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$EVWUDFW

,Q RXU LQYHQWLRQ� )&& �IOXLG FDWDO\WLF FUDFNLQJ� GU\ JDV FRXOG EH XVHG WR UHDFW ZLWK EHQ]HQH

ZLWKRXW DQ\ VSHFLDO SXULILFDWLRQ� DQG PRUH WKDQ ��� HWK\OHQH ZDV FRQYHUWHG WR HWK\OEHQ]HQH� 7KH

SKHQRPHQRQ RI FDUERQ GHSRVLWLRQ RYHU FDWDO\VW VXUIDFH ZDV REYLRXV DQG OHDGV WR D GHDFWLYDWLRQ RI

FDWDO\VW� VR LW LV LPSRUWDQW WR VWXG\ WKH EHKDYLRU RI FDUERQ GHSRVLWLRQ RI FDWDO\VW GXULQJ DON\ODWLRQ

RI EHQ]HQH� 7KH LQIOXHQFH RI VHYHUDO IDFWRUV VXFK DV WHPSHUDWXUH� UHDFWLRQ WLPH� UHDFWDQW FRQFHQ�

WUDWLRQ RI WKH DPRXQW DQG WKH NLQHWLFV RI FDUERQ GHSRVLWLRQ ZHUH LQYHVWLJDWHG� GXULQJ ZKLFK FDU�

ERQ GHSRVLWLQJ UDWH HTXDWLRQV ZHUH REWDLQHG IRU GLIIHUHQW UHDFWDQW�

.H\ZRUGV� EHQ]HQH DON\ODWLRQ� FDUERQ GHSRVLWLRQ� 7*

,QWURGXFWLRQ

)&& �IOXLG FDWDO\WLF FUDFNLQJ� GU\ JDV FRQVLVWV RI XVHIXO HWK\OHQH DQG SURS\OHQH

EHVLGHV PHWKDQH� QLWURJHQ DQG FDUERQ GLR[LGH� ,Q RUGHU WR PDNH IXOO XVH RI HWK\OHQH

LQ )&& GU\ JDV� 0RELO DQG %DGJHU &RPSDQ\ GHYHORSHG WKH JDV SKDVH WHFKQRORJ\ RI

HWK\OEHQ]HQH SURGXFWLRQ E\ XVLQJ =60�� ]HROLWH FDWDO\VW LQ ����V� ,Q ����V� ZH H[�

SORUHG DQRWKHU PHWKRG IRU WKH HWK\OEHQ]HQH SURGXFWLRQ IURP HWK\OHQH LQ )&& GU\

JDV E\ XVLQJ SHQWDVLO KLJK VLOLFDWH ]HROLWH� $FFRUGLQJ WR RXU LQYHQWLRQ� )&& GU\ JDV

FRXOG EH XVHG WR UHDFW ZLWK EHQ]HQH ZLWKRXW DQ\ VSHFLDO SXULILFDWLRQ� DQG PRUH WKDQ

��� HWK\OHQH ZDV FRQYHUWHG WR HWK\OEHQ]HQH� RWKHUZLVH� WKH SKHQRPHQRQ RI FDUERQ

GHSRVLWLRQ RYHU FDWDO\VW VXUIDFH ZDV REYLRXV� OHDGLQJ WKH FDWDO\VW GHDFWLYDWH� 7KDW LV

WR VD\� WKH FDUERQ GHSRVLWLRQ ZDV XQIDYRUDEOH WR WKH OLIH RI FDWDO\VW� ,Q RUGHU WR LP�

SURYH WKH FDWDO\WLF VWHDG\ RI FDWDO\VW LQ UHDFWLRQ� WKHUPDO DQDO\VLV WHFKQRORJ\ ZDV

HPSOR\HG WR VWXG\ WKH EHKDYLRU RI FDUERQ GHSRVLWLRQ RI FDWDO\VW GXULQJ DON\ODWLRQ RI

EHQ]HQH >�−�@� 7KH LQIOXHQFH RI VHYHUDO IDFWRUV VXFK DV WHPSHUDWXUH� UHDFWLRQ WLPH�

UHDFWDQW FRQFHQWUDWLRQ RQ WKH DPRXQW RI FDUERQ GHSRVLWLRQ DQG WKH NLQHWLFV RI FDUERQ

GHSRVLWLRQ KDV DOVR EHHQ LQYHVWLJDWHG�

����±�������� � ����

 ���� $NDGpPLDL .LDGy� %XGDSHVW

$NDGpPLDL .LDGy� %XGDSHVW

.OXZHU $FDGHPLF 3XEOLVKHUV� 'RUGUHFKW



([SHULPHQWDO

&DWDO\VW

7KH FDWDO\VW XVHG IRU DON\ODWLRQ RI EHQ]HQH ZDV KLJK VLOLFDWH ]HROLWH =60�� FDWD�
O\VW SUHSDUHG E\ K\GURWKHUPDO PHWKRG� %HIRUH UHDFWLRQ WKH FDWDO\VW ZDV WUHDWHG E\
VWHDPLQJ DQG KHDWLQJ� 6L2��$O�2� PROHFXODU UDWLR LV ���

5HDFWDQW

7KH UHDFWLRQ UHDFWDQW XVHG ZDV HWK\OHQH� SURS\OHQH� EHQ]HQH� HWK\OEHQ]HQH DQG
FXPHQH� GLOXWH JDV XVHG ZDV 1��

&DUERQ GHSRVLWLQJ H[SHULPHQWDO

$OO H[SHULPHQWV ZHUH SHUIRUPHG RQ WKH 6KLPDG]X '7��� W\SH WKHUPDO DQDO\]HU
ZLWK UDQJH� �−� PJ� KHDWLQJ UDWH� ��R& PLQ

−� RU LVRWKHUPDOO\ DQG FKDUW VSHHG�
���� PP PLQ

−��
7KH ]HROLWH FDWDO\VW ZDV SXW LQ D VPDOO EDVNHW PDGH RI TXDUW] DQG VXVSHQGHG DW

WKH FHQWHU RI UHDFWLRQ WXEH DQG WKHQ EDODQFHG ZLWK ZHLJKWV�
)LUVW WKH ]HROLWH FDWDO\VW ZDV KHDWHG LQ D WHPSHUDWXUH SURJUDPPHG PRGH XS WR

���R&� 7KLV WHPSHUDWXUH ZDV PDLQWDLQHG IRU �� PLQ LQ RUGHU WR HOLPLQDWH SK\VLFDOO\
DGVRUEHG ZDWHU� WKHQ WKH FDWDO\VW ZDV FRROHG WR UHDFWLRQ WHPSHUDWXUH� $IWHU WKLV� UH�
DFWDQW ZDV EURXJKW WR WKH UHDFWRU E\ WKH FDUU\LQJ JDV DW D VSHHG RI ��−�� PO PLQ

−��
7KH WHPSHUDWXUH DQG WKH DPRXQW RI FDUERQ GHSRVLWLRQ ZHUH UHFRUGHG�

5HVXOWV�DQG�GLVFXVVLRQ

7KH HIIHFW RI UHDFWLRQ WLPH RQ WKH FDUERQ GHSRVLWLRQ

)LJXUH � VKRZV WKH HIIHFW RI UHDFWLRQ WLPH RQ WKH FDUERQ GHSRVLWLRQ RI UHDFWDQWV
VXFK DV EHQ]HQH� HWK\OEHQ]HQH� SURS\OEHQ]HQH �ZLWK FRQFHQWUDWLRQ RI �� Y��� EHQ�

)LJ� � 7KH UHODWLRQVKLS EHWZHHQ WKH DPRXQW GHSRVLWLQJ FDUERQ DQG WKH UHDFWLRQ WLPH� � ± EHQ�
]HQH�HWK\OHQH� � ± EHQ]HQH�SURS\OHQH� � ± SURS\OHQH� � ± HWK\OHQH� � ± HWK\OEHQ]HQH�
� ± FXPHQH� � ± EHQ]HQH
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]HQH�HWK\OHQH� EHQ]HQH�SURS\OEHQ]HQH �ZLWK FRQFHQWUDWLRQ RI ������� Y� DQG
���� Y� UHVSHFWLYHO\� DQG SURGXFWV DV HWK\OEHQ]HQH FXPHQH �ZLWK FRQFHQWUDWLRQ RI
��� Y�� DW ���R&�

,W LV FOHDU IURP )LJ� � WKDW WKH DPRXQW RI FDUERQ GHSRVLWLRQ RQ FDWDO\VW LQFUHDVHV
ZLWK WKH UHDFWLRQ WLPH ZKHWKHU XVLQJ VLQJOH UHDFWLRQ FRPSRQHQW RU GRXEOH FRPSR�
QHQW� DQG WKH LQFUHPHQW RI FDUERQ GHSRVLWLQJ LV GHFUHDVHG IRU RWKHU FKHPLFDO FRPSR�
QHQWV H[FHSW EHQ]HQH�HWK\OHQH� 7KH FDUERQ GHSRVLWLQJ SURILOHV FDQ EH H[SUHVVHG DV
9RRUOHLHV HTXDWLRQ�

&  .FW
P ���

ZKHUH & ± WKH DPRXQW RI FDUERQ GHSRVLWLRQ ��� .F ± FRQVWDQW� P ± FRQVWDQW� W ± UH�
DFWLRQ WLPH �PLQ��
)URP (T� ��� ZH FDQ JHW (T� ��� LQ IRUP RI

ORJ&  ORJ.F − PORJW ���

)URP (T� ���� FRQVWDQWV .F DQG P FDQ EH REWDLQHG HDVLO\ DFFRUGLQJ WR WKH OLQHDU UH�
ODWLRQVKLS EHWZHHQ ORJ& DQG ORJW�

7DEOH � OLVWV WKH UHVXOWV RI P DQG .F�
)LJXUH � VKRZV WKH UHODWLRQVKLSV EHWZHHQ FDUERQ GHSRVLWLQJ UDWLR DQG UHDFWLRQ

WLPH IRU EHQ]HQH�HWK\OHQH DQG HWK\OEHQ]HQH�

7DEOH � 7KH UHODWLRQVKLS EHWZHHQ WKH DPRXQW RI FDUERQ GHSRVLWLRQ DQG UHDFWLRQ WLPH

5HDFWDQW & .FW
P

%HQ]HQH �����
±�⋅W�����

(WK\OHQH ���⋅��±�⋅W�����

3URS\OHQH ����⋅��±�⋅W�����

%HQ]HQH�HWK\OHQH ���⋅��±�⋅W�����

%HQ]HQH�SURS\OHQH ���⋅��±�⋅W�����

(WK\OEHQ]HQH ���⋅��±�⋅W�����

&XPHQH ����⋅��±�⋅W�����

)LJ� � 7KH UHODWLRQVKLS EHWZHHQ FDUERQ GHSRVLWLQJ UDWH RI EHQ]HQH�HWK\OHQH RU HWK\OEHQ]HQH
DQG UHDFWLRQ WLPH� R ± EHQ]HQH�HWK\OEHQ]HQH� ∆ ± HWK\OEHQ]HQH
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,W FDQ EH IRXQG WKDW WKH FDUERQ GHSRVLWLRQ UDWH LV KLJKHU DW SUHOLPLQDU\ WLPH DQG
WKHQ GHFUHDVHV ZLWK UHDFWLRQ WLPH� ZKLFK PD\ EH GXH WR WKH DV\PPHWULFLW\ RI DFLGLW\
RI ]HROLWH FDWDO\VW� EHFDXVH WKH GHSRVLWLQJ FDUERQ ZRXOG ILOO LQ HQWUDQFH RI SRUH�
FKDQQHO RI ]HROLWH� EDONLQJ WKH GLIIXVLQJ RI UHDFWDQWV DQG SURGXFWV� VR WKH FDUERQ GH�
SRVLWLQJ UDWH EHFRPHV VORZHU�

7KH HIIHFW RI FRQFHQWUDWLRQ RI UHDFWDQWV RQ WKH FDUERQ GHSRVLWLRQ

)LJXUHV � DQG � VKRZ WKH UHODWLRQVKLS EHWZHHQ UHDFWDQW FRQFHQWUDWLRQ DQG GHSRV�
LWLQJ FDUERQ DPRXQW

:H FDQ ILQG WKDW DW ���R& WKH DPRXQW RI GHSRVLWLQJ FDUERQ LV KDUGO\ LQIOXHQFHG
E\ WKH FRQFHQWUDWLRQ RI EHQ]HQH� EXW LV REYLRXVO\ HQKDQFHG ZLWK WKH LQFUHDVLQJ FRQ�
FHQWUDWLRQ RI HWK\OHQH RU SURS\OHQH� WKH VDPH DV WR EHQ]HQH�HWK\OHQH DQG EHQ�
]HQH�SURS\OHQH� 7KH DPRXQW RI GHSRVLWLQJ FDUERQ IRU HWK\OEHQ]HQH DOVR LQFUHDVHV
ZKHQ LWV FRQFHQWUDWLRQ LV QRW PRUH WKDQ �� �9�� DQG WKHQ H[WHQGV WR WKH EDODQFH VWDWH
ZLWK WKH LQFUHDVLQJ RI HWK\OEHQ]HQH FRQFHQWUDWLRQ� ZKLOH FXPHQH FRQFHQWUDWLRQ KDV
OLWWOH HIIHFW RQ FDUERQ GHSRVLWLRQ�

)LJ� � 7KH UHODWLRQVKLS EHWZHHQ GHSRVLWLQJ FDUERQ DPRXQW DQG UHDFWDQW FRQFHQWUDWLRQ�
D� ∆ ± HWK\OEHQ]HQH� R ± SURS\OHQH� ± EHQ]HQH� E� ∆ ± EHQ]HQH�HWK\OHQH� • ± EHQ]HQH�
SURS\OHQH

)LJ� � 7KH UHODWLRQVKLS EHWZHHQ GHSRVLWLQJ FDUERQ DPRXQW DQG SURGXFW FRQFHQWUDWLRQ
∆ ± HWK\OHQH� R ± FXPHQH
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7KH NLQHWLFV UHVHDUFK RI FDUERQ GHSRVLWLQJ LQ DON\ODWLRQ RI EHQ]HQH

7KH NLQHWLFV RI FDUERQ GHSRVLWLQJ LQ DON\ODWLRQ SURFHVV LV YHU\ FRPSOLFDWHG� ,Q
RUGHU WR JHW WKH NH\ SRLQW RI LWV NLQHWLFV� ZH LQYHVWLJDWHG WKH NLQHWLFV RI EHQ]HQH DO�
N\ODWLRQ ZLWK HWK\OHQH� SURS\OHQH� UHVSHFWLYHO\ DQG FUDFNLQJ RI HWK\OEHQ]HQH�

8QGHU WKH FRQGLWLRQ RI FRQVWDQW UHDFWLRQ WHPSHUDWXUH� WKH FDUERQ GHSRVLWLQJ
HTXDWLRQ LV H[SUHVVHG DV IROORZV�

GF�GW  .3U
Q ���

ZKHUH GF�GW ± UDWH RI FDUERQ GHSRVLWLQJ� . ± UDWH FRQVWDQW� 3U ± FRQFHQWUDWLRQ RI UH�
DFWDQW� Q ± UHDFWLRQ RUGHU�
7KH FRQVWDQW RI UHDFWLRQ UDWH FDQ EH H[SUHVVHG ZLWK $UUKHQLXV HTXDWLRQ�

.  $H
(−(�57 ) ���

(T� ��� DQG (T� ��� FDQ EH H[SUHVVHG DV

GF�GW  $H
(−(�57 )

3UQ ���

7DEOH � $PRXQW DQG UDWH RI FDUERQ GHSRVLWLQJ RI EHQ]HQH�HWK\OHQH UHDFWLRQ XQGHU GLIIHUHQW UHDF�
WDQW FRQFHQWUDWLRQ

&DWDO\VW
PDVV�PJ

&RQFHQW�
UDWLRQ��

&DUERQ GHSRVLWLRQ
PDVV�

&DUERQ GHSRVLWLRQ UDWH�
OQ�GF�GW� OQ3U

PJ � PJ PLQ
±�

����� ���� ����� ����� ����⋅��±� ±������ ±������

����� ������ ����� ����� ����⋅��±� ±������ ±������

����� ����� ����� ����� ����⋅��±� ±������ ±������

����� ������� ����� ����� ����⋅��±� ±������ ±������

7DEOH � $PRXQW DQG UDWH RI FDUERQ GHSRVLWLQJ RI EHQ]HQH�HWK\OHQH UHDFWLRQ XQGHU GLIIHUHQW UHDF�
WDQW WHPSHUDWXUH �FRQFHQWUDWLRQ RI �������

&DWDO\VW
PDVV�PJ

7�
R
&

�����7�
��.

&DUERQ GHSRVLWLRQ
PDVV�

&DUERQ
GHSRVLWLRQ UDWH� OQ�GF�GW�

PJ � PJ PLQ
±�

����� ��� ������ ����� ����� ����⋅��±� ±������

����� ��� ������ ����� ����� ����⋅��±� ±������

����� ��� ������ ����� ����� ����⋅��±� ±������

����� ��� ������ ����� ����� ����⋅��±� ±������

����� ��� ������ ����� ����� ����⋅��±� ±������
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)URP (TV ��� DQG ��� ZH JHW

OQ�GF�GW�  OQ. � QOQ3U ���

OQ�GF�GW�  OQ$ � QOQ3U − (��57� ���

:H WDNH EHQ]HQH DON\ODWLRQ ZLWK HWK\OHQH DV D W\SLFDO H[DPSOH� 7DEOHV � DQG �
OLVW DPRXQWV DQG UDWH RI FDUERQ GHSRVLWLQJ RI EHQ]HQH�HWK\OHQH UHDFWLRQ XQGHU GLIIHU�
HQW UHDFWDQW FRQFHQWUDWLRQ DQG GLIIHUHQW UHDFWLRQ WHPSHUDWXUH�

3URFHGXUH RI GHWHUPLQDWLRQ RI UHDFWLRQ RUGHU DQG DFWLYDWLRQ HQHUJ\ LV LOOXVWUDWHG
LQ )LJV � DQG �� UHVSHFWLYHO\�

7DEOH � HOXFLGDWHV WKH UHDFWLRQ RUGHU DQG WKH DFWLYDWLRQ HQHUJ\ RI FDUERQ GHSRVLW�
LQJ RI EHQ]HQH�HWK\OHQH� EHQ]HQH�SURS\OHQH DQG HWK\OEHQ]HQH� IURP ZKLFK ZH FDQ
REWDLQ FDUERQ GHSRVLWLQJ UDWH HTXDWLRQ �7DEOH ���

,W FDQ EH VHHQ IURP )LJ� � WKDW FDUERQ GHSRVLWLQJ DFWLYDWLRQ HQHUJ\ RI EHQ�

]HQH�HWK\OHQH RU EHQ]HQH�SURS\OHQH LV PRUH WKDQ WKDW RI HWK\OEHQ]HQH� 7KLV H[SODLQV

WKDW FDUERQ GHSRVLWLQJ FDSDFLW\ RI EHQ]HQH�HWK\OHQH RU EHQ]HQH�SURS\OHQH LV ORZHU

WKDQ WKDW RI HWK\OEHQ]HQH� 7KLV LV SUREDEOH EHFDXVH FRQMXJDWH HIIHFW RI FRQMXJDWH π
EDQG LQ WKH EHQ]HQH ULQJ PDNH EHQ]HQH ULQJ VWDEOH� VR LW FDQ EH WKRXJKW WKDW FDUERQ

GHSRVLWLRQ GXULQJ EHQ]HQH DON\ODWLRQ FRPHV IURP FUDFNLQJ RI HWK\OEHQ]HQH SURGXFW�

%HFDXVH HWK\OEHQ]HQH WDNHV SODFH FUDFNLQJ RU GLVSURSRUWLRQDWLRQ HDVLO\ XQGHU UHDF�

)LJ� � 5HODWLRQVKLS EHWZHHQ OQ�GF�GW� DQG OQ3U

)LJ� � 5HODWLRQVKLS EHWZHHQ OQ�GF�GW� DQG �����7
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WLRQ WHPSHUDWXUH UHSURGXFLQJ EHQ]HQH DQG �&�+�� DQG SRO\�DON\O�EHQ]HQH� ZKLFK

DUH HDV\ WR IRUP ORQJ FKDLQ K\GURFDUERQ DQG SRO\�FLUFOH�K\GURFDUERQ� L�H� FDUERQ

GHSRVLWLQJ SUHFXUVRU�

5HIHUHQFHV

� 4L 4XLQJVKHQ� 0RG� &KHP� (QJ� � ������ ���
� 3� 'HMDLIYH DQG $� $XURX[� -� &DWDO�� �� ������ ����
� /LX -LQ[LDQJ� &DL *XDQJ\X� <DQJ /L[LQ� *DR ;LX\LQJ� -LSLQJ DQG &KHQ *XRTXDQ� &XLKXD

;XHEDR �LQ &KLQHVH�� � ������ ����
� /LX -LQ[LDQJ� :DQJ 4LQJ[LD� <DQJ /L[LQ DQG *DR ;LX\LQJ� &XLKXD ;XHEDR �LQ &KLQHVH��

� ������ ����
� :DQJ 4LQJ[LD� =KDQJ 6KXURQJ� &DL *XDQJ\X HW DO�� -� RI 3HWURFKHPLFDO 7HFKQRORJ\

�&KLQD�� � ������ ����
� :DQJ 4XLQJ[LD� &DL *XDQJ\X� +XDQJ =X[LDQ� HW DO�� &KLQHVH -RXUQDO RI &DWDO\VLV� ��

������ ����

7DEOH � &DUERQ GHSRVLWLQJ UDWH HTXDWLRQ IRU GLIIHUHQW UHDFWDQWV

5HDFWDQW 5DWH HTXDWLRQ IRU FDUERQ GHSRVLWLQJ

%HQ]HQH�HWK\OHQH GF�GW ����⋅��±�H�±�������57�3U���

%HQ]HQH�SURS\OHQH GF�GW ����⋅��±�H�±�������57�3U���

(WK\OEHQ]HQH GF�GW ����⋅��±�H�±�������57�3U���

7DEOH � 5HVXOWV RI UHDFWLRQ RUGHU DQG WKH DFWLYDWLRQ HQHUJ\ UHVXOWV RI FDUERQ GHSRVLWLQJ IRU GLIIHU�
HQW UHDFWDQWV

5HDFWDQW
.LQHWLF SDUDPHWHU

1 (�N- PRO
±�

%HQ]HQH�HWK\OHQH ���� �����

%HQ]HQH�SURS\OHQH ���� �����

(WK\OEHQ]HQH ���� �����
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