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Abstract

Due to rapid climate change, society and politics pushes the fertiliser industry to decar-
bonise and reduce its emissions, as it is responsible for 1.4% of annual CO, emissions.
To avoid this environmental problematic, research and development in the chemical in-
dustry is currently focused on the search for the production of green ammonia and its
integration into the production of nitric acid. This work aims to contribute to the quest of
new sustainable processes that help the decarbonisation of the fertiliser industry.

The MSc thesis focus on the search of synergies between solar-powered nitrogen and
hydrogen production technologies to provide green ammonia, and the subsequent nitric
acid process. Specific attention is put on the effect of utilizing the oxygen by-product
from solar-powered thermochemical air separation to produce nitrogen, and from water
splitting to provide green hydrogen.

A tecno-economic evaluation is performed for three different types of nitric acid plants:
a conventional nitric plant (CONV-NA), i.e using fossil-based ammonia, a solar-based
ammonia to nitric acid plant (SOL-NA) and a optimised solar-based ammonia to nitric
acid plant (OXY-SOL-NA), in which surplus oxygen from green ammonia production is
injected into SOL-NA. All the plants are simulated in Aspen Plus® and their economic
analysis is performed by following the methodology of the book entitled: Plant Design
and Economics for Chemical Engineers.

A reference case of a mono-pressure nitric acid production process is simulated for a
plant capacity of 700 t/d (eq. 100%) at a concentration of 60 wt% (CONV-NA). The inves-
tigations of injecting pure oxygen at four different points of the plant show that daily nitric
acid production can be boosted by 0.34% and final NOx concentration of the absorption
column can be reduced by up to 43.6% by enriching the main air pipeline with oxygen.

The capital costs for the OXY-SOL-NA plant are reduced by 0.65 Me compared to the
CONV-NA and SOL-NA plants. Nevertheless, the operating costs end up being more rel-
evant in the final cash flow analysis. The CONV-NA plant has 17% lower operating costs
compared to the two green ammonia plants which is explained by the fact that ammonia
costs accounted for 52.65% of the total operating costs. For that reason, CONV-NA plant
has an end-product price 14% lower than the other plants. Regardless of environmen-
tal considerations, such a significant difference in the final price may make your product
unable to compete with other potential competitors.

Currently, green ammonia is mainly dependent on the price of green hydrogen production
due to the high LCOE for solar energy and the lack of maturity of water splitting technolo-
gies. CO2 pricing policies could make the implementation of green NHs in the nitric acid
production process feasible in the near future.
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F&DUU\RXWDQHFRQRPLFDQDO\VLV RIWKUHH GLITHUHQW W\SHYV
WKHVLPXODWLRQ UHVXOWYV

&RQYHQWLRQDO QLWULF DF&RB S\OLDGHW LQIIDPPRQLD DQG HO't
WULFLW\ SULFHV RIIRVVLO EDVHG SURGXFWLRQ

6RODU EDVHG QLWULF DFLERSO/DLCGWURZYIJIBPPRQLD DQG HOHFV
SULFHV RIVRODU EDVHG SURGXFWLRQ

2SWLPLVHG VRODU EDVHG QLWULF DFQ® B OWMWL QJWeKH L% U
SOXV R[\JHQIURP ZDWHU HOHFWURO\VLV LQ WKH 62/ 1$ SODQ

f3HUIRUP VHQVLWLYLW\ DQDO\VLY RQ SURILWDELOLW\ PHWULF\
52, PLQLPXP VHOOLQJSULFH 06(3 DQG SD\EDFN SHULRG 3%3

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



/TKHRU\DQG EDFNJURXQG

&RQYHQWLRQDO DPPRQLD DQG QLWULF DFLG

$PPRQLD DQG QLWULF DFLG FRQVWLWXWHY WKH EDVLV IRU LP S
DPPRQLXP QLWUDWH 7KHV\QWKHVLV RIDPPRQLDLV ZHOO NQR:
DQG WKH QLWULF DFLG VIQWKHVLV DV WKH 2VWZDOG SURFHVV L
SURFHVVHV ZHUH GHYHORSHG LQ WKHILUVW GHFDGH RI WKH W
WR SURGXFH WKHVH WZR YDOXDEOH SURGXFWYV

JLIXUHVKRZV WKH FRQYHQWLRQDO SDWKZD\IRUDPPRQLD DQG C
HQHUJ\ FDUULHU IRUWKH SURFHVVHV LVJULG HOHFWULFLW\ K\
QDWXUDO JDV E\ WKH SURFHVV NQRZQ DV VWHDP PHWKDQH UHI
JHQHUDOO\VHSDUDWHG IURP DLU E\ FU\RJHQLF DLU VHSDUDWLR
WKLYV SRLQW DPPRQLD SURGXFWLRQ IURP WKH +DEHU %RVFK S|
QLWURJHQ RI[ILGHVJDVHV ZKLFK ZLOO EHDEVRUEHG ZLWK ZDWH

J)LIXUH JORZVKHHW RID FRQYHQWLRQDO DPPRQLD DQG Q

+DEHU %RVFK SURFHVYV

7KH +DEHU %RVFK SURFHVV JLYHV LWV QDPH LQ UHIHUHQFH WR
DQG &DUO RVFK 7KH\DUHNQRZQDV WKHIDWKHUV RIDPPRQLD
DUHYROXWLRQ UHPRYLQJ WKH EDUULHUV WKDW OLPLWHG FUF
SURFHVV KDV EHHQ WUXO\LPSURYHG EXW %RVFKDQG +DEHU Z
VFULEH WKH PDLQ IHDWXUHV RI WKHLULQYHQWLRQ 7KLV ZRUN
LQ ZLWK WKH 1REHO B3UL]HLQ &KHPLVWU\IRUWIKHLU ZRUN RC

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



&ERQYHQWLRQDO DPPRQLD LV PDLQO\ SURGXFHG IURP ZDWHU DLUZELC
WKH IXHO VRXUFH WKDW SURYLGHV WKH K\GURJHQ LV D K\GURFDUE
JDV 7KH FRQYHQWLRQDO DPPRQLD VIQWKHVLY SURFHVV FRQVLVW)
LPLIXUH 7KHILUVW SURFHVV LV WKHGHVXOSKXULVDWLRQ RIQDWXL
GU\JDV FRQWDLQLQJDWPRVW SSPE\ZHLJKWRIVXOSKXU 7KLV VX
LWDFWV DV D SRLVRQ IRUWKHUHIRUPLQJFDWDO\VW 7KLV VXOSKX
JDV ZLWK ]JLQF R[LGH

JLIXUH %ORFNFKDUW RI +DEHU %RVFK SURFHVYV

,WDEVRUEV WKH K\GURJHQ VXOSKLGH DQG UHGXFHV WKH VXOSKXL
SSP 2QFH WKH VXOSKXU LV UHPRYHG WKH QDWXUDO JDV LV UHDG
VHFWLRQV

CH4(g) +H 20 (9)! CO(g)+3H2(g) (H =206:0 kJ=mol
CH4(g)+202(9)! CO2(g) +2H20(9) (H= 356 kJ=mol

,Q SULPDU\UHIRUPLQJ QDWXUDOJDV LQ WKH SUHVHQFH RI VWHDP L
FDUERQ PRQ@RXIDGHLRQ7KH JDV OHDYLQJ WKH SULPDU\ UHIRUPLQJ XC
VHFRQGDU\UHIRUPLQJVHFWLRQ WREHWUHDWHG ZLWK KRWDLUDQ

E\YROXPHKDWLRQ7KH QH[W VWHS LV WKH FRQYHUVLRQ RI FDUERC
FDUERQ GLR[LGH 7KLV SURFHVVFRQVLVWV RIWZRFDWDO\WLF VWD
ZLWK2HRU &U2 DV FDWDO\WWV DQG WKHVHFRQG DW ORZWHPSHUDW X
DV FDW D(@YDWLR Q

CO (g) +H 20 (9)! CO2(g)+H 2(9) H= 412 kJ=mol

7KH FDUERQ GLR[LGH LV WKHQ UHPRYHG DQG FDSWXUHG ZLWK DPPF
K\GURJHQ FDUERQDWH DV E\ SURGXFW yRKR@AOXHQM/HRG JDVEALWK D
YROXPH LY FDOOHG VIQWKHVLV JDV $V LW LV PHQWLRQHG DERYH 2
VPDOO DPRXQWYV RIERQ\DRRGHR2G WR FDWDO\VW SRLVRQLQJLQ WKH DI
JRUWKLVY UHDVRQ WKRQWHBQ®W &¥ UHGXFHG E\UHDFWLQJ WKH V\QW
SUHVHQFH RID QLFNHO( BEODMIGRRDWD O\V W

CO(g)+3H2(g)! CH4(g) +H 20(q) H= 2061 kJ=mol
CO2(g)+4H2(g)! CH4(g) +2H 20(g) (H= 1649 kJ=mol

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



,Q WKLV ZD\ WKH FDUERQ R[LGHV FRPSRVLWLRQ LV UHGXFHG W
VIQWKHVLVJDV, WR®,4 YRO ,£3QG YRO $U LVIUHHRILPSXI
LW LV FRPSUHVVHG WR WKH GHVLJQ SUHVVXUH DQG IHG LQWR
VWURQJO\H[RWKHUPLF DPPRIDLDRA@VKHVLV

N2(g)+3H2(g)! 2NH3(9) H= 918 kJ=mol

$FFRUGLQJ WR WKH VWRLFKLRPIPWROD WKBVGIHRVGBAQWWUHDP Wi
QDWLRQ SURFHVV (KRRWGRGY HQHUJHWLFDOO\ GHPDQGLQJ DC
FRPSOH[ DV LW UHTXLUHV KLJK W KP ®SKQGDINMHMNWK U HV DWI

> @
2VWZDOG SURFHVYV
7KH SURGXFWLRQ RI QLWULFDFLG LVRQHRIWKHROGHVWDQG P

,WZDV GHYHORSHG E\ WKH *HUPDQ FKHPLVW :LOKHOP 2VWZDOG
FHQWXU\ 7KLV SURFHVV FRQVLVWY PDLQDIRUNVKUHH VWHSV DV

J)LIXUH %ORFN FKDUW RI WKH 2VWZDOG 3URFHV)

7TKH FDWDO\WLF R[LGDWLRQ RIDPPRQLD IRUPV WKH EDVLV RI WK
WLRQ RFFXUV ZKHQ DQK\GURXV DPPRQLDLQ FRQWDFW ZLWKDLU

JDX]H FDWDO\VW FRPSRVHG RI SODWLQXPDQG UKRGLXP 8C
FRQGLWLRQV DQG LQ WKH SUHVHQFH RI D 3W 5K EDVHG FDWDO'
ILFLHQF\ RI DPPRQLD LV TXLWH KLJK DURXQG 7KH DPPRQ

JDVHRXV ILOP WR WKH FDWDO\VW VXUIDFH ZKHUH LW UHDFWYV
WULF R[@GE$HW>WKH HQG RI WKH FRPEXVWLRQ FKDPEHU WKH JDV
TXHQFKHG ZLWK WKHDLP RISUHYHQWLQJWKH 12 GHFRPSRVLWL
KHWHURJHQHRXV UHDFWLRQ ZLWK D WLPH RIDSSUR[I@PDWHO\

4NH3(g)+502(g)! 4NO (g) +6H20(q) H= 904 kJFmol

$ORQJ ZLWK WKH PDLQ KH DFQRDLQJ VLGH UHDFWLRQV FDQ WD

4NH3(g)+402(g)! 2N20 (g) +6H 20 (9) H= 736 kJmol
4NH3(g)+302(g)! 2N2(g)+6H 20 (0) H= 1260 kJmol
4NH3(g) +6NO (g) ! 5N2(g) +6H 20 (g) 0H= 1808 kJmol

$OO0 UHDFWLRQV DUH VXIILFLHQWO\H[RWKHUPLF WREGGHOI VX

WDNH SODFH GLUHFWO\ DQG DUH SUDFWLFDOO\ LUUHYHUVLE
D FDWDO\VW RQO\QLWURJHQ ZRXOG EH IRUPHG )RU WKDW UH
FDWDO\VW H J 3W 5K LVHVVHQWLDO WR SURBWERQQDWULF R[L
WDNHV SODFH LIWKHJDV YHORFLW\LV ORZHQRXJKIRU WKH DO
WRZDUGV WKH FDWDO\VW 7KLV VHFRQGDU\ UHDFWLRQ FDQ HD"
FRQWDFW WLPH EHWZHHQ D FDWDO\WLF ZIQH JDX]J]HDQG WKH YD

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



7KHVHFRQG VWHSLVWKHR[LGDWLRQRIQLWULFR[LGHLQWR QLWUR
7KH UHPDLQLQJ QRQ UHDFWHG R[\JHQ IURP DPPRQLD FRPEXVWLRQ
QLWULF R[LGH IRUPHG WR SURGXFH QLWURJHQ GLR[LGH 7KLV UHD
LV FRROHG WR UHFRYHU WKH KHDW UHOHDVHG E\ WKH VWURQJO\ H|
WLPH QLWURJHQ GLR[LGH FDQ GLPHULVH WR IRUP GLQLWURJHQ W
R[LGH DQG QLWURJHQ GLR[LGH FDQ UHDFW WR IRUP GLQLWURJHQ V
XQGHVLUDE O HTXBIALWRIQR Q

2NO(g)+02(g)! 2NO2(9) H= 1127 kJFmol
2NO2(9)! N204 (9) aH= 58 kJ=mol
NO (g) + NO 2(g)! N203(9) aH= 40 kJ=mol

)LQDOO\ WKHODVWVWHSLVWKHUHDFWLYHDEVRUSWLRQRIQLWUR
LQ ZDWHUDEI2RUSWLRQ KDV EHHQ GHILQHG E\ PDQ\ UHVHDUFKHUYV
FRPSOH[DEVRUSWLRQ PHFKDQLVPV G&H WR VHYHUDO UHDVRQV >

JLIXUH x PEVRUSWLRQ PHFKDQLVP LQ DTXHRXV VROXWLRQ IRU PD
OLTXLG SKDVHUHDFWLRQV

$12,JDV LV D PL[WXUH RI VHYHUDO QbLWHK2R DHOGRYLGHWH 12 12
DEVRUSWLRQ RIWKHVH QLWURJHQ R[LGHV LQ ZDWHU UHVXOWYV |
QLWURXV DFLG

ftORUH WKDQ IRUWN\ HTXLOLEULXP UHDFWLRQV RFFXU LQ ERWK JD
12 PHFKDQLVP LV YIKIKUMHLQ

17KH DEVRUSWLRQLRE 12QI@24, LV DFFRPSDQLHG E\ FKHPLFDO UHDF
ZKHUHDV WKH GHVRUSWQRGREM S UIHFHGHG E\ FKHPLFDO UHDFW

f+HWHURJHQHRXYVY HTXLOLEULXP SUHYDLO EHWZHHQ JDV SKDVH
QHQWYV

f/LPLWHG RULQFRPSOHWH GDWD RI SK\VLFDO DQG FKHPLFDO SUI
LGHV VSHFLHV LQYROYHG

$EVRUSWLRQIRMHY LQ DTXHRXV VROXWLRQ KDV EHHQ VWXGLHG RYF
SOD\V D FUXFLDO UROH LQ PDQ\ SURFHVVHV $ SDUW IURP WKH PDQC

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



UHPRYDGQ RURP IOXHJDVHV H J H[KDXVW JDVHV KDYHUHFHLYF
ODVWGHFDGHV ZLWK WKH LQFUHDVLQJ FOLPDWH FKDQJH WKH Z

JLIXUH 6LPSOLILHG IORZVKHHW RI D PHGLXP SUHVVXUH SUR!
E $PPRQLD VWULSSHU F $PPRQLD SUHKHDWHU G $PPRQLD JI
PL[HU | $LUILOWHU J $LUFRPSUHVVRU K ,QWHUVWDJH FRRO
N 7DLO JDV SUHKHDWHU O (FRQRPLJHU P $LU SUHKHDWHU ¢
SUHKHDWHUV R &RROHU + FRQGHQVHU S $EVRUSWLRQ WRZH
JDV SUHKHDWHU V 7DLO JDV H[SDQVLRQ WXUELQH W )HHGZDW
GUXP Y 6WHDP WXUELQH Z 6WHDP WXUEI@MH FRQGHQVHU [ %

7KH QLWULF DFLG SURGXFWLRQ SURFHVY KDV EHHQ LPSOHPHQV
ILIXUDWLRQV GHSHQGLQJRQ WKHRSHUDWLQJ SUHVVXUH RI WK

FTORQRSUHVVXUH7&EKGIDWDODWPWHW SUHVVXUH LV PDLQWDLQHG GXULC
FHVV QPRQRSUHVVXUH SURFHVVHV WZR SRVVLELOLWLHYV |
SUHVVXUH DQG KLJK SUHVVXUH )RUPHGLXP PRQRSUHVVXU
EXVWLRQ DOQGDENRUZWLRQ WDNH SODFH DW D ZRUNLQJ SU|
:KHUHDV KLJK PRQRSUHVVXUH SODQWV UXQV DW EDU

$1'XDO SUHVVXUH BOWMXWY FDVH WKH SUHVVXUH LV QRW PDL:
ZKROH SURFHVYV $ ORZHU SUHVVXUH EDU LVFRQVLGHUH
DPPRQLD DQG D KLJKHU SUHVVXUH EDU IRUWKHDEVRUS

7TKHIDFWRUV WKDW LQIOXHQFH WKH VHOHFWLRQ RIDPRQRSUHYV
HQYLURQPHQWDO LPSDFWV HQHUJ\ FRVWV SODQW FDSDFLWLH

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



VXUHSODQWV DUHPRUHVXLWDEOHLQ ORFDWLRQVZLWKORZHUHQF
SHULRGYV )RU WKDW UHDVRQ KLJK PRQRSUHVVXUH SODQWYV SUHGF
GXDO SUHVVXUH SODQWV LQ (XURSH GXH WR WKH KLIJKHU HQHUJ\ FR
DUH SUHIHUDEO\ XVHG ZKHQ ODUJH FDSDFLWLHVY DUH QHHGHG VLQ
HFRQRPLFV RI PHGLXP SUHVVXUH FRPEXVWLRQ ZLWK HIILFLHQF\ RI
>@

JRUWKH SURGXFWLRQ RITHUWLOLVHUV VXFK DV DPPRQLXP QLWUD)
E\ZHLJKW LV UHTXLUHG 1HYHUWKHOHVV WKHUH DUH SURFHYV
FDOLQGXVWU\WKDW UHTXLUH QLWULF DFLG FRQFHQWUDWLRQV RI

WLRQ H[SORVLYHV SURGXFWLRQ DGKHVLYHSURGXFWLRQ GUXJGF
DPRQJRWKHUV

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



6RODU EDVHG DPPRQLD DQG QLWULF DFLG SU

, QUHIHUHQFHWRDPPRQLD VIQWKHVLY LWLV YLWDOWRPHQWLI
14 UHTXLUHG LQ WKH SURFHVV WR DFKLHYH KLIK WHPSHUDW X

EDU &® )URPDQHQYLURQPHQWDO SHUVSHFWLYH WKH FF
FHVV DFFRXQWYV IRU RI WRWDO JUHHQKRXVH JDV HPLVVLRQV
SURGXFWLRQ LV XVHG VROHO\IRU DPPRQLD SURGXFWLRQ :LW!
PDWHFKDQJH UHQHZDEOH WHFKQRORJLHV KDYHEHHQ SURSRV
DPPRQLDLQ D PRUHVXV@WDLQDEOH ZD\ >

JLIXUH 3DWKzZzD\VIRUD VRODU EDVHG DPPRQLD QLWUL

20H RI WKH PDLQ UHVHDUFK WRSLFV LV WKH VHDUFK RI VIQHUJ\
PRQLD SURGXFWLRQ DQG WKHLU IXUWKHU LPSOHPHQWDWLRQ L«
SURGXFH JUHHQ DPPRQLD XVLQJVRODU WHFKQRORJLHV IRU WK
UHTXLUHG K\GURJHQ DQG Q)JMWMRHHQ SURGXFWLRQ

6RODU HQHUJ\ SURGXFWLRQ

6RODUHQHUJ\WHFKQRORJLHV FDQ EHGLYLGHG LQWR DFWLYHTL
WHPV FROOHFW GLUHFWO\ WKH VRODU SRZHU ZLWKRXW FRQYHL
DFWLYH VRODU WHFKQRORJLHV PDLQO\IRFXV R@WKHDEVRUSW

7TKHUH DUHWZR PDLQ SDVVLYHVRODU WHFKQRORJLHV E\ ZKLFK
WRYROWDLF 39 LQ ZKLFK OLJKW LV FRQYHUWHG GLUHFWO\LQ
SRZHU &63 ZKLFK SURGXFHV HQHUJ\ XVLQJ WKH KHDW UHOHDYV

7TKHPDLQ GLVDGYDQWDJHRIXVLQI39SDQHOVLVWKHVWRUDJH |
EDWWHULHY DUH TXLWH H[SHQVLYHDQG DUH QRW FDSDEOH RI V

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



D ZHDWKHU GHSHQGHQW WHFKQRORJ\ WKHLU XVHDV D VROH VRXU
LQLQGXVWU\ ,Q FRQWUDVW WKLV HQHUJ\ VWRUDJH SUREOHP FDQ
VWRULQJWKHUPDO HQHUJ@.V PRUH IHDVLEOH >

&RQFHQWUDWHG VRODU SRZHU WHFKQRORJ\

&RQFHQWUDWHG VRODU SRZHU SODQWYV XVH PLUURUVY WR UHIOHFW
WUDWH WKH HQHUJ\ RQWR UHFHLYHUV IRU IDMUWKHU &SRBQYHUVLRQ L
WHFKQRORJ\KDV FRXQWOHVV DSSOLFDWLRQV VXFKDV SRZHU JHQH
ULDO SURFHVVLQJ SURFHVV KHDWDQG FKHPLFDO F\FOH 2QH RI WK
WR WKH 39 WHFKQRORJ\LV WKH SRVVLELOLW\RIVWRULQJWKHUPDO
VXFKDV WKH XVHRIPROWHQ VDOWDVDQ HQHUJ\ V@RUDJH DQG KHE

J)LIXUH 6FKHPDWLF VWUXFWXUH RIWKHHQHUJ\FRQYHUVLR

'LITHUHQW UHFHLYHUV FDQ EH G L\LWXQH XILIVKHY RR ZANKB EQ R Q
SDULVRQ RI WKH PRVW UHOHYDQW SDUDPHWHUV IRU WKH &63 WHFK
DOVR NQRZQ DV VRODUWRZHU UHVXOWV WR EHWKHPRVW SURPLVL:

J)LIXUH 7\SHV RIUHFHLYHUV LQ &63 SODQWYVY D 3DUDEROLF WUR
/ILQHDU IUHVQHO G 3D@DEROLFGLVK >

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



FRQYHUVLRQ HIILFLH@QF\DIQQ IFIRRDNUBEROLF GLVKHV FDQ DFKLHY
DWXUHV XS WRDQG HIILFLHQFLHV XS WR FRPSDUHG WR WKH
FDSLWDO FRVWV RI GLVKHV GR QRW PDNH LW SRVVLE®DH WR FRP¢

J)LIXUH &RPSDULVRQ RI FRUH &@3 WHFKQRORJLHYV :

&63 WHFKQRORJLHV RIIHU WKH SRVVLELOLW\ RI SURGXFLQJ FDU
7KHUPRFKHPLFDO VRODU K\GURJHQ FDQ EH SURGXFHG E\ WKHU
WKHHQYLURQPHQW

BRODU K\GURJHQ SURGXFWLRQ

7KHUH LV D JURZLQJDZDUHQHVV RIWKHHQYLURQPHQWDO LPSD
SURGXFWLRQ 6WHDP PHWKDQH UHIRYPNO3>U @O FHIY\HHIV NJ &
SHUFHQW RI JOREDO K\GURJHQ SURGXFWLRQ FRPHV IURP IRVVL
K\GURJHQ UHVSRQVLEOH RI WHMPLV\RIRQREQ® QRUJI\DQG LQG XV
> @

JRUWXQDWHO\ WKHUHDUHDOUHDG\WHFKQRORJLHVY WKDW DUH
WKH SURGXFWLRQRIJUHHQ K\GURJHQ ,WLVWKHFDVHRIZDWHL
EHWKHPDLQ VRXUFHRIK\GURJHQ SURGXFWLRQLQ WKHIXWXUH
PHWKDQH UHIRUPLQJ SURFHVV

‘:DWHU HOHFWURO\VLYV

DWHUHOHFWURO\VLVLVDQHOHFWURFKHPLFDO SURFHVV WKDYV
ZDWHUPROHFXOHLQWR K\GURJHQDQGR[\JHQ 7KLV SURFHVVFD
IULHQGO\ RSWLRQ LI WKH VRXUFH RI WKH HOHFWULFLW\ LV D U
VRODUHQHUJ\FDQEHLPSOHPHQWHG LQWR WKH SURFHVV RISUR
WURO\VLV

7KHUH DUH PDLQO\ HOHFWURQOWHU WBIGKNQRORHLISWRWRQ H[F
PHPEUDQH 3(0 VROLGR[LGHHOHFWURO\VLVFHOOV 62(&V DQ
WHFKQRORJLHV $ONDOLQHHOHFWURO\WHUV GRPLQDWH ZLWK
3(0VKDYHD VKDUH 7KHUHPDLQLQJFDSDFLW\LVRIXQVSHFLIL
DQG 62 (& Ve

8QIRUWXQDWHO\ WKH FRVW SHU NJ RI KN\GURJHQ SURGXFHG E\ |
FDQWO\KLJKHU WKDQ WKH FRVW E\ PHDQV RI1 605 ,W LV KRSHG W
REWDLQHG E\LPSURYLQJWKLV WHFKQRORJ\DQG SHQDOLVLQJ W
JOREDO DZDUHQHVV DERXW FOLPDWH FKDQJH LV QRWDEO\ DFFH
RIJ\DQG JUDGXDOO\UHGXFLQJGHSHQGHQFHRQ IRVVLO IXHOV V

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



J)LIXUH 2YHUYLHZ RI FRPPHUFLDOO\DYDLODE®OH HOHFWURO\

7TKHUPRFKHPLFDO ZDWHU VSOLWWLQJ F\FOHYV

7TKHPDLQDGYDQWDJHRIWKHUPRFKHPLFDO F\FOHV LV WKDW WKH WK
FDQEHGLUHFWO\XWLOLVHG ZLWKRXW WKHLQHUWFRQYHUVLRQ OR
LQFOXVLRQ RIWKLVPHWKRGRIITHUVWKH S SRVVLELOLW\RIXVLQJVRC
IRUWKHDPPRQLD VIQWK@& VLY SURFHVV >

7KHUPRO\VLY DQGPRUHVSHFLILFDOO\WKHWKHUPRFKHPLFDO ZDW
SRWHQWLDO FRPSHWLWRU WR HO HF WWRER\YW. MMM WWRGH DRFHDO L)XW M WM
KLIKWHPSHUDWXWRVEUHDNGRZQ WKH ZDWHU PROHFXOHLQWR K\GU
EDVH FRPSR@KQWYRQ

1
H20! Ho + E02 (H =286 kJ=mol

8QOLNH WKHHOHFWURGHV XVHGLQHOHFWURO\VHUV WKLV WHFKQF
PHWDO R[LGHV ZKLFK DUH PXFK PRUHDEXQGDQWDQG KDYH OHVYV LF

7TKHUPRFKHPLFDO SURFHVVHV DUH EDVHG RQ UHGR[ PDWHULDOV VX
LGHV@ 7KH SURFHVV LV D FORVHG ORRS WKHUHIRUH WKH PHWDO F
WKHRQO\UDZ PDWHULDOV FRQVXPHGDWH ZDWHU DQG VRODU HQHU

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



7:6 F\FOH FRQVLVWYV RUMIRVWHSV

F5HGXFWLR@GVYMWHSN VWHS LQ ZKLFK DQ HQGRWKHUPLF UHDFYV
ZKLFK WKH PHWDO R[LGH LY SDUWLDOO\UHGXFHG DW KLJK W
SDUWLDO SUEKDWKLRD

1
MxOy!  MyOy + 02

F2[LGDWLROBWHHREQG VWHS LQ ZKLFK DQ HIRWKHUPLF UHDFW
R[\JHQ DIILQLW\ RI WKH SDUWLDO UHGXFHG R[LGH LV LQFUH
DQG RU E\UDLVLQJ R[\JHQ SDUWLDO SUHVVXUH ,Q WKDW ZI
JDVVWUHDP 7KHQ K\GURJHQ R[\JHQ DQG WKHLQLWLDO PHYV
WKHUHGXFHG YDOHQFH PHWDO RTKOWURIQFWYV ZLWK ZDWHU

1 1
MxOy + -H20! MxOy + —H2

JLIXUH 6RODU WKHUPRFKHPLFDO@ZDWHU VSOLWWL

7KHVRODU KHDW FROOHFWHG E\ &63 WHFKQRORJLHV FDQ DOVR E
WR REWDLQ SXULILHG QLWURJHQ IRU WKH +DEHU%RVFK SURFHYV

6RODU GULYHQ DLU VHSDUDWLRAQ

I1LWURJHQDQG K\GURIJHQ FRQVWLWXWHWKHWZRPDLQIHHGVWHF
SXULW\SOD\D FUXFLDO UROHLQ WKH +DEHU %RVFK SURFHVV 7
LOTXDWLRIHDGYV WR WKH PDLQ GHDFWLYDWLRQ RI WKH FDWDO\\
LQFUHDVHLQ WKHRSHUDWLQJFRVWYV RI WKHUHDFWRU >

7KH SURFHVV PRVW FRPPRQO\ XVHG LQ LQGXVWU\ IRU WKH VHS
NQRZQ DV WKH +DPSVRQ /L@GHKUVWRFBRNHVYV LV YHU\ HQHUJ\ LQ
N- PRO DV FU\RJHQLF WHPSHUDWXUHY DUH QHHGHG WR REWDL
OLTXLG VADMHWKH RWKHU KDQG WKHUH DUH RWKHU WHFKQLT
KLJK SUHVVXUHVY WKDW DOVR UHTXLUHV D KLJK HQHUJ\ FRQVXF
DGVRUSWLRQ 36% RUDW ORZ WHPSHUDWXUHV VXFK DV WHPSH

> @

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



7TKHDPRXQWRIHQHUJ\FRQVXPHG GXULQJ36%$ SURFHVV GHSHQGV R
DQGLWFDQEHDSSUR[LPDWHG E\WKHIROORZLQJHTXDWLRQ

Wsep = In[( P22 12 1000;  J=mo
pOz;OUt

ILWURJHQ SXULW\ ZLWK DQ R[\JHQ FRQFHQWUDWLRQ EHORZ SSP

FU\RJHQLF DLU VHg5 D)ROMWRDW UHDVRQ +DEHU %RVFK SODQWYV SU}

WURJHQ IURP WKH +DPSVRQ /LQGH SURFHVV RYHU 36%

$SDUW IURP WKHVH SK\VLFDO VHSDUDWLRQ PHWKRGV WKHUH DUH !
GLUHFWO\ KDUQHVV WKH VRODU KHDW IURP &63 SODQWYVY WR VHSDL
DLU 6RODU WKHUPRFKHPLFDO DLU VHSDUDWLRQ F\FOH XVHV D VL
ZDWHU VSOLWWLQJ SURFHVV GHVFULEHG EHIRUH 7KHRQO\GLIIHUF
LQVWHDG RI XVL@J ZDWHU >

2[\JHQ HQULFKHG DLULQWR FRQYHQWLRQDO QLWULF DFL

,QERWKDLUVHSDUDWLRQDQG K\GURJHQ SURGXFWLRQ SXUHRI[\JH
7KLV IJDYH ULVH WR WKH LGHD RI VWXG\LQJ WKH IHDVLELOLW\DQG
LOWR WKHFRQYHQWLRQDO 2VWZDOG SURFHVYVY 7KLV UHVHDUFK LV
GHFDUERQLVHFKHPLFDO SURFHVVHYV E\ ,WLVDVWXG\DLPLQJ W
E\LQWHJUDWLQJUHQHZDEOH WHFKQRORJLHVDQG PDNLQJIHUWLOI

7KH LPSOHPHQWDWLRQ RI R[\JHQ HQULFKHG DLU LQWR WKH FRQYH
GLVFXVVHG LQ YDULRXV SDWHQWYV $VXPPDYSBHQKCHMKAYRUNYV LV F|
WHFKQLTXHDLPVDWRSWLPLVLQIJ WKH QLWULFDFLG SURGXFWLRQ

OD[LPLVLQIJWKHFDWDO\WLFFRPEXVWLRQRIDPPRQLD FRQYHUV!
LQQLWULFDFLG SURGXFWLRQ

,QFUHDVLQJ JDVHRXV QLWURXV R[LGHVY FRQYHUVLRQ WR UHGXF
12 JDVHV LQ WKH WDLO JDV

%RRVWLQJWKHEOHDFKLQJ SURFHVVWRLQFUHDVH WKH QLWULF
ILQDO SURGXFW

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



OHWKRGRORJ\

2YHU WKH\HDUV GLIITHUHQW SURFHVV GHVLIJQ PHWKRGRORJLH\
ZD\VWR VROYH D SUREOHP VXFKDVLQFUHPHQWDO UHILQHPHQV
VI\IVWHPDWLF KHXULVWAQAF DSSURDFKHYV >

7TKHDLPRIWKLVVHFWLRQLVWRGHVFULEHWKHPHWKRGYV XVHG L
WHU WKHVLVY SURFHVV VLPXODWLRQDQG WKHHFRQRPLF DQDO
RORJ\ XVHG LV NQRZQ DV WDVN EDVHG GHVLJQ ,WFRQVLVWYV R
SUREOHP HJ WKHGHVLIJQRIDQLWULFDFLG SODQW LQWR VLP.
VXFFHVVL@HO\ >

SURFHVV VLPXODWLRQ

$V PHQWLRHHHWLRRQH RI WKH FRUH REMHFWLYHV LV WKH VLPXC
SURFHVV $VSKHQ XV RI WKH PRVW UHFRJQLVHG DQG ZLGHO\
SURFHVV VLPXODWRUV LQ WKH FKHPLFDO LQGXVWU\ LV XVHG IR

7KH ILUVW VWHS LQ SURFHVYVY VLPXODWLRQ LV WR HVWDEOLVK YV
WKHFDSDFLW\RIWKHSODQWDQG WKHFKDUDFWHULVWLFF
WR SHUIRUP D VLPXODWLRQ RIDPHGLXP PRQRSUHVVMXUIH QLWUL
SODQW LV GHVLIQHG WR RSHUDWH DW EDU ZLWK D FDSDFLW\
ZKLFK LVHTXLYDOHQW WR W G RISURGXFWDWDFRQF!
DFLG

7TKHUPRG\QDPLF PRGHOV

YRUWKHPDLQ SDUWRIWKHSURFHVV WKHHOHFWURO\WH QRQUD
LV XVH®> 7KLV WKHUPRG\QDPLF PRGHO LPSOHPRYQ\GHE DQ $\FSH
FXUDWH GHVFULSWLRQ RI WKH DTXHRXV QLWULF DFLG V\VWHP

SUHVHQFH RI ZDWHU LV GLVVRFLDWHG L QWD WAIGRURIEKIENPHD Q G Q
IRUH WKHSUHVHQFHRILRQVLQ WKHOLTXLG SKDVHUHTXLUHYV C
DV (/(&157/

HNO3 + H 20! NO3 +H 30"

2Q WKH RWKHU KDQG PDQ\ SDUWV RI WKH SODQW RSHUDWH DW
ZKHUH QR OLTXLG SKDVHLV SUHVHQW ,Q WKDW FDVH WKH 157/
XVHV WKH5HGOLFK .ZRQJ 5. HTXDWLRQ RIVWDWH WR GHVFULE
UDQGRP WZR OLTXLG PRGHO IRU WKH OLTXLG SKDVH 157/ )RU
67($01%6 PRGHO LV XVHG VLQFHLW FRXQWV ZLWK 1%6 15& HTXD)
OLTXLG ZDWHU S@RSHUWLHV >

+HQU\JV ODZ LV XVHG WR PRGHO WKH YDSRU20LTXQG H TXLOLEU
LQ WKH DTXHRXV SKDVH +RZHYHU WKH +HQQ\ % ®LH RRRONV W D C
LQFOXGHG LQ WKH %LQDU\ 'DWD7%B QN O I$¥ DWB 3 05XV Q G

4 pP33D NPRO UHVSH®WLWHO®WV>DVVXPHG WKDW +HQU\JV ODZ
12 DQG2 KDYH WKH VDPH WHPSHUDWXUH G H SHQZDINHY DV WK D W

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



7TDEOH 7TKHUPRG\QDPLF PRGHO IRUHDFK VHFWLRQ RI WKH Q

6SHFLHV 6HFWLRQ 7TKHUPRG\QDPLF PRGHO
$LU :DWHUDQG $PPRQLD $LU FRPSUHVVLRQ *DV PL[UGJZ/ 5.

$LU VWHDP DQG $PPRQLD $PPRQLD R[LGDWLRQ 157/ 5.

12 JDVHV $LUDQG $PPRQLD 1LWULF R[LGHVY R[LGDWLRQ@57/ 5.

12 JDVHV $LU :DWHU DQG 1L EVIRUBMLIR Q (/(&157/
&RROLQJZDWHU DQG 6WHDP 8WLOLWLHV 67($01%6

,PSOHPHQWHG NLQHWLFYV

'LWKLQ WKLV VHFWLRQ D GLVWLQFWLRQ KDVWREHPDGHEHWZHHQ
ftORGHO&DWDO\WLF RILGDWLRQ RIDPPRQLD
ftORGHO2[LGDWLRQ RI QLWURJHQ R[LGHV LQ UHDFWLYH KHDW H[FK
ftORGHOBEVRUSWLRQRIQLWURJHQ R[LGHJDVHV ZLWK ZDWHU

&DWDO\WLF RILGDWLRQ RIDPPRQLD

$VDOUHDG\PHQWLRQHGWIQHWROHRWL Y L{TXWRARWDE D UR XQ G
7KHUH DUH VRPH XQGHVLUDEOH E\SURGXFWV IRUPHG GXULQJ

7KHFDWDO\WLFR[LGDWLRQRIDPPRQPRY WILEHXODWHXIO) BT XD Y/ 88

DQG 7KH FRQYHUVLRQ RI DPPRQLD WRQDBU QW THKD AW LERRZ/
7KHUHIRUH WKRVH UHDFWLRQV DUH QHJOHFWHG LQ RXU PRGHO 7
XQLW LV D VWRLFKLRPHWULF UHDFWRRIQBHUVERQWRUGHDQ®EJ DIRY
HTXDWLRIQQG UHVSHFWLYHO\

2[LGDWLRQ RI QLWURJHQ R[LGHV LQ UHDFWLYH KHDW H[FKDQJ

'XULQJ WKH KHDW UHFRYHU\ VWDJH LQ WKH KHDW H[FKDQJHUV (
SKDVHUHDFWLRQV WDNH SODFH

2NO(g) + 0 2(9)! 2NO2(9) H= 1127 kJFmol
2NO2(9)! N204 () H= 5808 kJ=mol
3NO2(g) +H 20 (g)! 2HNO3(g) + NO(g) H= 728 kJ=mol

7KHUH DUH RWKHU LQWHUPHGLDWH B Q &R BKLFVKVDVHF X DWWADLR O H
VSHFLHV DQG DUH QRW FRQVLGHUHG LQ WKH VLPXODWLRQ 7KHVHU
D )RUWUDQ XVHU NLQHBBSHQXEWRKWYEH VXEURXWLQK QDPHG DV +
LV XVHG WR GHVFULEH WKH NLQHWLF PRGHO IRUVHYHUDO KHDW H[I
UHDFWRUV 3)5V LQ WKH QLWULF DFLG VLPXODWLRQ

7TKHILUVW HTXLOLEULXP UHDFWLRQ FRUUHVSRQGVY WR WKH R[LGDW
LGH 7KLV LV DVORZ KRPRIJHQHRXVY UHDFWLRQ ZKLFK LV IDYRXUDE
KLIJIK SUHVVXUHV $W WHP S RUDANXDUIHWWKEWOIRZFLHQW UHVLGHQFH WL
DOO RIWKHQLWULF R[LGHLVFRQYBUWHG WR QLWURJHQ GLR[LGH >

Ks: 6521
F3of = %P,ﬁo Po,; logks.or = ( 1:0366 + ) atm 2s !
. = —— - . = " = . +
Fazp = =7 Plo,; Kz:2b Keg' INK ¢q=( 17:9956 T ) atm

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



7KH UHYHUVH UHDIMDARQRQARERUWDQFH DW OR&Z W HKPI&HW B WHK UMK/
IRUZDUG DQG EDFNZDUG UHDFWLRQ UDWHVY QHHG WR EH FRQVLC

7TKHVHFRQGHTXLOLEDXBW  URBDEFWLHRGSRQGV WR WKHGLPHULVDW
GLR[LGH 7KLVUHDFWLRQUHDFKHVUDSLGO\WKHHTXLOLEULXP
GLFDWHVY ORZHUWHPSHUDWXUHDQG KLIJKSUHVVXUH VKLIW WK
RI GLQLWURJHQ WHWUR[LGH 1HYHUWKHOHVV GXULQJ WKH ZK]|
IUDFWLRQ RIQLWURJHQ GLR[LGHLV FRQYHUWHG LQWR GLQLWU

K33t

3.3 = RT Pﬁo: kgar =10 kgor atm s 1

Ka:2b 10 ks 68916 L
r33p= —P i kggp= ———==; InKgg= 21:244 + —— atm
330 = [T PN20s  Kazp Keq eq = ( T )

$ UDWH FRQVWDQW RI WLPHV WKH 12 R[LGDWLRQ UHDFWLRQ
UHDFWLRQ 7KLV IDFWRU FDQ EH FRQVLGHUHG DV DQ DGMXVW|
UHDFWLRQ UDWH IRU QLWURJH® GLR[LGH GLPHULVDWLRQ >

)LQDOO\ WKH ODVW UHDFWLRQ LV WKH IRUPDWLRQ RI QLWULF
(TXDWLRQ7KLY UHDFWLRQ WDNHV SODFH UHDOO\ IDVW LQ JDV S
ULXP 7KHHTXLOLEULXP FRQVWDQW XVHG IRUWKLV UHDFWLRQ
LQYHVWLIJ@WLRQ >

Ka.

raaf = o PRO,PHO; Ks.ar = 8000 ks atm Ss 2
ks ks 428234

raap= —oPPAy 0,PNO; Kaap= oo INK gq=( 197292+ 823 ) atm *
RT Keq

7KH UHDFWLRQ UDWH FRQVWDQW IRU WKH IRUZDUG UHDFWLRQ
R[LGDWLRQUDWHFRQVWDQW 7KLVIDFWRULVFKRVHQ WR VLPX
> @

$EVRUSWLRQ RIQLWURJHQ R[LGH ZLWK ZDWHU

2YHU WKH\HDUV QHZPHWKRGV KDYHEHHQ SURSRVHG WR FDOF X
QLWULF R[ILGHJDVHV ZLWK DTXHRXV VROXWLRQ 7KH\FDQEHFO
RQ WKHQXPEHURIUHDFWLRQV FRQVLGHUHG WKHIDFWRUV LQ
WKH GLITHUHQW PDWKHPDW®WLFDO PRGHOV XVHG >

,QLIXUHWKHFRPSOHWHQRQ VWRLFKLRPHWULFPRGHO IRU WKH
LQZDWHU LV VKRZQ +RZHYHU LW ZDV GHFLGHG WR XVH D VLPS
LQ 7KLV PRGHO KDV FRUUHODWLRQV WR PRGHO WKH EHKDY L
SURGXFWLRQRI @WULF DFLG >

$V)LIXUHVKRZV WKLV PRGHO FRQVLGHUV WZR YDSRU SKDVH DQ
WLRQ )LUVWO\ WKH 12 R[LGDW LR Q WDNHM 0@ 6 HOMORH LRIWPSD2S H
WKHNLQHWLF UDWH FRQVLGHUHG LV GHVFULEHG LQDQ@LIIHUHC

IHYHUWKHOHVY LW LVDVVXPHG WR XVHWKH NLQHWLF UDWF
> @

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



J)LIXUH 6LPSOLILHG PHFKDQLVP @LOOHUYV DSSURDFK

6HFRQGO\ WKHGLPHULVDWLRQ RI Q LTWXDRN HRQEK RY LHSTEK WODINEHM-X® D F
HTXDWLRQ KDV EHHQ PRGHOOHG XVLQJ WKHHTXLOLEULXP FDSDELC

)LQDOO\ WKH RYHUDOO UHDFWLRQ IRU WKH SURGKIFXWLRQ RI QLW
WLRQ OLOOHU VWDWHG WKDW GLQLWURJHQ WHWUR[LGH ILUVW D
PDVV WUDQIHU OLPLWHG UHDFWLRQ DQG WKHQ TXLFNO\UHDFWYV W

3N204(g)+2H20 (I)!  4HNO3(l) + 2NO(g) H= 75 kJ=mol
7KLV PDVVWUDQVIHU HIITHFW LV GHVFULEHG ZLWK WKHIROORZLQJ L
FN204=JN204 A PN204; kmol=s

7KLV UHDFWLRQ UDWH LV ZULWWHQ DV DyJo§ Q FVKLFRIQORY MAKID BEN® D §'W
$ DQG WKH SDUWLDO SUHVVXUHR) GLQLWURJHQ WHWUR[LGH 3

7TKHLQWHUIDFLDO DUHD LV D IXQFWLR QgR I'Y"WKKHH BYXXESHHQUH LFFOL. QA RW R K
VLHYH KROH VXEPHUJHQFH 6 DQG WKH FROXPQ GLDPHWHU G

d2
Zl

2

A =325 ug?s m

OLOOHU IRXQG GLIIHUHQW FRUUHODWJ, RRV DR M QKM LIREN RIS MR RHUU
DWXUH 7 DQG PDV \ubY D FAKIHRIDEVVRUSWLRQ UDWH ZDV GHVFULEHG G
WKH W\SH RI WUD\

I%XEEOH FDS WUD\V

1
IN,0, = €Xp 5?00 4:3790 2327Wpno, + 130:42W 50, 3708™Wiho,

+486:94W o, 23654W5\0, ;  kmolm %kPa 's !
$6LHYH WUD\V
)R U ino 5 !
1500 ) 3
IN0, =€Xp T~ 27648 3961Mino; +181:98Wino, 42965Wino,

+496:9Who, 22320W35\o, ;  kmolm %kPa st
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)RUHNOQ,

1500

IN,0, = Xp +0:2548 31573Whno, + 9256:2Wino ,

9560230, ;  kmolm 2?kPa 's !

7KLV PRGHO FDQ RQO\ EH LPSOH P WEWR BJKQD$X'SHIQ BOXNWLF VX
7KH XVHU VXEURXWLQH FDOOHG 12$%6 KDV ENHQVFLLA-SIOMP G @ WH
LQD5DGIUDF EORFNDQG LW KDV RQHLQWHJHU LQSX®& WHmMULDEO
LOQWHJHU YDOXH Rl FRUUHVSRQG WR D EXEEOH FDS WUD\V FRO
WUD\V FROXPQ 7KH UHDO YDOXHV FRUUHVSRQG WR &ROXP(
VORW RUVLHYH KROH VXEPHUJHQFH P DQ D F Y\WRFRWIRW IHRTUXHD TAXLORY

3LQFK DQDO\VLV

7KH JRDO RI WKH SLQFK DQDO\VLVY LV WR GHFUHDVH KHDWLQJ D
WKH KRW VWUHDPV WR KHDW WKH FROG VWUHDPV XS DQG YLFH Y
WR PLQLPLVHHQHUJ\ FRQVXPSWLRQ RI FKHPLFDO SURFHVVHYV 7}
SLQFK WHPSHUDWXUH 7KLV PHWULFUHSUHVHQWY WKHPLQLPX
WKH KRW DQG FROG FRPSRVLWH FXUYH WLV WKH SRLQW ZKH!I
,WFRQVWLWXWHYV WKH ILUVW VWHS DIWHU WKDW WKH HQHUJ\ L
HIFKDQJHUWRUHFRYHU KHDW EHWZHHQ WKHFROGDQG KRW VW]
WKH KHDW H[FKDQJHU QHWZRUN VI\QWKHVLV +(16 LV GHILQHG
WKH KHDW HIFKDQJHUV DQG WKHUHTXLUHG XWLOLW\ VWUHDPYV

+HDW FDSDFLW\ FDOFXODWLRQ

JLUVWRIDOO DOOWKHVWUHDPVPXVWEHFODVVLILHGDV KRWR
LV KLJIKHU WKDQ WKH RXWOHW WKH\DUH FODVVLILHG DV KRW \
FRQWUDU\ WKH\DUH FODVVLILHGDV FROG VWUHDPV DQG PDUNI

+HDW GXWLHV IORZUDWHY WHPSHUDWXUH GLIIHUHQFHV DQG
WR SHUIRUP WKLV PHWKRG §KHVKGIRW GDSBFW®\ J& YHQ E\ $VS
IHYHUWKHOHVYV LW FDQEHHDVLO\FDOFXODWHG GLYLGLQJ WK
WHPSHUDWXUH GLIIHUHQFH
_ Q
ST

2QFH WKH KHDW FDSDFLW\ LV NQRZQ LW LV PXOW IZKQEHKG ¥\ WK
GHILQHG DV WKH DPRXQW RI KHDW UHTXLUHG WR LQFUHDVH RU
.SHU VHFRQG

3LQFK SRLQW DQDO\VLV

7TKHUH DUH PDLQO\WZR GLITHUHQW DSSURDFKHV DJUDSKLFDO
NQRZQ DV WKH SUREOHP WDEOH DOJRULWKP 37% 7KLV ODVW R
FDOFXODWLQJ QHW KHDW IORZV UHSUHVHQ®WHG EN\JUDQG FRPSF

, Q WKLVFDVH WKHJUDSKLFDOUHSUHVHQWDWLRQ PHWKRG EDV
FXUYHV LV FKRVHQ 7KLV SURFHGXUHLV EDWHG RQWKHIROORZ]

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



ft6HOHFW WKH PLQLPXP GLIITIHUHQFH RI WHPSHUDWXUH EHWZHHQ "
FXUY HFin 7KH GHFLVLRQ LV EDVHG RQ HTXLSPHQW DQG XWLOL
WKH DQDO\VLV LV SHUIRURHBQRUW & ISIORWHDOMG DIDLQVW WKH RS/
DQG FDSLWDO FRVWYV

1t&DOFXODWH WKHWHPSHUDWXUHLQWHUYDOVDQG WDEXODWH W
WKHFROG VWUHDPV LQDQRWKHU RQH 6RUW WKH YDOXHV IURP

fOLVVLQIJ LOQWHUYDO WHPSHUDWXUHYV DUH ILOOHG IROORZLQJ W
SHUDWXUHV DUH VK LI WEG XBWW\VWUHDP WHPSHUDWXUHY DUH V|
E\ Thin

Thot = Teoid *  Tmin s Teold = Thot Tmin

1&DOFXODWH WKHDYDLODEOH KHDW IRUHDFK WHPSHUDWXUH LQ

1o

Q=(Tk 1 Tk) FCp
i=1

1t&DOFXODWH WKH FDVFDGH KHDW IRU ERWK KRW DQG FROG VWUH

XK I 1
Q= FCu(Ti Ty

$130RW WKH FRPSRVLWH FXUYHVY YHUVXV WKHLU DFWXDO WHPSHU

F6KLIWWKHFRPSRVLWH FXUYH WR IXOILOO WKH PLQLPXP WHPSHI
7TKHSLQFKSRLQW LV WKHSRLOQWLQ ZKLFKWKHWHPSHUDWXUH G
FROG FRPSRVLWH FXUYHV LIMnH[DFWO\HTXDO WR

1&DOFXODWH WKH PLQLPXP FROG RUKRW KHDW GXW\UHTXLUHG

2SWLPLVHG QLWULF DFLG SODQW

JQ/XEVHFWLRDV SRLQWHG RXWKRZWKHLQMHFWLRQRIR[\JHQ HQUL
SODQWV FDQ ERRVW SURGXFWLRQ LQFUHDVHDFLG VWUHQJWK DQGC
VLRQV ORUHR¥YHNULRQ@Y GHVFULEHG KRZ WKH PDLQ UDZ PDWHULDO\
SURGXFWLRQ FRXOG EH REWDLQHG XVLQJRQO\VRODU HQHUJ\DV D
DQG K\GURJHQ SURGXFWLRQ SXUHR[\JHQ LV REWDLQHG DV D E\ SU
LGHD RI VWXG\LQJ WKH IHDVLELOLW\DQG LQWHJUDWLRQ RI WKLV S
2VWZDOG SURFHVYV

JRUWKLY SXUSRVH WKHDPRXQWRISXUHVXUSOXVR[\JHQLV FDOFX!
RIK\GURJHQ LY QHHGHG WR SURGXFH WKHDPRXQWRIJUHHQ DPPRQ
FRQVXPHV ,Q WKLV FDVH WKHR[\JHQLVFRQVLGHUHG WR FRPH IUR

7TDEOH 6XPPDU\RILQGXVWU\ DSSURYHG SDWHQWYV
PDU\ IBMBRQGDU\ IHBISVWUHDP 8SVWUHDP 8SVWUHDP 8SVWUHDP
'QMHFWLRQORFD\E/D‘ELHJQSLSHODQLHSLSHCELG}!—DFKLQJ FFARGVOFHY  F R QEBEHMRWUBIW L R FRPEXRF @ LRQ FKDPEHU
(3 % > @ & & & & & &
86 > @ & & 1& 1& & 1&
(3 $ > @ 1& 1& 1& 1& & &
86 > @ & & 1& 1& 1& 1&
86 > @ 1& 1& & 1& & 1&
86 % > @ 18 1& 1& 1& 1& 1&

& &RQVLGHUHG
1& 1RWFRQVLGHUHG

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



$GHWDLOHG VXPPDU\RIVHYHUDOLQGXVWU\ DSSURYHG SDWHQ)\
LQWR H[LVWLQJ QLWULF BBEIS6IOCGRQN'G G WERMOAMVVLILHYV WKH
GLIIHUHQW ZRUNV DFFRUGLQJ WR WKH ORFDWLRQ RI WKH LQMHF
LQIRUPDWLRQ LWLV GHFLGHG WRVWXG\IRXU GLIIHUH@W FDVH\
RUGHUWR GHWHUPLQHWKH IHDVLELOLW\DQG IX@FSMWQERQIDO LW\ F

&DVH $XUH R[\JHQ LV XQLTXHO\LQMHFWHG XSVWUHDP RI WK
JLIXUH % E

&DVH 3XUHR[\JHQ LV XQLTXHO\LQMHFWHG XSVWUHDP RI WK
JLIXUH % F

&DVH &XUH R[\JHQ LV XQLTXHO\LQMHFWHG XSVWUHDP RI WK
JLIXUH % G

&DVH 3XUH R[\JHQ LV XQLTXHO\LQMHFWHGILIXWR WKH SULPD

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



(FRQRPLF DQDO\VLYV

7KHJRDO RI WKLY VHFWLRQ LV WR SHUIRUP DQ HFRQRPLF HYDOXDMW
7KHSURFHVVVLPXODWLRQ UHRBDNXE&WV HGRPVAMBIHUMNOWR FDOFXODWH
H[SHQVHV &DS([ RSHUDWLRQDO H[SHQVHV 2S([ DQG WKH QHW SU

7KH PHWKRGRORJ\ DSSOLHG WR GHYHOR S3WKMHUNQDIORP HV KB XD V H
"HVW TV BR&N7KH DVVRFLDWLRQ IRUWKHDGYDQFHPHQW RI FRVW HC
DWHG D JXLGHOLQH WR HVWLPDWH WKH FODVVLILFDWLRQ WR SURM
OHYHO RI SURMHFW GHILQLWLRQ WKLV SURMHFW LV HVWLPDWHG \
WKH $$&( LQWHUQDWLRQDO JXLGH 7KHVH OHYHOV LPSOLHV WKDW
EHWZHHQ> @

&DSLWDO H[SHQVHV &DS(]

7KHIL[HG FDSLWDOLQYHVWPHQW )&, FRVWV DUHPDLQO\WKHHTXL
HVVDU\ FDSLWDO IRU HTXI($ R B QWR@W XDHOWW IGRHWHUPLQH WKH HT
PHQW FRVW RI HDFK VSHFd UHBSSHYBWWR/QWKH HTXLSPHQW VSHFELIL
WLRQ IRUHYHU\HTXLSPHQW GH YV Ej}J IFIRHG HY S\RQHGWLW R O\DKMLIR X L S P
LQSXW YDULDEOH QHHGHG WRHVWLPDWH WKHFRVW RIWKH XQLW H
DPRQJRWKHUV &(3&,LVWKH&KHPLFDO (QJLQHHULQJ30DQW &RVV
DGMXVW SURFHVV SODQW FRVW IURP RQH SHULRG WR DQRWKHU &(
WHPSRUDO FRVW YDULDWIE@RQV RI HTXLSPHQW >

CEPCI
———— Fpei Fppw B k2N

CEPCl o pre;i pow |

Forei DQFpwDUH DGGLWLRQDO HTXLSPHQW IDFWRUV UHODWHG WR V¢
DWLQJFRQGLWLRQV

SHIHUHQFH GDWD IRUHTXLSPHQW FRVWYV DUH OLPLWHG RUJLYHQ IF
VRQ LWLVLPSRUWDQW WR XVHFRVW FDOFXODWLRQ EDVH\HDU 7K
GDWHGDQG FRUUHFWHGDFFRUGLQJWR WKH FRVX\DRMDLARRXODWLRQ E
LVXVHGWRVLIHDGDSWDWLRQ RI WKHHTXLSPHQW

J)LIHG FDSLWDO FRVW ZHUH HY{YWAPWWR® DWERU B RUR G
WA\SLFDO YDOXHV IRUIOXLG SURFHVED®J SODQWYV DUH VKRZQ LQ

0 0 1 0 11
0 2

X *
FCl = @EC; @+  Fig; A @1+ Findsij AA
i=1 j=1 j=11

J)LQDOO\ WKH WRWDO FDSLWDO LQYHVWPHQW 7&, LV FDOFXODWH:¢
UHTXLUHG DV ZRUNLQJ FDSLWDO :&

FCI

TCI= 589

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



7TDEOH (VWLPDWLRQ FRVW IDFWRU IR DIOXLG SURFH

L QGLUHFW FRVW LWHPV ) M %DVLV 7\SLFDO YDC
7RWDO GLUHFW SODQW FRVWV
(TXLSPHQW LQVWDOODWLRQ (&

,QVWUXPHQWDWLRQDQG FRQWURO(&
(OHFWULFDO VI\VWHPV LQVWDOOHQ&

3LSLQJ LQVWDOOHG (&
%XLOGLQJV LQFOXGLQJVHUYLFHV (&
<DUG LPSURYHPHQWYV (&

6HUYLFH IDFLOLWLHY LQVWDOOHG(&

7JRWDO LQGLUHFW SODQW FRVWV
(QJLQHHULQJDQG VXSHUYLVLRQ (&
&RQVWUXFWLRQ H[SHQVHYV (&
JHIDO H[SHQVHYV (&

$V IXQFWLRQ RI WRWDO GLUHFW DQG LQGLUHFW FRVWV '
&RQWUDFWRUYV IHH v
&RQWLQJIHQF\ v

2SHUDWLRQDO H[SHQVHV 2S(]

2SHUDWLRQDO H[SHQVHV DUH PDLQO\ EDVHG RQ WZR FDWHJRU
2S([ 'LUHFW RSHUDWLRQDO H[SHQVHY DUH FDOFXODWHG EDV#
VLPXODWXRQWFWLRDKH FRVW RI UDZ PDWHULDO DQG XWLOLWLH
2S([ +RZHYHU WKHFRVW UHODWHG WR PDLQWHQDQFH LQVXUD
LQGLUHFW 2S(]

&RPPRGLW\ SULFH LQGH[ &3, LV XVHG WR XSGDWH ROGHU PDU|
DUH HIWUDFWHG IURP WKH :RUOG %DQN &RPPRGL®\BQGRAHKB WD
5RJHUV ,QWHUQDWLRQDO @RPPRGLW\,QGH][ >

e=$ X CPI;
OPEX GLUNHD U MreB; CR&B; m|

i=1

X xXP
+ EsrzHCsSRZHD KHP WkHpw
j:l k=1

 QGLUHFW 2S([ DUH PDLQO\ EDVHG RQ PDLQWHQDQFH ODERU D¢
H[DFW FRVWY SUHGLFWLRQLV GLIILEFXOW WKH W\SLFDO HVWLPL
IURP WKH FKHPLFDO SUR® HXRK/LIFKOXWVHWIX FREOIHHG LQ

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



7DEOH 5DWLRIDFWRUV IRUHVW@PDWLQJLQGLUHFW 23

SURILWDELOLW\ PHWULFV

7TKHDLP RI WKLV VHFWLRQLVWRGHVFULEH WKH SURILWDELOLW\PH
FDVKIORZzDQDO\VLV 7KHVHHFRQRPLFLQYHVWPHQW LQGLFDWRU\
LW\DQG SURILWDELOLW\ RI WKH SODQW GHVLJQ SURMHFWYV 'LIIHU
JXLVKHG

ftOHWULFV UHJDUGOHVV RIWLPH YDOXH RIPRQH\
fOHWULFV FRQVLGHULQJ WLPH YDOXH RIPRQH\
F6HQVLWLYLWN\DQG XQFHUWDLQW\DQDO\VLV RIPHWULFYV

SHWXUQ RQ LQYHVWPHQW 52,

7TKHUHWXUQRQLQYHVWPHQWLV GHILQHG DV WKHUDWLREHWZHHQ
FDSLWDO LQYHVWPHQW 7KH XQLWV RI 52, DUH D IUDFWLRQ RI WRW
HDFK\HDURYHU WKHLQYHVWPHQW SH®ILRG RU SURMHFW OLIH WLP

$QQXDO QHW SURILW
7RWDO FDSLWDO LQYHVWPHQW 7&,

ROI (Y%=year) =

52, LV WKHQ FRPSDUHG ZLWK PLQLPXP DRFHFRDBAWIRDQGH @I WHRW >
GLIIHUHQW ULVN FDWHJRU\RI SURMHFW 7KRBEBIDH@EGHOXRYULVN DU
WKUHVKROG LV FRPSDQ\VSHFLILFDQG XVHG WR GHFLGHIRUJR RU C

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



3D\EDFN SHULRG 3%3

7KH SD\EDFN SHULRGFDQEHGHILQHG DV WKHPLQLPXP WLPH WR
WKHUHIRUH WKH WLPH ZKHQ WKH FXPXODW®@YH FDVK IORZ LV HT?

J)L[HG FDSLWDO LQYHVWPHQW
$QQXDO FDVK IORZ

7TKHDQQXDO FDVKIORZV LV GHILQHG DV WKH VXP RI WKH QHW SU

PBP (year) =

1HW SUHVHQW YDOXH 139

7KH QHW SUHVHQW YDOXH DOVR NQRZQDV QHW SUHVHQW ZRUW
ZRUWK RIDOO FDVKIORZV PLQXV WKH SUHVHQW@&RUWK RI DOO F

X X
NPV = PWFq (5 G d)@ )+ d] PWF,; TCl
j=1 i= b

'KHURMWFg; LV WKH SUHVHQW ZRUWK IDFW R Uj;bR ¥ DAOKHY ALOQV KH DOWR Z
j;ci WRWDO SURG XF WjlLdR G FRY WFILQ® WORIR\L. QQRRBH WWE) D W H
SUHVHQW ZRUWK IDFWRU | RitJ LLGQGMHADWR-H/QWKLHOFRIQWW U X FWL R Q \
\HDUV EHIRUH VWCIUW W& WAL QY HNM W RHQ\WM \LIGI DHDXWUH KHUH L\
GLVFRXQWXWHVEHRU HYDOXDWLQJ WKH SUHVHQW ZRUWK IDFWRU

PWFej =1+ i) J; PWFyj =(1+ i) |

7KH DSSURSULDW H GVHERMRUWGUPRMHHIWH FRPSRXQGLQJ LV HTXD
FHSWDEOH UDWH RVHE \EXEHRPSDQ\ VWDQGDUGY 7KH 139 PHWUL!
RIWKH SURILWDELOLW\IRUDJLYHQ GLVFRXQW UDWH 7KH KLJK
LQYHVWPHQW

'LVFRXQWHG FDVKIORZUDWHRIUHWXUQ '&)5

7KH GLVFRXQWHG FDVKIORZUDWHRIUHWXUQ LV WKHUHWXUQ R
DOOLQYHVWPHQWY DQG FDVK I@RZKH WBHSGILY FROEG WOIBWHG E\ L
iger XQWLO VDWLVILHV WKH HTXRBIMLRBHLRIWWBLQW IRU

OLQLPXP VHOOLQJ SULFH RI SURGXFW 06(3

7KHO06(3LVGHILQHG DV WKH PLQLPXP SURGXFW SULFH WKDW HC
WDUJHW EDVHG RQ WKHy' &)W PXEWEH PROYHG E\ LWHUDWLQJ X!
SULFWDWLVILHVWKHHTXDOLW\FRQVWUDLQIRU139EHLQJ]HURII
UDWH RIUHWXUQ

X . X ,
0= 1+ ma) '[(Fip o dj)(2 )+ di] (1+ mg) ' TCl
i=1 i= b

7KLV PHWULF LY XVHIXOWR HVWLPDWH WKH ILQDO SURGXFW SUI

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



6HQVLWLYLW\DQDO\VLV

BURGXFW SULFH UDZ PDWHULDOV DQG XWLOLW\ SULFHV DUH VXENMN
IRUFHV DQG VRFLRHFRQRPLFDVSHFWY 7KHUHIRUH VHQVLWLYLW\
SUDFWLFH WR VWXG\WKHLPSDFWV RI SRVVLEOH PDUNHW IOXFWXDV
ORUHRYHU LW KDV EHHQ FRQVLGHUHG WR SHUIRUP VHQVLWLYLW\ L
WD[HY IPQG RWKHU LQSXWV WKDW DITHFWV WKH SURILWDELOLW\ PH\

7KH PHWKRG XVHG WR SHUIRUP VHQVLWLYLW\ DQDO\VLV LV NQRZQ
2)$7 ,W FRQVLGHUV WKDW WKH VHQV lyWLAM)W WRI I IREGHR® UHV SR
FRUUHVSRQGV WR WKH UDWH RI FKDQJH RI WKH UHVSRQVH LQ WKH G
WKH IRFW®U7KLY UDWH RI FKDQJH LV NQRZQ DV WKH VORSHDQG GHI

$EVROXWH VHQ\%A.Z\N%%LW\

SHODWLYH VHQMI;\/\%:;%/LLW\

7KH DEVROXWH VHQVLWLYLWEPRISBQW WRHAXPE WWRQQRPLQDO YDO)
X 7KHUHODWLYHVHQVLWLY LWA\LS/HW MK W O/@ID L Y FHIS TH PWVRLR Q R
LWV QRPLQDPO YBEXKYWHUSUHWDWLRQ RI ERWK IXQFWLRQV DUH VLF
ZRXOG PHDQ WKDW WKH LQSXW YDOXH GRHV QRW DIIHFW WKH RXW S

'HSHQGLQJRQ WKH GLUHFWLRQ RI SHUWXUEDWLRQ WKH VHQVLWLY
XVLQJ

JRUZDUG SHUWX%y y ) r&x)

%DFNZDUG SHUW%&E%&&/—L@éA—

&HQWUDOGL||HU%§:FL(X+ X) Xf X)

$VVXPSWLRQV

7KH WHFKQR HFRQRPLF DQDO\VLV LV SHUIRUPHG IRU WKH FXUUHQV
XVHG WR H[SUHVV WKH UV XBWW[LSHWWH B>XOURHWLPH RI WKH SODQW
WR EH \HDUV ZLWK D IXOO ORDG RSHUDWLQJ WLPH RI KRXUV Si
DVVXPHG WR EH ORFDWHG LQ VRXWKHUQ 6SDLQ LQ WKH UHJLRQ RI 4

7KH FRVW LQIRUPDWLRQ DERXW UDZ PDWHUDEBOW DS®® XWKIHOLWLHV
PDUNHW SULFHV DUH XSGDWHG WR 'XHWR WKH LPSRVVLELOLW
IRUQLWULF DFLG SULFHV WKH HFRQRPLF DQDO\VLV LV GRQH EDVH
RI QLWULF DFLG WKOW P KHHX\DWIL R Q

7KH FDVK IORZDQDO\VLV LV SHUIRUPHG DVVXPLQJD WKUHH \HDUV F
DQG RI WKH )&, LVLQYHVWHG LQ WKH ILUVW VHFRQG DQG V

VWUXFWLRQ SHULRG UHVSHFWLYHO\ 7KH WKUHH \HDUV Rl WKH FRC

QHJDWLYH\HDUV LQ WKH FD$K S®IRGDRMOO\VLY VHH

SHIDUGLQJ WKH VWDUW XS FRVW LWLV DVVXPHG D FRVW RI R
WZR \HDU UDPS XS WR UHDFK IXOO FDSDFLW\ ZLWK SURGXFWLRC(

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



SURGXFWLRQ LQ WKH VHFRQG \HDU 6SDLQ KDV DQ LQFRPH WD]
FRPSDQL® SHSUHFLDWLRQ LV FRQVLGHUHG IRU WKH ZKROH SO
RJ\FKRVHQ WR FDOFXODWH WKHDQQXDO GHSUHFLDWLRQ LV WK
0$&56 )LIXUHYKRZYVY WKH GHSUHFLDWLRQ UDWH SHUFHQWDJH X\
HU\ SHULRG RI @HRQWSXKHRWKHU KDQG ODQG FRVWV DQG LQIOI
RIFRQVWUXFWLRQ WKH SULFHRIWKH SURGXFW DQG WKH 73& D
DQDO\VLV

7TDEOH ODUNHW SULFHV IRUUDZ PDWHULDOV DQG >
ODUNHW SULFH 8QLWYV 5HIHUHQFH

5DZ PDWHULDOV DQG XWLOLWLHV

$PPRQLD Yo W > @
3W 5K &DWDO\VW Y J > @
*UHHQ DPPRQLD IURP HOHFWURO\VLV Ve W > @
&RPSUHVVHG DLU Y P > @
(OHFWULFLW\ IURPJULG Y N:K > @
(OHFWULFLW\ IURP &63 Ys N:K > @
&RROLQJ ZDWHU Y P > @
3URFHVV ZDWHU Y P > @
OHGLXP SUHVVXUH VWHDP Yo NJ > @

7TKUHH GLITHUHQW W\SHV RI QLWULF DFLG SODQWV DUH FRQVLGF
ILUVW VWXG\ LV FDUULHG RXW RQ D FRQYHQWLRQDO QLWULF D!
DPPRQLD SULFHDQG HOHFWULFLW\ 7KH VHFRQG QLWULF DFLG
EDVHGDPPRQLD 7KHUHIRUH K\GURJHQFRQVXPHGLQDPPRQLD
WHUHOHFWURO\VLY SRZHUHG E\VRODU HQHUJ\DQG WKH UHPDL:
SURFHVV LV DVVXPHG WR EH REWDLQHG IURP FRQFHQWUDWHG \
FDVHHYDOXDWHG LV WKH RSWLPLVHG QLWULF DFLG SODQW 2;<
R\ JHQIURP ZDWHU HOHFWURO\VLV LQ WKH 62/ 1$ SODQW

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



SHVXOWV DQG GLVFXVVLRQ

7KLVFKDSWHU FRQWDLQV WKHSUHVHQWDWLRQDQG GLVFXVVLR
$VSHQ 3OXVDQG IURP WKHHFRQRPLFDQDO\VLYV ,QDGGLWLRQ
DERDO\WLVY FDUULHG RXW RQ WKHWZR PDLQ FRUHV RI WKH SURMF

SURFHVV VLPXODWLRAQ

7KH $VSHQ SURFHVV IORZVKHHW ZLWK WKH RSHUDWLQJ FRQGLYV
GXULQJ WKH ZKROH SODRQXWHV/VAKRZG DOPRQLD LV ILUVW YDSRL

DQG RYHUKHDWHG LQ&EHIBWH EHLQJ PL[HG ZLWK WKH DLU VW
DWPRVSKHULF DLU SDVVHV WKURXJK D WKUHH VWDJHV FRPSUH
PRLVWXUH DQG DFKLHYH WKH GHVLJQ SUHVVXUH RI EDU 7KL
VWUHDPV D SULPDU\VWUHDP JRHV WR WKH DPPRQLD DLU PL[HU
WR WKH EOHDFKLQJ FROXPQ 7 $PPRQLD DL& PH[R/XH WKW SU
FDWDO\WLF FRPEXVWLRQ FKDPEHU 5 $PPRQLD DQG DLU DU
WKURXJK D 3W 5K FDWDO\WLF JDX]JH 7KH FDWDO\WLF FRPEXVW|I
VWUHDP FRPSRVHG RI QLWURJHQ R[LGHV QLWURJHQ DQG R[\JH(

7KH KHDW UHOHDVHG E\ WKH VHULH YTRIDHYR R/ H U F UAHEFERY FW HRBQ
LQ D VHULHV RI KHDW H[FKDQJHUV FOORHIB KNDWQU MARMHUK XD
UHFRYHU\VWHSV QLWULF R[LGH LV ILUVWNI VHIERIGGOR G L AWHIUIE
WR IRUP GLQLWURJIKQ WHRUR{HGHWKLY JDV VWUHDP LV SDUWLD
LQ D FRROHU FRQGHQVHU ( E\ FRROLQJ ZDWHU $ KLJK TXC
IRUPHG DW WKH ERWWRP DQG VHQW WR WKH ORZHU PLGGOH SDU
2Q WKH FRQWUDU\ WKHUHPDLQ JDV VWUHDP LV PL[HG ZLWK WKH
7 DQG VHQW WR WKH ERWWRP RI WKH P EVR VSW HDP ER GXROQL
FRXQWHU FXUUHQW FRQWDFW ZLWK SURFHVV ZDWHU WKDW HQW
SURFHVV OHDGY WR REWDLQ WKH UHTXLUH QLWULF DFLG VWUH(
DFLG OLTXLG JRHV WR WKH EOHDFKLQJFROXPQ WR EH EOHDFKH

7KH ¥2JDVHVY OHDYLQJ DW WKH WRS RI WKH DEVRUSWLRQ FROXP
JDV KHDW H[FKDQJHUV $IWHU WKDW WKHAVBEBW MWRIHBDAMIRG H @ BLL
YHQWHGDWDFRQFHQWUDWLRQORZHU WKDQ SSPY $VDUHVXC
WRQV SHUGD\RIDLUDQG WRQV SHU GD\RI SURFHVYV ZDW
WRQV RI QLWULF DFLG SHU GD\ 7KH UHVXOWV RI WKH PDVV D
VWUHDP DUH ¥XRZIQDLG

&DWDO\WLF R[LGDWLRQ RIDPPRQLD

7KH VSHFLILFDWLRQ LQSXWV LQ $VSHQ SOXV WR PRGHO WKH F|
7TDEOH 7TKH FDWDO\WLF FRPEXVWLRQ RI DPPRQLD LV FRPSRVHG
UHDFWLRQV 7KHUHIRUH WKH VLPXODWLRQ UHVXOWY VKRZ WK
WKLV SURFHVV 7KLV HQHUJ\ZLOO EHODWHU UHFRYHUHG E\D V

2QHRIWKHPDLQLPSRUWDQWHFRQRPLFDQG GHVLIQDVSHFWYV F
RI FDWDO\VW UHTXLUHG 7KH DPRXQW RI 3W 5K FDWDO\VW QHF
SURFHVV FDQ RQO\ EH REWDLQHG ULJRURXVO\ E\ SHUIRUPLQJ
VLPXODWLRQ

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



AXOE OHSAS OT MHHIAZYOI MOAOSHOTIA4TNMTIO 0OAOITMOHADY®

HNXC(

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



$V LW LV RXW RI WKH VFRSH RI WKLV ZRUN WKH FRQVXPSWLRQ R

J WRQ3+52@ $VVXPLQJ WKDW WKH SODQW LV UXQQLQJ K
NJ RI FDWDO\VW ZRXOG EH ®RIMQIGYTHIO WAPH GHNVLJIQ VSHFLILFED
FDOFXODWHG EDVHG RQ WKH YROXPHWULFIORZUDWHYV IURP WK
FDOFXODWHG LV DURXQG NJ ZKLFK LV ORZHU WKDQ WKH DQ
W FOHDUO\LQGLFDWHY WKDW PLJKW EH VRPH IHDWXUHV WKDW
WR OLWHUDWXUH NJ RI 3W 5K FDWDO\VW DUH XV@G WKRLSUR G »
QXPEHU LV ILQDOO\XVHG IRUWKHHFRQRPLFDO FDOFXODWLRQ\

7TDEOH $PPRQLD FRPEXVWLRQ FKDPEHU VSHFLILFDWL
2SHUDWLQJ SDUDP HYDIDXW $PPRQLD &RQYHUVLRQ UDWLR
5HDFWRU W\SH 56 WRLF (TXDWLRQ
SHDFWLRQ VHW ORGHO (TXDWLRQ

3UHVVXUH GURS EDU
THPSHUDWXUH

1LWURJHQ R[LGHV R[LGDWLRQ

,Q WKH $VSHQ SOXYLUIXRIAVKBIGWH QRWLFHG WKH XVH RI D KLHUI
7KLV IXQFWLRQDOLW\LQ $VSHQ SOXV DOORZV WR FUHDWH D QH
WKLYV FDVH LW KDV EHHQ XVHG WR VLPXODWH WKH KHDW UHFRY
IRXUUHDFWLYH KHDW H[FKDQJHUV PRGHOOHGDV SOXJIORZ UHI
DGLDEDWLF UHDFWRUV ORUHLQIRUPDWLRQ DEFRSM Q/ELNVSGHFL

JLIXUH+HDW UHFRY WWHULBHIMWRI KHDW H[FKDQJHUYV

JLIXUHWKRZV KRZWKHKHDWUHOHDVHGIURPWKHFDWDO\WLF FR
DW & LVUHFRYHUHG E\WKLV KHDW H[FKDQ&HU MWUWDQ OV NDUH |
OHDYLQJWKHDEVRUSWLRQ FROXPQ $ LV XVHG DV WKHUPDO I
WKHRWKHU KDQG FRROLQJZDWHULV XVHGDV WKHUPDO IOXLG L
HTXLSPHQW VSHFLILFDWLRQV RI WKLV RDEOBIUFK\ EORFN LV GH\

JLIXUH VKRZV WKH QLWULF R[LGH FRQYHUVLRQ DORQJ WKH KHD
QRWLFHG WKH HITHFW RI WHPSHUDWXUH RIXWWHRQ LG DDFMWRQ R
DERYH & WKLV UHDFWLRQ VOLJKWO\IDYRUV WKH SURGXFWLRQ
DUHVLPXODWHG DVDGLDEDWLFUHDFWRUV VLQFHUHDFWLRQV

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



SLSHLY ORFDWHG EHWZHHQ WKH ( DQG ( DQG WKH RWKHU EHW
%RWKSLSHVKDYHDQRXWOHWWHPSHUDWXUHKLIJKHUWKDQ WKHLQ
DUHH[RWKHUPLF

7TDEOH 5HDFWLYH KHDW H[FKDQJHUYV VSHFLILFDWLRC
,GHQWLILFDWLRQ FRGH ( ( ( ( (
2SHUDWLQJ SDUDPHWHUYV 9DOXHV
5HDFWRU W\SH 530XJ 5HDFWRU ZLWK FRXQWHU FXUUHQW WKHUPDO
5HDFWLRQ VHW ORGHO

+HDW WUDQVIHU FRHiI&LFLHQW NFDO K P
7TKHUPDO IOXLG RXWO&W WHPSHUDWXUH
I1XPEHU RI WXEHV

/IHQIJWK RI WXEHV P

'LDPHWHU RI WXEHV P

7KH JRDO RI WKH FRROHU FRQGHQVHU LV WR GHFUHDVH WKH WHPSH
WLRQ RI QLWUKEBMKRZYV WKH SURILOH RI WKH OLTXLG QLWULF DFLC
WKHFRROHU FRQGHQVHU $ZHDNQLWULFDFLG FRQFHQWUDWLRQ R
WKH XQLW (

D E

YLIXUH D 12 FRQYHUVLRQ DORQJ KHDW H[FKDQJHUV E $FLG VW
FRQGHQVHU

1LWURJHQ RILGHV DEVRUSWLRQ

$ VSHFLDODWWHQWLRQ KDV EHHQ GHGLFRWHBRWUR WILRQOLDQMHT WK L V
RXVVROXWLRQ 7KHGHVLIQVSHFLILFDWLRQVIRUWKHDEVRUSWLR
DUH WDEXODBMOHG%RRWK FROXPQV VWDJHV DUH QXPEHUHG IURP WRS

WRS SODWH WUD\ ERWWRP SODWH 7R REWDLQ D QLWULF DFL
RI'SURFHVV ZDWHU DUH SXW LQ FRXIDVHY 6 KDY HQWWKMW KWKIHFKL QJ
XPQDQG WKHFRQGHQVHU &RROLQJZDWHU LV XVHG WR FRRO GRZQ
PDLQWDLQ WKH WHPSHUDWXUH SURILOHLQ IDYRXU RI WKH JDVHYV DI

,QLIJXUH FDM EHVHHQKRZWKHIRUPDWLRQRIQLWULFDFLGLVLQFUF
$W WKH WRS RI WKH FROXPQ WKH DFLG IRUPDWLRQ LV DOPRVW QF
WLPH EHW4ZHIDYHY DQG WKH SURFHVY ZDWHU 7KH FORVHU \RX JHW

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



WKH FROXPQ WKH KLJKHU WKH OLTXLG KROGXS LV 7KHUHIRUH
OHDGLQJWRD KLIJKHUDFLG SURGXFWLRQ

7DEOH $EVRUSWLRQ DQG EOHDFKHU FROXPQ VSHFL
,GHQWLILFDWLRQ/FRGH 7
2SHUDWLQJ SDUDPHWHUV  9DOXH 9DOXH
&ROXPQ W\SH 5DG)UDF 5DG)UDF
5HDFWLRQ VHW ORGHO ORGHO
&DOFXODWLRQ W\SHLOLEULXP (TXLOLEULXP
&RQGHQVHU 3DUWLDO 1RQH
SHERLOHU 1RQH 1RQH
&RQYHUJHQFH PROGMURQJIO\ QRQ LGHDO OLTXLG 6WURQJO\QRQ LGHDO OLTX
1XPEHU RI SODWHV 6LHYH WUD\V 6LHYH WUD\V

&ROXPQ GLDPHWHU P
+ROHVY GLDPHWHU P
3UHVVXUH EDU

JHHG VWUHDPV $ SODWH $ SODWH $ 3 SODWH $ SODWH
2XWOHW VWUHDPY¥ SODWH $ SODWH $ SODWH $ SODWH
%RWWRP WHPSHUDWXUH 1RW GHILQHG
7TRS WHPSHU&® WXUH 1RW GHILQHG

7KH SURILOH RI WKH QLWULF DFLG PDVV FRPSRVLWLRRQILQ WKH L
XUH 7KH QLWULF DFLG VWUHQJWK LQFUHDVHV VLPLODUO\ WR
VRUSWLRQ WRZHU

D E

JLIXUH SURILOHV DORQJ WKH DEVRWEMWALIRROQWRZBEL ® VMLA H ¢

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



JLIXUH VKERZV WKH SRLQW LQ ZKLFK WKH ZHDN QLWULF DFLG VWUHI
IHG LQWR VWDJH ,QIDFW WKH RSWLPXP IHHG VWDJH IRU VWUHD
EHKDYLRXURIWKHDEVRUSWLRQ RYHU WKH VWDJHY 6WUHDP $ LV I
QLWULFDFLG FRPSRVLWLRQ RI ZW ZKLFKLVFORVHO\WR WKH QLYV

D E

JLIXUH SURILOHV DORQJ WKH R FWRRUS\Q VRIDWRRIQUED+HDW G XV

7KHFRQWURQ RPWKWHLRQV LQ D QLWULF DFLG SODIQW UM H{WUHPHO\ |
VKRZV WKH SURILOH Rl WKH QLWULF R[LGHV JDVHV DORQJ WKH DEV
WUDWLRQ LV H[SRQHQWLDOO\ GHFUHDVLQJ IURP ERWWRP WR WRS [
EHLQJDEVRUEHG E\WKH OLTXLG SKDVHDORQJWKHFROXPQ 7KHUH
XPQ DW DFRQFHQWUDWLRQRI SSPY 7KH\QHHG WR EH IXUWKHU V
UHOHDVHG WR WKH DWPRVSKHUH $FFRUGLQJWR WKH ,QGXVWULDO
RIWKH (XURSHDQ &RRPPLYVRAQMOHYHOV LQ H[LVWLQJ QLWULF DFL
FRQWDLQ D KLFKGIFHIQWUDWLRQ R SSPY >

6HQVLWLYLW\N\DQDO\VLV

7KH VHQVLWLYLW\DQDO\VLV LV IRFXVHG RQ WKH DEVRUSWLRQ WRZ
UROHLQ QLWULFDFLG SURGXFWLRQ 7KHLGHD RIWKLV DQDO\VLV L\
RI WKH FROXPQ WR FHUWDLQ GHVLJQ VSHFLILFDWLRQV 7KH FROXP
WKH VORW KROHRIWKH WUD\V DUH VXEMHEW RI VWXG\ 7KH GLVFXV
PHWULFV 1LWULF DFLGBQREXWWDRQRIXDQG ILQDO QLWULF DFLG V

JLIXUH VKIRZV WKDW DV WKH GLDPHWHU RI WKH FROXPQ LQFUHDVH)\
DFLG LQFUHDVHV LQGHSHQGHQWO\ WKH W\SH RI SODWH XVHG ,W |

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



wubD\V OHDG WR D KLIJIKHU SURGXFWLRQ )RU WKH VDPH GLDPHYV
SURGXFH XS WR W G PRUH QLWULF DFLG SHU GD\ FRPSD
$GGLWLRQDOO\ WKH SURGXFWLRQ RI QLWULF DFLG LV QRW IDY
VLHYH KROH VXEPHUJHQFH LQFUHDVHYV

D E

JLIXUH (ITHFW RQ WKH SURGXFWLRQRIQLWULFDFLG D &RO>
VLHYH KROH VXEPHUJH

$ VLPLODU EHKDYLRXULVIRXQG LQ WKLV FDVH | RW WWKH QIDWULF

E 7KH QLWULF DFLG VWUHQJWK LQFUHDVHV DV WKH FROXPQ
EXEEOH FDS VORW RU VLHYH KROH VXEPHUJH LV GHFUHDVHG 7]
VLHYHRUD EXEEOH FDSWUD\DUHDOPRVW WKH VDPH DV GLVFXV
WLRQ

D E

JLIXUH (INMHFW RQ WKHDFLG VWUHQJWK D &ROXPQ GLDPHWF
VXEPHUJH

JLIXUH VKIRZV WKDW DV WKH GLDPHWHU LQFUHDVHV WKHUH LV I
122 FRQFHQWUDWLRQ DW WRS RI WKHDEVRUSWLRQ FROXPQ (YH
JDV FRQFHQWUDWLRQ EHWZHHQ WKH VLHYH DQG WKH EXEEOH V
SDUHG WR HITHFW RQ SURGXFWLRQ LW L)\LYXWLH CDRVRPW OFHDLE O
EXEEOH VLHYH KROHIDYRXUV WKHUHGXFWLRQ RI QLWURJHQ R

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



OLOOHU KLJKOLJKWHG WKDW EXEEOH FDS WUD\V ZHUH OHVV HIITHFW
OLTXLG GLVWULEXWLRQFRPSDUHG WRVLHYHWUD\V ORUHRYHU KH
VLIQLILFDQW RQ WKH ILQDO QLWURJHQ R[LGHV FR@FHQWUDWLRQ D

D E

J)LIXUH (IHMHFW,RERWE8 RM2WLRQ D &ROXPQ GLDPHWHU E %XEEOH
KROH VXEPHUJH

,QIDFW VLHYH WUD\V DUH FXUUHQWO\ XVHG RYHU EXEEOH FDS W!
UHSODFHG E\VLHYHWUD\VGXHWRWKHVXSHULRU®@HUKXWYPDQFHDQ
WKHVH UHVXOWY DUH LQ DJUHHPHQW ZLWK OLWHUDWXUH G6LHYH W
SHUIRUPDQFH WKDQ EXEEOH FDSV IRUWKHHYDOXDWHG PHWULFV

3LQFK DQDO\VLV

,Q WKLV VHFWLRQ WKH SLQFK DQDO\VLV LV SHUIRUPHG WR ILQG W
PLQLPXP KRWDQ FROG XWLOLWLHVY UHTXLUHG WR FRYHU WKH HQHU

7TKHWHPSHUDWXUHV DQG KHDW GXWLHV IRUDOO SODQW VWUHDPV |
7TDEOH 7KH KRW VWUHDPV DUH PDUNHG LQ UHG DQG WKH FROG RQHYV
DUH FODVVLILHG LQ LQWHUYDOV DQG WKH UHTXLUHG DQG FXPXODYV
PXP WHPSHUDWXUH GLIIHU$FHSEHORILEWEHWKH LQIRUPDWLRQ SUHVH
LGDEOH WKH FRPSRVLWH FXUYHV JUDSK FDQ EH SORWWHG E\ UHSU|
KHDW LQ WKHDEVFLVVD D[LVDQG WKH KRW VFDOH WHPSHUDWXUH L

7TDEOH 6XPPDU\RI VWUHDP WHPSHUDWXUHV DQG KHDW (

6WUHDP ODEHO&@ 7 Tou >&@ p&N: . @ 4 >N: @

$
$3
$ %
$
$ $

o oo O

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



JLIXUHVKRZV KRZ WKH KRW DQG FROG FRPSRVLWHYV FXUYHV LQW
WLRQ RIPLQLPXP WHPSHUDWXUH GLITHUHQFH ,Q RUGHU WR FD(
PLQLPXP KRWDQG FROG XWLOLWLHVY WKHFROGFRPSRVLWH FXI
GLVWDQFH RI .EHWZHHQ WKHWZR FXUYHV LV PHW

JLIXUH &RPSRVLWH FXUYHV IRUWKH KRW VFDOH WH

7KH FROG FRPSRVLWH FXUYH LV VKLIWHGLEXUHO: DWLMW RXQYEBR Z
WKDW WKH SLQFK WH RSIHRWDMWKHIKRW VFERORDYE&H FROG VFDOH
PLQLPXP KRWDQG FROG XWLOLW\N\UHTXLUHG LV 0: DQG 0:

J)LIXUH 6KLIWHG FRPSRVLWH FXUYHYV

7KH SHUIRUPHG SLQFK DQDO\VLY FRXOG EH XVHG DV D EDVLV IF
QHWZRUN VIQWKHVLV +(16 EXW WKLV LV RXWRIVFRSHRI WKL)\
LOWHJUDWLRQ EHWZHHQ VWUHDPYVY KDV EHHQ SHUIRUPHG IROO
8OOPDQQTV (QF\FORSHGLD RI)QEBXXWMN@EL DIXK B KHPRVWUYKH RXWO
JDVHV IURP VWUHDP $ KDYHEHHQ XVHG DV WKHUPDO IOXLG IR!

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



( ( 2Q WKH RWKHU KDQG FRROLQJZDWHULV XVHG DV WKHUI
( ( ( DQG (

2SWLPLVHG QLWULF DFLG SODQW WKURXJK R[\JHQ LQMHF

,Q WKLV VHFWLRQ LWLV LQWHQGHG WR VKRZ WKH GLVFXVVLRQ RI
VWXG\ FDVHV

&DVH $XUH R[\JHQ LV XQLTXHO\LQMHFWHG XSVWUHDP RI WKH EO
JLIXUH % E

&DVH %XUH R[\JHQ LV XQLTXHO\LQMHFWHG XSVWUHDP RI WKH FR
JLIXUH % F

&DVH &XUH R[\JHQ LV XQLTXHO\LQMHFWHG XSVWUHDP RI WKH DE
JLIXUH % G

&DVH 3XUH R[\JHQ LV XQLTXHO\LQMHFWHGQILIDWR WKH SULPDU\ Il

7KHFDVHVY DUH FRPSDUHG EDVHG RQ WKUHH PHWULFV WKH VWUHOQ
DFLG SURGXFWLRQDQG WKHFRQFHQWWHDWLRQ RI WKH OHDYLQJ 12

7TKH DPRXQW RI VXUSOXV R[\JHQ DYDLODEOH IURP HOHFWURO\VLV L
DPRXQW RIDPPRQLD QHHGHG WR SURGXFH WKH GDLO\WRQV RI Q
PROHV RI K\GURJHQ DQG PROHRIQLWURJHQ DUH UHTXLUHG WR SU
(TXDWLRQ7TKHUHIRUH , NQ®RI +NJRDUH QHFHVVDU\ WR SURGXFH W
Rl 13+ 6LQFH GDLO\WRQV RIDPPRQLD DUHQHHGHG WR SURGXFH
GDLO\WRQV RI K\GURJHQ DUH FRQVXPHG

HO ()1 H2(@)+ 502(0)

$SSO\(XDWLR®KH VXUSOXV R[\JHQ DYDLODEOH LVRI NPRO SHU }
WKLV LQYHVWLIJDWLRQ LV WR ILQG WKH EHVW ORFDWLRQ IRU WKHYV
DPRXQW RIR[\JHQ LQMHFWHG RQ WKH WKUHH PHWULFV GHVFULEHG

D E

J)LIXUH (IMTHFW Rl SXUH R[\JHQ LQMHFWLRQV D 1LWULF DFLG ¢
VWUHQJIWK

JLIXUH VKRZV WKDW R[\JHQ LOMHFWLRQ FDQ ERRVW WKH QLWULF
GDLO\WRQV &RPSDULQJ WKH GLITHUHQW FDVHV LQFUHDVLQJ WKH

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



SLSHOLQH VWUHDP$ OHDGVWRWKHKLIJKHUQLWULFDFLG SUR
HVW SURGXFWLRQ LV REWDLQHG LI R[\JHQ LQMHFWLRQ RFFXUV
J)LQDOO\ &DVH $ DQG & VKRZ OHVV SURPLVLQJ UHVXOWYV LQ WH
SURGXFWLRQ

7TKH QLWULF DFLG VWUHQJIJWK LQFUHDVHYV YDIXHKMW O\&ES/VRR\IJHQ L
DPD[LPXPLQFUHPHQW RI ZW FDQEHREWDLRQHGURU FEVH "' $
LW VKRZV WKDW WKHUH LV D JUHDWHU LQFUHDVH DV VRRQ DV R]
XSVWUHDP WKH  FRPEXVWLRQ FKDPEHU

,QMHFWLQJR[\JHQ GRZQVWUHDP WKHFRPEXVWLRQFKDPEHU ZLC
RI\JHQ DQG ZLOO IDYRU WKH FRQYHUVLRQ RI QLWULF R[LGH WR ¢
RI QLWURJHQ GLR[LGH ZLOO EHDYDLODEOH IRU WKH DEVRUSWL
SURGXFWLRQRIQLWULFDFLG 1HYHUWKHOHVYV WKHUHDUH RW
DVFDWDO\VW ORVVHV DQG WKH IODPPDELOLW\RIDPPRQLD LQT L
RIR[\JHQ LQ WKH EXUQHU ZLOO UHVXOW LQ D KLJKHU FDWDO\VW
UHDFW PRUH HDVLO\ WR SURGXFH WKH FRUUHVSRQGLQJ R[LGHV

YLIXUH (IIHEAWRHEWLRQ RRQFKHDMUDWLRQ OHDYLQJ WKH DE

JRUVDIHW\ UHDVRQ WKH DPPRQLD FRQFHQWUDWLRQ PXVW EH C
OLPLW RI ¥R ULHRU PHGLXP SUHV@XUKM\NMORYWERQ OLPLW D
SHQGV RQ WKHR[\IJHQ FRQFHQWUDWLRQ WHPSHUDWXUH SUHV)
WHU FRQWHQW RIWKHUHDFWLRQ PLIWXUH )RUWKHVHUHDVRQ"
LQFUHDVHG ORVV RI FDWDO\WVW DQG VDIHW\ FRQFHUQV DVVRFLELC

' QLIJXUH VKRZV KRZ LQFUHDVLQJ WKH R[\JHQ FRQWHQW LQ WKH
SODQW ZLOO OHDG WR D FRQ V L G HRURDERHHQGVHFDMA IDR/G1 IRQ W K H W2D L
UHGXFWLRQ RI DQG IRUFDVHS$ % & DQG ' Ul

,QFRQYHQWLRQDO QLWULFDFLG SODQWYV SULPDU\DLUDQG WKH
FRPSUHVVRU ,QFUHDVLQJR[\JHQ FRQWHQW LQ WKH SULPDU\DL
FRPSUHVVRUDQG KHQFH WRHIXRHH W KR ZX KWREGVKH SRZHU UHTX
FDQEHUHGXFHG XSWR E\LQFUHDVLQJWKHR[\JHQ FRQWHQW L
JLNHZLVH WKH FRROLQJKHDW GXW\GXULQJFRPSUHVVLRQ VWD
LVLQFUHDVHG DV)LWXWH KRRQ LQ

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



D E

J)LIXUH &RPSUHVVRU FKDUDFWHULVWLF & IRUFDVH' D 7RW
HUV E &RPSUHVVLRQ SRZHU

7TDEOHVKRZV WKH VXPPDU\RIWKHPD[LPXP SHUFHQWDJHLQFUHDVH I
XDWHG $FFRUGLQJWR WKHUHVXOWYV WKHFRQFHQWUDWLRQRIQL
XS WR 7TKHUHIRUH WKH FOHDQLQJ XQLW RI WKH JDV FRXOG EH G
WXQDWHO\ WKH VLPXODWLRQ RI WKLY FOHDQLQJ JDV XQLW LV RXW
H[SODLQV ZK\QR UHIHUHQFH KDV EHHQJLYHQ WR WKLV UHGXFWLRQ
WDO WHUPV

7TDEOH 6XPPDU\ RI WKH PD[LPXP SHUFHQWDJH LQFUHDVH IRU

&DVH 3URGXFWLRQ 6WUHQJWK 12 FRQFHQWUDWLRQ

$
%
&

7KH WUHQGV LQ WKH UHVXOWV DUH LQ O IMXHE Y HWW MRGM ED@HQW YV GL
EH FRQFOXGHG W KDW) WRMHRFQWIHIQIMPLRQDO QLWULF DFLG SODQWV F
SURGXFWLRQ UHGXFHWKHILQDO QLWURJHQ R[LGHV FRQFHQWUDW
DFLG VWUHQJWK

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



(FRQRPLFDQDO\VLYV

7KH JRDO RI WKLV VHFWLRQ LV WKH GLVFXVVLRQ RI WKH HFRQR
WA\SHV RI QLWULFDFLG SODQWV HYDOXDWHG

&RQYHQWLRQDO QLWULF DF&B GVIDIHW LYIIDPIPRQLD DQG HO
SULFHV RIIRVVLO EDVHG SURGXFWLRQ

6RODU EDVHG QLWULF DFIERQQYVDLGWURZDYIIDSPPRQLD DQG HOHF)
RI'VRODU EDVHG SURGXFWLRQ

2SWLPLVHG VRODU EDVHG QLWULF DERGVEODRQWL QJ<WeKRH VK L
R[\JHQ IURP ZDWHU HOHFWURO\VLV LQ WKH 62/ 1$ SODQW

7KHHTXLSPHQW FRVWV IRUDOO WKH LQYHVW LZICE/OHHGT K FHH QD U L F
WRWDO HTXLSPHQWY FRVW DV F He&Q GRW R WKH IBXPORA 62/ 1$ DQG

Oe IRU2;< 62/ 1$ 7KLV VDFHG LV GXH WR WKH ORZHVW FDSDF
SUHVVRU UHTXLUHG IR U)MWIKH B DLWWLS/ODKREZ Q ,IQR Z WK H RI WKF
HTXLSPHQW FRVWV FRUUHVSRQG WR WKH FRPSUHVVRU FRVW )R
ORZHU IRUWKH 2;< 62/ 1$ SODQW

7TDEOH (TXLSPHQW FRVWV UHVXOWYV IRUWKHLQYHVYV

RGH Gref 8QLW (83022 0% (8302 0%

6
H[FKDQJH DUHD >
H[FKDQJH DUHD >
H[FKDQJH DUHD >
H[FKDQJH DUHD >
H[FKDQJH DUHD >
H[FKDQJH DUHD >
H[FKDQJH DUHD >
>
>
>
>
>
>
>

(TXLSPHQW

$PPRQLD HYDSRUDWRU
$PPRQLD SUHKHDWHU
$PPRQLD DLU SUHKHDWHU
7DLO JDV SUHKHDWHU ,
(FRQRPLJHU

7DLO JDV SUHKHDWHU ,,
JHHGZDWHU SUHKHDWHU
&RROHU &RQGHQVHU
%OHDFKHU SUHKHDWHU
$LU FRPSUHVVRU
&RPEXVWLRQ &KDPEHU
$EVRUSWLRQ &ROXPQ
%OHDFKLQJ &ROXPQ FROXPQ YROXPH
JHHGZDWHU SXPS SRZHU FRQVXPSWLRQ

1&219 1$ 62/ 1%2;< 62/ 1% 727%/ 0Ys 727%/ 0Ya

H[FKDQJH DUHD
H[FKDQJH DUHD
SRZHU FRQVXPSWLRQ
UHDFWRU YROXPH
FROXPQ YROXPH

Wy NT g~~~ e~~~
ZPRRoRRRRRERRRD
SRR

7KHUHVXOWYVY RIWKHPDLQ HFRQRPLMEIDW WR2AY OB YOG BEXODWH (
1$ SODQWYV KDYH D ORZHU FDSDFLW\ FRPSDUHG W\RXE\HE2/ 1$ S
WLRQ KLIKOLJKWHG KRZR[\JHQ HQULFKHG DLU FDQ LQFUHDVH C
E\

7KH FDSLWDO H[SHQVHV &DS([ DUH SUDFWLFDOO\WKH VDPH IR
WKH RSHUDWLRQDO H[SHQVHV 2S([ RI WKH FRQYHQWLRQDO SC
62/ 1$DQG 2;< 62/ 1$ SODQWV ,W LV GXHWR WKHDPPRQLD SULF
GULYHU RI WKH UDZIXDWHUQDDFW WKH FRVW RI JUHHQ DPPRQL
KLIKHU WKDQ WKH FRQY HZDWE DRIQ DI BPAPRIQ ERVW RI WKH UDZ PC
FRQVWLWXWH WKH RI WKH WRWDO 2S([V ZKLFK IXOO\H[SOL
FRVWV EHWZHHQ WKH*SODQWVW )LIXUHV

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



7TDEOH 6 XPPDU\HFRQRPLF UHVXOWYV IRUWKHLQYHVWLJD

7\SHRI SODQW &219 1% 62/ 1% 2;< 62/ 1%

30DQW FDSHWLW\
Y&, 0V

‘& 0Y

&DS([ 0¥

'LUHFW 2S([ 0% \
,QGLUHFW 2S([ 0% \
2S([ 0¥ \

7KHFDVKIORZDQDO\VLVKDVEHHQ SHUIRUPHG FRQVLGHULQJWKH P
RI QLWULF DFLG WKDW PHHWYV DQ DQQXDO 52, Rl WKH 7KH 06(3 L
WRTXDWLRQ7KLY SURILWDELOLW\PHWULFIRU®G62/ 1$DQG 2;< 62/ 1%
DQG UHVSHFWLYHO\ KLJKHU W K D Q7 BVEK®HF REHYIHDQVE IDRYIVORS O D Q
HQYLURQPHQWDO FRQVLGHUDWLRQV DGLIIHUHQFHFORVHWR R
UROHLQ GHFLGLQJ ZKLFK VXSSOLHU WR FKRRVH

7TDEOH JHDVLELOLW\ PHWULFV WR HQVXUHD P

7\SHRI SODQW &219 1% 62/ 1% 2;< 62/ 1%

06(3 Y% W
52, \
3%3 \
139 0%
'&)5 \

$VWKH52,LVIL[HG WR D WKH SD\EDFN SHULRG UHPDLQV SUDFWL
SODQWYV $ KLJKHU 139 DQG '&)5LV REWDLQHG IRUWKH FRQYHQWLR
RSHUDWLQJDQQXDO H[SHQVHYV

6HQVLWLYLW\DQDO\VLV

7TKHVHQVLWLYLW\DQDO\VLVKDVEHHQ SHUIRUPHGIRU WKHWKUHH V
WR WKHGLITHUHQFHEHWZHHQ WKHUHVXOWY RI WKHVHQVLWLYLW\ |
WKH SODQWY LWLV GHFLGHG WR GLVFXVV WKH UHVXOWY IRU WKH 2
UHVXOWYV IRU WKH &219 1$DQG 62/ 1$S6BPQWIMPBPUH VKRZQ LQ

7KHPRVW VHQVLWLYH FRVW GULYHUVY KDYHEHHQ LGHQWLILHG WKU
WKH SLH FBEBBWYGIPLIXUHVKRZV WKDW WKH FRVW RI DPPRQLD DFFF

RI WKH WRWDO FRVW RI UDZ PDWHULDOV DQG WKH UHPDLQLQ
WR FDWDO\VW FRVW 5HJDUGLQJ XWLOLW\ FRVWV FRROLQJ ZDWHU
XUH * %DVHG RQ WKHDERYH DUJXPHQWYV LW LV GHFLGHG WR YDU

FDWDO\VW DQG FRROLQJ ZDWHU ZLWKLQ D UDQJH EHWZHHQ DQC
WKH LPSDFW RQ WKH 06(3 RI QLWULF DFLG ,Q IDFW WKHDPPRQLD S
LQFUHDVHG E\ DV V KIRIZXQ HQSW@ H

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



J)LIXUH 6HQVLWLYLW\DQDO\WLVRQ WKHWKUHHPDLQ FRVW

7KH VHQVLWLYLWVYXUN XBOMAVDROILIQHG ZLWK WKH DUJXPHQWYV Gt
7KH VORSHV RI WKH VWUDLJKW OLQHV LQGLFDWHYV WKHLPSDFW
RI QLWULFDFLG ,WFDQEHQRWLFHG WKDW WKHDPPRQLD FRVW
WKH 06(3 RI QLWULF DFLG 7KH SULFH RI QLWULF DFLG FRXOG EF
FRVW RIDPPRQLD ZHUH UHGXFHG E\

J)LIXUH 5HVSRQVH RI WKHO06(3 RI QLWUIL;F DFLG WR FKD(

7TKHPLQLPXPVHOOLQJSULFHRIQLWULFDFLGKDVEHHQHYDOXD
RILQYHVWPHQW )RU WKLV SXUSRVH WKH BL ®&DRXEPHHHMYOWQ R GL
EHWZHHQ D UDQJHRI )LDXQWH VKRZV WKDW WKH VORSH RI WKH V'
IRUWKHWKUHH W\SHV RI SODQWV LVH[DFWO\WKH VDPH ,WPHD
WR D FKDQJH/LRUWRIKHRGY LQ WKH VDPH ZD\ 7KH 06(3 RI QLWULF D
RUGHFUHDVH E\ XRRWB® FKDQJH LQ;WKH P

7THFKQR HFRQRPLF DQDO\VLV RIDVRODUDPPRQLDDQG IHUWLOL]JHU SURGXFW



,Q FRQWUDVW WKH VHQVLWLYLW\ DQDO\VLV LV SHUIRUPHG IRU WK
WKLV FDVH WKH )&, WKH SURILWY DQG WKH LQFRPHWR[DUH YDUL
HYDOXDWH WKH LPSDFW RQ WKH P D)LLQ YSWHR FLDAQD EE H @LRMW LAFHHVE UL K B W, (
WKH GLUHFWLRQ RIWKH VORSHIRU )&, DQGLQFRPHWD[LV GLIIHUHQ
GXHWR WKH RSSRVMXWMWVURDQV LQ

D 52, E 3%3

JLIXUH 6HQVLWLYLW\DQDO\VLVRQ SURILWDELOLW\PHWU|

7KH)&,LVWKHPRVWVHQVLWLYH SDUDPHWHU ,QIDFW ZKLOHD F

WD[ RQO\ FKDQJHV WKH 3%3 E\ DQG UHVSHFWLYHO\ WKH VDP
FDXVHV D FKDQJH)EJXUH ESSO\LQJI D FKDQJHLQ )&, DQG SURIL)
PD[LPXP LQFUHDVH RI DQG LQ 52, UHVSHFWLYHO\FRXOG EH DF

WKH 52, ZRXOG GHFUHDVH BLIXURIU SWDRILWV

D 139 E '&)5

J)LIXUH 6HQVLWLYLW\DQDO\VLVRQ SURILWDELOLW\PHWU|

&RPSDULQIJWKHVHQVLWLYLW\UHVXOWV RIWKHIRXUPHWULFV LWEF
RI'D FKDQJH LQ WKH )&, LV RQ WKH 139 :LWK D FKDQJH RI WKH 13
Oe WR DOPR¥WLJRUH OWHUQDWLYHO\ LWFDQ EHREWDLQHGD P
LOQFUHDVH RI DQG RIWKH '&)5 E\GHFUHDVLQJ WKH )&, DQG WKH |
J)LIXUH ELPLODUO\ WKH '&)5 ZRXOG EH UHGXFHG E\ WKH VDPH SI
SDUDPHWHUV ZHUH URBHHD\EHG

7THFKQR HFRQRPLF DQDO\WVLV RIDVRODUDPPRQLD DQG IHU!



&RQFOXVLRQV

7KH UHVXOWYV RI WKH WHFKQR HFRQRPLF DQDO\VLV JLYH D FOH
FRQVLGHUDWLRQV ZKHQ VLPXODWLQJDQGHYDOXDWLQJGLIIHU
HFRQRPLF SRLQW RIYLHZ

7KH ILUVW DQG PRVW IXQGDPHQWDO VWHS LV WR PRGHO DQG V
ULJRURXV ZD\ 7KH FRPSOH[LW\ RI WKH VLPXODWLRQ RI WKH 2V
OLHVLQ WKHLPSOHPHQWDWLRQ RI WKHNLQHWLF UHDFWLRQV G
LQ WKHDEVRUSWLRQ FROXPQ $V D UHVXOW RIWKHVLPXODWLR
RIDPPRQLD WRQV GD\RIDLUDQG WRQV GD\RISURFHYV
SURGXFH WRQV GD\RIQLWULFDFLG HT DMEDMHARQFHQWLU

7KHIHDVLELOLW\RIRSWLPLVLQJQLWULF DF L GFRRIRRGNFWU R W IDRX
RIWKHDEVRUSWLRQFROXPQE\LQMHFWLQJSXUHR[\JHQDW GLII
7KH DLP Rl WKLV UHVHDUFK LV WR ILQG VI\QHUJLHV EHWZHHQ Wk
DPPRQLD SURGXFWLRQ DQG QLWULF DFLG SURGXFWLRQ 7KH L
EHQHILWYV DUH REWDLQHG IRU FDVH ' 7KDW LV E\LQMHFWLQJ F

LQFUHDVLQJ WKH R[\JHQ FRQWHQW E\ ZW IURP ZW WR
DFLG SURGXFWLRQ FRXOG EHLQFUHDVHG E\ DQG WKH QLWU/|
E\ 7DEOH 1HYHUWKHOHVV LWLV PHQWLRQHG WKDW FDVH "

WR WKH KLJKHU ORVV RI FDWDO\VWDQG VDIHW\ LVVXHV DVVRFL

7TKHHFRQRPLFDQDO\VLV LV FDUULHG RXWRQ WKUHH GLITHUHQV
SDUHWKHPDLQ OLPLWDWLRQVDQG GLVDGYDQWDJHV RI SURGXF
ZD\FRPSDUHG WR WKH FRQYHQWLRQDO SURFHVYV

7KH RSWLPLVDWLRQ RI WKHFRQYHQWLRQDO SURFHVV E\ R[\JHQ
DEOH WR UHGXFH WKH FDSé WIR® SRVWE WR WKH &219 1$ DQG 62
SODQWEOH +RZHYHU WKH RSHUDWLQJFRVWY HQG XS EHLQJ PF
FDVKIORZDQDO\VLV 7KH &219 1$ SODQW KDV ORZHU RSHUDW
WZR JUHHQ DPPRQLD SODQWYV ZKLFK LV H[SODLQHG E\ WKH IDFW
IRU RI WKH WRWDO REHUDWLI*QJXHRWEWEKH DERYH DUJXPH
WKH FRQYHQWLRQDO QLWULF DFLG SODQW FRXOG KDYH D PLQL
WKDQ WKH 62/ 1$ DQG 2;< 627TOBHOD@WIYGGLWLRQ WR KDYLQJ [
PLQLPXP SULFH LWKDVDKLJKHU 139DQG '&)5 ZKLFKPDNHV WK
SURILWDELOLW\RIWKHSURMHFW PRUHFHUWDLQ 5HJDUGOHVV
DVLIJQLILFDQW GLIITHUHQFH LQ WKH ILQDO SULFH PD\PDNH \RXU
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A User kinetic subroutines in Aspen Plus

There are different functionalities that cannot be directly introduced in Aspen Plus. This is
the case for several kinetic equations that are not written in the conventional form. In that
case, Aspen Plus® has created a developer user manual to allow the users to customize
the simulator and adjust to their needs. One of the main functionalities is the so called
"Fortran user models”, subroutines are created by the user to perform several tasks as
sizing and costing and unit operation models among others [67].

Kinetic forms in Aspen Plus
The power law expression (conventional form) has two possibilities:

* If Tg is specified, then the general law expression will be:

N
r=k(T/T)"eE/R 777 cu (A1)
i=1
» On the other hand if Ty is not specified, the general law expression will reduce to

N
r=k(T)"eCERIF] ¢ (A.2)
i=1
The rate is expressed in kmol/(s- basis) where the basis is either m? for “Rate Basis:
Reac (vol)”, or kilogram catalyst for "Rate Basis: Cat (wt)”.

Apart from the conventional forms, Aspen Plus offers different possibilities such as: Langmuir-
Hinshelwood-Hougen-Watson (LHHW) reactions, equilibrium reactions, rate controlled
reactions, salt precipitation reactions, crystallization reactions...etc

Nevertheless, the heat exchangers (From E-104 to E-108) were modelled as plug flow
reactors (PFRs) since kinetic reactions cannot be included in the heat exchangers blocks
in Aspen Plus®. The introduction of the kinetic in the conventional form led to problems
during the simulation. Equilibrium reactions (2.12-2.13) must be simulated independently
for PFRs: The forward reaction from one side and backward reaction from the other side.
For that reason, all the kinetics were programmed in Fortran and introduced in Aspen
Plus®.

Linking Aspen Plus with Microsoft Visual Studio and Intel

Fortran Compiler

There are several steps to be done before writing and using any Fortran user model.
Aspen tech software does not include Microsoft visual studio © (MVS) and Intel fortran
compiler ® (IFC) by default. Those programs are required for the code development, the
compiling step and for the linkage of the files.

» step 1: Search in programs for “Set Compiler’ in my case: "C:\Program Files
\AspenTech\AprSystem V11.0\Engine\Xeg\ApSetComp.exe”. Figure A.2 will ap-
pear in your desk.

» step 2: Check the compatibility versions for MVS and IFC and proceed to install
the same versions. In my case, | have installed IFC 17/2017 with VS 2015 & IFC
18/2018 with VS 2015 (Figure A.2).
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Code development

. . Compilation
Microsoft visual

Studio®

Intel Fortran
Compiler®

y

Aspen Plus

Figure A.1: Basic steps and required programs.

» step 3: Once both programs has being successfully installed “OK” message will
appear instead of “ERROR” in the column state.

« step 4: Configure the compiler of Aspen Plus® for USER and MACHINE (see at the
bottom of Figure A.2). Write the number of the row that your state column shows
“OK” and click ENTER in your keyboard. Repeat the same for the machine option.

@ Set Compiler for V11 - ] X
p

1
1
1
1
1
1
1
1

Figure A.2: Set compiler window for Microsoft visual studio and Intel fortran versions.

Code compilation and linkage with Aspen Plus

First of all, the Fortran code must be written following the Aspen User manual [67]. One
of the easiest ways is to start using a default template available in the AspenTech folders
(C:\Program Files\AspenTech\Aspen Plus V11.0\Engine\User).

Once the code is prepared and saved with the extension .f, it must be translated from the
Visual Basic language to Fortran using IFC. it can be easily done following these steps:

» step 1: Open “Customize Aspen Plus program”. In my case: (“C:\Program Files
\AspenTech\Aspen Plus V11.0\Engine\Xeq\aspsetup.bat”)

54 Techno-economic analysis of a solar ammonia and fertilizer production



a. b.

*HNO3dll.opt: Blo... — O X
Archivo Edi Formato Ver Ayuda Archivo Edicion Formato Ver Ayuda
HNO3.o0bj HNOBdll.dlll
100% Windows (CRLF) UTF-8 100% Windows (CRLF) UTF-8

Figure A.3: .opt file creation in Notepad. a. Step 4 and b. Step 6.

» step 2: Open the location of your file. Type: cd + “location of your fortran code
file” and click ENTER (see Figure A.4).

» step 3: Compile your fortran code. Write: aspcomp + “the name of your fortran
code file”.f and click ENTER. This step creates an object file with an extension .obj
(see Figure A.4).

» step 4: Create a file with the program Notepad and write down the name of the
object file created (see Figure A.3). Then, save this file in the same location with
the extension .opt.

B Customize Aspen Plus V11 - (] X

Welcome to Aspen Plus V11 Simulation Window.

C:\ProgramData\AspenTech\Aspen Plus V11.0> cd C:\Users\pablo\Downloads\asp2 [EI=:p

C:\Users\pablo\Downloads\asp2>aspcomp HNO3.f
C:\Users\pablo\Downloads\asp2>asplink [dlopt HNO3obj.opt] HNO3dll
Linking HNO3d1l1l.d1l; sending messages to HNO3dll.1ld

HNO3d11.d11 created.

C:\Users\pablo\Downloads\asp2>

Figure A.4: Customize Aspen Plus window.

+ step 5: Go back to Customize Aspen Plus® window and type: asplink [dlopt “name
of your object file”.opt] “type name of the file”. This process generates a .dll,
Id and .Ids file. However, we will just use the file with the extension .dlIl.

» step 6: Create a file with the program Notepad and write down the name of the
dll file created (see Figure A.3). Then, save this file in the same location with the
extension .opt.

« step 7: Go to Aspen Plus® simulation environment and click on: Run - Settings -
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