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$EVWUDFW�
,Q WKLV ZRUN HTXLOLEULXP DQG NLQHWLF GDWD IRU WKH GU\LQJ RI WREDFFR VWHPV DUH SUHVHQWHG�

ZKLFK DUH RI JUHDW LPSRUWDQFH IRU IXUWKHU SURFHVVLQJ LQ WKH PDQXIDFWXUH RI FLJDUHWWHV� )RU

WKUHH GLIIHUHQW W\SHV RI VWHPV VRUSWLRQ LVRWKHUPV� /XLNRY¶V YDOXHV� GLIXVVLYLWLHV DQG

HVWLPDWHG GU\LQJ WLPH ZHUH GHWHUPLQHG� 7KH DQDO\VLV RI WKH SURFHVV LQFOXGHG DOVR PDVV DQG

KHDW EDODQFHV�

,QWURGXFWLRQ�

'U\LQJ� �FXULQJ�� LV� RQH� RI� WKH� PRVW� LPSRUWDQW� RSHUDWLRQV� LQ� WKH� WHFKQRORJ\� RI�

WREDFFR� SURFHVVLQJ�� 'XULQJ� WKH� PDQXIDFWXUH� RI� FLJDUHWWHV� VKUHGGHG� WREDFFR� VWHPV� DUH�

DGGHG�WR�WKH�PDLQ�FRPSRQHQW�LQ�RUGHU�WR�ORZHU�WKH�QLFRWLQH�DQG�WDU�FRQWHQW��7KH�TXDOLW\�

RI�WKH�ILQDO�SURGXFW�GHSHQGV�PDLQO\�RQ�SK\VLFDO�DQG�FKHPLFDO�SURSHUWLHV�RI�FRPSRQHQWV��

DFTXLUHG�LQ�SUHYLRXV�WUHDWPHQW���

3URFHVVLQJ�RI�GULHG� WREDFFR� OHDYHV� LV� D�PXOWLVWHS�SURFHGXUH��6WHPV�DUH� VHSDUDWHG�

IURP�WREDFFR�OHDYHV�E\�WKUHVKLQJ��$IWHU�WKH�KXPLGLI\LQJ��IURP�����WR�����RI�PRLVWXUH�

FRQWHQW�� WKH\� DUH� UROOHG� DQG�FXW��7R�DFKLHYH�EHWWHU� ILOOLQJ�FDSDFLW\�� VKUHGGHG�VWHPV�DUH�

IXUWKHU� H[SRVHG� WR� WKH� HOHYDWHG� SUHVVXUH� DQG� WHPSHUDWXUH� WR� HQODUJH� WKH� YROXPH� XS� WR�

������� ([SDQGHG� VWHPV� DUH� ILQDOO\� GULHG� WR� ���� RI� PRLVWXUH� FRQWHQW�� 'U\LQJ� RI�

DUWLILFLDOO\�PRLVWHQHG�WREDFFR�VWHPV�FDQ�DOWHU�FLJDUHWWH�SURSHUWLHV��WKXV�WKH�NQRZOHGJH�RI�

HTXLOLEULXP�DQG�NLQHWLF�GDWD� IRU� WKLV�SURFHVV� LV� HVVHQWLDO��/LWHUDWXUH�RIIHUV�YHU\� OLPLWHG�
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DUH�YHU\�VLPLODU�WR�WKRVH�LQ�WKH�GU\LQJ�SURFHVV�RI�RWKHU�SODQW�PDWHULDOV�
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,Q�RUGHU�WR�LQYHVWLJDWH�WKH�LQIOXHQFH�RI�GU\LQJ�RQ�WKH�SURSHUWLHV�RI�WREDFFR�VWHPV��

WKH�JRDO�RI� WKLV�ZRUN�LV��L�� WR�GHWHUPLQH�HTXLOLEULXP�DQG�NLQHWLF�GDWD�IRU� WKUHH�W\SHV�RI�

VWHPV�DQG��LL��WR�DQDO\VH�PDVV�DQG�KHDW�EDODQFHV�LQ�RUGHU�WR�HVWLPDWH�WKH�RSWLPDO�GU\LQJ�

FRQGLWLRQV��

�

0DWHULDOV�DQG�PHWKRGV�

���(TXLOLEULXP�GDWD�

6RUSWLRQ� LVRWKHUPV� DQG� /XLNRY¶V� SDUDPHWHUV� GHPRQVWUDWH� HTXLOLEULXP� GDWD��

6RUSWLRQ� LVRWKHUPV� DUH� XVXDOO\� REWDLQHG� E\� ZHLJKLQJ� WKH� PDWHULDO� DW� HTXLOLEULXP�

FRQGLWLRQV��DFKLHYHG�DW�IRXU�GLIIHUHQW�UHODWLYH�KXPLGLWLHV DW�WKH�FKRVHQ�WHPSHUDWXUH��7KLV�

PHWKRG�FDQ�EH�XVHG�IRU�WKH�GHWHUPLQDWLRQ�RI�VRUSWLRQ�FXUYHV�IRU�GLIIHUHQW�PDWHULDOV��

,Q�WKLV�ZRUN��VRUSWLRQ�DQG�GHVRUSWLRQ�LVRWKHUPV�IRU�WZR�W\SHV�RI�9LUJLQLD�WREDFFR�

VWHPV�� ODEHOHG� DV�=9866$�DQG�%9&/66$�� DQG� IRU�%XUOH\� WREDFFR� VWHPV�� GHQRWHG�DV�

,%'/6�� ZHUH� GHWHUPLQHG� XVLQJ� WKH� VWDWLF� JUDYLPHWULF� PHWKRG�� GHYHORSHG� DQG�

VWDQGDUGL]HG� LQ� WKH� (XURSHDQ�&267� ��� 3URMHFW�� )RXU� VDWXUDWHG� VDOW� VROXWLRQV� �0J&O���

1D12���1D&O��=Q62���ZHUH�XVHG�WR�PDLQWDLQ�FRQVWDQW�UHODWLYH�DLU�KXPLGLW\�DW�WKH�FKRVHQ�

WHPSHUDWXUH��DV�VKRZQ�LQ�7DEOH����'U\LQJ�RI�SUHYLRXVO\�KXPLGLILHG�VWHPV�ZDV�FDUULHG�RXW�

DW����
R
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(TXLOLEULXP�PRLVWXUH�FRQWHQW�RI�VWHPV��;
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([SHULPHQWDO� GDWD� UHYHDOHG� WKH� PLQLPDO� GLIIHUHQFH� EHWZHHQ� VRUSWLRQ� DQG�

GHVRUSWLRQ�LVRWKHUPV��

0RLVWXUH� LVRWKHUPV� DUH� XVXDOO\� H[SRQHQWLDO� RYHU� PRVW� RI� WKH� PRLVWXUH�FRQWHQW�

UDQJH��7KH\�FDQ�EH�GHVFULEHG�E\�WKH�IROORZLQJ�H[SUHVVLRQ��
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&RHIILFLHQWV�D�DQG�E�DUH�VSHFLILF�WR�WKH�JLYHQ�VXEVWDQFH��:KHQ�WKH�ERXQGDU\�YDOXHV�

DUH�FRQVLGHUHG��WKH�HTXDWLRQ�����FDQ�EH�UH�ZULWWHQ�DV�
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�DQG�/XLNRY¶V�YDOXH�D��,W�ZDV�HVWDEOLVKHG�WKDW�DOO�WKUHH�W\SHV�RI�VWHPV�KDYH�WKH�VDPH�

/XLNRY¶V�YDOXH�D��ZKLFK�LV������7KH�PD[LPXP�HTXLOLEULXP�PRLVWXUH�FRQWHQW�;PD[
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IRU�VWHPV�ODEHOOHG�DV�=9866$�DQG�,%'/6��DQG������IRU�VWHPV�RI�W\SH�%9&/66$��
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���.LQHWLFV�RI�WREDFFR�VWHPV�GU\LQJ�

'U\LQJ�RI�VWHPV�LV�FRQVLGHUHG�DV�XQVWHDG\�VWDWH�GLIIXVLRQ�LQ�PHGLXP�RI�GHILQHG�

GLPHQVLRQV��IRU�ZKLFK�WKH�VHFRQG�)LFN¶V�ODZ�LV�YDOLG�
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7KH� VROXWLRQ� RI� WKH� VHFRQG�)LFN¶V� ODZ� IRU� F\OLQGULFDO� FRRUGLQDWHV� LV� SUHVHQWHG� LQ�

WKH� *XUQH\�/XULH¶V� GLDJUDP�� ZKHUH� WKH� XQGLPHQVLRQDO� YDULDEOHV� <� IRU� WKH� PRLVWXUH�

FRQWHQW��;'�IRU�WLPH�DQG�Q�IRU�WKH�GLVWDQFH�IURP�WKH�FHQWUH�DUH�LQWURGXFHG��

;'� YDOXHV� IRU� WREDFFR� VWHPV�ZHUH� UHDG� IURP� WKH� *XUQH\�/XULH¶V� GLDJUDP� DW� WKH�

]HUR� YDOXHV� RI� SDUDPHWHUV�P� �UDWLR� RI� H[WHUQDO�LQWHUQDO� UHVLVWDQFH�� DQG� Q�� 'DWD� IURP�

DGVRUSWLRQ� DQG�GHVRUSWLRQ�SURFHVVHV�ZHUH�XVHG� LQ� WKH�FRPSXWDWLRQ�RI�GLIIXVLYLWLHV�'$%�

IRU�DOO�WKUHH�W\SHV�RI�VWHPV�DFFRUGLQJ�WR�WKH�IROORZLQJ�H[SUHVVLRQ��
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5DGLXV�RI� WKH�VWHP�ZDV�XVHG�DV�U�YDOXH� �U� ���PP���&DOFXODWLRQV�HVWDEOLVKHG� WKH�

VDPH�YDOXHV�RI�'$%�IRU�DOO�WKUHH�W\SHV�RI�VWHPV�DW�ERWK�SURFHVVHV��
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7DEOH����'LIIXVLYLW\�RI�WREDFFR�VWHPV�DW�WKH�GHVRUSWLRQ��GU\LQJ��SURFHVV�

7KH�JUHDW�GHSHQGHQFH�RI�GLIIXVLYLW\��'$%��RQ�WKH�PRLVWXUH�FRQWHQW��<��LV�HYLGHQW�DW�

ERWK�SURFHVVHV��

�

���3UHGLFWLRQ�RI�WKH�GU\LQJ�WLPH�

,Q� WKH� GU\LQJ� SURFHVV� WKH� PRLVWXUH� FRQWHQW� LQ� VWHPV� LV� GHFUHDVHG� IURP� ����� WR�

������7KHVH�GDWD�DOORZ�WKH�SUHGLFWLRQ�RI�WKH�WLPH�QHHGHG�WR�DFKLHYH�WKH�UHTXLUHG�RXWOHW�

PRLVWXUH�FRQWHQW��WDNLQJ�LQWR�DFFRXQW�WKH�HTXLOLEULXP�PRLVWXUH�FRQWHQW�DW������UHODWLYH�

KXPLGLW\� �F$L  �������)URP�*XUQH\�/XULH¶V�GLDJUDP�WKH�;'�YDOXH�RI������IRU�<� ������

�P� ����Q� ����ZDV�GHWHUPLQHG��)RU� WKH�HVWLPDWHG�GLIIXVLYLW\� �'$%� ��u��
���
�P

�
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HTXLYDOHQW� UDGLXV� RI� FXW� VWHPV� �UHT��  � �� PP�� GU\LQJ� WLPH� ZDV� FDOFXODWHG� XVLQJ� WKH�

HTXDWLRQ� ����� 7KHRUHWLFDO� WLPH� QHHGHG� WR� GU\� WKH� WREDFFR� VWHPV� LV� ���� VHFRQGV� DQG�

FRUUHVSRQGV�TXLWH�ZHOO�WR�WKH�YDOXHV�LQ�LQGXVWULDO�SURFHVV��ZKLFK�DUH�DSSUR[LPDWHO\�����

VHFRQGV���

�

���0DVV�DQG�KHDW�EDODQFHV�RI�WKH�WREDFFR�VWHPV�GU\LQJ�

7KH� DQDO\VLV� RI� WKH� VWHPV� GU\LQJ� SURFHVV� LQFOXGHG� DOVR�PDVV� DQG� KHDW� EDODQFHV��

ZKLFK�ZHUH�FDOFXODWHG�IURP�GDWD�DFTXLUHG�LQ�7REDþQD�/MXEOMDQD��7KH�LQOHW�IORZ�LV������

NJ�K�RI�WREDFFR�VWHPV�KDYLQJ�����RI�PRLVWXUH��7KH�FRPSXWHG�IORZ�RI�GU\�DLU�QHHGHG�WR�

DFKLHYH�WKH�RXWOHW�����RI�VWHPV�KXPLGLW\�LV�������W�K��+HDW�EDODQFH�ZDV�GHWHUPLQHG�E\�

WKH� VWDQGDUG� SURFHGXUH� IRU� WKH� GU\LQJ� RSHUDWLRQV�
�
� ZKHUH� WKH� LQOHW� WHPSHUDWXUH� ZDV�

����
R
&� DQG� WKH� KHDW� LQSXW�ZDV� ���� N:�� ,W� ZDV� HVWDEOLVKHG� WKDW� WKH� GU\LQJ� RI� WREDFFR�

VWHPV�LV�FDUULHG�RXW�DW�WKH�FRQVWDQW�HQWKDOS\��,� �����N-�NJ���VLQFH�WKH�PRVW�RI�KHDW�ORVVHV�

DUH�FRPSHQVDWHG�E\�WKH�KHDW�RI�IDQV��
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&RQFOXVLRQV�

7KHUPRG\QDPLF�GDWD�PDQLIHVWHG�E\�/XLNRY¶V�YDOXHV��SODFH�WREDFFR�VWHPV�LQWR�WKH�

JURXS� RI� K\JURVFRSLF�PDWHULDOV� RI� RUJDQLF� RULJLQ�ZLWK� W\SLFDO� HTXLOLEULXP� SDUDPHWHUV��

.LQHWLF� GDWD� JDYH� WKH� YDOXHV� RI� GLIIXVLYLW\�'$%� LQ� WKH� H[SHFWHG� UDQJH� DQG� UHYHDOHG� LWV�

VWURQJ�GHSHQGHQFH�RQ�WKH�PRLVWXUH�FRQWHQW�RI�WKH�PDWHULDO��+HDW�EDODQFH�RI�WKH�LQGXVWULDO�

SURFHVV�VKRZHG�WKDW�WKH�GU\LQJ�RI�WREDFFR�VWHPV�LV�SHUIRUPHG�DW�WKH�FRQVWDQW�HQWKDOS\��

3UHVHQWHG� GDWD� FDQ� EH� XVHG� DV� D� EDVLV� IRU� WKH� DQDO\VLV� DQG� RSWLPLVDWLRQ� RI� WKH�

WREDFFR�VWHPV�GU\LQJ�SURFHVV��
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�� .LUDQRXGLV� &� 7�� 0DURXOLV� =� %�� 0DULQRV�.RXULV '� 'U\LQJ 7HFKQRO� ����� �� ��������
�� %ULGJHV 7� &�� :DOWRQ /� 5�� 5RVV� ,� -� 7UDQV� $6$( ����� ��� ����������
�� .HH\� 5� %� ,QWURGXFWLRQ WR ,QGXVWULDO 'U\LQJ 2SHUDWLRQV� 3HUJDPRQ 3UHVV� 2[IRUG� �����
�� .QH]� ä�� 'ROHþHN� 9�� *RORE� -�� =XSDQHF� -� +RSIHQ�5XQGVFKDX ����� ������
�� =XSDQHF� -�� *RORE� -�� .QH]� ä� 9HVWQ� 6ORY� .HP� 'UXV� ����� ��� ��������
�� %RRN RI $EVWUDFWV �0RRLZHHU *� '�� &RXPDQV� :� -�� HGV�� ��

WK
,QWHUQDWLRQDO 'U\LQJ 6\PSRVLXP�

1RRUGZLMNHUKRXW� 7KH 1HWKHUODQGV� �����

�� .RORLQL 7� 3UHQRV WRSORWH LQ VQRYL� 8QLYHU]D Y /MXEOMDQL� /MXEOMDQD� �����

�

�

3RY]HWHN��

9 þODQNX VR SUHGVWDYOMHQL UDYQRWHåQL LQ NLQHWLþQL SRGDWNL� SULGREOMHQL SUL VXãHQMX WREDþQLK

åLO� NL VR SRPHPEQD VXURYLQD ]D L]GHODYR FLJDUHW� 1D SRGODJL L]RWHUP QDYODåHYDQMD LQ

VXãHQMD WUHK WLSRY WREDþQLK åLO VPR L]UDþXQDOL /XLNRYH SDUDPHWUH� GLIX]LMVNH NRQVWDQWH LQ

WHRUHWLþQL þDV VXãHQMD� 9UHGQRVW /XLNRYHJD SDUDPHWUD D� NL MH ]D YVH WUL YUVWH åLO HQDND LQ

]QDãD ���� XYUãþD WREDþQH åLOH PHG KLJURVNRSQH RUJDQVNH PDWHULDOH ] ]DQMH ]QDþLOQLPL

UDYQRWHåQLPL SDUDPHWUL� .LQHWLþQL SRGDWNL R GLIX]LYQRVWL VR Y SULþDNRYDQHP REPRþMX�

NDåHMR SD YHOLNR RGYLVQRVW RG YODåQRVWL PDWHULDOD� 6 WRSORWQR ELODQFR SURFHVD VPR XJRWRYLOL�

GD SRWHND VXãHQMH WREDþQLK åLO SUL NRQVWDQWQL HQWDOSLML� VDM VH YVH WRSORWQH L]JXEH SRNULYDMR V

WRSORWR PRWRUMHY LQ YHQWLODWRUMHY�

'REOMHQL UH]XOWDWL UD]LVNDYH VXãHQMD WREDþQLK åLO ODKNR VOXåLMR NRW RVQRYD ]D DQDOL]R LQ

RSWLPL]DFLMR WHJD SURFHVD�


