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Abstract

In the transition towards a renewable energy-powered industrial sector in the Netherlands, hydrogen plays
a pivotal role. The anticipated increase in hydrogen demand by 2030 is projected to exceed the anticipated
capacity of domestic green hydrogen production, hindered by the high costs and fluctuations of local
renewable electricity generation. To address the growing demand, the consideration of importing more
cost-effective green hydrogen is regarded as an appealing option. Storing and transporting hydrogen as
green ammonia emerges as a compelling choice for hydrogen importation, given high volumetric hydrogen
density of ammonia, coupled with its effective storage and well-established infrastructure. An essential
element in the importation of hydrogen through green ammonia lies in the decomposition of green ammonia
back into hydrogen.

This research evaluates the techno-economic feasibility of hydrogen production using an ammonia
cracking process plant in the context of the Netherlands. Two process plant configurations were developed
and evaluated on their performance. Both of the plants are set to generate 100 TPD of hydrogen at 50 bar
pressure for the Dutch hydrogen grid. The first configuration is designed for the ammonia-to-hydrogen
process plant using existing technologies applicable on a large scale by 2030, with a particular focus
on the ammonia cracking reactor configuration as the central component. The second configuration is
formulated based on the emerging technology of employing the membrane-assisted reactor for ammonia
decomposition and is used for comparison with the existing technology configuration in the context of the
year 2040.

Economic evaluation of both configurations indicates that the Levelized Cost of Hydrogen (LCOH)
derived from green ammonia is primarily driven by the market price of green ammonia. Evaluating the
conventional technology at 2030 market predictions, it is established that hydrogen production from
imported green ammonia can compete with domestic green hydrogen production and potentially emerge as
the most cost-effective option for green hydrogen import if optimistic predictions regarding green ammonia
costs materialize. In comparing the conventional and emerging technology configurations for LCOH by
2040, it was determined that the membrane-assisted reactor configuration does not significantly outperform
the conventional technology, even when considering the most optimistic scenarios regarding the robustness
and scalability of this emerging technology.
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$PPRQLD DV +\GURJHQ &DUULHU
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ILWHUDWXUH 5

7TKHILUVW VHFWLRQ LV GHGLFDWHG WR WKH IXQGDPHQWDOV RI WKH FRUH SL
7KH QH[W WKUHH VHFWLRQV GHOYH LQWR WKH WHFKQRORJLHY EHKLQG
SURGXFWLRQ WKURXJK DPPRQLD FUDFNLQJ DVLQWURGXFHG LQ WKH RSHQL
VHFWLRQ IRFXVHV RQ H[DPLQLQJ SUHGLFWLRQV LQ WKHIXWXUHHQHUJ\PD
VHFWLRQV DUHVXPPDUL]JHG

6HFWLRQ $PPRQLD '"HFRFPSFRRQMDLERFRPSRVLWLRQ SURFHVV IXQGDPHQ!'
ZLWK PHQWLRQLQJ WKH DOWHUQDWLYH ZD\V RI DPPRQLD GHFRPSRVL
WHFKQRORJLHVDUHUHYLHZHG $PPRQLD GHFRPSRVLWLRQ FDWDO\VW

6HFWLRQ $PPRQLOKKMDPRRQLD FUDFNHU FRQILIXUDWLRQV ZLWK SRWH
FDWLRQ DUHUHYLHZHG

6HFWLRQ +\GURJHQ 3URG XHW HEIDUPMW RRQVHFKQRORJLHV IRU K\GURL.
XQFRQYHUWHG DPPRQLD UHFRYHU\DUH UHYLHZHG

6HFWLRQ +\GURJHQ &R SWKHWERDSWHU WKH WHFKQRORJLHV RI K\GUF
UHYLHZHG

6HFWLRQ ODUNHW 3WBEGLVWKRQWHU WKH PDLQ PDUNHW SUHGLFWLRQV'Y
VLWLRQ SODQW DUH UHYLHZHG

$PPRQLD '"HFRPSRVLWLRQ

7KHDPPRQLD GHFRPSRVLWLRQ UHDFWLRQ DQG PDMR Us POEFVWHRFUWM.R'@® LWV NL
L, BXEVHFWLROQPPRQLD FUDFNLQJWHFKQRORJLHV DBXBEWHHEWERIQVDQG FRP
GHGLFDWHG WR WKHDPPRQLD GHFRPSRVLWLRQ FDWDO\VW SURSHUWLHYV

'HFRPSRVLWLRQ SHDFWLRQ
$PPRQLD GHFRPSRVLWLRQ LVWKHUHYHUVHRIDPPRQLD VIQWKHVLV DQG UH
UHDFWLRQDWD UHODWLYHO\KLIKWHPSHUDWXUH ZKHQ RSHUDWHG DW VYV
SUHVHQWV WKHUHDFWLRQ RIDPPRQLD GHFRPSRVLWLRQ WRJIJHWKHU Z

NH3I 1:5H, + 0:5N>; H298:46KJ/m0INH3

$V VKRZQ LQ )LIXUH DW DPELHQW SUHVVXUH HTXLOLEULXP DPPRQL
DERYH f& +RZHYHU WKH VORZ UHDFWLRQ NLQHWLFYVY DUH WKH OLPLW
> @ ,Q FXUUHQW LQGXVWULDO SUDFWLFH VXFK DV SURGXFWLRQ RI IR
FRPSOHWH DPPRQLD FRQYHUVLRQ LV DFKLHYHG DW KLIK WHPSHUDWXUH
LQGXVWULDO QLFNHO FDWDO\WWW > @ )RUKLJKFRQYHUVLRQDWORZHUWHP

JLIXUH 14 HTXLOLEULXP FRQYHUVLRQ DW GLITHUHQW WHPSHUDWXUH"



$PPRQLD '"HFRPSRVLWLRQ

%HLQJDQ HQGRWKHUPLF UHDFWLRQ DPPRQLD GHFRPSRVLWLRQ LQFUHEL
WR /H &KDWHOLHUJV 3ULQFLSOH LQFUHDVLQJSUHVVXUHIDYRUV WKH VLGH
VORZLQJGRZQ DPPRQLD GHFRPSRVLWLRQ 7KHGURSLQ FRQYHUVLRQ DW H
IRUORZ WHPSHUDWXUHV VHH )LJXUH > @ 7KHUHIRUH ORZ SUHVVXUH\
IRUKLJKHU FRQYHUVLRQ UDWH

JLIXUH 14 FRQYHUVLRQ DV IXQFWLRQ RIWHPSHUDWXUH IRU GLITHUHQW
PHDVXUHPHQWYV E\> @ XVLQJ5X 1D &17 FDWDO\VW

7KH FDWDO\WWW NLQHWLFV IRUDPPRQLD GHFRPSRVLWLRQ DUH WUDGLW
HTXDWLRQ

pNH32
(—3>)
pH3

ZLWK UDV GHFRPSRMY W MKPBEHWBWXUH GHSHQGHQWNWHPB W DR QVWDWEHH F RI(

HISRQHQW > @ Q&GS WKH SDUWLDO SUHVVXUHY RIDPPRQLD DQG K\GL

,QVXPPDU\ DPPRQLD GHFRPSRVLWLRQ NLQHWLFVY FDQ EHLPSURYHG E\
f7THPSHUDWXUH LQFUHDVH

F5HGXFWLRQRISDUWLDO SUHVVXUH RIWKHDPPRQLD GHFRPSRVLWLRQ U
f8WLOL]DWLRQ RIPRUH HIIHFWLYH FDWDO\VW

'HFRPSRVLWLRQ 5RXWH 7KHUPDO $PPRQLD &UDFNLQJ
7TKHUPDO FUDFNLQJLV D W\SLFDO ZD\WRJHQHUDWH K\GURJHQ IURP DPPRQL
LVD SURYHQDQG VFDODEOH WHFKQRORJ\ ZLWK D VLPLODU ZRUNLQJ SULQF|
6XFK DPPRQLD WR K\GURJHQ WHFKQRORJLHY DUHDOUHDG\FRPPHUFLDOC
EXVWLRQ (QJLQHHULQJ FODLPV WKDW WKHLU FUDFNHU GHMIWR 1LY FDSDE
LOQSXW FDSDFLW\ RI 073" UHDFKLQJX FRQH WKWDLKRQ >RI@+ TKHUPDO F
GHFRPSRVLWLRQ URXWH LV FXUUHQWO\WKHPRVW VWXGLHG URXWH IRU ODL

$OWHUQDWLYH PHWKRGV IRUFRQYHUWLQJ DPPRQLD WR K\GURJHQ DU
LQ FRPSDULVRQ WR DPPRQLD FUDFNLQJ WKHVH WHFKQRORJLHV DUH LQ
GHVFULSWLRQ RI UHYLHZHG GHFRPSRVLWLRQ URXWHV LV JLYHQ LQ 7DE
WHFKQRORJLHVY SOHDVHFRQVXOW WKH $SSHQGL[ $



$PPRQLD '"HFRPSRVLWLRQ

7TDEOH &RPSDULVRQ RI $PPRQLD '"HFRPSRVLWLRQ 7THFKQRORJL

FKHPLFD

GBRVHG LQW

DQWDJHYV
DVW UHVSRQVH WLPH DQ(

R KVGG

QLWURJHQ

7HFKQRORHVFULSWLRRQ3URSHUWLHYV
7KHUPDO $PPRQLD LV GHFRP
&UDFNLQJRVHG LQ WKH KHB®{RQLWDJIHV
 OWDO\WLE | SDENHEGRYHQ DQG HDVLO\VFDODEOH WHFKQH
+
RN _gLO?XWLOL]HIXHOFRPEXVWLRQIRUKI—
£'LVDGYDQWDJIHYV
+ 3URGXFHG K\GURJHQ PXVW XQGHUJR S
FDWLRQ WR PHHW SURGXFW VWDQGDUG
(OHFWUR $PPRQLD LV GHFRP

5 KLIJIK HQHUJ'

'HFRPSR|VIHQ DQG QLUWURJH
WLRQ XVLQJ DQ HOHEWY gL\J(\E/)'QF\*NQD'jH\';F'—HQF” @
FKHPLFDO FHOO  , 5 yTX L UHV FRQWLQXRXV HOHFWULFLW\
PDLQWDLQ HOHFWULF SRWHQWLDO > @
+ (OHFWURGHV SURQH WR GDPDJH DW DPF
FRQFHQWUDWLRQ DERYH SSP> @
+/RZ SURGXFWLRQ UDWH |PD] / K UF
SRUWHG > @
3KRWR | (PSOR\V PHWF%&S\X/BQWDJHV
FDWDO\WDRDGHG SKRW
'"HFRPSRV@\VWV DFWIYDWH %%;%%V\yv%\gﬁ\‘/’v DWPRVSKHULF FRQGLWL
WLRQ OLJKW UDGLDWLRR RWR ||| FLHQF\RI WKH SKRWRFDWDO\VV
FRQYHUW DPPRQLD5HSRUWHG UHVHDUFK RQD\DW ORZ DP
WR K\GURJHQ DQGFRQFHQWUDWLRQV > @

%DVHG RQ WKH SURSHUWLHV RIUHYLHZHG WHFKQRORJLHY WKHUPDO F
DPPRQLD GHFRPSRVLWLRQ PHWKRG VXLWDEOH IRUODUJH VFDOH K\GURJHQ
IRFXVHG RQ DPPRQLD FUDFNLQJFRQILIJIXUDWLRQV RQO\

$PPRQLD &UDFNLQJ &DWDO\VW
7TRRYHUFRPH WKHNLQHWLF OLPLWDWLRQV RIWKHHQGRWKHUPLF GHFRP

DQG DIIRUGDEOH FDWDO\VW LV UHTXLUHG

7KH HITHFWLYHQHVYV RI WKH |

GHVRUSWLRQ SURSHUWLHV IRUWKH UHDFWLRQ PROHFXOHYV DV VKRZQ LC

ZRUNLQJ SULQFLSOH GHVFULSWLRQ

7KHDIIRUGDELOLW\R

| WKH FDWDO

DQG WKH FRPSOH[LW\RI SURGXFWLRQ ,Q WKLV VHFWLRQ WKH ODWHVW Gt
FDWDO\WVWV DUHUHYLHZHG RQ WKHLU GHFRPSRVLWLRQ SHUIRUPDQFH DQC



$PPRQLD '"HFRPSRVLWLRQ

JLIXUH :RUNLQJ SULQFLSOH RIWKH FDWDO\WLF DPPRQLD GHFRP.

&DWDO\VW 3HUIRUPDQFH 3IDUDPHWHUYV

,WLVLPSRUWDQW WR QRWH WKDW WKHEHVW FDWDO\VW IRUDPPRQLD V\(
GHFRPSRVLWLRQ FDWDO\WWW GXH WR GLIIHUHQW UHDFWLRQ PHFKDQLVP
GHILQHG E\ WKH IROORZLQJIDFWRUVY WKH FKRLFH RI WKH DFWLYH PHWI
VXSSRUWV DQG WKH XVH RI SURPRWHUV> @ 6HH 7DEOH IRUNH\FRQVLC

7DEOH .H\ 4 RQVLGHUDWLRQV IRU &DWDO\VW 3HUIRUPDQFH 3DU

SHUIRUPDQFH )DAHHNVRUYSWLRQ .HV&RQVLGHUDWLRQV

$FWLYHOHWDO &RASBRAYWEOH IRU |FDOWDRQ\MPERVRRIQRU FDWD O\WLF DFWL)
YHUVLRQ FRVW RI WKH FDWDO\VW| '"HWDLOHC
VRQLQ $SSHQGL[ $
$FWLYLW\RUGHU 5X!1L!5K! &R !
I)H 3W!&U 3G !&X 7H >| @

1REOH PHWDOV DUH WRR H[SHQVL
VFDUFH IRU ODUJH VFDOH DSSOLFD

6XSSRUW 6 WUXFWXKIHYFH FDWDO\VW GXVWHHRVR@EOH DW SURFHVYV Wt
DQGLQFUHDVH VXUMXUHWHD

+LJK VSHFLILF VXUIDHKFH DUHD LV
FLDO > @

6WDWH RI WKH DUwW &DUERQ VW

QDQRWXEHV &17V VKR
PDQFH ([SHQVLYH DQG
LVVXHV > @

2[LGHV DUH LQGXVWU\
FRVW DQG VWDELOLW\ >

Z EHVW SH
KDYH VWD

VWDQGDUC(
@

SURPRWHUV

FOHYV

,QWHUPHGLDWH DJ
VLQWHULQJ RIDFW

LY HVP BI WV B IORI.FBIW L

,QFUHDVHV FDWDO\VW
WLRQDO PDQXIDFWXULQ

([DPSOH 3URPRWIRRXQVE

2+ RQUXWKHQLXP > @

HQWNRRRVMLRIQUEQWIITHFW GHSHQGV R

FRVW GXH
J VWHS

URP




$PPRQLD &UDFNHU

&DWDO\VW RI &KRLFH

7KH FDWDO\VW FKRVHQ IRU ODUJH VFDOH DPPRQLD FUDFENLQJPXVW VWULI
QHVV DQG DIIRUGDIE 6L PDW DROMVW LV GHILQHG DV D VXLWDEOH FDWDO\V
FRQVLGHULQJ WKHIDFWRUV PHQWLRQHG LQ 7DEOH GXHWRIROORZLQ,

f$FWLYH PHWDO FRAYRIQHWKMH VFDUFLW\ DQG FRVWOLQHVV RI QREOI
ODUJHVFDOH WKHPRVW HIIHFWMPNH@R/H QREWH G DRAUDIDRF RQLD FUDFNL

I6XSSRUW VWUXHW. QWK VWU VWDQGDUGLRLIG\HF KB MR Q] DVDW ION
VXSSRUW PDWHULDO IRU QLFNHO SDUWLFOHY GXHWR LWV ZLGHVSUHI

F3URPRWWUVKH DGGLWLRQ RI SURPRWHUV VLIQLILFDQWO\FRPSOLFDW|
UDLVHV FRR®W HIGADUNRILQYDWIH VFDOH DSSOLFDWLRQV

$PPRQLD &UDFNHU

$V GLVEXVVHG LQ WKH SUHYLRXV VHFWLRQ WKHUPDO FUDFNLQJVWDQGV R
K\GURJHQ IURP DPPRQLD WKDW KROGV SRWHQWLDO IRU ODUJH VFDOH LF
SURPLVLQJUHDFWRU FRQILJXUDWLRQ®XE V MWL RIQHFDLG! I \D WH H H § MHZUHED
WKH ODUJH VFDOH DPPRQLD FUDFNLQJ XQLW ZLW K OERRGWHQRWH R QHDZVS D F N |
WKH HPHUJLQJ PHPEUDQH DVVLVWHG SD BXIES HEFME LURKDB! Y W IR DVKHHDKD R ® RS ©
URXWHV WR WKH DPPRQLD FUDFNHU

S3DFNHG %HG 5SHDFWRU
7KHPRVW VWUDLWIRUZDUG PHWKRG RIIDFLOLWDWLQJHQGRWKHUPLF UF
RYHUPXOWLSOHORQJWXEHV PXOWLWXEXODU SDFNHG EHG UHDFWRU DQG
ZRUNLQJ SULQFLSOH LY YHU\VLPLODUWRDILUHG KHDWHU FRQILJXUDWLR
URXWH RI K\GURJHQ SURGXFWLRQ E\ VWHDP PHWKDQH UHIRUPLQJ ZKLFK DFF
VIQWKHVLV> @ ORGHUQ XQLWV FDQ UHDFK WKHUPDO HIILFLHQF\ XS WR
GHVLIJQ 7KLV WHFKQRORJ\FDQ DOVR EHFRQILIJXUHG IRUDPPRQLD FUDFNI

7KH KHDW VXSSO\WR SURFHVV IOXLGLQ DODUJH VFDOH FUDFNHU FRQVL
UHIRUPLQJ UHDFWLRQ WDNHVY SODFH DQG D FRQYHFWLRQ ER[ ZKHUH KHDW |
EHIRUHOHDYLQJ WKURXJK WKH VWDFN 7KLV FRQILIXUDWLRQLV YLVXDOL

JLIXUH 6LPSOLILHG YLVXDOL]DWLRQRIDILUHG KHDWHU EDVHG DP



$PPRQLD &UDFNHU

$)LUHERDGLDWLRQ KHDW WUDQVIHU VHFWLRQ RI WKH DPPRQLD FUDFNH
DQJXODU FRQILIJXUDWLRQ LV JHQHUDOO\ XVHG IRU ODUJH GXWLHYV DC
LOQVLGH RIWKHILUHER[ FRQVLVWY RXW RI KXQGUHGY YHUWLFDOO\ DU
DPPRQLD GHFRPSRVLWLRQ FDWDO\VW %HWZHHQ WKH UHIRUPLQJ WX
SODFHG ZLWKLQ XQLIRUPHG GLVWDQFH 7KH WRS ILUHG DUUDQJHPH(
WHPSHUDWXUH SURILOHDORQJWKHUHDFWRU WXELQJDQG WKH HDVH |
DQG FDWDO\WLF UHDFWLRQ ]JRQHDUH VSOLW > @

F&RQYHFWLRQRKBIGKNMOW IURP WKH IOXH JDV OHDYLQJ WKH ILUHER[ LV U
EDQNV ZLWKILQQHG WXEHV

KLOHERWKPHWKDQHUHIRUPLQIJDQG DPPRQLD FUDFNLQJDUHVLPLODU S
GDWD RQ VL]LQJ WKH DPPRQLD FUDFNHU 2QO\RQH SXEOLFDWLRQ KDV FXL
DPPRQLD FUDFNHU IRUWKH SXUSRVHRIHVWLPDWLRQ RIOHYHOL]HG FRVW
VFDOH SURGXFWLRQ> @ ,W ZDV GHVLIJQHG IRU SURGXFWLRQ RIIXHO Ft
073" PHWULF WRQV SHU GD\ ZLWK LWV WKHUPDO HIILFLHQF\UHDFKLQJ
WHPSHUDWXUHWEKNQORQZID QREOH FRRWDBOHGBGW 5X $0

7TKHPDLQLVVXHRIWKHGHVFULEHG FRQILIXUDWLRQLV WKHUHTXLUHPH
K\GURJHQ FRQWDLQLQJUHDFWRU SURGXFW PL[WXUH XS WR WKHVHW SXUL
GHVLIQHG WR WDFNOH WKLV LVVXHLVUHYLHZHG LQ WKH QH[W VXEVHFWLF



$PPRQLD &UDFNHU

OHPEUDQH $VVLVWHG 3DFNHG %9HG 5HDFWRU
$ SURPLVLQIJ WHFKQRORJ\IRUHOLPLQDWLQJGRZQVWUHDP K\GURJHQ SXL
SDFNHG EHG UHDFWRU ZLWK LQWHJUDWHG PHPEUDQH VWUXFWXUH 7KH
IDFLOLWDWHG E\VHOHFWLYH SHUPHDWLRQ RI K\GURJHQ PROHFXOHV WKUI

JLIXUH :RUNLQJ SULQFLSOH RI WKH PHPEUDQHDVVLVWHG SDFNHG

7KH GULYLQJ IRUFH IRU K\GURJHQ IORZ WKURXJK PHPEUDQH LV WKH K\
EHWZHHQ WKHUHWHQWDWHDQG SHUPHDWH RI PHPEUDQH 7KHPHPEUDQH
UDWLR RI 'DPNRKOHUDQG 3BHFOHW QRQ GLPHQVLRQDO QXPEHUV > @ TXD

' : il UHDFWLRQ UDWH
+'D DPNRKOPR'QYHFWLYHPDVVWUDQVIHUUDWH

t+3H 3H FO&_R\Q,YHFWLRQ PDVV WUDQVIHU UDWH WKURXJK FDWDO\VW EHG
TPYETTXVLYH PDVV WUDQVIHU WKURXJK PHPEUDQH

$7KH KLJKHU LV WKH 'D 3HUDWLR WKHPRUHHIIHFWLYHLV WKHPHPEUD

7TKHIROORZLQJIDFWRUV LQIOXHQFH WKH PHPEUDQH SHUIRUPDQFH $OVI
SURFHVV DUH UHYLHZHG

5 HWHQWDWH WR SHUPHDWH SUHVVXUH UDWLR

+ 7TKHUPRG\QDPLSEWWIKIWGULYLQJ IRUFH IRU K\GURJHQ GLIIXVLRQ WK
SDUWLDO SUHVVXUH JUDGLHQW RIK\GURJHQ WKHIOX[RIK\GURJHQ L
UDWLR EHWZHHQ UHWHQWDWH DQG SHUPHDWH 'XHWR WKH UHPRYDC
PLIWXUH E\VHOHFWLYH SHUPHDWLRQ WKXV UHGXFLQJSDUWLDO SU}
HTXLOLEULXP ZLOO VKLIWLQ IDYRU RIDPPRQLD GHFRPSRVLWLRQ
(YHQ DW WHPSHUDWXUBRWBDORXO® FRQYHUVLRQ RIDPPRQLD FDQ E
KLJK SUHVVXUH UDWLR LQ WKH PHPEUDQH UHDFWRU H[FHHGLQJ W
SKHQRPHQRQ LV GHSLFWHG LQ )LIJXUH OHIW > @

JLIXUH 7KH VKLIW IURP WKHUPRG\QDPLF HTXLOLEULXP LQ WKH PHPEUDQ'

HQKDQFHG E\LQFUHDVLQJ WKH UHWHQWDWH SHUPHDWH SUHVVXUH UDW

SUHVVXUH OHIW OHRGRQX¥WBWIRGEHWGHURIHQ UHFRYHU\DOVR LQFUHDV
LQFUHDVH ULJKW
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+

I+

+\GURJHQ 5SHFRXHUWQFUHDVH LQ SDUWLDO SUHVVXUH UDWLR LQFL
SHUPHDWLRQ 'XHWRLQFUHDVLQJGULYLQJIRUFH K\GURJHQ UHFRY
DVGHSLFWHG LQ )LJXUH ULJKW

'RZQVWUHDP &RPSURWDFIKROYH WKH GHVLUHG SUHVVXUH UDWLR WK
PHPEUDQH PXVW RSHUDWH DW VLIJQLILFDQWO\ORZHU SUHVVXUH V
HLWKHU PDLQWDLQLQJ KLJK SUHVVXUHV RQ WKH UHWHQWDWH VLG
SUHVVXUHV RQ WKH SHUPHDWH VLGH +RZHYHU LQ WKHFDVHRIORZ S
VWUHDP PXVW XQGHUJR D KLJKO\ HQHUJ\ LQWHQVLYH FRPSUHVVLRQ
SUHVVXUH

3UHYLRXV UHVHDUFK RQ 3DFNHG %HG &DWDO\WLF OHPEUDQH 5HDFW
E\&HUULOOR HW DO > @ VKRZFDVHG WKH SRWHQWLDO IRU HQH L
SUHVVXUL]HG SHUPHDWH VWUHDPV ZLWK SHUPHDWH SUHVVXUH UDQ.
VLIQLILFDQWO\UHGXFHV WKH HQHUJ\ FRQVXPSWLRQ QHHGHG IRU
UHIHU WR )LIJXUH YRULQVWDQFH ZKHQ FRPSUHVVLQJK\GURJ
SHUPHDWH SUHVVXUH Rl EDU VODVKHV FRPSUHVVLRQ HQHUJ\ UHT>
KRZHYHU QHFHVVLWDWHY D KLIJKHU UHWHQWDWH SUHVVXUH LQ WKF
WR WKH UHODWLYH VLPSOLFLW\DQG DIIRUGDELOLW\ RI SUHVVXUL]L

JLIXUH (QHUJ\UHTXLUHPHQW SUHGLFWLRQV IRUFRPSUHVVLRQ RI SHUPHD
EDU XS WRUHTXLUHG SUHVVXUH OHIW DQG WKHFRUUHVSRQGLQJF

fOHPEUDQH PDWHULDO DQG WKLFNQHVV

+

I+

ODWH U,IDMO O RI WKH UHYLHZHG SDSHUV IRUDPPRQLD FUDFNLQJ PHP
SURGXFWLRQ> @ WKHSDOODGLXP EDVHG PHPEUDQHV DUH
K\GURJHQ SHUPHDWLRQ SHUIRUP D QIF B G& ¥SsOHBOHIPMK K LK +2 Q O\ 3
PHPEUDQHV FXUUHQWO\ KDYH VXIILFLHQW VHOHFWLYLW\ RI K\GUF
PHPEUDQH W\SHV UHIHU WR 6XEVHFWLRQ $GGLQJVLOYHU $.
KDV VKRZQ WR LPSURYH WKH VWDELOLW\ Rl WKH PHPEUDQH LQ WK
> @ 7TKHPDLQLVVXHZLWK XWLOLVLQJSDOODGLXPPHPEUDQHLY LW\
&> @

TKLFNQHWVZDV H[SHULPHQWDOO\ GHWHUPLQHG Wk WW MRYLHQU HEXPW P E
DOVR LQFUHR VR @KHAIWUDWLRQ LQ WKH SHUPHDWH GXH WR ORZHU VH
KLOHWKLFNHU SDOODGLXP OD\HUFDQLPSURYH WKHVHOHFWLYLW\
PHPEUDQH DV SDOODGLXP LVDQH[SHQVLYHPHWDO % JUDP LQ
FRXOG EHDGRZQVWUHDP SXULILFDMWABDPHM W R/RWK P R BMKOHQIH U
SURGXFW VWUHDP UHYLHZHG LQ FKDSWHU > @
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7TKLFENQHVV VHOHPW L+ H DEPRMHUWU\l43 FRQFHQWUDWLRQ LQ WKH SHUPHDMW

7DEOH 7TKHLPSDFWRIPHPEUDQH WHKERNRYVVERDIFHQWUDWLRQ LQ WKH SH
SSP DW7& 3 EDU D DPPRQLDIHHGI®GRQ UDWH /

+'XUDELOLW\DQG 5HFRFWOBREY. GDW\WKH GXUDELOLW\RI WKH 3G PHPE
FUDFNLQJDSSOLFDWLRQV KDV QHYHU EHHQ WHVWHG DERYH KRIR
IRXQG> @ WKH3G PHPEUDQHGLG QRW UHGXFH LWV SHUIRUPDQFH D
WR GHWHUPLQH WKH PD[LPXP GXUDELOLW\RIVXFKPHPEUDQH ORQ.
$VVXPLQJ WKH OLPLWHG OLIHWLPH RI WKH PHPEUDQH LWV UHF\FOD!|
LQWKHFDSLWDO LQYHVWPHQW IRUWKH SURFHVVY SODQW 7KH SDSHL
WKHHFRQRPLFV RIPHPEUDQH UHF\FODELOLW\ ,WUHSRUWY WKDW
FRVW RIPHPEUDQH XWLOL]DWLRQ GURSYV E\ IRUPHPEUDQH ZLWK
,QFDVHRIUHF\FOLQJ XS WR RIWKH VHP HRWILKH SIDSCHAD GW KA G RV
PHPEUDQH KDV SRWHQWLDO WR GURS E\ 6HH )LIJXUH IRU YLVXEL

JLIXUH 5SHGXFWLRQ RIPHPEUDQH FRVW E\ WKH HIWHQW RIUHF\FOLQJ> @
&$6( UHF\FOLQJRIVXSSRUW OD\HU &$6( UHF\FOLQJ RIVXSSRUW OD\H
&$6( UHF\FOLQJRIVXSSRUW OD\HU DQG RI'VHOHFWLYH 3G

6WDWH Rl WKH DUW 3URWRW\SH

7KH UHVHDUFK E\ .LP 7 > @ VKRZV WKH VWDWH RI WKH DUW SURWRW\S
DPPRQLD FUDFNLQJ ZKLFKLV VWDWHG WR EHRQ WKHURDG WR FRPPHUFLD
PRGXOHLVLQVHUWHG LQWR WKH UHDFWRU WXEHRI PP KHLJKW DQG
FDWDO\VW 7KHVHSDUDWLRQLVDVVLVWHG E\WKHWUDQV PHPEUDQH SUHV'
RI  N3DDQG WHPSHUDWXUHRI f& WKH DPPRQLD FR® YHOWFR\Q ¥DWRE
RI ZKLFK LV DGPLVVLEOH IRUK\GURJHQ RI3(0 FHOO JUDGH 7KHIORZ
P/FP2PLG> @

OHPEUDQH $VVLVWHG 3%5YV &DWDO\WLFOHPEUDQHS5HDFWRU
7TKHDOWHUQDWLYHWRDPHPEUDQH DVVLVWHG SDFNHG EHG UHDFWRU LV D
WKHFDWDO\WW LVLQWHIJUDWHG LOQWR WKH PHPEUDQH VWUXFWXUH +RZHY
DPRUHFRPSOH[PXOWL VWHS IDEULFDWLRQ SURFHVVY OHDGLQJWR KLJK I
UHSURGXFDELOLW\DQG ORQJ WHUP VWDELOLW\> @ 6HH $SSHQGL[ $ |
WHFKQRORJLHYV
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+HDW 6 XSSO\ WR $PPRQLD &UDFNLQJS5HDFWRU
&RQYHQWLRQDOO\ WKHODUJH VFDOHHQGRWKHUPLF UHDFWLRQV DUH JF
EXUQLQJ $V WKHDPPRQLD GHFRPSRVLWLRQ SODQW LV UHTXLUHG WR EH F
PHWKRGV DUHUHTXLUHG 7KHPRVWDSSDUHQWDOWHUQDWLYHYV DUH FDUE

&DUERQ IUHH )XHO &RPEXVWLRQ

$PPRQLD DVLGHIURP VHUYLQJDV D K\GURJHQ FDUULHU LV JDLQLQJ WUL
SDUWLFXODUO\LQ WKHUHDOP RIDPPRQLD IXHOHG JDV WXUELQHV > @ +
FUDFNLQJ SODQWY FRPHV ZLWK FKDOOHQJHV

$+12 (PLVVLRQV DQG 5HGXFQIL@DDPPRQLD \LHOGV D QRY B E DWVIRRS/R UW |

LQFOXGLQJA2 DR®UWLIDWH WKHVH HPLV VWL RE'G XFHW IRROWIR UPLRHUD W L
FRPPRQ DSSURDFK LV 6HOHFWLYH &DWDO\WLF5HGXFWLRQ 6&5 > @ ,Q
IOXH JDV VWUHDP RRR@WDGQRYMWR FDWDO\WLF FRQ YHYY ZR@HQYPWR QLW
ORGHUQ 6&5 XQLWV FR @B HGWKIFRIQI\2 E \ DQG DUH ZLGHO\ HPSOR\HG L
SURFHVVHV

JLIXUH 6HOHFWLYH &DWDO\WLF 5HGXFWLRQ ZRUNLQJ SULQFL

SWIV ZRUWK QRWLQJ WKDW WKKHKHAKUHWBOHYHAR WU WIKRI UDWLR RI R[\JH
RI[ILGDQW VXSSO\WR WKDW UHTXLUHG IRUFRPSOHWH VWRLFKLRPHWL
IRUPDWLRQ $VWXG\E\'> @ GHPRQVWUDWHRI )L JXWUH PL]MKBRMDKLIR VDL
144 HPLVVLRQV WYV REVHUYHG WKDW IODPH WHPSHUDWXUH LV . C
WR PHWKDQH DLUIODPHDW WKH VDPH

$)ODPH6SHHG 6WDELOL]DWLRQ DQ&BPREQDIVH RKQ FQ WN @VARAHU ODPLQDU
WKDQ K\GURFDUERQV UHVXOWLQJLQ D WKLFNHU IODPHDQG XQVWDE!
K\GURJHQ KDV VKRZQ WR LQFUHDVH WKH IODPH VSHHG RI WKH IXHO )LJ>
K\GURJHQ UDWLR LV VXJJHVWHG IRULPSURYHG VWDELOLW\DQG UD
ZLWK QDWXUDO JDV EXUQLQJ
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JLIXUH 5HODWLRQVKLS

JLIXUH (PLVVLRO FKDUDFWEGWERY F%*\%PK“HVYXUHLS 5OG 10D PH
1+ $LU DQG$&Y > VehHeY

$PPRQLDYVY DSSOLFDWLRQ DV D FDUERQ IUHHIXHO RIITHUV VLIJQLILFDQW
HPLVVLRQV DQG FRPEXVWLRQ VWDELOLW\ $GGUHVVLQJ WKHVH FKDOOHQJ
RI'WKLY SURPLVLQJIXHO VRXUFH

(OHFWULF +HDWLQJ

$OWHUQDWLYHO\ DPPRQLD FUDFNLQJUHDFWRU FRXOG DOVR EH SRZHUHG
HOHFWULF KHDWLQJ PHWKRGV H[LVW VXFKDV UHVLVWDQFH KHDWLQJ DU
VKRFN ZDYH KHDWLQJDQG PRUH> @ UHIHUWR $SSHQGL[$ IRUPRUH GH!

7KHJUHDW DGYDQWDJH RI HOHFWULF KHDWLQJ RI WKH UHDFWRU LV LV
WUDGLWLRQDO JDV SRZHUHG IXUQDFHV ZLWK WKHUPDO HIILFLHQF\ RI
VKRZLQJ WKHUPDO HIILFLHQF\> @ $QRWKHUDGYDQWDJH IRU ODUJH
RI'WKHHOHFWULILHG UHDFWRU LV LQ RUGHURIVHFRQGVY FRPSDUHG WR
IXHO UHDFWRUV W ZRXOG PDNH WKH SURFHVY SODQW PXFK PRUH DGDS
UHTXLUHPHQWY 6RPHVPDOO VFDOHDPPRQLD FUDFNHUVY DUHVRPHWLPHYV |
LQWKHPHWDOOXUJ\LQGXVWU\WR SURGXFHIRUPLQJJDV XWLOL]JHGLQ VW

+RZHYHU LQ WKHLQGXVWU\ WKHUH DUH FXUUHQWO\QR LQGXVWULDO FD
XVHG IRUODUJH VFDOHHQGRWKHUPLF UHDFWRUYV 7KHDSSOLFDWLRQ R
RQWKHODUJHVFDOHGXHWRDEVHQW LQIUDVWUXFWXUHDQG KLIKIOXFV
ZKDW FUHDWHV D EDUULHU IRUODUJH VFDOH DPPRQLD FUDFNHU KHDWLQJ D
VWDEOH KHDWNXYBBROUH WKH DPPRQLD K\GURJHQ IXHOHG KHDWLQJLV SHUF
FKRLFHIRUDPPRQLD FUDFNLQJ KHDW VXSSO\



+\GURJHQ 3XULILFDWLRQ

+\GURJHQ 3XULILFDWLRQ

$IWHU DPPRQLD FUDFNLQJ K\GURJHQ KDV WR EHVHSDUDWHG IURP QLWURJ
WR WKHUHTXLUHG SXULW\OHYHO OHDQZKLOH XQFRQYHUWHG DPPRQLD KL
RQWKHVHOHFWHG GHFRPSRVLWLRQ URXWH GLIITHUHQW SXULILFDWLRQ SU
SXULILFDWLRQ WHFKQRORJLHY DUH UHYLHZHG DQG FRPSDUHG RQ WKHL
6XEVHFWLRQHYLHZY DPPRQLD UHPRYDO DEXEVHFRYROHYRHPMHK\GURJIHQ
SXULILFDWLRQ WHFKQRORJLHV

$PPRQLD 5HPRYDO DQG 5HFRYHU\
$IWHU DPPRQLD FUDFNLQJ WKH ILUVW FRPSRQHQW WR EH UHPRYHG IURP V
KHDYLHU WKDQ RWKHU PL[WXUH FRPSRQHQWY 7KHUH DUH WZR VWUDLJKW
DPPRQLD

FSEVRUSWIKRHYH DUH YDULRXV WASHV RI VROYHQWY ZKLFK FDQ DEVRUE I
UHPRYDO GHSHQGV RQ WKHDEVRUSWLRQ SUHVVXUH DQG WKHDPRXQV
FRPPRQDQG FKHDS DPPRQLD VROYHQW > @ $PPRQLD GLVVROYHV HDVL
K\GUR[LGH D FDXVWLF VROXWLRQDQG ZHDN EDVH 7KH VWULSSHG DI
UHXVHG LQ WKH SURFHVYVY ZKLOH WKH UHJHQHUDWHG VROYHQW F\FOH\
LVDOVRDQ DWWUDFWLYH VROYHQW DV LW LV DOUHDG\ SUHVHQW LQ V
FUDFNLQJ SUHYHQWLRQ DW OHDVW > @ 7KHUHIRUH QR QHZ LPSX!
VWUHDP GXULQJ ZDWHU DEVRUSWLRQ 7KHWUDFHV RIZDWHU FDQ WKHQ
E\DGRZQVWUHDP GU\LQJ XQLW ILOOHG ZLWK GHVLFFDQW> @
$QRWKHU PHWKRG RI DPPRQLD DEVRUSWLRQ GHYHORSHG LV E\ XVLQ.
vVDOWV> @> @ 7KHUH DPPRQLD LV WDNHQLQWRDVROLG VDOW E\W
FRPSDUHG WR OLTXLG DEVRUSWLRQ WKLV W\SHRIVHSDUDWLRQ FDQ C
RSHUDWLRQ ZLWK SUHVVXUH VZLQJ 36% > @ RUZLWK WHPSHUDWXUH \
VORZDQG LQFUHDVH WKH SURFHVV FRQWURO FRPSOH[LW\

F$GVRUSWIARMQHUQDWLYH ZD\ WR UHFRYHU DPPRQLD LV E\ GU\DGVRUS'
DV]J]JHROLWHVDUH VHOHFWLYHO\DGVRUELQJDPPRQLD RQWR WKH VXL
QRWDGVRUEHG -XVW DV IRUDEVRUSWLRQ VDOWY WKH WHPSHUDW:
UHJHQHUDWLRQ 'XULQJ WKH UHVHDUFK RQ PHPEUDQH UHDFWRU E\ ¢
ZKLOH DGGLQJ FRPSOH[LW\ RI WKH SURFHVYVY LPSOHPHQWLQJ WKH ]H
PRUHHFRQRPLFDOO\DWWUDFWLYH WKDQ XVLQJ D WKLFNHU PHPEUDQH
> @ 7KHUH ZKLOHDGVRUELQJDPPRQLD I&RBFEMHURBBWR Y IYWHDPMHGE
WKLQ PHPEUWLD QWKH SXUEL WHBIRIZ SSPzZDV UHDFKHG> @ 6LWDUHW
H[SHULPHQWYV VKRZFDVLQJ WKDW UHVLGXDO DPPRQLD LPSXULWLHV LQ V
IURP DURXQG SSP WR OHYHOV EHORZ SSP> @> @ 7KH\DFKL
DYDLODEOH ]JHROLWH FOLQRSWLOROLWHDVDQDGVRUEHQW PDWHULD!

+\GURJHQ 3XULILFDWLRQ 7THFKQRORJLHV
,Q WKLV VHFWLRQ WKH K\GURJHQ SXULILFDWLRQ WHFKQRORJLHVY SRWHQW
WKH SXUSRVH RI K\GURJHQ VHSDUDWLRQ IURP QLWURJHQ DIWHU DPPRQL
RIHDFK PHWKRG DUH GHVFULEHG DQG FRPSDUHG LQ WKH 7DEOH 6HH $.
SULQFLSOH RIHDFK WHFKQRORJ\



+\GURJHQ 3XULILFDWLRQ

7TDEOH &RPSDULVRQ RI +\GURJHQ 3XULILFDWLRQ 7THFKQRORJL

3XULIL| '"HVFULSWLRQ $GYDQWDJHV 'LVDGYDQWDJH|V
FDWLRQ
OHWKRG

SUHVVXWHSDUDWLRQ RIJDVHV E\ $$16MUMMWQIVILHDO DG K H
6ZLQJ | VLRQWR DGVRUEHQW PDWHULDBOO HVWDEOLVKHGLQGXVWULDO
$GVRUSWLR®6$ RSHUDWHY DW DPELH QMHWKI®RBERJ\ /DUJH WKURXJKSX\
DWXUH DQG ZLWK SUHVVXUH VZR3QK F\ @
FOHV DW OHDVW WZR FRGFXR%VDﬁRLLW@@U-QYHVWPHQW FRVW

EHQW UHJHQHUDWLRQ $G\?§U W’E'R%JDMDWUD SXULW\ ! >
EDU SUHVVXUHV > @ GHVRUSWURDRAKPQ VIVWHP| PRUH
ORZ SUHVVXUHV FROXPQV > @

t+LJK DGVRUSWLRQ SUJHVVPHMRH >PFH—F\FYHU\> @
GRZQVWUHDP FRPSUHV\!’-VFP ERYW

K\GURJHQ SURGXFW &R QE{H{) 'E'ﬁgv 8 ('5' \F()Igg\l?tg
EHQWV :DQG $]HROLWH\<N

&U\RGL|VBWIHY GLITHUHQFHV LQ ERL O L$@IYDRLVQIVMR| JDVHV

ODWLRQIRUVHSDUDWLRQ 5HTXLUHV YHHORHWWPEOUY KHG K
WXUHV PDNLQJLW VXLWDEOH HRPED BPAKEXYdiw KWl vSXUYLWN +

RIJDV KLJK SXULWLHV DQG KLJK SPHW RQIBWHFRY

> @ 7KHIXQGDPHQWDO SUREHVVHV RI FU\

RGLVWLOODWLRQ DUH U EXKPSUR@WIRG R spv

9

PLIWXUH LL JDVSXULlLl—DWﬁ_(FQ Uil‘tQWﬁ'&\NM&HFRROLQJ DQG
FKDQJH LY GLVWLOODW|LRQ B B'%‘(\)/@N* RYHUVORZ RSH!
FRPSUHVVLRQ RI SURGXFW JQ YWHA

W FRPSDUHG W
SUHVVXUH VHH)LIXUH $ LQ1_$+ »5;', DSLWDOQLQYHVWPHQW>

WR 36%

OHPEUDQHMSHQGY RQ WKH PROHFXOP §G/YADUXW IV XHUH R1 WKH
6HSDUDWIHPEUDQH 'LITHUHQW W\SHVi+QBRXEBIBRWLYLW\ DQG SHUPHDI
PHULF PROHFXODU VLHYH| DQGEDHMWBCOPHFERDRQHVY > @
EUDQHV 3G EDVHG FRPSE)UH@(LQ)L'%JSHQGLFLHQW DQG HQYLUR
& 3G PHPEUDQHV DUH WKH

DFW DQ PLQLPDO IRRWSULC
PHPEUDQHV ZLWK ERWK VQ ?&P :
H 14 VHOHFWLYLW\ > @ UHVHDS% ?Lﬂ(%gﬁ'r BDAQHOHFWEYLWA XS

$SSHQGL[$ \VKRDWE 4 DFLOLWDWH W K UPRG\QDPLF VKL
VHOHFWLYLW\EHORZ DOQ|G %B@\WLF@&%’Y(LH LQWHJUDWHG L
PHPEUDQHV> @ FUDFNHU VHH VXEVHFWLRQ

'LVDGYDQWDJHYV
f+LJK FRVWVY DQG VFDUFLW\ RI 3G

VFDOH DSSOLFDWLRQ > @
¥/RZ SUHVVXUH RI K\GURJHQ LQ WK

DWH
FHWHULRUDWLRQ SKHQRPHQD ZKH

WR WHPSHUDW&UYH® !




+\GURJHQ &RPSUHVVLRQ

&RPSDULVRQ RI K\GURJHQ SXULILFDWLRQ WHFKQRORJLHV
L 365LVWKHPRVWPDWXUH SURFHVVY XVHG LQ PRVW RI WKH K\GURJHC
$OVR WKH XVH RI36%$LVPRUHIDYRUDEOH GXHWR UHFRYHU\LPSURYHP

LL &U\RJHQLF GLVWLOODWLRQLV DOVRD  PDWXUH SURFHVY ITUHTXHQW
LWV DSSOLFDWLRQ IRU K\GURJHQ SXULILFDWLRQ LV PXFK PRUH UDUH

K\GURJHQ DQG QLWURJHQ UHTXLULQJ YHU\ORZWHPSHUDWXUHYV WR DW
KLIKOVHQHUJ\LQWHQVLYH SURFHVV

LLL OHPEUDQH VHSDUDWLRQ LV HFRQRPLFDOO\FKDOOHQJLQJIRUODU
KLIK FRVWV RI PHPEUDQHV DQG UHTXLUHG SUHVVXUL]DWLRIQ FRVWV W

EHLQ VIQHUJ\ ZLWK WKH UHDFWLRQ LQ D PHPEUDQH UHDFWRU

+\GURJHQ &RPSUHVVLRQ

7TR EHDGPLWWHG WR K\GURJHQ QHWZRUN SXULILHG K\GURJHQ KDV WR E
UHTXLUHG SUHVVXUH UDWLR LV GHSHQGHQW RQ WKH H[LW SUHVVXUH RI
ODUJH VFDOH K\GURJHQ SURGXFWLRQ FDSDFLW\RIDPPRQLD FUDFNLQJSOD

1P® K ZKLFKLVDWFRPSDUDEOH VFDOH WR WKH ODUJH VFDOH HOHFWUF
VHOHFWLRQRIDDSSOLFDEOH FRPSUHVVLRQ WHFKQRORJ\LVUHTXLUHG ZK
WKLV VHFWLRQ WKHWHFKQRORJLHV ZLWK D SRWHQWLDO IRU ODUJH VFDOH
$00 RI WKH UHYLHZHG WHFKQRORJLHVY DUH UHYLHZHG DQG FRPSDUHG L
FRPSUHVVLRQ W\SH SOHDVH UHIHU WR $SSHQGLI[ $

7TDEOH &RPSDULVRQ RIOHFKDQLFDO DQG (OHFWURFKHPLFDO &R

&RPSUHVVILRIFULSWLRQ
7\SH

$GYDQWDJHV 'LVDGYDQWDJHV

OHFKDQLFP®VHV D SLVWRQ WR FRPSU
&RPSUHVVLRRQY KLIK SUHVVXUH UDW

S5HFLSURFDWLQJ

HAG/Y IDQYWWDX HW D E O H
LRVI&DQ KDQGOH KLJK SUHVV
$16XLWDEOHIRUKLJKO\FRP
SURGXFWLRQ> @
$+&DQ UHDFK YHU\ KLJK SU
EDU ZLWK PXOWL VW
WLRQ> @
$ORGHUQ FRPSUHVVRUV DU

E\+RZGHQ > @
'LVDGYDQWDJHV

$1/DUJHUDQG KHDYLHU FRP

IRUODUJH VFDOH

ODUJH VFDOH GXH WR LQ
LEFDO VWUHVVHYV
$+&RPSOH[ PDQXIDFWXULQ
QDQFH FRVWV > @

$+3UHVVXUH YDULDWLRQV
QRLVH DQG SRWHQWLDO

> @

PD[LPXP IORZUDWHYV XSKWR

SRQHQ

F5HTXLUHY ORZHU RSHUDWLQJ

FUHDV

J KLJF

FDXVL(
VDIHW

F  QHIIHFWLYH FRROLQJ GXULQJ |

&RQWLQXHG RQ

QH[W S



+\GURJHQ &RPSUHVVLRQ

7TDEOH &RQWLQXHG IURP SUHYLRXV SDJH

&RPSUHVYV
7\SH

LRIFULSWLRQ

$GYDQWDJHV 'LVDGYDQWDJHV

OHFKDQLFpP®VYHY URWDWLQJ LPSHOOHWMWDWW FRPSUHVYV

&RPSUHVV|LRIV VXLWDEOH IRU KLJK|IO RIZ&DMWKHMPG@H YHU\ KLJK IORZ UD
&HQWULIXJDO 1P K> @
'LVDGYDQWDJHV

$+8QVXLWDEOH IRU YHU\ KLJK FRP
RQH VWDJH SUHVVXUH UDWLR C
$5HTXLUHV KLJKHU VSHHGV DQG
FRPSUHVVLRQ VWDJHV IRU KLJK
WLRQ > @
$+&RPSOH[ DQG H[SHQVLYH IRU K|
SUHVVLRQ > @

(OHFWURFKHRRUNDRQ WKH SULQFLSOH B G ®@QWH®IFHO O

&RPSUHVVLR®LQJIJD VROLG SRO\PHU
EUDQH> @ 7KHSURFHV
FRQVLVWY RXW RI WKUHE
/IRZ SUHVVXUH K\GU
UHFWHG WR WKH DQH
LWVSOLWV LQWR SUR

(T $

/ RI FRRRESUM\DW. RRGHUDW
i P D LQDWWMH/SY

RGH \DL@GSHQRKMB i

'LVDGYDQWDJHYV
Hy! 2H' +2e
OLDELOLW\RIPHFK
SURWRQV PRYH WKU

SRO\PHU HOHFWURO\
WKH FDWKRGH ZKLO
WKURXJK DQ H[WHUQ

E\DQHOHFWULF SRZ}
SURWRQV DQG HOHFW

DWWKH FDWKRGH (T
WR LQFUHDVHG SUHV

WH PhRRXBOUPHOMWEYREHORZ
HHGHEWUHRQYRORDJIH U
D O F I[EWMXQ AVUHWLWHCD
HU VIRHUWUAAHH DWLRQ RI PR

$ >0@DGLQJ
VXUH

2H +2e |

H»

HOHBWRUIREG\WHF PH@EW WKDQ P

@
RIJHOLR PR¥LQJI SDUWV HOLPL

@
wWR & § o7 M@MHWU@%VSXUL'
LPSXULWLHV >
£'LG QRW UHDFK WKH OHYH

RXIK MG $BRWRQ H[FKDQJH F

QFH >

URQKIUKFRPEHYYKUH UDWLRYV

HFKDQL

HSUHVVXUH

| QDWLC

LHV K\C

O RIPD\
DO DOW
>HPEUD
v > @
UHG G>

DQLF

\HD |
HTXL

Q@
OHFXODU K\

UHGXF

&RPSDULVRQ RI FRPSUHVVLRQ WHFKQRORJLHV

WKURXJKSXWV 7KHFRPSUHVVLRQ FDQ HLWKHU EH IDFLOL
RSHUDWLQJLQ SDUDOOHO RUE\WKH VHULHV RIFHQWULIXJD
KDYH WKHLU GLVDGYDQWDJHV DV WKHUHFLSURFDO FRPS
WKURXJK SXWV ZKLOHFHQWULIXJDO FRPSUHVVLRQUHTXLU

$W WKLV PRPHQW ZKLOH WKH UHVHDUFK LQWR FHQWULIXJD
VXUL]DWLRQ LV D KRW WRSLF>
DSSOLHG IRUWKH SLSHOLQH DSSOLFDWLRQ > @ 5HFLSUR
DFRPSUHVVRU RI FKRLFHGXHWR UHTXLUHG SURGXFW SUH
IRUWKH ODUJHVW UHQHZDEOH K\GURJHQ SURGXFWLRQ S¢
VXFKDVWZR ODUJHUHFLSURFDWLQJ FRPSUHVVRUV VXSS
2QHJUHHQ K\GURJHQ SURGXFWLRQ IDFLOLW\ ZLWK 73" S|
E\6KHOO> @

7KH PHFKDQLFDO FRPSUHVVLRQ LV FXUUHQWO\ WKH RQ(

D\ PHWKRG 7
WDWHG E\ PX
O FRPSUHVYV
JHVVLRQ IDF
HV KLIKVSH}

O FRPSUHVV

@ WKH\DUH GHHPHG XQVXLWDEOH IRU |

FDWLQJ FRP
VVXUHV 7K
DQWYV FXUU
OLHG E\ +RZ
JRGXFWLRQ




ODUNHW B3UHGLFWLRQV

ODUNHW B3UHGLFWLRQV
,Q WKLV VHFWLRQ WKH PDUNHW SUEBEVWEW QRWHKH FSIHWN R WPGHHEY HQR S P H (
PDLQ SURFHVV XWLOLWLHV JUHHQ DPPR GXE D RBWRKHR Y L & HW \WIK\H WHYYLLH
RIUHFHQW SUHGLFWLRQV RI OHYHOL]HG FRVW RI K\GURJHQ /&2+ IRU YD
SURGXFWLRQ URXWHV LQ WKH 'XWFK VHWWLQJ

ODMRU 8WLOLWLHV &RVW 3UHGLFWLRQ
F*UHHQ $PPRIXHDKLIK FRVW RI JUHHQ DPPRQLD DV K\GURJHQ FDUULHU LV
IRUODUJH VFDOH LPSRUW FXUUHQWO\IORDWLQJLQ WKHUDQJH RI
KLIKHU WKDQ QDWXUDO JDV FRDO EDVHG DPPRQLD ZKLFK LV LQ WKH
IOXFWLDWLRQV

+RZHYHU ZKLOH WKH PDUNHW IRUJUHHQ DPPRQLD ZDV YDOXHG WR

JURZ WR POQ E\ > @ %\WKH\HDU DFFRUGLQJWR ,QWHUQE
$JHQF\ ,5(1$ ZLWK WKH QHZ JUHHQ DPPRQLD SURMHFWYV FXUUHQWO\ L
DPPRQLD LV H[SHFWHG WR GURS GRZQ WR WRQQMHROQ@& YLJIXUH v
WKH \HDU ZLWK IXUWKHU H[SDQVLRQ RI JUHHQ DPPRQLD PDUNHW GXF
DV K\GURJHQ PHGLXP DQG VKLSSLQJIXHO WKHUHQHZDEOHDPPRQLD L
UDQJH RI WRQQH WRQQH > @

TR UHDFK VXFK FRVW UHGXFWLRQ IRUJUHHQ DPPRQLD WKH LQQRYD\
WHFKQRORJ\ $OVR JOREDO HOHFWURO\]HU SURGXFWLRQ FDSDFLW\K
SHU\HDU XSWR *: SHU\HDU WRDFKLHYHWKH WDUJHWHG FRVW RIJUHH
7TKHLQFUHDVHLQ UHQHZDEOH HOHFWULFLW\JHQHUDWLRQ VFDOH LV U
FDSDFLW\ IRUWKHHOHFWURO\]HUVY 7R IDFLOLWDWH WKH FDSDFLW\ I
UHIJXODWLRQVDUHUHTXLUHG IRUWUDQVLWLRQ IURP FRQYHQWLRQDC
WRZDUGY FDUERQ QHXWUDO DOWHUQDWLYHYV

7DEOH *UHHQ $PPRQLD &RVW BURMHFWLRQV

<HDU SBURMHFWHG *UHHQ SHPRWQN. D

&RVW LQ WRQ

&EXUUHQW FRVW UDQJH> @

$QWLFLSDWHG FRVW ZLWK JUHHQ DPP
LQGHYHORSPHQW> @

SUHGLFWHG FRVW ZLWK IXUWKHU PDU
DQG SRWHQWLDO IXWXUH DS|ISOLFDWL
PRQLD DV K\GURJHQ FDUULHU RU GLU




ODUNHW B3UHGLFWLRQV

JLIXUH &XUUHQW DQG SUHGLFWHG IXWXUH FRVWV RIJUHHQ DPPRQLD F
DPPRQLD> @

$(OHFWULFLWREWWNWKH UHYLHZHG HTXLSPHQW EHVLGHV IXHO SRZ}
VWURQJO\GHSHQGHQW RQ FRQWLQXRXV HOHFWULFLW\VXSSO\ )RUH[D
IRUFRQYHQWLRQDO SXULILFDWLRQ XQLW VXFKDV 36$DUH GXH WR KL
WRWDO FRVWV IRU36%$> @ $OVR WKHUHTXLUHG SURGXFW SUHVVX
RIHOHFWULFLW\ 7KH FRVWV RI RSHUDWLQJD FRPSUHVVRU GRPLQDW
SUHVVXUL]DWLRQ LV KLJKO\ HQHUJ\ LQWHQVLYH 7R GRXEOH WKH S
N:K N} EV UHTXLUHG IRUFRQYHQWLRQDO PHFKDQLFDO FRPSUHVVRUYV :

7KHFRVWRIHOHFWULFLW\LQ WKH1HWKHUODQGV LVFRQWLQJHQW XSI
DFKLHYH VHOI VXIILFLHQF\LQ UHQHZDEOH SRZHU SURGXFWLRQ $FFR
I1HWKHUODQGV LQWHJUDWHY LQWR WKH EURDGHU (XURSHDQ HQHUJ\ V\V
IURP QHLJKERULQJ (XURSHDQ FRXQWULHYVY WKHDQWLFLSDWHG FRVW R
(85 SHUPHJDZDWW KRXU 0:K > @ E\ 7KLY VFHQDULR LY SUHGLFWH
HOHFWULFLW\WKDQ PRUH VHOI UHOLDQW RU IXOO\LQWHUQDWLRQDO |

7KHHOHFWULFLW\ SULFHLQ (XURSHIRULQGXVWULDO SODQWV LV H[S
HQHUJ\GHPDQG FDUERQ SULFHY DQG UHQHZDEOHHQHUJ\H[SDQVLRQ
ULVLQJIS&ZLFHV ZLOO FRQWULEXWH WR KLJKHU SRZHU SULFHV IURP E
ZLQG DQG SKRWRYROWDLF SRZHU SODQWYV FRXSOHG ZLWK DGDSWDE
HITHFW &RQVHTXHQWO\ DFWXDO HOHFWULFLW\SULFHYV DUH SURMHFV

(85 0:K IURP W R > @ 7KLVDOLJQV ZLWK SUHGLFWLRQV IURP 71
DSSOLHG VFLHQWLILF UHVHDUFK IRUHFDVWLQJD 'XWFK ZHLJKWHG DY
E\ > @ 6LPLODUSURMHFWLRQV DUHPDGH IRUQHLJKERXULQJ *HU
HOHFWULFLW\ SULFHV DUH H[SHFWHG WR KRYHU DURXQG (85 0:K IUJ



ODUNHW B3UHGLFWLRQV

JLIXUH 3UHGLFWHG GHYHORSPHQW RIDQQXDO PDUNHW SULFHV IRU HC
HQHUJ\ LOWHQVLYHLQGXVWULDO FXVWRPHUV LQ *HUPDQ\ 5HSULQW

&RPSDULVRQ RI +\GURJHQ BURGXFWLRQ 5RXWHV LQ WKH 1
7TKHFRVWRIK\GURJHQ SURGXFWLRQLVWRRRPSRHG/HOMKBEWHYQDWLYH K\GU
PHWKRGV LQ WKH ' 'XWFK FRQWH[W VHH 7DEOH 7TKHILIXUHV IRU WKH C
IURP WKH 712 6 XSSO\ &KDLQ ORGHO > @DQG WKHUHSRUW E\%RVWRQ

7KH SURMHFWHG FRVWV IRUJUHHQ DQG EOXH K\GURJHQ SURGXFWLRQ LQ
LPSRUWRIJUHHQ K\GURJHQ IURP FRXQWULHV ZLWK PRUH IDYRUDEOH UHQ|

$f/RFDO SURGXFWLRQRIJUHHQ K\GURJHQ LV HVWLPDWHG WREHLQ WKH U
FRVWLVDWWULEXWHG WRWKHHOHYDWHG H[SHQVHV DVVRFLDWHG ZLW
FKDLQ FKDOOHQJHV IRUUHQHZDEOH HOHFWULFLW\DQG HOHFWURO\]H

f7KH/HYHOL]HG &RVW RI +\GURJHQ /&2+ IRUWKHEOXH K\GURJHQ URXW
IURP QDWXUDO JDV ZLWK FDUERQ FDSWXUH DQG VWRUDJH &&6 LV SUF
+RZHYHU WKLV YDOXH LY KHDYLO\ GHSHQGHQW RQ WKH QDWXUDO JLC
LQFUHDVHLQ QDWXUDO JDV SULFHV WKH FRVW FRXOG H[FHHG % NJ:

F*LYHQ WKH FXUUHQW SURMHFWLRQV ZKHUH ORFDO JUHHQ K\GURJHQ S
SHWLWLYH ZLWK EOXH K\GURJHQ WKHLPSRUWDWLRQ RIJUHHQ K\GURJI
UHQHZDEOH HQHUJ\ VRXUFHV HPHUJHV DV DQ DSSHDOLQJDOWHUQDWLY
IRUUHQHZDEOH HQHUJ\ VXFKDV $XVWUDOLD &KLOH RUORURFFR PD\
> @ 7KDW K\GURJHQ FRXOG EHLPSRUWHG LQ OLTXHILHG IRUP /+ R
DPPRQLD RUOLTXLG RUJDQLF K\GURJHQ FDUULHUVY HJ WROXHQH
SRUWDWLRQ URXWHV DUH FRPSDUHG LQ 7DEOH 7KHSURMHFWHG FRV)
WKHUDQJH RI % NJ FRQWLQJHQWRQ WKH VHOHFWHG URXWH > (



ODUNHW B3UHGLFWLRQV

7TDEOH 7KH &RPSDULVRQ RI WKH S

K\GURJHQ SURGXFWLRQ URXWHV LQ &HQWUDO (XURSH LQFO

UHGLFWHG /&2+ YDOXHYV E\

E\YDULR
]

+\GURJHQ BURGXFWLRQ 5RX
LQ &HQWUDO (XURSH LQFO

/&2+ 9DOXHV L(
5HSRUWHG

&RPPHQWDU\

'RPHVWLF *UHHQ +\GURJHQ BH:RGXFWINRIQ (

WR WKH FRVW RI JUHHQ K\GURJHQ

7KHFRVWRIUHQHZDEOH HOHFWUL
DLV WKH ODUJHVW FRQWULEXWLQJ I

FLW\DQG
FWRU

'RPHVWLF %OXH +\GURJHQ 3URGXFWNRY @

, QDWXUDU JDV FRVW ULVHYV E\

YDOXH WKH/&2+ FDQ ULVH DERYH ¥

7KH SURGXFWLRQ RIEOXH K\GURJHQ
LV KHDYLO\GHSHQGHQW RQ QDWXU

DO JDV SULF
IURP
>

@

7KHFRVW LY GHWHUPLQHG E\ WKH

SURFHVVDQG H[SHQVLYH VWRUDJH
GXH WR ERLO RIIDQG WDQN VHHSDJ

OLTXLILFDW
DQG WUDQV
H> @

K\GURJHQDWLRQ DQG GHK\GURJHQ
YROXPH UHTXLUHG GXH WR ORZ K\G

7KHFRVW LV GHWHUPLQHG E\LQYH

VWPHQW LQ
DWLRQ /DUJ
URJHQ GHQV

ILTXLILFDWLR® /+ NJ> @
+
\GURJIHQ &DUYLHU o o
/2+& WROXHQH
,PSRUWHG +\(
R X W [
5 \GURJHQ &D i NI> @

1+

7KH PDMRU FRVW FRQWULEXWRUV
1+ VIQWKHVLY DQG GHFRPSRVLWL
RILPSRUWHG 1+ EDFN WR K\GURJH

'"HWHUPLQLQJ WKH  FRQWULEXWLR(

DUH WKH FR"
RQDQG SXUL
D> @

D WR /&2+ E\ |

GHFRPSRVLWLRQ LV WKHDLP RI WK

LV WKHVLV




&DVH "HILQLMW

,QBHFWLR®WZR IRUPXODWHG FDVHV IRU ODUJH VFDOH DPPRQLD GHFRPSR
6HFWLRQGHVFULEHV WKHDSSURDFKWR IHDVLELOLW\HYDOXDWLRQDQG FR

JRUPXODWHG &DVHYV
$IWHU WKH UHYLHZ RQ DYDLODEOH WHFKQRORJLHV DQG PDUNHW SHUVSHFV
VLPXODWLRQ DQG WHFKQR HFRQRPLFDO DQDO\VLV RI ODUJH VFDOH K\G
LQJ %RWK RIWKHIRUPXODWHG FDVHV DUH UHSUHVHQWHG E\ WKH VLPSC
VXESURFHVVHV RI WKH IRUPXODWHG FDVHV DUH OLVWHG DQG GHVFULEHG

$t&DVH, UHSUHVHQWVY D GHVLJQ IRUWKH QHDU IXWXUH DQG LV EDVHG
WHFKQRGKDISFHWHYGHGLFDWHG WR &&DVH , SURFHVV VLPXODWLRQ

+t&DVH ,, LVIRUPXODWHG DURXQG WKH DVVXPSWLRQ WKDW D KLJKO\ SU
UHDG\IRU FRPPHUFLDO DSSOLFDWLRQ E\ 7KLY HPHUJLQJ WHFKQROI
VFHQDULR&KWNVFWHYGHGLFDWHG WR &4DVH ,, SURFHVV VLPXODWLRQ

JLIXUH %ORFN GLDJUDPV GHSLFWLQJ WKH GHILQHG FRQILIJXUDWLRQ FDVH



JRUPXODWHG &DVHYV

%RWKRIWKHSURFHVV FDVHVDUHWREHGHVLIQHG WR PHHW D K\GURJHQ ¢
GD\ 7KLV SURGXFWLRQ VFDOHLVY FRPSDUDEOH WR WKH ODUJHVW GRPHVW]
LQGHYHORSPHQW LQ WKH 1IHWKHUODQGY VXFK DV 6KHOO +ROODQG +\GL
SURGXFWLRQ E\WKHHQG RI WKLV GHFDGH > @

7TKHIJUHHQ DPPRQLD IHHGVWRFN LV DVVXPHG WR D QGLY IHOXW XE [AHEK D WP F
RIZDWHU IRUSUHYHQWLRQ RI VWUHVY FRUURVLRQ FUDFNLQJRIWKH HTXI
LV GHILQHG E\ WKH 'XWFK +\GURJHQ 1HWZRUN VSHFLILFDWLRQV %RWK
UHTXLUHPHQWY DUH GHSLFWHG LQ 7DEOH

$PPRQLD WR +\GURJHQ 3URFHVV &RQGL

Y)ORZ UDWH 73"
7HPSHUDWXUH &
3UHVVXUH EDU

SURGXFW FRQGLWLRQV + !
ORODU FRPSRYLWLRO
+ 2 Ssp
1+ SSP
|

JORZ UDWH 73" IURP VWRLFKURPHWU\
THPSHUDWXUH &
JHHG FRQGLWBBRAVVXUH DU

™+ | M

ORODU FRPSR

Wil PN

2

+ <

7TDEOH 3URGXFW UHTXLUHPHQWY DQG WKH FRUUHVSRQGLQJDPPRQLD



JHDVLELOLW\ (YDOXDWLRQ $SSURDFK

7TDEOH 6HOHFWHG VXESURFHVV FRQILIJXUDWLRQV IRUIRUPXODWHG DPPRQL

| BHFWLRQ | &DVH | &DVH
$PPRQLD
&UDFNHU
14 'HFRPSRVERQYHQWLRQDO PXOWL WXEPELDDQID BN M G\EMIGG PXOWL

WLRQ 5SHDFWRWHDFWR W, 23 HD®M®DO\VW |[X¥BIGNBEG EHG UHPEXEWRW DI\ \$\W

SDFNHG EHG LQVLGH WKH YWXHEGDY SDFNHG EHG 3DOODGLXI
PHPEUDQH PRGXOHV LOQWHJUDW
WKH SDFNHG EHG

+HDW 6XSSO) 6 XSSOLHG E\ EXUQHUYV |ZEAFEKOHRIFERVXUQHUYV |ZKLFK FF
DPPRQLD IURP IHHG DPPBRRRQIHDFINRP IHHG DPRRQLD DG
HU\VWUHDPV DQG XQUHFRRWHUMGSKANE VRIHKDP DQG XQUHFRY
IURP 36%$ ZDVWH VWUHDP| JHQ IURP PHPEUDQH PRGXOH UHW

1+ SHFRYHU)N &RQYHQWLRQDO DEVRUEMHP YMUOVBIHMH 6Z0QW$SGYRUSWLR
:DWHU XVHG DV D FKHD S DRW BIPIHFFQWD °VUDFHY UHPRYDO
VROYHQW $V ZDWHU LV DOUWB G SRINHMHQXW HG DVIDGVRUE!
IHHG DPPRQLD QR QHZ L PFHNMKRWGHW IUHHUUHG GXH WR OF
LOQOWURGXFHG :DWHU FDQMHDWHRRYRIGDP\PRQLD WUDFHYV H|
DGRZQVWUHDP DGVRUSWWK®M BYHRIGBXWWR Q

+\GURJHQ 3IXUBUHDVXUH 6ZLQJ $GVRUSSW.RGQL PHWWDNKHPBI PEUDQH PRGXOH
WLRQ HYWDEOLVKHG WHFKQRORUDIWRUKLBEKGVKRURRIKIRP QLWURJHCQ
SXWV ZLWK ORZ FDSLW D ORU QWKHVIVPARIA B REKW W R [KLIJK VHO
DEOHWRUHDFK KLIJIKUHFARRYHU\ XS WR

IRUUHTXLUHG PRGHUDWH SXULW\ ! PRO
+ PRO ;1

&RPSUHVVLRGHFLSURFDWLQJ FRPSUHWBVHRUSZRUNWQRQLERPSUKRVVRUYV Z
SDUDOOHO &DSDEOH WRSPRP®WHO/ J&ANYSHEOH WR FRPSU
SURGXFW IORZ UDWHYV XSSWRGKKAMVUBRXLWHWHY XS WR WK
SUHVVXUH SUHVVXUH

JHDVLELOLW)\ (YDOXDWLRQ $SSURDFK
7KHHYDOXDWLRQRIIHDVLELOLW\ RI GHILQHG SURFHVV FRQILIXUDWLRQ F

7THFKQLFDO (YDOXDWLRQ
F%RWK FRQILIXUDWLRQV DUH VLPXODWHG DQG RSWLPL]JHG XVLQJ WKH
$VSHQ 30XV 9

$f7KH SURFHVVHV DUH VLPXODWHG DV FRQWLQXRXVDQG VWHDG\ VWDWH

$+3HQJ 5RELQVRQ (26 PRGHO LV XVHG WR SUHGLFW WKH WKHUPRG\QDP|

7KH 3HQJ 5RELQVRQ PRGHO GHYHORSHG IRUK\GURFDUERQ EHKDYLRXL
LV D ZLGHO\ XVHG (26 GXH WR LWV DFFXUDWH SUHGLFWLRQ RI WKHUPRG
DPPRQLD > @

f)RU&DVH, WKHILUHG KHDWHU EDVHG DPPRQLD FUDFNHU XQLW FRQIL.
RSWLPLIHG WKURXJK $VSHQ ([FKDQJHU 'HVLIJQ DQG 5DWLQJ 9

f)RU &DVH,, WKHPHPEUDQH DVVLVWHG SDFNHG EHG UHDFWRU LV DSSUR]
IURP WKH OLWHUDWXUH

$+%RWK RI WKH FDVHV DUH WKHQ FRPSDUHG E\ WKHLU UHVXOWLQJ SURC
HQHUJ\LQSXWYV



JHDVLELOLW\ (YDOXDWLRQ $SSURDFK

(FRQRPLF (YDOXDWLRQ
+7KH FRVW HVWLPDWLRQ RI WKH IRUPXODWHG FDVH SURFHVVHV LV GRQH
WKH $GYDQFHPHQW RI &RVW (VWLPDWLRQ ,QWHUQDWLRQDO $$&(,QWH
FRQILJIXUDWLRQ ZDV HVYWLPDWHG XS WR WKH SUHOLPLQDU\ HVYWLPDWH
HVWLPDWLRQ TXDOLW\ WKH DFFXUDF\LV H[SHFWHG WR EH ZLWKLQ

¥f7KHFRVWV RIPDMRU HTXLSPHQW DUH GHWHUPLQHG E\ XVLQJ WKH VRIW
FRVWVFDOLQJ SURFHGXUHV IURP WKH OLWHUDWXUH

$f7KH PDLQ HFRQRPLFHYDOXDWLRQ SDUDPHWHU RI WKH SURFHVV LV WKH

H[SODLQHG LQ )LJXUH ZKLFKLVDIXQGDPHQWDO FDOFXODWLRQ RI SLU
DVVHVVPHQW RI K\GURJHQ SURMHFWYV

JLIXUH /HYHOL]J]HG FRVW RI K\GURJHQ /&2+ FDOFXODWLRQ >

f)URP WKH REWDLQHG /&2+ WKHUHTXLUHG PDUNHW SULFH RI WKH SURGX
YDOXH RIWKH SURMHFW

F%RWK/&2+DQG PDUNHW SULFHDUHGHWHUPLQHGIURP WKHIRUPXODWRHOC
L&@KDSWHU

$f7KH REWDLQHG /&2+ LVEURNHQ GRZQLQ PDMRU H[SHQGLWXUH FRPSRQF
/1&2+ E\DOWHUQDWLYH K\GURJHQ SURGXFWLRQ URXWHV LQ WKH 1HWKH



3URFHVV 6LPXODWLRQ &DVH
7HFKQROR.

7KLV FKDSWHU LV GHGLFDWHG WR WKH GHVLIJQHG SURFHVV VLPXODWLRQ R
WLRQDO LQGXVWULDO SURFHVV WHFKQRORJLHV WLV GHYLGHGLQIROOR

$6HFWLRQ ORGHO & RQWWRCHEHRQVKH FRQVWUXFWHG SURFHVV VLP)

$t6HFWLRQ $PPRQLD &UDFNHU 0R G HURLYQG H'Q WHK HUDHW.RIQOV RQ WK
FUDFNHU PRGHOOLQJDQG LWV LQWHJUDWLRQ LQ WKH SURFHVV VLPXO!

$t6HFWLRQ 5HDFW LIRE XWVHNVWRLF WKH NLQHWLEF PRGHO RI WKH XWLOL
FDWDO\WW DQG LWV YDOLGDWLRQ SURFHGXUH

$t6HFWLRQ +\GURJHQ BREXVIHADRVQ R H SXULILFDWLRQ VI\VWHPV RI WK

F6HFWLRQ BURGXFW &RPGHENVNWDWRAG WR FRPSUHVVLRQ VI\VWHP

ORGHO &RQVWUXFWLRQ

7KHFRQVWUXFWHG SURFHVV VLPXODWLRQLY GHSLFWHG E\ WKH $VSHQ 30)
SURGXFWLRQLVY SHUIRUPHG LQ PXOWLSOH VWHSYV

/ILTXLILHGWWHDP DUULYHVY WR WKH SURFHVV D Q GXHWD WSNUWMDIPQWRZD W X
WKH FRPEXVWLRQ UHDFWRU )851%&( DQG WKH SURFHVV VWUHDP WR WHEk
3%5

7KH 3SURFHVV VWUHDP LVHYDSRUDWHG EA\ KRW IOXH JDV VWUHDP )/8
+(; DQG LV IXUWKHU SUHKHDWHG LQ VHFRQG KHDW H[FKDQJHU +(;
VWUHDP 5($&352"

7KH SUH KHPD WHRBFIHVY JDV VWUHDP 5($&)((" LV SDYDVQBAQ\WRBYHUW
SOXJIORZUHDFWRU 3)5 7KHUHDFWLRQ KHDW IRU 3)5LV SURYLGHG
IURP )851%&( PRGHOOHG DV VWRLFKLRPHWULF UHDFWRU 7KH )851$&(
3)5 KHDW UHTXLUHPHQW 7KH IXHO3;LWVSWHRIR GIHG)B (/LUSHR/ELAEFDWLRQ
ZDVWH VWUHDPV 1+ 5(& 36%:$67(

7KH UHDFWRU SURGXFW VWUHDP 5($&352' LV FRROHG E\D VHULHV RI W
+(; DQGDFRROLQJXQLW &22/

7KH FRROHG SURGXFW VWUHDP HQWHUV WKH DEVRUEHY YWUWAKSISHU V\V
VXSSOLHG WR FRPEXVWLRQ XQLW )851%&(

7KH REWDLQHG SURGXFW VWUHDP $%6352' IURP WKHDEVRUEHU JRHV
XQLW 7KBWMUYLILFDWLRQ ZDVWH VWUHDP 36%:$67( LV VXSSOLHG DV IXHO

:DWHU IURP SXSURGIGFW 36%$ 352' LV UHPRYHG E\ D GRZQVWUHDP DG’
'5<(5

7KH REWDLQHGWSUHWVYXUL]J]HG E\ WZR PXOWL VWDJH FRPSUHVVRUYV |
SUHVVXUH



$PPRQLD &UDFNHU ORGHOOLQJ ,QWHJUDWLRQ

JLIXUH SBURFHVV VLPXODWLRQ IORZVKHHW IRU &DVH, &RQYHQWLRQDO 7F
IXQFWLRQ RIHDFK XQLW LV GHSLFWHG EMIUDPHV DQG VLPSOLILF

$PPRQLD &UDFNHU ORGHOOLQJ ,QWHJUDWLRQ

7KHDPPRQLD FUDFNHU FRQILIJXUDWLRQ DSSUR[LPDWHYV WKH WRS ILUHG KHI
UDWLRQ LV FRPPRQO\XVHG LQLQGXVWU\IRUVLPLODU HQGRWKHUPLF SURF
,Q WKLV FRQILIXUDWLRQ WKHPXOWL WXEXODU DPPRQLD FUDFNLQJUHDFWHF
KHDWHU WKH KHDW LV SURGXFHG E\MIXHO FRPEXVWLRQDQG LV WUDQVIHUU
RIRWKHU SURFHVV VWUHDPV

7TKHDPPRQLD FUDFNHU LV GHVLIQHG WR HQVXUH WKDW WKH QHFHVVDL
GHFRPSRVLWLRQ UHDFWRU LV SURYLGHG N& ¢ WOW\HD FF R B BXBXDILRXP B RAHHR Q
ZDVWH VWUHDP 7KH ZDVWH VWUHDP DQ&O00QEFHRW X @ UMKHICEHW H GO+REMH F
WLYHLVWRGHWHUPLQH WKH PLQIHFPKEDPREXNDWHIXUBNG WHR PHHW WKH KHDW



$PPRQLD &UDFNHU ORGHOOLQJ ,QWHJUDWLRQ

7KHDPPRQLD FUDFNHU GHVLJQ LV GRQHE\D WKUHH VWHS F\FOH DSSUR
VLPXODWLRQ WRROV DUH XVHG $VSHQ 30XV DQG $VSHQ ('5 ([FKDQJHU 'H
FUDFNHU GHVLJQ DSSURDFK LV SDUWLDOO\LQVSLUHG E\ WKH PHWKRG GH
GHVLIJQ DSSURDFK LV YLVXDOL]HG LQ )LJIJXUH

$+6WHS B5HDFWRUORGHOOLQJLQ $VSH QK KM HAHRFAMBIRRVQWLRQ LV VLP XC
E\DQ LVRWKHUPDO SOXJIORZUHDFWRU 7KH UHDFWRXBURG DM R @ |
VIVWHP 7KH REWDLQHG UHDFWRU KH D W ,GSCW\LD IQRD BWLIRIQODIE\OMH XM
H[SRUWHG WR $VSHQ ('5

$6WHS )LUHG +HDWHU ORGHOOLQJLQ $VSHQQ(%$H SHE(HBFWKRQLUHG KHD)
VLGH RIDPPRQLD FUDFNHU LV PRGHOHG IURP LPSRUWHG $VSHQ 30XV G
PRGHO WKHKHDW IOX[ SURILOH DORQJ UHDFVORQWBXEHLFRRY HH D E DWH G
KHDW DUH H[SRUWHG IRULQWHJUDWLRQLQ $VSHQ 30XV SURFHVV VLPX

F6WHS ,QWHJUDWLRQ RI ORGHOV 7BKHESAHFFRMHMQVLPXODWLRQ LQ $VS
UHFRQILIXUHG WR PDWFK WKH UHVXOWY REWDLQHG E\$VSHQ ('5

7KH KHDW IOX[ SURILOH IURP $VSHQ (‘5 LVLPSRUWHG WR WKH SUHYLF
WR GHWHUPLQH WKH UHDFWRU SURFHVV VWUHDP WHPSHUDWXUH DC

7KH 34HHHG VWUHDP LV LQFUHDVHG WR SURYLGHUHTXLUHG KHDW GXV
HILWIXUQDFHIOXHJDV VWUHDP IURP WKHILUHER]

7KH KHDW H[FKDQJH XQLW UHSUHVHQWLQJWKHILUHG KHDWHU FRQ
UHFRYHUDEOH IOXH JDV KHDW REWDLQHG LQ $VSHQ ('5

7KH GHVLJQ RI WKH DPPRQLD FUDFNHU LV DFFHSWRIGYAKWHQ RVEH R
PDWFKHVY WKH FRQYHUVLRQ RI WKHLVRWKHUPDO 3)5IURP 6WHS

I+

I+

I+

I+

JLIXUH $PPRQLD FUDFNHU PRGHOOLQJDQG GHVLIJQ DSSURDFK IRU &DVH ,



$PPRQLD &UDFNHU ORGHOOLQJ ,QWHJUDWLRQ

6WHS B5HDFWRUORGHOOLQJLQ $VSHQ 30XV

5HDFWRU 6L]LQJ
7KH 3#UHDFWRU LV VL]JHG DV D PXOWL WXEXODU SOXJ IORZUHDFWRU 3)5
7KH IROORZLQJFRQGLWLRQV ZHUH WDNHQ

7R DFKLHYH D K\GURJHQ SURGXFW RXWSXW Rk I|HWR QO/RZHLL G/HWT7BW V
73" 6WRLFKLRPHWULFDOO\ 73" RI DPPRQLD LWUBHRYXIHWH G XDN-RX PH (
SXULILFDWLRQ

¥7KH 3)5LVLQLWLDOO\PRGHOOHG DVLVRWKHUPDO

f6LILQJ RI WKH SDFNHG EHG DQG GHWHUPLQLQJ WKH QXPEHU RI WXEH\
GHULYHGIURP WKH*DV +RXUO\6SDFH9HORFLW\ *+69 UHSRUWHG LQ WK|
NLQHWLF PRGHO SXEOLFDWLRQ > @> @ )URP WKHVL]LQJ SURFHGXL
HVWLPDWHG!DIWKLFKPLY GLVWULEXWHG RYHU WXEHV B5HIHU WR $S¢
SURFHGXUH RQ SDFNHG EHG VL]LQJ

f7KH OHQJWK DQG LQQHU GLDPHWHU RI WKH WXEHVY FRPSO\ ZLWK WKH
UHIRUPHU $3, > @ 7TKHOHQJWKLV VHW WR PHWHUV 7KHLQWHUC

7KHFKDUDFWHULVWLFV RI WKHPRGHOOHG PXOWL WXEXODU UHDFWRU U
DUH SURYLGHG LQ WKH 7DEOH

7TDEOH *HRPHWULFDO DQG RSHUDWLRQDO FKDUDFWHULVWLFV R

5HDFWRU &KDUDFWHU'

7RWDO SDFNLQJPFPROXPH
I1XPEHU RIUHDFWRU WXEHV
7TXEH OHQPWK
'm RITWKH WK@H

*+69| K!?
5HDFWRU 3URFHVV 6WUHDP
DW 3 EDU 7& Mns 73"

6WUHDP YHORNMLW\
UHVLGHQFHWMIEPH

2SHUDWLQJ &RQGLWLRQV

7KHLVRWKHUPDO UHDFWRUWGPRKH B &N WHWLDQW SUHVVXUH RI WKH UHDFWRU
UHDFWRUNLQHWLFVY PRGHO OLPLWDWLRQV DQG H[SHFWHG SUHVVXUH GUR
SUHVVXUH GURS

$+7KH RSWLPDO RSHUDWLQJ WHPSHUDWXUH IRUWKH VL]JHG UHDFWRU LV H\
Rl 1#FRQYHUVLRQ HQVXULQJD EDODQFHEHWZHHQ WKH KHDW JHQHUDW|
SLQSRLQW WKLV RSWLPDO WHPSHUDWXUH DQLGHDOL]HG SURFHVV PRG
DOO RIWKH KHDW JHQHUDWH G BXRR PIEFDMWILLAR® R0 WWKHH W UHDP FDQ EH IX
WKH KHDW H[FKDQJH QHOMFRPIS RQIGMIARQ LQ WKH UHDFWRU 'HWDLOV RI
VLPXODWLRQ DUH LOOXVWUDWHG DQG H[SODLQHG LQ $SSHQGL[ %

7TKURXJK WHPSHUDWXUH VHQVLWLYLW\A\DQDO\VLV LW ZDV REVHUYHG
UHFRYHUHG KHDWDUHLQ EDODQFHDWD UHDFWRU WHPSHUDWXUH RI
UHDFWRU RSHUDWLRQ DW WKLY WHPSHUDWXUH UHJLRQ BVX¥HIOHUHIRU
UHTXLUHPHQW IRUWKHDPPRQLD FUDFNHU



$PPRQLD &UDFNHU ORGHOOLQJ ,QWHJUDWLRQ

JLIXUH 7HPSHUDWXUH VHQVLWLY LM, SXORWLIRDWLRY ZO GWWVRMUHDP FRP E X
VXP RIZIGHFRPSRVLWLRQ DQG UHTXLUHG KHDW H[FKDQJH GXWLHV 7KH KHD'
RU f&

f7KH XWLOL]DWLRQ RIDQ HOHYDWHG SUHVVXUH LV DQWLFLSDWHG WR
UHTXLUHG GRZQVWUHDP K\GURJHQ FRPSUHVVLRQ 7KH WDUJHWHG RSHU
WKHUDQJHRI EDU DVWKHUHDFWLRQNLQHWLFVPRGHOLV SUHVXPHG\
6 XEVHFWLRIRU D GHWDLOHG HYDOXDWLRQ RIPRGHO SHUIRUPDQFH DW
SUHVVXUH LV VSHFLILHG DW EDU ZLWKDQDVVXPHG SUHVVXUH GURF
7KLV SUHVVXUH GURS YDOXHLVDVVXPHGEDVHGRQ WKHFKDUDFWHULVW
IRUVWHDP PHWKDQH UHIRUPLQJ ZLWK VLPLODU WXELQJ GLPHQVLRQV >
WKH ORDGHG SDUWLFOHVY DUH QRW H[SOLFLWO\SURYLGHG IRU WKH HP

S5HDFWRU G6LPXODWLRQ 5SHVXOWYV
JURP WKH GHWHUPLQHG VL]LQJ RI WKHUHDFWRUDQG WKHVHW RSHUDWLRQ.
RI'WKHUHDFWRU SURFHVV VWUHDP DQG WKH FRUUHVSRQGLQJUHTXLUHG

) URPWKHREWDLQHG FRPSRVLWLRQ SURILOH )LJXUH LWLVYLVLEOH
GURSV GRZQ WR 7KLV FRQFHQWUDWLRQ FRUUHVSRRYSYONR 6 FEQ WHKWHV |
UHDFWRU IHHG VWUHDP 7KHFRQYHUWHG SHBRIQEWQWH DWGRYWBPLQE
RXWOHW VWUHDPV RI WKHLVRWKHUPDO UHDFWRU UHIHU WR $SSHQGL

f7KHKHDW GXW\IRUWKH3)5LVGHWHUPLQHG WR EH 0: 7TKLVYDOXHLVI
IRU1IE6EHFRPSRVLWLRQ DQG VHQVLEOH KHDW WR LQFUHDVH WKH LQOHYV
UHDFWRU WHPSHUDWXUH

JLIXUH BURFHVV VWUHDP FRPSRVLWLRQ SURILOH RI WKHLVRWKHUPD



$PPRQLD &UDFNHU ORGHOOLQJ ,QWHJUDWLRQ

6WHS )LUHG +HDWHU 6LPXODWLRQLQ $VSHQ ('5

7KHVFKHPDWLF UHSUHVHQWDWLRQ RI WKHPRGHOHG ILUHG KHDWHU LV ¢
PRGHO LY VHIPHQWHG LQWR WZR PDLQ VHFWLRQV QDPHO\ WKH UDGLDW
LGHQWLILHG DV WKHILUHER[DQG FRQYHFWLRQ EDQN UHVSHFWLYHO\ ,Q W
FRPEXVWLRQ LQ WKHWRS ILUHG EXUQHUV LY FRQYH\HG WR WKH UHDFWR
VWUHDP GHVFHQGV IURP WRS WR ERWWRP 7KHUHVLGXDO KHDW FDUULHC
IURP WKHWRSLVWKHQ UHFXSHUDWHG LQ WKHFRQYHFWLRQ EDQN WXEHYV
HYDSRUDWLQJDQG SUHKHDWLQJ WKH OLTXLG DPPRQLD IHHG

JLIXUH 7KH VLPSOLILHG GHSLFWLRQ RI WKHILUHG KHDWHU PRGHO F

JLUHER[ORGHOOLQJ
7KHIROORZLQJDVVXPSWLRQV DUH WDNHQ GXULQJ WKH ILUHER[ PRGHOOL

$+7KH EDVH PDWHULDO IRUWKH ILUHER[ UHDFWRU WXEHV LV VHW WR EH
PDWHULDO WR VWUHVV FRUURVLRQ E\ SUHVHQW DPPRQLD 7KLV VWHHC
KDQGOLQJRIEXONDPPRQLD > @

$f7KHILUHER[ LV VLIHG WR ILW WKH UHDFWRU WXEHVY GHWHUPLQHG E\ WK}
SLWFK LV VHWWR LQFK 7KHREWDLQHGILUHER[JHRPHWU\LV D UHFWL
OHQIJWK DQG PHWHU ZLGWK

$f7KHWKLFNQHVV RI WKHUHDFWRU WXEH ZDOOV LV VHW WR FP WRILW

F)LUHER[ LV HTXLSHG ZLWK QDWXUDO GUDXJKW ORZ 12[ EXUQHUYV RI
WXEHV > @

tf7TKHDYDLODEOH IXHO IRU WKH E X%WBXHUWYLFORMSUIRY AV\RWWKMWHHDP DQG |
1+ IXHO

*+7KHZDVWH VWUHDP TXDQWLW\ LV ILIH&EXDQGLEBWHR Q@ MYWW HER WKHH H U V

+ 7KH TXDQWLWXHRO1Y JUDGXDOO\NLQFUHDVHG XQWLO WKH ILUHER][ KH
KHDW GXW\IRUWKH UHDFWRU 0:



$PPRQLD &UDFNHU ORGHOOLQJ ,QWHJUDWLRQ

Ff7KHDLULV VXSSOLHG WR HQVXUH HI[FHVV DLU GXULQJ FRPEXVWLRC(
12, IRUPDWLRQ > @ ,WLVDVVXPKHGWKDVYW KW BRQU®EBESGVIROHFWLYH
FDWDO\WLF UHGXFWLRQ XQLW 6&5 > @

t$V+SXULILFDWLRQ ZDVWH VWUHPRP@QRHQWHBWILWR® KUIWK Y DVVXPHG WKDV
LVVWDEOH ZLWKJLYHQLQHUW FRQFHQWUDWLRQ

f$V $VSHQ ('5 VRIWZDUH GRHV QRW FRQVLGHU WKH KHDW RI UHDFWLRQ
WHPSHUDWXUH SURILOH RIWKHUHDFWRU SURFHVVY VWUHDP LV HQVXUH
UHDFWRU WXELQJ SURFHVV VWUHDP XQWLO D SRLQW LV UHDFKHG ZKHL
VWUHDP DUH QHDUO\HTXDO 7KLV DSSURDFKLV XQGHUWDNHQ WR HV
UHDFWRU VHH WKH SUHVFULEHG SURFHVV VWUHDP FRQGLWLRQV LV $S

&RQYHFWLRQ %DQN ORGHOOLQJ

7KH HIWHQW RI KHDW UHFXSHUDWLRQ LQ WKH FRQYHFWLRQ EDQN LV OLPL
WKHILUHG KHDWHU XS WR  HIILFLHQF\> @ 7KHREWDLQHGLQIRUPDWLF
IRUSURFHVV VLPXODWLRQ UHILQLQJLQ $VSHQ 30XV

t7KHEDVHPDWHULDO IRUFRQYHFWLRQ EDQN LV VHW WR 6WDLQOHVV 6
VWUHVV FRUURVLRQ E\DPPRQLD VWUHDP > @

7 KHFRQYHFWLRQ WXEH EDQN JHRPHWU\LV VHW WR ILQQHG WXEHYV
LQFKHVLQ GLDPHWHU

JLUHG +HDWHU 5HVXOWYV

7TKHGHVLIQHGILUHG KHDWHU PRGHO LV YLVXDOL]JHGLQ)LJXUH 7TKHREWD
SDUDPHWHUV DUHOLVWHG LQ WKH 7DEOH JURP ILUHG KHDWHU VLPXODW
LOWHJUDWHG LQWR $VSHQ 30XV SURFHVV VLPXODWLRQ

f+HDW 'X™W\H KHDW WUDQVIHUUHG WR WKH WXEHV LQ WKH ILUHER[ LV H’
0: )URPIXHO FRPEXVWLRQ O: RIKHDW LV UHOHDVHG 7KLV FR
WKHUPDO HIILFLHQF\ RIWKH ILUHER]

t+HDW )OX[3URHDHDUDJH KHDW IOX[KWDW WUPQVIHUUHG RYHU RXWHU I
7KH KHDW IOX[ SURILOHRYHU WKH UHDFWRU WXEH OHQJWK )LJXUH
SURFHVV VLPXODWLRQ

F)UHVK 1+ )XKBWIUH¥YKXHO IORZUDWH ZDV JUDGXDOO\LQFUHDVHG XQWLO
SURFHVV VWUHDP UHDFKHG 0: 7KK FDMMIDRZDANDGHHWRHUPLQHG WR
73"

$+&RPEXVWLRQ )XHO DQG 2[LGD@WLERPBRNYWILRQWLRQ ZDVWHVWUHDP ZL
14 IHHGVWRFN WR IRUP WKH IXHO EOHQG \4 HOUDWIL RFRAS RV L WLLRAQKZI. W |
VLIQLILFDQW DPRXQW RI QLWURJHQ IURP WKH SXULILFDWLRQ VWUHDP D¢
LQHUW FRQWHQW LQWURGXFHG LQWR WKH R[LGDQW DLU VWUHDP VSHF

&ERQVHTXHQWG\UWWHR LV FKDQJHG WR WLV DVVXPHG WKDW X
FRQGLWLRQV WKHEXUQLQJRIWKHIXHO UHPDLQVY VWDEOH
F)OXH *DV +HDW 5HF X HARDQNIHFFQVLRQ EDQN 0: RIKHDW IURP WKH ILU

LVUHFRYHUHG E\HYDSRUDWLQJDQG SUHKHDWLQJ WKHDPPRQLD SUR
EULQJV WKHILUHG KHDWHU GXW\ WR 0:DQG HOHYDWHYVY WKH WRWDO V



$PPRQLD &UDFNHU ORGHOOLQJ ,QWHJUDWLRQ

JLIXUH ODLQ FRPSRQHQWV RIWKHDPPRQLD FUDFNHU GHVLJQ GHILQ

7TDEOH 5HVXOWV IURP WKH )LUHG +HDWHU VLPXODWLRQ E\ $VSt

JLUHG +HDWHU "XW\ 0: 1+ 5SHDFWDQW )ORZUDTBH

+HDW IURP FRPEXVWLRRQORI|IXHO JUHVK 1+ )XHO )ORZUDAM8H
JLUHER[ +HDW '"XW\ 0: RI'J)UHVK 1+ VXSSOLHG DV )XHO
7TKHUPDO HIILFLHQF\ 1 4 PRODUUDWLRLQIXHO EOHQEG
JLUHER[ WKHUPDO HIILFLHQF\ 2, » PRO UDWLRLQR[LGDQW

JLUHER[ ZHOO VWLUUHG &V WHPSHUDWXUH

JLUHER[IOXH JDV H[LW WBPSHUDWXUH

6WDFNIOXHJDV RXWOHW&WHPSHUDWXUH

JLIXUH 7KH +HDW )OX[ SURILOH WR WKH UHDFWRU WXEHVY REWDLQHC



$PPRQLD &UDFNHU ORGHOOLQJ ,QWHJUDWLRQ

6WHS ,QWHJIJUDWLRQ RIORGHOV
$VILQDO VWHS RI WKH DPPRQLD FUDFNHU GHVLJQ WKH UHVXOWV IURP $'

SURFHVV PRGHO LQ $VSHQ 30XV

$,0$VSHQ 30XV WKHLQLWLDOO\LVRWKHUPDO 3)5 UHDFWRU LV VXEVV
WKH KHDW IOX[ SURILOHLPSRUWHG IURP $VSHQ ('5 )LIJXUH JURP WK
SURFHVV VWUHDP WHPSHUDWXUH SURILOHDORQJWKHUHDFWRU WXEH

JLIXUH 7KH WHPSHUDWXUH SURILOH RI WKH SURFHVV VWUHDP GHWHUPLQ!
KHDW IO X]

1) LOQDOO\ WKH REWDLQHG SURFHVV VWUHDP FRPSRVLWLRQ SURILOH I
IOX[ LV FRPSDUHG ZLWK WKH UHVXOW IURP LVRWKHUPDO 3)5 PRGHO L
FRPSRVLWLRQ SURILOHV VLGH E\ VLGH WLV YLVLEOH WKDW ERWK RI
WKH VDPH FRPSRVLWLRQ 7KHUHIRUH WKHLQWHJUDWLRQ RI WKH ILUHG
SURFHVV VLPXODWLRQLV FRPSOHWHG DQG GHVLJQ LV DFFHSWHG

JLIXUH /HIW 3URFHVV VWUHDP FRPSRVLWLRQ SURILOHLQDQLVRWKHUPDC
5LJKW 3URFHVV VWUHDP FRPSRVLWLRQ SURILOHLQD 3)5ZLWK D VSHFLI
ILUHG KHDWHU VLPXODWLRQ LQ 6WHS



5HDFWLRQ .LQHWLFYV

SHDFWLRQ .LQHWLFV
1L 29 EDVHG FDWDO\WW LY VHOHFWHG DV SUHIHUUHG FDWDO\VW RSWLRQ
PRGHO RI FDWGBOGWPFWRIPSRYLWLRQ LY WDNHQ IURP WKHH[SHULPHQWDO UHVH
WKLY FDWDO\WW WA\SH SXEOLVKHG E\E\ $UPHQLVH 6 > @ 7KHFDWDO\VW
VWUXFWXUH FRYHURGFRDWKL\@ K H7ZIKHEOHWDLOV RQ WKH FDWDO\VW SK\VLFDO ¢
FRQGLWLRQV GXULQJNLQHWLFVY PRGHOOLQJDUH SURYLGHG LQ $SSHQGL]

&DWDO\VWW .LQHWLFV ORGHO
7TKHLQIOXHQFH RI WKHUHYHUVH UHDFWLRQ ZDV LGHQWLILHG WR EH YLUWX
WKHUHDFWLRQ UHPDLQHG YHU\AIDU IURP WKH HTXLOLEULXP DW WKH FRQ(
WKH NLQHWLF PRGHO ZzDV VLPSOLILHG WR D VLPSOH SRZHUODZ IRUP ZLW
NQRZQ DV 7THPNLQ 3\]KHY SRZHUODZ HTXDWLRQ ,Q WKHNLQHWLFVY PRGHO
JUDP RI FDWRQ\WVWH[SUHVVHG E\WKHIROORZLQJIRUPXOD

Eact \, PNH 5
RT )( PH , )

ZLWK SUH H[SRQkQWIYDQJMFWOROXH REL—f — DFWLYDWLRQDW@HUJI\ (
N- PRODQG SDUWLDO SUHVVXQUGRH[SRREGWY UHVSHFWLYHO\

( rnm,) = koexp(

&DWDO\VW .LQHWLFV 9DOLGDWLRQ

7KH YDOLGDWLRQ RI WKH FDWDO\VW NLQHWLFV PRGHO ZDV GRQH LQ $VSH
WRU PRGHO 7KH FRQGLWLRQV IRUFDWDO\VW NLQHWLFV PRGHO YDOLGE
H[SHULPHQWDO FRQGLWLRQV> @

$+5HDFWRU LQOHW VWY HBP4LYDWLR-RI

$2SHUDWLQJ SUHVVXUH EDU

$2SHUDWLQJ WHPSHUDWXUH UDQJH EHWZHHQ .DQG

$*+69 JDV KRXUO\ VSDFH YHORFLW\ K

7KURXJK VHQVLWLYLW\DQDO\VLVY WKH FRUUHODWLRR RS AR Q WH.QV LLRHD & \

WHPSHUDWXUH ZDV GHULYHG DQG FRPSD UK 6 RAMR/H[ISHIRP BEQRW V¥ | WdR PTWHK H %
DQDO\WLVDQG IURP H[SHULPHQWDO UHVXOWV> @ DUH SXW VLGH E\VLGH |

JLIXUH 3URSHUWLHV.RI WRORDISWK EDVHG SDFNHG EHG IURP H[SHULPHQW:

'KHQ FRPSDULQJERWK FRQNYWRQLRQ WKH VLPLODU WUHQG LV REVHUYHC
DQG . WKH REVHUYHG GHYLDWLRQ LV EHORZ 7KH KLJKHVW GHY



5HDFWLRQ .LQHWLFYV

H[SHULPHQWDO GDWDSRLQW DW . ZKHUH WKH VHQVLWLYLW\DQDO\VL
HISHULPHQWDO GDWD LQGLFDWHV DYDOXHRIDURXQG

7KHREVHUYHG GHYLDWLRQ FDQ EHDWWULEXWHG WR WKH XVHRID GLIIHU
:KLOH WKH 7HPNLQ 3\]KHY PRGHO (T ZDV HPSOR\HG LQ WKH VLPXODW
SXEOLVKHG H[SHULPHQWY ZDV SORWWHG XVLQJ WKH /++: /IDQJPXLU +LQ
PRGHO 7KHODWWHU RIITHUV PRUH GHWDLOHG NLQHWLFVY EA\DFFRXQWLQJ
+RZHYHU LW KDV WREHQRWHG WKDW WKLY DSSURDFK FRXOG QRW EH UHSU|
ILIXUH & IRUGHWDLOV +HQFH LWLVSODXVDEOHWKDW WKHHPSOR\HG S|
> @ PLIJIKWKDYHJLYHQ OHVV SUHFLVH SUHGLFWLRQV RI SHUIRUPDQFH

I1RQHWKHOHVYVY WKHPD[LPXP GHYLDWLRQLQ FRQYHUWHG SHUFHQWDJH
HISHULPHQWV LV ZLWKLQ ZKLFK LY WDNHQDV VXIILFLHQWO\DFFXUDWH

9DOLGLW\/LPLW RI .LQHWLFV ORGHO IRU 9DU\LQJ 3UHVVXU
7TKHLQYHVWLIJDWLRQ LQWR WKH YDOLGLW\OLPLWYV RIWKHDSSOLHG NLQHW
14 FRQYHUVLRQ XQGHU GLYHUVH SUHVVXUHDQG JDV KRXUO\ VSDFH YHC
LQ (T 2 SDUWLFXODULQWHUHVW DUH HOHYDWHG SUHVVXUHYV JLYHC
SUHVVXUL]DWLRQ UHTXLUHPHQWY DQG KLJKHU *+69 ZKLFK ZRXOG RIIHU L

+RZHYHU LWLV HVVHQWLDO WR QRWH WKDW WKH NLQHWLF2% RREHO IRU L
EHHQ GHULYHG VROHO\ IURP H[SHULPHQWDO GDWD FROOHFWHG DW DWP]
YDOLGLW\RIWKHPRGHO LV WHVWHG E\ VXEMHFWLQJLW WR YDULRXV SUF
VHQVLWLYLW\DQDO\VLV LOOXNRQUDHUMLRWY KSHI UFSIDAWDRI XQ@GHU GLITHU
*+69V 7KLV DQDO\VLV KLJKOLJKWR @QHLQARDAMHMQKILKI KHU SUHVVXUH DQ
FRQYHUVLRQ SHUFHQWDJH DW HOHYDWHG IORZ UDWHV DV LQGLFDWHG E\

Total V ol: Flow Rate to the Reactor (STP)
volume of the catalyst

GHSV =

7KH OLPLWDWLRQV RI WKH NLQHWLFVY PRGHO EHFRPH HYLGHQW ZKHQ \
GURSV EHORZ OHOWGLQJWR SUHGLFWHG FRQYHUVLRQV WKDW VXUSDVV
FXUYH &RQVHTXHQWO\ WKHNLQHWLFPRGHO LV FRQVLGHUHE UKDYLDEOH R
FRQVWUDLQW LV MXVWLILHG E\WKHPRGHOfVUHOLDQFHRQDPPRQLD GHFRPF
R KK ZKHUH ERQYHUVLRQ UHPDLQV IDUIURP WKHUPRG\QDPLF HTXLOL
DV *+69 LQFUHDVHVY WKHFRQYHUVLRQ RIDPPRQLD GHFUHDVHYV DWWULEX
UHDFWDQW LQ WKHFDWDO\VW 7R PLWLJDWH SRWHQW L:DFORIQQYTHFURKLURDCF LViAK/HD
*+69 YDOXH GHULYHG IURP WKH H[SHULPHQWYV> @ LV XWLOL]JHG LQ WKH GF

JXUWKHUPRUH WKHPRGHO WXHRREYWYVALRRQIBWWHOHYDWHG SUHVVXUHV 7t
LIHG E\WKH H[SHFWHG SURORQJHG FRQWDFW WLPH EHWZHHQ WKH UHDFW I
14 FRQYHUVLRQ SURYLGHG WKH VA\VWHP UHPDLQV VXIILFLHQWO\GLVWDQW
WR XSKROG WKH DFFXUDF\ RI WKH PRGHO D FDXWLRXV DSSURDFK LV WD
SUHVVXUH DW DSSUR[LPDWHO\ EDU
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