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$EVWUDFW'XH� WR� LQFUHDVLQJ�DSSOLFDWLRQ�RI�PXOWL�HIIHFW� IDOOLQJ�ILOP�HYDSRUDWRUV�LQ� IRRG�LQGXVWU\��WKH�H[DFW�PRGHOLQJ�RI�WKHVH�SURFHVVHV�LV�LPSRUWDQW��7KH�DLP�RI�WKLV�SDSHU�LV�XVH�DELOLW\�RI�QRQOLQHDU�PRGHOLQJ�LQ�GHWHUPLQLQJ�IDOOLQJ�ILOP�HYDSRUDWRU�VWDWH�YDULDEOHV��%HFDXVH�RI�ODUJH� WLPH� GHOD\V� DQG� SURFHVV� GLVWXUEDQFHV�� WKH� WLJKW� H[DFW� FRQWURO� RI� SURGXFW�FRQFHQWUDWLRQ� LV� GLIILFXOW��%\� XVLQJ� WKH� QRQOLQHDU�PRGHOLQJ�� WKH�FRQWURO�RI� WKUHH�HIIHFW�IDOOLQJ� ILOP� HYDSRUDWRU� ZLWK� WKH� XVH� RI� FDVFDGH� FRQWURO� DOJRULWKP� LV� DQDO\]HG�� 7KLV�SDSHU� GLVFXVVHV� WKH� DSSOLFDWLRQ� DQG� GHVLJQ� RI� D� FDVFDGH� DOJRULWKP� WR� FRQWURO� WKH�SURGXFW�FRQFHQWUDWLRQ�LQ�D�PLON�SRZGHU�WKUHH�HIIHFW�IDOOLQJ�ILOP�HYDSRUDWRU��,W�KDV�EHHQ�VKRZQ� WKDW� WKH� GLVWXUEDQFH� UHMHFWLRQ� SURSHUWLHV� FDQ� EH� VLJQLILFDQWO\� LPSURYHG� ZLWK�FDVFDGH�FRQWURO�ZKLOH�VWLOO�PDLQWDLQLQJ�WKH�WUDFNLQJ�SURSHUWLHV�
.H\ZRUGV� )DOOLQJ�ILOP�HYDSRUDWRU��QRQOLQHDU�PRGHOLQJ��FDVFDGH�FRQWURO��GLVWXUEDQFH�UHMHFWLRQ

 � &RUUHVSRQGLQJ�DXWKRU�(�PDLO��PHKUGDGBNDULPLB��#\DKRR�FRP

,QWURGXFWLRQ(YDSRUDWLRQ�LV�D�NH\�FRQFHQWUDWH�RSHUDWLRQ�LQ�GU\HU� LQGXVWU\� DQG� IDOOLQJ� ILOP� HYDSRUDWRUV�DUH�FRPPRQ�XVHG�RQHV�DPRQJ�RWKHU�W\SHV�RI�HYDSRUDWRUV� LQ� WKLV� ILHOG��0XOWL�HIIHFW� IDOOLQJ�ILOP�HYDSRUDWRUV�DUH�XVHG�IRU�FRQFHQWUDWLRQ�RI�VROXWLRQV� FRQWDLQLQJ� VROLG� SDUWLFOHV� LQ� IRRG�LQGXVWU\� ,QFUHDVLQJ�RI� VROLG�FRQFHQWUDWLRQ� LV�GRQH�E\�VROXWLRQ�HYDSRUDWLRQ� WKDW� LQ�PRVW�RI�WKH� FDVHV� LV� ZDWHU�� %HFDXVH� RI� ZLGH� DS�SOLFDWLRQ� RI� PXOWL�HIIHFW� IDOOLQJ� ILOP� HYD�SRUDWRUV� LQ� IRRG� LQGXVWU\��VWXG\�DQG�DQDO\VLV�PRGHO� DV� D� PHWKRG� RI� LQYHVWLJDWLRQ� RI�SURFHVV RSHUDWLRQ� UHFHLYHV� KLJK� LPSRUWDQFH��'LIIHUHQW�VWXGLHV�KDYH�EHHQ�FRQGXFWHG�LQ�WKH�ILHOG�RI�HYDSRUDWRU
V�PRGHOLQJ�VR�IDU�+�$QGUH�DQG�5��$��5LWWHU�LQYHVWLJDWHG�D�ODERUDWRU\�WZR�

HIIHFW� HYDSRUDWRU� V\VWHPV� LQ� G\QDPLF�FRQGLWLRQ� >�@�� 7KH\� SUHVHQWHG� D� VLPSOH�PDWKHPDWLFDO� PRGHO� DV� D� PRGHOLQJ� IRU� WKLV�HYDSRUDWRU�� $FFRUGLQJ� WR� FRPSOH[LW\� RI�HTXDWLRQV� LQ� WKLV� PRGHOLQJ� WKHRUHP� UHVXOWV�KDG�D�VXLWDEOH�DFFXUDF\��'��*UDQW�)LVKHU�DQG�5REHUW� 1HZHOO� VWXGLHG� D� WZR� HIIHFW� HYD�SRUDWLQJ� V\VWHP��7KH\�FRQYHUWHG�D�QRQOLQHDU�PRGHO� RI� WHQWK� RUGHU� WR� D� OLQHDU�PRGHO� WKHQ�XVHG�LW�IRU�WKLV�V\VWHP��-RKQVRQ�SUHVHQWHG�DQ�HPSLULFDO� PRGHO� �EODFN� ER[� PRGHO�� IRU�IDOOLQJ� ILOP� HYDSRUDWRUV� DQG� REWDLQHG�SDUDPHWHUV� UHTXLUHG� LQ� PRGHOLQJ� H[SHUL�PHQWDOO\� >�@�� ,Q� WKLV� PRGHO� YDSRU� SKDVH�YDULDWLRQV�ZHUH�QRW�FRQVLGHUHG�ZLWK�WLPH�DQG�DVVXPHG�WKDW�KHDW�WUDQVIHU�IURP�VKHOO�WR�WXEHV�LV� LQGHSHQGHQW� RI� WLPH��0DQF]DFN� SXUSRVHG�
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DQ� DQDO\WLF� PRGHO� ZKLFK� SUHGLFWHG� G\QDPLF�FRQGLWLRQ� RI� RQH� HIIHFW� DQG� PXOWL� HIIHFW�HYDSRUDWLRQ� RSHUDWLRQ� >�@�� =DYRUND� HW� DO�SUHVHQWHG� DQ� RYHUDOO� PRGHO� IRU� HYDSRUDWLQJ�RSHUDWLRQ�RI�VXJDU�VROXWLRQ�>�@��,Q�WKLV�PRGHO��D�FRUUHODWLRQ�IRU�PHDVXULQJ�YDOXH�RI�WRWDO�KHDW�WUDQVIHU� FRHIILFLHQW� ZLWK� UHVSHFW� WR� VXJDU�VROXWLRQ�FRQFHQWUDWLRQ�DQG�IDOOLQJ�ILOP�OLTXLG�OHYHO� LQVLGH� WXEHV�ZDV� SUHVHQWHG� >�@�� ,Q� WKLVV\VWHP��PLON�ZDV�DVVXPHG�DV�WKH�IHHG�DQG�WKH�WDUJHW� ZDV� SURGXFWLRQ� RI� GULHG� PLON�� 4XDDN�DQG� *HUULWVHQ� SHUIRUPHG� D� YDULHW\� RI�DFWLYLWLHV� LQ� WKH�FRXUVH�RI�G\QDPLF�PRGHOLQJ�RI� IDOOLQJ� ILOP� PXOWL� HIIHFW� HYDSRUDWRUV� >�@��4XDDN� HW� DO� GHVLJQHG� SLORW� SODQW� RI� PXOWL�HIIHFW� IDOOLQJ� ILOP� HYDSRUDWRU� LQ� ODERUDWRU\�DQG� VWXGLHG� WKH�G\QDPLF�RI�SURFHVV��3URGXFW�VROXWLRQ� VROLG� FRQFHQWUDWLRQ� RI� HYDSRUDWRUV�LQIOXHQFHG� WKH� FRQYHUVLRQ� SURFHVV� RI� HYD�SRUDWHG�VROXWLRQ�WR�GU\�SRZGHU�KHQFH�FRQWURO�RI� SURGXFW� FRQFHQWUDWLRQ� LV� YHU\� LPSRUWDQW��)RU� LQFUHDVLQJ� RI� GU\� SRZGHU� TXDOLW\��GLVWXUEDQFH� EDQGV� ZKLFK� LQIOXHQFH� WKH�SURFHVV� PXVW� EH� LGHQWLILHG� DQG� HOLPLQDWH�WKHP� TXLFNO\�� VR� FRQWURO� DOJRULWKP� ZLWK�FDSDELOLW\�RI�HOLPLQDWLQJ�GLVWXUEDQFH�UHTXLUHV�GHVLUHG�RSHUDWLRQ�RI�FRQWURO�V\VWHP�3URGXFW�FRQFHQWUDWLRQ�KDV�WKH�PRVW�LQIOXHQFH�IURP� GLVWXUEDQFHV� UHVXOWLQJ� RI� IHHG� FRQ�FHQWUDWLRQ� DQG� XVH� RI� VLPSOH� IHHGEDFN�FRQWUROOHU� LQ� SURFHVV��:LQFKHVWHU� DQG�0DUVK�VWXGLHG� D� IDOOLQJ� ILOP� HYDSRUDWRU� DV�FRQWUROODELOLW\� SRLQW� RI� YLHZ� DQG� WKH� UHVXOW�ZDV� ODFN� RI� FRQWUROODELOLW\� RI� WKDW� XQLW� >�@��7KLV�UHVXOW�ZDV�REWDLQHG�E\�3RVWOHWKZDLWH�DQG�6NRJHVWDG�LQ�SDVW�>�@��6R�LW�ZDV�QRW�SRVVLEOH�WR� LGHQWLI\� FRQVLGHUDEOH� GRPDLQ� RI� GLV�WXUEDQFHV�� ,Q� FRQWLQXDWLRQ� RI� WKLV� UHVHDUFK� LW�ZDV� GHPRQVWUDWHG� WKDW� PDLQ� UHDVRQ� RI� QR�LGHQWLI\LQJ� SUHFLVH� GRPDLQ� GLVWXUEDQFHV� LQ�PXOWL�HIIHFW�IDOOLQJ�ILOP�HYDSRUDWRUV�KDG�ODUJH�WLPH�GHOD\�LQ�WKLV�SURFHVV��,Q�UHFHQW�\HDUV��LQ�WKH� ILHOG�RI�FRQWURO� V\VWHP�GHVLJQ�IRU� IDOOLQJ�ILOP� HYDSRUDWRUV� WKHUH� KDYH� EHHQ� VR� PXFK�DFWLYLWLHV�DQG�UHVHDUFKHV�KDYH�XVHG�DGYDQFHG�FRQWURO� DOJRULWKPV�� )RU� H[DPSOH� 7DGH� DQG�/HSDJH� VWXGLHG� QRQOLQHDU� FRQWURO� DOJRULWKPV�

>�@�� 4XDDN�� 9DQ� +DUHQ� DQG� 9DQ� :LMFN�VWXGLHG� PXOWL� YDULDEOH� FRQWURO� DOJRULWKP� IRU�HYDSRUDWRUV� >�@�� /DKWLQHQ� XVHG� IX]]\� FRQ�WUROOHU� >�@�� /R]DQR� DQG� (ODVWRQGR� XVHG�DGDSWLYH�FRQWUROOHUV�LQ�WKHLU�UHVHDUFKHV�>�@��,Q�WKH� UHFHQW� \HDUV�� XVLQJ� RI� FDVFDGH� FRQWURO�ORRSV� IRU� PXOWL� HIIHFW� HYDSRUDWRUV� KDV� EHHQ�VWXGLHG� E\� 0DUVK�� +�� &�� %DNNHU�� 3DUD�PDORLQJDP� DQG� +RQJ� &KHQ� >��@�� +RZHYHU��RQH� ORRS� IHHGEDFN� FRQWUROOHUV� VWLOO� DUH� XVHG��EHFDXVH� RI� FRPSOH[LW\�� PDLQWHQDQFH� FRVW�DQG�KLJK�SULFH�RI�LPSURYHG�FRQWURO�ORRSV��
3URFHVV�'HVFULSWLRQ)RU�FRQFHQWUDWLRQ�RI�VROXWLRQV�DUH�VHQVLWLYH�WR�KLJK�WHPSHUDWXUH�OLNH�GUXJ�DQG�IRRG�PDWHULDOV�LQ� RUGHU� WR� VXVWDLQ� WKHLU� GUXJ� RU� QXWULWLRQDO�YDOXH�� HYDSRUDWLRQ� SURFHVV� PXVW� EH� GRQH� LQ�WKH� SRVVLEOH� VKRUW� WLPH� >��@�� 7KLV� ZRUN�XVXDOO\� LV� GRQH� LQ� PXOWL� HIIHFW� IDOOLQJ� ILOP�HYDSRUDWRUV�� )DOOLQJ� ILOP� HYDSRUDWRUV� XQLW� LV�FRQVLVWHG�RI�D�FHUWDLQ�QXPEHU�RI�HYDSRUDWRU��D�FRQGHQVHU�� VWHDP� WKHUPR� FRPSUHVVRU�� YDFX�XP SXPSV�� WUDQVLWLRQDO� SXPSV�� VHSDUDWRUV�DQG� SUHKHDWHUV�� )LJXUH� ���� VKRZV� D� VLPSOH�VFKHPH�RI�WKUHH�HIIHFW�IDOOLQJ�ILOP�HYDSRUDWRU�LQVWUXPHQWV��+LJK�KHDW�WUDQVIHU�FRHIILFLHQW�LQ�ORZ�WHPSHUDWXUH� LV�DQ�DGYDQWDJH�RI�WKLV�NLQG�RI� HYDSRUDWRUV�� 3URFHVV� WLPH� LV� XVXDOO\� ORZ�������� VHFRQGV�� DQG� KHQFH�� IRU� WHPSHUDWXUH�VHQVLWLYH� PDWHULDOV� LV� TXLHWO\� VXLWDEOH�� %H�FDXVH�RI� WKH�HYDSRUDWLRQ� WDNHV�SODFH�RQ� ILOP�LQWHUIDFLDO� VXUIDFH�� ORZHU� VHGLPHQW� DSSHDU� LQ�V\VWHP�,Q� WKH�FDVHV� WKDW� IHHG�VROXWLRQ� LV�VHQVLWLYH� WR�KLJK�WHPSHUDWXUH��YDFXXP��E\�YDFXXP�SXPS�RU� FRQGHQVHU�� LV� XVHG� IRU� UHGXFLQJ� ERLOLQJ�WHPSHUDWXUH��+HDWLQJ�DJHQW�LV�VWHDP�ZKLFK�LWV�SURSHUW\� LV� GHWHUPLQHG� EDVH� RQ� FRQFHQWUDWHG�VROXWLRQ�DQG�HYDSRUDWLRQ�SUHVVXUH�,Q�WKLV�SDSHU��VWXGLHG�SURFHVV�LV�PLON�SRZGHU�WKUHH� HIIHFW� IDOOLQJ� ILOP� HYDSRUDWRU�� ,Q� WKLV�SURFHVV�� LQLWLDOO\� PLON� LV� KHDWHG� LQ� ILUVW�SUHKHDWHU�E\�YDSRU�ZKLFK�LV�H[LWHG�IURP�WKLUG�HIIHFW�VHSDUDWRU�DQG�WKHQ�LV�KHDWHG�LQ�VHFRQG��WKLUG� DQG� IRXUWK� SUHKHDWHUV� UHVSHFWLYHO\� E\�VWHDP�RI� WKLUG��VHFRQG�DQG�ILUVW�HIIHFW�VKHOOV��
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DQG� IHHG� WHPSHUDWXUH� UHDFKHV� WR� VXLWDEOH�ERLOLQJ�WHPSHUDWXUH��7KHQ�IHHG�LV�SXPSHG�WR�ILUVW� HIIHFW� HYDSRUDWRU� DQG� LV� GLVWULEXWHG� RQ�HYDSRUDWRU�WXEHV�YLD�IHHG�GLVSHQVHU��7KLV�IHHG�PRYHV� LQ� WR� HYDSRUDWRU� WXEHV� DV� D� WKLQ� ILOP�DQG�LV�WUDQVIHUUHG�GRZQ�ZDUGV��5HTXLUHG�KHDW�

IRU� HYDSRUDWLRQ� LV� SURYLGHG� E\� ORZ� SUHVVXUH�VWHDP� LQ� VKHOO� RI� ILUVW�HIIHFW�� 0L[WXUH� RI�VWHDP�DQG�FRQFHQWUDWHG�OLTXLG�LQ�VHSDUDWRU�LV�VHSDUDWHG� YLD� FHQWULIXJDO� IRUFH� DQG� VWHDP� LV�WUDQVIHUUHG�WR�VHFRQG�HIIHFW�VKHOO�DQG�IHHG�LQ�WUDQVIHUUHG�LQ�WR VHFRQG�HIIHFW�WXEHV�

)LJXUH �� 6FKHPDWLF�GLDJUDP�RI�WKUHH�HIIHFW�IDOOLQJ�ILOP�HYDSRUDWRU
7KH�VDPH�SURFHVV�LV�UHSHDWHG�IRU�VHFRQG�DQG�WKLUG�HIIHFWV��7KH�SDUW�RI�VHFRQG�HIIHFW�YDSRU�LV� VXFNHG� E\� WKHUPR� FRPSUHVVRU� WKHQ� LV�FRQYHUWHG�WR�ORZ�SUHVVXUH�VWHDP�WR�EH�XVHG�LQ�ILUVW� HIIHFW��+LJK�SUHVVXUH� OLYH� VWHDP� LV�XVHG�WR�ILUVW�HIIHFW�VKHOO�IRU�FRQFHQWUDWLQJ�VROXWLRQ�DQG� VWHDP� VXSSO\� UHTXLUHG� IRU� IRXUWK�SUHKHDWHU��6WHDP�LQSXWV�WR�VHFRQG�HIIHFW�VKHOO�LV� XVHG� IRU� FRQFHQWUDWLQJ� VROXWLRQ� DQG� VWHDP�VXSSO\� UHTXLUHG� IRU� WKLUG� SUHKHDWHU�� 6WHDP�LQSXWV� WR� WKLUG� HIIHFW� VKHOO� IRU� FRQFHQWUDWLQJ�

VROXWLRQ�� VXSSO\� VWHDP� UHTXLUHG� IRU� VHFRQG�SUHKHDWHU� DQG� WKHUPR� FRPSUHVVRU�� $OVR�SURGXFW� YDSRU� LQ� WKLUG� HIIHFW� LV� XVHG� IRU�VXSSO\LQJ�VWHDP�UHTXLUHG�IRU�IRXUWK�SUHKHDWHUDQG� UHVLGXDO� VWHDP� LV� OLTXHILHG� E\� D�EDURPHWULF�FRQGHQVHU�WKDW�LQVWDOOHG�DW�WKH�HQG�RI� HYDSRUDWLRQ� XQLW�� 7KH� VWHDG\� VWDWH� YDOXHV�RI� WKUHH� HIIHFW� IDOOLQJ� ILOP� HYDSRUDWRU� DQG�SUHKHDWHUV�SDUDPHWHUV�OLVWHG�LQ�7DEOHV�����DQG�����
7DEOH��� 6WHDG\�VWDWH�YDOXHV RI�WKH�WKUHH�HIIHFW�HYDSRUDWRU�SDUDPHWHUV&RQFHQWUDWLRQ

�NJVROLG�NJPLON�
)ORZ�UDWH
�NJ�KU�

+HDW�WUDQVIHU�FRHIILFLHQW�
�:�P�&�

7HPSHUDWXUH
�R&�

)HHG ������ ����� ��
(IIHFW� ������ ������ ������ ��
(IIHFW�� ������ ������ ������ ��
(IIHFW�� ������ ������ ������ ��
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7DEOH��� 6WHDG\�VWDWH�YDOXHV�RI�WKH�IRXU�SUHKHDWHUV SDUDPHWHUV�
+HDW�WUDQVIHU�FRHIILFLHQW

�:�P�&�
7HPSHUDWXUH

�R&�
3+�� ������ ����
3+�� ������ ����
3+�� ������ ����
3+�� ������ ����

1RQOLQHDU�PRGHOLQJ'\QDPLF�PRGHOLQJ�RI�PLON�SRZGHU� WKUHH�HIIHFW�IDOOLQJ�ILOP�HYDSRUDWRU'\QDPLF� PRGHOLQJ� RI� PLON� SRZGHU� WKUHH�HIIHFW�IDOOLQJ�ILOP�HYDSRUDWRU�FRQVLVWV�RI�WZR�PDLQ�SDUWV��� '\QDPLF� PRGHOLQJ� RI� WKUHH� HIIHFW�HYDSRUDWRU��� '\QDPLF� PRGHOLQJ� RI� IRXU� VWDJHV�SUHKHDWHU�6RPH� DVVXPSWLRQV� DUH� DSSOLHG� WR� G\QDPLF�PRGHOLQJ�RI�PLON�SRZGHU�WKUHH�HIIHFW�IDOOLQJ�ILOPHYDSRUDWRU�LV�GHVFULEHG�EHORZ��� 0DVV� DFFXPXODWLRQ� LV� RFFXUUHG� LQ�HYDSRUDWRU�VHSDUDWRU�SDUW�DQG�RQO\�LQ�OLTXLG�SKDVH��� (QHUJ\�DFFXPXODWLRQ�LV�FRQVLGHUHG�DV�D� OLTXLG� YROXPH� DFFXPXODWLRQ� LQ�VHSDUDWRU��� 7RWDO�KHDW�WUDQVIHU�FRHIILFLHQW�EHWZHHQ�PLON� �OLTXLG� DQG� YDSRU�� LQVLGH� WXEHV�DQG� VWHDP� LQVLGH� VKHOO� D� ORQJ�HYDSRUDWRU� WXEHV� LV� DVVXPHG� FRQ�VWDQW��� 0LON�OLTXLG�DQG�YDSRU�LV�FRQVLGHUHG�LQ�SKDVH�HTXLOLEULXP�FRQGLWLRQ��� 9DSRU�SURGXFHG�LQ�WXEHV DQG�VHSDUDWRU�LV� WUDQVIHUUHG� WR� QH[W� HIIHFW� FRP�SOHWHO\� DQG� WKHUH� ZDV� QR� YDSRU�DFFXPXODWLRQ�LQVLGH�HYDSRUDWRUV��� 0DVV� DFFXPXODWLRQ� LQVLGH� HYDSRUDWRU�VKHOO�LV�DVVXPHG�QHJOLJLEOH�

�� 9DSRU� SURGXFHG� LQVLGH� HYDSRUDWRU�WXEHV� LV�ZLWKRXW� OLTXLG�PLON�RU�VROLG�SDUWLFOHV��� 7HPSHUDWXUH� RI� SURGXFHG� YDSRU� LV�DVVXPHG� FRQVWDQW� LQVLGH� WXEHV� LQ�WUDQVIHU�WR�QH[W�HYDSRUDWRU�VKHOO��� +HDW� WUDQVIHU� RQO\� RFFXUV� EHWZHHQ�PLON�DQG�VWHDP�LQVLGH�VKHOO�DQG�KHDW�WUDQVIHU�WR�HQYLURQPHQW�LV�QHJOLJLEOH���� /LTXLG� LV� GLVWULEXWHG� LQ� WRS�RI� WXEHV�XQLIRUPO\���� 7KHUH� ZDV� QR� PDVV� DFFXPXODWLRQ�LQVLGH�SUHKHDWHUV�
'\QDPLF� HTXDWLRQ� DQG� H[SHULPHQWDO� UHOD�WLRQV�RI�WKUHH�HIIHFW�IDOOLQJ�ILOP�HYDSRUDWRU)RU�HDFK�HIIHFW�RI�HYDSRUDWLRQ�SURFHVV��D�WRWDO�PDVV�HTXLOLEULXP��D�SDUWLDO�PDVV�HTXLOLEULXPDQG� WZR� HQHUJ\� EDODQFHV� LV� FRQVLGHUHG��(TXDWLRQV������ ����SUHVHQW�QRQOLQHDU�G\QDPLF�PRGHO�RI�LWK�HIIHFW�RI�WKUHH�HIIHFW�IDOOLQJ�ILOP�HYDSRUDWRU��6WDWH�YDULDEOHV�GHSHQGHG� WR� WLPH�DUH�WRWDO�PDVV�DFFXPXODWLRQ��FRPSRQHQW�PDVV�FRQFHQWUDWLRQ�DQG�WHPSHUDWXUH��

L9L/L/L PPPGWGP � �� � ���
L��L��� /L/LLL P&P&GWP&G � � ���



1RQOLQHDU�0RGHOLQJ�DQG�&DVFDGH�&RQWURO�'HVLJQ�IRU�0XOWL�(IIHFW�)DOOLQJ�)LOP�(YDSRUDWRUV

�� ,UDQLDQ�-RXUQDO�RI�&KHPLFDO�(QJLQHHULQJ��9RO���� 1R���

LL9L9L/L/L/��L/LL 4+P+P+PGW �+P�G ��� ��
���
���� ��L���L� &L99LLLLL ++P778$4 � � �� ���

(QHUJ\�DFFXPXODWLRQ� LV� OHJLEOH� LQVLGH�IDOOLQJ�ILOP� HYDSRUDWRU� VKHOO�� WKHUHIRUH� DV� VKRZQ� LQ�HTXDWLRQ� ����� G\QDPLF� FRQGLWLRQ� LV� QRW�FRQVLGHUHG� LQ� HYDSRUDWRU� VKHOO� VLGH�� ([�SHULPHQWDO� ZRUNV� DQG� FRQGXFWHG� UHVHDUFKHV�LQ� WKH� ILHOG� RI� IDOOLQJ� ILOP� HYDSRUDWRUV� VKRZ�WKDW� YDULDWLRQ� RI� PDVV� DFFXPXODWLRQ� ZLWK�WLPH� FRPSDUHG� WR� FRQFHQWUDWLRQ� DQG� WHP�SHUDWXUH� YDULDWLRQ� ZLWK� WLPH� LV� VORZHU� >��@��+HQFH�LW�LV�SRVVLEOH�WR�QHJOLJLEOH�YDULDWLRQ�RI�PDVV� DFFXPXODWLRQ� ZLWK� WLPH� FRPSDUHG� WR�FRQFHQWUDWLRQ� DQG� WHPSHUDWXUH� DQG� FRQVLGHU�DPRXQW� RI� DFFXPXODWLRQ� DV� D� FRQVWDQW� YDOXH��GPL�GW� �����)RU�DSSUR[LPDWLRQ�RI�SURGXFHG�VWHDP� PDVV� IORZ� LQ� LWK� HIIHFW�� WKH� H[�SHULPHQWDO� UHODWLRQVKLS� LQ� HTXDWLRQ� ���� LV�XVHG�>�@�
��L9L9L9 P.P  ���

0LON� HQWKDOS\� LV� GHSHQGHG� WR� WHPSHUDWXUH�DQG� FRQFHQWUDWLRQ� DQG� IRU� FRPSXWH� LWV� YDOXH�WKH�H[SHULPHQWDO�HTXDWLRQ�����LV�XVHG�
������ ����������� 7&� 7&���+ / uu� uu� ���

3URGXFHG� VWHDP� HQWKDOS\� DQG� FRQGHQVDWHVWHDP� HQWKDOS\� LQ� HDFK� HIIHFW� FDQ� EH�FDOFXODWHG�E\�VWHDP�WKHUPRG\QDPLF�WDEOHV�RU�OLQHDU�HTXDWLRQV�����DQG�����

7������������������+ u�u Y ���
7����+& u ���

,Q�HTXDWLRQ� ����� HQWKDOS\�YDULDWLRQ�ZLWK� WLPH�FDE� EH� H[WHQGHG� DV� D� IXQFWLRQ� RI�FRQFHQWUDWLRQ� DQG� WHPSHUDWXUH� DQG� UHSODFHG�LQ�HTXDWLRQ�����
GWG&&+GWG77+GWG+ uww�uww ���

,Q�HTXDWLRQ����� &+�7+ wwww FDQ�EH�UHSODFHG�E\�H[SHULPHQWDO� UHODWLRQV�� 6LQFH� KHDW� WUDQVIHU�FRHIILFLHQW� FKDQJHV� LQWHQVLYHO\� ZLWK� LQSXW�FRQGLWLRQ� FKDQJHV�� WKHUHIRUH� JLYHQ� HQHUJ\�YDOXH�WR�PLON�YLD�VKHOO�LV�FRQVLGHUHG�HTXDO�WR�VWHDP� HQWKDOS\� FKDQJH� LQVLGH� VKHOO� DQG� LW� LV�DVVXPHG� WKDW� WRWDO� VWHDP� LQVLGH� VKHOO� LV�FRQGHQVDWH� ����� $ERYH� DVVXPSWLRQV� LQ� DOO�HIIHFW�RI�IDOOLQJ�ILOP�HYDSRUDWRU�DUH�YDOLG�3UHKHDWHUV� DUH� XVHG� WR� LQFUHDVH� PLON�WHPSHUDWXUH� WR�ERLOLQJ�SRLQW�WHPSHUDWXUH�DQG�FRQWDLQ� IRXU� VWDJHV� WKDW� DUH� GHVLJQHG� LQVLGH�HYDSRUDWRUV� LQ� UHYHUVH� PLON� PRYHPHQW�GLUHFWLRQ�� 6WHDP� LQVLGH� HYDSRUDWRU� VKHOO� LV�XVHG� WR� KHDW� PLON� DQG� LW� LV� DVVXPHG� WKDW�WUDQVIHU� KHDW� YDOXH� WR� SUHKHDWHU� LV� VXFK� WKDW�GRHV� QRW� FRQYHUW� PLON� LQ� WR� WZR� SKDVH�FRQGLWLRQ�� UHVSHFWLYH� UHODWLRQV� WR� SUHKHDWHUV�DUH�LGHQWLFDO�DQG�ZLWK�WKH�DVVXPSWLRQ�RI�PDVV�DFFXPXODWLRQ� ODFN� LQVLGH� SUHKHDWHU� DQG� QRW�FKDQJLQJ� PLON� FRQFHQWUDWLRQ�� WKH� RQO\�DSSOLFDEOH� HTXDWLRQ� IRU� SUHKHDWHUV� LV� HQHUJ\�HTXLOLEULXP� LQ� G\QDPLF� FRQGLWLRQ� ZKLFK�UHVSHFWLYH�HTXDWLRQ�RI�HIIHFW�L�LV�VKRZQ�LQ�WKH�IROORZLQJ�
LL��LLL 3+)))))3) 4+P+PGWG+9! �� 
����
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$V�PHQWLRQHG�DERYH��FRQVXPHG�VWHDP�YDOXH�LQ� SUHKHDWHUV� LV� GHWHUPLQHG� DFFRUGLQJ� WR� D�FRHIILFLHQW� RI� VWHDP� YDOXH� LQVLGH� VKHOO�� ,WV�DFFXUDWH� YDOXH� GHWHUPLQDWLRQ� LV� SRVVLEOH�DFFRUGLQJ� WR� H[SHULPHQWDO� GDWD�� (QWKDOS\�YDULDWLRQ� ZLWK� WLPH� FDQ� EH� VSHFLILHG�DFFRUGLQJ� WR� WHPSHUDWXUH� YDULDWLRQ� YHUVXV�WLPH�DQG�VLQFH�FRQFHQWUDWLRQ�LQ�SUHKHDWHUV� LV�DVVXPHG�FRQVWDQW��HQWKDOS\�YDULDWLRQ�UHODWLRQ�LV�GHVFULEHG�DV�HTXDWLRQ������
GWG77+GWG+ uww ����

3DUDPHWHU 7+ww FDQ� EH� FDOFXODWHG� E\�H[SHULPHQWDO� UHODWLRQV� ZKLFK� WKLV� ZDV�H[SODLQHG�LQ�DERYH��%HFDXVH�RI�ODFN�RI�SKDVH�FKDQJH� LQVLGH� SUHKHDWHUV�� PLON� GHQVLW\� LV�DVVXPHG�FRQVWDQW��6WHDP�WKHUPR�FRPSUHVVRU�PL[HG�VRPH�RI�SURGXFHG�VWHDP�LQ�WKH�VHFRQG�HIIHFW�EXW�VXFNLQJ�LQ�VWHDP�SDWK�RI�QHZ�LQSXW�WR� ILUVW� HIIHFW� E\� PDNLQJ� YDFXXP� ZLWK� QHZ�VWHDP� DQG� WKHQ� WUDQVIHUV� LW� WR� ILUVW� HIIHFW�HYDSRUDWRU�VKHOO��7HPSHUDWXUH�DQG�PDVV�IORZ�UDWH�RI�OLYH�VWHDP�PXVW�EH�DW�D�OHYHO�WKDW�DIWHU�PL[LQJ� E\� VHFRQG� HIIHFW� SURGXFHG� YDSRU�UHTXLUHG�VWHDP�ZLWK�VXLWDEOH�WHPSHUDWXUH�FDQ�EH�SUHSDUHG�IRU�ILUVW�HIIHFW��%\�LQFUHDVLQJ�OLYH�VWHDP�PDVV� IORZ� UDWH�� WKH� SURGXFHG� YDFXXP�LV� PRUH� DQG� DV� D� UHVXOW� VXFNLQJ� UDWLR� DOVR�LQFUHDVH�� ,Q� WKLV� PRGHOLQJ� VXFNLQJ� UDWLR� LV�DVVXPHG� FRQVWDQW� DQG� PL[LQJ� RI� OLYH� VWHDP�DQG�VXFNHG�VWHDP�IURP�VHFRQG�HIIHFW�LV�D�IDVW�LVRWURSLF�SURFHVV�DQG�LW�LV�HQHUJ\�EDODQFH�FDQ�EH�FRPSXWHG�E\�IROORZLQJ�HTXDWLRQ�
��� 9
9/LYH6OLYH66
9/LYH6 +P+P+�P�P u�u u� ��� ����

&RQWURO�RI�PLON�SRZGHU�WKUHH�HIIHFW�IDOOLQJ�ILOP�HYDSRUDWRU,Q� SUHVHQW� \HDUV�� VLPSOH� IHHGEDFN� FRQWURO�

DOJRULWKPV�DUH�XVHG�ZLGHO\�LQ�PRVW�FKHPLFDO�SURFHVV�>��@��2QH�RI� WKH�PDLQ�GLVDGYDQWDJHV�LQ� VLPSOH� IHHGEDFN� FRQWURO� DOJRULWKPV��FRPPRQ�XVHG�LQ�LQGXVWU\�LV�GHOD\HG�UHIOX[�RI�PDQLSXODWHG�YDULDEOHV��LW�LV�VR�WKDW�DW�WKH�WLPH�RI� DFFXUDF\� RI� GLVWXUEDQFH� LQ� SURFHVV��PDQLSXODWHG� YDULDEOHV� SHUIRUP� D� VXLWDEOH�UHIOX[� ZKHQ� FRQWUROODEOH� YDULDEOH� H[LWV�GHVLUHG�GRPDLQ�RI�VHW�SRLQW�ZKLFK�WKLV�FDXVHV�ODUJH� WLPH�GHOD\� LQ� FRQWURO� V\VWHP�� 6R�XVLQJ�RI� VLPSOH� IHHGEDFN� FRQWURO� ORRSV� ZKHUH�LQYHVWLJDWHG� IRU� SURFHVVHV� ZLWK� ODUJH� WLPH�GHOD\� RU� ODUJH� SURFHVV� WLPH� FRQVWDQW�� 7KHVH�DOJRULWKPV� ZKHUH� XVHG� DOPRVW� PHUJHG� LQ�VLPSOH� IHHGEDFN� FRQWURO� ORRSV�� 7KHVH�DOJRULWKPV� HOLPLQDWH� GLVWXUEDQFHV� HIIHFW�SURSHUO\�� )RU� XVH� IHHGEDFN� FRQWUROOHUV��DFFXUDWH� GLVWXUEDQFH�PHDVXUHPHQW� LV� QHHGHG�DQG� DOVR� SXUSRVHG� PRGHO� IRU� SURFHVV� PXVW�KDYH� KLJK� SUHFLVLRQ� ZKLFK� WKLV� FDXVH�OLPLWDWLRQ� LQ� XVH� RI� IHHGEDFN� FRQWURO�DOJRULWKPV�
&DVFDGH� FRQWURO� RI� WKUHH� HIIHFW� IDOOLQJ� I LOP�HYDSRUDWRU5HVHDUFKHV� VKRZ� WKDW� IDFWRUV� OLNH� IHHG�FRQFHQWUDWLRQ�� IHHG� WHPSHUDWXUH� DQG� WHP�SHUDWXUH�RI�FRRO�ZDWHU�WR�FRQGHQVHU�FDQ�H[LVW�VRPH�GLVWXUEDQFHV�LQ�HYDSRUDWLRQ�SURFHVV�>�@��)HHG�WHPSHUDWXUH�DQG�FRRO�ZDWHU�WHPSHUDWXUH�GR� QRW� LQIOXHQFH� RQ� SURFHVV� FRQWURO�VHQVLWLYHO\�� ZKLOH� IHHG� FRQFHQWUDWLRQ� FDQ�H[SHO� SURGXFW� PLON� FRQFHQWUDWLRQ� IURP�GHVLUDEOH� GRPDLQ� DQG� LQIOXHQFHV� FRQWURO�V\VWHP�� 8VH� RI� VHFRQG� PHDVXUDEOH� YDULDEOH�DQG� D� VLPSOH� VHFRQG� IHHGEDFN� FRQWURO� ORRS�FDQ� LQWHUUHG� GLVWXUEDQFHV� LQ� SURFHVV� LGHQWLI\�IDVWHU� WKDW� FRQWUROODEOH� YDULDEOH� LQ� DZD\� WKDW�LW� LV� QRW� QHFHVVDU\� WR� PHDVXUH� GLVWXUEDQFH�YDOXH��8VH�RI�VXFK�DOJRULWKP�RSHUDWHV�TXLFNHU�DQG�PRUH�VWDEOH�WKDQ�VLPSOH�IHHGEDFN�FRQWURO�ORRS�� $� FDVFDGH� FRQWURO� DOJRULWKP� LV� VKRZQ�LQ� )LJXUH� ����� $V� LW� LV� VKRZQ� LQ� )LJXUH� �����LQWHUQDO�ORRS�FRQWUROOHU�RXWSXW�LV�VSHFLILHG�DV�D�GHVLUDEOH�YDOXH�RI�VHFRQG�YDULDEOH�%HFDXVH� RI� ODUJH� GHOD\� WLPH� DQG� SUHVHQW�GLVWXUEDQFHV�LQ�SURFHVV�GHVLUDEOH�DQG�SUHFLVH�
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FRQWURO� RI� SUHVHQW� VROLG� YDOXH� LQ� SURGXFW�VROXWLRQ� LV� GLIILFXOW� LQ� IDOOLQJ� ILOP�HYDSRUDWRUV� >��@�� 6R� XVH� RI� VLQJOH� IHHGEDFN�FRQWUROOHU� LV�QRW�VXIILFLHQW� WR�VWXG\�WKLV�FDVH��,Q�SUHVHQW�VWXG\�FDVFDGH�FRQWURO�DOJRULWKP�LV�XVH� WR� FRQWURO� SURGXFW� FRQFHQWUDWLRQ�� ,Q�IROORZLQJ� LW� LV� VKRZQ� WKDW�� DSSOLHG�GLVWXUEDQFHV� WR� SURFHVV� FDE EH� UHMHFWHG� E\� D�FDVFDGH� FRQWURO� ORRS� LQ� DZD\� WKDW� RXWSXW�SURGXFW� FRQFHQWUDWLRQ� RI� WKLUG� HIIHFW� DW� D�

GHVLUDEOH� YDOXH�� 5HVXOWV� REWDLQHG� IURP�FDVFDGH� FRQWURO� DOJRULWKP� DUH� FRPSDUHG� WR�WKH� RQHV� REWDLQHG� IURP� VLPSOH� IHHGEDFN�FRQWURO�DOJRULWKP��,Q�WKLV�UHVHDUFK��ILUVW�HIIHFW�SURGXFW� FRQFHQWUDWLRQ� YDOXH� LV� FKRVHQ� DV�VHFRQG� PHDVXUDEOH� YDULDEOH� DQG� WKLUG� HIIHFW�SURGXFW� FRQFHQWUDWLRQ� YDOXH� LV� FKRVHQ� DV�SULPDU\� PHDVXUDEOH� YDULDEOH�� /LYH� VWHDP�PDVV�IORZ�WR�WKHUPR�FRPSUHVVRU�LV�FKRVHQ�DV�PDQLSXODWHG�YDULDEOH�LQ�WZR�DOJRULWKPV�

)LJXUH �� &DVFDGH�FRQWURO�DOJRULWKP
7XQLQJ�RI�FDVFDGH�FRQWURO�ORRSV7KH� LPSOLFDWLRQ� RI� WKLV� LV� WKDW� WKH� XVXDO�WXQLQJ�WHFKQLTXH�IRU�FDVFDGH�FRQWURO��WXQH�WKH�LQQHU� ORRS� ILUVW� DQG� WKHQ� WXQH� WKH�RXWHU� ORRS�ZLWK�WKH�LQQHU�ORRS�IL[HG�FDQ�QRW�EH�DGRSWHG��YHUEDWLP��LQ�WKLV�FDVH��,QQHU�ORRS�FRQWUROOHU�LV�3� DQG� ZLWK� WKH� LQQHU� ORRS� FRQWUROOHU� WXQHG��WKH� RXWHU� ORRS� FDQ� EH� WXQHG� WR� JLYH� JRRG�GLVWXUEDQFH� UHMHFWLRQ� DQG� WUDFNLQJ� SHU�IRUPDQFH�� $� 3,� FRQWUROOHU� LV� QHHGHG� WR�DFKLHYH�ERWK�RI�WKHVH�WDVNV��7KH�LQWHJUDO�WLPH�LV�FKRVHQ�WR�KDYH�SKDVH�OHDG�EHIRUH�WKH�SKDVH�FURVV� RYHU� IUHTXHQF\� DQG� WKH� SURSRUWLRQDO�FRQVWDQW� LV� VHOHFWHG� WR� DFKLHYH� WKH� EHVW�FRPSURPLVH� EHWZHHQ� WKH� GLVWXUEDQFH� UHMHFW�WLRQ�DQG�QRLVH�VXSSUHVVLRQ�EDQGZLGWKV�)RU� D� FDVFDGH� FRQWURO� V\VWHP� WR� IXQFWLRQ�SURSHUO\�� WKH� UHVSRQVH� RI� WKH� VHFRQGDU\�FRQWURO�ORRS�VKRXOG�EH�IDVWHU�WKDQ�WKH�SULPDU\�ORRS� >��@�� 7KH� VHFRQGDU\� FRQWUROOHU� LV�QRUPDOO\�D�3�RU�3,�FRQWUROOHU��GHSHQGLQJ�XSRQ�WKH� DPRXQW� RI� RIIVHW� WKDW� ZRXOG� RFFXU� ZLWK�SURSRUWLRQDO�RQO\� FRQWURO�� 1RWH� WKDW� VPDOO�RIIVHWV�LQ�WKH�VHFRQGDU\�ORRS�FDQ�EH�WROHUDWHG�

VLQFH� WKH\� ZLOO� EH� FRPSHQVDWHG� IRU� E\� WKH�SULPDU\�ORRS��'HULYDWLYH�DFWLRQ�LV�UDUHO\�XVHG�LQ�WKH�VHFRQGDU\�ORRS��7KH�SULPDU\�FRQWUROOHU�LV�XVXDOO\�D�3,�DQG�3,'�FRQWUROOHU�>������@�)LUVW�WKH�LQQHU�ORRS�IUHTXHQWO\�UHVSRQVH�IRU�D�VHW� SRLQW� FKDQJH� LV� FDOFXODWHG� DQG� D� VXLWDEOH�YDOXH�RI�VHFRQGDU\�SURSRUWLRQDO�SDUDPHWHU� LV�GHWHUPLQHG�� 7KH� RIIVHW� LV� FKHFNHG� WR� GHWHU�PLQH� LI� 3,� FRQWURO� LV� UHTXLUHG�� $IWHU�VHFRQGDU\� SURSRUWLRQDO� SDUDPHWHU� LV� VSHFL�ILHG�� WKH� RXWHU� ORRS� IUHTXHQWO\� UHVSRQVH� FDQ�EH� FDOFXODWHG�� DV� LQ� FRQYHQWLRQDO� IHHGEDFN�FRQWUROOHU� GHVLJQ�� )RU� WKH� GHVLJQ� RI� SULPDU\�FRQWUROOHU�ZH�VKRXOG�FRQVLGHU� WKH�FORVH� ORRS�WUDQVIHU�IXQFWLRQ�IRU�VHW�SRLQW�FKDQJHV�DV�ZHOO�DV�WKH�RQHV�IRU�ORDG�FKDQJHV�>��@��7KH�GHVLJQ�REMHFWLYH� LQ� WKHVH� ODVW� WZR� FDVHV� LV� WR� UHMHFW�GLVWXUEDQFHV��ZH�ZDQW� ORDG�FKDQJHV� WR�EH�DV�VPDOO� DV� SRVVLEOH� IRU� DOO� IUHTXHQFLHV�� $�UHVRQDQW�SHDN�VKRXOG�DSSHDU�LQ�WKH�DPSOLWXGH�UDWLR� SORW�� DQG� WKH� FRQWUROOHU� VKRXOG� EH�DGMXVWHG�WR�PLQLPL]H�WKLV�SHDN�DQG�IRUFH�LW�WR�RFFXU� DW� DV� KLJK� D� IUHTXHQWO\� DV� SRVVLEOH��*HQHUDOO\�� FDVFDGH� FRQWURO� LV� VXSHULRU� WR�
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FRQYHQWLRQDO� FRQWURO� LQ� WKLV� UHJDUG�� DQG� DOVR�SURYLGHV�VXSHULRU�WLPH�GRPDLQ�UHVSRQVHV�>������@�:KHQ�D�FDVFDGH�FRQWURO�V\VWHP�LV�WXQHG�DIWHU�LQVWDOODWLRQ�� WKH� VHFRQGDU\� FRQWUROOHU� VKRXOG�EH�WXQHG�ILUVW��IRU�VHW�SRLQW�FKDQJHV��ZLWK�WKH�SULPDU\�FRQWUROOHU�LQ�WKH�PDQXDO�PRGH��7KHQ�WKH� SULPDU\� FRQWUROOHU� LV� WUDQVIHUUHG� WR�DXWRPDWLF�DQG�LW�LV�WXQHG��7KH�RQ�OLQH�WXQLQJ�WHFKQLTXHV�FDQ�EH�XVHG�IRU�HDFK�FRQWURO�ORRS��,I� WKH� VHFRQGDU\� FRQWUROOHU� LV� UHWXQHG� IRU�VRPH� UHDVRQ�� XVXDOO\� WKH� SULPDU\� FRQWUROOHU�PXVW�DOVR�EH�UHWXQHG��:KHQ�D�FDVFDGH�FRQWURO�V\VWHP� LV� WUDQVIHUUHG� IURP� WKH�PDQXDO� WR� WKH�DXWRPDWLF� PRGH�� WKH� VHFRQGDU\� FRQWUROOHU�VKRXOG� EH� WUDQVIHUUHG� EHIRUH� WKH� SULPDU\�FRQWUROOHU�� 7KH� RUGHU� LV� UHVHUYHG� ZKHQ�WUDQVIHUULQJ�ERWK�ORRSV�IURP�DXWRPDWLF�WR�WKH�PDQXDO�PRGH�
5HVXOWV7R� VROYH� GLIIHUHQWLDO� HTXDWLRQV� UHVXOW� IURP�PLON� SRZGHU� WKUHH� HIIHFW� IDOOLQJ� ILOP�HYDSRUDWRU� DQG� SUHKHDWHUV� G\QDPLF� PRGHO�QXPHULFDO� PHWKRG� DV� IRXUWK� RUGHU� 5XQJH�.XWWD� LV�XVHG��)RU�SURJUDPPLQJ� WKLV�SURFHVV�G\QDPLF�PRGHO�WKH�0$7/$%�������VRIWZDUH�ZDV� XVHG� DQG� IRU� GHVLJQ� FRQWURO� DOJRULWKPV�WKH�6,08/,1.�VRIWZDUH�ZDV�XVHG�
'\QDPLF�PRGHOLQJ�UHVXOWV�RI�PLON�SRZGHU�WKUHH�HIIHFW�IDOOLQJ�ILOP�HYDSRUDWRU)RU� VWXG\� G\QDPLF� FRQGLWLRQ� RI� WKUHH� HIIHFW�IDOOLQJ�ILOP�HYDSRUDWRU��LQIOXHQFH�RI�YDULDWLRQ�RI� OLYH� VWHDP� PDVV� IORZ� UDWH� WR� WKHUPR�FRPSUHVVRU� RQ� SURGXFW� PLON� FRQFHQWUDWLRQ�DQG� WHPSHUDWXUH� RI� HDFK� HIIHFW� ZDV� VWXGLHG��$V�VKRZQ�LQ�)LJXUHV�����DQG�����SURGXFW�PLON�FRQFHQWUDWLRQ� DQG� WHPSHUDWXUH� DUH� LQFUHDVHG�E\�LQFUHDVLQJ�OLYH�VWHDP�PDVV�IORZ�UDWH��$V�LW�LV�REVHUYHG�IURP�FRQFHQWUDWLRQ�DQG�WHPSHUD�WXUH�GLDJUDPV�WKLUG�HIIHFW�FRPSDUHG�ZLWK�ILUVW�DQG� VHFRQG� HIIHFWV� UHDFKHV� WR� QHZ� VWHDG\�VWDWH�FRQGLWLRQ�ZLWK�D�PRUH�WLPH�GHOD\��7KLUG�HIIHFW� LV� FRQQHFWHG� WR� ILQDO� FRQGHQVHU� KHQFH�ZKLOH� FRQGHQVHU� LV� FRQWUROOHG� E\� FRRO� ZDWHU�PDVV� IORZ� UDWH�� LQIOXHQFH� DELOLW\� RI� WKLUG�

HIIHFW� GHFUHDVHV� ZLWK� UHVSHFW� WR� LQSXW�YDULDWLRQV�

)LJXUH �� '\QDPLF� UHVSRQVH� RI� SURGXFW� PLON� FRQ�FHQWUDWLRQ�WR�OLYH�VWHDP�PDVV�IORZ�UDWH��������WR������NJ�KU�

)LJXUH �� '\QDPLF� UHVSRQVH� RI� HYDSRUDWRU� WHP�SHUDWXUH� WR� OLYH� VWHDP�PDVV� IORZ� UDWH�� ������ WR� �����NJ�KU�
,Q� )LJXUH� ���� VKRZV� WKH� LQIOXHQFH� RI� OLYH�VWHDP� PDVV� IORZ� UDWH� FKDQJH� RQ� SUHKHDWHUV�RXWSXW�PLON� WHPSHUDWXUH��%HFDXVH�RI�SUHVHQW�GHOD\� WLPH� LQ� VHFRQG� DQG� WKLUG� HIIHFWV� RI�HYDSRUDWLRQ� SURFHVV�� SUHKHDWHUV� UHDFK� WR�
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XQLIRUP� FRQGLWLRQ� ZLWK� PRUH� GHOD\� WLPH�FRPSDUH� WR� VHFRQG� DQG� WKLUG� HIIHFWV� RI�HYDSRUDWLRQ� SURFHVV�� 7KHUHIRUH�� WKLV� IDFWRU��ODUJH� GHOD\� WLPH�� FDQ� LQIOXHQFH� WKH� FRQWURO�RSHUDWLRQ�RI�VXFK�SURFHVVHV�

)LJXUH �� '\QDPLF�UHVSRQVH�RI�SUHKHDWHU�WHPSHUDWXUH�WR�OLYH�VWHDP�PDVV�IORZ�UDWH��������WR������NJ�KU�
)HHG� IORZ� UDWH� LV� RQH� RI� WKH�PDLQ� FDXVHV� LQ�H[LVWLQJ RI� GLVWXUEDQFHV� LQ� HYDSRUDWLRQ�SURFHVV�� ,W� LV� VKRZQ� LQ� )LJXUHV� ���� DQG� �����RXWSXW PLON FRQFHQWUDWLRQ�RI�HDFK�HIIHFW�DQG�HYDSRUDWRU�WHPSHUDWXUH�GHFUHDVH�E\�IHHG�IORZUDWH�LQFUHDVH��3URGXFHG�VWHDP�PDVV�IORZ UDWH

)LJXUH �� '\QDPLF� UHVSRQVH� RI� SURGXFW� PLON� FRQ�FHQWUDWLRQ�WR�IHHG�IORZ�UDWH���������WR�������NJ�KU�

VWD\V� FRQVWDQW� E\� LQFUHDVLQJ� IHHG� IORZ� UDWH�DQG�DV�D�UHVXOW�PLON�FRQFHQWUDWLRQ�GHFUHDVHV��7HPSHUDWXUH� YDULDWLRQ� LQ� WKLUG� HIIHFW� RFFXUV�ZLWK�D�PRUH�GHOD\�WLPH�ZLWK�UHVSHFW�WR�WKDW�RI�ILUVW� DQG� VHFRQG� HIIHFWV�� EXW� WHPSHUDWXUH�GHFUHDVH�LV�OHVV�WKDQ�ILUVW�DQG�VHFRQG�HIIHFWV�7KH� HIIHFW� RI� IHHG� IORZ� UDWH� LQFUHDVH� RQ�RXWSXW� WHPSHUDWXUH�RI�SUHKHDWHUV�LV�VKRZQ�LQ�)LJXUH� ����� 3URFHVV� KHDW� WUDQVIHU� LV� FRQVWDQW�DQG�FRQVHTXHQWO\�E\�LQFUHDVLQJ�IHHG�IORZ�UDWH�WR� SUHKHDWHUV�� RXWSXW� WHPSHUDWXUH� RI� HDFK�HIIHFW�GHFUHDVHV�

)LJXUH �� '\QDPLF� UHVSRQVH� RI� HYDSRUDWRU� WHPSHUD�WXUH�WR�IHHG�IORZ�UDWH���������WR�������NJ�KU�

)LJXUH �� '\QDPLF�UHVSRQVH�RI�SUHKHDWHU�WHPSHUDWXUH�WR�IHHG�IORZ�UDWH� �������WR�������NJ�KU�
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&DVFDGH� FRQWURO� DOJRULWKP� UHVXOWV� IRU� PLON�SRZGHU�WKUHH�HIIHFW�IDOOLQJ�ILOP�HYDSRUDWRU9DULDWLRQV� RI� SURGXFW� PLON� FRQFHQWUDWLRQ� RI�WKLUG�HIIHFW� RI� PLON� SRZGHU� HYDSRUDWRU� XQLW�DUH� FRPSDUHG� LQ� )LJXUH� ���� DQG� ����� LQ� D�FORVHG� ORRS� V\VWHP� LQ� WZR� FDVHV� RI� FDVFDGH�FRQWUROOHU� DQG� VLPSOH� IHHGEDFN� FRQWUROOHU��7KH� SURSRUWLRQDO� FRQWUROOHU� DQG� D� SUR�SRUWLRQDO�LQWHJUDO� FRQWUROOHU� ZHUH� XVHG� LQ�FDVFDGH� FRQWURO� ORRS�� ,Q� VLPSOH� IHHGEDFN�FRQWURO� ORRS�� WKH� SURSRUWLRQDO� �LQWHJUDO�FRQWUROOHU�ZDV�XVHG��HIIHFW�RI�GHVLUDEOH�YDOXH�LQFUHDVH� RQ� SURGXFW� PLON� FRQFHQWUDWLRQ� ZDV�VWXGLHG��'HVLUDEOH�YDOXH� LQFUHDVHG���SHUFHQW��$V� LW� LV� VKRZQ� LQ� )LJXUH� ���� ZKHQ� XVLQJ�FDVFDGH� FRQWUROOHU�� SURGXFW� PLON� FRQFHQWUD�WLRQ�UHDFKHV�FORVHU�WR�QHZ�GHVLUDEOH�YDOXH DQG�VWHDG\� VWDWH� TXLUNLHU� WKDQ� WKH� FDVH� RI� VLPSOH�IHHGEDFN�FRQWURO�� ,Q�D�SURFHVV�WKDW�D�FDVFDGH�FRQWURO� DOJRULWKP� LV� XVHG� DQG� RYHUVKRRW� LV�REVHUYHG� LQ� LQLWLDO� WLPH� EXW� LW� LV� QHJOLJLEOH��7KH� HIIHFW� RI� IHHG� FRQFHQWUDWLRQ� RQ� SURGXFW�PLON� FRQFHQWUDWLRQ� ZDV� VWXGLHG�� )HHG� FRQ�FHQWUDWLRQ�ZDV� LQFUHDVHG����SHUFHQW��$V� LW� LV�VKRZQ� LQ� )LJXUH� ����� ZKLOH� XVLQJ� FDVFDGH�FRQWUROOHU�� SURGXFW� PLON� FRQFHQWUDWLRQ� HOL�PLQDWHV� GLVWXUEDQFH� HIIHFW� IDVWHU� WKDQ� WKH�FDVH�RI�VLPSOH�IHHGEDFN�FRQWUROOHU�

)LJXUH �� 5HVSRQVH� RI� FRQFHQWUDWLRQ� FRQWURO� ORRS� WR�VHW�SRLQW�FKDQJH� ������WR������NJVROLG�NJPLON�

)LJXUH ��� 5HVSRQVH�RI�FRQFHQWUDWLRQ�FRQWURO� ORRS�WR�IHHG� FRQFHQWUDWLRQ�GLVWXUEDQFH�� ������� WR�����NJVROLG��NJPLON�
7KH�SHUIRUPDQFH�RI�PDQLSXODWHG�YDULDEOHV�LQ�FDVFDGH� FRQWURO� DQG� VLPSOH� IHHGEDFN� FRQWURO�DUH� FRPSDUHG� LQ� )LJXUH� ������ 5HVXOWV� VKRZ�WKDW� LQ� WRZ� FDVHV�� WKH� PDQLSXODWHG� YDULDEOH��/LYH�VWHDP�IORZ�UDWH��DFWV�IDVWHU�WKDQ�VLPSOH�IHHGEDFN�FRQWURO�,Q� D� SURFHVV� ZKLFK� D� FDVFDGH� FRQWURO�DOJRULWKP�LV�XVHG��WKH�VPDOO�RYHUVKRRW�LV�VHHQ�LQ� LQLWLDO� WLPH� EXW� LWV� YDOXH� FRPSDUHG� WR�VLPSOH�IHHGEDFN�FRQWURO�FDVH�LV�QHJOLJLEOH��,Q�D� FDVH� WKDW� D� VLPSOH� IHHGEDFN� FRQWURO�DOJRULWKPV� ZDV� XVHG�� GLVWXUEDQFH� HIIHFW�GLVDSSHDUV� IXUWKHU� DQG� GLVWXUEDQFHV� H[LVW� LQ�SURFHVV� KDYH D� YHU\� XQVXLWDEOH� HIIHFW� RQ�SURGXFW�PLON�FRQFHQWUDWLRQ�)RU� DQDO\VLV� WKH� SHUIRUPDQFH� RI� FDVFDGH�FRQWURO� ZH� XVH� ,6(� PHWKRG� IRU� VHWSRLQW�WUDFNLQJ�DQG�ORDG�UHMHFWLRQ��5HVXOWV�DUH�OLVWHG�LQ� 7DEOH� ���� DQG� FRPSDUHG� ZLWK� VLPSOH�IHHGEDFN�FRQWURO�
7DEOH��� ,6(�YDOXHV�RI�VLPSOH�ORRS�DQG�FDVFDGH�ORRS�

,6( 6HWSRLQW�WUDFNLQJ /RDG�UHMHFWLRQ
6LPSOH�ORRS ��� ���&DVFDGH�ORRS ���� ����



1RQOLQHDU�0RGHOLQJ�DQG�&DVFDGH�&RQWURO�'HVLJQ�IRU�0XOWL�(IIHFW�)DOOLQJ�)LOP�(YDSRUDWRUV
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)LJXUH ��� 3HUIRUPDQFH�RI�PDQLSXODWHG�YDULDEOH�WR�VHWSRLQW�FKDQJH�DQG�GLVWXUEDQFH�

&RQFOXVLRQ,Q� WKLV� SDSHU�� QRQOLQHDU� PRGHOLQJ� RI� WKUHH�HIIHFW� IDOOLQJ� ILOP� HYDSRUDWRU� LV� VWXGLHG�� %\�XVLQJ�QRQOLQHDU�PRGHOLQJ��DQDO\VLV�RI�IDOOLQJ�ILOP� HYDSRUDWRU� FRQWURO� SHUIRUPDQFH� LV�H[DFWO\� DQG� DFFXUDWHO\� WKDQ� WKRVH� DUH� XVHG�OLQHDU�PRGHOV��7KH�SXUSRVH�RI�WKLV�VWXG\�ZDV�WR�SURSRVH�D�PRGHO�WR�EH�LQVHUWHG�LQ�D�FRQWURO�VWUDWHJ\�ZKLFK�LQFOXGHV�DV�PDQ\�UHDO�SK\VLFDO�SURSHUWLHV� DV� SRVVLEOH�� 7KH� ILQDO� DLP� LV� WR�DFKLHYH� D� JRRG� UHJXODWLRQ� RI� WKH� HYDSRUDWRU�V\VWHP� ZLWK� UHVSHFW� WR� QRUPDO� GLVWXUEDQFHV��7R�WKLV�HQG��D�NQRZOHGJH�PRGHO�ZKLFK�VHHPV�WR� EH� DFFXUDWH� DQG� QRW� WRR� FRPSOLFDWHG� KDV�EHHQ� HVWDEOLVKHG�� $W� ILUVW�� D� PRGHO� RI� WKUHH�HIIHFW� IDOOLQJ� ILOP� HYDSRUDWRU� KDV� EHHQ�HVWDEOLVKHG�IURP�EDODQFH�HTXDWLRQV�DQG�VHPL�HPSLULFDO�UHODWLRQV��,Q� WKLV�VWXG\��LW�ZDV�VSHFLILHG� WKDW�FRQWURO�RI�VROLG� FRQFHQWUDWLRQ� LQ� SURGXFW� VROXWLRQ� LQ�WKUHH� HIIHFW� IDOOLQJ� ILOP� HYDSRUDWRU� E\� XVLQJ�FDVFDGH� FRQWURO� DOJRULWKP� LV� SRVVLEOH� ZLWK�VPDOO�GHOD\�WLPH�DQG�D�VPDOO�RYHUVKRRW�YDOXH�FRPSDUH�ZLWK�WKDW�RI�VLPSOH�IHHGEDFN�FRQWURO�DOJRULWKP�� 3UHVHQW� VROLG� FRQFHQWUDWLRQ� LQ�RXWSXW�VROXWLRQ�RI�ILUVW�DQG�WKLUG�HIIHFW�FDQ�EH�FKRVHQ� WR� EH� XVHG� LQ� FDVFDGH� FRQWURO�DOJRULWKP� DV� VXLWDEOH� WZR� ILUVW� DQG� VHFRQG�YDULDEOHV�7KHUHIRUH� LW� LV� SURSRVHG� WKDW� LQ� WKH� HYD�SRUDWLRQ� SURFHVVHV�� FRUUHFWLRQ� RI� VLPSOH�

IHHGEDFN� DOJRULWKP� DQG� FRQYHUVLRQ� LW� WR� D�FDVFDGH�FRQWURO�DOJRULWKP�LV�PRUH�PXFK�FRVW�HIIHFWLYH� WKDQ� WKH� H[SHQGLWXUH� VSHQW� WR� EX\�DQG� PDLQWDLQ� PHDVXUHPHQW� WRROV� �VHQVRUV��DQG�WKH�WLPH�VSHQW�WR�DGMXVW�FRQWURO�ORRSV�
1RPHQFODWXUP7&+4!9W$8

PDVV�IORZ�UDWH��NJ�VHF�WHPSHUDWXUH��R&�FRQFHQWUDWLRQ��NJVROLG�NJPLON�HQWKDOS\��M�NJ�KHDW�IOX[��M�VHF�GHQVLW\��NJ�P��YROXPH��P��WLPH��VHF�KHDW�WUDQVIHU�DUHD��P��RYHUDOO� KHDW� WUDQVIHU� FRHIILFLHQW��Z�P�&�6XEVFULSWVIOYFLZ3+OLYHV

IHHG��NJ�VHF�FRQFHQWUDWHG�PLON��NJVROLG�NJPLON�SURGXFW�YDSRU��NJ�VHF�FRQGHQVDWH�YDSRU��NJ�VHF�LWK�HIIHFWFRRO�ZDWHU�WR�FRQGHQVHU��NJ�VHF�SUHKHDWHUOLYH�VWHDP��NJ�VHF�ILUVW�VKHOO�VWHDP
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5HIHUHQFHV�� $QGUH�� +��� DQG� 5LWWHU�� 5�� $��� ³'\QDPLF�UHVSRQVH�RI�D�GRXEOH�HIIHFW�HYDSRUDWRU�´�7KH�&DQDGLDQ�-�RI�FKHPLFDO�HQJLQHHULQJ���� ����������������� 5REHUW�� %�� 1HZHOO��� DQG� *UDQW�� '��� ³0RGHO�GHYHORSPHQW�� UHGXFWLRQ� DQG� H[SHULPHQWDO�HYDOXDWLRQ� IRU� DQ� HYDSRUDWRU�´� ,QG�� (QJ��&KHP��3URFHVV�'HV��'HYHORS�������� ����������������� :LQFKHVWHU��M��$���DQG�0DUVK��&���³'\QDPLFV�DQG� FRQWURO� RI� IDOOLQJ� ILOP� HYDSRUDWRUV�ZLWK�PHFKDQLFDO� YDSRU� UHFRPSUHVVLRQ�´� 7UDQV�,FKHP�(�����SDUW�$�� ����������������� 4XDDN���9DQ�:LMFN���0�� 3��&��0��� DQG�9DQ�+DUHQ�� M�� M��� ³&RPSDULVRQ� RI� SURFHVV� LGHQ�WLILFDWLRQ� DQG� SK\VLFDO�PRGHOLQJ� IRU� IDOOLQJ�ILOP�HYDSRUDWRUV�´� IRRG�&RQWURO������� ��������������� 6NRJHVWDG�� 6��� DQG� 3RVWOHWKZDLWH�� ,��� 0XOWL�YDULDEOH� IHHGEDFN� FRQWURO�� DQDO\VLV� DQG�GHVLJQ��:LOH\�DQG�6RQV���1HZ�<RUN����������� 7DGH�� 0�� 2��� DQG� /H� 3DJH�� *�� 3���³,PSOHPHQWDWLRQ� RI� D� GLIIHUHQWLDO� JHRPHWULF�QRQOLQHDU� FRQWUROOHU� RQ� DQ� LQGXVWULDO� HYD�SRUDWRU� V\VWHP�´� &RQWURO� HQJLQHHULQJ�SUDFWLFH���� ������������������� 9DQ��:LMFN���0�� 3�� &��� 4XDDN�� 3��� DQG�9DQ�+DUHQ��M��M���³0XOWLYDULDEOH�VXSHUYLVRU\�FRQW�URO� RI� D� IRXU�HIIHFW� IDOOLQJ�ILOP� HYDSRUDWRU�´�IRRG�&RQWURO������� ��������������� /DKWLQHQ��6��7���³,GHQWLILFDWLRQ�RI�IX]]\�FRQW�UROOHU�IRU�XVH�ZLWK�D�IDOOLQJ�ILOP�HYDSRUDWRU�´�IRRG�FRQWURO����� ����������������� /R]DQ]R�� M�� (��� (OXVWRQGR�� 0�� 3��� DQG�5RPDJQROL�� M�� $��� ³&RQWURO� VWXGLHV� LQ� DQ�LQGXVWULDO�DSSOH�MXLFH�HYDSRUDWRU�´�-RXUQDO�RI�IRRG�VFLHQFH����� �������������������� 6KDEHVKH�� 3DUDPDOLQJDP��� +XXE�� +�� &��%DNNHU��� ³'\QDPLF�PRGHOLQJ� RI� IDOOLQJ� ILOP�HYDSRUDWRUV� IRU� PLON� SURGXFWV�´� ,QVWLWXWH� RI�7HFKQRORJ\�DQG�HQJLQHHULQJ��SDSHU�������

��� 3DXO�� (��0LQWRQ��� +DQGERRN� RI� (YDSRUDWLRQ�7HFKQRORJ\�� 1R\HV� 3XEOLFDWLRQV�� 1HZ�MHUVH\������������ 9�� 0LUDQGD��� 5�� 6LPSVRQ��� ³0RGHOLQJ� DQG�6LPXODWLRQ� RI� DQ� LQGXVWULDO� PXOWLSOH� HIIHFW�HYDSRUDWRU�� WRPDWR� FRQFHQWUDWH�´� -� RI� IRRG�HQJLQHHULQJ����� ������������������ (�� 6HERUJ��� )�� (GJDU��� DQG� $�� 0HOOLFKDPS���3URFHVV� '\QDPLFV� DQG� &RQWURO�� :LOH\� DQG�6RQV������������ 'HVKSDQGH�� 3��%��� DQG�5��+��$VK��(OHPHQWV�RI� FRPSXWHU� SURFHVV� FRQWURO�� ,QVWUXP��6RFLHW\�RI�$PHULFD��5HVHDUFK�7ULDQJOH�3DUN��1&��&K��������������� &OD\��5��0���DQG�&��'��)RXUQLHU��&DVFDGH�YV��6LQJOH /RRS�&RQWURO�RI�3URFHVVHV�ZLWK�'HDG�7LPH�� 3URF�� -RLQW� $XWR�� &RQWU�� &RQI��� �������������� :DUG�� 7�� -��� &DVFDGH� DQG� 5DWLR� &RQWURO��$,&+(0� ,� 0RGXODU� ,QVWUXFWLRQ� 6HULHV��$,&+(��$�������������� +DUULRWW�� 3��� 3URFHVV� &RQWURO�� 0F*UDZ�+LOO��1HZ�<RUN���������


