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 :DWHUPDQ�*RUH�&RQVXOWLQJ�(QJ���9HUVDLOOHV�&RXUW����3DULV�*DUGHQ��/RQGRQ�6(���1'$%675$&7:LWK�UHFHQW�LQLWLDWLYHV�IURP�WKH�8.�JRYHUQPHQW�RQ�UHGXFHG�HQHUJ\�XVH��HQHUJ\�HIILFLHQW�V\VWHPV�VXFK�DV�&+3�KDYH�EHHQ�FRQVLGHUHG�IRU�QHZ�DSSOLFDWLRQV��LQFOXGLQJ�VXSHUPDUNHWV��,Q�WKHVH�FRPPHUFLDO�EXLOGLQJV��WKH�VHDVRQDO�GHPDQG�IRU�KHDW�UHVXOWV� LQ� XQGHUXWLOLVDWLRQ� RI� WKH� &+3� HTXLSPHQW�� OLPLWLQJ� WKH� SULPDU\� HQHUJ\� VDYLQJV� WKDW� PD\� EH� DFKLHYHG�� 7R�LQFUHDVH� WKH� XWLOLVDWLRQ� WLPH�� LW� KDV� EHHQ� SURSRVHG� WKDW� KHDW� JHQHUDWHG� E\� WKH�&+3� XQLW� FRXOG� EH� XVHG� WR� SRZHU� DQ�DEVRUSWLRQ�UHIULJHUDWLRQ�V\VWHP�SURYLGLQJ�FRROLQJ�IRU�WKH�UHIULJHUDWHG�FDELQHWV��7KH�DSSOLFDWLRQ�RI�DQ�LQWHJUDWHG�&+3��DEVRUSWLRQ�VFKHPH�RU�&RPELQHG�&RROLQJ�+HDW�DQG�3RZHU��&&+3��LQ�WKH�VXSHUPDUNHW�LV�WKH�VXEMHFW�RI�WKLV�SDSHU��7KH�SDSHU� LQLWLDOO\�GHVFULEHV� WKH FRROLQJ� ��KHDWLQJ���SRZHU�UHTXLUHPHQWV�RI�D� W\SLFDO�VXSHUPDUNHW�DQG�WKHQ�UHYLHZV�D�QXPEHU�RI�&&+3�RSWLRQV�LQYROYLQJ�WKH�XVH�RI�GLIIHUHQW�FRROLQJ�DQG�HQJLQH�WHFKQRORJLHV��7KH�LQYHVWLJDWLRQ�FDOFXODWHV�DQG� FRPSDUHV� WKH� HQHUJ\� VDYLQJV� �� FDSLWDO� FRVWV� RI� WKH� GLIIHUHQW� RSWLRQV� DJDLQVW� W\SLFDO� FRQYHQWLRQDO� VXSHUPDUNHW�WHFKQRORJ\�.H\ZRUGV���6XSHUPDUNHWV��DEVRUSWLRQ�FRROLQJ��FRPELQHG�KHDW�	�SRZHU��&+3��IRRG�UHIULJHUDWLRQ��&&+3����,QWURGXFWLRQ7KLV� SDSHU� FRQFHUQV� WKH� VXEMHFW� RI� FRJHQHUDWLRQ� RU�FRPELQHG� FRROLQJ� KHDWLQJ� DQG� SRZHU� �&&+3��� 7KH�SDSHU� VSHFLILFDOO\� XVHV� D� UHIULJHUDWLRQ� DSSOLFDWLRQ�� WKH�VXSHUPDUNHW� WR� LQWURGXFH� WKH� WHFKQRORJ\� VXLWDEOH� IRU�ORZHU� WHPSHUDWXUH� &&+3�� 7KH� SDSHU� WKHQ� GHILQHV� WKH�FRROLQJ�� KHDWLQJ� DQG� SRZHU� UHTXLUHPHQWV� RI� WKH�VXSHUPDUNHW�� ,W� GHVFULEHV� D� PRGHO� WKDW� KDV� EHHQ�GHYHORSHG� WR� LQYHVWLJDWH� WKH� &&+3� RSWLRQV� DYDLODEOH��)LQDOO\�� WKH� SDSHU� GHVFULEHV� WKH� HYDOXDWLRQ� RI� WKHVH�VFKHPHV� DQG� WKH� UHVXOWV� GHILQH� WKHLU� HFRQRPLF� DQG�HQYLURQPHQWDO� YLDELOLW\� FRPSDUHG� WR� FRQYHQWLRQDO�PHWKRGV�RI�SURYLGLQJ FRROLQJ��KHDWLQJ��DQG�SRZHU��������%DFNJURXQG,Q� UHFHQW�\HDUV�� LW� LV�QRW�XQFRPPRQ� WR�FRQVLGHU� WKH�XVH�RI� &RPELQHG� +HDW� DQG� 3RZHU� �&+3�� VFKHPHV� LQ�FRPPHUFLDO� DSSOLFDWLRQV�� :LWK� WKH� .\RWR� DJUHHPHQW��WKHUH� KDV� EHHQ� D� JUHDWHU� HPSKDVLV� RQ� UHGXFLQJ� HQHUJ\�XVH DQG�RQ�FRQVLGHULQJ�HQHUJ\�HIILFLHQW�V\VWHPV�VXFK�DV�&+3��$V�D�UHVXOW��WKH�LQVWDOODWLRQ�RI�QHZ�&+3�V\VWHPV�WR�GLVSODFH� OHVV� HIILFLHQW� PHDQV� RI� SRZHU� JHQHUDWLRQ�� LV�QRZ� DQ� LPSRUWDQW� SDUW� RI� WKH� 8.� VWUDWHJ\� WR� UHGXFH�JUHHQKRXVH�JDV�HPLVVLRQV�E\�����E\������>�@�$� &+3� RU� FRJHQHUDWLRQ� V\VWHP� FRQVLVWV� RI� WKH� IDFLOLW\�VLPXOWDQHRXVO\�WR�SURGXFH�DQG�XVH�KHDW�DQG�SRZHU��*DV�HQJLQHV� RU� WXUELQHV� JHQHUDWH� SRZHU� YLD� WKHLU� HOHFWULF�JHQHUDWRUV��DOWHUQDWRUV��DQG�WKH�E\�SURGXFW�HQHUJ\�IURP�WKH� H[KDXVW� JDVHV�� MDFNHW� ZDWHU�� LQWHU�FRROHUV�� RLO�FRROHUV��HWF��LV�XVHG�IRU�KHDWLQJ��&+3� VFKHPHV� DUH� XVXDOO\� PRUH� HIILFLHQW� WKDQ�FRQYHQWLRQDO� FRDO� ILUHG� SRZHU� VWDWLRQV� DV� WKH\� SURGXFH�HOHFWULFLW\� ORFDOO\�� PLQLPLVLQJ� WKH� GLVWULEXWLRQ� ORVVHV��DQG� WKH\�XVH� WKH� KHDW� IURP� WKH�&+3�SODQW� IRU VSDFH�RU�SURFHVV�KHDWLQJ�� ,Q�DGGLWLRQ� WR� WKH� UXQQLQJ�FRVW�VDYLQJV�DVVRFLDWHG� ZLWK� KLJKHU� HIILFLHQF\�� WKH� ORZHU� HQHUJ\�FRQVXPSWLRQ� DOVR� SURGXFHV� HQYLURQPHQWDO� EHQHILWV��

VLQFH� QRQ�UHQHZDEOH� HQHUJ\� UHVHUYHV� DUH� SUHVHUYHG� DQG�HQYLURQPHQWDO� SROOXWLRQ� LV� UHGXFHG��$V� D� UHVXOW� D�&+3�VFKHPH�ZLOO�EH�H[HPSWHG�IURP�WKH�8.�&OLPDWH�&KDQJH�/HY\� RQ� JDV� DQG� HOHFWULF� HQHUJ\��ZKHQ� LW� LV� HQDFWHG� LQ�$SULO� ������ SURYLGLQJ� XVHUV� FDQ� MXVWLI\� WKDW� WKHLU� &+3�V\VWHP�LV�HIILFLHQW�DQG�XVHV�WKH�KHDW�DQG�SRZHU�SURYLGHG�VLPXOWDQHRXVO\��>�@��&+3�VFKHPHV�KDYH�EHHQ�DSSOLHG�IRU�RYHU�����\HDUV�DQG�KDYH� EHHQ� XVHG� WR� SURYLGH� HOHFWULF� SRZHU� IURP���N:H�WR����0:H��,Q�PRVW�DSSOLFDWLRQV�WKH�PDLQ�IDFWRU�ZKLFK�GHWHUPLQHV�WKH�HFRQRPLF�YLDELOLW\�RI�WKH�&+3�VFKHPH�LV�D� KLJK� XWLOLVDWLRQ� RI� WKH� KHDW� DQG� SRZHU� ZKLFK� DUH�SURGXFHG� VLPXOWDQHRXVO\�� 0RVW� RI� WKH� OLWHUDWXUH�LQGLFDWHV� WKDW� WKH� &+3� SODQW� QHHGV� WR� EH� IXOO\� XWLOLVHG�SURYLGLQJ�KHDW� DQG�SRZHU� IRU� D�SHULRG�RI� DW� OHDVW������KRXUV� SHU� DQQXP�� WR� EH� YLDEOH� ��� WR� �� \HDUV� SD\EDFN�SHULRG��>�@��7KH�PDLQ�GLIILFXOW\�LQ�DFKLHYLQJ�KLJK�DQQXDO�XWLOLVDWLRQ� LV� SURYLGLQJ� D� KHDW� GHPDQG� GXULQJ� WKH�VXPPHU�PRQWKV��&+3�KDV� EHHQ� DSSOLHG� WR� WZR� VXSHUPDUNHW� DSSOLFDWLRQV�LQ� WKH� 8.�� 6DLQVEXU\¶V� XVHG� &+3� DW� WKHLU� *UHHQZLFK�VWRUH�WR�SURGXFH�HOHFWULFLW\�ORFDOO\�RQ�VLWH�DQG�WR�SURYLGH�KRW� ZDWHU� IRU� KHDWLQJ� DQG� WRLOHW�� FDQWHHQ� IDFLOLWLHV� >�@��6DIHZD\� HPSOR\HG� DQ� ³$LU� &+3´� SDFNDJH� DW� WKHLU�0LOWRQ�.H\QHV�VWRUH�>�@��7KLV�XVHG�KHDW�JHQHUDWHG�E\�WKH�HQJLQH� WR�ZDUP�DLU�GLUHFWO\�ZLWKLQ�DQ�DLU�KDQGOLQJ�XQLW���7KLV� VFKHPH� ZDV� UHSRUWHG� WR� JLYH� D� ��� LQFUHDVH� LQ�JHQHUDWLRQ� HIILFLHQF\� FRPSDUHG� WR� FRQYHQWLRQDO� &+3�>�@�7R� DFKLHYH� KLJK� XWLOLVDWLRQ� WKLV� SODQW� ZDV� RSHUDWHG�FRQWLQXRXVO\� WKURXJKRXW� WKH�\HDU�DQG�WKLV�ZDV�DFKLHYHG�GXULQJ�SHULRGV� RI� ORZ�KHDW� GHPDQG�E\� UHMHFWLQJ�H[FHVV�KHDW� WR� DWPRVSKHUH�� $GRSWLQJ� WKLV� µHOHFWULFLW\� OHG¶�FRQWURO�VFKHPH�HQDEOHG�WKH�&+3�XQLW�WR�RIIHU�D�UHSRUWHG�SD\EDFN�SHULRG�RI�����\HDUV��&DOFXODWLRQV�VKRZHG�WKDW�LQ�RUGHU� WR� DFKLHYH� WKLV� SD\EDFN� SHULRG� VLJQLILFDQW� KHDW�UHMHFWLRQ�ZDV�QHFHVVDU\��$V� D� UHVXOW� WKH�&2� HPLVVLRQV�
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�SULPDU\� HQHUJ\� XVHG� E\� WKLV� VFKHPH� DUH� QRW�VLJQLILFDQWO\� GLIIHUHQW� WR� WKDW� IURP� D� FRQYHQWLRQDO�VXSHUPDUNHW�� HYHQ� WKRXJK� WKH� HQHUJ\� FRVW� ZDV�VLJQLILFDQWO\� ORZHU�� ,W� LV� DOVR� XQOLNHO\� WKDW� WKH� VFKHPH�ZRXOG� TXDOLI\� IRU� WKH� &OLPDWH� &KDQJH� /HY\� �&&/��H[HPSWLRQ� XQGHU� WKH� &+3� 4XDOLW\� $VVXUDQFH�3URJUDPPH��$� VXPPHU� GHPDQG� IRU� WKH� KHDW� JHQHUDWHG� E\� D� &+3�SDFNDJH�FDQ�EH�SURYLGHG�LI�WKH�V\VWHP�LV�LQWHJUDWHG�ZLWK�DQ� DEVRUSWLRQ� FRROLQJ� V\VWHP��+HDW� IURP� WKH�&+3�XQLW�FDQ� EH� XVHG� WR� SRZHU� WKH� DEVRUSWLRQ� FKLOOHU�ZKLFK� FDQ�SURYLGH� FRROLQJ� IRU� WKH� FKLOOHG� IRRG� FDELQHWV� DQG�LQGLUHFWO\�IRU�WKH�VWRUH�LWVHOI����&&+3� VFKHPHV� FRQVLVW� RI� D� FRPELQDWLRQ� RI� DEVRUSWLRQ�UHIULJHUDWLRQ� DQG� HQJLQHV� RU� WXUELQHV� ZLWK� WKHLU�UHVSHFWLYH� HOHFWULF� JHQHUDWRUV� >��� ��� �@�� )XUWKHU�LQIRUPDWLRQ�RQ� WKH� DSSOLFDWLRQ�RI� DEVRUSWLRQ� FKLOOHUV� WR�&+3�V\VWHPV�LV�DYDLODEOH�>����������@��7KH�PDLQ�&&+3�V\VWHPV�IRXQG�RQ�WKH�PDUNHW�DUH��D��*DV�7XUELQH�� HOHFWULF�JHQHUDWRU��GRXEOH�HIIHFW�VWHDP�GULYHQ�DEVRUSWLRQ�FKLOOHU��7KH�H[KDXVW�JDV�KHDW�RI�WKH�JDV�WXUELQHV�LV�XVHG�WR�GULYH�DEVRUSWLRQ�FKLOOHUV�LQGLUHFWO\�E\�PHDQV�RI�DQ�H[KDXVW�JDV�WR� VWHDP� KHDW� UHFRYHU\� ERLOHU�� 7KHVH� V\VWHPV� DUH�QRUPDOO\�YHU\�ODUJH�VFDOH�DQG�ZHOO�DERYH��0:H��ZKLFK�LV� ZKHUH� JDV� WXUELQHV� DUH� QRUPDOO\� PRUH� FRPSHWLWLYH�WKDQ�JDV�HQJLQHV��E�� *DV� (QJLQH � HOHFWULF� JHQHUDWRU�� VLQJOH�HIIHFW� KRW�ZDWHU�GULYHQ�DEVRUSWLRQ�FKLOOHU��*DV�HQJLQHV�KDYH�WZR�VRXUFHV�RI�ZDVWH�KHDW��WKH�H[KDXVW�JDVHV� DQG� WKH� MDFNHW� FRROLQJ� ZDWHU�� %RWK� RI� WKHVH� DUH�XVHG�WR�GULYH�D�VLQJOH�HIIHFW�DEVRUSWLRQ�FKLOOHU�&RPELQHG� &RROLQJ�� +HDW� DQG� 3RZHU� �&&+3�� VFKHPHV�KDYH� EHHQ� XVHG� LQ�PDQ\� DSSOLFDWLRQV� LQFOXGLQJ�GDLULHV��IRRG� SURFHVVLQJ�� FROG� VWRUDJH� DQG� SKDUPDFHXWLFDO�IDFLOLWLHV��DV�ZHOO�DV�PRUH�FRQYHQWLRQDO�DLU�FRQGLWLRQLQJ�DSSOLFDWLRQV�� &&+3� KDV� QRW� EHHQ� UHSRUWHG� LQ�VXSHUPDUNHW� DSSOLFDWLRQV� DQG� WKLV� SDSHU� GHVFULEHV� WKH�LQYHVWLJDWLRQ�LQWR�WKH�XVH�RI�&&+3�LQ�WKHVH�DSSOLFDWLRQV�����0HWKRGRORJ\7KLV� SDSHU� LQYHVWLJDWHV� D� QXPEHU� RI� &&+3� VFKHPHV�FRPSDUHG� WR� WKH� WUDGLWLRQDO� VXSHUPDUNHW�� 7KH� FULWHULD�XVHG�WR�FRPSDUH�WKH�YLDELOLW\�RI�WKH�GLIIHUHQW V\VWHPV�DUH�HQHUJ\� FRVWV�� FDSLWDO� FRVWV� DQG� SULPDU\� HQHUJ\� XVDJH��7KHVH� KDYH� EHHQ� GHWHUPLQHG� XVLQJ� D� SXUSRVHO\�GHYHORSHG� PDWKHPDWLFDO� PRGHO� RI� WKH� W\SLFDO�VXSHUPDUNHW�WKDW�LV�GHVFULEHG�EHORZ������7KH�7\SLFDO�6XSHUPDUNHW$� VSHFLPHQ� VXSHUPDUNHW� RI� DSSUR[LPDWHO\� ����P�WUDGLQJ�DUHD�KDV�EHHQ�XVHG�LQ�WKLV�LQYHVWLJDWLRQ��7KLV�VL]H�ZDV�FKRVHQ�DV�LW�LV�VOLJKWO\�ODUJHU�WKDQ�DYHUDJH�>��@��7KH�VXSHUPDUNHW� KDV� WZR� IORRUV�� 7KH� JURXQG� IORRU� LQFOXGHV�WKH�UHWDLO�DUHD��FROG�VWRUHV��IRRG�SUHSDUDWLRQ��SURFHVVLQJ�DUHDV��GU\ VWRUHV�DQG�D� UHVWDXUDQW��7KH�VWRUH�LV�DVVXPHG�WR�EH�RSHQ�IURP��DP�WR����SP����GD\V�D�ZHHN�

7KH� KHDWLQJ�� FRROLQJ� DQG� SRZHU� UHTXLUHPHQWV� RI� WKH�VXSHUPDUNHW�DUH�GHILQHG�EHORZ�������+HDW�GHPDQG7KH� WKHUPDO� ORDGV� IRXQG� LQ� WKH� VXSHUPDUNHW� DUH��FRQGXFWLRQ� WKURXJK� WKH� EXLOGLQJ� IDEULF�� RFFXSDQF\��OLJKWLQJ�� WKHUPDO� VSLOO� IURP� WKH� UHIULJHUDWLRQ� FDELQHWV��LQILOWUDWLRQ�DQG�IUHVK�DLU��KRW�ZDWHU��SUHKHDW�ORDGV��7KH�SHDN�VHQVLEOH�KHDW�ORDGV�FDOFXODWHG�IRU�WKH�VXSHUPDUNHW�DUH�VKRZQ�LQ�7DEOH�����7R� VDWLVI\� WKHVH� KHDW GHPDQGV�� D�PHFKDQLFDO� ZDUP� DLU�YHQWLODWLRQ�V\VWHP�LV�WUDGLWLRQDOO\�HPSOR\HG��$�JDV�ILUHG�ERLOHU� SURYLGHV� KRW� ZDWHU� IRU� WKH� DLU� KDQGOLQJ� XQLW��%HFDXVH� WKH� FDELQHWV� SURGXFH� D� ODUJH� FRROLQJ� HIIHFW��PRVW�VXSHUPDUNHWV�GR�QRW�XWLOLVH�HLWKHU�VHQVLEOH�RU�ODWHQW�DLU�FRROLQJ��'HVSLWH� WKLV�� WKH�VXSHUPDUNHW� LV�DVVXPHG�WR�RSHUDWH�FORVH�WR�WKH�GHVLJQ�FRQGLWLRQ�RI���R&�WKURXJKRXW�WKH�WUDGLQJ�SHULRG�WKURXJKRXW� WKH�\HDU���7R�VDYH�HQHUJ\�WKH�VXSHUPDUNHW�WKHUPRVWDW�LV�VHW�EDFN�DW�QLJKW�WR���R&�������&RROLQJ�'HPDQG7KH� FRROLQJ� GHPDQG� IRU� WKH� VXSHUPDUNHW� LV� VKRZQ� LQ�7DEOH����
7KH� UHIULJHUDWLRQ� V\VWHPV� FXUUHQWO\� LQVWDOOHG� LQ� WKH�VXSHUPDUNHW� DUH� FHQWUDOLVHG� V\VWHPV�� 7KH� IRRG� LV�JURXSHG� E\� SURGXFW� WHPSHUDWXUH� LQWR� FKLOOHG� �+LJK�7HPSHUDWXUH�� +7�� DQG� IUR]HQ� �/RZ� 7HPSHUDWXUH�� /7��IRRG�FDWHJRULHV��7KH� UHIULJHUDWLRQ� V\VWHP�XVHG� IRU�ERWK�FKLOOHG�DQG�IUR]HQ�IRRG�FDELQHWV�LV�GHWDLOHG�LQ�)LJXUH����ZKLFK� VKRZV� GHGLFDWHG� FRPSUHVVRU� SDFNV� RSHUDWLQJ� RQ�VHSDUDWH� VXFWLRQ� OLQHV� ZLWK� FRPPRQ� GHOLYHU\� KHDGHUV��1RUPDOO\� WR�PLQLPLVH� WKH� ULVN� RI� IDLOXUH� WKHUH� DUH� WZR�LQGHSHQGHQW�FHQWUDO�V\VWHPV��HDFK�GHVLJQHG�WR�PHHW�����RI� WKH� FRROLQJ� ORDG�� 7KH� FRPSUHVVRUV� XVHG� LQ� HDFK�V\VWHP� DUH� PRXQWHG� RQ� D� EDVH� SODWH� WR� IRUP� D�FRPSUHVVRU� SDFN��ZKLFK� DOVR� LQFOXGHV� D� OLTXLG� UHFHLYHU�DQG�PXOWL�VWDWLRQ�PDQLIROGV�IRU�LQGLYLGXDO�OLTXLG��VXFWLRQ�DQG� GHIURVW� JDV� FRQQHFWLRQV�� &RPSUHVVRU� PRWRUV� DUH�VSHHG�FRQWUROOHG�WR�PDWFK�ORDG�YDULDWLRQV��7KH�RSHUDWLQJ�FRQGLWLRQV�RI� WKH�VFUHZ�FRPSUHVVRU�XVHG�DUH� VKRZQ� LQ� 7DEOH� ��� 7KH� GD\� FDELQHW� ORDGV� DUH� DOVR�VKRZQ� LQ� 7DEOH� �� DQG� WKHVH� DUH� DVVXPHG� FRQVWDQW�WKURXJKRXW� WKH� WUDGLQJ� SHULRG�� VLQFH�� WKH� LQWHUQDO�VXSHUPDUNHW� HQYLURQPHQW� LV� PDLQWDLQHG�� $W� QLJKW�� WKH�ORDG�LV�UHGXFHG�WR�����RI�WKH�GD\�YDOXH�ZLWK�WKH�XVH�RI�QLJKW�EOLQGV�>��@�������(OHFWULFDO��'HPDQG7KH� HOHFWULFDO� ORDGV� IRXQG� LQ� WKH� VXSHUPDUNHW� DUH��OLJKWLQJ�� IDQV�� HTXLSPHQW� DQG� UHIULJHUDWLRQ� SODQW�� 7KH�WRWDO� HOHFWULFDO� XVDJH� E\� WKH� VXSHUPDUNHW� LV� VKRZQ� LQ�7DEOH��������(QHUJ\�0RGHO�7KH�DQQXDO�HQHUJ\�FRQVXPHG�E\�WKH�W\SLFDO�VXSHUPDUNHW�ZDV� GHWHUPLQHG� XVLQJ� D� SXUSRVHO\� GHYHORSHG�PDWKHPDWLFDO� VSUHDGVKHHW� PRGHO�� 7KH� PRGHO� XVHV� WKH�%,1�PHWKRG� WR�FDOFXODWH� WKH�KRXUO\�VWHDG\�VWDWH�HQHUJ\�FRQVXPSWLRQ� EDVHG� XSRQ� DYHUDJH� H[WHUQDO� GU\� EXOE�WHPSHUDWXUHV�� IRU� HYHU\� VLQJOH� GD\� RI� WKH� \HDU�� 7KHVH�

mailto:maidmegg@sbu.ac.uk
mailto:maidmegg@sbu.ac.uk


*�*��0DLGPHQW�± PDLGPHJJ#VEX�DF�XN ���

FDOFXODWLRQV� ZHUH�PRGLILHG� WR� LQFOXGH� QRQ� VWHDG\ VWDWH�HIIHFWV� VXFK� DV� HQHUJ\� VWRUDJH� LQ� WKH� EXLOGLQJ� IDEULF�GXULQJ� QLJKW� VHWEDFN� DQG� SUHKHDW�� $� WLPH� FRQVWDQW�DSSURDFK� ZDV� XVHG� LQ� DQDO\VLQJ� QRQ�VWHDG\� VWDWH� KHDW�WUDQVIHU�� 7KH� KRXUO\� HQHUJ\� FRQVXPSWLRQ� ILJXUHV� ZHUH�VXPPHG�WR�JLYH�DQQXDO�XVDJH��$QQXDO�HQHUJ\�FRVWV�ZHUH�GHWHUPLQHG�XVLQJ�WKH�WDULIIV�VKRZQ�LQ�7DEOH����2QO\�WKH�&&+3� VFKHPH� LV� H[HPSW� IURP� WKH� &OLPDWH� &KDQJH�/HY\������0RGHO�9DOLGDWLRQ7KH�DQQXDO�HQHUJ\�FRQVXPSWLRQ�DQG�FRVW�FDOFXODWHG�IRU�WKH� FRQYHQWLRQDO� VXSHUPDUNHW� LV� VKRZQ� LQ� 7DEOH� ����7DEOH �� DOVR� VKRZV� WKH� SULPDU\� HQHUJ\� FRQVXPHG�E\�D�VXSHUPDUNHW� DVVXPLQJ� HOHFWULFLW\� GHULYHG� IURP� D� FRDO�ILUHG� SRZHU� VWDWLRQ�� 7KLV� LV� LQLWLDOO\� XVHG� DV� WKH�EHQFKPDUN� IRU� HVWDEOLVKLQJ� SULPDU\� HQHUJ\� VDYLQJV� IRU�&+3�DQG�&&+3��VFKHPHV�>�@7KH� RXWSXW� RI� WKH� PDWKHPDWLFDO� PRGHO� KDV� EHHQ�FRPSDUHG�DJDLQVW� W\SLFDO�GDWD�UHSRUWHG�LQ�WKH�OLWHUDWXUH��7KH� UHVXOWV� RI� WKH� FRPSDULVRQ� DUH� GHWDLOHG� LQ� 7DEOH� ���7KLV�VKRZV�WKDW�WKH�PRGHO�SUHGLFWV�DFFXUDWHO\�WKH�HQHUJ\�FRVW� SHU� XQLW� DUHD� DV�ZHOO� DV� HQHUJ\� FRQVXPSWLRQ�� 7KH�PRGHO�GRHV JLYH�D�ORZHU�UDWLR�RI�HOHFWULFLW\�WR�IRVVLO�IXHO�FRQVXPSWLRQ� WKDQ� WKDW� JLYHQ� E\� ERWK� 6DLQVEXU\¶V� >��@�DQG�WKH�%5(�>��@��,W�LV�FRQVLGHUHG�WKDW�WKLV�PD\�EH�GXH�WR� WKH� VPDOO�SURSRUWLRQ�RI� IUR]HQ� IRRG�FDELQHWV�XVHG� LQ�WKLV� VXSHUPDUNHW�� 7KH� UDWLR� RI� FKLOOHG� WR IUR]HQ� IRRG�XVHG�LV�OHVV�WKDQ������7KH�PRGHO�LV�WKHUHIRUH�FRQVLGHUHG�VXLWDEO\�YDOLG�IRU�FDUU\LQJ�RXW�IHDVLELOLW\�VWXGLHV�������,QYHVWLJDWLRQV�����&&+3�6FKHPHV�&RQVLGHUHG&RQYHQWLRQDO� &&+3� V\VWHPV� DUH� DSSOLHG� WR� DLU�FRQGLWLRQLQJ� DSSOLFDWLRQV� DQG� SURYLGH FKLOOHG� ZDWHU� DW�DURXQG� ��&��+RZHYHU�� VXSHUPDUNHWV� UHTXLUH� ORZHU� DQG�GLIIHUHQW�UHTXLUHPHQWV��RQH�IRU�WKH�FKLOOHG�FDELQHWV��+7��DQG�DQRWKHU�IRU�WKH�IUHH]HU�FDELQHWV��/7����)RU�UHOLDELOLW\�SXUSRVHV��VXSHUPDUNHWV�W\SLFDOO\�KDYH�WZR�LQGHSHQGHQW� FHQWUDO� V\VWHPV� HDFK� VL]HG� IRU� ����RI� WKH�WRWDO� FDSDFLW\�� 8SRQ� WKH� IDLOXUH� RI� RQH� V\VWHP�� WKH�EXVLQHVV� LV� DEOH� WR� VXUYLYH� LQ� SDUW� ZLWKRXW� VLJQLILFDQW�ORVVHV�� +RZHYHU� LW� ZRXOG� QRW� EH� DEOH� WR� VXUYLYH� LI� WKH�HQWLUH� UHIULJHUDWLRQ� V\VWHP� IDLOHG�� ZKLFK� JLYHQ� WZR�LQGHSHQGHQW V\VWHPV�LV�PXFK�PRUH�XQOLNHO\�WR�RFFXU��,Q�WKHRU\� WKH� SUREDELOLW\� RI� IDLOXUH� RI� WZR� HYHQWV� LV� WKH�VTXDUH� RI� WKH� IDLOXUH� RI� RQH� HYHQW� >��@�� 7KHUHIRUH�� WKH�GHVLJQ� RI� WKH� &&+3� V\VWHPV� DSSOLHG� WR� VXSHUPDUNHWV�KDV�IROORZHG�WKLV�GHVLJQ�SKLORVRSK\��WR�PHHW�WKH�ORDGV�RI�RQH� KDOI� WKH� VXSHUPDUNHW¶V� UHIULJHUDWLRQ� FDSDFLW\���0DLQWHQDQFH� DQG� UHOLDELOLW\� RI� &&+3� FRPSDUHG� WR� WKH�WUDGLWLRQDO�VXSHUPDUNHW�KDV�QRW�EHHQ�FRQVLGHUHG�LQ�GHWDLO�LQ�WKLV�SDSHU�DQG�ZLOO�EH�VXEMHFW�RI�ODWHU�ZRUN��7KHUH�DUH��KRZHYHU�� DUJXPHQWV� LQ� IDYRXU� RI� &&+3�� DV� ZHOO� DV�DUJXPHQWV�DJDLQVW��7KH� VL]H� RI� WKH� VXSHUPDUNHW� LQ� TXHVWLRQ�� WKH� QHHG� WR�KDYH�WZR�UHIULJHUDWLRQ�V\VWHPV��DQG�WKH�VSOLW�EHWZHHQ�WKH�ORZ� DQG� KLJK� WHPSHUDWXUH� FDELQHWV�� UHTXLUHV� &+3�V\VWHPV�ZHOO�EHORZ��0:H��&+3�HOHFWULF�SRZHU���ZKLFK�

H[FOXGHV� JDV� WXUELQH� W\SH� V\VWHPV�� 7KH� LPSOLFDWLRQ� RI�WKLV� LV� WKDW� LW� H[FOXGHV� DFKLHYLQJ� WHPSHUDWXUHV� UHTXLUHG�IRU� IUR]HQ� IRRG� XVLQJ� DQ� DEVRUSWLRQ� FKLOOHU�� EHFDXVH� LW�ZRXOG� QHHG� D� KHDW� VRXUFH� WHPSHUDWXUH� IURP� WKH� &+3�SODQW� LQ�H[FHVV�RI�����&��7KLV�FDQ�RQO\�EH�DFKLHYHG�E\�JDV�WXUELQHV��DQG�QRW�E\�JDV�HQJLQHV��0LFUR�JDV�WXUELQHV�ZHUH�QRW�FRQVLGHUHG�LQ�WKLV�VWXG\�DV�WKH\�DUH�D�UHODWLYHO\�QHZ� DQG� H[SHQVLYH� WHFKQRORJ\�� *LYHQ� WKDW� WKH� FDSLWDO�FRVWV�RI�WKH�&+3�SODQW�FULWLFDO��WKLV�VWXG\�KDV�FRQVLGHUHG�RQO\� ORZ� FRVW JDV� HQJLQHV�� ZLWK� SURYHQ� PDUNHW�SHQHWUDWLRQ�� 7KLV� GRHV� QRW� PHDQ� WKDW� PLFUR�WXUELQHV�FDQQRW�EH�FRQVLGHUHG�LQ�WKH�IXWXUH��7KH� DUUD\� RI� SRVVLEOH� VRUSWLRQ� FKLOOHUV� LV� TXLWH� YDULHG��)LYH� RSWLRQV� ZHUH� FRQVLGHUHG�� DOO� DUH� FRROHG� ZLWK� GU\�FRROHUV� DVVLVWHG� ZLWK� ZDWHU� VSUD\� IRU� SHDN� VXPPHU�FRQGLWLRQV�� 8VLQJ� WKH� %,1� PRGHO� WKH� HFRQRPLFV� DQG�HQYLURQPHQWDO� SHUIRUPDQFH� RI� WKHVH� VFKHPHV� ZHUH�LQYHVWLJDWHG�� 7KH� VDOLHQW� FKDUDFWHULVWLFV� RI� WKH� VFKHPHV�FRQVLGHUHG�DUH�VKRZQ�LQ�7DEOH���
,Q�DOO� VFKHPHV�� WKH�DEVRUSWLRQ�FKLOOHU�KDV�EHHQ� VL]HG� WR�VDWLVI\� WKH� FRROLQJ� ORDG� IRU� KDOI� WKH� VXSHUPDUNHW� RQO\��&RROLQJ� IRU� WKH� UHPDLQLQJ� KDOI� RI� WKH� VXSHUPDUNHW� LV�SURYLGHG� E\� FRQYHQWLRQDO� YDSRXU� FRPSUHVVLRQ�UHIULJHUDWLRQ�� ,Q� VFKHPHV� �� DQG� ��� WKH� DEVRUEHU� FKLOOV�SURS\OHQH�JO\FRO�ZKLFK�LV�FLUFXODWHG�WR�WKH�FKLOO�FDELQHWV�ZKHUH�LW�SURYLGHV�FRROLQJ��7KH�PDMRU�GLIIHUHQFH�EHWZHHQ�VFKHPHV���DQG���LV�WKDW�WKH�DEVRUSWLRQ�FKLOOHU�LV�XVHG�WR�SURYLGH� FKLOOHG� JO\FRO�� :KHUHDV� VFKHPH� �� UHTXLUHV� D�KLJKHU�WHPSHUDWXUH�&+3�HQJLQH�WR�SRZHU�WKH�DEVRUSWLRQ�FKLOOHU��6FKHPHV������DQG���XVH�WKH�DEVRUSWLRQ�XQLW�WR�FKLOO�ZDWHU�ZKLFK� LV� WKHQ� FLUFXODWHG� WR� WKH� FKLOOHG� DQG� IUR]HQ� IRRG�GLVSOD\� FDELQHWV�� 7KHVH� LQFRUSRUDWH� D� FDVFDGH� YDSRXU�FRPSUHVVLRQ� V\VWHP� DQG� WKH� FKLOOHG� ZDWHU� SURYLGHV�FRROLQJ�IRU� WKH�FDVFDGH�FRQGHQVHU��7KH�PDLQ�GLIIHUHQFH�EHWZHHQ�WKHVH�VFKHPHV�LV�WKH�FKLOOHU�XQLW�XVHG��(DFK�&&+3�VFKHPH�ZDV�DVVXPHG�WR�EH�FRQWUROOHG�XVLQJ�D� KHDW� OHG� VWUDWHJ\�� $OWKRXJK�� WKHUH� DUH� D� QXPEHU� RI�ZD\V� RI� FRQWUROOLQJ� &+3� RXWSXW�� KHDW� OHG� FRQWURO� ZDV�XVHG� EHFDXVH� LW� PD[LPLVHV� SULPDU\� HQHUJ\� VDYLQJV�� $�KHDW� OHG� VWUDWHJ\� HQDEOHV� WKH� HQJLQH� WR� PRGXODWH� WR�DOZD\V�VDWLVI\�KHDW�GHPDQG��$V�DOO�VFKHPHV�LQFRUSRUDWHG�D� SDUDOOHO� W\SH� JHQHUDWRU� V\QFKURQLVHG� ZLWK� WKH� PDLQV��WKH� EDODQFH� EHWZHHQ� HOHFWULFLW\� GHPDQG� DQG� &+3� XQLW�RXWSXW� FDQ� EH�PDLQWDLQHG�ZLWK� WKH� H[SRUW� RU� LPSRUW� RI�SRZHU�
:LWK� WKH� H[FHSWLRQ� RI� RSWLRQ� ��� DOO� WKH� VRUSWLRQ�PDFKLQHV�KDYH�EHHQ�GHYHORSHG��ZLWK�SURYHQ�SURWRW\SHV��EXW� KDYH� RQO\� DFKLHYHG� WR� GDWH� D� YHU\� ORZ� PDUNHW�SHQHWUDWLRQ�� 7KLV� KDV� DQ� HIIHFW� RQ� WKHLU� FDSLWDO� FRVWV��ZKLFK�DUH�QRW�VR�FRPSHWLWLYH�DV�WKH�VWDQGDUG�/L%U�ZDWHU�FKLOOHU�RI�RSWLRQ�������5HVXOWV�,Q� HDFK� FDVH� WKH� DQQXDO� HQHUJ\� FRQVXPSWLRQ� DQG� FRVWV�ZHUH� FDOFXODWHG� XVLQJ� WKH� PRGHO� DQG� WKLV� KDV� EHHQ�FRPSDUHG� DJDLQVW� WKDW� FDOFXODWHG� IRU� WKH� WUDGLWLRQDO�
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V\VWHP�� 7KH� DGGLWLRQDO� FDSLWDO� DQG� PDLQWHQDQFH� FRVWV�DVVRFLDWHG�ZLWK�WKH�&&+3�VFKHPHV�KDYH�EHHQ�FDOFXODWHG�DQG� WKH� YLDELOLW\� RI� HDFK� FDVH� KDV� EHHQ� FRQVLGHUHG� LQ�WHUPV�RI�SD\EDFN�SHULRG�DQG�SULPDU\�HQHUJ\�VDYHG��7KH�FRVW� WDULIIV� XVHG� IRU� WKH� &&+3� VFKHPHV� DUH� VKRZQ� LQ�7DEOH���(DFK� VFKHPH� ZDV� PRGHOOHG� DFURVV� D� UDQJH� RI� &+3�FDSDFLWLHV� DQG� UHVXOWV� ZHUH� FRPSDUHG� XVLQJ� SD\EDFN�SHULRG� DQG� SULPDU\� HQHUJ\� VDYLQJV�� 7KH� PRGHO� IRXQG�WKDW� ERWK� WKHVH� IDFWRUV� ZHUH� KLJKO\� VHQVLWLYH� WR� WKH�HQJLQH� VL]H� VHOHFWHG�� 7KLV� LV� VKRZQ� LQ� )LJXUH ���,QYHVWLJDWLRQV� LGHQWLILHG� WKDW� WKH� UHVXOWV� ZHUH� EHWWHU�UHSUHVHQWHG� DJDLQVW� DQRWKHU� IDFWRU� µ()/+¶� LQVWHDG� RI�HQJLQH� VL]H�� ()/+� LV� HTXLYDOHQW� IXOO� ORDG� KRXUV� RI�VLPXOWDQHRXV�KHDW�DQG�SRZHU� IRU� WKH�&+3�V\VWHP�XVHG��DQG�WKLV�YDULHV�ZLWK�HQJLQH�FDSDFLW\��+LJKHU�HQJLQH�VL]HV�ZLOO�UXQ�DW�SDUW�ORDG�IRU�ORQJHU�SHULRGV�DQG�WKHUHIRUH�ZLOO�KDYH�ORZHU�HTXLYDOHQW�IXOO�ORDG�KRXUV��7KH�UHVXOWV� IURP�WKH� LQYHVWLJDWLRQV� LQ� WHUPV�RI�SD\EDFN�SHULRG�DQG�SULPDU\�HQHUJ\�VDYLQJ�DJDLQVW�HTXLYDOHQW�IXOO�ORDG� KRXUV� DUH� VKRZQ� LQ� )LJXUHV� �� 	� ��� )URP� WKHVH�)LJXUHV� LW� FDQ� EH� VHHQ� WKDW� WKH� VKDSH� RI� WKH� FXUYHV� LV�VLPLODU�IRU�DOO�VFKHPHV���7KH�JHQHUDO�FRQFOXVLRQ�WKDW�FDQ�EH�GHULYHG�IURP�)LJXUH���LV�WKDW�DOO�VFKHPHV�SURGXFH�WKH�ORZHVW�SD\EDFN�SHULRG�DW�DSSUR[LPDWHO\������()/+��$OWKRXJK�KLJKHU�UHYHQXH�FRVW�DQG�HQHUJ\�VDYLQJV�DUH�DFKLHYHG�DW�ORZHU�HTXLYDOHQW�IXOO� ORDG� KRXUV�� ODUJHU� HQJLQHV� DUH� UHTXLUHG� DQG� WKLV�LQFUHDVHV� FDSLWDO� FRVWV�� ����� WR� ����� ()/+� WKHUHIRUH�UHSUHVHQWV� WKH� EHVW� FRPSURPLVH� EHWZHHQ� UHYHQXH� DQG�ILUVW� FRVWV��2SWLRQ��� FDQ�EH� VHHQ� WR�SURGXFH� WKH� ORZHVW�SD\EDFN� SHULRG� DOWKRXJK� WKH� VFKHPH� GRHV� QRW� JLYH� WKH�ORZHVW�SULPDU\�HQHUJ\�FRQVXPSWLRQ�RU�HQHUJ\�FRVW��7KH�PDLQ�UHDVRQ�IRU�RSWLRQ���EHLQJ�PRUH�FRPSHWLWLYH�LV�WKDW�LW�XVHV�D�FRQYHQWLRQDO�/LWKLXP�%URPLGH�FKLOOHU�ZKLFK�DUH�DYDLODEOH� DW� ORZHU�FRVWV�GXH� WR� WKHLU� HVWDEOLVKHG�PDUNHW�SHQHWUDWLRQ�LQ�DLU�FRQGLWLRQLQJ�DSSOLFDWLRQV�)LJXUH���VKRZV�WKDW�SULPDU\�HQHUJ\�FRQVXPSWLRQ�DJDLQVW�HTXLYDOHQW� IXOO� ORDG� KRXUV�� 7KLV� VKRZV� SULPDU\� HQHUJ\�FRQVXPSWLRQ� LV� ORZHVW�ZKHQ� HTXLYDOHQW� IXOO� ORDG� KRXUV�DUH�ORZ��7KLV�LV�EHFDXVH�WKH�FRQWURO�UHJLPH�XVHG�UHTXLUHV�ODUJHU� HQJLQH� FDSDFLW\� WR� DFKLHYH� ORZHU� HTXLYDOHQW� IXOO�ORDG� KRXUV�� +LJKHU� SULPDU\� HQHUJ\� VDYLQJV� RFFXU� ZLWK�ODUJHU�HQJLQHV�DV�PRUH�HQHUJ\�LV�EHLQJ�JHQHUDWHG�E\�WKH�&+3�XQLW�DQG� WKLV� LV�PRUH�HIILFLHQW� LQ�WHUPV�RI�SULPDU\�HQHUJ\� FRQVXPSWLRQ� WKDQ� FRDO� GHULYHG� HOHFWULFLW\� DQG�ERLOHU�KHDW��$W�KLJK�HTXLYDOHQW�IXOO�ORDG�KRXUV�WKH�HQJLQH�FDSDFLW\� XVHG� LV� VPDOO� DQG� D� JDV� ERLOHU� LV� XVHG� WR�VXSSOHPHQW�WKH�KHDW�UHTXLUHG�WR�SRZHU�WKH�DEVRUEHU���,I� WKH� SULPDU\� HQHUJ\� FRQVXPSWLRQ� LV� FRPSDUHG� ZLWK�HOHFWULFLW\� SURGXFHG� E\� PRUH� HIILFLHQW� SRZHU� VWDWLRQV�WKHQ� WKH� &&+3� VFKHPHV� GR� QRW� SURGXFH� VLJQLILFDQW�SULPDU\� HQHUJ\� VDYLQJV�� 7KLV� LV� GHWDLOHG� LQ� )LJXUH� ���ZKHUH�WKH�SULPDU\�HQHUJ\�VDYLQJV�DUH�VKRZQ�DJDLQVW�IRU�PRUH� HIILFLHQW� &&*7� �&RPELQHG� &\FOH� *DV� 7XUELQH��JHQHUDWLRQ�� &RPSDUHG� WR� &&*7� JHQHUDWLRQ�� WKH�&&+3�XVHV� DSSUR[LPDWHO\� WKH� VDPH� SULPDU\� HQHUJ\�FRQVXPSWLRQ��7KLV� VXJJHVWV� WKDW� WKH� H[HJHWLF� HIILFLHQF\�

RI� WKH�&&+3� VFKHPH� LV� VLPLODU� WR� WKDW� RI� FRQYHQWLRQDO�SRZHU�DQG�KHDW�JHQHUDWLRQ�LQ�WKH�VXSHUPDUNHW��VXSSOLHG�ZLWK�HIILFLHQW�SRZHU�VWDWLRQV��L�H��&&*7��)URP� )LJXUH� �� LW� FDQ� EH� VHHQ� WKDW� WKH� SULPDU\� HQHUJ\�SURILOHV� IRU� VFKHPHV� �� DQG� �� DUH� VLPLODU�� 2SWLRQ� ��SURGXFHG� WKH� ORZHVW� SULPDU\� HQHUJ\�� DQG� WKLV� LV�SULPDULO\�D� UHVXOW�RI� WKH�VOLJKWO\�EHWWHU�HIILFLHQF\�RI� WKH�RSWLRQ��¶V�&+3�HQJLQH�ZKLFK�KDG�PRUH�LPSDFW�WKDQ�WKH�QRWDEO\� ORZHU� DEVRUSWLRQ� FKLOOHU� &23�� 7KLV� LQGLFDWHV�WKDW�JHQHUDWLRQ�HIILFLHQF\�LV�RI�PRUH�LPSRUWDQFH�WKDQ�WKH�XWLOLVDWLRQ� HIILFLHQF\�� XQGHU� WKHVH� FRQGLWLRQV�� 3ULPDU\�HQHUJ\�VDYLQJV�IRU�RSWLRQV�������DQG���DUH�DSSUR[LPDWHO\����OHVV� WKDQ� WKRVH�FDOFXODWHG� IRU�RSWLRQV���DQG����7KLV�UHGXFWLRQ�LV�PDLQO\�GXH�WR�WKH�LQHIILFLHQF\�FDXVHG�E\�WKH�DGGLWLRQDO� KHDW� WUDQVIHU� VWDJH� RI� WKH� FDVFDGH� V\VWHP��FDELQHW�FRPSUHVVRU�WR�FKLOOHG�FRQGHQVHU�ZDWHU������'LVFXVVLRQ�RI�5HVXOWV%DVHG�RQ� WKH� UHVXOWV�� LW� LV� UHFRPPHQGHG� WR� VHOHFW�&+3�V\VWHPV�RQ�����������KRXUV�RI�VLPXOWDQHRXV�SURGXFWLRQ�RI�IXOO�ORDG�KHDW�DQG�SRZHU��LQ�RUGHU�WR�DFKLHYH�SULPDU\�HQHUJ\� VDYLQJV� RI� RYHU� ����� ZKLOVW� DOVR� DFKLHYLQJ�DWWUDFWLYH�SD\EDFNV��7KHVH�SULPDU\�HQHUJ\�VDYLQJV�DVVXPH�WKDW�WKH�HOHFWULFLW\�GLVSODFHG� LV� IURP� D� FRDO�ILUHG� SRZHU� VWDWLRQ��+RZHYHU��EHFDXVH� &2� HPLVVLRQV� IURP� JDV� GHULYHG� HQHUJ\� DUH�DSSUR[LPDWHO\� ���� RI� HPLVVLRQV� IURP� FRDO�� &&+3�VFKHPHV� FRXOG� UHGXFH� &2� HPLVVLRQV� E\� DSSURDFKLQJ�������,Q�WKH�VKRUW�WR�PHGLXP�WHUP�VXFK�&&+3�V\VWHPV�FRXOG�RIIHU�WKH�OHYHO�RI�&2� HPLVVLRQ�UHGXFWLRQV�VRXJKW�E\� WKH�8.�*RYHUQPHQW�� �/RQJHU� WHUP�&&+3�ZLOO�QHHG�WR� FRPSHWH� RQ� DQ� HQYLURQPHQWDO� EDVLV� ZLWK� PRUH�HIILFLHQW� HOHFWULFLW\� JHQHUDWLRQ� VXFK� DV� &&*7� SRZHU�VWDWLRQV��(PHUJLQJ� WHFKQRORJ\� ZLOO� EHQHILW� WKH� DSSOLFDWLRQ� RI�&&+3�LQ�WKH�PHGLXP�WR�ORQJHU�WHUP��6SHFLILFDOO\�WKHVH�LQFOXGH�WKH�PLQL�JDV�WXUELQH�DQG�WKH�IXHO�FHOO���� *DV� WXUELQHV� � 6HYHUDO� ODUJH� FRPSDQLHV� LQFOXGLQJ�9ROYR� DUH� GHYHORSLQJ� PLQL�WXUELQHV� IRU� PDVV� PDUNHW�FRQVXPSWLRQ�EHWZHHQ����DQG�����N:H�RXWSXW��$V�ZHOO�DV� ORZHU�FDSLWDO�FRVW�WKURXJK�HFRQRPLHV�RI�VFDOH��LQ�WKH�IXWXUH�� WKHVH� WXUELQHV� RIIHU� UHGXFHG� PDLQWHQDQFH� >��@�DQG�FRXOG�EH�XVHG�WR�GULYH�ORZHU�WHPSHUDWXUH�DEVRUSWLRQ�FRROLQJ�VFKHPHV�VXLWDEOH�IRU�IUHH]HU�GXWLHV��
���)XHO� FHOOV� DUH� UHFHLYLQJ� VLJQLILFDQW�GHYHORSPHQW�DQG�FRXOG�EH�XVHG�LQ�SODFH�RI�WKH�HQJLQH�LQ�D�&+3�SDFNDJH��7KH� DGYDQWDJH�RI� IXHO� FHOOV�RYHU�D� FRQYHQWLRQDO� HQJLQH�LV�WKDW�WKH\�RIIHU�D�����LQFUHDVH�LQ�HOHFWULFDO�JHQHUDWLRQ�HIILFLHQF\� DQG� WKH\� SURGXFH� YLUWXDOO\� ]HUR� SROOXWLRQ��>��@�� &XUUHQWO\� RQH� RI� WKH�PDLQ�PDUNHW� EDUULHUV� RI� WKH�IXHO�FHOO�LV�LWV�FRVW��ZKLFK�LV�DSSUR[LPDWHO\��������N:H�FDSDFLW\��7KLV� LV�DW� OHDVW���WLPHV�PRUH�H[SHQVLYH�WKDQ�DFRQYHQWLRQDO�JDV�HQJLQH�����&RQFOXVLRQV7KLV� SDSHU� GHVFULEHV� WKH� WKHRUHWLFDO� DQDO\VLV� RI� &&+3�VFKHPHV�DSSOLHG�WR�D�VXSHUPDUNHW��$OWKRXJK�WKH�ZRUN�LV�
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EDVHG�RQ� D� FDVH� VWXG\�RI� D� VXSHUPDUNHW�� WKH� UHVXOWV� DUH�UHOHYDQW� WR� RWKHU� UHIULJHUDWLRQ� DSSOLFDWLRQV� WKDW� KDYH�UHODWLYHO\� FRQVWDQW� ORDGV�� VXFK� DV� FROG� VWRUDJH��SURFHVVLQJ� RU� LQGXVWULDO� UHIULJHUDWLRQ� DSSOLFDWLRQV�� 7KH�SDSHU�GHVFULEHV�D�YDOLGDWHG�PDWKHPDWLFDO�PRGHO�WKDW�KDV�EHHQ� GHYHORSHG� DQG� XVHG� WR� DFFXUDWHO\� SUHGLFW� WKH�HQHUJ\� SHUIRUPDQFH� RI� WKH� VXSHUPDUNHW�� ,PSRUWDQW�KHDWLQJ� ORDGV� GXH� WR� FDELQHW� VSLOODJH�ZHUH� QRWHG�� HYHQ�GXULQJ� WKH� VXPPHU� VHDVRQ�� 7KH� RSSRUWXQLWLHV� DUH�VLJQLILFDQW�IRU�HQHUJ\�VDYLQJV�LQ�WKLV�ILHOG��
7KH� PRGHO� KDV� EHHQ� XVHG� WR� LQYHVWLJDWH� ILYH� &&+3�VFKHPHV� ZKHUHE\� WKH� RSWLPXP� RQH� XVHV� D� VWDQGDUG�/LWKLXP� %URPLGH� DEVRUSWLRQ� FKLOOHU�� 7KH� PDLQ� UHDVRQ�IRU� WKLV� LV� WKH� ORZ� FRVW� RI� WKH� /L%U� DEVRUSWLRQ� FKLOOHU�LWVHOI�� � 7KLV� RSWLRQ� RIIHUV� D� SD\EDFN� SHULRG� XQGHU� ��\HDUV�� 7KHUH� LV� D� SRWHQWLDO� WR� VDYH� FDSLWDO� FRVWV� RQ� WKH�QHZ� WHFKQRORJ\� VRUSWLRQ� FKLOOHUV�ZLWK� VHULDO�SURGXFWLRQ�DQG� HFRQRPLHV� RI� VFDOH�� ZKLFK� ZRXOG� UHGXFH� WKH�SD\EDFN� SHULRGV� RI� WKH� RWKHU� RSWLRQV�� 7KLV� ZRXOG� EH�SRVVLEOH� ZLWK� ZLGHVSUHDG� XVH� DQG� VWDQGDUGLVHG�VXSHUPDUNHW�0	(�VHUYLFHV�GHVLJQ�7KH� UHVXOWV� LQGLFDWH� WKDW� LQ� WKH� VKRUW� WR� PHGLXP� WHUP�&&+3� FRXOG� RIIHU� VLJQLILFDQW� SULPDU\� HQHUJ\�� &2�VDYLQJV� FRPSDUHG� WR� FRQYHQWLRQDO� KHDW� DQG� SRZHU�VFKHPHV� EDVHG� XSRQ� D� JDV� ERLOHU� DQG� FRDO� GHULYHG�HOHFWULFLW\�� ,Q� WKH� ORQJHU� WHUP� &&+3� ZLOO� KDYH� WR�FRPSHWH� DJDLQVW� PRUH� HIILFLHQW� JULG� JHQHUDWHG�HOHFWULFLW\�� &XUUHQW� WHFKQRORJ\� ZRXOG� QRW� RIIHU�VLJQLILFDQW� SULPDU\� HQHUJ\� VDYLQJV� FRPSDUHG� ZLWK�LPSURYHG� JULG� HIILFLHQFLHV�� +RZHYHU�� HPHUJLQJ�WHFKQRORJ\� VXFK� DV� WKH� IXHO� FHOO� FRXOG� RIIHU� &&+3��PXFK� LPSURYHG� HQJLQH� HIILFLHQFLHV�� ZKLFK� PD\� JLYH�&&+3�D�ORQJ�WHUP�IXWXUH�LQ�UHIULJHUDWLRQ��
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7DEOH����5HIULJHUDWLRQ�V\VWHP�VSHFLILFDWLRQ
6\VWHP &RPSUHVVRU�SDFN 'D\�FRROLQJ�ORDG�N: 1LJKW�FRROLQJ�ORDG�N: 3HDN�6DWXUDWHG�'HOLYHU\�7HPSHUDWXUH�R&

0LQLPXP�6DWXUDWHG�'HOLYHU\�7HPSHUDWXUHR&
6DWXUDWHG�6XFWLRQ�7HPSHUDWXUHR&+7� ��� ��� ���� /7� �� �� ���+7� ��� ��� ���� /7� �� �� �� �� ���

7DEOH����%UHDNGRZQ�RI�WKH�HOHFWULFLW\�XVH�E\�WKH�VXSHUPDUNHW(OHFWULFDO�ORDG 'D\�WLPH�SHDN�ORDG�N: 1LJKW�WLPH�SHDN�ORDG�N:/LJKWLQJ� ��� ��)DQV �� ��(TXLSPHQW ��� ��5HIULJHUDWLRQ ��� ���7RWDO�ORDG ��� ���7DEOH����8WLOLW\�FRVWV&RQYHQWLRQDO6XSHUPDUNHW &&+36FKHPH*DV�FRVW ��������N:K,QFOXGHV�VHDVRQDO�XVDJH�WDULII�DQG�&&/ �������N:K&RQWLQXRXV�XVDJH�WDULII(OHFWULFLW\�GD\�WLPH�FRVW ���������N:K,QFOXGHV�&&/ �������N:K
(OHFWULFLW\�QLJKW�WLPH�FRVW ��������N:K,QFOXGHV�&&/ �������N:K(OHFWULFLW\�H[SRUW�SULFH � �������N:K&+3�� 0DLQWHQDQFH�FRVW � ��������N:HK7DEOH����3UHGLFWHG�SHUIRUPDQFH�RI�WKH�VXSHUPDUNHW0RGHO�SUHGLFWLRQ�±WUDGLWLRQDO�VXSHUPDUNHW$QQXDO�*DV�&RQVXPSWLRQ��N:K� ���������$QQXDO�*DV�FRVW������LQFOXGLQJ�&&/� �������$QQXDO�(OHFWULFLW\�&RQVXPSWLRQ��N:K� ����������$QQXDO�(OHFWULFLW\�&RVW������LQFO�&&/� ��������3ULPDU\�HQHUJ\�FRQVXPSWLRQ��N:K� ����������7RWDO�HQHUJ\�FRVW������LQFOXGLQJ�&&/� ��������

7DEOH����&RPSDULVRQ�RI�PRGHO¶V�SHUIRUPDQFH�ZLWK�RWKHU�VXSHUPDUNHW�HQHUJ\�GDWD&ULWHULD 0RGHO�3UHGLFWLRQ 6DLQVEXU\¶V�$YHUDJH��������� %5(�7\SLFDO(QHUJ\�FRVW���P��SHU�\HDU ���� �� �(QHUJ\�8VH�N:K�P����\HDU ���� ���� ����5DWLR�RI�HOHFWULFLW\�WR�IRVVLO�IXHO�XVH ���� � ���
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7DEOH����6DOLHQW�FKDUDFWHULVWLFV�RI�&&+3�6FKHPHV2SW $EVRUSWLRQ�FKLOOHU &KLOOHU�&23 0HGLXP�FRROHG� 0HGLXP�WHPSHUDWXUH��&
&KLOOHG�IRRG�UHIULJHUDWLRQ )UR]HQ�IRRG�UHIULJHUDWLRQ *DV�HQJLQH (QJLQH�HIILFLHQF\ :DWHU�WHPSHUDWXUH��&

� 6LQJOH�HIIHFW�1+��ZDWHU
���� 3URS\OHQH�JO\FRO ���WR�±� 8VLQJ�FROG�JO\FRO &RQYHQWLRQDO�±YDSRXU�FRPSUHVVLRQ

+LJK�WHPSHUDWXUH ���W����H
���

� 1+���ZDWHU�GRXEOH�VWDJH ��� 3URS\OHQH�JO\FRO ���WR�±� 8VLQJ�FROG�JO\FRO &RQYHQWLRQDO�±YDSRXU�FRPSUHVVLRQ
&RQYHQWLRQDO ���W����H

��
� 6LQJOH�HIIHFW�/L%U��ZDWHU ���� :DWHU ��&�WR��� &DVFDGH�YDSRXU�FRPSUHVVLRQ�V\VWHP�LQ�FDELQHW

&DVFDGH�YDSRXU�FRPSUHVVLRQ�V\VWHP�LQ�FDELQHW
&RQYHQWLRQDO ���W����H

��
� 6LQJOH�HIIHFW�ORZ�WHPSHUDWXUH�/L%U���+��

���� :DWHU ��&�WR��� &DVFDGH�YDSRXU�FRPSUHVVLRQ�V\VWHP�LQ�FDELQHW
&DVFDGH�YDSRXU�FRPSUHVVLRQ�V\VWHP�LQ�FDELQHW

/RZ�WHPSHUDWXUH ���W����H
��

� 6LOLFD�*HO��ZDWHU�DGVRUSWLRQ ��� :DWHU ��&�WR��� &DVFDGH�YDSRXU�FRPSUHVVLRQ�V\VWHP�LQ�FDELQHW
&DVFDGH�YDSRXU�FRPSUHVVLRQ�V\VWHP�LQ�FDELQHW

&RQYHQWLRQDO ���W����H
��

)LJXUH����6FKHPDWLF�RI�W\SLFDO�UHIULJHUDWLRQ�V\VWHP�XVHG�LQ�WKH�VXSHUPDUNHW�
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��� ��� ��� ��� ��� ��� ��� ��� ����(QJLQH�VL]H��N:W�

3D\E
DFN�S

HULRG
��\HD

UV� 2SWLRQ��
2SWLRQ��
2SWLRQ��
2SWLRQ��
2SWLRQ��

)LJXUH����*UDSK�RI�SD\EDFN�SHULRG��VDYLQJ�DJDLQVW�HQJLQH�VL]H
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���� ���� ���� ���� ���� ���� ���� ����(TXLYDOHQW�QXPEHU�RI�IXOO�ORDG�KRXUV
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��\HD
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)LJXUH���*UDSK�RI�SD\EDFN�SHULRG�DJDLQVW�HTXLYDOHQW�IXOO�ORDG�KRXUV
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���� ���� ���� ���� ���� ���� ���� ����1XPEHU�RI�(TXLYDOHQW�)XOO�/RDG�+RXUV

SULPD
U\�HQ

HUJ\�
VDYLQ

J 2SWLRQ��2SWLRQ��2SWLRQ��2SWLRQ��2SWLRQ��

)LJXUH���*UDSK�RI�SULPDU\�HQHUJ\�VDYLQJ�DJDLQVW�HTXLYDOHQW�IXOO�ORDG KRXUV
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���� ���� ���� ���� ���� ���� ���� ����1XPEHU�RI�HTXLYDOHQW�IXOO�ORDG�KRXUV

3ULPD
U\�HQ

HUJ\�
VDYH

G

3ULPDU\�HQHUJ\VDYLQJ�FRPSDUHG�WRFRDO�ILUHG�JHQHUDWLRQ
3ULPDU\�HQHUJ\VDYLQJ�FRPSDUHG�WRDYHUDJH�HIILFLHQF\JHQHUDWLRQ
3ULPDU\�HQHUJ\VDYLQJ�FRPSDUHG�WR&&*7�JHQHUDWLRQ

)LJXUH���*UDSK�RI�SULPDU\�HQHUJ\�VDYLQJV�IRU�RSWLRQ���DJDLQVW�HTXLYDOHQW�IXOO�ORDG�KRXUV�
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