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$EVWUDFW

$ONDOL PHWDO DONR[LGHV FDQ EH IRUPHG E\ WKH GLUHFW UHDFWLRQ RI DONDOL PHWDOV ZLWK WKH FRUUH�

VSRQGLQJ DOFRKRO� 8QGHU FHUWDLQ FRQGLWLRQV� KRZHYHU� WKHVH UHDFWLRQV EHFRPH GDQJHURXV� 2QH RI

WKH UHDVRQV IRU WKH LQVWDELOLW\ EXLOG�XS LQ WKH UHDFWLRQ PL[WXUH LV UHODWHG WR WKH HOHFWURFKHPLFDO EH�

KDYLRXU RI WKH KHWHURJHQHRXV PHGLXP� $QRWKHU UHDVRQ LV WKH LQVWDELOLW\ LQWURGXFHG E\ WKH VLPXO�

WDQHRXV SUHVHQFH RI R[\JHQ DQG DONDOL PHWDO DWRPV LQ WKH UHDJHQWV� $FFHOHUDWLQJ UDWH FDORULPHWU\

LV DQ H[FHOOHQW ZD\ WR GHWHUPLQH VDIH ZRUNLQJ FRQGLWLRQV IRU WKH KDQGOLQJ RI VXFK FRPSRXQGV�

7KH KD]DUGV WKDW DUH HQFRXQWHUHG DUH GLVFXVVHG E\ PHDQV RI VRPH H[DPSOHV�

.H\ZRUGV� DFFHOHUDWLQJ UDWH FDORULPHWU\� DOFRKRODWH� DONDOL PHWDO� DONR[LGH� WKHUPDO VWDELOLW\

,QWURGXFWLRQ

$ NLQHWLF VWXG\ RI WKH UHDFWLRQV RI DONDOL PHWDOV ZLWK DOFRKROV UHYHDOV WKDW WKH UH�
DFWLRQ UDWH GRHV QRW XQGHUJR D UHJXODU FKDQJH DV WKH UHDJHQWV DUH FRQVXPHG� 6WURQJ
RVFLOODWLRQV LQ UHDFWLRQ UDWH RFFXU� WKH H[WUHPD RI ZKLFK FDQ GLIIHU E\ D IDFWRU RI
PRUH WKDQ WHQ �)LJ� ��� $W WKH VSRQWDQHRXV HQG RI WKH UHDFWLRQ� WKH REVHUYHG UHDFWLRQ
UDWH FDQ EH H[WUHPHO\ GLIIHUHQW IRU WZR VDPSOHV WUHDWHG XQGHU DSSDUHQWO\ LGHQWLFDO
FRQGLWLRQV �)LJ� ��� ,Q JHQHUDO� DW WKH HQG RI WKH UHDFWLRQ� QRW PRUH WKDQ ��� RI WKH
VWRLFKLRPHWULF TXDQWLW\ RI DOFRKRO KDV EHHQ FRQYHUWHG�

8QGHU FHUWDLQ FRQGLWLRQV� KRZHYHU� WKH UHDFWLRQ PD\ EHFRPH TXDQWLWDWLYH� 7KLV LV
WKH UHDVRQ IRU D PDMRU KD]DUG EXLOG�XS LQ WKH FRXUVH RI VXFK UHDFWLRQV� VLQFH WKH\ DUH
YHU\ H[RWKHUPLF �W\SLFDOO\ ���−��� N- PRO−�� GHSHQGLQJ RQ WKH DOFRKRO DQG WKH DO�
NDOL PHWDO >�@�� $FFHOHUDWLQJ UDWH FDORULPHWU\ �$5&�� E\ LWV SULQFLSOH� DOORZV VORZ
KHDWLQJ WR EULQJ WKH UHDFWLRQ PL[WXUH YHU\ VPRRWKO\ IURP VWDEOH FRQGLWLRQV WR UXQ�
DZD\ VLWXDWLRQV� 7KH VLPXOWDQHRXV GHWHUPLQDWLRQ RI VSRQWDQHRXV DGLDEDWLF SUHVVXUH
DQG WHPSHUDWXUH HYDOXDWLRQ IXUQLVKHV LQIRUPDWLRQ FRQFHUQLQJ WKH UHDVRQV IRU LQVWD�
ELOLW\� DQG SHUPLWV DQ HVWLPDWLRQ RI WKH OLPLWV RI VDIH ZRUNLQJ FRQGLWLRQV�

,Q D ILUVW VWHS� WKLV ZRUN GHVFULEHV WKH UHVXOWV RI D WKHUPRG\QDPLF DQG NLQHWLF
VWXG\ RI WKH UHDFWLRQV RI DOFRKROV ZLWK PHWDOOLF VRGLXP� 7KH LQIOXHQFH RI WKH DOFRKRO
FRQFHQWUDWLRQ LQ DQ LQHUW VROYHQW ZDV H[DPLQHG� LQ RUGHU WR DFTXLUH PRUH LQIRUPDWLRQ
FRQFHUQLQJ WKH PDLQ UHDFWLRQ PHFKDQLVPV� 6LQFH WKHVH DVSHFWV DUH QRW WKH DLP RI WKLV
ZRUN DQG KDYH UHFHQWO\ EHHQ GLVFXVVHG HOVHZKHUH >�@� PHUHO\ WKH KLJKOLJKWV ZLOO EH
JLYHQ KHUH� IRU D FOHDU XQGHUVWDQGLQJ RI WKH SKHQRPHQD GHVFULEHG� $ VHFRQG VWHS
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FRQVLVWHG LQ SURGXFLQJ VRGLXP DONR[LGHV E\ WKH UHDFWLRQ RI SXUH DOFRKROV ZLWK PH�
WDOOLF VRGLXP� ZLWK WHVWLQJ RI WKH WKHUPDO EHKDYLRXU RI WKH ILQDO UHDFWLRQ PL[WXUHV E\
$5&� 7KLV UHODWHV WR WKH HVVHQWLDO DLP RI WKLV ZRUN� WKH GHPRQVWUDWLRQ RI KRZ VXFK
V\VWHPV FDQ WXUQ LQWR H[SORVLYH UXQDZD\ VLWXDWLRQV DQG KRZ WKH $5& WHFKQLTXH FDQ
SURYLGH LQIRUPDWLRQ FRQFHUQLQJ WKH SRWHQWLDO KD]DUG OHYHO DQG WKH OLPLWV RI WKH VDIH
ZRUN FRQGLWLRQV�

)LJ� � 6RGLXP UHDFWLRQ UDWH YV� WLPH DV IXQFWLRQ RI WHPSHUDWXUH� ��� PRO %X2(W2+� ��� J
1D� ��� OLJURLQ� �� 1D PHOWLQJ WHPSHUDWXUH

)LJ� � 6ROXELOLW\ RI VRGLXP LQ EXWR[\HWKDQRO YV� LQLWLDO DOFRKRO FRQFHQWUDWLRQ� $ ± K\SHU�
VWRLFKLRPHWU\ ORZHU OLPLW� % ± K\SHUVWRLFKLRPHWU\ XSSHU OLPLW� &� � ± VSRQWDQHRXV HQG�
SRLQW� '� � ± ILQDO HQG�SRLQW� � ± ��� RI LQLWLDO HQHUJ\� ��� N- NJ
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([SHULPHQWDO

7KHUPRG\QDPLF DQG NLQHWLF VWXG\

7KH DOFRKROV XVHG IRU WKLV VWXG\ ZHUH PHGLXP�VL]HG DOFRKROV� FRQWDLQLQJ RU QRW
FRQWDLQLQJ KHWHURIXQFWLRQDO R[\JHQ �DQG VRPHWLPHV QLWURJHQ� DWRPV� :H FKRVH WR
FRPSDUH ��KHSWDQRO� ��KHSWDQRO� ��EXWR[\���HWKDQRO �EXW\O FHOORVROYH� JO\FRO
PRQREXW\O HWKHU�� ��SURSR[\���SURSDQRO� ��HWKR[\���SURSDQRO DQG GLHWK\OHQHJO\FRO
PRQRPHWK\O HWKHU �PHWK\O FDUELWRO�� $OO WKHVH DOFRKROV KDYH WKH VDPH QXPEHU RI
QRQ�K\GURJHQ DWRPV� L�H� D WRWDO QXPEHU RI HLJKW R[\JHQ RU FDUERQ DWRPV� DQG WKHLU
GLIIXVLRQ NLQHWLFV DUH YHU\ VLPLODU� 7KH HIIHFWV RI UHSODFLQJ WKH HWKHU IXQFWLRQV E\
VHFRQGDU\ DPLQH IXQFWLRQV ZDV DOVR VWXGLHG� 7KH ZDWHU FRQWHQWV RI DOO WKHVH SURGXFWV
ZHUH GHWHUPLQHG E\ %L]RW¶V FRXORPHWULF WHFKQLTXH LQ RUGHU WR YHULI\ WKH DEVHQFH RI
ZDWHU IURP WKH UHDJHQWV� 7KH ZDWHU WR DOFRKRO PRODU UDWLR LQ DOO WKH DOFRKROV ZDV
IRXQG WR EH OHVV WKDQ ����� 7KH VROYHQW XVHG IRU GLOXWLRQ RI WKH DOFRKROV ZDV UHFWLILHG
OLJURLQ� D PL[WXUH RI DOLSKDWLF K\GURFDUERQV ERLOLQJ EHWZHHQ ��� DQG ���R&� ,WV
ZDWHU FRQWHQW ZDV OLNHZLVH GHWHUPLQHG E\ FRXORPHWU\� DQG ZDV IRXQG WR EH ORZHU
WKDQ � SDUWV SHU PLOOLRQ�

7KH PHWDOOLF VRGLXP ZDV QXFOHDU JUDGH VRGLXP IURP 3HFKLQH\�0HWDX[ 6SHFLDX[�
SUHOLPLQDULO\ SXULILHG E\ D VHJUHJDWLRQ�H[WUDFWLRQ WHFKQLTXH LQ RUGHU WR ORZHU LWV SR�
WDVVLXP FRQWHQW WR EHORZ �� SDUW SHU PLOOLRQ E\ PDVV >�@� 7KHUPRG\QDPLF PHDVXUH�
PHQWV RI WKH UHDFWLRQ OLPLWV RI VRGLXP DV D IXQFWLRQ RI WKH DOFRKRO FRQFHQWUDWLRQ LQ
OLJURLQ ZHUH SHUIRUPHG LQ D QLFNHO FUXFLEOH� WKH WHPSHUDWXUH RI ZKLFK ZDV VWDELOL]HG
ZLWKLQ ±���R&�

.LQHWLF PHDVXUHPHQWV ZHUH FDUULHG RXW E\ PHDQV RI D VSHFLDOO\ GHVLJQHG GHYLFH
�)LJ� ��� $ FRQWLQXRXV IORZ RI VROYHQW ZDV KHDWHG E\ GLUHFW FRQWDFW ZLWK D QLFNHO
FKURPLXP UHVLVWRU VR DV WR PLQLPL]H WKH WLPH FRQVWDQW RI WKH KHDWLQJ GHYLFH� 7KH
RXWOHW WHPSHUDWXUH ZDV PRQLWRUHG LQ RUGHU WR JHW D JRRG WHPSHUDWXUH UHJXODWLRQ RI
WKH VDPSOH �ZLWKLQ ±���R& RI WKH SURJUDPPHG YDOXH� ZKDWHYHU WKH UHDFWLRQ H[RWKHU�
PLFLW\ PLJKW EH� 7KH VRGLXP VDPSOH ZDV D VSKHULFDO VDPSOH RI DERXW � J RI PHWDOOLF
VRGLXP� REWDLQHG E\ PHOWLQJ DQG VROLGLILFDWLRQ LQ D �� EXWR[\HWKDQRO�FRQWDLQLQJ
OLJURLQ EDWK� �7KH EXWR[\HWKDQRO FOHDQV WKH VXUIDFH RI WKH PHWDO VDPSOH VR WKDW FRD�
OHVFHQFH RI WKH OLTXLG PHWDO RFFXUV VSRQWDQHRXVO\�� $IWHU VROLGLILFDWLRQ� WKH VRGLXP

)LJ� � ([SHULPHQWDO GHYLFH IRU NLQHWLF VWXGLHV� � ± IORZ UDWH DGMXVWPHQW DQG FRQWURO� � ± FROG
VROYHQW LQOHW� � ± WKHUPRFRXSOH� � ± VRGLXP VDPSOH� � ± 1L&U FRLO� � ± FRDUVH VLQWHUHG
JODVV ILOWHU� � ± VROYHQW KHDWHU� � ± SRZHU VXSSO\� � ± WR DWRPLF DEVRUSWLRQ VSHFWUR�
SKRWRPHWHU� �� ± WR ZDVWH
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VDPSOH ZDV ULQVHG WKUHH WLPHV ZLWK OLJURLQ LQ RUGHU WR VWRS WKH VXUIDFH UHDFWLRQ ZLWK
EXWR[\HWKDQRO� 7KH VXEVHTXHQW VWRUDJH LQ OLJURLQ DOORZHG WKH VDPSOH VXUIDFH WR UH�
PDLQ VXIILFLHQWO\ R[\JHQ�IUHH IRU XVH GXULQJ VHYHUDO KRXUV� 6RGLXP FRQFHQWUDWLRQV
LQ WKH RUJDQLF SKDVH ZHUH GHWHUPLQHG ZLWK D 9DULDQ $$�� DWRPLF DEVRUSWLRQ VSHFWUR�
SKRWRPHWHU�

$5& VWXG\

6LQFH WKH SUHYLRXVO\ PHQWLRQHG WKHUPRG\QDPLF DQG NLQHWLF VWXGLHV UHYHDOHG DQ
DSSUHFLDEOH H[SORVLRQ KD]DUG IRU WKH GHVFULEHG UHDFWLRQV� $5& PHDVXUHPHQWV ZHUH
FDUULHG RXW LQ RUGHU WR HVWDEOLVK WKH UHODWLYHO\ VDIH ZRUNLQJ FRQGLWLRQV� 7KH DFFHOHU�
DWLQJ UDWH FDORULPHWHU� GHVLJQHG E\ &ROXPELD 6FLHQWLILF ,QGXVWULHV &RUSRUDWLRQ� DO�
ORZV UHDFWLRQ VWXGLHV XQGHU QHDU�SHUIHFW DGLDEDWLF FRQGLWLRQV� 7R DFFRPSOLVK WKLV� WKH
VDPSOH LV LQWURGXFHG LQ D VSKHULFDO PHWDOOLF VDPSOH KROGHU �D ERPE�� 7KH ZDOO WKLFN�
QHVV RI WKH ERPE GHILQHV WKH XSSHU OLPLW RI WKH LQQHU PD[LPXP SUHVVXUH� +RZHYHU�
WKLFN ERPE ZDOOV UHVXOWV LQ D ORZHULQJ RI WKH DGLDEDWLFLW\ FRHIILFLHQW Φ� GHILQHG DV

Φ = PV&S
V
�(PV&S

V
+ PE&S

E
)

ZKHUH PV DQG PE DUH WKH PDVVHV RI WKH VDPSOH DQG RI WKH ERPE� UHVSHFWLYHO\� DQG
&S

V
DQG &S

E
DUH WKH KHDW FDSDFLWLHV RI WKH VDPSOH DQG RI WKH ERPE� UHVSHFWLYHO\�

7KH ERPE LV SODFHG LQVLGH D QLFNHO�SODWHG FRSSHU MDFNHW HTXLSSHG ZLWK WKHUPRFRX�
SOHV DQG KHDWLQJ HOHPHQWV WR SURGXFH D XQLIRUP MDFNHW WHPSHUDWXUH DQG WR PDLQWDLQ
]HUR WHPSHUDWXUH GLIIHUHQFH EHWZHHQ WKH VDPSOH KROGHU DQG WKH MDFNHW� +HDWLQJ LV
FDUULHG RXW VWHSZLVH XQWLO WKH VHOI�KHDWLQJ UDWH RI WKH VDPSOH EHFRPHV GHWHFWDEOH�
2QFH D VHOI�KHDWLQJ UDWH LV GHWHFWHG DERYH D SUHVHOHFWHG WKUHVKROG� WKH VDPSOH LV DXWR�
PDWLFDOO\ PDLQWDLQHG XQGHU DGLDEDWLF FRQGLWLRQV IRU WKH GXUDWLRQ RI WKH H[RWKHUP�
)URP WKH UHFRUGHG GDWD� QXPHURXV UHODWLRQVKLSV PD\ EH GHWHUPLQHG� VXFK DV DGL�
DEDWLF WHPSHUDWXUH ULVH� WHPSHUDWXUH RI PD[LPXP VHOI�KHDWLQJ UDWH� WLPH WR PD[L�
PXP VHOI�KHDWLQJ� VHOI�KHDWLQJ UDWH YV� WHPSHUDWXUH� SUHVVXUH YV� WHPSHUDWXUH� SUHV�
VXUH UDWH YV� WHPSHUDWXUH� RU SUHVVXUH UDWH YV� WHPSHUDWXUH UDWH�

7KH H[SHULPHQWV ZHUH SHUIRUPHG ZLWK DOFRKRODWHV FRQWDLQLQJ �� J O−� �DERXW
� PRO O−�� VRGLXP LQ LQLWLDOO\ SXUH DOFRKROV ��−�� PRO O−�� GHSHQGLQJ RQ WKH PROHFX�
ODU PDVV�� 6RPH SURGXFWV ZHUH VWXGLHG IRU LQGXVWULDO DSSOLFDWLRQV DQG DUH WKHUHIRUH
FRQILGHQWLDO� $FFRUGLQJO\� EHVLGHV WKH GHVFULSWLRQ RI WKH VWDELOLW\ RI VRGLXP EXW�
R[\HWKDQRODWH DQG PHWK\OFDUELWRODWH� PHUHO\ VRPH W\SLFDO UHVXOWV FRQFHUQLQJ WKHP
ZLOO EH PHQWLRQHG KHUH LQ RUGHU WR GHPRQVWUDWH WKH SRZHU RI WKH $5& WHFKQLTXH LQ
VDIHW\ VWXGLHV RI VRPH REVHUYDEOH EHKDYLRXU RI LQGXVWULDO LQWHUHVW�

7KH ZRUNLQJ FRQGLWLRQV IRU WKH GHVFULEHG H[SHULPHQWV ZHUH DV IROORZV� VSKHULFDO
+DVWHOOR\�& ERPEV� ZLWK ��� PP ZDOO WKLFNQHVV DQG �� PO YROXPH� IRU SUHVVXUH XS
WR ��� ��� N3D� 7KH VSHFLILF KHDW RI WKH ERPE PDWHULDO ZDV ���� - �J .−��� 7KH VWDUW
WHPSHUDWXUH ZDV ��R&� DQG WKH HQG WHPSHUDWXUH ���R&� 7KH VORSH VHQVLWLYLW\ ZDV
���� . PLQ−�� 7KH KHDW VWHS ZDV VHW DW ����� WKH GDWD VWHS DW ����� DQG WKH FDOFXODWLRQ
VWHS DW ����� 7KH FRRO WHPSHUDWXUH ZDV �����R&� ZLWK WKH UDGLDQW KHDW IUDFWLRQ DW ��
7KH SUHVVXUH VWRS ZDV VHW DW �� ��� N3D DQG WKH ZDLW WLPH WR �� PLQ� 7KH VDPSOH
PDVV ZDV DERXW ��� J�
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5HVXOWV�DQG�GLVFXVVLRQ

$W ILUVW VLJKW� WKH UHDFWLRQ RI VRGLXP DOFRKRODWH IRUPDWLRQ VHHPV WR EH D YHU\ VLP�
SOH RQH�

1D � 52+ 521D � ���+�

,Q IDFW� WKLV UHDFWLRQ LV D KHWHURJHQHRXV UHDFWLRQ LQYROYLQJ DW OHDVW WKUHH SKDVHV� WKH
FRQGXFWLYH PHWDO� WKH LQVXODWLQJ VROYHQW �HYHQ ZKHQ VDWXUDWHG ZLWK DOFRKRODWH� LWV UH�
VLVWLYLW\ LV KLJKHU WKDQ �� 0Ω FP� DQG WKH JDVHRXV SKDVH LQYROYLQJ HYROYHG K\GUR�
JHQ� $OFRKRODWH SUHFLSLWDWLRQ VRPHWLPHV OHDGV WR WKH IRUPDWLRQ RI D VXSSOHPHQWDU\
VROLG SKDVH� 3UREOHPV RI QXFOHDWLRQ DQG JURZWK RI WKH JDV SKDVH� DQG FKDUJH GLVWUL�
EXWLRQ RYHU WKH VROYHQW�PHWDO LQWHUIDFH� VWURQJO\ DOWHU WKH EHKDYLRXU RI WKH UHDFWLRQ�

)LJXUH � VKRZV WKH UHDFWLRQ UDWH DV D IXQFWLRQ RI WLPH XQGHU YDU\LQJ WHPSHUDWXUH
FRQGLWLRQV� $IWHU DQ LQLWLDWLRQ SHULRG RI DERXW �� PLQ� WKH VRGLXP VDPSOH VWDUWV RV�
FLOODWLRQ NLQHWLFV ZLWK ��� EXWR[\HWKDQRO GLOXWHG LQ OLJURLQ� 7KHVH RVFLOODWLRQV DUH
GLVWXUEHG E\ WKH VWDUWLQJ RI D WHPSHUDWXUH UDPS� 2QFH WKH WHPSHUDWXUH KDV UHDFKHG D
OHYHO QHDU WKH PHOWLQJ SRLQW RI WKH DONDOL PHWDO� VWURQJ RVFLOODWLRQV WDNH SODFH� OHDGLQJ
WR LQVWDQWDQHRXV UHDFWLRQ UDWH IOXFWXDWLRQV E\ D IDFWRU RI �� 6LQFH WKDW DFWXDO UHDFWLRQ
VLJQDO LV GDPSHG E\ WKH WLPH FRQVWDQWV RI ERWK WKH UHDFWLRQ FHOO DQG WKH DWRPLF DE�
VRUSWLRQ VSHFWURPHWHU� D IDFWRU RI DERXW �� FDQ EH HVWLPDWHG IRU WKH LQVWDQWDQHRXV
UDWH YDULDWLRQV RI WKH VDPSOH UHDFWLRQ� $OO WKH VWXGLHG DOFRKROV H[KLELWHG VLPLODU EH�
KDYLRXU� +RZHYHU� WKH UHDFWLRQ UDWHV RI DOFRKROV EHDULQJ DQ HWKHU IXQFWLRQ ZHUH
KLJKHU WKDQ WKRVH RI DOFRKROV ZLWKRXW VXFK D KHWHURIXQFWLRQDOLW\� )RU H[DPSOH� EXW�
R[\HWKDQRO UHDFWHG �� WLPHV IDVWHU WKDQ ��KHSWDQRO XQGHU WKH VDPH FRQGLWLRQV
�)LJ� ��� )LJXUH � VKRZV WKH UHDFWLYLWLHV LQGXFHG E\ VHYHUDO KHWHURIXQFWLRQDOLWLHV QHDU
WKH DFWLYH DOFRKRO IXQFWLRQ� 7KH PDLQ FRQFOXVLRQ LV WKDW WKH DOFRKRO IXQFWLRQ UHDFWLY�
LW\ HQKDQFHPHQW GXH WR D KHWHURIXQFWLRQ EHDULQJ D QRQ�ERQGHG HOHFWURQ SDLU LV PRVW
LPSRUWDQW ZKHQ WKH KHWHURIXQFWLRQ LV FORVH WR WKH DOFRKRO IXQFWLRQ� 5HDFWLYLW\ HQ�

)LJ� � ,QIOXHQFH RI HWKHU SRVLWLRQ RQ DOFRKRO IXQFWLRQ UHDFWLYLW\� � ± ��KHSWDQRO� � ± EXW�
R[\HWKDQRO� � ± ��SURSR[\���SURSDQRO� � ± ��HWKR[\���EXWDQRO� � ± ��PHWKR[\���
SHQWDQRO
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KDQFHPHQWV GXH WR HWKHU IXQFWLRQV �)LJ� �� DUH PRUH LPSRUWDQW WKDQ WKRVH REVHUYHG
IRU DPLQH IXQFWLRQV LQ WKH VDPH SRVLWLRQ �)LJ� ��� $GGLWLRQ RI DQ DPLQH JURXS LQWR DQ
DOFRKRO GLG QRW LQFUHDVH LWV UHDFWLYLW\ �)LJ� ��� 7KLV LV FOHDU HYLGHQFH RI WKH LPSRU�
WDQFH RI WKH QRQ�ERQGHG HOHFWURQ SDLUV LQ WKH ILUVW DGVRUSWLRQ VWHS UHTXLUHG IRU WKH UH�
DFWLRQ RI DQ DOFRKRO ZLWK VRGLXP�

)LJXUH � VKRZV WKH FRUUHVSRQGLQJ WKHUPRG\QDPLF DVSHFWV� WKH VRGLXP WR LQLWLDO
DOFRKRO �EXWR[\HWKDQRO� PRODU UDWLRV RI WKH VROXWLRQV DUH SORWWHG YV� WKH DOFRKRO FRQ�
FHQWUDWLRQ LQ WKH RUJDQLF UHDJHQW� 7KUHH W\SLFDO UHJLRQV DSSHDU LQ WKLV SORW�

�� )RU DQ DOFRKRO FRQFHQWUDWLRQ EHORZ �� YRO� DOFRKRO LQ OLJURLQ �SRLQW $� )LJ� ���
WKH UHDFWLRQ QHYHU UHDFKHV WKH H[SHFWHG VWRLFKLRPHWULF FRQYHUVLRQ UDWH� 6LQFH WKH OLJ�
URLQ FRPSRQHQWV DQG WKH UHDFWLQJ DOFRKRO KDYH VLPLODU PROHFXODU PDVVHV� WKH SHU�
FHQWDJH YROXPH LV QHDU WKH PRODU SHUFHQWDJH� 7KLV K\SRVWRLFKLRPHWU\ LV VWURQJHU IRU
KHWHURIXQFWLRQ�EHDULQJ DOFRKROV�

�� %HWZHHQ � DQG ��� YRO� DOFRKRO� WKH UHDFWLRQ FRQYHUVLRQ UDWH H[FHHGV WKH

VWRLFKLRPHWULF YDOXH �KRUL]RQWDO OLQH LQ )LJ� ��� )RU DQ DOFRKRO VXFK DV KHSWDQRO�

ZLWKRXW DQ DGGLWLRQDO KHWHURIXQFWLRQDO R[\JHQ DWRP� WKH FRQYHUVLRQ UDWH QHYHU H[�

FHHGV WKH H[SHFWHG VWRLFKLRPHWU\� 7KLV LV GXH WR WKH SRVVLELOLW\ IRU DONDOL PHWDOV WR

UHDFW QRW RQO\ ZLWK WKH K\GURJHQ DWRPV RI DOFRKRO IXQFWLRQV� EXW DOVR ZLWK WKH HWKHU

IXQFWLRQ� WKH QRQ�ERQGHG HOHFWURQ SDLUV RI WKH R[\JHQ RI ZKLFK DUH D VLWH ZKHUH FDW�

LRQLF VRGLXP FDQ EH IL[HG� OHDGLQJ WR EUHDNLQJ RI WKH FORVHVW OHVV VWDEOH R[\JHQ�FDU�

ERQ ERQG� :LWK KHWHURIXQFWLRQOHVV DOFRKROV� VXFK D UHDFWLRQ LV QRW SRVVLEOH� 7KXV� IRU

HWKHU IXQFWLRQ�FRQWDLQLQJ DOFRKROV� VRGLXP ZLOO QRW RQO\ \LHOG DOFRKRODWH IRUPDWLRQ�

EXW DOVR UHVXOW LQ H[RWKHUPLF SDUWLDO GHFRPSRVLWLRQ UHDFWLRQV EUHDNLQJ WKH HWKHU R[\�

JHQ�FDUERQ ERQGV�

)LJ� � ,QIOXHQFH RI KHWHURIXQFWLRQDOLW\ RQ DOFRKRO IXQFWLRQ UHDFWLYLW\� � ± KHSWDQRO� � ± EXW�
R[\HWKDQRO� � ± ��EXW\ODPLQRHWKDQRO� � ± ���1�EXW\O�1�PHWK\O�DPLQR���HWKDQRO�
� ± ���1�PHWK\O�1�SURS\O�DPLQR���HWKDQRO� � ± Q�KHSWDQRO DQG KHSW\ODPLQH ����
� ± Q�KHSWDQRO DQG KHSW\ODPLQH ���
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�� )RU DOFRKRO FRQFHQWUDWLRQV H[FHHGLQJ ��� YRO� �EH\RQG SRLQW % LQ )LJ� ��� WKH

ILQDO FRQYHUVLRQ UDWHV DUH ORZHU WKDQ WKH H[SHFWHG VWRLFKLRPHWULF YDOXH� 0RUHRYHU�

WKH UHDFWLRQ HQG�SRLQWV \LHOG UDQGRPO\ GLVWULEXWHG FRQYHUVLRQ UDWHV� 7KLV LV WUXH IRU

DOO WKH VWXGLHG DOFRKROV�

7KHVH H[SHULPHQWDO IDFWV FDQ EH H[SODLQHG E\ WDNLQJ LQWR DFFRXQW WKH DPSKLSKLOLF
FKDUDFWHU RI WKH VWXGLHG DOFRKROV� 7KHVH DVSHFWV ZHUH GLVFXVVHG LQ D UHFHQW FRPPX�
QLFDWLRQ >�@� 7KH\ DUH GXH WR WKH IRUPDWLRQ RI D FKDUJHG GRXEOH OD\HU DFURVV WKH PHW�
DO�VROYHQW LQWHUIDFH� 7KH QHJDWLYH FKDUJH EXLOG�XS LQ WKH PHWDOOLF SKDVH LV FRPSHQ�
VDWHG E\ D SRVLWLYH FKDUJH EXLOG�XS LQ WKH RUJDQLF SKDVH� +RZHYHU� WKHVH FKDUJH
EXLOG�XSV UHVXOW LQ VWURQJ FKDQJHV LQ WKH HOHFWULFDO SRWHQWLDO RI WKH SKDVHV LQ ZKLFK
WKH\ WDNH SODFH� )RU D FDSDFLWRU� WKH UHODWLRQ EHWZHHQ FDSDFLWDQFH &� HOHFWULFDO FKDUJH
4 DQG HOHFWULFDO SRWHQWLDO 8 LV 8 4�&� 7KH FKHPLFDO V\VWHP LV VWHHUHG LQ WKH VDPH
ZD\� WKH ORZHU WKH HOHFWULFDO FDSDFLWDQFH RI WKH FRQVLGHUHG SKDVH� WKH PRUH LPSRU�
WDQW LWV HOHFWULFDO SRWHQWLDO YDULDWLRQV� 7KXV� GXULQJ WKH GRXEOH OD\HU IRUPDWLRQ� WKH
HOHFWURFKHPLFDO SRWHQWLDO RI VRGLXP GHFUHDVHV� ZKLOVW WKH HOHFWURFKHPLFDO SRWHQWLDOV
RI DOO VSHFLHV FRQWDLQHG LQ WKH RUJDQLF SKDVH LQFUHDVH� $V VRRQ DV WKH SURWRQDWHG DO�
FRKRODWH SUHVHQW DW WKH LQWHUIDFH VWDUWV QXFOHDWLRQ DQG JURZWK RI K\GURJHQ EXEEOHV�
GHSURWRQDWLRQ RFFXUV� GLVFKDUJLQJ WKH QHJDWLYH FKDUJHV VWRUHG LQ WKH DONDOL PHWDO� LWV
HOHFWURFKHPLFDO SRWHQWLDO KHQFH ULVLQJ DJDLQ WR LWV LQLWLDO YDOXH� 7KLV ZLOO UHVXOW LQ UH�
OD[DWLRQ NLQHWLFV OHDGLQJ WR VDZWRRWK UHDFWLRQ UDWHV DV VKRZQ LQ )LJ� �� 6HYHUDO
DXWKRUV PHQWLRQ VXFK EHKDYLRXU IRU VLPLODU V\VWHPV >�−�@� 7KH KHDY\ OLQHV LQ WKLV
)LJXUH VKRZ WKH FKDQJHV LQ WKH FKHPLFDO SRWHQWLDOV RI WKH YDULRXV FRPSRXQGV LQ WKH
V\VWHP ZLWK LQFUHDVLQJ FRQYHUVLRQ UDWH� 7KH ILQH OLQHV LQGLFDWH WKH FRUUHVSRQGLQJ
HOHFWURFKHPLFDO SRWHQWLDOV RI DOO FRQFHUQHG VSHFLHV� 7KH UHDFWLRQ ZLOO VWRS ILUVW ZKHQ
WKH VXP RI WKH FKHPLFDO SRWHQWLDOV RI WKH LQLWLDO SURGXFWV LV UHDFKHG E\ WKH ULVLQJ VXP
RI WKH FKHPLFDO SRWHQWLDOV RI WKH ILQDO SURGXFWV� 7KH ILUVW WLPH WKLV FDQ RFFXU LV DW
SRLQW $ LQ )LJ� �� 8QGHU WKH HYROXWLRQ FRQGLWLRQV DV UHYHDOHG E\ WKLV )LJXUH� WKH QRU�

)LJ� � (YROXWLRQ RI SRWHQWLDOV GXULQJ VRGLXP DOFRKRODWH IRUPDWLRQ� $ ± ILUVW SRVVLEOH VWRS�
% ± ILUVW VSRQWDQHRXV VWRS� & ± XOWLPDWH UHDFWLRQ HQG� � ± ILQDO SURGXFWV� � ± LQLWLDO
SURGXFWV� � ± 1D� � ± +�� � ± 521D� � ± 52+
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PDO VSRQWDQHRXV REVHUYDEOH HQG�SRLQW ZLOO EH DW SRLQW %� $IWHU WKLV VSRQWDQHRXV
VWHS� KRZHYHU� RQ GLVFKDUJH RI WKH LQWHUIDFLDO GRXEOH OD\HU JLYLQJ ULVH WR WKH HOHFWULFDO
FRQWULEXWLRQ RI WKH WRWDO SRWHQWLDO RI WKH UHDFWLQJ VSHFLHV� WKH UHDFWLRQ FDQ VWDUW DJDLQ�
WKH ODVW HQG�SRLQW RI ZKLFK ZLOO EH UHDFKHG DW WKH HTXLOLEULXP SRLQW & LQ )LJ� �� 7KH
JDS EHWZHHQ $ DQG & LQ )LJ� � FRUUHVSRQGV WR WKH YHUWLFDO DPSOLWXGH RI WKH GDVKHG
DUHD REVHUYDEOH EH\RQG DQ DOFRKRO WR OLJURLQ UDWLR RI ��� LQ )LJ� �� 7KXV� IRU SXUH
DOFRKROV UHDFWLQJ ZLWK VRGLXP� LW LV HDV\ WR UHDFK VSRQWDQHRXV HQG�SRLQWV DW WKH PLG�
SRLQW EHWZHHQ & DQG ' �)LJ� ��� 'LVFKDUJH RI WKH LQWHUIDFLDO OD\HU ZLOO UHVWDUW WKH UH�
DFWLRQ DQG DOORZ LW WR UHDFK WKH HQG�SRLQW '� 6WLUULQJ� ZKLFK UHVXOWV LQ EUHDNLQJ RI WKH
DONDOL PHWDO GURSOHWV� FDQ EH D IDFWRU OHDGLQJ WR WKH DSSDUHQW GLVFKDUJH RI WKH LQWHU�
IDFLDO OD\HU� LQFUHDVH LQ WKH VSHFLILF VXUIDFH RI WKH PHWDO ZLOO HQKDQFH LWV HOHFWULFDO
FDSDFLW\� VR WKDW WKH FRUUHVSRQGLQJ HOHFWULFDO SRWHQWLDO ZLOO EH ORZHUHG� 6LQFH GLV�
FKDUJH RI WKH FDSDFLW\ LV DQ DXWRFDWDO\WLF SKHQRPHQRQ� WKH UHDFWLRQ ZLOO JR WR FRP�
SOHWLRQ RQ YLJRURXV VWLUULQJ� 6XFK VWLUULQJ FDQ EH VWDUWHG E\ D ORFDO KRW�SRLQW JHQHU�
DWLQJ K\GURJHQ EXEEOLQJ� &RQVHTXHQWO\� VXFK EHKDYLRXU FDQ EH WKH VWDUWLQJ SRLQW RI
H[SORVLYH UXQDZD\V� 8QGHU WKH GHVFULEHG FRQGLWLRQV� HYHQ WKH KDOI�DPSOLWXGH EH�
WZHHQ & DQG ' LQ )LJ� �� ZKLFK LV YHU\ FRPPRQO\ REVHUYHG DV D VSRQWDQHRXV HQG�
SRLQW LQ SXUH DOFRKROV� UHSUHVHQWV DERXW ��� VWRUHG SRWHQWLDO PRODU UDWLR HYROXWLRQ�
6LQFH WKH VWXGLHG DOFRKROV DUH � WR � PRO O−� ZKHQ SXUH� WKLV YDOXH LV QHDU ��� PROHV�

)LJ� � $GLDEDWLF GHFRPSRVLWLRQ RI 1D�EXWR[\HWKDQRODWH ��� J O
−�
�� 3UHVVXUH YV� WHPSHUDWXUH

)LJ� � $GLDEDWLF GHFRPSRVLWLRQ RI 1D�PHWK\OFDUELWRODWH ��� J O
−�
�� 3UHVVXUH YV� WHPSHUDWXUH
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FRUUHVSRQGLQJ WR D SRWHQWLDO HQHUJ\ FRQWHQW RI DERXW ��� N- NJ−�� 7KH FRUUHVSRQGLQJ
DGLDEDWLF WHPSHUDWXUH ULVH RI WKH PHGLXP LV FRQVHTXHQWO\ DERXW ��� .� 7KLV YDOXH LV
KLJK HQRXJK WR EULQJ WKH V\VWHP XS WR WHPSHUDWXUHV LQGXFLQJ H[RWKHUPLF GHFRPSR�
VLWLRQV UHDFWLRQV�

7KXV� $5& VWXGLHV DUH UHTXLUHG WR GHWHUPLQH WKH FRQGLWLRQV IRU ZKLFK WKH V\VWHP

FDQ EH RSHUDWHG XQGHU UHODWLYHO\ VDIH FRQGLWLRQV� )LJXUH � GHSLFWV WKH WKHUPDO GH�

FRPSRVLWLRQ RI VRGLXP EXWR[\HWKDQRODWH� E\ PHDQV RI WKH SORW RI SUHVVXUH YV� WHP�

SHUDWXUH� 7ZR VWHSV DSSHDU FOHDUO\� ,Q FRPSDULVRQ� WKH VDPH SORW IRU VRGLXP PHWK\O�

FDUELWRODWH UHYHDOV WKDW WKLV DOFRKRO� FRQWDLQLQJ D QXPEHU RI HWKHU IXQFWLRQV� VWDUWV WR

GHFRPSRVH DW ORZHU WHPSHUDWXUHV� $OWKRXJK QRW VR DSSDUHQW DV LQ WKH SUHYLRXV H[DP�

SOH� WZR VWHSV DUH DOVR REVHUYDEOH KHUH� 7KHLU RYHUODS UHVXOWV LQ D QHDUO\ FRQWLQXRXV

HYROXWLRQ RI SUHVVXUH YV� WHPSHUDWXUH �)LJ� ���

$QRWKHU LQWHUHVWLQJ UHSUHVHQWDWLRQ LV JLYHQ E\ WKH SORW RI WHPSHUDWXUH UDWH YV�
WLPH �)LJ� ��� LQ VXFK D UHSUHVHQWDWLRQ� WKH WZR SUHYLRXVO\ PHQWLRQHG VWHSV RI EXW�
R[\HWKDQRODWH GHFRPSRVLWLRQ DUH UHDGLO\ REVHUYHG� 7KH LPSRUWDQW WLPH JDS EHWZHHQ
WKH ILUVW GHFRPSRVLWLRQ DQG WKH ILQDO H[SORVLYH UXQDZD\ LV FOHDUO\ VHHQ� 7KH SUHVVXUH
UDWH YV� WHPSHUDWXUH UDWH SORW �)LJ� ��� GHPRQVWUDWHV WKDW WKH JDV IRUPDWLRQ DQG KHDW
HYROXWLRQ DUH QRW VLPSO\ FRUUHODWHG GXULQJ WKH WKHUPDO GHFRPSRVLWLRQ RI VRGLXP EX�

)LJ� � $GLDEDWLF GHFRPSRVLWLRQ RI 1D�EXWR[\HWKDQRODWH ��� J O
−�
�� 7HPSHUDWXUH UDWH YV� WLPH

)LJ� �� $GLDEDWLF GHFRPSRVLWLRQ RI 1D�EXWR[\HWKDQRODWH ��� J O
−�
�� 3UHVVXUH UDWH YV� WHPSHUD�

WXUH UDWH

+$'- 0(%$5(. HW DO�� $/.$/, 0(7$/ $/.2;,'(6 ���

-� 7KHUP� $QDO� &DO�� ��� ����



WR[\HWKDQRODWH� 7KLV UHODWLYHO\ VWDEOH SURGXFW FDQ EH FRPSDUHG ZLWK WKH IROORZLQJ
RQH� WKH FRPSRVLWLRQ RI ZKLFK LV FRQILGHQWLDO �)LJ� ���� $ FRPSDULVRQ RI WKH VFDOHV
RI )LJV �� DQG �� LQGLFDWHV WKDW LQ WKH ODWWHU FDVH SUHVVXUH DQG WHPSHUDWXUH UDWHV DUH
DFKLHYHG WKDW DUH DERXW ��� WLPHV KLJKHU WKDQ WKRVH IRU WKH SUHYLRXVO\ GHVFULEHG EX�
WR[\HWKDQRODWH� 6XFK D FRPSRXQG OHDGV WR H[WUHPHO\ VHQVLWLYH ZRUNLQJ FRQGLWLRQV�
WKH KD]DUGV RI ZKLFK DSSHDU FOHDUO\ LQ )LJ� ��� LQ ZKLFK WKH SUHVVXUH UDWH LV SORWWHG
YV� WLPH� DIWHU D ORQJ LQLWLDWLRQ SHULRG� DQ H[WUHPHO\ IDVW UXQDZD\ RFFXUV� 7KH ��� .
PHQWLRQHG DERYH DV WKH SRWHQWLDO DGLDEDWLF WHPSHUDWXUH ULVH GXH WR WKH HQHUJ\ DFFX�
PXODWLRQ E\ WKH XQFRPSOHWHG UHDFWLRQ ZRXOG KHUH EH HDVLO\ DEOH WR EULQJ WKH V\VWHP
LQWR GDQJHURXV ZRUNLQJ FRQGLWLRQV LI HIIHFWLYH IDVW FRROLQJ GRZQ ZHUH QRW IRUHVHHQ�

&RQFOXVLRQV

7KH UHDFWLRQV RI VRGLXP ZLWK DOFRKROV DUH YHU\ FRPSOH[� LQYROYLQJ D ILUVW DGVRUS�
WLRQ VWHS DW WKH DONDOL PHWDO VXUIDFH� 7KH\ \LHOG RI WKH UHDFWLRQ GHSHQGV RQ WKH HOHF�
WURFKHPLFDO FKDUJH EXLOG�XS DW WKH PHWDO�UHDJHQW LQWHUIDFH� 7KH EUHDNLQJ RI WKH PH�

)LJ� �� $GLDEDWLF GHFRPSRVLWLRQ RI DOFRKRODWHV FRQWDLQLQJ VHYHUDO R[\JHQ DWRPV� 3UHVVXUH
UDWH YV� WLPH

)LJ� �� $GLDEDWLF GHFRPSRVLWLRQ RI DOFRKRODWHV FRQWDLQLQJ VHYHUDO R[\JHQ DWRPV� 3UHVVXUH
UDWH YV� WHPSHUDWXUH
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WDOOLF SKDVH LQWR GURSOHWV PD\ UHVXOW LQ DQ DSSDUHQWO\ FRPSOHWHG UHDFWLRQ VWDUWLQJ XS
DJDLQ� 7KH FRUUHVSRQGLQJ HQWKDOS\ FRQWHQW WKDW EHFRPHV IUHH LQ WKLV ZD\ LV DEOH WR
JLYH ULVH WR DQ DGLDEDWLF WHPSHUDWXUH ULVH RI WKH V\VWHP RI PRUH WKDQ ��� .� $5&
VWXGLHV LQGLFDWH WKDW WKLV WHPSHUDWXUH ULVH� VWDUWLQJ IURP WKH PHOWLQJ WHPSHUDWXUH RI
VRGLXP� LV FRQVLGHUDEOH HQRXJK WR EULQJ WKH V\VWHP LQWR D GDQJHURXV UXQDZD\ VLWX�
DWLRQ� 7KH SRWHQWLDO KD]DUG GHSHQGV VWURQJO\ RQ WKH VKDSH RI WKH PROHFXOHV FRQ�
FHUQHG� DQG WKH SUHVHQFH RI R[\JHQ KHWHURIXQFWLRQV DEOH WR HQKDQFH WKH UXQDZD\
UDWHV RI WKH V\VWHP E\ D IDFWRU RI ��� RQFH LWV GHFRPSRVLWLRQ KDV EHJXQ�

5HIHUHQFHV

� &� %UXQHDX� (WK\OHQH JO\FRO� WKHUPDO GHJUDGDWLRQ� HIIHFW RQ VRGLXP� 5HSRUW ����� )51&�
7+(����� DYDLO� ,1,6 IURP ,1,6 $WRPLQGH[� �� ������ ��

� 6� :DOWHU� $ +DGM 0HEDUHN DQG *� .LOOÅ� 7KHUPDOO\ LQGHSHQGHQW GHFRPSRVLWLRQ UHDFWLRQV�
SDUWLFXODUO\ GDQJHURXV V\VWHPV� 6RGLXP DOFRKRODWHV DV H[DPSOHV� %¾OH 0HHWLQJ� 1RYDUWLV
6HUYLFHV $*� %DVHO ����� S� $���6&�

� $� +DGM 0HEDUHN� 6� :DOWHU DQG 6� 'L\DQL� -� 7KHUPDO $QDO�� �� ������ �����
� (� 6� +HGJHV DQG -� (� 0\HUV� -� &KHP� 6RF�� ��� ������ ���� ��� ������ ���� ��� ������

�����
� (� +HLW] DQG &� .\ULDVLV� ,QG� (QJ� &KHP� 3URG� 5HV� 'HY�� �� ������ ���
� 3� 3RQFHW� 0� %UDLUD]� %� 3RLQWX DQG -� 5RXVVHDX� -� &KLPLH 3K\VLTXH� � ������ ����

+$'- 0(%$5(. HW DO�� $/.$/, 0(7$/ $/.2;,'(6 ���

-� 7KHUP� $QDO� &DO�� ��� ����


