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&KHPLVWU\ DQG WKH (QYLURQPHQW, ,QYLWHG / $ZDUG /HFWXUH (9-011

2[LGDWLRQ SURFHVVHV IRU PLFURSROOXWDQW DEDWHPHQW: $Q (OGRUDGR IRU HQYLURQPHQWDO
FKHPLVWV

8. YRQ *XQWHQ1,2

1(DZDJ, 6ZLVV )HGHUDO ,QVWLWXWH RI 7HFKQRORJ\, &+-8600 '¾EHQGRUI, 6ZLW]HUODQG, 2(3)/, (FROH
3RO\W«FKQLTXH )«G«UDOH GH /DXVDQQH, &+-1015 /DXVDQQH, 6ZLW]HUODQG

7KH ILHOG RI R[LGDWLYH ZDWHU WUHDWPHQW KDV HYROYHG VLJQLILFDQWO\ LQ WKH ODVW GHFDGHV. ,QLWLDOO\,
GLVLQIHFWLRQ ZDV WKH PDLQ IRFXV, EXW PRUH UHFHQWO\ R[LGDWLRQ SURFHVVHV VXFK DV R]RQDWLRQ DUH
ZLGHO\ DSSOLHG IRU PLFURSROOXWDQW DEDWHPHQW. ,QLWLDOO\ UHVHDUFK DQG DSSOLFDWLRQ IRFXVHG RQ WKH
GLVDSSHDUDQFH RI WDUJHW FRPSRXQGV, KRZHYHU, QRZDGD\V WKH IRUPDWLRQ RI WUDQVIRUPDWLRQ SURGXFWV
LV DQ LPSRUWDQW LVVXH, EHFDXVH WKH\ FDQ EH GHWHFWHG WKDQNV WR LPSURYHG DQDO\WLFDO WRROV.
)XUWKHUPRUH, WKH TXHVWLRQ DERXW WKH WR[LFRORJLFDO UHOHYDQFH RI WUDQVIRUPDWLRQ SURGXFWV IRU ZDWHU
TXDOLW\ KDV WR EH FRQVLGHUHG. %DVHG RQ WKHVH FRQFHUQV, LW LV REYLRXV, WKDW (HFR)WR[LFRORJLFDO WHVW
SURFHGXUHV RI VXFK SURFHVVHV QHHGHG WR EH LQFOXGHG LQ WKH RYHUDOO DVVHVVPHQW. )XUWKHUPRUH, WKH
ELRGHJUDGDELOLW\ RI WUDQVIRUPDWLRQ SURGXFWV HPHUJHG DV DQ LPSRUWDQW WRSLF IRU WKH DVVHVVPHQW RI
WKH UHOHYDQFH DQG IDWH RI WKHVH FRPSRXQGV. 7KH VWURQJ IRFXV RQ WKH IHDVLELOLW\ RI PLFURSROOXWDQW
DEDWHPHQW GXULQJ R]RQDWLRQ VKRXOG QRW GLVWUDFW IURP WKH IDFW, WKDW PRVW RI WKH R[LGDWLRQ SRZHU LV
ORVW WR WKH RUJDQLF PDWUL[ (GLVVROYHG RUJDQLF PDWWHU, '20). 7R WKLV HQG, NQRZOHGJH IURP WKH
UHDFWLRQV RI LQGLYLGXDO FRPSRXQGV FDQ EH DSSOLHG WR DVVHVV WKH UHDFWLYLW\ RI '20 ZLWK R]RQH DQG
DOORZV WR SRWHQWLDOO\ SUHGLFW WKH IRUPDWLRQ RI R[LGDWLRQ E\SURGXFWV. ,Q WKH IXWXUH, WKH EURDG
NQRZOHGJH JDLQHG LQ WKH ODVW GHFDGHV VKRXOG EH FRPSLOHG IRU WKH GHYHORSPHQW RI SUHGLFWLRQ
PRGHOV IRU NLQHWLFV, WUDQVIRUPDWLRQ SURGXFW IRUPDWLRQ DQG (HFR)WR[LFLW\, WR LPSURYH WKH
DVVHVVPHQW RI R[LGDWLRQ SURFHVVHV LQ JHQHUDO EH\RQG D FDVH E\ FDVH HYDOXDWLRQ RI LQGLYLGXDO
RUJDQLF PLFURSROOXWDQWV.
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&KHPLVWU\ DQG WKH (QYLURQPHQW, &RQWULEXWHG 7DON (15PLQ) (9-013

&RPELQDWLRQ RI DGYDQFHG DQDO\WLFDO WRROV ZLWK WR[LFRORJLFDO DVVD\V SURPRWH WKH
XQGHUVWDQGLQJ RI WUDQVIRUPDWLRQ UHDFWLRQV RFFXUULQJ GXULQJ ZDVWHZDWHU R]RQDWLRQ

7. 0DQDVIL1, &. 0F$UGHOO1, -. +ROOHQGHU1,2, 8. YRQ *XQWHQ1,3

1(DZDJ - 6ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\, 2,QVWLWXWH RI %LRJHRFKHPLVWU\
DQG 3ROOXWDQW '\QDPLFV, (7+ =XULFK, 36FKRRO RI $UFKLWHFWXUH, &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ

((1$&), (FROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/)

2]RQDWLRQ LV LQFUHDVLQJO\ LQWHJUDWHG LQWR ZDVWHZDWHU WUHDWPHQW WUDLQV WR DEDWH PLFURSROOXWDQWV,
ZKLFK DUH NQRZQ WR LQGXFH DGYHUVH HIIHFWV WR DTXDWLF RUJDQLVPV LQ UHFHLYLQJ ZDWHU ERGLHV. :KLOH
R]RQDWLRQ KDV EHHQ IRXQG WR HQKDQFH WKH ELRORJLFDO TXDOLW\ RI ZDVWHZDWHU DV UHIOHFWHG E\ WKH
UHGXFHG WR[LFLW\ LQ D UDQJH RI ELRDVVD\V, FRQFHUQV UHPDLQ ZLWK UHJDUG WR WKH SRWHQWLDO IRUPDWLRQ RI
WR[LF (PXWDJHQLF/JHQRWR[LF) R]RQDWLRQ E\SURGXFWV (2%3V) DQG R]RQDWLRQ WUDQVIRUPDWLRQ SURGXFWV
(273V) IURP R]RQH UHDFWLRQV ZLWK WKH PDWUL[ FRPSRQHQWV DQG ZLWK PLFURSROOXWDQWV, UHVSHFWLYHO\.
:KLOH PRVW RI WKH WR[LFLW\ LV WKRXJKW WR RULJLQDWH IURP 2%3V DV WKH\ DUH W\SLFDOO\ IRUPHG DW RUGHUV
RI PDJQLWXGH KLJKHU OHYHOV WKDQ 273V, WKH ODWWHU FDQ EH XVHG DV D WUDFHU WR HOXFLGDWH XQNQRZQ
UHDFWLRQ PHFKDQLVPV. ([FHSW IRU VRPH VSHFLILF E\SURGXFWV VXFK DV EURPDWH DQG QLWURVDPLQHV,
OLWWOH LV VR IDU NQRZQ DERXW WKH LGHQWLW\ RI WR[LF 2%3V/273V DQG WKHLU IRUPDWLRQ SDWKZD\V. 6XFK DQ
XQGHUVWDQGLQJ LV HVVHQWLDO WR HQVXUH WKH RSWLPL]DWLRQ RI ZDVWHZDWHU WUHDWPHQW SURFHVVHV DQG IRU
WKH SRWHQWLDO LPSOHPHQWDWLRQ RI VRXUFH FRQWURO PHDVXUHV OLPLWLQJ WKH LQWURGXFWLRQ RI SUREOHPDWLF
SUHFXUVRUV LQWR ZDVWHZDWHUV. +RZHYHU, WKH FRPSOH[LW\ RI ZDVWHZDWHU VDPSOHV DORQJ ZLWK WKH
W\SLFDO RFFXUUHQFH RI 2%3V DQG 273V DW WUDFH FRQFHQWUDWLRQ OHYHOV FRQVWLWXWH PDLQ FKDOOHQJHV
ZKHQ WKH LGHQWLILFDWLRQ RI XQNQRZQ UHDFWLRQ SDWKZD\V LV VRXJKW. 1RQ-WDUJHW DQDO\VLV EDVHG RQ KLJK-
UHVROXWLRQ PDVV VSHFWURPHWU\ (+506) DSSOLHG V\QHUJLVWLFDOO\ ZLWK WR[LFRORJLFDO DVVD\V FDQ
FRQVWLWXWH D SRZHUIXO WRRO WR DGGUHVV WKHVH FKDOOHQJHV DQG GLVFRYHU XQNQRZQ WR[LFRORJLFDOO\
UHOHYDQW E\SURGXFWV. 7KH SUHVHQW VWXG\ DLPHG DW WKH LGHQWLILFDWLRQ RI XQNQRZQ UHDFWLRQV WKDW
PLJKW EH UHOHYDQW ZLWK UHJDUG WR WKH LQGXFWLRQ RI PXWDJHQLFLW\ LQ R]RQDWHG ZDVWHZDWHUV. 6DPSOHV
ZHUH FROOHFWHG DW GLIIHUHQW ZDVWHZDWHU WUHDWPHQW VWHSV: VHFRQGDU\ WUHDWPHQW, R]RQDWLRQ, DQG
ELRORJLFDO ILOWUDWLRQ. 6ROLG-SKDVH H[WUDFWLRQ ZDV SHUIRUPHG IRU HQULFKPHQW IROORZHG E\ OLTXLG
FKURPDWRJUDSK\ +506/06 DQG WR[LFRORJLFDO DVVD\V. 3ULRULWL]DWLRQ RI VLJQDOV ZDV DFKLHYHG E\
FRPSDULQJ WKHLU RFFXUUHQFH DQG LQWHQVLW\ LQ WKH FDWHJRUL]HG VDPSOHV (VHFRQGDU\ WUHDWPHQW YV.
R]RQDWLRQ YV. ELRORJLFDO ILOWUDWLRQ). &RPSRXQG LGHQWLILFDWLRQ HIIRUWV IRFXVHG RQ SULRULWL]HG
FRPSRXQGV FODVVLILHG DV 273V/2%3V DQG ZHUH EDVHG RQ LVRWRSH SDWWHUQV, UHWHQWLRQ WLPH, DQG
IUDJPHQWDWLRQ VSHFWUD. 7KH DSSOLHG ZRUNIORZ UHYHDOHG WKH IRUPDWLRQ RI QLWUDWLRQ SURGXFWV GXULQJ
R]RQDWLRQ. &RQVLGHULQJ WKH SRWHQWLDO WR[LFLW\ RI QLWUR FRPSRXQGV LQ JHQHUDO DQG WKH UHFHQWO\
GLVFRYHUHG UROH RI QLWULWH LQ WKH IRUPDWLRQ RI PXWDJHQLF FRPSRXQGV GXULQJ R]RQDWLRQ, WKLV QLWUDWLRQ
SDWKZD\ LV FRQVLGHUHG WR[LFRORJLFDOO\ UHOHYDQW. 7KLV VWXG\ KLJKOLJKWV KRZ D V\QHUJLVWLF DSSURDFK
LQYROYLQJ WKH DSSOLFDWLRQ RI UREXVW QRQ-WDUJHW VFUHHQLQJ DQG WR[LFRORJLFDO DVVD\V FDQ FRQWULEXWH WR
HQKDQFLQJ RXU XQGHUVWDQGLQJ RI R[LGDWLYH ZDVWHZDWHU WUHDWPHQW.
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&KHPLVWU\ DQG WKH (QYLURQPHQW, &RQWULEXWHG 7DON (15PLQ) (9-014

/DERUDWRU\ YDOLGDWLRQ RI D ODVHU DEVRUSWLRQ VSHFWURPHWHU IRU EDOORRQ-ERUQH
PHDVXUHPHQWV RI XSSHU DLU ZDWHU YDSRU

6. %UXQDPRQWL1, 0. *UDI1, 7. %¾KOPDQQ2, /. (PPHQHJJHU1, %. 7X]VRQ1*

1(PSD, /DERUDWRU\ IRU $LU 3ROOXWLRQ/(QYLURQPHQWDO 7HFKQRORJ\, '¾EHQGRUI, 6ZLW]HUODQG, 20(7$6,
/DERUDWRU\ *DV $QDO\VLV, %HUQ, 6ZLW]HUODQG

:DWHU YDSRU (+22) LQ WKH XSSHU WURSRVSKHUH-ORZHU VWUDWRVSKHUH (87/6) LV RI JUHDW LPSRUWDQFH WR
WKH (DUWK'V UDGLDWLYH EDODQFH. +RZHYHU, DFFXUDWH PHDVXUHPHQWV RI +22 LQ WKLV UHJLRQ DUH
QRWRULRXVO\ GLIILFXOW, DQG VLJQLILFDQW GLVFUHSDQFLHV ZHUH IRXQG LQ WKH SDVW EHWZHHQ GLIIHUHQW
WHFKQLTXHV. &XUUHQWO\, FU\RJHQLF IURVWSRLQW K\JURPHWU\ LV FRQVLGHUHG DV WKH UHIHUHQFH PHWKRG IRU
EDOORRQ-ERUQH PHDVXUHPHQWV RI 87/6 +22 >1@. +RZHYHU, WKHVH GHYLFHV DUH FXUUHQWO\ XQGHUJRLQJ D
IXQGDPHQWDO UHFRQFHSWLRQ GXH WKHLU XVH RI IOXRURIRUP (+)&-23) DV FRROLQJ DJHQW, ZKLFK PXVW EH
SKDVHG RXW GXH RI LWV KLJK JOREDO ZDUPLQJ SRWHQWLDO. +HUH, ZH SUHVHQW D QHZ PLG-,5 TXDQWXP-
FDVFDGH ODVHU DEVRUSWLRQ VSHFWURPHWHU IRU EDOORRQ-ERUQH PHDVXUHPHQWV RI 87/6 +22
($/%$75266). 7KH VSHFWURPHWHU LQFRUSRUDWHV D VSHFLDOO\ GHVLJQHG VHJPHQWHG FLUFXODU PXOWLSDVV
FHOO WKDW DOORZV DQ RSWLFDO SDWK OHQJWK RI 6 P >3@, ZKLOH PHHWLQJ VWULQJHQW UHTXLUHPHQWV LQ WHUPV RI
PDVV (< 3.5 NJ), VL]H, DQG WHPSHUDWXUH UHVLOLHQFH. 7ZR VXFFHVVIXO WHVW IOLJKWV GHPRQVWUDWHG WKH
LQVWUXPHQW'V RXWVWDQGLQJ FDSDELOLWLHV XQGHU UHDO DWPRVSKHULF FRQGLWLRQV XS WR 28 NP DOWLWXGH >2@.

7KH DFFXUDF\ DQG SUHFLVLRQ RI $/%$75266 DW 87/6-UHOHYDQW FRQGLWLRQV ZHUH YDOLGDWHG E\ D
ODERUDWRU\ FDPSDLJQ DW WKH 6ZLVV )HGHUDO ,QVWLWXWH RI 0HWURORJ\ (0(7$6). 8VLQJ D G\QDPLF-
JUDYLPHWULF SHUPHDWLRQ PHWKRG >4@, ZH JHQHUDWHG 6,-WUDFHDEOH UHIHUHQFH PL[WXUHV ZLWK +22
DPRXQW IUDFWLRQV DV ORZ DV 2.5 SSPY LQ V\QWKHWLF DLU. 7KH UHVXOWV VKRZ WKDW $/%$75266 DFKLHYHV
DQ DFFXUDF\ EHWWHU WKDQ s 1.5 % DW DOO LQYHVWLJDWHG SUHVVXUHV (30-250 PEDU) DQG +22 DPRXQW
IUDFWLRQV (2.5-35 SSPY), DQG D SUHFLVLRQ RI 0.3 % DW 2.5 SSPY +22 DQG 1 V UHVROXWLRQ. 3UHFLVLRQ FDQ
EH IXUWKHU LPSURYHG XQWLO 2 SSEY E\ LQWHJUDWLQJ WKH PHDVXUHPHQWV LQ WLPH RYHU DSSUR[LPDWHO\ 100
V. $/%$75266 DOVR DFKLHYHV D OLQHDU UHVSRQVH ZLWKLQ s 2 SSPY XS WR 180 SSPY +22. 2YHUDOO, WKLV
UHSUHVHQWV DQ XQSUHFHGHQWHG OHYHO RI DFFXUDF\ DQG SUHFLVLRQ IRU D EDOORRQ-ERUQH K\JURPHWHU.
$/%$75266 UHFHQWO\ SDUWLFLSDWHG WR WKH $TXD9,7-4 LQWHUQDWLRQDO LQWHUFRPSDULVRQ RI DWPRVSKHULF
K\JURPHWHUV (.DUOVUXKH, *HUPDQ\) >5@, DQG IXUWKHU LQ-IOLJKW YDOLGDWLRQ FDPSDLJQV DUH SODQQHG LQ
2022.

>1@ %UXQDPRQWL HW DO., -. *HRSK\V. 5HV. $WPRV., 2019, 124, 13, 7053-7068.
>2@ *UDI HW DO., $WPRV. 0HDV. 7HFK., 2021, 14, 1365-1378.
>3@ *UDI, (PPHQHJJHU DQG 7X]VRQ, 2SW. /HWW., 2018, 43, 2434-2437.
>4@ *XLOOHYLF HW DO., $WPRV. 0HDV. 7HFK., 2018, 11, 3351–3372.
>5@ KWWSV://ZZZ.KHPHUD-K2020.HX/DTXDYLW-4/
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&KHPLVWU\ DQG WKH (QYLURQPHQW, &RQWULEXWHG 7DON (15PLQ) (9-015

,Q VLWX TXDQWLILFDWLRQ RI &REDOW DQG 1LFNHO LQ QDWXUDO ZDWHUV XVLQJ LQQRYDWLYH FKHPLFDO
VHQVRUV

1. /D\JORQ1, 6. &UHIILHOG1, (. %DNNHU1*, 0. 7HUFLHU-:DHEHU1*

18QLYHUVLW\ RI *HQHYD, 6FLHQFHV ,,, 4XDL (.-$QVHUPHW 30, 1221 *HQHYD 4, 6ZLW]HUODQG

$VVHVVLQJ WKH LPSDFW RI WUDFH PHWDOV RQ DTXDWLF HFRV\VWHPV DQG XOWLPDWHO\ KXPDQ KHDOWK LV
FKDOOHQJLQJ. 7UDFH PHWDOV DUH GLVWULEXWHG LQ D YDULHW\ RI UHGR[ VWDWHV DQG FKHPLFDO VSHFLHV WKDW
PD\ YDU\ FRQWLQXRXVO\ LQ VSDFH DQG WLPH >1,2@. 2QO\ VRPH WUDFH PHWDO VSHFLHV DUH ELRDYDLODEOH.
7KH GHYHORSPHQW RI UREXVW DQG DGDSWLYH VXEPHUVLEOH VHQVLWLYH WUDFH PHWDO ELRDYDLODELOLW\-
DVVHVVPHQW WRROV LV WKHUHIRUH UHTXLUHG WR VXSSRUW WKH HVWDEOLVKPHQW RI HQYLURQPHQWDO TXDOLW\
VWDQGDUGV DQG JXLGHOLQHV EDVHG RQ UHDOLVWLF ULVN DVVHVVPHQW WR SURWHFW DTXDWLF OLIH DQG ELRGLYHUVLW\,
DQG XOWLPDWHO\ KXPDQ KHDOWK. 

7RZDUG WKLV DLP, ZH GHYHORSHG RQ-FKLS FKHPLFDO VHQVRUV FRQVLVWLQJ RI DQ DUUD\ RI LQWHUFRQQHFWHG
LULGLXP-EDVHG PLFURGLVFV WKDW DUH HOHFWURSODWHG ZLWK DSSURSULDWH VHQVLQJ HOHPHQWV DQG FRYHUHG
ZLWK D K\GURJHO DV HIILFLHQW DQWLIRXOLQJ PHPEUDQH >2,3@. ,QFRUSRUDWHG LQ LQ-KRXVH VXEPHUVLEOH
SUREHV DQG LQWHUURJDWHG E\ 6TXDUH :DYH $QRGLF 6WULSSLQJ 9ROWDPPHWU\ (6:$69), WKHVH JHO-
LQWHJUDWHG PLFURHOHFWURGH DUUD\V (*,0() DOORZ IRU WKH GLUHFW LQ VLWX TXDQWLILFDWLRQ RI WKH GLVVROYHG
PHWDO VSHFLHV WKDW DUH DYDLODEOH IRU XSWDNH E\ SK\WRSODQNWRQ (ILUVW FKDLQ RI WKH IRRG-ZHE) >2.3@. 7R
GDWH, RQO\ WUDFH PHWDOV WKDW FDQ EH HOHFWURFKHPLFDOO\ UHGXFHG DQG SUH-FRQFHQWUDWHG DW WKH VXUIDFH
RI WKH HOHFWURGH FRXOG EH PHDVXUHG. $ ZLGHU UDQJH RI WUDFH PHWDOV PD\ EHFRPH DFFHVVLEOH E\
DGVRUSWLYH FDWKRGLF VWULSSLQJ YROWDPPHWU\ ($G&69) DV WKLV DSSURDFK DOORZV IRU SUHFRQFHQWUDWLRQ
E\ HOHFWURFKHPLFDO DGVRUSWLRQ RI WUDFH PHWDO FRPSOH[HV XSRQ DGGLQJ D VHOHFWLYH FRPSOH[LQJ DJHQW
WR WKH VDPSOH. 7KLV WHFKQLTXH KDV EHHQ PDLQO\ DSSOLHG ZLWK UHQHZDEOH PHUFXU\ RU ELVPXWK ILOP
HOHFWURGHV. +RZHYHU, WKH UHQHZDO RI WKH VHQVLQJ HOHPHQW DIWHU HDFK PHDVXUHPHQW LV GLIILFXOW WR
DGDSW IRU LQ VLWXPHDVXUHPHQWV.

:H UHSRUW KHUH RQ WKH RSWLPL]DWLRQ DQG HYDOXDWLRQ RI $G&69 RQ *,0( IRU WKH GLUHFW TXDQWLILFDWLRQ
RI WKH VXIILFLHQWO\ ODELOH &R DQG 1L GLVVROYHG VSHFLHV LQ DTXDWLF V\VWHPV PHGLDWHG E\ D OLJDQG RQ D
WLPH VFDOH RI OHVV WKDQ 10 PLQXWHV. 7KH PHWKRGRORJ\ ZDV ILUVW FKDUDFWHUL]HG DQG YDOLGDWHG LQ
ODERUDWRU\. 7KH RSWLPL]HG SURWRFRO ZDV WKHQ DSSOLHG RQ D *,0( LQFRUSRUDWHG LQ D VXEPHUVLEOH
SUREH WR LQ VLWX GHWHUPLQH WKH VXIILFLHQWO\ ODELOH &R DQG 1L GLVVROYHG VSHFLHV LQ ERWK IUHVK DQG VHD
ZDWHUV. ,Q DGGLWLRQ, VDPSOHV ZHUH FROOHFWHG WR DQDO\]H WKH WRWDO DFLG-OHDFKDEOH (XQILOWHUHG
VDPSOHV), WKH WRWDO GLVVROYHG (0.2 wP ILOWHUHG VDPSOHV) DQG WKH “WUXO\” GLVVROYHG (0.02 wP ILOWHUHG
VDPSOHV) IUDFWLRQV. 7KH FRPELQDWLRQ RI WKHVH IRXU IUDFWLRQV DOORZHG WR EHWWHU DVVHVV WKH &R DQG 1L
VSHFLDWLRQ LQ WKH HQYLURQPHQW, VRPHWKLQJ QHYHU DFKLHYHG EHIRUH. 6HOHFWHG H[DPSOHV RI DQDO\WLFDO
RSWLPL]DWLRQ UHVXOWV LQ WKH ODERUDWRU\ DQG RI ILHOG RXWFRPH ZLOO EH SUHVHQWHG.

>1@ 0DU\-/RX 7HUFLHU :DHEHU, 6HUJH 6WROO, 9HUD 6ODYH\NRYD, $UFKLYHV RI 6FLHQFH 2012, 65,
119–142.
>2@ 0DU\-/RX 7HUFLHU-:DHEHU, 7HGG\ +H]DUG, 0DWWKLHX 0DVVRQ, -¸UJ 6FK¦IHU, (QYLURQPHQWDO
6FLHQFH & 7HFKQRORJ\ 2009, 43, 7237–7244.
>3@ 0DU\-/RX 7HUFLHU-:DHEHU, )DELR &RQIDORQLHUL, 0«OLQD $EGRX, /LRQHO 'XWUXFK, &«FLOH %RVV\,
0DULDQQD )LJKHUD, (ULF %DNNHU, )ODYLR *UD]LRWWLQ, 3HWHU 9DQ GHU :DO, -¸UJ 6FK¦IHU, &KHPRVSKHUH
2021, 282.
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&KHPLVWU\ DQG WKH (QYLURQPHQW, &RQWULEXWHG 7DON (15PLQ) (9-016

$FLGLW\ RI H[SLUDWRU\ DHURVROV FRQWUROV WKH LQIHFWLYLW\ RI DLUERUQH LQIOXHQ]D YLUXV DQG
6$56-&R9-2

$. 6FKDXE1, ,. *ODV2, /. .OHLQ3, 6. 'DYLG1, :. +XJHQWREOHU4, $. 1HQHV4,5, 8. .ULHJHU3, 6. 6WHUW]2, 7.
3HWHU3*, 7. .RKQ1*

1(QYLURQPHQWDO &KHPLVWU\ /DERUDWRU\, 6FKRRO RI $UFKLWHFWXUH, &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ,
ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/), /DXVDQQH, 6ZLW]HUODQG, 2,QVWLWXWH RI 0HGLFDO

9LURORJ\, 8QLYHUVLW\ RI =XULFK, =¾ULFK, 6ZLW]HUODQG, 3,QVWLWXWH IRU $WPRVSKHULF DQG &OLPDWH 6FLHQFH,
(7+ =XULFK, =¾ULFK, 6ZLW]HUODQG, 4/DERUDWRU\ RI $WPRVSKHULF 3URFHVVHV DQG WKHLU ,PSDFWV, 6FKRRO RI

$UFKLWHFWXUH, &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ, ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH
((3)/), /DXVDQQH, 6ZLW]HUODQG, 5,QVWLWXWH RI &KHPLFDO (QJLQHHULQJ 6FLHQFHV, )RXQGDWLRQ IRU

5HVHDUFK DQG 7HFKQRORJ\ +HOODV, 3DWUDV, *UHHFH

7KH FXUUHQW SDQGHPLF KDV DGGHG WR WKH JURZLQJ HYLGHQFH WKDW UHVSLUDWRU\ YLUXVHV FDQ EH
WUDQVPLWWHG E\ WKH DLUERUQH URXWH, \HW WKH SDUDPHWHUV PRGXODWLQJ WKH LQIHFWLYLW\ RI YLUXVHV LQ
DHURVRO SDUWLFOHV DUH SRRUO\ XQGHUVWRRG. $HURVRO SDUWLFOHV LQ WKH QDWXUDO HQYLURQPHQW FDQ E\ KLJKO\
DFLGLF, DQG DFLGLF S+ LV NQRZQ WR UHGXFH WKH SHUVLVWHQFH RI VRPH UHVSLUDWRU\ YLUXVHV. <HW, WKH S+ RI
H[SLUDWRU\ DHURVRO SDUWLFOHV LQ LQGRRU DLU DQG LWV HIIHFW RQ YLUXV WUDQVPLVVLRQ UHPDLQV XQNQRZQ.

,Q WKLV ZRUN, ZH DVVHVVHG WKH UROH RI DHURVRO S+ LQ YLUXV LQDFWLYDWLRQ, DQG ZH HYDOXDWHG LI S+
FRQWURO RI LQGRRU DLU FDQ UHGXFH DLUERUQH YLUXV WUDQVPLVVLRQ. 7KH LQDFWLYDWLRQ RI LQIOXHQ]D $ YLUXV
($/:61/33) DQG WZR FRURQDYLUXVHV (K&R9-229( DQG 6$56-&R9-2) ZDV PRQLWRUHG LQ VXUURJDWH OXQJ
IOXLG (6/)) RYHU D S+ UDQJH RI 2.1 WR 7.4. 7KH SK\VLFRFKHPLFDO SURSHUWLHV RI PLFURQ-VL]HG 6/)
GURSOHWV, VXFK DV WKH ZDWHU GLIIXVLRQ FRHIILFLHQW, ZHUH GHWHUPLQHG E\ LQMHFWLQJ D IOXLG GURSOHW LQWR
DQ HOHFWURG\QDPLF EDODQFH (('%) DQG PHDVXULQJ WKH UHODWLYH FKDQJHV LQ PDVV DQG YROXPH XSRQ
FKDQJHV LQ UHODWLYH KXPLGLW\. 7KH SK\VLFRFKHPLFDO DQG YLURORJLFDO GDWD ZHUH WKHQ LQWHJUDWHG LQWR D
ELRSK\VLFDO DHURVRO PRGHO, WR GHWHUPLQH LQDFWLYDWLRQ DV D IXQFWLRQ RI UHODWLYH KXPLGLW\, DLU
FRPSRVLWLRQ DQG DHURVRO SDUWLFOH VL]H.

,QIOXHQ]D YLUXV ZDV IRXQG WR EH UHDGLO\ LQDFWLYDWHG DW S+ < 5, OHDGLQJ WR DLUERUQH LQDFWLYDWLRQ RYHU
WKH FRXUVH RI KRXUV WR PLQXWHV, GHSHQGLQJ RQ WKH VL]H RI WKH FDUULHU SDUWLFOHV. ,Q FRQWUDVW,
FRURQDYLUXVHV DUH PXFK PRUH VWDEOH DQG FDQ UHPDLQ LQIHFWLRXV ZLWKLQ DHURVRO SDUWLFOHV IRU GD\V.
7KH PRGHO UHVXOWV VXJJHVW WKDW WKH DGGLWLRQ RI 50 SSP QLWULF DFLG WR LQGRRU DLU ORZHUV WKH DHURVRO
S+ EHORZ 2 DQG WKHUHE\ FDXVHV D GUDPDWLF GHFUHDVH LQ LQDFWLYDWLRQ WLPHV IRU LQIOXHQ]D YLUXV DQG
6$56-&R9-2, DQG WR D OHVVHU H[WHQG IRU K&R9-229(. $OWHUQDWLYHO\, DLU DFLGLILFDWLRQ FDQ EH DFKLHYHG
E\ VFUXEELQJ RI JDVHRXV DPPRQLD, WKRXJK WKH UHVXOWLQJ UHGXFWLRQ LQ DHURVRO S+ LV LQVXIILFLHQW WR
UHGXFH FRURQDYLUXV SHUVLVWHQFH. )LQDOO\, WKH PRGHO DOVR VXJJHVWV WKDW WKH HQULFKPHQW RI DLU ZLWK
QLWULF DFLG LV PRUH HIIHFWLYH WKDQ YHQWLODWLRQ RU DLU ILOWUDWLRQ WR OLPLW WKH UHODWLYH ULVN RI YLUXV
WUDQVPLVVLRQ LQ LQGRRU HQYLURQPHQWV. &RQVHTXHQWO\, S+ FRQWURO PD\ EH DQ HIIHFWLYH VWUDWHJ\ WR
OLPLW WKH WUDQVPLVVLRQ RI D GLVHDVH LQ LQGRRU HQYLURQPHQWV VXFK DV KRVSLWDOV DQG VFKRROV.
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&KHPLVWU\ DQG WKH (QYLURQPHQW, &RQWULEXWHG 7DON (15PLQ) (9-017

$GVRUSWLRQ DQG WUDQVSRUW RI ZDWHU-VROXEOH, ELRGHJUDGDEOH SRO\PHUV LQ VRLOV: 3URFHVV
HOXFLGDWLRQ XVLQJ H[SHULPHQWDO PRGHO V\VWHPV

.. .OHHPDQQ1, 0. 6DQGHU1*

1(7+ =XULFK, ,QVWLWXWH RI %LRJHRFKHPLVWU\ DQG 3ROOXWDQW '\QDPLFV, 'HSDUWPHQW RI (QYLURQPHQWDO
6\VWHPV 6FLHQFH

6\QWKHWLF VWUXFWXUDO SRO\PHUV LQ SODVWLFV DUH XVHG XELTXLWRXVO\ DQG DUH LQGLVSHQVDEOH IRU RXU GDLO\
OLYHV. +RZHYHU, PRVW RI WKHVH SRO\PHUV DUH KLJKO\ SHUVLVWHQW DQG DFFXPXODWH LQ WKH HQYLURQPHQW LI
LPSURSHUO\ GLVSRVHG RI DIWHU XVH. 7KLV DFFXPXODWLRQ RI SODVWLF KDV WULJJHUHG D VFLHQWLILF GLVFXVVLRQ
DERXW SRWHQWLDO DVVRFLDWHG ULVNV IRU KXPDQV DQG WKH HQYLURQPHQW. ,Q FRQWUDVW WR VWUXFWXUDO
SRO\PHUV, WKH HQYLURQPHQWDO IDWH DQG SRWHQWLDO SHUVLVWHQFH RI ZDWHU-VROXEOH SRO\PHUV KDYH
UHFHLYHG PXFK OHVV DWWHQWLRQ DQG UHPDLQ SRRUO\ VWXGLHG DQG XQGHUVWRRG. <HW, ZDWHU-VROXEOH
SRO\PHUV DUH XVHG LQ PDQ\ DSSOLFDWLRQV, ZKLFK UHVXOW LQ D GLUHFW UHOHDVH RI WKHVH SRO\PHUV LQWR WKH
HQYLURQPHQW (H.J., ZDWHU-VROXEOH SRO\PHUV LQ DJULFXOWXUDO VSUD\ IRUPXODWLRQV). $NLQ WR VWUXFWXUDO
SRO\PHUV, VXFK HPLVVLRQV DUH SUREOHPDWLF LI WKH ZDWHU-VROXEOH SRO\PHUV DUH SHUVLVWHQW DQG
DFFXPXODWH RYHU WLPH. 2QH SURPLVLQJ VROXWLRQ WR RYHUFRPH DFFXPXODWLRQ DQG SRWHQWLDOO\
DVVRFLDWHG HFRORJLFDO ULVNV LV WR UHSODFH FRQYHQWLRQDO ZLWK ELRGHJUDGDEOH, ZDWHU-VROXEOH SRO\PHUV.
2XU UHVHDUFK IRFXVHV RQ WKH IDWH RI ZDWHU-VROXEOH SRO\PHUV LQ VRLOV DQG WKH HOXFLGDWLRQ RI
DGVRUSWLRQ DQG WUDQVSRUW SURFHVVHV DIIHFWLQJ ELRGHJUDGDWLRQ. ,Q WKLV FRQWULEXWLRQ, ZH UHSRUW RQ
V\VWHPDWLF DQDO\VHV RI WKH IRUFHV GULYLQJ DGVRUSWLRQ RI VL[ GLIIHUHQW ZDWHU-VROXEOH SRO\PHUV
('H[WUDQ, 'LHWK\ODPLQRHWK\O-GH[WUDQ. &DUER[\PHWK\O-GH[WUDQ, 3RO\(HWK\OHQH JO\FRO), 3RO\-/-/\VLQH,
3RO\(DFU\OLF DFLG)) WR VLOLFD DQG LURQ-R[LGH VXUIDFHV, WZR PLQHUDOV FRPPRQ WR PRVW VRLOV. 7KH
SRO\PHUV ZHUH IOXRUHVFHQWO\ ODEHOOHG WR IROORZ DGVRUSWLRQ DQG WUDQVSRUW LQ SDFNHG FROXPQV DW ORZ,
HQYLURQPHQWDOO\ UHOHYDQW SRO\PHU FRQFHQWUDWLRQV. 7KH HIIHFWV RI VROXWLRQ S+ DQG LRQLF VWUHQJWK (,6)
RQ DGVRUSWLRQ WR VLOLFD ZHUH VWXGLHG XVLQJ EDWFK VROXWLRQ GHSOHWLRQ H[SHULPHQWV DQG VXUIDFH
DGVRUSWLRQ WHFKQLTXHV, LQFOXGLQJ TXDUW] FU\VWDO PLFUREDODQFH ZLWK GLVVLSDWLRQ PRQLWRULQJ DQG
RSWLFDO ZDYHJXLGH OLJKWPRGH VSHFWURVFRS\. 7UDQVSRUW RI WKHVH SRO\PHUV LQ SRURXV PHGLD ZDV
GHWHUPLQHG LQ ZDWHU-VDWXUDWHG VDQG- DQG LURQ R[LGH-FRDWHG VDQG (,2&6) -FROXPQV, IROORZHG E\
ILWWLQJ WKH SRO\PHU EUHDNWKURXJK FXUYHV XVLQJ WKH DGYHFWLRQ-GLVSHUVLRQ HTXDWLRQ ZLWK D /DQJPXLU
DGVRUSWLRQ WHUP. %HVLGHV HOHFWURVWDWLF LQWHUDFWLRQV EHWZHHQ WKH SRO\PHUV DQG WKH PLQHUDO
VXUIDFHV, SRO\PHU FRQIRUPDWLRQV LQ WKH DGVRUEHG VWDWHV DQG K\GURJHQ ERQGLQJ DSSHDU WR
GHWHUPLQH DGVRUSWLRQ FDSDFLWLHV DQG, WKHUHIRUH, WKH H[WHQW RI SRO\PHU WUDQVSRUW WKURXJK FROXPQV.
7KH LPSOLFDWLRQV RI WKH ILQGLQJV IRU WKH IDWH RI ZDWHU-VROXEOH SRO\PHUV LQ VRLOV ZLOO EH KLJKOLJKWHG.
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&KHPLVWU\ DQG WKH (QYLURQPHQW, &RQWULEXWHG 7DON (15PLQ) (9-023

,QYHVWLJDWLQJ WKH $SSOLFDELOLW\ RI /DERUDWRU\ GHULYHG 7R[LFRNLQHWLFV WR WKH )LHOG

%. %. /DXSHU1,2, (. $QWKDPDWWHQ1, 6. .¦VOLQ1, -. 5DWKV1,2, 0. $UORV1,3, -. +ROOHQGHU1,2*

1(DZDJ, 6ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\, 8600 '¾EHQGRUI, 6ZLW]HUODQG,
2,QVWLWXWH RI %LRJHRFKHPLVWU\ DQG 3ROOXWDQW '\QDPLFV, (7+ =¾ULFK, 8092 =¾ULFK, 6ZLW]HUODQG, 3
'HSDUWPHQW RI &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ, 8QLYHUVLW\ RI $OEHUWD, 9211-116 6W. 1:,

(GPRQWRQ, $% 76* 1+9, &DQDGD

.QRZOHGJH RQ ELRDFFXPXODWLRQ DQG ELRWUDQVIRUPDWLRQ RI RUJDQLF PLFURSROOXWDQWV DUH HVVHQWLDO WR
OLQN H[SRVXUH WR HIIHFW DQG WR GHVLJQDWH DSSURSULDWH HQYLURQPHQWDO TXDOLW\ VWDQGDUGV.
%LRDFFXPXODWLRQ DQG ELRWUDQVIRUPDWLRQ RI RUJDQLF PLFURSROOXWDQWV LQ DTXDWLF RUJDQLVPV KDYH EHHQ
LQYHVWLJDWHG LQ ODERUDWRU\ H[SHULPHQWV H[WHQVLYHO\. )RU VHYHUDO PLFURSROOXWDQWV, HVSHFLDOO\
SHVWLFLGHV, KRZHYHU, WKH PHDVXUHG LQWHUQDO FRQFHQWUDWLRQV LQ JDPPDULGV LQ ILHOG WULDOV H[FHHGHG
WKH SUHGLFWLRQV EDVHG RQ WKH ODERUDWRU\ GDWD, VRPHWLPHV E\ PXOWLSOH RUGHUV RI PDJQLWXGH.

,Q WKLV ZRUN, ZH WHVWHG WKH DSSOLFDELOLW\ RI ODERUDWRU\ GHULYHG WR[LFRNLQHWLF UDWH FRQVWDQWV IRU FDJHG
JDPPDULGV GHSOR\HG LQ D VPDOO 6ZLVV VWUHDP NQRZQ IRU KLJK SHVWLFLGH ORDGV. 8VLQJ DQ DXWRPDWHG
PRELOH /&-(6,-+506/06 V\VWHP, WKH DTXHRXV FRQFHQWUDWLRQV RI 49 SHVWLFLGHV ZHUH PHDVXUHG DW
KLJK WHPSRUDO UHVROXWLRQ WKURXJKRXW VHYHUDO UDLQ HYHQWV GXULQJ WKH DSSOLFDWLRQ VHDVRQ (HYHU\ 20
PLQ IRU 1 PRQWK). 7KH ZDWHU FRQFHQWUDWLRQV IURP WKLV VWXG\ ZHUH WKHQ HPSOR\HG WR PRGHO WKH
ZKROH ERG\ FRQFHQWUDWLRQ RI JDPPDULGV XVLQJ D RQH-FRPSDUWPHQW WR[LFRNLQHWLF PRGHO ZLWK
WR[LFRNLQHWLF UDWH FRQVWDQWV GHULYHG LQ DQ DFFRPSDQLQJ ODE VWXG\. 7KLV GDWD ZDV WKHQ FRPSDUHG WR
WKH PHDVXUHG ZKROH ERG\ FRQFHQWUDWLRQ RI WKH FDJHG JDPPDULGV. )XUWKHUPRUH, WKH SHVWLFLGH
FRQFHQWUDWLRQV LQ WKH VWUHDP VHGLPHQW, GLHWDU\ VRXUFH (OHDYHV) DV ZHOO DV LQ VXVSHQGHG SDUWLFOHV
GXULQJ UDLQ HYHQWV ZHUH PHDVXUHG DQG XVHG WR PRGHO WKHLU HIIHFW RQ WKH ELRDFFXPXODWLRQ RI WKH
SHVWLFLGHV.

2XU UHVXOWV VKRZ WKDW WKH LQWHUQDO SHVWLFLGH EXUGHQ RI JDPPDULGV LV KLJKO\ G\QDPLF, ZLWK WKH
DTXHRXV H[SRVXUH DV WKH PDLQ LQIOXHQFLQJ IDFWRU. :KLOH WKH ODERUDWRU\ GHULYHG WR[LFRNLQHWLF UDWH
FRQVWDQWV SUHGLFWHG WKH WHPSRUDO WUHQGV LQ ZKROH ERG\ FRQFHQWUDWLRQV UHDVRQDEO\ ZHOO, WKH YDOXHV
ZHUH V\VWHPDWLFDOO\ XQGHUHVWLPDWHG RYHU WKH ZKROH WLPH SHULRG. 7KH KLJKHVW XQGHUHVWLPDWLRQ
RFFXUUHG VKRUWO\ DIWHU UDLQ HYHQWV ZLWK WKH PRGHO XQGHUHVWLPDWLQJ WKH SHVWLFLGH FRQFHQWUDWLRQV E\
D IDFWRU RI XS WR 31 s 3.0. )LQDOO\, ZH GHPRQVWUDWHG WKDW ZKLOH XSWDNH IURP VHGLPHQW GRHV QRW
FRQWULEXWH VLJQLILFDQWO\ WR WKH WRWDO ERG\ EXUGHQ HYHQ XQGHU ZRUVW FDVH XSWDNH DVVXPSWLRQV, WKH
VXVSHQGHG VROLGV KDG FRQVLGHUDEO\ KLJKHU SHVWLFLGH FRQFHQWUDWLRQV WKDQ WKH VHGLPHQW DQG FRXOG
H[SODLQ WKH REVHUYHG XQGHUHVWLPDWLRQ DIWHU UDLQ HYHQWV SDUWLDOO\. )XUWKHU SRVVLEOH UHDVRQV VXFK DV
GHFUHDVHG ELRWUDQVIRUPDWLRQ XQGHU ILHOG FRQGLWLRQV RU FRQFHQWUDWLRQ GHSHQGHQFH RI WKH
WR[LFRNLQHWLFV DUH FXUUHQWO\ H[SORUHG.
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&KHPLVWU\ DQG WKH (QYLURQPHQW, &RQWULEXWHG 7DON (15PLQ) (9-024

2UJDQ-VSHFLILF ELRWUDQVIRUPDWLRQ LQ VDOPRQLGV: LQVLJKW LQWR HQ]\PH NLQHWLFV DQG PLFUR-
SROOXWDQW FOHDUDQFH

0. (. )UDQFR1, 5. 6FK¸QHQEHUJHU1, -. +ROOHQGHU1,2, .. 6FKLUPHU1,2*

1(DZDJ, 6ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\, 8600, '¾EHQGRUI, 6ZLW]HUODQG,
2'HSDUWPHQW RI (QYLURQPHQWDO 6\VWHPV 6FLHQFH, (7+ =¾ULFK, 8092, =¾ULFK, 6ZLW]HUODQG

7KH ELRDFFXPXODWLRQ SRWHQWLDO RI HQYLURQPHQWDO SROOXWDQWV LV VLJQLILFDQWO\ LQIOXHQFHG E\ WKH
RUJDQLVP’V DELOLW\ WR ELRWUDQVIRUP FKHPLFDOV. )RU DTXDWLF DQLPDOV, OLNH ILVK, ELRDFFXPXODWLRQ
HYDOXDWLRQV KDYH ODUJHO\ IRFXVHG RQ WKH ELRWUDQVIRUPDWLRQ FDSDFLW\ RI WKH OLYHU DV WKH RUJDQ
UHVSRQVLEOH IRU D ODUJH SURSRUWLRQ RI ELRWUDQVIRUPDWLRQ DFWLYLW\. +RZHYHU, WKHUH LV OLPLWHG
NQRZOHGJH UHJDUGLQJ H[WUDKHSDWLF ELRWUDQVIRUPDWLRQ DQG WKH DELOLW\ RI GLIIHUHQW RUJDQV WR VXSSRUW
ELRWUDQVIRUPDWLRQ SURFHVVHV. ,Q WKH SUHVHQW VWXG\, ZH SURYLGH LQVLJKW LQWR RUJDQ-VSHFLILF
ELRWUDQVIRUPDWLRQ WKURXJK HYDOXDWLRQ RI LQ YLWUR SKDVH , DQG ,, ELRWUDQVIRUPDWLRQ HQ]\PH NLQHWLFV,
HVWLPDWLRQ RI LQWULQVLF FOHDUDQFH, DQG WKH IRUPDWLRQ RI ELRWUDQVIRUPDWLRQ SURGXFWV RI VHOHFWHG
PLFUR-SROOXWDQWV (H.J. SKDUPDFHXWLFDOV DQG SHVWLFLGHV). &RPSDUDWLYH VWXGLHV XVLQJ WKH OLYHU,
LQWHVWLQH, JLOOV, DQG EUDLQ RI WZR VDOPRQLG VSHFLHV, UDLQERZ WURXW (2QFRUK\QFKXV P\NLVV) DQG EURZQ
WURXW (6DOPR WUXWWD), VXJJHVW WKDW, ZKLOH WKH OLYHU GLVSOD\V WKH KLJKHVW DFWLYLW\ RI VSHFLILF
&\WRFKURPH 3450 (SKDVH ,) DQG FRQMXJDWLRQ (SKDVH ,,) HQ]\PHV, VLJQLILFDQW DFWLYLW\ LV DOVR
REVHUYHG LQ RWKHU RUJDQV, ZLWK FHUWDLQ HQ]\PHV, VXFK DV &<32%, GLVSOD\LQJ VLPLODU DFWLYLW\ DV LQ
WKH OLYHU. 0RUHRYHU, EDVHG RQ SUHOLPLQDU\ FKHPLFDO DQDO\VLV, LW LV OLNHO\ WKDW WKH RUJDQ-VSHFLILF
FOHDUDQFH DQG ELRWUDQVIRUPDWLRQ SURGXFW IRUPDWLRQ RI SKDUPDFHXWLFDOV DQG SHVWLFLGHV LV
SURSRUWLRQDO WR WKH VSHFLILF DFWLYLW\ RI HQ]\PHV UHVSRQVLEOH IRU WKHLU ELRWUDQVIRUPDWLRQ. 7KHVH
REVHUYDWLRQV KDYH VLJQLILFDQW LPSOLFDWLRQV IRU HQYLURQPHQWDO KD]DUG DQG ULVN DVVHVVPHQWV, ZKHUH
WKH FRQVLGHUDWLRQ RI GLIIHUHQW ELRWUDQVIRUPDWLRQ SDWKZD\V LQ GLIIHUHQW RUJDQV ZRXOG EH EHQHILFLDO
IRU SUHGLFWLQJ WKH ELRDFFXPXODWLRQ SRWHQWLDO RI FKHPLFDO SROOXWDQWV.
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&KHPLVWU\ DQG WKH (QYLURQPHQW, &RQWULEXWHG 7DON (15PLQ) (9-025

HQYL5XOH: $Q (QG-WR-HQG 6\VWHP IRU $XWRPDWLF ([WUDFWLRQ RI 5HDFWLRQ 3DWWHUQV IURP
(QYLURQPHQWDO &RQWDPLQDQW %LRWUDQVIRUPDWLRQ 3DWKZD\V

.. =KDQJ1,2, .. )HQQHU1,2*

1'HSDUWPHQW RI (QYLURQPHQWDO &KHPLVWU\, 6ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG
7HFKQRORJ\ ((DZDJ) , 2'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI =¾ULFK

3HVWLFLGHV DUH ZLGHO\ XVHG DOO RYHU WKH ZRUOG LQ ODUJH TXDQWLWLHV DQG DUH QRZ WDNHQ DV PDMRU
HQYLURQPHQWDO SROOXWDQWV. 3HVWLFLGH WUDQVIRUPDWLRQ SURGXFWV (73V), IRUPHG LQ WKH HQYLURQPHQW, FDQ
KDYH VLPLODU RU HYHQ PRUH VHULRXV DGYHUVH HQYLURQPHQWDO HIIHFWV WKDQ SDUHQW SHVWLFLGHV. +RZHYHU,
WKH H[SHULPHQWDO FKDUDFWHUL]DWLRQ RI 73V LV WLPH-FRQVXPLQJ DQG ODERU-LQWHQVH. 6HYHUDO WRROV IRU WKH
LQ VLOLFR SUHGLFWLRQ RI 73V KDYH WKHUHIRUH EHHQ GHYHORSHG RYHU WKH SDVW IHZ GHFDGHV (H.J.,
HQYLSDWK.RUJ). 2QH NH\ FKDOOHQJH LQ GHYHORSLQJ LQ VLOLFR SUHGLFWLRQ WRROV LV WKH H[WUDFWLRQ RI
UHDFWLRQ UXOHV IURP ELRWUDQVIRUPDWLRQ UHDFWLRQ GDWDEDVHV. 6R IDU, LQ WKH PDMRULW\ RI H[LVWLQJ WRROV,
UXOH H[WUDFWLRQ KDV EHHQ GRQH QRQ- RU KDOI-DXWRPDWHG, UHTXLULQJ PDQXDO LQWHUIHUHQFH DW VHYHUDO
SRLQWV LQ WKH UXOH H[WUDFWLRQ SURFHGXUH. 7\SLFDOO\, WKH GHJUHH RI VSHFLILFLW\ RI WKH WKXV H[WUDFWHG
UXOHV LV DUELWUDU\ DQG QRQ-YDOLGDWHG, PHDQLQJ WKDW UHVXOWLQJ UXOHV DUH OLNHO\ WR SURGXFH WRR PDQ\
IDOVH SRVLWLYHV RU WRR IHZ WUXH SRVLWLYHV. $GGLWLRQDOO\, GDWDEDVHV RQ ELRWUDQVIRUPDWLRQ UHDFWLRQV DUH
FRQVWDQWO\ JURZLQJ, EXW DGDSWLQJ H[LVWLQJ UXOHV WR FRYHU QHZ UHDFWLRQV EHFRPHV TXLFNO\ LQWUDFWDEOH
IRU PDQXDOO\ H[WUDFWHG DQG FXUDWHG UXOHV. ,Q RXU SURMHFW, ZH GHYHORSHG DQ HQG-WR-HQG DXWRPDWLF
UXOH JHQHUDWLRQ WRRO FDOOHG HQYL5XOH, ZKLFK GRHV QRW UHTXLUH DQ\ PDQXDO LQWHUIHUHQFH IRU UXOH
JHQHUDWLRQ RU DGDSWLRQ. HQYL5XOH FRQVLVWV RI WKUHH PDLQ IXQFWLRQDO PRGXOHV, QDPHO\, UHDFWLRQ
FOXVWHUHU, UHDFWLRQ DGGHU, DQG UXOH JHQHUDWRU. ,W LV FDSDEOH RI FOXVWHULQJ ELRWUDQVIRUPDWLRQ UHDFWLRQV
LQWR GLIIHUHQW JURXSV EDVHG RQ WKH VLPLODULWLHV RI UHDFWLRQ ILQJHUSULQWV, DQG RI WKHQ H[WUDFWLQJ DQG
JHQHUDOL]LQJ UHDFWLRQ SDWWHUQV IRU HDFK UHDFWLRQ JURXS DV 60,5.6. 7KH VSHFLILFLW\ RI HDFK UXOH FDQ
EH DXWRPDWLFDOO\ DGMXVWHG WKURXJK D IHHGEDFN ORRS XQWLO WKH UXOH DFKLHYHV D GHFHQW UDWLR RI WUXH
SRVLWLYH RYHU IDOVH SRVLWLYHV. :KHQ QHZ UHDFWLRQV DUH DGGHG, WKH\ DUH GLVWULEXWHG LQWR H[LVWLQJ
UHDFWLRQ JURXSV ZLWK VLPLODU UHDFWLRQ ILQJHUSULQWV, DQG WKH FRUUHVSRQGLQJ UXOHV RI WKHVH JURXSV DUH
WKHQ DXWRPDWLFDOO\ VHOI-XSGDWHG. 8VLQJ WKH HQYL5XOH WRRO GUDVWLFDOO\ GHFUHDVHV WKH WLPH UHTXLUHG
IRU UXOH H[WUDFWLRQ FRPSDUHG ZLWK PDQXDO GHVLJQ. $GGLWLRQDOO\, KLJK UHFDOO DQG SUHFLVLRQ ZHUH
DFKLHYHG ZKHQ XVLQJ WKH DXWRPDWLFDOO\ H[WUDFWHG UXOHV LQ FRPELQDWLRQ ZLWK PDFKLQH OHDUQLQJ
PRGHOV. 0RVW LPSRUWDQWO\, WR WKH EHVW RI RXU NQRZOHGJH, HQYL5XOH LV WKH ILUVW WRRO WKDW LPSOHPHQWV
DXWRPDWLF UXOH DGDSWLRQ WR GHDO ZLWK WKH JURZLQJ QXPEHU RI UHSRUWHG ELRWUDQVIRUPDWLRQ UHDFWLRQV.
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&KHPLVWU\ DQG WKH (QYLURQPHQW, &RQWULEXWHG 7DON (15PLQ) (9-026

'HYHORSPHQW DQG VFDOH-XS RI ELR-EDVHG VROYHQWV E\ FDUERK\GUDWH IXQFWLRQDOL]DWLRQ

$. .RPDURYD1, -. /XWHUEDFKHU1*

1/DERUDWRU\ RI 6XVWDLQDEOH DQG &DWDO\WLF 3URFHVVLQJ, ,QVWLWXWH RI &KHPLFDO 6FLHQFHV DQG
(QJLQHHULQJ, ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/), 6WDWLRQ 6, 1015 /DXVDQQH,

6ZLW]HUODQG.

1RZDGD\V VROYHQW XVH LQ LQGXVWU\ LV IDFLQJ LQFUHDVLQJ UHJXODWRU\ DQG FRPPHUFLDO SUHVVXUH GXH WR
WLJKWHQLQJ OHJLVODWLRQ DQG DQ HYROYLQJ DZDUHQHVV RI KHDOWK DQG VDIHW\ LVVXHV. ,Q SDUDOOHO, JURZLQJ
HQYLURQPHQWDO FRQFHUQV RYHU WKH VRXUFH DQG OLIH F\FOH RI FRPPRQ VROYHQWV HQFRXUDJH WKH
GHYHORSPHQW RI ELR-EDVHG DOWHUQDWLYHV WKDW FDQ FRPSHWH ZLWK SHWUROHXP-GHULYHG FRXQWHUSDUWV.

/LJQRFHOOXORVLF ELRPDVV LV D SURPLVLQJ IHHGVWRFN IRU WKH SURGXFWLRQ RI UHQHZDEOH VROYHQWV VLQFH LW
LV DYDLODEOH LQ ODUJH TXDQWLWLHV DQG GRHV QRW FRPSHWH ZLWK IRRG FURSV. 6HYHUDO ELRPDVV-GHULYHG
VROYHQWV KDYH EHHQ GHYHORSHG DQG FRPPHUFLDOL]HG VR IDU. +RZHYHU, WKHLU XVH LQ LQGXVWU\ LV VWLOO
FRQVLGHUHG SUREOHPDWLF GXH WR YDULRXV UHDVRQV VXFK DV KLJK SURGXFWLRQ FRVW (*9/, 'LPHWK\O
LVRVRUELGH), KLJK IODPPDELOLW\ (2-0H-7+)), LQVWDELOLW\ LQ KDUVK FRQGLWLRQV (&\UHQH, F\FOLF
FDUERQDWHV). 1HZO\ HPHUJLQJ FDQGLGDWHV WKDW DLP WR UHSODFH KD]DUGRXV DQDORJV DUH DOVR IDFLQJ
FKDOOHQJHV. ,Q WKLV UHJDUG, DFHWDO-VWDELOL]HG [\ORVH GHULYDWLYHV WKDW FDQ EH LQH[SHQVLYHO\ SURGXFHG
GLUHFWO\ IURP ELRPDVV DW RYHU 90% \LHOG (RQ D [\ODQ EDVLV) E\ DOGHK\GH-DVVLVWHG IUDFWLRQDWLRQ
WHFKQRORJ\ GHYHORSHG LQ RXU ODE FRXOG EH LQWHUHVWLQJ FDQGLGDWHV IRU XVH DV VROYHQWV1.

,Q WKLV ZRUN, ZH H[SORUHG GLIRUP\O[\ORVH (');) DQG LWV GHULYDWLYHV DV SRWHQWLDO VROYHQWV E\
DVVHVVLQJ WKHLU SHUIRUPDQFH LQ PRGHO UHDFWLRQV, DV ZHOO DV PHDVXULQJ WKHLU SK\VLFDO DQG
VROYDWRFKURPLF SDUDPHWHUV. '); ZDV IRXQG WR KDYH VLPLODU VROYDWLRQ SURSHUWLHV WR FRQYHQWLRQDO
SRODU DSURWLF VROYHQWV VXFK DV 103, '0), '0$F, ZKLOH ');’V GHULYDWLYHV ZHUH FORVHU WR PHGLXP-
SRODULW\ VROYHQWV VXFK DV DFHWRQH DQG 7+), DFFRUGLQJ WR D FRPSDULVRQ RI .DPOHW-$EERXG-7DIW
SDUDPHWHUV. 7KH VSHFLILF SURSHUWLHV RI '); PDGH LW D SURPLVLQJ FRPSRQHQW RI GHHS HXWHFWLF
VROYHQWV, ZKLFK ZHUH DOVR SUHSDUHG LQ WKLV ZRUN. +DQVHQ 6ROXELOLW\ 3DUDPHWHUV LQGLFDWHG WKDW
'); KDV KLJK VLPLODULW\ WR 'LPHWK\O ,VRVRUELGH ZKLOH EHLQJ SRWHQWLDOO\ PXFK OHVV H[SHQVLYH. $W WKH
VDPH WLPH, ');'V GHULYDWLYHV FDQ FRPSOHPHQW WKH OLVW RI FRQYHQWLRQDO HWKHUV DQG NHWRQHV, ZKLOH
EULQJLQJ QHZ SK\VLFDO SURSHUWLHV DQG, SRVVLEO\, D VDIHU SURILOH. 

1RWDEO\, ZH GHPRQVWUDWHG WKDW SHUIRUPDQFH RI WKH GHYHORSHG VROYHQWV LQ DON\ODWLRQ, FURVV-
FRXSOLQJ, DQG K\GURJHQDWLRQ UHDFWLRQV ZDV FRPSDUDEOH ZLWK FRQYHQWLRQDO SUREOHPDWLF DQDORJV DQG
LQ VRPH FDVHV RXWSHUIRUPLQJ H[LVWLQJ JUHHQ DOWHUQDWLYHV2. '); ZDV DOVR IRXQG WR KDYH SRWHQWLDO LQ
PDQ\ RWKHU DSSOLFDWLRQV LQFOXGLQJ SRO\PHU V\QWKHVLV, VROLG-SKDVH SHSWLGH V\QWKHVLV, ELRPDVV
SURFHVVLQJ, OLTXLG H[IROLDWLRQV, HWF.

$ SUHOLPLQDU\ WR[LFRORJLFDO DVVHVVPHQW (EDFWHULDO $PHV WHVW) SHUIRUPHG RQ '); VKRZHG WKDW WKLV
PROHFXOH LV XQDEOH WR FDXVH PXWDWLRQV ERWK GLUHFWO\ DQG LQGLUHFWO\ DQG FDQQRW EH FRQVLGHUHG D
PXWDJHQLF FRPSRXQG. 

)LQDOO\, ZH GHPRQVWUDWHG WKDW '); DQG LWV GHULYDWLYHV FDQ EH SURGXFHG VXVWDLQDEO\ IURP ELRPDVV,
VSHFLILFDOO\ FRUQ FREV LQ D NJ-VFDOH. 7KLV VKRZV DQ H[FHOOHQW H[DPSOH RI KRZ ZDVWH ELRPDVV FDQ EH
YDORUL]HG LQWR YDOXDEOH FKHPLFDOV ZLWK UHODWLYHO\ ORZ FRVW DQG KLJK HIILFDF\. $ OLIH F\FOH DVVHVVPHQW
KDV EHHQ SHUIRUPHG, ZKLFK GHPRQVWUDWHG KLJK FRPSHWLWLYHQHVV RI WKLV QHZ FODVV RI VROYHQWV
DJDLQVW FRQYHQWLRQDO DQDORJV. 

>1@ 7DOHEL $PLUL 0., 'LFN *.5., 4XHVWHOO-6DQWLDJR <.0., /XWHUEDFKHU -.6. 1DWXUH 3URWRFROV, 2019, 14,
921–954.
>2@ .RPDURYD $.2., 'LFN *.5., /XWHUEDFKHU -.6. *UHHQ &KHPLVWU\, 2021, 23 (13), 4790-4799.
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&KHPLVWU\ DQG WKH (QYLURQPHQW, &RQWULEXWHG 7DON (15PLQ) (9-027

'HFHQWUDOL]HG VRODU DPPRQLD: SHUIRUPDQFH WDUJHWV IRU HQYLURQPHQWDO DQG HFRQRPLF
EHQHILWV

6. &. ''$QJHOR1, $. -. 0DUW¯Q1, '. )UHLUH 2UGµ³H]2, 6. &RER1, *. *XLOO«Q-*RV£OEH]1*, -.
3«UH]-5DP¯UH]1*

1(7+ =¾ULFK, ,QVWLWXWH IRU &KHPLFDO DQG %LRHQJLQHHULQJ, 9ODGLPLU-3U«ORJ-:HJ 1-5/10, 8093 =¾ULFK,
6ZLW]HUODQG, 2&HQWUH IRU 3URFHVV 6\VWHPV (QJLQHHULQJ, ,PSHULDO &ROOHJH RI 6FLHQFH, 7HFKQRORJ\ DQG

0HGLFLQH, 6RXWK .HQVLQJWRQ &DPSXV, 5RGHULF +LOO %XLOGLQJ, /RQGRQ 6:7 2%<, 8QLWHG .LQJGRP

'HFRXSOLQJ WKH V\QWKHVLV RI DPPRQLD IURP WKH XVH RI IRVVLO IXHOV LV FULWLFDO WR VXVWDLQDEO\ PHHW WKH
SURMHFWHG LQFUHDVH LQ WKH GHPDQG IRU IHUWLOL]HUV GXH WR WKH JURZLQJ SRSXODWLRQ. ,Q FRQWUDVW WR
LQWHQVH HIIRUWV GHYRWHG WR GHYHORSLQJ D JUHHQ +DEHU-%RVFK (+%) SURFHVV, WKH IHDVLELOLW\ RI
GHFHQWUDOL]HG VXVWDLQDEOH DPPRQLD SURGXFWLRQ KDV \HW WR EH DVVHVVHG. ,Q IDFW, D GLVWULEXWHG
DSSURDFK FRXOG IDFLOLWDWH WKH HVWDEOLVKPHQW RI DQ DPPRQLD HFRQRP\, ZKHUH WKLV FRPSRXQG SOD\V
WKH GRXEOH UROH RI SUHFXUVRU IRU RWKHU FKHPLFDOV DQG RI HQHUJ\ YHFWRU.>1@ +HUHLQ ZH DVVHVV WKH
TXHVWLRQ RI ZKHUH DQG WR ZKDW H[WHQW VRODU DPPRQLD PD\ EH D YDOXDEOH VWUDWHJ\. 6PDOO‑VFDOH
UHDFWRUV SHUIRUPLQJ HOHFWURFDWDO\WLF UHGXFWLRQ RI QLWURJHQ SRZHUHG E\ SKRWRYROWDLF HQHUJ\
(1+3-OHDYHV) DUH VWXGLHG, DVVXPLQJ ZDWHU DV D GLUHFW FR-UHDFWDQW. :H LQFOXGHG VFHQDULRV ZKHUH WKH
ZDWHU HOHFWURO\VLV UHDFWLRQ \LHOGV K\GURJHQ DV D E\-SURGXFW, ODWHU FRQYHUWHG RQ-VLWH ZLWK D IXHO FHOO,
WR DFFRXQW IRU WKH LPSHUIHFW VHOHFWLYLW\ RI WKH EHVW VWDWH‑RI‑WKH‑DUW HOHFWURO\]HUV. 7KH
HQYLURQPHQWDO DQG HFRQRPLF LPSDFWV RI WKH VHOHFWHG SURFHVVHV ZHUH DVVHVVHG, HPSOR\LQJ WKH
JOREDO ZDUPLQJ LPSDFW (*:,) DQG WKH OHYHOL]HG FRVW RI DPPRQLD. :H IRXQG WKDW HQYLURQPHQWDO
EHQHILWV DUH PD[LPL]HG IRU *:,. 6HYHUDO WHFKQLFDO SDUDPHWHUV ZHUH YDULHG LQ WKH DQDO\VLV, OHDGLQJ
WR DQ DWODV RI EUHDNHYHQ HOHFWULFLW\-WR-1+3 HIILFLHQFLHV UHTXLUHG WR RXWSHUIRUP LQGXVWULDO DQG JUHHQ
+% (*+%) RQ WKH DVVHVVHG PHWULFV ZRUOGZLGH. 0RGHVW YDOXHV RI OHVV WKDQ 19% (+%) DQG 22% (*+%)
DUH VXIILFLHQW IRU WKH DYHUDJH LUUDGLDWLRQ LQ WKH FDVH RI *:,, YDOXHV DOUHDG\ FRPSDUDEOH WR WKH
FXUUHQW VWDWH-RI-WKH-DUW HIILFLHQF\.>2@ 3URGXFWLRQ FRVWV DUH HVWLPDWHG EHWZHHQ FD. 1.5 DQG 25.7 86'
NJ1+3

-1. 7KHVH SHUIRUPDQFH UHTXLUHPHQWV FDQ JXLGH WKH GHYHORSPHQW RI 1+3-OHDYHV DQG VXJJHVW
WKDW WKH\ PD\ EHFRPH D VWURQJ DOO\ RI *+% WR GHYHORS D VXVWDLQDEOH DPPRQLD SURGXFWLRQ VFKHPH.

 

>1@ '. 5. 0DF)DUODQH, 3. 9. &KHUHSDQRY, -. &KRL, %. +. 5. 6XU\DQWR, 5. <. +RGJHWWV, -. 0. %DNNHU, ). 0.
)HUUHUR 9DOODQD, $. 1. 6LPRQRY, -RXOH, 2020, 4(6), 1186–1205.
>2@ *. 3HQJ, -. :X, 0. :DQJ, -. 1LNODV, +. =KRX, &. /LX, 1DQR /HWW., 2020, 20(4), 2879–2885.

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


&KHPLVWU\ DQG WKH (QYLURQPHQW, 3RVWHU (9-101

6LJQLILFDQW (QKDQFHPHQW LQ 3HUIRUPDQFH RI 6E26H3 3KRWRFDWKRGH YLD 6HTXHQWLDO (WFKLQJ
DQG &X&O2 7UHDWPHQW

3. $GDPV1

18QLYHUVLW\ RI =XULFK

,Q DQ HIIRUW WR IXUWKHU LPSURYH WKH DXVSLFLRXV 6E26H3 WKLQ ILOPV IRU SKRWRHOHFWURFKHPLFDO ZDWHU-
VSOLWWLQJ LQ D ORZ-FRVW PDQQHU, VLPSOH DQG ORZ WHPSHUDWXUH WUHDWPHQWV ZHUH H[SORUHG. 7KH
)72/7L/$X/6E26H3 VHPLFRQGXFWRU LV WUHDWHG ZLWK (1+4)26 DV DQ HWFKLQJ VROXWLRQ IROORZHG E\
&X&O2 WUHDWPHQW ZKLFK FROOHFWLYHO\ LQFUHDVHG WKH RQVHW SRWHQWLDO IURP 0.15 9 WR 0.28 9 YV
UHYHUVLEOH K\GURJHQ HOHFWURGH (5+() DQG WKH SKRWRFXUUHQW IURP 17 P$ FP−2 WR 22.5 P$ FP−2 DW 0
YV 5+( DV FRPSDUHG WR WKH XQWUHDWHG 6E26H3 ILOPV. )URP 6(0 DQG ;36 VWXGLHV LW LV FOHDU WKDW WKH
HWFKLQJ WUHDWPHQW LQGXFHV D PRUSKRORJLFDO FKDQJH DV ZHOO DV UHPRYHV WKH VXUIDFH 6E223 OD\HU.
&X&O2 WKHQ IXUWKHU HQKDQFHV WKH SHUIRUPDQFH GXH WR WKH SDVVLYDWLRQ RI WKH VXUIDFH GHIHFWV,
LPSURYLQJ FKDUJH VHSDUDWLRQ DW WKH LQWHUIDFH. 7KH VLPSOH DQG ORZ-FRVW VHPLFRQGXFWRU V\QWKHVLV
PHWKRG FRPELQHG ZLWK WKHVH IDFLOH, ORZ-WHPSHUDWXUH WUHDWPHQWV IXUWKHU LQFUHDVH WKH SUDFWLFDO
SRWHQWLDO RI 6E26H3 IRU ODUJH VFDOH ZDWHU VSOLWWLQJ.
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&KHPLVWU\ DQG WKH (QYLURQPHQW, 3RVWHU (9-102

%LRGHJUDGDWLRQ RI PXOFK ILOPV LQ 6ZLVV DJULFXOWXUDO VRLOV DVVHVVHG LQ ODERUDWRU\,
PHVRFRVP DQG ILHOG LQFXEDWLRQV

6. $UQ1

1(7+ =¾ULFK

1RQ-ELRGHJUDGDEOH SRO\HWK\OHQH PXOFK ILOPV DUH ZLGHO\ XVHG LQ DJULFXOWXUH WR DOORZ IRU DQ HDUOLHU
KDUYHVW DQG LPSURYHG FURS \LHOGV. 7KHVH PXOFK ILOPV DUH, KRZHYHU, GLIILFXOW WR FRPSOHWHO\ UHFROOHFW
IURP WKH ILHOG DIWHU XVH. 5HVLGXDO PXOFK ILOP SLHFHV FDQ DFFXPXODWH LQ VRLOV RYHU WLPH, WKHUHE\
QHJDWLYHO\ LPSDFWLQJ VRLO SURGXFWLYLW\ DQG WXUQLQJ DJULFXOWXUDO VRLOV LQWR VRXUFHV RI SODVWLFV WR
VXUURXQGLQJ HQYLURQPHQWV. 0XOFK ILOPV FHUWLILHG DV ELRGHJUDGDEOH LQ VRLOV SURPLVH WR EH D VROXWLRQ
WR WKHVH SUREOHPV. <HW, D WKRURXJK DVVHVVPHQW RI WKH ELRGHJUDGDWLRQ G\QDPLFV RI ELRGHJUDGDEOH
PXOFK ILOP SURGXFWV LQ VRLOV LQ WKH ILHOG LV ODFNLQJ. 6R IDU, FHUWLILFDWLRQ UHOLHV H[FOXVLYHO\ RQ
ODERUDWRU\ VRLO LQFXEDWLRQV FRXSOHG WR UHVSLURPHWULF DQDO\VLV RI &22 IRUPHG IURP WKH PXOFK ILOPV
GXULQJ ELRGHJUDGDWLRQ. 5HVSLURPHWULF DQDO\VHV DUH, KRZHYHU, YHU\ FKDOOHQJLQJ WR LPSOHPHQW LQ
ILHOG LQFXEDWLRQ VWXGLHV. 7R RYHUFRPH WKH ODFN RI DSSURSULDWH DQDO\WLFDO WHFKQLTXHV IRU UHVLGXDO
PXOFK ILOP TXDQWLILFDWLRQ LQ VRLOV, RXU JURXS KDV GHYHORSHG D PHWKRGRORJ\ WR H[WUDFW DQG TXDQWLI\
WKH PDLQ V\QWKHWLF SRO\PHULF FRPSRQHQWV RI PXOFK ILOPV, SRO\(EXW\OHQH DGLSDWH-FR-WHUHSKWKDODWH)
(3%$7) DQG SRO\ODFWLF DFLG (3/$), IURP VRLO. 7KH PHWKRGRORJ\ LV EDVHG RQ H[KDXVWLYH 6R[KOHW
H[WUDFWLRQ FRXSOHG WR TXDQWLWDWLYH 1+-105 RI H[WUDFWHG 3%$7 DQG 3/$. +HUH, ZH XVH WKLV DSSURDFK
WR DVVHVV WKH ELRGHJUDGDWLRQ RI WZR ELRGHJUDGDEOH PXOFK ILOPV FRPPHUFLDOO\ DYDLODEOH LQ
6ZLW]HUODQG LQ WKUHH 6ZLVV DJULFXOWXUDO VRLOV LQ D PXOWL\HDU LQFXEDWLRQ VWXG\. 7KHVH LQFXEDWLRQV DUH
FRQGXFWHG LQ WKUHH H[SHULPHQWDO LQFXEDWLRQ VFDOHV: IODVNV LQ WKH ODERUDWRU\, PHVRFRVPV LQ D
JUHHQKRXVH DQG WKH DFWXDO ILHOG. :H VWDWLVWLFDOO\ FRPSDUH ELRGHJUDGDWLRQ UDWHV DQG H[WHQWV
EHWZHHQ WKUHH VRLOV DQG WZR WHVWHG ILOPV DFURVV WKH WKUHH LQFXEDWLRQ VFDOHV. 7KHUHE\, ZH DVVHVV
WKH WUDQVIHUDELOLW\ RI ELRGHJUDGDWLRQ UHVXOWV IURP ODERUDWRU\ LQFXEDWLRQV WR ILHOG LQFXEDWLRQV. 2XU
UHVXOWV KLJKOLJKW YDULDWLRQV LQ ELRGHJUDGDWLRQ EHWZHHQ VRLOV DQG SRO\HVWHUV DQG FDOO IRU FDXWLRQ
ZKHQ XVLQJ ODERUDWRU\ LQFXEDWLRQ VWXGLHV WR SUHGLFW ELRGHJUDGDWLRQ LQ WKH ILHOG.

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


&KHPLVWU\ DQG WKH (QYLURQPHQW, 3RVWHU (9-103

7KH %LRDFFXPXODWLRQ RI $QLRQLF DQG &DWLRQLF 2UJDQLF &RPSRXQGV LQ 5DLQERZ 7URXW &HOO

). %DON1,2, %. +¾VVHU1,3, -. +ROOHQGHU1,4, .. 6FKLUPHU1,2

1(DZDJ, 6ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\, 8600 '¾EHQGRUI, 6ZLW]HUODQG,
2(3) /DXVDQQH, 6FKRRO RI $UFKLWHFWXUH, &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ, 1015 /DXVDQQH,
6ZLW]HUODQG, 3(7+ =¾ULFK, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, 8093 =¾ULFK,

6ZLW]HUODQG, 4(7+ =¾ULFK, 'HSDUWPHQW RI (QYLURQPHQWDO 6\VWHPV 6FLHQFH, 8092 =¾ULFK, 6ZLW]HUODQG

.H\ZRUGV: LQ-YLWUR V\VWHPV, ELRDFFXPXODWLRQ, DOWHUQDWLYHV WR DQLPDO H[SHULPHQWDWLRQ, LRQL]DEOH
RUJDQLF FRPSRXQGV

7KH DVVHVVPHQW RI FKHPLFDOV IRU WKHLU ELRDFFXPXODWLYH SRWHQWLDO UHTXLUHV LQ YLYR WHVWLQJ ZLWK ILVK,
ZKLFK LV UHVRXUFH LQWHQVH, FRVWO\, WLPH FRQVXPLQJ DQG RI HWKLFDO FRQFHUQ GXH WR WKH VDFULILFH RI
DQLPDOV. 7KHUHIRUH, DOWHUQDWLYH LQ YLWURPRGHOV DUH EHLQJ VRXJKW WR UHSODFH WKHVH WHVWV ZLWK ILVK.

,Q WKLV ZRUN, ZH H[SORUH KRZ ZHOO UDLQERZ WURXW (2QFRUK\QFKXV P\NLVV) FHOO OLQHV, LQ SDUWLFXODU
57/─:1 (OLYHU) FDQ SUHGLFW WKH ELRDFFXPXODWLRQ DQG ELRWUDQVIRUPDWLRQ SRWHQWLDO RI LRQL]DEOH
RUJDQLF FRPSRXQGV (,2&) LQ ILVK. ,2& FRPSULVH D ODUJH SURSRUWLRQ RI WKH FKHPLFDOV LQ FRPPHUFH
DQG DUH XELTXLWRXVO\ GHWHFWHG LQ WKH HQYLURQPHQW DQG ELRWD. %DVHG RQ WKH DYDLODELOLW\ RI KLJK
TXDOLW\ LQ YLYR GDWD DQG WKH VXEVWDQFHV’ FKDUJH VWDWH DW SK\VLRORJLFDO S+, IRXU DQLRQLF DQG WKUHH
FDWLRQLF FRPSRXQGV ZHUH VHOHFWHG: 3HQWDFKORURSKHQRO (3&3, &$6 87-86-5), 'LFORIHQDF ('&), &$6
15307-79-6), 7HFORIWDODP (77,&$6 76280-91-6) DQG %HQ]RWULD]RO-W-EXW\O-K\GUR[\O-SKHQ\O SURSDQRLF
DFLG (%+33, &$6 84268-36-0); DQG 1,1,1-WULPHWK\OWHWUDGHF\ODPLQH (414, &$6 4574-04-3), 1,1-
GLPHWK\OGHF\ODPLQH (710, &$6 1120-24-7) DQG 1-PHWK\OGRGHF\ODPLQH (612, &$6 7311-30-0). )LUVW,
QRQ-WR[LF FKHPLFDO FRQFHQWUDWLRQV ZHUH GHWHUPLQHG IRU HDFK FRPSRXQG IROORZLQJ WKH DFXWH FHOO
WR[LFLW\ DVVD\ (2(&' 7*249), UHVXOWLQJ LQ H[SRVXUH FRQFHQWUDWLRQV WKDW UDQJHG IURP 5 wJ// WR 200
wJ// IRU IXUWKHU DVVHVVPHQW. 7KH NLQHWLF H[SHULPHQWV ZHUH SHUIRUPHG RYHU 48K DQG 72K IRU DQLRQV
DQG FDWLRQV, UHVSHFWLYHO\, ZLWK D WRWDO RI 6 VDPSOLQJ WLPH SRLQWV. &HOO, PHGLXP DQG SODVWLF IUDFWLRQ
ZHUH VDPSOHG VHSDUDWHO\ DW HDFK WLPH SRLQW DQG PHDVXUHG XVLQJ KLJK UHVROXWLRQ WDQGHP PDVV
VSHFWURPHWU\ DIWHU RQOLQH VROLG SKDVH H[WUDFWLRQ (IRU DQLRQV) RU ZLWK GLUHFW LQMHFWLRQ RI H[WUDFWV (IRU
FDWLRQV). 7KH DQLRQLF FRPSRXQGV, JLYHQ DV D IUDFWLRQ RI WKH WRWDO FRPSRXQG PDVV LQ WKH WHVW
V\VWHP, DFFXPXODWHG DW VWHDG\ VWDWH LQ WKH IROORZLQJ RUGHU LQ 57/-:1 FHOOV: %+33 (7%) ! 77 (5%)
! 3&3 DQG '&) (EHORZ OLPLW RI TXDQWLILFDWLRQ, 0.5 WR 0.1% UHVSHFWLYHO\). ,Q FRQWUDVW, WKH WHVWHG
FDWLRQV ZHUH DVVRFLDWHG ZLWK FHOOV WR D PXFK ODUJHU H[WHQW. 0HDVXUHG DV IUDFWLRQV RI WRWDO
FRPSRXQG PDVV LQ WKH WHVW V\VWHP, WKH 57/-:1 FHOOV FRQWDLQHG DW VWHDG\ VWDWH 30 % IRU 710, 75 %
IRU 612 DQG 87 % IRU 414. )LQDOO\, WKH FRPSRXQG’V SUHGLFWHG ELRFRQFHQWUDWLRQ IDFWRUV EDVHG RQ
WKHLU RFWDQRO DIILQLW\ (.RZ RU 'RZ) RU WKHLU PHPEUDQH OLSLG DIILQLW\ ('POZ) ZHUH FRPSDUHG ZLWK WKH LQ
YLWUR GHULYHG VWHDG\-VWDWH ELRFRQFHQWUDWLRQ IDFWRUV. )URP WKHVH FRPSDULVRQV LW FRXOG EH FRQFOXGHG
WKDW WKH WHVWHG FRPSRXQG’V DFFXPXODWLRQ LQ WKH FHOOV LV VWURQJO\ GULYHQ E\ WKH FRPSRXQG’V
LQWHUDFWLRQV ZLWK WKH FHOO PHPEUDQH RI WKH 57/-:1 FHOOV, UHSUHVHQWHG WKURXJK 'POZ (52   0.93).
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&KHPLVWU\ DQG WKH (QYLURQPHQW, 3RVWHU (9-104

6ROXWLRQ DQG JHO-SKDVH TXDQWLILFDWLRQ RI OLJQLQ VWUXFWXUDO IHDWXUHV ZLWK LPSURYHG 2'-
+64&0 105 SURFHVVHV

&. /. %RXUPDXG1, 6. %HUWHOOD1, -. 6. /XWHUEDFKHU1*

1(3)/, 6% ,6,&, /DERUDWRU\ RI &DWDO\WLF DQG 6XVWDLQDEOH 3URFHVVHV

/LJQLQ XSF\FOLQJ WRZDUGV UHQHZDEOH DURPDWLF PRQRPHUV FDQ EH SHUIRUPHG E\ GHSRO\PHUL]DWLRQ.
0RVW VWUDWHJLHV UHO\ RQ ¡-2-4 HWKHU FOHDYDJH EHFDXVH WKH\ DUH WKH PRVW DEXQGDQW DQG WKH HDVLHVW
WR FOHDYH. +RZHYHU, WKH LVVXH RI TXDQWLI\LQJ OLJQLQ’V LQLWLDO VWUXFWXUDO IHDWXUHV KDV PDGH DVVHVVLQJ
WKH HIILFLHQF\ RI OLJQLQ H[WUDFWLRQ DQG LWV XSJUDGDELOLW\ GLIILFXOW, HVSHFLDOO\ LQ ZKROH FHOO ZDOOV ZKHUH
JHO SKDVH DUH W\SLFDOO\ XVHG. :H SUHYLRXVO\ GHPRQVWUDWHG SURPLVLQJ UHVXOWV WR TXDQWLI\ OLJQLQ
HWKHU IXQFWLRQDOLWLHV ZLWK WKH XVH RI 2'-+64&0 105. +HUH, ZH GHYHORSHG DQ LPSURYHG DQG UDSLG
KLJK-WHPSHUDWXUH +64&0 VHTXHQFH ZLWK DXWRPDWL]HG SHDN ILWWLQJ WKDW DYRLGV SDVW HUURUV UHODWHG WR
XVHU ELDV, UHOD[DWLRQ DQG PDJQHWL]DWLRQ WUDQVIHU, QRWDEO\ XVLQJ SRO\VW\UHQH DV D VWDQGDUG.
6WUXFWXUDO IHDWXUHV RI V\QWKHWLF SRO\PHU PRGHO FRPSRXQGV ZHUH VXFFHVVIXOO\ TXDQWLILHG, ZLWK OHVV
WKDQ 5% HUURU. 7KLV DSSURDFK DOVR DOORZV TXDQWLILFDWLRQ RI IHDWXUHV RQ JHO-SKDVH 105V, ZKLFK FRXOG
DOORZ SUHFLVH TXDQWLILFDWLRQ RI OLJQLQ IHDWXUHV LQ ZKROH FHOO ZDOO VDPSOHV. :H DUH XVLQJ WKLV
DQDO\WLFDO PHWKRG RQ D ZLGH UDQJH RI OLJQLQ VWUHDPV WR SUHGLFW UHODWLRQVKLSV EHWZHHQ OLJQLQ
VWUXFWXUH DQG UHDFWLYLW\. ,Q SDUWLFXODU, FXUUHQW HIIRUWV WR XVH WKLV PHWKRG RQ ERWK ZKROH SODQW FHOO
ZDOOV DQG H[WUDFWHG OLJQLQV DUH EHLQJ XVHG WR HOXFLGDWH ORQJVWDQGLQJ TXHVWLRQV UHJDUGLQJ OLJQLQ
H[WUDFWLRQ PHFKDQLVPV.

 

>1@ 6WHIDQLD %HUWHOOD, -HUHP\ 6. /XWHUEDFKHU. 7UHQGV LQ &KHPLVWU\, 2020, 2, 5, 440-453.
>2@ -RKQ 5DOSK, &DWKHULQH /DSLHUUH, :RXW %RHUMDQ. &XUUHQW 2SLQLRQ LQ %LRWHFKQRORJ\, 2019, 56,
240–249. 
>3@ 6KDZQ '. 0DQVILHOG, +RRQ .LP, )DFKXDQJ /X, -RKQ 5DOSK. 1DWXUH 3URWRFROV, 2012, 7, 9,
1579–1589. 
>4@ .DLIHQJ +X, :LOOLDP 0. :HVWOHU, -RKQ /. 0DUNOH\. -RXUQDO RI WKH $PHULFDQ &KHPLFDO
6RFLHW\, 2011, 133, 6, 1662-1665.
>5@ 0DVRXG 7DOHEL $PLUL, 6WHIDQLD %HUWHOOD, <GQD 0. 4XHVWHOO-6DQWLDJR, -HUHP\ 6.
/XWHUEDFKHU. &KHPLFDO 6FLHQFH, 2019, 10, 8135–8142.
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1RQ-WDUJHW VFUHHQLQJ UHYHDOV WKH LGHQWLW\ RI FDUERQRXV DQG QLWURJHQRXV FDUERQ\O-
FRQWDLQLQJ R[LGDWLRQ E\SURGXFWV IRUPHG GXULQJ R]RQDWLRQ RI YDULRXV ZDWHU W\SHV

-. +RXVND1,2, 7. 0DQDVIL1, ,. *HEKDUGW1, 8. YRQ *XQWHQ1,2*

16ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\ ((DZDJ), 8600 '¾EHQGRUI, 6ZLW]HUODQG,
26FKRRO RI $UFKLWHFWXUH, &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ ((1$&), (FROH 3RO\WHFKQLTXH )«G«UDOH

GH /DXVDQQH ((3)/), 1015 /DXVDQQH, 6ZLW]HUODQG

7KH DSSOLFDWLRQ RI R]RQH IRU GLVLQIHFWLRQ RU DEDWHPHQW RI PLFURSROOXWDQWV GXULQJ WUHDWPHQW RI
GULQNLQJ ZDWHU DQG ZDVWHZDWHU LV DFFRPSDQLHG E\ R]RQH DQG K\GUR[\O (•2+) UHDFWLRQV ZLWK PDWUL[
FRPSRQHQWV VXFK DV GLVVROYHG RUJDQLF PDWWHU ('20). 7KLV OHDGV WR WKH IRUPDWLRQ RI XQGHVLUHG
R[LGDWLRQ E\SURGXFWV (2%3V) VXFK DV ORZ PROHFXODU ZHLJKW DOGHK\GHV DQG NHWRQHV. %\ DSSO\LQJ D
UHFHQWO\ GHYHORSHG QRQ-WDUJHW ZRUNIORZ, 180 FDUERQRXV DQG QLWURJHQRXV FDUERQ\O FRPSRXQGV
ZHUH GHWHFWHG GXULQJ EHQFK-VFDOH R]RQDWLRQ RI WZR ODNH ZDWHUV DQG WKUHH ZDVWHZDWHU HIIOXHQW
VDPSOHV. $ FRUH RI FDUERQ\O FRPSRXQGV ZDV GHWHFWHG LQ DOO ZDWHU W\SHV. :DVWHZDWHU HIIOXHQWV
VKRZHG D VLJQLILFDQWO\ KLJKHU VKDUH RI 1-FRQWDLQLQJ FDUERQ\O FRPSRXQGV (30%) FRPSDUHG WR ODNH
ZDWHU (17%). )RUPDWLRQ WUHQGV XSRQ R]RQDWLRQ DQG FRPSDULVRQ RI WKH UHVXOWV WR FRQGLWLRQV LQ WKH
SUHVHQFH DQG DEVHQFH RI WKH •2+ UDGLFDO VFDYHQJHU '062 LQ FRPELQDWLRQ ZLWK NLQHWLF DQG
PHFKDQLVWLF LQIRUPDWLRQ DOORZHG WR GUDZ FRQFOXVLRQV RQ SRWHQWLDO FDUERQ\O VWUXFWXUHV. $ OLQN
EHWZHHQ WKH GHWHFWHG FDUERQ\O FRPSRXQGV DQG WKHLU SUHFXUVRUV ZDV HVWDEOLVKHG E\ R]RQDWLQJ VL[
PRGHO FRPSRXQGV (SKHQRO, HWK\OSKHQRO, PHWKR[\SKHQRO, VRUELF DFLG, 3-EXWHQ-2-RO DQG
DFHW\ODFHWRQH) ZKLFK IRUPHG DURXQG RQH WKLUG RI WKH GHWHFWHG FDUERQRXV FDUERQ\O FRPSRXQGV
GHWHFWHG LQ UHDO ZDWHUV. 6HYHUDO FDUERQ\O FRPSRXQGV ZHUH LGHQWLILHG, LQFOXGLQJ K\GUR[\ODWHG
DOGHK\GHV DQG NHWRQHV (H.J. K\GUR[\DFHWRQH, FRQILGHQFH OHYHO (FRQILGHQFH OHYHO (&/)  1),
XQVDWXUDWHG GLFDUERQ\OV (H.J. DFUROHLQ, &/  1; 2-EXWHQH-1,4-GLDO, &/  2; 4-R[REXW-3-HQRLF DFLG, &/
  2) DQG DOVR D QLWURJHQ-FRQWDLQLQJ FDUERQ\O FRPSRXQG (2-R[R-SURSDQDPLGH, &/  1).
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,QVLJKWV RQ WKH FDUERQDWLRQ PHFKDQLVP RI DONDOL PHWDO QLWUDWH SURPRWHG 0J2 E\ 182
LVRWRSH ODEHOLQJ

$. /DQGX\W1, 3. 9. .XPDU2, 3. 0. $EGDOD1, $. +. %RUN1, &. 5. 0¾OOHU1*

1/DERUDWRU\ RI (QHUJ\ 6FLHQFH DQG (QJLQHHULQJ, 'HSDUWPHQW RI 0HFKDQLFDO DQG 3URFHVV
(QJLQHHULQJ, (LGJHQ¸VVLVFKH 7HFKQLVFKH +RFKVFKXOH ((7+) =¾ULFK, 8092 =¾ULFK, 6ZLW]HUODQG, 2
6FKRRO RI &KHPLFDO (QJLQHHULQJ, 7KH 8QLYHUVLW\ RI 1HZ 6RXWK :DOHV (816: 6\GQH\), 6\GQH\,

16:, 2052 $XVWUDOLD

0J2-EDVHG &22 VRUEHQWV SURPRWHG ZLWK DONDOL PHWDO QLWUDWHV (H.J. 1D123) DUH SURPLVLQJ PDWHULDOV
IRU &22 FDSWXUH DQG VWRUDJH WHFKQRORJLHV GXH WR WKHLU ORZ FRVW DQG KLJK WKHRUHWLFDO XSWDNH
FDSDFLWLHV. +RZHYHU, WKH H[DFW PHFKDQLVP E\ ZKLFK PROWHQ DONDOL PHWDO QLWUDWHV SURPRWH WKH
FDUERQDWLRQ RI 0J2 LV KLJKO\ GHEDWHG. +HUH, ZH SURYLGH LQVLJKWV LQWR WKH FDUERQDWLRQ PHFKDQLVP
RI DONDOL PHWDO QLWUDWH SURPRWHG 0J2 ZLWK WKH KHOS RI 182 LVRWRSH ODEHOLQJ H[SHULPHQWV.
:H GHYHORSHG IDFLOH V\QWKHVLV PHWKRGV WR \LHOG 0J2 DQG 1D123 ZLWK KLJK 182-FRQWHQW. 182
ODEHOLQJ H[SHULPHQWV FRPSOHPHQWHG E\ 5DPDQ VSHFWURVFRS\, LQ VLWX WKHUPRJUDYLPHWULFDO DQDO\VLV
LQ FRPELQDWLRQ ZLWK PDVV VSHFWURPHWU\ RQ PRGHO 0J2-EDVHG &22 VRUEHQWV DOORZHG IRU WKH
WUDFNLQJ RI WKH 182 ODEHO LQ ERWK WKH VROLG (1D123 DQG 0J&23) DQG JDV SKDVH (&22). 2XU
H[SHULPHQWDO ZRUN SURYLGHV HYLGHQFH IRU D UDSLG R[\JHQ H[FKDQJH EHWZHHQ &22 DQG 0J2 WKDW LV
WDNLQJ SODFH DW WKH VXUIDFH RI 0J2. %DVHG RQ WKHVH ILQGLQJV LQ FRPELQDWLRQ ZLWK GHQVLW\ IXQFWLRQDO
WKHRU\ FDOFXODWLRQV, ZH GLVFXVV SRWHQWLDO SURPRWLRQ PHFKDQLVPV.

 

 

6FKHPDWLF RI D FDUERQDWLRQ H[SHULPHQW LQ ZKLFK 1D123–SURPRWHG 0J182 LV UHDFWHG ZLWK &22 DW
315 r&. ,Q VLWX WKHUPRJUDYLPHWULFDO DQDO\VLV LQ FRPELQDWLRQ ZLWK PDVV VSHFWURPHWU\ VKHG OLJKW RQ
WKH R[\JHQ H[FKDQJH UHDFWLRQ RFFXULQJ GXULQJ FDUERQDWLRQ.
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7KH ,PSDFW RI 7HPSHUDWXUH RQ %LRGHJUDGDWLRQ RI 3RO\-3-K\GUR[\EXW\UDWH-3-KH[DQRDWH
(3+%+) LQ 6RLO

-. 5. /DV]DNRYLWV1, 5. .DHJL2, 0. 6DQGHU1*, .. 0F1HLOO1*

1(7+ =XULFK, ,QVWLWXWH RI %LRJHRFKHPLVWU\ DQG 3ROOXWDQW '\QDPLFV, 2($:$*, 'HSDUWPHQW 3URFHVV
(QJLQHHULQJ

%LRGHJUDGDEOH SRO\PHUV KDYH JDLQHG DWWHQWLRQ DV DQ LPSRUWDQW FRQYHQWLRQDO SRO\PHU PDWHULDO
VXEVWLWXWH LQ DSSOLFDWLRQV ZKHUH SODVWLFV HQWHU WKH RUJDQLF ZDVWH VWUHDP RU ZKHUH SODVWLFV HQWHULQJ
WKH HQYLURQPHQW LV SUREDEOH. &XUUHQW FHUWLILFDWLRQ RI VRLO ELRGHJUDGDELOLW\ UHOLHV RQ ODERUDWRU\ VRLO
LQFXEDWLRQV DW FRQVWDQW WHPSHUDWXUH FRXSOHG WR UHVSLURPHWULF DQDO\VHV RI SRO\PHU FRQYHUVLRQ WR
&22. +RZHYHU, WKH WUDQVIHUDELOLW\ RI ELRGHJUDGDWLRQ UHVXOWV IURP ODERUDWRU\ H[SHULPHQWV DW
HOHYDWHG WHPSHUDWXUHV (25 |&) WR WKH ILHOG ZLWK YDULDEOH DQG ORZHU WHPSHUDWXUHV KDV EHHQ FDOOHG
LQWR TXHVWLRQ. 3ULPDULO\, ZH GR QRW XQGHUVWDQG KRZ WHPSHUDWXUH LPSDFWV WKH UDWH RI SRO\PHU
ELRGHJUDGDWLRQ. ,Q WKLV ZRUN, ZH KDYH GHWHUPLQHG WKH HIIHFW RI WHPSHUDWXUH RQ ELRGHJUDGDWLRQ
XVLQJ D UHDGLO\ ELRGHJUDGDEOH SRO\PHU, SRO\-3-K\GUR[\EXW\UDWH-3-K\GUR[\KH[DQRDWH (3+%+), E\
WUDFNLQJ WKH GHFUHDVH LQ WKH DPRXQW H[WUDFWDEOH IURP VRLO XVLQJ H[WUDFWLRQ DQG 1+-105 DV ZHOO DV
E\ LPDJLQJ PHWKRGV RI 3+%+ ILOPV WR XQGHUVWDQG PLFURELDO FRORQL]DWLRQ G\QDPLFV RQ WKH SRO\PHU
VXUIDFH. 7R WKLV HQG, ZH LQFXEDWHG 3+%+ LQ WKUHH GLIIHUHQW W\SHV RI VWDQGDUG /8)$ VRLOV (66, 2.4,
DQG 2.2) DW IRXU GLIIHUHQW WHPSHUDWXUH (5, 15, 25, DQG 35 |&). :H REVHUYHG VRLO-GHSHQGHQW
YDULDELOLW\ LQ WKH UDWHV RI 3+%+ ELRGHJUDGDWLRQ, EXW DOO VRLOV VKRZHG LQFUHDVLQJ ELRGHJUDGDWLRQ
UDWHV ZLWK LQFUHDVLQJ WHPSHUDWXUH. 7KH WHPSHUDWXUH GHSHQGHQFH RI ELRGHJUDGDWLRQ ZDV SRRUO\
GHVFULEHG E\ WKH $UUKHQLXV UDWH ODZ. $OVR, DW ORZHU WHPSHUDWXUHV, D ODJ SHULRG ZDV REVHUYHG SULRU
WR WKH RQVHW RI ELRGHJUDGDWLRQ. 9LVLEOH OLJKW DQG VFDQQLQJ HOHFWURQ PLFURVFRS\ LPDJLQJ UHYHDOHG
WKDW JURZWK RI IXQJDO K\SKDH RQWR WKH 3+%+ ILOPV SOD\V DQ LPSRUWDQW UROH LQ WKH LQLWLDO FRORQL]DWLRQ
DQG ELRGHJUDGDWLRQ RI 3+%+ DQG ZLOO EH GLVFXVVHG IXUWKHU. 7KH UHVXOWV VXJJHVW WKDW XVLQJ WKH
$UUKHQLXV HTXDWLRQ WR H[WUDSRODWH HQYLURQPHQWDO ELRGHJUDGDWLRQ UDWHV EDVHG RQ ODERUDWRU\ WHVWLQJ
LV QRW YLDEOH.
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'HYHORSPHQW RI DQ $XWRPDWHG 7RWDO 1LWURVDPLQHV (7212) $QDO\]HU

0. /HH1, :. /HH2, <. /HH2, ). %UHLGHU3, 8. YRQ *XQWHQ1,4*

16FKRRO RI $UFKLWHFWXUH, &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ ((1$&), (FROH 3RO\WHFKQLTXH )HʲGHʲUDOH
GH /DXVDQQH ((3)/), &+-1015 /DXVDQQH, 6ZLW]HUODQG, 26FKRRO RI (DUWK 6FLHQFHV DQG (QYLURQPHQWDO
(QJLQHHULQJ, *ZDQJMX ,QVWLWXWH RI 6FLHQFH DQG 7HFKQRORJ\ (*,67), *ZDQJMX 61005, 6RXWK .RUHD, 3

&HQWUDO (QYLURQPHQWDO /DERUDWRU\, 6FKRRO RI $UFKLWHFWXUH, &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ
((1$&), (FROH 3RO\WHFKQLTXH )HʲGHʲ UDOH GH /DXVDQQH ((3)/), &+-1015 /DXVDQQH, 6ZLW]HUODQG, 4

(DZDJ, 6ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\, &+-8600 'XʹEHQGRUI,
6ZLW]HUODQG

)RUPDWLRQ RI 1-QLWURVDPLQHV LQ ZDWHU DQG ZDVWHZDWHU WUHDWPHQW LV RI FRQFHUQ GXH WR WKHLU KLJK
FDUFLQRJHQLF SRWHQF\, H.J., 1-QLWURVRGLPHWK\ODPLQH (1'0$) LV HVWLPDWHG WR EH VHYHUDO KXQGUHG
WLPHV PRUH SRWHQW WKDQ WKH UHJXODWHG WULKDORPHWKDQHV LQ GULQNLQJ ZDWHU. 5DWKHU WKDQ D GLUHFW
UHOHDVH IURP VSHFLILF VRXUFHV, 1-QLWURVDPLQHV DUH NQRZQ WR EH PDLQO\ IRUPHG LQ VLWX GXULQJ
GLVLQIHFWLRQ SURFHVVHV VXFK DV FKORULQDWLRQ, R]RQDWLRQ, HWF. 7KH\ DUH FDWHJRUL]HG DV GLVLQIHFWLRQ
E\SURGXFWV ('%3V). ,Q SULQFLSOH, QLWURVDWLRQ FDQ WDNH SODFH ZLWK DQ\ QLWURJHQ-FRQWDLQLQJ RUJDQLF
SUHFXUVRU SUHVHQW LQ ZDWHU ZLWK D SRWHQWLDO IRUPDWLRQ RI D YDULHW\ RI 1-QLWURVDPLQHV. +RZHYHU,
UREXVW DQDO\WLFDO WRROV DYDLODEOH WR GDWH DUH VRPHZKDW OLPLWHG WR WKH FRPPRQO\ NQRZQ LQGLYLGXDO
1-QLWURVDPLQHV, H.J., 1'0$. ,Q 2017, %UHLGHU DQG YRQ *XQWHQ GHYHORSHG DQ DQDO\WLFDO SODWIRUP
ZKLFK, EDVHG RQ 89 SKRWRO\VLV DQG FKHPLOXPLQHVFHQFH, GHWHUPLQHV WKH WRWDO FRQWHQW RI 1
-QLWURVDPLQHV LQ ZDWHU VDPSOHV.1 7KLV V\VWHP KDG PDQ\ VKRUWFRPLQJV DQG WKHUHIRUH, WKH 7212
DQDO\]HU LV FXUUHQWO\ XSJUDGHG, DLPLQJ IRU D FRPSOHWH DXWRPDWLRQ RI WKH DQDO\WLFDO SURFHGXUH IURP
VDPSOLQJ WR GHWHFWLRQ LQFOXGLQJ GDWD DQDO\VLV ZLWKRXW KXPDQ LQWHUYHQWLRQ. $OO WKH KDUGZDUH
PRGXOHV VXFK DV DXWRVDPSOLQJ SODWIRUP, V\ULQJH SXPSV, YDOYHV, SKRWRUHDFWRU, HWF. ZHUH 3'-
GHVLJQHG, 3'-SULQWHG DQG DVVHPEOHG LQ-KRXVH. 2SHQ-VRXUFH PLFURFRQWUROOHUV (L.H., $UGXLQR) ZHUH
XVHG WR FRQWURO LQGLYLGXDO KDUGZDUH PRGXOHV ZLWK ILUPZDUHV ZULWWHQ LQ &++ DQG WKH XVHU LQWHUIDFH
ZULWWHQ LQ 3\WKRQ IRU VHULDO FRPPXQLFDWLRQ ZLWK PLFURFRQWUROOHUV.

 

>1@ )ORULDQ %UHLGHU, 8UV YRQ *XQWHQ, $QDO\WLFDO &KHPLVWU\, 2017, 89, 1574-1582.
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$QWLELRWLF XSWDNH E\ VSLQDFK (6SLQDFLD ROHUDFHD) DQG UDGLVK (5DSKDQXV VDWLYXV) -
GLVWULEXWLRQ EHWZHHQ DERYH- DQG EHORZJURXQG SODQW IUDFWLRQV, VRLO, DQG VRLO SRUH-ZDWHU

,. 1\ERP1,2, 6. YDQ GHQ %URHN 1, 7. '. %XFKHOL2, &. 6. 0F$UGHOO3, *. *DUODQG 1*

1(7+ =XULFK, 'HSDUWPHQW RI (QYLURQPHQWDO 6\VWHPV 6FLHQFH, 8QLYHUVLW¦WVWUDVVH 16, 8092 =¾ULFK,
6ZLW]HUODQG, 2$JURVFRSH, (QYLURQPHQWDO $QDO\WLFV, 5HFNHQKRO]VWUDVVH 191, 8046 =¾ULFK,
6ZLW]HUODQG, 3(DZDJ, 'HSDUWPHQW (QYLURQPHQWDO &KHPLVWU\, ÜEHUODQGVWUDVVH 133, 8600

'¾EHQGRUI, 6ZLW]HUODQG

$QWLELRWLFV DUH H[WHQVLYHO\ XVHG LQ DQLPDO KXVEDQGU\ IRU GLVHDVH WUHDWPHQW, LOOQHVV SUHYHQWLRQ DQG
JURZWK SURPRWLRQ. 7KH PDMRU URXWH IRU H[FUHWHG DQWLELRWLFV DQG WKHLU PHWDEROLWHV WR FURSODQGV LV
YLD WKH DSSOLFDWLRQ RI DQLPDO PDQXUH IHUWLOL]HUV. 2QFH LQ WKH DJULFXOWXUDO VRLOV, WKH DQWLELRWLFV FDQ EH
WDNHQ XS E\ SODQWV DQG DFFXPXODWH LQWR HGLEOH WLVVXHV. 7KH H[WHQW WR ZKLFK WKLV SURFHVV WDNHV
SODFH GHSHQGV RQ WKH SK\VLRFKHPLFDO SURSHUWLHV RI WKH DQWLELRWLF FRPSRXQGV, VRLO VRUSWLRQ
SRWHQWLDO, FURS VSHFLHV DQG HQYLURQPHQWDO FRQGLWLRQV. 7KH REMHFWLYHV RI WKLV VWXG\ ZHUH WR HYDOXDWH
WKH XSWDNH RI ILYH DQWLELRWLFV WR VSLQDFK (6SLQDFLD ROHUDFHD) DQG UDGLVK (5DSKDQXV VDWLYXV) DQG
WKHLU GLVWULEXWLRQ EHWZHHQ URRWV, OHDYHV, VRLO DQG VRLO SRUH-ZDWHU. $ PL[WXUH RI ILYH DQWLELRWLFV IURP
GLIIHUHQW DQWLELRWLF FODVVHV; FODULWKURP\FLQ (PDFUROLGH), VXOIDPHWKR[D]ROH (VXOIRQDPLGH) DQG WKH FR-
DSSOLHG WULPHWKRSULP, FKORUWHWUDF\FOLQH (WHWUDF\FOLQH) DQG HQURIOR[DFLQ (IOXRURTXLQRORQH), ZHUH
DSSOLHG WR WKH VRLO LQ IRXU FRQFHQWUDWLRQV UDQJLQJ IURP 0 PJ/NJ WR 10 PJ/NJ (GU\ ZHLJKW). )ROORZLQJ
DQWLELRWLF DGGLWLRQ, WKH FURSV ZHUH JURZQ IRU 6 ZHHNV XQGHU FRQWUROOHG HQYLURQPHQWDO DQG FOLPDWLF
FRQGLWLRQV, DIWHU ZKLFK WKH\ ZHUH KDUYHVWHG. 6RLO DQG VRLO SRUH-ZDWHU VDPSOHV ZHUH FROOHFWHG RYHU
WKH FRXUVH RI WKH FXOWLYDWLRQ, DW 2 GD\V, 1, 3, DQG 6 ZHHNV. 'HOD\HG VSURXWLQJ DQG UHGXFHG ELRPDVV
SURGXFWLRQ ZHUH REVHUYHG IRU UDGLVKHV H[SRVHG WR WKH KLJKHVW DQWLELRWLF WUHDWPHQW. 7KH DQWLELRWLF
DQDO\VLV, WR EH SHUIRUPHG, ZLOO GHPRQVWUDWH WKH GLVWULEXWLRQ RI DQWLELRWLFV EHWZHHQ WKH SODQW, VRLO
DQG VRLO SRUH-ZDWHU. 
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0LQHUDOL]LQJ :RRG XVLQJ &ORFN 5HDFWLRQV

*. 3DQ]DUDVD1, 5. .¾UVWHLQHU1, ,. %XUJHUW1

1:RRG 0DWHULDOV 6FLHQFH, ,QVWLWXWH IRU %XLOGLQJ 0DWHULDOV, (7+ =¾ULFK

&RQWUROOLQJ WKH IRUPDWLRQ RI LQRUJDQLF SDUWLFOHV LQ WLPH XVLQJ FORFN UHDFWLRQV LV D SURPLVLQJ
DSSURDFK IRU WKH GHVLJQ DQG IXQFWLRQDOLVDWLRQ RI PDWHULDOV ZLWK QRYHO SURSHUWLHV. +HUH ZH
GHPRQVWUDWH WKH FDOFLILFDWLRQ RI ZRRG E\ H[SORLWLQJ DONDOL-JHQHUDWLQJ UHDFWLRQV ZLWK QRQOLQHDU
NLQHWLFV. )LUVW, ZH LQYHVWLJDWH WKH WLPH-FRQWUROOHG SUHFLSLWDWLRQ RI FDOFLXP FDUERQDWH XVLQJ WZR
GLIIHUHQW S+-FORFNV, QDPHO\ WKH PHWK\OHQH JO\FRO-VXOILWH (0*6) DQG WKH XUHDVH-XUHD V\VWHPV. 2XU
UHVXOWV GHPRQVWUDWH WKDW LW LV SRVVLEOH WR JHQHUDWH FDUERQDWH LRQV LQ VLWX ZLWK WHPSRUDO FRQWURO, DQG
WKDW LQ SUHVHQFH RI FDOFLXP LRQV WKLV UHVXOWV LQ WKH SUHFLSLWDWLRQ RI FDOFLXP FDUERQDWH SDUWLFOHV. :H
WKHQ DSSO\ SHULRGDWH R[LGDWLRQ WR EXON ZRRG WR JHQHUDWH LPPRELOL]HG DOGHK\GH JURXSV HQDEOLQJ
WKH SUHFLSLWDWLRQ RI FDOFLXP FDUERQDWH LQ FRQGLWLRQV VLPLODU WR WKDW RI WKH 0*6 V\VWHP. ,Q D SDUDOOHO
LQYHVWLJDWLRQ ZH DSSO\ XUHDVH-ULFK SURWHLQ ERGLHV H[WUDFWHG IURP ZDWHUPHORQ VHHGV (ZDWHUPHORQ
VHHG SDUWLFOHV, :063), DV LQ VLWX JHQHUDWRUV RI FDUERQDWH LRQV. $IWHU FRQILUPLQJ WKDW WKH XUHDVH-
XUHD V\VWHP LV DEOH WR SUHFLSLWDWH FDOFLXP FDUERQDWH, ZH LQYHVWLJDWH GLIIHUHQW ZRRG VXUIDFH
PRGLILFDWLRQV WR HQKDQFH WKH DGKHVLRQ RI WKH XUHDVH-FRQWDLQLQJ SDUWLFOHV, DQG DV D PHDQV WR GLUHFW
WKH IRUPDWLRQ RI FDOFLXP FDUERQDWH SRO\PRUSKV. 2XU UHVXOWV GHPRQVWUDWH WKH IHDVLELOLW\ RI XVLQJ S+-
FORFN LQVSLUHG V\VWHPV IRU WKH SUHFLSLWDWLRQ RI FDOFLXP FDUERQDWH LQ ZRRG.

 

)LJXUH 1. 6FDQQLQJ HOHFWURQ PLFURJUDSKV RI 1RUZD\ VSUXFH PLQHUDOL]HG XVLQJ XUHDVH-ULFK :063:
(D) UDGLDO VHFWLRQ (VFDOH EDU: 10 μP), (E) FURVV-VHFWLRQ (VFDOH EDU: 100 μP).
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%LRLQVSLUHG 3RO\PHWDOOLF 6XOILGR &OXVWHUV IRU 1LWUDWH DQG 1LWULWH 5HGXFWLRQ WR $PPRQLD

0. $. 3HUULQ 1, 9. 0RXJHO1*

1'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV ('-&+$%), (7+ =¾ULFK, 9ODGLPLU-3UHORJ:HJ
1-5/10, 8093 =¾ULFK, 6ZLW]HUODQG

1LWUDWH SROOXWLRQ RI VRLOV DQG ZDWHU ERGLHV FDXVHG E\ LQWHQVLYH DJULFXOWXUH KDV EHFRPH D SHUYDVLYH
JOREDO SUREOHP. :KLOH WKH LQSXW RI IHUWLOL]HUV LQFUHDVHG E\ 800 % GXULQJ WKH ODVW 50 \HDUV,
HXWURSKLFDWLRQ RI ODNHV, SRQGV DQG FRDVWDO ZDWHU ERGLHV LV QRZ D VHULRXV ELRGLYHUVLW\ WKUHDW DQG D
SULPDU\ ZDWHU TXDOLW\ LVVXH. 7KH GHYHORSPHQW RI QHZ SURFHVVHV WR UHPRYH QLWUDWH IURP SROOXWHG
ZDWHU LV FUXFLDO WR DGGUHVV WKLV HQYLURQPHQWDO FULVLV, DQG D XQLTXH VRXUFH RI LQVSLUDWLRQ IRU WKH
GHVLJQ RI DUWLILFLDO FDWDO\VWV FDQ EH IRXQG LQ HQ]\PHV. 'LVVLPLODWRU\ QLWUDWH UHGXFWDVH FDWDO\]HV WKH
WZR-HOHFWURQ UHGXFWLRQ RI QLWUDWH WR QLWULWH DQG FRQVLVWV RI D PRO\EGRSWHULQ DFWLYH VLWH DQG D FKDLQ
RI >)H464@ FOXVWHUV. 7KH HIILFLHQF\ RI WKH HQ]\PHV OLHV LQ WKH SRZHUIXO FRPELQDWLRQ RI D ELQGLQJ VLWH
DQG DQ HOHFWURQ VXSSO\ FKDLQ LQ FORVH YLFLQLW\. $OWKRXJK WKLV LV DFKLHYHG WKURXJK WKH SURWHLQ
HQYLURQPHQW, LW FDQ EH WUDQVODWHG LQ V\QWKHWLF FKHPLVWU\ E\ D PHWDO-VXOIXU OLQNDJH. 0HWDO-VXOIXU
ERQGV DUH XELTXLWRXV LQ ELRORJLFDO V\VWHPV DQG FRQIHU WR WKH DFWLYH VLWH WKH SRVVLELOLWLHV RI OLJDQG
UHGR[ DQG LQWHUQDO HOHFWURQ WUDQVIHU.>1@ &RPELQLQJ VXFK HOHFWURQ UHOD\V ZLWK D SRWHQW /HZLV DFLGLF
VLWH ZRXOG XQFRYHU D V\VWHP FDSDEOH RI SUH-DFWLYDWLQJ WKH VXEVWUDWH ZKLOH SURYLGLQJ WKH HOHFWURQV
QHFHVVDU\ IRU UHGXFWLRQ. 7ULYDOHQW ODQWKDQLGH LRQV DUH KDUG /HZLV DFLGV DQG DUH WKHUHIRUH
FDQGLGDWHV RI FKRLFH IRU WKH UHGXFWLRQ RI VXEVWUDWHV VXFK DV 123- DQG 122-. &RQWUDU\ WR RWKHU /HZLV
DFLGV VXFK DV HDUO\ WUDQVLWLRQ PHWDOV, WKH\ DUH VWDEOH WRZDUGV K\GURO\VLV DQG WKHUHIRUH VXLWDEOH IRU
DSSOLFDWLRQV LQ ZDWHU. 'XH WR WKHLU ODUJH FRRUGLQDWLRQ VSKHUH, WKH\ FDQ DFFRPPRGDWH PXOWLSOH
OLJDQGV WR VWRUH HOHFWURQV. 2Q WKH RWKHU KDQG, WHWUDWKLRPHWDOODWHV FDQ DFW DV FRQYHQLHQW HOHFWURQ
VWRUDJH DQG UHOD\ VLWHV E\ DFFHSWLQJ HOHFWURQ GHQVLW\ LQ ORZ-O\LQJ, HPSW\ G RUELWDOV. $V WHWUDKHGUDO
VSHFLHV ZLWK G0 FRQILJXUDWLRQ, >064@2- (0 0R,:) FDQ FRRUGLQDWH WR RWKHU PHWDO FHQWHUV YLD WKH
SRWHQWLDOO\ EULGJLQJ VXOSKLGH LRQV.>2@

&RQVHTXHQWO\, ZH GHYHORSHG DQ RULJLQDO V\QWKHWLF URXWH WRZDUGV WKH IRUPDWLRQ RI SRO\PHWDOOLF
VXOILGR FOXVWHUV FRPELQLQJ ODQWKDQLGH LRQV DQG ELRUHOHYDQW WHWUDWKLRPRO\EGDWH DQG
WHWUDWKLRWXQJVWDWH.>3@ 7KHVH DVVHPEOLHV FDQ UHDGLO\ ELQG QLWUDWH DQG FDQ IXUWKHU EH
HOHFWURGHSRVLWHG RQWR *DV 'LIIXVLRQ (OHFWURGHV (*'() WR SURYLGH D KRPRJHQRXV GHSRVLW
/Q[0\6]#*'/ (0  0R, :). (OHFWURFDWDO\WLF QLWUDWH DQG QLWULWH UHGXFWLRQ ZHUH WKHQ SHUIRUPHG
LQ DTXHRXV PHGLD DQG VKRZ KLJK VHOHFWLYLW\ WRZDUGV DPPRQLD. 

>1@ (. ,. 6WLHIHO, 7UDQVLWLRQ 0HWDO 6XOIXU &KHPLVWU\, $PHULFDQ &KHPLFDO 6RFLHW\ 1996, 653, 2-38.
>2@ $. 0¾OOHU, (. 'LHPDQQ, 5. -RVWHV, +. %¸JJH +., $QJHZ. &KHP. ,QW. (G. 1981, 20 (11), 934-955.
>3@ 0. $. 3HUULQ, 9. 0RXJHO, PDQXVFULSW LQ SUHSDUDWLRQ.
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%LR-RLO 'HR[\JHQDWLRQ: $ &RQWULEXWLRQ 7RZDUGV D 6XVWDLQDEOH 6RFLHW\

6. 3ROOLWW1,2, &. (KLQJHU2, 2. 6RIDQRYD1, 0. 1DFKWHJDDO1*, &. &RS«UHW2*

13DXO 6FKHUUHU ,QVWLWXWH, 2(7+ =¾ULFK

&OLPDWH FKDQJH, WKH LQHYLWDEOH GHSOHWLRQ RI FUXGH RLO DQG WKH UHODWHG JHRSROLWLFDO FLUFXPVWDQFHV
KDYH OHG WR D QHFHVVLW\ RI DOWHUQDWLYH HQHUJ\ VRXUFHV DQG EDVH PDWHULDOV IRU ILQH FKHPLFDOV. )RU
FRXQWULHV OLNH 6ZLW]HUODQG ZLWK SOHQW\ RI DJULFXOWXUH DQG IRUHVWU\, RQH SURPLVLQJ FDQGLGDWH LV ELR-
RLO, ZKLFK LV D ZDVWH SURGXFW LQ ELRPDVV S\URO\VLV. 'HSHQGLQJ RQ LWV RULJLQ, ELR-RLO LV FRPSRVHG RI D
PL[WXUH RI RUJDQLF PROHFXOHV FRQWDLQLQJ YDULRXV IXQFWLRQDO JURXSV (H.J. DOFRKROV, HWKHUV, DFLGV,
HVWHUV, VXJDUV …), PDQ\ RI ZKLFK FRQWDLQ R[\JHQ. ,Q RUGHU WR LQFUHDVH WKH YDOXH RI ELR-RLO ZLWK
KLQGVLJKW WRZDUGV IXHO, FRPSOHWH GHR[\JHQDWLRQ ZLWKRXW K\GURJHQDWLRQ RI XQVDWXUDWHG ERQGV
ZRXOG EH LGHDO, GXH WR WKH RSWLPL]HG HQHUJ\ GHQVLW\. )XUWKHUPRUH, FDWDO\WLF GHR[\JHQDWLRQ
WDUJHWHG WR VSHFLILF FRPSRXQGV RU IXQFWLRQDO JURXSV FRXOG HQDEOH DOWHUQDWLYH V\QWKHVLV URXWHV IRU
ILQH FKHPLFDOV DOORZLQJ WKHLU SURGXFWLRQ RQ DQ LQGXVWULDO VFDOH IURP VXVWDLQDEOH SUHFXUVRUV.

7KH HQGHDYRU WR WUDQVLWLRQ IURP FUXGH RLO WR VXVWDLQDEOH SURGXFWV FDQ EH VXFFHVVIXO LI FKHPLFDO
SURFHVVHV FDQ EH LPSURYHG (LQ WHUPV RI DFWLYLW\, VHOHFWLYLW\, DQG VWDELOLW\), DPRQJ RWKHU ZD\V,
XVLQJ KHWHURJHQHRXV FDWDO\VLV. ,Q WKLV VWXG\, ,U, 5K, DQG 1L SURPRWHG E\ 0R ZHUH VXSSRUWHG RQ
6L22 DQG WHVWHG LQ WKH GHR[\JHQDWLRQ RI VXEVWUDWHV FRQWDLQLQJ HWKHU, DOFRKRO, DQG RWKHU IXQFWLRQDO
JURXSV. %LPHWDOOLF PDWHULDOV KDYH VKRZQ HQKDQFHG SHUIRUPDQFH FRPSDUHG WR WKHLU PRQRPHWDOOLF
FRXQWHUSDUWV. 7KH V\QHUJLVWLF HIIHFWV EHWZHHQ WKH QREOH PHWDOV DQG WKH SURPRWHU FDQ DOORZ
RSWLPL]LQJ WKH FDWDO\WLF SHUIRUPDQFH EXW DOVR VWURQJO\ LQFUHDVH WKH VWUXFWXUDO FRPSOH[LW\ RI WKH
FDWDO\WLF PDWHULDOV. 7KHUHIRUH, D FRPELQDWLRQ RI DQDO\WLF WHFKQLTXHV LV QHFHVVDU\ WR XQFRYHU WKH
VWUXFWXUH-SHUIRUPDQFH UHODWLRQVKLSV. 2XU PHWKRGRORJ\ LV EDVHG RQ WKH SUHSDUDWLRQ RI ZHOO-GHILQHG
FDWDO\VWV E\ 6XUIDFH 2UJDQRPHWDOOLF &KHPLVWU\ (620&), PRGHO VXEVWUDWHV FRQVLVWLQJ RI
UHSUHVHQWDWLYHV IRU ELR-RLO FRPSRXQGV, FRPELQDWLRQ RI KLJK-WKURXJKSXW PHWKRGV, DQG V\VWHPDWLF
VWUXFWXUDO FKDUDFWHUL]DWLRQ RI LQLWLDO DQG XVHG FDWDO\VWV. 7KLV DSSURDFK DOORZV QRW RQO\ DQ H[WHQVLYH
EXW DOVR D GHWDLOHG LQYHVWLJDWLRQ RI WKHVH FRPSOH[ V\VWHPV ZLWK D IRFXV RQ WKH FDWDO\VWV’ HYROXWLRQ
DQG WKH VWUXFWXUH-DFWLYLW\ UHODWLRQVKLSV. &DWDO\WLF WHVWV DUH SHUIRUPHG ZLWK D KLJK WKURXJKSXW VHWXS
DOORZLQJ HLJKW UHDFWLRQV VLPXOWDQHRXVO\. $QDO\VLV RI WKH SDUWLFOHV LV GRQH ZLWK D FRPELQHG
DSSURDFK RI ;$)6 VSHFWURVFRS\ DQG 7UDQVPLVVLRQ (OHFWURQ 0LFURVFRS\ (7(0) WR HOXFLGDWH SDUWLFOH
VL]H, R[LGDWLRQ VWDWH DQG GHJUHH RI DOOR\LQJ. 1XFOHDU 0DJQHWLF 5HVRQDQFH 6SHFWURVFRS\ (105)
DOORZV TXDQWLILFDWLRQ RI VXUIDFH K\GUR[\O JURXSV, ZKRVH PHFKDQLVWLF UROH LQ WKLV FDWDO\WLF SURFHVV LV
FRQWURYHUVLDO. 6SHFLDO FDUH LV WDNHQ WR DYRLG FRQWDFW RI FDWDO\VWV WR DLU GXULQJ SUHSDUDWLRQ, FDWDO\WLF
WHVWV, DQG VWUXFWXUDO FKDUDFWHUL]DWLRQ EHIRUH DQG DIWHU UHDFWLRQ.
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&KDUDFWHUL]DWLRQ RI UHDFWLYH QLWURJHQ PRLHWLHV LQ QDWXUDO RUJDQLF PDWWHU ZLWK GLIIHUHQW
PHWKRGRORJLHV: R[LGDWLYH DQG VWDEOH LVRWRSLF DSSURDFK

-. 5D1, 8. YRQ *XQWHQ1*

16ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\, &+-8600 '¾EHQGRUI, 6ZLW]HUODQG

1DWXUDO RUJDQLF PDWWHU (120), XELTXLWRXV LQ DOO ZDWHU W\SHV, LV D PDMRU SUHFXUVRU RI WR[LF
QLWURJHQRXV GLVLQIHFWLRQ E\SURGXFWV (1-'%3V), HVSHFLDOO\ GXULQJ GLVLQIHFWLRQ/R[LGDWLRQ SURFHVV LQ
ZDWHU WUHDWPHQW. 1LWURJHQRXV PRLHWLHV LQ 120 KDYH EHHQ UHSRUWHG SUHYLRXVO\ DV DPLQR DFLGV,
SHSWLGHV, DQG KXPLF VXEVWDQFHV, EXW VWLOO RQO\ D VPDOO IUDFWLRQ RI WKHP KDV EHHQ LGHQWLILHG. 7R
EHWWHU XQGHUVWDQG WKH QDWXUH RI UHDFWLYH QLWURJHQRXV PRLHWLHV LQ 120, LQ WKLV VWXG\ QRYHO
PHWKRGRORJLHV LQFOXGLQJ R[LGDWLYH SURELQJ DQG VWDEOH LVRWRSH DQDO\VLV ZHUH GHYHORSHG, ZKLFK
ZHUH GHPRQVWUDWHG ZLWK WKH PL[WXUH RI PRGHO-1 FRPSRXQGV ILUVW, DQG IROORZHG E\ VFUHHQLQJ RI
QDWXUDO RUJDQLF PDWWHU LVRODWHV. &KORULQDWLRQ ZDV FRQGXFWHG ZLWK FKORULQH VWRFN VROXWLRQV, DQG
RUJDQLF FKORUDPLQHV ZHUH TXDQWLILHG ZLWK '3'/.,. $ FRQWLQRXV R]RQH V\VWHP ZDV VHW XS DV EDWFK
UHDFWRU HTXLSSHG ZLWK UHDO-WLPH 89 SUREH ($YDQWHV) WR TXDQWLI\ 23 DQG PHDVXUH DOWHUDWLRQ RI WKH
ZDWHU PDWUL[. 2]RQDWLRQ H[SHULPHQWV ZHUH SHUIRUPHG LQ H[FHVV RI WHUWLDU\ EXWDQRO (100 P0) WR
H[FOXGH UHDFWLRQV ZLWK 2+ UDGLFDO. 7KH FRQFHQWUDWLRQ RI IRUPHG QLWUDWH ZDV GHWHUPLQHG E\ ,& RU
+3/&/89 (͏ 210 QP). 6WDEOH LVRWRSH DQDO\VLV RI QLWUDWH ZDV SHUIRUPHG E\ QLWUDWH FRQYHUVLRQ E\
ELRORJLFDO RU PHWDO FDWDO\WLF SURFHVV, IROORZHG E\ LQVWUXPHQWDO DQDO\VLV ZLWK DQ LVRWRSH UDWLR PDVV
VSHFWURPHWHU (,5-06) RU ODVHU VSHFWURPHWHU. &KORULQDWLRQ OHG WR WKH IRUPDWLRQ RI FKORUDPLQHV LQ WKH
UHDFWLRQ ZLWK UHDFWLYH DPLQH PRLHWLHV, ZKLFK FDQ EH IXUWKHU GLVWLQJXLVKHG DV SULPDU\ RU VHFRQGDU\
DPLQHV, DQG DPLQR DFLGV, UHVSHFWLYHO\. 2]RQDWLRQ OHG WR WKH FRQYHUVLRQ RI RUJDQLF QLWURJHQ WR
QLWUDWH, ZKLFK KDV D ELSKDVLF FKHPLVWU\ LQ WHUPV RI WKH NLQHWLFV RI QLWUDWH IRUPDWLRQ DFFRUGLQJ WR
WKH VWUXFWXUDO GLIIHUHQFHV RI QLWURJHQRXV PRLHWLHV. $ GHULYDWL]DWLRQ RI UHDFWLYH DPLQH PRLHWLHV, OHG
WR D IXUWKHU GLVWLQFWLRQ EHWZHHQ DPLQR DFLGV DQG R[LPHV. 2YHUDOO, WKHVH WHFKQLTXHV PDGH LW
SRVVLEOH WR TXDOLWDWLYHO\ DQG TXDQWLWDWLYHO\ HVWLPDWH WKH SUHVHQFH RI WKH GLIIHUHQW R[LGDQW-UHDFWLYH
QLWURJHQRXV PRLHWLHV LQ 120 LVRODWHV. 6WDEOH LVRWRSH DQDO\VLV RI 151/151 DQG 182/162 LQ QLWUDWH ZDV
SUHOLPLQDULO\ SHUIRUPHG ZLWK WKH WZR R]RQDWHG UHSUHVHQWDWLYH PRGHO-1 FRPSRXQGV, JO\FLQH DQG
HWK\ODPLQH, DV UHSUHVHQWDWLYH QLWURJHQRXV PRLHWLHV LQ 120. 7KH ILQGLQJV IURP WKLV VWXG\ ZLOO EH
GLVFXVVHG ZLWK UHJDUG WR WKH EDVLV IRU WKH XQGHUVWDQGLQJ RI 1-'%3V IRUPDWLRQ SRWHQWLDO E\ WKH
UHDFWLRQ EHWZHHQ R[LGDQWV DQG 120 LQ ZDWHU WUHDWPHQW SURFHVV. %DVHG RQ WKHVH ILQGLQJV,
PLWLJDWLRQ SURFHVVHV FDQ EH GHULYHG.
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6LPXODWLRQ RI 5HDOLVWLF $TXHRXV 2]RQDWLRQ &RQGLWLRQV: 8VH RI 6PDOO 6FDYHQJHU
0ROHFXOHV DV 6XUURJDWH IRU 'LVVROYHG 2UJDQLF 0DWWHU

6. $. 5DWK1,2, 8. YRQ *XQWHQ1,2

1(DZDJ, 6ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\, 8HEHUODQGVWUDVVH 133, 8600
'XHEHQGRUI, 6ZLW]HUODQG, 26FKRRO RI $UFKLWHFWXUH, &LYLO, DQG (QYLURQPHQWDO (QJLQHHULQJ ((1$&),

ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH, 1015 /DXVDQQH, 6ZLW]HUODQG

7R LQYHVWLJDWH NLQHWLFV DQG PHFKDQLVPV RI PLFURSROOXWDQW (03) DEDWHPHQW DQG WKH IRUPDWLRQ RI
HQVXLQJ WUDQVIRUPDWLRQ SURGXFWV (73) GXULQJ R]RQDWLRQ ERWK WKH UHDFWLRQV ZLWK R]RQH DQG K\GUR[\O
UDGLFDOV, DQG WKH LQWHUSOD\ EHWZHHQ WKH WZR R[LGDQWV QHHGV WR EH NQRZQ. 'XH WR WKH FRQVWUDLQWV RI
XVLQJ UHDO ZDWHUV RQ KLJK-HQG DQDO\WLFDO LQVWUXPHQWV, D WRRO LV QHHGHG WR DFFRPSOLVK UHDOLVWLF
R]RQDWLRQ FRQGLWLRQV ZLWKRXW XVLQJ GLVVROYHG RUJDQLF PDWWHU ('20).

+HUHLQ, WKH GHYHORSPHQW RI D VWDQGDUGL]HG V\VWHP WR VLPXODWH UHDOLVWLF R]RQDWLRQ FRQGLWLRQV LV
UHSRUWHG XVLQJ WKH FRQFHSW RI LQLWLDWRUV, SURPRWHUV DQG LQKLELWRUV WR FRQWURO WKH R]RQH GHFD\. 6PDOO
PROHFXOHV DUH XVHG DV PRGHO VFDYHQJHUV WR DFW DV VXUURJDWH IRU ('20). 3KHQRO VXEVWLWXWHV IDVW-
UHDFWLQJ PRLHWLHV RI WKH '20, FDXVLQJ DQ LQLWLDO SKDVH RI IDVW R]RQH GHFD\. 7KH LQWHUDFWLRQ RI '20
ZLWK K\GUR[\O UDGLFDOV LV PLPLFNHG E\ WKH DGGLWLRQ RI PHWKDQRO DQG DFHWDWH, DFWLQJ DV SURPRWHU
DQG LQKLELWRU RI R]RQH GHFD\, UHVSHFWLYHO\. 7KH UDWLR EHWZHHQ PHWKDQRO DQG DFHWDWH GHILQHV WKH
R]RQH VWDELOLW\ DQG K\GUR[\O UDGLFDO H[SRVXUH RI WKH VHFRQG SKDVH RI VORZHU R]RQH GHFD\.
$GGLWLRQDOO\, FDUERQDWH LV DGGHG WR PLPLF WKH DONDOLQLW\ RI UHDO ZDWHUV DQG LWV LQIOXHQFH RQ R]RQH
VWDELOLW\. :LWK WKHVH VXUURJDWHV, WKH R]RQDWLRQ FRQGLWLRQV FDQ EH YDULHG DQG DGMXVWHG IRU GLIIHUHQW
W\SHV RI ZDWHUV VXFK DV VXUIDFH ZDWHUV RU ZDVWHZDWHUV.

8VLQJ WKLV V\VWHP, GLIIHUHQW ZDWHU PDWUL[ VXUURJDWHV KDYH EHHQ FRQVWUXFWHG PLPLFNLQJ GLIIHUHQW
W\SHV RI ZDWHU VXFK DV /DNH =¾ULFK ZDWHU DQG VHFRQGDU\ ZDVWHZDWHU HIIOXHQWV. 7KH LQLWLDO R]RQH
GHPDQG DQG WKH UDWLR RI WKH FRQFHQWUDWLRQV RI K\GUR[\O UDGLFDO WR R]RQH ZHUH LQ JRRG DJUHHPHQW
ZLWK WKH UHDO ZDWHU V\VWHPV. $V D FRQVHTXHQFH, WKH GHJUDGDWLRQ RI 03V DQG WKH IRUPDWLRQ RI 73V,
H.J. IRU EH]DILEUDWH, PDWFKHG UHDOO\ ZHOO IRU WKH V\QWKHWLF DQG UHDO ZDWHU PDWUL[ . 0RUHRYHU, WKH
IRUPDWLRQ RI EURPDWH KDV EHHQ LQYHVWLJDWHG DV D FRPSOH[ PRGHO UHDFWLRQ ZKLFK LV D JRRG
LQGLFDWRU, LI WKH R]RQDWLRQ FRQGLWLRQV DUH PDWFKHG. 6LPLODU NLQHWLFV DQG H[WHQWV RI EURPDWH
IRUPDWLRQ ZHUH REVHUYHG LQ WKH UHDO DQG WKH DUWLILFLDO ZDWHU PDWUL[. &RQFOXGLQJ, UHDOLVWLF R]RQDWLRQ
FRQGLWLRQV IRU VXUIDFH ZDWHUV DQG ZDVWHZDWHUV FDQ EH DFFRPSOLVKHG XVLQJ WKLV PRGHO V\VWHP WR
PLPLF UHDO ZDWHUV.
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6SHHG LW XS: +RZ WHPSHUDWXUH GULYHV WR[LFRNLQHWLF SURFHVVHV LQ DTXDWLF LQYHUWHEUDWHV

-. 5DWKV1,2, -. +ROOHQGHU1,2

16ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\, (DZDJ, '¾EHQGRUI, 6ZLW]HUODQG, 2
,QVWLWXWH RI %LRJHRFKHPLVWU\ DQG 3ROOXWDQW '\QDPLFV, (7+ =¾ULFK, =¾ULFK, 6ZLW]HUODQG

6WXGLHV IRU WKH HQYLURQPHQWDOO\ ULVN DVVHVVPHQW RI FKHPLFDOV DUH JHQHUDOO\ FRQGXFWHG XQGHU KLJKO\
VWDQGDUGLVHG ODERUDWRU\ FRQGLWLRQV. +RZHYHU, HQYLURQPHQWDO SDUDPHWHUV DQG H[WHUQDO VWUHVVRUV
DUH NQRZQ WR H[HUW D VWURQJ LQIOXHQFH RQ RUJDQLVP ILWQHVV. 7KH RQJRLQJ FOLPDWH FKDQJH GUDZV D ORW
RI DWWHQWLRQ WRZDUGV WKH SDUDPHWHU WHPSHUDWXUH. 0DQ\ VWXGLHV IRXQG D KLJKHU VHQVLWLYLW\ RI
DTXDWLF LQYHUWHEUDWHV WRZDUGV FRQWDPLQDQWV ZLWK LQFUHDVLQJ RU G\QDPLF H[SRVXUH WHPSHUDWXUH.
+RZHYHU, WKH H[DFW PHFKDQLVPV GR UHPDLQ XQUDYHOHG >1@. )HZ VWXGLHV KDYH EHHQ FDUULHG RXW WR
DFKLHYH D PRUH VWUXFWXUHG DQG LQ GHSWK XQGHUVWDQGLQJ RI WKLV OLQN >2@. 7KLV VWXG\ DLPHG WR
LQYHVWLJDWH WKH LQIOXHQFH RI WHPSHUDWXUH RQ WR[LFRNLQHWLF SDUDPHWHUV LQ *DPPDUXV SXOH[ DQG
+\DOHOOD D]WHFD.

%LRFRQFHQWUDWLRQ H[SHULPHQWV DW IRXU GLIIHUHQW WHPSHUDWXUHV (6, 11, 16 DQG 21r&) ZLWK D PL[ RI 12
FRPSRXQGV ZHUH FDUULHG RXW XVLQJ WKH WZR DPSKLSRG VSHFLHV. 7LVVXH DQG PHGLXP VDPSOHV ZHUH
WDNHQ LQ UHJXODU LQWHUYDOV DQG DQDO\VHG E\ RQOLQH-63( /&-+506/06. )URP WKHVH GDWD WR[LFRNLQHWLF
UDWH FRQVWDQWV ZHUH PRGHOOHG DQG DQDO\VHG LQ GHSHQGHQFH RI WKH H[SRVXUH WHPSHUDWXUH XVLQJ WKH
$UUKHQLXV HTXDWLRQ >3@.

$ SRVLWLYH, H[SRQHQWLDO UHODWLRQVKLS EHWZHHQ XSWDNH, HOLPLQDWLRQ DQG ELRWUDQVIRUPDWLRQ UDWHV
YHUVXV WHPSHUDWXUH ZDV REVHUYHG. 1HYHUWKHOHVV, WKH NLQHWLF ELRFRQFHQWUDWLRQ IDFWRUV (%&)V) RI WKH
FRPSRXQGV ZHUH JHQHUDOO\ VLPLODU EHWZHHQ WKH GLIIHUHQW WHPSHUDWXUHV GXH WR D VLPLODU $UUKHQLXV
WHPSHUDWXUH RI WKH XSWDNH DQG HOLPLQDWLRQ UDWH FRQVWDQWV. 7KH FDOFXODWHG $UUKHQLXV WHPSHUDWXUHV
ZHUH LQ WKH UDQJH RI WKH RQHV GHWHUPLQHG IRU SK\VLRORJLFDO SURFHVVHV >4@. +RZHYHU, LQ VRPH FDVHV
WKH %&)V ZHUH GHFUHDVLQJ WRZDUGV KLJKHU WHPSHUDWXUHV. 7KH ODWHU REVHUYDWLRQ FRXOG SRWHQWLDOO\ EH
H[SODLQHG E\ WKH LQIOXHQFH RI WHPSHUDWXUH RQ ELRWUDQVIRUPDWLRQ UDWHV, ZKLFK ZDV VXSSRUWHG E\
KLJK ELRWUDQVIRUPDWLRQ SURGXFW (%73) FRQFHQWUDWLRQV.

7KH SUHVHQW VWXG\ GHPRQVWUDWHG WKDW WHPSHUDWXUH FDQ EH DQ LPSRUWDQW GULYHU RI WR[LFRNLQHWLF
SURFHVVHV DQG SURYLGHV GDWD DQG PHWKRGV IRU ULVN DVVHVVPHQW LPSOLFDWLRQV. 7KH REWDLQHG UHVXOWV
KHOS XQGHUVWDQGLQJ WKH PHFKDQLVPV RI WHPSHUDWXUH RQ FKHPLFDO XSWDNH, ELRWUDQVIRUPDWLRQ DQG
HOLPLQDWLRQ DQG WKHLU LQWHUDFWLRQ UHVXOWLQJ LQ GLIIHUHQW VHQVLWLYLW\ WRZDUGV FKHPLFDOV. )XUWKHU,
JHQHUDWHG WR[LFRNLQHWLF UDWH FRQVWDQWV FDQ VXSSRUW PRGHOOLQJ RI HQYLURQPHQWDO H[SRVXUH DV ZHOO
DV WR[LFRG\QDPLF ODERUDWRU\ VWXGLHV XQGHU GLIIHUHQW WHPSHUDWXUH FRQGLWLRQV.

>1@ 9HUKH\HQ, -., & 6WRNV, 5. (2019). -RXUQDO RI $QLPDO (FRORJ\, 88(4), 624-636.
>2@ &DPS, $. $., & %XFKZDOWHU, '. %. (2016). $TXDWLF WR[LFRORJ\, 178, 49-57.
>3@ -DJHU, 7., HW DO. (2017). (QYLURQPHQWDO VFLHQFH & WHFKQRORJ\, 51(13), 7707-7713.
>4@ KWWSV://ZZZ.ELR.YX.QO/WKE/GHE/GHEODE/DGGBP\BSHW. $FFHVVHG 23.11.2021
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&KHPLVWU\ DQG WKH (QYLURQPHQW, 3RVWHU (9-119

)HUUDWH(9,) R[LGDWLRQ RI SULPDU\ DPLQHV LQ ZDWHU: NLQHWLFV, UHDFWLRQ SURGXFWV DQG
LPSOLFDWLRQ IRU 1-FRQWDLQLQJ E\SURGXFW IRUPDWLRQ

9. 5RXJ«1, 3. 1JX\HQ1, 6. $OODUG2, <. /HH1*

16FKRRO RI (DUWK 6FLHQFHV DQG (QYLURQPHQWDO (QJLQHHULQJ, *ZDQJMX ,QVWLWXWH RI 6FLHQFH DQG
7HFKQRORJ\ (*,67), *ZDQJMX 61005, 5HSXEOLF RI .RUHD, 2&XUWLQ :DWHU 4XDOLW\ 5HVHDUFK &HQWUH,
'HSDUWPHQW RI &KHPLVWU\, &XUWLQ 8QLYHUVLW\, *32 %R[ 81987, 6845 3HUWK, :HVWHUQ $XVWUDOLD,

$XVWUDOLD

)HUUDWH ()H(9,)) LV D QRYHO ZDWHU WUHDWPHQW R[LGDQW WKDW FDQ HIILFLHQWO\ EH XVHG IRU PLFURSROOXWDQW
RU GLVLQIHFWLRQ E\SURGXFW DEDWHPHQW >1,2@. &RQVLGHULQJ WKH GLYHUVLW\ RI PLFURSROOXWDQW VWUXFWXUHV RU
WKH FRPSOH[LFLW\ RI GLVLQIHFWLRQ E\SURGXFW SUHFXUVRUV, IXQGDPHQWDO NQRZOHGJH RI )H(9,) LQWHUDFWLRQ
ZLWK RUJDQLF PRLHWLHV LV QHHGHG. 7KH IDWH RI QLWURJHQRXV PRLHWLHV KDYH JDLQHG JUHDW LQWHUHVW GXH
WR WKH JHQHUDOO\ KLJK SRWHQF\ REVHUYHG IRU QLWURJHQRXV GLVLQIHFWLRQ E\SURGXFWV VXFK DV
KDORQLWURPHWKDQHV RU KDORDFHWRQLWULOHV >3@. 0RUH VSHFLILFDOO\, SULPDU\ DPLQHV DUH PRLHWLHV WKDW FDQ
EH IRXQG LQ FRQWDPLQDQWV (H.J., RVHOWDPLYLU, FHSKDOH[LQ, JDEDSHQWLQ) RU LQ GLVVROYHG RUJDQLF
PDWWHU, QRWDEO\ LQ DPLQR DFLGV. +RZHYHU, NQRZOHGJH RQ WKH LPSDFW RI )H(9,) RQ SULPDU\ DPLQHV LV
VWLOO ODUJHO\ ODFNLQJ. 7KHUHIRUH, WKH NLQHWLFV DQG SURGXFWV RI YDULRXV SULPDU\ DPLQHV (LQFOXGLQJ
DPLQR DFLGV) ZHUH LQYHVWLJDWHG. 6HFRQG-RUGHU DSSDUHQW UDWH FRQVWDQWV UDQJHG IURP 2-50 0-1 V-1 LQ
WKH S+ UDQJH 6-10. $Q XQXVXDO S+ HIIHFW RQ UDWH FRQVWDQWV ZDV REVHUYHG IRU DOO VWXGLHG SULPDU\
DPLQHV, ZKLFK FRXOG RQO\ EH H[SODLQHG E\ WKH UHYHUVLEOH IRUPDWLRQ RI LRQLVDEOH LQWHUPHGLDWHV IURP
WKH UHDFWLRQ EHWZHHQ +)H24

- DQG WKH DPLQH (ERWK LQ QHXWUDO DQG SURWRQDWHG IRUP). 8VLQJ ERUDWH DV
EXIIHU OHG WR KLJKHU UDWH FRQVWDQWV FRPSDUHG WR SKRVSKDWH EXIIHU, GHPRQVWUDWLQJ WKH LQYROYHPHQW
RI LQWHUPHGLDWH LURQ VSHFLHV ()H(,9)/)H(9)). $ PL[WXUH RI QLWULOH, QLWULWH/QLWUDWH, DPPRQLD, DPLGH,
DQG/RU QLWURDONDQH ZDV UHFRYHUHG DIWHU SULPDU\ DPLQH R[LGDWLRQ, H[SODLQLQJ ! 80% RI WKH DPLQH
GHFUHDVH. 7KH S+, EXIIHU W\SH DQG DPLQH VWUXFWXUH (H.J., WKH SUHVHQFH RI D FDUER[\ODWH RQ WKH &ͅ)
JUHDWO\ DIIHFWHG WKH SURGXFW VSHFLDWLRQ. $ JHQHUDO SDWKZD\ ZDV SURSRVHG WR H[SODLQ WKH SURGXFW
VSHFLDWLRQ DV ZHOO DV LWV GHSHQGHQFH RQ S+, EXIIHU W\SH DQG FDUER[\ODWH SUHVHQFH. 7KH
LPSOLFDWLRQV RI SULPDU\ DPLQH R[LGDWLRQ SURGXFWV ZLOO EH GLVFXVVHG, QRWDEO\ LQ FRPSDULVRQ WR RWKHU
R[LGDQWV VXFK DV R]RQH.

>1@ <XQKR /HH, 8UV YRQ *XQWHQ, :DWHU 5HVHDUFK, 2010, 44(2), 555-566.
>2@ 9DOHQWLQ 5RXJ«, 8UV YRQ *XQWHQ, 0DULHWWH /DIRQW GH 6HQWHQDF, 0DVVLPLOLDQR 0DVVL, 3KLOOLS -.
:ULJKW, 6«EDVWLHQ $OODUG, (QYLURQPHQWDO 6FLHQFH: :DWHU 5HVHDUFK & 7HFKQRORJ\, 2020, 6(9),
2382-2395.
>3@ 6WHSKDQLH 6. /DX, ;LDR :HL, .DWKHULQH %RNHQNDPS, (OL]DEHWK '. :DJQHU, 0LFKDHO -. 3OHZD,
:LOOLDP $. 0LWFK, (QYLURQPHQWDO 6FLHQFH DQG 7HFKQRORJ\, 2020, 54(9), 5729-5736.
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&KHPLVWU\ DQG WKH (QYLURQPHQW, 3RVWHU (9-120

3RURXV 3RO\LVRWKLRF\DQXUDWHV IRU 6HOHFWLYH 3DOODGLXP 5HFRYHU\ DQG +HWHURJHQHRXV
&DWDO\VLV

.. 6RQJ1,5, 7. $VKLURY1, 6. 1DLGX 7DODSDQHQL2, $. +XJK &ODUN3, $. <DNLPRY4, 0. 1DFKWHJDDO3, &.
&RS«UHW4, $. &RVNXQ1,5*

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI )ULERXUJ, )ULERXUJ 1700, 6ZLW]HUODQG, 2$XVWUDOLDQ &DUERQ
0DWHULDOV &HQWUH ($-&0&), 6FKRRO RI &KHPLFDO (QJLQHHULQJ, 8QLYHUVLW\ RI 1HZ 6RXWK :DOHV (816:),

6\GQH\, 16: 2052, $XVWUDOLD, 3/DERUDWRU\ IRU 6\QFKURWURQ 5DGLDWLRQ DQG )HPWRFKHPLVWU\ (/6)),
3DXO 6FKHUUHU ,QVWLWXWH, )RUVFKXQJVVWUDVVH 111, 5232 9LOOLJHQ, 6ZLW]HUODQG, 4'HSDUWPHQW RI
&KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =¾ULFK, 9ODGLPLU-3UHORJ-:HJ1–5, &+-8093 =¾ULFK,

6ZLW]HUODQG, 51DWLRQDO &HQWUH RI &RPSHWHQFH LQ 5HVHDUFK (1&&5) &DWDO\VLV, 8QLYHUVLW\ RI )ULERXUJ,
)ULERXUJ 1700, 6ZLW]HUODQG

3DOODGLXP (3G) LV DQ LQGLVSHQVDEOH PHWDO GXH WR LWV ZLGH UDQJH RI LQGXVWULDO DSSOLFDWLRQV. 3G
UHILQLQJ, KRZHYHU, LV DQ H[WUHPHO\ HQHUJ\ LQWHQVLYH SURFHVV ZLWK D VHULRXV HQYLURQPHQWDO LPSDFW
(H.J. 3.88 WRQV &22 HPLVVLRQ SHU 1 NJ RI 3G SURGXFWLRQ). 7KXV, WKH VHOHFWLYH UHFRYHU\ RI 3G IURP
VHFRQGDU\ VRXUFHV LV UDWKHU LPSRUWDQW. +HWHURJHQHRXV VRUEHQWV DUH SURPLVLQJ FDQGLGDWHV RZLQJ WR
WKHLU UHXVDELOLW\. +HUH, ZH SUHVHQW WKH V\QWKHVLV RI SRURXV SRO\LVRWKLRF\DQXUDWHV WKURXJK WKH
WULPHUL]DWLRQ RI 1,4-SKHQ\OGLLVRWKLRF\DQDWH XQGHU LRQRWKHUPDO FRQGLWLRQV, QDPHG &RYDOHQW
,VRWKLRF\DQXUDWH )UDPHZRUNV (&,7&)V), EHDULQJ LQ-VLWX JHQHUDWHG WKLRXUHD PRLHWLHV DV ELQGLQJ
VLWHV IRU 3G. +LJK VXUIDFH DUHD RI &,7&)V, 1589 P2 J-1

, DORQJ ZLWK WKH SUHVHQFH RI DEXQGDQW VXOIXU
DWRPV ZLWKLQ D KLHUDUFKLFDOO\ SRURXV QHWZRUN HQDEOHG DQ H[FHSWLRQDO 3G(,,) XSWDNH FDSDFLW\ RI
909.1 PJ J-1, IDVW DGVRUSWLRQ NLQHWLFV, VWDEOH XSWDNH RYHU D ZLGH S+ UDQJH DQG VHOHFWLYH 3G(,,)
UHFRYHU\ IURP ZDVWH ZDWHU FRQGLWLRQV. 0RUHRYHU, WKH UHGXFWLRQ RI UHFRYHUHG 3G(,,) ZLWKLQ WKH
SRO\PHU QHWZRUNV OHG WR KLJKO\ HIILFLHQW KHWHURJHQHRXV FDWDO\VWV IRU WKH 6X]XNL-0L\DXUD FURVV-
FRXSOLQJ UHDFWLRQ.

>1@ .\XQJ 6HRE 6RQJ, 7LPXU $VKLURY, 6LGGXOX 1DLGX 7DODSDQHQL, $GDP +XJK &ODUN, $OH[DQGHU
<DNLPRY, 0DDUWHQ 1DFKWHJDDO, &KULVWRSKH &RS«UHW DQG $OL &RVNXQ, &KHP,
2022, '2,: 10.1016/M.FKHPSU.2022.05.009.
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+HDY\ PHWDOV LQ DJULFXOWXUDO XUEDQ DQG VHPL-XUEDQ VRLOV DQG YHJHWDEOHV LQ +DYDQD,
&XED.

'. 6RVD1, '. %XHUJH-:HLULFK2, ,. +LOEHU2, 5. )DXUH1, 7. %XFKHOL2*, $. (VFREDU1*

1&HQWUR 1DFLRQDO GH 6DQLGDG $JURSHFXDULD (&(16$), $SDUWDGR 10, &332700, 6DQ -RV« GH ODV /DMDV,
0D\DEHTXH, &XED, 2(QYLURQPHQWDO $QDO\WLFV, $JURVFRSH, 5HFNHQKRO]VWUDVVH 191, &+-8046 =XULFK,

6ZLW]HUODQG

+HDY\ PHWDOV (+0V) FDQ DIIHFW XUEDQ DQG VHPL-XUEDQ DJULFXOWXUDO VRLOV DQG IRRG VDIHW\ LPSO\LQJ D
ULVN WR KXPDQ KHDOWK. &XED KDV EHHQ SUDFWLFLQJ XUEDQ DJULFXOWXUH IRU GHFDGHV DQG +DYDQD KDV D
GHYHORSHG V\VWHP RQ WKDW. +HDY\ PHWDOV DUH QRW \HW UHJXODWHG LQ &XEDQ VRLOV. +RZHYHU, &XED KDV
D UHJXODWLRQ IRU +0V LQ YHJHWDEOHV IRU OHDG (3E) DQG FDGPLXP (&G). 7KH PDLQ REMHFWLYH RI WKLV
VWXG\ ZDV WR GHWHUPLQH +0V FRQFHQWUDWLRQV LQ VRLOV DQG WKHUH JURZLQJ YHJHWDEOH LQ WKH +DYDQD
SURYLQFH DUHD. 6RLO VDPSOLQJ FULWHULD ZHUH SRWHQWLDO SROOXWLRQ VRXUFHV DQG IDUPLQJ W\SHV, VXFK DV
DJULFXOWXUDO DQG RUJDQRSRQLF FXOWLYDWLRQ. 6DPSOHV ZHUH WDNHQ IURP 12 DJULFXOWXUDO VRLOV DQG HLJKW
RUJDQRSRQLFV. 6RLO VDPSOLQJ IROORZHG WKH 6ZLVV VRLO PRQLWRULQJ QHWZRUN (1$%2) SURWRFRO ('HVDXOHV
HW DO. 2008; *XEOHU HW DO. 2015), ZKLOH WKH YHJHWDEOHV ZHUH VDPSOHG E\ UDQGRPO\ WDNLQJ D 1 NJ RI
VDPSOH (&,%$-*(,*<, 1992) IURP RUJDQRSRQLFV, H[FOXVLYHO\. $OO +0V LQ WKH H[WUDFW ZHUH PHDVXUHG
ZLWK LQGXFWLYHO\ FRXSOHG SODVPD-RSWLFDO HPLVVLRQ VSHFWURPHWU\ (,&3-2(6) H[FHSW +J. 0HUFXU\ ZDV
PHDVXUHG E\ FROG YDSRU-DWRPLF IOXRUHVFHQFH VSHFWURVFRS\ ($JURVFRSH, 2020). 0HDQ +0
FRQFHQWUDWLRQV LQ DOO VWXGLHG VRLOV ZHUH 0.87, 54, 130, 48, 118, 137, DQG 0.07 PJ/NJ IRU &G, &U, &X,
1L, 3E, =Q,DQG +J, UHVSHFWLYHO\ ()LJXUH 1). 7ZHQW\ WR 60% RI LQGLYLGXDO PHWDO FRQFHQWUDWLRQV
H[FHHGHG WKH TXDOLW\ UHIHUHQFH YDOXHV (459), WKDW UHSUHVHQW QRQ-OHJDOO\ ELQGLQJ EHQFKPDUNV IRU
+0 FRQFHQWUDWLRQV RI OLWWOH DQWKURSRJHQLF LQIOXHQFH (5RGULJXH] HW DO. 2015). 7KH 459 (EODFN OLQH LQ
)LJ. 1 LQ PJ/NJ &G 0.6, &X 83, 3E 50, =Q 86, +J 0.1) UHSUHVHQW EHQFKPDUN YDOXHV RI TXDOLW\
VWDQGDUGV, KHQFH VRLOV ZLWK +0 FRQFHQWUDWLRQV RI OLWWOH DQWKURSRJHQLF LQIOXHQFH, EXW DUH QRW OHJDOO\
ELQGLQJ (5RGU¯JXH] HW DO., 2015) LQ &XED. 6ZLVV JXLGH YDOXHV LQ VRLOV (9%%R, 1998) DUH LQ PJ/NJGZ
&G 0.8, &U 50, &X 40, 3E 50, =Q 150 DQG EHWZHHQ VHYHQ WR 18 RI WKH VRLO VDPSOHV IURP WKH FDSLWDO
H[FHHGHG LQGLYLGXDO PHWDO FRQFHQWUDWLRQV LQ FRPSDULVRQ ZLWK WKLV JXLGHOLQH. 7KXV, WKHVH VLWHV FDQ
EH XVHG ZLWKRXW OLPLWDWLRQV, DFFRUGLQJ WR WKH 6ZLVV ODZ EXW QHHG EH PRQLWRUHG. )LJXUH 1 UHSUHVHQW
WKH YDOXHV RI +0V LQ DJULFXOWXUH DQG RUJDQRSRQLF VRLO DQG H[FHHG WKH &XEDQ 459 IRU &G, &X, 3E
DQG =Q DQG DFFRUGLQJ ZLWK WKH 6ZLVV JXLGH YDOXHV, DOO RI WKH SUHYLRXVO\ PHQWLRQHG +0V DV ZHOO DV
&U DQG 1L. 7KH PHDQ FRQFHQWUDWLRQ RI +0V LQ VSLQDFK ()LJXUH 2, Q 4) LQ PJ/NJ ZHUH: &U (QG), 3E
(0.3), &X (1.5), =Q (0.0003), +J (0.005) DQG LQ FKDUG ()LJXUH 2, Q 3): &U (QG), 3E (QG), &X (0.4), =Q
(0.0002), +J (0.005). /HDG LQ VSLQDFK UHSUHVHQW D ULVN WR KXPDQV EHFDXVH FRQFHQWUDWLRQV LQ DOO
VDPSOHV H[FHHGHG WKH PD[LPXP UHVLGXDO OLPLW (0/5) HVWDEOLVKHG LQ &XED (0.1 PJ/NJ)
(1&:493-2015) DQG WKH (XURSHDQ 8QLRQ (0.3 PJ/NJ) UHJXODWLRQ (&RPPLVVLRQ 5HJXODWLRQ ((8),
2021/1317). 7KH SDWKZD\ RI LPSDFW RI WKLV VWXG\ LV WR DVVHVV XUEDQ FRQWDPLQDQW’V FRQFHQWUDWLRQV
LQ VRLO DQG YHJHWDEOHV, ZKLFK VHUYHV DV D EDVLV IRU WKH &XEDQ JRYHUQPHQW WR HVWDEOLVK UHJXODWRU\
JXLGDQFH YDOXHV IRU +0V LQ VRLOV DQG WR NQRZ WKH SRVVLEOH ULVN WR KXPDQ KHDOWK WURXJK YHJHWDEOH
FRQVXPSWLRQ.

9HURUGQXQJ ¾EHU %HODVWXQJHQ GHV %RGHQV 814.12, 1998, 1–12.
0LUHOLV 5RGU¯JXH], $OIUHGR 0RQWHUR, 2OHJDULR 0X³L], &O¯VWHQHV : $UD¼MR, $GULDQD $JXLDU,
&DUROLQH 0LUDQGD, ,JRU - $JUD, (QYLURQ 0RQLW $VVHVV, 2015, 187, 1–10
1&: 493-2015. &RQWDPLQDQWHV PHW£OLFRV HQ DOLPHQWRV- 5HJXODFLRQHV VDQLWDULDV. 7HUFHUD
(GLFLµQ. 2ILFLQD 1DFLRQDO GH 1RUPDLOL]DFLµQ, /D +DEDQD, &XED, 2015.
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)LUVW VWHSV WRZDUG VXVWDLQDEOH FLUFXODU XVHV RI FKHPLFDOV: DGYDQFLQJ WKH DVVHVVPHQW
DQG PDQDJHPHQW SDUDGLJP

=. :DQJ1,2, 6. +HOOZHJ2

1(PSD − 6ZLVV )HGHUDO /DERUDWRULHV IRU 0DWHULDOV 6FLHQFH DQG 7HFKQRORJ\, 7HFKQRORJ\ DQG 6RFLHW\
/DERUDWRU\, &+-9014 6W. *DOOHQ, 6ZLW]HUODQG, 2,QVWLWXWH RI (QYLURQPHQWDO (QJLQHHULQJ DQG 1&&5

&DWDO\VLV, (7+ =¾ULFK, 8093 =¾ULFK, 6ZLW]HUODQG

(QYLURQPHQWDO DQG KXPDQ KHDOWK LPSDFWV DVVRFLDWHG ZLWK FKHPLFDO SURGXFWLRQ DQG ORVVHV IURP
YDOXH FKDLQV PDNH WKH FXUUHQW OLQHDU SURGXFH-XVH-GLVSRVH PRGHO QR ORQJHU DQ RSWLRQ IRU
FKHPLFDOV. %DVHG RQ RXU DQDO\VLV KHUHLQ, ZH SURSRVH VWHSV RQ KRZ WR HPEHG WKH FRQFHSW RI
“FLUFXODULW\” LQWR SUDFWLFH (LQFOXGLQJ WKH GHVLJQ SKDVH) WR IRVWHU V\VWHPLF WUDQVLWLRQ WRZDUG
VXVWDLQDEOH FLUFXODU XVHV RI FKHPLFDOV. :H ILUVW DQDO\]H PDMRU FDXVHV RI FKHPLFDO ORVVHV
WKURXJKRXW WKHLU OLIH F\FOHV. 7KHQ, ZH SURSRVH WR DGYDQFH WKH FXUUHQW FKHPLFDOV DVVHVVPHQW DQG
PDQDJHPHQW SDUDGLJP E\ (1) LQWURGXFLQJ WKH FRQVLGHUDWLRQ RI PXOWLSOH XVH F\FOHV LQ WKH KD]DUG
DQG ULVN DVVHVVPHQW VWDJH DQG (2) LQWURGXFLQJ DQ DGGLWLRQDO “VXVWDLQDEOH FLUFXODULW\” DVVHVVPHQW
VWDJH, DV D FULWLFDO ILUVW VWHS WR JXLGH V\VWHPDWLF GHFLVLRQ-PDNLQJ DW DOO OHYHOV WRZDUG VXVWDLQDEOH
FLUFXODU XVH RI FKHPLFDOV. :H IXUWKHU ORRN LQWR KRZ WR HQDEOH WKH SURSRVHG FKDQJHV DQG D ODUJHU
V\VWHPLF WUDQVLWLRQ, ERWK RQ WKH WHFKQLFDO DQG VRFLRHFRQRPLF VLGHV.
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3HUPDQJDQDWH UHGXFWLRQ E\ K\GURJHQ SHUR[LGH: IRUPDWLRQ RI UHDFWLYH PDQJDQHVH
VSHFLHV DQG VXSHUR[LGH DQG HQKDQFHG PLFURSROOXWDQW DEDWHPHQW

.. ;X1, 8. YRQ *XQWHQ1,2*

1(DZDJ, 6ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\, &+-8600 '¾EHQGRUI,
6ZLW]HUODQG, 26FKRRO RI $UFKLWHFWXUH, &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ ((1$&), (ʲFROH

3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/), &+-1015 /DXVDQQH, 6ZLW]HUODQG

3HUPDQJDQDWH (0Q24–, 0Q(9,,)) LV PRVWO\ XVHG DW WKH LQLWLDO ZDWHU WUHDWPHQW VWHS WR UHPRYH VXOIXU-
GHULYHG WDVWH DQG RGRU FRPSRXQGV, 0Q(,,) DQG )H(,,) DQG WKH FRORU RI GLVVROYHG RUJDQLF PDWWHU
('20). ,W FDQ DOVR PLWLJDWH WKH IRUPDWLRQ RI GLVLQIHFWLRQ E\SURGXFWV ('%3V) E\ WKH R[LGDWLYH DQG
DGVRUSWLYH UHPRYDO RI SUHFXUVRUV, RU D UHGXFWLRQ RQ WKH FKORULQH GHPDQG. 0Q(9,,) KDV D VWURQJ
VHOHFWLYLW\ DQG WKHUHIRUH D OLPLWHG DSSOLFDELOLW\ IRU WKH DEDWHPHQW RI D EURDG UDQJH RI
PLFURSROOXWDQWV. +\GURJHQ SHUR[LGH (+222) LV DQRWKHU FRPPRQO\ DSSOLHG R[LGDQW LQ DGYDQFHG
R[LGDWLRQ SURFHVVHV RI ZDWHU WUHDWPHQW. ,Q WKLV VWXG\, LW ZDV IRXQG WKDW 0Q(9,,) UHDFWV TXLFNO\ ZLWK
+222 LQ WKH SUDFWLFDO S+ UDQJH RI 6.0–8.5, DQG D FRPSOHWH GHSOHWLRQ RI 0Q(9,,) ZDV REVHUYHG ZLWKLQ
50 V. $V WKH S+ LQFUHDVHV IURP 6.0 WR 8.5, WKH ODJ-SKDVH LQ WKH VHFRQGV UDQJH ZDV VLJQLILFDQWO\
VKRUWHQHG, ZKLFK VWURQJO\ LQGLFDWHV DQ LQYROYHPHQW RI UHDFWLYH VSHFLHV WKDW XQGHUJR DFLG-EDVH
VSHFLDWLRQ. 0Q(9,,) XQGHUZHQW D RQH-HOHFWURQ UHGXFWLRQ E\ +222 WR SRWHQWLDOO\ IRUP 0Q(9,) DQG
VXSHUR[LGH UDGLFDO (22•–) DW PRODU UDWLRV >+222@R:>0Q(9,,)@R ≤ 1 DQG S+ 7.5, ZLWK D \LHOG RI 100% IRU
22•– EDVHG RQ WKH FRQVXPHG 0Q(9,,). 7KH 0Q(9,) SURGXFHG E\ 0Q(9,,)-+222 LQGXFHG D VLJQLILFDQW
HQKDQFHPHQW RQ 0Q(9,,) R[LGDWLRQ RI PLFURSROOXWDQWV ZLWK FHUWDLQ IXQFWLRQDO JURXSV, VXFK DV
FLSURIOR[DFLQ, XQVXEVWLWXWHG DQLOLQH, 4-FKORURDQLOLQH, 4-F\DQR-1,1-GLPHWK\ODQLOLQH, DFHWK\GUD]LGH
DQG S-WROXHQHVXOIRQ\O K\GUD]LGH. 7KH SUHFLSLWDWLRQ RI 0Q(9,) E\ %D2+ VFDYHQJHG WKH HQKDQFHPHQW
HIIHFW, ZKLFK LQGLFDWHV WKDW WKH 0Q(9,) SURGXFHG IURP WKH 0Q(9,,)-+222 SURFHVV PD\ EH EHQHILFLDO
IRU DEDWLQJ VSHFLILF PRLHWLHV LQ RUJDQLF FRPSRXQGV. :KHQ +222 ZDV LQ H[FHVV RI 0Q(9,,) (PRODU
UDWLRV >+222@R:>0Q(9,,)@R  2–10), 22•– \LHOGV RI 145–245% ZHUH REVHUYHG. 7KLV LQGLFDWHV WKDW RWKHU
+222-UHDFWLYH PDQJDQHVH VSHFLHV PLJKW DOVR EH IRUPHG DQG UHDFW ZLWK +222 WR SURGXFH PRUH 22•–.
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&KHPLVWU\ DQG WKH (QYLURQPHQW, 3RVWHU (9-101

6LJQLILFDQW (QKDQFHPHQW LQ 3HUIRUPDQFH RI 6E26H3 3KRWRFDWKRGH YLD 6HTXHQWLDO (WFKLQJ
DQG &X&O2 7UHDWPHQW

3. $GDPV1

18QLYHUVLW\ RI =XULFK

,Q DQ HIIRUW WR IXUWKHU LPSURYH WKH DXVSLFLRXV 6E26H3 WKLQ ILOPV IRU SKRWRHOHFWURFKHPLFDO ZDWHU-
VSOLWWLQJ LQ D ORZ-FRVW PDQQHU, VLPSOH DQG ORZ WHPSHUDWXUH WUHDWPHQWV ZHUH H[SORUHG. 7KH
)72/7L/$X/6E26H3 VHPLFRQGXFWRU LV WUHDWHG ZLWK (1+4)26 DV DQ HWFKLQJ VROXWLRQ IROORZHG E\
&X&O2 WUHDWPHQW ZKLFK FROOHFWLYHO\ LQFUHDVHG WKH RQVHW SRWHQWLDO IURP 0.15 9 WR 0.28 9 YV
UHYHUVLEOH K\GURJHQ HOHFWURGH (5+() DQG WKH SKRWRFXUUHQW IURP 17 P$ FP−2 WR 22.5 P$ FP−2 DW 0
YV 5+( DV FRPSDUHG WR WKH XQWUHDWHG 6E26H3 ILOPV. )URP 6(0 DQG ;36 VWXGLHV LW LV FOHDU WKDW WKH
HWFKLQJ WUHDWPHQW LQGXFHV D PRUSKRORJLFDO FKDQJH DV ZHOO DV UHPRYHV WKH VXUIDFH 6E223 OD\HU.
&X&O2 WKHQ IXUWKHU HQKDQFHV WKH SHUIRUPDQFH GXH WR WKH SDVVLYDWLRQ RI WKH VXUIDFH GHIHFWV,
LPSURYLQJ FKDUJH VHSDUDWLRQ DW WKH LQWHUIDFH. 7KH VLPSOH DQG ORZ-FRVW VHPLFRQGXFWRU V\QWKHVLV
PHWKRG FRPELQHG ZLWK WKHVH IDFLOH, ORZ-WHPSHUDWXUH WUHDWPHQWV IXUWKHU LQFUHDVH WKH SUDFWLFDO
SRWHQWLDO RI 6E26H3 IRU ODUJH VFDOH ZDWHU VSOLWWLQJ.
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&KHPLVWU\ DQG WKH (QYLURQPHQW, 3RVWHU (9-102

%LRGHJUDGDWLRQ RI PXOFK ILOPV LQ 6ZLVV DJULFXOWXUDO VRLOV DVVHVVHG LQ ODERUDWRU\,
PHVRFRVP DQG ILHOG LQFXEDWLRQV

6. $UQ1

1(7+ =¾ULFK

1RQ-ELRGHJUDGDEOH SRO\HWK\OHQH PXOFK ILOPV DUH ZLGHO\ XVHG LQ DJULFXOWXUH WR DOORZ IRU DQ HDUOLHU
KDUYHVW DQG LPSURYHG FURS \LHOGV. 7KHVH PXOFK ILOPV DUH, KRZHYHU, GLIILFXOW WR FRPSOHWHO\ UHFROOHFW
IURP WKH ILHOG DIWHU XVH. 5HVLGXDO PXOFK ILOP SLHFHV FDQ DFFXPXODWH LQ VRLOV RYHU WLPH, WKHUHE\
QHJDWLYHO\ LPSDFWLQJ VRLO SURGXFWLYLW\ DQG WXUQLQJ DJULFXOWXUDO VRLOV LQWR VRXUFHV RI SODVWLFV WR
VXUURXQGLQJ HQYLURQPHQWV. 0XOFK ILOPV FHUWLILHG DV ELRGHJUDGDEOH LQ VRLOV SURPLVH WR EH D VROXWLRQ
WR WKHVH SUREOHPV. <HW, D WKRURXJK DVVHVVPHQW RI WKH ELRGHJUDGDWLRQ G\QDPLFV RI ELRGHJUDGDEOH
PXOFK ILOP SURGXFWV LQ VRLOV LQ WKH ILHOG LV ODFNLQJ. 6R IDU, FHUWLILFDWLRQ UHOLHV H[FOXVLYHO\ RQ
ODERUDWRU\ VRLO LQFXEDWLRQV FRXSOHG WR UHVSLURPHWULF DQDO\VLV RI &22 IRUPHG IURP WKH PXOFK ILOPV
GXULQJ ELRGHJUDGDWLRQ. 5HVSLURPHWULF DQDO\VHV DUH, KRZHYHU, YHU\ FKDOOHQJLQJ WR LPSOHPHQW LQ
ILHOG LQFXEDWLRQ VWXGLHV. 7R RYHUFRPH WKH ODFN RI DSSURSULDWH DQDO\WLFDO WHFKQLTXHV IRU UHVLGXDO
PXOFK ILOP TXDQWLILFDWLRQ LQ VRLOV, RXU JURXS KDV GHYHORSHG D PHWKRGRORJ\ WR H[WUDFW DQG TXDQWLI\
WKH PDLQ V\QWKHWLF SRO\PHULF FRPSRQHQWV RI PXOFK ILOPV, SRO\(EXW\OHQH DGLSDWH-FR-WHUHSKWKDODWH)
(3%$7) DQG SRO\ODFWLF DFLG (3/$), IURP VRLO. 7KH PHWKRGRORJ\ LV EDVHG RQ H[KDXVWLYH 6R[KOHW
H[WUDFWLRQ FRXSOHG WR TXDQWLWDWLYH 1+-105 RI H[WUDFWHG 3%$7 DQG 3/$. +HUH, ZH XVH WKLV DSSURDFK
WR DVVHVV WKH ELRGHJUDGDWLRQ RI WZR ELRGHJUDGDEOH PXOFK ILOPV FRPPHUFLDOO\ DYDLODEOH LQ
6ZLW]HUODQG LQ WKUHH 6ZLVV DJULFXOWXUDO VRLOV LQ D PXOWL\HDU LQFXEDWLRQ VWXG\. 7KHVH LQFXEDWLRQV DUH
FRQGXFWHG LQ WKUHH H[SHULPHQWDO LQFXEDWLRQ VFDOHV: IODVNV LQ WKH ODERUDWRU\, PHVRFRVPV LQ D
JUHHQKRXVH DQG WKH DFWXDO ILHOG. :H VWDWLVWLFDOO\ FRPSDUH ELRGHJUDGDWLRQ UDWHV DQG H[WHQWV
EHWZHHQ WKUHH VRLOV DQG WZR WHVWHG ILOPV DFURVV WKH WKUHH LQFXEDWLRQ VFDOHV. 7KHUHE\, ZH DVVHVV
WKH WUDQVIHUDELOLW\ RI ELRGHJUDGDWLRQ UHVXOWV IURP ODERUDWRU\ LQFXEDWLRQV WR ILHOG LQFXEDWLRQV. 2XU
UHVXOWV KLJKOLJKW YDULDWLRQV LQ ELRGHJUDGDWLRQ EHWZHHQ VRLOV DQG SRO\HVWHUV DQG FDOO IRU FDXWLRQ
ZKHQ XVLQJ ODERUDWRU\ LQFXEDWLRQ VWXGLHV WR SUHGLFW ELRGHJUDGDWLRQ LQ WKH ILHOG.
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&KHPLVWU\ DQG WKH (QYLURQPHQW, 3RVWHU (9-103

7KH %LRDFFXPXODWLRQ RI $QLRQLF DQG &DWLRQLF 2UJDQLF &RPSRXQGV LQ 5DLQERZ 7URXW &HOO

). %DON1,2, %. +¾VVHU1,3, -. +ROOHQGHU1,4, .. 6FKLUPHU1,2

1(DZDJ, 6ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\, 8600 '¾EHQGRUI, 6ZLW]HUODQG,
2(3) /DXVDQQH, 6FKRRO RI $UFKLWHFWXUH, &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ, 1015 /DXVDQQH,
6ZLW]HUODQG, 3(7+ =¾ULFK, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, 8093 =¾ULFK,

6ZLW]HUODQG, 4(7+ =¾ULFK, 'HSDUWPHQW RI (QYLURQPHQWDO 6\VWHPV 6FLHQFH, 8092 =¾ULFK, 6ZLW]HUODQG

.H\ZRUGV: LQ-YLWUR V\VWHPV, ELRDFFXPXODWLRQ, DOWHUQDWLYHV WR DQLPDO H[SHULPHQWDWLRQ, LRQL]DEOH
RUJDQLF FRPSRXQGV

7KH DVVHVVPHQW RI FKHPLFDOV IRU WKHLU ELRDFFXPXODWLYH SRWHQWLDO UHTXLUHV LQ YLYR WHVWLQJ ZLWK ILVK,
ZKLFK LV UHVRXUFH LQWHQVH, FRVWO\, WLPH FRQVXPLQJ DQG RI HWKLFDO FRQFHUQ GXH WR WKH VDFULILFH RI
DQLPDOV. 7KHUHIRUH, DOWHUQDWLYH LQ YLWURPRGHOV DUH EHLQJ VRXJKW WR UHSODFH WKHVH WHVWV ZLWK ILVK.

,Q WKLV ZRUN, ZH H[SORUH KRZ ZHOO UDLQERZ WURXW (2QFRUK\QFKXV P\NLVV) FHOO OLQHV, LQ SDUWLFXODU
57/─:1 (OLYHU) FDQ SUHGLFW WKH ELRDFFXPXODWLRQ DQG ELRWUDQVIRUPDWLRQ SRWHQWLDO RI LRQL]DEOH
RUJDQLF FRPSRXQGV (,2&) LQ ILVK. ,2& FRPSULVH D ODUJH SURSRUWLRQ RI WKH FKHPLFDOV LQ FRPPHUFH
DQG DUH XELTXLWRXVO\ GHWHFWHG LQ WKH HQYLURQPHQW DQG ELRWD. %DVHG RQ WKH DYDLODELOLW\ RI KLJK
TXDOLW\ LQ YLYR GDWD DQG WKH VXEVWDQFHV’ FKDUJH VWDWH DW SK\VLRORJLFDO S+, IRXU DQLRQLF DQG WKUHH
FDWLRQLF FRPSRXQGV ZHUH VHOHFWHG: 3HQWDFKORURSKHQRO (3&3, &$6 87-86-5), 'LFORIHQDF ('&), &$6
15307-79-6), 7HFORIWDODP (77,&$6 76280-91-6) DQG %HQ]RWULD]RO-W-EXW\O-K\GUR[\O-SKHQ\O SURSDQRLF
DFLG (%+33, &$6 84268-36-0); DQG 1,1,1-WULPHWK\OWHWUDGHF\ODPLQH (414, &$6 4574-04-3), 1,1-
GLPHWK\OGHF\ODPLQH (710, &$6 1120-24-7) DQG 1-PHWK\OGRGHF\ODPLQH (612, &$6 7311-30-0). )LUVW,
QRQ-WR[LF FKHPLFDO FRQFHQWUDWLRQV ZHUH GHWHUPLQHG IRU HDFK FRPSRXQG IROORZLQJ WKH DFXWH FHOO
WR[LFLW\ DVVD\ (2(&' 7*249), UHVXOWLQJ LQ H[SRVXUH FRQFHQWUDWLRQV WKDW UDQJHG IURP 5 wJ// WR 200
wJ// IRU IXUWKHU DVVHVVPHQW. 7KH NLQHWLF H[SHULPHQWV ZHUH SHUIRUPHG RYHU 48K DQG 72K IRU DQLRQV
DQG FDWLRQV, UHVSHFWLYHO\, ZLWK D WRWDO RI 6 VDPSOLQJ WLPH SRLQWV. &HOO, PHGLXP DQG SODVWLF IUDFWLRQ
ZHUH VDPSOHG VHSDUDWHO\ DW HDFK WLPH SRLQW DQG PHDVXUHG XVLQJ KLJK UHVROXWLRQ WDQGHP PDVV
VSHFWURPHWU\ DIWHU RQOLQH VROLG SKDVH H[WUDFWLRQ (IRU DQLRQV) RU ZLWK GLUHFW LQMHFWLRQ RI H[WUDFWV (IRU
FDWLRQV). 7KH DQLRQLF FRPSRXQGV, JLYHQ DV D IUDFWLRQ RI WKH WRWDO FRPSRXQG PDVV LQ WKH WHVW
V\VWHP, DFFXPXODWHG DW VWHDG\ VWDWH LQ WKH IROORZLQJ RUGHU LQ 57/-:1 FHOOV: %+33 (7%) ! 77 (5%)
! 3&3 DQG '&) (EHORZ OLPLW RI TXDQWLILFDWLRQ, 0.5 WR 0.1% UHVSHFWLYHO\). ,Q FRQWUDVW, WKH WHVWHG
FDWLRQV ZHUH DVVRFLDWHG ZLWK FHOOV WR D PXFK ODUJHU H[WHQW. 0HDVXUHG DV IUDFWLRQV RI WRWDO
FRPSRXQG PDVV LQ WKH WHVW V\VWHP, WKH 57/-:1 FHOOV FRQWDLQHG DW VWHDG\ VWDWH 30 % IRU 710, 75 %
IRU 612 DQG 87 % IRU 414. )LQDOO\, WKH FRPSRXQG’V SUHGLFWHG ELRFRQFHQWUDWLRQ IDFWRUV EDVHG RQ
WKHLU RFWDQRO DIILQLW\ (.RZ RU 'RZ) RU WKHLU PHPEUDQH OLSLG DIILQLW\ ('POZ) ZHUH FRPSDUHG ZLWK WKH LQ
YLWUR GHULYHG VWHDG\-VWDWH ELRFRQFHQWUDWLRQ IDFWRUV. )URP WKHVH FRPSDULVRQV LW FRXOG EH FRQFOXGHG
WKDW WKH WHVWHG FRPSRXQG’V DFFXPXODWLRQ LQ WKH FHOOV LV VWURQJO\ GULYHQ E\ WKH FRPSRXQG’V
LQWHUDFWLRQV ZLWK WKH FHOO PHPEUDQH RI WKH 57/-:1 FHOOV, UHSUHVHQWHG WKURXJK 'POZ (52   0.93).
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&KHPLVWU\ DQG WKH (QYLURQPHQW, 3RVWHU (9-104

6ROXWLRQ DQG JHO-SKDVH TXDQWLILFDWLRQ RI OLJQLQ VWUXFWXUDO IHDWXUHV ZLWK LPSURYHG 2'-
+64&0 105 SURFHVVHV

&. /. %RXUPDXG1, 6. %HUWHOOD1, -. 6. /XWHUEDFKHU1*

1(3)/, 6% ,6,&, /DERUDWRU\ RI &DWDO\WLF DQG 6XVWDLQDEOH 3URFHVVHV

/LJQLQ XSF\FOLQJ WRZDUGV UHQHZDEOH DURPDWLF PRQRPHUV FDQ EH SHUIRUPHG E\ GHSRO\PHUL]DWLRQ.
0RVW VWUDWHJLHV UHO\ RQ ¡-2-4 HWKHU FOHDYDJH EHFDXVH WKH\ DUH WKH PRVW DEXQGDQW DQG WKH HDVLHVW
WR FOHDYH. +RZHYHU, WKH LVVXH RI TXDQWLI\LQJ OLJQLQ’V LQLWLDO VWUXFWXUDO IHDWXUHV KDV PDGH DVVHVVLQJ
WKH HIILFLHQF\ RI OLJQLQ H[WUDFWLRQ DQG LWV XSJUDGDELOLW\ GLIILFXOW, HVSHFLDOO\ LQ ZKROH FHOO ZDOOV ZKHUH
JHO SKDVH DUH W\SLFDOO\ XVHG. :H SUHYLRXVO\ GHPRQVWUDWHG SURPLVLQJ UHVXOWV WR TXDQWLI\ OLJQLQ
HWKHU IXQFWLRQDOLWLHV ZLWK WKH XVH RI 2'-+64&0 105. +HUH, ZH GHYHORSHG DQ LPSURYHG DQG UDSLG
KLJK-WHPSHUDWXUH +64&0 VHTXHQFH ZLWK DXWRPDWL]HG SHDN ILWWLQJ WKDW DYRLGV SDVW HUURUV UHODWHG WR
XVHU ELDV, UHOD[DWLRQ DQG PDJQHWL]DWLRQ WUDQVIHU, QRWDEO\ XVLQJ SRO\VW\UHQH DV D VWDQGDUG.
6WUXFWXUDO IHDWXUHV RI V\QWKHWLF SRO\PHU PRGHO FRPSRXQGV ZHUH VXFFHVVIXOO\ TXDQWLILHG, ZLWK OHVV
WKDQ 5% HUURU. 7KLV DSSURDFK DOVR DOORZV TXDQWLILFDWLRQ RI IHDWXUHV RQ JHO-SKDVH 105V, ZKLFK FRXOG
DOORZ SUHFLVH TXDQWLILFDWLRQ RI OLJQLQ IHDWXUHV LQ ZKROH FHOO ZDOO VDPSOHV. :H DUH XVLQJ WKLV
DQDO\WLFDO PHWKRG RQ D ZLGH UDQJH RI OLJQLQ VWUHDPV WR SUHGLFW UHODWLRQVKLSV EHWZHHQ OLJQLQ
VWUXFWXUH DQG UHDFWLYLW\. ,Q SDUWLFXODU, FXUUHQW HIIRUWV WR XVH WKLV PHWKRG RQ ERWK ZKROH SODQW FHOO
ZDOOV DQG H[WUDFWHG OLJQLQV DUH EHLQJ XVHG WR HOXFLGDWH ORQJVWDQGLQJ TXHVWLRQV UHJDUGLQJ OLJQLQ
H[WUDFWLRQ PHFKDQLVPV.

 

>1@ 6WHIDQLD %HUWHOOD, -HUHP\ 6. /XWHUEDFKHU. 7UHQGV LQ &KHPLVWU\, 2020, 2, 5, 440-453.
>2@ -RKQ 5DOSK, &DWKHULQH /DSLHUUH, :RXW %RHUMDQ. &XUUHQW 2SLQLRQ LQ %LRWHFKQRORJ\, 2019, 56,
240–249. 
>3@ 6KDZQ '. 0DQVILHOG, +RRQ .LP, )DFKXDQJ /X, -RKQ 5DOSK. 1DWXUH 3URWRFROV, 2012, 7, 9,
1579–1589. 
>4@ .DLIHQJ +X, :LOOLDP 0. :HVWOHU, -RKQ /. 0DUNOH\. -RXUQDO RI WKH $PHULFDQ &KHPLFDO
6RFLHW\, 2011, 133, 6, 1662-1665.
>5@ 0DVRXG 7DOHEL $PLUL, 6WHIDQLD %HUWHOOD, <GQD 0. 4XHVWHOO-6DQWLDJR, -HUHP\ 6.
/XWHUEDFKHU. &KHPLFDO 6FLHQFH, 2019, 10, 8135–8142.
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(IILFDF\ RI HQYLURQPHQWDO IULHQGO\ LURQ-EDVHG PHWDO-RUJDQLF IUDPHZRUN/SRO\PHU
FRPSRVLWHV WR UHGXFH VLOYHU LRQ WR[LFLW\ WR =HEUDILVK HPEU\RV ('DQLR UHULR)

9. 'HPLU1

1(DZDJ

0HWDO-RUJDQLF IUDPHZRUN (02)) / SRO\PHU FRPSRVLWHV KDYH EHHQ XVHG IRU UDSLG DQG VHOHFWLYH
UHPRYDO RI KHDY\ PHWDOV IURP ZDWHU VDPSOHV. *LYHQ WKHLU LQWHQGHG XVH IRU ZDWHU SXULILFDWLRQ, ZH
VWXGLHG WKH WR[LFLW\ RI WKHVH 02) WR GHYHORSLQJ ]HEUDILVK ('DQLR UHULR) HPEU\RV DQG WKHQ H[SORUHG
WKH FDSDFLW\ RI WKHVH 02) WR SURWHFW WKH HPEU\RV IURP VLOYHU LRQ WR[LFLW\. 6WUXFWXUDO LQWHJULW\ RI WKH
02) LQ WHUPV RI FU\VWDOOLQLW\ DQG QR GHWHFWDEOH OHDFKLQJ RI LURQ WR WKH PHGLXP ZHUH PDLQWDLQHG LQ
GLIIHUHQW HPEU\R H[SRVXUH PHGLD, ZKLFK YDULHG LQ VDOW FRPSRVLWLRQ DQG DEVHQFH/SUHVHQFH RI
DOEXPLQ DV RUJDQLF FRPSRQHQW. 1RQH RI WKH 02) H[KLELWHG WR[LFLW\ WR ]HEUDILVK HPEU\R XS WR WKH
FRQFHQWUDWLRQ RI 100 PJ//. 7KH )H-%7&/3'$ SRO\PHU FRPSRVLWH ()H-%7&  )H, 1, 3, 5
EHQ]HQHWULFDER[\ DQG 3'$  3RO\GRSDPLQH) \LHOGHG WKH EHVW UHVXOWV ZLWK UHJDUG WR WKH UHPRYDO RI
VLOYHU LRQV IURP H[SRVXUH PHGLXP. :LWKRXW WKH DSSOLFDWLRQ RI )H-%7&/3'$, 0.1 PJ// VLOYHU LRQ
H[SRVXUH FRQFHQWUDWLRQ UHVXOWHG LQ 100 % PRUWDOLW\ LQ WKH ILUVW GD\ RI REVHUYDWLRQ RI WKH )LVK
(PEU\R 7R[LFLW\ ()(7) WHVW, EXW ZLWK 20 PJ// RI )H-%7&/3'$ DSSOLFDWLRQ, QR PRUWDOLW\, GHOD\ RI
KDWFKLQJ RU VXEOHWKDO HQGSRLQWV ZDV REVHUYHG IRU WKH HPEU\RV H[SRVHG XS WR 4 PJ// RI LQLWLDO
VLOYHU LRQ FRQFHQWUDWLRQ, GXULQJ 120 KSI )(7 WHVW. )RU 7 DQG 8 PJ// LQLWLDO $J LRQ FRQFHQWUDWLRQV, QR
PRUWDOLW\ DW 72 KSI ZDV REVHUYHG EXW GHOD\HG PRUWDOLW\ RI 42 DQG 94 %, UHVSHFWLYHO\ ZDV REVHUYHG
DW WKH HQG RI 120 KSI )(7 WHVW. 7KH HVVHQWLDO PHWDO FRQFHQWUDWLRQV LQ HPEU\RV GLG QRW VLJQLILFDQWO\
GHFUHDVH ZLWK WKH H[SRVXUH RI 20 PJ// RI )H-%7&/3'$ FRPSRVLWH.
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&KHPLVWU\ DQG WKH (QYLURQPHQW, 3RVWHU (9-108

%LRWUDQVIRUPDWLRQ FDSDFLW\ IRU WUDFH FRQWDPLQDQWV - IURP ZDVWHZDWHU WR QDWXUDO VXUIDFH
ZDWHU

0. .DOW1, (. &HSSL1, <. <X1

1(DZDJ

&RPSOH[ PL[WXUHV RI WUDFH RUJDQLF FRQWDPLQDQWV (7U2&V) UHVXOWLQJ IURP KXPDQ DFWLYLW\ DQG
UHOHDVHG LQWR WKH HQYLURQPHQW DUH D PDMRU WKUHDW IRU HFRV\VWHPV. 0LFURELDO ELRWUDQVIRUPDWLRQ KDV
WKH SRWHQWLDO WR UHPRYH WKHP IURP WKH HQYLURQPHQW, EXW WKHUH LV OLPLWHG PHFKDQLVWLF
XQGHUVWDQGLQJ RI WKH GULYHUV RI FRQWDPLQDQW ELRWUDQVIRUPDWLRQ. $FWLYDWHG VOXGJH WUHDWPHQW LQ
ZDVWHZDWHU WUHDWPHQW SODQWV (::73V), IRU LQVWDQFH, DFWV DV SDUWLDO EDUULHU WR SUHYHQW WUDFH RUJDQLF
FRQWDPLQDQWV IURP HQWHULQJ WKH HQYLURQPHQW, EXW WUHDWPHQW HIILFLHQF\ YDULHV DPRQJ FRPSRXQGV
DQG WUHDWPHQW IDFLOLWLHV. )XUWKHUPRUH, WUHDWHG HIIOXHQWV KDYH EHHQ VKRZQ WR DIIHFW WKH HFRORJLFDO
IXQFWLRQLQJ RI GRZQVWUHDP ULYHU ELRILOP FRPPXQLWLHV, LQFOXGLQJ WKHLU SRWHQWLDO WR ELRWUDQVIRUP
7U2&V. ,Q WKLV SURMHFW, WKH RYHUDOO JRDO LV WR EHWWHU XQGHUVWDQG DQG XOWLPDWHO\ SUHGLFW WKH OHYHO RI
7U2&V ELRWUDQVIRUPDWLRQ GXULQJ ZDVWHZDWHU WUHDWPHQW DQG LQ GRZQVWUHDP QDWXUDO HQYLURQPHQWV DW
WKH OHYHO RI PLFURELDO FRPPXQLWLHV DQG WR HYDOXDWH WKH UHOHYDQFH DQG SUDFWLFDO LPSOLFDWLRQV RI
WKHVH ILQGLQJV IRU FRQWDPLQDQW WUDQVIRUPDWLRQ LQ ZDVWHZDWHU-LPSDFWHG IUHVKZDWHU PLFURELRPHV.
:H DUH, LQ D ILUVW VWHS, H[SORULQJ WKH ELRWUDQVIRUPDWLRQ FDSDFLW\ RI ULYHU ELRILOP FRPPXQLWLHV JURZQ
XS- DQG GRZQVWUHDP RI VL[ ::73, DV ZHOO DV RI WKH DVVRFLDWHG DFWLYDWHG VOXGJH, IRU D GLYHUVH
VHOHFWLRQ RI 200 WHVW VXEVWDQFHV FRYHULQJ GLIIHUHQW FODVVHV RI 7U2&V. :H DLP WR GHHSHQ RXU
NQRZOHGJH RQ WKH SUHYLRXVO\ VKRZQ LQFUHDVHG ELRWUDQVIRUPDWLRQ FDSDFLW\ LQ GRZQVWUHDP
PLFURELRPHV, SDUWLFXODUO\ ZLWK UHVSHFW WR ZKHWKHU LW LV LQGHHG D UHVXOW RI FRQFHQWUDWLRQ-GHSHQGHQW
DGDSWDWLRQ LQ WKH ::73, DQG, LI VR, KRZ LW GHSHQGV RQ WKH ::73 WUHDWPHQW WHFKQRORJ\ HPSOR\HG
(L.H., FDUERQ HOLPLQDWLQJ, GH-/QLWULI\LQJ, GH-/QLWULI\LQJ ZLWK PRYLQJ EHG). 7KH ELRWUDQVIRUPDWLRQ
NLQHWLF GDWD, ZKLFK ZH ZLOO JDWKHU IRU WKH DOWRJHWKHU 36 PLFURELDO FRPPXQLWLHV, ZLOO IXUWKHU DOORZ XV
WR DQVZHU WR ZKDW H[WHQW LQFUHDVHG GRZQVWUHDP ELRWUDQVIRUPDWLRQ RI FHUWDLQ VXEVWDQFHV LV UHODWHG
WR WKHLU VSHFLILF PROHFXODU VWUXFWXUH , DQG KRZ FRQVLVWHQW SDWWHUQV RI YDULDELOLW\ DPRQJ VXEVWDQFHV
ZLWK VLPLODU SRWHQWLDOO\ HQ]\PDWLFDOO\ WUDQVIRUPHG PRLHWLHV, DV SUHGLFWHG E\ HQYL3DWK
(HQYLSDWK.RUJ), DUH.
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7KH ,PSDFW RI 7HPSHUDWXUH RQ %LRGHJUDGDWLRQ RI 3RO\-3-K\GUR[\EXW\UDWH-3-KH[DQRDWH
(3+%+) LQ 6RLO

-. 5. /DV]DNRYLWV1, 5. .DHJL2, 0. 6DQGHU1*, .. 0F1HLOO1*

1(7+ =XULFK, ,QVWLWXWH RI %LRJHRFKHPLVWU\ DQG 3ROOXWDQW '\QDPLFV, 2($:$*, 'HSDUWPHQW 3URFHVV
(QJLQHHULQJ

%LRGHJUDGDEOH SRO\PHUV KDYH JDLQHG DWWHQWLRQ DV DQ LPSRUWDQW FRQYHQWLRQDO SRO\PHU PDWHULDO
VXEVWLWXWH LQ DSSOLFDWLRQV ZKHUH SODVWLFV HQWHU WKH RUJDQLF ZDVWH VWUHDP RU ZKHUH SODVWLFV HQWHULQJ
WKH HQYLURQPHQW LV SUREDEOH. &XUUHQW FHUWLILFDWLRQ RI VRLO ELRGHJUDGDELOLW\ UHOLHV RQ ODERUDWRU\ VRLO
LQFXEDWLRQV DW FRQVWDQW WHPSHUDWXUH FRXSOHG WR UHVSLURPHWULF DQDO\VHV RI SRO\PHU FRQYHUVLRQ WR
&22. +RZHYHU, WKH WUDQVIHUDELOLW\ RI ELRGHJUDGDWLRQ UHVXOWV IURP ODERUDWRU\ H[SHULPHQWV DW
HOHYDWHG WHPSHUDWXUHV (25 |&) WR WKH ILHOG ZLWK YDULDEOH DQG ORZHU WHPSHUDWXUHV KDV EHHQ FDOOHG
LQWR TXHVWLRQ. 3ULPDULO\, ZH GR QRW XQGHUVWDQG KRZ WHPSHUDWXUH LPSDFWV WKH UDWH RI SRO\PHU
ELRGHJUDGDWLRQ. ,Q WKLV ZRUN, ZH KDYH GHWHUPLQHG WKH HIIHFW RI WHPSHUDWXUH RQ ELRGHJUDGDWLRQ
XVLQJ D UHDGLO\ ELRGHJUDGDEOH SRO\PHU, SRO\-3-K\GUR[\EXW\UDWH-3-K\GUR[\KH[DQRDWH (3+%+), E\
WUDFNLQJ WKH GHFUHDVH LQ WKH DPRXQW H[WUDFWDEOH IURP VRLO XVLQJ H[WUDFWLRQ DQG 1+-105 DV ZHOO DV
E\ LPDJLQJ PHWKRGV RI 3+%+ ILOPV WR XQGHUVWDQG PLFURELDO FRORQL]DWLRQ G\QDPLFV RQ WKH SRO\PHU
VXUIDFH. 7R WKLV HQG, ZH LQFXEDWHG 3+%+ LQ WKUHH GLIIHUHQW W\SHV RI VWDQGDUG /8)$ VRLOV (66, 2.4,
DQG 2.2) DW IRXU GLIIHUHQW WHPSHUDWXUH (5, 15, 25, DQG 35 |&). :H REVHUYHG VRLO-GHSHQGHQW
YDULDELOLW\ LQ WKH UDWHV RI 3+%+ ELRGHJUDGDWLRQ, EXW DOO VRLOV VKRZHG LQFUHDVLQJ ELRGHJUDGDWLRQ
UDWHV ZLWK LQFUHDVLQJ WHPSHUDWXUH. 7KH WHPSHUDWXUH GHSHQGHQFH RI ELRGHJUDGDWLRQ ZDV SRRUO\
GHVFULEHG E\ WKH $UUKHQLXV UDWH ODZ. $OVR, DW ORZHU WHPSHUDWXUHV, D ODJ SHULRG ZDV REVHUYHG SULRU
WR WKH RQVHW RI ELRGHJUDGDWLRQ. 9LVLEOH OLJKW DQG VFDQQLQJ HOHFWURQ PLFURVFRS\ LPDJLQJ UHYHDOHG
WKDW JURZWK RI IXQJDO K\SKDH RQWR WKH 3+%+ ILOPV SOD\V DQ LPSRUWDQW UROH LQ WKH LQLWLDO FRORQL]DWLRQ
DQG ELRGHJUDGDWLRQ RI 3+%+ DQG ZLOO EH GLVFXVVHG IXUWKHU. 7KH UHVXOWV VXJJHVW WKDW XVLQJ WKH
$UUKHQLXV HTXDWLRQ WR H[WUDSRODWH HQYLURQPHQWDO ELRGHJUDGDWLRQ UDWHV EDVHG RQ ODERUDWRU\ WHVWLQJ
LV QRW YLDEOH.
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'HYHORSPHQW RI DQ $XWRPDWHG 7RWDO 1LWURVDPLQHV (7212) $QDO\]HU

0. /HH1, :. /HH2, <. /HH2, ). %UHLGHU3, 8. YRQ *XQWHQ1,4*

16FKRRO RI $UFKLWHFWXUH, &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ ((1$&), (FROH 3RO\WHFKQLTXH )HʲGHʲUDOH
GH /DXVDQQH ((3)/), &+-1015 /DXVDQQH, 6ZLW]HUODQG, 26FKRRO RI (DUWK 6FLHQFHV DQG (QYLURQPHQWDO
(QJLQHHULQJ, *ZDQJMX ,QVWLWXWH RI 6FLHQFH DQG 7HFKQRORJ\ (*,67), *ZDQJMX 61005, 6RXWK .RUHD, 3

&HQWUDO (QYLURQPHQWDO /DERUDWRU\, 6FKRRO RI $UFKLWHFWXUH, &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ
((1$&), (FROH 3RO\WHFKQLTXH )HʲGHʲ UDOH GH /DXVDQQH ((3)/), &+-1015 /DXVDQQH, 6ZLW]HUODQG, 4

(DZDJ, 6ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\, &+-8600 'XʹEHQGRUI,
6ZLW]HUODQG

)RUPDWLRQ RI 1-QLWURVDPLQHV LQ ZDWHU DQG ZDVWHZDWHU WUHDWPHQW LV RI FRQFHUQ GXH WR WKHLU KLJK
FDUFLQRJHQLF SRWHQF\, H.J., 1-QLWURVRGLPHWK\ODPLQH (1'0$) LV HVWLPDWHG WR EH VHYHUDO KXQGUHG
WLPHV PRUH SRWHQW WKDQ WKH UHJXODWHG WULKDORPHWKDQHV LQ GULQNLQJ ZDWHU. 5DWKHU WKDQ D GLUHFW
UHOHDVH IURP VSHFLILF VRXUFHV, 1-QLWURVDPLQHV DUH NQRZQ WR EH PDLQO\ IRUPHG LQ VLWX GXULQJ
GLVLQIHFWLRQ SURFHVVHV VXFK DV FKORULQDWLRQ, R]RQDWLRQ, HWF. 7KH\ DUH FDWHJRUL]HG DV GLVLQIHFWLRQ
E\SURGXFWV ('%3V). ,Q SULQFLSOH, QLWURVDWLRQ FDQ WDNH SODFH ZLWK DQ\ QLWURJHQ-FRQWDLQLQJ RUJDQLF
SUHFXUVRU SUHVHQW LQ ZDWHU ZLWK D SRWHQWLDO IRUPDWLRQ RI D YDULHW\ RI 1-QLWURVDPLQHV. +RZHYHU,
UREXVW DQDO\WLFDO WRROV DYDLODEOH WR GDWH DUH VRPHZKDW OLPLWHG WR WKH FRPPRQO\ NQRZQ LQGLYLGXDO
1-QLWURVDPLQHV, H.J., 1'0$. ,Q 2017, %UHLGHU DQG YRQ *XQWHQ GHYHORSHG DQ DQDO\WLFDO SODWIRUP
ZKLFK, EDVHG RQ 89 SKRWRO\VLV DQG FKHPLOXPLQHVFHQFH, GHWHUPLQHV WKH WRWDO FRQWHQW RI 1
-QLWURVDPLQHV LQ ZDWHU VDPSOHV.1 7KLV V\VWHP KDG PDQ\ VKRUWFRPLQJV DQG WKHUHIRUH, WKH 7212
DQDO\]HU LV FXUUHQWO\ XSJUDGHG, DLPLQJ IRU D FRPSOHWH DXWRPDWLRQ RI WKH DQDO\WLFDO SURFHGXUH IURP
VDPSOLQJ WR GHWHFWLRQ LQFOXGLQJ GDWD DQDO\VLV ZLWKRXW KXPDQ LQWHUYHQWLRQ. $OO WKH KDUGZDUH
PRGXOHV VXFK DV DXWRVDPSOLQJ SODWIRUP, V\ULQJH SXPSV, YDOYHV, SKRWRUHDFWRU, HWF. ZHUH 3'-
GHVLJQHG, 3'-SULQWHG DQG DVVHPEOHG LQ-KRXVH. 2SHQ-VRXUFH PLFURFRQWUROOHUV (L.H., $UGXLQR) ZHUH
XVHG WR FRQWURO LQGLYLGXDO KDUGZDUH PRGXOHV ZLWK ILUPZDUHV ZULWWHQ LQ &++ DQG WKH XVHU LQWHUIDFH
ZULWWHQ LQ 3\WKRQ IRU VHULDO FRPPXQLFDWLRQ ZLWK PLFURFRQWUROOHUV.

 

>1@ )ORULDQ %UHLGHU, 8UV YRQ *XQWHQ, $QDO\WLFDO &KHPLVWU\, 2017, 89, 1574-1582.
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$QWLELRWLF XSWDNH E\ VSLQDFK (6SLQDFLD ROHUDFHD) DQG UDGLVK (5DSKDQXV VDWLYXV) -
GLVWULEXWLRQ EHWZHHQ DERYH- DQG EHORZJURXQG SODQW IUDFWLRQV, VRLO, DQG VRLO SRUH-ZDWHU

,. 1\ERP1,2, 6. YDQ GHQ %URHN 1, 7. '. %XFKHOL2, &. 6. 0F$UGHOO3, *. *DUODQG 1*

1(7+ =XULFK, 'HSDUWPHQW RI (QYLURQPHQWDO 6\VWHPV 6FLHQFH, 8QLYHUVLW¦WVWUDVVH 16, 8092 =¾ULFK,
6ZLW]HUODQG, 2$JURVFRSH, (QYLURQPHQWDO $QDO\WLFV, 5HFNHQKRO]VWUDVVH 191, 8046 =¾ULFK,
6ZLW]HUODQG, 3(DZDJ, 'HSDUWPHQW (QYLURQPHQWDO &KHPLVWU\, ÜEHUODQGVWUDVVH 133, 8600

'¾EHQGRUI, 6ZLW]HUODQG

$QWLELRWLFV DUH H[WHQVLYHO\ XVHG LQ DQLPDO KXVEDQGU\ IRU GLVHDVH WUHDWPHQW, LOOQHVV SUHYHQWLRQ DQG
JURZWK SURPRWLRQ. 7KH PDMRU URXWH IRU H[FUHWHG DQWLELRWLFV DQG WKHLU PHWDEROLWHV WR FURSODQGV LV
YLD WKH DSSOLFDWLRQ RI DQLPDO PDQXUH IHUWLOL]HUV. 2QFH LQ WKH DJULFXOWXUDO VRLOV, WKH DQWLELRWLFV FDQ EH
WDNHQ XS E\ SODQWV DQG DFFXPXODWH LQWR HGLEOH WLVVXHV. 7KH H[WHQW WR ZKLFK WKLV SURFHVV WDNHV
SODFH GHSHQGV RQ WKH SK\VLRFKHPLFDO SURSHUWLHV RI WKH DQWLELRWLF FRPSRXQGV, VRLO VRUSWLRQ
SRWHQWLDO, FURS VSHFLHV DQG HQYLURQPHQWDO FRQGLWLRQV. 7KH REMHFWLYHV RI WKLV VWXG\ ZHUH WR HYDOXDWH
WKH XSWDNH RI ILYH DQWLELRWLFV WR VSLQDFK (6SLQDFLD ROHUDFHD) DQG UDGLVK (5DSKDQXV VDWLYXV) DQG
WKHLU GLVWULEXWLRQ EHWZHHQ URRWV, OHDYHV, VRLO DQG VRLO SRUH-ZDWHU. $ PL[WXUH RI ILYH DQWLELRWLFV IURP
GLIIHUHQW DQWLELRWLF FODVVHV; FODULWKURP\FLQ (PDFUROLGH), VXOIDPHWKR[D]ROH (VXOIRQDPLGH) DQG WKH FR-
DSSOLHG WULPHWKRSULP, FKORUWHWUDF\FOLQH (WHWUDF\FOLQH) DQG HQURIOR[DFLQ (IOXRURTXLQRORQH), ZHUH
DSSOLHG WR WKH VRLO LQ IRXU FRQFHQWUDWLRQV UDQJLQJ IURP 0 PJ/NJ WR 10 PJ/NJ (GU\ ZHLJKW). )ROORZLQJ
DQWLELRWLF DGGLWLRQ, WKH FURSV ZHUH JURZQ IRU 6 ZHHNV XQGHU FRQWUROOHG HQYLURQPHQWDO DQG FOLPDWLF
FRQGLWLRQV, DIWHU ZKLFK WKH\ ZHUH KDUYHVWHG. 6RLO DQG VRLO SRUH-ZDWHU VDPSOHV ZHUH FROOHFWHG RYHU
WKH FRXUVH RI WKH FXOWLYDWLRQ, DW 2 GD\V, 1, 3, DQG 6 ZHHNV. 'HOD\HG VSURXWLQJ DQG UHGXFHG ELRPDVV
SURGXFWLRQ ZHUH REVHUYHG IRU UDGLVKHV H[SRVHG WR WKH KLJKHVW DQWLELRWLF WUHDWPHQW. 7KH DQWLELRWLF
DQDO\VLV, WR EH SHUIRUPHG, ZLOO GHPRQVWUDWH WKH GLVWULEXWLRQ RI DQWLELRWLFV EHWZHHQ WKH SODQW, VRLO
DQG VRLO SRUH-ZDWHU. 
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0LQHUDOL]LQJ :RRG XVLQJ &ORFN 5HDFWLRQV

*. 3DQ]DUDVD1, 5. .¾UVWHLQHU1, ,. %XUJHUW1

1:RRG 0DWHULDOV 6FLHQFH, ,QVWLWXWH IRU %XLOGLQJ 0DWHULDOV, (7+ =¾ULFK

&RQWUROOLQJ WKH IRUPDWLRQ RI LQRUJDQLF SDUWLFOHV LQ WLPH XVLQJ FORFN UHDFWLRQV LV D SURPLVLQJ
DSSURDFK IRU WKH GHVLJQ DQG IXQFWLRQDOLVDWLRQ RI PDWHULDOV ZLWK QRYHO SURSHUWLHV. +HUH ZH
GHPRQVWUDWH WKH FDOFLILFDWLRQ RI ZRRG E\ H[SORLWLQJ DONDOL-JHQHUDWLQJ UHDFWLRQV ZLWK QRQOLQHDU
NLQHWLFV. )LUVW, ZH LQYHVWLJDWH WKH WLPH-FRQWUROOHG SUHFLSLWDWLRQ RI FDOFLXP FDUERQDWH XVLQJ WZR
GLIIHUHQW S+-FORFNV, QDPHO\ WKH PHWK\OHQH JO\FRO-VXOILWH (0*6) DQG WKH XUHDVH-XUHD V\VWHPV. 2XU
UHVXOWV GHPRQVWUDWH WKDW LW LV SRVVLEOH WR JHQHUDWH FDUERQDWH LRQV LQ VLWX ZLWK WHPSRUDO FRQWURO, DQG
WKDW LQ SUHVHQFH RI FDOFLXP LRQV WKLV UHVXOWV LQ WKH SUHFLSLWDWLRQ RI FDOFLXP FDUERQDWH SDUWLFOHV. :H
WKHQ DSSO\ SHULRGDWH R[LGDWLRQ WR EXON ZRRG WR JHQHUDWH LPPRELOL]HG DOGHK\GH JURXSV HQDEOLQJ
WKH SUHFLSLWDWLRQ RI FDOFLXP FDUERQDWH LQ FRQGLWLRQV VLPLODU WR WKDW RI WKH 0*6 V\VWHP. ,Q D SDUDOOHO
LQYHVWLJDWLRQ ZH DSSO\ XUHDVH-ULFK SURWHLQ ERGLHV H[WUDFWHG IURP ZDWHUPHORQ VHHGV (ZDWHUPHORQ
VHHG SDUWLFOHV, :063), DV LQ VLWX JHQHUDWRUV RI FDUERQDWH LRQV. $IWHU FRQILUPLQJ WKDW WKH XUHDVH-
XUHD V\VWHP LV DEOH WR SUHFLSLWDWH FDOFLXP FDUERQDWH, ZH LQYHVWLJDWH GLIIHUHQW ZRRG VXUIDFH
PRGLILFDWLRQV WR HQKDQFH WKH DGKHVLRQ RI WKH XUHDVH-FRQWDLQLQJ SDUWLFOHV, DQG DV D PHDQV WR GLUHFW
WKH IRUPDWLRQ RI FDOFLXP FDUERQDWH SRO\PRUSKV. 2XU UHVXOWV GHPRQVWUDWH WKH IHDVLELOLW\ RI XVLQJ S+-
FORFN LQVSLUHG V\VWHPV IRU WKH SUHFLSLWDWLRQ RI FDOFLXP FDUERQDWH LQ ZRRG.

 

)LJXUH 1. 6FDQQLQJ HOHFWURQ PLFURJUDSKV RI 1RUZD\ VSUXFH PLQHUDOL]HG XVLQJ XUHDVH-ULFK :063:
(D) UDGLDO VHFWLRQ (VFDOH EDU: 10 μP), (E) FURVV-VHFWLRQ (VFDOH EDU: 100 μP).
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%LR-RLO 'HR[\JHQDWLRQ: $ &RQWULEXWLRQ 7RZDUGV D 6XVWDLQDEOH 6RFLHW\

6. 3ROOLWW1,2, &. (KLQJHU2, 2. 6RIDQRYD1, 0. 1DFKWHJDDO1*, &. &RS«UHW2*

13DXO 6FKHUUHU ,QVWLWXWH, 2(7+ =¾ULFK

&OLPDWH FKDQJH, WKH LQHYLWDEOH GHSOHWLRQ RI FUXGH RLO DQG WKH UHODWHG JHRSROLWLFDO FLUFXPVWDQFHV
KDYH OHG WR D QHFHVVLW\ RI DOWHUQDWLYH HQHUJ\ VRXUFHV DQG EDVH PDWHULDOV IRU ILQH FKHPLFDOV. )RU
FRXQWULHV OLNH 6ZLW]HUODQG ZLWK SOHQW\ RI DJULFXOWXUH DQG IRUHVWU\, RQH SURPLVLQJ FDQGLGDWH LV ELR-
RLO, ZKLFK LV D ZDVWH SURGXFW LQ ELRPDVV S\URO\VLV. 'HSHQGLQJ RQ LWV RULJLQ, ELR-RLO LV FRPSRVHG RI D
PL[WXUH RI RUJDQLF PROHFXOHV FRQWDLQLQJ YDULRXV IXQFWLRQDO JURXSV (H.J. DOFRKROV, HWKHUV, DFLGV,
HVWHUV, VXJDUV …), PDQ\ RI ZKLFK FRQWDLQ R[\JHQ. ,Q RUGHU WR LQFUHDVH WKH YDOXH RI ELR-RLO ZLWK
KLQGVLJKW WRZDUGV IXHO, FRPSOHWH GHR[\JHQDWLRQ ZLWKRXW K\GURJHQDWLRQ RI XQVDWXUDWHG ERQGV
ZRXOG EH LGHDO, GXH WR WKH RSWLPL]HG HQHUJ\ GHQVLW\. )XUWKHUPRUH, FDWDO\WLF GHR[\JHQDWLRQ
WDUJHWHG WR VSHFLILF FRPSRXQGV RU IXQFWLRQDO JURXSV FRXOG HQDEOH DOWHUQDWLYH V\QWKHVLV URXWHV IRU
ILQH FKHPLFDOV DOORZLQJ WKHLU SURGXFWLRQ RQ DQ LQGXVWULDO VFDOH IURP VXVWDLQDEOH SUHFXUVRUV.

7KH HQGHDYRU WR WUDQVLWLRQ IURP FUXGH RLO WR VXVWDLQDEOH SURGXFWV FDQ EH VXFFHVVIXO LI FKHPLFDO
SURFHVVHV FDQ EH LPSURYHG (LQ WHUPV RI DFWLYLW\, VHOHFWLYLW\, DQG VWDELOLW\), DPRQJ RWKHU ZD\V,
XVLQJ KHWHURJHQHRXV FDWDO\VLV. ,Q WKLV VWXG\, ,U, 5K, DQG 1L SURPRWHG E\ 0R ZHUH VXSSRUWHG RQ
6L22 DQG WHVWHG LQ WKH GHR[\JHQDWLRQ RI VXEVWUDWHV FRQWDLQLQJ HWKHU, DOFRKRO, DQG RWKHU IXQFWLRQDO
JURXSV. %LPHWDOOLF PDWHULDOV KDYH VKRZQ HQKDQFHG SHUIRUPDQFH FRPSDUHG WR WKHLU PRQRPHWDOOLF
FRXQWHUSDUWV. 7KH V\QHUJLVWLF HIIHFWV EHWZHHQ WKH QREOH PHWDOV DQG WKH SURPRWHU FDQ DOORZ
RSWLPL]LQJ WKH FDWDO\WLF SHUIRUPDQFH EXW DOVR VWURQJO\ LQFUHDVH WKH VWUXFWXUDO FRPSOH[LW\ RI WKH
FDWDO\WLF PDWHULDOV. 7KHUHIRUH, D FRPELQDWLRQ RI DQDO\WLF WHFKQLTXHV LV QHFHVVDU\ WR XQFRYHU WKH
VWUXFWXUH-SHUIRUPDQFH UHODWLRQVKLSV. 2XU PHWKRGRORJ\ LV EDVHG RQ WKH SUHSDUDWLRQ RI ZHOO-GHILQHG
FDWDO\VWV E\ 6XUIDFH 2UJDQRPHWDOOLF &KHPLVWU\ (620&), PRGHO VXEVWUDWHV FRQVLVWLQJ RI
UHSUHVHQWDWLYHV IRU ELR-RLO FRPSRXQGV, FRPELQDWLRQ RI KLJK-WKURXJKSXW PHWKRGV, DQG V\VWHPDWLF
VWUXFWXUDO FKDUDFWHUL]DWLRQ RI LQLWLDO DQG XVHG FDWDO\VWV. 7KLV DSSURDFK DOORZV QRW RQO\ DQ H[WHQVLYH
EXW DOVR D GHWDLOHG LQYHVWLJDWLRQ RI WKHVH FRPSOH[ V\VWHPV ZLWK D IRFXV RQ WKH FDWDO\VWV’ HYROXWLRQ
DQG WKH VWUXFWXUH-DFWLYLW\ UHODWLRQVKLSV. &DWDO\WLF WHVWV DUH SHUIRUPHG ZLWK D KLJK WKURXJKSXW VHWXS
DOORZLQJ HLJKW UHDFWLRQV VLPXOWDQHRXVO\. $QDO\VLV RI WKH SDUWLFOHV LV GRQH ZLWK D FRPELQHG
DSSURDFK RI ;$)6 VSHFWURVFRS\ DQG 7UDQVPLVVLRQ (OHFWURQ 0LFURVFRS\ (7(0) WR HOXFLGDWH SDUWLFOH
VL]H, R[LGDWLRQ VWDWH DQG GHJUHH RI DOOR\LQJ. 1XFOHDU 0DJQHWLF 5HVRQDQFH 6SHFWURVFRS\ (105)
DOORZV TXDQWLILFDWLRQ RI VXUIDFH K\GUR[\O JURXSV, ZKRVH PHFKDQLVWLF UROH LQ WKLV FDWDO\WLF SURFHVV LV
FRQWURYHUVLDO. 6SHFLDO FDUH LV WDNHQ WR DYRLG FRQWDFW RI FDWDO\VWV WR DLU GXULQJ SUHSDUDWLRQ, FDWDO\WLF
WHVWV, DQG VWUXFWXUDO FKDUDFWHUL]DWLRQ EHIRUH DQG DIWHU UHDFWLRQ.

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


&KHPLVWU\ DQG WKH (QYLURQPHQW, 3RVWHU (9-116

&KDUDFWHUL]DWLRQ RI UHDFWLYH QLWURJHQ PRLHWLHV LQ QDWXUDO RUJDQLF PDWWHU ZLWK GLIIHUHQW
PHWKRGRORJLHV: R[LGDWLYH DQG VWDEOH LVRWRSLF DSSURDFK

-. 5D1, 8. YRQ *XQWHQ1*

16ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\, &+-8600 '¾EHQGRUI, 6ZLW]HUODQG

1DWXUDO RUJDQLF PDWWHU (120), XELTXLWRXV LQ DOO ZDWHU W\SHV, LV D PDMRU SUHFXUVRU RI WR[LF
QLWURJHQRXV GLVLQIHFWLRQ E\SURGXFWV (1-'%3V), HVSHFLDOO\ GXULQJ GLVLQIHFWLRQ/R[LGDWLRQ SURFHVV LQ
ZDWHU WUHDWPHQW. 1LWURJHQRXV PRLHWLHV LQ 120 KDYH EHHQ UHSRUWHG SUHYLRXVO\ DV DPLQR DFLGV,
SHSWLGHV, DQG KXPLF VXEVWDQFHV, EXW VWLOO RQO\ D VPDOO IUDFWLRQ RI WKHP KDV EHHQ LGHQWLILHG. 7R
EHWWHU XQGHUVWDQG WKH QDWXUH RI UHDFWLYH QLWURJHQRXV PRLHWLHV LQ 120, LQ WKLV VWXG\ QRYHO
PHWKRGRORJLHV LQFOXGLQJ R[LGDWLYH SURELQJ DQG VWDEOH LVRWRSH DQDO\VLV ZHUH GHYHORSHG, ZKLFK
ZHUH GHPRQVWUDWHG ZLWK WKH PL[WXUH RI PRGHO-1 FRPSRXQGV ILUVW, DQG IROORZHG E\ VFUHHQLQJ RI
QDWXUDO RUJDQLF PDWWHU LVRODWHV. &KORULQDWLRQ ZDV FRQGXFWHG ZLWK FKORULQH VWRFN VROXWLRQV, DQG
RUJDQLF FKORUDPLQHV ZHUH TXDQWLILHG ZLWK '3'/.,. $ FRQWLQRXV R]RQH V\VWHP ZDV VHW XS DV EDWFK
UHDFWRU HTXLSSHG ZLWK UHDO-WLPH 89 SUREH ($YDQWHV) WR TXDQWLI\ 23 DQG PHDVXUH DOWHUDWLRQ RI WKH
ZDWHU PDWUL[. 2]RQDWLRQ H[SHULPHQWV ZHUH SHUIRUPHG LQ H[FHVV RI WHUWLDU\ EXWDQRO (100 P0) WR
H[FOXGH UHDFWLRQV ZLWK 2+ UDGLFDO. 7KH FRQFHQWUDWLRQ RI IRUPHG QLWUDWH ZDV GHWHUPLQHG E\ ,& RU
+3/&/89 (͏ 210 QP). 6WDEOH LVRWRSH DQDO\VLV RI QLWUDWH ZDV SHUIRUPHG E\ QLWUDWH FRQYHUVLRQ E\
ELRORJLFDO RU PHWDO FDWDO\WLF SURFHVV, IROORZHG E\ LQVWUXPHQWDO DQDO\VLV ZLWK DQ LVRWRSH UDWLR PDVV
VSHFWURPHWHU (,5-06) RU ODVHU VSHFWURPHWHU. &KORULQDWLRQ OHG WR WKH IRUPDWLRQ RI FKORUDPLQHV LQ WKH
UHDFWLRQ ZLWK UHDFWLYH DPLQH PRLHWLHV, ZKLFK FDQ EH IXUWKHU GLVWLQJXLVKHG DV SULPDU\ RU VHFRQGDU\
DPLQHV, DQG DPLQR DFLGV, UHVSHFWLYHO\. 2]RQDWLRQ OHG WR WKH FRQYHUVLRQ RI RUJDQLF QLWURJHQ WR
QLWUDWH, ZKLFK KDV D ELSKDVLF FKHPLVWU\ LQ WHUPV RI WKH NLQHWLFV RI QLWUDWH IRUPDWLRQ DFFRUGLQJ WR
WKH VWUXFWXUDO GLIIHUHQFHV RI QLWURJHQRXV PRLHWLHV. $ GHULYDWL]DWLRQ RI UHDFWLYH DPLQH PRLHWLHV, OHG
WR D IXUWKHU GLVWLQFWLRQ EHWZHHQ DPLQR DFLGV DQG R[LPHV. 2YHUDOO, WKHVH WHFKQLTXHV PDGH LW
SRVVLEOH WR TXDOLWDWLYHO\ DQG TXDQWLWDWLYHO\ HVWLPDWH WKH SUHVHQFH RI WKH GLIIHUHQW R[LGDQW-UHDFWLYH
QLWURJHQRXV PRLHWLHV LQ 120 LVRODWHV. 6WDEOH LVRWRSH DQDO\VLV RI 151/151 DQG 182/162 LQ QLWUDWH ZDV
SUHOLPLQDULO\ SHUIRUPHG ZLWK WKH WZR R]RQDWHG UHSUHVHQWDWLYH PRGHO-1 FRPSRXQGV, JO\FLQH DQG
HWK\ODPLQH, DV UHSUHVHQWDWLYH QLWURJHQRXV PRLHWLHV LQ 120. 7KH ILQGLQJV IURP WKLV VWXG\ ZLOO EH
GLVFXVVHG ZLWK UHJDUG WR WKH EDVLV IRU WKH XQGHUVWDQGLQJ RI 1-'%3V IRUPDWLRQ SRWHQWLDO E\ WKH
UHDFWLRQ EHWZHHQ R[LGDQWV DQG 120 LQ ZDWHU WUHDWPHQW SURFHVV. %DVHG RQ WKHVH ILQGLQJV,
PLWLJDWLRQ SURFHVVHV FDQ EH GHULYHG.

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


&KHPLVWU\ DQG WKH (QYLURQPHQW, 3RVWHU (9-117

6LPXODWLRQ RI 5HDOLVWLF $TXHRXV 2]RQDWLRQ &RQGLWLRQV: 8VH RI 6PDOO 6FDYHQJHU
0ROHFXOHV DV 6XUURJDWH IRU 'LVVROYHG 2UJDQLF 0DWWHU

6. $. 5DWK1,2, 8. YRQ *XQWHQ1,2

1(DZDJ, 6ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\, 8HEHUODQGVWUDVVH 133, 8600
'XHEHQGRUI, 6ZLW]HUODQG, 26FKRRO RI $UFKLWHFWXUH, &LYLO, DQG (QYLURQPHQWDO (QJLQHHULQJ ((1$&),

ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH, 1015 /DXVDQQH, 6ZLW]HUODQG

7R LQYHVWLJDWH NLQHWLFV DQG PHFKDQLVPV RI PLFURSROOXWDQW (03) DEDWHPHQW DQG WKH IRUPDWLRQ RI
HQVXLQJ WUDQVIRUPDWLRQ SURGXFWV (73) GXULQJ R]RQDWLRQ ERWK WKH UHDFWLRQV ZLWK R]RQH DQG K\GUR[\O
UDGLFDOV, DQG WKH LQWHUSOD\ EHWZHHQ WKH WZR R[LGDQWV QHHGV WR EH NQRZQ. 'XH WR WKH FRQVWUDLQWV RI
XVLQJ UHDO ZDWHUV RQ KLJK-HQG DQDO\WLFDO LQVWUXPHQWV, D WRRO LV QHHGHG WR DFFRPSOLVK UHDOLVWLF
R]RQDWLRQ FRQGLWLRQV ZLWKRXW XVLQJ GLVVROYHG RUJDQLF PDWWHU ('20).

+HUHLQ, WKH GHYHORSPHQW RI D VWDQGDUGL]HG V\VWHP WR VLPXODWH UHDOLVWLF R]RQDWLRQ FRQGLWLRQV LV
UHSRUWHG XVLQJ WKH FRQFHSW RI LQLWLDWRUV, SURPRWHUV DQG LQKLELWRUV WR FRQWURO WKH R]RQH GHFD\. 6PDOO
PROHFXOHV DUH XVHG DV PRGHO VFDYHQJHUV WR DFW DV VXUURJDWH IRU ('20). 3KHQRO VXEVWLWXWHV IDVW-
UHDFWLQJ PRLHWLHV RI WKH '20, FDXVLQJ DQ LQLWLDO SKDVH RI IDVW R]RQH GHFD\. 7KH LQWHUDFWLRQ RI '20
ZLWK K\GUR[\O UDGLFDOV LV PLPLFNHG E\ WKH DGGLWLRQ RI PHWKDQRO DQG DFHWDWH, DFWLQJ DV SURPRWHU
DQG LQKLELWRU RI R]RQH GHFD\, UHVSHFWLYHO\. 7KH UDWLR EHWZHHQ PHWKDQRO DQG DFHWDWH GHILQHV WKH
R]RQH VWDELOLW\ DQG K\GUR[\O UDGLFDO H[SRVXUH RI WKH VHFRQG SKDVH RI VORZHU R]RQH GHFD\.
$GGLWLRQDOO\, FDUERQDWH LV DGGHG WR PLPLF WKH DONDOLQLW\ RI UHDO ZDWHUV DQG LWV LQIOXHQFH RQ R]RQH
VWDELOLW\. :LWK WKHVH VXUURJDWHV, WKH R]RQDWLRQ FRQGLWLRQV FDQ EH YDULHG DQG DGMXVWHG IRU GLIIHUHQW
W\SHV RI ZDWHUV VXFK DV VXUIDFH ZDWHUV RU ZDVWHZDWHUV.

8VLQJ WKLV V\VWHP, GLIIHUHQW ZDWHU PDWUL[ VXUURJDWHV KDYH EHHQ FRQVWUXFWHG PLPLFNLQJ GLIIHUHQW
W\SHV RI ZDWHU VXFK DV /DNH =¾ULFK ZDWHU DQG VHFRQGDU\ ZDVWHZDWHU HIIOXHQWV. 7KH LQLWLDO R]RQH
GHPDQG DQG WKH UDWLR RI WKH FRQFHQWUDWLRQV RI K\GUR[\O UDGLFDO WR R]RQH ZHUH LQ JRRG DJUHHPHQW
ZLWK WKH UHDO ZDWHU V\VWHPV. $V D FRQVHTXHQFH, WKH GHJUDGDWLRQ RI 03V DQG WKH IRUPDWLRQ RI 73V,
H.J. IRU EH]DILEUDWH, PDWFKHG UHDOO\ ZHOO IRU WKH V\QWKHWLF DQG UHDO ZDWHU PDWUL[ . 0RUHRYHU, WKH
IRUPDWLRQ RI EURPDWH KDV EHHQ LQYHVWLJDWHG DV D FRPSOH[ PRGHO UHDFWLRQ ZKLFK LV D JRRG
LQGLFDWRU, LI WKH R]RQDWLRQ FRQGLWLRQV DUH PDWFKHG. 6LPLODU NLQHWLFV DQG H[WHQWV RI EURPDWH
IRUPDWLRQ ZHUH REVHUYHG LQ WKH UHDO DQG WKH DUWLILFLDO ZDWHU PDWUL[. &RQFOXGLQJ, UHDOLVWLF R]RQDWLRQ
FRQGLWLRQV IRU VXUIDFH ZDWHUV DQG ZDVWHZDWHUV FDQ EH DFFRPSOLVKHG XVLQJ WKLV PRGHO V\VWHP WR
PLPLF UHDO ZDWHUV.
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6SHHG LW XS: +RZ WHPSHUDWXUH GULYHV WR[LFRNLQHWLF SURFHVVHV LQ DTXDWLF LQYHUWHEUDWHV

-. 5DWKV1,2, -. +ROOHQGHU1,2

16ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\, (DZDJ, '¾EHQGRUI, 6ZLW]HUODQG, 2
,QVWLWXWH RI %LRJHRFKHPLVWU\ DQG 3ROOXWDQW '\QDPLFV, (7+ =¾ULFK, =¾ULFK, 6ZLW]HUODQG

6WXGLHV IRU WKH HQYLURQPHQWDOO\ ULVN DVVHVVPHQW RI FKHPLFDOV DUH JHQHUDOO\ FRQGXFWHG XQGHU KLJKO\
VWDQGDUGLVHG ODERUDWRU\ FRQGLWLRQV. +RZHYHU, HQYLURQPHQWDO SDUDPHWHUV DQG H[WHUQDO VWUHVVRUV
DUH NQRZQ WR H[HUW D VWURQJ LQIOXHQFH RQ RUJDQLVP ILWQHVV. 7KH RQJRLQJ FOLPDWH FKDQJH GUDZV D ORW
RI DWWHQWLRQ WRZDUGV WKH SDUDPHWHU WHPSHUDWXUH. 0DQ\ VWXGLHV IRXQG D KLJKHU VHQVLWLYLW\ RI
DTXDWLF LQYHUWHEUDWHV WRZDUGV FRQWDPLQDQWV ZLWK LQFUHDVLQJ RU G\QDPLF H[SRVXUH WHPSHUDWXUH.
+RZHYHU, WKH H[DFW PHFKDQLVPV GR UHPDLQ XQUDYHOHG >1@. )HZ VWXGLHV KDYH EHHQ FDUULHG RXW WR
DFKLHYH D PRUH VWUXFWXUHG DQG LQ GHSWK XQGHUVWDQGLQJ RI WKLV OLQN >2@. 7KLV VWXG\ DLPHG WR
LQYHVWLJDWH WKH LQIOXHQFH RI WHPSHUDWXUH RQ WR[LFRNLQHWLF SDUDPHWHUV LQ *DPPDUXV SXOH[ DQG
+\DOHOOD D]WHFD.

%LRFRQFHQWUDWLRQ H[SHULPHQWV DW IRXU GLIIHUHQW WHPSHUDWXUHV (6, 11, 16 DQG 21r&) ZLWK D PL[ RI 12
FRPSRXQGV ZHUH FDUULHG RXW XVLQJ WKH WZR DPSKLSRG VSHFLHV. 7LVVXH DQG PHGLXP VDPSOHV ZHUH
WDNHQ LQ UHJXODU LQWHUYDOV DQG DQDO\VHG E\ RQOLQH-63( /&-+506/06. )URP WKHVH GDWD WR[LFRNLQHWLF
UDWH FRQVWDQWV ZHUH PRGHOOHG DQG DQDO\VHG LQ GHSHQGHQFH RI WKH H[SRVXUH WHPSHUDWXUH XVLQJ WKH
$UUKHQLXV HTXDWLRQ >3@.

$ SRVLWLYH, H[SRQHQWLDO UHODWLRQVKLS EHWZHHQ XSWDNH, HOLPLQDWLRQ DQG ELRWUDQVIRUPDWLRQ UDWHV
YHUVXV WHPSHUDWXUH ZDV REVHUYHG. 1HYHUWKHOHVV, WKH NLQHWLF ELRFRQFHQWUDWLRQ IDFWRUV (%&)V) RI WKH
FRPSRXQGV ZHUH JHQHUDOO\ VLPLODU EHWZHHQ WKH GLIIHUHQW WHPSHUDWXUHV GXH WR D VLPLODU $UUKHQLXV
WHPSHUDWXUH RI WKH XSWDNH DQG HOLPLQDWLRQ UDWH FRQVWDQWV. 7KH FDOFXODWHG $UUKHQLXV WHPSHUDWXUHV
ZHUH LQ WKH UDQJH RI WKH RQHV GHWHUPLQHG IRU SK\VLRORJLFDO SURFHVVHV >4@. +RZHYHU, LQ VRPH FDVHV
WKH %&)V ZHUH GHFUHDVLQJ WRZDUGV KLJKHU WHPSHUDWXUHV. 7KH ODWHU REVHUYDWLRQ FRXOG SRWHQWLDOO\ EH
H[SODLQHG E\ WKH LQIOXHQFH RI WHPSHUDWXUH RQ ELRWUDQVIRUPDWLRQ UDWHV, ZKLFK ZDV VXSSRUWHG E\
KLJK ELRWUDQVIRUPDWLRQ SURGXFW (%73) FRQFHQWUDWLRQV.

7KH SUHVHQW VWXG\ GHPRQVWUDWHG WKDW WHPSHUDWXUH FDQ EH DQ LPSRUWDQW GULYHU RI WR[LFRNLQHWLF
SURFHVVHV DQG SURYLGHV GDWD DQG PHWKRGV IRU ULVN DVVHVVPHQW LPSOLFDWLRQV. 7KH REWDLQHG UHVXOWV
KHOS XQGHUVWDQGLQJ WKH PHFKDQLVPV RI WHPSHUDWXUH RQ FKHPLFDO XSWDNH, ELRWUDQVIRUPDWLRQ DQG
HOLPLQDWLRQ DQG WKHLU LQWHUDFWLRQ UHVXOWLQJ LQ GLIIHUHQW VHQVLWLYLW\ WRZDUGV FKHPLFDOV. )XUWKHU,
JHQHUDWHG WR[LFRNLQHWLF UDWH FRQVWDQWV FDQ VXSSRUW PRGHOOLQJ RI HQYLURQPHQWDO H[SRVXUH DV ZHOO
DV WR[LFRG\QDPLF ODERUDWRU\ VWXGLHV XQGHU GLIIHUHQW WHPSHUDWXUH FRQGLWLRQV.

>1@ 9HUKH\HQ, -., & 6WRNV, 5. (2019). -RXUQDO RI $QLPDO (FRORJ\, 88(4), 624-636.
>2@ &DPS, $. $., & %XFKZDOWHU, '. %. (2016). $TXDWLF WR[LFRORJ\, 178, 49-57.
>3@ -DJHU, 7., HW DO. (2017). (QYLURQPHQWDO VFLHQFH & WHFKQRORJ\, 51(13), 7707-7713.
>4@ KWWSV://ZZZ.ELR.YX.QO/WKE/GHE/GHEODE/DGGBP\BSHW. $FFHVVHG 23.11.2021
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)HUUDWH(9,) R[LGDWLRQ RI SULPDU\ DPLQHV LQ ZDWHU: NLQHWLFV, UHDFWLRQ SURGXFWV DQG
LPSOLFDWLRQ IRU 1-FRQWDLQLQJ E\SURGXFW IRUPDWLRQ

9. 5RXJ«1, 3. 1JX\HQ1, 6. $OODUG2, <. /HH1*

16FKRRO RI (DUWK 6FLHQFHV DQG (QYLURQPHQWDO (QJLQHHULQJ, *ZDQJMX ,QVWLWXWH RI 6FLHQFH DQG
7HFKQRORJ\ (*,67), *ZDQJMX 61005, 5HSXEOLF RI .RUHD, 2&XUWLQ :DWHU 4XDOLW\ 5HVHDUFK &HQWUH,
'HSDUWPHQW RI &KHPLVWU\, &XUWLQ 8QLYHUVLW\, *32 %R[ 81987, 6845 3HUWK, :HVWHUQ $XVWUDOLD,

$XVWUDOLD

)HUUDWH ()H(9,)) LV D QRYHO ZDWHU WUHDWPHQW R[LGDQW WKDW FDQ HIILFLHQWO\ EH XVHG IRU PLFURSROOXWDQW
RU GLVLQIHFWLRQ E\SURGXFW DEDWHPHQW >1,2@. &RQVLGHULQJ WKH GLYHUVLW\ RI PLFURSROOXWDQW VWUXFWXUHV RU
WKH FRPSOH[LFLW\ RI GLVLQIHFWLRQ E\SURGXFW SUHFXUVRUV, IXQGDPHQWDO NQRZOHGJH RI )H(9,) LQWHUDFWLRQ
ZLWK RUJDQLF PRLHWLHV LV QHHGHG. 7KH IDWH RI QLWURJHQRXV PRLHWLHV KDYH JDLQHG JUHDW LQWHUHVW GXH
WR WKH JHQHUDOO\ KLJK SRWHQF\ REVHUYHG IRU QLWURJHQRXV GLVLQIHFWLRQ E\SURGXFWV VXFK DV
KDORQLWURPHWKDQHV RU KDORDFHWRQLWULOHV >3@. 0RUH VSHFLILFDOO\, SULPDU\ DPLQHV DUH PRLHWLHV WKDW FDQ
EH IRXQG LQ FRQWDPLQDQWV (H.J., RVHOWDPLYLU, FHSKDOH[LQ, JDEDSHQWLQ) RU LQ GLVVROYHG RUJDQLF
PDWWHU, QRWDEO\ LQ DPLQR DFLGV. +RZHYHU, NQRZOHGJH RQ WKH LPSDFW RI )H(9,) RQ SULPDU\ DPLQHV LV
VWLOO ODUJHO\ ODFNLQJ. 7KHUHIRUH, WKH NLQHWLFV DQG SURGXFWV RI YDULRXV SULPDU\ DPLQHV (LQFOXGLQJ
DPLQR DFLGV) ZHUH LQYHVWLJDWHG. 6HFRQG-RUGHU DSSDUHQW UDWH FRQVWDQWV UDQJHG IURP 2-50 0-1 V-1 LQ
WKH S+ UDQJH 6-10. $Q XQXVXDO S+ HIIHFW RQ UDWH FRQVWDQWV ZDV REVHUYHG IRU DOO VWXGLHG SULPDU\
DPLQHV, ZKLFK FRXOG RQO\ EH H[SODLQHG E\ WKH UHYHUVLEOH IRUPDWLRQ RI LRQLVDEOH LQWHUPHGLDWHV IURP
WKH UHDFWLRQ EHWZHHQ +)H24

- DQG WKH DPLQH (ERWK LQ QHXWUDO DQG SURWRQDWHG IRUP). 8VLQJ ERUDWH DV
EXIIHU OHG WR KLJKHU UDWH FRQVWDQWV FRPSDUHG WR SKRVSKDWH EXIIHU, GHPRQVWUDWLQJ WKH LQYROYHPHQW
RI LQWHUPHGLDWH LURQ VSHFLHV ()H(,9)/)H(9)). $ PL[WXUH RI QLWULOH, QLWULWH/QLWUDWH, DPPRQLD, DPLGH,
DQG/RU QLWURDONDQH ZDV UHFRYHUHG DIWHU SULPDU\ DPLQH R[LGDWLRQ, H[SODLQLQJ ! 80% RI WKH DPLQH
GHFUHDVH. 7KH S+, EXIIHU W\SH DQG DPLQH VWUXFWXUH (H.J., WKH SUHVHQFH RI D FDUER[\ODWH RQ WKH &ͅ)
JUHDWO\ DIIHFWHG WKH SURGXFW VSHFLDWLRQ. $ JHQHUDO SDWKZD\ ZDV SURSRVHG WR H[SODLQ WKH SURGXFW
VSHFLDWLRQ DV ZHOO DV LWV GHSHQGHQFH RQ S+, EXIIHU W\SH DQG FDUER[\ODWH SUHVHQFH. 7KH
LPSOLFDWLRQV RI SULPDU\ DPLQH R[LGDWLRQ SURGXFWV ZLOO EH GLVFXVVHG, QRWDEO\ LQ FRPSDULVRQ WR RWKHU
R[LGDQWV VXFK DV R]RQH.

>1@ <XQKR /HH, 8UV YRQ *XQWHQ, :DWHU 5HVHDUFK, 2010, 44(2), 555-566.
>2@ 9DOHQWLQ 5RXJ«, 8UV YRQ *XQWHQ, 0DULHWWH /DIRQW GH 6HQWHQDF, 0DVVLPLOLDQR 0DVVL, 3KLOOLS -.
:ULJKW, 6«EDVWLHQ $OODUG, (QYLURQPHQWDO 6FLHQFH: :DWHU 5HVHDUFK & 7HFKQRORJ\, 2020, 6(9),
2382-2395.
>3@ 6WHSKDQLH 6. /DX, ;LDR :HL, .DWKHULQH %RNHQNDPS, (OL]DEHWK '. :DJQHU, 0LFKDHO -. 3OHZD,
:LOOLDP $. 0LWFK, (QYLURQPHQWDO 6FLHQFH DQG 7HFKQRORJ\, 2020, 54(9), 5729-5736.
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3RURXV 3RO\LVRWKLRF\DQXUDWHV IRU 6HOHFWLYH 3DOODGLXP 5HFRYHU\ DQG +HWHURJHQHRXV
&DWDO\VLV

.. 6RQJ1,5, 7. $VKLURY1, 6. 1DLGX 7DODSDQHQL2, $. +XJK &ODUN3, $. <DNLPRY4, 0. 1DFKWHJDDO3, &.
&RS«UHW4, $. &RVNXQ1,5*

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI )ULERXUJ, )ULERXUJ 1700, 6ZLW]HUODQG, 2$XVWUDOLDQ &DUERQ
0DWHULDOV &HQWUH ($-&0&), 6FKRRO RI &KHPLFDO (QJLQHHULQJ, 8QLYHUVLW\ RI 1HZ 6RXWK :DOHV (816:),

6\GQH\, 16: 2052, $XVWUDOLD, 3/DERUDWRU\ IRU 6\QFKURWURQ 5DGLDWLRQ DQG )HPWRFKHPLVWU\ (/6)),
3DXO 6FKHUUHU ,QVWLWXWH, )RUVFKXQJVVWUDVVH 111, 5232 9LOOLJHQ, 6ZLW]HUODQG, 4'HSDUWPHQW RI
&KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =¾ULFK, 9ODGLPLU-3UHORJ-:HJ1–5, &+-8093 =¾ULFK,

6ZLW]HUODQG, 51DWLRQDO &HQWUH RI &RPSHWHQFH LQ 5HVHDUFK (1&&5) &DWDO\VLV, 8QLYHUVLW\ RI )ULERXUJ,
)ULERXUJ 1700, 6ZLW]HUODQG

3DOODGLXP (3G) LV DQ LQGLVSHQVDEOH PHWDO GXH WR LWV ZLGH UDQJH RI LQGXVWULDO DSSOLFDWLRQV. 3G
UHILQLQJ, KRZHYHU, LV DQ H[WUHPHO\ HQHUJ\ LQWHQVLYH SURFHVV ZLWK D VHULRXV HQYLURQPHQWDO LPSDFW
(H.J. 3.88 WRQV &22 HPLVVLRQ SHU 1 NJ RI 3G SURGXFWLRQ). 7KXV, WKH VHOHFWLYH UHFRYHU\ RI 3G IURP
VHFRQGDU\ VRXUFHV LV UDWKHU LPSRUWDQW. +HWHURJHQHRXV VRUEHQWV DUH SURPLVLQJ FDQGLGDWHV RZLQJ WR
WKHLU UHXVDELOLW\. +HUH, ZH SUHVHQW WKH V\QWKHVLV RI SRURXV SRO\LVRWKLRF\DQXUDWHV WKURXJK WKH
WULPHUL]DWLRQ RI 1,4-SKHQ\OGLLVRWKLRF\DQDWH XQGHU LRQRWKHUPDO FRQGLWLRQV, QDPHG &RYDOHQW
,VRWKLRF\DQXUDWH )UDPHZRUNV (&,7&)V), EHDULQJ LQ-VLWX JHQHUDWHG WKLRXUHD PRLHWLHV DV ELQGLQJ
VLWHV IRU 3G. +LJK VXUIDFH DUHD RI &,7&)V, 1589 P2 J-1

, DORQJ ZLWK WKH SUHVHQFH RI DEXQGDQW VXOIXU
DWRPV ZLWKLQ D KLHUDUFKLFDOO\ SRURXV QHWZRUN HQDEOHG DQ H[FHSWLRQDO 3G(,,) XSWDNH FDSDFLW\ RI
909.1 PJ J-1, IDVW DGVRUSWLRQ NLQHWLFV, VWDEOH XSWDNH RYHU D ZLGH S+ UDQJH DQG VHOHFWLYH 3G(,,)
UHFRYHU\ IURP ZDVWH ZDWHU FRQGLWLRQV. 0RUHRYHU, WKH UHGXFWLRQ RI UHFRYHUHG 3G(,,) ZLWKLQ WKH
SRO\PHU QHWZRUNV OHG WR KLJKO\ HIILFLHQW KHWHURJHQHRXV FDWDO\VWV IRU WKH 6X]XNL-0L\DXUD FURVV-
FRXSOLQJ UHDFWLRQ.

>1@ .\XQJ 6HRE 6RQJ, 7LPXU $VKLURY, 6LGGXOX 1DLGX 7DODSDQHQL, $GDP +XJK &ODUN, $OH[DQGHU
<DNLPRY, 0DDUWHQ 1DFKWHJDDO, &KULVWRSKH &RS«UHW DQG $OL &RVNXQ, &KHP,
2022, '2,: 10.1016/M.FKHPSU.2022.05.009.
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+HDY\ PHWDOV LQ DJULFXOWXUDO XUEDQ DQG VHPL-XUEDQ VRLOV DQG YHJHWDEOHV LQ +DYDQD,
&XED.

'. 6RVD1, '. %XHUJH-:HLULFK2, ,. +LOEHU2, 5. )DXUH1, 7. %XFKHOL2*, $. (VFREDU1*

1&HQWUR 1DFLRQDO GH 6DQLGDG $JURSHFXDULD (&(16$), $SDUWDGR 10, &332700, 6DQ -RV« GH ODV /DMDV,
0D\DEHTXH, &XED, 2(QYLURQPHQWDO $QDO\WLFV, $JURVFRSH, 5HFNHQKRO]VWUDVVH 191, &+-8046 =XULFK,

6ZLW]HUODQG

+HDY\ PHWDOV (+0V) FDQ DIIHFW XUEDQ DQG VHPL-XUEDQ DJULFXOWXUDO VRLOV DQG IRRG VDIHW\ LPSO\LQJ D
ULVN WR KXPDQ KHDOWK. &XED KDV EHHQ SUDFWLFLQJ XUEDQ DJULFXOWXUH IRU GHFDGHV DQG +DYDQD KDV D
GHYHORSHG V\VWHP RQ WKDW. +HDY\ PHWDOV DUH QRW \HW UHJXODWHG LQ &XEDQ VRLOV. +RZHYHU, &XED KDV
D UHJXODWLRQ IRU +0V LQ YHJHWDEOHV IRU OHDG (3E) DQG FDGPLXP (&G). 7KH PDLQ REMHFWLYH RI WKLV
VWXG\ ZDV WR GHWHUPLQH +0V FRQFHQWUDWLRQV LQ VRLOV DQG WKHUH JURZLQJ YHJHWDEOH LQ WKH +DYDQD
SURYLQFH DUHD. 6RLO VDPSOLQJ FULWHULD ZHUH SRWHQWLDO SROOXWLRQ VRXUFHV DQG IDUPLQJ W\SHV, VXFK DV
DJULFXOWXUDO DQG RUJDQRSRQLF FXOWLYDWLRQ. 6DPSOHV ZHUH WDNHQ IURP 12 DJULFXOWXUDO VRLOV DQG HLJKW
RUJDQRSRQLFV. 6RLO VDPSOLQJ IROORZHG WKH 6ZLVV VRLO PRQLWRULQJ QHWZRUN (1$%2) SURWRFRO ('HVDXOHV
HW DO. 2008; *XEOHU HW DO. 2015), ZKLOH WKH YHJHWDEOHV ZHUH VDPSOHG E\ UDQGRPO\ WDNLQJ D 1 NJ RI
VDPSOH (&,%$-*(,*<, 1992) IURP RUJDQRSRQLFV, H[FOXVLYHO\. $OO +0V LQ WKH H[WUDFW ZHUH PHDVXUHG
ZLWK LQGXFWLYHO\ FRXSOHG SODVPD-RSWLFDO HPLVVLRQ VSHFWURPHWU\ (,&3-2(6) H[FHSW +J. 0HUFXU\ ZDV
PHDVXUHG E\ FROG YDSRU-DWRPLF IOXRUHVFHQFH VSHFWURVFRS\ ($JURVFRSH, 2020). 0HDQ +0
FRQFHQWUDWLRQV LQ DOO VWXGLHG VRLOV ZHUH 0.87, 54, 130, 48, 118, 137, DQG 0.07 PJ/NJ IRU &G, &U, &X,
1L, 3E, =Q,DQG +J, UHVSHFWLYHO\ ()LJXUH 1). 7ZHQW\ WR 60% RI LQGLYLGXDO PHWDO FRQFHQWUDWLRQV
H[FHHGHG WKH TXDOLW\ UHIHUHQFH YDOXHV (459), WKDW UHSUHVHQW QRQ-OHJDOO\ ELQGLQJ EHQFKPDUNV IRU
+0 FRQFHQWUDWLRQV RI OLWWOH DQWKURSRJHQLF LQIOXHQFH (5RGULJXH] HW DO. 2015). 7KH 459 (EODFN OLQH LQ
)LJ. 1 LQ PJ/NJ &G 0.6, &X 83, 3E 50, =Q 86, +J 0.1) UHSUHVHQW EHQFKPDUN YDOXHV RI TXDOLW\
VWDQGDUGV, KHQFH VRLOV ZLWK +0 FRQFHQWUDWLRQV RI OLWWOH DQWKURSRJHQLF LQIOXHQFH, EXW DUH QRW OHJDOO\
ELQGLQJ (5RGU¯JXH] HW DO., 2015) LQ &XED. 6ZLVV JXLGH YDOXHV LQ VRLOV (9%%R, 1998) DUH LQ PJ/NJGZ
&G 0.8, &U 50, &X 40, 3E 50, =Q 150 DQG EHWZHHQ VHYHQ WR 18 RI WKH VRLO VDPSOHV IURP WKH FDSLWDO
H[FHHGHG LQGLYLGXDO PHWDO FRQFHQWUDWLRQV LQ FRPSDULVRQ ZLWK WKLV JXLGHOLQH. 7KXV, WKHVH VLWHV FDQ
EH XVHG ZLWKRXW OLPLWDWLRQV, DFFRUGLQJ WR WKH 6ZLVV ODZ EXW QHHG EH PRQLWRUHG. )LJXUH 1 UHSUHVHQW
WKH YDOXHV RI +0V LQ DJULFXOWXUH DQG RUJDQRSRQLF VRLO DQG H[FHHG WKH &XEDQ 459 IRU &G, &X, 3E
DQG =Q DQG DFFRUGLQJ ZLWK WKH 6ZLVV JXLGH YDOXHV, DOO RI WKH SUHYLRXVO\ PHQWLRQHG +0V DV ZHOO DV
&U DQG 1L. 7KH PHDQ FRQFHQWUDWLRQ RI +0V LQ VSLQDFK ()LJXUH 2, Q 4) LQ PJ/NJ ZHUH: &U (QG), 3E
(0.3), &X (1.5), =Q (0.0003), +J (0.005) DQG LQ FKDUG ()LJXUH 2, Q 3): &U (QG), 3E (QG), &X (0.4), =Q
(0.0002), +J (0.005). /HDG LQ VSLQDFK UHSUHVHQW D ULVN WR KXPDQV EHFDXVH FRQFHQWUDWLRQV LQ DOO
VDPSOHV H[FHHGHG WKH PD[LPXP UHVLGXDO OLPLW (0/5) HVWDEOLVKHG LQ &XED (0.1 PJ/NJ)
(1&:493-2015) DQG WKH (XURSHDQ 8QLRQ (0.3 PJ/NJ) UHJXODWLRQ (&RPPLVVLRQ 5HJXODWLRQ ((8),
2021/1317). 7KH SDWKZD\ RI LPSDFW RI WKLV VWXG\ LV WR DVVHVV XUEDQ FRQWDPLQDQW’V FRQFHQWUDWLRQV
LQ VRLO DQG YHJHWDEOHV, ZKLFK VHUYHV DV D EDVLV IRU WKH &XEDQ JRYHUQPHQW WR HVWDEOLVK UHJXODWRU\
JXLGDQFH YDOXHV IRU +0V LQ VRLOV DQG WR NQRZ WKH SRVVLEOH ULVN WR KXPDQ KHDOWK WURXJK YHJHWDEOH
FRQVXPSWLRQ.

9HURUGQXQJ ¾EHU %HODVWXQJHQ GHV %RGHQV 814.12, 1998, 1–12.
0LUHOLV 5RGU¯JXH], $OIUHGR 0RQWHUR, 2OHJDULR 0X³L], &O¯VWHQHV : $UD¼MR, $GULDQD $JXLDU,
&DUROLQH 0LUDQGD, ,JRU - $JUD, (QYLURQ 0RQLW $VVHVV, 2015, 187, 1–10
1&: 493-2015. &RQWDPLQDQWHV PHW£OLFRV HQ DOLPHQWRV- 5HJXODFLRQHV VDQLWDULDV. 7HUFHUD
(GLFLµQ. 2ILFLQD 1DFLRQDO GH 1RUPDLOL]DFLµQ, /D +DEDQD, &XED, 2015.
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)LUVW VWHSV WRZDUG VXVWDLQDEOH FLUFXODU XVHV RI FKHPLFDOV: DGYDQFLQJ WKH DVVHVVPHQW
DQG PDQDJHPHQW SDUDGLJP

=. :DQJ1,2, 6. +HOOZHJ2

1(PSD − 6ZLVV )HGHUDO /DERUDWRULHV IRU 0DWHULDOV 6FLHQFH DQG 7HFKQRORJ\, 7HFKQRORJ\ DQG 6RFLHW\
/DERUDWRU\, &+-9014 6W. *DOOHQ, 6ZLW]HUODQG, 2,QVWLWXWH RI (QYLURQPHQWDO (QJLQHHULQJ DQG 1&&5

&DWDO\VLV, (7+ =¾ULFK, 8093 =¾ULFK, 6ZLW]HUODQG

(QYLURQPHQWDO DQG KXPDQ KHDOWK LPSDFWV DVVRFLDWHG ZLWK FKHPLFDO SURGXFWLRQ DQG ORVVHV IURP
YDOXH FKDLQV PDNH WKH FXUUHQW OLQHDU SURGXFH-XVH-GLVSRVH PRGHO QR ORQJHU DQ RSWLRQ IRU
FKHPLFDOV. %DVHG RQ RXU DQDO\VLV KHUHLQ, ZH SURSRVH VWHSV RQ KRZ WR HPEHG WKH FRQFHSW RI
“FLUFXODULW\” LQWR SUDFWLFH (LQFOXGLQJ WKH GHVLJQ SKDVH) WR IRVWHU V\VWHPLF WUDQVLWLRQ WRZDUG
VXVWDLQDEOH FLUFXODU XVHV RI FKHPLFDOV. :H ILUVW DQDO\]H PDMRU FDXVHV RI FKHPLFDO ORVVHV
WKURXJKRXW WKHLU OLIH F\FOHV. 7KHQ, ZH SURSRVH WR DGYDQFH WKH FXUUHQW FKHPLFDOV DVVHVVPHQW DQG
PDQDJHPHQW SDUDGLJP E\ (1) LQWURGXFLQJ WKH FRQVLGHUDWLRQ RI PXOWLSOH XVH F\FOHV LQ WKH KD]DUG
DQG ULVN DVVHVVPHQW VWDJH DQG (2) LQWURGXFLQJ DQ DGGLWLRQDO “VXVWDLQDEOH FLUFXODULW\” DVVHVVPHQW
VWDJH, DV D FULWLFDO ILUVW VWHS WR JXLGH V\VWHPDWLF GHFLVLRQ-PDNLQJ DW DOO OHYHOV WRZDUG VXVWDLQDEOH
FLUFXODU XVH RI FKHPLFDOV. :H IXUWKHU ORRN LQWR KRZ WR HQDEOH WKH SURSRVHG FKDQJHV DQG D ODUJHU
V\VWHPLF WUDQVLWLRQ, ERWK RQ WKH WHFKQLFDO DQG VRFLRHFRQRPLF VLGHV.
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3HUPDQJDQDWH UHGXFWLRQ E\ K\GURJHQ SHUR[LGH: IRUPDWLRQ RI UHDFWLYH PDQJDQHVH
VSHFLHV DQG VXSHUR[LGH DQG HQKDQFHG PLFURSROOXWDQW DEDWHPHQW

.. ;X1, 8. YRQ *XQWHQ1,2*

1(DZDJ, 6ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\, &+-8600 '¾EHQGRUI,
6ZLW]HUODQG, 26FKRRO RI $UFKLWHFWXUH, &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ ((1$&), (ʲFROH

3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/), &+-1015 /DXVDQQH, 6ZLW]HUODQG

3HUPDQJDQDWH (0Q24–, 0Q(9,,)) LV PRVWO\ XVHG DW WKH LQLWLDO ZDWHU WUHDWPHQW VWHS WR UHPRYH VXOIXU-
GHULYHG WDVWH DQG RGRU FRPSRXQGV, 0Q(,,) DQG )H(,,) DQG WKH FRORU RI GLVVROYHG RUJDQLF PDWWHU
('20). ,W FDQ DOVR PLWLJDWH WKH IRUPDWLRQ RI GLVLQIHFWLRQ E\SURGXFWV ('%3V) E\ WKH R[LGDWLYH DQG
DGVRUSWLYH UHPRYDO RI SUHFXUVRUV, RU D UHGXFWLRQ RQ WKH FKORULQH GHPDQG. 0Q(9,,) KDV D VWURQJ
VHOHFWLYLW\ DQG WKHUHIRUH D OLPLWHG DSSOLFDELOLW\ IRU WKH DEDWHPHQW RI D EURDG UDQJH RI
PLFURSROOXWDQWV. +\GURJHQ SHUR[LGH (+222) LV DQRWKHU FRPPRQO\ DSSOLHG R[LGDQW LQ DGYDQFHG
R[LGDWLRQ SURFHVVHV RI ZDWHU WUHDWPHQW. ,Q WKLV VWXG\, LW ZDV IRXQG WKDW 0Q(9,,) UHDFWV TXLFNO\ ZLWK
+222 LQ WKH SUDFWLFDO S+ UDQJH RI 6.0–8.5, DQG D FRPSOHWH GHSOHWLRQ RI 0Q(9,,) ZDV REVHUYHG ZLWKLQ
50 V. $V WKH S+ LQFUHDVHV IURP 6.0 WR 8.5, WKH ODJ-SKDVH LQ WKH VHFRQGV UDQJH ZDV VLJQLILFDQWO\
VKRUWHQHG, ZKLFK VWURQJO\ LQGLFDWHV DQ LQYROYHPHQW RI UHDFWLYH VSHFLHV WKDW XQGHUJR DFLG-EDVH
VSHFLDWLRQ. 0Q(9,,) XQGHUZHQW D RQH-HOHFWURQ UHGXFWLRQ E\ +222 WR SRWHQWLDOO\ IRUP 0Q(9,) DQG
VXSHUR[LGH UDGLFDO (22•–) DW PRODU UDWLRV >+222@R:>0Q(9,,)@R ≤ 1 DQG S+ 7.5, ZLWK D \LHOG RI 100% IRU
22•– EDVHG RQ WKH FRQVXPHG 0Q(9,,). 7KH 0Q(9,) SURGXFHG E\ 0Q(9,,)-+222 LQGXFHG D VLJQLILFDQW
HQKDQFHPHQW RQ 0Q(9,,) R[LGDWLRQ RI PLFURSROOXWDQWV ZLWK FHUWDLQ IXQFWLRQDO JURXSV, VXFK DV
FLSURIOR[DFLQ, XQVXEVWLWXWHG DQLOLQH, 4-FKORURDQLOLQH, 4-F\DQR-1,1-GLPHWK\ODQLOLQH, DFHWK\GUD]LGH
DQG S-WROXHQHVXOIRQ\O K\GUD]LGH. 7KH SUHFLSLWDWLRQ RI 0Q(9,) E\ %D2+ VFDYHQJHG WKH HQKDQFHPHQW
HIIHFW, ZKLFK LQGLFDWHV WKDW WKH 0Q(9,) SURGXFHG IURP WKH 0Q(9,,)-+222 SURFHVV PD\ EH EHQHILFLDO
IRU DEDWLQJ VSHFLILF PRLHWLHV LQ RUJDQLF FRPSRXQGV. :KHQ +222 ZDV LQ H[FHVV RI 0Q(9,,) (PRODU
UDWLRV >+222@R:>0Q(9,,)@R  2–10), 22•– \LHOGV RI 145–245% ZHUH REVHUYHG. 7KLV LQGLFDWHV WKDW RWKHU
+222-UHDFWLYH PDQJDQHVH VSHFLHV PLJKW DOVR EH IRUPHG DQG UHDFW ZLWK +222 WR SURGXFH PRUH 22•–.
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$VVHVVPHQW RI FKORULQH VWDELOLW\ LQ UHF\FOHG KDQGZDVKLQJ ZDWHU: 5ROH RI DPLGH-W\SH
FRPSRXQGV IURP VRDSV

7. =KDQJ1, 8. YRQ *XQWHQ1,2*

16FKRRO RI $UFKLWHFWXUH, &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ ((1$&), (ʲFROH 3RO\WHFKQLTXH )HGHʲ
UDOH GH /DXVDQQH ((3)/), 1015, /DXVDQQH, 6ZLW]HUODQG, 2(DZDJ, 6ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF

6FLHQFH DQG 7HFKQRORJ\, 8HEHUODQGVWUDVVH 133, 8600 'XHEHQGRUI, 6ZLW]HUODQG

,Q ORZ- DQG PLGGOH-LQFRPH FRXQWULHV ZKHUH KHDOWKFDUH IDFLOLWLHV DQG VFKRROV DUH QRW FRQQHFWHG WR
IXQFWLRQDO ZDWHU VXSSO\ V\VWHPV, VWDQG-DORQH KDQGZDVKLQJ V\VWHPV SURYLGH D VROXWLRQ WR VDIHO\
UHF\FOH DQG UHXVH KDQGZDVKLQJ ZDWHU. ,Q KDQGZDVKLQJ ZDWHU UHXVH SRVVLEO\ D FKHPLFDO
GLVLQIHFWDQW (H.J., FKORULQH, FKORUDPLQH, SHUDFHWLF DFLG) QHHGV WR EH DGGHG DQG LWV VWDELOLW\ LQ
KDQGZDVKLQJ ZDWHU QHHGV WR EH WHVWHG. %DVHG RQ D VXUYH\, WKH FRPSRXQGV ZLWK DPLGH VWUXFWXUHV
DEXQGDQWO\ SUHVHQW LQ KDQGZDVKLQJ ZDWHUV IURP WKH XVH RI VRDSV FRXOG FRQWURO WKH GHFD\ RI
FKORULQH RQ D ORQJ-WHUP VFDOH. ,Q WKLV VWXG\, ZH VHOHFWHG VL[ GLIIHUHQW DPLGHV DV VXUURJDWHV
(DFHWDPLGH, EHQ]DPLGH, 1-PHWK\OIRUPDPLGH, 1-PHWK\ODFHWDPLGH, 1-PHWK\OEHQ]DPLGH, DQG 1
-SURS\OEHQ]DPLGH) DQG LQYHVWLJDWHG WKH NLQHWLFV DQG PHFKDQLVPV RI WKH UHDFWLRQV RI DPLGHV ZLWK
FKORULQH. $SSDUHQW VHFRQG-RUGHU UDWH FRQVWDQWV IRU WKH UHDFWLRQV RI FKORULQH ZLWK WKH VHOHFWHG
DPLGHV DW S+ 8 ZHUH LQ WKH UDQJH RI 6.6×10-3-0.23 0-1V-1. +\SRFKORULWH (‒2&O) GRPLQDWHV WKH
UHDFWLRQV RI DPLGHV ZLWK FKORULQH. 7KH UHDFWLRQ SURGXFWV RI FKORULQDWHG DPLGHV ZHUH REVHUYHG WR
UHDFW ZLWK HOHFWURQ-ULFK PRLHWLHV (H.J., SKHQROLFV, ͆-GLFDUERQ\O DFLG) ZLWK DSSDUHQW VHFRQG-RUGHU
UDWH FRQVWDQWV LQ WKH RUGHU RI 10-3-10 0-1V-1 DW S+ 8. )XUWKHUPRUH, WKH DFWLYDWLRQ HQHUJLHV RI WKH
UHDFWLRQV RI DPLGHV ZLWK FKORULQH ZHUH REWDLQHG E\ WHPSHUDWXUH-GHSHQGHQW UHDFWLRQ NLQHWLFV
(64.8-71.0 N-/PRO). %DVHG RQ WKHVH UHVXOWV, WKH FKORULQH VWDELOLW\ LQ WKH SUHVHQFH RI DPLGHV FDQ EH
PRGHOHG DV D IXQFWLRQ RI S+ DQG WHPSHUDWXUH. 7KH NQRZOHGJH REWDLQHG LQ WKLV VWXG\ ZLOO SURYLGH
JXLGDQFH WR DSSO\ KDQGZDVKLQJ V\VWHPV IRU VDIH ZDWHU UHXVH.
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