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Abstract

Additive manufacturing (AM) refers to a series of technigues in which parts are created by successive
deposition of layers. Among the different technologies, Wire Arc Additive Manufacturing (WAAM) em-
ploys a welding system in combination with a motion mechanism to deposit layers of molten metal. This
technology possesses high deposition rates and an unconstrained build envelope, limited only by the
reach of the motion mechanism making it suitable for fabricating large-scale parts. The use of this tech-
nique to manufacture technologically interesting materials as Invar 36, a low thermal expansion alloy,
could lead to reduced material waste and components with a geometrical complexity only attainable
via AM. The high heat input associated with WAAM has been proven to induce columnar grain growth
causing anisotropic behavior in the materials, and in the case of Invar 36, it also promotes cracking. In
this work, the addition of nucleating agents, known as inoculation, has been implemented during the
deposition process to induce grain refinement and mitigate the aforementioned effects. TiC and NbC
were selected as possible inoculants based on the results from the implementation of the edge-to-edge
matching model as selection criterion. The inoculants, in the form of powders, were mixed with an or-
ganic carrier to create suspensions at 50 wt.% and 75 wt.% which then were applied as a coating to
each layer during the deposition process. Invar 36 cuboidal specimens with dimensions of 15x15x120
mm were fabricated using GTAW-based WAAM with a heat input of 550 J mm?. Microstructural char-
acterization showed that specimens with added inoculants achieved significant grain size reduction,
reduced crack formation, and an increase in hardness. Defect-free depositions were attained in the
specimens with inoculant-loaded suspensions at 75 wt.%.
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Introduction

000 D0oouooobo

Additive manufacturing (AM) refers to a series of techniques in which parts are manufactured by
successive deposition of layers [1]. In comparison with traditional manufacturing, AM allows for less
material waste, high design flexibility, and easy customization and tailorability of components [2]. With
nowadays technologies, it is possible to employ AM to produce components out of polymers, ceramics,
metals, and composites. However, AM is a relatively new concept and there are still numerous limita-
tions. The exact limitations and their severity, depend on the technology and material being used. The
most common limitations encountered can be summarized in limited dimensional accuracy, surface
roughness, build speed, and build envelope [2, 3].

Among the technologies, Wire Arc Additive Manufacturing (WAAM) is a relatively economical tech-
nigue that combines a welding system and a motion mechanism to deposit successive layers of weld
beads [4]. The high heat input associated with the welding processes allows high depositions rates dur-
ing the WAAM deposition process (5-30 g min 1), and the build envelope is only limited by the reach of
the motion mechanism [4, 5]. These characteristics make WAAM specially suitable for manufacturing
large-scale parts and confer the technique a particular technological interest.

However, as with any manufacturing process, WAAM has its own drawbacks and limitations. Based
on welding technologies, WAAM presents various major defects found in welding processes. The high
amount of energy introduced during the deposition of each layer causes thermal gradients that may
result in warping of the manufactured component [6, 7]. Inherent miss-alignment of the layers limits the
dimensional accuracy and the surface roughness of the as-deposited part, requiring additional finishing
steps. The layer-by-layer nature of the process also creates a direction of preferential heat extraction
promoting columnar grain growth, typically aligned with the building direction. Such grain morphology
tends to cause anisotropic mechanical behavior in materials and facilitates the formation of cracks
during the solidification process [5, 8]. Different grain refinement strategies have been employed to
mitigate the formation of such morphology and the detrimental effects on the materials [87 11]. However,
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the implementation and efficacy of these techniques are dependent on the process-material pair.

Low thermal expansion alloys, characterized for having low coefficients of thermal expansion, com-
prehend a group of technologically interesting materials for AM. These alloys are typically employed
in high-precision applications where dimensional stability is critical for the correct functioning of the
components fabricated [12, 13]. Achieving defect-free depositions, while maintaining the low thermal
expansion properties, and a desired mechanical behavior, could lead to the fabrication of components
with high geometrical complexity, that could not be obtained by traditional manufacturing methods,
while reducing material waste and processing-related costs.

Previous studies on low thermal expansion alloys include a feasibility study and processing parameter
optimization for gas tungsten arc welding (GTAW) based WAAM for the deposition of Invar 36 [14i
16]. Even with optimized parameters, the formation of typical columnar grain morphology and crack
formation during solidification could not be mitigated [17]. This works aims to study the effects of
inoculation as a grain refinement strategy on the microstructure, during the deposition of Invar 36 using
GTAW-based WAAM.

000 000000 0oooooood

This thesis is comprised of five chapters distributed as follows: Chapter 1 contains a brief introduction
indicating the motivation and the general aim of this work. Chapter 2 comprehends a detailed literature
review; topics addressed include the basic principles of AM, a detailed description of WAAM processes
and their variants, an introduction to Invar alloys and Invar 36, and inoculation as the proposed grain
refinement strategy. Conclusions and objectives derived from the literature review are also included
in this chapter. Chapter 3 provides a description of the methodology employed for the selection of
inoculants and for the fabrication of Invar 36 specimens, and their posterior characterization. The
results and the discussion regarding the effects of the addition of inoculants on the microstructure are
presented in chapter 4. Finally, conclusions drawn from this work and future recommendations are
presented in chapter 5.
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3ZIVZMI[

, QWUDGLWLRQDO PDQXIDFWXULQJ WKHUHDUH WZR DSSURDFKHV WR E>
IRUPDWLYHPDQXIDFWXULQJ ZKHUH QHDU QHW VKDSH FRPSRQHQWYV FDQ E
WR GHIRUP DQG PRGLI\ WKH RULJLQDO VKDSH RI WKH UDZ PDWHULDO ,Q\
WUDFWLYHPDQXIDFWXULQJ LQVWHDG RIGHIRUPLQJWKHUDZPDWHULDO
QHW VKDSH LV & KLIHFRQWUDVW WKH FRQFHSW RI DGGLWLYH PDQXIDFW_
RI'SURFHVVHV LQ ZKLFK SDUWV DUH FUHDWHG EA\PHDQV RI MRL@LQJ PDWH
7KH OD\HUV DUH IRUPHG E\GHSRVLWLQJUDZ PDWHULDO RQWRS RID VXE\
WRIJHWKHU XVLQJ WKHUPDO FKHPLF®O RUPHFKDQLFDO HQHUJ\ >

$0 GDWHV EDFNDV HDUO\ DV ZLWK WKH FUHDWLRQ DQG SDWHQW RI WK
+X00@ ,Q WKLV SURFHVV 89 OLJKW ZDV XVHG WR FXUH SKRWRVHQVLWL
"VKDSHV )LUVW $0 WHFKQLTXHV ZHUH RQO\FDSDEOH RI SURGXFLQJ SRO\
DGYDQFHVKDYHPDGHLW SRVVLEOHWRGHYHORSQHZSURFHVVHVLQZKLF
LVSRVVLEOH 1RZDGD\V $0RISRO\PHULF PHWDOOLF DQGFHUDPLFPDWt}
SURFHVV LV HPSOR\ HEOWHFKQRORJLHY KDYH EHHQ XVHG WR SURGXFH SI
ILHOGV VXFK DV ELRPHGL Fa ODXQRPRWLYH L@GRWWRVSDFH LQ@XVWU\ >
DQG HQHUJ\LQ@XVWU\ >

(YHQ WKRXJK $0 LV D UHODWLYHO\ QHZ FRQFHSW LW KDV UHDFKHG VXF
WR LWV DGYDQWDJHV $PRQJ WKH PRVW UHPDUNDEOH IHDWXUHV ZH FDQ
DQG GHVLJQ IGH[BPEQBHWKKH SDUWV DUH EXLOW LQ OD\HUV OLPLWDWLRQ
RI RSHUDWLRQV ERWK IRXQG LQ WUDGLWLRQDO PDQXIDFWXULQJ DUH Q
EDVHGRQFRPSXWHU DLGHG GHVLJQ &$' PRGHOV FDQEHDGMXVWHG PR
PDMRU FRPSOLF@WBRRIHYLQJ IXQFWLRQDO SURWRW\SHV FDQ EH GRQH L
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UHVRXUFHV DQG WLPH 7KH ODFN RI PDWHULDO UHPRYDO UHGXFHV WKH Z
FRVW HIITHFWLYHLQ WHUPWR | @DWBUWDRBAQRIVPAUHRDPQ EH HPSOR\HG WR IDEU
RXWRIGLIITHUHQW PDWHULDOV NQRZQ DV PXOWL PDWHULDO FRPSRQHQW
FDQ EHLPSURYHG E\ FUHDWLQJ KLHUDUFKLFDO VWUXFWXUHY GXULQJ Wi
FKDQJHWKHFRPSRVLWLRQWKURXJKRXWWKHGHSRVLWLRQWRFUHDWH F
DVIXQFWLRQDOO\JUDG®G PDWHULDOV >

7TKHILQDO FKDUDFWHULVWLFV RI WKH SDUWV GHSHQG RQ WKH FRPELQD

VHOHFWHG WKH PDWHULDO WKH W\SHDQG TXDOLW\RIWKH IHHGVWRFN
UHJDUG 7DEBSILFWV D VXPPDU\ RI WKH GLITHUHQW $0 FDWHJRULHYV WKH|
VRXUFH HPSOR\HG DQG WKH PDWHULDOV ZKLFK FDQ EH SURFHVVHG

7TDEOH &ODVVLILFDWLRQ RI $0 SURFHVVH® $GDSWHG IURP >

$03URFHVV JURXS 7\SLFDO FRPPHUFLDO QDPHV (QHUJ\VRXUFH )t

9DW 3KRWRSRGMAHIHRDLWKRJIJUDSKIOWUDNDROGHWWLIKW SKRWRVHQ

WLRQ SURFHVVLQJ 6ROLG *URXQG &XUUHVLQ FHUDPLFV
LQJ 3URMHFWLRQ 6WHUHROLWKRJUD
S K\

B3RZGHU %HG )XVLRQ (OHFWURQ %HD/M 0 H W HFRWOO(FORHFY FHUDPLF
WURQ %HDP $GGLWLYHHDRQ XIDFWXQ@G PHWDOOLF SRZ
LQJ 6HOHFWLYH /DVHU 6LQWHUG®UV
6HOHFWLYH +HDW 6LQWHULQJ 'LUHFW
OHWDO /DVHU 6LQWHULQJ 6HOHF
WLYH /DVHU OHOWLQJ /DVHU %HDP

OHOWLQJ
'LUHFW (QHUJ\ /MYRWLOHWDO 'HSRVLMVRIQ 'LHGHMWIQOOLF RU FHUDPLF
WLRQ OHWDO 'HSRVLWLRQ EHDHPFWHOMBRZAGHUY PHWDOOLF

'"HSRVLWLRQ /DVHU PQUHRQHHUHGLUHV
1HW 6KDSLQJ (OHFWURQ %HDP
JUHHIRUP )DEULFDWLRQ :LUH $UF
$GGLWLYHODQXIDFWXULQJ
%LOQGHU -HWWLQRZGHU %HG DQG LQ¥ MG@EIGHYHW KHRIP\PPGIUVY FHUDPLF
30DVWHU EDVHG ' 3UHQMAULIYJ DQG PHWDOOLF SRZ
GHUV
ODWHULDO ([WURXRWHRE 'HSRVLWLRQ ORHGHDAMLYPQHUI\ 7KHUPRSODVWLF
JXVHG )LODPHQW )DEULFDWLRQ
ODWHULDO -HWWKQWL -HWORGHOOL@BKHUPDO HQHUJ\ 3KRWRSRO\PHUL
UHVLQV PHWDOYV
FHUDPLFV WKHUPR
SODVWLFYV
6KHHW /I DPLQDWDRQQDWHG 2EMHFW /ODD/HXIDFWXRBODVWLF PHWDOOLF F
LQJ S8OWUDVRQLF &RQVROLGDWIRHUDPLF IRLOV

&EWMG IJEFVMGEXMRKTVMRGMTPI

'"HVSLWH WKH QXPHURXV FDWHIJRULHVDQG WHFKQRORJLHYVY WKHEDVLF"
$OUHPDLQVWKHVDPHIRUDOORIWKHP 7KHFUHDWLRQRIDSDUW XVLQJ$C
LQDQ HLIJKW VWHS SURBBVVIKHIXUMW VWHS LV WKH FUHDWLRQ RI D VRO
FRPSXWHU DLGHG GHVLJQ & WKHWYWbWXHWHM RI WKHVH SURFHVVHY DOORZ
FRPSOH[JHRPHWULHYVY ZKLFKDUH QRWIHDVLEOH YLD @UDGLWLRQDO VXE
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2QFHWKHPRGHO LVFRPSOHWHG LWPXVWEHFRQYHUWHG LQWR D VSHF

ODQJXDJH 67/ WKDW UHSUHVHQWYV WKH VXUIDFH JHR&PHWMH RRBHKE PRC
UHSUHVHQWDWLRQ RI WKHILOHLV WKHQ VOLFHGLQWR OD\HUV 'HSHQGL!
EHRIFRQVWDQW RUDGDSWLYH WKLFNQHVV GHSHQGLQJ RQ WKH UHTXLU
7KH QXPEHU RI OD\HUV DQG WKH KHLJKW RI HDFK OD\HU FRQWULEXWHV W
>@ :LWKWKH67/ILOH WKHWRROSDWK GHILQHG DV WKHVSHFLILF URXWI
WKH OD\HU GHSRVLWLRQ LVVHOHFWHG %HIRUH VWDUWLQJ WKH PDQXID
WRD* FRGHIRUPDW 7KH* FRGHUHSUHVHQWYVY D VHULHVY RILQVWUXFWLR
V\VWHP WR IDEULFDWH WKH GHVLUHG SDUWV LW FRQWDLQV EHVLGHV W
SURSHUO\V\JXLGH WKH VA\VWHP GXULQJ WK®WPDQXIDFWXULQJSURFHVYV >

%HIRUHSURGXFLQJDQ\FRPSRQHQW WKHVHWXSRIWKHS$OHTXLSPHQW P
HTXLSPHQW SDUDPHWHUYVY DPRQJRWKHUV WUDYHO VSHHG W\SH RI PDW
VSHFLIGH®RVW UHDGLO\DYDLODEOH FRPPHUFLDO $0HTXLSPHQW GRHV Q
FDQIXQFWLRQ DXWRQRPRXVO\ XQWLO WKH FRPSRQHQW LV FRPSOHWHG
IURP WKH VXEVWUDWH VRPH WHFKQRORJLHV OLNH )XVH 'HSRVLWLRQ O
SDUWDQG UHPRYH WKH QHFHVVDU\ VFDIIROGLQJ FUHDWHG WR VXSSRUW
SURFH®V 2WKHUV OLNH %LQGHU -HWWLQJ UHTXLUHDQDGGLWLRQDO FXU
>@ )LQDOO\ VRPHWHFKQRORJLHVY UHTXLUH IXUWKHU SRVW SURFHVVLQ

@ 7KHDPRXQWDQG WKHQDWXUH RIVDLG SRVW SURFHVVLQJLV DOVR W
XVLQJ 6HOHFWLYH /DVHU OHOWLQJDQG 'LUHFW /DVHU '"HSRVLWLRQ PD\ U}
URXJKQHVVY SDUWV SURGXFHG E\ 6WHUHROLWKRJUDS\ UHTXLUH 89 OLJK
DOVRUHTXLUHIXUWKHU PDFKLQLQJWRLPSURYHILQDO@GVRBYHBRDKRHABWD QC
WUHDWPHQWY WR PRGLI\DQG LPSURYH PHFKDQLFDO SURSHUWLHV LV DO
PHWDOOLF PDAVHROYIDODOMWHU WKHUHTXLUHG SRVW SURFHVVLQJ RSHUDWL
LQWKHGHVLUHG@SSOLFDWLRQ >

JLIXUH 'LDJUDP VKRZLQJ WKH HLJKW VWHSV LQYROYHG LQ $0

'YVVIRX XVIRHW ERHPMQMXEXMSRW

(YHQ WKRXJK $0 PD\ RIITHU UHODWLYHO\ IDVW DQG WDLORUHG VROXWLR
LV VWLOO D SURFHVV LQ GHYHORSPHQW DQG WKHUH DUH VWLOO D ODUJ}
XSRQ OD\HU QDWXUH VXUIDFH ILQLVK GLPHQVLRQDO DFFXUDF\ DQG PD
WKH WHFKQLTXH DQG WHFIGQRQRVUDGLRWLREDK ¥ XEWUDFWLYH PDQXIDF'
URXJKQHVV 5D DIWHU PDFKLQL®JDR\GFLWGDQ EW DXRXRIEU UHGXFHG ZLV
FXWWLQJ SDVV GRZQ WR P GHSHQGLQJ RQ WX K OH BXYLISW K § WDXOWH &K & J K
DQG FRPSUHKHQGV D EURDG UDQJH RI YDOXHV 7KH ILQDO 5D GHSHQGV F
UHVROXWLRQ DQG WKH SURFHVVLQJ SDUDPHWHUV 'HVSLWH EHLQJ OLPL\
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FRPSDUDEOH 5D WR WKRVHRI WUDGLWLRQDO VXEWUDFWLYH PDQXIDFW XI
OHOWLQJ 5Dn 3RO\ -HWWLQIN5DDQG 6WHUHROLWKRJWUDS®\ 5D

7UDGLWLRQDOO\VSHDNLQJ FRPPHUFLDO VXFFHVV RI $0 LV RZHG WR WK
FRPSRQHQWY LQ DSSOLFDWLRQV ZKHUH WKH ODUJH IOH[LELOLW\ IRU FXV
SURGXFWLR®Q&RPSDUHG WR WUDGLWLRQDO PDQXIDFWXULQJ $0 KDV FRP S
PDQXIDFWXULQJ PDQXIDFWXULQJ RI D FRPSRQHQW IRU WKH ILUVW WLPF
SDUW® >+RZHYHU WKHPDQXIDFWXULQJFRVW EHFRPHV FRQVWDQW ZLWK
SURGXFHG UHGXFLQJFRPSHWLWLYHQHVV ZLWK UHVSHF@ VB8R RVAUBXGLAA R G
UDWHVY DOVR FRPSUHKHQG DQ LPSR U@ D QWUQLHRQW W HRG VX BYH GHPRQV
WKHVH OLPLWDWLRQV FDQ EHDGGUHVVHG 7HFKQRORJLFDO LQQRYDWLR
PHQW SUDFWLFHV DW\SLFDO WR $0 DV GHVLJQ IRU YROXPH DQG ORZ FR\
HPSOR\HG WR DFKLHYH KLJK YROXPH $0 XVL@ 'CKIOUBIOW BKFEW R B 0 RQ MWADK
YDWLRQ LV VSHFLILF RI WKH $0 PHWKRG HPSOR\HG RSHUDWLRQV PDQDJH
WKLV UHJDUG WKHSRVLWLYHRXWFRPHRIVXFKDSSURDFKFRXOGEHXVH I
LQFUHDVLQJWKH RXWSXW RI RWKHU $0 WHFKQRORJLHV LQ D VLPLODU IDV

/JLPLWHG EXLOG YROXPH RI VRPH $0 WHFKQRORJLHY DOVR FRPSULVHV D
WR WKH $PHULFDQ 6RFLHW\ IRU 7HV W L@ JWIQHG EDOLVOISULR@X/P 4 AAMGHILQHG
XVDEOH YROXPH DYDLODEOH LQ WKH PDFKLQH IRU EXLOGLQJ SDUWV 6XF
WHULVWLFV RIWKHHTXLSPHQW 6RPHWHFKQRORJLHV OLPLW WKHLU EXL
OLNHLQ 3RZGHU %HG )XVLRQ ZKHUH WKH PD[LPXP SDUW VL]H LV JLYHQ E
WKHUDQJHRIPRWLRQ RI WKH $0 HTXLSPHQW 2WKHU WHFKQRORJLHV ZKl|
OLNH LQ )XVLRQ 'HSRVLWLRQ ORGHOOLQJ DUH RQO\OLPLWHG E\ WKH UD

@

(YHQ WKRXJK PRGHUQ $0 SURFHVV DQG WHFKQRORJLHYVY FDQ EH XVHG W
YDULHW\RIPDWHULDOV LWLV VWLOO OLPLWHG $0WHFKQRORJLHV DUH K
FDQ EHHPSOR\HG DQG IXUWKHU UHVHDUFK LV UHTXLUHG WR ILQG DGHTX|
ZKLFK FDQ EH VXLWEBEQNMURKBHWUPRUH PRVWRIWKH WHFKQRORJLHV UHTX
RU DW OHDVW D VSHFLILF SUHVHQWDWLRQ RI WKHUDZ PDWHULDO ([DP
IRUOHWDO $0 SKRWRVHQVLWLYHUHVLQV ILODPHQWY HLWKHU PHWDOOL
KLIK VSHFLILFLW\ RI WKHIHHGVWRFN DOVR FDXVHV LW WR EH PRUH H[SH(

@

,QPHWDO $0 WKHUHDUHDOVRDGGLWLRQDO OLPLWDWLRQV ZKLFK PXVW
DFRPSRQHQWE\$0LYVDFRPSOH[SURFHVVLQ ZKLFKQXPHURXV SDUDPHW
LQ WKHVH SDUDPHWHUY PD\DOWHU WKH ILQDO SURSHUWLHYV R®WKH FRP S
&XUUHQW DSSURDFKHV WR RYHUFRPH WKLY OLPLWDWLRQ LQFOXGH WKH L
ZLWK IHHGEDFN FRQWQUWBIUDWLRQ RI VXFK VIVWHPY FRXOG DOORZ WR S
GXULQJWKHPDQXIDFWXULQJSURFHVV QRWRQO\PDNLQJLW SRVVLEOH W
EXWWRLQFUHDVH WKH EXLOG VSHHG ZLWKRXW LQGXFLQJDGGLWLRQDO (

$QLVRWURS\LQ PHWDO $0 FRUUHVSRQGV WR DQRWKHU LPSRUWDQW OLP
WLDOO\PHOWYV WKH SUHYLRXVRQHDQG FDXVHV PLFURVWUXFWXUDO FKD
WKHUPRUH LQDGHTXDWH SDUDPHWHUYVY VHOHFWLRQ PD\DOVR FDXVHDQ L
WR WKLV PHFKDQLFDO SURSHUWLHV LQ PHWDO $0 WHQG WR GLIIHU GHSH
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PHDVXU®G PKH GHSRVLWLRQ RIHDFK QHZ OD\HU DOVR FDXVHV UDSLG KHD
QHQW EHLQJ IDEULFDWHG :LWK WKHVH VXFFHVVLYH WKHUPDO F\FOHV \
UHVLGXDO VWUHVVHV ZKLFK FDQ FDXVH GL@W®BW KRXX R QW R H @ B ®DIJRIQAKQ\
EHLQJDGGUHVVHG E\LPSOHPHQWDWLRQ RI QRY®O SRVW SURFHVVLQJ WHEH

%DVHG RQWKHDERYHLQIRUPDWLRQ LWFDQEHVDLG WKDW GHVSLWHF
KDV DODUJH QXPEHURIOLPLWDWLRQVWRRYHUFRPH )XUWKHUPRUH LW
DLP WR LQFUHDVH SURGXFWLYLW\ LQFUHDVH TXDOLW\DQG UHSURGXFLE
QXPEHU RIIHDVLEOH PDWHULDOV VXLWDEOH IRU $0

MVI %VG %HHMXMZI1ERYJEGXYVMRK

3ZIVZMI|

'LUH $UF $GGLWLYH ODQXIDFWXULQJ :$$0 LVDQ $0 WHFKQRORJ\ WKDW E
SRVLWLRQ '(' SURFHVV FDWRHRKQRORDHYV LQ WKLV JURXS DUH FKDUDF\
WR WKH $PHULFDQ 6RFLHW\ IRU 7THVWLQJ DQG ODWHULDOV $670 E\XVLQ
QHRXVO\IXVHDQG PHOW WKH IHHGVWREN PO@V KMYLUDVWYZRHQBY G HEDW B Y S:E
LV D ZLUH EDVHG IHHGVWRFN WHFKQLTXH ZKLFK XVHV HOHFWULF DUF DV
WHFKQLTXH GDWH EDFN WR ZLWK WKH LQWURGXFWLRQ DQG SDWHQW
WKH HOHFWULF DUF LQ FRPELQDWLRQ ZLWK PHW D@ OLEZDLGB\ VL OH0UV W
KDV JDLQHG WHUUDLQ LQ WHFKQRORJLFDO DSSOLFDWLRQV VHYHUDO UH
XVHG WR SURGXFH S D@ W\HL B @DHDBIO R V S8 AHXCW R PR WALRGIVMW UBF QB Q >
QXFOHDU LQG&VWULHV >

,QLWV PRVWEDVLFIRUPDW D:$$0HTXLSPHQW FDQ EHEXLOW RXW RID FI
DQG D PRWLRQ PHFKDQLVP 7\SLFDO PRWLRQ PHFKDQLVPV FRPSULVH URE
PHUFLDO HTXLSPHQW XVXDOO\LQFOXGHLQWHIJUDWHG PRQLWRULQJV\VW
RITUHHGRPDQG DFFXUDF\ DQG WKHUPDO PRQLWRULQJV\VWHPV WR HQVX
GLWLRQVEIXUHHSLFWY D VLPSOLILHG VFKHPDWLF UHSUHVHQWDWLRQ RI
VHHQ WKH WRUFK PRYHVY SDUDOOHO WR WKH SUHYLRXVY OD\HU DQG GHSR
2QFHWKH OD\HULV FRPSOHWH WKHWRUFKLVPRYHGWRWKHVWDUWLQJ
VWDUWYV DJDLQ &RPSDUHG WR SRZGHU EDVHG PHWKRGV LW FDQ EH VHHC
E\DFRQWDLQHU EXW E\WKHUHDFK RIWK& PRWLRQ PHFKDQLVP >

, QWHUPV RIITHHGVWRFN PDWHULDO ZLUH EDVHG WHFKQRORJLHV SUHVH
WR SRZGHU EDVHG WHFKQLTXHYV 7\SLFDOIHHGVWRFNFRVWVIRUPHWDOC
DOHQWIHHGVWRFNLQ PHWDOOLF SRZGHU IRUP DQG D ZL@H )XNQUKIHJ PD W
PRUH :$%$0 SRVVHVVHYV KLJK GHSRVLWLRQ UDWHYV J PLQ DQG KLJK
@ 6XFKFRPELQDWLRQRIFKDUDFWHULVWLFV PDNHYVY :$$0VXLWDEOH IRU

VFDOH SDUWYV

,Q JHQHUDO WHUPV $0 PDQXIDFWXULQJ SURFHVVHYVY DUH FRPSOH[ 7KF
SUHFLVH PRQLWRULQJRID UDWKHU ODUJH QXPEHU RIDVSHFWV WR EH DE
QHQWYV $OWHUDWLRQRIWKHVHDVSHFWY FDQFDXVHD QHIJDWLYHLPSDFYV
PLFURVWUXFWXUH DQG PHFK@EQLENME Q@ URYHIHDIHWDOOYFH WKHVH DVSHFW
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JLIXUH 6FKHPDWLF UHSUHVHQWDWLRQ@R I D :$$0 SURFHVYV >
GXFHG EHOORZ

,JJEX MRTY X

7KH OD\HU GHSRVLWLRQRI :$$0 WHFKQRORJLHVLVEDVHGRQ ZHOGLQJ S
WKHUHODWLYH PHDVXUH RI WKH WUDQVIHUUHG HQHUJ\ SHU ZHOG XQLW C
SDUDPHWHUV RI W&H BKURAHAXBWHBQFWY WKH UHODWLRQ EHWZHHQ WKH
SDUDPHWHUV WKDW LQIOXHQFH WKH KHDW LQSXW $V LW FDQ EH VHHQ V
YROWDJH 9 WKH FXUUHQW DSSOLHG , DO/ WWKKHH WADKPHHUWR D PHH ILMF LM Q)
SURSRUWLRQDO WR WKH @ UDYG\DOWSFHHIO U QGIJH RI FRPELQDWLRQV RI WK
EHXVHG WR DFKLHYH FRQVWDQW @QG VWDEOH GHSRVLWLRQ >

Heatinput = % (J mm 1

$ SURFHVV ZLWK KLJK KHDW LQSXW LPSOLHV D ODUJH DPRXQW RI HQHU.
DFFXPXODWHLQWKHIRUPRIKHDWDQG FDXVHV FKDQJHV LQ WKHPDWHUL
WR H[FHVVLYH UHPHOWLQJRI WKH SUHYLRXVO\GHSRVLWHG OD\HUV 7KH
FKDQJHV LV NQRZQ DV WKH +HDW $IIHFWHG =RQH +%$= DQG LWV PLFURVW!
GLIIHUIURP WKH ED® HPHAMWNKH® BDWLF UHSUHVHQWDWLRQ RI WKH$+$= FDQ E'
ODUJHU KHDWLQSXW FUHDWHV D ODUJHU +$= KRZHYHU ,I WKHKHDW LQS.
EHWZHHQ WKH OD\HUV XQHYHQ GHSRVLWLRQ DQG@ Q7L QERMHD VE G XDPRXK
DSSOLFDWLRQV WHQG WR FKRVH ORZ KHDWLQSXW SURFHVVHV GXH WR Wi
GLVWRUWLRQY DQG WKHUHILQHG@LFURVWUXFWXUH LW SURYLGHYV >

$VSHFLILFYDOXHRIKHDWLQSXWFDQ EHREWDLQHG E\GLIIHUHQW FRPE
LQ WKH HTXDWRRWKHOHVYV GXH WR WKH HITHFW RI HDFK LQGLYLGXDO S
WKHZHOG EHDG GHSRVLWHG ZLOO EH GLITHUHQW 7KH ZHOGLQJ FXUUHQW
UDWH DQG IXVLRQ @HSWXW8DFPHPUHQWY DUH DVVRFLDWHG ZLWK JUHDW
SRRO DQG KLJKHU ZHWWKHIDDUFIOROWDJIJH DOVR DIIHFWV WKH EHDG JHR
YROWDJH LQGXFHV IODWWHU VKDO@RZLDR G/DIDYHOD A5G SRROM-QHG DV
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YLIXUH 6FKHPDWLF PLFURVWUXFWXUH RIWKH +$=DQG WKH VXE JRQHV IRUPHG GXULQJ WKH
&*+$= WKHILQH JUDLQ +$= )*+$= DQG WKHLQ@VHUFULWLFDO +$= ,&+$= >

UbWH RI WUDYHO EHWZHHQ WKH HOHFWURGH WLS DQG WKH EDVH PHWDO
SHQHWUDWLRQ GHSWK PHWDO GHSRVI@VLRQ DQG WKH EHDG ZLGWK >

'SRWYQEFPIW

7KHZHOGLQJ SURFHVVHVLQYROYHGLQ :$$0 UHTXLUH VKLHOGLQJJDVHYV
LQJJDVHV DUH SURWHFWLQJ WKH ZHOG EHDG IURP RILGDWLRQ DQG VWDE
SURWHFWLYHHQYLURQPHQW E\GLVSODFLQJWKH SUHH[LVWLQJJDVVHV L
LQHUW GR QRWUHDFW ZLWK WKH ZHOG SRRO KU DB BOQMNHR 20/HWD K MW ZR R K W
PRQ VKLHOGLQJJDVHV XVHG WKHLU UHDFWLYLW\ DQG VRPH UHOHYDQW
DORQHRUDV PLIWXUHV 'LITHUHQW FRPELQDWLRQV RIJDVHV PD\ SURGXF
TXDOLW\RIWKH ZH® GTKHHODG@DO VHOHFWLRQ RI WKH VKLHOGLQJJDV ZLOO
WKHPDWHULDO EHI@ J, Q HBHROV WKHGGRZ UDWH RI WKHJDV XVHGLVDOVRDQ
%HVLGHY SURWHFWLQJ WKH ZHOG EHDG WKH VKLHOGLQJ JDV GLVVLSDW
FRQYHFWLRQ :LWK SURSHU VHOHFWLRQ RITORZUDWHDQGJDV W\SH WK
HQHUJ\GLVVLSDWLRQ WR DYRLG RYHUKHDWLQJ RI WKHFRPSRQHQW EHD
@

7KHIHHGVWRFN LQ IRUP RI ZLUH FRUUHVSRQGV WR WKH RWKHU FRQVX
DFFRXQW WKH FRPSRVLWLRQ WKHPRVW LPSRUWDQW SDUDPHWHUV RI W
WKHZLUHIHHG UDWH :)5 7KHZLUH GLDPHWHU DIIHFWV WKH GHSRVLWLR
DQG WKH SHQHWUDWLRQ GHSWK )RUDJLYHQ VHW RI SDUDPHWHUYV D VPCLC
SHQHWUDWLRQDQGDQDUURZHU ZHOG EHDG $GGLWLRQDOO\ ZLUHV RI V|
PHOWLQJ UDWH VLQFH WKH\ UHTXLUH OHVV HQHUJ\ WR PHOW OHDGLQJ W
KHDW LQSX®& >KH :)5 DIITHFWV WKH GHSRVLWLRQ UDWHDQG WKH OD\HU Kt
KLJKHU :)5 FUHDWHY OD\HUV ZLWK LQFUHDVHG DVSHFW UDWLR DQG LQFUH
OD\H W@>

AEXLTPERRMRK

S3DWK SODQQLQJ UHIHUV WR WKH VHULHV RILQVWUXFWLRQV WKH HTXLSI
DQG LW FRPSULVHVY WZR SDUDPHWHUYV 7KH ILUVW SDUDPHWHU LV WKH V(
QRORJLHV WKLV SURFHVVIROORZV WKHVDPH V@H3INKVNFRQEHE® U F H RV
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7TDEOH &RPPRQ VKLHOGLQJJDVHV XVHG LQ ZHOGLQJ SURFHVVHV

*DV S5HDFWLYLW\5HPDUNYV

$UJRQ $U ® ,QHUWORVW FRPPRQ JDVHPSOR\HG GXHWR ORZFRVW DQ
PRVW RI PDWHULDOV
5HGXFHG HOHFWULFDO UHVLVWDQFH FRPSDUHG
ORZHU RSHUDWLQJ YROWDJH
‘HOO VXLWHG IRUWKLQ PHWDOV
,RQLVDWLRQ SRWHQWLDO RI H9
+HOLXP +H ® ,QHUWS$SSUR[LPDWHO\WKUHH WLPHV WKH SULFH RIDUJR
,RQLVDWLRQ HQHUJ\RI H9
S5HTXLUHV KLJKHU JDV IORZ GXH WR ORZHU GHQVL\
'HOGLQJVSHHG DSSUR[LPDWHO\ IDVWHU
/JHVV SHQHWUDWLRQ GHSWK WKDQ $U
7\SLFDOO\ XVHG LQ FRPELQDWLRQ ZLWK $U WR LP S
&DUERQ GLBRFMGLHYH 2QO0\ XVHG IRU ZHOGLQJ IHUURXV PHWDOV
&2 > @
6LPLODU SHQHWUDWLRQ FKDUDFWHULVWLFV WR W
3URGXFHV VPDOO DPRXQWV RIR[\JHQ LQ WKH PHW
6HQVLWLYH WR DUF OHQJWK GXH WR HOHFWULFDO

S5HTXLUHV FXUUHQWYV DSSUR[LPDWHO\ KLIKHL
2, LV XVHG
2[\JHQ: 2> @ $FWLYBDQEH XVHG XSWRD KLIJIKHUFRQFHQWUDWLRQ

/JHVV SHQHWUDWLRQ GHSWK WKDQ &2
(QKDQFHV DUF VWDELOLW\
5HGXFHV VXUIDFH WHQVLRQ RI WKH PROWHQ SRRO
+\GURJHQ>4@ $FWLYHRDQ OHDG WR HPEULWWOHPHQW
,QFUHDVHV DUF WHPSHUDWXUH
3URGXFHV GHHSHU SHQHWUDWLRQ GHSWK DQG KL
&UHDWHV D VOLJKWO\UHGXFLQJDWPRVSKHUH
ILWURJHQ> 1 $FWLYH 8VHG WR ZHOG KLJK FRQGXFWLYLW\PHWDOV
@
7UDQVIHUV PRUH HQHUJ\ WKDQ $UDQG +H
&DQQRW EH XVHG ZLWK VWHHOV GXH WR QLWURJH
&RPPRQO\XVHG DV D FDUULHU RUPL[LQJDJHQW

WKH SDWK VWUDWHJ\ GHILQHVY KRZ WKH PDWHULDO ZLOO EHGHSRVLWHG
ERXQGDULHYVY WKHLQILOO SDWWHUQ DQG WKH WRR @S DLW IK] UGI\QWUNKXW WD W
JLHVY FDQ EH XVHG GHSHQGLQJ RQ WKH SDUW JHR® H SWF\W\QGRARP IS [MHP[ S W/ \
RI'WRRO SDW®KV >

4SWX TVSGIWWMRK

'XULQJ WKH PDQXIDFWXULQJ SURFHVYVY RI D FRPSRQHQW E\ :$$0 HDFK Q
DWKHUPDO F\FOH RQ WKH OD\HUV EHORZ 7KHVH WKHUPDO F\FOHV FDXV}
PDO IDWLJXH UHVLGXDO VWUH¥VHY RDQ@GE & WMRWVARLUWLLIR@MHSWKHVH HITHFEW
GHVLUHG IXQFWLRQDOLW\ SRVW SURFHVVLQJ WKH@P D& MV B KDWPRHHNM. ¥
WLFV Rl WKH KHDW WUHDWPHQWY XVHG ZLOO GHSHQG RQ WKH PDWHULDC
KHDW WUHDWPHQWYVY LQFOXGH WKHUPDO VWUHVYV UHOLHI DQQHDOLQJ VF
WUHDWPIE@QWKHBWKHUPDO WUHDWPHQW FDQ DOVR EHDSSOLHG ZKLOH LQC
PHQWFDOOHG +RW ,VRVWDWLF3UHVVLQJ +,3 7KHDGGLWLRQRISUHVVXI
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JLIXUH 6 FKHPDWLF UHSUHVHQWDWLRQ RI GLITHUHQW SRVVLEOH WRROSDWKV D 5DVWHU
>@

GHIHFWV ZKLFK LPSURYHV PHFKDQLFDO SURSHUWLHY UHSURGXFLELOLW
FRPSRQHQ@W >

:$$0LVD QHDU QHW VKDSH SURFHVV $IWHUD SDUW LV PDQXIDFWXUHG L
WKHGHVLUHG S RBBUMDLAHY\>WUDGLWLRQDO PDFKLQLQJSURFHVVHV DUH
WROHUDQFHYVY UHGXFHVXUIDFHURXJKQHVYVY DQG LPSURHORKHRXHIDFH |
H[WUD SURFHVVHY FDQ EH DSSOLHG WR IXUWKHU LPSURYH WKH TXDOLW\
UHVLGXDO FRPSUHVVLYH VWUHVVHY RQ WKH VXUIDFH DQG VXE VXUIDFH
SHHQLQJKDYHEHHQ SURYHGWRLQFUHDVH WKH PHFKDQ®@FB R ZSHMNSUHU WL
DV LWLV WKHFDVH ZLWK WKH KHDW WUHDWPHQWYV WKH ILQDO VHOHFWL
WUHDWPHQWY ZLOO GHSHQG RQ WKH PDWHULDO DQGILQDO DSSOLFDWLR

4VSGIWW ZEVMERXW

'HSRVLWLRQRIOD\HUVLQ :$$0LV GRQHE\PHOWLQJWKHZLUHIHHGVWRF
DZHOGLQJWRUFK 7KHVHWRUFKHV HDFK ZLWK WKHLU RZQ IHDWXUHV FLC
*0$: *DV 7XQJVWHQ $UF :HOGLQJ *7$: RU 30DVPD@ UL HWGKRIV3S$: >

DQ VFKHPDWLF UHSUHVHQWDWLRQ RI WKH DIRUHPHQWLRQHG SURFHVV YL

+EW 1IXEP %VG ;IPHMRK FEWIH ;% %1

,Q *0%$: EDVHG :$$0 WKH HOHFWULF DUF LV IRUPHG EHWZHHQ D FRQVXPI
VWUDWH 7KLVHOHFWURGH LQ WKHIRUPRIDZLUHVSRRO LV FRQWLQXR
WKH WRUFK E\D IHHGL@ PHBKDGLWI RQ WKH YROWDJH FXUUHQW FRQILJ
EDVLF PHWDO WUDQVIHU PHWKRGY QDPHO\VKRUW FLUFXLW JOREXODU
> @ *0%: EDVHG :$%30 KDV D KLJK KHDW LQSXW DQG FDQ UHDFK DYHUL
WR NJ KRXUKH KLIJIK KHDW LQSXW Rl WKHVH PRGHV SURGXFHV D ODUJF
WKLFNQHVVDQG WKHVXUIDFHILQLVK 7KHVHOLPLWDWLRQV FDQ EHRYHU
PRUH FRPSOH[ WUDQVIHU PRGHY 7KHVH PRGHV LPSOHPHQW F\FOLF FKD(
FDQLQFOXGH FRPSOH[ FRRUGLQDWHG PRY@PRARW R OWWIB G @HBQYVIRHWH &0
DQ H{[DPSOH RID FRPSOH[WUDQVIHU PRGH LQ ZKLFK WKH HOHFWURGH PR
WLRQ DOORZLQJIRUFDUHIXO GHWDFKPH@V RQ ZRHFPIRWCRVHY FBQ D6 IGIHR
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JLIXUH 6 FKHPDWLF UHSUHVHQWDWLRQ RI ZHOGLQJWRUFKHYV D 3%$: @E *0%$: DQG F *7

GHSRVLWLRQ UDWHV ZLWK D UHODW@YHO\ ORZ KHDW LQSXW >

+EW8YRKWXIR %VG ;IPHMRK FEWIH ;% %1

&RQWUDU\WR *0$: EDVHG :$$0 LQ *7%$: EDVHG :$$0 WKHHOHFWULFDUF L
FRQVXPDEOH WXQJVWHQ HOHFWU®RG AIOHIGLWK B ZRXQVWG RHKHBDW SURGXFH
PD\ FDXVH SDUWLDO PHOWLQJ RI WKH WXQJVWHQ HO KiF WKRIGSU FERHMYD P L
\LHOGVDQDYHUDJHGHSRVLWLRQ UDWH RI NJ KRXUDQG WKHIHHGLQJS
JHQHUDWLRQ SURFHVY 7KLVIDFWDOORZV *7$: WRHPSOR\GLIIHUHQW ZLU
TXDOLWA\RIWKHG@® SRRMLW.>DQG 1L EDVHGDOOR\V SRVLWLRQLQJWKH ZLUF}
IRUKLIJKHUIHHGLQJUDWHDQG SURG X&# HVREZHHW W ULWXKID Y FDHDIVR EVAKI Q U H S
IHHGLQJ WKH ZHOG SRRO IURP WKH EDFN HQG LV LV PRU@ HTIKHULHIRW B QG
WKH H[DFW HIITHFW Rl WKH ZLUH RULHQWDWLRQ LY PDWHULDO GHSHQGHQ\

4PEWQE %VG ;IPHMRK FEWIH ;% %1

3%: EDVHG :$$0 DOVR XVHV D QRQ FRQVXPDEOH WXQJVWHQ HOHFWURGH
SURGXFHG EHWZHHQ WKHHOHFWURGHDQG D FRQVWULFWHG QR]JJOH LQVL
WURGHDQG WKHav XBMLW FBWYWUDSWLRQ FDXVHV WKH KRW ]JRQHRIWKH SOD
RQHV IRXQG LQ *0%$:DQG *7$: SURFHVVHYVY PDNLQJ LW DEOH WR SURGXFH QI
DDYHUDJH GHSRVLWLRQ UD@ H’/RH HRHWKRSURGXFHG E\ WKH SODVPD FDQ
WLPHVY WKHHQHUJ\ SURGXFHG E\ *7$: SURFHVVHV FDXVLQJ O®VVGLVWRU!
DVLPLODUIDVKLRQ WR *7$: EDVHG :$$0 WKHIHHGLQJDOVR RFFXUV VHSD
WKLV UHJDUG GLIIHUHQW HOHFWURGH RULHQWDWLR®@V DUHDOVR SRVVL



yMVI%VG %HHMXMZI1ERYJEGXYVMRK

"YVVIRXPMQMXEXMSRW ERHGLEPPIRKIW

‘$$0 LV D UHODWLYHO\ QHZ WHFKQRORJ\ ZKLFK PHDQV WKHUH DUH VWL
WLRQV :KLOH FHUWDLQ IDFWRUV DUH PDWHULDO VSHFLILF WKHUH DUH
ZKLFK DUH LQKHUHQW B WX$D XWRFHVMW¥ ZHOGLQJ WHFKQLTXHV IRU WKH
WKHUHIRUH W\SLFDO GHIHFWV HQFRXQWHUHGLQ ZHOGLQJFDQ DOVR EH |
SURFHVVHV FRQWDPLQDQWY DUH YRODWLOL]HG DQG FDQ GLVVROYH LQW
WKHGLIIHUHQFHLQ JDV VROXELOLW\IRUFHV WKH JDVHV RXW RI VROXWLR
7KH SRUH VL]H FDQ YDU\ EHWZHHQ PLFURVFRSLF VFDOH WR PDFURVFRSLF
FRQWDPLQDQWY DQG SURFHVVE@QJ SDUDPHWHUYV >

&UDFNLQJDQG GHODPLQDWLRQ DUHDOVR FRPPRQ ZHOGLQJ UHODWHG G
LQJ FDQ RFFXU LQ JUDLQ ERXQGDULHV RZLQJ WR YDULDWLRQ LQ GLVVRO.
LILFDWLRQ FUDFNV RFFXU GXH WR KLQGUDQFH RI JUDLQ JURZWK RU GXH
JUDGLHQW®V 8ROLG VWDWH FUDFNLQJ LV DOVR SRVVLEOH LQ VRPH PDWH
HQW PHFKDQLVPV 6RPH H[DPSOHV DUH GXFWLOLW\ GLS FUDFNLQJ DQG
'XFWLOLW\ GLS FUDFNLQJRFFXUV E\ D VKDUS UHGXFWLRQ LQ GXFWLOLW\
ZLWK WKH WKHUPDO VWUHVVHV RI WKH SURFHVV @ D XY FRQYKWHD RW P SRAM\R @
LQJ KHDW WUHDWPHQW FUDFNLQJ FDQ RFFXU GXULQJ DQ\ SRVW SURFHVV
ZLWK WKH IRUPDWLRQ ® SHBBPEIOWBMWRY >GHILQHG DV WKH GHFRKHVLRQ
WRLQVXIILFLHQW WHPSHUDWXUH WR L@ G&XFUHUSHIR/S H H \DHDD W B K B LIPVOMRL QH
GHIHFWWRDPLQLPXP 7\SLFDODSSURDFKHVLQFOXGHWKHLPSOHPHQWD
LQWHUSDVV UROOLQJ DQG ORZHULQJI WKH FRROLQJUDWHYV >

3DUWV PDQXIDFWXUHG YLD :$$0 SRVVHVV D GLPHQVLRQDO LQDFFXUDF\
WKH VWDLU VWHSSLQJ HIIHFW DQG LW RFFXUV GXHWRDQ LQKHUHQW PL
GLUHFWLRQ XA DXQGHYV 7KH PDJQLWXGH RI WKLV GHIHFW LV UHODWHG WR
UHGXFHV WKH DFFXUDF\ Rl WKH GHiSR&XWIIBDE H DR XIK@DVY LV DQRWKHU ¢
'$$0 3DUWV DUH PDQXIDFWXUHG E\GHSRVLWLQJD FHUWDLQ QXPEHU RI Z}
FUHDWH D VWUXFWXUDO VRXQGLQJ FRPSRQHQW WKHVH EHDGV PXVW EH
FUHDWHDFRQWLQXRXV OD\HU 2ZLQJWR WKLV EHDG JHRPHWU\SOD\VDQ
LV OLPLWH®RRQG WKH VXUIDFH URXJKQHVV L@ O LPRRNE VWRHQFP 1>Q WKH
IHHGLQJ FDQ DOVR DIIHFW WKH ILQDO GLPHQVLRQDO DFFXUDF\ ,l WKH IHI
VHFWLRQV RI WKH ZLUH FDQ JHW RQ WKH VXUIBFH@ | %% KHAIPRPS RQWE& WV M
UHDVRQV :$$0 LV FRQVLGHUHG D QHDU QHW VKDSH SURFHVV DQG UHTXL!I

@ &XUUHQW DSSURDFKHV WR PLWLJDWH WKHVH GHIHFWV LQFOXGH DS
WRRO SDWK VOLFLQJVWUDWHJI\ D@G SURFHVV SDUDPHWHUYV >

7KHKLIJK DPRXQWV RIKHDWWUDQVIHUUHG WRWKHVXEVWUDWHRZLQJ W!|
UHOHYDQW OLPLWD@VLRQYRQISBIH GHSRVLWLRQ SURFHVV WKH FRPSRQH
VXIIHUV I[URP WKHUPDO H[SDQVLRQ DQG FRQWUDFWLRQ 6LQFH WKLV SUI
WKH SDUW VWUDLQ JUDGLHQWY DUH IRUPHG 7KHVH JUDGLHQWYV PD\ FUH
LQWR ZDUSLQJ RI WKH FRPSRQHID WXUWKHHPRUH WKH FRQWLQXRXV DFFX
LQ FRPELQDWLRQ ZLWK ORZ KHDW GLVVLSDWLRQ PDD D OVRWORVWKHGH F
SKHQRPHQD DUH SDUWLFXODUO\I@SRUWDQW LQ ODUJH SDUWYV >



yMVI%VG %HHMXMZI1ERYJEGXYVMRK

'XULQJ WKH PDQXIDFWXULQJ SURFHVV WKH KHDW DFFXPXODWHG FDQ D
6ROLGLILFDWLRQUDWHY DUHGHFUHDVHGDVDFRQVHTXHQFHRIWKHKHDV
JUDLQJURZWKDORQJWKH KHD& HRNLYVSAMLRQHQWHBP®WIBREQ JURZWK HQK
WKURXJK WKLFNQHVV DQLVRWURS\ FKDUDFW H U@/ WK E RH W &0 S W FOAHV Y RIR
SRVVLEOHVROXWLRQVWRPLWLIJDWHWKHPLFURVWUXFWXUDOHYROXWLR

WRDOOPDWHULDOV QRWOOQWHKRRRWORAVGI VHFWLRQV WKLV LVVXH ZL(
IRUWKHPDWHULDO FRQVLGHUHG



yMVI%VG %HHMXMZI1ERYJEGXYVMRK

JLIXUH &RPPRQ GHIHFWV DQG OLPLWDWLRQV LQ :$$0 @@ :DEDXGRBOWS'\GHZRQB VIS BW MR-V \
WKH VLGH Rl W&H BEDEIM/WRUWLRQ RI DV GHSRVLWHG FRP S RQ HE V8 FEKHHP\D RV WK i i 8 D D VIHUD\G D M/
WKH VWDLU VW@ S BHYHBWOH EHDG ZLGH ZDOO QRMWAL MG KH V RKOH RIDWWHF UGS UHHPAH © W D W L R

FROXPQDU JUDLQ JURZWK GXH WR SUHIHUH@WLDO KHDW FRQGXFWLRQ GLU



-RZEV %PPS]W

-RZEV % PPS]|W

-RXVSHYGXMSR ERH-RZEV 1JJIGX

,QYDUDOOR\VDUHPHWDOOLFDOOR\VFKDUDFWHUL]JHG IRUKDYLQJDQ H|
VLRQ &7( RYHUD ZLGH UDQJH RI WHPSHUDWXUHV@® URKIQGSKRIRRWHE S & L
ZDV QDPHG "WKH ,QYDU HIIHFW DQG LW ZDV GLVFRYHUHG LQ E\ &KDUC
LQIOXHQFHRIFRPSRVLWLRQ RQ WKH &7 ¢ L QW K X U URDKLIVFI[ISGI M L\P\M B RV \j H*
ODXPH UHSRUWHG D GLVFRQWLQXLW\LQ WKH &7( EHKDYLRXU DURXQG WK
WKH QLFNHO DFWV DV DQ DXVWHQLWLF VWDELOL]HU $ERYH FRQWHQW
DW URRP WHPSHUDWXUH DQG WKH FU\WWDOOLQH VWUXFWXUH RI WKH DOC
WR IDFH FHQWUHG FXELF )&& 7KHFKDQJHLQPLFURVWUXFWXUH DOVR L
KDYLRXU DQG WKH DOOR\ EHFRPHV IHUURPDJQHWLF )XUWKHU VWXGLHV
IXQFWLRQ RI WKH WHPSHUDWXUH ,W ZDV GLVFRYHUHG WKDW DERYH WKF
&7( GLVDSSHDUHG DQG WKH PDWHULDO UHWXUQH®@® WR KDYH D QRUPDO EH

7KH FKDQJH LQ WKH PDJQHWLF SURSHUWLHV RI WKH PDWHULDO DQG Wt
DERYH WKH &XULH WHPSHUDWXUH VXJJHVWHG WKDW WKH DQRPDORXV E
ZHUH FRUUH@DWHIGI® URPDJQHWLF PDWHULDOV D GHFUHDVH LQ WHPSHU
PRPHQW GXH WR DQ DOLJQPHQW RI PDJQHWLF GRPDLQV ODJQHWLF SUR
GHSHQGDQW PHDQLQJ WKDW WKHUH DUH VRPH SUHIHUHQWLDO RULHQW|
7KHUHE\ WKH PDWHULDO VWUXFWXUH ZLOO EH UHDUUDQJHG WR DOLJQ DC
WR UHGXFHWKHIUHHHQHUJ\RIWKHV\VWHP 6LQFHGLIIHUHQW FU\VWDOO
GLVWDQFHV LWV DOLJQPHQW ZLOO LQGXFH D VPDOO VWUDLQ LQ WKH V\\
YROXPH PDJQHWRVW® LAWMRQP PJQLWXGH LV ODUJH HQRXJK LW FDQ FRXQ
WKHUPDO UHODWHG H[SDQVLRQDQG FRQWUDFWLRQ \LHOGLQJDPDWHUL
KHDWLQJRU FRROLQJ >

:KHUHDV LW KDV EHHQ SURYHG WKDW WKH ORZ &7(LVWKHUHVXOW RIDYV
WLRQ WKHRULJLQRIVXFKPDIQHWRVWULFWLRQLVVWLOOLQGHEDWH (I
ZDV GLUHFWO\UHODWHG ZLWK LURQ ULFK V\VWHPYV IHUURPDJQHWLF EHK
WXUH 7KLV K\SRWKHVLVY KDYHEHHQ SURYHG WR EH ZURQJ 7KH ,QYDU DC
WDOOLQHDQGDPRUSKRXVPDWHULDOV LQVWUXFWXUHV GLITHUHQW IURF
LQDOOR\WZLWKDQWLIHUURPDJIJQHWLF EHKDYLRXU D@G LQ RUGHUHG DQ(

,QWKHVSHFLILF V\VWHPRI)H 1L, QYDUDOOR\V WKHILUVWPRGHOLQWH
SURSRVHG E\ - :HLVV 7KLV PRGHOWDWPRHBDWKHDWHAR RQ WKHUPRG\QDPLF
WDNLQJLQWR DFFRXQW QXPHURXV LURQ DOOR\V ,Q LW :HLVV SURSRVHC(
ZLWKLQ WKH )&& VWUXFWXUH R ID/QKzH POHWHHUARD@ LQRBBOYLRQV KDYH WKHLU
HQHUJ\DVVRFLDWHG DQG PDJQHWLF;PRHIHHQW WK WWQRWWKH WZRDIJQHWLFI
LURQDWRPVDQG WKLY SKDVHLVY FKDUDFWHULVHGE\DORZPDJQHWLF PRF
KLIKHUHQHUJHWLWKMWDWRH) DWRPV DUHIHUURPDJQHWLFDOO\FRXSOHGU L
SRVLWH L H KLIKYROXPH KLIJKPDJQHWLF PRPHQW? D$FG R B @ IHQHW B HWKLL
PRGHOFRUUHVSRQGV WR WKHJURXQG VWDWHRIWKHDOOR\RZLQJWR LWV
HIFLWDWLRQ ZLOO LQGXFH D SKPWHR W, QDMKH FSBWRIFW VR QWKRIPN KHUPDO H[S
EHFRXQWHUDFWHG E\ WKH YROXPH FKDQJH GXH WR WKH SKDVH WUDQVIR



-RZEV %PPS]W

PRPHQW IURP RQH SKDVH @& R7W KW RRVKH® >QVSLUHG IXUWKHU UHVHDUFK C
WR EHLQ JRRG DJUHHPHQW ZLWK WKH REVHUYHG H[SHULPHQWDO GDWD
VWDWH LV QRW RQO\ IRUPHGED @@ F BHDWVMWILQRQML[HG JBRXQG VWDWH >

-RZEV

,QYDU LVDQ,QYDUDOOR\ZKLFK EHORQJV WR WKH )H 1L VIVWHP DQG K

DYHUDJH FRPSOHWH FRPSRVLWLRQ LYPRHSLW WHH QIYD W R 1D Q/\EAHK) WKH )H

,QYDU SRVVHVVHV WKH ORZHVW &7 ( ZLWKD/QREBLER® SDOKE RIR UHJIXOD

DOOR\V ZKLFK SRVVHWD 8WKBIURXRG DOOR\GHIRUPVRQH WHQWK R

RFFXUUHGLQ FRQYHQWLRQDO DO® R\W 8 K UJKHG URHHORH. GRFILIXY WWDELO L W\ |

KLJK SUHFLVLRQ DSSOLFDWLRQV DV VSDFH HTXLSPHQW DXWRPRELOH FR
@

7DEOH $YHUDJH FRPSRVLWLRQ RI ,QYDU ZW 6L & DQGOQ DUH SUHVEWQW DV LPSXULW

$0OOR\ )H 1L & 0Q 6L
,QYDU

7KHLQWULQVLF PLFURVWUXFWXUH RI ,QY¥DUWH O DGAHSIHOM /G RO H J X WHF R
VLQJOH SKDVH WKDW FRUUHVSRQGYV WR DQ )&& )H 1L VROLG VROXWLRQ
DQ H[FHOOHQW GXFWLOLW\ EXWLWDOVR SRVVHVV UHODWLYHO\ORZK
SURSHUWLKWY &RPPRQ YDOXHV RI WKHPHFKDQLFDO SURSHUWLHV IRU WU
LQFOXGH \LHOG VWUHQJIJWK EHWZHHQ DQG 03D DQG WHQVLOH VW
> @

JLIXUH 7\SLFDO PLFURVWUXFWXUH RI ,QYDU FRQVLVWLQJRIVLQJOH )&& SKD@&@H DXVWHQL

7UDGLWLRQDO PDQXIDFWXULQJ RI ,QYDU FRPSRQHQWV LV FDUULHG R
LQ FRPELQDWLRQ ZLWK WKH ORZ KDUGQHVYV YDOXH DQG SURQRXQFHG Z
H[SHQVLYH DQG FRPSOLFDWAH G, QURKIHW VY EIDUG $0 RITHUV DQ LQWHUHVW
RSSRUWXQLW\ 7KH UHGXFHG PDFKLQLQJLQYROYHG LQ DGGLWLYH PDQ>
QHDU QHW VKDSH SURFHVV FRXOG VLPSOLI\DQG UHGXFH FRVWV LQ SURC



-RZEV %PPS]W

&RQFHUQLQJ WKH HIITHFW RI WKH SURFHVVLQJ PHWKRG RQ WKH PLFURV
SURSHUWLHYV WKHUH KDYH EHHQ QXPHURXVY VXFFHVVIXO DWWHPSWV WR
SDUWV YLD $0 4L& HWSBDOR\HG VHOHFWLYH ODVHU PHOWLQJ 6/0 WRDGGL
VSHFLPHQV 7KHDXWKRUV VWXGLHG WKHLQIOXHQFHRIWKHVFDQQHU VS|
WXUDO HYROXWLRQ ,Q WKHLU UHVXOWY WKH\UHSRUWHG WKDW XQGHU
ZLWK ORZ SRURVLW\ FDQ EHVXFFHVVIXOO\PDQXIDFWXUHG 7KH PLFU
QDU JUDLQV RULHQWHG DORQJISWRM HE XG& OBERGIDUMHHFGVEZ RW KR Q bR S HFLSLW
THIWXUHDQDO\WLVDOVRUHYHDOHG D SUHIHUHQWLDO ROHHE&DQMWLIRA R
WHVWLQJ VKRZHG DQ LPSRUWDQW DQLVRWURS\ FRPSRQHQW GXH WR WKH
EXLOG GLUHFWLRQ )LQDOO\ VWXGLHV RQ WKH &7( VKRZHG WKDW GHVSL
WUDGLWLRQDOO\PDQXIDFWXUHG ,QYDU

JLIXUH 5HVXOWV RI WH[WXUH DQDO\VLY SHUIRUPHG EN4ALXHWDO D (%6'LPDJHVKRZLQJW
PHDQV RI6/0 E DQG F VKRZLQIJWKHLQYHUVH SROHILIXUHDQG SROH ILIJXUH REWDLQHG
(%6' SKDVH PDS VKRZLQJ WKH GLVWULEXWLRQ DQG DUHD IUDFWLRQ RI GLIIHUH@W SKDVHV 7

%DVHG RQ WKH ZRUN RI 4LX HW D@ FBDUUHGRRXMWW X WONKHU UHVHDUFK R
6/0 SURFHVVLQJ SDUDPHWHUV RQ WKH &7( RI ,QYDU $IWHU RSWLPL]DWL
PDQDJHG WR SURGXFH QHDU IXO0O GHQVLW\FRPSRQHQWYV ! ZLWK PH
WR WKRVH RIFROG GUDZQ ,QYDU +RZHYHU D PLFURVWUXFWXUH FRPSF
JUDLQV ZDV VWLOO REVWHUYRIGWIULDMUWR WKH ZRUN RI 4LX HW DO +DUUL
DGGLWLYH PDQXIDFWXUHG ,QYDU VSHFLPHQV ZLWK D ORZHU &7( WKDQ |

‘HLHW D® WWXGLHG WKH LQIOXHQFH RI WKH VFDQQLQJ VWUDWHJI\ RQ W
PHFKDQLFDO SURSHUWLHY ,Q WKHLU VWXG\ WKH DXWKRUV HPSOR\HG 6
LQ RUGHU WR UHGXFH WKH UHVLGXDO VWUHVVHY FUHDWHG GXULQJ WKH
WKDW XQGHU WKH SURSHU FRQGLWLRQV WKH DV IDEULFDWHG VSHFLPF
KDUGQHVYV RI *3D DQG XOWLPDWH WHQVLOH VWUHQJWK RI 03D YDO
PDQXIDFWXUHG ,QYDU 7TKH PLFURVWUXFWXUDO DQDO\WLV UHSRUWHG |



-RZEV %PPS]W

VWXGLHV FRPPHQWHG ,Q D IROORZ@HPWERB\HGD\YH HI WHDMKRG XVHG E\ :F
DQG SHUIRUPHG D VIVWHPDWLF FKDUDFWHUL]DWLRQ RI WKH &7( DQG PLF
SDWWHUQV UHYHDOHG RQO\ WKH SUHV HQ FSIKRDI\DHX ¥ WIHNOW BV D MV E X R 1K
ORZ UHODWLYH FRQFHQWUDWLRQ ZLWK UHVSHFW WR WKH DXVWHQLWH &
ZHUH DJDLQ UHSRUWHG VWAEUMKH &7 ( UHSRUWHG ZLWK Y WD®XH R
LV VOLJKWO\ORZHU WKDQ FRQYHQWLRQDOO\PDQXIDFWXUHG ,QYDU

%HVLGHY 6/0 ODVHU PHWDO GHSRVLWLRQ /0" KDV DOVR EHHQ HPSOR\H
WXUHG ,QYDU FRPSRQHQ@QWNDUUHMGIRXW>D VWXG\ RQ WKH PLFURVWU XF
PHFKDQLFDO SURSHUWLHV RIDGGLWLYHPDQXIDFWXUHG ,QYDU XVLQJ/(
LQJIDEULFDWHG IXOO\GHQVH ,QYDU FRPSRQHQWYV ZLWK FROXPQDU JUD
WKH VL]H RI WKH FROXPQDU JUDLQV GHFUHDVHG JUD G XDE O)>XOO/RIQHUN KH E
PRUH WKHSUHIHUHQWLDO FU\VWDO RULHQWDWLRQRIWKHFROXPQDU JU
KHDW H[WUDFWLRQ GLUHFWLRQ )LQDOO\ /LHWDO DOVR UHSRUWHG WR
LQFRPSDULVRQ ZLWK FDVW DQG ZURXJKW ,QYDU DOOR\V

JLIXUH OLFURVWUXFWXUDO PRUSKRORJLHV RI,QYDU DVUHSRUWHG EA\GLIITHUHQW DXWKR

DOLJQHG ZLWK WKH EXLOGLQJ GLUHF& LEQ&R OXPR®OXFHDEQREJORZWK DQG HTXLD[HG JUDLQ

WKH VXUIDFH SURGXRKHGFE\WBOXPQDU JUDLQ JURZWK PRUSKRORJ\RULHQWHG DORQJ WKH E;
E\6/0>@

:KHUHDV PDQ\UHVHDUFKHY KDYHEHHQ FRQGXFWHG XVLQJ ODVHU DV Wi
IDFWXUHG ,QYDU FRPSRQHQWV WKHUHLVOLWWOHUHVHDUFKLQ WKH X\
HWDO@ ¥FDUULHG RXW VWXGLHVY WR GHWHUPLQH WKHIHDVLELOLW\DQG R
,QYDU XVLQJ *0$%$: EDVHG :$$0 HTXLSPHQW 7KH H[SHULPHQWYV FRQVLVW|
WHVWV WR GHWHUPLQH WKHRSWLPDO GHSRVLWLRQ SDUDPHWHUV IRU VL
RYHUKDQJ FRPSRQHQWYV 7KH &7( RI WKH DV SULQWHG VSHFLPHQV ZDV DC
KLIJKHU WKDQ WKH WUDGLWLRQDOO\PDQXIDFWXUHI®G SQNDWR L QZHAMVK D UH!
&7( VWLOO UHPDLQHG ZLWKLQ DFFHSWDEOH YDOXHYV IRULIKW FHIWHPBIOV LR (
> @ VWXGLHG WKH HITHFW RI SURFHVVLQJ SDUDPHWHUY RQ WKH EHDG JHF
VA\VWHP IRUWKH ZHOG SRRO 7KH H[SHULPHQWDO SURFHGXUH FRQVLVWH



-RZEV %PPS]W

:$$0 HTXLSPHQW WR SURGXFH VLQJOH EHDG GHSRVLWLRQV RQ WRS RI D\
WHUV LWK WKH UHVXOWY REWDLQHG WKH DXWKRUV GHYHORSHG D UHJ
SURFHVVLQJ SDUDPHWHUVY WR DFKLHYH RSWLPDO DQG V\PPHWULF GHSR"
D VIPPHWU\ RI ZDV UHSRUWHG )LQDOO\ ZLWK WKH RSWLPL]JHG SDUDP

DQG DSSUR[LPDWHO\ PP ZLGH ZDV PDQXIDFWXUHG ZLWG& HDS\V\PPW A WHHR |
GHSRVLWHG ZDOO

JLIXUH &7(RIWKHDV PDQXIDFWXUHG ,QYDU ZDOOV DV IXQFWLR@RI WKHLU KHLJKW

JLIXUH ,QYDU ZDOO PDQXIDFWXUHG E\PHDQV RI :$$0 7KH GHSRVLWLRQ ZDV FDUULHG R
SDUDPHWHUV IRXQG EX\@KH DXWKRUV >



+VEMRG6IhRIQIRX

+VEMR G6IhRIQIRX

] TMGEP QMGVSWXVYGXYVEP QSVTLSPSK] MR ;%% 1

:$$0 LV D IXVLRQ ZHOGLQJ EDVHG SURFHVV PHDQLQJWKDW WKH JHQHU
PHFKDQLVPV DQG GHIHFWV DUH VLPLODU WR WUDGLWLRQDO ZHOGV 7KH
GHSRVLWHG DFWV DV D QXFOHDWLRQ VXUIDFH 'XULQJ WKH VROLGLILFD'
WRS Rl WKH VXEVWUDWH NHHSLQJ D FRQVWDQW RULHQWDWLRQ DQG IRO
KHDW H{WUDFWLRQ GLUHFWLRQ W\SLFDOO\SHUSHQGLFXODU WR WKH W
HSLWD[LDO JURZWK DQG WKH SUHGRPLQDQW FU\WWDOORJUDSKLF RULHC
JURZWK GLUHFWLRQ RI WKH F U@V WIDEHR SU. B B/RK/L\W KHVHDH/R JURZWK GLUHF!
PRVWFRPPRQ FU\WWDOORJUDSKLFEVWUXFWXUHV ,IWKHPLFURVWUXFW X
EHLQJ GHSRVLWHG WKH QHZJUDLQV IRUPHG PD\RU PD\QRW KROG DQ RUL
GHSHQGLQJ RQWKH SKDVHVY SUHVHQW DQG WKHSODQHV SDUDOOHO
JURZWK WKHJUDLQ RULHQWDWLRQ ZLOO EH PRVWO\UDQGRP DV D UHVXO
SRR®@>

7TDEOH (DVVJURZWK GLUHFWLRQV RI FRPPQ FU\VWDO VWUXFWXUHYV >

&U\WWDO VWUXFWXUE VN JURZWK GLUHFWLRQ ([DPSOHV

J)DFH FHQWUHG FXELF )&<«100> $OXPLQLXP DOOR\V DXVWHQLWLF
OHVV VWHHOV

%RG\ FHQWUHG FXELF %< &00> &DUERQ VWHHOV IHUULWLF VWL
VWHHOV

+H[DJRQDO FORVHG SDF XN HOB0> 7TLWDQLXP PDJQHVLXP

+&3

%RG\ FHQWUHG WHWUDJRQID® 7LQ

% &7

7KLY GLUHFWLRQDO JUDLQ JURZWK LQ FRPELQDWLRQ ZLWK WKH LQGXF

WKH PHFKDQLFDO SURSHUWLHYVY DQG FUHDWHY DQLVRWURS\LQ WKH PDW
WXUDO PRUSKRORJ\ KDV EHHQ FRUUHODWHG ZLWK DQ LQFUHDVHG VXVFH
HTXLD[HGJUDLQV FDQ DFFRPPRGDWH WKH VROLGLILFDWLRQ VWUHVVHYV I
FROXPQDU JUDLQV WKXV UHGXFLQJ WKH SRVVLELOLW\RIFUDFNLQJ $GG
WDLQ DODUJHUJUDLQ ERXQGDU\DUHD ZKLFKDOORZV GLVWULEXWLRQ RI
EHIRUPHG GXULQJ WKHVROLGLILFDWLRQ SURFHVYV ZKLFKDOVR UHGXFH)
>@

,QHVVHQFH :$$0FDQEHFRQVLGHUHGDV D VXFFHVVLYHGHSRVLWLRQ RI
(DFKQHZOD\HUGHSRVLWHG XQOHVVPDQXIDFWXULQJGLVVLPLODUPHWD
WXUH PHDQLQJWKDW WKHHSLWD[LDO JUDLQ JURZWK ZLOO RFFXU WKUR X
ORUHRYHU QRWRQO\PHFKDQLFDO SURSHUWLHV ZLOO EHDIIHFWHG SUHI
IXQFWLRQDO SURSHUWLHV DV WKH &7(DQG FRUURVLRQ UHVLVWDQFH ,Q
UHILQHPHQW VWUDWHJLHYV RIITHUV D SRWHQWLDO SDWK WR DGGUHVV WK
SHUIRUPDQFH

IXPHURXV VWUDWHJILHY KDYH EHHQ VXFFHVVIXOO\ LPSOHPHQWHG LQ J
UROOLQJ HOHFWURPDJQHWLF VWLUULQJ DUF SXOVDWLRQ DQG IRUFHG



+VEMRG6IhRIQIRX

IRUPDWLRQ YLD LQWHUSDVYVY UROOLQJ LV OLPLWHG WR VLPSOH JHRPHWU
FRPSRQHQW D VLPLODU DUJXPHQW FDQ EH PD@HTRH FRWVHHRG HROQ ¥ MFINRLPF
QHWLF VWLUULQJDQG DUF SXOVDWLRQ LV VOLJKWO\GLITHUHQW ZKLOH I
VLIH WKHVH SDUDPHWHUV DUH H{WUHPHO\ VHQVLWLYHDQG PD\ EH FRPS:
WLRQ SURFBIVWBWHG RQ WKLV WKLY OLWHUDWXUH UHYLHZ ZLOO IRFXV R
VWUDWHI\ ZKLFK FDQ EHDSSOLHG WR DQ\ SDUW JHRPHWU\DQG VL]H

-RSGYPEXMSR EW KVEMR VIhRIQIRX WXVEXIK]

,QRFXODWLRQ FDQ EH GHILQHG DV WKHDGGLWLRQ RILQRFXODQWV RU Q
LQRFXODQWY W\SLFDOO\LQ WKHIRUPRIILQH SRZGHUV DFW DV QXFOHD\V
QXFOHDWLRQ 7KH LQFUHDVHG QXPEHU RI QXFOHL IRUPHG KLQGHUV WK
HTXLD[HG PLFURVWUXFWXURKHFRSISKROB®BH>R| LQRFXODQWY FDQ DOVR OR
SRVLWLRQ Rl WKH DOOR\ ZKLFK WUDQVODWHY LQ YDULDWLRQ RI WKH PD!
WKH PDWHULDO LQ WHUPV RI SURSHUWLHV DQG PLFURVWUXFWXUDO PRI
VXEVWUDWH SDLU >

6LQFH WKH HIITHFW RI WKH LQRFXODQWVY LV GHSHQGHQW RQ WKH VSHFLI
SULDWH VHOHFWLRQ LV QRW RIWHQ HYLGHQW $V DIRUHPHQWLRQHG W
SURPRWH KHWHURJHQHRXV QXFOHDWLRQ DFURVV WKH ZKROH PROWHQ P
FOHDWLRQ VLWHV +RZ ZHOO LQRFXODQWYV SURPRWH KHWHURJHQHRXYV C
RI WKH JUDLQ @HBFFRWSLQJ WR WKH QXFOHDWLRQ WKHRU\LQ VROLGLILF
QXFOHDWLRQLY SURPRWHG ZKHQ WKH HQHUJ\RQ WKH QHZO\IRUPHG LQW
LQRFXODQW LV ORZHU WKDQ WKH HQHUJ\ RI DQ HTXD @ D WX DQ WU PLHF® RQ R
RI WKHVH LQWHUDFWLRQV DQG GHWHUPLQDWLRQ RI LQWHUIDFLDO HQHU
LW KDV EHHQ GHPRQVWUDWHG WKDW JRRG DWRPLF PDWFKLQJDFURVV WK
IRUPDWLRQ RI ORZ HQHUJ\L@WHUIDFHV >

,Q DQ DWWHPSW WR SUHGLFW WKHVH LQWHUDFWLRQ\® Q§PRHQUIRWK H R G H
PRGHOV WKH HGJH WR HGJH PDWFKLQJPRGHO ( (0 RIIHUV WKHDGYDQW
EDVHG RQ RQO\ FU\WWDOORJUDSKLF SDUDPHWHUV 7KH PRGHO DVVXPHYV
WKHRULHQWDWLRQDQG PRUSKRORJ\RIWZR SKDVHV DQG WKHPLQLPL]DW
DVVXPSWLRQ WKHPRGHO HVWDEOLVKHY WKDW WKH RQO\ QHFHVVDU\ FR(
SRWHQW LQRFXODQW DUH WKH H[LVWHQFH RI PDWFKLQJURZV RIDWRPV D
PXVW FRQVLVW RQ FORVH SDFNHG RU QHDUO\ FORVH SDFNHG FU\WWDOOL
WR DWRPLF PDWFKLQJ SRVLWLRQV DFURVYV FORVH SDFNHG SODQHV EXW \
WKH LQWHUIDFH RI FORVHG SDFNHG RU QHDUO\ FORVHG SDFNHG SODQH\
SDFNHG GLUHFWRRAIV%XUNKRZV D VFKHPDWLF UHSUHVHQWDWLRQ RI WKH
ERWK FRQVLGHUDWLRQYV

,QRUGHU WR LPSOHPHQW WKH PRGHO RQO\ WKH FU\VWDOORJUDSKLF L
QHFHVVDU\ 7KH ILUVW VWHS FRQVLVWY LQ WKH GHWHUPLQDWLRQ RI WK
ILQGLQJ WKH FORVHG SDFNHG RU QHDUO\ FORVHG SDFN GLUHFWLRQV RI
OLQHDU GHQVLW\ 7KHQ WKH LQWHUDWRPLF PLVILW EHWZHHQ WKHVH G
LOQOWHUDWRPLF PLVILW LY OHVV WKDQ D WKUHVKROG YDOXH RI LW LV S
EHWZHHQ WKH WZR SKDVHV H[LVW PHDQLQJ WKHUHVXOWLQJLQWHUIDFL



+VEMRG6IhRIQIRX

JLIXUH 6FKHPDWLFUHSUHVHQWDWLRQ RI WKHGLIITHUHQFH EHWZHHQ HGJH ®R HGJH PDWF

KHWHURJHQHRXV @XFOKHDQH[RQVWHS LQYROYHV ILQGLQJ WKH PDWFKLQJ
EHWZHHQ LQWHUSODQDU GLVWDQFHV RI ERWK SKDVHV 7KH PDWFKLQJ SC
RUQHDUO\FORVH SDFNHG SODQHVY WKDW FRQWDLQ WKH PDWFKLQJ GLUHF
PLVILWV XQGHU DUHOLNHO\WRIRUP RULHQWDWLRQ UHODWLRQVKLSV
KHWHURJHQHRXV QXFOHDWLRQ %RWK FRQGLWLRQV PXVW EH PHW VLPXC
DVDSRWHQW L@RFXODQW >

'HVSLWH WKH VLPSOLFLW\ RI WKH PRGHO WKH UHVXOWY SUHGLFWHG K
=KDQJHWO®WMPSOR\HG WKH PRGHGWR O I$WWUHRW HQ RFXIOM@MANRNRU LK
WKH LQIRUPDWLRQ HIWUDFWHG IURP WKH PRGHO W kK RiVERXPADKRUW DHAR/ES XOURN H (
ILQHG JUDLQHG FRPSRQHQWYV ZLWK LVRWURSLF SURSHUWLHYV XVLQJ6/0V
DO & DOVRLGHQWN.DLEBWBHHRW LOQRFXODQW IRUIHUULWH VWHHOV EDVHG
IDHYUHVXOWHG LQUHGXFHG HTXLD[HG JUDLQ VLIHDQG UHGXFWLRQ LQ WK

7KHPLVILW GHWHUPLQHG E\WKHPRGHO FDQ DOVREH XVHG DV D UHODWL
LQRFXODQW ,Q WKLV UHJ® B® SO EEHKEQ (8 WR GHWHUPLQH WKH IHDVL
$O/L BLBQG $SDWLQRFXODQWY IRU JUDLQ UHILQHPHQW LQ DOXPLQLXP DO
WKH IRXU SRVVLEOH LQRFXODQWY DFWLYHO\ E HKD SH Bl V H Q BVLHEB UMK HQOHRU
PLVILW $FFRUGLQJWR WKH PRGHO WKH ORZHU WKH PLVILW LPSOLHV OR
UHILQLQJ HJTHFMRX®G EH ODUJHU WKDQ WKH RWKHU SRVVLEOH LQRFXODQ
E\WKH PRGHO ZHUH LQ DJUHHPHQW ZLWK WKH H[SHULPHQWY FDUULHG E\

7TKH( (0 PRGHO KDV VKRZQ JRRG DFFXUDF\LQ SUHGLFWLQJQHZ JUDLQ Ut
HYHU LWLV LPSRUWDQW WR KLIKOLJKW WKDW WKH PRGHO LV EDVHG PHL
WKHVSHFLHVY ,W KDV EHHQ VWDWHG DQG GHPRQVWUDWHG WKDW JRRG D
FULWHULRQ HQRXJK WR SUHGLFW WKH FUHDWLRQ RIQHZ LQWHUIDFHYV ZL\
LQJ KHWHURJHQHRXV QXFOHDWLRQ 1RWZLWKVWDQGLQJ WKH PRGHO G
LOQOWHUDFWLRQV EHWZHHQ WKH VXEVWUDWH DQG WKH LQRFXODQW 5HDF
SRVVLEOH GLVVROXWLRQ RI WKH SDUWLFOHY LQ WKH PROWHQ OLTXLG |
DOWHUDWLRQ RI WKH FRPSRVLWLRQ DUH VRPH NH\ DVSHFWV WKDW VKRX
RI WKHLQRFXODQWV )XUWKHUPRUH WKH ( (0 PRGHO RQO\ SUHGLFWYV WK
DJUDLQ UHILQHU ,W GRHV QRW RIIHU LQVLIJKWY UHJDUGLQJ WKH SRVVL|



+VEMRG6IhRIQIRX

PLQLPXP FRQFHQWUDWLRQ RIWKHLQRFXODQW VL]HRIWKH SDUWLFOHYV
WKHPROWHQ SRRO EHKDYLRXU GXHWR WKH SUHVHQFH RIWKHLQRFXODQ

9OWI SI MRSGYPERXW MR %1

8VH RI LQRFXODQWYV IRUPLFURVWUXFWXUDO UHILQHPHQW KDV EHHQ V
$0 SURFHVVHV /DQJHODQ®@ WPISORWOBOL& QDQRSDUWLFOHY WR VXFFHVYV
UHILQHPHQW LQ DOXPLQLXP DOOR\ SURGXFHGE\:$$0 7KHDGGLWLRQ F
E\ PL[LQJ WKH SDUWLFOHV ZLWK JUDQXOHV RI DOXPLQLXP DOOR\ ZLU
ZHUH WKHQ H[WUXGHG LQWR D QHZ ZLUH IHHGVWRFN FRDWHG ZLWK 7L& Q
ILJXUH WKH HIITHFWV RUEVHUYHG LQFOXGH VWURQJJUDLQ UHILQHPHQW
DQGDQLQFUHDVHLQ WKHPHFKDQLFDO SURSHUWLHY GXHWR WKH FRPELGQ
DQG SDUWLFOH VWUHQJWKHQLQJ ,Q [8)RWKMR\M@ X B\U LBV HRRW DD 74 %
UHILQHU IRU :$$0 R1 $O0 0J DOOR\ 7KH VWULSHY ZHUH DGGHG EHWZHHQ OIL
PLFURVWUXFWXUDO DQDO\VLY UHYHDOHG HIIHFWLYH JUDLQ UHILQHPHQ)
VWULSHV )XUWKHUDQDO\VLV UHMHDKDH/G W & MVIKKFUPDW U R[QRR MBIOH DOXP L QL
SKDVH KROGV D PLVPDWFK ZLWK WKH DOXPLQLXP PDWUL[RI OHVV WKDQ

IRU JUDLQ UHILQHPHQW DFFRUGLQJWR MRMDG(BH RGHG DIVQIGSSFON HQW JUL
E\LWV RZQ )LQDOO\ LQ DJUHHPHQW ZLWK SUHYLRXV VWXGLHV HQKDQFI
ZHUH UHSR@WHG >

JLIXUH (%6'PDS RIDOXPLQLXP DOOR\ D FRPPHUFLDOO\DFTXLUHG E GHSRVLWHG XV
XVLQJ :$$0DQG PL[HG ZLWK 7L& @GDSWHG IURP >

=KDL HW @®OD @G <LQ H& WWX&ELHG WKH HITHFW RI LQRFXODQWYV RQ WKH
FKDQLFDO SURSHUWLHYV RI 66 /| SURGXFHG YLD 6/0 <LQ HW DO HPSOR\I
7KH LPSOHPHQWDWLRQ PHWKRG ZDV E\ VLPSO\ FRPELQLQJ WKH WKH 66

XQWLO DFKLHYLQJ D KRPRIJHQHRXV GLVWULEXWLRQ 7KHDXWKRUV UHSR
LQFUHDVHLQ PHFKDQLFDO SURSHUWLHV :LWKD ZW RI: DQLQFUHDVH
NHHSLQJ D HORQJDWLRQ ZzDV DFKLHYHG QRQHWKHOHVYVY SUHFLSLWDW
WLRQDOO\ WKHDXWKRUV DOVR FRQFOXGHG WKDW WKHDGGLWLRQ RI: SI
RIWKHDOOR\ +RZHYHU ODUJH FRQFHQWUDWLRQRI: SDUWLFOHY OHDG W
ZW LVQRWSURSRUWLRQDO WR W& H=FKFROUWUIHRW DRQ HMYQ R WHIEQHHSRZGHU LQ
ZLWK 66 /| SRZGHU WR IRUP PLIWXUHY ZLWK GLITHUHQWH 7WERWPL$V GHS
FURVWUXFWXUDODQDO\VLV VKRZHG WKDW 7LKDV D SRZHUIXO UHILQLQJH
ZDV UHGXFHG ZLWK DQ LQFUHDVHG 7L ZW FRQWHQWDQG QR XQGHVLUHG
OHFKDQLFDO SURSHUWLHYVY ZHUH DOVR UHSRUWHG WR LQFUHDVH ZLWK Il
GXFWLOLW\ZDV DOVR UHSRUWHG DQG DWWULEXWHG WR D VXSSUHVVLRQ



'SRGPYWMSRW

> @

J)LIXUH (%6'PDS RI 66 /| DOOR\VSHFLPHQV SURGXFHG E\ 6/0 ZLWK D E F DQG G
IURP &

'SRGPYWMSRW

$0 LV D SRZHUIXO WHFKQRORJ\ WKDW DOORZV PDQXIDFWXULQJ RI SDUW
UHVSHFW WR WKH SDUW FRPSOH[LW\ WV ZRUNLQJ SULQFLSOH DOORZV L
FRPSRQHQWYV ZLWK UHODWLYH HDVH VDYLQJWLPHDQGUHVRXUFHV $PR(
KLJK GHSRVLWLRQ UDWHKLIJK PDMMHULDO GHSRVLWLRQ HIILFLHQF\ !

HQYHORSHPDNLQJLWLGHDOIRUPDQXIDFWXULQJODUJH VFDOHSDUWYV +
FRPSRQHQWY PDQXIDFWXUHG UHTXLUH DGGLWLRQDO SRVW SURFHVVLQJ

7TKHW\SLFDOWKURXJK WKLFNQHVVFROXPQDUJUDLQPLFURVWUXFWXUD

VHQWVRQHRIWKHPDMRUOLPLWDWLRQVRIWKHWHFKQLTXH 6XFKPRUSK
DQGIXQFWLRQDO SURSHUWLHY DQGIDFLOLWDWHV FUDFNIRUPDWLRQ GX
EHWDLORUHG IRUVSHFLILF DSSOLFDWLRQV W\SLFDO LQGXVWULDO DSS
PDWHULDOV

OLWLIJIDWLRQ RI WKHFROXPQDU JUDLQ JURZWK IRUPV SDUW RI WKH FKDO
DSSURDFKHVLQYROYHRSWLPL]IDWLRQ RI SURFHVV SDUDPHWHUV LPSOHEF
PHOQWY DQGLQFRUSRUDWLRQRIDGGLWLRQDO VWUDWHILHVY :KLOHRSWL
DLGLQUHGXFLQJWKHFROXPQDU JUDLQ IRUPDWLRQ WKHUHLV VWLOO DC(
HDFK GHSRVLWHG OD\HU DQG WKH SUHYLRXV RQH WKDW ZLOO LQGXFH HS
SRVW SURFHVVLQJ RSHUDWLRQV ZKLOH HIITHFWLYH DGGV DQRWKHU VWE



'SRGPYWMSRW

LQJSURGXFWLRQWLPHDQGFRVWY WFRXOGEHDUJXHG WKDW WKHLQFR!
DOVR OHDG WR DQ LQFUHDVHLQ FRVWV DQG WLPH 1RQHWKHOHVV LQFR
GHSRVLWLRQ SURFHVV FRXOG UHVXOW LQ FRPSRQHQWYV ZLWK D PRUH IDY
DGGLWLRQDO SRVW SURFHVVLQJVWHSY EHVLGHVY WKH XVXDO PDFKLQLQ.

%DVHG RQ WKHIHDVLELOLW\RILQFOXGLQJ WKHUHILQLQJ VWUDWHJILHYV
LQWR DFFRXQW WKDW WKH VWUDWHJ\ VHOHFWHG PXVW EH FRPSDWLEOH
HOWLUH GHSRVLWLRQ DQG DSSOLFDEOH WR WKH VL]HDQG JHRPHWU\ RI
EHHQ VHOHFWHG DV WKH PRVW VXLWDEOH JUDLQ UHILQHPHQW VWUDWHJ\

*UDLQ UHILQHPHQW YLD LQRFXODWLRQ KDV EHHQ UHSRUWHG LQ SRZGH
LQFRUSRUDWLRQ RI LQRFXODQWY LQ SRZGHU EDVHG SURFHVVHV LV FDU
GHVLUHG TXDQWLWLHYV ZLWK WKH VXEVWUDWH ,Q :$$0 DFFRUGLQJ WR W
DGGLQJWKHLQRFXODQWY YDULHVY GHSHQGLQJRQ WKHDXWKRU 6RPHRIV
ZLWK WKH LQRFXODQW FR H[WUXVLRQ RI WKHIHHGVWRFN ZLWK WKH LQR
WRS RI WKH VXEVWUDWH GLUHFW LQFRUSRUDWLRQ RI WKHLQRFEXODQW L
ZLWK WKH LQRFXODQWYV DQG SODFLQJ WKHP RQ WRS RI WKH VXEVWUDWH
LQGLFDWHVY D NQRZOHGJH JDSLQ WKHRSWLPDO ZD\RIDGGLQJ WKH LQRF

7KH HITHFWLYHQHVV RI DQ LQRFXODQW GHSHQGVY RQ WKH VXEVWUDWH |

LQRFXODQWVY DQG ILQGLQJ QHZ LQRFXODQWY FDQ EH FRPSOLFDWHG ,Q V
SURYHQ WR EH D VLPSOH \HW HIIHFWLYH WRRO WR SUHGLFW SRVVLEOH
XVH RI WKH PRGHO LV LQVXIILFLHQW WR JXDUDQWHH JUDLQ UHILQHPHQW
LQIRUPDWLRQ RQO\ DQG LW IDLOV WR SURYLGH LQVLJKWY UHJDUGLQJ PF
WKHLQRFXODQWDQG WKHVXEVWUDWHDUHQRWDFFRXQWHGIRUDQG GH
WR WKHPRGHO DQLQRFXODQWPD\QRWDFWDVDJUDLQUHILQHU $OWKR]
UHOHYDQW FRUUHODWLRQV EHWZHHQ WKHPRGHO SUHGLFWLRQV DQG PH\
VHOHFWLRQ RI LQRFXODQWY WKH LPSOHPHQWDWLRQ RI WKH PRGHO UHF
VHOHFWLRQ RI QHZ LQRFXODQWYV

$VLQ WUDGLWLRQDO PDQXIDFWXULQJ LQ $0 WKHUH LV D WLJKW PDWHL
,QYDU ZDVFKRVHQDVWKHVWXG\REMHFWIRUWKLVYZRUN 7KLVDOOR\LYV
ORZ &7( ZLWK D YDORKH RWURLEQG LV FRPPRQO\ XVHG LQ DSSOLFDWLRQV
GLPHQVLRQDO VWDELOLW\

OLFURVWUXFWXUDO FKDUDFWHUL]DWLRQRI,QYDU FRPSRQHQWVPDQX
DFWHULVWLF FROXPQDUJUDLQJURZWK DQG WKHKHDY\WH[WXUHLQKHUH
WXUH WKHGHJUHHRIDQLVRWURS\ XQGHUVWRRGDV WKHGLIIHUHQFHEH
RQ WKHGLUHFWLRQ GLIITHUHG WKURXJKRXW WKH GLITHUHQW VWXGLHV FF

7TKHNQRZOHGJH JDSVHQFRXQWHUHG FDQ EH VXPPDUL]JHG DV IROORZV
WKH XVH RI :$$0 IRU IDEULFDWLQJ ,QYDU FRPSRQHQWY :KLOH LW KDV E
FKDUDFWHULVWLF FROXPQDU PLFURVWUXFWXUH KDV QRW EHHQ PLWLJD
ZKHUH WKH :$$0 KDV EHHQ XVHG LQ FRPELQDWLRQ ZLWK LQRFXODWLRQ V
UHGXFH FUDFN IRUPDWLRQ GXULQJ VROLGLILFDWLRQ )LQDOO\ WKHUH L
ZD\WR LQFRUSRUDWH LQRFXODQWV LQWR WKH PDQXIDFWXULQJ SURFHVYV



6IWIEVGL SENIGXMZIW

6IWIEVGL SFNIGXMZIW

%DVHG RQWKHFRQFOXVLRQV GUDZQ IURP WKLY OLWHUDWXUHUHYLHZ \
LQRUGHUWREULGIJH WKH H[LVWLQJNQRZOHGJH JDS

,PSOHPHQWDWLRQ RI WKH ( (0O PRGHO IRUWKH VHOHFWLRQ RI SRVVLE

,PSOHPHQWDWLRQRILQRFXODWLRQDVJUDLQUHILQHPHQW VWUDWHJ
*7%$: EDVHG :$%$0

&KDUDFWHUL]DWLRQ RI WKH PLFURVWUXFWXUH WR GHWHUPLQH WKH
JUDLQ PRUSKRORJ\ JUDLQ VL]H SUHVHQFH RIGHIHFWY DQG SKDVHV SUH



ODWHULDOV DQG OF

-QTPIQIRXEXMSR SJ XLI) )1 QSHIP

$V PHQWLRQHG LQ WKH@RFXYQLBQWY ZLWK OHVV WKDQ PLVPDWFK EHW

RU QHDUO\ FORVH SDFNHG GLUHFWLRQV DQG OHVV WKDQ PLVPDWFK EH
SDFNHG SODQHV ZLWK UHVSHFW WR WKH VXEVWUDWH KDYH EHHQ SURY*H
SRUWDQW WR KLIJKOLJKW WKDW WKH GLUHFWLRQV FRQVLGHUHG PXVW EH
7KH WDEWKRZV WKH FORVH SDFNHG DQG QHDUO\ FORVH SDFNHG GLUHFW|
VIVWHPV FRQVLGHUHG %DVHG RQ WKLV LQIRUPDWLRQ DQG WKH GHVFUL
=KDQJHW®OD98%$7/$% VFULSW ZDV ZULWWHQ WR GHWHUPLQH WKH PLVILWE
SRVVLEOH LQRFXODQWYV FRQVLGHUHG

7DEOH OLOOHU LQGLFHV RIFORVH SDFNHG DQG QHDUO\ FORVH SDFNHG GLUHFWLRQV DQ
FRQVLGHUH®@ >

&U\WWDO VWUXFWXUH 'LUHFWLRQV 30ODQHYV

)& & ! ! | I\ YA CA

% & & ! ! [ ] A A A A A
A <

+&3 ! 111 ! ! A A A A

)&& URFN VDOW ! ! ! N oA A :

,QGLFHVIRU WKH +&3 VWUXFWXUH DUH H[SUHVVHG LQ OLOOHU QRWDWLRQ

6LOQFH WKH PRGHO LVEDVHG RQ FU\VWDOORJUDSKLF LQIRUPDWLRQ WK}
UDPHWHUV RIHDFKVSHFLHPXVWEHNQRZQDQGHQWHUHGDVLQSXWVIRU'
WKHLQWHUDWRPLF GLVWDQFHEDVHG RQWKHHTXDO UDWL® PHKMKR/RG SUR
PHWKRG FDOFXODWHYV WKH LQWHUDWRPLF GLVWDQFH EHWZHHQ DWRPYV >
KDVWKHDGYDQWDJH WKDW FDQ EH XVHG IRUDQ\FU\WWDOORJUDSKLF V\V
UHTXLUH DQ DX[LOLDU\UHSUHVHQWDWLRQ RI WKHPR@HORMFRYGYRDOWRH
WKLY PHWKRG DQ\GLVWDQFHEHWZHHQ WZR DWRPV FDQ EHGKHNMHUPLQHC
d? FRUUHVSRQGY LQWHUDWRPLF GLVWDQFH IURP WKH DWRP X Y Z WR

[uvw ]



“QTPIQIRXEXMSR SJ XLI) )1 QSHIP

WKH FU\VWDO DOVR UHIHUUHG WR DV "~W KHrLRRWHIUUHDAS R B IGFV WS B FLKHI LISCHW H
VSDFLQJ FRHIILFLHQW DQG LW LV D FRUUHFWLRQ FRHIILFLHQW WKDW DO (
WDQFH RIVWUXFWXUHY ZLWK PRUH WKDQ D VLQJOH DWRP SHU XQLW FHOO
DQG +&3 FU\VWDOOLQH VWUXFWXUHY FDQ EHVHHQLQ WKH WDEOH

d = A0/

[uvw] — “[uvw ]

7DEOH ,QWHUDWRPLF VSDFLQJ FRHIILFLHQWDQG LQWHUDWRPLF VSDFLQJ@RU WKH GLIIHU

&U\WWDO VXVIYXE ,QWHUDWRPLF VS,BDHIMQU[FWRPLIEEM%)DFLQJ
WX UH HIILFLMQW
)& & 7ZR RGG RQH (U2 + v2 + w2)(12) g2
HYHQ
$00 RGG (U2 + V2 + w?)12) g
7ZR HYHQ RQH (U2 + V2 + w2)W2) g
RGG
% & & $00 RGG (U2 + v2 + w?)(2) g2
OL[HG (U2 + v2 + w2)W2) g
t&s3 X H [(u2+ V2 uv)a?+ w?c| Y2 /6
Y
z J
X H [(U2+Vv2  uv)a2+ w2 /6
Y
z J
7KH RWKHUV [(u2+ v2 uv)a2+w2c2](1/2)

7TKH LQWHUSODQDU GLVWDQFH LV WKHQ FDOFXODWHG E\ PHDQV RI WKF
%RWKVHWV RIFDOFXODWLRQV LQWHUDWRPLF GLVWDQFHDQG LQWHUSO
SDFNHG RUQHDUO\ FORVH SDFNHG GLUHFWLRQV DQG SODQHV RI ERWK V¢
7KH UHVXOWLQJ LOQOWHUDWRPLF GLVWDQFHY DUH FRPSDUHG SDLUZLVH I
WHUPLQHG DV GHSLFWHG LQWKH POADW LIRVKLRQ WKH PLVPDWFK EHWZH
GLVWDQFHV LV GHWHUPLQK&E VWTMXNEWLWREQHQ VRUWY WKH FDOFXODWHG PL
PDWUL[FRQWDLQLQJ WKH SRVVLEOH GLUHFWLRQV DQG SODQHV ZLWK D P

d(uvw ) matrix d( uvw )inoculant

direction d
(uvw ) matrix

_ d(th ) matrix d(hkl )inoculant
plane —

d(hki ymatrix

7DEOH ,QWHUSODQDU GLVWDQFH IRU GLIITHOBHQW FU\VWDOOLQH VWUXFWX

&U\WWDO V\VWHP ,QWHUSODQDU GLVWDQFH
&XELF A = Grreeyae

+H[DJRQDO dhg = ¢ a =
F(h2+k2+hk)+ 2712




(ITSWMXMSR SJ-RZEV WTIGMQIRW [MXLEHHIH MRSGYPERXW

$V DERYH PHQWLRQHG WKH GLUHFWLRQV PXVW EH FRQWDLQHG ZLWKLQ

WLRQV WKHLQWHUSODQDU GLVWDQFHLV WKHVDPHGXHWRWKHFU\VWDQC
RI SODQHV +RZHYHU QRW HYHU\GLUHFWLRQLV FRQWDLQHG LQ HYHU\ S¢
LV FRQWDLQHGLQ D SODQH RUQRW WKH GRW SURGXFW EHWZHHQ WKH GL
SURGXFW UHWXUQV D YDOXH RI]JHUR LW PHDQV WKH GLUHFWLRQ DQG WK
VLQFH SODQHV DUH GHVFULEHG E\ WKHLU QRUPDO YHFWRU EHLQJ RUWKF
ZLWKLQ WKH SODQH 7KH VFULSW SHUIRUPV WKLY RSHUDWLRQ IRUHYHU\ ¢
UHWXUQV RQO\WKRVH ZKR FRPSO\ ZLWK WKH FRQGLWLRQ 5HVXOWV DUH"
FRUUHVSRQGLQJGLUHFWLRQ SODQH SDLUIRUWKHVXEVWUDWHDQG WKH
$ FRS\RI WKH VRXUFH FRGH FDQ EH$RXQG LQ WKH DSSHQGL]|

(ITSWMXMSR SJ-RZEV WTIGMQIRW [MXL EHHIH I

JNTIVMQIRXEP WIXYT

'"HSRVLWLRQV ZHUH FDUULHG RXW XVLQJSXOVHG FXUUHQW *7%: EDVHG :¢
DSRZHU VRXUFH OLJDWURQLF 7,* FRPPDQGHU $& '&« RSHUDWLQJLQ "LUF
PRGH '&(1 PRGH DOLJDWURQLF.7 ZLUHIHHG XQLW DQGD D[LVPRWLRQ
W\SH( PL[HGZLWKUDUHHDUWKYV ZLWKD GLDPHWHWHHP S®RDHG I WILRD
ZLWK D SXULW\ » ZDV XVHG DV VKLHOGLQJJDVDWDIORZUDWH RI /

3URFHVV SDUDPHWHUV DQG GHSRVLWLRQ VWUDWHJI\ ZHUH VHOHFWHG I
GHSRVLWLRQRIORZWKHUPDO H[SDQVLRQ ,QYDU DOOR\V XVLQJ:$$0LQ ZK
HWHU RSWLPL]DWLRQ WR DFFRPSOLVK GHIHFW @& HH BRISRNVQ IV R QWKR UG X
UHSRUWHG HYHQ ZLWK WKH RSWLPL]HG SDUDPHWHUV RQO\ WKH VSHFLP
-PP! UHVXOWHG LQ GHIHFW IUHH GHSRVLWLRQV )RU WKH UHVW RI WKH
WKH SUHVHQFH RI FUDFNV DQG WKH FUDFN OHQJWK VKRZHG D WHQGHQF
KHDW LQSXW $V PHQWLRQHIUDQ WHKHIERQHPWEAW QRW RQO\ UHGXFHV WKH
PDWHULDO EXW DOVR DOORZV WR DFFRPPRGDWH VROLGLILFDWLRQ VWUH
WKH DVVXPSWLRQ WKDW JUDLQ UHILQHPHQW FDQ EH DFKLHYHG E\ WKH S
LQSXW ORZHU KHDW LQSXWV VKRXOG \LHOG VLPLODU UHVXOWV WKH VS}t

R -PPL $ FRPSOHWH VXPPDU\ Rl WKH SDUDPHWHUYV FHQ FHUVW K LQ V
GHSRVLWLRQ VWUDWHJI\ ZHOG EHDGYV ZHUH GHSRVLWHG XQLGLUHFWLRQI
WKHZHOG GLUHFWLRQ ' ZLWKIURQWIHHGLQJRIWKHILOOHUZLUH ,QD

WDNHQ LQWR DFFRXQW IRU WKLV ZRUN 7KHILOOHU ZLUH ZDV SRVLWLRQI
WKHHOHFWURGHDQG WKHVXEVWUDWHWRPLWLIDWHODFNRIIXVLRQ WK
WKHZRUNSLHFH ZDV FKHFNHG DIWHUHDFK OD\HU ZDV GHSRVLWHG WR HQ
WKHGHVLUHG ZHOG EH®DG JHRPHWU\ >

-RGSVTSVEXMSR SIMRSGYPERXW

$V VWDWHG LQ WKHZKIDBMWWKH XVH RILQRFXODQWY KDV EHHQ LPSOHPH(
FRQVHQVXV UHJDUGLQJ WKH RSWLPDO ZD\ RI LQFRUSRUDWLQJ WKHP GXLU
RI WKH VWUDWHJLHY GLVFXVVHG LQFOXGH FRDWLQJ WKH ILOOHU ZLUH S
SRVLWHG OD\HU DQG HYHQ GLUHFW PL[LQJ RIWKHLQRFXODQW ZLWK WK



(ITSWMXMSR SJ-RZEV WTIGMQIRW [MXLEHHIH MRSGYPERXW

7DEOH 3URFHVV SDUDPHWHUV HPSOR\HG IRUWKH GHS®VLWLRQ RI ,QYDU VSHF

3DUDPHWHU ‘9D03(I}IUDPHWHU 9DOXH

%DVH FXUUHQ 7WBDYHO VSHHG PP
S3HDN FXUUHQ $:)5 PP V!
EDVH WLPH V+HDW ,QSXW -PP1!
SHDN WLPH ¥DWFK GLVWDQFH

$UF YROWDJH| ,QWBRUSDVV WHPSHUD® XUH

$0 WHFKQRORJLHYVY 'HVSLWH DFKLHYLQJ JUDLQ UHILQHPHQW LPSOHPHQ!
LQFRPSOLFDWHG ORJLVWLFV RU LQ WKHFDVHRISRZGHU PL[LQJ XQVXLV
RI :$$0 VRPH DXWKRUV KDYH H[SORUHG DQG DFFRPSOLVKHG JUDLQ UHIL
SRZGHU ZLWK D FDUULHU DJHQW WR IRUP D VXVSHQVLRQ DQG DSSO\LQJ L
SRVLWHG OD@HU7KH FDUULHU DIJHQW WKHQ LV EXUQHG E\ WKH KLIJK WHPSF
GHSRVLWLRQ SURFHVV DQG RQO\ WKH LQRFXODQWYV DUH LQFRUSRUDWHC
VLPSOLFLW\ WKLY LQFRUSRUDWLRQ VWUDWHJI\ZDV HPSOR\HG LQ WKLV ZR

7KH SRVVLEOH FDQGLGDWHYV WR D FW IDRFRUDELGU A R WHKUHV( \WODFEROGHH O LP S
WDWLRQ ZHUH DFTXLUHG DQG PL[HG ZLWK DQ $5%/',7(S$ 628&<$1$7(WZ
PDQXIDFWXUHG E\ +XQWVPDQ &RUSRUDWLRQ $ GHWDLOHG GHVFULSWLR(
LQ WKH FKDSWNWERYH PHQWLRQHG WKH IXQFWLRQ Rl WKH DGKHVLYH L'
SRZGHU WKHUHIRUH WKH SRZGHUV ZHUH RQO\ PL[HG ZLWK WKH SRO\PH !
XQGHVLUHG FXULQJDQG FRQVHTXHQWO\ KDUGHQLQJ RI WKH VXVSHQVL
WKH DXWKRUV .HQ Q@ GD GI&V%WIOUBLQJIJK@PZDW R NHHS WKH DPRXQW R FD!
PLQLPXP WR NHHS WKH FRQFHQWUDWLRQ RI WKH LQRFXODQWYV DV KLJK D'
PHQW DQG PLQLPL]LQJSRVVLEOH ZHOG SRRO FRQWDPLQDWLRQ GXULQJ"
LQ DQ DWWHPSW WR GHWHUPLQH WKH SRWHQF\RI WKH SRVVLEOH LQRFXGC
ZW LQRFXODQW FRQWHQW ZHUH SUHSDUHG 7KH SURFHGXUH IROORZHG
RI ZHLJKLQJ WKH FRUUHVSRQGLQJ DPRXQWYV RI DGKHVLYH DQG LQRFXOD!
WKRURXJKO\ XQWLO DFKLHYLQJ D KRPRJHQHRXV VXVSHQVLRQ

7DEOH $FTXLUHG LQRFXODQWV IRU ,QYDU DOOR\V

,QRFXODQW ODQXIDFWXUHU $YHUDJH SDUWLFOH VL]H> P@

1E& 1IDQRJUDIL
TL& 6LIJPD $OGULEFK

$VGLVFXVVHG LQ FEDBMWHWHILQLQJE\WKHDGGLWLRQRILQRFXODQWV LV
VXEVWUDWH SDLU $FFRUGLQJ WR WKH SUHYLRXV ZRUN FRQVXOWHG RQ V
,QYDU DOOR\V WKH QLFNHO FRQWHQW GXULQJ WKH GHSRVLWLRQ Rl WKH
FRPSRVLWLRQ RIWKH ,QYDU DOOR\GXH W@ G/IROFKQWORIHZW WH WHKSHRWUXERN G\
RILQREFXODQW DGGLWLRQ DUHRQO\GXH WR WKHLQWHUDFWLRQV EHWZH}
VXVSHQVLRQV ZHUH LQFRUSRUDWHG RQO\DIWHU WKH VHFRQG OD\HU ZKH
WKH QRPLQDO ,QYDU FRPSRVLWLRQ



(ITSWMXMSR SJ-RZEV WTIGMQIRW [MXLEHHIH MRSGYPERXW

1ERYJEGXYVMRKWTIGMhGEXMSRW

7R NHHS FRQVLVWHQF\ ZLWK WKH SUHYLRXV ZRUN FRQVXOWHG FXERLG
VHFWLRQRI [ PPDQGDOHQJIJWKRI PPRI,QYDU ZHUH GHSRVLWHG R(
VWHHO SODWH 7KHILOOHU ZLUH XVHG IRUDOO WKH GHSRVLWLRQV ZDV D
,QYDU DOOR\ PDQXIDFWXUHG E\ 9RHVWDOSLQH %|KOHU :HOGLQJ &RPSI

VXEVWUDWH FDQ EH IRPQG LRRWDHOSIRQGLQJO\

7DEOH &RPSRVLWLRQ RI ZLUH ILOOHU 'SULQW $00ROG DVVWDWHG E\WKH PDQXI

$OOR\ & 6L 0Q &U OR &R 6 3 1L )H
% DO

,QYDU

7TDEOH &RPSRVLWLRQ RI VWUXFWXUDO VWHHO 6 LQ ZW

$OOR\ & 0Q 36 & X 1L )H
6 % DO

JRUWKHDGGLWLRQ RI WKHLQRFXODQWY WKH VSHFLPHQV GHSRVLWHG
PP VWDUWLQJIURP RSSRVLWH HIWUHPHYVY (DFK RI WKRVH UHJLRQV ZDV W
WUDWLRQ RILQRFXODQW ORDGHG VXVSHQVLRQ 7KLV PHWKRGRORJ\IDFL
VSHFLPHQV VDYLQJWLPHDQG PDWHULDO 7KH PP UHPDLQLQJ DW WKH
ZHUH OHIW XQFRDWHG WR DYRLG FURVV FRQWDPLQDWLRQ EHWZHHQ WKH
VHQWDWLRQ RI WKHVSHFLPHQV GHSRVLWHG FDQ EH VHHQLQ WKH ILJXUH

J)LIXUH 6FKHPDWLF RIGHSRVLWHG VSHFLPHQV 7KH5HIHUHQFH VA\VWHP LQGLFDWHY WKH [
GLUHFWLRQ 7' DQG WKH ZHOGLQJ GLUHFWLRQ :'



IMGVSWXVYGXYVEP GLEVEGXIVMA"EXMSR

IMGVSWXVYGXYVEP GLEVEGXIVM*"EXMSR

,QRUGHU WR YHULI\WKH KRPRJHQHLW\RI WKH SURFHVV DQG WKH HIIHF\
YHUVH FURVV VHFWLRQV ZHUH H{WUDFWHG IURP HDFK FRQFHQWUDWLRQ C
VDPSOHV DUH UHSUHVHQWDWLYH RI D VWDEOH GHSRVLWLRQ SURFHVV W
DQG PPIURPWKHLUFRUUHVSRQGLGQHSIWWHPHAFKHPOWHFUHSUHVHQWD
WKHORFDWLRQ ZKHUH WKH PHWDOORJUDSKLF VSHFLPHQV ZHUH H[WUDFV

JLIXUH 6 FKHPDWLF LQGLFDWLQJWKH ORFDWLRQ ZKHUH PHWDOORJUDSKLF VDPSOHYV ZHUH
WKH EXLOG GLUHFWLRQ %' WKHWUDQVYHUVH GLUHFWLRQ 7' DQG WKH ZHOC

WKH UHVXOWLQJFURVV VHFWLRQV ZHUH HPEHGGHG XVLQJFRQGXFWLYH
SHUIRUPHG DV IROORZV VDPSOHV ZHUH VDQGHG XVLQJ 6L& VDQGLQJ
SROLVKLQJ GLDPRQG VXVSHQVLRQV RI P DQG P ZHUH XVHG LQ VXF
SROLVK 6DPSOHV ZHUH WKHQ LPPHUVHG LQ LVRSURSDQRO DQG OHIW WR\
WR UHPRYH UHVLGXDO SDUWLFOHV IURP WKH GLDPRQG VXVSHQVLRQV 0
XVLQJ $GOHUJV UHDJHQW FRPSRVLWLRQ FOH HE\WMPAKH DY BQ RFHH/ WBR QML V
VXEPHUJLQJ WKH VDPSOHV LQ WKH UHDJHQW IRU VHFRQGV DQG ULQVLQ.
WR DYRLG RYHU HWFKLQJ

7DEOH $GOHUfV UHDJHQW FRPSRVLWLRQ

5SHDFWDQW $PRXQW

&RSSHU DPPRQLXP FKORULGH J
+\GURFKORULF DFLRO

JHUULF FKORULGH K\GUDWHG J
'LVWLOOHG ZDWHBO




'LIQMGEP GSQTSWMXMSR ERHWXVYGXYVEP GLEVEGXIVM*"EXMSR

*HQHUDODVSHFWY JUDLQ PRUSKRORJ\ JUDLQERXQGDU\PRUSKRORJ\ C
WXUDO IHDWXUHVY FUDFN SUHVHQFH DQG VXEVWUXFWXUHY IRUPHG GXL
VHUYHG DQG FKDUDFWHUL]JHG XVLQJ D .H\HQFH 9+; GLJLWDO PLFURVI
SKDVHLGHQWLILFDWLRQ DQG SKDVH GLVWULEXWLRQ ZHUH VWXGLHG XVI
PRGHO -HRO -60,7

(%6' LQYHUVH SROH ILJXUH PDSV WR GHWHUPLQH WKH HIITHFW RI WKH LQ
SHUIRUPHG RQ WKH VSHFLPHQV ZLWK LQRFXODQW ORDGHG VXVSHQVLRQ
8;H 6(0 FRXSOHG ZLWK DQ ('$; GHWHFWRU 7KH VSHFLPHQV XVHG FRQVLYV
D WKLFNQHVY DSSUR[LPDWHO\ RI FP HIWUDFWHG IURP WKH FRUUHVSR
EHWZHHQ WKH PHWDOORJUDSKLF VSHFLPKIQ ¥ ULRG\L VBIWW GR.@VI ZHUHHW K H
SHUSHQGLFXODUO\WR WKHEXLOGGLUHFWLRQDW PPIURPWKHWRS ,QI
GHVFULEHG VDPSOHVIRU (%6' PHDVXUHPHQWY ZHUH IXUWKHU SROLVKHG
D SDUWLFOH VL]H RI PIRUD WRWDO RI PLQXWHY OHDVXUHPHQWYV
QRUPDO WR WKH EXLOG GLUHFWLRQ ,QDGGLWLRQ WR WKH (%6'LQYHUVH
ZDVHVWLPDWHG XVLQJWKH +LOOLDUG VLQJOH FLUFOH SURFH@XUH DFFR
JRUWKH PHDVXUHPHQWY VL[ILHOGV RIFRQYHQLHQW VL]HIRU WKH VWXC
XVHG

'LIQMGEP GSQTSWMXMSR ERHWXVYGXYVEP GLE"

JURP WKH UHPDLQLQJ GHSRVLWHG VSHFLPHQV DQ DGGLWLRQDO FURVYV
LQRFXODQW ZDV HIWUDFWHG DW PP IURP WKH HIWUHPHY 7KH VDPSO
VDQGLQJ SDSHU IURP JULW XS WR JULW WR DFKLHYH D VPRRWK VXUI

; UDVIOXRUHVFHQFH ;5) DQDO\WLYVY ZDV SHUIRUPHG RQ ERWK VLGHV RI
HITHFW RI WKHDGGHG LOQRFXODQWYV RQ WKH FKHPLFDO FRPSRVLWLRQ DQC
VXUHPHQWY ZHUH FDUULHG RXW XVLQJD 3DQDO\WLFDO $[LRV OD[:" ;5) VS
ZDV GRQH ZLWK 6XSHU4 L 2PQLDQ VRIWZDUH &DUERQ FRQWHQW ZDV GH
O\]HU PRGHO &6 PDQXIDFWXUHG E\ /(&2

&RPSOHPHQWDULO\ ; UD\GLIIUDFWLRQ PHDVXUHPHQWY ;5" ZHUH SHUIF
VWUXFWXUHVIRUPHG GXULQJWKHGHSRVLWLRQ SURFHVYVY 7KHHTXLSPHQ
WRPHWHU %UDJJ %YUHQWDQR JHRPHWU\ 6DPSOHV ZLWK 1E& DV LQRFXOTL
SRVLWLRQ VHQVLWLYH GHWHFWRU &X .. UDGLDWLRQ GLYHUJHQFH VOLW

P$ 6DPSOHV ZLWK 7L& DV LQRFXODQW ZHUH DQDO\]JHG XVLQJ D JUDSKL
SRVLWLRQ VHQVLWLYH GHWHFWRU &R .. UDGLDWLRQ GLYHUJHQFH VOLW

P$ 7KHUHFRUGHG GDWD ZDV HYDOXDWHG XVLQJ %UXNHU VRIWZDUH 'LI
SDUDPHWHU ZDV GHWHUPLQHG EMILQGLQJWKH < D[LVLQWHUFHSW IURP W
SHDN IRXQG YV WKH 1HOVRQ 5LOHVIXQFWLRQ SORW

,EVHRIWW QIEWYVIQIRXW

$ KDUGQHVVY WHVWHU 6WUXHUV 'XUDVFDQ ZDV XVHG WR GHWHUPLQH W
RIFKDQJHLQ WKHPHFKDQLFDO SURSHUWLHV RIWKHPDWHULDOV GHSRVL!
XVLQJ +9 PHWKRG 1RIGRZQIRUFH DQGWKHVSDFLQJLQEHWZHHQLQ



,EVHRIWW QIEWYVIQIRXW

WKH GLDJRQDO )RU HDFK VSHFLPHQ LQGHQWDWLRQV ZHUH GLVWULEXW
WR WKH EXLOGLQJ GLUHFWLRQ 5RZV ZHUH SRVLWLRQHG DW PP DQG F
GHSLFWV D VFKHPDWLF RI WKHPHWKRGRORJ\GHVFULEHG

JLIXUH 6FKHPDWLF VKRZLQJ WKH ORFDWLRQ RI WKHLQGHQWDWLRQV



SHVXOWYV GLVFEXV

) JIQSHIP MQTPIQIRXEXMSR

1SHIP ZEPMHEXMSR

7TKHVFULSWGHYHORSHG FRPELQHV WKHRULJLQDO ( (0 PRGHO IXQGDPHC
SDFNHG RUQHDUO\FORVH SDFNHG GLUHFWLRQV DQG SODQHV DQG FDOFX
WKHHTXDO UDWLRPHWKRGIRULQWHUDWRPLF VSDFLQJ GHVQH BIRALIQIDW L R (
DSSURDFK KDV QRWEHHQ UHSRUWHG EHIRUH WKHFRUUHFW IXQFWLRQLQ
WKH RXWSXW IURP WKH PRGHO ZLWK WKH UHVXOWOHIH B WV WWHKG B\QRHAX®I
VXEVWUDWH SDLUV XVHG LQ WKH YDOLGDWLRQ WKHLUFRUUHVSRQGLQJF
HWHUYV

7DEOH &U\VWDOORJUDSKLFLQIRUPDWLRQ RILQRFXODQW VXEWVUDWH SDLUV XVHG

,QRFXODQW & UNYW\I DFOH. Q3D UOXEWWHUID WH & UDMWWDIOFRHL (B-DUDPHWH U

VW U X F WXQRH@ VW U X F WXQH@
7L& )& & D $0 )& & D
5RENVDOW
7 L% +&3 D $0 )& & D
F
7L &U  +&3 D 7L &U % && D
F

7DEOHV DQG VKRZ WKH UHVXOWY REWDLQHG IURP WKH PRGHO DQG Wk
YDOXHV E\ WKH DXWKRUV =KDQJ HW DO )RU WKH SDLU 7L& $O LW FDQ EF
EHWZHHQ WKH GLUHFWLRQV LV LQ JRRG DJUHHPHQW ZLWK WKH YDOXHYV |
LQ WKH GLUHFWLRQ SDLUV ! 1DQG |  IFDQEHH[SODLQHG DV
WKH LQWHUDWRPLF VSDFLQJ PLVPDWFK GHSHQGLQJRQ WKH FU\WWDOOI
VXEVWUDWH SDLU FDQ KDYH D ORZHU PLVPDWFK UHVSHFW WR WKH VHFRQ



) )1 QSHIP MQTPIQIRXEXMSR

7KH VFULSW FRPSXWHV DOO RI WKHVH SRVVLELOLWLHY DQG VHOHFWYV WK
PLVPDWFK YDOXHYV RI IRU WKH I I DQG IRU WKH o e
REWDLQHG E\RQO\FRQVLGHULQJWKHQHDUHVW QHLJKERU :KLOH WKHVH
WKH ORZHVW PLVPDWFK YDOXH IRU o ' GLUHFWLRQ SDLU LV ZK
WKH PDWUL[ PDWFK RQH LQWHUDWRPLF VSDFLQJ RI WKH LQRFXODQW $C
EHWZHHQ WKH ' !'GLUHFWLRQ SDLUFRUUHVSRQGV WR FRQVLG
WKHLQRFXODQW PDWFK RQHDWRPLF VSDFLQJ RI WKH PDWUL[ 7KH GLUHT
ZLWK WKH UHSRUWHG YDOXHV 7KH RQO\GLIIHUHQFH HQFRXQWHUHG FRU
'"HVSLWH FRPSXWLQJWKHYDOXHDVWZRLQWHUSODQDU VSDFLQJV LQ $OF
DVVWDWHG E\WKHDXWKRUV WKHPLVILWFDOFXODWHG FRUUHVSRQGV W

JRU WKH LQRFXODQW Y$EVWKIBDWBEVIDUYWVHGELWUHQG LV VLPLODU WKH OR
DPRQIJWKHGLUHFWLRQVFRUUHVSRQGVWR FRQVLGHULQJDVLQJOHDWR
VXEVWUDWH SDLURI'VGKHHFWLRQ SDLU FRQVLGHULQJ WIZERRFXRPIQAW SD

PDWFKHVY RQHDWRPLF VSDFLQJRI$0 IRU WKH I 1DQG I 1GLLU
LQLQWHUSODQDU PLVPDWFK FDQ EH H[SODLQHG VLPLODUO\ 7KHPRGHO F
PDWFK RQH LQWHUSODQIRWWSKOHFLQJ RI"7L%DQG A~ ~__ A~ "~SODQHSDLUV

WKDW WZR LQWHUSODEDUWXDRFQR LY RIHWLSODQDU VSDFLQJ RI $0O IRU WKH

2Q0\ WKH PLVILW YDOXHV IRU VRPHGLUHFWLRQ 3D KW \ZMUHPUHBRUWHG
HYHU LW FDQ EHVHHQ WKDW WKH DEVROXWH YDOXHYKH @&/LK HHRILH/Q BPHVIFEE
VLIQLVLQGLFDWLYH RIWKHGLUHFWLRQ RIUHODWLYH GLVSODFHPHQW E

JURP WKHVH UHVXOWV LW FDQ EH VDLG WKDW WKH PRGHO WHQGV WR X
PDWFKHY +RZHYHU LWLV LPSRUWDQW WR KLIJIKOLJKW WKDW WKH YDOXH
DOUHDG\ RXWVLGH WKH WKUHVKROG FRQVLGHUHG )XUWKHUPRUH HY
YDOXHV UHPDLQ RXWVLGH WKH WKUHVKROG )RUDJLYHQ LQRFXODQW V)
RSWLPLVWLF HVYWLPDWLRQ RI WKH SRWHQF\ RI WKHLQRFXODQW 1HYHU\
PRGHO SURYLGHVY DFFXUDWH HQRXJK PLVPDWFK YDOXHV WR EH XVHG DV C

7TDEOHOLVPDWFK YDOXHVRIGLUHFWLRQDQG SODQH SDLUVIRU7L& $OLQRFXO@QW VXEVWU

'LUHFWLRQ SDLUV ‘ 30DQH SDLUV
6 XEVWUDWH ,QRFXODQW ORGHHI)CEVIWUDMSHRUVMDREXODQW ORGHO $V Ul

> @ > @ > @ > @

> > > > > > > > >
> > > > > > > > >




) )1 QSHIP MQTPIQIRXEXMSR

7TDEOHOLVPDWFK YDOXHV RI GLUHFWLRQ$MOIDREEQB GWLVUXEHRWUDWH SDLU 5HSRUWHG YDC

> @
'LUHFWLRQ SDLUV ‘ 30DQH SDLUV
6XEVWUDWH ,QRFXODQW OR|GHCEVHIVUDWMSHRUWREGEXODQW ORGHO $V Ul
> @ > @ > @ > @

| ! A N A <

| | N N

! 11 ! N N

| | N N

| | N N

| | N N

! 11 ! A A

| | N N

| | N N

| | N N

! 11 ! " A

| | N N

7TDEOHOLVPDWFK YDOXHV RIGLUHFWIHR&WBDREX ODWODRW. WXEVWUDWH SDLU 5HSR&WHG YDOXH

'LUHFWLRQ SDLUV

6XEVWUDWH ,QRFXODQW ORGHO $V UHSRUWHG
> @ > @

-RSGYPERX WIPIGXMSR

JURP WKH LPSOHPHQWDWLRQ RI WKH PRGHO LW FDQ EH GHGXFHG WKD
VWUXFWXUHVDQG ODWWLFH SDUDPHWHUV WR WKHVXEVWUDWH KDYH D KL
FULWHULD GLVFXVVHG $GGLWLRQDOO\ JLYHQ WKHKLIJKWHPSHUDWXUHYV
WKHUPDO VWDELOLW\RI WKHLQRFXODQWV LV DOVRUHTXLUHG VR WKH\ F

$FFRUGLQJ WR WKH OLWHUDWXUH FRQVXOWHG LQRFXODWLRQ KDV QR
WHFKQLTXH GXULQJ WKH PDQXIDFWXULQJRI ,QYDU DOOR\V +RZHYHU L
WKHVDPH SXUSRVHLQ VHYHUDO VWXGLHYV $GGLWLRQRI< 0J &H =U 7L 7
DFWDVJUDLQ HH@& QHKKUHWLFURVWUXFWXUDO FKDUDFWHUL]DWLRQUHYHDC
IRUPLQJ LQFOXVLRQV LQ WKH IRUP RI RILGHV VXOILGHV FDUELGHV DQ
HOHPHQWY ZKLFK WKHQ DFWHG DV QXFOHDWLQJ VXUIDFHY SURPRWLQJ k
JUDLQ UHILQHPHQW ZDV DWWULEXWHG WR WKHIRUPDWLRQDQG SUHVHQF
HOHPHQOQWY WKH GLUHFW DGGLWLRQ RI WKHVH LQFOXVLRQV LQ WKH IRU|
$PRQIJIWKHVHLQFOXVLRQV 7L& DQG1lE& ZHUHLGHQWLILHG %RWKRIWKH!
FU\WWVWDOOLQH VWUXFWXUHDQG D KLIJKPHOWLQJ SRLQW PDNLQJ WKHP JR

JRUWKHILQDO VHOHFWLRQ WKHFRUUHVSRQGLQJFU\WWDOORJUDSKLF ¢
FROOHFWHG DQG DSSOLHG WR WKH PRGR A& QF X0 HPHCHVMARS WDEBPXUDWH S
;5'DQDO\WLVZDV XVHGWRGHWHUPLQHWKHODWWLFHSDUDPHWHU RIWKH



) )1 QSHIP MQTPIQIRXEXMSR

7TDEOH &U\VWDOORJUDSKLF SDUDPHWHU IRUWKH VSHFLHVY FRQVLGHUHG

6SHFLH &U\WWDOOLQH VWUXFWXUH /DWWLFH SDUDPHW

,QYDU )& & D
7TL& )&& URFNVDOW > @
1E& )&& URFNVDOW > @

WKH ,QYDU ILOOHU ZLUH LV FRPSRVHG RI D VLQJOH )&& SKDVH ZLWK D OI
QP 7KHPLVPDWFK FDOFXODWHG DFFRUGLQJ WR WKH LPSOHMHQBVHG PRG

7DEOH 'LUHFWLRQ DQG SODQH SDLUV PLVPDWFK EHWZHHQ ,QYDU D QP DQG 1E& D
LPSOHPHQWHG PRGHO

'LUHFWLRQ SDLUV 30DQH SDLUV

6 XEVWUDWH ,QRFXODQW OLVBRERBRVWWEDWHXQQRHEODQW OLVPDWFK FD
> @ > @

> > > > > > > > >
> > > > > > > > >

7TDEOH 'LUHFWLRQDQG SODQH SDLUV PLVPDWFK EHWZHHQ ,QYDU D QP DQG 7L& D
LPSOHPHQWHG PRGHO

'LUHFWLRQ SDLUV | 30DQH SDLUYV

6XEVWUDWH ,QRFXODQW OLVBRBEVVFKUEDWHXQOQRHEODQW OLVPDWEFKFD
> @ > @

> > > > > > > > >
> > > > > > > > >

JRUWKH ,QYDU 1E&V\VWHP LWFDQEHVHHQWKDW GLUHFWLRQ SDLUV
SODQH SDLUVA °_ A~ “DQG"A ~__ A "FRPSO\ZLWK WKHPLVPDWFK FUL\
5HVXOWV IRUWKH ,QYDU 7L& VIVWHP VKRZV GLUHFWLRQ SDLUV r

DQG l _ 1DQG SODQH SDLUVA A~ >~ A > A > DQGA °__~A ~KI
RI OHVV WKDQ "KHWKHU WKHVH GLUHFWLRQ SDLUV DUH FRQWDLQHG |
WKH SRVVLEOH RULHQWDWLRQ UHODWLRQVKLSV IRU ESRMWKRAADNPING ZH Ut
RQO\RQH SRVVLEOH RULHQWDWLRQ UHODWLRQVKLS ZDV GHWHUPLQHG IR

SRVVLEOH RULHQWDWLRQ UHODWLRQVKLSY ZHUH HVWLPDWHG IRU WKH ,
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