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$ WKHVLV VXEPLWWHG WR WKH )DRFRXROMNRUDGER % RORKBORR 17
LQ SDUWLDO IXOILOOPHQW RI WKH FRWRXLRHBHKQWRYV REBWK\W Kk

(QJLQHHULQJ

*ROGHQ &RORUDGR

'DWH BBEBBEBBBBBBBBBBBBBBBBB

6LIJQHG BBBBBBBBBBBBBBBBBB

1HLO 3DWNL

6LIJQHG BBBBBBBBBBBBBBBBBB

'U - 'RXJODV :D\
7TKHVLV $GYLVRL

*ROGHQ &RORUDGR

'‘DWH BBBEBBBBBBBBBBBBBBBBBB

6LJQHG BBBBBBBBBBBBBBBBBE
'U &ROLQ :ROGHQ

3URIHVVRU DQG 'HSDUWPH
&KHPLFDO DQG %LRORJLFDO
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$%675%&7

,Q WKLV ZRUHWWHOEBBWINRXV /G WB IDEULEFDWH WKLQ PHWI
VHSDUDWLRQ DQG SXULILFDWLRQ BESHGLRDWAR QX DIKGIR\LER
PHPEUDQHY EHFEDXVH SXUH 3G ZDV V)>S\RANRWLBO HZ KL K/ OGIK
DIIHFWHG WKH WIOXE X JIXKSEWHOBRWLWLW\'HOVH 3G $X ELOD
IDEULFDWHG E\ VHTXHQW® I$XOZH B HR DHIUQHHD/D MGH PS\HGDMW XUHV D
RI +JDV WR DVVLVW LQ WKH IRUPDW LR/ R | VDHRB PIRI DHADRIY D O
SUHVVXUH WBOBXFHG WKH DQQHDOLQJ WLPH IURP RLYIH GD
ORZHU DFWLYDW LR @ HQMAO L F RAL LIGENHRWQK GG ZW VR MHHG W
LQ VLWX SDUDPHWHU WR FRQILUP ROQTHDO ZOWU H W RR WLMPH L
7KLV ZDV DFKLHYHG E\ FDOFXODW L QWNRW EH UPSHERWLERRQVF B F W L \
KDG D FKDUDFWHULVWLF YDOXH GHRBMQGQQWKRQ WKHVSX$KRE!
ZHUH DQQHDOHG D @G WXGXHVFDIOFNABWOG WR DJUHH ZHOO
FROG URORHGQIRLDVOO\ GHFUHDVHG IURPWR WRZW N-$RO
LQFUHDVLQJ WR ZWN -$XR O

JRU WKH VHFRQG VHFWLRQ LW ZDWMNHMLUHELW®DQRBUDE
SURWRQLF FHUDPLF PHPEUDQHV IRU KERWR UH BKVHSDEM V&IXR Q\
FDQGLGDWH EHFDXVH RI LWV VWDELOLW\ DW KLJK WHPSHUD
JDV HQYLURQPHQWY %XW &X HOHFWBRGWW V DIEWH FDRALEEE XV L
WHQG WR GHODPLQDWH IURP WKH FHUBMWH & XD QA8 HADQ/D WK
a P DQG ZHOO DGKHAHHIGH HO B BWHRWHG ZDWIKV3BFVBXY DWLR G

$PRQJVW WKHP 3G &X DQG 5X &X KDG WKH ORZHVW DUHD

LLL



PDJQLWXGH ORZHU WKD® KMKRP RSBV WHKUEG QR IHDOBHOEEQ]
PHPEUDQH HOHFWU PR \DVYBWEHGL KY JGHENVUHQW BIGLEXHDQ
5X &X DOVR VKRZHG ORZ SRZHU UHTXLUH@BQWWL'Q P$ ULP/
+RZHYHU DIWHU WHVWLQJ 3G &WK HQS RKHIU SWH WXLQUEHEP BRQ \& +L Q

WULSOHG DQZDNVKDWUHKEQYHEOH
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,QWURGXFWLRQ
'HQVH PHWDOOLF PHPEUDQHYV
3G DQG 3G EDVHG DOOR\ PHPEUDQHYV
3G $X DOOR\V
$SSOLFDWLRQV
'"HQVH FHUDPLF PHPEUDQHYV
3HURYVNLWHYV
3URWRQ WUDQVSRUW WKURXJK SHURYVNLW
%DULXP FHUDWH JLUFRQDWH
)DUDGDLF HIILFLHQF\
(OHFWURGHV IRU PHWKDQH GHK\GURJHQDW
7KHVLV JRDO
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$SEVWUDFW

,QWURGXFWLRQ

([SHULPHQWDO
6XEVWUDWHM BVXG IFK FOBIPWHUL]DWLRQ

OHPEUDQH V\QWKHVLYV



OHPEUDQH WHVWLQJ
OHPEUDQH FKDUDFWHUL]DWLRQ

; 5D\ IOXRUHVFHQFH ;5)

6FDQQLQJ HOHFWQRQJIP IGRWRWIR/S\YH [ UD\
VSHFWURVFRS\ 6(0 ('6

; 5D\ GLIIUDFWLRQ ;5"

 QGXFWLYHO\ FRXSOHG SODVP®\ + DWRPLF F
&3 $(6

SHVXOWY DQG GLVFXVVLRQ
;5" RQ WXEXODU VXEVWUDWH
+LJK SUHVVXUH DQQHDOLQJ

OHPEUDQH VI\QWKHVLYV
$QQHDOLQJ VWXG\
+\SRWKHVLV DRW HPOHRUWHGBEHU KLIJK SUHV)

$SSEMHDWDQ LQ VLW X GDH BEPMMWRW RIRDMPQHDOLQ
&RQFOXVLRQV
$FNQRZOHGJHPHQWV
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$SEVWUDFW

,QWURGXFWLRQ

([SHULPHQWDO
OHPEUDQH VI\QWKHVLYV
OHPEUDQH WHVWLQJ
OHPEUDQH FKDUDFWHUL]DWLRQ

SHVXOWY DQG GLVFXVVLRQ
YL



+LJK SUHVVXUH DQQHDOLQJ

OHPEUDQH V\QWKHVLYV
$QQHDOLQJ VWXG\
$SSEMHAW SHUPHDWLRQ RI KLJK $X FRPSRVLWLR
&RQFOXVLRQV
$FNQRZOHGJHPHQWYV
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$EVWUDFW
,QWURGXFWLRQ
([SHULPHQWDO
6XEVWUDWHY DQG WKHLU FOHDQLQJ
(OHFWURGH VAOYWRBAWVY BSOBOH QJ (/3
(OHFWURGH FKDUDFWHUL]DWLRQ
SEHVXOWYV DQG GLVFXVVLRQ
OLFURVWUXFWXUH
7KLFNQHVV DQG FRPSRVLWLRQ DQDO\VLV
'5' DQDO\WFDVUBERQGWDSH WHVW
7UDQVIHUDEL®EWW WRWHAXEXQG UXW XUH ZRUN
&RQFOXVLRQV
$FNQRZOHGJHPHQWYV
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$SEVWUDFW
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L QWURGXFWLRQ
([SHULPHQWDO
(OHFWURGH VI\QWKHVLV
(OHFWURGH FKDUDFWHUL]DWLRQ
SHVXOWY DQG GLVEXVVLRQ
(OHFWURFKHPLFDO LPSHGDQFH VSHFWURVFRS\
OLFURVWUXFWXUH
&RQFOXVLRQYV
$FNQRZOHGJHPHQWYV
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SEVWUDFW
L QWURGXFWLRQ
([SHULPHQWDO
(OHFWURGH VIQWKHVLYV
(OHFWURGH FKDUDFWHUL]DWLRQ
(OHFWURGH WHVWLQJ
SHVXOWYV DQG GLVFXVVLRQ
5X &X
&X &X
3G &X
&RQFOXVLRQV

$FNQRZOHGJIJHPHQWYV
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3G $X DOOR\ FRPSRVLWH PHPEUDQHYV
&X EDVHG HOHFWURGHYV
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YLIXUH

JLIXUH

JLIXUH

JLIXUH

YLIXUH

JLIXUH

YLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

/,67 2) ),*85(6

6FKHPDWLF RI PHPEUDQH HREHWDW. FRABDUMH & H (
WR D SRURXV PHPEUDQH S5HSULQWHGPILWR/RRB@PL\D H
RI 6SULQJHU

+\GURJHQ SHUPHDELOLWPBRVXYEWRQRIRRI3EL&LD |
3G $J DQG 3G $X V\VWGIIPSWDHME IURR OF.LQOH\ > @

&DUERQ MROXWE IRKHWD QY GORM JHQHUDWHG IURP
GDWD IRU GLITHUKQMWRRWIDROWBMHPPDHUDWXUH > + @

*UDSKLFRD JDOMYO\W B DMRGRE WR®BY DDQE PR GH
ERWWRP Rl RSHUDWLRQ 5HSULQWRGVIVUIRPQ/ROGLQ |
'RUOG 6FLHQWLILF 3XEOLVKLQJ &RPSDQ\

SHURYVNLWH FU\¥YA®D O SKHAUXIKMW % URD VW$FRQ JUH\
% FDWLRQ DQG EOXHRQYBKHEHSHVL RMEBQADEP SDEEUL
ZLWK SHUPLVVLRQ RI 7KH 5R\DO 6RFLHW\ RI &KHPLVW

7TKH SDWK RI D SURWRKQLQIUWEKIH WZR %W&HPY R
*URWWKXVYVY PHFKDQLVP 5HSULQWHGWURP 0*QFK HW
ZLWK SHUPLVVLRQ RI (OVHYLHU

3ROLVKHG FURVV VHFWLR®@G>®EO 2PDJH RI UHG
FHUPHW ZLWK D&H<-PR PDHREUDQH /LJKW DQG GDUN
UHJLRQV DE&EH<%WD~FDQG 1L UHVSHFWLYHO\ ZKLOH
UHJLRQV DUH SRUHV ORGLILHG IURPLRQQRBLQ HW DC
RUOG 6FLHQWLILF 3XEOLVKLQJ &RPSDQ\

;5" SDWWHDWOM IRU BHPEFHKLY ZPVSPUH 3G

PHPEUDQH

(YROXWLRQ RI WKH
IURP PHPEUDQH % DQQHDOHG DW

5" SDWWHW Q$SRIVWREBOH SHD
f& DQG 0

7RS DQG ERWWRP VXUIDFH :5' SDWWHUQ RI WKH
SLHFH DQQHDOHG DW f& DQG 03D +

6(0 LPDIJHKBQFAU RS VRY NVF WILIRBRRH® KK REOPKH
ZW $X SLHFH ZKLFK ZDV DQQHDOHGIKMWGDVKHOBQG
OLQH UHSUHVHQWR PSRN DN IHRJ® ZHK 1SN WRH DDUWGNMN Z SR
WKH FHUDPLF VXEVWUDWH ILOP LQWHUIDFH VLGH

'"HSHQG HQF B LRIIX W IKRIQ L P RRHSIH IUFLW QWH ROIQVWAH | 1 H U H
+ SUHVVXUHYV



YLIXUH

YLIXUH

YLIXUH

JLIXUH

YLIXUH

YLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

YJLIXUH

JLIXUH

(ITHEWHRVXUH RQ WKHN RFWQWHWLRIQ INQHRIQ DQC
FRPSDULVRQ WR OLWHUDWXUH

;5" SDWWHUQ
—P WKLFN DQG

IRU PHPEUDQH7 KH % H B BMHI QDH C

ZDV ZW $X

&RPSDULVRQpHRIRWKH BESDOBRWFRPSRVLWH PHF
I[URP WKLV VWXG\ DQG 6KL HW DOpeRU PRQ@ WR WK
UROOHG IRLOVHQOWEHMHG/SBDRQWYV > @

S5DWLRV ROWERN SIHUPGIBOFRH RI WKH DQQHDOHG F
WKH LQLWQBDNsBHUPHDQFI\RH® KHOPY IREUWRH GLIIF
DQQHDOLQJ FRQGLWLRQV

6 WD E L OORMLLNH\E RRU PHIOKQ AH D W
FRQGLWLRQV

f& IRU WKH GLII

SBIUPHDQFHV DW f& IRU WKH GLIITHUHQW DQQH
+ IOX[HV DW f& BEG SUBYVXUH XQGHH® +
IRU GLIIHUHQW YDOXHV RI PHPEUDQH *+69

(ITHFW RI1 YDU\LQJ PHPEUDQW\*BP&W RQOQfWHKH)SGHUP
03D ZLWK D + GLIHHHUG QRAUDQREGWVWOLQJ FRQGLW

;5" SDWWHUQV RI PHPEUDQHV OQVOIRW DQG
PHPEUDQHV O 0 0 DQG 0 ZHUH VLPLODU WR WK
&RPSOHWH SDWWHUDRR\ES BEN¥XVKRROVIDEKBIYN VKLIW

$ X DV WKH $X FRPSRVLWLRQ LQFUHDVHYV
([IDPSOH RISHD® \&UW R HDLXKE XGRVSH#H IDFSHSDW HRYQV
RID ZW $X ILOP

6 XPPDU\ Ry RSISHUHPHWWLRQ RI 3G $X DOOR\ FR
PHPEUDQHV XS WR ZW $X IURP WKLV @WXG\ 3DV
6KL HW DO >URD CHGGIRROG>0@MEHOHG SRLQWYV

3DLQWHG &X HOHFWURGH
%=&< HOHFWURO\WH

+HUDHXV & ZKLFK

6FKHPDWLF VKRZLQJ WKROGLVIVHSGIRWL QW ISR RH
DFWLYDWLRQS OIHGXFWLRQG DQQHDXIDQDDBM®RORU Y|
RQOLQH

6(0 LPDJH RI WKH DFWLYDWLRQ OD\HU 3G2
FDOFLQDWLRQ

RQ

6(0 LPDJH RI WKH &X (/3 ILOBDWWDLDWOBURB DUI
%=&< 7KH LPDJH ZDV WDNHQ SULRU WR WKH DQQH

[L



YLIXUH

JLIXUH

JLIXUH

YLIXUH

YLIXUH

YLIXUH

YLIXUH

JLIXUH

JLIXUH

YLIXUH

DUH D UHVXOW RI LRQ PLOOLQJ ZKIVAHFWDR XVRIGB WR
LPDJLQJ

6(0 LPDJH RI WKH 3G &X D Q®HRP\OHQ@HRPWMURGH |
,QGLYLGXDO 3G DQG &X SKDVHV FROQMULRO&®DWHG WR
DOOR\

6(0 LPDJHV RI WKH VXUIDHWYV LRI 3\ KBIF&X EDW HRSC
ZLWK &X (/3 3G &XDVELRX DIPMWKL & X (/F X &X DQG
DFWLYDWLRQ ZLWKRRAXP &REX VKRZSIVARARIHV WDNI
WR WKH DQQHDOINQDQYGHDMN PHDQ /L BIVF\WY WY HRQV UHVS

('6 VSHFWXXPDVRIEG WMIOHFWERGH3 IREGUREDWHG
DFWLYDWLRQ %D DQG =U SHDNV VXJOH¥W WRIODWHE RV
ZHUH EHLQJ VDPSOHG

;5" SDWWHUQV IRU WKH 3G &MV 5IXIW K UD V& H& X
DQQHDOLQJ WUHDMPBOQOWWHUFFRESTFIORYHY ORRN DW
JLIXUH E VKRZV WKH SHDN VKLIW GRH WRH &X
DOOR\LQJ RI &X ZLWK 3G

6WHSV RI WKH (/3 SURFHVV DIWHU 5X DFWLYL
PLGGOH DQG DIWHU &X (/13 ERWWRP

([DPSOH RI PXOWLSOH HORARWURES/HWWU DDNEHU L F R W
WKLFNQHVY UDQJHV IURP —P WRHDVXPHGURWP OHIW
;5) DQDO\VLV

(,6 VSHFWUD IRU VK H @B & &\XD\DP PRHVIMWVIRUPLQJ

4Q $U 7KH IUHTXH@KHUW [ FRUUHVSRQGV WR
QXPEHUV LQ LWDOLF IRQW )RU WKHDORZ/VRURORNBFLF
WR HDFK RWKHU WEDW WR LD @ERAVDERMHH IUHTXHQF
WR +]

S3ORW VKRZLQJ WKH %=&<RIFREBSHWLRWXWH DR LC
DOO WKUHH VDPSOHV LQ GU\ RSHQ WMFEROV DQG
IRUPLQJ JDVLQ $d &RQGXFWLYLW\ YDOXHV DJUHH
OLWHUDWXUH > @

30RW RIXWRW LG BV VDHASWMKDMXK U8 IHRUHWW UR G
DQG WKH (6/ SDVWH XQGHU GU\ RSHREROPREROV DQH
IRUPLQJ JDVQ $Ur

&URVYV VRIIFI/IRXQ 6D HPBIFMEULHREHN VHH® WKRLFN
7KH HOHFWURGH ZDV VLQWHWHG fFRU PLQ LQ GU\ 1

[LL



YLIXUH

JLIXUH

JLIXUH

JLIXUH

YLIXUH

JLIXUH

JLIXUH

JLIXUH

&URVV VRIFWV BXQ@O H® B B MV RGHODRILFROWHG IURP
WKH VXUIDFH RI WKH %=&< HOHFWHGO\MH 7KH HOI
PLQ LQ ®W 1 f&

6 FKHP D VRL FWKIHRQ R PHD/DUQ F  KEWEQI®R JGHHDS MFWWDLQ V S R U
IURP WKH JDV SKBOHNWHR MKKIHVAOH-SARMIIDW B®&PME DUH
PDVV WUDQVSRUW HOHFWURGH SURMHVHV DQ
HOHFWURGH SURFHVVHV FRQVLVW RI DE GLVVRFL
GLIIXVLB®IQRWHY D K\GURJHQ UDGLFDO +\GURJHQ G
VROXWLRQ GLIIXVLRQ DQG RU D FRPELIQOWIRRY Rl .Q
PHFKDQLVPV &KDUJH WUDQVIHU RFEXQWWHODM PMKH HC
GXULQJ ZKLFK DWRPLBD®VGHBRUHG MM WVKH HOHF
BXEVHTXHQWO\ WKH K\GU}REBQH G RQRWKIG DR DPHU 9L
QRWDWLRQ GLIINHOHFWERAYXIK WRHAHK R SSSQRVEWWIR G
VLGH $W HTXLOLEULXP WKH PRYHRHQWKRXRKGEURJIH
EH HTXDO &RORU YHUVLRQ LQ ZHE DUWLFOH

ORGHO /5 54 54 VROLG ORZQWKVK[BHW URRGWDIO |
GDWD FLUFOHV DW f& LQ IPQ LSWW |IRRW ML RIX JOX/
E 3G &X DQG F 5X &X 7K#H AKHUWHQFRUWHVSRQGV !
WKH QXPEHUV LQ LWDOLF IRQW )FMRUW QWK\WH ORZ VBHT X
FORVH WR HDFKRW E RV \QU& DD WRX WK R\ | LR P
+] WR +]

&RQWULEWWDRY VHR | IFXGIWAIBHWF WWRR B/H 15 $B B R1 W
WKUHH HOHFWURGHV XQGHUW ®@RIWWWRDPLQJf &DIVQ G
E f&

6(0 LPDJHV RI WKH VXUIDFHHWV RDWWKNi &X ED\
PDJQLILFDWLRQ &ROXPQ DV IDEULFOWH® FROXPQ
+ DQG FROXPQ DIWHU (,6 PHDVXUHWKQXVY URZ D
(/3 &X &X URZ E 3G DFWLYDWLRQ ZEWEBX&X (/3 3G
DFWLYDWLRQ ZLWK &X (/3 5X &X

6(0 LPDJHV RI WKH VXUIDFEMVRDW KHIT&X EDYV
PDIJQLILFDWLRQ FROXPQ DV IDEULFOWH® FROXPQ
+ DQG FROXPQ DIWHU (,6 PHDVXUHWKQWYV URZ D
(/3 &X &X URZ E 3G DFWLYDWLRQ ZEWEX&X (/3 3G
DFWLYDWLRQ ZLWK &X (/3 5X &X

6 FKHPDLWK ERRPIHNDRNLAY @/ BMWYS B UL P HQ

SHUIRUPDQFH RI WKH 5X08%6 HOHFMWJURGH LQ D
IOX[ EODEN SRZHU V%SEOXNROORZIHU RXBSO\ FXUL
GHQVLW\URIG M DQG I)DRIDHIDAA\F HUHHQ

[LLL



YLIXUH

JLIXUH

JLIXUH

YLIXUH

YLIXUH

JLIXUH

YLIXUH

YLIXUH

JLIXUH

JLIXUH

JLIXUH

SHUIRUPDQFH RI WKH 5X$8X +HIODHFWOREN LQ
SRZHU VXSSO\ %REBWDHH BRZHU VXSSO\3;FXUUHQW GF
UHG DQRG )DUDGDLF HIILFLHQF\ JUHHQ

SHUIRUPDQFH RI WKH &XO &% HEOHBWWRGH LQ D
IOX[ EODEN SRZHU V%SEOXKN RORIHU RXBSO\ FXUL
GHQVLW\UHGM FHOO pYRPWRXWP RMQE )DUDGDLF HIILF
JUHHQ

SHUIRUPDQFH RI WKH &X&X HOOHFWORGN LQ
SRZHU VXSSO\ %REBWDHH BRZHU VXSSO\3:FXUUHQW GFt
UHG FHOO REWRYINH RLQEL )DUDGDLF HIILFLHQF\ JU

3HUIRUPDQFH Rl WKH 3® Q% HEOHBWWRGH LQ D
IOX[ EODFN SRZHU VX%SSOXKNROGRZHU RXDBSO\ FXUL
GHQVLW\UMHG M FHOO Y RPWRZIH RLQBG )DUDGDLF HIILF
JUHHOQ

SHUIRUBBQPH HOHWWH RGHULQAHOX[ EODFN
SRZHU VXSSO\ %RBWDHH BRZHU VXSSO\3;FXUUHQW GF
UHG FHOO YBREWRYIMH RLQEL )DUDGDLF HIITLFLHQF\ JU

SHUIRUPDQFH RI WKH 3G+ X+ HOXFVEODEN LQ
SRZHU VXSSO\ %REBWDHH BRZHU VXSSO\3:FXUUHQW GFt
UHG FHOO REWRYINH RLQEL )DUDGDLF HIILFLHQF\ JU

SHUIRUPDQFH RI WKH 3G &XDIMOHFWMURRHX WK W
PHWKDQHO X+ EODFN SRZHU V2%SEOXHKNROSRDZHU RU ¢
VXSSO\ FXUUHQW OGH®@VLMAHORU YMREWRZIKY R WD QG
J)DUDGDLF HIILFLHQF\ JUHHQ

SHUIRUPDQFH RI WKH 3G a8®X{ OHPWBERG I RBDHRRC
VXSSO\ YRQWBPOKHRRUIRZHU VXSSOsyWwXNHGHQRMH GBI QV LYV
YROWDgGHERUWRIQ DQG )DUDGDLF HIILFLHQF\ JUHHQ

3HUIRUPDQFH RI WKH 3GU&RIWEHFRRGHGCH IV +
IOX[ EODFN SRZHU VX%SSOXKNROGRZHU RXBSO\ FXUL
GHQVLW\UHG M FHOO Y, RPWRZIP RLQE )DUDGDLF HIILF
JUHHOQ

BHUIRUPDQFH RI WKH 5% QG HOHBWHYRGH LQ L
+ I0X[] EODFN SRZHU YXEBDXHY RORZBIIH VRIS SO\ FXU L
GHQVLW\UHG M FHOO Y, RPWRZIP RLQE )DUDGDLF HIILF
JUHHOQ

SHUIRUPDQFH RI WKH 5X &X 4OXKQHEWDRMNH LQ
SRZHU VXSSO\ %REBWDOHH BRZHU VXSSO\3FXUUHQW GF
UHG FHOO Y REWRYINH RLQEL )DUDGDLF HIITLFLHQF\ JU

[LY



YLIXUH

JLIXUH

JLIXUH

YLIXUH

SHUIRUPDQFH RI WKH 5X&+X +,| 6O[HEWDRGEH LQ
SRZHU VXSSO\ %RBWDHH BRZHU VXSSO\3;FXUUHQW GF
UHG FHOO Y BEWRYINH RLQEL )DUDGDLF HIITLFLHQF\ JU

3HUIRUPDQFH RI WKH 5X ®X D] WHWH FHWSIRGH H QW |
PHWKDQHOXf EODFN SRZHU VX%SEOXNROSRZHU RU ¢
VXSSO\ FXUUHQW GH®VLMHAORU YMEWRZI) R QG
)DUDGDLF HIILFLHQF\ JUHHQ

SHUIRUPDQFH RI WKH 5X &X J|OKOHEODFRNGH LQ
SRZHU VXSSO\ %REBWDHH BRZHU VXSSO\3FXUUHQW GFt
UHG FHOO REWRYINH RLQEL )DUDGDLF HIILFLHQF\ JU

3HUIRUPDQFH RI WKH 5X$& XD, WHHQHFRGWHRG H DL\Q +
IOX[ EODFN SRZHU V¥%SSOXKNROGRZHU RXIBSO\ FXUL
GHQVLW\UHGM FHOO pYRPWRZIH RLQEBG )DUDGDLF HIILF
JUHHOQ

[Y
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7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

/1,67 2) 7$%/(6
% D W KWULHYFOLVB HR/QI RUHBBFX FWLRQ 3G DQG $X

6XPPDU\ R\PWREVD|®IEVIRU KHV K XU B IDRIGIDD L Q J
VWXG\

6 XPPDU\ RI WKH DQQHDOL®J WX PHOW SRWH\D DSWR [
HDFK DQQHDOLQJ FRQGLWLRQ VWXGLHG

6XPPDU\ RI WWKEH XNOHIGKXHRU FDOFXODWLQJ U

+HDW WUHDWPHQW DQG DFWLYDWDRG HQHUJLF
FRPSDULVRQ WR OLWHUDWXUH

&RPSRVLWLRQDO DQDO\VLYV IRU PHPEUDQH $

6XPPDU\ RI 3G $X PHPEUDQHKVSVHYWKHWL]IHG
K\GURJHQ DQQHDOLQJ VWXG\

6XPPDUORQWRR@EILOWHMRQYV LOQYHVWLIDWHG

&RPSDOHDRQVWRIDELOLW\ DW
ZLWK WKROBHWMHUD/\WNKUH

f& IRU PHPEUDQF

6XPPDU\ RI WKH KLJK $X FRPBRVUWURQWRHPEUL
DSSDWHRW $HUPHDWLRQ

SHFLSR®Q | RY @AWLLYRDQV LIRME & X (/3 VROXWL

6XPPDU\ RI
VWDQG IRU JUDYLPHWULF PHDVXUHPH@QIWYV
GLVSHUVLYH VARS\VIHFNWHRWLYHO\

&X EDVHG HOHFW,OBR®K\G IDEULFDWH (
[ UD\ I

$FWLYDWLRQ HQHUJLHV |IRQ GNRKDHQOHFWWRGWHI S
&7 FRQWULEXWLRQMLRUPRLVW +

6XPPDU\ RMVWMKH RIKMANHQ HWH HW WGE P B WHIFBW BR G H
JUDYLPHWULF PHDVXUHPHQWY *0 DQG [ UD\ IOXRUH

6XPPEHHGRIDWKRLIWXUHV XVHG

&RPSDULVRQ RI
+ IHHGV

HOHFWURGHW FR QXKDDKE 5X &X

&RPSDULVRQ RI WKH SHUIRUPWQFH R$ WKH 3G «
EHIRUH GXULQJ DQG DIWHU WKH PHWKDQH H[SRVXU

[YL



7DEOH &RPSDULVRQ RI WKH SHUIRULWPWQFH R$ VEKH 3G «
EHIRUH L H DIWHU WKH SRZHU RXWMDIHDVGXULQJ
H[SRVXUH

7TDEOH &RPSDULVRQ RI WKH SHUIRGRDIQWH R MPKH 5X &
GXULQJ WKH YDULRXV WHVWYV

[YLL
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JLUVW DQG IRUHPRVW WKH XWPRVMW RUD3WIRW X-G HRXV @BV
ZKR QRW RQO\ SURY.LGEMGEXDO KD E & H BRROQIND 1IG HPHHY G H Q W ¢
DOVR OLNH WR DFNQRZOHGJH 3UR| RPON) BHLQQIGHLIF KWH ZK@J.
ILQDO OHJ RI WKLV MRXUQH\ DVVLWOMMN Z0QWKY NKHR G\H VL
$GGLWLRQDOO\ , JUDWHIXOO\ DFNQRRYHGUE J' D V\RLQ/ \WODGDAHD |
LQLWLDO ;5' DQDQWKR @ Q® QHUE L Q RMRURIQHDG IXIDOGLBF VHW
UXQQLQJ WKH VWRLFKLRPHWULF WMWRUPWLRE RH) SHHWL PHDWQV7
/IXQGLQ IRU KHOSIXO GLVFXVVLRQV D)WHWAKRRRUDBIEL @ X DL C
SUHVHQFH LQ WKH RIILFH 'U +DQL $EX (O +DZD IRU KHOSL
$PDQGD /HZLV JHWWLQJ PH VWDUW HDG& N.K) WK HD BN & R 3 O HIGUBIOW
Rl WKH &KHPLFDO (QJLQHHULQJ GH SHDWPBH QWF REN. F 8 QQQMD0H
DQG PRUH UHFHQWO\ .LP /X]JHFN\M IRU EHLQJ WKH EHVW G
9RHONHU DQG WKH *UDGXDWH 2IILFHWMRY WKURXIK PHK HQE R/
JHOORZVKLS

7KH ILOQDQFLDO VXSSRUW IRU WKLV UWPHDWFRIZDYHSD
VXEFRQWUDFW WR) (3UD[D D & @G UKV HDW FHRPR QREEDY IR G H Q

&RORUDGR 868%

[YLLL



7R P\ SDUHQWYV 6DWLVK / 3DWNL DQG %YHOD 6
, FRXOGQTWWIKLYWH Z& R/VEIR XW \R X
7TKDQN \RX IRU DOZD\V EHLQJ WKHUH

[LI
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ORGLILHG ITURPSW HER RWNR FEKHDVEoXdES2ientiKcHP @bliEning Company

6HDQ 7KRPDV %1HXKQ GLG@RRMDLYV ) )6CHYUEW. Q H& RICARON$H :ROGHOQ

- 'RXJODYV :D\

,QWURGXFWLRQ

+\GURJHQ LV QRW DQ HQHUJ\ VRXWAHFRQ\G DV\DI@ LHQ R U H\C
OLNH HOHFWULFLW\ ZKLFK QHHGV \BR FEIH © URIRGHONE R @ L VR
DURXQG PLOOLRQ PHWULF WRQV SHU \HDU ZLWK WKH Pl
VIQWKHVLY DQG K\@U R W UH/D W\P\H DR\D WRH GVWIK\D \W\GBRIMQ LV S
YLD VWHDP PHWKDQH UHIRUPDWLRQ ®FF RX@WWVHIRW ZRDQOH UD
IUDFWLRQ RI SURGXFWLRQ DQG WKHRQHRIDEQ U@L DD R A IGROQV L
JDVLILFDWLRQ > @ ,W LV HVWLPDWHG WKDW E\ WKH K\
ZLOO EH RYHU PLOOLRQ PHWULF MRRQYL® @ KDKXVWR\GQRUH

WKH LQFUHDVLQJ GHPDQG

SHSULQWHG ZLWK SHUPLVVLRQ IURFDRUOBUGELAQ W LAKB W HO LWVEWQW QR |

OHPEUDQHV IRU +\GURJHQ 6HSDUDWLRY) GBXFIMUNVWHRBQLQEWHPEUDQHYV IRU *I
3ULPDU\ DXWKRWPHRW' RI' RKHEPWF DO @@ WH RIORI LERORUDGR 6FKRRO RI C
&R DXWKRU 3K ' FDQGLGDWH 'HS DRDNOP H@M GRH HLKLHPIL FEOROO B Q B GRL ROKRIR
&R DXWKRU 3K ' FDQGLGDWH 'HS DRDNOP HIM QRH HLKLHPIL FEOROO B Q B GRL ROKRIR
&R DXWKRU 5HVHRUFKVRL/ RSB WGOFX DQLLQHHULQJ &RORUDGR 6FKRR
&R DXWKRU 3URIHVVRU 'HSDUWPHQMQRHEKEPLERO ROUDGS R IBEB R RIF RO (K
$XWKRU IRU FRUUHVSRQGHQFH 3URIG \WIRRO RH ISHRIOV PGLIQVQ HRH WRLKHIP LEFFDADR
OLQHYV



&RDO JDVLILFDWLRQ LV D SURFHWZK VALK MOKCHJ UMD FSVD IURNQL B
R[\JHQ DQG FRDO DW KLJK WHPSHUD\WIDWDRER &X F H \@ V \DMKK
FRPSRQHQWYV RI VIQJDV PD\ LQFOXGH RDUKRW G GRI[R BBIU F/RVQM
FROQWDLQLQJ FRPSRXBGBWUDRG DDV LOWILRG XK\HA RUREG SDVROI
QDWXUDO JDV GRHV QRW KDYH D VAW QXLWLLFODLQ DWW & 9 DR)IVWDK R VA
SURGXFWLRQ IURP FRDO JDVLILFDWL®R QZ LKWDK/ REFSWH QW LDQG
VHTXHVWUDWLRQ >'H@ D UKX\H QWK R | 8Q6BIFM L XD O ERBKE SURMH F
VLQFH > @

L,JUUHVSHFWLYH RI WKH FKRLFH RI WRH BAKRIFIBURAREWK \
QHHGVY WR EH SXULILHG 3XULILFDWZAIRE MDY K H SIMAKRLG RHGLEY
GHQVH SRO\PHULF RU LQRUJDQLF PHPEUDQHYV > * @ 3UHVV
RI KLJK SXULW\ UHFRYHU\ DQG P D LBDW BLQK GBI WKWX 8 XU LZIK HC
WKH GUDZEDFNV DUH KLJK FDSLWDPRFRWWN FBROLBOI QW VS WRE
> @ 'HQVH SRO\PHULF PHPEUDQHYV G FRN WWK HH D & M DRI WRDSIH
DQG ORZ HQHUJ\ FRQWXPMSGULRDE AN D DG KW XVGBLED® MVSEHEEH W
VPDOO WHPSHUDWXUH UDQJH RI RSHK®XW RORRURZHFHO BE WD
DQG VR RQ > @ 'HQVH LQRUJDQLF URMWEQ FRIQG XFIVNIHQ P H
PHPEUDQHY DUH OXFUDWLYH EHFDXWHRWKE U R DHQEBIQ®BH D UHF X
EHORZ

'HQVH PHWDOOLF PHPEUDQHYV

7UDQVSRUW WKURXJK GHQVH LQRUJDQLER®HPHULOQRY
PHFKDQLVP ZKLFK LV EDVHG HQWLUWIOW\RRI W K HWIRLGOX B DO HW

VROLG PDWHULDO 'HQVH PHWDOOLF FHPEHDmHWWXEEND V3G HE



LQRUJDQLF PHPEUDQHY 7KH K\GURJHQ QVUDRHNNE R O @ L F HFFHKDEXL
EDVHG RQ DWRPLF K\GURJHQ DQG QRSPWWHWH D ¥ KRR & HF/X W/H
WKH\ DUH WKHRWaGWVHDGEGEWEWMHIWR K\GURJHQ 'XULQJ WUDQ
JRHV WKURXHSYHMHXDE& vw , WKH K\GURJHQ PROHFXOH DG
,, GLVVRFLDWHY LQWR WZR DGVREAHRWDBDWREWR W,KH PHRVD X
WR WKH IDU VLGH ;9 WKH DWRP\WQ WHGARRAEE G KRG WRKIHH @ XPURIC

9 WKH K\GURJHQ PRIDOWHFXOWH LUQY/RAWRKH G >SHIURPHBWRHG *+= @

Dense Metal Membrane Porous Membrane

Mixed gas Purified H, Mixed gas Purified H,
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J)LIXUH 6FKHPDWLF RI PHPEUDQH REHDDRW LFRRP SPW BHGCGW | V-
PHPEUDQH 5HSULQWHG IURP 8HPL\D6BEWLROHY @ ZLWK SHUPI

,Q JHQHUDO WKH K\GURJHQ SHUPHG EH\O(ITWD WQ RrP(H W D QAK |
VWDWHYV WKDW WKH SkURNDWKE LSW RRRAHIWSHRIBWY WHGVY.RIAXEY O\
Dn

& L gH 5 (TXDWLROQ
$VVXPLQJ HTXLOLEULXP DW WKHJIJORM PR®BBXO@W HU DUFRHM QN
FDQ EH GHWHUPLQHG XVLQJ )LENVYTADXV LRKH VR@KWHKR Q VWHR

NQRZQ DV 6LHYHUWYVY ODZ > @

, &t H K2,F 2o (TXDWLRQ



,Q WKLV HTXDWLRQGWWHURKXQPHG E\ XVLQJ WKH BBBBPH IHIWHK.
LWV WKILFRQBVWKH SUHVVXUH JUDGLHQWPR{ K\GQGG RIHWOP HB W F
Pip VLGHV 7KH SUHNVNVXOWRHNSRZKODN WKH 6LHYHUWVY H[SR
EHWZHHQ DQG GHSHQGLQJ RQ 2ZWB WO ISRIUVWLICRIQ RX QWU B
OLPLWDWLRQV IRU LQVWDQFH ZLOO QFHIVX@KHUHD W WKIUd
DGVRUSWLRQ GHVRUSWLRQ OLPLWDWKRQW\Z:00 @HYRO WV KB
UHSRUWHG LQ WKLV GRFXPHQW K\G WDRYHI\Q ADWD IQRKSIRA WV RV K |
GLIIXVLRQ OLPLWHG ,Q WKH FDVH RH @ R\PISKR\GLWHV P M WD GG B R|
ILOP FDQQRW EH GHFRXSOHG IURP WRM,W R W XV FS®& HDWV B UXQC
GHVFULEH WKH IORZ (TXDWLRQ > @

214 L—/; (TXDWLRQ
%HFDXVH RQO\ K\GURJHQ FDQ EH WURQ VHRRKDHGE VEP W R B XWR.(
WUDQVSRUWHG E\ .QXGVHQ GLIIXVLR@GHHFWRY RUVEFRYX \K RORIX
IRUPHG GXULQJ SODWDQUHRW HM WK QUHFRISWK B VH@ HPE

3G DQG 3G EDVHG DOOR\ PHPEUDQHYV

2YHU \HDUV DJR LQ WKH JUHQRRVWPRXS Rl |IHY\
UHSRUWHG WKH GIQ IWKIURX R KUBXNESFEDVPHWDD D X SODWLQ?
ZKLOH KH ZDV FXUDWRU Rl WKH %ULWLVK 5R\DO 0LQW 7KRP
K\GURJHQ WKURXJK KHDWHG SDOODGLXP *UDKDPYV LQLWLDC
ODWHU SDOODGLXP WXEHV PDQXIDFWXUHG IRU KLP E\ *HR
IRXQGDWLRQ IRU WKH GHYHORSPHQW) RS DEHID/GIL R R W DHDD RJIIOR H
ODWHU WKH LQWHUDFWLRQ RI K\GURJH@OR\W K DYD 6 OWIGQ ¥

LQYHVWLIDWHG DQ@GE&EWHYQLHZHS &\ MXNHSRWEBFEWHD®OEDOODGL:



K\GURJHQ VHSDUDWLRQ PHPEUDQH KRZHWWK HZDH [ WHLY HUH
VROXELOLW\ RI K\GBREHQRIZQ SDI@OD G& PHKUROKELOLW\ OHD
IRUPDWLRQ RI D VHSDUDWH SDOODGHXPOD&WLGH FRODWHV D OW
SXUH 3G FDXVLQJ VXEVHTXHQW GM/MIRUMY KQGR IR WKH HABEUY
+\GURJHQ HPEULWWDW®H S WRED HPWIFRYZ®HD FRRKD 3@ PHPE
ZLWKRXW UHPRYDO RI WKH GLVVROY S LK\G URJGHQU H DR/ ERP |
LVVXH DOOR\V Rl SDOODGLXP ZLWHK RAMKHULPNWDW VJ VDK @/ [E
FRZRUNHUV DW WKH $WODQWLF 5HILBLQJERKRBSQDQG ERDE
ZKLFK ODWHU EHFDPH -RKQVRQ ODWWRRB\ SRWH@ W R WEBU PR
HPEULWWOHPHQW WHPSHUDWXUH RI 3G LQFOXGH $J 3W $X

$OOR\LQJ 3G ZLWK $J 3W DQG $X KDNVRWKH W RGXBIQON
K\GURJHQ LQ WKH PHPEUDQH ZKLFK L\QRWXVWUKH LPGORY BV W@
HQKDQFHV LWV KLDELWHWS HU DBV XDGISV RN HW HOIWWOU HWLVWD QF
SRLVRQLQJ > @ &X DV DQ DOOR\LQJQPWWB 0O K\N ¥ UDGAXR HE
FRPSRVLWLRQ UDQJB E@ EKIQHK LLAL DARX U) PXEKHVPDRQ SDJH
FRPSRVLWLRQ FRQWURO LV GLIILFXOW

3G DQG 3G EDVHG DOOR\ PHPEUDQHVQRD FKHPULBBOL¥DW
GHSRVLWLRQ PDJHOMERQ RSEDAWMASIAN/GLEOHFW UBROHY @ !
PDWHULDO FRVWV VFDOH ZLWK WKAHRDGNY KDIYRUB Q@ YWR
PHPEUDQH WKLFENQHVYV ZKLOH VWLODQREDQ@WDIQL\VQHQULWAOBHR®
WKLQ DV FD P> @ DUH IDEULFDWRHG DE'\S BUIRRY LWKLEQ/IW D D
PHPEUDQHYV DUH FDOOHG FRPSRVLWH FEHPBERDAXV BQGD R/IKH

\WWULD VWDELOLRXY RHWRQLVD ORKIGCS FZWW KQD BYMXWLRQ EDUL
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JLIXUH +\GURJHQ SHUPHDELOLWPBRVIXWWER/Q RRUR3 & I&XD B\GI
3G $X V\VWHPV DW f& DGDSWHG IURP OF.LQOH\ > @

3G $X DOOR\V
$ ORW RI JURXSV KDYH VWXGLHG 3CGE$X/® QRYR\UWKKQ OLD
GHFDGH 7KH WZR PHWDOV KDYH WKH VDPH FU\WWDO VWUXI
VROXWLRQV DW WKH WHPSHUDWXUHV+  ZW $X& RD ®RXFRPSWF
> @ *DGH HW DOXSSERUWHDBNBG MNQENOD\HUPPHPERWQK X E\
VHTXHQWLDO (/3 D@& RMSERHWHEGDW K B VW R RINF KB 8W R VDDWWHHI O X
DW f& > @ 7KH\ ZHUH VXUIDFH H@QULE@RIG L QK $XWGHV $EBW
'LWK WKH KHOS RI [ UD\ GLLIRBBEFWURBG %"KBWLWKL®GG $X EL
+ —P IDEULFDWHG XVLQJ VHTXHWODDW /3 UMET KQUBMEP R V¥
> @ 'HVSLWH WKH ORQJ DQG DJJUHPEUDH)H QOMDVWQO OV FR
VXUIDFH HQULFKHGODQP®X H&EWHQFDN®G 3G $X ELOD\HU ILOPV
ZW $X E\ VHTXHQW L\DVL (/BWHITG VIHQMHI DO DQQHDOLQJ VEKHG

WR GHWHUPLQH WKH H[WHQW RI DQQHDOLQJ DQG FRQFOXGH{



K DW f& WR DQ@XMDOWKM ¥KRXOGHUV RQ WKHLU 3G $>
LQFRPSOHWH DQQHDOLQJ 7KH\ UHSRBERMEX ¥ WU DIF H GHUWL FaKLE
[ UD\ VSHFWURVFR®\R'®RLIQWFKGC WROLQERPSOHWH DQQHD

7DUGLWUHBRUDWHG WKDW D a P 3G $X FRPXRULMWH PHP
DOWHUQDWLQJ OD\HUV RI 3G DQG $X fRDRQEH BRI@ D DKIG L Q
FODLPHG WKDW VWDELOLW\ RI WKH )ZDRJIJBEQ L@X[LRDWLHRRSR
6KL HWKR@HG WKDW LW ZDV HDVLHU WR DQQHDO D 3G $X DC
OD\HUV VDQGZLFKH® \ERWVKDHH @ K3HG 305D $HD VEILR@ \WH ARG@UT XH >

DOVR IRXQG WKDW VDQGZLFKLQJ $XR BHWZBFHH BGUQ B KPPBI\Q W LK

$ P ILOP IDEULFDWHG ZLWK VHKY&HEBWZBEQR ® DHHV VRF
DQQHDOHG LQ D ZHHN DW f& EXWRPSOmMW®WGE GX EQQBDDKUH G [
ZHHNV DW f& > @

*DGH HW DO > @ GHPRQVWUDWHG WKDWHD K\GWRJIBX
SHUPHDELOLW\ LQ D VWUHDP Rl SSWKD G URIHH X DIQG H H G
SHUPHDELOLW)\ 3G &X DQG 3G $J DOUFRANDVK®J WVEWRSR ERVRHQUW
PHPEUDQHV WHVWHG LQ D VIQWKHWQB Z DS\SBPUHI DX OWKH.GWL © LE
UHVLVWDQFH WR &KHOXDQERDDRNLQ IREVHEULYWHR QVRDW 3G  $X
VXOIXU VSHFLHV GHURDMDYHGVHP®KURWKGHWRZAKDLEGVSRD HTX
DGVRUSWLRQ QBUXURQR IX\W & HNH MIKHVIRWIEGWVRQ IR DEXKUH 3¢

*DGH HW DO R E VA-DUAYIHREQ WKHDAK QR EXKH S ¥\W /G WHR® ORILCO V V L
FRQWHQW + ZW $X DIIHFWHG W K35 SSEKUDROWHRD @ FLH) RV KXHD ¥
Rl FDUERQ DQG @XFIRRSRRXQBDLOL@ GBISXGWHSHGI RRIPOVY ZH

FROG UROOHG IRLOV €6Q WK#H SUHBBQFBIUMLDPO SUHVVXUH RU



GHJUDGHG TXLFNHU WRR ERWK W WRWG®HUMYE BRI RZHW N VID WXF
IURP WKH VSXWWHULQJ SURFHVV

7KH 3G $X DOOR\ FRPH\R\GLW R XVNPEU D@ WKL VDE R E K B WRI\G
(/13 ZKLFK LV D GHSRVLWLRQ WHFKGIOHY ZEKRANK] WVKKHH FSHOVID DVQ). ¢
DV WKH HOHFWURQV > @ 6RPH RI WXLH DHQY\U QWP SV FRIW(/ 3
VFDOH XS DQG WKH DELOLW\ WR GMKNERWIWWDWHW DOV HR/G HFRV
VKDSH > @ $ 3G (/3 EDWK FRQWDLQV GHBSR\WDIPLIBE RRPWE®H[L
VXSSRUW E\ WKH UHDFWLRQ JLYHQ VQY[DXDWIRS ODF H R HSQON
(TXDWLRQ EHFDXVH WKH VWDQG®DUG UHGEKFWLRQ SRWHC

9 > @ LV JUHDWHU WKDOHWX®W RI 3G 938 @ 7KH
WZR OD\HUV DUHWRKHRUPQQQKRPRIJHQRXV DOOR\

t2@0*;;3° E §*g E vI*\ t 2@ z 0 E PE vgi (TXDWLRQ

t2@E #Q> \ u 2@E #Q¢ (TXDWLRQ

$Q XQDQQHDOHG RU LQFRPSOHWHO\ DQQHDIARQ RE ORZP ¥
$X ZKLFK ZRXOG EH SURQH WR K\GURKKX® GREQ LRWUWIOHFE QMW FR
IDLOXUH GXULQJ RE8NUDWHRIRQGV @RX &G HDYWR K/IXYHHISQVLE
SRLVRQLQJ E\ FDURRWDQGLYIMIXHWMRHUHN ZDVIRXYHHG WR H|
DQQHDOLQJ SURRHVY EMWWEO DY WX &XHSWKBD HHWHQWVRI DQQ

7KH DSSDUHQW DFWLBBWPRBRVHIRREM IRRRWUYLEXWLRQV IUR
HQWKDOS\ RI VROXWLRQ RH+ DQWRNWKH B®EX DWIORRQY HQHUJ\
LQ WKEH D O Q@R \7KH H.SSDRIUSHM PHDWLRQ FDQ EH FDOFXC(

$UUKHQLXV SORW XVLQJ H[SHULPHQWD G R &UR I HAX 1$ HQUIPWM B L



SHUPHDQFH RU SHUPHDELOLW\ YHUVXXWIHQ WHWXH RHPBKK C
PXOWLSOLHG E\ WKH XQLY HRLV IZ® LIFKY KIR\Q WW B QUMD L 5V VJ RY HV

=HQJ HWWXGLHG WKH DQQHDOLQJ SURFHVV IRU 63G $J |
DQDO\VLYV ZKLOH DOVIRXHDYEURREWRRILHYH UPKIBWLRQ > @
DOOR\LQJ SURJUHVVHG WKH SXUH 3G DQG SXUH $J SHDNV F
DOOR\ SHDNV ZLWKK®RX &G HQ \R | 20Q F R ASIOH W1 DWW H.DQ IRU
DQG SHUPHDWH VLGH RI WKH PHPEUDRGE VROILRXQGIEG XKWW DD
+ IOX[ UHDFKHY D VWHDG\ YDOXH LBONAD + # ORKXHWR R &V |
UHDFK D VWDEOH YDOBXHZO¥XH KDQDEWBOXHVRIF RI WKH $J FR
ZHOO ZLWK OLWHUDWXUH GDWD IRUWF UROGVHEMIRGDI®RLOS I
UHYHDOHG D KRPRJHQRXV $J FRPSRVLMMVUR @ ROKURKIG R XMWK I
PHPEUDQHV ZHUH LQGHHG DQQHBEHHDQ 7KK K VW&HD W PRZRG @
LQ VLWX SDUDPHMWHUQWRRMRQOHBBEHDM®OOR\V $ VLPLODU VW.
VIVWHP ZRXOG EH H[WUHPHO\ XVHIXO

$SSOLFDWLRQV

,Q JHQHUDO K\GURJHQ WUDQVSRUW PHWPHEWDGQGHYLEDG |
VHOHFWLYHO\ WUDQVIHU K\GURJHQKIH RN IRYI DN ¥ ROWVRIH B VG W
IRU LQVWDQFH LYGWKWMUSDDOPDBXUWFH RI K\GURJHQ DQG VL
SHUIRUPHG RQ WKH SXULILFDWLRQ RI7HABGRWHRQD®G\ V XVKKH .
REFXUV ZLWKLQ D UHDFWRU EHIRUH WKH JDV VWUHDP IORZ
VHSDUDWLRQ KR ZHYHHUF WU AR X ©RW LY R@J 7S WHKY WXKUHH FZL Q J
368 WHFKQRORJLHV WKDW KDYH EHHQ GKINHO RS H GV \R/NHP VY

KLIKO\ UHILQHG DRGIBAKQHYH BHRWRKLHQFLHY DQG K\GURJHQ



VXEVWLWXWLRQ RQAPMNADO WIR EHIR MARRPGOWSLWH 3W6HBURF
SURGXFH K\GURJHQ DW QHDU IHHG SHFRPBXIWHY V URIG XFEIL Q/K KV
K\GURJHQ WKDW UHGXFHV RSHUDWLQJIUY¥RXWXUR UD ®XQ VF DW’
K\GURJHQ WUDQVSRUW PHPEUDQHV VKRXQGRI\RFXR/P B B WH HDQ
DUHD LV WKDW RI FDWDO\WLF PHPE WBBQED VUHG FRRBWYV | R&JO B
K\GURJHQDWLRQ DQGIBHNKLKROQRJIK QWD MIEREQ UIDWHIVING JIDR XSV 2
SURPLVLQJ UHB@XIRW WKEHWMDLWY W H U

&05V FRPELQH UHDEWWWRRQDQGWRHBDVLQJOH VWHS > + @
GHK\GURJHQDWLRQ RIIHUV WKUHH P DVFRWR UE HFQRHIILLW X U BWH B
FRQYHUVLRQV FDQ H[FHHG HTXLOLEMUXPRM\P EWQWIHRQW WD LY
RSHUDWLQJ FRQGLWWD®V FRWOW FD QF HSE LLH®XF WEHE\WURREWL
VHSDUDWLRQ VWDJHV LQWR D VLXIOBOBQUMPRYHV@K\GKRVHY
SURGXFHG WKXV SUHYHQWLQJ WKHGUEDPWHLRQ XURIPE U HXFE K
3G EDVHG PHPEUDQHY FDQ EH XVHG LQDBU5V&LIW R:B6W R HDHFSA
+\GURJHQ SURGXFWLRQ IURP FRDO JDMLTKXHNWIUPQVLFRRRX SLO/H
DSSOLFDWLRQ ZKLFK LV OXFUDW IPYDHVH U@D O ¥ HZ IGLLA KL EDHTGW F H \
K\GURJHQ I10X[ DQG SXULW\ GXH WRQVDWOGFH WDFWLIYRIQ VR
FRPSRXQGY UHVSHFWLYHO\ ,| 3G ELDAHEG VDR ER\ AFRRAPRSHRVALIVDHD
WKH\ ZRXOG QHHG WR HB XVHY® KD BN UWIWKHY WKHUPDO DQC
ORQJ OLIHWLPHV a \HDUV > @

7KH RXWSXW VWUHDP IURP D FRDO JDW.ILHU2 KIVQIB K
FROQFHQWUDWIRWRH S8JHVHQFH RI D FDWDO\V@YGQUWNIR GG | RW

FRNLQJ ZKLFK DGYHUVHO\ DIIHFWV WWKHY K USALE DHQ SIRPX RRQ C



VXUIDFH VLWHV E\ FDUERQ > * @ @ KH WXR OEX CDOWR &KRGE F
FDUELGHWD33/& QJ IRUPDWLRQ RI SLOQKROHYQ GG MQJI>WR 1@ L
7R UHGXFH WKH FKDQFH RI FRNLQJ EA2P®IBDIEVRW R/ KEHH :V & LU WE
&2 2 : + &2 ZKLFK KDV WKH DGGHG EH GFHIQ WH R WLUDRWIHDY L
IHHG VWUHDP )RU WKH :*6 UHDFWLRQ WR RFEXU H[FHVV V)
FDXVHV VHULRXV LVVXHV ZLWK LWV ORQJ DQG FRQWLQXRXYV
UHVLVWDQW PHPEUDQH ZRXOG |DFW®&HW P&V H HIDAV LIRHQU IRBE H G
$ FRNLQJ UHVLVWDQWOPEREOD QO N R WHBEN EVOR BMK IR SHEDWHG |
VWHDP WR FDUERQ UDWLRV $V VHROXEOH 1LXQUBIW IREDBERG
KDV WKH ORZHVW VROXELOLW\ LQ $X PRRG @HVKXWD®F¥H Wi
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JLIXUH &DUERQ VROXELOLW\ LQ GLIITHUHQW PHWDOV 30RW

GLITHUHQW PHWDOV DV D IXQFWLRQ RI WHPSHUDWXUH > = @



$FFHOHUDWHG IDLOXUH WHVWYV IRHWMRK B ® I$ X 2DDQ® \D\EN
RI VWHDP ZLOO HQDEOH XV WR LG HRWERNLQ@ R BWY PD\W DIXF A
GRFXPHQWHG VXOIXU WROHUDQFH RI MMH DG $YQ MVWHRPL
JDVLILEDWLRQ RWBOX®B\VXOYRULFRYWDLQLQJ FRPSRXQG

'HQVH FHUDPLF PHPEUDQHV

7KH SUHYLRXV VHEFWLRQ GHVFULEHG GHQVH PHWDO PHPE
JUDGLHQW WR EH H PHPEH® @H URR/ VG MLKYHU VWS R UGN R'HQ V H
PHPEUDQHV KRZHYHU FDQ HLWKHU ERRDWHG ZQWIKR @ QBPOW D
RSHUDWHG LQ JDOWDNHE RR 3 KL FK\B VALIOD. QHYRIVH B8WHB O JUDG
PHPEUDQH WR GULYH WKH K\GURJHQD\WUDRW B R W\WD®D WKHIL K
JDOYDQLF RSHUDWLRQ $V WKH 1HUGQVW HT>SIWHLRQX VKR D\Q G
DUH HTXLYDOHQW |RRIPN RH LH)JHHWDXDDLWR 9 DW f& 7K

9 HOHFWULFDO SRAWHQWIXQYDUDHIIWQWR D K\GURJHQ SUFL
PLOOLRQ WLPHV 7KHUHIRUH LW LWLPOHDWIDG LHMWYL HUK V@R N

HTXLYDOHQW SUHVVXUH JUDGLHQW E\ FRPSUHVVLQJ JDVHV

e L%g,H:.I;L%HJ—E/@%BAD (TXDWLRQ

,Q WKH FDVH ROGKRWRWW FK\6 URIG GAVARUDYVERSE
SURWRQV DQG HOHFWURQV 'HSHQGLQRQWQ FURHHEDW H U LDV X
HWHUQDO FLUFXLWR UJDIOY DIQHIF PBRGRIQRIF FLOHEWIIRRQLF FHUTL
WUDQVSRUW WKURXJK WKH PHPEUDQHVEQRQ GLOXDORD PRIGH
WR GHQVH PHWDOOLF PHPEUDQHV > @ )RV YBEGYDQLF IR0
DQ HOHFWURGR GDVMEB RLIDWWH W KH K SO/WRIHHIP JDL/GRIQDY & HD V V/ F

VSHFLHV LQWR K\G WRYWHWY UHDP RQ GHK MEDRIO RLWHM VDPH PH



HOHFWURGH WR DYRLG LQWHU GLIITXWHRQ D O UH. XKXAH.GV VWR) G- |

SRWHQWLDO JUDGLHQW
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YJLIXUH *UDSKLFDODODYDXQVLW PREBRIWRE DRQE MARGH ERWWR
RSHUDWLRQ 5HSUQ GIWHIZOI UR @ / X IQWRK 6 16 UPALLVAVQ R QI RF 3XEOLV
&RPSDQ\

SURWRQ FRQGXFWLRQ KDV EHHQ REVHWYRAMD ORYWRHXUFMPX
HLWKHU WKH SHURYVWILWHVWRS W RB AR UHWHVR M FSNXUHYV >
OLNH DFFHSWRU GRSHG PHWDO R[LGGRLVF RPBFWWRPIOWNRDG(
VRPH RI WKH QHZHU W\SHV RI SURWRRBHE O QXA LNVWIL FAHW 1D
SHURYVNLWH EDVHG FHUDWHY DQG JLUFRQDWHYVY DUH WKH P

PRUH WKDQ WZR GHFDGHV RI DFWLYH UHVHDUFK > @



BHURYVNLWHYV
&DOFLXP WLWDQ@DWHNVKRHDTLEVW SHURYVNLWH GLVFRYHUF
7RGD\ FRPSRXQGV ZLWK D VLPLODU FU\VWDO \DWWXFW X

FDOOHG SHURYVNLWHW S L& QWHKH LHDIUXFWWHH® WER K, ZARKDAJ D HW |

UHYHDOHG WKH SURWRQ FRQGXFWLQH DO\DLVMPX UB ®H ZF HIUMCDE. G

FRQGXFWRUV LQ ZKLFK WKLV SUR $H UWH RIHQIHPUSE0MH SSHHUURRYYWNNL

LQ UHJXODU FXELF IRUP )LJXUH RQ SDJH FRQWDLQV V

ODUJH FDWLRQ UHG VSKHUHWQDQUWH\ IVISKNWUWNV H $%N DFOW

DONDOLQH HDUWK PHWDOV RU1DDUHHMWFGEW K 6RH WHDO \H WX F KRI

/ID )H HWF FDQ RFFXS\ WKH $ WLWBHUHKHO HWKU B QINER W Q RIQY

HWF &H 7L HWF OQRUW HWF FDQ RFFXS\ WKH % VL'

QHHG WR EH VDWRVFIKH® PRV LRLUFP SBAWRK WN\KLHW IHR R} BE&MB O H $

6XP RI P DQG Q RI WKHUR[IRG DWKIHR BDRW RV VKRXOG E
5DGLXV RI WKH FDWLRQ PXVW EH FRP\BIDWH. EQHRFIFXE LWKH J
,Q WKH VWUXFWXUH VKRZQ LQ )LJXUH RQP SIDUH W K

ZKHUHDV WERRW A1 % 7KH UDGLXV Rl WKH WZR FDWLRQV PXVW
N E sNL YN E 3N (TXDWLRQ

+HUHLV WKH UDGLXV RDGEXY IRM WKH UD®IXAVRTRROGVFKPLG\

WROHUDQFH IDFWRUWWH @ WK \§ KO RM\EOH RM UHYQWBE'QFHG E\

RI GLVWRUWLRQV Rl WKH FU\VWDOXGWWWH. F HDIWRR QW KGIL VSO

FHQWHUV RI WKHLU FRRUGLQDWLEBQDSRQ X HIBK® @H &QBW IGQ Y

+HQFH SHURYVNLWHV FDQ DGRSW GIEIlKWHRIWR FLOV WIK®R PB R

RUWKRUKRPEIDFO WVRRIWRRQIRFIR@LF > @



J)LIXUH SHURYVNLWH FU\¥YM®D O SKWHWXIRMW $UFD WI2R2Q JUH\ VS
DQRG EOXH VSKHUHVUIRQWHGQG LRR¥P )BEHBUL HW DO > @ ZLWK S
6RFLHW\ RI & KHPLVWU\

BURWRQ WUDQVSRUW WKURXJK SHURYVNLWHYV

BURWRQLFV LV D FRPPRQ WHUP XVHGFXKILPAK/ W HHUJVSWR\
> @ $OWKRXJK VHYHUDO FRPSRXQGM WXRKDIQGR|LGHND\E KRV
SURWRQV DW WHPSHUDWXUHV DERYH f& SURWRQV DUH ¢
,QVWHDG WKH\ DSSHDU DV K\GUR[8GRWRQHFVEWH | DFOVR T H W
FKDUJH GHORWHKG.ENHU 9LQN QRWDVWLRG® H TKH) N XEVWWLEW
SHURYVNLWH ODWWLFH LQ WKLV FDVH WKH RPHJHQGVWWH Z
VXSHUVFULSW LV WKH GLIIHUHQFH HEAFDMZBI®IQ WKH EHKIDWI HE KT
VSHE IXHLV @ X.WOSRVL'WLW I DIDAVLYH 7KXV D YDFDQF\ LQ DQ
9LQN LV JRYBQ@EWRQV IURP K\GURJHQ DQG ZDWMKHYBPSRW DD

VWUXFWXUH ZKHQ R[LGHV DUH UHGRFEHG YISDJHHDF\WDRREQWVT XD



SDJH UHV S HRKWML YIHOAW> U@DF@ LW RHRFEX UW ZKWH K\GUR
H[DPSOHV LQ WKH OLWHUDWXUH SURYLQH WKDLWFHHDF@ LRQV
VHFRQG UHDFWLRQ DOVR NQRZQ DVWKRHQ&WEBMWJHGIOKH RARXI
UHDFWLRQ IRU WKWR®UP GW LRWR/ A RE WHWHYWD SRWRGD SURWF
IRUP D FRYDOHQWI[ERQG L. WK MW RBR[WGAHL RO Z IPLRKGIWL OOV L
YDFDQF\ > @

*s0, E AN t12E tTA (TXDWLRQ

*s1l., ERE & ~ t 12E t'A (TXDWLRQ

7KXV R[\JHQ YDFDQFLHV DUH QHFHVVDQLFIRGAHIWKWYV I
&RQVHTXHQWO\ XQGRSHG R[LGHV RI WKH KRZUFOYRZN LSAUHR WY
FRQGXFWLYLW\ ([WULQVLF R[\JHQ YDBD® EL KW URDQ NENV H Ul
VXEVWLWXWADW LW RHZ®WWK D WUKYDGH®W FOWHL\RBE 0> @
ZKLFK IDYRU SURWRQ PRELOLW\ LQ WKH RGLGH, @HIF BHFDV¥H @
GRSLQJ RLWK LOV JLYHQ E\ (TRDW|LIRIQY 9LQN QRWDWLRQ

t$¢ E §E k1, "t P ERE t%1 (TXDWLRQ
7KXV WKH JHQHUDO IRUPXQD,F P ¥ EHUMNR GIKHHRF\DN @GBHILFLH
XQLW FHOO 7KH FRQFHQWUDWLRQ RWMX MW R [WHKH PFDQWLFI
E\ (TXDWLRQ @ » WRBWLRQ LV GNRGIHYD OHWK FDWLRQ WKHQ |

DUH FRQVXPHG LQVWHDG RI EHLQJ IRUPHG
R 2L-H [>? (TXDWLRQ
7KH WUDQVSRUW RW ISH FRWIRGH/ RFKEXRWR KD WZRQDWHBRW L R

SURWRQ DURXQG WKH R[\JHQ IROORZHMGHLRKRS3IKQV WHRFE D@}t

SURWRQ WUDQVSRUW LV WHUPHG DV WKH *URWWKXVV PHF



PROHFXODU G\QDPLFV VLPXODWLRQV LQD)VIXUHH O O ([®PHWI
VLPXODWLRQV KD YKHFERRWIMW HREQW GRFDAMRVWVLIRQ IRVW KH VK D OR.

HQHUJ\ EDUULHU QUQIGIWKWISSRWRPWHODLPLWLQJ >

proton
transfer

rotational
diffusion

J)LIXUH 7TKH SOV RIUD GIUHRGXY LRDEWEH WZR VWHSV RI WKH
PHFKDQLVP S5HSUQEWHG/ IDBP>0 @ &WR\BHUKRPWVVLRBLRI (OVH®

%DULXP FHUDWH JLUFRQDWH
+LIJK WHPSHUDWXUH SURWRQ FRQGXG6WRUM D YK H HHDQY W
GHFDGHV <WWULXP GRSHG<EDUI%%&< FHR@PGVHWWDBXP GRSH
JLUFRQDWH2 DBk FRQWLQXH WR EH FRQVLGHUH® ODKRIQJVW
FHUDWHY DUH DPRQJ WKRVH ZLWK WKH KLIKEBEWW SYURWRQ@ FF
@ +RZHYHU DW KLJKHU WHPSHUDWMXYUHVR@KH\VEHHDQ W&
UHGXFHV WKHLU SURWRQ WUDQVIHUHR¥FHY IQX\P BAHRJ WWRDWDLCR
FRQGXFWLYLW\ > @ $GGLWLRQEOOLXRLBKODWBYVLP QRS[LY

FHUDWHY UHDFW ZLWK DBRGLEDIWNHWNUVERK DARISRUP FDUERQ



> + @ UHVXOIMQ @HERDD IOFO® HQWH BHOWOHNY > @ 2¢
KDQG ]JLUFRQDWHYV RIIHU JUHDWH FH KRHPWRBIOSVUWDER OV DN P
DFLGLF JDVHV 1HYHUWKHOHVV WKHXFNKYEWW P FFR ROSRIZUHHU
FHUDWHY GXH W R XWKH RUHVK N W U'DIE GDE RXGG BUWHW S HVHQF |
FKDUJH OD\HU > @

7KH OHVVRQ OHDUQHG IURP WKH HDUGDY HVS$DRISHUIDNH \
DUH FRPSOHPHQWDU\ WR HDFK RW K HQH Z7 KO FRQUHR O\SH KR P}
ZDV WR XVH WKH SURSHUWLHV RI %=gWDDRIBV %B&RY Y QE WK HVK DR
PDWHULDO FRQVLVWLQJ RI,8RPH2FRPSRYLWRRQ R EPQHELLW I
KLJK FKHPLFDO VWDELOLW)\ RI %=< DRG %&<H WKIKUBBRWRBAL
TXDOLW\ FRPSURPLVH EHWZHHQ WKH RIZ®RLPDOVEV L\WDION L% H&H<
FROQGXFWLQJ FHUDPLF IRU WKH SDV®W %R XHPRIAVSRY LW @R QAL
EHHQ LQYHVWLJDWHG E\ GLIIHUHQW DXWKRUV > + @
Rl EDULXP FHUDWH DQG EDULXP ]JLUFRQDWH LPFQ HDN LIQE W
FRQFHQWUDWLRQ RI =U EH\RQG P ROV HALD GVHK HL W6 2/&KU D G G I
SRO\FU\WVWDOOLQH FHUDPLF FRXO GQXRNU EQIJI RIUHFHK® LXTVXLH 3V |

2QH LVVXH ZDV WKDW WKH XVH RI VUHUXKUBIG WW.R WRHIUA @.
FHUDPLF OHDG WR EDULXP HYDS R UDWNRRH G6 W\RWKKL E P HWXR K
UHVXOWHG LQ D ORZHU SURWRQLF FRQIBXF VERKIQG\DIRUFRRW®
6DFULILFLDO SRZGHU ZLWK H[FHVV % B | BHLAWXYH WD \ZWR DR
EDULXP HYDSRUDWLRQ > @ $OWHUYQDWH®HD\W K KAHK 8 UGRHEYOHH

VROLG VWDWH UHDFWLYH VLQWHULQJGL6GHBHWHKLYWHILWP RO\ W



VIQWKHVLY DQGRQUMWHEEQYVIEQWRVWHSHYHQW JHRPHWULHYV
URGYV WXEHV D Q® BHTFONAG FED G &@6 >
,Q PRVW RI WKH UHFHQW ZRUN RQ %=&RSDQPRCO RI| < ZD\
@ 5LFRWH HW DO > @ VWXGLHGEPWKRQWIHIDFW RYQY BVIKH Q.
FROGXFWLYLW\ Rl WKH %=&< EHWZHHQWHGf &\DEBG6 DW& ZKH
XVLQJ D PDVV [UDFWLRQVROQW HILR2Q WD®GILRQIYH F RIQK X\FRV LY LW
WR LQFUHDVH ZLWK FHULXP FRQ WK WHGX E RS WKH K 1@ K BKIHE
LOQYHVWLIJDWHG X\SIUHFWEKWRYREDWRXPFVXOIDWH LQVWHDG RI
%=&< DQG UHSRWURGHUWLED > @

%D=RH< 2, %=&< LV D PL[HGURRQEFFRQIBKFWRQ 0,(& .
KDYH XS WR GLIIKDHQW MDSHVHRN FGHHOBUYLIRD SKRYHVV:
WHPSHUDWXUH > @FWRRWXKPDDGHHBFWHO ZEWFKURRXR[E GDWLR
FHUDPLF DUH QRW VLJQLILFDQW EHHEPKY B QRRN VU K\ RIS RILHDQV
R[\JHQ SDUWLDO SUHVVXUHV :KHQ %#8xXW LSOHRWRQMEXFLQ.
LRQ YDFELQALGI® UHGXFHGCEH WL WREBVFKDUJHG VSHFLHV SU
XQGHU PLOGHU UHGXFLQJ HQYLURQPMWDMY LMXKKGNRIHY P DE
FHULXP FDWLRQV H[LVW RQO\ LQ H[WUHPFHD\S OREZWERDGEH§)
%=&< PD\ EH UHJDUGHG DV D FR LRQLF FRQGXFWRU &,&
YDFDQFLHV DUH FRQVLGHUHG WKHQ@WQ G\ FRDUJH FDUU\LQJ VS

$ WDEOH VXPPDULDDQHWEKRU +GLIITHUHQW SURWRQ FRQC
FRPSLOHG E\ 5RVHQVWHHO HW DO UDWILFK MRVR ERPODGH & FG
GRSHG ZLWK WUDFH DPRXQWV RI UXWKHQLRAUWDPIGF PRFBUS(

RQH WR WKUHH RUGHUV RI PDJQLWXGHIP BAKOL@ NYH UD Q&K DWQK S |



SHUPHDELOLWLHYV DUH WZR WR WKUHHVWVBRGHRVQR | WD JOH.GWX
WKLFNQHVV DQG LQFUHDVH WKH SURWRQ FRQIGXER\WHYLWV Kz
PHPEUDQHV F D —P ODFN WKH PKIEKNDHU FIDRX Q W WS D UW
UHTXLUHV WKHP WR EH VXSSRUWHG SRR DVFBIQ G HWW QHHED P
FRPSRVLWH FRQVLVWLQJ RI &HW 2AL21L2 2WW&%D=HQ ZKLFK

—P OD\HU RI %=&< ZDV GHSRVLWHGL>OHE WHRGWRW LIRQ FRD
SRURVLW\ )LJXUH 7KH\ DOVR IRXBGFKMWKDPLFWEKDYH S

LOQOWHUSHQHWUDHGLY K DRXGIKERXYWRWIOM FHUPHW

J)LIXUH 3ROLVKHG FURVV VHFWLRQ=DJC&F6€OZ.PDBHHIH?I—IV\UE[GWH7(I-
D —P %Y 2, PHPEUDQH /LJKW DQG GDUNKWYHA UMQGRQV D
1L UHVSHFWLYHO\U K XKLROMY WK ESCROBANV/ XQFRGAIQ IHVWGE DO > @ ZL\
SHUPLVVLRQ RI :RUOG 6FLHQWLILF 3XEOLVKLQJ &RPSDQ\

J)DUDGDLF HIILFLHQF\

7KH WKHRUHWLFDOY-ROXBDWI D JLYHQj FIXBROWDQWR G H
NQRZQ DV WKHIX™XXUDEDQFEH FDOFXODWHG IURP (TKBWHRQ
LV WKH QXPEHU RI HOHFWURQV WWUDQV IHQIGMH D 8B G KYGURR @ ¢

F & PRO)DUDGDLF HIILAHQA\FR Y G\UILW @& K B VOOUIXGR +R T W



WR WKH )DUDGDERELQVRQ HW DO UHSRUWHG ID PD[DWXP )D

f& DQG  ®XWPLQJ WKH JDOYRQWFRSMRSWEURXIK D P ¢
PHPEUDQH RQ D UHGXFHG 1L2 %=&< F Ha PHQWG HLE WIKFOAMHIR B
WKHI®X[ ZDV ~ PRAKPFK ZDV RQH RGGHORZIHRDWEDWY WKH W\
REWDLQHG IRU WKLQ F D —P 3G FRWNKR\G W B ORHRE WINRHLF
WLWUDWLRQ FDQ EH XVIOX[WWRKBRBYK Wk 8KKH >+ @ DQG WKD\
DSSOLHG WR RSWRMR GHRIPAXFWRUV DV ZHOO

£ 080xdup, (TXDWLRQ

%=&< KDV IRXQG DSSOLFDWLRQV LQ &06VDRG 6DY VDR
OLTXLG IXHOV SURWKIQHQBHK\G URJIHQ@WLRRW> WKHt PHPEL
HOHFWURGH DVVHPEOLHV 0($V KDYM BQOR XEHHI® W X@H IGRWL W
$FP $W KLJKHU FXUUHQW GHQVLWLHHVPHE KDIQH FBTE ¥ WILKHDWY
WKH FLUFXLW 7KXV WKHLU SHUIRUPDQFH DV ZHOO DV ORGQ
QHHGV WR EH LQYHVWLIDWHG ,W WV EH@LHEYHH GL @ K D \W DAVKHHC
ZLWKRXW FRPSURP LADLA L QWKHHJ BHWK RQ IWKH FHUDPLF

(OHFWURGHV IRU PHWKDQH GHK\GURJHQDWLRQ

1DWXUDO JDV FRQVWLWXWHV D VU RBEOHRIR URMVLRD R K M
WR KDOI RI WKH QDWXUDO JDV UHVHUY @' U HDPR/QV V& HESIG
SKDVH K\GURFDUERQV LV H[SHQVLYFR QWKHJ W\ G DUDRS DGO il X HE
WUDQVSRUWDWLR® Ob. WKARS VVRIQS HDWYWRR YWDLQWHQVLYH DQ
FRQYHUVLRQ ZRXOGHE 18 HVRKIDIQ € H WIOHWP DR.Q & B RSRQBIQ J D \
FRQYHUWHG WR D OLTXLG EHQ]HQHK\IGQ RDVRE DOH |DWHE QY |

&+ < &+ + /RZ HTXLOLEULXP FRQYHUVLRQ RI PHBWKDNXH a



FDWDO\WW GHDFWLYDWLRQ GXH WR FRNLQJ KDYH EHHQ WKH
WKLV SURFHVV > + @ $ &05 FDQ LBIRRWN VWEH HQKIEQ PLLG
DURPDWLFV \LHOG ERQGWEDWRORXWK VWHHD DEV HP HPIE (DD R Z K
VLPXOWDQHRXVO\ UHPRYHV K\GURJHQVINQG IDFG 6V R [\@H @ RARY
HW DO LQYHVWLJDWHG DQ DV\PPHWULF FR—R GLHQVPH PED\H]
%=&< HOHFWURO\WH/RQ<D FRIURKW I>H 1L @ HBXKHG DV WKH F
IRU WKH HOHFWURFKHPLFDO FHOO

%L HW DO GHPRQVWUDWHG WKDW 3W DV WKH DQRGH PD

FPDW f& LQ PRLEVBU >+ @ $W WKH VDPH FRQGLWLRQV

1L ZW %D2y DV WKH DQRGH DQG UHSRUWHKGEHY® G 6% HRU &l W
REWDLQHG DQ $6DWI f&FPQ PRIQVWU Z+tWK ® 2L B4DRAHW
DQRGH DQ& %DBBHFWURO\WH FRPELQDWLRQ > @LODWKHU |
ZW 6U&B 2, FHUPHW DQRGH RQ ZKU&K JDYH DQ $65 RW F

f& LQ ZBW @ $V ERWK 1L DQG 3W DUH VXWALHSIW MEKOHV MV
HOHEFWURGHYV ZR X XGGQR\EDWERG WHRVEH® ¥/05 RU 0'$ &05

'LQJ HW DO VWXGRNG NL\ER XEHUD BBRF, BN ®H| %DQ HO®RH F W U |
%=&< IRU SRWHQWMILAR Q' @G S/DHIF DS 66 RZMHW W U HFFRRIR\LIVGV

+ LQ $U DW f& > @ $V RSSRVHG WR&XLD RIHBWVE D\RHE

LOQWHUHVWLQJ IXHO HOHFWURGH P DWW HUQBDOW IRRIO SUHRW R @ FKF
EHFDXVH LW LV VWDEOH DW KLJK WHREHRDOD MRQW N LIQQ QUH B WI
ORUHMXGR HW DO DSSOLHG D &X DQRGH RQ WKHLU %=&< P
> @ &X HOHFWORGHQJIDEDUWMEBWBUH WKLF®Y WABREDIRRU DG

WR WKH %=&< HOHFWURO\WH DQG H[RQEKWJK QV XBYAMLLLBAD X



WUHDWPHQW &X EDVHG HOHFWURGW\O LINEU(UB DKADH G EM KO S\RH/
RYHUFRPH WKRVH SUREOHPV

7KHVLV JRDO

7KH DLP Rl WKLV WKHVLV LV WZR IROG + XVLQJ (/3 WR IL
PHPEUDQHY UHVLVWDQW WR FDUERQHSRDRBQK QIKLEH & PRUWIPFX
EDVHG HOHFWURGHYV IRU JDOYDQLF SMFRSA ®JGRIRK\IBWERRI Gl Q) IMFK
PDLQO\ &+ DQG & )RU WKH IRUPHU WKH IRFXV ZDV RQ HJ[S
SURFHGXUH RI 3G $X ELOD\HU ILOPVQEWRVUBG XAH KWEKHHN @R H
DQG GHYHORSLQJ DQ LQ VLWX SDUDRPH\W B U&W R SMXEUH WHGEHG E
WKH DQQHDOLQJ VEKHGXOH BXUPHPEUDQHV ZDV RSWLPL]HG
HIITHFW Rl KLJK SUHVVXUH DQQHDOLQW RIQRWKH 3GREX KDODRI
&KDSWHU JRU WKH ODWWHWKWEHFSULPP U& XD E B VHIBV HO|
VKRZLQJ JRRG DGKHVLRQ WR WKH % =®&4< JDHWHD ADLG-WHHQHDFDWMLRY @
FDWDO\VWV IRU WKH &X (/3 SURFHVV &KDSWHU 6XEVHTX
HYDOXDWHG RQ V\PPHWULF FHOOV EURMARSN URKIKHP ZPD/ODIOP:
WR LGHQWLI\ SRWHQWLDO DYHQXH V&KDUS WKHIW K H )L B 0 B PW URIGI
SXPSLQJ SHUIRUPDQBRGRN VXIQHS HHUO H BW YL FP HER\DGULAG. RXQW

VWRLFKLRMH\R QLEQWERWNKZ H B G XIFY. (R @R R WDUBR QJ IHHGV &KD:
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7KLY FKDSWHU LV PRGLILHG IURP D SDSHU SXEO
Journal of Membrane Science

1HLO 6 3@HDNL7KRPDV % '/ROQIGIEYV :D\

$SEVWUDFW
,Q WKLV ZRUN WKH WLPH FRQVXPLQJ OSRURFRP$%RR LWH
PHPEUDQHV IDEULFDWHG E\ VHTXHG\)LDE YHOHEWGRGRPS RS
$X <6= PHPEUDQHVY DSSUR[LPDWHO\ —PL@QXKLERPZLVEN FRIRSF
ZW $X ZHUH IDEULFDWHG E\ WKH ELVORVHWKEBEHLPFBWERDQ?Y
LQYHVWLIDWHG WKH HIIHFW RI FKRQJ1IM RAK 1D GUHNOXQH RL
WHPSHUDWXUHV EHWZHHQ f& DQG ZO% XVHD\ VBRI MVDX @
SURJUHVV RI DQQHDOLQJ ZKHUH LWPHEPE UDEMH BRNG GVED VD @C
K DW f& DQ&ZKHWBBEDY LW WRRN K WR DQQHD®@® VLPLC
03D +$QRWKHU a ZW $X PHPEUDQH ZDV DQ@QHDOHOQ® Ol
03D + &RPSOHWH DQQHPHGE XV EZQY HRVULIW G/ISVHFHUWR YRS U D(' 6

ZLWK PXOWLSOH VSRW VFDQV WKURXJK ROQWG LW RBM MOKIL BNXQ®ILVI

SHSULQWHG ZLW KJ&ukh&l BIIMéNr & SBidna,K H

3ULPDU\ DXWKRU DQG UHVHDUFKHU 'HSDUWPHQW Rl &KHPLFDO DQG %LF
&R DXWKRU 3K ' &KIPULWPE ®OW R 1% IHRIQRJIL RORMD RYIL®RI 6 FKRRO RI OLQHYV
$XWKRU IRU FRUUHVSRQGHQFH $GYLVRU 'HSBKHWRHQ \& R RUKMHEPR FIF® FOR)
OLQHYV



FRPSRVLWLRQ $GGLWLRQDOO\ LW ZDW LRRXGI® HUKD WR W KkH G
SHUPHBWLRRXOG EH XVHG DV DQ LQ VLWX SPDWHDHOLBU WR WM
WHFKQLT X HEaet DESHSFDUHDMAY DV WKH PHPEUDQH DQQHB&WVUHDF
FKDUDFWHULVWLF Rl LWV $X FRPSRVLWLRQ $GGLWLRQDO [
DSSDE/HIRW D PHPEUDQH ZLWK D KRPRJHQHRXV $X GLVWULEX

,QWURGXFWLRQ

+\GURJHQ LV QRW DEXWQUWDWKMWRXNEHHQ MUVHFRQGDHY IR
HQHUJ\ OLNH HOHFWULFLW\ ZKLFK PXNWLIEG XMW UDWHG UR J
SUHGRPLQDQWO\ XVHG DV D UHDFWPQMNQ GQL &\ GAKRIS B B BN VIVE'
VIQWKHWLF IHUWLOL]JHUV EXW FDQHPRKDR EH PXHREU DY HDI XK
> @ 7KH SULPDU\ PHWKRGV XVHI&E MRR P RO WUQIDH KL@B R X
JDVLILEDWLRQ PRWRD®H DVQ\GH BB WIBDWLLAEQS® U\VBL DR RHIY HU K
LV RQO\ RQH FRPSRDKLFW RDVRQBERQ WDNLBNP& P HMKDQH VXO
KLJKHU K\GURFDUERQY SXULIL@&DWRREQ QHFHVVDU\

3G EDVHG PHPEUDQHV KDYH EHHQ DFNGRDUB®/IH G @S/ DX
K\GURJHQ EHFDXVH RI WKHLU DELO L@ \ZMRK SKILRIG X B/H UXRXW K £
UHFRYHU\ > @ 7KH VHSDUDWRQGPRBIWBY D UHZ AR AR FE
WKDQ RWKHU VHSDUYDWLR®HWERK G IMEKGISNU BRLG/ REPEGUDQHYV |
ORVV LQ SXULW\ DV ZHOO DV WKURG®RKISEW ID/QIG $XKH WRY HR'S U
VXOIXU WROHUDQFH Rl WKH PHPEUDQHYV > @

7KH DV SUHSDUHG PHPEUDQHV QHHG WRFDK) EGORVHG D
VHSDUDWH DQG SXUQHDRLGQURWHQFI$ DFHL) 3G -$R PEHPEBUDQHYV

PRUH WKDQ GD\V DW f& > @ S$SOWHRISBK DWXRHBOLQJIfRWI



DEFKLHYHG D VLPLODU H[WHQW R| DI @RDGHQW WDK\H. R & PIEDIE]
LWV WKLENQHVV > @ %L OD\HU P HPHE®D® WWR RE HV K P IDDHIG VWK
RUGHU WR EULQJ WKH DQQHDOLQJ WALEPHD GRY Q PWIR R W R®
DQQHDOHG DW f& IRU GD\WV > @ LQ DGGLWLRQ WR D ¢
VKRZHG HQULFKPHQW LQ $X LQ WKH WRS FRXSOH RI PLFURQ
WUHDWHG DW f& QHHGHG WR EH DQQHDOHG IRU D ZHHN
KRPRJHQHRXV DOOR\ > @ 7KXV WKHDGLOV IV LPHHE RV R QUDHEE
VLPSOH IDEULFDWLRQ RI 3G $X DOOR\ FRPSRVLWH PHPEUDQH

2QH SRVVLEOH VROXWLRQ ZDV WR |DEO WU/ \B LK PEDQ
RI 3G DQG $XDVZ WIWFXGLHIBOE\ 6KL HWE\WREQY D PHPEUDQH IDEL
DOWHUQDWLQJ QDQREDOHIL/ LFR OB \EMIODQ D ZHHN DW fe&
VWLOO EH FRQVLGHUHG D OHQJWK\HSHRARBGH R ID @G P\M L RHR WR
QDWXUH RI WKH IDEULFDWLRQ SURRBVHW 8RR VDIQHIH V& DXW AR
ZKLFK ZDV VKRZQ WR EH HIIHEFWLYH BQQBBOHE DOP WR ZKH
PHPEUDQHV DW f& > @ 7KH LVVXH (& WAOWKVREK WHERS!
7DPPDQQ WHPSHUDWXE HsXR | FEDRQV E H3 G HBIV ($ IHRJH R WHDDDQ MR RV KW K
PHPEUDQHYV > @ (YHQ WHPSHUDWXUHR BDXWRIZDDGHFOL HZ |
LQWHJULW\ DQG WKXV VHOHFWLYLWZKRQ DVWEDY FHPEVD® |
WHPSHUDWXUH IRU FORVH WR WZR ZHHNV > @

(I WHQGHG H[SRVXUH Rl FRPSRVLWH PHREDOQ G HM\E RNRH WHHR
LQ UHDUUDQJHPHQW RI WKH ILOP NQ & KRIWPDWZIR G IDQEWM RE
DQQHDOLQJ RI WKH ILOP DQG VLQWHUPLRRW KHEYBG F WD YHRE\VH

VLOQWHULQJ RI WWHR WXKH DUAHHG XOFHDIGRVH D Q RUKK\ @ X B IBIRHG LV VRF



DQG SRVVLEO\ DOVR D UHGXFWLRQ LQ WKH DEVRUSWLRQ U
UHDUUDQJHPHQW RIPMIKM ILQPO X®HF BrQ & HFDUDLRNIV RDXAVG PUH G X |
FRQFHQWUDWLRQ RI BRONK ERXQGHWIDHM WKRXJKW WR EH
SHUPHDWLRQ FDXVHV D GHFUHDVH [HU WRIVHGXRQAD RO XY |
WHPSHUDWXUH WHVWLQJ RI FRP SR XHWQL WHIRRE B QI [L V7 KMKMH |
DWWULEXWHG WRW.KMH RQ BXHDWFRB@®/SKRIBIR R SLQKROHV RU PL
LQ WKH ILOP UHVXOWLQJ IURP WKHKBQRKIDIAIPQJISURF WK U
DQQHDOLQJ WLPH ZKLOH OLPLWLQ$MKHVXQAHUHDVH LQ WKH D

$00 RI WKH SUHYLRXV DQQHDOLQJ VIWWGLHWYX RQHBAR X Z
DWPRVSKBUEF + @ $V IRU HYLGHQFH WKDW KAMIKY W\ & Q RWHKG
DQQHDOLQJ SURRMVYRKODQDIBRRQG WKIDW KMGHBWHPG QW ++7
1L DOOR\V F D —P DW HOHYDWHG 0BPIRHUDWXUHVXOW|
HOLPLQDWLRQ RI WKH FRPSRVLWLRPRIDHPHBXKYWILRQR\ [>Q [EQ
UHVXOWV ZHUH VHHQ RQ ++7 RI LQLWLDWO\ fGKRORBJHQHRBV

K > @

)LQDOO\ SRVW WHNKQIQIX B\D DVO\WVK VRWVR QU D)\5'G LD IQU® FF UR V
VHFWLRQDO VFDQQLQJ HOHFWURQ PLFURWAR/S\HUG/OY HF R XS
VSHFWURVFRS\ ('6 RDW WKRH RIQW H WMLQXOH MOKLK) HPWH QWFRRY
WLPH FRQVXPLQJ EHFDXVH WKH PHP ERDHUD WXV WV B GEG1 UFHRIRFOY
WKH WHVWLQJ PRGXOH EHIRUH LW HF BBQH \E\W UDX@ DVQ.\Y H GQ DQ/RXAU MV
WHFKQLTXHV 7KXV DQ LQ VLWX SDQUHIPGIMWHUZ R RONEX BH HH JWMKUH-
7KH DSSDUHQW DFWLYDWLRQ HERHUJRURD RR®WGRUR Q C5HHAJ BIE&DS

JLYHQ $J FRPSRVLWLRQ FDQ EH HDVLO\ FRP S XOQWMWCH D Q W XNKIH X



%DVHG RQ WKH $J FRPSRVLWLRQ RI D 3FR 5 ARRPGRNGWRLOHR
$J FRPSRVLWLRQ LW ZDV EkEDD VEKDXW MK D \D DD UG YWW X S
WKH H[WHQW RI DQQHDOLQJ IRU VARRERWLDID ®HSED NQIGVEL
DOVR VKRZQ WKDW RQFH D 3G $J PHPEUXQUM KDWY DKQIQHIHO H
DS SDHEIHQW

,Q WKLV ZRUN WKH HIIHFW RI K\GURZBY SWHNGLKGH KD
IDEULFDWHG 3G $X EL OD\HU FDQ EB YDHRHP® JHQ B R X[ \D O B RN
WKHUH LV RQH UHJLRQ RI SXUH $X RU ORZ 3G DQG DQRWKF
VWXG\ WKH KIHRHUMKVEUR LQYHVWH WRHIGTXD S P H QWS DO L& L W
WKH KLJKHVW DQQHDOLQJ WHPSHUDWXHG 2ZKDW [ Q Q & DIDHE
SHUPHDWLQJ YHUVXV QRQ SHUPHDWORJILR\GBEBBRAABVELS @R W |
DQQHDOLQJ H[SHULPHQWYVY ZHUH FRQGXBWGEGF H QK \GRIR BHY P.
FROQVXPSWLRQ ,Q DGGLWLRQ EWKH ®\BERWKHGLD WEOQW @ § 8 W/t
MXGJH WKH H[WHQW RI DQQHDOLQJ IRV ERY TROALRV HQ3/CH $ W IDX
FRQVLGHUHG W KERW RXCOHG DESHS DUHMAOWDEOH LQ VLWX RIQDO\VL
DQQHDOLQJ ZLWKRXW WKH QHHG IRU XHWLIYWX DRDOG\PRVW $I
WHFEFKQLTXHV LQFOXGLQJ ;5' DQG FURWWVRVHHFWLLIR QKD W (W KH E
ZDV DQQHDOHG DG I KXWHPXRIRILRDOH @& K\SRWKHVLYV

([SHULPHQWDO

6XEVWUDWHY WKHLU FOHDQLQJ DQG FKDUDFWHUL]DWLR

3RURXV DV\PPHWURF WDXERQHG \WEBRQDWHY6 ZHUK RE
IURP RXU LQGXVWULDO FROODERUDWRUYVY1DWKBUDXENW &XWH

UHFHLYHG DV FP ORQJ SLHFHV ZLWKFDQ WXW& UE B LHXPM WHRU



OHQJWK )RU WKLV VWXG\ HDFK VXER/QIUBWHF D VD GEWF QB D
GHVFULEHG SUHYLRXW®\ E\ +D2D @& )LRIHFON ZBYHPRXQWHG
FKDUDFWHUL]JHG E\ IORZ SRURPHWU\WR MDMXBH ¥R \CLVWIHHC
WKH WRS OD\HU Rl WKH VXEVWUDWGOHZORLREW D®WGH B HDRRUW
GHILQHG E\ WKH $670 ) VWDQGDUG > @

OHPEUDQH VI\QWKHVLYV

3G $X DOOR\ FRPSRVLWH PHPEUDQHYV UWAHDRMMHE HG YBTWK
HOHFWUROHVV SODBWIL\QDQ QHD OR@QJORERHRER DOV @ OOKRP 7KH DF
UHGXFWLRQ 3G DQG $X SODWLQJ EDWK UHFLS @Y RXU IS DILH H ¢
JLUVW WKH VXEVWUDWH PXVW EHQ@RF WDYBWHGHEHIE\D X)\HH 0L O
FDWDO\WLF QXFOHDWLRQ VLWHVORU WERH YRR DW K IRY DMKLHR @ C
ZDV XVHG WR VSUD\ WKH RXWVLGHWRKI VKR KW UREG VRH S0 8 G D
LQ FKORURIRUP 7KWMKWQE¥DOPM}H GDDMV DERY HZWKFHK GHFRP S
WHPSHUDWXUH RI SDOODGLXP DFHRIDQHY R F U@V WD O KQW RS DLO
RQ WKH VXUIDFH 7KH SDOODGLXP R[LGH ZDV WKHQ UHGXFHC
VROXWLRQ UHGXFWH RVK N REHQWLHR §6VIMIIRGU EAD(Y3G H S

$00 3G $X FRPSRVLWH PHPEUDQHV |DBDWH® WHG XIIRQWWI
PHDQLQJ WKDW ILUVW 3G ZDV GHSRWIHWSIGDMIOMIRE B KX $)R X
IDEULFDWLRQ WKLV OD\HULQJ VFKHRWK ZDNQU N § HDWGH G RPE\R |
DFKLHYHG 30DWLQQ DDV FR QEYRXBD®/HQIJFDOKBOBWHG ZDWHU
QHFHVVDU\ UHGXFWLRQ DQG $X SODMLI@F W \DHIS\D WK Hs QDWW

YROXPH ZDV PDLQWPBPRQHG DW FP



JRU IDVW SODWLQUKNLBMWH ZV WEB\BHEY HUKHW B EEED HDVE\ S U
WKH SODWLQJ UHDFWLRQ FDQ SRWB8 QWL e DR URsBRUR VW R LWK
7KLV PLFUR SRURVLWN K® \D ¥ HH © DWXKHRR) FOIHWD K HJ UIRZRV LYV KHD
RSHUDWLQJ WHPSHUDWXUH > @ GKD\U B G HYXDDWE HWKIN VL8
XOWUDVRQLF ZBRWH EXDBEIO MAR GSXWIBQBOMK/H 3G SODWLQJ

7KH $X SODWLQJ PHFKDQLVP RQ WK i HRMKKEH Q X D QHQ V& FaHK
GLVSODFHPHQW SODWLQJ PHFKDQLYVPUHGKFIKVRQ $XRKCHQ I/ LD
$X FDQ GLVSODFH 3G LQ WKH ILOP PWDRQQSURRBMWGW KAHG®
VXUIDFH EXW LV VHOI OLPLWLQJ D Q@GD¥W RXV LXKHQ PH G HXQ V@

REVHUYHG KHUH WKDW WKH $X SODWLQJ WKLFNQHVYV ZDV OLI

7TDEOH %DWK UHDFWERQ IRB®FRMWVLRQ 3G DQG $X

&RPSRQHQW $FWLYDWLRQ PHGXFWLRQ 3G

3bOODGLXP ,, DFHWDWH SXUH J /

&KORURIRUP +3/& JUDGH Pl 1

'HLRQLJHG ZDWHU / PP/ Pl /

$PPRQLXP K\GUR[MGH Z Pl / P/ /

3DOODGLXP ,, FKORULGH SXUH J

+\GUDJLQH 0 P/ / P/ /

6RGLXP K\GURJ[LGH J |/

*ROG ,,, FKORULGH SXUH J |/

7HPSHUDWXUH f& fa& f&

30DWLQJ WLPH K K

3ODWLQJ WKLENQHVY —P —P

OHPEUDQH WHVWLQJ
OHPEUDQHY ZLWK D ORZ OHDIHDRHD@RP "W H /S HRROONKX U
ZHUH PRXQWHG LQ 6ZDJHORN VWDLQA Y\ WMNSKHW F R ASUNDW

IURP &KURPWHFK $XVWUDOLD 7KH PRXOWHI PHPBAUDIQQHO A



F\OLQGULFDO WHWW WRCEWHL 6 R QVIKINOHBWILG @ OQG BHWI 0LQLO
IXUQDFH 7KH WHVW KRXVLQJ DQG VWOWXS KDYeH EKH QP BMEFL
ZHUH KHDWHG DQG FRROHG DW D UD$WMH VRH P Sf-&U B MQX X B'G HEUH O
SDOODGLXP XQGHUJRHV D SKDVH WUHQVIZWLRKR UBVWEW\S LB
ODWWLFH VL]H DV @ WXDEMPDEWH &\ GRDRUHL QB EDVDWSNQHPHQW F
> @ 7R DYRLG WSKII HWKDHV DRAKPR) JRIEO W RKKAG WRKIHH G HU P H D\
WHPSHUDWXUH H[FHHGHG fé&

3HUPHDWLRQ WHVWV ZHUH FRQGXFWHG ZL WK U IQWE\X VDALGL
LQGXVWULDO JUDGH QLWURJHQ + WKH SPHURLENAD QZK RFEXH ZIHDWH!|
RQ WKH VKHOO VLGH 7KH IHHG SUHVUXUHGWR LWKK FHPED |
UHJXODWRU RQ WK H KHH B/UHHWWDXW H R MY SMIRB RVAK iV KIH W H Q W D W H
DQG WKH UHWHQWDMWMH GO R ZD VP LR IPX\RV WKHID B HII[RMOHVE RQ
VLGH DW DWPRVSKHULF SUHVVXUH ZKQL®RKHZNW DERXR | ON3
PHDVXUHG ZLWK D GLJLWDO EXEEOH OMRZ IRHWHBSHRKD VPX P |

f& DV ZHOO DV SUHVVXUH N 3 D S U P HNDEDF HWIRV FIDX@FEXA
WHPSHUDWXUH ZRKEPIK ZPO® DAVIEG/ KMWH DSSDUHQW

OHPEUDQH FKDUDFWHUL]DWLRQ

7KH FRPSRVLWLRQ DQG WKLFNQHVV RUDMKHY 3THEX RE/D\
IURP JUDYLPHWULF PHDVXUHPHQWY *0DRQG\VIND\ 3IRWKWE LDH
DQDO\VLVY WRROV L FRXSOH GCL G®DAP BYBPIWEBPER IRVFR S\ &3
VFDQQLQJ HOHFWUR QFRIXFSIORMF R & W 6 {@Q H WD\ G/ISVHFHMWWR YV FR S\

DQG [ UD\ GLIIUDFWLRQ ;5 $ EULHV GHVFUQISMKUIR QVRJ LY IEXK



RUGHU WR UHPRYH WKH ILOP IURP WKN3 U XEV WRRW HVHMSHAD U
IROORZHG E\ HISRVXUH WR DLU 6 XF U LWWHDHAA QW RA DAXK/H W LKC

; 5D\ IOXRUHVFHQFH ;5)

JLVFKHUVFRSH ;'/0 & 3&% VSHFWURPHWHRNDMHW X \DH/GZW A (
WKH EXON FRPSRVLWLRQ RI WKH 3G $X{ DIOCGORN F ZR SRV DW HD PF
YROWDJH RI NH9 ZDV XVHG OXOWGESDHRQUOWMKWFDQ QY JXK
PHPEUDQH WR REWDLQ DQ DYHUDJH WH LMINREDODW\RD GEHPEW KO N F
GHSHQGYV RQ LQLVE)J DNMOHEHDIPQBQHWARPLP REBLIRWRRELAMQEPEHU
GHQMVLW\VPRI WKH VDPSOH DV JLYHQ E\ WKH .DRODW L2R@\DPD
> @ $W NH9 WKH VDPSOLQJ GHSWIR LDK3G KLY VHYWHPW WL
WKLFNQHVYVY RI PHPEUDQHV XVHG LQ WKIGWH WM ®\V DKEX O N5 )C

WHFKQLTXH IRU WKH SXUSRVHV RI WKLV VWXG\

4846;: %%
O ada®

4 L (TXDWLRQ

6FDQQLQJ HOHFWURWQIPGRVEBWERSYHJHID\ VSHFWURVFRS)

-(2/ -60 ) )(6(0 ZDV XVHG WR LPDJH WKHPEURQWH WY HFKMH
3G $X DOOR\ PHPEUDQH ZDV LPDJHG DHWBIRL EW XDWWUHRRY H G
SUHYHQW FKDUJLQJ RI WKH VDPSOH (NHYPRRW ENGH \WWRB G
DQQHDOLQJ E\ DQFR®HABAYLWKR @WKURXIJKRXW WKH WKLFENC
DGGLWLRQ WR SURYLGLQJ DQRWKH U RHV WSLVR MW H( TRID W KR QE X
VDPSOLQJ GHSWK LQ 3G DW NH9 LV HYWLPDWHG WR EH

. 5D\ GLIIUDFWLRQ ;5

:5' ZDV XVHG WR VVRX ®\QWKID Gl & H QR ® KHRJ SHMRW L SHWIHOR |

FRPSRVLWLRQ XVLQJ 9HJDUGYTV ODZ > @ ;5" DQDO\VL



FRPSRVLWH PHPEUDQHYVY ZDV SHUIRUPHG DQAM\® U XOP B IQHAP H: QWD .\
SURGXFHG IURP D FRSSHU VRXUFH DWUH URYVWQIGWHGNWR W/
VHFWLRQV ZLWK DfVOMH® IV IHROPIHFWLRQ WLPH RI  VHFRQGYV
ZDV UHVWULFWHG WR " FP GXH W R DXL S\WKHQ WD 6 B BIHW DALLR
ZLWK WKH ILOP VWLOO DGKHUHG W RR Q/H H DWXE XWKIHU | EGI R IZADLV
IURP WKH VXEVWOD®HH @ RW EGRW WREDVDGH RIKWISHPNVY ZHUH
XVLQJ WKH -DGH VRIWZDUH IURP 0",

/LX HW DO GHULYHG DQ HTXDWS3HRQHW R DRfDIOEQX GEH/S M
'5° (TXDWLRQ N LYKWMKHK QRLWHH GHWHEW MK KN LOQ@WDU DEV
FRHIILFLHQW SURGXBW R WW K HP B YYD \DIWW|HIQX D@L RQV FW KIHL F
LQFLGHQW2DPQLlUHWK®GGLIIUDFWHG DQJOH > @ GHIHJHODDDW
WKH GHSWK LQWR WKH PDWHULDO IDODWRIQQWLKN R X WIHH H QR\/F
RI LWV YDOXH DMV WWKGHH \BOMB FRH WKH QIN&XNUD@ DRG +HQFH
(TXDWLRQ UHGXFHV WR (T%DWLRQFPDQEGNIRU WK 3G SH

f XVLQJ WKRVH YDOXHV LQ (FRDWRULRQAG JBHDW f

—P )RUD ZW $X ERQ3EHDPD&REXODWHG IURP (TXDWLRQ
RQ SDJH 8V LQJIUWIQD (T ¥DW XROR |  JEPHVQ DFFRXQW RI WKI
FROWHQW LQ WKHzDOOHRYWAIQNY YDOGHXRIFKDQJHG DQG ! RI

VDPSOHG HYHQ E\ WKH ORZHVW 3G SHDN

VR i
? @O:ﬂ; bC):U7p;A

(TXDWLRQ

v £S (TXDWLRQ



@A @USU@AU (TXDWLRQ

@A ,guég (TXDWLRQ

JQGXFWLYHO\ FRXSOHG SODVPD + DWRW(IF HPLVVLRQ VSH

&3 $(6 ZDV XVHG WR FRQILUP WKH FRPWRMUWDRQOREL
WHFKQLTXHV *0 :5) :5' DQG ('6 $ VPDOORSLMHME BD Q\HK L
GLVVROYHG LQ DTXD UHJLD XQW L OVWKKHWRIOXMULIR @ R7 ¥ R OAR W
VROLGV 7'6 ZHUH OHVV WKDQ D/Q B GWIKY VB H GR W\ KEHH VIRECR
$(6 ZDV SHUIRUPHG XVLQJ D 3HUNLQ (OPHQ BYWLPIDPHV $DQ)
ODERUDWRU\ LQ VKMP FHIQWP DWW K B HRBRIDRHM GR GG KRR & ROR U D

EHVXOWV DQG GLVFXVVLRQ

'5' RQ WXEXODU VXEVWUDWH

'Q RUGHU WR YHULI\ ZKHWKHU :5' DQDLODF LAK E @ X OLGN EAD ¥
DGKHUHG WR WKH VXEVWUDWH D PDS/X DB BG\ PHE® EID,GH Z
WKH ILOP ZDV VWLOO DGKHUHG W QWK H DVX\E KU VB & X E U WRD
DW  f& IROORZLQJ ZKLFK ;5' DQDO\VUN ZDR @ BOGNFWHGW FU
VHHQ WKDW WKH ORFDWLR® RI WKHZXGFK ISHFERQWLDWHQW 2

UHSRUWHG LQ WKHG,&FDE&BWDEDVI$X FDUG
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J)LIXUH ;5" SDWWHUQ IRU PHPEUDQP SXUHK 3G7KHFEADD/QB

+LIJK SUHVVXUH DQQHDOLQJ

OHPEUDQH V\QWKHVLYV

7KH EL OD\HU IDEULFDWLRQ VWUDWHJ\ LV VLPSOH DQG |
VFDOH IDEULFDWLRQ RI PHPEUDQHV EQDMQKIH LREBWYWHQ 7KLH
—P WKLFN UDQJLQJ IURP ZW WRVY EB2WUVSIRUZWKILIH \DVE)
IDEULFDWLRQ WKH\ ZHUH FXW LQWR/ RF PP Q QHMHOM. WIRXWW R & \;
GHWDLOV RI WKRVH PHPEUDQHY DUH JLYHQ LQ 7DEOH RQ
PHDVXUHG IURP WKH GLIITHUHQW D QD @OKWL W KRALHF INKQGHLVTX HHW VE HR
6(0 ZDV VOLJKWO\ ORZHU WKDQ WKDW REWDLQHG IURP *0 D

VHFWLRQ RQ SDJH



7DEOH 6XPPDU\ RV\PMAEUOQOHE |RU KV XK KH QURIHDOS QI VW

&RPSRVLWLRQ [$X ZWKLFNQHVV 1P
OHPEUDQH*0 | ;5) | ;5' | ('6 | *0 .5) 6 (0

% : ;

$ 13

$ 13

$QQHDOLQJ VWXG\
$ SLHFH RI % ZDV DQQHDOHG DW;5' DI@DOQQV ZDY
FRQGXFWHG ZKLOH WKH ILOP ZDV DM DIGH HHYHR® XWRL RWK HR
SDWWHUQ IRU WK LQSHDXNUHY VKRESHD D\ DBEHDOLQJ WKH
IRU ERWK $X DQG 3G ZHUH FOHDUOQ XWWVERH D QLAHOL@L @K HWI
SHDN KDG GLVDSSHDUHG DQG D \IKRWID GHKL IK\DH3G DBSES H D IS H €
VXJIJHVWV WKDW WREV H IZ\WKHQWEZRHURHPEUDQH KDYLQJ WZR
2Q IXUWKHU DQQHDOZAIN DW K HPV IO RIIMEEHI® WR W KSHBUMLD I\
DERXW PLQXWHV $GGLWLRQDO D QR HD®RMMUPRR HGKW ISKE 3
7KH $X FRPSRVLWLRQ ZDV HVWLPDW HE I9HRIMD WKH 3GDEX>D O OF
7KH ILQDO $X FRPSRVLWLRQ ZDV FDOPDOWMHFGE WRQEKDQW
ZKLFK LV LQ JRRG DJUHHPHQW ZLWK ;P)DIVGIGZDO HREMWLIPIDWH
DYHUDJLQJ WKH FRPDRWHG LRQ W KB® SHDNV DRKLOH WKH H

FDOFXODWHG XVLQ@UVWWKH B/XAWKIGRHD WIPMKMD YR RIGHQFH
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J)LIXUH (YROXWLRQ RI WKH ;5" SDWWWU®XRYIWAKSOH IBRBN IF
PHPEUDOQH % DQQHDOHG DW f& DQG 03D +

,Q RUGHU WR YHUWP\DWKIOKRW KD & QLHR @ ISRUHFHHG R ID /KW KWI
PHPEUDOQH % ZDV DQQHDOHG DWPNKUHRWVWDWHK BPRQSILWER
UHPRYHG IURP WK H MXENDWHH VIDH) DMORELDD (RG ERWK R\PPK N XW I D F
DQQHDOHG ILOP &RPSRVLWLRQV IURPGWEKRW,W'R B DWW HDFKHY F
PHPEUDQH DJUHHG ZLWK HDFK RWKHU ZLWK WKH $X FRPSRV
FRQVWDQW ¢ IRU WKH WRS VXUIDFH DQG ZW ODWMW
VXUIDFH 7KLV UHVXOW LV LQ JRRGIBDDVYKHURB @EVN 2L WK) WK K|

IXUWKHU VXJIJHVWLQJ FRPSOHWH DEBOR\RQJS®IJWKH EL OD\HU
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YJLIXUH 7RS DQG ERWWRP VXUIDFIRUSWEBWWHZWQ RX B/IKHHF H
DQQHDOHG DW f& DQG 03D +

7KH FURVV VHFWLRQ RI D SLHFH RI WKK 6HPRYHAQIHLOP K
SDJH 8VLQJ ILYH PHDVXUHPHQWYV HYRW. FVKWHAHG WRHWKLF
2Q DFWLYDWLQJ WKH VXEVWUDWH HBARRRVRR WKH 3IE®R WHHH R | OW
7KLV SRURXV OD\HU UHPDLQV LQ WKH VX RHWF XK SFRRX GG HD &
GLITHUHQFH LQ WKH WKLFNQHVV HVWURRWHWKER AVEWQRDWH)
;5) DQG 6(0 DUH HTXDO ('6 bQDO\VLV ZDV DOVR SHUIRUPHG
WKLFNQHVV RI WKH PHPEUDQH ,W ZDXZDVKRHZIQ\ ¥ RDVR WK W KXF
WKH WKLFNQHVY DQG DJUHHG ZHOOHMWK DWKH W WK HUR REHRAKL

LQ WKH ILOP 7KH UHVXOWV Rl WK& ('@ DLXKW N FDQSMIBO\VLV
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J)LIXUH 6(0 LPDIJHKIHOBURY \RVWFWHRQ YRH GNVIKURR PLW R HU ZW

SLHFH ZKLFK ZDV DQQHDOHG D/WH GP&IHGSOLQOBNHSUHVHQW
FRPSRVLWLRQ ZKLOH WKH DUURZ SRLQWV WRZDUGV WKH FHU

6LPLODU WR WKH VDPSOH MXVW GHVHJEEMBG WHR HDU © D UK

WHPSHUDWXUHY DQG SUHVVXUHV )RU HDFK WKH UHTXLUHG



RQ SDJH 7KH VORZHVW WKUHH FROQGIQRMR QQFORGNBGERE
DQQHDOLQJ WLPH ZDV HVWLPDWHG W G H UPSOWHEH MWKL@ F!
FRQVLGHU 7KH IROORZLQJ LQGLFDMWR@ODHRYHQXVHG WR LGH
JRUPDWLRQ RI VLQBOB BQ G PEOIRUIHDNYV IBQ G KH
SHDNV
$JUHHPHQW RI DYHIWDURQ XURPP:SRYLWK ;5) DQG *0
/IDEN RI PRYHPHQW RI SHDNV XSRQ D& GLYVLIGRHIIFM ® EQ QRC

FKDQJH LQ WKH BRNUWIR@XFBRIF X O MWHG R D@ 9IHRIMI 6 H

7DEOH 6XPPDU\ RILWKW CRAQBODURERDMRSOHZWW HDFK
DQQHDOLQJ FRQGLWLRQ VWXGLHG

$QQHDOLQJ WLPH K

fé& f& fé&

03D +

03D +

03D + I
,QGXVWULDO 1 :

+\SRWKHVLV IRU H[SHGLWHG DQQHDOLQJ XQGHU KLJK SU

+ VSHFLHVY DUH NQRZQ WR RFFXS\ RFVODRHEGIUBDHD >V L®H V
LQFRUSRUDWLRQ RI K\GURJHQ LQWRVMAHHMVEBFQDQW W NVFH YILGHU
SP LQFUHDVH LQ WKH ODWW$XH+VSDFI® JIJFERY ERWKSAEV

ZKLFK ZHUH HWESRVHG3WRIRU K DW f& > @ QW WKHQ

K\SRWKHVLV IRU WKH REVHUYHG UHG&NBWLWRKV QU B § QLD Q/KJ
H[SDQGHG ODWWLFH IDFLOLWDWHY VROLG VWDWH GLIIXVLRQ
7KH K\GURJHQ ER HJSI QMW VHG DV D UDWLR RI K\GURJHQ

SUHVHQW LQ WKH ODWWLFH DQG FDQ @ H @& D5®RXE.D WKW WHR P



K\GURJHQ SUHV\aXity B UH) FFDQW QO QWY WKDW GHSHQG RQ WKH

> @ O6LPLODUZVDEXRBAWRDILQHG LUUHVSHFWLYaHbRI WKH FKRLF

7DEOH 6XPPDU\ Rd, WXHH GDIRXHFDRIF XODW L QJ
$OOR\ 71 f& >ED@ E SEDU@

3G

3G $X

2QFHLY NQRZQ WKH ODWWLFH FRQVWD Q\WCOIDVWL 88 K BUHRL

FRQWHQW WR WKH ODpNWLFHOBRY VWDRW D>Q GAW W UHODWL Y H

ODWWLFH FRQVWD@XF RV \RRPMO BSRRQYWDQ VO DWWRQHFHHFRXOG
WKH GUDVWLBQQBDUKQU WLPHYV

Ng%éL =¥& E > @ L (TXDWLRQ

)XNDL DQG ¢NXPD IRXQG WKDW H[SRVXURDRIVHIG DQC
FRSLRXV YDFDQF\ IRUPDWLRQ LQ WFKIHQ WW\IVWV/LDROQ CRO WAKLH N D>F |
3G + VIVWHP ZDV IRXQG WR EH DV KI@K%INVHG RQWVKRYH 180
WKHLU RZQ UHVXOWV )ODQDJDQ DQ&OWKWKH GLVVRKOYRIGKI
FDWDO\]HG WKH PRIQVED ZIDW RB \GQW IRF DN FRQFHQWUDWLRQ F
> @

3G DQG $X IRUP D VXEVWLWXWLRQDWLIFFRXR ORGHYRW K W
FRPSRVLWLRQ UDQJHIBOLQI®SURHHMNWWEG YRGLIHNVWR® RI WKH
OD\HUV WR IRUP DG K&XP B O@N REKXW8 WHOH LGL BIG VLIW RGHRVR W ZR
PDJQLWXGH VPDOOHU WKDQ WKH G LRIXW LPDLQV L @RIHIGWLIQD $UX D>O

SODFH SULPDULO\ GXH WR WKH GLOXWLRQ RI WKH $X OD\HU E



1HJOHFWLQJ WKH GLIIXVLRQ RI $X LFEDMREXHS GMW\KHU BERGE H
VHPL LQILQLWH VODE WUDQVLHQW GLHMXV®@RRQPRIBHO JLXKIDL
VWDQGV IRU 3G DQ ®a9 LVWDKH \G URYXVIDR ® LAR MM KIHF IDH)GW DD Q G.
UHTXLUHG IRU WKH BRQWKE VWHOIGWR R QK H $M K@ B NHIH WLV HR I DR O
WR EHFRPH HTXDO WR WKH EXON FR Q@EH@MWUDQV ILRQ WEIRIPAH ®
IUDFWLRQG GHQDY Wi hg D@G Was la  (TXDWLRQ WKURXJK (

ZHUH GHULYHG E\ WKH DXWKRUYV

$W WChX! Chao EHEDXVH LW LV XD SC4UHNEX QD\HU $\
EHEDWYH IRU D SXUH 3G OD\HU 7KXV (TIXDMLRR® sl Z KH.PHS
LV WKH GHQVLW\ Rl WKH DOOR\ JLYHQ E\ (TXDWLRQ &RPE

DIWHU VRPH DOSXBBWRIRRPRRLHW (TXDWLRQ

YVa ?2Vag,

vagws, = S T AGEEEP (TXDWLRQ
S ®- L s F A ;Mp (TXDWLRQ
5 AZ A3
— L= E= (TXDWLRQ
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8. ®: >6: ®: L Al@g?%a:gp (TXDWLRQ
'KHRQ / (TXDWLRQ FDQ EH UHZULWWHQWPV (TIXDWLRQ
J F® QL J RP ZKLFK LV REWDLQHG IURP WKH HUUF

IRU NQRY@G WKH DQQHDOLQJ WLPH FDQ EH SUHYGLIFPNHOG | LRRP

NQRZQ®®KH LQWHU GLLIHXQWL FEQ @ FEHHIIED OF XODWH G

€: ®: .
s o e ® - AlPi%%za:(;pL AN B (TXDWLRQ



e (TXDWLRQ

7KH WHPSHUDWXUH GHSHQGHQFH RI WKH LQWHU GLIIXVL
UHODWLRQVKLS VKRZQ LQ (TXMWLRQVKH RQHSB J$® Q NDWHBIO |
DFWLYDWLRQ HQHUJ\RIRYV IXWHX QG IYIHXWIDRID LIV WKRH \D\E B R Q/X

WHPSHUDWXUH > @ )RD,3G GLIPXVIDQPIGLQWR $RRO ¥ @ $W

f& . D PHPEUDQH ZLWK D  —PK$W O D\HQHDROXOG WD N

& L& ATEAD F (TXDWLROQ

,Q RUGHU WR FKHFN WKH DSSOLFDPLQDWMHRD QAKENVWIL® S/
GXH WR K\GURJHQ D SLHFH RI WKH PHREUDQH GD$V DDW D
LQ LOGXDWWHDOZKLFK :5' DQDO\VLV ZDV G5 BMYRUPHG V HH Q
IRU WKH 3G $X DOOR\ DQGD F FSHIRWL WIKR.® KR 1L H O'G H
$X 7KH RYHUHVWLPDWLRQ RI DQQHDH[IS®D WQRE E\ WKH FORFGA
PRGHO QHJOHFWVRQKRI FBRQGWU DEXLINOLRY W] 333U R/RH WK H

+DYLQJ GHWHUPLQHG WKDW WKLV DS SWH [HF DM P D WRIH ¢
DQQHDOLQJ WLPH GDWD LQ 7DEOH WK$DIBWH W B H XAMR® \F
IRU WKH GLITHUHQW DQQHDOL®@J FRQEXADMVRQVQHRH SQRMWRI
SDJH WKH VORS®RR | @ KLEKVZDDA +WKH DFWLYDWLRQ HQHUJ
FDOFXODWHG IRU DQQMNO® LQJ0BWKRYHIAHNRDWY D YH XYUH  F
SDJH ZLWK WKH DFWLYDWLRQ HIFIXG HRUI B | FRWPLSQ RV R3GE

7UDGLWLRQDOO\ D FDWDO\VW LV D\GRG MERE RIFSKDLY/KH QU
UHGXFLQJ WKH DFWUYLBW LRWH & H Q JRIGBIFAVWD QI/Q\D MR)IR XSW W R

GLVVROYHG K\GURJH®Q F D o»Pw DWGXFHG WKH DFWL

GLIIXVLRQ E\ PRUH WKDQ KDOI IURP WE&B €HWHDUIAMRUIQ W RO’



LOQWHU GLIIXVLRQ SURFHVV E\ 2DR/HVRDMDIO VW HE) D &KL YHIVW D R |
VLPLODU UHVXOWYV IRU WKH 3G $J VMFWHPDWLRQ HHURXRIG3
GLIIXVLRQ ZDV UHGXFHG IURP N- BRWRLQ WKHARDEVE® Q¥KIHRS

RI K\GURJHQ LQ WKH WHPSHUDWXUH UDQJH RI + f& >
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37 Hﬁ\ﬁ
y=-8.57x - 25.79
RZ=1.00

y=-17.42x - 15.77
A\ R?=1.00
-41

Ln (D, m?%/s)

3.0 MPa H2
0 1.5 MPa H2
y=-23.47x-11.79
2 _
-45 : : : : : : : R™= 1‘09 .
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1000/T (K1)
JLIXUH '"HSHQG HHQFELRIXW KRIQL @ RE HWU B MWHQW R @ MzHH\PNHXULHHQ/W

$ FDWDO\VW HQKDQFHV WKH UDWHW RUHERHW K HV K H DIRW IZR
UHYHUVH UHDFWLRQ KHUH EHLQJ WKH VHJUHJDWLRQ RI V
KRPRIJIHQHRXVY DOOR\ WR RQH ZLWK D \8& W\ AVKKBIQRGE ¥ @& SYRRAJ |
WKH 3G 1L DQG 3G 3W VIA\VWHPV > HKRBRIORQHWKXM BG GRA WV ¥

03D DW f& IRU K UHVXOWHG LQ D SKDOKW RHIUHID@®HC



WKHQ IROORZV WKDW IRU WKH 3G $KRY\KWIKP WKKIH K Hz B R Y HEQ®!
FDQ EH LQFUHDVHG LQ RUGHU WR UHGXFH QFQ®BN0QQ JIWKHP
SUHVVXUH EH\RQG RX G 8 UWHDL® V8 R L KSIKIRUP YWILRPIBWHG DO
WKDQ LQFUHDVLQBKMXKHURRMR DMQ RE YV RYHR\HUV DRUWMN G\ VL
WKH RQH SHUIRUPHG RQ WKH 3G 3W V\VWHP E\ )ODQDJDQ DQ
IRU WKH 3G $X VI\VWHP WR GHWHUBLQH LI D VLPLODU UHVXOW

W LV QRW ORVW RQ WKH DXWKRUW VKK DKV SAWKIN VHI UHHE R (
DEVROXWH YDOXHV Rl ERWK K\GURJHQ® DI\G ZGHROM® KD 8 WRK HRQU.

XQGHU RSHUDWLQJ FRQGLWLRQV @HHWEKHMR FEHV LR YIBK WX IUHD &
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$SSDEH@V DQ LQ VLWX SDUDPHWHU WR MXGJH H[WHQW |

OHPEUDQH $ ZDV IDEULFDWHG RUWAKLWRD\B8DWRV 3
$ VXPPDU\ RI WEH IROSWHKHQWHPEUDQH DW GLIITHUHQW VWDJH
LQ 7DEOH RQ SDJH W ZDV LQWWLD®&O\ D\ QXDDHNV HR3J
OLWHUDWXUH >DWIERG ¥ XERAXBOSSDUHRQWRO ZDV PRUH WK
WKH YDOXH UHSRUWHG IRU D FROGNURQOHDBEI®RHO RI VYKPVY OD
WKDW WKH PHPEUDQH ZDV QRW FRPSOFHNR DO L @QRRPAEIDHINGH PG
ZDV REVHUYHG XVLQJ VXUIDFH ('6 VFIIDFWH BKKLFR PSHRAHNNG. RAG

DOPRVW WZLFH WKDW RI WKH EXON

7DEOH +HDW WUBDWRE QM) DWIG HD\F WREY PBI@E LFRPSDULVRQ V
OLWHUDWXUH

OHPEUDQH)PEULFDWEBREHQ¥HPSHUDWXHUMHW WUHDWPHQW
&RPSRVLWWRHEKQLTNH PRO| UDQJH f&

ZW $X p @ &ROPG UROOHG ‘“ I

“ GD\V D

W fé&

$ (/3 “ GD\ DW fé&
ZW  $X " GD\ DW f&
“ GD\V DW f&

7KH DQQHDOLQJ WHPSHUDWXUH ZDV D DL WHCH VBS S D Uf-RQ I
KDG GHFUHDVHG WR “ N- PRO MG IRHPED®GGHWARQ V& HEQ
ZKLFK WKHERSSHRM@MG XQFKDQJHG ZLWK WEH DUQBE LYQIO X
ZHOO ZLWK WKH OLWHUDWXUH > @ 7HKB O DR W XEDAH T
DQDO\]HG E\ ;5' DQG ,&3 $(6 7KH :5' SDWW HIL\Q RRZBHPE U DX

RQ SDJH DQG D VXPPDU\ RI WKH B OGL I$M UFRRS RDVQ.D\

WHFKQLTXHV LV JLYHQ LQ 7DEOH



7TDEOH &RPSRVLWLRQDO DQDO\VLYV IRU PHPEUDQH $

XZW g
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J)LIXUH ;5' SDWWHUQ IRU PHPEUDQ/KH PHPEWDWDWH W DY QHBA
WKLFN DQG ZW $X

([SHULPHQWDO GDWHY IRUFRRIE DROEMMHGOWRLOV ZKLFK ZH
FRPSRVLWLRQ ZDV SXEOLVKHG E\ A\DIGXIGHWDBGLWLRQ®DO@P HF
WKH FRPSRVLWLRQ UDQJH ZW WR \WWHISX B& S B GHCGND Ve G
DW WKH HQG RI DQQHDOLQJ $V FDQ EHRRBHDQJUBHRKHRWH ZD)\
EHWZHHQ WKHVH GDWD DQG WKH DU W& WDKWHX UHEW7 KHRW U BWG $

DV LQGLFDWHG E\ D OLQHDU OLQH UHJUHVVERQI| RKXVS$ XRQ



FRPSRVLWLRQV IRU ZKLFK SXEOLVKBG QRWHHDHUVWRY MXGLE DW K

DQQHDOLQJ
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JLIXUH &RPSDULVRE}: RRWRE BX DBOUWUOHQWRPSRVLWH PHPEUD

VWXG\ DQG 6KL HW DO Fat PRU@FRR GVK R OOGH® URIQAW LQ WKH
SRLQWV > @

&RQFOXVLRQV

'XH WR WKH UDW KHQJ OMLIQPINW K'H D)XQLQUHHIGOEDHD R\ZH P S H Bl D WX L&
GHVLUHG WR UHGXFH WKH DQQHDOLQRP RIHAR X TXE $HGD W
FRPSRVLWH PHPEUDQH :H VKRZHG WKDW ZW LV$ SRWVW.EGH
IDEULFDWHG DV BHULD@&DX\HHY DW @/RIZP DV f& LQ OHVV WKDQ
WKH K\GURJHQ SUHVVXUH WR 03D W KKL ¥ DIM/D O L\MHP \D FIVFLL
GLVVROYHG K\GURJHQ GXH WR IRUPDMKHR @ LWR VW DIQ OID WHNQ W |
7KXV D IDVW DQG VLPSOH ZD\ Rl IDEULFOMWL®J E H AW $
$GGLWLRQDOO\ D VLPSOH VHPL L@R@HY H \D XE/ HE WDR) VILXX,
HIITHFW Rl K\GURJHQ JDV SUHVVXUHURGLWXMLREWLYDWLRQ HQ

,W ZDV DOVR VKRZQ WKDW WKH DSISD P HEWLFEIEW E ¥ DXWLHRG)

DV DQ LQ VLWX SDWXMHHWHVUHQYWR RXGIHNHDRXLQYH 2RIMHDQ QH D (



DSSDEMIQGWFUHDVHY XQWLO LW UHDFKHV D RDYLIPXP GRKINUGE
FKDQJH WKH.DBISWMKHQWQQHDOHG PHPEUDQH 7Kk IILROD M YDC
JLYHQ PHPEUDQH ZDVDRWG® G LW R EFH RRKIB/QV $X FRPSRVL

$FNQRZOHGJHPHQWYV

7KH DXWKRUV JUDWHIXOO\ DEFNQRZO HE 8D UEK DIQRIPD O2 (V
FRQWUDFW QXPEHU '( )( ZLWK 3UD[® IOL NH BV R7 KK D@ W KB
&RUSXV DW 3UD[DLU ,QF IRU PDNL@JILWRWROX RY WKBWER/O RBWI
RI OLQHV IRU DVVLVWDQFH ZLWK :5' DR)DWKWL%RQORBRRID GR P&K
OLQHV IRU DVVLVWDQFH ZLWK FRQG XFDIIDIY DB $K6 V DUH/ B D B
DW WKH 8QLYHUVLW\ RI 9HUPRQW IBUHWNKMUH KSEURMN@QVR

DQQHDOLQJ
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7KLY FKDSWHU LV PRGLILHG IURP D SDSHU VXEP
Journal of Membrane Science
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$SEVWUDFW
,Q RXU ODVW ZRUN Rl WKH VDPH WXI\WGIE WR [RX@HD &/ K
ELOD\HUV FRXOG EHEYUHDWHDOUBSEXFHEDLQIG SMKNYWXWHKH DS
DFWLYDWLRQ HRYHBHIWIPHDWLRQ FRXOG EH XVHG WR MXBJH Wk
7KLV ZRUN H[SDQGV RQ RXU SUHYLRWXVZHWKKIEK H. @ BWZHRQL B SR
DW WKH HIITHFW RR @®&HWDQ QM DROQ QUKKN G QR UHH® VD V. @ HIIRN VW |
ILOPV DQG ZH KDYH IDEULFDWHG ZM{SIV®@G WHKWH $R PHPRUD
Eax |IRUSHUPHDWLRQ RI DQQHDOHG PHPEUDQHW HPIEQUD\GIKHV3 G L
—P WKLFN ZHUH DQQHDEBHW2HHIXHU f&BRG f& WR LGHQ
DQQHDOLQJ FRQGLWLRQ LQ WHUPYV SRNUWMN X @M QMD PLDPVVRR
VWDEOH LI XQGHU SXUH JDV PHDVXUHPHOWY HERWRLWKIR JOIF
K\GURJHQ SHUPHDQFH ZHUH VWDEOHHDWHG W& DWW @HUIHD®\L

SUHVVXUHV RI K\GURJHQ HQKDQFHG VKW HU®DN OR P HERRBAUKD MG

3ULPDU\ DXWKRU DQG UHVHDUFKHU 'HSDUWPHQW Rl &KHPLFDO DQG %LF
&R DXWKRU 3K ' &KIPULWPE ®OW R 1% IHRIQRJIL RORMD RYIL®RI 6 FKRRO RI OLQHYV
$XWKRU IRU FRUUHVSRQGHQFH DGYLVRU 'HSDUWRRQRUPIGRKEPHLRRO R
OLQHYV



SXULW\ DQG SHUPHDQFH VWDELOLWSX)RW R ®QOHPOHGD IR U-P
03D +DW f& UHVXOWHG LQ RXBHKPHMHNMW REMHM\YHG +
PDLQWDLQLQJMXVWHDG\PRRIRB PRUH WKDQ K LQHB |RU 4D
IHHG SUHVVXUH RI 03D ,QWHSHWVRH QPN ZNDKH QR HR B D N U-
WKHI®X[ XQGHU PL[HG JDV FRQGLWLRQNG IRQY WKIHY UZRQIN RD W
DSSDEJHOQRW SHUPHDWLRQ ZDV IRXQG WR KDYH DDMLQLPWP YD
$X DIWHU Z&XKPKQWLDFD HDVHBVWRZW NEXPRO

,QWURGXFWLRQ

3G DQG LWV DOOR\V KDYH EHHQ VWRE&DKHY RUVEBEBDOGW
K\GURJHQ IURP FRPSOH[ JDV PL[WXUHV > + @ ,W LV
SXUH 3G PHPEUDQHV LV DGYHUVHO\ MIXKWFIVHEG FED IFFRRQN DR LBk
LQFRUSRUDWHG LQWR IMXG 3G&0 DWWIHEWER BSURWKWLQJ WKH
RI WKH WKLQ ILOPV > @ )RUWXQPKISGLVRRZIQYHD Q EWLR B
DOOR\LQJ 3G ZLWK $X > EOH® Z4MWM{ QR DAKHHE FSHUA
LV WKH GHJUDGDWLRQ LQ SHUIRUPDORHPHDOGP® IHUPVROHE
HOHYDWHG WHPSHUDWXUHV RI f& DG DERVH SRUBHGXO]
SHUPVHOHFWLYLW\ RI WKHLU SXUH 3G fRHPBGDRERYBIWG WHH R
IRUPDWLRQ RI SLQKROH GHIHFWV FD$VBIGQE\D®RR\VOAD IZGWIK.
EHHQ UHSRUWHG WRDLPP § WDYEH. LKA\ WKBG EDVHG PHPEUDQHYV

OXOWL OD\HU DQGRBLDDHHW 2R BV BUIWES) 1$EKV DV R FE\UMISDE U
> @ EXW WKH ELOD\HU VWUDWHJUUMGO HRY \FRPG IO LXFD WG ® ¢
VHWWLQJ 7KH LVVXH ZLWK WKH ELOD\HU VWUDWHJ\ DULVHYV

KRPRIJHQRXV 3G $X ODDHBKHDW\KDOMM LWYMHY WIHDW K& GWWR



ELOD\HU ILOPV FDWKEFAN WIRW W-HP S H@DWK UH VE&GQURP@ HYHQ
DW f& LW WRRN DQ HQWLUH ZHHNOWR Q@ HPQQHDB O LWR DV
WHPSHUDWXUH f& UHGXFHG WKH W QWKHINOERBHWD WH WKR
UHGXFHG SHUPVHOHFWLYLW\ > @D QKXW QIWLY H) B B\HDIOL\QW
UHGXFH WKH WLPKLIQRK DILE@QHNDIDL@LIQZY IRRG SHUPVHOHEW

,Q RXU ODVW ZRUN ZH VWXGLHG WHKH RHQ| MAWA RV LIRHI K T
DQQHDO 3G $X <6= ELOD\HU FRPSRVH®W PRICEVD GOV WLBUL K
‘H LQYHVWLIJDWH® SMKIHD WKHHEW RIf@SH RI PQQMDORQJILIDV +
DQG WKH SUHVVXUH RI WKH K\GURJHQVUPN UHTXID HG WR3DQ
—P WKLFN PHPEUD @H\D OLRW DLEO KLDK §UHNW XMKHR KQGW R JEUD V
GHFUHDVH WKH DQQHDOLQJ WLPH DWKHDWK P\WHW RHDQ @KL
PHPEUDQH DW f& ZDV UHGXFHG IWRP K KDWW ;08D3D +
'LIIUDFWLRQ ;5' D®GWQYHUVSIBEWS RWVERSEG WR VAMXG WKH St
DQQHDOLQJ ,Q DGGLWLRQ ZH PRGBOMH® SWOKH D Q QHIPQ LIQQI ISQ
WUDQVLHQW GLIIXVLRQ PRGHO WL YDHIG B\U(H XWD WH ROH L J KZK H U |
3G DQG $X LQ WKH DiQ ®RAGUMNHWIS HEMVH YGIHDQ VLWLHYV RIL3/G DQG

WKH WKLFNQHVMW RY WHKHH $DQ Q BIDRAQLN WILIPHH LR@G U GLIIXVLRQ

C:2a®Al__ | A NoB——p (TXDWLRQ

EAT®25>825B®47 ¥8YAi72aC

7KH DFWLYDWLRQ HQHUJ\ IRU LQQWVEBY & VWL\PIDRWDH B 1 BAGF D (¢
Dpaav IURP (TXDWLRQ  LXYGUWR B VEURGWRLIET XDWA RKRZ®RQ SDJ
ZKHDHLY WKH SUH H[SRQWNQWKB XQRFWBYDD LI\D W K R QD/A\DHD/D
WHPSHUDWXUH :H FRQFOXGHG WKDW SUKHY VKB H VKNG URQ B € Ord

D PXFK VPDOOHU YWN-ORRGR I OBV RRSSRVHG WRLQ DNQRRKO



K\GURJHQ LQHUW JDV 7KH ORZHU DHGN IWRD & REX H QMRI W KZHD
DEWLYLW\ RI WKH GZRK/IVFRKO ®H G GM GAIRRW KK J R PBMQ\R QY DFD Q F
FU\WWWDO ODWWDNFMWG\ ZH @ XJJHV VNG DFKOLW DWKLHR @ SISTHLH\ |
SHUPHEWLRRQ EH XVHG DV DQ LQ VLWX SDUBR®HWRERWRWHN
PHPEUDQHV $V DQQHDOLQJ K& RUR HSNHFHYWHRDS SHIFHWE WV F
UHDFKHV D PLQLPXP VWHDG\ VWDWH WWLWH UQRKQ RK JHAG E WD (
DSSDEJHQMSRUWDQWO\ WKLV VWHDG\ VWWDIW® PY OSH FRIP\S R ¥ D
'H IRXQG WKDRY; DREBSHHWOWDWLRQ GHFUHDVHG ZLWK LQFUHD
UHSRUWHG YDOXHV IRU WKH ZW + ZW $X UDQJH > @
& L& ATEAD F (TXDWLRQ
,Q WKLV VWXG\ ZH KDYH H[SDQGHG RQLR % B USUHQY WRXVSZHFE
KDYH WDNHQ D FKHWLIFBBPWOR R NV IONWMOGR@VD R QQW KFHR Q QE U H D\
K\GURJHQ JDV OHDNV WKURXJK WKHPEODPYHD QK ZW KB QM DLE
ZW $X WR H[SDQG WK H4) DROU ISH B B HDSMBIDRIH BWDQQHDOHG P
KDYH LGHQWLILHG WKH RSWLPDO KQBM BGLQIXVAKHG XOHURKL
ELOD\HU XVLQJ WKH IROORZLQJ W KAUHHMS FWLDAMIUW B  LRKIDQWH J
DQG DIWHU DQQHDOL @HDNWDEEHUFHRBWHK W  f& DQG WK
SHUPHDWH SXULW\ DW  1f 8DNQBHWXUH )RU WKH DQQHDOL
FRQVLGHUHG RSWLPL]JHG WKHUH VKBNOBWH B R G KD ®JHDVQO
OHDN UDWSHDPRKDOFH VKRXOG EH VWDEOH DWXVW & THQO Wi
HIFHHG XQGHU DHHG #DVWO\ Y DEXHVURSHDPHDWHRE® L Q
ZW + ZW $X UDQJH ZHUH FDOF XO/DMH® PQIGQ D QB ODDLG/ (

ZHUH XVHG WR YHIHDOWE&DWKIWKHLDRYV RBOR\WRPRJIHQHR



([SHULPHQWDO

OHPEUDQH V\QWKHVLYV

3G $X FRPSRVLWH PHPEUDQHY DUH SURISBGE HGE G\ $XH TOVH.C
HOHFWUROHVYV SODWLQJ (/3 IROORZHGKE\ \DXE \D\WQBIWEVQXV
VWXG\ ZHUH DV\PPHWULF SRURXV WXEM¥RRO®H 46K P E\W3WWDL
6XUIDFH 7THFKQRORJLBYV UHFBBYHGKWXEN WU BV BHYIFULEHG
HW DO > @ EHIRUH EHLQJ FKDUOFRB®WURIHG/ D @® G GILW B G DX
WHFEFKQLTXHV GHVFUL®@H G SIUH VL R YWHIY HAXEMWN BRWHI W L]H FD
ZHUH FOHDQHG LQ DFHWRQH DQG K\RUROB® LSHU R[KBH ZHRIG
DEFWLYDWHG ZLWK SDOODGLXP DFHWDXWK EYKHS DFH WR DML Q.
FDOFLQHG LQ DQ RSHQ DLU IXUQDFHHBWLQ Df EDRUF IG LDOXGV ¥
VROXWLRQ IROORZHG E\ VHTXHQW VDRI GBSREY GWILR Q0 RO B IOSAD-
$X SODWLQJ F\FOHV ZHUH SHUIRUPHG RRPSIRY IMMWLHR G5 ZDIVU B 6
OHPEUDQHYV IDEULFDWHG LQ VX©KDN BMURBDBQG R ZD WDWRRPY

PRO W 3D

OHPEUDQH WHVWLQJ

2QFH IDEULFDWHG WKH PHPEUDQHYV DER OV VZ WWAHH ¢
FRPSUHVVLRQ ILWWLQJYV 6ZDJHORNWRE & HEPGSROWRH | RQWRD
VWHHO SLSHV LQFK 2' EHIRUK GHYQ JVMWHHODDIOHBOL Q V LLA
WHPSHUDWXUH FRBQ®& WRE HWARIQ MKIK® QW LR § LDIB\E SOD PHQLOL
IXUQDFH 7KH WHVWLQJ PRGXOH ZDV &R®QDOPYW NRGWEBH >RQ@
VKHOO VLGH FRQWDLQHG WKH IHHGZDDVUHKEIRYH WHKG | SR P\M R M

DW WKH ORFDOVYWXBPRVERHULR3DUHMXWAHHEQYDIWKED VW XG\



JRU WKHUPDO VWDELOLW\ WHVWSXXVMQJ B HSKOM WA
ZHUH VXSSOLHG WR WKH IHHG VLGH BV V QG R Y LIERQ@W UFRROLOMHILY
PHWHUV PHDVXUHG WKH UHWHQW D WHH DUHF BBIG R 8 DR\OHV RO R ZF B
D 9LVXDO %DVLF FRGH UXQQLQJ LQ OLFURVRIW ([FHO 7KH St
FHQWHU RI WKH PHPEUDQH E\ D W\SHDVWKOXRRFZXIOH P BB
DW GLIIHUHQW IHHG SUHVVXUHYV V3D # & +03D f ® QW RNRIP\&
YDOXHV SHUPHDQFH DV D IXQFWLRIXHRIVOR®ISHIDWEKK H UDSK
SHUPHDQFHJNY¥H VW DQG WKXV WKH DSSPUPKIMVLRQ )RU PL[!
WHVWYV FRPSRVLWLRQV RI WKH SHUENDWQH6BQGQY MW X 8 W@WI\
*& HTXLSSHG ZLWK D T +D\HVHS ' FRAX\P\QGBHI@/G DNRKHB&D O
8+3 +DV WKH FDUULH W UBWDWLRIQO XDWH ZAIDQ HX WHKGH VDR ZGHHWGI iV
OLPLW FD QLWQRERHQY K K&GDRBROXNPYHRPELQDWLRQ

OHPEUDQH FKDUDFWHUL]DWLRQ

OHPEUDQH WKLFNQHVVHV DQG FRPSRVLWLRODY LZAHIMU IGF
PHDVXUHPHQWY *0 DQG ; UD\ IOXRUHUNHRBH ;'50 &D GR@\V |
VSHFWURPHWH UFESIOWH\D WE QWY RQ WBJB RI |LOWHL ZL;5) LV F
D EXON DQDO\VLY WHFKQLTXH EHFDXWVKD® KMKWDPISPE QD QGH B
> @ OXOWLSOH OLQH VFDQV DO R QUHWK/H G DR WKY Rl DWKHU B B
WKLENQHVV DQG EXON FRPSRVLWLRQV $DWVR AR LRIPWE&HE 8 G
GLIIUDFWLRQ ;5 SDWWHUQV UHFRWBGHG :ZUDK AL 13K DG WRWP 3
HTXLSSHG ZLWK DQ ;T&HOHUDWRU GHWHRRXRHGXWWOL]LQUH&
SHDNV ZHUH DQDO\]HG XVLQJ WKH +LJWGFRIUGI 305XV LWRIWAE Y

WHFKQLTXH > @ DQG LW ZDV XVHGEWRHIDODWGADWID XV EKH $X



7KH QHDU VXUIDFH $X FRPSRVLWLRQYHDVSREWDRYKG B\ H@HD
NH9 XVLQJ D )(, 4XDQWD VEDQQL QP SHOOLHFIWMHRSWKL EQ RB\GF R §
WKDW DEFHOHUDMGLEFIWHBOW®D JFH LV SHN DBV LY H®\ XVLQJ W
2ND\DPD GHSWK SHQHWUDWLRQ HTXDWLRQ > @

5HVXOWYV DQG GLVFXVVLRQ

+LJK SUHVVXUH DQQHDOLQJ

OHPEUDQH VI\QWKHVLYV

BUHYLRXVO\ ZH PHDVXUHG WKH WLPH SJHITWHGHGGW RS XI
ELOD\HUV XVLQ@ODDOULAWFRQGLWLRQV DQ GJHRK\EA RUKDON XV
03D UHVXOWHG LQ WKH VKRUWHVW DQ Q@& D &V QM KW LIPHIP B W DHD
XVHG IRU WKDW VWXG\ ZHUH RQO\VLER ®KQ JIJWHFE QLR K H\K RUR
JDV OHDNV DQG K\GURJHQ IOX[HV WKRERXIJIKHWIKE R QH WZH ERW |
FULWLFDO ORRNIDMW W\GH RJHJF \8 IRHFVR/XE HWD. @ QN DROQ QWK H LQF
K\GURJHQ JDV OHDNVLWRW R XJKHWBIGH $SVERAIWP HEHQQHV—P DQG
WKLFN UDQJLQJ IURP ZW WR ZW H®X FZRIW MW KDREUDORQWEHG
7DEOH RQ SDJH )RU HDFK PHPENDUHHPWRWU BHI\DAH B
PHDVXUHG $X FRPSRVLWLRQV IURP WKB W&GHHD DY DO LWLFDOI
)LQDOO\ OMKDHN ISHUPHDQFH YDOXHV RI WKH@V IDECMDWHG |
3D DW URRP WHPSHUDWXUH 57 ZKLFRUW\DFR{SM BHOHG LD@

> @



7DEOH 6XPPDEPX RHBGUDQHV V\QWKHHWHNEGXBH MAIGH K1H R
DQQHDOLQJ VWXG\

OHPEUDQH ,' 0 0 0 0 0

$FWLYH DUHD |FP

TKLENQHVV —P *0
;5) “ 1] 1] “ “

$X FRPSRVIOWLRQ
ZW '5) “ “ “ “ “
(6 " " " " "

 QLWLSWUPHDQFH . R
DW & PRB®DP

-_—
-_—
-_—

$QQHDOLQJ VWXG\

7R LGHQWLI\ WKH RSWLPDO DQQHDOL®Y PAREGRQH MK}
IROORZLQJ FULWHULD ZHUH XVHG FEBQJH HIDN WEHH RUMH LI
DQQHDOLQJ VWIPENOLMSHRIPH® @FH Q& WK A&Y DO S H URR HADKAHH +
SXULW\ DW f& XQIGHDVDPL[WXUH $Q RSWLPDO DQQHDOLQ
FDXVH D FKDQJBHDR WDKANH DM KIHD NSHH DRHED @ FH VKRXOG EH

f& DQG WKH SHUPHDWH SXULW\ PXVW HTXDOIHRHGHEFHHG

VXPPDU\ Rl WKH DQQHQOHQW ERQGHEBOIHY QM. YHQ LQ 7D

7DEOH 6XPPDU\ @J WRE CLOWQRMDYLLQYHVWLIDWHG

OHPEUDQH|,' 0 0 0 0 0

THPSHUDWKUH| f&

SUHVVXUH | 03D

/7LPH K

,Q DOO ILYH DQQHDOLQJ FRQGLWLRQVO0ZHUHS LOQ YHVWH J|

XVHG WR VWXG\ KRZ WHPSHUDWXUH DOHWW VZ KWHKUHH U@ WXIONV U



VKRUWHQHG WR RQO\ WKH QHFHVVDOORIHQJWRGNVR RKERZMLYH D
EH FRQVLGHUHG D VHW Rl FRQWURO H[SHULPHQWY DQG ZHUF
SUHVVXUH PD\ DIIHFW WKH UHVXOWHBQDWX.OH® R XDQIQMDOIL @
FRQVWDQW 1RWH WKDW WKH WLPH WI ®QUIHVDIR® BRQVOEZH
PHPEUDQH ZDV H[SRVHG WR 03D +

YLIXUH RQ SDJH VKRZV K®HDWKS$HURHDRQBEA 1RI DQ
PHPEUDQH FRPSDUHG WR WKH LQLWLDO YDOXH RI DQ DV I
IRUPHU RYHU WKH ODWWHU IRU GLHCHUE QWD NV QWK (RIQYI)\ PRI
WKDW GLG QRW VKRZ DQOHED @GHUPE DKM RQIDQQHDOLQJ $¢
DQG 0 VKRZHG RQO\ D PDUJLQDO L QG HRBWH PV XIGHW WRIQV M
SUHVVXUH DQQHDOLQJ ZHUH EHWMNWWUHWKB®Y VRKHWRKR QO
KLJK SUHVVXUH FRQWURO 0 FDEYHOG . QH DO J L ECHIDMCOND JH |
SHUPHDQFH

7KH GUDPDWLF LQFUHDVH LQ OHDN SHWKDDA FKHHRY L@ JV
PHPEUDQH XQGHU H[WUHPH FRQGLWLWQVPHRYWD®D MR MQGH Q. (
DERXW WZLFH DV PXFK DV WKH H[WH®&GW G RXRIGSEH W % 0B L]
HQKDQFHG VROLG VWDWH GLIIXVLRQ Wa6H KRIJK ISH HMW/ %K HD &)
WUHDWPHQW > + @ (QKDQFHG 6P HRML HWHPXNGE SHIUQ
UHVWUXFWXULQJ RARWRB NXOWLPERWHORDOHIRG RR GHIH FMRV
DQQHDOLQJ FRQGLWLRQ XWLOL]JLQJ ORZ SUHVVXUH K\GURJH
FRXOG H[SODLQ WKH VP DO GHWD N GRHIHTHMHQ EE WKKHHQ5FRIPSDUH
VHHQ IRU 0 ,W VKRXOG EH QRWH® \WKIDIWW SKHWRQWY KB GBIRRIU

WHVWHG IXUWKHU
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Final/Initial RT N, leak permeance

M1 M2 M3 M4 M5

J)LIXUH SDWLRV RIOWRN HHIDRHDBP R RAHPRIPW W B QCHY/QRIDHDWH & K H
57 10HDN SHUPHDQFH RI WKH DV IDEQHREDOAKRYG FIRGFOL WRLIIR @K H

1HW WKH VWDELOLW\ RI WKH PHPEUDIQHYV WHFS RB D WXE

f& XQGHU SXUH JDV DWPRVSKHUHV LYVIXUIHRRN Godp S/ DK H
SHUPHDQFH LQFUHDVH UDWHYV V OKRLFHKVZRIUW KA B G QWK LIQW) LDI(
UDWH RI JURZWK RI GHIHFWV LQ WKH ILOPV )LJXUH VK
WHPSHUDWXUHY HTXDO WR RU JUHDWHUO WKQPQ@ WKHKDRSNOBW
WKH RUGHW RO W3DK ZKHUHDV WKH PHPEUDQH DQQHDOHG L
WKDQ WKH RSHUDWLQJ WHPSHUPRX WPH DK HDW KR XIKRSG HVRIHP

WR KDYH D QHIJDWLYH VORSH ZLWXVIQGHWVW KX FO-HDMDW RHEH X
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J)LIXUH 6WDELGYIMON S HRUPHIOHQ EH D W f& IRU WKH GLIIHUI

*XD]]JRQH DQG 0D > @ DOVR VWXG LWH G XWKIH3GDRHP RU DGiH
GLIIHUHQW WKLENQHVVHV 7KH\ XVHG RBGLXPXQE8 WKBWQRX
PHPEUDQHYV KDG KLJKHU UDWHV RI E@AHD \FHR PRBUKNQRIOH R |
ZLWK WKH FXUUHQW VWXG\ LV JLYHQDIQH 7Z.BAKH D Q RQFSBLIH H
RUGHU RARO ¥ 3DK RU KLJKHU LV FRQ¥LGHUHG@X QAKNLBE (R X O (
WKH FDVH IRU O O E O E DQG 0 HUQRSHHWHWWIQPJI &/\H PLSWM |

f& 0 KDG DPRO W3DKVORSH GDWD QRW VKRZQ 7KXV
ZHUH FRQVLGHUHG VWDEOH DW f& fABKLTKHYH Z0BN RQYOD WL

FRQVLVWHQW ZLWHK W KRR RRH SO\ HKB\DWK DWWV KDGUWPRHIQHW)  ++7



DQQHDOLQJ WUHDWPHQW DERYH WXKHJR$HG DMK HUP\D B P\S\W D B!
PHPEUDQHV DW WKH RSHUDWLQJ WHES$HKUPMPEMD®OH @ 7KHBVO
EHWWHU WKDQ D SXUH 3G PHPEUDQH RDV IVXLUQ B VWV WIKDND DG

$X LPSURYHG WKH WKHUPDO VWDELOLW\ RI 3G

7TDEOH &RPSDOHDRQVRIDELOLW\ DW f& IRU PHRABUDQHV I
WKH OLWHUDWXUH

OHPEUDQH |,' D ( ) 0 0 E 0 E 0

1 OHDN SHUPHDOQFH
LQFUHDVH UDWH | PRO 1 i T T [0

P V3DK
7KLFNQHVYV —P

&RPSRVLWLRQ P| 388G ®¥X3G %X 3G $X3G 3G 3G
SHIHUHQFH TKILY | 7KLV | 7KLV | > @ > @ 3 @

VWXG\WWWXG) VWXG) VWXG\

"9DOXHV DUH IURP *0

*XD]]JRQH DQG 0D > @ XVHG +H WR ®H\W N UPH QFHH W & AHOIH@MU H D WHH WU D'AMKHHV
GLYLGHG E\ EDVHG RQ WKHGDAH PRSFIW B OWKBWWHG WKURXRIE WKH L
PHFKDQLVP

$00 IRXU PHPEUDQHYVY 0 0 O [5Q{® PHDKQFGW\WWEOHf& I
K DQG WKRVH YDOXHY DUH SORWWHKOG GL® KHJI XUBKH VDV RSH

i PRO W3D ZKHUHDV 0 KDG WKH ORZRQ/ W 3D OXH? RIT
FRPSRVLWH PHPEUDQHYV FDXVHV VLQWRULQUDLL® VIRURBW ER
VXUIDFH VPRRWKHQLQJ > @ 6PRRWKHQLQJ RI WKH VXUIDFH
GLVVRFLDWLRQ > @ DQG PD\ HYHQ UWHGXF HV KHK HP H/ARELEDADLHR
XOWLPDWHO\ FDXVLQJ SHERFDKYEWH>L Q@W KK LY HIIHFW LV HJ[l
WHPSHUDWXUHV > HQW®LDM® HDPRO SR PHZ RQ Q HOHPHE® D W f
KDG WKH KEHKHPHW GFH IROPRZIHG F&O0 DRG ILQDO Ghdo®QG 0

f& 7KH GLIITHUHQF HWRHIHHFHWRH 6 DQG 0 PD\ EH HI[S



RI WZR HIIHFWV W LV SRVVLEOH WKWDHD WAKHHQ KL JFKD YSWUHHW \DX |
VPRRWKHQLQJ RI WKH VXUIDFH WKDQH OLRF SHBIWN XUH VKK & U\RI
GLIIXVLRQ UDWH <HW LW LV DONR BIRR/S/QE G KHVK B W QUKIIKW &
WKH LQLWLDO VXUIDFH VWUXFWXGHM@&RBG D§JG LOO P ¥HBIRGHD O |
WKLFNQHVVHV DQ® BAKIRZHEGH W K D &P DYKID % Q\BRIMHG 1L BI B/ IHO L W \
> @ 7KH IOX[ RIH® IDY P YHYWL RDWD \BWEBBLEG WBBOWRYDOXH DI
DQG UHGXFLQJ WHK IF D/XXMH B PH. JDKLEFDQW@URXJKHQLQJ >

7R VWXG\ KRZ WKSHEPHID QPN BIIGIKWVQWIKH H[HG JDV HQY
D 4 PL[WXUH ZDV XVHG DV WKH IHHG )RUDPUHREEWRQH LD
KRXUO\ VSDFH YHORFLW\ *+69 GHILQRDB WRMWW KHQBEDWIKWH RIF
FDWDO\VW XVHG HGVWRKB HAVHWUE A YWD F V@R Us W B H RXKUB SXRW S
FDWDO\VW IRU RXU H[SHULPHQWYV ZD QBIFIWBUWRHPBDGDI) PR
LPSRUWDQW IDFWRU ZKHQ LW FRPHVPWR PQHHG JBY JH[SH UL
VHHQ WKDW WKHUHQZDY WRPHDGWYYHWLBEOW PIHRWEKBWDGHV Wk
VWXGLHG )RU WKH PL[HG JDV PHDVXUMPH @W W DV R REMH F® P]$
IORZ UDWHV DOVR FD@®HQGHRHP KWBIGHIRU WKRVH WHVWV
PHPEUDQH *+69 E\ XVLQJ PHPEUDQH D UHWDQWNWH D@ XD WL RE

ZKHYHY WKH IHHGAPRZ WRWIP®PHDREIJDQH DUHD > @

IAI>N=JA )*580E—£_A@ (TXDWLRQ
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JLIXUH SIHUPHDQFHV DW I1HYEBQWRUDW RH BAL® E FRRBILWRRQV
f& DQG 03D IHHG SUHV VX UHHGQIRKWUGR I IHUHQW YDOXHV F
*+69



+ IOX[ ZDV PHDVXUHG IRU HDFK PHPEUDWQHURW GLRIKUHQ
WR PDQG WKH UHVXOWY DUH SORWWHGNLQJQAVUXDW D ERRQ
PHPEUDQH *+69 QR FOHDU WUHQGXZIMHRENVWHYMHG LQ QWK B\
SHUPHDQFH $W WKH KLJKHVW P MWRKBEHOB Q #A D:'v 688000\ PVIR®
0 RI WKH H[SBRWKGQGHU SXUH JDV DW WKH VDPKIL 8 DUHVIXIDAV
FDQ EH H[SODLQHGDB\L RMKH FERQF HQWBKIRFK RBQHHMAW LWVH
PL[HG JDV FRQGLWLRQV $V K\GURJHQ HHWKHD W\EW RVK QR K
SUHVVXUH RQ WKH IHHG VLGH GURSVHDORIKQU FWK D 1B GMV KV |
GULYLQJ IRUFH IRU K\GURJHQ WUDQV SRVWG $ ¥ \PIAPHENVKBEML @4
+ 10OX] LQFUHDVHG ZKLFK OHG WR LQFDMDVW®X BXFIRMW. WV R
UHFRYHULHV $W WKH KLJKHVW WHKMEHHFRQHH B+ 86D G PQKDYHUD J
FD 2Q WKH RWKHU KDQG DW WKH OWEKHVIW RBBRRNVCHQUHN *+
ZDV FD 7KLV RFFXUV EHFDXVH RNHKH | BB Gl IIGIR 3V UIVWARW D N
FDQQRW SUHYHQW OREPOMHRWYUPWUB GLINDGLHQWBJIHUR ZH
GUDZ DQ LPSRUWDQW FRQFOXV ISRIQ PMIOIW H VR U WX IGH HID QW K HR
IOX[HV IRU D PHPEUDQH ZHUH XQDIIMPMWHG E\ LWV SXUH JDV |
7KH ILQDO SDUW Rl WKH RSWLPL]DMWA\RRI WBHXERHIDW HWIR U
GLIIHUHQW DQQHDOLQJ FRQGLWLRIQWH QWHPHHPERDDWN 2 RV LI
IXQFWLRQ RI PHPEUDQH *+69 LQ )LIJXUKH VRARZSDIH VLPLBW U
RI LQFUHDVLQJ SXWURW\PHPEK DQHF UHBH WKRLW EB WKIBDKHW DHW
KLIJKHU PHPEUDQH *+69V (YHU\ PHPEUD@MNW KRRAHGO S OQIGNQ |

DFKLHYHG WKH JRDO ,RIIIDFW SWKUIWH IRUWKIHP BRDQH 0 ZHUH -



2Q0\ RQH RI WKH IRXU DQQHDOLQJ FRQGLWLRQV LQYHVW
$QQHDOLQJ D —P WKLFN ZW $X BBODAIRW ILEPGRW QR M& At
WKH 57 LQHUW JDV OHDN WKH DQRGG QMG SIUR 6 XFIHG VWWHIJE CBEX |

DV WKH SHUPHDWH VWWQFM WKDW ZRXO0OG EH WKH RSWLPL]H

500 °C, 0.7 MPa, 50:50 H,:N,
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JLIXUH (I1"THFW RI YDU\LQJ PHPEUDQH *+69 RQ WKH SHUPHD
ZLWK D + 1 UIHHGHRW ®QQHDOLQJ FRQGLWLRQV

$SSDEKQRWU SHUPHDWLRQ RI KLJK $X FRPSRVLWLRQV

,Q RXU ODVW ZRUN ZH VKFEZHG RWSHIW PW R W LIRS RW HQ \&
FRPSRVLWH PHPEUDQH FRXOG EH X\UHGHDW HDQQVLR! \DLQ\QH B DU Q
WKDW VWXG\ ZH IDEULFDWHG DQG DQQ@MDOW®& VHYNUDGCS RHY
+HUH ZH KDYH IDEULFDWHG WKUHH 3GW XWPRH P E DWW Q H&/X UXD/Q JL.

PXOWL OD\HU IDEULFDWLRQ VWUDWBHKL HVW LD U>WR WRHKRBF



ZDV DQQHDOHG D@V OB® IIRU XS WR K WR HQVXWRXWKH IR
DOOR\ 7KHIEW DOOXBHNWQWHDFEFKHG D VWHDG\ VWD \GB LA MWRQ DOW
DQQHDOLQJ GLG QRW EnK D7TGHH QMHIDH YKIUDDFHIWX FRPSRVLWLF
ILOPV ZDV PHDVXUHG E\ ('6 $ VXPARQ\7REWHKH PMHPE ZBHQF
WKDW WKH $X FRPSRVURWLRRN & EWHWIBKAQ DTOHOA VDUBBI®I G ZH O

RWKHU

7TDEOH 6 XPPDU\ RI WKH KLJK $X FRPSERVXWHRWKRHBEEBEDQHE
+ SHUPHDWLRQ

OHPEUDQH ,* 0 0 0

$FWLYH DUHD HRP

TKLENQHVYV —P *0
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'H KDYH SUHYLRXVO\'" DIQRDZAHAG LW KRDQV DD W K EX\D ¥V L\PEOVDW UW
RQ D SODQDU VXEVWUDMRD H U RH G7 DXMKHD B LEX) RIXEXODU FR
PHPEUDQHV E\ ;5" DQDO\VLV ZKLFK ZDWXDBOBRRSRVHWLWR HJ)
9HJDUGYV ODzZ > @ 7TKH ;5" SDWWHHWVO IRO®DWWLHE
FRQVWDQW c QVWODQWWLFH ER WQBHOFRQMWDQW C

VKRZQ LQ )LIJXUH RQ SDJH
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JLIXUH 5" SDWWHQRAY 1 PHPEUDQ® YV IRBRDWMAHBRUDQHYV 0 (

0 DQG 0O ZHUH VLPLODU WR WKH RQH BREU$SX D DEROFRS OFH/MDHN ¢
VKRZLQJ SHDN VKLIW WRZDUGV $X HWV WKH $X FRPSRVLWLF



$V PRUH $X LV DGGHG WR WKH 3GHODMWW EMHH I XWWVH CDBQV $UKL |

ELJJHU WKDQ D 3G DWRP $V WKH $XXFRPORY LSMHIDRNY LMXHAUW DW

LH WRZDUGV WKH $X SHDN TKXVHLYV ¥HAHQ PRVKRFAMHD Y
LQ YLHZ RI WKH 3G $X DOOR\ SHDMNVE A WLZAHH Q WHKW\ SPHHDW UQ
$X FDUG DG BG LBFRONMRGHG LQ )LIXUH

;5" SDWWHUQ RI PHWBAUPH RBRQVWNDQWDULVRQIROHFREPBQHYV 0
0 DQG O JDYH SDWWHUQV VLPLODU WR WKH RQH IRU PHPEU
*DGH HW DO UHSRUWHG H[SHU LERHCRNUIEH ¥ PIOXW VR IR WKF
UROOHG IRLOV EXW WKH\ RQO\ VWXGIZMG QB F& P SR WLKAIVRQ\
WULHG WR EULGJH WKH JDS IURP 4\QJ PHWERUD W BQ@ B\KHD
WR ZW $X UDQJH IDHFRG DK DO XGB (I IHD SISHAHEXDO DWHG SHI
GXULQJ WKH DQQHDOLQJ SURFHVV EWHWFIHWIWNXKIHH 3G $X& PHH F
DV ZHOO DV SUHVVXUH 03 M® FDOFXGBHWHHWIQH H DV D IXQF
WHPSHUDWXUH $Q $UUKHQLXV SORW SHUIRHIB Q FHR QM3DVI HD
VORSH:RI ZKLFK FDQ EH XVHG WRELED OJFKOQBDWHHWVKIH D.SSDUHFRA
WKH YROXHO® EH LEH\-DXR® WKH T DOQMWHWD G R
6LPLODU WR WKH SUHYLERXMYSNKGOP HDMNH DG RD UIHDFW ILOF
VWHDG\ VWDWH YDOXH RQFH LW ZDWHDQ UHBEMH ® HD®& G QN KH Xk
SDJH ZKLFK DOVR LQFOXGHV UHV)@AOWYXRVRPYRRX HWHDIQRX
N- PRWR N-IRBO ZW $X WR ZW $X DOOR\V HEii RIXDG WK
ZW $X FRPSRVLWH PHPEUDQH FRPSDUHKX FROG VRO WE D R
N- PRCGC @ $V FDQ EH VHHQ LQ )LJXUH UV SORHEH OWRH DMWU I

ZW WR ZW $X UDQJH DV LQGLFDWHGRE\ D FSDUMMIIAHO L QH



SHUPHDWLRQ PD\ EH SUHGLFWHG IRU $XEFRRRXRH\G WDRQJIW WH

QXPEHU PD\ EH XVHG WR MXGJH DQQHDOLQJ

Arrhenius plot, Pd-41Au

-6.10

-6.20 +

-6.30 +
dy/dx = -E,,/R = -1.0855

R?=0.9993

-6.40 +

-6.50 —

Ln (Permeance, mol m2s1 Pa-0:3)

-6.60 —
-6.70 I | | |
1.20 1.30 1.40 1.50 1.60
1000/T (K'?)
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ZW $X ILOP

7KH DSSRUH@®WSHUPHDWLRQ KDW RRQMWKH ESODMLVRIQDO H Q!
VROXWLRQ RI + LQWR,WKGG3 & X DPWRYDWLRQ HQHUJ\ IRU GL
EE $EVRUSWLRQ RI + LQWR WKH |FFV CLDHVVZVFOHUD U RYH[RW®!
E- LV SRVLWLYH > ®UWRG HWK DW LQOHRPIS RV L Q1 RAGK HPIRXHHF "
QHJDWLYH > @ )ODQDJDE BGEUPRVHEXQE/ KW MXM DGGLWLRC
+ ZW $X > @ %RWK WKHVH UHVXQW\XK RXQGGE FLOQN M MDKCDON @/t
ZH KDYH UHSRUWHG SUHYLRXVO\ > @ WKDYDBD A DVOIG \DAQR:

IURP ZW WR ZW $X DIWHU ZKLHKEQKMWHOH AV D YWD B¥X b



7TKXV LW VHHPV WKDW WKHUH P LJWWHEHN3§&B WHERWRL | ZHKU H & VID U
VKRZQ LQ )LIJXUH SDJH $V WKRVH WZR VWXGLHV ZHU
WHPSHUDWXUH UDQJH DQG DW PXFKHIRZHN SDUWZIDO>SUHWY)

TXDQWLWDWLYH FRPS&SBHU IEVRAQ V¥ B I W IBAHHNVDIWPILYOHD W U H Q
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JLIXUH 6XPPDUERIPBSBURBWWLRQ RI 3G $X DOOR\ FRPSR\

XS WR ZW $X XGRPIDMNY MW DO > @@ DEKGE FIRWOB UROOHG
SRLQWV > @

&RQFOXVLRQV

,Q WKH FXUUH QW[ ¥YD\VXEH G ZRIQKRWNEBWYPWAW YDOXDWLQJ V
RI DQQHDOLQJ FRQGLWLRQV XWLOLJQRQ KLG K FBIHV V&V HO K DA
WKH ILOPV DQG E\ H[SDQG EQJ RUKSIHWP® DR R Q S5 DUGI@MD O H G
$QQHDOLQJ ZW $X ILOPV IRU VKR UMW BHWRIEG \K\BIURLPE X
REVHUYHG WR EH GHWULPHQWDO WR)GVKGRQD K HXD G BR V X
GHWULPHQWDO WR WKH ILOP TXDOWWW HHFID XKX\HL R Q WKKIL FIKQ IFE
WKH IRUPDWLRQ DQG JURZWK RI GH IFHGEXWL R @V DFFIF RD B GIFMW
LPSURYLQJ WKH WKHUPDO VWDELOLWRHQGWREWEY® GNP HPE

EH DQQHDOHG DW WHPSHUDWXUHYV BERMH WK H GVHMLHR MK RS F



RI WKH ILOPV ZLWK UHVSHFW WR WRHIR®D KIBURIKA UDWY X
SHUPHDQFHV VWGEEBLHNG X W&HU+PL[HG JDV FRQGLWLRQW @HUH
WKH SXUKMHDRHDQFHYV
2Q0\ RQH RI WKH IRXU DQQHDOL QG FHRIFKL Wl R\@ M ULQRYH VRAL
$ FD —P WKLFN ELOD\HU 3G $X ILOP P HRQQHHD OG DW G
QRW VKRZ D FKDQJHHDMN WKHRBEH DQG DIWHU D @MHMNOW QW HL VG
+ SHUPHDQFH DW f& DQG LWSPBBRHBDWHG SWKHWILIKHVW LG
+ 1 IHHG DW PHPEUDQH *+69 /DVWO\ ELDIRXHHBP BSWDE B QW
ZW o+ ZW $X UDQJH ZHUH FDOFXO DDASHS®RELHMVZ DV 4R X G
SHUPHDWLRQ KDG D PLQLPXPWYBDXH RW $X-DPR® LW LQFUHD
N- POV FD ZW  $X
$FNQRZOHGJHPHQWYV
7KH DXWKRUV JUDWHIXOO\ DFEFNQRZO HE 8D UEK DIQRIPD O2 (V
FRQWUDFW QXPEHU "( )( ZLWK 3UD[® IOL NH WV R7 KKK D@ W KR
&RUSXV DW 3UD[DLU ,QF IRU PDNLQJ WKH VXEVWUDWHY DQ
DW WKH 8QLYHUVLWVYKR BOVSROWLRGY RI XVLQJ KLIJK SUHVV

DQQHDOLQJ
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7KLV FKDSWHU LV PRGLILHG IURP D SDSHU SXEO
International Journal of Hydrogen Energy

1HLO 6 3@DMNGIULQH S5TRORWIB Y D\

$EVWUDFW

&RSSHU DSSHDUV @R IEH® @ QHRMHIUBHG/RVEIDW ARQB® AW UQ J
HOHFWURO\WHV,&HX FX, DEH%BDXYH LW LV VWDEOH DW KLJK Wi
DQG K\GURFDUERQ FRQWDLQLQJ DWPRVSKHUHV +RZHYHU Z
SDVWHV LQNV WKIHNH HW®RPF\®RRG HYHW R (GO GDWLRQ LV
FRDWLQJ WKLFNQHVS$OWHYQDW-LR HO\LQHO HFRWUR/O BV P HSWKIRWS
GHSRVLWLQJ PHWDO ILOPV + ZLWKRWWFDX@ LDOAKLBYHHBGKEN W
FRDWLQJV WKDQ YLXRUEDYIWRN & XQZBKK IV @ RY@WMR QDWLYH WR
HOHFWURGH IDEULFDWQRPW RIFDWBH FRREXFWLYH SURWR
%D=&H< 2, 3G 5X DQG &X ZHUH LQYHVWLJDXKHGKD ¥ XDEDN Y[

WKHQ SODWHG $O00 WRUIBHRBHKXBEH MRKIQEHHOHEWWR GHR/R Ga

SHSULQWHG ZL W K Irerhatibrialddunal @f IRydrigénHEnergy,
3ULPDU\ DXWKRU DQG UHVHDUFKHU 'HSDUWPHQW RI &KHPLFDO DQG %LF
&R DXWKRU 5HVHRURFYVIRW RISDE W GORX DQLLQHHULQJ &RORUDGR 6FKRR
$XWKRU IRU FRUUHVSRQGHQFH $GYLVRU 'HSBWWRHQ &R RIKMHPR FoIFG FOR)
OLQHYV



HOHFWURGHDISEHNWRE@ OWBQQLQJ HROHEGMWE ZQ WK FHILRHFR SG LAR
UD\ VSHEFWURVFRSHJFHDD QGXRUBYV GXNHUBFWRREOKBZHDAWHUL]
EDVHG (/3 HOHFWURGHY $GGLWLRQDRCEBH WHKUID QN3 SWIREG N W
VXEVWUDWHYV ZLWKRXWF BWLRQOLWBRQMWKA SURFHGXUH

,QWURGXFWLRQ

1IDWXUDO JDV LV D ODUJH XQWDSSNEBAVDFRZIRDHRI K\GUF
WKRVH UHVHUYHV DUH FRQVLGHUHG \*\SKDDNE GK\G'UR F D E RQ \
HFRQRPLFDO +HQFH WKH DEXQGD Q@ JDXWQWW G DWRs HEG B R QN
OLTXLG YLD VIQWKHVLYV JDNRBWIHDVGIRY WADDRYSRUWDWLRQ W
FKHDSHU DOWHUQDWLYH LV WR BRGYK\GW RADW X RDO O DNHGE H (
LV YDOXDEOHD B RG\ FDUD BN SRUWHG

OHWKDQH LV WKH PDLQ FRPSRQHQW RI RQDGDXWIDYCH JIDR/X Vs
SURGXFH OLTXLG SURGXFWV IURP PHDWKD]@K LR QY L@ $P H BAK D QY
(TXDWLRQ K\GURJHQ DQG EHQ]HQH UHDHF WIKRIQSILNR @/X § WAD |
RXW DW a f& XVLQJ D FDWDO\VW FRQVLVWLQJ RI PRO\EGH
VKDSH VHOHFWLYH JBERGLORIYV @LNRIZIBTXILXOP FRQYHUVLRQ RI
a DW f& DQGDFBMW PDWLR GG 6 X HH W AE PNDIMRIUDKIXU B R H V
KLQGHUHG WKH GHYHORSPHQW Rl WWLWRISWRFHV'$ SURFH@V T
LPSURYHG ZLWK D FBWDHDRWIR UP H&SU DEIDRVHLG: RO PE UDRQH 7
PHPEUDQH VLPXOWDQHRXVO\ UHPRY HVUK\BRVRD B QY YQUE GRS ¥ K

WR DQ LQFUHDVH\LROMGKBIVDUR®O WVFMNQKDQFLQJ WKH FDWDO\

x%g N %. E {¢ (TXDWLRQ



7KH FR LRQLF PHPEUDQH LQYHVWLIJDWH® EH WRWHMBGR H
—P WKLFN GHQVH&BIE\RY R4=%BP=U HOHR@ DRORWIR XV %=&<
FHUPHW 7KH 1L LQ WKH SRURXV FHURH W D \HO NFHW YR EKHB P
&RSSHU ZDV GHSRVDQRIBHYMLOMO LEFQS RUSID VRGN WHEHHY R BKMR | W K H
GHQVH HOHFW U RGN B Q/RFS IR HIECHWERRR RURWRRLNVF HZ RH &X DV W
DQRGH LV MXVWLIIHY EHFDRFH WIRLQRNL QUK HZ KEIDRKH LIRU 1L F
HOHFWURGHV &X EDMH® WBGE WL R ®HY IBRXU SDY RAHMWDND +HUD!|
RU (6/ * VXIIHU IURP WZR PDMRU GUDZEBFNVD QKSURQH
GHODPLQDWLRRQ SDXWH VKRZV DQ HDPSRGHR I+Bl BWXHXY &
KDV GHODPLQDWHGHORPFWWKRO YK < XRHO EBWRRGH WKRZ& LQ
+HUDHXV & SDVWRD ZD W% SOL QWHEF >ZHI LIDAP(OREWUR &H
$6 2VOR 1RUZD\ DQG ILUHG DW ¥& $RWHURDW LQHIGRU PIL
VWXGLHG D GRXEOH SHURYVI2L VDN BHIXHROL H ®RHEGH) BRGHHRQ S U
FHUDPLF PHPEUDQHV IRU SRWHQWLDOSCAHWWDRAR SHKAGURDUF

(OHFWUROHVVY SODWLQJ (/3 DOVR\WQRZ® DW LEXIHRIVF DO
RI GHSRVLWLQJ PHWDO ILOPV IURP LIR @R @XW KRQ W RAXMD X @ H
SRZHU ,W ILQGV JUHDW XWLOLW\FIR® GXBWE VY W IMXEPWWD® H
(/13 KDV EHHQ XWLOL]HG WR IDEULFDRAHF RVSRR/IHNH SRHUFPEHDOEQ
VXSSRUWYV OGMINEH. OQW]WGBLPLVFRQLD PBREPLHG DSRA R XVFRWDD Q
> + @ (/3 JLYHV JRRGKRQWKLEG QHY QPRI WKRIPP HW B OV R
WKLEN RU PRUH DQG WKH ILOPV KDY GHH\WQL VK RZR WHRH K\D)

> @ %RWK WKHVH TXDOLWLWW PRPUMHDEYIDFDRRQJIFE



HOHFWURGHY RQ D SURWRQLF F&H DP | F2 WHKMHEU D Q M D@QLVNEHI Bo\D

LQFOXGH LWV VLPSOLFLW\ WUDWQYWIBHYHREH®WIUWHW RDQ & DHWDLMHWE

el e et i . et ittt et e T i Kbt

J)LIXUH SDLQWHG RXDHXNF&/ U R GZAHK LEKXD WIHVG GHRP PRVKH % =&<
HOHFWURO\WH

,Q WKLV ZRUN (/3 KDV EHHQ (G UHI@O WEKHWHG L&D B/
HOHFWURGHV RQ &HWP<WKLBENVHED=U\SLFDOO\ 3G KDV EHHQ F
DFWLYDWLRQ FDWDO\VW IRU WKH (/3 SURFHVV > @ 65X DQG
+HQFH WKH\ ZHUH LQYHVWLJDWHG IRFHHD\OWHADQ MDVOMRHYV KRE C

WUDQVIHUDEOH WR WXEXODU VXEVWUDWHYV



([SHULPHQWDO

6XEVWUDWHY DQG WKHLU FOHDQLQJ

'"HQVH %®HY 2, %=&< GLVNV IDEULFDWHG E\ VROLG V\
6656 > @ ZHUH RERWIZIHJIHBQIYRP FV$B R 2&/MDIRD PLEEWZ D\ 7K
GLVNV ZHUH a PP WKLFN DQG a PP L® MWDK IDWHWRDKHD @B L
DLU DW f& EHIRUH WKHLU ZHLJKWWEHENV BHOY X UHER < 7 XIHX
SUHSDUHG DV GHVFULEHG LQ > @ QFHUHRABEWQLRRGRURG
DQG ZHUH FOHDQHG LQ D VLPLODU PDQQHU

(OHFWURGH V\MQRWKIHR/Q.NM VBA SI@DWLQJ (/3

&X EDVHG HOHFWURGHY GHVFULEH G HGWNKRLO/HX R UNO DRVLK
7KH VWHSV LQ WKH (/3 SURFHVV VXPPIMHUHGDEWLYDXWLHRQ \
DQG FDOFLQDWLRIQQJ UBIQE FDNLGRHD CHXAEMWY LW W ZWYK HD FWLY DW |
RI PHWDO SDUW L FHDUHWH EDAE [F 0 WD DARNHEFV QR B ONHKOHWV LRRZW K R1 W
ILOP > @ )RU WKH VSUD\LQJ VWH® QB PHROXOOLRQ FRPGW R Q
SUHFXUVRU GLVWRORBOEHQ@W KXIRE OXEVZRDSRIWEHG RQ W
VXEVWUDWH ZLWK DQ DLUEUXVK , Q@ HWK\LIVIDWMG\DAG D B W LDYQDGA
&KORURIRUP +3/& JUDGH ZDV WKH VROWHW XRUH S BXOD B
UXWKHQLXP DFHW\ODFHWRQDWH 6LJPDUBGEUIZBDR XXKILG W R H
FRSSHU DFHWDWH 6L YXE\SWGODWHKZDMKWKHQ FDOFLQHG LQ
DERYH WKH GHFRPSRVLWLRQ WHPSHUPLVXRUB FR W \STODOFGIMGER QX
FRSSHU DFHWDWH > @ IRU K WR JLYH D OD\HU RI R]
1H[W WKH R[LGL]HG SDUWLFOHV ZHUHDWHGE XEFHEXWR RHAUDIL

UHGXFWLRQ VROXWLRQ $IWHU WKNHLUHGIGWILRK SWHE QWKH



VXEVHTXHQWO\ SODFHG LQ WKH &X K GRORWLWRIQR @ RUFB SF

OD\HU

PdO particles

BZCY81

Activation
Pd particles

BZCY81

Reduction

Cu ELP on Pd particles

BZCY81

Plating

Pd/Cualloy electrode

Annealing

JLIXUH 6 F KHP D W LIF FVUIK-RZW QUVWH IS& HRAVWSKOHD WQ B BVBUR FHVYV D
UHGXFWLRQ SODWLQJ DQG DQQHD®HQJ &RORU YHUVLRQ D"

7KH RYHUDOO (/3 UHDFWLRQ LV JLYHQGHQRWHBDW [ R® 7Kb
FRSSHU ,, LRQV LQ WKH SODWLQ@Q@W.RQXMIRIQ (DABHWRN D B GXIE
Rl KRPRJHQHRXV QXFOHOWWURDWRIR Q@ WWROXWLRQ >

t*%*1 EVI*E %0\ t* % 11E 1¢1 E %087 (TXDWLRQ
7KH SODWLQJ UHDFRGWLA@ @ ZDWFRQDBGRIWWOOFH® ILQGD KHDWHG
PDLQWDLQHG DW f& 7KH UDWLR RIROXBWRG VRO XPRHH ZIDWH E

EHWZHHQ EP 7KK UHFLSHV IRXPWWRYIDWQRRXUH3IIVRBDFIWL



LQ 7DEOH $IWHU SODWLQJ WKH VXEVWUDWH ZDV GULHG

EHIRUH PHDVXULQDOWWZXHIL BIOW F WEDBDEGH ZDA& DRQHK®RK UV LQ
+ DW DWPRVSKHULF SUHVVXUH

a N3D

7TDEOH SHFLSRY IRNVHOGRMWMLYR®/'LDQB &X (/3 VROXWLR

$FWLYDWLR SHGXFWLR
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Q

5X

&

X

3booDGLXP ,, DFHW
SXUH 3UHVVXUH &

3G
KHPL

FDO

+

I+

SXWKHQLXP ,,, DFHW
SXUH 6LJPD $0GU

/\OD_E
L FK

HWRJ(

)P WH

+

I+

&RSSHU ,, DFHWDWH
SXUH 6LJPD $0G

+
ULFK

i

J

/

I+

&KORURIRUP
+3/& JUDGH 9:5

Pl

P/

I+

OHWKDQRO
+3/& JUDGH

I+

Pl

I+

I+

I+

'"HLRQL]JHG ZDWHU

I+

I+

$PPRQLXP K\GUR[LGH
ZW 9:5

I+

+\GUD]LQH
0

I+

&RSSHU ,, VXOIDWH
SXUH 6LJPD $0GU

/DK\G

UDW !

=

I+

1D('7$
$&6 UHDJHQW JUDGH

D $071

SULF K

W

I+

J

6RGLXP K\GUR[LGH
$&6 UHDJHQW JUDGH

4
HU 6H

" LHQV

H-
VLILF

I+

J

*O\FLQH
SXUH $0ID $HVD

=+

I+

I+

J

7ULWRQ ;

1+

I+

I+

YRUPDOGHK\GH

Z Z DT VROQ $0OI

DU

I+

I+

/

T %LS\ULGLQH
SXUH $0ID $HVDU

I+

I+

J

%DWK WHPSHUDWXUH

I+

I+

1+

/LPH

I+

I+

I+

PLQ

3ODWLQJ WKLENQHVYV

I+

I+

[E3

J

I+

I+

I+

I+

I+

/

/

/

/

/

/

I+

PJ /

fé&
PLQ



(OHFWURGH FKDUDFWHUL]DWLRQ

7KH WKLFENQHVV Rl WKH &X HOHFWURBHDXDXW HRFEMODN D HG
XVLQJ D ZHLJKLQJ VFDOH ZLWK D FHQFOHDW FRXQW LY BB\
WKH WKLENQHVV REWDLQHG IURP *0 R2WKBIWDB QBIOWLM HV WKRIR
LQFOXGHG VFDQQLQJ HOHFWURQ PLFURVFRISASHAE(OLYFRX3Q
VSHFWURVFRS\ ('6IUDFGI[RD\ ;6L $ WURKI FAHBFUBSE0 ('6 DQC
'5' LV JLYHQ EHORZ

7KH WKLENQHVV RI WKH &X (/3 OD\HURBBIV; PH BV B&KG ZL)
VSHFWURPHWHU E\ DSSO\LQJ DQ DFRHO B UDLVFNGID YROWB UH (R
VEFDQV ZHUH FRQGXFWHG WR REWD LQJDEHRWHUD J B HSKILGFBI\D IR
WKH LQLWLDEHEMNBR HORGIJDWRPLPRABLIRWRRELM QBPEHQV LW\
| J FPRI WKH VDPSOH DV JLYHQ E\ WKH .DQDX\DWINDQDPD |
> @ $W NH9 WKH VDPSOLQJRGHBWK L@ &XKL¥KHVW P

JUHDWHU WKDQ WKW WKGHYN QB EVXKEIDMM G-PRU WKLV VW

4846;: @%@,

4ne L —g5rg

(TXDWLRQ

7KH PLFURVWUXFWXUH RI WKH &X EDV-HZ HEOHFWURGEV Z
D )(, +HOLRV 1DQRODE L LQVWUXPHGW. Q('BQD QD OA\X¥D YWDV
LQVWUXPHQW ZLWK D NH9 DFFHBRPSRWMIONLRRORMDIG DWRG P
&X HOHFWURGH )URPVOX®OLRIQGHSWHK LQ &X DW NH9 LV t
ZKLFK LV JUHDWH VYV WIKID® KMK H OW KGR RRGH K | D-B/BN. X BRAKY  ('6
FDQ EH FRQVLGHUHG DV D EXON DQDO\VLV WHFKQLTXH ,Q
LGHQWLI\ DQ\ SHDN VKLIW GXH WR DODWRWBUQV &K WH WK FBRU

3$1DO\WLFDO ;13HUW ; UD\ SRZGHU G LY &WHIDAWDRMHRAUH G HHATEXEE W §



&X .. UDGLDWLRQ HVMDUBERXWDGEGHBWWD SK\VLFDO WHVW WR V\
DGKHVLRQ D SLHFH RI FDUERQ WDSHODWB GRDQJ @& KH WHDOSHHF W
VXEVHTXHQWO\ SXOOHG RIlI WKH VXUIDFH

SHVXOWY DQG GLVFXVVLRQ

OLFURVWUXFWXUH

7KH WKUHH HOHFWURGHYVY VWXGLHG ZHXIH &X ((B3RKQ @BGE
DFWLYDWLRQ 5X &X DQRG &X (/3 RQ &XURPMMILYOAWMWORUH Rl
HOHFWURGH HOHEIWVWRECDVNH A XWHQJIJDRED ROAWRVIFEBFW (0 DW
VWDJH RI WKH (/3 SURFHVV IRU WKHRBG &K RDWVSNKH PLIRWUYD YV
3G2 RQ D %=&< GLVN DIWHU FDOFKQDWLI\R Q@ MY Y D W ERIQQ GO
FRPH RIl HYHQ DIWHU ZLSLQJ WKH VUMM¥WH FRRK DIGRKAH\EIHRQ
WKH DFWLYDWLRQ OD\HU DQG WKH %OV MWKRHEFUWRRO\WHW

FKDUDFWHULVWLFVXUMIKHXKL%K SRRDGHHYSOMWILROQWKIHIRRG D

J)LIXUH 6(0 LPDIDWLRWXKED DHWLBERA RQWWEH VEIRVIV FDOFLC



JLIXUH RQ SDJH LV DQ 6(0 LPDIMWHILQYWHUHDHKWUWR
(/3 PLQ DW f& RQ WKH 3G DFWLWDWXRWHORUHUR URHDW KL
EH LQ WKH UDQJH RI + —P 7KHRARURRNIVBBVELAR@RQADPL GC
D IRFXVHG LRQ EHDP ZKLFK LV WKHG6EOXWPHDJIRU,WKHD @QVWEWHL DV
WKH &X (/3 OD\HU JUHZ RXWzZDUGV IURP WKH 3G SDUWLFOH
ILOP LV DOVR YLVLEOH LQ )LIXUHO SR®DIMKLQJ 8MDHOAKNGL WA
KDV WKH EHQHILW RI QRW VPHDULUGJIJWRKREFNHWDB W.IOH YW K X \

SUHVHQW LQ WKH &X (/3 ILOP

J)LIXUH 6(0 LPDJH RI WKH &X (/3 ILDBWLKODOW RWDHD DAKR X QTE&H
LPDJH ZDV WDNHQ SULRU WR WKH DQQHDOLQJ VWHS 7KH VW!
XVHG WR SUHSDUH WKH FURVV VHFWLRQ IRU LPDJLQJ

7KH FURVV VHFWLRQDO LPDJH RI WKM 3G f&XIRDP SIORIX D W
IORZLQDW DWPRVSKHULF SUHVVXUH a N3Bb LVKKRAIGLYLEAX

3G DQG &X SKDVHV FRQVROLGDWHG WRKRUWYPKDFNQHW RG WK



DOOR\ HOHFWURGH ZDV XQLIRUP KLFENREGVDDOBBGYZWHOL

GLVFXVVHG ODWHU LQ VHFWLRQ

J)LIXUH 6(0 LPDJH RI WKH 3G &X HDMR\QH OVWAFRNSU R Q B LDY1WGHKD
&X SKDVHV FRQVROLGDWHG WR IRUP D ZW 3G LQ &X DOOF

6(0 zDV DOVR XVHG WR LPDJH WKH HB8HWWURIGH WX UYD
FDWDO\VWV )URP )LJIXUH SDJH FURNWWDXQF\ENKUHHHQ YWKL
LUUHVSHFWLYH RI WKH DFWLYDWLRQWFDWBH B\V3W H U QIRNVW]HE
SUHYLRXVO\ LQ )LJXUH SDJH K$H KRRVVLEORI KNERWXHYR
FRXOG EHIWMKHWROXWLRQ D E\ SURGXFW RIQWKKX DBWIDRM)L QJ R
SDJH GXULQJ &X (/3 )J)URP )LIXUKWNH WEBJHLJJHW JVDIHVULN
RI VPDOOHU RQHV 7KLV LV FRQVLVWMQWOZ L AKKR R/BVZHQ X DWHLE
JURZWK RI QHZ FRSSKH SDXUWWDLFIOHMVREKXUHQISOXWBF® @ 7

FRPPRQ IRU ILOPV GHSRVLWHG E\ (/3HDOQRR UG KRR DV WKH |



J)LIXUH 6(0 LPDJHV RI WKH VXUIDNHWD RIEGVRAWIXY BV R@ HODV
3G &X E S5X DFWLYDWLRQ ZLWK &XWURQSHL WK &XQG3F & X X&RF
&ROXPQ DQG VKRZ LPDJHV WDNH@WULWU NWWRD WEH BMQQHDO
PDJQLILFDWLRQV UHVSHFWLYHO\



7KLFNQHVV DQG FRPSRVLWLRQ DQDO\VLYV

7KH WKLENQHVV RODNKH DB\ L&XR WSLORIMWIHG) IDRP FDKCHE X O
FKDQJH RI WKH GLVN RU JUDYLPHW U LDPWE 8 D WX K HPNH@DHYAY  Z 0
YHULILHG XVLQJ ;5) DQDO\VLV $ VXPPBQWR LW KH WHIQL ERQQH
7KH WKLENQHVV RI WKH 3G DFWLYDWDRRW LADW PR EOK 2K HiDKVCH
WKLFNQHVV RI &X ZDV GHSRVLWHG R® BARKMHK 236 RQG G A Q7K}
ODUJHU WKDQ WKH ZW RI 5X LQ &XK ZKNHQHVVVRQ RV KN W&IXP D W
EHEFDXVH WKH FKDQJH LQ ZHLJKW R EVHK®GIRG LW K HD BAHHLH B W LCRFQ
ZHLJKLQJ VFDOH 7KH VOLJKWO\ ORZHU HOHEFWURGH WKLFNQ

WR D VORZHU SODWLQJ UDWH RQYDLRMFRKIQ&AX OVWKRIPOSBUHG AR

7TDEOH 6 XPPDU\ RFEVEXREDHWMWH D BOHFDWHG (EG (/8 VWDQG IRU
JUDYLPHWULF PHDVAXRBHQMAVQ HHUDVQEHHRHDVY\WGSH¥VSHIRVFRS
UHVSHFWLYHO\

$FWLYDWXRODW&ELRBSRVILWLRQ &RPSRVLWLRQ
WKLFNQHWKLFNQHMR *0 IURP ('6
—P —P W W
(OHFWUR®H *0 ' 5) & X & X 5X 3G
3G &X “ " “ “
5X &X “ “ “ “
&X &X + “ “ “ “

1HJOLJLEOH ZHLJKW FKDQJH

7TDEOH DOVR JLYWK® VXPRIDW\RHY 7KH LQVWUXPHQW
HYHQ LQ D SXUH &X HOHFWURGH &RQG&XLPLOWIRIVWKEJILDVORZ
Z W RI 3G ZDV SUHVHQW L Q@ LWHKHWY IGP D&WKH YURMP S
&RPSRVLWLRQ RI 5XDIPGOHKHEDYX BRXRVYH LWKW OGRS HVFKRRHG A

DJUHHPHQW ZLWK WKH HVWLPDWH IURMH *0 $\D \DHHI =LLIQ S)H DXL



DOVR REVHUYHG L@ VYKHFKG6VX3IHHFWUK WKDWFWKR ChWEI< ZDV

VDPSOHG LQ DGGHWWLKRLF N\VGRHWY HR IHWUWHRESXH EDVHG HOH

JLIXUH'6 VSHFWUXP IRG \WRH RWURBGHH IDE U LB BWIHG BALRQ RQD3
=U SHDNV VXJJHVW WKDW ERWK WHKHQIOWHFMEORHIH DQG HOHFYV

;5" DQDO\WLY DQG FDUERQ WDSH WHVW
;5" SDWWHUQV ZHUH FROOHFWHG R @O D@ WKUHTHN Y Bl BS\O
RQ SDJH $V H[SHFWHG WKH %=&< SHDNV ZHUH XQFKL
SHDN ORFDWLRQV BXEBEOHGKHKO ODDLWHKH DN V@I RUKW KX & X & X '\
DOLIJQHG ZHOO ZLWK WKH -&3'6 GDWDODKRW 6R KRS FSWH DINY HRQRW
VDPSOH ZHUH VKL{W HG MO RI KWKCH WHRVWHFWLYH SXUH &X SHDI
Rl 3G ZLWK &X 2Q WKH RWKHU KDQG WKH &X SHDNV IRU W
DOLIJQHG ZHOO ZLWK WKH -&3'6 GDWD 7RM &R SISHPELQDOH SX
GLDJUDP VKRZV H[WUHPHO\ OLPLWHG VYROXPBBEOL®\ RKLFX LFQ

H[ISODLQ WKH ODFN RI D SHDN VKLRW RIGBSXWINVNRROQOO\ WHKMH



UHSRUWHG LQ 7DEOH RQ SDJH HE WILRKQ RALUKMWYERI BAHKOR I

7KLV FRXOG DOVR EH WKH UHDVRQ 2KWHX @DV QRW VHHQ LQ

J)LIXUH ;5" SDWWHUQV IRU WKH 3 GH&XD BMHEIX WKHE DEXQ&DD @ IO
WUHDWPHQW D FRPSOHWH SDWWHU)Q JXRE HF O FEV /KK RR\R N/ DNV
VKLIW IRU WKH &X DQG SHDNW GXH WR DOOR\LQJ RI &X .



$O00 WKH VDPSOHV VXUYLYHG WKH HDUHBERQGWHBBHGWWR\
% =&< HOHFWURO\WWH ZKHQ FDUERQ WDBRUFYBWXFN HPR YWIGH
VXSSRUWV WKH FODLP RI JRRG DGKHVLRQ EHWZHHQ WKH &)
HOHFWURO\WH

7TUDQVIHUDELOLW\ WR WXEXODU VXEVWUDWHY DQG IXWX

&X EDVHG HOHFWURGHYV ZHUH DOV E\ID/BU ZKMHW HGH R g FW/UE
DOVR VXUYLYHG WHWWF DVKERWQ WKIRZ HDA HRRIGR I OW A WDUGRKGEIWY L R Q
WXEXODU VXEVWUDWHY 6RPH RI WKXKOWDVW HBEXERW WIXW H( 3DYW
JLIXUH 7KXV WKH HDVH RI WUDQVIHUULQJ WKH SURFHV
$QRWKHU XWLOLW\ RI &X (/3 LV WRQIWKWLVDWH WVYXBEWWNSDOW HH
RQ SDJH VKRZV &X GHOIMRW QRVG MK LRFIN QHR/ VHMRP OHRIW WR
WKLFNQHVV PHDVXUHG E\ ;5) IDEULFDOWHG KRHQ WAKKHF N\(CHPHY

FRQWUROOHG E\ QD WILRH BHWZSIGIQW L + PLQ

JLIXUH  6WHSV RI WKH (/3 SURF HYNMV HU WD B XQIRWIRYD WL RS
DIWHU &X (/3 ERWWRP



J)LIXUH ([DPSOH RI PXOWLSOH HPOHFWBHRWHW WBE U KHDW KIGF
UDQJHV IURP —P WR —P ITURR GBHIDNQWR\VWLYKW DV PHDYV

(OHFWURFKHPLFDO LPSHGDQFH VSHFWURIAFBBF ZHD®D \E |
PHDVXUH WKH DUHD VSHFLILF UHVLVMIHFRAWU BG B V R 7 KMHKLHU &%
ZLOO EH FRPSDUHG WR WKRVH IRU BOILRXW KX &R HOGH A8 UHRIGH
IDEULFDWHG RQ WXEXODU VXEVWUDWHV RALR\G ERI KXY HE K LRRY
%=&< HOHFWURO\WH WR DVVHVV WK&XTHOBEWUP®RHEY GRXQ D
VXEVWUDWHY %RWK RI WKHVH WWV\RV VZKE /R HIUR ARV D VR
SXULILFDWLRQ DEDBFRMHPE DBSBLFDWLRQV

&RQFOXVLRQV

&X EDVHG HOHFWURGHYV ZHUH VXRMKVYZIXGDVYNDERALEFBWH
7KH HOHFWUR®HWKIHFWH ZKLFK LV DQ RUGHU RI POLFDPMWHXG H \
XVLQJ RUJDQRPHWDOOLF &X SDVWHV LONVIRYHODHXVD®RG &]
DFWLYDWLRQ OD\HUV DV FDWDO\VWV5IR DX &3 KDYH IRKQDE
YLDEOH DFWLYDWLRQ FDWDO\VWV BHFEDEVYHF DWW HGWRQQWEX E

GHODPLQDWH RQ SHUIRUPLQJ WKH 6DUE R® WDSHRWHY W KR 4



DGKHVLRQ WR WKH\WiH&<$GEDWERQROORFWKH ZBXV(NBKRZQ W
WUDQVIHUDEOH WRV WRBEXGB W HQXXVE VIOWAKDOERLSFROIIH® WSLRQ VL D W
PHPEUDQH UHDFWRUV 7KXV &X EDVHQ® (YRHBH D/QU R G W\ LKD
SDLQWHG &X HOHFWURGHYV

$FNQRZOHGJHPHQWYV

7KH DXWKRUV JUDWHIXOO\ DFNQRZGINE DH) AKQIDRPL B R RWX
,QF *ROGHQ &RORWDXGW RS ZRKIDG QINOVUR S QMNH RMQR  OVIX®H U
6ROLG 6WDWH (QHUJ\ *URXS //& IRDYXVHIKOFBSYYV RBRROWRURIG/RI

RI OLQHV *ROGHQ &RCRUNER/ LEEISZ LAWK LPRORIHH R | W K H
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7KLY FKDSWHU LV PRGLILHG IURP D SDSHU VXEP
Journal of Power Sources

1HLO 6 3DWRWJIODWBDIMMGULQH 5LFRWH

$SEVWUDFW

7KH VWDELOLW\ RI FRSSHU DW KLIJKGVURFHO HERWY XARHMV D(
DWPRVSKHUHYV PDNHV LW D JRRG FDWGOGRGEBWHRQPRSBUIMDWR QFDR
FHUDPLFV VXREKHD\2 % ®=&< ,Q WKLV ZRUN WKH HOHFWURFK
&X EDVHG HOHFWURGHY IDEULFDWH & DER&H © HF WIUL\R Y AMAXAG ISHD®
ZLWK LPSHGDQFH VSBFWURMWREBQ FRWHIO\EWVDBE LEXYHVWL.
(/3 LV FRPSDUHG WR D FRPPHUFLDO &WRSMHVWH UGHFDWLRQIRT
VSHFLILF UHVLVWGQFX VD @ 65 & KRDFIY LY DQV PRQ VVDWs ¢4 DUH

DQG RMHVSHFWLYHO\ 7KDW LV D +* RUGMHV RIKRDJC
FRPPHUFLDO &X SDVWXUWKHEPRUH WKH $65 KDV FRQWULE
SURFHVVHV DQG FWKWHBJIHOMEFWU\RGH 0BFMH FGGR OAMRH) DQ@H WK

RI WKH DV IDEULFDWHG HOHFW U REZHNIDVO YWD | HHREAMFY G LE \ KNHKOHWV

3ULPDU\ DXWKRU DQG UHVHDUFKHU 'HSDUWPHQW Rl &KHPLFDO DQG %LF
&R DXWKRU $GYLVRU 'HSDUWPHQWQRIH&K AL RORD R Q G PRL RIOKRIR DR 0Q. L
$XWKRU IRU FR U UHDWSRKQ S\H\QRFAHL DSMNWFPUHR) WVRIRUH FKORQUFDO (QJLQHHULQJ
6FKRRO RI OLQHV



f& LQIRU K OHDGV W@&DWIGWHURQID QU WREBE R) EW K A DHCH
&X DFWLYDWLRQ PLFURQ VL]HG SREHOHBEQ® QG WX HD FWHMD
LPPXQH WR VXFK UHRRUJDX D)@ 5KQD VKFD@BQWDRWHG IRU | XW
ZLWK LPSURYHPHQWY WR FKDUJH WQBQEHWWHHTNDWIF® URG
UHTXLUHG IRU WKH ODWWHU

,QWURGXFWLRQ

2YHU WKH ODVW \HDUV H[WHQVLYHK UIKY WBHIPSK WKDW XeUH
FRQGXFWLQJ FHUDPLFV <WWULXP GERQ®\ED WLXP VWUO W H D
EH DPRQJVW WKH PRVW SURPLVLQJ SHRWWE VFRQCOERAWL & 1 IR
FRQGXFWLYLWLEWYDW « f& > + @ EXW DUH FKHPLFRDOO\ X
RI DFLGLF JDVHV GXH WR WKH KLJK®\ BDDIERN QILWXU B FR G MK
FDUERQ GLR[LGH DR IRDWHRDYBEBRDWHW BQEH R WELYRI[Q G B

@ 6XFK FKHPLFDO LQVWDELOLW \LBMNXHIHM \BHRROYGMIQLY #HV K@ P
FRQWUDVW WKHJUHF\E B D WHKW FRUF B 0S VM\DHEQ PH WR\I LFD WEBKR Q G |
ZDWHU YDSRU EXW WKHLU SURWRQ LARQGEHK FO/RLZYHUINV W KD R Q\H
FHUDWHV > @

%HFDXVH Rl WKHLU FRPSOHPHQWD U\WSWRISHU \G RISV GDE D |

FHUDWH DQG JLUERDOWHKDWEHHQ FRQVLGHUHG DV WKH LG}

FHUDPLF > @ ZLWK D YDULHW\ RIVHRMIMDW W XRXR ULY Y>H
@ PRO RI < DV D &ERBDDW w&<UKDV EHHQ XVHG LQ P
UHFHQW VWXGLHV > * @ 6HYHUDO KBPISREVHMNQ RODEVURF

E\ VROLG VWDWH UHDFWLYH VLQWHWHWKRBG658/ R 4R ERK FIDW E



SRO\FU\VWDOORQH GHUWD KIHDWQ QJ 2WHSRH WKH DS@OLFDWLRC
LV IRU K\GURJHQ HARBMUDFMW URQ L\GRU YV > @

$OWKRXJK QDWXUDO JDV FRQVWLWRWH® HD KYG | HOFDOME B
IXHOV DOPRVW KDOI RI WKH QDW XYW O DIDA/H G H\H U H\@ D Wkt
VKLSSLQJ JDV SKDV H [ISWEQN\RIFYDH EVR QN V@ U D § GPHKG V) IEMXF R Q Y H
OLTXLG IRU HDVRQRI$WUDR) V SRISWIDW UW R RI)L X DGVERWKHV LV J
&2 DQGLYV FRVW LQWHQVLYH DQG D GLUHFW FRQYHUVLRQ ZI
PDLQ FRPSRQHQW Rl QDWXUDO JDV #HGPHREH LOR Q YWHLUNBOGE
PHWKDQH GHK\GURDURPDW4]RWLRO RRZOHST XIRBLEULXP FRQYF
PHWKDQH a DW f& FRXSOHG ZLWR FRWD®J VKD \GH E FH\W DY
PDMRU KLQGUDQFHV WR WKH GHYHOR $PMNDW \RILH I BURG H
FDQ LPSURYH WKH YLDELOLW\ RI WKMLEVREH®G B\QKEQKMD\G B DG
WKURXJK WKH XVH RI D FR LRQLF PHPEYIDW K\GHLRFX @ LPEG V
R[\JHQ WR WKH UHDFWDQW VWUHDP > @

ORUHMXGR HW DO \RPHWWILR FRH®R QUEFSRKHABURIQE FR—P
GHQVH OD\HWHY 2%6p=W=&< HOHEFWURO\WH RQ D SRURXV !
> @ ZKHUH 1L VHUYHG DV WKH BDWHKRIBMH BRBREEHUHDE&
GHSRVLWHG RQ WKH GHQVH %=&< E\ XVWOIF DXYK KRDWWKH VW
RI &X DW KLJK WHPSKEDYX DG LKQG QRFDWPRY SKRIQWBLQMW L
FKRLFH IRU WKH DGRB&M HM WRULLD OFEBW3 RGEDN BIGLAOHD UH VXV
FRNLQJ &X HOHFWURGHVY IDEULFDWM® XVEQJ SIPVWWNREUSF
DGKHVLRQ WR WKH %=&< HOHFWURO\WH DQG H[KLELW DQ X

KHDW WUHDWPHQW :H SUHYLRXVO\ WKR(ZS8 G ZWY¥Y DBEH V&W HHO M



RUJDQRPHWDOOLF &X SDVWHY LQNV EGGBNXVHQEG 3Z&X G DIBEKWM L
%=&< HOHFWURO\WH > @

,Q WKLV ZRUN WKH HOHFWURFKHP LFR®HYH DI RWIPOQF HGR
RQ PP WKLF&H %DR=U %=&< GLVNV KDV EHHQ VWXGLHG
VSHFWURVFRS\ 7KH BLHAWHRWWXRWLYDWLRQ FDWDO\VWYV
VSHFLILF UHVLVWD QFHE WH6R G HRY WKW DHW DEGHHIDW BIGG HIB KV H G
DEFWLYDWLRQ FDWDO\WW IRU (/3 5XVZDWM PKRYEIQOEHF DX D HQR/
WHPSHUDWXUH KHDW WUHDWPHQW > @URDQG7K&X HDHF WU
PLFURVWUXFWXUHV ZHUH FRPSDUH®& EHIR& H @ GA\Q ISWH LR K H D

K DV ZHOO DV DIWHU (,6 PHDVXUHPHQWYV

([SHULPHQWDO

(OHFWURGH VI\QWKHVLYV

7KH HOHFWURGHV LQYHVWLJDWHG LQ8 VRIQL'G H@WHN B H&H |
GLVNV a PP WKLFN a PP GLDPHWHUHREWD LOING PAURP $RBU
1RUZD\ (OHFWURGHV RI VLPLODU WHERNOQWME BQGERRKSRX U
%=&< GLVN FP [ FP VTIXDUH SLHBPHVGANWNN BXQE W R R W KZH
WKH VIPPHWULF FHOOV IRU (,6 PHDVXHUHPXYWE WK H W K6 D MK
KHDW WUHDWPHQRWQDMKH H@&HFQWYRGH PLFURVWUXFWXUH

7KH (/3 SURFHVV KDV EHHQ SUHYLR%Y DN I®N VWKIHE W SENQ C
DFWLYDWHG E\ VSUD\ FRDWLQJ WK®B JF WKBIPS B WK RUWRPIX 3V
&X IROORZHG E\ ANOBWQDWERQVRQIJBYHGD]O® \PHWRIO SDUWLI
ZHUH UHGXFHG LQ D GLOXWH EDVICF XDGWDAGMHY VR BORKWH PG

VHUYHG DV FDWDO\WLF QXFOHDWLR® WRWHVVIRUI WRKRH JUR?:



UHGXFWLRQ VWHSY WLKH/ N & EAMKD WHY GREO.DIFE Z DWHWKH &X (/3
UHVXOWLQJ LQ WISHR GRDSRRXWOQRHBI INLBKUZDW GUER > @ 7
UHDFWLRQ ZDV FDUULHG RXW LQ DLQ P/KHID/GK® \Z B & HFUOHE D\G |
DW f&

(OHFWURGH FKDUDFWHUL]DWLRQ

7KH &X HOHFWURGHV ZHUH FKDUDFWHVL]HEG H\UDIDYL]
IOXRUHVFHQFH ;5) VFDQQLQJ HOHFWURQRPKHBRNEQ SLP Sk
VSHEWURVFRSWHI(GHVF EUSWLRQ RIXWYH \D QDYOHQLEHWOREZKQLT

7KH WKLENQHVV RI WKH &X HOHFWUR G/H IZ®W HMWL P D WPH
VHQVLWLYLW\ DQRS}H), ' /OLYFKRE%WVFSHFWURBPBWHMHYV ;ZHUH FD
RXW DW DQ DFFHOHUDWLQJ YROWDJ&XRDW NHNHJIKBDWDRS QLG
EH —P .DQD\D 2ND\DPD UDQJH HTXDRWRQ JUHDW®@BU &K DF
WKLENQHVV Rl HOHFWURGHVY IDEULF DWKHG HIQW MUKL W B RENNQ H
HOHEFWURGH ZDV EHLQJ VDPSOHG E\ WKHW;EHN MIMENRPMNGV
FRPSRVLWLRQ DQDO\VLV KDV EHHQ LFNQHARKHAO R U MKRIU MGHHGF \
a —P IRUDOO WKUHH VDPSOHV 7KHHB&GaDF WY B\G HLGQ HVD K I
ZKLOH WKH 5X DFWLYDWHG RQH KDG RU YW BXFMX WHK IR 1&W K H
HOHEFWURGHY ZDY2YWe0G LH 5 VAWK D QRIL A O R ¥ BRISRD

6\PPHWULF FHOOV ZHUH VHW LQWR DKWHYDW QUQU U ZL W |
ZDV HLWKHU G U LY IGWMKFRRRXW D IDQ 82 LD KXPBSPIEHG E\ SDVVLC
D EXEEOHU NHSW DW fa& KXPLGLIHBBWIHR®QI R UMKHHG PH\B V
LQFUHPHQWYV IURP W R f& ZLWKOD D/DR D RED W IR U1 OLEW B

' K WR HQVXUH HTXLOLEULXP EHWZHHQ WKH VDPSOH DQG



VSHFWUD ZHUH UHFRUGHG ZLWK DQ ,MXPL&RW R B FW B WDMQEP ¢
P+] £+ 0+] ZLWK SRLQWV SHU GHFD®W DIXG VG HIFR\GUODL VE X
DQDO\HG ZLWK WK UH LBRDHMXYRRWHEW DR 1>V W@ \KXHB S JD
H[SHULPHQWY DQG VKRZHG WKDW XQGHU WKH 0'$ UHDFWR
EHKDYHG DV D FR LRQLF FRQGXFWR D Q® LE[KJWQ DLRDSR UK H GR
LRQV WUDQVSRUWNGGAHRPFDMWKRGEAHARGSOR JHMDRY WIKWMKUHDF
DQRGH WR IRUP VWHDP ZKLFK VX SFOWMAN® HGVWER H BKIDFIV L) XD
WKH\ UHSRUWHG WKDW VWHDP JHQHUDWLRQ E\ FRQWUROOH(
LPSURYLQJ WKH VWDELOLW\ Rl W KHWAIRVY D\® RV W KW KIDK)D F JWALHRLD!
ZDV LPSRUWDQW WRGHWVXHEW IW K PIDHQRMERQ W RLVW FRQGL

5HVXOWYV DQG GLVFXVVLRQ

(OHFWURFKHPLFDO LPSHGDQFH VSHFWURVFRS\

7KH HOHFWURFKHPLFDO SHUIRUPDQF IF CRW B G\ \5W V DIQ/G VRX
(,6 &RQVHTXHQWO\ WKH HOHFWURGHD AWIH QWPRGQ 3 6X&&X &4
RQ 5X DFWLYDWLRQ DQG &X &X &X (/3S®PQHX DIFWW DQDM[DRG (
WKH FRPSOHWH (,6 VSHFWUD IRU WKH X@G&N \EIRR\SKO B UR RIDADGH
HQYLURQPHQWY $00 VSHFWUD DUH IEWWHKGW LRK PREY WS & ¥
DQG / 54 54 54 |IRU GU\ FRQGLWLRQV EBQW WMH VK HR ®EG\
54 FLUFXLWV DUH XVHG IRU WKH ILW WKH\ DUH IRXQG WI
DSSURDFK 7K H HL bV W RIUHRH WHRIQE & F W U R O kWD PSOW KB 5
54 FLUFXLWV LQJ@HGLWR DWKH DNOHEQ@AURGH (AR QWBHEXIVU\

LOQGXFWDQFH LQ MHUWKHWRGRIMWIB@WE RI WKH WHVWL



YLIXUH (,6 VSHFWUD IRU VK HQ@B G WB\XD\QIGP BRHVDWIRQPLQJ JD
$U 7KH IUHTXHQZKKMFRUUHVSRQGY WR WKH QXPEHUV LQ LWEL
IUHTXHQFLHVY WKH GDWD SRLQW\W\D QR W RS RY R VEHOW RVHRDIEGGR.\
IUHTXHQF\ WJRPR +]

7KH FRQGXFWLYLW\ RI WKH %=&< QAW URORWH HED O
IXQFWLRQ RI WHPSHUDWXUH LQ )LIJXWHQ LEGQWEHBJBDWD7KM
H[SHULPHQWDO HUURU ,Q WKH L QFfRIQYGWR\I WYH.GV W R P B/HK B DRVOKH
QRW FKDQJH VLI@ULFRQWOWLRQVKHEKLOH LW LQFUHDVHV VC
PRLVW FRQGLWLRQV =KX HW DO BhDSRUNH G 3K DWW QVB HG BR
JDV SP ZDV VWDEOH LQ WKH + f& UDBUWIBWHNXQUH LV
GHSHQGHQFH LQFUHDVLQJ VOLJKWOV ZLWK2 WH® SW K B W)OWPHH
WHPSHUDWXUH UDQJH > @ $0OWKRXJHK IWHKDW UG WUHKQ/WV. RO £

IRU %=&< 7KH DYHUDJH HOHFWUROWMH FR@GHIFQMELYLWLHYV



P6tFPXQGHU GU\ DQGLPREWWIHWSHFWLYHO\ VKRZLQJ JRRG D.

> @

J)LIXUH SORW VKRZLQJ WKH %=&< | WRIQ@G6KBWWKIM\ IRV D OXX
VDPSOHV LQ GU\ RSHQ V\PEROV DQ@GIPRLVIMZF HWDWOHG VI\PERC
&RQGXFWLYLW\ Y RDWHKWION &UWHH O O @
7KH $65 RI WKH HOHFWUR Gffa¥aiokiX F DAXKAHRELIERMHGL K\

SRODUL]DWLRQWMWKKN WRWHO HOHFWURGH DUMWDVDRFRGHWWHKHFILC
FHOOV WZR VLPLODU HOHFWURGHVKROQ HHHWKHRFW WYRGHV 73H &
&X &X DUH SORWWHG DV D IXQFWLRQSRIHNVHP DRI XALHV K QN
YDOXHV RI D &X HOHFWURGH IDEULFDWHG XVLQJ (6/ * S
&X &X $65 YDOXHV DUH DQ RUGHU RI PDB®MNNXGEHP\RPDW OB Q

PDJQLWXGH ODUJHU WKDQ WKRVH RQ WRW K XG &YX DDQUG5 PRAL W H



JRU LQVWDQFH XQGHU PRLVW JDV FR®G&RBWLERYRWBEWEX && DA
(6/ DUH DQGUHVSHPWLYHO\ 7KH RWKHU LPSRUWLEL
(/3 HOHFWURGHYV UHPSSIUHRMYHPW QWP B MIRHW WBY IKXOXVYWQDWHG L

SDJH WKH $65 YDOXHYVY DUH GHFUHDVHG E\ WR RUGHUYV

SHUIRUPDQFH RI WKH SDLQWHG &X BWHRWURGHV (6/ SDVWH

WKH WKLFNQHVV a —P )LJXUH RRBDOUJIB &X DD/QESRPSD L

WKH SRRU HOHFWAKRGMH RI® HIF W U 8 BHIDW MQUDHDVRIOHR @/ KDV \
YLIXUH RQ SDJH

YLIXUH 30RW RIXQKEM/BRE® RV WHPBKUBMW XABHHIRWFWKIRGHV D
SDVWH XQGHU GU\Q8 F-RLWWP EROUHGQJVAPERQQ+JBUPL



J)LIXUH &URVV VHFWLRQDO LPDJHEHMRIFD &X 6 WEBHFW URGH °
HOHFWURGH ZDV VLOQWHDMG IRf& PLQ LQ GU\ 1

J)LIXUH &URVV VRIFIV IEBXQ@O HEBFMW K 8 8 KLLGBEWKHG IURP WK
RI WKH %=&< HOHMPWULURG\MWHADYKWHL @QBUIHQUEOWRU f &L

'LQJ HW DO VWXGLHG D GRXEOH SHURY%WNOQOWH OFW UD PILXF
HOHFWURGH RQ SURWRK AFFHRREO)OFQHWQ JIRRHBRWHQWLDO PHWKD
DSSOLFDWLRQ EXW WKHLU ORZHMWPRHYRMUQNSEG CBW5 ZD\& > @
7TKDW zZzDV DOVR WZR RUGHUV Rl PDJ@XWXGHHF WILIKGIKIVW KD @ (B
FP UHVSHFWLYHO\ XQGHU VLPLODU WHDWWH G RQIGD- W LR/Q \D V %\
PDWHULDO RQ %=&< UHVXOWHBWQ DR&S$SI6EG RRIAWUFRP+ @ ,Q

WKH VDPH VWXG\ WKH\ LQYHVWLIJDWHG LDQ %%<2FIUDDQQGRGH



PHDVXUHG DQ $65 RIDaw FP& LQ PRISUW @ +&KHYDOOLE
REWDLQHG DQ $65DRM fERQ PRIYWU Z+tWK X 121 ,%DRH
%&< FHUPHW DQG %&< HOHFWURO\WH 6RRKEHGOEN BQ &H @
, 6&<E HOHFWURO\WH DQG LQYHVWIQRGHHBD W HULDD ZIKL
DQ $65 Rl DWP f& LQ ZHA $V ERWK 1L DQG 3W DUH VXVFH:!
E\ FRNLQJ WKHVHGHORWWXRIYHY H RS RUD BRR ®LWURQV

7KH PHFKDQLVP RI K\GURJHQ WUDQVSRWHFWURG\WH HF D
GLYLGHG LQWR WKUHH SDUWYV B W RSKHD \GHU PR/ WV DR &
WUDQVIHU DW WKH HOHFWURGH HGHRWHKRWDHW HD U B WGLLYIIDGHIC
GLVVRFLDWLYH DGVRUSWLRQ DQG HEV)ALIDKWLRIQWKG bl R HFQV
SKDVH PDVV WUDQVSRUW ,W LV DGNR®WDN G RQ/ RPLHD WMV IDGk
UDGLFDOV IROORZHG E\ GLIIXVLRMOWKURXI KVWEBW MRV R C
WKURXJK GHQVH DQG PHWDOOLF PHPRVDR® VP RFERQVVE\ W Ka
SRURXV PHWDO PHPEUDQHV K\GURJH@®RHELQOM RRQFRR.QRER
VXUIDFH GLIIXVLRQ PHFKDQLVPV > GLI@&XVLR@ KBHWRPLHF K\GL
DEVRUEHG LQWR WKH HOHFWURGH I QI® KR X& BW¥H MIBOIRUKD F
ZKLOH WKH HOHFW DR)XQ H$ BV WWI\D OV FHEFRIKGY F DR WKAKBURJHQ S
REFXUV E\ WKH VXUIDFH GLIIXVLRQ RI VSLOORYHU K\GURJHQ
HOHFWURGHLQOWHUNDRID\WWRPLFE K\BURHBQWIRY WWKK-H ®f OMUF DVQAR
HOHFWURQ SDVVHV WKURXJK WKH H [ WHHRKDDO \FR. WR/X ¥ WR BQV E

SDJH



YJLIXUH 6FKHPDWLKEHRV\RP®H VKDIOA JRK WA BHSQ AWLIQVSRUW L
SKDVH WR WKH HOHSW URORW M H GKIRWDA/V W UD\D SRV W HOHF
SURFHVVHV DQG HU FKKOH HD MFWDQRE M V8 IRR F HDMWGEMFIRGY. R U S W
DQG E GLIIEHORWHY D K\GURJHQ UDGLFDO +\@GUWRURQ GLIIX
GLIIXVLRQ DQG RU MRBFHIQQDWYE R/X RIDAKDGLMRVLRRDUJH WU
REFFXUV DW WKH GI\OWHF WQ\RLEH B RHFBRBRWEREPRIHQ LV WUDQVIHU
HOHFWURO\WWHWEHEKWHTXRIHQO c EQRWEH R @ WEH .URJHU 9LQN
GLIIXVHV WKURXJK R KWK H CHHOFHNF WRVGRHBMHL EG!I WHKANH HRTSSLFOLLE U L X P
PRYHPHQW RI K\GURJHQ LQ ERWK GLUHFWLRQV VKRXOG EH H°

7KH DUHD FRUUHFWHG SVHXGRFDSDFLWDQFHV RI WKH FR
WR DVVLJQ HDFK KR Q@ROIBXWDLWQRRHWINV WKHDYFRFWRVRYV G
JLIXUH $V PHQWLRQHG HDUOLHU OBPWVRIBHWDDHIRUWH\
/554 54 HTXLYDOHQW FLUFXLW IRU PRLMW UDW3 VY \DQIGD N

SVHXGRFDSDFLWDI)FGV DUHRPIZKLFK DUH W\SLFDO YDOXHV IR



&7 DQG HOHFWURGH SURFHVVHV WKH HWSHEMWQFHWO\> DV UB
DO > @ UHSRUWHG VLPRDQOUIYBOXRY WKHELU %)02 HOHFWUR

([IDPSOHV RI VSHFWUXP ILWWLQJ LQ PRLYXWHDV DWa&X &K&
JLIXUH E 3G &X DQG )LIXUH F GXR&XDRE BDPRVW SURS
FRQWULEXWLRQV WR WKH $6%6@} &XWDR OLYG WKEXMESWKH WR'
RUGHU RI PDJQLWXGH JUHDWHU WKDQDRG®G &X' VER ¥B6XG&KH #HPE
IRU &X &X )RU 3G &X WKH VDPH UDWLRKWKUH ZRKINF R XAX JHH]\
WR LPSURYH WKW MMKBHUH G HWW DRIGHBHE DF WK RKQOGW R JHDWVS H L
RI SXUH 3G DQG SXUH &X DW f& ZRY W8I IDRDGV A GPRR EH a
P V 3D UHVSHFWLYHO\ > @ 'RSLQJ &X ZLWK KAGUWRMHQG F
SHUPHDELOLW\ Rl &X ZKLFK FRXOG LR\GXRIHQPS KRR MKJIW KWK
HOHFWURGH 7KLV PRXEBG FARSMDULICKWWHRW RO G/6B RIWNVKH 3G &
,Q VWDUN FRQW UHBBWUDWIHR &% 5X &X LV ZKLFK LQGLF]
SURFHVVHV QHHG LPSURYHPHQW

$ FRPSDULVRQ RI WKH FRQWULEXW L RRY VWRKIH( WIKQ & H H OVHRF
LQ PRLVW JDV DW  LAMJIDYBQ LG&LIKUH 7KRIQWHP SHUDW XU
GDWD LQ )LJXUH E LV VLPLODU WR M&KHR IRB & UD $V PGIP BVUHRQ
UHDFWRU ZKLFK FRXOG XWLOLJH VXK D QVHBSHFWINRGHH > W g
$65 $65; IRU &X &X LV XQFKDQJHG ZKL@THKDOKBE MOL BG/
DQG WKDW IRU 5X &X KDV FKDQUOAG WKBHQ RIE¥DQWIOWN L

XQFKDQJHG



J)LIXUH ORGHO /5 54 54 VROLG OLQWKVKFBAHW URRGWDUO HGHDF
FLUFOHV DW f& LQ PRUVWSIRURLQD JBX &X £ 3G &X DQG
7KH IUHTXAQF\ZKMBFRUUHVSRQGY WR WKH QXPEHUV LQ LWDOL

IUHTXHQFLHV WKH GDWD SRLQW\\D QR W RS R @ RVEOW RVIRDIEGGR
IUHTXHQF\ WJRPR +]



J)LIXUH &RQWULEXYWWDRYVHRI FQBWUNGIN FWR) RVGKHH SBRFRH WKH V
HOHFWURGHV XQGHU PRLQWURWDM @J JDY& DG E f&

7TKH DFWLYDWERQIRW® WKHHAMKDUJH WUDQVIHU DQG HOHF
JDVHV GHWHUPLQHG IURP WKH $UUKHRQINE SQRW¥ ®RH WKH BE

TKBa ¢ RI &X &X H9 RBIWHKHWKHOBGWL YD WHR ®HDQWHWRIQ MRKIU



SXUH &X H9 > @ DQG H9 > @ $ PXFK VPDOO!
SHUPHDWLRQ WKURXIX BKIRUNHEDY EH9 > @ 7KH DGGLWL
&X DSSHDUV WR KB)H BRZBKBU&G WKH H9 )XUWKHUPRUH *
UHSRUWHG WKDW WKH DGGLWLRQ RI DQG ZW 3G WR &
SHUPHDWLRQ RI WKH 3G &X DOOR\V\WRKHVHDGOWD \HQJJH M W:
UHODWLRQ\EKLB GEGH W& XQDOOR\ FRPSRVLWLRQ LV QRW OLQHTE

,Q WKH VROXWLRQ GLIIXVLRQ PHFKIHBLY P &XKW KD GV R RKIG
YLD WKH LQWHUVWLWLDO ODWWWRHH ¥ LMHR @ UHEA WHIHD DIWRBV
VSHFLILF FHQWHBK BY 6WVOBWDWLRIQHWY JHMWEQ ERXBGKBIKDV Q
VROXELOLW\ LQ &X WL]HD WEBVW\BRWKHSUHVHQW DORQJ WKH
SKHQRPHQRQ LV NQRZQ DV =HQHU SLQOLQ@ ¥ HSRUNHBOWRI
VROXELOLW\ RI K\GURJHQ LQ 5X LW \FR-D/OO D W RO VWDINWD R Q
ZHUH LQGHHG SUHVHQW DORQJ WKH JUDLQ ERXQGDULHV \
WUDQVSRUW WKURXKXWSN[&R DEZRLWKERNORIKWEXKLIKH 9  5X
DOVR KDV QHJOLJLEOH VROXELOLWLQWHIGI\DW WK@ \bBBS&DE
> @ REVHUYHG WKWKV GRX QHBBGOIWHG LQ DQ LQFUHDVH
IRU BHUPHDWLRQ RYHU WKDW RI D SXUWR3® KRLERQ FURMHD WHU HQ
5X &X RYHU WKDW RI &X &X

ODODJROL HW DO LW\ @ XFMGR GHQ \OWK MRRU P KRG B 6 X\W R W LA
WUDQVIHU DW PHWDO FHUDPLF LQWHU D EBV XA QUUFIR Q QW B (
7KH\ VWXGLHG W KH RMQRHIM HWWLLCFQYV RHWD OQW R WRRHWHKHHU B ALF D«
Fat YDOXHV RQ WKH RELGHYDROXHWIRIZRB &X DQG &X &X IURP W

DQG H9 UHVSHFWLYHO\ ZKLFK ERRBRYDRIHODIOO®ORAIWHKWVRB



FRQVEWDMRI 5X &X LV WKH ORZHVW H9 ZKDFEKHWKWHLY K D
WUDQVIHU FDWDO\VW WKDQ 3G RU ROH V7 D WK WR X G OFH EW UXU
HOHFWURGH HOHFRYRWPRW KMHVISQWH BRDMALIGRVWHSLE QHJOLJL!
LQ &X

7DEOH $FWLYDWLRQ HQHUJLHV IRU WKH HOHFWURGH SURF
FRQWULEXWLRQVLOQQ$PRLVW +

3G &X 5X &X &X &X

Eaga ¢ HI : ‘ )

Eag &7 H9 : ‘ -

, W DSSHDUV WKDW 3G &X DQG 5X &X HKODFKH OFIRNPES OWKR-H € BVL
FHUDWHY DQG EDULXP JLUFRQDWHVORSRHQW LRJIV\E KU DWW &RQ H
RQH PLIJKW HQYLVLRQ D VLPLODU VWWRDGH SHIRIR WPBQ RK LEQ JI [
D WHUQDU\ 5X 3G &X HOHFWURGH ZKLHOBARWOEG GHGQGHRMHVVR
DV ZHOO DV WKH EHWWHU FKDUJB KMUHDGGI HQ BI 15X &4 | KN
DFWLYDWH ZLWK 5X DQG 3G HLWKHUDELQWUH DX HWHMDXA WRW\D
PHWDOV DUH VROXEOH LQ WKH VDPHDV&X YHBQWD \HKO RWRER WDH
ZLWK 5X IROORZHG E\ D 3G (/3 OD\HU W Q& W S\IXNEW HT XWM QN FERXF
RI 5X DQG 3G LQ WKH &X HOHFWURGHWRIDQVERQAR QRWWER E DU G
WKH DFWLYDWLRQ VROXWLRQ )RU BIDRAVWD EU QN KDHG X \FF\R H &R \b
WKH WKLFNQHVV RI WKH 3G (/3 ODLHIHEBQW  GRRSRVIYDURRQE V

OLFURVWUXFWXUH

7KH VXUIDFH PLFURVWUXFWXUH RI HDWMK H®WH FRAUHRIGN \LW |
IDEULFDWHG DIWHWYWWHKS |DQWaE WW HD W &VILRUDAW KH QWG DIWHU

(,6 PHDVXUHPHQWY VHYHUDO GD\V DWW KX &K X\UHP KH WNDKRNHX D M



OD\HUV LV VKRZQ LQ FROXPQ RI )LJBQB )LIXOURZ PDJRLJ
PDJQLILEFDWLRQV LTKFNGWL G LQ RH V HEFTHQ GHH \L L WK HWEBFHW LY D W
DQG WKH UHVXOWLQJ HOHFWURGH LV IRXQG WR EH SRURXYV
VXUIDFH RI ELJJHU ZXOLEW LLRO AR QV IR@VHQWHZL WKFWRWW U X FW X
RI )LIJXUH RQ SDJH + DOVR NQRZQ DV WKH FDXOLIORZ
LPDJHY RQO\ WKH &X (/3 OD\HU LV YLYDEWHFEHNDROVUH \b
HOHFWURGHLB@HRWLRO \WEHGLWLRQELQ\ WIKH LDPDHHV LRQFKD

VKRZ WKH SUHVHQFH RI QDQR SRUHYV

J)LIXUH 6(0 LPDJHV RI WKH VXUID~NHIMWR | NW KHD KXL ELCADHAGL R Q'+

DV IDEULFDWHG FROXPQ DIQWFHBEROKMQWN DIMHLYQ(+6 PHDYV
URZ D &X DFWLYDWRBRKQ&ZXL WKREZXE (/34 WRKWIXY D)W LBR®@ &X DQG
F S5X DFWLYDWLRQ ZLWK &X (/3 5X &X



J)LIXUH 6(0 LPDJHV RI WKH VXUIDHW\D R WK H B XQED\VADGNVHR
FROXPQ DV IDEQLF DWMIGU FRK XORNVD Q Gf RRLAX P Q DIWHU (,6
PHDVXUHPHQWY URZ D &X DFWLYDWILGROQFRNWKD&HL RB Z&W & X
3G &X DQG URZ F 5X DFWLYDWLRQ ZLWK &X (/3 5X &X

$IWHU K DW WK L3G «&X DQG 5X &X HOHFWURGHV DSS
WKH QDQR SRURVLWLEIOH QRRORK®QH U RALKILIXBHIKW VXJIIHVW
K\GURJHQ WUDQVSR HF WURGRXJ KR FFKR WHIH BVKRIP VEDIWORQ C
PHFKDQLVP )LJXUH RQ SDJH 7KH 3G DQG 5X SDUWLF
DQQHDOLQJ EHFDRKE A HQ WKHA IUR QRLEY AW K\M K&X LR WAIUD O GHQ V|
ZDV QR FKDQJH LQ WKH PLFURVWUXF®/KV R ® | YMKMKHG &H DWW C
2Q WKH RWKHU KDQG VLQWHULQJ DQG ODUJH UHRUJDQL]DWIL
Rl SRUHV RQ WKH RUGHU RI PLFURQY DD)L)ILIKHH R7K I$ DPJHH

SRLQW RI &X LV f& DQG WKH 7DPPOQ X WHIP S\ HRU DVAZDRU MV KDL



PHOWLQJ SRLQW LQ .HOYLQ > @ RISHUD WL QJ f\& H PoSHHF DX W M
WKH 7DPPDQ WHPSHUDWXUH DQG DS $UR DPRRELQIL WK IR [P\ R M 18C
FRXOG H[SODLQ WKH ODUJH UHRUJD/QKHD WX RX 6® FK WUHRAH
WHPSHUDWXUHY FRXOG EH RQH H[SODPQDWURQH R D/QKHD @D
REVHUYHG IRU &X R6F HRHAYSKRGRRW VKRZMXPARPSDQUGQ )LJ

RQ SDJH VKRZV WKDW WKH HRHBWUW G H DPWPHRMW DXFG
PHDVXUHPHQWYV LV VLPLODU

7KH DGGLWLRQ RI 3G DQG 5X SUHYHQWI\ FIR®BEU HDEZM® W
UHSRUWHG WKDW GRSLQJ 3G PHPEUDGEHVPH D BUWIQRAD BRHLA \E\ H
VXFK DV 5X DQG 3W VLJQLILFDQW®\ >PS@RYHE WHKE WL QUKSIR

f& LV KLIKHU WKDQ WKDW RI &XZWKX\G PRXORGLAPS R L:
LPSURYHG WKHUPDO VWDELOLW)\ RHDBGH&W K HKFRIMS RY LS/RIMRHQ k
DV WKH\ IRUP D FRESWHR® RRIOWLAGKH HQWLUH FRQFHQWUDW
RXU LQWHUHVW > JL@O0BXVRDXEQBLEL LMW KROW >EH@QDWHSRUW |
VWDELOL]JHV JUDLQV RI 3W GXULQJ¥» KL@K 6\ FAPS B UD W XEHF BKXX\Dt
QRW DOOR\ ZLWK &X > @ 5X PLJKW VWDELOL]JH WKH PLFUR
7KXV GRSLQJ &X ZLWK a ZW 5X PLJKQYFEB WKH UPDIDVR® DE
5X &X

&RQFOXVLRQV

7KH HOHFWURFKHPLFDO SHUIRUPDQFH RI WKUHH &X E
PHDVXUHG E\ LPSHGDQFH VSHFWURVFR®RG %R VHEU R QRXRIG W
EHWWHU DFWLYDWLRQ FDWDO\VWV$BSEKRBRQ VEKH ' H/\3SH /i FKDUYR @

SHUIRUPHG EHWWHU WKDQ &X (6/ *



7KH WRWDO $65 RIFDWXH HH GHFWGE R G HVQ WR PF RAGKW U H B XI\F W
SURFHVVHY DQG WKH WKW KBHHWH BWWRE | B PH F 8UARKO \DAH D Q C
XVHIXO IRU LGHQWUINDYJ | B R WHIHF MNOR GH WoKHY FOR SPRIQ & X &
YDOXHV WRKHERKDKI J H) & WKGHV HHOWH FIW ZRIG H ®WRIPHYV VIR LPSURYH
HOHFWURGH WKHUH QHHGV WR EH WEIDWMWHU RKHU HD FFWDL
%D=&H< 2, ZKLOH UHGXFLQJ WKH UHVLVWD Q K HsQXWM LW.RI G Dt
WKH DUHD RI IXWXUH ZRUN IRU 5X &XV KSR WOI®E EMHU L G XHGN & XL
PLJKW EHQHILW |URWDWK B UFRFPHSWDWMPHR R 3G &X DQG 5X

7KH DFWLYDWLRQ FDWDO\VW GLG Q RDAE WL FHDFH GV KX PR UM
VLQWHULQJ DQG ODUJH UHRUJDQL]DWHREX &R UMW SOH—LAWH
WUHDWPHQW IRU BQBNDIWHAR (B WHVWLQJ 3G &X DQG 5X &
UHRUJDQL]DWLRQ 7KDW FRPELQHG ZLW K D/IGH GIRZHY6 5RPD N
HOHFWURGH GHYHORSPHQW )RU IXWXUH ZRUN &X EDVHG (/3
VXEVWUDWHY ZLWK 3G DQG 5X DV WIX®YDBWE YDIPISRQ IJFBWERC
WKURXJK WKH %=&< 06 EHFWW ROLWEH E® GBHY FRRSRXVWAIR QV
KHOS DVVHVV WKH YLDELOLW\ Rl WRHK{GU B UHRE HS/ U LRILF V8
PHPEUDQH UHDFWRUYV

$FNQRZOHGJHPHQWYV

7KH DXWKRUV JUDWHIXOO\ DFNQRZGINGDH AKQINRPL R R RWX
,QF *ROGHQ &RORWXGWKREHS ZRKIDG QNOVUR SQMWHKRR GVMXDH U

6ROLG 6WDWH (QHURU *XU\RKIXO//GLVFXVVLRQV
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1HLO 6 3PQWWNKRQ\ 0DOQHRKUQOPVEDMGULQH 5LFRWH

$EVWUDFW

&DQGLGDWH PDWHHWENARGRY RQH G URMWRPLFR Q G/XXRKL @I
%D={BRF 2, %=&< PXVW EH VWDEOH DW KLJK WHPSHUI
K\GURFDUERQ FRQWDLQLQJ JDVHV 2K LZAU N VL @/KHV AL BWR G
EDVHG HOHFWURGHE E HP HEG WUROLHRWQ/ V8 ODX\AMU % #& < VXE VW
&X DQG 3G ZHUH YWXE& DHED BAD O PR BH) ® IWKKIR S H UHRWBIFE W U R
&X &X DQG 3G &X ZDV HYDOXDWHG GXULQJ WKH JDOYDQLF |
DQG K\GURFDUERQ FRQWDLQLQJ IHHGVG 7KW K\B URWRQ F KOXR]I
WLWUDWLRQ H[SHULPHQW DQG WHKIHIKL\ KRHEWWD LQX[GRZ L W KL B X F
P$ FPDQG )DUDGDLF HIILFLHQF\ ) ( L\RURFXUIG\Q W DHFIKLFEHF

HOHFWURGH DVVHPEO\ GHPRQVWUDWHYX )JHHGWVHDIWRW KHKID R

3ULPDU\ DXWKRU DQG UHVHDUFKHU 'HSDUWPHQW Rl &KHPLFDO DQG %LF
&R DXWKRU &KLHAFHWFKRQEG GVEDWH (QHUJ\ *URXS

&R DXWKRU $GYLVRU 'HSDUWPHQWQRIH&K AL RORD R Q G PRL RIOKRIR DR 0Q. L
$XWKRU IRU FR U UHDUSRQ S\H\QRFAHL DSMNWFPUHR) WVRIRUH FKORUFDO (QJLQHHULQJ
6FKRRO RI OLQHV



FRPSDUH WKH HOHFWURGHNX ZDWGWHKR +SRZASU RPQ RD W P$ |
7KRVH QXPEHUV IRDGQG &X &HWIRGHN H+QQ $U IHHG ZHUH
P: 1P/ +PLQ 7KXV D SXUH &X HOHFWURGH LV RURGHUHFRPF

PDJQLWXGH KLJKHU SRZHU UHTXLUHPHQWGHEHLOHWKRUBDBY
PHWKDQH DQG SDUWLDOO\ UHFRYHU H& LFK VHNWIMHNWNLDE WRV D
WR FRNLQJ Rl RMKWMH3GN &G DQOWKLY ZRUN

,QWURGXFWLRQ

1IDWXUDO JDV ZKLFK FRQVLVWY PRVWQ\ R WKW KRKRU® G
XQXWLOL]HG UHVHUYHV Rl K\GURFDKERQ DBM\AVA DOHBHG” 2
7KHVH VWUDQGHG UHVHUYHV DUH H[SMHW IWR VR LVIKLLSS D @ & W
FROQYHUVLRQ YLD WQHPAR@RPLFDOO\ IHDVLEOH RQOWRQ YHL
VEFDOHV D GLUHFWRPRQGHKWLRRI FQORXIOR) BHH BHWLEQEDH |
GHK\GURDURPDWL]DWIERIQ RU 08 VEFK D UHDRWYRQ WRQR YDO)
SURGXFWV K\GURJHQ DQG EHQ]JHQH ®'$ UMD P\W R UXWR OH | R SIH
FDWDO\WW VXSSREBWHGHR]®I VDB HWBBEK DV @0 %RW WKH SU
VXIIHUV IURP WZR EDRRNW RKLFEKOK QAN B FHYUHHORISPHIDGV LWRZ HT
FRQYHUVLRQ DW f& DQG FDWDO\WW FRNLQJ > + @

7KH FDWDO\VW GHDFWLYDWLRQ SUREDHM®DWDQ\RH FVREPH
UHDFWRU &05 $ FRHRYKFKPBREWRHGRB\HORYWHHNXEIRI BIWH D O
VLPXOWDQHRXVO\ UHPRYHV K\GURJHQ \DQGHD B G VKR M JW\@ UD R
IRXQG WR LQFUHDVH WKH DURPDW VRVDELHIOLGV ¥ IRIL OMK Bl CRDRV DD
7KH FR LRQLF DV\PPHWULF PHPEUDQH & WPREL\HG/VEH ® RRIHIM X

GHQVH &< ;, %=&< PHPEUDQH RQ D SRURXV WXEXODU 1



1L QRW RQO\ SURYLGHG PHFKDQLFDCFIVWE&RBHW 7 IEX W MHRARUY
FHOO ZDV FRPSOHWHG SDILVQK HG &XQ D\W RIS HOMG WH ROAGKH X VL
FRPPHUFLDO &X SDVWH +HUDHXV &

&X LV D JRRG DQRGH PDWHULDO EHFDXVH RI LWV FRNLQ.
IRU 1L RU 3W 7KH OLWHUDWXUH RWRKRNLOH UDPLIEWWID\Q WFED (
GRXEOH SHURYVNLWH FRUDPALY 2R[EGIH Q®WDWHKMR RQO\ DOWHUQ
H[SORUHG E\ 'LQJ HW PDG PQ @UWD VSHFLILF UHVLVMWD QFH
PRLVW LQr$U DW f& > @ ZKLFK ZDV RH VDR/HDV S P HQRWHGH
HOHEWURGH (6/ * WHVWHG DW WWKHYVRR/H HAR &G QWL RO/
SODWLQJ (/3 RI &X KDV EHHQ VKRZQ MORVEHB HQHFVSUWRGHY
ORZHVW UHSRUWHGL®6P RUIVW. Q BRJ DW f& > @

,Q WKLV ZRUN (/3 KDV EHHQ XX H/@ GN RO HFEMULRFEHW HR
P %D=®lH< 2, %=&< HOHFWURO\WH ZKLFK ZDV VABSRUWH{
%=8&< FHUPHW %DVHG RQ RXU SUHYLRXXGZRGND\3GN KFX DA
FDWDO\VWV EHFDXVH RI WKHLU ORZU$6SYHFWLYHODQIGQ PRL W
$U DW f& > @ 7KH SHUIRUPDQFH RIDW KRNVXG&K & EY HE OiX
SXPSLQJ H[SHULP HQW\VRX WLHG XIF LYDI DFRE W \DELUDR D UIERIG P LW

([SHULPHQWDO

(OHFWURGH VI\QWKHVLYV

7KH HOHFWURGHV LQYHVWLJIJDWHG H® MFRALY RORHWN/ ZSHODHN L
RQ WXEXODU VXEVWHRWHVS UWESSDUHGLIDGY S6HVF @LERBWDLQHG

&RRUV7HN ,QF *ROGHQ &RORUDGR 86$%$ FRHLYXBEHYJWHUHLW



RSHQ DQG RQH FORVHG HQG 7KH\ ZHORR\OH BQH @ LAGHKY DRRH \
ZHUH UHPRYHG XVLQJ D SLHFH RI WDEN FORWK

‘H KDYH SUHYLRXVO\ GHVFULEHG WK HY&XL K/I3D\S WRIEH WX E \
ZDV VSUD\ DFWLYDWHG DQG WKHQLAD RELGHG G B ®LIXDWU & X
ZKLFK ZHUH UHGXFHG WR PHWDO SDQMW LVFOHW LR A \&XOD\X W K
VXEVWUDWH ZDV ULQVHG ZLWK GH LRG LB GWXBWEN DACNLPB
FRQWDLQHG LQ D P/ JUDGXDWHG F\DOLLGHIH D W7 KHf B\E@L @G K|
ZDWHU EDWK DQG WKH UHVXOWLQJ & X/ MD\DWHUY ADK/H GHIQ H IBWILK
DQQHDOHG DW f& IRBULR W QVROWHNVWLOJ FP ORQJ HOHI
XVLQJ WKLV WHFKQ RTXWKRIQWXE H S RM@® GMKH FORVH

(OHFWURGH FKDUDFWHUL]DWLRQ

7KH WKLFNQHVV W RI WKH &X HOHBWURREPH\ UDDERHW L
PHDVXUHPHQWY RU *0 ZHLJK VFDOH ZLDVWKIOXRRIH VHIQYE M LR
JLVFKHUVFRSH ;'/0 & 3&% VSHFWURPHVBHW I R P PG WK U HWP H S
WKH VDPSOLQJ GHSWK LQ &X DW WRDQYHBFRHROEMDWLOB Y.RQ
2ND\DPD UDQJH HTXDWLRIQH>HOHF& UR® MAK LVEAR E®VEHGH PXF
a —P WKH HQWLUH HOHFWURGH ZDUXPHIQQW VEPSB®G D EW |
HOHFWURGH FRQW DLIQD W& H &2 WL O3P L X I0IMOHHG VRKQHH 5KKDIBFaV ZW 5

7TDEOH 6 XPPDU\ RI WKH WKLFN Q HHWW LV D RVIHVG KE\ WY YM_HPGE \M (
PHDVXUHPHQWWDWOIMXRAJHVFHQFH ;5)

(OHFWURGH W *0 P W :5) P

5X &X :

&X &X “

3G &X !

5X &X | :




(OHFWURGH WHVWLQJ

+ IOX[ WKURXJK WKH GHQVH %=&< PHPEUD\WQ R HDMXLUHIG.
XVLQJ D VWRLFKLRPHWULF WLW UDWRR® GIHILIPEHGVE6 7Y %[
$ VEFKHPDWLF RI WKH 67( VHWXS LV VIDRZQ DL GUYLBXGH VF RS\
IROORZV 7KH WXEH LQ VKHOO UHDFPMRUYV ZRABH2'FRPSULVHBF
OHQJWK DV VKHO QW DIQW S FoU KM\ G WIR ERUD @) G+ DOODRBERBD VHQVF
R[\JHQ VHQVRU LQ WKH RWKHU 7KH WSIDEBRQYW OXHRBIL Q@ D\
DSSUR[LPDWHO\ f& E\ SODFLQJ WKHP LQVLGH WZR VHSD!
VHULHV $SSOLHG 7HVW 6\VWHP\H RQFW BaX W D Z D¥$ P H/\PX
D W\SH . WKHUPRFRXSOH 6&%$66 * 2PRIOD WRHLE&BHBWUR GF
SODFHG LQ WKH WXEH VLGH SHUPHBMWHUWLUG H DRI ADKHD+ BW H

+LQ $U PL[WXUH ZKLFK ZDV EXRLSOVNVNHGQJIZLWKNKURXJIK D
DW DPELHQW WHPSHUDWXUH 7KH UHIR W DWK B OSHRU BHKB\M 6 GD
SHUIRUPDQFH RI WWH WRG EMG XGHYIZ® LFRRSRQWWHRGQY 7DEC
SDJH ([FHSW IRU WKH PRGHO JDV KHKLAKHZD \P L$ W WPH.YH
SUHSDUHG E\ PL[LQQGWWMHULDWHVURIGH XVLQJ SUHFLVLRQ PDV
0& VHULHV $OLFDW 6FLHQWLILF ,QPWHXEDRQVHW WRKH WKW
WKH IHHG DQG UHI JDV $Q 0)& FDOLNEBWH®GMVRUNRDUIHG | WR
WKH WLWUDQW X O WKH SHU RHDWH W\QL WLWUDQW VWUHDPYV :

D 3W FDWDO\VWDWREHRBW WHKMHFKLQJ WKH R[\JHQ VHQVRU



JLIXUH 6FKHPDWLF RI WKH VWRLFRKKRPHWULF WLWUDWLRQ

7TDEOH 6 XPPDU\ RI WKH IHHG JDV PL[WXUHV XVHG

OL[WXUH ' $U + + & &+ & (& P + H

+

+

=+

& +

ORGHO *DV |0 *

$ &X ZLUH IHG WKURXJK D WZR ERUH VWHL3 WK 1B QXHDLRY/DR W
RWKHU VLGH ZDV ZQDBHBEIX) ®HIR X&PG PHVK SURGKFAMW &8
&RUSRUDWLRQ :DOOLQJIRUG &7 SOOIDFHE RNVDRHE BRXIHBWQV
36 ZHUH DSSOLHG WR WKH +70 E\ DQ $JLBHQWKSSOS$ S&RJIUR
DYRLG GHJUDGDWLRQ RI WKH FHUDPL® GVNWIKH RXWWH g W XD \ [0

$ IRU WKHDQGE HHG PL[WXUHV ZKLOH IRU DGQKRWKHU |



UHVXOWHG LQ IIRPRIYRXR RI 7KHBHEO® FRDWOUHG €\ DQ $
$ PXOWLPHWHU ZLWK WKH KHOS RZ DIDFOMIGH D UK QGUW K N
WKH HOHFWURGH DQG SDVVHG WKURXJK WKH VHFRQG ERUH |
$JLOHQW $ PXOWLPHWHU PHDVXU/I6GD @& H HHH®ED/FW SRWY MWQ
XVHG WR DGMX&WHWWLQJ WR PDLQWDLQ D FRQDWBDDWLEHU
SXPSLQJ H[SHULPHQWY WKH FXUUHIQRW ZDVQUPPSH® MW L Q \§
ORRS 7KH H[SHULPHQWV ZHUH PRQLWRD)\WDB ERQOBFMWHRQLWK
5HVXOWV DQG GLVFXVVLRQ
)DUDGDLF HIILFLHQF\ ) ( RU FXUUHQW HIILBOIXH MR MWK W
)DUDGDICFX | 7 KH (REMDHhALG |U@P ZKIWUWKH FXUUHQW GHQVLYV
LV WKH QXPEHU RI HOHFWRURMMNFW O BOXYGM YDH G GIHYR/+ FRQ VW
& PRO7KH HUURU LQ W®&X[ )FXUXPET +WKURXJIKRXW WKLV Z
RVFLOODWLRQV RV LVDIOHLTH W® ¥ W 6S RNBHL® WHE EN MEGEDFN ORR
5 X & X
7KH PHPEUDQH HOHFWURGH DVVHPEO\ O($DRWWUWKLDPHBXZ&
+ )LIXUH D RQ SDJH)LJXD®G E RQ SDJH IHHG JDVHV
! IRU ERWK WHVWV IGRWKRNXBKOGVWIR €H XQDIIHFWHG E\ Wi
FRPSRVLWLRQ D KDSKHI)\ERADNQUWHDL UHG IRBW M P $
FP DV FRPSDUH@MWR 9 QW M P$ FP 7KLV PIH[SWIEHHHG E\ Wk
FRQFHQWUDWLRQ SRODUL]DWLRQ HIHQAW IR UEXW®QRRNL FK +HF R)
EHFDXVH WKH ODWWHU GRHV QRWZEWRGDDRQ$UURAGWHRH H -
FRQFHQWUDWLRQ ERXQGDU\ OD\HU SU HRSRP LQHIW GAK ARBY H

VXUIDFH 7KXV D RKUBKHARKOGYHRI) JZIDVXDBKGHYHKGHK\ D KLIJKHL



J)LIXUH SHUIRUPDQFH RI WKH 5XD&G HHOHFRWURGK[LQ D SXL
EODFN SRZHU VX8 S EBOXROVVRIHBR Y ¥SSOsFXHGHQDMQGHQVLV
J)DUDGDLF HIILFLHQF\ JUHHQ



7KH 5X &X HOHFWURGH ZDV DO VR JFDH D F WBW WK GVZ P WKy
PRVW UHSUHVHQWBWSRWLRILREH @ WKH IHHG RI DQ 0'$ UHDF
SDUWLDO SUHVVXUH LQ WKH IHHG WKH TKHUUD Z#H Y H WRARWEIH
VORSHV;IRQGY9 WKH VORSH FKDQJHG DHFRUYHD\ 7KH FROFHQ
SRODUL]DWLRQ HIIHFW PHQWLRQH G SH MWULIREE CDVFRM O G H[SB «
) ( WKH SRZHU UHTXLUHPHQW SRIW SPXMSD@I D IPYHRQ FXUUHC
FKRVHQ DV DQRWKHU PHWULF WR FRPSDUH WKH GLIIHUHQW
UHSRUWHG DWEHFBXWH WKH 0'$ &05 ZDV RSHUDWHG RW WKDV

5X &X WKH SRZHU UHTXLUHPHQW XBW P FEPQ G ) (

J)LIXUH SHUIRUPDQFH RI WKH 5% &X+B®HFBEOLRFANH LSRZHU W
YROWD3HEROXKE SRZHU VXSSOYsFXHGHQDW GH QNIDNEYRE HWHHQ



& X & X

JRU WKH &X &X HOHFWURGH D VHQVH oWIRU H CZICPL (DOB/GHH ¢
SRVVLEOH ORVVHWENXSZEAQ DKHVEIREHF HOR Q) SMPRMH ORVVH)
ZHUH RQO\ + X &XUHWKHAVWURGH

JLUVW WKH 0($ ZWWHK BRRRXHDXDV \DIQGW HIGHIGY )BJXUH
RQ SDJH JRU:ERWBRFWHSWWKS 9 OLPLW ZKLFK PHDQW Wt
KLJKHU SRZHU UH TH LBXH & ¥ QD HFFK\DUR WHKWV EQ OHM GZ LSKZ H HV L V W
-5 DQG WKH $65 Rl D SXUH &XLYDBRISDW LQ fRRZNVW PXFK KLJ
5X &X VDPSOH > @ )XUWKHUPRUH IOXKH VIHHPHE W RG AR Q WH
IHHG FRPSRVLWLRQ@HGMURQ WWYXWLE®VEDOWDLQR W L\NFORW UHRU
ZDV REVHUYHG IRU D SXUH &X VDPSOH@R @ KH B &X) HHIDWM F M/Q)\
VWLOO EH UH DU \GIBQW.IQRQ B OWHHH D-QRDXY H\DW LXQQD WHKFHW H G E\
WR WKH IHHG FRPSRVLWLRQ DQG WKFRO\DHI -6 DWD/DNH WK 8 RO($ ¢
WKH 5X &X DQRGH WKH RQH ZLWK WKH &X &X DQRGH DOVR G
LQ ERWKDQG IHHGYV

7KH 0($ ZLWK WKH &X &X DQRGH YIDDXDHDVR RVHBWHE LQ D
FRQWLQXHGWR RBHUDWHUDJH$Y BLQY RWMHJH UHDFKHG WKH
WKH SRZHU UHTXLUMG PXRKSKPSKHU WKDQ WKDW IRU WKH 5X
+ PLQDMW M P$ FPQG ) ( 2QH UHDVRQ IRU WKH KLJKHU SR
EH WKH GLIITHUHQPRHE XH) W¥R5- RRO M HUH YWD /OG- BHIMEH U WL |

HOHFWURGH HOHFWURO\WH LQWHUIDFH PLJKW EH VRPH RWKFE



J)LIXUH SHUIRUPDQFH RI WKH &XD&% HOHRBWWRGX[ LQ D SXL
EODFN SRZHU VXSS EBOXROVVRIHBR Y XSSOscFXHGHQAMH GBI QV LV
YROWDgGHERWRIQ DQG )DUDGDLF HIILFLHQF\ JUHHQ



YJLIXUH 3HUIRUPDQFH RI WKH &MU & ¥OKQ HEQ/WRNG H SRZHU VX S
YROWDZHEROXKE SRZHU VXSSOY4sFXHGH QA GO NREOWNRIRY VDO &
)DUDGDLF HIILFLHQF\ JUHHQ

3G & X

7KH SHUIRUPDQFH RI WKH 3GD&X% HIHHBNURG W HRRUWHG L

D SDJH DQG )LIXUH E SDJH UHVSHFWLYHO\ /LN
HOHFWURGH DOVR HHIXWUHCG DWKKIDI®HWZHOLFK PLIJKW EH GXH
SUHYLRXVO\ PHQWVIRRXH G RFGRIUFIH Q W KR @ KH | B F$V Z LSOKV BB X&X D
DQRGH KDG D ORZHU DYHUDJH ) ( )XWMW KBV PRWULHD OVKIHIKH D SS't
VWHS FKDQJHRIQEWKHYHY DURXQG - P9 ZKLFK EHFDPH
DV WKH SDUWLDLOD SUKIW VHKHE BRDW UHGXFHG 7KH VER®HKW GLG
VWHS FKDQJH EXW WKHUH ZDV D &UKS ALK ADIQHEH (V B H\G KP RUF
LQ )LJXUH E SDJH 7KHVH REVG EY VD HEQW RRXP ® HEBIND

WKH FHUDPLF HONFOWWFAWH GZ& RKHRLD LSO WKLYV VHFWL



J)LIXUH SHUIRUPDQFH RI WKH 3G ®XGHEHFWIREGCH @QQ[ D €
EODFN SRZHU VXSSOEORIOWBRHE HRU VOXSS O\ 3 XUHE QW HOH@®'
YROWDgGHEERWRIQ DQG )DUDGDLF HIILFLHQF\ JUHHQ



7KH 3G &X HOHFWURGH FRPSDUHG ZHOO/ WL WXUW K K W X G&K
P$ FP 7TDEOH ZKLFKQWD XL AWRKQWIKWHWWHL PHG OB U 8%V &XE N B C
5X &X > @ $GGLWLRQDOO\ WKH YRMUNRIHH EOH-RW X/HHY QI RUK MV KSHR
DQRG WKH FHOO ZHUH DV RRIX DV IRU2I®K) PL3KW H[SHFW VLPL(

IRU WKH 5X &X HOHEHWFODREBH WY H MG VO\R WL WKF BX IKUGWH D V

7TDEOH & RPSD WRGEHY RBIGHOHBW G 5 XPHXFRWY MLIKHGV

JHHG (OHFWURGH 3G &X 5X &X

936 9
9Ho 8

+ IOX[ 1P/ FEPQ
) (
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+ 10OX[ 1P/ FPQ
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7KH 3G &X HOHFWURGH ZDV DOVRJKKMBUD FR® WO BIG Z L WK
WUHQGY ZHUH PDUNHGO\ GLIIHUHQWHURP MXH RWKRZHGZR |
9 VKDSH IDWPM® FP) ( GURSSHG IURP W R DQG WRNV GHF
) ( LQFUHDVHG WR WKH;3;RIDVLOPDH Y B G XEHH D IREKD WP ¥ XFIR H V W
WKHUH ZDV QR SHUPDQHQW GDPDJH W\ KW KM $0 @ WK W B N H3LG
DQRGH L@DV+ ZKLFK ZDV FRQVLGHUDEO\ ORZBIQGW&D @& XW K}
DQRGHV 'HVSLWH WKDW 3G &X KDG WKH DRZHWMVQDSRAMHU UHT

P$ FPDQG ) (



J)LIXUH SHUIRUPDQFH RI WKH 36 U&X+BI®OHRODEGH ISRZHU ¥
Y RO W D3H EROX @ SRZHU VXSSOgsF XHIGH QMH G B QNREWRIRIH WO G
J)DUDGDLF HIILFLHQF\ JUHHQ

%DELQLHF HW DO > @ REVHUYH®XB YLOYO DR UFWRISHU®D W(
%=&< PHPEUDQH 7KH\ K\SRWKHVL]HG OWHEMNW RAHK A B WALIRMO\ 2
IURP W R DW WKH IXHO HOB Y \WHMR EWHR Y E B UQ BJID \N 5BH
&H SRODURQV WKDWHFRIX\W®BVKR® WEKRGDVESEUWH® QLRIOG 7KDW
LV FDOOHG HOHPWUIRQ LFH KO WD JHODQ R ZHIWH K\FEH RXHPE W V - U
SURWRQ FRQGXFWL YRQ\G WRWWXIHW W RAMEB X W WREZBW H)G( W K D W
YROWDJH ZDV UHTXLUHG IRU WKH WKHGXGE \&XRIQORIFWWKRG&H WI

YROWDJH ZDV DSSUR[LPDWHO\DQGDQ¥HVSRBWIQYH®\ 7KLV SK



ZDV DOVR IRXQG WR GRPLQDWH DV HVK®FDS®VHEG SR VED P WLK
WKH 3G &X HOHFWURGH

'LSSRQ HW DO > ©H UHHCSHRIOWMHREQ WK BW\DW@HK B8 B M HWFK\H & H
LQ %=&< LQFUHDVHG %=&< KDG VLJBEW FZDQWPQE DNDOH RK L°
$OWKRXJK WKH PHPEUDQH RQ ZKLFK 3GW&H Z0HW B H\& RAD.W A B P:
RI %=&< 7KH JUHH @ MOXEXOBY&EKDOLL2 Bh3RYHG ZRIQFH DW
I GHIHFWV SLQ KRWHGE RAH WH i 904 & EH UDHPRAEFUIRQ DB DSSOLH
GHIHFWV DQG WKH WXEH ZDV ILUHGI RHG PRUM \R DEH BWG Q Rf
GHFUHDVH LQ )DUB® EIXFDHI O RIXH Q¥ \L ERWOD QHDGGWW HDW P HQ\
PD\ OHDG WR DQ LQFUHDVH LQ WKH RHHERDW& B W RIll YW\KIHR @H
%=&< 7KLV ZRXOGRR[SPDLOW KHIE&HW LKW BRH QM HG BBVZLWK :
WKH DQRGH

1H[W WKH SHUIRUPDQFH RI WKH 0($ ZDWKQ3G &>Q D V& WK
JLIXUH RQ SDJH 7KLV WHV WKW VERID G XEWRIGP VR F M XFS
ZDV LQKLELWHG E\ PHWKDQH EHFDXVH DOHMWKRQH ZRX0O G FRH
SHEXOLDU VKDSH RI WKH ) ( FXUYH ZO® YRQWO MHFXQUNEE EE
ZKLFK LQGLFDWHG WKDW WKH SHUIRWRBQFH & B 6 UGHDMHD BURP

DW M P$ FPZKLFK UHVXOWHGXLQVORXMUWKH SRZHU UHT
DOVR LQFUHDVHG IURP WR QDWPM 1P6 #MQG ) ( 7KH
SHUIRUPDQFH ORVVHV FRXOG EH HLW RHUWE&MXHH &/ IRF WRINRIGH
EORFNLQJ WKH DFWALIYWVVRMHYWRBRGH RQH W R KWAM HiL Q \i 1

WKRVH UHVXOWOOWKHK DWDRXWKUUHQW GHQVLWLHV



J)LIXUH SBHUIRUPDQFH RI WKH 3&+& X IIDXXHFRBQRGENH LYRZHU
Y RO W D3H EROX @ SRZHU VXSSOgsF XHIGH QMH G B QNREWRIRIH WO G
J)DUDGDLF HIILFLHQF\ JUHHQ

7R GHWHUPLQH LI WKH LQKLELWLRQRGEBVZDWY YWHXBMHETO®HH (
WHVWHG DRIXUYH RQ SDJH 7KH VKDSH YHUMIGHEX W RAXL
YROWDJH FXUYHV FRQWLQXHG WR ESRXZXAHU WKD Q REZHHIIR WHH W
ZDV DOVR KLJKHU PPL QL ¥¥/ M P$ OFQPG ) ( 7KHVH UHYV
VXJIJHVWHG WKDW RQO\ SDUW RI WKHOH® WIER.GH RUX WZIDW HU
HOHFWURGHOQOMOHAW PR @QMWHG LW R E H OVWFXNGULRIG FELN FWURFRDWFFRISQ W R
FDXVH RI WKH LUUHYHUVLEOH SHUIRUPPRFHUBRWKHIDEBHOHRU

WKH 3G &X HOHFWUEBHRDW GRBLER DQG DIWHU WKH PHWKD(



J)LIXUH SHUIRUP® @QKHHRIHWWIH RSEWH RDIWHU H{SRVXUHKOWR PHW
EODFN SRZHU VXSSOEORIOWBRE HRU VOXS SO\ 3 XUHE QW HOH®®
YROWDGHERUWRIQ DQG )DUDGDLF HIILFLHQF\ JUHHQ

7TDEOH &RPSDULVROQ RAHVKIHWSKHH BEEWE X RO ERWRIAR-GHG XU LQJ
DQG DIWHU WKH PHWKDQH H[SRVXUH

JHHG + &+ +

936 9

9FrHo®

+ 1OX[ 1P/ FPQ

) (

'XH WR D SRZHU IDLOXUH WKH 0($ ZRR FRR&HGRLQURWQ

f& EHIRUH SRZHU ZDV UHVWRUHG O$%W HD ZDNWVKXOMQ FK KB %Ik



K\GUDWHG +XGLVK HW DO > @ UHMRUWHRZ WRBWL QLD KEDOPA
ZHUH UHTXLUHG WR SUHYHQW FUDENLH) FHRUDWKRA BoREU DU
VXSSRUW PD\ KDYH VXIIHUHG IURP FERHPLRR® HI[I$ D DR/ LM GW |
SHUIRUPDQFH RI WKH 0($ KDG EHHQ D DIBIEQV HK H V& RZDH/U WUHHVIVX
KDG LQFUHDVHG WR PLP:DWP/ + PBQBEP ) ( ZKLFK VXJJHVW
TXHQFKLQJ WKH 0($ D® @XM DPHMWIFEMWR LWV SHUIRUPD
7KH QH[W WHVW ZDV LQ D SUH PL[HGRRRSBDHIDV WR ® P |
WKH IHHG LQ DQ 0'$ &05 7KH PRGHO JD\Q FMEDRVLWLEBRIADQ
7KH WUHQGV ZHUH VLPLODWLMRHVKHRQHSWVIHQ &EXW ERWK
YROWDJH FXUYHV KDG ZLGHQHG IXUWKHU $£GGLWRAREGPOO\ )
DQG WKH SRZHU UHTXLUHPHQW KDG L QH#F UPHDQDHG MUPRB  WR
FP DQG ) ( 7KHVH UHVXOWV LQGLFWDRDHG HVKD® @/HHU DB
SRVVLEO\ GXH WR FRNLQJ RI WKH \MORG W WHROGIH W X B (D HH DLQGV
$JDLQ WR LGHQWLI\ ZKHWKHU DQ\ LHUWYHWK EBEOH(ESDRPD
WHVWHG )LIQIXUH RQ SDJH FoKIHQ Bk BN ULYRH W R H FOX Q G :
ZDV GXH WR D FRQQHFWLYLW\ LVVXH R8SKPMDLD Y HARWRIQNHGEG | L
W R DQG VR KDG WKH SRZHU UHPXQDBP MQW $ FP: 1P/
DQG ) ( 7TKHVH KWW XWWYWVWKH LQXDBLWLRQ HQ WL*E O H
FRPSRQHQWYV LQ 0 *D QRAV&GHLUG WD FFDXVH IXUWKHU LUUHYHU"
0($ 7DEOH SDJH FRPSDUHV WKHHOHEVWMRURG B FIMWR | W K

EHIRUH L H DIWBUHWK3X B RQ B UDRMDYDIDAH B [ W KR WY XRIRIG



J)LIXUH SHUIRUPDQFH RI WKH 3G &XOKNOHEWARNG H SRY PR G/
YROWDgHEROXKE SRZHU VXSSO XHIGH QFMH G 6 QNEWRIRIUH OO &
J)DUDGDLF HIILFLHQF\ JUHHQ

7TDEOH &RPSDULVROQ RAHVKIHWSKHH BEEW& X RO ERWRIARGH. H DIW
WKH SRZHU RXWDJH GXULQJ DQG DIWHU WKH PRGHO JDV H]
JHHG + 0 * +

936 9

9FHo &

+ 1OX[ 1P/ FPQ

) (




J)LIXUH SHUIRUPDQFH RI WKH 3%U&XI WBUH PREBHEHIDQD RN +
SRZHU VXSSO\ ;¥ REOOXBIHSREZKHU VXSSOY%eFXHGH QR GO QY NRIONW DRIU
EURZQ DQG )DUDGDLF HIILFLHQF\ JUHHQ

5X &X ,,
$ VHFRQG 5X &X HOHFWURGH 5X &X ,,SHWN\RUPEQEFD W}
K\GURFDUERQ ULFK I®FIE RTKMKSHU(IR 2 WK VBKHEBRQR®KEQ  +
+ IHHGV LV UHSRUWHG LQ )LIXUH D SDJH DQG )LJIX
JLNH WKH 5X &X DQG 3G &X HOHFWURGHMo®R¥e®KQ,, TAAKRQUHT:
+ SRWHQWLDOO\ EBRMIDRH SR ODRQFBW WRIE L \$ QG $ VKIDREQ D OO F
DYHUDJH ) ( EXW LW ZDV VWLOO KL®K&< =WXEH KR/Hi Qb K& |

EHHQ ILUHG WZLFH ZKLFK PD\ OHD®W R IDQ KH FdF&BEV HP HP BA



&RQVHTXHQWO\ WKH GURS L@ WHHQ) F R ZHWKO HQ BN D\DL PLIJ XU

EH GXH WR WKH HS®HKH QRJFRHXF QO H C5NOMRHY H® BHM Y LR XV O

YLIXUH BHUIRUPDQFH RI WKH 5X &R QG HOHFSWUHRIGHXLQ D
EODFN SRZHU VXSSOEOXRMOWBREHUW VOXSSO\ 35 XUHE QW HH®
YROWDIHERWRIQ DQG )DUDGDLF HIILFLHQF\ JUHHQ



7KH 5X &X ,, HOHFWURGH ZDV WKHQXRKD UD FW QGL [ A\VG VALRA
9 VKDSH RI WKH ) ( FXUYH GXH WRGH&X DWRSGIL AFV&HDINYDH B D J
WKH 0($% ZLWK WKH 5X &X ZDWDODQRGHWQ® WKH SRZHU UHTXLU}
P: 1P/ + PLQOW M P$ DOFQRG ) ( 7KH KLJKHU SRZHU UH
FRPSDUHG WR WKH RWKHU 5X &XPHQHVFWURBHWLRRE: 1P/ FRXO

H[ISODLQHG E\ WKH HOHFWURQLF OHDNDJH SKHQRPHQRQ ZKLF

J)LIXUH SHUIRUPDQFH RI WKH 5X$&X +0O K[O HEDMMBFRGHSRQ@QHU V
Y RO W D3gH EROX @ SRZHU VXSSO\gsF ¥HIGH QWMH G 6 QNREWNRIRIUH WMOQ &
)DUDGDLF HIILFLHQF\ JUHHQ

7KH QH[W WHVW ZDV FRQGXWMHI GHHIGNKLIXYH RQ SD
DYHUDJH ) ( RI WKH 0($ ZDV XQFKDQJWGK DEX WQW K HDS/RZH UU R

P: 1P/ +PLQDW M P$ FRQG ) ( 7KLV LQFUHDVH



WKDQ WKDW IRU WKH 0($ ZLWK 3G &X DXKWKHPDORWH QQLFRW
UHVLVWDQFH RI 5X WR FRNLQJ $GRGGNLRKRB®OYKDENHRWWK B!
ZDV VWLOO VHHQ DQG ERWK WKH ) ( DQG YROWDJH FXUYHYV &
WKDW WKH SHUIRUPDQFH KDG GHIJWOERKBLODQ R & VK B R\OMHPWE
DQG RU DW WKH HOHFWURGH HOHPWWROWSHFRPQWUHHDD/AHG IDR

WR ZKLFK ZDV LQWHUHVWLQJ SEFEWXVMWKMHKBG) & X IRC
GHFUHDVHG I[URPXQGMWR WVRKSHVD®WH QJ FROW IPLOURYVZHOO EH D

RI WKH FKDQJHV RFFXUULQJ ZLWKLQ WKH Eb6G & EWIWRHGNY UWR U HO

J)LIXUH SHUIRUBR@FH, RHWHKHWURGH IHQIOX[ EODEFEN SRZ]
VXSSO\ YROGWIEXHXRU SRZHU VXSSO\ 3 XUHE QW HIHD WIRO\WRU H
EURZQ DQG )DUDGDLF HIILFLHQF\ JUHHQ



1IH[W WKH 0($ ZLWK WKH 5X &X ,, HOHPWWRGH R0Q\VS WHV W
6LPLODU WR WKH 3G &X HOHFWURGHVKHKWDWPKIDBY RHINRKH WK
H[SRVXUH EXW WKH YROWDJH FXUY HDAF RIQWISQKBBVWR EH ZLC
DQG WKH DYHUDJH ) ( zZDV D O O VWRK HZ X DIOKX ¥ LEHH NRFULH\ W &
H[SRVXUH %XW WKH SRZHU UHTXLUH®RQW RDGLRPBXFHG RC
DWs M P$ PRG ) ( 7KXV PRVW RI WKH L QPHOUEIQN L\R RHZ D
HOHFWURGH VXUIDFH DQG WKH H MDHFWLIQR GHO H 6 WE\WR Q RROL FWUR

KHOS GHWHUPLQH WKH FDXVH RI VQKHH LUUHYHUVLEOH ORVVH)

J)LIXUH SHUIRUPDQFH RI WKH 5X$&XD,,WHOH AWSIRR/'GHW HL QVR P
IOX[ EODEN SRZHU V:XSE@XH RCGWDHH RXSSH O \3f& WWHEGHQWHGO B C
YROWDGHERWRIQ DQG )DUDGDLF HIILFLHQF\ JUHHQ



J)LIXUH RQ SDJH SHYHWR WRH Q FHH® IIDW KMKH C
FRPSRVLWLRQ RI ZKLFK FDQ EH IRXQQE LW/ MEOPRS$ FWBDBJH
GHFUHDVHG IURP WR DQG WKHBKRZHRPUHTWRJHP IPQ W K/C
+ PLOW M P$DRB ) ( 7KHVH UHVXOWY LQGLFDWH
SHUIRUPDQFH RI WKH 0($ SRVVLEO\ GXHWXWRDFRNLQG RU
HOHFWURGH HOHFWVURIONW HVKQWHWKIHRBX &S SHEOWFRVR SHUIFR

PRGHO JDV WKDQ WKH 3G &X HOHFWURGH

J)LIXUH SHUIRUPDQFH RI WKH 5X &XIOXHOH®G WRNR G I3 RAH B R
Y RO W DgH EROX @ SRZHU VXSSO\gsF ¥HIGH QWMH G G QNREWNRIRIUH WMOQ &
)DUDGDLF HIILFLHQF\ JUHHQ

7R LGHQWLI\ WKH QDWXUH RI WKH &MWADE H GBIRIXHWHAWR WKH

RQ SDJH 7KH ) ( DWG UMFRPHUHG IURP WR DQG \



UHTXLUHPHQW PLQIRW M P$ FPQG ) ( 7KXV OLNH WK
HOHFWURGH WKH GHJUDGDWLRQ LQ SHODVRWRB @FRHRBIHW.KHO0O0{
IHHG ZDV UHYHUVRE®SBUHRD BAOKH SHRAPR &R D, Q HO RF WKRIGH DW

GXULQJ WKH YDULRXV WHVWV $W WKXHS&&XQG RDMHNVUWR®RHV K

VLPLODU SHUIRUPDQFHYV

J)LIXUH SHUIRUPDQFH RI WKH 5X &X DIWOGMHFWRIREE] 10V
EODFN SRZHU VXSSOEORMDOWBRHE HRU VOXSSO\ s XUHE QW HOH@®'
YROWDdHd 8RR Z Q DQRG )DUDGDLF HIILFLHQF\ JUHHQ



7TDEOH &RPSDULVRQ RI WKH SHUIRHPDW F HP B KRY/IK®J 5\ K&HX
YDULRXV WHVWYV

JHHG &+ + 0 * +
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*DOYDQSRPSLQJ H[SHULPHQWY ZHUH SHUIRUFHDGWRQ EX E
HOHFWUROHVV RSQMIZW2L Q$ RRWRD=BR QG XFW L QQ X{ HADDP P F DVKHJ H
ZLWK D VWRLFKLRPHWULF WLWUDWLRRF DH[BRQ LFPRHOWD LL@L Q3
OHPEUDQH HOHFWURGH DVVHPEOLHV 0($V ZLWK 5X &X DQG
! )DUDGDLF HIILBHQ¥F\HIRWUFEXQFNHGY UMHGXFRQDGDLF HIIL
WKH 0($ ZLWK 3G &X DV WKH DQRGH ZDV D OLWWOH ORZHU
OHDNDJH WKURXJK WK®HFHUDPLEWRHREEI UR P HQ WORBIRWOD QH \
SURFHGXUH $GIGERAREY NOITXLWB® WRPSMAEBIRXIK 3G &X 5X
DQG &X &X HOHFWURIGH$U QHBIG ZD¥ FDOFXODWHG WR EH
PLQ UHVSHFWLYHO\ 7KXV SXUH &X D& YD § DHEGHHF B/RURRIGY R CRW |
RI PDJQLWXGH KL JKHUW WRZKHIQUHRIXS DBHIG VX 5X &X DQ

'KHQ WKH 0($ ZLWK WKH 3G &X DQRGH ZBVIRUSPROHFE \
GHWHULRUDWHG 7KH GHJUDGDWLRGE@QK )DXNM GVKH [HQ ALUFH. BI\QHF
UHTXLUHPHQW ZDV QRW 2Q H[SRVLQJLPWOWR ©RGWOLQDNOI
SHUIRUPDQFH %XW ERWK )DUDGDLF M ILLGXQHY DEERBRO
VZLWFKLQJ EDFN WR D UHGXFLQJ IHH GHOHKFHW (B GHL W K RIZ HVGH F

TXDOLWDWLYH WUHQGV EXW SHUIRUPHG EHWWHU LQ PRGHC



HOHFWURGHV DV ZHOO DV WKH HOHFWURGH HOHFWURO\WH
UHTXLUHG WR GLVKH 36 UV R H PCODQAHHBRBWERVHPHQWLRQ

/IDVWO\ D SRZHU RXWDJH RFEXUUHG GKLDBIVODSNZ MR SiGU
ZKLFK FDXVHG LW WR EH TXHQFKHG WIMWHEGD JUD/X\® W DY H V. @ IG
WKH SHUIRUPDQFH RI WKH 0($ ,l 0'$ &GXFWR RIQD WD IGIBWY JPIH\
ZRXOG QHHG WR EH GHYHORSHG WR® DPRV®R DX H G\ I RQ
VKXW GRZQ

$FNQRZOHGJHPHQWYV

7KH DXWKRUV JUDWHIXOO\ DENQRZ®GINGDH AKQINRPL R R RWX
,QF *ROGHQ &RORMDWRR1BYS$ZRKGIG QINO MR ORKIG WKE HUK D& R R L

JQF IRU WHFKQLPDIO \B K M LW\WRLGFEHHE B H WIUALHFQWVL W U D W L R
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7TKURXJKRXW WKLV GREXPHQW WKHB XMW OD BA LAEID MGHH W\K L
ILOPV HLWKHU DV PHPEUDQHYV RU H DHEWSI)RGH VFIRW LIR\G DS SHX
EHHQ GLVFXVVHG JKKMLIRWORWKOJIVEILHQWLILF FRQWULEXWLF
WKH FRQFOXVLRQ\RPPOQ GDWYRGMVIRIHFXWXUH ZRUN

3G $X DOOR\ FRPSRVLWH PHPEUDQHYV

%HFDXVH 3G DQG $X DUH GHSRVLWHGQWHDRH Q/\K L DROWCA
KRPRJHQRXV DOOR\ REHVDQQHDD WR EX WL PH BRQOXBIXH W
DQQHDOLQJ VEFKHGXOHV ZKLFK ODVWHGH [R/W QWM YEHITDX \GD \R/I
LQWHQVLYH H[ VLWX DQDO\VLV W H EKIGL DO\R \L D IWKRIRRY Q]
VLWX $IWHU LQYHVWLJDWLQJ ER@AK DLQHGW MDA ON KWK Bl QIR
EH H[SHGLWHG E\ LPSOHPH@WIGQ W KH JK[ SHIQW RUHD ®OR\LQJ
XVLQJ LQ YHWHKHPWLRQ PHDVXUHPHQWYVY WR FQBEX\ORWH+WK I
SHUPHEWLR®RWK RI WKRVH UHSUHVHQW VLIJQGILED @RV W&MI
DOOR\LQJ SURFHVV DR SW\RWMVE HL QV RRAGI BEUDDDWL RRRP SF
PHPEUDQHYV LQ D IDVW DQG HIIHFWLYH ZD\

,PSURYHPHQWY WR WKH DQQHDOLQJ SURRHVSURHUNVHE
KRPRJHQL]DWLRQ W IHO OLKHGLOQIWWURPRI QRWIRVEH ZMDK/HUPD OO\
7KH QRYHO XVH RI RALXK QG RXXW W R @ HUHQ X WIUXP BEQWIBDOL Q J
RUGHU RI PDJQLWXGH 7R GHVFULEH IWKH S$HRIEHQVLQLWHRP
WUDQVLHQW GLIIXVLRQ PRGHO ZDV IBFNH® ZSWE BIQSH UWRH QI

8VLQJ WKDW PRGHO WKH LQWHU PEWWNBOREQHGI KWRRQVKR HI



GDWD IROORZLQJ ZKLFK WKH DFWHWDWIOREGQB @IDXNVHED URD WK
IURP DQ $UUKHQLXV SORW RIQWXDHV GRIXRQWGLRR FRH A UK B VHQZNL !
SUHVVXUBQR WKDW GHFUHDVH FRXOG EH HORIRKXYHIG A D IHV
ELQDU\ DOOR\ V\WVWHPV ZKLFK UHSR UMWXH G KWK 13 Gl RUDR\DWMLFRQ
SUHVVXUHYKRN +LW ZDV K\SRWKHVL]HG WKDWX®WH GV KIRRIRV MU
IRUPDWLRQ RI YDFDQFLHV LQ WKH 3G ODWWLFH DW KLJK SUH

7KH HIIHEW Rl DQQHDOLQRQL® HPBKDIUHVWOEL GLW\ ZLW|
QRQ K\GURJHQ JDV OHDNV ZDV LQYKHWAM_HDVWKHL® L QOSK/DW W HLL .
+ IRU WKH WLPH SHULRGV RI RXU L WIHURM T WDDD W \Q RVR Z3HMM|
WLPHY UHVXOWHG LQ ORVVHV WR WHKHVRHWVIEUDLQHF DB &HE WD Y
WKH ILOP EHEDXVH RI WKH HQKD QIEHG S®IHVXKIWHWRR+ WKH Pt

7KH FRQFHSW RI X\BLQDWEE DSSWDLUWHQWDUDPHWHU WR M.
ZDV LQWURGXFHG LQ &KDSWHU DQ IE[BS\DHGS @ WVRHHVE \& KMMXT
WKH DSEBRDKBQW FKDUDFWHULVWLF YDOXH GH SWK®IG LLGDIP ROV V
‘o6l ¢L*E 3 ZKHUHLV WKH SDUWLDO HQWKDOS\ RI VRAXWLRQ
'w,LV WKH DFWLYDWLRQ HQHUJ\ IRU IGBRYKHVL\R IZ B\ ¥ HUKHL B
UD\ GLIIUDFWLRQ DQG HQHUJ\ GLVSHBSO¥AH SKHERRU R QL RS
)XUWKHUPRUH BWKEHDDSIRXODHQWR EH LQGHSHQGHQW RI WKH
WKLFNQHVV Rl WKH DOOR\ ILOP

:LWK WKH LPSURYHG XQGHUVWDQGLQJDRLONKH W®OIMEQ
KRPRJHQRXV 3G $X ILOPV Rl KLJK TXDWLWX H Q RBD ORZWQD QIsU

UHFRPPHQGDWLRQV IRU IXWXUH ZRUN



&DWDO\WLF OHPEUDQH 5HDFWRUV 7RHEXKOGVRG WRLYSZHROU
WKH KLJK TXDOLW\ 3G $XI|UIRPPVHDRO VBSDRIOWNUHY ,W ZRX
LQYHVWLIJDWH KRZ WKH $X FRPSRVLMOL.@BHDRIHWWN RHKRE O
XQGHU FDWDO\WLF PHPEUDQH UHDFWRV FKQIMW XRDWLR B D
UHIRUPLQJ UHDEWLRQV
+LJK 7HPSHUDWXUH WMRIE IROL®N KIOB/G E FSHIR WHK RAZIQH WEK HLFRL
WROHUDQFH RI 3G )XUWKHUPRUH SUW® HRIP@IUV \G D BLD0 VW]
$X DOOR\ VI\VWHP XS WR f& W ZRXDW HEHWZRHWHKZKHG
FRPSRVLWLRQ RQ WKHUPDO VWDELGLWYQIHWRH KLJIJK W HRS
DSSOLFDWLRQV VHEEUDQ ADWHDFWRHVRXYWLQL]UBDFBVWLRQV
3G $X 0 7THUQDU\ $0I0 R\RW $®OMWKRXYHG LWKWKHVLERFRKWHQ\
UHGXFH PHPEUDQH FRVW E\ XVLQJ FKHDB\ PHWISOO/D B t$J \
LOQOYHQWRU\ $QRWKHU SRWHQWLDO @FI® HIL W KAR 3G 6J EHQW K
DOOR\V $V ERWK $J DQG &X DUH PRU N FPREG OGIHW KDHY B O RS
FRXOG EH DSS0ORME WROWRW WY ZHOO
/IDVWO\ PDMRULW\ RI WKH UHVHDUFK R®@ LWKHRYDLQW &
HOHEFWUROHVV S@DWLURFBQGHDQ®RDMOYKIG S RUKMVSRIDRK ODU.
QHJOHFWHG DQG WEH BUJIYHWW FREMKRN HT XXSBWU\RY W LV
URXJKHU WRS OD\HUV ODUJHU SRUB® DWRG OGIRY WGIORBW LYH
VLPLODU WKLFNQHVUVHYPYK®MWH & KZRNFHK [DHEWX 6 BAWOLEPHO R Z H L
$OWHUQDWLYH UHWHRDUFEKURKRIX WG HXBEERO MWV, BN WEWLPL]LQJ
VLIH RI WKH WRS OD\HU DQG LPSURYRXD ® KH BRUH DDELU RR

WKLQQHU ILOPV IDDAWHKVKD QIKCHEIHUPVHOHFWLYLWLHYV



&X EDVHG HOHFWURGHYV

$V WKH PHWKDQH GHKRGURDWRPDWILEFD PORBE&O®RH UHDI
HQYLURQPHQW LV FRQGXFLYH WR FDIDERQ ARW PIDRKHRIS LW @
UHVLVWDQW DQRBHY R@3%@3x=WBURWRQ FRQGXFWLQJ FHUDPLF
VHSDUDWLRQ IURP K\GURFDUERQ UERKWHKBEWYV,® DBRGWXRQ
FDQGLGDWH EHFDXVH RI LWV VWDELOLW\ DW KLJK WHPSHUD
JDV HQYLURQPHQWY %XW &X HOHFWURBHVHND KDIYAFDWHRB &\
WKH\ DUH WKLFN « P DQG WHQG W & FOMIO RP LVQORWHH | WDFERV R/
ORZ )DUDGDLF HIILFLHQFLHV RU FXUUHUOX\L BIHIRFQMYFG KNV LDYYG
SXPSLQJ RKEV ZRUN GHPRQVWUDWHG WKDW HSRADLW DNER DH U
P DQG ZHOO DGKHUHG &X HOHFWURGHV RQ %=&< VXEVWUD\
HOHFWURGHY ZHUPDJQRW XRBWGOIR ¥HRIUWKIEQSW KR VRXWIDS LQ W
RQ FRPPHUFLDO SDVWHKHM &X U¥8KHWARRHIPN WEKH YHORBM @DV V XFEF
WUDQVIHUUHG W RERUD WREXVDIWY I8IRR BRDHOND OHPEUDQH 6FLHQ

7KH DSSOLFDWLRQ RI (/3 WR IDEULRBWM DRYHQ@ YWKWQJIE
&KDSWHU W ZDV K\SRWKHVL]HG WKDRV ARP ZBY FD DECH \& BDAHWH
ZHOO DGKHUHG WKLQ ILOPV FRXOG EH IDEULFDWHG RQ D Y
YHULILHG ZLWK WEH HCHORNVR IR QF BIQFMRWIFRS R | JBIRE %P = U
%=&< FHUDPLF E\QWXMUWEWQWDW LR K M WE D URERHI MOHFAWW R O \
DGKHVLRQ DQG VXFFHVVIXO IDEULFDWLRQ RI &X HOHFWURG
ZHOO DV WXEHYV

7KH HOHFWURFKHPLFDO SHUIRUPDQRH REXWKH @& X E BRKIDG

3G DQG 5X ZHUH K\SRWKHVL]HG WRKE®@ EXVEWHDXNHWLSY PWKRC



WKH K\GURJHQ SHUPHDELOLW\ RI &X ZKHOWLEHX PG JIHRGE!
WROHUDQFH WR FRNLQJ $GGLWLRQDBW®RY HERMWK KDGK WHKIHP &
VWDELOLW\ RI WKHS&GDQKIHY) VSEGIFW UR WFRHIAL | OR U DLV WD QF
YDOXHYV DQRG VFDQGURVFRCGHFWDRE RHRQDDQH ]|DMOLARH) WR I
PLFURVWUXFWXUH ZHUH XVHG WR YWHULWKWKRESLH DIS\S HROMKHHG/ |
FROQWULEXWLRQV I URP HOHFWURG K I UHFORHHRWY H R GIH QR0 HK- DMULIRAC
FKDUJH WUDQVIHU ZDV WKH OLPLWURGH BRRHWYWVRY 248U O.
5X &X 'RSLQJ &X ZLWK 3G UHGXFHG SMKIH HDIEFFWILR Q VB IRRAMH @ Q/H D ¢
LQFUHDVH $QUWKBELOLW\ RI WKH DOOR\ ZKL K ERXDRBQHRS G\D
HOHFWURGH SURFHVVHV WR WKH $6RWRBG WX DB IFHLLI KBV VEE Bi(
WKH DFWLYDWLRQ HQHUJ\ IRU FKDU&K &IUW K \bDH UWKIXW GHRZ @ D
VPDOOHU FRQWULBXWLRQVRH WWHR MKKDHJ $65 RI 5X &X

W ZDV K\SRWKHVL]HG WKDW (/3 FRXOBPERDLRY HOSHW B
DVVHPEO\ 0($ E\ LQFUHDVLQJ WKH )PRQIGUDIPHG IENFWHKE@FJI D G
K\GURJHQ SXPSLQJ H[SHULPHQWYV UHSIRRUWHGFLRQ&KBIYW H U

+$U DW PEHWPH REWDLQHG ZH®/ K/® GO MFRAHU K & GENMWKDHE U L F
WXEXODU %=&< PHPEUDQHYV ZKLFK ZDWW & HAHIERMDURN H P S
RQ %=4&< XVLQJ FRPPHUFLDO SDVWHVGHU WKBUWDGPH - RIQIG E
2XW RI WKH HOHFWURGHV VWXGLHG 3G &X DQG 5X &X KDG V
P: 1P/ + PLQ UHVSHFWLYHGU DW P3$WPN ERWK GHJUDGHG |
+ &+ IHHG DQG WKH SHUIRUPDQFH ORVVHWXR®GH EH OWH)\
HOHFWURGH HOHRW WERWW H2QQ@W s IDWHRR QVEKBIVGUHHIYBUVLEOH

GXH WR VXUIDFH FRNLQJ DQG WKH LUWHRY HRWIEKOH DOWR W



HOHFWURGH HOH MW H RO W HWLLIR/GHHU SBAAWRIUR RQBDMW DO LK) PRGH
+ & & &2 +H EDODB¥W ®«RVH ORVVHV ZHUH
UHWXUQLQJ WR DHHG ZKLFK VXU FRWLBG Z\DXWD R/QWMM KBIF H COHFGV U
WKH DGGLWLRQDO FRIPSERROH @ W@ WRD LDRV/GHIIQ J& VG RWRKMHD SSHD L
FDXVH DQ\ LUUHYHUVLEOH GDPDJH RWR QMKIHG HADRH FEWM U RSGIN. U
LPDJLQJ WKH VXDHH BALIMKGVIEQWBUQJ HOHFWURQ PLFURVFRS\
%DVHG RQ WKH DIRUHPHQWLRQHG UHXWXWM 2ARANH DUHF
IROORZV
(OHFWURGH 7KLFNQHVV 7R LGHQWLI\XDORBWURDG® VW KL F
H[SORULQJ WKH NMHFWS$RE VIR XPONGQEMKY.BRRBEUHY $MER Y H
ZRXOG H[SHFW K\GURJHQ GLIIXVLRQ WKURXJK WKH HOHFV
VXFK D VWXG\ FRXOG DOVR LQYHVWALJIDWRM KKRZUWH HV B R QW!I
HOHFWUR G H DSQURIF VW K VWKK. FNQH V V
(OHFWURGH &RPSRVLWLRQ (OHFWURFKHAH\FWBGLPYHQ@DEN
IXUWKHU HOHFWURGH GHYHORSPHQWY HAX H K3IBU & WO B PW L
WKH 5X &X HOHFWURGH QHHGHG EHWWHWZHOHFWURGBGH \S
FRPSOHPHQWDU\ SURSHUWLHV LW ZRXOHOERWRRGH ZKR O H
VXFK DQ HOHFWURGH RQH FRXOG EBVIDQWHKIMX 35X (DF \U DY DU
WKHQ D &X (/3 OD\HU $GGLWLRQDOOD GGRIS LLQUY & X VZ L DKW FKC
KDYH WKH SRWHQWLDO WR VWDERSURY MW KR NLFEU RARD B X)W}
/IDVWO\ WKH ORZ )DUDGDLF HIILFLHQIN &X WYX HVK(S \D Q R\
ZDV H[SODLQHG E\ WKH SUHVHQFH RWBRK %O&FWHREUP QD

SKHQRPHQRQ LV NQRZQ WR ZRUVHQ ZLWK DQ LQFUHDVLQJ FI



FHULXP FRQWHQW LQ WKH GHQVH %=&R GDIDXNURIQFURMP VA
%D=&H< 2, %=&< SUHVHQW LQ WKH FHUPHW EDFNERQH LI
RQFH DW f& 7R DYRLG WKDW WKWKFPOBERKW \BIQRX\OKGH & H5 g
DULVHV GXULQJ WKH VROLG VWDWHLBBEWHWWXH WOQEXIDWDILQ ¥
%=&< VXSSRUWV DV VRPH 1L QDQRSDWWA&RROHWRGLIOROVHULD
WUDQVSRUW DOO WKH ZD\ WR WKHF @ KDM ERIQ AKNWHY SIRWUWLRND
WKH HOHFWUR G HDH & HIFQVG B OI\NFH LR MMA ISHH O (R U P ROV HWKHUH L
WR HIIHFWLYHO\ UHPRYH DOO 1L QD (PRS DWHTLXALQHHY FR® QN K M
IDEULFDWLRQ SURBHN VZRWU W.R HOQWD EK HWHKGIIR F RYUR CRWW SRV W
7KHVH LPSURYHPHQWVY RXWOLQHG IRU W&HURNMDRLFLG® UR

SHUIRUPDQFHYV DW HKQVKWUHWUQHRAMKR BB GEKR QORIROMD KQLQJ



\%

\%

\%

5()(5(1&(6

6 7 % /XQGLQ 16 3DWNL 7 ) OGHQ/W- '6 :DB\LFRWNH
,QRUJDQLF OHPEUDQHV IRU +\GURJHQ 6HSDNOGNERIOH QWL
SXEOLVKLQJ &RPSDQ\ S

3 +RIIPDQQ 7RPRYURIZNVYH@HXHO &HOOV DQG WKH 3U
30DQHW 0,7 3UHVYV

*4 [X - & 'LQL] GD &RVWD 0 '®RHE b6 +*LHWOOABDPV 5
LUHXW] ,QRUJDQLKPHPEUDPBVYREBXFIWWRRQD @ G- $XW L FIDFO
DQG SHUVSHFWLYH - &ROORLG , QWHUIDFH 6FL
GRL M MFLV

-5 5RVWUXSRYVWAWAHQLHOVVHQ JBQJIB WF®ORHV KR®U R& D W
* GRL D

5HSRUW RI WKH K\GURJHQ SURGXAH RRQ WEKSH HKWG SR DH-
IXHO FHOO WHFKQLFDO DGYLVRU\ FRPPLWWHH 'H
KWWS ZZZ K\GURJISTBIWHRSHIBURBRUWB SGI

6 <XQ 6 7HG 2\DPD &RUUHODWLRQV LQ SDOODGLXP F
UHYLHZ - OHPEU ©6FL + GRL M PHPVFL

. 6FKRRWV ) )HULROL * .UDPHUFXWYHRMDYQEBHUKZIGDR
SURGXFWLRQ WHFKQRORJ\ $Q DVVHVVPHQW RI REUHRIY
(QHUJ\ * GRL M LMK\GHQH

. OD]JORRPL & *RPHV +\GURJHQ BY¥WWQ DHXH B K\D © Dbl
SHQHZ 6XVWDLQ (QHUJ\ 5HY UV H#J GRL M

$ & %RVH ,QRUJDQLF OHPEUDQHVS$IRID (GBWLRDYG GRY

1 $UPDUROL 9 %DO]DQL 7KH +\GURJHQ ,¥VXH &K
GRL FVVF

6 6LUFDU 3XELMRRDGAH®ERQ RI +\GURJHQ E\ 3UHVVXUH 6Z

7HFKQRO + GRL 66
6 1 3DJOLHUL -' :D\ ,QQRYDWBERUGWOWFRDOVD GEXP B
5HY + GRL 630

6 $GKLNDUL \6 URUHDD QHRE WD QH 6HSDUDWLRQ 7HFKQL
5HV + GRL LH o)
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6 3HUDPDQX % * &R[ % % 3UXGHRRYHRQ BRIRAFAHRY HY(
SXULILFDWLRQ RI K\GURSURFHVVRUURIUJRHIUPIE RIlI JDVF
+ GRL 6

5: %DNHU OHPEUDQH 7HFKQRORHEFKIQ®RO(QFRK®M 3LROHY
6RQV ,QF IOW PASD URQOQEHFRP GRL SVW DEVWUDF
DFFHVVHG $XJXVW

"6 6KROO 8VLQJ GHQVLW\ IXHQ GR QXY LW QHIRY P W\R DO
RYHUYLHZ &R$PCBGR\V = * GRMDOOFRP

7/ :DUG 7 'DR ORGHO RI K\GURJHQ SHUPHDWLRQ EH
OHPEU ©6FL * GRL 6

& * 6RQZDQH - :LOFR[ < + 0D Q6ROKE DMION 3 QR X+ Vsl LLF
$OOR\V 8VLQJ '"HQVLW\ )XQFWLRQDO 7KHRU\ = 3K\V &Kl
GRL MS w

6 8HPL\D %ULHI 5HYLHZ RI 6WHDRPEURQRLEHDEFWRU I
&DWDO * GRL % 72&9% F

$/ $WKD\GH 5: %DNHU 3 1JX\HQ OHWDO FRPSRYV
VHSDUDWLRQ - OHPEU ©6FL * GRL

+6 & 'HYLOOH / 7URRVW 6XDX®H SWHHPPDELWX W G
5HQG XV

+6 & 'HYLOOH 6XU OH SDVVDJHRGHSH\D KR RRIDQHHWY ¢
SHQG XV

7 *UDKDP 2QROQYKH GEVROSWILF &¥H S DEADMRLARARRG *®H SW D
7UDQV 5 6RF /RQG * GRL UVWO

*UDVKRIlI 3LONKI BXRQILERWWRE) SRHY+tHZURIHWXKH 7HFKQ
(PSKDVLVLQJ WKH &XUUHQW 6WDWXV BRODBWQQDGHMP BHP

) $ /HZLV 7KH 3DOODGLXP +\GURORH@QGRQ@WHP $FDGHPL

- % +XQWHU XPLAYHU ISRUO /BIGD UDWRWQROQ QB KXGUR.
86 $

- % +XQWHU $ R3MULH\EDWIRQ 3URFHVV &RPPHUFLD
S3DOODGLXP $00OROVUVIIXODRQEHOHW 5HY

- % +XQWHU XPLAYHU IS0 /BIGD UDWRWQROQ QBRI KXGUR.
86 $



V

V

\Y

@

@

Q@

@

@

@

@

@

@

@

@

@

* =HQJ $ *ROGEDFK / 6KL + HKXSRQDINXWR\ MWDIEQ G L(
VXSSRUWHG 3G$J PHPEUDQHYV , QW - +\GURJ (QHU.
GRL M LMK\GHQH

$( /HzLV '& .HUVKQHU 61 3DJODNUBGH3IW 6®&HS|
FRPSRVLWH PHPEUDQHYV IRU K\GURJHQ+VHBEE DUKDIWL RAW UHRC
OHPEU ©6FL * GRL M PHPVFL

( &RXOWHU - ' :D\ 6 . *DGH HNL&XKDXKGKMHORVY 2 6 ¢
3DJOLHUL % 3O0HGIWHLQW XId XX IWRG 3IRIHBQV VIHGORI\D W\
PHPEUDQHYV - OHPEU 6FL + + GRL M P

6. *DGH 3 0 7KRHQ -' :D\ B8QWRXSISRROWAREBPBEDDQHB
IDEULFDWHG E\ HOHFWUROHOMWEBODGFL *
GRL M PHPVFL

30 7KRHQ ) 5RD -' :D\ +LJK IOX[ SDOODGLXP+*FRS
K\GURJHQ VHSDUDWLRQV '"HVDOLQDWLRQ
GRL M GHVDO

1 ,WRK 7 $NLKD 7 6DWR 3BRBOYSRDMWAR @ HR BUOIQH SO
&9'" WHFKQLTXH DQG URWHNGEWRYHL@Y/\SHRDWDO #RGD\
GRL M FDWWRG

6 7RVWL / %HWWLQDOL 9 9HROPKRME DFRIO/OHA VKKGE (
VHSDUDWLRQ DQG SURGXFWLRQ , QW - H#\GURJ (¢
GRL 6

-$ $E\WV , %RJIJXVODYVN\ + . 6WOPDNEFKRGORWRRHRVE!

DOOR\V DQG HOHAHWUVRIVUDYLQYKBWR FRPSBVLWLRQ 86
KWWS ZzZZ JRRQWYV BBRP SDWBFFHVVHG $XJXVW

+ % =KDR * 9 %BQRQ* 3UHSDUBDWHRIQ DDMIR ¢ KROUBPD O
EDVHG FRPSRVLWH PHPEUDQHV E\ HOHFWUROHVV SODW
7TRGD\ + GRL 6

< +XDQJ 5 'LWWPH\HU 3UHSDUDWLRQ RI WKLQ SDOO
ZLWK URXJK VXUIDFH - OHPEU 6FL
GRL M PHPVFL

"/ OF.LQOH\ OHWDO DOOR\ IRU K\GURJHQ VHSDUDWLI
KWwWS Z7Z2Z IUHHSDWHQWVRQOLQH FRP KWPO

+ 2NDPRWR 7 % ODVVDOVNL 7KWBKi3GXOCAO06O3XDMROT

‘'LDJU * GRL % )
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6. *DGH ( $ -3BDDQEW3 6 7KRH®H-HIIHRAWYV RI IDEULFD
DQQHDOLQJ RQ WKH VWUXFWXUH DQBUK\GO®RMN ® HSRHEULPIHDH
OHPEU B6FL + GRL M PHPVFL

/] 6KL $ *ROGEDFK * =HQJ + URPDQBHSRIUDWLRQOD!

36G$X FHUDPLF FRPSRVLWH PHPEUDQHV ,QW % +\GURJ
GRL M LMK\GHQH

& + &KHQ < + 0D 67RB® MIKMF®HRIRUPDQFH RI 3G DQG
PHPEUDQH - OHPEU 6FL + FL GRL M PHP\
$ 7DUGLWL & *HUERQL / &RUQDNPGDRQ@GSRSPRP KWDE

DVVLVWIREBGIUEHG SRURXVXBNMNWQOOMNY VWHHHROE U+ 6 F L
GRL M PHPVFL

/| 6KL $ *ROGEDFK + VMSDUDKRVLEXR] PHPEUDPQHV IU
QDQROD\HUV , QW - +\GURJ (QHUJ\

GRL M LMK\GHQH

6. *DGH . ( &RXOWHU - ' D\WHFKRWVYXRI| XOEQLFD!
SURSHUWLHYV DQG SHURMOWVR Q| FKXD®D BRAAPEU DRAHE DU
K\GURJHQ VHSDWIXOMLRQV *ROG % GRL % )

6. *DGH 6 - 'H9RVV . ( &RXOWKOGSWHBNLQ3DJOLHDWL
3DOODGLXP+JROG PHPEUDQHYV LQ PL[HGGHD V(IVAMRYH RP\D @ |
FRQWHQW DQG IDEULFDWLRQ WHFKQLTXH =*- OHPEL
GRL M PHPVFL

$ - %DUG /5 )DXONQHU (OHFWWDRKKWHPIORD O SSSHOVLK R @&/

HG :LOH\ 1HZ <RUN

6 * %UDWVFK URW B QIGRDMHEQ WOLHDFIA &CRQHG | L7FHLPHBQHW D W QU : D
- 3K\V &KHPWBHI + GRL
$ - %DUG 5 3DUVRQV - -RUGRBR%WDBRORWGRIRWIHG!
$ ( /HZLV $PDQGL /HRZAWRWKBWH &RORUDGR 6FKRRO RI
6 /IXR ' :DQJ 7 % )ODQDJDQ 7KHQPFEG\QG PLE$CRIRAN
3K\V &KHP % + GRL MS U
7 % )ODQDJDQ ' :DQJ +\GURJH@$XHEYP®E RWLRRE WKQ R ¥

3K\V &KHP &

I+

GRL MS X

' OHQGHV $ OHQGHV /0 ODGHLUD $ ,XOLDQHOOL -
JDV VKLIW UHDFWLRQ IURP FRQYHQWLRQDO FDWDO\WLF
UHYLHZ $VLD 3DF - &KHP (QJ SM =+ GRL D
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* 6DUDFFR + : -3 1HRPDJXV * YDDHUN WHBHBK W PG HYI
PHPEUDQH UHDFWRUV SRWHQWLDO DQG SUREOHPV &K
GRL 6

O 'H )DOFR * ,DTXDQLHOOR QOPIDOR & DRBRERBPIOLHBOD
EDVHG PHPEUDQHVSIRUDKMGRI® J 8 Q HNGHIDUPDMOLR QV HDERID RR XE
ZLWK D ZzDWHU JDV VKLIW UHDFWRU LQ $ %DVLOH (G

3XEOLVKLQJ Ss + GRL
6 8HPL\D %ULHI 5HYLHZ Rl 6WHDRPEURQR LEHDFWRU |
&DWDO + GRL % 72&$ F
) *DOOXFFL ( )HUQDQGH] 3 &RUHQJLD 0 YDQ 6LQ

PHPEUDQHY DQG PHPEUDQH UHDFWRUV IRU K\GURJHQ SU
* GRL M FHV

. %DELWD 6 6ULGKDU .9 5DJKDXPQ FHORE TRXQB8LWAD
WKURXJK :*65 + 5HYLHZ RI WKHLU VWWWWHKY KXKD OO HQ GHJ
(QHUJ\ + GRL M LMK\GHQH

' 'ULVFROO % ' ORUUHDOH / +HDGIO/MNXLQI7RI7HVAN R
6HSDUDWLRQ OHPEUDQHYV '"2( 1(7/

+ /L $ *ROGEDFK : /L + :X EBGQ@ BRBUPBRERDQHY X
VHSDUDWLR@2 RPL[MWXUHV - OHPEU 6FL
GRL M PHPVFL

) & *LHOHQV 5 -- .QLEEHOHU B9 * ORVVQPDQ' -7R(
HXUHQWMHV ,QIOXHQFH RI VWHDP [HIG |6OB [ BARU RBX.R{ LV
3G $J DQG 3G PHPEUDQHV - OHPEU 6FL
GRL M PHPVFL

+ /L $ *ROGEDFK : /IGHFRIXSRVQLWVWERQ GXULQJ VHSD
PLIWXUHV ZLWK WKLQ 3G PHPEUDQHYV - OHPEU 6
GRL M PHPVFL

6 + -XQJ . . XVDNDEH 6 ORURRRM[BVWLQP K(NGHRW D U
K\GURJHQ SHUPHDWLRQ WKURXJK D SDOODGLXP ##HPEUD
GRL 6

6 % =LHPHFNL *$ -RQHV '* 6ZD)DEHDIJHRUBDWERC
LOWHUVWLWLDO SBBODGLEW HDDEWR QREHKE OH\QK\OBIQE FI
PRQR[LGH ZLWK SDOODGLXP - $P &KHP 6RF
GRL M D D

- &DWDODQR 0 *LDFLQWL %DNBRHBDWILRQO &Q 6DOID G
PHPEUDQHV LQ WKH SUHVHQFH Rl FDUERQ PRQGR[LGH -
GRL M PHPVFL
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2 %DOPHV $ 5HVWD ' HUPHLOOHHSSHH®LFL /X OF
*UDVV + %OXKP 5 YDQ 5LMQ - :0 )J)UMCOWRPEHBJ :HV'
*XVWDIVRQ -1 $QGHUHWHBHYHXWQWEOH LRYSRDWHRLAD RBIGD
QDQRSDUWLFOHV KSR XPHD Q@ &EKH P& KBKRV & *
GRL & &3 '

5+ 6LOOHU :$ 2DWHV 5 % OFDHUERDQLQKSDOVEBDRE]
SODWLQXP - &RPPRQ OHW GRL

5 % OF/HOODW\ RKHFURBERELIOQS\HRJO LB5Q GRWVIGO YAHRE 6F U
* GRL

+ <RNR\DPD + 1XPDNXUD O .RLZD 7KH VROXELOLYV
SDOODGLXP $FWD ODWHU GRL 6

: *URYHU &RRUV $ VWRLFKLRPHWULF WLWUDWLRQ Pl
IOX[ LQ FHUDPLF K\GURJHQ VHSDUDWLRQ PHPEUDQHV -
GRL M PHPVFL

ODWKLHX ODUURQ\ 3URWRQ &RQGXFWLQJ &HUDPLFV
SHVHDUFK &5& 3UHVV

/ 0DODYDVL & $ - )LVKHU 06 ,VODP 2[LGH LRQ DQ
PDWHULDOV IRU FOHDQ HQHUJ\ DSS/QVLEP W HBR@WX WKW X B \K
5HY GRL E D

+ ,ZDKDUD 7 (VDND + 8FKLGRQlLQDH®DI HUWHR R{L GF
DSSOLFDWLRQ WR VWHDP HOHFWURDWMUVWRU, RQGURIHQ
* GRL

( )DEEUL ' 3HUJROHVL ( 7UDWRUDDG 0DPWRHWROQ PR F
R[LGH IXHO FHOOV D FULWLFDO UHYLHZ *&KHP 6RF
GRL E J

S3KLOLSSH &RORPEDQ 3URWRQ &RQ GEKEW R UN WHRUOLLDBEOWN
'"HYLFHV &DPE 8QLY 3UHVYV

ODULXV :LGHURH 1DGH]KGD .RFKHIXREB UYUX®P KRGHR
FRQFHQWUDWLRQ FHOOV RYHU GLHBYHDQW FE[R GG VVWREH/L
7UDQV + GRL % !

6 6WRW] & :DJQHU 'LH /|VOLFKOWWVHN YW Q|1 DL\VQV HHUVGADHPC
%HULFKWH WXQVHQJIHV )e U 3K\V &KHP
GRL EESF

.' _UHXHU 3URWRQ &RQGXFWLQHY[LGHV $QQX 5HY
GRL DQQXUHY PDWVFL
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- :X 5% 'DYLHV 06 ,VODP 6\0RI+RISHG %\ ERFED/QW F 6
6LWH 6HOHFWLYLW\ DQG &DWLRQ 1RQVWRLFKLRPHWU\
GRL FP ]

59 .XPDU R@MAWFWLFEDIOSKEH R SH WRISHH\G RS HWRY K NHDAHWK
&RPSG * * GRL M MDOOFRP

1 $IJPRQ 7KH *URWWKXVV PHFKDQLVP &KHP 3K\V
GRL -

0 QFK * 6HLIHUW . ' UHXHUHFXODWHG\GDPXBQWXWF
SURWRQ FR Q@GRXAFHQLIR Q 5 BoAD&IHZ 6 WD W H DRIQV *
GRL

) 6KLPRMR . +RVKLQR + 2NDXDWWU NQDPLRBW IBQFKSOM
SURWRQ 'LIIXVLRQ LQ 6F 'RBHE 668RHMA2 -SQ +
GRL -36-

) 6KLPRMR . RRWRBQR PHFKD QL\QFG RFWLRRWRQ SRUR)
R[LGHV IURP DE LQLYRRLFROHPXODWHRAQY 6ROLG 6WB
GRL 6

0 3LRQNH 7 ORQR : 6FKZHLND ,QYBSWLQDMULR®Q Fol
K\GURJHQ PRELOLW\ LQ D PL[HIE S@ERYFNIWHBYV LK DDV
QHXWURQ VFDWWHULQJ 6ROLG B6WDWH ,R®

7 ODW]NH 8 O6WLPPLQJ & .DUPRGIOVD® Q6RHWUNDRARA |
AXDVLHODVWLF WKHUPDO QHXWURQ VFQWRRHUGERPW RIS
6U&HKE + 2 6ROLG 6WDWH ,RQ * 3DbUWwW
GRL

5 +HPSHOPDQQ O 6RHWUDWPR 20 6RUIFDRQ@ D) GBI
LQ SURWRQ FRQGXFWLQJ R[LGHV 6ROLG 6WDWH ,RQ

* & ODWKHU OHFWVDOE 'RSDQWKBURSSMDVIHGE/ 3RIRW R C
&RQGXFWRU &KHP O0DWHU + O GRL FP

06 ,VODP 355 TROFWHUG -7 'LQRQKWVGHREE®JDVVRFLD
$=U2$ &D %D DQG /B2 *D SHURYVNLWH W\SH LRQLF
7UDQV + GRL % &

0 &KHUU\ 06 ,VODP -' *DOH RQD® WWDWORZA RRF

PLIJUDWLRQ LQ SHORGVELMDWH GRY GRL *
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+ ,ZDKDUD 7 <DMLPD 7 +LELQR + 8VKLGD 3HUIRL
8VLQJ 3URWRQ DQG 2[LGH ,RQ OL[HG &B@BXFWRUV %D
(OHFWURFKHP B6RF + GRL

'$ 6WHYHQVRQ 1 -LDQJ 50 %WXFWBODOWLR®O RHO®
1G GRSHG EDULXP FHUDWHY DV SURWRQ FRQG@&XFWRUYV
GRL (

$ /L : /LDQJ 5 +XJKHV &KDU®D FRW FSWLO/MMAIRP VD ISG
FRPSRVLWH PHPEUDQHV - OHPEU 6FL 6 +

. .DWDKLUD <KLPRKHAKL+ 7, ZOKDEQRGIBRWRQLURF=U VXE
%D&HBROLG 6WDWH ,RQ + GRL 6

7 +LELQR $ +®X|KNRRWRG6DQR 3WRRVR Q V& RIGXBXUIDF
'RSHG %D&H2K\V &KHP % + GRL MS

+ ODWVXPRWR < .DZDVDNL 1 5H®O® WL R@ RANW ZH HDK (a

&RQGXFWLYLW\ DQG &KHPLFEDY 16® BERAWRQ &R GWE®XHERUYV
TULYDOHQW 'RSDQWYV 6ROAIBFEWRWKHP/HWW +%
GRL

- OHOQLN - J/XR .7 &KXDQJ $HOHDNMUHU FRYOKEW|
EDULXP FHUDWH SHURYVNLWHYV FR GRSH®&® ZULWK6SIUDVHR

( )DEEUL $ 'T(SLIDQLR ( 'L %DUWRGRPHR 70 LOFKRE
FKHPLFDO VWDELQIEWK RI; %BWRIWRQLF FRQGXFWRUV IRL
7HPSHUDWXUH 6ROLG 2[LGH )XHO &HOOV ,7 628V 6ROl
GRL M VVL

@ 0 2LVKL 6 $NRVKLPD . <DVKLURDZDGDWHR IHFW.LYXD

DQDO\VLV RI % VLWH GRSHG SHURYWN®%\UEHEDSM S URWH Q
HOHFWULFDO FRIQGWKIRVL ¥FRWMIDRKHBW BR®DE&HWDWH ,RQ
+ GRL M VVL

@ 0 - 6FKROWHQ- & 6FXRRQOIGI QRROWMI 6+4BW-KHVLV RI VW

DQG EDULXP FHUDWH DQG WKHLU UBWEPWIHRQRODLWK FDUEI
GRL

@ ) &KHQ 2 7 6jUHQVHQ * OHQILW\ SWQE\&SHPDEBHO VW

KLIK WHPSHUDWXWH GURMRIPERQGXOMWHU &KHP

@ 69 % KLGH $ 9 O9LUNDU &6 W\DHEG O BWRWRIQ %&ORMGG X F

'DW&BQWDLQLQJ $WPRWBWHBHANHP- 6FRF +
GRL
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@ 60 +DLOH * OWRQHRQ VWRLFKLERKWGDUIUWUDQVSR
FKHPLFDO VWDELOLW\ RI SURWRQ FRQGXFWLQJ SHURYVN
GRL $

@ 1 =DNRZVN\ 6 :LOOLDPVRQ -7 &2WBOHYWDQFBDDBRBD
%D&H 2, HOHFWURO\WHV |IRU IXHO FHOOV HDQREQRWKHU I
* GRL M VVL

@ 1 7DQLJXFKL & 1LVKLPXUD -LVDWXRH(QRAXSDRWHR QUP L
RI SHURYVNLWH WSSIHH SBIUDW LR DRQVEBRIDW WELRFDDLOG FERNDIBX I
+ GRL 6

@ ' 6KLPD 6 0 +DLOH 7KH LQIORPIQWH\RRQ MWKIHR S URBE
XQGRSHG DQG J® GRUOLIQWMD BHRESBIWH B6ROLG 6WDWH ,RQ
GRL 6

@ )00 6QLMNHUV $ %XHNHQKRXGW - &RR\PDQV - -
SKDVH FRPSRVLWLRQ@2 ) LQ6FWD=0ODWHU +
GRL M VFULSWDPDW

@ . ' .UHXHU 6 - 3DGGLVRQ ( SSFSRRW U Q03 BRMRN&ERQ G X
)XHO &HOO $SSOLWDRQRQMO K BHREWDIBKEHRIBPWORORID XK F
SHY + GRL FU I

@ 6 5LFRWH 1 %RQDQRV $ ODQHUYEWQ®RVWXG\ &RIR G (
D& < 2y SUHSDUHG E\ VROILGEGLQWHWHQUHDWWLY f&
+\GURJ (QHUJ\ * GRL M LMK\GHQH

@ & =XR 6 =KD 0 /LX O +DWDQRHQ 28FKD\DPDD @LC
(OHFWURO\WH IRU /RZ THPSHUDWXUHWROLG 2[LGH )XHO
GRL DGPD

@ 3 6DZDRW % 19DDQL 6 5 %KDUD/GZIDEM OA\\QWEKRE® LAVR QG
%D&H}X 2;y DV HOHFWURO\WH IRU SURWRQ FRQ@E@XFWLQJ

+ GRL M LMK\GHQH
@ < *XR < /LQ 5 5DQ = 6KDRROLWKRIQEXBEIGRBDQF H IR
FRQGXFWL&H @ D7U A IRU IXHO FHOO DSSOLFD
BRXUFHV + GRL M MSRZVRXU

@ 6 5LFRWH 1 %RQDQRV * &DBRFPE&®&HB FRQYGGXFWDSRWU \
WKH SURWRQ FRQGHEWRU; 90REOHL G 6WDWH ,RQ
GRL M VVL

@ 6 %DULVRQ 0 %DWWDJOLDULQ)DEUIKDRD &GO LER UW DR?

%ROGULQL / O0ODODYDVL+LSIK HRIUEGXFWIDXOQOWIWDE GO EWM |

%D&H=[K2; SURWRQ FRQGXFWRUV SUHSDUHG E\ D VRO=%JI
* GRL % '
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@ 1 1DVDQL 3 $1 'LDV -$ 6DUNLYHG' BRQBXFWEWYQM
%D &H =4 HQHFWURO\WHV IRUWEDEWH BU QM ZFRFEWVWLRQ

+\GURJ (QHUJ\ * GRL M LMK\GHQH

@ 3 %DELOR 7 8GD 6 0 +DLOHGS3BHRFIHVAJRUFRIQDVWMU L
SURWRQ FRQGXBWARENYW\ - ODWH= GRIPU

@ :* &RRUV &R ,RQLF &RQGXFWLRXH Q6 R3ULREN B R DX WAL
%D&HUY (< 2, 3DUW , )DEULFDWLRQ DQG OLFURVWUXFW
&KDUDFW 3URFHVV 6SHFLI $SSO ,Q7HFK &URDW (
@ - 7RQJ ' &ODUN O +REDQ 5 RL+®\WWD W RVWHEFWEW
PHWKRG IRU KLJK FRQGXFWLYLW\ SURWR®P HFRQRERFMKLC
FHUDPLFV 6R@LG 6WDWH =+ GRLL M VV

@ :* &RRUV $ &OODUDIENKYRL]IDWLRQ RI FRPSRVLWH FHUP
%D&HU< 2 - OHPEU 6FL +
GRL M PHPVFL

@ 60 %DELQLHF 6 S5LFRWH 13 6XOOLYDQ &KDUDFW
%D&HU< 2;; PHPEUDQHV LQ JDOURDOQWEFDR®MH DWREWG U
(QHUJ\ + GRL M LMK\GHQH

@ 0 'LSSRQ 60 %DELQLHF + 'LOD 6&[SSARBMWQU H CBHF6
FRQGXFWLRQ WHKURXIHK SIDRWRQ FRQGXFWLQJ FHUDPLFV

* GRL M VVL
@ 6 5RELQVRQ $ ODQHUELQR : *BBNGQUSXRRUUYJ tDOW
SURWRQLF FHUDPLF DHPRYV N LNH - +
GRL M PHPVFL
@ 6 - 6RQJ (' :DFKVPDQ 6 ( 'RUULV 8 %DODFKDQGUD

KLIK WHPSHUWDQNVNXRIGG SRWRMWQJ FHUDWHYV 6ROLG: 6WDWH
GRL 6

@ 7 1RUE\ O :LGHUjH 5 *O|FNQH®@ RYLGBWVULROWR\G UR
+ GRL % *

@ :* &RRUV &R ,RQLF &RQGXFWLRXH Qs RIULRSN BQ DK WAL
%D&HY (< 2 , 3DUW ,, &R ,RQLF$@RQGNMBWPRG\QWK &KI
BURFHVV 6SHFLI $SSO ,Q7HFK &URDW

@ :$ S5RVHQVWHHO 6 S5LFRWH 1 D WAERMO MYOWUR X $KG G
%D&K 2, + &H 2, FRPSRVLWH FH U BBSLDUR VBRI PG REUDQ!|
- +\GURJ (QHUJ\ + GRL M LMK\GHQH

@ ( 9DVLOHLRX 9 .\ULDNRX , *DUDJRXQLV $ O9RXUUR
BWRXNLGHV 5HDFWLRQ 5DWH (QKDQFHPHHBQWWKXVYILEYJ RW
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