
0HDVXUHPHQWV�RI�(ODVWLF�6FDWWHULQJ�&URVV�6HFWLRQV�RI

&DUERQ��,URQ�DQG�/HDG�IRU����0H9�1HXWURQV

0DVDQREX�,%$5$.,��+LURVKL�1$.$6+,0$ �����6KLQ�LFKLUR�0(,*2 ����

0DPRUX�%$%$��<DVXVKL�1$8&+,��7DNDNR�0,85$��<RVKLWDND�+,5$6$:$�

6XVXPX�7$1$.$ �����1DRKLUR�+,5$.$:$

'HSDUWPHQW RI 4XDQWXP 6FLHQFH DQG (QHUJ\ (QJLQHHULQJ� 7RKRNX 8QLYHUVLW\� 6HQGDL� ��������� -DSDQ
�� 7RNDL (VWDEOLVKPHQW� -DSDQ $WRPLF (QHUJ\ 5HVHDUFK ,QVWLWXWH� 7RNDL�PXUD� 1DND�JXQ�

,EDUDNL�NHQ� ��������� -DSDQ
�� 7DNDVDNL (VWDEOLVKPHQW� -DSDQ $WRPLF (QHUJ\ 5HVHDUFK ,QVWLWXWH� 7DNDVDNL� ��������� -DSDQ

$EVWUDFW

:H KDYH SHUIRUPHG WKH PHDVXUHPHQWV RI HODVWLF VFDWWHULQJ FURVV VHFWLRQV RI FDUERQ� LURQ DQG

OHDG IRU �� 0H9 QHXWURQV XVLQJ D �/L�S�Q� TXDVL�PRQRHQHUJHWLF QHXWURQ VRXUFH� (ODVWLFDOO\ VFDWWHUHG
QHXWURQV ZHUH PHDVXUHG ZLWK D WLPH RI IOLJKW PHWKRG �72)� XVLQJ ILYH OLTXLG VFLQWLOODWLRQ GHWHFWRUV�

7KH GDWD ZHUH REWDLQHG DW �� ODERUDWRU\ DQJOHV EHWZHHQ ���° DQG ����°� 7KH H[SHULPHQWDO GDWD ZHUH
FRPSDUHG ZLWK WKH QHXWURQ FURVV VHFWLRQ OLEUDULHV� V\VWHPDWLFV XVHG LQ FDVFDGH�WUDQVSRUW FRGHV DQG
RSWLFDO PRGHO FDOFXODWLRQV�

��,QWURGXFWLRQ
7KH QHXWURQ HPLVVLRQ FURVV VHFWLRQV IRU QHXWURQ LQFLGHQW UHDFWLRQV DUH YHU\ LPSRUWDQW IRU WKH

VKLHOGLQJ GHVLJQ RI WKH KLJK�HQHUJ\ DFFHOHUDWRU IDFLOLWLHV� ,Q SDUWLFXODU� WKH LPSRUWDQFH RI WKH HODVWLF

VFDWWHULQJ FURVV VHFWLRQV ZDV SRLQWHG RXW E\ WKH DQDO\VLV RI VKLHOGLQJ H[SHULPHQWV XVLQJ WKH �� DQG ��
0H9 TXDVL�PRQRHQHUJHWLF QHXWURQV DW 7,$5$ IDFLOLW\ >�@� ([SHULPHQWDO GDWD LV YHU\ VFDQW\ DQG SRRU

DERYH �� 0H9� ([SHULPHQWDO GDWD UHSRUWHG LQ WKH SDVW ZHUH UHVWULFWHG WR RQO\ IRUZDUG DQJOHV� 5HFHQWO\�
WZR PHDVXUHPHQWV ZHUH UHSRUWHG IURP 8�&�'DYLV JURXS >�@>�@� 7KHVH GDWD ZHUH PHDVXUHG E\ XVLQJ
WKH QHXWURQ VSHFWURPHWHU FRQVLVWLQJ RI D PXOWL ZLUH FKDPEHU DQG D UHFRLO SURWRQ WHOHVFRSH� ZLWK VRXUFH

QHXWURQV SURGXFHG E\ WKH �/L�S�Q� UHDFWLRQ �(Q ��0H9� DQG E\ WKH VSDOODWLRQ UHDFWLRQ

�(Q ��a���0H9 �� 7KH GDWD E\ VSDOODWLRQ VRXUFH ZHUH DYDLODEOH RQO\ IRU IRUZDUG DQJOH �a��°� DQG KDV
UHODWLYHO\ ODUJH V\VWHPDWLF HUURUV�

,Q WKLV VWXG\� ZH KDYH SHUIRUPHG PHDVXUHPHQWV RI HODVWLF VFDWWHULQJ FURVV VHFWLRQV RI FDUERQ�
LURQ DQG OHDG IRU �� 0H9 QHXWURQV� 7KH GDWD ZHUH REWDLQHG E\ XVLQJ WKH �/L�S�Q� TXDVL�PRQRHQHUJHWLF

QHXWURQ VRXUFH DQG WKH WLPH�RI�IOLJKW �72)� PHWKRG IRU VFDWWHULQJ DQJOH EHWZHHQ ���° DQG ��°�
([SHULPHQWDO UHVXOWV ZHUH FRPSDUHG ZLWK WKH FURVV VHFWLRQ OLEUDULHV� V\VWHPDWLFV XVHG LQ
FDVFDGH�WUDQVSRUW FRGH DQG RSWLFDO PRGHO FDOFXODWLRQV�

��([SHULPHQW
([SHULPHQW ZDV FDUULHV RXW DW 7,$5$ $9) F\FORWURQ IDFLOLW\ >�@� 6RXUFH QHXWURQ ZHUH

SURGXFHG YLD WKH �/L�S�Q� UHDFWLRQ� )LJXUH�� VKRZV WKH VRXUFH QHXWURQ VSHFWUXP� 7KH SHDN DURXQG ��
0H9 LV GXH WR WKH �/L�S�Q���� SURFHVV DQG FRQWLQXXP FRPSRQHQW LV DWWULEXWHG WR PXOWL�ERG\ EUHDNXS



SURFHVV� )LJXUH � VKRZV D VHWXS RI WKH HODVWLF

VFDWWHULQJ PHDVXUHPHQW� 7KH VFDWWHULQJ VDPSOHV�

FDUERQ ��FPφ×�FP�� LURQ ��FPφ×�FP� DQG OHDG

��FPφ×�FP�� ZHUH SODFHG DW �� P IURP WKH /L

QHXWURQ SURGXFWLRQ WDUJHW� (ODVWLFDOO\ VFDWWHUHG
QHXWURQV ZHUH PHDVXUHG E\ D WLPH RI IOLJKW
PHWKRG �72)� XVLQJ ILYH OLTXLG VFLQWLOODWLRQ

GHWHFWRUV �����FPφ×����FP� IRXU 1(���� DQG D
%&���$ GHWHFWRUV� FRQFXUUHQWO\� :H HPSOR\ D
&$0$& V\VWHP IRU GDWD DFTXLVLWLRQ� 7KH

GHWHFWRU DQRGH VLJQDOV ZHUH IHG LQWR 4'&
�FKDUJH�WR�GLJLWDO FRQYHUWHU� DQG LQWHJUDWHG E\

WZR W\SHV RI WKH LQWHJUDWLRQ JDWH IRU Q�γ
GLVFULPLQDWLRQ� RQH LV IRU WRWDO FRPSRQHQW DQG
WKH RWKHU IRU VORZ FRPSRQHQW� 7KH 72) LV

REWDLQHG E\ PHDVXULQJ WKH WLPH GLIIHUHQFH
EHWZHHQ WKH DQRGH VLJQDOV DQG WKH 5) VLJQDO RI

WKH F\FORWURQ E\ XVLQJ 7'& �WLPH�WR�GLJLWDO
FRQYHUWHU�� $ VHW RI WKUHH GDWD IRU SXOVH�KHLJKW
�WRWDO DQG VORZ FRPSRQHQWV� DQG 72) LV DFTXLUHG

HYHQW E\ HYHQW IRU HDFK GHWHFWRU�

7KH 72) VSHFWUD ZHUH REWDLQHG DW �� SRLQWV EHWZHHQ ���° DQG ��° LQ ODERUDWRU\ VFDWWHULQJ

DQJOH� ,Q DGGLWLRQ WR VDPSOH PHDVXUHPHQWV� EDFNJURXQG UXQV ZLWK QR VDPSOH ZHUH GRQH IRU UHPRYLQJ
WKH VDPSOH LQGHSHQGHQW EDFNJURXQG� 6FDWWHULQJ DQJOH ZHUH FKDQJHG E\ URWDWLQJ WKH GHWHFWRU DUUD\� 7KH
IOLJKW SDWKV ZHUH DURXQG �P IRU IRUZDUG DQJOHV DQG �P IRU EDFNZDUG DQJOHV� )LVVLRQ FKDPEHUV ����8

DQG ���7K� ORFDWHG QHDU E\ WKH /L WDUJHW ZHUH XVHG DV QHXWURQ PRQLWRU IRU QRUPDOL]DWLRQ EHWZHHQ
IRUHJURXQG DQG EDFNJURXQG UXQ� 7KLQ SODVWLF VFLQWLOODWRU� ZKLFK ZDV VHW DW FROOLPDWRU H[LW� PRQLWRUHG

VRXUFH QHXWURQ 72) VSHFWUXP� 7KH DEVROXWH HODVWLF VFDWWHULQJ FURVV VHFWLRQV ZHUH GHWHUPLQHG UHODWLYH
WR WKH LQFLGHQW QHXWURQ IOX[ PHDVXUHG E\ WKH VFLQWLOODWLRQ GHWHFWRUV� ZKLFK ZHUH LGHQWLFDO ZLWK RQHV IRU
VFDWWHULQJ PHDVXUHPHQWV�

)LJ�� ([SHULPHQWDO VHWXS

)LJ�� 6RXUFH QHXWURQ VSHFWUXP
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��'DWD�UHGXFWLRQ�DQG�FRUUHFWLRQ
)LJXUH � VKRZV WKH 72) VSHFWUD IRU

IRUHJURXQG DQG EDFNJURXQG LQ WKH )H UXQ� 7KH SHDN
DUHD VXEWUDFWHG ZLWK D EDFNJURXQG ZDV FRQYHUWHG WR

FURVV VHFWLRQV� 7KH HODVWLF VFDWWHULQJ FURVV VHFWLRQV
GHGXFHG ZHUH IXUWKHU FRUUHFWHG IRU WKH HIIHFWV RI WKH
LQHODVWLF VFDWWHULQJ DQG WKH ILQLWH VDPSOH�VL]H� L�H� WKH

HIIHFW RI IOX[ DWWHQXDWLRQ DQG PXOWLSOH VFDWWHULQJ� E\
0RQWH &DUOR FDOFXODWLRQ >�@� &RUUHFWLRQV IRU WKH

HIIHFWV RI LQHODVWLF VFDWWHULQJ ZHUH WR UHPRYH
LQHODVWLFDOO\ VFDWWHUHG QHXWURQV LQFOXGHG LQ WKH
�HODVWLF� SHDN EHFDXVH RI OLPLWHG HQHUJ\ UHVROXWLRQ�

DQG GRQH E\ FDOFXODWLQJ WKH UDWLR RI WKH LQHODVWLFDOO\
VFDWWHUHG QHXWURQV WR WKH WRWDO �HODVWLF DQG LQHODVWLF�

RQHV FRQVLGHULQJ H[SHULPHQWDO HQHUJ\ UHVROXWLRQ� ,Q
WKLV FDOFXODWLRQ� ZH XVHG WKH /$1/ ��� 0H9 OLEUDU\
>�@ DV LQSXW GDWD IRU WKH QHXWURQ�VDPSOH QXFOLGH

LQWHUDFWLRQ� ,Q ILJ��� WKH FURVV� WULDQJOH DQG FLUFOH
LQGLFDWH WKH UDZ GDWD� VDPSOH VL]H FRUUHFWHG GDWD DQG

LQHODVWLF QHXWURQ FRUUHFWHG GDWD RI )H� UHVSHFWLYHO\�
%HFDXVH RI VWURQJ IRUZDUG SHDNLQJ RI WKH HODVWLF
VFDWWHULQJ DQJXODU GLVWULEXWLRQ� LQHODVWLFDOO\ VFDWWHUHG

QHXWURQV GR QRW DIIHFW WKH UHVXOWV DW IRUZDUG DQJOHV�

EXW WKH FRUUHFWLRQ IDFWRUV YDU\ IURP ��� DURXQG ��°
WR ��� DURXQG ��°�

)LJ�� 72) VSHFWUD RI )H

)LJ�� &RUUHFWLRQ IRU WKH HIIHFWV RI WKH VDPSOH VL]H DQG WKH LQHODVWLF VFDWWHULQJ QHXWURQV
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��5HVXOWV
)LJXUH � VKRZV WKH SUHVHQW UHVXOWV WRJHWKHU ZLWK /$1/ ��� 0H9 OLEUDU\ >�@ DQG WKH

H[SHULPHQWDO GDWD DW :15�/$03) >�@� $JUHHPHQW EHWZHHQ RXU H[SHULPHQWDO GDWD DQG HYDOXDWLRQ LV
JRRG H[FHSW IRU IRUZDUG DQJOH RI FDUERQ� EXW :15�/$03) GDWD DUH PLOGHU IRUZDUG SHDNLQJ WKDQ RXU
GDWD DQG HYDOXDWLRQ�

)LJ�� &RPSDULVRQ RI WKH SUHVHQW GDWD ZLWK WKH 8�&�'DYLV GDWD >�@ DQG WKH /$1/ ��� 0H9 OLEUDU\ >�@

)LJXUH � VKRZV FRPSDULVRQ ZLWK WKH '/&����+,/2�� PXOWL�JURXS OLEUDU\ >�@ DQG WKH

V\VWHPDWLFV XVHG LQ WKH FDVFDGH�WUDQVSRUW FRGH >�@� 7KHVH GDWD ZHUH QRUPDOL]HG WR WKH H[SHULPHQWDO

GDWD DW �°� %RWK RI WKH GDWD VKRZ ODUJH GLVFUHSDQF\ EHFDXVH '/&��� OLEUDU\ DSSOLHV 3� /HJHQGUH
H[SDQVLRQ DQG WKH V\VWHPDWLFV LJQRUHV VFDWWHULQJ WR EDFNZDUG DQJOHV�

)LJ�� &RPSDULVRQ RI WKH SUHVHQW GDWD ZLWK WKH '/&��� /LEUDU\ >�@ DQG WKH V\VWHPDWLFV >�@
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)LJXUH � VKRZV FRPSDULVRQ ZLWK WKH RSWLFDO PRGHO FDOFXODWLRQV ZLWK WKH JOREDO SRWHQWLDOV

SURSRVHG E\ 0DGODQG >�@ DQG -/0 �-HXNHQH� /HMHXQH DQG 0DKDX[� >��@� 7KH FDOFXODWLRQ UHVXOWV E\

-/0 SRWHQWLDO XQGHUHVWLPDWHV WKH H[SHULPHQWDO GDWD ZLWK ��∼��� DW IRUZDUG DQJOHV IRU FDUERQ� LURQ
DQG OHDG� 7KH UHVXOWV E\ 0DGODQG SRWHQWLDO DJUHH ZLWK WKH H[SHULPHQWDO GDWD IRU LURQ YHU\ ZHOO EXW

GLIIHU ODUJHO\ IRU OHDG DW EDFNZDUG DQJOHV�

)LJ�� &RPSDULVRQ RI WKH SUHVHQW GDWD ZLWK WKH RSWLFDO PRGHO FDOFXODWLRQV >�@>��@

5HIHUHQFHV

>�@ +�1DNDVKLPD HW� DO�� 1XFO� 6FL� (QJ�� ���� ������ ���

>�@ (�/�+MRUW HW�DO�� 3K\V� 5HY� & ��� ������ ���
>�@ -�+�2VERUQH� 3K�'� 'LVVHUWDWLRQ� 8QLYHUVLW\ RI &DOLIRUQLD� 'DYLV� �����
>�@ 0�%DED HW� DO�� 1XFO� ,QVWUXP�� WR EH SXEOLVKHG

>�@ 0�%DED HW� DO�� 1XFO� ,QVWUXP� 0HWKRGV $ ���� ������ ���
>�@ 0�%�&KDGZLFN HW� DO�� /$1/ UHSRUW� /$�85��������� ������

>�@ 5�*�$OVPLOOHU DQG -�0�%DULVK� 251/�70������ ������
>�@ 3�&ORWK HW� DO�� -XO������ .HUQIRUVFKXQJVDQODJH -XOLFK� ������
>�@ '�*�0DGODQG� 3URF� 2(&'�1($1'& 6SHFLDOLVW
V 0WJ� RQ 3UHHTXLOLEULXP 1XFOHDU 5HDFWLRQV�

6HPPHULQJ� $XVWULD� ����� )HE� ����� 1($1'&���� ������
>��@ -��3�-HXNHQQH HW�DO�� 3K\V� 5HY� & ��� ������ ��

� �� �� �� �� �� ��
��

�

��
�

��
�

��
�

��
�

��
�

&0 DQJOH �'HJ��

&
UR
VV

6
HF
WL
R
Q
�P

E
�V
U�

&�Q�Q� (Q ��0H9

3UHVHQW

-/0

0DGODQG

� �� �� �� �� �� ��

&0 DQJOH �'HJ��

3E�Q�Q� (Q ��0H9

� �� �� �� �� �� ��

&0 DQJOH �'HJ��

)H�Q�Q� (Q ��0H9



ãÄ�¡ô

��0H9�H6æ»Ô�G��Õ�æé¢H�B¿YÍéùo

º*

�Á \>��I e�ÿ¦ ¿ûâ��� ��,] O��

�� A6��� �A�°� t��¹ å�


