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$%675$&7� ��$�SRVVLEOH�VHYHUH�DFFLGHQW� VFHQDULR� LV�D�JHQHUDO�PHOWGRZQ�DQG� UHORFDWLRQ�RI� WKH� UHDFWRU�FRUH
GXULQJ� ZKLFK� PROWHQ� FRUH� PDWHULDO� DFFXPXODWHV� LQ� WKH� ORZHU� SOHQXP� RI� WKH� UHDFWRU� YHVVHO�� 7KH� GHFD\� KHDW
JHQHUDWHG�LQ�D�UDGLRDFWLYH�PDWHULDO�ZRXOG�KDYH�WR�EH�UHPRYHG�WKURXJK�WKH�ZDOOV�RI�WKH�ORZHU�SOHQXP�LQ�RUGHU�WR
HQVXUH� WKH� LQWHJULW\�RI� WKH� UHDFWRU�SUHVVXUH�YHVVHO��1XPHULFDO� VLPXODWLRQV� RI� WXUEXOHQW� QDWXUDO� FRQYHFWLRQ� LQ� D
JHRPHWU\�UHSUHVHQWLQJ�WKH�ORZHU�SOHQXP�FDYLW\�RI�D�UHDFWRU�SUHVVXUH�YHVVHO�ZHUH�FRQGXFWHG��$�WZR�GLPHQVLRQDO
QXPHULFDO�FRGH�EDVHG�RQ�D� ILQLWH�YROXPH�PHWKRG�ZDV�GHYHORSHG� WR� VLPXODWH� WXUEXOHQW� QDWXUDO� FRQYHFWLRQ� LQ� D
IOXLG� ZLWK� LQWHUQDO� KHDW� JHQHUDWLRQ� XVLQJ� ODUJH�HGG\� VLPXODWLRQ�� 6LPXODWLRQV� ZHUH� SHUIRUPHG� DW� 5D\OHLJK
QXPEHUV������ DQG��£����� DQG�3UDQGWO� QXPEHUV������ �� DQG����ZKLFK� FRUUHVSRQGV� WR� FRQGLWLRQV� LQ� WKH�QXPHULFDO
LQYHVWLJDWLRQV�PDGH�E\�1RXUJDOLHY�HW�DO�� �������DQG� LQ� WKH�H[SHULPHQWDO�ZRUN�GRQH�E\�$VILD�DQG�'KLU� �������
7KH�UHVXOWV�DUH�VKRZQ�WR�EH�LQ�VDWLVIDFWRU\�DJUHHPHQW�
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,1752'8&7,21
1DWXUDO� FRQYHFWLRQ� KHDW� WUDQVIHU� LQ� OLTXLG� SRROV� ZLWK� LQWHUQDO� KHDW� JHQHUDWLRQ� KDV� EHHQ� WKH

VXEMHFW� RI� D� FRQVLGHUDEOH� QXPEHU� RI� IXQGDPHQWDO� DQG� DSSOLHG� UHVHDUFK� SURJUDPPHV�� 7KLV� SURFHVV
GHWHUPLQHV� WKH� WKHUPDO� DQG� IOXLG� G\QDPLF� EHKDYLRXU� RI� PDQ\� QDWXUDO� V\VWHPV� DQG� LQGXVWULDO
LQVWDODWLRQV��VXFK�DV�WKH�HDUWK
V�PDQWOH��ZHOGLQJ�SRROV��HOHFWULFDOO\�KHDWHG�PHOW�SRROV�LQ�PHWDOOXUJ\�DQG
PDWHULDO�SURFHVVLQJ��HWF�



5HFHQWO\��QDWXUDO�FRQYHFWLRQ�KHDW�WUDQVIHU�LQ�LQWHUQDOO\�KHDWHG�OLTXLG�SRROV�KDV�EHHQ�UHODWHG�WR
PROWHQ�FRUH�EHKDYLRXU�GXULQJ�VHYHUH�DFFLGHQWV�LQ�QXFOHDU�UHDFWRUV��$�SRVVLEOH�VHYHUH�DFFLGHQW�VFHQDULR
LV� D� JHQHUDO� PHOWGRZQ� DQG� UHORFDWLRQ� RI� WKH� UHDFWRU� FRUH� GXULQJ� ZKLFK� PROWHQ� FRUH� PDWHULDO
DFFXPXODWHV� LQ� WKH� ORZHU� SOHQXP� RI� WKH� UHDFWRU� YHVVHO�� ([WHUQDO� FRROLQJ� RI� WKH� ORZHU� SOHQXP� E\
IORRGLQJ�RI� WKH�FRQFUHWH� FDYLW\�ZLWK� VXEFRROHG�ZDWHU� LV� RQH� RI� WKH�PDQDJHPHQW� VWUDWHJLHV� FXUUHQWO\
EHLQJ�FRQVLGHUHG�IRU�WKLV�W\SH�RI�DFFLGHQW��2XU�SXUSRVH�ZDV�WR�VWXG\�QDWXUDO�FRQYHFWLRQ�EHKDYLRXU�LQ
WKH�ORZHU�SOHQXP�GXULQJ�WKLV�VSHFLILF�VFHQDULR��,Q�WKH�SDVW��D�FRQVLGHUDEOH�DPRXQW�RI�H[SHULPHQWDO�DQG
DQDO\WLFDO� HIIRUW� ZDV� XVHG� WR� REWDLQ� KHDW� WUDQVIHU� FRUUHODWLRQV� IRU� QDWXUDO� FRQYHFWLRQ� RI� LQWHUQDOO\
KHDWHG�IOXLGV�LQ�YDULRXV�JHRPHWULHV��VXFK�DV�LQ�D�IOXLG�OD\HU��LQ�UHFWDQJXODU��VHPL�FLUFXODU�DQG�HOOLSWLFDO
�VOLFH�W\SH��FDYLWLHV�DQG� LQ�KHPLVSKHULFDO�SRROV��$� UHYLHZ�RI� H[SHULPHQWDO� DQG� WKHRUHWLFDO� UHVXOWV� LV
SUHVHQWHG�LQ�WKH�ZRUN�RI�1RXUJDOLHY�HW�DO���������

$PRQJ� UHFHQW� DQDO\WLFDO� HIIRUWV� WR� SUHGLFW� WKHVH� SKHQRPHQD�� WZR�PDMRU� DSSURDFKHV� FDQ� EH
GLVWLQJXLVKHG��7KH�ILUVW�DSSURDFK�FDQ�EH�UHFRJQL]HG��IRU�LQVWDQFH��LQ�WKH�ZRUNV�RI�+HQU\�DQG�)DXVNH
�������� +HQU\� DQG� 6XK� �������� DQG� 6XK� DQG� +HQU\� �������� ZKR� GHYHORSHG� LQWHJUDO� PRGHOV� XVLQJ
GLVFUHWH�YROXPHV��7KH�VHFRQG�DSSURDFK�KDV�EHHQ�XVHG��DPRQJ�RWKHUV��E\�'LQK�DQG�1RXUJDOLHY��������
'LQK�HW�DO����������DQG�1RXUJDOLHY�HW�DO����������ZKR�XVHG�D�GLIIHUHQWLDO�PRGHO�RI�WUDQVSRUW�HTXDWLRQV�
7KH� ILUVW� DSSURDFK� SURYLGHV� RQO\� LQWHJUDO� YDOXHV� RI� WKHUPDO�K\GUDXOLF� YDULDEOHV� EXW� UHTXLUHV� OHVV
FRPSXWHU�WLPH��7KH�VHFRQG�DSSURDFK��ZKLFK�ZDV�DOVR�VHOHFWHG�LQ�WKH�SUHVHQW�ZRUN���SURYLGHV�D�PRUH
GHWDLOHG�SLFWXUH�RI�WKH�SK\VLFDO�SKHQRPHQD�EXW�UHTXLUHV�H[WHQVLYH�FRPSXWHU�FDSDFLWLHV�GXH�WR�PRGHOLQJ
RI�WKH�IOXLG�WXUEXOHQFH�

7KH� IOXLG� EHKDYLRXU� LQ� WKH� FRQVLGHUHG� SURFHVV� GHSHQGV� RQ� WZR� GLPHQVLRQOHVV� SDUDPHWHUV�
QDPHO\� WKH�3UDQGWO� �3U�� DQG�5D\OHLJK� �5D�� QXPEHUV��:KHQ� WKH�5D\OHLJK� QXPEHU� H[FHHGV� D� FHUWDLQ
YDOXH�� WUDQVLWLRQ� IURP� ODPLQDU� WR� WXUEXOHQW� IORZ� RFFXUV�� 7KHUH� DUH� YHU\� OLWWOH� SXEOLVKHG� VLPXODWLRQ
UHVXOWV�DW�5D\OHLJK�QXPEHUV�EH\RQG�5D ������%HFDXVH�RI�WKH�VFDOH�RI�IOXLG�PRWLRQ��ZKLFK�LV�VPDOOHU
WKDQ�WKH�QXPHULFDO�JULG�VSDFLQJ��D�SURSHU�PRGHO�RI�WXUEXOHQFH�LV�QHFHVVDU\�WR�HQVXUH�WKH�FRQVLVWHQF\�RI
QXPHULFDO�UHVXOWV�

,Q�WKH�SDVW��DWWHPSWV�WR�PRGHO�WXUEXOHQFH�LQ�IOXLGV�ZLWK�LQWHUQDO�KHDW�JHQHUDWLRQ�ZHUH�PDGH�E\
XVLQJ�YDULRXV�N�e�PRGHOV��,Q�WKLV�ZRUN��D�PRGLILHG�6PDJRULQVN\�W\SH�RI�ODUJH�HGG\�VLPXODWLRQ��/(6�
ZDV�XVHG��7KLV�PRGHO�SURYHG�WR�EH�D�UREXVW�DQG�UHOLDEOH�QXPHULFDO�WRRO�IRU�VROYLQJ�WXUEXOHQW�QDWXUDO
FRQYHFWLRQ�FDVHV�LQ�D�IOXLG�ZLWK�LQWHUQDO�KHDW�JHQHUDWLRQ�

*(20(75,&$/�&216,'(5$7,216��%281'$5<�$1'�,1,7,$/�&21',7,216
$OWKRXJK�VRPH�H[SHULPHQWDO�DQG�QXPHULFDO�UHVXOWV�IRU�VHPL�FLUFXODU�DQG�HOO\SWLFDO�FDYLWLHV�DUH

DOUHDG\�DYDLODEOH��D�VTXDUH�FDYLW\�ZDV�DVVXPHG�WR�VLPSOLI\�FDOFXODWLRQV�DW�KLJK�5D\OHLJK�QXPEHUV��)LJ�
�� VKRZV� D� VFKHPDWLF� RI� WKH� ORZHU� SOHQXP� DUUDQJHPHQW� DQG� ERXQGDU\� FRQGLWLRQV� GXULQJ� D� FRUH
PHOWGRZQ�VFHQDULR��ZKHUHDV�ILJ����VKRZV�WKH�VXSSRVHG�TXDOLWDWLYH�EHKDYLRXU�RI�D�IOXLG�ZLWK�LQWHUQDO
KHDW�JHQHUDWLRQ�LQ�D�UHFWDQJXODU�JHRPHWU\��EDVHG�RQ�WKH�FDOFXODWHG�UHVXOWV�

)LJXUH� ��� /RZHU� SOHQXP� DUUDQJHPHQW� DQG
ERXQGDU\� FRQGLWLRQV� GXULQJ� D� FRUH� PHOWGRZQ
VFHQDULR�

)LJXUH� ��� 6FKHPDWLF� RI� TXDOLWDWLYH� EHKDYLRXU
RI� IOXLG� ZLWK� LQWHUQDO� KHDW� JHQHUDWLRQ� LQ� D
UHFWDQJXODU�JHRPHWU\�



7KH� FRPSDULVRQ� RI� H[SHULPHQWDO� UHVXOWV� IURP� QDWXUDO� FRQYHFWLRQ� FDVHV� LQ� UHFWDQJXODU� DQG
VSKHULFDO�FDYLWLHV�UHYHDOV�WKH�VLPLODULW\�RI�KHDW�WUDQVIHU�SURFHVVHV�LQ�ERWK�JHRPHWULHV��0RUHRYHU��LW�LV
VDIH�WR�DVVXPH�WKDW�WKH�PD[LPXP�KHDW�WUDQVIHU��EDVHG�RQ�1XVVHOW�QXPEHU��LV�VLPLODU�IRU�UHFWDQJXODU�DQG
VSKHULFDO�FDYLWLHV�RI�VLPLODU�GLPHQVLRQV��7KH�PD[LPXP�KHDW�WUDQVIHU�RFFXUV�LQ�WKH�XSSHU�FRUQHUV�RI�WKH
FDYLWLHV��/DUJHU�GLVFUHSDQFLHV�EHWZHHQ�KHDW�WUDQVIHU�LQ�UHFWDQJXODU�DQG�VSKHULFDO�FDYLWLHV�RFFXU�RQO\�LQ
WKH�ORZHU�SDUWV��$VILD�DQG�'KLU��������1RXUJDOLHY�HW�DO���������

([SHULPHQWDO� DQG� QXPHULFDO� UHVXOWV� SUHVHQWHG� E\� 'LQK� HW� DO�� ������� DQG� 1RXUJDOLHY� HW� DO�
������� VXJJHVW� WKDW� WKH�IOXLG�SDWWHUQ� LV�EDVLFDOO\� WZR�GLPHQVLRQDO��$� WZR�GLPHQVLRQDO�PRGHO� VKRXOG
WKXV�EH�DGHTXDWH�IRU�VLPXODWLRQ�RI�WKH�FRQVLGHUHG�SKHQRPHQRQ�

,Q� WKH� SUHVHQW� FDOFXODWLRQV�� WKH� ZDOO� ZDV� FRQVLGHUHG� LVRWKHUPDO� EHFDXVH� RI� PHOWLQJ� DQG
VROLGLILFDWLRQ�SURFHVVHV�ZKLFK�RFFXU�LQ�WKH�ORZHU�SOHQXP�GXULQJ�PHOWGRZQ�VFHQDULR��1R�VOLS�ERXQGDU\
FRQGLWLRQV�ZHUH�SUHVFULEHG� IRU�YHORFLWLHV��$�KRPRJHQHRXV� LVRWKHUPDO� WHPSHUDWXUH� ILHOG�ZDV� DSSOLHG
IRU�WKH�LQLWLDO�VWDJH�RI�VLPXODWLRQV�

3+<6,&$/�02'(/
7KH� DERYH� SUHVHQWHG� SKHQRPHQRQ� PD\� EH� GHVFULEHG� ZLWK� WKH� FRQWLQXLW\�� PRPHQWXP� DQG

HQHUJ\� HTXDWLRQV� IRU� DQ� LQFRPSUHVVLEOH� IOXLG�ZLWK� YDULDEOH� GHQVLW\� XVLQJ� WKH� VR�FDOOHG�%RXVVLQHVT
V
DSSUR[LPDWLRQV��
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,Q� WKH� GHULYDWLRQ� RI� HT�� ����� LW� ZDV� DVVXPHG� WKDW� GHQVLW\� GLIIHUHQFHV� UHVXOW� RQO\� IURP
WHPSHUDWXUH�YDULDWLRQV��&RPSRVLWLRQ�YDULDWLRQV�ZHUH�WKXV�QHJOHFWHG��:KHQ�HTXDWLRQV�DUH�GLVFUHWL]HG�
WKH\�KDYH� WR�EH� ILOWHUHG� LQ�RUGHU� WR� UHPRYH� WKH�XQUHVROYHG�PRWLRQ�� ,Q� WKLV�ZRUN�� D� VSDWLDO� �WRS�KDW�
ILOWHU� �ZDV�XVHG��ZKLFK� LV� DOVR�ZLGHO\� XVHG� LQ� ODUJH�HGG\� W\SH� RI� WXUEXOHQFH�PRGHOV� �(LGVRQ�� �����
*HUPDQR��������
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ZKHUH�U�LV�DQ\�RI�WKH�VSDFH�FRRUGLQDWHV��$OWKRXJK�WKH�FKRLFH�RI�ILOWHU�ZLGWK�LV�LQ�SULQFLSOH�DUELWUDU\��LW
VHHPV�SODXVLEOH� WR� SUHVFULEH� LW� DV� SURSRUWLRQDO� WR� WKH� VL]H� RI� WKH� QXPHULFDO� JULG��$SSOLFDWLRQ� RI� WKH
ILOWHU�RSHUDWLRQ�����WR�HTXDWLRQV���������OHDGV�WR�
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ZKHUH�WKH�ODVW�WHUPV�RI�HTV������DQG�����UHSUHVHQW�WKH�XQUHVROYHG�SDUW�RI�WKH�YHORFLW\�DQG�WHPSHUDWXUH
ILHOGV�
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8VLQJ� %RXVVLQHVT
V� DSSUR[LPDWLRQ� RI� WXUEXOHQW� VWUHVVHV� DQG� WXUEXOHQW� WKHUPDO� IOX[HV� �+LQ]H�������
WKHVH�WHUPV�DUH�DGGHG�WR�WKH�VWUDLQ�WHQVRU�LQ�HT������DQG�WR�WKH�HQHUJ\�GLIIXVLRQ�IOX[HV�LQ�HT������
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7KH�HGG\�YLVFRVLW\�ZDV�PRGHOHG�ZLWK�WKH�.ROPRJRURY�DVVXPSWLRQ��+LQ]H��������

�������� e=n II OFRQVW � ����
,W� ZDV� IXUWKHU� DVVXPHG� WKDW� WKH� ILOWHU� VSOLWV� WKH� VSHFWUD� RI� VXEJULG� PRWLRQ� VRPHZKHUH� LQ� WKH
.ROPRJRURY�HTXLOLEULXP�UHJLRQ�DQG�WKDW�WKH�WXUEXOHQFH�YLVFRXV�GLVVLSDWLRQ�LV�HTXDO�WR�WKH�WXUEXOHQFH
SURGXFWLRQ��7KH�WXUEXOHQFH�SURGXFWLRQ�FDQ�EH�HDVLO\�GHILQHG�IURP�ILOWHUHG�YDOXHV��7KXV�
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7KH�FRQVWDQW�LQ�HTV�������DQG������LV�FDVH�GHSHQGHQW�DQG�GHWHUPLQHG�HPSLULFDOO\��,Q�RXU�FDVH�LWV�YDOXH
ZDV�SUHVFULEHG�DV����������ZKHUHDV�WKH�WXUEXOHQW�3UDQGWO
V�QXPEHU�3UI�ZDV�VHW�HTXDO�WR������DV�UHSRUWHG
E\�(LGVRQ��������

$V�WKH�DERYH�GHVFULEHG�WXUEXOHQW�PRGHO�LV�WRR�GLVVLSDWLYH�LQ�WKH�YLFLQLW\�RI�WKH�ZDOO��(LGVRQ�
�������ZDOO� IXQFWLRQV� KDG� WR� EH� XVHG�� ,Q� RXU� FDVH�� ZH� VHOHFWHG� YDQ�'ULHVW
V� IXQFWLRQ� �3DWDQNDU� DQG
6SDOGLQJ���������ZKLFK�ZDV�PRGLILHG�WR�DFFRXQW�IRU�EXR\DQF\�IRUFHV�
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$�ILQLWH�YROXPH�QXPHULFDO�PHWKRG�ZDV�XVHG�WR�VROYH� WKH�VHW�RI�HTXDWLRQV������ �����DQG� ����

ZLWK�QR�VOLS�ERXQGDU\�FRQGLWLRQV�IRU�WKH�YHORFLW\�ILHOG�DQG�'LULFKOHW
V�W\SH�RI�ERXQGDU\�FRQGLWLRQV�IRU
WKH� WHPSHUDWXUH� ILHOG�� $� ���[���� SRLQWV� VWDJJHUHG� JULG� ZDV� XVHG� IRU� VSDWLDO� GLVFUHWLVDWLRQ�� 7KH
FRQYHFWLRQ�WHUP�LQ�WKH�HTXDWLRQ�RI�PRWLRQ������ZDV�GLVFUHWLVHG�XVLQJ�D�VHFRQG�RUGHU�DFFXUDWH�+DUORZ
DQG�:HOFK� VFKHPH� �������� ZKHUHDV� WKH� HQHUJ\� HTXDWLRQ� FRQYHFWLRQ� WHUP� ZDV� GLVFUHWLVHG� XVLQJ� D
VHFRQG�RUGHU�XS�ZLQG�VFKHPH��7KLV�ZDV�QHFHVVDU\�WR�HQVXUH�VWDELOLW\�RI�LQWHJUDWLRQ�

7KH�WLPH�LQWHJUDWLRQ�RI�WKH�HTXDWLRQV�ZDV�SHUIRUPHG�XVLQJ�DQ�H[SOLFLW�VHFRQG�RUGHU�DFFXUDWH
$GDP�%DVKIRUG�PHWKRG��7KH�PHWKRG�ZDV�VOLJKWO\�PRGLILHG�WR�DFFRXQW�IRU�WLPH�VWHS�YDULDWLRQV�GXULQJ
LQWHJUDWLRQ��&DOFXODWLRQV��ZKLFK�ZHUH�SHUIRUPHG�RQ�D�6XQ�8OWUD���ZRUNVWDWLRQ��UHTXLUHG�IURP����WR����
KRXUV�RI��&38�WLPH�WLOO�VWHDG\�VWDWH�FRQGLWLRQV�ZHUH�UHDFKHG�



5(68/76�$1'�',6&866,21
1XPHULFDO�VLPXODWLRQV�ZHUH�SHUIRUPHG�DW�5D\OHLJK�QXPEHUV�5D� ������DQG��£�����DQG�3UDQGWO

QXPEHUV�3U�  � ����� ��� DQG� ��� $� SLFWXUH� RI� JHQHUDO� FLUFXODWLRQ� SDWWHUQ� RI� D� IOXLG� ZLWK� LQWHUQDO� KHDW
JHQHUDWLRQ� ZDV� DOUHDG\� VKRZQ� RQ� ILJ�� ��� $Q� H[DPSOH� RI� FDOFXODWHG� LQVWDQWDQHRXV� YHORFLW\� ILHOG� LV
SUHVHQWHG� RQ� ILJ�� ��� ,W� FDQ� EH� VHHQ� WKDW� WKH� IOXLG� ULVHV� LQ� WKH� FRUH� RI� WKH� FDYLW\� DV� LW� LV� GULYHQ� E\
EXR\DQF\�IRUFHV��,W� LV� WKHQ�FRROHG�DW� WKH�XSSHU�SODWH�DQG�IRUPV�DQ�XQVWDEOH�ERXQGDU\� OD\HU�ZKLFK�LV
DEOH�WR�PDNH�DQ� LQWUXVLRQ�RI�FROG�IOXLG�LQ�WKH�XSSHU�FRUH�UHJLRQ��7KH�VPDOO�YRUWLFDOV�PD\�FOHDUO\�EH
REVHUYHG�RQ�ILJ����
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)LJXUH���
&LUFXODWLRQ�RI�D�IOXLG�ZLWK
LQWHUQDO�KHDW�JHQHUDWLRQ�

7KHVH�LQWUXVLRQV�DUH�SUREDEO\�WKH�PDMRU�FRQWULEXWRUV�WR�WXUEXOHQFH�SURGXFWLRQ��7KH�ERXQGDU\
OD\HU�RI�FROG�IOXLG�LV�VWDELOL]HG�DW�WKH�VLGH�ZDOO�ZKHUH�WKH�IOXLG�GHVFHQGV�WR�WKH�ERWWRP�RI�WKH�FDYLW\��,I
WKH� IULFWLRQ� RI� WKH� ULVLQJ� IOXLG� DW� WKH� FRUH� VLGH� RI� WKH� ERXQGDU\� OD\HU� LV� VWURQJ� HQRXJK�� SDUW� RI� WKH
GHVFHQGLQJ�VWUHDP�ZLOO�VHSDUDWH�IURP�WKH�UHVW�DQG�FKDQJH�GLUHFWLRQ�EHIRUH�UHDFKLQJ�WKH�ERWWRP�

7KH�ORZHU�SDUW�RI�WKH�FRUH�RI�WKH�FDYLW\�LV�VWUDWLILHG�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH�IURP�ERWWRP
WR�WRS��,W�ZDV�REVHUYHG�GXULQJ�FDOFXODWLRQV�WKDW�WKH�VWDELOLW\�RI�WHPSHUDWXUH�VWUDWLILFDWLRQ�LQFUHDVHV�ZLWK
LQFUHDVLQJ�3U�QXPEHU�
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)LJXUH���
([DPSOH�RI�WHPSHUDWXUH�ILHOG�DW
5D� ������DQG�3U� �����



)LJXUH���SURYLGHV�DQ�LQVLJKW�LQWR�WKH�WXUEXOHQW�EHKDYLRXU�RI�WKH�DERYH�GHVFULEHG�V\VWHP��7KH�YHUWLFDO
FRRUGLQDWH�UHSUHVHQWV�WKH�VXEJULG�NLQHWLF�HQHUJ\��GHILQHG�DV��

( ) ( )YYYYN UHVUHV
rrrr
����= ��

����

$V�VKRZQ�RQ�ILJ����� WKH�WXUEXOHQFH�LV�QRW�HYHQO\�GLVWULEXWHG�RYHU� WKH�FDYLW\��5DWKHU� WKH�VWURQJ� ORFDO
H[WUHPHV�RFFXU��7KH�XQUHVROYHG�SDUW�RI�WKH�NLQHWLF�HQHUJ\�UHSUHVHQWV�LQ�VRPH�UHJLRQV�HYHQ�����RI�WKH
UHVROYHG�NLQHWLF�HQHUJ\�RI�WKH�IOXLG��7KLV�VKRZV�WKDW�WXUEXOHQFH�LQ�IOXLG�ZLWK�LQWHUQDO�KHDW�JHQHUDWLRQ
VKRXOG�QRW�EH�QHJOHFWHG�LQ�ORZHU�SOHQXP�PRGHOLQJ�
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N�DEV�Y�

)LJXUH���
6XEJULG�NLQHWLF�HQHUJ\�DW
5D� ������DQG�3U� ����

7KH�YDULDEOH�RI�LQWHUHVW�IURP�WKH�HQJLQHHULQJ�SRLQW�RI�YLHZ�LV�WKH�ZDOO�KHDW�WUDQVIHU��/RFDO��DQG
DYHUDJH�1X�QXPEHUV�ZHUH�FDOFXODWHG�IRU�ERWWRP��VLGH�DQG�WRS�ZDOOV�IRU�WKUHH�GLIIHUHQW�3U�QXPEHUV�DQG
WZR� GLIIHUHQW� 5D� QXPEHUV�� 7KH� REWDLQHG� UHVXOWV� DUH� VXPPDUL]HG� DQG� FRPSDUHG� WR� FDOFXODWLRQV
SHUIRUPHG�E\�1RXUJDOLHY� HW� DO�� ������� IRU� D� VTXDUH� FDYLW\� DW�5D�  ������ �DQG� WR� H[SHULPHQWDO� UHVXOWV
REWDLQHG� E\� $VILD� DQG� 'KLU� ������� LQ� D� VSKHULFDO� SRRO� DW�5D�  � �� £����� � LQ� WDEOH� ��� 7KH� DJUHHPHQW
EHWZHHQ�UHVXOWV�LV�VDWLVIDFWRU\�

7DEOH�����1X�QXPEHU�DYHUDJHG�RYHU�ERWWRP�DQG�WRS�ZDOO
%RWWRP�ZDOO 7RS�ZDOO

1RXUJDOLHY�HW�DO����������RXU�SUHGLFWLRQV�
�������� == 3U5D

��������� ���������

1RXUJDOLHY�HW�DO����������RXU�SUHGLFWLRQV�
������ == 3U5D

��������� ���������

$VILD�DQG�'KLU���������RXU�SUHGLFWLRQV�
���� �� =£= 3U�5D

��������� �����������

,W�ZDV�IRXQG� WKDW�DW�JLYHQ�5D�QXPEHU� WKH�1X�QXPEHU�DVVXPHV� WKH�KLJKHVW� YDOXHV� LQ� WKH�XSSHU
FRUQHUV�RI�WKH�FDYLW\��ILJV���DQG�����7KH�YDULDWLRQ�RI�3U�QXPEHU�VWURQJO\�DIIHFWV�WKH�IORZ�FRQGLWLRQV�RQ
VLGH�ZDOOV� DQG� DW� WKH�ERWWRP�� ,W�ZDV� REVHUYHG�GXULQJ� VLPXODWLRQV� WKDW� LQFUHDVLQJ�RI�3U�QXPEHU� FDXVHV
WHDULQJ� RI� WKH� ERXQGDU\� OD\HU� DQG� WXUEXOHQFH� SURGXFWLRQ�� 7KLV�PD\� EH� VHHQ� RQ� WKH� GLVWULEXWLRQ� RI�1X
QXPEHU�DORQJ�WKH�VLGH�ZDOOV��ILJV����DQG����

$W�WKH�ERWWRP�RI�WKH�FDYLW\�WKH�YDULDWLRQ�RI�3U�QXPEHU�KDV�WKH�VWURQJHVW�LQIOXHQFH��$W�VPDOOHU
3U�QXPEHU�� WKH� LQIOXHQFH� RI�YLVFRXV�GLVVLSDWLRQ� LV�ZHDNHU��7KH� YRUWLFDOV� DUH�PRUH� UHVLVWDQW� DQG� WKH
VWUDWLILFDWLRQ�RI�WKH�ORZHU�SDUW�RI�WKH�FRUH�UHJLRQ�LV�OHVV�VWDEOH��ZKLFK�FDQ�EH�VHHQ�RQ�ILJV����DQG����
7KLV�DOVR�LQIOXHQFHV�WKH�ORFDO�1X�QXPEHU�ZKLFK�H[KLELWV�SHDNV�DW�D�FHUWDLQ�GLVWDQFH�IURP�WKH�ERWWRP
FRUQHUV�
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)LJXUH����1X�QXPEHU�DW�WKH�FDYLW\�WRS�ZDOO� ����������������)LJXUH����1X�QXPEHU�DW�WKH�FDYLW\�WRS�ZDOO
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)LJXUH����1X�QXPEHU�DW�WKH�FDYLW\�VLGH�ZDOO� ��������������)LJXUH����1X�QXPEHU�DW�WKH�FDYLW\�VLGH�ZDOO
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)LJXUH�����1X�QXPEHU�DW�WKH�FDYLW\�ERWWRP�ZDOO� �������������)LJXUH�����1X�QXPEHU�DW�WKH�FDYLW\�ERWWRP�ZDOO

����=5D �DQG��3U� �����3U� �����3U� ����� ������������� �����£=5D �DQG��3U� �����3U� �����3U� ����



&21&/86,216
$�PRGLILHG� 6PDJRULQVN\�W\SH� ODUJH� HGG\� VLPXODWLRQ� RI� QDWXUDO� FRQYHFWLRQ� LQ� D� IOXLG� ZLWK

LQWHUQDO�KHDW�JHQHUDWLRQ�ZDV�GHYHORSHG��7KH�SURFHVV�ZDV�VLPXODWHG�LQ�D�VTXDUH�FDYLW\�ZKLFK�UHSUHVHQWV
WKH�ORZHU�SOHQXP�RI�D�UHDFWRU�SUHVVXUH�YHVVHO�ILOOHG�ZLWK�PROWHQ�FRUH�PDWHULDO�

5HVXOWV��ZKLFK�ZHUH�REWDLQHG� IRU�5D\OHLJK�QXPEHUV� ���� �DQG� ����� £ � DQG�3UDQGWO� QXPEHUV
����� �� DQG� ��� VKRZ� JRRG� DJUHHPHQW� ZLWK� WKHRUHWLFDO� UHVXOWV� IURP� 1RXUJDOLHY� HW� DO�� ������� DQG
H[SHULPHQWDO�UHVXOWV�IURP�$VILD�DQG�'KLU���������7KH�SURSRVHG�DSSURDFK�WKXV�VHHPV�WR�EH�DSSURSULDWH
IRU�PRGHOLQJ�RI�ORZHU�SOHQXP�FRROLQJ�SUREOHPV�

,W� ZDV� REVHUYHG� WKDW� D� ORZHU� 3U� QXPEHU�� VWUDWLILHG� OD\HUV� LQ� WKH� FDYLW\� ORZHU� UHJLRQ� DUH
GLVWXUEHG�E\�GHVFHQGLQJ�IORZV�LQ�WKH�FRQYHFWLRQ�GRPLQDWHG�VLGH�ZDOO�UHJLRQ�DQG�E\�IDOOLQJ�FROG�IOXLG
IURP�WKH�WRS�ZDOO�UHJLRQ��7KH�ORFDO�1X�QXPEHU�LQ�WKH�ERWWRP�FRUQHUV�RI�WKH�FDYLW\�LV�DOVR�VLJQLILFDQWO\
LQFUHDVHG�

)XUWKHU� LPSURYHPHQWV� RI� WKH� SURSRVHG�PRGHO�ZLOO� EH� GLUHFWHG� WRZDUGV�PRGHOLQJ� RI� QDWXUDO
FRQYHFWLRQ�LQ�D�VSKHULFDO�JHRPHWU\�LQ�RUGHU�WR�UHGXFH�XQFHUWDLQWLHV�GXH�WR�JHRPHWULFDO�VLPSOLILFDWLRQV�

5()(5(1&(6
$VILD��)�-���'KLU��9�.����������$Q�([SHULPHQWDO�6WXG\�RI�1DWXUDO�&RQYHFWLRQ�LQ�D�9ROXPHWULFDOO\

+HDWHG�6SKHULFDO�3RRO�%RXQGHG�RQ�7RS�ZLWK�D�5LJLG�:DOO���1XFO�(QJ�'HVLJQ��9RO�������SS����������
'LQK�� 7�1��� 1RXUJDOLHY�� 5�5��� ������ �7XUEXOHQFH�0RGHOOLQJ� IRU� /DUJH�9ROXPHWULFDOO\� +HDWHG

/LTXLG�3RROV���1XFO�(QJ�'HVLJQ��9RO��������SS����������
'LQK��7�1���1RXUJDOLHY��5�5���6HQJDO��%�5����������2Q�+HDW�7UDQVIHU�&KDUDFWHULVWLFV�RI�5HDO�DQG

6LPXODQW�0HOW�3RRO�([SHULPHQW���1XFO�(QJ�'HVLJQ��9RO��������SS����������
(LGVRQ�� 7�� 0��� ������ �1XPHULFDO� 6LPXODWLRQ� RI� WKH� 7XUEXOHQW� 5D\OHLJK�%HUQDUG� 3UREOHP

8VLQJ�6XEJULG�0RGHOLQJ���-�)OXLG�0HFK���9RO�������SS����������
*HUPDQR��0����������7XUEXOHQFH��7KH�)LOWHULQJ�$SSURDFK���-��)OXLG�0HFK���9RO�������SS������

����
+DUORZ�� )�+��� :HOFK�� -�(��� ������ �1XPHULFDO� &DOFXODWLRQ� RI� 7LPH�'HSHQGHQW� 9LVFRXV

,QFRPSUHVVLEOH�)ORZ�RI�)OXLG�ZLWK�)UHH�6XUIDFH���3K\V�)OXLGV��9RO�����1R������SS������������
+HQU\�� 5�(��� DQG� )DXVNH�� +�.��� ������ �([WHUQDO� &RROLQJ� RI� D� 5HDFWRU� 9HVVHO� XQGHU� 6HYHUH

$FFLGHQW�&RQGLWLRQV���1XFO�(QJ�'HVLJQ��9RO�������SS��������
+HQU\��5�(���DQG�6XK��.�<����������,QWHJUDO�$QDO\VLV�RI�'HEULV�0DWHULDO�DQG�+HDW�7UDQVSRUW�LQ

5HDFWRU�9HVVHO�/RZHU�3OHQXP���1XFO�(QJ�'HVLJQ��9RO�������SS����������
+LQ]H��-��2����������7XUEXOHQFH���0F*UDZ�+LOO���QG�HG���S�����
1RXUJDOLHY�� 5�5��� 'LQK�� 7�1��� 6HQJDO�� %�� 5��� ������ �(IIHFW� RI� )OXLG� 3UDQGWO�1XPEHU� RQ� +HDW

7UDQVIHU�&KDUDFWHULVWLFV�LQ�,QWHUQDOO\�+HDWHG�/LTXLG�3RROV�ZLWK�5D\OHLJK�1XPEHUV�XS�WR��������1XFO�(QJ�
'HVLJQ��9RO��������SS����������

3DWDQNDU�� 6�� 9��� 6SDOGLQJ�� '�� %��� ������ �+HDW� DQG� 0DVV� 7UDQVIHU� LQ� %RXQGDU\� /D\HUV��
,QWHUWH[W�%RRNV��/RQGRQ��S�����

6XK��.�<���+HQU\�5�(����������,QWHJUDWHG�0RGHOLQJ�RI�'HEULV�%HG�+HDW�DQG�0DVV�7UDQVIHU�LQ�WKH
3:5� /RZHU� 3OHQXP� IRU� 6HYHUH� $FFLGHQW� $QDO\VLV��� $16� ����� :LQWHU� 0HHWLQJ�� 6DQ� )UDQFLVFR�
&DOLIRUQLD��86$��1RY���������1LQWK�3URFHHGLQJV�RI�1XFOHDU�7KHUPDO�+\GUDXOLFV��SS��������


