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*URXQGZDWHU� LV� IRXQG� LQ� URFNV� LQ� WKH� VXEVXU�
IDFH�LQ�PRVW�DUHDV��DW�UHODWLYHO\�VKDOORZ�GHSWKV��
,W� UHSUHVHQWV� DERXW� WZR-WKLUGV� ������ RI� JOREDO�
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LWLHV�UDQJLQJ�IURP�PHWUH�SHU�PLOOHQQLD�WR�PHWUH�
SHU� GD\� �.RQLNRZ� DQG�*O\QQ�� ������� )ORZLQJ�
JURXQGZDWHU� LV� D� PDMRU� PHFKDQLVP� RU� WKH�
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KWWS���G[�GRL�RUJ���������MXVW�Y��L��� 

.H\ZRUGV��&RQWDPLQDQW�WUDQVSRUW��QXPHULFDO�PRGHOOLQJ��IUDFWXUHG�PHGLD��WZR-GLPHQVLRQ��ILQLWH�
GLIIHUHQFH�PHWKRG� 

$%675$&7 
7KH�SUHGLFWLRQ�RI�FRQWDPLQDQW�WUDQVSRUW� LQ�VDWXUDWHG�IUDFWXUHG�PHGLD�LV�D�GLIILFXOW� WDVN��GXH�WR�
WKH�FRPSOH[LW\�RI�IUDFWXUH�JHRPHWU\��FRQQHFWLYLW\��KHWHURJHQHLW\�DQG�DQLVRWURS\�RI�K\GUDXOLF�FRQ�
GXFWLYLWLHV�DQG�FKHPLFDO�SURFHVVHV��*HQHUDOO\�� WKH�VLPXODWLRQ�RI�FRQWDPLQDQW�WUDQVSRUW� LQ�IUDF�
WXUHG�PHGLD�LV�E\�WKH�GLVFUHWH�IUDFWXUH�QHWZRUN��')1��DSSURDFK��+RZHYHU��WKLV�DSSURDFK�LV�QRW�
DSSURSULDWH�IRU�GLVWULFW�WR�UHJLRQDO�VFDOH�GXH�WR�FRPSXWDWLRQDO�FKDOOHQJHV�DQG�WKH�H[WHQVLYH�GDWD�
UHTXLUHG�E\�GLVFUHWH�IUDFWXUH�PRGHOV�IRU�IUDFWXUH�V\VWHP�FKDUDFWHULVDWLRQ��,Q�WKLV�SDSHU��D�K\EULG�
DSSURDFK�WKDW�FRPELQHG�WKH�DGYHFWLYH-GLVSHUVLRQ�HTXDWLRQ��$'(��FRQWLQXXP�PRGHO��DQG�GLVFUHWH�
IUDFWXUH�QHWZRUN��')1��VLPXODWLRQ�LV�XVHG�IRU�WKH�SUHGLFWLRQ�RI�WKH�FRQWDPLQDQW�WUDQVSRUW�LQ�WKH�
IUDFWXUHG�FU\VWDOOLQH�URFNV�ZLWKLQ�VRXWKHDVW�*KDQD��7KH�K\GURJHRORJ\�RI�WKH�VWXG\�DUHD�FRQVLVWV�
RI� FU\VWDOOLQH� URFNV�ZLWK�QHJOLJLEOH�PDWUL[�SRURVLW\��7KH�DSSUR[LPDWH�JHRPHWU\�RI� WKH�SUREOHP�
ZDV� UHSUHVHQWHG�DV�D�KRUL]RQWDO�DTXLIHU�ZLWKRXW�FXUYDWXUH��DQG�QR-IORZ�ERXQGDULHV�H[LVWLQJ�DW�
WKH�WRS�DQG�ERWWRP�RI�WKH�DTXLIHU��$�0$7/$%�FRGH�LV�GHYHORSHG�IRU�WKH�ILQLWH�GLIIHUHQFH�PHWKRG�
WR�REWDLQ�WKH�QXPHULFDO�VROXWLRQ��7KH�VWXG\�GHPRQVWUDWHV�WKDW�� WKH�PDMRU�IDFWRUV�DIIHFWLQJ�FRQ�
WDPLQDQW�PLJUDWLRQ�LQ�WKH�VWXG\�DUHD�LQFOXGH��K\GUDXOLF�FRQGXFWLYLW\�ZKLFK�GHSHQGV�RQ�IUDFWXUH�
FRQQHFWLYLW\�� DSHUWXUH� DQG� LQILOO� PDWHULDO�� DQG� WKH� UHWDUGDWLRQ� IDFWRUV� RI� WKH� YDULRXV� FRQWDPL�
QDQWV��5HVXOWV�RI�WUDQVSRUW�VLPXODWLRQ�LQGLFDWH�WKDW��FRQWDPLQDQWV�FRXOG�WUDYHO�EHWZHHQ�����WR�����
P�GD\� LQ� WKH�KRUL]RQWDO� GLUHFWLRQ��7KLV� VSUHDGLQJ� HIIHFW�RI� SOXPH�PRYHPHQW� WKURXJK� WKH� IUDF�
WXUHG�URFNV�FDQ�SRVH�FULWLFDO�HQYLURQPHQWDO�SUREOHPV� 
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$PDGX�HW�DO� � 

WUDQVSRUW� RI� FKHPLFDOV�� DQG� D� PDMRU� SDWKZD\�
IURP� URFNV� WR� KXPDQ� H[SRVXUH� DQG� FRQVXPS�
WLRQ�� *URXQGZDWHU� SURYLGHV� DERXW� ���� RI� WKH�
SXEOLF�ZDWHU�VXSSO\�LQ�*KDQD��$GRPDNR�HW�DO���
�������0RVW�RI�WKH�UXUDO�SRSXODWLRQ�LQ�WKH�FRXQ�
WU\�� VXSSO\� WKHLU� RZQ� GULQNLQJ�ZDWHU� IURP� GR�
PHVWLF�GXJRXW�ZHOOV�DQG�SXPSV��&RQVHTXHQWO\��
JURXQGZDWHU� LV�FRQVLGHUHG�DQ� LPSRUWDQW�VRXUFH�
RI� SRUWDEOH�ZDWHU� LQ� HYHU\�SDUW� RI� WKH� FRXQWU\��
7KH� PDLQ� FRQFHUQ� RI� JURXQGZDWHU� LV� TXDOLW\�
DQG�SROOXWLRQ��0XVROII�������� 
 
7KH�SUHGLFWLRQ�RI�FRQWDPLQDQW�WUDQVSRUW�LQ�VDWX�
UDWHG�IUDFWXUHG�PHGLD�LV�QRW�DQ�HDV\�WDVN��GXH�WR�
WKH� FRPSOH[LW\� RI� IUDFWXUH� JHRPHWU\� DQG� FRQ�
QHFWLYLW\�� KHWHURJHQHLW\� DQG� DQLVRWURS\� RI� K\�
GUDXOLF� FRQGXFWLYLWLHV�� DQG� WKH� FKHPLFDO� SUR�
FHVVHV�LQYROYHG��)UHH]H�DQG�&KHUU\��������'R�
PHQLFR�DQG�6FKZDUW]��������� 
 
7KH�IORZ�RI�JURXQGZDWHU�DQG�WUDQVSRUW�RI�FRQ�
WDPLQDQWV�GHSHQGV�RQ�WKH�K\GUDXOLF�FRQGXFWLYL�
W\�DQG�K\GUDXOLF�JUDGLHQW�RI�WKH�SDUWLFXODU�DTXL�

IHU��ZKLFK�LQ�WXUQ�GHSHQGV�RQ�ZKHWKHU�WKH�DTXL�
IHU� KDV� DQ� LQWHUJUDQXODU� RU� IUDFWXUH� SHUPHDELO�
LW\�� )ORZ� YHORFLW\� DQG� FRQWDPLQDQW� PLJUDWLRQ�
FDQ�EH�VHYHUDO�WLPHV�KLJKHU�LQ�WKH�FDVH�RI�IUDF�
WXUH� SHUPHDELOLW\� �&KULVWRSKHU� DQG� /HVOLH��
������� FRPSDUHG� WR� WKH� FDVH� RI� LQWHUJUDQXODU�
SHUPHDELOLW\�� 7KH� PRWLYDWLRQ� RI� WKLV� VWXG\� LV�
IURP� FRQGLWLRQV� RI� WKH� VWXG\� DUHD�� WKH� $FFUD-
7HPD�DUHD��$7$�� LQ�VRXWKHDVW�*KDQD��)LJ������
7KH� DUHD� LV� XQGHUODLQ� E\� WZR� PDMRU� URFN� IRU�
PDWLRQV�� WKH� 7RJR� 6WUXFWXUDO� 8QLWV� �768�� DQG�
WKH�'DKRPH\DQ�*QHLVVLF�&RPSOH[��'*&��� 
 
7KH� URFNV� LQ� WKHVH� DUHDV� DUH� FU\VWDOOLQH� LQ� QD�
WXUH� WKDW� LV�� WKH\� DUH� KDUG� FRQVROLGDWHG� URFNV��
DQG� DVVXPHG� WR� KDYH� QR� SULPDU\� SRURVLW\�
�.HVVH�� �������7KH�PHDQV�RI� VWRUDJH� DQG� IORZ�
RI�JURXQGZDWHU�� LV�E\�WKH�SUHVHQFH�RI� IUDFWXUHV�
�'DUNR�� ������� 7KH� DUHD� LV� ZLWKLQ� D� UHJLRQDO�
KLJKO\� GHIRUPHG� WHFWRQLF� ]RQH�� UHIHUUHG� WR� DV�
WKH� 3DQ-$IULFDQ� 0RELOH� EHOW� �$IIDWRQ� HW� DO���
�������7KH�URFNV�DUH�LQWHQVHO\�IUDFWXUHG��.HVVH��
������7DLURX�HW�DO����������0RVW�RI�WKH�LQKDELW- 

)LJ����7HFWRQLF�PDS�RI�6(�*KDQD��VKRZLQJ�WKH�VWXG\�DUHD��0RGLILHG�DIWHU�$WWRK������� 
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3UHGLFWLRQ�RI�FRQWDPLQDQW�WUDQVSRUW�LQ�IUDFWXUHG�FU\VWDOOLQH�URFNV���� � 

SUHVHQW� LQYHVWLJDWLRQ�� DQ� DWWHPSW� ZDV� PDGH� WR�
SURYLGH�D�VLPSOH�EXW�VXIILFLHQWO\�DFFXUDWH�PHWK�
RGRORJ\� IRU� QXPHULFDO� VLPXODWLRQ� RI� WKH� WZR-
GLPHQVLRQDO� FRQWDPLQDQW� WUDQVSRUW� WKURXJK� WKH�
VDWXUDWHG�KHWHURJHQHRXV�PHGLD�XVLQJ�ILQLWH�GLI�
IHUHQFH� DSSURDFK�� )LQLWH� GLIIHUHQFH� PHWKRG�
�)'0�� KDV� EHHQ� DGRSWHG� WR� VROYH� WKH� RQH� GL�
PHQVLRQDO� FRQWDPLQDQW� WUDQVSRUW� HTXDWLRQ� WR�
SUHGLFW�WKH�SROOXWDQW�PLJUDWLRQ�WKURXJK�WKH�IUDF�
WXUHG�FU\VWDOOLQH�URFNV��)&5���,Q�WKH�XVH�RI�WKLV�
DSSURDFK�� WKH� YHORFLW\� ILHOG� LV� ILUVW� GHWHUPLQHG�
ZLWKLQ�D�K\GURORJLF�V\VWHP��DQG�WKHVH�YHORFLWLHV�
DUH� WKHQ� XVHG� WR� FDOFXODWH� WKH� UDWH� RI� FRQWDPL�
QDQW�PLJUDWLRQ�E\� VROYLQJ� WKH�JRYHUQLQJ�HTXD�
WLRQ� 
 
'LVFUHWH� IUDFWXUH� QHWZRUN� �')1�� PRGHOV� SUR�
YLGH�D�PRUH�IOH[LEOH�DOWHUQDWLYH�DSSURDFK�LQ�WKLV�
VLWXDWLRQ��'HUVFKRZLW]�HW�DO�����������+RZHYHU��
WKH�')1�PRGHOV�DUH�FRPSXWDWLRQDOO\� LQWHQVLYH�
DQG�DUH�QRW�IHDVLEOH��GXH�WR�FRPSXWDWLRQDO�OLPL�
WDWLRQV�� IRU� DSSOLFDWLRQV� LQYROYLQJ� ODUJH� URFN�
YROXPHV��'YHUVWURS�HW�DO��������� 
 
,Q� WKLV� VWXG\�� D� K\EULG� DSSURDFK� �15&�� ������
WKDW�FRPELQHV� WKH�$'(�FRQWLQXXP�PRGHO�ZLWK�
')1�VLPXODWLRQV�ZDV� H[SORUHG��7KH� µYHU\� IDU¶�
FRQFHSW� RI� XS-VFDOLQJ� SURSRVHG� E\� %HDU� DQG�
%HUNRZLW]��������ZDV�DGRSWHG� 
 
$�0$7/$%�FRGH�ZDV�GHYHORSHG�IRU�WKH�ILQLWH�
GLIIHUHQFH�PHWKRG�WR�REWDLQ�WKH�QXPHULFDO�VROX�
WLRQ� 
 
7KH� FRGH� ZDV� XVHG� WR� SUHGLFW� KHDY\� PHWDO�
WUDQVSRUW�XVLQJ�OHDG��3E��DV�WKH�VXUURJDWH��7KLV�
ZDV� FKRVHQ� DV� DQ� H[DPSOH� ZKHQ� GHDOLQJ� ZLWK�
KHDY\� PHWDOV� WKDW� DUH� SHUVLVWHQW� �3URPPHU� HW�
DO����������7KH� LQLWLDO� FRQFHQWUDWLRQ�RI�3E�ZDV�
EDVHG�RQ� WKH�DVVXPSWLRQ�RI�D�FRQVWDQW� OHDNDJH�
RI�����PJ�/�OHDFKDWH�RI�PL[HG�PXQLFLSDO�ZDVWH�
GXPS�LQWR�WKH�IUDFWXUHG�URFN�DTXLIHU� 

 
7KH� ILQLWH� GLIIHUHQFH� WHFKQLTXH� LV� ZHOO� VXLWHG�
IRU�FRPSOH[�JHRPHWULHV��FRPSOLFDWHG�IORZ�SDW�
WHUQV�� KHWHURJHQHLW\�� DQG� QRQOLQHDULW\� �5RZH�
������� ,Q� WKLV� VWXG\�� D� WZR-GLPHQVLRQDO� ��-'��
GRPDLQ�� VSOLWWLQJ� LQWR� UHJXODU� UHFWDQJXODU� JULGV�
RU� PHVKHV� RI� ZLGWK� N� LQ� WKH� WLPH� W-� GLUHFWLRQ�
DQG�GHSWK�K�LQ�WKH�VSDFH�]-GLUHFWLRQ��LV�VLPXODW�
HG� IRU� �-'� FRQWDPLQDQW� WUDQVSRUW�� ,W� GHVFULEHV�
FRQFHQWUDWLRQ� RI� WKH� FRQWDPLQDQW� VSHFLHV� DW� 

DQWV� LQ� WKH� VWXG\� DUHD� �XUEDQ� DQG� SHUL-XUEDQ��
DUH�KHDYLO\�GHSHQGHQW�RQ�JURXQGZDWHU�IRU�WKHLU�
VRXUFH�RI�SRWDEOH�ZDWHU��DJULFXOWXUDO��DQG�RWKHU�
GRPHVWLF� XVH�� 'HVSLWH� WKH� LPSRUWDQFH� RI�
JURXQGZDWHU�UHVRXUFH�LQ�*KDQD��OLWWOH�DWWHQWLRQ�
KDV� EHHQ� SDLG� WR� H[SORULQJ� PHDVXUHV� WKDW� FDQ�
KHOS�UHGXFH�DFWLYLWLHV�WKDW�KDYH�WKH�KLJK�SRWHQ�
WLDO� RI� DGYHUVHO\� LPSDFWLQJ� RQ� WKH� TXDOLW\� RI�
JURXQGZDWHU�� ,W� LV� LPSRUWDQW� WR� ILQG� PHDVXUHV�
WR� SUHYHQW� WKH� KLJK� SRWHQWLDO� RI� JURXQGZDWHU�
SROOXWLRQ� DQG� SUREDEO\� GHFOLQLQJ� WUHQG� RI�
JURXQGZDWHU�TXDOLW\� 
 
0DWKHPDWLFDO� PRGHOV� DUH� FRPPRQO\� XVHG� LQ�
WKH� PDQDJHPHQW� RI� JURXQGZDWHU� UHVRXUFHV��
SDUWLFXODUO\� DV� D� WRRO� WR� SUHGLFW� FRQWDPLQDQW�
WUDQVSRUW� �(OVZRUWK�� ������� H[WHQW� RI� FRQWDPL�
QDWLRQ��HYDOXDWLRQ�RI�GHQVH�QRQ-DTXHRXV�SKDVH�
OLTXLGV� �'1$3/�� VRXUFH� ]RQH� ORQJHYLW\�� DQG�
FRVW�EHQHILW�RI�D�VHOHFWHG�UHPHGLDWLRQ�WHFKQROR�
J\��.KHEFKDUHRQ�DQG�6DHQWRQ�������� 
 
0RGHOOLQJ�JURXQGZDWHU�IORZ�LQ�IUDFWXUHG�URFNV�
LV� FRPSDUDWLYHO\� PRUH� FRPSOH[� FRPSDUHG� WR�
PRGHOOLQJ� LQ� WKH�FDVH�RI�SRURXV� URFNV��7KLV� LV�
EHFDXVH�� IUDFWXUHV�DUH�QRW�RQO\�GLIILFXOW� WR�RE�
VHUYH�DQG�FKDUDFWHULVH��EXW�DOVR�GLIILFXOW�WR�UHS�
UHVHQW�LQ�D�QXPHULFDO�PRGHO��%DVHG�RQ�WKH�SUH�
VHQW� VWDWH� RI� XQGHUVWDQGLQJ� RI� IORZ� DQG� FRQ�
WDPLQDQW� WUDQVSRUW� PHFKDQLVP�� IORZ� DQG�
WUDQVSRUW� SUREOHPV� LQ� IUDFWXUHG� PHGLD� FDQ� EH�
GHVFULEHG� XVLQJ� PDWKHPDWLFDO� PRGHOV� �)UHH]H�
DQG�&KHUU\�� �������7KH�GHVFULSWLRQV� DUH�PDGH�
XVLQJ�D�V\VWHP�RI�SDUWLDO�GLIIHUHQWLDO�HTXDWLRQV�
RU� JRYHUQLQJ� PRGHOV� WRJHWKHU� ZLWK� LQLWLDO� DQG�
ERXQGDU\�FRQGLWLRQV� 
 
,Q� RUGHU� WR� VROYH� D� JLYHQ� IORZ� SUREOHP�� WKH�
V\VWHP� RI� HTXDWLRQV� PXVW� EH� VROYHG� IRU� WKH�
VSHFLILF�GDWD�RI�WKH�SUREOHP��7KLV�FDQ�EH�GRQH�
XVLQJ�HLWKHU�DQDO\WLFDO�RU�QXPHULFDO�WHFKQLTXHV��
+RZHYHU��IRU�PRVW�SUREOHPV�RI�SUDFWLFDO�LQWHU�
HVW�� GXH� WR� WKH� LUUHJXODU� VKDSHV�RI�PRVW� RI� WKH�
ERXQGDULHV��WKH�VSDWLDO�YDULDELOLW\�RI�WKH�FRHIIL�
FLHQWV� DSSHDULQJ� LQ� WKH� HTXDWLRQV� DQG� LQ� WKH�
ERXQGDU\�FRQGLWLRQV��WKH�QRQ-XQLIRUPLW\�RI�WKH�
LQLWLDO�FRQGLWLRQV��DQG�WKH�QRQ-DQDO\WLF�IRUP�RI�
WKH� YDULRXV� VRXUFH� DQG� VLQN� WHUPV�� DQDO\WLFDO�
VROXWLRQV� DUH� PRVWO\� QRW� SRVVLEOH�� H[FHSW� IRU�
UHODWLYHO\� VLPSOH� SUREOHPV�� 6ROXWLRQ� RI� PRVW�
SUREOHPV�DUH�WKXV�RIWHQ�REWDLQHG�E\�QXPHULFDO�
PHWKRGV� �.RQLNRZ� DQG� *O\QQ�� ������� ,Q� WKH� 
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� $PDGX�HW�DO� 

JURXQGZDWHU�ZLWK�XQLIRUP�SRURVLW\�LV�JLYHQ�E\�
�)UHH]H�DQG�&KHUU\������� 

GLIIHUHQW�WLPHV� 
 
0DWKHPDWLFDO� PRGHO� IRU� IORZ� DQG� FRQWDPL�
QDQW�WUDQVSRUW�LQ�IUDFWXUHG�PHGLD 
6WXGLHV� LQ� JURXQGZDWHU� IORZ� DQG� FRQWDPLQDQW�
WUDQVSRUW� KDYH� EHHQ� FDUULHG� RXW� LQ� SRURXV�PH�
GLD��LQFOXGLQJ�VRLOV��&DFDV�HW�DO����������SRURXV�
IUDFWXUHG��9DQ�*ROI-5DFKW��������DQG�IUDFWXUHG�
PHGLD��/RPL]H��������5RPPLQ��������1HOVRQ��
������DQG�YDULRXV�PRGHOV�KDYH�EHHQ�DGYDQFHG�
�$QGHUVRQ� DQG� :RHVVQHU�� ������� +RZHYHU��
RQO\�D�IHZ�RI�WKH�LQYHVWLJDWRUV�KDYH�GHULYHG�WKH�
EDVLF�HTXDWLRQV�GHVFULELQJ� IOXLG� IORZ�DQG�FRQ�
WDPLQDQW�WUDQVSRUW�WKURXJK�IUDFWXUHG�URFNV� 
 
$FFRUGLQJ�WR�%HDU���������WKHUH�DUH�WKUHH�PDLQ�
DSSURDFKHV� WR� PRGHOOLQJ� RI� IUDFWXUH� IORZ�� ����
HTXLYDOHQW� SRURXV� PHGLXP� PRGHOV�� XVHG� IRU�
ODUJH-VFDOH� SUREOHPV� LI� WKHUH� LV� QR� QHHG� IRU�
NQRZLQJ� WKH� IORZ� ILHOG� LQ� GHWDLO�� ���� GRXEOH�
SRURVLW\�PRGHOV�ZKLFK�ZRUN�ZLWK�WZR�FRQQHFW�
HG� FRQWLQXD�� UHSUHVHQWLQJ� IUDFWXUHV� DQG� SRURXV�
EORFNV��DQG�����VWRFKDVWLF�GLVFUHWH�IUDFWXUH�QHW�
ZRUN� �6')1�� PRGHOV� ZKLFK� WU\� WR� FUHDWH� DQ�
DSSUR[LPDWH� UHSUHVHQWDWLRQ� RI� WKH� IUDFWXUHG�
HQYLURQPHQW�DV�SRVVLEOH�E\�VLPXODWLQJ�SDUWLFX�
ODU�IUDFWXUHV��'XH�WR�FRPSXWDWLRQDO�FRVWV�6')1�
PRGHOV� DUH� QRUPDOO\� XVHG� IRU� VROXWLRQ� RI� WKH�
SUREOHPV� RQ� UHODWLYHO\� VPDOO� GRPDLQV� �XS� WR�
WHQV� RI� PHWUHV�� �5HHYHV� HW� DO�� ������� 7KH� DS�
SURDFK�DGRSWHG�LQ�WKLV�VWXG\�LV�EDVHG�RQ�6')1�
PRGHO��+HUH��D�K\GURG\QDPLF�PRGHO�EDVHG�RQ�D�
VHW�RI�FRXSOHG�GLIIHUHQWLDO�HTXDWLRQV�DUH�GHYHO�
RSHG� 
 
$� JHQHUDO� IRUP� RI� WKH� JRYHUQLQJ� HTXDWLRQ�
ZKLFK�GHVFULEHV�WKH��-'�PRYHPHQW�RI�JURXQG�
ZDWHU� ZLWK� FRQVWDQW� GHQVLW\� WKURXJK� SRURXV�
PHGLD�LV��)UHH]H�DQG�&KHUU\�������� 
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ZKHUH��. L�LV�WKH�VDWXUDWHG�K\GUDXOLF�FRQGXFWLYL�
W\� WHQVRU� �/7-���� TV� LV� WKH� YROXPHWULF� IOX[� RI�
ZDWHU�SHU�XQLW�YROXPH��6V�LV�WKH�VSHFLILF�VWRUDJH�
�/-����K�LV�WKH�SRWHQWLRPHWULF�RU�K\GUDXOLF�KHDG�
�/���DQG�W�LV�WLPH��7�� 
 
6LPLODUO\��UHDFWLYH�WUDQVSRUW�RI�FRQWDPLQDQWV�LQ� 
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ZKHUH�� L�  � [�� \�� ]���'LM�  � K\GURG\QDPLF� GLVSHU�
VLRQ� FRHIILFLHQW� �/�7-���� &�  � FRQFHQWUDWLRQ� RI�
FRQWDPLQDQW� LQ� IOXLG� �0/-���� ȞL�  � YHORFLW\� RI�
JURXQGZDWHU� IORZ�DW� WLPH� W� �/7-����ș� �SRURVLW\�
RI� WKH� SRURXV� PHGLXP��5N�  � FKHPLFDO� UHDFWLRQ�
WHUP�� DQG�&V�  � FRQFHQWUDWLRQ� RI� WKH� VRXUFHV� RU�
WKH�VLQNV��7KH�PRYHPHQW�RI�D�FRQVHUYDWLYH�SRO�
OXWDQW�LQ�D��-'�V\VWHP�FDQ�EH�H[SUHVVHG�DV� 
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ZKHUH���&��W�LV�WKH�UDWH�RI�FKDQJH�LQ�FRQFHQWUD�
WLRQ�RI�SROOXWDQW�RYHU�WLPH� 
 
'XH� WR� WKH� K\GURG\QDPLF� GLVSHUVLRQ�� WKH� FRQ�
FHQWUDWLRQ�RI� D� FRQWDPLQDQW�ZLOO� GHFUHDVH�RYHU�
GLVWDQFH�� *HQHUDOO\�� D� SDUWLFXODU� FRQWDPLQDQW�
VSHFLHV� ZLOO� VSUHDG� PRUH� LQ� WKH� GLUHFWLRQ� RI�
JURXQGZDWHU� IORZ� WKDQ� LQ� WKH�GLUHFWLRQ�QRUPDO�
WR� WKH� JURXQGZDWHU� IORZ� �&DFDV�� HW� DO��� �������
EHFDXVH� ORQJLWXGLQDO� GLVSHUVLYLW\� LV� W\SLFDOO\�
DERXW� ��� WLPHV� KLJKHU� WKDQ� WUDQVYHUVH� GLVSHU�
VLYLW\��&DFDV��HW�DO���������� 
 
7KH� V\VWHP� LQYHVWLJDWHG� LQ� WKLV� VWXG\� FDQ� EH�
WDNHQ� DV� DQ� DTXLIHU� ERXQGHG� DW� WKH� WRS� E\� DQ�
DTXLWDUG� DQG� DW� WKH�ERWWRP�E\� DQ� LPSHUPHDEOH�
EHGURFN�� 7KH� DTXLIHU–DTXLWDUG� ERXQGDULHV� DUH�
DVVXPHG�WR�EH�KRUL]RQWDO��7KH�DTXLIHU�LV�KRPR�
JHQHRXV�DQG�KRUL]RQWDOO\�LVRWURSLF��L�H��.[� �.\�
 �.]��ZLWK�FRQVWDQW�ORQJLWXGLQDO�DQG�WUDQVYHUVH�
GLVSHUVLYLWLHV� �L�H��'[[�  �'\\�  �']]�� DQG��'[\�  �
'\[��'][� �']\� ���� 
 
7R�PDNH�SUHGLFWLRQV�RI� VRPH� IXWXUH�EHKDYLRXU�
RI�IOXLG�DQG�FRQWDPLQDQW��WKH�SDUWLDO�GLIIHUHQWLDO�
HTXDWLRQV� �(TXDWLRQV� �� DQG� ��� GHVFULELQJ�
JURXQG-ZDWHU� IORZ� DQG� WUDQVSRUW� LV� VROYHG�
PDWKHPDWLFDOO\� XVLQJ� ILQLWH� GLIIHUHQFH� �)'��
QXPHULFDO�PHWKRGV��.RQLNRZ�DQG�*O\QQ�� 
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3UHGLFWLRQ�RI�FRQWDPLQDQW�WUDQVSRUW�LQ�IUDFWXUHG�FU\VWDOOLQH�URFNV���� � 

������ 
 
0RGHOOLQJ�RI�JURXQGZDWHU�IORZ�DQG�FRQWDPL�
QDQW�WUDQVSRUW 
&RQFHSWXDO�PRGHO 
7KH� GHYHORSPHQW� RI� FRQFHSWXDO� PRGHO� ZDV�
EDVHG� RQ� VWUXFWXUDO� DQG� FRQFHSWXDO� K\GURJHR�
ORJLFDO� PRGHO� �&+0�� RI� WKH� VWXG\� DUHD�� 7KH�
&+0� �)LJ�� ��� ZDV� GHYHORSHG� E\� LQWHJUDWLQJ�
LQIRUPDWLRQ� RQ� WKH� VWUXFWXUDO�� JHRORJ\�� K\GUR�
JHRORJ\� DQG� K\GUDXOLF� SURSHUWLHV� RI� WKH� VLWH��
7KH� &+0� KHOSHG� XQGHUVWDQG� IORZ� SDWKV� DQG�
WUDQVSRUW�PHFKDQLVPV��DQG� WKH�GHYHORSPHQW�RI�
D�FRQFHSWXDO�PDWKHPDWLFDO�PRGHO�IRU�WKH�VWXG\�
VLWH� 

 
7KH�WUDQVSRUW�SURFHVV�LQYHVWLJDWHG�LQ�WKLV�VWXG\�
WDNHV�SODFH�LQ�D�IUDFWXUHG�SHUPHDEOH�]RQH��ZLWK�
LQ� D� URFN�PDWUL[�ZKLFK�KDV�QHJOLJLEOH� SHUPHD�
ELOLW\�DV�FRPSDUHG�WR�WKH�IUDFWXUHG�]RQH� 
 
7KH� IUDFWXUHG� SHUPHDEOH� ]RQH�ZDV� GHWHUPLQHG�
EDVHG�RQ�VWUXFWXUDO�DQDO\VLV�DQG�UDQJH�RI�ERUH�
KROH�GHSWK�YDOXHV�RI�JURXQGZDWHU�RFFXUUHQFH�LQ 
WKH� VWXG\� DUHD� �'DUNR�� ������ <LGDQD� HW� DO���
������� *URXQGZDWHU� LV� RIWHQ� IRXQG� WR� IORZ� LQ� 

RQO\� D� IHZ� SHUPHDEOH� IUDFWXUHV�� HVSHFLDOO\� LQ�
FU\VWDOOLQH�URFNV��=KDR�������� 
 
7KH� DSSUR[LPDWH� JHRPHWU\� RI� WKH� SUREOHP�
PD\�EH�UHSUHVHQWHG�DV�LQ�)LJ�����7KH�RULJLQ�RI�
WKH�FRRUGLQDWH� V\VWHP� LV�DW� WKH�XSSHU�ERXQGD�
U\��7KH�SRVLWLYH�]-D[LV�LV�GRZQZDUG��7KH�DTXL�
IHU� LV� DVVXPHG� LQILQLWH� LQ� WKH�[-� DQG�\-� GLUHF�
WLRQV�EXW�ILQLWH�LQ�WKH�]-GLUHFWLRQ�ZLWK�D�WKLFN�
QHVV�RI�G� �P���7KH�DTXLIHU� LV�KRUL]RQWDO�ZLWK�
RXW� FXUYDWXUH�� $� QR-IORZ� ERXQGDU\� H[LVWV� DW�
WKH�WRS�DQG�ERWWRP�RI�WKH�DTXLIHU��]� �G���7KH�
XSSHU� ERXQGDU\� LV� DTXLWDUG�� DQG� ERWWRP� FRQ�
WDFW� LV�ZLWK�DQ� LPSHUPHDEOH�EHGURFN��7KH�XS�
SHU� ERXQGDU\� LV� WDNHQ� DV� WKH� ZDWHU� WDEOH� DQG�
DVVXPHG�WR�KDYH�D�VPDOO�VORSH�VXFK�WKDW�LW�FDQ�
EH�DVVXPHG�WR�EH�SDUDOOHO�WR�WKH�ORZHU�ERXQGD�
U\�� 7KH� VKDSH� RI� WKH� FRQWDPLQDQW� VRXUFH� LV� D�
SDUDOOHOHSLSHG� ERG\�ZLWK� ���<א�] [�� @� �� ��<א\ ��
\��@���DQG�]��6@�[����[<אWHDG\-VWDWH�JURXQGZDWHU�
IORZ�LV�DORQJ�WKH�[-D[LV��8SRQ�DSSOLFDWLRQV�RI�
WKH� VLPSOLI\LQJ� DVVXPSWLRQV�� WKH� SUREOHP� UH�
GXFHV� WR� D� TXDVL-RQH-GLPHQVLRQDO� IORZ� DV�
VKRZQ�LQ�)LJ���� 
 
(YHQ�WKRXJK�WKH�SUREOHP�RI�VWXG\�LV�D�KHWHUR- 

)LJ�����6LPSOLILHG�FRQFHSWXDO�K\GURJHRORJLFDO�PRGHO�RI�WKH�VWUXFWXUDO�WRJR�XQLWV���0RGLILHG�
DIWHU��0XII�DQG�(ID��������*6'�DQG�%*5�������� 
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� $PDGX�HW�DO� 

 

 

)LJ�����6FKHPDWLF�GLDJUDP�RI� WKH�SUREOHP�WKDW� LV� LQYHVWLJDWHG�� �$���'�IORZ�V\VWHP�VKRZLQJ�
GLUHFWLRQ�RI�JURXQGZDWHU�IORZ���%��TXDVL-�'�IORZ��DTXLIHU�LV�ERXQGHG�E\�XSSHU�DQG�ORZHU�QR-
IORZ�FRQWDFWV�� 

JHQHRXV�V\VWHP��WKH�IUDFWXUH�QHWZRUNV�DUH�FRQ-
YHUWHG�WR�WKUHH-GLPHQVLRQDO�QHWZRUNV�RI�HVVHQ�
WLDOO\�RQH-GLPHQVLRQDO� VODE�FRQVLVWLQJ�RI�RSHQ�
IUDFWXUHV� WKDW� LQWHUVHFW� HDFK�RWKHU� IRUPLQJ� WKH�
FRQGXFWLYH�QHWZRUN��(DFK� IUDFWXUH� LV� DVVLJQHG�
ZLWK� D� YROXPH�� VL]H� DQG� WUDQVPLVVLYLW\� DQG�
VLPXODWHG� DV� GHWHUPLQLVWLF� RU� VWRFKDVWLF�
�'HUVKRZLW]�DQG�)LGHOLEXV�������� 

 
,Q� WKLV� VWXG\�� ILQLWH� GLIIHUHQFH�PHWKRG� �)'0��
KDV� EHHQ� FKRVHQ� WR� VROYH� WKH� DGYHFWLRQ-
GLVSHUVLRQ-HTXDWLRQ� �$'(��PRGHO� RI� FRQWDPL�
QDQW� WUDQVSRUW�� 7KLV� PHWKRG� LV� PXFK� VLPSOHU��
WKRXJK� LWV� DFFXUDF\� FRXOG� EH� FRPSURPLVHG� LQ�
KLJKHU� GLPHQVLRQV� �*XUDUVODQ� HW� DO��� �������
7KH� WHFKQLTXH� LV�DOVR�ZHOO� VXLWHG� IRU�FRPSOH[�
JHRPHWULHV��FRPSOLFDWHG�IORZ�SDWWHUQV��KHWHUR�
JHQHLW\��DQG�QRQOLQHDULW\��5RZH�������� 
 
6LPSOLI\LQJ�DVVXPSWLRQV 
7KH� DVVXPSWLRQV� DQG� DSSUR[LPDWLRQV�PDGH� LQ�
WKLV�VWXG\�DUH�EDVHG�RQ�SUHYLRXV�SULQFLSDO�LGHDV�
RI� IOXLG� PRGHOV� LQ� IUDFWXUHG� FU\VWDOOLQH� URFN�
HQYLURQPHQW� �/RPL]H�� ������ 5RPLQ�� ������
1HOVRQ��������DQG�DUH�DV�IROORZV� 
 
,���7KH�URFN�PDWUL[�LV�LGHDOLVHG�DV�ODUJH�EORFNV� 

RI� LPSHUPHDEOH� PDWHULDO� VXUURXQGHG� E\� D�
QHWZRUN�RI�GLVFUHWH�IUDFWXUHV�DORQJ�ZKLFK�WKH�
IOXLG� �ZDWHU�� IORZ� DQG� FRQWDPLQDQWV� WUDYHO�
�%HDU�DQG�%HUNRZLW]�������� 

 
,,� 7KH� IUDFWXUH� DSHUWXUH� �ZLGWK�� LV�PXFK� VPDOO�

FRPSDUHG�ZLWK�LWV�OHQJWK��DOORZLQJ�IRU�D�TXD�
VL-�'�WUDQVSRUW�PHFKDQLVP� 

 
,,,��7KHUH�LV�FRPSOHWH�PL[LQJ�DFURVV�WKH�IUDFWXUH�

ZLGWKV� DW� DOO� WLPHV� �L�H�� QR� FKDQJH� RU� YDULD�
WLRQ�LQ�GHQVLW\�� 

 
,9��7KH�GRPDLQ�RI�LQWHUHVW�LQ�WKLV�VWXG\�LV�LQ�WKH�

VDWXUDWHG�]RQH�RI�WKH�URFN�PDVV��DQG�LV�VLQJOH�
SKDVH�IOXLG� 

 
9�� 7KH� FRQWDPLQDQW� LV� FRQVHUYDWLYH� �QRQ-

YRODWLOH�� QRQ-VREELQJ�� QRQ-GHJUDGLQJ� QRU�
UHDFWLYH�� 

 
9,��7KH�IORZ�LV�DVVXPHG�ODPLQDU�DQG�WKH�DQDOR�

J\�RI�SDUDOOHO�SODQDU�SODWHV�LV�DGRSWHG�WR�UHS�
UHVHQW�WKH�IUDFWXUH�VXUIDFHV� 

 
7KHVH� DVVXPSWLRQV� OHDG� WR� WKH� FRQFOXVLRQ� WKDW�
WKH�PDLQ�IHDWXUHV�UHVSRQVLEOH�IRU�WKH�FRQGXFWLRQ 
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 RI�JURXQGZDWHU�WKURXJK�WKH�FU\VWDOOLQH�URFNV�LQ�
WKH�VWXG\�DUHD�DUH��IUDFWXUHV�DQG�LQWHUVHFWLRQV�RI�
WKH�IUDFWXUHV� 
 
0RGHO�LQLWLDO�DQG�ERXQGDU\�FRQGLWLRQV 
7KH�SDUWLDO�GLIIHUHQWLDO�HTXDWLRQV�VWDWHG�LQ� 
VHFWLRQ��� UHSUHVHQW�RQO\�SDUW�RI�RXU�PRGHO��7R�
FRPSOHWH�WKH�PRGHO��WKHUH�LV�WKH�QHHG�WR�VSHFLI\�
LQLWLDO�DQG�ERXQGDU\�FRQGLWLRQV��7KH�GHSHQGHQW�
YDULDEOH� LQ� WKH� HTXDWLRQV� LV� WKH� GLVVROYHG� FRQ�
FHQWUDWLRQV��7KHUHIRUH��WKH�LQLWLDO�DQG�ERXQGDU\�
FRQGLWLRQ� HTXDWLRQV� VSHFLI\� WKH� YDOXH� RI� WKHVH�
FRQFHQWUDWLRQV�DW� WLPH�]HUR�DQG�DW� WKH�ERXQGD�
ULHV� RI� WKH� V\VWHP� WKDW� LV� EHLQJ�PRGHOOHG��7KH�
ERXQGDULHV� GHILQH� WKH� K\GUDXOLF� FRQGLWLRQV� DW�
WKH�ERXQGDU\�OD\HU�RU�V\VWHP��'HWHUPLQDWLRQ�RI�
IORZ�ERXQGDULHV�ZDV�EDVHG�RQ�DQDO\VLV�RI�ILHOG�
GDWD�DQG�SUHYLRXV�LQIRUPDWLRQ�EDVHG�RQ�DYHUDJH�
ZDWHU� \LHOGLQJ� FDSDFLWLHV� DQG� GHSWKV� UDQJH� RI�
ERUHKROHV� GULOOHG� LQ� WKH� VWXG\� DUHD� E\� YDULRXV�
UHVHDUFKHUV��.HVVH��������'DUNR��������<LGDQD�
HW�DO����������7KH�PRGHO�GRPDLQ� LV�GHSLFWHG� LQ�
)LJ�� ���7KH� IORZ� LV� DVVXPHG� WR�EH�RQO\�ZLWKLQ�
GHSWKV� RI� ��� DQG� ��� P� IRU� WKH� 6WXG\� 6LWH�
�ZLWKLQ�768���7KH� ,QLWLDO� DQG�ERXQGDU\�FRQGL�
WLRQV�RI�DGYHFWLRQ-GLVSHUVLRQ�WUDQVSRUW�HTXDWLRQ�
DUH� 

,QLWLDO�FRQGLWLRQ� 
(TXDWLRQV�����DQG�����DUH�LQLWLDO�FRQGLWLRQV��IRU�
WKH� JHQHUDO� WKUHH-GLPHQVLRQDO� PRGHOV�� IRU� K\�
GUDXOLF�KHDG��(TXDWLRQ����DQG�FRQFHQWUDWLRQ�RI�
FRQWDPLQDQW� DW� WLPH� W�  � �� �(TXDWLRQ� ��� 7KH�
HTXDWLRQV� PDWKHPDWLFDOO\� VWDWH� WKDW� WKH� LQLWLDO�
GLVVROYHG� FRQFHQWUDWLRQV� DUH� FRQVWDQW� LQ� VSDFH�
DW�WLPH�]HUR� 

)LJ�����6FKHPDWLF�GLDJUDP�RI�WKH�SUREOHP�GRPDLQ� 

 

K�[��\��]��W� ���� �KL ��� 

&�[��\��]��W� ���� �&L� ��� 

%RXQGDU\�FRQGLWLRQV� 
7KH�PDLQ�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�SUHGLFW�
FRQWDPLQDQW� WUDYHO� LQ� WKH� IUDFWXUHG� FU\VWDOOLQH�
URFN� XVLQJ� FRQVHUYDWLYH� �QRQUHDFWLYH�� HOH�
PHQWV�� 7KXV�� LQ� WHUPV� RI� FRQFHQWUDWLRQ�� IRU�
ERXQGDU\� FRQGLWLRQ�� WKH� W\SH� �� ERXQGDU\� FRQ�
GLWLRQ�� DOVR� NQRZQ� DV� WKH� 'LULFKOHW� ERXQGDU\�
FRQGLWLRQ��FRQGLWLRQ�ZKLFK�VSHFLILHV�WKH�FKHP�
LFDO� FRQFHQWUDWLRQ� DW� WKH� ERXQGDU\�� ZDV� XVHG��
%RXQGDU\� FRQGLWLRQV� FDQ� EH� DSSOLHG� RYHU� 
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$PDGX�HW�DO� � 

DOO�WLPH��W�!����RU�IRU�VSHFLILHG�WLPH�LQWHUYDOV��W��
��W���W��� 
 
&�[��\��]��W�� �&������[���[�������\���\���

����\���\���W�!������������������������������������������� 

K�[��\��]��W�� �K� 
������������������������������������� 

,Q�DQ�DWWHPSW�WR�GHWHUPLQH�FRQWDPLQDQW�FRQFHQ�
WUDWLRQ��&�[��\��DQG�W���GHSHQGHQW�RQ�SRVLWLRQ�[��
\�DQG� WLPH� W�� LQ�DQ�DTXLIHU��K\GURG\QDPLF�GLV�
SHUVLRQ�HTXDWLRQV�DUH�VROYHG�� 
 
1XPHULFDO� VROXWLRQ� DQG� SUHGLFWLYH� VLPXOD�
WLRQ�RI�IORZ�DQG�FRQWDPLQDQW�WUDQVSRUW 
$V�PHQWLRQHG�HDUOLHU��(TXDWLRQ���DQG�(TXDWLRQ�
��UHSUHVHQW�WKH�WUDQVSRUW�RI�D�FRQVHUYDWLYH�FRQ�
WDPLQDQW� LQ� D� RQH-� DQG� �-GLPHQVLRQDO� V\VWHP�
UHVSHFWLYHO\��7KH�DGYHFWLRQ-GLVSHUVLRQ�HTXDWLRQ�
PD\� EH� VROYHG� DQDO\WLFDOO\� RU� QXPHULFDOO\� XQ�
GHU� GLIIHUHQW� LQLWLDO� DQG� ERXQGDU\� FRQGLWLRQV��
2QH� RI� WKH� FRQYHQLHQW� ZD\V� RI� REWDLQLQJ� QX�
PHULFDO�VROXWLRQV�XVHG�LQ�VLPXODWLQJ�JURXQGZD�
WHU� IORZ� DQG� FRQWDPLQDQW� WUDQVSRUW� WKURXJK� 

 
���������� 
)&5� LV� E\� ILQLWH-GLIIHUHQFH� PHWKRGV� �)'0��
�$QGHUVRQ�DQG�:RHVVQHU�������� 
 
7DEOH���VKRZV�WKH�SDUDPHWHU�YDOXHV�RI�WKH�PRG�
HO� LQSXW�� ,W� JLYHV�D� VXPPDU\�RI� WKH�SDUDPHWHUV�
XVHG� IRU� WKH� VLPXODWLRQ� RI� WKH� WUDQVSRUW� RI� 3E�
�XVHG� DV� DQ� H[DPSOH� RI� KHDY\�PHWDOV���9DOXHV�
VXFK� DV� K\GUDXOLF� FRQGXFWLYLW\�� SLH]RPHWULF�
KHDG� �RU� VXUIDFH�� DQG� K\GUDXOLF� JUDGLHQW��ZHUH�
FKRVHQ� IURP� VWDQGDUG� OLWHUDWXUH� RQ� WKH� VWXG\�
DUHD�� 7KHVH� ZHUH� DV� UHSRUWHG� E\� <LGDQD� HW� DO�
��������'DUNR��������DQG�*ORYHU���������2WKHU�
IDFWRUV� RI� FRQWDPLQDQW� PLJUDWLRQ� IRU� IUDFWXUHG�
URFN� DTXLIHUV�� VXFK� DV� WKH� ORQJLWXGLQDO� DQG�
WUDQVYHUVH� GLVSHUVLYLW\� DQG� UHWDUGDWLRQ� IDFWRU�
�5��YDOXHV�ZHUH�DGRSWHG�DV�XVHG�E\�)UHH]H�DQG�
&KHUU\�������� 
 
)LJ����LV�VFKHPDWLF�GLDJUDP�RI�WKH�SUREOHP�GR�
PDLQ�� 7KH� VLPXODWLRQ� ZDV� FDUULHG� RXW� IRU� ����
GD\V�ZLWK�D�WLPH�VWHS�RI����GD\V� 
 
6HQVLWLYLW\�DQDO\VLV 
6HQVLWLYLW\� DQDO\VLV� ZDV� FDUULHG� RXW� WR� LQYHVWL�
JDWH� WKH� HIIHFW� RI� FKDQJHV� RI� WKH� YDOXHV� IRU� 

7DEOH����,QSXW�GDWD�IRU�SUHGLFWLYH�VLPXODWLRQ 

 3DUDPHWHU 9DOXH 

+\GUDXOLF�FRQGXFWLYLW\��P�GD\� ������PRVW�SHUPHDEOH�URFN� 
+\GUDXOLF�JUDGLHQW ������P�P 
3LH]RPHWULF�KHDG��DERYH�VHD�OHYHO� ���P�DVO 
,QLWLDO�SRVLWLRQ�RI�FRQWDPLQDQW�VRXUFH ����P��RU������P�DVO� 

/HQJWK�RI�WKH�UHDFK ������P 
:LGWK�RI�WKH�UHDFK ������P 
/RQJLWXGLQDO�GLVSHUVLYLW\��Į/� �����P 
7UDQVYHUVH�GLVSHUVLYLW\����Į7� ����P 
5HWDUGDWLRQ�IDFWRU ���� 

7RWDO�GXUDWLRQ�RI�VLPXODWLRQ��GD\V� ��� 

7LPH�VWHS��ǻW���GD\V� �� 
1XPEHU�RI�GLYLVLRQV�LQ�OHQJWK�GLUHFWLRQ �� 
1XPEHU�RI�GLYLVLRQV�LQ�ZLGWK�GLUHFWLRQ �� 
,QLWLDO�FRQFHQWUDWLRQ��J�P�� ����PJ�/ 
&RQFHQWUDWLRQ�DW�VRXUFH�ERXQGDU\��J�P�� ����PJ�/ 
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K\GUDXOLF� FRQGXFWLYLW\�� GLVSHUVLYLW\�� SDUWLWLRQ�
FRHIILFLHQW��DQG�UHWDUGDWLRQ�IDFWRU�ZKLFK�DUH�WKH�
PDLQ� IDFWRUV� DIIHFWHG� E\� JHRPHWULF� SURSHUWLHV�
RI�IUDFWXUHV��7KLV�SURFHVV�DOORZHG�WKH�PRGHO�WR�
EH� XVHG� IRU� WKH� SRVVLEOH�PD[LPXP��PLQLPXP��
DQG�PRVW�SUREDEOH�H[WHQW�RI�FRQWDPLQDQW�WUDYHO��
7KH�PRGHO�ZDV�UXQ�IRU�QXPHURXV�LWHUDWLRQV�DQG�
WKH�RXWSXWV�ZHUH� UHFRUGHG� DW�GLIIHUHQW� WLPH� LQ�
WHUYDOV�WR�VKRZ�WKH�VL]H�DQG�H[WHQW�RI�WKH�KHDY\�
PHWDO� DQG� FKORULWH� DV� FRQVHUYDWLYH� HOHPHQW�
SOXPHV� 
 
5(68/76�$1'�',6&866,21 
)LJ�� ��D-G�� GHSLFWV� WKH� FRQFHQWUDWLRQ� FRQWRXUV�
REWDLQHG�IURP�WKH�)'0�IRU� IRXU�GLIIHUHQW� WLPH� 

SHULRGV��)URP�YLVXDO� LQVSHFWLRQ�RI�WKH�VLPXODW�
HG�FRQWDPLQDQW�SOXPH��LW�FDQ�EH�REVHUYHG�WKDW� 
WKH� FRQWDPLQDQW� WUDYHOOHG� DW� GLIIHUHQW� GLVWDQFH�
IRU�GLIIHUHQW� WLPHV��7KH�VLPXODWHG�FRQWDPLQDQW�
SOXPH��)LJ�����FOHDUO\�VKRZV�WKH�HYROXWLRQ�RI� 
WKH� VKDSHV� DQG� VL]HV�RI� SROOXWLRQ�ZLWK� LQFUHDV�
LQJ�WUDYHO�WLPH��$V�WLPH�SDVVHV��WKH�FRQWDPLQDQW�
SOXPH� HQODUJHV� DQG� PRYHV� DORQJ� WKH� GRZQ�
JUDGLHQW�RI�WKH�VRXUFH�DUHD��7KH�SORWV�UHSUHVHQW�
FRQWDPLQDQW�PRYHPHQW�LQ�WZR-GLPHQVLRQ���'���
,W�FDQ�EH�REVHUYHG�WKDW�SOXPH�VSUHDG�LQ�WKH�GL�
UHFWLRQ� RI� JURXQGZDWHU� IORZ� �*)�� LV� JUHDWHU�
WKDQ�LQ�WKH�GLUHFWLRQ�QRUPDO�WR�WKH�IORZ�EHFDXVH�
ORQJLWXGLQDO�GLVSHUVLYLW\�LV�W\SLFDOO\�KLJKHU�WKDQ�
WUDQVYHUVH�GLVSHUVLYLW\�� ,W� LV� DOVR�REVHUYHG� WKDW� 

)LJ����D-G���7ZR-GLPHQVLRQDO�FRQWRXU�SORWV�RI�FRQWDPLQDQW�SOXPH�IRU�IRXU�GLIIHUHQW�WLPH�SH�
ULRGV���D��WLPH��W� ����GD\V���E��WLPH��W� ����GD\V���F��WLPH��W� �����GD\V��DQG��G��WLPH��W� �����
GD\V��&RORXUV�UHSUHVHQW�FRQWDPLQDQW�FRQFHQWUDWLRQ� 
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DW�WKH�LQLWLDO�VWDJH��L��H��FORVH�WR�WKH�FRQWDPLQD�
WLRQ� VRXUFH�� �)LJ�� �D��� WKH� VL]H�RI� WKH�SOXPH� LV�
FRPSDUDWLYHO\� VPDOO�� )XUWKHUPRUH�� WKH� SORWV�
DOVR� VKRZ� WKDW� FRQWDPLQDQW� PLJUDWLRQ� RFFXUV�
IURP� WRS� OHIW� �FRQWDPLQDQW� VRXUFH�� WRZDUGV�
ERWWRP� ULJKW� FRUUHVSRQGLQJ� WR� JURXQGZDWHU�
IORZ�GLUHFWLRQ� 
 
$QDO\VLV�RI�WKH�SORWV�LQGLFDWHV�WKH�FRQWDPLQDQW�
FDQ�WUDYHO�EHWZHHQ�����WR�����P�GD\��,W�LV�ZRUWK�
QRWLQJ�WKDW�HYHQ�WKRXJK�WKLV�WUDYHO�YHORFLW\�YDO�
XHV� DUH� ORZ� IRU� FRQWDPLQDQW�PLJUDWLRQ� IRU� WKH�
FDVH�RI�D�VLQJOH�RSHQ�IUDFWXUH��WKH�YDOXHV�LQ�WKLV�
VWXG\� UHSUHVHQW� WUDQVSRUW� LQ� GLVFUHWH� IUDFWXUH�
QHWZRUN��')1���ZKLFK�LV�VWRFKDVWLF�LQ�QDWXUH� 
 
7KH� VLPXODWHG� FRQWDPLQDQW� WUDQVSRUW� YDOXHV�
IURP� WKLV� VWXG\� ����-���� P�GD\�� DUH� FRPSDUD�
WLYHO\� KLJK�� 7KH� YHORFLWLHV� RI� FRQWDPLQDQW�
WUDQVSRUW� LQ�YDULRXV�PHGLD�KDYH�EHHQ�YHU\�YDU�
LHG�DV� UHSRUWHG�IURP�YDULRXV� UHVHDUFKHUV� �7DQJ�
HW�DO��������6XGLFN\�DQG�)ULQG��������.RQLNRZ�
DQG�*O\QQ��������5DR�HW�DO���������)DOOLFR�HW�DO�
�������UHSRUW�D�YHORFLW\�UDQJH�IURP������WR������
P�GD\�IRU�SRURXV�PHGLD��,Q�WKH�FDVH�RI�FU\VWDO�
OLQH� URFNV�� %HQWOH\� DQG� :DONHU� ������� GHWHU�
PLQHG�FRQWDPLQDQW�PLJUDWLRQ�LQ�IUDFWXUHG�GROR�
PLWH� DV� ���� P�GD\� ZKLOVW�:LQWHU� HW� DO� ��������
DQG� .RQLNRZ� DQG� *O\QQ� ������� KDYH� GRFX�
PHQWHG� UDQJHV� IURP�DERXW�P�PLOOHQQLXP� WR� DV�
KLJK�DV���P�GD\��$OVR��FRPSDULQJ�WKH�WUDQVSRUW�
YHORFLW\� YDOXHV� IURP� ZRUN� GRQH� E\� 5DR� HW� DO�
�������� ZKR� GHWHUPLQHG� FRQWDPLQDQW� WUDYHO�
YHORFLW\�LQ�IUDFWXUHG�EDVDOWLF�URFNV�LQ�%DJDONRW��
,QGLD��XVLQJ�QXPHULFDO�PRGHOOLQJ�DSSURDFK��DQG�
FRQFOXGHG�WKDW��WKH�FRQWDPLQDQW�ZLOO�EH�VSUHDG�
LQJ� LQ� WKH�GRZQVWUHDP�VLGH�XS� WR�D�GLVWDQFH�RI�
DERXW�����P�IRU�D��-\HDU�SHULRG��HTXLYDOHQW�WR�D�
WUDYHO�YHORFLW\�RI�DERXW�������P�GD\�� ,W�FDQ�EH�
FRQFOXGHG� WKDW� WKH� YDOXHV� GHWHUPLQHG� LQ� WKLV�
VWXG\� DUH� FRQVLVWHQW� ZLWK� PLJUDWLRQ� FRQWDPL�
QDQWV�LQ�IUDFWXUHG�FU\VWDOOLQH�URFNV� 
 
)LJ����D-G��LOOXVWUDWHV�WKH�VKDSH�SORWV�RI�FRQWDP�
LQDQW� FRQFHQWUDWLRQ� ZLWK� GLVWDQFH� LQ� WKH� KRUL�
]RQWDO� �IORZ� GLUHFWLRQ�� IRU� IRXU� GLIIHUHQW� WLPH�
LQWHUYDOV��)URP� WKH�SORWV��ZKLFK� UHSUHVHQWV� WKH�
FRQWDPLQDQWV� SUHGLFWHG� PRYHPHQW� DIWHU� ����
GD\V�� LW� LV� QRWLFHG� WKDW�� WKH� FRQWDPLQDQW� LV�PL�
JUDWLQJ�IURP�WKH�FRQWDPLQDQW�VRXUFH� 
 
5HVXOWV� RI� WKH� VHQVLWLYLW\� DQDO\VLV� VKRZHG� WKH� 

$PDGX�HW�DO� �� 

PRGHO�LV�TXLWH�VWDEOH�DQG�QRW�FKDQJLQJ�WR�VOLJKW�
YDULDWLRQV� LQ� PRVW� RI� WKH� LQSXW� SDUDPHWHUV��
7KUHH� SDUDPHWHUV�� K\GUDXOLF� FRQGXFWLYLW\� �.���
SDUWLWLRQ�FRHIILFLHQW�DQG�GLVSHUVLYLW\�ZHUH�LGHQ�
WLILHG�DV�WKH�PRVW�GRPLQDWLQJ�SDUDPHWHUV�IRU�WKH�
FRQWDPLQDQW�WUDQVSRUW�SUREOHP� 
 
&21&/86,21� $1'� 5(&200(1'$�
7,216 
0L[HG�ZDVWH�IURP�YDULRXV�VRXUFHV��ERWK�LQGXV�
WULDO� DQG� GRPHVWLF�� UHVXOWV� LQ� OHDFKDWH� JHQHUD�
WLRQ� DQG� RWKHU� SURFHVVHV� WKDW� SURGXFH� YDULRXV�
FRQWDPLQDQWV� WKDW� KDYH� WKH� KLJK� SRWHQWLDO� RI�
EHLQJ� GUDLQHG� LQWR� WKH� IUDFWXUHG� FU\VWDOOLQH�
URFN�� 7KLV� UHIOHFWV� D� FULWLFDO� SRWHQWLDO� HQYLURQ�
PHQWDO�KD]DUG�� 
 
7KH�K\EULG�DSSURDFK�DSSHDUV�WR�EHWWHU�GHVFULEH�
WKH� IOXLG� IORZ� DQG� VROXWH� WUDQVSRUW�PHFKDQLVP�
LQ�IUDFWXUHG�URFNV�DW�D�ODUJHU�ILHOG�VFDOH��)'0�LV�
SUHVHQWHG� IRU� PRGHOOLQJ� WKH� WZR-GLPHQVLRQDO�
FRQWDPLQDQW� WUDQVSRUW� WKURXJK� WKH� VDWXUDWHG�
IUDFWXUHG� PHGLD�� ,W� LV� QRWHG� WKDW� WKH� )'0� LV�
VLPSOH� DQG� HDV\� WR� LPSOHPHQW� LUUHVSHFWLYH� RI�
VL]H� DQG� VKDSH� RI� WKH� SUREOHP� GRPDLQ�� 7KH�
UHVXOWV� RI� WKH� JURXQGZDWHU� IORZ� DQG� WUDQVSRUW�
VLPXODWLRQ� UHYHDO� FRQWDPLQDWLRQ� SOXPH� H[SDQ�
VLRQ��&RQWDPLQDQWV�FRXOG�WUDYHO�EHWZHHQ�����WR�
���� P�GD\� LQ� WKH� KRUL]RQWDO� GLUHFWLRQ�
�JURXQGZDWHU� IORZ� GLUHFWLRQ��� LQGLFDWLQJ� WKDW��
IUDFWXUHV� DUH� PRVW� OLNHO\� UHVSRQVLEOH� IRU� FRQ�
WDPLQDQW�PLJUDWLRQ�LQ�WKH�W\SLFDO�WLJKW�VHGLPHQ�
WDU\�DQG�FU\VWDOOLQH�URFNV�LQ�WKH�VWXG\�DUHD��7KLV�
VSUHDGLQJ� HIIHFW� RI�SOXPH� PRYHPHQW� WKURXJK�
WKH� IUDFWXUHG� URFNV� FDQ� SRVH� FULWLFDO� HQYLURQ�
PHQWDO�KD]DUGV� 
 
,W�LV�KLJKO\�UHFRPPHQGHG�WKDW�ZDVWHV�JHQHUDWHG�
IURP� YDULRXV� VRXUFHV� ZLWKLQ� XUEDQ� DQG� SHUL-
XUEDQ� DUHDV� PXVW� QRW� EH� GLVSRVHG� RI� GLUHFWO\�
RQWR� WKH� URFN� IRUPDWLRQ�� (QJLQHHUHG� ODQGILOOV�
ZLWK�ORZ�SHUPHDEOH�OLQHU�PDWHULDOV�DUH�DGYLVHG�
IRU� ZDVWH� GLVSRVDO� VLWH� FRQVWUXFWLRQ�� 1HZ�
GULOOHG�DQG�GXJ-RXW�ZHOOV�VKRXOG�EH�ORFDWHG�IDU�
DZD\� IURP� SROOXWLRQ� VRXUFHV� DQG� REVHUYDWLRQ�
ZHOOV�VKRXOG�EH�LQVWDOOHG�DURXQG�ZDVWH�GLVSRVDO�
VLWHV�IRU�SHULRGLF�PRQLWRULQJ� 
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&LUFXP� $WODQWLF� &RUUHODWLYHV�� 3URMHFW� ����
�&*3��,8*6��81(6&2��SS�����-���� 

 
$QGHUVRQ��0��3���DQG�:RHVVQHU��:��:����������
$SSOLHG� *URXQGZDWHU� 0RGHOLQJ�� 6LPXODWLRQ�
RI� )ORZ� DQG� $GYHFWLYH� 7UDQVSRUW�� $FDGHPLF�
3UHVV��6DQ�'LHJR 

 
$WWRK��.�����������+LJK-SUHVVXUH�JUDQXOLWH�IDFL�
HV� PHWDPRUSKLVP� LQ� WKH� 3DQ-$IULFDQ� 'DKR�
PH\LGH�2URJHQ��:HVW�$IULFD��-RXUQDO�RI�*HRO�
RJ\����������–���� 

�5()(5(1&(6 
$GRPDNR��'���*LEULOOD��$���$NLWL��7��7���)LDQNR��
5�� DQG� 0DORV]HZVNL�� 3�� �������� +\GURJHR�
FKHPLFDO�(YROXWLRQ�DQG�*URXQGZDWHU�)ORZ� LQ�
WKH�'HQVX�5LYHU�%DVLQ��*KDQD��-RXUQDO�RI�:D�
WHU�5HVRXUFH�DQG�3URWHFWLRQ��������-���� 

 
$IIDWRQ�� 3��� 5DKDPDQ�� 0�� $��� 7URPSHWWH�� 5���
DQG� 6RXJ\�� -�� �������� 7KH� 'DKRPH\LGH� RUR�
JHQ�� WHFWRQRWKHUPDO� HYROXWLRQ� DQG� UHODWLRQ�
VKLSV�ZLWK�WKH�9ROWD�EDVLQ��,Q���'DOOPD\HU��/H�
FRUFKH� �(GV����7KH�:HVW-$IULFDQ�2URJHQ� DQG� 

)LJ�����3ORWV�RI�&RQWDPLQDQW�&RQFHQWUDWLRQ�ZLWK�'LVWDQFH�LQ�WKH�+RUL]RQWDO��*URXQGZDWHU�
)ORZ�'LUHFWLRQ��IRU��D���W� ����GD\V�DQG�]��7KLFNQHVV� ����P����E���W� ����GD\V�DQG�]��WKLFNQHVV�
 ����P����F���W� �����GD\V�DQG�]��WKLFNQHVV� ����P���DQG��G���W� �����GD\V�DQG�]��WKLFNQHVV� ����
P�� 
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%DVKD�� +�� $�� DQG� (O-$VPDU�� :�� �������� 7KH�
IUDFWXUH� IORZ� HTXDWLRQ� DQG� LWV� SHUWXUEDWLRQ�
VROXWLRQ��:DWHU�5HVRXUFHV�5HVHDUFK������ �����
������'2,��������������:5������9� 

 
%HDU�� -�� �������� +\GUDXOLFV� RI� *URXQGZDWHU��
0F*UDZ-+LOO�,QW��%RRN�&R��1HZ�<RUN��S���� 

 
%HDU�� -�� DQG�%HUNRZLW]��%�� ��������*URXQGZD�
WHU� IORZ� DQG� SROOXWLRQ� LQ� IUDFWXUHG� URFN� DTXL�
IHUV�´�LQ�'HYHORSPHQW�RI�+\GUDXOLF�(QJLQHHU�
LQJ��YRO�����3��1RYDN��HGLWRU���(OVHYLHU�$SSOLHG�
6FLHQFH��2[IRUG��(QJODQG� 

 
%HDU��-���DQG�&KHQJ��$��+��'���������0RGHOOLQJ�
*URXQGZDWHU� )ORZ� DQG� &RQWDPLQDQW�
7UDQVSRUW�� 7KHRU\� DQG� $SSOLFDWLRQ� RI�
7UDQVSRUW� LQ� 3RURXV� 0HGLD� ���� '2,��
�����������-�-����-����-�-�� 

 
%HDU�� -��� 7VDQJ�� &�� )�� DQG� 'H� 0DUVLO\�� *��
�������� 0RGHOOLQJ� )ORZ� DQG� &RQWDPLQDQW�
7UDQVSRUW�LQ�)UDFWXUHG�5RFNV��$FDGHPLF�3UHVV�
,QF���86$� 

 
%HUNRZLW]��%�� ��������&KDUDFWHULVLQJ� IORZ�DQG�
WUDQVSRUW� LQ� IUDFWXUHG� JHRORJLFDO� PHGLD�� D� UH�
YLHZ�� $GYDQFH� :DWHU� 5HVRXUFHV�� ����–�����
���–����� 

 
%LEE\��5�� ��������0DVV� WUDQVSRUW� RI� VROXWHV� LQ�
GXDO-SRURVLW\� PHGLD�� :DWHU� 5HVRXUFHV� 5H�
VHDUFK�������������-����� 

 
%OD\��3��.����������*HRORJ\�RI�����)LHOG�6KHHWV�
����� ���� DQG� �����*KDQD� *HRORJLFDO� 6XUYH\�
%XOOHWLQ����� 

 
%RXUNH�� 3�� -�� �������� &KDQQHOLQJ� RI� IORZ�
WKURXJK� IUDFWXUHV� LQ� URFN�� 3URFHHGLQJV�� *(�
29$/� ��� 6\PSRVLXP�� 6ZHG�� 1XFO�� 3RZHU�
,QVW���6WRFNKROP��SS�����-���� 

 
&DFDV��0��&���/HGRX[��(���'H�0DUVLO\��*��,��DQG�
7LOOLH��%����������0RGHOLQJ�)UDFWXUH�)ORZ�ZLWK�
$�6WRFKDVWLF�'LVFUHWH�)UDFWXUH�1HWZRUN��&DOL�
EUDWLRQ� DQG� 9DOLGDWLRQ�� ��� 7KH� )ORZ� 0RGHO��
:DWHU� 5HVRXUFHV� 5HVHDUFK�� ������� SS�� ���-
���� 

 
&KDSUD��6��&��DQG�&DQDOH��5��3����������1XPHU�
LFDO� 0HWKRGV� IRU� (QJLQHHUV�� :LWK� 3URJUDP- 

 
 

�$PDGX�HW�DO� �� 

PLQJ� DQG� 6RIWZDUH�$SSOLFDWLRQ� ��UG� HGLWLRQ���
0F*UDZ-+LOO� 

 
&KULVWRSKHU��:���DQG�/HVOLH��6����������5HWDUGD�
WLRQ�RI�VRUELQJ�VROXWHV�LQ�IUDFWXUHG�PHGLD��:D�
WHU�5HVRXUFHV�5HVHDUFK��������������-����� 

 
&UDLJ��5�� -�� DQG�5DELGHDX��$�� -�� ��������)LQLWH�
GLIIHUHQFH�PRGHOOLQJ�RI�FRQWDPLQDQW� WUDQVSRUW�
XVLQJ� DQDO\WLFDO� HOHPHQW� IORZ� VROXWLRQV�� $G�
YDQFHV�LQ�:DWHU�5HVRXUFHV����������-����� 

 
'DUNR�� 3�� .�� �������� 4XDQWLWDWLYH� $VSHFWV� RI�
+DUG� 5RFN� $TXLIHUV�� 5HJLRQDO� (YDOXDWLRQ� RI�
*URXQGZDWHU�5HVRXUFHV�LQ�*KDQD��3K�'��7KH�
VLV��&KDUOHV�8QLYHUVLW\��3UDJXH��&]HFK�5HSXE�
OLF� 

 
'HUVKRZLW]��:�6��� /HH��*���*HLHU�� -��� )R[IRUG��
7��� /D3RLQWH�� 3�� DQG� 7KRPDV�� $�� ��������
³)UDF0DQ�� ,QWHUDFWLYH� GLVFUHWH� IHDWXUH� GDWD�
DQDO\VLV��JHRPHWULF�PRGHOLQJ��DQG�H[SORUDWLRQ�
VLPXODWLRQ´��8VHU�GRFXPHQWDWLRQ��YHUVLRQ������
6HDWWOH��:DVKLQJWRQ��*ROGHU�$VVRFLDWHV�,QF� 

 
'HUVKRZLW]�� :�� 6�� DQG� )LGHOLEXV�� &�� ��������
'HULYDWLRQ� RI� HTXLYDOHQW� SLSH� QHWZRUN� DQD�
ORJXHV� IRU� WKUHH-GLPHQVLRQDO� GLVFUHWH� IUDFWXUH�
QHWZRUNV�E\�ERXQGDU\�HOHPHQW�PHWKRG��:DWHU�
5HVRXUFHV�5HVHDUFK����������–����� 

 
'RPHQLFR�� 3��$�� DQG�6FKZDUW]�� )��:�� ��������
3K\VLFDO� DQG� &KHPLFDO� +\GURJHRORJ\�� -RKQ�
:LOH\�	�6RQV��1HZ�<RUN�����SS� 

 
'YHUVWRUS��%���$QGHUVVRQ��-��DQG��1RUGTYLVW��:�
�������� 'LVFUHWH� IUDFWXUH� QHWZRUN� LQWHUSUHWD�
WLRQ�RI� ILHOG� WUDFHU�PLJUDWLRQ� LQ� VSDUVHO\� IUDF�
WXUHG�URFN��:DWHU�5HVRXUFHV�5HVHDUFK���������
����–����� 

 
(OVZRUWK�� '�� �������� �$� ERXQGDU\� HOHPHQW-
ILQLWH� HOHPHQW� SURFHGXUH� IRU� SRURXV� DQG� IUDF�
WXUHG�PHGLD� IORZ��:DWHU�5HVRXUFHV�5HVHDUFK��
����������–���� 

 
)DWWD��'���3DSDGRSRXGRV��$��DQG�/RL]LGRX��0���
��������$� VWXG\� RQ� WKH� ODQGILOO� OHDFKDWH� DQG�
LWV� LPSDFW� RQ� WKH� JURXQGZDWHU� TXDOLW\�RI� WKH�
JUDWHU� DUHD�� (QYLURQPHQWDO� *HRFKHPLVWU\��
DQG�+HDOWK������������-���� 
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)HWWHU�� &�� :�� �������� $SSOLHG� +\GURJHRORJ\��
7KLUG�HGLWLRQ��3UHQWLFH-+DOO�,QF���1HZ 

 
)OHWFKHU��&��$��-����������&RPSXWDWLRQDO�7HFK�
QLTXHV� IRU� )OXLG� '\QDPLFV�� 6SULQJHU-9HUODJ��
1HZ�<RUN� 

 
)RSSHQ��-��:��$���6FKLMYHQ��-��)����������(YDOX�
DWLRQ� RI� GDWD� IURP� WKH� OLWHUDWXUH� RQ� WKH�
WUDQVSRUW� DQG�VXUYLYDO�RI�(VFKHULFKLD�FROL� DQG�
WKHUPRWROHUDQW� FROLIRUPV� LQ� DTXLIHUV� XQGHU�
VDWXUDWHG� FRQGLWLRQV�� :DWHU� 5HVRXUFHV�� ����
���–���� 

 
)UHH]H�� 5�� $��� DQG� &KHUU\�� -�� $�� ��������
*URXQGZDWHU��3UHQWLFH-�+DOO��,QF���(QJOHZRRG�
&OLIIV��1�-��SS����� 

 
)ULQG��(��2����������6ROXWLRQ�RI�WKH�$GYHFWLRQ-
'LVSHUVLRQ�(TXDWLRQ�ZLWK�)UHH�([LW�%RXQGDU\��
1XPHULFDO� 0HWKRGV� IRU� 3DUWLDO� 'LIIHUHQWLDO�
(TXDWLRQV��������-���� 

 
*HOKDU��/��:����������$SSOLFDWLRQV�RI�VWRFKDV�
WLF� PRGHOV� WR� VROXWH� WUDQVSRUW� LQ� IUDFWXUHG�
URFNV��6ZHGLVK�1XFOHDU�)XHO�DQG�:DVWH�0DQ�
DJHPHQW�&RPSDQ\��6.%�7HFK��5HSRUW���-����
6WRFNKROP��6ZHGHQ� 

 
*UDQGL�� *�� 0�� DQG� )HUUDUL�� -�� &�� ��������
7UDQVSRUW� RI� 5DGLRQXFOLGHV� LQ� ,VRODWHG� )UDF�
WXUHV� LQ�&U\VWDOOLQH�5RFNV�� ,QWHUQDWLRQDO�-RXU�
QDO� IRU� 1XPHULFDO� 0HWKRGV� LQ� )OXLGV� ������
����-����� 

 
*6'�DQG�%*5�� ��������*6'�DQG�%*5��������
*HRORJLFDO� PDS� RI� *KDQD� ����������� 0DS�
SUHSDUHG�E\�+LUGHV��:���7RORF]\NL��0���'DYLV��
'�:��� $J\HL� 'XRGX�� -��� /RK�� *�.��� %RDPDK��
.��� %DED��0��*HRORJLFDO� 6XUYH\�'HSDUWPHQW��
$FFUD�� *KDQD� �*6'�� DQG� %XQGHVDQVWDOW� I�U�
*HRZLVVHQVFKDIWHQ� XQG�5RKVWRIIH�� +DQQRYHU��
*HUPDQ\� �%*5��� %*5� /LEUDU\� 1R�� ����� %�
���� 

 
*\DX-%RDN\H�� 3�� DQG� 'DSDDK-6LDNZDQ�� 6���
��������*URXQGZDWHU� DV� VRXUFH�RI� UXUDO�ZDWHU�
VXSSO\� LQ�*KDQD�� -RXUQDO� RI� $SSOLHG� 6FLHQFH�
DQG�7HFKQRORJ\�������	�����-��� 

 
.HVVH��*��2�� ��������7KH�PLQHUDO�DQG�URFN�UH�
VRXUFHV� RI� *KDQD�� $�$�� %DONHPD� 3XEOLVKHUV��
7KH�1HWKHUODQGV��SS���� 

.KHEFKDUHRQ��0�� DQG� 6DHQWRQ�� 6��� �������� )L�
QLWH� (OHPHQW� 6ROXWLRQ� IRU� �-'� *URXQGZDWHU�
)ORZ�� $GYHFWLRQ-'LVSHUVLRQ� DQG� ,QWHUSKDVH�
0DVV� 7UDQVIHU� ,�� 0RGHO� 'HYHORSPHQW�� 7KDL�
-RXUQDO�RI�0DWKHPDWLFV������������-���� 

 
.RQLNRZ��/��)���DQG�*O\QQ��3��'����������0RG�
HOLQJ�*URXQGZDWHU� IORZ� DQG�4XDOLW\�� LQ�(V�
VHQWLDOV� RI� 0HGLFDO� *HRORJ\�� /RQGRQ�� (OVH�
YLHU�����–���� 

 
.UDVQ\�� -��� +UNDO�� =�� DQG� %UXWKDQGV�� -�� �(GV��
��������3URFHHGLQJV�RI�WKH�,QWHUQDWLRQDO�&RQ�
IHUHQFH�RQ�*URXQGZDWHU� LQ�)UDFWXUHG�5RFNV��
3UDJXH��&]HFK�5HS��SS���� 

 
/RPL]H�� *�� 0�� �������� )ORZ� LQ� )UDFWXUHG�
5RFNV��*RVHQHUJRL]GDW��0RVFRZ��SS����� 

 
/RQJ�� -�� &�� �������� µ$SSURDFKHV� WR� IUDFWXUH�
PRGHOOLQJ�IRU�ILHOG�VWXGLHV¶��3URF���*(29$/�
������6WRFNKROP���-��$SULO��6ZHGLVK�1XFOHDU�
3RZHU�,QVSHFWRUDWH��6ZHGHQ� 

 
0DWWKlL��6��.���1LFN��+��0���3DLQ��&��DQG�1HX�
ZHLOHU�� ,�� �������� 6LPXODWLRQ� RI� 6ROXWH�
7UDQVSRUW�WKURXJK�)UDFWXUHG�5RFNV��$�+LJKHU
-2UGHU� $FFXUDWH� )LQLWH-(OHPHQW� )LQLWH-
9ROXPH� 0HWKRG� 3HUPLWWLQJ� /DUJH� 7LPH�
6WHSV�� 7UDQV�� 3RURXV� 0HG�� 6SULQJHU� 6FL�
HQFH�%XVLQHVV� 0HGLD� %�9�� '2,� ��������
V�����-���-����-] 

 
0HUFHU��-��:��DQG�&RKHQ��5��0����������$�UH�
YLHZ�RI�LPPLVFLEOH�IOXLGV�LQ�WKH�VXE-VXUIDFH��
3URSHUWLHV�� PRGHOV�� FKDUDFWHUL]DWLRQ� DQG� UH�
PHGLDWLRQ��-RXUQDO� RI�&RQWDPLQDQW�+\GUROR�
J\��������-���� 

 
0XII��5��DQG�(ID��(����������([SODQDWRU\�QRWHV�
IRU� WKH� FRDVWDO� VWDELOLW\� PDS� ��� �������� IRU�
*UHDWHU�$FFUD�0HWURSROLWDQ�$UHD��SS����� 

 
0XVROII��$����������0LFURSROOXWDQWV��&KDOOHQJ�
HV� LQ� K\GURJHRORJ\�� +\GURJHRORJ\� -RXUQDO��
�����������–���� 

 
1HOVRQ��5��$����������*HRORJLF�DQDO\VLV�RI�QDW�
XUDOO\� IUDFWXUHG� UHVHUYRLUV�� &RQWULEXWLRQV� LQ�
3HWUROHXP�*HRORJ\�DQG�(QJLQHHULQJ��Y����*XOI�
3XEOLVKLQJ� &RPSDQ\�� +RXVWRQ�� 7H[DV�� SS��
���� 



-RXUQDO�RI�6FLHQFH�DQG�7HFKQRORJ\����.1867��'HFHPEHU����� 

 

 

1RRULVKDG�� -�� DQG�0HKUDQ��0�� ��������$Q� XS�
VWUHDP� ILQLWH� HOHPHQW� PHWKRG� IRU� VROXWLRQ� RI�
WUDQVLHQW�WUDQVSRUW�HTXDWLRQ�LQ�IUDFWXUHG�SRURXV�
PHGLD��:DWHU�5HVRXUFHV�5HVHDUFK������������-
���� 

 
3RFKRQ�� $��� 7ULSHW�� -��� .R]HO�� 5���0H\ODQ�� %���
6LQUHLFK��0���DQG�=ZDKOHQ��-����������*URXQG�
ZDWHU�SURWHFWLRQ�LQ�IUDFWXUHG�PHGLD��D�YXOQHUD�
ELOLW\-EDVHG� DSSURDFK� IRU� GHOLQHDWLQJ� SURWHF�
WLRQ�]RQHV�LQ�6ZLW]HUODQG��+\GURJHRORJ\�-RXU�
QDO�������������-����� 

 
3URPPHU�� +��� %DUU\�� '�� $�� DQG� 'DYLV�� *�� %��
�������� 0RGHOLQJ� RI� SK\VLFDO� DQG� UHDFWLYH�
SURFHVVHV� GXULQJ� ELRGHJUDGDWLRQ� RI� D� K\GUR�
FDUERQ� SOXPH� XQGHU� WUDQVLHQW� JURXQGZDWHU�
IORZ� FRQGLWLRQV�� -RXUQDO� RI� &RQWDPLQDQW� +\�
GURORJ\������������-���� 

 
5RPLQ�� (�� 6�� �������� )ORZ� &KDUDFWHULVWLFV� RI�
)UDFWXUHG�5RFNV��1HGUD��0RVFRZ������SS� 

 
5RZH�� 5�� .�� �������� ³(OHYHQWK� &DQDGLDQ� JH�
RWHFKQLFDO�FROORTXLXP��&RQWDPLQDQW�PLJUDWLRQ�
WKURXJK�JURXQGZDWHU��7KH�UROH�RI�PRGHOOLQJ�LQ�
WKH� GHVLJQ� RI� EDUULHUV�´� &DQDGLDQ� *HRWHFK�
QLFDO�-RXUQDO���������–���� 

 
6DQNDUDQDUD\DQDQ�� 6��� 6KDQNDU�� 1�� -�� DQG�
&KHRQJ�� +�� )�� �������� ³7KUHH� GLPHQVLRQDO�
ILQLWH� GLIIHUHQFH� PRGHO� IRU� WUDQVSRUW� RI� FRQ�
VHUYDWLYH� SROOXWDQWV�´� 2FHDQ� (QJLQHHULQJ�� ��
��������–���� 

 
6XGLFN\�� (�� $�� DQG� )ULQG�� (�� 2�� �������� &RQ�
WDPLQDQW� WUDQVSRUW� LQ� IUDFWXUHG� SRURXV�PHGLD��
DQDO\WLFDO� VROXWLRQV� IRU� D� V\VWHP� RI� SDUDOOHO�
IUDFWXUHV�� :DWHU� 5HVRXUFHV� 5HVHDUFK�� �������
����-����� 

 
7DLURX��0��6���$IIDWRQ��3���$QXP��6��DQG�)OHX�
U\��7��-����������3DQ-$IULFDQ�3DOHRVWUHVVHV�DQG� 

5HDFWLYDWLRQ�RI�WKH�(EXUQHDQ�%DVHPHQW�&RP�
SOH[� LQ� 6RXWKHDVW� *KDQD� �:HVW� $IULFD���
+LQGDZL� 3XEOLVKLQJ� &RUSRUDWLRQ� -RXUQDO� RI�
*HRORJLFDO� 5HVHDUFK�� ������ $UWLFOH� ,'�
������������GRL�������������������� 

 
7D\ORU�� 5��� &URQLQ�� $��� 3HGOH\�� 6��� %DUNHU�� -���
DQG� $WNLQVRQ�� 7�� �������� 7KH� LPSOLFDWLRQ� RI�
JURXQGZDWHU� YHORFLW\� YDULDWLRQV� RQ� PLFURELDO�
WUDQVSRUW� DQG� ZHOO� KHDG� SURWHFWLRQ-UHYLHZ� RI�
ILHOG� HYLGHQFH��)(06�0LFURELRORJ\�(FRORJ\��
������-��� 

 
9DQ�*ROI-5DFKW��7��'����������)XQGDPHQWDOV�RI�
)UDFWXUHG� 5HVHUYRLU� (QJLQHHULQJ�� 'HYHORS�
PHQWV� LQ� 3HWUROHXP�6FLHQFH�� QR�� ����(OVHYLHU�
6FLHQWLILF�3XEOLVKLQJ�&RPSDQ\��1HWKHUODQGV� 

 
:HLJPDQ�� '�� /� DQG� .URHKOHU�� &�� -�� ��������
7KUHDWV� WR� 9LUJLQLD¶V� JURXQGZDWHU�� 93,� DQG�
68��9LUJLQLD�:DWHU�5HVRXUFHV�5HVHDUFK�&HQ�
WUH� 

 
:ULJKW��5��&����������$�FRPSDULVRQ�RI�OHYHOV�RI�
IHFDO� LQGLFDWRU� EDFWHULD� LQ� ZDWHU� DQG� KXPDQ�
IDFHV� LQ� D� UXUDO� DUHD� RI� D� WURSLFDO� GHYHORSLQJ�
FRXQWU\��-RXUQDO�RI�+\JLHQH���������–���� 

 
6XGLFN\�� (�� $�� DQG� )ULQG�� (�� 2�� �������� &RQ�
WDPLQDQW� WUDQVSRUW� LQ� IUDFWXUHG� SRURXV�PHGLD��
DQDO\WLFDO� VROXWLRQV� IRU� D� V\VWHP� RI� SDUDOOHO�
IUDFWXUHV��:DWHU� 5HVRXUFHV� 5HVHDUFK�� ��� �����
����–����� 

 
7DQJ��'��+���)ULQG��(��2�� DQG� �6XGLFN\��(��$��
�������� &RQWDPLQDQW� WUDQVSRUW� LQ� IUDFWXUHG�
SRURXV�PHGLD�� DQDO\WLFDO� VROXWLRQ� IRU� D� VLQJOH�
IUDFWXUH��:DWHU� 5HVRXUFHV� 5HVHDUFK�� ��� �����
���–���� 

 
=KHQJ��&��0���%HQQHWW��*��'�� ��������$SSOLHG�
&RQWDPLQDQW�7UDQVSRUW�0RGHOLQJ���QG�(G��1��
<RUN� 

$PDGX�HW�DO� �� 


