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7KH�GHVLFFDQW FRROLQJ�F\FOH�LV�D�QRYHO�RSHQ�KHDW�GULYHQ�F\FOH�ZKLFK�FDQ�EH�XVHG�ERWK�WR�FRRO�DQG�GHKXPLGLI\�DLU��%HLQJ�D�KHDW�GULYHQ�F\FOH��GHVLFFDQW�FRROLQJ�DIIRUGV�DQ�RSSRUWXQLW\� WR�XWLOLVH�KHDW�ZKLFK�PLJKW�RWKHUZLVH�EH�ZDVWHG��,W�FDQ�WKHUHIRUH� EH� FRXSOHG� WR� VRODU� FROOHFWRUV� WR� SURGXFH� D� FRROLQJ� V\VWHP� ZKLFK�� LQ� WKHRU\�� VKRXOG� EH� H[WUHPHO\�HQYLURQPHQWDOO\�IULHQGO\��7KLV�SDSHU�GLVFXVVHV�WKH�IHDVLELOLW\�RI�XVLQJ�VRODU�HQHUJ\�WR�SRZHU�WKH�GHVLFFDQW�FRROLQJ�F\FOH�DQG� DOVR� SUHVHQWV� WKH� UHVXOWV� RI� D� UHFHQW� VWXG\�� LQ� ZKLFK� D VRODU� GHVLFFDQW� FRROLQJ� PRGHO� LV� XVHG� WR� HYDOXDWH� D�WKHRUHWLFDO� LQVWDOODWLRQ� ORFDWHG� LQ� WKH� VRXWKHDVW� RI� (QJODQG�� 7KH� SDSHU� GHPRQVWUDWHV� WKDW� VRODU� SRZHUHG� GHVLFFDQW�FRROLQJ�LV�D�IHDVLEOH�VROXWLRQ�IRU�FRROLQJ�DQG�KHDWLQJ�EXLOGLQJV�LQ�WKH�8QLWHG�.LQJGRP��8.���
.(<:25'6��'HVLFFDQW��&RROLQJ��6RODU��+HDW�GULYHQ�F\FOH

���� ,1752'8&7,21
7KH� GHVLFFDQW� FRROLQJ� F\FOH� ZDV� ILUVW� GHYHORSHG� LQ�6ZHGHQ� DQG� KDV� EHHQ� XVHG� VXFFHVVIXOO\� IRU� D� QXPEHU�RI� \HDUV� LQ� 6FDQGLQDYLD�� 5HFHQWO\� D� QXPEHU� RI�EXLOGLQJV� LQ� WKH�8.�KDYH�EHHQ�VXFFHVVIXOO\�ILWWHG�ZLWK�GHVLFFDQW� FRROLQJ� V\VWHPV�� +RZHYHU�� WKH� NQRZOHGJH�EDVH�RQ�WKH�XWLOLVDWLRQ�RI�GHVLFFDQW�V\VWHPV�LV�VPDOO�DQG�QR� SXEOLVKHG� JXLGHOLQHV� H[LVW� IRU� WKH� GHVLJQ� DQG�RSHUDWLRQ�RI�VXFK�V\VWHPV��2YHU�D�QXPEHU�RI�\HDUV�WKH�DXWKRUV� RI� WKLV�SDSHU�KDYH� LQYHVWLJDWHG� WKH�DSSOLFDWLRQ�DQG�RSHUDWLRQ�RI�GHVLFFDQW�FRROLQJ�V\VWHPV���������������,Q� SDUWLFXODU�� VWXGLHV� KDYH� EHHQ� XQGHUWDNHQ� ZKLFK�GHPRQVWUDWH� WKH� SRWHQWLDO� LQ� WKH� 8.� IRU� XVLQJ� VRODU�SRZHU� WR� GULYH� WKH� GHVLFFDQW� F\FOH�� 7KHVH� VWXGLHV�FRUURERUDWH� WKH� ILQGLQJV�RI� VLPLODU� VWXGLHV� LQ� WKH�86$����� DQG� 6ZHGHQ� ����� ZKLFK� DOVR� GHPRQVWUDWH� WKH�SRWHQWLDO� IRU� XVLQJ� VRODU� HQHUJ\� WR� SRZHU� GHVLFFDQW�V\VWHPV�� 7KLV� SDSHU� SUHVHQWV� DQ� RYHUYLHZ� RI� WKH�ILQGLQJV�RI�WKHVH�VWXGLHV�DQG�DOVR�SUHVHQWV�WKH�UHVXOWV�RI�D� QHZ� VWXG\�RI� D� WKHRUHWLFDO� LQVWDOODWLRQ� ORFDWHG� LQ� WKH�VRXWKHDVW�RI�(QJODQG�
���� � 7+(� '(6,&&$17� &22/,1*�6<67(0
$�W\SLFDO�GHVLFFDQW�FRROLQJ�DLU�KDQGOLQJ�XQLW��$+8��LV�VKRZQ� LQ� )LJXUH� ��� ,W� LV� D� KHDW� GULYHQ� F\FOH� ZKLFK�FRPSULVHV�D�GHVLFFDQW�ZKHHO� LQ� WDQGHP�ZLWK�D� WKHUPDO�ZKHHO�� ZLWK� DQ� HYDSRUDWLYH� FRROHU� LQ� WKH� UHWXUQ� DLU�VWUHDP� EHIRUH� WKH� WKHUPDO� ZKHHO�� $� UHJHQHUDWLRQ� FRLO�ORFDWHG�LQ�WKH�UHWXUQ�DLU�VWUHDP�GULYHV�WKH�ZKROH�F\FOH�

7KH� SV\FKURPHWULF� FKDUW� VKRZQ� LQ� )LJXUH� �� LOOXVWUDWHV�WKH� FRROLQJ�GHKXPLGLILFDWLRQ� SURFHVV�� )RU� H[DPSOH��GXULQJ� WKH� VXPPHUWLPH� ZDUP� PRLVW� DLU� DW� ��R&� DQG������ J�NJ�PRLVWXUH� FRQWHQW�PD\�EH� GUDZQ� WKURXJK� WKH�GHVLFFDQW�ZKHHO� VR� WKDW� LW� FRPHV� RII� DW� VD\�� ��R&� DQG����� J�NJ�PRLVWXUH� FRQWHQW�� 7KH� SV\FKURPHWULF� SURFHVV�OLQH� IRU� WKH�DLU�SDVVLQJ�WKURXJK�WKH�GHVLFFDQW�ZKHHO�RQ�WKH� VXSSO\� VLGH� KDV� D� JUDGLHQW� DSSUR[LPDWHO\� HTXDO� WR�WKDW� RI� D� ZLQWHUWLPH� URRP� UDWLR� OLQH� RI� ���� RQ� WKH�SV\FKURPHWULF�FKDUW��7KH�VXSSO\�DLU�VWUHDP�WKHQ�SDVVHV�WKURXJK� WKH� WKHUPDO�ZKHHO�ZKHUH� LW� LV� VHQVLEO\� FRROHG�WR�VD\����R&��7KH�DLU�WKHQ�SDVVHV�WKURXJK�D�VPDOO�GLUHFW�H[SDQVLRQ� �';�� RU� FKLOOHG� ZDWHU� FRROLQJ� FRLO� DQG� LV�VHQVLEO\� FRROHG� WR� WKH� VXSSO\� FRQGLWLRQ� RI� VD\�� ��R&�DQG�����J�NJ�PRLVWXUH�FRQWHQW��,W�VKRXOG�EH�QRWHG�WKDW�LI�KXPLGLW\�FRQWURO�LV�QRW�UHTXLUHG�LQ�WKH�URRP�VSDFH��WKH�FRROLQJ� FRLO� FDQ�EH� UHSODFHG�E\� DQ� HYDSRUDWLYH� FRROHU�ZLWK� DQ� DGLDEDWLF� HIILFLHQF\�RI� DSSUR[LPDWHO\������ ,Q�ZKLFK� FDVH�� DLU�PD\� EH� VXSSOLHG� WR� WKH� URRP� VSDFH� DW�VD\������R&�DQG������J�NJ�PRLVWXUH�FRQWHQW�
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2Q� WKH� UHWXUQ� DLU� VLGH�� DLU� IURP� WKH� URRP� VSDFH� DW� IRU�H[DPSOH�� ��R&� DQG� ���� J�NJ� PRLVWXUH� FRQWHQW� LV� ILUVW�SDVVHG� WKURXJK� DQ� HYDSRUDWLYH� FRROHU� VR� WKDW� LW� HQWHUV�WKH� WKHUPDO� ZKHHO� DW� DSSUR[LPDWHO\� ����R&� DQG� �����J�NJ�PRLVWXUH� FRQWHQW��$V� WKH� UHWXUQ� DLU� VWUHDP�SDVVHV�WKURXJK� WKH� WKHUPDO� ZKHHO�� LW� LV� VHQVLEO\� KHDWHG� WR�DSSUR[LPDWHO\� ��R&��7KH� DLU� VWUHDP� LV� WKHQ� KHDWHG� XS�WR� DSSUR[LPDWHO\� ��R&� LQ� RUGHU� WR� UHJHQHUDWH� WKH�GHVLFFDQW�FRLO�� ,W� VKRXOG�EH�QRWHG� WKDW� LQ�RUGHU� WR�VDYH�HQHUJ\� DSSUR[LPDWHO\� ����RI� WKH� UHWXUQ� DLU� E\�SDVVHV�WKH�UHJHQHUDWLQJ�FRLO�DQG�WKH�GHVLFFDQW�ZKHHO�����
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)LJXUH����'HVLFFDQW�V\VWHP�LQ�&RROLQJ�'HKXPLGLILFDWLRQ�PRGH
��� $33/,&$7,21
$OWKRXJK� GHVLFFDQW� FRROLQJ� SURFHVV� FDQ� EH� DSSOLHG� WR�DOO� DLU DSSOLFDWLRQV�� LW� LV� EHVW� VXLWHG� WR� LQVWDOODWLRQV� LQ�ZKLFK�WKH�EXON�RI�WKH�VHQVLEOH�FRROLQJ�LV�SHUIRUPHG�E\�D� ZDWHU� EDVHG� V\VWHP�� VXFK� DV� D� FKLOOHG� FHLOLQJ� �����8QOLNH�FRQYHQWLRQDO�GXFWHG�DLU�FRROLQJ�V\VWHPV��ZKLFK�DUH�DEOH� WR� UHFRYHU�VXEVWDQWLDO�DPRXQWV�RI�FRROWK IURP�WKH�H[KDXVW�DLU�VWUHDP��LQ�GHVLFFDQW�FRROLQJ�V\VWHPV�WKH�H[KDXVW� DLU� LV� H[WUHPHO\� KXPLG� DQG� FDQQRW� EH� HDVLO\�UHXVHG�� ,W� LV� WKHUHIRUH� SUHIHUDEOH� WR� UHVWULFW� WKH�GHVLFFDQW� FRROLQJ� V\VWHP� WR� SHUIRUPLQJ�GHKXPLGLILFDWLRQ�RI� WKH�LQFRPLQJ�YHQWLODWLRQ�DLU��ZKLOH�DOORZLQJ� D� ZDWHU� EDVHG� V\VWHP� WR� SHUIRUP� URRP�VHQVLEOH�FRROLQJ�
7KURXJK�D�SDUDPHWULF� VWXG\�%HJJV�DQG�:DUZLFNHU� ����GHPRQVWUDWHG� WKDW� GHVLFFDQW� FRROLQJ� V\VWHPV� DUH� OHVV�ZHOO� VXLWHG� WR� DSSOLFDWLRQV� LQ� ZKLFK� ORZ� VXSSO\� DLU�WHPSHUDWXUHV� DUH� LQYROYHG�� 7KLV� LV� EHFDXVH�VXSSOHPHQWDU\� FRROLQJ� LV� XVXDOO\� UHTXLUHG� WR� DFKLHYH�ORZ�VXSSO\�DLU�WHPSHUDWXUHV��H�J����R&���ZLWK�WKH�UHVXOW�WKDW�WKH�RYHUDOO�HQHUJ\�HIILFLHQF\�RI�WKH�GHVLFFDQW�F\FOH�GHFUHDVHV�� &RQVHTXHQWO\�� GHVLFFDQW� FRROLQJ� LV� EHVW�VXLWHG� WR� WKRVH� DSSOLFDWLRQV� VXFK� DV� GLVSODFHPHQW�YHQWLODWLRQ��ZKHUH� VXSSO\�DLU� WHPSHUDWXUHV�DUH�FORVH� WR�WKH� URRP� DLU� WHPSHUDWXUH�� ,Q� VXFK� DSSOLFDWLRQV� LW�SRVVLEOH� WR� DFKLHYH� HQHUJ\� FRVW� VDYLQJV� UDQJLQJ� IURP������WR������GHSHQGLQJ�RQ�WKH�FRROLQJ�ORDG���������� 62/$5�327(17,$/

%HLQJ�D KHDW�GULYHQ�F\FOH��GHVLFFDQW�FRROLQJ�DIIRUGV�DQ�RSSRUWXQLW\� WR� XWLOLVH� VRODU� HQHUJ\�� 7KH� GHVLFFDQW�V\VWHP�FDQ�EH�FRXSOHG�WR�VRODU�FROOHFWRUV� WR�SURGXFH�D�FRROLQJ� V\VWHP�ZKLFK�� LQ� WKHRU\�� VKRXOG� EH� H[WUHPHO\�HQYLURQPHQWDOO\� IULHQGO\�� +RZHYHU�� WKH� XVH� RI� VRODU�HQHUJ\�SXWV�FRQVWUDLQWV�RQ� WKH�DSSOLFDWLRQ�RI�GHVLFFDQW�FRROLQJ��)RU�H[DPSOH��LI�WKH�UDWLR�RI�WKH�VRODU�FROOHFWRU�DUHD� WR� WKH� EXLOGLQJ� IORRU� DUHD� LV� ������ WKHQ� WKH�DYDLODEOH� KHDW� SHU� P� RI� IORRU� DUHD� �LQ� D� QRUWKHUQ�(XURSHDQ�DSSOLFDWLRQ�� WR�GULYH� WKH�F\FOH�ZLOO�EH�LQ�WKH�UHJLRQ� RI� ��� Z�P� WR� ��� :�P��� GHSHQGLQJ� RQ� WKH�FOLPDWH�� W\SH� DQG� RULHQWDWLRQ� RI� WKH� VRODU� FROOHFWRUV��&RQVHTXHQWO\�� LI� VRODU� KHDW� LV� WR� EH� KDUQHVVHG�HIIHFWLYHO\�� GHVLFFDQW� FRROLQJ� V\VWHPV�PXVW�EH�DSSOLHG�LQ� WKH� FRUUHFW� IDVKLRQ�� 7KH� GHVLFFDQW� FRROLQJ� F\FOH� LV�HVVHQWLDOO\� DQ� RSHQ� F\FOH��ZKLFK� UHMHFWV�PRLVW� DLU� DW� D�KLJK�WHPSHUDWXUH��ZKLFK�LV�XQVXLWDEOH�IRU�UHFLUFXODWLRQ���&RQVHTXHQWO\�� WKH� JUHDWHU� WKH� DLU� YROXPH� IORZ� UDWH�VXSSOLHG� WR� WKH� URRP� VSDFH�� WKH� JUHDWHU� WKH� IDQ�SRZHU�UHTXLUHG� DQG� WKH� KHDW� HQHUJ\� FRQVXPHG�� 7KHUHIRUH�� LI�GHVLFFDQW� FRROLQJ� LV� XVHG� LQ�DQ�DOO�DLU DSSOLFDWLRQ�� WKH�UHJHQHUDWLRQ� KHDW� ORDG� LV� JRLQJ� WR� EH� H[WUHPHO\� ODUJH��PDQ\� WLPHV� JUHDWHU� WKDQ� WKH� DYDLODEOH� VRODU� HQHUJ\��+RZHYHU�� LI� WKH� EXON� RI� WKH� VHQVLEOH� FRROLQJ�ZLWKLQ� D�VSDFH�LV�FDUULHG�RXW�XVLQJ�D�ZDWHU�EDVHG�V\VWHP�VXFK�DV�D� FKLOOHG� FHLOLQJ�� ZLWK� WKH� GHVLFFDQW� $+8�GHKXPLGLI\LQJ�DQG� µWHPSHULQJ¶� WKH� LQFRPLQJ�IUHVK�DLU��WKHQ�WKH�DLU�YROXPHV�KDQGOHG�ZLOO�EH�PXFK�OHVV�DQG�VR�WKH�VRODU�HQHUJ\�FDQ�PDNH�D�VLJQLILFDQW�FRQWULEXWLRQ���
+DOOLGD\� DQG� %HJJV� ������ WKURXJK� D� QXPEHU� RI�WKHRUHWLFDO�VWXGLHV�GHPRQVWUDWHG�WKH�IHDVLELOLW\�RI�XVLQJ�VRODU� HQHUJ\� WR� SRZHU� GHVLFFDQW� FRROLQJ� V\VWHPV� LQ� D�8.�FRQWH[W��7KHVH�LQLWLDO�VWXGLHV�LQGLFDWHG�WKDW�HQHUJ\�VDYLQJV� LQ� H[FHVV� RI� ���� VKRXOG� EH� DFKLHYDEOH�� 7KH�PDLQ�ILQGLQJV�RI�WKHVH�VWXGLHV�ZHUH�
�L� 6RODU� SRZHUHG� GHVLFFDQW� FRROLQJ� LV� IHDVLEOH� LQ�WKH� 8.�� ZLWK� VLJQLILFDQW� VDYLQJV� LQ� SULPDU\�HQHUJ\� FRQVXPSWLRQ� DQG� DVVRFLDWHG� &2�HPLVVLRQV�EHLQJ�DFKLHYHG�
�LL� 7KH�UHJHQHUDWLRQ�DLU�WHPSHUDWXUH�VKRXOG EH�NHSW�DV� ORZ� DV� LV� SUDFWLFDOO\� SRVVLEOH�� LQ� RUGHU� WR�PLQLPLVH� IRVVLO� IXHO� HQHUJ\� LQSXW�� 7KLV� LPSOLHV�WKDW�RYHU�GHKXPLGLILFDWLRQ�VKRXOG�EH�DYRLGHG�
�LLL� %HFDXVH�WKH�GHVLFFDQW�FRROLQJ�LV�DQ�RSHQ�F\FOH��VRODU� HQHUJ\� FDQ� RQO\� EH� HIIHFWLYHO\� XVHG� LQ�DSSOLFDWLRQV� ZKHUH� WKH� VXSSO\� DLU� YROXPH� IORZ�UDWH�LV�UHODWLYHO\�VPDOO��7KLV�HIIHFWLYHO\�OLPLWV�LWV�DSSOLFDWLRQ�WR�LQVWDOODWLRQV�ZKHUH�WKH�EXON�RI�WKH�VHQVLEOH� FRROLQJ� V\VWHP� LV� XQGHUWDNHQ� XVLQJ� D�ZDWHU�EDVHG�V\VWHP�
�LY� ,Q� DSSOLFDWLRQV� ZKHUH� WKH� EXON� RI� WKH� VHQVLEOH�FRROLQJ� LV� EHLQJ� SHUIRUPHG� E\� ZDWHU� EDVHG�V\VWHPV�� LW� PD\� EH� QHFHVVDU\� WR� VXSSO\� ODUJHU�WKDQ� QRUPDO� IUHVK� DLU� YROXPH� IORZ� UDWHV�� LQ�RUGHU� WR� SHUIRUP� WKH� UHTXLUHG� GHJUHH� RI� ODWHQW�FRROLQJ�� 6XSSO\� YROXPH� IORZ� UDWHV� LQ� WKH� RUGHU�RI� ���� O�V� SHU� P� RI� IORRU� DUHD� VKRXOG� EH�DFFHSWDEOH�IRU�PRVW�DSSOLFDWLRQV�
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��� 7+(�62/$5�'(6,&&$17�02'(/
7KH� LQLWLDO� VWXGLHV� E\� +DOOLGD\� DQG� %HJJV� ������GHPRQVWUDWHG� WKH� SRWHQWLDO� RSSRUWXQLW\� IRU� KDUQHVVLQJ�VRODU� HQHUJ\� WR�GULYH�GHVLFFDQW�V\VWHPV� LQ� WKH�8.�DQG�LQ� QRUWKHUQ� (XURSH�� $OWKRXJK� WKHVH� VWXGLHV� \LHOGHG�VRPH� JRRG� UHVXOWV�� WKH\� FRQFHQWUDWHG� RQO\� RQ� WKH�VXPPHUWLPH�RSHUDWLRQ�DQG�GLG�QRW�XVH�DFWXDO�LQVRODWLRQ�GDWD�� &RQVHTXHQWO\�� LW� ZDV� GHFLGHG� WR� UHSHDW� WKH�RULJLQDO� VWXGLHV�� LQ� D� PRGLILHG� IRUP�� XVLQJ� UHDO� 8.�PHWHRURORJLFDO� DQG� LQVRODWLRQ� GDWD� LQ� RUGHU� WR� YHULI\�WKH�ILQGLQJV�RI�WKH�HDUOLHU�VWXGLHV��
,Q� RUGHU� WR� LQYHVWLJDWH� WKH� SRWHQWLDO� IRU� FRXSOLQJ�GHVLFFDQW� V\VWHPV� WR� VRODU� FROOHFWRUV�� D� VRODU�GHVLFFDQW�FRPSXWHU� PRGHO� ZDV� GHYHORSHG� ������� 7KLV� PRGHO�FRXSOHG� VRODU� FROOHFWRUV� LQGLUHFWO\� WR� D� GHVLFFDQW�V\VWHP� YLD� D� ZDWHU� VWRUDJH� WDQN� DQG� VRODU� FRLOV�� 7KH�VRODU� KHDWLQJ� FRLOV� ZHUH� LQVHUWHG� LQ� WKH� VXSSO\� DQG�H[KDXVW�DLU�VWUHDPV�DV�VKRZQ�LQ�)LJXUH���
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6RODU&RLO

6RODU&RLO &RROLQJ&RLO)LJXUH����6RODU�GHVLFFDQW�FRROLQJ�V\VWHP�XVHG�LQ�PRGHO����
,Q� WKH� VRODU� GHVLFFDQW� PRGHO� WKH� SV\FKURPHWULF� DQG�WKHUPRG\QDPLF� SURFHVVHV� DVVRFLDWHG� ZLWK� GHVLFFDQW�FRROLQJ� ZHUH� VLPXODWHG�� ,W� ZDV� DVVXPHG� WKDW� WKH�GHVLFFDQW� FRROLQJ� V\VWHP� ZDV� HPSOR\HG� VROHO\� WR�GHKXPLGLI\� WKH� LQFRPLQJ� IUHVK� DLU� VXSSO\�� DQG� DOVR� WR�SURYLGH�ZKHQ�UHTXLUHG VXSSOHPHQWDU\�VHQVLEOH�FRROLQJ��7KH�EXON�RI�WKH�VHQVLEOH�FRROLQJ�EHLQJ�SHUIRUPHG�E\�D�VHSDUDWH�ZDWHU�EDVHG�V\VWHP��,Q�RUGHU�WR�UHGXFH�HQHUJ\�FRQVXPSWLRQ��D�����E\�SDVV�DURXQG�WKH�UHWXUQ�DLU�VRODU�SUH�KHDWLQJ� DQG� UHJHQHUDWLRQ� FRLOV� ZDV� LQFRUSRUDWHG�LQWR� WKH� PRGHO�� ,W� VKRXOG� EH� QRWHG� WKDW� WKH� VRODU�GHVLFFDQW� FRROLQJ� PRGHO� FRQVLGHUHG� RQO\� WKH� SULPDU\�DQG� GHOLYHUHG� HQHUJ\� FRQVXPSWLRQ� DVVRFLDWHG�ZLWK� WKH�WKHUPDO� DVSHFWV� RI� WKH� GHVLFFDQW� FRROLQJ� F\FOH�� 7KH�DVVRFLDWHG�IDQ�HQHUJ\�FRQVXPSWLRQ�ZDV�LJQRUHG�
7KH� YDOLGLW\� RI� WKH� VRODU� GHVLFFDQW� PRGHO� ZDV� WHVWHG�DJDLQVW� UHVXOWV�REWDLQHG�IURP�D�PRQLWRULQJ�SURJUDPPH�XQGHUWDNHQ� LQ� WKH� '&0�%XLOGLQJ� DW� WKH�8QLYHUVLW\� RI�/LQFROQ��ZKLFK�DVVHVVHV�WKH�SHUIRUPDQFH�RI�D�GHVLFFDQW�FRROLQJ�$+8������
��� 62/$5�&22/,1*�678'<

$�WKHRUHWLFDO�FRPSXWHU�VWXG\�ZDV�XQGHUWDNHQ�IRU�D�VLWH�DW� +HDWKURZ� LQ� WKH� VRXWKHDVW� RI� (QJODQG� LQ� RUGHU� WR�HVWDEOLVK� SRWHQWLDO� HQHUJ\� VDYLQJV� WKDW� FRXOG� EH�DFKLHYHG�WKURXJK�XWLOLVLQJ�VRODU�HQHUJ\��7KH�VWXG\�XVHG�KLVWRULFDO�PHWHRURORJLFDO�DQG� LQVRODWLRQ�GDWD��DQG WRRN�D�VLPLODU�IRUPDW�WR�DQ�HDUOLHU�VWXG\�IRU�D�VLWH�LQ�WKH�(DVW�0LGODQGV�RI�(QJODQG������7KH�DLP�RI�WKH�VWXG\�ZDV�WR�GHWHUPLQH� DQG� TXDQWLI\� WKH� HQHUJ\� VDYLQJV� WKDW� FRXOG�EH� DFKLHYHG� E\� FRXSOLQJ� VRODU� ZDWHU� KHDWHUV� WR� D�GHVLFFDQW�FRROLQJ�V\VWHP��
)RU� WKH SXUSRVH� RI� WKH� VWXG\� WKH� µVWDQGDUG¶� GHVLFFDQW�FRROLQJ�V\VWHP�VKRZQ�LQ�)LJXUH���ZDV�FUHDWHG�DQG�WKHQ�PRGHOOHG� IRU� D� VLWH� DW� +HDWKURZ� QHDU� /RQGRQ�� 7KH�SDUDPHWHUV�XVHG�LQ�WKH�VWXG\�DUH�SUHVHQWHG�LQ�7DEOH���
7KH�PHWHRURORJLFDO�GDWD�XVHG�LQ�WKH�VWXG\��ZDV�IRU WKH�\HDU� ����� DQG� FRQVLVWHG� RI� KRXUO\� WHPSHUDWXUH��KXPLGLW\� DQG� LQVRODWLRQ� GDWD�� 7ZR� GDWD� ILOHV� ZHUH�FUHDWHG�� RQH� IRU� D� KRW� GD\� �L�H�� ��WK -XO\� ������ DQG�DQRWKHU� IRU� D� FROG� GD\� �L�H�� ��WK -DQXDU\� ������ �VHH�7DEOH����)RU� HDFK� RI� WKH� VWXG\� GD\V� WKH� RSHUDWLRQ� RI� WKH�GHVLFFDQW� V\VWHP� ZDV� PRGHOOHG� LQ� WZR� PRGHV�� RQFH�DVVXPLQJ� WKDW� QR� VRODU� SRZHU� ZDV� XWLOLVHG� DQG� WKHQ�DVVXPLQJ� WKDW� VRODU� SRZHU� ZDV� XWLOLVHG�� 7KH� VRODU�KHDWHG� ZDWHU� WHPSHUDWXUHV� XVHG� LQ� WKH� DQDO\VLV�� ZHUH�JHQHUDWHG� IRU� WKH� VWXG\� GD\V�� E\� IHHGLQJ� WKH� KRXUO\�LQVRODWLRQ�GDWD� LQWR�D�VHSDUDWH�VRODU�FROOHFWRU�SURJUDP��7KH�HQHUJ\�FRVW�DQG�HIILFLHQF\�GDWD�XVHG�LQ�WKH�VWXG\�LV�SUHVHQWHG�LQ�7DEOH���
7KH� VRODU� GHVLFFDQW� V\VWHP� XVHG� LQ� WKH� VWXG\� XWLOLVHG�WZR� VRODU� SUH�KHDWLQJ� FRLOV�� RQH� ORFDWHG� EHIRUH� WKH�UHJHQHUDWLRQ�FRLO� LQ� WKH�UHWXUQ�DLU�VWUHDP�DQG�WKH�RWKHU�EHIRUH� WKH�PDLQ� KHDWLQJ� FRLO� LQ� WKH� VXSSO\� DLU� VWUHDP��7KH�WHFKQLFDO�VSHFLILFDWLRQ�RI�WKHVH�VRODU�FRLOV�LV�VKRZQ�LQ�7DEOH���

7DEOH����6WXG\�SDUDPHWHUV6800(5�02'( :,17(5�02'(
5RRP�GU\�EXOE�WHPSHUDWXUH ����R& ����R&5RRP�ZHW�EXOE�WHPSHUDWXUH ����R& ����R&5RRP�PRLVWXUH�FRQWHQW ����J�NJ ����J�NJ5RRP�ODWHQW�KHDW�JDLQ ��:�P� ��:�P�

6XSSO\�DLU�YRO��)ORZ�UDWH ��������P��V�P� ��������P��V�P�6XSSO\�DLU�WHPSHUDWXUH ����R& ����R&
3ODQW�VWDUW�WLPH ������KRXUV ������KRXUV
3ODQW�VWRS�WLPH ������KRXUV ������KRXUV
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7DEOH����+HDWKURZ�PHWHRURORJLFDO�GDWD��WK -DQXDU\����� ��WK -XO\�����7LPH 'U\%XOE7HPS�
'HZ3RLQW7HPS�

:HW%XOE7HPS�
6RODU:DWHU7HPS�

'U\%XOE7HPS�
'HZ3RLQW7HPS�

:HW%XOE7HPS�
6RODU:DWHU7HPS��+RXUV� �R&� �R&� �R&� �R&� �R&� �R&� �R&� �R&�

����� ��� ��������� ��� ���� ���������� ��������� �������� ��������� ��������� ������ ��� ���� ���������� ��������� �������� ��������� ������� ����� ��� ���� �������� ��������� �������� ��������� ��������� ��������� ��� ���� ���������� ��������� ������� ��������� ��������� ����������� ��� ���� ���������� ��������� �������� ��������� ��������� ����� ���� ���� ���������� ��������� �������� ��������� ��������� ����� ���� ���� ���������� ��������� �������� ��������� ��������� ���������� ���� ���� ���������� ��������� ������� ��������� ��������� ���������� ���� ���� ���������� ��������� �������� ��������� ��������� ����������� ��� ���� ���������� ��������� �������� ��������� ��������� ����������� ��� ���� ���������� ��������� �������� ��������� �������� ���������� ��� ���� ���������� ��������� �������� ��������� ������� ���������� ��� ���� ���������� ��������� �������� ��������� �������� ��������� ��� ���� ���������� ��������� �������� ��������� �������� ���������� ��� ���� ���������� ��������� �������� ��������� ��������� ����������� ��� ���� ���������� ��������� �������� ��������� �������� ���������� ���� ���� ���������� ��������� �������� ��������� ��������� ��������� ���� ���� ���������� ��������� �������� ��������� ���� ���� ���� ���� ���������� ��������� �������� ��������� ���� ���� ���� ���� ���������� ��������� �������� ��������� ������� ��������� ���� ���� ���������� ��������� �������� ��������� ��������� ���������� ���� ���� ���������� ��������� �������� ��������� ���� ���� ���� ���� ���������� ��������� �������� ��������� �������� ��������� ���� ���� ���������� ��������� �������� ����
7DEOH����(QHUJ\�FRVW�DQG�HIILFLH QF\�GDWD8QLW�FRVW�RI�JDV���S�N:K������������������������� ����8QLW�FRVW�RI�HOHFWULFLW\���S�N:K����������������� ����
(IILFLHQF\�RI�KHDWLQJ�V\VWHP�������������������� ����&23�RI�VXSSOHPHQWDU\�FRROLQJ�FRLO������������ ����
(OHFWULFLW\�JHQHUDWLRQ HIILFLHQF\��������������� ����&2��FRHIILFLHQW�IRU�JDV��NJ�N:K���������������� ����&2��FRHIILFLHQW�IRU�HOHFWULFLW\��NJ�N:K����� ����7DEOH����6RODU�KHDWLQJ�FRLO�VSHFLILFDWLRQ

6RODU�3UH�KHDWLQJ�&RLO 6RODU�5HJHQHUDWLRQ�&RLO
6RODU�KHDWHG�ZDWHU�PDVV�IORZ�UDWH �������NJ�V�P� �������NJ�V�P�
6SHF��KHDW�FDSDFLW\�RI�JO\FRO�ZDWHU�PL[WXUH ����N-�NJ. ����N-�NJ.

8�YDOXH�RI�FRLOV �����:�P�. �����:�P�.
6XUIDFH�DUHD�RI�FRLOV ������P��P� ������P��P�

7DEOH����5HVXOWV�IRU�+HDWKURZ�GDLO\�HQHUJ\�DQDO\VLV
��WK -DQXDU\ ��WK-XO\

6WDQGDUG�6\VWHP
6\VWHP�ZLWK�6RODU�&RLOV

6WDQGDUG�6\VWHP 6\VWHP�ZLWK�6RODU�&RLOV
'HOLYHUHG�*DV���N:K�P�� ������ ������ ������ ������'HOLYHUHG�(OHFWULF��N:K�P�� ������ ������ ������ ������

(QHUJ\�&RVW�SHU�'D\���S�P�� ������ ������ ������ ������3ULPDU\�(QHUJ\���N:K�P�� ������ ������ ������ ������&2� 3URGXFHG����NJ�P�� ������ ������ ������ ������
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��� 7+(�5(68/76
7KH�UHVXOWV�RI�WKH�VLPXODWLRQV�IRU�WKH�+HDWKURZ�VLWH�RQ�WKH���WK -DQXDU\�DQG���WK -XO\������DUH�SUHVHQWHG�LQ�7DEOH���
,W�FDQ�EH�VHHQ�IURP�WKH�UHVXOWV�SUHVHQWHG�LQ�7DEOH���WKDW�FRQVLGHUDEO\� PRUH� HQHUJ\� LV� FRQVXPHG� E\� WKH�GHVLFFDQW�V\VWHP�LQ�VXPPHU�WKDQ�LQ�ZLQWHU��,Q�-XO\��LW�LV�QHFHVVDU\� WR� XVH� WKH� VXSSOHPHQWDU\� FRROLQJ� FRLO� WR�DFKLHYH� WKH� VXPPHUWLPH� VXSSO\� DLU� WHPSHUDWXUH� RI���R&�� +RZHYHU�� WKH� FRQWULEXWLRQ� PDGH� E\� WKH�VXSSOHPHQWDU\� FRROLQJ� FRLO� LV� PRGHVW� LQ� FRPSDULVRQ�ZLWK�WKH�KHDW�HQHUJ\�LQSXW�
7KH� FRQWULEXWLRQ� PDGH� E\� WKH� VRODU� KHDWLQJ� FRLOV� LQ�VXPPHUWLPH� LV� VXEVWDQWLDO�� ZLWK� D� ���� JDV� HQHUJ\�VDYLQJ� EHLQJ� DFKLHYHG� RQ� WKH� ��WK -XO\�� 7KH�FRQWULEXWLRQ� PDGH� E\� WKH� VRODU� KHDWLQJ� FRLOV� LQ�ZLQWHUWLPH� LV� VR� JUHDW� WKDW� RQ� WKH� ��WK -DQXDU\� QR�DGGLWLRQDO� JDV� HQHUJ\� LV� UHTXLUHG�� 7KLV� LPSOLHV� WKDW�GXULQJ�ZLQWHUWLPH� WKH� VRODU� FROOHFWRUV�SURYLGH�PRVW�RI�WKH�KHDW�UHTXLUHG�WR�KHDW�WKH�YHQWLODWLRQ�DLU�
��� ',6&866,21
7KH� +HDWKURZ� VWXG\� FRQILUPV� WKH� ILQGLQJV� RI� HDUOLHU�VWXGLHV� ���� ��� ���� ,Q� SDUWLFXODU�� WKH� +HDWKURZ� VWXG\�UHYHDOV�YHU\�VLPLODU� UHVXOWV� WR� WKH�(DVW�0LGODQGV�VWXG\������ ZKLFK� IRXQG� WKDW� D� ���� UHGXFWLRQ� LQ� DQQXDO�µGHVLFFDQW¶� JDV� FRQVXPSWLRQ� FRXOG� EH� DFKLHYHG� E\�LQFRUSRUDWLQJ� VRODU� KHDWLQJ� FRLOV� LQWR� WKH� GHVLFFDQW�V\VWHP�� 7KH�PDJQLWXGH� RI� WKLV� UHGXFWLRQ� VXJJHVWV� WKDW�LQ�WKH�8.��PRVW�GHVLFFDQW�V\VWHPV�ZLOO�EH�RSHUDWLQJ�LQ�KHDWLQJ�PRGH�IRU�PXFK�RI�WKH�\HDU��:KHQ�RSHUDWLQJ�LQKHDWLQJ�PRGH� WKH� FRPELQDWLRQ�RI� UHFRYHUHG�KHDW� IURP�WKH� H[KDXVW� DLU� VWUHDP� DQG� VRODU� HQHUJ\� DSSHDUV� WR� EH�FDSDEOH�RI� VXSSO\LQJ�PRVW�RI� WKH�KHDW�HQHUJ\�UHTXLUHG�GXULQJ� WKH�ZLQWHU�PRQWKV�� 7KH�+HDWKURZ� VWXG\� VKRZV�WKDW� VRODU� HQHUJ\� LV� FDSDEOH� RI� VXSSO\LQJ� PRVW� RI� WKH�KHDW�UHTXLUHG�WR�GULYH�WKH�GHVLFFDQW�FRROLQJ�F\FOH��7KLV�ILQGLQJ� FRUURERUDWHV� DQ� HDUOLHU� 6ZHGLVK� VWXG\� �����ZKLFK�IRXQG�WKDW�E\�XVLQJ�VRODU�FROOHFWRUV�DW�D�UDWLR�RI�DERXW� ����� P� RI� FROOHFWRU� DUHD� SHU� ���� P� EXLOGLQJ�DUHD�DQG�D�ZDWHU�VWRUH�RI����O�P� RI�FROOHFWRU�DUHD��LW�LV�SRVVLEOH�WR�PHHW�WRWDO�FRROLQJ�ORDG�ZLWK�H[FHVV�FDSDFLW\�WR�VSDUH�
��� &21&/86,216
7KH� UHVXOWV� RI� WKH� VWXG\� GHVFULEHG� DERYH� GHPRQVWUDWH�WKH� SRWHQWLDO� IRU� XVLQJ� VRODU� HQHUJ\� WR� GULYH� GHVLFFDQW�FRROLQJ� V\VWHPV� LQ� WKH� VRXWK� RI (QJODQG�� 7KH� UHVXOWV�FRQILUP�WKH�ILQGLQJV�RI�HDUOLHU�WKHRUHWLFDO�VWXGLHV������������ 7RJHWKHU�� WKHVH� VWXGLHV� FRQFOXVLYHO\� GHPRQVWUDWH�WKDW�VRODU�SRZHUHG�GHVLFFDQW�FRROLQJ�LV�YLDEOH�LQ�D�8.�FRQWH[W�� SURYLGHG� WKDW� LW� LV� XWLOLVHG� LQ� DSSURSULDWH�PDQQHU��

$FNQRZOHGJHPHQW
7KH� UHVHDUFK�KDV� EHHQ�SDUW� IXQGHG�E\� WKH�'HSDUWPHQW�RI� WKH�(QYLURQPHQW��7UDQVSRUW�	� WKH�5HJLRQV� WKURXJK�LWV� &RQVWUXFWLRQ� 'LUHFWRUDWH¶V� 3DUWQHUV� LQ� ,QQRYDWLRQ�6FKHPH�
5HIHUHQFHV
�� %HJJV� &%�� :DUZLFNHU� %�� � 'HVLFFDQW� FRROLQJ��3DUDPHWULF� HQHUJ\� VWXG\�� %XLOGLQJ� 6HUYLFHV�(QJLQHHULQJ�5HVHDUFK�DQG�7HFKQRORJ\��9RO������1XPEHU����SS����± ����,661������������������� +DOOLGD\�6��%HJJV�&%�� �7KH�SRWHQWLDO� IRU�6RODU�3RZHUHG� 'HVLFFDQW� &RROLQJ�� &,%� :RUOG�%XLOGLQJ� &RQJUHVV�� *DYOH�� 6ZHGHQ�� -XQH� �����SS�����± ������������� %HJJV�&%��+DOOLGD\�6���$�WKHRUHWLFDO�HYDOXDWLRQ�RI�VRODU�SRZHUHG�GHVLFFDQW�FRROLQJ�LQ�WKH�8QLWHG�.LQJGRP�� %XLOGLQJ� 6HUYLFHV� (QJLQHHULQJ�5HVHDUFK� DQG� 7HFKQRORJ\��9RO�� ����1XPEHU� ���SS�����± �����,661������������������� +DOOLGD\� 6�� %HJJV� &%�� 6OHLJK� 3$�� � 7KH�SRWHQWLDO� IRU� VRODU�GHVLFFDQW� FRROLQJ� LQ� WKH�8.��&,%6(�$6+5$(� &RQIHUHQFH�� 'XEOLQ�� 6HSW�������� 'DYDQDJHUH� %6�� 6KHULI� 6$�� *RVZDPL� '<�� $�IHDVLELOLW\� VWXG\� RI� D� VRODU� GHVLFFDQW� DLU�FRQGLWLRQLQJ� V\VWHP� � 3DUW� ,,�� 7UDQVLHQW�VLPXODWLRQ�DQG�HFRQRPLFV��,QWHUQDWLRQDO�-RXUQDO�RI�(QHUJ\�5HVHDUFK���������)HE��������SS�����±������������� 'LWWPDU� -�� 6RODU�GHVLFFDQW� FRROLQJ��$�SUH�VWXG\�RI� SRVVLELOLWLHV� DQG� OLPLWDWLRQV� LQ� 1RUWKHUQ�(XURSH�� 0DVWHU� WKHVLV� (����� &KDOPHUV�8QLYHUVLW\� RI� 7HFKQRORJ\�� *|WHERUJ�� 6ZHGHQ��$XJXVW������� 0XQWHUV�/WG���0&&�� 6HULHV�&RROLQJ�&DVVHWWH
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