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Abstract

The Medium-Altitude Long-Endurance (MALE) Unmanned Aerial Vehicle (UAV) is becoming increasingly
important in both military and civilian applications. Its ability to offer both reconnaissance and air-to-
land direct strike capabilities without risking the operator’s life has made it an indispensable tool in
many military arsenals around the globe, while its large size and high altitude flight allow for heavy
scientific instruments to be carried on-board for days at a time. In parallel, a growing interest is devel-
oping within the aerospace industry to shift away from hydrocarbon fuels towards electric propulsion
technologies. Such a shift will not only affect the propulsion system design of UAVs, but will inevitably
lead to considerable design changes on the aircraft system level. Design space studies have been
conducted over the years to investigate the effects of electric propulsion systems on UAV designs -
however, most of these have been centered around small-to-medium-sized UAVs, with very little re-
search having been done on the design effects of electric propulsion systems on MALE UAV designs. As
a result, MALE UAVs are still predominantly powered by conventional reciprocating engines designed
for general aviation aircraft.

In seeking to fill the gap of knowledge around the electrification of MALE UAVs, a Multidisciplinary De-
sign Optimisation (MDO) framework has been developed, which incorporates three types of propulsion
system models, namely a reciprocating engine, a hydrogen fuel cell and a battery system model. The
framework is used to compare the design effects imparted on the optimised shape of a MALE UAV as a
result of incorporating electric propulsion solutions. Two levels of modelling fidelity have been included
for the aerodynamics and structural wing weight models, in order to also investigate the effects of
varying their modelling fidelity on the optimised designs.

The minimisation of the maximum take-off weight is set as the objective function of the optimisa-
tion. Five planform parameters are set as planform design variables, namely the wing span, aspect
ratio, leading-edge sweep angle, taper ratio and tip twist angle. In addition, six wing structure sizing
variables are included, in the case of the high-fidelity structural wing sizing model. A long-endurance
reconnaissance mission is modelled, mirroring one of the most common applications of MALE UAVs.
The aerodynamics module includes both low-fidelity aerodynamics relations together with a medium-
fidelity higher-order panel code. The wing structure sizing model includes both low-fidelity class II
weight estimation methods in addition to a finite element analysis-based wing structure sizer. The
propeller is modelled with the use of propeller design codes, while the three propulsion models are
based on data from real systems coupled with analytical expressions.

The results of this investigation showed a weight reduction of around 40% for the optimised aircraft
design with a hydrogen fuel cell, as compared to the baseline aircraft with a conventional reciprocating
engine. Moreover, the optimisation resulted in an approximately 40% smaller wing, with a wing span
reduction of around 28%. Battery systems have been shown to possess insufficient levels of spe-
cific energy for the completion of a long-endurance mission, with a theoretical specific energy level of
around 3000 %/ required in order to achieve the same endurance at a similar weight as the baseline
reciprocating engine aircraft. The investigation further showed that the effects of modelling fidelity in
the aerodynamics and structural wing weight models become more significant when the aircraft design
being optimised is substantially different from the baseline configuration, such as for example when
incorporating a different mission or a novel propulsion system.
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FHOO FDVHV KLJK ILGHOLW\
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%

%

%

%

%

\novYM sy IRUHLIJKW 0$/( 889V DORQJ ZLWK WKH UHVSHFWLYH OL
LQLWLDO DQG RSWLPLVHG ORZ ILGHOLW\ DQG KLJK ILGHOLW\ PR
UHFLSURFDWLQJHQJLQHDQG IXHO FHOO FDVHV DUH DOVR SORW\
\ YM _snvI!RU HLJKW 0$/( 89V DORQJ ZLWK WKH UHVSHFWLYH OL
LQLWLDO DQG RSWLPLVHG ORZ ILGHOLW\ DQG KLJK ILGHOLW\ PR
UHFLSURFDWLQJHQJLQHDQG IXHO FHOO FDVHV DUH DOVR SORW\
7KH HITHFW RI HQGXNP QREZ RQGHOLW\ FDVHYV

7KH HITHFW RI HQGXNP BREHKRQR GHOLW\ FDVHYV

7KH HITHFW R1 HQUGpY DOQRFHIRGHOLW\ FDVHYV

7KH HITHFW R1 HQUGRbYDKQBK RIQGGHOLW\ FDVHYV

7KH HITHFW R1 HQG X ORQ@FIti RIPOL W\ FDVH YV

7KH HITHFW R1 HQG X KD QK HLREGI O LW\ FDVHYV

7KH HIITHFW RI HQGXUDQFHiRQRWZKH. BSW LW\ FIDE HV

7KH HITHFW R1 HQGXUD QF HaR ® LW K H IRGF\OLIPW. V FITBV H V

7KH HITHFW R1 HQG X UD Q F H-RVQD W K H LRGSH/DLLAN.\VFHDGV H V

7KH HITHFW R1 HQG XUD QF HFRVQK WIKKH IR SWQ R WA HFG V H V

7KH HITHFW R1 HQG X UD Q F HHR,QORE H RGMQ.IPWV ABV H V

7KH HITHFW R1 HQG X UD Q F HHR,QKW KK R.SW IORIWAHRD V H V

7KH HITHFW R1 HQG X UD Q F Hy R(RW K H GRESOVLVP\L I/ DI \GH V

7KH HITHFW R1 HQG X UD Q F Hy RKQL WKK HL B $1\® L M\ \VFHDGY H V

7KH HIITHFW RI HQGXUDQFH RQREZKIH RISWILWLFEGHV

7KH HITHFW R1 HQGXUDQFH RIQLWK H LRESMDLLR\L\VAHIG/ H V
5HVXOWdQDJIJDLQVW ORLWHU GXUDWLRQ IRU YDU\LQJ OHYHOV RI ¢
VSHFLILF HQHUJ\

5HVXOWd\@DIDLQVW ORLWHU GXUDWLRQ IRU YDU\LQJ OHYHOV RI ¢
VSHFLILF HQHUJ\

5HVXOWd\@DIDLQVW ORLWHU GXUDWLRQ IRU YDU\LQJ OHYHOV RI ¢
VSHFLILF HQHUJ\

1$&$50/ ) UHSRUW ZLQJ ERG\FRQILIJXUDWLRQ $00 GLPHQVLR
7KH 1$&$ 50/ ) ZLQJ ERG\FRQILIXUDWLRQ PHVKHG LQ 6$/20(
331$-RUHVXOWYV YV ZLQG WXQQHO GDWDRIRU WKH GSREBQHO)
GDWD IURP > @

3$1%$,5 LQYLVIELEHEYDWY YV ZLQG WXQQHO GDWDRIRU WKH 1$&$ 50
'LQG WXQQHO GDWD IURP > @

JURQW YLHZ RI WKH 1$&$ 50/ ) ZLQJ ERG\ FRQILIJXUDWLRQ ZLW
WKH IXVHODJH DORQJ OLQHV $ )

3$1$,5 UHVXOWV YV ZLQJ WXQQHO GH RDHU B/ H\ZVLXQU HD MRWM KI WU A HH/QH
VSDQ ORFWWALRQV OHIW WR ULJKW DW WZR DG@JOHV RI DWW
WRS DQG ERWWRP :LQG WXQQHO GDWD IURP > @

3$1%$,5 UHVXOWYV YV ZLQJ WXQQHO G B W RU SWKH NOVHO PR H IDIW MKQ
FLUFXPIHUHQWLDOgS EVGWHHR® WR ULJKW DW WZR DOJOHV RI DWW
WRS DQG ERWWRP :LQG WXQQHO GDWD IURP > @
3313 R UHVXOWV YV ZLQG WXQQHO GDWIRIRU WK@® %RHLQJ 8$9
3313 UHVXOWV YV ZLQG WXQQHO GDWIRIRU WK@® %RHLQJ 8$9

9RQ OLVHV VWUHVV GLVWULEXWLRQ RQ D SODWH FRPSRVHG RI 6
$EDTXV ULJKW

9RQ OLVHV VWUHVYV GLVWULEXWLRQ RQ D SODWH FRPSRVHG RI 6 ¢
$EDTXV ULJKW

9RQ OLVHV VWUHVV GLVWULEXWLRQ RQ D SODWH FRPSRVHG RI16 ¢
$EDTXV ULJKW

9RQ OLVHV VWUHVV GLVWULEXWLRQ RQ D WKLQ SODWH FRPSRVHC
DQG $EDTXV ULJKW

9RQ OLVHV VWUHVYV GLVWULEXWLRQ RQ D VNLQ VSDU FDS VSDU Z
&DOFXOL; OHIW DQG $EDTXV ULJKW



/ILVW RI)LIXUHV
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Ro Ro Ro Ro R0 RO RO RO RO QRO RO RO Ro Ro Ro Ro

l1RUPDOLVHG
1RUPDOLVHG
1RUPDOLVHG
1RUPDOLVHG
1RUPDOLVHG
l1RUPDOLVHG
1RUPDOLVHG
1RUPDOLVHG
1RUPDOLVHG
1RUPDOLVHG
l1RUPDOLVHG
1RUPDOLVHG
1RUPDOLVHG
1RUPDOLVHG
1RUPDOLVHG
1RUPDOLVHG

REMHFWLYH IXQFWLRQ YDOXH KLVWRU\ UHFLSURFDWLC
GHVLJQ YDULDEOH YDOXH KLVWRU\ UHFLSURFDWLQJ HC
LQHTXDOLW\ FRQVWUDLQW KLVWRU\ UHFLSURFDWLQJF
HTXDOLW\ FRQVWUDLQW KLVWRU\ UHFLSURFDWLQJ HQ.
REMHFWLYH IXQFWLRQ YDOXH KLVWRU\ UHFLSURFDWLC
GHVLJQ YDULDEOH YDOXH KLVWRU\ UHFLSURFDWLQJ HC
LQHTXDOLW\ FRQVWUDLQW KLVWRU\ UHFLSURFDWLQJF
HTXDOLW\ FRQVWUDLQW KLVWRU\ UHFLSURFDWLQJ HQ.
REMHFWLYH IXQFWLRQ YDOXH KLVWRU\ K\GURJHQ IXHO
GHVLJQ YDULDEOH YDOXH KLVWRU\ K\GURJHQ IXHO FHO
LQHTXDOLW\ FRQVWUDLQW KLVWRU\ K\GURJHQ IXHO FH
HTXDOLW\ FRQVWUDLQW KLVWRU\ K\GURJHQ IXHO FHOC
REMHFWLYH IXQFWLRQ YDOXH KLVWRU\ K\GURJHQ IXHO
GHVLJQ YDULDEOH YDOXH KLVWRU\ K\GURJHQ IXHO FHO
LQHTXDOLW\ FRQVWUDLQW KLVWRU\ K\GURJHQ IXHO FH
HTXDOLW\ FRQVWUDLQW KLVWRU\ K\GURJHQ IXHO FHOC






%

ILVW RI 7TDEOF

86 $LU )RUFH 7LHU 6\VWHP IRU 8%$9 FODVVLILFDWLRQ > @
&ODVVLILFDWLRQ RI 889V EDVHG RQ VL]H 072: DOWLWXGH DQG HQGXU
$GYDQWDJIJHV DQG GLVDGYDQWDJHV RI UHFLSURFDWLQJ SLVWRQ HQJL
$GYDQWDJHV DQG GLVDGYDQWDJHV RI HOHFWULF SURSXOVLRQ V\VWFE
$GYDQWDJHV DQG GLVDGYDQWDJHV RI EDWWHULHYV > @
$GYDQWDJHV DQG GLVDGYDQWDJHV RIIXHO FHOOV > @
3XEOLVKHG IXHO FHOO SRZHUHG 8$9 GHPRQVWUDWLRQV XQWLO LG

'HVLJQ YDULDEOHV IRUWKH WKUHH SURSXOVLRQ W\SHV :LQJVL]LQJ"
WKH KLJK ILGHOLW\ PHWKRG

.H\0$/( UHFRQQDLVVDQFH PLVVLRQ SDUDPHWHUV > @

JLQLWH HOHPHQW ZLQJ PRGHOOLQJ XVHU GHILQHG LQSXWV DQG WKHL
ODWHULDO SURSHUWLHYV RI DOXPLQLXP 7 > @> @
)DFWRUV IRU IXVHODJH ZHLJKW HVWLPDWLRQ UHODWLRQ RI *XQGODFHI
3RZHU ODZ FRHIILFLHQWY JRRGQHVV RI ILW YDOXHY DQG UHODWLYH
FRUUHODWLRQVRIHQJLQHGLVSODFHPHQW WR HQJLQHPDVV SHDN SR
DQG SHDN SRZHU HIILFLHQF\ > @

&RHIILFLHQWY Rl WKH QRUPDOLVHG HQJLQH PDS DQDO\WLFDO H[SUHYV

9DOXHV RI WKH NH\ FKDUDFWHULVWLFV DQG GHVLJQ YDULDEOHV RI Wt
3$1$,5 SDQHO FRGH PHVK FRQYHUJHQFH VWXG\ IRU WKH 3$1$,5 UXQV L
WKH GUDJ SRODUV

3$1$,§ UXQ &DOFXOL;)(0 PHVK FRQYHUJHQFH VWXG\

3ODQIRUP GHVLJQ YDULDEOHY DQG FRQYHUJHG FRXSOLQJ YDULDEO
FRQILIXUDWLRQV ZLWK YDU\LQJ SURSXOVLRQ VA\VWHPV ,'LY ... GHQRYV
3ODQIRUP ZLQJ VWUXFWXUH VL]LQJ GHVLJQ YDULDEOHV DQG FRQYH
WKH KLIJK ILGHOLW\ LQLWLDO FRQILIJXUDWLRQV ZLWK YDU\LQJ SURSX
GLYHUJHG

&RQYHUJHG FRXSOLQJ YDULDEOHV RIWKHLQLWLDO FRQILIXUDWLRQV
FRPSDUHG EHWZHHQ ORZ ILGHOLW\DQG KLJK ILGHOLW\UHVXOWYV 'L
&RQYHUJHG FRXSOLQJ YDULDEOHYV RI WKH LQLWLDO FRQILIXUDWLRQ
EHWZHHQ SURSXOVLRQ V\VWHPYV

'"HVLJQ YDULDEOHVY DQG REMHFWLYH IXQFWLRQ YDOXH RI WKH LQLWLLEL
IRUWKHORZ ILGHOLWN\UHFLSURFDWLQJHQJLQH UXQ

'"HVLJQ YDULDEOHVY DQG REMHFWLYH IXQFWLRQ YDOXH RI WKH LQLWLI
EHIRUH DQG DIWHU D SRVWHULRUL ZLQJ EXFNOLQJ RSWLPLVDWLRQ
FDWLQJ HQJLQH UXQ 7KH ODVW URZ JLYHV WKH GLIIHUHQFH EHWZHH
DQG RSWLPLVHG FRQILIXUDWLRQ ZLWK WKH EXFNOLQJ FRQVWUDLQW
'"HVLJQ YDULDEOHVY DQG REMHFWLYH IXQFWLRQ YDOXH RI WKH LQLWLLEL
IRUWKHORZ ILGHOLW\IXHO FHOO UXQ

'"HVLJQ YDULDEOHVY DQG REMHFWLYH IXQFWLRQ YDOXH RI WKH LQLWLI
EHIRUH DQG DIWHU D SRVWHULRUL ZLQJ EXFNOLQJ RSWLPLVDWLRQ
UxXxQ 7KH ODVW URZJLYHV WKH GLIITHUHQFH EHWZHHQ WKH LQLWLDO
FRQILIXUDWLRQ ZLWK WKH EXFNOLQJ FRQVWUDLQW

3HDN YRQ OLVHV VWUHVVHV IRUWKH SODWH PRGHOHG LQ &DOFXOL;
DQG 6 5HOHPHQWY DW D KKKLFNQHVV RI

[y






*ORVVDU\

$)&$ONDOLQH )XHO &HOOV
%/)%XFNOLQJ/RDG )DFWRU

&)5&RGHRI )HGHUDO 5HIXODWLRQV
&6"' &ERQFXUUHQW 6XEVSDFH '"HVLJQ
&662&RQFXUUHQW 6 XEVSDFH 2SWLPLVDWLRQ
&67&0DVV 6KDSH 7UDQVIRUPDWLRQ

'60 'HVLIJQ 6WUXFWXUH ODWUL]

(1),&% )& 1YLURQPHQWDOO\ )ULHQGO\ ,QWHU &LW\ $LUFUDIW SRZHUHG E\ )X
(63 (QJLQHHULQJ 6NHWFK 3DG

)($ )LQLWH (OHPHQW $QDO\VLV
)(0 J)LQLWH (OHPHQW OHWKRG

+$/( +LIJK SOWLWXGH /RQJ (QGXUDQFH

,$, ,VUDHO $HURVSDFH ,QGXVWULHV
,') ,QGLYLGXDO 'LVFLSOLQH )HDVLEOH

.6 . UHLVVHOPHLHU 6WHLQKDXVHU

/L ,)ROLWKLXP LRQ
/L 3BRLWKLXP LRQ SRO\PHU
/L6/LWKLXP 6XOSKXU

0$/( OHGLXP $OWLWXGH /RQJ (QGXUDQFH

0$9 OLFUR $LU 9HKLFOHYV

0'$ OXOWLGLVFLSOLQDU\'HVLJQ $QDO\VLV

0') OXOWL'LVFLSOLQDU\)HDVLEOH

0'2 OXOWLGLVFLSOLQDU\'HVLJQ 2SWLPLVDWLRQ
03& 0XOWL 3RLQW &RQVWUDLQW

072: OD[LPXP 7DNH 211 :HLJKW

1$1" 1HVWHG $QDO\VLV 'HVLJQ
1L&ALFNHO FDGPLXP

[YLL



[YLLL

*ORVVDU\

1L0O+1LFNHO PHWDO K\GULGH

2(: 2SHUDWLRQDO (PSW\ :HLJKW

3(0)& 3URWRQ ([FKDQJH OHPEUDQH )XHO &HOOV
53$65HPRWHO\ 3LORWHG $LUFUDIW 6\WWHP
62)&6ROLG 2[LGH )XHO &HOO

8$68QPDQQHG $HULDO 6\VWHP
8$98QPDQQHG $HULDO 9HKLFOH
8&$98QPDQQHG &RPEDW $HULDO 9HKLFOH



IRPHQFODWXL

Opsn $QJOH RI DWWDFN DW WKH ZLQJ VL]LQJ FRQGLWLRQ
0 (IILFLHQF\

dyzo *UDYLPHWULF HIILFLHQF\

%rzg 3HDN SRZHU HIILFLHQF)\

hmbe +\GURJHQ XWLOLVDWLRQ

\j& 3RZHU WR ZHLJKW UDWLR RI WKHDYLRQLFV VA\VWHPV
Rg

y 7DSHU UDWLR

Ho /HDGLQJ HGJH VZHHS

b 'RXEOHW VWUHQJWK
5RWDWLRQDO VSHHG

4q 3HUWXUEDWLRQ YHORFLW\ SRWHQWLDO
7LS WZLVW DQJOH

< )JUHHVWUHDP DLU GHQVLW\

tzm ODWHULDO GHQVLW\

ohe 9ROXPHWULF GHQVLW\

ebibm/ LPLW VWUHVV
6RXUFH VWUHQJWK

a &OLPE DQJOH

F, %HUQVWHLQ SRO\QRPLDO VFDOLQJIDFWRU

FW :LQJDVSHFW UDWLR

FWzkzi 6SDU FDS DVSHFW UDWLR

a 'LQJ VSDQ

Gn %HUQVWHLQ SRO\QRPLDOV

a 'LQJ VHPL VSDQ

anzbe TDLOSODQH VSDQ

GQK %XFNOLQJ ORDG IDFWRU

H (QJLQH VSHFLILF SDUDPHWHU

H.  'UDJ FRHIILFLHQW

H )JULFWLRQ FRHIILFLHQW

H 3UHVVXUH FRHIILFLHQW

[LI



I1RPHQFODWXUH

=HUR OLIW GUDJ FRHIILFLHQW
'"HVLJQ OLIW FRHIILFLHQW

/LIW FRHIILFLHQW

1RPLQDO GLVFKDUJH UDWH
SHXNHUW FRQVWDQW
7DLOSODQH URRW FKRUG OHQJWK
%DWWHU\ UDWHG GLVFKDUJH UDWH
&RXSOLQJ YDULDEOHYV

'UDJ

)XVHODJH GLDPHWHU
'LDPHWHU RI PRWRU

3URSHOOHU GLDPHWHU
(QGXUDQFH

)DUDGD\...V QXPEHU

J)DFWRU DFFRXQWLQJIRU FRQWURO VXUIDFHV

(PSHQQDJH PXOWLSOLFDWLRQ IDFWRU
/DQGLQJ JHDU PDVV IUDFWLRQ
ODWHULDO IDFWRU

O0DLQ JHDU RQ WKH IXVHODJH IDFWRU
1RVH JHDU RQ WKH IXVHODJH IDFWRU
3UHVVXUL]JHG IXVHODJH IDFWRU
9HUWLFDO WDLO LQFOXVLRQ IDFWRU
JRUP IDFWRU

,QHTXDOLW\ FRQVWUDLQWYV
(TXDOLW\ FRQVWUDLQWYV

+\GURJHQ

‘DWHU

+HLJKW RI HQJLQH

&XUUHQW

2EMHFWLYH IXQFWLRQ
3DUDVLWH ORVV UDWLR

5DWLR RI PD[LPXP SRZHU WR SRZHU DW SHDN HIILFLHQF\

5DWLR RI PD[LPXP WRUTXH WR WRUTXH DW SHDN HIILFLHQF\

5DWLR RI PD[LPXP URWDWLRQDO VSHHG WR URWDWLRQDO VSHHG L



1RPHQFODWXUH [[L

Pogern$LU LQWDNH SDWWHUQ SDUDPHWHU

Pai OXOWLSOLFDWLRQ IDFWRUEDVHG RQ VKDIW KRUVHSRZHU
i )XVHODJH OHQJWK

i /HQIJWK RI PRWRU

jin /JHQIJWK RI HQJLQH

imzbe TDLOSODQH PRPHQW DUP

QM[ /RZHU KHDWLQJ YDOXH

imb ik knghURQW PRVW VSDU ORFDWLRQ

imbx knzBHDU PRVW VSDU ORFDWLRQ

Re )UHHVWUHDP ODFK QXPEHU

Rmpi 3URSHOOHU WLS ODFK QXPEHU

kb OHDQ DHURG\QDPLF FKRUG OHQJWK

RWy{ 9HUWLFDO PHVK UHILQHPHQW RI ULEV
RWzkprf 9HUWLFDO PHVK UHILQHPHQW RI VSDU ZHEV
| /IRDG IDFWRU

l\ree LXPEHU RI IXHO FHOOV

lc OROHV RIK\GURJHQ

S 1XPEHU RI SURSHOOHU EODGHYV

Sizk 1XPEHU RIVSDUV

Simkbg rkXPEHU RI VWULQJHUV

vem SPELHQW SUHVVXUH DW DOWLWXGH

Ugg )XHO FHOO SHDN SRZHU

Wz )XHO FHOO SHDN SRZHU WDUJHW YDULDEOH
Wk 3RZHUUHTXLUHG E\ WKH SD\ORDG

Y 3HDN SRZHU

¥ (QJLQH PRWRU SHDN SRZHU WDUJHW YDULDEOH
Rk SPELHQW SUHVVXUH DW VHD OHYHO

Vi %DWWHU\ FDSDFLW\

VA %DWWHU\ FDSDFLW\ WDUJHW YDULDEOH
Vgni 1RPLQDO EDWWHU\ FDSDFLW\

Vinzg 3HDN SRZHU WRUTXH

W  5HVLVWDQFH

WUR,y 3HDN SRZHU 530

%qi ([SRVHG DUHD



[[LL 1RPHQFODWXUH

%~ BSHIHUHQFH SODQIRUP DUHD
Xn7pbe 7TDLOSODQH UHIHUHQFH DUHD
X%rm ‘HWWHG DUHD

qn' ¥ 6SDQ ZLVH ULE VSDFLQJ

Y 7KUXVW

fthg OLQLPXP JDXJH WKLFNQHVV
habg BNLQ WKLFNQHVYV

Nizkizi KSSRRW VSDUFDS WKLENQHVV
Nizkizi WLS VSDUFDS WKLFENQHVV
Niz«k 6SDU WKLENQHVV

Nmkbg ~kBRRW VWULQJIHU WKLFNQHVV
Nmkbg k7 S VWULQJIHU WKLFNQHVV
[ JUHHVWUHDP YHORFLW\

[ 9ROWDJH

I &OLPE UDWH
[zozbez($¥DLODEOH YROXPH IRU IXHO
f (QJLQH GLVSODFHPHQW
[kajnbkr@ROXPH UHTXLUHG IRU IXHO
\t ORWRU ZHLJKW

\ 3URSHOOHU ZHLJKW

\zp $LULQGXFWLRQ ZHLJKW
\2nmhSXWRSLORW V\VWHP ZHLJKW
\zo6 SYLRQLFV VA\VWHP ZHLJKW
\(zmm%DWWHU\ ZHLIKW
\\zkkbrfHLIKW RI WKH FRPSRQHQWY ORFDWHG LQVLGH WKH IXVHODJH
\nery (OHFWULFDO VI\VWHPV ZHLJKW
\nti (PSHQQDJH ZHLJKW
\ngbgr(QILQH PRWRU ZHLIKW

\rjLzq OD[LPXP HTXLYDOHQW DLUVSHHG
un  :LGWKRIHQJLQH

\ nj JLIHG HTXLSPHQW ZHLJKW

\ nre 1iD)XHO VAVWHP ZHLIKW

\ n )XVHODJH ZHLJIKW

\ )XHO ZHLJKW



1RPHQFODWXUH [[LLL

\A )XHO ZHLJKW WDUJHW YDULDEOH

\e /DQGLQJJHDU ZHLJKW

\Npy 2SHUDWLRQDO HPSW\ ZHLJKW

\ 5y 2SHUDWLRQDO HPSW\ ZHLJKW WDUJHW YDULDEOH
\ok 3D\ORDG ZHLJKW

\ikni 111 BURSXOVLRQ VIVWHP DX[LOLDU\ ZHLJKW
\ikni BURSXOVLRQ V\VWHP ZHLJKW
\imkmBWUXFWXUDO ZHLJKW RI WKH DLUIUDPH
\mzgd 7DQN ZHLIKW

\pbg :LQJ ZHLIKW

\ pbkr (OHFWULFDO ZLULQJ ZHLJKW

W /RZHU RSWLPLVDWLRQ ERXQG

v 8SSHU RSWLPLVDWLRQ ERXQG
(?n(?( 5RRW WKLFNQHVV WR FKRUG UDWLR

\_Aehbm:AlﬂLJKW RI'WKHUHPDLQLQJ IXHO DW WKH PLG ORLWHU SRLQW WDUJHW
\isnv OD[LPXP WDNH RIlI ZHLJKW






, QWURGXFWL

7KH OHGLXP $OWLWXGH /RQJU §QBXQREBHHULP®ANWKVABHQJ JURZLQJ LP
SRUWDQFH LQ WRGD\..V ZRUOG LQ ERWK FLYLOLDQ DQG PLOLWDU\ DSSOLF
RI JHQHUDO DYLDWLRQ DLUFUDIW WRJHWKHU ZLWK LWV ORQJ HQGXUDQFF
KHDY\ SD\ORDGV DQG LQVWUXPHQWDWLRQ IRUH[WHQGHG SHULRGV RI WLPF
+RZHYHU LQ D ZRUOG ZKHUH HOHFWULF 8%$9V DUH LQFUHDVLQJO\ EHFRPLQ
SULPDULO\ SRZHUHG E\ K\GURFDUERQ IXHOV DQG LWV GHVLJQ LV YHU\ PXF
DYLDWLRQ UHFLSURFDWLQJ HQJLQHV ZKLFK DUH GHVLJQHG IRU D GLIIHUH
VXEVWDQWLDO DPRXQW RI UHVHDUFK KDV EHHQ FRQGXFWHG DURXQG WKH
SRUDWLQJ HOHFWULF SURSXOVLRQ VROXWLRQV LQ VPDOO DQG PHGLXP VL
+LJK $SOWLWXGH /RQJ (QGXUDQFH +$/( W\SH 'HVSLWH WKLV KRZHYHU WR
GHUWDNHQ WR LQYHVWLJDWH KRZ LQFRUSRUDWLQJ WKHVH QRYHO SURSXC
GHVLJQ RI0$/(8$9V

'ULHV 9HUVWUDHWH RI WKH 8QLYHUVLW\ RI 6\GQH\ KDV EHHQ RQH RI WKH I|
VLRQ VROXWLRQV LQ 0$%/( 8%9V ZLWK KLV ZRUN WLWOHG ,0XOWL GLVFLSOL
ORQJHQGXUDQF® 8fOWKLY ZRUN KH GHYHORSHG D OXOWLGLYFLSOLQDU\ 'F
IUDPHZRUN ZKLFK LQFRUSRUDWHG UHFLSURFDWLQJ HQJLQH DQG K\GURJH
0'2 IUDPHZRUN ZDV XVHG WR RSWLPLVH WKH GHVLJQ RI D 0$/( 839 IRU ERW
WHP 9HUVWUDHWH VKRZHG WKDW K\GURJHQ SURSXOVLRQ KDV WKH SRWHQ
RI 0$/( 839V ZKLOH DOVR HQDEOLQJ ORQJHU HQGXUDQFHV 'HVSLWH WKHV
UHSUHVHQWYVY D ILUVW LWHUDWLRQ LQ WKH ERG\ RI NQRZOHGJH DURXQG W|
VROXWLRQV RQ 0$/(8%$9V DQG FDQ EH H{IWHQGHG DQG LPSURYHG XSRQ LQ D

7KH FXUUHQW VWXG\ LV DQ HIWHQVLRQ RI WKH ZRUN XQGHUWDNHQ E\ 9HUV
GHYHORSPHQWRIDQ LPSURYHG 0'2 IlUDPHZRUN IRU WKH FRPSDULVRQ RI RS\
GLIITHUHQW SURSXOVLRQ V\VWHPV EXW DOVR IRU WKH LQYHVWLJDWLRQ RI
DIITHFW VDLG RSWLPLVHG GHVLJQV $PRQJRWKHUV WKH NH\LPSURYHPHQW
LQFRUSRUDWLRQ RI KLJKHU ILGHOLW\ DHURG\QDPLFVY PRGHOV LQ SODFH R
RXVO\ WKHLQFOXVLRQ RI D KLJKHU ILGHOLW\ VWUXFWXUDO ZLQJ VL]LQJP
vy ZHLIKW HVWLPDWLRQV XVHG SUHYLRXVO\DQG DQ LPSURYHG SURSHOOH
GHVLIJQ FRGHVY ORUHRYHU DQHZ0'2ZRUNIORZ KDV EHHQ GHYHORSHG EDV
XDO 'LVFLSOLQH )HDYWRXOBWLRQ ZKLFK VHHV WKH QXPEHU RI GHVLJQ YDUI
WZR WR LQ RUGHU WR H[SORUH D ZLGHU DUHD RI WKH GHVLJQ VSDFH ZKlI
LOQYHVWLIDWLQJ GHVLIQ HITHFWV RI QRYHO SURSXOVLRQ VROXWLRQV

7KLYV UHSRUW LV VWUXFWXUHG DV IROORZV D OLWHKBDWRWHYHYILRQZ DQGSU
REMHFWLYH RI WKLY UHVHDUFK LV H[SIPMQSWIERUX $ RQHWQDA&BBWHOHG RYHUYL
WKH PHWKRGRORJ\ RI WKH VWXG\ 7KH FDVH VWXG\ XVHG IRU WKLV LQYHVYV
5HVXOWY DUH SUHV HQWKILGOIHODEW RBWRIXJJK GLVFXVVLRQ RI WKH ILQGLQJV LV

J)LQDOO\ WKH FRQFOXVLRQV DQG UHFRPPHQGDWLRQ RI WKLV ZRUN DUH R






[LWHUDWXUH 5H?

7KLV FKDSWHU DLPV WR LQWURGXFH WKH UHDGHU WR WKHILHOGV RI 8%9 GH
WKHVWDWHRIWKHDUWLQ WKHVHILHOGY LQFOXGLQJUHODWHG PXOWLGLYV
LQ OLWHUDWXUHLOBFGULRFXVY 8%$9 GHVLJIQV DQG DBIS@Q RDHNILRIQ@ WV \eSH .-\ DR
8$9 SURSXOVLRQ VROXWLRQ@QVLODXUBMLGHFBUIRWVWLRXY UHVHDUFK RQ 8%9 GHV
PXOWLGLVFLSOLQDU\ GHVLIJQ RSWLPLVDWLRQ VWXGLHYV

SQPDQQHG $HULDO 9HKLFOHYV

7KLV VHFWLRQ LQWURGXFHYVY WKH PRGHUQ 8%$9 LWV FODVVLILFDWLRQV DQ
UHOHYDQFH RI WKLV VHFWLRQ WR WKHLQYHVWLIJDWLRQ OLHV LQ WKH QHHC

&OHDUO\ GHILQH ZKDW LV DQG ZKDW LV QRW D 8%$9
&ODVVLI\ 839V RQ D QXPEHU RI FKDUDFWHULVWLEV
+HOS LGHQWLI\ ZKLFK FODVV RI 839 WR XVH IRU WKH FDVH VW XG\

6HFWLRQLYHYV D GHILQLWLRQ RI WKH WSIWRYAS®H & HDMILRXY FODVVLILFDWL
PDQQHG DLUFUDIW D QG BHFWQRRYHUYLHZ RI PLOLWDU\DQG FLYLO 8%$9 DSSC

'"HILQLWLRQ
O0DQ\ GHILQLWLRQV Rl WKH WHUP ,XQPDQQHG DHULDO YHKLFOH... H[LVW 7K
DV$Q DLUFUDIW WKDW LV RSHUDWHG IURP D GLVWDQBFH@Z L& &R XRMHY SHU VR
IXUWKHU GHI|L9ERIKWHIBY DHULDO YHKLFOH WKDW GRHV QRW FDUU!| D KXP|
ODPLFIRUFHV WR SURYLGH YHKLFOH OLIW FDQ IO| DXWRQRPRXVO|RUEH S|
UHFRYHUDEOH DQG FDQ FDUU| D O BW®D @ BVHIRRQ AWKKIN® SHIQRDWLRQV
EHGHVFULEHG E\ FHUWDLQ NH\ IHDWXUHV QDPHO\ D QR SLORW RQ ERDUG
DXWRQRPRXV G PD\RUPD\QRW EH H[SHQGDEOH H PD\RU PD\ QRW FDUU\

$8%9 LV DFWXDOO\D FRQVWLWXHQW RI PRSBBPRQEBEGEHHUDDG SN WWMRPYV D
PDGH XS RI WKUHH VHIJPHQWY WKH DLUFUDIW VHIPHQW WKH FRQWURO VH,.
PHQW@> $ VFKHPDWLF H[DPSOH RI D 8$6 LVWKNKEXQUEQMW XQMHVWLIDWLRQ Z|
H[FOXVLYHO\ RQ WKH DLUFUDIW VHIJPHQW RI D 8$6 WKH 8$9 LWVHOI

&ODVVLILFDWLRQ
&DWHJRULVLQJ XQPDQQHG DHULDO YHKLFOHV LQ D VWDQGDUGLVHG zZD\ KD
XVHUV DOLNH 5DSLG DGYDQFHPHQWY LQ WHFKQRORJ\ KDYHLQWURGXFHG
PDUNHW LQ UHFHQW GHFDGHV ZKLFK KDYH EOXUUHG WKH OLQHV EHWZHH
+LVWRULFDOO\ WKHGHYHORSPHQW RI XQPDQQHG WHFKQRORJLHYVY KDV EHH
WKRVH RI WKH 8QLWHG 6WDWHV DQG ,VUDHO $V VXFK RYHU WLPH WKH 88%¢
WKHLU FODVVLILFDWLRQ VIVWHPV 2QHVXFKFRPPRQ VI\VWHP LV WKH 86 $LU
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JLIXUH 6FKHPDWLF H[DPSOH RI DQ 8Q@DQQHG $HULDO 6\VWHP >

8%$9V EDVHG RQ DOWLWXG @D QIGHHQLEXUD QWH B LYV SUHVHQWHG LQ 7DEOF

7DEOH 86 $LU )RUFH 7LHU 6\VWHP I®U 8%9 FODVVLILFDWLRQ >
7LHU '"HVFULSWLRQ ([DPSOH
183 6PDOO PLFUR 8%9 %ODFN +RUQHW 1DQR

, /IRZDOWLWXGH ORQJHQGXUDQFH ;0ORERWYV $SRHQD

. OHGLXP DOWLWXGH ORQJ HQGXUDOQIFH3WKlQDWRU

. +LJK DOWLWXGH ORQJHQGXUDQFH +$/( FRQYHQWLRQDO
+LJK DOWLWXGH ORQJHQGXUDQFH +$/( ORZ REVHUYDEOF

$ PRUH HQFRPSDVVLQJ FODVVLILFDWLRQ LV SUEHNWIOGVRG LMD @ &W LIC
HQGXUDQFH $Q H[FHUSW IURP WKLV FODVVLILFRW LR {HY\FOHPVIHY JZY
DGGHG OD[LPXP 7DNH 2I12HLJIK\KY 'DODPDIJRLGEQWKRXJIK YDQ % @HQEXU
LV D MRXUQDO DUWLFOH IURP WKH VDPH FODVVLILFDWLRQ VI\VWHP L
IURP @ 9DQ %O\HQ@XWMNKD>OVR EHHQ FLWHG LQ PRUH UHFHQW SXEOL
HW DO@>LQ DQG 'DODPMINQGLY XKHQFH VHHPV WR EH D FODVVLILFDYV
LV XVHG ZLWKLQ WKH 839 FRPPXQLW\ XQWLO WRGD\ 7KLV FODVVLILFD\
LQYHVWLIJDWLRQ ,W VKRXOG EH QRWHG KRZHYHU WKDW WKHUH LV QF
DQG GLIIHUHQW DXWKRUV KDYH GLIIHUHQW 072: DOWLWXGH DQG HQG
7DEOH 7KHVH FODVV FKDUDFWHULVWLFV DUH WR EH WDNHQ DV LQGLFD
GLIIHUHQWLDWLRQ UDWKHU WKDQ VWULFW FULWHULD

$SSOLFDWLRQV
7KHUH LV D JURZLQJGHPDQG IRU 8%9V LQ ERWK PLOLWDU\DQG FLYLO D
RI XQPDQQHG VA\VWHPV DUH GLVFRYHUHG DQG WKH VA\VWHPVY HYROYH WR
VXEVHFWLRQV SURYLGHDQ RYHUYLHZ RI PLOLWDU\DQG FLYLO DSSOLF

OLOLWDU\

8QPDQQHG VI\VWHPYV ZHUH ERUQ RXW RI PLOLWDU\ UHTXLUHPHQWYV (O
ELOLVHUV MXVW EHIRUH WKH )LUVW :RUOG :DU ZDV TXLFNO\ QRWLFHG |
GHYHORSPHQW RI WKH +HZLWW 6SHUU\ $XWRPDWLF $LUS @D QG6H. QFGIVR N
WKHQ PLOLWDU\QHHGVY KDYH OHG WR WKHDGYDQFHPHQW RI 8%9 WHFK(



8QPDQQHG $HULDO 9HKLFOHYV

7TDEOH &ODVVLILFDWLRQ RI 889V EDVHG RQ VLIH@ ?@: DOWLWXGHDQG HQGXUD
7@- OLJKW $OWQWXGBQF

&DWHJRU\ $EEUH\9>L %Rc} Sr@ SKU@ fbpsoH
OLFUR $LU 9HKLFOHV 0%$9 OLFUR6WDU
6PDOO OLQL 6XUYH\&RSWHU
&ORVH 5DQJHKS5 2EVHUYHU
6KRUW 5DQJI85 OLUDEK
OHGLXP 5DQJH 05 6KDGRZ
IRZ $OWLWXJSH |
JRQJ (QGXUDDEH ! $HURVRQGH
OHGLXP $OW qK_'GH
/RQJ(QGXUD&C%% B3UHGDWRU

+

+LIK SOWLWXGH .
/RQJ(QGXUD§£(|4 OREDO +DZN

ERPE FDUU\LQJGHYLFHV WR YHKLFOHY ZKLFK FDQ KRXVH DQ DUUD\ RI SD\OI
DURXQG WKH JOREHDQG UHPDLQ DLUERUQH IRU GD\VDW D WLPH 7KHLU PR
PLVVLRQV FKDUDFWHULVHG E\ WKH 'V GXOO GLU®\RU GDQJHURXV IRU D K

7KH PRVW FRPPRQ PLOLWDU\ DSSOLFDWLRQ RI 839V WRGD\ LV VXUYHLOOT
WKH VL]H VSHFWUXP DUH XVHG IRU WKLV ZLWK ®H G IDXPG $HLWK V§ 0 G/H. WRXEBIH ( Q
/IRQJ (QGXUDQFSB$S9V W\SLFDOO\ HPSOR\HG IRU ORQJ GXUDWLRQ PLVVLRQV |
ZKHUHDV VPDOOHU GHYLFHV VXFR$OW OLFG RISQU ®$HKLPOHVXVHG IRU ORZ F
TXDUWHUV VXUYHLOODQFH LQFOXGLQJLQVLGHEXLOGLQJV

$ VHFRQG PLOLWDU\DSSOLFDWLRQ ZKLFKKDVEHHQ FRYHUHG HI[WHQVLYHO\
RI8%9V LQ FRPEDW RSHUDWLRQV 7HUPHG 8QPE Q®¥HGVRIRIPED W H YHLUAH\VO DOUHKK L
W\SLFDOO\RI WKH 0$/( W\SHDQG DUH HTXLSSHG ZLWK DLUFUDIW RUGQDQFF
7KHO0$/( *HQHUDO $WRPLFV 04 3UHGDWRUDQG LWV VXFFHVVRU WKH 04 51
VLYHO\ E\ WKH 8QLWHG 6WDWHV LQ FRPEDW RSHUDWLRQV DURXQG WKH ZRU

0$/( 839V KDYH IRXQG PXFK SRSXODULW\ ZLWK PLOLWDU\VHUYLFHV DURXQG
RI VPDOOHU FODVVHV 0$/(V RSHUDWH DW DQ DOWLWXGH ZKLFK DOORZV IR
FDSDELOLWLHV 7KH 04 3UHGDWRU ZDV LQLWLDOO\ GHVLJQHG DV DQ XQFP
ZDV ODWHU XSJUDGHG WR FDUU\WZR +HOOILUH PLVVLOHYV JLYLQJLW GXDO
SRSXODU XQPDQQHG WRROV LQ WKH 8QLWHG 6WDWHV PLOLWDU\ DUVHQDO
GRPHVWLF 0$/( DLUFUDIW DQG LQ UHVSRQVH 7XUNLVK $HURVSDFH ,QGXVW
LQ >@ (XURSHDQ PLOLWDU\VHUYLFHY KDYH DOVR UHFRJQLVHG WKH LPES
DLUFUDIW ZKRP XQWLO QRZ KDYH UHOLHG RQ $PHULFDQ DQG ,VUDHOL 0$/(F
\HDU GHILQLWLRQ VWXG\EHJDQE\$LUEXV 'HIHQFHDQG 6SDFH 'DVVDXOW $Y
XQGHU WKH WLWOH ,(XURSHDQ 0$/( 5HP RWH®)\.3 SO R W HRBX$O FNUDR W6 DAW, I8 B/

.>@ 7KHDLP RIWKH (XURSHDQ 0$/(53$6 SURMHFW LV WR ,LPSURYH VRY
RI (XURSHDQ QDWLRQV ZLWK UHVSHFW WR XQPDQQHG DLUFUDIW )XUWKHU
-DQH..VUHSRUWHG LQ -X0\ WKDW 5XVVLD KDV X@Y BRDGIDE O\0 $/ K B $006 M/ K H
8$9 KDV IRXQG SRSXODULW\LQ WKHPLOLWDU\DUHQDDQGLVDQLPSRUWDQV

&LYLO

8QPDQQHG DLUFUDIW KDYH VHHQ D VXUJH LQ SRSXODULW\LQ FLYLO DSSOL
VWXG\E\+HUDLBRN > UHYHDOHG WKDW 8$9 PDQXIDFWXUHUYV ZHUH LQFUHDVL
QHZ SRWHQWLDO FXVWRPHUV DIWHU WKH YLVLELOLW\8%$9V JDLQHG GXULQJ
DV HDUO\ DV SRWHQWLDO FLYLO DSSOLFDWLRQV RI XQ @DQLOMHNCHGHKLFO
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ODZHQIRUFHPHQW VFLHQFHDQG DJULFXOWXUHDV WKUHH NH\FLYLO I
LOQFOXGLQJ ERUGHU SDWURO GUXJLQWHUGLFWLRQ DQG PRQLWRULQJ
WHOHFRPPXQLFDWLRQV DQG DWPRVSKHULF UHVHDUFK 9LHZV RQ WKH
VKDUHG E\ PDQXIDFWXUHUV WRR ,VUBHOWHURY.SY KD WQIGEXWWHBIRY ST
WXUHU DQG DQ LPSRUWDQW SOD\HU LQ WKH XQPDQQHG DLUFUDIW PDU
PDQ\RI WKH VDPH DSS®LFDWLRQV >

6LQFH WKHQ PDQ\RIWKHVH SUHGLFWLRQV KDYH EHFRPH D UHDOLW\ ¢
.LUXQD 6ZHGHQ GHPRQVWUDWLQJLWYV FLYLO DSSOLFDWLRQ FDSDELC
DQG HOHFWUR RSW@LF7&B\ORPKEFPRPSDQ\ GHPRQVWUDWHG DXWRPRELOF
DQG ZDWHUZD\ DFWLYLW\ REVHUYDWLRQ LQ ZLWK WKH %LUG (\H 8
ODQGW®W> $HURVRQGH /WG GHYHORSHG WKH $$, $SHURVRQGH D 8%$9 GHVL
XVHG IRU ZHDWKHU VXUYH\LQJ DQG HQ®@LURQPHQWDO PRQLWRULQJ >

$OWKRXIKWKHUHKDYHEHHQ PDQ\GHPRQVWUDWLRQV IRUFLYLODSSOL
HPSOR\HG IRU YDULRXV FLYLO PLVVLRQV RYHU WKH\HDUV WKHFLYLOL
DV ZDV LQLWLDOO\DQWLFLSDWHG 7KH UHDVRQ IRU WKLV KDV EHHQ D
WLRQV JRYHUQLQJ WKH IOLJKW RI FLYLOLD@ 8$X\ V @ X\@ X DBIWWRIQ LW @ |
FKDQJH VRRQ DVJRYHUQPHQWV DQG UHJXODWRU\ERGLHV DUHLQFUHEL
JXLGHOLQHV IRU WKH XVH RI FLYLO 8%9V

'"HVSLWHWKHFXUUHQW ODFNRIUHJXODWLRQ WKHO0$/(8%$9 KDV VHHQ FR
DQG UHVHDUFK ERGLHV LQ WKH SDVW WZR GHFDGHV 1$6%$ XVHV WKH $0
IRU (DUWK VFLHQFH UHVHDUFK DQG GHYHORSHG D SURJUDP ZLWK WKH
IRUIRUHVW ILUH R&RQIQVRUE®QBHUDO $WRPLFV GHOLYHUHG ,NKDQD DQF
1$6$ ZKLFK ZDV XVHG WR VXSSRUW @L 0 & H. BHIDRSEMH UV DRAXICRIGI ¥ EURW K H |
KDV WZR YDULDQWY FDOOHG $OWXV , DQG $OWXV ,, WKH IRUPHU EHLQ.
ZKLOH WKH ODWWHU EHL@J XY AGUMNH\$6%$,>HURQ 0$/( 839V ZHUH SXUFKD
VXUYHLO @@ @RBH(8$9V RITHU FOHDU DGYDQWDJHV RYHU VPDOOHU 8$9 W\:
UHODWLYHO\ KHDY\ SD\ORDG UHTXLUHG E\ UHVHDUFK PLVVLRQV FRPELI



8$9 BURSXOVLRQ 6\VWHPV

8$9 BURSXOVLRQ 6\VWHPYV

7KLV VHFWLRQ GLVFXVVHY SURSXOVLRQ VI\VWHPV WUDGLWLRQDOO\HPSOR\
VWDWH RI WKH DUW RI HDFK SURSXOVLRQ VI\VWHP IRFXVLQJRQ 0%$/(8%9 DS!
VHFWLRQ WR WKH FXUUHQW LQYHVWLIJDWLRQ OLHV LQ WKH QHHG WR XQGHL

JRUPXODWH K\SRWKHVHV RQ ZKLFK SURSXOVLRQ VA\VWHPV ZLOO PRVW Ol
0'2 FDVH VWXG\

, QWHUSUHW WKH UHVXOWY RI WKH FDVH VWXG\ LQ WHUPV RI ZK\ HDFK R
GRHYV

BURYLGH UHFRPPHQGDWLRQV IRU IXWXUH GHVLJQ LPSURYHPHQWY EDV|
LQ WKHILHOG RI 8%9 SURSXOVLRQ

JLIXUH 6KDUH RI SURSXOVLRQ V\VW WMHP W\SHV DPRQJ 8%9V >

JLIXUH BURSXOVLRQ VIVWHPV W\SLFDOO\ XVHG R(
GLIITHUHQW @ODVVHYV >

7R SXW WKH XSFRPLQJ VHFWLRQV LQ®ILRF BRIGW WWWH \LKRUH RI SURSXOVLRQ
DPRQJ 8$9V RI DOO FODVVHV (OHFWULF SURSXOVLRQ VHHPV WR EH PRVW S
GLIIHUHQW PLQL 8$9V DQG 0$9V ZKLFK XVH WKHVH VI\VWHPV 5HFLSURFDW
IROORZHG E\ JDV WXUELQH VROXWVLRRAZVDAKLFK WASXWYHRI SURSXOVLRQ V\V\
W\SLFDOO\XVHG RQ 8%9V RI GLIIHUHQW FODVVHV (OHFWULF VROXWLRQV DL
WLRQV DQG OLJKW +$/( DLUFUDIW ZKLOH UHFLSURFDWLQJHQJLQHV PDNH X
8$9 SURSXOVLRQ VI\VWHPV *DV WXUELQH VROXWLRQV DUH XVHG DOPRVW H|
,QWHUHVWLQJO\ 0$/( 839V XVH HLWKHU UHFLSURFDWLQJ HQJLQHV RU JDV
HYHQ WKRXJK KLJKHU DOWLWXGH DLUFUDIW LQ WKH +$/( FDWHJRU\ GR

6HFWLRGUHVHQWYVY UHFLSURFDWLQJ HQGILYHXVXKLOHOGHPWLIRFQSUR S X OV LR (
SRZHUHG E\ EDWWHULHV DQG IXHO FHOOV

SHFLSURFDWLQJ HQJLQHV

S5HFLSURFDWLQJHQJLQHV KDYHIRUD ORQJWLPHEHHQ WKHVWDQGDUG IRU
8QOLNH ODUJH DQG H[SHQVLYH PDQQHG DLUFUDIW SURMHFWY ZKHUH HQJL
DLUFUDIW PRGHOV LQ WKH XQPDQQHG DLUFUDIW ZRUOG LW LV WKH DLUFL
HQJLQH® >7TR DYRLG WKH SURKLELWLYH FRVWVY RI QHZ HQJLQH GHVLJQ SUR!
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PRGLI\HQJLQHV IURP RWKHU VRXUFHV UDQJLQJ IURP ODZQ PRZHUV W
DQG DXWRPRELOHV WR JHQHUDO DYLDWLRQDLUFUDIWIRUOS$/(DQG +$/(
IDVWHU GHVLJQ F\FOHV LW OHDGV WR VXE RSWLPDO GHVLJQV DV WKH)
SRZHU OHYHOV DQG WKURWWOH VHWWLQJV LQ WKHLU RULJLQDO DSSOL
WKXV VHWWOH IRUWKH FORVHVW DYDLODEOH RSWLRQ OHDGLQJ WR D

5HFLSURFDWLQJ HQJLQHYVY DUH WKH PRVW FRPPRQ SURSXOVLRQ PHWKIF
NJ>@ 7KH\FDQ EHFDWHJRULVHG LQWR IRXU VWURNH WZR VWURN
WZR VWURNHHQJLQHV DUH GLVFXVVHG LQ WKLY VHFWLRQ DV WKH\ DU

5HFLSURFDWLQJ SLVWRQ HQJLQHY DUH D UHODWLYHO\ LQH[SHQVLYH ¢
ZHOO XQGHUVWRRG 7KH\DUH D IUHTXHQW FKRLFH DPRQJ 8%9 GHVLJQ
RI LPSOHPHQWDWLRQ DQG D ODFN RI VPD @O J0H/ WR WKIHQH DQWHDQ PW
GR UHVXOW LQ VLJQLILFDQW YLEUDWLRQ KRZHYHU ZKLFK PD\ KDPSHU
ORUHDGYDQWDJHV DQG GLVDGYDQWDJHV RI UHFLSURFDWLQJ SLVWRQ

7TDEOH $GYDQWDJHV DQG GLVDGYDQWDJHYVY ROUBIFLSURFDWLQJ SLVWRQ
$GYDQWDJIHYV 'LVDGYDQWDJIHV
,QH[SHQVLYH 9LEUDWLRQ

':LGHO\ XQGHUVWRRG WHFKQRORLURLVH
SRWHQWLDOO\OLJKWZHLOBW\ PRYLQJ SDUWYV
SRWHQWLDOO\ FRPSDFMTXLUHY VHDOV DQG OXEULFDWL

(DVI\WR REWDLQ DQG LPSOHPHQW RIlI WKH VKHOI I1RQ FRQVMW

5HFLSURFDWLQJ SLVWRQ HQJLQHYVY SRZHU D YDULHW\ RI 8%9V 7KH\ DU}
DQG ODUJH 8%9V EXW PD\ DOVR EH IRXQG LQ VPDOOHU YHRKLFREWD\ VXFI
PRVW 0$/(8%$9V DUH SRZHUHG E\ SLVWRQ HQJLQHV ZLWK WKH IRXU VWL
WLRQ DPRQJ 8%9 PDQX®@ FWMAWHIWEBEHFDXVH 0$/(V UHTXLUH KLIKHU HQG
GHOLYHUHG E\ PRVW FXUUHQW HOHFWULF SURSXOVLRQ VROXWLRQV D
IO\ ORZ HQRXJK QRW WR UHTXLUH ODUJH JDV WXUELQHYV 6RPH ODUJH C
KRZHYHU VXFK DV WKH *HQHUDO $WRPLFV 04 G5HDSHU DOVR NQRZQ I
SLVWRQ HQJLQH SRZHU RXWSXWV DUH DURXQG WKH N: PDUN ZLWK W
N: R SRZHU O0DQ\ 0$/( SLVWRQ HQJLQHVY HPSOR\ WXUERFKDUJHUV ZKL
WKH HQJLQH DOORZLQJIRU W\SLFDO 0%$/(8%9 VHUYLFH FHLOLQJV RI DU
DUH XVXDOO\HPSOR\HG IRUWKH IHZ ODUJH 0%$/( 8%$9V ZKLFK RSHUDWH D

7KH MHW DJH WXUQHG DYLDWLRQ UHVHDUFK IRFXV DZD\ IURP UHFLSUR
VROXWLRQV ZKLFKLQ WXUQ DUHFXUUHQWO\EHLQJRYHUWDNHQ E\HO
QDWHG SURJUHVV LQ UHFLSURFDWLQJ HQJLQHV IRU DLUFUDIW DSSOLF
PHOQWYVY UDWKHU WKDQ EUHDNWKURXJK GHYHORSPHQWYVY DQG OHDYLQJ
WKH DXWRPRWLYH LQGXVWU\ 5HFHQWO\ KRZHYHU DYLDWLRQ GLHVHC
HVW VLQFH WKH\ ZHUH ILUVW XVHG DV DLUFUDIW HQJLQHV LQ WKH \%
RI DYLDWLRQ JDVROLQH DYJDV 'LHVHO HQJLQHV RIIHU PDQ\ DGYDQ!
ORZHU VSHFLILFIXHO FRQVXPSWLRQ KLJKHU HQJI@GQ HRAHKFHRUQBP\KDHQ G K
SRZHU WR ZHLJKW UDWLR DQG KLJK FRVW KDV SUHYHQWHG WKHLU ZLG

(OHFWULF SURSXOVLRQ V\VWHPV
(OHFWULF SURSXOVLRQ VA\VWHPV ILUVW DSSHDUHG RQ 8%9V LQ WKH OD
EXVWLRQ HOQ@LQ@QR@DB\ WKH\ DUH YHU\ SRSXODU RSWLRQV IRU VPDOO XQ
DUH LQFUHDVLQJO\ EHLQJ LQYHVWLIJDWHG IRU DSSOLFDWLRQ LQ ODUJ
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VLRQ VIVWHP WKH SURSXOVRU WKHPRWRU SURSHOOHU FRPELQDWLRQ LV
EDWWHU\ IXHO FHOOV RU SKRWRYROWDLF FHOOV (OHFWULF PRWRUV FRQ
URWDWLRQDO PRWLRQ WKURXJK HOHFWURPDJQHWLVP 7ZR WA\SHV RI HOHF
OHVV ,Q D EUXVKHG PRWRU D VWDWLRQDU\ SHUPDQHQW PDJQHW WKH V!
IOX[ GHQVLW\ FDXVLQJDQ HOHFWURPDJQHW WKH URWRU ZKLFK UHFHLYH
%UXVKOHVV PRWRUV KDYH VWDWLRQDU\ HOHFWURPDJQHWY DQG URWDWLQ
EH SXUHO\LQGXFWLYH $V D UHVXOW EUXVKOHVV PRWRUV SURGXFH OHVYV

(OHFWULF SURSXOVLRQ VA\VWHPV RIIHUPDQ\DGYDQWDJHV RYHULQWHUQDC
HOHFWULF PRWRUV VWDUW DQG VWRS LQVWDQWDQHRXVO\ UHTXLUH PLQL
QRLVH 2QH RI WKHLU IHZ GLVDGYDQWDJHV LV DOVR WKH UHDVRQ WKH\ DU
FDWLRQV LQFOXGLQJO0$/(8%9V PRVW HOHFWULF SRZHU VRXUFHV FXUUHQ
IOLJKW %HFDXVH RI WKHLU VRXUFHV... ORZ VSHFLILF HQHUJ\ DV FRPSDUHC
VI\VWHPVY DUH UHVWULFWHG WR 8%9V ZKLFK W\SLFDOO\ZHLJK OHVV WKDQ N
> @ $PRUHH[WHQVLYH OLVW RI HOHFWULF SURSXOVLRQ DGYDQWDJHYV DC

%DWWHU\ IXHO FHOO DQG SKRWRYROWDLF SRZHU VRXUFHV DUH GLVFXV

7TDEOH $GYDQWDJHV DQG GLVDGYDQWDJIJHV@RIPBOHFWULF SURSXOVLRQ V\VWF

$GYDQWDJIHV 'LVDGYDQWDJHYV

RSRZHU VRXUFH FXUUHQOWO\ DYDLODEOH ZLW
IRZ PDLQWHQDQG&IILFLHQW HQGXUDQFH IRUPDQ\ 839 DSSOLFDW

+LJK HIILFLHQF\ 3RWHQWLDO VHQVLWLYLW\ WR OLTXLGV
)DVW VWDUW XS DQG VKX{WERWQYRPDJIJQHWLF LQWHUIHUHQFH
/JRZ QRLVH

(DVLO\ VFDODEOH

%DWWHULHYV

%DWWHULHY DUH VHOlI FRQWDLQHG HOHFWURFKHPLFDO GHYLFHV 7KH\ FR
ZKLFK FRQVLVW RI DQ DQRGH DQG D FDWKRGH FRQQHFWHG E\ D FRQGXFWL
JLIXUHDQLRQVIORZ WR WKH DQRGH ZKLOH FDWLRQV IORZ WR WKH FDWKRG
EHWZHHQ WKH WZR FXUUHQW EHJLQV WRIORZ %RWKVLQJOH XVH SULPDU
WHULHV DUH XVHG LQ XQPDQQHG YHKLFOHDSSOLFDWLRQV ZLWK SULPDU\E
LQ WKH IRUP RI KLJKHU VSHFLILF HQHUJ\ +RZHYHU VHFRQGDU\ FHOOV DUF
8%9V GXH WR WKH SURKLELWLYH FRVW RI FRQWLQXRXVO\UHSODFLQJ SULPEL

6HYHUDO EDWWHU\ FKHPLVWULHV KDYH EHHQ XI\V&HB DRW\M H UN HR/HZ HILLHF SRS F
XODU LQ WKH V DQG V 7KHVH ZHUH EULHIO\ UHSODBEB® WHQLFNHO Pt
WRZDUGV WKH HQG RI WKH V 6LQFH WKHQ WKH GRPLQDQWEDWWHU\ W\
DQG OLWKLXP LRQ3SBOWKM\ ERWK KDYH D KLJKHU VSHFLILF HQHUJ\ WKDQ W
HQYLURQPHQWDOO\ IULHQGO\ WR G/ALVER\DHQRAS /DQ/E LIPRFPY RO EOXWUNHU\ FKHI
ZKLFK SURPLVHVY HYHU KLJKHU VSHFLILF HQHUJ\@&KDQ /L ,RQ DQG /L 3R EDW

$GYDQWDJHV RIEDWWHULHV RYHU RWKHU HOHFWULF SRZHU VRXUFHV LQFO
WKHLU KLJK HITLFLHQF\ DQG YLUWXDOO\ QR QRLVH 7KHLU SULPDU\ GLVDC
FRPSDUHG WR FRQVXPDEOH IXHOV OLNH K\GURFDUERQV RU K\GURJHQ 7R S
WXUELQH IXHO -HW $ KDV D VSHFLILF HQHUJ\ RI 0- NJ ZKLOH /L 3R EDV
HQHUJLHV RI OHVV WKEQ>RQH OWMRXIK EHWWHU WKDQ /L ,RQ DQG /L 3R /L
WKHLU SUHGLFWHG 0- NJVWLOO FDQQRW FRPEHVRUZHWIGC DD QXMO5] HR QWG
GLVDGYDQWDJHV RI EDWWHULHV IRU 889 XVHDUH SUHVHQWHG LQ 7DEOH

&XUUHQW UHVHDUFK UHODWLQJ WR EDWWHULHV LV IRFXVHG DURXQG LPSU
HQHUJLHV 7KLV UHVHDUFK LV PDLQO\ GULYHQ E\ WKH WUDQVSRUWDWLRQ
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JLIXUH 6FKHPDWLF RI@ YROWDLF FHOO >

7TDEOH $GYDQWDJHV DQG GLVDG&@DQWDJHV RI EDWWHULHV >

$GYDQWDJHV 'LVDGYDQWDJHV

1R HIWHUQDO FRQVXPDEOHYV &XUUHQWO\YHU\ORZ VSHFL
(ITLFLHQW +DIDUGRXV LQWHUQDO FKHPLFDOV

6LOHQW &XUUHQWO\ OLPLWHG UHFKDUJH UDWHYV

1R ZDVWH SURGXFWYV +HDWLQJ GXH WR LQWHUQDO UH

LVRXWVLGH WKHVFRSHRI WKLV UHSRUW ORUHUHOHYDQW GLVFXVVLR
EDWWHU\ EDVHG HOHFWULF SURSXOVLRQRQ XQPDQQHG DLUFUDIWDQG

+LVWRULFDOO\ 8$9V RSHUDWLQJSXUHO\RQEDWWHU\SRZHUKDYH EHH(
H[DPSOHV EHLQJ WKH (07 $ODGLQ $HUR9LURQPHQW :DVS DQG /RFNKHH
WKHVH YHKLFOHV HPSOR\ /L ,RQ EDWWHULHVY DQG KDYH HQGXUDQFHV D
IRU SXUH EDWWHU\ SRZHUHG VE/ WIBR\ HRU WKHVY W WIHPIV>-ZKLFK LQFRUSR
W\SLFDOO\GR VR LQ D K\EULG SURSXOVLRQ VIVWHP WKRXJK WKH XVH R
DPSOHRIVXFKD8$9LVWKH +HOLRV D +$/(VRODU SRZHUHG 8$9 ZLWK O
ZKLFK VHW D VXVWDLQHG KRUL]JRQWDO IOLJKW @O0 W VW KRS®IGJ H FDRPB® R L V
ALQHWL4 =HSK\U D +$/( VRODU SRZHUHG NJ XQPDQQHG DLUFUDIW IL
> @ ,0 WKH =HSK\U VHW WKH FXUUHQW ZRUOG HQGXUDQFH UHFRU
DORIW IRU GD\V DQG PLQXWHV /RRNLQJ DW WKH @$XQO-DUWWR RN Q@
FRQFHSWXDO GHVLJQ VWXG\ RI D 0$/( VRODU EDWWHU\ K\EULG 8%$9 FOI
KRXUV ZLWK XS WR NJRISD\ORDG

:KDW WKHVH H[DPSOHV VKRZ LV WKDW DOWKRXJK FXUUHQW EDWWHULH
SURYLGH VKRUW HQGXUDQFH IOLJKW IRU SXUH EDWWHU\ SRZHUHG V\V\
RI ORQJ HQGXUDQFH HOHFWULF IOLJKW ZKHQ LOQOFRUSRUDWHG LQWR D
ODUJH 8%$9V OLNH 0$/(VDQG +%$/(V ZKLFKDW EHVW ZRXOG KDYH HQGXUD
EDWWHU\ SRZHUHG V\VWHPV $SDUW IURP VRODU EDWWHU\ KA\EULGV W
WKH VXFFHVVIXO DGRSWLRQ RI IXHO FHOO VA\VWHPV E\ 8%9 PDQXIDFWX
WKH XSFRPLQJ VHFWLRQ RQIXHO FHOOV



8$9 BURSXOVLRQ 6\VWHPV

)XHO FHOOV

7R DFKLHYH ORQJHU HQGXUDQFHY WKDQ DUH DOORZDEOH E\ FXUUHQW EDV
FXVHG RQ IXHO FHOOV DV HOHFWULF SRZHU JHQHUDWRUV $ IXHO FHOO FR
DV K\GURJHQ EXW GRHV QRW VXIIHU I[URP WKH LQHIILFLHQFLHV LQYROYHG
FDWDO\VW FRM,Y@QUWRVDWHKRH LWLYH K\GURJHQ DWRP DQG D IUHH HOHFWURQ
WKH HOHFWURO\WH WR WKH FDWKRGH FUHDWLQJD SRWHQWLDO GLIIHUHQ|
HOHFWURQ WIR EH¥RPHPDWLF RI WKH SURFHVV INHLXHQ EBQDIXWNH\ GLIIHU}
WR D EDWWHU\ LV WKDW LWV IXHO LV H{IWHUQDOO\ VWRUHG PHDQLQJD IXHC
SURYLGHG :LWK D KLJKHQHUJ\IXHO OLNH K\GURJHQ WKLV FDQ UHVXOW LG
HQRXJK K\GURJHQ LV HDVLO\ VWRUHG RQ ERDUG &RPPRQ VWRUDJH PHWKR:
OLTXLG IRUP DQG FKHPLFDO K\GULGH VWRUDJH 9DULRXV W\SHV RI IXHO FH
$)& SURWRQ H[FKDQJH PHPBUD)QHORBO/RIDQO\R[LGH)XWR 6BOAWD IHZ

> @ 3(0)&V DUH WKH PRVW SURPLVLQJ W\SH IRU DSSOLFDWLRQV RQ 8$9V
GLVFXV\@ R@ >

JLIXUH 6FKHPDWLF RI D K\@URJHQ IXHO FHOO >

$GYDQWDJHV RI K\GURJHQ IXHO FHOOV LQFOXGH KLJKHU HIILFLHQF\ WKDQ
VSHFLILF HQHUJ\ WKDQ EDWWHULHYVY DURXQG K NJ DV FRPSDUHG WR
WHULHYV DQG HDV\ @FEED DEINHLBDWWHULHY WKH\ KDYH QR KDUPIXO HPLVYV
E\ SURGXFW LV ZDWHU )XHO FHOOV DOVR FRPH ZLWK PDQ\ GUDZEDFNYV KRZI
LW\ KLIKDFTXLVLWLRQV FRVWV DQG D YHU\ORZHQHUJ\GHQVLW\IXHO +\G
WKXV EH SUHVVXULVHG JDVHRXV RU FU\RJHQLF OLTXLG IRUP WR DOORZ IF
LQWKHQHHG IRUUHLQIRUFHG SUHVVXULVHG WDQNV DQG WKXV LQFUHDVH(
DQG ZzDWHU PDQDJHPHQW VA\VWHPV VR WKH PHPEUDQH UHPDLQV K\GUDWH(
LQFUHDVLQJ FRPSOH[LW\ ZHLJKW DQG FRVW $ PRUH H[WHQVLYH OLVW RID
FHOOV LY SUHVHQWHG LQ 7DEOH

7TDEOH $GYDQWDJHV DQG GLVDG@DQWDJHV RI IXHO FHOOV >

$GYDQWDJHV 'LVDGYDQWDJIHV
+LJKHU VSHFLILF HQHUJ\ WKD ®BEDWORUHEMUJ\ GHQVLW\ RI K\GURJHC
+LJKHU HIILFLHQF\ WKDQ LQWHUQDO FRPEXVYSH®OLNEILQHV
5HYHUVLEOH UHDFWLRQ KDV UHJHQHUDW L&RIPSSURSHUWLHYV
‘'DWHU LV WKH RQO\ UHDFWLRHTXUERBXKWPLGLW\DQG ZDWHU PDQDJF
(DVLO\ VFDODEOH 1RW \HW PDWXUHG WHFKQRORJ\

$OWKRXJK IXHO FHOO UHVHDUFK GDWHY EDFN WR WKH HDUO\ V DQG 3(0;
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HDUO\ DV WKH V WKH FRQFHSW RI IXHO FHOO XVH IRU QPO QNG \D L
XVH RI IXHO FHOOV IRU 8%9 SRZHU DQG SURSXOVLRQ ZDV GHPRQVWUDW
3(0)& >@ )URP WKHQ XQWLO %@ DG OW\IHWRVWODO Rl  3(0)& DQG RQH
GHPRQVWUDWLRQV VKRZRQIQZIMEOWKHLU FRUUHVSRQGLQJ H@GXUDQF
UHSRUWHG IXHO FHOO SRZHUHG 8%9 IOLJKWV KDG EHHQ GHPRQVWUD
8$9V DQG DYLDWLRQ LQ JHQHUDO FRPSDUHG WR VWDWLRQDU\ SRZHU J
OLNHO\ WKH UHVXOW RIDYLDWLRQ..V GHPDQGLQJ UHTXL @HPGHIQYWLR\Q |
WKH QHHG IRU FRPSDFW UHDFWDQW VWRUDJH VIVWHPV DLU FRPSUHV\
ZDWHU DQG WKHUPDO PDQDJHPHQW VWUDWHJILHY DW DOWLWXGH DV Wi
LPSRVH RQ IXHO FHOO GHVLJQ 8QWLO UHFHQWO\KRZHYHU GHVLJQHU)\
FDWHUHG WR WKH QHHGV Rl WKH VWDWLRQDU\SRZHU JHQHUDWLRQ DQC
RI'WKHDYLDWLRQ LQGXVWU\ PHDQLQJW\SLFDO IXHO FHOO GHVLJQV GF
HUDWLR&V >

7DEOH 3XEOLVKHG IXHO FHOO SRZHUHG 8%9 GHPRQVWUD@&LRQV XQWLO LC
DFWDQW (QGXUDQFH
2UJDQL]DWLRQ )XHOFHOOW\\§WRUDJH W\SHVWLPDWHG
$HURILURQPHQW ,QF 3(0)& M,VRGLXP ERURK\GULGH K
$HURILURQPHQW ,QF 3(0)& M,FU\RJHQLF KRXUYV
)JDFKKRFKVFEKXOH :LHVEDGHQ  3(0)& M,JDVHRXV  VHFRQGYV
1DYDO 5HVHDUFK /DERUDWRU\ 3(0)& M,JDVHRXV KRXUV
$GDSWLYH ODWHULDOV ,QF 62)& 3URSDQH KRXUV
*HRUJLD ,QVWLWXWH RI 7HFK QR O 0) & M,JDVHRXV KRXUV
&DOLIRUQLD 6WDWH 8QLYHUVLWB3(0)& M,JDVHRXV KRXUV
'/5 *HUPDQ $HURVSDFH &HQWUH +\)LVK M, J D318 R& V KRXUV
&DOLIRUQLD 6WDWH 8QLYHUVLW
2NODKRPD 6 WDWH 8QLYHUVLW\ 20058 M,JDVHRXV KRXUV
_RUHD $GYDQFHG ,QVWLWXWH RI6ELHQF
50G THEKQROR I\ BT CFi,vRGLXP ERURK\GULGH K
$HURILURQPHQW ,QF 3(0)& M,VRGLXP ERURK\GULGH K|

,QGHHG LW KDV EHHQ VKRZQ WKDW IXHO FHOOV LQ SDUWLFXODU QHHG
PDQQHU LI WKH\ DUH WR EH XVHG RQ @$PR Q GoXUEVBIDE DHW B G\ Q FR
WKH SHUIRUPDQFH RI D IXHO FHOO DLUFUDIW GHVLJQ XVLQJDXWRPRWL
DLUFUDIW GHVLJQ WKDW DOORZV IRUWKH DSSOLFDWLRQ VSHFLILF RSW
UHVXOWY VKRZHG WKDW WKH DLUFUDIW GHVLJQ ZLWK WKH DSSOLFDW
LQFUHDVH LQ HQGXUDQFH IURP KRXUV WR KRXUV

$OQRWKHU LPSRUWDQW FRQVLGHUDWLRQ RI IXHO FHOO XVH RQ 8%9V LV
8%$9v DQG DLUFUDIW LQ JHQHUDO DUH FKDUDFWHULVHG E\ ORQJ GXUDW
FUXLVH ZLWK KLJK SRZHU SHDNV GXULQJ WDNH RIl DFFHOHUDWLRQ D¢
HUJ\ IXHO FHOOV KDYH D ORZ VSHFLILF SRZHU DQG V@I I HY D QRIPMVDOHREZ SG
WR RYHUFRPH WKLV LVVXH UHVHDUFK KDV UHFHQWO\ EHHQ GRQH WR L
K\EULGY %DWWHULHY KDYH D ORZ VSHFLILF HQHUJ\ EXW KLJK VSHFLIL
VKRUW GXUDWLRQ KLJK SRZHU WUDQVLHQWY ZKLOH WKH IXHO FHOOV
IOLJKW 'ULHV Q9HUVWUDHWH KDV SXEOLVKHG QXPHURXV SDSHUV GHVFL
JDWLRQV PRVWRIZKLFKKDYHEHHQLQFRQMXQFWLRQ ZLWK WKH 'HIHQ
$XVWUDOLDQ '"HSDUW P H@ WaR+t@HI@ @8H >Q *RQJ DQG 9H W@V WAUKDHH BWEHWEK R U\
VHW RXW WR GHWHUPLQH WKH UROH RI D EDWWHU\ LQ D K\EULG HOHFW



8$9 BURSXOVLRQ 6\VWHPV

VHWXS FRQVLVWHG RI WKH $HUR3DN IXHO FHOO EDWWHU\ KN\EULG SURSXO\
(QHUJ\ 6\VWHPV 7KHIXHO FHOO KDG FHOOV DQG WZR OLWKLXP SRO\PHU
XVHG $ SRZHU PDQDJHPHQW ERDUG ZDV XVHG WR GLVWULEXWH WKH ORDG |
WHVW EHQFK HISHULPHQWDWLRQ WKHDXWKRWD G RFRFWKB KE WK REBW W H Y
RI WKH $HUR3DN IXH® eHG& W BAOMAHPHU\ SURYLGHG QHDUO\ RI' SRZHU DW
SRZHU RI : $FFRUGLQJ W, R M KHHIXDEIORHWVWKH $HUR3DN VIVWHP WR KDYH |
SRZHU GHQVLWI| FRPSDUHG WR D SXUH IXHO FHOO VIVWHP DQG HQVXUHV YH!I
IOLIJKW VXFK DV WDNH B/l DQG FOLPE ...

1RW DOO DXWKRUV DJUHH RQ WKH QHFHVVLW\ RI K\EULGLVLQJIXHO FHOOV
HW DO@>GHPRQVWUDWHG KRXU SXUH IXHO FHOO IOLJKW RQ WKH NJ ,RQ
NJ RI SD\ORDG 7KH IXHO FHOO SRZHUHG WKH YHKLFOH WKURXJK ERWK F
GXHWRZLQGYV : (VWLPDWHV DQG VLPXODWLRQV ZHUH WKHQ FRQGXFWH
WKH IXHO FHOO ZLWK D IXHO FHOO DQG EDWWHULHYV ZKLFK FRXOG S
SHDN SHULRGV ZRXOG EULQJ ZHLJKW VDYLQJVDQG HIWHQG HQGXUDQFH 7K
WKH ZHLIJKW RI WKH EDWWHULHVY ZRXOG RXW ZHLJKW WKH GHFUHDVH LQ ZHL
IXHO FHOO UHVXOWLQJLQ DQ RYHUDOO ZHLJKW LQFUHDVH )XUWKHUPRUH
LQHQGXUDQFH ZLWK D K\EULG VA\VWHP +RZHYHU LWLV VWLOO WKH FDVH W
UHVSRQVH WR IXHO FHOOV VRPHWKLQJ ZKLFK ZDV QRW DGGUHVVHG LQ WKIL

6R IDU WKH GLVFXVVLRQ RQ IXHO FHOOV KDV IRFXVHG RQ VPDOO 8$9V ZK
PDUNHWHG DSSOLFDWLRQV WR DULVH $V GLVFXVVHG KRZHYHU IXHO FHO:
SURYLGH ORQJ HQGXUDQFH IRU IOLJKWV ZKLFK KDYH D ORZ QXPEHU RI WU
VXFK IOLJKW LV ORQJ HQGXUDQFH VXUYHLOODQFH UHFRQQDLVVDQFH ZKLF
WKH 0$/( RU +$/( W\SH )XHO FHOO UHVHDUFK H[LVWV IRU YHU\ OLJKWZHLJK
IRUP ZLWK VRODU SDQHOV EXW WR WKH EHVW RI WKH DXWKRU ...V NQRZOHG.
0$/( 889V 7KH UHDVRQ IRU WKLV GRHVY QRW VHHP WR EH D FRQVHQVXV WKL
WR SRZHU VXFK ODUJH DQG KHDY\ VIVWHPV DV UHVHDUFK DQG HYHQ GHPR
IXHO FHOO SRZHUHG JHQHUDO DYLDWLRQ DLUFUDIW 5DWKHU LW VHHPV U}
IREFXVHG RQ WKH HDUOLHVW DSSOLFDEOH 8$9 W\SHV VLQFHIXHO FHOOV IRL
YHU\ QHZ WHFKQRORJLHV $W WKH PRPHQW WKH EHVW ZD\ WR JDXJH WKH S|
0$/(8%$9V LV WR H[DPLQH JHQHUDO DYLDWLRQ UHVHDUFK DQG GHPRQVWUD W

7KUHH NH\ SURMHFWY LQYHVWLJDWLQJ WKH SRWHQWLDO RI IXHO FHOOV |1
FHOO GHPRQVWUDWRWRHUSOPRA $HURVSDFH &HQWUH...V '/5 $QWDUHV '/E
> @ DQG WKH (8 IXQGHG (LYLURQPHQWDOO\ JULHQGO\ ,QWHUSESLW\ $LUFUD
)& SURMH®W Q JHEUXDU\ DQG ODUFK %RHLQJ FRQGXFWHG WHVW IOLJK
IXHO FHOO SRZHUHG DLUFUDIW LQ KLVWRU\ $ 'LDPRQG +. 6XSHU 'LPRQD F
3(0)& DQG /L ,RQ EDWWHULHY FDSDEOH RI SURYLGLQJ DQRWKHU N: RI SR
PIRUDERXW PLQXWHV SXUHO\E\PHDQV RIWKH 3(0)& WKHEDWWHULH
ODQGLQJ 7KH 072:ZDV NJ +DG DOO WKH K\GURJHQ DQG EDWWHU\ FDSD
%RHLQJ HVWLPDWHY D WRWDO WKHRUHWLFDO HQGXUDQFH RI DURXQG KR
(PRWRU JOLGHU ZDV XQGHUWDNHQ E\ '/5 ZLWK WKH DLUFUDIW KDYLQJ DQ
DQ (8 IXQGHG SURMHFW OHG E\ WKH 8QLYHUVLW\ RI 7TRULQR LQYROYLQJ WK
DLUFUDIW QRW PRWRU JOLGHU E\ D IXHO FHOO EDWWHU\ K\EULG V\VWHP
GHPRQVWUDWHG D VXFFHVVIXO IOLJKW WHVW ZLWK D WDNH RIl ZHLJKW RI

7TKHVH WKUHH GHPRQVWUDWRU SURMHFWY VKRZFDVH WKH SRWHQWLDO RI I
E\H[WHQVLRQO0$/(8%$9 DSSOLFDWLRQV ZKLFK KDYH VLPLODU WDNH RIlI ZHL
IOHZ DURXQG WKH KRXU PDUN ZLWK FXUUHQW IXHO FHOO WHFKQRORJ\ DI
DO ® SUHGLFW WKLV ILIJIXUH WR LQFUHDVH WR N:K NJLQ \HDUV D(

\HDUV ZKLFK ZRXOGDOORZIRU WKH KRXUV HQGXUDQFH RI FXUUHQW F
VSHFLILF HQHUJ\ ILIJXUH GRHVY VHHP RSWLPLVWLF KRZHYHU FRQVLGHULQJ
HYLGHQFH RI WKLY DQG VHFRQGO\ WKDW WKH DXWKRUV DUH RQ WKH (1),&$
GHJUHH RI ZLVKIXO WKLQNLQJ 1HYHUWKHOHVV IXHO FHOOV DUH LQ WKHL
DYLDWLRQ VHFWRUDQG WKH IXWXUH ORRNV SURPLVLQJHYHQ IRU ODUJH 8%
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0'2 $SSOLFDWLRQV DQG '"HVLIJQ 6WXGLHV RI 8%

7KLY VHFWLRQ GLVFXVVHV WKH XVHRIO0'2LQ 889 GHVLJQ DSSOLFDWLRC
FXUUHQW LQYHVWLIJDWLRQ OLHV LQ WKH QHHG WR EH DZDUH RI SUHYLR

8QGHUVWDQG WKH UHOHYDQFH RI 0'2 WR 8%9 GHVLJQ
%HFRPH DFTXDLQWHG ZLWK FRPPRQ WKHPHV LQ 0'2 889 GHVLJQ

'REXPHQW SURYHQ DQG SHHU UHYLHZHG PHWKRGV RI SUHYLRXV VW
FXUUHQW LQYHVWLJDWLRQ

'REXPHQW UHOHYDQW UHVXOWY DQG REVHUYDWLRQV RI LQWHUHVW

'"HWHUPLQH ZKHWKHU SUHYLRXV ZRUN H[LVWV RQ WKH XVH RI 0'2 DV
PHWKRG

6HFWLRQSURYLGHYVY D EULHI RYHUYLHZ Rl 0'&BLYKXON HBWHWBWHRQRXYV 8%$9 (
VWXGLHVY ZKHUH 0'2 ZDV DSSOLHG

$Q RYHUYLHZ R10'2

7TKH GHVLIQLQJ RIHQJLQHHULQJ SURGXFWV LV RIWHQ D FRPSOH[ WDVN
DYLDWLRQ ZKHUH DLUFUDIW GHVLJQ LV FKDUDFWHULVHG E\ PDQ\ GLII
VWUXFWXUHYVY SURSXOVLRQ JXLGDQFH DQG FRQWURO VA\VWHPV DQG C
HOW GLVFLSOLQHV ZRUN VHTXHQWLDOO\WR GHVLJQ DQ DLUFUDIW ZKLI|
HIDPSOH WKH DHURG\QDPLF GHVLIJQHUVY ZRXOG EH WDVNHG ZLWK SUR’
ZRXOG WKHQ VHUYH DV WKH RXWHU ERXQGDU\ IRU WKH VWUXFWXUDO C
FRQIOLFWLQJ UHTXLUHPHQWY )RU H[DPSOH H[SHUWYV IURP WKH ILHO
IXHO LQ WKH ZLQJ WR DOORZ IRU ORQJHU UDQJHV 7KLV GLUHFWO\ DII
UHTXLULQJ PRUH UHLQIRUFHPHQW WR VXSSRUW WKH LQFUHDVHG ORDC
WHULVHG E\ WKH QHHG WR ILQG D FRPSURPLVHLQ VDWLVI\LQJ WKH YDU
DFKLHYH WKH RYHUDUFKLQJ REMHFWLYH V

$VDQDOWHUQDWLYH WR WKH VHTXHQWLDO GHVLJQ SURFHVY DLUFUDI
LQFRUSRUDWLQJ PXOWLGLVFLSOLQDU\ GHVLJQ RSWLPLVDWLRQ 0'2 L
WKH DLUFUDIW GHVLJQ SURFHVV LQWR D PDWKHPDWLFDO RSWLPLVDW|
GLVFLSOLQHV WR H[SORUH WKH RYHUDOO GHVLJQ VSDFH DQG GHWHU
GHWHUPLQHG FULWHULRQ 7KH DGYDQWDJH R10'2 RYHU WUDGLWLRQD
GLVFLSOLQHV DUH LQFRUSRUDWHG LQ WKH GHVLJQ SURFHVV LQ D V\Ql
WLRQV WR EHDFFRXQWHG IRU 'LVDGYDQWDJHV RI 0'2 LQFOXGH WKH QF
SUREOHP DQG SRWHQWLDOO\ KLJK FRPSXWDWLRQDO H[SHQVH DOWKR
UHGXFH WKLV DV ZLOO EH GLVFXVVHG ODWHU

,QEULHI WKHJHQHUDO IRUPXODWLRQRIDQO0'2PD\EHUHSUHVHQWHG D
GHILQHG ZUVOKIPEEQ RI GLYFLSOLQHV

Rglqg kgad O v €,CG, ¢C
Xsahdbrrm a
fo v emp h k
Oq VvV emp i j

vk vp vliempg I

+HUB8 vLV WKH REMHFWLYH IXQFWLRQ WR EHPLQLPLVHG, V)XOEMHWWHNR W
HTXDOLW\ FRRQ VWWDODHYWHWNVHQWY WKH GHVLJQ YHFWRU ZKLFK FRQWDLC
DOWHUHG GXULQJ WKH RSWLPLVDWLRQ WKH LQSXWYV 7KH GHVLJQ YD



0'2$SSOLFDWLRQV DQG '"HVLJQ 6WXGLHV RI 8%9V

ORZHU DQG XSSH/fERHKYWEHYSHFWLYHO\ 1RW VKRZQ LQ WKH IRUPXODWLRQ
DEOHV FRQWDLQHG L@ WKHWWDWHYYOHHAWEOHY DIITHFWHG E\D FKDQJH LQ Wi
DQG DUH XVHG WR GHVFULEH WKH SHUIRUPDQFH RI D GHVLJQ :KDW GLIIHUYV
RSWLPLVDWLRQ SUREOHP DQG DQ 0'2 LMW KHIRXPEHWRHGNWIFQASDWQREY RI W
REMHFWLYH DQG WKH FRQVWUDLQWY RIWHQ GR QRW GHSHQG GLUHFWO\ RC
HITHFWV WKH GHVLJQ YDULDEOHV LPSDUWRQ WKHPDQ\GLVFLSOLQHV LQYR(

$SSOLFDWLRQV RI0'2 WR 839 GHVLIJQ VWXGLHYV

0'2LV FRPPRQO\ XVHG LQ WUDQVSRUW FODVV GHVLJQ FDVHV ZKLFK IHDW X
DVEOHQGHG ZLQJ ERG\RU FORVHG ZLQJ FRQILIJXUDWLRQV 6R ZKDW LV WK
RI 8%9V" 6EHVWHU DQG .HDQH RXWOL@H M/DR W DL QMKHHD8/4HROQIWDY QRW UHDF}
KLIJK OHYHO RI PDWXULW\ ZKLFK H[LVWV LQ WKH GHVLJQ RI FRPPHUFLDO DLl
YDVW DPRXQWV RI KLVWRULFDO GDWD 6HFRQGO\ 8%9V DUH QRW VXEMHFW
LQ FRPPHUFLDO DYLDWLRQ ZKHUH SDVVHQJHU DFFRPPRGDWLRQ V\VWHPYV
UHVWULFWLRQV $V D UHVXOW WKH GHVLJQ VSDFH IRU 8%9V LV YHU\ ODUJ|
GHVLIQIUHHGRP UHTXLUHV D PHWKRG WR KHOS WKH GHVLJQHU TXLFNO\LGI
YDVW GHVLJQ VSDFH WKLV PHWKRG LV 0'2

6LQFH WKH ODWH ..V QXPHURXV 8%$9 GHVLJQ VWXGLHVY KDYH EHHQ XQGH
DOEHLW LQ PXFK VPDOOHU QXPEHUV WKDQ P@Q GRG PR Q FICH WHG/HMLE Q XGHHX

)OH[LEOH GHIRUPDEOH PRUSKL 8@9 ¥BRGLHV >

1RYHO XQFRQYHQWLRQDO RSWLPLVDWLRQ DOJR@L¥@KP® DSSOLHG WR 8
8&$9 GHVLJQ RSWL@LY@®WLRQ >

8$9 RSWLPLVDWLRQ ZLWK HOHF WA L& S@R S& OXELRQ@ V\VWHPV >

0$/(DQG +$/( RSWLPL@/DELRD >@ @ >@

7KH IROORZLQJ WZR VHFWLRQV ZLOO H[SORUH OLWHUDWXUH DURXQG 8%9
VI\IVWHPV DQG 0$/(DQG +$/( RSWLPLVDWLRQ

859 RSWLPLVDWLRQ ZLWK HOHFWULF SURSXOVLRQ V\VWHPYV

(QHUJ\ VRXUFHVY ZKLFK KDYH EHHQ LQFRUSRUDWHG LQ 0'2 8%$9 VWXGLHV LQ
FHOOV DQG K\EULGV @®”DW IRKOQHHRW WRH *LUVW UHVHDUFK VWXGLHV RI WKLV
RSWLPLVDWLRQ RI D VPDOO EDM0WSWRUAPTORZHOHG 8$9 DLUFUDIW % UDGOH\ I
ORIILWW ODYULV DQG 3DUHNK KDYH XQGHUWDNHQ@Q'BXPX\Q\S DGILWWXSQHY XKLL
GHVLIJIQ DQDO\WLYV HVVHQWLDOO\0'2 ZLWKRXW RSWLPLVDWLRQ LQ WKH GH
LQFOXGHORII@GVWKIWIORXIVHG 0'2 WR VHDUFK WKH GHVLJQ ¥ SDFH IRU D PHGLX
ORQJHQGXUDQFH IXHO FHOO @$Z KIRAKL&MWW AWLEBY PQ 0'$ PHWKRG WR GHVI
DSSUR[LPOWH®HO FHOO 8%9 DQG ORA I LAKWFHKW. QWURGXFHY YDULDEOH ILGE
GXUHVY LQWR WKH RSWLPLVDWLRQ Rfl DXHO® 6 B8 0D SS9 R { XD WAHROD/OR

WKH PLVVLRQ RSWLPLVDWLRQ RIDQLQWHUQDO FRPEXVWLRQ HOHFWULF K
DOJRULWKPV ZKLOH %JPRRGKPWHLG RSWLPLYVDWLRQ LQYHVWLIJDWLRQV ZL
K\EULG XQPDQQHG YHKLFOHV EXW LQFOXGHG DHURDFRXVWLF DQG SURSXC
WKHIUDPHZRUN WRKHOS GHVLJQIRUQRLVHDEDWHPHQW LQ WKHFRQFHSW
HW DO DQG ORIILWW HW DO DUH RI SDUWLFXODU LQWHUHVW WR WKH FXUU
DQG UHVXOWYV ZKLFK PD\ EH XVHIXO

2SWLPLVDWLRQ ZLWKE WWWNWXBA RI %DWLOO HW DO WLWOHG ,0XOWLGL)\
WLRQ RI DQ HOHFWULF SRZHUHG XQPDQQHG DLU YHKLFOH.. WKH DXWKRU\
ZRUN NQRZQ DV &RQFXUUHQW &G XW¥R XMFFHBWDNH WKH SUHOLPLQDU\ GHVLJC
EDWWHU\ SRZHUHG 8%9 7KH &6' IUDPHZRUN LV EXLOW XSRQMWKH &RQFXUUH(
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DUFKLWHFWXUH GHVFULEHG L@ ODQ®/ LQVRMCHADWEMH XVH Rl QHXUDO C
VSRQVH VXUIDFH DSSUR[LPDWLRQV ZKLFK KHOS LPSURYH FRPSXWDW|
PLQLPLVH WKH WDW RVILQHLERWK PL[HG DQG FRQWLQXRXV GHVLJQ YDU
ODJH JHRPHWU\ DORQJ ZLWK EDWWHU\ DQG HOHFWULF PRWRU GHVLJQ

$QLQWHUHVWLQJ PHWKRGRORJLFDO LPSOHPHQWDWLRQ WKH DXWKRU
VXFK D zZzD\ DV WR PLQLPLVH WKH QXPEHU RIlHHGEDFN ORRSV KHOSLQ
7KLY QRWLRQ RI GLVFLSOLQH DQDO\WLYVY RUGHULQJ LV HIKLELWHG LQ R
E\ORIILWW HNZEKQFK ZLOO EH GLVFXVVHG LQ WKH XSFRPLQJ VHFWLRQ |
7TKH DXWKRUV XVHG WKH RUGHU VKRZQ LQ 8WKR I' HVIXWYHEWUXFWXUH ODW

JLIXUH 7KH '60 Rl % D@ LRPWGHHW D@J GLVFLSOLQH DQDO\WHV IRU IHHGEDFN PL(

7TKH UHVXOWYV RI WKH RSWLPLVDWLR/KKB RS WKREZQDMPLRQXUHV XOWHG LQ
UDWLR ZLQJDQG KLIJIKHU DVSHFW UDWLR KRUL]JRQWDO WDLO ERWKRI Z
ZLWK WKHRU\ DV WKH RSWLPLVHU PD\ KDYHEHHQ DWWHPSWLQJ WR UH!

JLIXUH ,QLWLDO OHIW DQG RSWLPLVHG ULJKW GHMWMRJQV RI WKH VPDOO E



0'2$SSOLFDWLRQV DQG '"HVLJQ 6WXGLHV RI 8%9V

TR EHQFKPDUN WKH &6' IUDPHZRUN SHUIRUPDQFH WKHDXWKRUV PDGH DGG
EDVHG 1HVWHG $QDICGH\V LVYOHRWUQYKP DQG WKH &6' I[UDPHZRUN 2QO\ YDULDI
DOO RI ZKLFK ZHUH FRQWLQXRXYV DV JUDGLHQW EDVHG RSWLPLVDWLRQ D
FROQWLQXRXV GLVFUHWH SUREOHPV 7KH &6" UXQV UHVXOWHG LQ ORZHU ZH
IHZHU DQDO\WHV UXQV UHTXLUHG VKRZFDVLQJ WKH VWUHQJWK RI &6*

2SWLPLVDWLRQ ZLWIK OWIORKHR VY PLODU PHWKRGYV ZHUH XVHG LQ WKH WKL
DQG FROOHDJXHV 0@ HABRWWMHMOBWKH PRVW XVHIXO LQIRUPDWLRQ DQG LV G
7KH VWXG\ WLWOHG ,HVLJQ 6SDFH ([SORUDWLRQ RI 6PDOO 6FDOH 3(0 )XHO
FRQGXFWHG WR H[SORUH WKH GHVLJQ VSDFH IRU PHGLXP NJ ORZ DO
IXHO FHOOV ZLWK UDQJHV RI XS WR NP DQG HQGXUDQFHV RI XS WR KRS

$V VKRZQ LQ (TXDMWKIHRREMHFWLYH IXQFWLRQ ZDV WWHQAHWIKNHHKS I VR B \RV U D C
kKsn Ug DQG ZHUH XVHG DOORZLQJUDQJH WREHDERXWDQ RUGHU
LPSRUWDQW WKDQ WDNHHRM WRWKH FLAERI WWH PQRBESHOOHU WLS ODFK Q>

GHVLJQ YDULDEOHY ZHUH XVHG LQFOXGLQJ WKH QXPEHU RI PRWRUV SU
RSHUDWLQJ SUHVVXUH DQG SURSHOOHU GLDPHWHU 5DWKHU WKDQ XQGHU\
PLVDWLRQ WKHDXWKRUVRSWHGWRFRQGXFW FRQWLQXRXV YDULDEOHRS
RI SURSHOOHUV PRWRUYV 7KH IXOO OLVW RI GHD/ARQ Y DIUW R BAOKHV'BY JLY
VKRZLQJ WKH FRQWULEXWLQJ GLVFLSOLQH DQDO\VHV@$V9RIDNVWW VHWRVP HQ\
DO @ KLIJIKOLJKW WKDW WKH RUGHU RI GLVFLSOLQHV LQ WKH '60 LV LPSRU\
RI WKH '60 OHDGV WR EHWWHU FRPSXWDWLRQDO HIILFLHQF\ ,Q WKHLU VWX
IRUZDUG IHG YDULDEOHY DQG RQO\ EDFNZDUG IHG RQaH VY Q& WRHUHAVW L Q J C
HW D@ KDYH DHURG\QDPLF DQG VWUXFWXUDO ZHLJKW DQDO\WHY QHDU WK
SHUIRUPDQFH DUH WRZDUGY WKHHQG 7KLV PDNHV ORJLFDO VHQVH DV DH!
PXFK SRZHU WKUXVW LV UHTXLUHG DQG WKXV WKH SHUIRUPDQFH FKDUDFW

Rglgkgad O v = Ifxr
q - -
Xsahdbrrmé& | k[kgl
Rmbi
YLIXUH 7KH '60 RI ORII@WW HW DO >

7TKHIXHOFHOO ZDVUHSUHVHQWHG DV D VWDWLF SRODULVDWLRQ FXUYH ZKI
FHOO VWDFN..V YROWD@H D RIGVLMWVDFWUSIHFQ@QW PHWKRG WR UHSUHVHQW D IX}
DQG ZDVDOVR XVHG LQ 9HUVWUDHWHDQG FROOHDJXHV .. ¥R RUFZKQFK ZDV (
WR ORITLWW@ SO PLVDWLRQ FXUYHVY FDSWXUH WKH SHUIRUPDQFH FKDUDF
RI'XHO FHOOV ZLWK JRRG ILGHOLW\
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, QWKHFRPSUHVVHG K\GURJHQ VWRUDJHFRQWULEXWLQJDQDO\VLV WK
OLQHG F\OLQGULFDO WDQN 7KH\ VWDWH WKH DOXPLQLXP OD\HU LV Ut
K\GURJHQ OHDNLQJ 7KH\DVVXPHG WKH DOXPLQLXP OD\HU KDG D FRQV
WKHVWUHQIJIWK RI WKH WDQN EXW GLG FRQWULEXWH WR LWV ZHLJKW 7
PLVVLRQ LQsPRM\HMH FDOFXODWHG XVLMMVXRDWMLBRQO WKH K\GURJHQ VYV
WDQN PD\ EH H[W U D FWHIL Q2 IMWWKH Q X P E NEJHRIQEHDION REBUBQW UDGD\ ... V
QOXPEBWEHLQI WKH K\GURJHQ XEW.IOQLNVN WH RQ G RGD Q F H

I\"ee\’N

e rKrnl;hbre‘]

7KH WDQN VWRUDQHHNRODEPRIU WKLY DPRXQW RI K\GPBDIHQ CHGHIWU S UG M
XVLQJ WKH5HGOLFK .ZRQJ HTXDW L R UMWHWQ KLY XD X B R YR@ 5 Q MVHQGV V
WKH WDQN VWRUDJH WHPSHUDWXUH

y s,z
yA[" S rUr UA[

a ro A

7TKHUHVXOWY VKRZHG DQ LQFUHDVH LQ UDQJH EXW DOVR LQ PDVV 7KL
LQ WKH REMHFWLYH IXQFWLRQ ZLWK PRUH LPSRUWDQFH KDYLQJ EHH(
LQFUHDVHG UDQJH WKH ZLQJDUHD LQFUHDVHG GUDVWLFDOO\ ZKLFK L
QRW VSHFLI\KRZ WKHDUHD LQFUHDVHG KRZHYHU LW ZRXOG PDNH VHQ\
WR EH DEOH WR DFKLHYH ORQJ UDQJHV

JURP WKH PXOWL HQJLQH RSWLPLVDWLRQ UXQV WKH EHVW SHUIRUPLC
DQG LV VKRZQ LQ YKIKEBEWLPLVHU SURGXFHG DKLJKDVSHFW UDWLR W
UHODWLYHO\ VOLP K\GURJHQ WDQN 7KH UDQJH RI WKH HQJLQH RSWI
VLQJOH HQJLQH RSWLPDO DW WKH H[SHQVH RI D PXFK KLJKHU PDVV

J)LIXUH 2SWLPDO IXHO FHOO DLUFU®IW GHVLJQ LQ ORIILWW HW DO

0$/(DQG +$/( RSWLPLVDWLRQ

9DULRXV 0'2 VWXGLHV RI 0$/(DQG +$/(8%$9V H[LVW 7KHVH LQFOXGH VW)
WXUHV E\$MD® HAXBOH®® ORZ ILGHOLW\0'2SODWIRUP ZDV XVHG WR PD[L
ODWHU UROOLQJPRPHQW WR\DZLQJPRPHQW UDWLR RI D NJO$/(8%9 .
$MDM HW@DOY¥R ORRNHG DW D YDULDEOH VSDQ FRQFHSW DQG FRQGXFW
D[LDO VWLIIQHVV PLQLPLVDWLRQ IROORZHG E\VWUXFWXUDO PDVV PLQ
&ROODERUDWLYH GHVLJQ HQYLURQPHQW SURMHFWY OLNH WKH (XURSF
DV RSWLPLVDWLRQ WRRO FDVH VV@X\®HNW HIJWKB Y KDFRYODERUDWLYH
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E\PLQLPLVLQJ PLVVLRQ IXHO DQG PD[LPXP WDNH RII PDVV RI D 0$/( 839 6W
0$/( HQGXUDQFH LQFOXGH RQH E\@ DAMR RGO BIWRIRN D> FRQFHSWXDO GHVL
D0$/(8%$9 ZLQJ WKURXJK DQ 0'2 IUDPHZRUN WR DFKLHYH ORQJ HKBQGXUDQFH
FRQGXFWHG D VLPLODU VWXG\EXW XVHG D WZR VWHS RSWLPLVDWLRQ SURF
HQGXUDQFH WKHQ RSWLPLVLQJWKH ZLQJ SODQIRUP IRUHQGXUDQFH PDJ[LF
WLRQ XVLQJ.ULQJLQJPHWD PRGHOV @RS WILL\PHVBGDMHFSRBBDBLWK D YHU\ C
DVSHFW UDWLR IHDWXULQJ D SLQQHG ZLQJ FRQFHSW IRU ZHLJKW PLQLPLV]
UHGXFWLRQ WKURXJK WKHLU 0'2 SODWIRUP

%HFDXVH RI LWV UHOHYDQFH WKH SDSH@ RIL 5DMBDH B3N 6 XD/QYE GDLQU RA U B C

7KH VWXG\ WLWOHG ,0XOWLGLVFLSOLQDU\ 'HVLJQ 2SWLPL]DWLRQ RI /RQJ

'LQJ... FRQVLGHUV D NJ WZLQ SLVWRQ HQJLQH WUDFWRU FRQILIXUDW|

DQDOWLWXGHRIEHWZHHQ IWDQG IWDQG DODFK QXPEHU RI 7

WZR SDUWV )LUVWO\ D VLQJOH REMHFWLYH VLQJOH GLVFLSOLQH DHURG

FRQGXFWHG ZLWK WKH REMHFWLYHIXQFWLRQ EHLQJ WKHHQGXUDQFHPLQ
7KH PXOWL REMHFWLYH JHQHWLF DOJRULWKP 16*$ ,, ZDV XVHG

HEVZ%
H

2QFH WKH RSWLPLVHG DLUIRLO ZDV GHWHUPLQHG LW ZDV IHG LQWR WKH V|
REMHFWLYH PXOWL GLVFLSOLQDU\ RSWLPLVDWLRQ SUREOHP ZLWK WKH R
HQGXUDQFH SDUDPHWHU DQG WKH PLQLPLVDWLRQ RI ZhRWERHLDIQW® DV VHI
SODQIRUP RSWLPLVDWLRQV XVHG WKH SDQHO PHWKRG FRGH ;)/5 ZKLOH W]
&$7,$IRUJHRPHWU\ PRGHOOLQJ 3$75%$1 IRUPHVK JHQHUDWLRQ DQG 1$675$%
\WLV

O v

n

Ov Am E

¢\pbg
7KH DXWKRUV PDGH VXUH WR QRUPDOLVHDOO YDOXHV RIGHVLJQ YDULDEOE
DPXFKVPRRWKHU RSWLPLVDWLRQ SUREOHP ZKLFK KHO®VY LQFUHDVH DFFX
7KHUHVXOWYV RI WKH VWXG\ DUHWKRHE (RIUP)RIXMWYH SRLQWYVY RQ D 3DUHWR IUF
ODEHO LV WR EH UHDG XSZDUGV DQG VWDWHYV ,(QGXUDQFH 3 DUDPHWHU... 3
WR D OLIJKWZHLJKW VROXWLRQDQG SRLQW FRUUHVSRQGV WR D KLIJKHQGX
FRUUHVSRQGLQJ WR HTXDOO\ RSWLPDO VROXWLRQV ZKLFK GR QRW PDJ[LPL
&OHDUO\ WKHQ ZLQJ ZHLJKW DQG HQGXUDQFH DUH FRPSHWLQJ SDUDPHWH
VLW RQ WKH 3IDUHWR IURQW FXUYH SURGXFHG E\ WKH RWKHU IRXU SRLQWYV
JOREDO RSWLPXP DV HLWKHU ZHLIKW DQG RUHQGXUDQFH KDYH URRP IRU |
KDYH WKXV IRXQG D ORFDO RSWLPXP DW SRLQW UDWKHU WKDQ DJOREDO
UHQW DXWKRU..VHGXFDWHG VSHFXODWLRQ DV QR FRPPHQW ZDV PDGH E\
WKH ORFDWLRQ RI SRLQW EHLQJLQVLGH WKH SDUHWR IURQW VRPHWKLQJ

JLIXUHVDQG JLYH WKH QRUPDOLVHG DVSHFW UDWLR DQG WDSHU UDWLR |
IURQW &OHDUO\ DV HQGXUDQFH EHFRPHVY WKH GRPLQDQW REMHFWLYH IX
UDWLR WHQG WRZDUGVY WKHLU PD[LPXP YDOXHV DV ZDV VHHQ LQ SUHYLRXV
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YLIXUH 3RLQWY RQ WKH 3DUHWR IURQW RI HQGXUDQFH SDUDPHWHU DJD@QVW ZLQJ :

YLIXUH 1RUPDOLVHG DVSHFW UDWLRLYRUHDWLR® DPRQU3DE WWBHU UDWLR YDULDW
SRLQW@LQ > SRLQW®@LQ >



SHVHDUFK 2EMHFWLYH DQG C

ORWLYDWLRQ

,Q 6HFWLRWKH JURZLQJ LPSRUWDQFH RI 889V LQ WKH PRGHUQ ZRUOG ZDV K
WKH 0$/(8$9 KDV SURYHQ WR EH RQH RI WKH PRVW VLIJQLILFDQW FODVVHV R
DSSOLFDWLRQV ,WV DELOLW\ WR RIITHU ERWK UHFRQQDLVVDQFH DQG DLU
ULVNLQJ WKH RSHUDWRU..VOLIHKDV PDGHLWDQLQGLVSHQVDEOH WRRO L
ZKLOH LWV ODUJH VLIHDQG KLIK DOWLWXGH IOLJKW DOORZ IRU KHDY\ VFLH
$VDUHVXOW JRYHUQPHQWV DQG GHVLIQHUVDUHUDFLQJWRGHYHORSQHZ
GHYHORSLQJ WKH 53%$6 DQG 5XVVLD SURWRW\SLQJ WKH 2ULRQ (

,Q 6HFWLRRURSXOVLRQ VI\VWHPV RI XQPDQQHG YHKLFOHYVY ZHUH GLVFXVVH
HOHFWULF SURSXOVLRQ VIVWHPV SDUWLFXODUO\WKRVHLQYROYLQJK\GU
8%$9V 0$/(8%9V LQ SDUWLFXODU KDYH KLVWRULFDOO\ VHHQ DOPRVW QR DS
DUHVWLOO SRZHUHG EA\LQWHUQDO FRPEXVWLRQHQJLQHV WR PHHW WKHLU
OLPLWV WKH SRWHQWLDO RI0%/(8%9v DV WKH\DUH  FXUUHQWO\GHVLIJQHGT
UHVXOWYV LQ WKHLU GHVLJQ EHLQJ FRQVWUDLQHG E\WKHP +RZHYHU ZLWK
HOHFWULF EDVHG VROXWLRQV DUH VKRZLQJ SURPLVH SDUWLFXODUO\ IXH
RI SRZHU DW D WLPH ,QFRUSRUDWLQJ QRYHO SURSXOVLRQ VROXWLRQYV ZI
WDLORUHG WR WKH QHHGV RI WKH 8$9 GHVLJQ XQOHDVKLQJ WKH 8%$9...V IXO
WKLY SDUDGLJP VKLIW UHTXLUHY NQRZOHGJH RI WKH VA\VWHP OHYHO GHVL.
IURPLQWHJUDWLQJ HOHFWULF SURSXOVLRQ VA\VWHPV LQWR 0$/(8%9V ,W L)\
VLIQ HITHFWV DUH VWXGLHG DQG XQGHUVWRRG EHIRUH ZLGHVSUHDG 0$/( 8¢

,Q 6HFWLRMKH 8%$9...V XQLTXH QHHG IRU 0'2 PHWKRGV LQ GHWHUPLQLQJ GHV
7KLY QHHG ZzDV VKRZQ WR EH WKH UHVXOW RI WZR PDLQ UHDVR@®V DV GHVFL
ILUVWO\ WKH 8%$9 KDV QRW UHDFKHG WKH KLJK OHYHO RI PDWXULW\ ZKLFK
DLUFUDIW ZKHUH GHVLJQV DUH GULYHQ E\ YDVW DPRXQWYV RI KLVWRULFDO
WR WKH VWULQJHQW UHJXODWLRQV HI[LVWHQW LQ FRPPHUFLDO DYLDWLRQ
DGG ZHLJKW FRPSOH[LW\DQG GHVLJQ UHVWULFWLRQV $V D UHVXOW WKI
FRPSDUHG WR PDQQHG DLUFUDIW DQG UHTXLUHVY D PHWKRG WR KHOS WKH C
VLIQ DUHDV RILQWHUHVW WKLV PHWKRG LV 0'2

7TKHLQWHUVHFWLRQ RI WKH SRLQWYVY GLVFXVVHG LQ WKH WKUHH SDUDJUDS
UHVHDUFK FRQVLGHULQJWKHLPSRUWDQFHRIO$/(8%9VLQ WRGD\...VZRUO!
E\HOHFWULF SURSXOVLRQ IRUORQJHQGXUDQFHDSSOLFDWLRQV WKHH[L\
VXEVHTXHQW DLUFUDIW OHYHO GHVLIJQ HIITHFWV RILPSOHPHQWLQJ WKHVH (
89V PXVW EH VWXGLHG DQG XQGHUVWRRG LQ RUGHU WR VXSSRUW GHVLJQ
VKLIW RI HOHFWULILFDWLRQ 6XFK 8%$9 GHVLJQ VWXGLHV DUH XQLTXHO\ SR\
DUHVXOWRIDODFNRIUHIJXODWRU\ FRQVWUDLQWY DQG WKH HIWHQVLYH G



SHVHDUFK 2EMHFWLYH DQG ORW

ILWHUDWXUH VXUURXQGLQJ WKLV ILHOG KDMVEKHWBKVHDHMHQ Y 6l G LLEJI 6 HFY
FDWHJRULHV 0'2 VWXGLHV FRQFHUQLQJ 8%9V ZLWK HOHFWULF SURSXC
JHQ IXHO FHOO SRZHUHG DQG K\EULGY DQG0'2 VWXGLHV FRQFHUQLQJ\
, QWHUHVWLQJO\ WKHUH LY VSDUVH RYHUODS EHWZHHQ WKHVH WZR VV
DURXQG HOHFWULF 8%$9 GHVLJQ RSWLPLVDWLRQ WKURXJK 0'2 VNHZV K}t
8%9V ZLWK PRVW RI WKH SUHVHQWHG VYIWXIGLHKEWHIZRXOG WBNH ORJLFD
HOHFWULF SURSXOVLRQ KDV KLVWRULFDOO\EHHQ OLPLWHG E\ORZ VSH
VIVWHPV DQG ORZ HQHUJ\ GHQVLWLHV LQ WKH FDVH RI KA\GURJHQ IXH(
UHVHDUFKHV WR ILUVW LQYHVWLIJDWH HOHFWULF SURSXOVLRQ DSSOLI
KLIKHU FKDQFHV RI VXFFHVYV

&OHDUO\ WKHQ D JDS H[LVWV LQ WKH ERG\ RI NQRZOHGJH RI 0$/( 8%9
LGHQWLI\ ZKHWKHU D IHDVLEOH GHVLJQ VSDFH H[LVWV IRU HOHFWULF
HOHFWULF SURSXOVLRQ VA\VWHPV KDYH RQ WKH GHVLJQ RI WKH 0$/(8%9
8%9V LQ WRGD\...VZRUOGDQG WKH SURPLVH VKRZQ E\HOHFWULF SURSX
PDVEHRILQWHUHVW WR UHVHDUFKHUVY DQG GHVLJQHUYV DOLNH

SHVHDUFK 2EMHFWLYH

7KLV VWXG\LVDQ HIWHQVLRQ RI WKH ZRUN RI DQG FRQGXFWHG XQGHU
IHVVRU 'ULHVY 9OHUVWUDHWH RI WKH 8QLYHUVLW\RI6\GQH\ ZLWK WKH Dl
RQHRIWKHILUVW WR GHYHORS D O0O'2 IUDPHZRUNLQ RUGHU WR FRPSDUF
VIVWHPV RQO0$/(8%9V WKURXJK KLV ZRUN WLWOHG ,0XOWL GLVFLSOLQ
HQGXUDQFH &9VQ. WKLV VWXG\ KHLQYHVWLIJDWHG WKH RSWLPDO GHYV
DSLVWRQ HQJLQH DQG FRPSDUHG LW WR WKH RSWLPDO GHVLJQ RI WKF
IXHO FHOOV +H FRQFOXGHG WKDW K\GURJHQ IXHO FHOOV RIIHU DQ LP
WHUPV RIDUHGXFHG WDNH RIIl ZHLIKW DQG HIWHQGHG HQGXUDQFH ,Q
SURPLVLQJ UHVXOWYV IRUWKH SRVVLELOLW\RI XVLQJFOHDQ HQHUJ\ VF

9HUVWUDHWH..VO0'2 [ UDPHZRUNUHSUHVHQWV D ILUVW LWHUDWLRQ LQ \
WKHGHVLIJQ HIITHFWV RIHOHFWULF SURSXOVLRQ VROXWLRQVRQUO$/(8%
YDULRXV LPSURYHPHQWY )LUVWO\ KLVIUDPHZRUN FRQWDLQV D ORZ |
GLJLWDO 86%) 6WDELOLW\DQG &RQWURO 'DWD &RPSHQGLXP '$7&20 &
LQ WKH DHURG\QDPLF PRGHOOLQJ LV PDJQLILHG DFURVYV WKH YHU\ OR
LW ZRXOG EH EHQHILFLDO WR LQYHVWLJDWH KRZ PXFK WKH UHVXOWYV
6HFRQGO\ ORZ ILGHOLW\ ZHLJKW HVWLPDWLRQ PHWKRGY KDYH EHHQ
PHWKRGV :KLOH WKLV PD\ EH VXIILFLHQW IRU PDQ\ RI WKH DLUFUDIW F
QLILFDQWO\WR WKH DLUFUDIW ZHLJKW DQG ZRXOG WKXV EHQHILW IUR
WKH SURSHOOHU PRGHO XWLOLVHVY UHODWLRQV GHULYHG IURP 8%$9V DC
WKDQ PRVW 0$/(8%9V 7KHLQFRUSRUDWLRQRIDQHZ SURSHOOHU PHWK
FRXOG SURYH KHOSIXO LQ DWWDLQLQJ PRUH DFFXUDWH SURSHOOHU St
IRUP SDUDPHWHUV KDYHEHHQ VHWDV GHVLJQ YDULDEOHV LQ WKHO0'2 C
7KH XVH RI PRUH GHVLJQ YDULDEOHY RSHQV XS WKH HIWHQVLYH GHVLJ
HISORUH ZKHQ VZLWFKLQJ WR QRYHO SURSXOVLRQ WHFKQRORJLHV ,Q
GHVLJQ YDULDEOHYV FRXOG WKXV SRWHQWLDOO\ XQORFN QHZ GHVLJQ F

7KH FXUUHQW VWXG\ LV WKH QH[W LWHUDWLRQ LQ XQGHUVWDQGLQJ Wt
QRORJLHV RQ 0$/( 889V ,WV SXUSRVH LV WR LPSURYH RQ 9HUVWUDHWH
WR D PRUH FRPSOHWH SLFWXUH RlI ZKDW YDULRXV RSWLPLVHG HOHFW
DOVR WR LQYHVWLJIJDWH ZKDW HIIHEFWV WKH PRGHOOLQJ ILGHOLW\ KDV
FRPSOHWH IUDPHZRUN Rl 9HUVWUDHWH DQG EXLOGLQJ XSRQ LW LW ZI
VWUDHWH WKDW D VHSDUDWH IUDPHZRUN VKDOO EH GHYHORSHG VXFK
RZQ FRQFOXVLRQV 1DWXUDOO\ FRGHV RI YDULRXV PRGXOHV KDYH EH}
RI WKH FXUUHQW ZRUN LQ WKH LQWHUHVW RI WLPH 7KHVH LQFOXGH
WHU\ DQG K\GURJHQ IXHO FHOO PRGHOV 7KH PLVVLRQ SHUIRUPDQFH
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PHWKRGV XVHG LQ WKH FXUUHQW VWXG\ DUH DOVR EDVHG RQ WKRVH SURYL
SURYHPHQWY DOO RI WKH NH\LPSURYHPHQWY GHWDLOHG LQ WKH SUHYLR X
RI WKLV VWXG\ QDPHO\ D KLJKHU ILGHOLW\ PHWKRG IRU WKH DHURG\QDPL
ORZ ILGHOLW\ PHWKRG D KLJKHU ILGHOLW\ PHWKRG IRU WKH ZLQJ ZHLJK\
.y ZHLIKW HVWLPDWLRQ UHODWLRQV D SURSHOOHU GHVLJQ FRGHDQG D Q
ZLGHU YDULHW\RI GHVLJQ YDULDEOHV DQG FRQVWUDLQWY $V WKH QHZ IULC
KLIJK ILGHOLW\ PHWKRGV IRUWKH DHURG\QDPLFV DQG ZLQJ ZHLJKW HVWLP
WKLV VWXG\ LV WR LQYHVWLIJDWH WKH HITHFWV PRGHOOLQJILGHOLW\ KDV F

'LWK WKHVH FRQVLGHUDWLRQV LQPLQG WKHUHVHDUFK REMHFWLYH LV IR

7KH REMHFWLYH RI WKLV UHVHDUFK LV WR GHYHORS DQ LPSURYHG PXOWLC
ZRUN IHDWXULQJ ERWK ORZ DQG KLIJKILGHOLW| DHURGIQDPLFV DQG VWUXF
WRLQYHVWLIJDWH WKHLPSDFW WKDW PRGHOOLQJILGHOLWIDQG HOHFWUL,|
VKDSH RI D PHGLXP DOWLWXGH ORQJ HOQGXUDQFH XQPDQQHG DHULDO YHKL

7KH VXE TXHVWLRQV ZKLFK PXVW EHDQVZHUHG LQ RUGHU WR PHHW WKH UH

:KDW DUH WKH HIITHFWV RQ WKH RSWLPLVHG VKDSH RI D 0%/(8%9 UHVXOW
RI WKH DHURGIQDPLFV DQG VWUXFWXUDO ZLQJ ZHLJKW PRGHOV"

'RHY D IHDVLEOH GHVLJQ VSDFH H[LVW IRU 0%/(8%9V ZLWK HOHFWULF SU

,IDIHDVLEOH GHVLJQ VSDFH GRHV H[LVW ZKDW DUH WKH HIIHFWV RQ Wk
UHVXOWLQJ IURP LQFRUSRUDWLQJ HOHFWULF SURSXOVLRQ VIVWHPV"

,WVKRXOGEHQRWHG WKDWDNH\UHTXLUHPHQW VHW E\$VVRFLDWH 3URIHV
WKDW DOO PRGHOOLQJ VRIWZDUH VKDOO EHIUHH RSHQ VRXUFH ZLWK WKH
ODQJXDJH DQG RSWLPLVHU $V VXFK WKH PRGHOOLQJ VRIWZDUH VHOHFW
OLPLWHG WR QRQ SURSULHWDU\ RSWLRQV
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