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���%DFNJURXQG
+LJK�SRZHU�GHQVLW\�UHTXLUHV�KLJK�GHPDQGV�RQ�WKH�K\GUDXOLF�V\VWHP�DQG�LWVFRPSRQHQWV�� 7R� DFKLHYH� DQ� RSWLPLVHG� XWLOLVDWLRQ� RI� WKH� V\VWHP�PDQ\� GLIIHUHQWIDFWRUV�PXVW�EH�UHJDUGHG��7KH�IHDU�IRU�D�KLJK�IDLOXUH�UDWH�FDQ�PDQ\�WLPHV�PRWLYDWHD V\VWHP� GHVLJQ� ZLWK� YHU\� ORZ� SUHVVXUH�� ZKLFK� OHDGV� WR� ORZHU� HIILFLHQF\� DQGELJJHU� FRPSRQHQWV�� � 7KH� OLIH� F\FOH� FRVW�� /&&�� IRU� WKH� V\VWHP� FDQ� EH� ORZHUDQ\ZD\� DV� WKH� V\VWHP� ZLOO� EH� PRUH� UREXVW�� ,PSURYHG� RLO� SURSHUWLHV� RU� PRUHHIILFLHQW� ILOWUDWLRQ� RI� PD\� DOVR� UHVXOW� LQ� ORZHU� /&&�� DV� WKH� ZHDU� UDWH� RI� NH\FRPSRQHQWV�LQ�WKH�V\VWHP�FDQ�EH�UHGXFHG�E\�VXFK�DFWLRQV���)OXLG� SURSHUWLHV�� IOXLG� FOHDQOLQHVV� DQG� WKH� ZRUNLQJ� FRQGLWLRQV� DUH� DOOLPSRUWDQW�IRU�WKH�K\GUDXOLF�V\VWHP�/&&���0RGHOV�WKDW�FDQ�EH�XVHG�IRU�SUHGLFWLQJWKH� FRVWV� RU� FRVW�VDYLQJV�� FDQ� EH� D� JUHDW� KHOS� IRU� WKH� V\VWHP� GHVLJQHUV� DQG� WKHXVHUV���$GGLWLRQDO�FRVWV�WKDW�DUH�GHOLEHUDWHO\�LQWURGXFHG�ZLWK�D�SUHYHQWLQJ�SXUSRVHZRXOG�EH�HDVLHU�WR�FRPSDUH�ZLWK�DQ�HVWLPDWHG�FRVW�VDYLQJ�E\�D�PRUH�UREXVW�DQG

SUREOHP�IUHH�RSHUDWLRQ��
6ROLG� SDUWLFOHV� LQ� WKH� K\GUDXOLF� IOXLG� FDXVH� VHULRXV� ZHDU� LQ� PDQ\FRPSRQHQWV�� �7KH�DXWKRU�KDV�HDUOLHU�GHYHORSHG�D�PRGHO� IRU�SUHGLFWLQJ� WKH�ZHDUDQG�RSWLPL]LQJ�WKH�ILOWUDWLRQ���7KLV�SDSHU�LV�DQ�DWWHPSW�WR�GHVFULEH�KRZ�WKH�PRGHOFDQ�EH�H[WHQGHG�IRU�D�PRUH�JHQHUDO�OLIH�F\FOH�FRVW�SUHGLFWLRQ��3UHVVXUH�� URWDWLRQDO� VSHHG� DQG� IOXLG� YLVFRVLW\� DUH� IDFWRUV� WKDW� YHU\� OLNHO\ZLOO�KDYH�DQ�LPSDFW�RQ�WKH�GLUW�VHQVLWLYLW\�RI�D�SXPS��$Q�LQFUHDVHG�SUHVVXUH�ZLOOLQFUHDVH� WKH� IDLOXUH� UDWH� ERWK� GXH� WR� FRQWDPLQDQW� ZHDU� DQG� PDWHULDO� IDWLJXHIDLOXUHV�� 7KH� VDPH� IDFWRUV� ZLOO� DOVR� KDYH� DQ� LPSDFW� RQ� WKH� HIILFLHQF\� RI� WKHV\VWHP�� :LWK� PDWKHPDWLFDO� PRGHOV� WKH� HIILFLHQF\� FDQ� EH� RSWLPL]HG�� +HQFH�YDULDEOH� GLVSODFHPHQW� SXPS�PRWRUV� DQG� RLO� YLVFRVLW\�WHPSHUDWXUH� FDQ� EHFRQWUROOHG� LQ� RUGHU� WR� PLQLPL]H� WKH� HQHUJ\� ORVVHV�� +RZHYHU�� D� GHVLJQ� ZLWKRSWLPLVHG�HIILFLHQF\�LV�PD\EH�QRW�WKH�EHVW�FKRLFH�LI�DOO�WKH�FRVWV�DUH�UHJDUGHG�
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���7KH�0RGHO
7KH�WRWDO�FRVWV�IRU�EXLOGLQJ�DQG�UXQQLQJ�D�K\GUDXOLF�V\VWHP�FDQ�EH�GLYLGHGLQWR� VHYHUDO� FDWHJRULHV�� � 7KH� REMHFWLYH� LV� WR� GHILQH� WKHVH� DQG� VHW� XS� JHQHUDOPDWKHPDWLFDO�PRGHOV�IRU�HDFK�FDWHJRU\���7KH�NH\�WR�VXFFHVV�RI�VXFK�D�ZRUN�LV�WRVHOHFW�WKH�PRVW�LPSRUWDQW�IDFWRUV�DQG�QRW�JR�WRR�GHHS�LQWR�OHVV�LPSRUWDQW�GHWDLOV�1RZ� LW� LV� VXJJHVWHG� WKDW� HYHU\� W\SH� RI� FRVW� FDQ� EH� FRQQHFWHG� WR� RQH� RI� IRXUJHQHUDO�FDWHJRULHV��7KH�VXP�RI� WKHVH�RYHU� WKH� OLIH�RI� WKH�V\VWHP�ZLOO�EH� WKH� OLIHF\FOH�FRVW�
/&& = ., +.( +.) +.0

ZKHUH�� �� WKH� LQLWLDO� FRVW� IRU� EXLOGLQJ� WKH� V\VWHP�� L�H�� WKH� LQYHVWPHQW�.,.( � HQHUJ\� FRVWV� RI� WKH� V\VWHP��.) � WKH� FRVWV� FDXVHG� E\� WKH� RFFXUULQJV\VWHP� IDLOXUHV� RU� ORVV� RI� SURGXFWLYLW\�� .0 � WKH� FRVWV� IRU� SUHYHQWLYHPDLQWHQDQFH�DFWLRQV��FRVWV�IRU�ILOWHU�FRQVXPSWLRQ�HWF���
,Q�RUGHU�WR�PLQLPLVH�WKH�/&&�LW�LV�QHFHVVDU\�WR�VHW�XS�PDWKHPDWLFDO�PRGHOVIRU�HDFK�FDWHJRU\���6XFK�D�PRGHO�LV�QHFHVVDU\�WR�XVH��DV�V\VWHP�SDUDPHWHUV�KDYHDQ� LPSDFW� RQ� VHYHUDO� RI� WKH� LGHQWLILHG� FDWHJRULHV� LQ� GLIIHUHQW� GLUHFWLRQV�� 7KHSXUSRVH� LV� WR� FDOFXODWH� WKH� /&&� DQG� FKHFN� LI� RQH� RU� VHYHUDO� RI� WKHVH� FDWHJRU\WHUPV�DUH�DOORZHG�WR�LQFUHDVH�E\�D�FHUWDLQ�V\VWHP�GHVLJQ��DV�DW�OHDVW�RQH�RI�WKHPFDQ�EH�FRQVLGHUDEO\�UHGXFHG�LQ�WKH�VDPH�WLPH��

������,QYHVWPHQWV
7KH�LQLWLDO�FRVW�LV�GHSHQGHQW�RQ�WKH�GLIIHUHQW�FKRLFHV�LQ�V\VWHP�GHVLJQ���$V\VWHP� GHVLJQ� ZLWK� ORZHU� SUHVVXUH� OHDGV� WR� KLJKHU� IORZ� UDWH� DQG� ELJJHUFRPSRQHQWV��ZKLFK� LV�HTXLYDOHQW�ZLWK�KLJKHU� LQYHVWPHQWV�� �7KLV�GHVLJQ� LV�PDQ\WLPH� SUHIHUUHG� LQ� VWDWLRQDU\� K\GUDXOLF� V\VWHPV�� :KLOH� LQ� PRELOH� K\GUDXOLFVVPDOOHU�FRPSRQHQWV�RIWHQ�DUH�GHVLUHG�DW�WKH�SULFH�RI�KLJKHU�IDLOXUH�IUHTXHQF\��3URYLGLQJ� WKH� V\VWHP�ZLWK�PRUH� ILOWHUV� IRU� EHWWHU� FRQWDPLQDQW� SURWHFWLRQZLOO�DOVR� OHDG�WR�D�KLJKHU�LQLWLDO�FRVW�� ,W�PLJKW�EH�SRVVLEOH�WR�SUHVHQW�PRGHOV�IRUWKH� LQYHVWPHQWV��EXW� LW� FDQ�EH�GLIILFXOW� WR�PDNH� WKHP�JHQHUDO�� �6R�QR�PRGHOOLQJZLOO�EH�SURYLGHG�IRU�WKLV�FDWHJRU\�DW�WKLV�VWDJH���,W�LV�HDV\�IRU�WKH�XVHU�WR�VXP�WKHLQLWLDO�FRVWV�IRU�GLIIHUHQW�V\VWHP�DOWHUQDWLYHV�DQG�DGG�WKRVH�WR�WKH�PRGHO�
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�����(QHUJ\
7KH� WRWDO� HQHUJ\� FRVW� IRU� WKH� V\VWHP� LV� WKH� SURGXFW� RI� WKH� SRZHUFRQVXPSWLRQ��WKH�UXQ�WLPH�RI�WKH�V\VWHP�DQG�HQHUJ\�FRVW�IDFWRU��
.( = 3 $ WV $ F(

ZKHUH�� �� WKH�SRZHU�FRQVXPSWLRQ�RI� WKH�V\VWHP�� WV � WKH� WRWDO� UXQ� WLPH�IRU� WKH3
V\VWHP��F(���WKH�HQHUJ\�FRVW�IDFWRU�

7KH�SRZHU�FRQVXPSWLRQ�FDQ�EH�GLYLGHG�LQWR�LGHDO�SRZHU�DQG�SRZHU�ORVVHV�7KH� LGHDO� SRZHU� QHHGHG� LV� JLYHQ� DQG� LV� QRW� UHDFKDEOH� IURP� WKH� GHVLJQ� RI� WKHK\GUDXOLF� V\VWHP�� 0RGHOV� IRU� WKH� SRZHU� ORVVHV�� RQ� WKH� RWKHU� KDQG�� DUH� PRUHLQWHUHVWLQJ�WR�FRQVLGHU���+HUH�WKH�FRVW�VDYLQJ�SRWHQWLDO�FDQ�EH�FRQVLGHUDEOH�E\�DQDSSURSULDWH�V\VWHP�GHVLJQ���7KH�ORVVHV�DUH�RFFXUULQJ�ZKHQ�WKH�HQHUJ\�LV�WUDQVIRUPHG�IURP�PHFKDQLFDOWR� K\GUDXOLF� DQG� YLFH� YHUVD�� 7KH\� DUH� DOVR� RFFXUULQJ� ZKHQ� WKH� IOXLG� SDVVHVUHVWULFWLRQV�� SLSHV� DQG� KRVHV�� 7KH� ORVVHV�ZLOO� EH�PRUH� RU� OHVV� GHSHQGHQW� RI� WKHYLVFRVLW\��GXH�WR�WKH�QDWXUH�RI�IORZ���3UHVVXUH�GURSV�LQ�SLSHV�DQG�KRVHV�FDQ�HDVLO\EH� FDOFXODWHG�� DV� QHFHVVDU\� GDWD� DUH� DYDLODEOH� LQ�PRVW� FDVHV�� � 7KH� DPELWLRQ� WRLQFOXGH� WKH� YLVFRVLW\� LQ� PRGHOV� IRU� SXPSV� DQG� PRWRUV� LV� PRUH� GLIILFXOW�� 7KHPDQXIDFWXUHUV�XVXDOO\�SURYLGH�LQIRUPDWLRQ�DERXW�HIILFLHQF\�RI�SXPSV�DQG�PRWRUVDW� GLIIHUHQW� VSHHGV�� GLVSODFHPHQW� DQG� SUHVVXUH�� 'HWDLOHG� LQIRUPDWLRQ� DERXW� WKHHIILFLHQF\�DW�GLIIHUHQW�YLVFRVLW\�LV�UDUHO\�DYDLODEOH���7KHUHIRU�PHDVXUHPHQWV�ZHUHSHUIRUPHG�RQ�D�K\GURVWDWLF�WUDQVPLVVLRQ�LQ�RUGHU�WR�JHW�PRUH�GHWDLOHG�NQRZOHGJHDERXW�WKH�LPSDFW�IURP�WKH�RLO�SURSHUWLHV�RQ�WKH�HIILFLHQF\��7KH�UHVXOWV�IURP�WKDWLQYHVWLJDWLRQ�FDQ�EH�QRZ�XVHG�LQ�D�PRGHO�IRU�D�PRUH�JHQHUDO�/&&�DQDO\VLV�$V�H[SHFWHG�WKH�SRZHU�ORVVHV�ZHUH�IRXQG�WR�EH�VWURQJO\�GHSHQGHQW�RQ�WKHYLVFRVLW\���(PSLULFDO�PRGHOV�ZHUH�ILWWHG�WR�WKH�SRZHU�ORVV�GDWD�IRU�WZR�GLIIHUHQWW\SHV� RI� IOXLGV�� � )RU� D�PLQHUDO� RLO� DW� FRQVWDQW� URWDWLRQDO� VSHHG� WKH� EHVW� ILW� ZDVDFKLHYHG�ZLWK�WKH�IROORZLQJ�PRGHO�
3 I = D�S� + D�l� + D�
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ZKHUH�� ��WKH�SRZHU�ORVV��D�� D�� D�� D�� D� � ILWWHG�FRHIILFLHQWV�IRU�WKH�V\VWHP��S �3 IWKH�V\VWHP�SUHVVXUH��m���WKH�RLO�YLVFRVLW\�
$ VXLWDEOH� YLVFRVLW\� FDQ� EH� VHOHFWHG� E\� D� WHPSHUDWXUH� FRQWURO� DQG� E\� DQDSSURSULDWH�YLVFRVLW\�JUDGH�RI�WKH�RLO��7KH�V\VWHP�SUHVVXUH�ZLOO�EH�WKH�UHVXOW�IURP

WKH�V\VWHP�GHVLJQ�DQG�WKH�SUHYDLOLQJ�ORDGV�
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�����2FFXUULQJ�IDLOXUHV�DQG�UHSDLULQJ�PDLQWHQDQFH
6\VWHP� IDLOXUHV� FDQ� EH� WKH� UHVXOW� IURP� DQ� XQOLPLWHG� QXPEHU� RI� UHDVRQV�+HUH�RQO\�WKH�K\GUDXOLF�IDLOXUHV�DQG�UHSDLULQJ�ZLOO�EH�UHJDUGHG�HYHQ�LI�RWKHU�W\SHRI�IDLOXUHV�FDQ�EH�HYHQ�VR�XVXDO���)DLOXUHV�LQ�WKH�K\GUDXOLF�V\VWHP�FDQ�EH�GLYLGHGLQWR�WKUHH�PDLQ�JURXSV�

Y RYHU�ORDG�EUHDN�GRZQV�
Y PDWHULDO�IDWLJXH�IDLOXUHV�
Y ZHDU�	�IULFWLRQ�

7KH� WZR� ILUVW� FDWHJRULHV� DUH� VWURQJO\� GHSHQGHQW� RQ� WKH� V\VWHP� SUHVVXUH�ZKLOH�HIIHFWV�IURP�FRQWDPLQDQWV�LQ�WKH�IOXLG�FDQ�SUREDEO\�EH�QHJOHFWHG�LQ�JHQHUDOHYHQ� LI� WKHUH� FDQ� EH� FRQQHFWLRQV� LQ� VRPH� FDVHV�� � 7KH� ODVW� FDWHJRU\� �ZHDU� 	IULFWLRQ��LV�VWURQJO\�GHSHQGHQW�RI�VROLG�SDUWLFOHV�LQ�WKH�K\GUDXOLF�IOXLG���7KH�FRVWVGXH�WR�IDLOXUHV�FDQ�EH�GHVFULEHG�DFFRUGLQJ�WR�WKH�IROORZLQJ�VLPSOLILFDWLRQ�
.) = FS �NS� + NS[1[ � WV

ZKHUH�� �� WKH� PHDQ� FRVW� IRU� D� V\VWHP� IDLOXUH�� 1[ � WKH� PHDQ� SDUWLFOHFSFRQFHQWUDWLRQ� LQ� WKH� V\VWHP� IRU� SDUWLFOHV� JUHDWHU� WKDQ� [� NS�� NS[� �� WKHV\VWHP�IDLOXUH�VHQVLWLYLW\�FRHIILFLHQWV�
&RHIILFLHQW� NS�� LV� VWURQJO\� GHSHQGHQW� RQ� WKH� V\VWHP� SUHVVXUH� DQG� NS[� LVSUREDEO\� GHSHQGHQW� RQ� SUHVVXUH� DV� ZHOO� DQG� HYHQ� K\GUDXOLF� IOXLG� SURSHUWLHV�URWDWLRQDO�VSHHG�HWF��,I�DOO�WKH�FRQWDPLQDQW�HIIHFWV�DUH�WUDQVIHUUHG�WR�RQH�SDUWLFOHVL]H�WKH�PRGHOOLQJ�ZLOO�EH�PXFK�VLPSOHU���0RGHOV� EDVHG� RQ� WKHRUHWLFDO� DQDO\VLV� RI� WKH� SDUWLFOH� FRQFHQWUDWLRQ� LQ� DILOWUDWHG� V\VWHP�ZHUH� GHYHORSHG�PDQ\� \HDUV� DJR�� � 7KHVH� DUH� EDVHG� RQ� SDUWLFOHJHQHUDWLRQ�UDWH��ILOWUDWLRQ�IORZ�UDWH�DQG�ILOWHU�HIILFLHQF\���0RVW�GLIILFXOW�WR�DVVHVVLQ�SUDFWLFH�LV�WKH�SDUWLFOH�JHQHUDWLRQ�UDWH�IRU�D�V\VWHP��9HU\�OLWWOH�GDWD�IURP�ILHOGRU�ODERUDWRU\�H[SHULPHQWV�DUH�DYDLODEOH�WRGD\��

�����3UHYHQWLYH�PDLQWHQDQFH�DFWLRQV
7KH�PDMRU�FRVW�IURP�WKH�SUHYHQWLYH�PDLQWHQDQFH�DFWLRQV�LV�SUREDEO\�GXH�WRILOWUDWLRQ�� � )LOWHUV� DUH� EORFNHG� E\� WKH� FDSWXUHG� FRQWDPLQDQWV� DQG� KDYH� WR� EHUHSODFHG���$�ILOWHU�KDV�D�FHUWDLQ�GLUW�KROGLQJ�FDSDFLW\��ZKLFK�FDQ�EH�H[SUHVVHG�DV�DQXPEHU� RI� SDUWLFOHV� JUHDWHU� WKDQ� D� FHUWDLQ� VL]H�[� :KHQ� WKLV� RFFXU� WKH� SUHVVXUHGURS�LQFUHDVH�WR�D�XQGHVLUHG�OLPLW���$ERYH�WKDW�OLPLW�D�SURSHU�IXQFWLRQ�RI�WKH�ILOWHU
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PD\�QRW�EH�PDLQWDLQHG���7KH�WRWDO�FRVW�GXH�WR�ILOWHU�FRQVXPSWLRQ�FDQ�EH�H[SUHVVHGDFFRUGLQJ�WR�WKH�IROORZLQJ�PRGHO�
.0 = FI 5[

j[ WV
ZKHUH�� ��WKH�QXPEHU�RI�JHQHUDWHG�SDUWLFOHV�SHU�XQLW�WLPH�WR�WKH�V\VWHP��k[ � WKH5[PD[LPXP�QXPEHU�RI�SDUWLFOHV�WKH�ILOWHUV�FDQ�FDSWXUH��FI � WKH� PHDQ� FRVWFRQQHFWHG�WR�D�ILOWHU�FDUWULGJH�UHSODFHPHQW�

,Q�JHQHUDO�D� ILQH�ILOWHU�ZLOO�EH�EORFNHG�HDUOLHU�FRPSDUHG�ZLWK�D�FRDUVHU�DWWKH�VDPH�VL]H�SULFH���7KLV�PHDQV�WKDW�IRU�WKH�EHVW�FKRLFH�LW�PXVW�EH�D�FRPSURPLVHEHWZHHQ� FRQWDPLQDQW�UHODWHG� IDLOXUHV� DQG� WKH� ILOWHU� UDWLQJ�� � ,W� VKRXOG� EH� D� JRRGEDODQFH�EHWZHHQ�FRVWV�IURP�FRQWDPLQDQW�UHODWHG� IDLOXUHV�DQG�DFWLRQV� LQ�RUGHU� WRGHFUHDVH�WKH�SDUWLFOH�FRQFHQWUDWLRQ���7KH�KLJKHU�WKH�SDUWLFOH�JHQHUDWLRQ�UDWH�LV�WKHKLJKHU�ZLOO� WKH�ILOWHU�FRVW�EH�� �7KH�SDUWLFOH�FRQFHQWUDWLRQ�LQ�WKH�V\VWHP�ZLOO�DOVRLQFUHDVH�� KHQFH� WKH� IDLOXUHV� ZLOO� LQFUHDVH� DV� ZHOO�� � 6R� LW� LV� LPSRUWDQW� IURP� DOODVSHFWV�WR�NHHS�WKH�FRQWDPLQDQWV�RXW�IURP�WKH�K\GUDXOLF�V\VWHPV���

���&RQFOXVLRQV
7KHUH�FDQ�EH�PXFK�WR�JDLQ�LI�GLIIHUHQW�FRVW�VRXUFHV�IRU�K\GUDXOLF�GULYHV�DUHLGHQWLILHG�� DQDO\VHG� DQG� FRPSDUHG�� � 7KLV� ZRUN� KDV� QRW� WKH� DPELWLRQ� WR� EHFRPSOHWH� DQG� FRYHU� DOO� NLQG� RI� V\VWHPV� DQG� HIIHFWV�� � +RZHYHU�� LI� WKH� PRVWLPSRUWDQW� HIIHFWV� FDQ� EH� FRYHUHG� LQ� WKH� PRGHO� WKDW� LV� VXIILFLHQW�� � 7KHQ� WKHSRVVLELOLW\� WR� PDNH� K\GUDXOLF� V\VWHPV� PRUH� UHOLDEOH�� UREXVW�� FRVW� HIIHFWLYH� DQGFRPSHWLWLYH�LV�REYLRXV��
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