHQHU RI .K1��907<X DOOR\� QR FUDFNV �� x ×����

7DEOH �� &RQWHQW RI FKHPLFDO HOHPHQWV �ZW��� LQ GLVVLPLODU ZHOGHG MRLQWV RI FRYHU SODWHwIDVWHQHU RI ��.K��1��6� VWHHO DQG (, ���
QLFNHO DOOR\

2EMHFW RI VWXG\
)LOOHU

�HOHFWURGH�
¯ 6L 0Q &U 1L 0R : % )H $O 7L

:HOG PHWDO (3 ���
 ���� ���� ���� ���� %DVH ���� ��� w ��� ���� ����

���� ���� ���� ���� 6DPH ���� ��� w ���� ���� ����

(=K��

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

��.K��1��6�

VWHHO

w ���� ���� ���� ���� ���� w w w %DVH w w

(, ��� DOOR\ w ���� ���� ���� ���� %DVH ��� ��� w ��� ���� ����



,Q DUJRQ�DUF ZHOGLQJ LQ WKH IROORZLQJ PRGH� 8D  ��� 9� ,Z  ��w�� $�



,Q DUF ZHOGLQJ DW ,Z  ��w��� $�
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HOHFWURGHV� VLOLFRQ FRQWHQW LV KLJKHU DQG HTXDO WR
���� ��

7KXV� WKH UHVXOWV RI VWXG\LQJ GLVVLPLODU ZHOGHG
MRLQWV RI DXVWHQLWLF VWHHO DQG KLJK�WHPSHUDWXUH QLFNHO
DOOR\ ZLWK KLJK�VLOLFRQ DXVWHQLWLF VWHHOV
��.K��1��6�/ �(, ���� DQG ��.K��1��6� RI KHDG�
HUV DQG H[SHULPHQWDO SDUWV RI WKH FKDPEHU GHPRQ�
VWUDWH D KLJKHU UHVLVWDQFH RI WZR�SKDVH DXVWHQLWLF�
ERULGH )Hw&Uw1L DQG QLFNHO ZHOGV WR KRW FUDFNLQJ�
$XVWHQLWH�ERULGH ZHOGLQJ FRQVXPDEOHV DUH SURPLVLQJ
PDWHULDOV IRU ZHOGHG VWUXFWXUHV RI KLJK�WHPSHUDWXUH
VWHHOV DQG DOOR\V�

�� 5\D]DQWVHY� 1�.�� 5RYHQVN\� ,�/�� 3LQFKXN� 1�,� HW DO�
������ ([SHULHQFH RI GHYHORSPHQW DQG SURVSHFWV RI DSSOLFD�
WLRQ RI JDV WXUELQH ZHOGHG URWRUV RI WXUERSLVWRQ HQJLQHV
IURP KHDW�UHVLVWDQW QLFNHO DOOR\V� ,Q� $EVWU� RI SDS� RI ,QW�
&RQI� RQ :HOGLQJ DQG 5HODWHG 7HFKQRORJLHV IRU ;;, &HQ�

WXU\� .\LY� 1RY� ����� .\LY� 3:,�
�� 5RYHQVN\� ,�/�� 3LQFKXN� 1�,�� <XVKFKHQNR� .�$� ������

'HYHORSPHQW RI DOO�ZHOGHG KLJK�WHPSHUDWXUH URWRU RI D WXU�
ELQH IRU DXJPHQWHG WXUERSLVWRQ HQJLQHV� 'YLJDWHOHVWURHQLH�
�� ��w���

�� 0HGRYDU� %�,� ������ :HOGLQJ RI KHDW�UHVLVWDQW DXVWHQLWLF

VWHHOV DQG DOOR\V� 0RVFRZ� 0DVKLQRVWURHQLH�
�� 6FKPLGWPDQ� (�� (FNHOO� :� ������ $Q LQYHVWLJDWLRQ LQWR

WKH WHQGHQF\ WR KRW FUDFNLQJ ZKHQ ;��1L&U$O7L �� �� PD�
WHULDO LV PDQXDO DUF ZHOGHG XVLQJ HOHFWURGHV RI WKH
;��1L&U1E �� �� W\SH RI YDU\LQJ FRPSRVLWLRQ� :HOGLQJ

DQG &XWWLQJ� �� ��w���

�� 0HGRYDU� %�,�� 3LQFKXN� 1�,�� &KHNRWLOR� /�9� ������
$XVWHQLWLF�ERULGH VWHHOV DQG DOOR\V IRU ZHOGHG VWUXFWXUHV�
.\LY� 1DXNRYD 'XPND�

�� 0HGRYDU� %�,�� 3LQFKXN� 1�,�� &KHNRWLOR� /�9� ������ 2Q
LQFUHDVH RI PD[LPXP DOORZDEOH FRQFHQWUDWLRQV RI SKRVSKR�
UXV DQG VLOLFRQ LQ VWDEOH DXVWHQLWLF ZHOGV� 'RNODG\

$1 6665� ���� ���w����
�� =LPLQD� /�1� ������ :HOGDEOH KHDW�UHVLVWDQW QLFNHO DOOR\V

DQG SULQFLSOHV RI WKHLU DOOR\LQJ� 0L720� ��� �w��
�� <XVKFKHQNR� .�$�� =DNKDURY� /�6�� 3LQFKXN� 1�,� HW DO�

:HOGLQJ HOHFWURGH� 8665 DXWKRUsV FHUW� ������� ,QW� &O� %
�� . �������

�� <XVKFKHQNR .�$�� =DNKDURY� /�6�� 3LQFKXN� 1�,� HW DO�
6FKZHLβHOHNWURGH� 3DW� ������ ''5� % �� . �������
3XEO� ���������

��� 3LQFKXN� 1�,�� <XVKFKHQNR� .�$�� 0DWYHHY� 9�$� HW DO�
������ 5HSDLU ZHOGLQJ RI WXUELQH YDQHV RI JDVFRPSUHVVRU
XQLWV� ,Q� $EVWU� RI SDS� RI �VW $OO�8QLRQ 6\PS� RQ 1HZ

+HDW�5HVLVWDQW DQG +LJK�7HPSHUDWXUH 0DWHULDOV� 0RVFRZ�
0D\ ����� 0RVFRZ� &KHUPHWLQIRUPDWVL\D�

��� 0DWYHHY� 9�$�� 6KDPDULQ� 6�$�� *HQULNKRY� (�)� HW DO� ������
3UREOHPV RI UHVWRUDWLRQ RI YDQHV IURP +DVWHOOR\�; DOOR\ ZLWK
GRPHVWLF ZHOGLQJ FRQVXPDEOHV� ,Q� $EVWU� RI SDS� RI �QG $OO�

8QLRQ &RQI� RQ 3UREOHPV RI :HOGLQJ 7HFKQRORJ\ RI 7KHUPDOO\

6WDEOH� +LJK�7HPSHUDWXUH DQG +HDW�5HVLVWDQW +LJK�$OOR\

6WHHOV DQG $OOR\V� 1LNRODHY� 6HSW� ����� .\LY� 3:,�
��� :DOVHU� %�� 6RQGHUHJHU� %�� *HLJHU� 7� ������ *DQJ�

]HLWYHUVSUR
..
GXQJ YRQ KLW]EHVWD

..
QGLJHP &Uw1Lw6WDKOEOHFK XQG

6FKZHLβJXW GXUFK 6LJPD�3KDVH� $UFKLY (LVHQKX
..
WWHQZHVHQ�

��� ���w����
��� 3LQFKXN� 1�,�� .KRUXQRY� 9�)�� =DNKDURY� /�6� HW DO�

������ :HOGLQJ UHSDLU RI FDVW DQG VHUYLFH GHIHFWV RQ EODGHV
RI JDV WXUELQHV IURP KLJK�UHVLVWDQW QLFNHO DOOR\V� ,Q� $EVWU�
RI SDS� RI ,QW� &RQI� RQ :HOGLQJ DQG 5HODWHG 7HFKQRORJLHV

IRU ;;, &HQWXU\� .\LY� 1RY� ����� .\LY� 3:,�

�
���
����
	��������
���

���	�������
����
����

������
�������
�������������
���

1�1� 6.5,3.$

3K\VLFDO�7HFKQRORJLFDO ,QVWLWXWH RI 0HWDOV DQG $OOR\V� 1$68� .\LY� 8NUDLQH

6WUXFWXUH DQG SURSHUWLHV RI 1L�EDVHG GHSRVLWHG OD\HU SURGXFHG E\ D ODVHU�SRZGHU VXUIDFLQJ ZHUH H[DPLQHG� ,W ZDV

HVWDEOLVKHG WKDW LW SRVVLEOH WR SURGXFH FRDWLQJV ZLWK D PLFURFU\VWDOOLQH� DPRUSKRXV�FU\VWDOOLQH RU DPRUSKRXV VWUXFWXUH

GHSHQGLQJ RQ WKH VXUIDFLQJ WHFKQRORJLFDO FRQGLWLRQV� 7HVWV RQ FRUURVLRQ UHVLVWDQFH DQG ZHDU ZHUH SHUIRUPHG� ,W ZDV

IRXQG WKDW LW LV UDWLRQDO WR XVH WKH GHSRVLWHG OD\HUV ZLWK DPRUSKRXV�FU\VWDOOLQH VWUXFWXUH IRU WKH SDUWV RSHUDWLQJ LQ

DJJUHVVLYH PHGLD DQG LQ WKH FRQGLWLRQV RI DEUDVLYH ZHDU�

.H\ ZRUGV� ODVHU VXUIDFLQJ� QLFNHO�EDVHG DOOR\V� VWUXFWXUH�

FRUURVLRQ UHVLVWDQFH� ZHDU UHVLVWDQFH

/DVHU EHDP �DV D KLJKO\�FRQFHQWUDWHG HQHUJ\ VRXUFH�
SRVVHVVHV JUHDW WHFKQRORJLFDO FDSDELOLWLHV LQ IXOILOPHQW
RI ZHOGLQJ DQG VXUIDFLQJ MREV� $ VSHFLDO LQWHUHVW LQ
ODVHU VXUIDFLQJ FRQVLVWV RI D IHDVLELOLW\ RI SURGXFLQJ
PHWDO RI DPRUSKRXV RU PLFURFU\VWDOOLQH VWUXFWXUHV DV
D UHVXOW RI PHOWLQJ DQG VXEVHTXHQW VXSHUIDVW FRROLQJ
LQ D WKLQ VXUIDFH OD\HU� 7KH SURGXFHG WZR�SKDVH
�DPRUSKRXV SKDVH � FU\VWDOOLQH� RU PLFURFU\VWDOOLQH
�RQH RU VHYHUDO SKDVHV ZLWK D YHU\ VPDOO VL]H RI JUDLQ�
GHSRVLWHG OD\HUV FDQ KDYH D KLJK FRUURVLRQ UHVLVWDQFH�
ZHDU UHVLVWDQFH� PDJQHWLF SURSHUWLHV� LQFUHDVHG KDUG�
QHVV� HWF� >�w�@�

7KH DLP RI WKH SUHVHQW ZRUN LV WR UHYHDO WKH UHJX�
ODULWLHV RI HIIHFW RI WHFKQRORJLFDO FRQGLWLRQV RI VXUIDF�
LQJ 1L�EDVHG DOOR\V RQ SURSHUWLHV RI WKH GHSRVLWHG
OD\HUV�

7KH LQLWLDO SRZGHU KDG WKH IROORZLQJ FRPSRVLWLRQ�
ZW��� 1L x EDVH� )H x ����� % x ���� &U ≤ ����
$O ≤ ���� & ≤ ���� 6L ≤ ���� 6XUIDFLQJ RI WKH PDWHULDO
ZDV SHUIRUPHG LQ D VKLHOGLQJ JDV XVLQJ FRQWLQXRXV
&2��ODVHU ZLWK D JHQHUDWLRQ RI LQIUDUHG UDGLDWLRQ DQG
���� µP ZDYH OHQJWK� %DVLF H[SHULPHQWDO HTXLSPHQW
ZDV D ODVHU WHFKQRORJLFDO FRPSOH[ �.RPHWD��0� RI
� N: UDWHG SRZHU� +HDW VRXUFH ZDV PRYLQJ DW �w
�� PP�V UDWH SURYLGLQJ GHSRVLWHG EHDGV RI ���w
��� PP ZLGWK DQG XS WR � PP KHLJKW� 7R IRFXV WKH
UDGLDWLRQ� D OHQV ZLWK D IRFDO GLVWDQFH )  ��� PP
ZDV XVHG� 6XUIDFLQJ ZDV PDGH RQ D IODW VXUIDFH RI WKH
6W�� �& x ����w����� 0Q x ���w��� ZW��� )H x� 1�1� 6.5,3.$� ����
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EDODQFH� VSHFLPHQ� FOHDQHG SUHOLPLQDU\ IURP VFDOH LQ
DQ DEUDVLYH WRRO� 7KH GHSRVLWLQJ SRZGHU ZDV IHG XQGHU

WKH ��� DQJOH IROORZLQJ WKH VSHFLPHQ PRYHPHQW�

6WUXFWXUDO�SKDVH H[DPLQDWLRQV ZHUH SHUIRUPHG LQ

D '521�� GLIIUDFWRPHWHU� FRUURVLRQ UHVLVWDQFH RI GH�

SRVLWHG VSHFLPHQV ZDV GHWHUPLQHG XVLQJ DQ HOHFWURQ

SRWHQWLRVWDW 3�����0� 1RQ�ZRUNLQJ VXUIDFH RI VSHFL�

PHQV ZDV LVRODWHG E\ DFLG� DQG DONDOL�UHVLVWDQW YDU�

QLVKHV� 7HVWV ZHUH PDGH LQ D VOLJKWO\�DFLG� QHXWUDO

DQG VOLJKWO\�DONDOLQH �S+ ���w���� PHGLD�

7KH ZHDU UHVLVWDQFH ZDV LQYHVWLJDWHG LQ D IULFWLRQ

PDFKLQH RI ,3/ GHVLJQ LQ DFFRUGDQFH ZLWK VWDQGDUGV

������w��� ������w��� ������w�� DQG ������w�� GXU�

LQJ VOLGLQJ IULFWLRQ ZLWKRXW OXEULFDQW� &\OLQGULFDO

VSHFLPHQV ZLWK ��
w�

P
�

FRQWDFW DUHD ZHUH WHVWHG E\

PRYLQJ WKHP DORQJ D PDWLQJ ERG\ DW �� PP�V UDWH�

/RDG RQ VSHFLPHQ ZDV FKDQJHG ZLWKLQ �w�� 03D�

6WHHO 8� ZDV XVHG IRU WKH PDWLQJ ERG\�
)LJXUH � VKRZV IUDJPHQWV RI URHQWJHQRJUDPV RI

VFDWWHULQJ LQWHQVLW\ , LQ WKH LQWHUYDO RI DQJOHV �θ  

 �w��� �θx DQJOH RI :XOIIw%UDJJ�� $QDO\VLV VKRZV

WKDW WKH GHSRVLWHG OD\HU VWUXFWXUH GHSHQGV RQ WKH ODVHU

VXUIDFLQJ FRQGLWLRQV� /D\HUV SURGXFHG LQ FRQVXPSWLRQ

RI ���� J�V SRZGHU DQG � PP�V VXUIDFLQJ UDWH �)L�

JXUH �� D� KDYH D FU\VWDOOLQH VWUXFWXUH DQG FRQVLVW RI

D VROLG VROXWLRQ RI �α � γ��)Hw1L DOOR\ DQG ERULGHV
�)H� 1L��% ZLWK WHWUDJRQDO �D  ������ F  ����� QP�

DQG UKRPELF �D  ������ E  ������ F  ����� QP�

SDFNLQJ RI DWRPV� $W ���� J�V SRZGHU FRQVXPSWLRQ

DQG VXUIDFLQJ UDWH DERYH � PP�V �)LJXUH �� E� PH�

WDVWDEOH SKDVHV 0H�%� γ�)H DUH REVHUYHG� KRZHYHU�

WKHUH LV QR D FOHDUO\ H[SUHVVHG DPRUSKRXV KDOR� 7KXV�

LW FDQ EH VWDWHG WKDW ERWK DPRUSKRXV DQG FU\VWDOOLQH

VWUXFWXUDO FRQVWLWXHQWV DUH SUHVHQW LQ WKH GHSRVLWHG

OD\HU�
7KH GHSRVLWHG OD\HUV SURGXFHG LQ ���� J�V SRZGHU

FRQVXPSWLRQ DQG VXUIDFLQJ UDWH DERYH � PP�V� KDYH

PDLQO\ WKH DPRUSKRXV VWUXFWXUH LQ WKH VXUIDFH OD\HU

�)LJXUH �� F�� ,W FDQ EH DVVXPHG RQ WKH EDVLV RI WKH

VWUXFWXUDO DQDO\VLV WKDW GXULQJ VXUIDFLQJ RI RQH EHDG

DW WKH PHQWLRQHG FRQGLWLRQ WKH GHSRVLWHG OD\HU KDV

DQ DPRUSKRXV VWUXFWXUH ZKLFK DIWHU VXUIDFLQJ RI WKH

QHLJKERULQJ EHDG XQGHUJRHV WUDQVLWLRQ LQWR D FU\VWDO�

OLQH VWDWH� 7KLV RFFXUV GXH WR WKH IDFW WKDW D WHWUDJRQDO
ERULGH� EXW QRW DQ RUWKRUKRPELF ERULGH� ZKLFK LV PRUH

VSKHULFDOO\ V\PPHWULFDO �D  ������ E  ������ F  

)LJXUH �� 5RHQWJHQRJUDPV RI GHSRVLWHG OD\HUV IURP DOOR\ RI )Hw
1Lw% V\VWHP RI PLFURFU\VWDOOLQH �SRZGHU FRQVXPSWLRQ 4  
 ���� J�V� UDWH RI VXUIDFLQJ Y  � PP�V� �D�� DPRUSKRXV�FU\V�
WDOOLQH �4  ���� J�V� Y  � PP�V� �E� DQG DPRUSKRXV VWUXFWXUH
�4  ���� J�V� Y  � PP�V� �F�� � x 0H�% �UKRPELF SDFNLQJ
RI DWRPV�� � x 0H�% �WHWUDJRQDO�� � x γ�)H� � x γ�)H

)LJXUH �� (OHFWURFKHPLFDO FKDUDFWHULVWLFV RI GHSRVLWHG OD\HUV IURP
DOOR\ RI )Hw1Lw% V\VWHP DW S+ ��� �D�� ��� �E� DQG ��� �F�� � x
DPRUSKRXV� � x DPRUSKRXV�FU\VWDOOLQH� � x FU\VWDOOLQH VWUXFWXUH
�L x FRUURVLRQ FXUUHQW GHQVLW\� $�FP

�

�

)LJXUH �� 7RWDO ZHDU RI WKH GHSRVLWHG OD\HU IURP DOOR\ RI )Hw1Lw%
V\VWHP XQGHU ORDG RI � �,�� ���� �,,� DQG ���� �,,,� 03D� PLFUR�
FU\VWDOOLQH VWUXFWXUH� � x 4  ���� J�V� Y  � PP�V� � x 4  
 ���� J�V� Y  � PP�V� DPRUSKRXV�FU\VWDOOLQH VWUXFWXUH� � x
4  ���� J�V� Y  � PP�V� � x 4  ���� J�V� Y  � PP�V�
DPRUSKRXV VWUXFWXUH� � x 4  ���� J�V� Y  � PP�V� � x 4  
 ���� J�V� Y  � PP�V
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����� QP�� LV SURGXFHG DW WKH GHSRVLWHG OD\HU VXUIDFH�

L�H� FU\VWDOOL]DWLRQ LV SURFHHGLQJ QRW IURP WKH PHOW�

EXW IURP WKH DPRUSKRXV VWDWH�

$QDO\VLV RI SRODUL]DWLRQ FXUYHV �)LJXUH �� VKRZHG

WKDW WKH H[DPLQHG GHSRVLWHG OD\HUV EHKDYH DOPRVW

LGHQWLFDOO\ LQ D ZLGH LQWHUYDO RI SRWHQWLDOV� $W DQRGLF

SRODUL]DWLRQ WKH FXUUHQW LQ DQ DFWLYH ]RQH GHSHQGV

OLQHDUO\ RQ WKH SRWHQWLDO� DQG DW IXUWKHU LQFUHDVH LQ

SRWHQWLDO WKH VDWXUDWLRQ FXUUHQW LV UHDFKHG DQG FXUUHQW

YDOXH LV FKDQJHG QHJOLJLEO\�

7KH GHSRVLWHG OD\HUV SRVVHVV D KLJK FRUURVLRQ UH�

VLVWDQFH� +RZHYHU� LI WKH\ DUH DOPRVW HTXDO LQ FRUUR�

VLRQ SRWHQWLDO �7DEOH ��� WKHQ D JUHDW GLIIHUHQFH LV

REVHUYHG LQ FRUURVLRQ FXUUHQW GHQVLW\ �7DEOH ��� 7KXV�

IRU H[DPSOH� WKH FRUURVLRQ FXUUHQW GHQVLW\ LQ QHXWUDO

PHGLXP IRU D OD\HU ZLWK DQ DPRUSKRXV VWUXFWXUH LV

���⋅��w�� DPRUSKRXV�FU\VWDOOLQH x ���⋅��w�� PLFUR�
FU\VWDOOLQH x ����⋅��w� $�FP�

� ZKLOH LQ D ZHDN�DO�

NDOLQH PHGLXP LW LV LQFUHDVHG E\ �w� WLPHV� LQ DFLG x

E\ �� WLPHV�

7KH KLJK FRUURVLRQ UHVLVWDQFH RI PLFURFU\VWDOOLQH

GHSRVLWHG OD\HUV LV H[SODLQHG DV IROORZV� ,W LV NQRZQ

WKDW JUDLQ ERXQGDULHV LQ FU\VWDOOLQH DOOR\V DUH VXE�

MHFWHG WR WKH JUHDWHVW GHJUHH WR FRUURVLRQ� &U\VWDOOLQH

FRDWLQJV SURGXFHG DV D UHVXOW RI D UDSLG FRROLQJ FRQVLVW

RI YHU\ VPDOO FU\VWDOOLWHV� 7KHUHIRUH� WKH VSHFLILF VXU�

IDFH RI ERXQGDULHV LQ WKHP LV ODUJH� +RZHYHU� GXULQJ

IDVW FRROLQJ WKH IOXFWXDWLRQV LQ WKH FKHPLFDO FRPSR�

VLWLRQ DUH QRW REVHUYHG� 7KHUHIRUH� DOOR\V SURGXFHG

E\ D IDVW FRROLQJ RI OLTXLG� KDYH QR FKHPLFDO LQKRPR�

JHQHLW\ DW WKH ERXQGDULHV RI FU\VWDOOLWHV� WKRXJK EHLQJ

FU\VWDOOLQH� WKXV SURYLGLQJ KLJK FRUURVLRQ UHVLVWDQFH�

7HVWV RQ ZHDU UHVLVWDQFH RI GHSRVLWHG VSHFLPHQV

LQ VOLGLQJ IULFWLRQ RI PHWDO ZLWKRXW OXEULFDQW ZHUH

SHUIRUPHG� 7KH WRWDO ZHDU DIWHU � KRXU�WHVWV RI WKH

GHSRVLWHG OD\HU RI DOOR\ RI )Hw1Lw% V\VWHP LV JLYHQ

LQ )LJXUH �� $V LV VHHQ� WKH VSHFLPHQV ZLWK D PLFUR�

FU\VWDOOLQH VWUXFWXUH SRVVHVV ���w� KLJKHU ZHDU UHVLV�

WDQFH WKDQ WKH VSHFLPHQV ZLWK DPRUSKRXV VWUXFWXUH�

+LJK WULERWHFKQLFDO FKDUDFWHULVWLFV KDYH OD\HUV

ZLWK DPRXUSKRXV�FU\VWDOOLQH� ZKLFK ZHUH GHSRVLWHG

DW FKDQJH RI WKH SRZGHU FRQVXPSWLRQ IURP ���� WR

���� J�V DQG �w� PP�V UDWH RI VXUIDFLQJ� 7KHVH

FRQGLWLRQV SURYLGH IRUPDWLRQ RI D KLJK�VWUHQJWK DQG

FRPSDUDWLYHO\ GXFWLOH DPRUSKRXV PDWUL[ ZLWK XQL�

IRUPO\ GLVWULEXWHG GLVSHUVHG SDUWLFOHV RI VWUHQJWKHQ�

LQJ SKDVHV� 7KH SUHVHQFH RIPLFURFU\VWDOOLQH LQFOXVLRQV

LQ WKH DPRUSKRXV PDWUL[ LQFUHDVHV WKH KDUGQHVV DQG

LPSURYHV JUHDWO\ WKH WULERWHFKQLFDO FKDUDFWHULVWLFV RI

WKH VSHFLPHQV� /D\HUV ZLWK DPRUSKRXV�FU\VWDOOLQH

VWUXFWXUH KDYH D VXIILFLHQWO\ KLJK ZHDU UHVLVWDQFH

ZKLFK LV KLJKHU ZLWK ODUJHU GLVSHUVLW\ RI ERULGH SDU�

WLFOHV DQG XQLIRUPLW\ RI WKHLU GLVWULEXWLRQ LQ WKH YRO�

XPH RI WKH GHSRVLWHG OD\HU�

7KXV� WKH FRUURVLRQ� DQG ZHDU�UHVLVWDQW SURSHUWLHV

RI GHSRVLWHG OD\HUV IURP DOOR\V RI )Hw1Lw% V\VWHP

GHSHQG RQ WKH VWUXFWXUH� ,PSRUWDQW IDFWRU ZKLFK

PDNHV LW SRVVLEOH WR FRQWURO WKH VWUXFWXUH DQG SURS�

HUWLHV LV WKH VHOHFWLRQ RI WHFKQRORJLFDO FRQGLWLRQV RI

VXUIDFLQJ� 'HSHQGLQJ RQ WKH DPRXQW RI WKH SRZGHU�

EHLQJ IHG� DQG VXUIDFLQJ UDWH LW LV SRVVLEOH WR SURGXFH

DPRUSKRXV� DPRUSKRXV�FU\VWDOOLQH DQG PLFURFU\V�

WDOOLQH VWUXFWXUHV� 0D[LPXP ZHDU UHVLVWDQFH LV RE�

VHUYHG LQ GHSRVLWHG OD\HUV ZLWK D PLFURFU\VWDOOLQH

VWUXFWXUH� DQG KLJK FRUURVLRQ SURSHUWLHV DUH REVHUYHG

LQ OD\HUV ZLWK DQ DPRUSKRXV VWUXFWXUH� 7R ZRUN LQ

WKH FRQGLWLRQV RI DQ DEUDVLYHZHDU DQG FRUURVLRQPHGLD

LW LV UDWLRQDO WR XVH GHSRVLWHG OD\HUV IURP DOOR\ RI

)Hw1Lw% V\VWHP ZLWK DPRUSKRXV�FU\VWDOOLQH VWUXF�

WXUH KDYLQJ KLJK FRUURVLRQ� DQG ZHDU�UHVLVWDQW SURS�

HUWLHV�

�� 5\NDOLQ� 1�1�� 8JORY� $�$�� =XHY� ,�9� HW DO� ������ /DVHU
DQG HOHFWURQ�EHDP WUHDWPHQW RI PDWHULDOV� +DQGERRN� 0RV�
FRZ� 0DVKLQRVWURHQLH�

�� 0DWVHYLW\� 9�0� ������ &RDWLQJV IRU FXWWLQJ WRROV�
.KDUNLY� 9\VKFKD 6KNROD�

�� 6X]XNL� .�� )XMLPRUL� 6�� +DVKLPRWR� .� ������ $PRUSKRXV
PHWDOV� 0RVFRZ� 0HWDOOXUJL\D�

7DEOH �� 5HVXOWV RI PHDVXUHPHQW RI FRUURVLRQ HPI LQ GHSRVLWHG OD\HUV IURP DOOR\ RI )Hw1Lw% V\VWHP LQ GLIIHUHQW PHGLD

6WUXFWXUH RI GHSRVLWHG OD\HU
&RUURVLRQ HPI� $�FP

�

Î« ��� Î« ��� Î« ��� Î« ��� Î« ��� Î« ���

$PRUSKRXV ����� ����� ����� ����� ����� �����

$PRUSKRXV�FU\VWDOOLQH ����� ����� ����� ����� ����� �����

0LFURFU\VWDOOLQH ����� ����� ����� ����� ����� �����

7DEOH �� &RUURVLRQ UHVLVWDQFH RI GHSRVLWHG OD\HU IURP DOOR\ RI )Hw1Lw% V\VWHP

6WUXFWXUH RI GHSRVLWHG OD\HU
&RUURVLRQ FXUUHQW GHQVLW\� $�FP

�

Î« ��� Î« ��� Î« ���

$PRUSKRXV ���⋅��w� ���⋅��w� ���⋅��w�

$PRUSKRXV�FU\VWDOOLQH ���⋅��w� ���⋅��w� ���⋅��w�

0LFURFU\VWDOOLQH ����⋅��w� ����⋅��w� ���⋅��w�
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1�0� 7$5$629� $�.� *25/29 DQG 6�1� /$6+.2

1DWLRQDO $HURVSDFH 8QLYHUVLW\ �.KDUNLY $YLDWLRQ ,QVWLWXWH�� .KDUNLY� 8NUDLQH

7KH SDSHU GHVFULEHV D QXPHULFDO PHWKRG RI GHWHUPLQDWLRQ RI WKH ZHLJKW DQG PHDQ WHPSHUDWXUH RI WKH GURS DW WKH WLS RI

D FRQVXPDEOH HOHFWURGH LQ DUF ZHOGLQJ� &KDQJHV LQ WKHUPRSK\VLFDO FKDUDFWHULVWLFV RI D PDWHULDO� DYDLODELOLW\ RI SKDVH

WUDQVLWLRQV DQG SURJUDPPHG FKDQJH RI DUF FXUUHQW DUH WDNHQ LQWR DFFRXQW� &DOFXODWLRQ GDWD IRU GURSV RI FRSSHU� WLWDQLXP�

DQG DOXPLQLXP FRLQFLGH ZLWK WKH H[SHULPHQW ZLWK WKH DFFXUDF\ FRPPHQVXUDWH ZLWK H[SHULPHQWDO HUURU� 3URJUDPPHG

YDULDWLRQ RI DUF FXUUHQW ZLGHQV WKH FDSDELOLW\ RI DGMXVWPHQW RI WHPSHUDWXUH DQG ZHLJKW RI WKH PROWHQ PHWDO GURSV�

.H\ ZRU G V � GURSV� FRQVXPDEOH HOHFWURGH� DUF� QXPHULFDO
PHWKRG� PRGHOOLQJ� FDOFXODWLRQ� H[SHULPHQW� DFFXUDF\� LGHQWLW\

'HYHORSPHQW RI SUHFLVLRQ SURFHVVHV RI ZHOGLQJ� VXU�

IDFLQJ� EUD]LQJ E\ D VLQJOH GURS RI PROWHQ PHWDO RI D
FRQWUROOHG ZHLJKW DQG KHDW FRQWHQW >�@� UHTXLUHG FRQ�

VWUXFWLRQ RI D FDOFXODWLRQ PRGHO RI WKH SURFHVV WR

GHWHUPLQH WKH EDVLF SDUDPHWHUV RI WKH GURS� XVLQJ
PRGHUQ FDOFXODWLRQ PHWKRGV DQG D FRPSXWHU�

7KLV SDSHU JLYHV WKH UHVXOWV RI VWXG\LQJ WKH SURFHVV

RI IRUPDWLRQ RI D PHWDO GURS IURP D VHFWLRQ RI D FRQ�

VXPDEOH HOHFWURGH� FRROHG E\ D PDVVLYH KHDW�UHPRYLQJ

QR]]OH IRU WKH FDVH RI ODUJH GURSV �GG ! GH� ZKHUH GG

DQG G
H
DUH WKH GURS DQG HOHFWURGH GLDPHWHUV� UHVSHF�

WLYHO\�� 6XFK D YDULDQW LV FKDUDFWHULVWLF RI WKH PRGHV

RI KHDWLQJ E\ D ORZ�DPSHUDJH DUF DQG LV FRQYHQLHQW

WR FRQGXFW H[SHULPHQWDO VWXGLHV DQG PHDVXUHPHQWV�

ZKLFK LV UHTXLUHG WR LGHQWLI\ WKH FDOFXODWLRQ DQG H[�

SHULPHQWDO GDWD�

7KH HVVHQFH RI WKH QXPHULFDO PHWKRG FRQVLVWV LQ

WKDW WKH HOHFWURGH VWLFN�RXW LV GLYLGHG LQWR D QXPEHU

RI HOHPHQWV DQG IRU HDFK HOHPHQW DQG HDFK WLPH LQ�

WHUYDO WKH ODZV RI HQHUJ\ FRQVHUYDWLRQ� -RXOHw/HQ]�

)RXULHU KHDW FRQGXFWLYLW\� 1HZWRQ KHDW H[FKDQJH DQG

6WHIDQw%ROW]PDQQ UDGLDWLRQ ODZV DUH ZULWWHQ DQG

XVHG IRU FDOFXODWLRQV� +HDW EDODQFH HTXDWLRQ LV VHW XS

IRU HDFK HOHPHQW DQG LWV WHPSHUDWXUH LQFUHPHQW LV
GHWHUPLQHG DW HDFK PRPHQW RI WLPH�

&DOFXODWLRQV DUH FRQGXFWHG WDNLQJ LQWR DFFRXQW

WKH FKDQJH RI WKHUPRSK\VLFDO FKDUDFWHULVWLFV RI WKH

HOHFWURGH PDWHULDO� GHSHQGLQJ RQ WHPSHUDWXUH DQG

SKDVH WUDQVIRUPDWLRQV� LQFOXGLQJ PHOWLQJ� ,Q DGGL�

WLRQ� FKDQJHV RI WKH VKDSH DQG GLPHQVLRQV RI WKH HOHF�

WURGH DQG WKH GURSV DUH WDNHQ LQWR DFFRXQW IRU GLIIHU�

HQW VWDJHV RI WKH SURFHVV� &DOFXODWLRQ FDQ EH SHUIRUPHG

ZLWK DQ\ GHJUHH RI DFFXUDF\� 3URFHVV SDUDPHWHUV DQG

FKDUDFWHULVWLFV DUH GHWHUPLQHG DW DOO WKH VWDJHV� ,QWUR�

GXFLQJ DFFHSWDEOH VLPSOLILFDWLRQV RI WKH SURFHVV� LQ
PRGHUQ FRPSXWHUV FDOFXODWLRQV DUH SHUIRUPHG LQ D

VKRUW WLPH�

7KH SURFHVV RI GURS IRUPDWLRQ IRU DQ HOHFWURGH

VHFWLRQ �)LJXUH �� PD\ EH GLYLGHG LQWR WKH IROORZLQJ

WKUHH VWDJHV�

• ILUVW VWDJH x HOHFWURGH KHDWLQJ LQ WKH VROLG VWDWH
XS WR IRUPDWLRQ DW WKH HOHFWURGH WLS RI D VPDOO ]RQH

RI PROWHQ PHWDO�

• VHFRQG VWDJH x GHYHORSPHQW RI D PHOWLQJ ]RQH

RI PXFK ODUJHU GLPHQVLRQV� ZKHQ WKH GURS GLDPHWHU

LV JUHDWHU WKDQ WKDW RI WKH HOHFWURGH�

• WKLUG VWDJH x FRPSOHWH PHOWLQJ RI WKH HOHFWURGH

VWLFN�RXW DQG IXUWKHU NHHSLQJ D GURS RI PD[LPDO GL�

PHQVLRQV DW WKH QR]]OH WLS�

7KHUPDO GHVLJQ RI WKH ILUVW VWDJH LV UHGXFHG WR

FDOFXODWLRQ RI WKH WHPSHUDWXUH ILHOG RI D URG RI ILQLWH

OHQJWK KHDWHG E\ DQ DUF DW RQH WLS ZLWK SUHVHUYDWLRQ
RI DPELHQW WHPSHUDWXUH DW WKH RWKHU �DW WKH QR]]OH��

7KH VHFRQG VWDJH LV FKDUDFWHULVHG E\ D FRQWLQXRXV
FKDQJH RI WKH GLPHQVLRQV RI WKH GURS DQG WKH HOHF�

WURGH� WKLV VLJQLILFDQWO\ FRPSOLFDWLQJ WKH FDOFXODWLRQ

�QRQ�VWDWLRQDU\ SUREOHP RI KHDW FRQGXFWLYLW\ RI D V\V�
WHP RI ERGLHV RI YDU\LQJ GLPHQVLRQV�� ,Q WKLV FRQQHF�

WLRQ ZH DVVXPH WKDW WHPSHUDWXUH 7 DORQJ HOHFWURGH

UDGLXV GRHV QRW FKDQJH DQG LV D IXQFWLRQ RI WZR YDUL�

DEOHV 7  I �[� W�� ZKHUH [ LV WKH FR�RUGLQDWH DORQJ

� 1�0� 7$5$629� $�.� *25/29 DQG 6�1� /$6+.2� ����

)LJXUH �� 6FKHPDWLF IRU WKHUPDO FDOFXODWLRQ RI WKH SURFHVV RI IRU�
PDWLRQ RI D PROWHQ HOHFWURGH PHWDO GURS
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WKH HOHFWURGH D[LV� :H ZLOO FRQVLGHU WKH GURS DV DQ

REMHFW RI D VSKHULFDO VKDSH ZLWK DQ DYHUDJHG WHPSHUD�

WXUH� 6XFK DVVXPSWLRQV DOORZ UHGXFLQJ WKH VFRSH RI

FDOFXODWLRQV WR DQ DFFHSWDEOH OHYHO�

(TXDWLRQ RI KHDW FRQGXFWLYLW\ IRU WKH FDVH RI HOHF�

WURGH KHDWLQJ E\ DQ DUF ZLWK WKH DVVXPSWLRQ RI D

RQH�GLPHQVLRQDO WKHUPDO ILHOG� DFFRUGLQJ WR >�@� EH�

FRPHV

∂7
∂W = α

∂�7
G[

�
+
L
�ρ
Fγ �

���

ZKHUH α LV WKH FRHIILFLHQW RI WKHUPDO FRQGXFWLYLW\� F

LV WKH KHDW FDSDFLW\� γ LV WKH GHQVLW\� ρ LV WKH VSHFLILF

HOHFWULF UHVLVWDQFH RI HOHFWURGH PDWHULDO� L LV WKH FXU�

UHQW GHQVLW\�

/HW XV GLYLGH WKH HOHFWURGH VWLFN�RXW LQWR D QXPEHU

RI WKH VDPH HOHPHQWV RI WKLFNQHVV δF� 7KH WRWDO QXPEHU
RI HOHPHQWV N LV VHOHFWHG WR EH HTXDO WR ���� 7KH

WHPSHUDWXUH RI HDFK HOHPHQW DIWHU DQ LQWHUYDO RI WLPH

∆W �LQWHUYDO QXPEHU LV Q � �� LV HTXDO WR WKH WHPSHUD�
WXUH LQ WKH SUHYLRXV LQWHUYDO SOXV WHPSHUDWXUH LQFUH�

PHQW�

7N� Q + � = 7
N� Q + ∆7GN� Q� ���

7R GHWHUPLQH ∆7N� Q ZH ZLOO XVH HTXDWLRQ ��� DQG

ERXQGDU\ FRQGLWLRQV� 7HPSHUDWXUH LQFUHPHQW LQ WKH LQ�

QHU HOHPHQWV RI WKH HOHFWURGH RYHU WLPH ∆W LV HTXDO WR

∆7
N� Q =

∆Wα
δ�

(7
N + �� Q + 7

N w �� Q w �7N� Q) +
L
�ρ∆W
Fγ � ���

DQG IRU DQ HOHPHQW �N  �� KHDWHG E\ WKH DUF

∆7�� Q = T

Fγδ∆W +
∆Wα
δ�

(7
N + �� Q w 7

N� Q) +
L
�ρ∆W
Fγ � ���

)RU DQ HOHPHQW� FRLQFLGLQJ ZLWK WKH QR]]OH WLS

�N  ����� WKH WHPSHUDWXUH UHPDLQV XQFKDQJHG

�7���  �� �&�� GXH WR D FRQVLGHUDEOH UHPRYDO RI KHDW

4P LQWR WKH QR]]OH�

7KH SRZHU RI WKH DUF HYROYHG RQ WKH HOHFWURGH

T  8D,DηH� ���

ZKHUH 8D LV WKH DUF YROWDJH� ,D LV WKH DUF FXUUHQW� ηH

LV WKH HIIHFWLYH HIILFLHQF\ RI HOHFWURGH KHDWLQJ E\ DQ

DUF �IRU DQ '&53 DUF LQ DUJRQ ηH  ����� &XUUHQW

GHQVLW\ LQ WKH HOHFWURGH L  ,D�)H� LQ WKH GURS L  

,D�)G� ZKHUH )H DQG )G DUH WKH FURVV�VHFWLRQDO DUHDV

RI WKH HOHFWURGH DQG WKH GURS� UHVSHFWLYHO\�

7LPH LQWHUYDO ∆WPHHWLQJ WKH FRQGLWLRQ RI VWDELOLW\
RI WKH GLIIHUHQFH VFKHPH >�@

∆W ≤
δFγ
�λ ���

LV WDNHQ WR EH HTXDO WR ������ V�

&KDUDFWHULVWLFV RI HOHFWURGH PDWHULDO� GHSHQGLQJ

RQ WHPSHUDWXUH� DUH GHWHUPLQHG XVLQJ D VHSDUDWH SUR�

JUDP� )RU WKLV SXUSRVH YDOXHV F� λ� ρ� ZKLFK DUH WHP�
SHUDWXUH GHSHQGHQW DQG WDNHQ IURP >�� �@� DUH SUH�

VHQWHG LQ WKH IRUP RI SLHFHZLVH�OLQHDU IXQFWLRQV EDVHG

RQ UHFRPPHQGDWLRQV RI >�@�

,QIOXHQFH RI SKDVH WUDQVIRUPDWLRQ KHDW 437 �DOVR

LQ PHOWLQJ� RQ WKH KHDWLQJ SURFHVV LV WDNHQ LQWR DF�

FRXQW LQ FDOFXODWLRQV E\ D WHPSRUDU\ LQWHUUXSWLRQ RI

WHPSHUDWXUH ULVH IRU D JLYHQ HOHPHQW ZKHQ LW KDV

UHDFKHG WKH WHPSHUDWXUH RI SKDVH WUDQVLWLRQ� :H ZLOO

XVH H[SUHVVLRQV ���� ��� WR FDOFXODWH DQG VXP XS WHP�

SHUDWXUH LQFUHPHQW ∆7� FRPSDULQJ LW ZLWK YDOXH

∆737  437�Fγ �∆737 LV FRQGLWLRQDO WHPSHUDWXUH LQ�

FUHPHQW WR FDUU\ RXW WKH SKDVH WUDQVIRUPDWLRQ�� )XU�

WKHU ULVH RI HOHPHQW WHPSHUDWXUH LV FDOFXODWHG RQO\ DW

α∆7 ! ∆737�

$IWHU RQH RU PRUH HOHPHQWV KDYH PHOWHG LQ WKH

HOHFWURGH� FDOFXODWLRQ LV SHUIRUPHG IRU PROWHQ GURSw

HOHFWURGH V\VWHP�

(TXDWLRQ RI KHDW EDODQFH IRU D GURS

∆4  4D � 4- w 4V w 4H� ���

ZKHUH ∆4 LV WKH HQHUJ\ FRQVXPHG LQ LQFUHDVLQJ WKH

KHDW FRQWHQW RI WKH GURS� 4D LV WKH DUF HQHUJ\� 4- LV

WKH -RXOH KHDW� 4V LV WKH KHDW FRQVXPSWLRQ IURP WKH

GURS RXWHU VXUIDFH DV D UHVXOW RI UDGLDWLRQ DQG FRQ�

YHFWLYH KHDW H[FKDQJH� 4H LV WKH KHDW FRQVXPSWLRQ LQ

WKH HOHFWURGH� HTXDO WR

4H = λO�P
)H∆7G∆W

δO �

���

ZKHUH ∆7G LV WKH GURS RYHUKHDWLQJ HTXDO WR 7G w 7P�

δO LV WKH KHLJKW RI D OD\HU RI OLTXLG HTXDO WR KDOI RI

GURS KHLJKW� λO�P LV WKH KHDW FRQGXFWLYLW\ RI OLTXLG

PHWDO� WDNLQJ LQWR DFFRXQW WKH PL[LQJ� 7P LV WKH PHOW�

LQJ WHPSHUDWXUH� +HDW 4H LV DSSOLHG WR WKH ILUVW VROLG

HOHPHQW RI WKH HOHFWURGH� DGMDFHQW WR WKH GURS�

:KHQ 4H LV FDOFXODWHG� ZH DVVXPH WKDW WKH GURS

VXUIDFH KDV PHDQ WHPSHUDWXUH 7G� DQG WKH VXUIDFH

VKDSH LV VSKHULFDO� 7KHQ�

4V = D(7G w 7D)6∆W + σ(7G
�
w 7D

�)6∆W� ���

ZKHUH D� σ DUH WKH FRHIILFLHQWV RI FRQYHFWLYH KHDW

H[FKDQJH DQG UDGLDWLRQ KHDW H[FKDQJH� UHVSHFWLYHO\�

7D LV WKH DPELHQW WHPSHUDWXUH� 6 LV WKH GURS VXUIDFH

DUHD�

,QFUHPHQW RI WKH GURS WHPSHUDWXUH DIWHU WLPH LQ�

WHUYDO ∆W ZLOO EH

∆7G� Q =
∆4
PGFγ

� ����

)RU SUDFWLFDO SXUSRVHV LW LV LPSRUWDQW WR GHWHUPLQH

WKH GURS ZHLJKW PG DQG DYHUDJH WHPSHUDWXUH RI WKH

GURS� 7G� DV WKHVH YDOXHV ODUJHO\ GHWHUPLQH WKH ZHOG�

LQJ SURFHVV DQG FKDUDFWHULVWLFV RI WKH SURGXFHG MRLQWV�

'URS ZHLJKW LV FDOFXODWHG E\ WKH ZHLJKW RI PROWHQ

HOHPHQWV� DQG YDOXH 7G IRU DQ\ WLPH LQWHUYDO E\ H[�

SUHVVLRQ�

7G = 7G� Q + � = 7G� Q + ∆7G� Q� ����

ZKHUH 7G� Q LV WKH GURS WHPSHUDWXUH LQ WKH SUHYLRXV

LQWHUYDO�
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&DOFXODWLRQV ZHUH SHUIRUPHG LQ WKH FRPSXWHU ZLWK

VXEVHTXHQW XVH RI H[SUHVVLRQV ��� w ����� &DOFXODWHG

YDOXHV RI /H DQG PG DUH SUHVHQWHG LQ WKH YLVXDO IRUP

VLPLODU WR SURFHVV ILOP IUDPHV� ZKLFK LV FRQYHQLHQW

IRU DQDO\VLV DQG FRPSDULVRQ ZLWK WKH ILOPLQJ GDWD

�VHH )LJXUH ���

)LJXUH � VKRZV ILOP IUDPHV RI WKH SURFHVV RI PHOW�

LQJ RI DQ HOHFWURGH RI 0� FRSSHU� SURGXFHG E\ KLJK�

VSHHG ILOPLQJ� DQG )LJXUH � JLYHV WKH UHVSHFWLYH VWDJHV

RI WKH PHOWLQJ SURFHVV REWDLQHG E\ FDOFXODWLRQ LQ WKH

VDPH PRGHV� &DOFXODWLRQV FRUUHVSRQG WR RGG ILOP

IUDPHV� &RPSDULVRQ RI ILOPLQJ UHVXOWV DQG PRGHOOLQJ

GDWD GHPRQVWUDWHV D FRPSOHWH LGHQWLW\ RI WKH SURF�

HVVHV� ,PDJHV RI WKH DFWXDO DQG VLPXODWHG SURFHVVHV

FRLQFLGH ZLWK WKH DFFXUDF\ FRPPHQVXUDWH ZLWK WKH

HUURU RI H[SHULPHQWDO PHDVXUHPHQWV RI HOHFWURGH

OHQJWK DQG GURS GLDPHWHU�

/HW XV FRQVLGHU WKH GDWD RI PG DQG 7G FDOFXODWLRQ

IRU FRPPHUFLDO WLWDQLXP DOOR\ 97�� DQG FRPSDUH WKHP

ZLWK H[SHULPHQWDO GDWD�

$QDO\VLV RI FDOFXODWLRQ GHSHQGHQFLHV VKRZHG WKDW

YDOXHPG ILUVW JURZV OLQHDUO\� WKHQ LWV JURZWK LV VORZHG

GRZQ DQG VWRSV FRPSOHWHO\ DW D FHUWDLQ YDOXH WD �)L�

JXUH ���

'URS WHPSHUDWXUH DW WKH LQLWLDO PRPHQW RI LWV IRU�

PDWLRQ ULVHV IDVW� WKHQ VORZV GRZQ DQG DW WKH ILQDO

VWDJH RI IRUPDWLRQ 7G UHDFKHV D VWHDG\�VWDWH YDOXH

�)LJXUH ��� 7G ULVHV ZLWK WKH LQFUHDVH RI DUF FXUUHQW�

$ JUHDWHU YDOXH RI WKH GURS ZHLJKW FRUUHVSRQGV WR D

KLJKHU 7G YDOXH DW WKH VDPH DUF FXUUHQW� 2YHUKHDWLQJ

RI GURSV RI DOOR\ 97�� LV HTXDO WR ���w��� �&� GH�

SHQGLQJ RQ ,D DQG PG�

:KHQ RSHUDWLQJ LQ VWDQGDUG PRGHV �,D ≈ FRQVW�

PG DQG 7G LQFUHDVH ZLWK WLPH� 4XDOLWDWLYHO\ GLIIHUHQW

UHVXOWV DUH REWDLQHG DW SURJUDPPHG DGMXVWPHQW RI

FXUUHQW� )RU LQVWDQFH� DW VWHSSHG GHFUHDVH RI DUF FXU�

UHQW WR �� $ DW WKH ILQDO VWDJH RI WKH SURFHVV �DW WD  

 ��� V� )LJXUH �� WKH QDWXUH RI 7G  I�W� DQG PG  

 I�W� GHSHQGHQFLHV FKDQJHV VLJQLILFDQWO\� $W WG !

! ��� V WKH GURS WHPSHUDWXUH GHFUHDVHV� DQG LWV ZHLJKW

LQFUHDVHV IXUWKHU� 7KLV HQDEOHV D PRUH IOH[LEOH FRQWURO

RI WKH GURS IRUPDWLRQ SURFHVV� DOORZLQJ DFKLHYHPHQW

RI WKH UHTXLUHG YDOXHV RI PG DQG 7G DQG FRQWUROOLQJ

WKH SURFHVV RI WKH MRLQW IRUPDWLRQ DQG WKHLU FKDUDF�

WHULVWLFV� &DOFXODWLRQ UHVXOWV ZHUH FRPSDUHG ZLWK H[�

SHULPHQWDO GDWD� 'XULQJ H[SHULPHQWDO VWXGLHV WKH

PROWHQ PHWDO ZHLJKW ZDV PHDVXUHG DW GLIIHUHQW ,D DQG

WD� IRU ZKLFK SXUSRVH WKHPROWHQPHWDO RI WKH HOHFWURGH

ZDV IRUFHG WR VHSDUDWH IURP WKH HOHFWURGH DW D FHUWDLQ

PRPHQW RI WLPH� XVLQJ D VSHFLDO GHYLFH� DQG ZDV

ZHLJKHG DIWHU FRROLQJ� 5HVXOWV RI PG PHDVXUHPHQW

)LJXUH �� )LOP IUDPHV RI PHOWLQJ SURFHVV RI DQ HOHFWURGH RI 0�
FRSSHU� G

H
 � PP� /

H
 ��� PP� ,

D
 �� $� W

D
 ��� V

)LJXUH �� ,PDJHV RI WKH GURS RQ WKH HOHFWURGH SURGXFHG E\ FRPSXWHU
PRGHOOLQJ

)LJXUH �� 'HSHQGHQFH RI P
G
��� DQG 7

G
��� RQ DUFLQJ WLPH LQ WKH

FDVH RI DQ DUF RQ DOOR\ 97�� �G
H
 � PP�

)LJXUH �� 'HSHQGHQFH RI P
G
�VROLG FXUYH� DQG 7

G
�GDVKHG FXUYH�

RQ WLPH IRU GLIIHUHQW YDOXHV RI ,
D
DW FXUUHQW GHFUHDVH DW WKH HQG RI

WKH F\FOH� � x ,
D
 ���� � x ,

D
 ���� � x ,

D
 ��� $ �97��

DOOR\� G
H
 � PP�
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FRLQFLGHG ZLWK WKH FDOFXODWLRQ UHVXOWV ZLWK DQ DFFX�

UDF\ RI XS WR � � LQ D EURDG UDQJH RI ,D DQG WD �VHH

WKH 7DEOH��

'URS WHPSHUDWXUH ZDV DOVR PHDVXUHG E\ EULHIO\

LQVHUWLQJ D WXQJVWHQ�UKHQLXP WKHUPRFRXSOH LQWR WKH

OLTXLG GURS YROXPH� 7KHUPRHOHFWURPRWLYH IRUFH ZDV

LQ WKLV FDVH PHDVXUHG E\ DQ HOHFWURQLF RVFLOORJUDSK E\

WDNLQJ SKRWRV RI WKH VFUHHQ LPDJH� 'URS WHPSHUDWXUH

ZDV GHWHUPLQHG E\ WKHUPRHOHFWURPRWLYH IRUFH� XVLQJ

D JUDGXDWLRQ WDEOH� 7KH FDOFXODWHG PHDQ WHPSHUDWXUH

RI WKH GURS IRU 97�� ZDV ���� �&� DQG WKDW PHDVXUHG

DW WKH VDPH YDOXHV RI ,D DQG WD ZDV HTXDO WR ���� �&�

3HUIRUPHG FDOFXODWLRQV DQG H[SHULPHQWV IRU D ZLGH

UDQJH RI HOHFWURGH PDWHULDOV �VLOYHU� FRSSHU� EURQ]H�

VWHHOV� WLWDQLXP DQG DOXPLQLXP DOOR\V� GHPRQVWUDWHG

D JRRG DJUHHPHQW RI WKH UHVXOWV� $ GDWDEDVH RI WKHU�

PRSK\VLFDO FKDUDFWHULVWLFV� UHTXLUHG IRU FDOFXODWLRQV�

ZDV SXW WRJHWKHU IRU WKH DERYH PDWHULDOV� )RU HDFK

PDWHULDO WKH GDWDEDVH SURYLGHV PRUH SUHFLVH YDOXHV RI

SRZHU RI WKH QHDU�HOHFWURGH UHJLRQ� DVVLJQHG E\ FRHI�

ILFLHQW ηH� DV ZHOO DV KHDW FRQGXFWLYLW\ RI WKH OLTXLG

GURS PDWHULDO� WDNLQJ LQWR DFFRXQW PL[LQJ λO�P� 7DN�

LQJ WKHVH YDOXHV WR EH WKH VDPH IRU DOO WKH PDWHULDOV

OHDGV WR D JUHDWHU FDOFXODWLRQ DQG H[SHULPHQWDO HUURU�

7KXV� WKH FRQVLGHUHG PHWKRG RI PG DQG 7G FDOFX�

ODWLRQ SURYLGHV D KLJK DFFXUDF\� ,W DOORZV REWDLQLQJ

YDOLG GDWD ZLWKRXW UHVRUWLQJ WR VRSKLVWLFDWHG ODERXU�

FRQVXPLQJ H[SHULPHQWV� 3DUWLFXODUO\ YDOXDEOH DUH WKH

GDWD RQ WHPSHUDWXUH F\FOHV RI WKH GURS DW GLIIHUHQW

GLDJUDPV RI DUF FXUUHQW� KHDW FRQWHQW RI WKH GURS DW

GLIIHUHQW PRPHQWV RI WLPH� WKLV DOORZLQJ WR SXUSRVH�

IXOO\ VROYH WKH SUDFWLFDO SUREOHPV RI SURGXFLQJ KLJK�

TXDOLW\ MRLQWV�

&RQWUROOLQJ WKH SURFHVV RI IRUPDWLRQ RI GURSV RI DOOR\ 97�� DW
GH  � DQG /H  �� PP

,
D
� $ W

D
� V

'URS ZHLJKW� PJ

&DOFXODWLRQ ([SHULPHQW

�� ��� ��� ���

��� ���� ��� ���

��� ��� ��� ���

�� 7DUDVRY� 1�0� ������ 3HFXOLDULWLHV RI IRUPDWLRQ RI PROWHQ
PHWDO GURSV DW WKH WLS RI HOHFWURGH DW LWV FRROLQJ E\ D PDVVL�
YH QR]]OH� 6YDURFKQ� 3URL]YRGVWYR� �� �w��

�� /\NRY� $�9� ������ +HDW H[FKDQJH� 0RVFRZ� (QHUJL\D�
�� 6DPDUVN\� $�$� ������ 7KHRU\ RI GLIIHUHQFH VFKHPHV� 0RV�

FRZ� 1DXND�
�� ������ 7DEOHV RI SK\VLFDO YDOXHV� 5HIHU� %RRN� (G� E\

,�.� .LNRLQ� 0RVFRZ� $WRPL]GDW�
�� ������ 7KHUPRSK\VLFDO SURSHUWLHV RI VXEVWDQFHV� 5HIHU�

%RRN� (G� E\ 1�%� 9DUJDIWLN� 0RVFRZ� *RVHQHUJRL]GDW�
�� 6WRORYLFK� 1�1�� 0LQLWVND\D� 1�6� ������ 7HPSHUDWXUH GH�

SHQGHQFLHV RI WKHUPDO�SK\VLFDO SURSHUWLHV RI VRPH PHWDOV�
0LQVN� 1DXND L 7HNKQLND�
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9�'� 6+(/<$*,1 DQG 9�<X� .+$6.,1

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

'\QDPLFV DQG VXEMHFW�RULHQWHG QDWXUH RI VFLHQWLILF SXEOLFDWLRQV RQ K\EULG DQG FRPELQHG ODVHU�DUF SURFHVVHV DQG PHWKRGV

WR GHYHORS WKHP� EDVHG RQ FXUUHQW SURPLVLQJ ZHOGLQJ WHFKQRORJLHV� DUH GHVFULEHG� &RPSDULVRQ RI ODVHU�DUF DQG ODVHU

ZHOGLQJ LV PDGH� 6HOHFWLRQ RI WKH DUHD RI IXUWKHU UHVHDUFK LV VXEVWDQWLDWHG�

.H\ ZRU G V � ODVHU�DUF ZHOGLQJ� GHYHORSPHQW WHQGHQFLHV�
SURFHVV VFKHPDWLFV� FRPSDULVRQ RI WKH PRGHV� DGYDQWDJHV� DSSOL�

FDWLRQV

/DVHU�DUF ZHOGLQJ SURFHVVHV ZHUH GHYHORSHG LQ WKH

VHFRQG KDOI RI ����V LQ *UHDW %ULWDLQ >�@� ,QYHVWLJD�

WLRQV LQ WKLV ILHOG ZHUH FRQGXFWHG E\ H[SHUWV LQ PDQ\

UHVHDUFK LQVWLWXWHV >�w��@� LQFOXGLQJ WKH 3:, >��@�

0DWHULDOV SUHVHQWHG LQ >��� ��@ JLYH DQ LGHD RI WKH

SK\VLFDO SURFHVVHV SURFHHGLQJ GXULQJ ZHOGLQJ E\ WKH

DERYH SURFHGXUHV DQG FRQWDLQ D UDQJH RI H[SHULPHQWDO

GDWD� IURP ZKLFK WKH DXWKRUV SURFHHGHG LQ WKHLU DW�
WHPSW DW HVWLPDWLQJ WKH SURVSHFWV IRU IXUWKHU WHFKQR�

ORJLFDO GHYHORSPHQW RI FRPELQHG ODVHU�DUF SURFHVVHV
DQG VHOHFWLQJ WKH DUHDV RI WKHLU RZQ UHVHDUFK�

7KH WHUPV RI �K\EULG� DQG �FRPELQHG� ZHOGLQJ
SURFHVV DUH XVHG LQ SXEOLFDWLRQV� )XUWKHU RQ WKH K\EULG

ZHOGLQJ SURFHVV ZLOO PHDQ VXFK D ZHOGLQJ SURFHVV�

ZKHUH WKH ODVHU UDGLDWLRQ DQG WKH HOHFWULF DUF DUH VL�

PXOWDQHRXVO\ DSSOLHG WR WKH VDPH SRLQW� DQG WKH SK\VL�

FDO HVVHQFH RI VXFK DQ DFWLRQ GLIIHUV IURP WKH DFWLRQ

RI HDFK RI WKH FRPSRQHQWV� 7KH QRWLRQ RI �FRPELQHG�

ZLOO GHQRWH D ZHOGLQJ SURFHVV� ZKHUH WKH ODVHU UDGLD�

WLRQ DQG WKH DUF IRUP D FRPPRQ WKHUPDO F\FOH RI WKH

SURFHVV� ZKLOH WKH SK\VLFDO HVVHQFH RI WKH LPSDFW RI

HDFK RI WKH FRPSRQHQWV UHPDLQV XQFKDQJHG�

:H KDYH DQDO\VHG �� SXEOLFDWLRQV� GHDOLQJ ZLWK
ODVHU�DUF ZHOGLQJ DQG DOOLHG SURFHVVHV �)LJXUHV � DQG
��� ,I WKH\ DUH FKURQRORJLFDOO\ DUUDQJHG �)LJXUH ���

WKH IROORZLQJ SLFWXUH LV IRUPHG� )URP ���� WR ����

LQYHVWLJDWLRQV ZHUH SHUIRUPHG E\ UHVHDUFKHUV RI WKH

VFLHQWLILF VFKRRO RI 3URI� 6WHHQ >�w�@� $IWHU WKHLU UH�

VXOWV EHFDPH DFFHVVLEOH IRU WKH ZRUOG VFLHQWLILF FRP�

PXQLW\� WKH\ ZHUH VXEMHFWHG WR D FULWLFDO VWXG\� 7KLV�

SUREDEO\� H[SODLQV WKH DEVHQFH RI SXEOLFDWLRQV LQ

����� $IWHU WKDW D KLJKHU LQWHUHVW WR LQYHVWLJDWLRQV LQ

WKLV ILHOG LV REVHUYHG �VHH WKH SHDNV LQ ����w���� DQG

����w���� LQ )LJXUH ��� $ VKRUW SDXVH LQ ����w����

LV IROORZHG E\ D JUDGXDO LQFUHDVH� ,I LQ WKH QH[W \HDU

RU WZR WKH VDPH LQFUHDVH RI WKH QXPEHU RI LQYHVWLJD�

WLRQV LV REVHUYHG� LW ZLOO EH SRVVLEOH WR VSHDN DERXW

D WHQGHQF\ RI IXUWKHU GHYHORSPHQW RI ODVHU�DUF WHFK�

QRORJLHV�

$FFRUGLQJ WR >��� ��@ ILYH PDLQ DUHDV RI LQYHVWL�

JDWLRQV PD\ EH VLQJOHG RXW� QDPHO\ ZHOGLQJ RI VKHHW

PHWDOV� ZHOGLQJ RI SODWH PHWDOV� VXUIDFLQJ DQG KHDW

WUHDWPHQW� SK\VLFDO VWXGLHV� RWKHU �DGYDQFHG HTXLS�

PHQW DQG WHFKQRORJLHV RI ZHOGLQJ� FXWWLQJ� HWF���

+DYLQJ JURXSHG WKH VWXGLHV E\ DUHDV DQG DUUDQJHG
WKHP LQ WKH FKURQRORJLFDO RUGHU� ZH KDYH WKH VLWXDWLRQ

VKRZQ LQ )LJXUH ��

3UHGRPLQDWLRQ RI H[SHULPHQWDO VWXGLHV DQG LQ�

FUHDVH RI LQWHUHVW WR SDWHQWLQJ DOO SRVVLEOH SURFHVVLQJ

PHWKRGV DQG DSSDUDWXVHV IRU WKHLU LPSOHPHQWDWLRQ KDV

� 9�'� 6+(/<$*,1 DQG 9�<X� .+$6.,1� ����

)LJXUH �� &KURQRORJ\ RI LQWHQVLW\ RI LQYHVWLJDWLRQV RI ODVHU�DUF
SURFHVVHV RI PDWHULDO WUHDWPHQW

)LJXUH �� &KURQRORJ\ RI UHVHDUFK VXEMHFWV� �� �x ZHOGLQJ RI VKHHW
DQG SODWH PHWDOV� UHVSHFWLYHO\� � x VXUIDFLQJ DQG KHDW WUHDWPHQW�
� x SK\VLFDO VWXGLHV� � x RWKHU DUHDV �IRU LQVWDQFH� GHYHORSPHQW
RI QRYHO HTXLSPHQW� WHFKQRORJ\ RI ZHOGLQJ� FXWWLQJ� HWF��
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EHHQ REVHUYHG IURP WKH WLPH RI DSSHDUDQFH RI ODVHU
DUF SURFHVVHV XS WR ����� 7KHQ� SUREDEO\� DIWHU VXI�
ILFLHQW IDFWXDO PDWHULDO KDV EHHQ DFFXPXODWHG �����w
����� UHVHDUFK LQ WKH DUHD RI SURFHVV SK\VLFV EHFDPH
PRUH LQWHQVLYH� $JDLQVW WKLV EDFNJURXQG WKH LVVXHV RI
ZHOGLQJ SODWH DQG VKHHW PHWDOV ZHUH VWXGLHG EHWZHHQ
���� DQG ���� LQ D UDWKHU V\VWHPDWLF PDQQHU� %HJLQ�
QLQJ IURP ���� DQG XS WR QRZ D SDULW\ KDV EHHQ
DFKLHYHG LQ DOO WKH DUHDV RI UHVHDUFK LQ WKH DERYH ILHOG�
7KLV LV LQGLFDWLYH RI D V\VWHPLF DSSURDFK WR VROXWLRQ
RI WKH DULVLQJ SUREOHPV� DV ZHOO DV ZLGHQLQJ RI WKH
UDQJH RI UHVHDUFK�

6XFK D VWHDG\ SHUIRUPDQFH RI VXEMHFW�RULHQWHG
ZRUN VXJJHVWV WKDW WKH K\EULG DQG FRPELQHG SURFHVVHV
PD\ WDNH XS WKH VDPH SODFH LQ VFLHQFH DQG WHFKQRORJ\
DV WKHLU FRPSRQHQW SURFHVVHV �ODVHU DQG DUF WHFKQROR�
JLHV�� 1RWH WKDW GHVSLWH D UHODWLYHO\ VWDEOH LQWHUHVW RI
UHVHDUFKHUV WR ZHOGLQJ VKHHW DQG SODWH PHWDOV� LQ ����
DQG ���� WKH HIIRUWV ZHUH VWLOO IRFXVHG RQ ZHOGLQJ
SODWH PHWDOV� DQG LQ ���� DQG ���� RQ ZHOGLQJ VKHHWV
PHWDOV�

$QDO\VLV RI >�w��@ JLYHV ULVH WR WKH IROORZLQJ FRP�
PHQWV� 6R�FDOOHG V\QHUJHWLF HIIHFW >�@ IURP FRPELQHG
XVH RI ODVHU UDGLDWLRQ DQG HOHFWULF DUF �HIIHFW RI GLV�

WXUEDQFH RI DGGLWLYLW\ RI WKHUPDO LPSDFW RI WKH ODVHU
EHDP DQG DUF SODVPD RQ WKH LWHP� LV FDXVHG E\ WUDQ�
VLWLRQ IURP KHDW�FRQGXFWLYLW\ PRGH RI ZHOGLQJ WR WKDW
RI NH\KROH �GHHS� SHQHWUDWLRQ� :KHQ FRPSDUDWLYHO\
ORZ�SRZHU ODVHU DQG DUF VRXUFHV ZHUH XVHG VHSDUDWHO\�
LW ZDV GHWHUPLQHG WKDW QRQH RI WKHP KDV VXIILFLHQW
SRZHU GHQVLW\ WR DFKLHYH D WKURXJK�WKLFNQHVV SHQH�
WUDWLRQ RI WKH PHWDO �XVXDOO\� VKHHW PHWDO�� ,Q WKH
FDVH RI WKHLU FRPELQDWLRQ� WKH DUF� DFFRUGLQJ WR D
PHFKDQLVP� GHVFULEHG LQ >��@� LV DOVR �WLHG XS� WR WKH
SRLQW RI ODVHU UDGLDWLRQ LPSDFW RQ WKH LWHP �DQRGH��
7KH DUF LV FRQVWULFWHG ZLWKLQ WKH SOXPH RI ODVHU
SODVPD� WKXV HOLPLQDWLQJ WKH HIIHFW RI DQRGH VSRW HUU�
LQJ >�w�@� $GGLWLRQDO HQHUJ\ LQSXW RI WKH DUF VWDELOLVHG
E\ ODVHU UDGLDWLRQ� DV ZHOO DV LQFUHDVHG DEVRUSWDQFH
RI RYHUKHDWHG PHWDO UHVXOWV LQ WKH SHQHWUDWLRQ PRGH
FKDQJLQJ IURP KHDW�FRQGXFWLYLW\ WR NH\KROH PRGH� $
FKDUDFWHULVWLF IRU ODVHU ZHOGLQJ YDSRXU�G\QDPLF FKDQ�
QHO LV IRUPHG� ZKHUH WKH DQRGH UHJLRQ RI WKH FRQ�
VWULFWHG DUF FROXPQ LV ORZHUHG� IROORZLQJ WKH ODVHU
UDGLDWLRQ DQG WKH SODVPD� IRUPHG E\ LW IURP WKH PHWDO
YDSRXUV� $V VRRQ DV WKH WKUHVKROG EHWZHHQ KHDW FRQ�
GXFWLYLW\ DQG NH\KROH SHQHWUDWLRQ PRGHV LV RYHUFRPH�
WKH YROXPH RI UHPHOWHG PHWDO LV DEUXSWO\ LQFUHDVHG�
WKLV DOORZLQJ LQFUHDVH RI SHQHWUDWLRQ GHSWK RU ZHOGLQJ
VSHHG E\ ��� WR � WLPHV >��@�

7UDQVLWLRQ WR GHHS SHQHWUDWLRQ PRGH LV DQ DGYDQ�
WDJH RI WKH K\EULG ODVHU�DUF ZHOGLQJ SURFHVV� 7KHUH�
IRUH� XVH RI WKLV SURFHVV LV MXVWLILHG LQ ZHOGLQJ RI VKHHW
PHWDOV >�� �� �w��@� UHTXLULQJ FRPSDUDWLYHO\ VPDOO
ODVHU SRZHUV �XS WR �w��� N: IRU &2��ODVHU RU ���w
���� : IRU <$*�1G ODVHU� DQG DQ DUF RI DERXW � N:
SRZHU� FDSDEOH RI PDNLQJ DQ LPSDFW HTXLYDOHQW WR
� N: LQFUHDVH RI ODVHU UDGLDWLRQ SRZHU� $QRWKHU LP�
SRUWDQW PRPHQW DOVR LV DSSOLFDWLRQ RI VPDOO DQG PH�
GLXP FXUUHQWV RI WKH DUF� $W PRUH WKDQ ��� $ FXUUHQWV
WKH HIIHFW RI �W\LQJ XS� WKH DQRGH UHJLRQ RI DUF GLV�
FKDUJH WR ODVHU KHDWLQJ VSRW ZDV QRW REVHUYHG LQ WKH
DERYH SXEOLFDWLRQ >�@� 6FKHPDWLF RI VXFK K\EULG ZHOG�
LQJ LV VLPLODU WR WKDW VKRZQ LQ )LJXUH ��

9DULRXV WHFKQLTXHV PD\ EH DSSOLHG LQ ZHOGLQJ
WKLFN PHWDO� 2QH RI WKHVH PHWKRGV PD\ EH ODVHU�DUF
ZHOGLQJ� XVLQJ D FRQVXPDEOH HOHFWURGH DUF �)LJXUH ���
(GJH SUHSDUDWLRQ LV PDGH VR WKDW ZHOGLQJ XS RI WKH
URRW ZHOG DQG JURRYH ILOOLQJ ZLWK WKH FRQVXPDEOH
HOHFWURGH PHWDO ZHUH SHUIRUPHG XVLQJ ODVHU UDGLDWLRQ
>��� ��@� 9DU\LQJ GLVWDQFH D EHWZHHQ WKH ]RQHV RI
LPSDFW RI ODVHU UDGLDWLRQ DQG DUF� DOORZV VHOHFWLRQ RI
VXFK D FRPPRQ WKHUPDO F\FOH RI ZHOGLQJ� ZKHQ WKH
QHJDWLYH FRQVHTXHQFHV RI ODVHU ZHOGLQJ DUH HOLPLQDWHG�
6R� IRU LQVWDQFH� LQ EXWW ZHOGLQJ RI VWHHO SODWHV �� PP
WKLFN ZLWK D 9�VKDSHG JURRYH D WKHUPDO F\FOH RI ZHOG�
LQJ ZDV VHOHFWHG� LQ ZKLFK WKH URRW ZHOG ZDV QRUPDO�
LVHG� DQG KDUGQHVV GLVWULEXWLRQ EHWZHHQ WKH EDVH DQG
ZHOG PHWDO ZDV XQLIRUP� ,Q WKLV FDVH WKH IROORZLQJ
ZHOGLQJ PRGH ZDV XVHG� ODVHU SRZHU x ��� N:� DUF
SRZHU x ����� N:� ZHOGLQJ VSHHG x ��� P�PLQ�
GLVWDQFH EHWZHHQ ODVHU DQG DUF VRXUFHV x �� PP >�@�

/HW XV DQDO\VH WKH PRGHV RI K\EULG DQG FRPELQHG
ZHOGLQJ WR GHWHUPLQH WKH RSWLPDO SDUDPHWHUV� WKDW LV
VXFK SDUDPHWHUV DW ZKLFK D PD[LPDO DUHD RI UHPHOWHG

)LJXUH �� 6FKHPDWLF RI WKH SURFHVV RI ODVHU�DUF ZHOGLQJ� ZKHQ D
QRQ�FRQVXPDEOH HOHFWURGH DUF LV XVHG >��@� � x ZHOG� � x ODVHU
EHDP� � x QRQ�FRQVXPDEOH HOHFWURGH� � x QR]]OH� � x DUF� � x
WLPH

)LJXUH �� 6FKHPDWLF RI WKH SURFHVV RI ODVHU�DUF ZHOGLQJ� XVLQJ D
FRQVXPDEOH HOHFWURGH DUF >��@� �x LWHP� �x JURRYH� �x VKLHOG�
LQJ JDV� �� �x QR]]OHV� �x ODVHU EHDP� �x HOHFWURGH ZLUH� � x
ZHOG �D x GLVWDQFH EHWZHHQ WKH KHDW VRXUFHV�
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PHWDO �JUHDWHVW GHSWK RI SHQHWUDWLRQ DW D JLYHQ VSHHG�
LV DFKLHYHG ZLWK PLQLPDO HQHUJ\ FRQVXPSWLRQ� )RU
WKLV SXUSRVH OHW XV XVH D FRPSOH[ TXDQWLW\� QDPHO\
ZHOGLQJ UDWH >��@� ,W LV D SURGXFW RI SHQHWUDWLRQ GHSWK
K �PP� DQG ZHOGLQJ VSHHG YZ �PP�V�� UHIHUUHG WR
WKH ZHOGLQJ VRXUFH SRZHU� ,Q RXU FDVH� ZHOGLQJ UDWH
< PD\ EH ZULWWHQ DV

KYZ��3O � 3D� >PP
�
�N-@�

ZKHUH 3O LV WKH ODVHU UDGLDWLRQ SRZHU� N:� 3D LV WKH
DUF SRZHU� N:� 5HVXOWV RI >��� ��� ��@ ZHUH XVHG WR
FDOFXODWH WKH UDWHV RI K\EULG DQG FRPELQHG ZHOGLQJ
IRU GLIIHUHQW SURFHVV VSHHGV DQG SORW JUDSKLF GHSHQG�
HQFLHV SUHVHQWHG LQ )LJXUHV �w��

7KH GDWD VKRZQ LQ )LJXUHV � DQG � FDQQRW EH
FRPSDUHG� EHFDXVH RI WKH GLIIHUHQFH RI WKH PDWHULDOV
EHLQJ ZHOGHG� 7KH\ GR QRW DOORZ PDNLQJ D FRQFOXVLRQ
DERXW WKH HIIHFWLYHQHVV RI DSSO\LQJ ZHOGLQJ VRXUFHV
RI D KLJK DQG ORZ SRZHU� +RZHYHU� DV DFFRUGLQJ WR
>�� �@ WKH HIIHFW RI DQRGH VSRW W\LQJ XS WR WKH LWHP
LV REVHUYHG DW FXUUHQWV RI XS WR ��� $� D K\EULG OD�
VHU�DUF SURFHVV UXQV LQ WKH FDVHV VKRZQ LQ )LJXUHV �
DQG �� 7KLV OHDGV WR WKH FRQFOXVLRQ WKDW IRU PHWDO
SUHKHDWLQJ E\ D QRQ�FRQVXPDEOH HOHFWURGH DUF DQG
VXEVHTXHQW VLPXOWDQHRXV LPSDFW RI WKH DUF DQG ODVHU
UDGLDWLRQ WKH RSWLPDO YDOXHV RI ZHOGLQJ UDWH DUH
DFKLHYHG DW YZ  ���w��� P�K� )URP )LJXUHV � DQG
� LW FDQ EH VHHQ WKDW DW WKH VDPH ZHOGLQJ VSHHGV WKH
HIIHFWLYHQHVV RI DSSOLFDWLRQ RI WKH DERYH WHFKQRORJLFDO
SURFHGXUHV �VHH )L�JXUHV � DQG �� LV DERXW WKH VDPH�
+RZHYHU� WKH DYDLODEOH GDWD DUH LQVXIILFLHQW WR GHWHU�
PLQH WKH RSWLPDO ZHOGLQJ VSHHG E\ WKH VFKHPDWLF LQ
)LJXUH � �)L�JXUH ���

$ FXUYH RI GHSHQGHQFH RI ODVHU ZHOGLQJ UDWH RQ LWV
VSHHG ZDV SORWWHG E\ WKH GDWD RI >��@ IRU FRPSDULVRQ
�)LJXUH ��� )URP WKH )LJXUH LW LV VHHQ WKDW ZHOGLQJ
VSHHG RI ���P�K LV RSWLPDO WR FRQGXFW VXFK D SURFHVV�
DQG<  ��PP��N-� WKLV EHLQJ KLJKHU WKDQ WKH YDOXHV
RI D VLPLODU TXDQWLW\ LQ WKH K\EULG SURFHVV �)LJXUH ���
&RPSDULVRQ RI WZR ZHOGLQJ SURFHVVHV �)LJXUHV � DQG
�� GHPRQVWUDWHV WKDW ODVHU ZHOGLQJ UHTXLUHV OHVV SRZHU
FRQVXPSWLRQ WKDQ WKH K\EULG SURFHVV� WR DFKLHYH DQ
HTXDO DUHD RI WKH UHPHOWHG ZHOG PHWDO �VLPLODU SHQH�
WUDWLRQ GHSWK�� 7KXV� ODVHU ZHOGLQJ LV SUHIHUDEOH WR
ODVHU�DUF ZHOGLQJ�

7KH LVVXH RI DUF SODVPD LQIOXHQFH RQ ODVHU UDGLDWLRQ
LV LQWHUHVWLQJ� 'XULQJ RXU LQYHVWLJDWLRQV RI ZHOGLQJ
E\ &2��ODVHU UDGLDWLRQ� FRPELQHG ZLWK D WXQJVWHQ
HOHFWURGH DUF� WKH NQRZQ HIIHFW ZDV PDQLIHVWHG�
QDPHO\ VFUHHQLQJ RI ODVHU UDGLDWLRQ E\ DUJRQ SODVPD�
7KLV ZDV HOLPLQDWHG E\ XVLQJ KHOLXP DV SODVPD JDV�
+HOLXP ZDV XVHG WR FRQGXFW WKH FRPELQHG SURFHVV�
SUREDEO\� IRU WKH VDPH UHDVRQ >��@� ,Q >�w�@ DUJRQ
ZDV IHG WR WKH WXQJVWHQ HOHFWURGH LQ ZHOGLQJ� DQG WKH
]RQH RI ODVHU UDGLDWLRQ LPSDFW ZDV SURWHFWHG E\ KH�
OLXP� 6FUHHQLQJ RI ODVHU UDGLDWLRQ ZLWK GLIIHUHQW ZDYH
OHQJWKV E\ SODVPD RI WKH FROXPQ RI DQ DUJRQ DUF RI
GLIIHUHQW SRZHU ZDV VWXGLHG LQ >��@� ,W ZDV SURYHG
WKDW WKH VFUHHQLQJ HIIHFW EHFRPHV ZHDNHU ZLWK WKH
GHFUHDVH RI WKH ZDYH OHQJWK� +HQFH� WKH HYLGHQW FRQ�
FOXVLRQ RQ WKH UDWLRQDOLW\ RI DSSO\LQJ WKH UDGLDWLRQ
RI <$*�1G ODVHU IRU ZHOGLQJ E\ WKH VFKHPDWLF LQ
)LJXUH �� $V DQ H[DPSOH >��@ FRQVLGHUV MRLQLQJ DOX�
PLQLXP DOOR\ VKHHWV DERXW � PP WKLFN E\ <$*�1G
ODVHU RI ��� : SRZHU FRPELQHG ZLWK QRQ�FRQVXPDEOH
HOHFWURGH DUF ZHOGLQJ DW �� $ FXUUHQW� 2Q WKH RWKHU
KDQG� IRU ZHOGLQJ E\ WKH VFKHPDWLF LQ )LJXUH �� LW LV
GHVLUDEOH WR XVH D SRZHUIXO &2��ODVHU >�� ��� ��@�
5HVXOWV RI WKRVH LQYHVWLJDWLRQV DUH LQWHUHVWLQJ� ZKHUH
&2� ZDV XVHG IRU VKLHOGLQJ WKH DUF LQVWHDG RI DUJRQ
RU KHOLXP�

)LJXUH �� 'HSHQGHQFH RI ZHOGLQJ UDWH RI DOXPLQXP DOOR\ ���� RQ
ZHOGLQJ VSHHG E\ WKH VFKHPDWLF LQ )LJXUH � DW FRPELQDWLRQ RI
ORZ�SRZHU ZHOGLQJ VRXUFHV �SRZHU RI ODVHU UDGLDWLRQ RI ��� :�
,
D
 ��w�� $� >��@

)LJXUH �� 'HSHQGHQFH RI ZHOGLQJ UDWH RI FDUERQ VWUXFWXUDO VWHHO
RQ ZHOGLQJ VSHHG E\ WKH VFKHPDWLF LQ )LJXUH � DW FRPELQDWLRQV RI
SRZHUIXO ZHOGLQJ VRXUFHV �ODVHU UDGLDWLRQ SRZHU RI �w� N:� ,

D
 

 ���w��� $� >��@

)LJXUH �� 'HSHQGHQFH RI ZHOGLQJ UDWH RI VWHHO RQ ZHOGLQJ VSHHG
E\ WKH VFKHPDWLF LQ )LJXUH � �ODVHU UDGLDWLRQ SRZHU RI �w��� N:�
,
D
 ���w��� $� >��@

)LJXUH ��'HSHQGHQFH RI ZHOGLQJ UDWH RQ WKH VSHHG RI ODVHU ZHOGLQJ
RI FDUERQ VWUXFWXUDO VWHHO DW WKH SRZHU RI ODVHU UDGLDWLRQ RI � N:
>��@
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$XWKRUV RI >��� ��� ��@ VXJJHVWHG DSSO\LQJ DGGL�
WLRQDO IRFXVLQJ RI ODVHU UDGLDWLRQ LQ WKH SODVPD RI D
K\EULG GLVFKDUJH� ZKHQ XVLQJ VSHFLDO ODVHU�DUF SODV�
PDWURQV� DV ZHOO DV FRQWUROOLQJ WKH SODVPD OHQV� ZKLFK
VKRXOG SURPRWH KLJKHU HIILFLHQF\ RI WKH SURFHVVHV RI
ZHOGLQJ� FXWWLQJ� KHDW WUHDWPHQW DQG FRDWLQJ DSSOL�
FDWLRQ� $OO WKH DERYH VDLG� KRZHYHU� QHHGV D WKRURXJK
H[SHULPHQWDO YHULILFDWLRQ� DV WKH VR�IDU NQRZQ HIIHFWV
RI ODVHU UDGLDWLRQ UHIRFXVLQJ E\ WKH VFUHHQLQJ SODVPD
UHVXOW LQ GHWHULRUDWLRQ RI WKH IRFXVLQJ FRQGLWLRQV >��@�

/DVHU ZHOGLQJ RI PHWDO VKHHWV LV FXUUHQWO\ XVHG �IRU
LQVWDQFH� LQ IDEULFDWLRQ RI EODQNV IRU VWDPSLQJ WKH FDU
ERG\ HOHPHQWV� QRW RQO\ WR LPSURYH WKH HIILFLHQF\� EXW
DOVR WR SURGXFH D KLJK TXDOLW\ QDUURZ ZHOG ZLWK D PLQL�
PDO +$=� $V VKRZQ LQ VRPH ZRUNV �IRU LQVWDQFH� >��@��
LQ K\EULG DQG FRPELQHG ZHOGLQJ WKH SURGXFHG ZHOGV
DUH QDUURZHU WKDQ WKRVH LQ DUF ZHOGLQJ� EXW ZLGHU WKDQ
WKRVH LQ ODVHU ZHOGLQJ� ,Q WKLV FDVH WKHLU +$= LV ODUJHU
WKDQ LQ WKH FDVH RI ODVHU ZHOGLQJ� $ VOLJKW �VDJJLQJ� RI
ODVHU ZHOGV� ZKLFK LV PHQWLRQHG LQ WKHVH VWXGLHV� FDQ
EH HOLPLQDWHG E\ VHOHFWLRQ RI ZHOGLQJ PRGHV >��@� 7KH
DGYDQWDJHV RI K\EULGZHOGLQJSURFHVVHV LQ WHUPV RI VSHHG
>��@ DUH YHU\ UHODWLYH� DV LQFUHPHQW RI UDGLDWLRQ SRZHU
LQ ODVHU ZHOGLQJ SURPRWHV D OLQHDU LQFUHDVH RI VSHHG�
DQG LQFUHPHQW RI WKH SRZHU RI WKH ODVHU DQG WKH DUF LQ
ODVHU�DUFZHOGLQJPD\HOLPLQDWH WKH VWDELOLW\RI WKHHIIHFW
RI FRQVWULFWLRQ RI WKH DUF DQRGH UHJLRQ DQG� KHQFH� UHVXOW
LQ D ORVV RI WKH LQFUHDVH LQ SHQHWUDWLRQ GHSWK >��� ��@
RU GHWHULRUDWLRQ RI WKH FXW TXDOLW\ LQ K\EULG FXWWLQJ >�@�
7KHUHIRUH� RXVWLQJ RI ODVHU ZHOGLQJ E\ WKH FRPELQHG
WHFKQRORJLHV� GHVFULEHG LQ >��@� LV XQOLNHO\�

&21&/86,216

�� )RU KLJK�VSHHG ZHOGLQJ RI VKHHWV RI GLIIHUHQW PH�
WDOOLF PDWHULDOV LW LV UDWLRQDO WR DSSO\ D FRPELQDWLRQ
RI <$*�1G ODVHU UDGLDWLRQ ZLWK D QRQ�FRQVXPDEOH
HOHFWURGH DUF� ,Q WKLV FDVH WKHUH LV QR QHHG WR XVH
SRZHUIXO ODVHU XQLWV RU KHOLXP DV VKLHOGLQJ JDV� :HOG
PHWDO ZLWK WKH UHTXLUHG VWUXFWXUH DQG LPSURYHG GH�
JDVVLQJ RI WKH ZHOG SRRO FDQ EH SURGXFHG�

�� 9DULRXV WHFKQLTXHV PD\ EH XVHG LQ ZHOGLQJ
VKHHWV RI GLIIHUHQW PHWDOV RU WKLFN�ZDOOHG LWHPV� 2QH
RI WKHP LV WKH SURGXFWLRQ WHFKQRORJ\� ZKHQ WKH URRW
ZHOG LV ZHOGHG E\ &2��ODVHU ZLWK VLPXOWDQHRXV ZHOG�
LQJ XS RI WKH JURRYH E\ D FRQVXPDEOH HOHFWURGH DUF�
3RURVLW\ PD\ EH UHGXFHG E\ FKDQJLQJ WKH RSWLPDO
SDUDPHWHUV RI WKH WKHUPDO F\FOH� FRQWUROOHG E\ WKH
VLPXOWDQHRXV DFWLRQ RI WKH ODVHU UDGLDWLRQ DQG WKH DUF�

�� 4XDOLW\ RI ZHOGV SURGXFHG E\ K\EULG ODVHU�DUF
ZHOGLQJ� LQ VRPH FDVHV LV FORVH WR WKDW RI ZHOGV PDGH
E\ ODVHU ZHOGLQJ DW D ORZHU FRVW RI RQH OLQHDU PHWHU
LQ WHUPV RI FDSLWDO LQYHVWPHQWV LQWR HTXLSPHQW �IRU
LQVWDQFH� ZKHQ JRLQJ RYHU IURP WKH MRLQWO\ DFWLQJ KHDW
VRXUFHV WR WKH GHHS SHQHWUDWLRQ PRGH� ZKHQ DQ DUF RI
DERXW � N: SRZHU LV FDSDEOH RI SURGXFLQJ DQ LPSDFW
HTXLYDOHQW WR LQFUHDVLQJ WKH SRZHU RI ODVHU UDGLDWLRQ
E\ � N:�� 7KLV IDFW LV LQWHUHVWLQJ IRU LQWURGXFLQJ
ODVHU�DUF ZHOGLQJ LQ WKH FRXQWULHV� ZKHUH WKH HFRQRP\
LV LQ WKH SHULRG RI WUDQVLWLRQ� LQFOXGLQJ 8NUDLQH DQG
RWKHU &,6 FRXQWULHV� LQ YLHZ RI WKH DEVHQFH RI H[SHQ�
VLYH SRZHUIXO ODVHU XQLWV�

�� $YDLODEOH SXEOLFDWLRQV OHDG WR WKH FRQFOXVLRQ�
WKDW LQ FDVH RI D FRPELQDWLRQ RI ODVHU UDGLDWLRQ DQG
DQ DUF UXQQLQJ IURP D QRQ�FRQVXPDEOH HOHFWURGH� WKH
RSWLPDO PRGH LV VXFK� LQ ZKLFK WKH PD[LPDO SHQHWUD�
WLRQ GHSWK LV DFKLHYHG DW WKH VSHHG RI ���w��� P�K
ZLWK HQHUJ\ FRQVXPSWLRQ� FRUUHVSRQGLQJ WR WKH ZHOG�
LQJ UDWH UDQJH RI ��w�� PP��N-� 7KHUH LV QRW HQRXJK
GDWD IRU DQDO\VLV RI WKH WHFKQRORJLFDO PRGHV RI FRP�
ELQHG ZHOGLQJ ZLWK D FRQVXPDEOH HOHFWURGH DUF�

�� '\QDPLFV DQG VXEMHFWV RI WKH FXUUHQW VFLHQWLILF
SXEOLFDWLRQV VXJJHVW IXUWKHU DGYDQFH RI LQYHVWLJDWLRQV
RI K\EULG DQG FRPELQHG ODVHU�DUF SURFHVVHV DQG GH�
YHORSPHQW RI SURPLVLQJ WHFKQRORJLHV RQ WKHLU EDVLV�

�� (ERR� 0�� 6WHHQ� :�0�� &ODUNH� -� ������ $UF DXJPHQWHG
ODVHU ZHOGLQJ� ,Q� 3URF� RI �WK ,QW� &RQI� RQ $GYDQFHV LQ
:HOGLQJ 3URFHVVHV� +DUURJDWH� �����

�� 6WHHQ� :�0�� (ERR� 0� ������ $UF DXJPHQWHG ODVHU ZHOG�
LQJ� 0HWDO &RQVWUXFWLRQ� �� ���w����

�� 6WHHQ� :�0� ������ $UF DXJPHQWHG ODVHU SURFHVVLQJ RI PD�
WHULDOV� -� $SSO� 3K\V�� ��� ����w�����

�� $OH[DQGHU� -�� 6WHHQ� :�0� ������ 3HQHWUDWLRQ VWXGLHV RQ
DUF DXJPHQWHG ODVHU ZHOGLQJ� ,Q� 3URF� RI ,QW� &RQI� RQ
:HOGLQJ 5HVHDUFK� 2VDND� �����

�� 0D]XPGHU� -�� 6WHHQ� :�0� ������ /DVHU ZHOGLQJ RI VWHHOV
LQ FDQ PDNLQJ� :HOGLQJ -�� �� ��w���

�� 7XVHN� -� ������ 6LQHUJLF RSHUDWLRQ RI ZHOGLQJ DUF DQG ODVHU
EHDP x IRU SUDFWLFDO DSSOLFDWLRQ RU IRU VFLHQWLILF UHVHDUFK
RQO\" 9DULOQD 7HKQLND� �� ��w���

�� 'LOWKH\� 8�� :LHVFKHPDQQ� $� ������ 3URVSHFWV E\ FRPELQ�
LQJ DQG FRXSOLQJ ODVHU EHDP DQG DUF ZHOGLQJ SURFHVVHV�
5LYLVWD ,WDOLDQD GHOOD 6DOGDWXUD� �� ���w����

�� 0HUDUG� 5�� /XFLDQL� 3�<� ������ 6RXGXUH SDU IDLVFHDX ODVHU
D &2

�
GH IDLEOH SXLVVDQFH� DVVRFLH D XQH VRXUFH DX[LOLDLUH GH

FKDXIIDJH� ,Q� 3URF� RI �UG &ROORT� ,QW� 6RXGDJH HW )XVLRQ
)DLVFHDX (OHFWURQV HW /DVHU� /\RQ� �����

�� /XFLDQL� 3�<�� &KDULVVRX[� &�� &DOUHW� -�1� ������ &2
�
�OD�

VHU DX[LOLDU\ VRXUFH FRXSOLQJ� DSSOLFDWLRQ WR ZHOGLQJ� ,Q�
3URF� RI �UG ,QW� &RQI� RQ /DVHUV 0DQXI�� 3DULV� �����

��� 0DWVXGD� -�� 8WVXPL� $�� .DWVXPXUD� 0� HW DO� ������ 7,*
RU 0,* DUF DXJPHQWHG ODVHU ZHOGLQJ RI WKLFN PLOG VWHHO
SODWH� -RLQLQJ DQG 0DWHULDOV� �� ��w���

��� 'LHEROG� 7�3�� $OEULJKW� &�(� ������ �/DVHU�*7$� ZHOGLQJ
RI DOXPLQLXP DOOR\ ����� :HOGLQJ -�� �� ��w���

��� ������ $UF�DXJPHQWHG ODVHU ZHOGLQJ RI DOXPLQLXP� )LQDO
5HSW� 1HZ <RUN� :HOGLQJ 5HVHDUFK &RXQFLO�

��� 1DNDWD� .�� .XURVDZD� 7�� <RVKLNDZD� 0� ������ 6XPL�
WRPR 7HFKQ� 5HY�� ���� ��w���

��� ,UYLQJ� %� ������ $XWRPRWLYH HQJLQHHUV SOXQJH LQWR WRPRU�
URZsV MRLQLQJ SUREOHPV� :HOGLQJ -�� ��� ��w���

��� 6WDXIHU� +�� +DFNO� +� ������ /DVHU�K\GULG ZHOGLQJ x D
SRZHUIXO MRLQLQJ WHFKQRORJ\� ,Q� �� ,QW� $DFKHQHU 6FKZHLβ−
WHFKQLN .ROORT� +RFKOHLVWXQJVIX

..
JHYHUIDKUHQ� *UXQGODJHQ�

$QZHQGXQJHQ� $XVUX
..
VWXQJHQ� �����

��� %LELN� 2�%�� %URG\DJLQ� 9�1�� 3RNODGRY� <X�3� ������ 3H�
FXOLDULWLHV RI LQWHUDFWLRQ RI ODVHU EHDP DQG HOHFWULF ZHOGLQJ
DUF DV DSSOLHG WR FRPELQHG ODVHU�DUF ZHOGLQJ� )L]LND L
.KLPL\D 2EUDE� 0DWHULDORY� �� ��w���

��� =KDR� -�5�� =KDQJ� 6�%�� 6XQ� '� HW DO� ������ 5HVHDUFK RI
D QHZ ZHOGLQJ WHFKQLTXH x GRXEOH KHDW VRXUFH ODVHU�DUF�
'RF� ,,: ;,,�$���w���

��� *YR]GHWVN\� 9�6�� .ULYWVXQ� ,�9�� 6YLUJXQ� $�$� HW DO�
������ /DVHU�DUF GLVFKDUJH LQ FKDQQHO� .\LY� 3:,�

��� *YR]GHWVN\� 9�6�� .ULYWVXQ� ,�9�� &KL]KHQNR� 0�,� ������
,QWHUDFWLRQ RI ODVHU EHDP ZLWK HOHFWULF DUF SODVPD� ,Q� 3URF�
RI �WK $OO�8QLRQ &RQI� RQ 3K\VLFV RI +LJK�7HPSHUDWXUH
3ODVPD� 0LQVN� -XO\ �����

��� +\DWW� &�9�� 0DJHH� .�+�� 3RUWHU� -�)� HW DO� ������ /DVHU�
DVVLVWHG JDV PHWDO DUF ZHOGLQJ RI ���PP�WKLFN +<��� SODWH�
:HOGLQJ 5HVHDUFK 6XSSOHPHQW� -XO\� ���w����

��� .RYDOHQNR� 9�6�� .ULYWVXQ� ,�9� ������ &RPELQHG ODVHU�DUF
SURFHVVHV RI WUHDWPHQW RI PDWHULDOV� 1DXN� 9LVWL 1778
�.3,�� �� ��w���

��� .RYDOHQNR� 9�6�� .ULYWVXQ� ,�9� ������ &RPELQHG ODVHU�DUF
SURFHVVHV RI WUHDWPHQW RI PDWHULDOV� ,ELG�� �� ��w���

��� 0DOORUJ� /�&� ������ 'HHS SHQHWUDWLRQ ODVHU ZHOGLQJ� &DQ�
0DFK� DQG 0HWDOZRUN� ��� ��w���

��� *ULJRULDQWV� $�*� ������ )XQGDPHQWDOV RI ODVHU WUHDWPHQW
RI PDWHULDOV� 0RVFRZ� 0DVKLQRVWURHQLH�

��� 1LVKLPRWR� .�� :RR� ,�� 2JLWD� 7� HW DO� ������ )DFWRUV DI�
IHFWLQJ +$= FUDFN VXVFHSWLELOLW\ LQ WKH ODVHU ZHOG� 4XDUW�
-� -:6� �� ���w����
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9�6� 6,'258. DQG 9�,� *$/,1,&+

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

8SGDWHG FODVVLILFDWLRQ RI ZHOGLQJ IOX[HV E\ PHWDOOXUJLFDO DQG WHFKQRORJLFDO SURSHUWLHV� NLQG RI ZHOGLQJ FXUUHQW DQG

RWKHU IHDWXUHV� LV RIIHUHG� 7KH FRPSUHKHQVLYH V\VWHP RI IOX[ FRGLQJ ZLWK DOORZDQFH IRU GLIIHUHQW FKDUDFWHULVWLFV LV

GHVFULEHG�

.H\ ZRU G V � FODVVLILFDWLRQ RI IOX[HV� PHWDOOXUJLFDO SURSHU�

WLHV� SRODULW\ RI ZHOGLQJ FXUUHQW� WHFKQRORJLFDO SURSHUWLHV�
JUDSKLFDO V\VWHP

9DULHW\ RI QDWLRQDO VWDQGDUGV IRU ZHOGLQJ FRQVX�

PDEOHV KDV OHG WR WKH QHHG LQ FUHDWLRQ RI XQLILHG LQ�

WHUQDWLRQDO VWDQGDUGV ZLWKLQ WKH VFRSH RI WKH ,QWHU�

QDWLRQDO ,QVWLWXWH RI :HOGLQJ �,,:�� DQG ODWHU RQ x

,QWHUQDWLRQDO 6WDQGDUGV 2UJDQL]DWLRQ �,62�� %HORZ�

SURSRVDOV RI WKH DXWKRUV DUH FRQVLGHUHG IRU XSGDWLQJ

FODVVLILFDWLRQ RI IOX[HV IRU DUF ZHOGLQJ E\ PHWDOOXU�

JLFDO DQG WHFKQRORJLFDO SURSHUWLHV�

&ODVVLILFDWLRQ RI IOX[HV E\ PHWDOOXUJLFDO SURSHU�
WLHV� ,Q GRFXPHQW >�@ WKH PHWDOOXUJLFDO SURSHUWLHV RI

HDFK RI WKH IOX[ FODVVHV PHQWLRQHG LQ LW DUH FRQVLGHUHG

IURP WKH SRLQW RI YLHZ RI WUDQVLWLRQ RI DOOR\LQJ HOH�
PHQWV IURP IOX[ WR WKH GHSRVLWHG PHWDO� 7DNLQJ LQWR

DFFRXQW WKH IOX[�ZLUH FRPELQDWLRQ� UHFRPPHQGHG E\

VWDQGDUG ,62 ������ WKH WUDQVLWLRQ RI DOOR\LQJ HOH�

PHQWV LV HYDOXDWHG E\ WKH GLIIHUHQFH EHWZHHQ FKHPLFDO

FRPSRVLWLRQV RI WKH GHSRVLWHG PHWDO DQG HOHFWURGH

�ZLUH�� $OO WKH IOX[HV DUH GLYLGHG LQWR � FODVVHV� QRW
GHSHQGLQJ RQ WKH FRPSRVLWLRQ� &ODVVHV 1R��w� UHSUH�
VHQW D JURXS RI IOX[HV DW XVH RI ZKLFK LQ ZHOGLQJ DQG

KDUGIDFLQJ WKH EXUQ�RXW RI DOOR\LQJ HOHPHQWV IURP ���
�1R��� WR ���w��� ZW�� �1R��� LV RFFXUUHG� )OX[HV RI

FODVV 1R�� EHORQJ WR QHXWUDO IOX[HV ZKLFK GR QRW SUR�

YLGH DQ LQFUHPHQW RI DOOR\LQJ HOHPHQW ±��w���� ZW���
ZKLOH FODVVHV 1R��w� JLYH DQ LQFUHPHQW RI DOOR\LQJ

HOHPHQW LQ WKH GHSRVLWHG PHWDO IURP ���w��� �1R���

WR PRUH WKDQ ��� �1R��� ZW���

2[LGL]LQJ RU DOOR\LQJ DELOLWLHV RI IOX[HV DUH HYDOX�

DWHG IRU HDFK FODVV VHSDUDWHO\� )RU IOX[HV RI FODVV 1R��

WKH WUDQVLWLRQ RI VLOLFRQ DQG PDQJDQHVH LV RQO\ FRQ�

VLGHUHG� ZKLOH IRU FODVV 1R�� x WKH WUDQVLWLRQ RI HOH�

PHQWV� GLIIHUHQW IURP VLOLFRQ DQG PDQJDQHVH� IRU H[�

DPSOH� FKURPLXP� IRU FODVV 1R�� x RQO\ WUDQVLWLRQ

RI DOOR\LQJ HOHPHQWV IURP IOX[� IRU H[DPSOH� FDUERQ

DQG FKURPLXP� 6WDQGDUG HQYLVDJHV WKH IHDVLELOLW\ RI

DOWHUQDWLYH HYDOXDWLRQ RI PHWDOOXUJLFDO SURSHUWLHV RI

IOX[HV ZKLFK LV JLYHQ LQ DFFRPSDQ\LQJ GRFXPHQWV IRU

WKH IOX[ EDWFK� 7KHVH GRFXPHQWV LQFOXGH WKH SURFH�

GXUH RI PDQXIDFWXUH RI VDPSOHV IRU H[SHULPHQWDO GH�
WHUPLQDWLRQ RI HOHPHQWV WUDQVLWLRQ LQWR WKH ZHOG PHWDO

DQG DOVR WHFKQRORJ\ RI GHSRVLWLQJ H[SHULPHQWDO EHDGV�

6WDQGDUG ,,:�$��w�� HQYLVDJHV DQRWKHU SURFHGXUH RI

HYDOXDWLQJ PHWDOOXUJLFDO SURSHUWLHV RI IOX[ E\ WKHLU

EDVLFLW\ LQGH[ �%,� >�@� )RU H[DPSOH� FDOFLXP�VLOLFDWH
IOX[ &6� KDYLQJ %, � ����� LV GHILQHG DV YHU\ DFLG�
ZKLOH IOXRULGH�EDVLF )% �%, ! ���� LV GHILQHG DV EDVLF�

)OX[ LV FRQVLGHUHG QHXWUDO LI � � %, � ���� :LWK

LQFUHDVH LQ EDVLFLW\ LWV R[LGL]LQJ DELOLW\ LV GHFUHDVHG�

DQG ZHOG IRUPDWLRQ� DV D UXOH� LV GHWHULRUDWHG� ,W LV

SRVVLEOH WR FUHDWH IOX[HV PDLQO\ RQ WKH EDVH RI &D2�

0Q2 DQG &D)� �V\VWHPV )%� ZKRVH EDVLFLW\ LV PRUH
WKDQ ��

,W VKRXOG EH QRWHG WKDW WKHUH DUH IOX[HV ZKLFK GR

QRW SUDFWLFDOO\ FRQWDLQ R[LGHV �KDORJHQLGH V\VWHPV�

IRU ZKLFK %, → ∞� 7KHVH DUH PDLQO\ QRQ�R[LGL]LQJ

IOX[HV EHLQJ QHXWUDO DV UHJDUGV WR R[\JHQ�
,Q DGGLWLRQ� WKH DERYH�PHQWLRQHG VWDQGDUG HYDOX�

DWHV WKH DOOR\LQJ DELOLW\ RI IOX[� GXH WR ZKLFK WKH

IOX[HV DUH GLVWLQJXLVKHG DV QHXWUDO �DV WR DOOR\LQJ�
DQG DFWLYH� 1HXWUDO IOX[HV GR QRW FRQWDLQ DFWLYH DG�

GLWLRQV XQOLNH WKH DFWLYH IOX[HV ZKRVH FRPSRVLWLRQ
FRQVLVWV RI SRZGHUV RI DSSURSULDWH PHWDOV DQG DOOR\V

�IHUURVLOLFRQ� IHUURPDQJDQHVH� VLOLFRPDQJDQHVH� HWF���
7KH WHUP �QHXWUDO IOX[� LQ WKH VDPH VWDQGDUG KDV DOVR

DQRWKHU PHDQLQJ ZKLFK GHQRWHV WKH WUDQVLWLRQ RI VLOL�

FRQ DQG PDQJDQHVH LQWR WKH GHSRVLWHG PHWDO ZKHQ WKH

IOX[HV� QRW FRQWDLQLQJ DFWLYH DOOR\LQJ DGGLWLRQV� DUH
XVHG� )RU WKHVH LQLWLDOO\ QHXWUDO IOX[HV WKH LQGH[ RI

QHXWUDOLW\ 1  ��� �>∆6L@ � >∆0Q@� LV LQWURGXFHG

DGGLWLRQDOO\ >�@�

)OX[ LV FRQVLGHUHG QHXWUDO ZKHQ1→ �� 7KLV LQGH[�

DV LV VHHQ� EHORQJV WR FODVV 1R�� RI VWDQGDUG >�@� UH�

IOHFWLQJ WKH QDWXUH RI DOOR\LQJ HOHPHQWV WUDQVLWLRQ WR
WKH ZHOG PHWDO�

,W LV NQRZQ WKDW IOX[HV� FRQWDLQLQJ WKH ODUJH

DPRXQW RI R[LGHV RI DOOR\LQJ HOHPHQWV� DOOR\ PHWDO

E\ D UHDFWLRQ RI UHFRYHU\ >�@ �D JHQHUDOL]HG UHDFWLRQ

� 9�6� 6,'258. DQG 9�,� *$/,1,&+� ����




7KLV DUWLFOH FRQWLQXHV WR SXEOLVK LQIRUPDWLRQ ZKLFK ZDV LQLWLDOO\ SUHVHQWHG LQ �7KH 3DWRQ :HOGLQJ -RXUQDO�� ����� 1R���
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LV JLYHQ DV D VXPPHG SURFHVV RI GLVVRFLDWLRQ RI R[LGHV

DQG GHVFULSWLRQ RI PHWDO��

�0H2� � >)H@  >0H@ � �)H2��

$OOR\LQJ LV SRVVLEOH E\ XVLQJ D UHDFWLRQ RI UHFRYHU\
HYHQ ZLWK VXFK DFWLYH HOHPHQW DV WLWDQLXP >�@� DQG
DOVR FKURPLXP� WXQJVWHQ DQG YDQDGLXP >�@�

7R HQVXUH WKLV UHDFWLRQ SURFHHGLQJ IURP OHIW WR
ULJKW LW LV QHFHVVDU\ WR NHHS� H[FHSW VXIILFLHQW DPRXQW
RI �0H2� LQ IOX[� WZR PRUH FRQGLWLRQV� WKH FRQWHQW
RI >0H@ LQ HOHFWURGH ZLUH VKRXOG EH PXFK ORZHU WKDQ
HTXLOLEULXP� DQG ZHOGLQJ IOX[ VKRXOG QRW FRQWDLQ
�)H2� LQ DQ\ QRWLFHDEOH DPRXQWV� 7KXV� WKH DOOR\LQJ
DELOLW\ RI WKH QHXWUDO IOX[ FDQ EH GHWHUPLQHG LI WR
FRQVLGHU LWV FRPSRVLWLRQ LQ FRPELQDWLRQ ZLWK WKH HOHF�
WURGH ZLUH FRPSRVLWLRQ� ,W LV UHDVRQDEOH WR UHFRPPHQG
IOX[ LQ WKH SDLU ZLWK DQ HOHFWURGH ZLUH�

,W VKRXOG EH QRWHG WKDW WKH ZHOG DOOR\LQJ E\ HOH�
PHQW UHFRYHU\ IURP IOX[ R[LGH FDQ EH FRQVLGHUHG
SURPLVLQJ� EHFDXVH� DFFRUGLQJ WR ODZ RI GLVWULEXWLRQ�
�0H2� LV GLVVROYHG SDUWLDOO\ LQ ZHOG PHWDO >0H2@�
7KLV GLVVROXWLRQ LV LQWHQVLILHG ZLWK LQFUHDVH LQ WHP�
SHUDWXUH� $W D UDSLG FRROLQJ WKH JHQHUDOL]HG FRPPRQ
UHDFWLRQ LQ PHWDO SRRO LV FRPSOHWHG DQG 0H2 LQ WKH
IRUP RI R[LGH LQFOXVLRQV LV UHPDLQHG LQ ZHOG PHWDO�
%\ WKH VDPH UHDVRQ )H2 LV DOVR UHPDLQHG LQ PHWDO
EHLQJ GLVVROYHG LQ LW� WKXV GHWHULRUDWLQJ LWV TXDOLW\�

,W LV HYLGHQW WKDW WKHUH LV QR FOHDU GLVWLQFWLRQ EH�
WZHHQ FRQFHSWLRQV RI DFWLYH DQG QHXWUDO IOX[HV LQ H[�
LVWLQJ YHUVLRQV RI VWDQGDUGV ,,: DQG ,62 IRU ZHOGLQJ
IOX[HV� 0RUHRYHU� WKHUH LV QR IXOO FRQFHSWLRQ DERXW
DOO WKH FRPSOH[ RI PHWDOOXUJLFDO SURSHUWLHV RI IOX[HV�
$FWXDOO\� ZH DUH RQO\ VSHDNLQJ DERXW WKH R[\JHQ UH�
DFWLRQ� IOX[ FDQ EH HLWKHU R[LGL]LQJ �%,� �� RU VOLJKWO\
R[LGL]LQJ� QHXWUDO �� � %, � ���� RU QRQ�R[LGL]LQJ
�%, ! �����

7R KDYH DQ REMHFWLYH HYDOXDWLRQ RI PHWDOOXUJLFDO
SURSHUWLHV RI IOX[ LW LV QHFHVVDU\ WR WDNH LQWR DFFRXQW
DOVR WKH UHDFWLRQV RI RWKHU HOHPHQWV x �SDUWLFLSDQWV�
RI WKH PHWDOOXUJLFDO SURFHVV �VXOSKXU� SKRVSKRURXV�
QLWURJHQ DQG K\GURJHQ�� 8QIRUWXQDWHO\� WKH DERYH�
PHQWLRQHG VWDQGDUGV RI ,,: DQG ,62 GR QRW WDNH WKLV
LQWR DFFRXQW� H[FHSW K\GURJHQ�

7KXV� WKH PRVW REMHFWLYH FKDUDFWHULVWLFV RI IOX[
SURSHUWLHV DV WR WKH UHDFWLRQ ZLWK R[\JHQ� DV ZHOO DV
WR LWV DOOR\LQJ DELOLWLHV LV LWV EDVLFLW\ %, DQG SUHVHQFH
RI DOOR\LQJ HOHPHQWV LQ DQ DFWLYH IRUP LQ LW�

7KLV� LQ RXU RSLQLRQ� PDNHV LW SRVVLEOH WR FODVVLI\
IOX[HV E\ EDVLFLW\ DV IROORZV�

• YHU\ DFLG IOX[ �R[LGL]LQJ� x %, � �����
• DFLG IOX[ x ���� � %, � ��
• QHXWUDO IOX[ x � � %, � ����
• VHPL�EDVLF IOX[ x ��� � %, � ����
• EDVLF IOX[ x %, ! ����
%\ FRQWHQW RI DOOR\LQJ HOHPHQWV LQ DQ DFWLYH IRUP

WKH IOX[HV DUH FODVVLILHG DV WKRVH FRQWDLQLQJ DOOR\LQJ
HOHPHQWV LQ DQ DFWLYH IRUP �$� DQG DOVR ZLWKRXW WKHP
�1$��

$V WR WKH FRQWHQW RI GLIIXVLRQ K\GURJHQ LQ WKH
GHSRVLWHG PHWDO� WKHQ WKH GRFXPHQW >�@ WDNHV LQWR
DFFRXQW LWV UROH DV D ZKROH� 7KH DWWHPSW WR VWDQGDUGL]H
WKH WHPSHUDWXUH�WLPH FRQGLWLRQV RI GU\LQJ E\ XVLQJ
FDOFLQDWLRQ LQ WKH WHFKQRORJLFDO SURFHVV RI IOX[HV SUR�

GXFWLRQ ZLWK DOORZDQFH IRU FRPSRVLWLRQ RI LQLWLDO FRP�
SRQHQWV� PHWKRG RI SURGXFWLRQ DQG ILQDO IOX[ FRPSR�
VLWLRQ LV XQGHU GLVFXVVLRQV� ,W LV� SUREDEO\� UDWLRQDO
QRW WR VWDQGDUGL]H WKHP� EXW WR VSHFLI\ LQ WHFKQLFDO
VSHFLILFDWLRQV RI SURGXFWLRQ RI GHILQLWH JUDGHV RI WKH
IOX[HV�

,Q RXU RSLQLRQ� IOX[HV FDQ EH GLYLGHG LQWR ILYH
JURXSV GHSHQGLQJ RQ K\GURJHQ FRQWHQW LQ WKH GHSRV�
LWHG PHWDO� FP����� J�

• XOWUDORZ x + � ��

• ORZ x + � ��

• PHGLXP x � � + � ���

• LQFUHDVHG x �� � + � ���

• KLJK x + ! ���

&ODVVLILFDWLRQ RI IOX[HV E\ FRQWHQW RI QLWURJHQ

�V\PERO 1� LQ ZHOG PHWDO� E\ QDWXUH RI WUDQVLWLRQ RI

VXOSKXU �V\PERO 6,� LQWRZHOGPHWDO� SKRVSKRUXV �3,�

LQWR ZHOG PHWDO LV WR EH GHYHORSHG�
&ODVVLILFDWLRQ RI IOX[HV E\ WKH NLQG RI ZHOGLQJ

FXUUHQW� $FFRUGLQJ WR DXWKRUV RI GRFXPHQW >�@ LW LV
SRVVLEOH WR FODVVLI\ IOX[HV E\ WKH DERYH�PHQWLRQHG IHD�
WXUH DV WKRVH VXLWDEOH RQO\ IRU '& ZHOGLQJ �FDWHJRU\
'&� DQG IRU $& �DOVR '&� ZHOGLQJ �FDWHJRU\ $&��

6WDWHPHQW RI WKH IDFW WKDW IOX[HV RI FDWHJRU\ $&

VKRXOG EH WHVWHG XVLQJ FXUUHQW VRXUFHV ZLWK RSHQ�FLU�

FXLW YROWDJH 8R��F ≤ �� 9 LV XQGHU GLVFXVVLRQ� )LUVWO\�

LQ ZHOGLQJ XQGHU IOX[ RI FDWHJRU\ '& WKH FXUUHQW

VRXUFHV ZLWK 8R��F ! �� 9 VKRXOG QRW EH XVHG� 6HF�

RQGO\� LQ VWXG\ �WHVWLQJ� RI DQ\ WHFKQRORJLFDO SURS�

HUW\ RI WKH IOX[ �VWDELOLW\ RI H[FLWLQJ� EXUQLQJ VWDELO�

LW\� TXDOLW\ RI IRUPDWLRQ RI GHSRVLWHG EHDG DQG VR RQ�

WKH XVHG W\SH RI D ZHOGLQJ KHDG VKRXOG EH VSHFLILHG�

ZLWK D VHOI�DGMXVWLQJ DUF �ZLUH IHHG VSHHG LV FRQVWDQW�

RU ZLWK DXWRPDWLF DUF DGMXVWPHQW �E\ FXUUHQW� E\

YROWDJH� ZLWK LQIOXHQFH RQ ZLUH IHHG VSHHG RU RQ YROW�

DJH DW WKH SRZHU VRXUFH RU RQ LPSHGDQFH RI ZHOGLQJ

FLUFXLW� HWF��� ,Q PDQ\ FDVHV RI 6$: WKH KHDGV ZLWK

D VHOI�DGMXVWPHQW DQG SRZHU VRXUFHV ZLWK D ULJLG RU

VWHHS�IDOOLQJ YROW�DPSHUH FKDUDFWHULVWLF DUH XVHG�

+HUH�8R��F FDQQRW H[FHHG PXFK WKH DUF YROWDJH ZKLFK

LV ��w�� 9 LQ ZHOGLQJ DW ORZ FXUUHQWV ����w��� $��

0RUHRYHU� ORZHU DUF YROWDJH VKRXOG FRUUHVSRQG WR

ORZHU ZHOGLQJ FXUUHQW DQG YLFH YHUVD� 7KHUHIRUH� WKH

SRZHU VRXUFHV GHVLJQHG IRU ZHOGLQJ DW KLJK FXUUHQWV

����� $ DQG PRUH� DQG KDYLQJ8R��F  �� 9 FDQ RFFXU

WR EH QRW VXLWDEOH IRU ZHOGLQJ DW ORZ FXUUHQWV� 7KH

OLPLWLQJ YDOXH RI YROWDJH �� 9 LV SUREDEO\ GHVLJQHG

IURP WKH SRLQW RI YLHZ RI HOHFWULFDO VDIHW\ DQG LV KDUGO\

DSSURSULDWH LQ WKH VWDQGDUG IRU IOX[�
$V WR WKH IOX[ DELOLW\ WR ZLWKVWDQG KLJK FXUUHQW�

WKHQ WKH FRPSLOHUV RI VWDQGDUG >�@ DUH ULJKW WKDW WKH
DERYH�PHQWLRQHG FKDUDFWHULVWLFV GR QRW EHORQJ WR IHD�
WXUHV E\ ZKLFK WKH IOX[ VKRXOG EH VWDQGDUGL]HG� 1HY�
HUWKHOHVV� LW VHHPV WKDW WKH UDQJH RI GLDPHWHUV RI HOHF�
WURGH ZLUHV GHVLJQHG IRU 6$: LV VKLIWHG JUHDWO\ WR�
ZDUGV WKH VPDOO GLDPHWHUV� :H NQRZ WKH WHFKQRORJ\
RI 6$: ZLWK XVH RI WKH HOHFWURGH ZLUH RI QRW OHVV
WKDQ ��� PP GLDPHWHU� $W WKH VDPH WLPH WKH GLDPHWHU
RI � PP FDQQRW EH WRR KLJK� ,Q SUDFWLFH WKH ZLUH RI
� PP GLDPHWHU LV ZLGHO\ XVHG� 6XFFHVVIXO DWWHPSWV
ZHUH PDGH WR SHUIRUP 6$: ZLWK � PP GLDPHWHU ZLUH
>�@� &RPLQJ IURP RXU H[SHULHQFH WKH UDQJH RI ZLUH
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GLDPHWHUV IRU VXEPHUJHG�DUF ZHOGLQJ �KDUGIDFLQJ�
IURP ��� WR ��� PP FDQ EH UHFRPPHQGHG�

&ODVVLILFDWLRQ RI IOX[HV E\ WHFKQRORJLFDO SURS�
HUWLHV� %RWK YHUVLRQV RI VWDQGDUGV �,,: DQG ,62�
FODVVLI\ W\SHV RI IOX[HV �06� &6� HWF�� E\ FKHPLFDO
FRPSRVLWLRQ� &ODVVLILFDWLRQ E\ WHFKQRORJLFDO SURSHU�
WLHV LV JLYHQ IRU HDFK W\SH RI WKH IOX[� EXW LQ GHVFULSWLYH
IRUP� +RZHYHU� DQ\ SURSHUWLHV� TXDOLW\� FKDUDF�
WHULVWLFV DUH WDNHQ DV VXFK LI WKH\ DUH H[SUHVVHG LQ
QXPHULFDO IRUP� $V WR WKH WHFKQRORJLFDO SURSHUWLHV RI
IOX[HV ZH VXJJHVW WR VWDQGDUGL]H WKHP DQG WR GHILQH
WKH VFDOH RI QXPHULFDO YDOXHV IRU HDFK RI WKHP� ,Q RXU
YLVLRQ DQG WDNLQJ LQWR DFFRXQW WKH DERYH�FRQVLGHUHG
VWDQGDUGV RI ,,: DQG ,62 WKH WHFKQRORJLFDO SURSHUWLHV
RI ZHOGLQJ IOX[HV FDQ LQFOXGH�

• UHVLVWDQFH WR KRW FUDFN IRUPDWLRQ LQ ZHOG ����
• UHVLVWDQFH WR SRUH IRUPDWLRQ ����
• UHVLVWDQFH WR FROG FUDFN IRUPDWLRQ LQ ZHOG ����
• TXDOLW\ RI ZHOG EHDG IRUPDWLRQ ����
• GHSWK RI SHQHWUDWLRQ ����
• IHDVLELOLW\ RI ZHOGLQJ DW KLJK VSHHG ����
• IHDVLELOLW\ RI ZHOGLQJ RI KRUL]RQWDO ZHOGV RQ

LQFOLQHG DQG YHUWLFDO VXUIDFHV ����
• UHPRYDO RI VODJ FUXVW ����
• K\JURVFRSLFLW\ �LW LV SUHVHQWHG LQ D UHYHUVH YDOXH

DV DQWL�K\JURVFRSLFLW\� L�H� ZLWK LQFUHDVH LQ LQGH[ WKH
K\JURVFRSLFLW\ LV GHFUHDVHG� ����

• PHFKDQLFDO UHVLVWDQFH RI JUDLQV LQ IOX[ IHHGLQJ

�����

• K\JLHQLF FKDUDFWHULVWLFV �����
7R UHGXFH WKH QXPHURXV HVWLPDWHV RI WHFKQRORJLFDO

SURSHUWLHV RI IOX[HV �WKHLU TXDQWLW\ PD\ LQFUHDVH� WR

D FRPPRQ GHQRPLQDWRU LW LV FRQYHQLHQW WR H[SUHVV

WKHVH SURSHUWLHV LQ ��PDUN V\VWHP�

• PDUN �� V\PERO ���� �H[FHOOHQW� x TXDOLW\

ZKLFK FDQ EH DFFHSWHG DV UHIHUHQFH �SHUIHFW��

• PDUN �� V\PERO ��� �JRRG� x DFFHSWDEOH OHYHO

RI TXDOLW\ LQ HQJLQHHULQJ DQG HVWKHWLF DVSHFW�

• PDUN �� V\PERO ��� �VDWLVIDFWRU\� x DFFHSWDEOH

OHYHO RI TXDOLW\ LQ HQJLQHHULQJ DVSHFW�

• PDUN �� V\PERO �w� �EDG�x XQDFFHSWDEOH TXDO�

LW\� ZKRVH OHYHO FDQ EH LQFUHDVHG E\ DQ DSSURSULDWH

UHSDLU�

• PDUN �� V\PERO �w w� �YHU\ EDG� x TXDOLW\

ZKLFK LV QRW DFFHSWDEOH DW DQ\ FRQGLWLRQV� L�H� XQUH�

SDLUDEOH UHMHFWLRQ�

7HFKQRORJLFDO SURSHUWLHV ���� ���� ���� ���� ����

���� FDQ EH H[SUHVVHG LQ SK\VLFDO YDOXHV DQG WR EH

FRQYHUWHG LQWR PDUNV� )RU H[DPSOH� UHVLVWDQFH WR SRUH

IRUPDWLRQ FDQ EH H[SUHVVHG E\ D TXDQWLW\ RI SRUHV SHU

ZHOG OHQJWK XQLW �DQG DOVR E\ PRGH RI WKHLU ORFDWLRQ��

• DEVHQFH RI SRUHV x PDUN ��

• VLQJOH SRUHV LQ DPRXQW Q SHU � P OLQHDU OHQJWK

RI ZHOG x PDUN ��

• VLQJOH SRUHV� ORFDWHG QRQ�XQLIRUPO\� EHLQJ DG�

PLVVLEOH IRU VWUXFWXUH RI WKH JLYHQ W\SH �IRU H[DPSOH�

RSHUDWLQJ DW SRVLWLYH WHPSHUDWXUHV DQG VWDWLF ORDG�x

PDUN ��

• FKDLQ RU D ORFDO FOXVWHULQJ RI SRUHV �ZHOG LV

UHSDLUDEOH� x PDUN ��

• FRQWLQXRXV FOXVWHUV DQG�RU FKDLQ RI SRUHV x

PDUN �� HWF�

)RU IOX[ SURSHUWLHV ZKLFK DUH GLIILFXOW WRGD\ WR
H[SUHVV LQ SK\VLFDO YDOXHV �IRU H[DPSOH� VODJ FUXVW
UHPRYDO� LW LV SRVVLEOH WR DSSO\ DQ H[SHUW HVWLPDWH
�OHW XV FDOO H[WUHPH YDOXHV�� PDUN � LI WKH FUXVW LV
VHOI�UHPRYDEOH� PDUN � LI LW LV LPSRVVLEOH WR UHPRYH
WKH FUXVW LQ ODUJH SLHFHV� QRW XVLQJ VSHFLDO FUXVKLQJ
WRRO�

8QGRXEWHGO\� WHFKQRORJLFDO SURSHUWLHV RI IOX[HV
VKRXOG EH GHWHUPLQHG LQ FRPELQDWLRQ ZLWK UHFRP�
PHQGHG HOHFWURGH ZLUHV� RQ VWDQGDUG VDPSOHV DQG XQ�
GHU VWDQGDUG WHFKQRORJLFDO FRQGLWLRQV RI ZHOGLQJ
�VSDWLDO SRVLWLRQ� WHPSHUDWXUH� ZHOGLQJ FRQGLWLRQ SD�
UDPHWHUV� HWF���

7HFKQRORJLFDO SURSHUWLHV RI IOX[HV FDQ EH SUHVHQWHG
LQ PRUH YLVXDO IRUP LQ PDQ\�FRRUGLQDWH �PDQ\�UD\�
JUDSKLFDO V\VWHP RI FRRUGLQDWHV ZKHUH DQ DSSURSULDWH
HVWLPDWH RI HLWKHU SURSHUW\ LV SORWWHG E\ FRUUHVSRQGLQJ
SRLQW RQ HDFK D[LV �UD\� LQ ��PDUN VFDOH� )LJXUH JLYHV
D JUDSKLFDO SUHVHQWDWLRQ RI WHFKQRORJLFDO SURSHUWLHV
RI IOX[HV RI V\VWHP 06 �IRU H[DPSOH� JODVV\ $1����$
DQG SXPLVHRXV $1����� *UDSK KDV WZR YDULDQWV� IRU
IOX[HV ZLWK SXPLVHRXV JUDLQV �SURSHUWLHV DUH GLVWLQ�
JXLVKHG LQ D[HV �� �� �� DQG PDUNHG E\ D ZRUG �SX�
PLVHRXV�� DQG JODVV\ �ZLWKRXW PDUNV�� )OX[ RI 06
V\VWHP LV FKDUDFWHUL]HG E\ WKH IROORZLQJ SURSHUWLHV RI
WKH KLJKHVW OHYHO� UHVLVWDQFH WR IRUPDWLRQ RI KRW FUDFNV
LQ ZHOG �FRRUGLQDWH D[LV x �UD\� ��� UHVLVWDQFH WR
IRUPDWLRQ RI SRUHV ��UD\� � IRU SXPLVHRXV�� IRUPDWLRQ
RI ZHOG ���� IHDVLELOLW\ RI ZHOGLQJ DW KLJK VSHHG
��UD\� � IRU SXPLVHRXV�� +\JLHQLF FKDUDFWHULVWLFV DQG
PHFKDQLFDO UHVLVWDQFH LQ IOX[ IHHGLQJ DQG DOVR WKH
IHDVLELOLW\ RI ZHOGLQJ KRUL]RQWDO ZHOGV RQ LQFOLQHG
DQG YHUWLFDO SODQHV DUH ZRUVW IRU WKLV IOX[� $V D ZKROH
WKLV LV QRW D EDG IOX[� DQG LW FRXOG EH UHFRPPHQGHG
IRU ZHOGLQJ D UDWKHU ZLGH UDQJH RI VWHHOV DQG DOOR\ LI
KH GLG QRW SRVVHVV ORZ PHWDOOXUJLFDO SURSHUWLHV �%, �
� ��� /RZ�FDUERQ DQG ORZ�DOOR\HG 6Lw0Q VWHHOV FDQ
EH ZHOGHG E\ IOX[ RI WKLV W\SH ZLWK SXPLVHRXV JUDLQV
DW YHU\ KLJK VSHHGV�

$QG ILQDOO\� ZH VKDOO JLYH DQ H[DPSOH RI FRQGL�
WLRQDO GHVLJQDWLRQ RI IOX[HV LQ DFFRUGDQFH ZLWK XS�
GDWHG V\VWHP RI FODVVLILFDWLRQ ZKLFK LV RIIHUHG E\ XV�
7ZR YDULDQWV DUH JLYHQ� IXOO �LW LV DOVR RSWLRQDO� DQG

0DQ\�FRRUGLQDWH V\VWHP RI JUDSKLFDO SUHVHQWDWLRQ RI WHFKQRORJLFDO

SURSHUWLHVRI IOX[��w��x D[HVRI V\VWHPRI FRRUGLQDWHV FRUUHVSRQGLQJ

WR WHFKQRORJLFDO SURSHUWLHV RI IOX[HV� �w� x HVWLPDWH PDUNV
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VKRUWHQHG �REOLJDWRU\�� ,Q FDVH RI D IXOO FRGLQJ RI
IOX[HV WKH QXPHUDWLRQ RI FRGH LV DV IROORZV�

� x E\ WKH PHWKRG RI DSSOLFDWLRQ�
� x E\ WKH PHWKRG RI PDQXIDFWXUH�
� x E\ WKH FKHPLFDO FRPSRVLWLRQ�
� x E\ WKH W\SH RI PHWDOV DQG DOOR\V� IRU ZHOGLQJ

RU VXUIDFLQJ RI ZKLFK WKH IOX[ LV XVHG�
� x E\ PHWDOOXUJLFDO SURSHUWLHV�
��� x E\ IOX[ EDVLFLW\�
��� x E\ FRQWHQW RI DOOR\LQJ HOHPHQWV LQ DFWLYH

IRUP�
��� x E\ FRQWHQW RI GLIIXVLYH K\GURJHQ LQ GHSRV�

LWHG PHWDO�
���w��� x E\ FRQWHQW RI QLWURJHQ� VXOSKXU DQG

SKRVSKRURXV LQ ZHOG PHWDO� UHVSHFWLYHO\�
� x E\ NLQG RI ZHOGLQJ FXUUHQW�
� x E\ WHFKQRORJLFDO SURSHUWLHV� ,Q � ����w�����

WKH PDUNV DUH LQGLFDWHG XVLQJ D K\SKHQ�
/HW XV WDNH WKH DERYH IOX[ RI 06 V\VWHP� IRU H[�

DPSOH� $1����$ �JODVV\� >�@� 7KXV� WKH ILUVW YDULDQW�
��QXPEHUHG� :HOGLQJ IOX[ ,62 ����� x ��6� �)�
��06� ��)�6W� �Q� O��&X� ��� %, ���� ���� 1$� ����
+��� ���� 1� ���� 6,� ���� 3,� �� $&� ������ ������
������ ������ ������ ������ ������ ������ ������ �������
�������

7KLV FRGH LV GHFRGHG DV IROORZV� ZHOGLQJ IOX[ E\
VWDQGDUG ,62 ����� IRU 6$: �FRGH FDWHJRU\ ��� IXVHG
���� PDQJDQHVH�VLOLFRQ ���� IRU ZHOGLQJ ORZ�FDUERQ
DQG ORZ�DOOR\HG VWHHOV DQG DOVR FRSSHU ����

LWV PHWDOOXUJLFDO SURSHUWLHV �FDWHJRU\ ��� DFLG�
%, ��� ������ QRW FRQWDLQLQJ DFWLYH DOOR\LQJ DGGLWLRQV
������ GLIIXVLYH K\GURJHQ LQ ZHOG PHWDO LV QRW PRUH
WKDQ �� FP����� J ������ QLWURJHQ LQ ZHOG PHWDO LV
WR EH GHWHUPLQHG ������ LQGLFHV RI GHVXOSKXUL]DWLRQ
DQG SKRVSKRURXV WUDQVIHU LV WR EH GHWHUPLQHG ���� DQG
����� VXLWDEOH IRU '& DQG $& ZHOGLQJ ����

LWV WHFKQRORJLFDO SURSHUWLHV ���� H[FHOOHQW UHVLV�
WDQFH WR IRUPDWLRQ RI KRW FUDFNV LQ ZHOG ���� JRRG
UHVLVWDQFH WR SRUH IRUPDWLRQ ���� WKH VDPH x UHVLV�
WDQFH WR IRUPDWLRQ RI FROG FUDFNV LQ ZHOG ���� H[FHO�
OHQW ZHOG IRUPDWLRQ ���� JRRG SHQHWUDWLRQ RI SDUHQW
PHWDO ���� JRRG IHDVLELOLW\ WR LQFUHDVH WKH ZHOGLQJ
VSHHG ���� VDWLVIDFWRU\ IHDVLELOLW\ WR ZHOG KRUL]RQWDO
ZHOGV RQ LQFOLQHG DQG YHUWLFDO VXUIDFHV ���� JRRG UH�
PRYDO RI VODJ FUXVW ���� JRRG VWRUDJH LQ DLU �QRW YHU\
K\JURVFRSLF� ���� JRRGPHFKDQLFDO UHVLVWDQFH RI JUDLQV
LQ IOX[ IHHGLQJ ����� EDG K\JLHQLF FKDUDFWHULVWLFV
�PDLQO\ GXH WR HYROXWLRQ RI IOXRULGHV DQG PDQJDQHVH
FRPSRXQGV� DV ZHOO DV DHURVROV LQ ZHOGLQJ� �����

7KH VHFRQG YDULDQW RI FRQGLWLRQDO GHVLJQDWLRQ RI
IOX[ �VKRUWHQHG� LV REOLJDWRU\� :HOGLQJ IOX[ ,62
����� x 6�)�06�)�6W� �P� O��&X� %, ����+���$&�

&21&/86,216

�� ,W LV UDWLRQDO WR ZLGHQ WKH FODVVLILFDWLRQ RI IOX[HV
E\ PHWDOOXUJLFDO SURSHUWLHV� ([FHSW WDNLQJ LQWR DF�
FRXQW WKH EDVLFLW\ RI IOX[ %, DQG K\GURJHQ FRQWHQW
LQ WKH GHSRVLWHG PHWDO + LW LV QHFHVVDU\ WR LQWURGXFH
V\PEROV DV UHJDUGV WR FRQWHQW RI DOOR\LQJ HOHPHQWV LQ
IOX[ LQ DFWLYH IRUP �WKRVH FRQWDLQLQJ WKHP DUH GHVLJ�
QDWHG ZLWK V\PERO $� WKRVH QRW FRQWDLQLQJ WKHP x
E\ V\PERO 1$�� FRQWHQW RI QLWURJHQ LQ ZHOG PHWDO
�V\PERO 1 VLPLODU WR + x IRU K\GURJHQ�� UHILQLQJ

SURSHUWLHV ZLWK UHVSHFW WR VXOSKXUx V\PERO 6,� ZKLOH
%, x IRU R[\JHQ� 3, x IRU SKRVSKRURXV�

�� &ODVVLILFDWLRQ RI IOX[HV E\ WKH IROORZLQJ WHFK�
QRORJLFDO SURSHUWLHV LV XVHIXO� DELOLW\ WR SUHYHQW WKH
FU\VWDOOLQH FUDFNV� WR SUHYHQW SRUHV LQ ZHOG� WR SURYLGH
UHVLVWDQFH WR IRUPDWLRQ RI FROG FUDFNV LQ ZHOG� TXDOLW\
ZHOG IRUPDWLRQ� GHSWK RI SDUHQW PHWDO SHQHWUDWLRQ�
IHDVLELOLW\ RI ZHOGLQJ DW KLJK VSHHGV� IHDVLELOLW\ RI
ZHOGLQJ RI KRUL]RQWDO ZHOGV RQ LQFOLQHG DQG YHUWLFDO
SODQHV� UHPRYDO RI VODJ FUXVW� K\JURVFRSLFLW\� PH�
FKDQLFDO UHVLVWDQFH LQ IOX[ IHHGLQJ� K\JLHQLF FKDUDF�
WHULVWLFV�

�� 7KHUH DUH QR IOX[HV ZKLFK VDWLVI\ DOO UHTXLUH�
PHQWV LQ D VLPLODU ZD\ E\ PHWDOOXUJLFDO DQG WHFKQR�
ORJLFDO SURSHUWLHV� +RZHYHU� WKHUH LV IHDVLELOLW\ WR
SURYLGH WKHLU RSWLPXP UDWLRV� LI WR PDNH WKH SXUSRVH�
IXO FRPELQDWLRQV� IRU H[DPSOH� IOX[ � JDV� IOX[ � IOX[�
IOX[ � ZLUH �LQFOXGLQJ IOX[�FRUHG ZLUH� DQG VR RQ�

�� 7KH RIIHUHG PHWKRG RI D JUDSKLFDO SUHVHQWDWLRQ
RI WHFKQRORJLFDO SURSHUWLHV RI IOX[HV QRW RQO\ VSHFLILHV
DQG ZLGHQV WKH LQIRUPDWLRQ� JLYLQJ LW LQ D YLVXDOL]HG
QXPHULFDO IRUP� EXW DOVR DOORZV TXLFN ILQGLQJ RI WKHLU
GHVLUDEOH FRPELQDWLRQV� SURYLGLQJ UHTXLUHG UDWLR RI
SURSHUWLHV XVLQJ WKH PHWKRG RI VXSHUSRVLWLRQ�

�� 6XEPHUJHG�DUF ZHOGLQJ LV WKH SURJUHVVLQJ WUHQG
DPRQJ WKH ZHOGLQJ WHFKQRORJLHV� ,W LV SRVVLEOH WR SUH�
GLFW WKH ZLGHQLQJ RI UDQJH RI JUDGHV RI PHWDOV DQG
DOOR\V ZKLFK DUH ZHOGHG E\ WKLV PHWKRG� ZLGHQLQJ RI
WHFKQRORJLFDO SRVVLELOLWLHV RI 6$:� IRU H[DPSOH� ZKHQ
PXOWL�SDVV ZHOGLQJ LV UHDOL]HG LQWR D QDUURZ JDS� LQ�
FUHDVH LQ TXDOLW\ RI ZHOGHG MRLQWV E\ RSWLPXP DOOR\LQJ
DQG PRGLI\LQJ RI ZHOG PHWDO� LQFUHDVH LQ HFRORJLFDO
VDIHW\ RI 6$:� LQ SDUWLFXODU� WKH GHFUHDVH LQ LQWHQVLW\
RI HYROXWLRQ RI KDUPIXO VXEVWDQFHV �JDVHV� DHURVROV�
LQWR DWPRVSKHUH� HOLPLQDWLRQ RI IOX[ UHMHFWLRQV LQ WKH
IRUP RI VODJ FUXVW �ZDVWH�IUHH SURGXFWLRQ�� LQFUHDVH
LQ ZHOGLQJ SURGXFWLRQ HIILFLHQF\ E\ XWLOL]DWLRQ DQG
UHJHQHUDWLRQ RI ZHOGLQJ VODJV DQG ZDVWHV RI ZHOGLQJ
SURGXFWLRQ� ,W LV SRVVLEOH WR SUHGLFW WKH DSSHDUDQFH
RI QHZ JUDGHV RI IOX[HV� DQG DOVR PHWKRGV RI ZHOGLQJ
FRQQHFWHG ZLWK WKHLU DSSOLFDWLRQ� ,W ZRXOG EH SHUIHFW�
IURP WKH SRLQW RI YLHZ RI WKH ZHOGHG MRLQW TXDOLW\�
LI WKH IOX[HV ZHUH PDQXIDFWXUHG E\ LQGLYLGXDO RUGHUV
IRU GHILQLWH JUDGH RI VWHHO �DOOR\� WR EH ZHOGHG DQG�
UHVSHFWLYHO\� JUDGH RI ZLUH DQG SODQQHG YROXPH RI
ZHOGLQJ� 7KH PRVW RSWLPXP FRPSRVLWLRQ RI WKH IOX[
LV VXFK DW ZKLFK WKHUH DUH QR H[FKDQJH UHDFWLRQV EH�
WZHHQ WKH IOX[ PHOW �VODJ� DQG PHWDO PHOW�

�� )HDVLELOLWLHV RI LPSURYHPHQW RI PHWDOOXUJLFDO
SURSHUWLHV RI IOX[HV� DV ZHOO DV WKHLU WHFKQRORJLFDO
FKDUDFWHULVWLFV DUH QRW IDU H[KDXVWHG� :RUNV LQ WKLV
DVSHFW DUH YHU\ FKDOOHQJLQJ�

�� 'UDIW ,QWHUQDWLRQDO 6WDQGDUG ,62�',6 ������ ,62�7&
�� 6R��

�� /LQQHUW� *�(� ������ )XQGDPHQWDOV� :HOGLQJ PHWDOOXUJ\�
&DUERQ DQG DOOR\ VWHHOV� )ORULGD� $:6�

�� ������ 7HFKQRORJ\ RI IXVLRQ DUF ZHOGLQJ RI PHWDOV DQG DO�
OR\V� (G� E\ %�(� 3DWRQ� 0RVFRZ� 0DVKLQRVWURHQLH�

�� .RQLVKFKHY� 9�3�� 3RO\QLQ� *�9� ������ :HOGLQJ IOX[HV RI

)5,* V\VWHP� 6YDURFKQ� 3URL]YRGVWYR� �� ��w���
�� 2NRO]\DHY� $�*�� ,OLLQVN\� 9�,�� )O\DJLQ� $�$� ������

)OX[HV IRU FRPSOH[ DOOR\LQJ RI PHWDOV LQ VXUIDFLQJ DQG

ZHOGLQJ� ,Q� 3URF� RI 6HP� RQ $FKLHYHPHQWV DQG 3URVSHFWV
RI 'HYHORSPHQW RI :HOGLQJ 3URGXFWLRQ� 0RVFRZ�

�� 3DWRQ� %�(� ������ :HOGLQJ KHDGV DQG WKHLU FXUUHQW VXS�
SO\� .\LY� $1 8665�
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'DWD DUH JLYHQ RQ FRPPHUFLDO DSSOLFDWLRQ RI HOHFWURQ EHDP JXQV ZLWK SODVPD FDWKRGHV IRU ZHOGLQJ ]LUFRQLXP DQG

DOXPLQLXP DOOR\V� 'HVLJQ SHFXOLDULWLHV RI SODVPD VRXUFHV RI HOHFWURQV DQG WKHLU DGYDQWDJHV DUH FRQVLGHUHG� 0DQ\�\HDU

H[SHULHQFH DFFXPXODWHG LQ WKH ILHOG RI VHDOLQJ WKH QXFOHDU SRZHU VWDWLRQ IXHO HOHPHQWV E\ (%: VKRZV D SURPLVLQJ IXWXUH

RI XVLQJ WKH SODVPD�FDWKRGH HOHFWURQ JXQV IRU WKHVH SXUSRVHV� 7KH JXQV DUH VLPSOH LQ VHUYLFH DQG UHOLDEOH LQ RSHUDWLRQ

XQGHU FRPSOLFDWHG YDFXXP FRQGLWLRQV�

.H\ ZRU G V � HOHFWURQ EHDP ZHOGLQJ� SODVPD�FDWKRGH JXQ�

IXHO HOHPHQW

,Q IXHO HOHPHQWV �)(� RI QXFOHDU SRZHU VWDWLRQV WKH

QXFOHDU IXHO LV SODFHG LQ D VHDOHG WKLQ�ZDOOHG PHWDO

VKHOO� WKH YDFXXP�WLJKWQHVV RI ZKLFK LV WKH EDVLF UH�

TXLUHPHQW IRU SHUIRUPDQFH RI )( GXULQJ LWV RSHUDWLRQ

LQ D UHDFWRU� 7KH )( VKHOO VKRXOG UHWDLQ LWV LQWHJULW\

IRU WKH HQWLUH VHUYLFH OLIH� ZKLFK FDQ DPRXQW WR VHYHUDO

\HDUV� GHSHQGLQJ XSRQ WKH W\SH RI )( DQG LWV VHUYLFH

FRQGLWLRQV�

7KH )( VKHOOV DUH PDGH SULPDULO\ IURP ]LUFRQLXP

RU DOXPLQLXP DOOR\V� DQG WKHLU YDFXXP WLJKWQHVV LV

HQVXUHG E\ ZHOGLQJ� =LUFRQLXP DQG LWV DOOR\V DW KLJK

WHPSHUDWXUHV H[KLELW KLJK UHDFWLYLW\ IRU R[\JHQ� QL�

WURJHQ DQG K\GURJHQ� ,Q WKLV FRQQHFWLRQ� WR VHDO )(�

LW LV QHFHVVDU\ WR HQVXUH JRRG VKLHOGLQJ RI WKH ZHOGLQJ

]RQH ZKHQ ZHOGLQJ ]LUFRQLXP LQ YDFXXP DW D SUHVVXUH

RI QRW KLJKHU WKDQ �⋅��w� 3D� :HOGLQJ RI DOXPLQLXP

DOOR\V FDQ EH SHUIRUPHG DW D KLJKHU SUHVVXUH RI UHVLGXDO

JDV LQ WKH YDFXXP FKDPEHU� ZKLFK LV GHWHUPLQHG

PDLQO\ E\ UHTXLUHPHQWV RI WKH DYDLODEOH WHFKQRORJ\

DQG FDSDELOLWLHV RI HTXLSPHQW IRU (%:�

$V D UXOH� WKH ZHOG RQ WKH )( VKHOO KDV D UHODWLYHO\
VKRUW OHQJWK� +RZHYHU� EHFDXVH RI VXEVWDQWLDO YRO�

XPHV RI SURGXFWLRQ RI )(� WKH WRWDO OHQJWK RI WKH

ZHOGV PDGH GXULQJ D \HDU PD\ DPRXQW WR VHYHUDO WHQV

RI NLORPHWUHV� 3URGXFWLRQ RI D ODUJH YROXPH RI GXSOL�

FDWH SDUWV FDQ EH DFKLHYHG RQO\ XQGHU FRQGLWLRQV RI

DXWRPDWHG PDVV SURGXFWLRQ� ZKHUH WKH HTXLSPHQW LQ�

YROYHG VKRXOG PHHW WKH LQFUHDVHG UHTXLUHPHQWV IRU

RSHUDWLRQDO UHOLDELOLW\ DQG FRQVLVWHQF\� :HOGLQJ OLQHV

LQFOXGH� DV D UXOH� VSHFLDOLVHG XQLWV ZLWK D FRQWLQXRXV

IHHG RI ZRUNSLHFHV WR WKH ZHOGLQJ ]RQH� DV ZHOO DV
ORFN FKDPEHUV DQG GHYLFHV� 7KH KLJK SURGXFWLYLW\
OHYHO DQG EDODQFH RI VXFK OLQHV WROHUDWH LQWHUUXSWLRQ
RI RSHUDWLRQ RI VRPH SLHFHV RI WKH HTXLSPHQW RQO\ IRU

D VKRUW SHULRG RI WLPH� 5HSDLU� DGMXVWPHQW DQG UH�

SODFHPHQW RI VRPH DVVHPEOLHV RI WKH ZHOGLQJ HTXLS�

PHQW OHDG WR H[WUD GRZQWLPHV� ZKLFK LV FDXVHG E\ WKH

QHHG WR PDLQWDLQ SHUIRUPDQFH RI WKH XQLW DQG HQVXUH

WKH TXDOLW\ RI ZHOGHG MRLQWV PHHWLQJ WKH HVWDEOLVKHG

VWDQGDUGV �E\ ZHOGLQJ ZLWQHVV VDPSOHV DQG WKHLU VXE�

VHTXHQW WHVWLQJ��

(OHFWURQ JXQV ZLWK KRW FDWKRGH DVVHPEOLHV� ZKLFK

ZHUH XVHG VRPH WLPH DJR LQ ZHOGLQJ XQLWV IRU VHDOLQJ

WKH )(� IRU FHUWDLQ UHDVRQV IDLOHG WR PHHW DOO WKH UH�

TXLUHPHQWV RI PDVV SURGXFWLRQ� 7KLV OHG WR WKH XVH RI

HOHFWURQ JXQV ZLWK SODVPD FDWKRGHV >�w�@�

%DVHG RQ WKH DYDLODEOH RSHUDWLRQDO H[SHULHQFH� WKH

2SHQ -RLQWV 6WRFN &RPSDQ\ �1RYRVLELUVN )DFWRU\
IRU &KHPLFDO &RQFHQWUDWHV� �1)&&� KDV UHFHQWO\
FRPSOHWHG WKH ZRUN RQ GHYHORSPHQW RI D QHZ GHVLJQ

RI WKH GLVFKDUJH FKDPEHU IRU WKH JXQ ZLWK D SODVPD

FDWKRGH� $ VLPSOH DQG UHOLDEOH GHVLJQ RI WKH JXQ ZLWK

D SRZHU RI XS WR � N: KDV EHHQ GHYHORSHG� ,W LQFOXGHV

FHUPHW DVVHPEOLHV� WKH YDFXXP�WLJKWQHVV DQG PH�

FKDQLFDO VWUHQJWK RI ZKLFK DUH SURYLGHG E\ (%:�

7KH SODVPD�FDWKRGH HOHFWURQ JXQ FRPSULVHV D JDV�

GLVFKDUJH GHYLFH ZKLFK JHQHUDWHV SODVPD DQG FUHDWHV
FRQGLWLRQV IRU HQWU\ RI HOHFWURGHV LQWR YDFXXP RU ORZ�

SUHVVXUH DWPRVSKHUH >�@� 7KH ORZ�YROWDJH UHIOHFWLRQ

GLVFKDUJH ZLWK D KROORZ FDWKRGH LV XVHG WR JHQHUDWH
SODVPD >�@� 7KLV GLVFKDUJH LV H[FLWHG LQ WKH HOHFWURGH

V\VWHP FRQWDLQLQJ WKUHH �FROG� HOHFWURGHV� KROORZ

FDWKRGH �)LJXUH ��� DQRGH DQG DGGLWLRQDO HOHFWURGH�

ZKLFK LQ WKH PDMRULW\ RI FDVHV KDV SRWHQWLDO RI WKH

KROORZ FDWKRGH� 7KH KROORZ FDWKRGH DQG DQRGH KDYH

F\OLQGULFDO VKDSH� ZKLOH WKH DGGLWLRQDO FDWKRGH OR�

FDWHG LQ IURQW RI WKH KROORZ FDWKRGH KDV D IODW VKDSH�

&RD[LDO PDJQHWLF ILHOG LV JHQHUDWHG LQ WKH GLVFKDUJH

FKDPEHU� 7KH GLVFKDUJH H[LVWV DW D JDV SUHVVXUH LQ WKH

GLVFKDUJH FKDPEHU HTXDO WR DERXW �w� 3D DQG YROWDJH
RI ���w��� 9� 7KH HPLVVLRQ FKDQQHO WKURXJK ZKLFK

WKH HOHFWURQV DUH HPLWWHG LV PDGH LQ WKH DGGLWLRQDO

HOHFWURGH �HPLWWLQJ FDWKRGH�� 7KH HPLVVLRQ FKDQQHO

LV ORFDWHG RQ WKH D[LV RI WKH GLVFKDUJH FKDPEHU LQ WKH

UHJLRQ RI D PD[LPXP FRQFHQWUDWLRQ RI SODVPD� 7KH

KLJK FRQFHQWUDWLRQ RI SODVPD SURYLGHV WKH UHTXLUHG
HOHFWURQ JXQ FXUUHQW DW VPDOO VL]HV RI WKH HPLVVLRQ

� 9�,� 9$6,/.29� $�$� .,6/,76.<� 1�9� 218&+,1� 5�'� 3&+(/.,1� 9�9� 52=+.29� $�9� 86+$.29� $�9� 6758.29� 1�*� 5(03( DQG ,�9� 26,329� ����
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FKDQQHO� WKH GLDPHWHU RI ZKLFK GRHV QRW H[FHHG

��� PP�

7R HQVXUH HPLVVLRQ DQG DFFHOHUDWH HOHFWURQV� D YROW�

DJH RI XS WR �� N9 LV DSSOLHG EHWZHHQ WKH HPLWWLQJ

FDWKRGH DQG DFFHOHUDWLQJ HOHFWURGH� (OHFWURQV HPLWWHG

E\ SODVPD DUH IRUPHG LQWR D EHDP DQG IRFXVHG E\ WKH

PDJQHWLF ILHOG RI WKH IRFXVLQJ V\VWHP�

'HVLJQ RI WKH GLVFKDUJH FKDPEHU LV VKRZQ LQ )L�

JXUH �� 7KH FRUH RI WKH GLVFKDUJH FKDPEHU DQG WKH

JXQ DV D ZKROH LV D ZHOGHG FHUPHW DVVHPEO\� ZKLFK

FRQVLVWV RI KLJK�YROWDJH FHUDPLF LQVXODWRU �� DV ZHOO

DV ULQJ � DQG DQRGH XQLW � ZHOGHG WR LWV FROODUV� 7KH

DQRGH XQLW FRPSULVHV VXSSRUWLQJ FHUPHW LQVXODWRUV �

ZHOGHG WR WKH DQRGH RI GLVFKDUJH FKDPEHU �� 5HPRY�

DEOH KROORZ FDWKRGH � LV LQVWDOOHG RQ WKH FHQWUDO VXS�

SRUWLQJ LQVXODWRU� 7KH UHVW RI WKH LQVXODWRUV DUH LQ�

WHQGHG IRU IL[LQJ UHPRYDEOH FRROLQJ UDGLDWRU �� RI WKH

FDWKRGH ZLWK DQ HPLVVLRQ KROH DQG WKH FDWKRGH HOHFWULF

LQVXODWLRQ�

5HPRYDEOH HPLWWLQJ FDWKRGH � FRPSULVHV D FKDQQHO

IRU HVFDSH RI HOHFWURQV IURP WKH GLVFKDUJH FKDPEHU

LQWR YDFXXP� ,W LV LQVWDOOHG RQ WKH UDGLDWRU� ZKRVH

DQQXODU VSDFH LV FRQQHFWHG WR WKH VSDFH RI WKH RLO�ILOOHG

VRXUFH�

7KH DQRGH XQLW KRXVHV UHPRYDEOH PDJQHW �� ZKLFK

FUHDWHV PDJQHWLF ILHOG ZLWK LQGXFWLRQ RI DERXW ���� 7

LQ WKH GLVFKDUJH FKDPEHU� 7KH GLVFKDUJH FKDPEHU ZLWK

WKH KLJK�YROWDJH LQVXODWRU LV LQVWDOOHG LQ WKH JXQ FDV�

LQJ� 7UDQVIRUPHU RLO LV SRXUHG LQWR WKH VSDFH FRQILQHG

E\ WKH FDVLQJ DQG WKH KLJK�YROWDJH LQVXODWRU� 7KH UD�

GLDWRU LV LPPHUVHG LQWR RLO WR SURYLGH H[WUD FRROLQJ

RI WKH GLVFKDUJH FKDPEHU HOHFWURGHV� 7KH UDGLDWRU LV

D FRSSHU WXEH WKURXJK ZKLFK WKH UXQQLQJ ZDWHU LV

GUDZQ�

7KH JXQ LQFOXGHV D V\VWHP IRU SRUWLRQHG JDV IHHG�

LQJ� $ ZRUNLQJ JDV LV IHG WKURXJK WKH OHDN ZKLFK

UHJXODWHV WKH OHDN�LQ WR WKH GLVFKDUJH FKDPEHU YLD

GLHOHFWULF WXEH � WKURXJK WKH KROORZ FDWKRGH FKDQQHO�

$W 1)&& WKH SODVPD�FDWKRGH HOHFWURQ JXQV DUH

XVHG DV SDUW RI WKH XSJUDGHG SRZHU V\VWHPV RI WKH

8����� (/$����� DQG (/$��� W\SHV� (TXLSPHQW LQ�

LWLDOO\ GHVLJQHG IRU WKH KRW�FDWKRGH JXQ ZDV XSJUDGHG

WR EH FRPELQHG ZLWK WKH HOHFWURQ JXQ� 7KH GLVFKDUJH

SRZHU XQLW ZDV LQWURGXFHG WR WKH HTXLSPHQW LQVWHDG

RI WKH ILODPHQW DQG ELDV XQLW� $ VSHFLDO ZHOGLQJ F\FOH

SURJUDPPLQJ GHYLFH� LQWHQGHG IRU DXWRPDWLF VWDUW XS

RI WKH HOHFWURQ JXQ IURP DQ H[WHUQDO VLJQDO� YDULDWLRQ

RI WKH EHDP FXUUHQW IROORZLQJ WKH DVVLJQHG ODZ DQG

FRQWURO RI WKH HOHFWURQ EHDP IRFXVLQJ DQG VFDQQLQJ�

ZDV DGGLWLRQDOO\ GHYHORSHG DQG LQWHUIDFHG ZLWK WKH

HTXLSPHQW�

)LJXUH � VKRZV WKH W\SLFDO EHDP FXUUHQW YDULDWLRQ

ODZ VHW E\ WKH SURJUDPPLQJ GHYLFH� 7KH ZHOGLQJ F\FOH

LV GLYLGHG LQWR ILYH VXFFHVVLYHO\ SHUIRUPHG VWDJHV�

VZLWFK RQ RI WKH EHDP FXUUHQW x W�wW�� VDPSOH SUH�

KHDWLQJ x W�wW�� LQFUHDVH LQ FXUUHQW WR DFKLHYH DQ

DPSOLWXGH VHW E\ WKH ZHOGLQJ FRQGLWLRQV x W�wW��

ZHOGLQJ x W�wW� DQG FXUUHQW VZLWFK RII x W�wW��

'XUDWLRQ RI HDFK RI WKHVH VWDJHV FDQ EH UHJXODWHG IURP

��� WR �� V ZLWK DQ LQFUHPHQW RI ��� V� $PSOLWXGH

YDOXHV RI WKH FXUUHQWV LQ WKH SUHKHDWLQJ DQG ZHOGLQJ

VWDJHV DUH VHW DW DQ LQFUHPHQW RI � P$� 8SRQ FRP�

SOHWLQJ WKH ZHOGLQJ F\FOHV� D FRPPDQG LV VHQW WR WXUQ

WKH PDQLSXODWRU� DQG ZHOGLQJ RI WKH QH[W VDPSOH LV

SHUIRUPHG� $W LQGLYLGXDO VWDJHV RI WKH ZHOGLQJ F\FOH

WKH SURJUDPPLQJ GHYLFH FDQ JLYH FRPPDQGV WR VZLWFK

RYHU WKH IRFXVLQJ FXUUHQW RU FKDQJH WKH VKDSH� UDGLXV

DQG IUHTXHQF\ RI WKH HOHFWURQ EHDP VFDQQLQJ�

6HUYLFH OLIH RI WKH JXQ LV OLPLWHG E\ HURVLRQ RI

HOHFWURGHV LQ GLVFKDUJH� ZKLFK OHDGV WR FKDQJHV LQ

WKHLU JHRPHWULFDO VL]HV DQG GXVWLQJ RI WKH GLVFKDUJH

FKDPEHUZLWK D FDWKRGHPDWHULDO� )UDFWXUH RI D QDUURZ

HPLVVLRQ FKDQQHO ZLWK IDVW LRQV IURP WKH DFFHOHUDWLQJ

JDS DQG SDUWLFOHV IURP WKH GLVFKDUJH PD\ DOVR SOD\ D

VXEVWDQWLDO UROH� +RZHYHU� HURVLRQ SURFHVVHV DUH UHOD�

WLYHO\ VORZ� ZKLOH GHSRVLWV DUH SHULRGLFDOO\ UHPRYHG

E\ FOHDQLQJ WKH HOHFWURGHV GXULQJ D VFKHGXOHG SUHYHQ�

)LJXUH �� (OHFWURGH V\VWHP RI WKH GLVFKDUJH FKDPEHU� � x DFFHO�
HUDWLQJ HOHFWURGH� � x HPLVVLRQ FKDQQHO� � x HPLWWLQJ FDWKRGH�
� x DQRGH� � x KROORZ FDWKRGH

)LJXUH �� 'HVLJQ RI WKH GLVFKDUJH FKDPEHU �VHH GHVLJQDWLRQV LQ WKH
WH[W� )LJXUH �� 7KH ZHOGLQJ FXUUHQW YDULDWLRQ ODZ
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WLYH PDLQWHQDQFH RI WKH XQLWV� WKLV HQVXULQJ D ORQJ�

WLPH SHUIRUPDQFH RI WKH JXQ�

7R UHVWRUH SHUIRUPDQFH RI WKH JXQ� LW LV HQRXJK WR

UHSODFH ZRUQ RXW FRPSRQHQWV� ZKLFK DUH ERGLHV RI UHYR�

OXWLRQ DQG FDQ EH PDGH XVLQJ D YHUVDWLOH ODWKH HTXLS�

PHQW� &RQYHQWLRQDO� ZLGHO\ DSSOLHG VWHHOV DUH QRUPDOO\

XVHG DV WKH HOHFWURGH PDWHULDO� $W WKH VDPH WLPH� WKH

OLIH RI WKH JXQ FDQ EH H[WHQGHG DSSUR[LPDWHO\ E\ D

IDFWRU RI ���� LI WKH HOHFWURGHV DUH PDGH IURP PDWHULDOV

UHVLVWDQW WR LRQ ERPEDUGPHQW� $V D UHVXOW� RSWLPLVDWLRQ

RI GHVLJQ RI WKH GLVFKDUJH FKDPEHU DQG XVH RI D OLJKW

SODVPD JDV �KHOLXP� SURYLGHG DQ H[WHQVLRQ RI WKH OLIH

RI WKH JXQ HOHFWURGHV WR ������ ZHOGLQJV IRU )( ZLWK

WKH ]LUFRQLXP DOOR\ VKHOOV DQG WR ������ ZHOGLQJV IRU

)( ZLWK WKH DOXPLQLXP DOOR\ VKHOOV� 7KLV PDNHV LW SRV�

VLEOH WR FDUU\ RXW V\VWHPDWLF SUHYHQWLYH PDLQWHQDQFH�

LQFOXGLQJ SHULRGLF SUHYHQWLYH LQVSHFWLRQ EHWZHHQ WKH

PDLQWHQDQFH F\FOHV DQG UHPRYDO RI HURVLRQ SURGXFWV

IURP WKH GLVFKDUJH FKDPEHU�

7KHUHIRUH� H[SHULHQFH RI RSHUDWLRQ RI WKH SODVPD�

FDWKRGH JXQV XQGHU FRQGLWLRQV RI DXWRPDWHG ZHOGLQJ

SURGXFWLRQ OLQHV VKRZHG WKDW VXFK JXQV KDYH WKH IRO�

ORZLQJ DGYDQWDJHV�

• DEVHQFH RI KHDWLQJ FRPSRQHQWV WR KLJK WHPSHUD�

WXUHV�

• ORZ VHQVLWLYLW\ WR WKH OHYHO RI YDFXXP DQG LWV

IOXFWXDWLRQV�

• KLJK UHOLDELOLW\ DQG H[WHQGHG VHUYLFH OLIH� LQFOXG�
LQJ XQGHU FRQGLWLRQV RI LQWHQVLYH HYDSRUDWLRQ IURP

WKH ZHOG SRRO�

• IDVW UHVSRQVH DQG VLPSOLFLW\ LQ RSHUDWLRQ�

7KHVH DGYDQWDJHV GHWHUPLQH WKH SURPLVLQJ IXWXUH

RI DSSO\LQJ WKH SODVPD�FDWKRGH JXQV IRU PDVV SURGXF�

WLRQ RI WKH QXFOHDU SRZHU VWDWLRQ IXHO HOHPHQWV�

�� =DYLDORY� 0�$�� .UHMQGHO� <X�(�� 1RYLNRY� $�$� HW DO�
������ 3ODVPD SURFHVVHV LQ WHFKQRORJLFDO HOHFWURQ JXQV�
0RVFRZ� (QHUJRDWRPL]GDW�

�� 0DUW\XVKHY� 9�*�� 2VLSRY� ,�9�� 5HPSH� 1�*� HW DO� ������
(OHFWURQ EHDP ZHOGLQJ JXQ ZLWK SODVPD FDWKRGH� $YWRPD�
WLFK� 6YDUND� ������ ��w���

�� 9RONRY� $�$�� 3FKHONLQ� .�'�� 5HPSH� 1�*� ������ 2SWL�
PLVDWLRQ RI SDUDPHWHUV RI HOHFWURQ�HPLWWLQJ VRXUFHV EDVHG RQ
SODVPD HPLWWHUV XQGHU FRQGLWLRQV RI PXOWLSOH SHQHWUDWLRQV RI
PHWDOV� 6YDURFKQ� 3URL]YRGVWYR� �� ��w���

�� *DODQVN\� 9�/�� *UX]GHY� 9�$�� 2VLSRY� ,�9� HW DO� ������
(OHFWURQ�HPLWWLQJ VRXUFHV ZLWK SODVPD HPLWWHU EDVHG RQ UHI�
OHFWLYH GLVFKDUJH ZLWK KROORZ FDWKRGH� ,]Y� 9X]RY� )L]LND�
�� ��w���
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9�$� /(%('(9 DQG 9�*� 3,&+$.

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

)HDVLELOLW\ RI XVH RI WKH DUF PHFKDQL]HG SURFHVVHV LQ WKH ILHOG FRQGLWLRQV LV FRQVLGHUHG� ,W ZDV IRXQG WKDW ZHOGLQJ XQLWV

ZLWK LQWHUQDO FRPEXVWLRQ HQJLQHV FDQ EH XVHG LQ WKLV FDVH DV DUF VXSSO\ VRXUFHV IRU WKH VHPL�DXWRPDWLF PDFKLQHV�

$FFXPXODWRUV ZLWK D VHULHV�SDUDOOHO FRQQHFWLRQ DUH RIIHUHG DV D VWDEOH SRZHU VRXUFH IRU VXSSO\ RI WKH HOHFWULF FLUFXLW

HOHPHQWV� 'LDJUDP RI FRQQHFWLRQ RI WKH SRZHU VRXUFH IRU WKH VHPL�DXWRPDWLF PDFKLQH V\VWHPV ZLWK D GHILQLWH DOJRULWKP

RI DFFXPXODWRUV VZLWFKLQJ �IRU WKHLU FKDUJLQJ DQG VHUYLFH LQ GHYLFHV RI WKHPHFKDQL]HG DUF HTXLSPHQW� KDV EHHQ GHYHORSHG�

.H\ ZRU G V � PHFKDQL]HG DUF HTXLSPHQW� VXSSO\ V\VWHPV�
DFFXPXODWRUV� VHUYLFH FRQGLWLRQV� HOHFWULFDO VXSSO\ V\VWHPV

7KH PHFKDQL]HG DUF SURFHVVHV RI ZHOGLQJ DQG KDUG�

IDFLQJ XVLQJ FRQVXPDEOH HOHFWURGH ZLUH DUH ZLGHO\

VSUHDG LQ GLIIHUHQW EUDQFKHV RI LQGXVWU\� FRQVWUXFWLRQ�

DJULFXOWXUH DQG UHSDLU ZRUNVKRSV >�@�

'XULQJ UHFHQW \HDUV D JUHDWHU DWWHQWLRQ LV SDLG WR

WKH PHFKDQL]HG DUF HTXLSPHQW LQ ZKLFK WKH VHOI�

VKLHOGLQJ HOHFWURGH ZLUHV DUH XVHG IRU WKH SURFHVVHV RI

ZHOGLQJ� KDUGIDFLQJ >�@ DQG FXWWLQJ >�@� 'HYHORSPHQW

RI GLIIHUHQW W\SHV DQG NLQGV RI WKHVH ZLUHV PDNHV LW

SRVVLEOH WR UHDOL]H PRVW DUF SURFHVVHV DW WKH KLJKHU

OHYHO LQ YDULRXV FRQGLWLRQV� LQFOXGLQJ VLWH FRQGLWLRQV

ZKHUH WKH XVH RI JDV�VKLHOGHG VHPL�DXWRPDWLF PD�

FKLQHV LV LPSRVVLEOH�

+RZHYHU� LQ VSLWH RI DGYDQWDJHV RI VHOI�VKLHOGLQJ

IOX[�FRUHG HOHFWURGH ZLUHV WKH DSSOLFDWLRQ RI H[LVWLQJ

GHVLJQV RI WKH VHPL�DXWRPDWLF PDFKLQHV IRU WKH QHHGV

RI WKH DJULFXOWXUDO FRPSOH[ LV QRW DOZD\V SRVVLEOH� LQ

SDUWLFXODU LQ WKH ILHOG FRQGLWLRQV� L�H� ZKHQ WKHUH LV

QR QHWZRUNV RI LQGXVWULDO RU ORFDO �PRELOH HOHFWULF

VWDWLRQV� HOHFWULFLW\ VXSSO\� ,Q VKRSV DQG LQ WKH VLWH

FRQGLWLRQV WKH QHWZRUNV RI LQGXVWULDO HOHFWULFLW\ VXS�

SO\ DUH� DV D UXOH� XVHG� DQG VWDWLF FRQYHUWHUV RI OHYHO

DQG NLQG RI YROWDJH �UHFWLILHUV�� DQG� LQ VRPH FDVHV�

WKH ZHOGLQJ JHQHUDWRUwGULYHQ HOHFWULF PRWRU V\VWHPV

DUH PDLQO\ XVHG DV DUF VXSSO\ VRXUFHV�

,Q WKH ILHOG FRQGLWLRQV WKH XVH RI WKH DERYH�PHQ�

WLRQHG DUF VXSSO\ V\VWHPV LV LPSRVVLEOH� )RU WKHVH

SXUSRVHV WKH ZHOGLQJ XQLWV� L�H� JHQHUDWRUV ZLWK EHQ�

]LQH $'% RU GLHVHO $'' GULYHQ HQJLQHV� DUH XVHG�

7KHVH DXWRQRPRXV V\VWHPV RI DUF VXSSO\ DUH ZLGHO\

XVHG LQ FUHDWLRQ RI VWDWLRQV RI PDQXDO URG HOHFWURGH

DUF ZHOGLQJ�� 9�$� /(%('(9 DQG 9�*� 3,&+$.� ����
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7KH XVH RI DYDLODEOH GHVLJQV RI WKH PHFKDQL]HG DUF

HTXLSPHQW LQ D VHW ZLWK ZHOGLQJ XQLWV LV DOPRVW LP�

SRVVLEOH EHFDXVH RI VHYHUDO UHDVRQV� DPRQJ ZKLFK WKH

IROORZLQJ RQHV FDQ EH GLVWLQJXLVKHG�
• DEVHQFH RI TXDOLW\ SRZHU VRXUFHV IRU V\VWHPV RI

FRQWURO RI VHPL�DXWRPDWLF PDFKLQHV ZKLFK DUH GH�

VLJQHG IRU UHDOL]DWLRQ RI GLIIHUHQW DUF WHFKQRORJLFDO

SURFHVVHV XVLQJ VHOI�VKLHOGLQJ IOX[�FRUHG HOHFWURGH

ZLUHV �VHPL�DXWRPDWLF PDFKLQHV RI $���� 3'*����

W\SHV� HWF���

• LPSRVVLELOLW\ RI XVH RI YROWDJH IURP DUF VXSSO\

VRXUFHV RI ZHOGLQJ JHQHUDWRUV IRU VXSSO\ RI FRQWURO

V\VWHPV RI WKH VHPL�DXWRPDWLF PDFKLQHV �VHPL�DXWR�

PDWLF PDFKLQHV RI $���8P� $���0� 36K���9 W\SHV�

HWF�� GXH WR KLJK YDOXHV RI RXWSXW RSHQ�FLUFXLW YROW�

DJHV� ZKLFK DUH W\SLFDO RI SRZHU VRXUFHV RI WKLV W\SH�

DQG DOVR TXDOLW\ RI WKLV YROWDJH� ZKRVH VSHFWUXP KDV

FROOHFWRU VZLWFKLQJ RYHUYROWDJHV�

(TXLSPHQW IRU WKH PHFKDQL]HG DUF SURFHVVHV ZLWK

XVH RI FRQVXPDEOH HOHFWURGH LQ WKH IRUP RI VHOI�VKLHOG�

LQJ IOX[�FRUHG ZLUHV� ZKLFK ZDV GHVLJQHG IRU RSHUD�

WLRQ LQ WKH ILHOG FRQGLWLRQV� FDQ ILQG DSSOLFDWLRQ LQ

PDQ\ DUHDV RI DJULFXOWXUH� LQ UHSDLU RI DJULFXOWXUDO�

PLOLWDU\� URDG�FRQVWUXFWLRQ PDFKLQHU\ GLUHFWO\ DW WKH

VLWHV RI LWV XVH XVLQJ WHFKQRORJLHV RI ZHOGLQJ� KDUG�

IDFLQJ DQG FXWWLQJ� LQ XWLOL]DWLRQ FXWWLQJ RI VWHHO VWUXF�
WXUHV DQG DOVR VWUXFWXUHV RI FRSSHU DQG DOXPLQLXP

DOOR\V� HOLPLQDWLQJ WKH XVH RI LQGXVWULDO QHWZRUNV RI

HOHFWULFLW\ VXSSO\ �VKLSV GLUHFWO\ RQ VKHOI� REMHFWV RI

DJULFXOWXUDO DQG PLOLWDU\ PDFKLQHU\ GLUHFWO\ LQ WKH

ILHOG FRQGLWLRQV� HWF��� 7KH VHPL�DXWRPDWLF PDFKLQHV

FDQ EH XVHG LQ WKH ILHOG FRQGLWLRQV IRU UHDOL]LQJ

VKLHOGHG�JDV ZHOGLQJ �WHPSRUDU\ URRPV� VSHFLDO WHQWV�

VKLHOGV�� +HUH� WKH SUREOHPV RI LQFUHDVLQJ HIILFLHQF\�

LPSURYLQJ TXDOLW\ DQG ODERXU FRQGLWLRQV RI RSHUDWRUV

DQG UHGXFWLRQ RI PDWHULDO DQG HQHUJ\ FRQVXPSWLRQ

DUH VROYHG�

7KLV SUREOHP LV HVSHFLDOO\ DFWXDO IRU WKH EUDQFKHV
RI LQGXVWU\ FRQQHFWHG ZLWK FRQVWUXFWLRQ RI QHZ DQG

UHSDLU RI GLIIHUHQW�SXUSRVH SLSHOLQHV EHLQJ LQ VHUYLFH

XQGHU WKH ILHOG FRQGLWLRQV� ZKHUH D URG HOHFWURGHZHOG�

LQJ XQWLO QRZ LV WKH PDLQ WHFKQRORJLFDO SURFHVV�:HOG�

LQJ XQLWV DUH XVXDOO\ XVHG DV DUF VXSSO\ VRXUFHV� ,Q

QRQ�VWDWLRQDU\ FRQGLWLRQV WKLV SUREOHP FDQ EH VROYHG

E\ VHYHUDO PHWKRGV� IRU H[DPSOH� E\ XVLQJ PRELOH
HOHFWULF VWDWLRQV RI D UHTXLUHG SRZHU DQG YROWDJH� ,Q

DGGLWLRQ� WKH ZHOGLQJ VWDWLRQ FDQ EH HTXLSSHG ZLWK

SRZHU VRXUFHV RI GLIIHUHQW W\SHV LQFOXGLQJ WKH ZLGHO\

XVHG VWDWLF FRQYHUWHUV �UHFWLILHUV�� +RZHYHU� LQ WKLV

FDVH WKH FRVW RI ZHOGLQJ VWDWLRQ HTXLSPHQW LV DEUXSWO\

LQFUHDVHG� LWV PRELOLW\ DQG PDQRHXYUDELOLW\ DUH GH�

FUHDVHG� $ ORFDO SRZHU VRXUFH� EDVHG RQ '& RU $&�

JHQHUDWRU ZLWK D GULYH IURP LQWHUQDO FRPEXVWLRQ HQ�

JLQH RI D VXIILFLHQWO\ ORZ SRZHU IRU VXSSO\ RQO\ V\V�

WHPV RI FRQWURO DQG DGMXVWPHQW RI WKH PHFKDQL]HG DUF

HTXLSPHQW FDQ EH DGGHG WR WKH ZHOGLQJ XQLW� %XW LQ

WKLV FDVH DGGLWLRQDO H[SHQVHV ZLOO DOVR EH UHTXLUHG DW

ORZ UHOLDELOLW\ RI WKH ZKROH FRPSOH[�
'HVLJQ %XUHDX RI WKH (�2� 3DWRQ(OHFWULF:HOGLQJ

,QVWLWXWH FDPH WR WKH FRQFOXVLRQ WKDW WKH SUREOHP RI

D ZLGH DSSOLFDWLRQ RI WKH VHPL�DXWRPDWLF PDFKLQHV LQ

WKH ILHOG FRQGLWLRQV� LQ SDUWLFXODU LQ FRQVWUXFWLRQ DQG

UHSDLU RI WKH SLSHOLQHV� XWLOL]DWLRQ RI PHWDO VWUXFWXUHV�

FDQ EH VROYHG E\ XVLQJ D JDLQHG H[SHULHQFH DQG WHFK�

QLFDO GHYHORSPHQWV RI PHFKDQL]HG DUF HTXLSPHQW RI

DPXOWL�YDULDQW DSSOLFDWLRQ RI D EDVLF PRGHO RI DPRGX�

ODU GHVLJQ >�@� 7KLV GHVLJQ SURYLGHV DQ DGMXVWDEOH
WUDQVLVWRU HOHFWULF GULYH ZKLFK DGPLWV WKH XVH RI '&

SRZHU VRXUFHV RI DOPRVW DQ\ VKDSH RI YROWDJH IRU LWV

VXSSO\� 3RZHU VRXUFHVZLWK KLJK YDOXHV RI RSHQ�FLUFXLW

YROWDJH �PRUH WKDQ �� 9� DQG DOVR WKRVH KDYLQJ KLJK�

YROWDJH FRQVWLWXHQWV LQ RXWSXW YROWDJH DUH DQ H[FHS�

WLRQ�

7KXV� WKH PDLQ WDVN LQ WKH GHVLJQ RI WKH VHPL�DXWR�

PDWLF PDFKLQH IRU XVH LQ GLIIHUHQW PHFKDQL]HG DUF

SURFHVVHV LV WKH VHOHFWLRQ RI D V\VWHP RI VXSSO\ RI WKH

HOHFWULF GULYH DQG FRQWURO FLUFXLW� 7KH HIIHFWLYHQHVV RI

WKLV WDVN VROXWLRQ LV GHILQHG E\ D VLPSOLFLW\� ORZ FRVW

RI WKH QHZ HTXLSPHQW� HDV\ PDLQWHQDQFH DQG UHSDLU

DV ZHOO DV E\ WKH UHOLDELOLW\ FKDUDFWHULVWLFV� $OO WKLV

ZLOO DOORZ ZLGH LPSOHPHQWDWLRQ RI WKH DUF PHFKDQL]HG

ZHOGLQJ� KDUGIDFLQJ DQG FXWWLQJ RI PHWDOV ZLWK D FRQ�

VXPDEOH HOHFWURGH LQ WKH WHFKQRORJLHV XVHG LQ WKH ILHOG

FRQGLWLRQV� LQ SDUWLFXODU LQ FRQVWUXFWLRQ DQG UHSDLU RI

WKH GLIIHUHQW�SXUSRVH SLSHOLQHV�

'XULQJ GHYHORSPHQW� GHVLJQLQJ DQG WHVWLQJ RI GLI�

IHUHQW YDULDQWV RI RUJDQL]LQJ WKH V\VWHP IRU VXSSO\ RI
WKH GLIIHUHQW�SXUSRVH PHFKDQL]HG DUF HTXLSPHQW WKH

ILQDO FRQFOXVLRQ ZDV PDGH DERXW LPSRVVLELOLW\ RI XVH
RI YROWDJH RI ZHOGLQJ JHQHUDWRU XVLQJ VLPSOH WHFKQLFDO

DQG GHVLJQ VROXWLRQV�

9DULDQW RI XVH RI WKH DX[LOLDU\ YROWDJH VRXUFH
ZKLFK LV LQFOXGHG LQWR ZHOGLQJ XQLWV DQG GHVLJQHG IRU

FKDUJLQJ VWRUDJH EDWWHULHV SURYLGLQJ WKH VWDUW RI D

GULYHQ LQWHUQDO FRPEXVWLRQ HQJLQH ZDV DOVR VWXGLHG�
'LUHFW DSSOLFDWLRQ RI WKH DERYH�PHQWLRQHG SRZHU

VRXUFH ZDV DOVR LPSRVVLEOH E\ WZR PDLQ UHDVRQV� GXH

WR D ORZ OHYHO RI RXWSXW YROWDJH DQG SUHVHQFH RI KLJK�

YROWDJH FRQVWLWXHQWV LQ WKH RXWSXW YROWDJH� WKRXJK LWV

XVH IRU FKDUJLQJ D VWDUWLQJ DFFXPXODWRU LQ WKH V\VWHP

RI PHFKDQL]HG DUF HTXLSPHQW VXSSO\ LV DGPLVVLEOH�

7R FUHDWH D V\VWHP RI FRQWLQXRXV DQG TXDOLW\ VXS�

SO\ RI WKH HOHFWULF GULYH DQG FLUFXLW IRU FRQWURO RI

GLIIHUHQW�SXUSRVH VHPL�DXWRPDWLF PDFKLQHV DW WKHLU
RSHUDWLRQ LQ WKH ILHOG FRQGLWLRQV LQ D VHW ZLWK ZHOGLQJ

XQLWV LW ZDV VXJJHVWHG >�@ WR IXUQLVK WKH DYDLODEOH

HQHUJ\ DFFXPXODWRU ZLWK DQ DX[LOLDU\ DFFXPXODWRU

DQG WR UHDOL]H WKH VXSSO\ RI WKH PHFKDQL]HG DUF HTXLS�

PHQW IURP WKH V\VWHP RI WZR DFFXPXODWRUV SURYLGLQJ

�� 9 YROWDJH ZKLFK LV GHVLJQHG IRU HOHFWULF HTXLSPHQW
RI WKH VHPL�DXWRPDWLF PDFKLQH�

9DULDQW RI HOHFWULFDO HOHPHQWDU\ GLDJUDP RI WKH
VHPL�DXWRPDWLF PDFKLQH ZLWK D QHZ V\VWHP RI LWV VXS�

SO\ LQ WKH ILHOG FRQGLWLRQV LV JLYHQ LQ WKH )LJXUH�

$V LV VHHQ IURP WKH GLDJUDP� WKH GHVLJQ RI WKH QHZ

V\VWHP LV TXLWH VLPSOH DQG FDQ EH HDVLO\ UHDOL]HG LQ

DQ\ FRQGLWLRQV� ,W LQFOXGHV PDLQO\ DQ DX[LOLDU\ DFFX�

PXODWRU *� DQG RSHUDWLRQ FRQGLWLRQ VZLWFK �UHOD\ .�

LQ RXU FDVH� ZKLFK UHDOL]HV DQ DXWRPDWLF VHOHFWLRQ RI

WKH RSHUDWLRQ FRQGLWLRQ RI WKH PDLQ *� DQG DX[LOLDU\
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*� DFFXPXODWRUV DV IROORZV� ,I WKH UHOD\ .� LV QRW

VZLWFKHG RQ �WKHUH LV QR FRPPDQG IURP WKH V\VWHP

RI WKH VHPL�DXWRPDWLF PDFKLQH FRQWURO DERXW WKH RS�

HUDWLRQ VWDUW�� WKHQ ERWK DFFXPXODWRUV *� DQG *� DUH

FRQQHFWHG LQ SDUDOOHO DQG FKDUJHG IURP WKH FKDUJLQJ

GHYLFH $�� :KHQ WKH VHPL�DXWRPDWLF PDFKLQH LV

VZLWFKHG RQ WKH FRPPDQG LV HQWHUHG IURP LWV FLUFXLW

IURP UHOD\ .� IRU VZLWFKLQJ WKH DFFXPXODWRUV *� DQG

*� LQWR VHULHV FRQQHFWLRQ DQG FRQQHFWLRQ WR WKH VXSSO\

FLUFXLW RI WKH VHPL�DXWRPDWLF PDFKLQH� ,Q WKLV RSHUD�

WLRQ FRQGLWLRQ WKH PDLQ DFFXPXODWRU *� LV FKDUJHG

DJDLQ IURP WKH FKDUJLQJ GHYLFH $� RI WKH ZHOGLQJ

XQLW� 7KH VXSSO\ RI VZLWFKLQJ UHOD\ .� LV UHDOL]HG

IURP WKH PDLQ DFFXPXODWRU *�� %HVLGHV UHOD\ .�� WKH

UHOD\ .� LV DOVR VZLWFKHG RQ ZKLFK FRQWUROV WKH RS�

HUDWLRQ RI HOHFWULF GULYH IRU WKH HOHFWURGH IHHG PHFKD�

QLVP DQG DOVR RWKHU HOHPHQWV LQFOXGHG LQWR WKH RS�

HUDWLRQDO F\FOH RI WKH DXWRPDWLF PDFKLQH $�� $IWHU

FRPSOHWLRQ RI WKH DUF SURFHVV F\FOH WKH UHOD\ .� LV

ILUVW VZLWFKHG RII� WKHQ RWKHU HOHPHQWV SDUWLFLSDWLQJ

LQ WKH ZRUNLQJ F\FOH RI WKH VHPL�DXWRPDWLF PDFKLQH

DUH VZLWFKHG RII� 5HOD\ .� LV VZLWFKHG RII DW D VRPH

GHOD\ SURYLGHG E\ FLUFXLW &�� 5� DQG LVRODWLQJ GLRGH

9�� 7KLV GHOD\ LV QHFHVVDU\ WR PDNH WKH FRQGLWLRQV RI

UHFRPXWDWLRQ RI DFFXPXODWRUV *� DQG *� HDVLHU� $OO

WKH DX[LOLDU\ HOHPHQWV RI WKH VWDWLRQ IRU PHFKDQL]HG

SURFHVVHV DUH DUUDQJHG LQ D VHSDUDWH PRGXOH GLUHFWO\

RQ D ZHOGLQJ XQLW �SDQHO RI LQVWUXPHQWV DQG FRQWUROV

RI WKH XQLW��

7KH RIIHUHG YDULDQW RI VXSSO\ V\VWHP RI WKH GLI�

IHUHQW�SXUSRVH PHFKDQL]HG DUF HTXLSPHQW IRU VHUYLFH

LQ WKH ILHOG FRQGLWLRQV ZDV UHDOL]HG LQ D VHULDOO\�SUR�

GXFHG VHPL�DXWRPDWLF PDFKLQH 36K���9 W\SH IRU

ZHOGLQJ DQG KDUGIDFLQJ XVLQJ VHOI�VKLHOGLQJ IOX[�

FRUHG HOHFWURGH ZLUHV� ,Q WKH VXSSO\ V\VWHP ���YROW

DFFXPXODWRUV RI ��67 W\SH ZHUH XVHG� 6XFK GHVLJQ RI

WKH VHPL�DXWRPDWLF PDFKLQH ZDV WHVWHG E\ HPHUJHQF\

VHUYLFHV RI HQWHUSULVH �9RGRNDQDO� LQ UHSDLU ZHOGLQJ

DQG FXWWLQJ ZLWK VHOI�VKLHOGLQJ IOX[�FRUHG HOHFWURGH

ZLUHV RI ZDWHU VXSSO\ SLSHV RI D GLIIHUHQW DVVRUWPHQW�

6SHFLDOLVWV UHFRJQL]HG WKH KLJK TXDOLW\ DQG PLQLPXP

WHUPV RI ZRUNV IXOILOOPHQW� DQG� HVSHFLDOO\� PRELOLW\

DQG VLPSOLFLW\ RI WKH VHPL�DXWRPDWLF PDFKLQH KDYLQJ

D QHZ VXSSO\ V\VWHP�

'XULQJ WKH H[SHULPHQWDO VHUYLFH RI WKH VHPL�DXWR�

PDWLF PDFKLQH WKH SRVVLEOH GXUDWLRQ RI RSHUDWLRQ

ZLWKRXW DGGLWLRQDO FKDUJLQJ RI DFFXPXODWRUV ZDV GH�

ILQHG� WKDW DW SUHVHQFH RI WZR SUHOLPLQDU\ FKDUJHG

DQG VHULHV�FRQQHFWHG DFFXPXODWRUV RI ��67 W\SH WKH

VXSSO\ V\VWHPV JXDUDQWHHV WKH VHUYLFHDELOLW\ RI VHPL�

DXWRPDWLF PDFKLQHV RI 36K���9 W\SH DW �� � GXW\

F\FOH GXULQJ �w� VKLIWV� ,Q VRPH FDVHV WKH DERYH�PHQ�

WLRQHG VHPL�DXWRPDWLF PDFKLQH ZLWK DQ DFFXPXODWLQJ

V\VWHP RI VXSSO\ XVLQJ VWRUDJH EDWWHULHV FDQ RSHUDWH

DOVR ZLWKRXW GHYLFHV IRU FKDUJLQJ DFFXPXODWRUV�

,W VKRXOG EH QRWHG WKDW WKH RIIHUHG GHYHORSPHQW

RI WKH HQHUJ\�DFFXPXODWLQJ V\VWHP RI VXSSO\ FDQ EH

XVHG DOVR ZLWK RWKHU W\SHV RI WKH VHPL�DXWRPDWLF PD�

FKLQHV� +HUH� WKH REOLJDWRU\ UHTXLUHPHQW LV WKH SUHV�

HQFH LQ LWV GHVLJQ RI '& HOHFWULF GULYH IRU WKH HOHFWURGH

ZLUH IHHG PHFKDQLVP DQG DOVR DQ DGMXVWDEOH WUDQVLVWRU

HOHFWULF GULYH RU VLPSOHVW UHVLVWLYH FRQWUROOHUV LQ FLU�

FXLWV RI HOHFWULF PRWRU OLNH WKH W\SH RI VHPL�DXWRPDWLF

PDFKLQHV $���8P� $���0� ,W LV UHTXLUHG DGGLWLRQ�

DOO\ WKDW YROWDJH XVHG IRU VXSSO\ RI HOHFWULF GULYH DQG

FRQWURO FLUFXLW ZDV �� 9 RU GLYLVLEOH E\ �� 9 �PRVW

ZLGHO\ VSUHDG W\SHV RI DFFXPXODWRUV��

7KH DGYDQWDJHV RI WKH RIIHUHG VXSSO\ V\VWHP PDNH

LW SRVVLEOH WR VWDWH WKDW WKH VSKHUH RI VSUHDGLQJ WKLV

HTXLSPHQW FDQ EH ZLGHQHG VLJQLILFDQWO\�

�� 0RVKNLQ� 9�)�� /HEHGHY� 9�$� ������ 6HPL�DXWRPDWLF PD�
FKLQHV IRU ZHOGLQJ DQG VXUIDFLQJ� ([SHULHQFH RI SURVSHFWLYH
GHYHORSPHQWV DQG DSSOLFDWLRQ LQ QDWLRQDO HFRQRP\� .\LY�
=QDQLH�

�� 0DUWLQ� '�+� ������ )OX[�FRUHG ZLUHV DV DQ DOWHUQDWLYH RI
VWLFN HOHFWURGHV DQG VROLG ZLUHV� 6YDURFKQ� 3URL]YRGVWYR� ��
��w���

�� /HEHGHY� 9�$�� 0RVKNLQ� 9�)�� 3LFKDN� 9�*� ������ $ERXW
VHOHFWLRQ RI HTXLSPHQW IRU PHFKDQLVHG FXWWLQJ ZLWK IOX[�
FRUHG ZLUHV� $YWRPDWLFK� 6YDUND� �� ��w���

�� /HEHGHY� 9�$�� 0RVKNLQ� 9�)�� 3LFKDN� 9�*� ������ 6HPL�
DXWRPDWLF PDFKLQHV RI XQLILHG PRGXODU GHVLJQ IRU ZHOGLQJ�
VXUIDFLQJ DQG FXWWLQJ� 6YDURFKQ� 3URL]YRGVWYR� �� ��w���

�� 'XGNR� '�$�� /HEHGHY� 9�$�� 3LFKDN� 9�*� 6HPL�DXWRPDWLF
ZHOGLQJ PDFKLQH� )DYRXUDEOH GHFLVLRQ RQ DSSO� ���������
)LOHG ���������

(OHPHQWDU\ HOHFWULFDO GLDJUDP RI WKH VHPL�DXWRPDWLF PDFKLQH IRU
ZHOGLQJ� KDUGIDFLQJ DQG FXWWLQJ LQ WKH ILHOG FRQGLWLRQV
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$ VXIILFLHQW FRQGLWLRQ KDV EHHQ REWDLQHG JXDUDQWHHLQJ WKH DV\PSWRWLF VWDELOLW\ RI WKH FRQVXPDEOH HOHFWURGH DUF ZHOGLQJ

SURFHVV LQ WKH FDVH ZKHQ WKH HOHFWULF ILHOG LQWHQVLW\ LQ WKH DUF FROXPQ YDULHV ZLWKLQ FHUWDLQ NQRZQ OLPLWV�

.H\ ZRU G V � DUF ZHOGLQJ� FRQVXPDEOH HOHFWURGH� HOHFWULF

ILHOG� VWDELOLW\ RI ZHOGLQJ SURFHVV

6WDELOLW\ RI WKH FRQVXPDEOH HOHFWURGH DUF ZHOGLQJ LV
DQDO\]HG XVXDOO\ FRPLQJ IURP WKH DVVXPSWLRQ WKDW

WKH SDUDPHWHUV RI WKH SURFHVV FRQVLGHUHG DUH FRQVWDQW�

$FWXDOO\� VRPH RI WKHP �LQ SDUWLFXODU� HOHFWULF ILHOG
LQWHQVLW\ LQ DUF FROXPQ� DUH VLJQLILFDQWO\ FKDQJHG

ZLWK WLPH� :KDW LV WKH HIIHFW RI WKHVH FKDQJHV RQ WKH

ZHOGLQJ SURFHVV VWDELOLW\" -XGJLQJ IURP WKH DYDLODEOH

SXEOLFDWLRQV WKH DERYH�PHQWLRQHG TXHVWLRQ LV OLWWOH

VWXGLHG XQWLO QRZ�

,Q WKH SUHVHQW DUWLFOH WKH FRQGLWLRQV� VSHFLILHG DW

WKH OLPLWV RI FKDQJLQJ HOHFWULF ILHOG LQWHQVLW\ LQ WKH

DUF FROXPQ ZKLFK JXDUDQWHH WKH DV\PSWRWLF VWDELOLW\

RI WKH DUF ZHOGLQJ SURFHVV� ZHUH REWDLQHG�

/HW XV FRQVLGHU WKH GLIIHUHQWLDO VHFRQG�RUGHU HTXD�

WLRQ

λ⋅⋅ + α (W� λ) λ⋅ + β (W� λ) λ = ��

���

GHVFULELQJ D G\QDPLF SURFHVV UHODWLYH WR VRPH YDULDEOH
λ� 7KH VWDELOLW\ RI WKLV SURFHVV LV MXGJHG IURPFRHIILFLHQWV

α�W�λ� DQGβ�W�λ��$FFRUGLQJ WR >�@ WKH IXQFWLRQα�W� λ�
FDQ EH LQWHUSUHWHG DV QRQ�OLQHDU� WLPH�GHSHQGHQW W� JHQ�

HUDOL]HG FRHIILFLHQW RI GDPSLQJ� ZKLOH IXQFWLRQ β�W� λ�
FDQ EH LQWHUSUHWHG DV QRQ�OLQHDU� FOHDUO\ W�GHSHQGHQW�

JHQHUDOL]HG ULJLGLW\ RI WKH SURFHVV�

$W DQ\� EXW FRQVWDQW DQG SRVLWLYH YDOXHV RI FRHI�
ILFLHQWV α DQG β WKH SURFHVV ��� LV DV\PSWRWLFDOO\

VWDEOH UHODWLYH WR YDULDEOH λ� +RZHYHU� LI WKH YDOXHV

RI WKHVH FRHIILFLHQWV� EHLQJ SRVLWLYH� DUH FKDQJHG� WKHQ

WKH SURFHVV ZLOO EHFRPH LQVWDEOH DW FHUWDLQ FRQGLWLRQV�

$V WKH ODZ RI FKDQJLQJ IXQFWLRQV α�W� λ� DQG β�W� λ�
LV RIWHQ QRW GHILQHG DQG RQO\ WKH OLPLWV RI WKHLU FKDQJHV

D ≤ α �W� λ� ≤ $� E ≤ β �W� λ� ≤ % ���

DUH NQRZQ� WKHQ LW LV LQWHUHVWLQJ WR GHILQH FRQGLWLRQV

VSHFLILHG IRU SRVLWLYH QXPEHUV D� $� E� % DW WKH IXO�

ILOPHQW RI ZKLFK WKH VWHDG\ SURFHVV ZLOO EH VWDEOH
DV\PSWRWLFDOO\�

,Q >�@ WKH VXIILFLHQW FRQGLWLRQV� JXDUDQWHHLQJ DV�

\PSWRWLF VWDELOLW\ RI WKH SURFHVV ���� ZHUH REWDLQHG

XVLQJ D /\DSXQRYsV GLUHFW PHWKRG DQG 6LOYHVWHUsV JHQ�

HUDOL]HG LQHTXDOLWLHV� 7KHVH FRQGLWLRQV KDYH D IRUP

√% w √ E < �√D�(D w D�) �

�√ E > √D�($ w D�) w √D�(D w D�) �
���

1XPEHU D� LQ H[SUHVVLRQV ��� LV VHOHFWHG DUELWUDU\

LQ WKH UDQJH RI � � D� � D�

7KH UHVXOW REWDLQHG ZLOO EH XVHG IRU ILQGLQJ FRQ�

GLWLRQV RI D FRQVXPDEOH HOHFWURGH DUF ZHOGLQJ SURFHVV
VWDELOLW\ DW HOHFWULF ILHOG IOXFWXDWLRQV LQ DUF FROXPQ�

L�H� IRU WKH FDVH ZKHQ WKH HOHFWULF ILHOG LQWHQVLW\ LV

QRW D FRQVWDQW YDOXH� EXW LW LV FKDQJHG LQ WKH SUHVHW

NQRZQ UDQJHV�
$FFRUGLQJ WR >�@ WKH WUDQVLWLRQ SURFHVV LQ DZHOGLQJ

FLUFXLW LV GHVFULEHG TXLWH VDWLVIDFWRULO\ E\ HTXDWLRQ

��� LQ ZKLFK WKH JHQHUDOL]HG FRHIILFLHQW RI GDPSLQJ

α (W� λ) =
5∗

/
� ���

DQG JHQHUDOL]HG ULJLGLW\ RI WKH SURFHVV

β (W� λ) = (0

/
� ���

,Q WKHVH UDWLRV

5∗  5 � 6
D
w 6

V
� ���

ZKHUH 5 LV WKH WRWDO UHVLVWDQFH RI VXSSO\LQJ ZLUHV DQG

D VOLGLQJ FRQWDFW LQ D WRUFK QR]]OH� 6
D
� 6

V
DUH WKH

VWHHSQHVV RI YROW�DPSHUH FKDUDFWHULVWLFV RI DUF DQG

ZHOGLQJ FXUUHQW VRXUFH DW UDWHG YDOXH RI FXUUHQW L��

UHVSHFWLYHO\� / LV WKH ZHOGLQJ FLUFXLW LQGXFWDQFH� (

LV WKH HOHFWULF ILHOG LQWHQVLW\ LQ DUF FROXPQ� 0 LV WKH

VWHHSQHVV RI FKDUDFWHULVWLF RI HOHFWURGH PHOWLQJ DW D

UDWHG YDOXH RI ZHOGLQJ FXUUHQW L� DQG SUHVHW HOHFWURGH

VWLFNRXW K�� λ  OwO∞ LV WKH GHYLDWLRQ RI DUF OHQJWK O

IURP LWV VWHDG\ YDOXH O∞�

/HW XV DVVXPH WKDW WKH GDPSLQJ FRHIILFLHQW α  

 5∗�/ KDV D FRQVWDQW YDOXH� DQG WKH HOHFWULF ILHOG

LQWHQVLW\ (� LQFOXGHG LQWR UDWLRV ���� GHSHQGV RQ WLPH

W� ZKHUH LQI (�W� ≤ VXS (�W� ≤ (�W�� ,Q WKLV FDVH�
DFFRUGLQJ WR ���� α  D  $ DQG VHFRQG FRQGLWLRQ ���

LV IXOILOOHG DXWRPDWLFDOO\� ,Q WKH ILUVW FRQGLWLRQ ���

ZH DVVXPH WKDW D�  D�� �KHUH� D��D w D�� UHDFKHV

PD[LPXP�� 7KHQ� WKH ILUVW FRQGLWLRQ ��� FDQ EH UH�

GXFHG WR D VLPSOH IRUP

� *�$� 76<%8/.,1� ����
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√% w √ E < α� ���

ZKHUH

% = 0

/
VXS ((W)� E = 0

/
LQI (�W�� ���

,QHTXDOLW\ ��� ZLWK DOORZDQFH IRU ���� ���� ���

DQG GHVLJQDWLRQV (
V
 VXS (�W�� (

L
 LQI (�W� ZLOO

EH ZULWWHQ LQ WKH ILQDO IRUP

√(
V
w √(

L
<
6

D
w 6

V
+ 5

√0/
� ���

7KXV� WKH IROORZLQJ IDFW ZDV HVWDEOLVKHG� LI WKH

FRQGLWLRQ ��� LV IXOILOOHG� WKHQ WKH FRQVXPDEOH HOHF�

WURGH DUF ZHOGLQJ SURFHVV ZLWK FKDQJLQJ HOHFWULF ILHOG

LQWHQVLW\ LQ WKH PHQWLRQHG UDQJHV (
V
DQG (

L
LV DV\PS�

WRWLFDOO\ VWDEOH�

,QHTXDOLW\ ��� FDQ EH SUHVHQWHG DOVR LQ VRPH GLI�

IHUHQW IRUP�

µ ! w� � η� ����

ZKHUH

µ =
6

D
w 6

V

5
� η =

√0/
5

(√(
V
w √(

L
)� ����

7KH VXIILFLHQW FRQGLWLRQ RI DQ DV\PSWRWLF VWDELOLW\

���� LV GLIIHUHG IURP UHTXLUHG DQG VXIILFLHQW FRQGLWLRQ

µ ! w��

REWDLQHG LQ ZRUN >�@ IRU FDVH (  FRQVW� RQO\ E\ DQ

DGGLWLYH WHUP η FKDUDFWHUL]LQJ WKH HIIHFW RI FKDQJHV

RI HOHFWULF ILHOG ( LQ DUF FROXPQ RQ WKH VWDELOLW\ RI

SURFHVVHV SURFHHGLQJ LQ ZHOGLQJ FLUFXLW�

)LJXUH � VKRZV WKH UHJLRQ RI VWDELOLW\ LQ WKH SODQH

RI GLPHQVLRQOHVV SDUDPHWHUV µ DQG η� SORWWHG E\ IRU�
PXOD ����� &RPLQJ IURP WKLV )LJXUH DQG H[SUHVVLRQ

���� LW FDQ EH FRQFOXGHG WKDW ZLWK LQFUHDVH LQ η WKH

VWDELOLW\ UHJLRQ LV QDUURZHG�

,W FRPHV IURP WKH VHFRQG UDWLR ���� WKDW WKH YDOXHV

η DUH LQFUHDVHG ZLWK LQFUHDVH LQ GLIIHUHQFH EHWZHHQ

YDOXHV √(
V
DQG √(

L
DQG LQGXFWDQFH /� )LJXUH � JLYHV

D FXUYH RI UHODWLRQVKLS η  η�/�� SORWWHG E\ IRUPXOD
���� DW (

V
 � 9�PP� (

L
 � 9�PP� 0  

 ��� PP��$⋅V�� 5  ���� 2KP� ,W LV VHHQ IURP WKH

)LJXUH WKDW DW VPDOO �XS WR � P+� YDOXHV / WKH YDOXHV

η UHPDLQ ZLWKLQ XQLW\� ,W PHDQV WKDW WKH HIIHFW RI

HOHFWULF ILHOG IOXFWXDWLRQV LQ DUF FROXPQ RQ WKH VWD�

ELOLW\ RI SURFHVV SURFHHGLQJ LQ WKH ZHOGLQJ FLUFXLW LV

VR VPDOO WKDW LW FDQ EH QHJOHFWHG� +RZHYHU� DW KLJK

YDOXHV / �WHQV RI PLOOLKHQU\� WKH YDOXHV η DUH LQ�

FUHDVHG �η ! ��� 0RUHRYHU� DV LV VHHQ IURP )LJXUH ��

WKH UHJLRQ RI VWDELOLW\ LV VLJQLILFDQWO\ QDUURZHG�

7KXV� WKH HIIHFW RI WKH PHQWLRQHG IOXFWXDWLRQV RQ

WKH SURFHVV VWDELOLW\ DW ODUJH YDOXHV LV KLJK� WKHUHIRUH�

WKH VWHHSQHVV RI WKH YROW�DPSHUH FKDUDFWHULVWLF RI WKH

ZHOGLQJ FXUUHQW VRXUFH 6
V
VKRXOG EH VHOHFWHG WDNLQJ

LQWR DFFRXQW WKH FULWHULRQ ��� WR SURYLGH WKH FRQGLWLRQ

6
V
� 6

D
+ 5 w √0/ (√(

V
w √(

L
)�

�� 0HUNLQ� '�5� ������ ,QWURGXFWLRQ WR WKHRU\ RI G\QDPLF
VWDELOLW\� 0RVFRZ� 1DXND�

�� 7V\EXONLQ� *�$� ������ 7R WKH TXHVWLRQ RI *0$: VWDEL�
OLW\� 7KH 3DWRQ :HOGLQJ -�� �� ��w���

)LJXUH �� %RXQGDULHV RI DV\PSWRWLF VWDELOLW\ UHJLRQ

)LJXUH �� &XUYH RI UHODWLRQVKLS η  η�/�
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7KH �
WK 6SHFLDOLVHG ([KLELWLRQ ZLWK LQWHUQDWLRQDO SDU�

WLFLSDWLRQ� ZKLFK ZDV KHOG LQ .\LY LQ $SULO ��w���

����� EHFDPH D PDUNHG HYHQW LQ WKH OLIH RI VFLHQWLVWV�

GHYHORSHUV� GHVLJQHUV� PDQXIDFWXUHUV DQG XVHUV RI
ZHOGLQJ HTXLSPHQW DQG IDFLOLWLHV IRU WHVWLQJ� SURWHF�

WLRQ RI ZHOGHUV DQG HQYLURQPHQW� ,W LV ZRUWK\ RI QRWH

WKDW WKH ([KLELWLRQ FRLQFLGHG LQ WLPH ZLWK WKH ��
WK

DQQLYHUVDU\ RI WKH :HOGLQJ 6RFLHW\ RI 8NUDLQH� 0RUH

WKDQ �� FRPSDQLHV RI 8NUDLQH� &,6 DQG RWKHU IRUHLJQ

FRXQWULHV GHPRQVWUDWHG WKHLU DFKLHYHPHQWV DQG IXWXUH

FDSDELOLWLHV� :KLOH ZHOGLQJ GRHV KDYH WKH IXWXUH DQG�

DV VDLG 3URI� %�(� 3DWRQ DW WKH RSHQLQJ FHUHPRQ\�

ZHOGLQJ DQG UHODWHG WHFKQRORJLHV ZLOO PDLQWDLQ WKHLU

SRVLWLRQ LQ WKH ;;, FHQWXU\� DQG HTXLSPHQW ZLOO EH

FRQWLQXRXVO\ XSJUDGHG DQG TXDOLW\ RI WKH WHFKQRORJL�

FDO SURFHVVHV ZLOO EH LPSURYHG�

,Q JHQHUDO� WKH ([KLELWLRQ GHPRQVWUDWHG ZLGHO\
DSSOLHG W\SHV RI ZHOGLQJ HTXLSPHQW� WKH HTXLSPHQW

IRU PDQXDO DUF ZHOGLQJ DQG VXUIDFLQJ� SRZHU XQLWV
IRU PDQXDO VWLFN HOHFWURGH DQG VHPLDXWRPDWLF ZHOGLQJ
RI VWHHOV LQ WKH ILUVW SODFH EHLQJ WKH GRPLQDQW H[KLELWV�

&RQVLGHUDWLRQ ZDV JLYHQ WR ZHOGLQJ FRQVXPDEOHV�

VXFK DV KLJK�TXDOLW\ DQG VSHFLDO HOHFWURGHV� GLIIHUHQW

W\SHV RI HOHFWURGH ZLUHV� LQFOXGLQJ IOX[�FRUHG VHOI�

VKLHOGHG RQHV DQG RWKHUV� $ORQJ ZLWK IRUHLJQ PDQX�

IDFWXUHUV� ZRUWK\ RI QRWH DUH DOVR WKH8NUDLQLDQPDQX�

IDFWXUHUV RI KLJK�TXDOLW\ HOHFWURGH SURGXFWV� VXFK DV
D QHZ &RPSDQ\ �$UNVHO� �'RQHWVN�� 5HVHDUFK DQG

3URGXFWLRQ &RPSDQ\ �(OQD� �.\LY� DQG RWKHUV�
&RQVLGHUDEOH LQFUHDVH ZDV QRWHG LQ WKH QXPEHU RI

FRPSDQLHV LQYROYHG LQ VROYLQJ HQYLURQPHQWDO SURE�

OHPV RI WKH ZHOGLQJ LQGXVWU\� LQFOXGLQJ PDQXIDFWXUH�
GHOLYHU\ DQG DVVHPEO\ RI IDFLOLWLHV IRU UHPRYDO DQG
FOHDQLQJ RI ZHOGLQJ DHURVROV� 1RWHZRUWK\ DPRQJ GH�

YHORSPHQWV LQ WKLV DUHD DUH VPDOO�VL]H ORFDO PHDQV IRU

LQGLYLGXDO SURWHFWLRQ RI ZHOGHUV ZLWK IRUFHG IHHG RI

SXULILHG DLU� SURGXFHG E\ WKH �6L]RG� &RPSDQ\ �6W��

3HWHUVEXUJ�� 9HU\ JRRG LQ WKLV UHVSHFW DUH ILOWHU�YHQ�

WLODWLRQ GHYLFHV� D MRLQW GHYHORSPHQW RI WKH 5	'&HQ�

WUH �7HPS� DQG WKH (�2� 3DWRQ (OHFWULF :HOGLQJ

,QVWLWXWH� $PRQJ WKH H[KLELWV ZHUH UHOLDEOH DQG YHU\
HIILFLHQW PHDQV IRU UHPRYDO RI ZHOGLQJ DHURVROV� FRP�

ELQHG ZLWK KRVH KROGHUV ��%LQ]HO� &RPSDQ\�� ZKLFK
VKRZHG WKHPVHOYHV WR DGYDQWDJH� (YLGHQWO\� WKH DUHD

RI GHYHORSPHQW DQG PDQXIDFWXUH RI ZHOGHUsV DQG HQ�

YLURQPHQW SURWHFWLRQ IDFLOLWLHV VKRZV D PDUNHG SUR�

JUHVV WDNLQJ SODFH LQ WKH ODVW \HDUV�

&RPSDQLHV LQYROYHG LQ SURGXFWLRQ RI ZHOGLQJ DF�

FHVVRULHV KDYH LQFUHDVHG LQ QXPEHU� DQG WKHLU SURGXFWV

DUH RI D KLJK TXDOLW\� ZLGH GLYHUVLW\ DQG JRRG GHVLJQ�

2QH FDQQRW EXW QRWH WKH ,OQLWVN 0HFKDQLFDO 3LORW

3ODQW IRU ZHOGLQJ HTXLSPHQW� ZKLFK DFKLHYHG D VXE�

VWDQWLDO LPSURYHPHQW LQ TXDOLW\ RI LWV KRVH KROGHUV

IRU JDV�VKLHOGHG ZHOGLQJ� $V UHSRUWHG E\ UHSUH�
VHQWDWLYHV RI WKH 3ODQW� LWV WDUJHW LV WR XSJUDGH KRVH

KROGHUV WR PDNH WKHP ILW IRU RSHUDWLRQ ZLWK IOX[�FRUHG
HOHFWURGH ZLUHV� WKH 3ODQW EHLQJ WKH RQO\ PDQXIDF�

WXUHU RI WKHP LQ 8NUDLQH� 2I D SOHDVDQW VXUSULVH ZHUH

H[KLELWV RI WKH 3:, 3LORW 3ODQW IRU :HOGLQJ (TXLS�

PHQW� ZKLFK GHYHORSHG DQG LV FRPPHUFLDOO\ SURGXFLQJ

D ZLGH UDQJH RI KRVH KROGHUV FKDUDFWHULVHG E\ DPRGHUQ

GHVLJQ DQG KLJK WHFKQRORJLFDO SHUIHFWLRQ� 7KH .D�
NKRYND 3ODQW IRU (OHFWULF :HOGLQJ (TXLSPHQW
�.3(:(� GHYHORSHG DQG LV PDQXIDFWXULQJ D QXPEHU
RI KRVH KROGHUV� 0RVW SUREDEO\� WKH QDWLRQDO PDQX�

IDFWXUHUV ZLOO UHWDLQ WKH PDLQ PDUNHW RI DSSOLFDWLRQ
RI WKH KRVH KROGHUV�

7KH FXUUHQW WUHQG QRZ LV WKDW VRPH PDQXIDFWXUHUV

RI PHFKDQLVHG DUF HTXLSPHQW LQ 8NUDLQH FRPSOHWH

WKHLU SURGXFWV ZLWK KRVH KROGHUV SURGXFHG E\ IRUHLJQ

FRPSDQLHV� IRU H[DPSOH� �%LQ]HO�� $V WR RWKHU FRP�

SRQHQWV DQG DFFHVVRULHV IRU WKH DUF HTXLSPHQW� VXFK

DV VWLFN HOHFWURGH KROGHUV� UHWXUQZHOGLQJZLUH FODPSV�

HWF�� FHUWDLQ DGYDQFHV KDYH EHHQ DFKLHYHG LQ WKLV DUHD

DV ZHOO� 2I VSHFLDO QRWLFH LV WKH SUREOHP RI JDV VKXWRII

GHYLFHV� ZKLFK LV YHU\ WRSLFDO IRU PDQXIDFWXUHUV DQG
XVHUV RI PHFKDQLVHG DUF HTXLSPHQW� 8QWLO UHFHQWO\ WKH

XVH ZDV PDGH RI DOO�LQGXVWU\ YDOYHV RU LQ�KRXVH VKXW�

RII GHYLFHV �VHPLDXWRPDWLF GHYLFHV $���8P�

$���0�� 7KLV SUREOHPZDV VROYHG E\.3(:(�ZKLFK
DUUDQJHG SURGXFWLRQ RI JDV VKXWRII GHYLFHV RI D JRRG

GHVLJQ DQG VXIILFLHQWO\ KLJK TXDOLW\� 0DQXIDFWXUH RI
HOHFWULF PRWRUV DQG HOHFWURGH ZLUH IHHG PHFKDQLVPV�

EDVHG RQ WKH DERYH JDV VKXWRII GHYLFHV� LV GHYHORSHG
E\ WKH &RPSDQ\ �$UW\RP�.RQWDNW�� ,W LV QRW HQRXJK
KRZHYHU� DV WKH PDLQ PDQXIDFWXUHUV RI DUF ZHOGLQJ
HTXLSPHQW HPSOR\ RWKHU GHYHORSPHQWV RI PHFKDQLVPV

DQG RWKHU HOHFWULF PRWRUV� ,W LV RXU RSLQLRQ WKDW PDQX�

IDFWXUH RI HOHFWULF PRWRUV DQG HOHFWURGH ZLUH IHHG

PHFKDQLVPV LV YHU\ WRSLFDO DQG SURPLVLQJ IRU8NUDLQH�

DQG VKRXOG EH H[SDQGHG LQ WHUPV RI UDQJHV �IOX[�FRUHG
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DQG DOXPLQLXP HOHFWURGH ZLUH IHHG PHFKDQLVPV DQG

PHFKDQLVPV ZLWK D SXOVHG FKDUDFWHU RI ZLUH IHHG��

DOORZLQJ IRU GHYHORSPHQWV DYDLODEOH LQ WKLV ILHOG� LQ�

FOXGLQJ DW WKH 3:, 'HVLJQ %XUHDX�

/HW XV GZHOO RQ VXFK DQ LPSRUWDQW SLHFH RI HTXLS�

PHQW IRU DUF ZHOGLQJ SURFHVVHV DV DUF SRZHU VXSSOLHV�

$ORQJ ZLWK PDLQWDLQLQJ RXWSXW RI VXIILFLHQWO\ VLPSOH

WUDQVIRUPHUV DQG UHFWLILHUV� LQFOXGLQJ WKH UHJXODWHG

�WK\ULVWRULVHG� RQHV IRU PHFKDQLVHG ZHOGLQJ SURF�

HVVHV� WKHUH LV DQ LQFUHDVH LQ GHYHORSPHQWV WKDW XVH

LQYHUWHU WHFKQRORJLHV� 'LIIHUHQW PRGLILFDWLRQV RI WKH

LQYHUWHU�W\SH DUF SRZHU VXSSOLHV ZHUH H[KLELWHG E\ D

QXPEHU RI IRUHLJQ FRPSDQLHV� VXFK DV &(0217

6�5�/�� ZKLFK GHPRQVWUDWHG LWV HTXLSPHQW IRU WKH

ILUVW WLPH� DV ZHOO DV �)URQLXV�)DNHO�� �/LQFROQ (OHF�

WULF�� HWF� $ QXPEHU RI 8NUDLQLDQ FRPSDQLHV DOVR

GHPRQVWUDWHG UDWKHU DWWUDFWLYH IDFLOLWLHV EDVHG RQ IRU�

HLJQ FRPSRQHQWV DQG DVVHPEOLHV� 7KHVH FRPSDQLHV LQ�

FOXGH WKH 6LPIHURSRO 0RWRU )DFWRU\� ZKLFK H[KLELWHG

D QXPEHU RI SRZHU VXSSOLHV IRU PDQXDO DUF ZHOGLQJ

DQG VPDOO�VL]H VHPLDXWRPDWLF GHYLFHV IRU ZHOGLQJ XV�

LQJ WKLQ VWHHO VROLG HOHFWURGH ZLUH� 7KH DEVROXWH OHDGHU

LQ PDQXIDFWXUH RI KRPH LQYHUWHU�W\SH IDFLOLWLHV IRU

PDQXDO DUF ZHOGLQJ DQG� GXULQJ WKH ODVW \HDUV� IRU

PHFKDQLVHG SURFHVVHV LV WKH 3URGXFWLRQ $VVRFLDWLRQ

�.RPPXQDU� �.KDUNLY�� ZKLFK PDQXIDFWXUHV VLQJOH�

DQG WKUHH�SKDVH SRZHU XQLWV IRU PDQXDO DUF� PHFKD�

QLVHG DQG WXQJVWHQ�HOHFWURGH ZHOGLQJ� ,W VKRXOG EH

QRWHG WKDW WKH WKUHH�SKDVH SRZHU XQLWV SURGXFHG E\

WKLV &RPSDQ\ KDYH EXLOW�LQ GHYLFHV IRU GHFUHDVLQJ

RSHQ�FLUFXLW YROWDJH� ZKLFK PDNHV LW SRVVLEOH WR XVH

WKHP XQGHU HVSHFLDOO\ FULWLFDO FRQGLWLRQV DQG VDYH

SRZHU� 7KHVH WHFKQLFDO VROXWLRQV UHDOLVHG LQ FRPPHU�

FLDO HTXLSPHQW DUH QHZ DQG EHQHILFLDO� DQG VKRXOG EH

DVVHVVHG E\ FXVWRPHUV�

%\ DQDO\VLQJ WKH H[KLELWV� ZH VHH WKH UHFHQW

JURZWK RI WKH QXPEHU RI GHYHORSPHQWV RI WKH LQYHUWHU�

W\SH IDFLOLWLHV DQG LQFUHDVH LQ WKHLU RXWSXW� +RZHYHU�

SURFHHGLQJ IURP WKH H[SHUW SROO� WKHUH LV QR VXFK

JURZWK XQGHU LQGXVWULDO FRQGLWLRQV� $V VKRZQ E\

DQDO\VLV� VXFK IDFLOLWLHV DUH H[SHQVLYH VR IDU DQG WRR

VRSKLVWLFDWHG IRU FRPPHUFLDO FXVWRPHUV LQ 8NUDLQH�

DQG� ZKDW LV PRVW LPSRUWDQW� LW LV RXU RSLQLRQ� WKH\

GR QRW XVH WKRVH WHFKQLFDO DGYDQWDJHV ZKLFK FDQ EH

SURYLGHG E\ DOJRULWKPV RI WKHZHOGLQJ SURFHVV FRQWURO�

H�J� WKH PDVV WUDQVIHU FRQWURO �HOHFWURGH PHWDO WUDQV�

IHU�� ZKLFK DUH UHDOLVHG LQ WKH LQYHUWHU WHFKQRORJLHV�

DV LW LV GRQH� H�J� LQ UHDOLVDWLRQ RI WKH V\QHUJLF FRQWURO

ZLWK WKH .(033, HTXLSPHQW �WKLV HTXLSPHQW ZDV

QRW GHPRQVWUDWHG DW WKLV ([KLELWLRQ�� RU LQ WKH 667

WHFKQRORJ\ ZLWK WKH �/LQFROQ (OHFWULF� HTXLSPHQW�

$SSDUHQWO\� WKH ZHLJKW�GLPHQVLRQ LQGLFDWRUV� WKH DG�

YDQWDJHV RI ZKLFK DUH SURYLGHG E\ WKH XVH RI WKH

LQYHUWHU WHFKQRORJLHV� DUH QRW HQRXJK WR PDVWHU WKH

PDUNHW RI ZHOGLQJ DQG UHODWHG WHFKQRORJLHV� ,W LV HYHQ

PRUH HYLGHQW DJDLQVW GHYHORSPHQWV RI WKH UHVRQDQFH�

W\SH DUF SRZHU VXSSOLHV PDGH E\ WKH 3:,� 7KHVH XQLWV

KDYH VPDOO VL]HV� WKH\ DUH KLJKO\ HIILFLHQW DQG SURYLGH

WKH LPSURYHG ZHOGLQJ SURSHUWLHV� ,Q DGGLWLRQ� WKH

UHVRQDQFH�W\SH XQLWV DUH FKDUDFWHULVHG E\ D YHU\ ORZ

LQWHUIHUHQFH OHYHO� ZKLFK LV QRW W\SLFDO IRU RWKHU W\SHV

RI ZHOGLQJ HTXLSPHQW� ,Q RXU RSLQLRQ� WKHVH XQLWV

KDYH KLJK SRWHQWLDO DQG H[FHOOHQW IXWXUH ERWK LQVLGH

DQG RXWVLGH 8NUDLQH�

$ERYH ZH KDYH DOUHDG\ PHQWLRQHG WKH HTXLSPHQW

DQG DFFHVVRULHV IRU PDQXDO DQG PHFKDQLVHG DUF ZHOG�

LQJ PHWKRGV� +RZHYHU� WKH FKDUDFWHULVWLF SHFXOLDULW\

RI WKLV ([KLELWLRQ LV D UHODWLYH JURZWK RI WKH QXPEHU

RI GHYHORSPHQWV IRU DXWRPDWLF ZHOGLQJ XVLQJ DXWR�

PDWHG SURFHVVHV�+HUHZH KDYH WR QRWH WKH WUDFWRU�W\SH

HTXLSPHQW H[KLELWHG E\ WKUHH FRPSDQLHV� 3:,'HVLJQ

DQG 3URGXFWLRQ $VVRFLDWLRQ �3:, '3$� �VPDOO�VL]H

WUDFWRUV�� .3(:( �VHYHUDO PRGHOV RI ZHOGLQJ WUDF�

WRUV� DQG 6(/0$� 6LPIHURSRO �ZHOGLQJ WUDFWRU��

1RZ ZH KDYH HTXLSPHQW RI WKH W\SH RI DXWRPDWLF

GHYLFHV DQG XQLWV� ZKLFK FRXOG KDUGO\ EH VHHQ DW RXU

SUHYLRXV H[KLELWLRQV� 7KXV� LQ DGGLWLRQ WR WUDGLWLRQDO

DXWRPDWLF GHYLFHV ZLWK WKH WDFWLOH�W\SH WUDFNLQJ V\V�

WHPV SURGXFHG E\ .3(:(� GHPRQVWUDWHG ZHUH DOVR

GHYHORSPHQWV RI DVVHPEOLHV RI WKH DXWRPDWLF GHYLFHV

ZLWK VHDP WUDFNLQJ V\VWHPV RI WKH ODVHU W\SH �3:,

'3$�� 7KH �)URQLXV�)DNHO� IRU WKH ILUVW WLPH GHP�

RQVWUDWHG LWV DXWRPDWLF GHYLFH IRU RUELWDO SRVLWLRQ EXWW

ZHOGLQJ RI SLSHV DQG DXWRPDWLF ZHOGLQJ FDUULDJH IRU

PDNLQJ ILOOHW ZHOGV�

6SHFLDO FRQVLGHUDWLRQ VKRXOG EH JLYHQ WR JURZWK

RI WKH QXPEHU RI H[KLELWV IRU DXWRPDWHG SURFHVVHV

LQYROYLQJ PLFURSURFHVVRU IDFLOLWLHV �LQ SULQFLSOH� WKHVH

DUH WKH IXOO\ PHFKDWURQLF V\VWHPV�� L�H� DGYDQFHG SUR�

JUDPPDEOH FRQWUROOHUV� +HUH ZH KDYH WR QRWH GHYHO�

RSPHQWV RI WKH 3:, '3$ DVVRFLDWHG ZLWK WKH FRQWURO

V\VWHPV IRU ZHOGLQJ DXWRPDWLF GHYLFHV ZLWK D WUDFNLQJ

IXQFWLRQ� ZKLFK ZHUH PDGH RQ WKH EDVLV RI WKH SUR�
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JUDPPHG FRQWUROOHU� 7KLV GHYHORSPHQW XVHV DQRWKHU

KLJKO\ SURPLVLQJ GHVLJQ� L�H� HTXLSSLQJ DOO V\VWHPV

IRU PRYHPHQW RI WKH ZHOGLQJ DXWRPDWLF GHYLFH ZLWK

UHJXODWHG $& HOHFWULF GULYHV ZKLFK� DV SURYHG E\ UH�

VHDUFK DQG H[SHULHQFH� DUH PXFK PRUH UHOLDEOH WKDQ

WKH '& GULYHV ZLWK FRPPXWDWRU PRWRUV�

1RWH WKDW� LQ DGGLWLRQ WR WKH DERYH�VDLG� WKH PL�

FURSURFHVVRU�FRQWUROOHG V\VWHPV GHPRQVWUDWHG DW WKH

([KLELWLRQ LQFOXGHG DOVR WKH FRQWURO V\VWHPV IRU IODVK

EXWW ZHOGLQJ PDFKLQHV SURGXFHG E\ WKH .3(:(� DV

ZHOO DV V\VWHPV IRU DXWRPDWHG ORFDWLRQ DQG VSDFLQJ

RI PHWDO EODQNV SUHVHQWHG E\ FRPSDQLHV �=RQW�

�2GHVVD� DQG �0HVVHU 0*0��

7KH PDMRU H[SRVLWLRQV DW WKH ([KLELWLRQ ZHUH SUH�

VHQWHG E\ WKH 6FLHQWLILF� DQG�7HFKQLFDO &RPSOH[ �7KH

(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� �67&

�3:,��� .3(:( DQG 6(/0$� /HW XV GZHOO RQ H[�

KLELWV RI WKHVH RUJDQLVDWLRQV LQ YLHZ RI WKHLU LPSRU�

WDQFH DQG HIIHFW RQ WKH ZHOGLQJ HTXLSPHQW DQG WHFK�

QRORJ\� 6RPH GHYHORSPHQWV RI 67& �3:,� KDYH EHHQ

DOUHDG\ QRWHG DERYH�

7KHUHIRUH� KHUH ZH ZLOO QRWH HTXLSPHQW PDQXIDF�

WXUHG E\ WKH 3:,3LORW 3ODQW IRU:HOGLQJ (TXLSPHQW�

7KH 3ODQW GHPRQVWUDWHG D QXPEHU RI ZHOGLQJ DQG

VXUIDFLQJ VHPLDXWRPDWLF GHYLFHV GHVLJQHG RQ GLIIHUHQW

SRZHU FKDUDFWHULVWLFV EDVLV� DV ZHOO DV SRZHU VXSSOLHV

IRU PDQXDO DUF ZHOGLQJ� (TXLSPHQW RI WKH 3ODQW LQ�

YROYHV VRPH LQJHQLRXV FRQFHSWV� )LUVW RI DOO LW LV RUL�

HQWDWLRQ WR D VSHFLILF FXVWRPHU� 7KH 3ODQW VHOHFWHG

HQWHUSULVHV ZKHUH RSHUDWLRQ RI ZHOGLQJ HTXLSPHQW LV

FKDUDFWHULVHG E\ WKH PRVW VHYHUH FRQGLWLRQV� DQG LV

PDQXIDFWXULQJ SDUW RI LWV HTXLSPHQW LQWHQGHG SDU�

WLFXODUO\ IRU VXFK FXVWRPHUV� ,Q DGGLWLRQ� WKH DXWR�

PDWLF ZHOGLQJ GHYLFHV SURGXFHG E\ WKH 3ODQW LQFRU�

SRUDWH WHFKQLFDO VROXWLRQV ZKLFK DOORZ WKH ZHDNHVW

SRLQWV �HOHFWURQLFV� WR EH VHSDUDWHG LQ DQ RULJLQDO

GHVLJQ DQG WKXV WKH UHOLDELOLW\ FKDUDFWHULVWLFV WR EH

LPSURYHG� 8QOLNH WKH PDMRULW\ RI RWKHU PDQXIDFWXU�

HUV� VHPLDXWRPDWLF GHYLFHV RI WKH 3ODQW DUH HTXLSSHG

ZLWK WKH LQ� KRXVH KRVH KROGHUV DQG XVH WKH LQ�KRXVH

HOHFWURGH ZLUH IHHG PHFKDQLVPV� 7KH 3ODQW GHPRQ�

VWUDWHG WKH DGYDQFHG XQLW IRU ZHOGLQJ SODVWLF SLSHV�

,Q ERRWKV RI WKH 3:, '3$ RQH FRXOG VHH UHDOO\

QHZ DQG LQJHQLRXV GHYHORSPHQWV RI SRZHU� DQG PD�

WHULDO�VDYLQJ HTXLSPHQW� H�J� D QHZ GHVLJQ RI WKH VHPL�

DXWRPDWLF GHYLFHV IRU ZHOGLQJ VWHHOV DQG DOXPLQLXP

ZLWK SXOVHG HOHFWURGH ZLUH IHHG� DV ZHOO DV WKH �7ULS�

OHW� W\SH XQLW IRU ZHOGLQJ DQG VXUIDFLQJ RI VWHHOV DQG

DOXPLQLXP ZLWK D VLPXOWDQHRXV DQG DOWHUQDWH HOHF�

WURGH ZLUH IHHG� 1RWH WKDW DOPRVW QRWKLQJ ZDV RIIHUHG

DW WKH ([KLELWLRQ IRU PHFKDQLVHG ZHOGLQJ RI DOX�

PLQLXP DQG LWV DOOR\V� H[FHSW IRU WKH VHPLDXWRPDWLF

GHYLFH ZLWK WKH SXOVHG HOHFWURGH ZLUH IHHG� ZKHUHDV

WKH TXDOLW\ ZHOGLQJ RI DOXPLQLXP LQ SRZHU JHQHUD�

WLRQ� PHWDOOXUJ\ DQG WUDQVSRUW UHPDLQV D YHU\ SUHVVLQJ

SUREOHP QRW RQO\ LQ 8NUDLQH EXW DOVR DEURDG� ,W LV

ZRUWKZKLOH WR GUDZ DWWHQWLRQ RI ZHOGLQJ HTXLSPHQW

PDQXIDFWXUHUV WR WKLV SUREOHP�

.3(:( SUHVHQWHG WKH ZLGHVW UDQJH RI HTXLSPHQW

IRU GLIIHUHQW W\SHV RI ZHOGLQJ DQG GLIIHUHQW WHFKQROR�

JLHV� 7KLV LV LQ IXOO DJUHHPHQW ZLWK WKH FKDUDF�

WHULVDWLRQ RI WKH 3ODQW ZKLFK ZDV PDGH E\

3URI� %�(� 3DWRQ DW WKH ([KLELWLRQ RSHQLQJ FHUH�

PRQ\� ZKHQ KH FDOOHG WKH 3ODQW WKH ODUJHVW HQWHUSULVH

RI 8NUDLQH� SURGXFLQJ DQG H[SRUWLQJ ZHOGLQJ HTXLS�

PHQW� ,QGHHG� RQH FRXOG VHH HYHU\WKLQJ LQ WKH 3ODQW

ERRWKV� VWDUWLQJ IURP LQ�KRXVH FRPSRQHQWV �JDV VKXW�

RII GHYLFHV DQG KHDWHUV� KRVH KROGHUV� WR DXWRPDWLF

ZHOGLQJ XQLWV DQG IODVK EXWW ZHOGLQJ PDFKLQHV �IRU

UDLO� VHDP DQG VSRW ZHOGLQJ� HWF���:KDW LV WKH GLV�

WLQFWLYH IHDWXUH RI WKH .3(:( HTXLSPHQW" )LUVW RI

DOO� LW LV UREXVWQHVV� IRUHWKRXJKW DQG UHO\LQJ RQ WKH

LQ�KRXVH SURGXFWLRQ RI WKH PDMRULW\ RI FRPSRQHQWV

�KRVH KROGHUV� HOHFWURGH ZLUH IHHG PHFKDQLVPV� JDV

VKXWRII GHYLFHV� HWF��� ,Q RXU RSLQLRQ� .3(:( KDV

DOO WKH FRQGLWLRQV WR EH DPRQJ WKH ZRUOG OHDGHUV LQ

PDQXIDFWXUH RI ZHOGLQJ HTXLSPHQW� LQFOXGLQJ WKH DUF

ZHOGLQJ HTXLSPHQW� +RZHYHU� LW ODFNV QHZ WHFKQLFDO

VROXWLRQV WR UHDOLVH DGYDQFHG WHFKQRORJLHV� DQG PLVVHV

VRPH W\SHV RI ZHOGLQJ� LQFOXGLQJ PHFKDQLVHG ZHOGLQJ

RI DOXPLQLXP� :LOOLQJQHVV RI WKH 3ODQW WR PHHW WKH

FXUUHQW QHHGV RI FXVWRPHUV �H�J� XSJUDGHG PRGLILFD�

WLRQ RI $���8P� FXUUHQW VRXUFHV IRU RSHUDWLRQ XQGHU

VHYHUH FRQGLWLRQV� KHOSV LW WR VROYH WKH WRGD\sV HFR�

QRPLFDO SUREOHPV� EXW \LHOGV QRWKLQJ IRU WKH IXWXUH�

7KH 6(/0$ &RPSDQ\ ERRWK ZDV RI LQWHUHVW� ,W

FRQFHUQV SULPDULO\ ZLGHQLQJ RI WKH UDQJH RI WKH HTXLS�

PHQW SURGXFHG� LQFOXGLQJ ZHOGLQJ WUDFWRUV� ZKLFK

ZHUH GHPRQVWUDWHG IRU WKH ILUVW WLPH DW WKH ([KLELWLRQ�

3URGXFWV ZKLFK DUH WUDGLWLRQDO IRU WKH &RPSDQ\� L�H�

SRZHU XQLWV IRU PDQXDO DUF ZHOGLQJ DQG VHPLDXWR�

PDWLF ZHOGLQJ GHYLFHV� KDYH EHHQ VXEMHFWHG WR VXE�

VWDQWLDO TXDOLWDWLYH FKDQJHV GXULQJ WKH ODVW \HDUV�

7KH\ LQFOXGH QRZ GLJLWDO V\VWHPV IRU PHDVXULQJ WKH

DUF ZHOGLQJ SURFHVV SDUDPHWHUV� QHZ GHYHORSPHQWV RI

IRXU�UROO JHDU IHHG PHFKDQLVPV IRU VHPLDXWRPDWLF GH�

YLFHV� HWF� 6(/0$ GHPRQVWUDWHG LWV QHZ GHYHORS�

PHQW� L�H� WKH DGYDQFHG PRGHO RI VHPLDXWRPDWLF ZHOG�

LQJ GHYLFH XVLQJ WKH LQYHUWHU WHFKQRORJLHV DQG V\QHUJLF

DOJRULWKPV IRU WKH HOHFWURGH PHWDO WUDQVIHU FRQWURO�

'HPRQVWUDWLRQ RI D PXOWL�VWDWLRQ V\VWHP IRU PHFKD�

QLVHG ZHOGLQJ XVLQJ WKH PXVOWL�VWDWLRQ DUF SRZHU VXS�

SO\ DQG D VSHFLDO FRQYHUWHU RI RXWSXW YROWDJH RI WKLV

XQLW LQWR D OHYHO UHTXLUHG WR UHDOLVH WKH ZHOGLQJ SURF�

HVV� ZLWK WKH XQLW ORFDWHG DW D VXEVWDQWLDO GLVWDQFH

�WHQV RI PHWHUV� IURP WKH ZRUNSLHFH� LV DQ LQJHQLRXV

GHVLJQ RI WKH &RPSDQ\ ZKLFK DWWUDFWV DWWHQWLRQ RI
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VSHFLDOLVWV� 7KH FRQYHUWHUPD\ KDYH GLIIHUHQW SURJUDP�

PDEOH SXOVH FRQWURO DOJRULWKPV� 7KH OHYHO DQG TXDOLW\

RI WKH EDVLF W\SHV RI WKH 6(/0$ ZHOGLQJ HTXLSPHQW

DUH VXFK WKDW� DV UHSRUWHG E\ WKH &RPSDQ\ PDQDJHUV�

WKH\ DOORZ H[SRUW RI XS WR �� � RI WKH HQWLUH RXWSXW�

6XPPDULVLQJ GHVFULSWLRQ RI WKH GLYHUVLW\ RI WKH

H[KLELWV RI ZHOGLQJ HTXLSPHQW� WKH PDMRULW\ RI ZKLFK

QDWXUDOO\ DUH WKH GHYLFHV IRU PDQXDO DQG PHFKDQLVHG

DUF ZHOGLQJ SURFHVVHV� LW FDQ EH VWDWHG WKDW DW WKH

JLYHQ VWDJH HYHQ WKH PDMRU PDQXIDFWXUHUV RI WKLV

HTXLSPHQW LQ 8NUDLQH FDQQRW PHHW LQ IXOO DQG ZLWKLQ

WKH VKRUW WHUPV WKH LQFUHDVLQJ GHPDQG RI YDULRXV FXV�

WRPHUV� :H EHOLHYH WKDW WKLV LV FDXVHG E\ WKH DEVHQFH

RI GHYHORSPHQWV WR DOORZ SUREOHPV RI WKH ZHOGLQJ

LQGXVWU\� DVVRFLDWHG ZLWK UHSDLU RI PDFKLQH DQG

PHFKDQLVP SDUWV DQG XQLWV� WR EH VROYHG TXLFNO\ DQG

DW PLQLPXP FRVWV IRU SRWHQWLDO FXVWRPHUV� 7KH ZD\

RXW IURP WKLV VLWXDWLRQ ZDV RIIHUHG E\ 3:, '3$�

ZKLFK H[KLELWHG LQ LWV ERRWKV WKH FHUWLILHG PHWKRG IRU

PRGXODU GHVLJQ DQG PDQXIDFWXUH RI PHFKDQLVHG DQG

DXWRPDWHG DUF ZHOGLQJ HTXLSPHQW LQFRUSRUDWLQJ PXO�

WLIXQFWLRQDO EDVHOLQH DVVHPEOLHV� XQLWV DQG V\VWHPV�

,Q SDUDOOHO ZLWK WKH ([KLELWLRQ� RQ ��w�� $SULO

67& �3:,� KRVWHG WKH ,QWHUQDWLRQDO &RQIHUHQFH

�:HOGLQJ DQG 5HODWHG 7HFKQRORJLHVs����� �KLVWRU\�

DFKLHYHPHQWV� SURVSHFWV� %HQDUGRV UHDGLQJV�� 7KH

&RQIHUHQFH ZDV VSRQVRUHG E\ 67& �3:,�� WKH:HOG�

LQJ 6RFLHW\ RI 8NUDLQH� 0LQLVWU\ IRU ,QGXVWULDO 3ROLF\

RI 8NUDLQH� ,QVWLWXWH RI +LVWRU\ RI 8NUDLQH RI WKH

1$6 RI 8NUDLQH� *�0� 'REURY &HQWUH IRU 3URGXFWLYH

)RUFHV DQG +LVWRU\ RI 6FLHQFH RI 8NUDLQH DQG &HQWUH

IRU 0RQXPHQWV +LVWRU\ RI WKH 1$6 RI 8NUDLQH� 7KH

&RQIHUHQFH ZDV GHGLFDWHG WR 1�1� %HQDUGRV� WKH LQ�

YHQWRU RI HOHFWULF DUF ZHOGLQJ�

7KH &RQIHUHQFH ZDV DWWHQGHG E\ PRUH WKDQ ���

VFLHQWLVWV DQG VSHFLDOLVWV LQ WKH ILHOG RI ZHOGLQJ DQG

UHODWHG SURFHVVHV IURP $XVWULD� %HODUXV� 5XVVLDQ )HG�

HUDWLRQ DQG 8NUDLQH� 7KH &RQIHUHQFH ZDV RSHQHG E\

3URI� /�0� /REDQRY� 'HSXW\ 'LUHFWRU RI WKH (�2� 3D�

WRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 7KH &RQIHUHQFH SUR�

JUDP LQFOXGHG DERXW �� SDSHUV DQG SUHVHQWDWLRQV�

&RQVLGHULQJ WKH LPSRUWDQFH RI WKH NQRZOHGJH RI KLV�

WRU\ RI WHFKQRORJ\� DQG WKH ZHOGLQJ VFLHQFH DQG WHFK�

QRORJ\ LQ SDUWLFXODU� IRU SUHVWLJH RI WKH FRXQWU\ DQG

SUHVWLJH RI WKH ZHOGLQJ GLVFLSOLQH� WKH &RQIHUHQFH LQ�

FOXGHG VHYHUDO SOHQDU\ SUHVHQWDWLRQV RQ WKH WHFKQRO�

RJ\ DQG QDWXUDO KLVWRU\� +LJK FRQVLGHUDWLRQ WR WKLV

LVVXH ZDV JLYHQ LQ KLV GD\V E\ (YJHQ\ 2� 3DWRQ� WKH

IRXQGHU RI WKH (OHFWULF :HOGLQJ ,QVWLWXWH� $W WKH EH�

JLQQLQJ RI WKH ;; FHQWXU\� EHLQJ D GHDQ RI WKH (Q�

JLQHHULQJ 'HSDUWPHQW RI WKH .\LY 3RO\WHFKQLF ,QVWL�

WXWH� (YJHQ\ 3DWRQ KHDGHG DW WKH VDPH WLPH WKH (Q�

JLQHHULQJ 0XVHXP RI WKH ,QVWLWXWH� :KLOH KH ZDV WKH

'LUHFWRU RI WKH 0XVHXP� KH PDQDJHG WR DUUDQJH LWV

ZRUN DQG VXEVWDQWLDOO\ UHSOHQLVK LWV H[SRVLWLRQ� ,Q

���� WKH (QJLQHHULQJ 0XVHXP RI WKH .\LY 3RO\WHFK�

QLF ,QVWLWXWH ZDV WUDQVIRUPHG LQWR WKH 6WDWH 3RO\WHFK�

QLF 0XVHXP� 7KH 3UHVLGHQW RI WKH 1$6 RI 8NUDLQH�

'LUHFWRU RI WKH (�2�3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH

3URI� %�(� 3DWRQ KDV H[SUHVVHG KLJK LQWHUHVW LQ KLVWRU\

RI WHFKQRORJ\ DQG DGYRFDF\ RI SULRULWLHV DQG DGYDQFHV

RI RXU VFLHQWLVWV LQ WKH ILHOG RI ZHOGLQJ� 7KLV SUREOHP

LV WRSLFDO IRU DOO LQGXVWULDOLVHG FRXQWULHV� ,W LV HQRXJK

WR VD\ WKDW LQ WKH 86$ WKHUH DUH DERXW �� XQLYHUVLWLHV

DQG LQVWLWXWHV WKDW GHDO ZLWK KLVWRULFDO VWXGLHV LQ WKH

ILHOG RI WHFKQRORJ\�

3DSHUV SUHVHQWHG DW WKH &RQIHUHQFH ZHUH GHGLFDWHG

WR WKH IROORZLQJ VXEMHFWV�

• WHFKQRORJ\ DQG QDWXUDO KLVWRU\� UROH RI WHFKQLFDO
PXVHXPV LQ VWXG\ RI WKH KLVWRU\ RI VFLHQFH DQG WHFK�

QRORJ\�

• LQYHVWLJDWLRQ RI WKH SURFHVVHV RI DUF ZHOGLQJ�

XVLQJ PDWKHPDWLFDO PRGHOOLQJ IRU LQYHVWLJDWLRQ RI WKH

DUF ZHOGLQJ SURFHVVHV� QHZ JHQHUDWLRQ RI DUF ZHOGLQJ

HTXLSPHQW� ZHOGLQJ FRQVXPDEOHV DQG IXVLRQ DUF ZHOG�

LQJ WHFKQRORJ\� VWXG\ RI XQGHUZDWHU DUF ZHOGLQJ DQG

FXWWLQJ SURFHVVHV�

• GHYHORSPHQW RI FRPELQHG ZHOGLQJ SURFHVVHV DQG
LQYHVWLJDWLRQ RI WKHLU WHFKQRORJLFDO FDSDELOLWLHV �ODVHU

DQG SODVPD ZHOGLQJ� DUF DQG SODVPD ZHOGLQJ� HWF���

• WHFKQRORJ\ DQG HTXLSPHQW IRU GLIIHUHQW SUHVVXUH
MRLQLQJ PHWKRGV� GHYHORSPHQW RI WHFKQRORJ\ IRU UH�

VLVWDQFH ZHOGLQJ RI PXOWLOD\HU PDWHULDOV�

• WHFKQRORJ\ DQG HTXLSPHQW IRU GHSRVLWLRQ RI FRDW�
LQJV� QHZ KLJK�SURGXFWLYLW\ PHWKRGV IRU GHSRVLWLRQ

RI GLIIHUHQW�SXUSRVH FRDWLQJV �ZHDU�UHVLVWDQW� SURWHF�

WLYH� GHFRUDWLYH� FXUUHQW�FRQGXFWLQJ� HWF���

• WHFKQRORJ\ DQG HTXLSPHQW IRU KLJK�SURGXFWLYLW\
PDQXIDFWXULQJ DQG UHSDLU VXUIDFLQJ PHWKRGV� QHZ

VSDUVHO\�DOOR\HG GLIIHUHQW�SXUSRVH VXUIDFLQJ FRQVX�

PDEOHV�
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• KLJK�SURGXFWLYLW\ PHWKRGV IRU FXWWLQJ PHWDOV

DQG DOOR\V�

• QHZ W\SHV RI ZHOGHG VWUXFWXUHV� DSSOLFDWLRQ RI

DGYDQFHG VWUXFWXUDO PDWHULDOV� DXWRPDWHG GHVLJQ RI

ZHOGHG VWUXFWXUHV�

• VWUHQJWK RI ZHOGHG MRLQWV DQG VWUXFWXUHV� LQYHV�

WLJDWLRQ DQG PHWKRGV IRU UHJXODWLRQ RI ZHOGLQJ

VWUHVVHV DQG VWUDLQV� SHFXOLDULWLHV RI IDEULFDWLRQ DQG

RSHUDWLRQ RI ZHOGHG VWUXFWXUHV DW ORZ FOLPDWLF WHP�

SHUDWXUHV�

• HVWLPDWLRQ RI UHVLGXDO OLIH RI ZHOGHG VWUXFWXUHV�

PHWKRGV IRU LPSURYHPHQW RI WKHLU UHOLDELOLW\ DQG IDE�

ULFDWLRQ TXDOLW\�

• WHFKQLFDO GLDJQRVWLFV DQG QRQ�GHVWUXFWLYH WHVW�

LQJ�

• VWDQGDUGLVDWLRQ DQG FHUWLILFDWLRQ RI ZHOGLQJ LQ�

GXVWU\ SURGXFWV� WUDLQLQJ DQG TXDOLILFDWLRQ RI ZHOGLQJ

LQGXVWU\ VSHFLDOLVWV� LQFOXGLQJ XVLQJ WKH WUDLQLQJ SUR�

JUDPV LQ FRPSOLDQFH ZLWK UHTXLUHPHQWV RI WKH (XUR�

SHDQ :HOGLQJ )HGHUDWLRQ�

6XPPDULVLQJ WKH &RQIHUHQFH� 3URI� /�0� /REDQRY

KLJKO\ HVWLPDWHG WKH OHYHO RI WKH PDMRULW\ RI WKH SUHV�

HQWDWLRQV DQG ZLVKHG WKH &RQIHUHQFH SDUWLFLSDQWV IXU�

WKHU VXFFHVV LQ WKHLU VFLHQWLILF DQG EXVLQHVV DFWLYLWLHV�

$EVWUDFWV RI WKH &RQIHUHQFH ZHUH LQFOXGHG LQ WKH ERRN

�:HOGLQJ DQG 5HODWHG 7HFKQRORJLHVs����� SXEOLVKHG

E\ 67& �3:,��

'XULQJ WKH &RQIHUHQFH� LWV SDUWLFLSDQWV KDG WKH

SRVVLELOLW\ WR VHH H[SRVLWLRQ RI WKH DOUHDG\ WUDGLWLRQDO

([KLELWLRQ �:HOGLQJ x 8NUDLQHs������

9�$� /HEHGHY DQG ,�$� 5\DEWVHY
7KH 3:, 3UHVV *URXS
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-XQH �� ���� PDUNHG ��
WK

ELUWKGD\ DQQLYHUVDU\ RI

9ODGLPLU .� /HEHGHY� SURPLQHQW VFLHQWLVW LQ WKH ILHOG

RI ZHOGLQJ WHFKQRORJ\ DQG HTXLSPHQW� 'U� RI 6FLHQFH

�(QJ��� 3URIHVVRU� +RQRXUHG 6FLHQWLVW� ZLQQHU RI WKH

/HQLQ 3UL]H� 6WDWH 3UL]HV RI WKH 8665 DQG 8NU� 665�

RI (YJHQ\ 3DWRQ 3UL]H� DFDGHPLFLDQ RI WKH 1DWLRQDO

$FDGHP\ RI 6FLHQFHV RI 8NUDLQH�

$IWHU JUDGXDWLRQ IURP WKH 0RVFRZ ,QVWLWXWH RI

(QHUJ\ LQ ���� 9�.� /HEHGHY EHFDPH DFWLYHO\ LQ�

YROYHG LQ UHVHDUFK� DLPHG DW GHYHORSPHQW RI DGYDQFHG

ZHOGLQJ HTXLSPHQW� ZKLFK ZDV FRQGXFWHG DW WKH

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

HQJLQHHULQJ DQG VFLHQWLILF DFWLYLW\ RI 9�.� /HEHGHY

FRLQFLGHG ZLWK D FRPSOLFDWHG DQG GLIILFXOW SHULRG RI

UHVWRUDWLRQ RI WKH QDWLRQDO HFRQRP\� GHVWUR\HG E\ WKH

*UHDW 3DWULRWLF :DU� :RUNLQJ FRQWLQXRXVO\ DW WKH

3:, IRU PRUH WKDQ KDOI D FHQWXU\ QRZ� 9�.� /HEHGHY

KDV FRYHUHG WKH SDWK IURP MXQLRU VWDII VFLHQWLVW WR

KHDG RI D PDMRU VFLHQWLILF GLYLVLRQ DQG 'HSXW\ 'LUHF�

WRU RQ 5HVHDUFK� +LV ILUVW VFLHQWLILF VHDUFKZDV GHYRWHG

WR LQYHVWLJDWLRQ RI WKH IHDWXUHV DQG GHYHORSPHQW RI

PHWKRGV IRU GHVLJQLQJ ZHOGLQJ WUDQVIRUPHUV ZLWK

FRPSOH[ OHDNDJH ILHOGV� ZKLFK ZDV UHIOHFWHG LQ KLV

&DQGLGDWHsV WKHVLV� GHIHQGHG LQ ����� ,Q ����

9�.� /HEHGHY ZDV JUDQWHG WKH GHJUHH RI 'RFWRU RI

6FLHQFH �(QJ�� IRU KLV ZRUN� ZKLFK ZDV D PDMRU FRQ�

WULEXWLRQ LQWR WKH WKHRU\ DQG SUDFWLFH RI PRGHUQ WUDQV�

IRUPHU FRQVWUXFWLRQ�

9�.� /HEHGHY LV RQH RI WKH OHDGLQJ H[SHUWV LQ WKH

ILHOG RI HOHFWURWKHUPLFV DQG FRQYHUVLRQ RI HOHFWULF HQ�

HUJ\� 7KH PRVW SURPLQHQW ZRUN RI WKLV VFLHQWLVW GHDOV

ZLWK VWXG\LQJ WKH PHDQV RI FRQYHUVLRQ RI HOHFWULF HQ�

HUJ\ LQWR WKHUPDO HQHUJ\ DQG GHYHORSPHQW RI GR]HQV

RI W\SHV RI QHZ SRZHU VRXUFHV IRU YDULRXV YDULDQWV RI

HOHFWURVODJ� UHVLVWDQFH� HOHFWURQ EHDP DQG ODVHU ZHOG�

LQJ DQG IRU VSHFLDO HOHFWURPHWDOOXUJ\� 7KHVH FXUUHQW

VRXUFHV KDYH IRXQG ZLGH DSSOLFDWLRQ LQ GLIIHUHQW LQ�

GXVWULHV� 'HYHORSPHQWV E\ 9�.� /HEHGHY DQG KLV

QDPH DUH ZLGHO\ NQRZQ QRW RQO\ LQ 8NUDLQH DQG &,6

FRXQWULHV� EXW DOVR IDU EH\RQG WKHP�

,Q ����9�.� /HEHGHYZDV HOHFWHG WKH &RUUHVSRQG�

LQJ 0HPEHU RI WKH 1$6 RI 8NUDLQH� DQG LQ ���� KH

EHFDPH DFDGHPLFLDQ RI WKH 1$68�

7KH UHVXOWV RI 9�.� /HEHGHYsV LQYHVWLJDWLRQV DQG

KLV LQYHQWLRQV IRUPHG WKH EDVLV RI D IXQGDPHQWDOO\

QHZ WHFKQRORJ\ DQG QRYHO HTXLSPHQW IRU IODVK�EXWW

ZHOGLQJ RI LWHPV ZLWK D ODUJH FURVV�VHFWLRQ RI WKH SDUWV

EHLQJ MRLQHG� 2ZLQJ WR LWV KLJK SURGXFWLYLW\� WKLV

WHFKQRORJ\ EHFDPH ZLGHO\ DFFHSWHG LQ FRQVWUXFWLRQ

RI UDLOZD\V� IRU ZKLFK 9�.� /HEHGHY� DV D PHPEHU RI

WKH DXWKRUsV WHDP� ZDV JUDQWHG WKH WLWOH RI ZLQQHU RI

WKH /HQLQ 3UL]H LQ ����� )XUWKHU DGYDQFH RI LQYHVWL�

JDWLRQV LQ WKLV DUHD OHG WR GHYHORSPHQW RI SURFHVVLQJ

V\VWHPV ZLWK LQ�SLSH PDFKLQHV IRU IODVK�EXWW ZHOGLQJ

RI ODUJH�GLDPHWHU SLSHV� 9�.� /HEHGHY KDV DOVR PDGH

D JUHDW FRQWULEXWLRQ WR GHYHORSPHQW� IDEULFDWLRQ DQG

LQWURGXFWLRQ RI HTXLSPHQW IRU PXOWLSRVLWLRQ IODVK�

EXWW ZHOGLQJ RI WKH KHDGV RI ORFRPRWLYH HQJLQH EORFNV

DQG KHDW H[FKDQJHUV RI SRZHU WUDQVIRUPHUV� 7KLV ZRUN

ZDV UHZDUGHG E\ WKH 6WDWH 3UL]H RI WKH 8NU� 665

�������

,Q ���� WKH VFLHQWLVW FRQGXFWHG D VHULHV RI LQYHV�

WLJDWLRQV� ZKLFK ZHUH KLJKO\ LPSRUWDQW IRU VFLHQFH

DQG WHFKQRORJ\� LQ SDUWLFXODU LQ WKH ILHOG RI IODVK�EXWW

ZHOGLQJ RI ORDG�FDUU\LQJ HOHPHQWV RI IO\LQJ YHKLFOHV�

UHZDUGHG LQ ���� E\ WKH 8665 6WDWH 3UL]H�

9�.� /HEHGHY LV WKH DXWKRU RI PRUH WKDQ ��� VFL�

HQWLILF SXEOLFDWLRQV� LQFOXGLQJ �� PRQRJUDSKV� DQG

PRUH WKDQ ��� LQYHQWLRQV RQ DGYDQFHG ZHOGLQJ SURF�

HVVHV DQG HTXLSPHQW� 0RVW RI WKH LQYHQWLRQV DUH SUR�

WHFWHG E\ SDWHQWV�

9ODGLPLU .� /HEHGHY FRPELQHV LQWHQVLYH FUHDWLYH

ZRUN ZLWK WKH DELOLW\ RI QRW RQO\ IHHOLQJ WKH QHHGV

RI LQGXVWU\� EXW DOVR GHWHUPLQLQJ WKH SURPLVLQJ DQG

SULRULW\ DUHDV RI WKH SURJUHVV RI VFLHQFH DQG WHFKQRO�

RJ\� &UHDWLYH DFWLYLW\ RI 9ODGLPLU .� /HEHGHY LV FKDU�

DFWHUL]HG E\ D EURDG UDQJH RI VFLHQWLILF LQWHUHVWV DQG

VWURQJ GHWHUPLQDWLRQ WR DFKLHYH SUDFWLFDO DSSOLFDWLRQ

RI WKH UHVXOWV RI WKH FRQGXFWHG UHVHDUFK�

$ YLYLG SURRI RI WKDW LV 3URI� /HEHGHYsV LQYROYH�

PHQW RYHU WKH ODVW GHFDGH LQ D QHZ ILHOG IRU ZHOGLQJ

VFLHQWLVWV DQG VSHFLDOLVWV� QDPHO\ GHYHORSPHQW RI

ELRHOHFWULF WHFKQRORJ\� ZKLFK DOORZHG SURGXFLQJ IRU

WKH ILUVW WLPH VRXQG ZHOGHG MRLQWV LQ GDPDJHG OLYH

WLVVXHV� 8QLWLQJ WKH HIIRUWV RI VSHFLDOLVWV RI HQJLQHHU�

LQJ DQG PHGLFDO SURILOH� 9�.� /HEHGHY EHFDPH WKH

SULQFLSDO LQYHVWLJDWRU RI WKH �:HOGLQJ RI /LYH 7LV�

VXHV� 3URMHFW� IXOILOOHG ZLWKLQ WKH IUDPHZRUN RI ,Q�

WHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�� +LV GHYHORSPHQW

RI WKH WKHRUHWLFDO IXQGDPHQWDOV RI WKH SURFHVV RI MRLQ�

LQJ OLYH WLVVXHV DW WKH PROHFXODU OHYHO DQG RI WKH SULQ�

FLSOHV RI DXWRPDWLF VHOI�DGMXVWPHQW RI WKH SURFHVV RI

SURGXFLQJ D VRXQG MRLQW DOORZHG FUHDWLQJ IRU WKH ILUVW

WLPH LQ WKH ZRUOG SUDFWLFH WKH PHGLFDO HTXLSPHQW DQG

ZHOGLQJ PHGLFDO LQVWUXPHQWV WR SHUIRUP VXUJHU\ WR
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UHVWRUH WKH SK\VLRORJLFDO IXQFWLRQV RI GDPDJHG KXPDQ

RUJDQV� 1HZ ZHOGLQJ PHGLFDO WHFKQRORJ\ FUHDWHG E\

9�.� /HEHGHY KDV EHHQ VXFFHVVIXOO\ DSSOLHG LQ FOLQLFV�

,Q ���� 9�.� /HEHGHY ZDV DZDUGHG WKH (YJHQ\

3DWRQ 3UL]H IRU D VHULHV RI GHYHORSPHQWV RQ ZHOGLQJ

DQG DOOLHG WHFKQRORJLHV�

9�.� /HEHGHY FXUUHQWO\ LV D FRQVXOWDQW RI WKH 3:,

0DQDJHPHQW DQG +HDG RI WKH 5HVHDUFK 'HSDUWPHQW

RI (OHFWULF 3URFHVVHV� +H DFWLYHO\ SXUVXHV VFLHQWLILF�

RUJDQL]DWLRQDO DQG SXEOLF DFWLYLW\� KH LV 'HSXW\ (GL�

WRU�LQ�&KLHI RI WKH �$YWRPDWLFKHVND\D 6YDUND� MRXU�

QDO� 'HSXW\ &KDLUPDQ RI WKH 6SHFLDOL]HG &RXQFLO IRU

GHIHQGLQJ WKH WKHVHV RI FDQGLGDWH DQG GRFWRU RI VFL�

HQFH� DQG &KDLUPDQ RI WKH 8NUDLQLDQ :HOGHUV &HUWL�

ILFDWLRQ &RPPLWWHH�

9�.� /HEHGHY UHDGLO\ DQG JHQHURXVO\ VKDUHV KLV

H[WHQVLYH H[SHULHQFH DQG NQRZOHGJH ZLWK KLV SXSLOV�

FROOHDJXHV DQG \RXQJ VFLHQWLVWV� +H KDV WUDLQHG ��

GRFWRUV DQG �� FDQGLGDWHV RI VFLHQFH LQ HQJLQHHULQJ�

0DQ\ \HDUV RI 9�.� /HEHGHYsV FUHDWLYH ZRUN KDYH

EHHQ UHZDUGHG E\ VWDWH SUL]HV�

$OO WKRVH ZKR ZRUN DQG FRPPXQLFDWH ZLWK

9ODGLPLU .� /HEHGHY XQDQLPRXVO\ QRWH KLV H[FHS�

WLRQDO UHVSHFWDEOHQHVV� NLQGQHVV� JRRGZLOO DQG LQWHO�

OLJHQFH�

:H ZRXOG OLNH WR FRQYH\ WR 9ODGLPLU .� /HEHGHY

RXU KHDUWIHOW JUHHWLQJV DQG VLQFHUH ZLVKHV RI JRRG

KHDOWK� SHUVRQDO KDSSLQHVV DQG JUHDW VXFFHVV LQ LP�

SOHPHQWDWLRQ RI KLV QHZ FUHDWLYH LGHDV�

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH
6RFLHW\ RI :HOGHUV RI 8NUDLQH

(GLWRULDO %RDUG RI �$YWRPDWLFKHVND\D 6YDUND�
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