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'HSDUWPHQW RI (QHUJ\ &RQYHUVLRQ (QJLQHHULQJ� .\XVKX 8QLYHUVLW\
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<XNLQRUL .$1'$

2LWD 1DWLRQDO &ROOHJH RI 7HFKQRORJ\

���� 0DNL� 2LWD� ������� -DSDQ

<XMLUR ,.('$

'HSDUWPHQW RI 5HDFWRU (QJLQHHULQJ� -DSDQ $WRPLF (QHUJ\ 5HVHDUFK ,QVWLWXWH�

7RNDL�PXUD� 1DND�JXQ� ,EDUDNL�NHQ ������� -DSDQ

+HOLXP SURGXFWLRQ FURVV VHFWLRQV RI OHDG DQG WLQ IRU ����0H9 QHXWURQV ZHUH

PHDVXUHG E\ KHOLXP DFFXPXODWLRQ PHWKRG� /HDG DQG WLQ VDPSOHV ZHUH LUUDGLDWHG ZLWK

)16� DQ LQWHQVH G�7 QHXWURQ VRXUFH RI -$(5,� 7KH DPRXQW RI KHOLXP SURGXFHG LQ WKH

VDPSOHV E\ WKH QHXWURQ LUUDGLDWLRQ ZDV PHDVXUHG ZLWK WKH +HOLXP $WRPV 0HDVXUHPHQW

6\VWHP �+$06� DW .\XVKX 8QLYHUVLW\� $V WKH VDPSOHV FRQWDLQHG D VPDOO DPRXQW RI

KHOLXP EHFDXVH RI WKHLU VPDOO KHOLXP SURGXFWLRQ FURVV VHFWLRQV DW ����0H9� WKH VDPSOHV

ZHUH HYDSRUDWHG E\ UDGLDWLRQ IURP D WXQJVWHQ ILODPHQW WR GHFUHDVH EDFNJURXQG JDVHV DW

KHOLXP PHDVXUHPHQW� 8QFHUWDLQWLHV RI WKH SUHVHQW UHVXOWV ZHUH OHVV WKDQ p����� 7KH

UHVXOWV ZHUH FRPSDUHG ZLWK RWKHU H[SHULPHQWDO GDWD LQ WKH OLWHUDWXUH DQG DOVR FRPSDUHG

ZLWK WKH HYDOXDWHG YDOXHV LQ -(1'/�����

�� ,QWURGXFWLRQ�� ,QWURGXFWLRQ

,Q GHVLJQ IRU VWUXFWXUDO PDWHULDOV RI IXVLRQ UHDFWRUV� KHOLXP SURGXFWLRQ FURVV

VHFWLRQV DUH UHTXLUHG WR SUHGLFW WKH SURSHUW\ FKDQJHV DQG WKH OLIH RI WKH IXVLRQ PDWHULDOV�

7KH VWUXFWXUDO PDWHULDOV VXFK DV D ILUVW ZDOO DUH H[SRVHG WR KHDY\ LUUDGLDWLRQ RI KLJK�

HQHUJ\ QHXWURQV DQG DUH GDPDJHG E\ JDV SURGXFWLRQ UHDFWLRQV LQGXFHG E\ QHXWURQV�

+HOLXP SURGXFWLRQ UHDFWLRQ LV HVSHFLDOO\ LPSRUWDQW� EHFDXVH WKH SURGXFHG KHOLXP FDXVHV

PHFKDQLFDO SURSHUW\ FKDQJHV DQG HPEULWWOHPHQW RI WKH VWUXFWXUDO PDWHULDOV� $OWKRXJK

KHOLXP SURGXFWLRQ FURVV VHFWLRQV DUH LPSRUWDQW E\ WKHVH UHDVRQV� WKH H[SHULPHQWDOO\

PHDVXUHG RQHV DUH IHZ�

+HOLXP DFFXPXODWLRQ PHWKRG LV RQH RI WKH XVHIXO WHFKQLTXHV WR PHDVXUH KHOLXP

SURGXFWLRQ FURVV VHFWLRQV� EHFDXVH KHOLXP SURGXFWLRQ FURVV VHFWLRQV DUH GLUHFWO\

GHWHUPLQHG IURP WKH DPRXQW RI KHOLXP SURGXFHG LQ VDPSOHV E\ QHXWURQ LUUDGLDWLRQ� :H

KDYH EHHQ PHDVXUHG KHOLXP SURGXFWLRQ FURVV VHFWLRQV E\ WKLV PHWKRG DQG E\ XVLQJ WKH

+HOLXP $WRPV 0HDVXUHPHQW 6\VWHP �+$06�>�@�

,Q WKH SUHVHQW VWXG\� /HDG DQG WLQ VDPSOHV ZHUH LUUDGLDWHG ZLWK ����0H9 QHXWURQV

ZLWK )16� DQ LQWHQVH G�7 QHXWURQ VRXUFH RI -$(5,� 7KH DPRXQW RI KHOLXP SURGXFHG LQ



WKH VDPSOHV E\ WKH QHXWURQ LUUDGLDWLRQ ZDV PHDVXUHG ZLWK WKH +$06 DW .\XVKX

8QLYHUVLW\ DQG KHOLXP SURGXFWLRQ FURVV VHFWLRQV RI OHDG� 3E�Q�+H� FURVV VHFWLRQ� DQG WLQ�

6Q�Q�+H� FURVV VHFWLRQ� ZHUH GHWHUPLQHG� /HDG DQG WLQ DUH PLQRU FRQVWLWXHQWV RI VWDLQOHVV

VWHHOV� KRZHYHU� KHOLXP SURGXFWLRQ FURVV VHFWLRQV IRU PDQ\ HOHPHQWV DUH UHTXLUHG LQ

GHWDLOHG VWUXFWXUDO PDWHULDO GHVLJQ� 7KH LUUDGLDWHG OHDG DQG WLQ VDPSOHV FRQWDLQHG YHU\

IHZ KHOLXP DWRPV ������ +H DWRPV� EHFDXVH RI WKHLU VPDOO KHOLXP SURGXFWLRQ FURVV

VHFWLRQV� VR WKH VDPSOHV ZHUH YDSRUL]HG ZLWK XVLQJ D VSHFLDO IXUQDFH RI D UDGLDQW KHDW

W\SH� 7KH IXUQDFH LV DYDLODEOH IRU D VDPSOH� ZKLFK KDV D ORZ PHOWLQJ SRLQW� WR HYDSRUDWH LW

ZLWKRXW SURGXFLQJ D ODUJH DPRXQW RI EDFNJURXQG JDVHV�

�� ([SHULPHQWDO�� ([SHULPHQWDO

���� 6DPSOH 3UHSDUDWLRQ

3E VDPSOHV KDG D VL]H RI ��q�q���PP� DQG D QRPLQDO FKHPLFDO SXULW\ RI ��������

6Q VDPSOHV KDG D VL]H RI ��q�q�PP� DQG D QRPLQDO FKHPLFDO SXULW\ RI ��������7KH

VDPSOHV ZHUH FXW RXW RI DV�JLYHQ SODWHV RI QDWXUDO PDWHULDO� 7KUHH 3E VDPSOHV ZHUH

FRYHUHG ZLWK D 3E SODWH �WKLFNQHVV RI ���PP� D QRPLQDO FKHPLFDO SXULW\ RI ���������

7KUHH 6Q RQHV ZHUH DOVR GRQH ZLWK D 6Q SODWH �WKLFNQHVV RI ���PP� D QRPLQDO FKHPLFDO

SXULW\ RI ��������� 7KLV VWUXFWXUH RI WKH FRYHUHG VDPSOHV JRW ULG RI WKH RXWJRLQJ

SKHQRPHQRQ RI HQHUJHWLF D�SDUWLFOHV SURGXFHG E\ QXFOHDU UHDFWLRQV IURP WKH VDPSOH

VXUIDFH� 7KH LQFRPLQJ D�SDUWLFOHV IURP WKH FRYHU SODWH FDQFHOHG RXW WKH RXWJRLQJ RQHV

IURP WKH VDPSOHV� 7KHVH VDPSOHV DQG FRYHUV ZHUH FOHDQHG XOWUDVRQLFDOO\ LQ DQ DFHWRQH

EDWK IRU �� PLQXWHV DQG ZHUH WKHQ KHDWHG DW D SUHVVXUH RI OHVV WKDQ �q����3D IRU DQ KRXU

RI RXWJDVVLQJ DW ���.�3E� DQG ���.�6Q�� 7KH FRYHUHG VDPSOHV DQG 1E IRLOV IRU QHXWURQ

IOXHQFH PRQLWRUV ZHUH DVVHPEOHG LQWR D VDPSOH VHW� :H PHDVXUHG WKH SURGXFHG +H DWRPV

LQ WKH VDPSOHV DIWHU UHPRYLQJ WKH FRYHU SODWHV IURP WKH FRYHUHG VDPSOHV�

���� 1HXWURQ ,UUDGLDWLRQ

7KH VDPSOH VHW ZHUH LUUDGLDWHG E\ G�7 QHXWURQV DW )XVLRQ 1HXWURQLFV 6RXUFH �)16�

RI DQ LQWHQVH G�7 QHXWURQ VRXUFH DW -DSDQ $WRPLF (QHUJ\ 5HVHDUFK ,QVWLWXWH �-$(5,��

7KH VDPSOH VHW ZDV VHW DW WKH QHXWURQ HPLVVLRQ DQJOHV RI ���DQG WKH GLVWDQFH RI �FP

IURP WKH QHXWURQ VRXUFH� 1HXWURQ HQHUJ\ ZDV ����0H9 DW WKH SRVLWRQ� 7KH DUUDQJHPHQW

RI WKH VDPSOH VHW LQ WKH QHXWURQ LUUDGLDWLRQ ILHOG DQG WKH DUUDQJHPHQW RI WKH VDPSOHV LQ

WKH VDPSOH VHW DUH VKRZQ LQ )LJ��� 1HXWURQ HQHUJ\ ZDV GHWHUPLQHG ZLWK 0256(�'' RI D

0RQWH &DUOR FRGH� 7KH QHXWURQ IOXHQFH GHFLGHG E\ UHIHUULQJ WR WKH ��1E�Q��Q���P1E FURVV

VHFWLRQ RI ���PEp��>�@ DQG ZDV UDQJHG IURP ���[���� WR ���[���� Q�FP��

���� +HOLXP $WRP 0HDVXUHPHQW

7KH DPRXQW RI +H DWRPV DFFXPXODWHG LQ WKH VDPSOHV ZHUH PHDVXUHG ZLWK WKH

+$06� )LJXUH � VKRZV WKH EORFN GLDJUDP RI WKH +$06� 7KH +$06 FRQVLVWHG RI WKUHH

EORFNV� D JDV UHOHDVHU� D PDVV VSHFWURPHWHU� DQG D VWDQGDUG +H VXSSO\� (DFK EORFN ZDV

HYDFXDWHG ZLWK D WXUER�PROHFXODU SXPS WR NHHS LW DW DQ XOWUD�KLJK YDFXXP� :H XVHG WKH

VSHFLDO IXUQDFH RI D UDGLDQW KHDW W\SH �)LJ���� EHFDXVH WKH VDPSOHV FRQWDLQHG YHU\ IHZ

KHOLXP DWRPV� %\ XVLQJ LW� YHU\ ORZ OHYHO KHOLXP FDQ EH GHWHFWHG EHFDXVH RI ORZ OHYHO

EDFNJURXQG JDV� ,Q WKH FDVH RI D UHVLVW KHDW W\SH IXUQDFH� D VDPSOH ZDV KHDWHG RQ D

HYDSRUDWLQJ ERDW DQG WKH ERDW ZDV GDPDJHG E\ DOOR\LQJ ZLWK PROWHQ VDPSOH� 7KH

GDPDJHG HYDSRUDWLQJ ERDW SURGXFHG D ODUJH DPRXQW RI EDFNJURXQG JDVHV IURP LWVHOI DQG

IURP WKH LQVLGH ZDOO� KHDWHG XQH[SHFWHGO\� RI WKH IXUQDFH� ,Q WKH FDVH RI D UDGLDQW KHDW



W\SH RQH� D VDPSOH ZDV SXW RQ D &X ERDW XQGHU D : ILODPHQW DQG ZDV HYDSRUDWHG E\ WKH

UDGLDWLRQ IURP WKH HOHFWULFDOO\ KHDWHG ILODPHQW� 7KH ILODPHQW ZDV QRW GDPDJHG E\

DOOR\LQJ� 7KH JDV UHOHDVHG IURP WKH VDPSOH ZDV SXULILHG ZLWK WKH WUDS RI 7L�JHWWHU SXPS�

7KH SXULILHG JDV ZDV WKHQ DGPLWWHG LQWR WKH TXDGUXSROH PDVV VSHFWURPHWHU �406��

FRQWUROOHG E\ D SHUVRQDO FRPSXWHU �3&�� DQG ZDV DQDO\]HG WR GHWHUPLQH WKH PDVV

GLVWULEXWLRQ� 7KH REWDLQHG PDVV GLVWULEXWLRQ ZDV FRQYHUWHG LQWR WKH QXPHULFDO GDWD� 7KH

GDWD ZDV VWRUHG LQ WKH 3& DQG ZDV GLVSOD\HG RQ WKH &57 RI WKH 3&� 7KH QXPEHU RI +H

DWRPV ZDV FDOFXODWHG IURP WKH LQWHJUDWLRQ RI WKH PDVV � FXUUHQW LQ WKH PDVV GLVWULEXWLRQ�

7KH HIILFLHQF\ RI WKH +$06 LQ +H PHDVXUHPHQW ZDV FDOLEUDWHG E\ D VHULHV RI

PHDVXUHPHQWV RI VWDQGDUG +H JDVHV� D NQRZQ DPRXQW RI +H JDV SUHSDUHG ZLWK WKH

VWDQGDUG +H VXSSO\�

���� ([SHULPHQWDO (UURUV

7KH RYHUDOO HUURUV IRU WKH PHDVXUHPHQW RI LQGLYLGXDO VDPSOHV ZHUH HVWLPDWHG WR EH

�����3E� DQG �����6Q�� 0DMRU HUURUV ZHUH �� IRU WKH ��1E�Q��Q� FURVV VHFWLRQ>�@� á����

IRU WKH J�UD\ FRXQWLQJ HIILFLHQF\� �á���� IRU WKH J�UD\ FRXQWLQJ VWDWLVWLFDO XQFHUWDLQW\�

���� IRU WKH IOXFWXDWLRQ RI +H PHDVXULQJ HIILFLHQF\ RI WKH 406� ���� IRU WKH FDOLEUDWLRQ

RI WKH +$06� DQG �����3E� IRU WKH IOXFWXDWLRQ RI WKH PDVV�� EDFNJURXQG DQG �����6Q�

IRU LW� 7KH PHDVXUHPHQW XQFHUWDLQWLHV DUH VXPPDUL]HG LQ 7DEOH ��

�� 5HVXOWV DQG 'LVFXVVLRQ�� 5HVXOWV DQG 'LVFXVVLRQ

7KH UHVXOWV RI WKLV PHDVXUHPHQW DUH VKRZQ LQ )LJ�� DQG � WRJHWKHU ZLWK FURVV

VHFWLRQV PHDVXUHG LQ DYDLODEOH H[SHULPHQWV DQG WKH PRVW UHFHQW HYDOXDWLRQV �-(1'/�

���� RI WKH 3E�Q�+H� DQG 6Q�Q�+H� H[FLWDWLRQ IXQFWLRQ IURP ���� WR ��0H9�

3E�Q�+H� FURVV VHFWLRQ KDV EHHQ PHDVXUHG E\ .QHII HW DO�>�@� 7KH .QHII HW DO� LV LQ

JRRG DJUHHPHQW ZLWK WKH SUHVHQW PHDVXUHPHQW� <X HW DO�>�@ DQG 0DVORY HW DO� >�@

PHDVXUHG ���3E�Q�D����+J FURVV VHFWLRQV E\ DFWLYDWLRQ PHWKRG� %RWK WKH UHVXOWV DUH

GLVFUHSDQW� &ROHPDQ HW DO�>�@ PHDVXUHG ���3E�Q�D����+J ZLWK DFWLYDWLRQ PHDVXUHPHQW�

7KRVH UHVXOWV E\ DFWLYDWLRQ PHWKRG FDQQRW FRPSDUHG ZLWK RXU UHVXOW GLUHFWO\� EXW WKH

UHVXOWV VXSSRUWV RXU UHVXOW IRU WKH 3E�Q�+H� FURVV VHFWLRQ�

6Q�Q�+H� FURVV VHFWLRQ KDV EHHQ PHDVXUHG E\ .QHII HW DO�>�@� 7KH NQHII HW DO�� WKHLU

YDOXH LV KLJKHU WKDQ RXU PHDVXUHPHQW� $FWLYDWLRQ PHDVXUHPHQWV KDYH EHHQ PDGH IRU

�Q� D� UHDFWLRQV LQ WZR RI WKH WHQ VWDEOH WLQ LVRWRSHV� <X>�@ PHDVXUHG ���6Q�Q�D����&G FURVV

VHFWLRQ� ,NHGD HW DO�>�@ PHDVXUHG ���6Q�Q�D����P&G DQG ���6Q�Q�D����J&G FURVV VHFWLRQV�

%RWK UHVXOWV DJUHH ZLWK LQ WKH HUURU� ���6Q�Q�D����J&G FURVV VHFWLRQV ZHUH PHDVXUHG E\

/HYNRYVNLL HW DO�>�@ DQG %D\KXUVW HW DO�>��@� 7KHVH UHVXOWV E\ DFWLYDWLRQ PHDVXUHPHQWV

FDQQRW EH FRPSDUHG ZLWK RXU UHVXOWV� EXW VXSSRUW RXU PHDVXUHG UHVXOW�

7KH FRPSDULVRQ ZLWK WKH HYDOXDWHG YDOXHV RI -(1'/���� LQGLFDWHV WKDW WKH

-(1'/���� YDOXHV DUH DOPRVW KLJKHU WKDQ WKH SUHVHQW PHDVXUHPHQWV�

5HIHUHQFHV5HIHUHQFHV

>�@ 7$.$2�<�� .$1'$�<�� 5HY� 6FL� ,QVWUXP�� ����>�@� ����������

>�@ ,.('$�<�� .2112�&�� 2<$0$�<�� .26$.2�.�� 2,6+,�.�� 0$(.$:$�+�� $EVROXWH

0HDVXUHPHQWV RI $FWLYDWLRQ &URVV 6HFWLRQV RI ��$O�Q�S���0J� ��$O�Q�D���1D� ��)H�Q�S���0Q�
��=U�Q��Q���P�J=U DQG ��1E�Q��Q���P1E DW (QHUJ\ 5DQJH RI ����á���� 0H9� -� 1XFO� 6FL� 7HFKQRO��

����>�@� ����������

>�@ .1())�'�:�� 2/,9(5�%�0�� )$55$5 ,9�+�� *5((1:22'�/�5�� 1XFO� 6FL� (QJ�� �����

����������

>�@ <8�<�:�� *$5'1(5�'�*�� 1XFO�3K\V�� $��$��� ����������



>�@ 0$6/29�*�1�� 1$6<529�)�� 3$6+.,1�1�)�� ([SHULPHQWDO &URVV�6HFWLRQV IRU 1XFOHDU

5HDFWLRQV ,QYROYLQJ 1HXWURQV ZLWK (QHUJLHV RI $ERXW �� 0H9� 5HSRUW <.��� S���� -DGHUQ\H

.RQVWDQW\� 2EQLQVN� 8665������� 1XFOHDU &RQVWDQWV 1R��� ,1'&�&&3����8�S� ���

,QWHUQDWLRQDO 1XFOHDU 'DWD &RPPLWWHH� 9LHQQD ������ �(QJOLVK WUDQVODWLRQ��

>�@ &2/(0$1�5�)�� +$:.(5�%�(�� 2·&21125�/�3�� 3(5.,1�-�/�� 3URF �3K\V� 6RF� �/RQGRQ��

����� ����������

>�@ <8�<�:�� 'LVV� $EVW� ,QW� %� ����� �����������

>�@ ,.('$�<�� .2112�&�� 2,6+,�.�� 1$.$085$�7�� 0,<$'(�+�� .$:$6(�.��

<$0$0272�+�� .$72+�7�� $FWLYDWLRQ &URVV 6HFWLRQ 0HDVXUHPHQWV IRU )XVLRQ 5HDFWRU

6WUXFWXUDO 0DWHULDOV DW 1HXWURQ (QHUJ\ IURP ���� WR ���� 0H9 8VLQJ )16 )DFLOLW\� -$(5, �����

�������

>�@ /(9.296.,,�9�1�� 9,1,76.$<$�*�3�� .29(/·6.$<$�*�(�� 67(3$129�0�� <DG� )L]�� �����

��������� 6RY� -� 1XFO� 3K\V�� ������� ������ �(QJOLVK WUDQVODWLRQ��

>��@%$<+8567�%�3�� 35(67:22'�5�-�� -� ,QRUJ� 1XFO� &KHP�� ����� ��� �������

7DEOH �� 6RXUFHV RI XQFHUWDLQW\ DQG XQFHUWDLQWLHV

LQ WKH PHDVXUHG 3E�Q�+H� DQG 6Q�Q�+H� FURVV VHFWLRQV�

6RXUFHV RI XQFHUWDLQW\ XQFHUWDLQW\ ���

'HWHUPLQDWLRQ RI QHXWURQ

IOXHQFH

J�UD\ FRXQWLQJ VWDWLVWLFV

5HIHUHQFH FURVV VHFWLRQ RI
��1E�Q��Q���P1E

(IILFLHQF\ RI J�UD\ FRXQWLQJ

p���a���

p���

p���a���

+HOLXP DWRPV PHDVXUHPHQW

)OXFWXDWLRQ RI �+H EDFNJURXQG

+$06 DEVROXWH FDOLEUDWLRQ

�8QFHUWDLQW\ RI 6WDQGDUG *DV DQG

IOXFWXDWLRQ RI 406 HIILFLHQF\�

p��� �3E�

p��� �6Q�

p���

&RPELQHG XQFHUWDLQW\
p��� �3E�

p��� �6Q�

1(87521

6285&(

×

�FP

G %($0

��FP

���

1(87521 (1(5*<

�����0H9

)LJ��� 7KH VDPSOH VHWWLQJ SRVLWLRQ LQ WKH QHXWURQ ILHOG DQG

WKH VDPSOH DUUDQJHPHQW LQ WKH VDPSOH VHW�



9$&880 /,1(

'$7$

527$5<

3803

785%2

02/(&8/$5

3803

����O�V�

&+$0%(5

75$3

75$3
6$03/(

/2$'(5

3(5621$/

&20387(5

&21752/

6,*1$/
48$'5832/( 0$66

63(&7520(7(5
)851$&(

,21

*$8*(

,21

*$8*(

527$5<

3803

785%2

02/(&8/$5

3803

����O�V�

67$1'$5'

+H

6833/<

527$5<

3803

785%2

02/(&8/$5

3803

����O�V�

527$5<

3803

0$66 63(&7520(7(5
67$1'$5'

+H

6833/<

**$$66 55((//(($$66((55

)LJ��� %ORFN GLDJUDP RI WKH KHOLXP DWRPV PHDVXUHPHQW V\VWHP �+$06��

SAMPLE

)LJ��� $UUDQJHPHQW RI KHDWLQJ GHYLFHV DQG D VDPSOH LQ WKH IXUQDFH�
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0DVORY�HW�DO�� ������3E�Q� D�������+J

3 �&ROPDQ�HW�DO�� ������3E�Q� D�������+J���
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-(1'/�����Q�+H�

)LJ��� 7KH PHDVXUHG UHVXOW RI 3E�Q�+H� FURVV VHFWLRQ�
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88 3UHVHQW 5HVXOW3UHVHQW 5HVXOW
00 .QHII HW DO�.QHII HW DO�

AA <X<X ������6Q�Q�6Q�Q�DD��������&G&G

44 ,NHGD HW DO�,NHGD HW DO� ������6Q�Q�D�6Q�Q�D� ���P���P&G&G

// ,NHGD HW DO�,NHGD HW DO� ������6Q�Q�D�6Q�Q�D� ���J���J&G&G

6 /HYNRYVNLL HW DO�/HYNRYVNLL HW DO� ������6Q�Q�6Q�Q�DD�����J���J&G&G

33 %D\KXUVW HW DO�%D\KXUVW HW DO� ������6Q�Q�6Q�Q�DD�����J���J&G&G

9 -(1'/�����Q�+H�-(1'/�����Q�+H�

)LJ��� 7KH PHDVXUHG UHVXOW RI 6Q�Q�+H� FURVV VHFWLRQ�


