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5HFHQWO\� D� ORW� RI� DGYDQFHPHQW� KDV� EHHQ� PDGH� E\� PLFURHOHFWURQLFV� LQGXVWU\�� UHVXOWLQJ� LQ�

GHYHORSPHQW� RI� KLJK� KHDW� JHQHUDWLQJ�PLFURHOHFWURQLF� GHYLFHV�� 7KH� KHDW� JHQHUDWHG� E\� WKHVH�

GHYLFHV� ZKLFK� LV� DQ� LPSRUWDQW� LVVXH� IRU� FRQVLGHUDWLRQ� RI� WKHLU� XVH� LQ� LQGXVWU\� RU� HYHU\GD\�

DFWLYLWLHV��+LJK�KHDW�EXLOGXS�LQ�PLFURHOHFWURQLF�GHYLFHV�FDQ�QRW�RQO\�KDPSHU�LWV�SHUIRUPDQFH�

EXW�FDQ�DOVR�GDPDJH�WKH�GHYLFH��+HQFH�ILQGLQJ�VROXWLRQ�WR� WKLV�KHDW�EXLOGXS�LV�DQ�LPSRUWDQW�

EXW� FKDOOHQJLQJ� WDVN��1RZ� WKLV� KHDW� GLVVFLSDWLRQ� WDVN� FDQ� HLWKHU� EH� DFKLHYHG� E\� LQFUHDVLQJ�

VXUIDFH� WR�YROXPH� UDWLR�RI�KHDW� H[FKDQJHUV�RU�E\� HPSOR\LQJ� EHWWHU� FRRODQWV� RU�E\�ERWK� WKH�

PHWKRGV�WKH�SUREOHP�KHUH�ZLWK�FRQYHQWLRQDO�FRRODQWV�OLNH�ZDWHU��RLOV��HWK\OHQH�JO\FROV�LV�WKDW�

WKDW�WKH\�KDYH�EHHQ�SURYHG�IXWLOH�GXH�WR�WKHLU�ORZ�WKHUPDO�FRQGXFWLYLW\�WKDW�OHDGV�WR�SRRU�KHDW�

GLVVFLSDWLRQ�DQG�VORZV�GRZQ�WKH�GHYLFH��7KXV��LQ������LW�ZDV�SXW�IRUZDUG�E\�-�&�0D[ZHOO�>�@�

WKDW� WR� LQFUHDVH� WKH� WKHUPDO� FRQGXFWLYLW\� RI� EDVH� IOXLG�� YHU\� VPDOO� VROLG� SDUWLFOHV�PXVW� EH�

DGGHG� WR�WKH�EDVH� IOXLG�ZKLFK�FDQ� OHDG�WR�KLJKHU�KHDW�GLVVFLSDWLRQ�>�@��7KLV�KDSSHQV�GXH� WR�

KLJKHU�KHDW�FDSDFLW\�RI�YHU\�VPDOO�VROLG�SDUWLFOHV�DV�FRPSDUHG�WR�EDVH�IOXLG�DQG�JLYHV�D�ERRVW�

WR�WKH�KHDW�FDSDFLW\�DV�ZHOO�DV�WKHUPDO�FRQGXFWLYLW\�RI�EDVH�IOXLGV�>�@��+RZHYHU�H[SHULPHQWV�

KDYH�DOVR�VKRZQ�WKDW�DGGLWLRQ�RI�PLFUR�SDUWLFOHV�DQG�PLOOLPHWHU�VL]HG�SDUWLFOHV�WR�EDVH�IOXLGV�

DOVR�OHDGV�WR�SUREOHPV�OLNH�DEUDVLYH�ZHDULQJ�RI�SLSHOLQH��FKDQQHO�FORJJLQJ��VHGLPHQWDWLRQ�DQG�

SUHVVXUH�GURS��7KH� DERYH�SUREOHPV�KDV�SXW�D� UHVWULFWLRQ�RQ� WKHLU� XVH� LQ� LQGXVWU\�7R�E\SDVV�

WKHVH� SUREOHPV� WKH� XVH� RI� QDQRSDUWLFOHV� ZDV� LQWURGXFHG�� ODWHU� ZLWK� DGYDQFHPHQW� LQ�

QDQRWHFKQRORJ\�DQG�QDQR�LQGXVWU\�WKH�XVH�RI�QDQRSDUWLFOHV�SLFNHG�XS�PRPHQWXP�IRU�WKHLU�XVH�

LQ� UHVHDUFK��1DQRSDUWLFOHV�DUH� ILQH�SRZGHU\�SDUWLFOHV�DQG�DUH�VPDOOHU� WKDQ����QP�LQ�VL]H�,Q�

�����WR�LQFUHDVH�WKH�WKHUPDO�FRQGXFWLYLW\�RI�OLTXLG�0DVXGD�HW�DO�>�@�XVHG�XOWUD�ILQH�SDUWLFOHV�

DQG�ODWHU�LQ������WKH�XVH�RI�QDQRSDUWLFOHV�ZDV�SURSRVHG�E\�FKRL>�@�7KH�QDQRSDUWFLOHV�FDQ�EH�

PHWDOOLF� DV� ZHOO� DV� QRQ� PHWDOOLF� OLNH� $O�2��� &X2�� 6L2��� 7L2��� &X�� 1L�� $O�� =Q2>�@��

1DQRIOXLGV�DUH�SUHSDUHG�E\�GLVSHUVLQJ�QDQRSDUWLFOHV�LQ�EDVH�IOXLG��



Ϯ�

1DQRSDUWLFOHV� DUH� SUHSDUHG� E\� GLVSHUVLQJ� QDQDRSDUWLFOHV� ZKLFK� KDYH� KLJK� WKHUPDO�

FRQGXFWLYLW\�LQ�EDVH�IOXLG��1DQRSDUWLFOHV�VPDOOHU�WKDQ����QP�LQ�VL]H�OHVV�GLVSHUVHG�LQWR�EDVH�

IOXLG��7KH�XQLTXH�DGYDQWDJH�WKDW�GLOXWH�QDQRIOXLG�VXVSHQVLRQ�JLYHV�RYHU�FROORLGDO�VROXWLRQ�LV�

WKDW� LW� KDV� KLJK� KHDW� WUDQVIHU� VXUIDFH� EHWZHHQ� QDQRSDUWLFOHV� DQG� IOXLGV�� 1DQRIOXLGV� ILQG�

DSSOLFDWLRQ�LQ�DUHDV�VXFK�DV�QDQR�GUXJ�GHOLYHU\�� WUDQVSRUWDWLRQ��HOHFWURQLFV�LQGXVWU\��FRROLQJ�

DSSOLFDWLRQV� LQ� LQGXVWU\�� KHDWLQJ� RI� EXLOGLQJV�� SROOXWLRQ� UHGXFWLRQ�� QXFOHDU� FRROLQJ��

DSSOLFDWLRQ� LQ� ELRPHGLFDO�� UHGXFLQJ� IULFWLRQ�� VRODU� DEVRUSWLRQ�� HQHUJ\� VWRUDJH�� PDJQHWLF�

VHDOLQJ�HWF�>�@��

0LFURHOHFWURQLFV� LQGXVWU\� LV� FRQWLQXRXVO\� SURJUHVVLQJ� WRZDUGV� EHWWHUPHQW�� 7KH� IRFXV� LV� RQ�

KHDW� GLVVFLSDWLRQ� LQ� VPDOO� VSDFHV��7KLV� FKDOOHQJH� FDQ�EH�HIIHFWLYHO\� WDFNOHG� E\� XVLQJ� VPDOO�

VFDOH�KHDW�H[FKDQJHUV�SDLUHG�ZLWK�KLJK�KHDW�FDSDFLW\�FRRODQWV��0LFURFKDQQHOV�DUH�LQWURGXFHG�

DV�VPDOO�VFDOH�KHDW�H[FKDQJHUV�DQG�LW�LV�SDLUHG�ZLWK�KLJK�KHDW�FDSDFLW\�QDQRSDUWLFOHV�>�@��7KXV�

WKH�SDLU�PHHWV�WKH�GHPDQG��

0LFURVL]HG�IORZ�SDVVDVJHV�KDYLQJ�K\GUDXOLF�'LDPHWHU�UDQJH�EHWZHHQ����PLFURPHWHU� WR�����

PLFURPHWHUV�DUH�FDOOHG�PLFURFKDQQHOV��0LFURFKDQQHOV�FRQVLVWV�RI�KLJK�VXUIDFH�DUHD�WR�YROXPH�

UDWLR�HQDEOLQJ�KLJKHU�KHDW�WUDQVIHU�UDWHV��0LFURFKDQQHOV�FDQ�ILW�LQ�YHU\�VPDOO�VSDFHV�RZLQJ�WR�

WKHLU� VPDOO� VL]H�� ,W� FDQ� ILW� LQWR� VPDOO� VSDFHV� ZKHUH� KHDW� JHQHUDWLRQ� LV� PRUH� DQG� ZKHUH�

FRQYHQWLRQDO�PHWKRGV�IDLO� WR�GLVVFLSDWH� WKH�KHDW��0DQ\� UHVHDUFKHUV� >�@� >��@� >��@�KDYH�GRQH�

H[SHULPHQWDWLRQ�IRU�VWXG\LQJ�WKH�KHDW� WUDQVIHU�WKURXJK�PLFURFKDQQHOV�XVLQJ�QDQRIOXLGV��7KH�

H[SHULPHQWV�FDUULHG�RXW�E\�WKHVH�UHVHDUFKHUV�KDYH�VKRZQ�LQFUHDVHG�WKHUPDO�FRQGXFWLYLW\�XSWR�

���:�FP��DQG�WKH�PD[LPXP�WHPSHUDWXUH�FDQ�ULVH�XSWR���R&�KLJKHU�WKDQ�WKDW�RI�ZDWHU�>��@�,Q�

WKH� PLFURFKDQQHOV� VKRZQ� LQ� ILJXUH� ���� VPDOO� FKDQQHOV� ZKLFK� FDQ� EH� VHHQ� KDYH� K\GUDXOLF�

'LDPHWHU� UDQJLQJ� IURP� ��PP� ±� ���PP�� 0LFURFKDQQHOV� DUH� JHQHUDOO\� PDQXIDFWHXUHG� RQ�

VLOLFRQ�ZDIHUV� EHFDXVH� RI� VLPSOH� SURFHVV� RI� VWHUHR� OLWKRJUDSK\� DQG� HDVH� RI�PDQXIDFWXULQJ��

$OWKRXJK� WKLV�PHWKRG� LV�HDVLHU�EXW� LW�KDV�D�GUDZEDFN�UHODWHG� WR�PDQXFDWXULQJ�DFFXUDF\�DQG�

WKXV� LW� OHDGV� WR�GLVFUHSDQF\�EHWZHHQ� WKHRUHWLFDO� DQG�H[SHULPHQWDO� UHVXOWV�+HQFH�GXH� WR� WKLV�

GUDZEDFN� D� QHZ� PHWKRG� RI� FQF� ZLUH� FXWWLQJ� RQ� DOXPLQLXP� LV� JHQHUDOO\� XWLOL]HG�� 7KH�

UHYROXWLRQDU\�ZRUN�RI� WXFNHUPDQ�DQG�3HDVH>��@� LQ������JDYH�D�ERRVW� WR� WKH�PLFURFKDQQHOV�

UHVHDUFK��$IWHU�WKLV�WKH�UHVHDUFK�IRFXV�VKLIWHG�WR�GHVLJQ�LPSOHPHQWDWLRQ�IURP������������7KLV�

ZDV� IXUWKHU� IROORZHG� E\� XQGHUVWDQGLQJ� WKH� GHVLJQ IXQGDPHQWDOV� RI� IORZ� RI� IOXLG� WKURXJK�

PLFURFKDQQHOV�GXULQJ�WKH�SHULRG�RI�����������DQG�WKHQ�WKH�LQWHUHVW�VKLIWHG�WRZDUGV�SUDFWLFDO�

DSSOLFDWLRQ�LQ�������
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'XULQJ� WKH� SHULRG� DIWHU� WKH� IRFXV� VKLIWHG� WRZDUGV� YDOLGDWLQJ� WKH� UHVHDUFK� ZRUN�ZKLFK� KDG�

DOUHDG\�EHH�GRQH��)URP�WKH�ILQGLQJV�RI�6DWLVK��*�� �.DQGOLNDU� >�@� LW�KDV�EHHQ�IRXQG� WKDW� IRU�

SUDFWLFDO� XVH�PRUH� UHVHDUFK� QHHGV� WR� EH� GRQH� LQ�PLFURFKDQQHO� DUHD��0RVW� RI� WKH� OLWHUDWXUH�

DYDLODEOH�>��@�>��@�>��@�>�@�XVHG�VLOLFRQ�PLFURFKDQQHOV��$OXPLQLXP�PLFURFKDQQHOV�DUH�XVHG�

YHU\�OHVV�LQ�WKH�DYDLODEOH�OLWHUDWXUH��7KH�TXDQWLW\�RI�H[SHULPHQWDO�ZRUN�DYDLODEOH�LV�DOVR�YHU\�

OHVV�0RVW� RI� WKH� ZRUN� WKDW� LV� DYDLODEOH� LQ� WKH� ILHOG� RI� PLFURFKDQQHOV� DUH� HLWKHU� HLWKHU�

RSWLPL]DWLRQV�RU�QXPHULFDO� LQYHVWLJDWLRQ��9HU\� OHVV� UHVHDUFKHUV� >�@� >��@� >�@� >��@�KDYH�GRQH�

H[SHULPHQWDO�ZRUN�LQ�WKLV�DUHD�,Q�WKH�H[SHULPHQWDO�UHVHDUFK�GRQH�E\�WKH�UHVHDUFKHUV�WKH\�KDYH�

GLVFRYHUHG� WKDW� KHDW� FDUU\LQJ� FDSDFLW\� DV� ZHOO� DV� SUHVVXUH� GURS� LQFUHDVHV� ZLWK� LQFUHDVH� LQ�

5H\QROGV�QXPEHU��7KH\�DOVR�WHVWHG�WKH�DJJORPHUDWLRQ�RI�QDQRSDUWLFOHV��5HVHDUFKHUV�VXFK�DV�

:X�HW�DO�>�@�WHVWHG�WKH�DJJORPHUDWLRQ�IRUPDWLRQ�RI�QDQRSDUWLFOHV�LQ�PLFURFKDQQHOV��KH�IRXQG�

RXW�WKDW�QR�GHSRVLWLRQ�ZDV�IRUPHG�ZLWK�LQOHW�WHPSHUDWXUHV�LQ�WKH�UDQJH�RI�����&�±����&�DQG�

RXOHW� WHPSHUDWXUHV� LQ� WKH� UDQJH�RI� ���&� ±����&�EXW� DW� WHPSHUDWXUHV� EH\RQG� WKHVH� UDQJHV� D�

YHU\�KLJK�GHSRVLWLRQ�RI�SDUWLFOHV�KDV�EHHQ�REVHUYHG��7KXV�URRP�WHPSHUDWXUH�KDV�EHHQ�FKRVHQ�

WR� FDUU\� RXW� H[SHULPHQWDO�ZRUN�7KH� LPSDFW� RI� YDULRXV� VKDSHV� RI�PLFURFKDQQHOV� RQ� IULFWLRQ�

IDFWRU�KDV�EHHQ�VWXGLHG�E\�*XQQDVHJDUDQ�HW�DO��>��@��)URP�WKLV�VWXG\�UHFWDQJXODU�FURVV�VHFWLRQ�

LV�VHOHFWHG�IRU�PLFURFKDQQHOV��
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%RWK�QDQRIOXLGV�DQG�PLFURFKDQQHOV� ILQG�VLJQLILFDQW�DSSOLFDELOLW\� LQ�HOHFWURQLFV�DQG� WKXV� WKH�

H[DPLQDWLRQ� RI� WKHLU� WKHUPDO� SHUIRUPDQFH� UHPDLQV� DQ� DUHD� RI� FKLHI� FRQFHUQ�)ROORZLQJ�

REMHFWLYHV�DUH�RXWOLQHG�IRU�WKH�UHVHDUFK�ZRUN�����

x 7R� ILQG� WKH� YDULDWLRQ� RI� KHDW� WUDQVIHU� FRHIILFLHQW� RI� DOLPLQLXP� R[LGH� ±�ZDWHU� EDVHG�

QDQRIOXLGV�DQG�ZLWK�IORZ�UDWH��

x 7R� FRPSDUH� WKH� KHDW� WUDQVIHU� FRHIILFLHQW� RI� DOXPLXQLXP� R[LGH� ±� ZDWHU� EDVHG�

QDQRIOXLGV�ZLWK� WKH�ZDWHU�DW�YDULRXV�FRPELQDWLRQV�RI�SDUWLFOH�YROXPH�FRQFHQWUDWLRQV�

DQG�IORZ�UDWHV��

x 7R� ILQG� WKH� YDULDWLRQ� RI� 5H\QROGV� QXPEHU� DV�ZHOO� DV� 3UDQGWO� QXPEHU�ZLWK� SDUWLFOH�

YROXPH�FRQFHQWUDWLRQ�RI�QDQRIOXLGV�
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7KH�EHJLQQLQJ�SDUW�RI�WKLV�FKDSWHU�SURYLGHV�LQIRUPDWLRQ�RQ�PLFURFKDQQHO�DQG�QDQRIOXLGV�DQG�

WKH� UHPDLQLQJ� SDUW� VKHGV� OLJKW� RQ� WKH� ZRUN� RI� VFLHQWLVWV� DQG� UHVHDUFKHUV� RQ� WKH� WKHUPDO�

FKDUHFWHULVWLFV�RI�PLFURFKDQQHOV�DQG�QDQRIOXLGV��$�UHYLHZ�RI�DYDLODEOH�OLWHUDWXUH�LQ�WKH�DUHD�RI�

PLFURFKDQQHOV�DQG�QDQRIOXLGV�LV�GRQH��

����1$12)/8,'6�

1DQRIOXLGV� DUH� IOXLGV� WKDW�DUH�SUHSDUHG�E\�GLVSHUVLQJ� KLJK� FRQGXFWLQJ�QDQRSDUWLFOHV�KDYLQJ�

VL]H�OHVV�WKDQ�����PP�LQ�WKH�EDVH�IOXLG��7KLV�OHDGV�WR�DQ�LQFUHDVH�LQ�WKHUPDO�FRQGXFWLYLW\�GXH�

WR� LQFUHDVH� LQ� VXUIDFH� WR� YROXPH� UDWLR�� DOVR� QDQRSDUWLFOHV� KDYH� %URZQLDQ� PRWLRQ� DQG�

QDQRSDUWLFOHV�FROOLGH�ZLWK�HDFK�RWKHU�WKLV�OHDGV�WR�DQ�LQFUHDVHG�KHDW�WUDQVIHU�UDWH�RI�EDVH�IOXLG��

$W� KLJKHU� WHPSHUDWXUHV� WKHUH� LV� LQFUHDVHG� EURZQRDQ� PRWLRQ� >��@� EHFDXVH� RI� ZKLFK� WKH�

YLVFRXVLW\�YDULHV� LQYHUVHO\�ZLWK� WHPSHUDWXUH� DW� HOHYDWHG� WHPSHUDWXUH�� WKLV� DJDLQ� OHDGV� WR� DQ�

LQFUHDVHG�FRQGXFWLYLW\�� ,Q� UHFHQW�\HDUV�PDQ\�DUWLFOHV� >�@� >��@� >��@�RQ�QDQRIOXLGV�KDYH�EHHQ�

SXEOLVKHG�DQG�WKHVH�HQYROYH�ERWK�H[SHULPHQWDO�DQG�WKHRUHWLFDO�ZRUN��

����0$7(5,$/6�)25�1$12)/8,'6�

9HU\�VPDOO�SDUWLFOHV�ZLWK�VL]H�OHVV�WKDQ����PP�DQG�KLJK�WKHUPDO�FRQGXFWLYLW\�DV�FRPSDUHG�WR�

EDVH�IOXLG�LV�GLVSHUVHG�LQ�EDVH�IOXLG�WKXV�PDNLQJ�QDQRIOXLGV��7KXV�KLJK�WKHUPDO�FRQGXFWLYLW\�

DV�FRPSDUHG�WR�EDVH�IOXLG�LV�WKH�FULWHULRQ�IRU�VHOHFWLRQ�RI�PDWHULDO�RI�QDQRSDUWLFOH��

)ROORZLQJ�DUH�WKH�FRPPRQO\�XVHG�EDVH�IOXLGV�DQG�QDQRSDUWLFOHV���

�� %DVH�IOXLGV���

D� :DWHU�

E� 2LO�

F� (WK\OHQH��JO\FRO�



ϲ�

�� 1DQRSDUWLFOHV���

D� 0HWDO�R[LGHV�

E� 0HWDOOLF�SDUWLFOHV�

F� &DUERQ�QDQRWXEHV�

����35(3$5$7,21�2)�1$12)/8,'6�

)ROOORZLQJ�WZR�PHWKRGV�DUH�XVHG�IRU�SUHSDULQJ�QDQRSDUWLFOHV���

�� 7ZR�±�VWHS�PHWKRG�

�� 2QH���VWHS�PHWKRG�

������7ZR���VWHS�PHWKRG�

7KLV�LV�WKH�PRVW�SRSXODU�PHWKRG�RI�SUHSDULQJ�QDQRIOXLGV��$V�WKH�QDPH�VXJJHVWV�WZR�VWHSV�DUH�

IROORZHG�LQ�WKLV�PHWKRG�WR�SUHSDUH�QDQRIOXLGV��,Q�WKH�ILUVW�VWHS�WKH�ILUVWO\�WKH�QDQRSDUWLFOHV�LQ�

WKH�IRUP�RI�GU\�SRZGHU�LV�PDQXIDFWXUHG��E\�YDULRXV�FKHPLFDO�DQG�SK\VLFDO�PHWKRGV��1RZ�LQ�

WKH� VHFRQG� VWHS� WKH� QDQRSDUWLFOHV� DUH� GLVSHUVHG� LQ� WKH� EDVH� IOXLG� E\� SURFHVVHV� VXFK� DV�

XOWUDVRQLFDWLRQ� HWF�� 7ZR� ±VWHS� PHWKRG� LV� PXFK� PRUH� FKHDSHU� DV� ZHOO� DV� HFRQRPLFDO� IRU�

SUHSDUDWLRQ�RI�QDQIOXLGV�DV�FRPSDUHG�WR�RQH�±�VWHS�PHWKRG��6LQFH�QDQRIOXLGV�SUHSDUHG�E\�WKLV�

PHWKRG�KDV�D�KLJK�WHQG�WR�DJJORPHUDWH�PXFK�PRUH�HDVLO\�KHQFH�LW�OHDGV�WR�ORZHU�VWDELOLW\�RI�

QDQRIOXLGV�EHFDXVH�RI�ZKLFK�RQH�±�VWHS�PHWKRG�ZDV�GHYHORSHG��

������2QH�±�VWHS�PHWKRG�

$V�WKH�QDPH�VXJJHVWV�RQH�±�VWHS�PHWKRG�HQYROHV�MXVW�D�VLQJOH�VWHS�IRU�SUHSDULQJ�WKH�QDQIOXLG��

3K\VLFDO�YDSRXU�FRQGHQVDWLRQ�PHWKRGV�ZHUH�GHYHORSHG�E\�(DVWPDQ�HW�DO�>��@� IRU�SUHSDULQJ�

HWK\OHQH�JO\FRO�DQG�FRSSHU�QDQRIOXLGV�� ,Q�RQH�±�VWHS�PHWKRG�ERWK�PDQXIDFWXULQJ�DV�ZHOO�DV�

GLVSHUVLRQ�RI�QDQRSDUWLFOHV�RFFXUV�LQ�VLQJOH�VWHS��,Q�WKLV�PHWKRG�DJJORPHUDWLRQ�IRUPDWLRQ�LV�

JUHDWO\� UHGXFHG� VLQFH� SURFHVVHV� RI� GU\LQJ�� GLVSHUVLRQ� DQG� WUDQVSRUWDWLRQ� DUH� DYRLGHG��

3UHSDUDWLRQ�RI�QDQRIOXLGV�E\�RQH�VWHS�PHWKRG�LV�YHU\�FRVWO\�DQG�WKXV�QRW�VXLWHG�WR�ODUJH�VFDOH�

SURGXFWLRQ�RI�QDQRIOXLGV��DOVR�WKHUH�LV�GLIILFXOW\�LQ�H[SODLQLQJ�WKH�H[DFW�EHKDYLRU�RI�QDQIOXLGV�

GXH�WR�OHIW�RYHU�SDUWLFOHV�RI�LQFRPSOHWH�UHDFWLRQ��8VDJH�RI�FKHPLFDO�PHWKRGV�KDV�JRW�D�ERRVW�

VLQFH�LW�KDV�KLJKHU�SURGXFWLRQ��



ϳ�

������27+(5�0(7+2'6�

&RSSHU�R[LGH�QDQRIOXLG�ZDV�SUHSDUHG�E\�=KX�HW�DO�>��@�XVLQJ�D�QRYHO�PHWKRG�FDOOHG�SUHFXUVRU�

WUDQVIRUPDWLRQ� DORQJ� ZLWK� PLFURZDYH� DQG� XOWUDVRQLF� LUUD'LDPHWHUWLRQ�� )RU� SUHSDUDWLRQ� RI�

FRSSHU�QDQRIOXLGV�D�QHZ�FDOOHG�PLFURIOXLGLF�PLFURUHDFWRU�ZDV�GHYHORSHG�E\�ZHL�HW�DO��,Q�WKLV�

PHWKRG�PLFURVWUXFWXUH�DQG�SURSHUWLHV�DUH�YDULHG�E\�DGMXVWPHQW�RI�IORZ�UDWH�DGGLWLYH�HWF��

����$33/,&$7,216�

������$33/,&$7,21�,1�(/(&7521,&6�

0RGHUQ� HOHFWURQLF� GHYLFHV� DUH� QRW� RQO\� YHU\� FRPSDFW� EXW� DOVR� VXIIHU� IURP� SRRU� KHDW�

GLVFFLSDWLRQ�GXH�WR�FORVHG�HQYLURQPHQW��'XH�WR�KLJK�KHDW�JHQHUDWLRQ�LQ�HOHFWURQLF�FKLSV�LW�FDQ�

OHDG�WR�ORZ�SHUIRUPDQFH�RI�WKH�GHYLFH�RU�WKH�H[FHVVLYH�KHDW�FDQ�DOVR�GDPDJH�WKH�GHYLFH��,W�LV�

D� YHU\� GLIILFXOW� SURFHVV� WR� GLVFFLSDWH� DOO� WKH� KHDW� JHQHUDWHG� E\� WKHVH� HOHFWURQLF� FKLSV�

HIILFLHQWO\�� 7KHUH� DUH� EDVLFDOO\� WZR� PHWKRGV� IRU� HIIHFWLYHO\� GLVVFLSDWLQJ� KHDW� IURP� WKHVH�

GHYLFHV�� ,Q� WKH� ILUVW� PHWKRG� WKH� GHVLJQ� RI� WKH� FRROLQJ� V\VWHP� LV� RSWLPL]HG� IRU� EHWWHU�

SHUIRUPDQFH� RI� WKH� FRROLQJ� V\VWHP�� 7KH� VHFRQG� PHWKRG� HQYROYHV� XVDJH� RI� KRJK� KHDW�

FRQGXFWLQJ�QDQIOXLGV�DV�FRRODQWV��1DQRIOXLGV�KDYH�KLJK�KHDW�FRQGXFWLQJ�DELOLW\�DV�FRPSDUHG�

WR� FRQYHQWLRQDO� FRRODQWV�� DOVR� QDQROIXLGV� KDYH� KLJK� KHDW� FDUU\LQJ� FDSDFLW\� DV� FRPSDUHG� WR�

EDVH�IOXLGV��

������$33/,&$7,21�,1�$87202%,/(�

1DQRIOXLGV� FDQ�EH�XVHG�DV� D�FRRODQW� LQ� WKH� FRROLQJ� V\VWHP�RI� WKH�DXWRPRELOHV� HQJLQHV� DQG�

DOVR�KHDY\�GXW\�HQJLQHV�DQG� WKXV�FDQ�VLJQLILFDQWO\� LQFUHDVH�WKH�SHUIRUPDQFH�DQG� OLIH�RI� WKH�

HQJLQHV��1DQRIOXLGV�ERRVWV�WKH�UDWH�RI�KHDW�WUDQVIHU�DQG�WKLV�OHDGV�WR�GHFUHDVHG�FRPSOH[LW\�RI�

FRROLQJ� MDFNHWV� DV�ZHOO� DV� UHGXFHG�ZHLJKW�� 7KLV� OHDGV� WR�PXFK�PRUH� FRPSDFWHU� GHVLJQV� DV�

ZHOO� DV� UHGXFHG� ZHLJKW� RI� UD'LDPHWHUWRUV� DQG� KHQFH� KLJK� IXHO� HFRQRP\� DQG� KLJKHU�

SHUIRUPDQFH��

������+($7,1*�2)�%8,/',1*6�$1'�32//87,21�&21752/�

+HDWLQJ�RI�EXLOGLQJV�LQ�FROGHU� UHJLRQV�E\�XVLQJ�QDQROIXLGV�ZDV�H[DPLQHG�E\�.XONDUQL�HW�DO�

>��@��)RU�KHDWLQJ�SXUSRVHV�HWK\OHQH�JO\FRO�QDQRIOXLGV�ZHUH�XVHG�DV�WKH�KHDW�WUDQVIHU�IOXLG�7KH�

ZRUN� RI� NXONDUQL� HW� DO� KDV� VKRZQ� WKDW� E\� XVLQJ� QDQRIOXLGV� LQ� KHDW� H[FKDQJHUV�� VLJQLILFDQW�

UHGXFWLRQ� LQ� YROXPH� IORZ� UDWHV� DQG�PDVV� IORZ� UDWHV� FDQ� EH� DFKLHYHG� DQG� WKXV� UHVXOWLQJ� LQ

UHGXFHG�UHTXLUHG�SXPSLQJ�SRZHU��8VLQJ�QDQRIOXLGV�VPDOOHU�DQG�PXFK�PRUH�FRPSDFW FRROLQJ�



V\VWHPV� FDQ� EH� GHVLJQHG�ZKLFK� DUH� FDSDEOH� WR� GHOLYHU� VLPLODU� HQHUJ\� DV� WKDW� RI� ODUJHVFDOH�

V\VWHPV��

������18&/($5�&22/,1*�6<67(06�

0,7� UHVHDUFKHUV� DUH� WU\LQJ� WR� ILQG� WKH� DSSOLFDWLRQV� RI� QDQRIOXLGV� LQ� WKH� DUHD� RI� QXFOHDU�

VFLHQFH�7KHUH� DUH� WKUHH� PDLQ� DUHDV� RI� LQWHUHVW� ���� D�� ,Q� KLJK� SRZHU� GHQVLW\� OLJKW� +�2�

UHDFWRU�GXULQJ�PDMRU�DFFLGHQWV�� LW� FDQ�EH�XVHG�DV�D�FRRODQW��E��3UHVVXUL]HG�+�2�UHDFWRUV�� F��

)RU�FRUH�FRROLQJ�DV�D�FRRODQW�GXULQJ�HPHUJHQF\��

������63$&(�$1'�'()(1&(�

7KH� VSDFH� VWDWLRQV� DQG� VSDFH� FUDIWV� KDYH� UHVWULFWHG� VSDFHV� LQ� WKHP� WKXV� VSDFH� DSSOLFDWLRQV�

UHTXLUH�YHU\�HIILFLHQW�FRROLQJ�V\VWHPV�WKDW�FDQ�EH�DFFRPPRGDWHG�LQ�D�YHU\�OLPLWHG�VSDFH��7KLV�

UHVWULFWLRQ� RI� VSDFH� FUDIWV� DQG� VSDFH� VWDWLRQV� JLYHV�� GLUHFWLRQ� WRZDUGV� OLJKW�ZHLJKW� FRROLQJ�

VROXWLRQV� ZKLFK� KDYH� VPDOO� DQG� FRPSDFW� GHVLJQV�� 7KLV� FDQ� UHDOO\�PDNH� VSDFH� WUDYHO�PRUH�

HFRQRPLFDO� WKDQ� LW� LV� WRGD\�� 7KH� KLJK� KHVW� FDUU\LQJ� FDSDFLW\� RI� WKH� QDQRIOXLGV� OHQGV� WKHP�

H[WUHPHO\� XVDEOH� LQ� GHIHQFH� PDFKLQHULHV� VXFK� DV� PLVVLOHV�WDQNV�VXEDPDULQHV�KLJK� SRZHU�

ODVHUV� HWF�� 7KXV� QDQRIOXLGV� DUH� H[WUHPHO\� XVDEOH� LQ� DUHDV� ZKLFK� UHTXLUH� OLJKW� ZHLJKW�

V\VWHPV�FRPSDFW�VSDFHV�DV�ZHOO�DV�KLJK�KHDW�WUDQVIHU�UDWHV��

������62/$5�(1(5*<�$%62537,21�

6RODU� HQHUJ\� LV� WKH� HQHUJ\� WKDW� LV� REWDLQHG� IURP� VRODU� radiation� UHDFKLQJ� WKH� VXUIDFH� RI� WKH�

HDUWK�� 7KLV� HQHUJ\� REWDLQHG� IURP� VRODU� UDdiation� LV� RQH� RI� WKH� EHVW� IRUPV� RI� QRQ�

FRQYHQWLRQDO� IRUPV�RI�HQHUJ\�DQG� LW� LV�DOVR�DYDLODEOH� LQ�DEXQGDQFH��$� WHFKQRORJ\�NQRZQ�DV�

GLUHFW� DEVRUSWLRQ� VRODU� FROOHFWRU� LV� TXLWH� SRSXODU� 'XH� WR� ORZ� DEVRUSWLRQ�

FDSDELOLW\�RI�FROOHFWLQJ�IOXLG�WKH�HIILFLHQF\�LV�RQ�WKH�ORZHU�VLGH��7R�RYHUFRPH�WKLV�GUDZEDFN� 

QDQRIOXLGV�DUH� EHLQJ� HPSOR\HG�� 0DQ\� H[SHUPLQHWV� ZHUH� FDUULHG� RXW� E\� 2WDQLFDU� HW�

DO� >��@� E\�HPSOR\LQJ�QDQRIOXLGV�DV�KHDW�WUDQVIHU�IOXLG�DQG�IRXQG�DQ�LQFUHDVH�LQ�HIILFLHQF\�RI�

���RI�VRODU�FROOHFWRU��

Ϯ͘ϰ͘ϳ�D/^��>>�E�Kh^��WW>/��d/KE^�

$SDUW� IURP�WKH�DERYH�PDLQ�DSSOLFDWLRQV�RI�QDQRIOXLGV�LW� FDQ�DOVR�ILQG�DSSOLFDWLRQV� LQ� ILHOGV�

VXFK�DV�PLFURELDO�IXHO�FHOO��UHDFWRUV��DXWRPRELOH�EUDNH�IOXLGV��GUXJ�GHOLYHU\�HWF��

ϴ�



ϵ�

����&+$//(1*(6�,1�7+(�$5($�2)�1$12)/8,'6�

1DQRSDUWLFOHV�FDQ�ILQG�DSSOLFDWLRQV�LQ�YDULRXV�DUHDV�EXW�GXH�WR�ORQJ�WHUP�GLIILFXOWLHV�WKH\�ILQG�

OLPWHG�XVDJH�LQ�WKH�ORQJHU�WHUP��

1DQRIOXLGV�KDYH�KLJK�KHDW�WUDQVIHU�UDWHV�DV�FRPSDUHG�WR�FRQYHQWLRQDO�FRRODQWV�VWLOO�WKHUH�XVH�

YHU\�PXFK�OLPLWHG�EHFDXVH���

D� 7KHUH� LV� GLVFUHSDQF\� � EHWZHHQ� SUDFWLFDO� DQG� WKHRUHWLFDO� DVSHFWV� DV� IRXQG� E\� PDQ\�

VFLHQWLVWV��

E� 1DQRIOXLG�KDYH�D�KLJK�WHQGHQF\�WR�IRUP�DJJORPHUDWHV�GXH�KLJK�YDDQGHU�ZDDO�IRUFHV�

WKDW� H[LVWV� EHWZHHQ� WKH� SDUWLFOHV�KRZHYHU� PDQ\� PHWKRG� KDYH� EHHQ� GHYHORSHG� WR�

PLWLJDWH�WKHVH��

F� $W�KLJKHU�WHPSHUDWXUHV�VHGLPHQWDWLRQ�RI�SDUWLFOHV�RFFXU��

G� 1DQRIOXLGV� ZLWK� KLJKHU� QDQRSDUWLFOHV� FRQFHQWUDWLRQ� KDYH� KLJKHU� YLVFRXVLW\� ZKLFK�

OHDGV�WR�KLJKHU�SXPSLQJ�SRZHU�WKXV�DIIHFWLQJ�HIILFLHQF\�RI�WKH�SXPSV��

H� 3UHSDUDWLRQ�RI�QDQRIOXLGV�LV�QRW�YHU\�HFRQRPLFDO�DQG�HQYROHV�KLJK�FRVWV��

����1$12)/8,'6�67$%,/,7<�

$� PDMRU� IDFWRU� WKDW� DIIHFWV� WKH� XVDELOLW\� RI� QDQRIOXLGV� LV� WKH� VWDELOLW\� RI� QDQRIOXLGV��

6HGLPHQWDWLRQ� DQG� DJJORPHUDWLRQ� OHDGV� WR� EORFNLQJ� RI� WKH� SDVVDJHV� DQG� DOVR� WKHUPDO�

FRQGXFWLYLW\�RI�QDQRIOXLGV�VXIIHU�GXH�WR�WKLV��+HQFH�H[DPLQDWLRQ�RI�VWDELOLW\�RI�QDQRIOXLGV�LV�D�

PDMRU�FRQFHUQ��

������67$%,/,7<�0(&+$1,60�

'XULQJ� DQG� DIWHU� GLVSHUVLRQ� WKH� SDUWLFOHV� VWDUW� WR� VWFLN� WR� HDFK� RWKHU� DQG� WKLV� OHDGV� WR�

DJJORPHUDWLRQ� DQG� IXUWKHU� VHWWOLQJ� GRZQ�RI� WKLV� DJJORPHUDWH� OHDGV� WR� UHGXFHG� KHDW� WUDQVIHU�

DQG� FORJJLQJ� RI� SLSHV�� 7KLV� UHVWULFWV� WKH� XVH� RI� QDQRIOXLGV�� /DQGDX� DQG� 9HUZD\� KDYH�

GHVFULEHG� WKDW� WR�H[DPLQH� WKH�VWDELOLW\�RI�QDQRIOXLGV�VXPPDWLRQ�RI�YDQ�GHU�ZDDO� IRUFHV�DQG�

HOHFWULFDO�GRXEOH�OD\HU�IRUFHV��+HUH�YDQ�GHU�ZDDO�IRUFHV�DULVH�GXH�WR�WKH�%URZQLDQ�PRWLRQ�RI�

WKH� SDUWLFOHV�� ,I� WKH� YDQ� GHU� ZDDOV� IRUFHV� DUH� PXFK� PRUH� SURQRXQFHG� DV� FRPSDUHG� WR� WKH

UHSXOVLYH�IRUFHV�WKH�SDUWLFOHV�ZLOO�DGKHUH�WR�HDFK�RWKHU�DQG�DJJORPHUDWLRQ�ZLOO�RFFXU�ZKLOH�WKH�

VWDELOLW\�LV�PDLQWDLQHG�LI�WKH�UHSXOVLYH�IRUFHV�DUH�PXFK�PRUH�SURQRXQFHG�DV�FRPSDUHG�WR�WKH�

YDQ�GHU�ZDDOV�IRUFHV�WKHQ�SDUWLFOHV�ZLOO�QRW�DGKHUH�WR�HDFK�RWKHU�DQG�DJJORPHUDWLRQ ZLOO�QRW



ϭϬ�

RFFXU�VR� QDQR� IOXLGV� UHPDLQ� VWDEOH�� 7KH� UHSXOVLYH� IRUFHV� DUH� WKXV� UHTXLUHG� WR� EH� PRUH�

GRPLQDQW��

7KH�VWDELOLW\�RI�WKH�QDQRIOXLGV�FDQ�EH�HQKDQFHG�E\�WKH�DGGLWLRQ�RI�DGGLWLYHV�DQG�VXUIDFWDQWV�LQ�

QDQRIOXLGV��$GGLWLRQ�RI�VXUIDFWDQWV�DQG�DGGLWLYHV�LQ�QDQRIOXLGV�DOWHUV�WKH�WZR�IRUFHV�GLVFXVVHG�

HDUOLHU�WKDW�LV�YDQ�GHU�ZDDOV�IRUFHV�DQG�HOHFWULF�UHSXOVLYH�IRUFHV�WKXV�LQFUHDVLQJ�WKH�VWDELOLW\�RI�

QDQRIOXLGV��7KH�VXUIDFWDQWV�DQG�DGGLWLYHV�DOVR�DIIHFW�WKH�WKHUPDO�SURSHUW\�RI�WKH�QDQRIOXLGV�

KHQFH�WKH\�DUH�UHTXLUHG�WR�EH�XVHG�LQ�OLPLWHG�TXDQWLW\��6XUIDFWDQWV�DQG�DGGLWLYHV�HQKDQFHV�WKH�

VWDELOLW\�RI�QDQRIOXLGV�IRU�D�ORQJHU�SHULRG�RI�WLPH��

������$1$/<6,6�2)�67$%,/,7<�

7KHUH�DUH�YDULRXV�SK\VLFDO�DQG�FKHPLFDO�SURFHVVHV�>�@�WR�HQKDQFH�WKH�VWDELOLW\�RI�QDQRIOXLGV��

7KHVH�PHWKRGV�DUH�GLVFXVVHG�KHUH�LQ�EULHI���

D� =HWD�SRWHQWLDO�DQDO\VLV�

E� 6SHFWUDO�DEVRUEHQF\�DQDO\VLV�

F� 6HGLPHQWDWLRQ�DQG�FHQWULIXJDWLRQ�

7KH� DERYH� WKUHH� PHWKRGV� FDQ� EH� WRJHWKHU� XVHG� WR� GR� D� VWDELOLW\� WHVW� RI� QDQRIOXLGV�� 7KHVH�

PHWKRGV�QRW�RQO\�WHOO�DERXW�WKH�EHKDYLRU�RI�QDQRIOXLGV�EXW�DOVR�DFW�DV�D�WHVW�RI�WKH�VWDELOLW\�RI�

QDQRIOXLGV��

,I� WKH� FRRODQWV� XVHG� LQ�KHDW� H[FKDQJLQJ� GHYLFHV� KDYH� EHWWHU� KHDW� FRQGXFWLRQ� DELOLW\�� LW� FDQ�

SDYH� WKH� ZD\� IRU� PXFK� PRUH� VRSKLVWHG� GHVLJQV� IRU� KHDW� H[FKDQJLQJ� GHYLFHV� VXFK� DV�

UHTXLUHPHQW� RI� ORZ� VSDFH�OLJKW� ZHLJKW� HWF�� 1DQR� IOXLGV� DUH� KDQG� LQ� JORYH� ZLWK� WKHVH�

UHTXLUHPHQWV�DQG�WKXV�WKH\�FDQ�EH�UHJDUGHG�DV�WKH�IXWXUH�LQ�WKLV�DUHD��&RQFHQWUDWLRQ�DV�ZHOO�DV�

VL]H�RI� WKH�QDQRSDUWLFOHV�JUHDWO\� DIIHFW� WKHUPDO�SURSHUWLHV�RI� WKH�QDQRIOXLG��7KHUH�DUH�PDQ\�

FKDOOHQJHV� WKDW� DUH� IDFHG� IRU� PDNLQJ� WKH� QDQRIOXLGV� FRPHHULFLDOO\� YLDEOH�� 7KLV� DUHD� RI�

UHVHDUFK�LV�H[SDQGLQJ�HYHUGD\�DQG�QRYHO�PHWKRGV�DUH�EHLQJ�GHYHORSHG�ZKLFK�ZLOO�HYHQWXDOO\�

OHDG�WR�EHWWHU�VWDELOLW\�RI�QDQRIOXLGV�ZLWKRXW�FRPSURPLVLQJ�WKH�FRRODQW�TXDOLW\��

����0,&52&+$11(/6�

0LFUROHOHFWURQLFV�GHYLFHV�DUH�YHU\�VPDOO� LQ�VKDSH�EXW� WKH\�JHQHUDWH�D� ORW�RI�KHDW� LQ�D�VPDOO�

DUHD��7R�GLVVFLSDWH�KHDW� JHQHUDWHG� IURP�PLFUROHFWURQLF�GHYLFHV�YHU\� VPDOO� KHDW�H[FKDQJLQJ�

GHYLFHV� DUH� UHTXLUHG� WKDW� FDQ� QRW� RQO\� ILW� LQWR� VPDOO� VSDFHV� EXW� DOVR� DUH� OLJKW� ZHLJKW��

0LFURFKDQQHOV� DUH� KDQG� LQ� JORYH� ZLWK� WKHVH� UHTXLUHPHQWV�� 0LFURFKDQQHOV� DUH� VPDOO� KHDW�



ϭϭ�

H[FKDQJLQJ�GHYLFHV�ZKLFK� FRPVLVWV�RI�YHU\� VPDOO� SDVVDJHV� WKURXJK�ZKLFK� FRRODQWV� RU�KHDW�

H[FKDQJLQJ�IOXLG�IORZV��7KHVH�VPDOO�PLFURFKDQQHO�SDVVDJHV�KDYH�YHU\�KLJK�VXUIDFH�WR�YROXPH�

UDWLR�ZKLFK�DOORZV�YHU\�KLJK�KHDW� WUDQVIHU� UDWHV� IURP�VPDOO� VSDFHV��0LFURFKDQQHOV�FDQ� OHQW�

WKHPVHOYHV� XVHIXO� LQ� DSSOLFDWLRQV� ZKHUH� WKHUH� DUH� UHVWULFWLRQV� RI� ZHLJKW� DQG� VSDFH�� 7KHVH�

VPDOO�SDVVDJHV�KDYH�K\GUDXOLF�'LDPHWHU�UDQJLQJ�IURP����P�������P���

7XFNHUPDQ�DQG�3HDVH�>��@�LQ������JDYH�D�ERRVW�WR�WKH�UHVHDUFK�LQ�WKH�DUHD�RI�PLFURFKDQQHOV�

DQG� JDYH� WKH� GLUHFWLRQ� LQ� ZKLFK� WKH� UHVHDUFK� LV� WR� EH� GRQH�� 7LOO� ����� WKH� IRFXV� RI� WKH�

UHVHDUFKHUV� ZDV� RQ� GHVLJQ� DV� ZHOO� DV� LPSOHPHQWDWLRQ� RI� PLFURFKDQQHOV� WHFKQRORJ\�� $IWHU�

WKRURXJK� DQDO\VLV� RI� GHVLJQ� DQG� LPSOHPHQWDWLRQ� WKH� WKH� IRFXV� RI� WKH� UHVHDUFKHUV� VKLIWHG�

WRZDUGV�VWXG\LQJ�WKH�IORZ�EHKDYLRU�WKURXJK�VPDOO�PLFURFKDQQHO�SDVVDJHV��)URP������±������

D�ORW�RI�ZRUN�ZDV�GRQH�E\�UHVHDUFKHUV�XVLQJ�H[SHULPHQWV�EXW�WKH\�FRXOG�QRW�ILQG�D�VROXWLRQ�RU�

DQVZHU�WKH�SUREOHP�RI�DSSO\LQJ�WKH�FRQWLQXXP��WKHRU\�WR�WKH�IORZ�RI�OLTXLG��7KHQ�WKHUH�ZDV�D�

UHVHDUFKHU�;X�HW�DO� >��@�ZKR� ILQDOO\� IRXQG� WKH�VROXWLRQ�IRU� WKH�SUREOHP�RI� �DSSOLFDELOLW\�RI�

FRQWLQXXP� WKHRU\� WR� IORZ� RI� IOXLG� LQ�PLFURFKDQQHO� E\� LJQRULQJ� WKH� H[LW� DQG� HQWU\� HIIHFWV��

$IWHUZDUGV�D�UHVHDUFKHU�3DOP�>��@�IRXQG�WKDW�UHVHDUFK�GRQH�WLOO�WKHQ�ZDV�VWLOO�QRW�FRQFOXVLYH�

UHODWHG�WR�WKH�DSSOLFDWLRQ�RI�FRQWLQXXP�WKHRU\�LQ�IOXLG�IORZ�WKURXJK�PLFURFKDQQHOV��7KHQ��4X�

DQG� 0XGDZDU� >��@�� 6WLHQNH� DQG� .DQGOLNHU� >��@� FRQILUPHG� WKH� DSSOLFDELOLW\� RI� FRQWLQXXP�

WKHRU\� IRU� IOXLG�IORZ�LQ�PLFURFKDQQHOV� WKURXJK�H[SHULPHQWDO�GDWD��$IWHUZDUGV� OHH�HW�DO� >��@�

ZKLOH�FDUHIXOO\�FRQVLGHULQJ�ERXQGDU\�FRQGLWLRQV�YDOLGDWHG�WKH�FRQWLQXXP�WKHRU\�IRU�IORZ�RI�

IOXLG� LQ�PLFURFKDQQHOV��7KH� DSSOLFDELOLW\� RI� FRQWLXQXXP� WKHRU\� LV� YHULILHG� IRU� VLQJOH� SKDVH�

IORZ� WKURXJK�PLFURFKDQQHOV��1R� YHULILFDWLRQ� KDV� EHHQ�PDGH� IRU� WZR� SKDVH� IORZ� \HW�� 7KLV�

H[SHULPHQWDO�ZRUN�HQYROYHV�VLQJOH�SKDVH�IORZ��

���������������������������������������������)LJ�����6WUDLJKW�IORZ�FKDQQHO�



ϭϮ�

$V�FDQ�EH�VHHQ�IURP�WKH�ILJXUH�QDQRIOXLG�HQWHUV�IURP�RQH�VLGH�DQG�H[LWV�IURP�WKH�RWKHU�DQG�

ZKLOH� IORZLQJ� WKURXJK� WKH�PLFURFKDQQHOV� WKH� KHDW� WUDQVIHU� WDNHV� SODFH� IURP� WKH� V\VWHP� LQ�

ZKLFK�LW�LV�LQVWDOOHG�WR�WKH�QDQRIOXLG��,W�LV�D�VWUDLJKW�IORZ�W\SH�PLFURFKDQQHO��1DQRIOXLG�HQWHUV�

IURP�RQH�VLGH�DQG�H[LWV�IURP�RWKHU�ZKLOH�DEVRUELQJ�KHDW�JHQHUDWHG�E\�WKH�V\VWHP��

������&/$66,),&$7,21�2)�0,&52&+$11(/6�

&ODVVLILFDWLRQ� RI� PLFURFKDQQHOV� LV� EDVHG� RQ� WZR� IDFWRUV�� � D�� +\GUDXOLF� 'LDPHWHU� RI� WKH�

FKDQQHO������������E��&URVV���VHFWLRQDO�DUHD�RI�WKH�FKDQQHO��

������������7DEOH�����FODVVLILFDWLRQ�RI�PLFURFKDQQHO�E\�0HKQGDOH�HW�DO�

6QR� +\GUDXOLF�'LDPHWHU 1RPHQFODWXUH

� 'K!�PP &RQYHQWLRQDO�FKDQQHO

� �PP����'K�!������P 0LQLFKDQQHOV

� �����P��'K!�����P 0LFURFKDQQHOV

� ����P����'K�!������P 7UDQVLWLRQDO�PLFURFKDQQHOV

� �����P����'K 0ROHFXODU�QDQRFKDQQHOV

&ODVVLILFDWLRQ� RQ� WKH� EDVLV� RI� K\GUDXOLF� 'LDPHWHU� ZDV� JLYHQ� E\� 0DKHQGDOH� HW� DO�7KH�

FODVVLILFDWLRQ� JLYHQ� E\�0DKHQGDOH� HW� DO� LV� VKRZQ� LQ� WDEOH� ����� � $QRWKHU� FODVVLILFDWLRQ�ZDV�

JLYHQ�E\�JXQQDVHJDUDQ�HW�DO�EDVHG�RQ�FURVV�VHFWLRQDO�JHRPHWU\�RI�PLFURFKDQQHOV��

$QRWKHU�FODVVLILFDWLRQ�RI�PLFURFKDQQHOV�LV�EDVHG�RQ�IORZ�GLUHFWLRQV�RI�QDQRIOXLG�WKH\�DUH����D��

6SOLW� IORZ� W\SH� � E�� 6WUDLJKW� IORZ� W\SH�� 7KH� IROORZLQJ� ILJXUH� VKRZV� ERWK� W\SHV� RI�

PLFURFKDQQHOV��

�D� ������������������������������������������������������������������������������������E��

���������������������������������������������������)LJ�����0LFURFKDQQHO�FODVVLILFDWLRQ�



ϭϯ�

*XQQDVHJDUDQ� HW� DO�� GLG� D� FODVVLILFDWLRQ� RI� PLFURFKDQQHOV� LQ� KLV� UHVHDUFK� EDVHG� RQ� WKH�

JHRPHWU\� RI� WKH� PLFURFKDQQHOV� ZKLFK� FDQ� EH� WUDSH]RLGDO� WULDQJXODU� DQG� UHFWDQJXODU� DQG�

FRPSDUHG�WKH�SHUIRUPDQFH�RI�WKHVH�JHRPHWULHV��

*XQQDVHJDUDQ�HW�DO�JDYH�WKH�IROORZLQJ�FODVVLILFDWLRQ��

�D� ���������������������������������������������������E������������������������������������������������������������������F��

�������������������������������������)LJ������D��UHFWDQJXODU��E��WULDQJXODU��F��WUDSH]RLGDO�

7KH�FKRLFH�RI��FURVV�VHFWLRQDO�JHRPHWU\�RI�WKH�PLFURFKDQQHO�IRU�WKLV�UHVHDUFK�ZRUN�ZDV�PDGH�

RQ� WKH� EDVLV� RI� WKH� FODVVLILFDWLRQ� JLYHQ� E\� *XQQDVHJDUDQ� HW� DO�� 6LQFH� UHFWDQJXODU�

PLFURFKDQQHOV� HDVLHU� WR� PDQXIDFWXUH�� DQG� DOVR� LW� LV� FKHDSHVW� FRVWZLVH� DV� FRPSDUHG� WR�

PLFURFKDQQHOV� RI� RWKHU� JHRPHWULFDO� VKDSHV�� $OVR� UHFWDQJXODU� FURVV� VHFWLRQDO� JHRPHWU\� RI�

PLFURFKDQQHOV� FDQ� EH� PDQXIDFWXUHG� LQ� D� QXPEHU� RI� ZD\V�� 1RYHO� PHWKRGV� RI� OLWKRJUDSK\�

WHFKQLTXHV�ZHUH�VKRZQ�E\�PRQLFD�HW�DO�>��@��7KH�PHWKRGV�RI�GU\�ZHWFKLQJ�DQG�ZHW�ZHWFKLQJ�

ZHUH�VKRZQ�E\�WKHP��

D� :HW�FKHPLFDO�HWFKLQJ��

E� 'U\�HWFKLQJ�WHFKQLTXH�WHFKQLTXHV��

x 2SWLFDO�OLWKRJUDSK\�

x 'HHS�UHDFWLYH�LRQ�LWFKLQJ�

x 5HDFWLYH�LRQ�LWFKLQJ�

7KH�VKDSH�RI�WKH�PLFURFKDQQHO�FDQ�FKDQJH�WR�VLQXVRLGDO�VKDSH�LQVWHDG�RI�UHFWDQJXODU�VKDSH�LI�

WKH�ZHW�LWFKLQJ�PHWKRG�LV�FRQWLQXHG�IRU�D�ORQJHU�GXUDWLRQ�RI�WLPH��7KLV�FDQQRW�EH�LJQRUHG�DV�

GXULQJ� H[SHULPHQWV� IORZ� RI� QDQRIOXLG� UHFHLYHV� H[WUD� UHVLVWDQFH� GXH� WR� WKLV�� ,Q� WKH� ILJXUH�

VKRZQ�PRQLFD�HW�DO�>��@�VKRZV�WKH�VKDSH�GLVWRUWLRQ�IURP�UHFWDQJXODU�WR�VLQXVRLGDO��



������������������������������������)LJ��������PP�GLVSHUVLRQ�RI�PLFURFKDQQHO�ZLWK�GHSWK�����P�

$�PRUH�GLPHQVLRQHG�VWUXFWXUH�LV�REWDLQHG�LQ�UHDFWLYH�LRQ�LWFKLQJ�DV�FRPSDUHG�WRZHW�LWFKLQJ�

SURFHVV� EHFDXVH� RI� YHUWLFDO� GHOLYHU\� RI� UHFDWLYH� LRQV��0LFURFKDQQHOV�PDQXIDFWXUHG� E\� WKLV�

PHWKRG�KDYH�YHU\�JRRG�VXUIDFH�DQG�LW�GRHV�QRW�KDYH�DQ\�HIIHFW�RQ�IORZ�RI�IOXLG��

)LJ������0LFURFKDQQHO�IDEULFDWHG�E\�5,�WHFKQLTXH�

ϭϰ�



ϭϱ�

)LJXUHV� VKRZQ� DERYH� LQGLFDWH� WKDW� 5,(� WHFKQLTXH� RI� IDEULFDWLRQ� SURGXFHV� PXFK� EHWWHU�

GLPHQVLRQHG� VWUXFWXUH� ZLWK� PXFK� EHWWHU� DFFXUDF\� RI� WKH� SURFHVV� DQG� DOVR� EHWWHU� IORZ�

FRQGLWLRQV��0LFURFKDQQHOV�SURGXFHG�E\�WKLV�SURFHVV�KDYH�ORZ�GHSWK��+HQFH�WKLV�PHWKRG�LV�QRW�

YHU\�VXLWHG�WS�SUDFWLFDO�DSSOLFDWLRQV��7R�E\SDVV�WKLV�OLPLWDWLRQ�D�QRYHO�PHWKRG�ZDV�GHYHORSHG�

E\�ZKLFK�PLFURFKDQQHOV�ZLWK�D�GHSWK�RI�����PP�FRXOG�EH�PDQXIDFWXUHG�7KLV�QHZ�PHWKRG�LV�

FDOOHG� GHHS� UHDFWLYH� LRQ� LWFKLQJ�� 7KLV� PHWKRG� ZLWK� PHWDO� PDVN� OD\HU�� 7KLV� LV� WKH� PDLQ�

GUDZEDFN�RI�WKLV�PHWKRG��

7KH�WHFKQLTXHV�GLVFXVVHG�KDYH�D�KLJK�UHTXLUHPHQW�IRU�NQRZOHGJH�DV�ZHOO�D�ORW�RI�SUDFWLFH�WR�

PDQXIDFWXUH�PLFURFKDQQHOV�VLQFH�LW�HQYROYHV�WLPH�GHSHQGHQW�FKHPLFDO�UHDFWLRQV��7KHVH�WLPH�

GHSHQGHQW� FKHPLFDO� UHFDWLRQV� DUH� QRW� YHU\� HDVLO\� FRQWUROOHG�� $OVR� WKHVH� PHWKRGV� KDYH�

GUDZEDFNV� DV� GLVFXVVHG� HDUOLHU�� 7R� DYRLG� WKLV� KLJK� OHYHO� RI� GLIILFXOW\� D� QRYHO� PHWKRG� IRU�

PDQXIDFWXULQJ� RI�PLFURFKDQQHO� LV� VHOHFWHG�� 7KLV�PHWKRG� LV� NQRZQ� DV� &1&�ZLUH� FXWWLQJ�,Q�

&1&�ZLUH� FXWWLQJ� D� �����PP� VL]H� RI� ZLUH� LV� XVHG� WR� PDNH� D� FXW� RI� �����PP�� &1&�ZLUH�

FXWWLQJ�LV�PRUH�HFRQRPLFDO��KDV�EHWWHU�DYDLODELOLW\�DQG�WKH�WLPH�FRQVXPHG�WR�PDQXIDFWXUH�LV�

VLJQLILFDQWO\�OHVV�DV�FRPSDUHG�WR�RWKHU�PHWKRGV��

������$33/,&$7,216�2)�0,&52&+$11(/6�

0LFURFKDQQHO� XVDELOLW\� LQ� YDULRXV� DUHDV� KDV� VLJQLILFDQWO\� LPSURYHG� WKDQNV� WR� UDSLG�

DGYDQFHPHQW� LQ� PDQXIDFWXULQJ� WHFKQRORJ\� ZKLFK� PDNHV� WKHP� XVDEOH� LQ� ZLGH� YDULWLHV�

DSSOLFDWLRQ� FRQGLWLRQV� >��@�� 7KLV� KDV� OHG� WR� UDSLG� DGRSWLRQ� RI�PLFURFKDQQHO� WHFKQRORJ\� LQ�

YDULRXV�DUHDV�VXFK�DV����

D� ,Q�ILOP�GHSRVLWLRQ�IRU�WKHUPDO�FRQWURO�

E� $XWRPRELOH�DSSOLFDWLRQV�

F� %LRHQJLQHHULQJ�DSSOLFDWLRQV�

G� ,Q�FRROLQJ�V\VWHP�RI�JDV�WXUELQH�

H� 5HIULJHUDWLRQ�DQG�DLU�FRQGLWLRQLQJ�

I� ,QIUDUHG�VHQVRUV�DQG�ODVHU�PLUURUV�

J� $SSOLFDWLRQV�LQ�VXSHUFRQGXFWRUV�

K� $SSOLFDWLRQ�LQ�PLFURHOHFWURQLFV�

L� 3RZHU�DQG�PDQXIDFWXULQJ�LQGXVWULHV�



ϭϲ�

����/,7(5$785(�5(9,(:�

0DQ\�UHVHDUFKHUV�KDYH�GRQH�ZRUN�LQ�WKH�ILHOG�RI�QDQRIOXLGV�QDG�PLFURFKDQQHOV�7KH�DYDLODEOH�

OLWHUDWXH� VKHGV� OLJKW� RQ� WKH� EHKDYLRU� RI� QDQRIOXLGV� VXFK� DV� WKHLU� WKHUPDO� SURSHUWLHV�� WKHLU�

VWDELOLW\�DQG�DOVR�WKHLU�DSSOLFDELOLW\�LQ�YDULRXV�DUHDV��$�ODUJH�TXDQWLW\�RI�ZRUN�LV�DYDLODEOH�LQ�

WKH�ILHOG�RI�PLFURFKDQQHOV�ZKHUH�HPSKDVLV�KDV�EHHQ�RQ�EHKDYLRU�RI�IORZ��ERLOLQJ�RI�IORZ�DQG�

RQ� YDOLGDWLQJ� WKH� DSSOLFDELOLW\� RI� FRQWLQXXP� WKHRU\� WR� WKH� IORZ� RI� QDQRIOXLG� WKURXJK� WKH�

PLFURFKDQQHOV�� 7KLV� OLWHUDWXUH� UHYLHZ� ZLOO� VKHG� OLJKW� RQ� WKH� ZRUN� GRQH� LQ� WKH� ILHOG� RI�

PLFURFKDQQHOV�DQG�QDQRIOXLGV�WLOO�QRZ��,W�ZLOO�EHWWHU�HTXLS�XV�IRU�XQGHUVWDQGLQJ�WKH�ILHOG�RI�

QDQRIOXLGV�DQG�PLFURFKDQQHOV�DQG�IRUP�WKH�IRXQGDWLRQ�IRU�WKLV�UHVHDUFK�ZRUN��

<X�HW�DO��6WXGLHG� WKH�QDQRIOXLGV�EHKDYLRU�DQG�SURSHUWLHV���)URP�WKH�VWXGLHV�SHUIRUPHG�WKH\�

GLVFXVVHG�LQ�GHWDLOV�WKH�YDULRXV�DVSHFWV�RI�QDQRIOXLGV�VXFK�DV�D��$SSOLFDWLRQ�RI�QDQRIOXLGV�E��

9DULRXV�PHWKRGV� IRU�FKHFNLQJ� WKH� VWDELOLW\� RI�QDQRIOXLGV� DQG�F��0HWKRGV� RI�SUHSDUDWLRQ�RI�

QDQRIOXLGV�� 7KH\� DOVR� GLVFXVVHG� LQ� GHWDLO� DERXW� WKH� RQH� ±� VWHS� DQG� WZR�±� VWHS�PHWKRGV� RI�

SUHSDUDWLRQ� IRU� QDQRIOXLGV�� ,Q� WKLV� GLVFXVVLRQ� WKH\� KDYH� VWDWHG� WKDW� RQH� ±� VWHS� PHWKRG� IRU�

SUHSDULQJ� WKH� QDQRIOXLGV� SURYLGHV� EHWWHU� VWDELOLW\� RI� QDQRIOXLGV� DV� FRPSDUHG� WR� WZR� ±� VWHS�

PHWKRG�EHFDXVH�RI�YDULRXV�IDFWRUV�VXFK�DV�D��1R�QHHG�IRU�VWRUDJH�LQ�RQH�±�VWHS�PHWKRG�E��7KH�

UHTXLUHPHQW� WR� WUDQVSRUW� LV� DYRLGHG� F�� GU\LQJ� GLVSHUVLRQ� � RI� QDQRIOXLG� LV� DOVR� QRW�

UHTXLUHG�1HZHU� PHWKRGV� OLNH� SKDVH� WUDQVIHU� PHWKRG�SUHSDUDWLRQ� RI� &X� QDQRIOXLGV� E\�

FRQWLQXRXV�IORZ��PLFURIOXLGLF�PLFURUHDFWRU��0HWKRGV�WR�H[DPLQH�WKH�VWDELOLW\�RI�QDQRIOXLGV���

D��=HWD�SRWHQWLDO�PHWKRG�E��6HGLPHQWDWLRQ�DQG�FHQWULIXJDWLRQ�F��6SHFWUDO�DEVRUEHQF\�DQDO\VLV��

)URP� WKH� VWDWHG� SURFHVVHV� LW� ZDV� IRXQG� WKDW� VHGLPHQWDWLRQ� DQG� FHQWULIXJDWLRQ� LV� WKH� EHVW�

SURFHVV� WR� H[DPLQH� WKH� VWDELOLW\� RI� QDQRIOXLGV�� $SSOLFDWLRQV� RI� QDQRIOXLGV� KDYH� DOVR� EHHQ�

JLYHQ��6WDELOLW\�HQKDQFLQJ�PHWKRGRORJLHV�KDYH�EHHQ�GHVFULEHG�LQ�GHWDLO��

&KRL�HW�DO��KDV�ZULWWHQ�WKDW�IOXLGV�WKDW�SURYLGH�KLJK�KHDW�WUDQVIHU�UDWHV�DUH�UHTXLUHG�LQ�WKH�DUHD�

RI�KLJKO\�HIILFLHQW�IOXLGV�IRU�WKHLU�SURJUHVVLRQ�&KRL�HW�DO�SHUIRUPHG�H[SHULPHQWV�ZLWK�FRSSHU�±�

+�2� DQG� $O� ±� +�2� QDQRIOXLGV� DV� KHDW� FRRODQWV�� 7KH\� IRXQG� WKDW� WKHUPDO� FRQGXFWLYLW\� RI�

QDQRIOXLGV�DV�FRPSDUHG�WR�EDVH�IOXLGV�LV�VLJQLILFDQWO\�EHWWHU��$QRWKHU�REVHUYDWLRQ�ZDV�WKDW�WKH�

KHDW�WUDQVIHU�UDWH�FRXOG�EH�GRXEOHG�ZLWKRXW�PXFK�LQFUHPHQW�LQ�SXPSLQJ�SRZHU�QHHGHG�WR�SDVV�

WKH�QDQRIOXLG�WKURXJK�KHDW�H[FKDQJHU��

:X� HW� DO�� GLG� H[SHULPHQWV� XVLQJ� DOXPLQLXP� R[LGH� ±� ZDWHU� EDVHG� QDQRIOXLGV� DQG�

PLFURFKDQQHOV�RI�VLOLFRQ��K\GUDXOLF�'LDPHWHU� �������QP�DQG�UHODWLYH�URXJKQHVV� ����
�������

7KH\�XVHG�VSKHULFDO�VKDSHG�QDQRSDUWLFOHV��7KH�PHDQ�VL]H�RI�WKH�SDUWLFOHV�ZDV����QP�DQG�WKH�



ϭϳ�

YROXPH�IUDFWLRQ�WKH\�WRRN�IRU�WKH�ZRUN�ZHUH������DQG�������7KH�QDQRIOXLGV�ZHUH�SUHSDUHG�

E\� WZR� ±� VWHS� PHWKRG�� 7KH� QDQRIOXLGV� ZHUH� SUHSDUHG� E\� GLVSHUVLQJ� WKH� QDQRSDUWLFOHV� LQ�

GLVWLOOHG�ZDWHU�ZKLFK�DFWV�DV�WKH�EDVH�IOXLG��7KLV�PL[WXUH�LV�WKHQ�NHSW�LQ�XOWUDVRQLF�XOWUDVRQLF�

RVFLOODWRU�DQG�XOWUDVRQLF�RVFLOODWLRQ�LV�GRQH�IRU����PLQXWHV��

7KH\� NHSW� WKH� QDQRIOXLG� IRU� ��� GD\V� DQG� DIWHU� ��� GD\V� WKH\� H[DPLQHG� WKH� QDQRIOXLG� IRU�

DJJORPHUDWLRQ��'XULQJ� WKLV� H[DPLQDWLRQ� WKH\� IRXQG� WKDW� QR� DJJORPHUDWLRQ� KDG� WDNHQ� SODFH�

DQG� QDQRIOXLG� ZDV� ODUJHO\� VWDEOH�� 7KH� SDUDPHWHUV� WKH\� XVHG� IRU� WKHLU� ZRUN� DUH� D�� ,QOHW�

WHPSHUDWXUH� RI� WKH� QDQRIOXLG� �,Q� WKH� UDQJH� RI� ���&� ±� ���&�� E�� )ORZ� UDWH� �,Q� WKH� UDQJH�

RI���
�����P��VHF�±����
�����P��VHF���7KH�DSSDUDWXV�XVHG�IRU� WKH�ZRUN�ZHUH�V\WHP�WKURXJK�

IOXLG�IORZ�RFFXUV�WHVW�VHFWLRQ�GDWD�DFTXLULQJ�V\VWHP��7KH\�DOVR�VWXGLHG�KRZ�WKH�IDFWRU�VXFK�DV�

YROXPH� FRQFHQWUDWLRQ�� 5H\QROGV� QXPEHU� DQG� 3UDQGWO� QXPEHU� DIIHFWHG� WKH� KHDW� WUDQVIHU�

EHKDYLRU�� IULFWLRQ� LQ� IOXLG� DQG� SXPSLQJ� SRZHU� UHTXLUHG�ZHUH� VWXGLHG�� 7KH\� IRXQG� WKDW� WKH�

UHVXOWV� REWDLQHG� IURP� WKH� H[SHULPHQWV� ZHUH� FRQVLVWHQW� ZLWK� WKH� UHVXOWV� REWDLQHG� IURP�

WKHRUHWLFDO� SURFHGXUH�� +HQFH� WKLV� SURYHG� WKH� FRUUHFWQHVV� RI� WKH� UHVXOWV� REWDLQHG� IURP� WKH�

H[SHULPHQWV��)LJXUH�����VKRZV�WKH�'LDJUDP�RI�WHVWLQJ�VHFWLRQ��,Q�FDVH�RI�]HUR�KHDWLQJ�SRZHU�

FRQGLWLRQ�WKH�IORZ�ZDV�FRQWUROOHG�E\�DGMXVWPHQW�RI�OLTXLG�YDOYHV��

)ROORZLQJ�ZDV�LQIHUUHG�IURP�WKH�UHVXOWV�REWDLQHG�IURP�WKH�H[SHULPHQWV���

7KH�ZRUN�HQYROYHG�VWXG\LQJ�WKH�KHDW� WUDQVIHU�DV�ZHOO�DV�SUHVVXUH�GURS�EHKDYLRU�DW�GLIIHUHQW�

YROXPH�IORZ�UDWHV��1RZ�DFFRUGLQJ� WKH�VWXG\�DQG� WKH�UHVXOWV�REWDLQHG�IURP�H[SHULPHQWDWLRQ�

WKH\�IRXQG�WKDW�LI�WKH�UDWH�RI�YROXPH�IORZ�ZDV�LQFUHDVHG�WKHQ�ERWK�FRHIILFLHQW�RI�KHDW�WUDQVIHU�

DV�ZHOO�DV�SUHVVXUH�GURS�DOVR�LQFUHDVHG�LQ�FDVH�RI�QDQRIOXLGV�DV�ZHOO�DV�ZDWHU��,W�ZDV�IXUWKHU�

IRXQG� WKDW� ZDWHU� KDV� VOLJKWO\� ORZHU� FRHIILFLHQW� RI� KHDW� WUDQVIHU� DV� ZHOO� DV� VOLJKWO\� ORZHU�

SUHVVXUH�GURS�DV�FRPSDUHG�WR�QDQRIOXLGV��$OVR�WKLV�JDS�EHWZHHQ�ZDWHU�DQG�QDQRIOXLGV�IXUWKHU�

ZLGHQHG�ZLWK�LQFUHDVH�LQ�FRQFHQWUDWLRQ��7KLV�SURYHV�WKH�VXSHULRULW\�RI�ZDWHU�DV�FRRODQW�IOXLG�

DV�FRPSDUHG�WR�ZDWHU��,W�ZDV�DOVR�REVHUYHG�WKDW�IULFWLRQ�IDFWRU�YDULHV� LQYHUVHO\�DV�5H\QROGV�

QXPEHU�IRU�ODPLQDU�IORZ��

,W�ZDV�REVHUYHG�WKDW�1XVVHOW�QR��YDULHV�LQYHUVHO\�DV�3UDQGWO�QR���FRQFHQWUDWLRQ�DQG�5H\QROGV�

QR�� 1RZ� WKLV� REVHUYDWLRQ� SURYHV� WKH� VXSHULRULW\� RI� DOXPLQLXP� R[LGH� ±� ZDWHU� QDQRIOXLG� DV�

FRPSDUHG�WR�ZDWHU�DORQH�ZKHQ�SDLUHG�ZLWK�VLVOLFRQ�PLFURFKDQQHOV�,Q�QDQRIOXLGV�SDUWLFOHV�DUH�

LQ�FRQWDFW�ZLWK�WKH�PLFURFKDQQHO�ZDOO�DV�UHVXOW�RI�%URZQLDQ�PRWLRQ�RI�WKH�QDQRSDUWLFOHV��$V�

WKHVH�QDQRSDUWFLOHV�KDYH�KLJK�KHDW�WUDQVIHU�FDSDELOLWLHV�WKXV�WKLV�OHDGV�KLJK�KHDW�WUDQVIHU�UDWHV��

1XVVHOW� QR� LV� DIIHFWHG� E\� ERWK� 5H\QROGV� QR� DQG� 3UDQGWO� QR��:KHQ� DOO� RWKHU� YDULDEOHV� DUH�



ϭϴ�

FRQVWDQW�1XVVHOW�QR�YDULHV�GLUHFWO\�ZLWK�3UDQGWO�QR��ZKLFK�UHSUHVHQWV�WKH�QDQROIXLGV�DW�YDULRXV�

WHPSHUDWXUHV��

������������������)LJ������D��0LFURFKDQQHO�VHFWLRQ�E��1DQRIOXLGV�GHSRVLWLRQ�LQ�PLFURFKDQQHOV�

�������������)LJ������YDULDWLRQ�RI�1XVVHOW�QXPEHU�ZLWK�5H\QROGV�QXPEHU�DQG�3UDQGWO�QXPEHU�

7KH�UHODWLRQVKLS�EHWZHHQ�WKHUPDO�UHVLVWDQFH�DQG�SXPSLQJ�SRZHU�ZDV�DOVR�VWXGLHV�LQ�WKLV�ZRUN�

DQG�LW�ZDV�IRXQG�WKDW�DQ�LQYHUVH�UHODWLRQVKLS�H[LVWV�EHWZHHQ�WKHUPDO�UHVLVWDQFH�DQG�SXPSLQJ�

SRZHU�� 7KHQ� KH� LQFUHDVHG� WKH� WHPSHUDWXUH� DQG� VWXGLHG� WKH� QDQRIOXLG� EHKDYLRU� DW� KLJK�

WHPSHUDWXUH�ZLWK�KHOS�RI�FKDUJH�FRXSOHG�GHYLFH�FDPHUD�DQG�PDJQLI\LQJ�PLFURVFRSH��$W�KLJK�

WHPSHUDWXUH� �DERYH� ERLOLQJ� SRLQW� IRU� QDQRIOXLG� XQGHU� VWXG\�� WKH� VWDELOLW\� RI� QDQRIOXLG� LV�

DIIHFWHG�YHU\� EDGO\� DQG� SDUWLFOHV� VWDUW� WR� VWLFN� WR� HDFK�RWKHU� DQG� VHWWOH� GRZQ��7KXV� DW� KLJK�
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WHPSHUDWXUHV�WKHUH�LV�DTXHVWLRQ�RI�VWDELOLW\�RI�QDQRIOXLGV�DV�WKH�DJJORPHUDWLRQ�VWDUWV�WR�RFFXU�

DW�VXFK�KLJK�WHPSHUDWXUHV��

*XQQDVHJDUDQ�HW�DO�� IRU� WKH�UHVHDUFK�ZRUN� WRRN�YDULRXV�JHRPHWULHV�RI�PLFURFKDQQHOV�ZLWK�

GLIILUHQW� DVSHFW� UDWLRV� SHUIRUPHG� D� QXPHULFDO� VLPXODWLRQ� RQ� IORZ� RI� IOXLG� WKURXJK� HDFK� RI�

WKHP�� )URP� WKLV� VWXG\� LW� ZDV� GHWHUPLQHG� KRZ� YDULRXV� JHRPHWULHV� RI� PLFURFKDQQHOV� DQG�

DVSHFWV� UDWLRV� LQIOXHQFH� WKH� SUHVVXUH� GURS� DV� ZHOO� DV� IULFWLRQ� IDFWRU� LQ� WKH� IORZ�� ,Q� WKLV�

QXPHULFDO�VWXG\�ILQLWH�YROXPH�PHWKRG�ZDV�FKRVHQ�IRU�QXPHULFDO�LQYHVWLJDWLRQ�ZLWK�JULG�VL]H�

RI� ���
���� FHOOV�� 7KH� GLIIHUHQW� FURVVVHFWLRQV� XVHG� LQ� WKH� VWXG\� DUH� WULDQJXODU� FURVV�

VHFWLRQ�UHFWDQJXODU�FURVV�VHFWLRQ�DQG�WUDSH]RLGDO�FURVV�VHFWLRQ��

7KH�YDULDEOHV� LQ� WKLV� VWXG\�DUH���D��)RU� UHFWDQJXODU�JHRPHWU\��ZLGWK�RI� WKH�FURVV� VHFWLRQ�DV�

ZHOO�DV�KHLJKW�RI�WKH�FURVV�VHFWLRQ��E��)RU�WUDSH]RLGDO�JHRPHWU\��ZLGWK�RI�WKH�ERWWRP�ZLGWK�RI�

WKH�WRS�KHLJKW�DQG�OHQJWK�RI�WKH�JHRPHWU\�DQG�F��)RU�WULDQJXODU�JHRPHWU\��WRS�ZLGWK�WULDQJXODU�

DQJOH�DQG�KHLJKW�RI�WKH�WULDQJXODU�JHRPHWU\��

7KH�IROORZLQJ�REVHUYDWLRQV�ZHUH�LQIHUUHG�IURP�WKH�QXPHULFDO�LQYHVWLJDWLRQ����

5H\QROGV�QXPEHU�YDULHV�GLUHFWO\�ZLWK�3RLVHXOOH�QXPEHU��7KLV�GLUHFW�YDULDWLRQ�LV�DOWKRXJK�QRW�

D�VWUDLJKW�OLQH�YDULDWLRQ�WKLV�LV�EHFDXVH�RI�WKH�UHDVRQ�WKDW�DW�ORZ�YDOXHV�RI�5H\QROGV�QR��KLJKHU�

DPRXQW� RI�KHDW� LV� WUDQVIHUUHG� WR� WKH�ZDWHU�ZKLFK� OHDGV� WR� UHGXFHG�SUHVVXUH�GURS�DV�ZHOO�DV�

YLVFRXVLW\�� ,Q� WHUPV� RI� SRLVXHOOH� QR� WULDQJXODU� JHRPHWU\� UDQNV� DW� WKH� WRS� DQG� WKHQ� IROORZV�

WUDSH]RLGDO�JHRPHWU\�DQG�UHFWDQJXODU�JHRPHWU\�UDQNV�WKLUG�DQG�ODVW��)RU�UHFWDQJXODU�JHRPHWU\�

SRLVXHLOOH� QR� DQG� IULFWLRQ� IDFWRU� YDULHV� GLUHFWO\� ZLWK� ZLGWK� WR� KHLJKW� UDWR�� )RU� WUDSH]RLGDO�

FKDQQHO� WKH� GHVLJQ� YDULDEOHV� RI� VLJQLILFDQFH� DUH� UDWLR� RI� KHLJKW� WR� WRS� ZLGWK�WKH� UDWLR� RI�

ERWWRP� WR� WRS�ZLGWK� DQG� UDWLR� RI� OHQJWK� WR� K\GUDXOLF� 'LDPHWHU�� 7KH� IORZ� UHVLVWDQFH� YDULHV�

LQYHUVHO\�ZLWK�WKH�UDWLR�RI�OHQJWK�WR�K\GUDXOLF�'LDPHWHU��YDULHV�LQHUVHO\�DV�KHLJKW�WR�WRS�ZLGWK�

DQG� YDULHV� GLUHFWO\� DV� UDWLR� RI� ERWWRP� WR� WRS� ZLGWK�� 7KH� IORZ� YDULDEOHV� YDULDEOHV� YDU\� DV�

WULDQJXODU� DQJOH� RI� WKH� WULDQJOH� JHRPHWU\� RI� PLFURFKDQQHO�� 7KH� YDOXHV� REWDLQHG� IURP�

QXPHULFDO� PHWKRG� LV� IRXQG� WR� EH� FRQVLVWHQW� ZLWK� WKH� WKHRUHWLFDO� UHVXOWV�� ,Q� WKLV� VWXG\� D�

GLVWLQFWLRQ� KDV� EHHQ� PDGH� EHWZHHQ� WKH� EHKDYLRU� RI� IORZ� WKURXJK� GLIIHUHQW� JHRPHWULHV� RI�

PLFURFKDQQHOV��

6LQJK�HW�DO��SHUIRUPHG�H[SHULPHQWV� WR� VWXG\� WKH�KHDW� WUDQVIHU� WKURXJK�PLFURFKDQQHOV�XVLQJ�

QDQRIOXLGV��,Q�WKLV�VWXG\�WZR�PLFURFKDQQHOV�ZHUH�XVHG��2QH�KDG�K\GUDXOLF�'LDPHWHU�RI�����

QP� DQG� WKH� RWKHU� KDV� WKH� K\GUDXOLF� 'LDPHWHU� RI� ���� QP�� %RWK� WKH� PLFURFKDQQHOV� ZHUH�
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PDQXIDFWXUHG�E\�WKH�SURFHVV�RI�ZHW�LRQ�LWFKLQJ�RQ�VLOLFRQ�ZDIHU��,Q�WKH�DSSDUDWXV�WKHUH�ZDV�

IDFLOLWLHV� VXFK� DV� IDFLOLW\� IRU� WHPSHUDWXUH� PHDVXUHPHQW� RI� WKH� ORZHU� ZDOO� DV� ZHOO� DV� IRU�

SURYLGLQJ�WKH�IORZ�SDVVDJH��7KH�VL]H�RI�WKH�QDQRSDUWLFOHV�DUH����QP�7KH�YDULRXV�VDPSOHV�WKDW�

ZHUH�SUHSDUHG�IRU�H[SHULPHQWDWLRQ�ZHUH�����E\�YROXPH�����E\�YROXPH�DQG������E\�YROXPH��

7KHVH� VDPSOH�ZHUH� VWDELOL]HG� E\� SURSHU� SURFHGXUH��:DWHU� DQG�HWK\OHQH� JO\FRO� DUH� XVHG� DV�

IOXLGV�LQ�ZKLFK�QDQRIOXLGV�DUH�SUHSDUHG��,Q�WKLV�VWXG\�HPSKDVLV�ZDV�ODLG�RQ�YLVFRXVLW\�DV�ZHOO�

DV� WKHUPDO� FRQGXFWLYLW\�LW� ZDV� DOVR� VWXGLHG� KRZ� WKH� YDULRXV� IDFWRUV� VXFK� DV� VL]H� RI� WKH�

SDUWLFOHV�� VL]H� RI� WKH� FKDQQHO�� EDVH� IOXLGV� DQG� YROXPH� FRQFHQWUDWLRQ� LQIOXHQFH� UHVXOWV��

'LVSHUVLRQ�LV�IRXQG�WR�EH�FKDUDFWHULVWLF�RI�VLJQLILFDQFH�IRU�ZKLFK�LW�ZDV�IRXQG�WKDW�LW�RFFXUUHG�

GXH� WR�SDUWLFOH�PRYHPHQW� FDXVHG�E\�VKHDU�� ,W�ZDV� DOVR�REVHUYHG� WKDW�KHDW� WUDQVIHU�EHKDYLRU�

ZDV� GLUHFWO\� UHODWHG� YROXPH� FRQFHQWUDWLRQ� DQG� LQYHUVHO\� UHODWHG� WR� YLVFRXVLW\� RI� WKH� EDVH�

IOXLG��

0RQLFD� HW� DO�� KDV� SUHVHQWHG� OLWKRJUDSK\� WHFKQLTXHV� DV� QRYHO� PHWKRG� RI� PDQXIDFWXULQJ�

PLFURFKDQQHOV�� 7KH� GLUHFWLRQ� IRU� WKLV� UHVHDUFK� KDV� EHHQ� REWDLQHG� IURP� WKH� DELOLW\� RI�

QDQRIOXLGV�WR�JHW��

3DLUHG�ZLWK� QRW� RQH� EXW� ODUJH� QXPEHU� RI� QDQRIOXLGV�� 7KH� YDOXH� RI� 5H\QROGV� QR� VKRXOG� EH�

ORZHU� VLGH� WR�VR�DV� WKH�IORZ� LV�DOZD\V� ODPLQDU� LQ�EHKDYLRU��7KH�SURSHUWLHV�RI�QDQRIOXLGV�DW�

PLFUR���OHYHO�LV�GLVWLQFW��IURP�WKH�SURSHUWLHV�RI�VDPH�QDQRIOXLG�DW�PDFUR�±�OHYHO��7KLV�YDULDWLRQ�

LQ� WKH�SURSHUWLHV�RI� WKH�QDQIOXLGV�DW�PLFUR� OHYHO�DQG�PDFUR� OHYHO�RFFXUV�EHFDXVH�RI�YLVFRXV�

UHVLVWDQFH�� GLVVFLSDWLRQ� RI� HQHUJ\� DV� ZHOO� DV� VXUIDFH� WHQVLRQ�� 7KH� PLFURFKDQQHOV� ZHUH�

PDQXIDFWXUHG�XVLQJ�VLOLFRQ�ZDIHU�E\���PHWKRGV���

D� 5HDFWLYH�LRQ�LWFKLQJ�

E� :HW�FKHPLFDO�LWFKLQJ�

F� 2SWLFDO�OLWKRJUDSK\�

,W�ZDV�REVHUYHG�WKDW�UHDFWLYH�LRQ�LWFKLQJ�PHWKRG�LV�EHVW�IRU�PDQXIDFWXULQJ�RI�PLFURFKDQQHOV�

DV� LW� SURYLGHV� KLJK� DFFXUDF\�� 7KH� GHSWK� RI� PLFURFKDQQHOV� ZDV� PHDVXUHG� E\� WUDQVPLVVLRQ�

HOHFWURQLF�PLFURVFRS\�ZLWK�WKH�KHOS�RI�SURILOR�±�PHWHU��

0RQGUDJRQ�HW�DO��SHUIRUPHG�H[SHULPHQWV�XVLQJ�VLOLFD���QDQRIOXLGV�DOXPLQD�±�QDQRIOXLGV�DQG�

FDUERQ�±QDQRWXEHV��7KH�SDUDPHWHUV�XVHG�LQ�WKH�VWXG\�ZHUH�VSHFLILF�KHDW�WKHUPDO�FRQGXFWLYLW\�

DQG�YLVFRXVLW\��1DQRIOXLGV�ZHUH�SUHSDUHG�E\�GLVSHUVLQJ�QDQRSDUWLFOHV�LQ�ZDWHU��,Q�WKLV�VWXG\�

WKH� PRVW� VWDEOH� QDQRIOXLGV� ZHUH� VHOHFWHG� EDVHG� RQ� WKH� YDOXH� RI� SUDQGWO� QXPEHU�� 7KHVH�
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QDQRIOXLGV� UHTXLUHV� OHVVHU� SXPSLQJ� SRZHU� DQG� WKXV� KLJKHU� SXPS� HIILFLHQF\� DQG� DOVR� WKH\�

SURYLGHG� WKH� EHVW� UDWH� RI� KHDW� WUDQVIHU�� 'LIIHUHQW� VDPSOHV� ZHUH� SUHSDUHG� ZLWK� YROXPH�

FRQFHQWUDWLRQ� LQ�WKH�UDQJH�RI� ����E\�YRO�±����E\�YROXPH��7KH�SURSHUWLHV�RI�VDPSOHV�ZHUH�

IRXQG�DW�GLIIHUHQW�WHPSHUDWXUHV�RI����&�����&�DQG����&��

'LIIHUHQW�PRGHOV�ZHUH�XVHG�LQ�WKLV�VWXG\��7KH�REVHUYDWLRQV�PDGH�IURP�WKH�H[SHULPHQWDO�ZRUN�

ZHUH���

x /RZ�YROXPH�FRQFHQWUDWLRQ�RI�QDQRIOXLG�GLG�QRW�DIIHFW�WKH�WKHUPDO�SHUIRUPDQFH�PXFK��

x 7KHUPDO�SHUIRUPDQFH�YDULHV�GLUHFWO\�ZLWK�FRQFHQWUDWLRQ��

x ,QFUHDVLQJ�WKH�WHPSHUDWXUH�XSWR�����&�UHVXOWHG�LQ�LQFUHDVH�LQ�WKHUPD�SHUIRUPDQFH�EXW�

DIWHU�����&�WKH�SHUIRUPDQFH�VWDUWV�WR�GHFUHDVH��

x 7KH� VSHFLILF� KHDW� YDULHV� GLUHFWO\� DV� WHPSHUDWXUH� DQG� YDULHV� LQYHUVHO\� DV� YROXPH�

FRQFHQWUDWLRQ� EHFDXVH� RI� UHGXFHG� WKHUPDO� FRQGXFWLYLW\� DW� KLJKHU� YROXPH�

FRQFHQWUDWLRQV��

x 9LVFRXVLW\� RI� QDQRIOXLG� FDULHV� GLUHFWO\� DV� YROXPH� FRQFHQWUDWLRQ� ZKHUHDV� LW� YDULHV�

LQYHUVHO\�ZLWK�WHPSHUDWXUH��

6DOPDQ�HW�DO��FRQGXFWHG�WKH�H[SHULPHQWV�ZLWK�VLOLFRQ�GLR[LGH�±�ZDWHU�EDVHG�QDQRIOXLGV��7KH\�

DOVR� VWXGLHV� WKHVH� QDQRIOXLGV� WKHRUHWLFDOO\�� 7KH� VL]H� RI� WKH� QDQRSDUWLFOHV� ZDV� ��QP�� 7KH�

YROXPH� FRQFHQWUDWLRQ� RI� GLIIHUHQW� VDPSOHV� LV� LQ� WKH� UDQJH� ��� YRO� �� �� ���� YRO� �� �� 7KHVH�

FDOFXODWLRQV�DUH�EDVHG�RQ�D�FHUWDLQ�IRUPXODH��

7ZR�±�VWHS�PHWKRG�ZDV�XVHG�IRU�SUHSDULQJ�WKH�QDQRIOXLGV�WKHQ����PLQXWHV�RI�XOWUDVRQLFDWLRQ�

ZDV�GRQH�LQ�WKH�8OWUDVRQLFDWRU��9ROXPH�RI�HDFK�VDPSOH�ZDV�����PO��$IWHU���KRXUV�QDQRIOXLGV�

ZDV� H[DPLQHG� IRU� VWDELOLW\� DQG� LW� ZDV� UHSRUWHG� WKDW� QR� DJJORPHUDWLRQ� KDV� RFFXUUHG� DQG�

QDQRIOXLG�ZDV� ODUJHO\� VWDEOH��7KLV� VWXG\�HQYROHG� ILQGLQJ� KRZ� WKH�QXVVHOW� QR� LV� DIIHFWHG�E\�

YROXPH�FRQFHQWUDWLRQ�DV�ZHOO�DV�3UDQGWO�QR��

7KH�DSSDUDWXV�RQ�ZKLFK�H[SHULPHQWV�ZHUH�GRQH�KDV�IROORZLQJ�FRPSRQHQWV���

x +HDWHU�

x 6\VWHP�IRU�SUHVVXULQJ�

x 6\VWHP�IRU�DFTXLVLWLRQ�RI�GDWD�

$�KLJK� SUHVVXUH� WDQN� FRQWDLQLQJ� QLWURJHQ�ZDV� XVHG� WR� SURYLGH� WKH� IORZ�RI� QDQRIOXLGV�+HDW�

ZDV�JHQHUDWHG�E\�D�KHDWHUZKLFK�FRQVLVWHG�RI��N�±�W\SH�WKHUPRFRXSOH��7KHVH�WKHUPRFRXSOHV�
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ZHUH�VSDFHG�E\�DQ�HTXDO�GLVWDQFH�RI���PP��7KH\�ZHUH�SODFHG�DORQJ�WKH�OHQJWK�RI�WKH�WXEH��

7KHLU� IXQFWLRQ�ZDV� FRQWUROOLQJ� WKH� KHDW� JHQHUDWHG� DV�ZHOO� DV�PHDVXUHPHQW� RI� WHPSHUDWXUH��

7ZR�WKHUPRFRXSOH�VSDFHG�E\���PP�ZHUH�XVHG�WR�UHFRUG�WKH�H[WHUQDO�WHPSHUDWXUH�DW�ERWK�LQOHW�

DV� ZHOODV� RXWOHW�� 7KH� IULFWLRQ� IDFWRU� ZDV� DOVR� IRXQG� IRU� ERWK� DOXPLQLXP� R[LGH� ±� ZDWHU�

QDQRIOXLGV�DV�ZHOO�DV�VLOLFRQ�GLR[LGH�±�ZDWHU�QDQRIOXLGV��7KH�YROXPH�FRQFHQWUDWLRQ�IRU�ERWK�

WKH�QDQRIOXLGV�VDPSOH�ZDV� WDNHQ�DV���E\�YRO����7KH�5H\QROGV�QR�ZDV�IURP���� WR�����7KH�

UHVXOWV� ZHUH� YHULILHG� ZLWK� WKHRUHWLFDO� PRGHO� RI� IXOO� GHYHORSHG� IORZ� ZLWK� QXVVHOW� QR� RI�

�����7KH�KHDW�JHQHUDWLRQ�LV�FRQVWDQW��

,W�ZDV�REVHUYHG�WKDW�1XVVHOW�QXPEHU�UHDFKHV������ZKHQ�5H\QROGV�QXPEHU�KDV�D�KLJK�YDOXH�

EHFDXVH�RI�XQSUHGLFWDEOH�EHKDYLRU�RI�IORZ�LQ�WKH�LQ�WKH�PLFURWXEH��,W�ZDV�DOVR�REVHUYHG�WKDW�

YROXPH� FRQFHQWUDWLRQV� RI� ��� E\� �� YROXPH� DV� ZHOO� DV� �� E\� �� YROXPH� VLOLFRQ� GLR[LGH�

QDQRIOXLGV� KDV� WKH� KLJKHVW� YDOXH� RI�1XVVHOW� QXPEHU� DV� FRPSDUHG� WR� ERWK�ZDWHU� DV� ZHOO� DV�

DOXPLQLXP�R[LGH�QDQRIOXLGV��$�����LQFUHDVH�LQ�KHDW�WUDQVIHU�UDWH�ZDV�REVHUYHG�DV�FRPSDUHG�

WR�ZDWHU��

6XQ�HW�DO��FRQGXFWHG�WKH�H[SHULPHQWV�WR�VWXG\�KHDW�WUDQVIHU�EHKDYLRU�RI�IHUULF�R[LGH�±�ZDWHU�

QDQRIOXLGV��7KH\�SUHSDUHG�YDULRXV�VDPSOHV�RI�GLIIHUHQW�VDPSOHV�RI�QDQRIOXLGV�ZLWK�GLIIHUHQW�

YROXPH�FRQFHQWUDWLRQV�WKH�VDPSOHV�ZLWK�YDULRXV�YROXPH�FRQWUDWLRQV�ZHUH�����E\�YRO������E\�

YRO���� �� E\� YRO���� �� E\� YROXPH�� 7KH� SDUWLFOH� VL]H� RI� IHUULF� R[LGH� QDQRSDUWLFOH� ZDV� ���

QP�6WDELOLW\� ZDV� H[DPLQHG� DIWHU� DGGLQJ� GLVSHVDQWV�� ,W� ZDV� REVHUYHG� WKDW� VRGLXP� GRGHF\O�

EHQ]HQH�VXOIRQDWH�DORQJVLGH�YROXPH�FRQFHQWUDWLRQ�RI������E\�YROXPH�LV�WKH�PRVW�VWDEOH��7KH�

DSSDUDWXV�FRQVLVWV�RI�FRSSHU�WXEH�DQG�JURRYHG�FRSSHU�WXEH�ZLWK�LQWHUQDO�'LDPHWHU�RI����PP�

DQG����PP��7ZR�GLIIHUHQW�VDPSOHV�ZHUH�SUHSDUHG�RQH�FRQVLVWLQJ�RI�GLVSHUVDQW�DQG�RWKHU�RQH�

ODFNLQJ�WKH�GLVSHUVDQW��7KHVH�VDPSOHV�RI�QDQRIOXLGV�ZHUH�PDGH�WR�IORZ�WKURXJK�WKH�WXEHV��

7KH�IROORZLQJ�ZDV�REVHUYHG�IURP�WKH�H[SHULPHQWDWLRQ���

x +HDW�WUDQVIHU�FRHIILFLHQW�YDULHV�GLUHFWO\�DV�PDVV�IUDFWLRQ�DQG�DOVR�LW�ZDV�OHVVHU�LQ�QRQ�

JURRYHG�WXEH�DW�FRQVWDQW�5H�QR��

x +HDW�WUDQVIHU�FRHIILFLHQW�YDULHV�GLUHFWO\�DV�5H�QR��

x )ULFWLRQ�IDFWRU�YDULHV�GLUHFWO\�ZLWK�PDVV�IUDFWLRQ��

x +HDW�WUDQVIHU�ZDV�KLJKHU�LQ�JURRYHG�FRSSHU�WXEH��

/L�HW�DO��FRQGXFWHG�H[SHULPHQWV� WR�ILQG�WKH�KHDW�WUDQVIHU�EHKDYLRU�DOXPLQLXP�R[LGH�±�ZDWHU�

QDQRIOXLGV�7KH�PHDQ�VL]H�RI�WKH�QDQRSDUWLFOHV�ZDV����QP��9DULRXV�VDPSOHV�ZHUH�XVHG�LQ�WKLV�
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VWXG\�ZLWK�GLIIHUHQW�YROXPH�FRQFHQWUDWLRQ�7KH�YROXPH�FRQFHQWUDWLRQ�XVHG�LQ�WKH�VWXG\�ZHUH���

�� E\� YRO����� E\� YRO����� E\� YRO����� E\� YRO�� 7KH� PLFURFKDQQHOV� XVHG� ZHUH� GLPSOH� SOXV�

SURWUXGHG�DV�ZHOO�DV�GLPSOH�,W�ZDV�REVHUYHG�KRZ�WKH�YROXPH�FRQFHQWUDWLRQ��DUUDQJHPHQW�RI�

PLFURFKDQQHOV�DQG�KHDW�WUDQVIHU�EHKDYLRU�DIIHFWHG�WKH�UHVXOWV��7ZR�W\SHV�RI�PLFURFKDQQHO�ZDV�

XVHG���

D� 6WDJJHUHG�JHRPHWULFDO�DUUDQJHPHQW�

E� $OLJQHG�JHRPHWULFDO�DUUDQJHPHQW��

����������������������������������)LJ������6WDJJHUHG�DQG�DOLJQHG�JHRPHWU\�

,W�ZDV� DOVR�REVHUYHG� WKDW� WKH� IDFWRUV� VXFK�DV�YROXPH�FRQF��� JHRPHWU\�RI� WKH�PLFURFKDQQHO��

KHDW� WUDQVIHU� EHKDYLRU� DQG� YHORFLW\� DW� LQOHW� DIIHFWV� WKH� UHVXOWV�� 7KH� IROORZLQJ� REVHUYDWLRQV�

ZHUH�PDGH���

x ,W�ZDV�REVHUYHG� WKDW� IULFWLRQ� IDFWRU�1X�QR�DQG�KHDW� WUDQVIHU� UDWH�YDULHV�GLUHFWO\�ZLWK�

KHDW�WUDQVIHU�FRHIILFLHQW��

x ,W� ZDV� DOVR� REVHUYHG� WKDW� 1X� QR�IULFWLRQ� IDFWRU� DQG� WKHUPDO� SHUIRUPDQFH� RI� GLPSOH�

PLFURFKDQQHOV�RU�GLPSOH�SOXV�SURWUXGHG� �PLFURFKDQQHOV�IRU�VWDJJHUHG�JHRPHWU\�ZDV�

KLJKHU�WKDQ�WKDW�RI�DOLJQHG�JHRPHWU\��

x 7KH� GLPSOH� SOXV� SURWUXGHG� PLFURFKDQQHO� KDG� ORZHU� SHUIRUPDQFH� DV� FRPSDUHG� WR�

GLPSOH�PLFURFKDQQHO��

.LP�HW� DO�� FRQGXFWHG� H[SHULPHQWV�XVLQJ�PDQLIROG�PLFURFKDQQHO� KHDW� VLQNV�ZLWK� IRUFHG� DLU�

FRROLQJ�� 7KLV� UHVHDUFK� ZRUN� HQYROYHG� REVHUYLQJ� KRZ�PLFURFKDQQHO� JHRPHWU\� DIIHFWV� KHDW�

WUDQVIHU� WKURXJK�PDQLIROG�PLFURFKDQQHO�KHDW�VLQN��7KH�VWXG\�DOVR�HQYROYHG�ILQGLQJ�WKH�EHVW�

GHVLJQ�IRU�KHDW�VLQN�DQG�DOVR�FRPSDULVRQ�RI�PDQLIROG�PLFURFKDQQHO�KHDW�VLQN�DQG�WUDGLWLRQDO�

PDQLIROG�KHDW�VLQN��7KHUH�LV�DOVR�D�GLIIHUHQFH�EHWZHHQ�JHRPHWULHV�RI�WKH�WZR��7KH�LQOHW�ZLGWK�

RI�PDQLIROG�ZDV���PP�DQG�RXWOHW�ZLGWK�ZDV����PP��



Ϯϰ�

7KH�DSSDUDWXV�KDV��IROORZLQJ�V\VWHP���

D� 6\VWHP�IRU�GDWD�DFTXLVLWLRQ�

E� $�SRZHU�VXSSO\�

F� ,QOHW�SRUWLRQ�

7KH�ILUVW�PDQLIROG�ZDV�RSHUDWHG�ILUVW�DQG�IROORZLQJ�REVHUYDWLRQV�ZHUH�PDGH���

x 7KHUPDO�UHVLVWDQFH�RI�PLFURFKDQQHO�LV�LQGHSHQGHQW�RI�WKH�ZLGWK�RI�PLFURFKDQQHO�LI�WKH�

SXPSLQJ�SRZHU�ZDV�LQFUHDVHG�

x 7KHUPDO�UHVLVWDQFH�YDULHV�LQYHUVHO\�DV�SXPSLQJ�SRZHU��

x 7KHUPDO�UHVLVWDQFH�GHUFUHDVHG�ZKHQ�ZLGWK�RI�PLFURFKDQQHO�ZDV�UHGXFHG��

&KHLQ�HW�DO��H[SHULPHQWDOO\�IRXQG�WKDW�LQ�PLFURFKDQQHO�WHPSHUDWXUH�RI�WKH�ZDOO�ZDV�ORZHU�DV�

ZHOO� DV� UDWH� RI� KHDW� WUDQVIHU� ZDV� KLJKHU�,Q� WKLV� VWXG\� WKH\� XVHG� � FRSSHU� R[LGH� ±� ZDWHU�

QDQRIOXLGV��DQG�GLG�QRW�XVH�GLVSHUVLRQ�DGGLWLYHV�9DULRXV�VDPSOHV�ZHUH�SUHSDUHG�ZLWK�GLIIHUHQW�

YROXPH�FRQFHQWUDWLRQ�LQ�WKH�UDQJH�RI������E\�YRO�WR������E\�YROXPH��

7KH�IROORZLQJ�ZDV�REVHUYHG�LQ�WKH�VXG\���

x ,W�ZDV�IRXQG�WKDW�DW�ORZHU�IORZ�UDWHV�WKH�KHDW�GLVVFLSDWLRQ�ZDV�KLJKHU�IRU�QDQROIXLGV�

DV�FRPSDUHG�WR�ZDWHU��

x $W�KLJKHU�IORZ�UDWHV�WKH�WKH�GLVFWLQFWLRQ�LV�TXLWH�QHJOLJLEOH��

x 9DOXH�RI�WHPSHUDWXUH�RI�ZDOO�ZDV�FRQVLVWHQHW�WKHRUHWLFDOO\�DV�ZHOO�DV�H[SHULPHQWDOO\��

x 3UHVVXUH�GURS�ZDV�KLJKHU�IRU�KLJKHU�YROXPH�FRQFHQWUDWLRQ��

6DWLVK�*�.DQGOLNDU��GHVFULEHG�LQ�GHWDLO�DOO�WKH�DGYDQFHPHQWV�WKDW�KDYH�EHHQ�PDGH�LQ�ILHOG�RI�

PLFURFKDQQHOV�� 7KLV� VWXG\�ZDV�PRUH� RI� D� UHYLHZ� RI� WKH� OLWHUDWXUH� DYDLODEOH� LQ� WKLV� ILHOG�� ,W�

GLVFXVVHV�WKH�DGYDQFHPHQWV�DQG�GHYHORSPHQWV�WKDW�KDYH�EHHQ�PDGH�WKDW�KHOSV�XQGHUVWDQG�WKH�

YDULRXV� SURFHVVHV� WKDW� WDNHV� SODFH� LQ� WZR� ±� SKDVHG� OLTXLG� IORZ� DQG� VLQJOH� ±� SKDVHG� OLTXLG�

IORZ�� ,W�DOVR�GHVFULEHV�WKHLU�XVH� LQ�KHDW�GLVVFLSDWLQJ�DSSOLDFDWLRQV�� ,W�DOVR�JLYHV� WKH�DUHDV� LQ�

ZKLFK�IXUWKHU�UHVHDUFK�FDQ�EH�GRQH���

x ,QFUHDVLQJ�WKH�KHDW�GLVVFLSDWLRQ�UDWH�LQ�VLQJOH�SKDVH�KHDW�WUDQVIHU��

x 8WLOL]DWLRQ�RI�IORZ�ERLOLQJ�LQ�PLFURFKDQQHO�KHDW�VLQNV��

x +H� DOVR� GHVFULEHG� WKDW� FRQWLQXXP� PRGHOV� DUH� YHULILHG� WR� ZRUN� LQ� IORZ� WKURXJK�

PLFURFKDQQHOV��



Ϯϱ�

6D[HQD� HW� DO�� KDV� JLYHQ� QRYHO� PHWKRGV� IRU� PDQXIDFWXULQJ� RI� PLFURFKDQQHOV� PXFK� PRUH�

TXLFNO\��/DVHU�LQGXFH�SODVPD�PDFKLQLQJ�LV�D�QHZ�PHWKRG�GHVFULEHG�E\�KLP�IRU�PDQXIDFWXULQJ�

RI� PLFURFKDQQHOV�� 8VLQJ� WKLV� PHWKRG� PDQ\� PDWHULDOV� VXFK� DV� SRO\PHUV�� FHUDPLFV�� EULWWOH�

PDWHULDOV� DV� ZHOO� DV� KDUG� WR� SURFHVV�PDWHULDOV� FDQ� EH� SURFHVVHG�� 7KLV�PHWKRG� HPSOR\V� DQ�

RSWLFDO� V\VWHP� IRU� FRYHUWLQJ� WKH� ODVHU� SRLQW� LQWR� D� OLQH�� 7KXV� E\� WKLV� PHWKRGRORJ\�

PLFURFKDQQHOV�FDQ�EH�PDQXIDFWXUHG�E\�DYRLGLQJ�VFDQQLQJ�DV�LQ�WKH�UHJXODU�FDVH��

7KH� VFKHPH� RI� WKH� PHWKRG� LV� VKRZQ� DQG� H[SHULPHQWDO� ZRUN� LV� FRQGXFWHG� RQ� DOXPLQLXP��

)XUWKHU�E\�YDU\LQJ�YDULRXV�YDULDEOHV�VXFK�DV�QR�RI�H[SRVXUHV�SXOS�HQHUJ\�DQG�IUHTXHQF\�WKH�

ZLGWK�RI�FKDQQHO�DV�ZHOO�DV�WKH�GHSWK�RI�WKH�FKDQQHO�FDQ�EH�FKDQJHG��7KH�HIILFLHQF\�RI�ODVHU�

LQGXFHG�SODVPD�PLFURPDFKLQLQJ�KDV�EHHQ�VKRZQ�WR�EHFRPH�WZHQW\�WLPHV��

=KDQJ�HW�DO��FKRVH�WZR�GLIIHUHQW�GHVJQV�RI�PLFURFKDQQHO�IRU�WKLV�VWXG\�DQG�H[DPLQHG�WKHVH�

IRU�KHDW� GLVVFLSDWLRQ�7KH� WZR�GLIIHUHQW� W\SHV� RI�GHVLJQV�FKRVHQ� IRU� WKLV�VWXG\� DUH� ��� D��8�±�

VKDSHG� PLFURFKDQQHO� E�� 6WUDLJKW� PLFURFKDQQHO� GHVLJQ�� ,Q� WKLV� VWXG\� UHVXOWV� DUH� HYDOXDWHG�

XVLQJ� QXPHULFDO� PHWKRGV� DUH� HPSOR\HG� � WR� ILQG� WKH� UHVXOWV�� 7KHVH� REWDLQHG� UHVXOWV� WKHQ�

YHULILHG�E\�XVLQJ�H[SHULPHQWDO�UHVXOWV��

7KH�ILUVW�DQG�IRUHPRVW�REMHFWLYH�RI�WKLV�VWXG\�LV�WR�IXUWKHU�DGYDQFH�WKHVH�V\VWHPV�DQG�IXUWKHU�

WKH� DSSOLFDELOLW\� RI� WKHVH� PHWKRGV� LQ� RWKHU� V\VWHPV� WKDW� DUH� VLPLODU� WR� WKHVH� V\VWHP��

3DUDPHWULF�PRGHOLQJ�PHWKRG�LV�HPSOR\HG�WR�PRGHO�YDULDEOHV�VXFK�DV�SUHVVXUH�GURS��WKHUPDO�

UHVLVWDQFHV�ZHOO�DV�WHPSHUDWXUH��&RQVLGHUDWLRQ�LV�JLYHQ�WR�GHVLJQ�SDUDPHWHUV��DQG�FRQGLWLRQV�

RI�RSHUDWLRQ�VXFK�DV�QR�RI�FKDQQHOV��GLPHQVLRQ�RI�HDFK�FKDQQHO��UDWH�RI�IORZ��

7KH�FRPSUHKHQVLYH�DQDO\VLV�JLYHQ�LQ�WKLV�VWXG\�SURYLGHV�D�GHHS�LQVLJKW�LQWR�KRZ�WKH�GLIIHUHQW�

GHVLJQ�SDUDPHWHUV�DIIHFW� WKH�KHDW�GLVVFLSDWLRQ� LQ�VWUDLJKW�VKDSHG�GHVLJQHG�PLFURFKDQQHOV�DV�

ZHOO� DV� LQ� 8� ±� VKDSHG� PLFURFKDQQHO�� 7KLV� VWXG\� DOVR� SURYLGHV� VLJQLILFDQW� GLUHFWLRQV� IRU�

FKRRVLQJ�WKH�YDULRXV�GHVLJQ�YDULDEOHV�IRU�GHVLJQLQJ�RI�PLFURFKDQQHO�KHDW�H[FKDQJHUV��

'\ODQ� HW� DO�� KDV� SURYLGHG� � PHWKRG� IRU� LPSURYLQJ� WKH� KHDW� WUDQVIHU� IRU� FRQYHQWLRQDO� KHDW�

H[FKDQJHUV� DV� ZHOO� DV� IRU� FRPSDFW� KHDW� VLQNV�� 7KH� PDLQ� PHWKRG� GLVFXVVHG� LQ� WKLV� VWXG\�

HQYROYHG�D��VZLUO�IORZ�E��HOHFWULF�ILHOGV�F��YLEUDWLRQ�G��YLEUDWLRQ�H��LQOHW�UHJLRQ�I��ERXQGDU\�

OD\HU�DQG�J��WUDQVLWLRQ�RI�IORZ�K��VHFRQGDU\�IORZ�DQG�L��PL[HUV��

,Q� WKLV� VWXG\� LW� ZDV� IRXQG� LI� WKH� KHDW� GLVVFLSDWLRQ� LQFUHDVLQJ� PHWKRGV� XVHIXO� IRU�

PLFURFKDQQHOV��



Ϯϲ�

7KH�PHWKRGV�ZKLFK�SURYHG�JRRG�LQ�FDVH�RI��PLFURFKDQQHOV�FDQ�ILQG�DSSOLFDELOLW\�LQ�FDVH�RI�

RWKHU�VLQJOH�SKDVH�FRROLQJ�VLWXDWLRQV��

0DQD\�HW�DO��>��@�FDUULHG�RXW�D�QXPHULFDO�VWXG\�IRU�ILQGLQJ�RXW�WKH�KHDW�WUDQVIHU�EHKDYLRU�DQG�

SUHVVXUH� GURS� LQ� FDVH� RI� DOXPLQLXP� R[LGH� QDQRIOXLGV� DV� ZHOO� DV� FRSSHU� R[LGH� QDQRIOXLGV��

7KH\�WRRN�VDPSOHV�RI�GLIIHUHQW�YROXPH�FRQFHQWUDWLRQV�IRU�WKLV�VWXG\��7KH�VDPSOHV�RI�YDULRXV�

YROXPH�FRQFHQWUDWLRQV�XVHG�LQ�WKLV�VWXG\�ZHUH�����������������������DQG������7KH�UHVXOWV�

REWDLQHG� IURP� QXPHULFDO� VWXG\� ZHUH� YHULILHG� XVLQJ� UHVXOWV� REWDLQHG� IURP� DQDO\VLV� RI� WKH�

OLWHUDWXUH��

7KH�PHWKRG�RI�ILQLWH�YROXPH�ZDV�HPSOR\HG�IRU�VROYLQJ�WKH�PDWKHPDWLFDO�HTXDWLRQV� ��7KHVH�

HTXDWLRQV� ZHUH� SUHSDUHG� XVLQJ� KHDW� WUDQVIHU� DQG� PL[WXUH� PRGHO� DQDO\VLV� DSSOLHG� WR� IORZ��

5HVXOWV�DUH�H[SUHVVHG�LQ�WKH�IRUP�RI�1X�QR��SUHVVXUH�GURS�DQG�KHDW�WUDQVIHU��7R�YDOLGDWH�WKH�

PL[WXUH�PRGHO�WKH\�FRPSDUHG�WKLV�PRGHO�ZLWK�(XOHULDQ�PHWKRG�DQG�DJUHHPHQW�ZDV�IRXQG��

7KH�IROORZLQJ�REVHUYDWLRQV�ZHUH�PDGH�LQ�WKLV�VWXG\���

x 7KH�KHDW�GLVVFLSDWLRQ�DELOLW\�RI�QDQRIOXLGV�ZDV�VLJQLILFDQWO\�KLJKHU� WKDQ�WKDW�RI�EDVH�

IOXLG��

x 7KH�1X�QR�YDULHV�GLUHFWO\�DV�YROXPH�FRQFHQWUDWLRQ�DQG�5H�QR��

x &RSSHU� R[LGH�QDQRIOXLGV� KDYH�EHWWHU�KHDW� GLVVFLSDWLRQ� DELOLW\� WKDQ� DOXPLQLXP�R[LGH�

QDQRSDUWLFOHV��

x 1DQDRSDUWLFOHV�KDYH�QHJOLJLEOH�DIIHFW�RQ�IULFWLRQ�IDFWRU��

x )ULFWLRQ�IDFWRU�YDULHV�DV�5H�QR��

)DUVDG� HW� DO�� >��@� QXPHULFDOO\� VWXGLHG� IORZ� RI� QDQRIOXLGV� WKURXJK� PLFURFKDQQHOV� DQG�

FRUUHVSRQGLQJ� KHDW� WUDQVIHU�� 7KH\� FRQGXFWHG� WKHLU� QXPHULFDO� VWXG\� RQ� WKH� FRPPHULFLDO�

VRIWZDUH�)/8(17��

,Q�WKLV�VWXG\�WKH�LQSXW�WHPSHUDWXUH�ZDV�FKRVHQ�DV����&�DQG�SUHVVXUH�IRU�WKH�LQSXW�ZDV�FKRVHQ�

DV���±�EDU��2QO\�RQH� UDWH�RI� IORZ�RI�YROXPH�ZDV�FKRVHQ�IRU� WKLV� VWXG\��7KH�FKRVHQ�UDWH�RI�

IORZ�RI�YROXPH�LQ�WKLV�VWXG\�ZDV����PO�PLQ��7KH�IORZ�YHORFLW\�ZDV�����P�VHF��7KH�GLIIHUHQW�

VDPSOHV�SUHSDUHG�RI�YDULRXV�FRQFHQWUDWLRQV�DUH����������������������$OXPLQLXP�R[LGH�±�

ZDWHU�EDVHG�QDQRIOXLGV�DUH�XVHG�LQ�WKLV�VWXG\��

7KH�IROORZLQJ�REVHUYDWLRQV�ZHUH�PDGH�LQ�WKLV�VWXG\���



Ϯϳ�

x 5DWH�RI�KHDW�WUDQVIHU�YDULHV�GLUHFWO\�DV�UDWH�RI�YROXPH�IORZ��

x 5DWH�RI�KHDW�WUDQVIHU�DOVR�YDULHV�GLUHFWO\�ZLWK�YROXPH�FRQFHQWUDWLRQ��

x +HDW� WUDQVIHU� ZDV� EHWWHU� LQ� FDVH� RI� PHWDO� QDQRIOXLGV� WKDQ� WKH�PHWDO� ±� R[LGH� EDVHG�

QDQRIOXLGV��

0RKDPPHG� HW� DO�� >��@� VWXGLHG� WKH� KHDW� WUDQVIHU� LQ� WULDQJXODU� JHRPHWU\� RI�PLFURFKDQQHOV��

7KH\� XVHG� YDULRXV� QDQRIOXLGV� DW� WKH� VDPH� YROXPH� FRQFHQWUDWLRQ� RI� �� ��� 7KH� GLIIHUHQW�

QDQRSDUWLFOHV� XVHG� LQ� WKLV� VWXG\�ZHUH� ��� D��$OXPLQLXP�R[LGH� � E�� 6LOYHU� F�� FRSSHU� R[LGH�G��

WLWDQLXP�GLR[LGH�H��6LOLFRQ�GLR[LGH�I��'LDPHWHUPRQG�

7KH�IROORZLQJ�REVHUYDWLRQV�ZHUH�PDGH�LQ�WKLV�VWXG\����

x 7KH�EHVW�KHDW�GLVVFLSDWLRQ�UDWH�ZDV�IRXQG�LQ�WKH�FDVH�RI�'LDPHWHUPRQG�DQG�WKH�ZRUVW�

ZDV�IRXQG�LQ�WKH�FDVH�RI�$O�2���

x &X2�DQG�7L2��KDYH�VLPLODU�KHDW�GLVVFLSDWLRQ�FDSDFLW\��

x 3UHVVXUH�GURS�ZDV�REVHUYHG�LQ�FDVH�RI�QDQRIOXLGV��

x 0D[LPXP�SUHVVXUH�GURS�ZDV�LQ�FDVH�RI�6L2���

x 6LOYHU�QDQROIOXLGV�KDYH�WKH�ORZHVW�GURS�LQ�SUHVVXUH��

x 6LOYHU�QDQRIOXLG�KDV�QR�VKHDU�ZDOO�VWUHVV��

x &RSSHU�R[LGH�QDQRIOXLGV�KDV�QHJOLJLEOH�VKHDU�ZDOO�VWUHVV��

x 6LOLFRQ�GLR[LGH�KDV�WKH�PD[LPXP�VKHDU�ZDOO�VWUHVV��

+DPLG�HW�DO�� >��@�QXPHULFDOO\� VWXGLHG�PLFURFKDQQHOV�XVLQJ� WKH�PHWKRG�RI� ILQLWH�YROXPH�,Q�

WKLV� VWXG\� DOXPLQLXP� R[LGH� ±� ZDWHU� QDQRIOXLGV� DQG� FRSSHU� R[LGH� ±�ZDWHU� QDQRIOXLGV� ZHUH�

XVHG� DV� KHDW� H[FKDQJLQJ� IOXLGV�� ,Q� WKLV� VWXG\� LW� ZDV� VWXGLHG� KRZ� WKH� IDFWRUV� VXFK� DV�

SHUIRUPDQFH� LQGH[�� HIILFLHQF\� RI� PLFURFKDQQHO� DQG� SXPSLQJ� SRZHU� ZHUH� DIIHFWHG� E\�

SKHQRPHQRQV� VXFK� DV� EURZQDQ� PRWLRQ� DQG� YDULDEOHV� VXFK� DV� 5H� QR� DQG� YROXPH�

FRQFHQWUDWLRQ��

,Q�WKLV�VWXG\�LW�ZDV�REVHUYHG�WKDW����

x 3HUIRUPDQFH� LQGH[� DQG� HIILFLHQF\� RI� FRXQWHU� IORZ� PLFURFKDQQHO� KHDW� H[FKDQJHU�

YDULHG�GLUHFO\�DV�5H�QR��

x 3XPSLQJ�SRZHU�DOVR�LQFUHDVHV�ZLWK�LQFUHDVH�LQ�5H�QR��

x 3HUIRUPDQFH� LQGH[� DV� ZHOO� DV� SXPSLQJ� SRZHU� DUH� LQGHSHQGHQW� RI� YROXPH�

FRQFHQWUDWLRQ��



Ϯϴ�

;L� HW� DO�� >��@� SHUIRUPHG� H[SHULPHQWDO� LQYHVWLJDWLRQV� XVLQJ� WUDSH]RLGDO� JHRPHWU\�

PLFURFKDQQHOV�7KH�IROORZLQJ�REVHUYDWLRQV�ZHUH�PDGH�LQ�WKLV�VWXG\����

)DFWRUV�VXFK�DV����

x �LQOHW�PDQLIROGV��

x 'HVLJQ�RI�LQOHW�PDQLIROGV��

x /RFDWLRQ�RI�WKH�LQOHW�PDQLIROG�

x /HQJWK�RI�WKH�LQOHW�PDQLIROG�

x /HQJWK�RI�WKH�RXWOHW�PDQLIROG��

$ERYH�IDFWRUV�DIIHFW�WKH�IORZ��

&KHLQ�HW�DO�� >��@�FRQGXFWHG�H[SHULPHQWV�IRU�VLOLFRQ�PLFURFKDQQHOV�FRSSHU�QDQRSDUWLFOHV�DUH�

HPSOR\HG�WR�SUHSDUH�QDQRIOXLGV��7KH�GLPHQVLRQV�RI�WZR�GLIIHUHQW�JHRPHWULHV�WKDW�ZHUH�XVHG�

DV�WKH�PLFURFKDQQHOV�DUH�D��:FK� �ZILQ�� ������P�E��/FK� ������P�F��:FK� �:ILQ� �����P�G��

/FK� ������P��

7KH�IROORZLQJ�REVHUYDWLRQV�ZHUH�PDGH�LQ�WKLV�VWXG\����

x 0LFURFKDQQHOV� SURYLGH� KLJK� VXUIDFH� WR� YROXPH� UDWLR� ZKLFK� OHDGV� WR� KLJKHU� KHDW�

WUDQVIHU�UDWHV��

x 7KHUH�ZDV�QR�VLJQLILFDQW�FKDQJH�LQ�GURS�LQ�SUHVVXUH��

+ULVKLNHVK�HW�DO��>��@�FRPSUHKHQVLYHO\�VWXGLHG�KRZ�YDULRXV�SDUDPHWHUV�VXFK�DV�PDWHULDO�RI�

WKH�QDQRSDUWLFOH��YROXPH�FRQFHQWUDWLRQ��VL]H�RI�WKH�SDUWLFOH��WHPSHUDWXUH�DV�ZHOO�DV�EDVH�IOXLG�

DIIHFWV�WKH�KHDW�WUDQVIHU�EHKDYLRU�LQ�WKH�PLFURFKDQQHOV��,Q�WKLV�VWXG\�LW�ZDV�REVHUYHG�WKDW����

x 5DWH�RI�KHDW�WUDQVIHU�YDULHV�LQYHUVHO\�DV�VL]H�RI�QDQRSDUWLFOHV��

x 7KHUPDO�FRQGXFWLYLW\�YDULHV�GLUHFWO\�DV�WHPSHUDWXUH��

x 0HWDO�R[LGHV�KDYH�ORZHU�WKHUPDO�FRQGXFWLYLW\�DV�FRPSDUHG�WR�PHWDO��

���������������������������������������7DEOH������5HVXOWV�RI�+ULVKLNHVK�HW�DO��

3DUWLFOH�

PDWHULDO

%DVH�

OLTXLG

7HPS���&� 3DUWLFOH�

VL]H��QP�

3DUWLFOH�

YROXPH�

IUDFWLRQ����

(QKDQFHPHQW�

���

(QKDQFHPHQW�

SUHGLFWHG� E\�

+DPLOWRQ�

&URVVHU�PRGHO
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7DQD]�HW�DO��>��@�FDUULHG�RXW�H[SHULPHQWDO�LQYHVWLJDWLRQ�XVLQJ�VLOLFRQ�PLFURFKDQQHOV��7KH�

PDLQ�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�ILQG�KRZ�WKH�JHRPHWU\�RI�WKH�PLFURFKDQQHO�HIIHFWV�WKH�

KHDW�GLVVFLSDWLRQ��,Q�WKLV�VWXG\�VHYHQ�GLVWLQFW�PLFURFKDQQHOV�ZHUH�FRQVLGHUHG�IRU�VWXG\��7KH�

ZLGWK�RI�WKH�PLFURFKDQQHOV�OLHV�LQ�WKH�UDQJH������P��������P��7KH�GHSWK�RI�WKH�

PLFURFKDQQHOV�ZDV�NHSW�DW������P�IRU�DOO�WKH�PLFURFKDQQHOV��)OXRULQHUW�ZDV�WKH�IOXLG�WKDW�

ZDV�HPSOR\HG�LQ�WKLV�VWXG\��

7KH�IROORZLQJ�REVHUYDWLRQV�ZHUH�PDGH�LQ�WKLV�VWXG\����

x $ERYH�PLFURFKDQQHO�ZLGWK�RI������P�WKH�KHDW�WUDQVIHU�FRHIILFLHQW�ZDV�QRW�GHSHQGHQW�

RQ�ZLGWK�RI�WKH�PLFURFKDQQHO��

x +HDW�WUDQVIHU�EHKDYLRU�ZDV�IRXQG�WR�EH�GHSHQGHQW�RQ�FURVV�VHFWLRQ�RI�WKH�

PLFURFKDQQHO��

0DQD\�HW�DO��>��@�FDUULHG�RXW�H[SHULPHQWV�WR�ILQG�KRZ�WKH�KHDW�WUDQVIHU�LQ�PLFURFKDQQHO�ZDV�

DIIWHFWHG�E\�KHLJKW�RI�WKH�PLFURFKDQQHO��1DQRIOXLGV�XVHG�E\�WKHP�ZHUH�WLWDQLXP�GLR[LGH�

EDVHG�QDQRIOXLGV��)LYH�GLIIHUHQW�VDPSOHV�RI�GLIIHUHQW�YROXPH�FRQFHQWUDWLRQV�ZHUH�SUHSDUHG�E\�

WKHP��7KH�YROXPH�FRQFHQWUDWLRQV�ZHUH���������������������7KH�GLIIHUHQW�KHLJKWV�RI�WKH�

PLFURFKDQQHOV�ZHUH������P�������P�������P�������P��+HDW�IOX[�RI����NZ�P��ZDV�VXSSOLHG�

WR�WKH�PLFURFKDQQHOV��

7KH�IROORZLQJ�REHUVYDWLRQV�ZHUH�PDGH�LQ�WKLV�VWXG\����

x +HDW�WUDQVIHU�FRHIILFLHQW�YDULHV�LQYHUVHO\�DV�KHLJKW�RI�WKH�PLFURFKDQQHO��

x +HDW�WUDQVIHU�FRHIILFLHQW�YDULHV�GLUHFWO\�DV�GURS�LQ�SUHVVXUH��

x +HDW�WUDQVIHU�FRHIILHFLHQW�YDULHV�GLUHFWO\�DV�YROXPH�FRQFHQWUDWLRQV�RI�QDQRIOXLGV��

x 7LWDQLXP�GLR[LGH�QDQRSDUWLFOHV�KDYH�QHJOLJLEOH�HIIHFW�RQ�GURS�LQ�SUHVVXUH��

:X�HW�DO��>��@�FDUULHG�RXW�QXPHULFDO�VWXG\�RI�IORZ�WKURXJK�PLFURFKDQQHO�E\�XVLQJ�DOXPLQLXP�

R[LGH�±�ZDWHU�QDQRIOXLG��7KH�IROORZLQJ�REVHUYDWLRQV�ZHUH�PDGH�LQ�WKLV�VWXG\����



ϯϬ�

x $O�2��±�+�2�QDQRIOXLGV�HQKDQFHV�WKH�KHDW�WUDQVIHU�FRHIILFLHQW�DQG�UHGXFHV�WKHUPDO�

UHVLVWDQFH��

x 3XPSLQJ�SRZHU�YDULHV�GLUHFWO\�DV�LQOHW�YHORFLW\��

6RORYLW]�HW�DO��>��@�JDYH�D�PRGHO�EDVHG�RQ�ZKLFK��GHVLJQ�RI�PLFURFKDQQHO�PDQLIROG�FRXOG�EH�

DGYDQFHG�� 7KH\� REVHUYHG� WKDW� IORZ� WKURXJK� PLFURFKDQQHO� ODFNHG� XQLIRUPLW\�� 7R� ILQG� D�

VROXWLRQ� WR�WKLV�SUREOHP�WKH\�GHYLVHG�D�PRGHO�EDVH�RQ�ZKLFK� WKH�GHVLJQ�RI�PDQLIROG�RI� WKH�

PLFURFKDQQHO� FRXOG� EH�PRGLILHG� LQ� VXFK� D�ZD\� VR� DV� WKH� QRQ� ±� XQLIRUPLW\� RI� IORZ� LQ� WKH�

PLFURFKDQQHO�FRXOG�EH�HOLPLQDWHG��

7KH�IROORZLQJ�REVHUYDWLRQV�ZHUH�PDGH�LQ�WKH�VWXG\����

x 7KH�VSHHG�RI�IORZ�ZDV�ZLWKLQ�����6'�RI�PHDQ�YHORFLW\��

x 1RQ�XQLIRUPLW\�RI�YHORFLW\�ZDV�REVHUYHG�IRU�KLJK�YDOXHV�RI�5H�QR��

x 7DSSHUHG�PDQLIROG�GHVLJQV�VLJQLILFDQWO\�UHGXFHG�WKH�XQLIRUPLW\�RI�PLFURFKDQQHOV��

&KHLQ�HW�DO��>��@�FDUULHG�RXW�QXPHULFDO�VWXG\�WR�ILQG�RXW�KRZ�WKH�WHPSHUDWXUH�DV�ZHOO�IORZ�LV�

DIIHFWHG�E\�WKH�SODFLQJ�RI�WKH�LQOHW�RU�RXWOHW�PDQLIROG��,Q�WKLV�VWXG\�ILQLWH�YROXPH�DQDO\VLV�ZDV�

XVHG���3ODFLQJV�DVLGH��DOO�WKH�PDQLIROGV�KDYH�VDPH�GLPHQVLRQV��

7KH�IROORZLQJ�REVHUYHG�LQ�WKLV�VWXG\����

x :KHQ�IOXLG�IORZ�LV�YHUWLFDO�WR�WKH�PDQLIROG�LQ�WKLV�FDVH�WKHUH�ZDV�PRUH�XQLIRUPLW\��

;XDQ� HW� DO�� XVHG� KRW� ZLUH� SURFHVV� WR� ILQG� WKH� WKHUPDO� FRQGXFWLYLW\� RI� FRSSHU� ±� ZDWHU�

QDQRIOXLG�� ,W� ZDV� DOVR� REVHUYHG� KRZ� WKH� YDULRXV� IDFWRUV� VXFK� DV� YROXPH� FRQFHQWUDWLRQ��

SDUWLFOH� VL]H� DIIHFWHG� WKH� WKHUPDO� FRQGXFWLYLW\�� 7KH� IROORZLQJ� ZDV� REVHUYHG� EDVHG� RQ� WKLV�

VWXG\����

x )RU� YROXPH� FRQFHQWUDWLRQ� UDQJLQJ� EHWZHHQ� ����� �� �����WKH� WKHUPDO� FRQGXFWLYLW\�

EHFDPH������±������WLPHV��



ϯϭ�

&+$37(5���

(;3(5,0(17$/�0(7+2'2/2*<�$1'�6(783�

7KH�VWXGLHV�GRQH�WLOO�QRZ�ZKLFK�KDYH�XVHG�QDQRIOXLGV�DV�FRRODQW�FOHDUO\�SRLQW�WR�WKH�IDFW�WKDW�

QDQRIOXLGV�SURYLGHV�KLJKHU�DQG�EHWWHU�KHDW� WUDQVIHU�UDWHV�DV�FRPSDUHG�FRQYHQWLRQDO�FRRODQWV�

VXFK�DV�RLO�HWK\OHQH�JO\FRO�DQG�ZDWHU��7KLV�LV�GXH�WR�WKH�IDFW�WKDW�WKHVH�FRQYHQWLRQDO�FRRODQWV�

KDYH�ORZHU�WKHUPDO�FRQGXFWLYLW\�DV�FRPSDUHG�PHWDOV��$�ODUJH�TXDQWLW\�ZRUN�KDV�EHHQ�GRQH�LQ�

ILHOG� RI� QDQRIOXLGV� DQG� PLFURFKDQQHOV� EXW� PRVW� RI� WKHVH� VWXGLHV� HQYROYHV� QXPHULFDO�

LQYHVWLJDWLRQ�� 0RUH� H[SHULPHQWDO� LQYHVWLJDWLRQ� QHHGV� WR� EH� GRQH� LQ� WKLV� DUHD�,Q� DOO� WKH�

H[SHULPHQWDO� VWXGLHV�PLFURFKDQQHOV�ZHUH� XVHG� DV� WKH� KHDW� VLQNV�,Q� WKLV�ZRUN� H[SHULPHQWDO�

LQYHVWLJDWLRQ� KDV� EHHQ� FDUULHG� RXW� WR� VWXG\� WKH� WKHUPDO� EHKDYLRU� LQ� PLFURFKDQQHOV� E\�

HPSOR\LQJ� QDQRIOXLGV� DV� KHDW� WUDQVIHU� IOXLGV�� ,Q� WKLV� VWXG\� DOXPLQLXP� R[LGH� ±�ZDWHU� EDVHG�

QDQROIXLGV�DUH�HPSOR\HG��7KHVH�QDQRIOXLGV�DUH�SUHSDUHG�E\�WZR�±�VWHS�PHWKRG�RI�SUHSDUDWLRQ�

RI�QDQRIOXLGV��7KH�PLFURFKDQQHOV�ZHUH�PDQXIDFWXUHG�E\�&1&�ZLUH�FXWWLQJ�PHWKRGRORJ\��

���������������������������������������������������)LJ�����([SHULPHQWDO�VHWXS�



ϯϮ�

����(;3(5,0(17$/�/$<287

7KH� GLUHFWLRQV� IRU� PDNLQJ� WKH� H[SHULPHQWDO� VHWXS�ZDV� REWDLQHG� IURP� WKH� OLWHUDWXUH� UHYLHZ�

ZKLFK�GHVFULEHG� WKH�HIIHFW� RI�DOXPLQLXP�R[LGH�±�ZDWHU�QDQRIOXLGV� RQ� WKH�KHDW� LGVVFLSDWLRQ�

FDSDFLW\�RI�PLFURFKDQQHOV�>��@��([SHULPHQWDO�DSSDUDWXV�ZDV�GHVLJQHG�DW�7�,�(�7�3DWLDOD�DQG�

PDQXIDFWXUHG�DW�WKH�*OREDO�LQVWUXPHQW�FRPSDQ\�DPEDOD�+DU\DQD��

7KH�H[SHULPHQWDO�DSSDUDWXV�LV�FRPSULVHG�RI�WKH�IROORZLQJ�FRPSRQHQWV����

x &RQWUROOHU�RI�V\ULQJH�SXPSV�

x 6\ULQJH�SXPSV�

x 'LVSOD\V�IRU�WHPSHUDWXUH�

x 'LVSOD\V�IRU�YROWDJH�

x 'LVSOD\�IRU�FXUUHQW�

x ,QFOLQHG�PDQRPHWHU�

x 3W�±�����WHPSHUDWXUH�VHQVRUV�

x 6\ULQJH�SXPS�

x 5HVHUYLRU�

x &RPSXWHU�

x +HDWHU�

x ���PO�V\ULQJH�

x &RQQHFWLQJ�FDEOHV�

x 3RZHU�VXSSO\�

5DWH�RI�IORZ�WKURXJK�WKH�PLFURFKDQQHOV�ZDV�FRQWUROOHG�E\�FRPSXWHU�RSHUDWHG�V\ULQJH�SXPSV��

)ORZ�PHWHUV�ZHUH�QHHGHG� LQ� WKLV� VWXG\�VLQFH� V\ULQJH�SXPSV�DOUHDG\�SURYLGH�KLJKO\�SUHFLVH�

IORZ�UDWHV��7KXV�KLJKO\�DFFXUDWH�UDWH�RI�IORZ�ZDV�DFKLHYDEOH�E\�V\ULQJH�SXPSV��7KH�KHDW�IOX[�

IRU�KHDWLQJ�RI�WKH�PLFURFKDQQHOV�ZDV�SURYLGHG�E\�WKH�KHDWHU�LQVWDOOHG�LQ�WKH�VHWXS��7KLV�KHDW�

IOX[�ZDV�FRQWUROOHG�E\�FDUU\LQJ�WKH�FXUUHQW�DQG�YROWDJH��)XUWKHU�WKH�FXUUHQW�DQG�YROWDJH�ZHUH�

FRQWUROOHG� E\� D� GLPPHUVWDW� SURYLGHG� LQ� WKH� VHWXS�� 7KH� QDQRIOXLGV� DIWHU� SDVLQJ� WKURXJK� WKH�

PLFURFKDQQHOV�JR�LQWR�WKH�UHVHUYRLU��,Q�WKLV�VWXG\�VLQJOH�SDVV�IORZ�LV�FRQVLGHUHG��+RZHYHU�WKH�

VWXG\� FRXOG� DOVR� EH� FRQGXFWHG� XVLQJ� FRQWLQXRXV� IORZ�� 7KH� PDLQ� LVVXH� RI� OHDNDJH� LQ�

PLFURFKDQQHOV�LV�VROYHG�E\�XVLQJ�JUHDVH�SDSHU��



ϯϯ�

7KH�YDULRXV�WHPSHUDWXUH�VHQVRUV�DUH�DV�IROORZV����

x ,QOHW�DQG�RXWOHW�WHPSHUDWXUH�VHQVRUV����7��7��7��

x 7HPSHUDWXUH�RI�WKH�KHDWHG�ZDOO����7���

x 7HPSHUDWXUH�RI�WKH�UHVHUYRLU����7���

�����������������������������������������������)LJ�����OD\RXW�RI�VHWXS�

����'(6&5,37,21�2)�9$5,286�'(9,&(6�

)ROORZLQJ�LV�WKH�GHVFULSWLRQ�RI�YDULRXV�GHYLFH�XVHG�LQ�WKH�H[SHULPHQW����

������6\ULQJH�SXPS�



ϯϰ�

7KH\�IRUP�WKH�PDLQ�SDUW�RI�WKH�H[SHULPHQWDO�DSSDUDWXV�6\ULQJH�SXPSV�DUH�GHYLFHV�WKDW�FDXVH�

WKH�QDQRIOXLGV�WR�IORZ�WKURXJK�WKH�PLFURFKDQQHOV��7KH\�SURYLGH�WKH�UHTXLUHG�SUHVVXUH�WR�IORZ�

WKH� QDQRIOXLGV� WKURXJK� WKH�PLFURFKDQQHOV�� 6\ULQJH� SXPSV� FDQ� SURYLGH� FRQVWDQW� IORZ� UDWHV�

WKURXJK�WKH�PLFURFKDQQHOV�RIU�VHW�GXUDWLRQ�RI�WLPH�ZLWK�YHU\�KLJK�GHJUHH�RI�DFFXUDF\��6LQFH�

V\ULQJH�SXPSV�DUH�KLJKO\�DFFXUDWH��WKHUH�LV�QR�UHTXLUHPHQW�RI�IORZ�PHWHU�LQ�WKH�SDVVDJH��7KH�

V\ULQJH�SXPSV�XVHG�LQ�WKLV�VWXG\�KDYH�EHHQ�SURFXUHG�IURP�(�VSLQ�QDQRWHFK��.DQSXU��83��

7KH�IROORZLQJ�WDEOH�SURYLGHV�WKH�VSHFLILFDWLRQ�RI�WKH�V\ULQJH�SXPSV����

�����������������������������������������������7DEOH�����&RQILJXUDWLRQ�RI�V\ULQJH�

&21),*85$7,21

7\SH�RI�SDVV 6LQJOH�SDVV

6\ULQJH�'LDPHWHU ��PP

0D[LPXP�IORZ�UDWH��ZLWK����PO�V\ULQJH� ��PO�PLQ

&RQWURO�XQLW 6HSDUDWHG

�� 86%�WR�VHULDO�FDEOH

�� 6HULDO�FRQYHUWHU

�� 6HULDO�FDEOH��� IRU�FRQQHFWLQJ�V\ULQJH�

SXPS� FRQWUROOHU� WR� 56�����

FRQYHUWHU�

�� 6\ULQJH�SXPS�FRQWUROOHU

�� ��SLQ�FRQQHFWRU

6\ULQJH ���PO

9ROWDJH ����9��$&�����+]

)LJ�����LV�WKH�LPDJH�RI�D�V\ULQJH�SXPS�7KH�YDULRXV�FRQQHFWLRQV�RI�WKH�SXPS�V\VWHP�LV�VKRZQ�

LQ�ILJ�����)LJ�����VKRZV�WKH�VRIWZDUH�LQWHUIDFH�



ϯϱ�

������������������������������������������������������������)LJ�����V\ULQJH�SXPS�

�����������������������������������)LJ�����YDULRXV�FRQQHFWLRQ�RQ�SXPS�FRPWUROOHU�



ϯϲ�

��������������������������������������������������������������)LJ�����VRIWZDUH�LQWHUIDFH�

7KH� V\ULQJH� SXPSV� DUH� FRPSXWHU� FRQWUROOHG� DQG� DUH� RSHUDWHG� WKURXJK� VRIWZDUH� LQWHUIDFH�

ZKLFK�LV� LQVWDOOHG�RQ�WKH�FRPSXWHU�IURP�&'�SURYLGHG�ZLWK�WKH�V\ULQJH�SXPSV�7KH�QDPH�RI�

WKH�VRIWZDUH�LQVWDOOHG�RQ�WKH�FRPSXWHU�IRU�RSHUDWLQJ�WKH�V\ULQJH�SXPSV�LV�63�±������9DULRXV�

LQSXWV�DUH�IHHGHG�LQWR�WKH�VRIWZDUH�DQG�WKH�V\ULQJH�SXPSV�ZRUN�DFFRUGLQJ�WR�WKHVH�LQSXWV�7KH�

YDULRXV� LQSXW�SDUDPHWHUV� UHTXLUHG� WR� EH� IHHGHG� LQWR� WKH� VRIWZDUH� EHIRUH�RSHUDWLRQ� DUH� ��� D��

'LDPHWHU�RI�V\ULQJH�E�� UDWH�RI�YROXPH�IORZ�F��9ROXPH�RI� WKH�V\ULQJH�G��7LPH�GXUDWLRQ�IRU�

ZKLFK� WKH� H[SHULPHQW� LV� WR� UXQ�$FFRUGLQJ� WR� WKH� IHHGHG� LQSXWV� WKH� FRPSXWHU� FRPSXWHV� WKH�

UHYROXWLRQV� SHU� PLQXWH� RI� WKH� PRWRU�� 7KLV� LQIRUPDWLRQ� LV� WKHQ� IHG� WR� WKH� V\ULQJH� SXPS�

FRQWUROOHU��7KH�FRQWUROOHU�WKHQ�SURYLGHV�LQSXW�WR�WKH�V\ULQJH�SXPS��

������'(6&5,37,21�2)�0,&52&+$11(/6�

6PDOO� FKDQQHOV� ZLWK� KXGUDXOLF� 'LDPHWHU� LQ� WKH� UDQJH� RI� ��� �P� WR� ���� �P� DUH� NQRZQ� DV�

PLFURFKDQQHOV�� 0LFURFKDQQHOV� FDQ� KDYH� YDULRXV� JHRPHWULHV� DQG� FURVV� VHFWLRQV�� 'LIIHUHQW�

JHRPHWU\�RI�PLFURFKDQQHOV�KDYH�GLIIHUHQW� W\SH�RI�HIIHFW�RQ�KHDW� WUDQVIHU��7KH�PLFURFKDQQHO�

JHRPHWU\� XVHG� LQ� WKLV� VWXG\� LV� UHFWDQJXODU� JHRPHWU\�� 0LFURFKDQQHOV� FDQ� EH� PDQXIDFWXUHG�



ϯϳ�

XVLQJ�YDULRXV�PHWKRGV��&1&�ZLUH�FXWWLQJ� LV�RQH�VXFK�PHWKRG�ZKLFK�LV�XVHG�PDQXIDFWXULQJ�

PLFURFKDQQHOV� XVHG� LQ� WKLV� VWXG\�� 7KH� PDWHULDO� RI� WKH� PLFURFKDQQHO� XVHG� LQ� WKLV� VWXG\� LV�

DOXPLQLXP��7KHUH�DUH�WKUHH�WHPSHUDWXUH�VHQVRUV��WZR�WHPSHUDWXUH�VHQVRUV�DUH�DW�WKH�RXWOHW�DQG�

RQH� WHPSHUDWXUH� VHQVRU� LV� DW� WKH� LQOHW��7R�SUHYHQW� OHDNDJH� IURP� WRS� VXUIDFH�JUHDVH�SDSHU� LV�

XVHG��������������������������������������

����������������������������������������������������������������)LJ�����0LFURFKDQQHO�*HRPHWU\�

�7KH�WDEOH�VKRZV�WKH�GLPHQVLRQV�RI�WKH�PLFURFKDQQHOV�7DEOH�����

��'FK� ���:FK� ��/FK� 1XPEHU�RI�FKDQQHOV

�PP ����PP ��PP��HDFK�VLGH� ��

7KH�PDMRU�FRQHUQ�LQ�IDEULFDWLRQ�RI�PLFURFKDQQHO�UHYROYHV�DURXQG�DYDLODELOLW\�RI�FRVW�HIIHFWLYH�

IDEULFDWLRQ�IDFLOLWLHV��(QRXJK� WLPH�ZDV�LQYHVWHG� LQ� ILQGLQJ�RXW� WKH�EHVW�DOWHUQDWLYHV� IRU�FRVW�

HIIHFWLYH�PDQXIDFWXULQJ�IDFLOLW\�DQG�IROORZLQJ�EHVW�DOWHUQDWLYHV�ZHUH�FKRVHQ����

x &1&�ZLUH� FXWWLQJ� WHFKQLTXH�ZDV� IRXQG� WR� EH� WKH�PRVW� FRVW� HIIHFWLYH� WHFKQLTXH� IRU�

PDQXIDFWXULQJ� RI� PLFURFKDQQHOV� DQG� ZDV� DOVR� DYDLODEOH� DW� ORFDWLRQ� IURP� ZKHUH�

WUDQVSRUWDWLRQ�ZDV�DOVR�YLDEOH��

x 7KH�ZLGWK�RI� WKH�PLFURFKDQQHO�ZDV�FKRVHQ�DV� ����PP�VLQFH� LW� LV� WKH� OLPLWLQJ�ZLGWK�

ZKLFK�FDQ�EH�SURGXFHG�IURP�&1&�ZLUH�FXWWLQJ��

x 2QO\� UHFWDQJXODU� JHRPHWU\� RI� PLFURFKDQQHO� FDQ� EH� PDQXIDFWXUHG� E\� &1&� ZLUH�

FXWWLQJ�WKLV�IL[HV�WKH�JHRPHWU\�RI�PLFURFKDQQHO��



ϯϴ�

x .DQGOLNDU� HW� DO� >��@� KDV� VKRZQ� WKDW� KLJKHVW� KHDW� WUDQVIHU� RFFXUV� FRUUHVSRQGLQJ� WR�

DVSHFW�UDWLR�RI����7KLV�OHDGV�WR�GHSWK�RI�PLFURFKDQQHO�DV���PP��

x 7KH� 'LDPHWHU� IRU� LQOHW� DQG� RXWOHW� PDQLIROG� SLSHV� LV� IL[HG� WR� ���� PLOOLPHWUH� GXH� WR�

DYDLODELOLW\�FRQVWUDLQW��

�������+($7(56

7KH�KHDWHU�XVHG� LQ� WKH� VWXG\� LV�D� ORZ�ZDWW� KHDWHU�ZLWK� D� DGMXVWDEOH�YDULDWH�7KHVH� ORZ�ZDWW�

KHDWHU�KDYH�D�ZDWWDJH�UDWLQJ�RI�RQO\����:��7KHVH�KHDWHU�DUH�KLJKO\�HIIHFWLYH�LQ�DGMXVWLQJ�WKH�

KHDW� IOXF� WR� WKH� PLFURFKDQQHOV�� 7KH� KHDW� IOX[� FDQ� EH� FRQWUROOHG�ZLWK� KHOS� RI� D� DGMXVWDEOH�

YDULDWH��8VLQJ�WKHVH�KHDWHUV�WKH�WHPSHUDWXUH�FDQ�EH�NHSW�DW�D�FRQVWDQW�����&���7KH�WHPSHUDWXUH�

FDQ� EH� LQFUHDVHG� IXUWKHU� E\� DGMXVWLQJ� WKH� YDULDWH�� 7KHVH� KHDWHU� DOORZV� XV� WR� PDLQWDLQ� WKH�

WHPSHUDWXUH�LQ�UHTXLUHG�UDQJH�VXFFHVVIXOO\��

������'(6&5,37,21�2)�7(03(5$785(�6(16256�

7KH�WHPSHUDWXUH�VHQVRUV�HPSOR\HG�LQ�WKLV�VWXG\�DUH�37�±������7KHVH�WHPSHUDWXUH�VHQVRUV�DUH�

KLJKO\�DFFXUDWH�WHPSHUDWXUH�VHQVRUV�IRU�WKH�PHDVXUHPHQWV�RI�WHPSHUDWXUH��7KHVH�WHPSHUDWXUH�

VHQVRUV�HQFDSVXODWH�WKH�FRQFHSW�RI�UHVLVWDQFH�WKHUPRPHWHUV��7KH�FRQFHSW�LV�WKDW�WKH�UHVLVWLYLW\�

RI� VHQVRU� FKDQJHV� ZLWK� FKDQJH� LQ� WHPSHUDWXUH�� 7KHVH� WHPSHUDWXUH� VHQVRUV� DUH� DOVR� PRUH�

SUHIHUUHG�DV�FRPSDUHG�WR�WKHUPR�±�FRXSOH�VHQVRUV�GXH�WR�KLJK�SUHFLVLRQ��7KH�GHVFULSWLRQ�RI�

37�±�����LV�DV�IROORZV�����

x 37� �3ODWLQXP�

x ���� �5HVLVWDQFH�RI�WKH�VHQVRU�L�H�������

��WHPSHUDWXUH�VHQVRUV�ZHUH�DW�IROORZLQJ�ORFDWLRQV����

x ��±�IRU�IORZ�WHPS�

x ��±�IRU�ZDOO�WHPS�

x ��±�5HVHUYLRU�



ϯϵ�

������������������������������������������������������)LJ�����WHPSHUDWXUH�VHQVRUV�

������'(7$,/6�$%287�&$/,%5$7,21

7KH�FDOLEUDWLRQ�ZDV�GRQH�DW�1,,57�±�/DE�VLWXDWHG�DW�,QGXVWULDO�DUHD��3DQFKNXOD�+DU\DQD��7KH�

FDOLEUDWLRQ�LV�YDOLG�IRU�RQH�\HDU�IURP�WKH�GDWH�RQ�ZKLFK�FDOLEUDWLRQ�ZDV�GRQH��7KH�FDOLEUDWLRQ�

ZDV� GRQH� DQG� WKH� UHSRUW� ZDV� SURYLGHG�� )LJ� ���� VKRZV� VWDPS� RI� FDOLEUDWLRQ� RQ� WKH�

H[SHULPHQWDO�DSSDUDWXV��

������������������������������������������������������������������)LJ�����&DOLEUDWLRQ�VWDPS�

����1$12)/8,'6�35(3$5$7,21�

1DQRIOXLGV�FDQ�EH�SUHSDUHG�E\�WKH�IROORZLQJ�WZR�PHWKRGV����
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x 2QH�±�VWHS�PHWKRG�

x 7ZR�VWHS�PHWKRG�

,Q�WKLV�VWXG\�WZR�±�VWHS�PHWKRG�KDV�EHHQ�HPSOR\HG�IRU�SUHSDUDWLRQ�RI�QDQRIOXLGV��7KH�WZR�±�

VWHS�SURFHVV�RI�SUHSDUDWLRQ�RI�QDQRIOXLGV�KDV�WKH�IROORZLQJ�VWHSV����

x 3UHSDUDWLRQ�LI�QDQRIOXLGV�

x 'LVSHUVLRQ�RI�QDQRIOXLGV�LQ�WKH�EDVH�IOXLG�

�����������������������������������7DEOH�����6SHFV�RI�QDQRSDUWLFOHV�

3DUWLFOHV�XVHG $OXPLQLXP�R[LGH

$SSHDUDQFH :KLWH

0RUSKRORJ\ 6SKHULFDO

3XULW\ ������

$YHUDJH�SDUWLFOH�VL]H /HVV�WKDQ����QP

7KHUPDO�FRQGXFWLYLW\ ���:�PN

,Q�WKLV�VWXG\�IRU�SUHSDULQJ�WKH�QDQRIOXLGV��QDQRSDUWLFOHV�ZHUH�GLVSHUVHG�LQ�WKH�',�ZDWHU�ZKLFK�

DFWV�DV�WKH�EDVH�IOXLG��)RXU�GLIIHUHQW�VDPSOHV�ZHUH�SUHSDUHG�ZLWK�YROXPH�FRQFHQWUDWLRQV�RI���

��� ������ ������ ������ )RXU� GLVWLQFW� YROXPH� IORZ� UDWHV� DUH� FKRVHQ� IRU� HDFK� RI� WKH� YROXPH�

FRQFHQWUDWLRQV��7KH�IRXU�GLVWLQFW�YROXPH�IORZ�UDWHV�DUH����PO�PLQ����PO�PLQ������PO�PLQ�DQG���

PO�PLQ�� ,Q� WKLV� VWXG\� VXUIDFWDQWV� DQG� DGGLWLYHV�ZHUH� QRW� DGGHG� WR� QDQRIOXLGV� DV� WKHVH� FDQ�

DOVWHU� WKH� SURSHUWLHV� RI� WKH� QDQROIXLGV�� $OXPLQLXP� R[LGH� ±� ZDWHU� QDQRIOXLGV� KDYH� KLJKHU�

VWDELOLW\�DQG�WKXV�H[SHULPHQWDWLRQ�ZLWK�WKHP�ZDV�PXFK�PRUH�FRPIRUWDEOH��8OWUD�±�VRQLFDWLRQ�

LV�GRQH�IRU����PLQ�WR�LQFUHDVH�WKH�VWDELOLW\�QDQRIOXLGV��

������$33$5$786�

x 8OWUDVRQLF�RVFLOODWRU�

x 0HDVXULQJ�IODVN�

x ��EHDNHUV�RI�����PO�HDFK�

x +RW�SODWH�PDJQHWLF�VWLUUHU�

x 6SDWXOD�

x 0DJQHWLF�EHDG�



ϰϭ�

)LJ�RI�WKHVH�DSSDUDWXV�LV�VKRZQ�LQ�IROORZLQJ�SDJHV�

���������������������������������������������������)LJ�����DSSDUDWXV�IRU�QDQRIOXLGV�SUHSDUDWLRQ�

������������������������������������������������)LJ������KRW�SODWH�PDJQHWLF�VWLUUHU�



ϰϮ�

�����������������������������������������������������)LJ������XOWUDVRQLFDWRU�

)RU� FDOFXODWLQJ� WKH� ZHLJKW� RI� QDQRSDUWLFOHV� UHTXLUHG� IRU� SUHSDULQJ� GLIIHUHQW� VDPSOHV� RI�

QDQRIOXLGV� PL[WXUH� IRUPXODH� ZDV� XVHG� ZKLFK� LV� VWDWHG� LQ� IRUPXOH� VHFWLRQ�� 7KH� UHTXLUHG�

ZHLJKW�RI�QDQRSDUWLFOHV�IRU�PDNLQJ�HDFK�VDPSOH�RI�QDQRIOXLGV�ZDV�ILUVW�FDOFXODWHG�XVLQJ�WKLV�

IRUPXODH� DQG� WKHQ� WKH� QH[W� VWHS� RI� PL[LQJ� WKH� QDQRSDUWLFOHV� ZLWK� EDVH� IOXLG� ZDV� GRQH�

IROORZHG�E\�XOWUDVRQLFDWLRQ��



ϰϯ�

��������������������������������������������)LJ������+LJK�SUHFLVLRQ�ZHLJKLQJ�PDFKLQH�

7KH�ZHLJKW�RI�WKH�QDQRSDUWLFOHV��SUHFLVLRQ�ZHLJKLQJ�P�F�ZDV�XVHG��',�ZDWHU�ZDV�WDNHQ�LQ�D�

SUHGHWHUPLQHG�TXDQWLW\�DQG�ZDV�SXW� LQWR�D�EHDNHU��$�PDJQHWLF�EHDG�LV�SODFHG�LQ�WKH�EHDNHU�

DQG� WKHQ� LW� LV� SODFHG� RQ� D� KRW� SODWH� PDJQHWLF� VWLUUHU�� 7KH� KRW� SODWH� PDJQHWLF� VWLUUHU� ZDV�

PDLQWDLQHG� DW� URRP� WHPS�� )ROORZLQJ� DUH� WKH� IHZ� VWHSV� WKDW� KDYH� WR� EH� NHSW� LQ�PLQG�ZKLOH�

IROORZLQJ�WKH�DERYH�SURFHGXUH����

x +LJK�WHPSHUDWXUH�KDV�DQ�HIIHFW�RQ�WKH�VWDELOLW\��RI�QDQRSDUWLFOHV��WKHUHIRUH�D�FORVH�H\H�

LV�QHHG�WR�EH�NHSW�RQ�WKH�WHPSHUDWXUH��

x ,W�VKRXOG�EH�PDGH�VXUH�WKDW�QDQRSDUWLFOHV�QDQRSDUWLFOHV�DUH�SXW�LQWR�WKH�EHDNHU�LQ�RQH�

JR��7KHUH�VKRXOG�EH�VORZ�SRXULQJ�RI�WKH�QDQRSDUWLFOHV�LQWR�WKH�EHDNHU�ZLWK�ZDLWLQJ�LQ�

EHWZHHQ�WZR�SRXULQJ��VR�WKDW�QDQRSDUWLFOHV�JHW�HQRXJK�WLPH�WR�VFDWWHU�LQ�WKH�EDVH�

IOXLG��

x 7KH�QDQRSDUWFLOHV�VKRXOG�EH�SRXUHG�LQWR�WKH�EDVH�IOXLG�ZLWK�FRQVWDQW�VWLUULQJ��



ϰϰ�

x 0DJQHWLF�VWLUULQJ�LV�GRQH�IRU����PLQ�DQG�DIWHU�WKLV�WKH�EHDNHU�FRQWDLQLQJ�QDQROIXLG�LV�

UHPRYHG�IURP�WKH�KRWH�SODWH�PDJQHWLF�VWLUUHU��

x $IWHU�VWLUULQJ�IRU����PLQ�LQ�WKH�KRW�SODWH�PDJQHWLF�VWLUUHU�WKH�EHDNHU�LV�SODFHG�LQWR�

XOWUDVRQLFDWRU�DQG�XOWUDVRQLFDWLRQ�LV�GRQH�IRU����PLQ��

x %HIRUH�XVLQJ�WKH�XOWUDVRQLFDWRU�LW�VKRXOG�EH�PDGH�VXUH�WKDW�WKH�ZDWHU�OHYHO�LQ�WKH�

XOWUDVRQLFDWRU�LV�DFFRUGLQJ�WR�WKH�VSHFLILFDWLRQ�RI�WKH�XOWUDVRQLFWRU��,I�WKH�ZDWHU�OHYHO�LV�

QRW�FRUUHFW�WKDQ�ZDWHU�VKRXOG�EH�ILOOHG�LQWR�XOWUDVRQLFDWRU��

x 7KH�WHPSHUDWXUH�RI�WKH�EHDNHU�LQFUHDVHV�ZLWK�WLPH�SHULRG�RI�XOWUDVRQLFDWLRQ�WKXV�WKH�

WHPSHUDWXUH�VKRXOG�EH�FKHFNHG�UHJXODUO\�WR�HQVXUH�WKDW�WKH�WHPSHUDWXUH�LV�QRW�WRR�KLJK�

DV�KLJK�WHPSHUDWXUH�OHDGV�WR�LQVWDELOLW\�DQG�DJJORPHUDWLRQ�LQ�QDQRIOXLGV��

x $IWHU����PLQ�RI�XOWUDVRQLFDWLRQ�UHPRYH�WKH�EHDNHU�IURP�WKH�XOWUDVRQLFDWRU�DQG�VZLWFK�

RII�WKH�XOWUDVRQLFDWRU��

����0(7+2'2/2*<

7KH�H[SHULPHQWDO�DSSDUDWXV�FRQVLVWV�RI�WKH�IROORZLQJ�FRPSRQHQWV����

x 6\ULQJH�SXPSV�

x 6\ULQJH�SXPS�FRQWUROOHU�

x 0LFURFKDQQHO�

x 2WKHU�QHHGDEOHV�

2XU�PDLQ�FHQWHU�RI�DWWHQWLRQ�LV�WKH�PLFURFKDQQHOV�ZKLFK�DUH�PDGH�RI�DOXPLQLXP�DQG�DOO�WKH�

H[SHULPHQWDWLRQ�LV�FDUULHG�RXW�RQ�WKH�PLFURFKDQQHO��7KH�QXPEHU�RI�WHPSHUDWXUHV�VHQVRUV�DQG�

WKHUH�ORFDWLRQ�RQ�PLFURFKDQQHO�KDV�EHHQ�GLVFXVVHG�SUHYLRXVO\��7KH�UHDGLQJV�ZHUH�WDNHQ�LQ�WKH�

IROORZLQJ�PDQQHU����

x 5HDGLQJV�ZLWK�',�ZDWHU�DV�FRRODQW�IOXLG�LV�WDNHQ��

x 1DQRIOXLGV��',�ZDWHU�LV�UHSODFHG�E\�QDQRIOXLGV�DQG�WKH�SURFHVVHV�LV�UHSHDWHG��

7KH�YDULDEOHV�LQ�WKLV�VWXG\�DUH�YROXPH�IORZ�UDWH��YROXPH�FRQFHQWUDWLRQ��7KH�YDOXHV�RI�WKH�

SDUDPHWHUV�IRU�ZKLFK�WKH�UHDGLQJV�ZHUH�WDNHQ�DUH�VKRZQ�LQ�WDEOH������



ϰϱ�

������������������������������������������������7DEOH�����VKRZV�WKH�SDUDPHWHUV�

)ORZ�

UDWH�PO�PLQ��

���� �� ���� ��

&RQF����YRO����� �� ���� ���� ����

7KH�H[SHULPHQWDO�SURFHGXUH�HQYROFHG�IROORZLQJ�VWHSV����

x 0LFURFKDQQHO�DVVHPEO\�LV�VZLWFKHG�RQ�DQG�WHPSHUDWXUH�LV�VHW�ZLWK�GLPPHUVWDW��

x 3W�±�����WHPSHUDWXUH�VHQVRUV�ZHUH�HPSOR\HG�DW�YDULRXV�SODFHV�IRU�WHPSHUDWXUH�

UHFRUGLQJ��

x 7KH�GDWD�UHJDUGLQJ�IORZ�UDWH��YROXPH�RI�WKH�V\ULQJH�DQG�'LDPHWHU�RI�WKH�V\ULQJH�LV�

IHHGHG�LQWR�VRIWZDUH�LQWHUIDFH��

x $IWHU�IHHGLQJ�RI�WKH�GDWD�LQWR�WKH�VRIWZDUH�LQWHUIDFH�SUHVV�UXQ�EXWWRQ�DQG�WKH�QDQROIXLG�

ZLOO�EHJLQ�IORZLQJ�WKURXJK�WKH�PLFURFKDQQHOV��

x :DLW�LV�GRQH�IRU�VR�WKDW�VWHDG\�VWDWH�LV�UHDFKHG�DQG�WKHQ�WHPSHUDWXUH�UHDGLQJV�DUH�

QRWHG�GRZQ��

x ',�ZDWHU�LV�XVHG�WR�SUHYHQW�FRUURVLRQ��

x 5HDGLQJV�ZHUH�WDNHQ�LQ�HDFK�H[SHULPHQW�E\�IL[LQJ�FRQFHQWUDWLRQ�DQG�WKHQ�YDU\LQJ�WKH�

WKH�FRQFHQWUDWLRQ�IURP����PO�PLQ�WR����PO�PLQ�LQ�LQFUHDVLQJ�RUGHU��

x )RU�HDFK�VDPSOH�IRXU�H[SHULPHQWV�DUH�FRQGXFWHG�FRUUHVSRQGLQJ�WR�HDFK�IORZ�UDWH��

x )RU��PO�PLQ�RI�YROXPH�IORZ�UDWH����PO�V\ULQJH�ZDV�XVHG�DQG�LQ�FDVH�RI�����PO�PLQ�RI�

YROXPH�IORZ�UDWH�DV�ZHOO�DV���PO�PLQ�RI�YROXPH�IORZ�UDWH����PO�V\ULQJOH�ZDV�

VXIILFLHQW��

x 9DOXH�RI�WHPSHUDWXUH�LV�QRWHG�GRZQ�IRU�DOO�WKH�GLIIHUHQW�FRPELQDWLRQV�RI�YROXPH�

FRQFHQWUDWLRQ�DQG�YROXPH�IORZ�UDWH��

x 6DPH�SURFHVV�ZDV�IROORZHG�IRU�DOO�WKH�H[SHULPHQWV�HQYROYLQJ�GLIIHUHQW�YROXPH�

FRQFHQWUDWLRQV��

����)2508/$(�86('�

9DULRXV� GLIIHUHQW� H[SHULPHQWV� ZHUH� FRQGXFWHG� LQ� WKLV� VWXG\�� )RU� HDFK� RI� WKH� H[SHULPHQWV�

VLPLODU�SURFHVV�ZDV�IROORZHG��)LUVWO\�WKH�H[SHULPHQWV�DUH�FRQGXFWHG�E\�XVLQJ�GLVWLOOHG�ZDWHU�

DQG� WHPSHUDWXUH� UHDGLQJV� DUH� WDNHQ� E\� FRQGXFWLQJ� WKH� H[SHULPHQWV� IRU� IRXU� GLIIHUHQW� IORZ�



ϰϲ�

UDWHV��7KHQ�GLVWLOOHG�ZDWHU�ZDV� UHSODFHG�E\�QDQRIOXLGV��)RXU�GLIIHUHQW� VDPSOHV�RI�QDQRIOXLG�

ZHUH� SUHSDUHG� DQG� WHPSHUDWXUH� UHDGLQJV� ZHUH� WDNHQ� IRU� HDFK� H[SHULPHQW� FRUUHVSRQGLQJ� WR�

IRXU�GLIIHUHQW�IORZ�UDWHV��7KH�IROORZLQJ�HTXDWLRQV�DUH�XVHG�LQ�WKLV�H[SHULPHQW����

+\GUDXOLF�'LDPHWHU�LV�YHU\�LPSRUWDQW�YDULDEOH�LQ�WKLV�H[SHULPHQWDO�VWXG\�DQG�LW�LV�FDOFXODWHG�

E\�WKH�IROORZLQJ�HTXDWLRQ����

:KHUH�'K�� �K\GUDXOLF�'LDPHWHU�

��������������3� ���3HULPHWHU�RI�PLFURFKDQQHO�

$F� �DUHD�RI�FURVV�VHFWLRQ�

5H\QROGV�QR����,W�LV�GHILQHG�DV�WKH�UDWLR�RI�LQHUWLD�IRUFH�WR�YLVFRXV�IRUFH�DQG�LW�LV�FDOFXODWHG�

DFFRUGLQJ�WR�WKH�IROORZLQJ�IRUPXODH����

:KHUH��

9� �DYJ�IORZ�YHO��

� �.LQHPDWLF�YLVFRXVLW\�

'K� �+\GUDXOLF�'LDPHWHU�

7KH�DYHUDJH�YHORFLW\�FDQ�EH�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�IRUPXODH����

:KHUH���

1� �QR�RI�PLFURFKDQQHOV�

3� �GHQVLW\�RI�QDQRIOXLG�

7KH�KHDW�WUDQVIHUUHG�WR�ZRUNLQJ�IOXLG�LV�JLYHQ�E\�WKH�IRUPXODH����



ϰϳ�

+HUH��

&S� �VSHFLILF�KHDW��

7�� �RXWOHW�WHPSHUDWXUH�

7L� �LQOHW�WHPSHUDWXUH�

7KH�PHDQ�WHPSHUDWXUH�GLIIHUHQFH�ZKLFK�LV�UHTXLUHG�IRU�IXUWKHU�FDOFXODWLRQV�FDQ�EH�FDOFXODWHG�

XVLQJ�WKH�IRUPXODH����

+HUH���

7��7��7��7��7�� �WHPSHUDWXUH�DW�YDULRXV�SRVLWLRQV�LQ�WKH�PLFURFKDQQHO��

+HDW�WUDQVIHU�FRHIILFLHQW�KDV�EHHQ�FDOF\ODWHG�E\�XVLQJ�WKH�IROORZLQJ�IRUPXODH����

:KHUH��

+� �FRQYHFWLYH�KHDW�WUDQVIHU�FRHIILFLHQW�

$Z� �VXUIDFH�DUHD�RI�VLQJOH�PLFURFKDQQHO�SDVVDJH�WKURXJK�ZKLFK�KHDW�WUDQVIHU�RFFXUV��

,Q�WKLV�VWXG\�WKH�PLFURFKDQQHOV�KDYH�GRXEOH�VLGH�IORZ��WKXV�IRU�FDOFXODWLQJ�RYHUDOO�KHDW�

WUDQVIHU�FRHIILFLHQW�IROORZLQJ�IRUPXODH�FDQ�EH�XVHG����

+HUH��

8� �RYHUDOO�KHDW�WUDQVIHU�FRHIILFLHQW�

K�� �KHDW�WUDQVIHU�FRHIILFLHQW�RQ�ILUVW�VLGH�

K�� �KHDW�WUDQVIHU�FRHIILFLHQW�RQ�WKH�VHFRQG�VLGH�

$�� �KHDW�WUDQVIHU�DUHD�RI�WKH�ILUVW�VLGH�



ϰϴ�

$�� �KHDW�WUDQVIHU�DUHD�RI�WKH�VHFRQG�VLGH�

7KH�YDULRXV�IRUPXODH�XVHG�IRU�FDOFXODWLQJ�WKH�WKHUPR�±�SK\VLFDO�SURSHUWLHV�RI�QDQRIOXLGV�DUH�

GLVFXVVHG�EHORZ�����

x 7KHUPDO�FRQGXFWLYLW\�LV�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�IRUPXODH�>�@����

x '\QDPLF�YLVFRXVLW\�FDQ�EH�FDOFXODWHG�E\�IROORZLQJ�IRUPXODH�>�@����

x )RUPXODH�IRU�VSHFLILF�KHDW�>�@����

x )RU�FDOFXODWLQJ�GHQVLW\�IROORZLQJ�IRUPXODH�ZDV�XVHG�>�@����

ȡ� �GHQVLW\�

��YROXPH�FRQFHQWUDWLRQ �ࢥ

�I� YLVFRXLW\�RI�EDVH�IOXLG�

��QI� �YLVFRXVLW\�RI�QDQRIOXLG�

N� �WKHUPDO�FRQGXFWLYLW\�

1XVVHOW�QXPEHU����,W�LV�GHILQHG�DV�WKH�UDWLR�RI�UDWH�RI�FRQYHFWLYH�KHDW�WUDQVIHU�WR�WKH�WKH�UDWH�RI�

FRQGXFWLYH�KHDW�WUDQVIHU��7KH�1XVVHOW�QR�LV�FDOFXODWHG�E\�WKH�IROORZLQJ�IRUPXODH����

3UDQGWO�QXPEHU����,W�LV�GHILQHG�DV�WKH�UDWLR�RI�PRPHQWXP�GLIIXVLYLW\�WR�WKHUPDO�GLIIXVLYLW\��,W�

LV�FDOFXODWHG�E\�WKH�IROORZLQJ�IRUPXODH����



ϰϵ�

&+$37(5���

5(68/76�$1'�',6&866,216�

7KH� YDOXH� RI� KHDW� WUDQVIHU� FRHIILFLHQW� ZDV� FDOFXODWHG� IRU� YDULRXV� SDUWLFOH� YROXPH�

FRQFHQWUDWLRQV�DV�ZHOO�IORZ�UDWHV�DQG�WKLV�YDULDWLRQ�RI�KHDW� WUDQVIHU�FRHIILFLHQW�ZLWK�SDUWLFOH�

YROXPH�FRQFHQWUDWLRQ�DV�ZHOO�DV�YROXPH�IORZ�UDWHV�LV�WKHQ�SORWWHG�RQ�D�JUDSK��+HDW�WUDQVIHU�

FRHIILFLHQW�IRU�GLVWLOOHG�ZDWHU�LV�FDOFXODWHG�DW�IRXU�GLIIHUHQW�YROXPH�IORZ�UDWHV�DQG�WKH�UHVXOWV�

ZHUH�WKHQ�JUDSKLFDOO\�FRPSDUHG�ZLWK�WKH�QDQRIOXLGV��$OVR�WKH�HIIHFW�RI�5H\QROGV�QXPEHU�DQG�

1XVVHOW�QXPEHU�LV�DOVR�VWXGLHG�RQ�WKH�KHDW�WUDQVIHU�FRHIILFLHQW��7KH�UHVXOWV�DUH�UHSUHVHQWHG�LQ�

WKH�IRUP�RI�JUDSKV�ZLWK�UHTXLVWH�GLVFXVVLRQ��

����+($7�75$16)(5�

������+($7�75$16)(5�&2()),&,(17�

7KLV� VWXG\� ZDV� FRQGXFWHG� ZLWK� D� YLHZ� WR� HQKDQFH� WKH� KHDW� WUDQVIHU� FRHIILFLHQW� LQ� WKH�

PLFURFKDQQHOV�E\�XWLOL]DWLRQ�RI�QDQRIOXLGV�DV�KHDW�WUDQVIHU�IOXLG��)RU�WKLV�SXUSRVH�DOLPXQLXP�

R[LGH�±�ZDWHU�EDVHG�QDQRIOXLGV�ZHUH�SUHSDUHG�LQ�IRXU�GLIIHUHQW�VDPSOHV�ZLWK�GLIIHUHQW�YROXPH�

FRQFHQWUDWLRQV��

7KHUH�DUH�WZR�ZD\V�WR�LQFUHDVH�WKH�KHDW�WUDQVIHU�FRHIILFLHQW�LQ�WKH�PLFURFKDQQHOV�E\����

x %\�LQFUHDVLQJ�WKH�SDUWLFOH�YROXPH�FRQFHQWUDWLRQ�RI�QDQRIOXLGV��

x %\�LQFUHDVLQJ�WKH�YROXPH�IORZ�UDWH�RI�WKH�QDQRIOXLGV�WKURXJK�WKH�PLFURFKDQQHOV��

7KH�KHDW� WUDQVIHU�FDSDELOLW\�RI� WKH�KHDW� WUDQVIHU�IOXLG�FDQ�EH� LQFUHDVHG�E\�XVLQJ�QDQRIOXLGV��

7KH� YROXPH� IORZ� UDWH� FDQ� EH� LQFUHDVHG� ZLWK� KHOS� RI� KLJK� SUHFLVLRQ� FRPSXWHU� FRQWUROOHG�

V\ULQJH�SXPSV��

6LQFH�WKH�PLFURFKDQQHOV�XVHG�LQ�WKLV�VWXG\�KDYH�WZR�ZD\�IORZ��WKXV�DQ�RYHU�DOO�KHDW�WUDQVIHU�

FRHIILFLHQW� LV� FDOFXODWHG� IRU� YDULRXV� FRPELQDWLRQV� RI� SDUWLFOH� YROXPH� FRQFHQWUDWLRQ� DQG�

YROXPH�IORZ�UDWH��7KH�JUDSKLFDO�FRPSDULVRQ�LV�VKRZQ�LQ�ILJ�������
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7KH�PDLQ�UHVXOWV�IURP�WKH�DERYH�H[SHULPHQW�DUH����

���������������������������������������������������)LJ�����5HVXOWV�IRU������YROXPH�FRQFHQWUDWLRQ�

x 7KH�H[SHULPHQW�ZDV�FRQGXFWHG�E\�XVLQJ�QDQRIOXLG�RI������YROXPH�FRQFHQWUDWLRQ�DV�

WKH�KHDW�WUDQVIHU�IOXLG��

x 7KH�DERYH�JUDSK�UHSUHVHQWV�WKH�YDULDWLRQ�RI�KHDW�WUDQVIHU�FRHIILFLHQW�ZLWK�YROXPH�IORZ�

UDWH��

x 7KH�UHVXOWV�DUH�FRPSDUHG�ZLWK�WKDW�REWDLQHG�E\�XVLQJ�ZDWHU�DV�WKH�FRROLQJ�IOXLG��

x )URP�WKH�DERYH�JUDSK�LW�FDQ�EH�VHHQ�WKDW�WKH�WUHQG�RI�KHDW�WUDQVIHU�FRHIILFLHQW�ZLWK�WKH�

YROXPH�IORZ�UDWH�LV�FRQVLVWHQW�IRU�ERWK�ZDWHU�DV�ZHOO�DV�DOXPLQLXPR[LGH�±�ZDWHU�EDVHG�

QDQRIOXLG��

x 7KH�GLIIHUHQFH�EHWZHHQ�KHDW�WUDQVIHU�FRHIILFLHQW�LQ�FDVH�DOXPLQLXP�R[LGH�±�ZDWHU�

EDVHG�QDQRGOXLG�LQ�FRPSDULVRQ�WR�ZDWHU�LV�QRW�YHU\�KLJK��

+HUH� LW� LV� FOHDU� WKDW� IRU� VDPSOH� RI� ��� �� YROXPH� FRQFHQWUDWLRQ� WKHUH� KDV� EHHQ� DQ�

LQFUHDVH� LQ� WKH� KHDW� WUDQVIHU� FRHIILFLHQW� EXW� DW� WKLV� YROXPH� FRQFHQWUDWLRQ� LW� LV� QRW� D�

YHU\�VLJQLILFDQW�LQFUHDVH��
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����������������������������������������������������)LJ������5HVXOWV�IRU������YROXPH�FRQFHQWUDWLRQ�

7KH�DERYH�JUDSK�VKRZV�WKH�UHVXOWV�RI�H[SHULPHQWV�WKDW�ZHUH�FRQGXFWHG�IRU�ILQGLQJ�WKH�

KHDW�WUDQVIHU�FRHIILFLHQW�DW�IRXU�GLIIHUHQW�IORZ�UDWHV�E\�XVLQJ�DOXPLQLXP�R[LGH�±�ZDWHU�

QDQROIXLGV�ZLWK�YROXPH�FRQFHQWUDWLRQ�RI������E\�YROXPH��

x 7KH�UHVXOWV�REWDLQHG�DUH�FRPSDUHG�ZLWK�WKDW�REWDLQHG�ZLWK�ZDWHU�DV�FRROLQJ�IOXLG��

x 7KH�WUHQG�IRU�KHDW�WUDQVIHU�FRHIILFLHQW�DV�VKRZQ�LQ�WKH�DERYH�JUDSK�LV�VLPLODU�WR�WKDW�

REWDLQHG�LQ�FDVH�RI������YROXPH�FRQFHQWUDWLRQ�DV�ZHOO�DV�WKH�UHVXOWV�WKDW�DUH�REWDLQHG�

LQ�FDVH�RI�ZDWHU��

x 7KH�KHDW�WUDQVIHU�FRHIILFLHQW�LV�FRQWLQXRXVO\�LQFUHDVLQJ�ZLWK�LQFUHDVH�LQ�YROXPH�IORZ�

UDWHV�ZKLFK�FOHDUO\�VKRZV�WKDW�KHDW�WUDQVIHU�FRHIILFLHQW�LQFUHDVHV�ZLWK�LQFUHDVH�LQ�

YROXPH�IORZ�UDWH��

x %\�XVLQJ�DOXPLQLXP�R[LGH�±�ZDWHU�EDVHG�QDQRIOXLG�RI�YROXPH�FRQFHQWUDWLRQ������D�

JUHDWHU�LQFUHDVH�RI�KHDW�WUDQVIHU�FRHIILFLHQW�LV�QRWLFHG�DV�FRPSDUHG�WR������YROXPH�

FRQFHQWUDWLRQ�RI�QDQRIOXLG��

7KH� DERYH� UHVXOWV� LQ� FDVH� RI� ��� �� YROXPH� FRQFHQWUDWLRQ� LPSO\� WKDW� KHDW� WUDQVIHU�

FRHIILFLHQW�LQFUHDVHV�ZLWK�LQFUHDVH�LQ�YROXPH�IORZ�UDWH�DV�ZHOO�DV�YROXPH�FRQFHQWUDWLRQ��
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������������������������������������������������������)LJ�����5HVXOWV�IRU������YROXPH�FRQFHQWUDWLRQ�

x 7KH�DERYH�JUDSK�VKRZV�WKH�UHVXOWV�RI�H[SHULPHQWV�WKDW�ZHUH�FRQGXFWHG�IRU�ILQGLQJ�WKH�

KHDW�WUDQVIHU�FRHIILFLHQW�DW�IRXU�GLIIHUHQW�IORZ�UDWHV�E\�XVLQJ�DOXPLQLXP�R[LGH�±�ZDWHU�

QDQROIXLGV�ZLWK�YROXPH�FRQFHQWUDWLRQ�RI������E\�YROXPH��

x 7KH�DERYH�JUDSK�UHSUHVHQWV�WKH�YDULDWLRQ�RI�KHDW�WUDQVIHU�FRHIILFLHQW�ZLWK�YROXPH�IORZ�

UDWH��

x 7KH�UHVXOWV�REWDLQHG�DUH�FRPSDUHG�ZLWK�WKDW�REWDLQHG�ZLWK�ZDWHU�DV�FRROLQJ�IOXLG��

x 7KH�WUHQG�IRU�KHDW�WUDQVIHU�FRHIILFLHQW�DV�VKRZQ�LQ�WKH�DERYH�JUDSK�LV�VLPLODU�WR�WKDW�

REWDLQHG�LQ�FDVH�RI������YROXPH�FRQFHQWUDWLRQ��DQG������YROXPH�FRQFHQWUDWLRQ�DV�ZHOO�

DV�WKH�UHVXOWV�WKDW�DUH�REWDLQHG�LQ�FDVH�RI�ZDWHU��

x 7KH�KHDW�WUDQVIHU�FRHIILFLHQW�LV�FRQWLQXRXVO\�LQFUHDVLQJ�ZLWK�LQFUHDVH�LQ�YROXPH�IORZ�

UDWHV�ZKLFK�FOHDUO\�VKRZV�WKDW�KHDW�WUDQVIHU�FRHIILFLHQW�LQFUHDVHV�ZLWK�LQFUHDVH�LQ�

YROXPH�IORZ�UDWH�DW�WKLV�FRQFHQWUDWLRQ��

x %\�XVLQJ�DOXPLQLXP�R[LGH�±�ZDWHU�EDVHG�QDQRIOXLG�RI�YROXPH�FRQFHQWUDWLRQ������D�

JUHDWHU�LQFUHDVH�RI�KHDW�WUDQVIHU�FRHIILFLHQW�LV�QRWLFHG�DV�FRPSDUHG�WR������YROXPH�

FRQFHQWUDWLRQ�DQG������YROXPH�FRQFHQWUDWLRQ�RI�QDQRIOXLG�DV�ZHOO��ZDWHU��
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ϱϯ�

)URP� WKH� UHVXOWV� REWDLQHG� IURP� WKH� H[SHULPHQWDWLRQ� SHUIRUPHG� E\� XVLQJ� GLIIHUHQW�

FRPELQDWLRQV�RI�YROXPH� IORZ� UDWH� DQG�DOXPLQLXP�R[LGH�±�QDQRIOXLG�YROXPH�FRQFHQWUDWLRQ��

WKH�IROORZLQJ�FDQ�EH�FRQFOXGHG����

x :LWK�LQFUHDVH�LQ�YROXPH�IORZ�UDWH���WKH�KHDW�WUDQVIHU�FRHIILFLHQW�DOZD\V�LQFUHDVHV�IRU�

HYHU\�FRQFHQWUDWLRQ�RI�QDQRIOXLGV�DV�ZHOO�DV�ZDWHU��

x 7KH�KHDW�WUDQVIHU�UDWH�DOVR�LQFUHDVHV�ZLWK�WKH�YROXPH�FRQFHQWUDWLRQ�RI�WKH�QDQRIOXLGV�

WKDW�LV�DW�KLJKHU�FRQFHQWUDWLRQ�RI�WKH�DOXPLQLXP�R[LGH�±�ZDWHU�EDVHG�QDQRIOXLGV�WKH�

KHDW�WUDQVIHU�FRHIILFLHQW�LV�DOVR�KLJKHU��

x 7KXV�KLJK�KHDW�WUDQVIHU�FRHIILFLHQW�LV�REWDLQHG�E\�XVLQJ�KLJKHU�YROXPH�FRQFHQWUDWLRQ�

RI�QDQRIOXLGV�DV�ZHOO�DV�KLJKHU�IORZ�UDWHV��

����35$1'7/�180%(5�

3UDQGWO� QR� LV� D� SURSHUW\� RI� D� YHU\� KLJK� VLJQLILFDQFH� RI� WKH� QDQRIOXLGV�� ,W� KDV� D� VLJQLILFDQW�

HIIHFW�RQ�WKH�KHDW�WUDQVIHU�FKDUDFWHULVWLFV�RI�WKH�QDQRIOXLGV��7KXV�LW�LV�LPSHULWLYH�WR�ILQG�KRZ�

WKH�3UDQGWO�QR�LV�DIIWHFWHG�E\�WKH�YROXPH�FRQFHQWUDWLRQ�RI�WKH�QDQRIOXLG��

3UDQGWO�QR�LV�GHILQHG�DV�IROORZLQJ����

,W�LV�WKH�UDWLR�RI�PRPHQWXP�GLIIXVLYLW\�WR�WKHUPDO�GLIIXVLYLW\��

7KH�SUDQGWO�QR�LV�WKH�SURSHUW\�RI�WKH�IOXLG�DQG�LWV�YDOXH�UHOLHV�RQ�G\QDPLF�YLVFRXVLW\��WKHUPDO�

FRQGXFWLYLW\�DV�ZHOO�DV�VSHFLILF�KHDW�RI� WKH�QDQRIOXLGV��7KH�YDOXH�RI�WKHVH�WKUHH�YDULDEOHV�LV�

UHOLDQW� RQ� YROXPH� FRQFHQWUDWLRQ� DV� ZHOO� DV� WHPSHUDWXUH�� )LJ� ���� VKRZV� WKH� UHSUHVHQWV� WKH�

YDULDWLRQ�RI�3UDQGWO�QR�ZLWK�YROXPH�FRQFHQWUDWLRQ�RI�WKH�QDQRIOXLG��)URP�WKH�WKLV�WUHQG�LW�LV�

LQWHUSUHWHG� WKDW� WKH� 3UDQGWO� QR� YDULHV� GLUHFWO\� ZLWK� SDUWLFOH� YROXPH� FRQFHQWUDWLRQ� RI� WKH�

DOXPLQLXP� R[LGH� ±� ZDWHU� EDVHG� QDQRIOXLGV�� ,W� SURYLGHV� D� VWURQJ� FDVH� IRU� WKH� XVDJH� RI�

QDQRIOXLGV�� %DVHG� RQ� FDOFXODWLRQV� GRQH� LQ� WKLV� VWXG\� LW� LV� VKRZQ� WKDW� SUDQGWO� QR� FDQ� EH�

ERRVWHG�E\� �����E\�XVLQJ� KLJKHU�SDUWLFOH�YROXPH�FRQFHQWUDWLRQ��7KXV�E\�XVLQJ�DOXPLQLXP�

R[LGH� ±�ZDWHU� EDVHG� QDQRIOXLGV� RI� KLJK� FRQFHQWUDWLRQV� D� EHWWHU� YDOXH� RI� 3UDQGWO� QR� FDQ� EH�

REWDLQHG��1RZ�YLVFRVLW\�DV�ZHOO�DV�WKHUPDO�FRQGXFWLYLW\�YDULHV�GLUHFWO\�ZLWK�SDUWLFOH�YROXPH�

FRQFHQWUDWLRQ� RI� WKH� DOXPLQLXP� R[LGH� ±� ZDWHU� EDVHG� QDQRIOXLGV� EXW� WKH� VSHFLILF� KHDW� RI�

QDQRIOXLGV�YDULHV�LQYHUVHO\�ZLWK�WKH�SDUWLFOH�YROXPH�FRQFHQWUDWLRQ��7KH�YLVFRVLW\�KDV�D�PXFK�

PRUH� SURIRXQG� HIIHFW� RQ� WKH� YDOXH� RI� 3UDQGWO� QR� DV� FRPSDUHG� WR�RWKHU� YDULDEOHV�� WKXV� LW� LV�

LPSHULWLYH�WKDW�WKH�YDOXH�RI�WKH�3UDQGWO�QR�EHFRPHV�KLJKHU�ZLWK�KLJKHU�YDOXHV�YLVFRVLW\��7KXV�



ϱϰ�

WKH� YLVFRVLW\� RYHUVKDGRZV� WKH� UROH� RI� WKHUPDO� FRQGXFWLYLW\� LQ� GHWHUPLQLQJ� WKH� YDOXH� RI�

3UDQGWO�QR��

+HQFH� LW�DOVR�SRLQWV� WR� WKH�IDFW� WKDW� WKHUPDO�GLIIXVLYLW\�YDULHV�GLUHFWO\�ZLWK�SDUWLFOH�YROXPH�

FRQFHQWUDWLRQV�RI�WKH�DOXPLQXLP�R[LGH�±�ZDWHU�EDVHG�QDQRIOXLGV��9DMMKD�HW�DO�>��@�KDV�JLYHQ�

WKH�YDULDWLRQ�RI�3UDQGWO�QR�RI�WKH�QDQRIOXLGV�ZLWK�WKH�WHPSHUDWXUH��,Q�WKH�VWXG\�WKH\�KDYH�XVHG�

FRSSHU�R[LGH�� VLOLFRQ� GLR[LGH� DV�ZHOO� DV� DOXPLXQLXP� R[LGH� QDQRSDUWLFOHV� EDVHG� QDQRIOXLGV��

3DUWLFOH� YROXPH� FRQFHQWUDWLRQ� RI� ��� �� ZDV� FKRVHQ� IRU� WKLV� VWXG\�� 7KH\� KDYH� VKRZQ� WKDW�

SUDQGWO�QR�YDULHV�GLUHFWO\�ZLWK�WHPSHUDWXUH��

������������������������������������)LJ�����3UDQGWO�QXPEHU�YDULDWLRQ�ZLWK�FRQFHQWUDWLRQ�
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��������������������������)LJ������7HPSHUDWXUH�GHSHQGHQF\�RI�3UDQGWO�QXPEHU�>��@�

����5(<12/'6�180%(5�

5H\QROGV�QR�FDQ�EH�GHILQHG�DV�IROORZV����

,W� LV� WKH�UDWLR�RI� LQHUWLD� IRUFH� WR�YLVFRXV�IRUFH��$�KLJKHU�YLVFRVLW\�RI� WKH�IOXLG� LQFUHDVHV� WKH�

UHTXLUHG�SXPSLPS�SRZHU��,W�LV�D�YHU\�LPSRUWDQW�WKHUPR�±�SK\VLFDO�SURSHUW\�RI�WKH�QDQRIOXLG��

,W�LV�WKHUHIRUH�LPSHULWLYH�WR�ILQG�KRZ�WKH�5H\QROGV�QR�YDULHV�ZLWK�YROXPH�FRQFHQWUDWLRQ�RI�WKH�

QDQRIOXLGV�� )RU� NHHSLQJ� WKH� H[SHULPHQWDO� FRQGLWLRQV� VLPLODU� IRU� H[SHULPHQWDWLRQ� ZLWK�

GLIIHUHQW�VDPSOHV�RI�QDQRIOXLGV�WKH�YDULDEOHV�VXFK�DV�YHORFLW\�DV�ZHOO�DV�'LDPHWHU�DUH�IL[HG��

,Q� WKH� JUDSK� LW� LV� REVHUYHG� WKDW� WKH� 5H\QROGV� QR� YDULHV� LQYHUVHO\� ZLWK� SDUWLFOH� YROXPH�

FRQFHQWUDWLRQ�IRU�HDFK�YDOXH�RI�YROXPH�IORZ�UDWH��7KH�YLVFRVLW\�RI�QDQRIOXLGV�YDU\�GLUHFWO\�

ZLWK�SDUWLFOH�YROXPH�FRQFHQWUDWLRQ�RI�QDQRIOXLG��+RZHYHU�WKHUH�LV�D�VLJQLILFDQW�LQFUHPHQW�LQ�

WKH�YDOXH�RI�WKH�YLVFRXVLW\�DV�FRPSDUHG�WR�WKH�LQFUHPHQW�LQ�WKH�GHQVLW\�DQG�WKLV�OHDGV�WR�WKH�

YLVFRXV�IRUFH�RYHUVKDGRZLQJ�WKH�LQHUWLD�IRUFH��7KLV�IXUWKHU�OHDGV�WR�GHFUHPHQW�LQ�WKH�YDOXH�RI�

5H\QROGV�QR��

,Q�WKH�SUHFHGLQJ�WZR�SDVVDJHV�GLVFXVVLQJ�DERXW�WKH�3UDQGWO�QXPEHU�DQG�5H\QROGV�QXPEHU��LW�

KDV�EHHQ�SUHVHQWHG�WKDW�LQFUHDVLQJ�SDUWLFOH�YROXPH�FRQFHQWUDWLRQV�RI�WKH�QDQRIOXLGV�OHDGV�WR�

KLJKHU�YDOXH�RI�3UDQGWO�QR�EXW�ORZHU�YDOXHV�IRU�5H\QROGV�QR��7KXV�DW�JUHDWHU�SDUWLFOH�YROXPH�

FRQFHQWUDWLRQV�WKH�YDOXH�RI�3UDQGWO�LV�JUHDWHU�EXW�DW�OHVVHU�SDUWLFOH�YROXPH�FRQFHQWUDWLRQV�WKH�

YDOXH�RI�5H\QROGV�QR�LV�JUHDWHU��+HQFH�LW�EHFRPHV�LPSHULWLYH�WR�FRQVLGHU�ERWK�5H\QROGV�QR�

DQG�3UDQGWO�QR�WR�ILQG�WKH�EHVW�EDODQFH�DV�ERWK�KDYH�D�SRVLWLYH�HIIHFW�RQ�KHDW�WUDQVIHU��
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������������������������������������������)LJ�����5H\QROGV�QR�YDULDWLRQ�ZLWK�FRQF��
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&+$37(5���

&21&/86,216�

,Q�WKLV�VWXG\�H[SHULPHQWV�KDYH�EHHQ�FRQGXFWHG�WR�ILQG�WKH�HIIHFW�RI�DOXPLQLXP�R[LGH�±�ZDWHU�

EDVHG�QDQRIOXLGV�RQ�WKH�KHDW�WUDQVIHU�WKURXJK�WKURXJK�PLFURFKDQQHOV�7KH�PLFURFKDQQHOV�XVHG�

LQ� WKLV�VWXG\�DUH� VSOLW� IORZ� W\SH�PLFURFKDQQHOV��([SHULPHQWV�ZHUH�FRQGXFWHG�E\�HPSOR\LQJ�

SXUH� ZDWHU� DQG� DOXPLXQLXP� R[LGH� ±� ZDWHU� EDVHG� QDQRIOXLGV� DV� FRROLQJ� IOXLGV�� 9DULRXV�

VDPSOHV�RI�QDQRIOXLGV�WKDW�ZHUH�SUHSDUHG�KDG�WKH�SDUWLFOH�YROXPH�FRQFHQWUDWLRQV�RI�����������

DQG������E\�YROXPH��7KH�IRXU�GLIIHUHQW�YROXPH�IORZ�UDWHV�XVHG�LQ�WKLV�VWXG\�DUH����PO�PLQ���

PO�PLQ�����PO�PLQ���PO�PLQ��

����7+(502�±�3+<6,&$/�3523(57,(6�

x $V�FRPSDUHG�WR�ZDWHU� WKH�DOXPLQLXP�R[LGH�±�ZDWHU�EDVHG�QDQRIOXLGV�VKRZHG�EHWWHU�

WKHUPR� ±� SK\VLFDO� SURSHUWLHV�� 7KH� QDQRIOXLGV� VKRZHG� D� KLJKHU� DQG� EHWWHU� WKHUPDO�

FRQGXFWLYLW\� ZKLFK� KDV� EHHQ� D� PDMRU� DUHD� RI� LQWHUHVW� IRU� PDQ\� UHVHDUFKHUV�� $�

VLJQLILFDQW� LQFUHPHQW� RI� ����� �� LV� REVHUYHG� DV� FRPSDUHG� WR� ZDWHU� DW� WKH� SDUWLFOH�

YROXPH�FRQFHQWUDWLRQ�RI������IRU�DOXPLXQLXP�R[LGH�±�ZDWHU�EDVHG�QDQRIOXLG��

x :X�HW�DO�>�@�KDV�JLYHQ�D�PHWKRG�IRU�FDOFXODWLQJ�WKH�VSHFLILF�KHDW�RI�WKH�QDQRIOXLG�DQG�

WKLV�PHWKRG�KDV�EHHQ�XVHG� LQ� WKLV�VWXG\�DV�ZHOO��7KH�QDQRIOXLGV�KDYH� ORZHU�VSHFLILF�

KHDW� DV� FRPSDUHG� WR�ZDWHU��$OVR� VSHFLILF�KHDW� YDULHV� LQYHUVHO\�ZLWK�SDUWLFOH�YROXPH�

FRQFHQWUDWLRQ�RI�WKH�QDQRIOXLG��

x 9LVFRVLW\� RI� WKH� QDQRIOXLGV� YDU\� GLUHFWO\�ZLWK� SDUWLFOH� YROXPH� FRQFHQWUDWLRQ� RI� WKH�

QDQRIOXLGV��$�KLJKHU�YLVFRXVLW\�WHQGV�WR�HOHYDWH�WKH�UHTXLUHG�SXPSLQJ�SRZHU�IRU�IOXLG�

IORZ�WKURXJK�WKH�PLFURFKDQQHOV��

����+HDW�WUDQVIHU�WKURXJK�PLFURFKDQQHOV�

7KH� KHDW� WUDQVIHU� WKURXJK� PLFURFKDQQHOV� KDV� EHHQ� REVHUYHG� DW� GLIIHUHQW� FRPELQDWLRQV� RI�

SDUWLFOH�YROXPH�FRQFHQWUDWLRQV�RI�QDQRIOXLGV�DQG�YROXPH�IORZ�UDWHV��7KH�YDULDWLRQ�RI�YDULRXV�

YDULDEOHV�VXFK�DV�5H\QROGV�QR��KHDW�WUDQVIHU�FRHIILFLHQW��3UDQGWO�QR�ZLWK�YROXPH�IORZ�UDWH�DV�

ZHOO�SDUWLFOH�YROXPH�FRQFHQWUDWLRQ�LV�HVWDEOLVKHG��



ϱϴ�

x ,Q�WKLV�VWXG\�LW�KDV�EHHQ�REVHUYHG�WKDW�5H\QROGV�QXPEHU�YDULHV�LQYHUVHO\�ZLWK�SDUWLFOH�

YROXPH�FRQFHQWUDWLRQ��$�GHFUHPHQW�RI������LV�REVHUYHG�IRU�QDQRIOXLGV�DV�FRPSDUHG�

WR�ZDWHU�LQ�FDVH�RI�SDUWLFOH�YROXPH�FRQFHQWUDWLRQ�RI������E\�YROXPH��

x +HDW� WUDQVIHU� FRHIILFLHQW� KDV� VHHQ� DQ� LQFUHPHQW� RI� � ��� �� IRU� QDQRIOXLGV� RI� ��� ��

SDUWLFOH�YROXPH�FRQFHQWUDWLRQ�DW� WKH�YROXPH�IORZ�UDWH�RI���PO�PLQ��7KH�WHPSHUDWXUH�

UHDGLQJV�DUH�WDNHQ�IRU�HDFK�FRPELQDWLRQ�RI�SDUWLFOH�YROXPH�FRQFHQWUDWLRQ�DQG�YROXPH�

IORZ�UDWH��

x 7KH� YDOXH� RI� 3UDQGWO� QR� GHSHQGV� XSRQ� SDUWLFOH� YROXPH� FRQFHQWUDWLRQ� DV� ZHOO� DV�

WHPSHUDWXUH�� ,W� FDQ� EH� GHILQHG� DV� WKH� UDWLR� RI� PRPHQWXP� GLIIXVLYLW\� WR� WKHUPDO�

GLIIXVLYLW\�� 7KH� SUDQGWO� QXPEHU� SRVLWLYHO\� DIIHFWV� WKH� KHDW� WUDQVIHU� WKURXJK�

PLFURFKDQQHOV��,W�YDULHV�GLUHFWO\�ZLWK�SDUWLFOH�YROXPH�FRQFHQWUDWLRQ��$Q�LQFUHPHQW�RI�

�����LQ�3UDQGWO�QPEHU�LV�REVHUYHG�LQ�FDVH�RI�QDQRIOXLG�DV�FRPSDUHG�WR�ZDWHU��
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,Q�WKLV�VWXG\�H[SHULPHQWV�ZHUH�FRQGXFWHG�E\�XVLQJ�DOXPLQLXP�R[LGH�±�ZDWHU�EDVHG�QDQRIOXLGV�

DV�FRROLQJ�IOXLG��$�VSOLW�IORZ�W\SH�PLFURFKDQQHO�LV�XVHG�DV�D�KHDW�H[FKDQJHU��)RXU�GLIIHUHQW�

VDPSOHV�RI� DOXPLQLXP�R[LGH� ±�ZDWHU�EDVHG�QDQRIOXLGV�ZHUH� SUHSDUHG�ZLWK� SDUWLFOH� YROXPH�

FRQFHQWUDWLRQV� RI� ��� ��� �� �� DQG� ��� �� E\� YROXPH�� )RXU� GLIIHUHQW� IORZ� UDWHV� ZHUH� XVHG�

$OWKRXJK�TXLWH�D�ELW�RI�UHVHDUFK�KDV�EHHQ�GRQH�LQ�WKH�ILHOG�RI�PLFURFKDQQHOV�DQG�QDQRIOXLGV�

EXW�VWLOO�WKHUH�LV�D�ORQJ�ZD\�WR�JR�WLOO�QDQRIOXLGV�DQG�PLFURFKDQQHOV�ILQG�SUDFWLFDO�DSSOLFDWLRQV��

)ROORZLQJ�DUH�WKH�PDLQ�DUHDV�RI�FRQVLGHUDWLRQ�IRU�IXWXUH�UHVHDUFK����

x 'XULQJ�H[SHULPHQWDO�VWXG\�UHVHDUFKHUV�RIWHQ�ILQG�LQFRQVLVWHQFLHV�LQ�WKH�H[SHULPHQWDO�

DQG�WKHRUHWLFDO�UHVXOWV�ZKLFK�LV�RQH�RI�WKH�SURPLQHQW�SUREOHPV�UHVHDUFKHUV�IDFH�HYHQ�

WR�WKLV�GD\��7KXV�WKHUH�LV�QHHG�WR�GHYHORS�QHZ�PHWKRGRORJ\�WR�GHDO�ZLWK�WKLV�SUREOHP��

'XH� WR� WKLV� GHVFUHSDQFLHV�EHWZHHQ� H[SHULPHQWDO� DV�ZHOO� DV� WKHRUHWLFDO� UHVXOWV� LW� KDV�

EHFRPH�LPSHULWLYH�WR�ILQG�RXW�ZKDW�IDFWRUV�SOD\�D�UROH�LQ�FUHDWLQJ�WKLV�GLVFUHSDQF\��

x )RU� SUDFWLFDO� DSSOLFDWLRQV� RI� QDQRIOXLGV�� VWDELOLW\� RI� QDQRIOXLGV� SOD\V� D� PDMRU� UROH��

7KXV�LW�LV�DQ�LPSRUWDQW�DUHD�ZKHUH�IXWXUH�UHVHDUFK�FDQ�EH�IRFXVHG��1HZ�PHWKRGRORJLHV�

FDQ�ZH�GHYHORSHG�IRU�SUHSDULQJ�WKH�QDQRIOXLGV�ZKLFK�FRXOG�PDNH�WKH�QDQRIOXLGV�PRUH�

VWDEOH�ZLWKRXW�FKDQJLQJ�WKH�WKHUPDO�FKDUDFWHULVLWLFV�RI�WKH�QDQRIOXLGV�6WDELOLW\�RI�WKH�

QDQRIOXLGV� FDQ� EH� HQKDQFHG� E\� VWDELOLW\� LQFUHDVLQJ� VXEVWDQFHV� WKDW� DUH� DGGHG� WR� WKH�

QDQRIOXLGV��7KLV�DUH�DOVR�UHSUHVHQWV�DQ�DUHD�ZKHUH�IXUWKHU�LQYHVWLJDWLYH�VWXGLHV�FDQ�EH�

FDUULHG�RXW�DQG�EHWWHU�VXFK�VXEVWDQFHV�FDQ�SUHSDUHG�RU�FDQ�EH�IRXQG��

x 5RXJKQHV�HIIHFWV� LQ�PLFURFKDQQHOV�FDQ�OHDG�WR�YDULRXV�SKHQRPHQRQV�VXFK�DV�HGGLHV�

DQG� UHFLUFXODWLRQ��7RGD\� UHVHDUFKHUV�DUH�XVLQJ�QXPHULFDO� LQYHVWLJDWLYH� WHFKQLTXHV� WR�

ILQG� RXW� WKH� HIIHFW� RI� WKHVH� SKHQRPHQRQV�� %XW� SUREOHP� OLHV� LQ� WKH� H[SHULPHQWDOO\�

YDOLGDWLQJ�WKH�ILQGLQJV�REWDLQHG�IURP�WKH�QXPHULFDO�UHVHDUFK���
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�� 6LQJK� $9�� 6KDUPD� 6�� *DQJDFKDU\XOX� '�� ³$� 5HYLHZ� RI� +HDW� 7UDQVIHU� LQ�
0LFURFKDQQHOV�8VLQJ�1DQRIOXLGV´��,QWHUQDWLRQDO�-RXUQDO�RI�(QJLQHHULQJ�5HVHDUFK
DQG�7HFKQRORJ\��9RO�����,VVXH����������

�� 6LQJK� $9�� 6KDUPD� 6�� *DQJDFKDU\XOX� '�� ³$� VWXG\� RI� +HDW� 7UDQVIHU� LQ�
0LFURFKDQQHOV� 8VLQJ� $OXPLQLXP� 2[LGH� 1DQDRIOXLGV´�� ,QWHUQDWLRQDO� -RXUQDO� RI
(QJLQHHULQJ�5HVHDUFK�DQG�7HFKQRORJ\��9RO�����,VVXH����������
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