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$EVWUDFW
7KH 6XQ� OLNH PDQ\ RWKHU VWDUV LQ WKH 0LON\ :D\ JDOD[\� SURE�
DEO\ IRUPHG LQ D VWDU FOXVWHU� 'XH WR WKH UHODWLYHO\ KLJK VWHOODU
GHQVLW\ LQ VXFK D FOXVWHU� HQFRXQWHUV DUH H[SHFWHG WR DIIHFW WKH
HDUO\ VWDJH RI WKH G\QDPLFDO HYROXWLRQ RI WKH VRODU V\VWHP� ,Q
SDUWLFXODU� WKH RXWHU SDUWV RI WKH VRODU V\VWHP DUH YXOQHUDEOH WR
VXFK SHUWXUEDWLRQV� +HUH� ZH LQYHVWLJDWH WKH UROH RI VWHOODU IO\�
E\V RQ WKH IRUPDWLRQ RI WKH 2RUW FORXG� 7KLV LV GRQH XVLQJ WKH
/RQHO\3ODQHWV PRGXOH LQ WKH $086( IUDPHZRUN� ,Q /RQHO\�
3ODQHW WKH HIIHFW RI D VWDU FOXVWHU RQ LQGLYLGXDO SODQHWDU\ V\V�
WHPV LV UHVROYHG LQ WZR VWHSV� ILUVW� ZH VLPXODWH WKH VWDU FOXVWHU
ZLWKRXW SODQHWV WR VXEVHTXHQWO\ HYROYH HDFK SODQHWDU\ V\VWHP
ZKLOH WDNLQJ WKH SHUWXUEDWLRQV RI QHDUE\ VWDUV LQWR DFFRXQW� ,Q
RXU FDOFXODWLRQV� HDFK VWDU UHFHLYHV D GHEULV GLVN DQG D SRSX�
ODWLRQ RI SODQHWV� &DOFXODWLRQV DUH SHUIRUPHG ZLWK VPDOO GLVNV
�RI ����� DX� DQG ODUJH GLVNV �RI ������� DX�� 7KH FDOFXODWLRQV
DUH FDUULHG RXW ZLWK WZR DUUDQJHPHQWV RI SODQHWV� 2QH FRQILJ�
XUDWLRQ WKDW PLPLFV WKH FXUUHQW VRODU V\VWHP DQG RQH FDVH LQ
ZKLFK ZH DGRSW D FRPSDFW FRQILJXUDWLRQ ZLWK SODQHWV FORVHU
WRJHWKHU WKDQ WKH\ DUH WRGD\� 2EMHFWV LQ WKH RXWHU HGJH RI WKH
GHEULV GLVN DUH VFDWWHUHG E\ SDVVLQJ VWDUV DQG LQ WKH LQQHU HGJH
E\ WKH LQWHUDFWLRQ ZLWK WKH SODQHWV� 7KH SODQHWV FDXVH DVWHU�
RLGV WR EH HMHFWHG DQG SDUN WKHP LQ UHVRQDQW RUELWV� 6WHOODU
HQFRXQWHUV SOD\ DQ LPSRUWDQW UROH LQ KHDWLQJ WKH GHEULV GLVNV�
UHVXOWLQJ LQ HFFHQWULF DQG LQFOLQHG RUELWV ZLWK UHVSHFW WR WKH
LQLWLDO FRQGLWLRQV� 8S WR ∼ 36� RI WKH RULJLQDO GLVN PDWHULDO
LV HMHFWHG IURP WKH SODQHWDU\ V\VWHPV WR EHFRPH VŮOŝ ODSLGŋV
VXFK DV ¶2XPXDPXD� 7KHVH REMHFWV DUH HMHFWHG ZLWK D W\SLFDO
YHORFLW\ RI ��� NP�V�



��� ,QWURGXFWLRQ

6HFWLRQ ���

,QWURGXFWLRQ

2RUW ������ SURSRVHG WKH H[LVWHQFH RI D FORXG RI FRPHWV WKDW VXUURXQGV WKH
VRODU V\VWHP ZKLFK ZDV VXEVHTXHQWO\ QDPHG DIWHU KLP� 7KH 2RUW FORXG LV
WKRXJKW WR FRQWDLQ DERXW 1011±1012 FRPHWV �%UDVVHU 	 0RUELGHOOL ������
ZLWK D WRWDO PDVV RI DURXQG �±� �H�J�� )UDQFLV ����� 0RUELGHOOL ������ ,WV
VKDSH LV FRQMHFWXUHG WR EH QHDUO\ VSKHULFDO� ZLWK WKH FORXG H[WHQGLQJ XS WR
0.5 SF IURP WKH 6XQ� OLPLWHG E\ WKH +LOO VSKHUH RI WKH VRODU V\VWHP �2RUW
����� &KHERWDUHY ������ %HFDXVH WKHVH HVWLPDWHV RI WKH 2RUW FORXG SURS�
HUWLHV DUH KLJKO\ XQFHUWDLQ �PDLQO\ EHFDXVH RI WKH ODFN RI REVHUYDWLRQV RI
WKH ORQJ�SHULRG FRPHWV�� WKH FUHDWLRQ� HYROXWLRQ DQG HYHQ WKH H[LVWHQFH RI
WKH 2RUW FORXG UHPDLQ D SX]]OH WRGD\� 2QH RI WKH PDLQ TXHVWLRQV UHODWHG WR
WKH RULJLQ RI WKH 2RUW FORXG LV UHODWHG WR WKH PRPHQW RI LWV IRUPDWLRQ� 6HY�

HUDO ZRUNV KDYH H[SORUHG WKH RULJLQ DQG HYROXWLRQ RI WKH 2RUW FORXG� PDLQO\
E\ SHUIRUPLQJ QXPHULFDO VLPXODWLRQV� 7KHVH VWXGLHV IROORZ WZRPDLQ LGHDV
RI IRUPDWLRQ� D SULPRUGLDO RU D ODWH IRUPDWLRQ RI WKH 2RUW FORXG� 7KH
SULPRUGLDO PRGHO RFFXUV LQ WKH HDUO\ VWDJHV RI WKH VRODU V\VWHP ZKHQ WKH
6XQ ZDV VWLOO LQ LWV ELUWK FOXVWHU �VHH H�J�� 2RUW ����� +LOOV ����� +HLVOHU 	
7UHPDLQH ����� 'XQFDQ HW DO� ����� :HLVVPDQ ����� :LHJHUW 	 7UHPDLQH
����� 'RQHV HW DO� ����� /HYLVRQ HW DO� ������ ,Q WKLV VFHQDULR WKH SODQHWHV�
LPDOV ZHUH VFDWWHUHG GXH WR WKH LQWHUDFWLRQ ZLWK WKH JURZLQJ JLDQW SODQHWV
DQG VWDUWHG SRSXODWLQJ WKH 2RUW FORXG� 7KH ODWH PRGHO DVVXPHV WKDW WKH
6XQ DOUHDG\ OHIW LWV ELUWK FOXVWHU� ,Q WKLV DOWHUQDWLYH VFHQDULR WKH 2RUW FORXG
ZDV FUHDWHG LQ WKH ODWHU VWDJHV RI WKH VRODU V\VWHP IRUPDWLRQ SRVVLEO\ GXH
WR JUDYLWDWLRQDO LQVWDELOLWLHV ZKHQ WKH JLDQW SODQWV H[SHULHQFHG DQ RULEWDO
UHVRQDQFH� ZKLFK FDXVHG WKH PLQRU ERGLHV WR EH HMHFWHG RQWR DOPRVW XQ�
ERXQG RUELWV �VHH H�J�� /HYLVRQ HW DO� ����� %UDVVHU HW DO� ����� )RXFKDUG
HW DO� ����� .DLE 	 4XLQQ ����� 0RUELGHOOL ����� 'XQFDQ ����� %UDVVHU
	0RUELGHOOL ����� 6KDQQRQ HW DO� ����� 'RQHV HW DO� ����� 1HVYRUQê �����
6KDQQRQ HW DO� ����� 9RNURXKOLFNê HW DO� ������

1RZDGD\V WKHPRGHO LV DGRSWHG WKDW WKH VRODU V\VWHPZDV ERUQ LQ D VWDU
FOXVWHU �3RUWHJLHV =ZDUW ����� $GDPV ����� DQG WKDW LW ZDV VWLOO D FOXVWHU
PHPEHU ZKHQ WKH SODQHWV IRUPHG �3LFKDUGR HW DO� ����� 3RUWHJLHV =ZDUW 	
-tONRYi ����� 0DUWtQH]�%DUERVD HW DO� ������ &RQVLGHULQJ WKDW WKH OLIHWLPH
RI DQ RSHQ FOXVWHU LV DURXQG ��� 0\U DQG VWHOODU FOXVWHUV DUH GHQVH HQYL�
URQPHQWV� WKH SUREDELOLW\ RI FORVH HQFRXQWHUV LV KLJKHU WKDQ LQ WKH FDVH WKH
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6XQZRXOG EH LVRODWHG �3RUWHJLHV =ZDUW 	 -tONRYi ������ 7KHUHIRUH WKH2RUW
FORXG PRVW SUREDEO\ IDFHG LQWHUDFWLRQV ZLWK WKH VLEOLQJV RI WKH 6XQ�

1RUGODQGHU HW DO� ������ GLVFXVVHG WKH HYROXWLRQ RI D SULPRUGLDO 2RUW
FORXG IRU GLIIHUHQWPRGHOV RI WKH ELUWK FOXVWHU RI WKH 6XQ �ORZ� LQWHUPHGLDWH�
DQG KLJK PDVV�� 7KH\ FRQVLGHUHG WKH HYROXWLRQ RI WKH FORXG LQ D ORQJ�OLYHG
FOXVWHU VWDUWLQJ DW ���0\U DQG ILQLVKLQJ ZLWK WKH ODWH KHDY\ ERPEDUGPHQW
�∼ 500 0\U�� 7KH\ IRXQG WKDW D SULPRUGLDO 2RUW FORXG ZLOO OLNHO\ QRW VXU�
YLYH IRU DQ\ RI WKH FOXVWHUPRGHOV� ZLWK WKH ORZ�PDVV FOXVWHU KDYLQJ WKH EHVW
FKDQFH IRU WKH VRODU V\VWHP WR VXUYLYH� 7KLV UHVXOW WKXV IDYRXUV D GHOD\HG
IRUPDWLRQ RI WKH 2RUW FORXG �H�J�� %UDVVHU 	 0RUELGHOOL ������ 2WKHU DX�
WKRUV VXJJHVWHG �VHH H�J�� /HYLVRQ HW DO� ����� -tONRYi HW DO� ����� 3IDO]QHU
HW DO� ����� +DQGV HW DO� ����� WKDW SDUW RI WKH 2RUW FORXG ZDV FDSWXUHG
WKURXJK WKH LQWHUDFWLRQV ZLWK SDVVLQJ VWDUV ZKLOH WKH 6XQ ZDV LQ LWV ELUWK
FOXVWHU� DQG WKDW DOVR REMHFWV OLNH 6HGQD DUH WKH FRQVHTXHQFH RI D G\QDPL�
FDO LQWHUDFWLRQZLWK FORVHO\ SDVVLQJ VWDUV� 2YHUDOO� WKH IRUPDWLRQ RI WKH2RUW
FORXG ZKLOH WKH 6XQ ZDV VWLOO LQ LWV ELUWK FOXVWHU LV FRQVWUDLQHG E\ WZR VFH�
QDULRV� 2QHZKLFK LV LQ IDYRXU RI D G\QDPLFDO LQVWDELOLW\ RI D SURWRSODQHWDU\
GLVN GXH WR WKHPLJUDWLRQ RI WKH JLDQW SODQHWV DQG UDQGRPSDVVLQJ VWDUV �VHH
H�J� )HUQiQGH] 	 %UXQLQL ����� %UDVVHU HW DO� ������ DQG WKH RWKHU SURSRVH
WKDW D IUDFWLRQ RI WKH 2RUW FORXG ZDV FDSWXUH GXH WR WKH LQWHUDFWLRQ ZLWK WKH
VWDUV LQ WKH FOXVWHU �VHH H�J� /HYLVRQ HW DO� ����� +DQGV HW DO� ������

0RWLYDWHG E\ WKH LGHD WKDW WKH IRUPDWLRQ RI WKH 2RUW FORXG RFFXUHG
ZKLOH WKH 6XQ ZDV LQ LWV ELUWK FOXVWHU� ZH DLP WR VWXG\ WKH IRUPDWLRQ DQG
HYROXWLRQ RI WKH 2RUW FORXG LQ VXFK DQ HQYLURQPHQW� 'LUHFW 1�ERG\ VLP�
XODWLRQV ZHUH XVHG� ZKHUH VSHFLILFDOO\ ZH SHUIRUPHG D VHW RI VLPXODWLRQV
PRGHOOLQJ WKH HYROXWLRQ RI WKH VRODU V\VWHP GHEULV GLVN ZKLOH WKH 6XQ LV
VWLOO LQ LWV ELUWK FOXVWHU� :H VWXGLHG WKH G\QDPLFDO HYROXWLRQ RI WKH GHEULV
GLVN XQGHU WKH LQIOXHQFH RI D VLQJOH DQGPXOWLSOH UDQGRP VWHOODU HQFRXQWHUV
DQG WKH JLDQW SODQHWV� :H H[SORUH WZRPRGHOV RI WKH VRODU V\VWHP� H[WHQGHG
DQG FRPSDFW� 7KH H[WHQGHGPRGHO LV EDVHG RQ WKH SUHVHQW�GD\ RUELWV RI WKH
JLDQW SODQHWV �L�H� -XSLWHU DW 5.2 DX�ɾ6DWXUQ DW 9.5 DX� 8UDQXV DW 19.2 DX DQG
1HSWXQH DW 30.1 DX� DQG DQ H[WHQGHG GHEULV GLVN �40 < a < 1000 DX �� 7KH
FRPSDFW PRGHO LV D 1LFH�EDVHG PRGHO �*RPHV HW DO� ����� 7VLJDQLV HW DO�
����� 0RUELGHOOL HW DO� ����� ZLWK JLDQW SODQHWV LQ FRPSDFW RUELWV �-XSLWHU
DW 5.5 DX�ɾ6DWXUQ DW 8.1 DX� 1HSWXQH DW 11.5 DX� DQG 8UDQXV DW 14.2 DX� DQG
D FRPSDFW GLVN �16 < a < 35 DX�� ,Q 6HFWLRQ ��� ZH GHVFULEH RXU QXPHULFDO
LPSOHPHQWDWLRQ� ,Q 6HFWLRQ ��� ZH SUHVHQW WKH UHVXOWV IRU RXU 1�ERG\ VLP�
XODWLRQV IRU WKH HYROXWLRQ RI WKH VRODU V\VWHP LQ D ELUWK FOXVWHU HQYLURQPHQW
IRU WKH WZR PRGHOV PHQWLRQHG EHIRUH� ,Q 6HFWLRQ ��� ZH GLVFXVV WKH HIIHFW
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RI D GHQVH HQYLURQPHQW RQ WKH FUHDWLRQ RI WUDQVLWLRQDO LQWHUVWHOODU FRPHWV
�7RUUHV HW DO� ����D� DQG K\SHUEROLF REMHFWV OLNH ¶2XPXDPXD �0HHFK HW DO�
����� :LOOLDPV ������ )LQDOO\ LQ 6HFWLRQ ��� ZH SUHVHQW RXU VXPPDU\ DQG
FRQFOXVLRQV�

6HFWLRQ ���

1XPHULFDO LPSOHPHQWDWLRQ

7R VWXG\ WKH G\QDPLFDO HYROXWLRQ RI WKH VRODU V\VWHP LQ D GHQVH HQYLURQ�
PHQW� ZH FRQVLGHUHG WZR DOWHUQDWLYH PRGHOV� ZKLFK ZH UHIHU WR DV H[WHQGHG
DQG FRPSDFW� )RU HDFKPRGHO ZH SHUIRUPHG WZR VHWV RI VLPXODWLRQV� RQH LQ
ZKLFK RQO\ RQH FORVH HQFRXQWHU EHWZHHQ WKH VRODU V\VWHP DQG DQRWKHU VWDU
�([WHQGHG � DQG &RPSDFW � PRGHOV� LV FRQVLGHUHG DQG WKH RWKHU LQ ZKLFK
PXOWLSOH UDQGRP HQFRXQWHUV DUH FRQVLGHUHG �([WHQGHG 1 DQG &RPSDFW 1
PRGHOV�� 7KH LQLWLDO FRQGLWLRQV RI WKH IRXU PRGHOV DUH OLVWHG LQ 7DEOH ���
DQG D VFKHPDWLF UHSUHVHQWDWLRQ LV SURYLGHG LQ )LJ� ����

)RU WKH VLPXODWLRQV DQG WKH JHQHUDWLRQ RI WKH LQLWLDO FRQGLWLRQV IRU WKH
([WHQGHG � DQG &RPSDFW �PRGHOV ZH XVHG 5(%281' �5HLQ 	 /LX �����
ZLWK WKH :+�)DVW LQWHJUDWRU �5HLQ 	 /LX ������ :H UDQ �� VLPXODWLRQV
LQ ZKLFK ZH DVVXPHG D 6XQ�OLNH VWDUɾDSSURDFKLQJ WKH VRODU V\VWHP DW GLV�
WDQFH UDQJLQJ IURP ���ɾDX WR ��� DX� DW LQFOLQDWLRQV i RI 0� 30� 60� DQG 90
GHJUHHV� DQG ZLWK D YHORFLW\ UHODWLYH WR WKH 6XQ RI∼ 1 NP V−1� W\SLFDO IRU DQ
RSHQ FOXVWHU HQYLURQPHQW �%LQQH\ 	 7UHPDLQH ������ɾ7KH SODQHWHVLPDOV
LQ WKH GLVNɾDUH DSSUR[LPDWHG DV PDVVOHVV WHVW SDUWLFOHVɾ����� SHU VLPXOD�
WLRQ��ɾDQG WKH HYROXWLRQ WLPH LV VHW WR 20 000 \U� ZLWK WKH HQFRXQWHU KDSSHQ�
LQJ 10 000 \U DIWHU WKH VWDUW RI WKH VLPXODWLRQ�ɾ

)RU WKH PRGHOV ([WHQGHG 1 DQG &RPSDFW 1 ZH VLPXODWHG WKH VR�
ODU V\VWHP LQ DQɾ RSHQ FOXVWHU�OLNH HQYLURQPHQW� :H ILUVW XVHG WKH FRGH
/RQHO\3ODQHWV �&DL HW DO� ����� ����� ������ɾ /RQHO\3ODQHWV FRPELQHV
1%2'<���*38 �:DQJ HW DO� ����� DQG 5(%281'ɾ�5HLQ 	 /LX �����ɾ
WKURXJK WKH IUDPHZRUN RI WKH $VWURSK\VLFDO 0XOWL�SXUSRVH 6RIWZDUH (Q�
YLURQPHQW ± $086(ɾ�3RUWHJLHV =ZDUW HW DO� ����� 3HOXSHVV\ HW DO� �����
3RUWHJLHV =ZDUW HW DO� ����E� 3RUWHJLHV =ZDUW 	 0F0LOODQ ������ :H XVHG
1%2'<���*38 DQG D 3OXPPHU VSKHUH PRGHO �3OXPPHU ����� WR VLPX�
ODWH WKH RSHQ FOXVWHU�ɾZLWK DQ LQLWLDO PDVV IXQFWLRQ UDQJLQJ IURP 0.08 WR
100 ɾ�.URXSD ������ɾ���� VWDUV� DQG D YLULDO UDGLXV RI 1 SF� $ 6XQ�OLNH VWDU
LV WKHQ FKRVHQ UDQGRPO\ E\ WKH /RQHO\3ODQHWV PRGXOH DQG WKH VRODU V\V�
WHP LV SODFHG DURXQG LW DQG LV HYROYHG IRU 1000\U� 7KH FRGH WKHQ XVHV D.'
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��� 1XPHULFDO LPSOHPHQWDWLRQ

6B;m`2 9XR, AHmbi`�iBQM Q7 i?2 bQH�` bvbi2K 7Q` i?2 2ti2M/2/ UiQT T�M2HV �M/ +QKT�+i
U#QiiQK T�M2HV KQ/2HbX h?2 TH�M2i�`v `2;BQM 7Q` i?2 2ti2M/2/ KQ/2H mb2b i?2 T`2b2Mi
/�v TQbBiBQMb Q7 i?2 TH�M2ibX AM i?2 +QKT�+i KQ/2H i?2 ;B�Mi TH�M2ib �`2 BM +QKT�+i
Q`#Bib UCmTBi2` �i 5.5 �m-Ƙa�im`M �i 8.1 �m- L2TimM2 �i 11.5 �m- �M/ l`�Mmb �i 14.2
�mVX h?2 ;`2v /BbF `2T`2b2Mib i?2 /2#`Bb /BbF Q7 r?B+? i?2 bBx2 Bb b2i iQ 1000 �m 7Q`
i?2 2ti2M/2/ KQ/2H UiQT T�M2HV �M/ 30 �m 7Q` i?2 +QKT�+i KQ/2H U#QiiQK T�M2HVX h?2
/Qii2/ `2/ +B`+H2 BM/B+�i2b i?2 #QmM/�`v Q7 i?2 M2B;?#Qm` bT?2`2- #2vQM/ r?B+? r2 B;MQ`2
i?2 BM~m2M+2 Q7 �Mv T2`im`#�iBQMb #v T�bbBM; bi�`b U/Bbi�M+2 MQi iQ b+�H2VX :`2v bi�`b
`2T`2b2Mi i?2 bi�`b BM i?2 +Hmbi2` i?�i �`2 B;MQ`2/X h?2 +QHQm`2/ bi�` bvK#QHb USR- Sk-
Sj- S9- �M/ S8V `2T`2b2Mi i?2 }p2 M2�`2bi bi�`b i?�i T2`im`# i?2 bQH�` bvbi2K �i � ;Bp2M
iBK2X h?2 �``Qrb BM/B+�i2 i?2 /B`2+iBQM Q7 KQiBQM Q7 i?2 T2`im`#2`bX
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WUHH WRɾ ILQG WKH ILYH FORVHVW VWDUV WR WKH 6XQ DW DQ\ JLYHQ WLPH� 7KHVH VWDUV
DQG WKH VRODU V\VWHPɾDUH WKHQ HYROYHG WRJHWKHU XVLQJ WKH ,$6�� �5HLQ 	
6SLHJHO ����� LQWHJUDWRU� WKXV VLPXODWLQJ WKH HIIHFW RI HQFRXQWHUV EHWZHHQ
WKH VRODU V\VWHP DQG VWDUV LQ WKH FOXVWHU� ,$6�� ZDV FKRVHQ DV LW LV D KLJK
RUGHU�ɾ DGDSWLYH WLPH VWHS LQWHJUDWRUɾZKLFK DWWDLQV UHODWLYH HQHUJ\ HUURUV RI
∼ 10−14 IRU WLPHVFDOHV RI WKH RUGHU RI 1000\U� (YHQ WKRXJK WKLV LQWHJUDWRU
LV QRQ�V\PSOHFWLF� LW SUHVHUYHV HQHUJ\ EHWWHU WKDQ V\PSOHFWLF LQWHJUDWRUV�
,WV DGDSWLYH WLPH VWHS VFKHPH KHOSVɾUHVROYH FROOLVLRQV ZLWK PRUH SUHFLVLRQ�
:H ILUVW PDGH D URXJK VWXG\ ZLWK D JULG RI ORZ�UHVROXWLRQ VLPXODWLRQV ����
VLPXODWLRQV ZLWK ��� WHVW SDUWLFOHV LQ WKH GHEULV GLVN�� :H WKHQ VHOHFWHG ��
V\VWHPV DQG XVHG WKHVH WR LQLWLDOL]H KLJK�UHVROXWLRQ VLPXODWLRQV LQFOXGLQJ
���� WHVW SDUWLFOHV LQ WKH GLVN� ,Q HDFK RI WKRVH VLPXODWLRQV WKH 6XQ LV ERUQ
LQ D GLIIHUHQWɾ SRVLWLRQ LQ WKH FOXVWHU�

6HFWLRQ ���

(IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU
V\VWHP

'HEULV GLVNV DUH WKH UHPQDQWV RI SODQHW IRUPDWLRQ� 6HYHUDO REVHUYDWLRQV
VXJJHVW WKDW WKH GLVN VL]HV UDQJH IURP WKH LQQHU SDUW RI WKH SODQHWDU\ V\V�
WHPV �∼ 10 DX� WR ∼ 1000 DX �6WDUN HW DO� ����� +XJKHV HW DO� ������ 7KH
DUFKLWHFWXUH� VWUXFWXUH DQG G\QDPLFV RI WKHVH GLVNV GHSHQG RQ VHYHUDO IDF�
WRUV� EXW SULPDULO\ RQ WKH W\SH RI VWDU DQG WKH FOXVWHU HQYLURQPHQW� FRQVLG�
HULQJ WKDW PRVW RI WKH VWDUV DUH ERUQ LQ WKH VWHOODU FOXVWHUV �/DGD 	 /DGD
������ 6HYHUDO VWXGLHV VXJJHVWHG WKDW WKH 6XQ ZDV ERUQ LQ D VWHOODU FOXVWHU
�H�J�� 3RUWHJLHV =ZDUW ����� $GDPV ����� 3LFKDUGR HW DO� ������ +RZHYHU�
LW LV VWLOO XQFOHDU LI WKH FXUUHQW FRQILJXUDWLRQ RI WKH VRODU V\VWHPZDV UHDFKHG
ZKHQ WKH 6XQZDV VWLOO LQ WKH FOXVWHU� RU DIWHU WKH 6XQ OHIW WKH FOXVWHU� ,Q WKLV
VHFWLRQ ZH SUHVHQW WKH UHVXOWV RI WKH VLPXODWLRQV GHVFULEHG DERYH DQG IRFXV
RQ WKH HYROXWLRQ RI WKH SDUWLFOHV LQ WKH VRODU V\VWHP GHEULV GLVN�

����� ([WHQGHG PRGHOV

:H ILUVW H[SORUH WKH G\QDPLFDO HYROXWLRQ RI D PHGLXP VL]HG �40±200 DX�
GHEULV GLVN VXIIHULQJ RQO\ RQH HQFRXQWHUZLWK DQRWKHU VWDUV �6HFW� ������ DQG
RI D ODUJH GHEULV GLVN �40±1000 DX� ZKLFK H[SHULHQFHV PXOWLSOH HQFRXQWHUV
ZLWK RWKHU VWDUV �6HFW� �������

��



��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9Xk, *QMiBMm2XXX

��



� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6B;m`2 9Xk, 1ti2M/2/ R KQ/2HX h?2 iQT T�M2H BM 2�+? THQi b?Qrb i?2 b2KB@K�DQ` �tBb
a �b � 7mM+iBQM Q7 2++2Mi`B+Biv- r?BH2 i?2 /Bbi`B#miBQM Q7 i?2 T�`iB+H2b Qp2` a Bb b?QrM BM
i?2 #QiiQK T�M2HX h?2 /Bz2`2Mi `Qrb `2T`2b2Mi i?2 BM+HBM�iBQM �M;H2 i Q7 i?2 2M+QmMi2`
U0- 30- 60- �M/ 90 /2;`22bVX h?2 BKT�+i T�`�K2i2` Bb b2i iQ jyy �m �M/ i?2 K�bb Q7 i?2
T2`im`#2` Bb 1 X h?2 TQbBiBQMb Q7 i?2 7Qm` ;B�Mi TH�M2ib �`2 b?QrM rBi? bvK#QHb BM i?2
#QiiQK H27i Q7 i?2 iQT T�M2H BM 2�+? THQiX

��



��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

h�#H2 9Xk, 1ti2M/2/ R KQ/2HX a2KB@K�DQ` �tBb /Bbi`B#miBQM Q7 i?2 T�`iB+H2b BM i?2 /BbF
�7i2` � +HQb2 2M+QmMi2` rBi? � aQH�`@HBF2 bi�`X h?2 BKT�+i T�`�K2i2` Bb b2i iQ jyy �m-
7Q` �M 2M+QmMi2` �M;H2 Q7 y- jy- ey �M/ Ny /2;`22bX h?2 }`bi +QHmKM `2T`2b2Mib i?2
/Bz2`2Mi `2;BQMb Q7 i?2 bQH�` bvbi2K- /BpB/2/ BMiQ 7Qm`X h?2 }`bi `Qr `2T`2b2Mib i?2
Q`B;BM�H /BbF Qp2` r?B+? i?2 T�`iB+H2b r2`2 BMBiB�HHv /Bbi`B#mi2/ U40 < a < 200 �mV- BM
r?B+? i?2 i`�MbM2TimMB�M `2;BQM `�M;2b 7`QK 9y @ 8y �mX 6QHHQr2/ #v i?2 TH�M2i�`v
`2;BQM U0 < a < 30 �mV- i?2 BMM2` PQ`i +HQm/ U200 < a < 10 000 �mV- �M/ }M�HHv i?2
mM#QmM/ T�`iB+H2b U?vT2`#QHB+ +QK2ibVX

,QFOLQDWLRQ DQJOH �◦ ��◦ ��◦ ��◦
2ULJLQDO GLVN ��� ����� ����� ���
3ODQHWDU\ UHJLRQ ���� �� �� ��
,QQHU 2RUW FORXG ���� ���� ���� ���
8QERXQG ����� ����� ���� ��

([WHQGHG �

)ROORZLQJ WKH PHWKRG GHVFULEHG LQ 6HFW� ��� DQG XVLQJ WKH LQLWLDO FRQGL�
WLRQV OLVWHG LQ 7DEOH ��� VHFRQG URZ� ZH SHUIRUPHG �� VLPXODWLRQV IRU WKH
([WHQGHG � PRGHO� ,Q )LJ� ��� DQG )LJ� ��� ZH VKRZ WKH PRVW LQWHUHVWLQJ
FDVH� ZKHQ WKH SHUWXUEHU SDVVHV WR ZLWKLQ 300 DX IURP WKH 6XQ �7DEOH �����
:KHQ WKH LQFOLQDWLRQ DQJOH RI WKH HQFRXQWHU LV VHW WR 0◦�ɾ PRVW SDUWLFOHV
�∼ 73�� UHPDLQ LQ WKH RULJLQDO GLVN GHVSLWH WKH FORVH HQFRXQWHU� 7KH SDU�
WLFOHV ZLWK VHPL�PDMRU D[HV EHWZHHQ 40 DQG 60 DX UHWDLQ HFFHQWULFLWLHV QHDU
]HUR� 7KH HFFHQWULFLWLHV IRU WKH UHVW RI WKH SDUWLFOHV UDQJH IURP 0.1 WR 0.9
�WKH VDPH KROGV IRU WKH 30◦ LQFOLQDWLRQ DQJOH�� 7KHɾWUDQVQHSWXQLDQ UHJLRQ
�30 < a < 100 DX�ɾJDLQV ∼ 8.5� PRUH SDUWLFOHV DV FRPSDUHG WR WKH RULJ�
LQDO GLVWULEXWLRQ� DQG WKH LQQHU 2RUW FORXG UHJLRQ �200 < a < 10 000 DX�
DFTXLUHV ∼ 6.4� RI WKH LQLWLDO SDUWLFOHV� $GGLWLRQDOO\ 20.2� RI WKH SDUWLFOHV
EHFRPH XQERXQG �)LJ� ����� :KHQ WKH LQFOLQDWLRQ DQJOH LV VHW WR 30◦� WKH
SHUWXUEDWLRQ LV YHU\ VLPLODU WR WKH SUHYLRXV FDVH �VHH 7DEOH ���� EXW OHVV
VWURQJ�ɾ7KH WUDQVQHSWXQLDQ UHJLRQ JDLQV 1.7�PRUH SDUWLFOHV WKDQ WKH FDVH
IRU 0◦ DQGɾWKH LQQHU 2RUW FORXG UHJLRQ LV OHVV SRSXODWHG �5.2� RI WKH LQLWLDO
SDUWLFOHV JHWV VHPL�PDMRU D[LV EHWZHHQ 200 DQG 10 000 DX�� 7KH HIIHFW RI D
FORVH HQFRXQWHU GHFUHDVHV IXUWKHU IRU WKH 60 DQG 90 GHJUHH LQFOLQDWLRQ DQJOH
FDVHV �VHH DOVR� 3XQ]R HW DO� ����� 3IDO]QHU HW DO� ������ )RU D 60GHJUHH LQFOL�
QDWLRQ DQJOH� WKH SRSXODWLRQ LQ WKH LQQHU 2RUW FORXG LQFUHDVHV 3� DQG 4.2�
ZLWK UHVSHFW WR WKH 0 DQG 30 GHJUHHV FDVHV� UHVSHFWLYHO\� :KHQ WKH DQJOH LV
VHW WR 90 GHJUHHV DURXQGɾ ɾ12�RI WKH RULJLQDO SDUWLFOHV DFTXLUH D VHPL�PDMRU

��



� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6B;m`2 9Xj, 1ti2M/2/ R KQ/2HX *mKmH�iBp2 /Bbi`B#miBQM Q7 i?2 }M�H 2M2`;v Q7 T�`iB+H2b
BM i?2 /BbFX *QHQm`2/ HBM2b `2T`2b2Mib i?2 /Bz2`2Mi BM+HBM�iBQM �M;H2b Q7 i?2 2M+QmMi2`
U0- 30- 60- 90 /2;`22bVX q?BH2 i?2 #H�+F /Qii2/ HBM2 b?Qrb i?2 BMBiB�H /Bbi`B#miBQMX h?2
BKT�+i T�`�K2i2` Bb b2i iQ 300 �m �M/ i?2 K�bb Q7 i?2 T2`im`#2` Bb 1 X L2;�iBp2 p�Hm2b
`2T`2b2Mi i?2 #QmM/ T�`iB+H2b- r?BH2 i?2 TQbBiBp2 QM2b i?2 mM#QmM/X h?2 /Bbi`B#miBQMb
?�p2 Ea@T`Q#�#BHBiv Q7 ∼yXNyW 7Q` y◦- ∼yXRNW 7Q` jy◦- ∼yXydW 7Q` ey◦- �M/ ∼yXy8W 7Q`
Ny◦- `2bT2+i iQ i?2 BMBiB�H QM2

D[LV LQ WKH 2RUW FORXG UHJLRQ� 7KH WUDQVQHSWXQLDQ UHJLRQ LQFUHDVHV LWV SRS�
XODWLRQɾVLPLODUO\ɾIRU 60 �6.8�� DQG 90 �5.2�� GHJUHHV LQFOLQDWLRQ DQJOHV�ɾ

7KH JHRPHWU\ RI DQ HQFRXQWHU ZLOO GHILQH WKH IDWH RI WKH GHEULV GLVN�
(YHQ LI WKH LPSDFW SDUDPHWHU LV UDWKHU VPDOO �300 DX IRU WKH FDVHV SUHVHQWHG
KHUH� WKH LQFOLQDWLRQ DQJOH RI WKH HQFRXQWHU VWURQJO\ DIIHFWV WKH UHVXOWLQJ
VWUXFWXUH DQG G\QDPLFV RI WKH SDUWLFOHV LQ WKH V\VWHP� 7KH GLIIHUHQFHV DUH
UHIOHFWHG LQ WKH SURSHUWLHV RI WKH SDUWLFOHV LQ WKH GLIIHUHQW UHJLRQV RI WKH VR�
ODU V\VWHP DIWHU WKH HQFRXQWHU� )RU i = 0◦ DERXW 0.4� RI WKH LQLWLDO SDUWLFOHV
HQG XS ZLWK WKHLU VHPL�PDMRU D[HV LQ WKH SODQHWDU\ UHJLRQ �0 < a < 30 DX��
ZKLOH IRU i = 30◦� 60◦ RU 90◦ QR SDUWLFOHV HQG XS LQ WKLV UHJLRQ� ,Q WKH
WUDQVQHSWXQLDQ UHJLRQ� DQ LQFUHDVH RI SODQHWHVLPDOV RFFXUV IRU i = 30◦�
ZKLOH WKH PRVW HIILFLHQW LQFOLQDWLRQ DQJOH WR SRSXODWH WKH LQQHU 2RUW FORXG
UHJLRQ LV 90 GHJUHHV� ZLWK WKH HQFRXQWHU OLIWLQJ WKH VHPL�PDMRU D[LV RI 12�
SDUWLFOHV WR WKH UHJLRQV EHWZHHQ 200 DQG 10 000 DX� 7KH VWUXFWXUH RI WKH

��



��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

LQLWLDO GLVN KRZHYHU LV VLPLODU IRU DOO WKH LQFOLQDWLRQ DQJOHV� 3DUWLFOHV ZLWK
VHPL�PDMRU D[HV EHWZHHQ 40 DQG 65 DX UHPDLQ XQSHUWXUEHG� ZKLOH SDUWLFOHV
DW 65±200 DX UHDFK HFFHQWULFLWLHV XS WR � �)LJ� ����� $GGLWLRQDOO\� DV VKRZQ
E\ WKH VKDGHG DUHDV LQ )LJ� ���� DIWHU WKH HQFRXQWHU WKH GLVN LV GLYLGHG LQWR
WKUHH PDLQ SRSXODWLRQV IRU DOO WKH LQWHUDFWLRQ DQJOHV �)LJ� �����

*UHHQ VKDGLQJ� (FFHQWULFLWLHV DUHɾUDQJLQJ IURP ∼ 0.1 WR 1� DQG SHULKH�
OLRQ GLVWDQFH IURP 0 WR 50 DX�

%OXH VKDGLQJ� (FFHQWULFLWLHV DUH UDQJLQJ IURP ∼ 0.2 WR 0.6� DQG SHULKH�
OLRQ GLVWDQFH IURP 50 WR 100 DX�

*UH\ VKDGLQJ� (FFHQWULFLWLHV DUH UDQJLQJ IURP∼ 0.4 WR 1� DQG SHULKHOLRQ
GLVWDQFH IURP 100 WR 1000 DX�

(YHQ WKRXJK WKH HQFRXQWHUV DW GLIIHUHQW LQFOLQDWLRQ DQJOHV SURGXFH D
GLIIHUHQW VWUXFWXUH LQ WKH GLVN� WKH WKUHH SRSXODWLRQV DUH GLVFHUQLEOH LQ DOO
FDVHV�

)LQDOO\� LW LV ZHOO NQRZQ WKDW D YHU\ FORVH HQFRXQWHU EHWZHHQ D VWDU
DQG D SODQHWDU\ V\VWHP� FDQ OHDG WR WKH FDSWXUH �VHH H�J�� -tONRYi HW DO�
����� 3IDO]QHU HW DO� ����� DQG HMHFWLRQ RI D FRQVLGHUDEOH IUDFWLRQ RI LWV
GHEULV GLVN� FUHDWLQJ D ODUJH SRSXODWLRQ RI XQERXQG REMHFWV �VHH H�J�� &DL
HW DO� ����� 3IDO]QHU HW DO� ����� 7RUUHV HW DO� ����� ����D� DQG UHIHUHQFHV
WKHUHLQ�� +RZHYHU� LW LV ZRUWK PHQWLRQLQJ WKDW HYHQ IRU D YHU\ FORVH HQ�
FRXQWHU OLNH WKH RQH GHVFULEHG LQ WKLV VHFWLRQ �300 DX�� WKH DQJOH RI WKH LQWHU�
DFWLRQZLOO GHWHUPLQH WKH UDWH RI HMHFWLRQ� :KHQ WKH DQJOH RI WKH LQWHUDFWLRQ
LV DURXQG 90 GHJUHHV DOO WKH SDUWLFOHV UHPDLQ LQ WKH V\VWHP� 2Q WKH RWKHU
KDQG LI WKH DQJOH LV EHWZHHQ 0 DQG 30 GHJUHHV DURXQG 20.2� RI WKH LQLWLDO
GLVN JHWV XQERXQG IURP WKH V\VWHP �SRVLWLYH YDOXHV LQ )LJ� ����� FUHDWLQJ D
FRQVLGHUDEOH IUDFWLRQ RI LQWHUVWHOODU FRPHWV VXFK DV ¶2XPXDPXD�

([WHQGHG 1
)ROORZLQJ WKHPHWKRG GHVFULEHG LQ 6HFW� ��� DQG WKH LQLWLDO FRQGLWLRQV OLVWHG
LQ 7DEOH ��� �IRXUWK URZ�� ZH SHUIRUPHG D VHW RI ��� VLPXODWLRQV� )RU HDFK
VLPXODWLRQ� ZH IRFXVHG RQ WKH HIIHFW RI WKH ILYH FORVHVW VWDUV LQ WKH FOXVWHU
WR WKH 6XQ DW DQ\ JLYHQ WLPH� ,Q )LJ� ��� ZH VKRZ WKH ILQDO GLVWULEXWLRQ
RI WKH RUELWDO HOHPHQWV RI DOO WKH SDUWLFOHV LQ WKH ��� V\VWHPV� 7KH SDUWL�
FOHV LQ PHDQ�PRWLRQ UHVRQDQFH ZLWK 1HSWXQH ����� ���� ���� ���� ���� EH�
WZHHQ 50 DQG 100 DX� UHVHPEOHV WKH .XLSHU EHOW REMHFWV LQ WKH VRODU V\VWHP�

��



� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

0RVW RI WKH SDUWLFOHV KDYH HFFHQWULFLWLHV EHWZHHQ 0 DQG 0.4 �∼ 82��� DQG
RUELWDO LQFOLQDWLRQV EHWZHHQ � DQG �� GHJUHHV �∼ 88��� 7KH LQQHU SDUW RI
WKH GLVN LQ DOO RXU H[SHULPHQWV LV SHUWXUEHG HQRXJK WR FUHDWH VXE�VWUXFWXUH
ZLWKLQ WKH GLVN �VHH )LJ� ����� ,Q WKH RXWHU SDUW RI WKH GLVN DSSUR[LPDWHO\
7.5� RI WKH SODQHWHVLPDOV DUH HMHFWHG DQG VWDUW SRSXODWLQJ WKH LQQHU 2RUW
FORXG �1000 < a < 20 000 DX�� -XVW D WLQ\ IUDFWLRQ �∼ 0.02�� UHDFKHV WKH
RXWHU SDUW RI WKH FXUUHQW RXWHU 2RUW FORXG �a > 20 000 DX�� 2YHUDOO� LQ WKHVH
VLPXODWLRQV� WKH HIIHFWLYHQHVV RI FORVH HQFRXQWHUV ZLWK RWKHU VWDUV LQMHFW�
LQJ HQHUJ\ LQWR WKH RUELWV RI WKH SODQHWHVLPDOV LV KLJK� $ QRWDEOH QXP�
EHU RI SODQHWHVLPDOV KDYH DOUHDG\ VWDUWHG SRSXODWLQJ WKH 2RUW FORXG� DQG
D FRQVLGHUDEOH QXPEHU RI SODQHWHVLPDOV DFTXLUHG HFFHQWULF RUELWV �∼ 18���
6RPH RI WKH REMHFWV LQ HFFHQWULF RUELWV KDYH SODQHW�FURVVLQJ SHULKHOLD ZKLFK
FDQ OHDG WR IXUWKHU VFDWWHULQJ WKHP WR HYHQ ZLGHU RUELWV ZLWK D KLJKHU HF�
FHQWULFLW\� 7KH FRPELQHG HIIHFWV RI SODQHW VFDWWHULQJ �LQWHUQDO� DQG VWHOODU
HQFRXQWHUV �H[WHUQDO� DSSHDUV WR EH YHU\ HIIHFWLYH LQ SRSXODWLQJ WKH ERXQG
2RUW FORXG� ,W VKRXOG DOVR EH QRWHG WKDW D FRQVLGHUDEOH IUDFWLRQ RI SODQ�
HWHVLPDOV �∼���� ZHUH HMHFWHG IURP WKH V\VWHPV DIWHU WKH HQFRXQWHU ZLWK
WKH VWDUV �WR SDQHO )LJ� ������ 7KHVH ZRXOG EH HVVHQWLDO LQ FUHDWLQJ WKH XQ�
ERXQG FRPHWV DQG FDQ H[SODLQ WKH H[LVWHQFH RI REMHFWV OLNH ¶2XPXDPXD LQ
RWKHU SODQHWDU\ V\VWHPV �VHH H�J�� 3RUWHJLHV =ZDUW HW DO� ����� 7RUUHV HW DO�
����D��

)LJ� ��� VKRZV WKH ILQDO GLVWULEXWLRQ RI WKH RUELWDO HOHPHQWV RI WKH SDU�
WLFOHV RYHU DOO ��� VLPXODWHG V\VWHPV� :H QRZ WDNH D FORVHU ORRN DW WKH
VHOHFWHG LQGLYLGXDO V\VWHPV� )LJXUHV ���� ���� DQG ��� VKRZ WKH UHVXOWV IRU
WKH VHOHFWHG FDVHV� :H VHOHFWHG WZR V\VWHPV WKDW XQGHUJR D VHULHV RI ZHDN
WR PRGHUDWH HQFRXQWHUV� EXW QR VWURQJ HQFRXQWHUV �V\VWHPV ��� DQG ����
WKH PDMRULW\ RI DVWHURLGV LQ WKLV V\VWHP UHPDLQ ERXQG WR WKH ERG\ VWDU� $
IXUWKHU V\VWHP ZDV VHOHFWHG WKDW H[SHULHQFHG VRPH VWURQJHU HQFRXQWHUV DV
ZHOO DV D VHULHV RIZHDN HQFRXQWHUV �V\VWHP ����� 7ZR V\VWHPV WKDW XQGHUJR
D VHULHV RIPRGHUDWH WR VWURQJ HQFRXQWHUV �V\VWHP�� DQG ���� FRPSOHWH WKH
VHOHFWHG VHW� ,Q )LJ� ��� ZH VKRZ WKH RUELWDO HYROXWLRQ RI WKH SDUWLFOHV LQ WKH
GLVN DIWHU 100 0\U� $GGLWLRQDOO\ WKH GLVWDQFH RI WKH HQFRXQWHU LV VKRZQ
LQ WKH WRS SDQHO RI HDFK SORW� $IWHU 100 0\U LQ DOO RI RXU ILYH VHOHFWHG H[�
SHULPHQWV� WKH JLDQW SODQHWV UHPDLQHG LQ VWDEOH RUELWV� 7KLV UHVXOW LPSOLHV
WKDW LQ D GHQVH HQYLURQPHQW VXFK DV VWHOODU FOXVWHUV� WKH SODQHWV LQ RXU VR�
ODU V\VWHPV FRXOG KDYH VXUYLYHG D VHULHV RI HQFRXQWHUV ZLWKRXW FKDQJLQJ
WKHLU RUELWV� ,I WKH SODQHWHVLPDO GLVN ZDV PRUH FRPSDFW DQG FORVHU WR 1HS�
WXQH� WKH SODQHW�GLVN LQWHUDFWLRQ FRXOG KDYH WULJJHUHG WKH PLJUDWLRQ RI WKH
SODQHWV DQG WKH HMHFWLRQ RI WKH SDUWLFOHV DV ZH VKRZ LQ 6HFW� ������
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9X9, 1ti2M/2/ L KQ/2HX a2KB@K�DQ` �tBb �b � 7mM+iBQM Q7 2++2Mi`B+Biv UiQT T�M2HV
�M/ Q`#Bi�H BM+HBM�iBQM U#QiiQK T�M2HV 7Q` �HH i?2 T�`iB+H2b BM i?2 kyy bBKmH�i2/ bvbi2KbX
h?2 ;`2v �`2�b `2T`2b2Mi i?2 /Bz2`2Mi `2;BQMb Q7 i?2 bQH�` bvbi2K UEmBT2` #2Hi UE"V-
b+�ii2` /BbF Ua.V- a2/MQB/b- BMM2` �M/ Qmi2` PQ`i +HQm/ UP*VV- r?BH2 i?2 /�b? HBM2b b?Qr
i?2 k,j- R,k- �M/ k,8 `2bQM�M+2b rBi? L2TimM2X h?2 BMi2;`�iBQM iBK2 Bb b2i iQ Ryy Jv`X
�M �MBK�iBQM +�M #2 7QmM/ QMHBM2X

��



� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6B;m`2 9X8, *QMiBMm2XXX

��



��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9X8, 1ti2M/2/ L KQ/2HX P`#Bi�H 2pQHmiBQM Q7 i?2 T�`iB+H2b BM i?2 /BbF �7i2`
100 Jv`X h?2 #QiiQK T�M2Hb BM 2�+? THQi b?Qrb i?2 b2KB@K�DQ` �tBb �b � 7mM+iBQM
Q7 iBK2- r?BH2 i?2 iQT T�M2Hb b?Qr i?2 /Bbi�M+2 Q7 i?2 T2`im`#2` �b � 7mM+iBQM Q7 iBK2X
h?2 /Bz2`2Mi T�M2Hb `2T`2b2Mib i?2 bvbi2Kb MmK#2`2/ Rk3- R9- Ryy- 3e- R8dX *QHQm`2/
HBM2b +Q``2bTQM/ iQ 2�+? T�`iB+H2 BM i?2 bvbi2KX

7KHPRVW VWDEOH V\VWHP LV QR� ��� �ILUVW URZ LQ )LJ� ����� $OO WKH SDUWLFOHV
UHPDLQ LQ WKH GLVN DIWHU PXOWLSOH HQFRXQWHUV� 7KH ILYH FORVHVW HQFRXQWHUV
RYHU 1000\U UDQJH IURP 1000 WR 5000 DX �ILUVW SDQHO� )LJ� ���� DUH QRW FORVH
HQRXJK WR LQIOLFW D FRQVLGHUDEOH SHUWXUEDWLRQ� +RZHYHU� WKH GLVN LV KHDWHG
VRPHZKDW LQ LWV RXWHU SDUWV� ZLWK D VPDOO IUDFWLRQ RI SDUWLFOHV UHDFKLQJ VHPL�
PDMRU D[HV XS WR 2000 DX� 6\VWHP �� �VHFRQG URZ LQ )LJ� ���� UHWDLQV 99.5�
RI WKH LQLWLDO SDUWLFOHV� EXW DQ HDUO\ FORVH HQFRXQWHU �VHFRQG SDQHO� )LJ� ����

��



� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

OHDGV WR 2.1� RI WKH SDUWLFOHV UHDFKLQJ HFFHQWULFLWLHV EHWZHHQ 0.4 DQG 1 DQG
7.1� UHDFKLQJ VHPL�PDMRU D[HV ODUJHU WKDQ 1000 DX� ,Q V\VWHP ��� 17� RI
WKH SDUWLFOHV DUH HMHFWHG IURP WKH GLVN GXH WR WKH FORVHVW HQFRXQWHUV �ZLWK
LPSDFW SDUDPHWHU ∼��� DX� ZLWK D YHU\ ORZ PDVV VWDU �∼ 0.2 �� $SSUR[L�
PDWHO\ 71� RI WKH SDUWLFOHV UHPDLQ ZLWK VHPL�PDMRU D[HV EHWZHHQ 40 DQG
1000 DX� ZKLOH 9.6� DWWDLQ VHPL�PDMRU D[HV EHWZHHQ 1000 DQG 5000 DX ZLWK
HFFHQWULFLWLHV UDQJLQJ IURP 0.1 WR 1� 0RVW RI WKH SDUWLFOHV KDYH RUELWDO LQFOL�
QDWLRQV EHWZHHQ 0 DQG 50 GHJUHHV �������� DQG WKH UHVW RI WKH LQFOLQDWLRQV
DUH GLVWULEXWHG EHWZHHQ 50 DQG 150 GHJUHHV �WKLUG URZ LQ )LJ� ����� 7KH
PRVW SHUWXUEHG V\VWHPV DUH QR� �� �IRXUWK URZ LQ )LJ� ���� DQG QR� ��� �ILIWK
URZ LQ )LJ� ����� 6\VWHP �� H[SHULHQFHG WZR FORVH HQFRXQWHUV� WKH ILUVW RQH
ZLWK D UHG GZDUI VWDU ZLWK D PDVV RI 0.5 DW 488 DX DQG ODWHU RQ ZLWK D EURZQ
GZDUI �0.08 � DW 899 DX� 7KLV FDXVHV WKH HMHFWLRQ RI 13.4� RI WKH LQLWLDO SDU�
WLFOHV DQG WKH FUHDWLRQ RI WKUHH PDLQ SRSXODWLRQV RI REMHFWV� 7KH ILUVW RQH�
SODQHWHVLPDOV LQ WKH GLVN� DFTXLUHG VHPL�PDMRU D[HV DURXQG 200 DX� DQG HF�
FHQWULFLWLHV IURP 0.2 WR 1 �JUHHQ VKDGHG UHJLRQ� IRXUWK�URZ )LJ� ����� 7KH
VHFRQG SRSXODWLRQ KDV VHPL�PDMRU D[HV UDQJLQJ IURP 100 WR 1000 DX �EOXH
VKDGHG UHJLRQ� IRXUWK�URZ )LJ� ����� DQG RUELWDO LQFOLQDWLRQV EHWZHHQ 0 DQG
20 GHJUHHV� $ERXW 23� RI WKH SDUWLFOHV JDLQHG HFFHQWULFLWLHV EHWZHHQ 0.4
DQG 1� ZKLOH WKH UHVW KDV HFFHQWULFLWLHV UDQJLQJ IURP 0.2 WR 1� 7KH WKLUG DQG
ILQDO SRSXODWLRQ FRQWDLQV DERXW 2.1�RI WKH LQLWLDO SODQHWHVLPDOV ZLWK VHPL�
PDMRU D[HV IRUP∼ 500 WR 6000 DX �JUH\ VKDGHG UHJLRQ� IRXUWK�URZ )LJ� ����
DQG HFFHQWULFLWLHV IURP 0.2 WR 1 DQG RUELWDO LQFOLQDWLRQV XS WR �� GHJUHHV�

7KH PRVW VWURQJO\ SHUWXUEHG V\VWHP LV QR� ��� ZKLFK ORVHV 57.5� RI WKH
LQLWLDO SODQHWHVLPDOV� $V LQ WKH SUHYLRXV FDVHV� WKLV LV GXH WR WZR YHU\ FORVH
HQFRXQWHUV DW LPSDFW SDUDPHWHUV RI ��� DX DQG ��� DX )LJ� ���� ZLWK VWDUV
ZLWK PDVVHV RI 0.5 DQG 0.1 � UHVSHFWLYHO\� $V D FRQVHTXHQFH RI WKH FORVH
HQFRXQWHUV D WDLO LV FUHDWHG� 7KH WDLO FRQWDLQV WKUHH PDLQ SRSXODWLRQV DQG
VHYHUDO EUDQFKHV SURGXFHG E\ VXEVHTHXQW �ZHDN� VWHOODU HQFRXQWHUV� DV LV
VKRZQ LQ WKH ILIWK SDQHO RI )LJ� ����� 7KH ILUVW SRSXODWLRQ KDV VHPL�PDMRU
D[HV EHWZHHQ 40 DQG 100 DX �JUHHQ VKDGHG UHJLRQ� ILIWK�URZ )LJ� ����� ZLWK
HFFHQWULFLWLHV ZLWKLQ 0 DQG 1 DQG RUELWDO LQFOLQDWLRQV IURP 5 WR 50 GHJUHHV�
7KH VHFRQG SRSXODWLRQ �EOXH VKDGHG UHJLRQ� ILIWK�URZ )LJ� ���� KDV VHPL�
PDMRU D[HV IURP 100 WR 300 DX� ZLWK HFFHQWULFLWLHV IURP 0.3 WR 1 DQG LQFOLQD�
WLRQV XS WR 20 GHJUHHV� 7KH ILQDO SRSXODWLRQ �JUH\ VKDGHG UHJLRQ� ILIWK�URZ
)LJ� ���� KDV RUELWDO LQFOLQDWLRQV GLVWULEXWHG EHWZHHQ 20 DQG 180 GHJUHHV�
ZKLOH HFFHQWULFLWLHV UDQJH IURP 0 WR 1� $ERXW 2.2� RI WKH SDUWLFOHV UHDFKHV
VHPL�PDMRU D[HV EHWZHHQ 1000 DQG 4000 DX �2RUW &ORXG UHJLRQ�� 'HVSLWH
WKH FORVH HQFRXQWHUV H[SHULHQFHG E\ WKLV V\VWHP� RQO\ D VPDOO IUDFWLRQ RI
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9Xe, 1ti2M/2/ L KQ/2HX P`#Bi�H 2H2K2Mib Q7 i?2 T�`iB+H2b BM i?2 /BbF �7i2` 100 Jv`
�M/ KmHiBTH2 bi2HH�` 2M+QmMi2`bX h?2 H27iKQbi +QHmKM b?Qrb i?2 b2KB@K�DQ` �tBb �b �
7mM+iBQM Q7 i?2 2++2Mi`B+Biv- rBi? i?2 /Qib +QHQm` +Q/2/ #v T2`B?2HBQMX h?2 ;`22M- #Hm2
�M/ ;`2v b?�/2/ `2;BQMb b?Qr i?2 /Bz2`2Mi TQTmH�iBQMb +`2�i2/ �7i2` i?2 2M+QmMi2`b BM
2�+? bvbi2KX h?2 KB//H2 +QHmKM b?Qrb i?2 T2`B?2HBQM �b � 7mM+iBQM Q7 Q`#Bi�H BM+HBM�iBQM-
rBi? i?2 /Qib +QHQm` +Q/2/ #v �T?2HBQMX h?2 ;`2v b?�/2/ �`2�b b?Qr i?2 /Bz2`2Mi `2;BQMb
Q7 i?2 bQH�` bvbi2K UEmBT2` #2Hi UE"V- b+�ii2` /BbF Ua.V- a2/MQB/b- �M/ BMM2` PQ`i +HQm/
UP*VVX h?2 `B;?iKQbi +QHmKM b?Qrb i?2 /Bbi`B#miBQM Q7 i?2 Q`#Bi�H 2M2`;v Q7 i?2 T�`iB+H2b
BM i?2 /BbF- i?2 `2/ ?BbiQ;`�Kb +Q``2bTQM/BM; iQ i?2 BMBiB�H 2M2`;v �M/ i?2 #Hm2 +m`p2 iQ
i?2 }M�H 2M2`;vX 1�+? `Qr +Q``2bTQM/b iQ i?2 bvbi2Kb MmK#2`2/ Rk3- R9- Ryy- 3e- �M/
R8d- `2bT2+iBp2HvX
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

SDUWLFOHV SRSXODWHV WKH RXWHU 2RUW FORXG� 7KLV LV PDLQO\ EHFDXVH WKH HQ�
FRXQWHU KDSSHQHG LQ WKH LQQHU SDUW RI WKH GLVN� FUHDWLQJ D FRQVLGHUDEOH IUDF�
WLRQ RI K\SHUEROLF REMHFWV �57.5��� 2Q WKH RWKHU KDQG� WKH SODQHWV UHPDLQ
LQ D VWDEOH RUELW� WKH REMHFWV ZLWKLQ ∼ 40 − 50 DX HQWHUHG LQ PHDQ PRWLRQ
UHVRQDQFH ZLWK 1HSWXQH�

,Q DOO RI WKH V\VWHPV SUHVHQWHG KHUH D WDLO LQ a�e VSDFH LV FUHDWHG GXH
WR VWURQJ HQFRXQWHUV� ,Q VRPH FDVHV �V\VWHP ���� ��� DQG ���� PXOWLSOH
EUDQFKHV DUH YLVLEOH ZKLFK DUH SURGXFHG E\ ZHDN VWHOODU HQFRXQWHUV� $GGL�
WLRQDOO\ WKUHH SRSXODWLRQV RI REMHFWV DUH FUHDWHG �JUHHQ� EOXH� JUH\ VKDGHG
UHJLRQV LQ WKH ILUVW FROXPQ RI 6HFW� ����� 7KH PXOWLSOH VWHOODU HQFRXQWHUV
WULJJHU WKH HMHFWLRQ RI WKH SDUWLFOHV XS WR WKH HGJH RI WKH FXUUHQW LQQHU
2RUW FORXG �20 000 DX�� 6XEVHTXHQW SHUWXUEDWLRQV GXH WR WKH *DODFWLF WLGDO
ILHOG ZLOO FLUFXODULVH WKH RUELWV RI SDUWLFOHV ZLWK ODUJH VHPL�PDMRU D[HV �VHH
%UDVVHU HW DO� ������ WKXV WXUQLQJ WKHP LQWR 2RUW FORXG SDUWLFOHV� 7KH SDU�
WLFOHV ZLWK VPDOO VHPL�PDMRU D[HV ZKHUH WKH *DODFWLF WLGDO ILHOG LV QRW HIIL�
FLHQW UHPDLQ LQ �KLJKO\� HFFHQWULF RUELWV ZKLFK ZLOO EHFRPH XQVWDEOH RQ D
VHFXODU WLPHVFDOH� $V VXFK WKH WDLO LQ a�e ZLOO GLVDSSHDU LQ GXH WLPH� 7KH
RYHUDOO VWUXFWXUH RI WKH V\VWHPV VWURQJO\ GHSHQGV RQ WKH JHRPHWU\ RI WKH
HQFRXQWHU� DV ZH GLVFXVVHG LQ 6HFW� ����� DQG DV LOOXVWUDWHG LQ )LJ� ����

2YHUDOO� WKH H[SHULPHQWV SUHVHQWHG KHUH LOOXVWUDWH GLIIHUHQW VFHQDULRV
RI KRZ WKH VRODU V\VWHP FRXOG KDYH EHHQ SHUWXUEHG LQ LWV HDUO\ VWDJHV� $
FRQGLWLRQ IRU D VWDEOH V\VWHP LV WKDW WKH GLVN RI SODQHWHVLPDOV LV IDU HQRXJK
IURP WKH SODQHWV� RWKHUZLVH WKH SODQHW LQVWDELOLW\ GXH WR WKH LQWHUDFWLRQZLWK
WKH GLVN ZLOO KHDW WKH GLVN DQG PRVW RI WKH SDUWLFOHV ZLOO EH HMHFWHG WR ODUJH
GLVWDQFHV� ,Q WKH VFHQDULRV H[SORUHG KHUH� WKH IRUPDWLRQ RI WKH 2RUW FORXG
FRXOG KDYH EHHQ ,QLWLDWHG E\ D FORVH HQFRXQWHU EHWZHHQ RQH RU PRUH VWDUV
DQG WKH VRODU V\VWHP ZLWKRXW FRQVLGHULQJ RUELWDO LQVWDELOLWLHV IRU WKH SODQ�
HWV �0RUELGHOOL ������ DVVXPLQJ WKDW WKH SODQHWV UHDFKHG WKHLU FXUUHQW SR�
VLWLRQV ZKLOH WKH VRODU V\VWHP VWLOO ZDV LQ LWV ELUWK FOXVWHU DQG WKH JDV LQ
WKH SURWRSODQHWDU\ GLVN GLVDSSHDUHG IURP WKH GLVN �VHH DOVR %UDVVHU HW DO�
������ )XUWKHU G\QDPLFDO HYROXWLRQ RI WKH SODQHWHVLPDOV LQ WKH LQQHU 2RUW
FORXG LQGXFHG E\ WKH *DODFWLF WLGDO ILHOG� DQG RFFDVLRQDO FORVH HQFRXQWHUV
ZLOO VWDUW SRSXODWLQJ WKH RXWHU 2RUW FORXG� 'XULQJ LQWHUDFWLRQV ZLWK SDVV�
LQJ VWDUV WKH 6XQ FDQ DOVR FDSWXUH PDWHULDO IURP WKH RWKHU VWDUV� 6HGQD ZDV
DUJXHG WR SUHVHQW DQ H[DPSOH WKHUHRI �-tONRYi HW DO� ������
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9Xd, *QMiBMm2XXX
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6B;m`2 9Xd, 1ti2M/2/ L KQ/2HX 6BM�H TQbBiBQMb Q7 i?2 T�`iB+H2b BM i?2 /BbF- `2T`2b2Mi2/
rBi? *�`i2bB�M +QQ`/BM�i2b Y pbX X- rBi? i?2 /Qib +QHQm` +Q/2/ #v ZX h?2 T�M2Hb
+Q``2bTQM/ iQ i?2 bvbi2Kb MmK#2`2/ Rk3- R9- Ryy- 3e- �M/ R8dX
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

����� &RPSDFW PRGHOV
)RU WKH FRQVWUXFWLRQ RI WKH FRPSDFW PRGHOV ZH IROORZHG WKH FODVVLFDO 1LFH
PRGHO �*RPHV HW DO� ����� 7VLJDQLV HW DO� ����� 0RUELGHOOL HW DO� �����
IRU WKH HDUO\ VRODU V\VWHP� $OWKRXJK QHZ YHUVLRQV RI WKH PRGHO ZHUH SUH�
VHQWHG �0RUELGHOOL HW DO� ����� 1HVYRUQê 	 0RUELGHOOL ����� 0RUELGHOOL 	
1HVYRUQ\ ������ 0RUELGHOOL HW DO� ������ SRLQW RXW WKDW WKH RUELW HYROXWLRQ
RI SODQHWV ZDV VLPLODU WR WKH RULJLQDO YHUVLRQ� 7KH FODVVLFDO 1LFHPRGHO WKXV
IXOILOOV RXU SURSRVH DQG SURYLGHV XV ZLWK WKH WRROV WR XQGHUVWDQG WKH G\�
QDPLFDO LQVWDELOLW\ RI WKH JLDQW SODQHWV DQG WKH VFDWWHULQJ RI SODQHWHVLPDOV
ZKLFK DWWDLQ 2RUW FORXG RUELWV� ,Q 6HFW� ����� ZH SUHVHQW RXU UHVXOWV IRU RQH
HQFRXQWHU EHWZHHQ WKH VRODU V\VWHP DQG DQRWKHU VWDU� ZKLOH LQ 6HFW� �����
WKH UHVXOWV IRU PXOWLSOHV HQFRXQWHUV DUH SUHVHQWHG�

&RPSDFW �
)RU WKH &RPSDFW � PRGHO ZH SHUIRUPHG �� VLPXODWLRQV FRQVLGHULQJ WKH
SDUDPHWHUV GHVFULEH LQ WKH 6HFW� ��� DQG 7DEOH���� :H ILQG WKDW WKH YH�
ORFLW\ RI WKH 6XQ DIWHU WKH HQFRXQWHU ZLWK WKH SHUWXUEHU UDQJHG IURP ∼
0.06 NP V−1WR 0.08 NP V−1ZKHQ WKH LQFOLQDWLRQ RI WKH SHUWXUEHU ZDV 0 GH�
JUHHV� +RZHYHU� ZKHQ WKH LQFOLQDWLRQ RI WKH SHUWXUEHU ZDV LQFUHDVHG WR 30
GHJUHHV� WKH YHORFLW\ RI WKH 6XQ �DIWHU LPSDFW� UDQJHG IURP∼ 0.07 NP V−1WR
0.5 NP V−1� 7KLV YHORFLW\ LV ORZHU WKDQ WKH PHDQ YHORFLW\ RI VWDUV LQ D FOXV�
WHU �∼ 2 NP V−1�� 7KLV LQGLFDWHV WKDW DQ LPSDFW ZLWK D *� VWDU HYHQ DW D
YHU\ FORVH GLVWDQFHV EHWZHHQ 225 DQG 400 DX ZRXOG QRW EH VWURQJ HQRXJK WR
HMHFW WKH 6XQ IURP WKH FOXVWHU� EXW LW ZLOO VWULS D FRQVLGHUDEOH IUDFWLRQ RI WKH
SDUWLFOHV LQ WKH GLVN� 7KH SDUWLFOH HMHFWLRQ HIILFLHQF\ IRU D FORVH HQFRXQWHU
LV PD[LPXP ZKHQ WKH SHUWXUEHU LV LQFOLQHG DW DQ DQJOH RI 30 GHJUHHV� 7KH
SHUWXUEHU GRHV QRW SURGXFH DQ\ QRWLFHDEOH HIIHFWV RQ WKH GLVN ZKHQ LW LV
LQFOLQHG DW DQ DQJOH RI 90 GHJUHHV� $OWKRXJK WKH SHUWXUEHU ZLWK DQ LPSDFW
SDUDPHWHU RI 275 DXGRHV QRW SURGXFH D ORW RI XQERXQGSDUWLFOHV� LW SURGXFHV
WKH KLJKHVW QXPEHU RI ERXQG SDUWLFOHV ZLWK D VHPL�PDMRU D[LV JUHDWHU WKDQ
150 DX� (QFRXQWHUV DW FORVH GLVWDQFHV� HVSHFLDOO\ DW 250� 275� DQG 300 DX
UHVXOWHG LQ WKH PLJUDWLRQ RI SODQHWV�

)RU DQ LPSDFW SDUDPHWHU RI 300 DX DQG DQ DQJOH RI 60 GHJUHHV� 8UDQXV
DQG 1HSWXQH VZDS SRVLWLRQV DQG WKHLU ILQDO VHPL�PDMRU D[LV UHVHPEOHV WKH
SUHVHQW GD\ SRVLWLRQV RI WKH JLDQW SODQHWV LQ WKH VRODU V\VWHP �WKLUG URZ
)LJ� ����� $W 10 000 \U DIWHU WKH LPSDFW -XSLWHU LV DW 5.12 DX� 6DWXUQ DW
10.69 DX� 8UDQXV DW 18.42 DX DQG 1HSWXQH DW 29.83 DX� )RU DOO WKH VLPXOD�
WLRQV SHUIRUPHG� ZH DOVR LQYHVWLJDWH WKH HIIHFW RI D UHWURJUDGH DSSURDFK E\
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6B;m`2 9X3, *QMiBMm2XXX
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9X3, *QKT�+i R KQ/2HX h?2 iQT T�M2H BM 2�+? THQi b?Qrb i?2 b2KB@K�DQ` �tBb
Q7 i?2 /2#`Bb /BbF T�`iB+H2b �b � 7mM+iBQM Q7 2++2Mi`B+Biv- r?BH2 i?2 /Bbi`B#miBQM Q7 i?2
T�`iB+H2b Qp2` b2KB@K�DQ` �tBb Bb b?QrM BM i?2 #QiiQK T�M2HX h?2 /Bz2`2Mi `Qrb `2T`2b2Mi
i?2 /Bz2`2Mi BM+HBM�iBQM �M;H2b Q7 i?2 2M+QmMi2` U0- 30- 60- 90 /2;`22bVX h?2 BKT�+i
T�`�K2i2` Bb b2i iQ 300 �m �M/ i?2 K�bb Q7 i?2 T2`im`#2` Bb 1 X h?2 TQbBiBQMb Q7 i?2 7Qm`
;B�Mi TH�M2ib �`2 b?QrM rBi? bvK#QHb BM i?2 #QiiQK H27i Q7 i?2 iQT T�M2H BM 2�+? THQiX
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

h�#H2 9Xj, *QKT�+i R KQ/2HX a2KB@K�DQ` �tBb /Bbi`B#miBQM Q7 i?2 T�`iB+H2b BM i?2 /BbF
�7i2` � +HQb2 2M+QmMi2` rBi? � aQH�`@HBF2 bi�`X h?2 BKT�+i T�`�K2i2` Bb b2i iQ 300 �m- 7Q`
�M 2M+QmMi2` BM+HBM�iBQM �M;H2 Q7 0- 30- 60 �M/ 90 /2;`22bX h?2 }`bi +QHmKM `2T`2b2Mib
i?2 /Bz2`2Mi `2;BQMb Q7 i?2 bQH�` bvbi2K- /BpB/2/ BMiQ }p2X h?2 }`bi `2T`2b2Mi i?2 Q`B;BM�H
/BbF Qp2` r?B+? i?2 T�`iB+H2b r2`2 /Bbi`B#mi2 U16 < a < 35 �mV- 7QHHQr2/ #v i?2 TH�M2i�`v
`2;BQM U0 < a < 16 �mV - i?2 i`�MbM2TimMB�M `2;BQM U35 < a < 100 �mV- i?2 BMM2` PQ`i
+HQm/ U200 < a < 10 000 �mV- �M/ }M�HHv i?2 mM#QmM/ T�`iB+H2b U?vT2`#QHB+ +QK2ibVX

,QFOLQDWLRQ DQJOH �◦ ��◦ ��◦ ��◦
2ULJLQDO GLVN ����� ��� ����� �����
3ODQHWDU\ UHJLRQ ����� �� ���� ��
712V UHJLRQ ����� ��� ����� ����
,QQHU 2RUW FORXG ���� �� ���� ��
8QERXQG ���� �� ���� ��

WKH SHUWXUEHU �ZLWK UHVSHFW WR WKH GHEULV GLVN�� :H IRXQG WKDW D UHWURJUDGH
DSSURDFK LV PRUH HIILFLHQW DW GLVUXSWLQJ PDWHULDO IURP WKH SURWRSODQHWDU\
GLVN� ,Q JHQHUDO� WKHPLJUDWLRQ RI WKH SODQHWV DQG WKHUHIRUH WKH HYROXWLRQ RI
D SURWRSODQHWDU\ GLVN LV GLFWDWHG E\ WKH JHRPHWU\ RI WKH HQFRXQWHU� ,QFOLQD�
WLRQV ZLWKLQ 0±60 GHJUHHV FDQ OHDG WRPLJUDWLRQ RI WKH JLDQW SODQHWV DQG WKH
HMHFWLRQ RI WUDQVQHSWXQLDQ REMHFWV WR YHU\ ZLGH DQG KLJKO\ HFFHQWULF RUELWV
�)LJ� �����

,Q )LJ� ��� WKH HQHUJ\ GLVWULEXWLRQ RI WKH SDUWLFOHV LQ WKH GLVN LV VKRZQ
IRU DQ LPSDFW SDUDPHWHU RI 300 DX� $V SUHYLRXVO\ GLVFXVVHG WKH VWURQJHVW
GLVUXSWLRQ RFFXUV IRU DQJOHV EHWZHHQ 0 DQG 60 GHJUHHV� )RU DQ DQJOH RI ]HUR
GHJUHHV DERXW 11.8� RI WKH SDUWLFOHV HQWHU LQWR WKH LQQHU SODQHWDU\ UHJLRQ
�a < 5 DX� DQG 25.2� UHDFK WKH SUHVHQW GD\ WUDQVQHSWXQLDQ UHJLRQ �35 WR
100 DX�� 2QO\ D VPDOO IUDFWLRQ �9.4�� UHDFK WKH LQQHU 2RUW FORXG UHJLRQV
�100 < a < 3000 DX� DQG 1.2� EHFRPH K\SHUEROLF REMHFWV �7DEOH ����� 7KH
ZHDNHVW SHUWXUEDWLRQ RFFXUV ZKHQ WKH DQJOH LV VHW DW 90 GHJUHHV� &RQVLG�
HULQJ WKDW 300 DX LV D YHU\ FORVH HQFRXQWHU WKH SHUWXUEDWLRQ LV UXOHG E\ WKH
SODQHW�GLVN LQWHUDFWLRQ� EXW WKH VWHOODU HQFRXQWHU WULJJHUV WKH HMHFWLRQ RI WKH
SDUWLFOHV� ZLWK D FRQVLGHUDEOH IUDFWLRQ �∼ 25�� SHQHWUDWLQJ WKH WUDQVQHS�
WXQLDQ UHJLRQ 7DEOH ����
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9XN, *QKT�+i R KQ/2HX *mKmH�iBp2 /Bbi`B#miBQM Q7 i?2 }M�H 2M2`;v Q7 i?2 T�`iB+H2b
BM i?2 /BbFX *QHQm`2/ HBM2b `2T`2b2Mi i?2 /Bz2`2Mi BM+HBM�iBQM �M;H2b �i r?B+? i?2 T2`im`#2`
�TT`Q�+?2b i?2 bQH�` bvbi2K U0- 30- 60- �M/ 90 /2;`22bVX h?2 #H�+F /Qii2/ HBM2 b?Qrb i?2
BMBiB�H /Bbi`B#miBQMX h?2 BKT�+i T�`�K2i2` Bb b2i iQ 300 �m �M/ i?2 K�bb Q7 i?2 T2`im`#2`
1 X L2;�iBp2 p�Hm2b `2T`2b2Mi i?2 #QmM/ T�`iB+H2b- r?BH2 i?2 TQbBiBp2 QM2b i?2 mM#QmM/X
h?2 /Bbi`B#miBQMb ?�p2 Ea@T`Q#�#BHBiv Q7 ∼yXy3W 7Q` y◦- ∼yXRkW 7Q` jy◦- ∼yXy3W 7Q` ey◦-
�M/ ∼yXyjW 7Q` Ny◦- `2bT2+i iQ i?2 BMBiB�H QM2X
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

&RPSDFW 1
$V GHVFULEHG LQ 6HFW� ��� ZH SHUIRUPHG D VHW RI ��� VLPXODWLRQV IRU WKH
&RPSDFW1 PRGHOZKLFKZHUH VHW XS VLPLODU WR WKH([WHQGHG1 PRGHOV� :H
HYROYHG WKH V\VWHPV IRU 1000\U� DFFRXQWLQJ IRUPXOWLSOH VWHOODU HQFRXQWHUV
GXULQJ WKH HYROXWLRQ� ,Q )LJ� ���� ZH VKRZ WKH ILQDO GLVWULEXWLRQ RI DOO WKH
SDUWLFOHV� 7KH SDUWLFOHV ZLWK VHPL�PDMRU D[HV EHWZHHQ 15 DQG 20 DX DUH
LQ PHDQ�PRWLRQ UHVRQDQFH ZLWK 8UDQXV �UHVHPEOLQJ WKH REMHFWV LQ .XLSHU
EHOW LQ RXU VRODU V\VWHPV�� 7KH H[WHUQDO SDUW RI WKH GLVN LV RQO\ VOLJKWO\ SHU�
WXUEHG E\ WKH VWHOODU HQFRXQWHUV� $SSUR[LPDWHO\ 0.8� RI WKH SODQHWHVLPDOV
DUH HMHFWHG LQWR .XLSHU EHOW UHJLRQ� 0.45� WR WKH VFDWWHUHG GLVN UDQJH DQG
0.40� LQWR WKH 6HGQRLGV UDQJH� 1RQH RI WKH SDUWLFOHV UHDFKHV WKH2RUW FORXG
UHJLRQ� 2YHUDOO� WKH VWURQJHVW SHUWXUEDWLRQ WKDW WKH SODQHWHVLPDOV H[SHUL�
HQFH LV GXH WR WKH LQWHUDFWLRQ ZLWK WKH JLDQW SODQHWV� SDUWLFXODUO\ 8UDQXV�
7KH RUELWDO HYROXWLRQ RI WKH JLDQW SODQHWV DIWHU 1000\U LV VWDEOH� 7KH SODQ�
HWV GLG QRW PLJUDWH LQ DQ\ RI RXU VLPXODWLRQV� PDLQO\ EHFDXVH WKH HQFRXQ�
WHUV DUH GLVWDQW DQG WKH GLVN PDVVOHVV� $URXQG 12.5� RI WKH SDUWLFOHV DF�
TXLUHG HFFHQWULFLWLHV EHWZHHQ 0.1 DQG 0.7 DQG ∼ 7� DUH HMHFWHG IURP WKH
V\VWHP� FUHDWLQJ LQWHUVWHOODU FRPHWV�

,Q 6HFW� ����� ZH VWXGLHG WKH ILYH PRVW LQWHUHVWLQJ FDVHV LQ RXU ([WHQGHG
1 VLPXODWLRQV� ,Q WKLV VHFWLRQ IRU FRPSDULVRQ ZH DQDO\]H WKH VDPH V\V�
WHPV� L�H� QXPEHUV ���� ��� ���� ��� DQG ���� ,Q )LJV� ����� ���� DQG ����
ZH VKRZ WKH HYROXWLRQ RI WKH RUELWDO HOHPHQWV RI WKH GLVN SDUWLFOHV� WKH ILQDO
RUELWDO HOHPHQWV DQG WKH HQHUJ\ GLVWULEXWLRQ� DQG WKH SRVLWLRQ RI WKH SDUWL�
FOHV DIWHU 1000\U� UHVSHFWLYHO\� 6\VWHP ��� �ILUVW URZ LQ )LJ� ����� KDV DQ
HDUO\ FORVH HQFRXQWHU �1000 DX�� ZKLFK LQ FRPELQDWLRQ ZLWK WKH LQWHUDFWLRQ
EHWZHHQ WKH JLDQW SODQHWV DQG WKH GLVN DQG WKH IROORZLQJ HQFRXQWHUV OHDGV
WR WKH HMHFWLRQ RI 6.5� RI WKH LQLWLDO SODQHWHVLPDOV� 7KH UHPDLQLQJ SODQ�
HWHVLPDOV FRQFHQWUDWH LQ WKH RULJLQDO GLVN �95�� ZLWK HFFHQWULFLWLHV QHDU
]HUR� ZKLOH WKH UHVW UHDFKHV WKH VFDWWHUHG GLVN UHJLRQ ZLWK HFFHQWULFLWLHV
EHWZHHQ 0.2 DQG 0.6� 6\VWHP �� �VHFRQG�URZ LQ )LJ� ����� GRHV QRW VXIIHU
DQ LPSRUWDQW FKDQJH LQ WKH RUELWDO SDUDPHWHUV DQG UHPDLQV PRVWO\ VWDEOH
GXULQJ 100 0\U� $ VPDOO IUDFWLRQ �1.5�� RI SDUWLFOHV UHDFK KLJK HFFHQWULF�
LWLHV �0.1 < e < 0.6� DQG DSSUR[LPDWHO\ 6� DUH HMHFWHG PDLQO\ EHFDXVH RI
WKH LQWHUDFWLRQ ZLWK 8UDQXV� 7KH SDUWLFOHV EHWZHHQ 16 DQG 20 DX HQWHU LQ
PHDQ�PRWLRQ UHVRQDQFH ZLWK 8UDQXV� 6\VWHPV ��� �WKLUG�URZ LQ )LJ� �����
DQG �� �IRXUWK URZ LQ )LJ� ����� UHWDLQ 94.5� RI WKH LQLWLDO SDUWLFOHV�
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9XRy, *QKT�+i L KQ/2HX h?2 b2KB@K�DQ` �tBb �b � 7mM+iBQM Q7 2++2Mi`B+Biv UiQT
T�M2HV �M/ BM+HBM�iBQM U#QiiQK T�M2HV 7Q` �HH i?2 /BbF T�`iB+H2b BM i?2 kyy bBKmH�i2/
bvbi2KbX h?2 ;`2v b?�/2/ �`2�b `2T`2b2Mi i?2 /Bz2`2Mi `2;BQMb Q7 i?2 bQH�` bvbi2K UEmBT2`
#2Hi UE"V- b+�ii2` /BbF Ua.V- a2/MQB/bV- r?BH2 i?2 /�b?2/ HBM2b BM/B+�i2 i?2 K2�M KQiBQM
`2bQM�M+2 Q7 i?2 T�`iB+H2b rBi? L2TimM2X h?2 BMi2;`�iBQM iBK2 Bb b2i iQ Ryy Jv`X �M
�MBK�iBQM +�M #2 7QmM/ QMHBM2X
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6B;m`2 9XRR, *QMiBMm2XXX
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9XRR, *QKT�+i L KQ/2HX P`#Bi�H 2pQHmiBQM Q7 i?2 T�`iB+H2b BM i?2 /BbF Qp2` i?2 Ryy
Jv` bBKmH�iBQMX h?2 #QiiQK T�M2Hb BM 2�+? THQi b?Qr i?2 b2KB@K�DQ` �tBb �b � 7mM+iBQM
Q7 iBK2- r?BH2 i?2 iQT T�M2Hb b?Qr i?2 /Bbi�M+2 Q7 i?2 T2`im`#2`X h?2 /Bz2`2Mi T�M2Hb
`2T`2b2Mib i?2 bvbi2Kb Rk3- R9- Ryy- 3e- �M/ R8dX *QHQm`2/ HBM2b +Q``2bTQM/b iQ 2�+?
T�`iB+H2 BM i?2 bvbi2KX

���



� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6B;m`2 9XRk, *QKT�+i L KQ/2HX P`#Bi�H 2H2K2Mib Q7 i?2 T�`iB+H2b BM i?2 /BbF �7i2` Ryy
Jv` �M/ KmHiBTH2 bi2HH�` 2M+QmMi2`bX h?2 H27iKQbi +QHmKM b?Qrb i?2 b2KB@K�DQ` �tBb �b �
7mM+iBQM Q7 i?2 2++2Mi`B+Biv- rBi? i?2 /Qib +QHQm` +Q/2/ #v T2`B?2HBQMX h?2 KB//H2 +QHmKM
b?Qrb i?2 T2`B?2HBQM �b � 7mM+iBQM Q7 BM+HBM�iBQM- rBi? i?2 /Qib +QHQm` +Q/2/ #v �T?2HBQMX
.�b?2/ HBM2 `2T`2b2Mi i?2 `2;BQMb r?2`2 i?2 T�`iB+H2b �`2 BM K2�M KQiBQM `2bQM�M+2X h?2
;`2v b?�/2/ �`2�b `2T`2b2Mi i?2 /Bz2`2Mi `2;BQMb Q7 i?2 bQH�` bvbi2K UEmBT2` #2Hi UE"V-
�M/ b+�ii2` /BbF Ua.VX h?2 `B;?iKQbi +QHmKM `2T`2b2Mib i?2 Q`#Bi�H 2M2`;v Q7 i?2 T�`iB+H2b
BM i?2 /BbF �7i2` Ryy Jv`X h?2 `2/ ?BbiQ;`�K +Q``2bTQM/b iQ i?2 BMBiB�H 2M2`;v- �M/ i?2
#Hm2 +m`p2 iQ i?2 }M�H 2M2`;vX h?2 `Qrb +Q``2bTQM/ iQ i?2 bvbi2Kb Rk3- R9- Ryy- 3e- �M/
R8d- `2bT2+iBp2HvX
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

7KH PRVW LPSRUWDQW SHUWXUEDWLRQ LV GXH WR 8UDQXV ZKLFK SHUWXUEV DOO
WKH SDUWLFOHV EHWZHHQ 16 DQG 20 DX �DV LQ V\VWHPV �� DQG ����� 6XFK SDUWL�
FOHV EHFRPH DWWDFKHG WR 8UDQXV LQ D PHDQ�PRWLRQ UHVRQDQFH� ,Q ERWK V\V�
WHPV ��� DQG �� 5.5�RI WKH SDUWLFOHV HQG XS RQ K\SHUEROLF RUELWV� ZKLOH WKH
WZR V\VWHPV KDYH D VLPLODU GLVN VWUXFWXUH DIWHU 100 0\U �)LJ� ������ +RZ�
HYHU� V\VWHP ��� VXIIHUHG RQO\ RQH FORVH HQFRXQWHU ZLWK D YHU\ ORZ PDVV
VWDU �0.3 � DW 273 DX DW DQ HDUO\ VWDJH �∼ 200\U��� ZKLOH V\VWHP �� IDFHG WZR
FORVH HQFRXQWHUV� WKH ILUVW RQH ZLWK D UHG GZDUI VWDU ZLWK D PDVV RI 0.5 DW
488 DX DQG ODWHU RQZLWK D EURZQGZDUI �0.08 � DW 899 DX� 7KHPRVW SHUWXUEHG
V\VWHP LV QR� ���� $SSUR[LPDWHO\ 7� RI WKH SDUWLFOHV DUH HMHFWHG IURP WKH
V\VWHP� DWWDLQLQJ K\SHUEROLF RUELWV� 7KLV V\VWHP IDFHG WZR YHU\ FORVH HQ�
FRXQWHUV DW 336 DX DQG 507 DX� ZLWK PDVVHV RI 0.5 DQG 0.1 � UHVSHFWLYHO\�
%RWK HQFRXQWHUV WRRN SODFH DW DQ HDUO\ VWDJH �10 DQG 270\U�� (YHQ WKRXJK
V\VWHP ��� IDFHG WZR FORVH HQFRXQWHUV� WKH SDUWLFOHV ZLWK VHPL�PDMRU D[HV
EHWZHHQ 20 DQG 36 DX GR QRW VXIIHU DQ LPSRUWDQW FKDQJH� $V LQ WKH SUHYLRXV
V\VWHPV� 8UDQXV SURGXFHV WKH VWURQJHVW SHUWXUEDWLRQ DQG DERXW 12.5� RI
WKH SDUWLFOHV EHWZHHQ 16 DQG 20 DX HQWHU LQ UHVRQDQFH ZLWK WKH JLDQW SODQHW�

7KH G\QDPLFDO HYROXWLRQ RI WKH SDUWLFOHV LQ D FRPSDFW GLVN GHSHQGV SUL�
PDULO\ RQ WKH HYROXWLRQ RI WKH JLDQW SODQHWV� +RZHYHU� FORVH HQFRXQWHUV
GHILQH WKHLU IXUWKHU HYROXWLRQ GHSHQGLQJ RQ WKH PDVV RI WKH SHUWXUEHU� ,Q
WKH ILYH V\VWHPV SUHVHQWHG KHUH ZH H[DPLQHG GLIIHUHQW VFHQDULRV� )RU VWHO�
ODU HQFRXQWHUV ZH ILQG WKDW LQ DOO WKH FDVHV D VPDOO IUDFWLRQ RI WKH SDUWLFOHV
ZDV HMHFWHG IURP WKH V\VWHPV �∼ 5±7�� LQ K\SHUEROLF REMHFWV� 7KH QXPEHU
RI REMHFWV HMHFWHG QRW RQO\ GHSHQGV RQ WKH SHUWXUEDWLRQ GXH WR WKH SODQHW
FORVHVW WR WKH GLVN EXW DOVR GHSHQGV RQ WKH SUR[LPLW\ RI WKH HQFRXQWHU� 7KLV
VXJJHVWV WKDW WKH VRODU V\VWHP IDFHG DW OHDVW RQH HQFRXQWHU LQ LWV HDUO\ HYR�
OXWLRQ� ZKLFK SDUWO\ GHWHUPLQHG LQ WKH HYROXWLRQ RI WKH LQQHU UHJLRQV� ,W LV
HVVHQWLDO WR KLJKOLJKW WKDW LQ DOO RXU H[SHULPHQWV� WKH LQQHU VRODU V\VWHP DQG
SDUWLFXODUO\ WKH SODQHWV GR QRW JHW SHUWXUEHG HYHQ ZKHQ D FORVH HQFRXQWHU
RFFXUV� 7KH VFHQDULR SUHVHQWHG KHUH LV D VLPSOLILFDWLRQ RI WKH FODVVLF 1LFH
PRGHO� ZKLFK KRZHYHU JLYHV XV DQ LGHD RI WKH UHODWLYH LPSRUWDQFH RI WKH
JLDQW SODQHWV LQ IRUPLQJ DQG VKDSLQJ WKH .XLSHU EHOW�
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6B;m`2 9XRj, *QMiBMm2XXX
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9XRj, *QKT�+i L KQ/2HX 6BM�H TQbBiBQMb Q7 i?2 T�`iB+H2b BM i?2 /BbF b?Qr BM
*�`i2bB�M +QQ`/BM�i2b Y pb XX h?2 /Qib �`2 +QHQm` +Q/2/ #v i?2 p�Hm2 Q7 ZX h?2 mMBib
�`2 �mX h?2 T�M2Hb +Q``2bTQM/ iQ i?2 bvbi2Kb Rk3- R9- Ryy- 3e- �M/ R8dX

���



� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

����� ([WHQGHG YV FRPSDFW PRGHOV DQG WKH 2RUW FORXG

,Q 6HFW� ����� DQG 6HFW� ����� ZH SUHVHQWHG RXU UHVXOWV IRU WKH QXPHULFDO
VLPXODWLRQV IRU WKH H[WHQGHG DQG FRPSDFWPRGHOV� )LUVW ZH IRFXVHG RQ WKH
HIIHFWV RI D VLQJOH EXW FORVH HQFRXQWHU �6HFW� ����� DQG 6HFW� ������ DQG WKHQ
VWXGLHG WKH HIIHFW RI PXOWLSOH HQFRXQWHUV �6HFW� ����� DQG 6HFW� ������ LQ D
VWDU FOXVWHU HQYLURQPHQW� RYHU D WLPH VSDQ RI 100 0\U� )RU WKH ([WHQGHG
� PRGHO ZH IRXQG WKDW D FORVH HQFRXQWHU ZLWK WKH SUHVHQW GD\ SODQHW FRQ�
ILJXUDWLRQ RI WKH VRODU V\VWHP DQG D GLVN H[WHQGLQJ XS WR ��� DX FDQ SUR�
GXFH GLIIHUHQW VWUXFWXUH DQG SRSXODWLRQV LQ WKH GLVN EXW WKH SODQHWV UHPDLQ
LQ VWDEOH RUELWV� 2Q WKH RWKHU KDQG IRU WKH &RPSDFW � PRGHO D FORVH HQ�
FRXQWHU WULJJHUV WKH PLJUDWLRQ DQG H[FLWDWLRQ RI WKH SODQHWV DQG WKH GHEULV
GLVN� 7KH RULJLQDO GLVN JHWV SHUWXUEHG EXW PRVW RI WKH SDUWLFOHV UHPDLQ LQ
WKH V\VWHP� ,I ZH FRPSDUH )LJ� ��� DQG )LJ� ��� ZH VHH WKDW WKH SURGXFWLRQ
RI XQERXQG SDUWLFOHV LV KLJKHU IRU WKH H[WHQGHG FDVH �5.6� RI WKH RULJLQDO
GLVN� WKDQ IRU WKH FRPSDFW PRGHO �1.4��� ,W LV LPSRUWDQW WR KLJKOLJKW WKDW
HYHQ ZKHQ D SHUWXUELQJ VWDU FRPHV FORVH �∼ 300 DX� WR D SODQHWDU\ V\VWHP
WKH HYROXWLRQ RI WKH SODQHWHVLPDO GLVN ZLOO EH GHWHUPLQHG E\ LWV VL]H� ,I WKH
GLVN LV FRPSDFW WKH SHUWXUEDWLRQV GXH WR WKH SODQHWV ZLOO GRPLQDWH RYHU WKH
HIIHFW RI WKH VWHOODU HQFRXQWHU� ,I WKH GLVN LV ODUJH WKH SODQHWV ZLOO QRW VXI�
IHU DQ\ RUELWDO YDULDWLRQ� ZKLOH WKH SODQHWHVLPDOV LQ WKH GLVN FDQ EH KHDYLO\
SHUWXUEHG�

:KHQ FRQVLGHULQJ PXOWLSOH HQFRXQWHUV �)LJ� ��� DQG )LJ� ����� WKH HI�
IHFW RQ WKH GLVN IRU WKH FDVH RI WKH ([WHQGHG 1 PRGHO LV VLPLODU WR WKH FDVH
RI RQH HQFRXQWHU� +RZHYHU� WKH PXOWLSOH HIIHFWV RI WKH SDVVLQJ VWDUV FUHDWH
EUDQFKHV �VHYHUDO SRSXODWLRQV RI REMHFWV� LQ WKH RUELWDO HOHPHQW GLDJUDPV�
7KHVH VWUXFWXUHV FDQ EH DVVRFLDWHG ZLWK GLIIHUHQW IDPLOLHV LQ WKH VRODU V\V�
WHP� SDUWLFXODUO\ WKH 6HGQRLGV UHJLRQ �-tONRYi HW DO� ����� 3IDO]QHU HW DO�
������ 7KLV UHJLRQ �100 < a < 1000 DX� )LJ� ���� LV SRSXODWHG ZLWK ODUJH
QXPEHUV RI REMHFWV ZLWK HFFHQWULFLWLHV UDQJLQJ IURP 0.2 WR 1ZLWK RUELWDO LQ�
FOLQDWLRQV IURP 25 WR∼ 150 GHJUHHV� :KHQZH FRPSDUH WKLV WR WKH&RPSDFW
1 PRGHO� ZH FDQ VHH WKDW WKH GLVN LV EDUHO\ SHUWXUEHG GXH WR WKH SDVVLQJ
VWDUV� 7KH PDMRU SHUWXUEDWLRQV DUH EHFDXVH RI WKH LQWHUDFWLRQ ZLWK WKH JL�
DQW SODQHWV� ZKLFK SURGXFHV DW OHDVW VL[ UHVRQDQFHV ZLWK WKH SODQHWHVLPDOV
ZLWK VHPL�PDMRU D[HV EHWZHHQ 16 DQG 20 DX � )LJ� ������

2YHUDOO WKHPRVW HIILFLHQW PHFKDQLVP WR FUHDWH LQQHU 2RUW FORXG REMHFWV
LQ RXU VLPXODWLRQV LV WKURXJK VWHOODU HQFRXQWHUV �RQH RUPXOWLSOH� UHODWLYHO\
GLVWDQW RU FORVH�� 7KH HIIHFW RI WKHVH SHUWXUEDWLRQV UHVXOW LQ DQ RXWZDUG RI
SDUWLFOHV IURP WKH GLVN LQ D VKRUW SHULRG RI WLPH �RQ WKH RUGHU RI D IHZ0\U��
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��� ,QWHUVWHOODU REMHFWV

2Q WKH RWKHU KDQG JLDQW SODQHWV DUH UHVSRQVLEOH IRU VKDSLQJ WKH LQQHU VR�
ODU V\VWHP RQ D WLPH VFDOH RI WKH RUGHU RI WHQV RI 0\U� 2XU VLPXODWLRQV
VXJJHVW WKDW WKH .XLSHU EHOW REMHFWV DUH WKH UHVXOW RI G\QDPLFDO LQVWDELOLWLHV
DQG LQWHUDFWLRQVZLWK WKH JLDQW SODQHWV� ZKLFK LV FRQVLVWHQW ZLWK WKH YDULRXV
LQVWDQFHV RI WKH 1LFH PRGHO� 7DNLQJ WKLV IDUWKHU� WKH G\QDPLFDO HYROXWLRQ
RI DQ\ SODQHWDU\ V\VWHP ZLOO EH GHILQHG E\ LWV ELUWK HQYLURQPHQW� WKH VL]H
RI LWV GLVN DQG WKH RUELWDO FRQILJXUDWLRQ RI LWV SODQHWV� ,I ZH FRQVLGHU WKDW
SODQHW IRUPDWLRQ LV FRPPRQ DPRQJ VWDUV� 2RUW FORXG DQG .XLSHU EHOW�OLNH
VWUXFWXUHV VKRXOG EH XQLYHUVDO �VHH DOVR +DQGV HW DO� ������ DQG VKDSHG E\
WKH ELUWK HQYLURQPHQW RI WKH KRVW VWDU� ZKLFK DOVR ZLOO GHWHUPLQH WKH VXU�
YLYDELOLW\ RI WKHVH VWUXFWXUHV� 7KLV LPSOLHV WKDW WKH FUHDWLRQ RI LQWHUVWHOODU
FRPHWV VKRXOG DOVR EH FRPPRQ DPRQJ SODQHWDU\ V\VWHPV DQG WKDW LQWHU�
VWHOODU VSDFH LV SRSXODWHG E\ D ODUJH QXPEHU RI ERGLHV HMHFWHG IURP WKHLU
V\VWHPV�

6HFWLRQ ���

,QWHUVWHOODU REMHFWV

7KH GLVFRYHU\ RI WKH ILUVW LQWHUVWHOODU FRPHW ¶2XPXDPXD �:LOOLDPV �����
0HHFK HW DO� ������ DQG WKH UHFHQWO\ GHWHFWHG LQWHUVWHOODU FRPHW &�����
4� %RULVRY �%RULVRY ����� *X]LN HW DO� ����� RSHQHG XS D QHZ HUD LQ WKH
VWXG\ DQG H[SORUDWLRQ RI WKH VRODU V\VWHP DQG RWKHU SODQHWDU\ V\VWHPV LQ
RXU JDOD[\� 7KH RULJLQ RI VŮOŝ ODSLGŋV �ORQHO\ URFN� RU LQWHUVWHOODU REMHFWV
�DVWHURLG�FRPHW� LV VWLOO XQFOHDU EXW PDQ\ VFHQDULRV KDYH EHHQ SURSRVHG WR
H[SODLQ WKHLU FUHDWLRQ DQG HYROXWLRQ �VHH H�J�� 3RUWHJLHV =ZDUW HW DO� �����
7RUUHV HW DO� ����D� %DQQLVWHU HW DO� ������ 2QH VFHQDULR IRU WKH IRUPDWLRQ
RI LQWHUVWHOODU REMHFWV LV GXH WR JUDYLWDWLRQDO LQVWDELOLWLHV LQGXFHG E\ D PDV�
VLYH ERG\� 7KLV ERG\ FDQ EH HLWKHU D QHDUE\ SODQHW� D VWDU SDVVLQJ FORVH E\�
RU D FRPELQDWLRQ RI ERWK� ,Q WKH SUHYLRXV VHFWLRQV ZH VWXGLHG VXFK VFH�
QDULRV EXW IRFXVHG SULPDULO\ RQ WKH SDUWLFOHV WKDW UHPDLQ LQ WKH VRODU V\V�
WHP� +DQGV HW DO� ������ SRLQWV RXW WKDW D SODQHWHVLPDO FDQ HVFDSH D VWHOODU
FOXVWHU ZLWK v∞ RI IHZ NP V−1� DQG WKHUH VKRXOG EH VHYHUDO REMHFWV HMHFWHG
IURP WKH VDPH FOXVWHU PDNLQJ WKHLU ZD\ WKURXJK WKH LQWHUVWHOODU VSDFH OLNH
¶2XPXDPXD� 7RUUHV HW DO� �����D� VXJJHVWHG WKDW LQWHUVWHOODU VSDFH LV IXOO RI
REMHFWV ZKLFK PLJKW LQWHUDFW ZLWK QHDUE\ SODQHWDU\ V\VWHPV� DQG WKHUHIRUH
LW PD\ EH FRPPRQ WKDW SODQHWDU\ V\VWHPV� LQFOXGLQJ WKH VRODU V\VWHP� DUH
SROOXWHG ZLWK REMHFWV RULJLQDWLQJ IURP LQWHUVWHOODU VSDFH� ,Q WKLV VHFWLRQ ZH
DQDO\VH DOO WKH SDUWLFOHV HMHFWHG IURP WKH ([WHQGHG 1 �WRS SDQHO )LJ� �����
DQG &RPSDFW 1 �ERWWRP SDQHO )LJ� ����� PRGHOV�
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6B;m`2 9XR9, >vT2`#QHB+ 2t+2bb p2HQ+Biv 7Q` i?2 mM#QmM/ Q#D2+ib Q7 �HH i?2 bBKmH�i2/
bvbi2Kb- 7Q` i?2 2ti2M/2/ UiQT- `2/V �M/ +QKT�+i U#QiiQK- #Hm2V KQ/2HbX h?2 ?BbiQ;`�K
b?Qr i?2 /Bbi`B#miBQM Q7 i?2 T�`iB+H2b- r?BH2 i?2 BMb2i b?Qrb i?2 +mKmH�iBp2 /Bbi`B#miBQMX
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��� ,QWHUVWHOODU REMHFWV

2XU VLPXODWLRQV VKRZ WKDW WKH K\SHUEROLF VSHHG v∞ RI WKH SDUWLFOHV
HMHFWHG IURP WKH VRODU V\VWHP IRU WKH ([WHQGHG 1 DQG &RPSDFW 1 PRG�
HOV LV RI RUGHU 1±3 NP V−1�)LJ� ������ 7KH SODQHWHVLPDOV LQ WKH ([WHQGHG 1
PRGHO DFTXLUHPRUH HQHUJ\ GXH WR WKH VWURQJ LQWHUDFWLRQ ZLWK SDVVLQJ VWDUV
DQG UHDFK YHORFLWLHV IURP ∼ 0.5 XS WR 40 NP V−1�LQVHW WRS SDQHO )LJ� ������
$SSUR[LPDWHO\ 36� RI WKH WRWDO QXPEHU RI SDUWLFOHV LQ WKH ��� V\VWHPV EH�
FRPH LQWHUVWHOODU FRPHWV �)LJ� ������ 2Q WKH RWKHU KDQG IRU WKH &RPSDFW 1
PRGHO WKH HIIHFW RI WR WKH SODQHW�GLVN LQWHUDFWLRQV LV ZHDNHU WKDQ WKH HIIHFW
RI D SDVVLQJ VWDU� $URXQG 7� RI WKH SDUWLFOHV DUH HMHFWHG IURP WKH V\VWHP
ZLWK YHORFLWLHV EHWZHHQ 0.5 DQG 40 NP V−1�LQVHW ERWWRP SDQHO )LJ� ������
2YHUDOO� WKH HMHFWLRQ RI WKH DVWHURLGV DQG FRPHWV WR LQWHUVWHOODU VSDFH IURP
D FOXVWHU HQYLURQPHQW LV GRPLQDWHG E\ WKH LQWHUDFWLRQ RI VWDUV SDVVLQJ FORVH
E\� 7KH HIILFLHQF\ LQFUHDVHV ZKHQ WKH DQJOH RI LQWHUDFWLRQ LV EHWZHHQ 0 DQG
30 GHJUHHV� LQGHSHQGHQW RI WKH GLVWDQFH RI WKH HQFRXQWHU �)LJ� ����� ,I WKH
SODQHWV QHDU WKH GLVN EHFRPH XQVWDEOH DQG WKH LQWHUDFWLRQ ZLWK WKH GLVN LQ�
GXFHVPLJUDWLRQ� WKH HIILFLHQF\ RI WKH SODQHWV DW FUHDWLQJ LQWHUVWHOODU REMHFWV
GRPLQDWHV RYHU WKH VWHOODU HQFRXQWHUV �5D\PRQG HW DO� ������ +RZHYHU� LI
WKH SODQHWV RUELWV DUH VWDEOH RQO\ D VPDOO IUDFWLRQ �∼ 7�� RI SDUWLFOHV LV
HMHFWHG�

7KH IXUWKHU HYROXWLRQ RI WKH LQWHUVWHOODU FRPHWV ZLOO EH GRPLQDWHG E\
WKH G\QDPLFDO LQWHUDFWLRQ ZLWK RWKHU VWDUV LQ WKH FOXVWHU� DQG WKRVH WKDW
PDQDJH WR HVFDSH ZLOO DOVR EH SHUWXUEHG E\ WKH JUDYLWDWLRQDO WLGHV IURP WKH
0LON\ :D\� 7KHVH IXWXUH SHUWXUEDWLRQV ZLOO LQFUHDVH WKHLU YHORFLW\ DW LQILQ�
LW\ SDVVLQJ IURP IHZ NP V−1WR WHQV RI NP V−1DV LQ WKH FDVH RI ¶2XPXDPXD�
7KH HVWLPDWLRQV RI WKH QXPEHU RI WKH ORFDO GHQVLW\ RI LQWHUVWHOODU REMHFWV
UDQJH IURP 1014 SF−3 �3RUWHJLHV =ZDUW HW DO� ������ WR 8× 1014 SF−3 �-HZLWW
HW DO� ������ WR 2×1015 SF−3 �'R HW DO� ������ 5HFHQWO\ %DQQLVWHU HW DO� ������
HVWLPDWHG WKH XQGHUO\LQJ PDVV GHQVLW\ RI LQWHUVWHOODU REMHFWV E\ FRQVLGHU�
LQJ SODQHW LQVWDELOLW\ PRGHOV� 7KH\ IRXQG WKDW WKH WRWDO PDVV RI LQWHUVWHOODU
REMHFWV HMHFWHG GXH WR D SODQHW�GLVN LQWHUDFWLRQ LV RQ WKH RUGHU RI 0.004 WR
30⊕ SF−3� +RZHYHU� GXH WR WKH ODFN RI REVHUYDWLRQV RI LQWHUVWHOODU REMHFWV
WKHVH QXPEHUV DUH VWLOO KLJKO\ XQFHUWDLQ� :KDW LV FOHDU IURP WKHPHQWLRQHG
ZRUNV DQG WKH UHVXOWV SUHVHQWHG LQ WKLV ZRUN LV WKDW D ODUJH IUDFWLRQ RI RE�
MHFWV PD\ EH HMHFWHG IURP D SODQHWDU\ V\VWHP DQG WKDW WKHUHIRUH LQWHUVWHOODU
VSDFH PD\ EH IXOO RI DVWHURLGV DQG FRPHWV�
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6HFWLRQ ���

6XPPDU\ DQG &RQFOXVLRQV

:H H[SORUHG WKH G\QDPLFDO HYROXWLRQ RI WKH VRODU V\VWHP GHEULV GLVN ZKLOH
WKH 6XQ ZDV VWLOO LQ LWV ELUWK FOXVWHU� DFFRXQWLQJ IRU SODQHWDU\ SHUWXUEDWLRQV
DQG PXOWLSOH VWHOODU HQFRXQWHUV� 7KH JRDO LV WR LQYHVWLJDWH WKH UROH RI H[WHU�
QDO SHUWXUEDWLRQV LQ WKH IRUPDWLRQ RI WKH 2RUW FORXG� :H DOVR H[SORUHG WKH
FUHDWLRQ RI LQWHUVWHOODU FRPHWV� :H DLPHG WR ILQG ZKLFK VWHOODU IO\E\V FDQ
LQLWLDOLVH WKH FUHDWLRQ RI VKRUW DQG ORQJ�SHULRG FRPHWV� ZLWKRXW WKH SHUWXU�
EDWLRQV GXH WR WKH HQFRXQWHU EHLQJ VWURQJ HQRXJK WR FRPSOHWHO\ GHVWUR\ WKH
GHEULV GLVN� :H H[SORUHG WZRPRGHOV RI WKH VRODU V\VWHP� WKH H[WHQGHG DQG
WKH FRPSDFWPRGHOV� )RU HDFKPRGHO� ZH SHUWXUE WKH V\VWHPZLWK RQH FORVH
HQFRXQWHU RU ZLWK PXOWLSOH HQFRXQWHUV� 7KH UHVXOWV FDQ EH VXPPDUL]HG DV
IROORZV�

� 7KH G\QDPLFDO SURSHUWLHV RI WKH RXWHU VRODU V\VWHP FDQ LQGHHG EH SUR�
GXFHG ZLWK WKH ([WHQGHG�1 PRGHO� ZKHUH VWHOODU IO\E\V DFW DV D SUR�
JHQLWRU WR VWLU XS WKH GLVN� PDNLQJ WKH GLVN PRUH IOXII\� DQG VHFXODU
SODQHW�DVWHURLG LQWHUDFWLRQ JUDGXDOO\ OLIW XS WKH SHULKHOLD RI WKH GLVN
REMHFWV DQG PDNH WKH GLVWULEXWLRQ PRUH KRPRJHQRXV�

� 7KH VRODU V\VWHP LV OLNHO\ WR XQGHUJR PXOWLSOH VWHOODU HQFRXQWHUV GXU�
LQJ LWV WLPH LQ WKH ELUWK FOXVWHU� 2QH RI WKH FRQVHTXHQFHV RI PXOWL�
SOH VWHOODU HQFRXQWHUV LV WKDW WKH\ GULYH SDUWLFOHV LQ WKH H[WHQGHG GLVN
WR PLJUDWH RXWZDUGV DQG EHFRPH LQFUHDVLQJO\ HFFHQWULF� 7KH VHPL�
PDMRU D[LV RI WKHVH RUELWV DUH ODUJH HQRXJK IRU WKH *DODFWLF WLGH WR
EH HIILFLHQW LQ FLUFXODULVLQJ WKHLU RUELWV �+HLVOHU 	 7UHPDLQH ������
7KLV SURFHVV FDQ EH VHHP LQ WKH a− e VSDFH DV WDLO�VKDSHG IHDWXUH� $W
VPDOOHU VHPL�PDMRU D[HV ZKHUH WKH *DODFWLF WLGH LV QRW HIILFLHQW� SDU�
WLFOHV UHPDLQ LQ �KLJKO\� HFFHQWULF RUELWV EXW ZLOO EHFRPH XQVWDEOH RQ
VHFXODU WLPHVFDOHV�

� 7KH JUDYLWDWLRQDO SHUWXUEDWLRQ RI D VWHOODU IO\E\ WUHQG WR EHPD[LPXP
ZKHQ WKH LQWHUDFWLRQ DQJOH LV EHWZHHQ 0◦−30◦� LQGHSHQGHQW RI WKH VL]H
RI WKH GLVN�

� 3ODQHW�GLVN LQWHUDFWLRQ SURGXFH D QRQ�XQLIRUP GHQVLW\ GLVWULEXWLRQ
RI .XLSHU %HOW 2EMHFWV� +LJKHU GHQVLW\ RI .XLSHU %HOW 2EMHFWV FRLQFLGH
ZLWK WKH ORZ�RUGHU PHDQ�PRWLRQ UHVRQDQFH ZLWK WKH JLDQW SODQHW�
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��� 6XPPDU\ DQG &RQFOXVLRQV

� .XLSHU EHOW REMHFWV DUH VKHSKHUGHG E\ JLDQW SODQHWV� 7KH RUELWDO LQ�
VWDELOLWLHV RI JLDQW SODQHWV FDQ EH WULJJHUHG E\ FORVH VWHOODU HQFRXQ�
WHUV� ZKLFK LQ WXUQ OHDG WR WKH UHVWUXFWXULQJ RI WKH .XLSHU EHOW� DQG
SRWHQWLDOO\ WKH SURGXFWLRQ RI LQWHUVWHOODU REMHFWV�

� 7KH IRUPDWLRQ RI WKH LQWHUVWHOODU REMHFWV LV GRPLQDWHG E\ UHODWLYHO\
FORVH VWHOODU HQFRXQWHUV UDWKHU WKDQ SODQHW�GLVN LQWHUDFWLRQV�

� 7KH .XLSHU EHOW� VFDWWHUHG GLVN� WKH 6HGQRLGV UHJLRQ� WKH 2RUW FORXG�
DQG WKH IRUPDWLRQ RI LQWHUVWHOODU REMHFWV LQ SODQHWDU\ V\VWHPV PD\ EH
FRPPRQ LI WKH DVVXPSWLRQ WKDW VWDUV IRUP LQ FOXVWHUV LV YDOLG�

(YHQ WKRXJK RXU LQLWLDO FRQGLWLRQV IRU WKH VLPXODWLRQV DUH EDVHG RQ VHY�
HUDO DVVXPSWLRQV DQG VLPSOLILFDWLRQV WKDWPLJKW QRW IXOO\ FRUUHVSRQG WR WKH
HDUO\ VRODU V\VWHPV� RXU UHVXOWV SURYLGH D SRVVLEOH SLFWXUH RI WKH LQJUHGLHQWV
WKDW VKDSHG WKH VRODU V\VWHP LQ LWV HDUO\ VWDJHV DQG VXJJHVWV WKDW WKH VRODU
V\VWHP PXVW KDYH IDFHG DW OHDVW RQH HQFRXQWHU LQ LWV HDUO\ VWDJHV RI IRUPD�
WLRQ� $GGLWLRQDOO\ RXU UHVXOWV LPSO\ WKDW WKH VWUXFWXUH DQG HYROXWLRQ RI WKH
VRODU V\VWHP PD\ EH D FRQVHTXHQFH RI PXOWLSOH H[WHUQDO LQWHUDFWLRQV�

$FNQRZOHGJHPHQWV 67 H[SUHVVHV KLV JUDWLWXGH WR WKH 0H[LFDQ 1D�
WLRQDO &RXQFLO IRU 6FLHQFH DQG 7HFKQRORJ\ �&21$&<7� IRU WKH JUDQW
��������������� DQG WR WKH /($36 SURJUDP DQG /HLGHQ 2EVHUYDWRU\ IRU
WKH XQFRQGLWLRQDO VXSSRUW� 7KLV ZRUN ZDV FDUULHG RXW RQ WKH 'XWFK QD�
WLRQDO H�LQIUDVWUXFWXUH ZLWK WKH XVH RI &DUWHVLXV WKH 'XWFK QDWLRQDO VXSHU�
FRPSXWHU DQG WKH VXSSRUW RI 685) &RRSHUDWLYH� 6LPXODWLRQV LQ WKLV SDSHU
PDGH XVH RI /RQHO\3ODQHWV �&DL HW DO� ������ 1%2'<���*38 �:DQJ HW DO�
������ 5(%281'ɾ�5HLQ 	 /LX ������ DQG $VWURSK\VLFDO 0XOWL�SXUSRVH
6RIWZDUH (QYLURQPHQW ± $086(ɾ�3RUWHJLHV =ZDUW 	 0F0LOODQ ������
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