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summary

Rising global CO, levels underscore the urgent need for effective carbon capture and utilization (CCU)
technologies to support a circular carbon economy. This study evaluates the techno-economic per-
formance of a novel integrated CCU system that combines a K,COj;-based capture column with a
bicarbonate electrolyser for syngas production, specifically targeting applications in the steel industry.
An ASPEN PLUS model of the capture column was developed and integrated with a pH-dependent
Faradaic Efficiency (FE) model of the electrolyser in Excel. Five cases were defined: (1) 90 wt% CO,
capture, (II) syngas production with a 2:1 H,/CO ratio for the Fischer-Tropsch process, (lll) electrolyser
operation with FEg > 50%, (IV) syngas composition suited as feedstock for electric arc furnaces (EAF)
in the Energiron Il process, and (V) an intermediate pH step. A techno-economic analysis (TEA) was
conducted across worst, base, and best-case scenarios for each case.

Key findings reveal a trade-off between achieving high FE.g at low pH levels and maximizing CO,
capture efficiency at high pH levels. Systems operating with large pH steps demonstrated a lower Lev-
elized Cost of Syngas normalized to the Lower Heating Value (LCOS v ), due to increased hydrogen
output. In contrast, systems with smaller and narrower pH steps incurred higher LCOS, iy due to their
outputis lower LHV. The techno-economic analysis (TEA) indicates that the operational expenditure
(OPEX) for the integrated CCU system is currently too high to be cost-competitive with alternative solu-
tions. Sensitivity analysis reveals that the integrated CCU system is competitive with other electrolysis
methods only under best-case conditions. Electricity costs and a low CO, utilization ratio are identified
as the primary drivers of OPEX. Improvements in these areas result in the most significant reduction
in LCOS,_ 1y, making them critical enablers for the integrated CCU system. Additionally, the cost per
kilogram of CO, saved is high compared to EU CO, Emission Trading System (ETS) prices.

Current bicarbonate electrolysers are more costly than gas-fed CO,RR systems in terms of Unit Capital
Cost (UCC) per kilogram of CO produced, largely due to reduced performance at higher current den-
sities (>100 mA/cm?). Achieving CAPEX parity with gas-fed CO,RR systems would require increasing
current densities while maintaining high FEco and sustaining these efficiencies at alkaline pH levels.

Future work should prioritize reducing both OPEX and CAPEX for the system, with a particular focus on
improving the technical performance of the bicarbonate electrolyser. Key objectives include increasing
current density while maintaining high FEcg at alkaline pH levels, improving the CO, utilization ratio,
and enhancing the stability of the electrolyser.

Keywords: Carbon Capture and Utilization, Bicarbonate Electrolysis, K,CO3-based CO, Capture, Ben-
field Process, Integrated CCU System, Techno-economic Analysis
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WHPSHUDWXUH WR EHORZ f&DERYH SUH LQGXVWULDO OHYHOV E\ WKH \H
WHPSHUDWXUH LQFUHDVH HYAH @PKUWKHQIMWWRKH VYK JRDOV UHTXLUHV VLJIQ
LQJUHHQKRXVH JDV HPLVVLRQV ZRUOGZLGH 6SHFLILFDOO\ WKH 8QLWH
&OLPDWH &KDQJH 81)&&& HVWLPDWHG WKIDW URIGWX EL QJBOW K B ©OHS2U L
QHFHVVDU\ WR VWD\RQ WUDFN ZLWK WKH REMHFWI@HV VHW IRUWK E\ WKt

&HUWDLQ LOQGXVWULHYVY QRWDEO\WKHVWHHO DQG FKHPLFDO LQGXVWU\
HPLVVLRQV GXHWR WKHLU UHOLDQFH RQ FDUERQ LQWHQVLYH SURFHVVH
HPLVVLRQ UHGXFWLRQ WKHVWHHO LQGXVWU\NIDFHV LQFUHDVLQJ VRFLH!
ELOLW\IRU RI HPREVNOR@ >Q DGGLWLRQ WKHFKHPLFDO VHFWRU LV HV)

RIJORED®MRRVVLRQV SULPDULO\GXH WR WKHFRQVXPSWLRQ RI ODUJH
ZLWK IRVVLO IXHOV DQG IRVV@0O $8DFHEDRE CGRWEBBRE XFWV IURP WKH VWH
LQGXVWULHYVY FROWLQXHVY WR ULVH DQG FDUERQ QHXWUDO SURGXFWLRC
RQDODUJH VFDOH MWPAIGKFLRIERPQ WKHVH VHFWRUV LV HVVHGXWHW DRWR D F
JRDOV RXWOLQHG LQ WKH 3DUI@ &OLPDWH $JUHHPHQW >

'EVFSR GETXYVI WXSVEKIERHYXMPMAEXMSR
&DUERQ FDSWXUH && FDQ VHUYH DV D VR O XWRIRQ/WRQSUINRPQUWH DG & XY W
DWPRVSKHUH && DLPVWRRVEOW®DWHE&Y SRVW FRPEXVWLRQ ZLWK FRPPI
LQJ DEVRUSWLRQ DGVRUSWLRQ DQG BH FBEWRYIS WD R ¥ VRDYBWQMRQ ¥ X F K
DPPRQLD RU FDUERQDWH VDOW YV IFMPPICHOHO DD \ELIPVG WIRLEOH RWKHU FRP SR
IOXH JDV GR QRWU LTAKKHVBROYHQW LV WKHQ VHSDUDWHG IURP WKH IOXH JDV
RUSWLRQ FROXPQ ZKHIHOWMBNKE IURP WKH VROYHQW E\ KHDWLQJ 7KLV \I
&2 DQG &HDQ VROYHQW ZKLFK FDQ EHUHXVHG LQ WKHDEVRUSWLRQ FR(
EXW LQVWHDGHKHPKIFBQO\ELQGLQJWRD VROYHQW LW ELQGV RQ WKH VXI
OLWHV RUDFWLYDWHG FDUERQ 7KHVH PDW HRZMHUWHHROSHWDLW X 0N Y 6 QU
DW KLJKHU WHPSHUDWXUHVY OHPEUDQH JDV VHSDUDWLRQ XVHV VHPL SH!
WR SDVV WKURXJK PRUH UHDGLO\ WKDQ RWKHU IOXH JDVHV WKXV KDYLQ
$OWHUQDWLYH SURFHVVHV IRU && XVLQJ PLFURDOJDH H[LVW EXW DUH UI

> @

$IWHU && WKH LVRODNWHERRRH SURFHVVHG IXUWKHU 7KHWZR SUHYDLOLC
FDSWXUHDW&E2DUERQ &DSWXUHDQG 6WRUDJH &&6 DQG &DUERQ &DSWXUFE
LQYROYHV FDSWRWPLI@QX&2IDVHY DQG WUDQVSRUWLQJ WKHP WR SHUPDQH(
VXFKDVGHSOHWHGJDVILHOGVRUXQGHUJURXQG FDYLWLHWPF/MIKLY PHWKF



VLRQV HIITHFWLYHO\ EXW IDFHV VRFLHWDO FRQFHUQV DERXW VWRUDJH VI
LPSDFW $GGLWLRQDOO\ &&6 LV DQ LQWHUPHGLDWH VRDXWUIBRQ HIYHLR J
SURGXFWLRQ UDWKHU WKDQ SURYLBPRQV\DLRDWP BRVMFWUVHI®R\WU &8 DLPV W
LQGXVWUHRPIOV&2RQV E\ FDSWXULQJ LW DW D SRRQW BREUGH | XXX D DD \WVIVE
DQG WKHQ UHXVLQJLW LQ FKHPLFDO SURFHVVHV 2QH ZD\RI GRLQJ VR L\
LQWR LQ GHPDQG IHHGVWRFN VXFK DV V\QJDV &2 HMGEXG WQR QRIHIDW WD |
&255 7KLV PHWKRG RIITHUV D SRWHQWLDOO\ PRUH VXVWDLQDEOH VRO X\
&2 LQWR WKH DWPRVSKHUH ZKLOH SURGXFLQJ FKHPLEFDOV WKDW ZRXOG F
&2 HPLWWLQJ SURFHVVHYV

$VLGH IURP SUHYHPMWLVQARHY LQWR WKH DWPR\BSKHDUHD @ &8 WILWR BQ EHQH
20HRIWKHPLVLWVDELOLW\WRFKDQQHO WKHVXUSOXVHQHUJ\RIUHQHZI
HOHFWURO\VLY 7KHVH VRXUFHV JHQHUDWH HOHFWULFLW)\ IURP VXQOL.
RQ WKH DYDLODELOLW\ RI WKHVH HOHPHQWY OHDGLQJWR IOXFWXDWLRC
LQWHUPLWWHQF\PD\OHDG WR VKRUWDJHV GXULQJSHULRGV RIORZJHQHL
&&8 ZLWK5&FDQ DGGUHVV WKLV LVVXH E\VWRULQJVXUSOXV HQHUJ\ IURP
FRPSRXQGV SURGXFHXHJRPV&Y WKHUHE\DFWLQJDV D ODUJH VFDOH HQF

,Q DGGLWLRQ &&% KIDWKV&H SRWHQWLDO IRUHFRQRPLF YLDELOLW\ DV LW
VLWH E\LQGXMWIM/ VG &Y RU VROG IRU D SURILW 7KLV DVSHFW FRXOG PDU
LQGXVWU\ SOD\HUV WR LQFRUSRUDWH WWHW® HEKCIR WRI\SUHVHQWYV D S
SRLQW IRUWKH LPSOHPHQWB S LIR @ HRQ &\BKBHZS WHKVEPQ FH R1 O DIURHP MP R X QW V
SRLQW VRXUFH LG\SX\RERF&2/ DQG LWV VXEVWDQWLIHPERQMRIQ\EXWLRQ \

'3 JIHTVSGIWWIW JSV "®MXL '3

7KH VWDWH RI WKH DUW SURF % \HPS RR) H&IDXL WABHEERVURO\WHU 7KLV ZR
LQ WKH IROORZLQJ ZD\ $ SRWHQWLDO LV DSSOLHGVRQHY R W HG BDFWW R & IF
DO\WLF FDWKRGH SURGXFLQJ KLJKHU YDOXH & PROHFXOHV 6LPXOWDQH
FRPSDUWPHQW SURGXFLQJR[\JHQ JDV 6LWXDWHG EHWZHHQ WKHVH FRP
WKDW SUHYHQWY WKH PL[LQJ RI SURGXFWV DQG UHDFW D @W \@DIKIRXW DO O
FHOO FRQILIJXUDWLRQV H[LVW LQFOXGLQJ + FHOOV 3URWRQ ([FKDQJH 0
(OHFWURGH $VVHPEOLHV 0($ RUGBGROLG 2[LGHI(OHVF®ILWRIOWKM &HGDIVH 52
WKHVH FHOOV VKDUH D FRPPRQ IHDWXUH 7KH\ RSBIWWH MVH@VVERBNILHG

7TRREWDLQ WKLVIHHGVWUHDP I[URPPDOGKEWUVRODWKGIWNMENVFRO O\ WKUR
&2 LVFDSWXUHGLQDQDEVRUEHUFROXPQ ZKHUHLW LY FKHPLFDOO\DEVR
DUHDPLQH EDVHG VROXWLRQV DPPRQLD RUFDUERQDWHVDOWY HDFK Z
6XEVHTXHQWOU MFKHV&D YHQW LV WUDQVIHUUHG WR D GHVRUSWLRQ VWU
DQGWKH® YHOHDVHG IURP WKH VROYHQWDYKN WKWH SHDARUSIWLRQ FROXP!
DPELHQW SUHVVXUH DIWHU ZKLFK LW PXVW EH SXPSHG WKURXJK WKH V\
%RWKVWHSVDUHHQHUJ\ LOWHQVLYH WKHGHVRUSWLRQ VAMKHROHTHQW H
DQG WKHFRPSUHVVLRQ VWHS DOV R@ REBVPMHIVRHQDHOWIN 3V K B SDWHN RAKK/HL 2
HOHFWURO\VHU FRPSDUWPHQW XQUHDFWHG OHRQUGUGDBEWHGR@LFDQW S|
JXUWKHUPRUH D QRW D EIOHCRPRX Q WHRW&2WKH FDUERQDWH IRUPDWLRQ UH
ZLWK WK &G GHFUHDVHY HOHFWUR@VHU SHUIRUPDQFH >

2SZIP MRXIKVEXIH '"9[MX\LS G | WW

,Q WKH VHDUFK IRU D SURFHVV GHVLJQ WKDW L55S IDRQY R ¥WHWKSHU RHF B NRW R D ¢
EHHQ JDLQLQJDWWHQWLRQLQ UHFHQW \HIDUWVIHQHOHB & B RXOWY 8 U DDSEILAD
HOHFWURO\VHU ZLWK D ELSRODU PHPEUDQH %30 DQG D O($ LV XVHG 7K|
ELFDUERQDWHHG@ZWUHDP 7KURXJK VHYHUDO UHDFWLRQV RFFXUULQJ R(
FDWKRGH FRPSDUWPHRW WIKHXHEXY EAW&2 ZKLFK LV WKHQ GLUHFWO\ V>
WR WKH FDWDO\WLF HOHFWURGH +HUH FDUERQ S UFSGXHFIWRWL @I VO W K H
7R DFKLHYH WKHIH@E2WRFN D SRWDVVLXP FRPERRD WIR EROMWHBM VY VROY F
LQ WKH DEVRUSWLRQ FROXPQHDRW\VZVMKXR @2 RDG IRUPXKLEX FDQ
EHIHG GLUHFWO\LQWR WKH ELFDUERQDWH HOHFWURO\VHU 7KH SULPDU\
VLIJQLILFD QWO FRIQKHW2DWLRQV QHDU WKH FDWDO\VW FRPSDUHG WR V
&2 > @ $GGLWLRQDOO\ WKLV SURFHVV RITHUV VHYHUDO RWKHU EHQHI



AVSFPIQ WXEXIQIRX

&2 GHVRUSWLRQ DQG FRPSUHVVLRQ VWHSYVY DV WKH OLTXLG SKDVH IHHG
ELHQW FRQGLWLRQV ,W WKHRUHWLFDOO\HQDEOHVIDFWVROVYHIMWHBDQ \H |
IHG GLUHFWO\ WR WKH HOHFWURO\VHU DQG WKH FDWKRO\W®& FPXQ EH UHF
DGGLWLRQ LW FRXQWHUVOWKN SXREBORFIRUBRQDWH IRUPDWLRQ WKDW L
&2 HOHFWUR@VHWVLPBRSOLILHG RYHUYLHZ RI ERWK WKBH5VWNDWHPRD QWWKH DL
WKHQRYHO ELFDUERQDWH SYIRRIBKHMAY LV GLVSOD\HG LQ

JLIXUH 6 FKHPDWLF RYHUYLHZ ROBHFW UR®&2LY YV ELFDUEHRQDWH HOHFWURO\VLYV

AVSFPIQ WXEXIQIRX

,QUHFHQW \HDUV WKHUHVHDUFKJURXS IURP WKH 8QLYHUVLW\RI%ULWL
KDV JDLQHG UHFRJQLWLRQ IRU LWV SLRRHHFERUBRQYNA\Q & KB ZdMUKO& D J X
VHDUFK JURXS KDV EHHQ DW WKH IRUHIURQW RI DGYDQFHPHQWYV LQ ELFD!
HYHU LQ WKHLU UHVHDUFK WKH HOHFWURO\VHU SULPDULO\ RSHUDWHYV
RQ D ODERUDWRU\ VFDOH 7KHLU ZRUN EQ SO VYH\VSIURWH YV EW 5 0Q ¥ WLKH &2¢
&2 JDV VWUHDP WKURXJK DQ DEVRUS®W1 V@ GPROFPWQ EN®W DHVKIDUFK WRZD
LQJ XS DQG GHVLJQLQJ D IOXH JDV WR SURGXFW S@ R F KMV IK®WRFHIMNW R FEW
IXUWKHU UHVHDUFK RQ DQ LQGXVWULDO VFDOH DQG WKH GHYHORSPHQW
IRULQWHJUDWHG B% 8 RDIFWK G2QJ XSVWUHDP DQG GRZQVWUHDP SURFHVYV
FDQ EH FRPSDUHG WR WKH FXUUHQW 55 W RHIBVYWR WHAKLH\K IRQHEZKRZV EHV
VXOWV $GGLWLRQDOO\ WKH %HUOLQJXHWWH JURXS HPSKDVL]HV WKH Q
7R WUDQVLWLRQ IURP ODERUDWRU\ WR SLORW VFDOH KDYLQJ SRVLWLYH
LQYHVWPHQWDQG IDFLOLWDWH WKHLPSOHPHQWDWLRQDQG FRPPHUFLDC
LQJUHVHDUFK VKRXOG IRFXVRQFRQGXFWLQJHFRQRPLFDQDO\WHV WRLQ
RIELFDUERQDWH HOHFWURO\VLY WHFKQRORJLHV

$VLGHIURP WKH IXQGDPHQWDO HFRQRPLFVRIDQLQGXVWULDO VFDOH SU
VKRXOG EH FRQVLGHUHG %DUHFND HW DO UHVHDUFKHG UHWURILWWLQ.
&2 HOHFWUR@VRAWNKQR HFRQRPLF DQDO\VLV 7($ RI WKHVH V\VWHPV UH
UHGXFWLRQV DFURVV D UDQJH RI SURGXFWLRQ SHIDHFWAU RION QHQW H YIS BIW
ZKHQ FDUERQ WD[HV DUH HPSOR\HG +RZHYHU UHVHDUFK LQWR WKH LQW
LQ H[LVWLQJ SODQWY DV ZHOO DV WKHLU HFRQRPLFLPSOLFDWLRQV LV C

7TKHQHHGIRULQQRYDWLYH DQG HHRFROWRRB DMDLAR@) PHIMWKHE®WH & XFK DV & &8 ZL
LV SDUWLFXODUO\ KLJKLQ WKHVWHHO LQGXVWU\ &XUUHQWO\ QHZ VWH
IURPFRDO EDVHGPHWKRGVWROHVVFDUERQ LQWHQVLYHDOWHUQDWLYF
LQJ WKH 'LUHFW 5HGXFWLRQ RI ,URQ '5, SURFHVV EHIRUH WUDQVLWLRQL
XVLQJIDV IHHGVWRFRKH '5, SURFHVV FXUUHQWO\ RSHUDWHY RQ QDWXUDO



6IWIEVGLUYIWXMSRW

HPLVVLR@V »LYHQ WKH SUHYLRXV LQYHVWPHQWY LQ FRDO EIDPMH/G SURFH?
VLRQVLQ'S5, SURFHVVHV LWLV SURMHFWHG WKDW WKH VW HPQWWFHDV W U\
LQWKHFRPLQJGHFDGHYV XQGHUVFRULQJ \@K HXQUHNHKCHILRBJBEIRIB RERCFIVWL R Q V
SULPDULO\V\QJDVDQG R[\JHQ FDQEHGLUHFWO\XWLOL]J]HGDW VWHHOPD
LQ UHGXFLHRILYW2ZLRQV EXW FRXOG DOVR GHFUHDVH WKH FRVWY DVVRFLDW
SURFHVVHYV 7KH SURMHNAMWRGQGW.RQG WKH SRWHQWLDO IRULQWHIJUDWLRQ
WKHLPSOHPHQWDWLRGRI@&BKH WKHRIROPDNLQJLQGXVWU\VKRXOG EH SU

7KLV WKHVLV LV LQLWLDWHG LQ UHVSRQVH WR WKHLGHQWLILHG UHVHDL
LOWHIJUDWHG &&8 SURFHVVY FDSDEOH RIHIILFLHQW RSHUDWLRQ DW D ODU
WHFKQRORJLFDODQGHFRQRPLFYLDELOLW\ DVZHOODV WKHLPSOHPHQW
HOHFWURO\VHU VA\VWHPYV 7KHILQGLQJY ZLOO EH WDLORUHG WR WKH VW&
IRUWKHLPSOHPHQWD®YI . RPVRK RBY HIK&EH2UHVHDUFK T XWHNRMN RRQUIKBEHWDLO'|
GHVLIQHG WR DGGUHVV WKHVH DUHDYV

6IWIEVGLUYIWXMSRW
7KLV WKHVLV DLPV WR DQVZHU WKH UHVHDUFK TXHVWLRQV VWDWHG EHOF

S5HVHDUFK 4 XHXWWRIY WKH WHFKQR HFRQRPLF SHUIRUPDQFH RI DQ LQWH
&2 55 1RU V\QJDVY SURGXFWLRQ LQ WKHVWHHO LQGXVWU\"

6XE TXHVWLRQV

:KDW LV WKH OHYHOL]HG FRVW RI VIQJDV XQGHU GLITHUHQW UHOHYDC
&255 V\VWHP"

:KDW DUH WKH 23(; DQG &%$3(; RI WKH LWSHURPMMVCIBRE S/ RRIDYV SURGXF
DQG KRZGRHV LWV WHFKQR HFRQRPLF SHUIRUPDQFH FRPSDUH WR DO

:KDWDUH WKHNH\IDFWRUVY WKDWHQDEOHWKHLPSOHPHMHGXWLRQ RI 1
WLRQLQ WKHVWHHO LQGXVWU\"

KDWDUH WKH SRWHQWIVYORRRPUHOHYDQW FDVHV RIWKHLQWHJUDWHG
VDYLQJV UHODWH WR FRVWYV"

SLIWMW SYXPMRI

7KLV WKHVLV LV VWUXFWXUHG DV IROORZ\55% BHNDRL.BIZRQ BDAKH B OW FIW D RIG L/
ERQ FDSWXUH WKHLQWHJUDWHG SURFHVV DQGSSHAN QN D\GYD §F R P HRMC
LEKDSWHH¥H PHWKRGY HPSOR\HG LQ JHQHUDWL QFKWR MW HKEWXDQV/LMUM R X\
DQG WKHLU LQWHUSUHW DRHRW HQFEK 5 S WEHAIG WHIBVIHY WKH UHVHDUFK TX|
DQG RIIHUV UHFRPPHQGDWLRQV IRU IXWXUH UHVHDUFK



OMXIVEXYVIVIZ

&KDSWHU SUHVHQWY D OLWHUDWXUH UHYLHZ WKDW FRYHUV WKH IXQGD
HOHFWURO\VHUV QRYHO ELFDUERQDWH HOHFWURO\VHU SURFHVVHV DQ
JUDWHG &&8 SURFHVV DQG UHFH@®W ZRUWHRPY 7($ IRU &2

JPIGXVSGLIQMWXV] *YRHEQIRXEPIUYEXMSRW E

(OHFWURFKHPLVWU\ LV WKH VWXG\RI FKHPLFDO SURFHVVHVY WKDW LQYRC
WKURXJK UHGR[ UHGXFWLRQ R[LGDWLRQ UHDFWLRQV WKDW RFFXU DW V
HOHFWURO\WH :KHQD YROWDJHLVDSSOLHGDFURVV HOHFWURGHV LPPH
IURP WKHDQRGH WR WKH FDWKRGH IDFLOLWDWLQJ FKHEBRERFGXIBH\DFW LR (
DWWKHFDWKRGH ZKLOH ZDWHU R[LGDWLRQ UHDFWLRQV WDNH SODFH DV
IXQGDPHQWDO HTXDWLRQV RIHOHFWURFKHPLVWU\DUH GLVFXVVHG ,QD
HODERUDWHG RQ

*EVEHEMG )JhGMIRG]

7KH )DUDGDLF (IILFLHQF\ )( LV GMXDMH®R BKHIMTHSIURY HQWY WKH QXPEH!
HOHFWURQV FRQVXPHG LQ WKH hRIUP W H RX R EW Y IR SRIRGHFAFRH /KW ISV R G X F
)DUDGD\V FR QY MDWKH WR®' DO FKDUJH SDVVHG ,Q RWKHU ZRUGV WKH )(
WKH VHOHFWLYLW\ Rl WKH HOHFW UR FK MR VXD W HDERGHRRQVILOIWH & X FLQ J
LQGLFDWHY WKDW D KLJK SHUFHQWDJH RI WKH HOHFWURQV DUH XWLOL]H

FE = mgF 100%

'YVVIRX HIRWMX]

&XUUHQW GHQVLW\ & GHQRWHV WKHIORZRIHOHFWULF FKDUJH SHU XQL
ZLWK FXUORRDVWD I WKURXJKD FRQGXFWLQJPHGLXPGLYLGHG E\WKHFURVYV
7\SLFDO XQLWYV DUH DPSHUHY SHUDQXPUB ®HMWHBWHUHY SHU \WPEXDUH FHQ
FP2 7KH &' LVDYLWDO SDUDPHWHU EHFDXVH LW GHQRWHV WKH DPRXQW
WR WKH UHDFWLRQ 7KLV FDQ EH XVHG LQ HVWLPDWLQJHOHFWURO\VHU \
UHSUHVHQWY WKH RYHUDOQ@®D UHDFWLRQ UDWH >

3ZIVTSXIRXMEP

,Q HOHFWURFKHPLVWU\GRQRWSHRMWHIQWEDIOHUHQFH EHWZHHQ WKH WKHRU
GXFWLRQ SRWHQWLDO EDVHG RQWKHUPRG\QDPLFVDQG WKHDFWXDO SR\
WR RFFXU $OWKRXJKRYHUSRWHQWLDO FDQKDYHPXOWLSOHFDXVHV LW
RYHUSRWHQWLDO DQG FRQFHQWUDWLRQ RYHUSRWHQWLDO 7KHIRUPHU
WRRYHUFRPHWKHHQHUJ\EDUULHU IRUWKHUHGR[UHDFWLRQ WR RFFXU
WLDO QHHGHG WR RYHUFRPH PDV® WWUDRYZ/ RHYWH O § R MWHWWLRD@VLY UHTXLUHC
HITLFLHQENX\DMHL R Q



JPIGXVSGLIQMWXV] *YRHEQIRXEPIUYEXMSRW ERH GSRGITXW

3LQMG OSWWIW

2KPLF ORVVHV DOVR NQRZQ DV WKH RKPLF GURS UHIHU WR WKH HQHUJ\ (
FXUUHQW ZLWKLQ DQ HOHFWURO\VHU VIVWHP 7KHVH ORVVHV DUH D FRQ\
WKHIORZRIHOHFWULF FXUUHQW |R OO QR @K B/HAE IDQRWIHVSK KW BB WE Q W
GLIIHUHQFH DFURVV WKH FRQG XW W RV R/HBIVRXHG QWYIRAWIVQJ WKURXJK W
LQ DPSHUHDM @®EGUHSUHVHQWY WKH UHVLVWDQFH RI W& MVKRIGFGRPWH W LIRQ R
HOHFWURO\WVHU "WKH FRQGXFWRU  HQFRPSDVVHV WKH HQWLUH HOHFWU
FRPSRQHQWV DQG WKH HOHFWURO\WH{V LRQLFIRR R BKFWLLYQWD FURW B BACK
HOHFWURO\WH DQG LRQ H[FKDQJH PHPEUDQH UHSUHVHQWV D GLUHFW OR
LWV LRQLF FRQGXFWLYLW\XQGHU WKH LQIOXHQFH RI WKH F®UUHQW IORZ

V=iR

JRIVK])JhGMIRG]

$QRWKHU ILJXUH RI PHULW LQ HOHFWURFKHPLFDO UHDFWLRQV LV WKH HC
(TXDWLRGHUWE UHSUHVHQWY WKH HTXLOLEULX R ISR HLGAW L\D IOHY R ORVUICSIRMLK
LQ 9 DRRGHSUHVHQWY WKH RKPLF ORVVHV 7KH (( VHUYHV DV D PHWULF IF
OL]HG LQ IRUPLQJ D SURGXFW UHODWLYH WR WKH WRWDO HQHUJ\ XVHG {
HFRQRPLFDOO\IHDVLE@H SURFHVYV >

E; FE
EE_E0+ + iR

&YXPIV :SPQIVIUYEXMSR

7KH %XWOHU 9ROPHU HTXDWLRQ IXQGDPHQWDOO\ FKDUDFWHUL]JHV WKH |
DWDQ HOHFWURGH DQG WKH HOHFWURGHYfYVY SRWHQWLDO LQ WKH FRQWH
LPSRUWDQW UROH LQ HOHFWURFKHPLVWU\ E\ TXDQWLI\LQJ KRZ WKH UDW
GDWLRQDQGUHGXFWLRQ2LVDIIHFWHG E\WKHHOHFWURGH SRWHQWLDO
DQGRSWLPLILQJHOHFWURFKHPLFDO FHOOV LQFOXGLQJEDWWHULHV X!
WKH UHDFWLRQ NLQHWLFV LVHVVHQWLDO IRU HIILFLHQARXDWELRWDELOLW
> @

(1 cathode ) nF
RT

anode nF
RT

i=ip exp (E  Eeg) exp (E  Eeq)

7KH HTXDWLRQ SDUDPHW H U W DWHIVIQ MR D &K EVF X id PH Q @/GG.HF Q WILVWQ\V LVQK H U D
RIFKDUJHWUDQVIHU SHU X QLM DWKHDHY F WK @& HOPHXFUNARRB\HEGHH Q W IEWAVLWY K H
LQWULQVLF UDWH RI WKH UHGR[ UHDFWLRQ DW WKH HOHFWURGH HOHFWU
WKH FKDUJH WUDQVIHU FRHIILFLHQW LV D GLPHQVLRQOHVV SDUDPHW
HQHUJ\EDUULHU IRU HOHFWKR Q X\ EHUVRHHOHFWURQV WUDGBWWUUHG LQ
WKH )DUDGD)\ BR4B3BB20 QAW ! UHSUHVHQWLQJ WKH FKD UJHRSGHHQPRRIOHIVR | HO |
WKH PRODU JD\BBIRIXK/ WrBoQW T LV WKH DEVROXWH WHP KHEDMXWKHQ .HO
HOHFWURGH SRWW QW ERAUIHG IROWYW YV WKH HTXLOLEW L X\WPKHRSARHGHDLVDICD ICX
DW ZKLFK WKH UDWHV RI WKH IRUZDUG DQG@HYHUVH UHDFWLRQV DUH HT

BEJIP IUYEXMSR

7KH 7DIHO HTXDWLRQ LV XWLOL]HG WR OLQN WKH UDWH RIHOHFWURFKHPL
WR DFKLHYH WKDW UDWH 7KLV(HKDIWRRQ WK GV \HIROMHMBIGRIB V WKH PROD L
JDV FRQVYWDBIGWHVHQWY WKH WHPISHUDYWXKH ERQDH O WQDEGWWDEGRBMIILFLH
IRUWKH )DUDGD\IPRWKWBRWUHQ@W & HDWEWN\IQL ILHY WKH H[FKDQJH FXUUF
VLWAMG > @ 7KH H[FKDQJHFXUUHQW GHQVLW\WKDW FDQ EH GHGXFHG IU|
UHDFWLRQ NLQHWLFV DQG KD W B 8 \GWL FHUHREW 98B REMFHNY RWOHW H DFFXUD \
GLVWLQJIXLVKLQJH[FKDQJH FXUUHQW DQG 7DIHO VORSHV IRU WKHVH SUR
VWHDG RI WRWDO FXUUHQW GHQVLW\ LVWKHFRQYHQWLRQDO DSSURDFK
SURGXFW 8VLQJRYHUDOO FXUUHQW GHQVLW\WR FDOFXODWH WKH 7DIHC



JPIGXVSGLIQMWXV] *YRHEQIRXEPIUYEXMSRW ERH GSRGITXW

&2 UHGXFWLRQ DQG +\GURJHQ (YROXVWL RTKHHMAWQR/@ R*YBE GHULYHG IUR
FKHPLFDO PHDVXUHPHQWY KHOSVLQYHVWLJDWH WKHUHDFWLRQ SURFH
UHDFWLRQ FRQWURO LQ HOHFWURO\VHUV

= a+ b log(i) = 2:303 IT:—TIog(iI—)
0

7XEFMPMX]

2SHUDWLQJ VWDELOLW\LVY DQ LPSRUWDQW IDFWRU LQ HOHFWURFKHPLFD
VWHDG\SRWHQWLDO IRUWKRXVDQGV RIKRXUV DQG VWDE®@ HGBW RBLXF MM H ¢
LV Rl WKH HVVHQFH IRU DQ HFRQRPLFDOO\ YLDEOH LQGXVWULDO VFDOH
UHDFWRU RXWSXWV WR RSWLPL]H WKH VHSDUDWLRQ SURFHVV IXUWKHU
OLIHWLPH RI WKH HOHFW UFSF KIQFIOPOL DH GOWQ @2/W HOHFWURGH HOHF\
PHPEUDQH DQGWKHFHOOLWVHOI LV@ QXRGEUWLRMRVMW®EBVS HWWFEDQ EH
E\LPSXULWLHV RUFRQWDPLQDQWY WKDW FDQ FDXVH FDWDO\VW GHDFWL

'3 66
7KH IXQGDPHQWDGDLY WREZRQYHUW D FKHPLFDOONRKHUMNHRRPBSR XA G RP
SRXQGV LQ DQ HOHFWURFKHPLFDO UHDFWLRQ ZLWK D FDWDO\VW 7KH Jt
JLYHQEXDWLRQ®@

[&2 Q+2 QH— 3URGXFWV \2+

7KLV UHDFWLRQ FDQ IROORZ PXOWLSOH SDWKZD\V OHDGLQJ WR GLIIHUHZC
WKH DPRXQW RI HOHFWURQV FRQVXPHG LQ WKH UHDFWLRQ DQG WKH XVH
SURGXFWV DQG WKHLUKDOI FHTOX®WH.REF XB N QIR GEVUW ISE UQRUP HG

LQDQ DTXHRXV PHGLXP WKHQ WKH +(5 RFFXUS%5 (ER AFHOBLUN RRQ ZLWK W
&2 FDQ DOVR UHDERQAL VEKKW VLQFH WKH UHDFWLRQ HQYLURQPHQW FRPP
DONDOLQH UHDFWLRQV DV GLVSOD\H@Z 6OVX & DH\H KSIDYDHF HG-H QW LILHG RW
SURGXFWV UHVXOWI56J] VARR 'WHRERO DFHWDOGHK\GH DQG SURSLRQI
WKHVH SURGXFWYV DUH JHQHUDOO\ FRQVLGHUHG WULYLDO EHFDXVH WKFE
WUDFH DPR®QWRHUHIRUH WKH\DUH QRW OLVWHG LQ WKH HTXDWLRQV

&2 J 42 H — &2 J 2% 0
&2 J 42 H — +&22+ O 20
&2 J +2 H— &+2+ O Z+0

+

&2 J +2 H — &+ J 2% 0

&2 J +2 H — &+ J 24 0
&2 J +2 H — &+ 2+ O F+0
&2 J +2 H— &+ 2+ O Z+0
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7TKHUHDFWLRQDWWKHDQRGH FRPPRQO\UHIHUUHG WR DV WKH 2[\JHQ (YF
LETXDWLRQ

2+ — 2 + 2 H

5HVHDUFK E\ 3BHUU\ HW DO DQG +XL HW DO KDYH LGHQWLILHG VHYHUDC
&255 > @ )LUvwo\ WKHFDWDO\WLFHOHFWURGH VXUIDFHVY DQRGH DQ(
IRUUHGXFLRKIWLR2FDQEHDFKLHYHG E\VHOHFWLQJHOHFWURGHPDWHULDO
ZLWK WKH HOHFWURO\WH DQG SRVVHVV D KLJK VXUIDFH DUHD WR SURYL
HOHFWURGHY PXVW DFKLHYH KLJK)( WRZDUGV WiI6HRGHVUL{ B G(BUR®XFW |
FDWDO\WWW GHVLJQ DOVR SOD\VD SDUW LQ UHGXFLQJ RYHUSRWHQWLDOV
ORUHRYHU WKH S+ DQGLRQLFFRQGXFWLYLW\RIWKHHOHFWURO\WH VKR
DONDOLQLW\RI WKHHOHFWURO\WHFDQ VLIQLILFDQWO\DIIHFW WKH UHD
FRQGXFWLYLW\ IDFLOLWDWHY HIILFLHQW FKDOaJJHXWWKGVUPRWW BEW KHEZ M NG
UHTXLUHV KLIJIKVWDELOLW\ GHILQHGDV VWDEOHRSHUDWLRQIRUDWOHD
/I DVWO\ PRGHUDWHFRVWV DUHGHVLUHG WR PDNHWKHWHFKQRORJ\HFRQ
VXUIDFHVDQG KLJK VHOHFWLYLW\PHPEUDQBY ¥FDM\WEHWPLYH XS WKH FRVW F

'EXEP]WXW

7KH SURGXFW GLVWULEXWLRQ LV VLIQLILFDQWO\ LQIOXHQFHG E\ WKH FI
HOHFWURQLF SURSHUWLHYV DV WKHVH IDFWRUV GHWHUPLQH WKH ELQGL
DFWLYDWLRQ EDUULHUV 7KH BBWYD GRPIPRRRPW VFUWHIRUGERVLQJ DQ + FH
UHFHQW ZRUN KDV FDWHJRUL]JHG FDWDO\VWV EDVHG @ Q MKHKIHGI.WIRIGXRIMY
FDWDO\VWV FDQ EH FDWHJRUL]JHG LQ WKH IROORZLQJ ZD\ OHWDOV VXFK I
&2 EXW ZLWK ORZHIILFLHQF\ DVWKH\WHQG WRIDYRXUWKH +(5 &RQYHUVI
DW SURGXFLQJ &2 $QRWKHU FDWHJRU\LQFOXGHV PHWDOV OLNH 6Q 3E |,
IRUPDWH DV WKHLU PDLQ SURGXFW &X LV GLVWLQFWLYH EHORQJLQJ WR
PHWDOV NQRZQ WR HIIHF VBINREO\FSNAR GHFAH&®W ZRUN RIE FRAMOVHVRQ IRU &
WHVWLQJ QRYHO FDWDO\VW PDWHULDO FRPELQDWLRQV DQG QDQRSDUW
HOHFWURO\VHU SHUIRUPDQFH @RWK )(DQG ((>

JPIGXVSPIWIVW

7KLY VHFWLRQ GLVFXVVHV VWDWHORIFWKR OQ\WWWWDODQBGERYLGHY DQ LQ
RI ELFDUERQDWH HOHFWURO\WHUV LQFOXGLQJ WKHLU ZRUNLQJ PHFKDQ
DQG UHFHQW H[SHULPHQWDO ILQGLQJV 7KH SUDBBDBUWRRHEFXVHY KRWORAQRILOH
VIQJDV ZLWKDGGLWLRQDO H[SORUDRGXFWRI OLWHUDWXUH RQ &

+EW JIHIPIGXVSP]WEBVYW JSV '3

7KH KHDUW RIDQ LQGXVWULD O RE®DBU\SIRRFHYWKRHUHCPHFWUR®IVHU ,Q WI
WDNH SODFH ZLWK WKH KHOS RID FDWDO\WLF HOHFWURGH VXUIDFHDQGTE
WASLFDOO\ KDSSHQHG WKURXJK VXSSO\LQJD DTXHRXV RUJDVHRXV SXU
WURGH VXUIDFH WKDW 3 b F&IOAXNDMDHOHW KM &\2 WKH 2(5 LV IDFLOLWDWHG E!
SURGXFLQJ R[\JHQ $V D UHVXOW RI WKH UH\BB VYVUWVW MRZ IDUZLLNG RISYWDLLPLLH M
JDV IHG HOHFWURO\VHU FRQILIJXUDWLRBY SWUKRIBX FIWE KD WIF \E HWAIKQON HIVHADHG
FHOOV DUH WKH FDWHJRU\ RI FKRLFH IRU ODUJHU VFDOH SURFHVVHV GX
UDWHV ZKLFK DOVR HQDEOH KLIKHU FXUUHQW GHQVLWLHY GXH WR UHGX
RI'ORZ FHOOV X¥HICQIRWXEZH 3BURWRQ ([FKDQJH OHPEUDQH FHOO 3(0 6RO
FHOO 62(& DQGOHPEUDQH (OHFWURGH $VVHPEO\ 0($ FHOOV

'3 iIS[VEXIERH[EXIVQEREKIQIRX

$ &255 I0ORZ FHOO HOHFWURO\VHU QHHGVY WR EH GHVLJQHG WR HIIHFWLY
DFKLHYH KLJK)(V 2QH RI WKHP LV WKH PORD UIDPAHQ VB W IWMRKRH &R Z D IORZ L
UHDFWLRQ VKLIWVWRZDUGV WKH +(5 FDXQMW B W& R HOKH & R IQEHIERS ILRRJE X
$ KLIJKHU IORZ UDWH LQFUHDVHY SURGXFW IRUPDWLRQ EXW GHFUHDVHV !
> @ $QRWKHU IDFWRU WKDW QHHGV WR EHPDQDJHG LV WKH ZDWHU FRQF
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WR DFKLHYH KLJK)(V EXW IORRGLQJ WKH HOHFWURGHZQQ®B WO REXHUIVW K H
WKHHOHFWURGH >

'"EVFSREXIJSVQEXMSR

'XULQJ WKH JBG&R5 SURFHVV K\GUR[EGHIHRIMWQRWYDWHG ZKLFK FDQ IXUW
ZLWK RWKHRIO&EHF XOHY SUHVHQW LQ WKH VROXWLRQ 7KLV VLGH UHDFWLR
DWHV ZKLFKFDQDGYHUVHO\DIIHFWRMKHMHNML RIQHSJURR RHWKEHRKRRD XVH LW FR
WKH GHVLUHG HOHFWURFKH P(WVAVHID WH.G OV LARDQUEIREPD WH IRUPDWLRQ UHG
RI &2PROHFXOHV IBB WKHHSHE\ GHFUHD YV L QB RMKHHRIWH. RQ@ROJDELN *H P S KD
VLVHV WKHPDQDJHPHQW RIS+ LQDIORZFHOODV WRR KLJKS+LVNQRZQ W
ORZ S+ KDV SURYHQ WR VKLIW VHOHFWL®LWXWRAHDFGN. RGP EIKXDWERQ IRU
IRUPDWLRQ LM ® DWWRG LQ

&2 2+ — +8&2°

6IGIRXEHZERGIQIRXW MR KEW JIHIPIGXVSP]WIVW

,’DEOHD FRPSLODWLRQ RI UHFHQW H[55 WIRP&QIWSQ 8 U WQWRIG &2QFO X G L (
RQ UHDFWRU FRQILIXUDWLRQ FHOO YRO SHDRHQ WXWW X Q@MH 8 HKQWIHWG HP & G \
KLJKQ{YDOXHYV DQG DERYH DORQJ ZLWK LQGXVWULDOO\ UHOHYDQW F
P$ FP8 7KLV ZDV DFKLHYHG E\RSWLPL]JLQJFHOO FRQILIJXUDWLRQV UHD
PDQFH

5HDFWRU &RQILIJXUDWLRQ &HOO 9ROWDJH 9 )&%UUHBRN HUGNDLAH\ P$ FF

FRPSDUWPHQW *'(
FRPSDUWPHQW *'(

=HUR JDS !
FRPSDUWPHQW *'( 1 6 !
FRPSDUWPHQW *'(
FRPSDUWPHQW *'( !

=HUR JDS

=HUR JDS

OLFURIORZ FHOO !
FRPSDUWPHQW *'( 1 6

YORZ FHOO

=HUR JDS

0(%

0(%

YORZ FHOO

=HUR JDS

VVVVVVVVVVVVYVYVYVYV
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7TDEOH &RPSLODWLRQ RI ([SHULPHQ®OEOWDR/@ \RR&2 L HDOHF WHROAVHUY 1 6 1RWGE6SHFLIL

&MGEVFSREXIIPIGXVER]|WIV ISV '3
$V VWDWHGEWQRQHFHQW ZRUN E\ WKH %HUOLQJXHWWH JURXS GHPRQVWUI
SURFHVV IRD@WXUH DQG FRQYHUVLRQ XVLQJD ELFDUERQDWH HOHFWURC
ELFDUERQDWH HOHFWURO\VHU DUFKLWHFWXUH UHDFWLRQ HTXDWLRQV
UDPHWHUV DORQJ ZLWK WKHLU HIITHFWYV

JPIGXVSP]WIVPE]SYX ERH[SVOMRK TVMRGMTPI
7KH ELFDUERQDWH HOHFWURO\VHU FRQILJXUDWLRQ DV GHVQ)OIQHG E\ WK
XUH )J)URP OHIWWRULJKW WKHFHOO FRQVLVWYV RI

$Q DQRGH IORZ ILHOG SODWH VXSSOLHV ZDWHU DQG .2+ HOHFWURO\\
DOORZV 2(5 SURGXFWV WR IORZRXW RIWKHDQRGH FRPSDUWPHQW

1LFNHO 1L PHVKDQRGH FDWDO\]LQJ 2(5
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%30 IRUVSOLWWLQJ ZDMRHQWV BRIRWIKFHLRDWKRGH FRRARBD WWKRMHIAORB @G 2
FRPSDUWPHQW

0($ FRQVLVWLQJRIDVLOYHU $J FDWDO\WVW OD\HU VSUD\HG RQWR D S

$ FDWKRGHIORZILHOG SODWWR WKHORDYWKW&H FRPSDUWPHRW DQG UH
SURGXFW IURP WKH FDWKRGH FRPSDUWPHQW

JLIXUH 6 FKHPDWLF YLHZ RI WKHELFDUERQDWHIORZFHOO &RUUHFWLRQ RQ WKLV ILIXUH C
RQO\ZDWHU LQ WKHUXNRECLRHH@E\ WKH %30 LV FRQVXPHG LQ WKH 2(5 >

7KH RSHUDWLQJ SULQFLSOHHYVWWUR OWXRIZVNDWERGH IORZ SODWH DQG GL
$J *'/OD\HU VXEVHTXHQWO\SHUPHDWLQJ WH® FFOVQRNRHELBDD WH W K K 3+0% 2
VXUIDFH SURYLGHG E\ WKH ELSRODU PHPEUDQH VKLIWLRDWIIKRQDFLG EDV
WR IUHH OLEH G RMWHGHIPFWLRQ S U RNKIDGH VVWMKHHT &2 USS5U R D FMKLHR 2 6 X EV H
TXHQWO\ LW JHWV UHGXFHG RQ WKH $J *'/ FDWDO\VW OD\HU WR IRUP &2
DQG OHDYHV WKH HOHPWKRD WRI B i QLRYWHGVHK DDWWIHKEAZ 2 FDQ DOV R UH
DFW EDFN LODWRLA%PRUPYV DQ HTXLOLEULXP LQ WKH EXO(N RDWLKRH)F DW KR G H
,QHYLWDEO\ (WKMHW(RQYV FRPSHWLQJ ZA5MKHWKMWE&E&RQ RQ WKH FDWKRGH VXL
GXFLQJDTXHRXV K\GURJHQ WKDW GLIIXVHV DORQJ ZLWK WKH &2 WKURXJK
RIWKH SURGXFW VWUHDP FR QW IDL@QG OPULHD K WHILBDIERW KiH OLTXLG SKDVH S
VWUHDP FRQWIMKDWARRQ EH IHG EDFN WR W K HGF DMK KRGERP ILAQRYQSAD D MDHFW L R
WKH %30 DUH GLYTXDDNHRQ QG XDWLRQQG WKH5%2W WKH FDWKRGH LV GLV S
LQTXDWLRQ7KH PRVW UH GGFRAQIRUHV+DUH PDUNHG RUDQJH DQG WKH HOHFW L
VSHFLHV DUH PDUNHG JUHHQ

5HDFWLRQV DW PHPEUDQH
+ &2 F=

+ +&2°T=— + 2

&255 DW FDWDO\VW
H — &2 2+

(TXLOLEULXP UHDFWLRQ LQ WKHEXONRIWKHOLTXLG

+8&2F= &2 2+*

'3 YXMPMA"EXMSR VEXMS

$QLPSRUWDQW SHUIRUPDQFH PHWULF RI WKH KMABOULEBQ D R/G HDW E R/ UTRKQ \
UHSUHVHQWY WKMWKDWLRHBIF&2V 58 5 URGPX& XYV WR WK WWRWDOGEEDWLQJI W
SHUFHOQWDRHMRRQYHUWHGBEGEWRGRZFWY UDWKHU WKDQ GLIITXVLQJ XQUHDF
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VWUHDP 7KMW&DLIDWLRQ UDWLR FDQ EH FDOFXODWHG E\ PHDVXULQJ WK
&2 LQ WKH SURGXFW VWU HDXD WVRISRKZIQ K@WLOL]DWLRQ UDWLR LV GHVL
OHDGV WR D KLIKHEB\EHRG)XRAWY DQG OHV VLROQUKH BWRIGXFP2W VWUHDP

> GXFW
&2 8WLOL Dm&%ﬁﬁ%}—j;%i %0%
] > VE@R w o 1w

*PS[TPEXIPE]SYXW

,Q HDUO\ VHWXSV XVHG E\ WKH %HUOLQJXHWWH JURXS ERWK DQRGH DQG
FKDQQHO OD\RAXW@ PRUH UHFHQW ZRUN /HHV HW DO SURSRVH DQ LQWH L
WKH IORZ LQOHW DQG WKH IORZ R XY@V OTHK\W \DIRH B IR SWAHR @ 1@ BEWNWHH\E KU R X JK W
SRURXV HOHFWURGH LQFUHDVLQJ QHKBIUFW& AHG\W B D QR QURIZARAWLQJI LQ |
SRWHQWLDOO\OHDGLQJWRDKLJKHUSURGXFW\LHOG $GGLWLRQDOO\ W
+&2*IURP E\SDVVLQJ WKH FDWKRGH FRPSDUWPHQW PRYLQJGLUHFWO\ IU
ZLWKRXW SDUWLFLSDWLQJLQ WKHGHVLUHG UHDFWLRQV 7KHVHK\SRWKF
HW DO FRQFOXGLQJWKDW LQWHUGLJLWPWKEBQERINEKOMWISY QWYREW QG
IORZ SOD@ HWKLY ZDV GRQH E\ XVLQJ SRURXV HOHFWURGHV IRDP 7KH HI
*(FRQILJXUDWLRQV LV H[SHFWHG WR EH VLPLODU EXW KDV QRW EHHQ H[S

6IGIRXEHZERGIQIRXW MR FMGEVFSREXI IPIGXVSP]WIVW

5HFHQW ZRUN IURP WKH %HOLQJXHWWH UHVHDUFK JURXS GHPRQVWUDWH
ILJXUDWLRQFDQRSPOXWW POWRNYH WR WK RWGIHRA WD R ONMGHERPY DW LQGXVWUL
FXUUHQW GHQVLWLHV | P$HOBFWDROMGHIZ KDYH GHRR @ MWXED WH G
VHFWLRQZKHUH ELFDUSRQDWHYDOUH UHSRUWHG WR UHDFK XS WR $Q R
H[SHULPHQWDO VWXGLHV RQ ELFDUERQDWH HOHFWWREBOMH.V IRU V\QJDV S

(OHFWURO\WH &XUUHQW 'HQMLW\ 5H FBPHQFH

&2
L+ &2
L+ &2
L+ &2
L+ &2
L+ &2
L+ &2
L+ &2
L+ &2
L+ &2
L+ &2
&2

\%

OCoocooocoooo0o0O
VVVVVVVVVVYV
SISICISIGIOISOIGIOIOIONG)

7DEOH ([SHULPHQWDO UHVXOWYV IRUELFDUERQDWH HOHFWURO\VHUV

,QDGGLWLRQ WKHELFDUERQDWHHOHFWURO\WHUKDVEHHQGHPRQVWUD
SXULILHGRBS&S VWUHDP ,QVWHDG LW XWLOLJ]HVDQDTXHRXV ELFDUERQDWF
WR VXSSOMRWKHHOHFWURGH IDFLOLWBDSN QR GKKHVSALFAGRIB UR @ @ H &2R

WKDW RIRG@ HOHFWURO WHWYWSESHQV XS WKH SDWKZD\WRDQLQWHJUDWHG
SURFHVV ZLWKRXW WKH GHVRUSWLRQ DQG FRPSUHVVLRQ VWHSV WKDW D

$V D UHVXOW RI WKHVH ILQGLQJV .LP HW DO KDYH SLRQHHUHG H[SHUL
ELFDUERQDWH FRIQ VHMBVYRQLEGDWHG WKH IXQGDPHQWDO ZRUNLQJPHEKD
DQG FRQYHUVLRQ ZLWK D FRXSOHG FDUERQ UHRFWRWH &&5 YKG\ \WEB D@
DEVRUSWLRQ FROXPRQWRAVH@W. WKHQ IHG WEKIHF K HARCOWHIQQW WR D ELFDU |
HOHFWURO\WVHU DQG UHF\FOHG LWV FDWKRO\WH EDFN WRFWKPEHG/RUSW
XS WR ZKHUHDIWHU LW UHDFKHG D VWHDG\ VWDWH RI 7KLV GHFOLQ
GHFUHDVH RI S+ LQ WKH UHDFWLYH FDUERQ VROXWLRQ ZKLFK UHDFKHG
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UHVXOWV DUHDOO FRQVLVWHQW ZLWK H[SHFWHG EL FDUERQDWHHTXLO
&2 FDSWXUH DQG HOHFWJHRFKHPWERQ &2

(IWMKRTEVEQIXIVW ERH XLIMV IJJIGXW SRFMGEVFSREXI |
$VPHOQWLRXHEGHOWLRR PXVW EH OLEHUDWHG IURP WKHELFDYERQDWH VF
WRRFFXUDWWKHHOHFWURGMKWAROD FBWH RIQ D RMIKRE EHVLIQ SDUDPHWHU\
WR PD[LPL]H WRRRRQWUDWLRQ DW WKH FDVEK RFGKH W XHFRWIHRQ GLVFXVVHYV
ILQGLQJV RQWKHHIITHFWV RI SUHVVXUH WHPQHUDWXUH S+ DQG LPSXUL

)JJIGX SITVIWWY VI

7KHDPRXQW RISURGXFW SURGXFHG LV JR WHDQHRD B\ BV $IUCRPYROGME RV RV K F
VXUIDFH KHQFH WKH FRQFHQWUDW-L&RD BNVERIN AR ER HIQMW DW L RIG IR ELL F D U
HOHFWURO\VHU FDQ SURIKGXE MVRKRIUARIO 2B O1LRN\WOLLHPY. XWO/WYV LQ EXEEOHV R .
&2 WKHUHE\ UHGXFLQJ WKH FROQWF MXWM UDOMIFRMQURIG&2 7KLV HIIHFW FDQ E|
LQFUHDVLQJ SUHVVXUH VR WKD@FWHKBWHRO XEZ 8 UVEXEIE&S?HY RFFXU DQG D |
WUDWLRQRIDYVPW.WREBMWHMEWURGHLVY DFKLHYHG +HQFH HOHYDWHG SUH\
IRUPDWLRQ UDWHV E\ LQFUHD VU B D MKBIQDWP RKQW RDE&2S BBW(I[EHSIDWH LQ V
PHQWDO VWXGLHV PRVW QRWDEO\IURP =KDQJ HW D@ KON HFRIDVMGDXNF MG ¢
D SUHVVXUL]HG ELFDUERQDWH HOHFWURO\VHU DQG DSSOLHG FRQVWDQW
EDU 7Kd YKRZV D FOHDU GHSHQGHQF\RQ HOHFWURO\VHU SUHVVXUH ZL
DWP WR DWP OHDGLQ@QIFWRDWYH(URP WR DWDPELHQW WHPSHUDWXUH
LQFUHDVLQJ SURGXFW IRUPDWLRQ 7KH HIITHFW GHFUHDVHV DW KLJKHU F.
UHVXOWYV DUH GLMQID\HG LQ

JLIXUH 30RW RI H[SHULPHQWPYOYW HXYXOWYPWRIGHQVLW\DW @JHVVXUHV DWP >

)JIIGX SIXIQTIVEXYVI
=KDQJ HW DO DOVR GHPRQVWUDWHG WKDW DQ LQF B D& H7LKHWHRHFHIUI D W .
EHKLQG WKHLU ILQGLQJV LV WKDW DQ LQFUHDVH LQ WHPSHUDWXUH VKLI
RI-1&2 LQ WKH ELFDUERQDWH GLVVRFL D WLRMWLHRIDF MQRUH DBVLIMEIOW KHG&12Q
FRQFHQWUDWLRQ DW WKH FDWKRGH VXUIDFH 7KLV UHDFWLRQ ZRXOG DC
WKH VXSSUHVVLRQ RI WKH +(5 +LJKHU WHPSHUDWXUHV FRXOG DOVR LPS
+&2*DQG &27KHVH WKHRULHV DUHLQ OLQH ZLWK WKH JDV FKURPDWRJUDSK
GLVSODMHXU® 7KH ) DWDPELHQW SUHVVXUHLV EHORZ EXWLWLQFUHC
DW C C DQGC UHVSHFWLYHO\ 7KHVH UHVXOWV VKRZZD WEHIQU GHSH
LQFUHDVH LQ WHPSHUDWXUH KRZHYHU LWLV GLIILFXOW WR H[SHULPHQYV
LQ FDXVLQJ WKLV ORUH UHVHDUFK RQ WKH PHFKDALIWHKR \EHRBE G DWMKHULHOL
QHHGH® >
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