' 66(57%$7,21

&+/25,"( %,1',1* $1' '(62537,21 0(&+$1,60 ,1 %/(1'(" &(0O(17
&217%$,1,1* 6833/(0(17$5< &(0(17,7,286 0$7(5,$/6 (;326(' 72 '(

,&,1* %5,1(62/87,216

6XEPLWWHG E\
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,Q SDUWLDO IXOILOOPHQW RI WKH UHTXLUHPFE
JRU WKH '"HJUHH RI '"RFWRU RI 3KLORVRSK\
&RORUDGR 6WDWH 8QLYHUVLW\
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7TUDYLV %DLOH\



&RS\ULJKW E\ ORKDPPDG 7H\PRXUL ORRJRRHH

$00 5LIKWV 5HVHUYHG
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&RQFUHWH WKH PRVW ZLGHO\ XVHG FRQVWUXFWLRQ PDW
GXH WR LWV SRURXV QDWXUH SDUWLFXODUO\ IURP FKORULC
FDXVHG E\ FKORULGH LRQV SHQHWUDWLQJ FRQFUHWH DIIHFV
DQQXDO FRVWYVY UDQJLQJ IURP WR ELOOLRQ &KORULC
LOQFOXGLQJ GH LFLQJ VDOWYV ODULWLPH LQIUDVWUXFWXUH)
FRUURVLRQ EHFDXVH VHDZDWHU FRQWDLQV D KLIJK FRQFHQV
FKORULGHVY HQWHU WKH FRQFUHWH FKORULGHV FDQ H[LVW L
:KLOH ERXQG FKORULGHV DUH EHQHILFLDO WKH\ FDQ EH Ul
FDUERQDWLRQ DQG FKHPLFDO DWWDFNV H[DFHUEDWLQJ FRU

LQ FRQFUHWH DQG VXEVHTXHQWO\ FDQ UHVXOW LQ WKH UHOI

7KLV GLVVHUWDWLRQ DLPV WR DGGUHVV WKUHH PDLQ RE
FKORULGH ELQGLQJ PHDVXUDNRWI/GD WIBXHHEGRPBWKRGRIIRU Ft
PHDVXUHPHQWYV VWXG\ FKORULGH GHVRUSWLRQ PHFKDCQ
H[SRVHG WR GH LFLQJ EULQHV DQG DQDO\]H S+ DQG FRPS|

FKORULGH FRQWDPLQDWLRQ DQG FDUERQDWLRQ

LL



J)LUVW IDFWRUV LPSDFWLQJ FKORULGH ELQGLQJ PHDVXL
IRUP DQG VDWXUDWLRQ OHYHO VROXWLRQ FRPSRVLWLRQ D¢
HIKLELWHG KLJKHU FKORULGH ELQGLQJ WKDQ SDUWLDOO\ VD)
VKRZLQJ WKH KLIJKHVW ELQGLQJ 6HFRQGO\ FKORULGH GHVR
2UGLQDU\ BRUWODQG &HPHQW 23& SDVWHV DQG SDVWHYV
PDWHULDOV 6&0V OLNH IO\ DVK VODJ DQG VLOLFD IXPH 5H
EULQH VROXWLRQ LQIOXHQFHG ERXQG FKORULGH OHYHOV ZL
60DJ LOQFOXVLRQ ZDV HIIHFWLYH LQ SURPRWLQJ FKORULGH I
HITHFW 7KH GHJUHH RI FKORULGH GHVRUSWLW& DMWEH B DDV C
UDWLR 7KH UHVXOWY UHYHDO WKDW LQFOXVLRQ RI 10\ DVI
GHVRUSWLRQ DQG VLOLFD IXPH LV QRW UHFRPPHQGHG IRU

FROQFHUQ DQ&XA@OGKBAFHUV GHPRQVWUDWHG D ORZHU FKORULG

)LQDOO\ WKH VIQHUJLVWLF HIIHFWV RI FKORULGH FRQW!|
LQ 23& DQG 10\ DVK FRQWDLQLQJ SDVWHV &DUERQDWLRQ OH
ZHHNV ZLWK 10\ DVK FRQWDLQLQJ SDVWHV H[KLELWLQJ OR.
FRQWHQW ,QFRUSRUDWLRQ RI 10\ DVK LV QRW UHFRPPHQGH
FDXWLRQ VKRXOG EH H[HUFLVHG ZKHQ FRQVLGHULQJ 10\ DVK

FRQWDPLQDWLRQ DQG FDUERQDWLRQ DUH VLPXOWDQHRXV FF

7KLV GLVVHUWDWLRQ VKHG OLJKWV RQ SULPDU\ IDF
PHDVXUHPHQWY HQKDQFLQJ WKH DFFXUDF\ Rl FKORULGH ELC
XQGHUVWDQGLQJ FKORULGH GHVRUSWLRQ LQ FHPHQWLWLRX)

DQG VHUYLFH OLIH RI FRQFUHWH VWUXFWXUHYV

LLL
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0\ SURPLVLQJ MRXUQH\ DW &RORUDGR 6WDWH 8QLYHUVL
RQO\ VKDSLQJ PH LQWR DQ LQGHSHQGHQW UHVHDUFKHU EXW
RZH KHDUWIHOW WKDQNV WR P\ ZRQGHUIXO SDUHQWV ZKR

UHVLOLHQFH LQ WKH IDFH RI OLIHV FKDOOHQJHYV

, DP GHHSO\ JUDWHIXO IRU WKH XQZDYHULQJ VXSSRUW
E\ P\ EHORYHG ZLIH (OKDP IURP GD\ RQH RI P\ JUDGXDWH}
LQVWUXPHQWDO LQ P\ VXFFHVV DQG , DFNQRZOHGJH WKDW

SRVVLEOH ZLWKRXW KHU VDFULILFHV

, HIWHQG P\ VLQFHUH DSSUHFLDWLRQ WR P\ DGYLVRU
LQYDOXDEOH PHQWRUVKLS HVSHFLDOO\ GXULQJ FKDOOHQJL
FRPPLWWHH PHPEHUV 3URIHVVRU 7RGG )DQW] 3URIHVVRU 7U

WKHLU JXLGDQFH LQVLJKWY DQG XQZDYHULQJ VXSSRUW WK

,ZDV LQ D XQLTXH MRLQW SURJUDP EHWZHHQ WKH &LYL
&ERQVWUXFWLRQ ODQDJIJHPPM QWK DIQINDXWRRQWWH DFFHVV WR Y
ODERUDWRULHV SURYLGHG E\ ERWK GHSDUWPHQWYV DV ZHO
$QDO\VLYV $5& 00$ DW &RORUDGR 6WDWH 8QLYHUVLW\ | ZRX
DVVLVWDQFH DQG VXSSRUW , UHFHLYHG DV D JUDGXDWH WHI
I URP 3URIHVVRU &KDUOHYV 6KDFNHOIRUG +HDG RI WKH &LYL

3DXO *RRGUXP +HDG RI WKH &4RQVWUXFWLRQ ODQDJHPHQW '}

LY



, DP LPPHQVHO\ DSSUHFLDWLYH RI WKH ILQDQFLDO VXS
$PHULFDQ &RQFUHWH ,QVWLWXWH JRXQGDWLRQ *UDQW QXPE
6FLHQFHV 'HDQYV J)HOORZVKLS DW &RORUDGR 6WDWH 8QLYH

JRXQGDWLRQ - 3 *OHDVRQ 5HVHDUFK )HOORZVKLS



(', &%7,21

7R P\ GDUOLQJ ZLIH (OKDP DQG P\ SDUHQWV +D\DW 6ROWD(
,UDQ
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B 00 6 75 BT eeeeeeeeeeeeeeeee ettt ettt LL.......
BE. L2 (" (0 (L7 6 ettt LY....
L & B T 2 Lottt Y.L....
&KDSWHU CQWIURGXEMLRQ oo
2 Y H UYL H.Zo ettt
BUREOHP .BM.DMHPH QMoo
BLIQLLLEDQEH oottt
2XWOLQH RI WKH.'LVMHUMWDMW.LRQ oo,

&KDSWHU %DFNJURXQG DQG /LWHUDWXUH 5HYLHZ RQ &KO

&HPHQW ([SRVHG WR..%ULQH.BROXW.LRQN cooieeieereeeeeeeeerresreenns
CQOWURGXEMLRQ oottt et eeeeeeese et eee s eeese e eeeeseees e eeesenns
&KORULGH ,QGXFHG &RUURV.LRQ.OHEKDQLV.P.voeeo...

,PSDFWV RI &KORULGH %LQGLQJ RQ 6HUYLFH /LIH 3UHG

&KORULGH ,QGXFHG.&RUURVLRQ.SLMN. ...
ILWHUDWXUH 5HYLHZ RQ &KORULGH.%LQGLQJ.LQ &HPHQV
,PSDFW Rl %LQGHU &RPSRVLWLRQ.RQ.&KORULGH %LQG
,PSDFW RI %ULQH 6ROXWLRQ 7\SH.RQ.&KORULGH %LQC
7KH S HODWLRQVKLS EHWZHHQ )UHH DQG %.RXQG &KOR

YLL



(ITHFWV RI S+ RI &RQFUHWH 3RUH 6ROXW.LRQ RQ &KOR
ILPLWDWLRQV RI WKH &KO.RULGH..%LQGLQJI.ZHVW OHWK
ILWHUDWXUH 5HYLHZ RQ &KORULGH...HV.RUSW.LR.Q OHFKDC
,PSDFWV RI &DUERQDWLRQ RQ &KORULGH..HV.RUSWLRC
,PSDFWV RI $FLG $WWDFN RQ &KORULGH."HV.RUSWLRQ
,PSDFWV RI 6XOIDWH $WWDFN RQ.&KORULGH.'"HVRUSW

:KDW +DV %HHQ $FFRPSOLVKHG DQG :KDW 5HPDLQV WR E

&KORULGH ,QGXFHG &RUURVMLRQ.SHMHDUEK. . ...
,ZGHQWLILHG .QRZOHGJIH. . XDSNM. .,
SHVHDUFK 4XHVWLRQV.DQG.2EMHEWLY.HM.......cccceninnnins

&KDSWHU OHWKRGRQ.RI e

2EMHFWLYH (YDOXDWLQJ WKH (IITHFWV RI 6DPSOH )RUP

RQ &KORULGH %LQGLQJI.OHDV.XUHPHQWN. ..o,
BDPSOH 6.DMW.XUDMWLRQ. oot
([SRVXUH.BROXMLRQM oo,
3UHSDULQJ 'LITHUHQW..6.D.P.S.OH..).RUP.M. oo,
6DPBRBRVXUH 6ROXW.LRQ..QD.V.M..UDW.LR....cocvvrerrnnr....
&KORULGH .%LQ.GLQI.ZHNMMW oo

2EMHFWLYH &KORULGH %LQGLQJ DQG &KORULGH 'HVRU

([SRVHG WR 6D.OW..6RQAOXMW.LRQM .o

YLLL



&KORULGH . %LQGLQJ.7THVM. ..o,
&KORULGH "HV.RUSWLRQ.ZHMW. ...,
SQDONWLEDO..ZHNMMW. Ve

2EMHFWLYH &KORULGH %LQGLQJ DQG &KORULGH '"HVRU

&RQWDLQLQJ )O\ $VK 60Q.DJ...DQG.6.LALED.)XPH. ....cccceee.
OL[ '"HVLIQ 3URSRUWLRQNM .
&KORULGH . %LQGLQJ.7THVM ..o,
&KORULGH "HV.RUSWLR.Q..ZHMW. ...,
$QDO\WLFDO.OHDVXUHPHQW.NM. ..o

2EMHFWLYH S+ &KDQJH LQ &HPHQW 3DVWHV &RQWDLQL

WR 6DOW 6ROXWLRQ.V.DQG.&DUERQDW.LRQ oo,
6DPSOH 3UHSDUDMWLR.Q .coooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e,
E&KORULGH (S RVXUH oot
$FFHOHUDWHG .&D.UERQDW.LRQ.7ZHN W .o,
SQDONVW LED O ZH MMV e

&KDSWHU 5HVXOW.V..D.QG...LVEXN.VLRQu oo
2EMHFWLYH ,QYHVWLJDWH WKH )DFWRUV..,PSDFWLQJ &
(IIHFW Rl '"HJUHH Rl 6DWXUDWLRQ....'R6...RQ..&KORULGH
(IHIHFW Rl ([SRVXUH 6ROXW.LRQ.RQ.&KORULGH.%LQGLQ.

(ITHFW RVIRERXLG ODVV 5DWLR RQ.&KQRULGH.%LQGLQJ

LI



(ITHFW RI 6DPSOH 6KDSH..RQ.&KQRULGH..%.LQGLQJ

&KORULGH %LQGLQJ. . MRWKHUPRV. ...

6 XPPDU\ RI ODLQ )LQG.LQJV...2EMHEW.LY.H.................

2EMHFWLYH ,QYHVWLIDWH WKH &KORULGH %LQGLQJ DQ

&KORULGH %LQGLQJ..VRWKHURM............oei,

;5" DQG 7*$ 5HVXOWYV $IWHU ([SRV.XUH.WR.%2ULQH 6RO?
&KORULGH "HVRUSW.LRQ.5HMXQW.NM. .,

;5" DQG 7*$ 5HVXOWYV $ILWHU.S+.5HGXEWLRAQ.......

6 XPPDU\ RI ODLQ )LQG.LQJV....2EMHEW.LY.H.................

2EMHFWLYH ,QYHVWLIDWLRQ RQ WKH FKORULGH ELQGL

VIVWHPY FRQW.DLQLQJ.6.&0ONM. it

&KORULGH %LQGLQJ DQG 'HVRUSWLRQ &DSDFLW\ IRU

&KORULGH %LQGLQJ DQG 'HVRUSWLRQ &DSDFLW\ IRU ¢
&KORULGH %LQGLQJ DQG 'HVRUSWLRQ &DSDFLW\ IRU

2EMHFWLYH 6\QHUJLF (IITHFWV RI ([SRVXUH RI %OHQGH

WR 1D&0O 6DOW 6ROXWLRQ DQG &DUERQDWLRQ.RQ.S+ DQG &|
3DVWHV &RPSRVLWLRQ %HIRUH ([SRVXUH.WR 1D&O 6R
S+ %HIRUH ([SRVXUH WR 1D&O0..6ROXW.LRQ..D.QG &DUER

&RPSRVLWLRQDO &KDQJH $IWHU ([SRVXUH.WR 1D&0O %



S+ $IWHU ([SRVXUH.W.R..1D&O.6LROXW.LRQ......c.00o.....
&RPSRVLWLRQDO &KD.QJH.$IWHU.&DUERQDW.LRQ
&KORULGH '"HVRUSWLR.Q..D.QG..S+.&KD.QJH................
6XPPDU\ RI ODLQ )LQG.LQJV...2EMHEW.LYH...............
&KDSWHU &RQFOXVLRQ DQG 5HFRPRPHQGDWLRQV..IRU )XWXL
SHVHDUFK &RQWULEXW.LRQ..D.Q.G..0D.LQ.2XW.E.RP.HV.
,PSRUWDQFH RI &RQWUROOLQJ SDUDRPHW.HUY LQ &KOR
(ITHFWV RI &DWLRQ W\SH RI %ULQH.66ROXW.LRQ RQ &KO
(ITHFWV Rl 6 XSSOHPHQWDU\ &HPHQWLWLRXY ODWHULD

6\QHUJLF (IITHFWV Rl ([SRVXUH WR 1D&O 6DOW 6ROX

&RPSRVLWLRQ RI %OHQGHG &HPHQW..3.DVWHV.&RQWDLQLQJ
BWXG\ /LRLWDMWLR.QM. ittt
SHFRPPHQGDWLRQV.IRU.QJXWXUH.:RUN.......occiiiiiiiiiie,

SHIHU H Q. FE H Ve e et e s
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7TDEOH SURSRVHG UHMHDUEK.TXHVW.LRQV......ccccvvriin.

7TDEOH &KHPLFDO FRPSRVLWLRQ.RL.RUGLQDUVL3IRUWODQG
7TDEOH &KHPLFDO FRPSRVLWLRQ.RIL.EHPHQW.LW.LRXYV PDWHI
7TDEOH 6 XPPDU\ RI PL[ GHVLJQ.SURSRUWLRQV.IRU.SDVWHYV
7TDEOH &DOFXODWHG /DQJPXLU..DQG.)UHXQGQLEK.SDUDPHYV
7TDEOH /IDQJPXLU DQG )UHXQGO.LEK.SDUDRPHWHU.HVWLPDWI
7TDEOH &KHPLFDO FRPSRV.LWLRQ.RIL.K\GURJHQM...........

7TDEOH 7KH HVYWLPDWHG SDUDPHWHUV RLWKH../DQJPXLU D(
7TDEOH OHDVXUHG PDVV IUDFWLRQ RI )ULHGHOYV VDOW LQ

DQG DIWHU DGGLQJ..... RLLRL.DELG ..o
7TDEOH 7KH ILWWLQJ SDUDPHWHUV RIL.UDQJRXLU.D.QG )UHXC
7TDEOH 6 XPPDU\ RI WKH HIITHFW RI **%)6 RQ FKORULGH ELQ
FRPSDULVRQ.WR..2Z3.& i
7TDEOH (VWLPDWHG /DQJPXLU DQG.)UHXQGOLEK.LVRWKHUP
7TDEOH OHDVXUHG FKORULGHYV EGLQLQJ LQ PJ &0 J SDVWF
ZKHQ H[SRVHG WR .0.VDOW.V.ROXW.LRQV. ..,
7TDEOH JULHGHOYV VDOW SRUWODQGLWH DQG.FDOFLWH I

7TDEOH JULHGHOYfVY VDOW SRUWODQGLWH DQG.FDOFLWH I

[LL
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J)LIXUH 6LPSOLILHG FKORULGH.LQGXEHG.ERUURVLRQ PHFK
J)LIXUH 6FKHPDWLF UHSUHVHQWDWLRQ RI' D IUHH DQG ER?
ERXQG FKORULGH LQ FRQEUHWH.GXH. WR..S+. UHGXEWLR.Q

J)LIXUH 6FKHPDWLF GUDZLQJ RI UHEDUV FRUURV.LRQ RQ D
J)LIXUH 2YHUYLHZ RI VHUYLFH OLIH SUHGLFWLRQ IRU FRQF
DQ G R XML KMV e

J)LIXUH 6 XPPDU\ RI HISHULPHQW.D.Q..Y.DULDEOHV..IRU REMHF
J)LIXUH 6FKHPDWLF GUDZLQJ RI WHVW VHWXS D VDWXUDYV
IRUP DQG WR WVIRXQAIGGUDWLR .4&+.2&D 12+ 1D 2AKH LQGLFDWHYV V

WKH H[SRVXUH VROXWLRQ ZDV SUHSDUHG.EN..GLV.V.RQOYLQJ 1D¢

J)LIXUH 7KH H[SHULPHQWDO VHWXS...XVHG.ILRU.V.DWXUDWLC
J)LIXUH D FUXVKHG DQG E..SRZGHUHG..SDVWH.MDPSOHYV
J)LIXUH 6HWXS WR VWXWGR MR XHUIHH MR (RAVWICRE G.B.VYV UDWLE
J)LIXUH 6 XPPDU\ RI HISHULPHQW.JD.Q..Y.DULDEOHV..IRU REMHF
J)LIXUH 6 XPPDU\ RI HISHULPHQW.JD.Q..Y.DULDEOHV..IRU REMHF
J)LIXUH ([SHULPHQW VHWXS IRU ELQGLQJ...OHIW...DQG GHVF
J)LIXUH &KORULGH ELQGLQJ.WHVWLQJI.SUREHGXUH..

JLIXUH &KORULGH GHVRUSWLRQ . WHVWLQJ.SUREHGXUH
JLIXUH D 7LWUDWRU E S+ PHWHU F HQYLURQPHQWDO FI
FKDPEHU I ;5" HTXLSPHQW..J...7.x$. HTXLSPHQW........ocoveeeirrn

JLIXUH 6XPPDU\ RI HISHULPHQW.D.O..Y.DULDEOHVY..IRU REMF

[LLL



J)LIXUH 6DPSOH SUHSDUDWLRQ EHIRUH HLSRV.XUH WR 1D3&
J)LIXUH 7TDNLQJ SRZGHU IURP GLITHUHQW GHSWK Rl F\OLC

GLITHUHQW FRORUV UHSUHVHQW VDPSOH.EROQHEWLRQ IRU W

J)LIXUH S+ PHDVXUHPHQWY GXULQJ.1D&O.VROXWLRQ H[SR
J)LIXUH ([SRVXUH WR FDUERQ..GLR[LGH..EDUERQDWLRQ WF
J)LIXUH TDNLQJ SRZGHU IURP IRXU GHSWKV RI.EDUERQDWI
J)LIXUH D &KORULGH ELQGLQJ DQG E FKORULGH ELQGLQ
J)LIXUH +HOPKROW] PRGHO RI WKH ('/IRU D D.MDWXUDWH
J)LIXUH D &KORULGH ELQGLQJ DQG E FKORULGH ELQGLQ
J)LIXUH S+ RI HITSRVXUH VROXWLRQV.DW..Y.DULRXM..FKORULC
J)LIXUH D (VWLPDWHG LRQLF VWUHQJWK RI IRXU H[SRVXU

FRQFHQWUDWLRQV E WKH UHODWLRQVKLS EHWZHHQ LRQLF

F R Q MY H Qe
JLIXUH D &KORULGH ELQGLQJ DQG E FKORULGH ELQGLQ
)LIXUH D &KORULGH ELQGLQJ FRQWHQW DQG E FKORUL
LR U BNttt ettt ettt e ettt
)LIXUH D &KORULGH ELQGLQJ LVRWKHUP RI 23& SDVWH H

ELQGLQJ FDSDFLW\ 23& SDVWH.HL[SRVHG.WR.Y.DULRXV.VDOWYV
J)LIXUH ;5" SDWWHUQV RI JURXQG 23& SDVWH VDPSOHV DIV
FKORULGH VROXWLRQ E 0 FKORULGH VROXWLRQ )V )ULHC
FD O L N e e et

)LIXUH '7* FXUYHV RI JURXQG 23& SDVWH VDPSOHYV DIWHL

HWWULQJLWH )V )J)ULHGHOYfV V.DOW...&+...SRUWODQGLWH &F |

[LY



J)LIXUH D 7KH YROXPHWULF LQIOXHQFH RI QLWULF DFLG

HTXLOLEULXP E WKH LQIOXHQFH RI S+ RQ FEKORULGH GLVDYV

J)LIXUH ; UD\ GLIITUDFWLRQ SDWWHUQV RI JURXQG 23& SD\
DGGLQJ QLWULF DFLG D 0 E 0 * J\SV.XP.. &1 FDOF
J)LIXUH '7* FXUYH RI 23& SDVWH LPPHUVHG LQ VDOW VRO)

* J\SVXP &1 FDOELXP.QLWUDMH ..o
)LIXUH 5" VSHFWUD RI G SDVWH VDPSOHV FRQWDLQLQ.
ORQRFDUERQDWH ) )HUULWH &+6 SRIOLWBIQGLWH..&F &DOFL
Y)LIXUH '7* DQDO\WVHV RI G K\GUDWHG SDVWH VDPSOHYV |
SRUWODQGLWH DQG..0..0RQREDUERQDMW.H.ooooovooeoeeeeeeeeeeeeeeas
)LIXUH 7KH FKORULGH ELQGLQJ LVRWKHUPV RI R®& 10\ D
0J&O D 23& E )3 cFer ) S
J)LIXUHS+ HYROXWLRQ DIWHU DGGLQJ GLIIHUHQW YROXPHV R
F 23& 0J&G )$ 1D&O H )$I 3PD&0OJI&O )$ 1D&O K )$
EDE&OL )8 0J& Dottt
)LIXUH 7KH UHOHDVHG ERXQG FKORULGHV DIWHU ZHHN\V
FRQWDLQLQJ D 23& E.)$ueDQ.GoEr) S,
)LIXUH 7KH ;5' VSHFWUD IRU 23& VDPSOHV EHIRUH DQG D
VDPSOHV ZHUH ILUVW H[SRVHG WR 0 VDOW VROXWLRQV )V
& 6 EHOLWH ( HWWULQJILW.H..%. . .EUXELW.H. oo,
JLIXUH &URVV VHFWLRQDO LPDJHV RI )$ VDPSOHV DIWH

D 1D&O ED&BE&TF VREOXWLROQM e
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J)LIXUH ;5" VSHFWUD RI )$ VDPSOHVY EHIRUH DQG DIWHU HJ
ZHUH ILUVW H[SRVHG WR 0 VDOW VROXWLRQV D )$ E )$
&F FDOFLWH & 6 EHOLWH..(.HWWULQJLWH..%..EUXELWH
J)LIXUH 6DPSOH SUHSDUDWLRQ IRU WHVWLQJ WKH FKHPLF
SDVWH H[SRVHG WR ..RP/L.RIL.DGGHG.DELG. ...ccccccccnniiiiiiiinnnn.
J)LIXUH 7KH ;5" VSHFWUD RI WKH FRUURGHG OD\HU RI WKF
4 TXDUW] *L JLEEVLWH * J\SVXP %..EUXFELWH.. &1L FDOFLXI
J)LIXUH '7* UHVXOWYV IRU WKH 23& VDPSOH EHIRUH DQG DI
J)LIXUH '7* UHVXOWYV RI 10\ DVK FRQWDLQLQJ VDPSOHV EF
QLWULF DFLG D )$...DOQG.  .E... )8 e
J)LIXUH ,PDJHV DIWHU ZHHNV RI H[SRVXUH WR. P/ OHIW
J)LIXUH 6DOW FU\VWDOOL]DWLRQ RQ WKH VXUIDFH DQG Zl
LPPHUVLQJ WKHP LQ VDOW VROXWLRQ.JIROORZHG..E\.DFLG H[S
J)LIXUH D 7KH ;5" SDWWHUQV RI K\GUDWHG SDVWHV E (
SDVWHV ( (WWULQJLWH O ORQRFDUERQDWH ) )HUULWH &+
J)LIXUH 7KH H[SHULPHQWDO GDWD DQG ILWWHG /DQJPXLU
HISRVHG WR 1D&0O &D&O DQG 0J&0O0 VROXW.LRQV..D 23& E
J)LIXUH 7LPH HYROXWLRQ RI S+ IRU SDWBHDW.WRQWDLQLQJ
JLIXUH OHDVXUHG PROHV RI IUHH FKORULGHYV VDOW VRO X
D 1D&O ED&MBE& F ...0.J.& Qe
JLIXUH 7KH SHUFHQWDJHYVY RI UHOHDVHG ERXQG FKORULG

E 6% DO G F B
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J)LIXUH 7KH ;5" DQG '7* UHVXOWYV IRU 23& VDPSOHV EHIRU
DFLG $ 3 UDWLR RI )V J)ULHGHO V VDOW &+ 3RUWODQC

(WWULQJILWH....%.... % . UXELW.H. ..

J)LIXUH &URVV VHFWLRQ RI 23& SDVWH VDPSOH DIWHU HJS
D PP

J)LIXUH 7KH ;5" VFDQV RI **%)6 EOHQGHG VSHFLPHQV EHIR
RI DFLG $ 3 UDWLR RI D 6* DQG E 6* )6 J)ULHGHO V

&DOFLWH & 6 %HOLWH (..(WWULQJLWH.. %..%UXELW.H.

J)LIXUH 7TKH '7* UHVXOWYV Rl **%)6 FRQWDLQLQJ VDPSOHYV
RI QLWULF DFLG $ 3 UDWLR RI ... D...6%...DQG..E..6F

J)LIXUH 7KH PDVV IUDFWLRQ RI )ULHGHO V VDQW LQ SDVW
J)LIXUH 7KH HIWHQW Rl GHWHULRUDWLRQ RI 23& DQG **%)

HISRVXUH WR PRO / FKORULGHYV DQG P/ 0 QLWULF DFLG
PDJIQLILEDMW.LR Q. e e
J)LIXUH /IHWIW ;5" DQIl 5LJKW '7* UHVXOWYV RI EOHQGHG
J)LIXUH &KORULGH ELQGLQJ UHVXOWYV IRU SDVWHV FRQWL
DQG 0J8&80D23& E 6) DQ.G. o F B
J)LIXUH SHUFHQWDJHV RI UHOHDVHG ERXQG FKORULGHV D
J)LIXUH 7LPH HYROXWLRQ RI S+ IRU SDVWHV FRQWDLQLQJ
D& OF 0 d& i
JLIXUH 6) SDVWHV H[SRVHG.WR..GLIIHUHQW..$.3.UDWLRYV

JLIXUH 6) SDVWHV H[SRVHG WR GLIITHUHQW..$.3 UDWLRYV

[YLL



)LIXUH 5" VFDQV RI VLOLFD IXPH VDPSOHV EHIRUH DQG C
ZHUH ILUVW H[SRVHG WR 0 VDOW VROXWLRQV D 6) E 6)
&F &DOFLWH & 6 %HOLWH ..(.(WWULQJLWH..%..%UXFLWH
)LIXUH '7* UHVXOWYV Rl VLOLFD IXPH FRQWDLQLQJ VDPSO
QLWULF DFLG D 6.0 DiQG BBt
)LIXUH $ VFKHPDWLF PHFKDQLVP Rl WKH FKORULGH GHVR
VDPSOH H[SRVHG WR FKORULGHV IRU ZHHNV E DQ LQVWDC
DGGLQJ QLWULF DFLG ZKLFK UHVXOWV LQ WKH FRUURVLRQ R
IRUPDWLRQ Rl SRURXV RXWHU VLOLFDWH K\GUDWH OD\HU DQ
)LIXUH 7*$ UHVXOWV IRU SDVWHV DIWHU PRLVW FXULQJ C
SHUFHQWDJH RI ZHLJKW FKDQJH E '7* ( (WWERDOQFLWP &+ 3R
FD UE R QDM Hooeeeeeeeeeee oot ee et ee e
)LIXUH ;5" WUDFHV IRU SDVWHV DIWHU PRLVW FXULQJ DQ
(WWULQJLWH &+ 3RUWODQGLWH DQ.G.&F..&DOFLXP.FDUERQTE
)LIXUH S+ Rl SDVWHV DIWHU  GDMV.EXULQJ.LQ.GLIIHUHQ
)LIXUH '7* SORWV  GD\V DIWHU H[SRVXUH WR VDOW VRO
)$ ( (WWULQJLWH )6 )ULHGHOTV VDOW &+ 3RUWODQGLWH |
JLIXUH ;5" VFDQV IRU VXUIDFH OD\HU RI SDVWHV EHIRUH L
E )$ ( (WWULQJLWH )6 )ULHGHOYV VDOW &+ 3RUWODQGLW
)LIXUH 5" VFDQV IRU 23& DQG )$ SDVWHV DIWHU FKORULC

( (WWULQJLWH )6 )ULHGHOYV VDOW &+ 3RUWODQGLWH DC

[YLLL



)LIXUH S+ FKDQJH LQ D 23& DQG E 10\ DVK FRQWDLQLQJ
XS W R oeeB.D Moottt

)LIXUH '7* FXUYHV DIWHU H[SRVXUH WR VDOW VROXWLRQ
)$ ( (WWULQJLWH )6 )ULHGHOTV VDOW &+ 3RUWODQGLWH |
)LIXUH '7* EXUYHV DIWHU ZHHNV FDUERQDWLRQ D 23& I
VDOW &+ 3RUWODQGLWH DQG &D&2...&D.QFLXP.EDUERQDWH
JLIXUH '5' VFDQV EHIRUH DQG DIWHU FDUERQDWLRQ D 2:
(WWULQJLWH &+ 3RUWODQGLWH DQ.G.&F..&DOFLXP.FDUERQTE
JLIXUH 5" VFDQV DW GLIIHUHQW GHSWKV DIWHU ZHHNV

(WWULQJLWH &+ 3RUWODQGLWH DQG.&F..&DOFELXP.FDUERQTEL

J)LIXUH S+ FKDQJH LQ SDVWH DIWHU.EDUERQDWLRQ D 23¢
J)LIXUH +\GUR[LGH LRQ FRQFHQWUDWLRQV EHIRUH DQG DI
J)LIXUH (I!THFW Rl S+ FKDQJH LQ )ULHGHOYV VDOW DQG FDC

FKORULGH H[SRVXUH DQG.WZR.ZHHNV..EDUERQDW.LRQ..

[LI



&EKDSWHWOWURGXFWLRQ

2YHUYLHZ

&RQFUHWH LV WKH VHFRQG PRVW FRQVXPHG PDWHULDO L
KXPDQ PDGH PDWHULDO DQG WKH PRVW XVHG FRQVWUXFWLF
EXLOGLQJV URDGV DQG EULGJHV GXH WR LWV VWUHQJWK G
OLNH WKH (YHUJUHHQ 3RLQW )ORDWLQJ %ULGJH LQ :DVKLQJW

6WDWXH RI /LEHUW\ LQ 1HZ <RUN DUH PDGH RI WRQV RI FRQF

+RZHYHU FRQFUHWH LV D SRURXV DQG SHUPHDEOH PD)\
DSSOLHG WR FRQFUHWH VXUIDFH FDQ SHQHWUDWH WKH FRQF
WA\SHV RI GHWHULRUDWLRQ DQG FDXVLQJ FRUURVLRQ RI WK
SURYLGH FRPSUHKHQVLYH JXLGHOLQHV IRU WKH GHVLJQ R

VSHFLILFDWLRQV FRQFHUQLQJ WKH FRUURVLRQ UHVLVWDQFH

&KORULGH LRQV HQWHU FRQFUHWH IURP D YDULHW\ RI
LOQWURGXFHG LQWR FRQFUHWH WKURXJK YDULRXV FRQVWL\
DGPL[WXUHV DQG HYHQ ZDWHU GXUKBJHWKHUPIDQQRKSRRIE &\
SULPDULO\ LQWURGXFHG WR WKH FRQFUHWH IURP PDULQH
LQIUDVWUXFWXUH DUH VXIIHULQJ IURP VHYHUH FKORULGH L

KLIJIK FRQFHQWUDWLRQ RI FKORULGH LRQV DQG WKH\ KDYH VL1

,Q ZLQWHU VHDVRQV WKH VXUIDFHV RI FRQFUHWH SDYHP
DUH WUHDWHG ZLWK FKORULGH EHDULQJ GH LFLQJ VDOWV W

UHGXFLQJ WKH QXPEHU RI FDU DFFLGHQWY DQG LQMXULHV IU



7KH DSSOLFDWLRQ RI GH LFLQJ VDOWV LV D ORZ FRVW V
TXLFNO\ PHOW VQRZ DQG LFH ZKHQ FROG ZHDWKHU DUULYHYV
FKORULGH 1D&0O FDOFLX®GFRDRUHGIHX R BEO®U)LBH HJD&S O H
JRUW &ROOLQV &RORUDGR D PDJQHVLXP FKORULGH EULQH |
ZKLFK WKH SURGXFHU FODLPV GHOLYHUV D f) LPSURYHPHOQ\

7KH DUH FRQWUDGLFWRU\ UHSRUWY UHJDUGLQJ WKH VXII
DV D FKORULGH WKUHVKROG YDOXH RU D FULWLFDO FRQFHQ\
FRUURVLRQ > @ +RZHYHU LI D FRQFUHWH LQIUDVWUXFW)
FKORULGH UHDFKLQJ D FULWLFDO FRQFHQWUDWLRQ DQG LQL
RI WLPH DQG ZLOO HYHQWXDOO\ KDSSHQ

'KHQ WKH DPRXQW RI FKORULGHY DW WKH VXUIDFH RI Wi
KLJK HQRXJK FRQFHQWUDWLRQ DQG VXIILFLHQW R[\JHQ DQ¢
FRUURVLRQ LQLWLDWHV &KORULGH LQGXFHG FRUURVLRQ L\
LQIUDVWUXFWXUHV FDXVLQJ VSDOOLQJ DQG FUDFNLQJ ORV'

DQRG UHGXFWLRQ LQ WKH FURVYV VIWFWLRQ RI UHLQIRUFHPHQW

J)LIXUH SUHVHQWY D EDVLF GHSLFWLRQ RI WKH SUF
SHLQIRUFHPHQWY LQ FRQFUHWH DUH SURWHFWHG IURP FRUU
7KH SDVVLYH ILOP LV IRUPHG GXH WR D KLJK S+ OHYHO LQ \

WR > @ 77KH ILOP LV D WKLQ DQG GHQVH DB®BWBV RI LL
DQ HITHFWLYH SURWHFWLYH ILOP RQ WKH VXUIDFH RI HPEHG(
FRUURVLRQ WDNHV SODFH ILUVW WKLV SDVVLYH ILOP VKRXO

SUHVHQFH RI PRLVWXUH DQG R[\JHQ FDQ EUHDN WKH SDVVLY

8SRQ WKH LQWURGXFWLRQ RI FKORULGH LRQV WR WKH I



PDNH WKHLU ZD\ WR WKH VXUHDBEWYV GHAHWWR WHIHQ BRRUARL\QLIW \
LOWHUFRQQHFWHG SRUHV LQ FRQFUHWH 7KH SUHVHQFH RI F
RI WKH SDVVLYH OD\HU RQ VWHHO UHLQIRUFHPHQW LQ FRQ|
GHSDVVLYDWLRQ 5HLQIRUFHPHQW GHSDVVLYDWLRQ OHDGYV
UHLQIRUFHPHQWYV > @ &RQWLQXLQJ FKHPLFDO UHDFWLRQ
UHVXOW LQ WKH IRUPDWLRQ RI UXVWYVY DQG SLWV DQG FRUUR

GHWDLOV DUH SURYLGHG LQ &KDSWHU

Concrete

Passive film

Reinforcing steel

Before exposure to chloride Introducing chloride to concrete| | Accumulation of chloride Pits formation on rebars surfacg

J)LIXUH 6LPSOLILHG FKORULGH LQGXFHG FRUURVLRQ

SUREOHP 6WDWHPHQW

$V PHQWLRQHG HDUOLHU FKORULGH LRQV FDQ HQWHU F
VRXUFHY ,UUHVSHFWLYH RI KRZ FKORULGHVY HQWHU WKH FR
IRUPV IUHH DQG ERXQG FKORULGHYV > @ )UHH FKORULGHYV
FRUURVLRQ LQ FRQFUHWH VWUXFWXUHY EHFDXVH WKH\ FDQ F
VXUIDFH WR LQLWLDWH FRUURVLRQ )LJXUH D GLVSOD\V LC
FKORULGHV LQ FRQFUHWH

7KH TUHH FKORULGH LRQV LQ WKH SRUH VROXWLRQ DUH
RI UHLQIRUFHPHQW UHEDUV > @ 7KH SRUH VROXWLRQ RI

RYHUORRNHG FRPSRQHQW RY KH GSRUMH GREOKPHLQRWQV UH I ®UV W F



ZLWKLQ WKH PLFURVWUXFWXUH RI K\GUDWHG FHPHQW SDVW
FRPSRVHG RI K\GUR[LGH LRQV VRGLXP SRWDVVLXP FDOFLX
6HYHUDO VWXGLHVY UHSRUWHG WKDW UHLQIRUFHPHQW GHSD
FRPSRVLWLRQ2WXEHIOWNVR UDWKHU WKDQ FKORULGH FRQFHQW

LPSRUWDQFH RI FRQFUHWH SRUH VROXWLRQ LQ FKORULGH LC

6RPH RI WKHVH IUHH FKORULGHY LQ FRQFUHWH SRUH V
FKHPLFDO ERQG ZLWK WKH FHPHQW K\GUDWLRQ SURGXFWYV
FKORULGHYVY DUH WKRVH FKORULGH LRQV WKDW DUH DGVRUE

SDUWLFLSDWH LQ UHLQIRUFHPHQW FRUURVLRQ 7KHUHIRUH

JLIXUH 6FKHPDWLF UHSUHVHQWDWLRQ RI' D IUHH DQG ERXQG
ERXQG FKORULGH LQ FRQFUHWH GXH WR S+ UHGXF

$OWKRXIJK FKORULGH ELQGLQJ LV D EHQHILFLDO SURFHV

EH SHUPDQHQW DQG ODVWLQJ IRUHYHU ,Q UHDO FDVH VFHC



FRQFUHWH SDYHPHQWY DQG EULGJHV DUH VXEMHFW WR HQ
FKHPLFDO DWWDFNV 7KHVH FKHPLFDO DWWDFNV FDXVH S+ |
VXEVHTXHQWO\ FDQ UHVXOW LQ UHGXFHG FKORULGH ELQGL

FKORULGHV ,Q RWKHU ZRUGV FKORULGH ELQGLQJ LV D UHYF

,Q SUHYLRXV VWXGLHV WKHUH LV D ODFN Rl XQGHUVWDQ
LV UHYHUVLEOH &KDQJHV LQ FRQFUHWH FRPSRVLWLRQ RYHL
FDUERQDWLRQ DFLG DWWDFN DQG VXOIDWH DW WLDELND LDVQ QR M
FKORULGH ELQGLQJ DV VKRZQ LQ )LIJXUH E ,W VKRXOG EH
DWPRVSKHULF FDUESKQGEMR[DWHI V&2QWR FRQFUHWH DQG UHLE
SURGXFWV VXFKIRVP&RRPFDUERQLEZLIWHKIGQ WKH FRQFUHWH S
UHVXOWLQJ LQ D S+ GURS LQ WKH SRUH VROXWLRQ ,Q VXFK
FHPHQW K\GUDWLRQ SURGXFWV FDQ GLVVRFLDWH DQG UH HQ
RI IUHH FKORULGH DV VKRZQ LQ )LJXUH E ,Q WKLV WKHVL\
GHVRUSWLRQ ,Q WHUPV Rl FRQFUHWH GXUDELOLW\ FKORU
EHEFDXVH LW UHOHDVHY VRPH SUHYLRXVO\ ERXQG FKORULGHV

FROQFHQWUDWLRQ RI IUHH FKORULGHY DQG WKH FRUURVLRQ L

7R WKH EHVW RI WKH DXWKRU V NQRZOHGJH FXUUHQW V
WKH FKORULGH BLMWERZHYBKWY HQVUEDOLW\ ZKHQ WKH S+ RI W
FKDQJHV ZKHWKHU GXH WR FDUERQDWLRQ DFLG DWWDFN R
DQG WKH FRQFHQWUDWLRQ RI IUHH FKORULGH LRQV LQ WKH |
DQ LQFUHDVHG ULVN Rl FRUURVLRQ ,Q RWKHU ZRUGV H[LVW
OLIHVSDQ Rl FRQFUHWH LQIUDVWUXFWXUH E\ VLPSO\ QHJOH

7TKHUHIRUH LQYHVWLJDWLQJ WKH FKORULGH GHVRUSWLRQ F



DQG GDWD IRU LQFRUSRUDWLQJ WKH GHVRUSWLRQ PHFKDQLY

HQKDQFH WKH UHOLDELOLW\ RI FXUUHQW VHUYLFH OLIH SUHC

7KLY WKHVLVY DLPV WR DGGUHVV WKH FKORULGH GHVRU
YDULRXV FHPHQWLWLRXV VI\VWHPV LQ ORZ S+ HQYLURQPHQW
FKORULGH ZRXOG GLVDVVRFLDWH IURP FHPHQW K\GUDWLRQ
ZKHQ WKHUH LV D UHGXFWLRQ LQ S+ 7KLV WKHVLV DOVR I
LQFRUSRUDWLRQ RI GLYHUVH W\SHV DQG UHSODFHPHQW OH"
6&0V FDQ SRWHQWLDOO\ LPSDFW FKORULGH ELQGLQJ DQG |

WKH S+ GURSYVY ZLWKLQ GLITHUHQW UDQJHYV

6LIJQLILFDQFH

&KORULGH LQGXFHG FRUURVLRQ LPSDFWV WKH VWUHQJW
WKH FRQFUHWH EULGJHV LQ WKH 86 > @ UHVXOWLQJ LQ VI
UHSRUWY RQ WKH DQQXDO GLUHFW DQG LQGLUHFW FRVW)V
LQIUDVWUXFWXUH DUH UDUHO\ HDV\ WR ILQG ZKHWKHU IURP
FKDOOHQJH PD\ EH UHODWHG WR WKH GLIILFXOW\ LQ GLVWL
GHWHULRUDW)IR®@H %DV HGIJRQD\ $GPLQLVWUDWLRQ )+:$ UHSR
GLUHFW FRVW Rl UHEDU FRUURVLRQ LQ FRQFUHWH EULGJHV L
VXFK DV WUDIILE GHOD\V GHWRXUV DQG URDG FORVXUHV D
LQGXFHG FRUURVLRQ FDQ EH PXFK KLJKHU > @ $QRWKHU T
(VWDEOLVKPHQW %5( LQ 8. HYWLPDWHG WKH DQQXDO FRVW

WR FRQFUHWH LV DURXQG ... PLOOLRQ > @

KLOH FKORULGH LQGXFHG FRUURVLRQ LV D ZLGHVSUHDC

PDQ\ DVSHFWV RI LW WKDW KDYH QRW EHHQ IXOO\ XQGHUVW



UHVHDUFK *DLQLQJ D EHWWHU XQGHUVWDQGLQJ RI FKORL
FRQWULEXWHV WR WKH PLWLJDWLRQ DQG GHOD\ RI FKORULG

XOWLPDWHO\ OHDGLQJ WR FRVW VDYLQJV LQ UHSDLU PDLQW

&RQWUDU\ WR WKH FKORULGH ELQGLQJ FDSDFLW\ RI FHP
RI DWWHQWLRQ DQG DOVR EHHQ LQFRUSRUDWHG LQ VHUY
PHFKDQLVP LV EDUHO\ LQYHVWLIJDWHG 7KH FKORULGH Gt
SKHQRPHQRQ ZKLFK FRQWULEXWHV WR WKH UHGXFWLRQ RI
LPSDFWV FKORULGH LQGXFHG FRUURVLRQ UDWH DQG PDJQL)\
FKORULGHV LQ FRQFUHWH SRUH VROXWLRQ 7KHUHIRUH W
LQYHVWLIJDWH WKH SURFHVV WR XQGHUVWDQG KRZ PXFK ERX
DQG XQGHU GLYHUVH ORZ S+ HQYLURQPHQWY SRWHQWLDOO\
VROXWLRQ 7KLV QRYHO UHVHDUFK FDQ VLJQLILFDQWO\ FRQYV

PHWKRGLFDOO\ LQYHVWLIJDWLQJ WKH FKORULGH ELQGLQJ PH

2XWOLQH RI WKH 'LVVHUWDWLRQ
7KLY GLVVHUWDWLRQ FRQWDLQV ILYH FKDSWHUV SURYL

UHVXOWYV DQG GLVFXVVLRQ IRU IRXU VHSDUDWH \HW FRQQHTF

&KDSWHU &RPSUHKHQVLYH %DENJURXQG DQG /LWHUDYV

FRPSUHKHQVLYH OLWHUDWXUH UHYLHZ RI SUHYLRXV ILQGLQ
FDSDFLW\ LQ FHPHQWLWLRXV VI\VWHPV DQG H[SORUHV FXUUL
PHFKDQLVP LQ YDULRXV FHPHQWLWLRXV VI\VWHPV $W WKH H(

REMHFWLYHYVY DUH SUHVHQWHG

&KDSWHU OHWKRGRORJ\ 7KH WKLUG FKDSWHU SUHVHQ\




HTXLSPHQW PHWKRGVY FDOFXODWLRQV DQG WHVWLQJ SURF
PDLQWDLQ FODULW\ DQG FRKHUHQFH LQ WKH SUHVHQWDWLRC

LV DFFRPSDQLHG E\ LWV RZQ GHGLFDWHG PHWKRGRORJ\ VHF!

&KDSWHU SHVXOWY DQG 'LVFXVVLRQ 7KLV FKDSWHU \

EDVHG RQ H[SHULPHQWDO WHVWY )RU FOHDU DQG FRKHVLY

GLVFXVVLRQ IRU HDFK VSHFLILF REMHFWLYH DUH GLVWLQFW/(

&KDSWHU &ROQFOXVLRQ DQG 5HFRPPHQGDWLRQ IRU )XW

WKH NH\ ILQGLQJV IURP WKH IRXU LQYHVWLJDWLRQV RXWOLC

JXLGDQFH IRU IXWXUH VFKRODUV LQ WKH GRPDLQ



&KDSWHIDFNJURXQG DQG /LWHUDWXUH 5HYLHZ RQ

'HVRUSWLRQ LQ %OHQGW® 8HB H BW g KIRMVRHEBV

, QWURGXFWLRQ

&RQFUHWH LQIUDVWUXFWXUHV DUH RI JUHDW LPSRUWD
FRQQHFW FLWLHV WUDQVSRUW SHRSOH DQG JRRGV DQG Sl
5HLQIRUFHG FRQFUHWH LV XVHG LQ WKH PDMRULW\ RI FLYLO
ZHOO XQGHU FRPSUHVVLRQ DQG VWHHO LV VWURQJ LQ WHQV|
DQG FRQFUHWH KHOSV EHDU KLJK ORDGV LQ GLYHUVH FLYL¢

SLSHY SDUNLQJ JDUDJHV HWF

:KLOH FRQFUHWH LV RQH RI WKH PRVW HFRQRPLFDO FRQ
DQG FRQVWUXFWHG FRQFUHWH VWUXFWXUHY DUH SURQH WR
S5HLQIRUFHG FRQFUHWH VWUXFWXUHYV DUH IUHTXHQWO\ H[SR
VXFK DV FKHPLFDO DWWDFN FDUERQDWLRQ IUHH]H WKD2Z F
GXUDELOLW\ SUREOHPV IRU UHLQIRUFHG FRQFUHWH VWUXFW

FUDFNLQJ RQ WKH FRQFUHWH VXUIDFH DQG VSDOOLQJ RI FRQ

&RUURVLRQ RI WKH UHLQIRUFLQJ VWHHO LQ UHLQIRUFHC
VWUXFWXUHV DQG DHVWKHWLFVY SUREOHPV ORUH LPSRUWDQ
HFRQRPLF OLDELOLW\ WR SULYDWH RU SXEOLF RZQHUV > @
FRUURGHG UHLQIRUFHG FRQFUHWH VWUXFWXUHV 7KH FRLU
XQVXVWDLQDEOH DV PDLQWDLQLQJ WKHP LQ RSHUDWLRQ ¢
SUHFLRXV QDWXUDO UHVRXUFHV 2QH RI WKH PRVW IXQGDPF

GHIJUDGDWLRQ RI FRQFUHWH VWUXFWXUHYV LV FKORULGH LQ(



SHEDU FRUURVLRQ FDQ EH LQLWLDWHG E\ WKH SHQHWUL
HISRVXUH WR VHDZDWHU RU URDG GHLFLQJ VDOWV &KORULC(
DFURVV WKH JOREH LPSDFWLQJ GLYHUVH LQIUDVWUXFWXUHYV
DQG PDULQH VWUXFWXUHYV :KLOH FKORULGH LQGXFHG FRUUI
VWLOO PDQ\ XQDQVZHUHG TXHVWLRQV UHJDUGLQJ FRUURYV
FRQFHQWUDWLRQ WKDW LQLWLDWHV WKH FRUURVLRQ LPSD
LPSDFWV RI FRQFUHWH FRPSRVLWLRQ RQ FRUURVLRQ UDWH

ELQGLQJ RQ FRUURVLRQ UDWH HWF > @

&KORULGH LQGXFHG FRUURVLRQ FDXVHV FRORVVDO HFRQ
LQGXFHG FRUURVLRQ OHDGV WR VWUHQJWK UHGXFWLRQ FU
VWUXFWXUHYV 7UDQVSRUWDWLRQ DJHQFLHVY DQQXDOO\ VSHQ
PDLQWHQDQFH UHSDLU DQG FRQVWUXFWLRQ RI UHLQIRUFHG
RI WKHVH LQIUDVWUXFWXUHV DUH LQ FROG FOLPDWH UHJILF
IUHTXHQWO\ DUH LQ FRQWDFW ZLWK GHLFHUV DQG VHDZDW
FRUURVLRQ > @ 6HDZDWHU DQG GH LFHUV DUH WZR PDLQ
FRQWDLQV URXJKO\ VDOWYV E\ ZHLJKW GBUL&EONQG\62QF 0O XC
> @ &KORULGH EHDULQJ GH LFLQJ VDOW VROXWLRQV DUH E
UHPRYDO SUDFWLFHV LQ GLIIHUHQW VWDWHY UHFRPPHQG GL
RQ SDYHPHQWY GHSHQGLQJ RQ WHPSHUDWXUH ZHDWKHU FI
> @ ,Q DGGLWLRQ DIWHU WKH VQRZ PHOWV WKHUH LV QR :
VSUD\HG RQ FRQFUHWH VXUIDFHV 7KH ZDVKLQJ RXWKSHURFHV

ULVN RI FKORULGH LQGXFHG FRUURVLRQ 7KLV SURFHVV KHC(



FRQFUHWH VXUIDFH EHIRUH FKORULGH LRQV KDYH D FKDQFH

8QGHUVWDQGLQJ WKH FKORULGH LQGXFHG FRUURVLRQ P
SKHQRPHQRQ LV D NH\ VWHS LQ LPSURYLQJ ORQJHYLW\ RI U
FKDSWHU ILUVW D GHWDLOHG GHVFULSWLRQ RI FKORULGH
SURYLGHG )ROORZLQJ RQ WKLV WKH LPSDEWV RI FKORULG
H[SODLQHG 7KHQ D UHYLHZ Rl SULRU VWXGLHY RQ FKORULC
IDFWRUV LPSDFWLQJ FKORULGH ELQGLQJ FDSDFLW\ LV SUHV
FKORULGH ELQGLQJ PHDVXUHPHQWY LV SUHVHQWHG )ROOR:
NQRZOHGJH RI FKORULGH GHVRUSWLRQ LV SURYLGHG $W Wk

HILVWLQJ ERG\ RI NQRZOHGJH SURSRVHG UHVHDUFK TXHVWL

&KORULGH ,QGXFHG &RUURVLRQ OHFKDQLVP

7KH RQVHW RI FKORULGH LQGXFHG FRUURVLRQ UHTXLUH\
HLWKHU IURP VHDZDWHU RU GHLFHUV LQ FRPELQDWLRQ ZLV
FRQFHQWUDWLRQ H[FHHGV D VSHFLILF WKUHVKROG FKORULC
FDQ RFFXU 7KLV WKUHVKROG YDOXH LV W\SLFDOO\ FDOOHG
FRQWHQW > @ $IWHU PRUH WKDQ \HDUV RI LQWHQVH UHV
RQ UHSRUWHG YDOXHV RI FULWLFDO FKORULGH FRQWHQW L
PHDVXULQJ PHWKRGV DQG H[SHULPHQWDO FRQGLWLRQV >
WKDW LQLWLDWHG FKORULGH LQGXFHG FRUURVLRQ IRU 3RU\
KLJK DV SHUFHQWDJH>RI@QF HVHOMU ZWMKHKWHGHUDO +LJKZD!'
)+:$ FULWHULD D FKORULGH LRQ FRQFHQWUMBDWERSOWDEOH EE
W KD W LV FRQVLGHUHG GDQJHURXV DQG XQDFFHSWDEOH >

D VWDQGDUG PHWKRG IRU WHVWLQJ DQG PHDVXULQJ WKH FU



KDV QRW \HW EHHQ UHOHDVHG ZKLOH WKLV WKHVLV LV XQGH

)RU UHLQIRUFLQJ UHEDUV LQ FRQFUHWH WKH FRQFUHWH
RI ZDWHU DQG R[\JHQ WR WKH UHLQIRUFHPHQWVY VXUIDFH $
WKH FRQFUHWH V SRUH VROXWLRQ FRQWULEXWHY SRVLWLYH
SDVVLYH ILOP DSSUR[LPDWHO\ D IHZ QDQRPHWHUV WKLFN |
EHFRPHY XQVWDEOH LQ WKH SUHVHQFH RI FKORULGH LRQV |
8QIRUWXQDWHO\ FRQFUHWH LV SRURXV ZKLFK SHUPLWV FKO
VHHS LQ $W®@RV¥SIQHUHPFW ZLWK FRQFUHWH WR UHGXFH WKE
VROXWLRQ 7KH EUHDNGRZQ RI WKH SDWYLYHDIF\OPRE\ HIQRKI
FDUERQDWLRQ OHDGV WR ORFDOL]HG FRUURVLRQ UHVXOW
ORFDOL]JHG FRUURVLRQ FDQ UHDFK XS WR DV KLJK DV RQH

FRQFHQWUDWLRQ > @

&RUURVLRQ Rl HPEHGGHG VWHHO UHLQIRUFHPHQWYV LQ

&RUURVLRQ LQ UHLQIRUFLQJ VWHHO UHEDHWEKB HWWQIRUAHG
RI DQ DQRGH DQG D FDWKRGH 7KH VWHHO UHLQIRUFHPHQW
VROXWLRQ SOD\V DV HOHFWURO\WH L H DQ DTXHRXV PHGL>
PLFURVFRSLF OHYHO RQ WKH UHLQIRUFHPHQWYVY 7KLV PLFURF
W VKRXOG EH QRWHG WKDW ERWK DQ DQRGH DQG D FDWKRG
WR D SRWHQWLDO GLIIHUHQFH RU YROWDJH EHWZHHQ WZ
GLIIHUHQFH ZKLFK LV WKH GULYLQJ IRUFH IRU WKH PLFURFH
EHWZHHQ WZR FLUFXLW SRLQWY SURPSWLQJ HOHFWURQ IOR
> @ )DFWRUV FRQWULEXWLQJ WR WKHVH SRWHQWLDO GLI

YDULDWLRQV LQ WKH SK\VLFDO DQG VXUIDFH FRQGEWLRQV RI



@ )RU LQVWDQFH DUHDV RI VWHHO H[SRVHG WR VDOWYV RU
WKHVH GLIIHUHQWLDO FRQGLWLRQV $Q HQJLQHHULQJ H[DPS

VHDZDWHU HQYLURQPHQWY VXSSRUWLQJ D EULGJH GHFN

,Q WKH IRUPHG PLFURPHBGOERG GMIGH VWKHHBRKHQSEROBUHM \
UHDFWLRQV WDNH SODFH XOWLPDWHO\ OHDGLQJ WR WKH IR

W R VKRZV WKHVH IRXU UHDFWLRQV > @ :LWKLQ \
LV ZKHUH WKH FRUURVLRQ SURFHVV RFFXUV 7KH DQRGLF UH
(T 7KLV SURFHVV LQYROYHV FRQVXPSWLRQ RI VWHHO Ul
DQRGLF UHDFWLRQ LV WKH R[LGDWLRQ RI LURQ )H WR LURQ
7KH DQRGLF UHDFWLRQ LV EDODQFHG E\ WKH FDWKRGLF UHI
UHDFWLRQ WUDYHO WKURXJK WKH VWHHO WHIRZINR WHHP IF Q W K\
UHDFWLRQ NQRZQ DV UHGXFWLRQ UHDFWLRQ 7KH FDWKRGL

WKH SUHVHQFH RI ZDWHU IRUPLQJ K\GUR[LGH LRQV 2+q

$GGLWLRQDOO\ FKORULGH LRQV UHDFW ZLWK VWHHO Ut
LOOXVWUDWHG LQ (T 6XEVHTXHQWO\ LQ WKH SUHVHQF
ZDWHU OHDGLQJ WR WKH IRUPDWLRQ RI THUURXV K\GURJ[LG

UHLQIRUFHPHQW V VXUIDFH DV VKRZQ LQ (T

) H—> MH 2[LGDWLRQ UHDFWLRQ
2 42  H— 2+ SHGXFWLRQ UHDFWLRQ
) H &> YJH&O JHUURXV FKORULGH IRUPDWLRQ

JH&O x —> +&0 )H 24HXVW IRUPDWLRQ )HUURXV +\GlL



KHQ FRUURVLRQ KDSSHQV WKH YROXPH RI WKH UXVW L
WKDW RI LURQ VWHHO > @ 7KH JURZWK RI UXVW JHQHUDWHYV
FUDFNLQJ GHODPLQDWLRQ DQG VSDOOLQJ RI FRQFUHWH FI
FRUURGHG UHLQIRUFHG FRQFUHWH ,Q DGGLWLRQ +&0O IRUP\
UHDFWLRQ FUHDWLQJ DQ DFLGLF HQYLURQPHQW ORZHULQJ

SUHFLSLWDWH DDDQIAEDWRZWEZRK+FDQ DJID@GUIRLPWP R UW KU XH/

J)LIXUH 6FKHPDWLF GUDZLQJ RI UHEDUVY FRUURVLRQ RQ D F

,PSDFWV Rl &KORULGH %LQGLQJ RQ 6HUYLFH /LIH 3UHGLF
&KORULGH ,QGXFHG &RUURVLRQ 5LVN

7TKHUH LV QRW D VLQJOH GHILQLWLRQ RI WKH VHUYLFH O
GHILQHG EDVHG RQ WKH SURMHFW UHTXLUHPHQWY LPSRUWL
GHILQHG DV WKH WLPH WR FRUURVLRQ LQLWLDWLRQ RU WKH
HQG RI VHUYLFH OLIH VKRXOG EH FOHDUO\ GHILQHG ZKHWKI

FRQWUDFW 2QH GHILQLWLRQ IRU HQG RI VHUYLFH OLIH LI



LQFOXGLQJ EXW QRW OLPLWHG WR VDIHW\ DSSHDUDQFH VYV

QR ORQJHU IXOILOOHG > @

7KH VHUYLFH OLIH SUHGLFWLRQV IRU H[LVWLQJ FRQFUH
UHPDLQLQJ VHUYLFH OLIHWLPH DQG XVH WR SODQ UHSDLU DC
OLIH EDVHG GHVLJQ IRU QHZ VWUXFWXUHYVY WKH LQGXVWU\ &
FRQGLWLRQ RI D FRQFUHWH VWUXFWXUH DQG GHVLJQ FRC
HQYLURQPHQWDO IDFWRUV ,Q DGGLWLRQ SULPDU\ SDUDPHW
VWUHQJIJWK PLQ FRQFUHWH FRYHU DQG PD[LPXP DFFHSWDEO
IXOILOO H[SRVXUH FRQGLWLRQ VXFK DV IUHTXHQW H[SRVXUH

XWLOL]JHG IRU ERWK QHZ DQG H[LVWLQJ FRQFUHWH VWUXFWX

BHYHUDO PRGHOV DUH SURSRVHG WR HVWLPDWH WKH \
FRUURVLYH HQYLURQPHQW )LJXUH VKRZV DQ RYHUYLHZ
VWUXFWXUHV LQFOXGLQJ SULPDU\ LQSXWV FRPPRQ PRGHOL
YJLIXUH H[SRVXUH FRQGLWLRQV VXFK DV WKH SUHVHQFH R
RU GXULQJ ZLQWHU VHDVRQ E\ XVLQJ EULQH VROXWLRQ DQG
LRQ GLIIXVLYLW\ DUH WZR PDLQ LQSXWV LQ WKH VHUYLFH Ol
BUHYLRXV LQYHVWLJDWLRQV VKRZHG WKDW FKORULGH LQJU
FKORULGH ELQGLQJ FDSDFLW\ Rl FHPHQWLWLRXVY PDWHULDO"
WKH FRQFUHWH WKH ORZHU FKORULGH LRQLF WUDQVSRUW Z
FRQFUHWH ¥RMLWXBWHNQRFHQRQ KDV EHHQ DGGUHVVHG LQ )LI
LQFRUSRUDWLQJ WKH FKORULGH ELQGLQJ FDSDFLW\ RI D FH

FRHIILFLHQW RU DV D VLQN WHUP LQ VHUYLFH OLIH PRGHOV



VXJIJHVWYVY WKDW D NH\ IDFWRU LQ H[WHQGLQJ WKH GXUDELC

DELOLW\ WR ELQG FKORULGH LRQV

JLIXUH 2YHUYLHZ RI VHUYLFH OLIH SUHGLFWLRADIRJ FRQFUHW
DQG RXWSXWYV

&KORULGH ELQGLQJ UHGXFHV WKH TXDQWLW\ RI PRELOH F
HISRVHG WR D FKORUIQGBG@ERAIWWRIORQVKH@FKHPLFDO DQG SK\
EHWZHHQ WKH FHPHQW K\GUDWHV DQG FKORULGHV FDQ LP
FKORULGHY DQG VORZ WKH WUDQVSRUW RI WKH IUHH FKORUL
WKH FKORULGH ELQGLQJ OLPLWYV WKH IUHH PRYHPHQW RI FKC

DIDYRUDEOH PHFKDQLVP IRU UHGXFLQJ WKH ULVN RI FRUUR\

&KORULGH GLIIXVLRQ PRGHOV DUH EHLQJ XVHG LQ VHUY
FKORULGH LRQV FDQ LQJUHVYVY LQ D FRQFUHWH VWUXFWXUH ¢
WR SUHGLFW KRZ FKORULGH GLIIXVHV LQ FRQFUHWH FRQWD

WKHVH FKORULGH GLIIXVLRQ PRGHOV XVHV D GLITHUHQW IRU



D FKORULGH ELQGLQJ LVRWKHUP &RQVHTXHQWO\ DWRXUDWH
KDQG ZLWK XQGHUVWDQGLQJ WKH FKORULGH ELQGLQJ FDSD
FKORULGH ELQGLQJ HTXDWLRQV EDVHG RQ HPSLULFDO GDWD
LPSURYLQJ WKH SUHGLFWLRQ RI WKH DFWXDO DPRXQW RI F

PRGHOV WKDW HVWLPDWH WKH VHUYLFH OLIH RI FRQFUHWH V

7TKHUHIRUH LQFUHDVLQJ WKH FKORULGH ELQGLQJ FDSDF
EHVW SUDFWLFHVY WR PLWLIJDWH WKH ULVN RI FKORULGH LQCGC
FKORULGHV FDQ UHDFK WKH VWHHO ,QFUHDVLQJ WKH FKOR
DYDLODELOLW\ RI IUHH FKORULGHV WR LQWHUDFW ZLWK FRQ
HQKDQFLQJ WKH GXUDELOLW\ RI FRQFUHWH VWUXFWXUHV >

FKORULGH ELQGLQJ LV D UHYHUVLEOH SURFHVYV

7KH PHQWLRQHG VRIWZDUH SDFNDJHV LQ )LJXUH DUH F
LQWR DFFRXQW FUDFNV PXOWL OD\HU VA\VWHPV OLNH KDYLQ
VXUIDFH DQG UHSDLUV OLNH KDYLQJ D ~ FRYHU R® WRS RI
WKHVH QXPHULFDO VHUYLFH OLIH SUHGLFWLRQ PRGHOV FRQ\
QRW OLPLWHG WR FRQFUHWH DJLQJ ZKLFK FDQ FKDQJH WKH

SRUH VROXWLRQ S+ DQG FKORULGH ELQGLQJ WKH FKORULGI

ILWHUDWXUH 5HYLHZ RQ &KORULGH %LQGLQJ LQ &HPHQWL
&KORULGH ELQGLQJ UHIHUV WR D SURFHVV E\ ZKLFK FKOF
ZLWK FHPHQW K\GUDWLRQ SURGXFWY DQG DUH UHPRYHG IU
FHPHQWLWLRXV V\VWHPVY DUH JHQHUDOO\ FODVVLILHG DV FK

VXEVWLWXWH2Z2ZDQLEROQ WY XRKWKH LQWHUOD\HU RI WKH $)P SKD



VDOVWO&a&bh &0 +2 > @ DQG SK\WLFDOO\ ERXQG FKORULGHV Z

WKH VXUIDFH Rl FDOFLXP VLOLFDWH K\GUDWHV & 6 + > @

I1XPHURXYVY YDULDEOHYV FDQ LQIOXHQFH WKH PHFKDQLVP |
IUHTXHQWO\ UHSRUWHG DV DIIHFWLQJ FKORULGH BIEX®LQJ F
DUH QRW OLPLWHG WR FKHPLFDO FRPSRVLWLRQ RI FHPHQWL)
LQ WKH PLIWXUH XVXDOO\ UHSUHVHQWHG DV D ZDWHU WR Ft
FKORULGH VROXWLRQ W\SH DQG PRODULW\ > @ H[SRVXUH
HWF > @ WHVWLQJ VDPSOH VDWXUDWLRQ FKHPLFDO DC
VDPSOH W\SH 3DVWH PRUWDU DQG FRQFUHWH WHVWLQJ V

VROXWLRQ

,PSDFW Rl %LQGHU &RPSRVLWLRQ RQ &KORULGH %LQGLQ
0DQ\ UHVHDUFK ZRUNV KDYH LQYHVWLJDWHG KRZ WKH F

PHFKDQLVP RI FKORULGH ELQGLQJ > @ 7KH DOXPLC
FKHPLFDOO\ ERXQG FKORULGH GXH WR IRUPDWLRQ RI PRUH ¢
SKDVHV WKDW KDYH WKH DELOLW\ WR FKHPDRHZXO®K DWHD FW@Z
, SDYHF HW DO > @ VWXGLHG WKH LPSDFW RI GLITHUHQW 6&!
ILQGLQJV VXJIJHVW WKDW FKORULGH EHDULQJ $)P FRPSRXQ
K\GUDWH )ULHGHO V VDOW DUH WKH PDLQ IRUPV RI FKHPLF
> @ QRWHG WKDW DQ LQFUHDVH LQ WULFDOFLXP DOXPLQTIE
DQRG )ULHGHO V VDOW IRUPDWLRQ 7KH\ IRXQG WKDW FKOR
HITHFWLYHO\ WKDQ WKRVH HQWHULQJ IURP HIWHUQDO VRXUF

7KH ELQGLQJ FDSDFLW\ RI $)P SKDVHV VXFK DV PRQRVX:

+ +RZHYHU JLYHQ WKH KLJKHU SUHYDOHQFH RI & 6 + LQ



SURSRUWLRQ RI FKHPLFDOO\ ERXQG FKORULGHV LQ+)ULHGHC
GHSHQGV RQ IUHH FKORULGH FRQFHQWUDWLRQ $W FRQFHQW
EXW DW KLJKHU OHYHOV SK\VLFDO ELQGLQJ EHFRPHV PRUH

7KH &BWR® UDWLR & $ LQ WKH ELQGHU DOVR LQIOXHQFH)\
&D2 DQB BERQWULEXWH WR IRUPLQJ & 6 + DQG $)P SKDVHV HGC
HW DO > @ VWXGLHG YDULHG ELQGHU FKHPLFDO FRPSRVLW
EHWZHHQ WR FKORULGH ELQGLQJ FDSDFLW\ LV PD[LPXP §
UHOLHV PRUH RQ DOXPLQXP FRQWHQW DQG FDOFLXP LV H[FH\
LQ H[FHVV DOXPLQD WKH FKORULGH ELQGLQJ LV KLJKO\ OLQ

J)RU PDQ\ GHFDGHV EOHQGHG FHPHQWV FRPSRVHG RI RU
VXSSOHPHQWDU\ FHPHQWLWLRXY PDWHULDOV 6&0V KDYH EH
LVVXHV DQG WR H[WHQG WKH VHUYLFH OLIH RI FRQFUHWH V
FHPHQWLWLRXV PDWHULDOV 6&0V ZKLFK FKDQJH WKH FKH
FKORULGH ELQGLQJ FDSDFLW\ LQ FRQFUHWH > @ 7KH L
FDSDFLW\ KDV \LHOGHG PL[HG UHVXOWV 8VLQJ IO\ DVK DQG
ZKLOH VLOLFD IXPH WHQGV WR UHGXFH LW 7KH FKORULGH E
6&0V ODUJHO\ GHSHQGV RQ WKH 6&0V DOXPLQXP FRQWHQW >
DOWHUV WKH SRUH VROXWLRQ FKHPLVWU\ W\SLFDOO\ ORZH!L
ZKHUH SRUWODQGLWH LV FRQV@PH&HWRKIRWIP BRR6/W FRPPRQO
WKH FRQFUHWH LQGXVWU\ DUH IO\ DVK VODJ DQG VLOLFD IX

6&80V RQ FKORULGH ELQGLQJ DUH UHYLHZHG LQ GHWDLO



,PSDFW RI )O\ $VK ,QFRUSRUDWLRQ RQ &KORULGH %LQ(
$PRQJ YDULRXV SURGXFWY DYDLODEOH FRPPHUFLDOO\ 10\
PRVW ZLGHO\ XVHG 6&0 LQ WKH ZRUOG > @ )O\ DVK D FRDO
SUHYDOHQW 6&0 LQ WKH 8QLWHG 6WDWHY PDLQO\ GXH WR L
UHSODFLQJ Rl 23& ZLWK FODVV ) IO\ DVK DQG VODJ LPSUR
DVK VKRZLQJ KLJKHU HIILFDF\ ;X HW DO > @ IRXQG VLPLOD!
UHGXFHV FKORULGH ELQGLQJ EXW SDUWLDO UHSODFHPHQW
5DPLUH] 2UWL] HW DO > @ H[DPLQHG WKH FKORULGH ELQGLC

1D&O VROXWLRQV XVLQJ XOWUDVRQLF GHWHFWRUV 7KHLU L

IO\ DVK 23& UHVXOWHG LQ WKH KLIJIKHVW FKORULGH
VLOLFD IXPH 23& IO\ DVK IO\ DVK 23& DQ
6&0V

,PSDFW RI 60DJ ,QFRUSRUDWLRQ RQ &KORULGH %LQGL

7KH DYDLODELOLW\ RI IO\ DVK KDV EHHQ FRQVLGHUDEO\
UHVWULFWLRQV SODFHG RQ FRDO ILUHG SRZHU SODQWYV > (@
GHSDUWPHQWYV RI WUDQVSRUWDWLRQ LQ WKH 8QLWHG 6WDW
\HDUV WKH 86 FRQFUHWH LQGXVWU\ KDV XVHG LQFUHDVLQJ
VODJ **%)6 FHPHQW D E\ SURGXFW RI VWHHO SURGXFWLRQ
$FFRUGLQJ WR WKH 60DJ &HPHQW $VVRFLDWLRQ PRVW VWL
R WR LQ WKH DQQXDO FRQVXPSWLRQ RI **%)6 EHWZHHC
XVDJH Rl **%)6 LV PDLQO\ GXH WR WKH JURZLQJ FRQFHUQV I
FRQFUHWH DQG WKH SRVLWLYH HITHFWWBRRWH % P6SDG W RL\E PR

**%)6 RQ JOREDO ZDUPLQJ SRWHQWLDO LV DOPRVW VHYHQ



ORUHRYHU UHVHDUFK VKRZV WKDW **%)6 FRQFUHWH KDV D OF
WR VXOIDWH DWWDFN > @ DQG WKH DONDOL+VLOLFD UHD
*%%)6 EOHQGHG FRQFUHWH JHQHUDWHV OHVV K\GUDWLRQ K
FRQFUHWLQJ > @

7KH FKORULGH LQGXFHG FRUURVLRQ UHVLVWDQFH RI **%)
LVVXHV KDV UHFHLYHG VLJQLILFDQW DWWHQWLRQ LQ WKH ¢
WKDW LQFRUSRUDWLQJ **%)6 LQ FRQFUHWH FDQ UHILQH WKH
IUHH PRYHPHQW Rl FKORULGH LRQV LQ WKH FRQFUHWH SRUH
FRQFUHWH > @ &RPSDUHG WR 23& VODJ FRQWDLQLQJ
$® OHDGLQJ WR WKH IRUPDWLRQ RI PRUH $)P DQG &+6++ S
$)P SKDVHV DUH FDSDEOH RI FKHPLFDOO\ UHDFWLQJ ZLWK F
ZKLFK LV D IRUP Rl FKHPLFDOO\ ERXQG FKORULGH &KORULGH!

RlI SK\VLFDOO\ ERXQG FKORULGH > @ HQKDQFLQJ FKORULGH

,PSDFW RI 6LOLFD )XPH $VK ,QFRUSRUDWLRQ RQ &KORL
6LOLFD IXPH KDV ORQJ EHHQ XVHG WR HQKDQFH WKH SF
LPSURYLQJ ERWK FRQFUHWH PHFKDQLFDO VWUHQJWK DQG GX
W\SH LV GHQVLILHG VLOLFD IXPH ZKLFK LV KLJKO\ SR]J]JRODQ|
7KLY DPRUSKRXV VLOLFD UHDFWWRLUWKPSRRWH Q&G EWHQ KDC
FRQFUHWH V VWUHQJWK GHQVLW\ DQG PLFURVWUXFWXUH ¢
GHQVLILHG VLOLFD IXPH IHDWXUHV PXFK VPDOOHU SDUWLF(
VXUIDFH DUHD JUHRHDWHHD WIKDIQWRPLWYV W\SLFDO XVDJH EHLQ

ZHLJKW Rl FHPHQWLWLRXVY PDWHULDOV > @



,QFRUSRUDWLQJ VLOLFD IXPH LQ FHPHQW SDVWH DIIHFW
ZD\V 6LOLFD IXPH IDPERWRBHDMHRINMHDQYHY FKHPLFDO ELQGLQ
DOXPLQXP EHDULQJ K\GUDWHV $)P SKDVHV EHFDXVH WKHUE
IXPH WKDW FDQ SDUWLFLSDWH LQ IRUPDWLRQ RI $)P SKDVHV
LPSURYH SK\VLFDO FKORULGH ELQGLQJ E\ FUHDWLQJ PRUH &
6 + LV ORZHUHG ZKLFK UHVXOWY LQ D ORZHU FKORULGH EL
VLOLFD IXPH LQWR FRQFUHWH PL[WXUHV ORZHUV WKH S+ RI
WKH VWDELOLW\ RI )ULHGHOYfV VDOW > @ ORZHULQJ WKH F
UHSRUWHG WKDW DGGLQJ VLOLFD IXPH 23& VLOLFD
FKORULGH ELQGLQJ FDSDFLW\ 6LPLODUO\ ;X HW DO > @ R
VLOLFD IXPH FRXOG GLPLQLVK WKH FKORULGH ELQGLQJ FDSC
D GHFUHDVH LQ SRUH VROXWLRQ S+ D ORZHU &D 6L UDWLR |

:KLOH WKHVH FKDQJHV FDQ QHJDWLYHO\ LPSDFW FKOR
LQIOXHQFHYVY WKH SK\VLFDO FKDUDFWHULVWLFV RI SDVWH DC
6LOLFD IXPH LQFOXVLRQ HQKDQFHY SDUWLFOH SDFNLQJ >
FHPHQW K\GUDWLRQ > @ VLIQLILFDQWO\ GHFUHDVLQJ St
WKH PDWHULDO V RYHUDOO GXUDELOLW\ > @

,PSDFW RI %ULQH 6ROXWLRQ 7\SH RQ &KORULGH %LQGLC

$QRWKHU NH\ IDFWRU LQIOXHQFLQJ WKH FKORULGH EL
V\VWHPV LV WKH W\SH RI FDWLRQ SUHVHQW LQ WKH FKORUL
1Dp WKDW FDUU\ D VLQJOH SRVLWLYH FKDUJH &DOFLXP F
FDOFLXP LRQV &Ddp DQG PDJQHVLXP LRQV 0Jdp UHVSHFW

GLVWLQFW FDWLRQV RI VRGLXP FKORULGH FDOFLXP FKOR



LQIOXHQFH WKHLU VROXELOLW\ FRQGXFWLYLW\ DQG UHDFW
FHPHQWLWLRXV V\VWHPV > @

W LV ZHOO NQRZQ WKDW ERXQG FKORULG HDDXGDQNEIOW L H®
VROXWLRQV DUH KLJKHU WKDQ 1D&0O VROXWLRQ +RZHYHU W
IRU &DB@G 0J&RPH LQYHVWLJIJDWLRQV UHSRUWHG KLJKHU FKO
WKDQ &mM&ORWKHUV UHSRUWHG WKH RSSRVLWH

=KX HW DO > @ UHSRUWHG WKDW WKH FKORULGH ELQG
FRQVLGHUDEO\ DIIHFWHG E\ FKORULGH FDWLR®Q M)\3KHILWK E
FRQFOXGHGJMANCDOWHIS LQ D ULVH RI WKH SRUH VROXWLRQ S+
VDOW DQG UHOHDVLQJ WKH ER XQIEDEKRO WRL DB HOH FARI@WHHU R H @/\
S+ WKURXJK FRQVXPLQJ K\GUDWHG &+6++ FRQVHTXHQWO\ SU
LRQV WKBPRYLMJFRD IRUP PRUH &+6++ BRBSOXMHEE WRLDIEY PRU
FKORULGH LRQV WK DIK IDH6H Y ERKHGHFRORULGH RADSIDE 00 LW\ L
DQG 1D

'H :HHUGW HW DO > @ IRXQG D KLJKHU RU HTXDO FKORU
0J FRPSDUHG WKRHWDHSRUWHG WKDW LQ JHQHUDO ELYDOH
PDJQHVLXP UHVXOWHG LQ KLJKHU FKORULGH ELQGLQJ FRPS
WKDW WKH PDLQ UHDVRQ IRU WKHLU REVHUYDWLRQ LV WKDV
DOXPLQDWE $KEGUDWKH IDFH LQFUHDVHYV ZKHQ DDBRIGQ&BU LV
&DOFLXP XSWDNH LQFUHDVHW% W KHVXRVDWH Y HD F KO UWHD \RL @&J V
FKORULGH LRQV ZLWKLQ WKH GLIIXVH OD\HU

%DEDDKPDGL HW DO > @ IRXQG WKDWUHSRYWUHIE RIQFH K

FKORULGH ELQGLQJ FRPSDUHG WR 1D&0O 7KH XQGHUO\LQJ UH



&B)P FKHPLFDOO\ FKORULGH ELQGLQJ6HFERQGQ GIHYRV K [ BHR WH-
UHVXOWY LQ D JUHDWHU H[WHQW RI SK\VLFDO FKORULGH ELC
DWWULEXWHG WR D KLIJIKHU UHGXFWLRG@ L&Q+D @QXHIQQKPQGCHVUIN
HISRVHG WIRQ&DWKH ODWWHU LV H[SODLQHG E\ WKH KLJKHU F
VROXWLRQ FRXSOHG ZLWK WKH OR¥ZHU+$0 6L UDWLR LQ WKH

3bvwWw VWXGLHY KDYH LQGLFDWHG WKDW WKH SRUH VROX
GHFUHDVHV ZLWK WKIBDG®HPEQFH RI@D&CHQ 1D&O UHDFWYV Z
K\GUDWLRQ SURGXFWV WKH IROORZLQJ UHDFWLRQ KDSSHQV
K\GUR[LGH LRQV FRPELQH WR IRUP VRGLXP K\GUR[LGH DV VK

VWURQJ EDVPB QUHFNGIDYHWR WKH S+ Rl WKH SRUH VROXWLRQ

&$ &D 2+ 1D&O +2: 1D+ & &D&O +2
1D 2+ 1D2+

,Q JHQHUDO DQ LQFUHDVH LQ WKH S+ Rl WKH SRUH VRO
ERXQG FKORULGHV > @ 7KLV LV EHFDXVH FKORULG
WULFDOFLXP DOXPLQDWH RU LWV K\GUDWHV WR IRUP )ULHG
LQFUHDVHV LQ WKH SUHVHQFH RI 1D&0 DQG WKH VROXELOL
LQFUHDVH LQ WKH S+ RI WKH SRUH VROXWLRQ OHDGV WR D (

DQ LQFUHDVHV WKH VROXELOLW\ RI )ULHGHOYfV VDOW > @

&D IURP FDOFLXP EHDULQJ VDOWVY KRZHYHU FDQ FRQWL
6+t+ ZKLFK FDQ WDNH XS PRUH FKORULGHD FINJ RVFR WKK-H WRRODOWWL
UHWXUQ OHDGLQJ WR D VLJQLILFDQW UHGXFWLRQ LQ WKH S-
FDQ OHDG WR WKH IRUPDWLRQ RI EUXFLWH DQG DQ LQFUHDYV

FDQ LQFUHDVH WKH FKORULGH XSWDNH FDSDELOLW\ RI WKH ¢



7KH 5SHODWLRQVKLS EHWZHHQ JUHH DQG %RXQG &KORUL
7KH LQWHUDFWLRQ DQG UHODWLRQV EHWZHHQ IUHH DQG

FHPHQWLWLRXV VI\VWHPV KDV EHHQ H[WHQVLYHO\ VWXGLHG
DQG ERXQG FKORULGH LRQV LQ YDULRXV IUHH FKORULGH F
GHVFULEHG DV FKORULGH ELQGLQJ LVRWKHUPYV

(IWHQVLYH UHVHDUEK > @ KDV SURSRVHG YDULRXV
FKORULGH ELQGLQJ FDOFXODWLQJ WKH SURSRUWLRQ RI FK
FRQWULEXWH WR WKH FRUURVLRQ RI UHLQIRUFLQJ VWHHO ED
UHEDU FRUURVLRQ LQ FRQFUHWH VWUXFWXUHV ZLOO EHJLQ
ELQGLQJ LVRWKHUPV RI FHPHQW EDVHG PDWHULDOV LV YLWEL
FRQFUHWH VWUXFWXUHV 7KH /DQJPXLU DQG J)UHXQGOLFK LVI
WKLV ILHOG RI UHVHDUFK 7KH\ KHOS HVWLPDWH FKORULGH
IUHH DQG ERXQG FKORULGHV LQ FHPHQWLWLRXV V\VWHPV

7KHVH LVRWKHUPV VKRZQ LQ (TXDWLRQV DQG S
RQ NQRZQ FRQFHQWUDWLRQV RI IUHH FKORULGH )UHH FKOF

PHWKRGV OLNH WLWUDWLRQ ZKHWKHU GHDOLQJ ZLWK FKORU

e
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& OHDVXUHG IUHH FKORULGH
& &DOFXODWHG ERXQG FKORULGH
DQEDOXHV FDOFXODWHG QXPHULFDOO\ E\ ILWWLQJ (T

I[IURP WLWUDWLRQ UHVXOWYV



KHQ WKBOXH LQ WKH /DQJPXLU LVRWKHUP LV JHUR WK
HTXDWLRQ FRPPRQO\ UHIHUUHG WR DV D OLQHDU FKORULGH
WKH /DQJPXLU DQG )UHXQGOLFK LVRWKHUPV LV WKHLU EHK|
/IDQJPXLU LVRWKHUP V VORSH JUDGXDOO\ OHYHOV RIl DW KL.
JUHXQGOLFK LVRWKHUPYTVY VORSH FDQ FRQWLQXH WR LQFUHD

7TKH FRQFUHWH PDWUL[ KDV D OLPLWHG DPRXQW RI K\G
FKORULGHV ERWK SK\VLFDOO\ DQG FKHPLFDOO\ 2QFH WKHYV
IXOO\ XWLOL]JHG QR DGGLWLRQDO ELQGLQJ FDQ RFFXU PHD
GURSV WR JHUR &RQVHTXHQWO\ WKH ELQGLQJ FDSDFLW\ RI
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< B
\Ef angnuir 1 ch 2
\@b

1
E| Freundlich r—D FCE

(ITHFWV RI S+ RI &RQFUHWH 3RUH 6ROXWLRQ RQ &KORUL
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1D&NQG GHFUHDVHV LQ WRBGUMY/GIQFH R@&DA&JHQHUDO DQ L

WKH S+ RI WKH SRUH VROXWLRQ OHDGV WR D GHFUHDVH LQ W

,Q WKH FKORULGH ELQGLQJ SURFHVV FKORULGH LRQV IL

DOXPLQDWH RU LWV K\GUDWRDADR2IRUR) 7IKHGYR@ X BADDO W \&R |



vVDOW LV S+ GHSHQGHQW DQG WKHUHIRUH WKH ULVH LQ S+

LQFUHDVH WKH VROXELOLW\ RI )ULHGHOYfV VDOW DQG UHGXFI

&D IURP FDOFLXP EHDULQJ VDOWV KRZHYHU FDQ FRQWL
6++ ZKLFK FDQ WDNH XS PRUH FKORULG HE\D F N RW RV K HY RR G W
UHWXUQ OHDGLQJ WR D VLIJQLILFDQW UHGXFWLRQ LQ WKH S-
0J FDQ OHDG WR WKH IRUPDWLRQ RI EUXFLWH DQG DQ LQFUF

WXUQ FDQ LQFUHDVH WKH FKORWSH@XSWDNH FDSDELOLW\ RI

$ONDOL FRQWHQW DIIHFWV FKORULGH ELQGLQJ LQ WZR Z
ELQGLQJ DV FKORULGHV DQG DONDOLV FRPSHWH IRU ELQC
$GGLWLRQDOO\ KLJKHU DONDOL FRQWHQW UDI2WHY¥ S®RUH VR
7JULWWKDUW HW DO > @ IRXQG D'QFRQFHQWHI DWQ B QY LLRIQW K IHS

DQG ERXQG FKORUL ®H) G@XAEPW¥RBPSHVOH IRU DGVRUSWLRQ RC

ILPLWDWLRQV RI WKH &KORULGH %LQGLQJ 7THVW OHWKRG

,Q WKH HDUO\ V /XSLQJ DQG 1LOVVRQ > @ LQWURGX
WR PHDVXUH WKH ERXQG FKORULGHV LQ PRUWDU VDPSOHV X
WHVW SURSRVHG E\ /XSLQJ DQG 1LOVVRQ WDNHY DW OHDVW
SXOYHUL]HG SLHFHV RI YDFXXPHG PRUWDU VDPSOHV WR D V
FKORULGH FRQFHQWUDWLRQV DQG PHDVXULQJ WKH FRQFHQ
VDPSOH UHDFKHV HTXLOLEULXP ZLWK WKH VROXWLRQ

$OWKRXJK HIWHQVLYH UHVHDUFK KDV EHHQ FRQGXFWHG
FKORULGH ELQGLQJ LQ FHPHQWLWLRXV PDWHULDOV >

@ OLWWOH DWWHQWLRQ KDV EHHQ SDLG WR WKH HII



DUH VHYHUDO IDFWRUV WKDW FDQ DIIHFW WKH UHVXOWYV R
VDWXUDWLRQ VWDWH WKH H[SRVXUH VROXWLRQ V MRPPSRVLW
YROXPH UDWLRWBQSRWXHHVERIOT>XA G PDVV UDWLR

7KH VWDWH RI VDWXUDWLRQ RI D VDPSOH SOD\V D FUX
LPSRUWDQW WR WDNH WKLV LQWR FRQVLGHUDWLRQ ZKHQ H°
ZRUOG FRQGLWLRQV > @ :KHQ D VDPSOH LV LQ D GU\ VWD
GUDZQ LOQWR WKH FDSLOODULHYV 7KLV LQFUHDVHV WKH FRQF
RI FKORULGH ELQGLQJ LQ WKH SRUHV > @ +RZHYHU LQ DV
WKH SRUHV SDUWLDOO\ FRXQWHUDFWY WKH FDSLOODU\ IRL
DGGLWLRQDO OLTXLG WR EH GUDZQ LQ 7KLV PHDQV WKDW W
SUHGRPLQDQWO\ E\ GLIIXVLRQ > @ $V VXFK LJQRULQJ V
WR LODFFXUDWH HVWLPDWHYV RI LWV EHKDYLRU DQG SHUIRUF

,Q FKORULGH ELQGLQJ WHVWV WKHUH LV DOVR D ODFN F
HISRVXUH VROXWLRQV 6RPH WHVWYV XVH SXUH FKORULGH VR
LRQV WR FUHDWH D VROXWLRQ WKDW PRUH FORVHO\ UHVHPE!
RI VWDQGDUGL]DWLRQ FDQ OHDG WR GLVFUHSDQFLHV EHWZF
HISRVHV D QHHG IRU IXUWKHU UHVHDUFK DQG GHYHORSPHQW
> @ 7KH SUHVHQFH RI LRQV VXFK DV FDOFLXP PDJQHVL>
FDQ LPSDFW WKH VWDELOLW\ DQG VROXELOLW\ RI FKORULGH:"
SURGXFWYV > @ 7KH S+ RI WKH SRUH VROXWLRQ F
FKORULGHV ZLWK KLJKHU S+ SURPRWLQJ FKORULGH ERQGLQ
FKRLFH RI HISRVXUH VROXWLRQ VXFK DV D VDWXUDWHG OLPI

LQ GLIITHUHQW RXWFRPHV GXH WR GLIITHUHQFHV LQ LRQLF FR



UHVXOWV DV WKH H[SRVXUH VROXWLRQ PD\ QRW UHIOHFW Ut
&KRRVLQJ WKH ULJKW H[SRVXUH VROXWLRQ LV FUXFLDO IRU
UHOHYDQFH WR UHDO ZRUOG VFHQDULRYV

7KH VHOHFWLRQ EHWZHHQ VROLG FUXVKHG DQG JURXQC
HITHFW RQ WKH SUHFLVLRQ DQG FRQVLVWHQF\ RI WKH UHVX
FRQFUHWH VDPSOHV ZKLFK DUH PDGH E\ JULQGLQJ RU SXOYF
D ODUJHU H[SRVHG VXUIDFH DUHD PDNLQJ WKHP PRUH OLN
FRQFUHWH VDPSOHY DUH PRUH UHSUHVHQWDWLYH RI ILHOG ¥
FKORULGH ELQGLQJ SRWHQWLDO WKDQ SXOYHUL]HG VDPSOHYV
WKH GLVWULEXWLRQ RI FKORULGH LRQV LQVLGH WKH VDPSOH
JRU LQVWDQFH SXOYHUL]JHG FRQFUHWH VDPSOHV DUH H[SRV
WKH FRQFHQWUDWLRQ RI LQJUHVVHG FKORULGHV GHFUHDVF
FKORULGH ELQGLQJ FDSDFLW\ LQ VROLG VDPSOHV LV DYH
XQGHUHVWLPDWLRQ RI ELQGLQJ FDSDFLW\ LW PD\ SURYLGH
FRQGLWLRQV

$QRWKHU RYHUORRNHG WHVWLQJ SDUDPHWHU LQ FKORU
WR H[SRVXUH OLTXLG 7KH TXDQWLW\ RI H[SRVXUH IOXLG XVH
EXW WKLV PD\ YDU\ EDVHG RQ WKH WHVW PHWKRG DQG HTXLS
WR EH HQRXJK WR IXOO\ VXEPHUJH WKH FRQFUHWH VDPSOH
RU H[SHULPHQWDWLRQ ORRNW®]SLROWXR HV R HTHII & FIWDWR R VRRD E
UHVXOWYV 7KLV UDWLR FDQ KDYH DQ HIIHFW RQ WKH H[SRVXL
LRQV LQ WKH VDPSOH ZKLFK PD\ WKHQ OHDG WR LQDFFXUDF

,Q UHDO FDVH VFHQDULRVY WKH PDMRULW\ RI FRQFUH



SDYHPHQWY DQG EULGJHV DUH H[SRVHG WR FDUERQDWLRQ |
RI ERXQG FKORULGH ZKLFK LQ WKLV GLVVHUWDWLRQ LW
GHVRUSWLRQ ZKLFK PHDQV WKH UHOHDVH RI ERXQG FKORUL
WKH FRQFHQWUDWLRQ RI lJUHH FKORULGH LQ WKH FRQFUHWH
,Q WKH IROORZLQJ VHFWLRQ D UHYLHZ RI FXUUHQW NQRZOH(

DIWHU D S+ FKDQJH DQG FKORULGH GHVRUSWLRQ PHFKDQLVP

0DQ\ UHVHDUFKHUV KDYH DGRSWHG RU PRGLILHG WKH /X
FKORULGH ELQGLQJ FDSDFLW\ Rl YDULRXV FHPHQWLWLRXV \
LQFOXGLQJ

L 7KH WHVW KDV D WHQGHQF\ WR RYHUVLPSOLI\ DFWXD
LPSDFW RI WKH H[SRVXUH HQYLURQPHQW DQG WKH SUHVHQF
DFFXUDF\ Rl WKH UHVXOWYV

LL 7KH WHVW IUHTXHQWO\ FRQFHQWUDWHY RQ VKRUW Wt
WKH ORQJ WHUP EHKDYLRU Rl FRQFUHWH LQ UHDO ZRUOG VL!

LLL 7KH PHWKRGV XVHG LQ WKH WHVW DUH QRW VWDQG

ILQGLQJYVY DFURVYV GLIIHUHQW ODERUDWRULHY DQG VWXGLHV

ILWHUDWXUH 5HYLHZ RQ &KORULGH '"HVRUSWLRQ OHFKDQL

9DULRXV VWXGLHV H[DPLQLQJ WKH HIIHFWV RI S+ FKDQJl
PDWHULDOV KDYH QRWHG DOWHUDWLRQV LQ FKORULGH ELQG
VWXGLHV GLG QRW VSHFLILFDOO\ IRFXV RQ RU GLVFXVV WKH |
RITHU ZRUWK\ LQVLIKWYV

$V PHQWLRQHG HDUOLHU WKH UHOHDVH RI ERXQG FKOR!

DONDOLQLW\ ORZHULQJ RI S+ RI WKH FHPHQW SRUH VROXYV



FDUERQDWLRQ > @ VXOIDWH DWWDFN > @ DQG DWRG DW\V
WKHLU IUHH VWDWH LQ WKH SRUH VROXWLRQ LI WKH S+ RI Wk
/JRQJ HW DO > @ KDYH REVHUYHG WKDW XS WR RI EF
VDPSOHV H[SRVHG WR D 0 1D&0 VROXWLRQ ZHUH UHOHDVHC
+HPVWDG HW DO > @ KDYH UHSRUWHG FKORULGH GHVRLU
PRO / +&0 VROXWLRQ &KHQJ > @ KDV DOVR IRXQG WKDW D |
LV LQFDSDEOH RI DQ\ IRUP Rl FKORULGH ELQGLQJ
0DQ\ JDSV LQ XQGHUVWDQGLQJ UHPDLQ UHJDUGLQJ WKF
OLWWOH LV NQRZQ DERXW WKH UROHV RI GLIIHUHQW W\SHV R
,PSDFWV Rl &DUERQDWLRQ RQ &KORULGH 'HVRUSWLRQ 0
'KHQ DWPRVSKHULF FDWERGHGVRIRGRUBWH LW UHDFWV D
7KH S+ OHYHOV LQ IXOO\ FDUERQDWHG FRQFUHWH YDULHV DF
LW WR EH DURXQG *HQJ HW DO > @ QRWHG LW FORVHU W
W LV LPSRUWDQW WR QRWH WKDW VLQFH FKORULGH |
FDUERQDWLRQ LW LV JHQHUDOO\ PRUH UHSUHVHQWDWLYH RI
FRQFUHWH WR FKORULGHV EHIRUH FDUERQDWLQJ LW > @
&DUERQDWLRQ DOVR DIIHFWV KRZ FRQFUHWH ELQGV ZL
FHUWDLQ K\GUDWLRQ SURGXFWV OLNH & 6 + ZKLFK DUH HVV
FDQ GLVVROYH JULHGHOYTV VDOW > @ DV VKRZQ LQ (TXDWLR

WKH FRQFHQWUDWLRQ RI IUHH FKORULGHY LQ WKH FRQFUHW
CO, HO HCQo
H,CO, Ca OH, 0 CaCQ 2H C

CO, H,0 C-S-Ho CaCQ Sitn. H



3Ca0.A,0,.CaC) .10H O 3CQo 3CaCO AIO €Ga 2Cl 10+

,Q ELQGHUV WKDW LQFOXGH VXSSOHPHQWDU\ FHPHQWLW
RI FDUERQDWLRQ HVSHFLDOO\ LQ WKH & 6 + SKDVH DUH KLJ
XQGHU VLPLODU FRQGLWLRQV 7KLV LV ODUJHO\ GXH WR W
ELQGHUV> @ =KHQJ HW DO > @ FRQGXFWHG UHVHDU]
ELQGLQJ LQ ELQGHUV ZLWK YD WRIXYGHRPBRBWILRVR Q@K H) QB XAD
FRQWDLQLQJ ELQGHUV KDG D ORZHU S+ DIWHU FDUERQDWLF
ELQGLQJ DV WKH S+ GURSSHG

&KDQJ > @ UHSRUWHG RQ WKH FKORULGH ELQGLQJ FI
FDUERQDWHG EHIRUH FKORULGH H[SRVXUH DQG WKH RWKHU
UHVXOWYV LQGLFDWHG WKDW LQ ERWK VFHQDULRY WKH DPRX
FRPSOHWH FDUERQDWLRQ

,PSDFWV RI $FLG $WWDFN RQ &KORULGH 'HVRUSWLRQ OH

$Q DFLG DWWDFN RQ FHPHQWLWLRXV PDWHULDOV FRPSI
WV\SLFDOO\ LQYROYHV WKH GLVVROXWLRQ RI K\GUDWHG SKD
FKHPLFDO UHDFWLRQV RI DQ DFLG ZLWK D JHQHUDO IRUPXOI
GLVVROYH WKH PDLQ K\GUDWHG SKDVHV SURGXFLQJ FDOFLX|

ZLWK SRUWODQGLWH DQG FDOFLXP VLOLFDWH K\GWOWH DUH

2HA Ca OH, 0 CaA 24O

2xHA xCaOuySiQ mnHO oCad ySiOH +x n & H

'XULQJ DQ DFLG DWWDFN D KLJKO\ SRURXV OD\HU RI VL
IRUPHG RQ WKH VXUIDFH RI WKH FRQFUHWH RU SDVWH 7KL

GURS LQ S+ DQG SURJUHVVLRQ RI DFLG GDPDJH > @ $Q



IROORZHG E\ VKULQNDJH FUDFNV OHDGLQJ WR LQFUHDVHG
7KHUHIRUH ZKHQ FKORULGH LRQV DUH SUHVHQW GXULQJ DQ |
WKHVH FUDFNV

7KH FXUUHQW VWDWH Rl WKH DUW LQ FKORULGH ELQGLQ
SKDVHV FDQ VLJQLILFDQWO\ UHGXFH WKH FKORULGH ELQGL¢
VWXG\ +HPVWDG HW DO > @ REVHUYHG UHGXFHG FKORULG
ELQGLQJ DW S+ EHORZ LQ 23& VDPSOHV H[SRVHG WR K\GURF
LQ FKORULGH ELQGLQJ WR WKH GLVVROXWLRQ RI WKH $)P S
FKHPLFDO ELQGLQJ RI FKORULGH ,Q DGGLWLRQ WKH\ REVHU
DFLG PRODULW\ DQG YROXPH ZHUH LQFUHDVHG

6LPLODUO\ /RQJ HW DO > @ UHSRUWHG WKDW DW S+ OH
FKORULGHV LQ DQ 23& V\VWHP GLVDVVRFLDWHG DQG UHWXU
KLJKHVW GHVRUSWLRQ RI ERXQG FKORULGHV ZDV OSOMWRHF W H
REVHUYHG WKH FRQYHUVLRQ RI PRQRVXOIDWH WR )ULHGHOST
FHPHQW GLVNV ZHUH H[SRVHG WR K\GURFKORULF DFLG ,Q D
GHVSLWH WKH FRPPRQ YLHZ WKDW D FRQWLQXRXV UHGXFWLF
D FRQWLQXRXV UHOHDVH RI ERXQG FKORULGHV WKH GHVRU
SKHQRPHQRQ LQYROYLQJ UHOHDVLQJ DQG UHELQGLQJ RI FK(
GXULQJ DQ DFLG DWWDFN

%DVHG RQ WKH ILQGLQJV UHSRUWHG LQ SUHYLRXV VWXG
WKH SRUH VROXWLRQ ZKHWKHU WULJJHUHG E\ FDUERQDWLRC
FKORULGH ELQGLQJ PHFKDQLVP OHDGLQJ WR FKORULGH GH\

DFLG DWWDFN WKHUH LV D FRPSOH[ LQWHUSOD\ EHWZHHQ OF



RI QHZ SKDVHV DOWHUDWLRQ RI PLFURVWUXFWXUH ZFUDFNL!
LQYHVWLIDWLRQV KDYH VWXGLHG KRZ DFLG DWWDFNV OHDG
> @ .,Q DGGLWLRQ ZKLOH FKORULGH ELQGLQJ PHFKD
KDYH EHHQ LQYHVWLJDWHG LW LV QRW \HW FOHDU ZKDW S|
UHWXUQHG WR WKH FRQFUHWH SRUH VROXWLRQ ZKHQ VDPSO
S+ HQYLURQPHQW

,PSDFWV RI 6XOIDWH $WWDFN RQ &KORULGH '"HVRUSWLR

6XOIDWH LRQV ZKLFK FDQ FRPH IURP VRXUFHV OLNH VHD
ZDVWH KDYH D QRWDEOH LPSDFW RQ FRQFUHWH :KHQ VXOID
UHGXFH WKH VA\VWHP V DELOLW\ WR ELQG ZLWK FKORULGHV
HWWULQJLWH D VXEVWDQFH LQFDSDEOH RI ELQGLQJ ZLWK F#
WUDQVIRUP )ULGHOYTV VDOW LQWR HWWULQJLWH LQFUHDVLC
VROXWLRQ DQG KHLJKWHQLQJ WKH ULVN RI FRUURVLRQ FDXV
YLH ZLWK FKORULGHV IRU DEVRUSWLRQ RQWR & 6 + SKDVHV
ZLWK VXOIDWH LRQV LQWHJUDWLQJ PRUH VXOIDWHV DQG FR
WR ELQG ZLWK FKORULGHV > @

'KHQ VXOIDWHY HQWHU FRQFUHWH WKH\ ILUVW UHDFW Z
7KLV J\SVXP WKHQ LQWHUDFWV ZLWK & $ IRUPLQJ D VXEVWD
E\ *HQJ HW DO > @ KDV VKRZQ WKDW FKORULGH ELQGLQJ VV
VRGLXP VX62DWBGIPDIQHVLXP VXDKBWRRWIGRHG WKDW ZKLO
FKORULGHV DUH UHOHDVHG XQGHU D VXD GW HVBRWOMY/F/N F RAGKY
JULGHO V VDOW WR HWWULQJLWH GXH WR EUXFLWH IRUPDW

REVHUYDWLRQ zZzDV UHSRUWHG LQ > @ 6XOIDWH LRQV GRQ V



ZLWK WKHP IRU VSDFH RQ & 6 + SKDVHV & 6 + WHQGV WR EF
OHDGLQJ WR D UHGXFHG DELOLW\ WR ELQG FKORULGHV LQ Wi
WKDW VXOIDWH LRQV HQFRXUDJH WKH FRQYHUVLRQ RI $)P WF
& 6+

,Q PDULQH HQYLURQPHQWYV ZKHUH VHDZDWHU V VXOIDW]
62 > @ FRQFUHWH VDPSOHV RIWHQ VKRZ VLJQLILFDQW FKC
WUDQVIRUPDWLRQ RI )ULGHOfYYVY VDOW LQWR HWWULQJLWH ;
UHOHDVH LV LQIOXHQFHGVERLQBWRBUWDWILRH WKH WBWBO FKO
W\SH RI VXOIDWH FDWLRQV SUHVHQW 7KHLU VWXGLHV UHYHI

SRWDVVLXPXUBDVYWHOWHG LQ WKH KLIKHVW FKORULGH GHVRI

:KDW +DV %YHHQ $FFRPSOLVKHG DQG :KDW 5HPDLQV WR EH
DQG &KORULGH ,QGXFHG &RUURVLRQ 5HVHDUFK"

&KORULGH LQGXFHG FRUURVLRQ LV D FRPSOH[ SURFHVYV
EXW QRW OLPLWHG WR FRQFUHWH SURSHUWLHYVY FRQVWUXFYV
FKORULGH LRQ FRQFHQWUDWLRQ DQG FRQFUHWH SHUPHDEL

FRQWHQW DQG KXPLGLW\ OHYHOV YDU\ DFURVYV GLITHUHQW V'

1XPHURXV VWXGLHV KDYH EHHQ FRQGXFWHG RQ WKH GLI
FDSDFLW\ LQ FRQFUHWH FRQWDLQLQJ YDULRXV FHPHQWLWLF
HQYLURQPHQWDO FRQGLWLRQV > @ 7KHVH VWXGL
UROH RI FKORULGH ELQGLQJ PHFKDQLVP LQ GHOD\LQJ FKORL
FRUURVLRQ > @ 7KH IRUPDWLRQ RI FKHPLFDO DQG SK\VLF
FKORULGHV FDQ HIIHFWLYHO\ LPPRELOL]H VRPH RI WKH SHQH

I[UHH FKORULGHV ZLWKLQ WKH FRQFUHWH SRUH VROXWLRQ >



7TKHUH DUH VWLOO PDQ\ XQDQVZHUHG TXHVWLRQV QHFH
UROHV RI 6&40V DQG WKH FDWLRQ RI WKH FKORULGH VDOW LQ
$OWKRXIJK WKH SRVLWLYH LPSDFWV RI 6&0V RQ LQFUHDVHG
GRFXPHQWHG > @ WKH UROH RI 6&0V LQ VXSSUHVVLQJ Wk
RI WKH SRUH VROXWLRQ GURSV UHPDLQV XQFOHDU DQG WK
FRUURVLRQ DQG VHUYLFH OLIH PRGHOLQJ LV OLPLWHG WR TX

WR WKH GHFUHDVHG S+ RI WKH H[SRVXUH HQYLURQPHQW

,GHQWLILHG .QRZOHGJH *DSV
%DVHG RQ WKH SUHYLRXV UHVHDUFK ILQGLQJV GHVFULE
UHYLHZ RQ FKORULGH ELQGLQJ PHFKDQLVP DQG FKORULGH
NQRZOHGJH JDSV DUH UHFRJQL]HG
7TKHUH LV DQ XQGHQLDEOH QHHG IRU VWDQGDUGL]LQJ WEk
PLQLPL]H WKH ULVN RI UHVXOW YDULDWLRQV XQGHU YDU\LC
LQFOXGHG EXW DUH QRW OLPLWHG WR VDWXUDWLWQ VWDW
OLTXLG PDVV UDWLRV ,Q DGGLWLRQ WKHVH WHVWLQJ FRCQC
VFHQDULR )RU LQVWDQFH H[SRVLQJ SRZGHUHG JULQGHG
DQG PHDVXULQJ FKORULGH ELQGLQJ FDSDFLW\ LV QRW UH
HIDPSOH LV WKDW XVLQJ IXOO\ GULHG SDVWH RU FRQFUHW
PHDVXULQJ WKH FKORULGH ELQGLQJ FDSDFLW\ LV QRW UHEL
7TKHUH LV OLPLWHG NQRZOHGJH RI WKH FKORULGH GHVRUS
DQRG FRQFUHWH FRQWDLQLQJ 6&0V VXFK DV IO\ DVK VOD
SKHQRPHQRQ WKDW FDQ LPSDFW WKH FKORULGH LQGXFHG

GHWDLOV DQG PHWKRGLF LQYHVWLIJDWLRQV DUH QHHGHG



PHFKDQLVP 7KH H[LVWLQJ PHWKRGV IRU HVWLPDWLQJ W
HITHFWLYHO\ DVVHVV WKH UDWH RI FKORULGH ELQGLQJ DC
+RZHYHU WKHUH KDV EHHQ QR HPSLULFDO RU WKRRUHWLF
FKORULGH GHVRUSWLRQ DQG LWV HIIHFWV RQ WKH UHVLGX
7KH FKORULGH GHVRUSWLRQ PHFKDQLVP DQG S+ FKDQJH
VROXWLRQV XQGHU FDUERQDWLRQ DV RQH RI WKH PRVW F

VIQHUJLF LPSDFWV RI WKHVH SKHQRPHQRQ KDYH QRW EHHC(

SHVHDUFK 4XHVWLRQV DQG 2ZEMHFWLYHYV

/H RYHUDUFKLQJ DLP RI WKLY GLVVHUWDWLRQ LV WR H
UHJDUGLQJ FKORULGH GHVRUSWLRQ PHFKDQLVP DQG DGGUH\
OLIH SUHGLFWLRQ RI FRQFUHWH LQIUDVWUXFWXUH %DVHG R
UHYLHZ DQG SUHOLPLQDU\ GDWD UHVHDUFK TXHVWLRQV DUH

7TDEOH BURSRVHG UHVHDUFK TXHVWLRQV

3URSRVHG 5HVHDUFK 4XHVWLR(

4XHVW +RZ GRHV WKH W\SH RI EULQH VROXWLRQ D
VSHFLPHQV YDU\LQJ LQ VKDSH VDW®LCPVSIOR
UDWLRYV "

4XHVW :KDW DUH WKH FKORULGH ELQGLQJ DQG GH
FRQFUHWH ZKHQ H[SRVHGGWREMDRBD V&I LR

4XHVW +RZ GRHV H[SRVXUH WR EULQH VROXWLRQV
GHVRUSWLRQ LQ FHPHQWLWLRXV VA\VWHPYV FI

4XHVW KDW DUH WKH FRPELQHG HIIHFWV RI EULQH
RYHU WLPH DQG FKORULGH GHVRUSWLRQ LQ

7KH DSSURDFK RI WKLV WKHVLV LV WR FRQGXFW D PHWI

FKORULGH GHVRUSWLRQ EHKDYLRU LQ GLIITHUHQW FHPHQWL



FHPHQW 23& 7\SH ,,, DQG WKH WKUHH PRVW FRPPRQO\ X\
LQFOXGLQJ IO\ DVK VODJ DQG VLOLFD IXPH ,Q DGGLWLRQ
SURWRFROV IRU FKORULGH ELQGLQJ PHDVXUHPHQWY WKLV (

WHVWLQJ SURWRFROV RQ FKORULGH ELQGLQJ FDSDFLW\ LQ F

7TKHVH REMHFWLYHYV DUH FRQGXFWHG LQ D VHTXHQWLDO
VWHS LQIRUPLQJ WKH VXEVHTXHQW RQHYV 7KH ILUVW REMHFW
SUDFWLFHV IRU FKORULGH ELQGLQJ PHDVXUHPHQWY DQG SU

ELQGLQJ PHDVXUHPHQWYV ZKLFK ZHUH XWLOL]JHG LQ WHVWLQ

JROORZLQJ WKLV WKH VHFRQG DQG WKLUG REMHFWLYHYV
PHEFKDQLVP LQ SDVWHV FRQWDLQLQJ 23& DQG YDULRXV W\SH
IRXUWK REMHFWLYH EULGJHV WKH JDS EHWZHHQ ODERUDWR
WKHLU SUDFWLFDO DSSOLFDWLRQ 7KLV REMHFWLYH LQYHVW
DQG H[SRVXUH WR D EULQH VROXWLRQ DIIHFW WKH S+ Rl FHP
ELQGLQJ DQG GHVRUSWLRQ IDFLOLWDWLQJ WKH HVWLPDWLR

WLEN PHDVXULQJ S+ OHYHOV

2EMHFWLYH ,QYHVWLIDWH WKH IDEFWRUV 1P ¥y WDMDLGDIURK

PHWKRG IRU FKORULGH ELQGLQJ WHVWV KDV \HW EHHQ LQWL
LPSDFW RI YDULRXV IDFWRUV RQ FKORULGH ELQGLQJ FDSL
PHWKRGRORJ\ )RXU NH\ IDFWRUV ZLOO EH HYDOXDWHG LQF
VDPSOH WKH FRPSRVLWLRQ RI WKH H[SRVXUH WRROOSWYRQHWK
VROXWLRQ PDVV UDWLR %\ FRQWUROOLQJ WKHVH IDFWRU\

FRPSDUDEOH UHVXOWYV LQ IXWXUH LQYHVWLIJDWLRQV



2EMHFWLYH HVMRON HFKWRIUODWH ELQGLQJ DQG GHVRUSWLRQ

FHPHOW 23& FHPHQW SDVWH 7KLV REMHFWLYH UHSUHVHQ

LOQYHVWLIDWH WKH NLQHWLFV RI FKORULGH GHVRUSWLRQ LQ
EHKDYLRU RI ERXQG FKORULGH LQ D ORZ S+ HQYLURQPHQW L

FKORULGH ELQGLQJ VWUHQJWK RI 23& SDVWH ZKHQ H[SRVHG

2EMHFWLYH HWRON HKWRIOWH ELQGLQJ FDSDFLW\ DQG GH\

6&0V 7KLV REMHFWLYH H[SORUHV WKH FKORULGH ELQGLQJ
3RUWODQG FHPHQW DQG VHYHQ GLIIHUHQW EOHQGHG ELQGH
60DJ DQG VLOLFD IXPH ZKGIHFH[BR VB G WV R RGLX WALURHIDMW

HQYLURQPHQW

2EMHFWLYH 6\QHUJLF HIIHEWYV RI H[SRVXUH RI EOHQGFHF

1D&OC VDOW VROXWLRQ DQG FDUERQDWLRQ RQ S+ DQG FRPSR

REMHEWIIR'RRQLWRU FKDQJH LQ S+ DQG FRPSRVLWLRQ RI SD\
RI ERXQG FKORULGH FKORULGH GHVRUSWLRQ XQGHU FDUER
EHWZHHQ ODERUDWRU\ DQG ILHOG PHDVXUHPHQWY &KORUL
VWUDLJKWIRUZDUG S+ PHDVXULQJ WHFKQLTXH WKLV DSSURI

FKORULGH GHVRUSWLRQ LQ FHPHQW RYHU WLPH



&EKDSWHHWKRGRORJ\

7R HQVXUH FODULW\ DQG FRKHUHQFH LQ SUHVHQWLQJ
PHWKRGV VHFWLRQ IRU HDFK REMHFWLYH LV SURYLGHG W
PDWHULDOV VDOWYV DQG HTXLSPHQW ZHUH VRXUFHG IURP D

DQG DFFXUDF\ WKURXJKRXW WKH VWXG\

2EMHFWYD®XDWLQJ WKH (IIHFWV RI 6DPSOH )RUPV 6DWX
7\SHV RQ &KORULGH %LQGLQJ OHDVXUHPHQWYV

JLIXUHSURYLGHV D VXPPDU\ RI HISHULPHQWDO YDULDEO|
DLP LV WR DVVHVV WKH LQIOXHQFH RI VDPSOH IRUPV VDWX
ELQGLQJ PHDVXUHPHQWY 7KH LQYHVWLIJDWHG IDFWRUV LQFC
ULJKW EHIRUH LPPHUVLRQ LQ VDOW VROXWLRQV DQG
ZLWK YDU\LQJ FKHPLFDO FRPSRVLWLRQV LQFOXGLDOO&OXUH !
GLVVROYHG LQ.2&D PG 1D&O GLVVROYHG LQ1®PRYHH.¥ROXWLR
WKUHH VDPSOH IRUPV GLVN FUXVKWB[SRYXWBRXROX W IDRXE R/

DQG

3DVWH VDPSOHV ZHUH PDGH XVLQJ RUGLQDU\ 3BRUWODQG
IRU 7\SH , ,, BRUWODQG FHPHQW DV VSHFLILHG E\ $670 &
VWDQGDUGVOUWWMEWKIH R[LGH FRPSRVLWLRQ RI 23& FHPHQW
&D 2+ &D 2+ .2+ DQG SRUH VROXWPRQ.2&DZRAYH SUHSDUHG

$&6 JUDGH 1D&O .&D DHQG 1D2+ ZLWK GLVWLOOHG ZDWHU 7

SUHSDUDWLRQV DUH SURYLGHG LQ WKH IROORZLQJ VHFWLRQ



23& 3DVWH VDPSOHYV ZHUH SUHSDUHG XVLQJ D OLWHU |
ZDWHRHPHQW UDWLR Z F RI IROORZLQJ WKH PL[LQJ SURI
2QFH PLI[HG WKH VDPSOHV ZHUH SRXUHG LQWR GLVN VKDSHC(

PP GHHS $ WRWDO RI GLVNV ZHUH SURGXFHG DQG WK
HQYLURQPHQWDO FKDPEHU DW D WHPSHUDWXUH RI f& DQG
WKH VDPSOHV ZHUH UHPRYHG IURP WKH PROGYV VWRUHG LQ :

LQ WKH HQYLURQPHQWDO FKDPEHU DW D WHPSHUDWXUH RI

7TDEOH &KHPLFDO FRPSRVLWLRQ RI RUGLQDU\ 3RU\

6L2 $@ )H2 &D2 0J2 62 1D2 . 2 /2,

&HPHQW 7\SH ,

JLIXUH 6XPPDU\ RI HITSHULPHQWDO YDULDEOHV IRU R

J)LIXUH GLVSOD\V D YLVXDO UHSUHVHQWDWLRQ RI WKH

VWXG\ 7KH ILIJIXUH XWLOL]JHV YDULRXV FRORUV DQG SDWWH!



VDWXUDWLRQ VWDWH DQG FKORULGH VROXWLRQ FKHPLVWLU
LOQOVWDQFH VDPSOHV LQ WKH IRUP RI GLVNV UHSUHVHQWHG
HITHFW RI VDWXUDWLRQ VWDWH DQG VROXWLRQ FKHPLVWU\ $
RI VROXWLRQ FKHPLVWU\WRIBRUKUR ZMH UMHQIGQ VIR GIULG VWDWH

E\ D OLJKW JUH\ FRORU )LQDOO\ FUXVKHG VDPSOHWRZHUH X
HISRVXUH VROXWLRQ PDVV UDWLR 7KH DVWHULVN DFFRPSD(
HISRVXUH VROXWLRQ XVHG LQ WKDW SDUWLFXODU H[SHULPH

1D&OC DW D VSHFLILF FRQFHQWUDWLRQ

JLIXUH 6FKHPDWLF GUDZLQJ RI WHVW VHWXS D VDWXUD
VKDSH IRUP DWEBLTXLGRODWLR .&+.2&D 2+ 1D2+
7KH LQGLFDWHV WKDW WKH H[SRVXUH VROXWLRQ ZDV SUHSDL



6DPSOH 6DWXUDWLRQ
7KH LPSDFW RI VDWXUDWLRQ VWDWH RQ FKORULGH ELQG

GLVNV ZHUH ILUVW VXEMHFWHG WR D WHPSHUDWXUH RI [& Z
7R HQVXUH FRPSOHWH GU\LQJ DQG SUHYHQW FDUERQDWLRQ
LQVLGH WKH RYHQ )ROORZLQJ WKH GU\LQJ SURFHVV D WRW|
GLVWLOOHG ZDWHU 7KH\ ZHUH WKHQ OHIW LQVLGH D %$&2(1°
IRU KRXUV GXULQJ ZKLFK D YDFXXP SXPS SURGXFHG QHJDV
WKH FKDPEHU )ROORZLQJ WKLV WKH ZHLJKW RI WKH VDPSO
7R DFKLHYH D VDWXUDWLRQ OHYHO RI IXOO\ VDWXUDWHG
WR D WHPSHUDWXUH RI f& 7KHLU ZHLJKW ZDV PRQLWRUHG I

R VDWXUDWLRQ EDVHG RQ WKH GLITHUHQFH EHWZHHQ WKI

J)LIXUH 7KH H[SHULPHQWDO VHWXS XVHG IRU VDWXUD\

(ISRVXUH 6ROXWLRQYV
7R LQOYHVWLIJDWH FKORULGH ELQGLQJ FDSDFLW\ RI 23& V

FKORULGH DQG 0 ZHUH XVHG LQ WKLV VWXG\ 1D&
GHLFHU DQG DV VXFK ZDV WHVWHG LQ GLIITHUHQW FRQFHQW
LQLWLDO VWHS ZDV WR PDNH D 0 1D&0O0 VROXWLRQ VWREFN

SRZGHU LQ GLVWLOOHG ZDWHU 7KH VWRFN VROXWLRQ ZDV



VROXWLRQV ZKLFK ZHUH WKHQ XVHG WR VWXG\ WKH HIIHFW

VDPSMOMKH H[SRVXUH VROXWLRQ PDVV UDWLR

7R LQYHVWLIJDWH WKH LPSDFW RI HISRVXUH VROXWLRQ F
WKUHH DOWHUQDWLYH VROXWLRQV ZHUH XVHG 7KH ILUVW
&D 2+LQ P/ Rl GLVWLOOHG ZDWHU DQG WKHQ DGMXVWLQJ
IODVN 7KH VHFRQG VROXWLRQ ZDV FUHDQ\GHG E\JRIOBYJIRI JPE
LQ P/ RI GLVWLOOHG ZDWHU DQG DGMXVWLQJ WKH YROXPH
SUHSDUHG LQ FRPSOLDQFH ZLWK $670 & > @ EJUDPWROYL
1D2+ DQG JUDPV RI .2+ LQ GLVWLOOHG ZDWHU DQG DGMX
WKH FKORULGH H[SRVXUH VROXWLRQ DQG

LQ P/ Rl HDFK RI WKHVH VROXWLRQV DQG WKH YROXPH ZD\

SUHSDULQJ 'LITHUHQW 6DPSOH )RUPYV
7TKUHH GLIITHUHQW VDPSOH IRUPV ZHUH XVHG 'LVN VKDS

‘'LVN VKDSHG VDPSOHV ZHUH FDVW XVLQJ SODVWLF PROGYV
FUXVKHG DQG SRZGHUHG VDPSOHV )RU FUXVKHG VDPSOHYV
FRPPRQO\ XVHG WR FRPSDFW VRLOV LQ DFFRUGDQFH ZLWK
SURGXFH FUXVKHG VDPSOHYV DQG PLQLPL]H DQ\ LQFRQVLVWH
PDNH FUXVKHG VDPSOHYV 7KH KDPPHU KDG D ZHLJKW RI N

R PP LQ $00 FUXVKHG VDPSOHV ZHUH JHQHUDWHG E\

JLIXUH E VKRZV WKH SURFHGXUH IRU JULQGLQJ SDVWH
SRZGHU XVLQJ D PRUWDU DQG SHVWOH 7KH JULQGLQJ SUR

DSSUR[LPDWHO\ PLQXWHV IRU HDFK VDPSOH XQWLO WKH\ U}



JLIXUH D FUXVKHG DQG E SRZGHUHG SDVWH \

6DPWRIKBRVXUH 6ROXWLRQ ODVV UDWLR
7R VLPXODWH GIWRHBRYWUWDPBROXWLRQ PDVV UDWLRV ILU

ZHUH ZHLJKWHG DQG WKHQ DQG J RI HISRVXUH VRO
VR®RGSRVXUH VROXWLRQ PDVV UDWLRYV ZHUH DGGHG WR
SURFHGXUH FDUH ZDV WDNHQ WR HQVXUH WKDW DOO SLHFH)

WKDW QRQH ZHUH SURWUXGLQJ DV VKRZQ LQ )LJXUH



JLIXUH 6HWXS WR VWXWWR MR XUIH VMR ERAWIDRGE®BVY UD

&KORULGH %LQGLQJ 7HVW
7KH SURFHVV Rl FKORULGH ELQGLQJ ZDV FDUULHG RXW E

IRUD SHULRG RI GD\V LQ VHDOHG FDSSHG JODVV FRQWDLQ'
ZHUH NHSW LQ D URRP ZLWK D WHPSHUDWXUH RI f& “ f& Tk
VXEMHFWHG WR UHJXODU VKDNLQJ 7KH UDWLRQDOH EHKLQG
XQLIRUPO\ H[SRVHG WR WKH FKORULGH VROXWLRQ XQWLO W
SUHFLSLWDWLRQ $FFRUGLQJ WR SUHYLRXV VWXGLHV D |

FRQFHQWUDWLRQ LQ VDPSOHV WR UHDFK DQ HTXLOLEULXP Z

> @

$W WKH HQG RI WKH GD\ SHULRG WKH FRQFHQWUDWLR
PHDVXUHG E\ HIWUDFWLQJ P/ RI WKH VXSHUQDWDQW VROXW
DXWRPDWLF WLWUDWRU 7 OHWVWEGHQJ/ ROHGRV ANLKHK WLWU B

XVHG LQ WKLV VWXG\ ZDV HTXLSSHG ZLWK D FRPELQHG VLOY



ZKLFK LV D UHFRPPHQGHG HOHFWURGH IRU DUJHQWRPHWUL

$FFRUGLQJO\ WKH ERXQG FKORULGH FRQFHQWUDWLRQ ZDV F

K QoHIH 89

aiva

% L

& ERXQG FKORULGH FRQFSIMWWHDWLRQ PJ &0

& LQLWLDO IUHH FKORULGH FRQFHQWUDWLRQ Rl WKH H[SRVX
& PHDVXUHG IUHH FKORULGH FRQFHQWUDWLRQ 0 RI VROXW
9 YROXPH Rl WKH H[SRVXUH VROXWLRQ P/

PcuZHLJKW RI WKH VDPSOH J LV WKH PRODU PDVV RI FI

IDQJPXLU DQG J)UHXQGOLFK LVRWKHUPV DV GLVEXVVHG L
FRPPRQO\ XVHG WR PRGHO FKORULGH ELQGLQJ UHVXOWV 7K
LVRWKHUPV WR GHWHUPLQH ZKLFK RQH EHWWHU GHVFULEHYV
VDPSOHV 7KH PRGHO ZLWK WKH ORZHVW VXP RI VTXDUHG
FROQFHQWUDWLRQV RI IUHH DQG ERXQG FKORULGHV LQ WKLV \

SDVWH UHVSHFWLYHO\



2EMHFWLYH &KORULGH %LQGLQJ DQG &KORULGH '"HVRU:

3DVWH ([SRVHG WR 6DOW 6ROXWLRQV

J)LIXUH VXPPDUL]HVY H[SHULPHQWDO YDULDEOHV IRU R
ELQGLQJ DQG GHVRUSWLRQ IRU 23& FHPHQW H[SRVHG WR

FROQFHQWUDWLRQV ZDV LQYHVWLIJDWHG &HPHQW SDVWHV ZH

UHTXLUHPHQWYV RI $670 & DQG $$6+72 0 WSRH BH QW DWIB/DIURG

7KLY WBWPAMHQW UDWLR Z2DV VHOHFWHG EDVHG RQ SUHOLP

7KH FHPHQW DQG LWV R[LGH FRPSRVLWLRQ ZHUH WKH VDPH I

JLIXUH 6XPPDU\ RI HITSHULPHQWDO YDULDEOHV IRU R

$PHULFDQ &KHPLFDO 6RFLHW\D 8 G IDR®GHVODIEWY ZHUH G

GLVWLOOHG ZDWHU WR PDNH FKORULGH VROXWLRQV ZLWK F

UHVSHFWLYHO\ 7KH SDVWH PL[LQJ SIXRFHGOXUWH VR QPRHZGIICD B\

PLILQJ WKH SDVWH ZDV SRXUHG LQWR D PP 1 PP SOD'

WHPSHUDWXUH “ e : " IRU GD\V 1H[W WKH KDUGHQ'}



SRZGHU XVLQJ D FXVWRP PDGH SURILOH JULQGHU DQG SDVV]
JURXQG SRZGHU ZDV WKHQ XVHG IRU FKORULGH ELQGLQJ FKC

DQG WKHUPRJUDYLPHWULF DQDO\VLV 7*$ GHWDLOV RI ZKLF

&KORULGH %LQGLQJ 7HVW
7R UHPRYH DOO IUHH PRLVWXUH IURP WKH K\GUDWHG F

JURXQG 23& SDVWH ZDV GULHG IRU ZHHN LQ D GHVLFFDWRL
LQ PDVV JUHDWHU WKDQ ZDV PHDVXUHG 'XULQJ WKLV SU
VRGLXP K\GUR[LGH ZHUH VWRUHG LQVLGH WKH GHVLFFDWRL
UHODWLYH KXPLGLW\ LQVLGH WKH GHVLFFDWRU EHORZ Uk
FHPHQW SDVWH ZDV PL[HG ZLWK VWBLR X EG QRN IGRH R/IR O X W |
PO EHDNHU 7KH PDWHULDOV LQ WKH EHDNHUV ZHUH PL[HG Z
SODVWLF ZzUDS DQG VWRUHG LQ D URRP DW D IRHG Z\HHINS H |
SUHYLRXV UHVHDUFK KDV IRXQG WKDW FKORULGH FRQFHQW!
8SRQ FRPSOHWLRQ RI WKH H[SRVXUH SHULRG WKH VROXWLR
WKHQ YDFXXP ILOWHUHG WKURXJK 1R "KDWPDQS ILOWHU St
ILOWHU SDSHU ZzDV ZDVKHG WKUHH WLPHV ZLWK GLVWLOOHG
ILOWUDWH VROXWLRQV ZHUH GHWHUPLQHG XVLQJ D SRWHQW

GHVFULEHG LQ VHFWLRQ 7ZR UHSOLFDWHYV ZHUH XVHG IF

&KORULGH '"HVRUSWLRQ 7HVW
JLYH UHSOLFDWH EHDNHUV FRQWDLQLQJ J RI GULHG J

PO RI 0 0J&M&DODQG 1D&O VROXWLRQV WRWDO RI VDPSOH'
JURXQG 23& SDVWH ZDV WKH VDPH DV WKH SURFHGXUH IROOF

UHSOLFDWHYV ZDV XVHG DV D EDVHOLQH WR TXDQWLI\ WKH Fk



RWKHU IRXU ZHUH XVHG LQ WKH GHVRUSWLRQ DQDO\VLV 7KF

DQG VWRUHG DW D IL[HG WHPSHUDRUWXUHAHRIN “ f&

7KH FRQFHQWUDWLRQV Rl WKH EDVHOLQH IUHH FKORUL:
FKORULGH ELQGLQJ LVRWKHUP WHVWLQJ GHVFULEHG LQ VHF
ZDV PHDVXUHG XVLQJ D S+ PHWHU 6HYHQ&RPSDFW OHWWOHL
DQG 10 QRIW GLLFO W HG ZDV DGGHG WR WKH U
UHVSHFWLYHO\ 7KLV VWHS ZDV UHSHDWHG IRU DOO WKUHH
JODVV URG DQG OHIW WR VLW RYHUQLJKW $IWHU WKDW Wt
ELQGLQJ WHVW DQG WKH S+ DQG FRQFHQWUDWLRQV RI FK

SRWHQWLRPHWULF WLWUDWLRQ

7KHRUHWLFDOO\ LI WKHUH ZDV QR GLVVRFLDWLRQ L H
LQ WKH S+ RI WKH VROXWLRQ WKH FRQFHQWUDWLRQ RI FK
VROXWLRQ SOXRXOIEGHEE DRIZGU WKDQ LQ WKH RULJLQDO VRC
+RZHYHU LI WKH FKORULGHV GLG GLVVRFLDWHZKQEKZHV W KH
GLIIHUHQFH EHWZHHQ WKH DGMXVWHG FRQFHQWUDWLRQ RI ¥
RI DFLG DQG WKH PRODU FRQFHQWUDWLRQ RI WKH IUHH FKC

SRVLWLKFBQ EH H[SUHVVHG XVLQJ (T

Vv
'C C, fa-§c
vV, ©

f

f

& PRODU FRQFHQWUDWLRQ RI FKORULGHY DIWHU WKH DGGLYV

9 YROXPH RI DGGHG 0 FKORULGH VROXWLRQ PO

9p YROXPH RI WKH FKORULGH VROXWLRQ SOXV WKH DGGHG LC



7TKH SORWIROXHV IRU HDFK FRQFUHWH VDPSOH YHUVXV WKHL

WKH FKORULGH GHVRUSWLRQ LVRWKHUP RI WKDW VDPSOH

$QDO\WLFDO 7HVWYV
; UD\ GLIIUDFWLRQ ;5" DQG WKHUPRJUDYLPHWULF DQD

UHSUHVHQWDWLYH JURXQG SDVWH VDPSOHV EHIRUHDm®BG DIW
0J&OVROXWLRQV ,Q DGGLWLRQ SRVW H[SRVXUH UHDFWLRQ
VDPSOHV DIWHU DGGLQJ PO RI PRODU QLWULF DFLG ZHU}
'5' UHFRUGLQJ ZDV SHUIRUPHG XVLQJ D %UXNHU ' 'LVFRYHU
DW N9 ZLWK D FXUUHQW Rl P$ 7KH GLIIUDAMURIQRIDWWH

f DQG DQDO\]JHG XVLQJ WKH %UXNHU ',))5%& (9% VRIWZDUH

&U\VWDOORJUDSK\ 2SHQ 'DWDEDVH &2' > @

7*$ ZDV SHUIRUPHG XVLQJ WKH 4 TKHUPRJUDYLPHWULI
VKRZQ LQ )LIJXUH 7KH 7*$ WHVWYV ZHUH FDUULHG RXW LQ C
Rl * f& DQG D KHDWLQJ UDWH R f& PLQ WR PRQLWRU WK}
RI )ULHGHOfV VDOW $ GLJLWDO PLFURVFRSH ZDV XVHG WR

FKORULGH DWWDFN DQG DFLGLF FRUURVLRQ DIWHU FKORULG



2EMHFWLYH &KORULGH %LQGLQJ DQG &KORULGH 'HVR
ODWHULDOV &RQWDLQLQJ )O\ $VK 60ODJ DQG 6LOLFD )XPH

,Q WKLV REMHFWLYH WKH FKORULGH ELQGLQJ FDSDFLW\
PDWHULDOV FRQWDLQLQJ WKUHH 6&0V LQFOXGLQJ IO\ DVK V
VWXG\ DOVR H[DPLQHG WKH LPSDFW RI S+ FKDQJHV RQ WKH G

GLVSOD\V D VXPPDU\ RI HISHULPHQWDO YDULDEOHV IRU WKL\

J)LIXUH 6XPPDU\ RI HITSHULPHQWDO YDULDEOHV IRU R

23& FRQIRUPLQJ WR WKH $670 & > @ DQG $$6+72 0
7\SH ,+,, SBRUWODQG FHPHQW DQG WKUHH VXSSOHPHQWDU\ F
DVK )$ VODJ 6* DQG VLOLFD IXPH ©6) ZHUH XVHG DV ELQ

FHPHQWLWLRXY PDWHULDOV FKHPLFDO FRPSRVLWLRQV



7TDEOH &KHPLFDO FRPSRVLWLRQ RI FHPHQWLWLRXYV |

6L2 $@ )H2 &D2 0J2 62 1D2 . 2 /2,

&HPHQW 7\SH ,

)O\ DVK

60DJ
6LOLFD

I+
+ H+
+ +

OL[ '"HVLJQ 3URSRUWLRQV
7DEOHSUHVHQWYVY WKH PL[ GHVLJQ SURSRUWLRQV XVHG LQ

RQ WKH FKORULGH ELQGLQJ DQG GHVRUSWLRQ FKDUDFWHUL'

SDVWH VDPSOHV 7KHVH VDPSWERVQAGHH FDWWR ZZWEK BIZDW HR

JXLGHOLQHV RI $670 & XWLOL]LQJ D OLWHU PRUWDU PL[H

LOQWR F\OLQGULFDO GLVF VKDSHG PROGV HDFK PHDVXULQJ

7DEOH 6XPPDU\ RI PL[ GHVLJQ SURSRUWLRQV IRU SI
oL[ &HPHQWL' 6&0 SHSODFHPI OL[ /DEHO
1XPE| ODWHULI ZLWK 7\SH , ,

7\SH , ,, 7\SH , ,, S5HIHUHQFH

7\SH , )O\ D\ )O\ DVK )$

7\SH , )O\ D\ )O\ DVK )$

7\SH , 60DJ 60DJ 6 *

7\SH , 60DJ 60DJ 6 *

7\SH , 6LOLF 6LOLFD 6)

7\SH , 6LOLF 6LOLFD 6)

8SRQ UHPRYDO IURP WKHLU PROGYV WKH VDPSIOPIQ ZHUH

HQYLURQPHQWDO FKDPEHU ZKHUH WKH\ XQGHUZHQW D FXUL

DQG 5+ IRU D GXUDWLRQ RI GD\V 7KHQ WKH VDPSOHYV

XQWLO D FRQVWDQW ZHLJKW ZDV DFKLHYHG



J)LIXUH GLVSOD\V D VDPSOH VHW XS IRU SDVWHV FRQW
WHVWYV ZKHQ VDPSOHV DUHIH) SROVIHED W\W LRORMO ZIKWE FRQFHQW
DQG ORODUV 6HYHQ GLIIHUHQW SDVWHV ZHUH

ZHUH XVHG IRU WKLV REMHFWLYH ORUH WKDQ WLWUDWLI

FRQFHQWUDWLRQV LQ VROXWLRQV

J)LIXUH ([SHULPHQW VHWXS IRU ELQGLQJ OHIW DQG GH®

&KORULGH %LQGLQJ 7HVW
7KUHH FKORULGH VDOW VROXWLRQV VRGLXP FK@®RULGFH

PDJQHVLXP FKORWHUIHH GUHBDUHG LQ VL[ WDUJHWHG FRQFHC
DQG 0 ,QLWLDOO\ UHDJHQW IJPGs 1§ AEHADHNVV ROIXED &Q]H&D R Q
ZDWHU WR DFKLHYH D VROXWLRQ ZLWK D FKORULGH FRQFHQ\
PHWKRGLFDOO\ GLOXWHG WR \LHOG VROXWLRQV DW WKH Gt
VXEMHFWHG WR PO RI FKORULGH VROXWLRQV IRU D GXUDW
YHVVHOV DW D FRQWUROOHG DPELHQW WHPSHUDWXUH RI f

VDPSOHYV ZHUH HYDOXDWHG )LJXUH VKRZV D VLPSOLILHG



JLIXUH &KORULGH ELQGLQJ WHVWLQJ SURFHGXUI

7KH FRQFHQWUDWLRQ RI IUHH FKORULGH LQ WKH H[SRVX
XVLQJ DQ DXWRPDWLF FKORULGH WLWUDWRU ORGHO 7 OHW
WZR VDPSOHYVY FRPSULVLQJ WZR UHSOLFDWHYVY SHU HDFK RI W
VROXWLRQV DQG WKUHH GLVWLQFW VDOWYV ZHUH XWLOL]JHG
FKORULGH FRQFHQWUDWLRQ ZDV FDOFXODWHG XVLQJ (T

kG GoHIH 989

ajya

%L

& ,QLWLDO FKORULGH FRQFHQWUDWLRQ RI WKH H[SRVXUH VI
& OHDVXUHG IUHH FKORULGH FRQFHQWUDWLRQ O DIWHU (
9 9ROXPH RI WKH H[SRVXUH VROXWLRQ PO

Pcuwn6DPSOHTVY RYHQ GULHG ZHLJKW J DQG LV WKH PROD

& %RXQG FKORULGH FROBSHYWUDWLRQ PJ &0



&KORULGH '"HVRUSWLRQ 7HVW

7R HYDOXDWH WKH UHOHDVH RI ERXQG FKORULGHV LQ VI
DQ LQLWLDO VHW RI WHQ UHSOLFDWH SDVWH VDPSOHV IURP

SHULRG RI GD\V 7KLV SURFHGXUH SDUDOOHOHG WKH FKOR

JROORZLQJ WKH WZR ZHHN H[SRVXUH SHULRG WKH S+
GHWHUPLQHG DW URRP WHPSHUDWXUH XVLQJ D S+ PHWHU 1L
DQG D PRODU PDVV RI J PRO ZDV XVHG WR SUHSDUH QL
YROXPHYV DQG PO ZHUH DGGHG WR WKH FRQWDL
PHDVXUHPHQW WKH S+ VHQVRU ZDV FDOLEUDWHG ZLWK D VW

PHDVXUHPHQW LQDFFXUDFLHV )LJXUH VXPPDUL]HV WKH G

J)LIXUH &KORULGH GHVRUSWLRQ WHVWLQJ SURFH

$IWHU DGGLQJ DFLG WR VDPSOHVY WKH VDPSOHV ZHUH FI
WZR ZHHNV DW URRP WHPSHUDWXUH XQWLO WKH S+ UHDFKI
HYROXWLRQ RI WKH S+ RI HDFK VROXWLRQ ZDV PRQLWRUH(

FKORULGHV DIWHU FKORULGH GHVRUSWLRQ ZDV PHDVXUHG



FROQOFHQWUDWLRQ RI UHOHDVHG ERXQG FKORULGHV GXH WR W

XVLQJ (T

. k 72 Go HiH7 98 9
2oR00 kD

ajva
& OHDVXUHG IUHH FKORULGH FRQFHQWUDWLRQ O G DIWH!

& )J)UHH FKORULGH FRQFHQWUDWLRQ O DIWHU WKH ELQGLQJ

9% &RUUHFWHG ILQDO YROXPH RI VROXWLRQ PO ZKLFK DFF

PO FKORULGH VROXWLRQ

Pcu6bDPSOHTV RYHQ GULHG ZHLJKW J

&uHonpbHEOHDVHG ERXQG FKORULGHFRWAHQWUDWLRQ PJ &0

, W VKRXOG EH QRWHG WKDW WKH GHWHUPLQDWLRQ RI C
HIHFXWHG WKURXJK D VHULHV RI HISHULPHQWY RQ 2UGLQDU\
EHHQ H[SRVHG WR D 0 1D&O VROXWLRQ )RU WKLV SXUSRVH
LQ D 0 1D&O0 VROXWLRQ IRU WZR ZHHNV ZHUH WUHDWHG Zl1

UDQJLQJ IURP O WR O LQ GLITHUHQW YROXPHYV

7KH S+ RI WKHVH PL[WXUHV ZDV ULJRURXVO\ PRQLWRUH
IURP WKHVH H[SHULPHQWY UHYHDOHG WKDW WKH 0 FRQFHC
DFKLHYLQJ D GHVLUDEOH S+ UDQJH ZKHQ HTXLOLEUDWHG ZLV
FKRVHQ DV WKH LGHDO FRQFHQWUDWLRQ WR UHGXFH WKH

GHVRUSWLRQ SURSHUWLHV RI YDULRXV EOHQGHG SDVWH VDF



$QDO\WLFDO OHDVXUHPHQWYV

7KH DQDOWLEFPOXWHYW;5' DQG 7*$ DUH WKH VDPH DV H]J
IRU REMHFWLYH VHEWLRQ 7KH VDPH VDPSOLQJ SURF

XVHG )LIXMKHRZVY WKH PDLQ HTXLSPHQW XVHG LQ WKH REMHF\

)LIXUH D 7LWUDWRU E S+ PHWHU F HQYLURQPHQWDBUFKDPEHU G
I ;5" HTXLSPHQW J 7*$ HTXLSPHQW



2EMHFWLYH S+ &KDQJH LQ &HPHQW 3DVWHV &RQWDLQL
([SRVHG WR 6DOW 6ROXWLRQV DQG &DUERQDWLRQ
J)LIXUH SURYLGHV D VXPPDU\ RI HISHULPHQWDO YDUL
JRDO 2DV WR HYDOXDWH WKH FRPELQHG HIIHFWV RI FDUER
UHGXFWLRQ RI FHPHQWLWLRXV V\VWHPV 7\SH , ,, BRUWODQG
> @ VWDQGDUGYV DQG IO\ DVK DV SHU $670 & ZHUH XVH
UHSODFHPHQW OHYHO ZDV 7TKH ZDWHU WR FHPHQW UDWLR
XVHG LQ WKH SUHYLRXV REMHFWLYHV WR DO ORZA\GQUQFERPSH\D U
ZHUH XVHG WR FDVW VDPSOHV 6DPSOHV ZHUH PL[HG DV SHU
DIWHU KRXUVvV 3DVWH VDPSOHV ZHUH PRLVWXUH FXUHG LC
PHWKRG & & O IRU GD\V 7KHQ VDPSOHV ZHUH UHPRYHG

WR VDOW VROXWLRQ

JLIXUH 6XPPDU\ RI HISHULPHQWDO YDULDEOHV IRU F



6DPSOH BUHSDUDWLRQ
8VLQJ D PDVRQU\ VDZ PP LQ IURP ERWK WKH WRS |

WULPPHG RII 7KH SULPDU\ UHDVRQ IRU WULPPLQJ WKH WRS?S
UHODWHG WR WKH FRPSDFWLRQ SURFHVV 7\SLFDOO\ PRUH Z
D F\AOLQGHU GXH WR FRPSDFWLRQ $QG WKH ERWWRP SRUW
SDUWLFOHVY 7KH FHQWHU SRUWLRQ RI WKH F\OLQGHU LV PRI
XVHG WR FRDW WKH FLUFXPIHUHQFH RI WKH F\OLQGHUV WR H
DQG ERWWRP VXUIDFH QRW F\OLQGHU VLGHV $IWHU WKH HSR

KRXUV )LJXUH GLVSOD\V D VFKHPDWLF GUDZLQJ RI WKHF

1D&O VDOW VROXWLRQ

J)LIXUH 6DPSOH SUHSDUDWLRQ EHIRUH H[SRVXUH WR 1D&(

&KORULGH ([SRVXUH
$IWHU FXWWLQJ DQG FRDWLQJ VDPSOHV ZHUH SODFHG L

f) WR HQVXUH XQLIRUP VDWXUDWLRQ OHYHOV EHIRUH LQW!
VDPSOHV ZHUH LPPHUVHG LQ 0 1D&O VROXWLRQ IRU XS WR

PRQLWRUHG DW VSHFLILHG SHULRGYV GD\V 7KLV FRC



SUHYLRXV REMHFWLYHTV WHVWLQJ DQG WKH H[SRVXUH WLPH
$670 & 7TKH SUHSDUDWLRQ RI WKH 0 1D&0O VROXWLRQ ZD)\

DQG

S+ ORQLWRULQJ 'XULQJ &KORULGH ([SRVXUH

$Q 2KDXV S+ PHWHU 6WDUWHU ZLWK D UHVROXWLRQ |
%HIRUH PHDVXUHPHQWY WKH S+ PHWHU ZDV FDOLEUDWHG X
FRPPHUFLDO EXIIHUV ZLWK S+ RI DQG ZHUH XVHG
VWDQGDUG PHWKRG WR DVVHVV WKH S+ OHYHO RI SDVWH PR
S+ PRQLWRWILWA ZKLFK LV DOVR NQRZQ DV VXVSHQVLRQ PHW
YDU\LQJ GHSWKYV ZHUH GULOOHG LQ HDFK F\OLQGHU DV VKR:

FROOHFWHG VHSDUDWHO\ I[IURP HDFK 7KUHH VDPSOHV ZHUH

PHDVXUHPHQWYV VDPSOHYV i GHSWKV 1 DJHV ZHUH FRQG
VROXWLRQ RYHU D SHULRG RI GD\V DV VKRZQ LQ )LJXUH
JLIXUH 7DNLQJ SRZGHU IURP GLIIHUHQW GHSWHHJIW\OLQGHU"

FRORUV UHSUHVHQW VDPSOH FROOHFWLRQ IRU WKH C



7KH SRZGHUV ZHUH LPPHUVHG LQ GHLRQL]HG ZDWHU IR
PHDVXUHG 7KH S+ PHDVXUHPHQW XVLQJ H[ VLWX OHDFKLQJ
VLPSOH SUDFWLFDO > @ DQG FRPSDUDEOH ZLWK RWKHU P
@ ,W VKRXOG EH UHPLQGHG WKDW LQ WKLV WKHVLV WKH ¢
LPPHUVHG LQ ', ZDWHU IRU KRXUV DQG WKHQ HTXLOLEUDWH!
DQRG S+ PHDVXUHG XVLQJ D S+ HOHFWURGH 2KDXV S+ PHWHU
DQ\ HUURUV DV WKH PDLQ UHDVRQ IRU ILOWUDWLRQ LV WKDW
PD\ GHFUHDVH WKH S+ SUREH OLIHVSDQ DQG WKH ILOWHULQ.
LPSDFWV WKH S+/RMHDMGH FXUH @WKH URRP WHPSHUDWXUH DQG
LPSDFW WKH S+ UHDGLQJV WKH WHPSHUDWXUH ZDV PRQLWR

LOOXVWUDWHY WKH S+ PHDVXUHPHQW LQ WKLV VWXG\

JLIXUH S+ PHDVXUHPHQWY GXULQJ 1D&0O VROXWLRQ

$FFHOHUDWHG &DUERQDWLRQ 7HVW
JROORZLQJ WKH GD\ SHULRG WKH VDPSOHV ZHUH WUD

WKH FDUERQDWLRQ WHVW 7KH WHPSHUDWXUH LQ WKH FKDPE
NHSW EHWZHHQ WR 6DPSOHV ZHUH NHSW WR MKHCGCAKDP

DFFHOHUDWHG FDUERQDWLRQ 7KH S+ ZDV PRQLWRUHG IRU



LQYHVWLIDWHG XVLQJ 7*$ DRXXUH' VRBANZWKIHRANVERQDWLRQ

LOQYHVWLIDWLRQ

J)LIXUH (ISRVXUH WR FDUERQ GLR[LGH FDUERQDWL

S+ ORQLWRULQJ 'XULQJ &&DUERQDWLRQ
$W GHILQHG LQWHUYDOV VDPSOHYVY ZHUH UHPRYHG IURP W
ZHUH WDNHQ DV VKRZQ LQ )LJXUH 7KH S+ ZDV PHDVXUHCG

ZHUH XVHG IRU HDFK PHDVXUHPHQW DQG WKH DYHUDJH DQG

J)LIXUH 7TDNLQJ SRZGHU IURP IRXU GHSWKV RI FDUERQDWHG



$QDO\WLFDO 7HVWYV
7KH DQDO\WLFDO WHVW LQFOXGLQJ ;5' DQG 7*$ DUH WKH

REMHFWLYH DQG ,W VKRXOG EH QRWHG WKDW WKH VDPH \
KDYH EHHQ XVHG 7KH :5' DQDO\VLV ZDV SHUIRUPHG XVLQJ
DQDO\]HG XVLQJ 3') GDWDEDVH 7KH 7*$ DQDO\VLV ZDV GRQ

75,26 9HUVLRQ



&KDSWHIHVXOWY DQG 'LVFXVVLRQ

7KLY FKDSWHU SUHVHQWY DQG GLVFXVVHV UHVXOWYV REV
LQ WKH SUHYLRXV FKDSWHU )RXU VHSDUDWH \HW UHODWHG L
WKH UHVXOWY DUH SUHVHQWHG DFFRUGLQJ WR WKH REMHFW
IlLuvw WKUHH REMHFWLYHVY KDYH EHHQ SXEOLVKHG DV IRXU
$6&( -RXUQDOV 7KH QHFHVVDU\ SHUPLVVLRQV WR UHSXEOL\

VXEPLWWHG WR WKH &RORUDGR 6WDWH 8QLYHUVLW\ *UDGXD)

2EMHFWLYH , QYHVWLIJDWH WKH )DFWRUV ,PSDFWLQJ &K:
7KH UHVXOWY DQG GLVFXVVLRQ SUHVHQWHG LQ WKLV V
&RQVWUXFWLRQ DQG/ 9RXQAXBH QJ O0BMNWHULDO 3, QYHVWLIDWLQ
WHVWLQJ SURWRFRO IDFWRUV RQ FKORULGH E&RSUQIKADSEL
(OVHYLHU> @ ,Q WKLV REMHFWLYH WKH LPSDFW RI YDUI

PHDVXUHPHQWY ZDV H[DPLQHG 7KHVH IDFWRUV LQFOXGHG

L 7TKUHH GLIIHUHQW VDWXUDWLRQ OHYHOV DQG IXO
LL )RXU H[SRVXUH VROXWLRQV ZLWK YDU\LQJ FKHPLFDO FRI
LLL 7KUHH VDPSOH IRUPV GLVN FUXVKHG DQG SRZGHU

LY 7KUHH WRQOSRVXUH VROXWLRQ PDVV UDWLRYV DQG
(INTHFW RI '"HJUHH RI 6DWXUDWLRQ 'R6 RQ &KORULGH %L

SUHYLRXV LQYHVWLIJDWLRQV UHTXLULQJ FKORULGH ELQ
1LOVVRQ V HTXLOLEULXP PHWKRG ZKLFK LQYROYHV H[SRVLC
WHVW SURFHGXUHV GR QRW DFFXUDWHO\ UHIOHFW UHDO Ol

FRQFUHWH YDU\ EDVHG RQ VDWXUDWLRQ OHYHO > @ 3UH"



FKORULGH GLIIXVLRQ FRHIILFLHQW VWHDGLO\ LQFUHDVHV Z

KLIKHVW YDOXHV DW IXOO\ VDWXUDWLRQ OHYHO

JLIXUH GHSLFWV WKH FKORULGH ELQGLQJ UHVXOWYV
VDWXUDWLRQ 7KH UHVXOWYV LQGLFDWH WKDW DV WKH VDW:
DPRXQW RI FKORULGH ELQGLQJ ZDV REVHUYHG ,Q FRPSDUL
VLIQLILFDQWO\ ORZHU FKORULGH ELQGLQJ FDSDFLW\ FRPSDL
VDWXUDWHG 7KH ELQGLQJ FDSDFLW\ RI D FHPHQWLWLRXYV
GHULYDWLYH ERXQG ZLWK UHVBEWKRZWWHKHHL G QR U IF®I$ D AHL)

ZLWK WKH /DQJPXLU LVRWKHUP GHULYDWLYH RI WKH /DQJPX
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JLIXUH D &KORULGH ELQGLQJ DQG E FKORULGH ELQGLQJ

$FFRUGLQJ WR )LJIXUH D DW ORZHU FRQFHQWUDWLRQV
VDPSOH H[KLELWHG DSSUR[LPDWHO\ DQG PRUH ERXQG
VDWXUDWHG DQG RYHQ GULHG VDPSOHV UHVSHFWLYHO\ 7K
FKORULGH FRQFHQWUDWLRQV H J PRO/ ZKHUH WKH YDEFX

PRUH ERXQG FKORULGH FRQWHQW WKDQ WKH SDUWLDOO\ VD\



J)LIXUH E GLVSOD\V WKH FKORULGH ELQGLQJ FDSDFLW\
UHYHDOV WKDW WKH ELQGLQJ FDSDFLW\ ZDV KLJKHU IRU 1IXC
UHVXOWYVY LQGLFDWH WKDW WKH UDWH DW ZKLFK WKH FKORU
WKH FRQFHQWUDWLRQ RI I[UHH FKORULGHV +RZHYHU WKLV (

E WKH GHFOLQH LQ WKH VORSH RI WKH FKORULGH ELQ
DSSUR[LPDWHO\ PRO / DIWHU ZKLFK LW H[KLELWV D VKDO«
E\ WZR IDFWRUV )LUVWO\ DW ORZHU FKORULGH FRQFHQWUD
VLWHV WR FKORULGH LRQV DOORZLQJ PRUH VLWHV IRU FKOI
GXH WR WKH OLPLWHG FDSDFLW\ RI FHPHQWLWLRXV V\VWHP\
DUH LQWURGXFHG WKH\ PD\ QRW DOZD\V ILQG DYDLODEOH

FKORULGH ELQGLQJ

7KH GHFUHDVH LQ WKH DELOLW\ RI WKH VDPSOHV WR EI
GHFUHDVHVY FDQ EH DWWULEXWHG WR WZR SULPDU\ UHDVRQYV
WKHUH DUH IHZHU ZDWHU ILOOHG SRUHV WKDW DOORZ WKH
6HFRQG WKH LQWHUIDFH EHWZHHQ WKH VROLG FRPSRQHQWYV
DW ORZHU VDWXUDWLRQ OHYHOV 7KLV GHFUHDVH LQ WUDOQ\

FKORULGHV WR ELQGLQJ VLWHV ZLWKLQ WKH VDPSOHYV

$QRWKHU UHDVRQ FRQWULEXWLQJ WR ORZHU FKORULGH
WKH LQFUHDVHG FRPSHWGZRRR G LEHOWZDHHOL WOV 7KH JHWD SR
23& SDVWH LV JHQHUDOO\ OHVV WKDQ P9 > @ 7R FRP
6+t+ DW WKH SRUH ZDOO VXUIDFHV FDOFLXP DQG RWKHU SRVL

ZLWK WKH QHJDWLYHO\ FKDUJHG VLODQRO VLWHV IRUPLQJ ZlI



QDPHG DIWHU +HUPDQQ YRQ +HOPKROW] ZKR ZDV WKH ILUVW

OD\HU ('/ DW WKH LQWHUIDFH EHWZHHQ D VROLG DQG DQ HC

$FFRUGLQJ WR +HOPKROW]fV PRGHO WKH ('/ FRQVLVWYV R
WKH +HOPKROW] OD\HU DQG WKH RXWHU GLIIXVH OD\HU 7K
DGMDFHQW WR WKH VROLG VXUIDFH ZKHUH LRQV DUH VWURQ.
%H\RQG WKH +HOPKROW] OD\HU OLHV WKH GLIIXVH OD\HU >
LRQV DQG FRQWDLQV D PL[WXUH RI FRXQWHULRQV DQG FR LR
'LWK DQ LQFUHDVH LQ WKH SRVLWLYH FKDUJH GHQVLW\ DW

ZDOOV VKLIWV WR D SRVLWLYH YDOXH ZKLFK FDQ VHOHFWLY

J)LIXUH +HOPKROW] PRGHO RI WKH (‘/IRU D D VDWXUDWHG

W VKRXOG EH QRWHG WKHUH#ADOLWYGH2BRR 8H VRIWKLIHRIY EWWR ZEH
WKH SRVLWLYHO\ FKDUJHG K\GUDWLRQ VLWHV > @ 6L
DERYH D GHFUHDVH LQ WKH VDWXUDWLRQ OHYHO RI WKH
RI 2ZLWKLQ WKH SRUH VROXWLRQ EHI@QJ7RGW RHEX® \RQ W F

VXUIDFH UHGXFLQJ DYDLODEOH ELQGLQJ VLWHV IRU &0 LRQ\



7TKHVH ILQGLQJV KLIKOLJKW WKH LPSRUWDQFH RI FRQVLG
WR FKORULGH H[SRVXUH D IDFWRU WKDW KDV RIWHQ EHHQ R
KDYH SUHGRPLQDQWO\ XWLOL]JHG /XSLQJ DQG 1LOVVRQTV HT:
FRPSOHWHO\ RYHQ GULHG VDPSOHV WR EULQH VROXWLRQV
FRQGLWLRQV &RQFUHWH HOHPHQWY LQ VHUYLFH XVXDOO\
LQIOXHQFHG E\ IDFWRUV VXFK DV ORFDWLRQ DQG VHDVRQ ,W
FRQFUHWH HOHPHQWY WKDW DUH H[SRVHG WR VROXWLRQV FF
WKH FKORULGH ELQGLQJ FDSDFLW\ RI FHPHQWLWLRXV V\VW

XQGHUHVWLPDWHY WKHLU DFWXDO ELQGLQJ FDSDFLW\

(ITHFW RIl ([SRVXUH 6ROXWLRQ RQ &KORULGH %LQGLQJ
JLIXUHGLVSOD\V WKH RXWFRPHV RI WKH FKORULGH ELQ

VROXWLRQV UIQB LADMXEWORNWGH FRROFH@WGDWERRQV Wk
VROXWLRQ FRQWDLQLQJ FDOFLXP SRWDVVLXP DQG VR
Rl FKORULGBAOFRIQNMUMIW WKH SXUH 1D&0O VROXWLRQ DQ
SRWDVVLXP LRQV GLVSOD\HG WKH RMIKHWPWG H Y+R?\H RH

PRO / FKORULGH FRQFHQW UJBMELRNH GNVKIHI @ D BLE D/QRWD & W K
ELQGLQJ FRPSDUHG WR WKH DRGXSR\RDVAVR IR DROM J F\D
VROXWLRQ FRQWDLQLQJ RQRY ¥ DWW HXQRVDOR V. FH[® D EL BHK

1D&O VROXWLRQ
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JLIXUH D &KORULGH ELQGLQJ DQG E FKORULGH ELQGL

JLIXUEE GHPRQVWUDWHY D JHQHUD®V WLLEH @ 8 W24IH 8 V
QXPEHU RI LRQV DGGHG WR WHKH KFERRIUG B H VR®LXQVUL R
VI\VWHP $V PRUH LRQV HVSHEHGIOLQMRGR &R FK\G URRL @

VROXWLRQ WKH RYHUDOO WK&8RAUVW®H E ICHFILMHIDNFBISD FL W

7TKH ELQGLQJ FDSDFLW\ RI FDOFLXP VLOLFDWH K\GUDWH\
DOXPLQDWH K\GURI\ $)P PRQR FDUERQDWH $)P DQG KHPI
LQIOXHQFHG E\ WKH SUHVHQFH RI RWKHU LRQV DQG WKH S+
+HPVWDG HW DO > @ FRQGXFWHG D VWXG\ ZKHUH WKH\ GHP
VROXWLRQ IURP WR LQFUHDVHG WKH FKORULGH ELQGLQ.
ELQGLQJ ZzDV DVVRFLDWHG ZLWK KLIJKHU DPRXQWYV RI FKORL
ORZHULQJ WKH S+ EHORZ UHVXOWHG LQ D GHFUHDVH LQ

GLVVROXWLRQ RI $)P SKDVHV > @

7KH S+ YDOXHV RI PXOWL LRQLF H[SRVXUH VROXWLRQV X'

$PRQJ WKH WKUHH VROXWLRQV WKH &+ .+ 1+ VROXWLRQ



FKORULGH FRQFHQWUDWLRQV IROORZHG E\ &+ .+ DQG &+
RI FHPHQW SDVWH LQ WKHVH VRO MXRDLORRY\H D W KK RIZHY H Q V)H IO
WKH &+ VROXWLRQ VKRZHG WKH KLIJKHVW ERXQG FKORULGH

ORZHVW ERXQG FKORULGH 7KHVH ILQGLQJY DOLJQ ZLWK WKF

J)LIXUH S+ RI HISRVXUH VROXWLRQV DW YDULRXV FKORL

7TKH DGGLWLRQ RI PRUH LRQV WR ZDWHU FDQ DOVR LQFUH
FDQ LPSDFW WKH FDSDFLW\ RI FHPHQW SDVWHV WR ELQG Ft
FRQFHQWUDWLRQ RI LRQV LQ D VROXWLRQ FDOFXODWHG E\
HDFK LRQ PXOWLSOLHG E\ WKH VTXDUH RI LWV FKDUJH )LJX
VROXWLRQV H[SUHVVHG LQ PROH SHU NJ RI ZDWHU PRO NJ
3+5((4& VRIWZDUH > @ ZDV XWLOL]J]HG WR SUHGLFW WKH LRQ
RI WKH IRXU VROXWLRQV LQ WKLV VWXG\ ZHUH VDWXUDWHG Z

IRU LWV VXLWDELOLW\ LQ PRGHOLQJ KLJK LRQLF VWUHQJWK



$FFRUGLQJ WR )LIXUH D DW DQ\JLYHQ FKORULGH FRQI
VROXWLRQV IROORZV WKLM RUGHWKF &&+ LEXUH 1D&O VROXW
LOQVWDQFH DW D FKORULGH FRQFHQWUDWLRQ RI PRO / WKt
KLIJIKHU WKDQ WKDW RI WKH SXUH 1D&0O0 VROXWLRQ ORUHRY
FKORULGH ELQGLQJ RI 23& SDVWHV LQ WKH &+ .+ 1+ VROX
1D&O VROXWLRQ 7KLV VXJIJHVWYV WKDW WKH LRQLF VWUHQJW

WKH FKORULGH ELQGLQJ RI FHPHQW SDVWHYV

YLIXUH D (VWLPDWHG LRQLF VWUHQJWK RI IRXU H[SRVXUH
FRQFHQWUDWLRQV E WKH UHODWLRQVKLS EHWZHHQ LRQLF VWL

YJLIXUH E GLVSOD\V WKH UHODWLRQVKLS EHWZHHQ WHK
VROXWLRQV DQG WKH FRUUHVSRQGLQJ PHDVXUHG FKORULGH
VLIJQLILFDQW LQYHUVH UHODWLRQVKLS 3HDUVRQYV U
VROXWLRQ DQG WKH ERXQG FKORULGH FRQWHQW ZLWKLQ WK
DWWULEXWHG WR LQFUHDVHG FRPSHWLWLRQ EHWZHHQ WKH

ELQGLQJ VLWHYV ,Q VLPSOHU WHUPV ZKHQ WKH LRQLF VWUH



LRQV SUHVHQW WKDW FDQ FRPSHWH ZLWK FKORULGHV WR EI

FKORULGH ELQGLQJ FDSDFLW\

(IIHFW Rl 6ROLG WR /LTXLG ODVV 5DWLR RQ &KORULGH %
,Q J)LIXUH WKH FKORULGH ELQGLQJ FRQWHQWYV DQG

VROLKLTX/I56 UBWLRV RI DQG 7KH UHVXOWY LQGLF!
GLITHUHQFHYVY LQ WKH DPRXQW RI ERXQG FKORULGH ZKHQ W]
FRQFHQWUDWLRQV L H PRO / $W KLIJKHU FKORULGH FR
6/5V RI DQG HIKLELWHG VLPLODU SHUIRUPDQFH ,Q FRQ

ELQGLQJ ZzDV REVHUYHG LQ VDPSOHV H[SRVHG WR DQ 6/5 RI

JLJXUH E VKRZV WKDW IRU 6/5 YDOXHV RI DQG
SODWHDX DW KLJKHU FRQFHQWUDWLRQV RI I[UHH FKORULGHYV
ZLWK WKH H[SRVXUH VROXWLRQ ,Q FRQWUDVW VDPSOHV H
GRZQZDUG OLQHDU WUHQG XS WR D IUHH FKORULGH FRQFH(
UHGXFWLRQ WKHUHDIWHU 1RWDEO\ LQ WKLV FDVH QR LQG
LQGLFDWLQJ WKDW WKH ELQGLQJ FDSDFLW\ Rl WKH VDPSO!
FRQWLQXRXV LQFUHDVH LQ FKORULGH ELQGLQJ HYHQ EH\RQC

FRQFHQWUDWLRQ HPSOR\HG LQ WKLV VWXG\
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JLIXUH D &KORULGH ELQGLQJ DQG E FKORULGH ELQGLQJ

J)LIXUH E VKRZV WZR GLVWLQFW VORSHV 7KH ILUVW Ut
LH I[UHH FKORULGH FRQFHQWUDWLRQ OHVV WKDQ 0 DQG
FKORULGH FRQFHQWUDWLRQ L H IUHH FKORULGH FRQFHQWUI
WKH FKORULGH ELQGLQJ FDSDFLW\ RI SDVWHV H[SRVHG WR K
KLIJKHU WKDQ FKORULGH ELQGLQJ FDSDFLW\ DW ORZ IUHH F
REVHUYHG IRU WKH FKORULGH ELQGLQJ FDSDFLW\ ZKHUH W
SDVWH 0 IRU WKH DQG 6/5V UHVSHFWLYHO\ DW D
RWKHU ZRUGYV WKH UHVXOWYVY VKRZ WKDW WKH YROXPH RI

FROQFHQWUDWLRQ LQIOXHQFHV WKH QXPEHU RI FKORULGH LR

7KH REVHUYHG LQFUHDVH LQ FKORULGH ELQGLQJ IRU WK
IDFWRUV )LUVWO\ WKH ODUJHU YROXPH Rl FKORULGH VROX!
FKORULGHV WR PDLQWDLQ D FRQVWDQW FRQFHQWUDWLRQ &
FRQGLWLRQV WKHUH ZHUH KLJKHU PROHV RI FKORULGH LRQ\

7KLV LQFUHDVHG DYDLODELOLW)\ Rl FKORULGHV HQKDQF

FHPHQW K\GUDWLRQ SURGXFWV 6HFRQGO\ WKH LQFUHDVHG



PRELOLW\ RI FKORULGH LRQV ZLWKLQ WKH SDVWHIV SRUHV

UHDFWLYH VLWHV 7KLUGO\ WKH ODUJHU YROXPH RI ZDWHL
UHVXOWLQJ LQ D GHFUHDVHG LRQLF VWUHQJIJWK ZLWKLQ WKH
VXFK UHGXFHG LRQLF VWUHQJWK FRQWULEXWHYVY WR DQ LQFU
FDQ LQFUHDVH WKH SUREDELOLW\ RI D JUHDWHU QXPEHU RI |

SDVWHIV SRUHYV

7TKHVH UHVXOWYV VXJJHVW WKDW DOWKRXJK VDPSOH VXU
ELQGLQJ VLWHV IRU FKORULGHY WKH DPRXQW RI FKORULGHYV
UROH LQ WKLY PDWWHU DQG VKRXOG QRW EH WDNHQ IRU JUD!
LQ WKLV VSHFLILF GRPDLQ )XUWKHU LQYHVWLIJDWLRQ LV Z|
LQWULFDWH PHFKDQLVPV XQGHUO\LQJ WKH REVHUYHG LQFUH
WKH LQWHUSOD\ EHWZHHQ H[SRVXUH VROXWLRQ YROXPH FK

VROXWLRQ FKHPLVWU\ DQG WKH UHVXOWLQJ LPSDFW RQ ELQ

(IIHFW Rl 6DPSOH 6KDSH RQ &KORULGH %LQGLQJ

J)LIXUH GHSLFWV WKH TXDQWLW\ RI ERXQG FKORULGH
VDPSOHV DW YDU\LQJ IUHH FKORULGH FRQFHQWUDWLRQV UD
JULQGLQJ WKH VDPSOHV LQWR SRZGHU UHVXOWHG LQ WKH K
WKH FUXVKHG DQG GLVN VKDSHG VSHFLPHQV 7KLV LV DWWUIL

SDUWLFOHV IRU FKORULGH LRQV WR SK\VLFDOO\ RU FKHPLFD
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JLIXUH D &KORULGH ELQGLQJ FRQWHQW DQG EUPKORULGH EL

$OWKRXIJK WKH FKORULGH ELQGLQJ FRQWHQW RI FUXVKI
UHODWLYHO\ VLPLODU DW IUHH FKORULGH FRQFHQWUDWLRC
REVHUYHG DW KLJKHU FKORULGH FRQFHQWUDWLRQV $W P
FKORULGH FRQWHQWY ZHUH DSSUR[LPDWHO\ DQG

DQG SRZGHU VSHFLPHQV UHVSHFWLYHO\

7KH ILQGLQJYV LQGLFDWH WKDW WKH SRZGHU IRUP RI Wk
FKORULGH ELQGLQJ FDSDFLW\ WKDQ WKH RWKHU IRUPV UHJI
HIDPSOH DW D IUHH FKORULGH FRQFHQWUDWLRQ RI 0 WKF

FUXVKHG DQG SRZGHU VDPSOHV ZHUH DQG PJ J

&KORULGH %LQGLQJ ,VRWKHUPV

IDQJPXLU DQG )UHXQGOLFK LVRWKHUPV JLYHQ LQ (TV
HISHULPHQWDO GDWD WR FDODE®&O D WIR OMRZHG SBH\UW R HWAHDUWOW
UHVLGXDO VXP RI VTXDUHV 566 IRU HDFK ILW 7DEOH GLV

IRU DOO VDPSOHYV



7TDEOH &DOFXODWHG /DQJPXLU DQG )UHXQGOLFK SD

/IDQJPXLU ,VR\ JUHXQGOLFK ,°

3DUDFP JDFWRU Uk 566 U, Gk 566
"LVN
6KDS &UXVKH
3RZGHU
6DW XL
/ 6 5D
1D&O
& +
6ROX) ar 4
&+ .+ 1+

7KH ILQGLQJV LQGLFDWH WKDW WKH /DQJPXLU DQG )UF
HVWLPDWLRQV ZLWKLQ WKH FKORULGH FRQFHQWUDWLRQ UDC
WKDW FDOFXODWHG 566 IRU )UHXQGOLFK LVRWKHUP ZDV OR
WKHUHIRUH WKH )UHXDGOWLKRXSDAJERHWHWL ]HG WR FRPSXWH
FDSDFLW\ W LV FUXFLDO WR KLJKOLJKW WKDW WKH )UHXQG
FDSDFLW\ ZKHQ FKORULGH FRQFHQWUDWLRQV DUH H[WUHPI

DGYLVDEOH WR HPSOR\ WKH /DQJPXLU LVRWKHUP IRU WKDW ¢

6XPPDU\ RI ODLQ )LQGLQJV 2EMHFWLYH
7KH DEVHQFH RI VWDQGDUGL]HG WHVWLQJ SURWRFROV IF

HUURUV ZKHQ HVWLPDWLQJ DFWXDO ELQGLQJ FDSDFLW\ 7R P

DSSURDFK ZLWK SUDFWLFDO DSSOLFDWLRQV VHYHUDO UHFR



7R HQKDQFH WHVW UHVXOW DFFXUDF\ DQG H[WHQG WKH
LPSRUWDQW WR GHILQH D QRUPDO VDWXUDWLRQ OHYHO
VFHQDULRV 7KLV FDQ EH DFKLHYHG E\ REWDLQLQJ VDPS
HQYLURQPHQW RU E\ XVLQJ SUHFLSLWDWLRQ GDWD WR
FRQFUHWH I D QRUPDO VDWXUDWLRQ OHYHO LV XQNQR?Z
ELQGLQJ LVRWKHUP DW WKUHH GLIITHUHQW GHJUHHV RI
HIWUDSRODWHG WR FRQGLWLRQV ZLWKLQ WKDW UDQJH
7TKH FKHPLFDO FRPSRVLWLRQ RI WKH FKORULGH VROXWLI
FKHPLVWU\ RI WKH VDPSOH XQGHU VWXG\ $YRLG VDWXULI
DQG SRWDVVLXP LRQV DV LW FDQ OHDG WR DQ XQGHUH
2QH DSSURDFK WR DFKLHYLQJ WKLV LV E\ REWDLQLQJ D
SRUH SUHVV WHFKQLTXH

,W LV LPSRUWDQW WR VHOHFW VDPSOH VKDSHV WKDW UF
UHDOLVWLF HVWLPDWHYV RI FKORULGH ELQGLQJ FDSDFLW
FDQ SURYLGH D EHWWHU HVWLPDWLRQ RI FKORULGH EL
UHVHPEOH ILHOG FRQGLWLRQV

7KH VR®Ld XLG PDVV UDWLR VKRXOG EH VHOHFWHG EDVH
ILHOG FRQGLWLRQV

)LEQbOO\ UHVHDUFKHUV DUH UHFRPPHQGHG WR UHSRUW |
RI VDWXUDWLRQ RI VDPSOHV WKH FKHPLFDO FRPSRVLWL
DQG VXUIDFH DUHWDR DI XA GVRBWWRODWLR ZKHQ WHVWLQJ

FHPHQWLWLRXV V\VWHPV



2EMHFWLYH , QYHVWLIDWH WKH &KORULGH %LQGLQJ DQG
7TKH UHVXOWY DQG GLVFXVVLRQ SUHVHQWHG LQ WKLV V
ERQVWUXFWLRQ DQG %XLOGLQJ ODWHUSDBP®HNS HHR®KP@PW FKOR
GHVRUSWLRQ LVRWKHUPV RI 3BRUWODQG FHPEEWRENMWWWL Y &R
VWXGLHG S+ GHSHQGHQW FKORULGH GHVRUSWLROQ8VRW KHUF
1D&O0 VROXWLRQV DV WKH RBRDEGERARRIOQ LHH LEMHVWLIDWHC(
LVRWKHUP EHWWHU VXLWV WKH FKORULGH ELQGLQJ RI 23& SEL

LMQIOXHQFHG E\ VWPRHOFDWIL RQ BANISHH VROXWLRQ

&KORULGH %LQGLQJ ,VRWKHUPV

7R LGHQWLI\ WKH DSSURSULDWH ELQGLQJ LVRWKHUP W
EHKDYLRU RI WKH FKORULGHV LQ WKHVH VDPSOHV WKH /DQJ
WKH H[SHULPHQWDO UHVXOWYV E\ PHDQLRIUGR QQGQFADW HVH N

ELQGLQJ FDSDFLW\ RI HDFK VD P SBOHCEDWYMHRH WO WK HR Bl WWKLHP D

LVRWKHUPIDEFHQ LQ

7TDEOH /IDQJPXLU DQG JUHXQGOLFK SDUDPHWHU HVW
/IDQJPXLU ,VRWI JUHXQGOLFK ,VF
BROXWI / 566 § ) 566
0J&O
&D&O
1D&O

7TDEOHVKRZV WKH UHVLGXDO VXP RI VTXDUHV 566 IRU F
SDUDPHWHU HVWLPDWHY DVVRFLDWHG ZLI7\WEKOW KLH) GV R AWK H UNPK
LQ DOO FDVHV H[FHSW IRU 1D&0O WKH /DQJPXLU LVRWKHUP KI

WKH H[SHULPHQWDO GDWD 1XPHURXV UHVHDUFKHUV KDYH LC



DO > @ VWXGLHG FKORULGH ELQGLQJ IRU 23& FHPHQW SDV
FROQOFHQWUDWLRQV UDQJLQJ IURP 0O WR 0 7KH\ UHSRUWHCG
DQG IUHH FKORULGH DQG FLWHG WKDW ERWK /DQJPXLU DQG )
$ UHYLHZ RI WKH HIITHFWV Rl HIWHU@PHP ARWREPDL G H GR BDRKHUWRLLO
HW DO > @ UHYHDOV WKDW FRQVLGHULQJ D OLQHDU FRUU
RYHUVLPSOLILFDWLRQ 7KH\ DOVR SRLQWHG RXW WKDW D /D
HISHULPHQWDO UHVXOWY DW ORZ FKORULGH FRQFHQWUDWLF
ERXQG FKORULGH KDYH D QRQ OLQHDU UHODWLRQVKLS 7K
FRQWDLQLQJ GLYHUVH ELQGHU W\SHV H[SRVHEZG® R W W/&Q VRWV\

WR H[SHULPHQWDO UHVXOWYVY WKDQ WKH /DQJPXLU LVRWKHUF

)LIXUH D LOOXVWUDWHY WKH UHODWLRQVKLS EHWZH!I
FKORULGHV IRU WKH JURXQG 23& SDVWH VDPSOHV HEBBRVHG \
VKRZV WKDW WKH FKORULGH ELQGLQJ FDSDELOLW\ RI WKH 2:
W\SH RI WKH FKORULGH DQG LWV PDJQLWXGHDZIKUN WEKW VGHIF
FDQ EH H[SODLQHG E\ WKH UROH WKDW WKH FDWLRQ W\SH RI
WKH VROXWLRQ DQG WKH VWUXFWXUH Rl &+6++ :KHQ 1D&O
VRGLXP K\GUR[LGH IRUPV ZKLFK LV D VWURQJ EDVH OHDGLQJ
$Q LQFUHDVH LQ WKH S+ Rl WKH SRUH VROXWLRQ OHDGV WR |
WKXV D GHFUHDVH LQ WKH QXP E&DE ®HBERWY GZ EW & RAHFGHQYW :
SURGXMWKDQ FRQWULEXWH WR WKH GHYHORSPHQW RI PRUH
FKORULGHV IURP WKH VEDRKMW MRR VDK VRODHDMRQ+LQ UHWXUQ
WKH S+ Rl WKH VROXWLRQ > @ 7KH FDOFLXP LQ WKH VDOW

SKDVH )ULHGHOYV VDOW ZKLFK LV WKH FKHPLFDO IRUP RI



0J FDQ OHDG WR WKH IRUPDWLRQ RI EUXFLWH DQG DQ LQFUL

WXUQ FDQ LQFUHDVH WKH FKORULSH@XSWDNH FDSDELOLW\ RI
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JLIXUH D &KORULGH ELQGLQJ LVRWKHUP RI 23& SDVWH H[SR

ELQGLQJ FDSDFLW\ 23& SDVWH H[SRVHG WR YDULRX

$Q H[DPLQDWLRQ RI )LIJXUH E UHYHDOV WKDW DW ORZ
FKORULGHB WKH ELQGLQJ FDSDFLW\ RI WKH JURXQ&@ZR2¥& SDV
KLIJIKHU WKD@ QRBU1RR&O )RU HIDPSOH DW IUHH FKORULGH
0J&0 &D&DODQG 1D&O ZHUH DQG PJ J SDVWH 0 UH\
FKORULGH FRQFHQWUDWLRQV KRZHYHU WKH 23& SDVWH VDP
ZKHQ H[SRVHG )RR &DPERFROSOH DW D 0 FKORULGH FRQFHQWLU
FDSDFLW\ RI WKH 23& VDPSOHGBGXNRVRHGZWR WKHP&DERSDVWH 0
ZKLFK ZDV KLIKHU WKR Q XDRIURWDISHS OR&ICP DWHO\ JUHDWH
WKH 1D&0O0 VROXWLRQ ZKLFK KDV WKH ELQGLQJ FDSDFLW\ RI
DOLJQV ZHOOV ZLWK SUHYLRXV ILQGLQJ ZLWK '"H :HHUGW HW L

TXDQWLWLHV IRU FHPHQW IRDWVW A HH[ ERV/&IDEOE R O/ RDMXWLRQV



ILQGLQJYV ZHUH UHSRUWHG D KLJKHU FKORULGH ELQGLQJ T:

LQFUHDVHG > @

;5" DQG 7*$ 5HVXOWYV $IWHU ([SRVXUH WR %YULQH 6ROXWI
JLIXUH VKRZV WKH ;5" SDWWHUQV IRU JURXQG FHPHQYV

0 0J&0&D&DQG 1D&O VROXWLRQV SULRU WR WKH DGGLWLRQ R

D WKH PDLQ SKDVHV REVHUYHG LQ DOO WKUHH VDOW VR
FDOFLWH +RZHYHU ZKHQ WKH PRODULW\ LQFUHDVHG WR )L
E\ WKH W\SH RI FDWLRQ ,W KDV EHHQ UHSRUWHG WKDW LPP
VROXWLRQV FDXVHV FDOFLXP WR OHDFK RXW RI SRUWODQGL\
UDWLR RI WKH FHPHQWLWLRXV V\VWHP > @ 7KLV FDQ EH \
LOQOWHQVLWLHVZIRUH B[WB&QY¥LYHO\ UHGXFHGQRBRVIHREKDWH VRUQ

SRUWODQGLWH ZDV GHWHFWHG DQG LQVWHDG EUXFLWH ZLC

ZDV GHWHFWHG EHWZHHQ f DQG f ZKLFK DJUHHV ZLW
GH CH a Cc b
Cc Fs B
B
Fs ¢H MgCl, o MgCl,
CH —
= CcCH S Fs
3| Fs CH 8 CH
> A caC = CaCl,
2 E 2 cH (CcH
g E| Fs CH
NaCl H NaCl
CCCH
. . CH ., .
Without chloride ~, Without chloride
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JLIXUH ;5" SDWWHUQV RI JURXQG 23& SDVWH VDPSOHYV DIWHU

FKORULGH VROXWLRQ E 0 FKORULGH VROXWLRG xXFf )EDLEGBIHVOH



7KH UHVXOWYV LQGLFDWH WKDW DQ LQFUHDVH LQ WKH FFR
OHG WR DQ LQFUHDVH LQ WKH )ULHGHOTV VDOW LQWHQVLW
LQWHQVLW\ Rl )ULHGHOfV VDOW ZDV LQIOXB@VHG BAKW KL JK
LQWHQVIADPQ &DLVVROYH SRUWODQGLWH DQG UHGXFH WKH S+
LQFUHDVH WKH ULVN RI UHLQIRUFHPHQW FRVD@AWLRDQLBLBRQF
FKORULGH ZLWK FHPHQW K\GUDWNYDOM UFLBRRQVLGE UG WARDE

WR FRQFUHWH WKDQ 1D&0 > @ GXH WR WKH UHGXFWLRQ RI

7KH '7* SORWYV REWDLQHG IURP 7*$ WHVWYV IRU WKH 23& S
HISRVXUH WR QLWULF DFLG DUH VKRZQ LQ )LJXUH "7 FXU
LQ UHODWLRQ WR WHPSHUDWXUH VXFK DV WKH SHUFHQWDJ|
IRXU VLIQLILFDQW PDVV ORVVHV FRUUHVSRQGLQJ WR HWWU
WR « > @ SRUW®RDQGLDWQHGDAMDOFLWH DW WR .
VKRZVY D UHGXFWLRQ LQ WKH DPRXQW RI SRUWODQGLWH LQ \
WKDW LV LQ JRRG DFFRUGDQFH ZLWK WKH GLVFXVVLRQ SURY

RWKHU UHVHDUFKHUV > @



0.00
Before addding salf
0.044 0.1M MgCl,
0.1M CaC}
0.1M NacCl

0.08+

DTG (%/C)
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JLIXUH '7* FXUYHV RI JURXQG 23& SDVWH VDPSOHV DIWHU FKO
)V J)ULHGHOfV VDOW &+ SRUWODQGLWH &F FDO

W VKRXOG EH QRWHREOWWDRQVY. QLW &® FKDOOHQJLQJ WR
DVVRFLDWHG ZLWK & 6 + I[URP 0 6 + DQG WKH SHDNV DVVRF
EHFDXVH WKHLU FRUUHVSRQGLQJ SHDNV DUH PRVWO\ RYHU!
YDOXHV IRU JURXQG FHPHQW SDVWHOLRBPENIQMHG L@ 1D &D 0JHK.O

DQG UHVSHFWLYHO\ ZKLFK DJUHH ZLWK WKH ;
FKORULGHYV MDROPW&DEI® DYDLODEOH WR ELQG ZLWK FHPHQW K\
LQ > @ $ FRPSDULVRQ RI WKH '7* FXUYHV Rl WKH 0 DQ
RI PRUH RI JULHGHOfV VDOW LQ WKH 0 VROXWLRQV 7KH )L
VDPSOHV LPPHUVHG LQ &D&@IRE® 0 1D&O ZHUH DQ

UHVSHFWLYHO\



&KORULGH '"HVRUSWLRQ 5HVXOWYV
JLIXUHD VKRZV KRZ WKH S+ RI WKH H[SRVXUH VROXWLRQ

DFLG ,W LV LPSRUWDQW WR QRWH WKDWHWKH° 3B VWXDJOHGH D | W/
IXUWKHU UHDFWLRQ EHWZHHQ WKH DFLG DQG WKH FHPHQW S
KRXUV 8SRQ WKH DGGLWLRQ RI QLWULF DFLG WR DQ H[SRVXI
LV GLVWXUEHG DQG WKH S+ RI WKH VROXWLRQ GURSV VLJQL
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JLIXUH D 7KH YROXPHWULF LQIOXHQFH RI QLWULF DFLG RQ WK
HTXLOLEULXP E WKH LQIOXHQFH RI S+ RQ FKORULGH GLVD

$V WKH S+ GHFUHDVHV WKH K\GUDWHG FHPHQW FRPSRX(
$W S+ YDOXHV EHORZ SRUWODQGLWH LV WKH ILUVW FRQ\
& 6 + DQG FDOFLXP DOXPLQDWH K\GUDWH > @ $W S+ YDOXL
IXUWKHU WR IRUP DOXPLQXP QLWUDWH DQG DW S+ YDOXHYV

DOXPLQR IHUULWH SKDVHV WR IRUP FDOFLXP QLWUDWH DQG

JLJXUHE VKRZV WKH FRQFHQWUDWLRQ RI GLVVRFLDWHG F

WKH H[SRVXUH VROXWLRQ 7KH JHQHUDO WUHQG LQ WKLV IL



GHVRUSWLRQ LVRWKHUP LV QRQOLQHDU DQG FDQ EH GLYLGH
DIWHU WKH DGGLWLRQ RI QLWULF DFLG WKH ERXQG FKORU
UHOHDVHG LQWR WKH H[SRVXUH VROXWLRQ ZKLFK FRUUHVS
LVRWKHUP FXUYHE LXULOXUMKLY SKDVH WKH FRQFHQWUDWLR
HISRVXUH VROXWLRQ LQFUHDVHG :LWK WKH IXUWKHU DGGLYV
LVRWKHUP VKLIWV WR D GRZQZDUG GLUHFWLRQ ZKLFK LV I
HISRVXUH VROXWLRQ 'XULQJ WKLV SKDVH WKH FRQFHQWUD\
ZDV UHGXFHG $W D S+ RI DOPRVW DOO WKH GLVVRFLDWHG

GLVFXVVHG LQ PRUH GHWDLO EHORZ

JLIXUHE DOVR VKRZV WKDW WKH S+ DW ZKLFK WKH PD[LPX
ZDV LQIOXHQFHG E\ WKH FDWLRQ W\SH RI WKH FKORULGH )R
VROXWLRQ WKH PD[LPXP YDOXH RI FKORULGH GLVVRFLDWLR
S+ RI ZKHUHDV LQ WKH VD MBSOGH & DAISHR WHDGLRWRP OY RO XHV
GLVVRFLDWHG FKORULGHV ZHUH DQG PJJ SDVWH DW
7TKHVH UHVXOWY VXJJHVW WKDW WKH EUHDNGRZQ RI SK\VLFI
FHPHQW SDVWH H[S POVHG QDROKRH.BQA/OUHTXLUHG D ORZHU S+
LW FDQ EH DVVXPHG WKDW WKH\ KDG GHYHORSHG D VWURQJH
LOWHUHVWLQJ ILQGLQJ ZzDV WKH UDWH RI GLVVRFLDWLRQ Z
FKORULGH DQG KDG WKH GHFURDWKICG FRRISTHAU I RKRRHOR D GJ & O
JLIXUHE LQGLFDWHYVY WKDW DOPRVW DO®@WWEH ERX YR FXWRRQ
GLVVRFLDWHG DW WKH SHDN SRLQWV ZKHUHDWRRXWL R QRZ HAU

GLVVRFLDWHG DQG UHOHDVHG LQWR WKH H[SRVXUH VROXW



DVVXPSWLRQ WKDW FHPHQW K\GUDWHYV IRUP MROMXWRQRIH W KR

1D&O VROXWLRQ

,Q JHQHUDO WKH ILQDO SURGXFWV RI WKH UHDFWLRQ
HISHFWHG WR EH FDOFLXP VDOW L H FDOFLXP QLWUDWH 7
R[LGH > @ 7KH DXWKRUV K\SRWKHVL]HG WKDW WKHVH SUH
DEVRUE VRPH RI WKH I[UHH FKORULGHV IURP WKH H[SRVXUH \
WKH FKORULGH GHVRUSWLRQ LVRBVKHUUPIRKBDAWWVDRB QHDIUVLPQC
SURGXFWV GXULQJ FKORULGH H[WUDFWLRQ E\ QLWULF DFLG
JRU H[DPSOH /ROLYLHU > @ UHSRUWHG WKH IRUPDWLRQ RI
IURP KDUGHQHG FRQFUHWH ZKLOH $KPHG DQG 7UHMR > @ |
LQ FDOFLXP VXOIXU DQG DOXPLQD GXULQJ FKORULGH H[WL

VXOIRDOXPLQDWH SDVWH VDPSOHV FRQWDLQLQJ DGPL[HG FK

6RPH UHVHDUFKHUYV KDYH VXJJHVWHG WKDW ERLOLQJ WK
LV D UHTXLUHG VWHS WR PDNH VXUH DOO WKH FKORULGHYV |
HIWUDFWLRQ XVLQJ QLWULF DFLG DQG WKH ERLOLQJ PHW
LQYHVWLIDWLRQ > @ 1RWH WKDW ERLOLQJ LV UHFRPP
GHWHUPLQH WKH FRQFHQWUDWLRQ RI WRWDO FKORULGHV LC

WKLV ZzDV EH\RQG WKH VFRSH RI WKH SUHVHQW VWXG\

7KH FKHPLFDO FRPSRVLWLRQV RI WKH K\GURJHOV SURGX
R] QLWULF DFLG ZHUH REWDLQHG E\ PHDQV RI ; UD\ IOXRUHYV
7TKHVH K\GURJHOV ZHUH PDLQO\ FRPSRVHG RI FDOFLXP DQG

FKORULGHY DQG VXOILGHYV ZKLFK DJUHHV ZLWK WKH K\SRW



DEVRUE FKORULGHV ,Q DGGLWLRQ WRMVHED?ZDV.@® WKH IRBR

K\GUR[LGH LQ WKH K\GURJHOV ZKLFK ZRXOG H[SODLQ WKHLI

7TDEOH &KHPLFDO FRPSRVLWLRQ RI K\GURJHOV
6ROXW 1D 0J $O 6L 3 6 & O . &D )H
0J&O
&D&O
1D&O

;5" DQG 7*$ 5HVXOWYV $IWHU S+ 5HGXFWLRQ

J)LIXUH VKRZV WKH GLITUDFWLRQ SDWWHUQV DIWHU
VDPSOHV LPPHUVHG LQ &DOHOQQC DDERIXEOCROXWLRQV $ FRPSELC

ZLWK )LIXUH KLIKOLJKWYV WKDW DGGLQJ QLWULF DFLCG
VLIQLILFDQWO\ DIIHFW WKH SKDVHV GHWHFWHG 3RUWODQ
GLVVROXWLRQ ZKHQ DFLG DWWDFNV FRQFUHWH DQG WKH S+
WKH UHDFWLRQ EHWZHHQ DQ DFLG DQG FHPHQW SDVWH K\GU
W\SH RI DFLG GRHV DIIHFW WKH UHVXOWLQJ FDOFLXP VDOW >
GLIITUDFWLRQV DUH GRPLQDWHG E\ FDOFLXP QLWUDWH ORUF
;5" UHVXOWY DOVR VKRZ WKDW DIWHU DGGLQJ QLWULF DFLG
SUHVHQW 7KLV FDQ LQ SDUW EH FDXVHG E\ WKH LQVWDEI

VXEVHTXHQW GHFRPSRVLWLRQ LQWR DOXPLQD K\GUR[LGH DQ
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JLIXUH ; UD\ GLIITUDFWLRQ SDWWHUQV RI JURXQG 23& SDVWH
DGGLQJ QLWULF DFLG D 0 E 0 * J\SVXP &1 FDOF

7TKH '7* FXUYHV IRU WKH JURXQG SDVWHV H[SRVHG WR YL
RI QLWULF DFLG DUH VKRZQ LQ )LJXUH , W VKRXOG EH QR
0 1D&O0 DQG OZEBDEOORVW GXH WR GDWD FROOHFWLRQ SUREC
DIWHU DGGLQJ QLWULF DFLG D YHU\ QHJOLJLEOH DPRXQW |
DGGLWLRQ RI PO QLWULF DFLG WKH S+ RI WKH VRO>

GHFDOFLILFDWLRQ DQG WKH GLVVROXWLRQ RI )ULHGHOYV VD

7KH '7* FXUYHV )LJXUH LQGLFDWH WKDW J\SVXP DQG
SKDVHV *\SVXP GHFRPSRVLWLRQ LV REVHUYHG LQ D WHPS
SUHFLVHO\ EDVHG RQ WKH OLWHUDWXUH LW RFFXUV DURXC
YDULHVY DQG LV LQIOXHQFHG E\ WKH KHDWLQJ UDWH DQG WK}
PDVV ORVVY ZzDV UHODWHG WR FDOFLXP QLWUDWH ZKLFK KDS
DFLG > @ $V GLVFXVVHG LQ WKH ILUVW SDUW RI WKLV VHF\

ORZ S+ DQG WKH PDLQ SKDVH LV FDOFLXP QLWUDWH DV FRC



QLWUDWH PDVV ORVV YDOXHWEREMWEH ® QG O0JE&AD&O ZHUH

DQG UHVSHFWLYHO\

0.1M MgCH

DTG (%/C)

0 200 400 600 800 1000 12
Temperature®C)

FXUYH RI 23& SDVWH LPPHUVHG LQ VDOW VROXWLRC

J)LIXUH T
J\SVXP &1 FDOFLXP QLWUDWH

6XPPDU\ RI ODLQ )LQGLQJVY 2EMHFWLYH

,Q WKLV REMHFWLYH ZH ILUVW LQYHVWLIJDWHG WKH FKO
HISRVHG WRD&KRAQG 1D&O VROXWLRQV DQG WKHQ ZH GHYLVH¢
DQG VWXG\ S+ GHSHQGHQW FKORULGH GHVRUSWLRQ LVRWKH!
WKDW VDPSOHV WKDW GHYHORS D VWURQJ FKORULGH ELQGL

UHOHDVH IHZHU FKORULGHYVY LQWR WKH FRQFUHWH SRUH VRO

W ZDV IRXQG WKDW WKH /DQJPXLU LVRWKHUP LV EHW
JURXQG 23& SDVWH FRPSDUHG WR )UHXQGOLFK LVRWKF
7TKH TXDQWLW\ RI ERXQG FKORULGH LV SUHGRPLQDQW

FKORULGH LQ WKH GHFOHDWLIRARUGHU &D&O



7KH GURS LQ WKH S+ RI WKH H[SRVXUH VROXWLRQ LQL
RI WKH ERXQG FKORU D®HV1ID&®» WKHNVOI &EORZHYHU RQO\
FKORULGHV I URROXKH.- RQ &R XOG EH GLVVRFLDWHG DV L
WKH H[SRVXUH VROXWLRQ

JULHGHOYV VDOW IRUPDWLRQ ZKLFK UHSUHVHQWYV WKH

E\ WKH W\SH DQG FRQFHQWUDWLRQ RI WKH VDOW VROX



2EMHFWLYH ,QYHVWLIJDWLRQ RQ WKH FKORULGH ELQ
FHPHQWLWLRXV VIVWHPV FRQWDLQLQJ 6&0V
7KH UHVXOWV DQG GLVFXVVLRQ SUHVHQWHG LQ WKLV V
&RQVWUXFWLRQ DQG %XLOGLQJ ODWHULDOV 9ROXPH
PHFKDQLVPV Rl FHPHQW SDVWHV FRQWDLQ% QJ@ ®QIBVEP HERBE
6RFLHW\ RI &LYL®6EYJIIMRKULDII RI ODWHULDOV LQ &LYLO (QJ!
3(IITHFW Rl S+ RQ 'HVRUSWLRQ Rl %RXQG &KORULGHV LQ &
%ODVW JXURBWH IKW $PHULFDQ 6RFLHW\ RI &L¥Y LG (QNH.L QHKH V|
REMHFWLYH ZH FRPSUHKHQVLYHO\ LQYHVWLJDWHG WKH SUR
SULQFLSDO VXSSOHPHQWDU\ FHPHQWLWLRXV PDWHULDOV 6.
OHYHOV VODJ DW DQG UHSODFHPHQW OHYHOV DQG
OHYHOV ,QLWLDOO\ WKHVH EOHQGHG FHPHQWYV ZHUH VXE
VROXWLRQV 1DCG &MBRODVVHVV WKHLU FKORULGH ELQGLQJ
S+ RI WKH VIVWHP ZDV VIVWHPDWLFDOO\ DOWHUHG WKURXJK
$W HDFK VSHFLILHG S+ OHYHO ZH FRQGXFWHG D GHWDLOH
DVVRFLDWHG FKDQJHV LQ FKHPLFDO FRPSRVLWLRQ 7R IDFLO
ILQGLQJV WKH UHVXOWV IRU HDFK W\SH RI 6&0 DUH GLVFXVYV
&KORULGH %LQGLQJ DQG 'HVRUSWLRQ &DSDFLW\ IRU %O
+\GUDWLRQ &KDUDFWHUL]DWLRQ Rl %LQDU\ %OHQGHG «
$GGLQJ I)®\ DARKDQ 23& VIVWHP SURPRWHV SR]JRODQLF UH
LV FRQVXPHG WR IRUP &3BIX¥UMO > VKRZ®WKH :5' VSHFWUD
DQG )$ SDVWHV WKDW ZHUH FXUHG IRU G 7KH LQWHQVLW\

LQFOXVLRQ Rl )$ EHFDXVH LW ZDV FRQVXPHG WR SURGXFH &



SRUWODQGLWH SHDN DURXQG GHJUHHV IRU 23& LV ZKL
DQG )$ UHVSHFWLYHO\ $W WKH QH[W SRUWODQGLWH SHDN
)$ DQG )$ DUH DQG UHVSHFWLYHO\ (WWULQ

&%) PROQRFDUERQDWH IHUULWH SRUWODQGLWH FDOFLWH

CH CH

EC Cﬁc C,S CH CHCH CH
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YLIXUH '5' VSHFWUD RIT G SDVWH VDPSOHV FRQWDLQLQJ 10\
ORQRFDUERQDWH ) )HUULWH &6 SROWWBQGLWH &F &

7KH UHVXOWYVY DUH LQ DJUHHPHQW ZLWK SUHYLRXV LQYH
EOHQGHG FHPHQW SDVWHV FRQWDLQLQJ IO\ DVK > @ )L.
EOHQGHG FHPHQW SDVWHV FRQWDLQLQJ IO\ DVK ,Q WKH 7*$
ZHUH REVHUYHG DW DURXQG f& DQG f& ZKLFK DUH DW
UHVSHFWLYHO\ > @ 2QO\ VPDOO DPRXQWV Rl PRQRFDUERQ
EHDULQJ VDPSOHV ZLWK D GLS DW DURXQG f& )LJIXUH
WKH SRUWODQGLWH IXUWKHU GHFUHDVHV ZLWK DQ LQFUHDV
PDVV ORVV DVVRFLDWHG ZLWK SRUWODQGLWH GXH WR SR]]R

WKH PDVV ORVV SHUFHQWDJH UHODWHG WR SRUWODQGLWH L



LQ WKH )$ DQG )$ SDVWHV UHVSHFWLYHO\ &RPSDUHG WR
UHGXFWLRQ LQ PDVV ORVV RI WKH SRUWODQGLWH E\ LQFRL

UHSRUWHG E\ .RFDN HW DO > @ DQG /HNORX HW DO > @
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J)LIXUH '7* DQDO\VHV RI G K\GUDWHG SDVWH VDPSOHV FRQW
SRUWODQGLWH DQG 0 ORQRFDUERQDWH

&KORULGH %LQGLQJ RI %OHQGHG 3DVWHV &RQWDLQLQ.

)LIXUH LOOXVWUDWHY WKH UHODWLRQVKLS EHWZHHQ
LQ WKUHH VIVWHPV FRQWDLQLQJ 23& DQG )$ ,Q PRVW FDVHV
FKORULGHV LV QRQOLQHDU 7KH /DQJPXLU DQG J)UHXQGOLFK |
WR LGHQWLI\ WKH ELQGLQJ LVRWKHUP WKDW EHVW PLPLFV W
LQ WKHVH VDPSOHV 7DEOH VKRZV WKH UHVLGXDO VXP
FRUUHVSRQGLQJ SDUDPHWHU HVWLPDWHY DVVRFLDWHG ZLW|
EHWWHU ILW IRU WKH FKORULGH ELQGLQVR@X$D\RWQM VAIKP-SLOH

JUHXQGOLFK LVRWKHUP ZDVVR EXWMWRHLY/ ILW IRU WKH &D&O
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J)LIXUH 7KH FKORULGH ELQGLQJ LVRWKHUPV RI 23&DIDG DVK SDVW
0J&OD 23& E )$ F )$



7TDEOH 7KH HVWLPDWHG SDUDPHWHUV RI WKH /DQJPXLU D

IDQJPXLU ,VRWK JUHXQGOLFK ,VR

6\VWE BROXW G 566 U, s 566

1D&O
23& &D&O
0J&O

1D&O
) $ &D&O
0J&O

1D&O
)$ &D&O
0J&0O

566 5HVLGXDO VXP RI VTXDUHYV

JLIXUH VKRZV WKDW WKH FDWLRQ RI WKH VDOW SOD\H
FDSDFLW\ Rl WKH 23& SDVWHV 7KH VROXELOLW\ RI JULHGHC
LQFUHDVH LQ S+ FDQ LQFUHDVH WKH VROXELOLW\ RI )ULHGH
LQ 1D&O VROXWLRQ FDQ EH DWWULEXWHG WR LWV KLJKHU S+
UHDVRQ IRU D KLJKHU ERXQGLFKW R LFGRH WR Q BMMD MRVIROR/E HVSKOH
GHYHORSPHQW RI PRUH Rl WKH &+6++ SKDVH ZLWK DQ LQFUH
DGVRUE PRUH FKORULGH LRQV 7KBHHQSOMDNE QFR RQ D DFHRIOW 19
UDWLR SURPRWLQJ WKH IRUPDWLRQ RI PDJQHVLXP VLOLFEDW
LPSDFW RQ WKH SRURVLW\ DQG LQWHJULW\ Rl WKH SDVWH VL

06 + PHDQV PRUH FKORULGH LRQV FDQ LQJUHVYV UHVXOWLQ.

JLJXUH DOVR UHYHDOV WKDW UHSODFLQJ D SRUWLRQ RI
FKORULGH ELQGLQJ RI WKH V\VWHP )RU H[DPSOH LQ D 01
23& ZLWK DQG )$ LQOFUHDVHG WKH QXPEHU RI ERXQG

FRPSDUHG WR WKHLU 23& FRXQWHUSDUWW QR VRO MWL RKDYG



7TKH LQFUHDVHG FKORULGH ELQGLQJ GXH WR WRHFIR@DADEKYWR C
RI' )¢ %DVHG RQ WKH FKHPLFDO FRPSRVLWLRQ RI )$ 7DEOH

JUHDWHBR@WHQW WKDQ 23& ZKLFK FDQ KHOS WKH IRUPDWLR
SURGXFWLRQ > @ +LJKHU $)P FRQWHQW IDFLOLWDWHV W
FRPSRXQGV VXFK )ULHGHG2/ VBOMK RWH&&WE&HB SULPDU\ IRUPYV

ERXQG FKORULGHYVY OHDGLQJ WR D KLJKHU FDSDFLW\ LQ )$ FI

,Q DGGLWLRQ WKH ;5" DQG 7*$ UHVXOWV FRQILUPHG W
SR]JRODQLF UHDFWLRQV ZKLFK UHVXOWHG LQ WKH FRQVXP S\
LQ $0 ULFK SKDVHV DQG $)P DQG ILQDOO\ D UHGXFWLRQ LQ
JHO LQ WKH SDVWH LV EHQHILFLDO EHFDXVH LW FDQ LQFUHI
> @ 7KHUHIRUH PRUH FKORULGHV SK\VLFDOO\ RU FKHPLFDO

D KLIJIKHU FKORULGH ELQGLQJ FDSDFLW\

&KORULGH '"HVRUSWLRQ RI %OHQGHG 3DVWHV &RQWDLC

7KH S+ RI WKH H[SRVXUH VROXWLRQ LV RQH FULWLFDO ID
GHVRUSWLRQ LQ FHPHQWLWLRXV VDPSOHVD QK& OSSR YPWXRY VR
XVHG LQ WKLV VWXG\ IRU FKORULGH ELQGLQJ ZHUH DQ
ZHUH HDFK LPPHUVHG LQ P/ Rl VDOW VROXWLRQV WKH S+
SHULRG GXH WR WKH OHDFKLQJ RI SRUWODQGLWH ZKLFK LQ
VROXWLRQ $IWHU NHHSLQJ WKH SDVWH VDPSOHV LQ VDOW V
JUDGXDOO\ WR DQG LQRWK MW L@V DEIE SEHFAWOLYHO\ 7K

FRQVWDQW DW VRRXWIKRQO0J&O



J)LIXUH VKRZV WKH S+ RI WKH H[SRVXUH VROXWLRQV F
GHVRUSWLRQ SHULRG 7KH UHVXOWYVY VKRZ WKDW DIWHU QLW

RI WKH H[SRVXUH VROXWLRQ GURSSHG VLJQLILFDQWO\ IRU D

14 14 14

124 124

104

pH

o N S (=] o]
o L L L 1

——5ml
——10ml
—— 15 ml

—5ml
——10ml
— 15 ml
—20ml
——25ml
o 2 4 & 8 10 12 14 o 2 4 & 8 1o 12 14 o 2 4 s 8 10 12 u
Time (d) Time (d) Time (d)

—20ml
——25ml

——5ml
—— 10 ml
—— 15 ml
—— 20 ml
——— 25 ml
T T T T
10 12 14 0 2

8
—5ml 6
—10ml 2]
——15ml
——20ml 2
——25ml 0

T T
10 12 14 0

5 8 5 8 0 12 14
Time (d) Time (d)

o N B 2] o]
3 L L 1 1

0 2 4 6 8 10 12 14 '2 Ll '6 '8 1'0 i2 1¢
Time (d) Time (d) Time (d)

JLIXUHS+ HYROXWLRQ DIWHU DGGLQJ GLIUBI&® Q\E &BEIXPHV RI DFL
F 23®I&0 G )$1D&O )$H &D&OI )$0J&0O J )$1D&O K &B&OL
)$ 0J&O

‘LWK WLPH WKH LQFUHDVHG S+ FRQILUPV WKH EXIIHULQ
UHDFWLRQ EHWZHHQ SRUWODQGLWH DQG QLWULF DFLG &RP:
WKH UDWH RI S+ LQFUHDVH LV FORVHO\ UHODWHG WR WKH YR
VROXWLRQ UHDFKHG HTXLOLEULXP PXFK IDVWHU ZKHQ D VPELC

HI[DPSOH DIWHU DGGLQJ P/ RI DFLG WR WKH VDOW VROXWLR



D ODUJHU YROXPH RI DFLG ZDV XVHG ELQGHUV FRQWDLQLQ.

ORZHU S+ WKDQ 23& EHFDXVH WKHLU SRUWODQGLWH FRQWHC

JLIXUH VKRZV WKH SHUFHQWDJH RI UHOHDVHG ERXC
YDULRXV YROXPHV RI DFLG )RU 23& SDVWHV )LIXUH D VK
D VLIJQLILFDQW UHOHDVH RI ERXQG FKORULGHV QHDUO\
UHOHDVHG LQ WKBQGD&UERBRWORQY UHVSHFWLYHO\ 7KH QX
UHOHDVHG IURP WKH SDVWHV DIWHU DGGLQJ P/ RI QLWUL
YDULRXV VDOW VROXWLRQV WKH UHOHDVHG ERXQG FKORUL®
1D&O DQGVRIOXWLRQV ZHUH DOPRVW WKH VDAMHIWRR2OHWV W

UHOHDVHG ERXQG FKORULGH FRQWHQW GHFOLQHG ZLWK WKH

,Q WKH )$ SDVWHV )LIXUH E DGGLQJ DFLG LQ YROX

RI WKH ERXQG FKORULGHV LQ WKH 1D &3 VROXW L DD A RJ &
QHDUO\ VRKGHX WKILRMKWH U DGGLWLRQ RI DFLG GHFUHDVHG W
FKORULGHV +RZHYHU LQ PRVW FDVHV D KLJKHU UHOHDVH R
VROXWLRQ WKDQVR® XWKIHR QW KLP MZIRUO\ LQ WKH )$ SDVWH
RI ERXQG FKORULGHV LQ WKH 1D&0 VROXWLRQ ZDV PRUH Wi
KLJKHU WKDQ WKH RWKHU WZR VDOW VROXWLRQV :KHQ WKH
WKHUH ZHUH QR QRWLFHDEOH FKDQJHV LQ WKH SHUFHQW
DQG 0J&ROXWLRQV +RZHYHU WKH SHUFHQWDJHDR | UHHEOXHDHCH ¢

HVSHFLDOO\ ZLWKLQ WKH = P/ UDQJH RI DGGHG DFLG
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J)LIXUH 7KH UHOHDVHG ERXQG FKORULGHYV DIWHU ZHHNV RI H

D 23& E)$ DQG F )$

;5" $QDO\WLV RI &KORULGH '"HVRUSWLRQ 3URGXFWYV

$Q ;5' bQDO\VLV zZzDV SHUIRUPHG WR LQYHVWLJDWH WKF

FU\WVWDOORJUDSKLF VWUXFWXUH DQG WKH FRPSRVLWLRQ RI

;5" VSHFWUD RI

23& SDVWHV FROOHFWHG EHIRUH DQG DIWHI



LQWHQVLW\ RI WKH SRUWODQGLWH SHDNV ZDV ZHDNHU DIWH

K\GUR[LGH WR EXIIHU WKH S+
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J)LIXUH 7KH ;5" VSHFWUD IRU 23& VDPSOHV EHIRUH DQG DIWHU
VDPSOHV ZHUH ILUVW H[SRVHG WR 0 VDOW VROXMLWRK)V& ¥V )UL}
EHOLWH ( HWWULQJLWH % EUXFLWH

7KH ;5" UHVXOWYVY VKRZ WKDW D FRQVLGHUDEOH DPRXQW
SKDVH ZDV SUHVHQW DIWHU WKH DFLG DWWDFN GXH WR WKH
& $ &D62+2 > @ 7KH SHDN DVVRFLDWHG ZLWK )ULHGHOTYV V
DIWHU H[SRVXUH WR P/ RI DFLG VXJJHVWHG WKDW VRPH ER
WKH GURS LQ WKH S+ 7KHVH ERXQG FKORULGHYV HLWKHU IRU
VXFK ORZ S+ RU UHVXOWHG IURP QHZ FKHPLFDO FKORULGH EL
$V WKH S+ RI WKH VROXWLRQ VWDELOL]HY WKH DYDLODEOH |
WKH GDPDJHG OD\HU DQG IRUP SK\WLFDO RU FKHPLFDO ERC
VXEOD\HUV $ YLVXDO LQVSHFWLRQ RI WKH SDVWHV VHH )LJX
RI WKH LQQHU SDUWV RI WKH SDVWHY UHPDLQHG LQWDFW HY

LV KLIJKO\ SUREDEOH WKDW WKH\ FRXOG ELQG FKORULGHYV



$QRWKHU SRVVLEOH UHDVRQ IRU WKH SUHVHQFH RI )ULHC
LV WKDW VLQFH WKH VDPSOHV ZHUH GULHG EHIRUH WKH\ ZHI
HQWHUHG WKH SDVWHV YLD FDSLOODU\ DFWLRQ DQG IRUPH
K\GUDWLRQ SURGXFWV 6LQFH WKH SDVWH VDPSOHV ZHUH H]
EH DVVXPHG WKDW WKH\ ZHUH SDUWLDOO\ VDWXUDWHG ZKHQ
DFFHSWDEOH WR DVVXPH WKDW GLIIXVLRQ JRYHUQHG WKH DI
VORZV FRQVLGHUDEO\ ZKHQ WKH DFLG ORVHV LWV VWUHQJW
WKH LQQHU SDUWV RI WKH SDVWH VDPSOH PD\ QRW KDYH EH
FKORULGHV LQ WKRVH SDUWYV UHPDLQHG XQDIIHFWHG )LJXUL
HISRVHG WR P/ RI DFLG IRU ZHHNV FRQILUPLQJ WKDW WK
LQWDFW 7KLV K\SRWKHVLYV ZDV FRQILUPHG E\ WKH SUHVHQF!

DIWHU DFLG ZDV DGGHG

J)LIXUH &URVV VHFWLRQDO LPDJHV RI)$ VDPSMHVID&WHU HIS
E &D&MQG F VYROXWLRQV

JLIXUH VKRZV WKH ;5" VSHFWUD RI WKH )$ EHDULQJ V
WR QLWULF DFLG 6LPLODU WR WKH 23& UHVXOWYVY WKH SU}
HISRVXUH WR DFLG ZzDV REVHUYHG LQ WKH ;5" VSHFWUD ,Q WI
WKH SRUWODQGLWH SHDN LQWHQVLW\ HVSHFLDOO\ DURXQG
SRUWODQGLWH SHDNV LQ )$ KDYH ORZHU LQWHQVLWLHV W

LQGLFDWLQJ SR]]JRODQLF UHDFWLRQV RFFXUUHG GXH WR W



QRWLFHDEOH SRLQW LQ )LIJXUH LV WKH SUHVH@EHHHRUH UXF
DFLG DGGLWLRQ DW DURXQG DQG GHJUHHV DQG
DFLG 7KH UHDFWLRQ EHWZHHQ EUXFLWH DQG QLWULF DFLG

QLWUDWH WKLV UHDFWLRQ LV WKH OHDGLQJ FDXVH RI VXFK
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YLIXUH '5' VSHFWUD RI )$ VDPSOHV EHIRUH DQG DIWHU H[SRVX
ILUVW H[SRVHG WR 0 VDOW VROXWLRQV D OBQGIENHS$ &F)VFDOEL
& 6 EHOLWH ( HWWULQJLWH % EUXFLWH

$GGLWLRQDO ;5" PHDVXUHPHQWY DQG DQDO\VLV ZHUH SH

Rl1 23& SDVWH VDPSOHV H[SRVHG WR P/ RI QLWULF DFLG WR



LGHQWLI\ WKH SKDVHV IRUPHG RQ WKH VXUIDFH RI WKHVH VI

JLIXUH

)LIXUH 6DPSOH SUHSDUDWLRQ IRU WHVWLQJ WKH FKHPLFDO FI
H[SRVHG WR P/ RI DGGHG DFLG

JLIXUH VKRZV WKH SURPLQHQW EUXFLW bbSHDLW HQF B Q
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FDOFLXP QLWUDWH ZHUH GHWHFWHG

B B
B B
M“w . I J B MO
2
2
9 L CaCb
£ i S
Q
Qf G
G on&e
o NaCl

I5 1IO i5 |20 |25 I30 I35I40I45I 50I 55I 66 6&"> 70
2theta (degrees)
;5" VSHFWUD RI WKH FRUURGHG OD\HU RI WKH 23&

J)LIXUH 7KH
TXDUW] *L JLEEVLWH * J\SVXP %

EUXFLWH &1 FDOF



7KH ;5" VSHFWUD LQGLFDWHG WKDW WKH FRUURGHG OD\H
&D&VYROXWLRQV ZDV VRPHZKDW DPRUSKRXV DQG FRPSRVHG P
WKH FRUURGHG OD\HU PD\ EH GXH WR WKH SUHVHQFH RI LUR

LQ > @ +RZHYHU WKHUH ZHUH QR LURQ FRQWDLQLQJ FU\VV

7*$ $QDO\WVLV Rl &KORULGH '"HVRUSWLRQ 3URGXFWYV
J)LIXUH FRPSDUHV WKH '7* UHVXOWYV IRU WKH 23& SDV!'
EHIRUH DQG DIWHU DFLG H[SRVXUH 7KH '7* UHVXOWV VKRZ W

WR HWWULQJLWH DW WR > @ )ULHGHOYVY VDOW DW
WR e 7KH UHVXOWY LQGLFDWH FRQVLGHUDEO\ VKDOORZ}
UHVXOWLQJ I[URP WKH OHDFKLQJ RI SRUWODQGLWH IURP WKF
DW f& LV ODEHOHG DV )ULHGHOYVY VDOW GXH WR WKH L
DFLG RWKHU SKDVHV VXFK DV EUXFLWH PD\ KDYH IRUPHG
WHPSHUDWXUH WR )ULHGHOYVY VDOW 7KH UHSRUWHG GHFRP
> @ IRU )ULHGHOTfV VDOW f& WR f& EUXFLWH DURXQ

f& PDJQHVLXP VLOLFDWH K\GUDWHYVY DURXQG f& DQG

FKDOOHQJLQJ WR GLVWLQJXLVK WKHLU PDVV ORVVHV LQ 7*%

'7* FXUYHV VXSSRUWYV WKH ;5" UHVXOWYV
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JLIXUH '7T* UHVXOWYVY IRU WKH 23& VDPSOH EHIRUH DQG DIW
JLIXUH GLVSOD\V WKH '7* FXUYHV RI VSHFLPHQV FRQW

JULHGHOfV VDOW EHIRUH DQG DIWHU DFLG DGGLWLRQ GLG Q
&D&O/KH H[SODQDWLRQ SURYLGHG IRU WKH SUHVHQFH RI1 )UL!
RWKHU ELQGHUV LQFOXGLQJ )$ DQG )$ 7TKHVH GLSV SUR
VXEVXUIDFH OD\HU 7KH PDJQLWXGH RI WKH GLSV DVVRFLDW
WR WKH VDPSOHV HMBRXWGERORZODM QRW DV SURQRXQFHG DV
GHFUHDVH FDQ EH DWWULEXWHGVWRXWKH @ KRS DSHH B VWWRK R\

VROXWLRQV EHIRUH DQG DIWHU WKH DFLG ZDV DGGHG OHDG

7KH PDVV IUDFWLRQ RI )ULHGHOYV VDOW LQ SDVWH VDPSOF

I'-nFs > m-|20

6M,,0

Pv PDVV IUDFWLRQ RI )ULHGHOYV VDOW
P+ PDVV ORVV ZW RI WKH SULPDU\ OD\HU RI ZDWHU REW

0 D@2 PRODU PDVV RI )ULHGHOTfV VDOW J PRO DQG Z



7KH: 2 IRU )ULHGHOYV VDOW FDQ EH GHWHUPLQHG IURP W
WKH SDVWH ZKLFK ZDV QRW H[SRVHG WR VDOW IURP WKH ¢

WHPSHUDWXUH UDQJH LQ ZKLFK )ULHGHOfV VDOW ZDV REVHU
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YLIXUH '7* UHVXOWV RI 10\ DVK FRQWDLQLQJ VDPSOHV EHIRUH
DFLG D )$ DQG E )$

7TDEOH VXPPDUL]HV WKH PDVV IUDFWLRQ RI )ULHGHOY
DQG DIWHU DFLG H[SRVXUH FDOFXODWHG EDVHG RQ (T
KLIKHVW LQWRIOKWIR®@ |IROORYMHE&G HEHDMDOKWREOXMWIL RQV ZKLFK D
WKH FKORULGH ELQGLQJ UHVXOWYV DQG WHKRHO X5V MRS WWIDH R
JULHGHOYfV VDOW VOLJKWO\ LQFUHDVHG DIWWHROW WH FOF L & KZHD \

ZDV UHYHUVHG DIWHU DGGLQJ P/ RI DFLG



7TDEOH OHDVXUHG PDVV IUDFWLRQ RI )ULHGHOYV VDOW LQ D Wt
DQG DIWHU DGGLQJ P/ RI DFLG

JULHGHOfV VDOW PDVV IUDFWLR(

6DPS %HIRUH H[SRVXUF $IWHU H[SRVXUH
1D&C &D&O 0J&O 1D&C &D&O 0J&O

23&

)$

)$

9LVXDO ,QVSHFWLRQ RI 6DPSOHV $IWHU &KORULGH '"HV|

$Q DFLG DWWDFN FDQ GLVVROYH DQG OHDFK DFLG VXV
K\GUR[LGH IURP WKH FHPHQW SDVWH UHVXOWLQJ LQ LQFUH
DQRG HYHQWXDOO\ ORVV RI VWUHQJWK > @ $GGLWLRQDOO\

LOQOWHQVH WHQVLOH VWUHVVHV RQ WKH VXUIDFHV RI SDVWH V

J)LIXUH ,PDJHV DIWHU ZHHNV RI H[SRVXUH WR P/ OHIW D

%DVHG RQ YLVXDO REVHUYDWLRQV RI WKH VXUIDFH FUDFNYV

VKRZHG QR VLIJQLILFDQW GDPDJH DIWHU ZHHNV RI H[SRVXU



WKH HIWHQW RI WKH GDPDJH LQFUHDVHG ZLWK DQ LQFUHDVH
RI EOHDFKLQJ VXUIDFH FRUURVLRQ DQG VXUIDFH JUD]JLQJ R

DQG P/ RI DFLG IRU ZHHNV DUH VKRZQ LQ )LJXUH

JLIXUH VKRZV VDOW FU\WVWDOOL]DWLRQ RQ WKH VXUIDF
FRQVLGHUDEOH DPRXQWV RI FU\VWDOL]J]HG VDOWY DQG RWKH
H[SDQVLYH SUHVVXUH ZLWKLQ WKH FUDFNV OHDGLQJ WR PR
WKH EULQH VROXWLRQ HYDSRUDWHV WKH VDOWYV VWDUW SU
FUDFNV 8QGHU WKLV FRQGLWLRQ VDOW FU\VWDOOL]DWLRQ
PHDVXUHPHQW RI WKH IRUFH H[HUWHG E\ D JURZLQJ FU\VWL
HYLGHQFH LQ WKH OLWHUDWXUH > @ $IWHU DFLG ZDV LQWU
DFLG DQG SRUWODQGLWH SURGXFHG FDOFLXP QLWUDWH ZKL
RQ WKH VXUIDFH RI VDPSOH\WD QBPH[WBWRYVE G QVROQAVEWDLF DFLG F

WKH SUHFLSLWDWH RI PDJQHVLXP VXOIDWH IRUPDWLRQ

Y)LIXUH 6DOW FU\VWDOOL]DWLRQ RQ WKH VXUIDFH/ D@QXG ZLWKL
WKHP LQ VDOW VROXWLRQ IROORZHG E\ DFLG H[SR



&KORULGH %LQGLQJ DQG 'HVRUSWLRQ &DSDFLW\ IRU %O
7KH 3KDVH &RBSOSRYLIWAHRQ@GRIG 3IDVWHYV

7KH UHDEFWLYLW\ Rl EOHQGHG FHPHQW SDVWHV FRQWDL
FKHPLFDO FRPSRVLWLRQ DQG GHJUHH RI FU\WWDOOLQLW\ RI
WKH ;5' VFDQV Rl 23& DQG **%)6 EOHQGHG SDVWHV FXUHG |
GRPLQDQW SKDVH GHWHFWHG LQ DOO VDPSOHV 7KH UHVXO
LOQWHQVLW\ ZLWK WKH LQFRUSRUDWLRQ RI **%)6 7KH LQFOXYV
&+6++ JHO > @ 2WKHU GHWHFWHG SKDVHV ZHUH HWMW

PRQRFDUERQDWH FDOFLWH DQG EHOLWH

JLIXUH VKRZV WKH '7* SORWV RI SDVWHV FXUHG IRU
SULPDU\ GLSVY REVHUYHG DW DSSUR[LPDWHO\ f& DQG f&
WKDW LQFUHDVLQJ WKH UHSODFHPHQW OHYHO RI **%)6 UH

DJUHHPHQW ZLWK WKH ;5" UHVXOWV %DVHG RQ 7*$ UHVXOWYV

LQ 23& LQ 6* DQG LQ 6*
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98+
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&EKORULGHO®BDQGCAQHERGHG 3DVWHYV
J)LIXUH VKRZV WKH H[SHULPHQWDO GDWD V\PERO)\
FRQFHQWUDWLRQV DQG WKH ILWWHG /DQJPXLU LVRWKHUPV (
7TKH UHVXOWY VKRZ D QRQ OLQHDU UHODWLRQVKLS EHWZHHC
SDUDPHWHUYVY DQG WKH UHVLGXDO VXP RI VITXDUH HUURUYV

LVRWKHUPV IRU WKHVH SDVWHYV DUH VKRZQ LQ 7DEOH
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J)LIXUH 7KH H[SHULPHQWDO GDWD DQG ILWWHG /DQJPXLU LVF
HISRVHG WR 1D&O &D&O DQG 0J&40 VROXWLRQV D 23&

7TDEOH 7KH ILWWLQJ SDUDPHWHUV RI /IDQJPXLU DQG )UH

/IDQJPXLU ,VRW JUHXQGOLFK ,V
Ux Gk 566 U, Gk 566

<

6\VW O6ROXYV

1D&O
23& &D&O
0J&O

1D&O
6* &D&O
0J&O

1D&O
6* &D&O
0J&O




,QIOXBHQBH RQ &KORULGH %LQGLQJ

7KH ELQGLQJ UHVXOWV LQ )LIXUH VKRZ WKDW UHJD
LQFOXVLRQ RI VODJ OHG WR PRUH FKORULGH ELQGLQJ WKDQ
6* DQG 6* SDVWHV H[SRVHG WR D 1D&0 VROXWLRQ VKRZHC
ERXQG FKORULGH FRQWHQWY WKDQ WKH 23& 7KH VDPH WUH(
DQG OJ&RMDXWLRQV 7KH KLIJKHU FKORULGH ELQGLQJ FDSDFLW
LQFUHDVHG SR]JRODQLF UHDFWLRQV LQ WKH **%)6 EOHQGHG
Rl SRUWODQGLWH WR IRUP PRUH &+6%+ JHO > @ ZKLFK F
**%)6 FRQWDLQV D VOLJKWD \WKD K H3 HPHEDP@WSHRGEEFH PRUH
DQG $)W SKDVHV GXULQJ K\GUDWLRQ > @ $)P SKDVHV FDQ
JULHGHO V VDOW > @ $0 FDQ DOVR ELQG ZLWK &+6++ DQG L

DELOLW\ RI WKH &+6++ SKDVH WR XSWDNH FKORULGH LRQV >

,QIOXHQFH Rl 6DOW &DWLRQ RIQV&KO(RIR BXUH LERILQN LIRC

)LIXUH VKRZV WKDW WKH VDOW FDWLRQ JUHDWO\ DI
FHPHQW SDVWHV 7KHVH UHVXOWYV DJUH HRDLONRK MK HE TS0B/Q R >
KLJKHU DIILQLW\ WR ELQG ZLWK FHPHQW K\GUDWLRQ SURGXF
DWWULEXWHG WKH KLJKHUWR QWKH IDFMSDF IGLY IRV DR QORI FKO
KDV EHHQ VXJJHVWHG WKDW FKORULGHV GLIIXVH PRUH UDS
GLYDOHQW FDWLRQV LV IDVWHU WKDQ LQ PRQRYDOHQW FDWL
PDWWHU 2WKHU UHVHDUFKHUV VXFK DV +DQVVRQ > @ KDY
IROORZHG BEQ&DBIGDFUHDVHG FKORULGRX® ®IOYRREH B&M W R
LRQLF VWUHQJWWRRIXWKRQJRIOLFK DIIHFWHG WKH UDWH RI F|

FKORULGHY DQG FHPHQW K\GUDWHYV > @



7KH W\SH RI VDOW FDWLRQ FDQ DOVR LQIOXHQFH WKH S+
VROXWLRQ ([SHULPHQWDO UHVXOWYV VKR ZHG@GGWKIRD XWKIHR W
ZHUH DQG UHVSHFWLYHO\ :KHQ WKH SDVWH VDPS
VROXWLRQ WKH S+ JUDGXDOO\ LQFUHDVHG GXULQJ WKH HI[S
SRUWODQGLWH DQG WKH FRUUHVSRQGLQJ HITHFW RQ S+ EXIII
VDOW VROXWLRQV IRU ZHHNV WKH S+ UHDFKHG FDR®H WR
0J&OVROXWLRQV UHVSHFWLYHO\ 7KHVH UHVXOWY DJUHH ZLYV
WKDW WKH S+ RI WKH FRQFUHWH SRUH VRORWLRE GHFUHDVH
@ :KHQ 1D&O LV GLVVROYHG LQ ZDWHUD Q@ LSR®MEHUKRIHVDG L
LRQV GR QRW SDUWLFLSDWH LQ DQ\ UHDFWLRQ ZLWK ZDWHU
WKH VROXWLRQ &KORULGH LRQV RQ WKH RWKHU KDQG FDQ
+2&0 D ZHDN DFLG WKDW KDV OLWWOH HIIHFW RQ@Q& > @
0J&OFDQ OHDG WR OLEHUDWLRQ RI K\GURJHQ LRQV FDXVLQJ
VROXELOLW\ RI )ULHGHO V VDOW LV S+ GHSHQGHQW DQG UL\
LOQFUHDVH LQ WKH S+ RI WKH SRUH VROXWLRQ GLVVROYHV FK

QXPEHU RI ERXQG FKORULGHYV > @

$QRWKHU XQGHUO\LQJ DADBVRBOWKPMWQ ®IJBRRUH FKORULG
GHYHORSPHQW RI PRUH &+62+ SKDVHV LQDYBPBIRBVURFSRVHG
FDOFLXP EHDULQJ VDOWV FRQWULEXWHV WR WKH IRUPDWLRC
FKORULGHV IURP WKHKRPREBWQRQLXPIEHDULQJ VDOW SURGX
HQKDQFH FKORULGH ELQGLQJ FDSDFLW\ )LUVW LW UHDFWV
&D&ONKLUG LW LQFUHDVHV WKH &D 6L UDWLR LQ WKH &+6++ .

0+t6++ DQG PDIJIQHVLXP R[\FKORULGH > @ 'H:HHUGW &



KLJKHU &D 6L UDWLR LQ &+x6++ DV DL QFHHMXIDWH \R IWH[IS FENKXOURHU M

WKH &+6++ SKDVH

&KORULGH '"HVRUSWLRQ RI 60DJ %OHQGHG &HPHQW
(YROXSHIBRR@G RU $FLG $SWWDFN
7R VWXG\ WKH HYROXWLRQ RI S+ LQ WKH VDOW VROXWLRC(
DW WKUHH GLIITHUHQW SRLQWYV LPPHGLDWHO\ LQVWDQWDQH
JLIXUH VKRZVY WLPH HYROXWLRQ RI S+ IRU SDVWHV FRQWD
PDVV $3 UDWLRV 7KH UHVXOWY LQGLFDWHG WKDW LPPHC
VROXWLRQ WKH S+ GURSSHG VLJQLILFDQWO\ EXW GXH WR

VROXWLRQ DQG SDVWH K\GUDWHV HVSHFLDOO\ WKH SRUWOI

$IWHU QLWULF DFLG ZzDV LQWURGXFHG WR WKH V\VWHP
VDOW IRUPLQJ KLJKO\ Z2ZMWW KHY RD&E O/HR QIRA/ANRKHVE D&KW L R Q
RU 0J 12Q WKHVWR@®OWLRQ DOO RI ZKLFK FDQ UHDFW ZLWK ZD
DV 1D2+ &DDR2R®G 0J 2UHVSH¥*WI@Y HGKHVH UHDFWLRQV FDQ VOL
S+ Rl WKH VROXWLRQ 1LWULF DFLG FDQ DOVR UHDFW ZLWK F
WR IRUP FDOFLXP QLWUDWH IXUWKHU LQFUHDVLQJ WKH S+ >
RI WKLV UHDFWLRQ ZLOO FRQWLQXH DV ORQJ DV HQRXJK St
VDPSOHV LPPHUVHG LQ 1D&0O VROXWLRQ KDGDI &GLIKEKH S+ |IR
ORZHU S+ YDOXHDIQG WEEOEDOWORQY LV GXH WR WKH IRUPDWL
>&D2+ @ DQG >@J@ ZKLFK FUHDWH D SRVLWLYH FKDUJH GHQV

ZKLFK UHOHDVHYVY SURWRQV LQWR WKH VROXWLRQ DQG FRQVFE
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YLIXUH 7LPH HYIRQUXSDR QY RV FHOQWOLL QHWIBIQ WAEFIL G
VDPSOH PDWIYWERS D 1D&CF EI&D&O
YLIXUH DOVR VKRZV WKDW WKH UDWH RI FKDQJH RI W
LQIOXHQFHG E\ LQFUHDVH WKH $ 3 UDWLR )RU H[DPSOH ZKH
DFLG LW WRRN URXJKO\ GD\V RU OHVV IRU WKH S+ WR HTXL
ZKHQ PRUH DFLG ZDV DGGHG HJ $ 3 UDWLR WKH VROX!

GD\V WKH S+ YDOXHV ZHUH VWLOO VLJQLILFDQWO\ ORZHU

,Q ERWK 6* DQG 6* SDVWHV $ 3LQ UDQJH RI DQG U
IROORZHG PQ&DRIZRZHYHU IXUWKHU DGGLWLRQ RI DFLG UHG
&D&UROXWLRQV FRQVLGHUDEO\ 7KH 6* LQ )LJXUH SDVW
6* SDVWHV HVSHFLDOO\ DW $ 3 RI DQG KLJKHU ZKLEFK FD
FRQWHQW )RU LQVWDQFH LQ DOO VDOW VROXWLRQV DW $ 3 |
WKH $ 3 WR FDXVHG WKH S+ WR GURS EHORZ L QGHSHC
UHSODFHPHQW UHGXFHG WKH DELOLW\ RI WKH SDVWH VDPSC
DWWDFN VXJJHVWLQJ WKDW **%)6 EOHQGHG SDVWH LV OHVV
ODFN Rl UHVLVWDQFH FRXOG EH GXH WR WKH SUHVHQ¥H RI O

DIJHQW WR EXIITHU WKH S+ LQ WKH **%)6 V\VWHP



5HOHDVH RI %RXQG &KORULGHYV 8QGHU $FLG $WWDFN

JLIXUH FRPSDUHV WKH FRQFHQWUDWLRQ RI IUHH FKO|
SHULRG ZLWK WKDW DIWHU WKH GHVRUSWLRQ SHULRG 7KH U
LQFUHDVHG WKH FRQFHQWUDWLRQ RI TUHH FKORULGHV LQ WE
UHGXFHG WKH S+ ZKLFK OHG WR D SDUWLDO UHOHDVH RI ER
RI lTUHH FKORULGH LRQV LQ WKH H[SRVXUH VROXWLRQ ,Q P

FKORULGHV ZDV REVHUYHG ZKHQ WKH $ 3 UDWLRV ZHUH DQ

7KH S+ RI WKH VROXWLRQ FULWLFDOO\ DIITHFWV WKH VHY|
H[SODLQHG LQ WKH SUHYLRXV VHFWLRQ ZKHQ D VPDOO YROX
WKH SDVWHY DQG VROXWLRQV EXIITHUHG WKH VXGGHQ S+ GU
DFLG zDV DGGHG 1LWULF DFLG DWWDFNV WKH K\GUDWLRQ
SURGXFLQJ VROXEOH VDOWY DQG IRUPLQJ DQ DOWHUHG SRU
UHVXOW RI WKLV VRPH RI WKH ERXQG FKORULGHV RQ WKH V)
WKH H[SRVXUH VROXWLRQ +RZHYHU WKH LQWHUOD\HU SUR

GHSHQGV RQ WKH S+ WKDW LV ZKHWKHU VXIILFLHQW DFLG L

7KHVH UHVXOWV VXJJHVW WKDW ZKHQ WKH S+ RI WKH H[
WKH S+ EHIRUH DFLG ZDV DGGHG WKH GHVRUSWLRQ SURFH
FRQVLGHUDEO\ DQG DV D UHVXOW WKH FKORULGH ELQGLQJ
IUHH FKORULGHVY LQ WKH H[SRVXUH VROXWLRQ FDQ SHQHWUI
SK\WLFDO DQG FKHPLFDO ERQGYV ZLWK WKH XQGHUO\LQJ QHD
E\ WKH UHGXFHG GLIIHUHQFH LQ WKH FRQFHQWUDWLRQ RI I

YROXPHV RI DFLG DV VKRZQ LQ )LJXUH
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JLIXUH OHDVXUHG PROHV RI IUHH FKORULGHY VDDW VROXWLRC(
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J)LIXUH VKRZV WKH SHUFHQWDJH RI UHOHDVHG ERXQ(
GHVRUSWLRQ SHULRG DW GLIIHUHQW $ 3 UDWLRV 7KH ORZHU
D ORZHU IUHH FKORULGH FRQFHQWUDWLRQ LQ WKH SRUH VRO
FRUURVLRQ )LJXUH LQGLFDWHYV WKDW LQFUHDVLQJ WKH

GHFUHDVHG WKH DYHUDJH SHUFHQWDJH RI GG OUYRO & VEIRKQ\G
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JLIXUH 7KH SHUFHQWDJHV RI UHOHDVHG ERXQG HEKORULGHYV DI

6* DQG F 6*

7KH UHVXOWY LQGLFDWH WKDW WKH TXDQWLW\ RI UHOH
ZLWK WKH KLJKHVW UHOHDVH REVHUYHG EHWZHHQ $ 3 YDOXH
WKDW DW DQ $ 3 RI LQ 23& SDVWHYV DQG RI ERXQC

&D&MQG OVRKOXWLRQYV UHVSHFWLYHO\ 6LPLODU UHVXOWYV ZF



ZLWK DQ LQFUHDVH LQ $3 WKH SHUFHQWDJH RI UHOHDVHC
SDUWLFXODUO\ LQ 1D&0O VROXWLRQ DW $ 3 YDOXHV EHWZHHC
FKORULGHV LQ WKH 1D&0O0 VROXWLRQ FDQ EH DWWULEXWHG \
DGGLWLRQ FRPSDUHG WR RWKHU VDOW VROXWLRQV $QRWKH
LQ D FRPSOHWH DOWHUDWLRQ RI WKH VXUIDFH OD\HU RI SDV\
WKDW FDQ DGVRUE VRPH RI WKH IUHH FKORULGHV > @ )LJX
ERXQG FKORULGHV ZDV UHOHDVHG LQ 6* SDVIVRI¥ ZEBEQ W

VROXWLRQV DW DQ $ 3 UDWLR RI

7TDEOH VXPPDUL]HV WKH JHQHUDO WUHQGV RI WKH LPSD
FKORULGH FRQWHQWY DQG WKH DPRXQW RI UHOHDVHG ERXQ!
LQFRUSRUDWLRQ RI **%)6 SRVLWLYHO\ LPSDFWHG FKORULGF
+RZHYHU GXH WR WKH FRQVXPSWLRQ RI D FRQVLGHUDEOH DI

PRUH VHQVLWLYH WR FKDQJH DIWHU DQ DFLG DWWDFN

7TDEOH 6XPPDU\ RI WKH HITHFW Rl **%)6 RQ FKORULGH ELQGL(
FRPSDULVRQ WR 23&

6\VWH 6DOW ¢ ERXQG &0 (. UHOHDVHG &(C

1D&O
6* &D&O
0J&O
1D&O
6* &D&O
0J&O

$QDO\WLFDO 5HVXOWYV
JLIXUH VKRZV WKH ;5" DQDO\VLV RI SRZGHUHG 23& SD\

FKORULGH GHVRUSWLRQ H[SHULPHQWYV 7KH UHVXOWYV VKRZH



WR f ZKHQ WKH VSHFLPHQV ZHUH H[SRVHG WR VDOW VR
VDOW LQGLFDWHY WKH FKHPLFDO ELQGLQJ RI FKORULGHV ZI|
SRUWODQGLW&H DHWNRUDLQBLWH Z8UH DOVR GHWHFVER&EFLQVM S H
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J)LIXUH 7KH ;5" DQG '7* UHVXOWYV IRU 23& VDPSOHV EHIRUH DQ
DFLG $ 3 UDWLR RI )V J)ULHGHO V VDOWH &¢# (JNRWWA@DIQ & HW B
%UXFLWH

JLIXUH DOVR VKRZV FDOFLXP QLWUDWH DQG SRUWO
H[SRVHG WR DFLG DOEHLW DW ORZHU LQWHQVLWLHV WKDQ E
FDQ EH FDXVHG E\ WKH GLVVROXWLRQR RHHRRQREXIOUNYWE >& $@
FKHPLFDO UHDFWLRQ EHWZHHQ WKH QLWULF DFLG DQG SDV)
VXUIDFH RI WKH SDVWH WR IRUP FDOFLXP QLWUDWH > @ 7K
GHJUDGHG VXUIDFH OHDGLQJ WR WKH IRUPDWLRQ RI PDFUR |
KHQ FKORULGH LRQV DUH SUHVHQW WKH\ FDQ LQJUHVV W

LQFUHDVH WKH ULVN RI FRUURVLRQ



7KH SUHVHQFH Rl )ULHGHO V VDOW DIWHU H[SRVXUH WR
J)LUVW EHIRUH SHUIRUPLQJ ;5 WKH SDVWH VSHFLPHQV ZHUH
SHDNV UHSUHVHQW SKDVHV IURP ERWK WKH H[SRVHG VXUIDFt}
LQ )LIXUH $vV D SDUW RI WKH SUHSDUDWLRQ SURFHVYV IR
ZHUH GULHG DQG WKHQ H[SRVHG WR WKH VDOW VROXWLRQ
RI WKH VSHFLPHQV zZDV IDVW DQG PDLQO\ JRYHUQHG E\ FDSL(
GD\V RI FRQWLQXRXV H[SRVXUH WR D VDOW VROXWLRQ WKH
VWDWH 7KXV WKH DFLG LQJUHVV LQ WKHVH SDUWLDOO\ RU
E\ GLIIXVLRQ ZKLFK LV D VORZHU SURFHVV WKDQ FDSLOODL
SRUWODQGLWH WKH VWUHQJWK RI WKH DFLG GHFOLQHV DV L
VSHFLPHQV 7KHUHIRUH WKH ERXQG FKORULGHV IRUPHG ZL
XQDIIHFWHG E\ WKH DFLG RU ZHUH OHVV H[SRVHG WR WKH O
RI WKH VSHFLPHQ 7KH VHFRQG SRVVLEOH UHDVRQ IRU WKH
QLWULF DFLG LV WKH IRUPDWLRQ RI QHZ FKHPLFDO ERQGV E

WKH QHDW SDVWH OD\HU XQGHUQHDWK WKH GDPDJHG VXUIDF



J)LIXUH &URVV VHFWLRQ RI 23& SDVWH VDPSOH DIG&WHU H[SRVXL

J)LIXUH GLVSOD\V WKH ;5" DQDO\VLV RI WKH **%)6 EOH
WKH FKORULGH ELQGLQJ DQG GHVRUSWLRQ WHVWYV ,Q JHQHI
VSHFLPHQV DQG LWV LQWHQVLW\ VHHPV VRPHZK\DRVOXWUR® J|
7KH S+ RI WKH 6* SDVWHW ORWHEG WRHIRWEM®GGLQJ DFLG ZI
GHFUHDVHG WR DIWHU ZHHN RI H[SRVXUH WR P/ Rl DFL¢
GXULQJ WKH VHFRQG ZHHN ,Q WKH 6* VSHFLPHQV LQ ZKLFI
GXULQJ K\GUDWLRQ WKH VROXWLRQ ZDV PRUH DFLGLF DQC

HISRVXUH WR DFLG



N
M%WMWW - - b vt
B BWA' " mz “After 25m] acid B B MgClz -After 25ml acifl
B B
NN MgCl: - Before aci CN CN MgCl: - Before aci
2l ) EE e 1
% CaCk -After 25ml acid CaCb -After 25mi aci
E w‘ f\...n'\ ”MWJ\AAJLM A "}‘w-w-lv‘ -
CacCt - Before aci N CaCk - Before aci
CN
CH\E ch " Mo M‘LMEWV‘M gty
CH H NaCl -After 25ml acigl CH CH NaCl -After 25ml aci
Fs Cc
Fs Cc c E CH CH
E cHE CHe i d oSG L ]
T T T T T T T T T 'l\laCII - B?forel ac' j T T T T T T T T T INaCII - BIEfC)rle ac d
5 10 15 20 25 30 35 40 45 50 55 60 65 70 7% 10 15 20 25 30 35 40 45 50 55 60 65 70
2 (degrees) 2 (degrees)
JLIXUH 7KH ;5" VFDQV RI **%)6 EOHQGHG VSHFLPHQV EHIRUH D
DFLG $ 3 UDWLR RI D 6* DQG E 6* )6 ) DICHGMM VE&V® OW

%HOLWH ( (WWULQJLWH % %UXFLWH

7KH WKHUPRJUDYLPHWULF DQDO\VLV RI 23& SDVWHYV HI[SI
DIWHU H[SRVXUH WR DFLG )LJXUH VKRZ WKUHH GLVWLQJ
HWWULQJLWH > @ + « DVVRFLDWHG ZLWK )ULHGHO V
SRUWODQGLWH > @ 7KH SUHVHQFH RI )ULHGHO V VDOW L
OHDFKLQJ RI SRUWODQGLWH DQG LWV UHDFWLRQ ZLWK QL'

SRUWODQGLWH GLSY ZHUH REVHUYHG DIWHU DFLG H[SRVXUH

&RPSDULQJ WKH '7* UHVXOWYV RI 6* DQG 6* LQ )LIJXUH
E VKRZV QRWLFHDEO\ VKDOORZHU SRUWODQGLWH GLSV
DWWULEXWHG PDLQO\ WR WKH FRQVXPSWLRQ RI SRUWODQGL
IRUPV &+*6++ JHO $IWHU DGGLQJ DFLG SDUWV RI WKH UH

FRQWULEXWLQJ WR WKH VKDOORZHU SRUWODQGLWH GLS LQ )



DTG (%/C)

YLIXUH

Before acid
— — After acid

NaCl
CaCl,
MgCl,

DTG (%/C)

300 400

Temperature )

500

-0.05+

-0.10+

-0.15+

-0.20

-0.25

-0.30

0.00

Before acid
— — After acid

NaCl
CaCl,

MgCl,

200

300

Temperature )

D 6%

400

5(

7KH '7* UHVXOWYV Rl **%)6 FRQWDLQLQJ VDPSOHV EHIRL

QLWULF DFLG $ 3 UDWLR RI DQG E 6*

7KH PDVV IUDFWLRQ RI )ULHGHO V VDOW LQ SDVWH VSHFL

7KH FDOFXODWHG PDVV IUDFWLRQ RI )ULHGHO V VDOW EDVHC

DIWHU DFLG H[SRVXUH LV VKRZQ LQ )LJXUH

7TKH UHVXOW

KLIJKHU )ULHGHO V VDOW FRQWHQW WKDQ WKH 23&

ZDV VWLOO GHWHFWHG

'KHQ DFL

LQGLFDWLQJ WKDW WKH QHDW LQQF

VKRXOG EH QRWHG WKDW GLVWLQJXLVKLQJ EHWZHHQ ROG DC
FKDOOHQJLQJ ZKHQ D SDVWH VSHFLPHQ LV H[SRVHG WR D OD

QDWXUH RI WKH DFLG DWWDFN DQG WKH FORVH GHFRPSRVLW

$IWHU DGGLQJ DFLG WR WKH 1D&0O VROXWLRQV WKH PD

VOLIJKWO\ IURP WR LQ 23& DQG IURP , QW/IRH &D&@ W

VROXWLRQV WKH PDVV SHUFHQWDJH Rl )ULHGHO V VDOW VOL.

GHFUHDVHG IURP WR LQ 6* +RZHYHU WKH 23& SDVW

VDOW PDVV SHUFHQWDJH IURP VROXRVLRQ ZEHMOKBFLIRADV C



6* SDVWHV H[SRVH ROXWIKRQOIXRYLIQLILFDQW UHGXFWLRQ

JULHGHO V VDOW ZDV REVHUYHG IURP WR

14

Il OPC- Before acid
| BB OPC- After acid
121 [ sG25- Before acid
| B SG25 - After acid
[ sG50- Before acid
| XX SG50 - After acid

Fridel's salt mass mass fraction (%)

NaCl CaCl, MgCl,

Salt solution (2 molar)

JLIXUH 7KH PDVV IUDFWLRQ RI )ULHGHO V VDOW LQ SDVWH '

'KHQ KLJK YROXPHV RI DFLG ZHUH LQWURGXFHG WR WKH
WKH DFLG DWWDFN RQ WKH FHPHQW SDVWH LW ZDV KDUG W
WR f& EUXFLWH DURXQG f& DOXPLQXP K\GURI[LGH

K\GUDWHYV DURXQG f& DQG f& EHFDXVH WKH\ KDYH FOR’

7KH XQGHUO\LQJ UHDVRQ IRU WKH SUHVHQFH RI )ULHGHC
DWWULEXWHG WR S+ EXIIHULQJ FDSDFLW\ RI SRUWODQGLWH LC
DV GLVFXVVHG LQ PRUH GHWDLO LQ WKH ;5" UHVXOWYV ,Q I
SRUWODQGLWH LQ 6* ZDV FRQVXPHG WKLV SDVWH KDG D OF
WKH 23& DQG 6* ZKLFK FRXOG EH DQRWKHU IDFWRU WKDW |

JULHGHO V VDOW FRQWHQW LQ 6* FRPSDUHG WR WKH WZR R



J)LIXUH VKRZV WKH HIWHQW RI GHWHULRUDWLRQ LQ
PRO /| FKORULGH VROXWLRQV IROORZHG E\ P/ RI QLWULF DF
LQ WKH IRUP RI VXUIDFH FUDFNV VXUIDFH FRUURVLRQ DQG ¢
LQ WKH IRUPDWLRQ RI QHZ SURGXFWYV DQG WKH GLVVROXWLR
SKDVH IRUPHG DIWHU H[SRVXUH WR WKH VDOW VROXWLRQ ZD
FRQILUPHG WKLV DIWHU WKH FKORULGH ELZXG LY SHULRG ,Q
DOVR IRUP LQ VDPSOHVZKLERVHCHVREVH&EPHG DV D ZKLWLVK V
RI WKH VSHFLPHQV > @ +RZHYHU QLWULF DFLG DWWDFNV
UHVXOWHG LQ WKH GLVVROXWLRQ RI SRUWODQGLWH DQG &=+
LV KLIJIKO\ VROXEOH LQ ZzDWHU DW URRP WHPSHUDWXUH >
OD\HU PD\ EH GXH WR WKH SUHVHQFH RI LURQ LQ WKH GDPDJ

HW DO > @

JLIXUH 7KH HIWHQW RI GHWHULRUDWLRQ RI 23& DQG **%)6 E
HISRVXUH WR PRO / FKORULGHY DQG P/ 0 QLWIWEPWER@ DW



&KORULGH %LQGLQJ DQG 'HVRUSWLRQ &DSDFLW\ IRU 3D\
+\GUDWLRQ 3URGXFWV &KDUDFWHUL]DWLRQ RI 3DVWHYV

JLIXUH VKRZV ;5' VFDQV DQG 7*$ DQDO\VLV RI 23& DQ
DIWHU GD\V RI FXULQJ EHIRUH H[SRVXUH WR EULQH VROXW
QR VLJQ RI )ULHGHO V 6DOW )6 3RUWODQGLWH &+ SHDNYV
WR WKH SR]JRODQLF UHDFWLRQ FRQVXPLQJ &+ WR IRUP DGGL

DQG DJDLQ WKHUH LV QR VLJQ RI )ULHGHO V 6DOW )6 LQ VD

J)LIXUH ;5 'HOOQW 5LIJKW '7* UHVXOWY RI EOHQGHG SDVWHYV EHI

&KORULGH %LQGLQJ &DSDFLW\ Rl & HPHQW &RQWDLQLQ.
&KORULGH ELQGLQJ LVRWKHUPV RI SDVWHV FRQWDLQL
H[SHULPHQWDO UHVXOWYV DQG /DQJPXLU DQG J)UHXQGOLFK LV

VKRZQ LQ 7DEOH 7KH FKORULGH ELQGLQ UHVXOWY DUH SC



7TDEOH (VWLPDWHG /DQJPXLU DQG )UHXQGOLFK LVRWKI

IDQJPXLU ,VR\ JUHXQGOLFK "

OL[WXUHV
[ Us Uk 566 Un Wk 0266

6) 1D

6) &D

6) 0J

6) 1D

6) &D

6) 0J
YLIXUH LOOXVWUDWHY WKH FKORULGH ELQGLQJ UHVX
23& VLOLFD IXPH DQG 6) 23& VLOLFD IXPH 51

WKH LQFRUSRUDWLRQ RI VLOLFD IXPH UHVXOWHG LQ D ORZH
LQVWDQFH WKH ERXQG FKORULGH TXDQWLW\ IRU VDPSOH HJ

PJ J SDVWH IRU 23& PJ J SDVWH IRU 6) PJ J SD\
LQ FKORULGH ELQGLQJ UHVXOWY ZDV UHSRUWHG LQ SUHYLR

FKORULGH ELQGLQJ TXDQWLWLHYVY LQ 23& DQG VLOLFD IXPH FI

$QRWKHU REVHUYDWLRQ ZDV WKDW WKH LQFOXVLRQ RI
FKORULGH ELQGLQJ UHVXOWYVY DV UHSRUWHG LQ SUHYLRXV VI
FDQ EH UHODWHG WR WKH GLIIHUHQFH LQ FRPSRVLWLRQ RI \
FRPSRVLWLRQ RI VLOLFD IXPH SUHGRPLQDQVWRWHZRWULWKYL K
H[FHSWLRQDOO\ VPDOO SDUWLFOH VL]H FRPSDUHG WR RWK
GLIIHUHQFH LQ SDUWLFOH VL]H DQG VSHFLILF VXUIDFH DUH
3RUWODQG FHPHQW DYHUDJHV PLQ SDUWLFOH WL]H DQG
DQG P5J VODJ DW P DQG P85 J ZKLOH VLOLFD IXPH |

SDUWLFOH VL]H RI P DQG DQ H[SDQVLYH VXUIDFH DUHD F



FRPSRVLWLRQDO GLIIHUHQFHV UHVXOWV LQ D GHQVHU PLF
GUDPDWLFDOO\ UHGXFHV SHUPHDELOLW\ > @ OHDGLQJ WR
WR SHQHWUDWH DQG ELQG ZLWK FHPHQW K\GUDWLRQ SURG)
FRQWDLQLQJ SDVWH DQG 23& ERQWH-DQWWIQHVROXPDQRPBHOLYV FF
WKDQ WKDW IRXQG LQ 23& DGYHUVHO\ LPSDFWLQJ WKH Ft
FRQWDLQLQJ SDVWHV > $a2 E KA DSV HWMRKIHR SR HP\RHUGHF K
K\GUDWLRQ SURGXFWV WKDW FDQ FKHPLFDOO\ ELQG ZLWK F

JULHGHOTfV VDOW

©
=

80 80
A MgCl, a) OPQ A MgCl, b) SF 5 A MgCl, ¢)SF1

® CaCl, ® cCaCl 7 @ CaCl
B NaCl B NaCl | ®m NaCl
— Fitted Langmuir isotherm —— Fitted Langmuir isotherm — Fitted Langmuir isotherm

el

T T T T T T
0.0 05 10 15 2. 05 10 15 2.0 05 10 15 2.
Free chloride concentration at equilibrium (M) Free chloride concentration at equilibrium (M) Free chloride concentration at equilibrium (M)
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JLIXUH &KORULGH ELQG L QRBRQMVXIOQND JRAL SDVIW HWPH BSRVHG WR 1
0J&0OD 23& E 6) DQG F 86)

7TDEOH FRPSDUHV WKH ERXQG FKORULGH ELQGLQJ TX
6&0V H[SRVHG WR VDOW VROXWLRQV DW D KLJK FRQFHQWUDV
WKDW SDVWHYVY FRQWDLQLQJ VLOLFD IXPH KDYH ORZHU FKORU

IO\ DVK EOHQGHG SDVWHYV



7TDEOH OHDVXUHG FKORULGHV EGLQLQJ LQ PJ &0 J SDVWH IRU
HISRVHG WR 0 VDOW VROXWLRQV

&KORULGH ELQGLQJ TXDQWLW\ DW W
SDVWH W 1D&O &D&O 0J&0O

23&
6*
6*
)$
)$
6)
6)

6LOLFD IXPH SOD\V D VLJQLILFDQW UROH LQ UHILQLQJ SR

FRPSRVLWLRQ RI ELQGHUV 7KLV PRGLILFDWLRQ UHVXOWYV LQ

& $ DQG WHWUDFDOFLXP DOXPLQRIHULWH & $) ZKLFK FR

FKHPLFDO ELQGLQJ RI FKORULGHY > @ 3UHYLRXV VWXGLH

SK\VLFDO ELQGLQJ WR FKORULGH LPPRELOL]DWLRQ LV QRW V

WKH ELQGHU > @

&KORULGH 'HVRUSWLRQ RI &HPHQW &RQWDLQLQJ 6LOLF

JLIXUH GLVSOD\V WKH UHOHDVH RI ERXQG FKORULGH

ZKHQ WKH S+ LV ORZHUHG E\ DGGLQJ QLWULF DFLG LQ YDULR

DQG ,Q ERWK 6) DQG 6) SDVWHV $ 3 UDWLRV RI DG

UHOHDVH RI ERXQG FKORULGH ZLWK RYHU EHLQJ UHOHDV/|



- NacCl - NaCl
a I caci2 100
[ mgci2 1

100+

80+

[o5}
o
1

60+

[o2}
o
1

40

Released bound chloride (%)
]
1

Released bound chloride (%)

20+

N
o
1

4 8 11 15 19 4 8 11 15 19
Acid volume to paste mass ratio (%) Acid volume to paste mass ratio (%)

JLIXUH3WFHQWDJHYVY RI UHOHDVHG ERXQG FKORULGHV DIWHU DF

7KH FKORULGH GHVRUSWLRQ UHVXOWY LQGLFDWH WKDYV

GHSHQGLQJ RQ WKH $ 3 UDWLR ZLWK WKH KLJKHVW UHOHDVH

WKDW DW WKH KLJKHVW $ 3 UDWLR R WKH SHUFHQWDJHYV
LQ 1D&O LP@BG&O K@ GKH VDPH WUHQG LV REVHUYHG IR
UDWLR RI ZKHUH 1D&0 VKRZHG WKH KLJKHYW ORKMRK L G H

VLPLODU DQG ORZHU FKORULGH GHVRUSWLRQ DPRXQW 7KH (
PHDQV D ORZHU IUHH FKORULGH FRQFHQWUDWLRQ LQ WKH SR

LQGXFHG FRUURVLRQ

7R EHWWHU XQGHUVWDQG WKH XQGHUO\LQJ UHDVRQV IRU
LQ WKH V\VWHPV LV FULWLFDO )LJXUH VKRZV WKH WLPH
GLIITHUHQW $ 3 UDWLRV H[SRVHG WR WKH WKUHH EULQH VRC
H[SRVHG WR 1D&0O0 VROXWLRQ ZLWK S+ UHGXFWLRQ DW $ 3 UI
DGGLWLRQ ZDV FRQVLGHUDEO\ ORZ EXW DIWHU D ZHHN WKF
EHIRUH DFLG DGGLWLRQ DURXQG +RZHYHU DW KLJKHU $

DIWHU D ZHHN )RU H[DPSOH DW $ 3 UDWLRV RI DQG WK



IRU 6) SDVWH H[SRVHG WR 1D&O ZHUH DQG DQG IRU 6
DQG 7KH VDPH WUHQG ZDV REVHUYHGS IRIERKBE B ORAM H [
ZKHQ PRUH DFLG YROXPH ZDV LQWURGXFHG WR WKH V\VWHP

WZR ZHHN H[SRVXUH RI SDVWHV WR VDOW DQG DFLG ZHUH OR

Time (d) Time (d) Time (d)

JLIXUH 7LPH HYROXWLRQ RI S+ IRU SDVWHV FRE@WDLQLQJ 6) L
&D&OF 0J&O

7KH S+ REVHUYDWLRQ KHOSYV H[SODLQ WKH FKORULGH GF
KLIKHU $ 3 UDWLRV OLNH DQG DV WKH S+ UHGXFWI
OD\HU E\ OD\HU RQ SDVWH VDPSOHV LW FDXVHV WKH K\GL
XQGHUO\LQJ QHDW OD\HUV WR WKH VDOW VROXWLRQ ,I WKH
GLVVROXWLRQ RI WKH SDVWH ZLOO SHUVLVW 2Q WKH RWKH
OD\HUV PD\ DFW DV VLWHV IRU LQFUHDVHG FKORULGH DEVRL
SHUFHQWDJH RI ERXQG FKORULGH REVHUYHG RU LQ WKH R
REWDLQHG )LJXUH DQG )LIXUH GLVSOD\V WKH GHJUH

VLOLFD IXPH ZKHQ WKH $ 3 UDWLR LQFUHDVHV IURP WR



JLIXUH 6) SDVWHV H[SRVHG WR GLIIHUHQW $ 3 UD

J)LIXUH 6) SDVWHV H[SRVHG WR GLIIHUHQW $ 3 UDWLRYV \

$V VKRIQIXQH DQI @ XUH DW KLJKHU $ 3 UDWLRV OLNH
FRORU FKDQJH FOHDUO\ VKRZV WKH FHPHQW K\GUDWLRQ SUR
YHU\ SRURXV OD\HU LV IRUPHG RQ WRS IDFLOLWDWLQJ FKOF

HTXLOLEUDWHG DQG VWDELOL]JHG DIWHU DURXQG D ZHHN



$QDO\WLFDO 5HVXOW IRU 3DVWH &RQWDLQLQJ 6LOLFD
DQG S+ 5HGXFWLRQ
JLIXUH VKRZV ;5" VFDQV RI 6) DQG 6) DIWHU H[SRVX
HISRVLQJ WR P/ RI DFLG $ 3 6LPLODU WR RWKHU ELQ
DGGLWLRQ RI DFLG zZzDV 3RUWODQGLWH DFFRPSDQLHG E\ Wi
GLVFXVVHG WKH LQWURGXFWLRQ RI DFLG OHG WR WKH IRU
DQDO\VLYVY LQGLFDWHY WKDW WKH 3RUWODQGLWH SHDNV LQ
XQFKDQJHG IROORZLQJ DFLG DGGLWLRQ 7KLV FRXOG EH DW\
VROXWLRQ ZKLFK UHPDLQHG DERYH HLJKW HYHQ DIWHU WZR
N CN
a | e b
e L
4 MgCl2 -After 25ml acid MgCIz -After 25ml acid
WWM e WMM«»MWW
cN MgCl:2 - Before acig MgCIz Before acid
ﬂ Hm JLmJ NP W . bl M MWJL il “
CaCb -After 25m| acid CaCb -After 25ml acid

oN CaCk - Before aci CN CaCt - Before acig
E l E Q E E E o bk

NaCl -After 25ml aci cc CH NaCl -After 25ml acigl

Fs H
s % CHMQA CHCHcw LT ‘C'*N)Eﬁ% __ CHcHen
ogGH ] i i j

NaCI Before aci NaCI Before aci

5 10 15 20 25 30 35 40 45 50 55 60 65 70 7% 10 15 20 25 30 35 40 45 50 55 60 65 70
2theta (degrees) 2theta (degrees)

Intensity

J)LIXUH ;5" VFDQV RI VLOLFD IXPH VDPSOHYVY EHIRUH DQG DIWH!I
ZHUH ILUVW H[SRVHG WR 0 VDOW VROXWLRQV D 6) E 6) )
&DOFLWH & 6 %HOLWH ( (WWULQJLWH % %UXFL

JLIXUH GLVSOD\V '7* FXUYHV IRU ELQGHUV ZLWK VLC(
HISRVXUH WR QLWULF DFLG KDG PLQLPDO LPSDFW RQ WKH U
VROXWLRQV ,Q FRQWUDVW D QRWDEOH GHFUHDVH LQ J)ULHG]
WR 0J¥ROXWLRQ $ FRPSDULVRQ RI WKH UHVXOWY EHIRUH DQ

Rl VLOLFD IXPH VXEVWLWXWLRQ GLG QRW VLIQLILFDQWO\ DI



FXUYHV VKRZ ORZHU GLSV IRU 3RUWODQGLWH ZKLFK FDQ E

UHDFWLRQ DQG WKH YDU\LQJ OHYHOV RI VLOLFD IXPH UHSOD

0.00 - 0.00
Before acid CH

— — After acid

Before acid
0044 = - After acid

-0.05+

-0.08+
-0.10+
-0.12+

-0.15+ -0.164

DTG (%/C)
DTG (%/C)

-0.20+ -0.20+

-0.244 NaCl

-0.25- cacCl,

m\

0.30 a - E MgCl, -0.281p MgCl,
o 160 ZbO ?;OO AILOO 500 0 160 ZbO ?;00 AILOO 5C
Temperature ) Temperature €€)
JLIXUH '7* UHVXOWY RI VLOLFD IXPH FRQWDLQLQJ VDPSOHV E

QLWULF DFLG D 6) DQG E 6)

6XPPDU\ Rl ODLQ )LQGLQJV RQ &KORULGH 'HVRUSWLRQ
YLIXUH VKRZV WKH SURSRVHG PHFKDQLVPV RI DFLG |
SDVWHV FRQWDLQLQJ 6&0V $IWHU WKH QLWULF DFLG LV DGC
1D &D DQG QARQV LQ WKH VDOW VROXWLRQ WR S&IRGIRFH KLJK
RU 0J 127KHVH VROXEOH VDOWYVY UHDFW ZLWK /&G @DVWHU SU
ZKLFK FDQ VOLJKWO\ LQFUHDVH WKH S+ Rl WKH H[SRVXUH VR
RI WKH VDPSOHV OHDFKLQJ RXW FHPHQW K\GUDWHVY OHDGL
RXWHU OD\HU PDLQO\ FRPSRVHG RI VLOLFDWH K\GUDWHV 7K}k

RI WKH SRURXV OD\HU LQFUHDVHG ZLWK DQ LQFUHDVH LQ DG



J)LIXUH $ VFKHPDWLF PHFKDQLVP RI WKH FKORULS®IHGHVRUSWL
H[SRVHG WR FKORULGHV IRU ZHHNV E DQ LQVWDQWDQHRXV GU
DFLG ZKLFK UHVXOWYV LQ WKH FRUURVLRQ RI WKSRREBRWW &R XOW HRJU

VLOLFDWH K\GUDWH OD\HU DQG K\GURJHOV FDSDEOH RI

7KH VORZ SURJUHVVLRQ RI DQ DFLG DWWDFN RQ D SDVW
K\GUDWHG SKDVHV VSHFLILFDOO\ WKH $)P SKDVHV GHVRUEL
WKH RXWHU SDVWH OD\HU DOVR H[SRVHV WKH QHDW SDVWH
S+ Rl WKH VROXWLRQ LV VWLOO ORZ WKH GLVVROXWLRQ RI

VXEOD\HU FDQ SURYLGH SRWHQWLDO VLWHV IRU FKORULGH E

,Q DGGLWLRQ WR WKH UHDFWLRQV GLVFXVVHG DERYH W
WKHLU UHDFWLRQ ZLWK QLWULF DFLG FDQ SURGXFH K\GURJF
2ZWKHU UHVHDUFKHUV KDYH UHSRUWHG WKH IRUPDWLRQ RI D
WHVWYV ZLWK DFLG > @ 7KHVH SUHFLSLWDWHG F
SRURXV DQG FRXOG FRQWULEXWH WR FKORULGH ELQGLQJ E

HISRVXUH VROXWLRQ



7KH DQDO\WLFDO UHVXOWYV VKRZHG WKDW WKH FDWLRQ
OHYHO SOD\ FULWLFDO UROHV LQ FRQWUROOLQJ WKH H[WHQ
RI WKH ERXQG FKORULGHYVY ZHUH UHOHDVHG DIWHU DGGLQ.

D 1D&O0 VROXWLRRQOQRWLIRH) &EDRODUGOHVYVY RI WKH ELQGHU W\S
FKORULGHYV ZzDV UHODWLYHO\ ORZHU WKDQ WKDW RI WKH 1D&
WKH SHUFHQWDJHV RI UHOHDVHG ERXQG FKORULGHYV GHFOLQ
I[URP WR ,Q WIRHD XWELBQ ZKHQ P/ RI DFLG ZDV LQWUI

VROXWLRQV DOPRVW Rl WKH ERXQG FKORULGHYV ZHUH UHC

7KHUH LV D GLIIHUHQFH EHWZHHQ WKH SHUFHQWDJH F
FROQOFHQWUDWLRQ RI DYDLODEOH IUHH FKORULGHV DIWHU FK
SHUFHQWDJH RI UHOHDVHG ERXQG FKORULGHV WKH RQH ZL)\
PRUH FKORULGHYVY DIWHU GHVRUSWLRQ DQG YLFH YHUVD )RU
LQ 23& SDVWH H[SRVHG WRGC 048GV &D&O DQG PJ &0 J
UHVSHFWLYHO\ $IWHU DGGLQJ P/ RI DFLG WR WKHVH VRO}
FKORULGHV ZHUH QHDUO\ PQAD&CAAQ OKKDEDROH SHUFHQW
UHOHDVHG ERXQG FKORUMROXWQR® &G IDH) ® HWEPORVH GXH
WRWDO ELQGLQJ LQ WKHVH WZR VROXWLRQV WKH DPRXQW R
JLQ 1D&O DQG PJ RO AWIORQPML O KXV ERWK WKH FKORULC

FDSDFLW\ RI WKH VA\VWHP VKRXOG EH FRQVLGHUHG ZKHQ GHYV



2EMHFWLYH 6\QHUJLF (IITHFWV RI ([SRVXUH RI %OHQGHG

WR 1D&0O 6DOW 6ROXWLRQ DQG &DUERQDWLRQ RQ S+ DQG &R

,Q WKLV REMHFWLYH WKH FRXSOHG LPSDFWV RI FKORUL
FDUERQDWLRQ H[SRVRUHXSV'RVR IRRU ZHHNV RQ S+ DQG FR
FRQWDLQLQJ 23& FHPHQW DQG IO\ DVK 23& FHF
LOQYHVWLIDWHG 7KH RYHUDUFKLQJ JRDO ZDV WR PRQLWRU F
WLPH WR PHDVXUH WKH UHOHDVH RI ERXQG FKORULGH FKOR

7KH DYHUDJH FRPSUHVVLYH VWUHQJWKYV RI 23& DQG )$ SI
OLPH VROXWLRQ ZHUH 03D SVL DQG 03D SVL
VKRZHG DURXQG ORZHU FRPSUHVVLYH VWUHQJWK FRPSDUL
IO\ DVK SR]JJIRODQLF UHDFWLYLW\ W LV ZHOO UHVHDUFKHCG
FRQWDLQLQJ SDVWHYV DUH ORZHU WKDQ 23& FHPHQW SDVWtL
FRQWDLQLQJ 10\ DVK DFKLHYH WKH VDPH RU HYHQ VXUSDV'

FRXQWHUSDUWYV > @

3DVWHV &RPSRVLWLRQ %HIRUH ([SRVXUH WR 1D&0O 6ROX"

JLIXUH VKRZV WKH 7*$ UHVXOWYV IRU 23& DQG )$ SDVW
EHIRUH H[SRVXUH WR 1D&0O VROXWLRQ DQG FDUERQDWLRQ )
DQG )LIXUH E VKRZV WKH FDOFXODWHG GHULYDWLYH WKF
GLVSOD\V WKUHH PDMRU ZHLJKW ORVVHV )LJXUH D DQG
ZHLIKW ORVV FRUUHVSRQGV WR HWWULQJLWH WR Z&
&D 2+ &+ WR Z& DQG WKH WKLUG ZHLJKW ORVV FRI
&D &2 WR 2& > @ :KLOH ERWK SDVWHV KDYH DOPRVW

z& PHDQLQJ WKH VDPH HWWULQJLWH FRQWHQW DIWHU



SHUFHQWDJH RI )$ SDVWH LV ORZHU WKDQ 23& SDVWH )LJX
SRUWODQGLWH &+ IRU 23& LV GHHSHU WKDQ )$ PHDQLQJ WI
KLIJKHU WKDQ )$ SDVWH 7KH ZHLJKW ORVV FKDQJHV LQ )LJX!

LQ 23& SDVWH DQG LQ )$ SDVWH 7KH PDLQ UHDVRC(
SR]JRODQLF UHDFWLYLW\ RI IO\ DVK DQG FRQVXPSWLRQ RI D
6+> @ 7KH UHVXOWY DUH LQ DJUHHPHQW ZLWWEGS UHNYARX \H W

D O> @
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J)LIXUH 7*$ UHVXOWYV IRU SDVWHV DIWHU PRLVW FXULQJ DQG L
RI ZHLJKW FKDQJH E '7* 3R (W\W QI WRH D&+ XP FDUERQDWH

7KH ZHLJKW ORVV DVNV@® AN WE PASRHEDWXUH UDQJH RI
SDVWH ZDV DQG LQ )$ SDVWRIQWBHQWYV FRMDH2URP WKH FHF
SURFHVV GXH WR SUHVHQFH RI FDOFLXP FDUERQDWH FDOFL)\

&D&2FRQWHQW LQ )$ SDVWH LV GXH WR IO\ DVK LQFOXVLRQ D

7R IXUWKHU XQGHUVWDQG WKH FRPSRVLWLRQ RI SDVYV
FDUERQDWLRQ ;5' WHVWV ZHGHVSHOWI\R/UPBHGEFPLQXB®RH SDVWH E

WR VDOW VROXWLRQ 7KH UHVXOWY VKRZHG WKDW WKH SRU\



RI HWWULQJLWH ( DQG FDOFLXP FDUERQDWH &F ZHUH GHW
ZDV UXQ IRU DQ HPSW\ VDPSOH KRUBSBBHDQ ® WRX¥Q SHDW RN K|
RULJLQDWHYV IURP WKH VDPSOH KROGHU QRW D UHDO SHDN |
SHDN LQ WKH )$ SDVWH LQ WKH UDQJH RI WR GHJUHHV LV
ORZHU FRQWHQW RI SRUWODQGLWH GXH WR IO\ DVK SR]]JROI

REVHUYDWLRQV LQ WKH 7*$ WHVWYV '7* FXUYHV

OPC

Intensity (a.u.)

T T T T T T T
5 10 15 20 25 30
2-theta (Degrees)

JLIXUH ;5" WUDFHV IRU SDVWHYVY DIWHU PRLVW IRKXUWW)H DQG UL.
&+ 3RUWODQGLWH DQG &F &DOFLXP FDUERQDWH F

S+ %HIRUH ([SRVXUH WR 1D&0 6ROXWLRQ DQG &DUERQD\

J)LIXUH GLVSOD\V WKH DYHUDJH RI PHDVXUHG S+ LQ 2
DQG EHIRUH H[SRVXUH WR WKH VDOW VROXWLRQ DQG FDUEI
VXVSHQVLRQ PHWKRG 7KH DYHUDJH S+ LQ DOO GHSWKYV IRL
UHVSHFWLYHO\ 7KH UHVXOWY DUH LQ DJUHHPHQW ZLWK SUH
SDVWH$V>G@®VFULEHG LQ WKH PHWKRGVY VHFWLRQ FKDSWHU

PRQLWRUHG DW WKUHH GLVWLQFW GHSWKYV WR PP UHSUH



PP $V H[SHFWHG ERWK SDVWHV KDG D KLJK DONDOLQL:

IRUPDWLRQ DQG SUHVHUYDWLRQ RI D SDVVLYH OD\HU RQ WK}

14
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J)LIXUHS+ RI SDVWHV DIWHGLIITEDHWQ WXGBHQ@WKY

&RPSRVLWLRQDO &KDQJH $IWHU ([SRVXUH WR 1D&0O %ULC

J)LIXUH GLVSOD\V '7* FXUYHV IRU SDVWHV LQ WKH VX
HISRVXUH WR WKH VDOW VROXWLRQ 7KHUH ZHUH QR GLSV LC
'7* FXUYHV ZKLFK PHDQV QR VLJQV RI )ULHGHOYV VDOW EHI
IRUPDWLRQ RI )ULHGHOYVY VDOW DIWHU H[SRVXUH WR 1D&O VELC
LRQV zDV REVHUYHG 7KH )ULHGHOYVY VDOW GLS ZDV&GHWHEFV
LQ ERWK SDVWHV 7KH ZHLJKW ORVV SHUFHQWDJH DVVRFLD\
VROXWLRQ H[SRVXUH ZDV LQ 23& SDVWH DQG LQ )$ S
RI 10O\ bDVK LQFUHDVHG WKH FKHPLFDO FKORULGH ELQGLQJV
UHVXOWY DUH LQ DJUHHPHQW ZLWK REMHFWLYH WHVWYV WKI

DVK FRQWDLQLQJ SDVWHV > @ DQG SUHYLRXV ILQGLQJV LQ
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)LIXUH '7* SORWV  GD\V DIWHU H[SRVXUH WR VDOW VROXWLE

)$ ( (WWULQJLWH )6 )ULHGHOYTV VDOW &+ 3RUWOWQGLWH DQ

J)LIXUH GLVSOD\V WKH SUHVHQFH RI HWWULQJLWH (
&D&2 )LIXUH LQGLFDWHG D VOLJKW Q\QKWKKHH VX GIHDH SIHWDGH
FKORULGH H[SRVXUH DQG EHIRUH FDUERQDWLRQ ,W LV SURE
DWPRVSKHULF FDUERQ GLR[LGH ZKLFK FRQFHQWUDWLRQ LV
VHFWLRQ DIWHU FXULQJ VDPSOHV ZHUH UHPRYHG IURP VDW

GULHG DQG WKHQ LPPHUVHG LQ VDOW VROXWLRQ

J)LIXUH GLVSOD\V ;5" UHVXOWYV IRU 23& DQG )$ SDVWFH
PRODU 1D&O VROXWLRQ DQG DIWHU DQG GD\V RI HI[SRVX
IRUPHG DIWHU FKORULGH H[SRVXUH 7KH SHDN DVVRFLDWHG
$V FKORULGH H[SRVXUH WLPH LQFUHDVHV WKH KLJKHU LV W
DOVR VKRZ WKDW WKH H[SRVXUH WR 1D&0O VROXWLRQ LQFUH
WKDW HWWULQJLWH TXDQWLW\ LQFUHDVHYVY ZKHQ SDVWH LV H
ZLWK $)P SKDVHV K\GUDWHG FDOFLXP DOXPLQDWHY SKDVHYV
VXOIDWH 7KH UHOHDVHG VXOIDWH FDQ UHDFW ZLWK SRUWIL

HWWULQJLWH > @ 7KH UHDFWLRQ RI PRQRFDUERQDWH ZLW



UHDFWLRQ RI PRQRVXOIDWH ZLWK FKORULGH LRQV IRUPV )U
PRUH VWDEOH WKDQ PRQRVXOIDWH PHDQLQJ PRQRVXOIDWH

;5" UHVXOWY DUH LQ JRRG DJUHHPHQW ZLWK WKH '7* FXUYHV

a)OPC b) FA
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E
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Before Before

5 10 15 20 25 30 5 10 15 20 25 30
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JLIXUH ;5" VFDQV IRU VXUIDFH OD\HU RI SDVWHV EHIRUH DQG D

)$ ( (WWULQJLWH )6 )ULHGHOYV VDOW &+ FIROUFWOWQGLWH [

7KH ;5" 2DV SHUIRUPHG RQ VXUIDFH PP DQG LQQHU
VKRZQ LQ )LIJXUH ,Q ERWK SDVWHV WKH SHDN DVVRFLDWH
OD\HUV WKDQ WKH LQQHU OD\HUV PHDQLQJ WKH TXDQWLW\ R

LV KLIKHU
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JLIXUH ;5" VFDQV IRU 23& DQG )$ SDVWHV DIWHU FKORULGH HJ[

( (WWULQJLWH )6 )ULHGHOfV VDOW &+ BROM@WBQGLWH D(

S+ $IWHU ([SRVXUH WR 1D&0O 6ROXWLRQ

$IWHU H[SRVXUH WR 0 1D&O VROXWLRQ WKH S+ RI SDV\
GHILQHG LQWHUYDOV GD\V GD\V GD\V )LJIJXUH VK
SDVWHV IXO0\ LPPHUVHG LQ WKH VDOW VROXWLRQ 7KH UHV
HISRVHG WR 1D&0 VROXWLRQ DQG WKH VXUIDFH OD\HU H[SH
OD\HUV 7KH DYHUDJH S+ OHYHO LQ 23& SDVWH DV VKRZQ LC
VROXWLRQ ZDV 7KH S+ RI WKH VXUIDFH OD\HU GHSWK

DIWHU GD\V DQG DIWHU GD\V LPPMHRIZA/ EKQ RQL GBI
GLIIXVLRQ UWR/HP V > @ WKH FKORULGH SHQHWUDWLRQ G
FRQVHTXHQWO\ FKORULGH FRQFHQWUDWLRQV LQ WKH OD\HU\
DW GHHSHU GHSWKV KHQ FKORULGH LRQV SHQHWUDWH LQWI
DW WKH H[SHQVH RI SRARQOXQSWWRQ &BRZFVXPSWLRQ RI K\GU

WKH DONDOLQLW\ RI WKH VI\VWHP DQG ORZHULQJ WKH S+ 7Kt
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J)LIXUH S+ FKDQJH LQ D 23& DQG E 10\ DVK FRQWDLQLQJ SDV
XS WR GD\V

7KH UHVXOWY VKRZHG WKDW WKH S+ RI SDVWHV H[SRVHG
S+ GHFUHDVH LV QRW GUDVWLF EHFDXVH WKH FHPHQW SDV\
K\GUR[LGH DQG RWKHU DONDOLQH FRPSRQHQWY WKDW EXIIHL

WR WKH VDOW VROXWLRQ WKH PRUH WKH S+ GURSSHG )RU

EHIRUH FKORULGH H[SRVXUH DW DOO GHSWKV ZDV $IWH!
GURSSHG WR LQ WKH VXUIDFH OD\HU DQG DIWHU  GD\V I

DQG UHVSHFWLYHO\ ,Q WKH LQQHU OD\HUV S+ ZDV
DQG GURSSHG WR DQG DIWHU DQG GD\V UHVSHF

LQ 1D&O0 VROXWLRQ WKH FKORULGH LRQV VWDUW SHQHWUDW
GLIIXVLRQ $V GLVFXVVHG LQ WKH SUHYLRXV VHFWLRQ

FKORULGH LRQV FDQ SHQHWUDWH LQ WKH DOORZHG WLPH

&RPSRVLWLRQDO &KDQJH $IWHU &DUERQDWLRQ

JLIXUH VKRZV WKH '7* FXUYHV DIWHU D ZHHN RI FDUI

OD\HUV LQ 23& DQG )$ SDVWHV ,W VKRXOG EH UHPLQGHG WKI



1D&O VROXWLRQ IRU GD\V DQG WKHQ ZHQW WKURXJK DF
REVHUYDWLRQ ZDV WKDW WKH GLS DVVRFLDWHG ZLWK )JULHC
DIWHU RQO\ FKORULGH H[SRVXUH 7KH UHVXOWY VKRZ D VKD!
ZKLFK UHSUHVHQWY OHVV ERXQG FKORULGH DQG FKORULGH

ZHLJKW ORVV SHUFHQWDJH DVVRFLDWHG WR )ULHGHO(fV VDO

ZDV FRPSDUHG WR RQO\ DIWHU GD\V FKORULCGC
FDUERQDWLRQ 8VLQJ (T WKH FDOFXODWHG )ULHGHOTfV V
HISRVXUH ZKLFK UHGXFHG WR ZW DIWHU GD\V FKORUL

,Q RWKHU ZRUGV DIWHU D ZHHN GXH WR FDUERQDWLRQ )UI
GHVRUSWLRQ LV REVHUYHG 7KH VXUIDFH OD\HU ZDV H[SRVH
EHFDXVH FDUERQDWLRQ LV D VORZ SURFHVV DQG FDQGQRW GL
DQ DYHUDJH FDUERQDWLRQ GHSWK RI PP DIWHU \HD U
VWUXFWXUHYV LQ 1RUGLF FRXQWULHY DQG WKH\ FODLPHG WKL
ZLWK D KLJK VWUHQJWK FODVV ! 03D SVL LV D QRWDE

\HDUV

JULHGHOYV VDOW DQG $)P SKDVHV LQ FRQFUHWH H[SRVF
FDUERQDWLRQ WDNHV SODFH > @ 7KLV SKHQRPHQ@GRQ FRPE
SKDVH UHOHDVHV SK\VLFDO FKORULGH ERQGYV LQFUHDVLQJ
FDUERQDWHG UHJLRQV RI WKH FRQFUHWH *HQJ HW DO >
FDUERQDWLRQ UHOHDVHV WKH ERXQG FKORULGH LQ WKH IF

FRQFUHWH E\ GLVVROXWLRQ RI )ULH&HOYVY VDOW DQG GHFRP
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)LIXUH '7* FXUYHV DIWHU H[SRVXUH WR VDOW VROXWLRQ DQG

)$ ( (WWULQJLWH )6 )ULHGHOYV VDOW &+ 3RUWODQGLWH DQ

)LIXUH GLVSOD\V '7* FXUYHV IRU VDPSOHV EHIRUH D
,Q WKH WHPSHUDWXUH UDQJH RI W R 7& WKHUH LV QR
UHYHDO WKDW FDUERQDWLRQ DOPRVW FRPSOHWHO\ FDXVHG
KLIKOLJKW WKH GHHSWH GESVRR@DWRERQ FRPSDUHG WR QRQ

VKRZV WKDW WKH GLS FRUUHVSRQGLQJ WR FDOFLXP FDUE
DURXQG 7& WR 7& LQ QRQ FDUERQDWHG SDVWH DQG D
VDPSOHV 7KH UHVXOWV VKRZ WD & & B VAMH JKM RORV M [B R ¥ B
DQG LQFUHDVHG WR DIWHU RQH ZHHN RI FDUERQDWLRQ |
&2 7KH VDPH WUHQG ZDV REVHUYHG IRU )$ SD\WBPM LQ ZKLFK

EHIRUH FDUERQDWLRQ DQG DQG DIWHU RQH DQG WZ

YLIXUH VKRZV '7* FXUYHV IRU SDVWHV DIWHU WZR ZH
FDUERQDWH FRQWHQW LV VHHQ LQ WKH VXUIDFH OD\HU FRF
LQVWDQFH LQ 23& SDVWH WKH ZHLFRWQ WRYW ZRYUH YV SR® GILKQ

DQG LQ WKH LQQHU OD\HU + LFIK®IW WMHH G KWK 6 RR/FVF RU &DG



FDUERQDWLRQ LQ WKH VXUIDFH OD\HU ,Q WKH SUHVHQFH R
FDUERQ GLR[GGWHVR&Z2ZYHV LQ ZDWHU IRUPLQJ FDUERQLF DFL

SRUWODQGLWH WR IRUP FDOF& XM WBHWERQDWH® &D &2

$Q LOQWHUHVWLQJ REVHUYDWLRQ LV WKH GLIIHUHQFH EH
LQQHU OD\HUV RI SDVWHV 7KH SRUWODQGLWH FRQWHQW LV
SRUWODQGLWH ZDV BRG\DXPMH R IEFIR2ERQDWLRQ SURFHVV WR |
ZHLJKW ORVV DVVRFLDWHG ZLWK SRUWODQGLWH ZDV LQ

WKH VXUIDFH

—— 0.00
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J)LIXUH '7* FXUYHV DIWHU ZHHNV FDUERQDWLRQ D 23& DQG |

VDOW &+ 3RUWODQGLWH DQG &D&?2 &DOFLXP FDUER

JLIXUH VKRZV ;5" WUDFHV IRU SDVWHV EHIRUH DQG DI
LOQWHQVLW\ RI FDOFLXP FDUERQDWH &F LV KLJKHU DIWHU F
WKH RWKHU KDQG WKH SRUWODQGLWH &+ SHDN DURXQG
LQFUHDVHG 7KH KLJKHU LQWHQVLW\ RI FDOFLXP FDUERQDWH
&DUERQDWLRQ LQFUHDVHVY WKH VROXELOLW\ RI J)ULHGHOYV

EHDULQJ SKDVHV DOVR FDQ RFFXU > @ &DUERQ GLR[LGH D¢



JHO DQG FDOFLXP FDUERQDWH 7KH VWDELOLW\ RI HWWULQJ

LQ HWWULQJLWH D VOLJKWO\ VKDOORZHU GLS LQ '7* SORW |

a) OPC CH b) FA ¢

| E \H Cc
W X . WWMW WWH&J\M
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2-theta (Degrees) 2-theta (Degrees)
JLIXUH ;5" VFDQV EHIRUH DQG DIWHU FDUERQDWLRQ D 23& SD

&+ 3RUWODQGLWH DQG &F &DOFLXP FDUERQDWH F

J)LIXUH GLVSOD\V ;5" UHVXOWYV IRU SDVWHV DIWHU
VKRZQ DW GLIIHUHQW GHSWKV IURP VXUIDFH WR LQQHU OD\H
FDUERQDWH SHDNV DURXQG GHJUHHY ZHUH KLJKHU DW W|
WKH FDUERQDWLRQ ZDV PRUH VLIJQLILFDQW RQ WKH VXUIDFH
LQ )$ SDVWHV $QRWKHU LPSRUWDQW REVHUYDWLRQ IURP WK
;5" UHVXOW IRU ERWK SDVWHV DIWHU FKORULGH H[SRVXUH )L
ZHUH REVHUYHG DURXQG GHJUHHV +RZHYHU DIWHU FDUEF
SHDN 7KLV REVHUYDWLRQ FRQILUPV WKH GLVVROXWLRQ RI )L
DUH LQ ZHOO DJUHHPHQW ZLWK 7*$ UHVXOWYV '7* FXUYHYV ,

VWURQJHU FDOFLWH &F SHDNV ZHUH REVHUYHG LQ VXUIDFF



REVHUYDWLRQV VKRZ WKH FRQVXPSWLRQ RI SRUWODQGLWH |

DFLG DQG WKHQ FDOFLXP FDUERQDWH 7KH 7*$ DQG ;5" UHV X(

a) OPC b) FA

CH CH
E ij Ce E e
E E CH MWW
- mm

fj:WwWWm MWW&

5-10 mm
0-5 mm 05mm

Intensity (a.u.)
Intensity (a.u.)

5 10 15 20 25 30 5 10 15 20 25 30
2-theta (Degrees) 2-theta (Degrees)
J)LIXUH ;5" VFDQV DW GLIIHUHQW GHSWKV DIWHU ZHHNV RI F

(WWULQJLWH &+ 3RUWODQGLWH DQG &F &DOFLXP FD

S+ &KDQJH $IWHU &DUERQDWLRQ

7KH S+ ZDV PHDVXUHG DW IRXU GLIIHUHQW GHSWKV IURP
PP DQG PP DIWHU ZHHN ZHHNV DQG ZHHNV RI FDU
DYHUDJH S+ DIWHU FDUERQDWLRQ LQ WKH FHPHQW SDVWHYV
H[SHULHQFHG D ORZHU S+ GXULQJ FDUERQDWLRQ FRPSDUHC
GLVFXVVHG HDUOLHU LV DVVRFLDWHG ZLWK D ORZHU SRUWC
FHPHQW K\GUDWH SKDVH WKDW VWDUW GHFRPSRVLWLRQ ZKH
EXITHUV WKH HIIHFW Rl DFLG 7KXV EHFDXVH OHVV SRUWODUC
PRUH VLJQLILFDQW DQG FDUERQDWLRQ IURQW PRUH UDSLGO
ZHDNHU FDUERQDWLR QKUWLHKHYWIDQUERSDWA R JEHSWK UERQD

> @ ZKHQ 10\ DVK ZDV LQFRUSRUDWHG LQWR WKH SDVWH
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Carbonation Time Carbonation Time
JLIXUH S+ FKDQJH LQ SDVWH DIWHU FDUERQDWLRQ

7KH UHVXOWY DOVR LQGLFDWH WKDW WKH LQQHU OD\HU
S+ UDQJH EHIRUH DQG DIWHGLFXYERQDVDIWRH) LDN TWKKW K 2ORZ L
GHSWK LQ D VKRUW WLPH )LJXUH D UHYHDOV WKDW LQ 22
DQG PP ZDV DERYH DQG UHPDLQHG WKH VDPH DIWHU
VXUIDFH OD\HU LV PRUH GUDVWLFDOO\ LQIOXHQFHG E\ FDUETF
FDUERQDWLRQ DW WKH HQG RI FKORULGH H[SRVXUH ZzZDV
DIWHU D ZHHN RI FDUERQDWLRQ )XUWKHU H[SRVXUH WR FDL

DIWHU WZR DQG IRXU ZHHNV UHVSHFWLYHO\ 7KH VDPH
SDVWHV DV VKRZQ LQ )LJXUH E 7KH )$ SDVWH EHIRUH FDUE
DQG WKH S+ GURSSHG WR DIWHU D ZHHN DIWHU

FDUERQDWLRQ

7KH SULPDU\ UHDVRQ IRU S+ UHGXFWLRQ LQ FHPHQW SD
UHDFWLRQ EHQ ZHHDFKDPEHU DQG SRWWQB QG MWKH GRPI+QD Q)

23& FHPHQW SDVWH 7KHUPRG\QDPLF VLPXODWLRQ XVLQJ &H



SDVWH ZLWK Z F UDWLR RI SRUWODQGLWH IRUPV DSSURJLI
SULPDU\ SKDVH DIWHU & 6 + :KHQ IO\ DVK LV LQFRUSRUDW
IRUPV RI WKH YROXPH VWLOO WKH VHFRQG PDLQ VROLC
SUHVHQFH RI FDUERQ GLR[LGH DQG KXPLGLW\ LQ FHPHQW SD
RI FDUERQ GLR[LGH DQG KXPLGLW\ IRUPVY FDUERQLF DFLG DQ
ZLWK DYDLODEOH SRUWODQGLWH LQ FHPHQW SDVWH IRUPV FI
SURGXFHG LQ FDUERQDWLRQ SURFHVV FDQ UHDFW ZLWK UH
ORZHULQJ WKH EXIIHULQJ FDSDFLW\ RI FHPHQW SDVWH DQC

FKDQJHYV

ORQLWRULQJ WKH K\GUR[LGH LRQ FRQFHQWUDWLRQ LV Y
RI FRUURVLRQ LQ H[LVWLQJ VWUXFWXUHV $V UHSRUWHG E\ F
FKORULGH LQGXFHG FRUURVLRQ RI HPEHGGHG DWHMBRXWLQ I
>&@ > UDWLRV PRUH WKDQ 7KH FRQFHQWUDWLRQ RI K\G
WKH PHDVXUHG S+ DV GHVFULEHG E\ > @ S+ FDOFXODWHYV |
LRQV FRQFHQWUDWLRKHU2E6+ PHDGPR QAHRWWRPWLRQ (T

QRUPDOL]J]HG K\GUR[LGH LRQ FRQFHQWUDWLRQ

es+ o THSS o
a

>2+@pvwit

2+ 1RUPDOL]JHG K\GUR[LGH LRQ FRQFHQWUDWLRQ LQ WKH SD'
S+ OHDVXUHG S+ RI SRZGHUHG SDVWH VXVSHQVLRQ
9 9ROXPH RI VXVSHQVLRQ /LWHU

PODVV RI SRZGHUHG SDVWH VDPSOH J



,Q (T LV WKH PRODU PDVV Rl K\GUR[LGH LRQV
FRQFHQWUDWLRQ UHGXFWLRQ IRU FDUERQDWHG VDPSOHV L
FRQFHQWUDWLRQ EHIRUH DQG DIWHU FDUERQDWLRQ )LJIXI
FRQFHQWUDWLRQV EHIRUH DQG DIWHU FDUERQDWLRQ DW GL
FROQFHQWUDWY.RIGXRD@MWR D ORZHU S+ LQ D D \FHRIQ & WUHV D
UHGXFHV DIWHU FDUERQDWLRQ 7KH ORQJHU FDUERQDWLR
FRQFHQWUDWLRQV )RU LQVWDQFH WKH LQLWLDO K\GURJLC
FDUERQDWLRQ ZKLFK UHGXFHG WR DQG LQ WKH VXU
IRXU ZHHNV RI FDUERQDWLRQ UHVSHFWLYHO\ 7KH VDPH WU
LQLWLDO K\GUR[LGH LRQ FRQFHQWUDWLRQ GURSSHG IURP

DQG DIWHU IRXU ZHHNV RI FDUERQDWLRQ

$ ORZHUFRQFHQWUDWLRQ GXH WR FDUERQDWLRQ DV VK
LQFUHDVARJF&EA@WUDWLRQ GXH WR H[SRVXUH WR VHDZDWHU R
FRUURVLRQ LQLWLRW ILRQW & H ISIKWHH \BROXWLRQ LQFUHDVHV W
FRUURVLRQ LQ WZR ZD\V )LUVW LW LV ZHOO HVWDEOLVKHG |
WKDW LQIOXHQFH FKORULGH LQGXFHG FRUURVLRQ ULVN DQG
FRQFHQWUDWLRQ SOD\ D NH\ UROH LQ SDVVLYH ILOP SURWHF
$ KLJKHR+&ODWLR DFFHOHUDWHV WKH GHWHULRUDWLRQ RI S
6HFRQG®®2WKIHWLR LPSDFW WKH FKORULGH ELQGLQJ DV FKO|

WR DGVRUSWLRQ RQ FHPHQW K\GUDWHYV VXFK DV & 6 + DQG P



JLIXUH

JLIXUH

2.5

2.0

—a&— OPC - 1 week
—— FA- 1 week

1- e OPC -2 weeks NN
- O~ FA -2 weeks R N
0.5 ) A ) . @
|- & - OPC - 4 weeks ‘ .
- /v - FA- 4 weeks A
0.0 T T T T T T T T
Before 15-20 mm  15-20 mm 5-10 mm 0-5mm
Carbonation(Inner layer ) (Surface layel

Depth

+\GUR[LGH LRQ FRQFHQWUDWLRQV EHIRUH DQG DIWH

DOVR UHYHDOV WKDW LQ JHQHUDO WKH )$

FROQFHQWUDWLRQV FRPSDUHG WR 23& SDVWHV 7KH ORZHU F

SDVWHV LV WKH SULPDU\ UHDVRQ ZKLFK LV ZHOO LQYHVWL

WKHUPRG\QDPLF PRGHOLQJ RI FHPHQW K\GUDWLRQ XVLQJ &HI

S+ GRHV QRW FRQVLGHUDEO\ UHGXFH DV ORQJ DV WKH SRUW

$IWHU WKH SRUWODQGLWH LV IXOO\ FDUERQDWHG & 6 + GHF

&KORULGH 'HVRUSWLRQ DQG S+ &KDQJH

7KH SHUFHQWDJH RI ZHLJKW ORVV REWDLQHG IRU 7*$ W

JULHGHOYfYVY VDOW SRUWODQGLWH DQG FDOFLXP FDUERQDWH

WR VKRZ WKH IRUPXOD IRU PDVV FDOFXODWLRQ RI )ULHG

)ULHGHOﬂv‘VDO%QM%##B%ﬁ%@$ ZHLIJKW ORVV IURP 7*$
:H kmj_p k_gq u_rcp



1aa 4 a @ A6
*
3RUWODQGLWH%<59®Z&HLJKW ORVV IURP 7*$

-2aRQ4 a0 YBOYE T
&DOFLWH PD‘?géBO%a‘gfé;;‘? YHiIKW ORVV IURP 7*$

JULHGHOYV VDOW PRODU PDVYV J PRO :DWHU PRODU PDYV

PDVYV J PRO &DOFLXP FDUERQDWH PRODU PDVV J PRO &

7KH ZHLJKW ORVV PHDVXUHG IURP 7*$ WHVWYV ZDV PHDVX
JULHGHOYfYVY VDOW SRUWODQGLWH 7D@GCGHFDRHLIHHL MMVRAORVY R
SULPDU\ OD\HU RI ZDWHU REWDLQHG IURP 7*$ IRU )ULHGH(
GHWHUPLQHG IURP 7*$ FXUYHV E\ VXEWUDFWLQJ UHVXOWYV I
ZKLFK ZHUH H[SRVHG WR VDOW RU VDOW DQG FDUERQDWLRC
vbOwW SRUWODQGLWH DQG FDOFLWH ZHUH REVHUYHG 7KH
PHDVXUHG XVLQJ WKH WDQJHQWLDO EDVHOLQH PHWKRG DV (

VRIWZDUH

7DEOH DQG VVIDEDMWKH PHDVXUHG PDVV RI JULHGHOV \

PP DQG WKH WHPSHUDWXUH UDQJH WKDW WKH GLSV RFEFXU
WKDW )ULHGHOTV VDOW FRQWHQW VLJQLILFDQWO\ UHGXFHG I
LQ 23& DQG )$ SDVWHV DIWHU RQH ZHHN Rl FDUERQDWLRQ FF
ZDV DSSUR[LPDWHO\ DQG UHVSHFWLYHO\ $IWHU WZI

PDVV UHGXFWLRQ ZDV LQ 23& SDVWH DQG LQ )$ SDVW



7TDEOH JULHGHOfY VDOW SRUWODQGLWH DQG FDOFLWH FRC

\ \
%HIR FK%% FK%% ZHHI  ZHHD
HISRY || 'gR\ hisry FDUER(C FDUERC
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ODVV ZW

THPSHUD)
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SRUWC "HLIJKW O

Obvv ZW

THPSHUD)
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"HLIJKW O
Obvv ZW

&DOFL

7TDEOH )ULHGHOYY VDOW SRUWODQGLWH DQG FDOFLWH FRQWH

\ \
%HIR [ G0 S0 ZHHI  ZHHN
HISRV | (ST (j{sRy FDUER( FDUERC

7HPSHUD)

JULHG 2%
VDO :HLJKW O
ODVV ZW

THPSHUD)

&
SRUWC . Jkw ©

ObDVV ZW

THPSHUD)
&

"HLIJKW O
ObVvVvV ZW

&DOFL

7KH UHVXOWYV ULQU/RB&HSDVWHY VKRZ WKH SRUWODQGLYV
HISRVXUH WR FKORULGHYV 7KH SHUFHQWDJH RI SRUWODQG

DIWHU GD\V DQG GD\V RI H[SRVXUH WR WKH FKORU



SRUWODQGLWH FRQVXPSWLRQ UDWH LQFUHDVHG )RU LQVWD
SRUWODQGLWH ZDV FRQVXPHG E\ FDUERQ GLR[LGH WR IRUP
VDPSOH WKH SRUWODQGLWH FRQWHQW LQ 23& SDVWHV GURS
RI FDUERQDWLRQ UHVSHFWLYHO\ 2Q WKH RWKHU KDQG WKH
FDUERQDWLRQ LV GUDVWLFDOO\ LQFUHDVHG )RWRQWWMDWFH
LQFUHDVHG DQG DIWHU WZR ZHHNV RI FDUERQDWLRQ LW
REVHUYHG IRU )$ SDVRHHYHUPHEHQWDJH RI UHGXFWLRQ LQ SRUW
DIWHU ZHHN RI FDUERQDWLRQ ZDV DQG DIWHU WZR ZHHN
LQ FDOFLWH FRQWHQW LQ WKH )$ SDVWH ZHUH DIWHU
FDUERQDWLRQ 7KH UHVXOWYV VKRZ PRUH H[WHQVLYH FDUER
UHVXOWY DJUHH ZHOO ZLWK SUHYLRXV ILQGLQJV LQ ZKLFK Wi

IO\ DVK LQFRUSRUDWHG LQ FHPHQW SDVWHV > @

$QRWKHU LQWHUHVWLQJ REVHUYDWLRQ LQ ERWK SDVWH
JULHGHOYfYYVY VDOW 7ZDV GHWHFWHG LQ SDVWHV EHIRUH VWDUYV
7*$ UHVXOWYVY 7KH ;5' VFDQV DOVR FRQILUP WKLV REVHYDWL
JULHGHOYfYY VDOW FRQWHQW VLIQLILFDQWO\ LQFUHDVHG LQF
VDOW LV FKHPLFDOO\ ERXQG FKORULGH ZLWK DOXPLQLXP EH
D ZHHN RI FDUERQDWLRQ WKH )ULHGHOTV VDOW FRQWHQW GL
DQG LQ )$ SDVWH $ GHFUHDVH LQ )ULHGHOTfV VDOW ZLWK
RFFXUUHG EHFDXVH WKH TXDQWLW\ RI FKHPLFDOO\ ERXQG FK
UHVSRQVLEOH IRU GHWHULRUDWLQJ WKH SDVVLYH ILOP RQ Ul
JULHGHOfV VDOW FRQWHQW LQFUHDVHV WKH IUHH FKORULCG

JULHGHOYfYY VDOW GHFRPSRVHG DQG WKH UHGXFWLRQ LQ LW



FDUERQDWLRQ WR ZW DIWHU WZR ZHHNV Rl FDUERQDWL

ZW EHIRUH FDUERQDWLRQ WR ZW DIWHU WZR ZHHNV R

JLIXUH VKRZV WKH LPSDFW RI S+ FKDQJH LQ GLIIHL
JULHGHOYfV VvVDOW PDVV ZKLFK UHSUHVHQWYVY WKH ERXQG FK:
FDUERQDWH PDYXLRBRHOIIHSUHVHQWY FDUERQDWLRQ GHWHULF
HISRVXUH RI WKH VDPSOHV WR VDOW RU FDUERQ GLR[LGH W
JULHGHOYfYVY VDOW FRQWHQW LV |JHUR DQG FDOFLWH TXDQWLYV

LV OHVV WKDQ

3.0 14
— edel's salt L
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Friedel's salt mass (wt.%)
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. : | : . .
13.0 12.5 12.0 11.5
pH (suspension method)

JLIXUH (ITHFW Rl S+ FKDQJH LQ )ULHGHOYV VDOW DQG FD
GD\V FKORULGH H[SRVXUH DQG WZR ZHHNV FDUE

8SRQ H[SRVXUH WR 1D&O VROXWLRQ )ULHGHOfV VDOW IR
WZR ZHHNV Rl FDUERQDWLRQ WKH S+ RI WKH FHPHQW SDVW
FOHDUO\ VKRZLQJ WKH VLJQLILFDQW FDUERQDWLRQ RI WKH

FDOFLWH FRQWHQW LQFUHDVHG )ULHGHOYfVY VDOW FRQWHQW



S+ RI SRZGHU ZDV WHVWHG XVLQJ D VXVSHQVLRQ PHWKRG 2
XQK\GUDWHG FHPHQW FDQ LQFUHDVH WKH S+ RI WKH VXVSH
ZRUGV WKH UHDO S+ LQ FRQFUHWH ZKHQ FDUERQDWLRQ LV L
WKH VXVSHQVLRQ PHWKRG 7KHUH LV QR FRPPRQ RU HYHQ V
FRQFUHWH DQG FHPHQW SDVWH DQG ZKLOH WKH H[ VLWX VX
DFFHSWDEOH FRQIRUPLW\ ZLWK LQ VLWX DQG H[SUHVVLRQ
HVSHFLDOO\ IRU FDUERQDWHG DQG H[LVWLQJ FRQFUHWH VW

DIHQWYV

7KH REVHUYDWLRQV LQ WKLV VWXG\ VKRZHG WKDW D F
JULHGHOYV VDOW ZDV UHOHDVHG DIWHU FDUERQDWLRQ PRL
7KH UHVXOWVY DUH LQ DJUHHPHQW ZLWK SUHYLRXV LQYHVWL
DIWHU DFFHOHUDWHG FDUERQDWLRQ ZDV UHSRUWHG >

UHDVRQ IRU )ULHGHOfV VDOW GLVVROXWLRQ ZLWK D FRQW!I
FRQWDLQLQJ DOXPLQXP FKDQJH LQWR VWUDHWOLQJLWH *HQ
JULHGHOYV VDOW LQFUHDVHV ZKHQ WKH S+ GURSV GXH WR FL
VDOW GLVDSSHDUDQFH LQ FRPSRVLWLRQ (T DQG VK

S+ GURSVY DQG LWV FRQYHUVLRQ WR LQVROXEOH DOXPLQXP K

&D2 30&D&O+2 : &D &0 2+ 3$0 2+

$0 2+ 2+ $0 2+

KLOH WKH GLVVROXWLRQ RI FKHPLFDOO\ ERXQG FKORUL
VWXG\ WKH SK\VLFDO ELQGLQJ RI FKORULGH LRQV ZLWK FHPF

HISRVHG WR QDWXUDO DQG DFFHOHUDWHG FDUERQDWLRQ SD



FDUERQDWLRQ LV VHYHUH DQG WKH S+ GURSV WR DURXQG

DQG WKH SK\WVLFDO FKORULGH ELQGLQJ FDSDFLW\ UHDFKHV V
UHODWLRQVKLS EHWZHHQ WKH IUHH FKORULGH FRQFHQWUDMW
WKH & 6 + SKDVH LQ FHPHQW SDVWH $W ORZ IUHH FKORULGH
SK\WVLFDO ELQGLQJ LV ORVW GXH WR FDUERQDWLRQ EXW DW

DQG PRO / WKH ORVV LQ SK\VLFDO ELQGLQJ FDSDFLW\ RI &

7TKHUHIRUH FDUERQDWLRQ QRW RQO\ FDXVHV WKH UHOF
SKDVHV WKDW KDYH WKH DELOLW\ WR IRUP SK\VLFDO DQG FK
WKH FKORULGH ELQGLQJ W LV ZRUWK PHQWLRQLQJ WKDW
HISRVHG WR FKORULGH LRQV GLVWLQJXLVKLQJ ERXQG FKOF
UHWDUGDWLRQ LPSDFW RI ERXQG FKORULGH RQ WKH FRUURYV

LQ ORZHULQJ ERXQG FKORULGH TXDQWLWLHYV LV QHIJOHFWH

> @

$ OLPLWHG DPRXQW RI FDUERQDWLRQ FDQ EH EHQHILFL
FRQFUHWHVY EHFDXVH WKH FDOFLXP FDUERQDWH IRUPHG GXUI
YROXPH FRPSDUHG WR SRUWODQGLWH > @ DQG ORZHU SH
UHGXFHV WKH DONDOLQLW\ RI WKH SRUH VROXWLRQ DQG L
GLVVROXWLRQ RI FHPHQW K\GUDWHV ,Q DGGLWLRQ LI HPE
DONDOLQLW\ DQG S+ UHGXFWLRQ LQLWLDWH GHSDVVLYDWLR
SURFHVV KDV DURXQG PRUH YROXPH WKDQ WKH RULJLQDO

DQG GHWHULRUDWLRQ LQ FRQFUHWH



6XPPDU\ RI ODLQ )LQGLQJV 2EMHFWLYH

,Q WKLV VWXG\ WKH FRPELQHG HIIHFWV RI FKORULGH FF
DQG FRPSRVLWLRQ RI FHPHQW SDVWH FRQWDLQLQJ 23& DQC
H[SRVHG WR D PRODU 1D&0 VROXWLRQ IRU GD\V GXULQ.
PRQLWRUHG XVLQJ ;5' DQG 7*$ WHVWYV B6XEVHTXHQWO\ WKH F
DFFHOHUDWHG FDUERQDWLRQ WR TXDQWLI\ WKH UHOHDVH R
PHDVXUH WKH S+ DQG WKH TXDQWLW\ RI PDLQ SKDVHV LQFO

+HUH DUH WKH PDLQ ILQGLQJV

7KH S+ RI WKH SDVWH VDPSOH H[SRVHG WR D KLJK FRQF
FKDQJHG IURP DURXQG WR
$IWHU FDUERQDWLRQ WKH S+ ZDV VLJQLILFDQWO\ UHGXF
)$ SDVWH 7KH ORZHU S+ OHYHO LQ 10\ DVK FRQWDLQLQ.
SRUWODQGLWH FRQWHQW
'XH WR FDUERQDWLRQ URXJKO\ DOO Rl JULHGHOfV VDOW
LQ FHPHQW SDVWH ZDV GLVVROYHG DQG FKORULGH GHYV
GHVRUSWLRQ DIWHU ZHHNV Rl FDUERQDWLRQ LQ ERWK |
ORQLWRULQJ S+ FDQ SURYLGH YDOXDEOH LQVLJKWV UH.
SDVWH :KLOH LW FDQQRW GLUHFWO\ SURYLGH WKH TXDQ
LQ S+ IURP WR OHVV WKDQ FDQ EH DQ DODUPLQJ VL.
IRU DQ H[LVWLQJ VWUXFWXUH

fir)O\ DVK LQFRUSRUDWLRQ OHG WR ZHDNHU FDUERQDWLRC

SHUFHQWDJH LQFUHDVH LQ FDOFLWH PDVV LQ WKH )$ SD



DIWHU ZHHNV RI FDUERQDWLRQ 7KLV VLIQLILFDQ

FUDFNV DQG GHWHULRUDWLRQ LQ FDUERQDWHG FRQFUHYV



&EKDSWH8RQFOXVLRQ DQG SHFRPPHQGDWLRQV IR

5HVHDUFK &RQWULEXWLRQ DQG 0DLQ 2XWFRPHV

7KLV QRYHO UHNWERXUBGK GRBE®HMQGHQW \HW LQWHUFRQQHF
LQWR WKH FKORULGH ELQGLQJ DQG GHVRUSWLRQ FDSDFLW\
ZLWK 7\SH , ,, FHPHQW DQG WKUHH 6&0V 10\ DVK VODJ DQG
PRVW XVHG GH LFLQJ VDO W0 VY&® XKKH RGO HDIV&IOR IEBPRR®QG FKO|

GHVRUSWLRQ ZDV PRQLWRUHG DQG TXDQWLILHG XQGHU ORZ

*LYHQ WKDW FKORULGH LQGXFHG FRUURVLRQ LQ FRQF!I
GHWHULRUDWLRQ UHVXOWLQJ LQ VLJQLILFDQW HFRQRPLF FF
WKHVLY FRQWULEXWH YDOXDEOH LQVLJKWY WR WKH FXUUHQV
7KLV UHVHDUFK ZDV DPRQJ WKH ILUVW VWXGLHV WR PHWKR
PHEFKDQLVP LQ EOHQGHG FHPHQW FRQWDLQLQJ VXSSOHPHQW
WR GH LFLQJ EUQ@RYE \SROKGWMIRIRQPHQWY FDXVHG E\ DFLG DW\

IROORZLQJ VHFWLRQV WKH PDLQ RXWFRPHV IRU HDFK REMHF
,PSRUWDQFH RI &4RQWUROOLQJ SDUDPHWHUYV LQ &KORUL!

,Q WKH ILUVW REMHFWLYH GXH WR ODFN RI VWDQGDUG S
OLIJIKWV ZHUH VKHG RQ IDFWRUV WKDW LPSDFW WKH FKORU
LQFOXGLQJ VDPSOH IRUP VDPSOH VDWXUDWLRQ OHYHO WKH
RI VDPSOH WR VROXWLRQ GLVFXVVHG DQG WKHLU LPSDFW
H[SODLQHG OHWLFXORXVO\ FRQVLGHULQJ IDFWRUV LPSDFWL
WKH FRQVLVWHQF\ DQG FRPSDUDELOLW\ RI UHVXOWYV DFURV'

PRUH DFFXUDWH UHVXOWYV



7KH GHJUHH RI VDWXUDWLRQ RI WKH VDPSOH VLJQLILF
O9DFXXP VDWXUDWHG VDPSOHV VKRZHG D QRWDEO\ KLJKH
WR WKRVH WKDW ZHUH VDWXUDWHG RU GULHG 7KLV
ILOOHG SRUHV WUDQVSRUW FKDQQHOV DQG WKH DFFH'
UuLYybou\ EHWZHHQ FKORULGH DQG K\GUR[\O LRQV IRU EL
D GHFUHDVH LQ FKORULGH ELQGLQJ LQ VDPSOHV WKDW Z
7KH VDPSOHVY VKDSH ZDV IRXQG WR DIIHFW WKH FKORUL
3RZGHUHG VDPSOHV ZLWK WKHLU ODUJHU VXUIDFH DU
FRPSDUHG WR FUXVKHG RU GLVN VKDSHG VSHFLPHQV
UHVHPEOH ILHOG FRQGLWLRQV KDG ORZHU VXUIDFH DL
SRWHQWLDO

$ KLIKHUWRR®ERGBXUH VROXWLRQ PDVV UDWLR OHG WR LQI
DWWULEXWHG WR PRUH PROHV RI FKORULGHV SHU XQLW
FKORULGH LRQV ZLWKLQ SRUHV DQG D GHHUHDVH LQ WK
7KH DGGLWLRQ RI LRQV OLNH FDOFLXP SRWDVVLXP D
VLIQLILFDQWO\ LQIOXHQFHVY FKORULGH ELQGLQJ 6ROXW
ELQGLQJ FRPSDUHG WR SXUH 1D&0O VROXWLRQV DWWULE
Dv ZHOO DV LQFUHDVHG LRQ FRPSHWLWLRQ DIIHFWLQJ

K\GUDWLRQ SURGXFWYV

(INTHFWV Rl &DWLRQ W\SH RI %ULQH 6ROXWLRQ RQ &KORU

,Q WKH VHFRQG DQG WKLUG REMHFWLYHV ILUVW WKH FKC(
SDVWHV DQG WKHQ IRU SDVWHV FRQWDLQLQJ GLYHUVH W\

LQYHVWLIJDWHG DQG GLVFXVVHG 2QH RI WKH SULPDU\ JRDO



LPSRUWDQFH RI FKORULGH GHVRUSWLRQ DV DQ XQGHUUDWI
FRQFUHWH VWUXFWXUHV 2QH RI WKH SULPDU\ LQIOXHQFHU\
FKORULGH LQGXFHG FRUURVLRQ LV WKH W\SH DQG WKH FRQF

WKH EULQH VROZWIRRQOMPISOMPWY FKORULGH GHVRUSWLRQ LQ

7KH W\SH Rl FDWLRQ VLJQLILFDQWO\ LQIOXHQFHY WKH DF

HIIHFWLYHQHVYV REVHUYHGKLQKWYW EUG @& LQRIOD BIAREZ® VW

ELQGLQJ

7KH /DQJPXLU LVRWKHUP PRUH DFEXUDWHO\ GHVFULEHV )

23& SDVWH

7KH S+ Rl GLIIHUHQW EULQH VROXWLRQV DUH GLIIHUHQW

RI 7KH S+ OHYHOV PHDVXUHG IRU WKH PRODU VROX

IRU & DIR@G IRU2@UK @RI WKH UHDVRQV WKDW GLIIHUH

VROXWLRQV KDYH GLIIHUHQW FKORULGH ELQGLQJ FDSDF

GLIIHUHQFHV LQ WKH VDOW VROXWLRQV
3X([SHULPHQWDO WHVWYV UHYHDO WKDW WKH IRUPDWLRQ R

ELQGLQJ LV DIITHFWHG E\ ERWK WKH W\SH DQG FRQFHQW
(INTHFWV Rl 6XSSOHPHQWDU\ &HPHQWLWLRXV ODWHULDOV

7KH DSSOLFDWLRQ RI VXSSOHPHQWDU\ FHPHQWLWLRXV
LQGXVWU\ GXH WR QXPHURXV UHDVRQV VXFK DV UHGXFLQJ W
WKH ORQJ WHUP PHFKDQLFDO DQG GXUDELOLW\ SURSHUWLH
LOWHUHVWLQJ LQWHUDFWLRQ EHWZHHQ WKH UHOHDVHG ERX
OHYHO RI 6&40V UHSODFHPHQW +HUH DUH WKH PDLQ HIIHFWYV

FKORULGH GHVRUSWLRQ



iX7KH LQFRUSRUDWLRQ Rl 6&0V UHSUHVHQWY D FRPSURPL
ELQGLQJ DQG VLJQLILFDQWO\ UHGRBMHQSRU WE DFHEIHVQHK
3RUWODQGLWH SURYLGHY WKH QHFHVVDU\ KLJK DONDOLQ
SDVWH PRUH VXVFHSWLEOH WR S+ FKDQJH GXH WR DFLG
UHSODFHPHQW OHYHOV GHFUHDVHG WKH SDVWH VDPSC
FRQGLWLRQV 7KLV VXJJHVWV WKDW VODJ EOHQGHG SDV
FRPSDUHG WR 23&
,Q WHUPV RI SURPRWLQJ )ULHGHOYTV VDOW IRUPDWLRQ
FRPSDUHG WR RWKHU 6&0V DQG 23& SDVWH ZKLOH VLOLTF
7KH 6* 60DJ DQG 6* 60DJ UHVXOWV LQGLFDWH
W\SH KLJKHU VODJ LQFOXVLRQ LQFUHDVHG FKORULGH
UHOHDVHG ERXQG FKORULGHYV

8X7KH DGGLWLRQ RI 1O\ DVK WR WKH PL[ LQFUHDVHG WKH |
VIVWHP 1RWDEO\ ZKHQ WKH SDVW HDQIEP GXERID XAM IURIQN [ SR
LQFOXVLRQ RI )$ UHVXOWHG LQ D PRUH VXEVWDQWLDO
HQKDQFHG FKORULGH ELQGLQJ
7KH GHJUHH Rl FKORULGH GHVRUSWLRQ XQGHU DQ DFLG |
WR SDVWH PDVV $ 3 UDWLR $W ORZ $ 3 UDWLRV WKH SI
GRZQ RU KDOWV WKH FKORULGH GHVRUSWLRQ SURFHVV
UHVWDUW FKORULGH ELQGLQJ LI IUHH FKORULGHV UHDF
H[SRVXUH WR KLJK YROXPHV RI DFLG FDQ FDXVH VLJQLII

QXPEHU RI ERXQG FKORULGHYV



TKHUH LV D QRWDEOH UHODWLRQVKLS EHWZHHQ WKH E
VROXWLRQV :KLOH 1D&O0 WHQGV WR UHVXOW LQ ORZHU E
RI lTUHH FKORULGHV LQ IO\ DVK EOHQGHG FRQFUHWH L
FRPSDUHG WRKKHBU&ORUH LQ DFLGLF HQYLURQPHQWYV WKF
EH OHVVHU LQ FRQFUHWH H[SRVHG WR 1D&O VROXWLRQV
, QWURGXFLQJ DFLG WR FKORULGH H[SRVHG VDPSOHV OH
RI ERXQG FKORULGHYVY ,Q 23& VDPSOHV PRUH WKDQ f
ZKHQ $ 3 UDWLR ZHUH DQG ,Q FRQWUDVW SDVWHYV
UHOHDVH RI ERXQG PRGR&DEEAXMILRDYO 7KLV LQGLFDWHYV

DQG D UHGXFHG ULVN RI FRUURVLRQ LQ IO\ DVK FRQWDL(

6\QHUJLF (IIHFWV RI ([SRVXUH WR 1D&0O 6DOW 6ROXWL

&RPSRVLWLRQ RI %OHQGHG &HPHQW 3DVWHV &RQWDLQLQJ )O

)LQDOO\ LQ WKH ODVW REMHEWLYH WKH V\QHUJLF H
FDUERQDWLRQ DV WKH WZR PRVW OHDGLQJ GHWHULRUDWLR
FRPSRVLWLRQ Rl FHPHQW SDVWH FRQWDLQLQJ 23& FHPHQW D
RI WKH SULPDU\ FDXVHV Rl GHWHULRUDWLRQ LQ FRQFUHWH |
7KH FRPELQHG LPSDFWV Rl FKORULGH FRQWDPLQDWLRQ DQ
FRPSRVLWLRQ RI FHPHQW K\GRQMW RY DRIG BRVAHY 800 XHQW LD
FHPHQW SDVWH ZKLFK QRW RQO\ DIIHFWV FKORULGH ELQGLC

FHPHQW PLFURVWUXFWXUH +HUH DUH WKH NH\ ILQGLQJV

23& SDVWH RX@BGWWHRVUPRQWDLQLQJ IO\ DVK LQ WHUPV RI

REVHUYDWLRQV LQ REMHFWLYH FRQILUPHG WKH HIIHFW



ELQGLQJ FDSDFLW\ DQG UHVLVWDQFH WR FKORULGH GHYV
D PRUH VLIJQLILFDQW S+ UHGXFWLRQ DIWHU FDUERQDWLF
7KH SHUFHQWDJH RI FKORULGH GHVRUSWLRQ ZKLFK UH:
FKORULGH DIWHU FDUERQDWLRQ H[FHHGHG LQ ERWK !
7KH SRUWODQGLWH FRQWHQW LQ SDVWHV FRQWDLQLQJ |
VLIJQLILFDQWO\ LPSDFWV WKH EXIIHU FDSDFLW\ RI WKH S
ORZHU S+ OHYHOV DIWHU FDUERQDWLRQ LQ )$ SDVWHYV

$ ORZHU S+ OHYHO LQ 10\ DVK FRQWDLQLQJ SDVWHV ZDV
ORZHU SRUWODQGLWH FRQWHQW $IWHU FDUERQDWLRQ

IRU 23& SDVWH DQG IRU )$ SDVWH

7KHUH LV D QRQ OLQHDU UHODWLRQVKLS EHWZHHQ S+ Ul
H[SRVHG WR FDUERQDWLRQ $ KLJKHU FDUERQDWLRQ GX

GHVRUSWLRQ

6WXG\ /LPLWDWLRQV

:KLOH WKH H[SHULPHQWDO GHVLJQ K\SRWKHVLV REMHF\
FKRVHQ WR PD[LPL]H WKH DSSOLFDELOLW\ RI WKH RXWFRPHYV
OLNH DOO LQYHVWLIJDWLRQV WKLV WKHVLV LV QRW ZLWKRXYV
VHYHUDO OLPLWDWLRQV WKDW LI WDNHQ LQWR DFFRXQW FL

ILHOGYV

SRUWODQG FHPHQW 7\SH , ,, WKH PRVW FRPPRQO\ XVHG
LQ WKLV VWXG\ +RZHYHU HPHUJLQJ FHPHQW W\SHV L
FRPPHUFLDOO\ DYDLODEOH 7\SH ,/ DQG /& DUH JDLQLQ

SROLFLHV 7KH SURSRVHG FKORULGH GHWH KB WH RF® PPHHE W



EHFDXVH RI WKHLU GLITHUHQW FRPSRVLWLRQV 7KH VWX
ZKLFK DUH WKH PRVW ZLGHO\ XVHG VXSSOHPHQWDU\ FHP
LQGXVWU\ 7KH UHVXOWY DUH VSHFLILF WR WKHVH 6&0 °
6&0V RU 6&0V ZLWK VLIQLILFDQW FRPSRVLWLRQDO GLIIHI
,Q WKLV LQYHVWLIDWLRQ SXUH VDOW VROXWLRQV GH LF
SULYDWH DJHQFLHVY HPSOR\ FRPELQHG VD GW GLR\CLRW DR
WKLV VWXG\ GLG QRW DFFRXQW IRU H[SHULPHQWDO IDFW
F\FOHV ORDGV DQG FUDFNYV

7KH ODFN RI VWDQGDUGL]J]HG PHWKRGV IRU FHUWDLQ H
PHDVXUHPHQWY DQG WKH IRUP RI VDPSOHYV GXULQJ FKOF
WKH UHVXOWYV $GGUHVVLQJ VRPH RI WKHVH IDFWRUV ZD
ILUVW REMHFWLYH TKHUHIRUH FDXWLRQ VKRXOG EH H
UHODWLRQ WR GHVLJQ SDUDPHWHUV

7KH QDWXUDO FDUERQDWLRQ SURFHVV WDNHV GHFDGH
FDUERQDWLRQ ZDV FRQGXFWHG RQ VDPSOHV ZKLFK PD\
QDWXUDO FDINERPUWWRQW,WR GLVWLQJIJXLVK WKH LPSDF'

IURP WKRVH RI QDWXUDO FDUERQDWLRQ

SHFRPPHQGDWLRQV IRU )XWXUH :RUN

SHYLVLQJ 7THVWLQJ SBURFHGXUH IRU &KORULGH "HVRUSWL|

RI DFLG WR VLPXODWH WKH S+ UHGXFWLRQ DGRSWLQJ D
RI WKH LQYHVWLIJDWLRQ $Q DOWHUQDWLYH DSSURDFK F
UHPRYHG IURP VDOW VROXWLRQ FU\WWWDOOL]JHG VDOWYV

VDPSOHYV DUHQPWPRIWXWGRQ ZLWK D FRQWUROOHG S+ H J



', ZDWHU D GLOXWHG 1D2+ VROXWLRQ 7KH S+ RI ', ZDWH!
VROXWLRQ ZRXOG KHOS WR UHDFK WKH S+ OHYHO WKDW (
GHVRUSWLRQ PHDVXUHPHQW W LV ZRUWK PHQWLRQLQJ
WKURXJKRXW WKH H[SHULPHQW LV QHDUO\ LPSRVVLEOH

VDPSOH

6WDQGDUGL]H S+ OHDVXUHPHQW LQ ([LVWLQJ &RQFUHWH

ODERUDWRU\ DQG SUDFWLFDO DSSOLFDWLRQV LQ LQIUDV
SUDFWLFDO DQG DFFXUDWH PHWKRG IRU S+ PHDVXUHPI
DGGLWLRQ PRVW LQYHVWLJDWLRQV DUH IRFXVHG RQ
FRQWDPLQDWHG DQG QRQ FDUERQDWHG FRQFUHWH ,Q D
FRQFUHWH LV OLNH WHPSHUDWXUH IRU D KXPDQ ERG\ $V
LQ D SDWLHQW{V ERG\ WR EH FKHFNHG S+ IRU D FRQFU
VLQJOH PHDVXUHPHQW FDQ SURYLGH ORWV RI LQVLJKW
FRPSUHKHQVLYH LQYHVWLJDWLRQ EH FDUULHG RXW LQW
SUDFWLFDO FKHDS RU DW OHDVW FRPSDUDEOH LQ SULF
IRU URXWLQH DQG IUHTXHQW S+ PRQLWRULQJ

8VLQJ )LHOG 6DPSOHV /DERUDWRU\ VDPSOHV GLIIHU IUF

FDVWLQJ DQG SRXULQJ EXW DOVR ZKHQ FRQVLGHULQJ D
SUDFWLFHVY DQG PLFURVWUXFWXUDO GHYHORSPHQW PR
FRUHV GULOOHG VDPSOHV IURP H[LVWLQJ VWUXFWXUHV
WR HQVXUH WKH DXWKHQWLFLW\ RI FRQFUHWH VDPSOHYV
FKDOOHQJLQJ GXH WR UHVWULFWLYH SROLFLHV LQ PDQ\

VDPSOHYVY FRXOG VLIJQLILFDQWO\ HQKDQFH WKH DFFXUDF\



L, QFRUSRUDWLQJ &UDFNV DQG /RDGV RQ 7THVW 6HWXSYV

ODERUDWRU\ WHVWLQJ IRU FKORULGH LQGXFHG FRUURVL
DQG GHVRUSWLRQ LV WKH FRPSOH[LW\ DQG GLIILFXOW\
FUDFNV )RU HIDPSOH FRQFUHWH SDYHPHQWY DUH VXEMt}
I[IURP YHKLFOHVY FDUERQDWLRQ DQG PRUH 9DULRXV W\S
GHYHORS LQ FRQFUHWH SDYHPHQWYV IRU PXOWLSOH UHD\
RI FKORULGH EHDULQJ VDOWY DQG DFFHOHUDWH WKH (
LOQFOXGLQJ FUDFNV DQG ORDGYV DV SDUDPHWHUV LQ WKF
PHFKDQLVPV ZRXOG \LHOG PRUH DFFXUDWH DQG UHDOLV'

&RQVLGHULQJ OL[HG)WRWHGRWXGB/LHRWYWKRXOG XVH PL[HC

EOHQGV RI 1D&OUDWEKHU&WKDQ SXUH VDOW VROXWLRQV
2QH RI WKH OLPLWDWLRQV RI WKLV VWXG\ ZDV XVLQJ SX
VFHQDULRY VWDWH DQG ORFDO GHSDUWPHD QWS YO WIHRX YA
RWKHU FKHPLFDO VROXWLRQV GXULQJ ZLQWHU WR UHGXI

&RQVLGHULQJ WKH ,PSDFW RI :HDWKHULQJ ([DPLQH KRZ

GU\ bQG IUHH]H WKDZ F\FOHV DIIHFW FKORULGH GHVRUS
ZRUOG FRQGLWLRQV RI FRQFUHWH VWUXFWXUHYV

6WXG\LQJ &KORULGH '"HVRUSWLRQ &DSDFEFLW\ IRU 7\SH ,/

WKH HQYLURQPHQWDO SROLFLHV PRVW FHPHQW SODQWYV
OHDVW WKH RI FOLQNHU LQ 7\SH ,/ LV WKH VDPH DV 7\S§
FRPSRVLWLRQ DQG UHSODFHPHQW OHYHOV IURP RQH SU

VWXG\ RI FKORULGH GHVRUSWLRQ FDSDFLW\ IRU 7\SH ,/ F



SHIHUHQFHYV

$GHVLQBHBHQW DGYDQFHV LQ WKH FRQFUHWH LQGXVW!
HPLVV(@QVURQPHQWDO &KBOOHQJHYV

*DWHVWRZ WR DYRLG D FOLPDWH GLVDVWHU WKH VROXW
ZH QHHG 9LQWDJH

%|KQL&RUURVLRQ LQ UHLQIRUFHG FARYFYHWH VWUXFWXUI
'RXVWL $ %HWD@J Rl H{WHUQDOO\ VXSSOLHG FKORULGH
ILHOG H[SRVXUSHPRIQOL WQRQARQFUHWH &RBSRVLWHYV
0DQJDW 3 DQGKORWRMMHRELQGLQJ LQ FRQFUHWH FRQWDL
XQGHU VHD ZDWB UDHL®RVRIUARQFUHWH UHSHDUFK
=DXFKD - DQG BROBWA]PMULWLPH SRUWYV DQG VKLSSLQ
HFRQRPLF YDOXH RUIWSKHH & HRD @REDHWUHQFBFLHQFHYV
6SDUDFLQR 5#HYIHW RO UHGXFHG VDOW VQRZ DQG LFH |
FRPPHUFLDO EXNDRQYISRUAMMWLRQ 5HVHDUFK 5HFRUG

-DLQ - (IHMWD® Rl GHLFLQJ VDOW VROXWLRQV RQ SK\VLFE
7UDQVSRUWDWLRQ UHVHDUSK UHFRUG

(QYLURWHFKVHUOXHEGWVRZQ $SH[$SYDLODEOH I[URI
KWWSV HOQYLURWHEKVHUYLFHV FRP PHOWGRZQ
DSH[ a WH[W OHOW'RZQ $SH[ GHOLYHUV D LFH E

RDG VXUIDFHV

BLOYDRKIORULGH LQGXFHG FRUURVLRQ RI UHLQIRUFHPHQV

DQG LRQ GLVWULEXWLRQV DW W K & KFORGAFHUBIW AHW\® H W 9 DL €

6ZHGHQ

6KDNRXUL 0 DQGVLPODWMAIIMR WKH FULWLFDO FKORULGH WK

FRQFUHWH XVLQJ D KLHUDBRNMWDLA) PGEOHVRQQ BRGHDLHQ

S

$QJVW 8 &HIMWNDPDO FKORULGH FRQWHQW L&QH RIHQ O/l RQFEH (

FRQFUHWH UHVHDUSK

&KDOKRXE & 5 )UDQORLVUDWGFDO&PHERVNVEN WKUHVK

IXQFWLRQ RI FHPHQW W\SH D&QHP M QYW HIOQ GX&RDFN HF\R 8 GLHW
S

3RXUVDHH $ D/KG BRGRW/A &UDFNV LQ &KORULGH ,QGXFI

BWHHO LQ &RQFRWMRD DQG ODWHULDOV'HJUDGDWLRQ

$QGUDGHJRSDIDWLRQ RI UHLQIRUFHPHQW FRUURVLRQ S

ODWHULDOV DQG 6WUXFWXUHYV

%HKQRRG $ . 9DQ 7LWWHQ@ERRR OQRU PHDVXOLIDJI S+ |

$ UHYRRDVWUXFWLRQ DQG %XLOGLQJ ODWHULDOV

&DUQRW $2RHWRBDRQ PHFKDQLVPV RI VWHHO FRQFUHWF

GHPRXOGLQBRXUGDMWR|I DSSOLHG HOHFEFWURFKHPLVWU\

'RXVWL $ - - %HDXGRL@EKDRGLGHKEHRBUBKLLQ K\GUDW

QDWXUDO JHROLVGHR QVRHXAWWRQHIVQG %XLOGLQJ ODWHUI

<XDQ 4 &KWMWLGH ELQGLQJ RI FHPHQW EDVHG PDWHULD
HQYLURQPHQ®RQVWHY{FHELRQ DQG EXLOGISQJ PDWHULDOV



9ROOSUDFKW7KH SRUHD ®ROXWLRQ RI E O HIDAHGU EDI® W QD
6BWUXFWXUH\B

5DVKHHGX]IDI®W&( 2) &(0(17 &20326,7,21 21 &21&5(7(
'85$%,/,7%&, 0$7(5,%$/6 -2851%/ S

0XQGUD 6&KHWWDABH LQGXFHG FRUURVLRQ RI VWHHO UHE
RI DONDOL DFWL&BPHGW R Q BU&RGW HWHS5HVHDURK

KWWSV GRL RUJ M FHPFRQUHYV
$QJVW 8 &WMWDPDO FKORULGH FRQWHQW L&QHEBHIQW RIUFE C
&RQFUHWH 5HVHDUFK S "2,
KWWSV GRL RUJ M FHPFRQUHYV

6 XL 6 HWDRWLILFDWLRQ PHWKRGV IRU FKORULGH ELC
OLPHVWRQH&MPHOMPW QG &RQFUHWH 58VHDUFK 2,
KWWSV GRL RUJ M FHPFRQUHYV

JORUHD 0 9% DQG +&KORWUBKXZEWYGLQJ UHODWHG WR K\

, 2UGLQDU\ 3RUWSPH®WHPOIQ@ VERQFUHWH 58VHDUFK

'2, KWWSV _GRL RUJ M FHPFRQUHYV

ODFKQHU $ 3 +HPVWDG TRY®UGVHWKHUGWGHUVWDQGL

GHSHQGHQF\ RI WKH FKORULGH ELQBUGLRKERFWBWE G IF
S

,QIUDVWUXFWXUH 5HSRUW &DUG 2¥HUDIYQBEORI | %R

KWWSV LQIUDVWUXFWXUHUHSRUWFDUG RUJ

7HFKQRORJ\ )&RBYWRULRQ UHVLVWDQW DOOR\V IRWQUHLQI

)+:$ +57

ERQVWUXFWLRAQLGH WR&WKH PDLQWHQDQFH UHSDLU DQG

FRQFUHWH VWUXFWWSRHMV 1R DWIRUG

$OH[DQGHU 0 DQG XUBHXOUKWXVWHWKUYLFH OLIH SUHGLFW

UHLQIRUFHG FRQFUHWH VWURHWNHQWVROB Y&RQ@FUGGY H UsSLHA
S

$QJVW 8KDOOHQJHVY DQG RSSRUWXQLWLHYDLWHRWDWRNDR

6WUXFWXUH\

<H + HSW O®RULGH LQGXFHG VWHHO FRUURVLRQ LQ FRQI

6SULQJHU

SUHVXHO ORURHOQUMRVLRQ 5HVLVWDQW $OOR\V IRXBLAHQIRU

J)DLUEDQN +LJKZD\ 5 HVHDUFK &HQWHU

6KL ; HwuDeLOLW\ RI VWHHO UHLQIRUFHG FRQFUHWH

RYHUYSRHQZVWUXFWLRQ DQG % XLOSLQJ ODWHULDOV

.DVVHP ( $ OXIWDKDNYGBHQA QWR/HU 2SHUDWLRQV LQ ¢

+DQVVRQ & $ 3RXUVRRHURWICR® RDIVHUQIRUFAKH EDUYV

ODVWHUEXLOGHUS

$QJVW 8 0 DQG7%H (OMHQHHIUHFW LQ FRUURVLRQ JUHDWO

OLIH VSDQ RI FRQFUBWIHHDGHJD GWDRIFM\KHHYV

$KPDG5HALQIRUFHPHQW FRUURVLRQ LQ FRQFUHWH VWUXF'

SUHGLFWLRQ&EHPHWOMY DHDAS FRQFUHWH FRBSRVLWHYV

+DQVVRQ & $ 3RXUVDBIBIFWDRFHGO/DRGHOIWURFHOO FRU

RUGLQDU\ 3BRUWODQG FHPHQW D QG RH RV SHQG RFFPQFUFHHWAH

S



4LDQ 6 - =KDQJ7HHRUHWAXDO DQG H[SHULPHQWDO V!

PDFURFHOO FRUURVLRQ LQ SDWFK &HBBQW DRIGFRQDEk

&RPSRVLWHV S

ORQWHPRU 0 $ 6LPRHV&DMBUDGHHUQYGXEWG FRUURVLRC

VWHHO IURP WKH IXQGDPHQWDOV &HRP MW PRG L AR

FRPSRVLWHYV S

%URRPILHORBUURYLRQ RI VWHHO LQ FRQFUHWH XQGHUVW

&UF 3UHVV

+D\ 5 DQG & 3$RVGMHURMDDNMLRQ DW UHEDU FRQFUHWH LQW,

FRUURVLRQ WHVW LQ DJJUHV&HPHQRK MR GHR QHFUHW R Q8P
S

+RYGH 3 - DQGHUORWAHIQFH EDVHG PHWKRGV6MRDWAHH BY L F

WKH DUW UHSRUWV &,% 5HSRUW 3XEOLFDWLRQ

ODDJH 0 6HWYOLFH OLIH SUHGLFWLRQ RI H[LVWLQJ FRQFL

HQYLURQBWG®WLDOV -RXUQDO

ODUWOQ 3pUHS VW XBEHWRDWKH HITHFW Rl FKORULGH ELQGL!

&HPHQW DQG FRQFUHWH BSHVHDUFK

6DPVRQ ( DQG -1XMHIFIKAD@OGVROXWLRQ RI WKH H[WHQGF

-RXUQDO RI &ROORLG DQG ,QWHUIDSH G6FLRQFH,
MFLV

6DPVRQ ( ORWHDOLQJ LRQ GLIIXVLRQ PHFQINHWPYWLER

-RXUQDO IRU 1XPHULFDO OHWKRGV $Q (QJLQHHULQJ

ODUFKDQG - DQJHGAFRWMRXY WKH VHUYLFH OLIH RI FRQFU

RI VLPSOLILRGFPHREW ODWQG &RQFUHWH &RBSRVLWHY,

KWWS G[ GRL RUJ M FHPFRQFRPS

*ODVV * DQG 17KAXHQIBRKBEQFH Rl FKORULGH ELQGLQJ F
FRUURVLRQ ULVN LQ &RUQRWLRHG6FREBDBHW H

ALDR & 3HMWGDOGWLRQ RI FKORULGH LQJUHVV LQ VDWXUDYV
DQG FKORULGH ELSGVMIIFHWRWKKRUPLO (QJLQHHUISQJ 0DW

‘HLVV - FHIM®IFWLRQ Rl FKORULGH LQJUHVV LQ VDWX!
IDFWRU DQG FKORULGB YDLQBHWLQ\BRWKEYRILQHHULQJ OL

S

‘DQJ < HWAHUVWDQGLQJ WKH FKORULGH ELQGLQJ DQG
FRQFUHWH EDVHG RQ 3RUWODQG OLPHVWR®RDVFWPNOWLR
DQG %XLOGLQJ ODWISULDOV

6KDILNKDQL 0 DQ@®D®WIKILEDMWLRQ RI FRQFUHWHSFKORUL
FULWLFDOHPHQAWM D QG &RQFUHWH &RPSRVLWHV

$O*DGKLE I$XPHULFDO VLPXODWLRQ Rl FKORULGH GLIIXV
LPSOLFDWLRQV Rl FKORULGH ELQGQQH B RSDALRMIIHY -RYG (
(QYLURQPHQWDO (QJLQHHULQJ

*HQJ - #KWM DWDELOLW\ RI ERXQG FKORULGHWHBPHRHPHQV
DQG &RQFUHWH 5HVSHDUFK

6XU\DYDQVKL $ - 6FDQVWGEHRERQLVPQR §ULHREHO V VDOV
FHPHQWYV ULFK LQ W U& HFDHFW XIPQBOKAPQ PDAWHH § HVHD UFK



JORUHD 0 DQG ®K®BEBXGHUFLQGLQJ UHODWHG WR K\GU
2UGLQDU\ 3RUWRBPIEQ&HPHCGWRQFUHWH 5HVHDUFK

5DVKHHGX]]DIDU 6 (KWHVKDP +XVYNBEW RIQRH B HQ WOFBPB
RQ FKORULGH ELQGLQJ DQG FRUURVLRQPRIQWHDQIR &RIQFL

SHVHDUEFK S RWWSV GRL RUJ

5DVKHHGXQADORBRHQFH RI &HPHQW &RPSRVLWDR® HRUIQ BARQ F
S

+XDQJ ; MW BIOOHFW RI VXSSOHPHQWDU\ FHPHQWLWLR X

RI FKORULGH LQ VWHDP FXUHG KLJK |RBRERQOMWH RN MRAD (

%XLOGLQJ ODWHULDOV S ‘2,

KWWSV GRL RUJ M FRQEXLOGPDW

7KRPDV 0 7TKHWHIOHFW Rl VXSSOHPHQWDU\ FHPHQWLWLRX
LQ KDUGHQHG RHHPHH@W PIMCNEHR QFUHWH 5HVHDUFK
7KHQ 1&KORULGH %LQGLQJ RI 3RUWODQG /LPHVWRQH &H
&HPHQWLWLRXMGIDRO BMDIONVH 8QLYHUVLW)\
<XDQ 4 &KOPWLGH ELQGLQJ LVRWKHUP IURFRRUDDIDWRR C
'XKDQ 8QLYHUVLW\ RI 7HFKQRORJ\ ODWSiU 6FL 'AG
V \
&KHQ ; (MMWMMV RI FXULQJ UHJLPHV RQ WKH FKORULGH E
PDWH WLR@W UXFWLRQ DQG %XLOGLQJ ODWHULDOV
7H\PRXUL 0 0 6KDNRXUS+ DXHEH BGHDOGHKORULGH GHVR
RI 3BRUWODQG RHRRH/QWW SPWIWRIQ DQG %XLOGLQJ ODWHULDC
SNSDWD -2 3$0 %DVKHOHDU D\GEDWHRQFANQG FKORULGH
FHPHQWV H[SRVHG WR D FRPELQH&RBKORIKFGH R R OSBEG W
ODWHULDOV S 'RWWSV GRL RUJ M FRQEXLOG
&DR < HWHDORG\QDPLF PRGHOOLQJ DQG H[SHULPHQWTEL
ELQGLQJ LQ FHPHQW H[SRVHG WR FKORLRGHVDEEWLKRIER
%XLOGLQJ ODWHUISDOV
=LEDUDASLOGLQJ Rl HIWHUQDO FKORULGIHIWER @ HPOH/Q®USI
&DQDGD
SREHUWV(IIHFW RI FDOFLXP FKORULGH RQ WKH GXUDEL
SUHVWUHVVH® ARQOHHRVH&RQFUHWH 5HVSHDUFK '2,
PDFU
4LDR & &HWRDULGH ELQGLQJ RI FHPHQW SDVWHV ZLWK 10
DW DQG&HPBQW DQG &RQFUHWH &RPSRVLWHYV
ORKDPPHG 7 8 DQG5HMOPMAR®NVKLS EHWZHHQ IUHH FKORL
FROQOWHQWYV &HFRQWUB®® &RQFUHWH 5BVHDUFK '2,
KWWSV GRL RUJ 6

X - HWIDXHQFH RI VXUIDFWDQWYV RQ FKERRUMVBBIXEMQR
DQG %XLOGLQJ ODWHULDOV S "2,
KWWSV GRL RUJ M FRQEXLOGPDW

JHQJ : HWIOR®RHQFH RI SRO\FDUER[\ODWH VXSHUSODVW

FHPHQW &RYWWUXFWLRQ DQG %XLOGLJ ODWHWLDOV
KWWSV GRL RUJ M FRQEXLOGPDW




-LDQJ / (HWFBORI &D DQG 1D RQ WKH FXULQJ SHUIRUJ
FHPHQW XQGHU RDVEHREWXBWHRQQ &RQVWUXFWHRQ 0DWH
'2, KWWSV GRL RUJ M FVFP H
&KHQ < ,PASDBW RI SKRVSKDWH FRUURVLRQ LQKLELWRUYV
LQ FHPHQW&BQVWHXFWLRQ DQG %XLOGISQJ ODWRULDOV
KWWSV GRL RUJ M FRQEXLOGPDW

4LDR & &HKWRIULGH ELQGLQJ RI FHPHQW SDVWHV ZLWK 10
DW DQG &MBPBQW DQG &RQFUHWH &RPSRVLWRY
KWWSV GRL RUJ M FHPFRQFRPS

'"HODJUDYH &KORWLB® ELQGLQJ FDSDFLW\ RI YDULRXV K\(
$GYDQFHG FHPHQW EDVHG $DWHULDOV

,SDYHF $ &KWRDOGH ELQGLQJ LQWR K\GUDWHG EOHQGF
OLPHVWRQH D Q&H MPDOOW ODQEWMRQFUHWH SHVHDURK
KWWSV GRL RUJ M FHPFRQUHYV

‘DQJ << BQOGHOVWDQGLQJ WKH FKORULGH ELQGLQJ DQC
FRQFUHWH EDVHG RQ 3RUWODQG OLPHVWRQH FHPH
&216758&7,21 $1' %8,/',1* 0$7(5,$/6 S ‘2,
M FRQEXLOGPDW
SRVWDPL 5 $ - .OHPP DTKH)(& BFWORPIHEGIDY LQ %OHQGH:!
BRUSWLRQ &KDUDFWHULVWLFV RDWXIHDDEVRUEHQW 3R
PD
'H :HHUGW .,PSIBWWORI WKH DVVRFLDWHG FDWLRQ RQ Fk
FHPHQW&SHPHOMW DQG &RQFUHWH 5HVHDUFK
+HPVWDG 3 $ ODFKQHU7IOH) @ IJHPW:HRH WAW LILFLDO OHDI
FKORULGH ELQGLQJ LQ RUGL@BBHRUNQ® @R FFHPHI\G M 5DV
S
*LHUJLF]QD\ BVK DQHNIOOW DQG &RQFUHWHS5HVHDUFK
5DPtUH] 2UWt] $ ( ) &DVWHOODQRSOWWQEY R QLGF -'HAMHFRY
&KORULGH ,RQV DQG &KORULGH %L QGIVQHUID IR RWODQR
&RQFUHWH BWUXFWXUHV DQSG ODWHULDOW
,QVWLWXWH IRU (QHUJ\ (FRQRPE BV &G0 )R RWOQRIRINO $Q DA
7UHQGV 3XVKLQJ ,QGXVWU\ (YHU &ODRWAHU WR D@ HFWRLQL
IURP KWWSV LHHID RUJ ZS FROWHOQW XSORDGYV 8 ¢
SGI

60DJ &HPHQW S$WNWHRFLOWIVRI) RI 60DJ ®MHAHPWOH IUR
KWWSYV 727272 VODJFHPHQW RUJ UHVRXUFHV QHZV DUWLFO

60DJ &HPHQW $WOVRFERWANEQ $YHUDJH (QYLURQPHQWDO 3
60DJ &HPHQW $YDLODEOH IUR
KWWSV 7Z7ZZ VODJFHPHQW RUJ 3RUWDOV ___[%ORJ XSORD(

BZLWKXSGDWHGORJRV SGI

SRUWODQG &HPHQNISWVRAFHDWIDROQ3 UR G X F %Y CHFOIEUWOCHWILLRR
KWWSYV 72727 FHPHQW RUJ GRFV GHIDXOW VRXUFH VXVWD

SGI
ODQPRKDQ ' DQGQBORHRWI RI SR]JRODQLF VODJ DQG F
SRUH VL]H GLVWULEXWLRQ DQG SHUP&DEHQWW\&RQRKDH &
$JJUHJDWHV S



BHQJXO 2 DQG 0 &RHASBVIBWPILYH VWUHQIWK DQG UDSLG F
FRQFUHWHYV ZLWK JURX®EUODD®WY PRQWHUOLDIOV LQ FLYLC
S
+INNLQHQKH LQIOXHQFH RI VODJ FRQWHQW RQ WKH PLF
PHFKDQLFDO SURSHUWLHV RI FRQFUHWH 3DUW OLFURV\
SURSHEWRH®W DQG &RQFUHWH 5HVHDUFK
.RPOMHQRYL{([WHB@DODOVXOIDWH DWW D RN\ Q @ WDXN\FOLIR QF
%XLOGLQJ ODWHUI DOV
*ROORS 5 DQOGLFURNMWBXYFWXUDO DQG PLFURDQDO\WLFD(
5SHDFWLRQV RI D VODJ FHPHQW SDVWH ZLWK &REBHER D Q
DQG &RQFUHWH 5HVHBUFK
IXPOH\7KH $65 H[SDQVLRQ Rl FRQFUHWH SULVPV PDGH IU
E\ JURXQG JUDQXODWH&RBYDANM PWICRIF ID Y@ DIXLOGLQJ 0L
S
+H 3 KBWBOQDU\ RSWLPL]DWLRQ RI DONDOL DFWLYDWHG
SRZGHU VODJ DQG FDOFLXPQN OUKLF\DLVRIQ PHFGH GWLOGLQJ
S
S8NSDWD - 2 3 %DVKHH P\G®DWLERFNQG FKORULGH ELC
H[SRVHG WR D FRPELQHG FK®RQV®H XK\WBRQ VW) ¢ ROXMDIG
S
$GHVDQ\D (/DGI®HDWODI FHPHQW+&KDUDFWHUL]DWLRQ R
&RQVWUXFWLRQ DQG %XLOGLQJ ODWHULDOV
IXR 5 HW)® R|I FKORULGH ELQGLQJ DQ&IBRHEWLRQ GLC
&RQFUHWH 5HVHDUBK
+RSH % % - $ 3DJH DRB GHWBRODQBWLRQ RI WKH FK
FRQFWHHWPHQW DQG &RQFUHWH 58HVHDUFK
'KLU 5 0 (O ORKU OKWERULGHWELQGLQJ L&HPHUBWFRQEBU
&RQFUHWH 5HVHDUFX
&KHQJ $ ,®BIMDXOHOQFH RI **%6 RQ GXUDELOLW)\ DQG FRUUF
FRQFWHDWHHULDOV &KHPLVWU\ DQG 3K\VLFV
<HDX . < DQG $Q HLPHULPHQWDO VWXG\ RQ FRUURVLRQ L
JURXQG JUDQXODWH &HOMH/QWI B QGDERIQFQBIWH BHVHDUFK

%DFNXV - DQG(IIHFWRPILD\FOLF FDUERQDWLRQ RQ FKOR
FRQFURWWBIQDO RI ODWHULDOV LQ &LYSO (QJLQHHULQJ
&KDNUDERUW\ 8 % 6 %DN®HULPOG WD OKPQRWMWLIDWLR
3URSHUWLHV Rl &RQFUHWH ,QFRU$RGDIVHRH Z LIVOK 6*% ¥\§ DL
&RQVWUXFWLRQ ODWHULDOV DQG *HMBWHFEKQUFSO (QJLQH
.KDQ 0 2 .D\DOL D®@XGRUUBHWHVEKLQJ FDSDFLW\ RI K
FRPSHWLWLRQ ZLWK FDUERQDWHY LQ JURXQI®D WHIQROD W
DQG 6WUXFWXUH\S

IRWKHQEDFK % . B6FULYHOGKXSS ®HRH W DHRRAHRG QWL WL
&HPHQW DQG &RQFUHWH B5HVHDBFK ‘2,
KWWSV GRL RUJ M FHPFRQUHYV

1Y = HWKDBULGH ELQGLQJ RI $)P LQ WKH SUHVHQFH
&RQVWUXFWLRQ DQG % XLOGLQRJ ODWHULDOV



&KDQJ + $HMRYVHO PHWKRG IRU DVVHVVLQJ &6+ FKORULGH

&RQVWUXFWLRQ DQG %XLOGLQJ ODWHULDOV

$&, 5 *XLGH IRU WKH XVH RI VLOLFD$PHUL LMQ FRRF Y

,QVWLWXWH )DUPLQJWRQ +LOOV O,

$U\D & 1 %XHQIHOG)IDFMRUYUVIH@PDXHQFLQJ FKORULGH I

&HPHQW DQG &RQFUHWH WBHVHDUFK

JORUHD 0 DQG BRGHWAREZEBUWRI FKORULGH ELQGLQJ UHOD

LQ VODJ EOHQ&RGVAHPHRMINRQ DQG % XLOSSLQJ ODWHULDO

%HDXGRLQ - - 96 5DPDFKDQ®WHY DFOWG FQ R)IHOKCPROWL G

&HPHQW DQG &RQFUHWH 58 VHDUFK

7KRPDV 0 ' $ 7HKIMWHDIOHFW Rl VXSSOHPHQWDU\ FHPHQWLW

ELQGLQJ LQ KDUGHQHP HFERHRPGC SORQAHJHWH 58VHDUFK

'2, KWWSV GRL RUJ M FHPFRQUHYV

X - HSMOBDVHV RI ERXQG FKORULGHV IURP FKORULGH

SDVWHV VXEMHFWH G R\OR/ WX G FDWLIR @\ DU PANXYLOSLQJI ODWE
'2, KWWSV GRL RUJ M FRQEXLOGPDW

&DPSRV + /RIVFBOHQW KLJK VWUHQJWK FRQFUHWH ZL\

3RUWODQG FHPHQW ZLWK VWRQH SRZGHU DQG VLOLFD

RSWLPL}RWUR®DQO RI FOHDQHU S®RGXFWLRQ

BROLPDQ 1 DQG $ JIDUQLWODPRENVWLWXWLRQ RI VLOLF

SRZGHU LQ 8+3& )LOOLERIQWWH REWURQPMDNG %XLOGLQJ O

S

/ILQ < HWHBW RI VLOLFD IXPHV RQ IOXLGLW)\ RI 8+3& ([SH

DQG HYDOXDW&RQVRHWKKRA\RQ DQG %XLOGLQJ ODWHULDO

.DGUL ( + DQG ¥3GUDPYWOILRQ KHDW NLQHWLFV RI FRQFL
&RQVWUXFWLRQ DQG %XLOGLQJ ODWHULDOV
:DQJ ; HMW HD B IITHFWY RI VLOLFD [XRH RWY UK BWKL\R Q CD/QLCR €

ODWHULDOV S

=HOLU - 7HHNUR®H RI VLOLFD IXPH LQ WKH NLQHWLFV D¢
VWDJH RI FHPHQWPK\@GW MQIRQRQFUHWH 58VHDUFK
%\IRUV,QIOXHQFH RI VLOLED IXPH DQG IO\DVK RQ FKORL
FHPHQW&HPWHOW DQG &RQFUHWH SBHVHDUFK

6KHNDUFKL O $ 5DILHMRQDQGHYP /BKOWRULGH GLIIXVLRQ
FRQFUHWH LQ KDUVKRHPPHQWHDRGLRBRWHYHWH &RPSRVLWE

=KX 4 HWHB®W RI FKORULGH VDOW W\SH RQ FKORULGH
&RQVWUXFWLRQ DQG %XLOSLQJ ODWHULDOV

6]NODUHN 6 $ *YUHFND DQGKH HRINMINFDIVW/ )RIDDRD G ALFQ W
HFRV\WWHPY DQG VROXWLRQV IRU P LWLFIDHVQIFRI RAKTKRU LB
(QYLURQPHQW S

'H :HHUGWKORULGH ELQGLQJ LQ FRQFUHWH UHFHQW L
NQRZOHGJH JDSV 5,/(0 SREHUW /1+1DWHVH DGNG DQ G BSHL

S

%DEDDKPDGL&KEORUWIGIHOELQGLQJ LQ EOHQGHG ELQGHU \
VWUXFWXUHVLRWE6QWHM QDWLRQDO &RQJUHVV RQ WKH &



'H HHUGW . " 2UViINRYi 7TKMGLE SDEWLRIHUXOSKDWH DQG
FKORULGH ELQGLQJ LQ 3&KKRHIDN G -G RHRQW UISDWVNSHHV HD L

$YHW ) DQG . ,BFUXNEPMWRI S+ RQ WKH FKORULGH ELQG!

&DOFLQHG &OD\ &&RPIQPW D/&G &RQFUHWHS5HVHDUFK

KL & HWMPMV Rl FKORULGH LRQ ELQGLQJ RQRRURWDROV W L

RI ODWHULDOV LQ &LYLO (QSLQHHULQJ

7JULWWERORULGH ELQGLQJ LQ FHPHQW ,, 7KH LQIOXHQEFH

WKH SRUH VROXWLRQ Rl KDUGHQHG RHPHQW DIM\GNERRE L

5HVHDUFK S

ORKDPPHG 7 DQG 5HOHDWDR@VKLS EHWZHHQ IUHH FKORU

FROQWHQWYV B® FHRQWUHWHFRQFUHWH SHVHDUFK

&KHQ = THWW NBIODWLRQVKLS EHWZHHQ WKH IUHH DQG

SHUIRUPDQF I SROMIFIUG WHFKDQLFY DQG 9YDWHULDOV

<H + HMWHW®LFWLRQ Rl FKORULGH ELQGLQJ&RPBWWHUP\

&RQFU S

<XDQ 4 &KOPRWLGH ELQGLQJ LVRWKHUP IURFRRUDDIMWVRR C

'XKDQ 8QLYHUVLW\ RI THFKQRORJ\SODWHU 6FL (G

-DLQ $ ,HWOPKQFH RI S+ RQ FKORULGH ELQGLQJ LVRWK

FRPSRQ&PMHQW DQG &RQFUHWHS5HVHDUFK

9ROOSUDFKW7KH SFRUHD®ROXWLRQ RI E O HIDMHHGU EBI® Y QDD

BWUXFWXUHV S

IXSLQJ 7 DQG / &KARONVVRELQGLQJ FDSDFLW\ DQG ELQ

SDVWHV DQ&HPRAOMWDDQ®G FRQFUHWH 8HVHDUFK

&DVWHOORWH 0 & $QGRK®RUD®K EEQEQRQPVIRVRWKHUF

VXEPLWWHG WR QRQ VWHDG\ VEWPHID VP LD Q B WELRQ@F B HSAHHU |
S

&KDQJ &KORULGH ELQGLQJ FDSDFLW\ RI SDVWHV LQIOXH

FRQGLWERROMQW DQG &RQFUHWH &RPSRVLWHW,

KWWSV GRL RUJ M FHPFRQFRPS

&VL]PDGLD - * %DOi|$KDRGBLGHARQVELQGLQJ FDSDFLW\
&HPHQW DQG &RQFUHWH 58 VHDUFK

'H :HHUGW . ' 2UViNRYi7KOHQ GPEDHNLNHWXOSKDWH DQG
FKORULGH ELQGLQJ LQ 3&RHRHIDN) ® G RRHREOW US-DWVNSE H V H D L

*ER]JHH 0 7HW DQIOXHQFH Rl DOXPLQXP IURP PHWDNDRC
FKORULGH LRQV LQ K\GHSBWHIGGF & OB Q %F 5 BSY WHH V

*HQJ - &KWOROLGH ELQGLQJ LQ FHPHRMW2SD'WWEB/ZL WK FD
XQGHU GLIIHUHQRQVRQUXIEWLR@QVDQG %XLOGLQJ ODWHULD
.D\DOL 2 0 .KDQ DQTKH ®R$KPREG K\GURWDOFLWH LQ FI
FRUURVLRQ SURWHFWLRQ LQ FRQFUHWHYV Z&MPKHQOWRRQG .
&RQFUHWH &RPSRVL\SHYV

/IRQJ : - MWHWOWNLIDWLRQ RQ FKORULGH ELQGLQJ FDSDF
LQ JUDSKHQH R[LGH UHL@HPUFHE BABHORQ SDNWH &RPSR



6DLOOLR 0 9 %DURJKHO %RXDRWLGEGG ELHBUBDH UR®D VI
FDUERQDWHG FHPHQWLWLRXV PDW BRRIQD/AWU X EWK R'@ DIQRX §
ODWHULDOV S 'RWWSV GRL RUJ M FRQEXLOGPTE
6KDNRXUL 0 &/ ([VWURBKORGLGH ELRRAIQJ DQG GHVRU
RI WKH FRQFUHWH FRQWRKQR@DFRIUX VWBY®DEDVHK&HPHQ
S
6KDNRXUL 'HYHM®BRBOHQW Rl HPSLULFDO PRGHOV IRU FKO
VIVWHPVY FRQWDLQLQXBORIWMHEBFMKRRUDGBV%XLOGLQJ 0D\

BRQJ + 'HWHD®RSPHQW RI FKORULGH ELQGLQJ FDSDFLW\
RI WKH S+ RI K\GUBWQRG LDURGRFIWQDO RI &LYLO @ JLQHH

6XU\DYDQVKL $ - 6FDQWERHEXWQGDQE Rl FMRARULGH LR
UHVLVWDQW 3R&MPOHIDG FOIG RRW FUHWH 5HVHDUFK

'‘DQJ < KBWORWLGH ELQGLQJ EHKDYLRUV RI PHWDNDROLQ
RI J\SVXP DQG DWPRVSERQVWENBBERADWLR® %XLOGLQJ Ol
S

7H\PRXUL 0 DQG OBKOKINRHUIGHVRUSWLRQ PHFKDQLVP
FROQWDLQL@RQWIOMKEWLRQ DQG %XLOGLQJ ODWHULDOV
=KDQJ < 0 =KDQJQDIXH®FHHRI PRLVWXUH FRQGLWLRQ F
SDUWLDOO\ VDWXUDWHG RUG LODDVHN BIROLONVODQG G\M B M DW/XF
S

‘L < DQG = 30REDHAOIQW FKORULGH SHQHW UDBRXUWRE@D DQRV D
ODWHULDOV LQ &LYLO (QJSQHHULQJ

%DURJKHO %RX@U12 HMAVUDO WHVWVY DGYDQWDJHV ZHDI
DSSOLFDWLRQV WR TXDQWLI\ FKORULGH LQJUHVV LQWR F
WHVWYV DQG H[SRVXUH SWRNVGDWXOY @ G 8 QGBWILRDU H V

GH 9HUD *$ WWVDWOPHWKRG IRU PHDVXULQJ FKORULGH C
SDUWLDOO\ VDWXUDWHG FRQFUHWH 3DUW ,, 7KH LQVWLE
FKORULGH ELQGL@HPRQW. GRGDMRRRU HWH S HVHDUFK
&KLQGDSUDVLUW JIIBE® RIGKPOIP K\GUR[LGH FRQFHQ)\
SHQHWUDWLRQ DQG VWHHO FRUURVLRQ RI IO\ DVK EDVH!
&RQVWUXFWLRQ DQG EXLOSLQJ PDWHULDOV

<DQJ = 7KW DQIOXHQFH RI VRGLXP VXOIDWH DQG PDJQH
ERXQG FKORULGHV &8 QRHPUIORW ISDY WK G % XLOGSEQJ ODW

&DR < |/ *XR DQ®GIOXHRXHOQRI VXOIDWH RQ WKH FKORUL:
PRUWRODVWUXFWLRQ DQG %XLOGLQJ ODWHULDOV

%RWKH -U - 9 DQIXBHHW& RRGHOLQJ RI )JULHGHO V VDOW
&HPHQW DQG &RQFUHWH 58 VHDUFK

&DL : HSK®RPULGH ELQGLQJ EHKDYLRU RI VIQWKHVL]HC
DFWLYDWHR® SRDLWHY 3DUW % (Q3LQHHULQJ

=KHQJ < ,QIWXHORFH Rl FDUERQDWLRQ RQ WKH ERXQG FK(
FHPHQWLWLRRQVWWHRWLRQ DQG %XLOGLQJ ODWHULDOV



%URZQ 3: DQG7&HUDGIMWLEXWLRQV RI ERXQG VXOIDWH

VXEMHFWHG WR PL[HG 1D&O &GHIFERQW D Q@S HORQFDFHNWH 5HYV
S 'RWWSVY GRL RUJ 6

7DQJ / | 2 1LOVVRQ DBOGLYWDBBMKRIHERQFUHWH WR

7HVWLQJ DQG PR G5@O0LHV V

/IRQJ : - MWHWONLIDWLRQ RQ FKORULGH ELQGLQJ FDSDF
LQ JUDSKHQH R[LGH UHLQHPUIRIG FOI® QW FDHMWH & RP SRV
S '2KWWSV _GRL RUJ M FHPFRQFRPS

*HQJ - HWHB®W RI FDUERQDWLRQ RQ UHOHDVH RI ER}

FRQWDPLQDWGIBIBR@HRWERQFUHWH 5HVHDUFK

6XQ 0 HWIOOHQFH RI FDUERQDWLRQ RQ FKORULGH EL

VLPXODWHG P&ORQQYWUWIFAVARQ DQG %XLOGLQJ ODWHULDO\

BKHQ ; K 1XRHDIOFDO VWXG\ Rl FDUERQDWLRQ DQG LWV

FRQFWHPHQW DQG &RQFUHWH &&RPSRVLWHYV

%RXLNQL $ 5 6ZDPXUDEGGLWADDURSHUWLHY Rl FRQFUHYV
VODRMRQVWUXFWLRQ DQG %XLOGISQJ ODWHULDOV

$OODKYHUGL $ $FQGLF FRVIURVLRQ RI K\GUDWSH3JBRP HQW

6LOLNIiW\ S

3DYOtRR®URVLRQ Rl KDUGHQHG FHPHQW SDVWH E\ DFHWL

DQG FKHPLFDO FRPSRVLWLRQ RI|&WRH §RUDRY L8RRD BUR W X

S

3DYOL&RWURVLRQ Rl KDUGHQHG FHPHQW SDVWH E\ DFHWL

RI ZDWHU FHRHOWQW VQB &RQFUHWH 5HVHDUFK

3DYOLN 9 DQIKiB BIMMHNRI FRUURVLRQ RI KDUGHQHG FHPF

DGGLWLYH RI VLOLEAHDP HXPW DQGDBR®FUHWH 5VHDUFK

*XWEHUOHW 7 + +LOSFILIG DQGVD F% HREGKRWEUDWHG FHPHQ
DFLGV RQ WKH GHJEEBBQWRINQSUKKBFVHWE 5HVHDUFK
ODFKQHU $ 3 +HPVWDG TRZ®UGVHWKHUGWGHUVWDQGL
GHSHQGHQF\ Rl WKH FKORULGH ELQGLQJ Rl 3BRUWODQG F
=KDQJ & OLXPMWUDEDO LQYHVWLIJDWLRQ RI H[WHUQDO V]
FKORULGH ELQGLQJ DQG &RQMWIURBWLLER ¢ FOXFG HAXHOGLQJ
S
1LMODQG 7 DOQIGFURYBRSBLF H[DPLQDWLRQ RLOROWHULRLI
GHVWUXFWLYH HYDOXDWLRQ Rl UHLQ@DRHFHBUFBQFUHWH \
7KRPDV7OH GXUDELOLW\ Rl FRQFUHWH IRU PDULQH FRQVYV
LODULQH &RQFUHWH 6VDWHFM KUH 8
BULQLYDVDQPBHGKMW®OGLFUR VHQVRU IRU PRQLWRQLQJ S-
6PDUW B6WUXFWXUHV DQG ODWHULDOV 6PDUW 6\VW
+LJKZD\V 63,(
-LDQJ : T %H@YWGRQJ FDSDFLW\ DQG GLIIXVLYLW\ RI FRQF
DQG FKORULGH DWWDRFHP QXPHUQHRBO LN X G\
ODQJDW 3 DQG 2 2QURNMHBEROXERXQG FKORULGH UHODV
UHLQIRUFHPHQW FRYHU LQ SHMNDDI D OW L&FDQFHIG \W R QSFRIHS
S



+LUDR + &KOGRDDGH ELQGLQJ Rl FHPHQW HVWLPDWHG E\
-RXUQDO RI $GYDQFHG &RQFUHWH 7THFKQRORJ\

$670 & 6WDQGDUG 6SHFLILFDWLRQ IR$63RU\WODQG DAMIPR
3KLODGHOSKLD 3%

$$6+72 0 6WDQGDUG 6SHFLILEFDWLRQ |RW® 13RUFDMDING/ B APE
RI 6WDWH +LJKZD\ DQG 7UDQVSRUWDWLRQ 2IILFLDOV
$670 & 6WDQGDUG SUDFWLFH IRU PHFKDQLFDO PL[LQJ R
PRUWDUV Rl SODVWLF$BRQYVQWWHQPWLRQDO 3KLODGHOS
$670& 6WDQGDUG WHVW PHWKRG IRU EXON HOHFWULFD
FRQFWSBWH,QWHUQDWLRQDO

$670 ' 6WDQGDUG 3UDFWLFH IRU &ODVVLILFDWLRQ RI 6
IRU +LJKZD\ &RQVWUXFWISBQ03 XUMBRVEBWLRQDO 3KLODGH!
$670& & O BWDQGDUG 6SHFLILFDWLRQ $RHULFDWOIL

BRFLHW\ IRU 7HVWLQJ DQG ODWHULDOV 8QLWHG 6WDWHYV
$670 & 6WDQGDUG 3UDFWLFH IRU OHFKDQLFDO OL[LQJ RI
ORUWDUV RI 30DV®EM &R YHIULWQDWMAMRQDO

*UD&XOLV 6 $ OHUN\WU\VQ® ® OFILDSXY RS HOQ GEENRIRAD V +
RI ODWHULDOV ORGHOLQJ OHWKRGV 7KHRU\ DQG ORGHOL
*UDAXOLV &SU\WWDDO®RJIJUDSK\ 2SHQ 'DWDEDVH+DQ RSHQ [
VWUXFVRXWKD O RI DSSOLHG FU\WWBDOORJUDSK\

IRK 3 < (H\WFDMRI ILOWHULQJ PHWKRG RQ WKH S+ PHDVX

VLWX OHDFK+IKQOL\RQ S H ‘2,
KWWSV GRL RUJ M KHOL\RQ H
e/ - 1DP DQG ([+VLWMDXVOWDFKLQJ PHDVXUHPHQW RI

&HPHQW DQG FRQFUHWH BHVHDUFK

6KDNRXUL 0 DQG,QYHWRRXDWLQJ WKH HIIHFWV RI WHYV

FKORULGH ELQGLQJ FDSDFLW&RQVAVHPXFWLR)L RRG PO B G
S

1ILHOVHQ (3 DQG&BBRUHGNHELIIXVLRQ LQ SDUWLDOO\

PDWHBHPB QW DQG &RQFUHWH 5HVHDUFK

*XLPDUmMHV $ 7 GHWHWBIRL @IONLRQ RI FKORULGH GLIIXVL

VDWXUDWHG 3RUWODQG FHPHQW FRQPYVMMKFEWIDRQLPG G L

ODWHULDOV S

X < < )- 3UHVXHO ORUHQ&KRKXDRII GH 6LPXKRQYLW\ WKUR

6DWXUDWHG %LQDU\$% OGMEHGLRY F-URKW BD O

(ODNQHVZDWDMWL<LRQLF WUDQVSRUW LQ FHPHQWLWLRX

K\GUDWHV LQWHUD¥FRWNIQVGR 8QLYHUVLW\ B6ROLG :DVV

*HRHQYLURPHQWR®O (QJLQHHULQJ

<DQJ 0 & 1HXEDXHU DQWHWSDHQWMUROINW SRWHQWLDO

EHKDYLRU RI FHPHQW VXVSHQVLRQ\$GYHQLRHZG DEHP H € WXD

ODWHULDOV S

1JX\HQ 37 DQGVWXGPRULHOHFWULFDO GRXEOH OD\HU HII

XQVDWXUDWREE PROEFEXFHWIHRQ DQG %XLOSSLQJ ODWHULDOV

+HOPKROWHEHY HLQLJH *HVHW]H GHU 9HUWKHLOXQJ HOHI

JHLWHUQ PLW $QZHQGXB O HNXW GLLWFWHKQ HIHSRXKB OH Q66 KO |

3K\VLN S



<DQJ < OGXOWOVFDOH PRGHOLQJ RI LRQ GLIIXVLRQ LQ F
OD\HU H&HPHMMW DQG &RQFUHWH &RPSRVLWHYV

*UDKDPH 7K8B HOHFWULFDO GRXEOH OD\HU D@&HPKADWKH |
UHYLHZV S

=KX < HWWORGLILFDWLRQ RI FKORULGH &RRDQWV U FDADLNRDD |
%XLOGLQJ ODWHUISDOV

3DUNKXUSWHU N JXLGH WR 3+5((4& $ FRPSXWHU SURJUDP
SDWK DGYHFWLYH WUDQVSRUW DQG L Q86 UNSIDIHNRAEHKGIW L
WKH ,QWHULRU 86 *HRORJLFDO 6XUYH\
30XPPHUS$/FRPSXWHU SURJUDP LQFRUSRUDWLQJ 3LW]HU
JHRFKHPLFDO UHDPWORQV LQ EHEQHWPHQW RI WKH ,QWH
6XUYH\

<XDQ 4 &KWMWLGH ELQGLQJ RI FHPHQW EDVHG PDWHULD
HQYLURQPHQWS R GVWHIIFHNZLRQ DQG % XLOGLRJ ODWHULDO

KWWSV GRL RUJ M FRQEXLOGPDW

4LDR & 'BWDDB LQ FHPHQW SDVWHV H[SRNWE UWRO0/J HM

BWUXFWXUHV S "2, v

'H :HHUGW . % /RWKHQEDF&RHASDW LI PHKQRUVUGH LQJ

VHDZDWHU DQG 1D&0 VROXWLR@HRHQRW VOB @R § FP H\Y W
S 'RWWSV _GRL RUJ M FHPFRQUHYV

+DQVVRQ & 7 )JU|{OXQG 7R GHHHEWURK\WVKID@ULGH FDWL

FRUSRVLRQ Rl VWHHO LQ FROPUHIQWHDEGFERRBUEW H BEW
S

6FULYHQHU . 5 6QHOOLQIV SDREWYWFDGWKHQEDWR PLF

DQDO\VLV RI FHPHQWLWERXO/RRDWHDQFQV

KL & MWDV Rl &KORULGH ,RQ %LQGLQJ RQRXBOQROWU

RI ODWHULDOV LQ &LYLO (QJLQHHULQJ ‘2,
$6&( 07

%HUQDUG ((IHAW ROPDJQHVLXP RQ F D O F L X&H\PIHIL\W CD/DHG K
&RQFUHWH 5HVHDUFK "2,
KWWSV GRL RUJ I\/IFHPFRQUHV

$U\D & 15 %XHQIHOG DIMPRNRYY LOIERBQFLQJ FKORU
FRQFURWAHQW DQG &RQFUHWH B5HVBDUFK '2,
KWWSV GRL RUJ $

$OODKYHUGL $ DEGGLFARRUURVLRQ RI K\GUDWHG FHP]

&HUDPLFVi 6LOLNiWS

/JROLYLHWHUPLQDWLRQ RI FKOR U LGHWHURDWERQID® NREOFH

DGPL[WXUHV LQ PRUWDUV DQG FRQFUHWH 5,/(0 $%(0 UH

$KPHG $ $ DQGBVVHWWMRJ VWDQGDUG WHVWYV IRU DGPL][

DOXPLQDWH DQG FDOFLXP VXOIR®0 XD WHMUW B ONH PRXQUAQ ¥
S

%HUPDQ 'HWHUPLQDWLRQ RI FKORULGH LQ KDUGHQHG SR

FRQFURWWBIQDO RI ODWHUSDOV

7JUHMR ' 1 3 9DGGH\ DRBWRUKDERXUHQFLQJ FKORULCG

FHPHQWLWLRBERY ODWWMHERBOV -RXURDO



$KPHG $ $ DQGSVVHWWMRJ VWDQGDUG WHVWYV IRU DGPLJ
DOXPLQDWH DQG FDOFLXP VXO BRD®PMLHQDLVDID \FHRH¥ Q@D D\
Py

7JUHMR ' DQG $$& RSKWPIHEB) DXWR WLWUDWLRQ WSR ,DVVHV\
ODWHULDOV -RXUQI30

$OODKYHUGL $ $FQGLF FRWIURVLRQ RI K\GUDWHG FHPHQW
OHFKDQLVP RI WKHKISKWBERRPHQRRQOLISD W\

*DEULVRYD $ - +DYGMFDELIDQG/6REFOOFLXP VXOSKRDO
ZDWHU VROXWLRQV ZL\&HK PHIQUW RXYGS& RUIFUXNWH 58I VHDUF

$PHU $ $ 6MOQWIXGIVLY DQG FKDUDFWHUL]DWLRQ RI VRPH |
QDQR VL]H VWD UMRQH VPIDWGH ICDO¥RFLHGDG (VSDXROD GH
'2, KWWSV GRL RUJ M EVHFY

7H\PRXUL 0 DQG (@IHMKWNRXIH RQ '"HVRUSWLRQ RI %RXQG
3DVWHV &RQWDLQLQJ *UDQXODWXIGQ B DR/IW )XW B DEBO ¥
(QJLQHHULQJ S

6XUDQHRMFHMQW GHYHORSPHQWY LQ UHDFWLYLW\ WHVWI
PDWHWLDOWHFKQLFDO /HWSWHUYV

IRWKHQEDFK % . 6FULYHSXISI$SOHBE®IBQW DHRRMHPGI QW LWL
&HPHQW DQG FRQFUHWH UHVHDUFK

&KLQGDSUDVLUW 3 & -DWXUDISLAWD NN XD\ DMK 7L GBHL Q
PLFURVWUXFWXUH R ESCRHIQGNHGX FWRIRQW @ BVWWLOGLQJ 0D
S

.RFDN < DQG7EKH IDIVHFW RI XVLQJ 10\ DVK RQ WKH V'
FKDUDFWHULVWLFV RREOWQRBFHGLRHPEQ® W XLOSLQJ 0DWH

6NLEVWHG - DQBHBFBQNOWLRIWXSSOHPHQWDU\ FHPHQV
LQ FHPHQVE HFROHHIMEW QG &RQFUHWHS5HVHDUFK

JHNORX 1 9 + 1JX\HQ DRE BIIHEXQRQRWXH SDUWLDO FH
ZLWK 10\ DVK RQ 'HOD\HG (WWULQJLWHERURPWQRRQ R Q &KLY
(QJLQHHULQJ S ‘2, v

6XU\DYDQVKL $ DQGWDELGZWP\RI )ULHGHO V VDOW LQ
VW UXFEW X U DFO{ PO\ HOIQQMV & RQFUHWH SHVHDUFK

OXWKX 0 1 8NUDLQF]\N (D®I6W RRBOQB$KHNQH R[LGH GR
GHWHULRUDWLRQ SURSHUWLHV Rl FHPHQW SDVWHV H[SR
&RQVWUXFWLRQ DQG %XLOGLQJ GDWHULDOV2,
KWWSV GRL RUJ M FRQEXLOGPDW

'HVDUQDXG - ' %RQQ DG B UGHKWIVKKUIG]DL@EBKFHG E\ VDO
LQ FRQILGHPHI@WLILF UHSRSJWYV

%KDUDGZDM . 2 % ,VIRWWRWGHW &RQWDLQLQJ 6WDWLV
DQG 5HDFWLYLWLHV Rl &RPPHUFLDO DQG 1RYHO 6XSSOHP
9HUVLRQ 2UHJRQ 6WDWH BQWSHUURWD O2XRVW ILOHV ]
$WNLQV 0 ) *ODVVHWBKDYE $HOMEORYY DQG 6ROXELOL
&DR 6L2 $0 2 0J2 62 + 2 6\WWHP )RU $SSOLFD®LRQ 7R
2Q0LQH 3URFHHGLQJV /LEUDU\ 23/




.RODQL %+\GIWDWORQ RI VODJ EBPIOGWCD BEPHRWAWHWH F

S
=KDR - 7THKWMUPRG\QDPLF PHFKDQLFDO DQG HOHFWURQL
$)P SKDVHV IURP ILUVW S WRIRQFL\S O M F W IDROF P@QIBWA RIQIVG L Q.
S
6RQJ = ,AWOPBVQFH RI FDWLRQ W\SH RQ GLIIXVLRQ EHKD"

&RQVWUXFWLRQ DQG %XLOSLQJ ODWHULDOV
+DQVVRQ & 0 7 )UjOXQG 7IX®IGH{|%F\WDRINKK/VYRIQLGH FDW
FRUSRVLRQ RI VWHHO LQ FROPUIQWHDEAGFERRBUEBW N/ BE W
S RWWSV GRL RUJ
$QGHUVRQ -/ ) 5DXK3[DIQMLEOBRGDIOHWLRQ DV D IXQFWL
DQG LRQLF7KWURIUWKPO RI 3K\WLFDO &KHPLVWU\
%URZQ 7 /&KHPLDAWU\ WKH FHQVWHDO WEQHGKFEDFLYQ
%HOOPDQQ ) BPWLYDAWWIIRUNRI EODVW |XUQHAHQ@DD EG I
&RQFUHWH 5HVHDUBK
7$0$6 $FFHOHUDWLRQ DQG UHWDUGDWLRQ RI 3RWWODQ(
6\PSRVLXP RQ 6WUXFWXUH RI 3BRUWODQG &HPHQW 3DVWH
'LH 1 < 'DQJ DG LQAKLIKWYV LQWR KRZ 0J&0 GHWHULF
FRQFWHPHQW DQG &RQFUHWHS5HVHDUFK
JHQWHU )) ) &DOR]LOBWLFY BRQVWULF7KFLERXBWDAE HR |
3K\WLFDO &KHPLVWUS
3HUULQ'LVVRFLDWLRQ FRQWDQWYV RI LQRUJDQLBXWH. GV D
DQG $SSOLHG &KHPLVSVU\
6FULYHQHU . 5 6QHOOLQ3V SDREWYWFDGWKHQEDWR PLF
DQDO\VLV Rl FHPHQWR®LRXV PDWHE BNOIWY %RFD 5DWRQ
=KX = HWMBW RI VLOLFD IXPH DQG IO\ DVK RQ WKH VWDE
PRUWDU GXULQJ HOHFWURFK&RQNIVY ¥RKWRRQGEH) B[%W X DG &
S
*XR < HW\DOFDOO\ DQG FKHPLFDOO\ ERXQG FKORULGH\
FRPSDULVRQ VWXG\ RI WKH HIITHFWR XJ QDO [RA 00 DXWPHIUR Q G \
S
$UYDQLWL ( 8HWHWPDIDWLRQ RI SDUWLFOH VL]H VXUI
VXSSOHPHQWDU\ FHPHQWLWLRXV PDDMMHUDD® VED GG | B
S
BRQJ + : KWVDPDWLRQ RI WKH SHUPHDELOLW\ RI VLC
&RQVWUXFWLRQ DQG %XLOGLRJ ODWHULDOV
2Q0HU $ 6 $N\X] DRG H[SHIWAECHQWDO VWXG\ RQ VWUHC
FRQFUHWH FRQWDLQLQJ IO\ DVK DQG RS$IWHRX\P X¥Y® BRRF |
5HVHDUFK S
6FULYHQHU . 5 6QHOOLQ3VSDREWYWFDGWKHQEDWR PLF
DQDO\VLV RI FHPHQWLWERRXV3BEWHULDOV
*XR % HWMPBW RI QDWXUDO FDUERQDWLRQ RQ FKORULGH
LQYHVWLIJDWHG E\ D WKRXBRDBOQBPLFXPRGHQJ (BILQHHU
'2, KWWSV GRL RUJ M MREH
3DGH & DQG 0 7H.RRURBWDNH Rl FRQFUHWH&HPBEQW \HD
DQG FRQFUHWH UHVHDUFK




'DQ ; P HKWORWLGH FRQWHQW DQG S+ YDOXH LQ WKH S
FDUERQDRXIWRQ®O Rl =KHMLDQJ 8QLYHUVLSV\ 6&,(1&( $
ADYLMD % DQQ®@DUBERNDWLIRQ RI FHPHQW SDVWH 8QGHU)
RSSRUWX&EROMWMYXFWLRQ DQG %XLOGLSJ ODWHULDOV
KWWSV GRL RUJ M FRQEXLOGPDW

<LQ 6 K (IHWWW @I FDUERQLF DFLG ZDWHU RQ WKH GHJUD!
&RUURVLRQ SURFHYRQNQ® NAVPHRVQL PWQG %XLOSLQJ ODWHL
'2, KWWSV GRL RUJ M FRQEXLOGPDW

$VKUDI &DUERQDWLRQ Rl FHPHQW EDVHG PDWHULDOV ¢
&RQVWUXFWLRQ DQG %XLOG®LQJ ODWHULDOV

KXQWKRQJIJNHDZ - 6 7DQJWHU®SWWXEX® QDR ER QHH/DLL
SUHGLFWLRQ IRU &RQDWURKRWERBWH G %XLOGISQJ 0DWHU

'2, KWWSV _GRL RUJ M FRQEXLOGPDW

X = HWIIPPWV RI WHPSHUDWXUH KXPLGLW\ DQG &2 FR
FHPHQW EDVHG PDW&RQPOYXEWIHRQHQG %XLOGEQJ 0DW

+XVVDLQ 6 ' %KXQLEBRPSBUDWLSHQUWXG\ RI DFFHOHUD
SODLQ FHPHQW DQG-RXURWDI FRRQPFYNHWEH QJ (GILQHHULQJ
'2, KWWSV _GRL RUJ M MREH

9DQ GHQ +HHGH 3 0 'H 6FKHFFHO HD@GVH G' 1D QG QDWW X U D
RI FRQFUHWH ZLWK KLJK YROXPHV RI IO\ DVK FKHPLFD(
HIITHBWRVWDO 6RFLHW\ RSHQ VBLHQFH

LDQJ / % /LQ $DRRGHKO&MW SUHGLFWLQJ FDUERQDWLRC
FRQFWHHWHQW DQG FRQFUHWH SHVHDUFK

XOLN '$ &NP*DO®6+DQ WHPOWH ZHE DSSOLFDWLRQ IRU W
PRGHOOLQJ RI FHPHGW (W LIRKK/QRB WG UHDEWH UV

$ORQVR & KBWURGH WKUHVKROG YDOXHV WR GHSDVVLYE
D VWDQGDUGL]H&HPIRQRRD®YB® BRQFUHWH SHVHDUFK
%DKPDQ =DGHK ) $ $ 5DPH]DQLDQSRXHWFV QRG ED & RR QDN
RQ FKORULGH ELQGLQJ FDSDFLW\ Rl OLPHVWRQH FDOFLQ
"-RXUQDO RI %XLOGLQJ (GILQHHULQJ

+XVVDLQ 6 ( DQG 6l11$PWe RD GRPGBIQW FRPSRVLWLRQ RQ F
FRUURVLRQ Rl UHLQIRUEBH®H YW HHIG LR PRQ AWHWISH VHD UF

X * DQG &KEKUDFWHULVWLFV DQG DSSOLFDWLRQV RI1 10\
PDWHULDO $ VWDWBHRIRWKHAHN/U W RPHWHBYDWLRQ ®QG 5HF

:DQJ < HY UDBBLG IXUQDFH EDVHG JUDYLPHWU\ WHVW
VXSSOHPHQWDU\ FHP HQ@WLHVLRXW MDOMEHWWDE&FW XUHYV



