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SUHSDUDWLRQ RI )LEHU 5HLQIRUFHG 6LOLFD

6KXQLQJ BKDLAGMQJ /RXHQ *XOL <XB®Q *DR6HQMDPLQ :LOVRQ

6FKRRO RI 6KDQJKDL ,QVWLWXWH RI 7THFKQRORJ\ 8QLYHUVLW\ 6KDQJKDL &KLQ
6FKRRO RI 1DQ\DQJ 7THFKQRORJLFDO 8QLYHUVLW\ 6LQJDSRUH

$EVWUBEWLFD DHURJHOV DUH OLJKWZHLJKW KLJKO\ SRURXV QDQRPDWH!
DUHD EXW IUDJLOH DQG EULWWOHQHVY 7R HQKDQFH WKH DSSOLFDELC
LQVXODWLRQ EORFNV DUH SUHSDUHG E\ IURWKLQJ PHWKRG 3RO\XUH
SRO\HWK\OHQH 3( ILEHU DQG SRO\XUHWKDQH 38 ILEHU LV XVHG DV UH
ILEHU DQG SRO\XUHWKDQH ILEHU RQ WKH SHUIRUPDQFH RI FRPSRVLWH\
PLFURVFRSLF PRUSKRORJ\ FRPSUHVVLRQ SHUIRUPDQFH UHFRYHU\ S
FRQGXFWLYLW\ DQG K\GURSKRELFLW\ 7KH UHVHDUFK UHVXOWYV VKRZ W
DHURJHO LQVXODWLRQ EORFN KDV H[FHOOHQW FRPSUHKHQVLYH SHUIRU

IURP SKU 38 ILEHU WR SKU 38 ILEHU DQG FRPSUHKHQVLY
DW SKU 38 ILEHU FRPSDUHG ZLWK SXUH LQVXODWLRQ EORFN
VWDELOLW\ RI WKH FRPSRVLWH DHURJHO EORFN LV DERYH 38 ILEHU U

OLJKW ZHLJKW JRRG K\GURSKRELFLW\ DQG JRRG WKHUPDO DQG PHFKD(
DSSOLFDWLRQ SURVSHFWYV LQ WKH ILHOG RI LQVXODWLRQ

 QWURGXFWLRQ VLOLFD DHURJHOV DUH JHQHUDOO\ S

WKURXJK WKH VRO JHO PHWKRG VRO
$HURJHO KDV SRURXV VWUXFW XU HY XBWHRIHG LEN LIFQWHE B RQ@QQ HFWRFHVVHYV T
WKUHH GLPHQVLRQDO QDQR QHWZRORNF NVD IHYZ®R UNM HERV QW XV WKHP D

KLIJK SRURVLW\ a > @ XPUWHEKLDBVVSHEHWBOO\ VLOLFD DHUR
VXUIDFH DUHD a P J>@ WEsHU RORZ WRHEPBSODUH D EORFN ZL'
FRQGXFWLYLW\ > a P . @>S@RBAGWIHUA @BZWKH DHURJHO LV ILU
GHQVLW\ a JFP > @ $QG LWKHQRIUIDRHAWEHWIHHQ WZR SODWHYV

PDWHULDOV LQ WKH ILHOG RI KLQK)SOHNWRRRDQERFNWKWKRDWKHUPDO L
LQVXODWLRQ DW SUHVHQW +RZHY MK L¥XWHQ\GLZQ IEKD SIHRWGERXIFHD IK\D \G IO RLZF X O
PHFKDQLFDO SURSHUWLHV DQG LRI BAXISWMW QK HIKIDRK LQWXIOMDWV LAWY P D W F
LQGXVWULDO DSSOLFDWLRQ 7KHUHVRWHEDMWNGLS RQNEUNWRDQMWR:38 Q
VWUHQJWKHQ WKH VLOLFD DHURJH{JFPMB GHIGWW DSLUR SHKUHWAL YL R D STRHOU R U H @/
WKHUPDO LQVXODWLRQ FRPSRVLWWF P DRW LODIDV RZ UW & X VMW R/&H DPRXQ
PHFKDQLFDO SURSHUWLHV> @ HYHQ WR JHUR W LV D QHZ W\SH RI H
.LP HW DO SUHSDUHG D JODVV I|LEMIMMHLOLIF® D/HRUBWH RDRR BSIRWLWHG P D C
LQVXODWLRQ PDWHULDO DQG IRX®G\XWKHDWK DIDHD £V QIGEHY DADHQ EDVHG |
HITHFWLYHO\ HQKDQFH WKH WRXJISQRSW RN LH\O LFFID LV RERIGIOW H/ ,VRF\I
=KDQJ HW DO H[SORUHG WKH XVHFRIQWDXBILQXPDQYLOVRPWI)DMEHUURXS

DQG JODVV ILEHU DV VLOLFD DHUR3JHKDVUHULRXB UEDHI\P HHQKW\ KD X QR PHQUX U D W
WKDW WKH FRPSRVLWH ILOOHG ZLRWK{ UODHBY. QUQ G RKIEDLH DE RGIGR JBIQG FC
LQFUHDVHG LQ FRPSUHVVLRQ VWU QP R XNOCD/QFWN B M DLLEH ) P DWWLORQHK\ G U

DIWHU FRPSUHVVLRQ GHIRUPDWLWRQLV/BEBSARPE&FRVEWEGLQJ VLOLFD D&t
PDWHULDO FRPSRVHG RI JODVV ILERQAXFGIGYOWFD @A EZBRWHY KIDWHG SRO
PRUH WKDQ KLIKHU PHFKDQKEDR FRWHWOQWMEKH WKIWKH WZR DUH FRI

DOXPLQXP VLOLFDWH ILEHU> @ /LWR U0OH FRPH RXQ GHIE VHISR RIMDOAW B VX OD
ILEHUV ZLWK VLOLFD DHURJHO ZWIEHKU KNG BRRIGEHQYWHIH DXFMHDA® DV UHLC
LOQOWHUDFWLRQ WR LPSURYH WKHURHBKPRPQEHG O/ LDURDHDMURIIVHRILQVXOD
DHURJHO PDWHULDOV > @ =KRX HW DRP DG GHRPSRO\HWPWWHW $SIWEHBWD WHRG ¢
VLOLFD DHURJHO DQG WKH SUHV¥RPIS DARDH) WG EW XVEAH WPKOMW HQLO RHQ F +
LQFUHDVHG E\ N3D FRPSDUHG ZEWEWIHQAMW RFQONKBE WNHMURBWXUH DQG SH
ZKHQ WKH HODVWLF GHIRUPDWLROQRBBHUPWR REWDtRZWKHUPDO LQVXOD\

&RUUHVSRQGLQJ DXWKRU ZLWW#VLW HGX FQ
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WKHUPDO LQVXODWLRQ SHUIRUPDQRBH \WROWKP W @GUGH VFXW DR O
HQYLURQPHQWDOO\ IULHQGO\ SURGXFWLRQ Rl WKHUPDO

LQVXODWLRQ PDWHULDOV EHFRPHYVY SRVVLEOH
7TKH LQIOXHQFH RI ILEHU W\SHYV

PLFURVFRSLF PRUSKRORJ\ RI VLOLF

([SHULPHQW LQVXODWLRQ EORFNYV
7KH PLFURVFRSLF PRUSKRORJ\ RI WKH
0DLQ PDWHULDOV FDQ LQWXLWLT_'HO\ GHVFUJLEH WKHLFVR\I;
7KH UDZ PDWHULDOV XVHG LQ WKL L»—ER/ @v@' EUHSDU
ZDWHU EDVHG SRO\XUHWKDQH HP = KDW D ODUJH
7HFKQRORJ\ '"HYHORSPHQW &RPSD ,f? 8 HPXOVLRQ W
GRGHF\O VXOIRQDWH 7LWDQ 7HFK FYL WZRUN VWU X

6LOLFD DHURJHO 6KHQ]KHQ =K
&RPSDQ\ /LPLWHG SRO\HWK\OHOQ ‘:HBQVS 3580|Ls'§ 55|UXHHHPQELUGRGPH

ILEHU DQG GLVWLOOHG 2DWHU LQVXODWLRQ EORFN ZKLOH VLOLFD D
VXUIDFH RI WZR NLQGV RI ILEHUV ZKI
ODWHULDO SUHSDUDWLRQ DHURJHO DQG ILEHU IRUP D EHWWHU
"HLJK SKU RI ZDWHU EDVHG SROMN®WHW KIDFQLH) & FRPEILOWLRQ SURYLGH
SKU RI VRGLXP GRGHF\O VXOIRQDWHFAS SRYONRWEW HQHPIHEKIDQR®BO SURSEH
SRO\XUHWKDQH ILEHU DQG DGG POWHUSBWOYV 7KKUIDS EKHW ZHHQ WKH LI
DQG SKU UHVSHFWLYHO\ 3XW WZXKLBERYHGXDP A \P MWKHUWKGV RPQW EULGJI
D KLJK VSHHG PL[HU DQG VWLU IRDQGPUREWHW WKHOQWXHFHEBEPDO FRQGXF\
SKU RI 6LOLFD DHURJHO DQG VW LRDWHULKD ORU PLOQXWHY 7KH
PL[IHG KRPRJHQHRXV VOXUU\ LV REWDLQHG SRXUHG LQWR D
PROG DQG SODFHG LQ D WKHUPRYV\i o : ,
FRQVWDQW WHPSHUDWXUH RI f & |
VLOLFD DHURJHO LQVXODWLRQ EO

‘ DA suq Louwwa H |ulscs 1WfO [ps Wojq

Figure2. 6(0 LPDJHV RI VLOLFD DHURJHO LQVX(
| 1R ILEHU DGGHG E 3(ILEHU SKU F 38

|uyljnsge suq qiebetee H 21jics se10ds| H NIXeq 2| l

20qinL qogsch| 2njiousss|

bOMILSIPSUS SNZIOU
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7KH LQIOXHQFH RI ILEHU W\SH RQ
FRQGXFWLYLW\ RI VLOLFD DHURJHO LQ
Figure 1. 3UHSDUDWLRQ SURFHVV 7KHUPDO FRQGXFWLYLW\ UHIHUV WR

WUDQVIHUUHG WKURXJK D XQLW KRUL]

LQ D XQLW WLPH ZKHQ WKH WHPSHUD)
7HVWLQJ DQG FKDUDFWHUL]DWL GLHQW LV f& P )LIXUH VKR:

JLHOG HPLVVLRQ VFDQQLQJ HOHFWHG@XH’:WM\W\RFEH WKB(Q/LOLFD DHURJ
ZDV SHUIRUPHG RQ D 6 1 LQVWlé;K'?WHQJ\M%|BEMUU®(¢JGW\WHRQV LWK W
PLFURVFRSLF DSSHDUDQFH RI Wkt MBWPS fd<H FRQGXFWL
FRQGXFWLYLW\ PHWHU ZDV GHWHBBRHAMD RQuUuBc¥B360y LQFUHDVHG U
LQVWUXPHQW WR DQDO\]H WKH WKHUPDGp FREG@¥RWHVULW) ViRk WKH LQFUF
VDPSOH WKH ZDWHU DEVRUSWLR@kHHW KXY oY REFERERIL WKH RI VLOLT
VDPSOH ZDV FDOFXODWHG E\ ZDWHYEURDYHVLR WKKRHE) GHFUHDVHV D

PHDVXUH WKH PDVV EHIRUH ZDWHUp BpMRRKPDPRWHU ZDWHU "P 7KkH ILEHU F|
ZDWHU DEVRUSWLRQ Z > P Pyp H@gVROLG WIKKDVH WUDQVPLVVLRQ S

FRPSUHVVLYH VWUHQJWK RI WKH VRRS$ QW ZPM PIﬂ@}z’PjHUGHR KM VROLG S

6XQ XQLYHUVDO PDWHULDO  WhiMWHAIH KK W U *@H GXFWLYL

FRPSUHVVLRQ UHVLOLHQFH UDWH RR MWdOHE WR RS QN gDW & QhL,Q) LQVXC

RQ D 6XQ XQLYHUVDO PDWHULDO j WiyW/it @ dw R B K\}VQUW ZKHQ LW LV C

PHDVXUH WKH LQLWLDO WKLFNQHVV K DQG UHFRYHU\ WKLFNQHVV K
&RPSUHVVLRQ UHVLOLHQFH UDWH 5 K K WK H

GLPHQVLRQDO VWDELOLW\ Rl WKH VDPSOH ZDV GHWHUPLQHG E\ WKH

FRQVWDQW WHPSHUDWXUH GU\LQJ PHWKRG 8VH D YHUQLHU

FDOLSHU WR PHDVXUH WKH VL]H EHIRUH GU\LQJ D DQG WKH VL]H

DIWHU GU\LQJ D 'LPHQVLRQDO VWDELOLW\

D D ;. %UXQQHUI(PPHWi7HOOHU %(7 ZDV

SHUIRUPHG RQ D $6%$3 LQVWUXPHQW WR REVHUYH WKH

VXUIDFH DUHD RI WKH VDPSOH
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VLOLFD DHURJHO LQVXODWLRQ EORF
0. 030 1 :Eg DGGLWLRQV )RU 3( ILEHU WKH FRQW

ELQGLQJ IRUFH EHWZHHQ DHURJHO DQ
0. 028 WKH H[WHUQDO VWUHVV LQFUHDVHYV
GHFUHDVHV )RU 38 ILEHU ZKHQ WKH I
0. 026 WKH ELQGLQJ IRUFH RI VLOLFD DHURJ
DQG LWV FRPSUHVVLYH VWUHQJWK LQF
0. 0241 Rl 38 ILEHU DGGHG LV SKU WKH FRP
WKH FRPSRVLWH PDWHULDO UHDFKHYV
0. 0221 03D ZKHQ WKH ILEHU FRQWHQW L’
EHWZHHQ WKH VLOLFD DHURJHO DQG W
0. 0201 DQRG LWV FRPSUHVVLYH VWUHQJWK LV
DGGLWLRQ DPRXQW LV SKU WKH F
FRPSUHVVLYH VWUHQJWK UHDFKHV W

03D

Figure3. 7TKHUPDO FRQGXFWLYLW\ LPDJH RI VLOLFD DHURJHO
LQVXODWLRQ EORFNYV 0.04
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7KH LQIOXHQFH Rl ILEHU W\SH RQ.KH ZDWHTU

DEVRUSWLRQ RI VLOLFD DHURJHO LQ¥XODPWTR® EOR
:DWHU DEVRUSWLRQ LV D SK\VLFDO TXDQ \
GHJUHH RI ZDWHU DEVRUSWLRQ E\ DO ®R]
SUHVVXUH )LIXUH LV D JUDSK RI ZDBWH
DHURJHO LQVXODWLRQ EORFNV ZLWK GL
3RO\XUHWKDQH KDV ZHDN ZDWHU DE VRYY 0 i QW
DQG WKH WZR ILEHUV KDYH EHWWHE PRILVWXUH UHVLVWDQFF WKH
ZDWHU DEVRUSWLRQ UDWH Rl WKH VLOLED DHURJHO LQVXODWLIRQ EORFN
GHFUHDVHV ZLWK WKH ILEHU FRQWHQWo LQFUHDVHYW :KBQ Wi4H
DPRXQW RI 3( ILEHU DGGHG LV SKU W Kiber BRiRiSeRaMobV Kihr)
PDWHULDO KDV D ORRVH VWUXFWXUH DQG PRUH SRUHV VR D ODUJH
DPRXQW RI ZDWHU FDQ EH VWR U HiGrels.G\RIPGH HWVHY X O/'WU® ® JIMX DRDJIH RI VL
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HV WKH
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LFD
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WKH DPRXQW RI 38 ILEHU DGGHG LV SKU WKH ZDWHU
DEVRUSWLRQ Rl WKH VLOLFD DHURJHG 4QV X8 RILRRE O RFN | UEHRE KN s 1
WKH ORZHVW YDOXH RI FRPSUHVVLRQ UHERXQG Rl VLOLFEL
LQVXODWLRQ EORFNV
) m— &RPSUHVVLRQ UHERXQG UDWH LV WKF
e P VDPSOH UHWXUQV WR LWV RULJLQDO \
S 201 E\ WKH DSSOLHG IRUFH )LJXUH VKR
. UHERXQG RI WKH VLOLFD DHURJHO L
= 301 GLIIHUHQW ILEHU DGGLWLRQV $V WKH
& WKH FRPSUHVVLRQ UHERXQG RI WKH VI
Z 5 LV EHFDXVH WKH VLOLFD DHURJHO LV \
h ILEHU FRQWHQW LQFUHDVHV WKH VWD
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Figure4. :DWHU DEVRUSWLRQ LPDJH RI VLOLFD DHURJHO LQVXODWLRQ
EORFNV

7KH LQIOXHQFH RI ILEHU W\SHV RQ WKH
FRPSUHVVLYH VWUHQJWK Rl VLOLFD DHURJHO LQVXODWLRQ

EORFNV
&RPSUHVVLYH VWUHQJWK LV WKH FRPSUHVVLYH VWUHVV RI WKH
VDPSOH ZKHQ LW LV GHIRUPHG E\ W FKDUDFWHUL]JHV WKH

PDWHULDO V DELOLW\ WR UHVLVW FRPSUHVVLYH ORDGV ZLWKRXW
IDLOXUH )LJXUH LV D JUDSK RI WKH FRPSUHVVLYH VWUHQJWK RI
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Figure6. & RPSUHVVLRQ UHERXQG LPDJH RI @LI@LFD DHURJHO
LQVXODWLRQ EORFNYV v
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LOQVXODWLRQ EORFNYV
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DUHD RI VLOLFD DHURJHO LQVXODWLRQgRARFN., LDQJ DO 5H
7KH VXUIDFH DUHD UHIHUV WR WKH M’ ‘j:kapﬁaslﬁl >QJ_|3(V \y VWDQ
PDWHULDO )LJXUH LV D JUDSK VKR VV)éR UEBL R
SHUIRUPDQFH RI VLOLFD DHURJHO |_ XOD

GLIIHUHQW ILEHU DGGLWLRQV ,W FD; quj% f{%}ig@ V RI VI
WKDW WKH VSHFLILF VXUIDFH DUHD

EORFN LV WKH ODUJHVW J < ZKH® &R &LP@+QJ <v= HW DO +

DGGHG :LWK WKH LQFUHDVH RI WKH BERGOWHEDWWRR Q/ IRH W-mh‘DEHUVRJHOV
WKH VXUIDFH DUHD RI WKH DHURJHO LQVXODWLRQ EORFN LV
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RI FRPSRVLWH PDWHULDOV 6KDQGRQJ &KHPLFDO ,QGXVWU\

/ ;X <* -LDQJ -= )HQJ HW DO 3UHSDUDWLRQ RI

ILEHU UHLQIRUFHG $0 2 6L2 DHURJHO WKHUPDO
LQVXODWLRQ FRPSRVLWH PDWHULDO DQG WKHUPDO LQVXODWLRQ
SHUIRUPDQFH -RXUQDO RI 1DQMLQJ 8QLYHUVLW\ RI
7HFKQRORJ\ 1DWXUDO 6FLHQFH (GLWLRQ

6 .LP - 6HR - &KD HW DO &KHPLFDO UHWUHDWLQJ IRU
JHO W\SHG DHURJHO DQG LQVXODWLRQ SHUIRUPDQFH R
FHPHQW FRQWDLQLQJ DHURJHO &RQVWUXFWLRQ $QG
%XLOGLQJ ODWHULDOV

< =KDQJ :;* *H *- /X HW DO 3UHSDUDWLRQ DQG
SURSHUWLHV RI DOXPLQXP VLOLFDWH ILEHU DQG JODVV ILEHU
FRPSRVLWH VLOLFD DHURJHO PDWHULDOV ,QRUJDQLF 6DOW
,QGXVWU\

; /L 4 :DQJ + /L HW DO (IIHFW RI VHSLROLWH ILEHU

RQ WKH VWUXFWXUH DQG SURSHUWLHYV RI WKH VHSLROLWH VLOLFD
DHURJHO FRPSRVLWH -RXUQDO RI VRO IHO VFLHQFH DQG
WHFKQRORJ\

-/ =KRX 0 - 6KL ' /RQJ HW DO 3UHSDUDWLRQ DQG
SURSHUWLHV RI VLOLFD DHURJHO WRXJKHQHG E\ SRO\HVWHU
ILEHU )XQFWLRQDO ODWHULDOV



