
&KDSWHU ��

&RPSXWDWLRQDO )OXLG '\QDPLFV 0RGHOLQJ RI
%LRPDVV *DVL¿FDWLRQ DQG 3\URO\VLV

3� 3HSLRW� &� -� 'LEEOH� DQG 7� '� )RXVW

1DWLRQDO 5HQHZDEOH (QHUJ\ /DERUDWRU\� *ROGHQ &2� �����
SHUULQH�SHSLRW#QUHO�JRY

%LRPDVV WKHUPRFKHPLFDO FRQYHUVLRQ KROGV JUHDW SURPLVH
IRU SURGXFLQJ ELRIXHOV DQG ZLOO SOD\ D GHWHUPLQLQJ UROH LQ
GLVSODFLQJ SHWUROHXP�EDVHG IXHO FRQVXPSWLRQ WRZDUG UHQHZDEOH
VRXUFHV� (PSLULFDO DSSURDFKHV KDYH VKRZQ VHYHUH OLPLWDWLRQV
LQ WKHLU FDSDELOLW\ WR XQGHUVWDQG DQG FRQWURO WKH FRQYHUVLRQ
SURFHVVHV� +RZHYHU� ZLWKRXW WKH DELOLW\ WR DFFXUDWHO\ SUHGLFW
DQG RSWLPL]H WKHUPRFKHPLFDO FRQYHUVLRQ SHUIRUPDQFH�
ODUJH�VFDOH FRPPHUFLDOL]DWLRQ RI WKHVH V\VWHPV LV VHYHUHO\
FRPSURPLVHG� ,Q WKLV FRQWH[W� &RPSXWDWLRQDO )OXLG '\QDPLFV
�&)'� DSSHDUV DV DQ HVVHQWLDO WRRO WR EHWWHU FRPSUHKHQG WKH
FRPSOH[ SK\VLFDO DQG FKHPLFDO SURFHVVHV LQYROYHG� SDYLQJ WKH
ZD\ WRZDUG HI¿FLHQW FRQWURO DQG GHVLJQ VWUDWHJLHV� $IWHU D EULHI
GHVFULSWLRQ RI WKH QXPHULFDO PRGHOV QHHGHG WR VLPXODWH ELRPDVV
JDVL¿FDWLRQ DQG S\URO\VLV� WKH FRQWULEXWLRQV RI &)' WR SURFHVV
GHVLJQ DQG RSWLPL]DWLRQ DUH GHWDLOHG� )LQDOO\� WKH VWDWH RI WKH DUW
LQ WHUPV RI QXPHULFDO PRGHOV IRU WKH GHQVH� UHDFWLYH SDUWLFXODWH
ÀRZV W\SLFDOO\ IRXQG LQ FRQYHUVLRQ SURFHVVHV DUH UHYLHZHG�
6KRUWFRPLQJV RI H[LVWLQJ &)' VLPXODWLRQV� HVSHFLDOO\ LQ WHUPV
RI YDOLGDWLRQ DQG SUHGLFWDELOLW\� DUH H[DPLQHG� DQG GLUHFWLRQV
IRU IXWXUH UHVHDUFK EDVHG RQ WKH SURJUHVV RI &)' LQ RWKHU ¿HOGV
DUH VXJJHVWHG�

,QWURGXFWLRQ

&XUUHQWO\� FUXGH RLO LV DOPRVW H[FOXVLYHO\ XVHG IRU SURGXFLQJ WUDQVSRUWDWLRQ
IXHOV ZRUOGZLGH� ,Q IDFW� PRUH WKDQ ��� RI WUDQVSRUWDWLRQ IXHO QHHGV DUH PHW ZLWK
FUXGH RLO ���� 7R UHGXFH RXU VROH GHSHQGHQFH RQ FUXGH RLO WR PHHW WUDQVSRUWDWLRQ

� ���� $PHULFDQ &KHPLFDO 6RFLHW\
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QHHGV� DQG WR OLPLW WKH HQYLURQPHQWDO LPSDFW RI FUXGH RLO XVDJH VXFK DV JUHHQKRXVH
JDV HPLVVLRQV� PDQ\ FRXQWULHV DQG UHJLRQV DUH UDSLGO\ GHYHORSLQJ DQG GHSOR\LQJ
ELRIXHOV DQG KDYH VHW VRPH YHU\ DJJUHVVLYH JRDOV IRU QHDU�WHUP GHSOR\PHQW� )RU
H[DPSOH� WKH (8 KDV PDQGDWHG WKDW ELRIXHOV DFFRXQW IRU ��� RI WUDQVSRUWDWLRQ IXHO
XVH E\ ���� ���� )XUWKHUPRUH� WKH 8QLWHG 6WDWHV KDV VHW ERWK D QHDU�WHUP JRDO RI
D ��� UHGXFWLRQ LQ ���� JDVROLQH XVDJH E\ ����� WR EH PHW SUHGRPLQDQWO\ ZLWK
LQFUHDVHG ELRIXHOV SURGXFWLRQ ���� DV ZHOO DV D ORQJ WHUP ³��[��´ JRDO WR GLVSODFH
��� RI WKH ���� JDVROLQH GHPDQG ZLWK ELRIXHOV E\ ���� ����

$OWKRXJK PDQ\ FRXQWULHV DUH UDSLGO\ GHSOR\LQJ ELRIXHOV� WKLV ¿UVW ZDYH RI
GHYHORSPHQW IRFXVHV DOPRVW H[FOXVLYHO\ RQ ¿UVW�JHQHUDWLRQ ELRIXHOV WHFKQRORJLHV
WKDW XWLOL]H IRRG� RU IHHG�EDVHG IHHGVWRFNV� %UD]LO DQG WKH 8QLWHG 6WDWHV DUH UDSLGO\
PRYLQJ IRUZDUG ZLWK GHYHORSLQJ DQG GHSOR\LQJ HWKDQRO WHFKQRORJ\� ZLWK %UD]LO
XVLQJ VXJDUFDQH DV WKH IHHGVWRFN DQG WKH 8QLWHG 6WDWHV XVLQJ FRUQ� %UD]LOLDQ VXJDU
FDQH HWKDQRO LV JHQHUDOO\ UHJDUGHG DV KDYLQJ OLWWOH WR QR LPSDFW RQ SULPDU\ IRRG
VXSSOLHV DQG SULFHV� EHFDXVH %UD]LO KDV LQFUHDVHG LWV VXJDU FDQH SURGXFWLRQ WR
PRUH WKDQ RIIVHW WKH DPRXQW RI VXJDU GLYHUWHG WR HWKDQRO SURGXFWLRQ� +RZHYHU�
IRRG VXSSO\ DQG SULFH FRQFHUQV KDYH EHHQ UDLVHG DERXW FRUQ HWKDQRO SURGXFWLRQ
LQ WKH 8QLWHG 6WDWHV ���� EHFDXVH FRUQ JUDLQ LV DQ LPSRUWDQW IRRG DQG DQLPDO IHHG
FRPPRGLW\� 7KH (8� WKH ODUJHVW ELRGLHVHO SURGXFHU� XVHV UDSHVHHG RLO DV LWV PDLQ
IHHGVWRFN DQG DJDLQ FRQFHUQV DERXW IDWV DQG RLOV VXSSOLHV DQG SULFHV KDYH EHHQ
UDLVHG RYHU WKH GLYHUVLRQ RI UDSHVHHG RLO WR ELRGLHVHO SURGXFWLRQ�

%HFDXVH RI WKHVH FRQFHUQV DQG WKH RYHUDOO OLPLWDWLRQV RI ¿UVW�JHQHUDWLRQ
ELRIXHOV WHFKQRORJ\ SULPDULO\ GXH WR IHHGVWRFN UHVWULFWLRQV� DGYDQFHG RU
VHFRQG�JHQHUDWLRQ ELRIXHOV WHFKQRORJLHV� EDVHG RQ VXVWDLQDEOH� QRQ�IRRG VRXUFHV
RI IHHGVWRFNV� ZLOO EH UHTXLUHG WR PHHW DJJUHVVLYH YROXPH JRDOV IRU ELRIXHOV
GHSOR\PHQW ���� 6HYHUDO GLIIHUHQW WHFKQRORJLHV H[LVW ��±�� IRU FRQYHUWLQJ
FHOOXORVLF ELRPDVV WR ELRIXHOV� 7KH SUHGRPLQDQW GLIIHUHQWLDWLRQ EHWZHHQ WKH
FRQYHUVLRQ RSWLRQV LV WKH SULPDU\ FDWDO\VLV V\VWHP ���� %LRFKHPLFDO FRQYHUVLRQ
URXWHV UHO\ RQ ELRFDWDO\VWV� VXFK DV HQ]\PHV DQG PLFURELDO FHOOV� LQ DGGLWLRQ
WR KHDW DQG FKHPLFDOV� WR FRQYHUW ELRPDVV ¿UVW WR DQ LQWHUPHGLDWH PL[HG VXJDU
VWUHDP DQG WKHQ WR HWKDQRO RU RWKHU IHUPHQWDWLRQ�SURGXFHG ELRIXHO� &RQYHUVHO\�
WKHUPRFKHPLFDO FRQYHUVLRQ WHFKQRORJLHV UHO\ RQ KHDW DQG�RU SK\VLFDO FDWDO\VWV
WR FRQYHUW ELRPDVV WR DQ LQWHUPHGLDWH JDV RU OLTXLG� IROORZHG E\ DQ DGGLWLRQDO
FRQYHUVLRQ VWHS WR WUDQVIRUP WKDW LQWHUPHGLDWH WR D ELRIXHO� 7KHUPRFKHPLFDO
FRQYHUVLRQ SURFHVVHV ZLOO SOD\ D GHWHUPLQLQJ UROH LQ WKH GHYHORSPHQW DQG
GHSOR\PHQW RI VHFRQG JHQHUDWLRQ ELRIXHOV� EHFDXVH WKH\ RIIHU VLJQL¿FDQW
DGYDQWDJHV� VXFK DV WKH DELOLW\ WR UREXVWO\ KDQGOH D ZLGH UDQJH RI IHHGVWRFNV�
DQG WKH\ DUH FDSDEOH RI SURGXFLQJ YDULRXV W\SHV RI WUDQVSRUWDWLRQ IXHOV� %LRIXHOV
SURGXFWLRQ YLD WKHPRFKHPLFDO DSSURDFKHV VKRZV JUHDW SURPLVH IRU EHLQJ
HFRQRPLFDOO\ FRPSHWLWLYH ZLWK FRQYHQWLRQDO SHWUROHXP GHULYHG JDVROLQH DQG
GLHVHO ��� LQ ERWK WKH QHDU DQG ORQJ WHUP� $GGLWLRQDOO\� WKH HFRQRPLFV RI
ELRIXHOV SURGXFWLRQ YLD WKHUPRFKHPLFDO DSSURDFKHV FRPSDUH IDYRUDEO\ ZLWK WKH
HFRQRPLFV RI RWKHU ELRPDVV�WR�ELRIXHOV FRQYHUVLRQ URXWHV� VXFK DV ELRFKHPLFDO
DSSURDFKHV �����

7KHUPRFKHPLFDO FRQYHUVLRQ WHFKQRORJLHV IRU SURGXFLQJ WUDQVSRUWDWLRQ IXHOV
FDQ EH FDWHJRUL]HG DV HLWKHU JDVL¿FDWLRQ RU S\URO\VLV ����� *DVL¿FDWLRQ LV D
FRPSOHWH GHSRO\PHUL]DWLRQ RI ELRPDVV ZLWK OLPLWHG R[\JHQ DW KLJK WHPSHUDWXUHV�
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W\SLFDOO\ ! ����&� WR D JDVHRXV LQWHUPHGLDWH V\QWKHVLV JDV �V\QJDV� FRQVLVWLQJ RI
+� DQG &2� $ UHYLHZ RI WKH H[LVWLQJ W\SHV RI JDVL¿HUV DQG WKHLU UHODWLYH DGYDQWDJHV
DQG GLVDGYDQWDJHV IRU WUDQVSRUWDWLRQ IXHO SURGXFWLRQ LV SURYLGHG E\ 6SDWK DQG
'D\WRQ ����� 3\URO\VLV� RQ WKH RWKHU KDQG� LV WKH PLOGHU GHSRO\PHUL]DWLRQ
RI ELRPDVV SURGXFLQJ D OLTXLG LQWHUPHGLDWH �S\URO\VLV RLO RU ³ELR�RLO´� LQ WKH
DEVHQFH RI DGGHG R[\JHQ DW ORZHU WHPSHUDWXUHV� W\SLFDOO\ LQ WKH UDQJH RI ����&
WR ����&� 'HWDLOHG UHYLHZV RI S\URO\VLV WHFKQLTXHV DQG WKHLU FXUUHQW WHFKQLFDO
VWDWXV DUH SURYLGHG E\ %ULGJZDWHU DQG 3HDFRFNH ���� DQG &]HUQLN DQG %ULGJZDWHU
����� $OWKRXJK WKHUH DUH D QXPEHU RI JDVL¿FDWLRQ DQG S\URO\VLV SURFHVVHV XQGHU
GHYHORSPHQW ����� ÀXLGL]HG EHG SURFHVVHV DUH DWWUDFWLYH IRU FRQYHUWLQJ ELRPDVV
���� EHFDXVH WKH\ DUH HDVLO\ VFDODEOH� YHU\ UREXVW� DQG GR QRW UHTXLUH VLJQL¿FDQW
VL]H UHGXFWLRQ RI WKH IHHGVWRFN� ZKLFK FDQ EH SUREOHPDWLF IRU ELRPDVV�

&XUUHQW 6WDWH RI 'HYHORSPHQW DQG 5HVHDUFK 1HHGV

'ULYHQ E\ D ZRUOGZLGH GHVLUH WR GHYHORS VHFRQG�JHQHUDWLRQ ELRIXHOV DQG WKH
KLJK SRWHQWLDO RIIHUHG E\ WKHUPRFKHPLFDO FRQYHUVLRQ WHFKQRORJLHV� FRQVLGHUDEOH
SURJUHVV KDV EHHQ DFKLHYHG IRU ERWK JDVL¿FDWLRQ DQG S\URO\VLV URXWHV IRU ELRIXHOV
SURGXFWLRQ ����� 'HVSLWH WKHVH DGYDQFHV� VRPH WHFKQLFDO FKDOOHQJHV VWLOO QHHG WR
EH VROYHG WR HQDEOH ODUJH�VFDOH LQGXVWULDOL]DWLRQ RI WKHVH SURFHVVHV �����

2QH RI WKH ELJ FKDOOHQJHV DVVRFLDWHG ZLWK HLWKHU ÀXLGL]HG�EHG JDVL¿FDWLRQ
RU S\URO\VLV LV WKH KLJK YDULDELOLW\ LQ UHDFWRU SHUIRUPDQFHV� QRWLFHDEO\ LQFUHDVLQJ
WKH ULVNV DVVRFLDWHG ZLWK WKH GHYHORSPHQW RI LQGXVWULDO�VFDOH IDFLOLWLHV� )RU
H[DPSOH� )LJXUH � VKRZV WKH K\GURJHQ�WR�FDUERQ PRQR[LGH UDWLR DV D IXQFWLRQ RI
WKH RSHUDWLQJ WHPSHUDWXUH UHSRUWHG LQ WKH OLWHUDWXUH IRU VHYHUDO H[LVWLQJ ELRPDVV
JDVL¿FDWLRQ ÀXLGL]HG�EHG UHDFWRUV� +\GURJHQ�WR�FDUERQ PRQR[LGH UDWLR LV D
FULWLFDO RXWSXW SDUDPHWHU IRU OLTXLG IXHO V\QWKHVLV� DQG VWLOO� YDULDWLRQV RI QHDUO\ DQ
RUGHU RI PDJQLWXGH DUH REVHUYHG� ZKLFK FDQQRW EH H[SODLQHG E\ WKH FXUUHQW VWDWH
RI XQGHUVWDQGLQJ RI WKHVH V\VWHPV�

$QRWKHU FKDOOHQJH LV WKH LVVXH RI XQGHVLUDEOH WDU SURGXFWLRQ� ,Q WKLV FRQWH[W�
WKH WHUP ³WDU´ UHIHUV WR WKH FRPSOH[ PL[WXUH RI RUJDQLF FRPSRXQGV WKDW DUH
SURGXFHG E\ HLWKHU ELRPDVV JDVL¿FDWLRQ RU S\URO\VLV� ,Q IXHO V\QWKHVLV RSHUDWLRQV�
WDUV DUH HVSHFLDOO\ SUREOHPDWLF� EHFDXVH LI WKH\ DUH QRW IXOO\ UHDFWHG WR SURGXFW
JDVHV RU UHPRYHG� WKH\ FDQ FRQGHQVH DQG UDSLGO\ IRXO GRZQVWUHDP HTXLSPHQW�
VLJQL¿FDQWO\ GHFUHDVLQJ WKH RYHUDOO HI¿FLHQF\ RI WKH FRQYHUVLRQ SURFHVV� 7KH
XOWLPDWH QDWXUH RI WKH WDU SURGXFHG IURP JDVL¿FDWLRQ RU S\URO\VLV LV D FRPELQDWLRQ
RI SULPDU\ WDU IRUPDWLRQ DQG VHFRQGDU\ WDU UHDFWLRQV WKDW DOWHU ERWK WKH WRWDO
DPRXQW DQG FRPSRVLWLRQ RI WDUV SURGXFHG ����� $OWKRXJK D FRQVLGHUDEOH DPRXQW
RI ZRUN KDV IRFXVHG RQ DGGUHVVLQJ WKH WDU SURGXFWLRQ SUREOHP� WKH RYHUZKHOPLQJ
PDMRULW\ RI WKLV SUHYLRXV ZRUN WHQGV WR IDOO LQ WZR GLVWLQFW FDWHJRULHV� WKH XVH RI
FDWDO\VWV WR SUHYHQW RU UHGXFH WDU IRUPDWLRQ LQ WKH ÀXLGL]HG EHG ���� ���� RU WKH XVH
RI GRZQVWUHDP WDU�UHIRUPLQJ FDWDO\VWV WR UHIRUP WKH WDUV LQWR DGGLWLRQDO V\QJDV
���� ���� +RZHYHU� D IXQGDPHQWDO XQGHUVWDQGLQJ RI WKH FKHPLFDO DQG SK\VLFDO
SURFHVVHV UHVSRQVLEOH IRU WDU IRUPDWLRQ LV HVVHQWLDO WR GHYHORS HI¿FLHQW DQG YLDEOH
FRQWURO VWUDWHJLHV�

&RPSXWDWLRQDO ÀXLG G\QDPLFV �&)'� KDV EHHQ UHFRJQL]HG DV D SRZHUIXO
GHVLJQ DQG GHYHORSPHQW WRRO LQ PDQ\ LQGXVWULDO DUHDV� )RU H[DPSOH� VSHFWDFXODU
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)LJXUH �� 5HSRUWHG K\GURJHQ�WR�FDUERQ PRQR[LGH UDWLRV IURP H[LVWLQJ
ÀXLGL]HG�EHG JDVL¿HUV� �VRXUFHV� ���±����

SURJUHVV KDV EHHQ PDGH LQ DLUFUDIW GHVLJQ WKDW HQDEOHG D GHHS XQGHUVWDQGLQJ
RI FUXFLDO SURFHVVHV VXFK DV ODPLQDU WR WXUEXOHQW WUDQVLWLRQV� DQG ÀXLG�VWUXFWXUH
LQWHUDFWLRQV IRU H[WHUQDO ÀRZV� RU WXUEXOHQFH�FKHPLVWU\ LQWHUDFWLRQV� ÀDPH
VWDELOLW\ DQG SROOXWDQW IRUPDWLRQ IRU HQJLQHV� OHDGLQJ WR WKH FRPSXWDWLRQDO
H[SORUDWLRQ RI QRYHO� PRUH HI¿FLHQW GHVLJQV ���±���� 7KHVH DGYDQFHV LQ QXPHULFDO
WHFKQLTXHV� DSSOLHG WR ELRPDVV WKHUPRFKHPLFDO FRQYHUVLRQ V\VWHPV� SURYLGH D
XQLTXH RSSRUWXQLW\ WR LPSURYH &)' SUHGLFWLYH FDSDELOLWLHV DQG PRYH EH\RQG WKH
VWULFWO\ HPSLULFDO VWUDWHJLHV WKDW KDYH VKRZQ VHYHUH OLPLWDWLRQV LQ WHUPV RI FRVW�
ÀH[LELOLW\� UHDFWRU VFDOH�XS� DQG RSWLPL]DWLRQ RI UHDFWRU GHVLJQ DQG RSHUDWLQJ
FRQGLWLRQV�

7KLV FKDSWHU ZLOO IRFXV RQ WKH PRGHOLQJ RI WKH ÀXLGL]HG�EHG UHDFWRU
LWVHOI� GLVUHJDUGLQJ WKH VXEVHTXHQW WDU�UHIRUPLQJ DQG IXHO�V\QWKHVLV SURFHVVHV�
3HUIRUPDQFH GXULQJ WKLV ¿UVW VWDJH LV FUXFLDO WR WKH RYHUDOO SURFHVV� DV LW GHWHUPLQHV
WKH H[WHQW DQG FRVW RI WKH WUHDWPHQWV UHTXLUHG WR FOHDQ DQG FRQGLWLRQ WKH V\QWKHVLV
JDV SULRU WR SRZHU JHQHUDWLRQ RU IXHO V\QWKHVLV� 7KH ÀXLGL]HG�EHG UHDFWRU
FRPELQHV PRVW RI WKH SRVVLEOH SKHQRPHQD LQYROYHG LQ WKHUPDO FRQYHUVLRQ�
LQFOXGLQJ K\GURG\QDPLFV� FKHPLFDO SURFHVVHV DQG KHDW UHOHDVH� LQ D VLQJOH XQLW
RSHUDWLRQ� 7KHUHIRUH� SURJUHVV LQ WKLV DUHD ZLOO KHOS GHYHORS FRPSUHKHQVLYH
PRGHOV WKDW HQFRPSDVV WKH DGGLWLRQDO XQLWV QHFHVVDU\ IRU WKH JDVL¿FDWLRQ RU
S\URO\VLV RI ELRPDVV� )RU LQVWDQFH� LQ WKH FDVH RI LQGLUHFW JDVL¿FDWLRQ� PRGHOLQJ
KHDW SURGXFWLRQ WKURXJK FKDU FRPEXVWLRQ LQ DQ DQQH[ UHDFWRU FDQ GLUHFWO\ WDNH
DGYDQWDJH RI WKH PXOWLSKDVH UHDFWLYH PRGHOV GHYHORSHG IRU WKH JDVL¿HU� $FFXUDWH�
YDOLGDWHG PRGHOLQJ RI ELRPDVV EHKDYLRU LQ ÀXLGL]HG�EHG UHDFWRUV LV WKH FUXFLDO
QH[W VWHS IRU DGYDQFLQJ FRPSXWDWLRQDO PRGHOLQJ LQ ELRPDVV JDVL¿FDWLRQ DQG
S\URO\VLV�

7KH VHFWLRQV LQ WKLV UHYLHZ LQFOXGH D GHVFULSWLRQ RI ELRPDVV JDVL¿FDWLRQ
SURFHVVHV DQG H[LVWLQJ QXPHULFDO DSSURDFKHV WKDW PD\ EH XVHG WR PRGHO WKHP�
WKH UROH RI &)' LQ UHDFWRU DQG SURFHVV GHVLJQ DQG RSWLPL]DWLRQ� DQG WKH VWHSV
QHFHVVDU\ WR WUDQVODWH GHVFULSWLYH &)' LQWR SUHGLFWLYH PRGHOV�
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%LRPDVV 7KHUPRFKHPLFDO &RQYHUVLRQ 3URFHVVHV DQG 0RGHOLQJ
3K\VLFDO DQG &KHPLFDO &KDUDFWHULVWLFV RI %LRPDVV *DVL¿FDWLRQ

7KH ¿UVW VWHS RI ELRPDVV JDVL¿FDWLRQ RFFXUV ZKHQ SHOOHWL]HG ELRPDVV HQWHUV D
ÀXLGL]HG�EHG UHDFWRU �)LJXUH ��� $ ÀXLGL]HG�EHG UHDFWRU FRQVLVWV RI D EHG RI LQHUW
PDWHULDO VXFK DV ROLYLQH VDQG� ZKLFK LV ÀXLGL]HG E\ LQMHFWLQJ D JDVHRXV PHGLXP
IURP WKH ERWWRP� 7KH EXEEOLQJ RU WXUEXOHQW PRWLRQ RI WKH EHG HQVXUHV JRRG
PL[LQJ SURSHUWLHV DQG XQLIRUP KHDW GLVWULEXWLRQ� 6XSHUKHDWHG VWHDP LV XVXDOO\
XVHG WR FUHDWH ÀXLGL]DWLRQ ZKHQ JDVL¿FDWLRQ LV GHVLUHG� DV LW DFWLYHO\ FRQWULEXWHV WR
FRQYHUVLRQ WR V\QJDV� %LRPDVV LV LQMHFWHG LQWR WKH UHDFWRU� HLWKHU DW WKH ERWWRP RU
WRS RI WKH EHG� DQG LV TXLFNO\ KHDWHG E\ WKH KRW ÀRZLQJ JDV DQG WKURXJK FROOLVLRQV
ZLWK WKH KRW VDQG�

7KH ¿UVW VWDJHV RI JDVL¿FDWLRQ DUH VLPLODU WR WKRVH RI S\URO\VLV� )LUVW� ZDWHU
FRQWDLQHG LQ WKH ELRPDVV HYDSRUDWHV� 7KHQ� YRODWLOHV DUH UHOHDVHG� SURGXFLQJ
SHUPDQHQW JDVHV DQG SULPDU\ WDU� OHDYLQJ EHKLQG ¿[HG FDUERQ LQ WKH IRUP RI
FKDU� 3ULPDU\ SURGXFWV XQGHUJR IXUWKHU GHFRPSRVLWLRQ ERWK LQVLGH WKH ELRPDVV
SDUWLFOH DQG LQ WKH JDV SKDVH� 7KH FRPSRVLWLRQ RI WKH JDV UHOHDVHG IURP WKH
ELRPDVV DV ZHOO DV WKH DPRXQW RI FDUERQ OHIW LQ WKH FKDU LV KLJKO\ GHSHQGHQW
RQ ERWK WKH LQWUD�SDUWLFOH WKHUPDO DQG FKHPLFDO SURFHVVHV DQG WKH FRXSOLQJ ZLWK
WKH H[WHUQDO ÀRZ� *DV ÀRZ LQ WKH UHDFWRU DQG SDUWLFOH FROOLVLRQV SURYLGH KHDW
DQG FDUU\ DZD\ GHYRODWLOL]DWLRQ SURGXFWV� GULYLQJ WKH ELRPDVV FRQYHUVLRQ WR
V\QJDV� 7R HPSKDVL]H WKH FRXSOLQJ EHWZHHQ DOO WKHVH SURFHVVHV� )LJXUH � VKRZV
WKH VWUXFWXUDO FKDQJHV RFFXUULQJ LQ WKH SODQW FHOO ZDOOV ZKHQ VXEMHFWHG WR LQWHQVH
H[WHUQDO KHDW DV HQFRXQWHUHG LQ ÀXLGL]HG EHGV� :KLOH WKH KHDW�H[SRVHG VLGH �OHIW�
VXIIHUV H[WHQVLYH GHIRUPDWLRQ� WKH LQWHULRU ZDOOV �ULJKW� UHPDLQ QHDUO\ LQWDFW�
&OHDUO\� KHDW DQG PDVV WUDQVIHU LQVLGH WKH SDUWLFOH SOD\V D FUXFLDO UROH LQ ELRPDVV
FRQYHUVLRQ� DQG QHHG WR EH WDNHQ FDUHIXOO\ LQWR DFFRXQW LQ &)' WR FRUUHFWO\
GHVFULEH JDVL¿FDWLRQ DQG S\URO\VLV�

6RPH SKHQRPHQD� VLPLODU WR WKRVH EULHÀ\ RXWOLQHG DERYH� FDQ EH IRXQG LQ
RWKHU HQJLQHHULQJ DSSOLFDWLRQV LQ ZKLFK &)' PLJKW EH DW D PRUH DGYDQFHG VWDJH
DQG� WKHUHIRUH� KDYH EHHQ DOUHDG\ VWXGLHG H[WHQVLYHO\� 2WKHUV DUH VSHFL¿F WR
ELRPDVV FRQYHUVLRQ� DQG WKH DYDLODEOH ZRUN PRVWO\ FRQFHQWUDWHV RQ ORFDO� GHWDLOHG
PRGHOLQJ WKDW KDV EHHQ UDUHO\ SRUWHG LQWR &)' FRGHV� 7KHUHIRUH� DV LOOXVWUDWHG
LQ )LJXUH �� FDSWXULQJ WKH FRPSOH[ G\QDPLFV RI WKH PXOWLSKDVH UHDFWLQJ ÀRZV
HQFRXQWHUHG LQ D ÀXLGL]HG�EHG JDVL¿HU UHTXLUHV FRPELQLQJ D VLJQL¿FDQW QXPEHU
RI PRGHOV IURP YDULRXV EDFNJURXQGV DQG OHYHOV RI DFFXUDF\ DQG LGHQWLI\LQJ DQG
KDQGOLQJ SRWHQWLDO LQWHUDFWLRQV WKDW PD\ H[LVW EHWZHHQ WKHVH PRGHOV� 1H[W� ZH
JLYH D VKRUW GHVFULSWLRQ RI HDFK RI WKH SURFHVVHV DQG H[LVWLQJ PRGHOV WKDW FDQ EH
DSSOLHG LQ WKH FRQWH[W RI ÀXLGL]HG EHGV�

+\GURG\QDPLFV RI 3DUWLFOH�/DGHQ )ORZV

6ROLG 3KDVH 'HVFULSWLRQ

*DV�VROLG ÀXLGL]HG EHGV� FKDUDFWHUL]HG E\ WKHLU H[FHOOHQW PL[LQJ DQG KHDW
WUDQVIHU SURSHUWLHV� DUH XVHG LQ D ZLGH YDULHW\ RI FKHPLFDO DQG HQJLQHHULQJ
LQGXVWULDO SURFHVVHV ����� 7KH RYHUDOO G\QDPLF RI WKHVH V\VWHPV LV GRPLQDWHG E\
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)LJXUH �� 6FKHPDWLF RI D ÀXLGL]HG EHG UHDFWRU

ODUJH�VFDOH VWUXFWXUHV VXFK DV EXEEOHV DQG UHFLUFXODWLRQ UHJLRQV DORQJ WKH ZDOOV�
ZKLFK� LQ WXUQ� DUH FRQWUROOHG E\ LQWHUDFWLRQV DW WKH SDUWLFOH VFDOH� $OWKRXJK
UREXVW DQG DFFXUDWH QXPHULFDO PHWKRGV KDYH EHHQ GHYHORSHG RYHU WKH \HDUV
IRU VLQJOH�SKDVH ÀRZV LQYROYLQJ D JDV RU D OLTXLG� VXFK PHWKRGV DUH VWLOO LQ WKH
GHYHORSPHQW VWDJH IRU PXOWLSKDVH ÀRZV RU ÀRZV LQYROYLQJ D SDUWLFXODWH SKDVH�
,Q D UHFHQW UHYLHZ RI H[LVWLQJ QXPHULFDO PRGHOV IRU JDV�VROLG ÀXLGL]HG EHGV� 9DQ
GHU +RHI HW DO� ���� LGHQWL¿HG ¿YH PDMRU FODVVHV RI PHWKRGV EDVHG RQ WKH VWUDWHJ\�
HLWKHU (XOHULDQ RU /DJUDQJLDQ� XVHG WR GHVFULEH WKH JDV SKDVH DQG WKH VROLG
SKDVH� UHVSHFWLYHO\� $PRQJ WKHP� WKH WZR�ÀXLG PRGHO �7)0� DQG WKH XQUHVROYHG
GLVFUHWH SDUWLFOH PRGHO �'30� KDYH EHHQ WKH WRSLFV RI D YHU\ ODUJH QXPEHU RI
VWXGLHV� %RWK DSSURDFKHV XVXDOO\ PDNH WKH DVVXPSWLRQ RI FRQVWDQW VL]H� VSKHULFDO
SDUWLFOHV�

7)0 ���� IROORZV D (XOHU�(XOHU DSSURDFK WKDW FRQVLGHUV ERWK SKDVHV
DV FRQWLQXRXV LQWHUSHQHWUDWLQJ PHGLD GHVFULEHG XVLQJ 1DYLHU�6WRFNHV�W\SH
FRQVHUYDWLRQ HTXDWLRQV� +RZHYHU� DOWKRXJK HDVLO\ LPSOHPHQWHG LQ SUH�H[LVWLQJ
&)' FRGHV DQG UHODWLYHO\ FRPSXWDWLRQDOO\ LQH[SHQVLYH� WKLV PHWKRG UHTXLUHV
DOO SURFHVVHV DW WKH SDUWLFOH VFDOH� VXFK DV GUDJ� FROOLVLRQ DQG IULFWLRQ IRUFHV�
DQG KHWHURJHQHRXV FKHPLVWU\ WR EH LQFOXGHG DV SKDVH�LQWHUDFWLRQ WHUPV LQWR WKH
JRYHUQLQJ HTXDWLRQV� &ORVXUHV DUH REWDLQHG XVLQJ WKH NLQHWLF WKHRU\ RI JUDQXODU
ÀRZV ���� RU H[SHULPHQWDO FRUUHODWLRQ� IRU H[DPSOH IRU WKH ÀXLG�VROLG GUDJ IRUFH
���� ����

7ZR�ÀXLG PHWKRGV FDQ EH H[WHQGHG IRU SRO\GLVSHUVH� SDUWLFOH�ODGHQ ÀRZV
LQYROYLQJ SDUWLFOH VL]H GLVWULEXWLRQV DQG HYROYLQJ SDUWLFOH VL]HV E\ XVLQJ WKH
PRUH JHQHUDO DQG ULJRURXV IUDPHZRUN RI WKH PHWKRGV RI PRPHQWV� (TXDWLRQV
DUH GHULYHG IRU D SDUWLFOH QXPEHU GHQVLW\ DQG LWV PRPHQWV� FRQGLWLRQHG RQ VL]H�
GHQVLW\ RU YHORFLW\ ����� $OWKRXJK PRVWO\ DSSOLHG WR GLOXWH VROLG�SKDVH V\VWHPV
VXFK DV VSUD\V ����� UHFHQW GHYHORSPHQWV IRFXVHG RQ WKH GHQVH JUDQXODU ÀRZV
IRXQG LQ ÀXLGL]HG EHGV �����
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)LJXUH �� 6WUXFWXUDO FKDQJHV LQ D KHDWHG ELRPDVV SDUWLFOH� �FRXUWHV\ RI 'UV� 7�
+DDV DQG %� 'RQRKRH� 1DWLRQDO 5HQHZDEOH (QHUJ\ /DERUDWRU\� *ROGHQ� &2�

)LJXUH �� 0RGHOLQJ RI SK\VLFDO DQG FKHPLFDO SURFHVVHV LQWHUDFWLRQV LQ ELRPDVV
WKHUPRFKHPLFDO FRQYHUVLRQ�

'30 PHWKRGV� RQ WKH RWKHU KDQG� XVH /DJUDQJLDQ SDUWLFOH WUDFNLQJ WR
GHVFULEH WKH VROLG SKDVH� LQ ZKLFK HDFK SDUWLFOH LV WUDQVSRUWHG IROORZLQJ 1HZWRQ¶V
ODZV RI PRWLRQ �)LJXUH ��� 3DUWLFOHV DUH W\SLFDOO\ YHU\ VPDOO FRPSDUHG WR WKH
JDV ÀRZ FRPSXWDWLRQDO FHOOV� 7KHUHIRUH� GHWDLOV RI WKH ÀRZ DURXQG WKH SDUWLFOH
DUH QRW UHVROYHG� DQG GUDJ IRUFHV QHHG WR EH PRGHOHG LQ D VLPLODU ZD\ DV LQ
7)0� +RZHYHU� FROOLVLRQV EHWZHHQ SDUWLFOHV DUH FRQVLGHUHG H[SOLFLWO\ XVLQJ�IRU
H[DPSOH� KDUG�VSKHUH ���� RU VRIW�VSKHUH ���� ��� FROOLVLRQ PRGHOV� 3RURVLW\ LV
WDNHQ LQWR DFFRXQW E\ LQWURGXFLQJ WKH YRLG IUDFWLRQ LQ WKH JDV�SKDVH JRYHUQLQJ
HTXDWLRQV� 'XH WR WKH YHU\ ODUJH QXPEHU RI SDUWLFOHV LQYROYHG LQ ÀXLGL]HG EHGV�
'30 DSSURDFKHV PD\ EHFRPH SURKLELWLYHO\ H[SHQVLYH DQG DUH DSSOLHG PRVW RIWHQ
LQ WZR�GLPHQVLRQDO FRQ¿JXUDWLRQV�
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)LJXUH �� '30 VLPXODWLRQ RI EXEEOH IRUPDWLRQ LQ D ÀXLGL]HG EHG�

*DV 3KDVH &RXSOLQJ

,Q PRVW SUDFWLFDO DSSOLFDWLRQV� WKH JDV ÀRZ LV IXOO\ WXUEXOHQW DQG PXVW EH
WUHDWHG DGHTXDWHO\ WR REWDLQ PHDQLQJIXO UHVXOWV� 0DWXUH WHFKQLTXHV GHYHORSHG
IRU DHURQDXWLFV RU LQWHUQDO HQJLQH ÀRZV PD\ EH H[WHQGHG WR FKHPLFDO UHDFWRUV�
'HSHQGLQJ RQ WKH UHTXLUHG UHVROXWLRQ RI WKH VROXWLRQ DQG WKH FRPSXWDWLRQDO
UHVRXUFHV� 5H\QROGV DYHUDJH HTXDWLRQV ���� �5$16� RU /DUJH (GG\ 6LPXODWLRQ
���� �/(6� PD\ EH XVHG� 7KH IRUPHU VROYHV IRU WKH PHDQ TXDQWLWLHV RI WKH
ÀRZ ZKLOH PRGHOLQJ WKH ÀXFWXDWLRQV� ZKHUHDV WKH ODWWHU FDQ EH VHHQ DV D ¿OWHU
RSHUDWLRQ� UHVROYLQJ WKH ODUJH� HQHUJ\�FRQWDLQLQJ VFDOHV DQG PRGHOLQJ WKH VPDOOHVW
VFDOHV� 5$16 PHWKRGV DUH FRPSXWDWLRQDOO\ DIIRUGDEOH� DV WKH\ XVXDOO\ UHTXLUH
RQO\ D IHZ DGGLWLRQDO HYROXWLRQ HTXDWLRQV� FRPSDUHG WR ODPLQDU FRQ¿JXUDWLRQV�
IRU WKH NLQHWLF HQHUJ\ DQG HGG\ GLVVLSDWLRQ UDWH� /(6 VLPXODWLRQV DUH PRUH
H[SHQVLYH EHFDXVH WKH\ GHPDQG D KLJKHU JULG UHVROXWLRQ� EXW SURYLGH D PXFK
PRUH DFFXUDWH GHVFULSWLRQ RI WKH XQVWHDG\� ODUJH�VFDOH SURFHVVHV�

7KH LQWHUDFWLRQV EHWZHHQ JDV DQG SDUWLFOHV FDQ KDYH D VLJQL¿FDQW LPSDFW RQ WKH
WXUEXOHQFH LQWHQVLW\ RI WKH ÀRZ WKURXJK� DQG LQFUHDVH WKH DSSDUHQW JDV YLVFRVLW\
����� 3UHFLVHO\ PRGHOLQJ WKH JDV�SDUWLFOH FRXSOLQJV LV LPSRUWDQW WR DFFXUDWHO\
FDSWXUH WKH PL[LQJ SURSHUWLHV RI WKH EHG� ZKLFK DUH H[SHFWHG WR KDYH D SUHGRPLQDQW
LPSDFW RQ WKH RYHUDOO UHDFWRU SHUIRUPDQFHV� $ GHWDLOHG UHYLHZ RI WKH QXPHULFDO
DVSHFWV DVVRFLDWHG ZLWK JDV�VROLG FRXSOLQJ LQ SDUWLFOH�ODGHQ ÀRZV LV JLYHQ LQ &XUWLV
HW DO� �����
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5HDFWLYH 3DUWLFOHV

7R VLPXODWH ELRPDVV FRQYHUVLRQ� D GHVFULSWLRQ RI WKH FRPSOH[ FKHPLFDO
SURFHVVHV QHHGV WR EH FRPELQHG ZLWK WKH DERYH PRGHOV IRU WKH K\GURG\QDPLFV
RI ÀXLGL]HG�EHG UHDFWRUV� 7KH FKHPLVWU\ RI ELRPDVV FRQYHUVLRQ KDV EHHQ WKH
WRSLF RI PDQ\ H[SHULPHQWDO DQG PRGHOLQJ VWXGLHV UHYLHZHG E\ 'L %ODVL ����
DPRQJ RWKHUV� 0RVW VWXGLHV IRFXV RQ WKH KHWHURJHQHRXV UHDFWLRQV DVVRFLDWHG ZLWK
ELRPDVV GHYRODWLOL]DWLRQ� 7KH\ RIWHQ UHO\ RQ NLQHWLFDOO\ FRQWUROOHG H[SHULPHQWV
SURYLGLQJ ZHLJKW PDVV ORVV DV D IXQFWLRQ RI WLPH RU WHPSHUDWXUH ���±���� 7KH
UHVXOWLQJ GDWD DUH XVHG WR GHULYH NLQHWLF UDWHV IRU JOREDO VFKHPHV LQYROYLQJ RQO\
D IHZ UHSUHVHQWDWLYH FRPSRXQGV DQG UHDFWLYH VWHSV� .LQHWLF FRQWURO� KRZHYHU� LV
QRW UHSUHVHQWDWLYH RI WKH FRQGLWLRQV IRXQG LQ UHDOLVWLF UHDFWRUV DQG PLJKW HYHQ EH
GLI¿FXOW WR HQVXUH LQ WKH H[SHULPHQWV ����� ,QVWHDG� KHDW WUDQVIHU WR DQG LQVLGH WKH
UHDFWLYH SDUWLFOH E\ FRQGXFWLRQ� FRQYHFWLRQ� DQG UDGLDWLRQ LV RIWHQ WKH OLPLWLQJ
SURFHVV� +RZHYHU� WKH GHWDLOV RI KHDW WUDQVIHU LQVLGH WKH UHDFWRU DUH PXFK PRUH
GLI¿FXOW WR TXDQWLI\ H[SHULPHQWDOO\� 7R XQGHUVWDQG KHDW WUDQVIHU EHWWHU� NLQHWLF
GDWD FDQ EH FRXSOHG WR RQH�GLPHQVLRQDO SDUWLDO GLIIHUHQWLDO HTXDWLRQV GHVFULELQJ
WKH WHPSHUDWXUH HYROXWLRQ LQVLGH WKH SDUWLFOH� 0RVW RI WKHVH VLPXODWLRQV DUH GRQH
RQ RQH VLQJOH SDUWLFOH LQ DQ LQ¿QLWH GRPDLQ� DQG WKH UHVXOWV ODUJHO\ GHSHQG RQ
WKH NLQG RI DVVXPSWLRQV LQWURGXFHG ���±���� :KHQ PRUH UHDOLVWLF FRQ¿JXUDWLRQV
DUH FRQVLGHUHG� KHDW WUDQVIHU LV RIWHQ PRGHOHG XVLQJ FRUUHODWLRQV EDVHG RQ D IHZ
FKDUDFWHULVWLF GLPHQVLRQOHVV QXPEHUV VXFK DV WKH 1XVVHOW �UDWLR RI FRQGXFWLYH WR
FRQYHFWLYH KHDW WUDQVIHU� DQG 6KHUZRRG �UDWLR RI FRQYHFWLYH WR GLIIXVLYH PDVV
WUDQVIHU� QXPEHUV ���� ���� $OWKRXJK YHU\ FRQYHQLHQW WR XVH� WKHVH PRGHOV KDYH
EHHQ VKRZQ WR EH LQDGHTXDWH� HVSHFLDOO\ IRU GHQVH JUDQXODU ÀRZV �����

&RPSDUDWLYHO\ IHZ V\VWHPDWLF VWXGLHV LQWR WKH QDWXUH RU NLQHWLFV RI JDV�SKDVH
WDU IRUPDWLRQ IURP ELRPDVV GHYRODWLOL]DWLRQ SURGXFWV KDYH EHHQ FRQGXFWHG�
7DUDODV DQG .RQWLRPLQDV ���� ORRNHG DW VHFRQGDU\ S\URO\VLV RI YDSRUL]HG
XQVDWXUDWHG K\GURFDUERQV LQ WKH SUHVHQFH RI ZDWHU YDSRU DQG R[\JHQ XVLQJ WROXHQH
DQG EHQ]HQH DV PRGHO FRPSRXQGV� 0RUI HW DO� ���� SHUIRUPHG D PHFKDQLVWLF
VWXG\ RI SULPDU\ DQG VHFRQGDU\ WDU UHDFWLRQV DQG FRQFOXGHG WKDW VHFRQGDU\ WDU
UHDFWLRQV EHFRPH LPSRUWDQW DW WHPSHUDWXUHV KLJKHU WKDQ ����&� 7KHVH VWXGLHV
KDYH MXVW EHJXQ WR DGGUHVV WKH LPSRUWDQW LVVXH RI WDU IRUPDWLRQ� DQG PRUH GHWDLOHG
ZRUN QHHGV WR EH SHUIRUPHG LQ WKLV LPSRUWDQW DUHD�

&)' &RQWULEXWLRQ WR 3URFHVV 'HVLJQ DQG 2SWLPL]DWLRQ

&)' DSSHDUV DV D FRVW�HIIHFWLYH RSWLRQ WR H[SORUH YDULRXV FRQ¿JXUDWLRQV
DQG RSHUDWLQJ FRQGLWLRQV GLUHFWO\ DW WKH LQGXVWULDO VFDOH WR ¿QG WKH RSWLPDO
FRQ¿JXUDWLRQ GHSHQGLQJ RQ WKH SURMHFW VSHFL¿FDWLRQV� +RZHYHU� &)' UHVXOWV
DUH RQO\ YDOLG LI DSSURSULDWH FKHPLFDO DQG SK\VLFDO PRGHOV DUH GHYHORSHG DQG
YDOLGDWHG XVLQJ ODE�VFDOH H[SHULPHQWV DQG UREXVW QXPHULFDO PHWKRGV DUH XVHG�
,Q WKH FDVH RI LQGLUHFW JDVL¿FDWLRQ� WKH RSWLPDO FRQ¿JXUDWLRQ FRUUHVSRQGV WR
PLQLPXP WDU FRQWHQW LQ WKH V\QJDV� ZKHUHDV LQ WKH FDVH RI S\URO\VLV� WKH WDU RXWSXW
QHHGV WR EH PD[LPL]HG� 7KLV WUDQVODWHV LQWR GLIIHUHQW RSHUDWLQJ WHPSHUDWXUHV
DQG JDV UHVLGHQFH WLPH LQVLGH WKH UHDFWRU� +RZHYHU� LW PXVW EH HPSKDVL]HG
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WKDW ELRPDVV S\URO\VLV DQG JDVL¿FDWLRQ LQ D ÀXLGL]HG�EHG LQYROYH WKH VDPH
VPDOO�VFDOH SKHQRPHQD� 7KHUHIRUH� ERWK W\SHV RI FRQYHUVLRQ FDQ EH VWXGLHG
VLPXOWDQHRXVO\ DQG HIIHFWLYHO\ XVLQJ &)'� SURYLGLQJ D YHUVDWLOLW\ WKDW FDQQRW EH
IRXQG LQ H[SHULPHQWDO DSSURDFKHV� 7KH DGYDQWDJHV RI XVLQJ &)' LQ FRQMXQFWLRQ
ZLWK ZHOO�GHVLJQHG YDOLGDWLRQ H[SHULPHQWV DUH JLYHQ EHORZ� QDPHO\ D JOREDO
XQGHUVWDQGLQJ RI WKH ODUJH�VFDOH LPSDFW RI ORFDO SKHQRPHQD� WKH LGHQWL¿FDWLRQ RI
WKH PRVW VHQVLWLYH SDUDPHWHUV� DQG JXLGHOLQHV IRU WKH LQGXVWULDO VFDOH�XS RI QHZ
UHDFWRUV�

1XPHULFDO ([SHULPHQWV

$V PHQWLRQHG HDUOLHU� D FXUUHQW OLPLWDWLRQ RI ELRPDVV JDVL¿FDWLRQ LQ D
ÀXLGL]HG�EHG UHDFWRU LV WKH KLJK WDU OHYHO LQ WKH SURGXFW JDV� FDXVLQJ IRXOLQJ DQG
KD]DUGRXV ZDVWH� &RVWO\ FOHDQLQJ WUHDWPHQWV WR FRQWURO WKH WDU FRQWHQW RI WKH
H[LWLQJ JDV DUH XVXDOO\ DSSOLHG GRZQVWUHDP� $Q DSSHDOLQJ DSSURDFK ZRXOG EH
WR GLUHFWO\ RSWLPL]H WKH JDVL¿HU GHVLJQ DQG RSHUDWLQJ FRQGLWLRQV WR WKH ELRPDVV
SURSHUWLHV IRU PLQLPDO WDU SURGXFWLRQ� 7DU IRUPDWLRQ LQYROYHV D ORW RI GLIIHUHQW
VWHSV RFFXUULQJ DW GLIIHUHQW WLPH DQG OHQJWK VFDOHV� 3ULPDU\ WDUV DUH IRUPHG
WKURXJK ELRPDVV GHYRODWLOL]DWLRQ LQVLGH WKH EHG� ZKLFK LV KLJKO\ VHQVLWLYH WR WKH
ORFDO KHDW WUDQVIHU EHWZHHQ WKH VDQG DQG ELRPDVV SDUWLFOHV DQG JDV ÀRZ DURXQG
WKH SDUWLFOHV� 3ULPDU\ WDU PROHFXOHV DUH WKHQ WUDQVSRUWHG DFURVV WKH UHDFWRU� ZKHUH
WKHLU GHFRPSRVLWLRQ DQG IXUWKHU UHDFWLRQV WR IRUP VHFRQGDU\ WDUV GHSHQG RQ WKH
WHPSHUDWXUH SUR¿OH� UHVLGHQFH WLPH LQ WKH JDV SKDVH� DQG WXUEXOHQFH LPSDFW RQ
UHDFWLRQ UDWHV� 'HYHORSLQJ HI¿FLHQW FRQWURO VWUDWHJLHV UHTXLUHV XQGHUVWDQGLQJ LQ
GHWDLO HDFK RI WKHVH VWHSV DQG KRZ WKH\ DUH FRXSOHG ZLWK WKH ODUJHU VFDOH ÀRZ
SKHQRPHQD KDSSHQLQJ LQ WKH UHDFWRU� +RZHYHU� WKH W\SHV RI PHDVXUHPHQW WKDW
FDQ EH GRQH RQ D IXOO�VFDOH UHDFWRU DUH FRQVLGHUDEO\ UHVWULFWHG� EHFDXVH YLVXDO
DFFHVV LQVLGH D WKUHH�GLPHQVLRQDO ÀXLGL]HG�EHG UHDFWRU LV YHU\ OLPLWHG� DQG WKH
GHQVH JDV�VROLG PL[WXUH LV GLI¿FXOW WR VDPSOH ZLWKRXW GLVUXSWLRQ� ,Q PRVW FDVHV�
RQO\ JOREDO WLPH�DYHUDJHG GDWD DUH DYDLODEOH� VXFK DV H[LW JDV FRPSRVLWLRQ� ÀRZ
UDWH� DQG WHPSHUDWXUH� 7R DFFHVV LQWHUQDO GHWDLOV� VRPH VPDOO�VFDOH SURFHVVHV
KDYH EHHQ H[WHQVLYHO\ VWXGLHG LQ ZHOO�FRQWUROOHG HQYLURQPHQWV� 7KH\ LQFOXGH
ELRPDVV GHYRODWLOL]DWLRQ� QRQ�UHDFWLYH SDUWLFOH FROOLVLRQV� DQG JDV�SKDVH FKHPLFDO
UHDFWLRQV� &)' RIIHUV D XQLTXH RSSRUWXQLW\ WR LQFRUSRUDWH WKHVH IXQGDPHQWDO
UHVXOWV LQWR D ODUJHU VFDOH IUDPHZRUN� LQ ZKLFK SURFHVV LQWHUDFWLRQV FDQ EH VWXGLHG�

3DUDPHWHUL]DWLRQ RI WKH VLPXODWHG FRQ¿JXUDWLRQV HQDEOHV VHQVLWLYLW\ DQDO\VLV
VWXGLHV� QRUPDOO\ DQ H[SHQVLYH DQG KLJKO\ WLPH�FRQVXPLQJ SURFHVV ZKHQ
SHUIRUPHG H[SHULPHQWDOO\� 6HQVLWLYLW\ DQDO\VLV VKRXOG EH FRQGXFWHG ZLWK WZR
REMHFWLYHV LQ PLQG� LGHQWLI\LQJ WKH OLPLWLQJ VWHSV� DQG SURYLGLQJ JXLGHOLQHV IRU
IXUWKHU GHWDLOHG PRGHOLQJ� DV VLJQL¿FDQW SURJUHVV ZLOO EH DFKLHYHG LI WKH PRVW
LPSRUWDQW DQG VHQVLWLYH SURFHVVHV DUH FRUUHFWO\ DQG DFFXUDWHO\ PRGHOHG ¿UVW�
,GHQWLI\LQJ WKH OLPLWLQJ SURFHVVHV DQG IRFXVLQJ RQ GHYHORSLQJ DFFXUDWH PRGHOV
IRU WKHP DUH FUXFLDO VWHSV WRZDUG RSWLPL]LQJ ELRPDVV JDVL¿FDWLRQ� DV WKH\ ZLOO
GHWHUPLQH WKH H[LW JDV FRPSRVLWLRQ DQG WKH DPRXQW RI FKDU OHIW EHKLQG�

7KH &)' FDSDELOLWLHV RXWOLQHG DERYH UHTXLUH WKDW HYHU\ FRPSRQHQW RI WKH
ZKROH &)' PRGHO EH H[WHQVLYHO\ YDOLGDWHG� ZKLFK ZLOO EH GHWDLOHG LQ D ODWHU
VHFWLRQ�
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5HDFWRU 6FDOH�8S

&)' PRGHOV EDVHG RQ ¿UVW SULQFLSOHV VKRXOG EH DEOH WR SUHGLFW DFFXUDWHO\ WKH
JDV�VROLG K\GURG\QDPLFV DW DOO VFDOHV� SURYLGHG WKDW D WKRURXJK YDOLGDWLRQ RI WKH
FRGH KDV EHHQ SHUIRUPHG� $ IXQGDPHQWDO FKDOOHQJH IDFHG ZKHQ WU\LQJ WR GHYHORS
QHZ LQGXVWULDO�VFDOH UHDFWRUV EDVHG RQ ODERUDWRU\ UHVXOWV LV WKH VFDOH�XS SUREOHP�
6FDOLQJ ODZV EDVHG RQ FRQVHUYLQJ QRQ�GLPHQVLRQOHVV QXPEHUV IURP RQH VFDOH WR
DQRWKHU DUH RIWHQ WRR VLPSOLVWLF RU RYHUO\ FRQVWUDLQLQJ WR EH UHOLDEOH� 7KH OLPLWHG
VXFFHVV RI WKH VFDOLQJ DSSURDFK FRPHV IURP WKH IDFW WKDW WKH K\GURG\QDPLF RI
ÀXLGL]HG�EHG UHDFWRUV LV QRW VFDOH�VLPLODU EHFDXVH WKH\ LQYROYH VFDOH�UHODWHG
SKHQRPHQD� H�J�� EXEEOH G\QDPLFV DQG ZDOO HIIHFWV� ZKLFK SURPRWH EHWWHU PL[LQJ
LQ VPDOO UHDFWRUV ����� ,QVWHDG� VFDOH�XS LV XVXDOO\ GRQH XVLQJ RQH�GLPHQVLRQDO
PRGHOV WKDW LQFRUSRUDWH VLPSOH GHVFULSWLRQV RI WKH PL[LQJ SURFHVVHV DQG KHDW
WUDQVIHU DORQJ WKH UHDFWRU� +RZHYHU� D SLORW VFDOH LV RIWHQ UHTXLUHG EHWZHHQ WKH ODE
DQG IXOO�VFDOH UHDFWRUV� DV WKHVH VLPSOL¿HG PRGHOV KDYH OLWWOH SUHGLFWDELOLW\ �����
0LQLPL]LQJ RU VNLSSLQJ SLORW�SODQW YDOLGDWLRQ RI VFDOH XS WKURXJK VWUDWHJLF XVH RI
&)' PRGHOV ZRXOG UHSUHVHQW ERWK FDSLWDO FRVW DQG WLPH�WR�PDUNHW VDYLQJV� $OVR�
WKH ULVN DVVRFLDWHG ZLWK GHYHORSLQJ D QHZ LQGXVWULDO IDFLOLW\ ZRXOG EH VLJQL¿FDQWO\
UHGXFHG� PDNLQJ LW PRUH DWWUDFWLYH WR LQYHVWRUV�

6HYHUDO LQLWLDO DWWHPSWV KDYH EHHQ PDGH WR XVH &)' WR KHOS ZLWK VFDOH XS�
/DWKRXZHUV DQG %HOODQ ���� QXPHULFDOO\ VWXGLHG WKH LPSDFW RI UHDFWRU VFDOH�XS
IRU ELRPDVV S\URO\VLV LQ D ÀXLGL]HG EHG� $OWKRXJK QR H[SHULPHQWDO YDOLGDWLRQ
ZDV SUHVHQWHG� WKH\ VKRZHG WKDW LQFUHDVLQJ WKH EHG VL]H QHJDWLYHO\ LPSDFWHG WDU
SURGXFWLRQ DQG WKDW VKDOORZ ÀXLGL]HG EHGV ZLWK KLJK ÀXLGL]DWLRQ YHORFLW\ KDG
EHWWHU VFDODELOLW\ FKDUDFWHULVWLFV� )ROORZLQJ D GLIIHUHQW DSSURDFK� 9DQ 2PPHQ HW
DO� ���� LQYHVWLJDWHG WKH SHUIRUPDQFHV RI GLIIHUHQW VHWV RI VFDOLQJ UXOHV EDVHG RQ
GLPHQVLRQOHVV QXPEHUV XVLQJ &)'� 7KH\ UHSRUWHG ODUJH YDULDWLRQV LQ WKH YRLG
IUDFWLRQ DQG SUHVVXUH GDWD DQG QRWHG WKDW QRQH RI WKH VFDOLQJ ODZV WHVWHG OHG WR
FRPSOHWH VLPLODULW\ EHWZHHQ WKH WZR UHDFWRU VL]HV FRQVLGHUHG� 1R H[SHULPHQWDO
YDOLGDWLRQ ZDV SURYLGHG WR FRUURERUDWH WKH UHVXOWV� (YHQ ZLWKRXW H[SHULPHQWDO
YDOLGDWLRQ� WKHVH PRGHOV VXJJHVW DQ LQWHUHVWLQJ GLUHFWLRQ IRU SLORW�VFDOH ZRUN�
,Q WKHLU UHYLHZ DERXW ÀXLGL]HG�EHG VFDOH�XS� .QRZOWRQ HW DO� ���� UHFRJQL]HG
WKDW &)' LV D SURPLVLQJ DSSURDFK� EXW JLYHQ WKH VWDWH�RI�WKH�DUW LQ QXPHULFDO
PHWKRGV� H[SHULPHQWDO ZRUN LV VWLOO UHTXLUHG IRU VXFFHVVIXO VFDOH XS� :LWK WKH
ULJKW FRPELQDWLRQ RI FRPSXWDWLRQDO DGYDQFHV DQG H[SHULPHQWDO YDOLGDWLRQ� WKLV
PD\ QRW DOZD\V EH WKH FDVH� /LPLWDWLRQV WR WKDW YLVLRQ ZLOO EH KLJKOLJKWHG LQ WKH
QH[W VHFWLRQ�

)URP 'HVFULSWLYH WR 3UHGLFWLYH &)'

7KH SRWHQWLDO RI &)' WHFKQLTXHV LV QRZ ZLGHO\ DFNQRZOHGJHG� +RZHYHU�
WKH PRGHOV DUH QRW DGYDQFHG HQRXJK \HW WR EH FRQVLGHUHG DV D UHOLDEOH DQG
XVHIXO HQJLQHHULQJ WRRO IRU ELRPDVV JDVL¿FDWLRQ RU S\URO\VLV� 7ZR UHDVRQV IRU
WKLV DUH WKH ODFN RI SUHGLFWDELOLW\ DQG OLPLWHG FRPSXWDWLRQDO UHVRXUFHV� ,Q WKH
IROORZLQJ VHFWLRQ� ZH JLYH D EULHI RYHUYLHZ RI WKH GLIIHUHQW DWWHPSWV WR GHYHORS
FRPSUHKHQVLYH &)' JDVL¿FDWLRQ DQG S\URO\VLV PRGHOV� KLJKOLJKWLQJ WKH VWURQJ
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SRLQWV DQG VKRUWFRPLQJV RI HDFK PHWKRG� 7KHQ� WKH REVWDFOHV WKDW QHHG WR EH
RYHUFRPH WR JHW WUXO\ SUHGLFWLYH UHVXOWV ZLOO EH GLVFXVVHG�

([LVWLQJ 0RGHOV

&RPSUHKHQVLYH &)' VLPXODWLRQV RI ELRPDVV JDVL¿FDWLRQ RU S\URO\VLV DUH
VFDUFH� $OWKRXJK WKH FKDOOHQJHV IDFHG LQ FRDO FRQYHUVLRQ DUH VOLJKWO\ GLIIHUHQW
IURP WKRVH HQFRXQWHUHG LQ ELRPDVV FRQYHUVLRQ� WKH QXPHULFDO IUDPHZRUNV UHPDLQ
FORVH� DQG WRROV GHYHORSHG IRU RQH W\SH RI IXHO DUH H[SHFWHG WR EH DSSOLFDEOH IRU
WKH RWKHU ZLWK RQO\ PLQRU FKDQJHV RI WKH QXPHULFDO PHWKRGV UHTXLUHG� 7KHUHIRUH�
DGYDQFHV LQ ERWK GRPDLQV ZLOO EH UHSRUWHG KHUH�

6LPSOL¿HG 0RGHOV

7KH SUHVVLQJ QHHG IRU SUHGLFWLYH WRROV WKDW DUH PRUH VRSKLVWLFDWHG WKDQ
HQJLQHHULQJ FRUUHODWLRQV WR RSWLPL]H RU VFDOH XS H[LVWLQJ WHFKQRORJLHV KDV
OHG WR WKH GHYHORSPHQW RI QXPHURXV VLPSOL¿HG PRGHOV WKDW LQFRUSRUDWH PRVW
SK\VLFDO DQG FKHPLFDO SKHQRPHQD LQWR D VWUHDPOLQHG V\VWHP RI RQH�GLPHQVLRQDO
GLIIHUHQWLDO HTXDWLRQV� 7KHVH HTXDWLRQV UHSUHVHQW WKH HYROXWLRQ RI WKH ELRPDVV
SDUWLFOHV DV WKH\ PRYH DORQJ WKH UHDFWRU� )RU H[DPSOH� *REHO HW DO� ���� GHYHORSHG
D PDWKHPDWLFDO PRGHO IRU D ¿[HG�EHG FRDO JDVL¿HU WKDW LQFOXGHG FRQVHUYDWLRQ
RI PDVV DQG HQHUJ\ DQG UHDFWLRQ NLQHWLFV LQ WKH JDV SKDVH DQG FKDU EDVHG RQ
FKHPLFDO HTXLOLEULXP DQG /DQJPXLU±+LQVKHOZRRG FRUUHODWLRQV� ,QGLYLGXDO
FRPSRQHQWV RI WKH PRGHO ZHUH HLWKHU EDVHG RQ ¿UVW SULQFLSOHV RU GHWHUPLQHG IURP
WKHUPR�JUDYLPHWULF H[SHULPHQWV� 7KH DSSURDFK ZDV YDOLGDWHG DQG LPSOHPHQWHG
LQ D UHDO SODQW� $ VOLJKWO\ PRUH GHWDLOHG DSSURDFK ZDV IROORZHG E\ 5DGPDQHVK HW
DO� ���� WR PRGHO D EXEEOLQJ ÀXLGL]HG�EHG UHDFWRU XQGHU LVRWKHUPDO FRQGLWLRQV�
7KUHH VWDJHV ZHUH VLPXODWHG VXFFHVVLYHO\� 7KH YDULRXV SURGXFW \LHOGV RI ELRPDVV
S\URO\VLV� LQFOXGLQJ D WDU SVHXGR�FRPSRQHQW� VHUYHG DV LQLWLDO FRQGLWLRQV LQ WKH
RQH�GLPHQVLRQDO VLPXODWLRQ RI WKH EHG XVLQJ D FRXQWHUFXUUHQW EDFN�PL[LQJ PRGHO
GHVFULELQJ WKH HYROXWLRQ RI WKH EXEEOH �JDV� DQG HPXOVLRQ �PL[WXUH RI JDV DQG
VROLGV� SKDVHV� 7KLV ZDV IXUWKHU FRPELQHG ZLWK D JDV�SKDVH FKHPLVWU\ PRGHO
GHVFULELQJ WKH WDU FRQYHUVLRQ WR SHUPDQHQW JDVHV DQG UHIUDFWRU\ WDU� 0DLVWUHQNR
HW DO� ���� GHYHORSHG D RQH�GLPHQVLRQDO XQVWHDG\ PRGHO IRU SRO\GLVSHUVH
FRPEXVWLRQ RI FRDO LQ D ÀXLGL]HG EHG ZLWK KHWHURJHQHRXV FKHPLVWU\ LQYROYLQJ
RQO\ D IHZ SHUPDQHQW JDV VSHFLHV�

7KH FRQVHUYDWLRQ HTXDWLRQV DORQJ WKH UHDFWRU D[LV PD\ EH FRXSOHG
WR D RQH�GLPHQVLRQDO GHVFULSWLRQ RI WKH HYROXWLRQ RI WKH UHDFWLYH SDUWLFOH�
XVXDOO\ DVVXPHG WR EH VSKHULFDOO\ V\PPHWULF� $Q H[DPSOH RI VXFK SVHXGR
WZR�GLPHQVLRQDO GLIIHUHQWLDO V\VWHPV LV IRXQG LQ /XR HW DO� ����� ZKR VWXGLHG
ZRRG�ÀDVK S\URO\VLV LQ D ÀXLGL]HG�EHG UHDFWRU� $OO YDULDEOHV ZHUH DVVXPHG WR EH
KRPRJHQHRXV LQ WKH EHG UDGLDO DQG D]LPXWDO GLUHFWLRQV� 9HU\ UHFHQWO\� 3LHUXFFL HW
DO� ���� FRPELQHG WKH VHPL�GHWDLOHG FKHPLVWU\ PRGHO IRU ELRPDVV S\URO\VLV DQG
JDV�SKDVH UHDFWLRQV RI 5DQ]L HW DO� ���� ZLWK D RQH�GLPHQVLRQDO PRGHO IRU PRYLQJ
EHG JDVL¿HUV XVLQJ D PXOWL�]RQH GHVFULSWLRQ RI WKH ELRPDVV SDUWLFOHV� 9DOLGDWLRQ
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ZDV SHUIRUPHG XVLQJ JDV FRPSRVLWLRQ DW WKH H[LW RI D ODE�VFDOH UHDFWRU� DQG UHVXOWV
VKRZHG DFFHSWDEOH DJUHHPHQW EHWZHHQ VLPXODWHG DQG H[SHULPHQWDO GDWD�

$OWKRXJK VRPH RI WKHPRGHOV DERYH KDYH EHHQ XVHG VXFFHVVIXOO\ LQ WKH FRQWH[W
RI UHDO LQGXVWULDO�VFDOH SURFHVVHV� FOHDUO\ WKH DVVXPSWLRQV DQG VLPSOL¿FDWLRQVPDGH
LQ WKHLU GHYHORSPHQW SUHYHQW WKHP IURP EHLQJ H[WHQGHG WR GLIIHUHQW FRQGLWLRQV DQG
FRQ¿JXUDWLRQV� DQG WKH\ SURYLGH RQO\ OLPLWHG LQVLJKW RQ WKH GHWDLOV RI WKH VPDOO�
VFDOH SK\VLFDO SKHQRPHQD UHVSRQVLEOH IRU VRPHPDMRU EHKDYLRU VXFK DV WKH DPRXQW
RI WDU LQ WKH H[LW JDV� 7KHUHIRUH� D PRUH GHWDLOHG FRQVLGHUDWLRQ RI WKRVH SKHQRPHQD
LV HVVHQWLDO�

&)' LQ 5HDOLVWLF &RQ¿JXUDWLRQV

7KH QH[W VWHS WRZDUG SUHGLFWLYH &)' WRROV LQ YDULRXV FRQ¿JXUDWLRQV LV WR UHO\
RQ ¿UVW SULQFLSOHV DQG GLUHFWO\ VROYH WKH FRXSOHG FRQVHUYDWLRQ HTXDWLRQV IRU DOO
YDULDEOHV� 7KH LQFUHDVHG UHVROXWLRQ FRPHV ZLWK DQ LQFUHDVH LQ FRPSXWDWLRQDO FRVW�
DQG PRVW VWXGLHV FDQ DIIRUG RQO\ WZR�GLPHQVLRQDO GRPDLQV� HYHQ IRU FROG�ÀRZ
FRQ¿JXUDWLRQV LQ ZKLFK QR HQHUJ\ RU VSHFLHV FRQVHUYDWLRQ HTXDWLRQ LV VROYHG�
1XPHULFDO VLPXODWLRQV RI FROG ÀXLGL]HG EHGV DUH QXPHURXV� $ WZR�ÀXLG DSSURDFK
LV HPSOR\HG LQ WKH UHFHQW SDSHUV RQ VHJUHJDWLRQ LQ SRO\�GLVSHUVH ÀXLGL]HG EHGV
E\ *HUD HW DO� ����� +XLOLQ HW DO� ����� DQG )DQ DQG )R[ ����� RU LQ WKH ZRUN
RI YDQ :DFKHP HW DO� ����� 3DWLO HW DO� ���� ���� RU 3DSDGLNLV HW DO� ���� RQ
FORVXUH IRUPXODWLRQ DQG YDOLGDWLRQ� 2WKHUV DUH EDVHG RQ D GLVFUHWH SDUWLFOH
DSSURDFK �H�J�� VHH ;X DQG <X ����� 3DWDQNDU HW DO� ����� *ROGVFKPLGW HW DO�
���� IRU WKH VRIW�VSKHUH PRGHO� YRQ :DFKHP HW DO� ���� IRU WKH KDUG�VSKHUH
PRGHO� 6QLGHU ���� IRU D YROXPHWULF DSSURDFK WR SDUWLFOH FROOLVLRQV� RU WKH UHYLHZ
SDSHU RI 'HHQ HW DO� ������ +RZHYHU� YHU\ IHZ VWXGLHV KDYH WDFNOHG WKH FRXSOHG
JDV�VROLGV K\GURG\QDPLF�UHDFWLYH SDUWLFOH SUREOHP FKDUDFWHULVWLF RI ELRPDVV RU
FRDO WKHUPRFKHPLFDO FRQYHUVLRQ V\VWHPV� 7KH IROORZLQJ GHVFULSWLRQ RI VRPH RI
WKH PRVW VLJQL¿FDQW DGYDQFHV LQ WKLV ¿HOG JLYHV D VHQVH RI WKH FKDOOHQJHV VWLOO
IDFHG EHIRUH &)' FDQ EHFRPH D SUHGLFWDEOH DQG UHOLDEOH WRRO�

)OHWFKHU HW DO� ���� ��� SHUIRUPHG D WKUHH�GLPHQVLRQDO VLPXODWLRQ RI FRDO
FRPEXVWLRQ LQ DQ HQWUDLQHG ÀRZ ELRPDVV JDVL¿HU XVLQJ WKH &); SDFNDJH
����� $OWKRXJK WKH HQWUDLQHG ÀRZ UHDFWRU RQO\ LQYROYHV D GLOXWH SDUWLFOH�ODGHQ
ÀRZ ZKHUH FROOLVLRQV KDYH EHHQ QHJOHFWHG� WKH VLPXODWLRQ LQFOXGHV PRVW RI
WKH LPSRUWDQW SURFHVVHV IRXQG LQ ELRPDVV JDVL¿FDWLRQ LQ ÀXLGL]HG EHGV DQG LV
ZRUWK PHQWLRQLQJ KHUH� %LRPDVV SDUWLFOHV DUH WUDFNHG GRZQ WKH UHDFWRU XVLQJ
D /DJUDQJLDQ DSSURDFK� $ SDUWLFOH�VL]H GLVWULEXWLRQ LV SUHVFULEHG� DQG WKH
FRUUHVSRQGLQJ LQLWLDO SDUWLFOH GLDPHWHUV DUH DVVXPHG WR UHPDLQ FRQVWDQW GXULQJ WKH
VLPXODWLRQ� &KHPLVWU\ LV LQFOXGHG XVLQJ D JOREDO NLQHWLF PRGHO LQYROYLQJ RQO\ D
IHZ VSHFLHV� &+�� +�� &2� &2�� +�2� 1�� DQG 2�� EXW FRQVLGHUV GHYRODWLOL]DWLRQ�
KHWHURJHQHRXV FKDU FRQYHUVLRQ� DQG JDV�SKDVH FKHPLVWU\� *DV�SKDVH WXUEXOHQFH
LV PRGHOHG XVLQJ D 5$16 DSSURDFK� DQG WKH HIIHFW RI WXUEXOHQFH RQ ERWK WKH
SDUWLFOHV DQG WKH FKHPLFDO UHDFWLRQV LV WDNHQ LQWR DFFRXQW� 9HU\ OLPLWHG YDOLGDWLRQ
ZDV FDUULHG RXW� ZLWK RQO\ WKH TXDOLWDWLYH H[LW JDV FRPSRVLWLRQ FRPSDUHG ZLWK
H[SHULPHQWDO GDWD�
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/DWKRXZHUV DQG %HOODQ ���� ��� SURSRVHG D FRPSUHKHQVLYH PDWKHPDWLFDO
PRGHO WR GHVFULEH WKH G\QDPLFV RI GHQVH� UHDFWLYH JDV�VROLG PL[WXUHV DQG DSSOLHG
LW WR WKH VLPXODWLRQ RI ELRPDVV S\URO\VLV LQ D ÀXLGL]HG EHG� (QVHPEOH DYHUDJH
HTXDWLRQV DUH GHULYHG IRU HDFK RI WKH JDV DQG YDULRXV VROLGV SKDVHV DQG DSSURSULDWH
FORVXUH PRGHOV DUH IRUPXODWHG� %HFDXVH WKH HTXDWLRQV DUH GHULYHG XVLQJ JHQHUDO
PRPHQW PHWKRGV� WKH\ GR QRW UHTXLUH FHUWDLQ SURSHUWLHV WKDW DUH DVVXPHG LQ RWKHU
WZR�ÀXLG PRGHOV VXFK DV HTXL�SDUWLWLRQ RI JUDQXODU HQHUJ\ DPRQJ WKH SDUWLFOH
FODVVHV� &KHPLVWU\ LV LQFOXGHG LQ WKH IRUP RI WKH NLQHWLF PRGHO IRU ELRPDVV
S\URO\VLV GHYHORSHG E\0LOOHU DQG %HOODQ ����� 7KH ELRPDVV SDUWLFOHV DUH DVVXPHG
WR KDYH D FRQVWDQW GLDPHWHU WKURXJKRXW WKH VLPXODWLRQ� ZKLOH WKH SRURVLW\ RI
WKH VROLGV SKDVH LQFUHDVHV� 1R FRPSDULVRQ ZLWK H[SHULPHQWDO GDWD LV SUHVHQWHG�
KRZHYHU� WKH TXDOLWDWLYH UHVSRQVH RI WKH UHDFWRU LQ WHUPV RI WDU \LHOG DV D IXQFWLRQ
RI SDUDPHWHUV VXFK DV WHPSHUDWXUH LV UHFRYHUHG� 3DUDPHWULF VLPXODWLRQV DUH
SHUIRUPHG DQG GHPRQVWUDWH WKH DELOLW\ RI &)' PRGHOV WR LGHQWLI\ RSWLPDO UHDFWRU
RSHUDWLQJ FRQGLWLRQV DQG DVVLVW LQ WKH VFDOH�XS SURFHVV�

=KRX HW DO� ���� ��� FRXSOHG D VRIW�VSKHUH GLVFUHWH SDUWLFOH PHWKRG ZLWK
/(6 WR GHVFULEH FRDO FRPEXVWLRQ LQ D EXEEOLQJ ÀXLGL]HG�EHG UHDFWRU� 7KH HIIHFW
RI SDUWLFOHV RQ VXE�JULG VFDOH JDV ÀRZ DQG WKH WXUEXOHQW JDV�SDUWLFOH LQWHUDFWLRQ
IRUFH ZHUH WDNHQ LQWR DFFRXQW� 7KH NLQHWLF PRGHO IRU FKDU FRPEXVWLRQ LV EDVHG
RQ D GLVWULEXWHG DFWLYDWLRQ HQHUJ\ DSSURDFK IXQFWLRQ RI WKH KHDWLQJ UDWH� 12[
IRUPDWLRQ EHLQJ D PDMRU FRQFHUQ IRU FRPEXVWLRQ V\VWHPV� QLWURJHQ VSHFLHV
DUH FRQVLGHUHG DORQJ ZLWK &2� &2�� +�2� DQG 2�� 7KH EXUQLQJ FKDU HYROYHV
IROORZLQJ D VKULQNLQJ�FRUH DSSURDFK� LQ ZKLFK SDUWLFOH GHQVLW\ UHPDLQV FRQVWDQW
ZKLOH WKHLU GLDPHWHU GHFUHDVHV DV FRPEXVWLRQ SURFHHGV� 3DUWLFOHV DUH DVVXPHG
WR EH LVRWKHUPDO� 3DUDPHWULF VLPXODWLRQV ZHUH FRQGXFWHG WR VWXG\ WKH KHDWLQJ
DQG VXEVHTXHQW FRPEXVWLRQ RI WKH LQLWLDOO\ FROG FRDO SDUWLFOHV LQWURGXFHG LQ WKH
KRW VDQG EHG� ([FHVV WHPSHUDWXUHV RI WKH EXUQLQJ SDUWLFOHV ZHUH IRXQG WR EH LQ
DJUHHPHQW ZLWK YDOXHV UHSRUWHG LQ WKH OLWHUDWXUH� $OVR� WKH VLPXODWLRQV VKRZHG
WKDW WKH SUHVHQFH RI ODUJH UHDFWLYH SDUWLFOHV VLJQL¿FDQWO\ DIIHFWHG WKH SDUWLFOH
ÀRZ VWUXFWXUH DQG WKDW PRPHQWXP DQG HQHUJ\ ZHUH PDLQO\ H[FKDQJHG WKURXJK
FROOLVLRQV EHWZHHQ SDUWLFOHV UDWKHU WKDQ WKURXJK WKH JDV SKDVH�

0RUH UHFHQWO\� <X HW DO� ���� GHYHORSHG D WZR�ÀXLG PRGHO EDVHG RQ WKH NLQHWLF
WKHRU\ RI JUDQXODU ÀRZ DQG FRXSOHG LW ZLWK D PXOWL�VWHS FKHPLVWU\ PRGHO WR VWXG\
FRDO JDVL¿FDWLRQ LQ D WZR�GLPHQVLRQDO EXEEOLQJ ÀXLGL]HG�EHG JDVL¿HU� 7XUEXOHQFH
LV FDSWXUHG XVLQJ D N�İ 5$16 PRGHO� DQG WKH FRPSHWLWLRQ EHWZHHQ NLQHWLFV DQG
WXUEXOHQW PL[LQJ LV FRQVLGHUHG� 7KH FRDO SDUWLFOHV DUH DVVXPHG WR EH PRQRGLVSHUVH
VSKHUHV RI FRQVWDQW GHQVLW\� (YROXWLRQ RI WKH PDMRU SHUPDQHQW JDV VSHFLHV DUH
LQFOXGHG� DV ZHOO DV &�+�� &�+�� DQG +�6� &DOFXODWHG PROH IUDFWLRQV RI WKH PDMRU
VSHFLHV LQ WKH H[LW JDV ZHUH VKRZQ WR EH LQ JRRG DJUHHPHQW ZLWK H[SHULPHQWDO GDWD
IRU GLIIHUHQW UXQQLQJ FRQGLWLRQV� $ FRPSDUDWLYH VXPPDU\ RI WKHVH VWXGLHV LV JLYHQ
LQ 7DEOH ��
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7DEOH �� &RPSDULVRQ RI WKH PRGHOV XVHG LQ FRPSUHKHQVLYH &)' VWXGLHV RI
ELRPDVV RU FRDO FRQYHUVLRQ GHYLFHV

$XWKRUV /DWKRXZHUV HW DO� =KRX HW DO� <X HW DO� )OHWFKHU HW DO�

5HIHUHQFH ���� ��� ���� ��� ���� ���� ���

)XHO %LRPDVV &RDO &RDO %LRPDVV

$SSOLFDWLRQ 3\URO\VLV LQ
ÀXLGL]HG�EHG

&RPEXVWLRQ
LQ ÀXLGL]HG�

EHG

*DVL¿FDWLRQ
LQ ÀXLGL]HG�

EHG

*DVL¿FDWLRQ
LQ GRZQGUDIW

JDVL¿HU

'LPHQVLRQV � � � �

0XOWLSKDVH (XOHULDQ /DJUDQJLDQ (XOHULDQ /DJUDQJLDQ

7XUEXOHQFH 5$16 /(6 5$16 5$16

&KHPLVWU\ *OREDO�
��FRPSRQHQW

ZRRG� WDU� FKDU� JDV

0XOWL�VWHS�
12[ VSHFLHV

0XOWL�VWHS�
&2� &2��

2�� +�2� +��
&+�� FKDU

0XOWL�VWHS� &2�
&2�� 2�� +�2�
+�� &+�� FKDU

9DOLGDWLRQ
ZLWK

H[SHULPHQWV

1RQH 1RQH 0DMRU
VSHFLHV

FRPSRVLWLRQ
RI H[LW JDV

9HU\ OLPLWHG �H[LW
JDV FRPSRVLWLRQ�

$Q DWWHPSW WR LQWHJUDWH D PRUH FRPSUHKHQVLYH GHVFULSWLRQ RI WKH FRPSOH[
FKHPLVWU\ WDNLQJ SODFH LQ WKH JDV SKDVH LQWR D &)' FRGH LV JLYHQ LQ *HUXQ
HW DO� ����� 7KH\ VWXGLHG WKH LPSDFW RI WDU IRUPDWLRQ RQ WKH WHPSHUDWXUH DQG
YHORFLW\ SDWWHUQV LQ WKH R[LGDWLRQ ]RQH RI D WZR�VWDJH GRZQGUDIW JDVL¿HU XVLQJ D
VHPL�GHWDLOHG PHFKDQLVP IRU D WDU PRGHO FRPSRXQG� SKHQRO� LQ D WZR�GLPHQVLRQDO
D[LV\PPHWULF GRPDLQ� 1R VROLGV ZHUH FRQVLGHUHG� DQG WXUEXOHQFH ZDV PRGHOHG
XVLQJ D 5$16 DSSURDFK FRXSOHG ZLWK DQ HGG\ GLVVLSDWLRQ PRGHO� $ YHU\ SDUWLDO
FRPSDULVRQ ZLWK H[SHULPHQWV ZDV GRQH IRU WKH DYHUDJH JDV WHPSHUDWXUH SUR¿OH
LQVLGH WKH UHDFWRU DQG WDU FRQFHQWUDWLRQ DIWHU WKH R[LGDWLRQ ]RQH�

0RGHO 9HUL¿FDWLRQ DQG 9DOLGDWLRQ

2QH RI WKH PDMRU REVWDFOHV SUHYHQWLQJ D ZLGHU XVH RI &)' WRROV DW ERWK WKH
UHVHDUFK DQG LQGXVWULDO OHYHO LV WKH ODFN RI WKRURXJK YHUL¿FDWLRQ DQG YDOLGDWLRQ RI
WKH H[LVWLQJ PRGHOV� 9HUL¿FDWLRQ LQYROYHV FRQ¿UPLQJ WKH FRUUHFW LPSOHPHQWDWLRQ
RI WKH PRGHO IURP D QXPHULFDO SRLQW RI YLHZ� ZKLOH YDOLGDWLRQ DLPV WR DVVHVV
WKH DELOLW\ RI WKH PRGHO WR UHSUHVHQW WKH DFWXDO SK\VLFDO SURFHVV FRQVLGHUHG �����
*UDFH DQG 7DJKLSRXU ���� SURYLGH D FULWLFDO DQDO\VLV RI WKH FXUUHQW VWDQGDUGV IRU
ÀXLGL]HG�EHG &)' PRGHO YDOLGDWLRQ� KLJKOLJKWLQJ WKH IDFW WKDW YLUWXDOO\ QRQH RI
WKH H[LVWLQJ PRGHOV� DOWKRXJK FODLPHG WR EH YDOLGDWHG ZLWK H[SHULPHQWDO GDWD�
KDYH HQRXJK FUHGLELOLW\ WR EH DSSOLHG EH\RQG WKH PRGHO GHYHORSPHQW VWDJH� 7KH
YDOLGDWLRQ SURFHVV XVXDOO\ IROORZV D KLHUDUFKLFDO DSSURDFK� ZLWK WKH EXLOGLQJ
EORFNV RI WKH &)' PRGHO EHLQJ ¿UVW WHVWHG LQ VLPSOH FRQ¿JXUDWLRQV LQYROYLQJ D
OLPLWHG UDQJH RI SK\VLFDO RU FKHPLFDO SKHQRPHQD� RU IRU ZKLFK WKHRU\ FDQ SURYLGH
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DQDO\WLFDO UHVXOWV� ([DPSOHV RI WKHVH VLPSOHU WHVW FDVHV LQFOXGH WUDQVLHQW LQWHUIDFH
OHYHOV IRU EDWFK VHGLPHQWDWLRQ RI SDUWLFOHV ����� 5H\QROGV QXPEHU DW PLQLPXP
ÀXLGL]DWLRQ FRQGLWLRQV WR YDOLGDWH WKH GUDJ IRUFH PRGHO ����� RU KRSSHU GLVFKDUJH
UDWH WR HYDOXDWH WKH SDUWLFOH IULFWLRQ PRGHO �����

2Q D PRUH JOREDO VFDOH� PRVW H[SHULPHQWDO GDWD RQ WKH K\GURG\QDPLFV
RI ÀXLGL]HG EHGV DUH REWDLQHG LQ SVHXGR�WZR�GLPHQVLRQDO JDV�ÀXLGL]HG EHGV
���� ��� ��� ��� ���� ,W PXVW EH QRWHG WKDW EHFDXVH RI WKH FKDRWLF QDWXUH RI
ÀXLGL]HG�EHG UHDFWRUV� RQO\ ÀRZ VWDWLVWLFV DUH PHDQLQJIXO HQRXJK WR FRPSDUH
EHWZHHQ VLPXODWLRQV DQG H[SHULPHQWV� ,PDJHV IURP WKHVH H[SHULPHQWV DUH HLWKHU
XVHG IRU YLVXDO TXDOLWDWLYH FRPSDULVRQ RU SRVW�WUHDWHG WR H[WUDFW TXDQWLWDWLYH GDWD
VXFK DV DYHUDJH YRLG IUDFWLRQ RU SRURVLW\ DFURVV WKH EHG� EHG KHLJKW� DQG EXEEOH
DYHUDJH GLDPHWHU DQG YHORFLW\� $GGLWLRQDO PHDVXUHPHQWV FDQ EH GRQH IRU EHG
H[SDQVLRQ ���� ��� RU SUHVVXUH ÀXFWXDWLRQV ����� )OXLGL]DWLRQ DQG VHJUHJDWLRQ
KDV EHHQ VWXGLHG H[WHQVLYHO\ IRU ELQDU\ PL[WXUHV ���� DQG FRQWLQXRXV SDUWLFOH
VL]H GLVWULEXWLRQV ����� 0HDVXUHV KDYH EHHQ GHYHORSHG WR TXDQWLI\ WKH H[WHQW RI
VHJUHJDWLRQ LQ D ÀXLGL]HG EHG ����� 7R PHDVXUH WKH JDV WXUEXOHQFH LQ WKH IUHHERDUG
RI D ÀXLGL]HG EHG EHLQJ LQGXFHG E\ EXEEOH EXUVWLQJ DW WKH VXUIDFH RI WKH EHG�
6ROLPHQH HW DO� ���� UHFHQWO\ GHYHORSHG ODVHU GLDJQRVWLFV WR VWXG\ WKH HYROXWLRQ
RI YRUWLFHV JHQHUDWHG E\ D VLQJOH EXEEOH EXUVWLQJ DW WKH VXUIDFH RI WKH EHG� 7KHVH
H[SHULPHQWV SURYLGH TXDQWLWDWLYH PHDVXUHPHQWV RI YRUWH[ GLVSODFHPHQW DQG
FRQFHQWUDWLRQ RI D WUDFHU VSHFLHV� $V LOOXVWUDWHG DERYH� WKH K\GURG\QDPLFV RI
D ÀXLGL]HG EHG DUH H[SHULPHQWDOO\ FKDUDFWHUL]HG RQO\ RQ D JOREDO VFDOH� RIWHQ
IRU VLPSOL¿HG� WZR�GLPHQVLRQDO V\VWHPV� *DV DQG SDUWLFOH YHORFLW\ ÀXFWXDWLRQV
WKURXJKRXW WKH EHG RU WKUHH�GLPHQVLRQDO PHDVXUHPHQWV RI WKH EXEEOH G\QDPLFV
DUH QRW DYDLODEOH� QRU DUH V\VWHPDWLF VWXGLHV RYHU UDQJHV RI ÀXLGL]DWLRQ FRQGLWLRQV�
IRU QRQ�VSKHULFDO SDUWLFOHV RU HYROYLQJ SDUWLFOH VL]H DQG GHQVLW\ GLVWULEXWLRQV� ERWK
FKDUDFWHULVWLF RI ELRPDVV V\VWHPV�

7KH VLWXDWLRQ LV HYHQ PRUH FULWLFDO IRU UHDFWLYH V\VWHPV� IRU ZKLFK YHU\ OLWWOH
GHWDLOHG H[SHULPHQWDO GDWD LV DYDLODEOH� $YHUDJH H[LW JDV ÀRZ UDWH DQG FRPSRVLWLRQ
FDQ EH HDVLO\ PHDVXUHG DQG FRPSDUHG WR &)' UHVXOWV ����� 5DGPDQHVK HW DO�
���� PHDVXUHG WKH HYROXWLRQ RI WKH JDV FRPSRVLWLRQ DORQJ D ÀXLGL]HG�EHG UHDFWRU
GXULQJ ELRPDVV JDVL¿FDWLRQ IRU YDULRXV FRQGLWLRQV LQ WHUPV RI EHG WHPSHUDWXUH
DQG HTXLYDOHQFH UDWLR� 2QO\ WRWDO GU\ JDV \LHOG DQG PDMRU SHUPDQHQW JDV VSHFLHV
ZHUH SURYLGHG� 9DQ 3DDVHQ HW DO� ���� SURYLGH FRPSUHKHQVLYH WDU PHDVXUHPHQWV
IURP ELRPDVV JDVL¿FDWLRQ LQ ¿[HG DQG ÀXLGL]HG EHGV� +RZHYHU� JDV VDPSOHV
ZHUH QRW WDNHQ LQVLGH WKH UHDFWRU� EXW DIWHU D F\FORQH� ZKLFK PLJKW QRW EH GLUHFWO\
FRPSDUDEOH ZLWK &)' VLPXODWLRQV� 1XPHURXV VWXGLHV RI ZRRG GHYRODWLOL]DWLRQ
KDYH EHHQ FRQGXFWHG WR PHDVXUH GHYRODWLOL]DWLRQ WLPH DQG FKDU \LHOG IRU YDULRXV
IHHGVWRFN� SDUWLFOH VL]HV DQG VKDSHV LQ ÀXLGL]HG EHGV� E\ 6UHHNDQWK HW DO� ����� 'L
%ODVL DQG %UDQFD ����� :DQJ HW DO� ����� DQG GH 'LHJR HW DO� ����� IRU ODUJH ZRRG
F\OLQGHUV RU FXERLGV� 8VLQJ RQH VLQJOH PRGHO IRU GHYRODWLOL]DWLRQ WLPH� 6UHHNDQWK
HW DO� ���� VKRZHG WKDW WKRVH PHDVXUHPHQWV ZHUH FRQVLVWHQW ZLWK HDFK RWKHU�
-DQG HW DO� ����� SHUIRUPHG GHYRODWLOL]DWLRQ RI D ¿QLWH QXPEHU RI VPDOOHU ZRRG
SDUWLFOHV LQ D ÀXLGL]HG EHG� &RQGLWLRQV ZHUH GHVLJQHG VR WKDW WKH GHYRODWLOL]DWLRQ
FKHPLVWU\ RFFXUUHG LQVLGH WKH SDUWLFOH� WKHUHIRUH OLPLWLQJ WKH H[WUD�SDUWLFOH DQG
JDV�SKDVH FRQYHUVLRQ RI YRODWLOHV WR SHUPDQHQW JDVHV DQG VHFRQGDU\ WDU� &KDU
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\LHOG PHDVXUHPHQWV� SHUPDQHQW JDV FRPSRVLWLRQV� DQG DPRXQW RI WDU LQ WKH H[LW
JDV ZHUH UHSRUWHG�

+RZHYHU� HYHQ LI PRGHOV GHVFULELQJ PXOWLSOH SDUWLFOHV VKRXOG UHPDLQ
DQ H[WHQVLRQ RYHU VLQJOH�SDUWLFOH PRGHOV� WKH RQH�DW�D�WLPH SDUWLFOH IHHGLQJ
DSSURDFK XVHG LQ PRVW RI WKHVH H[SHULPHQWV FDXVHV VLJQL¿FDQW SUREOHPV IRU &)'�
SUHYHQWLQJ WKH FRUUHVSRQGLQJ H[SHULPHQWDO GDWD IURP EHLQJ XVHG IRU ULJRURXV
PRGHO YDOLGDWLRQ� 2Q RQH KDQG� (XOHULDQ WHFKQLTXHV DUH QRW GHVLJQHG WR KDQGOH D
¿QLWH QXPEHU RI SDUWLFOHV� DV WKH DYHUDJH VROLG IUDFWLRQ RQ ZKLFK WKH FRQVHUYDWLRQ
HTXDWLRQV DUH EDVHG EHFRPHV LOO GH¿QHG LQ WKH OLPLW RI YHU\ IHZ SDUWLFOHV� 2Q WKH
RWKHU KDQG� PRVW /DJUDQJLDQ PHWKRGV DVVXPH D VPDOO SDUWLFOH GLDPHWHU FRPSDUHG
WR WKH JDV�SKDVH FRPSXWDWLRQDO JULG� 7KLV DVVXPSWLRQ EUHDNV GRZQ ZKHQ ODUJH
SDUWLFOHV DUH JDVL¿HG LQ PRGHUDWH VL]H ÀXLGL]HG EHGV� ,Q WKDW FDVH� WZR�ZD\
FRXSOLQJ EHWZHHQ JDV DQG SDUWLFOHV QHHGV WR EH UHYLVHG ������ 0RUHRYHU� VLQJOH
SDUWLFOHV LQMHFWHG RQ WRS RI D EHG FDQ UHPDLQ RQ WRS� VLQN WR WKH ERWWRP RI WKH
EHG RU EH FDXJKW LQ D UHFLUFXODWLRQ UHJLRQ� 7KHVH GLIIHUHQW WUDMHFWRULHV LQYROYH
GLIIHUHQW W\SHV RI SK\VLFDO SURFHVVHV DQG GLIIHUHQW KHDW WUDQVIHU PRGHV� 7KHUHIRUH�
LW LV YHU\ XQOLNHO\ WKDW (XOHU�/DJUDQJH &)' VLPXODWLRQ RI D VLQJOH�SDUWLFOH
JDVL¿FDWLRQ PDWFKHV ZKDW KDSSHQHG LQ WKH H[SHULPHQWV� $ VWDWLVWLFDO WUHDWPHQW
QHHGV WR EH DGRSWHG� VXFK DV 0RQWH�&DUOR VLPXODWLRQV� ZKHUH WKH VDPH SURFHVV LV
VLPXODWHG D ODUJH QXPEHU RI WLPH IURP VOLJKWO\ GLIIHUHQW LQLWLDO FRQGLWLRQV ������
$OVR� YHU\ OLWWOH LV NQRZQ DERXW WKH HYROXWLRQ RI ELRPDVV SDUWLFOH VL]H� GHQVLW\�
SRURVLW\ DQG FRPSRVLWLRQ GXULQJ JDVL¿FDWLRQ� HYHQ LI WKRVH YDULDEOHV DUH H[SHFWHG
WR JUHDWO\ LPSDFW ERWK WKH K\GURG\QDPLFV RI WKH EHG DQG SURGXFWV UHOHDVH DV D
IXQFWLRQ RI WLPH�

$QRWKHU LPSRUWDQW DVSHFW RI &)' YDOLGDWLRQ XVLQJ UHDFWLYH EHG H[SHULPHQWDO
GDWD� VXFK DV H[LW JDV FRPSRVLWLRQ� LV WKH IDFW WKDW WKHVH GDWD DUH WKH UHVXOWV RI
D ODUJH QXPEHU RI GLIIHUHQW SURFHVVHV WKDW FDQQRW EH GLVWLQJXLVKHG IURP RQH
DQRWKHU� 7KHUHIRUH� D JRRG DJUHHPHQW IRU WKH RXWSXW JDV FRPSRVLWLRQ EHWZHHQ
D &)' VLPXODWLRQ DQG VRPH VHW RI H[SHULPHQWDO GDWD PD\ EH WKH UHVXOW RI HUURU
FRPSHQVDWLRQ� $JDLQ� D UHDVRQDEOH ZD\ WR YDOLGDWH D &)' PRGHO LV WR SURFHHG
KLHUDUFKLFDOO\ IURP PXFK VLPSOHU FRQ¿JXUDWLRQV LQYROYLQJ RQO\ D IHZ SURFHVVHV
DQG FRQVLGHULQJ D ZLGH YDULHW\ RI H[SHULPHQWDO UHVXOWV� +RZHYHU� HYHQ WKLV
DSSURDFK PLJKW SURYH GLI¿FXOW� )RU LQVWDQFH� PDQ\ NLQHWLF GDWD RQ ELRPDVV
GHYRODWLOL]DWLRQ PD\ QRW KDYH EHHQ REWDLQHG XQGHU ULJRURXV NLQHWLF FRQWURO�
FDVWLQJ GRXEW RQ WKHLU YDOLGLW\ �����

&RPSXWDWLRQDO 5HVRXUFHV DQG 0RGHOLQJ &KDOOHQJHV

6LPXODWLQJ LQGXVWULDO�VL]H ÀXLGL]HG�EHG UHDFWRUV ZKLOH FRQVLGHULQJ DOO
SK\VLFDO DQG FKHPLFDO SURFHVVHV LQYROYHG LV D IDQWDVWLF WDVN� HYHQ VXSSRVLQJ WKDW
DOO DSSURSULDWH PRGHOV KDYH EHHQ GHYHORSHG� 7KH PXOWL�VFDOH QDWXUH RI WKH ÀRZ
UHTXLUHV HLWKHU D YHU\ ¿QH PHVK UHVROXWLRQ RU DGHTXDWH VXE�JULG VFDOH PRGHOV�
&ROG /DJUDQJLDQ VLPXODWLRQV� RULJLQDOO\ GHYHORSHG IRU WZR�GLPHQVLRQDO EHGV
����� KDYH YHU\ UDUHO\ EHHQ DSSOLHG WR WKUHH�GLPHQVLRQDO EHGV DQG XVXDOO\ LQYROYH
RQO\ D IHZ WKRXVDQGV SDUWLFOHV� YHU\ IDU IURP WKH DFWXDO QXPEHU IRXQG LQ UHDOLVWLF
V\VWHPV DQG QRW VXI¿FLHQW WR GHULYH JRRG VWDWLVWLFDO GDWD� 7R FLUFXPYHQW WKLV
FRPSXWDWLRQDO OLPLWDWLRQ DQG PRYH WRZDUG PRUH UHDOLVWLF VLPXODWLRQV� SDUWLFOHV
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ZLWK VLPLODU FKDUDFWHULVWLFV PD\ EH JURXSHG LQWR SDUFHOV ����� 6WLOO� WKH SUREOHP
LV H[DFHUEDWHG E\ WKH ZLGH SDUWLFOH�VL]H GLVWULEXWLRQ IXQFWLRQV XVXDOO\ IRXQG LQ
ELRPDVV VDPSOHV�

7R GHDO ZLWK SDUWLFOH�VL]H GLVWULEXWLRQV� /DJUDQJLDQ PHWKRGV UHTXLUH HYHQ
PRUH QRWLRQDO SDUWLFOHV WR FRUUHFWO\ UHSUHVHQW WKH GLVWULEXWLRQ IXQFWLRQ� ZKLOH (XOHU
PHWKRGV RIWHQ FRQVLGHU VHSDUDWH FRQVHUYDWLRQ HTXDWLRQV IRU HDFK SDUWLFOH FODVV�
7KLV DSSURDFK TXLFNO\ EHFRPHV FRPSOLFDWHG� DV FORVXUH WHUPV DQG LQWHUDFWLRQV
PXVW EH GH¿QHG IRU HDFK SDUWLFOH FODVV DQG DVVXPSWLRQV KDYH WR EH PDGH RQ
SDUWLFOH YHORFLW\ GLVWULEXWLRQV ������ 6LPSOH ELQDU\ PL[WXUHV ZHUH LQYHVWLJDWHG
DQG FRPSDUHG WR H[SHULPHQWDO GDWD XVLQJ WKLV DSSURDFK ������ $ YHU\ SURPLVLQJ
PHWKRG FDOOHG TXDGUDWXUH PHWKRG RI PRPHQWV� RU 4020� UHSUHVHQWV WKH SDUWLFOH
VL]H GLVWULEXWLRQ DV D FROOHFWLRQ RI ZHLJKWHG GHOWD IXQFWLRQV IRU ZKLFK VHSDUDWH
HYROXWLRQ HTXDWLRQV FDQ EH VROYHG ������ 3DUWLFOH PL[LQJ DQG VHJUHJDWLRQ LQ D
ÀXLGL]HG EHG ZLWK D FRQWLQXRXV SDUWLFOH VL]H GLVWULEXWLRQ ZHUH LQYHVWLJDWHG DQG
WKH UHVXOWV FRPSDUHG IDYRUDEO\ ZLWK GHWDLOHG '30 VLPXODWLRQV �����

,QFRUSRUDWLQJ GHWDLOHG FKHPLVWU\ LQWR D &)' FRGH LV DOVR YHU\ FRPSXWDWLRQDOO\
H[SHQVLYH� DV LW LQWURGXFHV PDQ\ DGGLWLRQDO FRQVHUYDWLRQ HTXDWLRQV IRU HDFK RI
WKH VSHFLHV FRQVLGHUHG� ZKLFK LQ WXUQ UHTXLUHV OHQJWK\ HYDOXDWLRQ RI WKH FKHPLFDO
VRXUFH WHUPV DQG PD\ OHDG WR VSDFH DQG WLPH VFDOHV PXFK VPDOOHU WKDQ WKRVH
RI WKH K\GURG\QDPLF SURFHVVHV� 2QFH UHDFWLYH WLPH�VFDOHV GRPLQDWH� WKH WLPH
VWHSV DQG JULG VSDFLQJ DUH GUDPDWLFDOO\ UHVWULFWHG� 9LUWXDOO\ DOO &)' VWXGLHV
RI UHDFWLYH ÀXLGL]HG EHGV KDYH FRQVLGHUHG RQO\ JOREDO FRQYHUVLRQ VWHSV RU
PXOWL�VWHS NLQHWLF VFKHPHV LQYROYLQJ RQO\ D IHZ PDMRU VSHFLHV� 9HU\ UHFHQWO\�
5DQ]L HW DO� ���� SURSRVHG WKH ¿UVW VHPL�GHWDLOHG NLQHWLF PRGHO IRU ELRPDVV
FRQYHUVLRQ FRQWDLQLQJ VHYHUDO KXQGUHGV VSHFLHV DQG UHDFWLRQV� 7KLV PRGHO
HPSOR\HG D OXPSHG DSSURDFK DQG D OLPLWHG QXPEHU RI PRGHO FRPSRXQGV WR
GHVFULEH ELRPDVV GHYRODWLOL]DWLRQ ZKHUH GHWDLOHG PHFKDQLVWLF UHODWLRQVKLSV DUH
GHYHORSHG WR GHVFULEH WKH GHFRPSRVLWLRQ RI WKH PRGHO FRPSRXQGV� +RZHYHU�
WKH VL]H RI VXFK PHFKDQLVPV SUHYHQWV WKHP IURP EHLQJ XVHG GLUHFWO\ LQ &)'�
6HYHUDO DSSURDFKHV WR KDQGOH FRPSOH[ FKHPLVWU\ LQ &)' VLPXODWLRQV KDYH
EHHQ GHYHORSHG LQ WKH FRQWH[W RI K\GURFDUERQ FRPEXVWLRQ V\VWHPV WKDW FRXOG
SRWHQWLDOO\ EH WUDQVIHUUHG WR JDVL¿FDWLRQ SURFHVVHV� 7KH ¿UVW RQH LV WR UHGXFH D
SULRUL WKH GHWDLOHG PHFKDQLVP WR D VPDOOHU VL]H LQ WHUPV RI VSHFLHV DQG UHDFWLRQV
EDVHG RQ KRPRJHQHRXV VLPXODWLRQ UHVXOWV� VR WKDW RQO\ WKH FKHPLFDO SDWKZD\V
UHOHYDQW WR WKH FXUUHQW VWXG\ DUH UHWDLQHG ������ 7KHQ� FRPSXWLQJ WKH FKHPLFDO
VRXUFH WHUP FDQ EH RSWLPL]HG DQG DFFHOHUDWHG XVLQJ DQ RQ�WKH�À\ VWRUDJH DQG
UHWULHYDO WHFKQLTXH FDOOHG LQ�VLWX DGDSWLYH WDEXODWLRQ� RU ,6$7 ������ ,Q HDFK
FRPSXWDWLRQDO FHOO� WKH FKHPLFDO VRXUFH WHUP DQG FRUUHVSRQGLQJ FKHPLFDO VWDWH
DUH VWRUHG DV WKH VLPXODWLRQ SURFHHGV DQG DUH UH�XVHG LQVWHDG RI UH�FRPSXWHG LI D
VLPLODU FKHPLFDO FRQ¿JXUDWLRQ LV IRXQG ODWHU LQ WKH VLPXODWLRQ� 7KH DSSOLFDELOLW\
RI WKH PHWKRG IRU UHDFWLYH ÀXLGL]HG EHGV ZDV GHPRQVWUDWHG E\ ;LH HW DO� ����� IRU
VLODQH S\URO\VLV�

$QRWKHU WDEXODWLRQ WHFKQLTXH FRQVLVWV RI VROYLQJ WKH HYROXWLRQ HTXDWLRQV
IRU D IHZ YDULDEOHV RQO\� FKRVHQ VR WKDW WKHVH YDULDEOHV PDS WKH HQWLUH FKHPLFDO
FRPSRVLWLRQ VSDFH ZLWK JRRG DFFXUDF\� 'HWDLOHG FKHPLVWU\ LV WDEXODWHG D SULRUL
XVLQJ WKHVH YDULDEOHV� ZKLFK GUDVWLFDOO\ UHGXFHV FRPSXWDWLRQDO WLPH� 7DEXODWLRQ
PHWKRGV KDYH EHHQ GHYHORSHG DQG H[WHQVLYHO\ YDOLGDWHG IRU JDV SKDVH FRPEXVWLRQ
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V\VWHPV ������ LQ ZKLFK D PL[WXUH IUDFWLRQ OLQNHG WR WKH ORFDO UDWLR RI IXHO
DQG R[LGL]HU� RU D SURJUHVV YDULDEOH GHVFULELQJ WKH ORFDO H[WHQW RI WKH JOREDO
FRPEXVWLRQ UHDFWLRQ DUH HDVLO\ GH¿QHG� 6XFK WHFKQLTXHV FDQQRW EH GLUHFWO\
DSSOLHG WR JDVL¿FDWLRQ SURFHVVHV� EXW PXVW EH DGDSWHG WR WKH VSHFL¿F FKHPLVWU\
RFFXUULQJ LQ WKH ÀXLGL]HG EHG�

2QH RI WKH PDMRU REVWDFOHV WR SUHGLFWLYH &)' FDSDELOLWLHV RI ELRPDVV
JDVL¿FDWLRQ RU S\URO\VLV LV WKH LQWULQVLF FRPSOH[LW\ RI WKH ELRPDVV LWVHOI� %LRPDVV
FRPSRVLWLRQ YDULHV ZLGHO\ GHSHQGLQJ RQ WKH IHHGVWRFN� DJH� JHRJUDSKLF ORFDWLRQ�
DQG HYHQ WLPH RI \HDU� ,W ZDV DOVR VKRZQ UHSHDWHGO\ WKDW ELRPDVV LV QRW MXVW WKH
VXP RI LWV PDMRU FRPSRQHQWV� OLJQLQ� FHOOXORVH� DQG KHPLFHOOXORVH ����� %LRPDVV
SDUWLFOHV DUH KLJKO\ DQLVRWURSLF ������ FRQWDLQ WUDFH FRPSRQHQWV VXFK DV PHWDO
WKDW FDQ DFW DV FKHPLFDO FDWDO\VWV ����� DQG PRLVWXUH WKDW PD\ GHOD\ JDVL¿FDWLRQ
������ %LRPDVV JDVL¿FDWLRQ LV� WKHUHIRUH� D SHUIHFW H[DPSOH RI D PXOWL�VFDOH
SUREOHP� LQ ZKLFK SKHQRPHQD ORFDOL]HG DW WKH VPDOOHVW VFDOHV DUH UHVSRQVLEOH IRU
ODUJH�VFDOH EHKDYLRU� 5HDFWRU RSWLPL]DWLRQ UHTXLUHV WKHVH SURFHVVHV WR EH IXOO\
XQGHUVWRRG DQG FKDUDFWHUL]HG� 6RPH GHWDLOHG PRGHOLQJ VWXGLHV DW WKH VFDOH RI WKH
ELRPDVV RU FRDO SDUWLFOH WDNH LQWR DFFRXQW WKHLU FRPSOH[ VWUXFWXUHV ����� �����
6XFK LQYHVWLJDWLRQV� FRXSOHG ZLWK H[SHULPHQWDO REVHUYDWLRQV� DUH HVVHQWLDO WR
GHYHORS ODUJHU VFDOH VWDWLVWLFDO PRGHOV VXLWDEOH IRU XVH LQ &)'� EHFDXVH LW LV QRW
FXUUHQWO\ FRQFHLYDEOH WR LQFOXGH WKDW DPRXQW RI GHWDLO LQ ODUJH�VFDOH VLPXODWLRQV�

&RQFOXVLRQV

&RPSXWDWLRQDO ÀXLG G\QDPLFV PHWKRGV� DV DQ HVVHQWLDO FRPSOHPHQW WR
H[SHULPHQWDO LQYHVWLJDWLRQV� KDV D FRQVLGHUDEOH SRWHQWLDO WR KHOS PHHW RXU
SUHVHQW DQG IXWXUH QHHGV IRU HI¿FLHQW HQHUJ\ SURGXFWLRQ DQG FRQYHUVLRQ V\VWHPV�
+RZHYHU� ZH KDYH VKRZQ WKDW D ORW RI FKDOOHQJHV VWLOO OD\ DKHDG LQ WKH QHDU
IXWXUH IRU ELRPDVV WKHUPRFKHPLFDO FRQYHUVLRQ SURFHVVHV WR REWDLQ UHOLDEOH�
SUHGLFWLYH VLPXODWLRQV WKDW FDQ EH XVHG DV VWDQG�DORQH WRROV IRU UHDFWRU GHVLJQ
DQG RSWLPL]DWLRQ� 0DQ\ DUHDV RI ELRPDVV FRQYHUVLRQ PRGHOLQJ FDQ EHQH¿W
IURP DGYDQFHV LQ RWKHU ¿HOGV� VXFK DV FRPEXVWLRQ V\VWHPV� LQ ZKLFK &)' LV
D YHU\ DFWLYH UHVHDUFK WRSLF� +RZHYHU� WKH PRGHOLQJ RI ELRPDVV FRQYHUVLRQ
V\VWHPV FRPELQHV WZR RI SHUKDSV WKH PRVW FKDOOHQJLQJ DVSHFWV RI &)'� QDPHO\
GHQVH SDUWLFXODWH ÀRZV DQG D FRPSOH[ DQG YHU\ VSHFL¿F FKHPLVWU\� 8QWLO QRZ�
ELRPDVV FKHPLFDO PRGHOV KDYH EHHQ EDVHG RQ JOREDO� RYHU�VLPSOL¿HG PHFKDQLVPV
REWDLQHG WKURXJK H[SHULPHQWDO FRUUHODWLRQV� %HFDXVH GHWDLOHG DQG DFFXUDWH
FKHPLVWU\ LV D NH\ HOHPHQW LQ XQGHUVWDQGLQJ DQG FRQWUROLQJ RXWSXW HI¿FLHQF\ DQG
WDU IRUPDWLRQ� RQO\ VLJQL¿FDQW SURJUHVV LQ WKLV DUHD� FRXSOHG ZLWK PDMRU DGYDQFHV
LQ QXPHULFDO PHWKRGV IRU PXOWLSKDVH ÀRZV DQG YLDEOH YHUL¿FDWLRQ DQG YDOLGDWLRQ
VWUDWHJLHV� ZLOO HQDEOH XV WR VHL]H WKH RSSRUWXQLWLHV SURYLGHG E\ WKH HYHU�JURZLQJ
FRPSXWDWLRQDO UHVRXUFHV�

5HIHUHQFHV

�� 6DQGDORZ� '� )UHHGRP IURP RLO� +RZ WKH QH[W SUHVLGHQW FDQ HQG WKH 8QLWHG
6WDWHV¶ RLO DGGLFWLRQ� 0F*UDZ +LOO� �����
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�� 7URVWOH� 5� *OREDO $JULFXOWXUDO 6XSSO\ DQG 'HPDQG� )DFWRUV &RQWULEXWLQJ
WR WKH 5HFHQW ,QFUHDVH LQ )RRG &RPPRGLW\ 3ULFHV� :56������ 86'$ ± $
5HSRUW IURP WKH (FRQRPLF 5HVHDUFK 6HUYLFH� 0D\ �����

�� 86 '2( %LRPDVV 0XOWL�<HDU 3URJUDP 3ODQ� 2I¿FH RI WKH %LRPDVV 3URJUDP�
(QHUJ\ (I¿FLHQF\ DQG 5HQHZDEOH (QHUJ\� 8�6� '2(� 0DUFK �����

�� )RXVW� 7� '�� :DOODFH� 5�� :RROH\� 5�� 6KHHKDQ� -�� ,EVHQ� .�� 'D\WRQ� '��
+LPPHO� 0�� $VKZRUWK� -�� 0F&RUPLFN� 5�� +HVV� -� 5�� :ULJKW� &�� 5DGWNH�
&�� 3HUODFN� 5�� 0LHOHQ]� -�� :DQJ� 0�� 6\QGHU� 6�� :HUS\� 7� $ 1DWLRQDO
/DERUDWRU\ 0DUNHW DQG 7HFKQRORJ\ $VVHVVPHQW RI WKH �� ; �� 6FHQDULR�
7HFKQLFDO 5HSRUW� 15(/�73����������� 0DUFK �����

�� 0LWFKHOO� '� $ 1RWH RQ 5LVLQJ )RRG 3ULFHV� 3ROLF\ 5HVHDUFK :RUNLQJ 3DSHU
����� 7KH :RUOG %DQN 'HYHORSPHQW 3URVSHFWV *URXS� -XO\ �����

�� )DUUHOO� $� (�� 3OHYLQ� 5� -�� 7XUQHU� %� 7�� -RQHV� $� '�� 2¶+DUH� 0��
.DQPDQ� '� 0� (WKDQRO FDQ FRQWULEXWH WR HQHUJ\ DQG HQYLURQPHQWDO JRDOV�
6FLHQFH ����� ���� ���±����

�� 5DPPDPRUWK� 5�� .DVWXU\� 6�� 6PLWK� :� +� %LRHQHUJ\� 9LVLRQ IRU WKH QHZ
PLOOHQQLXP� 6FLHQFH 3XEOLVKHUV� (Q¿HOG� 1+� �����

�� +XEHU� *� :�� ,ERUUD� 6�� &RUPD� $� 6\QWKHVLV RI WUDQVSRUWDWLRQ IXHOV IURP
ELRPDVV� &KHPLVWU\� FDWDO\VWV� DQG HQJLQHHULQJ� &KHP� 5HY� ����� ����
����±�����

�� )RXVW� 7� '�� ,EVHQ� .� ,�� 'D\WRQ� '� &�� +HVV� -� 5�� .HQQH\� .� (� &KDSWHU
�� 7KH %LRUH¿QHU\� ,Q %LRPDVV UHFDOFLWUDQFH� GHFRQVWUXFWLQJ WKH SODQW FHOO
ZDOO IRU ELRHQHUJ\� +LPPHO� 0� (�� (G�� %ODFNZHOO 3XEOLVKLQJ� �����

��� :ULJKW� 0� 0�� %URZQ� 5� &� &RPSDUDWLYH HFRQRPLFV RI ELRUH¿QHULHV
EDVHG RQ WKH ELRFKHPLFDO DQG WKHUPRFKHPLFDO SODWIRUPV� %LRIXHOV� %LRSURG�
%LRUH¿Q� ����� �� ��±���

��� 0F.HQGU\� 3� (QHUJ\ SURGXFWLRQ IURP ELRPDVV �SDUW ��� FRQYHUVLRQ
WHFKQRORJLHV� %LRUHVRXU� 7HFKQRO� ����� �� ���� ��±���

��� 6SDWK� 3� /�� 'D\WRQ� '� &� 3UHOLPLQDU\ 6FUHHQLQJ ± 7HFKQLFDO DQG HFRQRPLF
DVVHVVPHQW RI V\QWKHVLV JDV WR IXHOV DQG FKHPLFDOV ZLWK HPSKDVLV RQ WKH
SRWHQWLDO IRU ELRPDVV�GHULYHG V\QJDV� 15(/�73����������� 1DWLRQDO
5HQHZDEOH (QHUJ\ /DERUDWRU\� *ROGHQ� &2� �����

��� &]HUQLN� 6�� %ULGJZDWHU� $� 9� 2YHUYLHZ RI DSSOLFDWLRQV RI ELRPDVV IDVW
S\URO\VLV RLO� (QHUJ\ )XHOV ����� �� ���� ���±����

��� &LIHUQR� -� 3�� 0DUDQR� -� -� %HQFKPDUNLQJ ELRPDVV JDVL¿FDWLRQ WHFKQRORJLHV
IRU IXHOV� FKHPLFDOV� DQG K\GURJHQ SURGXFWLRQ� 8�6� 'HSDUWPHQW RI (QHUJ\�
1DWLRQDO (QHUJ\ 7HFKQRORJ\ /DERUDWRU\ �1(7/� 5HSRUW� -XQH �����

��� +LJPDQ� &�� YDQ GHU %XUJW� 0� &KDSWHU �� *DVL¿FDWLRQ 3URFHVVHV�
*DVL¿FDWLRQ� (OVHYLHU� ����� SS ��í����

��� 'HPLUEDV� $� 3URJUHVV DQG UHFHQW WUHQGV LQ ELRIXHOV� 3URJ� (QHUJ\ &RPEXVW�
6FL� ����� �� ���� �±���

��� +DPHOLQFN� &� 1�� )DDLM� $� 3� &� 2XWORRN IRU DGYDQFHG ELRIXHOV� (QHUJ\
3ROLF\ ����� �� ����� ����±�����

��� )HOGPDQQ� +� )�� 3DLVOH\� 0� $�� $SSHOEDXP� +� 5�� 7D\ORU� '� 5�&RQYHUVLRQ
RI )RUHVW 5HVLGXHV WR D 0HWKDQH�5LFK *DV LQ D +LJK�7KURXJKSXW *DVL¿HU�
31/������� 3DFL¿F 1RUWKZHVW 1DWLRQDO /DERUDWRU\ �IRUPHUO\ 3DFL¿F
1RUWKZHVW /DERUDWRU\�� 'HSDUWPHQW RI (QHUJ\� �����
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��� +HUJXLGR� -�� &RUHOOD� -�� *RQ]DOH]VDL]� -� 6WHDP JDVL¿FDWLRQ RI
OLJQRFHOOXORVLF UHVLGXHV LQ D ÀXLGL]HG�EHG DW D VPDOO SLORW VFDOH � (IIHFW RI
WKH W\SH RI IHHGVWRFN� ,QG� (QJ� &KHP� 5HV� ����� �� ���� ����±�����

��� +RIEDXHU� +�� 5DXFK� 5� ,Q 6WRLFKLRPHWULF :DWHU &RQVXPSWLRQ RI 6WHDP
*DVL¿FDWLRQ E\ WKH ),&)%�*DVL¿FDWLRQ 3URFHVV� %LRPDVV &RQYHUVLRQ�
3URFHHGLQJV RI WKH ,QWHUQDWLRQDO &RQIHUHQFH� ,QQVEUXFN� $XVWULD� �����
%ULGJZDWHU� $� 9�� (G�� %ODFNZHOO 6FLHQFH� /WG�� ,QQVEUXFN� $XVWULD� �����
SS ���í����

��� )UDQFR� &�� 3LQWR� )�� *XO\XUWOX� ,�� &DEULWD� ,� 7KH VWXG\ RI UHDFWLRQV
LQÀXHQFLQJ WKH ELRPDVV VWHDP JDVL¿FDWLRQ SURFHVV� )XHO ����� �� ����
���±����

��� :HL� /� *�� ;X� 6� 3�� /LX� -� *�� /X� &� /�� /LX� 6� 4�� /LX� &� +� $ QRYHO
SURFHVV RI ELRPDVV JDVL¿FDWLRQ IRU K\GURJHQ�ULFK JDV ZLWK VROLG KHDW FDUULHU�
3UHOLPLQDU\ H[SHULPHQWDO UHVXOWV� (QHUJ\ )XHOV ����� �� ���� ����±�����

��� 0DWVXRND� .�� .XUDPRWR� .�� 0XUDNDPL� 7�� 6X]XNL� <� 6WHDP JDVL¿FDWLRQ RI
ZRRG\ ELRPDVV LQ D FLUFXODWLQJ GXDO EXEEOLQJ ÀXLGL]HG EHG V\VWHP� (QHUJ\
)XHOV ����� �� ���� ����±�����

��� 3HFKR� -�� 6FKLOGKDXHU� 7� -�� 6WXU]HQHJJHU� $�� %LROOD]� 6�� :RNDXQ� $�
5HDFWLYH EHG PDWHULDOV IRU LPSURYHG ELRPDVV JDVL¿FDWLRQ LQ D FLUFXODWLQJ
ÀXLGL]HG EHG UHDFWRU� &KHP� (QJ� 6FL� ����� �� ���� ����±�����

��� 7DVDND� .�� )XUXVDZD� 7�� 7VXWVXPL� $� %LRPDVV JDVL¿FDWLRQ LQ ÀXLGL]HG EHG
UHDFWRU ZLWK &R FDWDO\VW� &KHP� (QJ� 6FL� ����� �� ���í���� ����±�����

��� 3¿HIHU� &�� +RIEDXHU� +� 'HYHORSPHQW RI FDWDO\WLF WDU GHFRPSRVLWLRQ
GRZQVWUHDP IURP D GXDO ÀXLGL]HG EHG ELRPDVV VWHDP JDVL¿HU� 3RZGHU
7HFKQRO� ����� ��� ��í��� �±���

��� :DQJ� 7� -�� &KDQJ� -�� :X� &� =�� )X� <�� &KHQ� <� 7KH VWHDP UHIRUPLQJ
RI QDSKWKDOHQH RYHU D QLFNHO�GRORPLWH FUDFNLQJ FDWDO\VW� %LRPDVV %LRHQHUJ\
����� �� ���� ���±����

��� -RKQVRQ� )� 7�� 7LQRFR� (� 1�� <X� 1� -� 7KLUW\ \HDUV RI GHYHORSPHQW DQG
DSSOLFDWLRQ RI &)' DW %RHLQJ &RPPHUFLDO $LUSODQHV� 6HDWWOH� &RPSXW�
)OXLGV ����� �� ����� ����±�����

��� .ZDN� '�� .LULV� &� &)' IRU LQFRPSUHVVLEOH ÀRZV DW 1$6$ $PHV� &RPSXW�
)OXLGV ����� �� ���� ���±����

��� 3LWVFK� +�� 'HVMDUGLQV� 2�� %DODUDF� *�� ,KPH� 0� /DUJH�HGG\ VLPXODWLRQ
RI WXUEXOHQW UHDFWLQJ ÀRZV� 3URJUHVV LQ $HURVSDFH 6FLHQFHV ����� �� ����
���±����

��� .XQLL� '�� /HYHQVSLHO� 2� )OXLGL]DWLRQ (QJLQHHULQJ� %XWWHUZRUWK�
+HLQHPDQQ� �����

��� YDQ GHU +RHI� 0� $�� $QQDODQG� 0� 9�� 'HHQ� 1� *�� .XLSHUV� -� $� 0�
1XPHULFDO VLPXODWLRQ RI GHQVH JDV�VROLG ÀXLGL]HG EHGV� $ PXOWLVFDOH
PRGHOLQJ VWUDWHJ\� $QQX� 5HY� )OXLG 0HFK� ����� ��� ��±���

��� 6\DPODO� 0�� 5RJHUV� :�� 2¶%ULHQ� 7� -� 0),; 'RFXPHQWDWLRQ� 7KHRU\
*XLGH� 8�6� 'HSDUWPHQW RI (QHUJ\� 0RUJDQWRZQ� :9� �����

��� 'LQJ� -�� *LGDVSRZ� '� $ EXEEOLQJ ÀXLGL]DWLRQ PRGHO XVLQJ NLQHWLF�WKHRU\
RI JUDQXODU ÀRZ� $,&K( -� ����� �� ���� ���±����

��� :HQ� &� <�� <X� <� +� 0HFKDQLFV RI ÀXLGL]DWLRQ� &KHP� (QJ� 3URJ� 6\PS�
6HU� ����� ��� ���±����
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��� 'LHPHU� 5� %�� 2OVRQ� -� +� $ PRPHQW PHWKRGRORJ\ IRU FRDJXODWLRQ DQG
EUHDNDJH SUREOHPV� 3DUW � � 0RPHQW PRGHOV DQG GLVWULEXWLRQ UHFRQVWUXFWLRQ�
&KHP� (QJ� 6FL� ����� �� ����� ����±�����

��� 'HVMDUGLQV� 2�� )R[� 5� 2�� 9LOOHGLHX� 3� $ TXDGUDWXUH�EDVHG PRPHQW PHWKRG
IRU GLOXWH ÀXLG�SDUWLFOH ÀRZV� -� &RPSXW� 3K\V� ����� ��� ���� ����±�����

��� )DQ� 5�� )R[� 5� 2� 6HJUHJDWLRQ LQ SRO\GLVSHUVH ÀXLGL]HG EHGV� 9DOLGDWLRQ RI
D PXOWL�ÀXLG PRGHO� &KHP� (QJ� 6FL� ����� �� ���� ���±����

��� +RRPDQV� %� 3� %�� .XLSHUV� -� $� 0�� %ULHOV� :� -�� YDQ6ZDDLM� :�
3� 0� 'LVFUHWH SDUWLFOH VLPXODWLRQ RI EXEEOH DQG VOXJ IRUPDWLRQ LQ D
WZR�GLPHQVLRQDO JDV�ÀXLGLVHG EHG� $ KDUG�VSKHUH DSSURDFK� &KHP� (QJ�
6FL� ����� �� ���� ��±����

��� &XQGDOO� 3� $�� 6WUDFN� 2� '� /� 'LVFUHWH QXPHULFDO PRGHO IRU JUDQXODU
DVVHPEOLHV� *HRWHFKQLTXH ����� �� ���� ��±���

��� 7VXML� <�� .DZDJXFKL� 7�� 7DQDND� 7� 'LVFUHWH SDUWLFOH VLPXODWLRQ RI
��GLPHQVLRQDO ÀXLGL]HG�EHG� 3RZGHU 7HFKQRO� ����� �� ���� ��±���

��� 3RSH� 6� %� 7XUEXOHQW )ORZV� &DPEULGJH 8QLYHUVLW\ 3UHVV� �����
��� *KRVDO� 6�� 0RLQ� 3� 7KH EDVLF HTXDWLRQV IRU WKH ODUJH�HGG\ VLPXODWLRQ RI

WXUEXOHQW ÀRZV LQ FRPSOH[ JHRPHWULHV� -� &RPSXW� 3K\V� ����� ��� ����
��±���

��� 3DWDQNDU� 1� $�� -RVHSK� '� '� 0RGHOLQJ DQG QXPHULFDO VLPXODWLRQ RI
SDUWLFXODWH ÀRZV E\ WKH (XOHULDQ�/DJUDQJLDQ DSSURDFK� ,QW� -� 0XOWLSKDVH
)ORZ ����� �� ����� ����±�����

��� &XUWLV� -� 6�� YDQ :DFKHP� %� 0RGHOLQJ SDUWLFOH�ODGHQ ÀRZV� $ UHVHDUFK
RXWORRN� $,&K( -� ����� �� ����� ����±�����

��� 'L %ODVL� &� 0RGHOLQJ FKHPLFDO DQG SK\VLFDO SURFHVVHV RI ZRRG DQG ELRPDVV
S\URO\VLV� 3URJ� (QHUJ\ &RPEXVW� 6FL� ����� �� ���� ��±���

��� <DQJ� +� 3�� <DQ� 5�� &KHQ� +� 3�� /HH� '� +�� =KHQJ� &� *� &KDUDFWHULVWLFV
RI KHPLFHOOXORVH� FHOOXORVH DQG OLJQLQ S\URO\VLV� )XHO ����� �� ���í����
����±�����

��� $QWDO� 0� -�� 9DUKHJ\L� *�� -DNDE� (� &HOOXORVH S\URO\VLV NLQHWLFV� 5HYLVLWHG�
,QG� (QJ� &KHP� 5HV� ����� �� ���� ����±�����

��� %UDQFD� &�� 'L %ODVL� &� .LQHWLFV RI WKH LVRWKHUPDO GHJUDGDWLRQ RI ZRRG LQ
WKH WHPSHUDWXUH UDQJH ������� .� -� $QDO� $SSO� 3\URO\VLV ����� �� ����
���±����

��� 5DGPDQHVK� 5�� &RXUEDULDX[� <�� &KDRXNL� -�� *X\� &� $ XQL¿HG OXPSHG
DSSURDFK LQ NLQHWLF PRGHOLQJ RI ELRPDVV S\URO\VLV� )XHO ����� �� ����
����±�����

��� 0LOOHU� 5� 6�� %HOODQ� -� $ JHQHUDOL]HG ELRPDVV S\URO\VLV PRGHO EDVHG RQ
VXSHULPSRVHG FHOOXORVH� KHPLFHOOXORVH DQG OLJQLQ NLQHWLFV� &RPEXVW� 6FL�
7HFKQRO� ����� ��� ��í��� ��±����

��� *DOJDQR� $�� 'L %ODVL� &� 0RGHOLQJ ZRRG GHJUDGDWLRQ E\ WKH XQUHDFWHG�FRUH�
VKULQNLQJ DSSUR[LPDWLRQ� ,QG� (QJ� &KHP� 5HV� ����� �� ����� ����±�����

��� 6DDVWDPRLQHQ� -� -� 6LPSOL¿HG PRGHO IRU FDOFXODWLRQ RI GHYRODWLOL]DWLRQ LQ
ÀXLGL]HG EHGV� )XHO ����� �� ���í���� ����±�����

��� 3LHUXFFL� 6�� 5DQ]L� (� ,Q $ JHQHUDO PDWKHPDWLFDO PRGHO IRU D PRYLQJ EHG
JDVL¿HU� ��WK (XURSHDQ 6\PSRVLXP RQ&RPSXWHU $LGHG 3URFHVV (QJLQHHULQJ
� (6&$3( ��� ����� (OVHYLHU %� 9��/WG�� �����
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��� )OHWFKHU� '� )�� +D\QHV� %� 6�� &KULVWR� )� &�� -RVHSK� 6� '� $ &)'
EDVHG FRPEXVWLRQ PRGHO RI DQ HQWUDLQHG ÀRZ ELRPDVV JDVL¿HU� $SSOLHG
0DWKHPDWLFDO 0RGHOOLQJ ����� �� ���� ���±����

��� =KRX� +� 6�� )ODPDQW� *�� *DXWKLHU� '� '(0�/(6 VLPXODWLRQ RI FRDO
FRPEXVWLRQ LQ D EXEEOLQJ ÀXLGL]HG EHG 3DUW ,,� FRDO FRPEXVWLRQ DW WKH
SDUWLFOH OHYHO� &KHP� (QJ� 6FL� ����� �� ����� ����±�����

��� *DUJ� 5�� 7HQQHWL� 6�� 3DL� 0�� 6XEUDPDQLDQ� 6�� +HDW WUDQVIHU LQ RUGHUHG DQG
UDQGRP DUUD\V RI VSKHUHV DW ORZ 5H\QROGV QXPEHU� ,Q ��VW $QQXDO 0HHWLQJ
RI WKH $36 'LYLVLRQ RI )OXLG '\QDPLFV� 6DQ $QWRQLR� 7;� �����

��� 7DUDODV� *�� .RQWRPLQDV� 0� *� 1XPHULFDO PRGHOLQJ RI WDU VSHFLHV�92&
GLVVRFLDWLRQ IRU FOHDQ DQG LQWHOOLJHQW HQHUJ\ SURGXFWLRQ� (QHUJ\ )XHOV �����
�� ���� ��±���

��� 0RUI� 3�� +DVOHU� 3�� 1XVVEDXPHU� 7� 0HFKDQLVPV DQG NLQHWLFV RI
KRPRJHQHRXV VHFRQGDU\ UHDFWLRQV RI WDU IURP FRQWLQXRXV S\URO\VLV RI ZRRG
FKLSV� )XHO ����� ��� ���±����

��� .QRZOWRQ� 7� 0�� .DUUL� 6� %� 5�� ,VVDQJ\D� $� 6FDOH�XS RI ÀXLGL]HG�EHG
K\GURG\QDPLFV� 3RZGHU 7HFKQRO� ����� ��� ���� ��±���

��� /DWKRXZHUV� '�� %HOODQ� -� 0RGHOLQJ RI GHQVH JDV�VROLG UHDFWLYH PL[WXUHV
DSSOLHG WR ELRPDVV S\URO\VLV LQ D ÀXLGL]HG EHG� ,QW� -� 0XOWLSKDVH )ORZ
����� �� ����� ����±�����

��� YDQ 2PPHQ� -� 5�� 7HXOLQJ� 0�� 1LMHQKXLV� -�� YDQ :DFKHP� %� *� 0�
&RPSXWDWLRQDO YDOLGDWLRQ RI WKH VFDOLQJ UXOHV IRU ÀXLGL]HG EHGV� 3RZGHU
7HFKQRO� ����� ��� ������ ��±���

��� *REHO� %�� +HQULNVHQ� 8�� -HQVHQ� 7� .�� 4YDOH� %�� +RXEDN� 1� 7KH
GHYHORSPHQW RI D FRPSXWHU PRGHO IRU D ¿[HG EHG JDVL¿HU DQG LWV XVH IRU
RSWLPL]DWLRQ DQG FRQWURO� %LRUHVRXU� 7HFKQRO� ����� �� ����� ����±�����

��� 5DGPDQHVK� 5�� &KDRXNL� -�� *X\� &� %LRPDVV JDVL¿FDWLRQ LQ D EXEEOLQJ
ÀXLGL]HG EHG UHDFWRU� ([SHULPHQWV DQG PRGHOLQJ� $,&K( -� ����� �� �����
����±�����

��� 0DLVWUHQNR� $� <�� 3DWVNNRY� 9� 3�� 7RSDO� $� ,�� 3DWVNRYD� 7� 9� 1XPHULFDO
DQDO\VLV RI WKH SURFHVV RI FRPEXVWLRQ DQG JDVL¿FDWLRQ RI WKH SRO\GLVSHUVH
FRNH UHVLGXH RI KLJK�DVK FRDO XQGHU SUHVVXUH LQ D ÀXLGL]HG EHG� -RXUQDO RI
(QJLQHHULQJ 3K\VLFV DQG 7KHUPRSK\VLFV ����� �� ����

��� /XR� =� <�� :DQJ� 6� 5�� &HQ� .� )� $ PRGHO RI ZRRG ÀDVK S\URO\VLV LQ
ÀXLGL]HG EHG UHDFWRU� 5HQHZDEOH (QHUJ\ ����� �� ���� ���±����

��� 5DQ]L� (�� &XRFL� $�� )DUDYHOOL� 7�� )UDVVROGDWL� $�� 0LJOLDYDFFD� *��
3LHUXFFL� 6�� 6RPPDULYD� 6� &KHPLFDO .LQHWLFV RI %LRPDVV 3\URO\VLV�
(QHUJ\ DQG )XHOV ����LQ SUHVV�

��� *HUD� '�� 6\DPODO� 0�� 2¶%ULHQ� 7� -� +\GURG\QDPLFV RI SDUWLFOH VHJUHJDWLRQ
LQ ÀXLGL]HG EHGV� ,QW� -� 0XOWLSKDVH )ORZ ����� �� ���� ���±����

��� /X� +� /�� =KDR� <� +�� 'LQJ� -� 0�� *LGDVSRZ� '�� :HL� /� ,QYHVWLJDWLRQ RI
PL[LQJ�VHJUHJDWLRQ RI PL[WXUH SDUWLFOHV LQ JDV�VROLG ÀXLGL]HG EHGV� &KHP�
(QJ� 6FL� ����� ��� ���±����

��� YDQ :DFKHP� %� *� 0�� 6FKRXWHQ� -� &�� YDQ GHQ %OHHN� &� 0�� .ULVKQD� 5��
6LQFODLU� -� /� &RPSDUDWLYH DQDO\VLV RI &)' PRGHOV RI GHQVH JDV�VROLG
V\VWHPV� $,&K( -� ����� �� ���� ����±�����
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��� 3DWLO� '� -�� $QQDODQG� 0� 9�� .XLSHUV� -� $� 0� &ULWLFDO FRPSDULVRQ RI
K\GURG\QDPLF PRGHOV IRU JDV�VROLG ÀXLGL]HG EHGV � 3DUW ,� EXEEOLQJ JDV�VROLG
ÀXLGL]HG EHGV RSHUDWHG ZLWK D MHW� &KHP� (QJ� 6FL� ����� �� ���� ��±���

��� 3DWLO� '� -�� $QQDODQG� $� 9�� .XLSHUV� -� $� 0� &ULWLFDO FRPSDULVRQ RI
K\GURG\QDPLF PRGHOV IRU JDV�VROLG ÀXLGL]HG EHGV � 3DUW ,,� IUHHO\ EXEEOLQJ
JDV�VROLG ÀXLGL]HG EHGV� &KHP� (QJ� 6FL� ����� �� ���� ��±���

��� 3DSDGLNLV� .�� %ULGJZDWHU� $� 9�� *X� 6� &)' PRGHOOLQJ RI WKH IDVW S\URO\VLV
RI ELRPDVV LQ ÀXLGLVHG EHG UHDFWRUV� 3DUW $� (XOHULDQ FRPSXWDWLRQ RI
PRPHQWXP WUDQVSRUW LQ EXEEOLQJ ÀXLGLVHG EHGV� &KHP� (QJ� 6FL� ����� ��
����� ����±�����

��� ;X� %� +�� <X� $� %� 1XPHULFDO VLPXODWLRQ RI WKH JDV�VROLG ÀRZ LQ D
ÀXLGL]HG EHG E\ FRPELQLQJ GLVFUHWH SDUWLFOH PHWKRG ZLWK FRPSXWDWLRQDO
ÀXLG G\QDPLFV� &KHP� (QJ� 6FL� ����� �� ����� ����±�����

��� *ROGVFKPLGW� 0� -� 9�� %HHWVWUD� 5�� .XLSHUV� -� $� 0� +\GURG\QDPLF
PRGHOOLQJ RI GHQVH JDV�ÀXLGLVHG EHGV� FRPSDULVRQ DQG YDOLGDWLRQ RI �'
GLVFUHWH SDUWLFOH DQG FRQWLQXXP PRGHOV� 3RZGHU 7HFKQRO� ����� ��� ����
��±���

��� YDQ :DFKHP� %� *� 0�� YDQ GHU 6FKDDI� -�� 6FKRXWHQ� -� &�� .ULVKQD� 5��
YDQ GHQ %OHHN� &� 0� ([SHULPHQWDO YDOLGDWLRQ RI /DJUDQJLDQ�(XOHULDQ
VLPXODWLRQV RI ÀXLGL]HG EHGV� 3RZGHU 7HFKQRO� ����� ��� ������ ���±����

��� 6QLGHU� '� 0� $Q ,QFRPSUHVVLEOH 7KUHH�'LPHQVLRQDO 0XOWLSKDVH 3DUWLFOH�
LQ�&HOO 0RGHO IRU 'HQVH 3DUWLFOH )ORZV� -RXUQDO RI &RPSXWDWLRQDO 3K\VLFV
����� ���� ���±����

��� 'HHQ� 1� *�� $QQDODQG�0� 9�� 9DQ GHU +RHI�0� $�� .XLSHUV� -� $�0� 5HYLHZ
RI GLVFUHWH SDUWLFOH PRGHOLQJ RI ÀXLGL]HG EHGV� &KHP� (QJ� 6FL� ����� ��
������ ��±���

��� )OHWFKHU� '� )�� +D\QHV� %� 6�� &KHQ� -�� -RVHSK� 6� '� &RPSXWDWLRQDO
ÀXLG G\QDPLFV PRGHOOLQJ RI DQ HQWUDLQHG ÀRZ ELRPDVV JDVL¿HU� $SSOLHG
0DWKHPDWLFDO 0RGHOOLQJ ����� �� ����� ���±����

��� &);� )ORZ VROYHU XVHU JXLGH� &); ,QWHUQDWLRQDO� $($ 7HFKQRORJ\� +DUZHOO
/DERUDWRU\� 'LGFRW� 2[IRUGVKLUH� 8�.�� �����

��� /DWKRXZHUV� '�� %HOODQ� -� <LHOG RSWLPL]DWLRQ DQG VFDOLQJ RI ÀXLGL]HG EHGV
IRU WDU SURGXFWLRQ IURP ELRPDVV� (QHUJ\ )XHOV ����� �� ���� ����±�����

��� =KRX� +� 6�� )ODPDQW� *�� *DXWKLHU� '� '(0�/(6 RI FRDO FRPEXVWLRQ LQ D
EXEEOLQJ ÀXLGL]HG EHG� 3DUW ,� JDV�SDUWLFOH WXUEXOHQW ÀRZ VWUXFWXUH� &KHP�
(QJ� 6FL� ����� �� ����� ����±�����

��� <X� /�� /X� -�� =KDQJ� ;� 3�� =KDQJ� 6� -� 1XPHULFDO VLPXODWLRQ RI WKH EXEEOLQJ
ÀXLGL]HG EHG FRDO JDVL¿FDWLRQ E\ WKH NLQHWLF WKHRU\ RI JUDQXODU ÀRZ �.7*)��
)XHO ����� �� ��í��� ���±����

��� *HUXQ� /�� 3DUDVFKLY� 0�� 9LMHX� 5�� %HOOHWWUH� -�� 7D]HURXW� 0�� *REHO� %��
+HQULNVHQ� 8� 1XPHULFDO LQYHVWLJDWLRQ RI WKH SDUWLDO R[LGDWLRQ LQ D WZR�VWDJH
GRZQGUDIW JDVL¿HU� )XHO ����� �� ���� ����±�����

��� $,$$� *XLGH IRU WKH YHUL¿FDWLRQ DQG YDOLGDWLRQ RI FRPSXWDWLRQDO ÀXLG
G\QDPLF VLPXODWLRQV� $PHULFDQ ,QVWLWXWH RI $HURQDXWLFV DQG $VWURQDXWLFV�
�����
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��� *UDFH� -� 5�� 7DJKLSRXU� )� 9HUL¿FDWLRQ DQG YDOLGDWLRQ RI &)' PRGHOV DQG
G\QDPLF VLPLODULW\ IRU ÀXLGL]HG EHGV� 3RZGHU 7HFKQRO� ����� ��� ����
��±����

��� 'DYLV� 5� +�� +HUERO]KLHPHU� (�� $FULYRV� $� 7KH VHGLPHQWDWLRQ RI
SRO\GLVSHUVH VXVSHQVLRQV LQ YHVVHOV KDYLQJ LQFOLQHG ZDOOV� ,QW� -� 0XOWLSKDVH
)ORZ ����� � ���� ���±����

��� 6\DPODO� 0�� 2¶%ULHQ� 7� -� 7KH 'HULYDWLRQ RI D 'UDJ &RHI¿FLHQW )RUPXOD
IURP 9HORFLW\�9RLGDJH &RUUHODWLRQV� �����

��� %HQ\DKLD� 6� 9DOLGDWLRQ 6WXG\ RI 7ZR &RQWLQXXP *UDQXODU )ULFWLRQDO )ORZ
7KHRULHV� ,QG� (QJ� &KHP� 5HV� ����� �� ����� ����±�����

��� .XLSHUV� -� $� 0� $ WZR�ÀXLG PLFUR EDODQFH PRGHO RI ÀXLGL]HG EHGV�
8QLYHUVLW\ RI 7ZHQWH� 7ZHQWH� �����

��� %RHPHU� $�� 4L� +�� 5HQ]� 8� 9HUL¿FDWLRQ RI (XOHULDQ VLPXODWLRQ RI
VSRQWDQHRXV EXEEOH IRUPDWLRQ LQ D ÀXLGL]HG EHG� &KHP� (QJ� 6FL� ����� ��
����� ������

��� +LOOLJDUGW� .�� :HUWKHU� -� /RFDO EXEEOH�JDV KROG�XS DQG H[SDQVLRQ EHKDYLRU
RI JDV�VROLG ÀXLGL]HG EHGV� &KHP� ,QJ� 7HFK� ����� �� ���� ���±����

��� *ROGVFKPLGW� 0� -� 9�� /LQN� -� 0�� 0HOOHPD� 6�� .XLSHUV� -� $� 0� 'LJLWDO
LPDJH DQDO\VLV PHDVXUHPHQWV RI EHG H[SDQVLRQ DQG VHJUHJDWLRQ G\QDPLFV LQ
GHQVH JDV�ÀXLGLVHG EHGV� 3RZGHU 7HFKQRO� ����� ��� ��í��� ���±����

��� *LOEHUWVRQ� 0� $�� (DPHV� ,� 6HJUHJDWLRQ SDWWHUQV LQ JDV�ÀXLGL]HG V\VWHPV�
-� )OXLG 0HFK� ����� ���� ���±����

��� *UDFH� -� 5�� 6XQ� *� ,QÀXHQFH RI SDUWLFOH�VL]H GLVWULEXWLRQ RQ WKH
SHUIRUPDQFH RI ÀXLGL]HG�EHG UHDFWRUV� &DQ� -� &KHP� (QJ� ����� �� ����
����±�����

��� 6ROLPHQH� 5�� 0DU]RFFKHOOD� $�� 5DJXFFL� 5�� 6DODWLQR� 3� /DVHU GLDJQRVWLFV
RI K\GURG\QDPLFV DQG JDV�PL[LQJ LQGXFHG E\ EXEEOH EXUVWLQJ DW WKH VXUIDFH
RI JDV�ÀXLGL]HG EHGV� &KHP� (QJ� 6FL� ����� �� ��í��� ��±����

��� YDQ 3DDVHQ� 6� 9� %�� .LHO� -� +� $� 7DU IRUPDWLRQ LQ D ÀXLGLVHG�EHG JDVL¿HU
� ,PSDFW RI IXHO SURSHUWLHV DQG RSHUDWLQJ FRQGLWLRQV� �����

��� 6UHHNDQWK� 0�� 6XGKDNDU� '� 5�� 3UDVDG� %�� .RODU� $� .�� /HFNQHU� %�
0RGHOOLQJ DQG H[SHULPHQWDO LQYHVWLJDWLRQ RI GHYRODWLOL]LQJ ZRRG LQ D
ÀXLGL]HG EHG FRPEXVWRU� )XHO ����� �� ����� ����±�����

��� 'L %ODVL� &�� %UDQFD� &� 7HPSHUDWXUHV RI ZRRG SDUWLFOHV LQ D KRW VDQG EHG
ÀXLGL]HG E\ QLWURJHQ� (QHUJ\ )XHOV ����� �� ���� ���±����

���� :DQJ� ;� 4�� .HUVWHQ� 6� 5� $�� 3ULQV� :�� YDQ 6ZDDLM� :� 3� 0� %LRPDVV
S\URO\VLV LQ D ÀXLGL]HG EHG UHDFWRU� 3DUW �� ([SHULPHQWDO YDOLGDWLRQ RI PRGHO
UHVXOWV� ,QG� (QJ� &KHP� 5HV� ����� �� ����� ����±�����

���� GH 'LHJR� /� )�� *DUFLD�/DELDQR� )�� $EDG� $�� *D\DQ� 3�� $GDQH]� -�
0RGHOLQJ RI WKH GHYRODWLOL]DWLRQ RI QRQVSKHULFDO ZHW SLQH ZRRG SDUWLFOHV LQ
ÀXLGL]HG EHGV� ,QG� (QJ� &KHP� 5HV� ����� �� ����� ����±�����

���� -DQG� 1�� )RVFROR� 3� 8� 'HFRPSRVLWLRQ RI ZRRG SDUWLFOHV LQ ÀXLGL]HG EHGV�
,QG� (QJ� &KHP� 5HV� ����� �� ����� ����±�����

���� /LQN� -� 0�� &X\SHUV� /� $�� 'HHQ� 1� *�� .XLSHUV� -� $� 0� )ORZ UHJLPHV
LQ D VSRXW�ÀXLG EHG� $ FRPELQHG H[SHULPHQWDO DQG VLPXODWLRQ VWXG\� &KHP�
(QJ� 6FL� ����� �� ����� ����±�����
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���� /DQGDX� '� 3�� %LQGHU� .� $ JXLGH WR 0RQWH &DUOR VLPXODWLRQV LQ VWDWLVWLFDO
SK\VLFV� &DPEULGJH 8QLYHUVLW\ 3UHVV� �����

���� 0DWKLHVHQ� 9�� 6ROEHUJ� 7�� +MHUWDJHU� %� +� 3UHGLFWLRQV RI JDV�SDUWLFOH ÀRZ
ZLWK DQ (XOHULDQPRGHO LQFOXGLQJ D UHDOLVWLF SDUWLFOH VL]H GLVWULEXWLRQ� 3RZGHU
7HFKQRO� ����� ��� ��í��� ��±���

���� /X� +� /�� +H� <� 5�� 'LPLWUL� *�� <DQJ� /� '�� 4LQ� <� .� 6L]H VHJUHJDWLRQ RI
ELQDU\ PL[WXUH RI VROLGV LQ EXEEOLQJ ÀXLGL]HG EHGV� 3RZGHU 7HFKQRO� �����
��� ������ ��±���

���� )DQ� 5�� 0DUFKLVLR� '� /�� )R[� 5� 2� $SSOLFDWLRQ RI WKH GLUHFW TXDGUDWXUH
PHWKRG RI PRPHQWV WR SRO\GLVSHUVH JDV�VROLG ÀXLGL]HG EHGV� 3RZGHU
7HFKQRO� ����� ��� ���� �±���

���� 3HSLRW�'HVMDUGLQV� 3�� 3LWVFK� +� $Q HI¿FLHQW HUURU�SURSDJDWLRQ�EDVHG
UHGXFWLRQ PHWKRG IRU ODUJH FKHPLFDO NLQHWLF PHFKDQLVPV� &RPEXVW� )ODPH
����� ��� ������ ��±���

���� 3RSH� 6� %� &RPSXWDWLRQDOO\ HI¿FLHQW LPSOHPHQWDWLRQ RI FRPEXVWLRQ
FKHPLVWU\ XVLQJ LQ VLWX DGDSWLYH WDEXODWLRQ� &RPEXVW� 7KHRU\ 0RGHOO� �����
� ���� ��±���

���� ;LH� 1�� %DWWDJOLD� )�� )R[� 5� 2� 6LPXODWLRQV RI PXOWLSKDVH UHDFWLYH ÀRZV
LQ ÀXLGL]HG EHGV XVLQJ LQ VLWX DGDSWLYH WDEXODWLRQ� &RPEXVW� 7KHRU\ 0RGHOO�
����� � ���� ���±����

���� 3LHUFH� &� '�� 0RLQ� 3� 3URJUHVV�YDULDEOH DSSURDFK IRU ODUJH�HGG\ VLPXODWLRQ
RI QRQ�SUHPL[HG WXUEXOHQW FRPEXVWLRQ� -� )OXLG 0HFK� ����� ���� ��±���

���� &KDQ� :� &� 5�� .HOERQ� 0�� .ULHJHU� %� %� 0RGHOLQJ DQG H[SHULPHQWDO
YHUL¿FDWLRQ RI SK\VLFDO DQG FKHPLFDO SURFHVVHV GXULQJ S\URO\VLV RI D ODUJH
ELRPDVV SDUWLFOH� )XHO ����� �� ����� ����±�����

���� 1LN$]DU� 0�� +DMDOLJRO� 0� 5�� 6RKUDEL� 0�� 'DELU� %� 0LQHUDO PDWWHU HIIHFWV
LQ UDSLG S\URO\VLV RI EHHFK ZRRG� )XHO 3URFHVV� 7HFKQRO� ����� �� ��í���
�±���

���� 0HUPRXG� )�� *RO¿HU� )�� 6DOYDGRU� 6�� 9DQ GH 6WHHQH� /�� 'LULRQ� -� /�
([SHULPHQWDO DQG QXPHULFDO VWXG\ RI VWHDP JDVL¿FDWLRQ RI D VLQJOH FKDUFRDO
SDUWLFOH� &RPEXVW� )ODPH ����� ��� ��í��� ��±���

���� <DPDVKLWD� 7�� )XMLL� <�� 0RUR]XPL� <�� $RNL� +�� 0LXUD� 7� 0RGHOLQJ RI
JDVL¿FDWLRQ DQG IUDJPHQWDWLRQ EHKDYLRU RI FKDU SDUWLFOHV KDYLQJ FRPSOLFDWHG
VWUXFWXUHV� &RPEXVW� )ODPH ����� ��� ��í��� ��±���
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