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0The life of a designer is no parade of victories.
There are innumerably more failures.
But they must not stop usb
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Abstract

In the effort against climate change the company ZEF has as its target to make methanol (CH3; OH) out
of atmospheric CO,; a process which can be seen as power-to-fuel and/or power-to-x. In light of the
developmental cycle within ZEF a new reactor with an increased size and enhanced mass manufac-
turability is required. The reactor contains three main components: reactor bed, condenser and heat
exchanger. The heat exchanger design has been shown to be highly efficient as well as the underlying
design philosophy [1]. However, an exact in depth evaluation of the condenser performance has not
been performed yet. Furthermore, in light of reactor optimisation, an investigation on the reactor bed
design for the use case of ZEF is seen as necessary.

The condenser plays a dual role in the reactor: it acts as the separation mechanism of products from
the recycle stream and as vital factor in generating mass flow. Due to the current modelling architec-
ture/philosophy of ZEF computationally simple descriptions of condensation phenomena are desired.
A method based on linear relations for the latent heat release is developed. In combination with a
PT-flash plug-in for MatLab this allows for modelling of heat effects and liquid-gas separation due to
condensation. According to literature local heat transfer of condensation is significantly hampered com-
pared to ideal Nusselt Film Condensation theory. The reason for this degradation is the presence of
Non-Condensable Gasses which will limit the heat flux of the condensing species to the condenser
surface. A sub model is used to evaluate whether this effect is significant. A combined model and
experimental approach is used for evaluation of these models.

The reactor bed is the generation site of the methanol and in previous work it has been found there
might be limiting effects in this bed [1]. Evaluation of literature on the causes indicates that mass trans-
fer and temperature limitations are likely the cause. Furthermore literature suggests that the reactor
bed might be able to attain a higher Space Time Yield. A set of models are made to describe the mass
and heat transport of the reactor bed. These are based on 1-D heat transfer correlations, a linearized
Thiele modulus, and the Bussche & Froment kinetic model. Furthermore, the reactor bed and con-
densation models are integrated into an existing overall model. This enables the simulation of synergy
between these processes. A new reactor bed design is made based on these models which should
increase the Space Time Yield, and is subject to experimental validation.

For the experimental validation a new reactor was designed and build based upon the new models de-
veloped. Characterisation experiments indicate satisfactory qualitative behaviour of the condensation
modelling. Quantitatively deviations are observed which are expected to be due the over prediction of
methanol formation by the reactor bed models. The reactor bed model deviations are mainly attributed
to a lower than predicted mass flow rate, and adverse flow fields in the reactor bed. A new reactor
bed design is proposed which should significantly reduce the adverse flow field effects while increas-
ing thermal performance. The reactor bed design used allows for a decrease in catalyst size without
causing a significant decrease in mass flow rate. An increase of a factor 1.25 for the Space Time Yield
compared to the previous design has been observed during experiments. Insulation performance is
satisfactory with the insulation performing within 20 W as modelled. Thermal efficiency has decreased
by a factor 1.8 and is attributed to the under performance of the reactor bed.

Furthermore, the control of the reactor has been evaluated in terms of mass flow rate measurements, the
prevention of the stalling of flow, and control. A new mass flow rate measurements device based on
differential pressure, a new feed injection design, and further development of control have been experi-
mentally validated. Designs for each of these subjects have been found to be satisfactory. Furthermore,
it was found that reactor bed geometry also has an effect on the control of the reactor.

Vi
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VLEO\LQGLFDWH PXOWLGLPHQVLRQDO IORZ HIIHFWV ,Q WKLV FD\

VHFRQGVY DQG WKH RQVHW RI PHWKDQRO VIQWKHVLV LV VHHQ D
WHPSHUDWXUH SURILOH RI WKH UHDFWRU EHG QRW SORWWHG KHL

7KHUHDFWRU EHG GXULQJ SURGXFWLRQ 1RWHWKHORQJWKLQW
WKH FHQWUH )XUWKHUPRUH QRWH WKH SDUWLDOO\ EORFNDJH D
VKULQNDJH

,Q WKH OHIW LPDJH WKH FDWDO\VW DQG FHUDPLF SHOOHWYV FDQ E
WKH VOLJKW UHGGLVK FRORXU WR WKH VRPH RIWKH FDWDO\VW VW
ULJKW LPDJH WKHUHDFWRUEHG DV XVHG FDQ EHVHHQ 1RWH WKD
ILOOHG ZLWK WKH ZKLWH FRORXU FHUDPLFV ZKLFK FRUUHVSRQGYV
EHVHHQLQ ILJXUH

7TKHWHPSHUDWXUHZDOO VHQVRUVY SODFHG RQ WKHUHDFWRU ZDO
ZKLFK HDFK FRQWDLQ D LQWHUQDO WKHUPRFRXSOH 7KH 17& DU
.DSWRQ WDSH SDWFKHVDQG DUH SODFHG EHWZHHQ WKH KHDWHU \
GLUHFWO\DERYH WKHLQOHW VHFWLRQ RI WKHUHDFWRU EHG 7KF
LV7%5 7THPSHUDWXUH %HIRUH SHDFWRU

$QH[DPSOH RI WHPSHUDWXUH RXWSXWV LQ FDVH RI 2 SUH KHDWH
7KHWRS JUDSKLV WKHEDVHFDVHLQGLFDWHGDV 1R )DQ ZKLOF
WKHIRUFHG FRQYHFWLRQ HISHULPHQW LQ ZKLFK WKH FRQGHQVHL

7KHPRGHOOHG WUDQVLHQW EHKDYLRXU RIWKHUHDFWRU DQG Wik
SRLQW WHPSHUDWXUH 'RWWHG OLQHVY LQGLFDWH H[SHULPHQWD
VLPXODWHG YDOXHV

7TKHWHPSHUDWXUH RXWSXW IRUWKHWUDQVLHQWDQG VWHDG\ VW
LQOHW WHPSHUDW X & VHWSRLQW RI

$[LDO WHPSHUDWXUH SURILOHRIWKHLQQHU WXEH RI WKH UHDFW
7TKHSURGXFWLRQ SHUKRXU EDVHG RQ PLOXWHLQWHUYDO PHDV.
SRLQW ZKHUH WKH PHDVXUHPHQW ZDV WDNHQ I1RWH WKDW WKH
ZKHQ WKH UHDFWRU LV DW VWHDG\ VWDWH LQ WHUPV RI WHPSHUD

IURP WKH SRLQW RI DFKLHYLQJ VWHDG\ VWDWH 7KH SURGXFWLR(
UHODWLYHO\FRQVWDQW

7KHREWDLQHG HQHUJ\HIILFLHQFLHV IRUWKH H[SHULPHQWDO VH!'
HISHULPHQWYV

$QH[DPSOHRXWSXWIRUWKHFRROLQJFXUYHVDQG WKHILWWHG O
WKDW WKHVHDUHLQD QRQ GLPHQVLRQOHVV IRUPWR DOORZIRU |

&RQILGHQWLDO
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$Q H[DPSOH RI WKH )/, 5 LPDJH HYDOXDWLRQ 1RWH WKDW WKH DW SOD
SHUDWXUH YDULDWLRQ VPDOOHU VXUIDFH DUH XVHG WR HQKDQFH DF
OHIWLPDJH FRUURERUDWH ZLWK WKRVHLQ WKHULJKW LPDJH 1RWH W
IHUHQW DQJOH LQ WKH SKRWRJUDSKV WKH VXUIDFHVY DUH XQHTXDO W
DUH WDNHQ IURP WKH &%$'" PRGHO

7KH VXPPDWLRQ RI KHDW ORVVHV DFFRUGLQJWR WKH WKHUPDO EDOD
WKHVHW SRLQW RI WKH H[SHULPHQW DQG WKH OHWWHU ) LQGLFDWH\
DIDQ $OO H[SHULPHQWV DUH IURP WKH IXOO [ FDWDO\WW EHG VHW R
7KH ZDOO VHQVRUV XVHG RQ WKH KHDW H[FKDQJHU
7TKHWHPSHUDWXUH SUREHV XVHG DW WKH FROG VLGH RI WKH UHDFWR
WKH ZDOO PRXQWHG WHPSHUDWXUH VHQVRUVY DW WKH VKHOO RI WKH K
DUURZLQGLFDWHV IORZ GLUHFWLRQ ZLWK UHG D KLIJIKDQG EOXH D OR~Z
7KH W\SLFDO WHPSHUDWXUHV ZLWK WKH ORFDWLRQ RI WKH VHQVRUV
KHDW H[FKDQJHU GXULQJDQ H[SHULPHQW (VSHFLDOO\WKH TXDOLWD
HUDOLVHG IRUDOO H[SHULPHQWY 1RWH WKH GHFUHDVH LQ WHPSHUD
VHQVRUV DV DOVR VKRZQ LQ ILJXUH JXUWKHUPRUH WKH VXGGHQ L
WXUHV DW W VLVGXHWRWKHRQVHW RIH[RWKHUPLF UHDFWLRQ ,W
WDQFH RI WKH RQVHW RI HIRWKHUPLF EHKDYLRXU RQ WKH RYHUDOO V
SXUJHLQGLFDWHY ZKHQ SURGXFW ZDV UHOHDVHG IURP WKH FDWFK WI
LQGLFDWLQJ 1ZHWY 7KH ODUJH LQWHUYDO DW IRU HI[DPSOH W V L'
WHPSRUDURO\RII GXHWR RWKHU PHDVXUHPHQWY WDNLQJ SODFH
+HDW WUDQVIHU DQG WRWDO KHDW WUDQVIHUUHG FRPSDULVRQ EHWZ
IRUD VHW RI H[SHULPHQWYV (VWDQGV IRUH[SHULPHQW DQG 6 IRU VLP
FRQGHQVHU ZDV FRROHG E\D UDGLDO IDQ

7TKHYDOXHV RI (VWDQG IRUH[SHULPHQWV DQG 6 IRUVLPXODWHG UHV X
SHUDWXUH VHW SRLQWYDORWM /KD WDMDKXODWHG WDNLQJLQWR DFFR
VDWH EHLQJIRUPHG WKLV LV GHQRWHG E\WKH & SUHIL]J

6HHP RI VHFWLRQ , WKH ZKLWHU WKH FRORXU WKH KLIKHU WKH WHPS
2SHQ VHFWLRQ DW WKH FRQGHQVHU 6RPHKHDW OHDNDJH FDQ EH VH|
DWXUH REVHUYHG KHUH DUH ®8HODWLYHO\ ORZ VXE

6HHP RIVHFWLRQ,, WKHUH VHHPVWREHDPLQLPDODPRXQW RIKHDW
LVZKHUH WKH FORVXUH VA\VWHP LV VLWXDWHG DQG FRQWDLQV UHIOHI
WKDW VHFWLRQ VKRXOG WKHUHIRUH QRW EH WDNLQJLQWR DFFRXQW

6HFWLRQ RIPRGHO VHOHFWLRQ WUHH ,PDJHDGDSWHG IURP > @
6HFWLRQ RIPRGHO VHOHFWLRQ WUHH ,PDJHDGDSWHG IURP > @
$FWLYLWN\ FRHIILFLHQW VHOHFWLRQ ,PDJHDGDSWHGIURP > @
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ILVW RI 7TDEO

SHSRUWHG SHUIRUPDQFH YDOXHV DV IRXO®RE WD R SXCUERISMIHFVIRIR P > (
RYHQ YDOXH> @ 7KHKHDW HIILFLHQF\GHILQLWLRQ LV JLYHQ LQ FKEL
WKHDPRXQW RIPHWKDQRO SURGXFHG YV DPRXQW RI K\GURJHQ LQMHF
TKHILWWHG SDUDPHWHUV WKHLU YDOXHVDQG VWDQGDUG GHYLDWLF
7KH PRGHO RI 60RWERRP HW DO DVVXPHV WKH IROORZLQJ VHW RI LQW
SRVVLEOH5'6 HTXDWLRQV> @

7KH FLUFXLW DQDORJ\HTXDWLRQV IRU KHDW H[FKDQJH ZLWKLQ WKH
FKDQJH EHWZHHQ WKH WKHUPDO DQG IOXLG QHWZRUN DQG IOXLG IO
QHWZRUN

7KH XVHG VRXUFHV IRUWKHUPDODQG IOXLG SURSHUWLHV IRU WKH 1&
7TKHHYDOXDWHG .3, fVRIWKHUHDFWRUDFFRUGLQJWR WKHPRGHO 1R
WKH PRGHO LOGLFDWHY WKDW RYHUKHDWLQJ ZRXOG RFFXU DUH GLVYV
VHSDUDWHO\

7KH H[SHULPHQWDOO\ IRXQG PDVV UDWHV DQG PDVV UDWH DFFRUGLC
PDVV IORZ UDWH JHQHUDOO\ H[KLELWV D GHFUHDVLQJ EHKDYLRXU Wk
PDVV IORZ UDWH DW VWHDG\ VWDWH DQG WKH DW WKH HQG RI WKH VS
EH QRWHG IXUWKHUPRUH WKDW GXH WR WKH VWURQJO\RVFLOODWLQJ
YDOXHV WKDW WKHVH DUH ORFDO DYHUDJHV WDNLQJ DW WKH HYDOXD\
7KH REWDLQHG H[SHULPHQWDO DQG VLPXODWLRQ UHVXOWV 1RWH Wk
VHFWLRQ Rl WKH FDWDO\VW EHG DW WKH EOLQG LQQHU WXEH LV LQD!
XQDEOHWR DFFRXQW IRUWKHVHHIIHFWYV DQG WKH FRPSDULVRQ EHW:
QRW VKRZQ 10 LQGLFDWHYV 1RW ORGHOOHG GXH WR WKH PRGHO EHLC
PDOGLVWULEXWLRQ HIITHFWV LQGLFDWHYV SURGXFWLRQ YDOXHV DUF
GXH WR GLVVLPLODU FDWDO\VW ZHLJKWV 1RWH WKDW IRUDOO VLPXO
ZDV XVHG

7KH SHUIRUPDQFH RI WKH LQLWLDO FRQFHSW DV SUHVHQWHG E\ %ULC
UHDFWRU GHVLJQV 1RWH WKDW WKHFKRVHQ FDVH JDQQHG'LOXWHC
EHHQ EDVHG RQ WKH EHVW 67< UHSRUWHG 7KLV PHDQV WKH ORZHVW D
XVHG GXULQJ H[SHULPHQWV LV SUHVHQWHG KHUH 8Q LGHQWLILHV DQ
&RPSDULVRQ EHWZHHQ )/,5 OXPSHG H[SHULPHQWDO DQG PRGHOOHG |
SRLQWY 7KH)LQGLFDWHV WKDW GXULQJ WKLV H[SHULPHQW WKH FRQ
7KH QXPHULFDO DQG H[SHULPHQWDO UHVXOWYV IRXQG IRU WKH KHDW
SDUHQWKHVLV IRU 7$& DUH WKH YDOXHV IRU WKH ORZHVW PHDVXUHG
7KHVH DUH OLNHO\ PRUH UHSUHVHQWDWLYH LQ FRPSDULVRQ ZLWK WK
FRQGHQVDWH LQ WKH FDWFK WDQN QRW KDYLQJDQ LQIOXHQFH RQ WKI
DV LV OLNHO\WKH FDVH ZLWK WKH 7$& WKHUPRZHOO VLWXDWHG LQ WK
1XPHULFDO DQG H[SHULPHQWDO UHVXOWVY REWDLQHG IRUWKH FRQGH

&RHIILFLHQWYV IRU &+(5,& FRUUHODWLRQ SHU VSHFLHYV

+HDW WUDQVIHUDQDO\VLY GDWD OXPSHG DSSURDFK
+HDW WUDQVIHUDQDO\VLY GDWD )/,5 DSSURDFK

[YLL






IRPHQFODWX

$SEEUHYLDWLRQV

$(& $ONDOLQH (OH&WURO\VLV

%$6) %DGLVFKH $QLOLQ XQG 6RGD)DEULN
%23 %DODQFH 21 30DQW

'$& 'LUHFW $LU &DSWXUH

'6 'L6WLOODWLRQ

(26 (TXDWLRQ 21 6WDWH

)0 )OXLG ODFKLQHU\

*+69 *DV +RXUO\6SDFH 9HORFLW\

L&, ,PSHULDO &KHPLFDO ,QGXVWULHYV
1 JLIJKW (PLWWLQJ 'LRGH

0%5 ORGLILHG %ULOPDQ 5HDFWRU

06 OHWKDQRO 6\QWKHVLV

1&* 1RQ &RQGHVDEOH *DV HV

3, 3URFHV ,QWHQVLILFDWLRQ

5'6 5DWH 'HWHUPLQLQJ6WHS

67< 6SDFH 7LPH <LHOG

(26 (TXDWLRQ 21 6WDWH

365. 3UHGLFWLYH 6RDYH 5HGLFK .ZRQJ
9/( 9DSRXU /LTXLG (TXLOLEULXP

2'( 2UGLQDU\ 'LIITHUHQWLDO (TXDWLRQ
=() =HUR (PLVVLRQ )XHOV

37 3UHVVXUH 7THPSHUDWXUH

&1& &RPSXWHULVHG 1XPHULFDO &RQWURO
3&% BULQWHG &LUFXLW %RDUG

&2&2 &$3( 23(1 WR &$3( 23(1
5:*6 5HYHUVH :DWHU *DV 6KLIW
66 BWDLQOHVV 6WHHO

61 BWRFKLRPHWULF 1XPEHU

[LI
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VI\PEROYV

& &RQFHQWUDWLRQ PRO®P

& 6XUIDFH RU %DVHOLQHRRQPHQWUDWLRQ
&, ,QOHW &RQFHQWUDWLR®RO®P

= 5HDFWLRQ &RQFHQWUDWRA®H ® WK RUGHU
&s +HDW &DSDFLW\ NG N

" (HIHFWLYH 'LIIXVLRQ &RMIVLFLHQW
| )XJDELW\ % DU

J *UDYLPHWULF &RQVWDQWP \A

K, +HDW 7UDQVIHU &RHIILER AQW
AKyRBK, (QWKDOS\RI9DSRUL]DWE R

N, 5DWH & RQVWDQW PA A

N T /LQHDUL]HG .LQHWLF &RQVWDQW
N 7KHUPDO &RQGXFWLYLWR A N

S, 3VHXGR (TXLOLEULXP &RQVWDQW
3y (TXLOLEULXP &RQVWDQW

s) (TXLOLEULXP &RQVWDQW

s &RQWUROOHU *DLQ

N (IHIHFWLYH )OXLG )ORZ 5HW IE\DWD Q FH
Prow %XON &DWDO\VW 0DVV J

PAE ODVV )ORZ 5DWH J ¢

Pme &RQGHQVDWH ODVV )OXNJ P A

Q OROOV 3UHVHQW PRO

4/E +HDW :

W 5DGLXV &DWDO\VW 3HOPHW

Y RW .LQHWLF 5DWH PROP W

3 3UHVVXUH % DU

3vbw 6DWXUDWLRQ 3UHVVXU®DU

3) 3R\QLWLQJ)DFWRU % DAU

5) 5DGLDWLYH )RUFLQJ :pP A

6y 6SHFLILF 6XUIDFH $UHDP

67< 6SDFH 7LPH <LHOG PPRO\JKA

7 7HPSHUDWXUH Ag,

776 $YHUDJH 7THPSHUDW X U K&

7 6DWXUDWLRQ 7THPSHUDA®RXUH

7o :DOO 7THPSHUDWXUH Ag,

T6Hz '"HZ THPSHUDWXUH Ag,

Toi %XON 7HPSHUDWXUH A&

X 9HORFLW\ P \A

Y 6WLFKLRPHWULF FRHIILFLHQW
ok YROXPHWULF )ORZ 5DWH \A

Yy 5HDFWLRQ 5DWH PROP W

Zy ODVV )UDFWLRQ

[ 'LVWDQFH 3RVLWLRQ P

[ /ILTXLG ORODU )UDFWLRQ

; $YHUDJH ODVV )UDFWLRQ

\ *DV ORODU )UDFWLRQ

A, <LHOG PRO

&RQILGHQWLDO
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5HIOHFWLRQ &RHIILEFLAGW

+HDW 7UDQVIHU &RHILIPFAHOW
&RQGHQVDWH /D\HU 7KLEFNQHVV P
'LPHQVLRQOHVV &RQFHQWUDWLRQ
$FWLYLW\ &RHIILFLHQW

YOXLG 7TKHUPDO &R QGXFAV MY LW\
"HQVLW\ NJ P

"\QDPLF 9LVFRFLW\ 3DV

(QHUJ\ (IILELHQF\

(HIHFWLYHQHVV )DFWRU

/LTXLG '\QDPLF 9LVFR3M W\
/LQHDUL]HG (IlHEWLYHQHVV )DEWRU
'LPHQVLRQOHVV 5DGLXV

7KLHOH ORGXOXV

'LPHQVLRQOHVV 5HDFWLRQ 5DWH
5HVLGHQFH 7LPH v
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QWURGXFW

2QHRI WKH FXUUHQW VXEMHFWY RFFXS\LQJ SXEOLF GHEDWH LV WKH PDWWF
WLYHV VLIQLINLQJGDQJHUDUH XVHG VXFKDV FULVLY HPHUJHQF\ H[LVWHQ'
IRUWKH  FOLPDWH FULVLV LV KXPDQ DFWLRQ DQG WKH VROHRSWLRQ IRU Q}
PDQNLQGV HOI RWWMWRY WKHVH HITRUWV LV WKH SURGXFWLRQ RIVIQWKHWLF PF
DV SDUW RI WKLV HITRUW %HVLGHV WKHEDFNJURXQG VWRU\ WKLV FKDSWH!
ZHOO DV D VKRUW GHVFULSWLRQ RI WKH XSFRPLQJFKDSWHUYV

&2 $ PHDVXUH RI SURJUHVVLRQ DQG UHJUHVVLRQ

6LQFH KXPDOQNLQG KDV JRQHIURP KRUVHEDFNDQG FDQGOHOLW URRPV \
DQG WR WKH FXUUHQW FDUV DQG /(" 7KLV SURJUHVVLRQ FDQ EH VXEGLYLGH
DJH DQGFDQ EHVHHQDV SHULRGV RILQFUHDVHG LQGXVWULD@LVDWLRQ FI
7KH PDLQ HQHUJ\ VRXUFHV IRULQGXVWULDOLVDWLRQ DUHIRVVLO IXHOV D
WLRQ PRUH RIWKLVHQHUJ\VRXUFHLVUHTXLUHG DV FDQEH VHHQ LQ ILIXUL

"KHQ XVLQJIRVVLOIXHOVRQHZLOO KDYHWKHUHOHDVHRI LQDRRRWYXW RWKH I
DWPRVSKHUH (VSHFLDOO\WKH ODVW \HDUV D VLIJQLILFDQWLQFUHDVH LQ
VHHQ LQ ILIX&H7KHFRUUHODWLRQ EHWZHHQ ILIJXUH DQG KDV EHHQ VI
LQFUHDVHG FRQFHQWUDWLRQRIWIGH UBIFWQKRX QN BBWR WKHLQFUHDVHG X
>@ 7KHWHUP JUHHQKRXVH JDV LQGLFDWHY WKDW WKH JDV LV DEOH WR LQF
PRVSKH@H?2KH XQGHUO\LQJUHDVRQEHLQJKRZWKHPROHFXOHLVDEOHWRI
HQHU® > $VD FRQVHTXHQFH RI WKLV HIITHFW PRUHHQHUJ\RI WKHVXQ LV UHI
RXWLQWR VSDFH 7KH UHVXOWLQJ KLJKHU HQHUJ\ UHWXUQ LV VWRUHG LQ?
WKHDYHUDJH WHPSHW WMKXQH WROFRD WK %HHU /DPEHUW HTXDWLRQ LV DFFF

EHKDYLRXU DQGAB\/)JLG\O—% DM@ ® ,Q WKLV HTXDWLRQ D EDVH BRQFHQWUDW

YVWKHDFWXDO FRRIFFDQWUHBWERRQ QWKH HQYLUBGOPHWQMVEHY WKH UHIOHFW.L
SRWHQW2DD®G LV JIJLYHQ E\ ,3&& WR EH LOQGLFDWLQJD VLIQLILFDQW SRW
>@ 7KH XQQHUYLQJDVSHFWRIWKLVHTXDWLRQLVLWY ORJDULWKPLF QDW?
KDYH ODUJH HIIHFWY /XFNLO\ WKLY DOVR PHDQV WKDW VROXWLRQV ZKLFK |
RIJUHHQKRXVHJDVVHV FDQ KDYH ELJD LPSDFW

TKHDYHUDJH WHPSHUDWXUH FOLPE FDQ WKXV EH 0& 2 NFHR® WHRQWIIHD MQRUH D \
ZKLFK LV FORVHO\ OLQNHG WR KXPDQ DFWLYLW\ 1DWXUH GHDOV ZLWK WKL
FRUGLQJO\ KRZHYHU WKLV LV GHWULPHQWDO IRU PDQ\ @S HKIHHYLYW RQJ RQ
KDUPIXO HITHFWV LV SOHQWLIXO EXW DPRQJVW WKHP DUH LQFUHDVHG ULV
RI KDELWDWY DQG UHGar& G, PDRBRBYIRHONGAM>HDUO\ DSSHDUDQFHV RI WKHVH
DUHIRUHERGLQJ VXFKDV ILIXUH LQ ZKLFK WKH GLVWXUEHG ZDWHU EDO
HDUOLHU PHQWLRQHG HIITHFWV DUH WKRVH GLUHFWO\ OLQNHG WR FOLPDW
MXVW DV VHYHUH VXFKDV ZDU IRUDFFHVV WR ZDWHU



T QWURGXFWLRC

OLQLPLVLQIJDQG LGHDOO\ SUHYHQWLQJ WKHVH HITHFWV UHTXLUHV WK
JUHHV &HOQ@& LXKNHUHIRUH WKH DPRXQW RI JUHHQKRXVH JDV HPLVVLRQV
UHGXFH WKH UDGLBVE®H IRUFLQJ >

JLIXUH &RQFHQWUDWLRQ L&QZWKR DWBRMBKKDAHRIZKLFK DUH DOO JUHHQKRXVH JDVVE
LQFUHDVH VLQFH WKH VWDUW RIWKH LQGXVWULD@DJH LV DSSDUHQW )LJXUH DGDSWHG |

JLIXUH $QH[DPSOHRIWKHHIIHFWV RI FOLPDWH FKDQJH LQ \HDUV RI'WKH 6KDVWD
GLVDSSHDUHG GXHWR GURXJKW FDXVHG E\ FOLPDWH F&DQJH HIIHFWV )LJXUH DGDSWHG

7TKHFXUUHQWHQHUJ\PL[SRZHULQJRXU ZRUOG FRQVLVWYV PDLQO\RIHQ
&2 UHOHDVHDV FDQ EH VHH®@L@KHMWHUHDUWLHUY RLO JDV DQG FRDO G
FRPSDUHG WR WKH UHQHZDEOH HQHUJ\ VRXUFHV DOUHDG\LQ WKH PL]J

7TKHHQHUJ\GHQVLW\RIIRVVLO IXHO VRXUFHV VXFK DV RLODUH YHU\
JHQ PDNLQJWKHP YHU\HITHFWL@H HQNWDIY EBBPWIMKIRKO G QRW EH WD
PRVWUHQHZDEOH HQHUJ\ VRXUFHV SURGXFH KDUG WR VWRUH HOHF
LHUDQG PRUH VKRUWUDQJHG WKDQ WKHLU RLO IXHOOHG FRXQWHU:
HILVWV IRUDHURSODQHV

2LO JDVDQG FRDODOVRIXQFWLRQDV LPSRUWDQW IHHGVWRFNV IR
PROHFXO@®V »\GURJHQ RQ LWVHOI FDQQRW UHSODFH WKHVH IHHGV'
FDUERQ DQG R[\JHQ $OWKRXJIJK K\GURJHQ ZLOO KDYH D ELJ UROH \
FDQQRWUHSODFHDOO DVSHFWY RI WKH FXUUHQW IRVVLO HQHUJ\ It

&RQILGHQWLDO



OHWKDQRO ,QYHUWLQJ WKH URRW

7KH GLVDGYDQWDJHV RI WKHVH IRVVLO IXHOV I[IHHGVWRFNV DUH KRZHYHU
NQRZQ PRUH YLVLEOH H[DPSOHV RI WKHVH GLVDGYDQWDJHY DUH SROOXW
VSLOOV +RZHYHU WKH PDLQ GLVDGYDQWDJH LV IRVVLOV GLUHFW OLQN WR
WKH FRUUHODWLRQ EHWZHHQ ILIJXUH DQG ®D V7 E MY QV R KFRLANL WERWHE-H WA D
FOLPDWH FULVLV WKH XVDJH RI IRVVLOV KDV WR EH VLIQLILFDQWO\ GHFUF
HQHUJ\ VRXUFHY KDYH HOHFWULFLW\ DV WKHLU RXWSXW 7KH RIWHQ UHV
WKH FDUERQ DWRP IRVVLOV FRQWDLQ 7KLV ODFNLQJ RI WKH FDUERQ DWRP
DQG XVHIXOQHVV LQ SURFHVYVY FKHPLFDO LQGXVWU\ ,WFDQ WKHUHIRUH EI
UHQHZDEOH K\GURFDUERQ VRXUFHV DV DQ HQHUJ\ FDUULHU DQG DV IHHGV\

JLIXUH 7KH KLVWRULFDO WUHQG RIHQHUJ\ VRXUFHV IRU KXPDQNLQG 7KH KHDY\ XVH RI IRV
VPDOO DPRXQW RIUHQHZDEOHV LQ XV@ )LIXUHDGDSWHG IURP >

OHWKDQRO ,QYHUWLQJ WKH URRW

2QH RI WKH URRW FDXVHV RI WKH FOLRR2W HEX.W VW D/ KOIDQY/®R IEVH VRKDHVR | W K H
PHWKRGV IRUVROYLQJ WKH LVVXHR Q@ FR P ELWRDGKARHOWHKMWKKRUWHVW DOFRK
&+ 2+ DOVR NQRZQ DV PEWKBQRKODORO DSSHDUV DW VWDQGDUG FRQGLWLRQ
WKHUPRUH FRQWDLQV MFDKEBRIRWRRW KDV D KLJKHU HQHUJ\ GHQVLW\ SH
SUHVVHG K\GURJHQ DQG FDQ EH WUDQVSRUWHG HDVLO\ GXH WR LWV OLTX
SUHVVX@H %HVLGHY PHWKDQRO LV DEOHWRIXQFWLRQDVDIHHGVWRFN IRL
WDLQLQJ K\GURJHQ FDUERQ @G R[\JHQ DWRPV >

OHWKDQRO SURGXFWLRQ LQ DPRXQWHG WR PLOOLRQ PHWULF WRQV LC
DYHUDJH JURZWK RI GHUXWWKHUPRUH DV LQGLFDWHG E\ ILIX&H DQG R
> @ WKH SRWHQWLDO XVHV IRUPHWKDQRO DUH YHU\ GLYHUVH 7KHVH UDQ.
SRZHU WR IXHO WRWKHIHHGVWRFNIRUPDQ\FKHPLFDO SURFHVVHV DQG I
HQHUJ\ VWRUDJ®PHOGONO WKH XSFRPLQJHQHUJ\WUDQVLWLRQ RQHFDQ HDVI
PDUNHW IRU PHWKDQRO LV HQRUPRXV (IITHFWLYHO\ PHWKDQRO LV DEOH W
VRXUFH IRULQGXVWU\ )XUWKHUPRUH LW FDQ VHUYH DV DQ HIITHFWLYH PHW
HDVLO\WUDQVSRUWDEOH DQG ZKLFK FDQ EH XVHG@Q DOUHDG\H[LVWLQJ S

&RQILGHQWLDO
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JLIXUH OHWKDQRO KDV D SOHWKRUD RI URXWHV IRU VIQWKHV RV DQR® N WKBVHM®ESRI
VHFWLRQ LV QRW FRPSOHWH $PRQJVW WKH SRVVLEOH IHHGVWRFNV @QRWDMX&RZQ LQ WKL
JLJIXUH DGDSWHEG IURP >

7KH FKHPLFDO SDWKZD\ WRZDUGY PHWKDQRO FRQWDLQV PXOWLSOH U
SRLQW KRZWRREWDLQ WKHUHDFWDQWYV IRUPHWKDQRO"

&2 + y &+ 2+
&2 + y &+ 2+

7TKHUHDFWDQWY WR SURGXFH PHWKDQRO DUH K\GURJHQ DQG FDUERQI
WXUH DOVR NQRZQ BV@\@TKMHWHKDYH WR EH VRXUFHG IURP HLWKHU WKH
IURPDQRWKHU IHHGVWRFN *HQHUDOO\LQGXVWU\ XVHV VWHDP UHIRUP
ELRPDVV DQG FRDO@UMKKXKMHE PXHQWO\ XVHG PHWKDQH VWHDP UHIRUPL
WLSOH UHDFWLRQV DPRQJVW ZKLFK DUH SDUWLDO R[LGDWLRQ DQG WKF
DVIROORxZV >

&+ + 2y &2 +
&2 + 27?2 &+ 2
&2 + y &2 + 2

7TKHVH PHWKRGV PDNH XVH RI QDWXUDO JDV ZKLFK LV D IRVVLO IXHO D/
FULVLV DV VHW RXW DERYH 7KHUHIRUH HHW KHHW K WRREXHU B H @ H P Bl BVl
GLITHUHQW VRXUFH KDVWREHVRXJKW 2Q0HRIWKHVHUHQHZDEOH SDWK
DWPRVSKHULF FDUERQ GLR[LGH DQG SURGXFH K\GURJHQ IURRRZDWHU
,QWKHFDVH RI WKLY SDWKZD\ PHWKDQRO LV JHQHUDWHGIWKURXJIK WK

&2 + y &+ 2+ + 2
&2 + y &2 + 2
&2 + y &+ 2+
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=() QXPEHULQJ XS

7KH QDWXUH RI WKHVH UHDFWLRQV LV KLIJIKO\ HIRWKHUPLF HQHUJ\ LV UHO
WKHUPRUH FRQWDLQV DQ@&TXQ G KBPSWHUO LPQWQRGHSWK UHYLHZLVJLYHQ R
PRGHOOLQJ RI WKHVH UHDFWLRQV )RU QRZ LW VXIILFHVY WR VD\ WKDW WK
VLIQLILFDQW HIITHFW RQ PHWKDQRO VIQWKHVLVY UHDFWRU GHVLJQ

5HQHZDEOHPHWKDQRO SURGXFWLRQ VLJQLILHV D TXDQWXP VKLIW LW DOO
VRXUFH LQVWHDG RI RLO LW DOORZV IRUORQJWHUP HQHUJ\ VWRUDJH DQ
VXFKDVVRODUSRZHU 7KHXQGHUO\LQJUHTXLUHPHQW WRREWDLQ UHQHZD
WKHPVHOYHV DUHUHQHZDEOH 7KHPDMRGEXURBPHIY BRYWYQ QN H PHFWIR
DUH H[SHQVLYH W HF KYXWIXKNWBPRUH FKHPLFDO SODQW GHVLJQ LV D FRPSOH
HQGHDYRXU 7R VXUSDVV WKHVH KXUGOHV D GLIIHUHQW DSSURDFK WKHQ Q
DQG FDQ EH IRXQG LQ D FRPSI@\ FDOOHG =() >

=() QXPEHULQJ XS

2Q0H RI' WKH FRPSDQLHY FXUUHQWO\ ZRUNLQJRQ WKH SURGXFWLRQ RI UHQH
VLRQ )XHOV EDVHGLQ 'HOIW@WXH KBW RIS WAHBQGR XVH WKH SULQFLSOH RI Q2
FRPSHWLWLYHO\ SURGXFH PHWKDQRO 1XPEHULQJ XS LQ WKLV FRQWH[W PF
GXFLQJIDFWRULHYVY FDOOHG PLFUR SODQWYV DUH XVHG WR DFKLHYH D VLJ
7KH DSSURDFK RI QXPEHULQJ XS KROGVY VHYHUDO DGYDQWDJHV IRU =() FRF
DSSURDFK FXUUHQWO\ XVHG LQ SURFHVV LQGXVWU\ PDNHRQH VLQJOH ODU
EHULQJ XS DUH EXW QRW OLPLWHG WR HDV\ VFDOLQJ WR UHTXLUHG GHP
VLQJOHGHYLFHDV ZHOODV WKHIDFWRU\MNILHOG DQG ORZ XQLW FRVW GXH W
JRU HIDPSOH RQH KDV WKH RSWLRQ WR VZLWFK RI D VHFWLRQ RI DIDFWRU\
YHU\ IOH[LEOH EHKDYLRXU WRZDUGY RSHUDWLRQ LV RI YLWDO LPSRUWDRQF
UHQHZDEOH HQHUJ\ VRXUFHV

,QWKHFDVHRI =() WKHFXUUHQW HQHUJ\ VRXUFH WR SRZHU WKH PLFUR SOTC
LWV G\QDPLF QDWXUH WKH PLFURSODQW Z@O 0ok H/ & O/MHR WHRWKR Q ® R R @NKHHQWY
ODUJH VFDOH UHDFWRUV FDQQRW GXH VLQFH VWDUW XS VKXWGRZQ F\FOH\
LQ WKHRUGHU RI GD\V )XUWKHUPRUH VLQFH WKHPLFURSODQW LV DEOH W
SRZHULWFDQEHHDVLO\LQWHJUDWHG ZLWKUHQHZDEOHHQHUJ\VRXUFHYV

LQGXVWU\N ZLOO KDYH WR XVHLQFUHDVLQJ DPRXQW RIUHQHZDEOH IXWXUL
KDYH HOHFWULFLW@\ DXRYMWIRUM RQH FDQ VHH ZK\ D PLFURSODQW FRXSOHG
VRXUFHV LVD IXWXUH SURRIYLDEOH SDWKZD\IRU ODUJH VFDOH PHWKDQRC

JLIXUH 7KHIJHQHUDO RYHUYLHZ RI WKH =() PLFURSODQWDQG LWV VXEV\VWHPY 30DQW ERU
VWUHDPV DUHEOXH DQG SURGXFWV DUHLQJUHHQ $00 V\VWHPV ZLWKLQ WKH GRWWHG OLQH |
DV VRODU SRZHU
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T QWURGXFWLRC

7KH =() PLFURSODQW FRQVLVWYVY RI VHYHUDO VXEV\VWHPV ZKLFK WRJH
DQG DUH SRZHUHG E\D IRUP RIl UHQHZDEOH HOHFWULFLW\ VXFK DV VRC
WHU UHTXLUHG DUH REWDLQHG IURP WKH DLU WKURXJK DQ DLU FDSW XL
DWPRVSKHUH %\ XVLQJ WKH SULQFLSOHV RIDEVRUSWLRQ DQG GHVRU
VI\VWHPV FD&SWDQEY DQG VHQGYV WKHVH IHHGVWRFNV WR )0 DQG $(& UH\
ODFKLQHU\ GULHVDQG ERPSR H\E\DHVI /KM VH LQ WKH PHWKDQRO UHDFW
DV06 OHWKDQRO VIQWKHVLY 7KLV LV DFFRPSOLVKHG E\XVLQJDQ DG\
ELQDWLRQ ZLWK D VPDOO FRPSUHVVRU WUDLQ 6LPXOWDQHRXVO\ WKH
WKH FDSWXUHG ZDWHU LQWR LWV HOHPHQWDO SDUWV E\ XVLQJ DQ DO
WURO\VLV VIVWHP DW D SUHVVXUH RI EDUV DQG XVLQJD SXPS IRU ZD\
RI K\GURJHQ FRPSUHVVLRQ LV FLUFXPYHQWHG 7KLV UHVXOWV LQWR W
PHWKDQRO UHDFWRU 06 XVHV D QRYHO UHDFWRU GHVLJQ LQ ZKLFK WK
FRQGHQVHG WR FLUFXPYHQW WKH HTXLOLEULXP OLPLWDWLRQV RI PHW
DUHWKHQ GLVWLOOHG LQ WKH'6 'LVWLODWLRQ V\VWHP UHVXOWLQJ L

$QRWKHU XQFRQYHQWLRQDO DVSHFW RI =() LVWKHPHWKRG RI SURGXF'

PRQWKYV =() VWDUWV D QHZ LWHUDWLRQ F\FOHLQ ZKLFK D SURWRW\SH
RSHG XVLQIJWKHLQVLIKWVJIJDLQHG IURP WKH SUHYLRXV SURWRW\SH DC
WR WKLV DSSURDFK =() FDQ TXLFNO\GHYHORS DQG FRQYHUJH RQ VXFFF
IXUWKHU DVSHFW LV WKH VWUXFWXUH RI WKH ZRUNIRUFH ZKLFK FRQVLYV
DVOHDGHQJLQHHUIRUD IHZ RI WKH VXEV\VWHPY 7KHPDLQ ERG\RI WK
DFHUWDLQ VXEV\VWHP FRQVLVWY H[FOXVLYHO\RXWRIVWXGHQWV IUR
ILUVW LOQWHUQVKLSVY XS XQWLO PDVWHU WKHVLVIV $PHPEHU RI WKLV
WKH GXUDWLRQ RI WKHLU VWXG\DVVLIQPHQW ZKLFK JHQHUDOO\ VSDQ\
HVWDEOLVKHG LQ ZKLFK=() KDVD VWXGHQW ZRUNIRUFH ZLWK WKH PRVYV
WKH VWXGHQW ZRUNIRUFH KDV D FKDQFH WR JDLQ UHOHYDQW H[SHULH
VA\VWHPV

TKLV WKHVLYV

7KLV WKHVLV LV PDGH ZKLOH EHLQJ D PHPEHU RI WKH VWXGHQW ZRUNIR
\HDUV WKH UHDFWRU KDVEHHQ GHYHORSHG IURP D FR OWRHB WLGKONB@A@BH
LQWHJUDWHG DQG H@LFKHPRGHBUL@FLSOH RI WKH UHDFWRU LV WKDW
YHFWLRQ LQ VIQHUJ\ ZLWK FRQGHQVDWLRQ RI WKH SURGXFWV %\ GRL(
RWKHUZLVH HQFRXQWHUHG LQ PHWKD Q@R O7TKH)WHKHFP M QM EISDW XN B8 G
WKDW WKH KHDW VLQN UHTXLUHG IRUWKH FRQGHQVDWLRQ WR RFFXU L
SODFH ZLWKLQ WKH UHDFWRU %\HPSOR\LQJKHDW H[FKDQJH EHWZHHQ
UHDFWLRQ RFFXUULQJ D KLJK HQHU@\ HK L FLOHIFG Y WIRHDFK®IGPXP RI UH
LQJ SRZHU IRU WKH UHDFWRU EHG WR PD@Q WD 5 Q LPGFAL IS D ® OO B/URRAGXHPI
WKH UHDFWLRQ SURYLGLQJDOO WKHUPDO HQHUJ\UHTXLUHG WR NHHS
SRVVLELOLW\RI WKKUPRI® WRWKIHDDXWRWKHUPLFLW\ WKH UHDFWRU ZL¢
PHQW FRPSDUHG WR RWKHU =() VXEV\VWHPV ZKLOH NHHSLQJ WKH QXPE
$QLQ GHSWKUHYLHZRIWKHGHYHORSPHQWDO ZRUNDQG SULQFLSOHV

,Q WKLV WKHVLYDQ DWWHPSW LV PDGH WR IXUWKHU GHYHORS WKH 06 V
WKHVLIHRIWKHUHDFWRU WR ILWKDOIRIWKHSURMHFWHG SURGXFWLR
PLFUR SODQW FDOOHG ; 7TKHWHUP ; UHIHUVWRWKHH[SHFWHG HQHU
UDWHG DW : J)URP WKH RYHUDOO %23 RI WKH PLFURSODQW WKLV HQ|

J K 'XHWRFXUUHQW VDIHW\ FRQFHUQV WKH VL]LQJ RI WKH UHDFWRL
HQHUJ\ VLIHRI [JLYLQJD GHVLJQ\LHOG RI JUDPV RIPHWKDQRO DQ
GHVLIQUHTXLUHPHQW DWWHQWLRQ ZLOO EHSDLG WR WKH HIITHFWV RI |
PRGHOOLQIJDQG H[SHULPHQWDO DSSURDFK

&RQILGHQWLDO



7KLV WKHVLV

JXUWKHUPRUH UHVHDUFK ZLOO EH SHUIRUPHG RQ WKH FDWDO\VW EHG VHFV
PDVV DQG HIWHUQDO KHDW WUDQVIHU $JDLQ XVH ZLOO EHPDGH RID FRPE
DSSURDFK /DVWO\DWWHQWLRQ ZLOO EH SDLG WR HIITHFWV REVHUYHG LQ W
FRQVLVWY RI XQZDQWHG GULIW DQG VWDOOLQJ VWRSSLQJ RI WKH QDWXU
PDLQO\D GHVLIQ DQG H[SHULPHQWDO DSSURDFK ZLOO EH XVHG

SHVHDUFK OLQHYV

JRU WKLV WKHVLVY WKHIROORZLQJ WKUHH HOHPHQWYV RI WKH UHDFWRU DUH
RI'WKH SURGXFHG PHWKDQRO SDFNHG EHG DQG RSHUDWLRQ FRQWURO

&RQGHQVDWDRQWDO HOHPHQW RIWKHUHDFWRUVLQFHLWDOORZV IRU WKH
WKH PHWKDQRO VIQWKHVLY UHDFWLRQV WKH FRQGHQVDWLRQ GULYHV WKI
WRZDUGY PHWKDQRO VIQWKHVLY DQ DSSOLFDWLRQ RI &KDWHOLHUSYV SULC
WKDW WKH FRQGHQVDWLRQ PHFKDQL®@P KRXHWY KN GHNHL K HG Wi PHHFRW DQLV PV
FRQGHQVDWLRQ DQG WKH FRQVHTXHQFHV IRU WKH PRGHOOLQJ GHVLJQ DU
LQYHVWLIDWLRQ LV PDGH LQWR WKHPRGHOOLQJDQG H[SHULPHQWDO FKDL
DQG WKH JDWKHULQJ RI SULQFLSOHY ZKLFK FDQ DLG LQ IXUWKHU GHVLJQ C
PHFKDQLVP

:KDWLVWKHHIITHFWRIFRQGHQVDWLRQRQWKHWHPSHUDWXUHSURILOH
DQDWXUDO FRQYHFWLRQ PHWKDQRO VIQWKHVLY UHDFWRU GHVLIJQHG W
3,1V

7TKH =0TV .3, f7VDUH WKRURXJKO\ H[SODLQHG LQ FKDSWHU RI WKLV ZRUN )
DPRQJVWWKHVHDUHD UHTXLUHG PHWKDQRO\LHOG RI J K DQGDQRSWL
GXW\DQG SURGXFW VHSDUDWLRQ SHUIRUPDQFH

3DFNHG EKIlSDFNHG EHG RI FDWDO\VW SHOOHWV LV WKH JHQHUDWLRQ VLWH
KHDW VRXUFHIRUWKHUHDFWLRQLIDXWRWKHUPDO RSHUDWLRQLV UHDFKH
FDVHLV QRWKLQJ PRUH WKDQ DWXEH SDFNHG ZLWK FDWDO\VWYVY SHOOHWYV
'XHWR WKH H[RWKHUPLF QDWXUH RI WKH PHWKDQRO VIQWKHVLY UHDFWLRC
LGHDOO\RQH ZRXOG OLNH WR XVHDQ LVRWKHUPDO UHDFWRU GHVLJQ WKF
'XHWR WKHQXPEHULQJ XS VWUDWHI\RI=()DGYDQFHG FRPSOH[UHDFWRU G
ERLOLQJZDWHU UHDFWRU /XUJLUHDFWRU DUHRXW RIWKH TXHVWLRQ

+RZHYHU E\ XVLQJ 3URFHVV QWHQVLILFDWLRQ SULQFLSOHYVY ZLWKLQ WKH U
SRWHQWLDO WR LQFUHDVH WKHUHDFWRU EHG SHUIRUPDQFHLQ WHUPV RI 6
VLVDQLQYHVWLIJDWLRQLV  PDGHLQWRD PHWKRG WR SDVVLYHO\LQFUHDVF
NHHSLQJ PDVV SURGXFDELOLW\LQ PLQG

TR IXUWKHU XQGHUVWDQG WKH UHDFWRU EHG DOVR DQ LQYHVWLJDWLRQ L\
WKH FDWDO\WLF SHOOHWYV 3UHYLRXV UHVHDUFKDW =()LQGLFDWHY WKDW \
VRUW RI PDVV WUD Q\@ H UHRHU WD VRKHYH DUH DWWULEXWHG WR LQWUD SI
DQG WKHUHIRUHDQ LQYHVWLIJDWLRQLQWR WKHVH LYV ZDUUDQWHG %\ XQG
EHDEOHWRDFFRXQW IRUWKHVHLQ D GHVLJQ DQG LGHDOO\DOVR ILQG PH
OLPLWDWLRQV )RU WKLV WKHVLY D PRGHOOLQJDQG LQGLUHFW H[SHULPHC
OLPLWDWLRQV H[LVWDQGE WKHLUVLIHDQG SRVVLEOH QHIJDWLRQ

KDW LV WKH VLIQLILFDQFHRIWKHLQWUD SDUWLFOHGLIIXVLRQ OLPLWI

:KDW SDFNHG EHG UHDFWRU JHRPHWU\ GHVLIJQLVDEOHWRDSSURDFK L
WDLQLQJD VLPSOHPDVV SURGXFLEOH GHVLJQ"
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&ERQWIWMRMUHTXLUHG GRPDLQ GXH WR WKH KLJKO\G\QDPLF EHKDYLRXU F
WLRQDO UHDFWRU GHVLIJQV 7KHUHDFWRU VKRXOG EHDEOH WR SRZHU
SHUIRUP DOO WKHVH DVSHFWYVY FRPSOHWHO\ DXWRQRPRXVO\ 7R EH DE
VWRSSLQJRIFLUFXODWLRQLQ WKHUHDFWRU GXHWRWKHLQMHFWLRQ
UDWHV LQ WKH UHDFWRU VKRXOG EHKDG &RPELQHG ZLWK SRVVLEOH L
LPSOHPHQWHG LQ WKH XSFRPLQJGHVLIQ WKHIROORZLQJTXHVWLRQV

KDW IHHG GHVLJQ LVDEOH WR QRW OHW IORZ VWDOO RFFXU LQ WKH
KDW FRQWURO PHWKRGDQG RUGHVLIQ FDQ SUHYHQW GULIW IURP |
KLFKDSSURDFK FDQ EH XVHG WR PHDVXUH WKH PDV IORZUDWHLQ V

6WUXFWXUH RI WKLV ZRUN

%YHORZ WKHVWUXFWXUH RI WKLV ZRUNLVJLYHQDQG ZKDW LQIRUPDWLF
HUDO WKRXJKW EHKLQG WKH VWUXFWXUH LV WKH VWDQGDUG VFLHQWL
WKHRU\ PHWKRGV UHVXOWY FRQFOXVLRQ UHFRPPHQGDWLRQV 7KH I

&KDSWHADFNJURXQG LQIRUPDWLRQ RQ WKH QHFHVVLW\RIUHQHZDEOH
GDWH PHWKDQRO DQG SKLORVRSK\ RI SURGXFWLRQ =() 7KHUHVHDL
DUHDOVRLOQWURGXFHG

&KDSWHWHRU\ XVHG LQ WKLV ZRUN IRU D WKRURXJK XQGHUVWDQGLQJ |
ZKLFK ZLOO EH XVHG IRU VLPXODWLRQV DQG SRWHQWLDO UHDFWRU FR
IRUWKHQHZ UHDFWRU GHVLJQ

&KDSWHWDQ EHVHHQDV WKHGHVLIQ VHFWLRQLQ ZKLFKWKHGHYHORSP
7TKHPRGHOV XVHG ZLOO EHLQWURGXFHG DQG WKHQHZ UHDFWRU GHVL

&KDSWHI@ WKLY FKDSWHU WKH H[SHULPHQWDO DSSURDFK DQG LWV UH\
XODWLRQ UHVXOWY ZLOO EH SUHVHQWHG ,Q FDVH RI GLVFUHSDQFLH
SHFWHG VLPXODWHG EHKDYLRXU WKH H[SHFWHG FDXVHV ZLOO EH GLV

&KDSWHWKH UHVXOWY ZLOO EH VKRUWO\ VWDWHG DQG FRQFOXVLRQV Gl
ZLOO EHPDGH WR LPSURYHPRGHOV H[SHULPHQWYV UHDFWRU GHVLJQ
FRPSDUHG WR ZKDW LV SUHVHQWHG LQ WKLV ZRUN

$SSHQGLFKINVH ZLOO FRQWDLQ LQIRUPDWLRQ ZKLFK IRU VRPH UHDVRQ
RIWKHDERYHFKDSWHUV EXWUHTXLUHVLQFOXVLRQLQ WKLV ZRUN

&RQILGHQWLDO



[LWHUDWXUH U

,Q WKLVUHYLHZ WRSLFVDUHGLVFXVVHG ZKLFKDUH UHTXLUHGIRUDQ XQG't
UHDFWRU $PRQJVW WKHVH DVSHFWV LV WKH KLVWRULFDO FRQWH[W DQG
IRUPHWKDQRO VIQWKHVLY $OVR NLQHWLF HTXLOLEULXP DQG HIIHFWLYH
PHWKDQRO VIQWKHVLV DUH VKRZQ )XUWKHUPRUHD UHYLHZ LV PDGH RQ WK
DQHPSKDVLVRQ FRQGHQVDWLRQ PRGHOOLQJ GXHWR WKHUHOLDQFH RI WK

OHWKDQRO VIQWKHVLY EDVLF SULQFLSOHYV

OHWKDQROLVD FKHPLFDO ZKLFKDSSHDUV DV D FOHDU OLTXLG DW URRP WHF
SUHVVXUH 7R REWDLQ WKLV SURGXFW IURP WKH UHIOIOFKW2QWWXWHG LQ WK
RI FKHPLFDO UHDFWLRQV DUH UHTXLUHG 7KH UHDFWLRQV ZKLFK RFFXU ZK
QDPHG UHDFWD®@WV DUH >

&2 + y &+ 2+ + 2 Aty ¢ N- PRO
&2 + y &+ 2+ Aty ¢ N- PRO
&2 + y &2 + 2 At+y N- PRO

7TKHDERYHHTXDWLRQV VKRZDIHZLPSRUWDQW FKDUDFWHULVWLFV RI PHW|

$OWKRXIK RQO&D LWHG/RIG GXH WR WKH UHDFWLRQ ZKLFK LV DOVR N
*DV 6KLIW &&%ZLOO DOVR EHJHQHUDWHG

7KHUHDFWLRQVLQYROYHGIRUWKHJIJHQHUDWLRQRIPHWKDQRODUH VW]
PDQDIJHPHQW FRXOGEHDQLPSRUWDQW DVSHFW RIUHDFWRU GHVLJQ

7KH UHDFWLRQV DUH HTXLOLEULXP UHDFWLRQV WKHUHIRUH WKHUPDO
SURYHQ E\QURHJ@QGHZHLM >

'XH WR WKH UHDFWLRQV EHLQJ HTXLOLEULXP UHDFWLRQV /H &KDWHOLF
PHDQV WKH UHDFWLRQV FDQ EHLQIOXHQFHG E\ FKDQJHV LQ FRQFHQWUTL
%XW DOVR LQHVFDSDEOH OLPLWV DUH LPSRVHG IRU WKH JHQHUDWLRQ
WHPSHUDWXUH DQG SUHVVXUH

/IH&KDWHOOLHUTVY SULQFLSOHLVDJHQHUDOO\NQRZQFRQFHSWLQFKHPLV
OLEULXP ZLOO UHDFW WR HIWHUQDO LQIOXHQFHVY VXFKDV WHPSHUDWXUH

LQWURGXFHG ZLWK VHQWE& QFHPLVFXHFTKXKDO LEULXP LV GLVWXUEHG EV\FKDQJLQ.
SRVLWLRQRIHTXLOLEULXP VKLIWV WR FRXQWHUDFW @K HRWK B {DIMHSWRIUHHV\
WKHPHWKDQRO VIQWKHVLY UHDFWLRQV VWDWHG DERYH VKRZ WKDW WKH V:
PROVWKDQ UHDFWDQWV $V D FRQVHTXHQFH GXHWR UHDF&LRQ WKH WRWD
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