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6XPPDU\

7KH JRDO RI P\ WKHVLV LV WR XQGHUWDNH D FRPSUHKHQVLYH VWXG\ RI WKH
VRODU V\VWHP¶V 2RUW FORXG DQG WKH IRUPDWLRQ DQG HYROXWLRQ RI LQWHU�
VWHOODU FRPHWV�

7KH VRODU V\VWHP ZDV IRUPHG DSSUR[LPDWHO\ ���� ELOOLRQ \HDUV DJR� 'H�
VSLWH WKH QXPHURXV WKHRULHV WKDW KDYH EHHQ GHYHORSHG RYHU WKH \HDUV� WKH
IRUPDWLRQ DQG HYROXWLRQ RI WKH VRODU V\VWHP VWLOO UHPDLQV XQFOHDU �3IDO]QHU
HW DO� ����� DQG UHIHUHQFHV WKHUHLQ�� +RZHYHU� VHYHUDO DGYDQFHV KDYH EHHQ
PDGH LQ RXU NQRZOHGJH DERXW WKH VRODU V\VWHP� 7KH PRVW DFFHSWHG WKHRU\
DERXW LWV IRUPDWLRQ DQG HDUO\ HYROXWLRQ GHVFULEHV D JUDYLWDWLRQDO FROODSVH RI
D GHQVH FORXG RI LQWHUVWHOODU JDV DQG GXVW� 7KH FRQVHUYDWLRQ RI DQJXODU PR�
PHQWXP LQGXFHG D UDSLG URWDWLRQ RI WKH FROODSVLQJ FORXG� IODWWHQLQJ LW XQWLO
LW EHFDPH D SURWRSODQHWDU\ GLVN� ,Q WKH FHQWUDO� PRVW GHQVH UHJLRQ RI WKH
GLVN� D VWDU ZDV FUHDWHG ² RXU 6XQ� ,Q D VLPLODU PDQQHU� FOXPS\ VWUXFWXUHV
GHYHORSHG LQ WKH GLVN� 7KHVH HYHQWXDOO\ JUHZ WR IRUP WKH SODQHWV� GZDUI
SODQHWV DQG PRRQV� 7KH OHIWRYHUV RI WKLV SURFHVV OHG WR WKH IRUPDWLRQ RI
VPDOO ERGLHV� VXFK DV DVWHURLGV DQG FRPHWV� 7KLV LV KRZ WKH ILYH PDLQ W\SHV
RI REMHFWV LQ WKH VRODU V\VWHPZHUH IRUPHG� WKH 6XQ� SODQHWV� GZDUI SODQHWV�
PRRQV� DQGPLQRU ERGLHV �DVWHURLGV DQG FRPHWV�� $ VFKHPDWLF UHSUHVHQWD�
WLRQ RI WKH VRODU V\VWHP LV VKRZQ LQ )LJ� 6��

6B;m`2 aR, h?2 bQH�` bvbi2KX h�F2M 7`QK a+?r�K# UkyR9VX
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6XPPDU\

7R EHWWHU XQGHUVWDQG WKH IRUPDWLRQ DQG HYROXWLRQ RI WKH VRODU V\VWHP�
G\QDPLFDO PRGHOV DUH QHHGHG� ,Q SDUWLFXODU� WKH VWXG\ RI FRPHWV FDQ UHYHDO
FULWLFDO SLHFHV RI LQIRUPDWLRQ DERXW WKLV SURFHVV� 7KH RUELWV RI WKH FRPHWV
LQ WKH LQQHU SDUW RI WKH 2RUW FORXG IRUP D IUR]HQ UHFRUG RI WKH HYROXWLRQ RI
WKH VRODU V\VWHP� $W SUHVHQW� FRPHWV LQ WKLV UHJLRQ DUH ORFDWHG DW VXFK ODUJH
GLVWDQFHV IURP WKH FHQWHU RI WKH VRODU V\VWHP WKDW SHUWXUEDWLRQV IURP SODQ�
HWV DUH QHJOLJLEOH� 7KH\ DUH UDWKHU DW ULVN WR EH ULSSHG DZD\ E\ SDVVLQJ VWDUV
RU HYHQ WKH JUDYLWDWLRQDO ILHOG RI WKH 0LON\ :D\ LWVHOI� (VSHFLDOO\ FRPHWV LQ
WKH RXWHUPRVW UHJLRQV DUH VHQVLWLYH WR VXFK H[WHUQDO LQIOXHQFH� DOUHDG\ GXU�
LQJ WKH HDUO\ SKDVHV RI WKH IRUPDWLRQ RI WKH VRODU V\VWHP �H�J�� 7RUUHV HW DO�
����D�E�� 7KHVH H[WHUQDO LQIOXHQFHV KDYH EHHQ VKDSLQJ WKH 2RUW FORXG RYHU
LWV KLVWRU\� SURGXFLQJ FRPHW VKRZHUV UHDFKLQJ LQWR WKH SODQHWDU\ UHJLRQ
DQG VWULSSLQJ FRPHWV RXW LQWR WKH LQWHUVWHOODU VSDFH� IRUPLQJ LQWHUVWHOODU
FRPHWV�

6WXG\LQJ WKH G\QDPLFDO HYROXWLRQ RI FRPHWV FDQ KHOS XV WR FRQVWUDLQ
DQG WR XQGHUVWDQG WKH IRUPDWLRQ DQG HYROXWLRQ RI WKH VRODU V\VWHP� %RWK
WKH KLVWRU\ RI HQFRXQWHUV EHWZHHQ WKH VRODU V\VWHP DQG QHDUE\ VWDUV DQG
WKH HIIHFW RI WKH WLGHV IURP WKH *DOD[\ DUH NH\ FRPSRQHQWV 7KH FXUUHQW
GLVWULEXWLRQ RI QHDUE\ VWDUV DQG WKH *DODFWLF SRWHQWLDO DUH UHDVRQDEO\ ZHOO
NQRZQ� 7KH *DLDPLVVLRQ �*DLD &ROODERUDWLRQ HW DO� ����� ����� GHOLYHUHG D
PDJQLWXGH�OLPLWHG FRPSOHWH VDPSOH RI QHDUE\ VWDUV� 7KHVH VWDUV GRPLQDWH
WKH ORFDO *DODFWLF SRWHQWLDO� DQG WKH\ JLYH ULVH WR RFFDVLRQDO FORVH HQFRXQ�
WHUV� 7KHUHIRUH� GDWD IURP *DLD FDQ EH XVHG DV WHPSODWHV IRU WKH LQLWLDO
FRQGLWLRQV LQ GHWDLOHG VLPXODWLRQV DW GLIIHUHQW PRPHQWV LQ WLPH� &RPELQ�
LQJ DQDO\WLFDO� REVHUYDWLRQDO DQG QXPHULFDO WHFKQLTXHV DUH WKH NH\ FRP�
SRQHQWV WR FRQVWUDLQ DQG EHWWHU XQGHUVWDQG WKH IRUPDWLRQ DQG G\QDPLFDO
HYROXWLRQ RI WKH VRODU V\VWHP�

,Q WKLV WKHVLV� , H[SORUHG WKH IRUPDWLRQ DQG G\QDPLFDO HYROXWLRQ RI
FRPHWV LQ WKH .XLSHU EHOW�VFDWWHUHG GLVN DQG WKH 2RUW FORXG� DFFRXQWLQJ IRU
H[WHUQDO SHUWXUEDWLRQV VXFK DV SDVVLQJ VWDUV DQG WKH JDODFWLF WLGDO ILHOG� $V
D FRQVHTXHQFH RI WKHVH SHUWXUEDWLRQV� WKH IRUPDWLRQ DQG HYROXWLRQ RI LQWHU�
VWHOODU FRPHWV ZHUH LQYHVWLJDWHG� 7KLV WKHVLV LV GLYLGHG LQWR IRXU FKDSWHUV�
&KDSWHU � WUHDWV WKH RULJLQ RI WKH LQWHUVWHOODU REMHFW �,�����8� µ2XPXDPXD
E\ FRPSDULQJ HVWLPDWHV EDVHG RQ REVHUYDWLRQV ZLWK VLPXODWLRQV �6HFW� ���
&KDSWHU � IRFXVHV RQ WKH G\QDPLFDO HYROXWLRQ RI WKH 2RUW FORXG DIWHU WKH LQ�
WHUDFWLRQ ZLWK SDVVLQJ VWDUV DQG WKH *DODFWLF WLGDO ILHOG �6HFW� ��� ,Q &KDS�
WHU �� , VWXGLHG WKH IRUPDWLRQ DQG HYROXWLRQ RI WKH VRODU V\VWHP¶V .XLSHU
EHOW�VFDWWHUHG GLVN DQG 2RUW FORXG LQ WKH HDUO\ VWDJHV RI WKHLU IRUPDWLRQ�
ZKHQ WKH 6XQ ZDV VWLOO LQ LWV ELUWK FOXVWHU �6HFW� ��� )LQDOO\� &KDSWHU � H[�
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SORUHV WKH IRUPDWLRQ RI LQWHUVWHOODU FRPHWV IURP WKH QHLJKERXULQJ VWDUV RI
WKH 6XQ �6HFW� ��� %HORZ� , VXPPDUL]H HDFK FKDSWHU DQG WKH NH\ UHVHDUFK
TXHVWLRQV DGGUHVVHG LQ WKLV WKHVLV�

�� :KDW LV WKH HIIHFW RI PXOWLSOH VWHOODU HQFRXQWHUV DQG WKH *DODF�
WLF WLGDO ILHOG RQ FRPHWV LQ 2RUW FORXG�OLNH VWUXFWXUHV"
�&KDSWHUV � DQG ���

�� :DV WKH IRUPDWLRQ RI WKH 2RUW FORXG WULJJHUHG E\ SODQHW�GLVN
LQWHUDFWLRQ DQG VWHOODU HQFRXQWHUV LQ WKH HDUO\ VRODU V\VWHP"
�&KDSWHU ���

�� :KHUH GR LQWHUVWHOODU FRPHWV FRPH IURP DQG KRZ GR WKH\
IRUP" �&KDSWHUV � DQG ���

&KDSWHU � %DVHG RQ� 7KH RULJLQ RI LQWHUVWHOODU DVWHURLGDO REMHFWV OLNH
�,����� 8� ¶2XPXDPXD� 015$6 ���� /���/�� ���� �3RUWHJLHV =ZDUW� 7RU�
UHV HW� DO�� ������ , VWXGLHG WKH RULJLQ RI WKH LQWHUVWHOODU REMHFW �,� ¶2XPXD�
PXD E\ FRPSDULQJ HVWLPDWHV EDVHG RQ REVHUYDWLRQV ZLWK VLPXODWLRQV� 8V�
LQJ WKH DVWURPHWULF GDWD IURP*DLD�7*$6 �*DLD &ROODERUDWLRQ� %URZQ HW DO�
������ , LQWHJUDWHG WKH RUELW RI ¶2XPXDPXD DQG DOO WKH VWDUV ZLWKLQ ��SF
IURP WKH 6XQ� , ILQG WKDW DERXW ���0\U DJR ¶2XPXDPXD SDVVHG QHDUE\
WKH VWDU +,3 ������ DQG KDG WKUHH RWKHU FORVH HQFRXQWHUV GXULQJ LWV MRXU�
QH\ WRZDUGV WKH 6XQ� , H[SORUHG WKH GLIIHUHQW VFHQDULRV RI IRUPDWLRQ IRU
¶2XPXDPXD DQG FRQFOXGHG WKDW REMHFWV OLNH ¶2XPXDPXD DUH IRUPHG LQ WKH
GHEULV GLVF DV D OHIWRYHU IURP WKH VWDU DQG SODQHW IRUPDWLRQ SURFHVV� DQG
VXEVHTXHQWO\ OLEHUDWHG� , ILQG WKDW WKH PHDQ JDODFWLF GHQVLW\ RI LQWHUVWHOODU
FRPHWV LQ WKH VRODU QHLJKERXUKRRG LV∼ 1014 SHU FXELF SDUVHF� ZKLFKPHQDV
WKDW ZH H[SHFW DERXW �±�� VXFK YLVLWRUV SHU \HDU ZLWKLQ � DX IURP WKH 6XQ�

&KDSWHU � %DVHG RQ� *DODFWLF WLGH DQG ORFDO VWHOODU SHUWXUEDWLRQV RQ WKH
2RUW FORXG� FUHDWLRQ RI LQWHUVWHOODU FRPHWV� $	$ ���� $���� �7RUUHV HW� DO��
������ 8VLQJ WKH SRVLWLRQV� SDUDOOD[HV DQG SURSHU PRWLRQV IURP WKH *DLD
VXUYH\ DQG FRPELQLQJ WKHP ZLWK UDGLDO YHORFLWLHV IURP 5$9(�'5� �.XQ�
GHU HW DO� ������ *$/$+'5� �%XGHU HW DO� ������ /$0267'5� �=KDR HW DO�
������ $32*(('5�� �$EROIDWKL HW DO� ������ DQG;+,3 �$QGHUVRQ	)UDQ�
FLV ������ , FRQVWUXFWHG D FDWDORJXH RI WKH 6XQ¶V QHLJKERXU VWDUV� 7KHQ� ,
FDOFXODWHG WKH FORVHVW HQFRXQWHUV WKDW WKH 6XQ KDV KDG ZLWK RWKHU VWDUV LQ
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WKH UHFHQW SDVW DQG ZLOO KDYH LQ WKH QHDU IXWXUH �7RUUHV HW� DO�� ����� 7RUUHV
HW� DO�� ������ , ILQG WKDW WKH VWDU *-��� ZLOO DSSURDFK WKH 6XQ LQ ��� 0\U
DW WKH GLVWDQFH RI ����SF LQVWHDG RI ���SF DV SUHGLFWHG E\ SUHYLRXV VWXGLHV
�H�J�� '\EF]\ĔVNL 	 %HUVNL ����� DQG UHIHUHQFHV WKHUHLQ�� 7KHQ� XVLQJ WKH
FDWDORJXH RI QHDUE\ VWDUV� , VWXGLHG WKH G\QDPLFDO HYROXWLRQ RI FRPHWV LQ
WKH 2RUW FORXG� DFFRXQWLQJ IRU WKH SHUWXUEDWLRQ RI WKH JDODFWLF WLGDO ILHOG
DQG WKH FXPXODWLYH HIIHFW RI QHDUE\ SDVVLQJ VWDUV� , ILQG WKDW WKH FRPHWV DW
WKH HGJH RI WKH 2RUW FORXG ��������������� DX� JHW KHDYLO\ SHUWXUEHG DQG�
DV D UHVXOW� WKH VHPL�PDMRU D[LV RI ∼���� RI WKH FRPHWV KDYH LQFUHDVHG WR
H[WHQG LQWR LQWHUVWHOODU UHJLRQV� 6LQFH WKH FRPHWV DUH VWLOO ERXQG WR WKH VR�
ODU V\VWHP� ZH FRQVLGHU WKHP WUDQVLWLRQDO LQWHUVWHOODU FRPHWV �7,&V�� 7KH
ILUVW 7,& FDQGLGDWH LV WKH FRPHW &����� 9� �GH OD )XHQWH 0DUFRV 	 GH OD
)XHQWH 0DUFRV ������

&KDSWHU � %DVHG RQ� '\QDPLFDO HYROXWLRQ RI WKH VRODU V\VWHP GHEULV
GLVN LQ LWV ELUWK FOXVWHU� VXEPLWWHG WR $	$ UHFRPPHQGHG IRU SXEOLFDWLRQ
�7RUUHV HW� DO�� ����E�� , VWXGLHG WKH FUHDWLRQ DQG HYROXWLRQ RI WKH VRODU
V\VWHP¶V 2RUW FORXG LQ WKH HDUO\ VWDJHV RI LWV IRUPDWLRQ ZKHQ WKH VXQ ZDV
VWLOO LQ LWV ELUWK FOXVWHU �7RUUHV HW DO� ����E�� , FRQVWUXFWHG WZR PRGHOV IRU
WKH VRODU V\VWHP� ,Q WKH ILUVWPRGHO� , DVVXPHG D FRPSDFW GHEULV GLVN ������
DX�� ZKLOH WKH VHFRQG , DVVXPHG DQ H[WHQGHG GHEULV GLVN �������� DX�� )RU
ERWKPRGHOV� , DFFRXQW IRU WKH SHUWXUEDWLRQV RI WKH JLDQW SODQHWV DQGQHDUE\
VWDUV LQ WKH FOXVWHU� , ILQG WKDW WKH PRVW HIILFLHQW ZD\ WR SHUWXUE D GLVN LV
ZKHQ WKH DQJOH RI LQWHUDFWLRQ EHWZHHQ WKH VRODU V\VWHP DQG WKH SHUWXUEHU
LV EHWZHHQ ���� GHJUHHV LQGHSHQGHQWO\ RI WKH VL]H RI WKH GLVN� $GGLWLRQ�
DOO\� , IRXQG WKDW WKH FUHDWLRQ RI WKH 2RUW FORXG ZDV WULJJHUHG E\ VHFXODU
HQFRXQWHUV� ZKLFK SURGXFH WKH VFDWWHUHG GLVN� 6HGQD� DQG 2RUW &ORXG OLNH
REMHFWV� ZKLOH WKH JLDQW SODQHWV FUHDWHV .XLSHU EHOW REMHFWV� $GGLWLRQDOO\�
DSSUR[LPDWHO\ ��� RI WKH SODQHWHVLPDOV DUH HMHFWHG EHFRPLQJ LQWHUVWHOODU
FRPHWV�

&KDSWHU � %DVHG RQ� '\QDPLFDO HYROXWLRQ RI H[R�2RUW FORXGV DURXQG
WKH 6XQ¶V FORVHVW QHLJKERXUV VWDUV GXH WR ORFDO VWHOODU SHUWXUEDWLRQV DQG
WKH *DODFWLF WLGDO ILHOG� VXEPLWWHG WR $	$� �7RUUHV HW� DO�� ������ 8VLQJ WKH
FDWDORJXH RI WKH FORVHVW VWDUV FRQVWUXFWHG LQ �7RUUHV HW� DO�� ����� 7RUUHV HW�
DO�� ������ DQG WKHPHWKRGV GHYHORSHG LQ �7RUUHV HW� DO�� ����� 7RUUHV HW� DO��
����E�� , FDOFXODWHG WKH FORVHVW HQFRXQWHU IRU HDFK RI WKH 6XQ¶V QHLJKERXU
VWDUV ZLWKLQ � SF DQG ZLWK DFFXUDWH DVWURPHWULF GDWD IURP *DLD '5�� L�H��
3UR[LPD &HQWDXUL� %DUQDUG VWDU� *OLHVH ��� 5RVV ���� DQG 5RVV ���� , ILQG
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WKDW RQ DYHUDJH WKH VWDUV LQ WKH VRODU QHLJKERXUKRRG H[SHULHQFH DURXQG
��±�� FORVH HQFRXQWHUV GXULQJ �� 0\U� SULPDULO\ ZLWK 0�GZDUI VWDUV� ,
WKHQ FDOFXODWHG WKH HIIHFW RI SDVVLQJ VWDUV DQG WKH *DODFWLF WLGDO ILHOG RQ
WKH FRPHWV LQ H[R�2RUW FORXGV DURXQG WKH 6XQ¶V QHLJKERXU VWDUV� 7KH PRVW
SHUWXUEHG V\VWHP RYHU D WLPH LQWHUYDO RI �� 0\U LV *OLHVH �� IROORZHG E\
5RVV ���� %DUQDUG¶V VWDU DQG 5RVV ��� DQG ILQDOO\ 3UR[LPD &HQWDXUL� )RU
*OLHVH �� WKH SURGXFWLRQ UDWH RI WUDQVLWLRQDO LQWHUVWHOODU FRPHWV DQG LQWHU�
VWHOODU REMHFWV LV DERXW ��×108 7,& 0\U−1 DQG ���×1010 ,62 0\U−1� )RU
WKH UHVW RI WKH V\VWHPV WKH UDWH RI 7,& SURGXFWLRQ LV DERXW 2.1 WR 3.8 × 108

7,&0\U−1� 7KLV LPSOLHV WKDW D FRQVLGHUDEOH QXPEHU RI LQWHUVWHOODU FRPHWV
UHVLGH LQ WKH ORFDO QHLJKERXUKRRG� 7KHUHIRUH WKH 6XQ DQG LWV QHLJKERXUV
DUH YLVLWHG E\ LQWHUVWHOODU FRPHWV RULJLQDWLQJ IURP RWKHU VWDUV� ,Q WKLV ZD\�
LW LV SODXVLEOH WKDW DQ LQWHUVWHOODU FRPHW FORXG H[LVWV�
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