CITY

UNIVERSITY OF LONDON

EST 1894
#$ %e& O *+
(. ( )OI */ (/1213
!
# $ % $
&' ( $
) ) # $
$
( $ $ $




+ ((



http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk

(KDQFLQJ /LIW RQ D 7KUHH (OHPHC
$HURIRLO 6\WWHP E\ ,QVWDOOLQJ
*HQHUDWRUYV

% \

1HLO /HZLQJWRQ

KHVLVY VXEPLWWHG DV SDUW RI WKH UHT
'RFWRU RI 3KLORVRSK\

&HQWUH IRU $HURQDXWLFV
6FKRRO RI (QJLQHHULQJ

&LW\ 8QLYHUVLW\
1IRUWKDPSWRQ 6TXDUH
IRQGRQ (& 9 2+%

1RYHPEHU



$SEVWUDFW

,Q WKLV UHV 8 WHRKFR®SKMWDWLRQDO DQG H[SHULPHQWDO SUFR
SHUPLWV WKH UDSLG GHVLJQ RI DQ RSWLPXP DUUD\ RI DLU M
DQ XQVZHSW WKUHH HOHPHQW KLJK OLIW JHRPHWU\ LQ ORZ
RQ WKH WUDQVIHU RI LQIRUPDWLRQ EHWZHHQ FRPSXWDWL
PRQLWRULQJ WKH IORZ ILHOG FKDUDFWHULVWLFV DURXQG W
$-9*V DFWLYH DQG TXLHVFHQW &DUHIXO GHILQLWLRQ RI D |
PRGHO HQDEOHYV DQ DVVHVVPHQW RI WKH EHQHILFLDO WUHQ(C
DUUD\ FRQILJXUDWLRQ SULRU WR LQVWDOODWLRQ RQ WKH P

7ZR QXPHULFDO DSSURDFKHV DUH HPSOR\HG WR SUHGLFW W
FRPELQHV D ' VWUHDPOLQH EDVHG (XOHU VROYHU FRXSOHI
ERXQGDU\ OD\HU PHWKRG 06(6 RI 0,7 7KH VHFRQG HPSO
VWUXFWXUHG IX0O0 1DYLHU 6WRNHV 16 IORZ VROYHU XWLC
IXQFWLRQV &); RI $($ THFKQRORJ\ &RPSXWDWLRQDO VWXG
ZLWK WKH $-9*V DFWLYH RQ WKH WORFDOY IODW SODWH PRGH
XWLOLVH WKH 16 VROYHU RQO\ :LQG WXQQHO WHVWV ZHUH
VIVWHP IRU D UDQJH RI DQJOHV RI DWWDFN f D f DQG M

&MM LQ &LW\ 8QLYHUVLW\TIV 7 ORZ VSHHG ZLQG WXQ
VIVWHP ZDV FRQILJXUHG ZLWK WKH VODW DQG IODS KLJK C
VHWWLQJV ZLWK DQ DUUD\ R HTXL VSDFHG FR URWDWLQJ $
PRGHO ORFDWHG DW [ F F 7KH ZLQG WXQQHO H[SHULPHQ
VXUIDFH VWDWLF SUHVVXUH DQG VNLQ IULFWLRQ GLVWULEXMW
WUDLOLQJ HGJH

7KH WUHQGY REVHUYHG IURP WKH " KLJK OLIW VA\VWHP FRPS
XS WR D©® f VXEVHTXHQW WR ZKLFK WKH &); SUHGLFWLR
HI[SHULPHQWDO ILQGLQJY 7KHVH GLIIHUHQFHV UHVXOW IURP
WUDQVLWLRQ DQG WKH UHOLDQFH RQ WKH ODZ RI WKH ZDOC
ZKHUH IORZ VHSDUDWLRQ LV VXEVWDQWLDO ,PSURYHPHQW
HISHFWHG E\ PDNLQJ DGHTXDWH SURYLVLRQ IRU ERXQGDU\ O
RI WKH WXUEXOHQFH LQ WKH FRQIOXHQW ERXQGDU\ OD\HU®
FRPSRQHQW VXUIDFHV

&RPSXWDWLRQDO PRGHOV ZLWK WKH $-9*V DFWLYH DUH DE
REVHUYHG WUHQGVYV LQ IORZVY ZKHUH WKH DGYHUVH SUHVVXI
$-9* PRGHO WR LGHQWLI\ EHQHILFLDO WUHQGV LQ WKH IORZ
VWUHDPZLVH YHORFLW\ SURILOHV DQG HQKDQFHG VNLQ IULF
IORZ IHDWXUHYVY ZHUH GHWHUPLQHG ,Q VWURQJHU SUHVVXU
GHILQLWLRQ RI WKH QXPHULFDO ERXQGDU\ FRQGLWLRQV HL
IDFLOLWDWH DGHTXDWH UHSUHVHQWDWLRQ RI WKH IORZ ILHO

([SHULPHQWDO UHVXOWYVY IRU WKH KLJK OLIW V\VWHP LQFRUS
GHOD\ WKH RQVHW RI IORZ VHSDUDWLRQ E\ XS WR f DQJOH |
IRUFH JHQHUDWHG E\ WKH KLJK OLIW VA\VWHP E\ DQG VLJIQ
QRUPDO IRUFH HQKDQFHPHQW $&1PD] UHODWLYH WR WKH X
ZLWK &A EXW XVHIXO IORZ FRQWURO ZDV DFKLHYHG DW Y



&RQWHQWYV

$EVWUDFW L
&RQWHQWYV LL
/LVW R1 7TDEOHV Y
/LVW R1 )LIXUHV Y
1IRPHQFODWXUH [YL
' HFODUDWLRQ [L]

$FNQRZOHGJHPHQWYV [[

L QWURGXFWLRQ
3UREOHP GHILQLWLRQ
*RDO DQG NH\ VSHFLILF REMHFWLYHV

JLWHUDWXUH UHYLHZ DQG VWDWH RI WKH DUW
+LJK OLIW V\VWHPV
(ISHULPHQWDO DQG QXPHULFDO DQDO\VLV
3DVVLYH DQG DFWLYH IORZ FRQWURO ZLWK YRUWH]I.
(ISHULPHQWDODQG QXPHULFDO WHFKQLTXHYV
6XPPDU\ RI FXUUHQW VWDWH RI WKH DUW IRU KLJK O]

1XPHULFDO PHWKRGY IRU SUHGLFWLQJ IOXLG IORZV
, QWURGXFWLRQ
*RYHUQLQJ HTXDWLRQV RI IOXLG PRWLRQ
*ULG JHQHUDWLRQ
*ULG WRSRORJ\
*ULG JHQHUDWLRQ
BROYLQJ WKH LQFRPSUHVVLEOH WKUHH GLPHQVLRQI
JLQLWH YROXPH PHWKRG
%RXQGDU\ FRQGLWLRQ LPSOHPHQWDWLRQ
&); &RGH RYHUYLHZ
06(6 &RGH RYHUYLHZ



7XUEXOHQFH PRGHOOLQJ WHFKQLTXH
1XPHULFDO PRGHOV
,QWURGXFWLRQ
7ZR GLPHQVLRQDO KLJK OLIW V\VWHP FRPSXW
7KUHH GLPHQVLRQDO IODW SODWH DLU MHW Y
FRPSXWDWLRQV
+LJK OLIW VIVWHP LQFRUSRUDWLQJ DQ DUUD\
JHQHUDWRUYV
6XPPDU\ RI WKH QXPHULFDO FRPSXWDWLRQDO

(ISHULPHQWDO WHFKQLTXHYV
'LQG WXQQHO VHW XS
7KUHH HOHPHQW KLJK OLIW VI\VWHP ZLWK XQVZHSW
'DWD PHDVXUHPHQW DQG DQDO\VLV
3UHVVXUH PHDVXUHPHQW RQ WKH ZLQJ DQG L«
2ULILFH SODWH IORZ PHDVXUHPHQW LQVWDOO

7ZR GLPHQVLRQDO KLJK OLIW V\VWHP
,QLWLDO SUHGLFWLRQ RI WKH KLJK OLIW V\VWHP 10|
&RQYHUJHQFH
*ULG GHSHQGHQFH
$GYHFWLRQ WHUP PRGHOOLQJ
5HVXOWY DQG GLVFXVVLRQ RI WZR GLPHQVLRQDO K|
6XPPDU\ Rl WZR GLPHQVLRQDO KLJK OLIW V\VWHP U

7KUHH GLPHQVLRQDO IODW SODWH pORFDOY DLU MHW YR
 QWURGXFWLRQ
,QLWLDO SUHGLFWLRQ Rl WKH IODW SODWH HORFDO"
5HVXOWV DQG GLVFXVVLRQ RI WKH HORFDOY $-9* 10
6XPPDU\ RI pORFDOY DLU MHW YRUWH[ JHQHUDWRU |
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BUHGLFWHG DQG PHDVXUHG UHVXOWYV IRU WKH WKUHH
LQFRUSRUDWLQJ DQ DUUD\ RI $-9*V
,QWURGXFWLRQ
5HVXOWV DQG GLVFXVVLRQ RI WKH SUHGLFWHG DQG
GLPHQVLRQDO KLJK OLIW VI\VWHP IORZ ILHOG
6XPPDU\ RI UHVXOWV IRU WKH KLJK OLIW V\VWHP ZL\

&RQFOXGLQJ UHPDUNV RI LQWHUDFWLYH WHVW UHJLPH

S5HFRPPHQGDWLRQV IRU IXWXUH ZRUN

5HIHUHQFHYV

$SSHQGL[] $ 7ZR GLPHQVLRQDO KLJK OLIW VA\VWHP UHVX
LOQFOXVLYH

$SSHQGL[ % $SSHQGL[ % )ODW SODWH pORFDOY DLU MHW
JLIXUHV WR LQFOXVLYH

$SSHQGL[ & 7KUHH GLPHQVLRQDO KLJK OLIW VA\VWHP UHYV
YRUWH[ JHQHUDWRU DUUD\ )LIJXUHYV WR LQFO

$SSHQGL[ ' +LJK OLIW VA\VWHP SUHVVXUH RULILFH ORFDWLF

$SSHQGL[ ( :DOO LQWHUIHUHQFH FRUUHFWLRQV WR ZLQG \
SUHGLFWLRQV IRU FRPSDULVRQ ZLWK 06(6



ILVW RI

7TDEOH
7TDEOH
7TDEOH

7TDEOH
7TDEOH

7DEOH ( O
GHWHUPLQHG LQ WKH ZLQG WXQQHO DQG FRUUHFWH

ILVW RI

JLIXUH

)LIXUH

)LIXUH
YLIXUH
YJLIXUH
JLIXUH
YJLIXUH
YJLIXUH

)LIXUH
YJLIXUH
YJLIXUH

YJLIXUH
Y)LIXUH
JLIXUH
YJLIXUH

OLIW GHYLFHYV

WZR GLPHQVLRQDO

WDEOHYV

$Q RYHUYLHZ RI WKH FXUUHQW VWDWH RI WKH D
'"HWDLOV RI $-9* SDUDPHWHU VWXG\ FRQGXFWHG

6WDQGDUG HPSLULFDO FRQVWDQWY IRU WKH N V

IDXQGHU DQG 6SDOGLQJ

&RPSXWDWLRQDO PRGHO SURSHUWLHYV
+LJK OLIW VA\VWHP SUHVVXUH RULILFH ORFDWLRC
OHDVXUHG DQG &); SUHGLFWHG KLJK OLIW V\V

ILIXUHV

([DPSOHV RI VROLG DQG SQHXPDWLF OHDGLQJ |
6KHYHOO

OHDQ VWUHDPOLQHY DSSURDFKLQJ ERXQGDU\ O
IORZ

6WDOOLQJ FKDUDFWHULVWLFV RI VLQJOH DHURII
"HYHORSPHQW RI YLVFRXV OD\HUV DERYH PXOWIL
([DPSOHV RI VROLG YRUWH[ JHQHUDWRUV IURP :
SORUWH[ IRUPDWLRQ E\ \DZHG DQG SLWFKHG DLU
&R URWDWLQJ YRUWH[ DUUD\V IURP HTXL VSDFH
DUUD\V

&RXQWHU URWDWLQJ YRUWH] IURP HT

LQGLFDWHG E\ D[LDO YHORFLW\ FRQWRXUV

O9HORFLWLHV LQGXFHG E\ DQ LQILQLWH FR URWD

S9HORFLWLHYV LQGXFHG E\ DQ LQILQLWH FRXQWH

6FKHPDWLF RI ERG\ ILWWHG JULG FR RUGLQDWF
E &RPSXWDWLRQDO GRPDLQ

([DPSOH RI D PXOWL EORFN VWUXFWXUHG JULG |

([DPSOH RI DQ RYHUODSSLQJ JULG LQ WKH UHJL

([DPSOH RI DQ XQVWUXFWXUHG JULG LQ WKH UH

([DPSOHV RI D +LJK OLIW VA\VWHP EORFN VWUXF



JLIXUH
JLIXUH
JLIXUH
JLIXUH

)LIXUH
YJLIXUH
YJLIXUH
JLIXUH
JLIXUH
JLIXUH
JLIXUH
YJLIXUH
JLIXUH
JLIXUH
JLIXUH
JLIXUH

YLIXUH
YJLIXUH
YJLIXUH
Y)LIXUH
JLIXUH
Y)LIXUH
YJLIXUH

JLIXUH

YJLIXUH

UHVSHFWLYH DQJOHYVY RI DWWDFN R

$Q H[DPSOH VROXWLRQ GRPDIRUVSHFLILHG RQ S
*ULG WRSRORJ\ JHQHUDWHG E\ WKH 06(6 IORZ VI
JLOQLWH YROXPH GLVFUHWLVDWLRQ RI D VROXWL
1XPHULFDO GLVVLSDWLRQ DQG GLVSHUVLRQ H

JUDGLHQWYV

WKH $-9*

H&KHFNHUERDUGY SUHVVXUH ILHOG DULVLQJ IU
%WRXQGDU\ FRQGLWLRQV IRU WKH 06(6 IORZ VRC
5H\QROGV DYHUDJLQJ DSSOLHG WR WKH IORZ IL
)XOO\ WXUEXOHQW ERXQGDU\ OD\HU RQ D IODW
&RPSXWDWLRQDO VROXWLRQ SURFHGXUH
%ORFN VWUXFWXUH IRU WKH " KLJK OLIW V\V
&E&RPSXWDWLRQDO JULG DURXQG WKH FRPSOHWE
&ERPSXWDWLRQDO JULG DURXQG WKH KLJK oLl
&RPSXWDWLRQDO JULG DURXQG WKH KLJK oLl
)ODW SODWH PRGHO LQFRUSRUDWLQJ DQ $-9*
&RPSXWDWLRQDO JULG IRU WKH IODW SODWH Jt
6 XUIDFH JULG GLVWULEXWLRQ IRU WKH " KLJ
6FKHPDWLF RI 7 ORZ VSHHG ZLQG WXQQHO

$LU MHW VORW FRQILIJXUDWLRQ

+LJK OLIW VA\VWHP FKRUGZLVH SURILOH ZLWK OD
([SHULPHQWDO GDWD PHDVXUHPHQW SURFHGXU'F
6KHDU OD\HU UDNH FRQILIJXUDWLRQV

:DNH UDNH FRQILIJXUDWLRQ

2EVWDFOH EORFN JHRPHWU\ VKRZQ DEXWWLQ.

RULILFH ITURP 1LWXFK

&RQYHUJHQFH KLVWRU\ RI WKH " KLJK OLIW V

f bQG f
BUHGLFWHG FKRUGZLVH VXUIDFH SUHVVXUH DG

DURXQG WKH KLJK OLIW VA\VWHP RQ QXPHULFDO JUL!
f S5HF [O 0A2

YL



JLIXUH B3UHGLFWHG FKRUGZLVH VXUIDFH SUHVVXUH DC
DURXQG WKH KLJK OLIW VI\VWHP RQ QXPHULFDO JU]
D f G5HF [O O0A2

YLIXUH ,QIOXHQFH Rl DGYHFWLRQ VFKHPH RQ WKH Ft
GLVWULEXWLRQ DQG WKH GRZQMWBHDP[@DNH SURIL

00!
YLIXUH 8QEORZQ KLJK OLIW VI\VWHP GDWD PHDVXUHPHQ
YLIXUH 5HSHDWDELOLW\ EHWZHHQ QRUPDO IRUFH FRHI

DQG ,QQHYV ZLWK DQJOH RI DWWDFN &S 5HF
YLIXUH B3UHGLFWHG DQG H[SHULPHQWDO FKRUGZLVH VX

D O f SHF [ ORR
YLIXUH B3UHGLFWHG DQG H[SHULPHQWDO FKRUGZLVH VX

[ f&A 5HF [O ORR
YLIXUH BUHGLFWHG DQG H[SHULPHQWDO FKRUGZLVH VX

D [ &S 5HF [O O0A
)LIXUH B3UHGLFWHG DQG H[SHULPHQWDO FKRUGZLVI

QAVWULEXWLRQV DW D f 5HF [O ORR
)LIXUH 3UHGLFWHG DQG H[SHULPHQWDO FKRUGZLVI

QAVWULEXWLRQV DW D f &S 5HF [O 0A2
JLIXUH 3UHGLFWHG DQG H[SHULPHQWDO FKRUGZLVI

QAVWULEXWLRQV DW D f 5HF [O O0A2
JLIXUH B3UHGLFWHG DQG H[SHULPHQWDO WUDLOLQJ

YOULDWLRQ ZLWK DQJOH RI DWWDEFN f D f &S
ORR OFR

JLIXUH +LJK OLIW VA\VWHP QRUPDO IRUFH ZDNH SURII
SLWFKLQJ PRPHQW FRHIILFLHQW YDULDWLRQ ZLWK
5HF [O ORR

JLIXUH SUHGLFWHG DQG H[SHULPHQWDO KLJK OLIW V\\
FRHIILFLHQW YDULDWLRQ ZLWK DQJOH RI DWWDFN
0A2

JLIXUH SUHGLFWHG RQ@GsCH)SHAUDRH BWBROLA@H GUDJ SROI

SHF [O ORR

900



JLIXUH SBUHGLFWHG DQG H[SHULPHQWDO OHDGLQJ HGJ}
YDULDWLRQ ZLWKH& [O ORR

JLIXUH SUHGLFWHG DQG H[SHULPHQWDO VKHDU OD\HU
Rl WKH KLJK OLIW VM\VWHP PDLQIRLO D f
ORR

JLIXUH SUHGLFWHG DQG H[SHULPHQWDO VKHDU OD\HU
Rl WKH KLJK OLIW VA\VWHP PDLQIRLO D f
OFR

J)LIXUH BUHGLFWHG DQG H[SHULPHQWDO VKHDU OD\HU
Rl WKH KLJK OLIW V\VWHP PDLQIRLO D f

ORR
J)LIXUH SUHGLFWHG DQG H[SHULPHQWDO VKHDU OD\HU
RI WKH KLJK OLIW V\VWHP I10ODS [ F SHF [
JLIXUH SUHGLFWHG DQG H[SHULPHQWDO LQWHJUDO V

XSSHU VXUIDFH RI WKH KLJK OLIW V\VWHP PDLQIF
5HF [O ORR

JLIXUH SUHGLFWHG DQG H[SHULPHQWDO LQWHJUDO V
XSSHU VXUIDFH RI WKH KLJK OLIW V\VWHP PDLQIF
SHF [O ORR

JLIXUH SUHGLFWHG DQG H[SHULPHQWDO LQWHJUDO V
XSSHU VXUIDFH RI WKH KLJK OLIW V\VWHP PDLQIF
5HF [O ORR

J)LIXUH SUHGLFWHG DQG H[SHULPHQWDO VKDSH IDFW
VXUIDFH RI WKH KLJK OLIW V\VWHP PDLQIRLO
ORR

JLIXUH 6NLQ IULFWLRQ HQKDQFHPHQW F GRZQVWU
ORRNLQJ XSVWUHDP RQ WKUHH JULGVURI YDU\LQJ G

JLIXUH 'DWD PHDVXUHPHQW ORFDWLRQV IRU WKH pORFL

6NHWFK 6FKHPDWLF RI WKH YHORFLW\ SURILOH LQ W
YHORFLW\ DFURVV WKH YRUWH[ FRUH

YLLL



J)LIXUH 9HORFLW\ FRQWRXUV DQG YHORFLW\ YHFWRUV |
FKRUGZLVH ORFDWLRQV GRZQVWUHDP RI WKH $-9°

[ F LQ D JHUR SUHVVXUH JUDGLHQW IORZ 5HF
6 @ M f ?2_ f

)LIXUH BKHDU VWUHVV IRRWSULQWY RQ WKH pORFDOT |
JUDGLHQW IORZ G5HF [O ORR -HW VSDFLQJ
Y_  f

)LIXUH &RPSDULVRQ RI WKH D[LDO YHORFLW\ SURILOH

VSDQ ZLWK WKH $-9*V DFWLYH DQG LQDFWLYH LQ
IORZ 5HF [O O0A2 6 95 M f YJ f

YLIXUH &RPSDULVRQ Rl WKH GLVSODFHPHQW WKLFNQH
PRGHO VSDQ ZLWK WKH $-9*V DFWLYH DQG LQDFWL)
LQ D JHUR SUHVVXUH JUDGLHQW IORZ G5HF [O
9u M f L f

)LIXUH &RPSDULVRQ RI WKH PRPHQWXP WKLENQHVV
VSDQ ZLWK WKH $-9*V DFWLYH DQG LQDFWLYH LQ\
JHUR SUHVVXUH JUDGLHQW IORZ 5HFuU [O ORR
W! f YJ f

)LIXUH &RPSDULVRQ RI WKH VKDSH SDUDPHWHU + D)
VSDQ ZLWK WKH $-9*V DFWLYH DQG LQDFWLYH LQ\
JHUR SUHVVXUH JUDGLHQW IORZ 5HFuU [O 0\B

Y@ f

JLIXUH $[LDO YDULDWLRQ RI WKH LQWHJUDWHG VXUID
,$&1 ZLWK LQFUHDVLQJ MHW YHORFLW\ UDWLR LQ D
IORZHW VSDFLQJ 5MHF [O ORR M! f Y. f

YLIXUH $[LDO YDULDWLRQ RI WKH LQWHJUDWHG VXUID
,$&1 ZLWK LQFUHDVLQJ MHW YHORFLW\ UDWLR LQ D
IORZHW VSDFLQJ 5MF [O ORR I f ?2M f

)LIXUH $[LDO YDULDWLRQ RI WKH LQWHJUDWHG VXUID
,$&1 ZLWK LQFUHDVLQJ MHW YHORFLW\ UDWLR LQ D
IORZHW VSDFLQJ 58F [O O0A2 L f



YLIXUH $[LDO YDULDWLRQ RI WKH LQWHJUDWHG VXUID
,$&1 ZLWK LQFUHDVLQJ MHW YHORFLW\ UDWLR LQ D
IORZHW VSDFLQJ 5F [O 0O ML f N\ f

)LIXUH $[LDO YDULDWLRQ RI WKH LQWHJUDWHG VXUID
,$&1 ZLWK LQFUHDVLQJ MHW YHORFLW\ UDWLR LQ D
IORZHW VSDFLQJ 5MHF [O ORR _ YM f

)LIXUH 9DULDWLRQ RI WKH LQWHJUDWHG& XUIDFH VNL
ZLWK MHW VSDFLQJ DQG MHW YHORFLW\ UDWLR LQ |
[ F 5HF [O O0A2 L f Y f

)LIXUH 9DULDWLRQ RI WKH LQWHJUDWH@&VXUIDFH VNL
ZLWK MHW VSDFLQJ DQG MHW YHORFLW\ UDWLR LQ |
[ F 5HF [O ORR \f

YLIXUH 9DULDWLRQ RI WKH LQWHJUDWHG& XUIDFH VNL
ZLWK MHW VSDFLQJ DQG MHW YHORFLW\ UDWLR LQ |
[ F 5HF [O ORR - f L_ f

YJLIXUH /IRFDO PRGHO IORZ ZLWK DGYHUVH SUHVVXUH J
SURSHUWLHYV RQ WKH IODW SODWH ZLWK WKH $-9*\
95 02

)LIXUH /IRFDO PRGHO IORZ ZLWK DGYHUVH SUHVVXUH
VXUIDFH VNLQ IULFWLRQ GLVWULEXWLRQ RQ WKH |
LOQDFWLYH 5HF [O 95 ORR

)LIXUH 9HORFLW\ FRQWRXUV SURILOHV DQG YHORFLW\
DW WKUHH FKRUGZLVH ORFDWLRQV GRZQVWUHDP RI

DW [ F LQ DQ DGYHUVH SUHVVXUH JUDGLHQW
ORR 6 u 9 W! vf f
YLIXUH 6KHDU VWUHVV IRRWSULQWY RQ WKH pORFDO

SUHVVXUH JUDGLHQW IORZ $-9* LQVWDOOHG DW [
ORR 6 u 9 M f YJ R

JLIXUH &RPSDULVRQ RI WKH D[LDO YHORFLW\ SURILOH
VSDQ ZLWK WKH $-9*V DFWLYH DQG LQDFWLYH L
JUDGLHQW IORZ 5HF [O wb _ 6 YJ f9



JLIXUH &RPSDULVRQ RI WKH GLVSODFHPHQW WKLFNQF
PRGHO VSDQ ZLWK WKH $-9*V DFWLYH DQG LQDF

SUHVVXUH JUDGLHQW IORZ G5HF [O ORR 6
ML f 2?2 f
Y)LIXUH &RPSDULVRQ RI WKH PRPHQWXP WKLENQHVV

PRGHO VSDQ ZLWK WKH $-9*V DFWLYH DQG LQDF
SUHVVXUH JUDGLHQW IORZ G5HF [O 00© 6
M f \ R

)LIXUH &RPSDULVRQ RI WK B Y\HAIDSIHH G5 IDFVRWW HWKH P R
VSDQ ZLWK WKH $-9*V DFWLYH DQG LQDFWLYH L«
JUDGLHQW IORZ 5HF [O @RR M f ZYM &

)LIXUH $[LDO YDULDWLRQ RI WKH LQWHJUDWHG VXUID
,$&1ZLWK LQFUHDVLQJ MHW YHORFLW\ UDWLR LQ DQ
IORZHW VSDFLQJ 56F [O O0A2 M f \  f

Y)LIXUH $[LDO YDULDWLRQ RI WKH LQWHJUDWHG VXUID
,$&1ZLWK LQFUHDVLQJ MHW YHORFLW\ UDWLR LQ DQ
IORZHW VSDFLQJ 56F [O ORR W' f Y_ O f

Y)LIXUH $[LDO YDULDWLRQ RI WKH LQWHJUDWHG VXUID
,$&1ZLWK LQFUHDVLQJ MHW YHORFLW\ UDWLR LQ DQ
IORZHW VSD&FLQJ 5HF [O ORR Wt f ?_ f

YLIXUH $[LDO YDULDWLRQ RI WKH LQWHJUDWHG VXUID
,$&1ZLWK LQFUHDVLQJ MHW YHORFLW\ UDWLR LQ DQ
IORZHW VSDFLQJ 5MHF [O ORF M f L_ f

Y)LIXUH $[LDO YDULDWLRQ RI WKH LQWHJUDWHG VXUID
,$&1ZLWK LQFUHDVLQJ MHW YHORFLW\ UDWLR LQ DQ
IORZHW VSDFLQJ 5MHF [O ORR M f L f

)LIXUH 9DULDWLRQ RI WKH LQWHJUDWHG& XUIDFH VNL
ZLWK MHW VSDFLQJ DQG MHW YHORFLW\ UDWLR LQ
IOREF G5HF [O OR I f LM R

)LIXUH 9DULDWLRQ RI WKH LQWHJUDWH®&XUIDFH VNL
ZLWK MHW VSDFLQJ DQG MHW YHORFLW\ UDWLR LQ
IOREF G5HF [O O0A2 w! o f L f
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YLIXUH 9DULDWLRQ RI WKH LQWHJUDWHG VXUIDFH VNI
ZLWK MHW VSDFLQJ DQG MHW YHORFLW\ UDWLR LQ
IORZ [ F 5HF [O ORR M! Y f

Y)LIXUH 'DWD PHDVXUHPHQW ORFDWLRQV IRU WKH QXP
ZLWK $-9*V LQ WKH GLJLWDO ZLQG WXQQHO D
00 ML f Y_  f

Y)LIXUH BUHGLFWHG VHQVLWLYLW\ RI WKH &); GHWHU
SUHVVXUH GLVWULEXWLRQ WR WKH MHW WR IUHHVW
DQJOH RI DWWDFN RI D f >%ORZLQJ DW [ F
ORR $-9* 6 M f YSU f@

YLIXUH BUHGLFWHG VHQVLWLYLW\ RI WKH &); GHWHU
SUHVVXUH GLVWULEXWLRQ WR WKHUMHDWW QIUHH VW
DQJOH RI DWWDFN RI D f >%ORZLQJ DW [ F
ORR 6 I f ?M @

Y)LIXUH 9HORFLW\ FRQWRXUV DQG YHORFLW\ YHFWRUYV
WR WKH DHURIRLO VXUIDFH DW ILYH FKRUGZLVH OF
DW [ F U 95HF [O 0A2 6 B \f
&A @

YLIXUH 9HORFLW\ FRQWRXUV DQG YHORFLW\ YHFWRUYV
WR WKH DHURIRLO VXUIDFH DW ILYH FKRUGZLVH OF
DW [ F U O5HF [O L9/ 6 M f L_ f
&A @

Y)LIXUH &RPSDULVRQ EHWZHHQ WKH &); GHWHUPLQHG
YHORFLW\ SURILOHV RQ WKH KLJK OLIW V\VWHP PD

YDU\LQJ 95 DW D f >%ORZLQJ DW [ F 5HF [ C
6 1 f YMP f @
JLIXUH &RPSDULVRQ EHWZHHQ WKH &); GHWHUPLQHG

YHORFLW\ SURILOHV RQ WKH KLJK OLIW V\WVWHP PD
YDU\LQJ 95 DW D f >%ORZLQJ DW [ F 5HF [ C
6 F YM  f &+ @



)LIXUH &RPSDULVRQ RI WKH &); GHWHUPLQHG DYHUDJ
WKLENQHVYV RQ WKH KLJK OLIW V\WVWHP PDLQIR
YDU\LQJDW DQ DQJOH RI JFYWWDEN.@WDW [ F
5HF [O ORR 6 M f Y_ f &A @

Y)LIXUH &RPSDULVRQ RI WKH &); GHWHUPLQHG DYHUD.
WKLENQHVYV RQ WKH KLJK OLIW V\WVWHP PDLQIR
YDU\LQDW D f >%ORZLQJ DW [ F 5HF [0
6 | L f &O @

JLIXUH &RPSDULVRQ RI WKH &); GHWHUPLQHG DYHI
SDUDPHWHU + RQ WKH KLJK OLIW V\VWHP PDLQIF

YDU\LQJ B5 OOW%ORZLQJ DW [ F 5HF [O OFR
6 M f LM R &O @

Y)LIXUH &RPSDULVRQ RI WKH &); GHWHUPLQHG DYHUDJ
WKLFNQHVV RQ WKH KLJK OLIW V\WWHP PDLQIF
YDU\OQDW D f >%ORZLQJ DW [ F 5HF [O
6 M f Y_ f &A @

Y)LIXUH &RPSDULVRQ RI WKH &); GHWHUPLQHG DYHUD
WKLFNQHVV RQ WKH KLJK OLIW V\WWHP PDLQIR
YDU\OQDW f>%ORZLQJ DW [ F 5HF [O 9&

6 L f L. f &A @
)LIXUH &RPSDULVRQ RI WKH &); GHWHUPLQHG DYH!

SDUDPHWHU + RQ WKH KLJK OLIW VA\VWHP PDLQIF

YDU\LQJ 95 DW D f >%ORZLQJ DW [ F 5HF  [¢
6 Lf o\ f &A @
Y)LIXUH &); GHWHUPLQHG YDULDWLRQ RI WKH VSDQZLV]

$&1 GRZQVWUHDP RI WKH $-9* DUUD\ RQ WKH PDLQI

D %ORZLQJ DW [ F SHF [O ORR 6
7. @
JLIXUH &); GHWHUPLQHG YDULDWLRQ RI WKH VSDQZLV]I

$&1 GRZQVWUHDPORDWKDA RQ WKH PDLQIRLO XSSHU
D [>%O0ORZLQJ DW [ F SHF [O 0D! 6

L f@

[LLL



JLIXUH &); SUHGLFWHG D[LDO YDULDWLRQ RI WKH LQW
IULFWLRQ HQKDQFHPHQW H[SUHVVHG DV D ILJXUH

D f > % O0ORZLQJ DW [ F 5HF [O ORR 6
7. f@
JLIXUH &); SUHGLFWHG D[LDO YDULDWLRQ RI WKH LQW

IULFWLRQ HQKDQFHPHQW ,$&1 ZLWK 95 D f >%OF
5HF [O ORRA2 6 I f LS f@

YJLIXUH BHQVLWLYLW\ Rl H[SHULPHQWDO FKRUGZLVH VX
WXQQHO FHQWUHOLQH WR MHW EORZLQJ PRPHQWXP

RI DWWDFN RI D f >%ORZLQJ DWORF SHF [
6 M f YS f@
JLIXUH 6HQVLWLYLW\ RI HISHULPHQWDO FKRUGZLVH VX

WXQQHO FHQWUHOLQH WR &0 DW DQ DQJOH RI DWYV
[ F 5HF [O OF 6 B \ f@

JLIXUH ([SHULPHQWDOO\ PHDVXUHG PDLQIRLO DQG KL,
SUHVVXUH FRHIILFLHQW YDULDWLRQ ZLWK DQJOH

>%ORZLQJ DW [ F 5HF [O ORR 6
Y. f@
JLIXUH ([SHULPHQWDO ZDNH SURILOHV PHDVXUHG RQF

RI WKH KLJK OLIW V\VWHP DW D f DW YDU\LQJ &A
5HF [ORR 6 L f 2. f@

JLIXUH ([SHULPHQWDOO\ GHWHUPLQHG QRUPDO IRUF
OHDGLQJ HGJH SLWFKLQJ PRPHQW YDULDWLRQ ZLWK

&A >%ORZLQJ DW [ F SHF [O 0A2 6
Y_ f@
JLIXUH ([SHULPHQWDOO\ GHWHUPLQHG QRUPDO IRUFH

Rl WKH KLJK OLIW VA\VWHP DW LQFUHDVLQJ DQJOH

>%ORZLQJ DW [ F 5HF [O 0A2 6
Y f@
JLIXUH ([SHULPHQWDOO\ GHWHUPLQHG VXUIDFH SUHV

KLJK OLIW V\VWHP DW D f DQG D f DQG &A
[ F 5HF [O O0A2 6 M f Y_ @

[LY



YJLIXUH (ISHULPHQWDOO\ GHWHUPLQHG YDULDWLRQ R\
QRUPDO IRUFH LQFUHPHQW ZLWK EORZLQJ PRPHQW
DW [ F 5HF [O O0A2 6k @ M

YLIXUH (ISHULPHQWDOO\ GHWHUPLQHG YDULDWLRQ RI
QRUPDO IRUFH LQFUHPHQW SHU XQLW &X ZLWK

FRHIILFLHQW >%ORZLQJ DW [ F 5HF [O ORR
M f Y_ f@

YLIXUH (ISHULPHQWDOO\ GHWHUPLQHG ZDNH SURILOH
VIVWHP DW YDU\LQJ >%ORZLQJ DW [ F 5HF
6 21 fY_ f@

JLIXUH (ISHULPHQWDOO\ GHWHUPLQHG QRUPDO IRUFH
VIVWHP DW YDU\LQJ >%ORZLQJ DW [ F 5HF O
6 - f ?_ f@

JLIXUH (ISHULPHQWDOO\ GHWHUPLQHG QRUPDO IRUFH

KLJK OLIW V\VWHP DW YDU\LQJ >%O0ORZLQJ DW [ F
ORR 6 Y [ f@

JLIXUH ( O LQG WXQQHO ZDOO LQWHUIHUHQFH HIIHFV
GHWHUPLQHG DQG &); SUHGLFWHG KLJK OLIW V\VW
SURILOH GUDJ DQG OHDGLQJ HGJH SLWFKLQJ PRPH
ZLWK DQJOH RI DWWDFN &A SHF O [O 0f

JLIXUH ( JUHH DLU KLJK OLIW VA\VWHP QRUPDO IRUFH ZD
HGJH SLWFKLQJ PRPHQW FRHIILFLHQW YDULDWLRQ Z
5HF [O 0A2

[Y



I1RPHQFODWXUH

$-9*
E

&G s

F I
$&l

&S

$LU MHW YRUWH[ JHQHUDWRU

6SDQ RI XQVZHSW KLJK OLIW WKUHH FRPSRQH!
ZLQG WXQQHO PP

5HWUDFWHG FKRUG OHQJWK RI WKUHH FRPSRC
VIVWHP LQ ZLQG WXQQHO PP

:DNH SURILOH GUDJ FRHIILFLHQW DQG FRQVWLE
GLVVLSDWLRQ HTXDWLRQ

/JRFDO VXUIDFH VNLQ IULFWLRQ FRHIILFLHQW L
/JRFDO VXUIDFH VNLQ IULFWLRQ UHODWLYH WR

VWUHDPZLVH GLUHFWLRQ

T L
$-9* MHW EORZLQJ PRPHQWX® PRBBIMEAHQW

DQG FRQVWDQW LQ HGG\ YLVFRVLW\ HTXDWLR(
&RQVWDQW LQ WXUEXOHQW YLVFRVLW\ FDOFX

&0 ©1& S[GL3LWFKLQJ PRPHQW FRHIILFLHQW DERXW WKH C

UHWUDFWHG FKRUG DHURIRLO

& M&S GMA21RUPDO IRUFH FRHIILFLHQW LQWHJUDWHG IUR

& s sO

+ {

S &I

SUHVVXUH GLVWULEXWLRQ RQ DHURIRLO PRGH

6WDWLF SUHVVXUH FRHIILFLHQW RQ ZLQJ VXUI

+\GUDXOLF GLDPHWHU RI $-9*
%RXQGDU\ OD\HU VKDSH SDUDPHWHU RQ PRGH
,QWHJUDWHG ILJXUH RI PHULW IRU VNLQ IULF
$-9*V

.LQHWLF HQHUJ\ RI WXUEXOHQFH

'LQG WXQQHO FDOLEUDWLRQ FRQVWDQW LQ V\
FDOFXODWLRQ



5HF

9M

959M 8RR
99*

[ V]

Y S S

$-9* PDVV IORZ UDWH REWDLQHG IURP RULILI
VXSSO\ OLQH WR WKH ZLQG WXQQHO PRGHO
JUHHVWUHDP ODFK QXPEHU

/IRFDO VWDWLF SUHVVXUH PHDVXUHG DW DHUR
KLJK OLIW VI\VWHP ZDNH YLD VWDWLF SUHVVX
5H\QROGV QXPEHU EDVHG RQ UHWUDFWHG DHL
WXQQHO IUHHVWUHDP FRQGLWLRQV

6SDQZLVH VSDFLQJ EHWZHHQ $-9*V

1RQ GLPHQVLRQDO VSDQZLVH VSDFLQJ EHWZH
JOXFWXDWLQJ YHORFLW\ FRPSRQHRWYV LQ WKH
DQG [ SDUDOOHO WR IUHHVWUHDP

OHDQ YHORFLW\ FRPSRQHQWY LQ WKH [ \ ]
BWUHDPZLVH IULFWLRQ YHORFLW\
9HORFLW\ DW MHW H[LW

-HW WR I[UHHVWUHDP YHORFLW\ UDWLR

9DQH YRUWH[ JHQHUDWRU

2UWKRJRQDO FRRUGLQDWH GLUHFWLRQV [ SI
GLUHFWLRQ

'"LPHQVLRQOHVY GLVWDQFH QRUPDO WR ZDOO

$QJOH RI DWWDFN LQFLGHQFH PHDVXUHG LQ
GLUHFWLRQ
BWUHDPZLVH ERXQGDU\ OD\HU WKLFNQHVYV
BWUHDPZLVH ERXQGDU\ OD\HU GLVSODFHPHQW
7XUEXOHQFH GLVVLSDWLRQ UDWH

$-9* SLWFK DQJOH ZLWK UHVSHFW WR WKH ORI
WDQJHQW

LVHQWURSLF H[SRQHQW

&XUYLOLQHDU FRRUGLQDWH V\WWHP U_ LQ IUI
'\QDPLF PROHFXODU YLVFRVLW\

.LQHPDWLF PROHFXODU YLVFRVLW\
6WUHDPZLVH ERXQGDU\ OD\HU PRPHQWXP WKL

[YLL



S J)OXLG GHQVLW\

7z :DOO VKHDU VWUHVYV LQ [ RU VWUHDPZLVH GL

9 $-9* \DZ VNHZ DQJOH ZLWK UHVSHFW WR WKH
GLUHFWLRQ

6 XEVFULSWYV

H %RXQGDU\ OD\HU HGJH

JUHHVWUHDP
OH /JHDGLQJ HGJH
W H 7UDLOLQJ HGJH

6 XSHUVFULSWYV
,QLWLDO JXHVV RI D SURSHUW\
&RUUHFWHG YDOXH RI D SURSHUW\

OHDQ YDOXH RI D SURSHUW\

[YLLL



'"HFODUDWLRQ

JUDQW SRZHUV RI GLVFUHWLRQ WR WKH 8QLYHUVLW)\ /LEU
LQ ZKROH RU LQ SDUW ZLWKRXW IXUWKHU UHIHUHQFH WR
RQO\ VLQJOH FRSLHV PDGH IRU VWXG\ SXUSRVHV VXENM

DFNQRZOHGJHPHQW

[LI



$FRRZOHGJHPHQWYV

7KLY WKHVLVY LV HYLGHQFH RI WKH VXSSRUW |, KDYH UHFF
FROOHDJXHV IRU WKH GXUDWLRQ RI WKLY SURMHFW

, ZRXOG HVSHFLDOO\ OLNH WR WKDQN P\ VXSHUYLVRUV 'U
3HDNH IRU WKHLU FRQVWDQW HQFRXUDJHPHQW DQG LQY
UHVHDUFK DQG GXULQJ WKH WKHVLYVY ZULWH XS

7TKDQNV DUH GXH WR %$( 6<67(06 DQG (365& IRU JLYLQJ
UHDOLVH WKLY SURMHFW DQG WR OU &KULV %DUEHU O0U
IRU WKHLU DVVLVWDQFH LQ WKH ZLQG WXQQHO ODERUDWRI

, bP PRVW JUDWHIXO WR P\ RIILFH FROOHDJXHV 'U &KUL
$NDQQL DQG 0OU &KULV 6LQJK IRU WKH OLYHO\ GHEDWH R
RINLFH KRXUV DQG WR OU "HQQLV pu3XWQH\T :LWW IRU KLV |

$ERYH DOO P\ KHDUWIHOW WKDQNV JR WR P\ pSULQFHVVY
WR ZKRP , DP HWHUQDOO\ JUDWHIXO DQG WR ZKRP WKLV W
3K' OLFKHOHfV XQERXQGHG ORYH VXSSRUW DQG HQFR
IRXQGDWLRQV XSRQ ZKLFK , KDYH EHHQ DEOH WR DFKLHY|
KDYH DQG WKH IXWXUH , NQRZ ZH ZLOO VKDUH

[l



L, QWURGXFWLRQ

SUREOHP GHILQLWLRQ

7KH GHPDQG IRU DLUFUDIW ZLWK JUHDWHU PDQRHXYUDEIL
VSHHG ODQGLQJ DQG WDNH RII FDSDELOLWLHYVY KDV GLUF
PRGHP KLJK OLIW VA\VWHPV &RQVLGHUDEOH GRFXPHQWDW
ORFDWLRQ RI OHDGLQJ HGJH DQG WUDLOLQJ HGJH GHYI
SURJUDPPHV EHWZHHQ JRYHUQPHQW DQG LQGXVWU\ VXFK
BURJUDPPH" RI WKH V +RZHYHU IXUWKHU LPSURYHPHQ
PHDQV RI uyDFWLYHY RU pSDVVLYHYT IORZ VHSDUDWLRQ FR
ERWK VLPSOH JHRPHWULHVY DV ZHOO DV FRPSOH[ V\VWH
FROWLQXDWLRQ RI D SURJUDPPH XQGHUWDNHQ DW &L\
LOQYHVWLIJDWLQJ WKH LPSURYHPHQWY LQ SHUIRUPDQFH RI
Rl WKH LQERDUG VHFWLRQ RI DQ $LUEXV $ KLJK OLIW V\
YRUWH[ JHQHUDWRUV 99*V DQG DLU MHW YRUWH[ JHQHUD
IURP DQ XQGHUO\LQJ LQWHUHVW ZLWKLQ %ULWLVK $HURVSE
VSHHG KLJK OLIW VA\VWHPV LQ WHUPV RI OLIW DQG GUDJ
ZLWK VWUXFWXUDO FRQVLGHUDWLRQV WDNLQJ OHVVHU SUL

6HSDUDWLRQ FRQWURO DQG VNLQ IULFWLRQ HQKDQFHPHOQ\
EHHQ WKH JRDOV RI PXFK RI WKH UHVHDUFK FRQGXFWHG
$HURQDXWLFV RYHU WKH ODVW \HDUV 6WXGLHV FRYHUL
IORZV KDYH LQGLFDWHG SRWHQWLDOO\ XVHIXO VNLQ IUL
VXSSUHVVLRQ RI IORZ VHSDUDWLRQ LQ ERWK VXEVRQLF I
ILQGLQJV RI ,QQHYV VKRZHG WKDW HPSOR\LQJ 99*V
GHOD\HG WKH RQVHW RI IORZ VHSDUDWLRQ DQG WKH OHYF
HGJH IRU D KLJK OLIW VI\VWHP LQ WKH WDNH RII FRQILJXUD
RQVHW RI IORZ VHSDUDWLRQ IURP WKH WUDLOLQJ HGJH R
DQJOH RI DWWDFN JHQHUDWLQJ DQ LPSURYHPHQW LQ PD]

DERYH WKDW Rl WKH FOHDQIRLO (PSOR\LQJ $-9*V DW Wk
EORZLQJ ZLWK D VWDJQDWLRQ SUHVVXUH UDWLR RI GH(



ZKLOVW JHQ@HRDDWLR ¥Ry &AZ2 O DERYH WKDW RI WKH FOl
DXWKRU FRQFOXGHG WKDW WKH EHQHILFLDO HIIHFWV REV
WR WKRVH REVHUYHG E\ HPSOR\LQJ FRQYHQWLRQDO 99*V

DOVR KLJKOLJKWHG LPSURYHPHQWY LQ WKH GUDJ FKDUDF\
ODQGLQJ FRQILIXUDWLRQ

3DUW RI WKH VXFFHVV RI WKH UHVHDUFK DW &LW\ 8QLY
FRPSXWDWLRQDO DQG H[SHULPHQWDO WHFKQLTXHV $V FF
VVQXPHULFDO H[SHULPHQWY SOD\V DQ HYHU PRUH VLJQLIL
YDOLGDWLQJ QXPHULFDO PRGHOV LQ WKH GLJLWDO ZLQ(
DQDORJXH ZLQG WXQQHO H[SHULPHQWY LQWHUDFWLYH HJ[!
UHJLPH KDV EHHQ HVWDEOLVKHG 7KLV IDFLOLWDWHY VHQ'
FRQWURO FRQFHSW WR EH HYDOXDWHG UHODWLYHO\ TXL
FRPSOH[ JHRPHWULF V\VWHPYV

7KLY UHVHDUFK IRFXVHYVY RQ DQ LOWHUDFWLYH FRPSXWDW
UHJLPH WR RSWLPLVH WKH SHUIRUPDQFH RI D KLJK OLIW \
$-9*V WR GHOD\ WKH RQVHW RI IORZ VHSDUDWLRQ

$Q $-9* FRQVLVWYV RI D VPDOO MHW HPHUJLQJ IURP DQ

SLWFKHG DQG VNHZHG UHODWLYH WR WKH RQFRPLQJ IUH
ORFDO ERXQGDU\ OD\HU DQG IUHHVWUHDP IORZ WR IRUP Z
WKH FRPELQHG IORZ SHQHWUDWHYVY GRZQVWUHDP ,Q FRC
$-9*V RIIHU LPSURYHG SHQHWUDWLRQ RI WKH YRUWLFHV \
E\ SXPSLQJ H[FHVV PRPHQWXP DORQJ WKH YRUWH[ FRUHYV
QR SDUDVLWLF GUDJ ZKHQ LQDFWLYH >VHH 3HDNH HW DO

DQ DuUuuD\ KDV KLIKOLJKWHG WKH SRWHQWLDO IRU VLJQLILI
FKDUDFWHULVWLFV RI WKH KLJK OLIW VA\VWHP )XUWKHU LF
DUH H[SHFWHG E\ DOWHULQJ MHW SNR MSDPHAL\WRQUHBIPWYHB &
DGMDFHQW $-9*V DQG URWDWLRQDO VHQVH RI WKH YRUWH]



*RDO DQG NH\ VSHFLILF REMHFWLYHYV

7KH JRDO RI WKLV UHVHDUFK LV WR GHVLJQ DQ LQWHUDF\
WHVW UHJLPH WR LQYHVWLIJDWH DQG HQKDQFH WKH SHUI!
VI\VWHP WKDW LV FRQILIJXUHG ZLWK DQ DUUD\ RI $-9*V 7K
GHWHUPLQH RSWLPDO $-9* DUUD\ LQVWDOODWLRQV E\ VW
FROQWURO SURFHVV WR MHW WR MIHHWWWBDHRD®JY O RIFQ & \ZKBI
URWDWLRQDO RU FRXQWHU URWDWLRQDO YRUWH[ DUUD\V
DFKLHYH WKLV JRDO WKH PDQQHU LQ ZKLFK WKH YRUWLFF
PRPHQWXP WR ORZ PRPHQWXP IOXLG UHJLRQV LQ WKH FR
WKH PXOWL HOHPHQW DHURIRLO XSSHU VXUIDFH QHHGV W

7KH LOQOWHUDFWLYH FRPSXWDWLRQDO DQG H[SHULPHQWDO
REWDLQHG ZLWK WKH ILQLWH YROXPH 1DYLHU 6WRNHYV
THFKQRORJ\ WKH FRXSOHG YLVFRXV LQYLVFLG "IORZ VR
UHVXOWY RI FDUHIXOO\ FRQWULYHG ZLQG WXQQHO H[SHUL
IORZ DURXQG WKH PXOWL HOHPHQW DHURIRLO EHFDXVH R
SUHGLFWLQJ FRPSOH[ VZLUOLQJ IORZV DW &LW\ 8QLYHUVI

$NDQQL +HQU\ . XSSHU DQG /HZLQJWRQ HW DO
VROYHU D VXFFHVVIXO FRXSOHG (XOHU SOXV ODJ HQWUD
WRRO 'UHOD LV XVHG WR FRPSDUH DQG FKHFN FDOLEL

7KH UHVHDUFK LV GLYLGHG LQWR WKH IROORZLQJ VHFWLRC

¥ 'HVLIJQ RI D ' QXPHULFDO PRGHO WR DQDO\VH WKH
VI\VWHP WKURXJK D UDQJH RI DQJOHV RI DWWDFN XS WR &I

¥ '"HYHORS D pORFDOY QXPHULFDO $-9* PRGHO WKDW Ul
FRQGLWLRQV DERYH WKH PDLQIRLO RI WKH KLJK OLIW V\VW

: $VVHVV XVLQJ WKH pORFDOYT QXPHULFDO PRGHO WKI
SURFHVV WR 95 6 DQG URWDWLRQDO VHQVH RI WKH YRUW|
HQKDQFHPHQW



¥ '"HYHORS D QXPHULFDO PRGHO WKDW HPXODWHY WKH k
RSWLPLVHG DUUD\ RI $-9*V

¥ ,QYHVWLIJDWH H[SHULPHQWDOO\ WKH KLJK OLIW V\VW
HIWHQG WKH H[LVWLQJ H[SHULPHQWDO GDWDEDVH ZLWK Z
VWUHVYVY GDWD RYHU D UDQJH RI DQJOH RI DWWDFN



I[ILWHUDWXUH UHYLHZ DQG VWDWH RI WKH DUW

O0XFK RI WKH GHVLJQ DQG RSWLPLVDWLRQ RI KLJK OLIW
LWHUDWLYH ZLQG WXQQHO WHVWLQJ SURFHVV FRXSOHG
PHWKRGY WKH UHVXOWV RI ZKLFK DUH H[WUDSRODWHG
SRZHU KDV LQFUHDVHG DQG IORZ SK\VLFV LPSURYHG LQ F
EHFRPLQJ PRUH UHOLDQW RQ H[SHGLWLRXV QXPHULFDO W
DURXQG FRPSOH[ DHURIRLO JHRPHWULHY EHIRUH XQGHUW
ODUJH ZLQG WXQQHOV DW KLJK 5H\QROGV QXPEHUV 6XF
YDOLGDWHG FRPSXWDWLRQDO PHWKRGV ZLWK MXGLFLRX
GHYHORSPHQW RI HIILFLHQW DQG QHDU RSWLPDO KLJK

GHYHORSPHQW RI WKH $ KLJK OLIW V\WVWHP LQ WHUPV F
WUDLOLQJ HGJH 10DS ORFDWLRQV DQG GHIOHFWLRQV ZI
LOQWHUDFWLYH UHVHDUFK SURMHFW LQ WKH 8. 31DWLRQDO
E\ :RRGZDUG /HDQ @ %\ VXFFHVVIXOO\ FRPELQLQJ
GDWD LQWHUDFWLYHO\ ZLWK FRPSXWDWLRQDO UHVXOW!
FRQFHLYHG : ZLQJ 7KH ZLQJ KDV D VLPSOH EXW HIILFLH
VODW DQG D VLQJOH FRPSRQHQW WUDLOLQJ HGJH )RZOHU
LWV VSDQ ZLWK RQO\ WZR VSDQZLVH VHJPHQWYVY 7KH FRP
ZLWK D VLQJOH VORWWHG I10DS LQFRUSRUDWHYV SK\VLFDC
\LHOGLQJ ILQH DHURG\QDPLF FKDUDFWHULVWLFV FDSDEO}
RQ OLIW GUDJ UDWLR DQG DLUILHOG SHUIRUPDQFH >VHH %
HQKDQFHPHQW RI WKLV DOUHDG\ FDSDEOH KLJK OLIW V\\
HPSOR\LQJ FDUHIXOO\ FRQWULYHG LQWHUDFWLYH FRPSXW
WR DVVHVV DFWLYH YLVFRXV IORZ FRQWURO ZLWK DLU MH
,QQHYV DQG /HZLQJWRQ HW DO

7KH IROORZLQJ VHFWLRQ VXPPDULVHV WKH SULQFLSOHYV
XQVZHSW DHURIRLOVY DQG VRPH RI WKH XVHIXO FRPSXWDW
GDWH FRYHULQJ KLJK OLIW VA\VWHPV DQG YLVFRXV IORZ FF
SQHXPDWLF YRUWH[ JHQHUDWRUV $Q RYHUYLHZ RI WKR\
KDYH VHW PLOHVWRQHYV LQ WKH DXWKRUV RSLQLRQ DUH |



7TDEOH $Q RYHUYLHZ RI WKH FXUUHQW VWDWH RI WKH DUW RI KLJK OL

+LJK /LIW 6\VWHPV

'DWH $XWKRU

$SSOLFDWLRQ 7HVW\FRQGLWUIRQV

+DQGOH\ 3DIJHQFOXGLQJ WUDQVYERBNWHN VORWVDLQWRHUVH VORWY WKURXJK WKH DHURIRI

6PLWK

YRVWHU

DQ DHURIRLO SURILEHXSRWIRP SURYHVRPH FRQILIXUDWLRQV 8WLOLVLQJ P>
OLIW 8RR IW YV HKFRRILAXUDWLRQV FDQ LQFUHDVH OLIW E\ XS WR WKUH
$QDO\VWLYV RI PXOWL HOG®CDBIWWIIHFW &LUFXODWLRQ DURXQG IRUZDUG HO
DHURIRLOV DW KLIJKSHPNMNVMGRQFHRZQ8WUHDP HOHPHQW
WKH SULQFLSOHYV EHIKUL Q&L KEXIODDW LW Q HIIHFW &LUFXODWLRQ DURXQG GF
JHQHUDWLRQ QHJDWLYH FDPEHU HIITHFWV RQ XSVWUHDP HOHPHQW
LLL '"XPSLQJ HIIHFW 7UDLOLQJ HGJH RI XSVWUHDP +
YHORFLW\ UHOLHYLQJ DGYHUVH SUHVVXUH JUDGLHQW
LY 21l VXUIDFH SUHVVXUH UHFRYHU\ ORUH HIIHFWLY
RFFXUV LQ D UHJLRQ RI KLJK YHORFLW\ DzZD\ IURP WK|
Y J)UHVK ERXQGDU\ OD\HU HIIHFW (DFK HOHPHQW V\
PRUH FDSDEOH RI ZLWKVWDQGLQJ DGYHUVH SUHVVXU|
OHFKDQLVPV RI VWDOOBORIVHAHLQODORJI\ H[LVWV EHWZHHQ WKH QDWXUH RI1 V
VHFWLRQV ZLWK KLIZK WKRXVW HDYWRIHHDMOLQJ HGJIJH 10DS
LQ WZR GLPHQVLRQD® VRRBA FDVHV WKLY DQDORJ\ FDQ EH HIWHQGHG WR .
HGJH DQG WUDLOLQJ HGJH GHYLFHV EXW WKH SURJ[LPI
5HS RI WKH RUGHU WKH QDWXUH RI VWDOO

(ISHULPHQWDO H[DPSOHYV
IMXQJVWURP ([SHULPHQWDO RSWEODW WRRIQWRRQ KDV D VXEVWDQWLDO HIIHFW RQ WKH

PXOWLSOH HOHPHQWSDNWHARPOWODW IODS SRVLWLRQV FRUUHVSRQG WR I0OF
IRZ VSHHG " WHVWEHWHRRPQ FRPSRQHQW ZDNHV DQG GRZQVWUHDP FRPS
2SWLPLVDWLRQ FULWHULD RQ &/PDJ



$GDLU +RUQHWDLOHG PHDVXUHPKIHWYLRILW&B\ LQYLVFLG VORW IORZ KDV D GRPLQDQ
VKHDU OD\HUV RQ DDDNHUIRIRLD
FRQILJXUHG ZLWK D$VQRJIOGH YVIOBRWWHSELRQ LV LGHQWLILDEOH LQ WKH 10DS
1ODS LQ WKH VORW IORZ UHTXLUHV FDUH WR EH WDNHQ ZK}
7KH 5H\QROGV QRUPDO VWUHVV JUDGLHQW LQ WKH FU
0 5HRR [0 DVLJQLILFDQW LPSOLFDWLRQV RQ WKH QHDU ZDOO IOR
1IDND\DPD HWOBDI®Q IORZ DQG WXUKXQHRIFMK QR PDMRU VHSDUDWLRQ UHFRUGHG DW WK
PHDVXUHPHQWY RQ MRQUHGRUDEDH WKLFNHQLQJ DQG SUHVVXUH YDULDWIL
FRQILIXUHG ZLWK DUWQODR/QNQIE ROMHSWKH 10DS DQG LQ WKH QHDU ZDNH
'DNH FXUYDWXUH HIITHFWV RQ WXUEXOHQFH REVHUYHC
0 5HRR [O ILHOG SURPSW WKH LGHD WKDW IORZ UHYHUVDO FRX(
D f f 7XUEXOHQFH LQ WKH VODW ZDNH VLJQLILFDQWO\ DIIH
JURZWK RQ WKH PDLQIRLO
$FFXUDWH WKHRUHWLFDO PHWKRGYV ZLOO UHTXLUH YF
VXIILFLHQW GHILQLWLRQ RI WKH IORZ SKHQRPHQD LQ
ORLU OHDVXUHPHQWY RQ DXWQR/LILDEO\ DFFXUDWH H[SHULPHQWDO GDWD IRU W
GLPHQVLRQDO KLJKPRAWQWXWHPHILFLW LQ WKH ZDNH GRZQVWUHDP RI WK
ZLWK KLJK OLIW GHRUFMHYJIJDWVORIZDWWDFN XS WR VWDOO 7KH DFFXUDF\ R
VSHHG PV 8RR WWVWV DQ H[FHOOHQW YDOLGDWLRQ WRRO IRU FRPSX
7KRPDV HW DO9 PHDVXUHPHQWY FIUWMIKHERXQGDU\ OD\HU FRQIOXHQFH UHVXOWV LQ LQF
FRQIOXHQW ERXQGDUHWDUBHG RQ MO IORZ DQG WKH VODW ZDNH WKXV LQ
WKUHH HOHPHQW KLWKHOEZDM® ®\VIWHPQJ ULVH WR D UHGXFHG OHYHO RI VXF
JRFXVHV RQ D FDVH 7AKHNV@ {WDWURMAO IORZ UHJLRQ GHPRQVWUDWHY D FODV
DQG D FDVH ZLWK ZRAPM ERYAVGNHWILRQ RI D FRQIOXHQW ERXQGDU\ OD\HU
OD\HU FRQIOXHQFH FODVVLF WXUEXOHQW ERXQGDU\ OD\HU LQ DQ DGYHUV
DGMXVWLQJ WR WKH ORFDO LQYLVFLG IUHHVWUHDP W
5HRR [O YHORFLW\ LPSRVHG E\ WKH ORZHU VLGH RI WKH VODW



9LVFRXV LQYLVFLG LOWHUDFWLRQ IORZ SUHGLFWLRQ WHFKQLTXHYV

+HVV 6B6PLWK3RWHQWLDO IORZ VRRN WRREHM FDWKRRESH ZLWK LUUHJXODU VKDSHV DQG Wi
WR SUHGLFW WKH IEGRD QL HQ® HPERXQ A& ERGLHY L H KLJK OLIW V\VWHPV
DUELWUDU\ VKDSHG 7KRIGERWHQWLDO IORZ ILHOG LV VLPXODWHG ZLWK D F
DURXQG WKH VXUIDFH RI WKH ERG\
$ FRQVWDQW YDOXH RI WKH VLQJXODULW\ VWUHQJWK
EXW PD\ YDU\ IURP RQH SDQHO WR WKH QH[W
7DQJHQWLDO YHORFLWLHY DQG SUHVVXUHV FDQ EH G
SDQHO 7KH FRGH HQDEOHV DQ HVWLPDWH RI WKH LQ\
&HEHFL 6PLW® DOJHEUDLF PHW KRG TECDMIE IRQY SUHGLFWLQJ DWWDFKHG IORZV WKH U
WKH HGG\ YLVFRVLWALPBQEHSWG WR®IJHEUDLF PHWKRG EHFRPH LQFUHDVLQJ
VROYH IRU WKH FRPWRHWH URIRLO XSSHU VXUIDFH DSSURDFKHV VHSDUDW
ERXQGDU\ OD\HU ZLWKHSDJRIYH.EWRIQF PHWKRG SURYLGHV WKH ZLQJ GHVLJQ
IRU WUDQVLWLRQ D @& DW FIDUWD WHRIHDGLO\ LPSOHPHQWHG WR DQDO\VH W
*UHHQ HW DO$ UDSLG PHWKRG WRQFOKGLOW WKH ODJ UDWH RI FKDQJH RI HQWUDLQPH
GHYHORSPHQW RI| WXRIEXROHOPMHQW LQ SUHGLFW FDSDELOLWLHV ZLWK PLQ
ERXQGDU\ OD\HUV ¥KIHPRHWKRG
HPSOR\V WKH PRPHQ@WHKPODJ HTXDWLRQ FDQ EH GHULYHG ZLWK OLWWOH
HTXDWLRQ WKH HQWUPRRQYPRQWRU VKHDU VWUHVYV
HTXDWLRQ DQG WKH7 KB WH WKFK&DDQI®RZY ILUVW RUGHU FRUUHFWLRQV IRL
RI HQWUDLQPHQW FWRRIEHFULPESWHPBOWHG LQ D VWUDLJKW IRUZDUG PDQQ}
JRFN :LOOLD$PPRPSOHWH UHYLHZPBIOR\LQJ YLVFRXV LQYLVFLG LQWHUDFWLRQ PHWKRC
YLVFRXV LQYLVFLG LARZHIUBIOVGLEQWQIRPHQD UDSLGO\ DQG UHODWLYHO\ VL
DHURG\QDPLFYV ,PSURYHPHQWY DUH H[SHFWHG LI WKH PHWKRGV FDQ
L 7KH VHFRQG RUGHU HIIHFWV LQ WKH ERXQGDU\ OD
RQ WKH LQYLVFLG IORZ ILHOG
LL 3RVVLEO\ DGRSWLQJ ORFDO VROXWLRQV IRU WKH
RI VLJQLILFDQFH >VHH 2VNDP



$SSOLFDWLRQV RI YLVFRXV LQYLVFLG WHFKQLTXHYV

-DFRE 6WHLRE DIFKXWHJIJUDO PHWKRWBHIRUWFWLRQ RI1 &$PD[ LV SRVVLEOH E\ LQFOXGLQJ WKH
SUHGLFWLQJ WKH OVIH\S DHOQ W GBWZADGN H\
D PXOWL HOHPHQW HBWRRXIX FRPSOLFDWHG WR SURJUDP RQFH GRQH W
FRQILIXUDWLRQ SUHGLFW WKH IORZ DURXQG PRVW DUELWUDU\ DHURIR
,PSURYHPHQWY VKRXOG LQFOXGH SURYLVLRQ IRU ORC
PHUJLQJ ERXQGDU\ OD\HUV RYHU WKH PXOWL FRPSRQ
%UXQH ODQMK XSIJUDGHG YLVFRXWH IPRZH LQFOXGHY UHSUHVHQWDWLRQ RI WKH GLVS(
DQDO\WLYV RI PXOWLODOHBHQ@& ZDNH ZLWK *UHHQTVY ODJ HQWUDLQPHQW P
DHURIRLO FRQILIXUDMWIRQWWLRQ ZLWK WKH PHWKRG RI 1DVK DQG +LFNV
ZLWK WKH H PHWKRG SLRQHHUHG E\ 6 PLWK
0 5HF [O SHOLDELOLW\ RI WKH FRGH LV LPSURYHG ZLWK WKH V|
LWHUDWLRQV
,QFOXVLRQ RI WKH GLVSODFHPHQW HIIHFWV RI WKH EI
FKDUDFWHULVWLFY PXFK LPSURYH WKH SUHGLFWLYH |
FORVH WR &/PD[
'"UHOD *LOHW VWUHDPOLQH EDVBGH(ROWWUHDPOLQH EDVHG (XOHU GLVFUHWLVDWLRQ
GLVFUHWLVDWLRQ DRQRKGHDQWEZRULFDO SUREOHP DQG HQDEOHV WKH ZDNH W
HTXDWLRQ LQWHJUDEH BFFOSQ\GODJHG 7KH PXOWL GHFEN LQWHJUDO PHWKRG |
OD\HU IRUPXODWLRO® O\ XD2AW WHSUHVHQWDWLRQ RI WKH DV\PPHWULF SURS
FRXSOHG WKURXJK WKMKH
GLVSODFHPHQW WKUIUKMQHR&H SURYLGHY DQ DFFXUDWH DQG HIILFLHQW PF
, QFRPSUHVVLEOH D@PGRXQG PXOWL HOHPHQW DHURIRLOV VR WKDW PXFK |
FRPSUHVVLEOH IOREHN HFRQPHXFMRRGDQXPHULFDOO\
UDQJH RI DQJOHV RI DWWDFN



$SSOLFDWLRQV RI 5$16 WHFKQLTXHV

%DUWVFK HW1IDXYLHU 6WRNHV FDORRGDMNMWLURHHWY RQW EHWZHHQ SUHGLFWHG DQG H[SHULP

" VWHDG\ VWDWH WNXKIEROIHRW WORKH WHVWHG LQFLGHQFH UDQJH 7KH N
DURXQG WZR KLJK OOGW TDXHDWRHBRBLBUHGLFW WKH IORZ DURXQG PXOWL HOHI
FRQILIXUDWLRQV ZIDMKWWRKIN GHILFLHQFLHY LQ WKH SUHGLFWLYH FDSDE
WXUEXOHQFH PRGHOPBRQROYBRHRWY LQ WKH SUHGLFWLRQV DUH H[SHFWHG
VWUXFWXUHG JULG WKH PHDQ IORZ DQG IOXFWXDWLQJ YHORFLWLHY SUH'
SHF [O f D f REWDLQHG 7KDW zZD\ DQ DSSURSULDWH WXUEXOHQFH

WKH IORZ ILHOG DURXQG PXOWL HOHPHQW DHURIRLOV

SRIJHUV HW DGLPXODWLRQ RI LOQFRPS5 RHVHERBWLRQ %DOGZLQ %DUWK PRGHO LV UREX

$QGHUVRQ

IORZV DURXQG PXOWKR G ®FFXQWWH PHWKRG RI SUHGLFWLQJ PD[LPXP OLIV
DHURIRLOV ZLWK WKHR @IQHXHDWWMIRQ $ FRPPRQ GLVFUHSDQF\ EHWZHHQ V
%DOGZLQ %DUWK D QG \DOJWEUDLBEHPRQVWUDWHG ZKHQ ODUJH UHJLRQV R
%DOGZLQ /RPD[ WXUPSORQLFJ D &KLPHUD JULG DSSURDFK LV IRXQG WR E
PRGHOV RQ EORFN EWRXKWXWHGCF EGHG JULG DSSURDFK DV LW UHTXLUH)\
&KLPHUD JULGV JHQHUDWH WKH JULG

5HF [O f RW f

WRESKMADWLRQV RI WKH XQRIVUXFMWGXUHG PHVK WHFKQLTXH HQDEOHV JULG
DURXQG PXOWL HO HPRIR®S/D IDHP RORLIOVOHPHQW DHURIRLO JHRPHWULHV L\
ZLWK WKH RQH HTX DGHR Q@ DMDHO GEVROXWLRQ IRU GHWHUPLQLQJ WKH SUH\
%DUWK DQG 6SDODWEGBD WP UBYROYH WKH YHORFLW\ SURILOH PXFK ILQH
PRGHOV RQ XQVWUXFWBRQUH®BUHBYHG FRPSXWDWLRQ WLPH IRU WKH VROX
SHF | f D f



+LJK OLIW VA\VWHP &)' :RUNVKRSV

<LQJ

YHMWH N

5HVXOWV IURP D &)'7RRHQNVE®IS &)' WR EH HPSOR\HG DV DQ HIILFLHQW GH\
WR VLPXODWH WKH S®FHBWLEWHQWLILHY WKH IROORZLQJ LVVXHV WR EH DG
WKUHH HOHPHQW DHURIRHO RSHPWHWWQMWGRUHIILFLHQW DXWRPDWHG JULG JHQF
WKH 1$6%$ /DQJOH\ 5HVHDIUFXYHG FRPSDFW VFKHPHV DUH UHTXLUHG IRU X«
&HQWHU 7HQ FRGHWH®SOR\RIQBRRU\ XVDJIH
YLVFRXV LQYLVFLG LQWHKOMWIWEHRFHVVRU FRPSXWLQJ WHFKQLTXHV VKRX
9,, DQG 5%$16 PHWKRRPSXWLQJ WLPH
FRXSOHG ZLWK EORFN % WH FRWQGULMGERQHUY IRU ORZ O0DFK QXPEHU IORZV \
&KLPHUD DQG XQVWY XFWXORG LPIS/NRYH VLPSOH DQG UREXVW WXUEXOHQ
ZHUH XWLOLVHG HVVHQFH RI WKH IORZ SK\VLFV
0 5HF [O 9, *DLQ D EHWWHU XQGHUVWDQGLQJ RI ERXQGDU\ OD
LGHQWLILFDWLRQ Rl &)' FRUUHODWLRQV
$ FRPSXWHU FRGH YTKOILEPDHWIFRYH HFKRHV PDQ\ RI WKH ILQGLQJV IURP WK
H[HUFLVH IRU SUHGEFWLQJ WKRYMRZR REWDLQ DGHTXDWH SUHGLFWLRQV
ILHOG DURXQG D WKQHRHHHORPGO PWMWKRG VKRXOG DFFRXQW IRU
DHURIRLO LQ WKH WD SHVRILWDEOH JULG GHQVLW\
FRQILIXUDWLRQ 7HIQLSPMW LEHDBQBRXQGDU\ FRUUHFWLRQV WR HOLPLQDV
IURP LQGXVWU\ DQGEBRRRGBRLBY LQ WKH FRPSXWDWLRQV
XVLQJ 9,, DQG 5$16 LLL $FFXUDWH VSHFLILFDWLRQ Rl WUDQVLWLRQ ORFD
WHFKQLTXHV WR SUHYGLEPS ORIWW OHDVW D RQH HTXDWLRQ WXUEXOHQFH
SLWFKLQJ PRPHQW FQGBURYRYLRQ IRU FRPSUHVVLELOLW\ HIIHFWV DW KLJ}
FKDUDFWHULVWLFV &R QWKIHG KULIQ OWMKMH FXUUHQW VWDWH RI WKH DUW IRU
VI\VWHP PRGHOV WKH DXWKRU FRQFOXGHV WKDW IRFXVLQJ RQ
0 5HF [O RITHUV WKH EHVW VKRUW WHUP KRSH RI EHLQJ DEOH \
ILHOGYV DVVRFLDWHG ZLWK KLJK OLIW V\VWHPV



ILQGEODG

"H3YRIEBGNLFWLRQ RI PD[&EPXPQOWKM FRQFOXVLRQV KLIJKOLJKW WKH VLJQLILFDGC

ZLWK 9,, DQG 5%$16 &UHGLFWLRQV RI DGHTXDWHO\ PRGHOOLQJ WUDQVLWL

WHFKQLTXHV IRU D PKOWHWOHWHWQWRZ WKDW ZLWK 5$16 DV RSSRVHG WR

DHURIRLO LQ WKH WIDWNHGRFW &/PD[ ZKHQ LW RFFXUV GXH WR ZDNH ERXQGEL

FRQILIXUDWLRQ VHYHUH IORZ VHSDUDWLRQ

0 5HF [O ORVW VLIQLILFDQWO\ WKH DXWKRUV FRQFOXGH WKDW
HISHULPHQWDO ZLQG WXQQHO WHFKQLTXHYV HQDEOHYV
SUREOHPV WR EH UHVROYHG ZLWKRXW WKH QHHG IRU
WHVWLQJ

SRUWH[ *HQHUDWRUYV
%UX\QHV 7D6@®PUG 99*V DV IOXLEP POR\QM®I WKH GHYLFHV UHVXOWHG LQ XVHIXO VXSSLU

:DOOLV

SHDUFH\

*DG HO +DN
% XVKQHOO

GHYLFHV

&LUFXODU $-9*V LQBWBIOMHEXBGWHNVLRQ RI ERXQGDU\ OD\HU VHSDUDWLR
DHURIRLO SLWFKHGNBRQI® WNHBAEZW& R/@®O\ ORZ PDVV IOX[HV UHTXLUHG WR S
WKH RQFRPLQJ IUHHVWUHDP

5HF [OwmMHw PP

F PP

6ROLG 99*V DQG $-96§§DFLQJ EHWZHHQ WKH 99*V LV D NH\ IDFWRU LQ WKH
LQVWDOOHG RQ DHUFRRQYEBY¥WRRZ PRPHQWXP IOXLG DzZD\ IURP WKH DHURC(
VXSSUHVV VKRFN LQ@AXMHOEQFH EHWZHHQ WKH YDQHYV ' LV EHORZ WKUHH
ERXQGDU\ OD\HU VHEDWRWILIRGQWDFHQW YRUWLFHY OLPLWYVY WKH HIIHFWLYH
0 WR VSDFLQJY DERYH ' K WKH GHFD\ LQ WKH SHUIRUPDQF
$ FRPSUHKHQVLYH WWR'WKZSRYVWKYHH DQG DFWLYH VHSDUDWLRQ FRQWURO V
PHFKDQLVPV DVVRFYBE@ORELWM\WSKURILOHY WR EH PRGLILHG WR GHOD\ ERXQ
IORZ VHSDUDWLRQ DOGHOWY FRQWW RQ IORZ SUHGLFWLRQ PHWKRGV KDYH
ZLWK SDVVLYH DQG \DHSMOLWIHWLRQ FRQWURO IURP DQ DUW WR D VFLHQFH
WHFKQLTXHYV UHVHDUFK VKRXOG LQFOXGH RSWLPLVDWLRQ RI $-9* C



([SHULPHQWDO VWXGLHY DQG 1XPHULFDO VWXGLHV

6KDEDND HW PODQJOH DQG PXOWLSRH MBGWYEMFRVLW\ FRPSRQHQWY LGHQWLILHG IURP
HPEHGGHG LQ WXUEWRBWWKH VLPSOH HPSLULFDO FRUUHODWLRQV HPSOHI
ERXQGDU\ OD\HUV VLPSOH WXUEXOHQFH PRGHOV WR SUHGLFW YRUWLFD:
8RRA2PV K ]SILHOG VXIILFLHQW GHWDLO IRU WKH FRPSOH[ IORZ IL}
/LQGULDW HWI9PO®LQ D WXUEXOHQSWHERXQIBPDOIJHEUDLF WXUEXOHQFH PRGHO HQDEOHYV
OD\HU RQ D IODW SM®MYWRFBRWALPYZLWK VLQJOH DQG D SDLU RI YRUWLFHYV
'HVWSKDO HW&RODQG FRXQWHU URWDGMWHUNBISYHVVXUH JUDGLHQWY WKH YRUWH[ FRUF
LQ WXUEXOHQW ERXQGWKH GL\BIRNWHU RI WKH FRUH JURZV WR D VXIILFLH
B8R PV K ]SJ PBUH IURP WKH ZDOO WKH YHORFLW\ FRQWRXUV EHFR
3DXOH\ (DWRUWH[ SDLUV HPEH®RMWHRWQDO IORZ WKHRU\ FDQ GHILQH WKH JHQHUDO
WXUEXOHQW E OV 9Y®PH PRGLILFDWLRQV IRU WKH LQGXFHG YHORFLW\ HI
B[U+EPV K ]SBUR[LPLW\ RI WKH DGMDFHQW YRUWLFHV DIIHFWV WKF
-RKQVWRQ 19RBWH[ SDLUV HPEHCRPHE® WREOH SHUIRUPDQFH WR 99*V LQ WHUPV RI VXS
WXUEXOHQW E O V $¥+PSDUDWLRQ GHPRQVWUDWHG E\ $-9*V LQ WKH FRXQV

8AO PV K ]SWKH IORZ EHWZHHQ WKHP WRZDUGV WKH ZDOO
/LQ HW DO $-9*V DQG WDQJHQWIRDREWOIRW) FRPSDUDEOH SHUIRUPDQFH LQ WHUPV RI |
EORZLQJ WR VXSSUWRYWXRE XZQMXWW D Q JH Q W &DIDQ VRFOURG\H B CRRI ZR- D IQU M/TOGLHU |

EO VHSDUDWLRQ SWK®&Q IRU WKH $-9*V

&RPSWRQ -RK@UWR®-9* LQ D WENEGRAHQMWERY HQKDQFHPHQW GRZQVWUHDP RI WKH
8 PV f\DZ f LQIOXHQFHG E\ WKH MHW \DZ DQJOH %HVW UHVXOWV
BHOE\ HW DO & RQWUROOLQJ VHSDHWWIOXQ IWNRHWPZDDQJOH DQG MHW RULHQWDWLRQ DUH F
f LQFOLQHG UDPS 79QARQ@YDO VORW EORZLQJ UHTXLUHV D PDVV I0OX[ R
WKDQ $-9*V WR DFKLHYH HTXLYDOHQW IORZ VHSDUDW
+HQU\ 3HDUBHA* LQ D WXUEXOHQWHEBRXQGERQOW ZLWK WKH N V WXUEXOHQFH PRGHO VK
OD\HU RQ D IODW SGREZVHIHRRDP R WKH $-9* DUUD\ ZLWK D MHW WR IUHF
/IHZLQJWRQ HW-®0OLQ D WXUEXOHG@WPBRXQGWRHNULFDO PRGHOV FDQ EH XVHG WR FRQGXF
OD\HU RQ D IODW SGDWHFRQWPRO SURFHVV LH MHW VSDFLQJ YHORFLW



+LJK OLIW V\VWHPV

'HYHORSLQJ DHURIRLOV WKDW DUH FDSDEOH RI JHQHUDMW
FKDUDFWHULVWLFY VWLOO FUHDWHY D GLOHPPD IRU ZLQJ
PD[LPXP OLIW ZLWKRXW FDXVLQJ WKH ERXQGDU\ OD\HU |
VHSDUDWH ORYLQJ D ZLQJ WKURXJK D IOXLG LQGXFHV LC
DURXQG WKH XSSHU VXUIDFH IROORZHG E\ D FRUUHVSRQG|
DSSURDFKHV WKH WUDLOLQJ HGJH $V WKH DQJOH RI DWW
LQGXFHG YHORFLWLHVY RQ WKH VXFWLRQ VLGH HQVXULQ
VHYHULW\ RI WKH SUHVVXUH JUDGLHQW WR GHFHOHUDWH
VLPSOH WHUPV LW LV WKH UDWH RI GHFHOHUDWLRQ DV W|I
GHWHUPLQHY ZKHWKHU VHSDUDWLRQ RI WKH XSSHU VXUIDI

$YRLGLQJ IORZ VHSDUDWLRQ ZKLOVW PDLQWDLQLQJ WKH
VHFWLRQV FDQ EH DFKLHYHG ZLWK UHODWLYHO\ VLPSOH J
PDGH SRVVLEOH E\ DOWHULQJ WKUHH PDLQ SDUDPHWHUYV

JURZWK RI WKH ERXQGDU\ OD\HU &KDQJHV WR WKH DHUF
ubGLXvVY FDPEHU DQG YDULDEOH FDPEHU OHDGLQJ HGJH
OLIWLQJ FKDUDFWHULVWLFV EXW WKH JUHDWHVW LPSURY
IURP GHSOR\LQJ OHDGLQJ HGJH GHYLFHV VODWYV DQG WU
WR HQKDQFH WKH IORZ RYHU WKH PDLQIRLO ©6RPH H[DPS
HGJH GHYLFHV DUH VKRZQ RQ )LJ RYHU WKH SDJH %
UHWUDFWDEOH GHVLIJQHUV FDQ GHYHORS ZLQJV EHWWE
SHUIRUPDQFH DQG KLJK VSHHG FUXLVH

0XOWL HOHPHQW DHURIRLOV DUH IDU IURP EHLQJ D QHZ F
EDFN WR +DQGOH\ 3DJH DQG /DFKPDQQ % R W k
UHFRJQLVH WKDW E\ HLWKHU SODFLQJ WZR DHURIRLOV FOTF
WKH OHDGLQJ HGJH VORSLQJ XSZDUGV DQG UHDUZDUGYV

JHQHUDWHG E\ WKH DHURIRLO V\WWHP +RZHYHU WKH I
JRYHUQLQJ WKH PHFKDQLVP RI OLIW HQKDQFHPHQW ZHU¢
ODWHU



e

u 2 EI
30DLQ 10ODS? |

/IHDGLQJ HGJH I10ODS

JRZOHU IODS

JLIXUH (IDPSOHV RI VROLG DQG SQHXPDWLF OHDGLQ
KLJK OLIW GHYLFHV IURP 6KHYHOO



6P LWK FDWHJRULVHG WKH SULPDU\ HIITHFWV RI SURSH
RQ DHURIRLOV 7KHVH HIIHFWYV ZHUH FRPSRVHG RI

L 60DW HIIHFW 7KH FLUFXODWLRQ RQ WKH IRUZDUG HOH
RQ WKH GRZQVWUHDP HOHPHQW DQG UHGXFHV QHJDWLYH
HOHPHQW

LL &LUFXODWLRQ HIIHFW ,Q WXUQ WKH GRZQVWUHDP H
DGMDFHQW XSVWUHDP HOHPHQW LQ D UHJLRQ RI KLJK YH
FDPEHU OLQH DW WKH UHDU RI WKLV IRUZDUG HOHPHQ\
DSSUHFLDEO\ JUHDWHU FLUFXODWLRQ RQ WKH IRUZDUG HO

LLL '"XPSLQJ HIIHFW %HFDXVH WKH WUDLOLQJ HGJH RI1 V
RI DSSUHFLDEO\ KLJKHU YHORFLW\ WKH ERXQGDU\ OD\HU
7KLV KLIJKHU GLVFKDUJH YHORFLW\ UHOLHYHV WKH SUHVYV
OD\HU VR DOOHYLDWLQJ VHSDUDWLRQ SUREOHPYV

LY 21l WKH VXUIDFH SUHVVXUH UHFRYHU\ 7KH ERXQGDU)
LV GXPSHG DW YHORFLWLHYV DSSUHFLDEO\ KLJKHU WKDQ
ZDNH RFFXUV DzZD\ IURP WKH ZDOO DQG LV XVXDOO\ PRUH
RFFXUULQJ LQ FRQWDFW ZLWK WKH ZDOO

Y J)UHVK ERXQGDU\ OD\HU HIIHFW (DFK QHZ HOHPHQW V
OD\HU 7KLQ ERXQGDU\ OD\HUV DUH EHWWHU HTXLSSHG
ZLWKVWDQG VHYHUH DGYHUVH SUHVVXUH JUDGLHQWYV

7KH DERYH FDWHJRULHY GLYLGH WKH SUREOHP RI GHYHO!
DHURG\QDPLFV RI WKH ERXQGDU\ OD\HU DQG WKH DHURG\
IORZ RXWVLGH RI WKH ERXQGDU\ OD\HU ,I ZLQJ GHVLJQ
EHWZHHQ WKH YLVFRXV DQG LQYLVFLG UHJLRQV RI WKH 10

KHQ WKH ERXQGDU\ OD\HU LV DWWDFKHG YLVFRXV HIIHF
WKH OHYHO RI OLIW JHQHUDWHG E\ WKH DHURIRLO %XW .



WH DHURIRLO VXUIDFH WKHUH FDQ EH FDWDVWURSKLF
FRUUHVSRQGLQJ LQFUHDVHV LQ GUDJ 7KH SURFHVV RI F
HQHUJ\ WR SUHVVXUH HQHUJ\ ZLWKLQ WKH ERXQGDU\ OD\
HIWHQW ZLWKLQ DQ DGYHUVH SUHVVXUH JUDGLHQW 2Q D
WKH VHSDUDWLRQ SRLQW WKH VWUHDPZLVH VKHDU VWUH
WKH VXUIDFH EHKDYH LQ WKH PDQQHU GHSLFWHG LQ )L.
LQYLVFLG UHJLRQ RI IORZ RXWVLGH WKH ERXQGDU\ OD\HL
VHSDUDWLRQ SRLQW 7KZDLWHYV 7KH SK\VLFDO PHF
GLPHQVLRQDO VHSDUDWLRQ LV ODUJHO\ XQVWHDG\ EXW
VWUHDPOLQHV IRU ERWK ODPLQDU DQG WXUEXOHQW IOR
HITHFWLYH WKDQ YLVFRVLW\ DW WUDQVIHUULQJ HQHUJ\ U
ERXQGDU\ OD\HU 6FKOLFKWLQJ 7KXV LQ RWKHU?
WXUEXOHQW ERXQGDU\ OD\HUV DUH FDSDEOH RI QHJRWLLE
JUDGLHQWY WKDQ ODPLQDU RQHV

%RXQGDU\ OD\HU HGJH

JLIXUH OHDQ VWUHDPOLQHY DSSURDFKLQJ ERXQGDU\
WZR GLPHQVLRQDO IORZ

7R XQGHUVWDQG WKH HIITHFW RI ERXQGDU\ OD\HU VHSDUD\
WZR GLPHQVLRQDO KLJK OLIW VA\VWHP LW LV XVHIXO WR O

LOOXVWUDWHY WKH QDWXUH RI WZR GLPHQVLRQDO VYV
PXOWL HOHPHQW DHURIRLOV LQ ZLQG WXQQHO WHVWYV DW
RI WKH RUGHU VHH )LJ RYHU WKH SDJH +H GHILQHYV



CHURIRLO DV WKH UHVXOW RI HLWKHU VHSDUDWLRQ IURP W
EXEEOH IURP WKH OHDGLQJ HGJH RU EXUVWLQJ RI D VKRU
UHODWLYHO\ WKLFN DHURIRLO VHFWLRQV WKLFNQHVV F
DGYHUVH SUHVVXUH JUDGLHQWY WKH WXUEXOHQW ERXQG
wWubDLOLQJ HGJH 6WDOO RQ WKHVH WKLFNHU DHURIRLOV X
PRYHV IRUZDUG IURP WKH WUDLOLQJ HGJH RQ WKH DHURI
WKH DGYHUVH SUHVVXUH JUDGLHQW LQFUHDVHV ZLWK L(
DHURIRLO VHFWLRQV W FO WKH ODPLQDU ERXQGDU\ O
WR D WXUEXOHQW ERXQGDU\ OD\HU 7UDQVLWLRQ WKHQ R
WXUEXOHQW ERXQGDU\ OD\HU UHDWWDFKHVY WR IRUP D OF
WKH DHURIRLO LQFUHDVHV WKH OHQJWK RI WKH EXEEOH H|
HGJH 'XULQJ WKLV SURFHVV WKH OLIW FXUYH VORSH GH
PD[LPXP OLIW $HURIRLOV ZLWK PRGHUDWH VHFWLRQV
VHSDUDWLRQ RI WKH ODPLQDU ERXQGDU\ OD\HU +RZHYI
UHDWWDFKHY TXLFNO\ OHDYLQJ RQO\ D VKRUW EXEEOH $V
DHURIRLO LQFUHDVHV WKH SUHVVXUH LQ WKH EXEEOH GHI
LW EXUVWYV UHVXOWLQJ LQ D FDWDVWURSKLF ORVV RI (
SUHVHQFH RI OHDGLQJ HGJH VHSDUDWLRQ EXEEOHV UHGXF
WKH IDYRXUDEOH SUHVVXUH JUDGLHQW DURXQG WKH OHDG
ZKHUH KLJK OLIW JHQHUDWLRQ LV DQ LPSRUWDQW GHVL.
HQIRUFH VWDOO WR UHVXOW IURP D JUDGXDO VHSDUDWLR
WKH DHURIRLO WUDLOLQJ HGJH

JLIXUH 6WDOOLQJ FKDUDFWHULVWLFV RI VLQJOH DF



6WDOO RQ D PXOWL FRPSRQHQW DHURIRLO PD\ UHVXOW IlU|
RQH RU PRUH RI WKH XSSHU VXUIDFHV RI WKH KLJK OLIW F
RQ WKH XSSHU VXUIDFH RI WKH PDLQIRLO 7KH VXUIDFH

GHSHQGV JUHDWO\ XSRQ WKH ORFDWLRQ RI WKH KLJK OL
,QYHVWLIDWLRQV RQ DHURIRLOV HTXLSSHG ZLWK VORWMW
DHURG\QDPLF SHUIRUPDQFH KDYH VKRZQ OLWWOH LQWHUI
DQG WKH IODS ERXQGDU\ OD\HU >)RVWHU HW DO @ ¢
YLVFRXV OD\HU LQWHUDFWLRQ WKH SRVLWLRQ RI VHSDUDYV
WR EH LQYDULDQW ZLWK DQJOH RI DWWDFN ,QVWHDG WK
YLVFRXV IORZ RYHU WKH PDLQIRLO RQ ZKLFK WKHUH LV D
FRUUHVSRQGLQJ VWDOO EHKDYLRXU ZLOO EH DQDORJRXV
$HURIRLOV VHW XS WR JHQHUDWH PD[LPXP OLIW HTXLSS
wuDLOLQJ HGJH KLJK OLIW GHYLFHV KDYH H[KLELWHG H]
IURP WKH VODW DQG WKH YLVFRXV OD\HUV DERYH WKH PD
VWDOO IRU VXFK D FRQILIJXUDWLRQ LV WKHUHIRUH KLJKO\
VKRZV WKH GHYHORSPHQW RI WKH YLVFRXV OD\HUV RQ D
ZLWK D OHDGLQJ HGJH VODW DQG D WUDLOLQJ HGJH 10DS

JLIXUH '"HYHORSPHQW RI YLVFRXV OD\HUV DERYH P X
IURP )RVWHU

YRVWHU REVHUYHG WKDW DW ORZ VODW DQJOHV RI C
JUDGLHQW RQ WKH PDLQIRLO LV FRQVLGHUDEO\ OHVV WKI
XVXDOO\ RFFXUV RQ WKH VODW $V WKH VODW DQJOH LV
DGYHUVH SUHVVXUH JUDGLHQW RQ WKH PDLQIRLO LQ ZKLI
(ISHULPHQWV >)RVWHU DQG /MXQXVWURP KDY H
LQWHUDFWLRQ EHWZHHQ WKH VODW ZDNH DQG WKH PDLQI
ERXQGDU\ OD\HU WUDQVLWLRQ RQ WKH PDLQIRLO DV D U}



ZDNH DERYH WKH PDLQIRLO ERXQGDU\ OD\HU 7KLV SUHP
ERXQGDU\ OD\HU RQ WKH PDLQIRLO XSSHU VXUIDFH WKHQ
HGJH VWDOO RFFXUULQJ /MXQJVWURP DOVR FRQFOX(
HITHFWV RI LQFUHDVLQJ WKH VODW JDS DUH HVVHQWLDOO\
WKH VODW ZDNH RQ WKH PDLQIRLO ERXQGDU\ OD\HU

$V WKH PDMRULW\ RI WKH OLIW SURGXFHG E\ WKH KLJK OL
FRPSRQHQW WKH VODW DQG IODS VHWWLQJV DUH RIWHQ
UHVXOW RI WuDLOLQJ HGJH VHSDUDWLRQ RQ WKH PDLQIRI
WKH PHFKDQLVPV RI VWDOO HQDEOHV WKH GHYHORSPHQW
EH RSWLPLVHG WR JHQHUDWH PD[LPXP OLIW

5HGXFLQJ WKH WLPH UHTXLUHG IRU GHVLJQHUV WR RSWLP
LQ WHUPV RI OHDGLQJ HGJH DQG WUDLOLQJ HGJH GHYLF#h
VXFFHVVIXOO\ FRPELQH ZLQG WXQQHO H[SHULPHQWYV DQG
GHYHORSPHQW RI VRSKLVWLFDWHG SUHGLFWLRQ WHFKQLT.
H[SHULPHQWDO GDWD RQ ZKLFK WR EDVH WKH PRGHOV
SDUWLFXODUO\ LQ WKH RIl GHVLJQ VFHQDULRYV FORVH WR
VRPH Rl WKH LPSRUWDQW H[SHULPHQWDO VWXGLHV DQG
KDYH EHHQ HPSOR\HG WR H[SHGLWH WKH GHYHORSPHQW R

([SHULPHQWDO DQG QXPHULFDO DQDO\VLYV

$FFXUDWH SUHGLFWLRQ RI WKH IORZ ILHOG DURXQG D &
FKDOOHQJLQJ WDVN IRU DOO RI WRGD\YV DQDO\WLFDO WHF
IORZ ILHOG DURXQG PXOWL HOHPHQW DHURIRLOV FRQWDL(
QRW DVVRFLDWHG ZLWK VLQJOH HOHPHQW DHURIRLOV HY
E\ .LQJ :LOOLDPV @

D $V WKH IORZ ILHOG VXUURXQGLQJ WKH PXOWL HOHPHQ
FDOFXODWLRQ RI WKH LQYLVFLG IORZ LV QR ORQJHU D VLP



E :DNHV IURP XSVWUHDP HOHPHQWY DUH DEOH WR PHU
FRQQHFWHG WR GRZQVWUHDP FRPSRQHQWYV

F ,QLWLDOO\ WKH ZDNHV IURP XSVWUHDP HOHPHQWYV
JUDGLHQWY DVVRFLDWHG ZLWK WKH GRZQVWUHDP FRPSRQ

G 6LIJQLILFDQW QRUPDO SUHVVXUH JUDGLHQWYV DUH JH!
WKLFNQHVY DQG H[WUHPH FXUYDWXUH RI WKH YLVFRXYV IOF

H 7KH FXUYDWXUH RI WKH IORZ KDV D VLIJQLILFDQW LQIO.
WKH ERXQGDU\ OD\HUV

Il &RQVWUDLQWYV RI KLJK VSHHG FUXLVH GLFWDWH WKDW
DURXQG DQG LQWR WKH PDLQIRLO $V D UHVXOW UHJLRQ
WKH VODW DQG IODS FRYHV ZKHQ WKH KLJK OLIW GHYLFHV

J +LJK OLIW FRHIILFLHQWY JHQHUDWHG E\ PXOWL HOHPH:
FRPSUHVVLEOH VXSHUVRQLF IORZ RQ WKH XSSHU VXUIDFI
ODFK QXPEHUV DV ORZ DV

K ([WHQVLYH UHJLRQV RI VHSDUDWHG IORZ PD\ RFFXU V
ZKHQ ODUJH IODS GHIOHFWLRQV DUH GHSOR\HG DW ODQGL

&RPSOHWH VROXWLRQV RI WKH IORZ ILHOG DUH QRW DQG
UDQGRPO\ WLPH GHSHQGHQW QDWXUH RI WKH IORZ LQ FC
&RPSXWDWLRQDO DSSURDFKHYVY FDSDEOH RI DGHTXDWHO\
KLJK OLIW V\VWHP KDYH WKHUHIRUH EHHQ GHYHORSHG \
RI KLJK OLIW FRQILIXUDWLRQV DQG VKRUWHQ WKH GHVLJQ
OoLIW DHURG\QDPLFVY FDQ EH VHSDUDWHG LQWR WKDW RI
HVVHQWLDOO\ LQYLVFLG IORZ RXWVLGH RI WKH ERXQGDU
HTXDWLRQV RU HPSOR\LQJ SDQHO PHWKRGV HQDEOHV W}
OD\HU V WR EH GHILQHG UHODWLYHO\ VLPSO\ DQG DFFXUD
WKH ERXQGDU\ OD\HU UHTXLUHV D PRUH VRSKLVWLFDWE



HURIRLOV RSHUDWLQJ DW KLJK 5H\QROGV QXPEHUV ©5H!
WXUEXOHQW IORZ LV LQHYLWDEOH ©6RPH IRUP RI WXUEXC
ERXQGDU\ OD\HU LV WR EH DFFXUDWHO\ UHSUHVHQWHG

6ROYLQJ WKH 5H\QROGV $YHUDJHG 1DYLHU 6WRNHV 5$%$1
VXLWDEO\ VRSKLVWLFDWHG WXUEXOHQFH PRGHOV \LHOGYV
GHVFULEH WKH IORZ ILHOG DURXQG KLJK OLIW VA\VWHP JHF

\HDUV VXFK WHFKQLTXHV KDYH EHHQ SURKLELWLYHO\ }
&38 WLPH DQG VWRUDJH UHTXLUHG IRU FRPSOH[ JHRPHW
LOQVXIILFLHQW FRPSXWLQJ SRZHU DQG LQDGHTXDWH WXUE
HDUO\ WKHRUHWLFDO UHVHDUFK LQWR ZLQJ GHVLJQ UHC
LOWHUDFWLRQ DSSURDFKHV WR VDWLVI\ WKH WLIJKW VFKHC

7KH SHUIRUPDQFH RI DQ\ FRPSXWDWLRQDO WHFKQLTXH
FRPSDULVRQ ZLWK UHOLDEOH H[SHULPHQWDO GDWD IRU Z
UHSHDWDELOLW\ RI WKH UHVXOWY KDV EHHQ GHPRQVWUD\
SHUIRUPDQFH RI KLJK OLIW V\VWHPV UHVXOWY IURP WKH \
E\ WXUEXOHQFH ZLWKLQ WKH ERXQGDU\ OD\HUV DQG ZD
UHODWLRQVKLSYVY EHWZHHQ WKHVH SKHQRPHQD ZLWKLQ V
FRPSXWDWLRQDO WHFKQLTXHV DUH WR EH DGYDQFHG )XU
WHFKQLTXHYV UHTXLUHV DFFXUDWH PHDVXUHPHQW RI WKH
OD\HU WUDQVLWLRQ DQG IOXFWXDWLQJ YHORFLWLHV ZLW
ZDNHV $UPHG ZLWK WKH LQIRUPDWLRQ IURP WKHVH VWXC
GHYHORS QXPHULFDO WHFKQLTXHV WKDW ZLOO DFFRXQW
FRPSXWDWLRQDO PHWKRGYV

([SHULPHQWDO FRQVLGHUDWLRQY DQG H[DPSOHYV

, I HISHULPHQWDO ZLQG WXQQHO PHWKRGYV DUH WR EH VXF
FRPSXWDWLRQDO PHWKRGY WR RSWLPLVH WKH SHUIRUPDQ
LV HVVHQWLDO WR PLQLPLVH XQFHUWDLQWLHYVY WKDW DUF
'LVFUHSDQFLHYVY LQ H[SHULPHQWDO UHVXOWYV FDQ DULVH

LPSHUIHFWLRQV RQ WKH H[SHULPHQWDO KLJK OLIW V\VW
XQFHUWDLQW\ ,Q WHVWV RQ XQVZHSW DHURIRLO V\VWHP



APHQVLRQDOLW\ RI WKH ZLQG WXQQHO WHVW IORZ LV R
FRPPRQ DSSURDFK WR DFKLHYH D JRRG GHJUHH RI WZR GL
IORZ ILHOG LV WR FRQWURO WKH SUHPDWXUH VHSDUDWLR
MXQFWLRQ RI WKH DHURIRLO DQG ZLQG WXQQHO zZDOO )DL
VHSDUDWHG IORZ VSUHDGLQJ LQ D WULDQJXODU ZHGJH DF
VIVWHP 7KLV LQWURGXFHV D VSDQZLVH SXPSLQJ HIIHFW |
JLYLQJ ULVH WR DQ RVFLOODWRU\ KLJKO\ WKUHH GLPHQV|I
ILHOG

$v SDUW RI WKH 8. 1DWLRQDO +LJK /LIW 3URJUDPPH GX
GHVLIJQHG WR SURYLGH D ODUJH GHJUHH RI DFFXUDWH WZ
WHVWYVY RQ PXOWL FRPSRQHQW DHURIRLO V\VWHPV IRU

PHWKRGY ORLU GHWDLOV RQH VXFK VHW RI H[SHUI
GLPHQVLRQDO PXOWL HOHPHQW DHURIRLO 5HF [O 721
WXQQHO IORZ ZDV HQVXUHG ZLWK ORFDO VXFWLRQ DW WK
7TKH WZR GLPHQVLRQDOLW\ RI WKH IORZ ZDV FKHFENHG E\

GLVWULEXWLRQV PRQLWRUHG DW WZR VSDQZLVH ORFDWLF
DORQJ WKH FKRUG DQG LQVLIQLILFDQW YDULDWLRQ DFUR
WKH PXOWL HOHPHQW DHURIRLO FRPSRQHQW VXUIDFHYV

VXUIDFH SUHVVXUHV RQ HDFK RI WKH DHURIRLO V\VWHP
PHWKRGY ZHUH HPSOR\HG WR GHWHUPLQH PRPHQWXP GHII
DHURIRLO DQG LQ WKH ZDNH GRZQVWUHDP RI WKH WUDLO
WKHVH VXUIDFH SUHVVXUH PHDVXUHPHQWY HQDEOHG W
LOWHJUDWHG OLIW GUDJ DQG SLWFKLQJ PRPHQW FRHIILFL

7KH WHVWV GHVFULEHG E\ ORLU DQG RWKHU VLPLODU
D YDOXDEOH VRXUFH RI GDWD IRU FRPSDULQJ WKH SUHG
FRPSXWDWLRQDO PHWKRGY +RZHYHU IXUWKHU GHYHORE
FRPSXWDWLRQDO WHFKQLTXHYV UHTXLUHG PHDVXUHPHQWYV
WKH YLVFRXV IORZ UHJLRQ 2EWDLQLQJ GDWD RI WKLV QL
IORZ YDULDEOHV DUH KLJKO\ VHQVLWLYH WR GLVWXUEDQ
PHDVXULQJ GHYLFHV 2QO\ ZLWK WKH DGYHQW RI KRW 2z
YHORFLPHWU\ WHFKQLTXHV KDV LW EHHQ SRVVLEOH WR P



RR WKH VKHDU IORZV LQ RUGHU WR JXLGH FRPSXWDWLRQD
IHDWXUHYV VKRXOG EH PRGHOOHG

$GDLU +RUQH PDGH GHWDLOHG PHDVXUHPHQWYV RI
GRZQVWUHDP RI D 1%&$ DHURIRLO HTXLSSHG ZLWK D W
8[U*2PV WHVWYVY ZHUH FRQGXFWHG LQ D FORVHG FLUFXL\
DQ LQFLGHQFH R f DW D FKRUG 5H\QROGV QXPEHU RI
WXUEXOHQW IORZ RQ WKH VXFWLRQ DQG SUHVVXUH VLGH |
WKH IODS ZDV HQVXUHG ZLWK ERXQGDU\ OD\HU WULSV
SUHVVXUH GLVWULEXWLRQ DURXQG WKH KLJK OLIW V\VWHI
UHFRUGHG WKH IUHHVWUHDP DQG ZDOO ERXQGDU\ OD\HU .
WKH VHSDUDWLRQ RQ WKH IODS DQG WKURXJKRXW PRVW
DQHPRPHWHU ZDV HPSOR\HG WR PHDVXUH WKH WXUEXOH
UHYHUVHG IORZ DQG KLJK WXUEXOHQFH LQWHQVLW\ D OD
WKH IORZ ILHOG FKDUDFWHULVWLFVY 7KH UHVXOWYVY VKRZ
EHWZHHQ WKH PDLQIRLO DQG WKH IODS KDV D GRPLQDQW
IODS DQG LQ WKH ZDNH $ OLQHDU ORJ UHJLRQ LV DSSDUH
LQ WKH UHJLRQ RI UHYHUVHG IORZ ,Q SDUWLFXODU W|
UHODWLRQVKLSY EHWZHHQ WKH 5H\QROGYV QRUPDO DQG V
DQG IODS JDS IORZV RQ WKH WZR HOHPHQW DHURIRLO

$ VLPLODU VHW RI H[SHULPHQWY ZDV FRQGXFWHG E\ 1DN
HOHPHQW KLJK OLIW V\VWHP DW WZR DQJOHV RI DWWDFN
/IDQJOH\ 5HVHDUFK &HQWHUSYV /RZ 7XUEXOHQFH 3UHVVXU
QXPEHU RI DQRQG D FKRUG 5H\QROGV QXPEHU RI [
HPSOR\HG WR VXSSUHVV DHURIRLO ZLQG WXQQHO zZDOO |
GLPHQVLRQDOLW\ RI WKH IORZ ILHOG ZDV DVVHVVHG E\ PF
ZLWK PLQLWXIWY DQG PHDVXUHPHQWY RI VSDQZLVH SUHVY\
IODS WUDLOLQJ HGJHV *HQHUDOO\ WKH LQGLFDWLRQV IUR
WKH IORZ GLUHFWLRQV RQ WKH DHURIRLO VXUIDFHV GLG
HIFHSW DW WKH PRGHO ZLQG WXQQHO ZDOO MXQFWLRQV
LGHQWLILHG DV EHLQJ FRQFOXVLYH LQ UHJLRQV ZKHUH Wi
ZHUH YHU\ VPDOO



(YHQ ZLWK QR PDMRU VHSDUDWLRQ UHFRUGHG DW WKH W
WKLFNHQLQJ DQG SUHVVXUH YDULDWLRQ RFFXUUHG DFUR
IODS DQG LQ WKH QHDU ZDNH (YLGHQFH RI ZDNH FXUYDW X
REVHUYHG LQ VHYHUDO UHJLRQV RI WKH IORZ ILHOG SUF
FRXOG ILUVW RFFXU LQ WKH ZDNH UDWKHU WKDQ RQ WKH |
ZDNH LV VKRZQ WR VLJQLILFDQWO\ DIIHFW WKH ODPLQDU \
OD\HU JURZWK RQ WKH PDLQIRLO $FFXUDWH WKHRUHWLF
LQFOXGH YHU\ JHQHUDO PHWKRGVY WR EH DEOH WR DGHTXCLC
LQ WKH YLVFRXV IORZ UHJLRQV

ORUH UHFHQWO\ WKH H[SHULPHQWYV RI 7KRPDV HW DO

VWUHDPZLVH ERXQGDU\ OD\HU FRQIOXHQFH DQG LWV HIIHF
VA\VWHP 7KHLU UHVXOWY VKRZ WKDW WKH RSWLPDO OLIW
ERXQGDU\ OD\HU FRQIOXHQFH LV GHOD\HG WR WKH PRVW
FRQIOXHQFH UHVXOWYV LQ LQFUHDVHG PL[LQJ EHWZHHQ W
ZDNH WKXV LQFUHDVLQJ WKH PRPHQWXP GHIHFW QHDL
GLVSODFHPHQW WKLFNQHVY DQG PRPHQWXP WKLFNQHVV J
JLYLQJ ULVH WR D UHGXFHG OHYHO RI VXFWLRQ RQ WKH HC

'HWDLOHG DQDO\VLV RI WKH IORZ LQ WKH QHDU ZDOO UHJL
D FODVVLFDO ORJ ODZ UHJLRQ H[LVWV 'HVSLWH WKH SUR
ERXQGDU\ OD\HU DQG D FRQYHQWLRQDO WXUEXOHQW ER.
GHPRQVWUDWH WKDW WKH PHDQ YHORFLW\ SURILOHV EDC
H[SUHVVLRQV 7KH\ VKRZ WKDW WKH LQQHU UHJLRQ RI D F
PXFK WKH VDPH ZD\ DV D FODVVLF WXUEXOHQW ERXQGD!
JUDGLHQW EXW LQVWHDG RI DGMXVWLQJ WR WKH ORFDO
SURSHUWLHY DGMXVW WR WKH YHORFLW\ LPSRVHG E\ WK}
HITHFWLYH pQHZY IUHHVWUHDP

5HVXOWV IURP WKHVH WHVWYV KDYH GHILQHG WKH NH\ FKD
(IWHQVLYH GDWDEDVHV RI H[SHULPHQWDO GDWD QRZ H[LV
OLIW DHURIRLO FRQILIJXUDWLRQV DW ORZ 5H\QROGV QXPE



SURJUHVY LQ SUHGLFWLYH WHFKQLTXHY UHTXLUHYV VLPLOD
VFDOH 5H\QROGYV QXPEHUV WHVWV DV ZHOO DV WKH HIIH
OLIW FRQILIXUDWLRQV

9LVFRXV LQYLVFLG IORZ ILHOG VROXWLRQ WHFKQLTXHYV
7KH VXFFHVV Rl FRXSOHG YLVFRXV LQYLVFLG DSSURDFKH
WKDW WKURXJKRXW WKH PDMRULW\ RI WKH DHURIRLO L
QXPEHUV WKH HIIHFWV RI YLVFRVLW\ DQG WXUEXOHQFH L
OD\HUV LQ WKH LPPHGLDWH QHLJKERXUKRRG RI WKH ZHW
DHURIRLO FRPSRQHQWYV

'"HYHORSPHQW RI WKH p'RXJODV 1HXPDQQY PHWKRG E\ +HYV
IRU WKH ILUVW WLPH WKH FDOFXODWLRQ RI WKH LQYLVFL(
ERGLHY $ VSHFLDO FKDUDFWHULVWLF RI WKH FRGH ZDV
VKDSHY DQG WKH LQWHUIHUHQFH HIIHFWV JHQHUDWHG E\
WKLY PHWKRG HQDEOHG WKH GHWHUPLQDWLRQ IRU WKH
DVVRFLDWHG ZLWK KLJK OLIW V\VWHPV 7KH SRWHQWLD
FRQWLQXRXVO\ YDU\LQJ YRUWH[ VKHHW DURXQG WKH VXU
FRQVLVWY RI D VHULHY RI'1 VWUDLJKW OLQH VHIPHQWYV S
DW WKH FHQWUH RI ZKLFK WKH VRXUFH DQG YRUWH[ VWUF}
WKH VLQIJXODULW\ VWUHQJWK LV DVVXPHG DW WKH FHQWL
SDQHO WR WKH QH[W 'HILQLQJ WKH FLUFXODWLRQ DV WKH
1 VLPXOWDQHRXV HTXDWLRQV 7R REWDLQ D VTXDUH V\V!
FRQGLWLRQ LV LPSRVHG DW WKH DHURIRLO WUDLOLQJ HG
YHORFLW\ FRPSRQHQWY RQ WKH XSSHU DQG ORZHU VXUID
RI'l O VLPXOWDQHRXY HTXDWLRQV WKHQ HQDEOHV WKH G
WDQJHQWLDO YHORFLWLHY DQG SUHVVXUHY FHQWUH RI HD
RQ HDFK SDQHO UHPDLQV FRQVWDQW LQWHIJUDWHG OLIW I

7KH FRPSOH[LWLHYVY RI PXOWL HOHPHQW DHURIRLO JHRPHW
RI FRPSUHVVLELOLW\ KDV UHVXOWHG LQ D ZLGH XVH RI Ul
WKH p'RXJODV 1HXPDQQY PHWKRG GHVFULEHG DERYH WHF



QYLVFLG IORZ ILHOG )LHOG PHWKRGY DUH DYDLODEOH E
JHQHUDWH VXLWDEOH PHVKHV RQ ZKLFK WR GLVFUHWLYV
PHWKRGV UHTXLUH D JULG RI SRLQWV VXUURXQGLQJ WK
PHVKHV LQ UHJLRQV ZKHUH WKH IORZ YHORFLW\ DQG SUH)\
GHULYH WKH QXPHULFDO ERXQGDU\ LW LV DGYDQWDJHRX)\
WKH KLJK OLIW VI\VWHP VROLG VXUIDFH V 7KLV EHFRPHYV
vVODW DQG I1ODS JDSV DUH VPDOO +DOO 6 XGGKRR

PHWKRG WR VROYH FRPSUHVVLEOH SRWHQWLDO HTXDWLR
JULG LV SURGXFHG E\ FRQIRUPDOO\ PDSSLQJ WKH UHJLRQ
DQXODU UHJLRQ EHWZHHQ WZR FRQFHQWULF FLUFOHV
HTXDWLRQV RQ D &DUWHVLDQ JULG WKDW GRHV QRW FRQI
FDVH DQ DSSUR[LPDWLRQ LV XVHG WR UHSODFH WKH ERX
VXFK DV 2VNDP HPSOR\ D ILHOG PHWKRG LQ WKH UF
HITHFWYV DUH OLNHO\ WR RFFXU DQG XWLOLVH VXUIDFH VLC
RI ERXQGDU\ FRQIRUPLQJ JULGYVY DUH JHQHUDWHG LQ WK
HITHFWYVY DUH VLIQLILFDQW 7KH IXOO SRWHQWLDO HTXDWL
ILQLWH YROXPH PHWKRG 2Q WKUHH VLGHV RI WKH PHVI
LPSRVHG E\ VXUIDFH VLQJXODULW\ PHWKRGV ZKLOVW WKH
VXUIDFH (DFK RI WKH ILHOG PHWKRGV GHVFULEHG DER
UHSUHVHQW WKH IORZ ILHOG FKDUDFWHULVWLFV DURXQG
ZHUH OLPLWHG E\ WKH QHHG WR NQRZ WKH ORFDWLRQV .
LPSRUWDQW DQG WKH GLIILFXOWLHYV RI GHILQLQJ JULGYV Z
7KHVH SUREOHPY DUH UHODWLYHO\ VLPSOH WR GHDO ZLW
IDU PRUH GLIILFXOW WR HVWLPDWH RQ WKUHH GLPHQVLRQ

&ERQWDLQHG ZLWKLQ WKH WZR GLPHQVLRQDO LQFRPSUH!'
HTXDWLRQV DUH WHUPV UHSUHVHQWLQJ WKH IOXFWXDWLQ
WHUPYV 7KH UHODWLRQVKLSY EHWZHHQ WKHVH WHUPV LC
ZLWKLQ WKH ERXQGDU\ DUH FRPSOH[ DQG GLIILFXOW WR (
YLVFRXV VLGH RI WKH SUREOHP HPSOR\HG WKH EDVLF DV
OD\HU WKHRU\ L H WKHUH LV QR YDULDWLRQ LQ SUHVVX
QRUPDO GHULYDWLYHV RI VKHDU VWUHVY DUH LPSRUWDQW
EH QHJOHFWHG $ UHODWLYHO\ VLPSOH PHWKRG LQWHJL



HOHYDQW IORZ ILHOGYV ZDV DFKLHYHG E\ LQWHJUDWLQJ
HPSLULFDO UHODWLRQVKLSY IRU WKH KLJKHU RUGHU YL
FXUYDWXUH HIITHFWV RQ WKH OHYHO RI WXUEXOHQFH ZLWK

$ YDULHW\ RI WKHVH pLQWHJUDOY PHWKRGV KDYH EHHQ S
TKZDLWHYV RQH HTXDWLRQ PHWKRG IRU WKH ODPLQD
IDLOV LQ UHJLRQV RI VHSDUDWHG IORZ DV LW OLQNV W
SUHVVXUH JUDGLHQW WKDW LV D QRQ XQLTXH UHODWLROQ\
DIJUHHPHQW ZLWK H[SHULPHQWY E\ HPSOR\LQJ SUHGLFWI
GHDOLQJ ZLWK WKLQ VHSDUDWHG UHJLRQV KDYH EHHQ GF
LQWHJUDO IRUPXODWLRQY EDVHG RQ GLVVLSDWLRQ FORV)>
HW DO %UXQH DQG ODQNH KLWILHOG DQG
KLIJIKOLJKWHG WKH DELOLW\ RI WKH WZR HTXDWLRQ LQWHIJ
DURXQG DHURIRLOV DW RII GHVLJQ DQJOHV RI DWWDFN 7Z
VROYLQJ WKH LQWHJUDO PRPHQWXP DQG NLQHWLF HQHUJ)

WKH DHURIRLO VXUIDFH DV VKRZQ LQ HTXDWLRQV DQG
Tt U N OS T—-Y
a
Gd XH Gd
_ W > U QL IO @ A &, A I

&ORVXUH RI WKH LQWHJUDO ERXQGDU\ OD\HU HTXDWLRC
IXQFWLRQDO GHSHQGHQFLHV IRU WKH YHORFLW\ SURILOH
w WKH VKHDU VWUHVV FRHIILFLHQW & WKDHOQ 8 LWKIMV LF F
GHQVLW\ VKDSH SDUDPHWHU 7KLY SURYLGHV WKH G|
DFFXUDWH PHWKRG RI SUHGLFWLQJ WKH DHURIRLO IORZ IL

%YHWWHU HVWLPDWHY RI WKH KLIJKHU RUGHU YLVFRXV HIIH
ZDNH ZDNH FRQIOXHQFH ZKLFK DUH DSSUR[LPDWHG ZLW
LQWHJUDO PHWKRGYVY DUH SRVVLEOH E\ VROYLQJ VRPH IR
6WRNHYVY HTXDWLRQV ZLWKLQ WKH YLVFRXV UHJLRQ 7R D



ODVVRFLDWHG ZLWK LQWHJUDO PHWKRGYV pGLITHUHQWLDOY
GLITHUHQWLDO HTXDWLRQV GHVFULELQJ WKH IORZ LQ Wt
6ROXWLRQV IRU WKH YLVFRXV OD\HUV DUH REWDLQHG E\ C
5H\QROGV VWUHVVHV ZLWK WKH PHDQ YHORFLW\ GLVWU
GHVFULEH D PHWKRG EDVHG RQ WKH HGG\ YLVFRVLW\ FR
ERXQGDU\ OD\HU FKDUDFWHULVWLFV LQFOXGLQJ WUDQVL
DGHTXDWH IRU SUHGLFWLQJ DWWDFKHG IORZV WKH UHYV
DOJHEUDLF PHWKRG EHFRPH LQFUHDVLQJO\ XQVDWLVIDFWI
VXUIDFH DSSURDFKHYVY VHSDUDWLRQ +RZHYHU WKH DOJH

GRHVY SURYLGH WKH ZLQJ GHVLIJQHU ZLWK D UHODWLY
LPSOHPHQWHG WR DQDO\VH WKH IORZ ILHOG TXDOLWDWLYF

&RPSOHWH DQDO\VLV RI WKH ERXQGDU\ OD\HU DVVRFLDWH
SHFO UHTXLUHYV VRPH UHSUHVHQWDWLRQ RI ODPLQDU V
DSSURDFK LV WR HPSOR\ WKH VSDWLDO DPSOLILFDWLRQ
HVVHQwWLDOO\ WKH H PHWKRG SLRQHHUHG E\ 6PLWK
WUDQVLWLRQ RFFXUV ZKHQ WKH PRVW XQVWDEOH RI WKH
JURZQ E\ D IDFWRU RI DSSUR[LPDWHO\ H 7KLV FRUUHODYV
PD[LPXP DPSOLILFDWLRQ UDWLR RI WKH 7 6 ZDYHV IRU D Q
DOO GLITHUHQW ERG\ VKDSHV ZHUH H[DPLQHG LQ |
LQFOXGLQJ ERGLHV RI UHYROXWLRQ FRQYH[ SODWHV LQ
DHURIRLOV LQ ZLQG WXQQHOV &DOFXODWLRQ RI WKH |
GLVWXUEDQFH JURZWK UDWH WR EH UHODWHG WR WKH OR
VNLQ IULFWLRQ WKH WXUEXOHQFH VWUXFWXUH DQG WKH
XVH WKH )DONQHU 6NDQ SURILOH IDPLO\ )DONQHU 6NL
6RPPHUILHOG HTXDWLRQV IRU D UDQJH RI VKDSH SDUDPI
(PSOR\LQJ WKLV WHFKQLTXH *OH\]JHV HW DO KDYH VK
LOQOWHJUDWHG UDWHYV RI WKH DPSOLILFDWLRQ IDFWRU DV

Q AITUA >5H a5H R WIU @



G
ZKHUVIV-| SQHDQG 5H© DUH WKH DPSOLILFDWLRQ WKHRU\ VOF

QXPEHU EDVHG RQ HPSLULFNLY WHK®E DNLICRHPWDKW ISK \DKIDSS H SD L
DGYDQWDJH RI WKLY DSSURDFK LV WKDW WKH ORFDWLRQ
WKH VWUHDPZLVH FR RUGLQDWH DORQJ WKH DHURIRLO V
GHWHUPLQHG ZLWKLQ WKH ERXQGDU\ OD\HU IRUPXODWLRC
RWKHU PHWKRGV RI SUHGLFWLQJ WUDQVLWLRQ VHH $PDC
WKH XVHU WR DFFRXQW IRU ERXQGDU\ OD\HU WUDQVLWL
VXUIDFH

2QFH D WHFKQLTXH LV HVWDEOLVKHG WKDW LV FDSDEOH R
DQG LQYLVFLG UHJLRQV RI WKH GHVLUHG IORZ FRQILIJXUD!
VROXWLRQV YLD D ERXQGDU\ FRQGLWLRQ RQ D PDWFKLQJ
SRVLWLRQ IRU WKH PDWFKLQJ VXUIDFH LV WKH RXWHU HG
VXUIDFHV (PSOR\LQJ WKLV FRPPRQ WHFKQLTXH HQVXUHV
DQG YLVFRXV VROXWLRQV DQG PLQLPLVHV WKH QXPEHU

LOQYLVFLG UHJLRQ LUUHVSHFWLYH RI ZKHWKHU SDQHO RU
7TKHUH DUH KRZHYHU WZR PDLQ GLVDGYDQWDJHV DVVRFI
VXUIDFH EHWZHHQ WKH YLVFRXV DQG LQYLVFLG UHJLRQV L
QHLWKHU WKH ORFDWLRQ RI WKH VKHDU OD\HU HGJH DQG

PDWFKLQJ VXUIDFH DUH NQRZQ SULRU WR FDOFXODWLRAQ

UHTXLUHG WR GHILQH WKH VXUIDFH 6HFRQGO\ LQ IORz
LOWHUDFWLRQV DUH VLIQLILFDQW LW LV LPSRVVLEOH WR
WKH ERXQGDU\ OD\HU DW WKH IRRW RI WKH VKRFN ZLWK \
%DOOHXU VKRZHG WKDW WKH IDLOXUH RI WKH DSS
ZDV HQWLUHO\ GXH WR D PDWKHPDWLFDO FKDUDFWHULVW
LQDELOLW\ WR UHSUHVHQW DOO WKH SUHVVXUH YDULDWL
VKRFN :KDW LV PRUH VLJQLILFDQW LV WKDW /H %DOOHXL
WKHVH GLIILFXOWLHYVY WR KLJKHU ODFK QXPEHUV E\ PDNL
GLVSODFHPHQW WKLFNQHVY EXW KH DOVR VKRZV WKDW
HOLPLQDWHG LI WKH PDWFKLQJ VXUIDFH LV LQWHJUDWHG
DSSURDFK NQRZQ DV WKH VXUIDFH WUDQVSLUDWLRQ WHFI
WKH PDMRULW\ RI LQWHJUDO ERXQGDU\ OD\HU PHWKRGYV LC



WH QXPHULFDO VROXWLRQV '"HILQLWLRQ RI D IL[HG VXUIL
WKHQ HQDEOHV D VROLG ERXQGDU\ FRQGLWLRQ RQ ZKLFK
WKH SDQHO PHWKRG VROXWLRQV DQG WKH QXPHULFDO JUL

7KH PDUULDJH RI YLVFRXV LQYLVFLG VROXWLRQV LV RIWH
LOQOWHUDFWLRQ EHWZHHQ WKH WZR IORZV L H ZKHWKHU
VHSDUDWHG )RU ZHDN LQWHUDFWLRQV FRQYHUJHG VRO
LQYLVFLG IORZ WR SURYLGH WKH ERXQGDU\ FRQGLWLRQV |
SURFHVV %H\RQG VHSDUDWLRQ VRPH IRUP RI LQYHUVH P
OD\HU KDV D VLIJQLILFDQW LQIOXHQFH RQ WKH LQYLVFLG I
VROXWLRQ QHDU VHSDUDWLRQ ZKHUH QHLWKHU LQYLVFL
VLPXOWDQHRXYVY VROXWLRQ RI ERWK UHJLRQV PD\ EH SUH
PDLQ DSSURDFKHY KDYH EHHQ LGHQWLILHG DV WKH upGL
VLPXOWDQHRXVY PHWKRGYVY 7KH UHDGHU LV UHIHUUHG W
FRPSUHKHQVLYH YLHZ RI FRXSOLQJ WHFKQLTXHV

$SSOLFDWLRQV RI YLVFRXV LQYLVFLG WHFKQLTXHYV

&DOODJKDQ % HDW W\ VKRZ VLJQLILFDQW LPSURVYHF
SUHGLFWLRQV RI WKH IORZ ILHOG DURXQG ERWK VLQJOH
LQFOXVLRQ RI WKH YLVFRXV IORZ 7KH\ HPSOR\HG WKH p'F
IRU WKH LQYLVFLG IORZ ZLWK WKH GLIIHUHQWLDO PHWKR
WUDQVLWLRQ FRUUHODWLRQV RI 6PLWK BUHGLFWLRC
WKH OF'RQQHOO 'RXJODV WZR GLPHQVLRQDO KLJK OLIW
SURJUDPPH /RZ VSHHG WHVWV ZHUH FRQGXFWHG RQ D W\
ZLWK D LQFK FKRUG 7KH ODUJH DPRXQW RI IORZ VHSDU
JUDGLHQWY DVVRFLDWHG ZLWK KLJK OLIW V\VWHPV RIWHQ
ZLQG WXQQHO ZDOOV E\ LQFUHDVLQJ WKH LQWHUDFWLRQ
ZDOO ERXQGDU\ OD\HUV 6LGH ZDOO VXFWLRQ ZDV HPSO
ERXQGDU\ OD\HU JURZWK DQG WKXV UHGXFH WKUHH GLP!
IORZ SUHGLFWLRQV TXDOLWDWLYHO\ UHSUHVHQWHG WKH
WKH WRWDO OLIW IRUFH &DOODJKDQ % HDW W\ VK
GLIIHUHQWLDO PHWKRG WR PRGHO WKH YLVFRXV HIIHFW



HGXFHG IURP WR DERYH WKDW RI WKH H[SHULPHQW
IORZ VHSDUDWLRQ zZzDV REVHUYHG RQ WKH PDLQIRLO XSSH!

%KDWHOH\ DQG %UDGOH)\ HPSOR\HG D VLPLODU VX
&DOODJKDQ % HDWW\ IRU WKH LQYLVFLG IORZ FRXS
PHWKRG DV GLVFXVVHG DERYH +RZHYHU HVWLPDWHV IRL
ZHUH LQYHVWLJDWHG E\ PDNLQJ SURYLVLRQ IRU WKH HIIHF
WKH PXOWL HOHPHQW DHURIRLO VA\VWHP FRPSRQHQWYV 7L
UHODWLQJ WKH PRPHQWXP WKLFNQHVV 5H\QROGYV QXPEHU
HITHFWYV RI ODPLQDU VHSDUDWLRQ EXEEOHV DQG WKHLU
ZHUH DSSUR[LPDWHG E\ DVVXPLQJ WKDW WKH HTXLYDOHQYV
VWUHDPOLQH WKDW HPDQDWHG IURP D VHSDUDWLRQ SRLQ
FDOFXODWLRQV $WWHPSWV ZHUH DOVR PDGH WR DSSURJL
VHSDUDWLQJ VWUHDPOLQH E\ IORZ YLVXDOLVDWLRQ WHFK
ZHUH FRQGXFWHG DV SDUW RI WKH KLJK OLIW VA\VWHP UH)\
DW WKH 1DWLRQDO 5HVHDUFK &RXQFLO 2WWDZD &DQDG
QRPLQDO ODFK QXPEHU RI DQG D FKRUG 5H\QROGV QXPI
WZR GLPHQVLRQDO IORZ ZDV LPSRVHG WKURXJKRXW WKH
HQGZDOO EORZLQJ WR HOLPLQDWH ZDOO PRGHO ERXQGDU\
SUHGLFWHG SUHVVXUH GLVWULEXWLRQV ZLWK WKH H[SHUL
RI UHDVRQDEO\ UHSUHVHQWLQJ WKH IORZ QHDU VWDOO ZL
wubDLOLQJ HGJH WKDW LQFUHDVH ZLWK LQFUHDVLQJ WUDL
WKH UHVXOW RI WKH LQDELOLW\ RI WKH GLIITHUHQWLDO PR
WKH VHSDUDWHG ZDNH

$Q H[DPSOH RI DQ LQWHJUDO ERXQGDU\ OD\HU PHWKRG WK
RI D JULG DURXQG WKH DHURIRLO VXUIDFH LV GHPRQVWUD

7KH\ HPSOR\ D VXUIDFH VLQJXODULW\ PHWKRG IRU W
DQ LQWHJUDO GLVVLSDWLRQ PHWKRG GHVFULEHG E\ 5RWW
7KH FRGH PDNHV SURYLVLRQ IRU VHSDUDWLRQ DQG WUDC
5H\QROGYVY QXPEHU RI WKH IORZ EDVHG RQ WKH FKRUG (
FDOFXODWHG ODPLQDU VHSDUDWLRQ SRLQW LV HQIRUFHG
5H © O0[0O2 WXUEXOHQW VHSDUDWLRQ DQG WUDQVLWLRQ



HVXOWV RU GHILQHG DW WKH SRLQW RI ODPLQDU VHSDU
KLIKO\ XQSUHGLFWDEOH HIIHFWV UHVXOWLQJ IURP WKH
EXEEOHY DQG VXGGHQ EXUVWLQJ RI WKHVH EXEEOHV DUH
WKHUHIRUH WR EH D FRQVHTXHQFH RI WUDLOLQJ HGJH VH
SRLQW DOVR DOORZV WKH FDOFXODWLRQ RI WKH SRWHQW
SHVXOWYV IRU WKH PXOWL HOHPHQW DHURIRLO DUH FRPSCLC
HISHULPHQWV RI )RVWHU HW DO *RRG DJUHHPHQ
HI[ISHULPHQWDO UHVXOWY LV REWDLQHG IRU VHYHUDO PXC
PD[LPXP OLIW DQG VWDOO DQJOH SUHGLFWLRQ 7KH DX
UHODWLYHO\ GLIILFXOW WR SURJUDP RQFH WKH PHWKRG L
WR D QXPEHU RI DOWHUQDWLYH FRQILIJIXUDWLRQV ©6XJJH
FDSDELOLWLHYVY UHTXLUH D PHWKRG RI DFFRXQWLQJ IRU W
DQG ZDNHV IURP WKH KLJK OLIW VI\VWHP FRPSRQHQWYV

20H PHWKRG WKDW DFFRXQWY IRU WKH FRQIOXHQW ERXQ(
DHURIRLO VXUIDFH LV GHVFULEHG E\ %UXQH ODQNH
PRGLILHG YHUVLRQ RI WKH YLVFRXV IORZ VROYHU RI 6WH
PDLQ PRGLILFDWLRQV WR WKH DHURG\QDPLF PRGHO WR
FRPSOH[ IHDWXUHV DVVRFLDWHG ZLWK PXOWL HOHPHQ\
PRGLILFDWLRQV LQFOXGH L UHSUHVHQWDWLRQ RI WKH
DHURIRLO FRPSRQHQW ZDNH GLVSODFHPHQW HIIHFWV 7
WHFKQLTXH LL WKH SUHGLFWLRQ RI ZDNH SDUDPHWHUYV
*UHHQ HW DO LLL SURYLVLRQ IRU WXUEXOHQW ER:
PHWKRG RI1 1DVK +LFNV DQG LY HYWLPDWLRQ R
ERXQGDU\ OD\HU VHSDUDWLRQ ZLWK WKH PHWKRG Rl *RUI
VLQIJXODULW\ PHWKRG LV HPSOR\HG IRU WKH LQYLVFLG 10O
YLVFRXV IORZ GLVSODFHPHQW HIIHFWV E\ XWLOLVLQJ WKH
WKH DHURIRLO VXUIDFH DQG ZDNH FHQWUHOLQH +HUH WKI
VXUIDFH LV GHILQHG DV EHLQJ SURSRUWLRQDO WR



ZKHWBWHGHQRWHY WKH GLVSODS&8HPISQWVWNRMWW QYHKHYOIRFG® O Y H
LQYLVFLG IORZ S5HSUHVHQWDWLRQ RI WKH ZDNH FHQWUH
VWDIJQDWLRQ VWUHDPOLQH IURP WKH WUDLOLQJ HGJHV RI
ODPLQDU ERXQGDU\ OD\HU LV GHWHUPLQHG ZLWK D FRPSU
VSHFLILHG RU FDOFXODWHG WUDQVLWLRQ ORFDWLRQ LV

PHWKRGVY WR FDOFXODWH WKH WXUEXOHQW ERXQGDU\ OI
TUXFNHQEURGW EDVHG RQ WKH HQHUJ\ DQG PRPHQW
WKH LWHUDWLYH F\FOH DQG WKH PHWKRG RI 6WHYHQV *|
WKH ERXQGDU\ OD\HU PHWKRG DV VHSDUDWLRQ LV DSSU
VHSDUDWLRQ LV WDNHQ LQWR DFFRXQW E\ VWXG\LQJ WKH
VWUHVYV ZLWK WKH PHWKRG RI 1DVK DQG +LFNV DW V
SURFHGXUH 7KH SURSHUWLHV RI WKH ZDNH DUH DQDO\VH
RI *UHHQ HW DO ZKLFK HQDEOHYVY FDOFXODWLRQ RI1 YV
VI\VWHP &RQIOXHQFH RI WKH XSVWUHDP ZDNHV DQG ERXC
DVVXPLQJ D FRPSRVLWH SURILOH ERXQGDU\ OD\HU PHUJL
WUHDWPHQWY IRU WKH FKDQQHO OLNH IORZVY EHWZHHQ DH
E\ FRPSDULQJ SUHGLFWLRQV WR D KRVW RI H[SHULPHQWD
DHURIRLOV PRVW QRWDEO\ WKH FRPSDULVRQV ZLWK Wl
HOHPHQW KLJK OLIW DHURIRLO V\VWHP FRQGXFWHG LQ WK
ZHUH FRQGXFWHG RQ WKH IRRW XQ HIWHQGHG FKRUG PR
5H\QROGV QXPEHU RI DSSUR[LPDWHO\ PLOOLRQ (QGzZDOC
DSSUR[LPDWH WZR GLPHQVLRQDO IORZ FRQGLWLRQV DFUR
vwboO *RRG DJUHHPHQW EHWZHHQ WKHRU\ DQG H[SHUL
SUHVVXUH GLVWULEXWLRQ DQG LQWHJUDWHG QRUPDO IRU]
LV VKRZQ IRU ERWK VLQJOH DQG PXOWL HOHPHQW DHURIR
TXDOLW\ RI WKH SUHGLFWLRQV GHWHULRUDWH UDSLGO\ ZlI
DW WKH WUDLOLQJ HGJH DQG LQ WKH FRYH UHJLRQV 'UD
WKRXJK ZLWK QRWDEOH GLVFUHSDQFLHV EHWZHHQ WKHR
DHURIRLO FRQILIJXUDWLRQV 7KH GLVFUHSDQFLHY EHWZHH
VROHO\ DWWULEXWHG WR WKH FKRVHQ YLVFRXV LQYLVFL
UHJLRQV RI VHSDUDWHG IORZ LQ WKH H[SHULPHQW TXHVW
GLPHQVLRQDO IORZ ILHOG LQ ZKLFK WR GHWHUPLQH WKH

WKDW WKH EHVW DJUHHPHQW EHWZHHQ WKH SUHGLFW



AHPRQVWUDWHG IRU IORZ ILHOGY ZKHUH WKH IORZ LV PDLC
WHVWYVY DUH UHTXLUHG LQ WKH RIlI GHVLJQ DHURIRLO FRQI
ILHOG IRU WKH HQWLUH IOLJKW HQYHORSH

JLHOG PHWKRGYV KDYH DOVR KLIKOLJKWHG WKHLU SRWHQW
RI WKH FKRUGZLVH SUHVVXUH GLVWULEXWLRQ DQG SURIL
VI\VWHP 'UHOD HPSOR\HG D VWUHDPOLQH EDVHG (XOt
WZR HTXDWLRQ ERXQGDU\ OD\HU LQWHJUDO IRUPXODWLRQ
DQDO\VH WKH IORZ ILHOG DVVRFLDWHG ZLWK D HOHPHQ'
FDOFXODWHY WKH LQYLVFLG VWUHDP OLQHYVY DURXQG WKH
VLQIJXODULW\ PHWKRG 7KH QXPHULFDO JULG LV WKHQ JH
GHILQLQJ QRUPDO VWUHDPOLQHVY WKDW DUH RUWKRJRQEC
VXUIDFHY 2QH DGYDQWDJH RI WKLV VROXWLRQ WHFKQLT
FRQWLQXDOO\ XSGDWHG GXULQJ WKH VROXWLRQ SURFHYV
HITHFWV RI WKH VXUIDFH ERXQGDU\ OD\HUV DQG PXOWL H
7KH FRPSXWDWLRQDO PHWKRG DOVR GHPRQVWUDWHYV WK
VLQJOH DQJOH RI DWWDFN KDV EHHQ REWDLQHG RQO\ D I
FDOFXODWH WKH IORZ ILHOGY DW DOWHUQDWLYH DQJOHYV
XVLQJ GDWD IURP WKH H[SHULPHQWYV RI %UXQH 6LNDY
PHDVXUHPHQWY RI WKH VXUIDFH SUHVVXUH GLVWULEXWLF
GUubJ ZHUH PDGH *RRG DJUHHPHQW LV VKRZQ WKURXJKRX!
IRU ERWK LQWHJUDWHG OLIW DQG GUDJ FKDUDFWHULVWLF
PD[LPXP OLIW WKDW WKH DXWKRUV DWWULEXWH WR WKH
HITHFWV LQ WKH FDOFXODWLRQ 7KH H[SHULPHQW FOHDUC
ERXQGDU\ OD\HU PHUJLQJ DV WKH FRPELQHG V\VWHP IOR.
ZDNH HQWHUV WKH VWURQJ SUHVVXUH JUDGLHQWY DVVRFL
D WHQGHQF\ IRU IORZ UHYHUVDO WR RFFXU LQ WKH ZDNH
EH JHQHUDWHG 7KH VODW ZDNH FRQIOXHQFH WKHUHIRUH
PXOWL HOHPHQW DHURIRLO OLIW SHUIRUPDQFH 'UHODYV I
UDSLG FDOFXODWLRQV IRU WKH WZR GLPHQVLRQDO IORZ |
DHURIRLOV WKURXJKRXW WKH PDMRULW\ RI WKH DQJOH R
JRRG SODWIRUP WR JXLGH VRSKLVWLFDWHG 5%$16 VROXWLEF
IORZ ILHOGYV



: KLOH VRPH LPSUHVVLYH UHVXOWY KDYH EHHQ GHPRQVW
WHFKQLTXHV PDQ\ RI WKH HVVHQWLDO IORZ ILHOG SDU|!
VROXWLRQ RI WKH WLPH DYHUDJHG 1DYLHU 6WRNHV HTX
FRPSXWLQJ SRZHU DQG VWRUDJH KDV IRFXVVHG UHFHQW
GHYHORSLQJ 5%$16 PHWKRGV ,Q UHJLRQV ZKHUH WKH HI
VROXWLRQV IRU WKH IORZ ILHOG YDULDEOHY FDQ EH UHDG
PHWKRGY +RZHYHU LQ WKH PDMRULW\ RI PXOWL HOHPHC(
WKHUH LV WUDQVLWLRQ RI WKH ERXQGDU\ OD\HU IURP ODP
5$16 WHFKQLTXHY FDQ DGHTXDWHO\ UHSUHVHQW WKH IOR.:
WUDQVLWLRQ DQG WXUEXOHQFH TXDQWLWLHYV ZLWKLQ WK
IROORZLQJ GLVFXVVLRQ RXWOLQHV WKH SURFHGXUH IRU
PXOWL HOHPHQW DHURIRLO I10RZV DQG VRPH PRVW FR
WHFKQLTXHV XWLOLVHG LQ WKHVH VROXWLRQV 7KH UHDG
NH\ PLOHVWRQHV LQ KLJK OLIW VA\VWHP IORZ ILHOG SUHGLI

5H\QROGY DYHUDJHG 1DYLHU 6WRNHV PHWKRGYV

7KH FRPSOH[ QDWXUH RI WKH IORZ ILHOG DQG JHRPHWU\ F
QXPEHUV RI JULG QRGHY WR UHVROYH WKH VWHHS YDULDW
QXPHULFDO VROXWLRQ $V VLQJOH VWUXFWXUHG ERG\ FR(
IRU PRVW SUDFWLFDO JHRPHWULHV VXLWDEOH IORZ ILHO
GHYHORSHG WR HQDEOH VROXWLRQV RI WKH 5%$16 HTXDV
SRSXODU PHWKRGV FXUUHQWO\ HPSOR\HG XVH HLWKHU VW
EDVHG RYHUODSSLQJ JULGV RU XQVWUXFWXUHG PHVKHV V
GRPDLQ >VHH -DVSHU HW DO IRU D FRPSDULVRQ@ 0X
UHTXLUH WKH FRPSXWDWLRQDO GRPDLQ WR EH VXEGLYLGI
YROXPHY ZLWK WKH UHJLRQ KDYH RQH WR RQH SRLQW FR
VOLJKWO\ ODUJHU PHVKHV WR HQVXUH DGHTXDWH JULC
LPSOHPHQWDWLRQ RI WKH QXPHULFDO IORZ VROYHU ([DP.
EORFN PHWKRGY WR PXOWL HOHPHQW KLJK OLIW IORZV DU

SRJHUV HW DO DQG *RGLQ HW DO $ &KLPHL
HQDEOHYVY LQGHSHQGHQW JHQHUDWLRQ RI VWUXFWXUHG PF
GR QRW QHHG WR PDWFK DW WKH EORFN ERXQGDULHV $V



WH DHURIRLO VXUIDFH LV QRW FRPSURPLVHG E\ WKH GHS
JRQHV RI WKH FRPSXWDWLRQDO GRPDLQ 5RJHUV HW DO
JULG DSSURDFK HQDEOHV GHWDLOHG IORZ FKDUDFWHULYV
HITRUW UHTXLUHG IRU JULG JHQHUDWLRQ 8QVWUXFWXUHG
WR WKH FRPSOH[ JHRPHWULHY DVVRFLDWHG ZLWK KLJK Ol
ZLWK ZKLFK D FRPSXWDWLRQDO PHVK FDQ EH JHQHUDWHG
JHRPHWU\ DV UHSRUWHG LQ WKH ZRUN RI $QGHUVRQ %
ODYULSOLYV "HILQLWLRQ RI SRLQW FORXGV IRU WKH V
JUHDWHVW VLIJQLILFDQFH ZLWKLQ WKH IORZ ILHOG DOOF
DFFXUDWHO\ UHSUHVHQWHG +RZHYHU XQVWUXFWXUHG I(
SLWIDOOV J)LUVWO\ KLIJKO\ VWUHWFKHG FHOOV DW WK
LQDFFXUDFLHY LQWR WKH IORZ VROXWLRQV DV UHOHY
DSSUR[LPDWHG ZLWK OLQHDU PHWKRGV DFURVV WKH F|
WHWUDKHGUDO FHOO LQ DQ XQVWUXFWXUHG PHVK UHTXL
ZKLFK UHVXOWY LQ DQ LQFUHDVH LQ WKH UHTXLUHG FRPS)
D VROXWLRQ

8SRQ DGHTXDWH GLVFUHWLVDWLRQ Rl WKH FRPSXWDWLRQ
IORZ ILHOG DURXQG D PXOWL HOHPHQW DHURIRLO LV Gt
VXLWDEOH WXUEXOHQFH PRGHO WR DGHTXDWHO\ GHILQH
YLVFRXV VKHDU OD\HUV 8QIRUWXQDWHO\ WKH TXHVWLR
UHPDLQV D PDMRU VWXPEOLQJ EORFN 7XUEXOHQFH PRG
SUDFWLFDO DSSOLFDWLRQ DUH RIWHQ RYHU VLPSOLILHG
GHVFULELQJ DOO WKH IHDWXUHV RI WKH IORZ ,Q SDUWLFX
RQ ZDNHV >%UDGVKDZ @ WUDQVLWLRQ DQG ERXQGD!

@ DOO RI ZKLFK KDYH D VLJQLILFDQW HIIHFW RQ WK
KLJK OLIW VIVWHPV DUH RIWHQ QHJOHFWHG 6RSKLVWLFD
WKDW DSSUR[LPDWH WKH KLJKHU RUGHU HIIHFWV RI PR
+RZHYHU WKH PRUH VRSKLVWLFDWHG WXUEXOHQFH PRGH!
OHYHO RI HPSLULFDO GDWD WR DFKLHYH D FRQYHUJHG \
IURP H[WHQVLYH ZLQG WXQQHO WHVWV $V D UHVXOW WK
PRGHOV RQ HPSLULFDO GDWD OLPLWV WKHLU DELOLW\ WR



WUHH PRVW FRPPRQ WXUEXOHQFH PRGHOOLQJ DSSURDFKF
PRUH VRSKLVWLFDWHG GLVFXVVLRQ RI WXUEXOHQFH PRGH

,Q ODPLQDU IORZV HQHUJ\ GLVVLSDWLRQ DQG WUDQVSRL
QRUPDO WR WKH VWUHDPOLQHY DUH JRYHUQHG E\ WKH YL
EHWZHHQ WKH IOXLG SURSHUWLHY DQG YLVFRVLW\ OHDG W
EH UHSUHVHQWHG DV DQ LQFUHDVH LQ YLVFRVLW\ WKH
SUHGLFW WXUEXOHQW IORZV WKDW LV JHUR HTXDWLRQ F
UHODWLQJ WKH WXUEXOHQW NLQHWLF HQHUJ\ RU D YHORF
6 PLWK DQG %DOGZLQ IRPD] @ $OWKRXJIK DGH-
VFHQDULRYVY WKH PRGHOV KDYH GLIILFXOW\ GHVFULELQJ

IORZ EHKDYLRXU ZKHQ VHSDUDWLRQ LV SUHVHQW ORUH LC
EHHQ GHPRQVWUDWHG E\ HPSOR\LQJ RQH HTXDWLRQ PRG]I
% %9 DQG 6SDODUW $OOPDUDV 6 $ 7TKH % % DQG
WKH WZR HTXDWLRQ N V WXUEXOHQFH PRGHO WKDW DUH \
HTXDWLRQ WR GHWHUPLQH WKH HGG\ YLVFRVLW\ 7KH ILQ!
WR XVH WZR HTXDWLRQ WXUEXOHQFH PRGHOV FDOFXODWL
RI WKH WXUEXOHQW YRUWLFDO VWUXFWXUHY DQG WKH WX
HTXDWLRQ PRGHOV IUHTXHQWO\ HPSOR\HG IRU DHURG\QDF
NV PRGHO RI /IDXQGHU 6SDOGLQJ DQRG WKH N FR PR
IROORZLQJ VHFWLRQ KLJKOLJKWYV VRPH RI WKH VWXGLHV
DELOLW\ RI WKH WXUEXOHQFH PRGHOV WR DGHTXDWHO\ U
HOHPHQW KLJK OLIW V\VWHPYV

$SSOLFDWLRQV RI 5$16 WHFKQLTXHYV

%DUWVFK HW DO HPSOR\ D FRQVHUYDWLYH ILQLWH Y
IDYLHU 6WRNHV HTXDWLRQV FRXSOHG ZLWK WKH N V WXL
RUWKRJRQDO PXOWL EORFN VWUXFWXUHG JULG DURXQG \
VI\VWHPV :DOO IXQFWLRQV DUH HPSOR\HG ZLWKLQ WKH 10
UDSLGO\ YDU\LQJ WXUEXOHQFH SDUDPHWHUV FORVH WR W
ODPLQDU WR WXUEXOHQW WUDQVLWLRQ LV PDGH WKXV W
WKURXJKRXW WKH WHVWHG DQJOH RI DWWDFN UDQJH ,Q
VSDFH UHTXLUHG WR REWDLQ VROXWLRQV IRU WKH I0ORZ



WRUHG DW WKH FHQWUH RI WKH FRQWURO YROXPH DV R
DUUDQJHPHQW &HQWUDO GLIIHUHQFHYV ZHUH HPSOR\HG W
D FRPELQDWLRQ RI FHQWUDO DQG XSZLQG GLIIHUHQFHYV V
'LWK QR H[SOLFLW HTXDWLRQ IRU SUHVVXUH LQ WKH LC
1DYLHU 6WRNHYV HTXDWLRQV WKH 6,03/( DOJRULWKP RI1 3I
HPSOR\HG WR OLQN WKH SUHVVXUHV WR WKH YHORFLWLHYV
UHODWLYHO\ pLQH[SHQVLYHY PHWKRG RI DGHTXDWHO\ VLF
WZR GLPHQVLRQDO DQG WKUHH GLPHQVLRQDO PXOWL HOH
WKH QHHG WR UHVROYH IRU IORZ ILHOG YDULDEOHYV LQ W
IRU WKH VXUIDFH SUHVVXUH GLVWULEXWLRQV PHDQ YHC(
FRPSDUHG ZLWK WKH H[SHULPHQWYV RI $GDLU +RPH
EHWZHHQ SUHGLFWHG DQG H[SHULPHQWDO UHVXOWYV LV
GLVWULEXWLRQV 7KH IORZ VROYHU FRQVWDQWO\ XQGHU
FRPSRQHQW RI ERWK KLJK OLIW VA\VWHPV DQG IDLOV WR Sl
6LIJQLILFDQW GHYLDWLRQV IURP WKH H[SHULPHQW DUH \
5H\QROGV VKHDU VWUHVV SURILOHV DV WKH FRPSXWHG ZI
WKDQ WKRVH LQ WKH H[SHULPHQW 1HYHUWKHOHVV WKH F
LGHQWLI\LQJ H[SHULPHQWDO WUHQGYV REVHUYHG LQ WKH
HOHPHQW KLJK OLIW FRQILIJXUDWLRQV $V D UHVXOW WKI
LOQWHUDFWLYH FRPSXWDWLRQDO H[SHULPHQWDO KLJK OLIV
WZR DQG WKUHH GLPHQVLRQDO IORZ ILHOGV

,QYHVWLIJDWLRQV E\ 5RJHUV HW DO -DVSHU HW DO

VWXG\LQJ WKH IORZ ILHOGV DVVRFLDWHG ZLWK D UDQJH R
KLIJIKOLJKW WKH UREXVWQHVV DQG VXSHULRULW\ RI WKH
HTXDWLRQ PRGHOV WR SUHGLFW PXOWL HOHPHQW IORZV
&KLPHUD JULG JHQHUDWLRQ DSSURDFKHV ZHUH FRXSOHG

DQG 3(*686 LQFRPSUHVVLEOH IORZ VROYHUV WR GLVFUp
LQFRPSUHVVLEOH DSSURDFK ZDV GHHPHG YDOLG DV WKH F
FRQILQHG WR UHODWLYHO\ VPDOO UHJLRQV QHDU WKH OHEL
RIIl DQG ODQGLQJ FRQILIXUDWLRQV 7UDQVLWLRQ LQ WKH
WKH UHVSHFWLYH SURGXFWLRQ DQG HGG\ YLVFRVLW\ WHU|
DQG %DOGZLQ /RPD[ % / PRGHO WR ]JHUR XSVWUHDP RI W



&RPSXWHG UHVXOWYV IRU WKH 1%$&%$ DHURIRLO HTXLSSHC(
FRPSDUHG ZLWK WKH H[SHULPHQWYV RI $GDLU +RPH

OHG WR HDFK RI WKH JURXSV RI DXWKRUV FRQFOXGLQJ
SHUIRUPV VLIJQLILFDQWO\ EHWWHU WKDQ WKH % / WXUEXO
9HU\ JRRG DJUHHPHQW LV VKRZQ EHWZHHQ FRPSXWHG UH
VXUIDFH SUHVVXUH GLVWULEXWLRQ ZLWK VRPH GLVFUHSD
I1RWDEOH GLIILFXOWLHY DUH DSSDUHQW ZKHQ WKH IORZ V
EXEEOHYVY PXOWLSOH UHJLRQV RI VHSDUDWHG IORZ DQG XC
EHWZHHQ WKH PHDQ YHORFLW\ SURILOHV DQG 5H\QROG
GHPRQVWUDWHG XVLQJ WKH % %% PRGHO ZKHQ FRPSDUHG
%DUWVFK HW DO IRU WKH 1%$&$ DHURIRLO HTXLSS
) XUWKHU LPSURYHPHQWY LQ SUHGLFWLYH FDSDELOLWLHYV
FDQ EH PRGLILHG WR EHWWHU UHSUHVHQW WKH H[SHULPH
WKH SUHVVXUH JUDGLHQWYV LQ WKH QHDU ZDOO DQG QHDL
IORZ ILHOG +RZHYHU WKH FRQVWUDLQWY RI LQFUHDVHG
VROYH WKH PRGLILHG WXUEXOHQFH PRGHOV PD\ OLPLW W
GHVLJQ WRROV

ORGLILHG YHUVLRQV RI WKH N V WXUEXOHQFH PRGHO HL\
LOQWHJUDWLQJ XS WR WKH ZDOO KDYH LQGLFDWHG WKH SR
WXUEXOHQW ZDNH VWUXFWXUH O9DODUH]R ODYULSOLYV

1HOVRQ HW DO DOO HPSOR\ WKH N FR 6KHDU 6WUHVV
OHQWHU WR SUHGLFW WKH IORZ ILHOG DURXQG D UDQ
NFR 667 PRGHO HOLPLQDWHYV WKH VHQVLWLYLW\ RI FR L
VZLWFKLQJ WR DQ DOWHUQDWLYH IRUP RI WKH N V WXUEX!
UHJLRQ ,Q PRVW FDVHV WKH ODPLQDU WR WXUEXOHQW E
E\ VZLWFKLQJ RIl WKH SURGXFWLRQ WHUPV $OWKRXJK VZI
WKH WXUEXOHQFH PRGHOV DFFRXQWYV IRU VRPH ODPLQDU
PHWKRG LV FUXGH DQG KDV QR SK\VWLFDO PHDQLQJ /LWWO
SUHVVXUH GLVWULEXWLRQV LV DSSDUHQW LQ WKH UHVX(
WXUEXOHQFH PRGHOV ZKHQ WKH PDMRULW\ RI WKH IORZ 1
FRPSRQHQWYV +RZHYHU ZKHQ IORZ VHSDUDWLRQ LV VXI



REWDLQHG ZLWK WKH WZR HTXDWLRQ N FR 667 WXUEXOHQF
EHWWHU DJUHHPHQW EHWZHHQ SUHGLFWHG DQG H[SHULP
7KH VXSHULRU SHUIRUPDQFH RI WKH N FR 667 WXUEXOHQFF
WKDW LW DFFRXQWY IRU WKH WUDQVSRUW RI WKH SULQFIL
SUHVVXUH JUDGLHQW IORZV $QDO\VLV RI WKH PHDQ YH
EHWZHHQ HDFK RI WKH FRPSXWDWLRQV DQG WKH H[SHULP/
SUHGLFWHG ERXQGDU\ OD\HU FRQIOXHQFH DQG WKH YHOR
5HVXOWY REWDLQHG ZLWK WKH 6 $ WXUEXOHQFH PRGHC
HISHULPHQWDOO\ GHWHUPLQHG PHDQ YHORFLW\ SURILOH
QHJOLJLEOH :KHQ VHSDUDWLRQ LV GRPLQDQW WKH N FF
DJUHHPHQW EHWZHHQ WKH FRPSXWDWLRQDO DQG H[SHULP

"LITLFXOWLHYVY H[SHULHQFHG LQ DFFXUDWHO\ FRPSXWLQJ
IORZV KDV SURPSWHG D QXPEHU RI &))" ZRUNVKRSV WR GL'
Rl PRUH DGYDQFHG QXPHULFDO WHFKQLTXHV ,Q VHSDUD

6RFLHW\ RI &DQDGD ,)HLWHN WKH 1$6$% &)' &KDOO
DQG WKH *$7(85 KLJK OLIW SURJUDPPH ,/LQGEODG
IRUHQWI]HQ ILQGEODG @ VWDWH RI WKH DUW QXP]

HPSOR\HG LQ DQ DWWHPSW WR SUHGLFW WKH FRPSOH[ I
HOHPHQW KLJK OLIW V\VWHPYV

JHMWHN VXPPDULVHVY WKH UHVXOWVY RI WKH FRPSX
LQVWLIJDWHG E\ WKH &)' 6RFLHW\ RI &4DQDGD 1XPHULFDO
H[SHULPHQWDO GDWD GHVFULEHG E\ ORLU FRYHULQJ

ZLQG WXQQHO WHVWV VSHFLILFDOO\ GHVLIJQHG IRU &))" YL
HI[SHULPHQWDO GDWD IRU YDOLGDWLRQ UHIOHFWYV WKH DI
DQG UHSHDWDELOLW\ UHSRUWHG LQ WKH ZLQG WXQQHO W
WKUHH HOHPHQW KLJK OLIW VA\VWHP LQ WKH WDNH RIlI FR
IODS GHIOHFWLRQV RI f DQG f DW D ODFK QXPEHU RI
QXPEHU MXVW DERYH PLOOLRQ S5HOLDEOH WZR GLPHQVL
SLWFKLQJ PRPHQW GUDJ DQG YHORFLW\ SURILOH H[SHUL
DQJOH RI DWWDFN UDQJH f WKURXJK f /IDPLQDU WR WX



ZDV IL[HG DW RI WKH FKRUG RQ WKH XSSHU DQG ORZH
QDWXUDO WUDQVLWLRQ RFFXUULQJ RQ WKH VODW DQG IOLC
WKDW VWDOO RI WKH PXOWL HOHPHQW KLJK OLIW V\VWHP
OD\HU VHSDUDWLRQ RQ WKH PDLQIRLO FRPSRQHQW $V D
ZLWK SUHGLFWLQJ WKH KLJKO\ QRQ OLQHDU HIIHFWV RQ W
VHSDUDWLRQ EXEEOHV ZHUH HOLPLQDWHG

7THQ SDUWLFLSDQWY LQ WKH &)' FRGH YDOLGDWLRQ H[HUFL
DQG 5%$16 DSSURDFKHVY WR DQDO\VH WKH IORZ ILHOG FKDUI
VXUIDFH SUHVVXUH GLVWULEXWLRQV DURXQG WKH PXOWLIL
YHORFLW\ SURILOHV DERYH WKH PDLQIRLO DQG IODS HOH
EORFN VWUXFWXUHG RU RYHUODLG PHVKHV WZR XWLOLYV
UHTXLULQJ QR ILHOG PHVK %RWK LQFRPSUHVVLEOH DQG
VROYHG RQ WZR GLPHQVLRQDO DQG WKUHH GLPHQVLRQDO
ERXQGDU\ OD\HU PHWKRGV RU RQH WZR HTXDWLRQ WX
YLVFRXV LQYLVFLG DSSURDFKHV HPSOR\HG WKH ODJ HQW

IRU WKH WXUEXOHQW ERXQGDU\ OD\HU FRXSOHG ZL\
SRWHQWLDO IORZ HTXDWLRQ PHWKRG RQ D &DUWHVLDQ
GLVWULEXWLRQ PHWKRG 5%$16 VROXWLRQV ZHUH REWDLQ!
WZR HTXDWLRQ N FR 667 DQG N J WXUEXOHQFH PRGHOV 71
LQ VRPH RI WKH FDOFXODWLRQV ZLWK WKH H PHWKRG 6F
PRGHO RU VHWWLQJ WKH WXUEXOHQFH WUDQVSRUW HTXD
VWULS RQ WKH H[SHULPHQWDO PRGHO

3UHGLFWHG UHVXOWYVY RI WKH OLIW GUDJ DQG SLWFKLQJ
YLVFRXV LQYLVFLG WHFKQLTXHVY WR PRGHO WKH IORZ ||
VLIQLILFDQW DQG WKH ERXQGDU\ OD\HUV VHSDUDWH 'HYL
DUH GHPRQVWUDWHG WR EH VLIJQLILFDQWO\ UHGXFHG E\ H
DQJOHVY RI DWWDFN UHVXOWY REWDLQHG ZLWK WKH LQFR
RI GHVFULELQJ WKH OLIW GUDJ DQG SLWFKLQJ PRPHQW F|
HITHFWYV RQ WKH YDULDWLRQ RI WKH SUHVVXUH ILHOG 7KI
DUH HFKRHG LQ DOO WKUHH &)' YDOLGDWLRQ H[HUFLVH\
FRQFOXGHY WKDW WR EH DEOH WR SUHGLFW WKH IORZ ILI



KLJK OLIW VI\VWHP WKH GHVLIJQHU PXVW HQVXUH WKDW ZL
LVVXHV DUH DGGUHVVHG

T 7KH JULG GHQVLW\ DURXQG WKH PXOWL HOHPHQW K
VXLWDEO\ ILQH WR FDSWXUH DOO RI WKH UHOHYDQW WXUE
¥ 7KH ORFDWLRQ DQG PHWKRG RI SUHGLFWLQJ ER
VRSKLVWLFDWHG HQRXJK WR PLUURU WKH H[SHULPHQWDOC
¥ 7KH 5%$16 PHWKRG PXVW HPSOR\ DW OHDVW D RQH H
GHILQH WKH IOXFWXDWLQJ IORZ ILHOG FKDUDFWHULVWLFV
T 7KH HIITHFWV RI FRPSUHVVLELOLW\ RQ WKH IORZ ILHO
WKH FRQIOXHQW ERXQGDU\ OD\HUV DERYH WKH KLJK OLIW

$OWKRXJK JRRG DJUHHPHQW EHWZHHQ FRPSXWDWLRQDO
GHPRQVWUDWHG IRU WZR GLPHQVLRQDO PXOWL HOHPHQ
YLVFRXV LQYLVFLG DQG 5$16 FRPSXWDWLRQDO WHFKQLT
WHFKQLTXHV LV GHPRQVWUDWHG WR EH KLJKO\ GHSHQGH
DQG UHOLDEOH H[SHULPHQWDO GDWD WR LGHQWLI\ WK
EHQFKPDUN WKH QXPHULFDO WHFKQLTXHV DJDLQVW 7K
SUHGLFWLQJ PXOWL HOHPHQW KLJK OLIW IORZV GHPRQVW!
&)' WHFKQLTXHV GRHV QRW HUDGLFDWH WKH QHHG IRU ZL
&)'" WHFKQLTXHV FDQ H[SHGLWH WKH RSWLPLVDWLRQ RI P
HQDEOLQJ GHVLJQHUV WR LGHQWLI\ EHQHILFLDO WUHQG\
PRGLILFDWLRQV DQG ODS DQG JDS VHWWLQJV ZLWKRXW \
WHVWLQJ &) WKHUHIRUH KDV D VLJQLILFDQW UROH LQ Wi
FRQILIXUDWLRQV LQ ERWK WZR GLPHQVLRQV DQG RQ D WK

(QKDQFHPHQWY LQ KLJK OLIW VA\VWHP FDSDELOLWLHV KDY
EHWWHU XQGHUVWDQGLQJ RI WKH IORZ ILHOG DQG E\ WK
JHRPHWULHY +RZHYHU IXUWKHU LPSURYHPHQWY LQ WKH
EHHQ GHPRQVWUDWHG E\ WKH LPSOHPHQWDWLRQ RI puSD
FRQWURO ,QQpVvV HW DO VKRZ WKDW HPSOR\LQJ YDQH
WKUHH FRPSRQHQW KLJK OLIW VA\VWHP HQDEOHG FRQVLGH!
UDQJH ZKLOVW LQFUHDVLQJ WKH PD[LPXP JHQHUDWHG O



MRXSOLQJ D VXLWDEOH &)'" WHFKQLTXH ZLWK KLJK OLIW D
SHUPLW WKH GHVLJQ RI LPSURYHG KLJK OLIW FRQILIJXUDW
VRPH RI WKH PRVW VLIJQLILFDQW FRPSXWDWLRQDO DQG HJ
DQG DFWLYH IORZ FRQWURO WHFKQLTXHY WR GDWH

3DVVLYH DQG DFWLYH IORZ FRQWURO ZLWK YRUWH[ JHC

7KH SXUSRVH RI DQ\ IORZ FRQWURO GHYLFH LV WR HQKDGQ
WKH ERXQGDU\ OD\HU WR GHOD\ WKH RQVHW RI IORZ VHE
PHWKRG FXUUHQWO\ HPSOR\HG WR GHOD\ ERXQGDU\ OD\HL
DQG LQWHUQDO DHURG\QDPLF IORZV LV WKH LQVWDOOL
JHQHUDWRUYV 9*V 7TKHVH GHYLFHV ZRUN E\ LQGXFLQJ \
I[UHHVWUHDP IORZ WR IRUP ZHOO RUJDQLVHG YRUWLFDO
SHQHWUDWHY GRZQVWUHDP ,QFUHDVHG PL[LQJ LV SURPR
WKH I[UHHVWUHDP LV VZHSW DORQJ D KHOLFDO SDWK WRZ
PRPHQWXP IOXLG LV UDSLGO\ FRQYHFWHG DZD\ IURP WKH
$V D UHVXOW WKH PHDQ VWUHDPZLVH PRPHQWXP RI WKH
LQFUHDVHG DQG IORZ VHSDUDWLRQ LV GHOD\HG 9*V SU
HQHUJLVDWLRQ IRU WKH UHWDUGHG IORZV ZLWKLQ WKH E
FDXVHG E\ DGYHUVH SUHVVXUH JUDGLHQWY DQG UHGXFL
SUHVVXUH JUDGLHQWY DQG VWURQJHU VKRFN ZDYHV FDQ
YLVFRXV IORZV RQ DHURG\QDPLF VXUIDFHV VXLWDEO\ FR
8VHIXO GUDJ UHGXFWLRQV PD\ DOVR UHVXOW IURP SURSHL
HITHFWV RI WKH YRUWLFDO PRWLRQ DUH DEOH WR OLPLW
WKH wubDLOLQJ HGJH HYHQ ZKHQ WKHUH KDV EHHQ IORZ G

$ UDQJH RI pSDVVLYHY VROLG YRUWH[ JHQHUDWRU GHYLF
DHURG\QDPLF VXUIDFH WR LQIOXHQFH WKH IORZ ILHOG
ERXQGDU\ OD\HU DV VKRZQ LQ VHH )LIXUH RYHU WKH ¢



JLIXUH ([DPSOHV RI VROLG YRUWH[ JHQHUDWRUYV

7KH PRVW FRPPRQO\ HPSOR\HG W\SHV DUH WKRVH RI WKFE
99~ %UX\QHVY DQG 7D\ORU RI WKH 8QLWHG $LUFUDIW &RU
LQ WKH PLG IRUWLHV >%UX\QHV 7D\ORU 7KH\ FRQ\
PRXQWHG QRUPDO WR WKH DHURG\QDPLF VXUIDFH WKDW I
VHW \DZHG WR WKH RQFRPLQJ IORZ WR JHQHUDWH D PDWL
6HWWLQJ HDFK 99* WR WKH VDPH KHLJKW DQG \DZ DQJOH
JHQHUDWLRQ RI D VHW RI FR URWDWLQJ LGHQWLFDO YRUYV
DUUDQJHG DW DOWHUQDWH SRVLWLYH DQG QHJDWLYH \DZ
YRUWH[ VA\VWHP >3HDUFHY

$ GLVDGYDQWDJH RI GHSOR\LQJ VXFK GHYLFHV LV WKH DG
WKH ERG\ GXH LQ SDUW WR ORFDO ERXQGDU\ OD\HU WKL
7KH SHQDOWLHYVY DUH PRUH WKDQ RIIVHW E\ WKH LPSURY|
PRPHQW FKDUDFWHULVWLFVY RI WKH DHURIRLO DQG WKH LC



IQGXFHG ERXQGDU\ OD\HU VHSDUDWLRQ LQ FUXLVH 1HYH
FRQFHUQHG ZLWK UHGXFLQJ WKH VXUIDFH DUHD RI WKH 99
WKH DGGLWLYH SDUDVLWLF GUDJ /LQ HW DO GHPRQV!
YDQH YRUWH[ JHQHUDWRUV ZLWK D KHLJKW RI DSSURJ[LPL
OD\HU WKLFNQHVV WKDW DGHTXDWHO\ VXSSUHVV IORZ VHE
RI WKH XVH RI VROLG YDQH YRUWH[ JHQHUDWRUV WR FR(
UHIHUUHG WR *DG HO +DN % XVKQHOO

(OLPLQDWLRQ RI WKH LQVWDOOHG GUDJ HIIHFWV RI WKH |
WR WKH LGHD RI upDFWLYHY GHYLFHV WKDW FDQ EH VWRZH!
LV KHUH WKDW WKH SRWHQWLDO IRU SQHXPDWLF IORZ FF
LOMHFWLQJ H[FHVV PRPHQWXP LQWR WKH UHWDUGHG IOR:
UHWDUGHG IORZV E\ ZDOO VXFWLRQ VFKHPHV $ SURPLV/
GHYLFH WR LQFUHDVH WKH PRPHQWXP WUDQVIHU ZLWKLQ
GHPRQVWUDWHG E\ :DOOLV ZLWK DLU MHW YRUWH[ J
FRQVLVWY RI D MHW RI DLU VTXLUWLQJ IURP WKH DHURG\Q
ZLWK WKH RQFRPLQJ IUHHVWUHDP DQG YLVFRXV IORZV ,C
MHWYV H[LWLQJ SHUSHQGLFXODU WR WKH VXUIDFH LQ D Fl
FRXQWHU URWDWLQJ YRUWH[ SDLU DFWLQJ DV D IORZ VS
:DOOLV UHYHDOHG WKDW \DZLQJ DQG SLWFKLQJ Wt
I[UHHVWUHDP GLUHFWLRQ VLIJQLILFDQWO\ HQKDQFHG WKH V
ZHDNHQLQJ WKH LQIOXHQFH RI WKH RWKHU DV VKRZQ LQ
IOX[HV D GRPLQDQW YRUWH[ OLNH WKRVH SURGXFHG E\
PDLQ DGYDQWDJHYV UHVXOW IURP HPSOR\LQJ $-9*V RQ DHL
WR FRQYHQWLRQDO VROLG 99*V 7KH ILUVW LV WKDW ZKHQ
DFWLYDWHG HOLPLQDWLQJ WKH DGGLWLYH GUDJ SHQDO\
6HFRQGO\ WKH PDVV IOX[ RI WKH H[LWLQJ MHWV VHUYHV
KHOLFDO VWUXFWXUHY PLIJUDWH GRZQVWUHDP RIIHULQJ L
IORZ VA\VWHP WKURXJK WKH DGYHUVH SUHVVXUH JUDGLHQW



JLIXUH 9RUWH[ IRUPDWLRQ GHYHORSHG E\ \DZHG DQ
IJHZLQJWRQ HW DO

S3HUIRUPDQFH RI WKH YRUWH[ V\VWHPV ZKHWKHU FR URWV
GHSHQGHQW XSRQ WKH VSDFLQJ EHWZHHQ WKH YRUWLFHYV
EH VXIILFLHQWO\ ODUJH WR HQVXUH WKDW WKH ORZ PRPH
WKH VXUIDFH DQG QRW VZHSW EDFN WRZDUGV WKH VXUID!
URWDWLQJ YRUWH[ FRQILIJXUDWLRQ VHH )LIXUH EHORZ
WKH HIITHFWV R1 99* VSDFLQJ RQ WKH GHYHORSPHQW RI WK



6SDFLQJ 6

JLIXUH &R URWDWLQJ YRUWH[ DUUD\V IURP HTXL VSDFF
FRQWRXUV RI YHORFLW\ [URP 3HDUFH\

%HORZ ' K WKH ORZ PRPHQWXP IOXLG WKDW LV EHLQJ V
RQH YRUWH[ LV IRUFHG EDFN WR WKH VXUIDFH E\ WKH D
EHQHILFLDO HIIHFWV LQGXFHG E\ WKH YRUWLFHV RQ WK
ERXQGDU\ OD\HU DUH GDPSHG E\ WKH SUR[LPLW\ RI WKH D
" K WKHUH LV OLWWOH LOWHUIHUHQFH EHWZHHQ WKH D
XVHIXO YRUWLFHY LV JHQHUDWHG IRU SXUSRVHV RI IORZ F

,Q WKH FRXQWHU URWDWLQJ YRUWH[ FRQILIJXUDWLRQ WK
YRUWLFHY KDV D VLIJQLILFDQW LQIOXHQFH RQ WKH VXEVH
ERXQGDU\ OD\HU )LJXUH KHQ WKH LQGXFHG IORZ EHV
LV WRZDUGV WKH VXUIDFH FRPPRQ IORZ GRZQ HITHFW LY
DFKLHYHG E\ LPSLQJLQJ D UHJLRQ RI KLJK HQHUJ\ IOXLG D
WUXH ZKHQ WKH LQGXFHG IORZ EHWZHHQ DGMDFHQW YR
FRPPRQ IORZ XS



"LVWDQFH GRZQVWUHDP

JLIXUH &RXQWHU URWDWLQJ YRUWH[ DUUD\V IURP HT
LQGLFDWHG E\ D[LDO YHORFLW\ FRQWRXUV I[URP ¢

KHQ bDuuD\V RI YRUWH[ JHQHUDWRUYV DUH WR EH LQVWDOC(
DHURG\QDPLF VXUIDFH DQ XQGHUVWDQGLQJ LV UHTXLUHC
YRUWLFHYV LQ WKH DUUD\ DUH DIIHFWHG E\ WKH LQGXFHG
FRQVLGHULQJ DQ DUUD\ RI HTXL VSDFHG FR URWDWLQJ 9
LQGXFHG YHORFLWLHYVY RQ DQ\ RQH YRUWH[ E\ LWV QHLJKE
HTXDO DQG RSSRVLWH VHH )LJXUH $V D UHVXOW WK
YRUWH[ SDLU GR QRW LQIOXHQFH WKH KHLJKW RI WKH YRU
GRZQVWUHDP +RZHYHU WKH LQGXFHG YHORFLWLHV LQ W
WKH ZDOO DUH HTXDO LQ PDJQLWXGH DQG GLUHFWLRQ W



VXUIDFH $V D UHVXOW WKH YRUWH[ DUUD\ LV GLVSODFI
YHORFLW\ LQGXFHG E\ WKH LPDJH YRUWLFHYV DV LW IORZV

,QILQLWH URZ

'"XH WR YRUWLFHYV 'XH WR LPDJHYV

JLIXUH SOHORFLWLHYV LQGXFHG E\ DQ LQILQLWH FR
IURP 3HDUFHY

3HDUFHY GHPRQVWUDWHY WKDW SURYLGHG WKH VSD
LV VXIILFLHQW !' K LQ WKH FR URWDWLQJ FRQILJXUDWI
PRPHQWXP WUDQVIHU ZLWKLQ WKH ERXQGDU\ OD\HU RYHU
RI WKH DHURG\QDPLF VXUIDFH OHQJWKV RI XS WR 99* K

KHQ D FRXQWHU URWDWLQJ DUUD\ RI YRUWLFHYV LV JHQH
DGMDFHQW YRUWLFHYV VLIQLILFDQWO\ LQIOXHQFHV WKH SI
GRZQVWUHDP :KHQ WKH FRXQWHU URWDWLQJ 9*V DUH HT
RQ WKH YRUWLFHY ZLOO EH DV GHSLFWHG RQ )LJXUH



,QILQLWH URZ

,QGXFHG YHORFBWLHYV

9

H

9

9

"XH WR YRUWLFHYV 'XH WR LPDJHYV

JLIXUH OHORFLWLHYVY LQGXFHG E\ DQ LQILQLWH FRX

JLIXUH GHPRQVWUDWHYV WKDW WKH LQGXFHG YHORFLW
ODWHUDOO\ LQ WKH GLUHFWLRQ RI LWV URWDWLRQ +RZH
Duub\ WKH LQWHUDFWLRQ EHWZHHQ LW DQG WKH DGMDF
DSSURDFKHYV LWV QHDUHVW QHLJKERXU WKH LQGXFHG YHC
7KH HQG UHVXOW LV WKDW DV WKH DUUD\ SURJUHVVHV GF
WRIJHWKHU LQ SDLUV 2QFH SDLULQJ RI WKH YRUWLFHYV

EHWZHHQ WKH DGMDFHQW SDLU UDSLGO\ FRQYHFWV WKH

FRQYHFWLRQ RI WKH YRUWH[ DUUD\ DZzD\ IURP WKH VXUIDF
WUDQVIHU PRPHQWXP EHWZHHQ WKH IUHHVWUHDP DQG \
DSSUR[LPDWHO\ 99* KHLJKWYV +RZHYHU FRQYHFWLRQ F
WKH VXUIDFH GRHV HQDEOH HQKDQFHG PL[LQJ LQ WKH W
HOHPHQW KLJK OLIW V\VWHP PDLQIRLO WRS VXUIDFH 7KH

ILHOG HQKDQFHPHQW DV WKH DUUD\ LV FRQYHFWHG DZD\

RQ )LIJXUH



7KH FKRLFH Rl 9* DUUD\ FRQILJXUDWLRQ LV WKHUHIRUH G|
WKH GHVLJQHU LQWHQGY WR FRQWURO ,I WKH GHVLUHG
JURZWK RYHU WKH PDMRULW\ Rl WKH DHURG\QDPLF VXUIDI
DGYLVHG WR HPSOR\ D FR URWDWLQJ FRQILIXUDWLRQ IRU
WKH GHVLUHG UHVXOW LV VXSSUHVVLRQ RI ERXQGDU\ OD\
DHURG\QDPLF VXUIDFH WKHQ D FRXQWHU URWDWLQJ 9*

JUHDWHVW VNLQ IULFWLRQ HQKDQFHPHQW

(ISHULPHQWDO DQG QXPHULFDO WHFKQLTXHYV

9DQH YRUWH[ JHQHUDWRUYV

6LQFH WKH PLG IRUWLHV YRUWH[ JHQHUDWRUV KDYH EHF
LQWHUQDO DQG H[WHUQDO DHURG\QDPLF IORZV 6WXGLHV
RQ GHOD\LQJ EXIIHW RQVHW VWDOO SURJUHVVLRQ DQC
VHSDUDWLRQV RQ ZLQJV WR FRQWUROOLQJ WKH IORZ GL\
FRQVHTXHQFH WKHUH LV DQ H[WHQVLYH H[SHULPHQWDO
GDWDEDVH GHSLFWLQJ WKH QDWXUH RI WKH IORZ ILHOG D
ZLWK 99*V

$Q H[WHQVLYH UHYLHZ E\ 3HDUFH\ VXPPDULVHG WKH
WASHV LQ DUUD\V IRU ZKLFK DQ HPSLULFDO VHW Rl UXOH
WKH IORZ FRQWURO GHYLFHV ZDV VWLSXODWHG %\ WUDFI
PRQLWRULQJ WKHLU HIIHFW RQ WKH SUREOHP ERXQGDU\ (
EHWZHHQ DGMDFHQW YRUWLFHY ZDV H[SORUHG ,Q SDUWL!
RI WKH VSDFLQJ EHWZHHQ WKH 99*V )RU D 99* FR URWL
VKRZHG WKDW DERYH D VSDFLQJ RI ' K © ZKHUH ' LV WK
DQG K LV WKH KHLJKW RI WKH YDQH XVHIXO VXUIDFH V
DHURG\QDPLF VXUIDFH FRXOGJEGRDRERKMAYHEEP XRSI WKH DWUD
JUHDWHU VNLQ IULFWLRQ HQKDQFHPHQW ZDV GHPRQVWULI
99* DUUD\V WR VXSSUHVV ERXQGDU\ OD\HU VHSDUDWLRQ R
WKH YRUWH[ SDLULQJ FKDUDFWHULVWLFV GHVFULEHG DE
FRXQWHU URWDWLQJ YRUWH[ DUUD\ GRZQVWUHDP RI WKH ¢



7KH GHYHORSPHQW RI QXPHULFDO WHFKQLTXHV WR DQDO
EHWZHHQ YRUWLFHYV DQG EHWZHHQ WKHP DQG WKH ERXQ
RI SUHGLFWLYH WHFKQLTXHVY HPSOR\HG WR DQDO\VH WKH
oLIw JHRPHWULHYVY $FFXUDWH PHDVXUHPHQW RI WKH HIJS
YHORFLW\ FRPSRQHQWY ZLWKLQ WKH YRUWLFDO IORZ ILH
UHODWLRQVKLSVY EHWZHHQ WXUEXOHQFH PRGHO K\SRWKH\
GLIIXVLYLW\ $UPHG ZLWK WKH LQIRUPDWLRQ IURP GHWDL
PD\ WKHQ SRVVLEOH IRU GHVLJQHUV WR HPSOR\ VXLWDEC
WKDW FDQ DFFRXQW IRU VRPH RI WKH KLIJKHU RUGHU YL
WUDQVSRUW LQ FRPSOH[ YRUWLFDO IORZV

2QH EDWFK RI H[SHULPHQWY GHVLJQHG WR LGHQWLI\ WKH
YRUWLFDO IORZV LV GHVFULEHG LQ WKH ZRUN RI 6KDEDND
DQG GHVFULEH D EDWFK RI ZLQG WXQQHO H[SHULPH
HPEHGGHG LQ D WXUEXOHQW ERXQGDU\ OD\HU LQ D QRPLC(
ORZ 5H\QROGV QXPEHUV 5HFO© [O 7KH\ VKRZHG WKH W]
WUDQVSRUW HTXDWLRQV QRWDEO\ WKRVH DIIHFWLQJ WX
DOJHEUDLF UHODWLRQVKLSY DV WKH WXUEXOHQFH LV D
FRPSDUDWLYH WHVWV WR FKDUDFWHULVH WKH YRUWH[ SU
5H\QROGV VWUHVV GLVWULEXWLRQ ZLWKLQ WKH YRUWH[ F
RQ D VLQJOH YRUWH[ HPEHGGHG LQ D WXUEXOHQW
PRGHUDWH DGYHUVH SUHVVXUH JUDGLHQW 7KH\ GHPRQ'
ERXQGDU\ OD\HU DQG HPEHGGHG YRUWH[ DUH VXEMHFWH
JUbGLHQW WKHUH LV DSSUHFLDEO\ DFFHOHUDWHG YRUWI
HOOLSWLFDO QDWXUH WR WKH VWUHDPZLVH YRUWLFLW\
5H\QROGV VWUHVVHV ZLWKLQ WKH YRUWH[ FRUH 7KLV LC
VWUHVVHYV ZLWKLQ WKH YRUWH[ FRUH VLIQDOV WKDW WKt
DWWHPSWLQJ WR SUHGLFW UHDO ZRUOG YRUWLFDO IORZ
3DXOH\ (DWRQ HIWHQGHG WKH LQYHVWLJDWLRQV
PXOWLSOH FR URWDWLQJ DQG FRXQWHU URWDWLQJ YRUWE
DQG FLUFXODWLRQ DW VHYHUDO VWUHDPZLVH ORFDWLRQ
5R DW WKH 99* 7KH YRUWLFHYVY ZHUH JHQHUDWHG E\
GRZQVWUHDP RI WKH ERXQGDU\ OD\HU WULS VR WKDW WKH



RR- WKH ERXQGDU\ OD\HU WKLFNQHVV 7KH DXWKRUV GHF
EHWZHHQ YRUWH[ SDLUV HPEHGGHG LQ RWKHUZLVH WZR G
LQ TXDOLWDWLYHO\ WKH VDPH PDQQHU DV ZRXOG EH GHII
VRPH DOORZDQFH IRU WKH SUHVHQFH RI LQGXFHG YRU
LGHQWLILHG WKDW WKH SUR[LPLW\ RI WKH DGMDFHQW YF
YRUWH[ FLUFXODWLRQ EXW LW GRHV DIIHFW WKH VSUHDG
HIWHQW RI WKLV YRUWH[ VSUHDGLQJ LV FRQWUROOHG E\
DGMDFHQW YRUWLFHVY EXW WKH UDWH DW ZKLFK YRUWH[
WKH GLVWDQFH IURP WKH ZDOO

7R VLPXODWH D VLQJOH YRUWH[ DQG D YRUWH[ SDLU HPEH
/ILDQGUDW HW DO VROYHG D UHGXFHG VHW RI1 1DYLH
YROXPH DSSURDFK QHIJOHFWLQJ ORQJIJLWXGLQDO GLIIXV
TXDQWLWLHYV ZHUH PRGHOOHG ZLWK WZR VHSDUDWH WHF
HTXDWLRQ NV PRGHO EDVHG RQ WKH %RXVVLQHVT K\SR'
FRQQHFWYV WKH WXUEXOHQFH OHQJWK VFDOH WR WKH PHD
VHFRQG PRPHQW FORVXUHV WR PRGHO WKH 5H\QROGV V
GLUHFWLRQV >/DXQGHU HW DO @ &RPSXWDWLRQDO
HISHULPHQWY RI 6KDEDND HW DO DQDO\WLQJ WKH IOR
YRUWH[ DQG D pFRPPRQ IORZ XSY YRUWH[ SDLU 6ROXWLR
WXUEXOHQFH PRGHO GHPRQVWUDWHG WKH DELOLW\ RI WK
TXDQWLWLHV LQ WKH UHJLRQ DIIHFWHG E\ WKH VLQJOH

+RZHYHU WKH UHOLDQFH RQ WKH %RXVVLQHVT K\SRWKHVL
LQ PXOWLSOH YRUWH[ VFHQDULRYV %HWWHU HVWLPDWH
ORQJIJLWXGLQDO YRUWLFLW\ ZHUH DFKLHYHG E\ HPSOR\LQJ
WKH 5H\QROGY VWUHVVHYV LQ WKH VLQJOH YRUWH[ FDVH

FORVXUHV UHTXLUHV H[WHQVLYH HPSLULFDO GDWD WKDW
FRQVXPLQJ WR PHDVXUH $V D UHVXOW KLJKHU RUGHU DF
SURKLELWLYHO\ H[SHQVLYH LQ WHUPV RI FRPSXWLQJ WLP
WKHPVHOYHV WR WUHQG DQDO\VLV IRU YRUWLFDO IORZ Il
LPSRUWDQW IDFWRUV )LUVWO\ WR EH DEOH WR DFFXUL
LOWHUDFWLRQV WKHUH LV D QHHG IRU VRSKLVWLFDWHG

VHFRQG PRPHQW FORVXUHV WR PRGHO WKH 5H\QROGV VW



WDW UHODWLYHO\ VLPSOH WHFKQLTXHV FDQ EH HPSOR\}I
YRUWLFDO IORZ ILHOGYV L H WHFKQLTXHYVY EDVHG RQ VLPSES
LQ PLQG LW ZDV QRZ SRVVLEOH IRU GHVLIJQHUV WR PDNF
DSSURDFKHV WR H[SHGLWH WKH GHYHORSPHQW RI IORZ FR

$LU MHW YRUWH[ JHQHUDWRUYV
:DOOLYV VKRZHG WKDW E\ GLUHFWLQJ D MHW Rl DLU
DSSURDFKLQJ IORZ LW ZDV SRVVLEOH WR JHQHUDWH D SD
+RZHYHU WKH HIIHFW RI WKH YRUWH[ SDLU ZDV QRW VXI
ERXQGDU\ OD\HU RYHU DQ H[WHQVLYH UHJLRQ %\ SLWFEK
ROQOFRPLQJ IUHHVWUHDP :DOOLV SURGXFHG D VWURQ
FDSDEOH RI GHOD\LQJ ERXQGDU\ OD\HU VHSDUDWLRQ /DW
HIDPLQHG WKH DELOLW\ RI $-9*V WR DOOHYLDWH
ZDYH ERXQGDU\ OD\HU LQWHUDFWLRQV &RPSDUDEOH UHV>
GHPRQVWUDWHG LQ WKH OHYHO RI SUHVVXUH UHFRYHU\ I
HPSOR\LQJ DQ DUUD\ RI UHFWDQJXODU $-9*V JUHHV W
SHUIRUPDQFH RI D WDSHUHG 99* ZLWK ERWK D FLUFXODLU
VKRZHG WKDW IRU UHVSHFWLYH SLWFK DQG VNHZ DQJOHYV
PDWFK DQG VXSHUVHGH WKH PDJQLWXGH RI WKH YRUWLF
FLUFXODU $-9*V ZLWK UHFWDQJXODU $-9*V 7KLV ZRUN KL.
XQGHUVWDQGLQJ RI WKH PHFKDQLVPV EHKLQG YRUWH[ JHC

-RKQVWRQ 1LVKL DOVR KLJKOLJKW WKH SRWHQWL
VNHZHG FLUFXODU $-9*V DV D PHDQV RI uSDVVLYHYT DQG
DGYHUVH SUHVVXUH JUDGLHQWY ORZ VSHHG IORZV 5HO®
FRXQWHU URWDWLQJ $-9* YRUWH[ DUUD\V ZHUH LQYHVWLJI

WR WKH IUHHVWUHDP IORZ E\ “ f -RKQVWRQ 1LVKL

IUHHVWUHDP YHORFLW\ UDWLRV 95 JUHDWHU WKDQ Wk
UHGXFLQJ LI QRW HOLPLQDWLQJ ERXQGDU\ OD\HU VHSI
HISHULPHQWY RI1 3DXOH\ (DWRQ UHYHDOHG WKDW

YRUWH[ DUUD\ LV DW OHDVW FRPSDUDEOH LI QRW EHWWH
IULFWLRQ HQKDQFHPHQW DQG YRUWLFLW\ PHDVXUHG GRZC



$ GHWDLOHG FRPSDULVRQ EHWZHHQ WKH YRUWLFHYVY SURC

DSSUR[LPDWHO\ WLPHV WKH ERXQGDU\ OD\HU KHLJKW
-RKQVWRQ 5HVXOWYV IRU WKH $-9*V DUH REWDLQHG
VNHZHG DW f f f DQG f WR WKH I[UHHVWUHDP GL
UDQJLQJ EHWZHHQ DQG 7TKH\ FRQFOXGH WKDW WKH

YRUWLFLW\ DQG FLUFXODWLRQ RI WKH $-9* YRUWLFHV LV |
WKH VROLG 99*V 7KH YRUWLFLW\ DQG FLUFXODWLRQ LQ W
WKH YRUWH[ DUUD\V DUH VKRZQ WRDERB KNIKZOD QG HCGH QLLHNK
RSWLPDO YDOXH IRU WKH VNHZ DQJOH VXJJHVWHG WR OLH

$-9*V ZHUH FRPSHWHG DJDLQVW WDQJHQWLDO EORZLQJ LQ

WR FRQWURO WKH IORZ RYHU D WZR GLPHQVLRQDO U]
ZLQG WXQQHO WHVWV 5H® 7KH SDUDPHWHU VWXGLHYV
RULILFH GLDPHWHU 'R MHW RULHQWDWLRG DO®QG L_
ORQJLWXGLQDO MHW RULILFH ORFDWLRQ / DV RXWOLQH(

7THVW IORZ FRQGLWLRQV

8RRA2PYV DW VHSQ SRLQW PP DW VHSQ SRLQW

7TDEOH '"HWDLOV RI $-9* SDUDPHWHU VWXG\ FRQGXFWHG

-HW RULILFHW 3LWFKW 6NHZ-HW WRWDO-HOWMRRDRFDWLRQ
GLDPHWHAUUW VXUADWHIUHHVWARHDPLFLH@WHDG RI VHSQ
'R W! 9 & 4 $ 8 /
2 'R foMm ff 2?2, f & 6 |

7KH SHUIRUPDQFH RI WKH $-9*V DQG WDQJHQWLDO EORZL
PROQLWRULQJ WKH OHYHO RI SUHVVXUH UHFRYHU\ GRZQVW
%\ DOWHULQJ WKH MHW SDUDPHWHUV VHSDUDWHO\ WKH |
RULILFH GLDPHWHU LPSURYHG WKH SHUIRUPDQFH E\ LQFL
IOX[ LPSURYHG WKH $-9* SHUIRUPDQFH E\ LQFUHDVLQJ 95



IPSURYHG SHUIRUPDQFH E\ HQVXULQJ WKH PRPHQWXP WUD
ZDOO LY LQFUHDVLQJ VNHZ DQJOHV XS WR YDOXHV R
SHUIRUPDQFH E\ LQFUHDVLQJ WKH VWUHQJWK RI WKH GF
GLVWDQFH EHWZHHQ WKH $-9* DUUD\ DQG WKH VHSDUDW
SHUIRUPDQFH RI WKH DUUD\ DOWKRXJK WKH HIIHFWV R
ZLWK WKH $-9*V ORFDWHG ERXQGDU\ OD\HU KHLJKWV XS&
YL -HWV RULHQWDWHG WR SURGXFH FRXQWHU URWDWLC
URWDWLQJ DQG H[KLELW D ORZHU OHYHO RI VSDQZLVH XQ
GLVWULEXWLRQ YLL WKH SHUIRUPDQFH RI FR URWDWLQ
VSDQZLVH H[WHQW RI SUHVVXUH UHFRYHU\ DW PXFK ORZH
WDQJHQWLDO VORW EORZLQJ ,Q RUGHU WR REWDLQ WKH
WDQJHQWLDO VORW EORZLQJ 6HOE\ HW DO FRQFOXGF
ZRXOG KDYH WR EH DQ RUGHU RI PDIJQLWXGH JUHDWHU Wtk
$-9*V

7KH $-9* LQYHVWLIJDWLRQV GHVFULEHG DERYH KLJKOLJKW
FRQWURO GHYLFH LQ WHUPV RI SRZHU UHTXLUHPHQWY FLC
VHSDUDWLRQ ,Q VRPH FDVHV $-9*V KDYH EHHQ VKRZC
WHFKQLTXHY ZLWK WKH DGGHG DGYDQWDJH RI D UHGXFH
TXLHVFHQW

5HVHDUFK DW &LW\ 8QLYHUVLW\ KDV FRQFHQWUDWHG XSR(
DQG PXOWL HOHPHQW DHURIRLO FRQILIXUDWLRQV HLWKHU
OD\HU VHSDUDWLRQV RU WR LPSURYH OLIW GUDJ SHUIRUP

,QQHV /IHZLQJWRQ HW DO 6XEVWDQWLDO
DQG GUDJ SHUIRUPDQFH RI D KLJK OLIW VI\VWHP UHSUHVH
$SLUEXV $ WKUHH HOHPHQW ZLQJ HPSOR\LQJ $-9*V LV

/IRZ VSHHG ZLQG WXQQHO WHVWV ZHUH FRQGXFWHG
WDNH RIl PRGH FRQILIJIXUHG VHSDUDWHO\ ZLWK HLWKHU
$-9*V (PSOR\LQJ $-9*V UHVXOWHG LQ DQ H[WHQVLRQ RI EF
UDQJH DSSUR[LPDWHO\ f DQG D LQFUHDVH LQ WKH Q
9HORFLW\ SURILOHV PHDVXUHG RYHU WKH PDLQIRLO ZLWK
OHYHO RI PL[LQJ EHWZHHQ WKH IUHHVWUHDP DQG WKH FR(



HVXOWLQJ LQ D UHGXFHG PRPHQWXP GHIHFW ZLWKLQ WKH
DQ LQIHUUHG UHGXFWLRQ LQ WKH SURILOH GUDJ

5HFHQW QXPHULFDO VWXGLHV DW &LW\ >+HQU\ SHDUFH

@ KDYH VKRZQ WKDW LW LV SRVVLEOH WR VLPXODWH \
ILHOG DVVRFLDWHG ZLWK VLQJOH DQG PXOWLSOH DUUD\V |
JUDGLHQWY 7KH\ HPSOR\HG D ILQLWH YROXPH DSSURDFK
HTXDWLRQV RQ D VLQJOH EORFN VWUXFWXUHG JULG FRXS
QXPEHU RI MHW SLWFK DQG VNHZ DQJOH FRQILIXUDWLRQ'
EHWZHHQ f DQG f DQG WKH VNHZ YDULHG EHWZHHQ f
WKH $-9* DUUD\V ZzDV DVVHVVHG E\ PRQLWRULQJ WKH D[LD
YRUWLFLW\ GHFD\ DFURVV WKH VROXWLRQ GRPDLQ VSDQ D
MHWYVY 3UHGLFWLRQV ZHUH YHULILHG ZLWK WKH SXEOLVK

-RKQVWRQ (PSOR\LQJ WKH $-9*V ZDV VKRZQ WR HOF
IULFWLRQ GRZQVWUHDP RI WKH $-9* DUUD\ E\ XS WR D
& LQ ERWK WKH ]JHUR DQG DGYHUVH SUHVVXUH JUD

GLITHUHQFHYVY EHWZHHQ WKH SUHGLFWHG DQG H[SHULPHQ!
FRPSXWDWLRQDO DSSURDFK LGHQWLILHG WKH XQGHUO\LC(
YRUWLFLW\ GHFD\ 7KH VXFFHVV RI WKH &LW\ 8QLYHUVLW\
PHWKRG RI SHUIRUPLQJ VHQVLWLYLW\ VWXGLHV RQ WKH ¢
UHOHYDQW IORZ ILHOGV JHUR DQG DGYHUVH SUHVVXUH
HIWHQVLYH ZLQG WXQQHO H[SHULPHQWDWLRQ :LWK WKLV
DQRG RSWLPLVH WKH HIIHFWLYHQHVYVY RI $-9* DUUD\V SUL
JHRPHWULHYV



6XPPDU\ RI WKH FXUUHQW VWDWH RI WKH DUW IRU KLJK

'LQG WXQQHO WHVWLQJ

,QLWLDO SURJUHVV LQ KLJK OLIW V\VWHP GHVLJQ KDV UHC
WR RSWLPLVH WKH SHUIRUPDQFH RI WKH WZR GLPHQV
FRQILIXUDWLRQV ZLWK WKH UHVXOWVY WKHQ EHLQJ H[WU
ZLQJ DQG KHQFH WR IXOO VFDOH DSSOLFDWLRQV $OWKR:
WHVWLQJ LV ERWK WLPH FRQVXPLQJ DQG PD\ EH H[SHQVL)
ZLQG WXQQHO VL]H ,W LV RIWHQ WKH FDVH WKDW PDQ\
RSWLPDO PXOWL HOHPHQW DHURIRLO FRQILIJIXUDWLRQ LV
SURFHVV UHVXOWHG IURP D EHWWHU XQGHUVWDQGLQJ R
PXOWL HOHPHQW DHURIRLO FRQILIJXUDWLRQV >DV RXWOLC
JRVWHU HW DO BXEVHTXHQW WR WKHVH LQYHVWLJ
SUHGLFWLRQ WHFKQLTXHV FRXOG EH DGDSWHG WR GH
FRQILJXUDWLRQV ZLWK WKH NQRZOHGJH EDVH H[SHULPHQ
GHYHORSPHQW

$V FRPSXWLQJ SRZHU LQFUHDVHG LW ZDV SRVVLEOH \
VRSKLVWLFDWHG QXPHULFDO DSSURDFKHV WR SUHGLFW W
VIVWHP JHRPHWULHV ,PSURYHPHQWY LQ WKH SUHGLFWI
DSSURDFK UHTXLUHG WKH HIIHFWV RI WXUEXOHQFH ZDN
LGHDOO\ ERXQGDU\ OD\HU WUDQVLWLRQ WR EH DFFRXQ\
DJDLQ WKH GHYHORSPHQW RI QXPHULFDO WHFKQLTXHV F
ILHOG SKHQRPHQD UHOLHG RQ D EHWWHU XQGHUVWDQGLQ
%\ PDNLQJ XVH RI KRW ZLUH DQG /DVHU 'RSSOHU PHDVXUL
WR H[WHQVLYHO\ PHDVXUH WKH PHDQ DQG IOXFWXDWLQJ
HOHPHQW DHURIRLO JHRPHWULHV LQ ZLQG WXQQHO WH
1IDND\DPD DQG ORLU 7KH UHVXOWYVY RI WKHVH W
GHYHORSHUV ZLWK D VXLWDEOH H[SHULPHQWDO GDWDED)
PRGHOV



9LVFRXV LQYLVFLG LOQWHUDFWLRQ FRPSXWDWLRQDO DSSUF
(DuUo\ DSSURDFKHV DW SUHGLFWLQJ PXOWL HOHPHQW DHURIR
YLVFRXV LQYLVFLG LQWHUDFWLRQ 9,, DSSURDFK WKDW VHSDU
DHURIRLO LQWR WZR SDUWV 7KH ILUVW LV WKH HVVHQWLDOO\ L
WKH VHFRQG WKH YLVFRXV IORZ FORVH WR WKH VXUIDFH DQG LQ
DHURIRLO FRPSRQHQWY >VHH /RARU DLEOROPRBBNKHQVLYH UHYLHZ
WKH PDLQ 9,, DSSURDFKHYVY ZHUH VXFFHVVIXO DV WKH\ SURYLGHC
DQG GUDJ FKDUDFWHULVWLFYVY RI WKH KLJK OLIW VA\VWHP ZLWK
I UHHVWUHDP IORZ FRQGLWLRQVY DQG WKH PXOWL HOHPHQW DHL
PHWKRGY RIWHQ IDLOHG WR SUHGLFW PD[LPXP OLIW FRHIILFL
ofwpbobV WKH\ FRXOG QRW DFFRXQW IRU WKH HIIHFWV RI1 LQFL
ERXQGDU\ OD\HU ZLWK LQFUHDVLQJ DQJOH RI DWWDEFN % HWWH
ovwp ZdWK QXPHULFDO WHFKQLTXHYVY UHTXLUHG VROYLQJ WKH JR
1DYLHU 6WRNHV HTXDWLRQV ZLWK VXLWDEO\ VRSKLVWLFDWEF
WXUEXOHQFH +RZHYHU VROYLQJ WKH 1DYLHU 6WRNHV HTXDWLR
FRPSXWHU VWRUDJH VSDFH DQG RIWHQ SURKLELWLYH &38 WLP

DURXQG WKH KLJK OLIW VA\VWHP HVSHFLDOO\ RQ D WKUHH GLPHAC

I1DYLHU 6WRNHY FRPSXWDWLRQDO DSSURDFKHYV
7KH DGYHQW RI VXSHUFRPSXWHUYV SHUPLWWHG IRU WKH ILUVW
6WRNHYV HTXDWLRQV IRU WKH HQWLUH KLJK OLIW VAVWHP IORZ IL
RI UHODWLYHO\ VLPSOH DQG FRPSXWDWLRQDOO\ HIILFLHQW DO
HGG\ YLVFRVLW\ ZLWKLQ WKH WXUEXOHQW ERXQGDU\ OD\HUV DAC
@HDVRQDEOH DJUHHPHQW ZLWK ZLQG WXQQHO UHVXOWV Z
DOJHEUDLF DSSURDFK EXW RIlIl GHVLJQ IORZ ILHOG SUHGLFWLEF
EH\RQG WKH FDSDELOLW\ RI WKLV QXPHULFDO WHFK®HTXH >VHH
DYDLODELOLW\ RI DFFXUDWH H[SHULPHQWDO GDWD SURYLGHG W|I
ZRUNVKRSV >VHH <D@EIWHN DQG /LQEODG &RFNRRG
DJUHHPHQW EHWZHHQ WKH H[SHULPHQWDOO\ GHWHWWPIOQHHG DQC
ZDV GHPRQVWUDWHG ZLWK VRPH RI WKH QrXP8HPDRFDQGDS B WRRD F K F
f @wpbo o/ KH ILQGLQJY RI WKHVH ZRUNVKRSV HVWDEOLVKHG Wi

ZLWKLQ WKH QXPHULFDO WHFKQLTXHVY WR HQDEOH UHDVRQDEO)



AHVLIQ KLIJK OLIW VA\VWHP IORZ ILHOG FKDUDFWHULVWLFV
WKH QXPHULFDO PHWKRG VKRXOG LQFOXGH DW OHDVW D
WKDW VRPH SURYLVLRQ IRU ODPLQDU WR WXUEXOHQW ERX

JORZ FRQWURO ZLWK YRUWH[ JHQHUDWRUYV

,PSURYLQJ WKH OLIW DQG GUDJ SHUIRUPDQFH RI PXOWL H
UHOLHG PDLQO\ XSRQ DOWHULQJ WKH JHRPHWU\ DQG ORFL
wWuUuDLOLQJ HGJH KLJK OLIW GHYLFHV 7KH FXUUHQW VWDW
GHYLFHVY LQGLFDWHYV WKDW OLWWOH LPSURYHPHQW LQ W
FDQ EH H[SHFWHG E\ IXUWKHU PRGLI\LQJ WKH GHYLFH JHR
ZKHWKHU XWLOLVLQJ SDVVLYH RU DFWLYH GHYLFHV KDV E
V\VWHP SHUIRUPDQFH FKDUDFWHULVWLFV >VHH ,QQHYV
IORZ FRQWURO GHYLFH LV WKH SDVVLYH VROLG YDQH YR
7D\ORU *HQHUDWLQJ YRUWLFHV IURP VROLG YDQ
DHURG\QDPLF VXUIDFH HQKDQFHV PL[LQJ EHWZHHQ WKH U
OD\HUV DQG WKH KLJK PRPHQWXP I10OXLG LQ WKH IUHHVWI
GHILFLW LQ WKH ERXQGDU\ OD\HU LV UHGXFHG DV LV
VHSDUDWLRQ ,PSURYHPHQWYV LQ WKH SHUIRUPDQFH RI DV
WR &OLPD[ DQG f DPD[ KDYH EHHQ GHPRQVWUDWHG ZK
ZLWK WKH VHW RI HPSLULFDO UXOHV GHYLVHG E\ 3HDUFH\

(PSOR\LQJ 99*V KRZHYHU LV QRW ZLWKRXW FRVW DV Wt
DHURG\QDPLF VXUIDFH JHQHUDWLQJ DGGLWLRQDO SDUDVL
DGYHUVH HIIHFWV RI SDUDVLWLF GUDJ SQHXPDWLF GHYLI
QRW UHTXLUHG ZHUH VWXGLHG >VHH :DOOLYV *DG H
6HOE\ HW DO 7KH VLPSOHVW DSSURDFK ZDV WR HP
DORQJ WKH DHURG\QDPLF VXUIDFH WR LQMHFW PRPHQWXP
VXFFHVVIXO WKH SRZHU UHTXLUHPHQWYV RI WKH V\VWHP
PDQ\ DHURIRLO DSSOLFDWLRQV EXW VHH %ODFNEXUQ Y%
GLVFUHWH MHWV WKDW DUH SLWFKHG DQG VNHZHG WR V

GHPRQVWUDWHG LW ZDV SRVVLEOH WR VLIQLILFDQWC
WKH DHURG\QDPLF VXUIDFH WKHUHE\ UHGXFLQJ WKH SRW
DFURVV WKH VSDQ GRZQVWUHDP RI WKH DLU MHW YRUW



WHODWLYHO\ ORZ PDVV PRPHQWXP IOX[HV WR SRZHU WKH V
WR PDWFK DQG LQ VRPH FDVHV RXWSHUIRUP WKH FRQYH
$-9*V >VHH 5DR -RKQVWRQ 1LVKL DQG ,QQHYV

&RPSXWDWLRQDO WHFKQLTXHYV KDYH DOVR EHHQ HPSOR\H(
DVVRFLDWHG ZLWK YRUWLFHV >VHH /LQGULDW HW DO
FRPSXWHU WHFKQRORJ\ WKHVH FRPSXWDWLRQDO WHFK
HPSOR\HG WR PRGHO WKH YRUWH[ JHQHUDWRUYV WKHPVHO’
3HDUFH\ $NDQQL +HQU\ DQG .LLSSHU
DELOLW\ RI QXPHULFDO PHWKRGVY WR DGHTXDWHO\ SUHG
JHQHUDWRUV LQ ERWK JHUR DQG DGYHUVH SUHVVXUH JUDC

,Q RUGHU WR RSWLPLVH WKH SHUIRUPDQFH RI IORZ FRQWL
VXFFHVVIXO LQWHUDFWLYH FRPSXWDWLRQDO H[SHULPHC
GHYHORSPHQW RI HIILFLHQW KLJK OLIW VA\VWHPV LQ 6HFW
LOQWR IORZ FRQWURO KDV IRFXVVHG RQ WKH HIITHFWLYHQH
FRPSXWDWLRQDO PHWKRGY DUH FDSDEOH RI SUHGLFWLQ.
VWXG\ LV WR DQDO\WH WKH VHQVLWLYLW\ RI WKH $-9* FR(
IUHHVWUHDP YHORFLW\ UDWLR DQG URWDWLRQDO VHQVH I
LOQOVWDOODWLRQ RQ D FRPSOH[ WKUHH HOHPHQW DHURIRL
VWXGLHYV ZLWK VRPH FDUHIXOO\ FRQWULYHG H[SHULPHQW?®
EH SRVVLEOH WR GHYHORS D QHDU RSWLPXP DUUD\ RI $-¢
OLIW VA\VWHP ZLWKRXW WKH QHHG IRU HIWHQVLYH ZLQG W



1XPHULFDO PHWKRGYV

,QWURGXFWLRQ

$Q\ IOXLG IORZ LV JRYHUQHG E\ WKH IXQGDPHQWDO S
FRQVHUYDWLRQ HQHUJ\ FRQVHUYDWLRQ DQG 1HZWRQV V
WKHVH SULQFLSOHV LQ WHUPV RI PDWKHPDWLFDO HTXD\
GLIIHUHQWLDO RU LQWHJUDO IRUP $ QRQ OLQHDU FRX
HTXDWLRQV LV GLIILFXOW WR VROYH DQDO\WLFDOO\ DQ
VROXWLRQV WR WKHVH HTXDWLRQV $QDO\VLV RI D IORZ
SDUWLDO GLIIHUHQWLDO HTXDWLRQV YLD DOJHEUDLF H[S!
WKH VROXWLRQ GRPDLQ 6ROYLQJ WKH DOJHEUDLF H[SUHV
ILHOG WKHQ HQDEOHV QXPHULFDO YDOXHV WR EH GHWEF
SURSHUWLHYV DQ\ZKHUH LQ WKH VROXWLRQ GRPDLQ L H
VKHDU VWUHVV  HWF 7KLV SDUWLFXODU DSSURDFK WR
DV &RPSXWDWLRQDO )OXLG '\QDPLFV &)' DQG KDV EHHQ
GHVLJQ DQG GHYHORSPHQW WRRO IRU PDQ\ HQJLQHHULQJ

$ ODUJH QXPEHU RI FRPPHUFLDOO\ DYDLODEOH &)'" FRGHYV
VXLWH RI WRROV FDSDEOH RI VLPXODWLQJ D ZLGH UDQJH
RI WKH SHUIRUPDQFH RI VHYHUDO FRPPHUFLDO FRGHYV
VLPXODWLRQV RI YDU\LQJ FRPSOH[LW\ LV GHVFULEHG E\ )
VWXG\ ZDV WR LGHQWLI\ D FRPPRQ UHIHUHQFH SRLQW WHF
FRGHV 7KH WUXH SRWHQWLDO RI WKLV EHQFKPDUNLQJ SU
QRW DOO RI WKH FRGH YHQGRUV SURYLGHG VROXWLRQV \
SDUWLFXODU WKH UHVXOWYVY KLIJKOLJKWHG WKH SLW ID
VLPSOLILHG WXUEXOHQFH PRGHOV WR SUHGLFW UHODWLY
FRQFOXGHV WKDW WR REWDLQ DGHTXDWH IORZ ILHOG SUL
JULG UHVROXWLRQ DQG GLVFUHWLVDWLRQ DFFXUDF\ ZLWK

7KH PRVW FRPPRQ IRUP RI FRPPHUFLDO FRGH VROYHV W
XVLQJ D ILQLWH YROXPH PHWKRG RQ ERG\ ILWWHG JULGYV
ZHUH REWDLQHG E\ HPSOR\LQJ D ILQLWH YROXPH EORFN



&: $($ 7THFKQRORJ\ &); ZDV FKRVHQ WR DQDO\VH WKH IC
OLIW VI\VWHP LQ WKLV SURMHFW EHFDXVH RI LWV VXFFHV
IORZV DVVRFLDWHG ZLWK 9RUWH[ *HQHUDWRUV VHH +HQ
+HQU\ .LLSSHU DQG /HZLQJWRQ HW DO $)
XQDZDUH RI SXEOLVKHG GDWD GHPRQVWUDWLQJ WKH DEL
IORZ ILHOG DVVRFLDWHG ZLWK D KLJK OLIW JHRPHWU\
FRPSDULVRQV ZLOO EH PDGH ZLWK ZLQG WXQQHO H[SHULP
DQG WKH UHVXOWV REWDLQHG XVLQJ 06(6 D IDVW YLVFR>
06(6 KDV EHHQ VSHFLILFDOO\ GHVLJQHG WR SUHGLFW WKH
PXOWL HOHPHQW DHURIRLO JHRPHWULHVY ,W LV VXFFHVV
ZLWK H[SHULPHQWDO UHVXOWYV >VHH 'UHOD

7KH PDMRULW\ Rl FRPPHUFLDO IORZ VROYHUV FRQWDLQ S
WKDW HQDEOH WKH XVHU WR JHQHUDWH QXPHULFDO JUI
QXPHULFDO VLPXODWLRQ ZLWKLQ WKH RQH VRIWZDUH SDF
SRVW SURFHVVLQJ SDFNDJHV DUH RIWHQ QRW VRSKLVWLFEC
SUREOHP ZLWKLQ DFFHSWDEOH WLPH OLPLWV ZKHQ WKI
JHRPHWULFDOO\ FRPSOH[ OLNH WKDW RI D PXOWL HOHF
VRIWZDUH SDFNDJHVY DUH DYDLODEOH WKDW SURYLGH PRL
JHQHUDWLRQ DQG GDWD DQDO\VLV ,Q WKLV SURMHFW |
JHQHUDWLRQ SDFNDJH ,&(0 &)' ,&(0 7HFKQRORJLHV DQ
SDFNDJH (QVLJKW >&RPSXWDWLRQDO (QJLQHHULQJ ,QWHU
QXPHULFDO IORZ VROYHU &);

*RYHUQLQJ HTXDWLRQV RI IOXLG PRWLRQ

7KH JRYHUQLQJ LQWHJUDO RU SDUWLDO GLIITHUHQWLDO
MFRQVHUYDWLYHY RU pQRQFRQVHUYDWLYHY IRUP >VHH $¢(
FRQVLGHULQJ WKH PRWLRQ RI WKH IOXLG ZLWK RQH RI WZ
Rl WKH IORZ HTXDWLRQV DUH REWDLQHG E\ FRQVLGHULQJ
IOXLG IORZLQJ LQWR LW DQG RXW RI LW pYIRQFRQVHUYDW
IURP FRQVLGHULQJ D IL[HG PDVV RI IOXLG PRYLQJ DORQJ
PRVW DHURG\QDPLF DSSOLFDWLRQV WKH IRUP RI WKH IORZ



MLWIQLILFDQWO\ DIIHFW WKH SURJUHVV RI WKH VROXWLR!
SUREOHPV WKH VWDELOLW\ RI WKH QXPHULFDO VROXWLRQ
RI WKH JRYHUQLQJ IORZ HTXDWLRQV WKDW DUH VROYHG

%WRWK QXPHULFDO PHWKRGYV XWLOLVHG LQ WKLV SURMHEFMW
VROYH WKH pFRQVHUYDWLYHY IRUP RI WKH SDUWLDO GLII
EHORZ &); VROXWLRQV ZHUH REWDLQHG ZLWK WKH FRC
WXUEXOHQW VWHDG\ VWDWH DQG LQFRPSUHVVLEOH 10OF
FRPSUHVVLEOH (XOHU HTXDWLRQV IRU WKH LQYLVFLG SDL
FRXSOHG ZLWK DQ LQWHJUDO ERXQGDU\ OD\HU VROXWLRQ
LQ WKLV VWXG\ LV VWHDG\ VWDWH DQG LQFRPSUHVVLEOH
VRPH HIIHFWV RI FRPSUHVVLELOLW\ PD\ H[LVVD DQE8XQG Wi
QHDU WKH MHW RULILFH DW KLJK MHW PRPHQWXP FRHIILFL
HQRXJK WR EH QHIJOHFWHG DW WKH I[UHHVWUHDP ODFK QXPF

)XOO GHULYDWLRQV Rl ERWK pFRQVHUYDWLYHY DQG pQRQ
IORZ HTXDWLRQV DUH GHVFULEHG LQ $QGHUVRQ

&RQVHUYDWLRQ RI PDVV YLD WKH FRQWLQXLW\ HTXDWLRQ

G Y 33U R L

:KHUH
S '"HQVLW\ LQ IOXLG IORZ
9 9HORFLW\ YHFWRU



1HZWRQTV 6HFRQG /DZ ) PD WKH PRPHQWXP HTXDWLRQV .
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IRUFH SHU XQLW PDVV

I1RWHKH LQYLVFLG (XOHU IRUP RI WKH PRPHQWXP HTXDWLR
YLVFRXV WHUPYV

*ULG JHQHUDWLRQ

$Q\ ILQLWH GLIIHUHQFH RU ILQLWH YROXPH PHWKRG UHT X
JULG RI GLVFUHWH QRGHV RQ ZKLFK WR VROYH WKH DOJI
HTXDWLRQYV 7R HQVXUH VXLWDEOH GLVFUHWLVDWLRQ R
FRPSOH[ JHRPHWULHV WKH PDMRULW\ RI QXPHULFDO PH
ILWWHG JULGV LWKLQ WKH FRQWH[W RI ILQLWH GLIIHUF
VROXWLRQV RI WKH IORZ HTXDWLRQV RQ QRQ XQLIRUP

FXUYLOLQHDU FR RUGLQDWH ERG\ ILWWHG JULGV )LJIJXUH
D XQLIRUP FRPSXWDWLRQDO GRPDLQ )LJXUH E 7KH JR)Y



VROYHG RQ WKH FRPSXWDWLRQDO GRPDLQ DQG WKH UHVX
GRPDLQ

JLIXUH 6FKHPDWLF RI ERG\ ILWWHG JULG FR RUGLQDW!
&RPSXWDWLRQDO GRPDLQ

7KH SDUWLDO GLIITHUHQWLDO I0ORZ HTXDWLRQV PXVW D«
FXUYLOLQMPRRSRUGLQDWHY WR WKH FRPSXWDWLRRDO &DU
ZKHUH

CE [ [\ ] D
- TM [\ ] E
S S[ \ ] F

JRU VLPSOLFLW\ LI ZH FRQVLGHU D WUDQVIRUPDWLRQ IF
SUREOHP WKHQ WKH FR RUGLQDWH WUDQVIRUPDWLRQ |
JRYHUQLQJ IORZ HTXDWLRQV LV GHVFULEHG E\ HTXDWLRQV
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*ULG WRSRORJ\

$ PDMRU GLIILFXOW\ DVVRFLDWHG ZLWK WKH FRPSXWDWLF
ZLWK WKH DELOLW\ WR JHQHUDWH D VXLWDEOH JULG FD
SKHQRPHQD 7KUHH FRPPRQO\ HPSOR\HG WHFKQLTXHV DU
GHDO ZLWK WKH KLJK OLIW JHRPHWULHYV 7TKHVH DUH

RYHUODSSLQJ JULG DSSURDFK DQG XQVWUXFWXUHG JULG
UHYLHZ RI WKH FRPPRQO\ HPSOR\HG JULG JHQHUDWLRQ
DHURIRLOV

%ORFN VWUXFWXUHG

7KH VLPSOHVW IRUP RI D EORFN VWUXFWXUHG JULG LV \
JHRPHWU\ DV VKRZQ LQ )LJXUH 8QIRUWXQDWHO\ DV W
LQFUHDVHYVY WKH DSSOLFDELOLW\ RI D VLQJOH EORFN VWU
VWUXFWXUHG JULGY JHQHUDWHG IRU PXOWL HOHPHQW JHI
RI WKH JUuLG FHOOV WR D SRLQW ZKHUH WKH DFFXUDF
FRPSURPLVHG (PSOR\LQJ D PXOWL EORFN VWUXFWXUHG D
RQ WKH RWKHU KDQG HQDEOHV WKH FRPSOH[ JHRPHWU
LQGLYLGXDO EORFNV WKDW WUDQVIHU LQIRUPDWLRQ D
"LIILFXOWLHYVY VWLOO UHPDLQ LQ FORVH SUR[LPLW\ WR WKFE
LOQGLYLGXDO EORFNVY DUH UHTXLUHG WR PDWFK DW WKH LC



2YHUODSSLQJ JULGY &KLPHUD JULGYV

7KH RYHUODSSLQJ JULG WHFKQLTXH LV VLPLODU WR WKH
VWUXFWXUHG JULGYV ZLWKLQ WKH EORFNV DUH QRW UHTX|
J)LIXUH $V D UHVXOW WKH EORFN VWUXFWXUH DURXQ
EH JHQHUDWHG LQGHSHQGHQWO\ RI WKH RXWHU IORZ Ul
DFFXUDF\ RI WKH VROXWLRQ 6RPH H[WUD FRPSXWDWLRQL
EHWZHHQ WKH ERXQGDULHY RI WKH RYHUODSSLQJ JULG V&t
WKH IORZ VROYHU

JLIXUH ([DPSOH RI DQ RYHUODSSLQJ JULG LQ WKH

B8QVWUXFWXUHG JULGYV
$Q XQVWUXFWXUHG DSSURDFK UHDGLO\ SHUPLWV WKH .
JHRPHWULHV E\ VXEGLYLGLQJ WKH VROXWLRQ GRPDLQ I
WHWUDKHGUDO FHOOV )LJXUH 7KHUH DUH D QXPEHU
HPSOR\LQJ DQ XQVWUXFWXUHG DSSURDFK $V WKHUH LV Q
WKHUH DUH QR FR RUGLQDWHU®DLEDY &V PRQW. G B UVHISRQ ® R
RUGLQDWH V\WWHP LV UHTXLUHG IRU HDFK HOHPHQW &RQ
WKHUHIRUH UHTXLUHG IRU XQVWUXFWXUHG DSSURDFKHYV
PHWKRGV $ IXUWKHU GUDZEDFN SDUWLFXODUO\ ZLWK UH
WKH DFFXUDF\ Rl WKH VROXWLRQ PD\ EH DIIHFWHG GXH
DHURIRLO ERXQGDULHYV



JLIXUH ([DPSOH RI DQ XQVWUXFWXUHG JULG LQ WKl

*ULG JHQHUDWLRQ

,Q WKLV SURMHFW WZR WHFKQLTXHY DUH XWLOLVHG WR
UHVSHFWLYH SRWHQWLDO IORZ DQG ILQLWH YROXPH IORZ
GLITHUHQWLDO HOOLSWLF PHWKRG >'"UHOD *LOHV @ |
WZR GLPHQVLRQDO LQYLVFLG YLVFRXV IORZ VROXWLRQV
ZHUH FRQVWUXFWHG E\ HPSOR\LQJ ,&(0 &)' D *UDSKLF 8\
SUH SURFHVVLQJ SDFNDJH >,&(0 &)' 8VHU PDQXDO @
JHQHUDWLRQ RI EORFN VWUXFWXUHG DQG XQVWUXFWXUH
IRUPDW VXLWDEOH IRU D QXPEHU RI FRPPHUFLDOO\ DYDLO

*ULG JHQHUDWLRQ WHFKQLTXH IRU WKH &); FRPSXWDWLRC(
*HQHUDWLRQ RI ERWK VWUXFWXUHG DQG XQVWUXFWXUHG
Rl IRXU VHSDUDWH PRGXOHVY GHWDLOHG GHVFULSWLRQV
,&(0 &)' XVHU PDQXDO 7TKHVH PRGXOHYVY FRYHU VXUIDFH .
JULG DQDO\VLVY DQG WUDQVODWLRQ RI WKH JULG LQWR D
, QLWLDOO\ WKH PRGHO VXUIDFH JHRPHWU\ LV LPSRUWHG R
PRGXOH 7KH VXUIDFH JHRPHWU\ LV WKHQ FRXSOHG ZLWK
SDENDJHV 3 &XEH 6WUXFWXUHG +H[D VWUXFWXUHG
TKURXJKRXW WKLV SURMHFW JULGYV IRU WKH ILQLWH YROX
WKH EORFN VWUXFWXUHG PRGXOH 3 &XEH DV RSSRVHG WI
SUHIHUUHG LQ WKLV FDVH EHFDXVH WKH PRGXOH HQDEO



RQWURO RI WKH JULG IHDWXUHV SDUWLFXODUO\ LQ FORV!I
TXDOLwW\ RI WKH JHQHUDWHG JULG FHOO VNHZQHVV DVSH
ZLWK WKH JULG DQDO\WVLV PRGXOH /HR &RPSOHWHG JULG\
IRUPDW IRU WKH UHOHYDQW IORZ VROYHU

7KH &%$' EDVHG SDFNDJH '"'1 HQDEOHV GHILQLWLRQ RI GL.
DIIL[ WKH FRPSXWDWLRQDO JULG ,Q WKLV SURMHFW VX
HI[ISHULPHQWDO PRGHO IRU WKH PXOWL HOHPHQW DHURIRL
1RQ XQLIRUP UDWLRQDO % VSOLQHV 185%6 ZHUH WKHQ |
SURSHUO\ GHVFULEH WKH WZR GLPHQVLRQDO KLJK OLIW \
FRPSDULVRQ ZLWK WKH H[SHULPHQWDO PRGHO URMHF
GLPHQVLRQ WKHQ HQDEOHG WKH FUHDWLRQ RI % VSOLQH
WKH PXOWL HOHPHQW DHURIRLO 8SSHU DQG ORZHU VXUII
ZLQG WXQQHO ZDOOV WR HQDEOH DFFXUDWH FRPSDULVRC
ERXQGDULHYV IRU WKH VROXWLRQ GRPDLQ ZHUH GHILQHG
GRZQVWUHDP RI WKH KLJK OLIW VA\VWHP WR PLQLPLVH WK
WKH IORZ ILHOG DURXQG WKH PXOWL HOHPHQW DHURIRLO

5HDGLQJ WKH VXUIDFH JHRPHWU\ LQWR WKH JULG JHQH
GHILQLWLRQ RI WKH EORFN VWUXFWXUH DQG WKH JULG IF
ZRUNV RQ WKH IROORZLQJ KLHUDUFK\ VA\VWHP YHUWLFHYV
GHILQHV D JULG E\ ILUVWO\ VXEGLYLGLQJ WKH VROXWLRQ
WR WKH VXUIDFH JHRPHWU\ 6HFRQGO\ WKH FHOO GLVWUI
EXQFKLQJ RU GLVWULEXWLRQ RI WKH FHOO YHUWLFHYV DOR
FDSDEOH RI FDSWXULQJ WKH IORZ SKHQRPHQD LQ WKH UH
J)LIXUH RYHU WKH SDJH



& (0 &) WKHQ JHQHUDWHYV WKH LQWHULRU FHOO YHUWLFH\
IURP WKH EORFN HGJHV DFURVV WKH FRXSOHG EORFNV $F
RIWHQ KLJKO\ GHSHQGHQW XSRQ WKH RUWKRJRQDOLW\ R
ERXQGDULHYVY 2QH DSSURDFK WKDW HQVXUHV QHDU PRQRYV
WKH FHOO ERXQGDULHYV LV WR XVH EOHQGLQJ VFKHPHYV LQ
WHFKQLTXH 7KH PRVW FRPPRQ EOHQGLQJ VFKHPHV DQ
SURMHFW XWLOLVH WKH UHVSHFWLYH WUDQVILQLWH LQWHE
+DOO DQG (ULNVVRQ LQ WZR DQG WKUHH GLI
HPSOR\ DUF OHQJWK EDVHG LQWHUSRODQWY WR GHILQH \
IDFHV DQG RQO\ UHTXLUH LQIRUPDWLRQ IRU WKH YHUWH][ (

7UDQVILQLWH LQWHUSRODWLRQ UHTXLUHVY WKH GHILQLWLF
DOO WKUHH JOREDO FRRUGLQDWH D[HV WR EH DEOH WR
YHUWLFHV EHWZHHQ WKH XVHU GHILQHG YHUWH[ ORFDWLI
YLIXUH
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JLIXUH $Q H[DPSOH VROXWLRQ GRPRIWQ VSHFLILHG

IHWX Y Z>[ X Y Z \ XY Z ] QY Z @ ZKHUH X X XS Y Y
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EOHQGLQJ IXQFWLRQV EHORZ
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3NY N O T
\NZ NO U

ZKLFK RQO\ KDYH WR VDWLVI\ WKH IROORZLQJ FRQGLWLRQ'

FW N XL NL SN YL G6NL <N ZL 6NL
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7TKH LOWHUSRODWHGZVXWEKWQREHILQHG E\ WKH UHFXUVLYH L
ILLANXUDNY Z
N
ILX YZ XY ZN...3NY SEKNZ X YN? W
u
I XY Z I X VT/ Y4 I XY ZN @

%RXQGDU\ W\SHV IRU WKH VROXWLRQ GRPDLQ FDQ DOVR E
WKH 3 &XEH PRGXOH QDPHO\ ,QOHW SODQHV 2XWOHW
6\PPHWU\ SODQHV DQG :DOOV ORUH VRSKLVWLFDWHG ER
SHULRGLF ERXQGDULHV KRZHYHU UHTXLUH PRGLILFDWLF
BHFWLRQ

*ULG JHQHUDWLRQ WHFKQLTXH IRU WKH 06(6 FRPSXWDWLR
*ULG JHQHUDWLRQ IRU WKH 06(6 YLVFRXV LQYLVFLG FRGH
WKH IORZ VROYHU ,QLWLDOO\ D SRWHQWLDO IORZ VROXW
VHW RI VWUHDPOLQHY DERXW WKH PXOWL HOHPHQW DHUR
WKH DHURIRLO VXUIDFHV WKHQ SHUPLWY GHILQLWLRQ R
VWUHDPOLQHY *ULG RUWKRJRQDOLW\ DW WKH DHURIRLO
HQVXUHG E\ PHDQV RI HOOLSWLF VPRRWKLQJ )LJXUH l
KLIJK OLIW VA\VWHP SURGXFHG E\ WKH 06(6 IORZ VROYHU



JLIXUH *ULG WRSRORJ\ JHQHUDWHG E\ WKH 06(6

6ROYLQJ WKH LQFRPSUHVVLEOH WKUHH GLPHQVLRQDO

,Q JHQHUDO DQDO\WLFDO H[SUHVVLRQV IRU IORZV JRYHU(
DV D IXQFWLRQ RI ORFDWLRQ [ \ ] DUH QRW DYDLODEOH
YDULDEOHY X Y Z S &)' DSSURDFKHV WR VROYH WKH 1D)
SDUWLDO GHULYDWLYHYV ZLWK DSSUR[LPDWH DOJHEUDLF G
SRLOQWV ZLWKLQ WKH VROXWLRQ GRPDLQ 7KH PRVW FRF
HQFRPSDVVHG ZLWKLQ )LQLWH 9ROXPH OHWKRGV )90 R
) (O VHH <LQJ $OWKRXIK XWLOLVHG H[WHQVLYHO\
WHFKQLTXHYVY KDYH OHQW WKHPVHOYHV WR DHURQDXWLFI



XRVWUXFWXUHG JULGGLQJ WHFKQLTXHYV +RZHYHU WKH OI
DQG PRUH JHQHUDOLVHG )90 JULGGLQJ WHFKQLTXHV KDYH
VROYHUV XWLOLVLQJ )90V

JLOQLWH YROXPH PHWKRG
)90V UHTXLUH WKH VROXWLRQ GRPDLQ WR EH GLYLGHG L
&9V E\ D JULG WKDW GHILQHV WKH FRQWURO YROXPH ER.
VLPSOH SURILOH YDULDWLRQ DVVXPSWLRQV HJ OLQHD
YDULDEOHY DFURVV DGMDFHQW &9V 7KH LQWHJUDO FRQV
RYHU WKH &9 VR WKDW DOJHEUDLF H[SUHVVLRQV IRU WK
GHILQHG DW GLVFUHWH SRLQWYV WKURXJKRXW WKH VROXW
DUH UHODWHG WR WKH QXPEHU RI &9V ZLWKLQ WKH VROX!
DSSURDFKHV LQILQLW\ WKH PDJQLWXGH RI WKH HUURU WH
WKH VROXWLRQ DFFXUDF\ DOVR DULVH IURP EHWWHU DSSU
YDULDWLRQVY DFURVV WKH &9V

B$ 2 % wt X
+ &9 FHQWUH 1RGH

ZZ Q L (

I t Z H t
Vv

VZ 6 L 6(

+ z
JLIXUH J)LQLWH YROXPH GLVFUHWLVDWLRQ RI D

&DOFXODWLRQ RI WKH VXUIDFH LQWHJUDO IRU WKH GHSI
UHTXLUHYVY NQRZOHGJH RI WKH YDULDWLRQ RI WKH GHSHQ
VXUIDFHVY 7ZR OHYHOV RI DSSUR[LPDWLRQ DUH LQWURG:
PXVW EH H[SUHVVHG DV D IXQFWLRQ RI WKH YDULDEOH YD
WKH YDULDEOH YDOXHVY KDYH WR EH H[SUHVVHG DV D IXQF



7KH VLPSOHVW IRUP RI LQWHJUDO DSSUR[LPDWLRQ LV EDV
LQWHJUDQG LV GHILQHG DV D PHDQ YDULDEOH YDOXH DW
DUHD VHH WKH IROORZLQJ H[DPSOH IRU GLVFUHWLVLQJ W
HTXDWLRQ LQ RQH GLPHQVLRQ $V WKH YDULDEOHV FDQQ
H[SUHVVHG YLD LQWHUSRODWLRQ PHWKRGV IURP WKH YD
DFFXUDF\ RI WKH VROXWLRQ LV KLJKO\ GHSHQGHQW X!
LQWHUSRODWLRQ PHWKRG B8QIRUWXQDWHO\ WKH FRQYH!I
VROXWLRQ DUH DOVR GHSHQGHQW XSRQ WKH FKRVHQ LQW
WKDW PRUH DFFXUDWH LQWHUSRODWLRQ VFKHPHV GLYHU
GLUHFWLRQ RI WKH IORZ

([DPSOH $SSUR[LPDWLRQ RI WKH DGYHFWLRQ WHUP DFL
LQ RQH GLPHQVLRQ VHH )LIXUH

$GYHFWLRQ WHUP

ZKHUH

VR WKDW (TQ EHFRPHYV

, QWHUSRODWLRQ VFKHPHV WR FDOFXODWH WKH GHSHQG
WHFKQLTXH DW W