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:H PHDVXUHG WKH QXPEHU RI WKH QHXWURQV DQG SURWRQV SURGXFHG E\ '�' UHDFWLRQV LQ DQ DFFHOHUDWHG

EHDP�SODVPD IXVLRQ DQG FXUULHG RXW WKH QXPHULFDO VLPXODWLRQV� 7KH OLQHDU GHSHQGHQFH RI WKH QHXWURQ

\LHOG RQ D GLVFKDUJH FXUUHQW LQGLFDWHV WKDW WKH IXVLRQ UHDFWLRQV RFFXU EHWZHHQ WKH EDFNJURXQG JDV DQG WKH

IDVW SDUWLFOHV� L�H� FKDUJH H[FKDQJHG QHXWUDOV DQG DFFHOHUDWHG LRQV� 7KH QHXWURQ \LHOG GLYLGHG E\ �IXVLRQ

FURVV VHFWLRQ î LRQ FXUUHQW î QHXWUDO JDV SUHVVXUH� VWLOO SRVVHVVHV WKH GHSHQGHQFH RI WKH ��� SRZHU RI

GLVFKDUJH YROWDJH� ZKLFK VKRZV WKH IXVLRQ UHDFWLRQV DUH DIIHFWHG E\ WKH HOHFWURVWDWLF SRWHQWLDO EXLOW�XS LQ WKH

FHQWHU� 7KH PHDVXUHG SURWRQ ELUWK SURILOHV VXJJHVW WKH H[LVWHQFH RI D GRXEOH SRWHQWLDO ZHOO� ZKLFK LV

VXSSRUWHG E\ WKH QXPHULFDO VLPXODWLRQV�

�� ,1752'8&7,21

$Q DFFHOHUDWHG EHDP�SODVPD QHXWURQ�SURWRQ VRXUFH LV EDVHG XSRQ WKH GHYLFH RI VSKHULFDOO\

FRQYHUVLQJ LRQ IRFXV �6&,)�>�����@� 7KH SULQFLSOH FDQ EH UHDOL]HG E\ D UHODWLYHO\ VLPSOH GHYLFH�

ZKHUH WKH LRQV DUH SURGXFHG E\ D JORZ GLVFKDUJH EHWZHHQ WKH VSKHULFDO DQRGH �VHUYLQJ DV WKH YDFXXP
FKDPEHU� DQG WKH FRQFHQWULF VSKHUH KROORZ FDWKRGH� 7KH LRQV DUH DFFHOHUDWHG WRZDUGV WKH FDWKRGH

DQG JR WKURXJK WR IRFXV WKH FHQWHU� ZKHUH WKH IXVLRQ UHDFWLRQV RFFXU� 6RPH LRQV KLW WKH FDWKRGH WR

SURGXFH WKH VHFRQGDU\ HOHFWURQV� ZKLFK DUH DOVR DFFHOHUDWHG WRZDUGV WKH FHQWHU E\ WKH HOHFWULF ILHOG
SURGXFHG E\ WKH LRQV� 7KH HOHFWURQV QHXWUDOL]H WKH VSDFH FKDUJH RI LRQV DQG LQFUHDVH WKH LRQ GHQVLW\

LQ WKH FHQWHU� 8QGHU SURSHU FRQGLWLRQV� WKH LRQ DQG HOHFWURQ IORZV FUHDWH D VSDFH�FKDUJH LQGXFHG

³GRXEOH SRWHQWLDO´ ZHOO WKDW LV D QHJDWLYH SRWHQWLDO ZHOO QHVWHG LQVLGH D SRVLWLYH SRWHQWLDO ZHOO� 7KLV

VWUXFWXUH WUDSV KLJK�HQHUJ\ LRQV ZLWKLQ WKH YLUWXDO DQRGH FUHDWHG E\ WKH GRXEOH SRWHQWLDO� SURYLGLQJ D
YHU\ KLJK IXVLRQ UDWH LQ WKLV WUDS UHJLRQ�

$Q 6&,) RIIHUV D XQLTXH DSSURDFK WR D IXVLRQ� VLQFH LW GHYHORSV D SRVVLELOLW\ RI WKH XVH RI
DGYDQFHG IXHOV VXFK DV '��+H� DQG \LHOGV LQWHUPHGLDWH SURGXFWV DORQJ WKH SDWK WR IXVLRQ SRZHU� $

6&,) LV XVHG DV D SRUWDEOH� ORZ�FRVW IXVLRQ QHXWURQ VRXUFH ZLWK DSSOLFDWLRQV H[SHFWHG DV IROORZV>�@�

��� ZHOO�ORJJLQJ� ��� WKHUDSHXWLF WUHDWPHQW RI FDQFHUV� ��� VXOIXU TXDOLILFDWLRQ LQ FRDO� ��� WHVWLQJ GUXJV
DQG H[SORVLYH PDWHULDOV IRU VDIHJXDUGV� ��� QHXWURQ VRXUFH IRU EHQFKPDUN WHVWLQJ�

,Q WKLV SDSHU� ZH GHPRQVWUDWHG WKH QHXWURQ JHQHUDWLRQ E\ DQ 6&,) GHYLFH� DQG VWXG\ WKH VFDOLQJ

RI QHXWURQ \LHOG YV� GLVFKDUJH FXUUHQW DQG YROWDJH� $ VSHFLDO H[SHULPHQW ZDV GHVLJQHG WR YHULI\
GRXEOH SRWHQWLDO ZHOO IRUPDWLRQ DQG LRQ WUDSSLQJ E\ WKH PHDVXUHPHQW RI WKH UDGLDO ELUWK �VRXUFH�

SURILOH RI HQHUJHWLF ���0H9� SURWRQV SURGXFHG E\ '�' IXVLRQ UHDFWLRQV LQ D GHXWHULXP GLVFKDUJH >�@�

7KH QXPHULFDO VLPXODWLRQV ZHUH FDUULHG RXW LQ RUGHU WR JLYH D SK\VLFDO LQWHUSUHWDWLRQ RI WKH
H[SHULPHQWDO UHVXOWV�
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�� (;3(5,0(176

���� ([SHULPHQWDO IDFLOLWLHV

7KH YDFXXP FKDPEHU LV PDGH RI VWDLQOHVV VWHHO RI DQ LQQHU GLDPHWHU RI ��� PP� ,W KDV WHQ SRUWV
IRU D KLJK�YROWDJH IHHG�WKURXJK� DQ LRQL]DWLRQ YDFXXP JDXJH� D YDFXXP SXPS V\VWHP FRQVLVWV RI D ��

OLWHU�VHF WXUER PROHFXODU SXPS IRU +H JDV ZLWK D EDFN�XS URWDU\ SXPS� 7KH '� JDV LV IHG IURP D JDV

ERPE WKURXJK WKH PDVV IORZ FRQWUROOHU� 7KH KROORZ FDWKRGH RI D GLDPHWHU RI �� PP LV PDGH RI WKH
�PP GLDPHWHU WDQWDOXP ZLUH� ,WV JHRPHWULFDO WUDQVSDUHQF\ LV HYDOXDWHG WR EH DSSUR[LPDWHO\ ����

7KH LRQV KLW WKH LQVXODWRU� ZKLFK FRYHUV WKH IHHG�WKURXJK LQVLGH WKH YDFXXP FKDPEHU� UHVXOWLQJ LQ

HYHQWXDOO\ EUHDNGRZQ� 7KH VXUIDFH VKDSH RI DQ LQVXODWRU LV VR GHVLJQHG DV WR DYRLG WKH LRQ
ERPEDUGPHQW QRUPDO WR WKH VXUIDFH� DQG VXEVHTXHQWO\ EUHDNGRZQ WKURXJK WKH SLQKROH IRUPDWLRQ LV

UHGXFHG�

���� 1HXWURQ PHDVXUHPHQW

7KH QHXWURQ PHDVXUHPHQW ZDV GRQH E\ D �+H SURSRUWLRQDO FRXQWHU VXUURXQGHG ZLWK

SRO\HWK\OHQH EORFNV RI D WKLFNQHVV RI ��� PP WR PRGHUDWH WKH IDVW QHXWURQV SURGXFHG E\ '�' IXVLRQ
HYHQWV� 7\SLFDO SORWV RI PHDVXUHG QHXWURQ \LHOG YHUVXV GLVFKDUJH FXUUHQW DUH VKRZQ LQ )LJ�� IRU

GLIIHUHQW GLVFKDUJH YROWDJHV� 7KH QHXWURQ \LHOG LQFUHDVHV OLQHDUO\ WR WKH GLVFKDUJH FXUUHQW VLPLODUO\ WR

WKH SUHYLRXV VWXGLHV >���@� DQG UHDFKHV �[��� Q�V DW �� P$ RI GLVFKDUJH FXUUHQW DQG ��N9 RI GLVFKDUJH
YROWDJH� 7KH GHSHQGHQFH GRHV QRW VKRZ WKDW WKH QHXWURQV FRPH IURP D EHDP�EHDP FROOLGLQJ IXVLRQ�

)LJXUH � GHSLFWV WKH QHXWURQ \LHOG GLYLGHG E\ WKH IXVLRQ FURVV VHFWLRQ HYDOXDWHG E\ DQ DSSOLHG YROWDJH�

WKH LRQ FXUUHQW DQG WKH QHXWUDO JDV SUHVVXUH� 7KH QRUPDOL]HG QHXWURQ \LHOG LV SURSRUWLRQDO WR WKH ���

SRZHU RI 9� ZKLFK VXJJHVWV WKDW WKH HOHFWURVWDWLF SRWHQWLDO VKRXOG DIIHFW WKH IXVLRQ UHDFWLRQV�

���� 3URWRQ PHDVXUHPHQW

7KLV H[SHULPHQW ZDV GHVLJQHG WR RSHUDWH DW KLJK SHUYHDQFH ZKHUH IRUPDWLRQ RI D GRXEOH ZHOO LV

SUHGLFWHG >�@� 7KXV PHDVXUHPHQWV ZHUH PDGH DW UHODWLYHO\ ORZ YROWDJHV ��� N9� LQ RUGHU WR DFKLHYH

PD[LPXP SHUYHDQFHV ���� WR ��� P$�N9���� RYHU WKH DYDLODEOH UDQJH RI LRQ FXUUHQWV � ����� P$��

$GGLWLRQDO VWHSV WDNHQ WR DLG ZHOO IRUPDWLRQ LQFOXGHG� ��� XVH RI WKH XQLTXH 6WDU PRGH RI RSHUDWLRQ

>�@ WR REWDLQ LRQ EHDP IRFXVLQJ GRZQ WR a���× WKH EDOOLVWLF OLPLW� DQG� ��� WKH LQFRUSRUDWLRQ RI D
VHFRQG HOHFWULFDOO\ ³IORDWLQJ´ JULG �LQ DGGLWLRQ WR WKH IRFXVLQJ�DFFHOHUDWLQJ FDWKRGH JULG� WR UHGXFH WKH

LRQ UDGLDO HQHUJ\ VSUHDG WR ����� $OVR� D XQLTXH FDSLOODU\ SURWRQ FROOLPDWRU ZKLFK ZDV GHYHORSHG WR

SURYLGH D ILQH �PP VFDOH� UHVROXWLRQ RI WKH VSDWLDO SURILOH RI HVFDSLQJ SURWRQV� 7KH GDWD ZDV WDNHQ E\
SLYRWLQJ WKH FROOLPDWRU�GHWHFWRU DFURVV WKH FRUH SODVPD DQG WKHQ XQIROGLQJ WKH GDWD WR REWDLQ WKH UDGLDO

�FI� VSKHULFDO JHRPHWU\� SURWRQ VRXUFH�UDWH SURILOH�
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$V VKRZQ LQ )LJ��� D WZR�SHDN SURWRQ�UDWH GHQVLW\ SURILOH LV REVHUYHG DW KLJKHU SHUYHDQFHV�

XQLTXHO\ GHPRQVWUDWLQJ WKH HYROXWLRQ RI D GRXEOH SRWHQWLDO ZHOO IRU SHUYHDQFHV !���� P$�N9��� �a ��

P$�� $V WKH SHUYHDQFH LV LQFUHDVHG DERYH WKLV WKUHVKROG� DV H[SHFWHG� WKH GHSWK RI WKH GRXEOH ZHOO

DOVR LQFUHDVHV� $W WKH PD[LPXP SHUYHDQFH VWXGLHG� ���� P$�N9��� �FRUUHVSRQGLQJ WR �� P$ DQG ��
N9�� WKH QHJDWLYH SRWHQWLDO ZHOO GHSWK� FRUUHVSRQGLQJ WR WKH PHDVXUHG SURWRQ�UDWH GHQVLW\� FDOFXODWHG

IURP WKLV GDWD LV a������ RI WKH DSSOLHG FDWKRGH YROWDJH� L�H� DERXW � N9� 7KH XQFHUWDLQW\ OLPLWV OLVWHG

DUH PDLQO\ GXH WR DVVXPSWLRQV LQ WKH FDOFXODWLRQ DVVRFLDWHG ZLWK LRQ UHFLUFXODWLRQ DQG FKDUJH�
H[FKDQJH�

�� 180(5,&$/ 6,08/$7,216

:H GHYHORSHG WKH FRPSXWDWLRQDO FRGH WR VLPXODWH WKH FRUH RI D 6&,) GHYLFH LQ RUGHU WR FODULI\

��� WKH HIIHFWV RI QHXWUDO JDV RQ WKH QHXWURQ \LHOG DQG WKH HOHFWUR�VWDWLF SRWHQWLDO EXLOW�XS LQ WKH FRUH

DQG ��� WKH HQHUJ\ GLVWULEXWLRQV RI HOHFWURQV� LRQV� DQG QHXWUDOV�

���� 1XPHULFDO PRGHO

:H VROYHG WKH PRWLRQ HTXDWLRQV RI WKH FKDUJHG SDUWLFOHV DV ZHOO DV WKH IDVW QHXWUDOV DQG

VLPXOWDQHRXVO\ WKH 3RLVVRQ HTXDWLRQ LQ WKH UDGLDO GLUHFWLRQ RI WKH VSKHULFDO FRRUGLQDWHV� 7KH

GHQVLWLHV RI LRQV DQG HOHFWURQV ZHUH HYDOXDWHG E\ D SDUWLFOH�LQ�FHOO PRGHO� 7KH VSHFLHV RI SDUWLFOHV
GHDOW ZLWKLQ WKH FRGH ZHUH WKH HOHFWURQV� LRQV �'�� '�

�� '�

�� DQG IDVW QHXWUDOV �'�� '�

��� 7KH HIIHFWV RI

DWRPLF FROOLVLRQV LQFOXGHG LRQL]DWLRQ� GLVVRFLDWLRQ DQG FKDUJH H[FKDQJH ZLWK ERWK PROHFXODU DQG
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80m A 15kV
60m A 15kV
40m A 15kV
20m A 15kV
10m A 15kV

),*��� 0HDVXUHG UDGLDO SURILOHV RI WKH SURWRQ VRXUFH UDWH DW �� N9 DQG

FXUUHQWV RI �����P$ �SHUYHDQFHV RI ���� WR ���� P$�N9���� UHVSHFWLYHO\��

),*��� 7LPH EHKDYLRU RI SRWHQWLDO SURILOH
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DWRPLF GHXWHULXP� 7KH SURGXFWLRQ DQG H[WLQFWLRQ RI WKH SDUWLFOHV ZHUH HYDOXDWHG HYHU\ WLPH VWHS E\

WKH QXPEHU RI WKH FROOLVLRQV SHU D SDUWLFOH GXULQJ WKH SHULRG GW� L�H� GWYQ1
�

σ= ZKHUH σ WKH FURVV

VHFWLRQ� Y WKH UHODWLYH YHORFLW\ DQG Q� WKH GHQVLW\ RI WKH EDFNJURXQG QHXWUDO JDV� 7KH FRPSXWDWLRQDO

GRPDLQ ZDV D ZKROH UHJLRQ ZLWKLQ WKH YDFXXP FKDPEHU� 7KH PDVV UDWLR RI HOHFWURQ DQG LRQ ZHUH

DVVXPHG WR EH RQH KXQGUHGWK WR VDYH WKH FRPSXWDWLRQDO WLPH� :H WRRN LQWR DFFRXQW WKH VHOHFWLYH ORVV
RI LRQV ZLWK D ORZ HQHUJ\ DV WKH UHVXOW RI WKH QHXWUDOL]DWLRQ RI WKH LRQV KLWWLQJ WKH FDWKRGH� ZKLFK PD\

EULQJ DERXW WKH VWHDG\ VWDWH�

���� (OHFWURVWDWLF SRWHQWLDO DQG QHXWURQ JHQHUDWLRQ

)LJ�� VKRZV WKH WLPH HYROXWLRQ RI HOHFWURVWDWLF SRWHQWLDO SURILOH� ZKHQ WKH DSSOLHG YROWDJH LV ��

N9 DQG WKH FXUUHQW LV �� P$� 7KH SRWHQWLDO LV PLQLPL]HG DW WKH FDWKRGH DQG JUDGXDOO\ LQFUHDVHV
WRZDUGV WKH FHQWHU� 7KH SRWHQWLDO ZHOO VWUXFWXUH LV IRUPHG LQ WKH FHQWHU DQG XQVWDEOH� 7KH VSDFH

SURILOHV RI QHXWURQV H[KLELW FRQVSLFXRXV GRXEOH SHDNHG SURILOHV FRLQFLGLQJ ZLWK WKH SRWHQWLDO SURILOHV�

7KH UHDFWLYLW\ EHWZHHQ FKDUJH H[FKDQJHG IDVW QHXWUDOV DQG EDFNJURXQG GHXWHULXP PROHFXODU ZDV
DSSUR[LPDWHO\ WZLFH ODUJHU WKDQ WKDW RI IDVW LRQV DQG EDFNJURXQG GHXWHULXP� 7KH WRWDO QXPEHU RI

QHXWURQV ZDV URXJKO\ FRQVLVWHQW ZLWK WKH H[SHULPHQWDO UHVXOWV�

�� 6800$5< $1' &21&/86,216

7KH GHSHQGHQFLHV RI QHXWURQ JHQHUDWLRQ RQ WKH GLVFKDUJH FXUUHQW DV ZHOO DV WKH YROWDJH ZHUH

VWXGLHG H[SHULPHQWDOO\� 7KH QXPHULFDO VLPXODWLRQV ZHUH FDUULHG RXW LQ RUGHU WR FODULI\ WKH
GLVWULEXWLRQV RI IDVW SDUWLFOHV� L�H� QHXWUDO SDUWLFOHV DQG LRQV DV ZHOO DV WKH HOHFWURVWDWLF SRWHQWLDO EXLOG�

XS� 7KH OLQHDU GHSHQGHQFH RI QHXWURQ UDWH LQGLFDWHV WKDW WKH PDLQ IXVLRQ HYHQWV RFFXU EHWZHHQ WKH

IDVW SDUWLFOHV DQG EDFNJURXQG QHXWUDO JDV� 7KH QXPHULFDO VWXGLHV YHULILHG WKH IDFW� H�J� VKRZHG WKDW

RQH WKLUG RI WKH QHXWURQV DUH ERUQ LQ WKH IXVLRQ HYHQWV EHWZHHQ WKH IDVW LRQV DQG WKH EDFNJURXQG
QHXWUDO� DQG WKH UHVW FRPHV IURP WKH IXVLRQ HYHQWV EHWZHHQ WKH IDVW QHXWUDO DQG WKH EDFNJURXQG JDV�

7KH UHDFWLYLW\ SURILOH QXPHULFDOO\ REWDLQHG LV GRXEO\ SHDNHG� ZKLFK FRPHV IURP WKH IDFW WKDW WKH

GRXEOH ZHOO SRWHQWLDO SURILOH H[LVWV LQ WKH FHQWHU RI FRUH LQ DQ 6&,) GHYLFH� 7KH FROOLPDWHG SURWRQ
PHDVXUHPHQWV UHSUHVHQW WKH ILUVW FRQFOXVLYH H[SHULPHQWDO GHPRQVWUDWLRQ RI GRXEOH ZHOO IRUPDWLRQ LQ

DQ 6&,) VLQFH SULRU PHDVXUHPHQWV E\ RWKHU UHVHDUFKHUV W\SLFDOO\ \LHOGHG PDUJLQDO RU QHJDWLYH UHVXOWV

>�@� 7KH GHPRQVWUDWLRQ RI ZHOO IRUPDWLRQ LV D NH\ VWHS LQ SK\VLFV XQGHUVWDQGLQJ VLQFH LRQ WUDSSLQJ E\
VXFK ZHOOV FRXOG SURYLGH WKH HQKDQFHG FRQILQHPHQW QHHGHG WR VFDOH WKH 6&,) XS WR PXFK KLJKHU

QHXWURQ UDWHV DQG XOWLPDWHO\ WR IXVLRQ SRZHU SURGXFWLRQ� 7R DFFRPSOLVK WKLV� KRZHYHU� GHHSHU ZHOOV

ZLWK ODUJHU YROXPHV PXVW EH HVWDEOLVKHG XVLQJ \HW KLJKHU LRQ FXUUHQWV DQG D FRQWUROOHG LRQ DQJXODU

PRPHQWXP SURILOH DV VWXGLHV E\ 7]RQHY HW DO��>�@� 7KH GLUHFW PHDVXUHPHQWV RI HOHFWULF ILHOG WKURXJK
WKH 6WDUN HIIHFW LQ D FRUH DUH LQ SURJUHVV�

5()(5(1&(6

>�@ +,56+� 5�/�� ³,QHUWLDO (OHFWURVWDWLF &RQILQHPHQW RI ,RQL]HG )XVLRQ *DVHV�´ -� $SSOLHG 3K\VLFV
�� ������ ����������

>�@ 0,/(<� *� +�� HW DO�� ³$Q ,QHUWLDO (OHFWURVWDWLF &RQILQHPHQW 1HXWURQ�3URWRQ 6RXUFH�´ 'HQVH

=�3LQFKHV� $,3 &RQI� 3URF� 1R����� $,3 3UHVV 1HZ <RUN ������ ��������
>�@ *8� <�� -$9('$1,� -�%�� 0,/(<� *� +��³$ 3RUWDEOH &\OLQGULFDO (OHFWURVWDWLF�)XVLRQ 'HYLFH

IRU 1HXWURQLF 7RPRJUDSK\�´ )XVLRQ 7HFKQRORJ\ �� ���������������

>�@ 7+25621� 7�$�� HW DO�� ³)XVLRQ 5HDFWLYLW\ &KDUDFWHUL]DWLRQ RI D 6SKHULFDOO\ &RQYHUJHQW ,RQ
)RFXV�´ 1XFOHDU )XVLRQ �� ������ ��������

>�@ *8� <�� ³0HDVXUHPHQW RI 3URWRQ 'HQVLW\ 3URILOHV LQ WKH 6SKHULFDO ,(& )XVLRQ 'HYLFH�´ 3K�'

WKHVLV� 'HSDUWPHQW RI (OHFWULFDO DQG &RPSXWHU (QJLQHHULQJ� 8QLYHUVLW\ RI ,OOLQRLV� �������

>�@ ,�9� 7=21(9 HW DO�� ³(IIHFW RI /DUJH ,RQ $QJXODU 0RPHQWXP 6SUHDG DQG +LJK &XUUHQW RQ
,QHUWLDO (OHFWURVWDWLF &RQILQHPHQW 3RWHQWLDO 6WUXFWXUHV�´ HGV� *�+� 0LOH\ DQG &�0� (OOLRWW� ��WK

,(((�1366 6\PSRVLXP RQ )XVLRQ (QJLQHHULQJ� ,((( 1R� ��&+������ ,(((� 3LVFDWDZD\� 1-�

��������� �������
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