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30 YEARS OF THE WELDING FACULTY
OF THE PRIAZOVSKY STATE TECHNICAL UNIVERSITY
5R\DQRY 9�$� �� \HDUV RI WKH &KDLU RI :HOGLQJ (TXLSPHQW
DQG 7HFKQRORJ\ RI WKH 3ULD]RYVN\ 6WDWH 7HFKQLFDO 8QLYHUVLW\ �������������������������������� �

5D]P\VKO\DHY $�'�� 6KDIHURYVN\ 9�$� DQG %HORXVRY <X�9�

(GXFDWLRQ RI VSHFLDOLVWV DW WKH :HOGLQJ )DFXOW\ RI WKH 3ULD]RYVN\ 6WDWH
7HFKQLFDO 8QLYHUVLW\ �������������������������������������������������������������������������������������������� �

0DWYLHQNR 9�1� DQG *XODNRY 6�9� �� \HDUV RI WKH %UDQFK 5HVHDUFK
/DERUDWRU\ RI 6XUIDFLQJ �������������������������������������������������������������������������������������� �

&KLJDUHY 9�9�� 0DNDUHQNR 1�$�� .RQGUDVKRY .�$� DQG
9RURSDM 1�0� )HDWXUHV RI HOHFWURGH ZLUH PHOWLQJ LQ VXUIDFLQJ E\
SODVPD�0,* SURFHVV ����������������������������������������������������������������������������������������� ��

5R\DQRY 9�$� DQG 3VDUDV *�*� 'HSRVLWLRQ RI %U�$=K��� EURQ]H E\
DUJRQ�DUF VXUIDFLQJ ZLWK WKUHH GLVVLPLODU ZLUHV ��������������������������������������������������� ��

=DNKDURYD ,�9�� &KLFKNDUHY (�$�� 9DVLOLHY 9�*�� 7URWVDQ $�,��
'HMQHND $�<D� DQG .LU\XNKLQ 2�6� 6WUXFWXUH DQG SURSHUWLHV RI +$=
PHWDO RI ORZ�DOOR\HG SLSH VWHHOV PRGLILHG ZLWK FDOFLXP ��������������������������������������� ��

5D]P\VKO\DHY $�'�� 0DHYVN\ 9�5� DQG 6LGRUHQNR 6�0� &DOFXODWLRQ

RI PDJQHWLF ILHOG LQGXFWLRQ RI D VROHQRLG ZLWK D IHUURPDJQHWLF FRUH IRU

DUF VXUIDFLQJ ����������������������������������������������������������������������������������������������������� ��

*XODNRY 6�9�� 1RVRYVN\ %�,�� 7DUDVHQNR ,�9� DQG 3VDUHYD ,�6�

,QYHVWLJDWLRQ RI WKH SURFHVV RI IOX[ PHOWLQJ E\ WKH DUF ����������������������������������������� ��

9RMWVHNKRYVN\ (�9� $XWRPDWHG WKHUPDO VSUD\LQJ OLQH IRU DSSOLFDWLRQ
RI DQWLFRUURVLRQ FRDWLQJV RQ WXEXODU PHWDO VWUXFWXUHV DQG SLSHV �������������������������� ��

1RVRYVN\ 0�%� 3DUDPHWHUV RI D GHYLFH SURYLGLQJ ORQJLWXGLQDO
RVFLOODWLRQ RI WKH HOHFWURGH ZLUH WLS ��������������������������������������������������������������������� ��

.DVVRY 9�'� 0LQLPL]LQJ WKH ORVV RI PHWDO GHSRVLWHG XVLQJ
D IOX[�FRUHG VWULS ����������������������������������������������������������������������������������������������� ��

0DOLQRY /�6� DQG 0DOLQRY 9�/� 0DQJDQHVH�FRQWDLQLQJ VXUIDFLQJ
FRQVXPDEOHV ���������������������������������������������������������������������������������������������������� ��

30 YEARS OF THE CHAIR OF WELDING PRODUCTION
OF THE CHERNIGIV STATE UNIVERSITY OF TECHNOLOGY
.KRPHQNR 1�1� 0DQXIDFWXUH RI VHPLFRQGXFWLQJ WUDQVGXFHUV E\
HOHFWURFKHPLFDO ZHOGLQJ ������������������������������������������������������������������������������������ ��

%RORWRY *�3� *ORZ GLVFKDUJH DV D KHDW VRXUFH IRU ERQGLQJ DQG
EUD]LQJ SURFHVVHV �5HYLHZ� ������������������������������������������������������������������������������� ��

%HUH]LQ /�<D� 6RPH SHFXOLDULWLHV RI SURFHVV RI ZHOGLQJ GLHOHFWULFV
ZLWK PHWDOV DQG EHWZHHQ WKHPVHOYHV LQ HOHFWURVWDWLF ILHOG ����������������������������������� ��

.KRPHQNR 1�1�� %DODNLUHYD (�9� DQG 2OHNVHHQNR 6�9� ,QWHUQDO

HOHFWURVWDWLF ILHOGV DQG WKHLU UROH LQ VROLG�SKDVH HOHFWURFKHPLFDO

ZHOGLQJ RI PHWDOV ���������������������������������������������������������������������������������������������� ��

%DGDHY $�6� DQG 1LNRODHQNR 6�9� 0RGHOOLQJ DQG VLPXODWLRQ RI
WHFKQRORJLHV DQG HTXLSPHQW GXULQJ HGXFDWLRQ SURFHVV RI ZHOGLQJ
HQJLQHHUV ��������������������������������������������������������������������������������������������������������� ��

=DGRUR]KQ\ <X�*� DQG *UHEHQLFKHQNR 9�<D� ,QYHVWLJDWLRQ RI WKH
WUDQVLWLRQ ]RQH LQ ERQGV EHWZHHQ KLJK�WHPSHUDWXUH SLH]RHOHFWULF
FHUDPLFV DQG PHWDO ������������������������������������������������������������������������������������������� ��

6HUG\XN 9�,� DQG *QDW\XN 2�9� ,PSURYHPHQW RI PHWKRGV IRU
LQFUHDVLQJ TXDOLW\ RI YDFXXP FRDWLQJV ���������������������������������������������������������������� ��

$'9(57,6,1* ��������������������������������������������������������������������������������������������������� ��

(GLWRU�LQ�&KLHI %�(� 3DWRQ

(GLWRULDO ERDUG�

<X�6�%RULVRY 9�)�*UDELQ

<X�<D�*UHWVNLL $�<D�,VKFKHQNR

9�)�.KRUXQRY

6�,�.XFKXN�<DWVHQNR

<X�1�/DQNLQ 9�.�/HEHGHY

9�1�/LSRGDHY /�0�/REDQRY

9�,�0DNKQHQNR $�$�0D]XU

/�3�0RMVRY 9�)�0RVKNLQ

2�.�1D]DUHQNR 9�9�3HVKNRY

,�.�3RNKRGQ\D ,�$�5\DEWVHY

9�.�6KHOHJ <X�$�6WHUHQERJHQ

1�0�9RURSDL .�$�<XVKFKHQNR

9�1�=DPNRY $�7�=HOQLFKHQNR

�7KH 3DWRQ :HOGLQJ -RXUQDO�

LV SXEOLVKHG PRQWKO\ E\ WKH

,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

3URPRWLRQ JURXS�

9�1�/LSRGDHY� 9�,�/RNWHYD

$�7�=HOQLFKHQNR �([HF� GLUHFWRU�

7UDQVODWRUV�

6�$�)RPLQD� ,�1�.XWLDQRYD�

7�.�9DVLOHQNR

(GLWRU�

1�$�'PLWULHYD

(OHFWURQ JDOOH\�

,�9�3HWXVKNRY� 7�<X�6QHJLUHYD

(GLWRULDO DQG DGYHUWLVLQJ RIILFHV

DUH ORFDWHG DW 3:,�

,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ��

��� %R]KHQNR VWU�� ������

.\LY� 8NUDLQH

7HO�� ������� ��� �� ��

)D[� ������� ��� �� ��

(�PDLO� MRXUQDO#SDWRQ�NLHY�XD

6WDWH 5HJLVWUDWLRQ &HUWLILFDWH

.9 ���� RI ����������

6XEVFULSWLRQV�

����� �� LVVXHV SHU \HDU�
SRVWDJH DQG SDFNDJLQJ LQFOXGHG�

%DFN LVVXHV DYDLODEOH

�7KH 3DWRQ :HOGLQJ -RXUQDO� :HEVLWH�

KWWS���ZZZ�QDV�JRY�XD�SZM

� 1$6 RI 8NUDLQH� 3:,� ,QWHUQDWLRQDO $VVRFLDWLRQ ©:HOGLQJª� ����
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(QJOLVK WUDQVODWLRQ RI WKH PRQWKO\ �$YWRPDWLFKHVND\D 6YDUND� MRXUQDO SXEOLVKHG LQ 5XVVLDQ VLQFH ����
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7KH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI 8NUDLQH

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

,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�
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7KH +LJKHU 6FKRRO RI 8NUDLQH RFFXSLHV WKH OHDGLQJ SODFH LQ (XURSH �VHFRQG WR 5XVVLD�

E\ WKH OHYHO DQG TXDQWLW\ RI JUDGXDWLQJ ZHOGLQJ HQJLQHHUV� �� FKDLUV RI �� KLJKHU

HGXFDWLRQDO LQVWLWXWLRQV RI 8NUDLQH TXDOLILHG KXQGUHGV RI HQJLQHHUV DQG PDVWHUV� 2YHU

WKH SDVVHG �� \HDUV WKH &KDLU RI :HOGLQJ (TXLSPHQW DQG 7HFKQRORJ\ RI WKH 3678

KDV TXDOLILHG PRUH WKDQ ���� VSHFLDOLVWV� DQG WKH &KDLU RI :HOGLQJ 3URGXFWLRQ RI WKH

&K687x PRUH WKDQ ���� VSHFLDOLVWV GXULQJ �� \HDUV� 0DQ\ RI WKHP EHFDPH PDQDJHUV

RI WKH ODUJHVW FRQVWUXFWLRQ VLWHV� HQWHUSULVHV� KLJKHU HGXFDWLRQDO LQVWLWXWLRQV RI 8NUDLQH

DQG &,6� 0RUH WKDQ ��� JUDGXDWHV RI WKH &KDLU DQG )DFXOW\ RI WKH 3678 EHFDPH

&DQGLGDWHV RI 6FLHQFHV �(QJ�� DQG �� RI WKHP x 'U� RI 6FLHQFHV �(QJ���

:H DUH SOHDVHG WR QRWH WKDW WKH VFLHQWLILF SRWHQWLDO RI WKH KLJKHU VFKRRO GXULQJ WKH

����V ZDV QRW ORVW� EXW� RQ WKH FRQWUDU\� LW LV FRQVWDQWO\ VWUHQJWKHQLQJ� ,Q ���� WKH

UHVHDUFK�SHGDJRJLFDO DFWLYLW\ DW WKH ZHOGLQJ FKDLUV ZDV UHDOL]HG E\ �� 3URIHVVRUV� ��

'U� RI 6FL� �(QJ�� DQG ��� &DQG� RI 6FL� �(QJ��� �� VWXGHQWV ILQLVKHG WKH SRVW�JUDGXDWH

FRXUVHV�

7KH (�2� 3DWRQ (OHFWULF:HOGLQJ ,QVWLWXWH SDLG DOZD\V D JUHDW DWWHQWLRQ WR WKH UHVHDUFK

ZRUNV RI WKH KLJKHU HGXFDWLRQDO LQVWLWXWLRQV DQG DW SUHVHQW PDLQWDLQV FORVH UHODWLRQV

ZLWK VXEMHFW FKDLUV RI WKH XQLYHUVLWLHV RI 8NUDLQH� 2YHU WKH UHFHQW \HDUV WKH ,QVWLWXWH

SURYLGHV WKH FKDLUV ZLWK DQDO\WLFDO LQIRUPDWLRQ DQG UHYLHZV DERXW WKH SURJUHVV LQ WKH

ZRUOG ZHOGLQJ VFLHQFH DQG WHFKQRORJ\� 3URIHVVRUV DQG WHDFKHUV RI WKH XQLYHUVLWLHV DUH

DOZD\V ZHOFRPH SDUWLFLSDQWV RI QDWLRQDO DQG LQWHUQDWLRQDO FRQIHUHQFHV FDUULHG RXW DW

WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 7KH\ DUH DOVR DFWLYH DXWKRUV RI WKH MRXUQDO

�$YWRPDWLFKHVND\D 6YDUND�� 7KXV� WKLV LVVXH RI WKH -RXUQDO LQFOXGHV VHOHFWHG DUWLFOHV

RI WHDFKHUV DQG VSHFLDOLVWV RI WKH 3678 DQG &K687� ZKLFK ZHUH SUHSDUHG IURP WKH

UHVXOWV RI UHVHDUFK ZRUNV FDUULHG RXW GXULQJ UHFHQW \HDUV�

7KH (�2� 3DWRQ (OHFWULF:HOGLQJ ,QVWLWXWH RI 1$6 RI 8NUDLQH DQG WKH (GLWRULDO %RDUG

RI WKH MRXUQDO �7KH 3DWRQ :HOGLQJ -RXUQDO� FRQJUDWXODWH WHDFKHUV� VWDII PHPEHUV DQG

VWXGHQWV RI WKH 3ULD]RYVN\ DQG &KHUQLJLY 8QLYHUVLWLHV� ZLVK WKHP HYHU\ KDSSLQHVV�

SURVSHULW\ DQG QHZ VXFFHVV LQ WKH HGXFDWLRQ DQG WUDLQLQJ RI VSHFLDOLVWV LQ ZHOGLQJ DQG

DOOLHG WHFKQRORJLHV�

%RULV (� 3$721

2 8/2001
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9�$� 52<$129

3ULD]RYVN\ 6WDWH 7HFKQLFDO 8QLYHUVLW\� 0DULXSRO� 8NUDLQH

,Q ���� WKH &KDLU RI :HOGLQJ (TXLSPHQW DQG 7HFK�

QRORJ\ ZDV HVWDEOLVKHG DW WKH =KGDQRY 0HWDOOXUJLFDO

,QVWLWXWH E\ WKH GHFLVLRQ RI WKH DXWKRUL]HG ERGLHV RI
WKH FRXQWU\� ,W ZDV DLPHG DW WKH HGXFDWLRQ DQG WUDLQ�

LQJ RI VSHFLDOLVWV RQ ZHOGLQJ DQG FXWWLQJ RI PHWDOV

DQG DOVR HQJLQHHULQJ SHUVRQQHO IRU QHZO\ RUJDQL]HG

SURGXFWLRQ RI HOHFWULFDOO\�ZHOGHG SLSHV RI WKH PDLQ

SLSHOLQHV� $W WKH VDPH WLPH WKH SUHSDUDWLRQ IRU SXWWLQJ

WKH SLSH ZHOGLQJ VKRS 1R�� DW WKH ,OLMFK :RUNV LQWR

VHUYLFH ZDV ILQLVKLQJ� 7KLV VKRS ZDV FUHDWHG E\ WKH

LQLWLDWLYH DQG GLUHFW SDUWLFLSDWLRQ RI DFDGHPLFLDQ

(�2� 3DWRQ�

7KH ILUVW H[HFXWLYH +HDG RI WKH &KDLU LQ ���� ZDV

$�<D� 6KDGULQ� DQG DW WKH VDPH \HDU KH ZDV UHSODFHG
E\ 'U� 3�6� (OLVWUDWRY� )URP WKH YHU\ ILUVW GD\V WKH
ZRUNV ZHUH VWDUWHG RQ WKH FUHDWLRQ RI HGXFDWLRQ�ODER�

UDWRU\ EDVH RI WKH &KDLU� RUJDQL]LQJ DQG GHYHORSPHQW

RI UHVHDUFK ZRUNV LQ WKH ILHOG RI ZHOGLQJ RI VWUXFWXUHV�

UHVWRUDWLRQ RI PHWDOOXUJLFDO HTXLSPHQW FRPSRQHQWV

E\ VXUIDFLQJ� 7KH ILUVW GHIHQFH RI GLSORPD SURMHFWV LQ
WKH QHZ VSHFLDOW\ ZDV LQ ����� 7KH ILUVW ILYH JUDGXDWHV

�'�3� $QWRQHWV� $�$� )LOFKDNRY� .�,� .RURWNRY�
<X�1� *ULVKFKHQNR� '�$� 5RJRYLQ� EHFDPH SURIRXQG

VSHFLDOLVWV DQG PDQDJHUV LQ ZHOGLQJ IDEULFDWLRQ� WZR

RI WKHP �'�3� $QWRQHWV DQG '�$� 5RJRYLQ� GHIHQGHG

WKHVHV IRU WKH &DQGLGDWH RI (QJLQHHULQJ 6FLHQFHV�

,Q $XJXVW ���� .�9� %DJU\DQVN\ ZDV HOHFWHG WKH
&KDLU +HDG� +H VWDUWHG WKH UHFRQVWUXFWLRQ RI WKH HGX�

FDWLRQDO SURFHVV� LPSURYHPHQW RI WKH ODERUDWRU\ EDVH�

ZLGHQLQJ DQG VWUHQJWKHQLQJ RI UHODWLRQV EHWZHHQ WKH

&KDLU DQG WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH�

,�(� %DXPDQ 0RVFRZ 7HFKQLFDO &ROOHJH� .LHY

3RO\WHFKQLFDO ,QVWLWXWH DQG PDQ\ HQWHUSULVHV RI WKH
FLW\ DQG FRXQWU\� $ EXLOGLQJ RI WKH :HOGLQJ &KDLU

ZDV FRQVWUXFWHG ZLWK WKH DVVLVWDQFH RI DFDGHPLFLDQ

%�(� 3DWRQ� 7KLV PDGH LW SRVVLEOH DV IDU EDFN DV ����V

WR LPSURYH VLJQLILFDQWO\ WKH HGXFDWLRQ RI VSHFLDOLVWV

DQG WR EHFRPH WKLV &KDLU OHDGLQJ DPRQJ WKH VLPLODU

FKDLUV� 7DOHQWHG WHDFKHUV DQG VFLHQWLVWV ZHUH ZRUNLQJ

WRJHWKHU ZLWK .�9� %DJU\DQVN\� DPRQJ WKHP =�$�

'REURWLQD� '�6� .DVVRY� *�6� .X]PLQ� 3�)� /DYULN�

$�$� )LOFKDNRY� 9�$� 0XUDWRY� 9�7� 6RSLQ�

+DYLQJ EDVHG RQ XQLTXH HGXFDWLRQDO�PHWKRGRORJL�

FDO GHYHORSPHQWV RI WKH &KDLU VSHFLDOLVWV WKH HGXFD�

WLRQ RI ZHOGLQJ HQJLQHHUV RI WKH QHZ VSHFLDOW\ �0HW�

DOOXUJ\ DQG SURFHVVHV RI ZHOGLQJ IDEULFDWLRQ� ZDV

VWDUWHG VLQFH ����� ,Q ���� WKH )DFXOW\ ZDV RUJDQL]HG�

ZKLFK LQFOXGHG� H[FHSW WKH ZHOGLQJ FKDLU� WKH JHQHUDO

WHFKQLFDO DQG HGXFDWLRQDO FKDLUV� 7KH ILUVW GHDQ RI WKH

:HOGLQJ )DFXOW\ ZDV'U� '�3� $QWRQHW]� ZKRZRUNHG
IRU PDQ\ \HDUV DV D &KLHI :HOGLQJ 0DQDJHU DW WKH
�$]RYPDVK� :RUNV�

,Q WKH ����V WKH UHVHDUFK DFWLYLW\ RI WKH &KDLU KDG

D SRZHUIXO VSXU XQGHU WKH VXSHUYLVLRQ RI .�$� %DJU\�

DQVN\� 7KLV DFWLYLW\ ZDV GLUHFWHG WR WKH GHYHORSPHQW

RI ZHOGLQJ DQG VXUIDFLQJ XVLQJ FHUDPLF �DJJORPHU�

DWHG� IOX[HV DQG H[DPLQDWLRQ RI SURSHUWLHV RI ZHOGHG

DQG VXUIDFHG SURGXFWV� 7KRVH \HDUV WKH SURFHVV RI

QLFNHO ZHOGLQJ XVLQJ WKH FHUDPLF IOX[ IRXQG D VXF�

FHVVIXO DSSOLFDWLRQ DW WKH �%ROVKHYLN� :RUNV LQ .LHY

�*�6� .X]PLQ x VXSHUYLVRU�� 8QGHU WKH VXSHUYLVLRQ
RI '�6� .DVVRY D PHWKRG RI ZHOGLQJ DQG VXUIDFLQJ RI

FRSSHU DOOR\V XVLQJ WKH FHUDPLF IOX[ ZDV GHYHORSHG

DQG VXFFHVVIXOO\ LPSOHPHQWHG DW WKH PHWDOOXUJLFDO

ZRUNV LQ 8NUDLQH� .�9� %DJU\DQVN\ ZLWK DQ DFWLYH

SDUWLFLSDWLRQ RI 9�<D� =XVLQ DQG $�'� .RUQHHY KDYH

GHYHORSHG D PHWKRG RI VXEPHUJHG DUF ZHOGLQJ RI DOX�

PLQLXP� ZKLFK ZDV ZLGHO\ XVHG IRU ZHOGLQJ HOHPHQWV

RI WKH FXUUHQW�FDUU\LQJ EXVEDUV DW WKH %UDWVN +\GUR�

HOHFWULF 6WDWLRQ� 7KH SURFHVV RI VXUIDFLQJ ZLWK D FH�

UDPLF IOX[ IRXQG D ZLGH DSSOLFDWLRQ LQ UHVWRUDWLRQ RI

UROOLQJ PLOO UROOV DQG FRPSRQHQWV DW WKH PHWDOOXUJLFDO

ZRUNV LQ 5XVWDYL �*HRUJLD�� ,OLMFK DQG �$]RYVWDO� LQ

0DULXSRO� (QDNLHYR 0HWDOOXUJLFDO :RUNV� 2UH�GUHVV�

LQJ :RUNV LQ 8VW�.DPHQRJRUVN �.D]DNKVWDQ�� $�$�

)LOFKDNRY VXSHUYLVHG WKH UHVHDUFK ZRUNV RQ WKH GH�

YHORSPHQW DQG LPSOHPHQWDWLRQ RI QHZ JUDGHV RI HOHF�

WURGHV DW WKH �$]RYPDVK�� ZKLOH .�$� 2OHMQLFKHQNR

VXSHUYLVHG WKH GHYHORSPHQW RI WKH SURFHGXUH RI D

TXDQWLWDWLYH GHWHUPLQDWLRQ RI KDUPIXO HYROXWLRQV GXU�

LQJ ZHOGLQJ� 7KH\ LVVXHG UHFRPPHQGDWLRQV IRU LP�

SURYLQJ WKH ZHOGHUVs ODERXU FRQGLWLRQV�

'XULQJ ���� w ���� �� WKHVHV IRU &DQG� RI (QJ�

6FL� DQG � WKHVLV IRU 'U� RI (QJ� 6FL� ZHUH SUHSDUHG

DQG GHIHQGHG� 7H[WERRN �7KHRU\ RI ZHOGLQJ SURF�

HVVHV� �.�9� %DJU\DQVN\� =�$� 'REURWLQD� .�.�

.KUHQRY� ZDV UHSXEOLVKHG WKUHH WLPHV DQG PDQXDO

�&DOFXODWLRQ DQG GHVLJQLQJ RI ZHOGHG VWUXFWXUHV�

�$�1� 6HUHQNR� 0�1� .UXPEROW� .�9� %DJU\DQVN\��
PDQXVFULSWV �:HOGLQJ RI QLFNHO DQG LWV DOOR\V�

5R\DQRY 9\DFKHVODY $� x JUDGXDWH RI =KGDQRY 0HWDOOXUJLFDO

,QVWLWXWH ������� +HDG RI WKH &KDLU RI :HOGLQJ (TXLSPHQW DQG
7HFKQRORJ\� 3UR�UHFWRU� 3URIHVVRU� $FDGHPLFLDQ RI $1 96K RI 8N�
UDLQH�

� 9�$� 52<$129� ����
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�.�9� %DJU\DQVN\� *�6� .X]PLQ� DQG �&HUDPLF
IOX[HV IRU ZHOGLQJ DQG VXUIDFLQJ� �.�9� %DJU\DQVN\�
ZHUH SXEOLVKHG�

,Q ���� D EUDQFK UHVHDUFK ODERUDWRU\ �%5/� RI
VXUIDFLQJ ZDV HVWDEOLVKHG� ZKRVH WDVN ZDV WR VWXG\
DQG GHYHORS QHZ GHVLJQV RI PLOO UROOV DQG UROOHUV RI
PDFKLQHV RI FRQWLQXRXV FDVWLQJ RI ELOOHWV� VXUIDFLQJ
WHFKQRORJ\� PDWHULDOV DQG DXWRPDWHG HTXLSPHQW� 7KH
ODERUDWRU\ LV KHDGHG QRZ E\ 'U� 9�1� 0DWYLHQNR�

$ ODUJH FRQWULEXWLRQ ZDV PDGH E\ WKH &KDLU DQG
%5/ RI VXUIDFLQJ WR WKH VWXG\ RI VXVFHSWLELOLW\ RI
ZHOGHG MRLQWV WR WKH KRW FUDFNLQJ� 7KH ZRUN ZDV FDU�
ULHG RXW XQGHU WKH VXSHUYLVLRQ RI .�9� %DJU\DQVN\�
<D�<D� *ULJRULHY DQG 9�(� 6DHQNR� $V D UHVXOW� D QHZ
WHVW SURFHGXUH ZDV RIIHUHG DQG VRPH DXWKRUsV FHUWLIL�
FDWHV ZHUH REWDLQHG� $ ODUJH DWWHQWLRQ ZDV DOVR SDLG
WR WKH H[DPLQDWLRQ RI SURSHUWLHV RI WKH GHSRVLWHGPHWDO
RSHUDWLQJ DW URRP DQG KLJK WHPSHUDWXUHV �9�1� .D�
OLDQRY� %�,� 1RVRYVN\��

6LQFH ���� WR ���� WKH &KDLU ZDV KHDGHG E\ $�1�
6HUHQNR� 'XULQJ WKLV SHULRG WKH VWXGLHV RI VWDWLF DQG
G\QDPLF VWUHQJWK RI ZHOGHG MRLQWV DQG VWUXFWXUHV ZHUH
FDUULHG RXW� WKHZRUNV RQ LQYHVWLJDWLRQ RI D VLQJOH�SDVVHG
ZHOGLQJ RI �� PP WKLFN DQG PRUH VWHHOV ZLWK D SURFHVV
SURJUDPPLQJ ZHUH VWDUWHG� 7KH UHVXOWV RI LQYHVWLJDWLRQV
DUH VXPPDUL]HG LQ VHYHUDO WKHVHV �&DQG� RI (QJ� 6FL��
DQG DOVR IRXQG D SUDFWLFDO DSSOLFDWLRQ DW WKH
�$]RYPDVK� DQG 6KLSEXLOGLQJ <DUG �=DOLY��

,Q ���� WKH &KDLU ZDV KHDGHG E\ /�.� /HVKFKLQVN\�
,Q FROODERUDWLRQ ZLWK WKH %5/ RI VXUIDFLQJ WKH QHZ
FHUDPLF IOX[HV DQG IOX[�FRUHG ZLUHV IRU HOHFWULF DUF VXU�
IDFLQJ RI PLOO UROOV DQG FRPSRQHQWV RI PHWDOOXUJLFDO

HTXLSPHQW ZHUH GHYHORSHG� 7KH LQYHVWLJDWLRQV RI
SURFHVVHV RI SODWH HOHFWURGH VXEPHUJHG DUF ZHOGLQJ
DQG VXUIDFLQJ ZHUH FDUULHG RXW� 7KH UHVXOWV RI LQYHV�
WLJDWLRQV ZHUH LPSOHPHQWHG DW WKH PDFKLQH�EXLOGLQJ
DQG PHWDOOXUJLFDO HQWHUSULVHV DQG VXPPDUL]HG LQ WKH�
VHV �&DQG� RI (QJ� 6FL�� RI <X�9� %HORXVRY� 9�$�
6KFKHWLQLQD� 9�1� 0DWYLHQNR� 9�3� /DYULN� $�9�
=DUHFKHQVN\� 7KH ZRUNV ZHUH DFWLYH RQ WKH LPSURYH�
PHQW RI HTXLSPHQW IRU DXWRPDWLRQ RI VXUIDFLQJ SURF�
HVVHV DQG TXDOLW\ FRQWURO RI WKH GHSRVLWHG PHWDO� 7KHLU
UHVXOWV ZHUH UHIOHFWHG LQ WKHVLV �'U� RI (QJ� 6FL�� RI
6�9� *XODNRY� 5HVHDUFK ZRUNV LQ WKH ILHOG RI SODVPD
KDUGHQLQJ� LQFOXGLQJ WKDW DIWHU VXUIDFLQJ IRXQG D ZLGH
GHYHORSPHQW� 7KHLU UHVXOWV DUH JLYHQ LQ PDQXVFULSW
�3ODVPD VXUIDFH KDUGHQLQJ� �/�.� /HVKFKLQVN\� 6�6�
6DPRWXJLQ� ,�,� 3LUFK� 9�,� .RPDU��

6LQFH ���� WKH &KDLU RI :HOGLQJ (TXLSPHQW DQG
7HFKQRORJ\ LV KHDGHG E\ 3URI� 9�$� 5R\DQRY� :LWK
KLV SDUWLFLSDWLRQ� WKH PDWHULDO EDVH LV ZLGHQHG DQG
VWUHQJWKHQHG� WKH HGXFDWLRQDO SURFHVV LQFOXGHV WKH GLV�
FLSOLQHV RI URERWL]DWLRQ RI ZHOGLQJ IDEULFDWLRQ DQG
QHZ LQIRUPDWLRQ WHFKQRORJLHV �DW WKH FRXUVH DQG GL�
SORPD GHVLJQLQJ�� 7KH UHVHDUFK ZRUNV DUH FDUULHG RXW
LQ WKH ILHOG RI WKHUPDO VSUD\LQJ RI FRUURVLRQ� DQG
ZHDU�UHVLVWDQW FRDWLQJV� 7KH IOX[�FRUHG ZLUHV IRU HOHF�
WULF DUF PHWDOOL]DWLRQ ZHUH GHYHORSHG DQG LPSOH�
PHQWHG DW WKH .LHY HQWHUSULVH �.LHYWUDNWRUGHWDO� DQG
DXWR�UHSDLU HQWHUSULVHV RI 3ROWDYD� 7DVKNHQW DQG RWKHU
FLWLHV� 5HVXOWV RI LQYHVWLJDWLRQV DUH VXPPDUL]HG LQ
WKHVHV RI (�9� 9RMWVHNKRYVN\ �&DQG� RI (QJ� 6FL��
DQG 9�$� 5R\DQRY �'U� RI (QJ� 6FL���

'XULQJ WKH SHULRG IURP���� WLOO ���� 6�9�*XODNRY�
9�$� 5R\DQRY� /�.� /HVKFKLQVN\� $�'� 5D]P\VKO\DHY�
6�6� 6DPRWXJLQ GHIHQGHG WKHLU WKHVHV �'U� RI (QJ� 6FL��
DW WKH &KDLU� $�1� 6HUHQNR ZDV DZDUGHG WKH WLWOH RI
3URIHVVRU� 7KHUH LV D FRXUVH IRU SUHSDULQJ 'RFWRUsV GH�
JUHH WKHVLV DQG WZR SHUVRQV DUH ZRUNLQJ DW WKHLU WKHVHV�
7KHUH LV D 6SHFLDOL]HG &RXQFLO DW WKH &KDLU IRU WKH GH�
IHQGLQJ &DQGLGDWHsV WKHVHV RQ VSHFLDOW\ ��������
�:HOGLQJ DQG $OOLHG 7HFKQRORJLHV��

2YHU WKUHH UHFHQW \HDUV WH[WERRNV �:HOGLQJ� ,Q�
WURGXFWLRQ WR VSHFLDOW\� �$�1� 6HUHQNR� 9�$� 5R�
\DQRY�� �'HIHFWV LQ ZHOGHG MRLQWV DQG FRDWLQJV�
�9�$� 5R\DQRY� 9�<D� =XVLQ� 6�6� 6DPRWXJLQ�� �5H�
SDLU RI PDFKLQHV XVLQJ ZHOGLQJ DQG UHODWHG WHFKQROR�
JLHV� �9�$� 5R\DQRY� *�*� 3VDUDV� 9�.� 5XEDMOR�
DQG PDQXVFULSW �0DJQHWLF FRQWURO RI ZHOG IRUPDWLRQ
GXULQJ DUF ZHOGLQJ� �$�'� 5D]P\VKO\DHY� ZHUH SUH�
SDUHG DQG SXEOLVKHG�

7KH &KDLU KDV DQ DFWLYH FROODERUDWLRQ ZLWK LQGXV�
WULDO DQG PDFKLQH�EXLOGLQJ WHFKQLFDO VHFRQGDU\
VFKRROV RI 0DULXSRO FLW\ ZLWKLQ WKH VFRSH RI D PXOWL�
VWDJH HGXFDWLRQ RI VSHFLDOLVWV�

'XULQJ �� \HDUV WKH &KDLU VWDII TXDOLILHG DERXW
���� HQJLQHHUV� LQFOXGLQJ WKRVH IRU FRXQWULHV RI
(XURSH� $VLD DQG /DWLQ $PHULFD� PRUH WKDQ �� &DQG�
RI (QJ� 6FL�� � 'RFWRUsV WKHVHV ZHUH SUHSDUHG DQG
GHIHQGHG� PRUH WKDQ �� WH[WERRNV DQG PDQXVFULSWV�
��� VFLHQWLILF DUWLFOHV ZHUH SXEOLVKHG� PRUH WKDQ ���
GHYHORSPHQWV ZHUH SURWHFWHG E\ WKH DXWKRUsV FHUWLIL�
FDWHV DQG IRUHLJQ SDWHQWV�

6WXGHQWV RI :HOGLQJ )DFXOW\ RI 3678 VWXG\ GHVLJQ DQG PRGH RI

RSHUDWLRQ RI URERW �%ULJ����

6WXGHQWV RI:HOGLQJ )DFXOW\ GXULQJ SURJUDPPLQJ RI ZHOGLQJ URERW

RSHUDWLRQ
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7KH &KDLU JUDGXDWHV $�'� &KHSXUQRM� 7�*� .UDY�
WVRY� 9�<D� =XVLQ� 9�,� 6KFKHWLQLQD� 9�1� .DOLDQRY
GHIHQGHG VXFFHVVIXOO\ WKH 'RFWRUsV GHJUHH WKHVHV�
0DQ\ JUDGXDWHV KDYH EHFRPH NQRZQ VSHFLDOLVWV LQ WKH
ILHOG RI ZHOGLQJ DQG KHDGV RI LQGXVWULDO HQWHUSULVHV
RI 8NUDLQH� 5XVVLD DQG RWKHU &,6 FRXQWULHV�

$W SUHVHQW WKH &KDLU KDV � 3URIHVVRUV� 'U� RI (QJ�
6FL�� � 3URIHVVRU� &DQG� RI (QJ� 6FL�� � $VVLVWDQW 3UR�
IHVVRUV� &DQG� RI 7HFKQ� 6FL�� � 6HQLRU 7HDFKHU DQG
� DVVLVWDQWV� 7KH &KDLU SDVVHG ,9 OHYHO DFFUHGLWDWLRQ
E\ WKH 0LQLVWU\ RI (GXFDWLRQ DQG 6FLHQFH LQ 8NUDLQH�
7KH &KDLU SUHSDUHV VSHFLDOLVWV E\ WKH IROORZLQJ VSH�
FLDOWLHV� �(TXLSPHQW DQG WHFKQRORJ\ RI ZHOGLQJ IDE�
ULFDWLRQ�� �$XWRPDWHG HOHFWULF ZHOGLQJ SURFHVVHV DQG
HTXLSPHQW�� �(TXLSPHQW DQG WHFKQRORJ\ RI LPSURY�
LQJ ZHDU UHVLVWDQFH DQG UHVWRUDWLRQ RI PDFKLQH SDUWV��

6SHFLDOLVWV RI WKH &KDLU WDNH DQ DFWLYH SDUW LQ WKH
ZRUN RI ,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�� ,Q SDU�
DOOHO ZLWK D WUDGLWLRQDO FRRSHUDWLRQ ZLWK ZHOGLQJ
FKDLUV RI HGXFDWLRQDO LQVWLWXWLRQV RI 0RVFRZ� 6W��3H�
WHUVEXUJ� &KHO\DELQVN� (NDWHULQEXUJ� 7ELOLVL� 0LQVN�
0RJLO\RY DQG RWKHU &,6 FLWLHV WKH UHODWLRQV DUH HV�
WDEOLVKHG ZLWK IRUHLJQ LQVWLWXWLRQV DQG RUJDQL]DWLRQV�
VXFK DV ,QVWLWXWH RI :HOGLQJ �*OLZLFH� 3RODQG�� 0LV�
NROF 8QLYHUVLW\ �+XQJDU\�� +DUELQ ,QVWLWXWH RI 7HFK�
QRORJ\ �&KLQD�� HWF�

7KH &KDLU RI :HOGLQJ (TXLSPHQW DQG 7HFKQRORJ\
FHOHEUDWHV LWV ��WK DQQLYHUVDU\ ZLWK D GHVLUH RI IXUWKHU
LPSURYHPHQW RI WKH HGXFDWLRQDO�PHWKRGRORJLFDO SURF�
HVV GLUHFWHG WR WKH LQFUHDVH LQ TXDOLW\ RI HGXFDWLRQ RI
VSHFLDOLVWV�
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3ULD]RYVN\ 6WDWH 7HFKQLFDO 8QLYHUVLW\� 0DULXSRO� 8NUDLQH

7KH :HOGLQJ )DFXOW\ RI WKH 3ULD]RYVN\ 6WDWH 7HFK�
QLFDO 8QLYHUVLW\ �3678� KDV FHOHEUDWHG �� \HDUV VLQFH
LWV IRXQGDWLRQ� ,W ZDV RQH RI WKUHH ZHOGLQJ IDFXOWLHV
RI WKH IRUPHU 6RYLHW 8QLRQ� 7RGD\ 8NUDLQH DORQH KDV
WZR ZHOGLQJ IDFXOWLHV� DW 3678 DQG DW WKH 1DWLRQDO
7HFKQLFDO 8QLYHUVLW\ RI 8NUDLQH �.\LY 3RO\WHFKQLFDO
,QVWLWXWH� �1788�� $VVLVWDQW 3URIHVVRU '�3� $Q�
WRQHWV� &DQGLGDWH RI 7HFKQLFDO 6FLHQFHV� ZDV WKH ILUVW
GHDQ RI WKH )DFXOW\� 7KHQ DW GLIIHUHQW SHULRGV WKH
)DFXOW\ ZDV KHDGHG E\ 3URI� /�.� /HVKFKLQVN\
������� 'RFWRU RI 7HFKQLFDO 6FLHQFHV� 3URI� $�1� 6HU�
HQNR ������� &DQGLGDWH RI 7HFKQLFDO 6FLHQFHV� DQG
$VVLVWDQW 3URIHVVRU <X�9� %HORXVRY ������� &DQGL�
GDWH RI 7HFKQLFDO 6FLHQFHV� 6LQFH ���� XS WR QRZ WKH
GHDQsV RIILFH KDV EHHQ KHDGHG E\ 3URI� $�'� 5D]P\�
VKO\DHY� 'RFWRU RI 7HFKQLFDO 6FLHQFHV�

7KH )DFXOW\ FRQVLVWV RI ILYH FKDLUV� LQFOXGLQJ IRU
:HOGLQJ (TXLSPHQW DQG 7HFKQRORJ\ �+HDG RI WKH
&KDLU x 3URI� 9�$� 5R\DQRY� $FDGHPLFLDQ RI WKH
$FDGHP\ RI 6FLHQFHV RI +LJKHU (GXFDWLRQ RI 8NUDLQH�

'RFWRU RI 7HFKQLFDO 6FLHQFHV�� :HOGLQJ 0HWDOOXUJ\
DQG 7HFKQRORJ\ �+HDG RI WKH &KDLU x 3URI�
9�9� &KLJDUHY� $FDGHPLFLDQ RI WKH $FDGHP\ RI (Q�
JLQHHULQJ 6FLHQFHV� 'RFWRU RI 7HFKQLFDO 6FLHQFHV� DQG
0DWHULDOV 6FLHQFH �+HDG RI WKH &KDLU x 3URI�
/�6� 0DOLQRY� 0HPEHU RI WKH 1HZ <RUN $FDGHP\ RI
6FLHQFHV� 'RFWRU RI 7HFKQLFDO 6FLHQFHV��

3URPLQHQW VFLHQWLVWVx SURIHVVRUV� GRFWRUV RI WHFK�
QLFDO VFLHQFHV 9�.� %DJU\DQVN\� $�,� *HGURYLFK�
*�9� .X]PLQ DQG 9�1� .DOLDQRY x� ZHUH ZRUNLQJ
DW WKH )DFXOW\ LQ GLIIHUHQW \HDUV� 1RZ WKH VWDII RI WKH
)DFXOW\ LQFOXGHV DFDGHPLFLDQV $�'� &KHSXUQRM�
9�$� 5R\DQRY� 9�<D� =XVLQ� SURIHVVRUV /�6� 0DOL�
QRY� $�1� 6HUHQNR� 6�9� *XODNRY� 6�6� 6DPRWXJLQ�
DQG RWKHUV�

2UJDQL]DWLRQ RI WKH HGXFDWLRQDO SURFHVV� SHGDJRJL�
FDO DQG UHVHDUFK DFWLYLW\ DW WKH )DFXOW\ LV UXQ QRZ
E\ KLJKO\ TXDOLILHG WHDFKHUV� � DFDGHPLFLDQ RI WKH
$FDGHP\ RI 6FLHQFHV RI +LJKHU (GXFDWLRQ RI 8NUDLQH�
� DFDGHPLFLDQV RI WKH $FDGHP\ RI (QJLQHHULQJ 6FL�
HQFHV� � PHPEHUV RI IRUHLJQ DFDGHPLHV RI VFLHQFHV� ��
GRFWRUV RI WHFKQLFDO DQG SK\VLFDO�PDWKHPDWLFDO VFL�
HQFHV� �� SURIHVVRUV� �� DVVLVWDQW SURIHVVRUV� FDQGL�
GDWHV RI WHFKQLFDO VFLHQFHV DQG PRUH WKDQ �� VHQLRU
WHDFKHUV� WHDFKHUV DQG DVVLVWDQWV�

&KDLUV RI WKH )DFXOW\ DUH ILWWHG ZLWK PRGHUQ UH�
VHDUFK HTXLSPHQW� 6XEVWDQWLDO SDUW RI WKH 5	' UHVXOWV
KDV EHHQ DSSOLHG LQ LQGXVWU\ DW D QXPEHU RI HQWHUSULVHV
RI 8NUDLQH DQG RWKHU &,6 FRXQWULHV� 0DLQ OLQHV RI WKH
5	' DFWLYLW\ RI WKH )DFXOW\ LQFOXGH UHSDLU RI WHFK�
QRORJLFDO HTXLSPHQW E\ GLIIHUHQW VSUD\LQJ PHWKRGV�� $�'� 5$=0<6+/<$(9� 9�$� 6+$)(5296.< DQG <X�9� %(/28629� ����

5D]P\VKO\DHY $OHNVDQGHU '� x JUDGXDWH RI =KGDQRY 0HWDOOXU�

JLFDO ,QVWLWXWH ������� 3URIHVVRU RI WKH &KDLU RI :HOGLQJ (TXLS�

PHQW DQG 7HFKQRORJ\� 'HDQ RI WKH :HOGLQJ )DFXOW\�

6KDIHURYVN\ 9LNWRU $� x JUDGXDWH RI 3678 ������� $VVLVWDQW

3URIHVVRU RI WKH &KDLU RI :HOGLQJ (TXLSPHQW DQG 7HFKQRORJ\�

'HSXW\ 'HDQ RI WKH :HOGLQJ )DFXOW\�

%HORXVRY <XU\ 9�x JUDGXDWH RI =KGDQRY 0HWDOOXUJLFDO ,QVWLWXWH

������� $VVLVWDQW 3URIHVVRU� ZRUNLQJ IRU D 'RFWRUsV GHJUHH DW WKH

&KDLU RI :HOGLQJ (TXLSPHQW DQG 7HFKQRORJ\�
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VXUIDFLQJ RI UROOLQJ PLOO UROOV� HOHFWULF DUF VXUIDFLQJ DQG

ZHOGLQJ XVLQJ FRQWUROOLQJ PDJQHWLF ILHOGV� PHFKDQL]HG

VXEPHUJHG�DUF ZHOGLQJ RI KHDY\ VHFWLRQV RI PHWDO ZLWK

SURJUDPPHG SURFHVV SDUDPHWHUV� LPSURYHPHQW RI PHWK�

RGV IRU LQFUHDVLQJ SHUIRUPDQFH RI ZHOGHG MRLQWV DQG

VWUXFWXUHV� HYDOXDWLRQ RI WKH VWUHVVHG VWDWH RI ZHOGHG

MRLQWV DQG SDUWV ZLWK SURWHFWLYH FRDWLQJV� ZHDU�UHVLVWDQW

VXUIDFLQJ RI PHWDOOXUJLFDO HTXLSPHQW SDUWV� GHYHORS�

PHQW RI VSDUVHO\�DOOR\HG KLJK�VWUHQJWK DQG ZHDU�UHVLV�

WDQW VWHHOV� LQYHVWLJDWLRQ RI SK\VLFDO SKHQRPHQD RFFXU�

ULQJ RQ WKH VXUIDFHV RI VROLGV DQG KHDW DQG PDVV WUDQVIHU

SURFHVVHV RFFXUULQJ DWPDFUR� DQGPLFUROHYHOV� IRUPDWLRQ

RI KLJK�SRZHU SODVPD IORZV DQG WKHLU LQWHUDFWLRQ ZLWK

FRQGHQVHG PHGLD� HWF�

%DVHG RQ WKH UHVHDUFK UHVXOWV� DVVRFLDWHV RI WKH

)DFXOW\ SXEOLVKHG PRUH WKDQ ���� VFLHQWLILF SDSHUV�
LQFOXGLQJ �� ERRNV DQG PDQXDOV� DQG UHFHLYHG RYHU

��� DXWKRUsV FHUWLILFDWHV DQG SDWHQWV�

7KH )DFXOW\ KDV D FRPSXWHU FODVV� DUUDQJHG LQ
����� 7KH FODVV KDV �� VHDWV DQG LV HTXLSSHG ZLWK
PRGHUQ FRPSXWHU IDFLOLWLHV�

7KH ILUVW JUDGXDWLRQ RI ZHOGLQJ HQJLQHHUV DW WKH

=KGDQRY �0DULXSRO� 0HWDOOXUJLFDO ,QVWLWXWH ZDV LQ

����� 7KH QXPEHU RI JUDGXDWHV LQFUHDVHV HYHU\ \HDU�
DQG QRZ LW DPRXQWV WR ���� SHRSOH� %HIRUH ���� WKH

DQQXDO QXPEHU RI VFKRRO OHDYHUV DGPLWWHG WR WKH

:HOGLQJ )DFXOW\ ZDV DERXW ��� SHRSOH�
,Q ���� WKH 0DULXSRO 0HWDOOXUJLFDO ,QVWLWXWH ZDV

WUDQVIRUPHG LQWR WKH 3ULD]RYVN\ 6WDWH 7HFKQLFDO 8QL�

YHUVLW\ DQG FHUWLILHG IRU WKH ,9 OHYHO RI TXDOLILFDWLRQ�

)URP ���� WLOO ���� WKH :HOGLQJ )DFXOW\ RI 3678
HGXFDWHG ZHOGLQJ EDFKHORUV �:%� LQ IRXU DUHDV RI

SURIHVVLRQDO RULHQWDWLRQ� FRUUHVSRQGLQJ WR WKH IROORZ�

LQJ VSHFLDOLWLHV� �������� �:HOGLQJ 3URGXFWLRQ

(TXLSPHQW DQG 7HFKQRORJ\�� �������� �7HFKQRORJL�
FDO DQG 0HWDOOXUJLFDO :HOGLQJ 3URFHVVHV�� ��������

�$XWRPDWHG (OHFWULF :HOGLQJ 3URFHVVHV DQG 0D�

FKLQHV�� �������� �(TXLSPHQW DQG 7HFKQRORJ\ IRU

,QFUHDVLQJ :HDU 5HVLVWDQFH DQG 5HSDLU RI 0DFKLQH

3DUWV�� DV ZHOO DV VSHFLDOLVWV �LQ WHFKQLFDO VSHFLDOLWLHV

FDOOHG HQJLQHHUV x :(� DQG 0DVWHUV �:0� >�@�

$W WKH HQG RI ���� WKH &KDLU RI 0DWHULDOV 6FLHQFH

MRLQHG WKH )DFXOW\� ,Q WKDW VDPH \HDU WKH 0LQLVWU\ RI

(GXFDWLRQ DQG 6FLHQFH RI 8NUDLQH GHFLGHG WR FKDQJH

QDPHV RI VRPH VSHFLDOLWLHV� VXFK DV ���� �:HOGLQJ�

DQG ���� �$SSOLHG 0DWHULDOV 6FLHQFH��

7KHUHIRUH� VLQFH ���� WKH :HOGLQJ )DFXOW\ RI
3678 KDV EHHQ HGXFDWLQJ:%� VSHFLDOLVWV �HQJLQHHUV�

DQG :0 LQ WKH IROORZLQJ VSHFLDOLWLHV�

• �������� �:HOGLQJ 7HFKQRORJ\ DQG (TXLS�
PHQW��

• �������� �:HOGLQJ 0DFKLQHV��

• �������� �7HFKQRORJ\ DQG (TXLSPHQW IRU 5HSDLU
DQG ,QFUHDVH LQ :HDU 5HVLVWDQFH RI 0DFKLQHV DQG

6WUXFWXUHV��

• �������� �$SSOLHG 0DWHULDOV 6FLHQFH��

7KH SURJUDP RI WKH ��WK DQG ��WK GHJUHHV >�@ KDV

EHHQ XVHG DV WKH EDVLV RI WKH FRQFHSW RI D PXOWL�OHYHO
V\VWHP RI KLJKHU HGXFDWLRQ� ZKLFK LV FRPPRQ �EDVHOLQH�

QRZ IRU DOO KLJKHU HGXFDWLRQ LQVWLWXWLRQV RI 8NUDLQH�

7KH VWDJH RI HGXFDWLRQ IRU WKH :% GHJUHH LQ WKH

DERYH VSHFLDOLWLHV LV FRPSOHWHG E\ SUHSDULQJ WKH GL�

SORPD �TXDOLILFDWLRQ� ZRUN DQG LWV VXEVHTXHQW GH�

IHQFH WR WKH 6WDWH 4XDOLILFDWLRQ &RPPLVVLRQ �64&��
SURYLGLQJ WKDW H[DPV RI WKH 9,,, WHUP KDYH EHHQ VXF�

FHVVIXOO\ SDVVHG� 7KH :% GLSORPD ZRUN LV D ILQDO

ZRUN� VXPPDUL]LQJ IRXU \HDUV RI VWXGLHV DW WKH 8QL�

YHUVLW\� DQG LV LQWHQGHG IRU V\VWHPDWL]DWLRQ� FRQILU�

PDWLRQ DQG ZLGHQLQJ RI WKH WKHRUHWLFDO NQRZOHGJH E\

LQGHSHQGHQWO\ VWXG\LQJ WKH VXEMHFWV UHODWHG WR RQH RI

WKH EUDQFKHV RI ZHOGLQJ SURGXFWLRQ RU DSSOLHG PDWH�

ULDOV VFLHQFH�

&RPSRVLWLRQ DQG VFRSH RI WKH GLSORPD ZRUN DUH
GHWHUPLQHG E\ D FRUUHVSRQGLQJ FKDLU� $V D UXOH� WKH
GLSORPD ZRUN FRQVLVWV RI DQ H[SODQDWRU\ QRWH ZLWK D
YROXPH RI QRW PRUH WKDQ �� SDJHV RI IRUPDW $�� SUH�

SDUHG LQ WKH IRUP RI D PDQXVFULSW� DQG D JUDSKLFDO

SDUW IRU � w � VKHHWV RI IRUPDW $��

:KHQ DVVLJQHG WR SUDFWLFDO ZRUN LQ LQGXVWU\� VWX�

GHQWV UHFHLYH LQGLYLGXDO ZRUN VWDWHPHQWV ZKLFK VSHF�
LI\ XQLWV �SLHFHV�� WKH WHFKQRORJ\ RI WKH PDQXIDFWXUH

RI ZKLFK WKH\ VKRXOG VWXG\� :KLOH SUHSDULQJ EDFKH�

ORUsV GLSORPD ZRUNV� VWXGHQWV GHYHORS QHZ RU LPSURYH
NQRZQ �EDVHOLQH� WHFKQRORJLFDO SURFHVVHV XVHG IRU WKH
PDQXIDFWXUH RI WKHVH XQLWV� :KLOH SUHSDULQJ GLSORPDV

IRU WKH VSHFLDOLVWsV GHJUHH� VWXGHQWV XVH� DV D UXOH�
EDVLF GHYHORSPHQWV PDGH ZKLOH SUHSDULQJ WKHLU EDFKH�
ORUsV GLSORPDV�

:%� KDYLQJ WKH EDVHOLQH KLJKHU HGXFDWLRQ� PD\
UHFHLYH WKH IXOO KLJKHU HGXFDWLRQ DQG TXDOLILFDWLRQ RI

D VSHFLDOLVW �HQJLQHHU� LQ IRXU VSHFLDOLWLHV E\ SDVVLQJ

WKH VHFRQG VWDJH RI HGXFDWLRQ �VHH WKH )LJXUH�� (QJL�

QHHULQJ HGXFDWLRQ RI :% ODVWV WZR WHUPV DQG LV FRP�

6WUXFWXUH RI HGXFDWLRQ RI VSHFLDOLVWV DW WKH :HOGLQJ )DFXOW\ RI
3678
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SOHWHG ZLWK GHIHQFH RI D GLSORPD WR WKH 6WDWH ([DPL�
QDWLRQ &RPPLVVLRQ �6(&��

5HDOL]DWLRQ RI WKH:0HGXFDWLRQ SURJUDP LQZHOG�
LQJ VSHFLDOLWLHV VWDUWHG LQ ����� IROORZLQJ WKH VSHFLDO
SODQV RI VWXGLHV EDVHG RQ WKH HQJLQHHULQJ HGXFDWLRQ
>�@� ,Q FRPSOLDQFH ZLWK WKH 5HVROXWLRQ RI WKH &DELQHW
RI 0LQLVWHUV RI 8NUDLQH 1R��� RI -DQXDU\ ��� ����
�3URYLVLRQ RI (GXFDWLRQ�4XDOLILFDWLRQ /HYHOV�� VLQFH
���� WKH )DFXOW\ KDV EHHQ HGXFDWLQJ PDVWHUV� EDVHG
RQ WKH TXDOLILFDWLRQ RI EDFKHORUV DQG VSHFLDOLVWV�

,Q JHQHUDO� HGXFDWLRQ RI:0DW WKH)DFXOW\ LV FDUULHG
RXW IROORZLQJ WKH VFKHPDWLF VKRZQ LQ WKH )LJXUH�

,W VKRXOG EH QRWHG WKDW DIWHU UHFHLYLQJ WKH TXDOL�
ILFDWLRQ RI D EDFKHORU� IXUWKHU VWXGLHV WDNH RQH \HDU
�WZR WHUPV� DQG DUH SDLG IURP WKH VWDWH EXGJHW�
ZKHUHDV DIWHU UHFHLYLQJ WKH TXDOLILFDWLRQ RI D VSHFLDOLVW
�HQJLQHHU� WKH VWXGLHV RI D VWXGHQW ZRUNLQJ IRU D PDV�
WHUsV GHJUHH DOVR WDNH RQH \HDU �WZR WHUPV� EXW DUH
SURYLGHG PRVWO\ RQ D FRQWUDFW EDVH�

,Q ERWK FDVHV FDQGLGDWHV IRU UHFHLYLQJ WKH PDVWHUsV
GHJUHH VKRXOG KDYH SRVLWLYH UHIHUHQFHV RI WKH FRUUH�
VSRQGLQJ FKDLUV DQG VFLHQWLILF ERDUGV RI WKH )DFXOW\
DQG 8QLYHUVLW\� ,Q DGGLWLRQ� WKH 8QLYHUVLW\ HVWDE�
OLVKHG D TXRWD RQ D QXPEHU RI WKRVH DGPLWWHG IRU
UHFHLYLQJ WKH PDVWHUsV GHJUHH� ZKLFK LV HTXDO WR �� �
RI WKH WRWDO QXPEHU RI JUDGXDWHV KDYLQJ D KLJKHU HGX�
FDWLRQ�

6WXGLHV IRU D PDVWHUsV GHJUHH DUH FRPSOHWHG ZLWK
SUHSDUDWLRQ DQG GHIHQFH RI WKH GLSORPD WR 6(&�

,Q RXU RSLQLRQ� WKH TXDOLW\ RI HGXFDWLRQ RI WKH
VWDII XQGHU FRQGLWLRQV RI DPXOWL�OHYHO V\VWHP RI KLJKHU
HGXFDWLRQ GLUHFWO\ GHSHQGV XSRQ VROYLQJ D QXPEHU RI
SUREOHPV >�@� UDLVLQJ WKH OHYHO RI HGXFDWLRQ RI VFKRRO
OHDYHUV� DGPLWWDQFH WR 3678 WKH JUDGXDWHV RI WHFK�
QLFDO VFKRROV DQG UHYHUVH URWDWLRQ RI VWXGHQWV WR WKH
3678 WHFKQLFDO VFKRROV� HQVXULQJ FRPSOLDQFH RI WKH
SURFHVV RI HGXFDWLRQ RI VSHFLDOLVWV ZLWK (XURSHDQ DQG
LQWHUQDWLRQDO VWDQGDUGV� UDLVLQJ WKH VFLHQWLILF�DQG�
SHGDJRJLFDO OHYHO RI WHDFKHUV DQG SURIHVVRUV� LPSURYH�
PHQW RI WKH HGXFDWLRQDO SURFHVV E\ XVLQJ WKH DGYDQFHG
WHFKQLFDO HGXFDWLRQ PHDQV� LQFOXGLQJ FRPSXWHU IDFLOL�
WLHV� LPSURYHPHQW RI WKH ODQJXDJH DQG HFRQRPLFDO
HGXFDWLRQ RI WKH JUDGXDWHV� HWF�

7KH SUDFWLFH RI DGPLWWDQFH RI JUDGXDWHV RI WHFK�
QLFDO VFKRROV DV WKH VHFRQG� DQG WKLUG�\HDU VWXGHQWV�
ZKLFK KDV EHHQ DSSOLHG GXULQJ WKH ODVW HLJKW \HDUV�
KDV SURYHG EHQHILFLDO� $V D UXOH� WKLV FDWHJRU\ RI VWX�
GHQWV LV FKDUDFWHUL]HG E\ D YHU\ VHULRXV DWWLWXGH WR
VWXGLHV DQG D KLJK OHYHO RI SUDFWLFDO WUDLQLQJ� 3ODQV
RI VWXGLHV IRU WKH ILUVW DQG VHFRQG WHUPV IRU DOO VSH�
FLDOLWLHV RI WKH )DFXOW\ DQG SODQV RI VWXGLHV IRU WKH
3678 WHFKQLFDO VFKRROV ZHUH ILQDOL]HG LQ ���� ZLWK
D SXUSRVH WR UHGXFH WKH QXPEHU RI WKRVH UHWDNLQJ
H[DPLQDWLRQV LQ VRPH GLVFLSOLQHV DQG IDFLOLWDWH WKH
ILUVW VWDJH RI VWXGLHV DW WKH 8QLYHUVLW\� 7KH ILUVW�\HDU
VWXGHQWV� ZKR DUH QRQ�FDSDEOH IRU DQ\ UHDVRQ RI FRQ�
WLQXLQJ WKHLU HGXFDWLRQ DW WKH 8QLYHUVLW\� DUH JLYHQ

WKH RSSRUWXQLW\ WR ILQLVK WKHLU HGXFDWLRQ DW RQH RI WKH
3678 WHFKQLFDO VFKRROV� 7KLV ZDV PDGH SRVVLEOH E\
LQFOXGLQJ LQWR WKH 8QLYHUVLW\ LQ ���� WKUHH WHFKQLFDO
VFKRROV� PHFKDQLFDO�PHWDOOXUJLFDO� PDFKLQH�EXLOGLQJ
DQG LQGXVWULDO� DV ZHOO DV D WHFKQLFDO O\FHXP�

)XUWKHU GHYHORSPHQW RI KLJKHU HGXFDWLRQ LQ
8NUDLQH LV LPSRVVLEOH ZLWKRXW DOORZDQFH IRU WKH ZRUOG
DQG (XURSHDQ H[SHULHQFH LQ WUDLQLQJ RI VSHFLDOLVWV� DV
ZHOO DV UHTXLUHPHQWV RI WKH LQWHUQDWLRQDO VWDQGDUGV
UHJDUGLQJ HGXFDWLRQ DQG FHUWLILFDWLRQ RI ZHOGLQJ VSH�
FLDOLVWV >�@�

7KH PDLQ UHTXLUHPHQW DQG WKH PRVW LPSRUWDQW FRQ�
GLWLRQ RI GHYHORSPHQW RI WKH PDUNHW HFRQRP\ LV DQ
LPSURYHPHQW RI WKH TXDOLW\ RI SURGXFWV RI DOO LQGXV�
WULHV� 3URGXFWV RI WKH ZHOGLQJ LQGXVWU\ PRVW RIWHQ
IDOO LQ WKH FDWHJRU\ RI FULWLFDO VWUXFWXUHV� )RU WKLV
UHDVRQ WKH IDFWRU RI FRPSOLDQFH RI WKHVH SURGXFWV ZLWK
WKH (XURSHDQ DQG ZRUOG VWDQGDUGV LV YHU\ WRSLFDO�

7KH OHYHO RI HGXFDWLRQ RI WHDFKHUV DQG SURIHVVRUV

RI WKH :HOGLQJ )DFXOW\ LV UDWKHU KLJK� $W SUHVHQW WKH

QXPEHU RI WKRVH VWXG\LQJ DW WKH SRVW�JUDGXDWH FRXUVHV

DQG ZRUNLQJ IRU D GRFWRUsV GHJUHH LV �� DQG � SHRSOH�

UHVSHFWLYHO\� 'XULQJ WKH ODVW ILYH�\HDU SHULRG PRUH

WKDQ �� WHDFKHUV DQG VWDII VFLHQWLVWV KDYH LPSURYHG

WKHLU TXDOLILFDWLRQ WKURXJK WKH V\VWHP RI FRXUVHV SHU�

PDQHQWO\ IXQFWLRQLQJ DW WKH 8QLYHUVLW\ LQ WKH IROORZ�

LQJ DUHDV� SHGDJRJLFDO VNLOO� SV\FKRORJ\ DQG SHGDJRJ�

LFV� FRPSXWHU WUDLQLQJ� HWF�

7KH )DFXOW\ SURYLGHV DQ DFWLYH ODQJXDJH WUDLQLQJ

WR VSHFLDOLVWV� 2SWLRQDO VWXGLHV RI IRUHLJQ ODQJXDJHV�

D ODQJXDJH RI EXVLQHVV FRPPXQLFDWLRQ� DUH DUUDQJHG

DQQXDOO\�

6LQFH ���� 3678 KDV LQFRUSRUDWHG WKH 6SHFLDO

&RXQFLO RQ GHIHQFH RI WKHVHV IRU D FDQGLGDWHsV GHJUHH

LQ VSHFLDOLW\ �������� �:HOGLQJ DQG 5HODWHG 7HFK�

QRORJLHV�� (YHU\ \HDU VWXGHQWV RI WKH:HOGLQJ )DFXOW\

WDNH WKH ILUVW SODFHV LQ RO\PSLDGV� ,Q 2FWREHU ����

WKHUH ZDV WKH �:HOGLQJ������ H[KLELWLRQ LQ .\LY�

ZKHUH WKH :HOGLQJ )DFXOW\ H[KLELWHG HTXLSPHQW DQG

PDWHULDOV GHYHORSHG E\ LWV FKDLUV LQ WKH ODVW \HDUV� $V

SURYHG E\ WKH UHVXOWV RI WKH H[KLELWLRQ� WKH :HOGLQJ

)DFXOW\ FKDLUV UDQN KLJK LQ VLJQLILFDQFH DQG HIILFLHQF\

RI WKHLU WHFKQLFDO GHYHORSPHQWV�
7KH )DFXOW\ PDLQWDLQV SHUPDQHQW EXVLQHVV DQG

FUHDWLYH FRQWDFWV ZLWK LWV JUDGXDWHV ZRUNLQJ LQ GLI�
IHUHQW LQGXVWULDO RUJDQL]DWLRQV� FRPPHUFLDO VWUXF�
WXUHV� HQWHUSULVHV DQG HGXFDWLRQDO LQVWLWXWLRQV� ZKLFK
PDNHV LW SRVVLEOH WR UHYHDO WKH GHPDQG IRU VSHFLDOLVWV
LQ VSHFLILF TXDOLILFDWLRQV�

5()(5(1&(6

�� %HORXVRY� <X�1�� 6KDIHURYVN\� 9�$� ������ ,PSURYHPHQW RI
WUDLQLQJ RI WKH VWDII XQGHU FRQGLWLRQV RI D PXOWL�OHYHO V\VWHP
RI KLJKHU HGXFDWLRQ� $YWRPDWLFKHVND\D 6YDUND� �� � w ��

�� &KHUWRY� ,�0� ������ 0XOWL�OHYHO HQJLQHHULQJ HGXFDWLRQ LQ
VSHFLDOLW\ �:HOGLQJ 3URGXFWLRQ (TXLSPHQW DQG 7HFKQRO�
RJ\� DW WKH :HOGLQJ 3URGXFWLRQ &KDLU RI WKH .\LY
3RO\WHFKQLFDO ,QVWLWXWH� ,ELG�� ��� � w ��
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3ULD]RYVN\ 6WDWH 7HFKQLFDO 8QLYHUVLW\� 0DULXSRO� 8NUDLQH

$V ZDV DOUHDG\ QRWHG� WKH UHVHDUFK DFWLYLW\ RI WKH
&KDLU RI:HOGLQJ (TXLSPHQW DQG 7HFKQRORJ\� KHDGHG
E\ 3URI� .�%� %DJU\DQVN\� KDG D VLJQLILFDQW SURJUHVV
LQ WKH ����V� 7KLV DFWLYLW\ ZDV GLUHFWHG WR WKH FUHDWLRQ

RI QHZ PHWKRGV RI ZHOGLQJ DQG VXUIDFLQJ� GHYHORS�

PHQW RI HTXLSPHQW IRU WKHVH SURFHVVHV DQG DOVR VWXG\

RI SURSHUWLHV RI ZHOGHG DQG VXUIDFHG SURGXFWV� 7R

UHDOL]H WKHVH WDVNV� D %UDQFK 5HVHDUFK /DERUDWRU\ RI

6XUIDFLQJ ZDV HVWDEOLVKHG LQ $XJXVW� ���� DQG LV

ZRUNLQJ VXFFHVVIXOO\ QRZ� 7KLV /DERUDWRU\ LV VSHFLDO�

L]HG LQ WKH GHYHORSPHQW DQG LPSOHPHQWDWLRQ RI QHZ

ZHOGLQJ WHFKQRORJLHV� HTXLSPHQW DQG PDWHULDOV� LQ

WKH ILHOG RI WKH IHUURXV PHWDOOXUJ\ LQ SDUWLFXODU�

7KH /DERUDWRU\ ZDV KHDGHG E\ WKH VFLHQWLVWV RI WKH
¯KDLU� 3URI� .�9� %DJU\DQVN\ DQG 3URI� /�.� /HVKFKLQ�
VN\� $W SUHVHQW LW LV KHDGHG E\ 'U� 9�1� 0DWYLHQNR�

3URI� 9�$� 5R\DQRY� WKH +HDG RI &KDLU� UHQGHUV DVVLV�
WDQFH WR WKH ODERUDWRU\ LQ FRQGXFWDQFH RI UHVHDUFKZRUNV

DQG WKH VROXWLRQ RI RUJDQL]LQJ SUREOHPV�

2YHU �� \HDUV RI H[LVWHQFH RI WKLV /DERUDWRU\ WKH
VFLHQWLVWV LPSOHPHQWHG PRUH WKDQ �� UHVHDUFK ZRUNV LQ

LQGXVWU\� PRVW RI WKHP ZHUH DW WKH OHYHO RI LQYHQWLRQV�

7KH /DERUDWRU\ VWDII SDUWLFLSDWHV LQ WKH HGXFDWLRQ
RI WKH VWXGHQWV RQ WKH VSHFLDOWLHV �������� �7HFKQRO�

RJ\ DQG HTXLSPHQW IRU UHVWRUDWLRQ DQG LPSURYHPHQW

RI ZHDU UHVLVWDQFH RI PDFKLQHV DQG VWUXFWXUHV��

7KH /DERUDWRU\ VSHFLDOLVWV VROYH VXFFHVVIXOO\ WKH
GLIIHUHQW DFWXDO SUREOHPV IRU WKH UHVWRUDWLRQ DQG
VWUHQJWKHQLQJ RI WKH HTXLSPHQW FRPSRQHQWV� 7KHPDLQ

WUHQG LQ WKH /DERUDWRU\ ZRUN LV WKH VROXWLRQ RI WKH

SUREOHP RI LQFUHDVLQJ VHUYLFHDELOLW\� LPSURYLQJ VHUY�

LFH FKDUDFWHULVWLFV RI WKH ZRUNLQJ WRROV DQG SDUWV RI

UROOLQJ� PHWDOOXUJLFDO DQG SRZHU HQJLQHHULQJ HTXLS�

PHQW� ZKLFK LV VXEMHFWHG WR WKH LQWHQVLYH ZHDU GXULQJ

VHUYLFH� QDPHO\ GHYHORSPHQW RI UDWLRQDO GHVLJQV RI

ZRUNLQJ OD\HUV ZLWK D QHZ FRPSOH[ RI SURSHUWLHV RI

WKH ZRUNLQJ VXUIDFH RI PLOO UROOV DQG UROOHUV RI WKH

PDFKLQHV IRU WKH FRQWLQXRXV FDVWLQJ RI ELOOHWV� WHFK�

QLTXH DQG WHFKQRORJ\ RI VXUIDFLQJ� VXUIDFLQJ RI

VSDUVHO\�DOOR\HG PDWHULDOV� WHFKQRORJ\ RI SODVPD VXU�

IDFH KDUGHQLQJ� PHFKDQLFDO DQG DXWRPDWHG HTXLS�

PHQW� QRQ�VWDQGDUG �PDLQ DQG DX[LOLDU\� HTXLSPHQW

IRU WKH UHDOL]DWLRQ RI WKH SUHVHW SUREOHPV�
7KH DFWLYLW\ RI WKH /DERUDWRU\ ZDV RULHQWHG IURP

LWV YHU\ EHJLQQLQJ WR WKH SUDFWLFDO QHHGV RI WKH LQGXV�

WU\� 7KH KLJK HFRQRPLFDO HIILFLHQF\ ZDV REWDLQHG DV

D UHVXOW RI LPSOHPHQWDWLRQ RI WKH UHVHDUFK ZRUNV IRU

WKH UHVWRUDWLRQ DQG KDUGHQLQJ RI PLOO UROOV RI VODE�

ELQJ����� DQG 16K6����� RI KRW UROOLQJ� EDQGHG VXS�
SRUW UROOHUV RI SODWH PLOO 7/6������ SLOJHU PLOO UROOV�

UROOHUV RI PDFKLQHV IRU FRQWLQXRXV FDVWLQJ RI ELOOHWV

DQG RWKHU HTXLSPHQW RI 0HWDOOXUJLFDO :RUNV �2-6&

�,OMLFK 00.� DQG �$]RYVWDO��� )RU WKLV SXUSRVH�

WKH /DERUDWRU\ RI VXUIDFLQJ KDV GHYHORSHG� FUHDWHG

DQG SXW LQWR VHUYLFH WKH VXUIDFLQJ ED\V LQWR /37V�

����� 7/6����� DQG LQWR D VKRS RI VODEELQJ PLOO�����

RI �,OMLFK 00.�� ZKLFK DUH IXUQLVKHG ZLWK DOO WKH

FRPSOH[ RI HTXLSPHQW UHTXLUHG IRU UHDOL]DWLRQ RI WKH

WHFKQRORJLHV GHYHORSHG� $W SUHVHQW WKH ED\ RQ UHVWR�

UDWLRQ RI PLOO UROO RI 16K6����� LV EHLQJ FUHDWHG�

)URP WKH ILUVW \HDUV RI LWV H[LVWHQFH WKH /DERUDWRU\
FDUULHV RXW UHVHDUFK ZRUNV RQ WKH GHYHORSPHQW RI QHZ

VXUIDFLQJ PDWHULDOV� $ VHULHV RI DOOR\LQJ FHUDPLF IOX[HV

RI JUDGHV =K61 �=K61��� =K61��5� =K61��� ZDV GH�

YHORSHG IRU VXUIDFLQJ ZHDU�UHVLVWDQW OD\HUV RI PHWDO LQ

PDQXIDFWXUH DQG VWUHQJWKHQLQJ RI ODUJH�VL]HG VWHHO FRP�

SRQHQWV IRU WKH KRW UROOLQJ HTXLSPHQW �VXSSRUW DQG

ZRUNLQJ UROOV RI VKHHW UROOLQJ DQG UHGXFWLRQ PLOOV� HWF��

DQG WKH IOX[�FRUHG ZLUHV 33��=K1 DQG 33���=K1 ZHUH

GHYHORSHG IRU VXUIDFLQJ RI UROOV RI EDU�UROOLQJ DQG SLOJHU
PLOOV� 7KHVH PDWHULDOV SRVVHVV WKH VHOI�DGDSWDELOLW\ WR

VHUYLFH FRQGLWLRQV� L�H� WKH\ LPSURYH VHUYLFH FKDUDF�

WHULVWLFV XQGHU WKH VHYHUH ZRUNLQJ FRQGLWLRQV� 7KH VXF�

FHVVIXO IXOILOPHQW RI PDQ\ ZRUNV EHFDPH IHDVLEOH GXH

WR PDVWHULQJ RI LQGXVWULDO SURGXFWLRQ RI WKH PHQWLRQHG

VXUIDFLQJ PDWHULDOV DW WKH 'QHSURSHWURYVN +DUGZDUH

:RUNV� 'XULQJ GHYHORSPHQW RI WKH PDWHULDOV WKH /DER�

UDWRU\ FRRSHUDWHG YHU\ FORVHO\ ZLWK WKH &KDLU RI 0DWH�

ULDOV 6FLHQFH RI RXU 8QLYHUVLW\� 7R SURYLGH D EHWWHU

VXSSO\ RI WKH VXUIDFLQJ VKRSED\VZLWK HOHFWURGHPDWHULDO

WKH SURGXFWLRQ RI DOOR\HG VXUIDFLQJ FROG�UROOHG VWULS RI

GLIIHUHQW FKHPLFDO FRPSRVLWLRQ ZDV PDVWHUHG DW WKH
2-6& �,OMLFK 00.� RQ WKH EDVLV RI UHVXOWV RI WKH
UHVHDUFK ZRUNV RI WKH /DERUDWRU\�

)LUVW LQ WKH /DERUDWRU\ WKH WHFKQRORJ\ RI VXUIDFLQJ
RI UROOV PDGH IURP KLJK�FDUERQ VWHHOV ZDV GHYHORSHG�

ZKLFK ZHUH FRQVLGHUHG HDUO\ KDUG�WR�VXUIDFH� ,Q SDU�

WLFXODU� WKH WHPSHUDWXUH FRQGLWLRQV RI VXUIDFLQJ� FRQ�

GLWLRQV RI IRUPDWLRQ RI SURSHUWLHV RI WKH GHSRVLWHG
OD\HU� FKDUDFWHULVWLFV RI XVHG VXUIDFLQJ PDWHULDOV ZHUH
GHWHUPLQHG� 7KH /DERUDWRU\ VWDII SDUWLFLSDWHG DF�

0DWYLHQNR 9ODGLPLU 1� x JUDGXDWH RI =KGDQRY 0HWDOOXUJLFDO

,QVWLWXWH ������� $VVLVWDQW 3URIHVVRU RI WKH &KDLU RI :HOGLQJ (TX�

LSPHQW DQG 7HFKQRORJ\� 6FLHQWLILF 6XSHUYLVRU RI %UDQFK 5HVHDUFK
/DERUDWRU\ RI 6XUIDFLQJ�
*XODNRY 6HUJHM 9�x JUDGXDWH RI =KGDQRY0HWDOOXUJLFDO ,QVWLWXWH

������� +HDG RI WKH &KDLU RI $XWRPDWLRQ RI 7HFKQRORJLFDO 3UR�
FHVVHV DQG 0DQXIDFWXULQJ� 'HDQ RI WKH )DFXOW\ RI ,QIRUPDWLRQ

7HFKQRORJ\�

� 9�1� 0$79,(1.2 DQG 6�9� *8/$.29� ����
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WLYHO\ LQ WKH GHYHORSPHQW� XSJUDGLQJ DQG PDVWHULQJ

RI WKH VXUIDFLQJ HTXLSPHQW DQG WHFKQRORJ\ RI UHVWR�

UDWLRQ DQG KDUGHQLQJ RI PLOO UROOV DQG RWKHU PHWDO�

OXUJLFDO HTXLSPHQW� DQG DOVR LQ WKH FUHDWLRQ RI VXU�

IDFLQJ ED\V DW VHYHUDO PHWDOOXUJLFDO HQWHUSULVHV� 7KH

PDQ\�\HDU H[SHULHQFH RI VHUYLFH RI WKH PLOO UROOV RI

WKH UHGXFWLRQ PLOOV RI WKH PHWDOOXUJLFDO LQWHJUDWHG

ZRUNV 2-6& �,OMLFK 00.�� �=DSRUR]KVWDO� DQG

�.ULYRUR]KVWDO�� ZRUNLQJ DQG VXSSRUW UROOV 16K6 RI

KRW UROOLQJ DW WKH PHWDOOXUJLFDO LQWHJUDWHG ZRUNV

2-6& �,OMLFK 00.�� 1RYR�/LSHWVN DQG &KHUHSRYHWV

FRQILUPHG WKH KLJK HIILFLHQF\ RI WKH RIIHUHG PDWHULDOV

DQG WHFKQRORJLHV�

7KH GHVLJQV RI GHSRVLWHG OD\HUV ZLWK D ZHDU UHVLV�

WDQFH� FKDQJLQJ LQ OHQJWK� GHSWK DQG VXUIDFH RI WKH

UROO EDUUHO KDYH EHHQ GHYHORSHG DQG PDVWHUHG� WKXV

PDNLQJ LW SRVVLEOH QRW RQO\ WR LQFUHDVH WKH HIILFLHQF\

RI WKH UROOLQJ PLOOV DQG VHUYLFHDELOLW\ RI WKH UROOV� EXW

DOVR WR LPSURYH WKH TXDOLW\ RI WKH UROOHG VWRFN� WR

LQFUHDVH WKH \LHOG RI HIILFLHQW PHWDO� WR UHGXFH UHMHF�

WLRQV IRU FXWWLQJV� WR GHFUHDVH WKH VNLGGLQJ DQG WR

OHYHO WKH SHDN ORDGV WR D PDLQ GULYH RI WKH UHGXFWLRQ

PLOO� 7KH ZRUNLQJ VXUIDFH LQ WKLV FDVH SRVVHVVHV WKH

XQLTXH FRPSOH[ RI SURSHUWLHV� L�H� HTXDO ZHDU RI WKH

VXUIDFH LQGHSHQGHQWO\ RI WKH ORDG� ZHDU DFFRUGLQJ WR

WKH UHTXLUHG UHJXODULWLHV� SURGXFLQJ RI TXDVL�FRPSRV�

LWH DOOR\V LQ VPDOO DQG ODUJH YROXPHV�

7KH WHFKQRORJLHV KDYH EHHQ GHYHORSHGZKLFK DOORZ

PDQXIDFWXUH RI PLOO UROOV ZLWK GLIIHUHQW ZRUNLQJ OD\�

HUV� FRQVLVWLQJ RI VXFFHVVLYH VWDJJHUHG UHJLRQV RI PD�

WHULDOV ZLWK D GLIIHUHQW OHYHO RI KDUGQHVV� GXFWLOLW\�

ZHDU UHVLVWDQFH RU FRQVLVWLQJ RI GHSRVLWHG EHDGV�

ZKRVH VHSDUDWH DUHDV DUH RULHQWHG UHODWLYH WR HDFK RWKHU

LQ VXFK D ZD\ WKDW WR SURYLGH D KLJK UHVLVWDQFH RI WKH

ZRUNLQJ VXUIDFH WR WKH DFWLRQ RI F\FOLF KHDW FKDQJHV

GXH WR GHOD\ LQ WKH SURSDJDWLRQ RI ILUH FUDFNV� DQG

DOVR XQFKDQJHDEOH FRQGLWLRQV RIPHWDO HQWUDSSLQJ RYHU

WKH ZKROH SHULRG RI VHUYLFH� 7R VXUIDFH WKH RIIHUHG

VWUXFWXUH� WKH QHZ PHWKRGV RI VXUIDFLQJ� PDWHULDOV

DQG DXWRPDWHG HTXLSPHQW KDYH EHHQ GHYHORSHG�

7R UHJLVWHU DQG FRQWURO WKH WHPSHUDWXUH FRQGLWLRQV

RI WKH SURGXFWV EHLQJ VXUIDFHG LQ WKH /DERUDWRU\� D

VPDOO�VL]HG FRQWDFW HOHFWURQ WKHUPDO LQGLFDWRU ZDV GH�

YHORSHG ZKLFK FDQ UHFRUG WKH PHWDO VXUIDFH WHPSHUD�

WXUH LQ WKH UDQJH RI ��� w ��� �&�

$ V\VWHP RI DQ DXWRPDWHG GHVLJQLQJ RI WHFKQRORJL�

FDO SURFHVVHV RI VXUIDFLQJ RI WKH PHWDOOXUJLFDO HTXLS�

PHQW FRPSRQHQWV KDV EHHQ FUHDWHG ZKLFK LQFUHDVHV

WKH HIILFLHQF\ RI GHVLJQLQJ RI WKH GHSRVLWHG OD\HU RI

D FRPSOLFDWHG FRQILJXUDWLRQ XVLQJ D FRPSXWHU WHFK�

QRORJ\� 2QH RI WKH PDLQ DFWLYLWLHV RI WKH /DERUDWRU\

IURP WKH EHJLQQLQJ RI LWV IRXQGDWLRQ LV WKH LPSURYH�

PHQW RI WKH WHFKQRORJ\ RI D ZLGH�OD\HU KDUGIDFLQJ IRU

LQFUHDVLQJ LWV SURGXFWLYLW\ DQG TXDOLW\� 0HWKRGV RI D

VWULS HOHFWURGH ZHUH GHYHORSHG DQG UHDOL]HG� SURYLGLQJ

D UHOLDEOH MRLQLQJ RI WKH GHSRVLWHG PHWDO DW D PLQLPXP

GLOXWLRQ RI WKH SDUHQW PHWDO E\ WKH UHGLVWULEXWLRQ RI

WKH DFWLRQ RI WKH KHDW VRXUFH RYHU WKH IXVLRQ IURQW�

FRQWURO RI PDVV WUDQVIHU RI WKH PROWHQ PHWDO DQG VKDS�

LQJ RI WKHZHOG SRRO� 7KH HIIHFW LV DWWDLQHG E\ D VKDSLQJ

RI WKH VWULS HOHFWURGH DQG DOVR E\ FKDQJLQJ WKH SRVLWLRQ

DQG UDWLR RI PDVV UDWHV RI IHHGLQJ VHYHUDO VWULS HOHF�

WURGHV� )RU H[DPSOH� WKH WZR�VWULS HOHFWURGH VXUIDFLQJ

LQFUHDVHV WKH SURGXFWLYLW\ RI WKH SURFHVV XS WR �� w

�� NJ�K DW D KLJK TXDOLW\ RI WKH GHSRVLWHG OD\HU DQG

QHJOLJLEOH �� w � �� VKDUH RI WKH SDUHQW PHWDO LQ WKH

GHSRVLWHG PHWDO�

7R UHDOL]H WKH PHWKRG RI VXUIDFLQJ ZLWK D VKDSHG

VWULS HOHFWURGH D EDWFK RI GHYLFHV ZDV GHVLJQHG DQG

PDQXIDFWXUHG LQ WKH FRQGLWLRQV RI D SLORW SODQW RI

132 7V1,,70DVK �0RVFRZ� IRU IHHGLQJ DQG VLPXO�

WDQHRXV VKDSLQJ RI WKH VWULS� 7KHVH GHYLFHV VKRZHG

KLJK UHOLDELOLW\ GXULQJ VHUYLFH XQGHU WKH LQGXVWULDO

FRQGLWLRQV RI 3ODQW RI 3RZHU 0DFKLQH�EXLOGLQJ

�&KHNKRY FLW\� 5XVVLD�� 32 �$WRPPDVK� �9ROJR�

GRQVN FLW\� 5XVVLD�� 'RQHWVN� 1RYR�/LSHWVN DQG .RQ�

VWDQWLQRY 0HWDOOXUJLFDO :RUNV� �,OMLFK 00.� DQG

RWKHUV�

7KH /DERUDWRU\ KDV FUHDWHG VSHFLDO PHWKRGRORJLHV

DQG HTXLSPHQW IRU VWXG\ DQG H[DPLQDWLRQ RI SHFXOL�

DULWLHV RI SURFHVVHV RI VXUIDFLQJ DQG WHVWLQJ RI PDLQ

SURSHUWLHV RI WKH GHSRVLWHG PHWDO� VXFK DV WHFKQRORJL�

FDO VWUHQJWK� UHVLVWDQFH WR WKH IRUPDWLRQ RI KRW DQG

FROG FUDFNV� GHOD\HG IUDFWXUH� VWUHQJWK ZLWKLQ WKH RS�

HUDWLQJ UDQJH RI WHPSHUDWXUHV� KDUGQHVV DW HOHYDWHG

WHPSHUDWXUHV� UHVLVWDQFH WR WKHUPDO IDWLJXH� ZHDU UH�

VLVWDQFH DW HOHYDWHG WHPSHUDWXUHV� FRQWDFW IDWLJXH� HWF�

7KHVH PHWKRGRORJLHV DUH DOVR XVHG VXFFHVVIXOO\ E\ WKH

VWDII PHPEHUV RI FKDLUV RI 3678 DQG RWKHU UHVHDUFK

DQG HGXFDWLRQDO LQVWLWXWLRQV�

7KH UHVXOWV RI LQYHVWLJDWLRQV RI SURSHUWLHV RI VXU�

IDFLQJ PDWHULDOV DQG WHFKQRORJLHV ZHUH FKHFNHG PDQ\

WLPHV LQ VXUIDFLQJ PDQ\ W\SHV RI PLOO UROOV PDGH IURP

GLIIHUHQW W\SHV RI WKH DOOR\HG VWHHOV� 7KH\ SURYHG WKH

WHFKQLFDO DQG HFRQRPLFDO DGYDQWDJHV RI UHVHDUFK

ZRUNV RI WKH /DERUDWRU\ RI VXUIDFLQJ� )RXU 'RFWRUsV

DQG QLQH &DQGLGDWHsV WKHVHV ZHUH SUHSDUHG DQG GH�

IHQGHG XVLQJ WKH UHVXOWV RI UHVHDUFK ZRUNV RI WKLV

/DERUDWRU\� )RXU PDQXVFULSWV ZHUH SUHSDUHG DQG SXE�

OLVKHG� QHZ VXUIDFLQJ PDWHULDOV� WHFKQRORJLHV DQG

HTXLSPHQW ZHUH GHYHORSHG� 1RYHOW\ DQG SULRULW\ RI

WKH VFLHQWLILF GHYHORSPHQWV RI WKH /DERUDWRU\ ZHUH

DSSURYHG E\ PRUH WKDQ ��� DXWKRUsV FHUWLILFDWHV RI

WKH 8665 DQG SDWHQWV RI 5XVVLD� 86$� *UHDW %ULWDLQ�

)UDQFH� 6ZHGHQ� *HUPDQ\ DQG RWKHU FRXQWULHV�

$ VLJQLILFDQW FRQWULEXWLRQ WR WKH GHYHORSPHQW RI

WKH /DERUDWRU\ LWVHOI DQG DOVR LWV VHSDUDWH VFLHQWLILF

WUHQGV ZDV PDGH E\ <X�9� %HORXVRY� 9�3� (UPRORY�

1�*� =DYDULND� 9�3� ,YDQRY� $�9� .RYDOFKXN� 9�3�

/DYULN� /�6� 0DOLQRY� %�,� 1RVRYVN\� $�,� 2OGDN�

RYVN\� ,�,� 3LUFK� *�*� 3VDUDV� 1�)� 5\]KRY� 6�6�

6DPRWXJLQ� .�.� 6WHSQRY� 9�,� 6KFKHWLQLQD�
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7KH LQIOXHQFH RI D KROORZ QRQ�FRQVXPDEOH HOHFWURGH DUF LQ VXUIDFLQJ E\ WKH SODVPD�0,* SURFHVV RQ WKH PRGH RI PHOWLQJ

RI IOX[�FRUHG ZLUH D[LDOO\ IHG WKURXJK WKH SODVPDWURQ FKDQQHO� LV GHWHUPLQHG� ,WV SRVLWLYH HIIHFW RQ WKH XQLIRUPLW\ RI

PHOWLQJ RI WKH ZLUH FRUH DQG PHWDO VKHDWK LV HVWDEOLVKHG� ,W LV VKRZQ WKDW VXUIDFLQJ E\ SODVPD�0,* SURFHVV FDQ EH

SHUIRUPHG DW D ORZHU FXUUHQW RI WKH FRQVXPDEOH HOHFWURGH ZLWKRXW VKRUW�FLUFXLWLQJ RI WKH DUF JDS DQG ZLWK PLQLPDO

SHQHWUDWLRQ RI WKH EDVH PHWDO�

.H\ ZRU G V � SODVPD VXUIDFLQJ� VXUIDFLQJ PRGHV� HOHFWURGH

PHOWLQJ� PHWDO WUDQVIHU� IOX[�FRUHG ZLUH

2QH RI WKH PDLQ UHTXLUHPHQWV WR WKH SURFHVVHV RI IOX[�
FRUHG ZLUH ZHOGLQJ DQG VXUIDFLQJ� LV SURYLVLRQ RI D

XQLIRUP PHOWLQJ UDWH RI WKH FRUH DQG WKH PHWDO VKHDWK�

KDYLQJ D ORZ HOHFWULF FRQGXFWLYLW\� ,Q VXUIDFLQJ E\
WKH SODVPD�0,* SURFHVV� WKH HOHFWURGH ZLUH LV DGGL�
WLRQDOO\ KHDWHG DW WKH H[SHQVH RI WKH KHDW RI WKH KROORZ
QRQ�FRQVXPDEOH HOHFWURGH �+1&(� DUF >�@� DQG DW

LQFUHDVHG VWLFN�RXWx DOVR RI -RXOH KHDW RI WKH IORZLQJ

FXUUHQW >�@�

6WXG\LQJ WKH IHDWXUHV RI HOHFWURGH ZLUH PHOWLQJ�
GHSHQGLQJ RQ WKH PDLQ SDUDPHWHUV RI WKH PRGH� LV
UHTXLUHG WR GHWHUPLQH WKH RSWLPDO FRQGLWLRQV RI ZHOG�

LQJ DQG VXUIDFLQJ� ,Q ZHOGLQJ WKH PDLQ UHTXLUHPHQW�
DV D UXOH� LV DFKLHYHPHQW RI WKH PD[LPDO GHSWK RI

SHQHWUDWLRQ� DQG LQ VXUIDFLQJ x PLQLPDO GLOXWLRQ RI

WKH GHSRVLWHG PHWDO E\ WKH EDVH PHWDO�
7KH ZHOG IRUP IDFWRU LQ SODVPD ZHOGLQJ LV ODUJHO\

GHSHQGHQW RQ WKH SODVPD JDV IORZ SUHVVXUH� WKH YDOXH
RI ZKLFK LV SURSRUWLRQDO WR WKH VTXDUH RI FXUUHQW >��

�@� 7KH PRGH RI HOHFWURGH PHWDO PHOWLQJ DQG WUDQVIHU
LV DOVR GHSHQGHQW RQ FXUUHQW�

6XUIDFLQJ �ZHOGLQJ� E\ PHWDO HOHFWURGH ZLUH EHLQJ
RQH RI WKH HOHPHQWV RI SODVPD�0,* SURFHVV� WKH W\SH RI

WUDQVIHU LQIOXHQFHV WKH FRQGLWLRQ DQG LQWHJULW\ RI WKH
SODVPD�VKDSLQJ QR]]OH DQG FLUFXODU QRQ�FRQVXPDEOH

HOHFWURGH� DV ZHOO DV WKH SURFHVV VWDELOLW\� )URP WKLV

YLHZSRLQW SUHIHUDEOH DUH WKH ILQH�GURS DQG MHW WUDQVIHU

ZLWK PLQLPDO VSDWWHU� WKDW LV IRXQG DW KLJK HQRXJK

FXUUHQW GHQVLWLHV� ,Q VXUIDFLQJ� KRZHYHU� WKH FXUUHQW

GHQVLW\ VKRXOG EHPLQLPDO� LQ RUGHU WR DFKLHYH DPLQLPDO
SHQHWUDWLRQ RI WKH EDVH PHWDO� WKLV EHLQJ XVXDOO\ DFFRP�

SDQLHG E\ JOREXODU WUDQVIHU DQG JUHDWHU VSDWWHU�

7KH DLP RI WKLV VWXG\ ZDV WR GHWHUPLQH WKH RSWLPDO
SDUDPHWHUV RI WKH VXUIDFLQJ PRGH E\ WZR FULWHULD x

PD[LPXP DGPLVVLEOH FXUUHQW GHQVLW\ DQG PLQLPDO

SHQHWUDWLRQ RI WKH EDVH PHWDO�

([SHULPHQWV ZHUH FRQGXFWHG� XVLQJ IOX[�FRUHG ZLUH
LQ 31$0�� W\SH SODVPDWURQ ZLWK WKH IROORZLQJ FRQ�
QHFWLRQ� FRQVXPDEOH HOHFWURGH x ZRUNSLHFH WR 9'8�

��� VRXUFH ZLWK D IODW FKDUDFWHULVWLF DW UHYHUVH SRODULW\�
QRQ�FRQVXPDEOH HOHFWURGH �LW EHLQJ WKH LQQHU QR]]OH DW

WKH VDPH WLPH� WR D SRZHU VRXUFH ZLWK D GURRSLQJ FKDU�
DFWHULVWLF DW UHYHUVH SRODULW\� 3ODVPDWURQ DQG IHHG

PHFKDQLVPZHUH IL[HG RQ D UDFN� 6DPSOHV ZHUH PRXQWHG

RQ D VXSSRUW DQG PRYHG DW WKH VSHHG RI ZHOGLQJ� SUR�

YLGHG E\ D VHSDUDWH GULYH� 7KH SURFHVV RI WKH DUF LJQLWLRQ

DQG EXUQLQJ� HOHFWURGH PHOWLQJ DQG HOHFWURGH PHWDO

WUDQVIHU�ZDV UHFRUGHG E\ KLJK�VSHHG ILOPLQJ �XS WR ����
IUDPHV SHU VHFRQG� E\ 6.6��0 FDPHUD ZLWK VLPXOWDQH�
RXV UHFRUGLQJ RI FXUUHQW RI WKH FDPHUD QHRQ EXOE� DQG

RI ZHOGLQJ FXUUHQW DQG DUF YROWDJH E\ D PLUURU�JDOYD�

QRPHWHU RVFLOORJUDSK 1�����

,QYHVWLJDWLRQ RI WKH QDWXUH RI HOHFWURGH ZLUH PHOWLQJ
LQ D +1&( SODVPD DUF SUHVHQWV FHUWDLQ GLIILFXOWLHV�

FDXVHG E\ WKDW WKH JORZ RI WKH SODVPD DUF FROXPQ SUH�

YHQWV UHFRUGLQJ WKH GURSV� WKH EULJKWQHVV RI ZKLFK LV

ORZHU� WKDQ WKDW RI WKH DUF� 7KHUHIRUH� DGGLWLRQDO FRXQWHU
OLJKWLQJ RI WKH DUF E\ D ILODPHQW ODPS ZLWK D IODW OXPL�
QRXV ERG\ ZDV XVHG� DQG WKH VKDSH RI WKH FRQVXPDEOH

HOHFWURGH WLS DQG WKH PROWHQ PHWDO GURS ZDV REVHUYHG

DJDLQVW WKH EDFNJURXQG RI WKH ODPS ILODPHQW >�@�

)UDPH�E\�IUDPH LQWHUSUHWDWLRQ DQG YLHZLQJ RI WKH
ILOPRJUDPV VKRZHG WKDW WKH SODVPD�0,* SURFHVV LQ DU�
JRQ DW WKH VHOHFWHG SDUDPHWHUV RI WKH PRGH FDQ EH DF�

FRPSDQLHG E\ JOREXODU WUDQVIHU RI WKH HOHFWURGH PHWDO�

WUDQVIHU RI PHGLXP�VL]HG PHWDO GURSV ZLWKRXW VKRUW�FLU�
FXLWLQJ DQG ILQH�GURS WUDQVIHU ZLWK D FHUWDLQ IUHTXHQF\�

,Q RUGHU WR VWXG\ WKH LQIOXHQFH RI +1&( SODVPD
DUF RQ WKH IUHTXHQF\ RI WUDQVIHU DQG VL]H RI WKH GURSV�

WZR VHULHV RI H[SHULPHQWV ZHUH FRQGXFWHG RQ IOX[�
FRUHG ZLUH VXUIDFLQJ LQ WKH VDPH XQLW XQGHU WKH FRQ�

GLWLRQV RI D +1&( DUF �SODVPD�0,* SURFHVV� DQG

&KLJDUHY 9DOHU\ 9� x JUDGXDWH RI =KGDQRY 0HWDOOXUJLFDO ,QVWLWXWH ������� 3URIHVVRU� +HDG RI WKH &KDLU RI :HOGLQJ 0HWDOOXUJ\ DQG
7HFKQRORJ\�
0DNDUHQNR 1DWDOLD $� x SRVW�JUDGXDWH RI WKH &KDLU RI :HOGLQJ 0HWDOOXUJ\� ZRUNLQJ RQ KHU 'RFWRUsV WKHVLV�
.RQGUDVKRY .RQVWDQWLQ $� x VWDII VFLHQWLVW RI WKH &KDLU RI :HOGLQJ 0HWDOOXUJ\ DQG 7HFKQRORJ\�

9RURSDM 1LNRODM 0� x OHDGLQJ VWDII VFLHQWLVW RI WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI 1$6 RI 8NUDLQH�
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IUHH�UXQQLQJ DUF LQ WKH DEVHQFH RI D +1&( DUF� ,Q
ERWK FDVHV WKH VDPH YDOXHV RI WKH DYHUDJH DUF FXUUHQW�
HOHFWURGH IHHG UDWH� JDV IORZ UDWH DQG VXUIDFLQJ VSHHG
ZHUH VSHFLILHG� WKDW ZHUH VHOHFWHG E\ H[SHULPHQW SODQ�
QLQJ >�� �@�

,GHQWLFDO RWKHU FRQGLWLRQV RI ERWK H[SHULPHQWDO
VHULHV DOORZHG VXFK IDFWRUV DV LQIOXHQFH RI WKH IOX[�
FRUHG ZLUH FRPSRVLWLRQ DQG GLDPHWHU� G\QDPLF FKDU�
DFWHULVWLFV RI WKH SRZHU VRXUFH DQG ZHOGLQJ FLUFXLW�
DV ZHOO DV VKLHOGLQJ JDV FRPSRVLWLRQ� WR EH HOLPLQDWHG
IURP WKH RSWLPL]DWLRQ SDUDPHWHUV� 7KH LQIOXHQFH RI
WKUHH OLQHDU IDFWRUV RQ WKH PHOWLQJ DQG WUDQVIHU PRGH
LQ WKH SODVPD�0,* SURFHVV DQG ZLWK WKH IUHH�UXQQLQJ
DUF ZDV HYDOXDWHG IURP ILYH WHVWV RI HDFK VHULHV� 7KH
SODVPD JDV ZDV DUJRQ� 6XUIDFLQJ VSHHG ZDV VHW WR EH
FRQVWDQW ��� P�K�� VKLHOGLQJ JDV �DUJRQ� IORZ UDWH
EHLQJ �� O�PLQ� :HOGLQJ DUF FXUUHQW ZDV YDULHG LQ
WKH UDQJH RI ��� w ��� $� SODVPD JDV IORZ UDWH EHLQJ
IURP � WR �� O�PLQ DQG SODVPD DUF FXUUHQW ZDV YDULHG
LQ WKH UDQJH IURP �� WR ��� $�

3URFHGXUH GHVFULEHG LQ >�@ ZDV XVHG IRU TXDQWLWD�
WLYH SURFHVVLQJ RI H[SHULPHQWDO UHVXOWV� H[FHSW IRU
LQGLYLGXDO PHDVXUHPHQWV RI WKH GURSV IURP WKH IUDPHV�
'URS ZHLJKW PG DQG WUDQVIHU GLDPHWHU GDY ZHUH FDO�
FXODWHG E\ WKH QXPEHU RI GURS WUDQVIHUV �WUDQVIHU IUH�
TXHQF\ QG�� ,W LV IRXQG �)LJXUH �� WKDW LQ SODVPD�0,*
SURFHVV� WKH IUHTXHQF\ RI GURS WUDQVIHU ULVHV � w �
WLPHV RQ DYHUDJH ZLWK WKH LQFUHDVH RI WKH FXUUHQW RI
+1&( DUF� 7KH ZHLJKW DQG GLDPHWHU RI WKH VHSDUDWLQJ
GURSV GHFUHDVH� UHVSHFWLYHO\�

7KH GHQVLW\ RI FXUUHQW LQ WKH DQRGH VSRW� ORFDWHG RQ
WKH OLTXLG GURS� UHPDLQV WKH VDPH� ZKLOH WKH VSRW DUHD
JURZVZLWK FXUUHQW LQFUHDVH� 7KHUHIRUH�PRUH KHDW FRPHV
WR WKH GURS� DQG VLQFH WKH VXUIDFH WHQVLRQ IDFWRU RI VWHHO
�DQG RI WKH PDMRULW\ RI RWKHU PHWDOV� GHFUHDVHV ZLWK
WKH LQFUHDVH RI LWV WHPSHUDWXUH� WKH OHYHO RI FULWLFDO FXU�
UHQW DW ZKLFK MHW WUDQVIHU VWDUWV� DOVR GHFUHDVHV� 6XUIDFH
WHQVLRQ ORZHULQJ DFFRXQWV IRU DFKLHYHPHQW RI MHW WUDQVIHU
DW VPDOOHU DUF FXUUHQW� DV ZHOO DV LQ WKH FDVH RI DGGLWLRQ
RI R[\JHQ WR WKH VKLHOGLQJ JDV >�@�

2QH RI WKH IDFWRUV� LQIOXHQFLQJ WKH WUDQVIHU PRGH�
LV SLQFK�HIIHFW� SURPRWLQJ GURS UHILQHPHQW DQG KLJKHU
WUDQVIHU IUHTXHQF\ ZLWK FXUUHQW LQFUHDVH� ,Q WKLV VWXG\
LW LV DVVXPHG WKDW WKH LPSDFW RI HOHFWURPDJQHWLF IRUFHV
RQ GURS WUDQVIHU LQ WKH SODVPD�0,* SURFHVV LV TXDOL�
WDWLYHO\ DQG TXDQWLWDWLYHO\ VLPLODU WR WKH QDWXUH RI
WKHLU LPSDFW LQ D IUHH�UXQQLQJ DUF�

%HVLGHV WKH XVXDO VRXUFHV RI KHDW FRPLQJ WR WKH
FRQVXPDEOH HOHFWURGH� KHDW HYROXWLRQ IURP WKH FROXPQ
RI +1&( DUF LV DQ DGGLWLRQDO VRXUFH LQ WKH SODVPD�
0,* SURFHVV� 7KH VSHFLILF KHDW IORZ IURP WKH FROXPQ
RI +1&( DUF LV JLYHQ E\ 6WHIDQw%ROOW]PDQQ ODZ DV
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ZKHUH & LV WKH SURSRUWLRQDOLW\ IDFWRU� 7 LV WKH ERG\
VXUIDFH WHPSHUDWXUH� ,W FDQ EH DVVXPHG WKDW FRHIILFLHQW
& DQG VXUIDFH WHPSHUDWXUH GR QRW FKDQJH ZLWKLQ WKH
OLPLWV RI WKH VHOHFWHG PRGH SDUDPHWHUV�

7KXV� WKH DPRXQW RI KHDW 4 FRQWULEXWHG WR WKH
GURS E\ UDGLDWLRQ� LV GLUHFWO\ SURSRUWLRQDO WR H[SRVXUH
WLPH DQG DUHD RI H[SRVHG VXUIDFH RI WKH GURS )G DQG
HOHFWURGH WLS OU�
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,W LV REYLRXV WKDW WKH PDLQ IDFWRU� LQIOXHQFLQJ GURS
UHILQHPHQW LQ WKH VWXGLHG SURFHVV� LV UHGXFWLRQ RI VXUIDFH
WHQVLRQ IRUFHV� DV D UHVXOW RI DGGLWLRQDO KHDWLQJ WKURXJK
KHDW HYROXWLRQ IURP WKH +1&( DUF FROXPQ� &RQYHFWLYH
KHDW WUDQVIHU FDQ EH QHJOHFWHG� DV KHDW FRQGXFWLYLW\ RI
DUJRQ LV ORZ �EHLQJ ���� :��FP⋅.� DW ����� .�� DQG
WUDQVIHU LV KLQGHUHG E\ D FRPSDUDWLYHO\ FROG JDV IORZ�
$GGLWLRQDO KHDWLQJ RI WKH HOHFWURGH ZLUH VHFWLRQ� SUR�
WUXGLQJ IURP WKH QRQ�FRQVXPDEOH HOHFWURGH� DV ZHOO DV
RI WKH GURS� LV GXH WR UDGLDWLRQ�

,W VKRXOG EH QRWHG WKDW IXUWKHU KHDWLQJ E\ H[WHUQDO
UDGLDWLRQ KDV D IDYRXUDEOH HIIHFW RQ WKH QDWXUH RI
PHOWLQJ RI WKH IOX[�FRUHG ZLUH WLS �)LJXUH ��� $ YHU\
LPSRUWDQW DGYDQWDJH RI WKH SODVPD�0,* SURFHVV LV
XQLIRUP PHOWLQJ RI WKH SRZGHU FRUH DQG WKH PHWDO
VKHDWK� 7KH LPSDFW RI WKH +1&( DUF FROXPQ SURPRWHV
LQWHQVLYH PHOWLQJ RI WKH FRUH DQG D[LDOO\ V\PPHWULFDO
DUUDQJHPHQW RI WKH GURSV DW WKH HOHFWURGH WLS� 'HVSLWH
WKH IDFW WKDW WKH FRQLFDO VKDSH RI WKH FRUH LV SUHVHUYHG�
LWV OHQJWK LV UHGXFHG IURP � w �PP LQ WKH IUHH�UXQQLQJ
DUF WR � PP LQ WKH SODVPD DUF� 8QGHU VXFK FRQGLWLRQV�
SDUW RI WKH PROWHQ PHWDO RI WKH VKHDWK IORZV LQWR WKH
DUF RYHU WKH FRUH VXUIDFH� 7KH IUDPHV RI IOX[�FRUHG
ZLUH PHOWLQJ VKRZ WKDW XQGHU WKH FRQGLWLRQV RI WKH
SODVPD�0,* SURFHVV� WKH GURS GHYLDWLRQ IURP WKH HOHF�
WURGH D[LV LV SUDFWLFDOO\ QRW REVHUYHG� WKDW LV DWWULE�
XWDEOH WR VPDOOHU GLPHQVLRQV RI WKH GURSV DQG SRVLWLYH
LPSDFW RI WKH SODVPD JDV IORZ� �EORZLQJ RII� WKH
GURSV� GHYLDWLQJ IURP WKH D[LV�

$HURG\QDPLF LPSDFW RI WKH SODVPD JDV IORZ RI WKH
FLUFXODU HOHFWURGH LV DGGHG WR WKH LPSDFW RI WKH SODVPD
IORZ RI HOHFWURPDJQHWLF RULJLQ� DOVR GLUHFWHG IURP WKH
HOHFWURGH WR WKH SRRO >��@� WKXV SURPRWLQJ WKH LQFUHDVH
RI WKH QXPEHU RI GURS WUDQVIHUV DW ORZHU FXUUHQW �VHH
)LJXUH ��� 'HVSLWH WKHVH IORZV� KRZHYHU� VKXQWLQJ RI
WKH SODVPD DUF LV SRVVLEOH DW JOREXODU WUDQVIHU� ,QYHVWL�
JDWLRQ RI WKH SODVPD�0,* SURFHVV DW FRQVXPDEOH HOHF�
WURGH FXUUHQWV VRPHZKDW VPDOOHU� WKDQ WKH ORZHU OHYHO
�,F�HO  ��� DQG ��� $� ZDV FDUULHG RXW LQ DGGLWLRQ WR

)LJXUH �� ,QIOXHQFH RI +1&( DUF FXUUHQW ,SO RQ GURS WUDQVIHU IUH�
TXHQF\ Q

G
�D� DQG ZHLJKW PG

�E�� �x ,SO  �� $� �x ,SO  ��� $�
� x ,

SO
 ��� $� � x IUHH�UXQQLQJ DUF �,SO  ��� )ORZ UDWH RI

SODVPD JDV 4
SO
�DUJRQ� x �� VKLHOGLQJ JDV �DUJRQ� x �� O�PLQ
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WKH H[SHULPHQWDO SODQ� $W GLPHQVLRQV DSSUR[LPDWHO\
HTXDO WR WKH LQQHU GLDPHWHU RI WKH FLUFXODU HOHFWURGH�
WKH GURSV GHYLDWH� DQG WKH FROXPQ RI WKH +1&( DUF
UXQV WR WKH GURS �)LJXUH ��� 6XFK D VKXQWLQJ FDQ EH
DOVR LQGLFDWHG E\ YROWDJH GHFUHDVH LQ ERWK DUFV�

7KH PRVW RSWLPDO PRGHV DUH WKRVH RI PHGLXP�VL]HG
GURS WUDQVIHU� ZKHQ WKH GURS GLDPHWHU LV VPDOOHU� WKDQ
WKDW RI WKH FRQVXPDEOH HOHFWURGH� )RU �PP IOX[�FRUHG
ZLUH RI WKH VHOHFWHG FRPSRVLWLRQ� WKLV FRQGLWLRQ LV
VDWLVILHG DW ,F�HO  ��� w ��� $� 8D  �� w �� 9 DW WKH
SODVPD DUF PRGH SDUDPHWHUV ,SO  ��� w ��� $� DQG
8SO  �� w �� 9�

&21&/86,216

�� $GGLWLRQDO WKHUPDO HIIHFW RI WKH +1&( SODVPD DUF
LQ VXUIDFLQJ E\ WKH SODVPD�0,* SURFHVV ZLWK IOX[�
FRUHG ZLUH� SURPRWHV D PRUH XQLIRUP PHOWLQJ RI WKH
FRUH DQG WKHPHWDO VKHDWK� DVZHOO DV D[LDOO\ V\PPHWULF
IRUPDWLRQ RI WKH GURSV DW WKH HOHFWURGH WLS� ,W LV IRXQG
WKDW ZLWK WKH LQFUHDVH RI WKH +1&( DUF FXUUHQW� DQG�
WKHUHIRUH� RI WKH WHPSHUDWXUH RI KHDWLQJ RI WKH HOHF�
WURGH� DV ZHOO DV RI WKH GURS� E\ H[WHUQDO UDGLDWLRQ�
WKH WUDQVIHU IUHTXHQF\ LV HVVHQWLDOO\ LQFUHDVHG� ZKLOH
WKH GURS VL]H LV UHGXFHG� DFFRUGLQJO\� DW XQFKDQJHG
FXUUHQW LQ WKH FRQVXPDEOH HOHFWURGH FLUFXLW�

�� $ IHDWXUH RI WKH SODVPD�0,* SURFHVV LV WKH DELOLW\
WR SHUIRUP VXUIDFLQJ DW ORZHU FXUUHQWV �FRPSDUHG WR
RWKHU DUF SURFHVVHV RI FRQVXPDEOH HOHFWURGH VXUIDFLQJ��
(OHFWURGH PHWDO VSDWWHU LV DOPRVW FRPSOHWHO\ HOLPLQDWHG
DQG EDVH PHWDO SHQHWUDWLRQ LV PLQLPL]HG�

�� 7KH PRVW RSWLPDO WUDQVIHU PRGH IRU VXUIDFLQJ E\
WKH SODVPD�0,* SURFHVV LV WKDW HOLPLQDWLQJ VKXQWLQJ RI

WKH +1&( DUF E\ WKH PROWHQ PHWDO GURSV� 6XFK FRQ�
GLWLRQV DUH LPSOHPHQWHG LQ WKH FDVH� LI WKH GURS GL�
DPHWHU LV QRW JUHDWHU� WKDQ WKDW RI WKH HOHFWURGH ZLUH�

5()(5(1&(6

�� ������ 0DMRU LPSURYHPHQWV LQ KDUGVXUIDFLQJ VWHHO UROOV IRU
FRQWLQXRXV FDVWLQJ� XVLQJ 3KLOLSV�SODVPD�0,* ZLWK QHZ
PHWDO�FRUHG ZLUH� 6WHHO 7LPHV� �� ��� w ����

�� 0DNDUHQNR� 1�$� ������ 3ODVPD VXUIDFLQJ ZLWK D[LDO IHHG
RI IOX[�FRUHG ZLUH� $YWRPDWLFKHVND\D 6YDUND� ��� �� w ���

�� '\DWORY� 9�,� ������ (OHPHQWV RI WKH WKHRU\ RI HOHFWURGH
PHWDO WUDQVIHU LQ HOHFWULF DUF ZHOGLQJ� ,Q� &ROO� RI SDSHUV RQ
1HZ 3UREOHPV RI :HOGLQJ (QJLQHHULQJ� .\LY� 7HNKQLND�

�� 3HWURY� $�9� ������ 0HWDO WUDQVIHU LQ WKH DUF DQG EDVH PHW�
DO SHQHWUDWLRQ LQ JDV�VKLHOGHG DUF ZHOGLQJ� $YWR�
PDWLFKHVND\D 6YDUND� �� �� w ���

�� .RUQLHQNR� $�1� $ PHWKRG RI LQYHVWLJDWLRQ RI DUF ZHOGLQJ
SURFHVV� 8665 DXWKRUsV FHUWLILFDWH ������� ,QW� &O� % �� .
������ 3XEO� ���������

�� 9LQDUVN\� 0�6�� /XULH� 0�9� ������ ([SHULPHQW SODQQLQJ
LQ SURFHVV VWXGLHV� .\LY� 7HNKQLND�

�� .DVDWNLQ� 2�*�� /DQNLQ� <X�1�� 6WHUHQERJHQ� <X�$� HW DO�
������ 8VH RI UHJUHVVLRQ DQDO\VLV WR VWXG\ WKH ZHOGLQJ SURF�
HVVHV� $YWRPDWLFKHVND\D 6YDUND� �� � w ��

�� 3RNKRGQ\D� ,�.�� 6XSWHO� $�0� ������ +HDW FRQWHQW RI PHW�
DO GURSV LQ JDV�VKLHOGHG DUF ZHOGLQJ� ,ELG�� �� �� w ���

�� 5LPVN\� 6�7�� 6YHWVLQVN\� 9�*�� 6PL\DQ� 2�'� ������ (OHF�
WURGH PHWDO WUDQVIHU LQ JDV�VKLHOGHG ZHOGLQJ ZLWK R[\JHQ
DGGLWLRQ� ,ELG�� ��� �� w ���

��� =DUXED� ,�,� ������ 3ODVPD IORZV LQ ZHOGLQJ DUFV� ,ELG�� ���
� w ��

)LJXUH �� )LOPRJUDPV RI VXUIDFLQJ E\ SODVPD�0,* SURFHVV DW ,F�HO  
 ��� �D� DQG ��� �E� $ �,

SO
 ��� $� DUJRQ IORZ UDWHx �� O�PLQ�

)LJXUH �� )LOPRJUDP �D� DQG RVFLOORJUDP �E� RI +1&( DUF FROXPQ
FORVLQJ E\ WKH HOHFWURGH PHWDO GURS �,F�HO  ��� $� ,SO  ��� $�
DUJRQ IORZ UDWH x �� O�PLQ�
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9�$� 52<$129 DQG *�*� 36$5$6

3ULD]RYVN\ 6WDWH 7HFKQLFDO 8QLYHUVLW\� 0DULXSRO� 8NUDLQH

$%675$&7

7KH SRVVLELOLW\ RI SURGXFLQJ D GHSRVLWHG OD\HU RI EURQ]H %U�$=K��� LQ HOHFWULF DUF VXUIDFLQJ� XVLQJ WKUHH GLVVLPLODU ZLUHV

RI FRSSHU� LURQ DQG DOXPLQLXP LV FRQILUPHG� 2SWLPDO ZLUH IHHG UDWHV DQG VXUIDFLQJ PRGHV DUH HVWDEOLVKHG WKDW SURYLGH

WKH RSWLPDO UHTXLUHG FRPSRVLWLRQ� 7KH QDWXUH RI YDULDWLRQ RI WKH GHSRVLWHG PHWDO FRPSRVLWLRQ WKURXJK WKH EHDG KHLJKW

LV HVWDEOLVKHG� DQG WKH RSWLPDO KHLJKW RI WKH ZRUNLQJ OD\HU GHSRVLW LV UHFRPPHQGHG� $SSOLFDWLRQV RI WKH GHYHORSHG

WHFKQRORJ\ DUH GHVFULEHG�

.H\ ZRU G V � EURQ]H� VXUIDFLQJ� LURQ� FRSSHU� DOXPLQLXP�
WRUFK� IHHG UDWH� GLVWULEXWLRQ� FRHIILFLHQW� FRQFHQWUDWLRQ� DOOR\�
LQJ� HOHPHQW

%LPHWDO SDUWV� SURGXFHG E\ GHSRVLWLRQ RI DQ DOXPLQLXP
EURQ]H OD\HU RQ D FDUERQ VWHHO EDVH E\ DUF VXUIDFLQJ�
EHFDPH ZLGHO\ DFFHSWHG LQ RUGHU WR VDYH FRSSHU ZKHQ
PDNLQJ EURQ]H LQVHUWV IRU UROOLQJ PLOO EHDULQJV� WKUXVW

EHDULQJV RI MDFN FDUULDJHV RI FRQYHUWHUV� JHDUV� SUHVVXUH
VFUHZ QXWV� EXVKLQJV� ULPV DQGPDQ\ RWKHU LWHPV�:LUHV

RI %U�$0WV��� DQG %U�$=K0WV�������� JUDGHV DUH XVHG

DV VXUIDFLQJ PDWHULDOV�

:LUH LV QRW PDQXIDFWXUHG RI DOXPLQLXP�LURQ

EURQ]H %U�$=K���� EHFDXVH RI D ORZ GHIRUPDELOLW\ RI
WKLV DOOR\� ZKLFK LV WKHPRVWZLGHO\ XVHG LQPHFKDQLFDO
HQJLQHHULQJ IRU FDVWLQJ PDVVLYH SDUWV�

$ WHFKQRORJ\ RI VXUIDFLQJ ZLWK WKUHH GLVVLPLODU
ZLUHV E\ WKH VFKHPDWLF� JLYHQ LQ )LJXUH �� ZDV GHYHO�

RSHG WR SURGXFH GHSRVLWHG PHWDO RI D FRPSRVLWLRQ

FORVH WR %U�$=K��� EURQ]H� $OOR\LQJ ILOOHU ZLUHV FDQ

EH GHDG RU FDQ EH DW D SRWHQWLDO RI WKH VDPH VLJQ DV
WKH EDVH PHWDO� $SSO\LQJ VXFK D WHFKQRORJ\ DQG YDU\�

LQJ WKH JUDGHV RI DOOR\LQJ ILOOHU ZLUHV� DOORZV SURGXF�

LQJ GHSRVLWHG PHWDO DOVR RI RWKHU VRXJKW FRPSRVLWLRQV�

)HHGLQJ DGGLWLRQDO ILOOHU ZLUHV LQWR WKH DUF ]RQH�

PDUNHGO\ ORZHUV WKH SHQHWUDWLRQ GHSWK DQG UHGXFHV WKH

DPRXQW RI EDVH PHWDO LQ WKH GHSRVLWHG PHWDO� WKLV EHLQJ

HVVHQWLDO LQ EURQ]H GHSRVLWLRQ RQ VWHHO �)LJXUH ���

'HSRVLWLRQ LV SHUIRUPHG ZLWK WKH PDLQ ��� PP

FRSSHU ZLUH RI JUDGH 0�� DQG ��� PP DOXPLQLXP ZLUH

6Y�$� DQG ��� PP FDUERQ VWHHO ZLUH RI 6Y���$ JUDGH

DUH XVHG DV WKH DOOR\LQJ ILOOHUV�

$OXPLQLXP DQG LURQ FRQWHQW LQ WKH GHSRVLWHGPHWDO

GHSHQG RQ WKH GLDPHWHU DQG IHHG UDWH RI WKH DOXPLQLXP
DQG FDUERQ VWHHO ZLUHV� DV ZHOO DV GLDPHWHU DQG IHHG

UDWH RI WKH PDLQ FRSSHU ZLUH�

$W WKH VHW IHHG UDWH RI WKH FRSSHU HOHFWURGH ZLUH�

WKH UDWH RI IHHGLQJ WKH DOXPLQLXP ZLUH WR SURGXFH WKH

VSHFLILHG DPRXQW RI DOXPLQLXP LQ WKH GHSRVLWHGPHWDO�

ZDV HVWDEOLVKHG IURP WKH IROORZLQJ GHSHQGHQFH�

YI
$O

=
&$O '&X YI

&X

.$O

&&X '$O

�
���

DQG WKH UDWH RI FDUERQ VWHHO ZLUH IHHG x IURP WKH

IROORZLQJ HTXDWLRQ�

YI
)H

=
&)H '&X YI

&X

.)H

&&X ')H

�
���

ZKHUH YI
$O
� YI

&X
� YI

)H
DUH WKH IHHG UDWHV RI DOXPLQLXP�

FRSSHU DQG FDUERQ VWHHO ZLUHV� UHVSHFWLYHO\� P�K�

&$O�&&X�&)H DUH WKH SURSRUWLRQV RI DOXPLQLXP� FRSSHU

DQG LURQ LQ WKH GHSRVLWHG PHWDO� �� '$O� '&X� ')H DUH

WKH GLDPHWHUV RI DOXPLQLXP� FRSSHU DQG FDUERQ VWHHO

3VDUDV *HQQDG\ *� x JUDGXDWH RI =KGDQRY 0HWDOOXUJLFDO ,QVWLWXWH ������� &KLHI RI WKH :HOGLQJ /DERUDWRU\ DW 3678 0HFKDQLFDO

(QJLQHHULQJ 6FKRRO�

� 9�$� 52<$129 DQG *�*� 36$5$6� ����

)LJXUH �� 6FKHPDWLF RI %U�$=K��� EURQ]H GHSRVLWLRQ E\ DUF VXU�
IDFLQJ )LJXUH ��0DFURVHFWLRQ RI WKH GHSRVLWHG EHDG RI %U�$=K��� EURQ]H
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ZLUHV� PP� .$O� .)H DUH WKH FRHIILFLHQWV� DOORZLQJ IRU

HYDSRUDWLRQ ORVVHV RI WKH DOOR\LQJ DOXPLQLXP DQG LURQ

ZLUHV� 7KH JLYHQ FRHIILFLHQWV ZHUH HVWDEOLVKHG H[SHUL�

PHQWDOO\� .$O  ���� w ����� .)H  ���� w �����

7KH IROORZLQJ PRGH ZDV RSWLPDO IRU '&56 DUJRQ�

DUF VXUIDFLQJ� ,D  ��� w ��� $� 8D  �� w �� 9� YV  

 �� w �� P�K� YI
&X
 ��� YI

$O
 �� DQG YI

)H
 � P�K�

$UJRQ IORZ UDWH ZDV �� w �� O�PLQ� $V FDQ EH

VHHQ IURP )LJXUH �� LQ VXUIDFLQJ LQ WKH DERYH PRGH�

WKH SHQHWUDWLRQ GHSWK LV LQVLJQLILFDQW� GHSRVLWHG PHWDO

LV GHQVH �QR SRUHV RU FUDFNV DUH REVHUYHG�� 7KH KLJK

TXDOLW\ RI WKH GHSRVLWHG PHWDO LV DFKLHYHG DW WKH H[�

SHQVH RI D UHOLDEOH FOHDQLQJ DQG GHJUHDVLQJ �ERWK PH�

FKDQLFDOO\� DQG E\ FKHPLFDO HWFKLQJ� RI WKH ILOOHU

ZLUHV�

,Q WHUPV RI LWV FRPSRVLWLRQ� WKH PXOWLOD\HU GHSRV�

LWHG PHWDO FRUUHVSRQGV WR EURQ]H RI %U�$=K��� JUDGH

DQG FRQWDLQV � w �� � $O DQG � w � � )H� 6XFK D

GHSRVLWHG PHWDO KDV WKH IROORZLQJ PHFKDQLFDO SURS�

HUWLHV� σW  ��� w ��� 03D� +% ��� w ���� )LJXUH �

JLYHV PLFURVWUXFWXUDO FKDUDFWHULVWLFV RI GHSRVLWHG

EURQ]H %U�$=K����

7KH GHYHORSHG WHFKQRORJ\ RI %U�$=K��� GHSRVL�

WLRQ E\ DUJRQ�DUF VXUIDFLQJ ZLWK WKUHH GLVVLPLODU

ZLUHV� WKDW KDV SDVVHG SURGXFWLRQ WULDOV LQ VXUIDFLQJ

RI WKUXVW EHDULQJV RI FRQYHUWHU MDFN FDUULDJHV� SURYLGHV

D KLJK TXDOLW\ RI WKH GHSRVLWHG PHWDO� ,W LV YHUVDWLOH

DQG LWV SHUIRUPDQFH WHFKQLTXH GRHV QRW SUHVHQW DQ\

GLIILFXOWLHV� 7KH WHFKQRORJ\ FDQ EH UHFRPPHQGHG IRU

ZLGH DSSOLFDWLRQ LQ VXUIDFLQJ RI FULWLFDO LWHPV�

)LJXUH �� 0LFURVWUXFWXUH RI GHSRVLWHG EURQ]H %U�$=K��� �×����

���������	���	����������	�
	���	�����

�
	�����������	����	������	����
���

����	�������

,�9� =$.+$529$
�
� (�$� &+,&+.$5(9

�
� 9�*� 9$6,/,(9

�
� $�,� 75276$1

�
� $�<D� '(-1(.$

�
DQG 2�6� .,5<8.+,1

�

�
3ULD]RYVN\ 6WDWH 7HFKQLFDO 8QLYHUVLW\� 0DULXSRO� 8NUDLQH

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

�
,�1� )UDQWVHYLFK ,QVWLWXWH RI 0DWHULDOV 6FLHQFH 3UREOHPV� 1$68� .\LY� 8NUDLQH

�
2-6& �.KDUNRY 3LSH :RUNV�� .KDUNRY� 8NUDLQH

$%675$&7

'LDJUDPV RI DQLVRWKHUPDO GHFD\ RI DXVWHQLWH IRU ��*�68� ��*�)%� ��*�)% VWHHOV� PRGLILHG ZLWK FDOFLXP� DUH SORWWHG

E\ WKH PHWKRG RI GLODWRPHWULF PHDVXUHPHQWV� 7KH FKDQJHV LQ VWUXFWXUH RI ORZ�DOOR\HG SLSH VWHHOV XQGHU WKH DFWLRQ RI

WKH ZHOGLQJ WKHUPDO F\FOH DUH VKRZQ� 7KH FRQVWDQWV RI WKH H[SRQHQWLDO IXQFWLRQV WR GHVFULEH IRU WKH SRO\PRUSKRXV

WUDQVIRUPDWLRQV DUH GHWHUPLQHG� WKH SDUDPHWHUV RI HPSLULF HTXDWLRQ� UHODWLQJ WKH LPSDFW VWUHQJWK YDOXHV ZLWK D SKDVH

FRPSRVLWLRQ RI +$= PHWDO DUH HYDOXDWHG� ,W ZDV HVWDEOLVKHG WKDW WKH FRROLQJ UDWH ZLWKLQ WKH ��� w ��� �& LQWHUYDO IRU

��*�68� ��*�)%� ��*�)% VWHHOV VKRXOG EH ZLWKLQ � w �� �&�V� ZKLOH DW VWULFW UHTXLUHPHQWV WR WKH VWUXFWXUH x ��� w

���� �&�V�

.H\ ZRU G V � KHDW�DIIHFWHG ]RQH� FRROLQJ UDWH� VDPSOHV�
VLPXODWRUV� PLFURVWUXFWXUH� LPSDFW VWUHQJWK� WKHUPRNLQHWLF GLD�
JUDP� OLQHDU HQHUJ\ LQSXW� KHDW LQSXW

7RGD\� WKH VWHHOV ZLWK D VROLG VROXWLRQ VWUHQJWKHQLQJ�

LQFOXGLQJ DOVR WKRVH EHLQJ FDOFLXP WUHDWHG� DUH XVHG

IRU WKH PDQXIDFWXUH RI ORQJLWXGLQDOO\�ZHOGHG JDV DQG

RLO SLSHOLQH SLSHV RI D ODUJH GLDPHWHU� 7KH WHFKQRORJ\

RI SURGXFLQJ WKHVH VWHHOV DQG D PHFKDQLVP RI WKH FDO�

FLXP DFWLRQ RQ WKHLU VWUXFWXUH DQG SURSHUWLHV DUH GH�

VFULEHG LQ >�@� 7KH SRVLWLYH FKDUDFWHULVWLFV �KLJK

VWUHQJWK DQG FROG UHVLVWDQFH� RI WKH PHQWLRQHG FODVV

RI VWHHOV VKRXOG EH SUHVHUYHG DOVR LQ ZHOGHG MRLQWV�

� ,�9� =$.+$529$� (�$� &+,&+.$5(9� 9�*� 9$6,/,(9� $�,� 75276$1� $�<D� '(-1(.$ DQG 2�6� .,5<8.+,1� ����

=DNKDURYD ,ULQD 9� x JUDGXDWH RI 3678 ������� SRVW�JUDGXDWH RI WKH &KDLU RI :HOGLQJ (TXLSPHQW DQG 7HFKQRORJ\�
&KLFKNDUHY (YJHQ\ $� x VHQLRU WHDFKHU RI WKH &KDLU RI 7KHRU\ RI 0HWDOOXUJLFDO 3URFHVVHV�
9DVLOLHY 9DOHQWLQ *� x VHQLRU VWDII VFLHQWLVW RI WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI 1$6 RI 8NUDLQH�
7URWVDQ $QDWRO\ ,� x 'HSDUWPHQW +HDG RI ,�1� )UDQWVHYLFK ,QVWLWXWH RI 0DWHULDOV 6FLHQFH 3UREOHPV RI 1$6 RI 8NUDLQH�
'HMQHND $QDWRO\ <D� x &KLHI RI &HQWUDO /DERUDWRU\ RI 2-6& �.KDUNRY 3LSH :RUNV��
.LU\XNKLQ 2OHJ 6� x &KLHI RI 3LSH /DERUDWRU\ RI 2-6& �.KDUNRY 3LSH :RUNV��
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7KH PDLQ GLIILFXOW\ LQ ZHOGLQJ LV WKH SUHYHQWLRQ RI
DQ DEUXSW GHWHULRUDWLRQ RI SURSHUWLHV DV D UHVXOW RI

DSSHDUDQFH RI VWUXFWXUHV� UHGXFLQJ WKH UHVLVWDQFH WR D

EULWWOH IUDFWXUH LQ WKH +$= PHWDO�

7KHUH DUH RQO\ VRPH LQIRUPDWLRQ DERXW WKH SHFX�

OLDULWLHV RI VWUXFWXUH FKDQJHV XQGHU WKH DFWLRQ RI WKH
WKHUPDO F\FOH IRU WKH PDLQ JUDGHV RI SLSH VWHHOV� ZKLFK

DUH GHR[LGL]HG ZLWK FDOFLXP ���*�68� ��*�)%�

��*�)%� >�� �@� ,Q WKLV FRQQHFWLRQ� WKH SUHVHQW ZRUN

ZDV DLPHG DW WKH LQYHVWLJDWLRQ RI WKH UHJXODULWLHV RI

WKH +$= PHWDO VWUXFWXUH IRUPDWLRQ E\ VLPXODWLQJ

ZHOGLQJ F\FOHV RQ WKH VDPSOHV RI WKH SLSH JUDGHV RI

VWHHOV� ZKLFK ZHUH PRGLILHG ZLWK FDOFLXP� DW WKH GH�

WHUPLQDWLRQ RI HIIHFW RI WKH VWUXFWXUH FKDQJHV RQ WKH

PHFKDQLFDO SURSHUWLHV RI PHWDO DQG WKH VHOHFWLRQ RI

UDWLRQDO ZHOGLQJ FRQGLWLRQV XVLQJ WKH PHWKRGRORJ\ RI

VWUXFWXUH H[DPLQDWLRQ� JLYHQ LQ >�@� 7KH FKHPLFDO

FRPSRVLWLRQ RI WKH H[DPLQHG VWHHO JUDGHV LV JLYHQ LQ

7DEOH� $OO WKH\ UHIHU WR WKH .��w.�� VWUHQJWK FDWH�
JRU\ DQG KDYH WKH FDUERQ HTXLYDOHQW RI DERXW �����

7KH H[DPLQDWLRQ RI WKH PHWDO LQLWLDO VWUXFWXUH

VKRZHG WKDW DOO WKH DV�GHOLYHUHG VWHHOV KDYH D IHUULWLF�

SHDUOLWLF VWUXFWXUH ZLWK D FOHDUO\�H[SUHVVHG OLQH DU�

UDQJHPHQW RI IHUULWH DQG SHDUOLWH ZKLFK LV FRLQFLGHG

ZLWK UROOLQJ GLUHFWLRQV�

6WUXFWXUDO WUDQVIRUPDWLRQV ZHUH H[DPLQHG XQGHU

WKH FRQGLWLRQV RI VLPXODWLRQ RI WKHUPDO F\FOHV LQ D

TXLFN�UHVSRQVH GLODWRPHWHU RI WKH GHVLJQ RI WKH

(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH >�@�

0D[LPXP WHPSHUDWXUH RI KHDWLQJ VDPSOH�VLPXODWRUV

LQ WKH GLODWRPHWHU ZDV FRQVWDQW DQG DPRXQWHG WR

���� �&� KHDWLQJ UDWH ZDV ��� �&�V �ZLWKLQ WKH ��� w

���� �& WHPSHUDWXUH UDQJH�� 5DQJH RI H[DPLQHG FRROLQJ

UDWHV �ZLWKLQ ��� w ��� �&� ZDV ��� w ��� �&�V DQG

FRUUHVSRQGHG WR WKH FRROLQJ UDWHV RI ZHOGHG MRLQWV PDGH

E\ &2� DQG VXEPHUJHG�DUF ZHOGLQJ >�@�

7KH SURFHVVLQJ RI WKH UHVXOWV RI WKH GLODWRPHWULF

DQDO\VLV DQG SORWWLQJ RI GLDJUDPV ZHUH FDUULHG RXW

XVLQJ WKH JHQHUDOO\�DFFHSWHG SURFHGXUHV�

7KH TXDQWLWDWLYH FDOFXODWLRQ RI WUDQVIRUPDWLRQ

SURGXFWV UDWLR ZDV PDGH IURP WKH GLODWRPHWULF FXUYHV

XVLQJ WKH PHWKRG RI VHJPHQWV >�� �@�

7KH FRQWHQW RI PLFURVWUXFWXUH FRQVWLWXHQWV ZDV

GHWHUPLQHG IURP *267 ����w��� )RU WKLV� WKH PL�

FURVHFWLRQV ZHUH PDQXIDFWXUHG DIWHU WKH FRPSOHWH

FRROLQJ RI WKH VDPSOHV�VLPXODWRUV� 7KHVH PLFURVHF�

WLRQV ZHUH DOVR XVHG IRU WKH KDUGQHVV PHDVXUHPHQW�

7KH VDPSOH PLFURVWUXFWXUH ZDV UHYHDOHG E\ HWFKLQJ
LQ � � VROXWLRQ RI QLWULF DFLG� LQ HWK\O DOFRKRO� DQG

H[DPLQDWLRQ DQG ILOPLQJ ZHUH PDGH LQ PLFURVFRSH

�1HRSKRW���� DW ��� PDJQLILFDWLRQ�

)LJXUH � VKRZV WKHUPRNLQHWLF GLDJUDPV RI

DXVWHQLWH WUDQVIRUPDWLRQ LQ VWHHOV ��*�68� ��*�)%

DQG ��*�)% XQGHU WKH FRQGLWLRQV RI WKH WKHUPDO F\FOH

VLPXODWLRQ� ,Q WKH H[DPLQHG UDQJH RI WKH FRROLQJ UDWHV

WKH DXVWHQLWH WUDQVIRUPDWLRQ LV RFFXUUHG LQPDUWHQVLWLF

�0�� EDLQLWLF �%� DQG IHUULWLF �)� UHJLRQV ���*�)%
VWHHO LQFOXGHV DOVR WKH SHDUOLWLF �3� UHJLRQ�� ,W LV W\SL�

FDO RI DOO WKHVH VWHHOV WKDW WKHUH LV QR SXUH PDUWHQVLWLF

WUDQVIRUPDWLRQ LQ WKHP HYHQ DWPD[LPXP FRROLQJ UDWH�

7KH IRUPLQJ EDLQLWLF�PDUWHQVLWLF VWUXFWXUH KDV D FRP�

SDUDWLYHO\ ORZ KDUGQHVV �ORZHU WKDQ +9 ����� 2QO\
LQ ��*�68 VWHHO LW LV KLJKHU �+9 ���� GXH WR� SURE�

DEO\� KLJKHU FRQWHQW RI FDUERQ LQ LW�

7KH FDOFXODWLRQ RI TXDQWLW\ RI SKDVH FRQVWLWXHQWV
PDNHV LW SRVVLEOH WR GHWHUPLQH WKH LPSDFW VWUHQJWK RI

WKH +$= PHWDO DQG D GHVLUDEOH SKDVH FRPSRVLWLRQ

DQG� FRQVHTXHQWO\ D PHDQ UDWH RI FRROLQJ Z��� E\
SURFHVVLQJ WKH UHVXOWV RI FDOFXODWLRQ XVLQJ WKH SUHVHW

OLPLWLQJ YDOXHV RI WKH LPSDFW VWUHQJWK� 7KH NQRZQ
UDWLR >�� �@ IRU WKH FDOFXODWLRQ RI TXDQWLW\ RI SKDVH

FRQVWLWXHQWV GRHV QRW SURYLGH D VXIILFLHQWO\ SUHFLVH

UHVXOW IRU WKH VWHHO JUDGHV H[DPLQHG�

7KH TXDQWLWDWLYH SURFHVVLQJ RI WKH UHVXOWV ZDV PDGH

XVLQJ WKH H[SRQHQWLDO IXQFWLRQV >��@� 7KXV� WKH FRQWHQW

RI PDUWHQVLWH LQ VWUXFWXUH ��� LV DPRXQWHG WR

0 = ��� 
� w H[S


w N

P
Z

Q
P


 �

���

IHUULWH DQG SHDUOLWH FRQWHQW

)3 = ��� H[S

w NIZ

QI � ���

EDLQLWH FRQWHQW

%  ��� w ª w )3� ���

ZKHUH NP� QP� NI� QI DUH WKH FRQVWDQWV� Z LV WKH FRROLQJ

UDWH�

(TXDWLRQV ���� ��� DUH HDVLO\ OLQHDUL]HG WKDW PDNHV
LW SRVVLEOH WR GHWHUPLQH FRQVWDQWV NP� QP DQG NI� QI

IURP WKH H[SHULPHQWDO GDWD RI FKDQJLQJ WKH FRQWHQW
RI PDUWHQVLWH DQG IHUULWLF�SHDUOLWLF PL[WXUH LQ VDPSOH

PHWDO DW FRROLQJ UDWH YDULDWLRQ�

&KHPLFDO FRPSRVLWLRQ RI SLSH JUDGHV RI VWHHOV

6WHHO JUDGHV
(OHPHQWV� PDVV �

& 0Q 6L 6 3 &U 1L

��*�68 ���� ��� ���� ���� ����� ����� ������

��*�)% ���� ���� ���� ���� ����� ���� ����

��*�)% ���� ���� ���� ���� ����� ���� ����

6WHHO JUDGHV
(OHPHQWV� PDVV �

&X $O 7L 9 1E $V 1�

��*�68 ����� ����� ����� ���� ����� ����� �����

��*�)% ���� ���� ����� ���� ����� ����� �����

��*�)% w ����� ����� ��� ����� ����� �����
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OQ�wOQ�� w 0������  OQNP � QPOQ�Z��
���

OQ�wOQ�)3������  OQNI � QIOQ�Z��
���

$OO WKH H[DPLQHG VWHHO JUDGHV DUH FKDUDFWHUL]HG E\
FORVH YDOXHV RI WKH FDUERQ HTXLYDOHQW DQG WKHLU VWUXF�
WXUDO GLDJUDPV DUH GHVFULEHG E\ WKH UHODWLRQV ��� w
��� ZLWK VXFK FRHIILFLHQWV� NP  ������� QP  ���� NI  
 ������ QI  ���� 7KH FRPSDULVRQ RI H[SHULPHQWDO
GDWD DQG UHVXOWV RI FDOFXODWLRQV IURP HTXDWLRQV ��� w
���� XVLQJ WKH JLYHQ FRHIILFLHQWV� LV VKRZQ LQ )LJXUH ��
7KH H[SHULPHQWDO GDWD KDYH D JRRG FRUUHODWLRQ ZLWK
WKH UHVXOWV RI WKH HDUOLHU LQYHVWLJDWLRQV�

,W LV NQRZQ WKDW WKH +$= PHWDO VWUXFWXUH KDV D
JRRG FRUUHODWLRQ ZLWK FKDUDFWHULVWLFV RI PHFKDQLFDO
SURSHUWLHV� 7KXV� DIWHU SURFHVVLQJ WKH GDWD >�@ WKH
IROORZLQJ UHODWLRQVKLSV EHWZHHQ WKH FKDUDFWHULVWLFV RI
LPSDFW VWUHQJWK RI WKH +$= PHWDO LPSDFW VWUHQJWK
DQG LWV SKDVH FRPSRVLWLRQ �-�FP�� ZHUH REWDLQHG�

.&8
w��

 w����ª � ����% w ����)3� ���

.&9
w��

 w�����ª � �����% w �����)3� ���

5HODWLRQVKLSV ���� ��� DUH DGHTXDWH IRU VWHHOV ZLWK
FDUERQ HTXLYDOHQW RI DERXW ��� �UHVXOWV ZHUH FKHFNHG
XVLQJ GDWD RI >�� ��@��

7KH VLPLODU UHODWLRQVKLS LV NQRZQ IRU WKH HYDOX�
DWLRQ RI .&8�� ZKLFK LV XVHG IRU D ZLGHU UDQJH RI
YDU\LQJ WKH FKHPLFDO FRPSRVLWLRQ RI VWHHOV
�0-�FP�� >��@�

.&8
��

= (���� w ���&� + ���& w ����0Q +
+ �����OQ(W

���))0���� +

+ (��� w ���& w ����0Q)%���� +

+ (���� w ���& + ���&
�

w �����0Q w

w �����OQ(W
���)))3�����

���

ZKHUH W��� LV WKH WLPH RI FRROLQJ IURP WHPSHUDWXUH
��� WR ��� �&� &� 0Q DUH WKH FRQWHQW RI FKHPLFDO
HOHPHQWV LQ �� 5HODWLRQV ��� w ��� PDNH LW SRVVLEOH
WR VHW WKH OLPLWV ZKLFK VKRXOG LQFOXGH WKH FRROLQJ UDWH
LQ ZHOGLQJ WKHUPDO F\FOH �XVXDOO\ Z���� SURYLGLQJ
WKH SKDVH FRPSRVLWLRQ RI +$= PHWDO WR REWDLQ WKH
VDWLVIDFWRU\ YDOXHV RI WKH LPSDFW VWUHQJWK� 7KH VROX�
WLRQ RI WKH V\VWHP RI HTXDWLRQV ��� w ��� LQ UHODWLRQ
WR FRROLQJ UDWH Z��� VKRZHG WKDW WR NHHS WKH LPSDFW
VWUHQJWK DW WKH OHYHO RI.&8w�� ≥ �� -�FP� WKH FRROLQJ
VKRXOG EH PDGH DW UDWHV LQ WKH UDQJHV RI ���� w
����� �&�V�

7KH DQDO\VLV RI PLFURVWUXFWXUH RI VDPSOHV�VLPXOD�
WRUV� FRROHG DW UDWHV ��� w ��� �&�V ZKLFK SURYLGH WKH
JRRG FKDUDFWHULVWLFV RI WKH LPSDFW VWUHQJWK VKRZHG
WKDW LW LV FKDUDFWHUL]HG PDLQO\ E\ D ORZHU EDLQLWH�
:LWK D GHFUHDVH LQ WKH FRROLQJ UDWH WKH TXDQWLW\ RI
DQ XSSHU EDLQLWH LV LQFUHDVHG� 7KH EDLQLWH EHFRPHV
FRDUVHU ZLWK D IRUPDWLRQ RI WKH VWUXFWXUH ZKLFK UH�
VHPEOHV WKH :LGPDQQVWDWWHQ VWUXFWXUH DQG DW Z�  
 ��� �&�V WKH FRQWHQW RI D VWUXFWXUDOO\�IUHH IHUULWH
LV LQFUHDVHG LQ WKH VWUXFWXUH� 7KHUHIRUH� WKH UDWHV RI
FRROLQJ EHORZ � �&�V DUH QRW GHVLUDEOH �WKH\ GR QRW

)LJXUH �� 7KHUPRNLQHWLF GLDJUDP IRU VWHHOV ��*�68 �D�� ��*�)% �E� DQG ��*�)% �F�

)LJXUH �� 6WUXFWXUDO GLDJUDPV IRU ORZ�DOOR\HG VWHHOV GHSHQGLQJ RQ
WKH UDWHV RI FRROLQJ LQ D ZHOGLQJ WKHUPDO F\FOH
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SURYLGH WKH UHTXLUHG YDOXHV RI WKH LPSDFW VWUHQJWK��
7KH UHVXOWV REWDLQHG KDYH D JRRG FRUUHODWLRQ ZLWK
GDWD RI >��@�

7KXV� WKH UDWLRQDO LQWHUYDO RI FRROLQJ UDWHV IRU WKH
ORZ�DOOR\HG SLSH VWHHO JUDGHV LV OLPLWHG E\ WKH UDQJH
RI � w �� �&�V �DW PRUH VWULFW UHTXLUHPHQWV WR WKH
+$= PHWDO x ��� w ���� �&�V�� 7R VROYH WKH SUDF�
WLFDO SUREOHPV RI SLSH ZHOGLQJ LW LV QHFHVVDU\ WR UHODWH
WKH FRROLQJ UDWH WR WKH HQHUJ\ LQSXW�

,Q DFFRUGDQFH ZLWK D GLDJUDP RI WKH OLQHDU TXLFNO\�
PRYLQJ VRXUFH WKH PHDQ FRROLQJ UDWH ��&�V� ZLWKLQ
WKH UDQJH RI ��� w ��� �& Z��� WHPSHUDWXUHV LV GHWHU�
PLQHG XVLQJ WKH IRUPXOD >��@�

Z
��� =

πλFρ
(T�Y)�

>(��� w W�)
� + (��� w W

�
)�@�

���

ZKHUH T�Y LV WKH HQHUJ\ LQSXW RI ZHOGLQJ� T  η8,
LV WKH HIIHFWLYH KHDW SRZHU RI WKH KHDWLQJ VRXUFH DW D
JLYHQ HIILFLHQF\ IDFWRU η� DUF YROWDJH 8 DQG FXUUHQW
,� λ� F� ρ DUH WKH KHDW FRQGXFWLYLW\� KHDW LQSXW DQG
GHQVLW\ RI VWHHO ZHOGHG �IURP GDWD RI >��@� IRU WKH
ORZ�DOOR\HG VWHHOV λ  �� :��P⋅.�� Fρ  
 ��� 0-��P�⋅.��� W� LV WKH LQLWLDO WHPSHUDWXUH RI
WKH ZRUNSLHFH EHLQJ ZHOGHG�

7KH HQHUJ\ LQSXW RI ZHOGLQJ� DW ZKLFK WKH GHVLU�
DEOH YDOXH Z��� LV UHDFKHG� DPRXQWV WR

T

Y
= δ >(��� w W�)

� + (��� w W
�
)�@��� √ π

λFρ
Z

���

� ����

&DOFXODWLRQ E\ HTXDWLRQ ���� IRU WKH DERYH�PHQ�
WLRQHG UDQJHV RI FRROLQJ UDWH PDNHV LW SRVVLEOH WR ILQG
WKH OLPLWLQJ YDOXHV RI WKH ZHOGLQJ HQHUJ\ LQSXW� $W
WKLFNQHVV RI VKHHWV EHLQJ ZHOGHG δ  �� w �� PP WKH
ORZHU OLPLW RI WKH HQHUJ\ LQSXW DW Z���  �� �&�V
VKRXOG EH ZLWKLQ ��� w ���� N-�FP� DQG WKH XSSHU
OLPLW KDV WKH YDOXHV ���� w ���� N-�FP DW Z���  
 � �&�V DQG ���� w ���� N-�FP DW Z���  ��� �&�V�
7KHVH YDOXHV RI WKH HQHUJ\ LQSXW DUH UHDFKHG LQ SUDF�
WLFH ��� w �� N-�FP >��@� ZKHQ WKH VWDQGDUGZHOGLQJ
HTXLSPHQW LV XVHG�

&21&/86,216

�� 8QGHU WKH FRQGLWLRQV RI VLPXODWLRQ RI WKH WKHUPDO
F\FOH DW ��� w ��� �&�V FRROLQJ UDWHV LQ ORZ�DOOR\HG
SLSH VWHHOV ��*�68� ��*�)%� ��*�)%� PRGLILHG

ZLWK FDOFLXP� WKH DXVWHQLWH WUDQVIRUPDWLRQ LV RFFXUUHG
LQ PDUWHQVLWLF� EDLQLWLF DQG IHUULWLF UHJLRQV�

�� 7R SUHVHUYH WKH LPSDFW VWUHQJWK RI SLSH VWHHO
ZHOGHG MRLQWV DW WKH LQLWLDO OHYHO �.&8w�� ≥ �� -�FP��
WKH FRROLQJ UDWH LQ +$= PHWDO VKRXOG EH ZLWKLQ WKH
�� w � �&�V UDQJHV�

�� )RU SUDFWLFDO DUF ZHOGLQJ RI SLSH VWHHOV WKH PHQ�
WLRQHG FRROLQJ UDWHV DUH UHDFKHG LQ ZHOGLQJ �� w
�� PP WKLFN VKHHWV XVLQJ FRQGLWLRQV DW ZKLFK WKH
HQHUJ\ LQSXW LV LQ WKH UDQJH RI � w �� N-�FP� 7KHVH
FRQGLWLRQV FDQ EH UHDOL]HG LQ SUDFWLFH E\ WKH XVH RI
VWDQGDUG HTXLSPHQW DQG D VSHFLDOL]HG WHFKQLTXH DQG
WHFKQRORJ\ RI ZHOGLQJ RI WKH SLSH PDQXIDFWXULQJ�

5()(5(1&(6

�� %HORY� %�)�� 1LNRODHY� *�$�� 7URWVDQ� $�,� HW DO� ������ ,P�
SURYHPHQW RI TXDOLW\ RI FRQWLQXRXVO\�FDVW VWHHO E\ PLFURDO�
OR\LQJ ZLWK FODGGLQJ SRZGHU PRGLILHUV� 6WDO� �� �� w ���

�� $QXFKNLQ� 0�3�� *RULWVN\� 9�1�� 0LURVKQLFKHQNR� %�,�
������ 3LSHV IRU PDLQ SLSHOLQHV� 0RVFRZ� 1HGUD�

�� 0DWURVRY� <X�,�� /LWYLQHQNR� '�$�� *RORYDQHQNR� 6�$�
������ 6WHHO IRU PDLQ SLSHOLQHV� 0RVFRZ� 0HWDOOXUJLD�

�� *UHWVN\� <X�<D�� 'HPFKHQNR� <X�9�� 9DVLOLHY� 9�*� ������
)RUPDWLRQ RI VWUXFWXUH RI +$= PHWDO RI D ORZ�VLOLFRQ VWHHO
ZLWK D FDUERQLWULGH VWUHQJWKHQLQJ� $YWRPDWLFKHVND\D

6YDUND� �� � w �� ���
�� 9DVLOLHY� 9�*�� 0DOHYVN\� <X�%� ������ 'LODWRPHWHU IRU H[�

DPLQDWLRQ RI SKDVH WUDQVIRUPDWLRQV LQ ZHOGLQJ WKHUPDO F\�
FOH� ,Q� 3K\VLFDO PHWKRGV RI PHWDO H[DPLQDWLRQ� .\LY�
1DXNRYD 'XPND�

�� 6KRUVKRURY� 0�.K� ������ 0HWDOV VFLHQFH RI ZHOGLQJ VWHHOV

DQG WLWDQLXP DOOR\V� 0RVFRZ� 1DXND�
�� 6WHYHQ� :�� 0D\HU� *� ������ &RQWLQXRXV�FRROLQJ WUDQVIRU�

PDWLRQ GLDJUDPV RI VWHHOV� 3W� �� -� RI WKH ,URQ DQG 6WHHO

,QVWLWXWH� �� w ���
�� &KHUHSLQ� 9�7� ������ ([SHULPHQWDO HTXLSPHQW LQ SK\VLFDO

PHWDOV VFLHQFH� .\LY� 7HNKQLND�
�� .DVDWNLQ� 2�*�� 0XVL\DFKHQNR� 9�)� ������ &DOFXODWLRQ RI

FRQGLWLRQV RI ZHOGLQJ KLJK�VWUHQJWK ORZ�DOOR\HG VWHHO� $YWR�
PDWLFKHVND\D 6YDUND� ��� � w ��

��� 9ROFKHQNR� 9�1�� <DPSROVN\� 9�0�� 9LQRNXURY� 9�$� HW DO�
������ 7KHRU\ RI ZHOGLQJ SURFHVVHV� 0RVFRZ� 9\VVKD\D
6KNROD�

��� %DVKPDNRY� 9�(� ������ 3URSHUWLHV RI ZHOGHG MRLQWV RI
KLJK�VWUHQJWK ORZ�DOOR\HG VWHHOV� 6YDURFKQR\H 3URL]YRGVWYR�
�� �� w ���

��� 0DNKQHQNR� 9�,�� 9HOLNRLYDQHQNR� (�$�� 5R]\QND� *�)� HW
DO� ������ &RPSXWHU VLPXODWLRQ RI ZHOGLQJ SURFHVVHV IRU
SUHGLFWLRQ RI GHIHFWV LQ ZHOGHG MRLQWV� $YWRPDWLFKHVND\D

6YDUND� ��� �� w ���
��� 1RYLNRYD� '�3�� %RJDFKHN� /�<X�� *UDELQ� 9�)� HW DO�

������ ,QWHUUHODWLRQ RI PLFURVWUXFWXUH ZLWK ZHOG PHWDO LP�
SDFW VWUHQJWK LQ ORZ�DOOR\HG SLSH VWHHO� $YWRPDWLFKHVND\D

6YDUND� �� � w ��
��� /LYVKLW]� /�6�� .KDNLPRY� $�1� ������ 0HWDOV VFLHQFH RI

ZHOGLQJ DQG KHDW WUHDWPHQW RI ZHOGHG MRLQWV� 0RVFRZ�
0DVKLQRVWUR\HQL\H�

��� 9DGD� 7�� 'LVEXUJ� '�(�� %XVVHO� 3�,� HW DO� ������ +LJK�
VWUHQJWK VWHHOV IRU SLSH ILWWLQJV� ,Q� 3URF� RI WKH &RQI� RQ

6WHHO IRU *DV 3LSHV DQG )LWWLQJV� 0RVFRZ� 0HWDOOXUJLD�
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�
3ULD]RYVN\ 6WDWH 7HFKQLFDO 8QLYHUVLW\� 0DULXSRO� 8NUDLQH

�
2-6& �$]RYPDVK�� 0DULXSRO� 8NUDLQH

$%675$&7

7KH PHWKRG RI VHFRQGDU\ VRXUFHV ZDV WKH EDVLV WR GHYHORS WKH SURFHGXUH RI FDOFXODWLRQ RI PDJQHWLF ILHOG LQGXFWLRQ LQ

WKH ]RQH EHWZHHQ WKH VROHQRLG ZLWK D IHUURPDJQHWLF FRUH� JHQHUDWLQJ D ORQJLWXGLQDO PDJQHWLF ILHOG� DQG SODWH�ZRUNSLHFH�

2SWLPDO GLPHQVLRQV RI WKH VROHQRLG ZHUH FDOFXODWHG IRU WKH SURFHVV RI VXEPHUJHG�DUF VXUIDFLQJ LQ D ORQJLWXGLQDO PDJQHWLF

ILHOG�

.H\ ZRU G V � DUF VXUIDFLQJ� ORQJLWXGLQDO PDJQHWLF ILHOG�

IHUURPDJQHWLF PDWHULDO� LQYHVWLJDWLRQV

1HZ FDSDELOLWLHV IRU FRQWUROOLQJ WKH JHRPHWULFDO GL�

PHQVLRQV RI WKH SHQHWUDWLRQ ]RQH LQ VXEPHUJHG�DUF

VXUIDFLQJ ZLWK ZHOGLQJ ZLUH DUH RSHQHG XS E\ WKH XVH

RI FRQWUROOLQJ ORQJLWXGLQDO PDJQHWLF ILHOGV �/0)�

>� w �@�

$ GHYLFH IRU LQGXFLQJ WKH PDJQHWLF ILHOG �',0)�

LQ WKH IRUP RI D VROHQRLG ZLWK F\OLQGULFDO IHUULWLF FRUH

FRD[LDO ZLWK WKH HOHFWURGH� LV XVXDOO\ XVHG IRU WKH

SURFHVVHV RI DUF ZHOGLQJ DQG VXUIDFLQJ LQ /0) >� w

�@� ,Q FRQVXPDEOH HOHFWURGH DUF ZHOGLQJ �VXUIDFLQJ�

WKH IHUURPDJQHWLF HOHPHQWV RIWHQ DUH WKHZHOGLQJZLUH�

SDVVLQJ WKURXJK WKH KROH LQ WKH IHUURPDJQHWLF FRUH RI

WKH VROHQRLG DQG WKH ZRUNSLHFH EHLQJ ZHOGHG �VXU�

IDFHG�� $W SUHVHQW WKHUH LV QR SURFHGXUH IRU FDOFXODWLRQ

RI PDJQHWLF ILHOGV LQ VROHQRLGV� FRQWDLQLQJ IHUURPDJ�

QHWLF FRPSRQHQWV� WKLV UHVWUDLQLQJ WKH VHDUFK IRU RS�

WLPDO GLPHQVLRQV RI ',0) IRU WKH SURFHVVHV XQGHU

FRQVLGHUDWLRQ� *LYHQ EHORZ LV D SURFHGXUH EDVHG RQ

WKH PHWKRG RI VHFRQGDU\ VRXUFHV >�@� IRU FDOFXODWLRQ

RI WKH LQGXFWLRQ FRPSRQHQWV RI /0) JHQHUDWHG E\

VXFK D[LV\PPHWULF ',0) �)LJXUH ���

3ULPDU\ VRXUFH RI WKH PDJQHWLF ILHOG LV FRQVWDQW

FXUUHQW RI GHQVLW\ M� IORZLQJ WKURXJK YROXPH 9
F
RI

WKH FRLO WKDW HQFRPSDVVHV D VWHHO FRUH RI YROXPH 9I��

OLPLWHG E\ VXUIDFH 6I�� 6HFRQGDU\ VRXUFHV LQ WKLV ILHOG

DUH ILFWLWLRXV PDJQHWLF FKDUJHV ZLWK EXON ρ
P�

DQG VXU�

IDFH σ
P�

GHQVLWLHV IRU WKH VWHHO FRUH DQG ZLWK VXUIDFH

GHQVLW\ σ
P�

IRU WKH IHUURPDJQHWLF HOHFWURGH� 5HODWLYH

PDJQHWLF SHUPHDELOLW\µ�
′ RI WKH VWHHO FRUHZDV DVVXPHG

WR EH GHSHQGHQW RQ WKH FR�RUGLQDWHV DQG LQWHQVLW\ RI

WKH PDJQHWLF ILHOG LQ D SRLQW� ZKHUHDV PDJQHWLF SHU�

PHDELOLW\ µ�
′ LQVLGH IHUURPDJQHWLF ZLUH ZDV WDNHQ WR

EH FRQVWDQW� ,QWHQVLW\ RI HTXLYDOHQW PDJQHWLF ILHOG�
H[SUHVVHG WKURXJK WKH GHQVLWLHV RI DOO WKH VRXUFHV� KDV

WKH IRUP RI >�@
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IURP WKH IROORZLQJ UHODWLRQVKLSV�

ρ
P�

(4) = w

µ
�

µ4
′ (+(4)� JUDG4 µ�
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σP�(4) = �µ�λP�(+(4)� Q�4)� ���
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(+(4)� Q�4)� ���

λP� =
µ�′ w �

µ�′ + �
� λP� =

µ�′ w �

µ�′ + �
� ���

ZKHUH Q�4� Q�4 DUH WKH XQLW QRUPDOV WR WKH VXUIDFH RI

WKH VWHHO FRUH DQG IHUURPDJQHWLF HOHFWURGH� UHVSHF�

WLYHO\�

6XEVWLWXWLQJ H[SUHVVLRQ ��� LQWR UHODWLRQVKLS ��� w

��� JLYHV XV D V\VWHP RI WKUHH LQWHJUDO HTXDWLRQV

0DHYVN\ %ODGLPLU 5� x JUDGXDWH RI =KGDQRY 0HWDOOXUJLFDO ,Q�

VWLWXWH ������� HQJLQHHU RI 2-6& �$]RYPDVK��

6LGRUHQNR 6HUJHM 0�x JUDGXDWH RI 3678 ������� SRVW�JUDGXDWH

RI WKH &KDLU RI :HOGLQJ (TXLSPHQW DQG 7HFKQRORJ\�

� $�'� 5$=0<6+/<$(9� 9�5� 0$(96.< DQG 6�0� 6,'25(1.2� ����
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7KLV V\VWHP RI LQWHJUDO HTXDWLRQV� DOORZLQJ IRU WKH
FRQGLWLRQV RI WKH PDJQHWLF FKDUJH VXP EHLQJ ]HUR�
ZDV VROYHG E\ EORFN LWHUDWLRQ PHWKRG >�@� 1RQ�OLQHDU
SURSHUWLHV RI WKH VWHHO FRUH ZHUH LQFRUSRUDWHG IURP
µ�

′  µ�
′ �_+_� FXUYH IRU WKH JLYHQ VWHHO JUDGH� 7KH SODWH

EHLQJ ZHOGHG ZDV PRGHOHG DV D QRQIHUURPDJQHWLF PD�
WHULDO� DV ZHOO DV D IHUURPDJQHWLF PDWHULDO ZLWK FRQ�
VWDQW IHUURPDJQHWLF SHUPHDELOLW\� 7KH SODWH IHUURPDJ�
QHWLF SURSHUWLHV ZHUH DOORZHG IRU E\ WKH PLUURU UH�
IOHFWLRQ PHWKRG >�@�

$OO FDOFXODWLRQV DQG H[SHULPHQWV ZHUH FRQGXFWHG
IRU VROHQRLGV ZLWK WKH QXPEHU RI FRLO WXUQV :  ��
RI ��� PP FRSSHU ZLUH� ZKHQ GLUHFW FXUUHQW ,  �� $
LV SDVVHG WKURXJK LW� )HUURPDJQHWLF FRUH KDG D KROH
RI GLDPHWHU GLQ  �� PP� &RLO KHLJKW LQ DOO WKH H[�
SHULPHQWV� H[FHSW IRU WKH VSHFLDOO\ PHQWLRQHG FDVHV�
ZDV +  �� PP� DQG WKH GLVWDQFH IURP WKH VROHQRLG
HQG IDFH WR WKH ZRUNSLHFH K  ��� PP� :HOGLQJ ZLUH
6Y���$ �IHUURPDJQHWLF PDWHULDO� RI ��� PP GLDPHWHU
ZDV XVHG DQG WKH GLVWDQFH IURP WKH ZLUH WLS WR WKH
LWHP ZDV ∆  � PP �)LJXUH ���

6HDUFK IRU WKH RSWLPDO RXWHU GLDPHWHU RI WKH IHU�
URPDJQHWLF FRUH GRZDV RI LQWHUHVW� WKDW ZRXOG SURYLGH
WKH PD[LPDO YDOXH RI WKH ORQJLWXGLQDO FRPSRQHQW RI
LQGXFWLRQ %

]
RI /0) DW WKH VXUIDFH RI WKH IHUURPDJ�

QHWLF SODWH�ZRUNSLHFH �LQ WKH DUF ]RQH�� 'HVLJQ DQG
H[SHULPHQWDO GDWD �LQ DOO WKH IROORZLQJ JUDSKV WKH
OLQHV FRUUHVSRQG WR WKH GHVLJQ GDWD� DQG WKH VLJQV x
WR H[SHULPHQWDO GDWD� GHPRQVWUDWH WKDW IRU D VROHQRLG
ZLWK WKH IHUURPDJQHWLF FRUH� LQGXFWLRQ YDOXH%

]
JURZV

SUDFWLFDOO\ OLQHDUO\� LI GR LV LQFUHDVHG XS WR YDOXHV RI
��PP� DQGZLWK LWV IXUWKHU LQFUHDVH%

]
YDOXHV GHFUHDVH

�FXUYHV � w � LQ )LJXUH ��� )RU D VROHQRLG ZLWKRXW
WKH IHUURPDJQHWLF FRUH� LQGXFWLRQ FRPSRQHQW%

]
JURZV

ZLWK WKH LQFUHDVH RI GR XS WR ��� PP �FXUYHV �� � LQ
)LJXUH ��� +HUH DQG IXUWKHU D JRRG FRUUHODWLRQ EH�
WZHHQ WKH H[SHULPHQWDO DQG GHVLJQ GDWD VKRXOG EH
QRWHG� 7KXV� DSSOLFDWLRQ RI WKH IHUURPDJQHWLF FRUH
DOORZV QRW RQO\ D � w � WLPHV LQFUHDVH RI LQGXFWLRQ %

]

RI WKH ZRUNSLHFH XQGHU WKH HOHFWURGH �DW GR ≤ �� PP��
EXW DOVR DQ DSSUR[LPDWHO\ � WLPHV GHFUHDVH RI WKH
VROHQRLG GLDPHWHU� PDNLQJ ',0) GHVLJQ PRUH FRP�
SDFW�

)LJXUH �� 'HSHQGHQFH RI LQGXFWLRQ %
]
RQ VROHQRLG FRUH GLDPHWHU

G
R
� �� � x FRUH RI D QRQPDJQHWLF PDWHULDO �� x IHUURPDJQHWLF

ZRUNSLHFH�� � w �x IHUURPDJQHWLF FRUH ��x IHUURPDJQHWLF ZRUN�
SLHFH� � x IHUURPDJQHWLF ZHOGLQJ ZLUH�

)LJXUH �� 6FKHPDWLF RI D VROHQRLG JHQHUDWLQJ /0)� � x ZHOGLQJ
ZLUH� � x FRUH� � x FRLO WXUQV �FRSSHU�� � x ZRUNSLHFH
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7KH UDWH RI GHFUHDVLQJ RI LQGXFWLRQ FRPSRQHQW %
]

LQ WKH GLUHFWLRQ IURP WKH VROHQRLG FRUH HQG IDFH WR�
ZDUGV WKH ZRUNSLHFH LV ORZHU LQ WKH SUHVHQFH RI D
IHUURPDJQHWLF FRUH �FXUYHV �� � DQG �� � LQ )LJXUH ���
:LWK WKH LQFUHDVH RI VROHQRLG GLDPHWHU� LQGXFWLRQ
FRPSRQHQW %

]
DORQJ D[LV �] LV GLVWULEXWHG PRUH XQL�

IRUPO\ �FXUYHV � w � LQ )LJXUH �� D� E�� 6LPLODUO\
�GDWD QRW JLYHQ�� WKH UDWH RI GHFUHDVH RI LQGXFWLRQ
YDOXHV %

]
DORQJ WKH UDGLXV LQ WKH GLUHFWLRQ DZD\ IURP

WKH VROHQRLG D[LV� LV ORZHUHG� LI VROHQRLG GLDPHWHU LV
LQFUHDVHG� 7KXV� PDJQHWLF ILHOG EHFRPHV PRUH XQLIRUP
LQ WKLV VSDFH� LI VROHQRLG �FRUH� GLDPHWHU LV LQFUHDVHG�

)RU VROHQRLGV ZLWKRXW IHUURPDJQHWLF SDUWV �FRUH
DQG ZHOGLQJ ZLUH� DQG LQ WKH DEVHQFH RI D IHUURPDJ�
QHWLF ZRUNSLHFH� LWV FULFWLFDO GLDPHWHU GFU FDQ EH GH�
WHUPLQHG� DERYH ZKLFK LQGXFWLRQ%

]
GRHV QRW LQFUHDVH�

EXW GHFUHDVHV LQ D FHUWDLQ SRLQW RQ LWV D[LV� &DOFXOD�
WLRQV VKRZ WKDW ZLWK LQFUHDVH RI WKH GLVWDQFH DORQJ
D[LV ] DW U  � �]  K LQ )LJXUH ��� GFU YDOXHV LQFUHDVH
OLQHDUO\� :LWK WKH LQFUHDVH RI KHLJKW + RI VROHQRLG
FRLO� GFU YDOXHV DOVR LQFUHDVH �)LJXUH ��� 6LPLODU GH�
SHQGHQFLHV DUH IRXQG IRU VROHQRLGV� FRQWDLQLQJ IHUUR�
PDJQHWLF FRPSRQHQWV� WKHVH GHSHQGHQFLHV EHLQJ� KRZ�
HYHU� UDWKHU ZHDNO\ H[SUHVVHG� :KHQ WKH VROHQRLG

)LJXUH �� 'LVWULEXWLRQ RI LQGXFWLRQ %
]
DORQJ D[LV �] �U  �� DW G

R
 �� �D� DQG ��� �E� PP� �� � x FRUH RI QRQPDJQHWLF PDWHULDO� ��

� x FRUH DQG ZHOGLQJ ZLUH ��� � x IHUURPDJQHWLF ZRUNSLHFH�

)LJXUH �� 'HSHQGHQFH RI LQGXFWLRQ %
]
RQ KHLJKW + RI VROHQRLG FRLO

�G
R
 �� PP� ZHOGLQJ ZLUH DQG ZRUNSLHFH DUH IHUURPDJQHWLF�

)LJXUH �� 'HSHQGHQFH RI LQGXFWLRQ %
]
RQ GLDPHWHU RI VROHQRLG

IHUURPDJQHWLF FRUH G
R
�ZRUNSLHFH DQG ZHOGLQJ ZLUH DUH IHUURPDJ�

QHWLF� DW +  �� ���� �� ���� �� ��� PP� UHVSHFWLYHO\

)LJXUH �� 'HSHQGHQFH RI VROHQRLG FULWLFDO GLDPHWHU G
FU
RQ GLVWDQFH

]  K �U  �� DW+  �� ���� �� ���� �� ���� �� ���� DQG ��� ��� PP

20 8/2001



LQFRUSRUDWHV D IHUURPDJQHWLF FRUH DQG � PP ZLUH�
SDVVLQJ WKURXJK D KROH RI GLDPHWHU GK  �� PP LQ WKH
FRUH� DV ZHOO DV D IHUURPDJQHWLF SODWH� VKRUWHQLQJ RI
GLVWDQFH ]  K IURP �� WR �� PP UHVXOWV LQ WKH FULWLFLDO
GLDPHWHU GFU GHFUHDVLQJ IURP �� WR �� PP �)LJXUH ���

$W WKH VDPH PDJQHWL]DWLRQ IRUFH RI WKH FRLO ,:  

 FRQVW� UHGXFWLRQ RI LWV KHLJKW + DOORZV LQFUHDVLQJ

LQGXFWLRQ %
]
RI WKH ZRUNSLHFH XQGHU WKH HOHFWURGH

�)LJXUH ��� ,QGXFWLRQ FRPSRQHQW %
]
LQFUHDVHV ZLWK

WKH LQFUHDVH RI WKH ZHOGLQJ ZLUH GLDPHWHU� 7KXV� LW LV

QHFHVVDU\ WR UHGXFH FRLO KHLJKW + RI WKH VROHQRLG WR

D UHDVRQDEOH H[WHQW� DQG SHUIRUP GHSRVLWLRQ ZLWK WKH

PD[LPDO �DV IDU DV SRVVLEOH� ZHOGLQJ ZLUH GLDPHWHU�

&21&/86,216

�� 7KH SURFHGXUH� EDVHG RQ WKH VHFRQGDU\ VRXUFH
PHWKRG� IRU FDOFXODWLRQ RI WKH PDJQHWLF ILHOGV JHQHU�
DWHG E\ D VROHQRLG ZLWK IHUURPDJQHWLF SDUWV� SURYLGHV
D VDWLVIDFWRU\ DJUHHPHQW RI WKH GHVLJQ DQG H[SHULPHQ�
WDO GDWD�

�� 3HUIRUPHG GHVLJQ�H[SHULPHQWDO ZRUN DOORZHG
UHFRPPHQGLQJ RSWLPDO VROHQRLG GLPHQVLRQV IRU WKH
FDVH RI VXEPHUJHG�DUF VXUIDFLQJ ZLWK ZHOGLQJ ZLUH LQ
/0)�

5()(5(1&(6

�� %ROG\UHY� $�0�� %LU]KHY� 9�$�� &KHUQ\NK� $�9� ������
&RQWURO RI SHQHWUDWLRQ GHSWK LQ DUF ZHOGLQJ DQG VXUIDFLQJ
XVLQJ D ORQJLWXGLQDO YDULDEOH PDJQHWLF ILHOG� 6YDURFKQR\H
3URL]YRGVWYR� �� �� w ���

�� 5D]P\VKO\DHY� $�'� ������ &RQWUROOLQJ WKH JHRPHWULFDO GL�
PHQVLRQV RI WKH ZHOG LQ DUF ZHOGLQJ DQG VXUIDFLQJ XQGHU WKH
LPSDFW RI PDJQHWLF ILHOGV� ,ELG�� �� �� w ���

�� 5D]P\VKO\DHY� $�'�� 0DHYVN\� 9�5� ������ ,QIOXHQFH RI
FRQWUROOLQJ PDJQHWLF ILHOGV RQ JHRPHWULFDO GLPHQVLRQV RI WKH
ZHOG LQ VXEPHUJHG�DUF ZHOGLQJ� ,ELG�� �� �� w ���

�� 5D]P\VKO\DHY� $�'� ������ ,QIOXHQFH RI PDJQHWLF ILHOG RQ
WKH GLPHQVLRQV RI WKH SHQHWUDWLRQ ]RQH LQ VXEPHUJHG�DUF
ZHOGLQJ� $YWRPDWLFKHVND\D 6YDUND� �� �� w ��� ���

�� &KHUQ\VK� 9�3�� .X]QHWVRY� 9�'�� %ULVNPDQ� $�1� HW DO�
������ :HOGLQJ ZLWK HOHFWURPDJQHWLF VWLUULQJ� .\LY�
7HNKQLND�

�� 7R]RQL� 2�9� ������ 0HWKRG RI VHFRQGDU\ VRXUFHV LQ HOHF�
WULFDO HQJLQHHULQJ� 0RVFRZ� (QHUJLD�

�� %HVVRQRY� /�$� ������ 7KHRUHWLFDO SULQFLSOHV RI HOHFWULFDO
HQJLQHHULQJ� (OHFWURPDJQHWLF ILHOG� 0RVFRZ� 9\VVKD\D
6KNROD�

���
���������	�
	��
	����
��

�
	
���	�
�����	��	��
	���

6�9� *8/$.29� %�,� 126296.<� ,�9� 7$5$6(1.2 DQG ,�6� 36$5(9$

3ULD]RYVN\ 6WDWH 7HFKQLFDO 8QLYHUVLW\� 0DULXSRO� 8NUDLQH

$%675$&7

&RQFHSWV RI IOX[ PHOWLQJ E\ WKHUPDO UDGLDWLRQ RI WKH DUF FROXPQ LQ HOHFWULF DUF ZHOGLQJ KDYH EHHQ DQDO\VHG� ,W LV

HVWDEOLVKHG H[SHULPHQWDOO\ WKDW WKH PDLQ WKHUPDO HIIHFW LV SURGXFHG E\ D SOXPH IRUPHG LQ D UXQQLQJ DUF� ,WV SK\VLFDO

LPSDFW LV REVHUYHG VLPXOWDQHRXVO\� EHLQJ PDQLIHVWHG LQ IRUPDWLRQ RI IORZV LQ WKH VODJ WKDW WUDQVIHU WKH KHDW IURP WKH

SOXPH WR SHULSKHUDO ]RQHV�

.H\ ZRU G V � DUF ZHOGLQJ� DUF FROXPQ DQG SOXPH� IOX[
PHOWLQJ� ZHOG SRRO

$W SUHVHQW 6$: LV RQH RI WKH PRVW ZLGHO\ XVHG �LQ
IXOO�VFDOH SURGXFWLRQ DQG UHSDLU� SURFHVVHV IRU VWUXF�
WXUDO HOHPHQW MRLQLQJ DQG FRDWLQJ GHSRVLWLRQ� ,Q WKLV
FDVH� WKH TXDOLW\ RI ZHOGHG MRLQWV LV ODUJHO\ GHWHUPLQHG
E\ WKH FRQGLWLRQV DQG QDWXUH RI WKH IOX[ PHOWLQJ�

7KH IOX[ PHOWLQJ WKHRU\ H[LVWLQJ IRU PRUH WKDQ

ILIW\ \HDUV >�@ LV EDVHG RQ WKH DVVXPSWLRQ RI WKH PDLQ

HQHUJ\ FRQWULEXWLRQ RI DUF FROXPQ UDGLDWLRQ LQWR WKLV

SURFHVV� $ QXPEHU RI GLVFUHSDQFLHV EHWZHHQ WKH WKHR�

UHWLFDO SUHUHTXLVLWHV DQG SUDFWLFH ZHUH QRWHG DW WKH

VDPH WLPH� ,Q SDUWLFXODU� QR FRQQHFWLRQ LV IRXQG EH�

WZHHQ WKH DUF FROXPQ WHPSHUDWXUH DQG UHODWLYHO\ VPDOO

ZHLJKW RI WKH VODJ� ZKLOH LW LV NQRZQ WKDW KHDW UHPRYDO

WKURXJK UDGLDWLRQ LV SURSRUWLRQDO WR WKH IRXUWK SRZHU

RI UDGLDWLRQ WHPSHUDWXUH� 3XEOLVKHG GDWD LQGLFDWHG

WKDW LQFUHDVH RI ZHOGLQJ FXUUHQW IURP ��� XS WR ��� $�

UDLVLQJ WKH DUF FROXPQ WHPSHUDWXUH E\ ��� �&� OHDGV

QRW WR DQ LQFUHDVH� EXW WR D FRQVLGHUDEOH GHFUHDVH RI

WKH UHODWLYH ZHLJKW RI WKH VODJ� $UF YROWDJH ULVH� SUDF�

WLFDOO\ QRW LQIOXHQFLQJ LWV WHPSHUDWXUH� FDXVHV DQ HV�

VHQWLDO LQFUHDVH RI IOX[ PHOWLQJ HIIHFWLYHQHVV� 7KH UROH

RI ZHOG SRRO PHWDO LQ WKLV SURFHVV ZDV GHPRQVWUDWHG

ODWHU >�@� 'LVFXVVLRQ RI WKH QDWXUH DQG SK\VLFV RI IOX[

PHOWLQJ VWLOO JRHV RQ >�� �@� WKLV EHLQJ LQGLFDWLYH RI

WKH XUJHQF\ RI WKLV VXEMHFW DQG LWV LQVXIILFLHQW XQGHU�

VWDQGLQJ VR IDU�
,W VKRXOG EH QRWHG WKDW IOX[ PHOWLQJ LV DIIHFWHG E\

VHYHUDO FRPSRQHQWV� LQKHUHQW WR WKH DUF ZHOGLQJ SURF�
HVV� QDPHO\ WKH DUF� KHDWHG DQG PROWHQ HOHFWURGH DQG
EDVH PHWDOV� VKXQWLQJ FXUUHQW UXQQLQJ WKURXJK WKH
PROWHQ VODJ� 7KH SURSRVHG VWXG\ ZDV DQ DWWHPSW DW
GHWHUPLQDWLRQ RI WKH UROH RI WKH DUF LQ IOX[ PHOWLQJ

1RVRYVN\ %RULV ,�x $VVLVWDQW 3URIHVVRU RI WKH &KDLU RI :HOGLQJ
(TXLSPHQW DQG 7HFKQRORJ\�
7DUDVHQNR ,ULQD 9� x JUDGXDWH RI 3678 ������� SRVW�JUDGXDWH
RI WKH &KDLU RI :HOGLQJ (TXLSPHQW DQG 7HFKQRORJ\�
3VDUHYD ,ULQD 6� x JUDGXDWH RI 3678 ������� SRVW�JUDGXDWH RI
WKH &KDLU RI :HOGLQJ (TXLSPHQW DQG 7HFKQRORJ\�

� 6�9� *8/$.29� %�,� 126296.<� ,�9� 7$5$6(1.2 DQG ,�6� 36$5(9$� ����
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DQG HYDOXDWLRQ RI WKH FRQWULEXWLRQ RI LWV LQGLYLGXDO

FRPSRQHQWV� 7KH ILUVW LV SRVVLEOH� SURYLGHG WKH ZHOG

SRRO LV H[FOXGHG IURP WKLV SURFHVV� ,Q WKLV FRQQHFWLRQ�

H[SHULPHQWV ZHUH FRQGXFWHG RQ PHOWLQJ $1���

�6L2� x ���� w ����� 0Q2 x �� w ��� &D2 x � w

��� 0J2 x ��� w ���� &D)� x � w � ZW��� IOX[ E\

D QRQ�WUDQVIHUHG DUF UXQQLQJ EHWZHHQ QRQFRQVXPDEOH

JUDSKLWH HOHFWURGHV RI � PP GLDPHWHU� 7KH DUF ZDV

SRZHUHG IURP 9'8����� ZHOGLQJ UHFWLILHU LQ WKH

PRGH ZLWK D IODW YROW�DPSHUH FKDUDFWHULVWLF� 7KH H[�

SHULPHQWDO VHW�XS LV VKRZQ LQ )LJXUH �� $W DUF H[FL�

WDWLRQ �8
D
 �� w �� 9� ,

D
 ��� w ��� $�� LQ DGGLWLRQ

WR DUF FROXPQ �FRUH� �� DOVR WKH SUHVHQFH RI SOXPH �

ZDV IRXQG EHWZHHQ HOHFWURGHV � DQG �� WKH SOXPH

OHQJWK EHLQJ �� WR �� PP� ZLWK WKH DUF FROXPQ OHQJWK
VPDOOHU E\ DQ RUGHU RI PDJQLWXGH�

7KH DUF FROXPQ VHSDUDWLRQ LQWR WKH FRUH DQG WKH

SOXPH LV GHVFULEHG LQ GHWDLO LQ >�� �@ ZKHUH LW LV GHP�

RQVWUDWHG WKDW WKH IORZ YHORFLWLHV LQ WKH FRUH DUH E\

DQ RUGHU RI PDJQLWXGH KLJKHU WKDQ LQ WKH SOXPH� ZKLOH

WKH SOXPH LWVHOI LV PRUH PRELOH WKDQ WKH FRUH� %RWK

ZHUH ORFDWHG EHWZHHQ WKH HOHFWURGHV� ,Q WKH H[SHUL�

PHQWV SHUIRUPHG E\ WKH DXWKRUV� ZKHQ WKH DUF UDQ

EHWZHHQ JUDSKLWH HOHFWURGHV� WKH SOXPH GLG QRW FRLQ�

FLGH ZLWK LWV FRUH� EXW SURSDJDWHG IURP WKH FDWKRGH

DUHD LQWR VSDFH �)LJXUH ��� $ SKRWR RI WKH DUF WDNHQ

WKURXJK GDUN JODVV� FRQILUPV WKH SUHVHQFH RI VXFK D

SOXPH �)LJXUH ���

(OHFWULF SURELQJ RI WKH SOXPH ZDV SHUIRUPHG WR

HVWDEOLVK LWV QDWXUH� 8VHG DV SUREHV � �)LJXUH �� ZDV
QLFKURPH ZLUH RI ��� PP GLDPHWHU� 3RWHQWLDO GLVWUL�

EXWLRQ ZDV PHDVXUHG ZLWK YROWPHWHUV 39� w 39�� ,W

ZDV IRXQG WKDW SRWHQWLDO GLIIHUHQFH DORQJ SOXPH

OHQJWK839� �� EHWZHHQ WKH SOXPH DQG DQRGH839�  

 �� w �� 9� DQG WKDW EHWZHHQ WKH SOXPH DQG FDWKRGH

839� ≈ � 9� :KHQ WKH DUF YROWDJH ZDV FKDQJHG IURP

�� WR �� 9 WKH DERYH FDWKRGH YROWDJH YDULHG LQ WKH

UDQJH RI � w � 9� 9ROWDJH 839�� SUREDEO\� FRUUH�

VSRQGV WR FDWKRGH YROWDJH GURS�

,I VXFK D SOXPH H[LVWV LQ 6$: DQG KDV VXIILFLHQW

HQHUJ\ SRWHQWLDO� LW FDQ DOVR FRQWULEXWH WR IOX[ PHOW�

LQJ� 3UHVHQFH RI D SOXPH LQ DUF ZHOGLQJ� EUHDNLQJ

WKURXJK WKH IOX[� LQ WKH ZHOG SRRO WDLO SDUW� LV QRWHG

LQ >�� �@�

7KH IROORZLQJ H[SHULPHQW ZDV FRQGXFWHG WR HYDOX�

DWH WKH HQHUJ\ FKDUDFWHULVWLFV RI WKH DUF SOXPH� &RSSHU

SODWH � �)LJXUH �� RI ����� J ZHLJKW DQG ��� × �� ×
× �� PP VL]H� ORFDWHG LQ PHWDO FDVLQJ � DQG WKHUPDOO\

LQVXODWHG IURP LW DQG WKH HQYLURQPHQW E\ DVEHVWRV

LQVHUW �� ZDV SODFHG IRU D IL[HG WLPH LQWHUYDO �� w � V�

XQGHU DUF SOXPH � DW DSSUR[LPDWHO\ � PP GLVWDQFH

IURP LWV FRUH �� (QHUJ\ SDUDPHWHUV RI WKH DUF ZHUH DV

IROORZV� 8
D
 �� 9� ,

D
 ��� $� 3OXPH � WRXFKHG

SODWH �� $IWHU WKLV WLPH LQWHUYDO ZDV RYHU� WKH SODWH

ZDV TXLFNO\ UHPRYHG IURP XQGHU WKH SOXPH DQG FRY�

HUHG ZLWK D KHDW�LQVXODWLQJ FRYHU� $IWHU WHPSHUDWXUH

HTXDOLVLQJ WKURXJK WKH HQWLUH YROXPH RI WKH SODWH� LW

ZDV UHFRUGHG XVLQJ WKHUPRFRXSOH � DQG LQVWUXPHQW ��

+HDW FDSDFLW\ RI D VXEVWDQFH LV GHVFULEHG E\ H[�

SUHVVLRQ F  4��0�∆7 >�@� ZKHUH 4 LV WKH DPRXQW

RI KHDW� N-�0 LV WKH ZHLJKW RI WKH ERG\ EHLQJ KHDWHG�

NJ� ∆7 LV WKH FKDQJH RI WHPSHUDWXUH RI WKH ERG\ EHLQJ

KHDWHG� .� .QRZLQJ WKDW IRU FRSSHU F  

 ���� -��NJ⋅.�� ZH FDQ FDOFXODWH WKH DPRXQW RI KHDW

FRQVXPHG IRU LQFUHDVH RI WKH FRSSHU SODWH WHPSHUDWXUH�

ZKLFK ZDV ��� w ��� N- LQ WKH SHUIRUPHG H[SHULPHQWV�

:LWK WKH DUF SRZHU HTXDO WR � N:� DQG DUFLQJ WLPH

RI � w � V� WKH DPRXQW RI HQHUJ\ HYROYHG LQ LW ZDV

�� w �� N-� 7KXV� WKH HQHUJ\ FRQFHQWUDWHG LQ WKH
SOXPH� LV HTXDO WR DERXW �� w �� � RI WKH HQHUJ\

FRQVXPHG LQ DUFLQJ� WKLV EHLQJ LQGLFDWLYH RI D VXIIL�

FLHQWO\ KLJK WKHUPDO HIIHFWLYHQHVV RI WKLV FRPSRQHQW

RI WKH DUF ZHOGLQJ SURFHVV�

:KHQ WKH DUF UXQV DERYH WKH IOX[� LWV KHDWLQJ LV

GXH WR UDGLDWLRQ RI WKH DUF DQG LWV SOXPH� 8QGHU D
OD\HU RI IOX[ WKH GLUHFW LPSDFW RI WKH DUF FROXPQ �FRUH�
RQ WKH IOX[ LV DGGHG WR WKHVH IDFWRUV�

)LJXUH �� 6FKHPDWLF RI SURELQJ D '& HOHFWULF DUF UXQQLQJ EHWZHHQ
JUDSKLWH HOHFWURGHV �IRU GHVLJQDWLRQV VHH WKH WH[W�

)LJXUH �� (OHFWULF DUF UXQQLQJ EHWZHHQ JUDSKLWH HOHFWURGHV �VDPH
GHVLJQDWLRQV DV LQ )LJXUH ��

)LJXUH �� 6FKHPDWLF RI PHDVXUHPHQW RI HQHUJ\ FKDUDFWHULVWLFV RI
WKH DUF SOXPH �IRU GHVLJQDWLRQV VHH WKH WH[W�
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([SHULPHQWV� LPSOHPHQWLQJ WKH VFKHPDWLFV JLYHQ

LQ )LJXUH �� ZHUH FRQGXFWHG WR GHWHUPLQH WKH GLUHFW

LPSDFW RI WKH DUF FRUH DQG SOXPH RQ WKH IOX[� $UF �

ZDV LJQLWHG DERYH IOX[ � �)LJXUH �� D� DQG SOXPH �

ZDV EURXJKW LQWR FRQWDFW ZLWK LWV VXUIDFH ZLWK WKH

VWDWLRQDU\ KHDW VRXUFH� +HUH� GLVWDQFH + IURP IOX[

VXUIDFH WR DUF FRUH ZDV � PP� 7KH SOXPH LQWHQVLYHO\

PHOWHG WKH IOX[� DOVR PDNLQJ D SK\VLFDO LPSDFW RQ WKH

OLTXLG VODJ� 8QGHU WKLV LPSDFW WKH VODJ SRRO ZDV RE�

VHUYHG WR IRUP IORZV WKDW� HQWUDLQLQJ QHZ IOX[ SRU�

WLRQV IURP WKH SHULSKHU\� WUDQVSRUWHG WKHP WR WKH

FHQWHU� DV ZHOO DV LQ GHSWK RI WKH PROWHQ VODJ UHJLRQ�

7KHUHIRUH� WKH IORZV IRUPHG LQ ZHOGLQJ GR QRW RQO\

WUDQVIHU WKH KHDW� EXW DOVR WUDQVSRUW WKH IOX[� WKXV

HQWUDLQLQJ QHZ SRUWLRQV RI LW LQWR WKH UHDFWLRQ ]RQH

DQG LQWHQVLI\LQJ LWV PHOWLQJ�

1H[W H[SHULPHQWV RQ IOX[ PHOWLQJ ZHUH SHUIRUPHG

ZLWK D PRYLQJ DUF� 7KH VSHHG RI LWV GLVSODFHPHQW

UHODWLYH WR WKH IOX[ ZDV �� P�K� ZKLOH WKH YHFWRU RI

WKH GLVSODFHPHQW VSHHG �H[FHSW IRU VSHFLDOO\ PHQ�

WLRQHG FDVHV� ZDV GLUHFWHG DORQJ D QRUPDO WR WKH GUDZ�

LQJ SODQH �)LJXUH ��� 'LVWDQFH + IURP IOX[ VXUIDFH

WR WKH DUF ZDV YDULHG GXULQJ WKH H[SHULPHQWV� ZLWK

WKH DUF ORFDWHG DERYH LWV VXUIDFH DQG XQGHU WKH IOX[�

'XUDWLRQ RI DUF GLVSODFHPHQW �DUFLQJ� ZDV �� V LQ DOO

WKH H[SHULPHQWV� $IWHU FRPSOHWLRQ RI WKH H[SHULPHQW�

WKH IOX[ VROLGLILHG DIWHU PHOWLQJ� ZDV ZHLJKHG� ([�

SHULPHQWDO UHVXOWV DUH JLYHQ LQ )LJXUH �� IURP ZKLFK

LW IROORZV WKDW ZLWK WKH DUF ORFDWHG DERYH WKH IOX[�

L�H� DW SRVLWLYH YDOXHV + WKH QDWXUH RI IOX[ PHOWLQJ

E\ SOXPH � �VHH )LJXUH �� D� LV QRQ�OLQHDU ZLWK WKH

FKDQJH RI WKLV YDOXH� :KHQ WKH DUF LV ORFDWHG GLUHFWO\

QHDU WKH IOX[� LWV PHOWLQJ LQWHQVLW\ T LV PD[LPXP EXW

LW TXLFNO\ GURSV ZLWK WKH LQFUHDVH RI GLVWDQFH +� 6R�
OLGLI\LQJ IOX[ IRUPV D FRQWLQXRXV EHDG� :KHQ + LV

FKDQJHG IURP ��� WR ���� PP� WKH LQWHQVLW\ RI WKH

IOX[ PHOWLQJ� GURSSLQJ SUDFWLFDOO\ WZR WLPHV� FRP�

SDUHG WR WKH SUHYLRXV VHFWLRQ� LV VWDELOLVHG DW WKH OHYHO

RI ��� J�V� 6ROLGLI\LQJ VODJ IRUPV D GLVFRQWLQXRXV

EHDG� FRQVLVWLQJ RI ORQJ IUDJPHQWV� :LWK IXUWKHU LQ�

FUHDVH RI GLVWDQFH + WKH LQWHQVLW\ RI IOX[ PHOWLQJ

DEUXSWO\ GURSV DJDLQ� DQG WKHQ LW UHPDLQV FRQVWDQW LQ

WKH UDQJH RI �� WR �� PP� 6ODJ LV IRUPHG RI LQGLYLGXDO

VROLGLILHG IUDJPHQWV�

:KHQ WKH DUF LV ORZHUHG XQGHU D OD\HU RI IOX[ �QHJD�

WLYH YDOXHV RI + LQ )LJXUH ��� DOO WKH HQHUJ\ IDFWRUV RI

WKH DUF FRQWULEXWH WR LWV PHOWLQJ WR WKH XWPRVW� 0HOW�

LQJ LQWHQVLW\ T DOVR ULVHV� DFFRUGLQJO\� LQFUHDVLQJ SUDF�
WLFDOO\ WZR WLPHV� FRPSDUHG WR WKH FDVH RI WKH DUF GLV�

SODFHPHQW DERYH WKH IOX[ LQ WKH LPPHGLDWH YLFLQLW\ RI

LWV VXUIDFH� 6ODJ IRUPV D FRQWLQXRXV EHDG�

(QHUJ\ FRPSRQHQW RI IOX[ KHDWLQJ� UHODWHG WR DUF

UDGLDWLRQ� FDQ EH VHSDUDWHG DW GLVSODFHPHQW RI WKH

ODWWHU DERYH WKH IOX[� DFFRUGLQJ WR )LJXUH �� E� $UF
SOXPH LV GLUHFWHG XSZDUGV DQG PDNHV SUDFWLFDOO\ QR

FRQWULEXWLRQ WR IOX[ KHDWLQJ� ,PSOHPHQWDWLRQ RI VXFK

DQ H[SHULPHQW GHPRQVWUDWHG WKDW WKH IOX[ LV SUDFWL�

FDOO\ QRW PHOWHG E\ WKH DUF UDGLDWLRQ �LQ )LJXUH � WKLV

T YDOXH LV GHQRWHG E\ D OLJKW VTXDUH�� -XVW LQGLYLGXDO
JUDLQV DUH PHOWHG� WKDW SUREDEO\ ZHUH GLUHFWO\ LQ WKH

]RQH RI WKH DUF FROXPQ�

6WXG\ >��@ SUHVHQWV D PRGHO RI IOX[ PHOWLQJ WKDW

FRQVLVWV LQ DUF FROXPQ LQWURGXFWLRQ LQWR LW ZLWK WKH

ZHOGLQJ PDFKLQH GLVSODFHPHQW ZLWK WKH ZHOGLQJ

VSHHG� )OX[ LV �SXPSHG� WKURXJK WKH DUF DQG PHOWHG�

7KH UROH RI WKLV IDFWRU LQ IOX[ PHOWLQJ FDQ EH UHYHDOHG

E\ GHFUHDVLQJ WKH LQWHQVLW\ RI �SXPSLQJ� WKURXJK WKH

DUF FRUH� )RU WKLV SXUSRVH� DUF GLVSODFHPHQW LQ WKH

GLUHFWLRQ RI YHFWRUV YZ� DQG YZ� ZDV SURYLGHG ZKHQ

WKH DUF UDQ XQGHU D OD\HU RI IOX[ �VHH )LJXUH ��� *UDSK�

LWH HOHFWURGH PRYLQJ DKHDG RI WKH DUF �DQRGH LQ WKH

ILUVW FDVH DQG FDWKRGH LQ WKH VHFRQG FDVH� GULYHV WKH

IOX[ WR WKH VLGHV� WKXV VKLHOGLQJ WKH DUF FRUH IURP WKH

LPPHGLDWH SHQHWUDWLRQ RI QHZ IOX[ SRUWLRQV LQWR WKLV

]RQH� ([SHULPHQWDO UHVXOWV DUH JLYHQ LQ )LJXUH �� GHV�

LJQDWHG E\ FLUFOHV �OLJKW IRU WKH ILUVW FDVH� DQG GDUN

IRU WKH VHFRQG�� 7KH )LJXUH VKRZV WKDW WKH LQWHQVLW\

)LJXUH �� 6FKHPDWLFV RI IOX[ PHOWLQJ E\ WKH DUF �IRU GHVLJQDWLRQV VHH WKH WH[W�

)LJXUH �� &KDQJH RI WKH LQWHQVLW\ RI IOX[ PHOWLQJ E\ WKH DUF
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RI IOX[ PHOWLQJ UHPDLQHG SUDFWLFDOO\ XQFKDQJHG� 7KH

UHDVRQ IRU WKDW FDQ EH WKH DUF FRUH VXUIDFH VPDOOHU

WKDQ WKDW RI WKH SOXPH� WKDW FDQ LQWHUDFW ZLWK WKH

IOX[� ZKHQ WKH DUF PRYHV LQ LW� 7KHUHIRUH� WKH FRQWUL�

EXWLRQ RI WKH DUF FRUH WR IOX[ PHOWLQJ LV DOVR VPDOO�

8QGHU WKH DFWXDO FRQGLWLRQV RI 6$:� WKH OHQJWK

RI WKH DUF FROXPQ� FDOFXODWHG XVLQJ WKH GDWD RQ YROWDJH

GURS LQ WKH QHDU�HOHFWURGH UHJLRQV DQG LWV GLVWULEXWLRQ

LQ WKH DUF FROXPQ >��@ LV HTXDO WR MXVW ��� w ��� PP

IRU8
D
 �� w �� 9 DQG DJJORPHUDWHG IOX[HV $1����$

�6L2
�
x �� w ��� 0Q2 x �� w ��� 0J2 x ��� w

���� &D)
�
x ��� w ��� ZW���� 267V��� �6L2

�
x �� w

��� 0Q2 x �� w ��� &D)
�
x � w � ZW���� :LWK

VXFK D OHQJWK RI WKH DUF DQG ZLUH HOHFWURGH GLDPHWHU

RI � w � PP� WKH FRQWULEXWLRQ RI WKH DUF FROXPQ UD�

GLDWLRQ WR WKH IOX[ PHOWLQJ DQG IOX[ �SXPSLQJ�

WKURXJK LW FDQQRW EH VLJQLILFDQW�

&21&/86,216

�� &RQWULEXWLRQ RI DUF FROXPQ UDGLDWLRQ WR IOX[ PHOW�

LQJ LV LQVLJQLILFDQW�

�� ,Q DQ DUF UXQQLQJ EHWZHHQ JUDSKLWH HOHFWURGHV

D SOXPH LV IRUPHG� LWV HQHUJ\ SRWHQWLDO EHLQJ VXIILFLHQW

IRU LQWHQVLYH PHOWLQJ RI WKH IOX[�

�� ,QWHQVLW\ RI IOX[ PHOWLQJ LV GHWHUPLQHG QRW RQO\

E\ WKH WKHUPDO HIIHFW RI WKH SOXPH� EXW DOVR E\ LWV

SK\VLFDO LPSDFW WKDW UHVXOWV LQ IRUPDWLRQ RI IORZV LQ

WKH VODJ� WUDQVIHUULQJ WKH KHDW IURP WKH HQHUJ\ VRXUFH

WR SHULSKHUDO ]RQHV�

5()(5(1&(6

�� .LUGR� ,�9� ������ 7KHUPDO EDODQFH RI VXEPHUJHG�DUF ZHOG�
LQJ� ,Q� &ROO� RI WUDQVDFW� RQ $XWRPDWLF 6XEPHUJHG�DUF
:HOGLQJ� .\LY� $1 8NU�665�

�� *XODNRY� 6�9�� 1RVRYVN\� %�,�� 7HPLUEHN� 2�'� ������
5ROH RI ZHOG SRRO PHWDO KHDW LQ IOX[ PHOWLQJ� $YWR�
PDWLFKHVND\D 6YDUND� ��� � w ��

�� .X]PHQNR� 9�*� ������ )HDWXUHV RI IOX[ PHOWLQJ DQG VROLGLI\�
LQJ LQ DUF ZHOGLQJ� 6YDURFKQR\H 3URL]YRGVWYR� ��� �� w ���

�� %DGLDQRY� %�1� ������ 2Q D QHZ SURFHGXUH RI VXEPHUJHG�
DUF ZHOGLQJ� ,ELG�� ��� � w ���

�� )LQNHOEXUJ� 9�� 0HNNHU� *� ������ (OHFWULF DUFV DQG WKHU�
PDO SODVPD� 0RVFRZ� ,QRVWU� /LWHUDWXUD�

�� *DJHQ� <X�*�� 7DUDQ� 9�'� ������ 0DJQHWLFDOO\�LPSHOOHG
DUF ZHOGLQJ� 0RVFRZ� 0DVKLQRVWUR\HQL\H�

�� 6KFKHWLQLQD� 9�,�� /HVKFKLQVN\� /�.�� 6HUHQNR� $�1� ������
0RYHPHQW RI OLTXLG PHWDO LQ WKH ZHOG SRRO� 6YDURFKQR\H
3URL]YRGVWYR� �� �� w ���

�� 6KFKHWLQLQD� 9�,�� /HVKFKLQVN\� /�.�� (UPRORY� 9�3� ������
,QIOXHQFH RI WKH VSHHG RI ZHOGLQJ E\ D FRPELQHG HOHFWURGH
RQ DUF GLVSODFHPHQW� ,ELG�� �� �� w ���

�� 5\NDOLQ� 1�1� ������ &DOFXODWLRQ RI WKHUPDO SURFHVVHV LQ
ZHOGLQJ� 0RVFRZ� 0DVKLQRVWUR\HQL\H�

��� .X]PHQNR� 9�*� ������ 2Q FRQWLQXLW\ RI VODJ FUXVW LQ VXE�
PHUJHG�DUF ZHOGLQJ� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

��� /HVNRY� *�,� ������ (OHFWULF ZHOGLQJ DUF� 0RVFRZ� 0DVKL�
QRVWUR\HQL\H�
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(�9� 92-76(.+296.<

3ULD]RYVN\ 6WDWH 7HFKQLFDO 8QLYHUVLW\� 0DULXSRO� 8NUDLQH

$%675$&7

7KH SDSHU GHVFULEHV DQ DXWRPDWHG WKHUPDO VSUD\LQJ OLQH WKDW KDV EHHQ GHYHORSHG IRU DSSOLFDWLRQ RI DQWLFRUURVLRQ FRDWLQJV

RQ WXEXODU PHWDO VWUXFWXUHV DQG SLSHV� ,QJHQXRXV WHFKQLFDO VROXWLRQV LQFRUSRUDWHG LQWR WKH OLQH GHVLJQ� DOORZ VROYLQJ LQ

SUDFWLFH WKH LVVXHV RI DXWRPDWHG DSSOLFDWLRQ RI FRDWLQJV E\ HOHFWULF DUF PHWDOOLVLQJ� HQVXULQJ KLJK TXDOLW\ RI WKH SURGXFWV�

.H\ ZRU G V � DXWRPDWHG OLQH� HOHFWULF DUF PHWDOOLVLQJ� DQWL�
FRUURVLRQ FRDWLQJV

3UHYHQWLRQ RI PHWDO FRUURVLRQ LV RQH RI XUJHQW SUREOHPV

LQ PRGHUQ IDEULFDWLRQ� $EVHQFH RI VXIILFLHQWO\ UHVLVWDQW

PDWHULDOV RU HIIHFWLYH DQWLFRUURVLRQ PHDQV RIWHQ WXUQV

RXW WR EH D VHULRXV REVWDFOH IRU IXUWKHU SURJUHVV RI VFLHQFH

DQG WHFKQRORJ\� EHLQJ KLJKO\ GHWULPHQWDO WR WKH HFRQ�

RP\ DQG WKH WHPSR RI LWV GHYHORSPHQW�

$ WHQGHQF\ RI H[WHQVLYH XVH RI WKHUPDO FRDWLQJV

DV DQ HIIHFWLYH PHDQV RI PHWDO SURWHFWLRQ IURP FRUUR�

VLRQ GDPDJH ZDV REVHUYHG RYHU WKH ODVW \HDUV� $SSO\�

LQJ WKHUPDO FRDWLQJV RQ WKH VXUIDFH RI PHWDO VWUXF�

WXUHV� SLSHOLQHV� HQJLQHHULQJ IDFLOLWLHV� SDUWV RI PD�

FKLQHU\ DQGPHFKDQLVPV SURYLGHV FRUURVLRQ SURWHFWLRQ

IRU WKH WHUP RI XS WR �� w �� \HDUV�

,Q 8NUDLQH� DQ HOHFWULF DUF FRDWLQJ SURFHVV LV EH�

FRPLQJ ZLGHO\ DFFHSWHG� 7KH SURFHVV FRQVLVWV LQ HOHF�

WURGH PHWDO PHOWLQJ E\ WKH KHDW RI WKH HOHFWULF DUF�

LWV GLVSHUVLRQ E\ D KLJK�VSHHG JDV IORZ DQG GHSRVLWLRQ

RI WKH VSUD\HG SDUWLFOHV RQ D SUHSDUHG VXUIDFH�

7KH PDLQ DGYDQWDJHV RI WKLV SURFHVV FRQVLVW LQ D

KLJK HIILFLHQF\ DQG FRVW�HIIHFWLYHQHVV� LQ DGGLWLRQ WR

D KLJKHU TXDOLW\ RI WKH VSUD\HG FRDWLQJ VWUXFWXUH �LQ

WHUPV RI FRUURVLRQ DWWDFN UHVLVWDQFH�� VLPSOLFLW\ DQG

DGDSWDELOLW\ RI WKH XVHG HTXLSPHQW WR IDEULFDWLRQ�

$ IDFWRU UHVWUDLQLQJ DZLGHU LQWURGXFWLRQ RI HOHFWULF

DUF PHWDOOLVLQJ SURFHVV� KRZHYHU� LV WKH DEVHQFH RI

WKH PHDQV RI LQWHJUDWHG PHFKDQLVDWLRQ DQG DXWRPDW�

LRQ� DOORZLQJ D FRQVLGHUDEOH LQFUHDVH RI WKH FRDWLQJ

9RMWVHNKRYVN\ (YJHQ\ 9� x JUDGXDWH RI =KGDQRY 0HWDOOXUJLFDO
,QVWLWXWH ������� $VVLVWDQW 3URIHVVRU RI WKH &KDLU RI :HOGLQJ (TX�
LSPHQW DQG 7HFKQRORJ\�

� (�9� 92-76(.+296.<� ����
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DSSOLFDWLRQ HIILFLHQF\� UHGXFLQJ WKH ODERXU FRQVXPS�

WLRQ DQG FRDWLQJ FRVW� ,W LV REYLRXV WKDW GHYHORSPHQW

DQG LQWURGXFWLRQ RI VXFK SURGXFWLRQ IDFLOLWLHV LV RI D

FHUWDLQ SUDFWLFDO LQWHUHVW DQG RI JUHDW LPSRUWDQFH IRU

WKH QDWLRQDO HFRQRP\�

3678 GHYHORSHG DQ DXWRPDWHG OLQH >�@� GHVLJQHG

IRU DSSOLFDWLRQ RI DQWLFRUURVLRQ DOXPLQLXPDQG ]LQF FRDW�
LQJV RQ WXEXODU PHWDO VWUXFWXUHV DQG SLSHV RI �� WR

�� PP GLDPHWHU� WKH FDSDFLW\ RI ZKLFK LV ���� P SHU
GD\ZLWK WKUHH�VKLIW RSHUDWLRQ� 7KH OLQH �VHH WKH )LJXUH�
DOORZV DSSO\LQJ ��� w ��� PP WKLFN FRDWLQJ LQ WKH DXWR�

PDWLF PRGH� ,W FRQVLVWV RI ORDGLQJ UDFN � ZLWK PDJD�

]LQH�DFFXPXODWRU IRU SLHFH�E\�SLHFH IHHGLQJ � RI WXEXODU

ELOOHWV� EORFN RI UROOHU�W\SH FRQYH\RUV �� JULW�EODVWLQJ �

DQG HOHFWULF DUF PHWDOOLVLQJ � FKDPEHUV RI FRQWLQXRXV�

RSHUDWLRQ W\SH� VSUD\HG SLSH GLVFKDUJH PHFKDQLVP ��

DQG WDNH XS PDJD]LQH IRU ILQLVKHG SURGXFWV ���

7KH OLQH RSHUDWHV DV IROORZV� $ SDFN RI SLSHV LV

SODFHG LQWR WKH ORDGLQJ UDFN� IURP ZKHUH WKH SLSHV

DUH IHG SLHFH�E\�SLHFH DORQJ DQ LQFOLQHG VOLGH E\ D

SQHXPDWLFDOO\�GULYHQ OHYHU PHFKDQLVP WR WKH WUDQV�

SRUWLQJ UROOHU�W\SH FRQYH\RU WKDW LV D VSHFLDO IHDWXUH

RI WKLV OLQH�

7KH H[LVWLQJ XQLWV LQFRUSRUDWH GLIIHUHQW SULQFLSOHV

RI WKH VSUD\HG SDUW GLVSODFHPHQW� WKDW FDQ EH GLYLGHG

LQWR WKUHH YDULDQWV� 7KH ILUVW XVHV WKH ODWKH SULQFL�

SOH x RQH WXEXODU ELOOHW LV SODFHG LQWR WKH URWDWRU�

DQG WKHPHWDOOLVLQJ XQLW� PRXQWHG RQ D FDUULDJH�PRYHV

DORQJ WKH SDUW EHLQJ VSUD\HG� 7KH GLVDGYDQWDJHV RI

VXFK D VFKHPDWLF DUH REYLRXV� FRQVLVWLQJ LQ WKH DEVHQFH

RI WKH PHDQV RI LQWHJUDWHG DXWRPDWLRQ� DQG� FRQVH�

TXHQWO\� LQ D FRQVLGHUDEOH ODERXU FRQVXPSWLRQ DQG

ORZ HIILFLHQF\ RI WKH SURFHVV� ,Q WKH VHFRQG YDULDQW�
WKH GHYLFH� SURYLGLQJ GLVSODFHPHQW RI WKH VSUD\HG

SDUW� LV D SXVKLQJ FDUULDJH�URWDWRU� %RWK LWV GHVLJQ

DQG IHHG GULYH� DUH UDWKHU FRPSOLFDWHG DQG SRRUO\

DGDSWHG WR IDEULFDWLRQ� ZKHUHDV WKH SURFHVV RI ORDGLQJ

LQ WKH WXEXODU ELOOHW SURSHU� LV ODERXU�FRQVXPLQJ� $QG�

ILQDOO\� WKH WKLUG YDULDQW� DUUDQJHG DV D SURGXFWLRQ
OLQH� HYHQ WKRXJK LW LV ILWWHG ZLWK GULYHQ LGOHUV� VWLOO
SURYLGHV D VLQJOH�OLQH IORZ RI WKH SLSHV EHLQJ VSUD\HG�

WKXV UHVWUDLQLQJ WKH LQFUHDVH RI SURGXFW RXWSXW�

7KH GHVLJQ RI WKH GHYHORSHG DXWRPDWHG OLQH WDNHV

LQWR DFFRXQW DOO WKH DERYH GLVDGYDQWDJHV DQG LPSOH�

PHQWV LQJHQXRXV DSSURDFKHV WR WKHLU HOLPLQDWLRQ�

7KH PDLQ ZRUNLQJ HOHPHQW RI WKH OLQH WUDQVSRUWLQJ

V\VWHP LV D EORFN RI UROOHU�W\SH FRQYH\RUV� DOORZLQJ

WZR SLSHV WR EH SURFHVVHG VLPXOWDQHRXVO\� L�H� D WZR�

OLQH IHHG V\VWHP ZDV DSSOLHG� WKDW GUDVWLFDOO\ LQ�

FUHDVHG WKH OLQH HIILFLHQF\�

/LQH VSHFLILFDWLRQ
&DSDFLW\ SHU VKLIW� P ���������������������������� ����
&RDWLQJ WKLFNQHVV� PP �������������������������� ��� w ���
2SHUDWLRQDO PRGH ��������������������������������� WKUHH�VKLIW

6HUYLFLQJ SHUVRQQHO� SHUV� ���������������������� �
3LSH OHQJWK� P ������������������������������������� � w ��
3LSH IHHG UDWH� P�PLQ �������������������������� ���� w ����

2YHUDOO GLPHQVLRQV� P �������������������������� �� × �� × ��

7KH EORFN RI UROOHU�W\SH FRQYH\RUV FRQVLVWV RI D
V\VWHP RI LGOHUV �GULYLQJ DQG GULYHQ� LPSDUWLQJ WUDQV�

ODWLRQDO�URWDU\ PRWLRQ WR WKH ZRUNSLHFHV EHLQJ

VSUD\HG� DQG WKH GULYLQJ PHFKDQLVP DOORZV FRQWURO�

OLQJ WKH SLSH PRYHPHQW VSHHG LQ D EURDG UDQJH�
7KH EORFN RI V\QFKURQLVLQJ WKH SLSH PRWLRQ� SUDF�

WLFDOO\ HOLPLQDWLQJ GLVEDODQFHG IHHG RI ERWK ZRUN�

SLHFHV WKDW KDV EHHQ XVHG IRU WKH ILUVW WLPH LQ OLQHV

IRU VXFK DQ DSSOLFDWLRQ� LV RI FHUWDLQ LQWHUHVW� 0RYLQJ
DORQJ WKH OLQH� WKH SLSHV FRPH WR WKH JULW�EODVWLQJ

FKDPEHU� ZKHUH WKHLU RXWHU VXUIDFH LV FOHDQHG WR UH�

PRYH FRQWDPLQDWLRQ� OD\HUV RI VFDOH DQG UXVW� R[LGH

ILOPV� DV ZHOO DV SURYLGH WKH UHTXLUHG URXJKQHVV RI
WKH VXUIDFH EHLQJ VSUD\HG� &DVW LURQ VSKHUHV RI ��� WR

��� PP GLDPHWHU DUH XVHG DV WKH DEUDVLYH PDWHULDO�

$IWHU FOHDQLQJ� WKH SLSHV DUH IHG LQWR WKH DUF PHW�

DOOLVLQJ FKDPEHU� ZKHUH DQ DQWLFRUURVLRQ FRDWLQJ �]LQF

RU DOXPLQLXP� ��� w ��� PP WKLFN LV VSUD\HG RQWR

WKHLU VXUIDFH� 7KH FKDPEHU LV ILWWHG ZLWK WZR XSJUDGHG

KLJKO\ HIILFLHQW DUF PHWDOOLVLQJ XQLWV� 7KH HVVHQFH RI
WKH XSJUDGH FRQVLVWV LQ WKH XVH RI D QHZ VSUD\LQJ KHDG

>�@� ILWWHG ZLWK WZR DGGLWLRQDO QR]]OHV� LQ DGGLWLRQ WR

WKH FHQWUDO RQH� 7KH VXSHUHVRQLF MHWV� JHQHUDWHG E\

WKHP� IRUP D JDV IORZ� *DV�G\QDPLF FKDUDFWHULVWLFV

RI WKLV IORZ FUHDWH D ORZHU SUHVVXUH ]RQH LQ WKH HOHF�

WURGH FRQWDFW SRLQW� 0D[LPDO XVH RI WKH LQFLGHQW IORZ

HQHUJ\ DQG ORZHULQJ RI LWV WXUEXOHQFH UHVXOW LQ D KLJKHU

HIIHFWLYHQHVV RI PROWHQ HOHFWURGH PHWDO UHPRYDO� 8Q�

GHU WKH LPSDFW RI WKH JURZLQJ DHURG\QDPLF IRUFH� WKH
PROWHQ PHWDO LV LQWHQVLYHO\ UHPRYHG� LPSURYLQJ KHDW

WUDQVIHU IURP WKH DUF DFWLYH VSRWV WR WKH HOHFWURGHV�

WKXV SURPRWLQJ D KLJKHU HIILFLHQF\ RI WKH PHWDOOLVLQJ

SURFHVV� 7KHUHIRUH� WKH SDUWLFOH VL]H GLVWULEXWLRQ LQ DQ

DLU�PHWDO MHW EHFRPHV PRUH XQLIRUP DQG ILQHO\�GLV�

SHUVHG �a�� w �� µP�� WKXV LPSURYLQJ WKH DGKHVLRQ

VWUHQJWK DQG ORZHULQJ WKH SRURVLW\ LQ WKH GHSRVLWHG

FRDWLQJ� 7KH FRHIILFLHQW RI HOHFWURGH PHWDO XWLOLVDWLRQ

DOVR PDUNHGO\ LQFUHDVHV�

&RDWHG SLSHV DUH XQORDGHG IURP WKH WUDQVSRUWLQJ
UROOHU�W\SH FRQYH\RU E\ WKH SQHXPDWLFDOO\�GULYHQ GLV�

FKDUJH PHFKDQLVP DQG DUH WUDQVIHUUHG WR WKH WDNH�XS

PDJD]LQH�

'XULQJ FOHDQLQJ DQG PHWDOOLVLQJ WKH PHWDO GXVW LV

FROOHFWHG E\ ZHW FOHDQLQJ ILOWHUV� 7KH HTXLSPHQW RS�

HUDWLRQ LV FRQWUROOHG DQG PRQLWRUHG DXWRPDWLFDOO\

IURP WKH FRQWURO SDQHO�
:KHQ WKH OLQH ZDV GHYHORSHG� WKH LVVXHV RI DXWR�

PDWHG GHSRVLWLRQ RI PHWDOOLVLQJ FRDWLQJV RQ WXEXODU

6FKHPDWLF RI DQ DXWRPDWHG WKHUPDO VWUD\LQJ OLQH IRU DSSO\LQJ DQ�
WLFRUURVLRQ FRDWLQJV RQ WXEXODU PHWDO VWUXFWXUHV DQG SLSHV� � x
WUDQVSRUWLQJ UROOHU�W\SH FRQYH\RU GULYH� �x VLGH IORDWLQJ VXSSRUW�
� x ORDGLQJ UDFN� � x LWHP EHLQJ VSUD\HG� � x PDJD]LQH�DFFX�
PXODWRU IRU SLHFH�E\�SLHFH IHHGLQJ RI LWHPV� � x WZR�OLQH EORFN RI
UROOHU�W\SH FRQYH\RUV� �x JULW�EODVWLQJ FKDPEHU� �x DLU�FOHDQLQJ
HTXLSPHQW� � x HOHFWULF PHWDOOLVLQJ FKDPEHU� �� x HOHFWULF PHW�
DOOLVLQJ XQLWV� �� x FRQWURO SDQHO� �� x RSHUDWRUsV ZRUNSODFH�
�� x WDNH�XS PDJD]LQH IRU ILQLVKHG SURGXFWV� �� x VSUD\HG LWHP
GLVFKDUJH PHFKDQLVP� �� x OLPLW VZLWFK RI UROOHU FRQYH\RU GULYH
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PHWDO VWUXFWXUHV DQG SLSHV KDYH EHHQ VROYHG IRU WKH

ILUVW WLPH LQ ORFDO SUDFWLFH� $ VLJQLILFDQW VDYLQJ RI

SURGXFWLRQ DUHDV KDV EHHQ DFKLHYHG� FRPSDUHG WR ODF�

TXHU�SDLQW DSSOLFDWLRQ DQG HOHFWURSODWLQJ SURFHVVHV

IRU FRUURVLRQ SURWHFWLRQ� 7KH SURGXFWVPDGH IXOO\PHHW

WKH VWDQGDUG UHTXLUHPHQWV WR WKH DSSURSULDWH LWHPV�

5()(5(1&(6

�� 9RMWVHNKRYVN\� (�9� $XWRPDWLF OLQH IRU VSUD\LQJ FRDWLQJV
RQ WXEXODU LWHPV� 3DW� �����$ 8NUDLQH� ,QW� &O� % �� %
������ 3XEO� �����������

�� 9RMWVHNKRYVN\� (�9� 6SUD\LQJ KHDG RI DQ HOHFWULF DUF PHW�
DOOLVLQJ XQLW� 3DW� ��� 8NUDLQH� ,QW� &O� % �� % �����
3XEO� �����������
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3ULD]RYVN\ 6WDWH 7HFKQLFDO 8QLYHUVLW\� 0DULXSRO� 8NUDLQH

$%675$&7

$ PHFKDQLVP SURYLGLQJ SXOVHG ZLUH IHHG LQ PHFKDQLVHG ZHOGLQJ LV SURSRVHG� $QDO\VLV RI WKH SXOVHG IHHG PHFKDQLVP

WUDQVPLVVLRQ UDWLR KDV EHHQ SHUIRUPHG� DOORZLQJ LWV RSWLPDO GHVLJQ SDUDPHWHUV WR EH GHWHUPLQHG�

.H\ ZRU G V � SXOVHG IHHG PHFKDQLVP� DQDO\VLV� DPSOLWXGH�
ORQJLWXGLQDO GLVSODFHPHQWV� WUDQVYHUVH GLVSODFHPHQWV

7KH PDLQ GLVDGYDQWDJH RI FRQVXPDEOH HOHFWURGH &2�

DUF ZHOGLQJ LV KLJKHU VSDWWHU RI HOHFWURGH PHWDO DQG

XQVDWLVIDFWRU\ IRUPDWLRQ RI ZHOGV� 6WXGLHV >� w �@ HV�

WDEOLVKHG WKH SRVVLELOLW\ RI D FRQVLGHUDEOH HQKDQFH�

PHQW RI WKH SURFHVV SURSHUWLHV RI DUF ZHOGLQJ DQG

VXUIDFLQJ� XVLQJ WKH PHFKDQLVPV RI SXOVHG IHHG RI

HOHFWURGH ZLUH� +RZHYHU� DORQJVLGH WKH KLJK SRWHQWLDO

RI WKH DERYH SURFHVV� D ORZ UHOLDELOLW\ RI WKH SXOVHG

HOHFWURGH IHHG PHFKDQLVPV LV QRWHG� WKDW LV DWWULEXW�

DEOH WR WKH SUHVHQFH RI RQH�VLGHG JULSV LQ WKHLU GHVLJQ

>�@� 7KLV GLVDGYDQWDJH LV QRW SUHVHQW LQ WKH IHHG

PHFKDQLVP� EDVHG RQ D TXDVLZDYH WUDQVGXFHU >�@�

,Q PHFKDQLVHG ZHOGLQJ� D FRQVLGHUDEOH GLVWRUWLRQ

RI WKH JHQHUDWHG SXOVH SDUDPHWHUV LQ WKH IOH[LEOH JXLGH

LV IRXQG� 5HGXFWLRQ RI WKH IHHG SXOVH DPSOLWXGH LV

HTXDO WR �� w �� � RI LWV YDOXH DW WKH JXLGH LQOHW >�@�

,Q YLHZ RI WKH DERYH� REYLRXV LV WKH QHHG WR SODFH WKH

PHFKDQLVP RI ORQJLWXGLQDO RVFLOODWLRQ WUDQVIRUPDWLRQ

DV FORVH DV SRVVLEOH WR WKH HOHFWURGH WLS� LQ RUGHU WR

VKRUWHQ WKH ZHOGLQJ WRUFK JXLGH OHQJWK� ,W LV UHDGLO\

LPSOHPHQWHG LQ DXWRPDWHG ZHOGLQJ� ZKHUH WKH IHHG

PHFKDQLVP LV ORFDWHG GLUHFWO\ LQ IURQW RI WKH ZHOGLQJ

WRUFK� ,Q PHFKDQLVHG ZHOGLQJ WKH PHFKDQLVP RI ORQ�

JLWXGLQDO RVFLOODWLRQV LV PRXQWHG LQ WKH WRUFK KROGHU

RI WKH VHPL�DXWRPDWLF PDFKLQH� WKXV JUHDWO\ LQFUHDV�

)LJXUH �� 6FKHPDWLF RI WKH PHFKDQLVP WUDQVIRUPLQJ WUDQVYHUVH
RVFLOODWLRQV RI WKH HOHFWURGH LQWR ORQJLWXGLQDO RVFLOODWLRQV� 36 x
SRZHU VRXUFH

)LJXUH �� &XUYH RI WUDQVYHUVH RVFLOODWLRQV RI WKH FHQWUDO SDUW RI
HOHFWURGH VHFWLRQ� ϕx WKH DQJOH RI FDPURWDWLRQ�∆O

WUDQV
x DPSOLWXGH

RI WUDQVYHUVH RVFLOODWLRQV RI WKH HOHFWURGH

1RVRYVN\ 0LNKDLO %�x JUDGXDWH RI =KGDQRY 0HWDOOXUJLFDO ,QVWLWXWH ������� MXQLRU VWDII VFLHQWLVW RI WKH &KDLU RI :HOGLQJ (TXLSPHQW
DQG 7HFKQRORJ\�

� 0�%� 126296.<� ����
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LQJ LWV ZHLJKW DQG LPSDLULQJ WKH ZHOGHUsV ZRUNLQJ

FRQGLWLRQV�

7KH NQRZQ PHFKDQLVPV RI SXOVHG IHHG RI WKH HOHF�

WURGH ZLUH ZHUH WKH EDVLV WR GHYHORS DQ LPSURYHG GHYLFH

>�@� WKDW WUDQVIRUPV WKH HOHFWURGH WUDQVYHUVH RVFLOODWLRQV

LQWR ORQJLWXGLQDO RVFLOODWLRQV� ,WV GHVLJQ IHDWXUHV DOORZ

YDU\LQJ LQ D EURDG UDQJH WKH JHRPHWULFDO SDUDPHWHUV�

DQG� KHQFH� DOVR WKH ZHLJKW RI WKH IHHG PHFKDQLVP�

GHSHQGLQJ RQ WKH UHTXLUHG SRZHU RI WKH HOHFWULF PRWRU�
$QDO\VLV RI WKH FRQGLWLRQV RI RSHUDWLRQ RI D PHFKDQLVP�
WUDQVIRUPLQJ WUDQVYHUVH RVFLOODWLRQV RI WKH HOHFWURGH LQWR

ORQJLWXGLQDO RVFLOODWLRQV� KDVEHHQSHUIRUPHGWRRSWLPL]H
WKH DERYH SDUDPHWHUV�

,Q WKH FRQVLGHUHG YDULDQW� WKH IXQFWLRQV RI WKH

XQLWV RI SXOVHG HOHFWURGH ZLUH IHHG PHFKDQLVP DUH

IXOILOOHG E\ D VHFWLRQ RI WKH HOHFWURGH ZLUH ORFDWHG
EHWZHHQ WKH IHHG UROOHU DQG VOLGLQJ FXUUHQW FRQGXLW
�)LJXUH ��� 7UDQVYHUVH GLVSODFHPHQWV RI WKH FHQWUDO
SDUW RI WKH HOHFWURGH VHFWLRQ IROORZ WKH VLQXVRLGDO ODZ

ZLWK DGMXVWDEOH DPSOLWXGH �)LJXUH ��� 'HSHQGHQFH

RI ORQJLWXGLQDO GLVSODFHPHQWV RI WKH HOHFWURGH WLS RQ

WKH DPSOLWXGH RI LWV WUDQVYHUVH GLVSODFHPHQWV DW GLI�

IHUHQW UDGLL ���� ��� �� DQG �� PP� RI WKH XQLWV LV

VKRZQ LQ )LJXUH �� )URP WKH DERYH GDWD LW IROORZV

WKDW WKH WUDQVPLVVLRQ UDWLR RI WKH PHFKDQLVPV� WUDQV�

IRUPLQJ WKH ORQJLWXGLQDO�WUDQVYHUVH RVFLOODWLRQV�
∆OORQJ�∆OWUDQV� LQFUHDVHV ZLWK WKH UHGXFWLRQ RI WKH XQLW

UDGLXV� $ WRR JUHDW GHFUHDVH RI WKH XQLW UDGLL� KRZHYHU�

FDQ OHDG WR UHVLGXDO GHIRUPDWLRQ RI WKH ZHOGLQJ ZLUH�

7KH WUDQVPLVVLRQ UDWLR EHFRPHV KLJKHU ZLWK WKH LQ�

FUHDVH RI WKH WUDQVYHUVH GLVSODFHPHQW DPSOLWXGH� 7KLV

PHDQV WKDW WUDQVYHUVH GLVSODFHPHQWV ZLWK ORZ DPSOL�

WXGHV DUH LQHIILFLHQW� 6R� DW � PP DPSOLWXGH� ORQJL�

WXGLQDO GLVSODFHPHQW LV HTXDO WR ��� PP� :KHQ WKH

DPSOLWXGH YDULHV EHWZHHQ ��� DQG ��� PP� LW LV VWLOO

HTXDO WR ��� PP� DV WKH WUDQVPLVVLRQ UDWLR LV FORVH WR

D XQLW\� EHLQJ ��� PP���� PP�

7UDQVYHUVH GLVSODFHPHQW DPSOLWXGH RI ��� WR

��� PP VKRXOG EH XVHG WR LQFUHDVH WKH UHOLDELOLW\ RI
WKH PHFKDQLVP� WUDQVIRUPLQJ WUDQVYHUVH RVFLOODWLRQV

LQWR ORQJLWXGLQDO RVFLOODWLRQV� 8QGHU VXFK FRQGLWLRQV�

WKH HOHFWURGH WLS RVFLOODWHV E\ D VLQXVRLGDO ODZ �)L�

JXUH �� ZLWK GRXEOH ���� +]� IUHTXHQF\� 7R PDNH

WKH HOHFWURGH WLS PRUH DEUXSWO\ DSSURDFK WKH ZHOG

SRRO� LW LV UDWLRQDO WR XVH D FDP PHFKDQLVP ZLWK

��� PP DPSOLWXGH RI ORQJLWXGLQDO RVFLOODWLRQ� ,Q RUGHU

WR HQVXUH WKH IHHG UDWH RI ��� SSV� ZKHQ XVLQJ D V\Q�

FKURQRXV PRWRU ZLWK WKH URWDWLRQ IUHTXHQF\ RI

���� USP� LW LV QHFHVVDU\ WR SODFH WZR FDPV DORQJ WKH
OHQJWK RI WKH FLUFXPIHUHQFH� 7KH PRPHQW RI SXOVHG
IHHG RI HOHFWURGH ZLUH FDQ EH V\QFKURQLVHG ZLWK WKH
PRPHQW RI YROWDJH GURS LQ WKH SRZHU VRXUFH RI D

IXOO�ZDYH VLQJOH�SKDVH ZHOGLQJ UHFWLILHU�

)LJXUH �� 'HSHQGHQFH RI ORQJLWXGLQDO GLVSODFHPHQWV ∆OORQJ RI WKH
HOHFWURGH WLS RQ WKH DPSOLWXGH RI LWV WUDQVYHUVH GLVSODFHPHQWV ∆OWUDQV
DW GLIIHUHQW UDGLL RI WKH XQLWV� � w � x XQLW UDGLXV RI ��� ��� ��
DQG �� PP� UHVSHFWLYHO\� � x DYHUDJHG DUF OHQJWK

)LJXUH �� &XUYHV RI ORQJLWXGLQDO GLVSODFHPHQWV RI HOHFWURGH WLS�
GHSHQGLQJ RQ XQLW UDGLXV DQG DQJOH RI FDP URWDWLRQ� � x SRZHU
VRXUFH YROWDJH �GHVLJQDWLRQV � w � VHH LQ )LJXUH ��

5()(5(1&(6

�� 3DWRQ� %�(�� 9RURSDM� 1�0�� %XFKLQVN\� %�1� HW DO� ������
&RQWUROOLQJ DUF ZHOGLQJ SURFHVV E\ SURJUDPPLQJ WKH HOHFWURGH
ZLUH IHHG UDWH� $YWRPDWLFKHVND\D 6YDUND� �� � w �� ���

�� 9RURSDM� 1�0�� %HQLG]H� =�'�� %XFKLQVN\� 9�1� ������
)HDWXUHV RI WKH SURFHVV RI &2� ZHOGLQJ ZLWK SXOVHG IHHG RI
HOHFWURGH ZLUH� ,ELG�� �� �� w ��� ���

�� %XFKLQVN\� 9�1�� %HQLG]H� =�'�� .RWRQ� $�9� ������ ([SH�
ULHQFH RI RSHUDWLRQ RI D VHPL�DXWRPDWLF PDFKLQH ZLWK DQ
HOHFWURPDJQHWLF ZLUH IHHG PHFKDQLVP� ,ELG�� ��� �� w ���

�� /HEHGHY� 9�$�� .RURW\QVN\� $�(�� 0R]RN� 9�0� HW DO�
������ ([SHULHQFH RI DSSOLFDWLRQ RI DUF VXUIDFLQJ ZLWK D
SXOVHG IHHGLQJ RI HOHFWURGH ZLUH� 7KH 3DWRQ :HOGLQJ -RXU�
QDO� �� �� w ���

�� /HEHGHY� 9�$� ������ ,QIOXHQFH RI VHPL�DXWRPDWLF ZHOGLQJ
PDFKLQH JXLGH RQ WKH SDUDPHWHUV RI SXOVHG IHHG RI HOHFWURGH
ZLUH� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

�� 1RVRYN\� %�,�� 1RVRYVN\� 0�%� 3URFHVV RI FRQVXPDEOH HOHF�
WURGH DUF ZHOGLQJ� 3DW� �����$ 8NUDLQH� ,QW� &O� ' �� .
����� 3XEO� ���������

8/2001 27



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

��

������	�������

9�'� .$6629

'RQEDVV 6WDWH 0HFKDQLFDO (QJLQHHULQJ $FDGHP\� .UDPDWRUVN� 8NUDLQH

$%675$&7

&RQGLWLRQV RI DUF VXUIDFLQJ ZLWK D VWULS DUH GLVFXVVHG XQGHU ZKLFK WKH PHWDO ORVV GXULQJ VXEVHTXHQW PDFKLQLQJ LV PLQLPDO�

.H\ ZRU G V � VXUIDFLQJ� PDFKLQLQJ� PLQLPDO PHWDO ORVV�

EHDG SDUDPHWHUV� IOX[�FRUHG VWULS

2QH RI WKH PDLQ FRQGLWLRQV RI DQ RSWLPDO SURFHVV RI

DUF VXUIDFLQJ ZLWK D IOX[�FRUHG VWULS� LV VHOHFWLRQ RI

GHSRVLWHG EHDG JHRPHWU\� WKDW HQVXUHV PLQLPDO PHWDO
ORVV LQ VXEVHTXHQW PDFKLQLQJ�

7KH SXUSRVH RI WKLV ZRUN LV WR ILQG WKH FRQGLWLRQV

XQGHU ZKLFK WKH GHSRVLWHG PHWDO ORVV DIWHU ILQLVK WXUQ�

LQJ RI WKH GHSRVLWHG ERG\ ZLOO EH PLQLPDO �KHQFH� WKH

FURVV�VHFWLRQDO DUHD RI EHDG UHLQIRUFHPHQW DIWHU WXUQ�

LQJ VKRXOG EH PD[LPDO�� )URP WKH FURVV�VHFWLRQ RI

EHDGV GHSRVLWHG XVLQJ D IOX[�FRUHG VWULS� RQH FDQ VHH
WKDW WKH FURVV�VHFWLRQDO VKDSH RI WKH GHSRVLWHG EHDG

UHLQIRUFHPHQW FDQ EH DVVXPHG WR KDYH WKH VKDSH RI D

UHFWDQJOH� URXQGHG RII E\ DQ DUF RI D FLUFXPIHUHQFH

RI UDGLXV K� �KHLJKW RI EHDG UHLQIRUFHPHQW� �)L�
JXUH ��� ZKLOH WKH FURVV�VHFWLRQDO VKDSH RI WKH EDVH

PHWDO SHQHWUDWLRQ FDQ EH WDNHQ WR EH D SDUDEROD� SORW�

WHG IURP WKH IROORZLQJ HTXDWLRQ�

\ =
�K�

E
�
[
�
w K��

ZKHUH K� LV WKH SHQHWUDWLRQ GHSWK� E LV WKH ZLGWK RI

WKH GHSRVLWHG EHDG�

/HW XV ILQG WKH OHQJWK RI VHFWLRQ 0& ZKLFK ZLOO

H[DFWO\ EH WKH WKLFNQHVV RI WKH GHSRVLWHG OD\HU DIWHU

WXUQLQJ� /HW ωK� GHQRWH +�� w �E�� w K��� 7KHQ�
WKH IDFWRU LV

ω =
+ w E + �K�

�K�
�

���

ZKHUH + LV WKH VXUIDFLQJ SLWFK�

:H KDYH

0& = √K�
�
w (ωK�)

� = K� √ � w ω�
� ���

/HW XV GHQRWH WKH UHODWLYH VXUIDFLQJ SLWFK +�E DV

α� DQG YDOXH K��E DV S� 7KHQ� IDFWRU ω FDQ EH H[�

SUHVVHG WKURXJK α DQG S DV IROORZV�

ω = E

�K�




+

E
w � + �

K�
E





=
α + �S w �

�S
� ���

DQG WKH DUHD RI EHDG UHLQIRUFHPHQW DIWHU WXUQLQJ ZLOO

EH HTXDO WR

)
P

= �)
¬®ª¯ = +K� √ � w ω� =

= K�Eα √ � w ω� = E
�
Sα √ � w ω�

�

���

,I WXUQLQJ RI WKH GHSRVLWHG EHDG LV QRW SHUIRUPHG�

WKHQ� DV IROORZV IURP )LJXUH � DQG HTXDWLRQ ���� EHDG

UHLQIRUFHPHQW DUHD ZLOO EH PD[LPDO DW ω � DQG HTXDO

WR E
�
Sα� )URP ��� LW IROORZV WKDW

α  � w �S� ���

ZKLOH WKH DUHD RI WKH GHSRVLWHG EHDG UHLQIRUFHPHQW LV

HTXDO WR

)
P
 E�S �� w �S�� ���

,Q RUGHU WR ILQG WKH PD[LPXP RI IXQFWLRQ ���� OHW

XV ILQG LWV GHULYDWLYH ZLWK UHVSHFW WR S DQG VHWWLQJ LW

HTXDO WR ]HUR� ZH ZLOO KDYH

(S w �S
�)′ = � w �S = �� S = �����

7KXV� LI WXUQLQJ RI WKH GHSRVLWHG EHDG LV QRW SHU�

IRUPHG� VXUIDFLQJ ZLWK D IOX[�FRUHG VWULS PXVW EH FRQ�
GXFWHG LQ WKH PRGHV� SURYLGLQJ S  K��E  ����� ,Q

WKLV FDVH� α  ����

,Q SUDFWLFH� YDOXH S  ���� LV XVXDOO\ QRW DFKLHYHG�

+RZHYHU� LI WXUQLQJ RI WKH GHSRVLWHG EHDG LV QRW SHU�

IRUPHG� LQ WKLV FDVH LW LV VWLOO UHFRPPHQGHG WR FRQGXFW

VXUIDFLQJ ZLWK UHODWLYH SLWFK α� LWV YDOXHV EHLQJ VH�

OHFWHG IURP HTXDWLRQ ����
,Q RUGHU WR DFKLHYH WKH PD[LPDO FURVV�VHFWLRQDO

DUHD RI WKH EHDG UHLQIRUFHPHQW DIWHU ILQLVK WXUQLQJ �LQ

WKH FDVH� LI PDFKLQLQJ LV SHUIRUPHG�� OHW XV ILQG WKH

PD[LPXP RI IXQFWLRQ ��� ZLWK UHVSHFW WR YDULDEOH α�

)RU WKLV SXUSRVH� OHW XV ILQG LWV GHULYDWLYH� FRQVLGHULQJ

WKDW SDUDPHWHU ω DOVR LV D IXQFWLRQ RI α� WKHQ
.DVVRY 9DOHU\ '� x 3678 SRVW�JUDGXDWH� ZRUNLQJ IRU 'RFWRUsV
GHJUHH� $VVLVWDQW 3URIHVVRU DW WKH &KDLU RI :HOGLQJ 3URGXFWLRQ RI
'RQEDVV 6WDWH 0HFKDQLFDO (QJLQHHULQJ $FDGHP\�

� 9�'� .$6629� ����

)LJXUH �� &DOFXODWLRQ RI SDUDPHWHUV RI D EHDG GHSRVLWHG ZLWK IOX[�
FRUHG ZLUH �IRU GHVLJQDWLRQV VHH WKH WH[W�
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(α √ � w ω� )′ = √ � w ω� + α (√ � w ω� )′ =

= √ � w ω� +
α

� √ � w ω�
(w�ω) ω′ =

= √ � w ω�
w

αωω′

√ � w ω�
=
� w ω�

w αωω′

√ � w ω�
�

)LQDOO\� ZH ZLOO KDYH HTXDWLRQ

� w ω�
w αωω′ = ��

6XEVWLWXWLQJ H[SUHVVLRQ ��� LQVWHDG RIω� ZH REWDLQ

� w



α + �S w �

�S





�

w α
α + �S w �

�S

�

�S
= ��

$IWHU FRQYHUVLRQ RI WKLV H[SUHVVLRQ� ZH ZLOO KDYH
D TXDGUDWLF HTXDWLRQ

�α� + (�S w �) α + (� w �S) = ��

VROYLQJ ZKLFK JLYHV XV

α =
w (�S w �) ± √(�S w �)� w �⋅� (� w �S)

�
=

=
� w �S ± √��S

�
w �S + �

�
�

$QDO\VLV RI WKLV VROXWLRQ VKRZHG WKH QHHG WR WDNH
D JUHDWHU URRW� 7KHQ� WKH RSWLPDO YDOXH RI WKH UHODWLYH
VXUIDFLQJ SLWFK ZLOO EH

α = ���� w ���S + ���� √��S
�
w �S + �� ���

7KH 7DEOH JLYHV WKH RSWLPDO YDOXHV RI SLWFK α RI
IOX[�FRUHG VWULS VXUIDFLQJ IRU WZR YDULDQWV� ZKHQ WXUQ�
LQJ RI WKH GHSRVLWHG PHWDO LV QRW SHUIRUPHG DQG ZKHQ
LW LV SHUIRUPHG�

)LJXUH � VKRZV WKH GHSHQGHQFH RI WKH FURVV�VHF�
WLRQDO DUHD RI EHDG UHLQIRUFHPHQW DIWHU PDFKLQLQJ )

P

RQ UHODWLYH VXUIDFLQJ SLWFK α DQG EHDG SDUDPHWHU S�
,W LV VHHQ WKDW WKH PD[LPDO DUHD )

P LV DFKLHYHG DW
YDOXHV α� FDOFXODWHG IURP HTXDWLRQ ����

:LWK WKH FKDQJH RI YDOXHV α IURP � WR �� w �S��
DUHD )

P JURZV OLQHDUO\ DFFRUGLQJ WR H[SUHVVLRQ E�Sα�
:LWK IXUWKHU LQFUHDVH RI SLWFK α� FKDQJH RI YDOXHV )P

RFFXUV QRQ�OLQHDUO\� DFFRUGLQJ WR HTXDWLRQ ����
/HW XV ILQG WKH DUHD RI WKH GHSRVLWHG EHDG UHLQ�

IRUFHPHQW FURVV�VHFWLRQ� UHPRYHG LQ ILQLVK WXUQLQJ�
%DVHG RQ )LJXUH �� ZH KDYH

)� = �(K� w 0&) (+�� w ωK�) + � ∫
�

ωK
�

(√K�
�
w [

�
w 0&) G[ =

= (K�+ w �K�
�ω) (� w √ � w ω� ) + K�

�
DUFVLQ ω +

+ K�
�ω √ � w ω�

w �K�
�ω √ � w ω�

�

3URFHHGLQJ IURP UHODWLRQVKLSV +  Eα DQG K�  
 ES� ZH ZLOO KDYH

)� = (E�αS w �E
�
S
�ω) (� w √� w ω�) +

+ E�S� (DUFVLQ ω w ω√� w ω�) =

= E�S >(α w �Sω) (� w √� w ω�) +

+ S (DUFVLQ ω w ω√� w ω�)@�

���

)URP ���� LW LV VHHQ WKDW LI ω  �� WKHQ )�  �� L�H�
GHSRVLWHG PHWDO WXUQLQJ LQ WKLV FDVH LV QRW SHUIRUPHG
DQG QR PHWDO LV UHPRYHG�

/HW XV ILQG WKH SURSRUWLRQ RI WKH UHPDLQLQJ PHWDO
DIWHU WXUQLQJ�

γ =
)P

)P + )�
�

:H KDYH

)P + )� = E�Sα √ � w ω� + E�S >α (� w √� w ω�) w

w �Sω + �Sω √ � w ω� + S DUFVLQ ω w Sω √� w ω�
@ =

= E�S (α w �Sω + Sω √ � w ω� + S DUFVLQ ω)�

+HQFH�

γ =
α√ � w ω�

α + S (DUFVLQ ω + ω √ � w ω�
w �ω)

�
���

:LWK WKH LQFUHDVH RI UHODWLYH VXUIDFLQJ SLWFK� α�
WKH SURSRUWLRQ RI PHWDO UHPDLQLQJ DIWHU WXUQLQJ� γ�
EHFRPHV VPDOOHU� )RU ODUJH YDOXHV RI S SDUDPHWHU�
YDOXHV RI SDUDPHWHU γ DUH VPDOOHU�

7KXV� WKH IRXQG GHSHQGHQFLHV RI SDUDPHWHUV RI WKH
GHSRVLWHG OD\HU RI IOX[�FRUHG VWULS� DOORZHG GHWHUPLQLQJ
WKH FRQGLWLRQV XQGHU ZKLFK WKH DPRXQW RI WKH GHSRVLWHG
OD\HU PHWDO� UHPRYHG LQ ILQDO WXUQLQJ� LV PLQLPDO�

)LJXUH �� 'HSHQGHQFH RI DUHD )
P
RQ α DQG S DW E  �� PP� � x

S  ���� � x S  ���� � x S  ���� � x S  ���

2SWLPDO YDOXHV RI UHODWLYH VXUIDFLQJ SLWFK α

S

&DOFXODWLRQ E\ HTXDWLRQ

��� ���

���� ��� �����

���� ��� �����

���� ��� �����

���� ��� �����

���� ��� �����

���� ��� �����

���� ��� �����

���� ��� �����
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/�6� 0$/,129
�
DQG 9�/� 0$/,129

�

�
3ULD]RYVN\ 6WDWH 7HFKQLFDO 8QLYHUVLW\� 0DULXSRO� 8NUDLQH

�
2-6& �$]RYPDVK�� 0DULXSRO� 8NUDLQH

$%675$&7

5HVXOWV RI WKH ZRUN SHUIRUPHG DW WKH 3ULD]RYVN\ 6WDWH 7HFKQLFDO 8QLYHUVLW\ RQ PDNLQJ VXUIDFLQJ FRQVXPDEOHV WR SURYLGH

WKH GHSRVLWHG OD\HU ZLWK PHWD�VWDEOH DXVWHQLWH UHLQIRUFHG ZLWK KDUGHQLQJ SKDVHV DQG UHDOL]H WKH HIIHFW RI VHOI�KDUGHQLQJ

XQGHU ORDGLQJ DUH JHQHUDOL]HG� 7KH DERYH HIIHFW LV FDXVHG E\ WUDQVIRUPDWLRQ RI DXVWHQLWH LQWR PDUWHQVLWH XQGHU ORDGLQJ

GXULQJ WKH ZHDULQJ SURFHVV�

.H\ ZRU G V � IOX[�FRUHG VWULS� GHSRVLWHG PHWDO� PDUWHQVLWH�
PHWD�VWDEOH DXVWHQLWH� ZHDU UHVLVWDQFH� FDUELGHV� FDUERQLWULGHV

2QH RI WKH DGYDQFHG DUHDV LQ ZHOGLQJ LQGXVWU\ LV
GHYHORSPHQW RI PDWHULDOV ZLWK D PHWD�VWDEOH VWUXF�
WXUH� ZKLFK DUH FDSDEOH RI VHOI�DGDSWLQJ XQGHU WKH

H[WHUQDO HIIHFWV >�@� 6XFK PDWHULDOV FDOOHG �VPDUW�

DQG �DGDSWDEOH� LQFOXGH VWHHOV� FDVW LURQV DQG VXUIDF�

LQJ FRQVXPDEOHV RQ WKHLU EDVH� 7KH\ SURYLGH D VWUXF�

WXUH ZLWK PHWD�VWDEOH DXVWHQLWH ZKLFK XQGHUJRHV

PDUWHQVLWLF WUDQVIRUPDWLRQV �WKH VHOI�KDUGHQLQJ HIIHFW

XQGHU ORDGLQJ�� 7KH LGHD RI PDNLQJ VXFK DOOR\V IRU

SDUWV VXEMHFWHG WR FDYLWDWLRQ IUDFWXUH ZDV SXW IRUZDUG

E\ ,�1� %RJDFKHY DQG 5�,� 0LQWV >�@� 7KH\ GHYHORSHG
VWHHO ��.K��*�� �FKHPLFDO FRPSRVLWLRQ RI WKH PDWH�

ULDOV PHQWLRQHG LV JLYHQ LQ 7DEOH ��� ZKLOH WKH 6�0�

.LURY EUDQFK ODERUDWRU\ RI WKH 8NUDLQLDQ 3ULD]RYVN\
,QVWLWXWH GHYHORSHG ZLUH 1S���.K��*��7 LQWHQGHG

IRU VXUIDFLQJ RI FUDQH ZKHHOV� SOXQJHUV RI K\GUDXOLF
SUHVVHV� EXJJ\ UROOHUV� HWF� +RZHYHU� PHWDO GHSRVLWHG

ZLWK VXFK D ZLUH LV KDUG WR SURFHVV E\ FXWWLQJ EHFDXVH

RI D ORZ VWDELOLW\ RI DXVWHQLWH� %HVLGHV� LW KDV DQ LQ�

VXIILFLHQW FRUURVLRQ UHVLVWDQFH EHFDXVH RI D FRPSDUD�

WLYHO\ ORZ FKURPLXP FRQWHQW� 7KHUHIRUH� VXUIDFLQJ

VKRXOG EH SHUIRUPHG E\ D VSHFLDO WHFKQRORJ\ WR UHWDLQ

WKH DXVWHQLWLF VWUXFWXUH RI WKH GHSRVLWHG PHWDO�
7R LPSURYH ZRUNDELOLW\ E\ FXWWLQJ� LW LV H[SHGLHQW

WR XVH FRQVXPDEOHV ZKLFK SURYLGH WKH GHSRVLWHG PHWDO
ZLWK D GHFUHDVHG FDUERQ FRQWHQW �≤ ��� �� DQG LQ�

FUHDVHG VWDELOLW\ RI DXVWHQLWH� ,Q WKLV FDVH DQ LQFUHDVH

LQ ZHDU UHVLVWDQFH LV DFKLHYHG E\ UHLQIRUFLQJ DXVWHQLWH
ZLWK FDUELGHV RU FDUERQLWULGHV RI HOHPHQWV RI JURXSV

,9 DQG 9 RI WKH 0HQGHOHHYsV V\VWHP� 7KH OHYHO RI
VWDELOLW\ RI DXVWHQLWH DQG WKH DPRXQW RI WKH KDUGHQLQJ

SKDVH DUH UHJXODWHG GHSHQGLQJ XSRQ WKH VHUYLFH FRQ�

GLWLRQV DQG UHTXLUHPHQWV IRU PHFKDQLFDO SURSHUWLHV�
7KLV FDQ EH DFKLHYHG E\ FKDQJLQJ WKH FRQWHQW RI FDUE�

RQ ����� w ���� ��� QLWURJHQ ����� w ���� ��� FDU�

ELGH� DQG QLWULGH�IRUPLQJ HOHPHQWV� VXFK DV YDQDGLXP

����� w ���� �� FRPELQHG ZLWK FKURPLXP ��� w
�� �� DQG PDQJDQHVH ��� w �� ���

$Q LPSRUWDQW SHFXOLDULW\RI WKLV W\SH RI WKH GHSRVLWHG
PHWDO LV WKDW KHDW WUHDWPHQW� ZKLFK LV QRUPDOO\ FRQ�

GXFWHG WR UHOLHYH LQWHUQDO VWUHVVHV DIWHU VXUIDFLQJ ���� w
��� �&�� SURYLGHV SUHFLSLWDWLRQ RI GLVSHUVHG SKDVHV LQ
DXVWHQLWH RI WKH GHSRVLWHG PHWDO� ZKLFK UHVXOWV LQ LWV

GHVWDELOL]DWLRQ DQG PDUWHQVLWLF WUDQVIRUPDWLRQV XQGHU

ORDGLQJ GXULQJ RSHUDWLRQ� %\ YDU\LQJ KHDW WUHDWPHQW
FRQGLWLRQV� LW LV SRVVLEOH WR UHJXODWH GHIRUPDWLRQPDUWHQ�

VLWLF WUDQVIRUPDWLRQV RYHU ZLGH UDQJHV�

7KLV SULQFLSOH ZDV XVHG DV D EDVLV IRU GHYHORSPHQW�

LQ FROODERUDWLRQ ZLWK WKH 2-6& �$]RYPDFK�� RI IOX[�

FRUHG VWULSV 3/�1S���.K��$*��0)6 >�@� 3/�1S�

��.K����) >�@ DQG 3/�1S���*��$) >�@� DQG LQ FRO�

ODERUDWLRQ ZLWK 8NU1,,6SHWVVWDO x VROLG ZLUH 6Y�
��.K��*��) >�@� ,QYHVWLJDWLRQV GHVFULEHG LQ >�@

VKRZHG WKDW WKH LQWHQVLYH GHIRUPDWLRQ PDUWHQVLWLF

WUDQVIRUPDWLRQ SOD\V D IXQGDPHQWDO UROH LQ LQFUHDVLQJ

ZHDU UHVLVWDQFH XQGHU VOLGLQJ IULFWLRQ FRQGLWLRQV DW

UHODWLYHO\ ORZ YHORFLWLHV ����� P�V� DQG DEVHQFH RI

RU ORZ SUHKHDWLQJ RI WKH UXEELQJ VXUIDFHV� ,Q WKH FDVH

RI WHVWV SHUIRUPHG DW DQ LQFUHDVHG VOLGLQJ YHORFLW\

����� P�V� WKH LQWHQVLW\ RI WKH PDUWHQVLWLF WUDQVIRU�
PDWLRQ LQ IULFWLRQ GHFUHDVHV GXH WR DQ LQFUHDVH LQ WHP�

SHUDWXUH RI WKH ZRUNLQJ VXUIDFH� 8QGHU VXFK FRQGL�

WLRQV ZHDU UHVLVWDQFH RI WKH GHSRVLWHG PHWDO LV GHWHU�

PLQHG E\ WKH KDUGHQLQJ DELOLW\ RI DXVWHQLWH� 7KH ODWWHU

GHSHQGV XSRQ WKH FDUERQ FRQWHQW� ZKLFK LV FRQILUPHG
E\ WKH GDWD JLYHQ LQ 7DEOH ��

:HDU UHVLVWDQFH WHVWV XQGHU UROOLQJ IULFWLRQ FRQGL�

WLRQV �SUHVVXUH ��� 03D� IUHTXHQF\ RI URWDWLRQ RI

UROOHUV ���� P�V� IUHTXHQF\ RI VOLS ���� P�V� VKRZHG

WKDW GHSRVLWHG PHWDO ZLWK DQ LQWHQVLYH GHIRUPDWLRQ

PDUWHQVLWLF WUDQVIRUPDWLRQ LV FKDUDFWHUL]HG E\ D

KLJKHU ZHDU UHVLVWDQFH� 7KXV� ZLWK WKLV WHVW PHWKRG
WKH GHSRVLWHG PHWDO RI WKH ��.K��$*��0)6 W\SH

FRQWDLQV ≈�� � DQG WKDW RI WKH ��.K��$*��0)6

W\SH FRQWDLQV ≈�� � RI GHIRUPDWLRQ PDUWHQVLWH� DQG

LQ WKH ILUVW FDVH WKH UHODWLYH ZHDU UHVLVWDQFH LV ��� DQG

LQ WKH VHFRQG FDVH x ���� 0HWDO GHSRVLWHG ZLWK WKH

6Y���.K*6$ W\SH ZLUH ZDV XVHG DV D UHIHUHQFH�
7KH WHPSHUDWXUH RI KHDWLQJ RI WKH GHSRVLWHG PHWDO

LQ KHDW WUHDWPHQW ���� w ��� �&� SHUIRUPHG LQ RUGHU

WR GHFUHDVH LQWHUQDO VWUHVVHV KDV D GHILQLWH HIIHFW RQ

LWV ZHDU UHVLVWDQFH� $V VKRZQ E\ WKH WHVWV FRQGXFWHG

0DOLQRY /HRQLG 6� x 3URIHVVRU� +HDG RI WKH &KDLU RI 0DWHULDOV

6FLHQFH�

0DOLQRY 9ODGLPLU /� x JUDGXDWH RI 0DULXSRO 0HWDOOXUJLFDO ,Q�

VWLWXWH ������� +HDG RI WKH :HOGLQJ %XUHDX DW WKH 2SHQ -RLQW�

6WRFN &RPSDQ\ �$]RYPDVK��

� /�6� 0$/,129 DQG 9�/� 0$/,129� ����
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XQGHU VOLGLQJ IULFWLRQ �UHODWLYHO\ ORZ YHORFLWLHV� DQG
UROOLQJ IULFWLRQ FRQGLWLRQV� KHDWLQJ WR ��� �& �� K�
GHFUHDVHV ZHDU UHVLVWDQFH RI WKH GHSRVLWHG PHWDO DS�
SUR[LPDWHO\ E\ �� �� ZKHUHDV KHDWLQJ WR ��� �& LQ�
FUHDVHV LW DSSUR[LPDWHO\ E\ �� �� DV FRPSDUHG ZLWK
WKH TXHQFKHG VWDWH� 7KLV LV FDXVHG E\ WKH IDFW WKDW LQ
WKH ILUVW FDVH DXVWHQLWH LV VWDELOL]HG ZLWK UHJDUG WR WKH
GHIRUPDWLRQ PDUWHQVLWLF WUDQVIRUPDWLRQ� DQG LQ WKH
VHFRQG FDVH LW LV GHVWDELOL]HG EHFDXVH RI SUHFLSLWDWLRQ
RI FDUELGHV DQG FDUERQLWULGHV� ,Q WKH ODWWHU FDVH WKH
SRVLWLYH HIIHFW LV H[HUWHG E\ GLVSHUVHG SDUWLFOHV RI WKH
SUHFLSLWDWHG SKDVHV� 8QGHU IULFWLRQ FRQGLWLRQV ZKLFK
GR QRW OHDG WR D VXEVWDQWLDO SUHKHDWLQJ RI WKH VXUIDFHV
LQ FRQWDFW� SUHOLPLQDU\ FROG SODVWLF GHIRUPDWLRQ LQ�
FUHDVHV ZHDU UHVLVWDQFH RI WKH GHSRVLWHG PHWDO GXH WR
DFWLYDWLRQ RI WKH GHIRUPDWLRQ PDUWHQVLWLF WUDQVIRUPD�
WLRQ� 7KXV� D �� � GHIRUPDWLRQ UHVXOWHG LQ D GRXEOHG
ZHDU UHVLVWDQFH RI WKH GHSRVLWHG PHWDO RI WKH
��.K��$*��0)6 W\SH� $ VWLOO ODUJHU HIIHFW LV SUR�
YLGHG E\ D FRPELQHG WUHDWPHQW� LQFOXGLQJ FROG SODVWLF
GHIRUPDWLRQ DQG VXEVHTXHQW KHDWLQJ ZKLFK FDXVHV SUH�
FLSLWDWLRQ KDUGHQLQJ RI WKH IRUPHG PDUWHQVLWH DQG
DXVWHQLWH� ,Q WKLV FDVH ZHDU UHVLVWDQFH RI WKH GHSRVLWHG
PHWDO LQFUHDVHV DOPRVW WKUHH WLPHV�

8QGHU FRQGLWLRQV RI IULFWLRQ DFFRPSDQLHG E\ D FRQ�
VLGHUDEOH LQFUHDVH LQ WHPSHUDWXUH �RYHU ��� �&�� SUH�
OLPLQDU\ FROG GHIRUPDWLRQ GHFUHDVHV ZHDU UHVLVWDQFH
RI WKH GHSRVLWHG PHWDO� 7KLV LV FDXVHG E\ WUDQVIRUPD�
WLRQ RI PDUWHQVLWH IRUPHG GXULQJ GHIRUPDWLRQ LQWR
DXVWHQLWH� ZKLFK OHDGV WR D GHFUHDVH LQ SODVWLF GHIRU�
PDWLRQ UHVLVWDQFH RI WKH PHWDO� 6XUIDFLQJ E\ WKH 6$:
PHWKRG XVLQJ WKH GHYHORSHG IOX[�FRUHG VWULSV ZLWK D
FURVV VHFWLRQ RI �� × � PP DQG IOX[HV RI WKH $1����$
�6L2� x �� w ��� 0Q2 x �� w ��� 0J2 x ��� w
���� &D)�x ��� w ��� ZW���� 267V��� �6L2�x �� w
��� 0Q2x �� w ��� &D)�x � w � ZW��� DQG $1���
�6L2� x ���� w ����� 0Q2 x �� w ��� &D2 x � w
��� 0J2 x ��� w ���� &D)� x � w � ZW��� JUDGHV
LV SHUIRUPHG XQGHU WKH IROORZLQJ FRQGLWLRQV� ,Z  
 ��� w ��� $� 8D  �� w �� 9� YZ  �� P�K� 7KLV
SURYLGHV D VWDEOH DUF EXUQLQJ� JRRG IRUPDWLRQ RI WKH
GHSRVLWHG EHDG DQG GHWDFKDELOLW\ RI WKH VODJ FUXVW�
7KH DERYH FRQVXPDEOHV DUH LQWHQGHG IRU ZHDU�UHVLV�
WDQW VXUIDFLQJ RI FUDQH ZKHHOV� WUXQQLRQV RI VWHHO FDVW�
LQJ ODGOHV DQG K\GUDXOLF SUHVV SOXQJHUV� WKH VHUYLFH
OLIH RI ZKLFK LV IXQGDPHQWDOO\ H[WHQGHG�

7KH XVH RI &Uw0Q VXUIDFLQJ FRQVXPDEOHV LV DOVR

LQGLFDWHG IRU VRPH SDUWV RSHUDWLQJ DW WHPSHUDWXUHV RI

��� w ��� �&� ZKLFK ZDV SURYHG LQ WKH FDVH RI DSSOL�

FDWLRQ RI WKH IOX[�FRUHG ZLUH RI WKH 33���=K1 JUDGH�

SURYLGLQJ WKH ��.K��*��$)6<X5 W\SH RI WKH GHSRV�

LWHG PHWDO >�@�
7DEOH � JLYHV FRPSDUDWLYH GDWD RQ ZHDU DQG KHDW

UHVLVWDQFH� DV ZHOO DV KDUGQHVV RI WKH GHSRVLWHG PHWDO
RI WKH ��.K��*��$)6<X5 DQG ��.K��1��*� W\SHV

DW �� DQG ��� �&� 7KH GDWD REWDLQHG LQGLFDWH WKDW WKH
ODWWHU LV PXFK LQIHULRU WR WKH 1L�IUHH PHWDO >�@� $QDO\�
VLV RI UHVLVWDQFH RI WKH 3LOJHU PLOO UROOV� ZKLFK KDG
EHHQ VXUIDFHG IRU D ORQJ WLPH XVLQJ WKH 33���=K1
JUDGH ZLUH� XQGHU WKH 2SHQ -RLQW�6WRFN &RPSDQ\
�,O\LFK0HWDOOXUJLFDO:RUNV� FRQGLWLRQV VKRZHG WKDW
WKHLU VHUYLFH OLIH LQFUHDVHG E\ D IDFWRU RI ���� w �����
DV FRPSDUHG ZLWK WKH UROOV ZKLFK ZHUH VXUIDFHG XVLQJ
WKH 6Y���.K��1��*� ZLUH >�@� +HQFH� LW FDQ EH VXJ�
JHVWHG WKDW WKH XVH RI WKH &Uw0Q VXUIDFLQJ FRQVX�
PDEOHV LV HIIHFWLYH LQ WHUPV RI H[WHQGLQJ OLIH RI KRW
GHIRUPDWLRQ WRROV DQG SDUWV RSHUDWLQJ XQGHU VSHFLILF
FRQGLWLRQV� VLPLODU WR WKRVH RI WKH 3LOJHU PLOO UROOV�

&RQVXPDEOHV EDVHG RQ )Hw0Qw&Uw9w& ZHUH GH�
YHORSHG IRU VXUIDFLQJ RI SDUWV RSHUDWLQJ XQGHU DEUDVLYH
ZHDU FRQGLWLRQV� $ GLVWLQFWLYH IHDWXUH RI WKHVH FRQVX�
PDEOHV LV IRUPDWLRQ RI WKH GHSRVLWHG PHWDO FRQWDLQLQJ
PHWD�VWDEOH DXVWHQLWH �LQ D QXPEHU RI FDVHV� WRJHWKHU
ZLWK PDUWHQVLWH� UHLQIRUFHG ZLWK FKURPLXP DQG YD�
QDGLXP FDUELGHV� 7KHVH FRQVXPDEOHV UHDOL]H WKH SULQ�
FLSOH RI VHOI�KDUGHQLQJ XQGHU ORDGLQJ� $Q H[DPSOH LV
WKH IOX[�FRUHG VWULS RI WKH 3/�1S����� w
����.K��� w ���*�6�) JUDGH� ZKLFK LV LQWHQGHG IRU
XVH LQVWHDG RI D PRUH H[SHQVLYH VWULS RI WKH 3/�$1����
����.K��1�6�*�� JUDGH�

6WXGLHV >�� ��@ JLYH UHVXOWV RI GHYHORSPHQW RI WKH
&Uw0Q VXUIDFLQJ FRQVXPDEOHV LQWHQGHG IRU GLIIHUHQW
LPSDFW�DEUDVLYH FRQGLWLRQV� ZKLFK DUH FKDUDFWHUL]HG
E\ G\QDPLF FRHIILFLHQW .G >��@ GHWHUPLQHG E\ WKH
UDWLR RI KDUGQHVV RI D VWHHO ���*��/ VSHFLPHQ DIWHU
ZHDU XQGHU FHUWDLQ ZHDU FRQGLWLRQV WR LWV LQLWLDO KDUG�
QHVV� 7KLV VWHHO LV FDSDEOH RI KDUGHQLQJ ZKLOH DFFX�
PXODWLQJ WKH HQHUJ\ RI H[WHUQDO HIIHFWV� 7KH OHYHO RI
KDUGHQLQJ DOORZV HVWLPDWLRQ RI DQ LQWHJUDO LQWHQVLW\
RI WKH LPSDFW�DEUDVLYH HIIHFW >��@� ,QYHVWLJDWLRQV ZHUH
FRQGXFWHG XVLQJ WKH PHWKRG RI H[SHULPHQWDO GHVLJQ
IRU GLIIHUHQW YDOXHV RI .G LQ D UDQJH RI ��� WR ���� 7KH
FRQWHQW RI DOOR\LQJ HOHPHQWV LQ WKH GHSRVLWHG PHWDO
ZDV YDULHG LQ WKH IROORZLQJ UDQJHV� �� & x � w ��
0Q x � w �� &U x � w ��� 9DQDGLXP ZDV DGGLWLRQ�
DOO\ LQWURGXFHG LQ VRPH FDVHV�

,W LV VKRZQ WKDW DW ORZ YDOXHV RI WKH G\QDPLF
FRHIILFLHQW �.G  ��� w ���� WKH FRQWHQW RI FDUERQ LQ

7DEOH �� 3URSHUWLHV RI PHWDO GHSRVLWHG XVLQJ ZLUHV 33�1S���.K��*��$)6<X5 DQG 6Y���.K��1��*�

7\SH RI GHSRVLWHG PHWDO

:HDU RI GHSRVLWHG PHWDO DW

��� �& DQG SUHVVXUH RI �� 03D

�WHVW WLPH x � K�� PJ

+HDW UHVLVWDQFH �QXPEHU RI

F\FOHV �KHDWLQJ�FRROLQJ�

WR FUDFNLQJ�

+DUGQHVV +5%

�� �& ��� �&

��.K��*��$)6<X5 ��� w ��� ��� w ���� ��� w ��� �� w ��

��.K��1��*� ���� w ���� ��� w ��� �� w �� �� w ��

7DEOH �� (IIHFW RI FDUERQ LQ WKH GHSRVLWHG PHWDO RI WKH
.K��$*��0)6 W\SH RQ WKH DPRXQW RI GHIRUPDWLRQ PDUWHQVLWH
DQG UHODWLYH ZHDU UHVLVWDQFH

&DUERQ FRQ�

WHQW� ZW��

Y  ���� P�V Y  ���� P�V

&RQWHQW RI

GHIRUPDWLRQ

PDUWHQVLWH�

�

5HODWLYH

ZHDU

UHVLVWDQFH

&RQWHQW RI

GHIRUPDWLRQ

PDUWHQVLWH�

�

5HODWLYH

ZHDU

UHVLVWDQFH

���� �� ��� �� ���

���� �� ��� � ���

���� �� ��� w ���
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WKH GHSRVLWHG PHWDO VKRXOG EH ��� w ���� PDQJDQHVH
� w �� FKURPLXP ≈�� �� DQG WKH PHWDO VKRXOG KDYH
PRVWO\ WKH PDUWHQVLWLF�FDUELGH VWUXFWXUH� )RU WKH
DERYH FRQGLWLRQV LW LV DGYLVDEOH WR XVH IOX[�FRUHG VWULSV
RI WKH 3/�1S����.K��*� DQG 3/�1S����.K��*�)�
JUDGHV� $Q LQFUHDVH LQ WKH G\QDPLF FRHIILFLHQW VKRXOG
EH DFFRPSDQLHG E\ D GHFUHDVH LQ WKH FDUERQ FRQWHQW
DQG E\ DQ LQFUHDVH LQ WKH PDQJDQHVH FRQWHQW RI WKH
GHSRVLWHG PHWDO� 7KXV� DW .G  ���� WKH RSWLPDO FRQ�
WHQW RI DOOR\LQJ HOHPHQWV LQ WKH GHSRVLWHG PHWDO LV DV
IROORZV� �� & x ��� w ���� 0Q x � w �� &U x ���
,Q WKLV FDVH LW LV UHFRPPHQGHG WR XVH IOX[�FRUHG VWULS
RI WKH 3/�1S����.K��*� JUDGH� :LWK DQ LQFUHDVH LQ
.G� LW LV QHFHVVDU\ WR LQFUHDVH WKH FRQWHQW RI UHVLGXDO
DXVWHQLWH LQ WKH GHSRVLWHG PHWDO DQG LQFUHDVH LWV VWD�
ELOLW\ ZLWK UHJDUG WR WKH GHIRUPDWLRQ PDUWHQVLWLF
WUDQVIRUPDWLRQ� ,W ZDV HVWDEOLVKHG WKDW� LI DIWHU VXU�
IDFLQJ WKH VWUXFWXUH DQG SKDVH FRPSRVLWLRQ RI WKH GH�
SRVLWHG PHWDO GLIIHU IURP WKH RSWLPXP� WKH HIILFLHQW
PHWKRG WR UHJXODWH WKHP LV QRUPDOL]LQJ� ,WV SDUDPH�
WHUV VKRXOG EH VHOHFWHG ZLWK DOORZDQFH IRU WKH LQWHQ�
VLW\ RI WKH LPSDFW�DEUDVLYH HIIHFW� :LWK DQ LQFUHDVH
LQ .G� LW LV QHFHVVDU\ WR XVH LQFUHDVHG WHPSHUDWXUHV RI
KHDWLQJ IRU QRUPDOL]LQJ LQ RUGHU WR LQFUHDVH WKH
DPRXQW RI DXVWHQLWH LQ WKH PHWDO VWUXFWXUH DQG GHJUHH
RI LWV VWDELOLW\� 6XUIDFLQJ ZLWK WKH GHYHORSHG IOX[�
FRUHG VWULSV ZLWK D FURVV VHFWLRQ RI �� × � PP VKRXOG
EH SHUIRUPHG E\ WKH 6$: PHWKRG XVLQJ IOX[HV RI WKH
$1��� JUDGH XQGHU WKH IROORZLQJ FRQGLWLRQV� ,Z  
 ��� w ��� $� 8D  �� w �� 9 DQG YZ  �� P�K�
7KH DERYH VWULSV DUH FKDUDFWHUL]HG E\ JRRG ZHOGLQJ
SURSHUWLHV�

$QDO\VLV RI WKH JLYHQ GDWD VKRZV WKH HIILFLHQF\ RI
XVLQJ WKH 0Q�FRQWDLQLQJ VXUIDFLQJ FRQVXPDEOHV�
ZKLFK SURYLGH WKH GHSRVLWHG PHWDO FRQWDLQLQJ PHWD�
VWDEOH DXVWHQLWH UHLQIRUFHG ZLWK KDUGHQLQJ SKDVHV DQG
UHDOL]H WKH VHOI�KDUGHQLQJ HIIHFW XQGHU ORDGLQJ� $Q
LPSRUWDQW UROH RI WKH PDUWHQVLWLF WUDQVIRUPDWLRQ FRQ�
VLVWV LQ WKH IDFW WKDW D ODUJHU SRUWLRQ RI WKH HQHUJ\ RI
H[WHUQDO HIIHFWV LV FRQVXPHG IRU LWV GHYHORSPHQW�
ZKLOH WKH VPDOOHU SRUWLRQ RI WKH HQHUJ\ JRHV WR IUDFWXUH
>��� ��@� 7KLV LV DFFRPSDQLHG QRW RQO\ E\ KDUGHQLQJ�
EXW DOVR E\ UHOD[DWLRQ RI PLFUR VWUHVVHV� ZKLFK KDP�
SHUV IRUPDWLRQ DQG SURSDJDWLRQ RI PLFURFUDFNV >��@�

7KH GHIRUPDWLRQ PDUWHQVLWLF WUDQVIRUPDWLRQ FDQ EH
DSSOLHG WR FRQWURO YDULDWLRQV LQ FKHPLFDO FRPSRVLWLRQ
RI WKH GHSRVLWHG PHWDO RU SDUDPHWHUV RI KHDW WUHDWPHQW
DIWHU VXUIDFLQJ� ZKLFK DOORZV WKH KLJKHVW OHYHO RI ZHDU
UHVLVWDQFH WR EH DFKLHYHG� SURYLGHG WKDW LWV GHYHORS�
PHQW LV RSWLPL]HG�

7DEOH ��

0DWHULDOV & &U 0Q 7L 0R 9 6L 1 $O : 1L )H

��.K��*�� ��� �� �� %DODQFH

��.K��*��7 ���� �� �� ��� %DODQFH

��.K��$*��0)6 ���� �� �� XS WR � XS WR � XS WR � ��� %DODQFH

��.K����) ���� �� �� XS WR � %DODQFH

��*��$) ��� �� XS WR � ��� %DODQFH

��.K��*��) ���� �� �� XS WR � %DODQFH

��.K��$*��0)6 ���� �� �� XS WR � XS WR � XS WR � ��� %DODQFH

��.K*6$ ��� XS WR � XS WR � XS WR � %DODQFH

��.K��*��$)6<X5 ��� �� �� XS WR � XS WR � XS WR ��� XS WR ���� XS WR ���

��.K��1��*� ���� �� � �� %DODQFH

���*��/ ��� ��

���.K��*� ��� �� �

���.K��*�)� ��� �� � � %DODQFH

���.K��*� ��� �� � %DODQFH

5()(5(1&(6

�� /\DNLVKHY� 1�3� ������ 1HZ DUHDV LQ WKH WHFKQRORJ\ RI SUR�
GXFWLRQ RI PDWHULDOV ZLWK SUHVHW SURSHUWLHV� 5$1� 0HWDOO\�
�� � w ��

�� %RJDFKHY� ,�1�� 0LQWV� 5�,� ������ &DYLWDWLRQ IUDFWXUH RI
LURQ�FDUERQ DOOR\V� 0RVFRZw6YHUGORYVN� 0DVKJL]�

�� 0DOLQRY� /�6�� .RQRS� 9�,�� 6RNRORY� .�1� HW DO� )OX[�
FRUHG ZLUH FRQWDLQLQJ D VWHHO VKHDWK DQG SRZGHUHG FKDUJH�
8665 DXWKRUsV FHUWLILFDWH �������� ,QW� &O� % �� .
������� 3XEO� ���������

�� 0DOLQRY� /�6�� &KHMO\DNK� $�3�� .KDUODQRYD� (�<D� HW DO�
������ 6HOHFWLRQ RI D FRPSRVLWLRQ RI FKURPH�PDQJDQHVH
VWHHO FRQWDLQLQJ PHWD�VWDEOH DXVWHQLWH� XVHG DV WKH GHSRVLWHG
PHWDO EDVH� ,]Y� 9X]RY� &KHUQ� 0HWDOOXUJLD� �� �� w ���

�� 0DOLQRY� /�6�� .KDUODQRYD� (�<D�� .ROHFKNR $�$� HW DO�
������ 1HZ VXUIDFLQJ FRQVXPDEOH RI WKH &w)Hw0Qw9 V\V�
WHP IRU H[WHQGLQJ OLIH RI WUDYHOOLQJ FUDQH ZKHHOV�
6YDURFKQR\H 3URL]YRGVWYR� �� �� w ���

�� 0DOLQRY� /�6�� 3ROLVKFKXN� 9�0�� 'HUNDFK� '�2� HW DO�
&RPSRVLWLRQ RI ZHDU�UHVLVWDQW VXUIDFLQJ ZLUH� 3DW� �����$
8NUDLQH� ,QW� &O� & �� & ������ 3XEO� ���������

�� 0DOLQRY� /�6�� .RQRS� 9�,�� 3DQLQ� 9�'� HW DO� ������
:HDU UHVLVWDQFH RI SUHFLSLWDWLRQ�KDUGHQLQJ VWHHOV ZLWK XQVWD�
EOH DXVWHQLWH� ,Q� 7UDQVDFW� RI =K0, RQ $GYDQFHG 0HWKRGV
RI :HOGLQJ LQ 0DFKLQH %XLOGLQJ DQG 6XUIDFLQJ LQ )HUURXV
0HWDOOXUJ\� =KGDQRY� =K0,�

�� .RYDOFKXN� $�9�� 2OGDNRYVN\� $�,�� 0DOLQRY� /�6� HW DO�
������ ,QFUHDVLQJ SHUIRUPDQFH RI 3LOJHU PLOO UROOV E\ VXUIDF�
LQJ XVLQJ QHZ IOX[�FRUHG ZLUH 33���=K1� 6YDURFKQR\H
3URL]YRGVWYR� �� �� w ���

�� 0DOLQRY� 9�/� ������ 'HYHORSPHQW RI VSDUVHO\ DOOR\HG VXU�
IDFLQJ FRQVXPDEOHV IRU LPSURYHPHQW RI ZHDU UHVLVWDQFH RI
SDUWV RSHUDWLQJ XQGHU LPSDFW�DEUDVLYH ZHDU FRQGLWLRQV�
7KHVLV IRU &DQG� 7HFK� 6FL� 'HJUHH� 0DULXSRO�

��� &KLJDUHY� 9�9�� 0DOLQRY� 9�/� ������ 6HOHFWLRQ RI VSDUVHO\�
DOOR\HG VXUIDFLQJ PDWHULDOV IRU GLIIHUHQW LPSDFW�DEUDVLYH
FRQGLWLRQV� 7KH 3DWRQ :HOGLQJ -RXUQDO� �� �� w ���

��� 3HWURY� ,�9� ������ ,QYHVWLJDWLRQ RI ZHDU UHVLVWDQFH RI VXU�
IDFLQJ FRQVXPDEOHV LQ DEUDVLYH ZHDU XQGHU G\QDPLF ORDG�
LQJ� 7KHVLV IRU &DQG� 7HFK� 6FL� 'HJUHH� 0RVFRZ�

��� 0DOLQRY� /�6�� (LVPRQGW� 7�'� ������ (IIHFW RI SUHOLPLQDU\
SODVWLF GHIRUPDWLRQ RQ FDYLWDWLRQ UHVLVWDQFH RI FKURPH�PDQ�
JDQHVH VWHHOV� ,Q� 3K\VLFDO�&KHPLFDO 0HFKDQLFV RI 0DWHUL�
DOV� 9RO� ��

��� 3RSRY� 9�6�� %U\NRY� 1�1�� 'PLWULHQNR� 1�6� ������ :HDU
UHVLVWDQFH RI UHIUDFWRU\ SURGXFWLRQ PRXOGV� 0RVFRZ� 0HWDO�
OXUJLD�

��� 0DOLQRY� /�6� ������ .LQHWLFV RI IRUPDWLRQ RI HSVLORQ�SKDVH
LQ DOOR\HG LURQ�PDQJDQHVH DOOR\V� 7KHVLV IRU &DQG� 7HFK�
6FL� 'HJUHH� 6YHUGORYVN�
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&KHUQLJLY 6WDWH 8QLYHUVLW\ RI 7HFKQRORJ\� &KHUQLJLY� 8NUDLQH

$%675$&7

,VVXHV DVVRFLDWHG ZLWK HOHFWURFKHPLFDO ZHOGLQJ RI VLOLFRQ WR VWHHOV IRU PDNLQJ XQLWV RI SUHVVXUH WUDQVGXFHUV DQG RWKHU

DVVHPEOLHV DUH FRQVLGHUHG� )LHOGV RI DSSOLFDWLRQ RI WKH WUDQVGXFHUV� WKHLU GHVLJQ DQG WHFKQRORJLFDO SHFXOLDULWLHV DUH

GHVFULEHG� 'DWD RQ ZHOGLQJ HTXLSPHQW DQG ZD\V RI LWV XSJUDGLQJ DUH SUHVHQWHG�

.H\ ZRU G V � VROLG�VWDWH HOHFWURFKHPLFDO ZHOGLQJ� XQLWV DQG

PDWHULDOV MRLQHG� ZHOGLQJ HTXLSPHQW� DVVHPEO\�ZHOGLQJ IL[WXUH

5DSLG GHYHORSPHQW RI HOHFWURQLF DQG FRPSXWHU LQGXV�
WULHV KDV EHHQ D PDMRU SUHFRQGLWLRQ RI D ZLGH DSSOL�

FDWLRQ RI DXWRPDWLRQ DQG PRQLWRULQJ IRU WKH PRVW

GLYHUVH SURFHVVHV XVHG LQ LQGXVWU\� PHGLFLQH� UHVHDUFK
DQG GRPHVWLF DSSOLDQFHV� +RZHYHU� UHDOL]DWLRQ RI WKLV

SUHFRQGLWLRQ ODUJHO\ GHSHQGV XSRQ WKH FDSDELOLWLHV RI

GHYLFHV HPSOR\HG WR JHW LQIRUPDWLRQ RQ D SDUDPHWHU
RU SURFHVV EHLQJ PRQLWRUHG� 6XFK GHYLFHV LQFOXGH SUL�

PDU\ WUDQVGXFHUV RI QRQ�HOHFWULFDO YDOXHV� ZKLFK DUH

EDVHG RQ SLH]R� DQG WHQVRUHVLVWLYH RU FDSDFLW\ HIIHFWV�
:LGHQLQJ RI WKH VFRSH RI DXWRPDWLRQ KDV VWLSXODWHG

LQFUHDVLQJO\ VWULQJHQW UHTXLUHPHQWV LPSRVHG RQ WKH

WUDQVGXFHUV� 7KH VSHFLDO FRQVLGHUDWLRQ LV JLYHQ WR WKH

IROORZLQJ IDFWRUV� PLQLDWXUL]DWLRQ �SRVVLELOLW\ RI
EXLOGLQJ�LQ RU LQWHJUDWLRQ�� ORZ FRVW �LQ PDVV SURGXF�
WLRQ�� PHFKDQLFDO VWUHQJWK DQG WLJKWQHVV�

7KH WUDQVGXFHUV FDQ EH XVHG IRU DQ\ NLQG RI PHDV�
XUHPHQWV RI VWDWLF DQG G\QDPLF SUHVVXUH RI JDVHV DQG

IOXLGV� 7KH\ DUH SDUWLFXODUO\ FRQYHQLHQW LQ VXFK FDVHV
ZKHUH� DORQJ ZLWK LQGLFDWLRQ� LW LV GHVLUDEOH RU QHF�

HVVDU\ WR UHFRUG WKH W\SH RI D VLJQDO RU SURFHVV LW�

7KHVH PHDVXUHPHQW GHYLFHV DUH ZLGHO\ DSSOLHG QRZ
LQ GLIIHUHQW HQJLQHHULQJ ILHOGV� RFHDQRJUDSK\ x IRU

PHDVXUHPHQW RI WKH RFHDQ GHSWK DQG ZDYH SUHVVXUH�

PDFKLQH�EXLOGLQJ x IRU WULERORJLFDO PHDVXUHPHQWV

DQG PRQLWRULQJ RI RLO SUHVVXUH LQ ODUJH SODLQ EHDULQJV�

PDQXIDFWXULQJ SURFHVVHV x IRU UHJLVWUDWLRQ RI SUHV�

VXUH DQG YDULDWLRQV LQ WKH OHYHO RI D IOXLG� K\GUDXOLFV

DQG SQHXPDWLFV x IRU PRQLWRULQJ DQG UHJXODWLRQ RI

SUHVVXUH LQ WKH K\GUDXOLF V\VWHPV RI EUDNHV DQG UDLO�

ZD\ UROOLQJ VWRFN� DXWRPRWLYH LQGXVWU\ x IRU PHDV�

XUHPHQW RI SUHVVXUH LQ RLO SXPSV� LQWHUQDO FRPEXVWLRQ

HQJLQHV DQG EUDNLQJ V\VWHPV� URFNHW HQJLQHHULQJ x

IRU PHDVXUHPHQW RI SUHVVXUH LQ IXHO WDQNV RI URFNHWV�
DLUFUDIW HQJLQHHULQJ x IRU PHDVXUHPHQW RI SUHVVXUH

LQ K\GUDXOLF V\VWHPV DQG DV UDWH�RI�FOLPE PHWHUV� DQG

VRLO PHFKDQLFV x IRU PHDVXUHPHQW RI SUHVVXUH RI XQ�

GHUJURXQG ZDWHU DQG LQYHVWLJDWLRQ RI VWDELOLW\ RI VRIW

JURXQG� 7KH WUDQVGXFHUV DUH XVHG LQ GRPHVWLF DSSOL�

DQFHV� DV ZHOO DV LQ PHGLFLQH IRU LQYHVWLJDWLRQ RI

KHPRG\QDPLFV RI H\H DQG DGMRLQLQJ FHUHEUXP VHF�
WLRQV� GLDJQRVWLFV RI VSHHG FKDUDFWHULVWLFV RI SURSDJD�

WLRQ RI SXOVH ZDYHV GXULQJ WKH KHDUW F\FOH� YROXPH

PHDVXUHPHQWV RI EORRG FLUFXODWLRQ� HWF�

8VLQJ WKLV WUDQVGXFHU RU RWKHU LQ WKH DERYH ILHOGV

LV GHWHUPLQHG ILUVW RI DOO E\ LWV SULFH DQG HIILFLHQF\�

,Q FRPPHUFLDO DSSOLFDWLRQ RI WKH DERYH GHYLFHV WKH

GHFLVLYH IDFWRU LV D PHDVXUHPHQW HUURU ZKLFK VKRXOG

EH � w � � LQ SURFHVV UHJXODWLRQ DQG � w � � LQ PRQL�
WRULQJ� 7KH UDWLR RI SULFHV RI WKH JHQHUDO WR VSHFLDO�

SXUSRVH WUDQVGXFHUV LV ����� w �������

7KH WUDQVGXFHUV DUH PDGH XVLQJ QRQ�WUDGLWLRQDO

PDWHULDOV �VHPLFRQGXFWLQJ PDWHULDOV� JODVVHV� DOOR\V�

FHUDPLFV� PHWDO DOOR\V� E\ DGYDQFHG SODQDU PLFUR�

WHFKQRORJLHV DQG QHZ MRLQLQJ PHWKRGV� VXFK DV VROLG�

VWDWH HOHFWURFKHPLFDO ZHOGLQJ �(&:� �)LJXUH �� >�@�

$GYDQWDJHV RI WKLV MRLQLQJ PHWKRG DUH DV IROORZV�

• SRVVLELOLW\ RI GLUHFWO\ MRLQLQJ PHWDO RU VHPLFRQ�

GXFWRU WR JODVV RU JODVV FHUDPLFV� E\ DYRLGLQJ H[SHQ�

VLYH DQG VFDUFH EUD]LQJ ILOOHU PHWDOV EDVHG RQ JROG�

LQGLXP� VLOYHU� HWF��

• MRLQLQJ RI PDWHULDOV DW WHPSHUDWXUHV ORZHU WKDQ

EUD]LQJ WHPSHUDWXUHV�
• MRLQLQJ RI PDWHULDOV LQ DQ\ DWPRVSKHUH� LQFOXGLQJ

DLU�

• SRVVLELOLW\ RI RSHUDWLQJ WKH MRLQWV DW WHPSHUDWXUHV

FORVH WR WKH ZHOGLQJ WHPSHUDWXUH�

• UHGXFWLRQ RI WKH WLPH RI ZHOGLQJ WR VHYHUDO PLQ�

XWHV�

• HOLPLQDWLRQ RI KLJK VSHFLILF FRPSUHVVLRQ ORDGV�

• SRVVLELOLW\ RI SURYLGLQJ UHOLDEOH� IXOO�VWUHQJWK

DQG WLJKW MRLQWV�

� 1�1� .+20(1.2� ����

)LJXUH �� 0DLQ IORZ GLDJUDPV RI (&:� � x JODVV� � x VLOLFRQ
�PHWDO�� � x KHDWHU� �� � x ZHOGLQJ YROWDJH �ORZ DQG KLJK�
UHVSHFWLYHO\� VRXUFHV

.KRPHQNR 1LNRODM 1�x 3URIHVVRU� +HDG RI WKH &KDLU RI :HOGLQJ
3URGXFWLRQ�
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(&: KDV ODWHO\ JDLQHG DFFHSWDQFH DOVR LQ WKH
PDQXIDFWXUH RI SODQH[ LQWHJUDWHG FLUFXLWV� JDV�GLV�
FKDUJH LQVWUXPHQWV DQG RWKHU GHYLFHV�

$Q LPSRUWDQW HOHPHQW RI WKH SHUPDQHQW XQLW RI D
WUDQVGXFHU LV D VHPLFRQGXFWLQJ VLOLFRQ PHPEUDQH ZLWK
D WHQVRUHVLVWLYH EULGJH RU FDSDFLWRU SODWH PDGH RQ RQH
RI LWV VXUIDFHV E\ WKH SODQDU WHFKQRORJ\ PHWKRG� ,Q
8NUDLQH DQG RWKHU &,6 FRXQWULHV� GHYHORSHUV RI WKH
WUDQVGXFHUV XVH VHPLFRQGXFWLQJ HOHPHQWV ZLWK JHR�
PHWULFDO VL]HV RI QRW OHVV WKDQ � w � PP IRU PDNLQJ
RI XQLWV RI WKH GHYLFHV� WKXV VLPSOLI\LQJ DVVHPEO\ RI
WKH XQLWV DQG GHVLJQ RI FXUUHQW�FRQGXFWLQJ GHYLFHV�
0LQLDWXUL]DWLRQ RI WKH WUDQVGXFHUV� ZKLFK LV RQH RI
WKH UHTXLUHPHQWV IRU WKHLU DSSOLFDWLRQ LQ ELRPHGLFDO
VWXGLHV� UHTXLUHG VRPH UHVWUXFWXULQJ WR EH PDGH LQ
GHVLJQ RI WKH DVVHPEO\�ZHOGLQJ IL[WXUHV� WKH FXUUHQW�
FRQGXFWLQJ DQG KHDWLQJ GHYLFHV LQ SDUWLFXODU� DQG FRU�
UHFWLRQ RI ZHOGLQJ FRQGLWLRQV� 7KXV� ULJLG ZHOGLQJ
FRQGLWLRQV DUH PRUH DSSOLFDEOH IRU PDNLQJ ODUJH XQLWV�
,Q WKLV FDVH� ILUVW DQ DVVHPEO\ XQLW LV KHDWHG WR WKH
UHTXLUHG WHPSHUDWXUH DQG WKHQ D ZHOGLQJ YROWDJH LV
VXSSOLHG� 0LQLDWXUH XQLWV UHTXLUH VRIW ZHOGLQJ FRQGL�
WLRQV� XQGHU ZKLFK WKH SDUWV DUH KHDWHG WR WKH UHTXLUHG
WHPSHUDWXUH ZLWK WKH ZHOGLQJ YROWDJH VZLWFKHG RQ
�)LJXUH ��� ,Q DGGLWLRQ� IRU PLQLDWXUH SDUWV LW LV QHF�
HVVDU\ WR XVH D ORZHU ZHOGLQJ YROWDJH� GLIIHULQJ IURP
WKH YROWDJH XVHG XQGHU ULJLG ZHOGLQJ FRQGLWLRQV E\

DQ RUGHU RI PDJQLWXGH� RU LQFUHDVH LW JUDGXDOO\ LQ
V\QFKURQLVP ZLWK D GHFUHDVH LQ WKH ZHOGLQJ FXUUHQW�

(&: FDQ EH XVHG WR MRLQ GLIIHUHQW PDWHULDOV� 7KH
7DEOH JLYHV SDLUV RI PDWHULDOV ZHOGHG� ZKLFK DUH
ZLGHO\ XWLOL]HG LQ XQLWV RI YDULRXV�DSSOLFDWLRQ
WUDQVGXFHUV�

)XUWKHU GHYHORSPHQW RI WKH WHFKQRORJ\ IRU WKH
PDQXIDFWXUH RI ZHOGHG XQLWV LV LPSRVVLEOH ZLWKRXW
XSJUDGLQJ RI WKH ZHOGLQJ HTXLSPHQW DQG IL[WXUH� 7KLV
HTXLSPHQW VKRXOG EH FKDUDFWHUL]HG E\ KLJK SURGXF�
WLYLW\� LQ DGGLWLRQ WR HQVXULQJ LWV PDLQ SURSHUWLHV� DQG
LWV DVVHPEO\ VKRXOG QRW EH ODERXU�FRQVXPLQJ� EXW EH
SHUIRUPHG ZLWK D UHTXLUHG SUHFLVLRQ DQG SURYLGH WKH
SRVVLELOLW\ RI HYDFXDWLQJ FORVHG FDYLWLHV RI WKH XQLWV
DQG WKHLU XQLIRUP KHDWLQJ� 7KH LVVXH RI ODERXU FRQ�
VXPSWLRQ RI WKH DVVHPEO\ SURFHVV KDV EHHQ UHVROYHG
LQ JHQHUDO GXH WR XVLQJ UHSODFHDEOH ZHOGLQJ IL[WXUHV
DQG DVVHPEO\ MLJV� 7KH LVVXH RI SURGXFWLYLW\ LV DVVR�
FLDWHG ZLWK D PHWKRG RI KHDWLQJ >�@� +HUH WKH PRVW
GLIILFXOW SUREOHP LV WR HQVXUH WKH XQLIRUPLW\ RI KHDWLQJ
RI WKH XQLWV� 7KH WHPSHUDWXUH FDQ EH PRQLWRUHG RQO\
E\ D FRQWDFW PHWKRG XVLQJ D OLPLWHG QXPEHU RI WKHU�
PRFRXSOHV� DQG LQ SUDFWLFH LW FDQ EH UHJXODWHG DQG
PDLQWDLQHG E\ RQH GHYLFH�

2XU LQGXVWU\ GRHV QRW PDQXIDFWXUH LQVWDOODWLRQV

IRU (&: RI GLVVLPLODU PDWHULDOV� ZKLOH WKRVH RSHUDW�

LQJ DW D QXPEHU RI HQWHUSULVHV ZHUH FXVWRP PDGH E\

XV� 7KH\ KDYH D FRPPRQ OD\RXW� DFFRUGLQJ WR WKH

EORFN GLDJUDP VKRZQ LQ )LJXUH � �XQLWV LQ GDVKHG

ER[HV DUH RSWLRQDO�� $OO WKH LQVWDOODWLRQV DUH EDVHG

RQ D ZHOGLQJ XQLW FKDUDFWHUL]HG E\ D KLJK SURGXFWLY�

LW\� WKH SRVVLELOLW\ RI ZHOGLQJ LQ WKH DLU DWPRVSKHUH

RU LQ YDFXXP� YHUVDWLOLW\ DV WR GHVLJQ SHFXOLDULWLHV RI

SDUWV ZHOGHG DQG D KHDWLQJ PHWKRG� 7KH ZHOGLQJ XQLW

RSHUDWHV RQ D '& KLJK ZHOGLQJ YROWDJH VXSSOLHG IURP

D VSHFLDO SRZHU XQLW ZKLFK LV HTXLSSHG ZLWK D PRQL�

WRULQJ� UHFRUGLQJ DQG FRQWURO V\VWHP� 7KH SDUWV DUH

KHDWHG E\ ORZ�YROWDJH KHDWHUV� ,Q DGGLWLRQ WR WUDQV�

IRUPHUV� WKH KHDWLQJ XQLW FRPSULVHV DOVR WKH V\VWHP

IRU PRQLWRULQJ� UHFRUGLQJ DQG FRQWURO RI WKLV SURFHVV�

6SHFLDO�SXUSRVH LQVWDOODWLRQV KDYH YDFXXP V\VWHPV

ZKLFK FRPSULVH DQ HYDFXDWLRQ V\VWHP DQG V\VWHP IRU

PRQLWRULQJ DQG FRQWURO >�@� 0RVW LQVWDOODWLRQV KDYH

VHSDUDWH DVVHPEO\ DQG ZHOGLQJ GHYLFHV� DOORZLQJ D

PDQXDO DVVHPEO\ RI WKH SDUWV RXWVLGH WKH LQVWDOODWLRQ

FKDPEHU� $OO WKH LQVWDOODWLRQV DUH ILWWHG ZLWK DPDQXDO

V\VWHP IRU ORDGLQJ DQG XQORDGLQJ RI SDUWV RU DVVHP�

EO\�ZHOGLQJ GHYLFHV� ZKLOH VRPH RI WKHP DUH HTXLSSHG

ZLWK DQ DXWRPDWLF ZHOGLQJ SURFHVV FRQWURO V\VWHP�
$Q LQFUHDVLQJ GHPDQG RI WKH LQGXVWU\ IRU WKH SUL�

PDU\ LQIRUPDWLRQ WUDQVGXFHUV UHTXLUHV VROXWLRQ RI WKH
SUREOHP RI DUUDQJHPHQW RI WKHLU PDQXIDFWXUH� $W LQ�
LWLDO VWDJHV� DOORZLQJ IRU WKH UHFHQW WUHQGV� LW LV QHF�
HVVDU\ WR DUUDQJHPDQXIDFWXUH RI WKH LQVWDOODWLRQVZLWK
PXOWL�SRVLWLRQDO DVVHPEO\�ZHOGLQJ GHYLFHV� +RZHYHU�
DW WKLV SRLQW ZH PD\ IDFH WZR QHJDWLYH IDFWRUV� KLJK
ODERXU FRQVXPSWLRQ LQ DVVHPEO\ DQG LPSRVVLELOLW\ RI
PRQLWRULQJ DQG FRQWUROOLQJ WKH ZHOGLQJ SURFHVV� 7KH
DWWHPSWV FXUUHQWO\ PDGH DUH DLPHG DW ZHOGLQJ QRQ�
ZDIHU�VHSDUDEOH VLOLFRQ SODWHV �PRGXOHV� WR JODVV >�@�

)LJXUH �� 5LJLG ��� DQG VRIW ��� (&: FRQGLWLRQV

)LJXUH �� %ORFN GLDJUDP RI ZHOGLQJ LQVWDOODWLRQ
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7KLV WHFKQRORJ\ GUDPDWLFDOO\ UDLVHV WKH SURGXFWLYLW\�
$W WKH VDPH WLPH� LW LQYROYHV WKH SUREOHP DVVRFLDWHG
ZLWK VHSDUDWLRQ RI WKLV DVVHPEO\� LW LV QHFHVVDU\ WR
KDYH WKH FXWWLQJ PHWKRGV ZKLFK ZRXOG SURYLGH D TXDO�
LW\ VXUIDFH ZLWKRXW DQ\ FOHDYDJHV RU FUDFNV� ,Q WKH
IXWXUH LW ZLOO EH QHFHVVDU\ WR GHYHORS DXWRPDWLF RU
VHPLDXWRPDWLF ZHOGLQJ LQVWDOODWLRQV ZLWK LQGLYLGXDO
ZHOGLQJ RI XQLWV� 7KLV DSSOLHV LQ SDUWLFXODU WR VHPL�
FRQGXFWLQJ WUDQVGXFHUV DQG RWKHU VHPLFRQGXFWLQJ GH�
YLFHV� )XOO DXWRPDWLRQ RI WKH ZHOGLQJ SURFHVV LQYROY�
LQJ WKH FKLS WRSRORJ\ LGHQWLILFDWLRQ PHWKRG FDQ EH
SURYLGHG WKURXJK GHWHFWLRQ XVLQJ D FRPPHUFLDO 79
FDPHUD IRU WKH WRSRORJ\ RI FRQWDFW SDGV RU UHIHUHQFH
PDUNV RQ WKH FKLSV� IROORZHG E\ FRPSDULQJ WKH FLUFXLW
EHLQJ PDGH ZLWK D VWDQGDUG RQH VWRUHG RQ WKH FRP�
SXWHU� ,Q WKLV FDVH� GHWHFWLRQ FDQ EH SHUIRUPHG XVLQJ
SKRWR�UHFHLYLQJ GHYLFHV� $W WKH VDPH WLPH� LW ZLOO EH
QHFHVVDU\ WR GHYHORS D V\VWHP IRU IHHGLQJ WKH DVVHP�
EOHG XQLW LQ D SUHVVHG FRQGLWLRQ WR WKH KHDWLQJ ]RQH
XQGHU WKH ZHOGLQJ HOHFWURGH�

,W VKRXOG EH QRWHG LQ FRQFOXVLRQ WKDW VROLG�VWDWH
(&: LV DQ DGYDQFHG DQG PRVW VXLWDEOH PHWKRG IRU
WKH PDQXIDFWXUH RI SUHFLVLRQ SHUPDQHQW XQLWV RI GLI�
IHUHQW PDWHULDOV� VXFK DV JODVVHV� VHPLFRQGXFWLQJ PD�
WHULDOV DQG PHWDOV� IRU PDNLQJ PRGHUQ PRQLWRULQJ DQG
FRQWURO GHYLFHV� GRPHVWLF DSSOLDQFHV DQG PHGLFDO
HTXLSPHQW�

/LVW RI PDWHULDOV ZHOGHG DQG WKHLU ZHOGLQJ FRQGLWLRQV

0DWHULDO *ODVV JUDGH L� µ$�PP� τ� PLQ 7� �&

.RYDU ���1.� 6����� 6����� 6���� �� w �� �� ���

0RO\EGHQXP 6����� 6����� 6���� �� w �� �� ���

7LWDQLXP 6���� �� � ���

7DQWDOXP 6����� 6���� �� � ���

6LOLFRQ 3LUH[� /.����� 6����� 6���� �� w �� ��� w ���� ��� w ���

*HUPDQLXP 6����� 6����� 6���� � � ���

$OXPLQLXP �ILOP� 4XDUW]� 6����� 6����� 6����� 6����� 6����� 6���� � � w �� ��� w ���

1Lw¯U DOOR\ 6����� 6���� � � w �� ��� w ���

4XDUW] WKURXJK $O� 6L 4XDUW] �� � w � ���

6LOLFRQ 6DSSKLUH � � ���

*DOOLXP DUVHQLGH 6����� 6���� �� � w �� ���

3DOODGLXP 3RUFHODLQ ��� � ���

3ODWLQXP 6����� 6����� 6���� � � ���

6LOLFRQ 4XDUW] �� w �� � w �� ��� w ���

5()(5(1&(6

�� .KRPHQNR� 1�1� ������ 6FLHQWLILF DQG WHFKQRORJLFDO SULQ�
FLSOHV RI VROLG�VWDWH HOHFWURFKHPLFDO ZHOGLQJ RI FU\VWDOOLQH
PDWHULDOV WR VHPLFRQGXFWLQJ JODVVHV� 6\QRSVLV RI 7KHVLV IRU
'U� RI 7HFKQ� 6FL� 'HJUHH� .\LY� 3:,�

�� .KRPHQNR� 1�1�� 0RVHHY� 2�$� ������ +HDWLQJ DQG KHDWLQJ
GHYLFHV IRU HOHFWULF�ILHOG ZHOGLQJ LQVWDOODWLRQV� $YWRPDWL�
FKHVND\D 6YDUND� �� �� w ���

�� .KRPHQNR� 1�1�� 9HOLFKNR� 1�$�� %DUEDVK� 6�9� ������
&RQWURO DQG PRQLWRULQJ RI WKH SURFHVV RI ZHOGLQJ RI WUDQV�
GXFHU XQLWV LQ WKH HOHFWULF ILHOG� 3ULERU\ L 6LVWHP\ 8SUDYOH�
QL\D� �� �� w ���

�� .KRPHQNR� 1�1� ������ 7HFKQRORJ\ DQG PDWHULDOV IRU PD�
QXIDFWXUH RI ODUJH�VL]H XQLWV x ELOOHWV RI SUHVVXUH WUDQVGX�
FHUV� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���
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*�3� %2/2729

&KHUQLJLY 6WDWH 8QLYHUVLW\ RI 7HFKQRORJ\� &KHUQLJLY� 8NUDLQH

$%675$&7

0DLQ UHVXOWV RI UHVHDUFK DQG GHYHORSPHQW DLPHG DW LPSURYHPHQW DQG ZLGHQLQJ RI WHFKQRORJLFDO FDSDELOLWLHV RI JORZ

GLVFKDUJH DV D KHDW VRXUFH IRU MRLQLQJ SURFHVVHV DUH SUHVHQWHG� 0HWKRGV ZKLFK KROG SURPLVH IRU LQFUHDVLQJ VWDELOLW\ RI

JORZ GLVFKDUJH DUH GHVFULEHG DQG EDVLF W\SHV RI SRZHU VXSSOLHV DQG SLHFHV RI HTXLSPHQW DUH FKDUDFWHUL]HG� 7HFKQRORJLFDO

SUREOHPV ZKLFK DUH VXFFHVVIXOO\ VROYHG E\ JORZ�GLVFKDUJH ERQGLQJ DQG EUD]LQJ DUH RXWOLQHG�

.H\ ZRU G V � GLIIXVLRQ ERQGLQJ� EUD]LQJ� JORZ GLVFKDUJH�
VWDELOLW\� SRZHU VXSSOLHV� HTXLSPHQW� DSSOLFDWLRQ ILHOG

6SHFLILF FRPELQDWLRQ RI SK\VLFDO�FKHPLFDO DQG WHFK�
QRORJLFDO SHFXOLDULWLHV RI IRUPDWLRQ RI GLIIXVLRQ ERQGV

KDPSHUV DSSOLFDWLRQ RI FRQFHQWUDWHG HQHUJ\ VRXUFHV
DQG LPSRVHV LQFUHDVHG UHTXLUHPHQWV IRU ORFDOLW\ DQG

UHJXODWLRQ RI WKH LQWHQVLW\ RI KHDWLQJ XVLQJ GLVWULEXWHG

KHDW VRXUFHV� WKHLU DGDSWDELOLW\ WR KHDWLQJ SDUWV RI
GLIIHUHQW FRQILJXUDWLRQV DQG GLPHQVLRQV� $PRQJ WKH
HQHUJ\ VRXUFHV XVHG FXUUHQWO\ IRU GLIIXVLRQ ERQGLQJ

�LQGXFWLRQ� UDGLDWLRQ� UHVLVWDQFH� HWF��� WKH DERYH UH�
TXLUHPHQWV DUH PRVW FRPSOHWHO\ PHW E\ D JORZ GLV�

FKDUJH EXUQLQJ LQ LQHUW RU UHGXFLQJ JDVHV XQGHU D

SUHVVXUH ZKLFK LV ORZHU WKDQ WKH DWPRVSKHULF RQH�

,QLWLDO DWWHPSWV RI XVLQJ JORZ GLVFKDUJH IRU GLIIX�

VLRQ ERQGLQJ DQG EUD]LQJ RI PHWDOV GDWH EDFN WR WKH

EHJLQQLQJ RI WKH ����V >�@� 7KH ILUVW H[SHULPHQWV RQ
EUD]LQJ RI PHWDOV >�@ DQG ]RQH UHILQLQJ RI VLOLFRQ >�@
XVLQJ D JORZ GLVFKDUJH LQ K\GURJHQ GDWH IURP WKH

VDPH SHULRG� (YHQ WKH YHU\ ILUVW VWXGLHV >�� �@ QRWHG

VLPSOLFLW\ RI HTXLSPHQW� KLJK HIILFLHQF\ DQG FRVW HI�

IHFWLYHQHVV RI WKH SURFHVV LQYROYHG� +RZHYHU� DORQJ
ZLWK IDYRXUDEOH SURSHUWLHV� WKH VWXGLHV SHUIRUPHG DOVR

UHYHDOHG GLIIHUHQW W\SHV RI LQVWDELOLW\ RI WKH JDV�GLV�

FKDUJH SODVPD� DV ZHOO DV GHSHQGHQFH RI WKH SURFHVV

SDUDPHWHUV XSRQ WKH VKDSH DQG PDWHULDO RI SDUWV�

ZKLFK UHTXLUHG LQYHVWLJDWLRQ LQWR SK\VLFDO�WHFKQLFDO

SHFXOLDULWLHV RI WKH JORZ�GLVFKDUJH SODVPD XVHG DV DQ

HQHUJ\ VRXUFH IRU ERQGLQJ�

5HYLHZ >�@ SXEOLVKHG LQ ���� DQG ERRN >�@ JHQ�

HUDOL]HG UHVXOWV RI LQYHVWLJDWLRQV DQG H[SHULHQFH RI

FRPPHUFLDO DSSOLFDWLRQ RI WKH JORZ GLVFKDUJH IRU MRLQ�

LQJ GLVVLPLODU PHWDOV� DOOR\V DQG QRQ�PHWDOOLF PDWH�

ULDOV� FRQVLGHUHG SURFHVVHV RFFXUULQJ LQ WKH PHGLXP�

SUHVVXUH JDV�GLVFKDUJH SODVPD� SUHVHQWHG FKDUDF�

WHULVWLFV RI WKH HTXLSPHQW GHYHORSHG DQG VKRZHG D

SURPLVLQJ IXWXUH RI WKH JORZ GLVFKDUJH XVHG DV D ERQG�

LQJ KHDW VRXUFH� /DWHU RQ WKH PDLQ FRQVLGHUDWLRQ ZDV

JLYHQ WR LQYHVWLJDWLRQ RI HQHUJ\ FKDUDFWHULVWLFV RI WKH

JORZ GLVFKDUJH XQGHU FRQGLWLRQV RI ERQGLQJ DQG EUD]�

LQJ� IXUWKHU H[SORUDWLRQ DQG H[SDQVLRQ RI LWV WHFKQR�

ORJLFDO FDSDELOLWLHV� LQ SDUWLFXODU� WKURXJK LQFUHDVLQJ
VWDELOLW\ RI WKH GLVFKDUJH XQGHU KHDWLQJ FRQGLWLRQV

YDULHG RYHU ZLGH UDQJHV� DV ZHOO DV WR GHYHORSPHQW

RI QHZ HIILFLHQW SRZHU VXSSOLHV DQG EXLOGLQJ RI D

KLJK�FDSDFLW\ DXWRPDWHG HTXLSPHQW�
%RQGLQJ DQG EUD]LQJ LQ D QRUPDO JORZ GLVFKDUJH

DUH SHUIRUPHG XQGHU D JDV SUHVVXUH RI ���� w ���� N3D

DQG DW LQWHU�HOHFWURGH GLVWDQFH RI �� w ���⋅��w� P�

8QGHU VXFK D SUHVVXUH WKH JDV WHPSHUDWXUH LQ D SRVLWLYH

FROXPQ RI WKH GLVFKDUJH DPRXQWV WR ���� w ���� .

>�� �@� DQG VL]H RI WKH ]RQH RI WKH FDWKRGH SRWHQWLDO
GURS ZKLFK VHSDUDWHV WKH SRVLWLYH FROXPQ IURP WKH
FDWKRGH �ZRUNSLHFH� GHFUHDVHV WR IUDFWLRQV RI D PLO�

OLPHWHU >��@� 8QGHU VXFK FRQGLWLRQV XS WR �� � RI WKH
HOHFWULF HQHUJ\ HYROYHG LQ WKH GLVFKDUJH FROXPQ LV

WUDQVIHUUHG E\ WKHUPDO FRQGXFWLRQ RI JDV WR WKH FDWK�

RGH� ZKLFK VHUYHV DV DQ DFWLYH KHDW VLQN� DQG� DGGHG

WR WKH LPSDFW RI DFFHOHUDWHG LRQV� SURYLGHV LWV HIIHFWLYH

KHDWLQJ� 2ZLQJ WR WKH WRWDO HIIHFW RQ WKH FDWKRGH E\
WZR KHDW VRXUFHV� WKH HIILFLHQF\ RI KHDWLQJ DPRXQWV

WR ���� w ���� DQG GHSHQGV WR D FRQVLGHUDEOH GHJUHH

XSRQ WKH JDV SUHVVXUH �)LJXUH �� >��@�
� *�3� %2/2729� ����

%RORWRY *HQQDG\ 3� x JUDGXDWH RI &KHUQLJLY %UDQFK RI .\LY

3RO\WHFKQLFDO ,QVWLWXWH ������� $VVLVWDQW 3URIHVVRU RI WKH &KDLU RI
:HOGLQJ 3URGXFWLRQ�

)LJXUH �� 'HSHQGHQFH RI WKH HIILFLHQF\ RI KHDWLQJ E\ WKH JORZ
GLVFKDUJH LQ QLWURJHQ XSRQ WKH LQWHU�HOHFWURGH GLVWDQFH O XQGHU JDV
SUHVVXUH S  ���� ���� ���� ��� DQG ����� ��� N3D
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7KH VSHFLILF SURSHUW\ RI WKH JORZ GLVFKDUJH DV D
VXUIDFH KHDW VRXUFH� ZKLFK SURYLGHV D VXEVWDQWLDO LQ�
FUHDVH LQ LWV SUDFWLFDELOLW\� LV WKH SRVVLELOLW\ RI YDU\LQJ
RYHU ZLGH UDQJHV WKH GHQVLW\ RI WKH WKHUPDO HQHUJ\
IOX[ RQ WKH VXUIDFH RI WKH SDUWV MRLQHG� 9DULDWLRQ LQ
JDV SUHVVXUH S LQ D ZRUN FKDPEHU OHDGV WR D YDULDWLRQ
LQ FXUUHQW GHQVLW\ M LQ WKH KHDWLQJ ]RQH LQ DQ DSSUR[L�
PDWH UHODWLRQVKLS RI MaS� >��@� 7KLV DOORZV WKH FXUUHQW
GHQVLW\ WR EH YDULHG IURP ��w� w ��w� WR ��� w
��� $�FP� WKURXJK YDU\LQJ WKH JDV SUHVVXUH RYHU D
FRPSDUDWLYHO\ VPDOO UDQJH >�@� ZKLFK FRUUHVSRQGV WR
D YDULDWLRQ LQ WKH FRQFHQWUDWLRQ FRHIILFLHQW IURP ����
WR ���� �)LJXUH ��� 7KLV PDNHV LW SRVVLEOH WR XVH WKH
JORZ GLVFKDUJH WR SURYLGH ERWK XQLIRUP JUDGXDO KHDW�
LQJ RI WKLQ�ZDOOHG SDUWV >��@ DQG ORFDO� UDWKHU LQWHQ�
VLYH KHDWLQJ RI ODUJH ELOOHWV >��@�

7KH JORZ GLVFKDUJH LV DQ LQWHUPHGLDWH IRUP RI D
JDV GLVFKDUJH� DQG XQGHU FHUWDLQ FRQGLWLRQV LW PD\
FKDQJH LQWR D PRUH VWDEOH IRUP� L�H� HOHFWULF DUF� ZKLFK
OHDGV WR DQ LQDGPLVVLEOH RYHUKHDWLQJ DQG PHOWLQJ RI
D ZRUNSLHFH VXUIDFH� )RUPDWLRQ RI WKH DUF GLVFKDUJH
PD\ EH FDXVHG E\ HPLVVLYH VSRWV SUHVHQW RQ WKH VXUIDFH
RI ZRUNSLHFHV� ZKLFK UHVXOW IURP LWV FRQWDPLQDWLRQ
ZLWK VFDOH RU JUHDVH� RU SUHVHQFH RI FUDFNV RU JDSV RI
FULWLFDO VL]HV >�@� ZKLFK OHDG WR D ORFDO LQFUHDVH LQ WKH
FXUUHQW GHQVLW\ DW WKH FDWKRGH�

7KH TXDOLW\ SUHSDUDWLRQ RI SDUWV IRU ERQGLQJ� XVH
RI VKLHOGLQJ JDV DWPRVSKHUHV ZLWK D GHFUHDVHG R[\JHQ
FRQWHQW DQG XSJUDGLQJ RI GHVLJQ RI D MRLQW DOORZ D
IXQGDPHQWDO GHFUHDVH LQ WKH SUREDELOLW\ RI IRUPDWLRQ
RI WKH DUF�

8QGHU ERQGLQJ RU EUD]LQJ FRQGLWLRQV� WKH ZLUH� RU
VWULS�W\SH VWHHO DQRGH LV PDGH DV D FLUFXLW ZLWK D VKDSH
FRUUHVSRQGLQJ WR WKDW RI D VHFWLRQ KHDWHG� ,Q WKLV FDVH
WKH FXUUHQW GHQVLW\ LQ WKH GLVFKDUJH LV H[WUHPHO\ QRQ�
XQLIRUP� L�H� DW WKH DQRGH DQG LQ WKH DQRGH UHJLRQ LW
LV DOPRVW E\ DQ RUGHU RI PDJQLWXGH KLJKHU WKDQ DW WKH
FDWKRGH� &RQWDPLQDQWV LQ WKH IRUP RI R[LGH ILOPV DUH
GHSRVLWHG RQ WKH VXUIDFH RI WKH DQRGH RU LWV ORFDO
UHJLRQV GXULQJ RSHUDWLRQ� 7KHVH ILOPV DUH SRO\PHUL]HG
LQ WKH GLVFKDUJH RI YDFXXP RLO YDSRXUV� HWF�� ZKLFK
KDYH ORZ HOHFWULFDO FRQGXFWLYLW\� 7KH HIIHFWLYH DQRGH
VXUIDFH WKURXJK ZKLFK WKH GLVFKDUJH FXUUHQW LV VKRUW
FLUFXLWHG LV GHFUHDVHG� WKXV UDLVLQJ WKH FXUUHQW GHQVLW\
LQ WKH QHDU�DQRGH SODVPD >��@� $Q LQFUHDVH LQ WKH
FXUUHQW GHQVLW\ DW WKH DQRGH XS WR D FULWLFDO YDOXH RI
��� w ��� $�FP� DQG KLJKHU OHDGV WR D IXUWKHU VSRQ�
WDQHRXV FRQWUDFWLRQ RI WKH SODVPD E\ DQ LQWULQVLF PDJ�
QHWLF ILHOG >�� ��@ WR IRUP DQ DUF GLVFKDUJH FKDQQHO�
7KLV QHJDWLYH IDFWRU LV UHPRYHG E\ SHULRGLFDO FOHDQLQJ
RU UHSODFHPHQW RI WKH DQRGH�

7UDQVIRUPDWLRQ RI D KLJK�FXUUHQW JORZ GLVFKDUJH
LQWR WKH DUF RQH LV DFFRPSDQLHG E\ VXEVWDQWLDO LPSDFW
FXUUHQW RYHUORDGLQJ RI D SRZHU VXSSO\ DQG SDUWV EHLQJ
MRLQHG� 6XFK DQ RYHUORDGLQJ LV GHFUHDVHG E\ FRQQHFW�
LQJ WR WKH GLVFKDUJH FLUFXLW WKH ULSSOH ILOWHUV RU XVLQJ
VSHFLDO DUF�H[WLQJXLVKLQJ GHYLFHV� ZKLFK UHDFW WR YDUL�
DWLRQV LQ WKH FXUUHQW RU YROWDJH LQ WKH GLVFKDUJH FLUFXLW
DQG DIIHFW WKHP VR WKDW WKH\ DUH UHGXFHG WR WKH YDOXHV
FRUUHVSRQGLQJ WR WKH ILHOG RI H[LVWHQFH RI WKH JORZ

GLVFKDUJH� 'HYLFHV XVHG IRU VXFK D SXUSRVH FDQ EH
VXEGLYLGHG LQWR WKUHH JURXSV� GHYLFHV ZKLFK PDLQWDLQ
WKH GLVFKDUJH FXUUHQW DW D FRQVWDQW OHYHO >�@� GHYLFHV
ZKLFK VZLWFK RII WKH VXSSO\ YROWDJH IRU D VKRUW SHULRG
RI WLPH >��@ DQG GHYLFHV ZKLFK GHFUHDVH WKH GLVFKDUJH
FXUUHQW E\ D FHUWDLQ YDOXH >��@� 7KH WLPH RI IRUPDWLRQ
RI WKH DUF GLVFKDUJH LV ��w� w ��w� V >��@� $OORZLQJ
IRU KHDW LQHUWLD RI WKH SDUWV� UHVSRQVH RI WKH GHYLFHV
FDQ UDQJH IURP ��w� WR ��w� V�

0HWKRG ZKLFK SURYLGHV D PRUH HIILFLHQW LQFUHDVH LQ
VWDELOLW\ RI WKH JORZ GLVFKDUJH LV VHFWLRQLQJ RI HOHFWURGHV
>��� ��@� ,Q WKH ERQGLQJ DQG EUD]LQJ SURFHVVHV D PRQR�
OLWKLF DQRGH LV UHSODFHG E\ D VHFWLRQDO RQH >��@� WKH
VHSDUDWH VHFWLRQV �VHJPHQWV� RI ZKLFK DUH FRQQHFWHG WR
WKH SRVLWLYHSROH RI WKHSRZHU VXSSO\ WKURXJKGHFRXSOLQJ
EDOODVW UHVLVWRUV RI D UDWKHU KLJK OHYHOx ��� w ���2KP
�)LJXUH ��� ,Q WKLV FDVH� WKH DUF IRUPHG LQ DQ\ FDWKRGH
UHJLRQ RU DW DQ\ DQRGH VHFWLRQ ZLOO DIIHFW EXW VOLJKWO\
WKH EXUQLQJ FRQGLWLRQV RI WKH JORZ GLVFKDUJH DW RWKHU
VHFWLRQV� %HVLGHV� WKH FXUUHQW RI WKH IRUPHG DUF ZLOO EH
OLPLWHG E\ D FRQVLGHUDEOH H[WHUQDO EDOODVW UHVLVWDQFH LQ
WKLV FLUFXLW� 7KXV� WKH HIIHFW RI WKH DUF RQ WKH SDUWV
MRLQHG LV VLJQLILFDQWO\ GHFUHDVHG� +RZHYHU� WKLV GRHV
QRW H[FOXGH WKH SUREDELOLW\ RI WKHLU GDPDJH LQ WKH FDVH
RI D ORQJ�WLPH DUF EXUQLQJ�

/LPLWDWLRQ RI WKH WLPH RI H[LVWHQFH RI WKH IRUPHG
DUF IRU D V\VWHP RI HOHFWULFDOO\ GHFRXSOHG HOHFWURGHV
LV DFKLHYHG E\ XVLQJ D URWDWLQJ HOHFWULF ILHOG ZKLFK
UXQV DERXW WKH DQRGH VHFWLRQV DW D FHUWDLQ YHORFLW\
>��@� 7KH DUF IRUPHG DW DQ\ RI WKH DQRGH VHFWLRQV DW
WKH QH[W PRPHQW ZLOO EH VZLWFKHG RII IURP WKH HOHFWULF
FLUFXLW DQG H[WLQJXLVKHG� 7R SUHYHQW D UHSHDWHG H[FL�
WDWLRQ RI WKH DUF DW WKLV VHFWLRQ LQ LWV VXEVHTXHQW LJ�
QLWLRQ� WKH YHORFLW\ RI URWDWLRQ RI WKH HOHFWULF ILHOG LV
VHW VR WKDW DOO IOXFWXDWLRQV FDXVHG E\ D VKRUW�WLPH
H[LVWHQFH RI WKH DUF KDYH HQRXJK WLPH WR GLVDSSHDU
GXULQJ D SHULRG RI FLUFXODWLRQ RI WKH HOHFWULF FXUUHQW

)LJXUH �� 'HSHQGHQFH RI WKH FRHIILFLHQW RI FRQFHQWUDWLRQ RI WKH
JORZ GLVFKDUJH XSRQ WKH JDV SUHVVXUH LQ DUJRQ ��� �� DQG KHOLXP
��� �� DW ,  � ��� �� DQG � ��� �� $

)LJXUH �� 6FKHPDWLF RI KHDWLQJ XVLQJ VHFWLRQDO DQRGH� � x DQRGH
VHFWLRQV� � x FDWKRGH� 5�� ���� 5Q x EDOODVW UHVLVWRUV
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LQ WKH LQWHU�HOHFWURGH JDS� )UHTXHQF\ RI VZLWFKLQJ
RYHU RI WKH DQRGH VHFWLRQV VKRXOG VDWLVI\ WZR FRQWUD�
GLFWRU\ UHTXLUHPHQWV� LW VKRXOG EH VXIILFLHQWO\ KLJK
WR OLPLW WKH WLPH RI WKH DUF EXUQLQJ DW DQ LQGLYLGXDO
VHFWLRQ DQG� DFFRUGLQJO\� GHFUHDVH WKH GHJUHH RI LWV
LPSDFW RQ D ZRUNSLHFH� DQG� DW WKH VDPH WLPH� LW
VKRXOG EH VXIILFLHQWO\ ORZ WR HOLPLQDWH FRQGLWLRQV IRU
LWV UHSHDWHG H[FLWDWLRQ� 7KH RSWLPDO IUHTXHQF\ RI
VZLWFKLQJ RYHU RI WKH DQRGH VHFWLRQV IRU GLVFKDUJH
FXUUHQWV RI � w �� $ LV ��� w ���� +]� DQG GHFUHDVHV
ZLWK DQ LQFUHDVH LQ WKH FXUUHQW� ,W LV UHFRPPHQGHG WR
XVH KLJK�IUHTXHQF\ RU SXOVH WK\ULVWRUV DV HOHPHQWV
ZKLFK VZLWFK WKH DQRGH FLUFXLWV�

3RZHU VXSSOLHV ZLWK GURRSLQJ RU VWHHSO\ GURRSLQJ
H[WHUQDO FKDUDFWHULVWLFV DUH XVHG WR VWDELOL]H WKH EXUQLQJ
FRQGLWLRQV RI WKH JORZ GLVFKDUJH� 7KH VLPSOHVW PHWKRG
IRU DFKLHYLQJ VXFK D FKDUDFWHULVWLF LV WKH XVH RI D SRZHU
VXSSO\ ZLWK DQ DFWLYH EDOODVW UHVLVWDQFH �)LJXUH �� D�
>�@� 7KH VHOHFWHG UDQJH RI WKLV UHVLVWDQFH LV IURP ���
WR LPSHGDQFH RI WKH GLVFKDUJH >��@� ZKLFK LV �� w
��� 2KP IRU WKH ERQGLQJ FRQGLWLRQV� 6XFK D GLDJUDP
LV FKDUDFWHUL]HG E\ FRQVLGHUDEOH ORVVHV RI WKH HOHFWULF
SRZHU� L�H� WKH HIILFLHQF\ RI D SRZHU VXSSO\ LV QR PRUH
WKDQ��� w ����+RZHYHU� VXFKSRZHU VXSSOLHV DUH VLPSOH
LQ PDQXIDFWXUH DQG RSHUDWLRQ� DUH KLJKO\ UHOLDEOH DQG
LQH[SHQVLYH DQG KDYH D ORZ PDVV �XS WR � NJ SHU NLOR�
ZDWW�� 7KHUHIRUH� WKH\ DUH ZLGHO\ DSSOLHG LQ ORZ�FDSDF�
LW\ FRPPHUFLDO DQG ODERUDWRU\ LQVWDOODWLRQV� 6XEVWLWX�
WLRQ RI D UHDFWLYH EDOODVW LQ WKH IRUP RI DQ LQGXFWDQFH�
FDSDFLWDQFH FRQYHUWHU >��@ IRU WKH DFWLYH RQH LQ WKH
SRZHU VXSSO\ PDGH LW SRVVLEOH WR DFKLHYH DQ H[WHUQDO
FKDUDFWHULVWLF FORVH WR D YHUWLFDO RQH DQG� WKXV� ZLGHQ
WKH UDQJH RI VWDELOLW\ RI WKH JORZ GLVFKDUJH� 3RZHU ORVVHV
LQ VXFK D EDOODVW DUH PDUNHGO\ ORZHU� DQG WKH HIILFLHQF\
RI WKH SRZHU VXSSO\ JURZV WR ��� w ���� +RZHYHU� VXFK
SRZHU VXSSOLHV KDYH D VXEVWDQWLDO PDVV �IURP �� WR

�� NJ SHU NLORZDWW� GHSHQGLQJ XSRQ WKH GHVLJQ DQG
FDSDFLW\�� 7KH\ DUH PXFK PRUH VRSKLVWLFDWHG DQG H[�
SHQVLYH WKDQ WKRVH GHVFULEHG DERYH DQG KDYH OLPLWHG
UDQJHV RI UHJXODWLRQ RI WKH SDUDPHWHUV� 7KHUHIRUH� WKH\
IDLOHG WR JDLQ ZLGH DFFHSWDQFH�

7KH LQFUHDVHG�FDSDFLW\ LQVWDOODWLRQV ��� w �� N:�
XVH PRUH HIIHFWLYH FRQWUROOHG SRZHU VXSSOLHV IRU WKH
GLVFKDUJH� 7KH\ DUH EDVHG RQ WKH YDOYH�W\SH FRQYHUWHUV
�)LJXUH �� E� >��@� $ VWHHSO\ GURRSLQJ FKDUDFWHULVWLF
RI VXFK SRZHU VXSSOLHV LV FUHDWHG E\ DQ DXWRPDWLF
UHJXODWLRQ RI WKH FXUUHQW� 7KH\ KDYH D KLJK FDSDFLW\
WR PDVV UDWLR DQG WKHLU SRZHU ORVVHV DUH QRW LQ H[FHVV
RI �� � RI WKH WRWDO FDSDFLW\ RI D SRZHU VXSSO\�

7HFKQRORJLFDO FDSDELOLWLHV RI WKH JORZ GLVFKDUJH�
FRPELQHG ZLWK D UHODWLYHO\ VLPSOH HTXLSPHQW� PDGH
LW D SURPLVLQJ KHDW VRXUFH IRU WKH SURFHVVHV RI SUHVVXUH
MRLQLQJ ZLWK SUHKHDWLQJ� $W SUHVHQW LW LV DSSOLHG IRU
GLIIXVLRQ ERQGLQJ RI FDUERQ DQG VWUXFWXUDO VWHHOV WR
KDUG DOOR\V IRU WKHPDQXIDFWXUH RI FXWWLQJ DQG IRUPLQJ
WRROV >��� ��@� MRLQLQJ WHFKQLFDO JODVVHV WR PHWDOV >��@�
QRQ�IHUURXV PHWDOV DQG DOOR\V� H[FHSW IRU DOXPLQLXP�
>��@ LQ LQVWUXPHQW PDNLQJ� LURQ�FREDOW DOOR\V WR VWDLQ�
OHVV VWHHOV IRU WKH PDQXIDFWXUH RI KLJK�SRZHU XOWUD�
VRQLF WUDQVGXFHUV ZLWK FRQFHQWUDWHG RU GLVWULEXWHG SD�
UDPHWHUV RI WKH DFRXVWLF ILHOG >��@� HWF� 7KH JORZ
GLVFKDUJH KDV IRXQG DSSOLFDWLRQ DOVR IRU MRLQLQJ RI
PHWDOV E\ WKH VROGHULQJ DQG EUD]LQJ PHWKRGV� IURP
VROGHULQJ RI PLQLDWXUH UHVLVWRU OHDGV >��@ DQG DVVHP�
EOLHV RI HOHFWULF�YDFXXP GHYLFHV >��@ WR EUD]LQJ RI
ODUJH�VL]H XQLWV RI VWHHOV DQG KDUG DOOR\V >��� ��@� $
VSHFLILF IHDWXUH RI WKH JORZ GLVFKDUJH WR SHQHWUDWH
LQWR JDSV� FUDFNV DQG KROHV FUHDWHV SURVSHFWV IRU XVLQJ
LW IRU FRVW�HIIHFWLYH SUHVVXUH ERQGLQJ RI FRPSOLFDWHG
KRQH\FRPE DQG RWKHU W\SHV RI VWUXFWXUHV FKDUDFWHUL]HG
E\ D ORZ KHDW LQHUWLD >�@� RZLQJ WR WKHLU XQLIRUP
YROXPHWULF KHDWLQJ� 7KH JORZ GLVFKDUJH LV DOVR DSSOLHG
IRU DFWLYDWLRQ RI WKH VXUIDFHV MRLQHG E\ LRQ ERPEDUG�
PHQW� ,W LV QRWHG LQ >��@ WKDW SUHOLPLQDU\ WUHDWPHQW
RI FRSSHU ZLWK WKH JORZ GLVFKDUJH DW D FXUUHQW RI
���� $ DQG JDV SUHVVXUH RI ��� w ���� 3D SURYLGHG DQ
LQFUHDVHG VWUHQJWK RI WKH MRLQWV� 6XFK D ZLGH FLUFOH RI
SUREOHPV VROYHG E\ XVLQJ WKH KLJK�FXUUHQW JORZ GLV�
FKDUJH LV DWWULEXWDEOH WR LWV JRRG DGDSWDELOLW\ WR D
YDULDEOH UDQJH RI SDUWV� VLPSOH UH�DGMXVWPHQW LQ
FKDQJLQJ W\SHV DQG VKDSHV RI WKH SDUWV� KLJK HQHUJ\
HIILFLHQF\� ORZ FRVW RI WKH HTXLSPHQW RZLQJ WR WKH
DEVHQFH RI KLJK�YDFXXP V\VWHPV DQG WXEH JHQHUDWRUV�
DQG WKH SRVVLELOLW\ RI DXWRPDWLRQ RI WKH SURFHVV� $YDLO�
DEOH DUH FRPPHUFLDO RQH� DQG PXOWL�SRVW LQVWDOODWLRQV
IRU JORZ�GLVFKDUJH GLIIXVLRQ ERQGLQJ ZLWK D FDSDFLW\
RI � w �� N: >��� ��@ DQG EUD]LQJ ZLWK D FDSDFLW\ RI
XS WR �� N: >��@� RSHUDWLQJ LQ WKH PDQXDO DQG VHPL�
DXWRPDWLF PRGHV� ,W LV QRWHG WKDW WKH JORZ GLVFKDUJH
KROGV SURPLVH IRU PDVV >��@� FXVWRP DQG UHSDLU >��@
SURGXFWLRQ�

&21&/86,216

�� 7KH KLJK�FXUUHQW JORZ GLVFKDUJH LV D SURPLVLQJ DQG
FRPSHWLWLYH HQHUJ\ VRXUFH IRU WKH SURFHVVHV RI VROLG�
VWDWH MRLQLQJ RI PDWHULDOV� )XUWKHU LQYHVWLJDWLRQV LQWR

)LJXUH �� 'LDJUDPV RI WKH JORZ�GLVFKDUJH SRZHU VXSSOLHV ZLWK
DFWLYH EDOODVW UHVLVWDQFH �D� DQG WKRVH EDVHG RQ YDOYH�W\SH
WUDQVGXFHUV �E�� 5FW x UHFWLILHU� &5FW x FRQWUROOHG UHFWLILHU�
$&5Jx DXWRPDWLF FXUUHQW UHJXODWRU� '&x GLVFKDUJH FKDPEHU�
5 x EDOODVW UHVLVWDQFH� / x ULSSOH UHDFWRU� 7 x WUDQVIRUPHU
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HQHUJ\ FKDUDFWHULVWLFV RI WKH GLVFKDUJH� PHWKRGV IRU
LQFUHDVLQJ LWV VWDELOLW\� GHYHORSPHQW RI PHWKRGV DQG
FRQGLWLRQV IRU LRQ FOHDQLQJ DQG DFWLYDWLRQ RI WKH VXU�
IDFHV EHLQJ MRLQHG DUH UHTXLUHG IRU ZLGHQLQJ LWV WHFK�
QRORJLFDO FDSDELOLWLHV�

�� 7KH SURPLVLQJ DUHD LV GHYHORSPHQW RI DXWRPDWHG
LQVWDOODWLRQV IRU JORZ�GLVFKDUJH ERQGLQJ DQG EUD]LQJ�
DQG LQWHJUDWHG WHFKQRORJLFDO SURFHVVHV LQYROYLQJ SUH�
DQG SRVW�MRLQLQJ RSHUDWLRQV�

5()(5(1&(6

�� 9DQLQ� 9�6� ������ *ORZ�GLVFKDUJH ZHOGLQJ DQG EUD]LQJ RI
PHWDOV� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

�� %UDQGW� %� ������ -� 6FL� ,QVWU�� ��� ��� w ����
�� 7URX]LO� =� ������ &]HVFKRVO� 3K\V� -� %� ��� ��� w ����
�� '\DWORY� 9�,� HW DO� ������ *ORZ�GLVFKDUJH GLIIXVLRQ ERQG�

LQJ� /HQLQJUDG� /'173�
�� .RWHOQLNRY� '�,� ������ 7HFKQRORJ\ DQG HTXLSPHQW IRU

JORZ�GLVFKDUJH GLIIXVLRQ ERQGLQJ� ,Q� 'LIIXVLRQ ERQGLQJ RI
PHWDOV� DOOR\V DQG QRQ�PHWDOOLF PDWHULDOV LQ YDFXXP� 0RV�
FRZ� 07,003�

�� .RWHOQLNRY� '�,� ������ *ORZ�GLVFKDUJH DV D KHDW VRXUFH IRU
ZHOGLQJ SURFHVVHV �5HYLHZ�� $YWRPDWLFKHVND\D 6YDUND� ��
�� w ���

�� .RWHOQLNRY� '�,� ������ *ORZ�GLVFKDUJH SUHVVXUH ERQGLQJ�
0RVFRZ� 0HWDOOXUJLD�

�� *ROXERYVN\� <X�%�� )ORUNR� $�9� ������ 2Q WKH UROH RI 99
DQG 97�SURFHVVHV LQ WKH PHFKDQLVP RI KHDWLQJ RI JDVHV LQ D
SRVLWLYH GLVFKDUJH FROXPQ LQ QLWURJHQ� 7HSORIL]LND 9\VRNLNK
7HPSHUDWXU� �� ��� w ����

�� .DJDQ� <X�0�� 3DVNDOHY� .�.� ������ *DV WHPSHUDWXUH LQ
WKH SRVLWLYH GLVFKDUJH FROXPQ LQ KHOLXP XQGHU PHGLXP SUHV�
VXUHV� =KXUQDO 7HNKQ� )L]LNL� ��� ���� w �����

��� *UDQRYVN\� 9�/� ������ (OHFWULF FXUUHQW LQ JDV� 6WHDG\�
VWDWH FXUUHQW� 0RVFRZ� 1DXND�

��� %RORWRY� *�3�� 5DNRY� $�$� ������ ,QFUHDVLQJ WKH HIILFLHQF\
RI JORZ�GLVFKDUJH ZHOGLQJ� ,Q� 3URF� RI 6FLHQWLILF�DQG�
7HFKQ� &RQI� /LSHWVN�

��� %RONRYD� $�,� ������ 8VLQJ WKH JORZ�GLVFKDUJH HQHUJ\ DV D
KHDW VRXUFH IRU EUD]LQJ� ,Q� 6ROGHULQJ DQG EUD]LQJ LQ PD�
FKLQH�EXLOGLQJ� 0RVFRZ� 0$7,�

��� .RWHOQLNRY� '�,�� %RORWRY� *�3� ������ 6DYLQJ RI VROGHUV LQ
PDNLQJ RI PDJQHWRVWULFWLRQ GHYLFHV� ,Q� 6DYLQJ RI PDWHULDOV
LQ VROGHULQJ SURFHVVHV� .\LY� 3:,�

��� %RORWRY� *�3�� *UHEHQLFKHQNR� 9�<D� ������ *HRPHWULFDO
DQG HQHUJ\ SDUDPHWHUV RI WKH SRVLWLYH FROXPQ RI WKH $& DQG

'& JORZ GLVFKDUJH� ,Q� 7UDQVDFW� RI WKH &KHUQLJLY 6WDWH
8QLYHUVLW\ RI 7HFKQRORJ\� ��� �� w ���

��� 3DEDG�=DNKU\DSLQ� $�$�� .X]QHWVRY� *�'� ������ *ORZ�
GLVFKDUJH WKHUPRFKHPLFDO WUHDWPHQW� 0RVFRZ� $WRPL]GDW�

��� (FNHU� *�� .UROO� :�� =ROOHU� 2� ������ 3K\V� )OXLGV� ��
�����

��� +RIHUW� +�-� ������ $QQ� GHU 3K\V�� ��� ����
��� *DLVLQ� )�0�� 6RQ� (�(� ������ (OHFWURSK\VLFDO SURFHVVHV LQ

GLVFKDUJHV ZLWK VROLG DQG OLTXLG HOHFWURGHV� 6YHUGORYVN�
8UDOV 8QLYHUVLW\�

��� ������ *DV ODVHUV� (G� E\ 5�1� 6RORXNKLQ� 1RYRVLELUVN�
1DXND�

��� 6LYDNRY� $�/� ������ &RQWURO RI WKH GLIIXVLRQ ERQGLQJ SURF�
HVV� 2EPHQ 2S\WRP Y 5DGLRSURP\VKOHQQRVWL� �� �� w ���

��� %RORWRY� *�3�� *UHEHQLFKHQNR� 9�<D� ������ ,PSURYHPHQW
RI PHWKRGV IRU VWDELOL]DWLRQ RI WKH KLJK�FXUUHQW JORZ GLV�
FKDUJH XVHG LQ ERQGLQJ DQG EUD]LQJ SURFHVVHV� ,Q� $GYDQFHG
HTXLSPHQW DQG WHFKQRORJ\ LQ PDFKLQH EXLOGLQJ� LQVWUXPHQW
PDNLQJ DQG ZHOGLQJ SURGXFWLRQ� .\LY� .3,�

��� (FNHU� *� HW DO� ������ 3K\V )OXLGV� ��� �����
��� .RWHOQLNRY� '�,� ������ $SSOLFDWLRQ RI WKH JORZ�GLVFKDUJH

ERQGLQJ DQG EUD]LQJ HTXLSPHQW� &KHUQLJLY� 96172�
��� .RWHOQLNRY� '�,�� %RORWRY� *�3�� 5RPDQHQNRY� $�3� HW DO�

������ ,QVWDOODWLRQ IRU JORZ�GLVFKDUJH GLIIXVLRQ ERQGLQJ�
$YWRPDWLFKHVND\D 6YDUND� �� �� w ���

��� 'RYELVKFKXN� 0�1� ������ 5HVHDUFK DQG GHYHORSPHQW RI
WKH SURFHVVHV RI GLIIXVLRQ ERQGLQJ RI KDUG DOOR\V WR VWHHOV
XVLQJ JORZ�GLVFKDUJH KHDWLQJ� 6\QRSVLV RI 7KHVLV IRU &DQG�
RI 7HFKQ� 6FL� 'HJUHH� .\LY� .3,�

��� 6DGRYQLNRY� %�9� ������ *ORZ�GLVFKDUJH GLIIXVLRQ ERQGLQJ
RI KDUG DOOR\ WR VWHHO XVLQJ D SURWRW\SH RI WKH FRPPHUFLDO
LQVWDOODWLRQ IRU GLIIXVLRQ ERQGLQJ� (OHFWULFDO (QJLQHHULQJ�
6HULHV �(OHFWULF :HOGLQJ�� ,VVXH �� � w ��

��� 6DGRYVN\� $�$� ������ 3UHFLVLRQ ZHOGLQJ RI JODVV DQG NRYDU
ZLWKRXW IXVLRQ� 6YDURFKQR\H 3URL]YRGVWYR� �� ���

��� :LHU]VFKRQ� 7� ������ =JU]HZDQLH G\IIXV\MQH ] ]DVWRVRZ�
DQLHP SURFHVX ERPEDUGRZDQLH MRQHJR� 3U]� :SDZ�� ��� ���

��� %RORWRY� *�3� ������ 8VLQJ WKH JORZ GLVFKDUJH IRU EUD]LQJ
RI UHVLVWRU OHDGV� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

��� .X]PLQRY� 1�6�� 'HUHY\DQNR� ,�$� ������ ,QVWDOODWLRQ IRU
JORZ�GLVFKDUJH EUD]LQJ RI DVVHPEOLHV RI HOHFWULF�YDFXXP GH�
YLFHV� (OHNWURQQD\D 3URP\VKOHQQRVW� ��� �� w ���

��� =LQRYLHYD� 9�)�� *DOWVHYD� 6�0�� *LOHY� 9�$� ������ %UD]�
LQJ RI VWDLQOHVV VWHHO SDUWV XVLQJ JORZ GLVFKDUJH� $YWR�
PDWLFKHVND\D 6YDUND� �� �� w ���

��� .RWHOQLNRY� '�,�� /HYHQHWV� 9�1�� %RORWRY� *�3� ������
3RUWDEOH LQVWDOODWLRQ IRU JORZ�GLVFKDUJH ERQGLQJ� ,ELG�� ��
���

��� =LQRYLHYD� 9�)�� *DOWVHYD� 6�0�� (PHOLDQRY� 6�9� HW DO�
������ *ORZ�GLVFKDUJH EUD]LQJ RI GLVVLPLODU PDWHULDOV DQG
KDUG DOOR\V� ,ELG�� ��� �� w ���
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&KHUQLJLY 6WDWH 8QLYHUVLW\ RI 7HFKQRORJ\� &KHUQLJLY� 8NUDLQH

$%675$&7

7KH PDLQ VWDJHV RI SURFHVV RI ZHOGHG MRLQW IRUPDWLRQ GXULQJ ZHOGLQJ LQ HOHFWURVWDWLF ILHOG DUH GHVFULEHG� 3HFXOLDULWLHV

RI WKH SURFHVV ZLWK UHVSHFW WR LWV LPSOHPHQWDWLRQ DQG VHOHFWLRQ RI FRQGLWLRQ SDUDPHWHUV RI ZHOGLQJ GLHOHFWULFV ZLWK PHWDOV

LQ D VROLG SKDVH� DV ZHOO DV WHFKQLFDO FKDUDFWHULVWLFV RI WKH MRLQWV PDGH E\ ZHOGLQJ LQ DQ HOHFWURVWDWLF ILHOG DUH FRQVLGHUHG�

.H\ ZRU G V � ZHOGLQJ� HOHFWURVWDWLF ILHOG� GLHOHFWULFV� PH�

WDOV� HOHFWULF GLVFKDUJH SURFHVVHV� ZHOGLQJ FRQGLWLRQV� SURFHVV
SHFXOLDULWLHV� SURVSHFWV

:HOGLQJ LQ DQ HOHFWURVWDWLF ILHOG �:()� RI D KLJK

LQWHQVLW\ FDQ SURPRWH JUHDWO\ WKH VROXWLRQ RI SUREOHPV

RI GHYHORSPHQW RI WHFKQRORJLFDO SURFHVVHV RI SURGXF�

LQJ SHUPDQHQW MRLQWV RI GLHOHFWULFV ZLWK PHWDOV DQG

EHWZHHQ WKHPVHOYHV LQ UDGLR HOHFWURQLFV� DLUFUDIW DQG

VKLS EXLOGLQJ� URFNHWU\ DQG DOVR LQ DHURVSDFH HQJL�

QHHULQJ �)LJXUH ���

7KH :() ZDV VWXGLHG RYHU WKH GHFDGHV LQ VRPH

FRXQWULHV RI WKH ZRUOG� 7KH PRVW LPSRUWDQW UHVXOWV

ZHUH REWDLQHG LQ WKH 86$� ,Q &,6 WKHVH ZRUNV DUH

FDUULHG RXW PRUH DFWLYHO\ LQ 5XVVLD DQG 8NUDLQH� LQ

WKH &KHUQLJLY 6WDWH 8QLYHUVLW\ RI 7HFKQRORJ\ LQ SDU�

WLFXODU�

7KH UHVHDUFK ZRUNV FDUULHG RXW DW WKH &KDLU RI

:HOGLQJ 3URGXFWLRQ RI &K687 PDGH LW SRVVLEOH WR

DWWDLQ SRVLWLYH UHVXOWV LQ SURGXFLQJ SHUPDQHQW� YDF�

XXP�WLJKW MRLQWV RI VLWDOOV �IRU H[DPSOH� RI 62����0��

LQRUJDQLF JODVVHV ZLWK PHWDOV DQG EHWZHHQ WKHP�

VHOYHV� WR HVWDEOLVK WKH UHJXODULWLHV RI WKH :() SURF�

HVV� WR GHYHORS D QXPEHU RI WHFKQRORJLFDO SURFHVVHV

DQG DSSURSULDWH ZHOGLQJ HTXLSPHQW IRU PDQXIDFWXUH

RI FRPSRQHQWV RI JDV GLVFKDUJH LQVWUXPHQWV >�@� +HUH�

WKH FRPELQDWLRQV RI PDWHULDOV� JLYHQ LQ 7DEOH �� ZHUH

XVHG IRU WKH GHYHORSPHQW RI UHDO WHFKQRORJLFDO SURF�

HVVHV�

7KH :() LV EDVHG RQ WKH SURFHVVHV RI SRODUL]DWLRQ

RI D GLHOHFWULF RU D GLHOHFWULF OD\HU RQ WKH PHWDO VXUIDFH

EHLQJ ZHOGHG �LQ ZHOGLQJ PHWDO ZLWK PHWDO�� ZKLFK
LV KHDWHG WR D SUHVHW WHPSHUDWXUH DQG SODFHG WR WKH

KLJK�LQWHQVLW\ HOHFWURVWDWLF ILHOG� 7KHVH SURFHVVHV OHDG
WR WKH IRUPDWLRQ RI D OD\HU RI WKH KLJK�GHQVLW\ HOHFWULF

FKDUJHV RQ WKH VXUIDFHV EHLQJ ZHOGHG� SRQGHURPRWLYH

LQWHUDFWLRQ �30,� EHWZHHQ WKHP� IRUPDWLRQ RI D

SK\VLFDO FRQWDFW� FKHPLFDO ERQGV DQG VXEVHTXHQW HOHF�

WURFKHPLFDO LQWHUDFWLRQ�

,W ZDV HVWDEOLVKHG WKDW D PDLQ FRQWULEXWLRQ WR WKH

GHYHORSPHQW DQG IRUPDWLRQ RI WKH SK\VLFDO FRQWDFW LV
PDGH E\ WKRVH NLQGV RI WKH GLHOHFWULF SRODUL]DWLRQ

ZKLFK DUH VHW GXULQJ D WLPH RI QRW PRUH WKDQ �⋅��w� V�

7KLV SHULRG LV HQRXJK WR KDYH D SK\VLFDO FRQWDFW DQG

FKHPLFDO ERQGV DW QRW OHVV WKDQ �� � RI QRPLQDO DUHD

RI WKH FRQWDFW� 7KH IXUWKHU KROGLQJ RI WKH MRLQW XQGHU

WKH YROWDJH SURPRWHV VWUHQJWKHQLQJ RI WKH MRLQWPDLQO\

GXH WR PLJUDWLRQ SRODUL]DWLRQ RI WKH GLHOHFWULF� ZKRVH
GXUDWLRQ GHWHUPLQHV WKH GXUDWLRQ RI WKH IRUPDWLRQ RI
WKH MRLQW RI D PD[LPXP VWUHQJWK� 2YHU WKLV SHULRG

WKH SURFHVVHV RI HOHFWURGLIIXVLRQ� HOHFWURFKHPLFDO UH�

DFWLRQV OHDGLQJ WR WKH IRUPDWLRQ RI D WUDQVLWLRQ OD\HU

EHWZHHQ WKH PDWHULDOV EHLQJ ZHOGHG� ZKLFK LV FKDU�
DFWHUL]HG E\ TXLWH QHZ SURSHUWLHV DQG KLJKHU YDOXHV

RI WKH VWUHQJWK FKDUDFWHULVWLFV� DUH UHDOL]HG >�@�

7KH SURFHVV RI ZHOGLQJ FDQ EH SHUIRUPHG LQ DQ\
JDV DWPRVSKHUH� DLU� VKLHOGLQJ JDVHV� YDFXXP� ,Q D

JHQHUDO FDVH WKH ZHOGLQJ SURFHVV LV UHDOL]HG XQGHU

QRUPDO DWPRVSKHULF FRQGLWLRQV� 7KH QHHG LQ VRPH JDV

RU PL[WXUH RI JDVHV� DQG DOVR YDFXXP LV GHILQHG E\

%HUH]LQ /HRQLG <D� x JUDGXDWH RI &KHUQLJLY %UDQFK RI .3,

������� $VVLVWDQW 3URIHVVRU RI WKH &KDLU RI :HOGLQJ 3URGXFWLRQ�
9LFH�GHDQ RI WKH )DFXOW\ RI 7HFKQRORJ\�

� /�<D� %(5(=,1� ����

)LJXUH �� (OHPHQWDU\ GLDJUDP RI :()� � x YDFXXP FKDPEHU �LQ
ZHOGLQJ LQ YDFXXP RU VKLHOGLQJ JDVHV� RU HOHFWULF IXUQDFH �LQ DLU
ZHOGLQJ�� �x URG IRU WUDQVIHU RI PHFKDQLFDO IRUFH �ZHOGLQJ ZLWK�
RXW H[WHUQDO IRUFH RI FRPSUHVVLRQ�� � x HOHFWURGHV� � x GHYLFH
IRU KHDWLQJ RI SDUWV ZHOGHG �UDGLDWLRQ KHDWLQJ�� � x SDUWV WR EH
ZHOGHG� � x LVRODWRUV� � x KLJK�YROWDJH SRZHU VRXUFH
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SURSHUWLHV RI WKH PHWDO ZHOGHG �DQ LQFUHDVHG DELOLW\
WR LQWHUDFW ZLWK DLU R[\JHQ DQG QLWURJHQ� W\SHV RI
ILOPV IRUPLQJ DW WKH VXUIDFH EHLQJ ZHOGHG�� )RU H[�
DPSOH� WKH ZHOGLQJ RI FRSSHU ZLWK LQRUJDQLF JODVV
DQG VLWDOOV VKRXOG EH SHUIRUPHG LQ YDFXXP WR SUHYHQW
WKH IRUPDWLRQ RI D SRURXV FRSSHU R[LGH ILOP DW WKH
VXUIDFH�

7KH LQYHVWLJDWLRQV VKRZHG WKDW WKH IRUPDWLRQ RI
WKH MRLQW DW :() LV KLQGHUHG E\ HOHFWULF GLVFKDUJH
SURFHVVHV �('3� SURFHHGLQJ DW VXUIDFHV RI WKH SDUWV
EHLQJ ZHOGHG DQG DOVR LQ JDSV EHWZHHQ WKHP >�@�

7KH GHYHORSPHQW RI ('3 LQ WKH ZHOGLQJ SODQH LV

DFFRPSDQLHG E\ WKH DSSHDUDQFH RI ORFDO YROXPHV ZLWK

DQ H[FHVVLYH SUHVVXUH� FDXVLQJ WKH IRUPDWLRQ RI DLU

�EXEEOHV� �ODFN RI SHQHWUDWLRQ� EHWZHHQ WKH PHWDO

DQG GLHOHFWULF� LQ WKH ]RQH RI ZKLFK WKHUH DUH WUDFHV

RI GLVFKDUJHV� L�H� EXUQRXWV� ,Q DQ DLU JDS ��EXEEOH��

DQ LRQ OD\HU RI JDV PROHFXOHV LV IRUPHG� ZKLFK� EHLQJ

DW WKH GLHOHFWULF VXUIDFH� FRPSHQVDWHV SDUWLDOO\ LWV VXU�

IDFH FKDUJHV� IRUPHG GXULQJ WKH GLHOHFWULF SRODUL]D�

WLRQ� GHFUHDVHV WKH LQWHQVLW\ RI 30, DQG SURPRWHV WKH

RSHQLQJ RI PLFURFUDFNV DW WKH VXUIDFH RI JODVVHV DQG

PHWDOV EHLQJ ZHOGHG�

7KH GHYHORSPHQW RI ('3 LQ JDSV QHDU FDWKRGH

OHDGV WR WKH DSSHDUDQFH RI VXUIDFH FXUUHQWV DQG SDUWLDO

GLVFKDUJHV LQ GLHOHFWULF� WKXV VKXQWLQJ LW� ,Q DGGLWLRQ�

WKH TXDOLW\ RI D SROLVKHG VXUIDFH RI WKH GLHOHFWULF

ZHOGHG� ZKLFK LV FRQWDFWLQJ WKH FDWKRGH �)LJXUH ��

XSSHU HOHFWURGH�� LV JUHDWO\ GHFUHDVHG EHFDXVH RI WKH

HOHFWURHURVLRQ� )URP WKLV SRLQW RI YLHZ WKH PHGLXP�

LQ ZKLFK WKH :() RFFXUV� VKRXOG FRUUHVSRQG WR FHU�

WDLQ UHTXLUHPHQWV RI HOHFWULFDO VWUHQJWK �KXPLGLW\ RI

QRW PRUH WKDQ �� �� WKH DEVHQFH RI HDVLO\�LRQL]LQJ

SDUWLFOHV LQ WKH ]RQH RI ZHOGLQJ� HWF���

2QH RI WKH REOLJDWRU\ FRQGLWLRQV RI SURGXFLQJ

TXDOLW\ ZHOGHG MRLQW LQ :() LV D SUHOLPLQDU\ WUHDW�

PHQW �PHFKDQLFDO DQG FKHPLFDO� RI WKH GLHOHFWULF VXU�

IDFH WR EH ZHOGHG� %HIRUH ZHOGLQJ WKLV VXUIDFH LV SRO�

LVKHG WR SURYLGH WKH SUHVHW URXJKQHVV� 7KXV� IRU H[�

DPSOH� LQ ZHOGLQJ RI VLWDOO 62����0 ZLWK DOXPLQLXP

WKH URXJKQHVV RI WKH VLWDOO VXUIDFH VKRXOG QRW EH PRUH

WKDQ5D  ���� µP >�@� 7KH URXJKQHVV RI WKH GLHOHFWULF

VXUIDFH �LQ D JHQHUDO FDVH WKH JDS EHWZHHQ WKH VXUIDFHV

ZHOGHG� DW WKH PRPHQW RI VXSSO\ RI WKH HOHFWULFDO

YROWDJH GHWHUPLQHV WKH PRGH RI 30, DQG ('3�

7KH SUHOLPLQDU\ FKHPLFDO WUHDWPHQW RI WKH GLHOHF�
WULF VXUIDFH LQ RUJDQLF VROYHQWV DQG LQRUJDQLF VROX�
WLRQV� H[FHSW FOHDQLQJ SURSHU� PDNHV LW SRVVLEOH WR
HQVXUH WKH SUHVHW SURSHUWLHV ERWK RI WKH VXUIDFH LWVHOI
DQG DOVR RI WKH QHDU�VXUIDFH OD\HU� 7KXV� LQYHVWLJDWLRQ
RI �� YDULDQWV RI VLQJOH DQG �� YDULDQWV RI FRPELQHG
WUHDWPHQW RI VLWDOO 62����0 EHIRUH ZHOGLQJ ZLWK DOX�
PLQLXP VKRZHG WKDW WKH PD[LPXP VWUHQJWKV RI WKH
MRLQW DUH DWWDLQHG DW D FRPELQHG FOHDQLQJ RI VLWDOO LQ
WKH IROORZLQJ VHTXHQFH� DFHWRQH� LQRUJDQLF VROXWLRQ
ZLWK EDVLF SURSHUWLHV� FKURPLXPPL[WXUH� 7KLV LV PDGH
QRW RQO\ GXH WR DQ HIIHFWLYH FOHDQLQJ� EXW DOVR WR DQ
DFWLYDWLRQ RI WKH SURFHVV RI HVWDEOLVKLQJ FKHPLFDO FR�
RUGLQDWLRQ ERQGV EHWZHHQ PHWDO DQG GLHOHFWULF E\ LQ�
FUHDVLQJ DFLGLW\ RI WKH VXUIDFH RI WKH LQRUJDQLF JODVV
RU VLWDOO DQG DOVR WR DQ DFWLYDWLRQ RI WKH UHGR[ UHDFWLRQ
EHWZHHQ WKH VXUIDFHV EHLQJ ZHOGHG ZLWK D VXEVHTXHQW
IRUPDWLRQ RI FRPSOH[ FRPSRXQGV RI R[LGHV�

,Q DGGLWLRQ� WKH WUHDWPHQW RI LQRUJDQLF JODVVHV DQG
VLWDOOV LQ DFLG PHGLD DW WKH ILQDO VWDJH RI FOHDQLQJ
ZHDNHQV WKH ('3 LQWHQVLW\ LQ WKH JDSV RI WKH ZHOGLQJ
]RQH WKDW LV H[SUHVVHG LQ WKH GHFUHDVH RI TXDQWLW\ RI
EXUQRXWV DQG ODFN RI SHQHWUDWLRQ LQ WKH ZHOGLQJ SODQH
DQG DOVR LQ WKH KLJKHU UHSURGXFLELOLW\ RI WKH H[SHUL�
PHQW UHVXOWV�

7KH SDUDPHWHUV RI WKH :() FRQGLWLRQV LQFOXGH
SRODULW\� KHDWLQJ WHPSHUDWXUH �RI ZHOGLQJ� 7Z� HOHF�
WULFDO YROWDJH �LQWHQVLW\ RI HOHFWURVWDWLF ILHOG EHWZHHQ
HOHFWURGHV (Z�� VXSSOLHG WR WKH REMHFW ZHOGHG� UDWH
RI YROWDJH VXSSO\� WLPH RI KROGLQJ XQGHU YROWDJH τZ�
OHYHO DQG PRGH RI FXUUHQW �FXUUHQW GHQVLW\ γZ� SDVVLQJ
WKURXJK GLHOHFWULF� UDWH RI KHDWLQJ DQG FRROLQJ� H[WHU�
QDO IRUFH RI FRPSUHVVLRQ3� 5DQJHV RI PDLQ SDUDPHWHUV
RI ZHOGLQJ FRQGLWLRQV IRU D QXPEHU RI FRPELQDWLRQV
RI PDWHULDOV ZHOGHG DUH JLYHQ LQ 7DEOH ��

&ULWHULD LQ VHOHFWLRQ RI ZHOGLQJ WHPSHUDWXUH LV WKH
SUHVHUYLQJ RI GHVLJQ� WHFKQRORJLFDO DQG VHUYLFH SURS�
HUWLHV RI SDUWV ZHOGHG DQG DOVR WKH DVVXUDQFH RI FRP�
SOHWHQHVV RI SURFHHGLQJ SURFHVVHV UHVSRQVLEOH IRU WKH
IRUPDWLRQ RI WKH ZHOGHG MRLQW� 9DOXH 7Z VKRXOG EH
E\ �� w ��.KLJKHU WKDQ WKH WHPSHUDWXUH RI EHJLQQLQJ
RI WKH GLHOHFWULF SRODUL]DWLRQ DQG DPRXQW WR ���� w
���� 7P LQ D JHQHUDO FDVH� ZKHUH 7P LV WKH WHPSHUDWXUH
RI PHOWLQJ RI WKH PRVW IXVLEOH PDWHULDOV EHLQJ ZHOGHG�

7KH HOHFWULFDO YROWDJH �LQWHQVLW\ RI HOHFWURVWDWLF
ILHOG EHWZHHQ HOHFWURGHV�� VXSSOLHG WR MRLQW EHLQJ

7DEOH �� &RPELQDWLRQV RI PDWHULDOV EHLQJ ZHOGHG

&RPELQDWLRQ RI PDWHULDOV EHLQJ ZHOGHG ,QWHUOD\HU

7KLFNQHVV

RI LQWHUOD\HU�

PP

7)/(⋅��w��.w�

62����0w$O w ≤ �



62����0 x ����� w ���� DW ��� w ��� .

6L2
�
w$Ow62����0 $O ����� 6L2

�
x ���� w ���� DW ��� w ��� .

62����0w$Ow62����0 $O ��� w ��� $O x ����� DW ��� w ��� .

62����0w$Ow&X $O � ��� &X x ����� DW ��� w ��� .

62����0w$Ow62����0 $O �����

1R W H V � �� +HUH 6L2� LV WKH TXDUW] JODVV RI .9 W\SH �*267 �����w���� 62����0 �267 �����w���� $O x $��� �*267 �����w����

�� 
 LV WKH WKLFNQHVV RI DOXPLQLXP FRPSRQHQW�

8/2001 41



ZHOGHG GHSHQGV PDLQO\ RQ WKH GLHOHFWULF SURSHUWLHV
RI GLHOHFWULFV MRLQHG� WKHLU WKLFNQHVV DQG VKRXOG HQVXUH
SURFHHGLQJ RI SURFHVVHV UHVSRQVLEOH IRU WKH ZHOGHG
MRLQW IRUPDWLRQ� ,Q D JHQHUDO FDVH� WKH KLJKHU (Z WKH
ORZHU WHPSHUDWXUH DQG WLPH RI ZHOGLQJ�

7KH WLPH RI KROGLQJ XQGHU WKH YROWDJH �WLPH RI
ZHOGLQJ� LV GHWHUPLQHG E\ WKRVH SURFHVVHV ZKRVH SUR�
FHHGLQJ OHDGV WR WKH IRUPDWLRQ RI D SHUPDQHQW MRLQW�
0RUHRYHU� WKH IRUPDWLRQ RI WKH SK\VLFDO FRQWDFW DQG
HVWDEOLVKLQJ RI FKHPLFDO ERQGV LV GHWHUPLQHG E\ WKH
WLPH RI VHWWLQJ LQHUWLDOHVV NLQGV RI SRODUL]DWLRQ �IUDF�
WLRQ RI D VHFRQG�� 7KH GHYHORSPHQW RI YROXPH LQWHU�
DFWLRQ ZLWK SDUWLFLSDWLRQ RI HOHFWURGLIIXVLRQ DQG HOHF�
WURFKHPLFDO SURFHVVHV LV GHWHUPLQHG E\ WKH WLPH RI
UHDOL]DWLRQ RI LQHUWLD NLQGV RI SRODUL]DWLRQ �PLJUDWLRQ
LQ SDUWLFXODU� DQG DPRXQWV IURP VHYHUDO WR WHQV RI
PLQXWHV �GHSHQGLQJ RQ GLHOHFWULF DQG FKHPLFDO SURS�
HUWLHV RI WKH GLHOHFWULF ZHOGHG��

,W ZDV HVWDEOLVKHG WKDW WKH YROWDJH VXSSO\ RQ WKH
PDWHULDOV ZHOGHG DIWHU UHDFKLQJ WKH ZHOGLQJ WHPSHUD�
WXUH DQG LQFUHDVH LQ UDWH RI LWV HVWDEOLVKLQJ UHGXFHV
WKH HIIHFW RI ('3� LQWHQVLILHV WKH LQWHQVLW\ RI SRODUL�
]DWLRQ SURFHVVHV DQG SURPRWHV LQFUHDVH LQ WKH MRLQW
VWUHQJWK� ,Q DGGLWLRQ� WKH VWUHQJWK RI ZHOGHG MRLQW
GHSHQGV RQ WKH LQWHQVLW\ DQG UDWLR RI UDWHV LQ JURZWK
RI SRODUL]DWLRQ SURFHVVHV LQ GLHOHFWULF DQG HOHFWULF GLV�
FKDUJH SURFHVVHV LQ PLFURJDSV RI WKH ZHOGLQJ SODQH�

7KH OHYHO DQG QDWXUH RI FXUUHQW �GHQVLW\ RI FXUUHQW�
SDVVLQJ WKURXJK WKH GLHOHFWULF LV GHWHUPLQHG E\ LWV
GLHOHFWULF SURSHUWLHV� LQ SDUWLFXODU E\ WKH GLHOHFWULF
SHUPHDELOLW\ DQG ZHOGLQJ WHPSHUDWXUH� )RU WKH GH�
YHORSPHQW RI 30, WR SURYLGH WKH TXDOLW\ ZHOGHG MRLQW
WKH GLHOHFWULF SHUPLWWLYLW\ VKRXOG QRW EH OHVV WKDQ �
DQG WKH FXUUHQW GHQVLW\ DW D VHOHFWHG WHPSHUDWXUH RI

ZHOGLQJ VKRXOG QRW EH OHVV WKDQ ���⋅��w� P$⋅PPw��
7KH GLUHFW FXUUHQW LV XVHG IRU ZHOGLQJ�

7KH FXUUHQW SRODULW\ JUHDWO\ LQIOXHQFH WKH MRLQW
TXDOLW\� ,Q ZHOGLQJ PHWDOV ZLWK GLHOHFWULFV WKH SRVL�
WLYH SRWHQWLDO VKRXOG EH VXSSOLHG WR WKH PHWDO� ,Q D
JHQHUDO FDVH WKLV LV DVVRFLDWHG ZLWK DQ HPLVVLRQ DELOLW\
RI WKH PDWHULDO VXUIDFH LQ WKH ZHOGLQJ SODQH EHLQJ
XQGHU WKH QHJDWLYH SRWHQWLDO� 7KH VXSSO\ RI WKH QHJD�
WLYH SRWHQWLDO RQ WKHPDWHULDO RI D KLJK HPLVVLRQ DELOLW\
�IRU H[DPSOH� DOXPLQLXP LQ FDVH RI ZHOGLQJ ZLWK VL�
WDOO� DW SUHVHQFH RI PLFURJDSV LQ WKH ZHOGLQJ SODQH
DW WKH PRPHQW RI YROWDJH VZLWFKLQJ�RQ DFWLYDWHV ('3
DQG GHFUHDVHV WKH VWUHQJWK�

7KH OHYHO RI H[WHUQDO IRUFH RI FRPSUHVVLRQ LV QRW
GHWHUPLQLQJ DW :()� 7KH IRUPDWLRQ RI WKH SK\VLFDO
FRQWDFW EHWZHHQ PDWHULDOV ZHOGHG RFFXUV GXH WR 30,�
8QGHU WKHVH FRQGLWLRQV WKH H[WHUQDO IRUFH RI FRPSUHV�
VLRQ FDQ EH FRQVLGHUHG DV D IDFWRU RI LQWHQVLILFDWLRQ
ZKLFK FDQ LQFUHDVH WKH MRLQW VWUHQJWK WR �� � DQG
SURYLGH YDFXXP�WLJKW GLHOHFWULFwDOXPLQLXP MRLQWV DW
WKH ODWWHU WKLFNQHVV RI XS WR � PP� 7KH PDLQ UHTXLUH�
PHQW WR WKH H[WHUQDO IRUFH RI FRPSUHVVLRQ FRQVLVWV RI
HOLPLQDWLRQ RI WKH JDS EHWZHHQ WKH PDWHULDOV ZHOGHG
EHIRUH VXSSO\ RI HOHFWULFDO YROWDJH IRU DVVHPEO\� 7KLV
LQWHQVLILHV GUDVWLFDOO\ WKH SURFHVV RI VHSDUDWLRQ RI
FKDUJHV LQ GLHOHFWULF DQG VXEVHTXHQW 30,� ,I WKH GH�
YHORSPHQW RI ('3 LQ WKH ZHOGLQJ SODQH FDQ EH SUH�
YHQWHG E\ RWKHU PHDQV �IRU H[DPSOH� E\ XVLQJ LQWHU�
OD\HUV RI DERXW ����� PP WKLFN DOXPLQLXP DQG UDWH
RI JURZWK RI SRODUL]DWLRQ SURFHVVHV DERYH WKH UDWH RI
('3 GHYHORSPHQW LQ PLFURJDSV�� WKH SURFHVV FDQ EH
SHUIRUPHG ZLWKRXW H[WHUQDO FRPSUHVVLRQ ORDGV RU WKH\
ZLOO KDYH D �IL[LQJ� QDWXUH �WR SUHYHQW WKH SLHFHV
GLVSODFHPHQW LQ ZHOGLQJ��

7DEOH �� 5DQJHV RI PDLQ SDUDPHWHUV RI ZHOGLQJ FRQGLWLRQV

&RPELQDWLRQ RI PDWHULDOV ZHOGHG 7
Z
�.

(
Z

⋅����
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&RSSHU LV R[\JHQ�IUHH�

)LJXUH �� &RPSRQHQWV RI JDV GLVFKDUJH LQVWUXPHQWV� PDQXIDFWXUHG XVLQJ :() PHWKRG

42 8/2001



,Q DGGLWLRQ� WKH UHODWLRQVKLS EHWZHHQ WKH VWUHQJWK
RI ZHOGHG MRLQW �LQWHQVLILFDWLRQ RI SURFHVV RI VHSDUD�
WLRQ RI FKDUJHV LQ GLHOHFWULF� DQG FRPSUHVVLRQ IRUFH
DQG PRGXOXV RI VWUHQJWKHQLQJ XVLQJ DOXPLQLXP LQWHU�
OD\HU ZDV HVWDEOLVKHG�

7KH SURVSHFWV RI WKH :() DUH EDVHG RQ WKH UHVXOWV
REWDLQHG DW LWV XVH IRU WKH PDQXIDFWXUH RI FRPSRQHQWV
RI JDV GLVFKDUJH LQVWUXPHQWV �)LJXUH ��� $V WR WKH
SXUSRVH DQGPDWHULDOV RI FRPSRQHQWVZHOGHG WKH:()
LV FRPSDUDEOH WR WKH GLIIXVLRQ ZHOGLQJ LQ YDFXXP�
EXW LW DOORZV WKH SURFHVV RI ZHOGLQJ RI QRQ�PHWDOV
ZLWK PHWDOV WR EH LPSURYHG WR WKH KLJKHU WHFKQLFDO
DQG HFRQRPLFDO OHYHO� QDPHO\ WR SURYLGH�

• TXDOLW\ ZHOGHG MRLQWV RI GLVVLPLODU PHWDO LQ VROLG
SKDVH DW GLIIHUHQFH LQ WHPSHUDWXUH IDFWRU RI OLQHDU
H[SDQVLRQ �7)/(� XS WR �� WLPHV�

• ORZ OHYHO RI UHVLGXDO VWUHVVHV LQ WKH ]RQH RI ZHOG�
LQJ� 5HVXOWV RI SRODUL]DWLRQ�RSWLFDO H[DPLQDWLRQ
VKRZHG WKDW UHVLGXDO VWUHVVHV LQ WKH ]RQH RI ZHOGLQJ
DUH QRW PRUH WKDQ ��� w ��� 03D �)LJXUH ���

• UHVLVWDQFH WR PHFKDQLFDO VKRFNV DQG YLEUDWLRQV�
• UHVLVWDQFH WR WKHUPDO VKRFNV DW w�� w ���� �&

���� w ��� .��
• YDFXXP�WLJKWQHVV DW OHDN GHWHFWRU VHQVLWLYLW\ RI

QRW OHVV WKDQ �⋅��w��
• PRVW VWULFW UHTXLUHPHQWV WR SUHFLVLRQ�
• LQFUHDVH LQ \LHOG RI HIILFLHQW SURGXFWV E\ �� ��
• GHFUHDVH LQ ZHOGLQJ WHPSHUDWXUH E\ ��� w ��� .�
• LQFUHDVH LQ VHUYLFH WHPSHUDWXUH RI FRPSRQHQWV

E\ QRW OHVV WKDQ ��� .�
• LQFUHDVH LQ ZHOGHG MRLQWV TXDOLW\ XS WR �� ��
• UHGXFWLRQ LQ FRVW RI ZHOGLQJ HTXLSPHQW GRZQ WR

� WLPHV�

&21&/86,216

�� :HOGLQJ LQ HOHFWURVWDWLF ILHOG LV D FKDOOHQJLQJ
PHWKRG LQ SURGXFLQJ YDFXXP�WLJKW� SUHFLVLRQ FRPSR�

QHQWV� PDGH RI PDWHULDOV ZLWK GLIIHUHQW SK\VLFDO�
FKHPLFDO SURSHUWLHV� VDWLVI\LQJ WKH PRVW VWULFW VHUYLFH
UHTXLUHPHQWV�

�� 3UDFWLFDO XVH RI WKH DERYH�PHQWLRQHG SHFXOLDUL�
WLHV RI WKH SURFHVV DQG UHFRPPHQGDWLRQV IRU WKH VH�
OHFWLRQ RI ZHOGLQJ FRQGLWLRQV PDNHV LW SRVVLEOH WR
GHILQH WKH RSWLPXP FRQGLWLRQV IRU SURGXFLQJ TXDOLW\
ZHOGHG MRLQW PDGH E\ ZHOGLQJ LQ HOHFWURVWDWLF ILHOG�

5()(5(1&(6

�� %HUH]LQ� /�<D�� 3DQDHWRY� 9�*�� 8V\VKNLQ� 2�*� ������
3URGXFLQJ RI YDFXXP�WLJKW VLWDOOwDOXPLQLXP MRLQWV LQ FRP�
SRQHQWV RI LQVWUXPHQWV� 7HNKQRORJLD $YLD� 3ULERUR� L $JUH�
JDWRVWUR\HQL\D� �� �� w ��

�� .RWHOQLNRY� '�,�� %HUH]LQ� /�<D� ������ 5ROH RI HOHFWULF GLV�
FKDUJH SURFHVVHV LQ SURGXFLQJ SHUPDQHQW MRLQWV RI PHWDOV
ZLWK QRQ�PHWDOV LQ HOHFWURVWDWLF ILHOG� ,Q� (OHFWURQ WUHDW�
PHQW RI PHWDOV� 6DUDWRY�

�� %HUH]LQ� /�<D�� 3DQDHWRY� 9�*�� 8V\VKNLQ� 2�*� ������ 3H�
FXOLDULWLHV RI SUHOLPLQDU\ SUHSDUDWLRQ IRU ZHOGLQJ VLWDOO WR
DOXPLQLXP LQ LQVWUXPHQW FRPSRQHQWV� 7HNKQRORJLD $YLD�
3ULERUR� L $JUHJDWRVWUR\HQL\D� ���� �� w ���

�� 9DUHQWVRY� 9�$�� .RU]KDY\L� $�3�� %ULWXQ� 9�)� ������ ([�
DPLQDWLRQ RI ERXQGDU\ RI HOHFWURDGKHVLRQ MRLQWV RI VRPH PD�
WHULDOV RI HOHFWURQ HQJLQHHULQJ� (OHFWURQ (QJLQHHULQJ� 6HULHV
�� 0DWHULDOV� ,VVXH ����

)LJXUH �� 3RODUL]DWLRQ�RSWLFDO H[DPLQDWLRQ RI FRPSRQHQWV �OHYHO
RI UHVLGXDO VWUHVVHV RI ��� 03D LQ WKH ]RQH RI ZHOGLQJ�
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&KHUQLJLY 6WDWH 8QLYHUVLW\ RI 7HFKQRORJ\� &KHUQLJLY� 8NUDLQH

$%675$&7

3UREOHPV RI IRUPDWLRQ RI LQWHUQDO HOHFWULFDO ILHOGV LQ VLOLFRQwJODVV FRQWDFW ]RQH DUH FRQVLGHUHG� 7KH HIIHFW RI GLIIHUHQW

IDFWRUV RQ WKH IRUPDWLRQ RI WKHVH ILHOGV LV VKRZQ� 7KH LQYHVWLJDWLRQV RI WKH WUDQVLWLRQ ]RQH RI ZHOGHG MRLQWV DUH SUHVHQWHG�

.H\ ZRU G V � VROLG�SKDVH HOHFWURFKHPLFDO ZHOGLQJ� PDWHUL�

DOV ZHOGHG� HOHFWURVWDWLF ILHOG� WUDQVLWLRQ ]RQH� PLJUDWLRQ RI LRQV

0HWKRG RI HOHFWURFKHPLFDO ZHOGLQJ FDQ MRLQ LRQ�FRQ�
GXFWLQJ JODVVHV ZLWK VHPL�FRQGXFWRU PDWHULDOV� PHWDOV
RU PHWDO DOOR\V�


 7KHVH JODVVHV EHKDYH WKHPVHOYHV DW

KLJK WHPSHUDWXUHV LQ WKH VDPHZD\ DV VROLG HOHFWURO\WHV
LQ ZKLFK WKH SRVLWLYH LRQV 1D�� IRUPLQJ DW 1D�2 GLV�

VRFLDWLRQ� DUH PRELOH� 7KRXJK WKH RKPLF EHKDYLRU RI

WKH JODVV DV D VROLG HOHFWURO\WH ZDV VWXGLHG FRPSUH�

KHQVLYHO\� D VPDOO DWWHQWLRQ ZDV SDLG WR WKH HIIHFWV
RI SRODUL]DWLRQ RI UHJLRQV DGMDFHQW WR WKH DQRGH�:KHQ

DSSO\LQJ D FRQVWDQW HOHFWULFDO YROWDJH LQ WKH SURFHVV

RI ZHOGLQJ� D QHDU�DQRGH OD\HU RI JODVV LV IRUPHG

JUDGXDOO\ LQ ZKLFK WKH VRGLXP GHSOHWLRQ� DQG� DV FRQ�

VHTXHQFH� IRUPDWLRQ RI HOHFWURVWDWLF ILHOG RI D KLJK

LQWHQVLW\ DUH RFFXUUHG� (OHFWURVWDWLF ILHOGV� IRUPHG LQ

WKH QHDU�DQRGH UHJLRQ RI WKH JODVV� FDXVH VRPH HIIHFWV�

WKH\ IRUP LQWHUQDO FRPSUHVVLRQ IRUFHV ZKLFK DOORZ

PD[LPXP FRQWDFWLQJ RI PDWHULDOV VXUIDFHV EHLQJ

ZHOGHG� FUHDWH FRQGLWLRQV RI PLJUDWLRQ RI R[\JHQ LRQV

WR WKH VXUIDFH RI PHWDO �VHPL�FRQGXFWRU�� DW ZKLFK D

WUDQVLWLRQ ELQGLQJ R[LGH LV IRUPHG� UHGXFH WKH HQHUJ\

RI WKH JODVV FRQWDFW VXUIDFH� $V ZLOO EH VKRZQ EHORZ�

WKH ZLGWK RI GHSOHWHG �SRODUL]HG� ]RQH LV VPDOO DQG

GRHV QRW PDNH LW SRVVLEOH WR VWXG\ H[SHULPHQWDOO\ WKH
GLVWULEXWLRQ RI SRWHQWLDO LQ SRLQWV RI WKLV UHJLRQ� WR
GHWHUPLQH WKH ZLGWK RI WKLV ]RQH DQG HOHFWURVWDWLF

ILHOG LQVLGH WKLV ]RQH�

$Q DVVHPEO\� LQFOXGLQJ PHWDO DQG JODVV HOHPHQWV
DQG VXEMHFWLQJ WR D FRQVWDQW YROWDJH �DQRGH LV PHWDO��

FDQ EH SUHVHQWHG LQ WKH IRUP RI D VLPSOH HTXLYDOHQW

HOHFWULFDO FLUFXLW �)LJXUH �� LQ ZKLFK D QHDU�DQRGH

]RQH RI WKH JODVV LV WKH SXUHO\ FDSDFLWLYH UHDFWDQFH

�&�� 5��� DQG 5� DQG &�� FRQQHFWHG LQ SDUDOOHO� LV

WKH UHJLRQ RI JODVV DGMDFHQW WR WKH FDWKRGH� 7KH WUDQ�

VLWLRQ SURFHVVHV DQG WKHLU TXDOLW\ FDQ EH LQWHUSUHWHG

HDVLO\ E\ XVLQJ WKH FXUYHV RI FXUUHQW GHSHQGHQFH RQ

WLPH �)LJXUH ��� 7KHVH FXUYHV FDQ EH UHFRUGHG ZLWK

WKH KHOS RI H[SHULPHQWDO LQVWDOODWLRQ� ZKRVH VFKHPH

LV VKRZQ LQ )LJXUH ��

7KH TXDQWLWDWLYH SDUDPHWHU RI WKH HOHFWURVWDWLF

ILHOG LV LWV LQWHQVLW\ ZKLFK GHSHQGV UDWKHU FRPSOH[O\
RQ VRPH SDUDPHWHUV LQFOXGLQJ ZHOGLQJ YROWDJH DQG

LWV SRODULW\� URXJKQHVV RI FRQWDFW VXUIDFHV� DLU JDS�

VRGLXP FRQWHQW LQ JODVV� GLHOHFWULF SURSHUWLHV RI JODVV�

WHPSHUDWXUH DQG WLPH RI ZHOGLQJ� ZLGWK RI SRODUL]HG

UHJLRQ RI WKH JODVV�

:KHQ WKH HOHFWULFDO YROWDJH LV DSSOLHG WR WKH DV�

VHPEOLQJ XQLW� KHDWHG WR WKH ZHOGLQJ WHPSHUDWXUH�

� 1�1� .+20(1.2� (�9� %$/$.,5(9$ DQG 6�9� 2/(.6((1.2� ����




.KRPHQNR� 1�1� ������ ,QGXVWULDO DSSOLFDWLRQ RI ZHOGLQJ GLHOHFWULFV E\ KHDWLQJ LQ HOHFWURVWDWLF ILHOG� $YWRPDWLFKHVND\D 6YDUND� ��
�� w ���

%DODNLUHYD (OHQD 6� x JUDGXDWH RI &K687 �������

2OHNVHHQNR 6HUJHM 9� x JUDGXDWH RI &K7, ������� SRVW�JUDGXDWH RI WKH &KDLU RI :HOGLQJ 3URGXFWLRQ�

)LJXUH ��(TXLYDOHQW HOHFWULFDO GLDJUDP RI FLUFXLW RI PDWHULDOV EHLQJ

ZHOGHG )LJXUH �� 5HODWLRQVKLS EHWZHHQ FXUUHQW DQG WLPH
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WKH FRQWDFW VXUIDFHV DUH EURXJKW WRJHWKHU DV D UHVXOW

RI DQ HOHFWURVWDWLF IRUFH� GHFUHDVH LQ DLU JDS WR ]HUR�

LQFUHDVH LQ ZLGWK RI WKH JODVV SRODUL]LQJ ]RQH� IRUPD�

WLRQ DQG JURZWK RI R[LGH ELQGLQJ ILOP EHWZHHQ WKH

JODVV DQG PHWDO�

7KH RXWOLQHG SURFHVVHV DUH DVVRFLDWHG ZLWK YDOXH

RI HOHFWULFLW\ WUDQVIHUUHG E\ LRQ FXUUHQW GXULQJ ZHOG�

LQJ SURFHVV DQG LW FDQ EH H[SUHVVHG E\ WKH IROORZLQJ

IRUPXODH�

ZLGWK RI SRODUL]HG ]RQH

K�F
L =

4
L

T16
�

���

ZKHUH4L LV WKH YDOXH RI HOHFWULFLW\� T LV WKH LRQ FKDUJH�

1 LV WKH YDOXH RI LRQV SHU YROXPH XQLW� 6 LV WKH FRQWDFW

DUHD�

LQWHQVLW\ RI HOHFWURVWDWLF ILHOG

(�F
L = 8

K�F
L
�

���

ZKHUH 8 LV WKH ZHOGLQJ YROWDJH�

VWUHQJWK RI HOHFWURVWDWLF ILHOG

)
Q

L = ���(�F(�((�F
L )�� ���

WKLFNQHVV RI R[LGH ILOP

K
Q

L = 40

�6ρ))

�
���

ZKHUH 0 LV WKH PROHFXODU PDVV RI R[LGH� ρ LV WKH

VLOLFRQ R[LGH GHQVLW\� )) LV WKH )DUDGD\sV QXPEHU�

7KH RQO\ SDUDPHWHUZKLFK FDQ EH HDVLO\ GHWHUPLQHG

H[SHULPHQWDOO\� LV WKH YDOXH RI HOHFWULFLW\ ZKLFK LV

GHWHUPLQHG E\ DUHD FRQILQHG E\ LRQ FXUUHQWwWLPH

FXUYH �VHH )LJXUH ���

,W LV QDWXUDOO\� WKDW WKH LQWHQVLW\ DQG LRQ FXUUHQW

DUH WKH IXQFWLRQ RI WLPH DQG H[SUHVVHG E\ WKH IROORZLQJ

IRUPXOD LQ WKH LPSURYHG V\VWHPV RI XQLWV�

∂((K� τ)
∂τ = �

((�

>, w M(K� τ)@� ���

ZKHUH (�K� τ� LV WKH LQWHQVLW\ RI ILHOG LQ R[LGH RU

SRODUL]HG UHJLRQ RI JODVV DW WKH GLVWDQFH K IURP PHWDO

DW WKH PRPHQW RI WLPH τ� , LV WKH GHQVLW\ RI LQLWLDO

FXUUHQW� M�K� τ� LV WKH FXUUHQW GHQVLW\ IRU JLYHQ YDOXHV
K DQG τ�

7KHVH HTXDWLRQV FDQ EH FRQVLGHUHG DV FRQVHTXHQFH

RI WKH *DXVVLDQ WKHRUHP� $V LV VHHQ� WKH LPSRUWDQW

SDUDPHWHU LV WKH GLHOHFWULF SHUPHDELOLW\ RI WKH JODVV

ZKLFK FDQ FKDQJH E\ WHPSHUDWXUH� DPRXQW RI VRGLXP

R[LGH� $FFRUGLQJ WR WKH DQDO\VLV RI WZR JODVVHV

�3LUH[� DQG & ���� LW LV HTXDO WR �� 7KH FKDQJH LQ (

ZLWKLQ ±�� � FDXVHG GHYLDWLRQ LQ SHUFHQWDJH RI ZLGWK

RI SRODUL]HG ]RQH RI WKH JODVV DQG HOHFWURVWDWLF ILHOG�

$OO WKH DERYH�PHQWLRQHG SDUDPHWHUV FDQ EH GHWHU�

PLQHG E\ FDOFXODWLRQV RQ WKH EDVLV RI LQGLUHFW LQYHV�

WLJDWLRQV� VXFK DV LQWHJUDO PHWKRG�

$FFRUGLQJ WR ��� WKH FDOFXODWLRQV RI WKH ZLGWK

RI WKH SRODUL]HG ]RQH RI JODVV �3LUH[� LQ FRQWDFW

ZLWK VLOLFRQ �7  ��� �&� 8  ���� 9� τ  �� V�

VKRZHG WKDW LW LV ���� w �����⋅��w� µP� (OHFWUR�
VWDWLF ILHOG LV ���� w ����⋅��� 9�PP� 7KH IRUFH RI
LQWHUQDO FRPSUHVVLRQ RI VDPSOHV LV ��� w ��� 03D�

7KH IRUPDWLRQ RI ELQGLQJ R[LGH ILOPV FDQ EH FRQ�

VLGHUHG FRPLQJ IURP WKH FRQFHSW DERXW LRQ FRQGXF�

WLYLW\ RI R[LGH DW KLJK LQWHQVLW\ RI ILHOG� FRPSOLFDWHG

E\ WKH SURFHVVHV RFFXUULQJ DW WKH LQWHUIDFH RI PHWDOw

R[LGH DQG R[LGHwJODVV�

7KH FDOFXODWLRQ VKRZHG WKDW WKH WKLFNQHVV RI R[LGH

ILOP IRUPLQJ GXULQJ �� V RI ZHOGLQJ LV LQFUHDVHG IURP

� WR ��⋅��w� PP�
7KH HIIHFW RI HOHFWURVWDWLF ILHOG RQ PRELOLW\ RI SRVL�

WLYH DQG QHJDWLYH LRQV ZKLFK FDQ DOVR KDYH D SRVLWLYH

RU QHJDWLYH HIIHFW RQ WKH IRUPDWLRQ RI WKH ELQGLQJ

SURGXFW �R[LGH� SUHVHQWV LQWHUHVW� 7KH K\SRWKHVLV

DERXW WKH UROH RI R[\JHQ LRQV RI JODVV ZDV FRQILUPHG

E\ WZR H[SHULPHQWV LQ ZKLFK FRYDU ZDV XVHG DV DQ

DQRGH DQG JODVV �3LUH[� DV D FDWKRGH� 7KH KHDWLQJ RI

WKLV DVVHPEO\ LQ QHXWUDO PHGLXP WR 7  ��� �& GLG

QRW UHYHDO WKH IRUPDWLRQ RI LURQ R[LGH ILOP� 7KH ZHOG�

LQJ RI WKH PHQWLRQHG SDLU LQ WKH VDPH PHGLXP ZLWK

DSSO\LQJ RI ZHOGLQJ YROWDJH VKRZHG WKDW WKH FRYDU

)LJXUH �� 'LDJUDP RI HOHFWULFDO FLUFXLW RI ZHOGLQJ HTXLSPHQW�

65 x VHOI�UHFRUGHU� +6 x KHDW VRXUFH� :96 x ZHOGLQJ YROWDJH

VRXUFH

)LJXUH �� 'LVWULEXWLRQ RI DOXPLQLXP DQG VLOLFRQ LQ WKH ]RQH RI

MRLQLQJ ZLWK JODVV �3LUH[�
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EHFDPH JUH\ LQ WKH FRQWDFW ]RQH� ZKLOH WKH UHVW VXUIDFH

RI WKH FRYDU VDPSOH KDG DQ LQLWLDO JOLWWHULQJ FRORXU�

+\SRWKHVLV DERXW QHXWUDOL]LQJ RI WKH HOHFWURVWDWLF

FKDUJH LQ WKH QHDU�DQRGH ]RQH RI WKH JODVV ZDV DOVR

FRQILUPHG E\ H[SHULPHQWV LQZKLFK VLOLFRQ� DOXPLQLXP

DQG VLOYHU ZHUH XVHG DV DQ DQRGH� 7KH ;�UD\ PLFURDQD�

O\VLV RI WKH WUDQVLWLRQ ]RQH RI WKH VDPSOH LQFOXGHG

VLOLFRQ� DOXPLQLXP DQG JODVV �3LUH[� VKRZHG WKDW

LRQV RI DOXPLQLXP DQG VLOLFRQ DUH GLIIXVHG WR WKH JODVV

IRU D VPDOO GHSWK DQG FOXVWHUHG DW WKH DQRGH �)L�

JXUH ��� 7KHVH SDLUV DUH FKDUDFWHUL]HG E\ D GUDVWLF

GHFUHDVH LQ LRQ FXUUHQW LQ WLPH� $W WKH VDPH WLPH WKLV

GHFUHDVH LV QRW REVHUYHG IRU VLOYHU DQRGH� 7KLV LV GXH

WR WKH PRELOLW\ RI LRQV RI VLOLFRQ DQG DOXPLQLXPZKLFK

LV VRPHZKDW ORZHU WKDQ WKDW RI WKH VRGLXP LRQV� 'LI�

IXVLRQ RI R[\JHQ DQG PHWDO LRQV FDQ QHXWUDOL]H FKDUJH

SDUWLDOO\ RU FRPSOHWHO\ LQ WKH QHDU�DQRGH SRODUL]HG

]RQH RI WKH JODVV�

,QGHSHQGHQWO\ RI PHFKDQLVPV RI PLJUDWLRQ RI LRQV

XQGHU WKH DFWLRQ RI WKH HOHFWURVWDWLF ILHOG LW LV HYLGHQW

WKDW WKLV SURFHVV FDXVHV D UHPDUNDEOH FKDQJH LQ WKH

WUDQVLWLRQ �ERXQGDU\� ]RQH RI WKH JODVV ZLWK PHWDO�

7KHVH FKDQJHV ZHUH REVHUYHG LQ HWFKLQJ RI VHFWLRQ RI

WKH JODVV�VLOLFRQ VDPSOH �)LJXUH ���

7KXV� WKH YDOXHV RI WKH HOHFWURVWDWLF ILHOG LQ WKH

FRQWDFW ]RQH RI JODVV ZLWK PHWDO DQG LQWHUQDO IRUFHV

RI FRPSUHVVLRQ� DQG DOVR WKH UROH RI WKH HOHFWURVWDWLF

ILHOG LQ WKH SURFHVVHV RI PLJUDWLRQ RI SRVLWLYH DQG

QHJDWLYH LRQV ZHUH HVWDEOLVKHG E\ XVLQJ FDOFXODWLRQ�

H[SHULPHQWDO PHWKRGV� ,W LV VKRZQ WKDW WKH R[\JHQ

LRQV RI WKH JODVV WDNH SDUW LQ WKH IRUPDWLRQ RI ELQGLQJ

WUDQVLWLRQ ]RQH EHWZHHQ WKH PDWHULDOV EHLQJ ZHOGHG�

)LJXUH �� 7UDQVLWLRQ ]RQH RI JODVV �3LUH[�wVLOLFRQ MRLQW �×����
�LQFUHDVHG E\ ���� D x WRS YLHZ� E x HGJH YLHZ
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3UREOHPV RI PRGHOOLQJ DQG VLPXODWLRQ RI HTXLSPHQW DQG WHFKQRORJ\ RI IDEULFDWLRQ RI ZHOGHG VWUXFWXUHV LQ WKH FRXUVH

RI WKH HGXFDWLRQ SURFHVV DUH FRQVLGHUHG� 6RPH ODERUDWRU\ ZRUNV RQ VXEMHFW �)DEULFDWLRQ RI ZHOGHG VWUXFWXUHV� DUH

SUHVHQWHG DQG GHVFULEHG�

.H\ ZRU G V � HGXFDWLRQ SURFHVV� WUDLQLQJ RI ZHOGLQJ HQJL�

QHHUV� VXEMHFW �)DEULFDWLRQ RI ZHOGHG VWUXFWXUHV�� PRGHOOLQJ�

VLPXODWLRQ� WHFKQRORJLFDO HTXLSPHQW� WHFKQRORJLFDO IL[WXUH

7KH LPSURYHPHQW LQ HGXFDWLRQ DQG WUDLQLQJ RI VSH�

FLDOLVWV LV DVVRFLDWHG ZLWK PDVWHULQJ RI DFWLYH PHWKRGV

RI WUDLQLQJ� DPRQJ ZKLFK WKH VXEMHFW JDPHV� VLPXODW�

LQJ UHDO LQGXVWULDO FRQGLWLRQV� RFFXS\ WKH OHDGLQJ

SODFH� )RU WKLV SXUSRVH� LW LV SRVVLEOH WR XVH WKH LQ�

IRUPDWLRQ SRVWHUV� GLIIHUHQW PRFN�XSV DQG PRGHOV RI

D VSHFLDO HTXLSPHQW� 7KH LPSOHPHQWDWLRQ RI VXEMHFW

JDPHV LQ WKH FRXUVH RI WKH HGXFDWLRQ SURFHVV DOORZV

VWXGHQWV WR PDVWHU VRPH LQGXVWULDO KDELWV�

%DGDHY $QDWRO\ 6�x $VVLVWDQW 3URIHVVRU RI WKH &KDLU RI :HOGLQJ

3URGXFWLRQ�

1LNRODHQNR 6WDQLVODY 9�x JUDGXDWH RI &K687 ������� SRVW�JUD�

GXDWH RI WKH &KDLU RI :HOGLQJ 3URGXFWLRQ�

� $�6� %$'$(9 DQG 6�9� 1,.2/$(1.2� ����
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0RGHOOLQJ DQG VLPXODWLRQ �SURWRW\SLQJ� DUH LP�

SRUWDQW LQ WKH HGXFDWLRQ SURFHVV� LQ SDUWLFXODU ZKHQ

WKH GLIILFXOWLHV DUH HQFRXQWHUHG ZLWK DQ LQGXVWULDO

SUDFWLFH DQG DOVR ZLWK H[FXUVLRQV IRU VWXG\LQJ WKH UHDO

RSHUDWLQJ HTXLSPHQW�

2QH RI WKH PDLQ VXEMHFWV LQ HGXFDWLRQ RI WKH ZHOG�

LQJ HQJLQHHUV LV WKH IDEULFDWLRQ RI ZHOGHG VWUXFWXUHV

�):6�� $W WKH &KDLU RI :HOGLQJ 3URGXFWLRQ D FRP�

SOH[ RI ODERUDWRU\ VXEMHFW JDPHV KDV EHHQ GHYHORSHG�

ZKLFK DOORZ VWXGHQWV WR VWXG\ WKH WHFKQRORJ\ RI ):6

XVLQJ WKH VFDOHG QRQ�RSHUDWLQJ PRFN�XSV DQG RSHUDW�

LQJ PRGHOV� WKXV GHPRQVWUDWLQJ WKH IXQFWLRQLQJ RI WKH

REMHFWV VWXGLHG� %DVLFDOO\� WKHVH DUH WKH WHFKQRORJLFDO

SURFHVVHV DQG HTXLSPHQW ZKLFK DUH PRVW RIWHQ XVHG�

7KH UHVXOWV RI PRGHOOLQJ PDNH LW SRVVLEOH WR UHFHLYH

FHUWDLQ FRQFOXVLRQV DERXW WKH RSHUDWLRQ FDSDELOLWLHV

RI WKH WHFKQRORJLFDO HTXLSPHQW� UHTXLUHG DX[LOLDU\

IL[WXUH� RSWLPXP GLIIHUHQW YDULDQWV LQ WKH WHFKQRORJ\
RI IDEULFDWLRQ� HWF� 7KH PRGHOOLQJ SURPRWHV SUHGLFWLRQ

DQG WDNLQJ RI RSWLPL]HG VROXWLRQV� DV ZHOO DV GHYHO�

RSPHQW RI WKH RSWLPXP SODQV�

'XULQJ GHYHORSPHQW RI HDFK ODERUDWRU\ ZRUN WKH
IROORZLQJ SUREOHPVZHUH VROYHG� VHOHFWLRQ RI PDWHULDOV
DQG VWUXFWXUHV� ZKLFK SURYLGH D JRRG PRGHOOLQJ RI

WKH IDEULFDWLRQ SURFHVV� GHWHUPLQDWLRQ RI W\SH DQG

VFDOH RI HTXLSPHQW ����� DV XVXDO� IRU SUHSDUDWLRQ�

DVVHPEO\ DQG ZHOGLQJ� GHVLJQLQJ� PDQXIDFWXUH� VHW�

WLQJ�XS RI PRGHOV RI WKH WHFKQRORJLFDO SURFHVV� LPSOH�

PHQWDWLRQ RI WKH VXEMHFW JDPH LQ WKH HGXFDWLRQ SURF�

HVV� ZRUNLQJ RXW RI PHWKRGRORJLFDO UHFRPPHQGDWLRQV�

7KH FRPSOH[ RI ODERUDWRU\ ZRUNV FDQ EH GLYLGHG
FRQGLWLRQDOO\ LQWR WKUHH JURXSV�

*URXS ,� 0RFN�XSV� ,Q WKHVH ZRUNV WKH PRFN�XSV

UHVHPEOH RULJLQDOV RQO\ ZLWK D VRPH GHJUHH RI DQ DS�

SHDUDQFH VLPLODULW\� EXW KDYLQJ DOO WKH W\SLFDO FKDU�

DFWHULVWLFV RI WKH HTXLSPHQW� WKXV DOORZLQJ VWXGHQWV

WR UHPHPEHU WKH DSSHDUDQFH� 7R RUJDQL]H WKH WHFKQR�

ORJLFDO VXEMHFW JDPH IRU WKH VHOHFWLRQ RI RSWLPXP
HQJLQHHULQJ VROXWLRQV WKH PRFN�XSV KDYH HOHFWULFDO

FRQQHFWLRQV DQG DUH HTXLSSHG ZLWK D OLJKW DQG VRXQG

VLJQDOOLQJ�

:RUN �� 2SWLPXP FRPELQDWLRQ RI ZHOGLQJ HTXLS�
PHQW ZLWK ZHOGLQJ IL[WXUH� 0RFN�XSV RI WKH IL[WXUH

�GLIIHUHQW EHQFKHV� WLOWHUV� URWDWRUV DQGPDQLSXODWRUV�
DUH IL[HG RQ WKH WDEOH DQG FRQQHFWHG WR WKH HOHFWULFDO

PDLQV� 7KH PRFN�XSV RI WKH LQVWDOODWLRQV �PRXQWHG

RQ WKH FROXPQ� ELF\FOH�W\SH DQG /�VKDSHG FDUULDJHV�

JDQWU\� UROOLQJ EHDP� DUH IUHHO\ GLVSODFHG DQG HOHF�

WULFDOO\ FRQQHFWHG ZLWK SOXJV�DQG�VRFNHWV� 7KH VHOHF�

WLRQ RI WKH RSWLPXP FRPELQDWLRQ LV FRQWUROOHG E\ D

VLJQDOOLQJ ODPS DQG VRXQG VLJQDO �)LJXUH ���

:RUN �� 6HOHFWLRQ RI RSWLPXP WHFKQRORJ\ RI IDE�
ULFDWLRQ RI EHDPV DQG VKHOO HOHPHQWV� 0RFN�XSV RI

WKH SUHSDUDWRU\ �VWUDLJKWHQLQJ DQG EHQGLQJ UROOHUV�

JDQWU\ IRU JDV FXWWLQJ� JXLOORWLQH� VKRW�EODVWLQJ HTXLS�

PHQW� HWF��� DVVHPEO\�ZHOGLQJ �EHQFKHV IRU DVVHPEO\

RI SDQHOV� FLUFXPIHUHQWLDO ZHOGV� DQG ZHOGLQJ

�EHQFKHV IRU ZHOGLQJ SDQHOV IURP WZR VLGHV� ZHOGLQJ
RI ORQJLWXGLQDO DQG FLUFXPIHUHQWLDOZHOGV� HWF�� HTXLS�

PHQW DUH WKH REMHFWV ZKLFK FDQ EH PRXQWHG RQ WKH

WDEOH RQO\ LQ RQH SRVLWLRQ� 6WXGHQWV DUUDQJH PRFN�XSV

LQ D GHILQLWH VHTXHQFH IRU WZR YDULDQWV RI IDEULFDWLRQ

RI EHDPV RU VKHOOV� 7KH FRUUHFW DUUDQJHPHQW RI WKH

PRFN�XSV LV FRQWUROOHG E\ D KHUPHWLFDOO\�VHDOHG UHHG

WUDQVGXFHU RQ ERDUGV DQG WDEOH LOOXPLQDWHG E\ D FKDLQ

RI ODPSV RQ WKH FRQWURO SDQHO�

*URXS ,,� 'HPRQVWUDWLQJ PRGHOV� 2SHUDWLQJ

PRGHOV RI HTXLSPHQW DQG PRFN�XSV ZKLFK UHSURGXFH

WKH RULJLQDO LQ DOO LWV SDUWV ERWK RXWVLGH DQG LQVLGH�

DUH XVHG IRU WKH WUDQVIHU RI LQIRUPDWLRQ DERXW LWV DS�

SHDUDQFH DQG YLVXDO GHPRQVWUDWLRQ RI WKH GHYLFH DQG

PRGH RI WKH HTXLSPHQW RSHUDWLRQ�

:RUN �� /RDG�FDUU\LQJ XQLWV� 7R HYDOXDWH IRUFHV

DQG RSHUDWLRQ UHVSRQVH� D VHW RI PHFKDQLFDO �ZHGJH�

HFFHQWULF� ULJJLQJ VFUHZ� VSULQJ DQG OHYHU� DQG SQHX�

PDWLF �SQHXPDWLF F\OLQGHU DQG FHOO� FODPSV LV XVHG�

$OO WKH FODPSV KDYH SDLUHG VXSSRUWV ZKLFK KHOS WR

LQVWDOO XQLWV LQWR WKH WRQJV RI D UXSWXUH PDFKLQH IRU

XVLQJ LWV IRUFH PHWHU� ,Q WKLV ZRUN WKH FDSDELOLWLHV RI

DOO WKH XQLWV DUH GHPRQVWUDWHG YLVXDOO\�

:RUN �� 9HUVDWLOH DVVHPEO\ GHYLFHV �9$'�� 7KH

VHW RI 9$' FRQVLVWV RI WKUXVWV� FODPSV DQG D VXSSRUW

SODWH ZLWK 7�VKDSHG VORWV� 7KLV VHW PDNHV LW SRVVLEOH

WR FUHDWH VLPSOHVW GHYLFHV IRU DVVHPEO\ DQG WR DVVHPEOH

VWDQGDUG ZHOGHG VXE�DVVHPEOLHV �EHDP� JLUGHU FRQ�

QHFWLRQV� IUDPH� UHLQIRUFHPHQW JULG� SLSH IURP 8�

WXEHV� SLSH ZLWK D IODQJH��

:RUN �� 7UDQVSRUWLQJ GHYLFHV�$PRGHO RI D WUHVWOH

IRU WKH VKRS RI PHWDO VWUXFWXUHV� IXUQLVKHG ZLWK DQ
RSHUDWLQJ PRGHO RI D JDQWU\ FUDQH IRU KDQGOLQJ RI

PHWDO DQG UHDG\ ZHOGHG VWUXFWXUHV LV FRQVWUXFWHG� $W

WKH WDEOH ZDOO D VHW RI KRLVWLQJ GHYLFHV LV ORFDWHG

�VOLQJV� VHFXULQJ FKDLQV� WUDYHUVHV ZLWK GLIIHUHQW
WRQJV� LQFOXGLQJ WKRVH ZLWK HOHFWURPDJQHWV�� $ FRP�

SDUDWLYH DQDO\VLV RI RSHUDWLRQV RI WUDQVSRUWLQJ RI RQH

SLHFH PDGH ZLWK WKHLU XVH LV PDGH E\ FKURQRPHWU\

DIWHU VWXG\ RI WKH FDSDELOLW\ RI GLIIHUHQW GHYLFHV �)L�

JXUH ���

:RUN �� 5RERWL]DWLRQ RI ZHOGLQJ PDQXIDFWXULQJ�

,WV PRGHO FRQVLVWV RI WZR SDUWV �)LJXUH ���

• RQ WKH WDEOH� WZR PDQLSXODWRUV IRU ZHOGLQJ DUH

ORFDWHG� 7KH SLSHV DUH IL[HG LQ WKHP� 7KHUH DUH WZR
ZHOGLQJ URERWV� GLVSODFLQJ DORQJ WKH D[LV RI ZRUN�

SLHFHV� IRU WKH PDQLSXODWRUV VHUYLFH� ,Q DFFRUGDQFH

ZLWK WKH SURJUDPV� WKH URERWV DQG PDQLSXODWRUV DUH

RSHUDWLQJ VLPXOWDQHRXVO\ RU LQ WXUQ� 'HSHQGLQJ RQ

)LJXUH ��0RFN�XSV RI PHFKDQLFDO DQG ZHOGLQJ HTXLSPHQW IRU IDE�
ULFDWLRQ RI ,�EHDPV �SURGXFWLRQ OLQH�
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WKH PRYHPHQWV� SUHVHW E\ SURJUDPV� ORQJLWXGLQDO� FLU�
FXPIHUHQWLDO RU VSLUDO ZHOGV DUH PDGH RQ WKH ZRUN�
SLHFHV�

• RQ WKH WDEOH� D URERWLF FRPSOH[ LV ORFDWHG� ZKLFK
DVVHPEOHV SLSHV IURP WZR 8�WXEHV ZLWK D VXFFHVVLYH
KDQGOLQJ� OD\LQJ DQG FODPSLQJ DFFRUGLQJ WR WKH SUR�
JUDP� 7KH ZRUN LV ILQLVKHG E\ WZR ZHOGLQJ URERWV
ZKLFK FRPSOHWH WZR ORQJLWXGLQDO ZHOGV�

*URXS ,,,� 5HSURGXFWLRQ RI WKH HTXLSPHQW VKDSH
DW D VXIILFLHQWO\ FORVH FRQWHQW RI SURFHVVHV EHLQJ
VLPXODWHG� 7KH FUHDWLRQ RI WKH RSHUDWLQJ PRGHO RI
IDEULFDWLRQ LV WKH PRVW KDUG�WR�UHDOL]H SUREOHP�

:RUN �� 6KRS ED\ IRU IDEULFDWLRQ RI VKHOO EORFNV
DQG ,�EHDPV� 7R FUHDWH WKH PRGHO RI WKH RSHUDWLQJ
IDEULFDWLRQ LV GLIILFXOW� EHFDXVH LW LV QHFHVVDU\ WR SUR�
YLGH D JRRG YLVXDOL]DWLRQ LQ WUDLQLQJ DQG WR VKRZ WKH
SK\VLFDO SULQFLSOH RI SURFHVVHV RI SUHSDUDWLRQ DQG

ZHOGLQJ� 7KH PLQLDWXUL]HG PDQXIDFWXUH RI PRFN�XSV
RI ZHOGHG VWUXFWXUHV RQ RSHUDWLQJ PRGHOV RI WKH LQ�
GXVWULDO HTXLSPHQW LQFOXGHV VWUDLJKWHQLQJ UROOV� JXLO�
ORWLQH� EHQGLQJ UROOV� EHQFK IRU ZHOGLQJ RI WKH VKHOO
ORQJLWXGLQDO ZHOG� ELF\FOH�W\SH FDUULDJH ZLWK D ZHOG�
LQJ KHDG� UROOHU EHQFK� WZR�VXSSRUW MLJ�WLOWHU� $OO WKH
HTXLSPHQW LV FRQQHFWHG WR UROOHU FRQYH\RUV DQG DU�
UDQJHG RQ WKUHH ODERUDWRU\ WDEOHV� 'XULQJ ZRUN WKH
,�EHDPV ZLWK IRXU ORQJLWXGLQDO ZHOGV DQG EORFN RI
VKHOOV ZLWK WZR ORQJLWXGLQDO DQG RQH FLUFXPIHUHQWLDO
ZHOGV FDQ EH SURGXFHG� EHLQJ VXIILFLHQWO\ VWURQJ DQG
YHU\ OLNH E\ DSSHDUDQFH WR WKH UHDO SURGXFWV�

7KXV� WKH HGXFDWLRQ DQG WUDLQLQJ JDPHV ZLWK WKH
XVH RI PRFN�XSV DQG PRGHOV HQDEOH VWXGHQWV WR UHFHLYH
WKH QHFHVVDU\ NQRZOHGJH DQG KDELWV LQ WKH SUREOHPV
RI HTXLSPHQW DQG WHFKQRORJ\ RI IDEULFDWLRQ RI ZHOGHG
VWUXFWXUHV DQG WKHLU RSWLPL]LQJ�

)LJXUH �� 0RFN�XSV RI WUDQVSRUWLQJ�ULJJLQJ PHDQV DQG GHYLFHV IRU
GLVSODFHPHQW RI VKHHWV� ,�EHDPV DQG VKHOOV

)LJXUH ��0RFN�XSV RI URERWLF FRPSOH[ IRU WUDQVSRUWLQJ DQG ZHOG�
LQJ RI VKHOOV
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'% �.RQWDNW�� &KHUQLJLY� 8NUDLQH

�
&KHUQLJLY 6WDWH 8QLYHUVLW\ RI 7HFKQRORJ\� &KHUQLJLY� 8NUDLQH

$%675$&7

,QWHUDFWLRQ RI PDWHULDOV LQ D ERQG EHWZHHQ SLH]RHOHFWULF FHUDPLFV DQG FRSSHU� PDGH WKURXJK D FKURPLXP EDUULHU LQWHUOD\HU�

KDV EHHQ HYDOXDWHG� 7KH EORFNLQJ HIIHFW RI FKURPLXP RQ GLIIXVLRQ RI ELVPXWK LQWR FRSSHU� DV ZHOO DV WKH YDOXH RI GLIIXVLRQ

RI ELVPXWK� ZKLFK LV QRW LQ H[FHVV RI WKLFNQHVV RI WKH FKURPLXP EDUULHU LQWHUOD\HU� KDYH EHHQ HVWLPDWHG�

.H\ ZRU G V � GLIIXVLRQ ERQGLQJ RI SLH]RHOHFWULF FHUDPLFV WR
FRSSHU� KLJK�WHPSHUDWXUH YLEUDWLRQ WUDQVGXFHUV� SUHVVXUH� DFFH�
OHUDWLRQ� FKURPLXP EDUULHU LQWHUOD\HU

0HWDO�SLH]RHOHFWULF FHUDPLFV SUHVVXUH WUDQVGXFHUV DQG
SLH]RDFFHOHURPHWHUV� RSHUDWLQJ DW D WHPSHUDWXUH RI XS
WR ��� �& >�@� DUH XVHG LQ PHDVXUHPHQW LQVWUXPHQWV
WR VROYH VSHFLDO SUREOHPV UHODWHG WR PRQLWRULQJ RI
WHFKQRORJLFDO SURFHVVHV� 7KH DERYH GHYLFHV DUH PDGH
IURP SLH]RHOHFWULF FHUDPLFV RI WKH 79�� JUDGH >�@�
ZKLFK FRQVLVWV PRVWO\ RI R[LGHV RI WLWDQLXP DQG ELV�
PXWK� :KHQ MRLQHG WR FRSSHU DQG GXULQJ RSHUDWLRQ�
FRPSRQHQWV RI SLH]RHOHFWULF FHUDPLFV �3(&� HQWHU

� <X�*� =$'252=+1< DQG 9�<D� *5(%(1,&+(1.2� ����

=DGRUR]KQ\ <XU\ *� x JUDGXDWH RI &KHUQLJLY %UDQFK RI .3,
������� 'LUHFWRU RI '% �.RQWDNW��
*UHEHQLFKHQNR 9LWDO\ <D� x JUDGXDWH RI &KHUQLJLY %UDQFK RI
.3, ������� $VVLVWDQW DW WKH &KDLU RI :HOGLQJ 3URGXFWLRQ�
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LQWR FKHPLFDO LQWHUDFWLRQ ZLWK D VWUXFWXUDO PDWHULDO

WR IRUP ORZ�PHOWLQJ SRLQW FRSSHUwELVPXWK FRP�

SRXQGV ZLWKLQ WKH FRQWDFW ]RQH� OHDGLQJ WR IUDFWXUH

RI WKH ERQG� 7KHUHIRUH� WR HOLPLQDWH WKLV SKHQRPHQRQ

LW LV QHFHVVDU\ WR XVH PHWDO EDUULHU LQWHUOD\HUV �%,/��

7KH SXUSRVH RI WKLV VWXG\ ZDV WR LQYHVWLJDWH D WUDQ�

VLWLRQ ]RQH LQ WKH ERQG EHWZHHQ ELVPXWK�FRQWDLQLQJ FH�

UDPLFV DQG FRSSHU� PDGH WKURXJK D FKURPLXP %,/�

(YDOXDWLRQ RI LQWHUDFWLRQ RI FHUDPLFV ZLWK PHWDO

LQ VROLG�VWDWH MRLQLQJ VKRZV WKDW IRU WKH SXUSRVHV RI

DQDO\VLV WKH WUDQVLWLRQ ]RQH FDQ EH FRQGLWLRQDOO\ VXE�

GLYLGHG LQWR WKUHH SDUWV �)LJXUH ��� ]RQH RI GLIIXVLRQ
RI FHUDPLF FRPSRQHQWV LQWR PHWDO� ]RQH RI UHDFWLYH

GLIIXVLRQ DQG ]RQH RI GLIIXVLRQ RI PHWDO FRPSRQHQWV
LQWR FHUDPLFV� 7KH ]RQHV DGMRLQ HDFK RWKHU DQG WKHLU

WKLFNQHVV GHSHQGV XSRQ SHFXOLDULWLHV RI LQWHUDFWLRQ RI

PDWHULDOV� =RQH ,� L�H� GLIIXVLRQ RI FHUDPLF FRPSRQHQWV

LQWR PHWDO� FDQ EH DQDO\VHG E\ ELQDU\ GLDJUDPV� =RQH

,,, FDQ EH DQDO\VHG E\ YDULDWLRQV LQ FRPSRVLWLRQ
�VWUXFWXUH� RI FHUDPLFV� =RQH ,, LV D SURGXFW RI FKHPL�
FDO LQWHUDFWLRQ RI R[LGHV� ZKLFK DUH SDUW RI FHUDPLFV�

DQG PHWDO�

&KURPLXP ZDV VHOHFWHG WR EH D PDWHULDO RI %,/

WR EORFN WKH HIIHFW RI ELVPXWK LQ WKH ERQG� ZKLFK LV

DWWULEXWDEOH WR LWV VSHFLILF FKDUDFWHULVWLFV� &KURPLXP

LV LQVROXEOH LQ ELVPXWK� KDV D OLPLWHG VROXELOLW\ ZKHQ

MRLQHG WR FRSSHU DQG FKHPLFDOO\ VWDEOH R[LGHV >� w �@�

7KLQ OD\HUV RI FKURPLXP FDQ EH HDVLO\ GHSRVLWHG� IURP
WKH WHFKQRORJ\ SRLQW RI YLHZ� RQ WKH VXUIDFH RI FH�

UDPLFV RU PHWDO E\ YDFXXP WKHUPDO HYDSRUDWLRQ� ,Q

DGGLWLRQ� IRUPDWLRQ RI FKHPLFDOO\ VWDEOH R[LGHV LQ WKH

WUDQVLWLRQ ]RQH RI WKH ERQG OHDGV WR DQ H[WUD HQKDQFH�

PHQW RI WKH EORFNLQJ HIIHFW�

'LIIXVLRQ ERQGLQJ RI ELVPXWK WLWDQDWH�EDVHG 3(&
79�� WR FRSSHU ZDV SHUIRUPHG WR PDNH DFWXDO VWUXFWXUHV
DQG PHWDOORJUDSKLF VHFWLRQV� 7KH ERQGLQJ FRQGLWLRQV

ZHUH DV IROORZV� WHPSHUDWXUH ��� �&� FRPSUHVVLRQ ORDG
� 03D� ERQGLQJ WLPH ��� V� YDFXXPx QRW ZRUVH WKDQ
���⋅��w� 3D� 3ULRU WR ERQGLQJ� WKH FRSSHU SDUWV ZHUH
HWFKHG LQ D VROXWLRQ RI VXOSKXULF DFLG ��� J�O� DQG

SRWDVVLXP ELFKURPDWH ��� J�O�� ,PPHGLDWHO\ EHIRUH

ERQGLQJ WKH SDUWV ZHUH ZLSHG ZLWK DOFRKRO�
6HFWLRQV RI WKH ERQGV ZHUH PDGH LQ DFFRUGDQFH

ZLWK UHFRPPHQGDWLRQV >� w �@� 7KH ERQGV ZHUH

JURXQG DW DQ DQJOH RI ��� WR WKH VXUIDFH RI FRQWDFW RI

WKH PDWHULDOV ERQGHG DQG WKHQ SROLVKHG XVLQJ GLDPRQG

SDVWHV �$60 ����� $60 ���� $60 ���� LQ WKH

3(& → &X GLUHFWLRQ WR DYRLG FROG ZRUNLQJ DQG SHQH�

WUDWLRQ RI FRSSHU LQWR SRUHV LQ 79��� 7KH UHVXOWLQJ

VHFWLRQV ZHUH GHJUHDVHG ZLWK DFHWRQH DQG DOFRKRO�

7R UHYHDO PLFURVWUXFWXUH RI WKH WUDQVLWLRQ ]RQH LQ

WKH 79�� � &U ERQG� WKH ODWWHU ZDV HWFKHG XVLQJ WKH

�� � +�62� VROXWLRQ�

7KH WUDQVLWLRQ ]RQH LQ WKH 79�� � &U ERQG ZDV

HYDOXDWHG E\ PHWDOORJUDSK\� SKDVH FRQWUDVW PHWKRG�

D FKDQJH LQ PLFURKDUGQHVV RI WKH WUDQVLWLRQ ]RQH DQG

E\ VFDQ SDWWHUQV RI WKH VHFWLRQ VXUIDFHV REWDLQHG XVLQJ
D VFDQQLQJ HOHFWURQ PLFURVFRSH�

7KH FKDUDFWHU RI GLVWULEXWLRQ RI HOHPHQWV LQ WKH

ERQGLQJ ]RQH ZDV VWXGLHG E\ RSWLFDO DQG VFDQQLQJ
HOHFWURQ PLFURVFRS\ XVLQJ WKH -60���&) PLFURVFRSH�

([DPLQDWLRQ RI WKH WUDQVLWLRQ ]RQH E\ WKH SKDVH
FRQWUDVW PHWKRG �)LJXUH �� UHYHDOHG VHYHUDO SKDVHV

ZLWK GLIIHUHQW FRQWUDVW� 7KH ODUJHVW FKDQJHV LQ WKH

WUDQVLWLRQ ]RQH RI WKH 3(&�&U ERQG DUH FKDUDFWHUL]HG

E\ D OLJKWHU ILHOG RI WKH VFDQ SDWWHUQ RI WKH 3(&
VXUIDFH� DV FRPSDUHG ZLWK WKH VFDQ SDWWHUQ RI WKH

LQLWLDO FHUDPLFV� 7KLV LV DVVRFLDWHG ZLWK DQ LQFUHDVH

LQ WKH PHDQ DWRPLF QXPEHU RI 3(& GXH WR DQ LQFUHDVHG

FRQFHQWUDWLRQ RI ELVPXWK� ZKLFK LV D UHVXOW RI LWV UH�

PRYDO IURP WKH ]RQH RI UHDFWLYH GLIIXVLRQ� EHFDXVH

ELVPXWK LV IRUFHG RXW IURP LWV R[LGH E\ FKURPLXP�
7KH WUDQVLWLRQ ]RQH RI WKH ERQG LV GLVWULEXWHG QRQ�

XQLIRUPO\ WR WKH VXUIDFH RI DQ DQJOH ODS VHFWLRQ� ZKLFK

LV OLNHO\ WR EH FDXVHG E\ D QRQ�XQLIRUP GLVWULEXWLRQ

RI GHQVLW\ LQ WKH EXON RI 3(& �SRURVLW\�� $ GDUNHU

ILHOG RI WKH VFDQ SDWWHUQ� DV FRPSDUHG ZLWK 3(&� LV
FDXVHG E\ D GHFUHDVH LQ WKH DWRPLF QXPEHU RI WKH

SKDVH �OHVV WKDQ D PHDQ YDOXH RI 3(&�� ZKLFK LV D

UHVXOW RI GLIIXVLRQ RI FKURPLXP LQWR 3(&� 7KH WRWDO

OHQJWK RI WKH WUDQVLWLRQ ]RQH LQ 3(& � &U LV QRW PRUH
WKDQ � µP�

7KH WUDQVLWLRQ ]RQH LQ WKH &U � &X ERQG FDQQRW

EH HYDOXDWHG E\ VFDQ SDWWHUQV RI PHWDOORJUDSKLF VHF�
WLRQV� 1R FKDQJHV LQ FRQWUDVW DUH VHHQ LQ WKH VFDQ

SDWWHUQ RI WKH &U � &X WUDQVLWLRQ ]RQH� 7KLV LV OLNHO\

WR EH DVVRFLDWHG ZLWK FORVH DWRPLF QXPEHUV RI FKUR�

PLXP DQG FRSSHU RU DQ LQVLJQLILFDQW FRQFHQWUDWLRQ RI

FKURPLXP LQ WKH &U � &X WUDQVLWLRQ ]RQH� ZKLFK GRHV

QRW DOORZ WKH XVH RI WKH SKDVH FRQWUDVW PHWKRG�

)LJXUH �� PDGH LQ UHIOHFWHG DQG VHFRQGDU\ HOHF�
WURQV� FOHDUO\ VKRZV WKH FKURPLXP %,/ DQG WUDQVLWLRQ

]RQH RI WKH 79�� � &U ERQG �ZKLOH ILHOG�� 7KH ]RQH

RI HWFKLQJ RXW RI 3(& DPRXQWV WR � µP LQ VL]H�

(YDOXDWLRQ RI WKH WUDQVLWLRQ ]RQH E\ YDULDWLRQV LQ
PLFURKDUGQHVV RI WKH 79�� � &U � &X ERQG ZDV PDGH

E\ WKH SURFHGXUH GHVFULEHG LQ >�� �@�

)LJXUH �� 6FKHPDWLF SLFWXUH RI WKH WUDQVLWLRQ ]RQH LQ WKH ERQG �VHH
GHVLJQDWLRQV , w ,,, LQ WKH WH[W�

)LJXUH �� 0LFURVWUXFWXUH RI WKH 79�� � &U � &X ERQG �DQJOH ODS
VHFWLRQ DW DQ DQJOH RI DERXW ��� ×����� � x SLH]RHOHFWULF FHUDPLFV�
� x FRSSHU� � x FKURPLXP �HWFKDQW x �� � +�62� VROXWLRQ�
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,QYHVWLJDWLRQV VKRZHG WKDW YDULDWLRQV LQ PLFUR�
KDUGQHVV WRRN SODFH RQO\ LQ WKH YLFLQLW\ RI WKH VXUIDFH
RI FRQWDFW RI WKH PDWHULDOV MRLQHG �)LJXUH ��� ,Q WKH
GDUNHQLQJ ]RQH RI 3(& XS WR ���PP LQ VL]H QR FKDQJHV
LQ PLFURKDUGQHVV� DV FRPSDUHG ZLWK D PHDQ YDOXH�
ZHUH GHWHFWHG� $ GHFUHDVH LQ PLFURKDUGQHVV QHDU WKH
WUDQVLWLRQ ]RQH RI WKH 3(& � PHWDO ERQG LV OLNHO\ WR
EH DVVRFLDWHG ZLWK D FKDQJH LQ FRPSRVLWLRQ RI 3(&
FDXVHG E\ GLIIXVLRQ SURFHVVHV WDNLQJ SODFH LQ WKH ERQG�
$ FKDQJH LQ PLFURKDUGQHVV RI 3(& LV IL[HG DW D GLV�
WDQFH RI OHVV WKDQ � µP IURP WKH 3(&w&U FRQWDFW
VXUIDFH� &KDQJHV LQ PLFURKDUGQHVV RI FRSSHU DUH
VPDOOHU DQG GR QRW H[FHHG ��� µP �)LJXUH ���

;�UD\ PLFURDQDO\VLV RI WKH FKDUDFWHU RI GLVWULEX�
WLRQ RI HOHPHQWV ZDV FDUULHG RXW XVLQJ WKH �/LQN�����
DQG �2SWHF� ;�UD\ HQHUJ\ GLVSHUVLRQ VSHFWURPHWHU
�('6� E\ D PHWKRG GHVFULEHG LQ >�@�

;�UD\ PLFURDQDO\VLV RI HOHPHQWV LQ WKH WUDQVLWLRQ
]RQH RI WKH ERQG ZDV PDGH XVLQJ ('6 E\ SRLQWV� 1HDU
%,/� D VSDFLQJ RI WKH PLFURDQDO\VLV SRLQWV ZDV � w �
DQG � µP DW D GLVWDQFH RI PRUH WKDQ �� µP IURP %,/�

7KH GHULYHG UHODWLRQVKLSV RI WKH LQWHQVLWLHV RI UDGLD�
WLRQ RI HOHPHQWV �)LJXUH �� LQ WKH ]RQH RI FRQWDFW RI WKH

PDWHULDOV VKRZ WKDW FKURPLXP GLIIXVHV ERWK LQWR 3(&
DQG LQWR FRSSHU LQ ERQGLQJ SHUIRUPHG XQGHU XOWLPDWH
FRQGLWLRQV IRU 3(& 79��� 3HQHWUDWLRQ RI FKURPLXP
LQWR 3(& LV QRW PRUH WKDQ ��� µP� DQG WKDW LQWR
FRSSHU x ��� µP� &RSSHU GLIIXVHV LQWR 3(& WKURXJK
WKH FKURPLXP LQWHUOD\HU GHHS WR � µP� 'LIIXVLRQ RI WKH
FRPSRQHQWV RI 3(& 79��� L�H� ELVPXWK DQG WLWDQLXP�
LV FRQVLGHUDEO\ OLPLWHG E\ WKH FKURPLXP %,/� 3HQHWUD�
WLRQ RI ELVPXWK LQWR WKH ERQG LV QRW LQ H[FHVV RI WKLFNQHVV
RI WKH FKURPLXP %,/� L�H� OHVV WKDQ ��� µP�

7KH FKDUDFWHU RI GLVWULEXWLRQ RI HOHPHQWV LQ WKH
WUDQVLWLRQ ]RQH RI WKH 79�� � &U � &X ERQG ZDV
GHWHUPLQHG E\ UHFRUGLQJ DQ LPDJH LQ FKDUDFWHULVWLF
UDGLDWLRQ RI &U.α DQG %L.α� $QDO\VLV RI WKH VFDQ
SDWWHUQV RI DQ DQJOH ODS VHFWLRQ VKRZHG WKDQ WKH FKUR�
PLXP %,/ �)LJXUH �� D� EORFNHG PXWXDO SHQHWUDWLRQ
RI ELVPXWK DQG FRSSHU� ,W LV FOHDUO\ VHHQ IURP WKH VFDQ
SDWWHUQV WKDW GLVWULEXWLRQ RI ELVPXWK HOHPHQWV �)L�
JXUH �� F� GRHV QRW LQWHUVHFW GLVWULEXWLRQ RI FKURPLXP
HOHPHQWV �)LJXUH �� E�� 7KH ODWWHU LV FKDUDFWHUL]HG E\
D VXEVWDQWLDO QRQ�XQLIRUPLW\� ZKLFK LV OLNHO\ WR EH
DVVRFLDWHG ZLWK QRQ�XQLIRUP SHQHWUDWLRQ RI FKURPLXP
LQWR 3(&�

0HDVXUHPHQWV RI WKH FKDUDFWHU RI GLVWULEXWLRQ RI
HOHPHQWV VKRZ WKDW WKH WUDQVLWLRQ ]RQH RI WKH ERQG LV
DV\PPHWULFDO� 7KH ]RQHV RI GLIIXVLRQ LQWR FRSSHU DUH
OHVV WKDQ � µP DQG WKRVH LQWR 3(& IURP WKH FKURPLXP
%,/ DUH OHVV WKDQ � µP� 7KH FKURPLXP %,/ FDXVHV D
VXEVWDQWLDO OLPLWDWLRQ RI PXWXDO GLIIXVLRQ RI WKH 3(&
DQG FRSSHU FRPSRQHQWV� 3HQHWUDWLRQ RI ELVPXWK LQWR
WKH ERQG LV QRW LQ H[FHVV RI WKLFNQHVV RI WKH FKURPLXP
%,/� 7KLV SURYLGHV WKH EORFNLQJ HIIHFW DQG SUHYHQWV
IRUPDWLRQ RI D ORZ�PHOWLQJ SRLQW HXWHFWLF RI ELVPXWK
DQG FRSSHU�

9DULDWLRQV LQ VWUXFWXUH RI 3(& LQ WKH WUDQVLWLRQ
]RQH RI WKH ERQG ZHUH HYDOXDWHG E\ WKH UHVXOWV RI
IUDFWRJUDSK\ DQDO\VLV RI WKH ERQG IUDFWXUH VXUIDFH�
7KH PHWDOw3(& ERQG IUDFWXUHG LQ 3(&� $QDO\VLV ZDV
SHUIRUPHG RQ VDPSOHV ZLWK WKH IUDFWXUH VXUIDFH RUL�
HQWHG DW DQ DQJOH RI � w ��� WR WKH SODQH RI FRQWDFW
RI WKH PDWHULDOV ERQGHG� 7KLV DOORZV WKH VL]H RI WKH
DQDO\VHG 3(& � &U WUDQVLWLRQ ]RQH WR EH LQFUHDVHG

)LJXUH �� 6FDQ SDWWHUQ RI D VHFWLRQ LQ VHFRQGDU\ DQG UHIOHFWHG
HOHFWURQV �DQJOH ODS VHFWLRQ DW DQ DQJOH RI ��� ×������ � x SLH]R�
HOHFWULF FHUDPLFV� � x FRSSHU� � x WUDQVLWLRQ ]RQH

)LJXUH �� 9DULDWLRQV LQ PLFURKDUGQHVV RI WKH WUDQVLWLRQ ]RQH RI WKH
79�� � &U � &X ERQG �DQJOH ODS VHFWLRQ DW DQ DQJOH RI DERXW ���

)LJXUH �� 'HSHQGHQFH RI WKH LQWHQVLW\ RI UDGLDWLRQ RI HOHPHQWV LQ
WKH WUDQVLWLRQ ]RQH RI WKH 79�� � &U � &X ERQG �PHDVXUHPHQWV
PDGH E\ SRLQWV�� � x &U.α� � x &X.α� � x %L.α� � x 7L.α
�DQJOH ODS VHFWLRQ DW DQ DQJOH RI DERXW ���
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� w �� WLPHV� 7R SURGXFH D VFDQ SDWWHUQ ZLWK D KLJKHU
FRQWUDVW� QLFNHO ZDV VSUD\HG RQ WKH 3(& VXUIDFH DW
DQ DQJOH RI �� w ��� WR WKH IUDFWXUH VXUIDFH� 7KLV QLFNHO
ILOP ZDV GHSRVLWHG WR HOLPLQDWH IRUPDWLRQ RI D VWDWLF
GLVFKDUJH RQ WKH VXUIDFHV RI FHUDPLFV EHLQJ DQDO\VHG
DQG HQVXUH WKH UHTXLUHG FRQWUDVW RI WKH SLFWXUH�

)LJXUH �� D VKRZV WKH IUDFWXUH VWUXFWXUH� LQFOXGLQJ
WKH WUDQVLWLRQ ]RQH RI WKH 79�� � &U ERQG� $ SKDVH
ZKLFK GLIIHUV LQ WKH IUDFWXUH VWUXFWXUH IURP 3(& 79��
LV FOHDUO\ VHHQ RQ WKH IUDFWXUH VXUIDFH� 7R LGHQWLI\
FRPSRVLWLRQ RI WKH SKDVH� LW ZDV VXEMHFWHG WR ;�UD\
PLFURDQDO\VLV� 0HDVXUHPHQWV ZHUH FRQGXFWHG DW WKH
IUDFWXUH SRLQWV FKDUDFWHULVWLF RI 3(&� SKDVH ZLWK D
FKDQJHG VWUXFWXUH DQG WUDQVLWLRQ OD\HU� &RPSDULVRQ
RI WKH PHDVXUHPHQW UHVXOWV RQ WKH LQWHQVLW\ RI UDGLD�
WLRQ RI HOHPHQWV RI WKH SKDVH ZLWK D FKDQJHG VWUXFWXUH
VKRZHG WKDW LW DGGLWLRQDOO\ FRQWDLQHG WKH FKURPLXP
DQG FRSSHU HOHPHQWV �)LJXUH �� E�� (YDOXDWLRQ RI WKH

VL]H RI WKH SKDVHV ZLWK D FKDQJHG VWUXFWXUH� FRQGXFWHG
XVLQJ D IUDFWRJUDP� VKRZHG WKDW FKDQJHV LQ WKH IUDF�
WXUH VXUIDFH RI 3(& GLG QRW H[FHHG �� µP� $OORZLQJ
IRU DQ LQFOLQDWLRQ RI WKH IUDFWXUH VXUIDFH WR WKHZHOGLQJ
SODQH� WKLV FRUUHVSRQGV WR WKH VL]H RI WKH WUDQVLWLRQ
]RQH RI WKH 3(& � &U ERQG HTXDO WR � w � µP�

%ORFNLQJ SURSHUWLHV RI %,/ ZHUH HYDOXDWHG� %LV�
PXWK GLIIXVHV WKURXJK WKH FKURPLXP %,/ GXULQJ WKH
SURFHVV RI GLIIXVLRQ ERQGLQJ RU KHDW WUHDWPHQW LQ RS�
HUDWLRQ� ,QWHUDFWLRQ RI ELVPXWK DQG FRSSHU UHVXOWV LQ
IRUPDWLRQ RI D ORZ�PHOWLQJ SRLQW HXWHFWLF ZLWK D PHOW�
LQJ WHPSHUDWXUH RI 7P  ��� �& �7P RI ELVPXWK LV
��� �&�� ,Q FRROLQJ� GLIIHUHQFHV LQ WKHUPDO H[SDQVLRQ
FRHIILFLHQWV RI 3(& DQG FRSSHU LQGXFH WKHUPDO
VWUHVVHV� KDYLQJ PD[LPXP YDOXHV LQ WKH ]RQH RI FRQ�
WDFW RI WKH PDWHULDOV >�@� 8SRQ IRUPDWLRQ RI WKH HX�
WHFWLF RI FRSSHU DQG ELVPXWK EHWZHHQ WKH FKURPLXP
LQWHUOD\HU DQG FRSSHU� WKH ERQG IUDFWXUHV� ZKLFK LV

)LJXUH �� 6FDQ SDWWHUQV RI WKH DQJOH ODS VHFWLRQ RI WKH 79�� � &U �
� &X ERQG LQ FKDUDFWHULVWLF UDGLDWLRQ� D x LQ VHFRQGDU\ DQG UH�
IOHFWHG HOHFWURQV� E x VDPH LQ &U.α UDGLDWLRQ� F x VDPH LQ %L.α
UDGLDWLRQ

)LJXUH �� )UDFWRJUDP RI IUDFWXUH VXUIDFH RI WKH 79�� � &U � &X
ERQG �LQ VHFRQGDU\ DQG UHIOHFWHG HOHFWURQV�� Dx ERQG� Ex 3(& �
� &U WUDQVLWLRQ ]RQH� ×����� F x 3(& � &X WUDQVLWLRQ ]RQH� ×���
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FDXVHG E\ WKH SUHVHQFH RI D OLTXLG SKDVH LQ FRQWDFW
EHWZHHQ WKH PDWHULDOV MRLQHG� 7KHUHIRUH� WKH PD[L�
PXP WLPH RI RSHUDWLRQ RI WKH 79�� � &U � &X ERQG
LV OLPLWHG WR WKH WLPH RI IRUPDWLRQ RI FRSSHU DQG
ELVPXWK HXWHFWLF�

7KH FKURPLXP LQWHUOD\HU LV GLOXWHG LQ WKHPDWHULDOV
MRLQHG GXULQJ WKH GLIIXVLRQ PDVV WUDQVIHU SURFHVV� ,Q
WKLV FDVH LWV HIIHFWLYH WKLFNQHVV LQFUHDVHV� 7KLFNQHVV
RI %,/ JURZV GXH WR IRUPDWLRQ RI WUDQVLWLRQ OD\HUV RI
&U � &X DQG &U � 3(&� ZKLFK DUH DOVR FKDUDFWHUL]HG
E\ DQ LQFUHDVHG UHVLVWDQFH WR WKH ELVPXWK GLIIXVLRQ�
2Q WKH VLGH RI 3(& IURP %,/ x WKLV LV D PXOWLFRP�
SRQHQW VSLQHO EDVHG RQ WKH 3(& FRPSRQHQWV DQG
FKHPLFDOO\ VWDEOH FKURPLXP R[LGH� 2Q WKH VLGH RI
FRSSHU IURP %,/ x WKLV LV WKH ]RQH RI GLIIXVLRQ DO�
OR\LQJ RI FRSSHU ZLWK FKURPLXP� (YDOXDWLRQ RI GLV�
WULEXWLRQ RI WKH %,/ HOHPHQWV LQ WKH ERQG E\ WKH VFDQ
SDWWHUQ RI D VHFWLRQ LQ WKH FKDUDFWHULVWLF UDGLDWLRQ �VHH
)LJXUH �� E� VKRZV WKDQ LW LQFUHDVHG ��� w ��� WLPHV�
,QLWLDO� EHIRUH ERQGLQJ� WKLFNQHVV RI WKH FKURPLXP
%,/ LV HTXDO WR ��� w ��� µP� $V LW LV VHHQ IURP WKH
VFDQ SDWWHUQ RI WKH VHFWLRQ� LW LV ��� w ��� µP�

7KH PLQLPXP WLPH RI EORFNLQJ RI IRUPDWLRQ RI WKH
ORZ�PHOWLQJ SRLQW ELVPXWK DQG FRSSHU HXWHFWLF E\ WKH
FKURPLXP %,/ LQFOXGHV� �� WLPH RI GLIIXVLRQ RI ELV�
PXWK WKURXJK WKH FKURPLXP LQWHUOD\HU DQG �� WLPH
RI ZDLWLQJ >�@� 7KH WLPH RI GLIIXVLRQ RI ELVPXWK
WKURXJK FKURPLXP LQWR FRSSHU FDQ EH HVWLPDWHG XVLQJ
GHSHQGHQFH WDNHQ IURP >�@�

τG =
δ
HI

�'
�

���

ZKHUH δHI LV WKH FKURPLXP %,/ WKLFNQHVV �HIIHFWLYH�
DQG ' LV WKH FRHIILFLHQW RI GLIIXVLRQ RI ELVPXWK
WKURXJK FKURPLXP�

7KH WLPH RI ZDLWLQJ� DVVRFLDWHG ZLWK IRUPDWLRQ RI
D QHZ SKDVH� FDQQRW EH HVWLPDWHG� DV WKLFNQHVV RI WKH
QHZ SKDVH LV XQNQRZQ�

7KH FRHIILFLHQW RI GLIIXVLRQ RI ELVPXWK WKURXJK
WKH FKURPLXP LQWHUOD\HU ZDV HVWLPDWHG E\ WKH
0DWDQRw%ROW]PDQQ PHWKRG� 7KLV ZDV GRQH XVLQJ DQ
H[SHULPHQWDO GHSHQGHQFH RI WKH LQWHQVLW\ RI UDGLDWLRQ
RI HOHPHQWV LQ WKH WUDQVLWLRQ ]RQH RI WKH ERQG XSRQ
WKH VHFWLRQ VL]H �VHH )LJXUH ��� &DOFXODWLRQV ZHUH FRQ�
GXFWHG XVLQJ IRUPXOD IURP >�@�
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ZKHUH τE LV WKH ERQGLQJ WLPH� G[�GF LV WKH DQJOH RI
LQFOLQDWLRQ RI D WDQJHQWLDO OLQH WR WKH FRQFHQWUDWLRQ

FXUYH� ∫
�

F

GF LV WKH DUHD XQGHU WKH FXUYH RI GLVWULEXWLRQ

RI HOHPHQWV�

7KH FRHIILFLHQW RI GLIIXVLRQ RI ELVPXWK WKURXJK
WKH FKURPLXP LQWHUOD\HU DW D WHPSHUDWXUH RI 7  
 ��� �& LV HTXDO WR ���⋅��w�� P��V�

&DOFXODWLRQV RI WKH PLQLPXP WLPH RI EORFNLQJ RI
IRUPDWLRQ RI WKH ORZ�PHOWLQJ SRLQW FRSSHU DQG ELV�
PXWK HXWHFWLF E\ WKH FKURPLXP %,/ ZHUH FRQGXFWHG
ZLWKRXW DOORZDQFH IRU WKH ZDLWLQJ WLPH LQ IRUPDWLRQ
RI D QHZ SKDVH LQ WKH ERQG� )RU WKH %,/ � µP WKLFN�
WKH SHUPLVVLEOH WLPH RI EORFNLQJ LV HTXDO WR
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GXULQJ ZKLFK WKH FKURPLXP %,/ ZLOO UHWDLQ WKH
EORFNLQJ HIIHFW DQG SUHYHQW IRUPDWLRQ RI WKH OLTXLG
SKDVH �FRSSHU DQG ELVPXWK HXWHFWLF� LQ WKH ERQG�

&21&/86,216

�� (YDOXDWLRQ RI LQWHUDFWLRQ RI PDWHULDOV LQ WKH 3(& �
� &U � &X ERQG GXULQJ GLIIXVLRQ ERQGLQJ XQGHU FRQ�
GLWLRQV FORVH WR WKH XOWLPDWH RQHV IRU 79�� VKRZHG
WKDW FKURPLXP� IHDWXULQJ PXWXDO LQVROXELOLW\ ZLWK
ELVPXWK� OLPLWHG VROXELOLW\ ZLWK FRSSHU DQG KLJK UH�
VLVWDQFH WR R[LGDWLRQ� SURYLGHG D EORFNLQJ HIIHFW RI
ELVPXWK LQ WKH 3(& � &X ERQG�

�� 0HDVXUHPHQW RI VL]HV RI WUDQVLWLRQ ]RQHV DQG
HYDOXDWLRQ RI WKH FKDUDFWHU RI GLVWULEXWLRQ RI HOHPHQWV
LQ WKHP DQG YDULDWLRQV LQ WKH 3(& VWUXFWXUH RI WKH
79�� � &U � &X ERQGV WKURXJK WKH FKURPLXP %,/
���� µP WKLFN VKRZHG WKDW VL]HV RI WKH 3(& � &U DQG
&U � &X WUDQVLWLRQ ]RQHV ZHUH LQ D UDQJH RI OHVV WKDQ
� DQG � µP� UHVSHFWLYHO\� 7KH SKDVH ZLWK D ODUJHU
JUDLQ XS WR � µP LQ VL]H LV IRUPHG LQ WKH 3(& � &U
WUDQVLWLRQ ]RQH� 7KH GHSWK RI SHQHWUDWLRQ RI ELVPXWK
LQWR FKURPLXP LV QRW LQ H[FHVV RI WKH %,/ WKLFNQHVV�
ZKLFK SUHYHQWV IRUPDWLRQ RI WKH ORZ�PHOWLQJ SRLQW
HXWHFWLF RI FRSSHU DQG ELVPXWK DQG SURYLGHV EORFNLQJ�

5()(5(1&(6

�� ']KDJXSRY� 5�*�� (URIHHY� $�$� ������ 3LH]RFHUDPLF HOH�
PHQWV LQ LQVWUXPHQW PDNLQJ DQG DXWRPDWLRQ� /HQLQJUDG�
0DVKLQRVWUR\HQL\H�

�� 9XVHYNHU� <X�$�� (UHPLQ� /�7�� *XUYLFK� <X�9� HW DO� &H�
UDPLF PDWHULDOV� 8665 DXWKRUsV FHUWLILFDWH ������� ,QW� &O�
& �� % ������ 3XEO� �����

�� .D]DNRY� 1�)� ������ 'LIIXVLRQ ERQGLQJ RI PDWHULDOV� 0RV�
FRZ� 0DVKLQRVWUR\HQL\H�

�� %URGD\� ,�� 0HUUH\� -� ������ 3K\VLFDO SULQFLSOHV RI PLFUR�
WHFKQRORJ\� 0RVFRZ� 0LU�

�� 6PLWOHV� .�-� ������ 0HWDOV� (G� E\ 6�*� *OD]XQRY� 0RV�
FRZ� 0HWDOOXUJLD�

�� %LUNV� /�6� ������ ;�UD\ ORFDO SUREH DQDO\VLV� 0RVFRZ�
0HWDOOXUJLD�

�� .RYDOHQNR� 9�6� ������ 0HWDOORJUDSKLF UHDJHQWV� 5HIHU�
%RRN� 0RVFRZ� 0HWDOOXUJLD�

�� .DOQHU� 9�'�� =LOEHUPDQ� $�*� ������ 3UDFWLFDO XVH RI OR�
FDO SUREH PHWKRGV IRU LQYHVWLJDWLRQ RI PHWDOV DQG DOOR\V�
0RVFRZ� 0HWDOOXUJLD�

�� /DULNRY� /�1�� ,VDFKHY� 9�,� ������ 'LIIXVLRQ LQ PHWDOV DQG
DOOR\V� .\LY� 1DXNRYD 'XPND�
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DQG 2�9� *1$7<8.

�

�
133 �'HOWD�6�� &KHUQLJLY� 8NUDLQH

�
&KHUQLJLY 6WDWH 8QLYHUVLW\ RI 7HFKQRORJ\� &KHUQLJLY� 8NUDLQH

$%675$&7

3UREOHPV RI GHYHORSPHQW RI GLIIHUHQW�SXUSRVH TXDOLW\ FRDWLQJV RQ SRO\PHUV� JODVVHV DQG PHWDOV DUH FRQVLGHUHG� 7KH ZD\V

RI LPSURYHPHQW RI WHFKQRORJLFDO SURFHVVHV RI FRDWLQJ GHSRVLWLRQ DUH VKRZQ�

.H\ ZRU G V � YDFXXP WKHUPDO VSUD\LQJ� TXDOLW\ RI YDFXXP

FRDWLQJV� QHZ WHFKQRORJLHV� HTXLSPHQW

7KH SURFHVVHV RI WUHDWPHQW RI PDWHULDOV XVLQJ KLJK

WHFKQRORJLHV ZHUH FRQVLGHUHG WUDGLWLRQDOO\ H[SHQVLYH

DQG WKH\ ZHUH XVHG PDLQO\ LQ GHIHQFH� DHURVSDFH LQ�

GXVWULHV� QXFOHDU SRZHU HQJLQHHULQJ DQG RWKHUV� 'XU�
LQJ UHFHQW \HDUV WKH GHPDQG IRU WKHVH WHFKQRORJLHV

LQFUHDVHG LQ PDQXIDFWXULQJ� EXW LQ WKLV FDVH WKH QHHG

DSSHDUHG WR WDNH LQWR DFFRXQW WKH WHFKQLFDO DQG HFR�

QRPLFDO DVSHFWV RI WKHLU XVH�

7KH SUDFWLFH VKRZHG WKDW GXULQJ VROXWLRQ RI GHIL�

QLWH WHFKQRORJLFDO SUREOHPV WKH PXWXDOO\ H[FOXVLYH

UHTXLUHPHQWV DUH RIWHQ PHW� )RU H[DPSOH� LW LV QHFHV�

VDU\ WR SURGXFH WKH FRDWLQJ� EHLQJ HLWKHU WUDQVSDUHQW

RSWLFDOO\ DQG FKDUDFWHUL]HG E\ D PLQLPXP HOHFWULFDO

LPSHGDQFH �IRU V\VWHPV RI VFUHHQLQJ IURP UDGLR EXJ�

JLQJ� RU KLJK VWUHQJWK RQ D VRIW VXEVWUDWH �IULFWLRQ

VXSSRUWV� GLIIHUHQW IXQFWLRQDO XQLWV�� RU WRQLQJ RI D

ODUJH DUHD �� w � P�� ZLWK D KLJK GHJUHH RI XQLIRUPLW\
DQG VR RQ�

7KH GRPLQDWLQJ IDFWRU RI SURGXFLQJ WKH TXDOLW\
FRDWLQJ LV D KLJK DGKHVLRQ ZLWK D VXEVWUDWH� 7KH VR�

OXWLRQ RI WKLV SUREOHP EHORQJV DFWXDOO\ WR WKH GLIIXVLRQ
ZHOGLQJ WHFKQRORJ\ ZKLFK HQYLVDJHV WKH SURGXFLQJ RI

XQLIRUP MRLQLQJ RI WZR PDWHULDOV �LQ RXU FDVH GHSRV�

LWLQJ OD\HU DQG VXEVWUDWH�� 7KLV SURFHVV FDQ EH FRQ�

VLGHUHG DV UHPHG\ RI D GHIHFW LQ D VROLG ERG\� DQG

ZHOGLQJ DV D PHWKRG RI HOLPLQDWLRQ RI WKLV GHIHFW�

+RZHYHU� XQOLNH WKH FDQRQLFDO FDVH ZKHQ WKH PDWH�

ULDOV ZHOGHG DUH FKDUDFWHUL]HG E\ DQ DIILQLW\ �PXWXDO

VROXELOLW\� VPDOO GLIIHUHQFH LQ OLQHDU H[SDQVLRQ IDF�

WRU�� VXEVWUDWH PDWHULDO LV RIWHQ GLIIHUHG IURP WKDW RI

WKH FRDWLQJ E\ LWV SK\VLFDO�PHFKDQLFDO SURSHUWLHV IURP

WKH FRDWLQJ GHSRVLWHG �PHWDO � SRO\PHU� PHWDO � JODVV�

VHPLFRQGXFWRU � PHWDO� >�� �@�

7KHUH LV D ZLGH DUVHQDO RI PHDQV DQG WHFKQRORJLHV

RI FRDWLQJ GHSRVLWLRQ� %HORZ� WZR H[DPSOHV DUH FRQ�

VLGHUHG� GHPRQVWUDWLQJ WKDW WKH GLUHFW WUDQVIHU RI WUD�

GLWLRQDO WHFKQRORJLHV GRHV QRW DOZD\V PDNH LW SRVVLEOH
WR SURGXFH QHZ SURGXFWV RI WKH SUHVHW TXDOLW\� ,Q HDFK

GHILQLWH FDVH LW LV QHFHVVDU\ WR WDNH LQWR DFFRXQW WKH
SHFXOLDULWLHV RI DQ\ PHWKRG RI WKH FRDWLQJ GHSRVLWLRQ�

7KH SUREOHP FRQVLVWV LQ WKDW WKH PRVW DXWKRUV DUH

EDVHG RQ WKH 5DRXOWsV ODZ LQ D FODVVLFDO WKHRU\ RI
GHSRVLWLRQ RI GHFRUDWLQJ� VWUHQJWKHQLQJ DQG IXQFWLRQ�

LQJ FRDWLQJV >�@�

3$ w 3

3$
= 1% (1$ + 1%) = Q%�

ZKHUH 3$ LV WKH SUHVVXUH RI VDWXUDWHG YDSRXUV RI FRP�

SRQHQW $� 3 LV WKH SUHVVXUH RI YDSRXUV RI FRPSRQHQW $

ZLWK DQ LPSXULW\� 1$� 1% LV WKH QXPEHU RI PROHV RI

FRPSRQHQWV $� %� Q% LV WKH PRODU VKDUH RI LPSXULW\ %�

7KH HVVHQFH RI WKLV ODZ FRQVLVWV RI WKH IDFW WKDW

ZLWK LQFUHDVH LQ FRQWHQW RI WKH DOOR\LQJ FRPSRQHQW %

WKH SUHVVXUH RI YDSRXUV RI WKH GHSRVLWLQJ PDLQ FRP�

SRQHQW $ LV UHGXFHG SURSRUWLRQDOO\ WR WKH JURZWK RI

WKH PRODU VKDUH RI WKH FRPSRQHQW %�

7KH QHJOHFWLQJ RI PDLQ SRVWXODWHV RI WKLV ODZ OHG�

LQ SDUWLFXODU� WR WKH IDFW WKDW WKH WHFKQRORJ\ RI HYDSR�

UDWLRQ RI D ILQDO ZHLJKW RI DOXPLQLXP IURP WKH WXQJ�

VWHQ HYDSRUDWRU IRU SURGXFLQJ UHIOHFWLQJ OD\HU RQ PLU�

URUV ZDV UHIHUUHG WR WKH FDWHJRU\ RI VWDQGDUG DW WKH

OHJLVODWLYH OHYHO �76 ������������w���� 7KH ODWHQW
GHIHFW RI WKLV WHFKQRORJ\ RFFXUUHG WR EH WKH GHSRVLWLRQ
IURP LQWHUPHWDOOLFV WKDW LV LQHYLWDEOH LQ HYDSRUDWLRQ
RI ILQDO ZHLJKWV EHFDXVH RI WKH OLPLWHG PXWXDO VROX�

ELOLW\ RI DOXPLQLXP LQ WXQJVWHQ� ,Q SUDFWLFH� RQO\ �� w
�� � RI WKH LQLWLDOO\ GHSRVLWHG PDWHULDO �IRU LQVWDOOD�
WLRQ RI 891���� 89��� W\SH� FRUUHVSRQG WR WKH UH�

TXLUHPHQWV RI *267 �����w�� E\ UHIOHFWLQJ SURSHU�

WLHV� WKH UHVW SHUFHQWDJH LV WKH WUDQVLWLRQ IUDFWLRQDWLQJ

OD\HU RI WKH LQWHUPHWDOOLFV� 7KH OLIH RI WKLV FRDWLQJ LV
UDWKHU ORZ� 7KH GXOO FRORU DQG WKH VHSDUDWLRQ RI WKH

UHIOHFWLQJ OD\HU ZDV REVHUYHG DIWHU ��� w ��� PRQWKV

RI VHUYLFH�

7R HOLPLQDWH WKLV GHIHFW D SDUWLDO PRGLILFDWLRQ RI

WKH HTXLSPHQW DQG FKDQJH LQ WKH WHFKQRORJLFDO SURFHVV

KDYH EHHQ VXJJHVWHG� 7KH XSJUDGLQJ RI WKH HTXLSPHQW
FRQVLVWV LQ LQVWDOOLQJ RI XQLTXH V\VWHPV RI LRQ SXULIL�

FDWLRQ DQG FUXFLEOH HYDSRUDWLRQ �PRXQWHG DOPRVW RQ

DOO WKH SDUN RI WKH YDFXXP HTXLSPHQW RI &,6�� 7KH

6HUG\XN 9DOHU\ ,�x JUDGXDWH RI &KHUQLJLY %UDQFK RI .3, �������

'LUHFWRU 133 �'HOWD�6��

*QDW\XN 2OHJ 9�x JUDGXDWH RI &KHUQLJLY %UDQFK RI .3, �������

&KLHI RI ODERUDWRULHV RI WKH &KDLU RI :HOGLQJ 3URGXFWLRQ�

� 9�,� 6(5'<8. DQG 2�9� *1$7<8.� ����
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V\VWHP RI WKH LRQ SXULILFDWLRQ LV IXUQLVKHG ZLWK D GLI�

IHUHQWLDO IORZ UHJXODWRU DQG HQDEOHV WUHDWPHQW RI VXU�

IDFHV IRU WKH FRDWLQJ GHSRVLWLRQ XVLQJ DQRPDORXV LRQ

GLVFKDUJH� 7KH FRQGLWLRQV RI SXULILFDWLRQ �8  ���� w

���� 9� ,  ��� w ��� $� DUH FKDUDFWHUL]HG E\ VXFK

HIIHFWLYHQHVV WKDW HYHQ UHVLVWLYH PHWKRG RI HYDSRUD�

WLRQ PDNHV LW SRVVLEOH WR UHDFK WKH VWUHQJWK RI WKH

FRDWLQJ DGKHVLRQ DW WKH OHYHO RI ��� w ��� 03D� 7KH

XVH RI FUXFLEOHV� PDGH IURP WKH DOXPRR[LGH FHUDPLFV�

UHGXFHV WKH HIIHFW RI WKH HYDSRUDWRU PDWHULDO RQ WKH

FRDWLQJ EHLQJ GHSRVLWHG DOPRVW WR ]HUR�

7KH VHFRQG H[DPSOH RI D QRQ�UDWLRQDO XVH RI WHFK�

QRORJLFDO FDSDELOLWLHV RI WKH HTXLSPHQW FRQVLVWV LQ SUR�

GXFLQJ VWUHQJWKHQLQJ FRDWLQJV RQ WKH EDVH RI WKH WL�

WDQLXP QLWULGH RQ WKH PHWDO FXWWLQJ WRRO� $FFRUGLQJ

WR WKH H[LVWLQJ VWDQGDUG WHFKQRORJLFDO SURFHVV �,RQ

SODVPD FRDWLQJV IRU FXWWLQJ WRROV� �267 ���������w

���� WKH FOHDQLQJ RI WKH VXUIDFHV WR EH GHSRVLWHG LV

SHUIRUPHG E\ WKH PHWKRG RI D SXOVHG ERPEDUGPHQW

RI WKH FDWKRGH ZLWK LRQV RI D VSUD\LQJ PDWHULDO� 7KH

KLJK HIILFLHQF\ RI FOHDQLQJ LV DFFRPSDQLHG E\ D QHJD�

WLYH SKHQRPHQRQ� VXFK DV D VLJQLILFDQW ]RQDO KHDWLQJ

RI WKH FRPSRQHQW VXUIDFH DW D KLJK SUHVVXUH RI UHVLGXDO

JDVHV LQ D YDFXXP FKDPEHU� 7KLV DFWLRQ DQG DOVR WKH

VHSDUDWH XVH RI SURFHVVHV RI FOHDQLQJ DQG FRDWLQJ GHSR�

VLWLRQ OHDG WR WKH IRUPDWLRQ RI VHFRQGDU\ R[LGHV DW

WKH FRPSRQHQW VXUIDFH� VRXUFHV ZLWK D GHHS GLIIXVLRQ

HPEHGGLQJ RI FDUELGHV� WR WKH JUDLQ JURZWK DQG DS�

SHDUDQFH RI WKH PLFURFUDFNV� 7KH PLFURKDUGQHVV RI

WKH FRDWLQJ GRHV QRW H[FHHG ����� 03D� 7KH GUDVWLF

FKDQJH LQ WKH WHFKQRORJ\ OHDGV WR D VLJQLILFDQW LQFUHDVH

LQ WKH FRDWLQJ PLFURKDUGQHVV �XS WR ����� 03D RQ

DYHUDJH�� 7KLV LV GXH WR WKH UHDOL]DWLRQ RI WKH FRQ�

WLQXRXV SURFHVV ZKLFK FRPELQHV FOHDQLQJ DQG VSUD\�

LQJ� *LYLQJ D FRQVWDQW QHJDWLYH SRWHQWLDO WR WKH VXE�

VWUDWH LW LV SRVVLEOH WR UHDFK WKDW PRPHQW ZKHQ WKH

KLJK�HQHUJ\ SDUWLFOHV� HQWHULQJ WKH VXEVWUDWH DQG HP�

EHGGLQJ LQ LW� FDQ EH QHXWUDOL]HG DQG UHIOHFWHG DV

QHXWUDO RU PHWDVWDEOH SDUWLFOHV� 7KLV PDNHV LW SRVVLEOH

WR SURYRNH WKH VHFRQGDU\ HOHFWURQ HPLVVLRQ ZLWK D

VXEVWUDWH PDWHULDO VSUD\LQJ�

,W ZDV HVWDEOLVKHG WKDW ZKHQ VXFK PHWKRG RI FOHDQ�

LQJ LV XVHG WKH VWDELOL]DWLRQ RI WKH LRQ FXUUHQW DW � N9

DFFHOHUDWLQJ YROWDJH DQG � 3D QLWURJHQ SUHVVXUH LQ WKH

FKDPEHU RFFXUV HYHQ DIWHU � PLQ� 7KLV JLYHV D IHDVL�

ELOLW\ WR VKRUWHQ WKH SURFHVV RI WUHDWPHQW E\ � WLPHV

DW D FRQVLGHUDEOH LPSURYHPHQW RI WKH FRDWLQJ TXDOLW\�

7KH GHYLFH IRU D VPRRWK FRQWURO GHYHORSHG IRU WKH

LQVWDOODWLRQ �%XODW��� FRXOG SURYLGH UDWHV RI FRDWLQJ

GHSRVLWLRQ RQ WKH �� PP GLDPHWHU FRPSRQHQW XS WR

�� w �� µP�K�
7KXV� LW LV QRW QHFHVVDU\ WR XVH LQ SUDFWLFH WKH

�EOLQG� WUDQVIHU RI WHFKQRORJLHV RI YDFXXP GHSRVL�

WLRQ� XVHG LQ SURGXFLQJ SLHFHV ZLWK IXQFWLRQDO FRDW�

LQJV� RQ WKH SURGXFWV RI WKH VLPLODU W\SH�

,W LV QRW GHVLUDEOH WR XVH WKH WHFKQRORJLFDO SURFHVVHV

GHOLYHUHG WRJHWKHU ZLWK D YDFXXP HTXLSPHQW� DV EDVLF

SURFHVVHV� EHFDXVH WKH XQLYHUVDOLW\ JLYHV YHU\ RIWHQ

WKH SRRU TXDOLW\�

5()(5(1&(6

�� .UHFKPDU� (�� 6KYDUWV� *� ������ 6SUD\LQJ RI PHWDOV� FH�
UDPLFV DQG SODVWLFV� 0RVFRZ� 0DVKLQRVWUR\HQL\H�

�� .RVWU]KLWVN\� $�,�� /HEHGLQVN\� 2�9� ������ 0XOWLFRPSR�
QHQW YDFXXP FRDWLQJV� 0RVFRZ� 0DVKLQRVWUR\HQL\H�

�� .XFKHUHQNR� (�7� ������ +DQGERRN RQ SK\VLFDO IXQGDPHQ�
WDOV RI YDFXXP HQJLQHHULQJ� .\LY� 9\VKFKD 6KNROD�
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