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7KH�8.�LV�FRPPLWWHG�WR�UHGXFLQJ�LWV�HPLVVLRQ�RI�FDUERQ�GLR[LGH��D�PDMRU�JUHHQKRXVH�JDV��E\�����E\�WKH�\HDU�������$SSUR[LPDWHO\�����RI�WKH�8.¶V�WRWDO�HQHUJ\�FRQVXPSWLRQ�LV�DVVRFLDWHG�ZLWK�EXLOGLQJV��7KLV�FRXOG�EH�PHW�E\�XWLOLVLQJ�µHQYLURQPHQWDOO\�IULHQGO\¶�HQHUJ\�VRXUFHV�VXFK�DV�UHQHZDEOH�HQHUJ\��*URXQG�VRXUFH�KHDW�SXPS��*6+3��V\VWHPV�FRXOG�EH�HPSOR\HG�LQ�EXLOGLQJV�IRU�VSDFH�KHDWLQJ�DQG�FRROLQJ�DQG�DOVR�IRU�SURYLVLRQ�RI�KRW�DQG�FROG�ZDWHU��7KH�PDLQ�EHQHILW�RI XVLQJ� *6+3V� LV� WKDW� WKH� WHPSHUDWXUH� RI� WKH� VXEVXUIDFH� LV� QRW� VXEMHFW� WR� WKH� ODUJH� YDULDWLRQV� H[SHULHQFHG� E\� DLU��FXUUHQWO\�WKH�PRVW�FRPPRQ�HQHUJ\�VRXUFH�IRU�KHDW�SXPSV��DQG�WKHUHIRUH�PRUH�HIILFLHQW�V\VWHPV�DUH�SRVVLEOH��$�FORVHG�ORRS�*6+3�V\VWHP�KDV�EHHQ� LQVWDOOHG�DW� WKH�0DUPRQW�5HQHZDEOH�(QHUJ\�5HVHDUFK�&HQWUH�RI� WKH�6FKRRO�RI� WKH�%XLOW�(QYLURQPHQW�� 7KH� V\VWHP� FRQVLVWV� RI� D� UHYHUVH� F\FOH�ZDWHU�WR�DLU� KHDW�SXPS� FRXSOHG� WR� WKUHH� YHUWLFDO� JURXQG� ORRSV��RQH�8�WXEH�DQG�WZR�FRQFHQWULF� WXEHV���,QYHVWLJDWLRQV�RI WKH�WKHUPDO�SHUIRUPDQFH�RI� WKLV�V\VWHP�ZHUH�FDUULHG�RXW� IRU�GLIIHUHQW�JURXQG�KHDW�H[FKDQJHU�GHVLJQV LQ�RUGHU�WR�LQYHVWLJDWH�WKHLU�HIIHFW�RQ�WKH�RYHUDOO�WKHUPDO�SHUIRUPDQFH�RI�WKH�V\VWHP��ZKLFK�ZLOO�KHOS�WR�GHYHORS�PRUH�HQHUJ\�HIILFLHQW�DQG�FRVW�FRPSHWLWLYH�JURXQG�VRXUFH�KHDW�SXPS�V\VWHPV�.(<:25'6
*URXQG�6RXUFH��*HRWKHUPDO��+HDW�3XPS��*URXQG�+HDW�([FKDQJHUV��*URXQG�/RRSV��5HQHZDEOH�(QHUJ\��6SDFH�+HDWLQJ�DQG�&RROLQJ��5HIULJHUDWLRQ��%XLOGLQJ�VHUYLFHV�
���,1752'8&7,21
7KHUH�LV�D�JURZLQJ�LQWHUHVW�LQ�UHQHZDEOH�HQHUJ\�V\VWHPV�ZRUOGZLGH�� 7KLV� KDV� EHHQ� SURPSWHG� E\� LQFUHDVHG�FRQFHUQ� RYHU� IRVVLO� IXHO� GHSOHWLRQ�� HQYLURQPHQWDO�SROOXWLRQ� DQG� SRVVLEOH� FOLPDWH� FKDQJH� LPSOLFDWLRQV�UHVXOWLQJ� IURP� RXU� FRQWLQXHG� XVH� RI� IRVVLO� DQG� QXFOHDU�IXHOV��%XLOGLQJV�DFFRXQW�IRU�XS�WR�����RI�WKH�8.¶V�WRWDO�HQHUJ\� FRQVXPSWLRQ� �6KRUURFN�� ������ DQG� KHQFH�VLJQLILFDQWO\�FRQWULEXWH�WR�SROOXWDQW�HPLVVLRQV��$�PDMRU�SDUW� RI� WKLV� HQHUJ\� GHPDQG� FRXOG� EH� PHW� E\�WHFKQRORJLHV�XWLOLVLQJ�UHQHZDEOH�HQHUJ\�VRXUFHV�VXFK�DV�VRODU��ZLQG�DQG�JURXQG�HQHUJ\�
$�JURXQG�VRXUFH�KHDW�SXPS��*6+3��V\VWHP�XWLOLVHV�WKH�ORZ�JUDGH�KHDW�HQHUJ\� VWRUHG�LQ� WKH�HDUWK�E\�XSJUDGLQJ�LW�WR�D�XVHIXO�HQHUJ\�RI�D�KLJKHU�WHPSHUDWXUH��ZKLFK�PD\�EH�HPSOR\HG�IRU�VSDFH�KHDWLQJ�DQG�FRROLQJ�LQ�EXLOGLQJV��*6+3� V\VWHPV� DUH� HQHUJ\� HIILFLHQW�� FRVW� FRPSHWLWLYH��HQYLURQPHQWDOO\� IULHQGO\�� TXLHW� LQ� RSHUDWLRQ��DHVWKHWLFDOO\� SOHDVLQJ� DQG� KDYH� ORQJ� OLIH� H[SHFWDQF\�ZLWK� PLQLPDO� PDLQWHQDQFH� �$6+5$(� $SSOLFDWLRQ�+DQGERRN��������&XUWLV��������*HOGHU�DQG�:LWWH�������DQG�0RUJDQ��������
7KH�WHUP�³JURXQG�VRXUFH´�LV�DSSOLHG�WR�D�YDULHW\�RI�KHDW�SXPS� V\VWHPV� WKDW� XVH� JURXQG� VRLO�� JURXQG� ZDWHU� RU�JURXQG� VXUIDFH� ZDWHU� DV� D� KHDW� VRXUFH� RU� KHDW� VLQN��$6+5$(� $SSOLFDWLRQ� +DQGERRN�� ������� 7KH�WHPSHUDWXUH�RI�WKH�VXEVXUIDFH�LV�QRW�VXEMHFW�WR�WKH�ODUJH�YDULDWLRQV� H[SHULHQFHG� E\� DLU�� ZKLFK� LV� FXUUHQWO\� WKH�PRVW�FRPPRQ�HQHUJ\�VRXUFH�IRU�KHDW�SXPSV��VHH�)LJXUH�����7KLV�PDNHV�WKH�FRHIILFLHQW�RI�SHUIRUPDQFH��&23��RI�D�*6+3�V\VWHP�OLNHO\�WR�EH�KLJKHU�DQG�PRUH�SUHGLFWDEOH�

WKDQ�WKDW�RI�D�FRQYHQWLRQDO�DLU�VRXUFH�KHDW�SXPS�V\VWHP��'LIIHUHQW� W\SHV� RI� VRLOV� KDYH� GLIIHUHQW� WKHUPDO�FRQGXFWLYLW\�� GHQVLW\�� VSHFLILF� FDSDFLW\� DQG� PRLVWXUH�FRQWHQW��7KHVH� IDFWRUV�ZRXOG�SOD\� DQ� LPSRUWDQW� UXOH� LQ�GHWHUPLQLQJ� WKH� &23� RI� D� JURXQG� VRLO�VRXUFH� KHDW�SXPS���

)LJXUH� �� 7KH� VXEVXUIDFH� WHPSHUDWXUH� L V�VWDEOH�DOO�\HDU�URXQG
7KH� PDLQ� FRPSRQHQW� RI� D� *6+3� V\VWHP� LV� WKH� KHDW�SXPS� XQLW�� ZKLFK� LV� D� GHYLFH� WKDW� H[WUDFWV� KHDW� HQHUJ\�IURP� D� VRXUFH� DW� D� ORZ� WHPSHUDWXUH� DQG� SXPSV� LW� WR� D�XVHIXO� KHDW� DW� D� KLJKHU� WHPSHUDWXUH� �+HDS���������+HDW�SXPSLQJ� FDQ� EH� DFKLHYHG� E\� PDQ\� WKHUPRG\QDPLF�F\FOHV��H�J��YDSRXU�FRPSUHVVLRQ��YDSRXU�DEVRUSWLRQ�DQG�VROLG�YDSRXU�VRUSWLRQ��7KH�JUHDW�PDMRULW\�RI�KHDW�SXPSV�FXUUHQWO\� LQ� RSHUDWLRQ� ZRUN� RQ� WKH� SULQFLSOH� RI� WKH�YDSRXU� FRPSUHVVLRQ� F\FOH�� 7KH� PDLQ� FRPSRQHQWV� RI�VXFK� D� F\FOH� DUH� WKH� FRPSUHVVRU�� WKH� FRQGHQVHU�� WKH�H[SDQVLRQ�YDOYH�DQG�WKH�HYDSRUDWRU��VHH�)LJXUH�����7KH�
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FRPSUHVVRU� LV� XVXDOO\� GULYHQ� E\� DQ� HOHFWULF�PRWRU� RU� D�FRPEXVWLRQ� HQJLQH�� 7KHUH� LV� D� ZLGH� UDQJH� RI� KHDW�SXPSV�� ZKLFK� PD\� EH� FODVVLILHG� DFFRUGLQJ� WR� WKH�SXUSRVH� RI� DSSOLFDWLRQ�� RXWSXW�� KHDW� VRXUFH� W\SH�� KHDW�SXPS�SURFHVV�W\SH�HWF��)RU�LQVWDQFH��KHDW�SXPSV�PD\�EH�FODVVLILHG�DFFRUGLQJ�WR�WKH�W\SH�RI�KHDW�VRXUFH�VLQN��H�J��DLU�WR�DLU�� ZDWHU�WR�DLU�� ZDWHU�WR�ZDWHU� DQG� DLU�WR�ZDWHU�KHDW�SXPSV�

)LJXUH� �� 6FKHPDWLF� GLDJUDP� RI� D� YDSRXU�FRPSUHVVLRQ� KHDW� SXPS� F\FOH� FRXSOHG� WR�GLIIHUHQW� W\SHV� RI� FORVHG� ORRS� JURXQG� KHDW�H[FKDQJHUV�� 1RWH�� +HDWLQJ� PRGH� RQO\�VKRZQ�
6HYHUDO� W\SHV� RI� ZRUNLQJ� IOXLGV� �UHIULJHUDQWV�� PD\� EH�XVHG� LQ� YDSRXU� FRPSUHVVLRQ� KHDW� SXPS� F\FOHV�� 7KHVH�UHIULJHUDQWV� PD\� EH� FODVVLILHG� LQWR� GLIIHUHQW� JURXSV�DFFRUGLQJ� WR� WKHLU� FKHPLFDO� FRPSRVLWLRQ� H�J���FKORURIOXRURFDUERQV� �&)&��� K\GURFKORURIOXRURFDUERQV��+&)&���K\GURIOXRURFDUERQV��+)&���EOHQGV��DQG�QDWXUDO�IOXLGV�� $� VXLWDEOH� UHIULJHUDQW� VKRXOG� KDYH� JRRG�WKHUPRG\QDPLF�SURSHUWLHV�L�H���KLJK�ODWHQW�KHDW�YDOXHV�LQ�WKH� V\VWHP¶V� WHPSHUDWXUH� UDQJH�� $Q� LGHDO� UHIULJHUDQW�VKRXOG� EH� HDVLO\� FRQGHQVHG�� ZLWK� KLJK� WKHUPDO�FRQGXFWLYLW\� WR� HQDEOH� JRRG� KHDW� WUDQVIHU�� ,W� VKRXOG� EH�FKHPLFDOO\� VWDEOH�� QRQ�WR[LF�� QRQ�IODPPDEOH�� QRQ�FRUURVLYH�DQG�FRVW�HIIHFWLYH�
7KH�*6+3�DEVRUEV�RU�UHMHFWV�KHDW�WR�WKH�JURXQG�VRLO�YLD�D� ORRS��ZKLFK� DFWV� DV� D� KHDW� H[FKDQJHU�� 7KHUH� DUH� WZR�W\SHV� RI� ORRSV�� RSHQ� DQG� FORVHG�� 7KH� FORVHG� ORRSV� DUH�

WKH�PRVW�FRPPRQ�JURXQG�KHDW�H[FKDQJHUV��7KH\�FRQVLVW�RI� FRQWLQXRXV� ORRS� RI� KLJK� GHQVLW\� SRO\HWK\OHQH� SLSH��ILOOHG�ZLWK�D�ZDWHU�DQWLIUHH]H�PL[WXUH�DQG�EXULHG� LQ� WKH�JURXQG�� &ORVHG� ORRSV� PD\� EH� LQVWDOOHG� LQ� WKUHH� ZD\V��KRUL]RQWDOO\��YHUWLFDOO\��RU�LQ�D�SRQG�ODNH��VHH�)LJXUH�����2SHQ� ORRSV� DUH� LQVWDOOHG� ZKHUH� DQ� DGHTXDWH� VXSSO\� RIVXLWDEOH�ZDWHU� LV� DYDLODEOH� �H�J��� ZDWHU� IURP� SHUPHDEOH�URFNV�RU�DTXLIHUV��DQG�RSHQ�GLVFKDUJH�LV�IHDVLEOH��:DWHU�LV�H[WUDFWHG�E\�D�VXEPHUVLEOH�SXPS�DQG�SDVVHG�WKURXJK�WKH�KHDW�SXPS�ZKHUH� LW� UHOHDVHV�RU�DEVRUEV�KHDW��DQG� LV�WKHQ�GLVFKDUJHG�WR�D�SRQG��ODNH�RU�D�µUHWXUQ¶�ZHOO�
7KH� WKHUPDO� SHUIRUPDQFH� RI� D� *6+3� V\VWHP� PD\� EH�DVVHVVHG� E\� LWV� FRHIILFLHQW� RI� SHUIRUPDQFH� �&23��� 7KH&23�LV�WKH�DPRXQW�RI�XVHIXO�KHDWLQJ�RU�FRROLQJ�WKDW�FDQ�EH� REWDLQHG� IURP� WKH� *6+3� XQLW� WR� WKH� HQHUJ\�FRQVXPHG�LQ�GHOLYHULQJ�WKLV�KHDWLQJ�RU�FRROLQJ��*ULPP�DQG�5RVDOHU�������� 7KH�&23�GHSHQGV�RQ�WKH�GHVLJQ�RI�WKH� KHDW� SXPS� DQG� WKH� WHPSHUDWXUH� GLIIHUHQFH� EHWZHHQ�WKH� VRXUFH� DQG� WKH� VLQN�� 7KH� &23� RI� D� KHDW� SXPS�LPSURYHV�ZKHQ� VRXUFH� DQG� VLQN� WHPSHUDWXUHV� DUH� FORVH�WRJHWKHU��
7KH�*6+3�V\VWHP LQVWDOOHG�DW�WKH�0DUPRQW�5HQHZDEOH�(QHUJ\� 5HVHDUFK� &HQWUH� RI� WKH� 6FKRRO� RI� WKH� %XLOW�(QYLURQPHQW� FRQWDLQV� D� ZDWHU�WR�DLU�� HOHFWULF�PRWRU�GULYHQ�� YDSRXU� FRPSUHVVLRQ�� UHYHUVH� F\FOH� KHDW� SXPS�XQLW�� 7KH� ZRUNLQJ� IOXLG� XVHG� LQ� WKLV� KHDW� SXPS� LV� 5����&�� ZKLFK� LV D� EOHQG� RI� WKUHH� +)&� UHIULJHUDQWV��QDPHO\�5�����5����� DQG�5����$��5����&� LV� FKORULQH�IUHH� DQG� WKHUHIRUH� GRHV� QRW� FRQWULEXWH� WR� R]RQH�GHSOHWLRQ��,W�DOVR�KDV�ORZ�JOREDO�ZDUPLQJ�SRWHQWLDO��7KH�KHDW�SXPS�XQLW�XVHV�JURXQG�VRLO�DV�D�KHDW�VRXUFH�VLQN��,W�LV�FRXSOHG� WR�WKH�JURXQG�YLD�WKUHH�YHUWLFDO�FORVHG�ORRSV��RQH�8�WXEH�DQG�WZR�FRQFHQWULF�WXEHV������(;3(5,0(17$/�:25.
7KH� JURXQG� VRXUFH� KHDW� SXPS� V\VWHP� XVHG� LQ� WKLV�SURMHFW FRQVLVWV RI� WKUHH� YHUWLFDO� FORVHG� ORRSV�� RQH� 8�WXEH� DQG� WZR� FRQFHQWULF� WXEHV� �VHH� )LJXUH� ���� 7KHVH�ORRSV�� ZKLFK� DUH� QRUPDOO\� FDOOHG� JURXQG� FRXSOLQJV� RU�JURXQG� KHDW� H[FKDQJHUV�� DUH� PDGH� IURP� YLUWXDOO\�LQGHVWUXFWLEOH� IXVLRQ�ZHOGHG��KLJK�GHQVLW\�SRO\HWK\OHQH�SLSHV��7KH�ORRSV�KDYH�D�WRWDO�JURXQG�FRXSOLQJ�OHQJWK�RI�����PHWUHV��7KH\�DUH�ILOOHG�ZLWK�D�PL[WXUH�RI�ZDWHU�DQG�DQWLIUHH]H� �PRQR� SURS\OHQH� JO\FRO�� DQG� FRQQHFWHG� LQ�SDUDOOHO� WR� WKH� KHDW� SXPS� XQLW�� 7KH� PRQR� SURS\OHQH�JO\FRO�DQWLIUHH]H�IRUPV�����RI�WKH�VROXWLRQ�E\�YROXPH��$� FHQWULIXJDO� SXPS� FLUFXODWHV� WKH� JO\FRO� VROXWLRQ�EHWZHHQ� WKH� JURXQG� DQG� WKH� KHDW� SXPS� XQLW�� ,Q� WKH�KHDWLQJ�PRGH��WKH�JO\FRO�VROXWLRQ�H[WUDFWV�KHDW�IURP�WKH�JURXQG� ZKLFK� LV� WKHQ� XSJUDGHG� E\� WKH� KHDW� SXPS� DQG�UHOHDVHG� LQWR� WKH� EXLOGLQJ�� ,Q� WKH� FRROLQJ� PRGH�� WKH�V\VWHP�UHYHUVHV�LWV�RSHUDWLRQ��7KH�JO\FRO�VROXWLRQ�GUDZV�KHDW� IURP� WKH� EXLOGLQJ� DQG� UHMHFWV� LW� LQWR� WKH� JURXQG��7KH�KHDW�SXPS�XQLW�LQFRUSRUDWHV�DQ�DLU�IDQ�ZKLFK�GUDZV�DLU� IURP� WKH� EXLOGLQJ� VSDFH�� SDVVHV� LW� WKURXJK� WKH� KHDW�SXPS� WR�EH�KHDWHG�RU� FRROHG�DFFRUGLQJ� WR� WKH�PRGH�RI�RSHUDWLRQ�DQG� ILQDOO\�GLVFKDUJHV� LW�EDFN� WR� WKH�EXLOGLQJ�VSDFH��7KH�IDQ�KDV�WKUHH�VSHHGV��UHSUHVHQWLQJ�DLU�YROXPH�IORZ�UDWHV�RI��������������DQG�������P��V��
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)LJXUH���6FKHPDWLF�GLDJUDP�IRU�WKH�JURXQG�KHDW�SXPS�V\VWHP��+HDWLQJ�0RGH��� 1RWH��'UDZLQJ�QRW�WR�VFDOH
7KH� WKHUPDO� SHUIRUPDQFH� RI� WKH� *6+3� V\VWHP� ZDV�PRQLWRUHG� IRU� WZR� GLIIHUHQW� GHVLJQV� RI� JURXQG�FRXSOLQJV�� L�H�� 8�WXEH� DQG� FRQFHQWULF� WXEH�� LQ� RUGHU� WR�LQYHVWLJDWH� DQG� FRPSDUH� WKHLU� HIIHFW� RQ� WKH� RYHUDOO�WKHUPDO� SHUIRUPDQFH� RI� WKH� V\VWHP�� (DFK� JURXQG�FRXSOLQJ�GHVLJQ�ZDV� WHVWHG� LQ�ERWK�KHDWLQJ�DQG�FRROLQJ�PRGHV��)RU�HDFK�PRGH�WKUHH�GLIIHUHQW�YROXPH�IORZ�UDWHV�RI�DLU�ZHUH�WHVWHG��JLYLQJ�D�WRWDO�QXPEHU�RI����WHVWV���)RU�HDFK�WHVW�WKH�IROORZLQJ�PHDVXUHPHQWV�ZHUH�UHFRUGHG�
x $LU� LQOHW�RXWOHW� WHPSHUDWXUH� WR�IURP� WKH� KHDW� SXPS�XQLWx $LU�YROXPH�IORZ�UDWHx *O\FRO�VROXWLRQ�LQOHW�RXWOHW�WHPSHUDWXUH�WR�IURP�WKH�KHDW�SXPS�XQLWx *O\FRO�VROXWLRQ�YROXPH�IORZ�UDWHx 4XDQWLW\� �PDVV��RI�ZDWHU�� FRQGHQVHG�DV� D� UHVXOW�RI�FRROLQJ�DLU�LQ�WKH�FRROLQJ�PRGH�x *URXQG�VRLO�WHPSHUDWXUH�DW�GLIIHUHQW�GHSWKV�x 2YHUDOO�HOHFWULFDO�SRZHU�FRQVXPSWLRQ�RI�WKH�V\VWHP�ZKLFK� LQFOXGHV� WKH�SRZHU�FRQVXPSWLRQ�RI� WKH� KHDW�SXPS¶V� FRPSUHVVRU�� DLU� IDQ� DQG� ZDWHU� FLUFXODWLQJ�SXPS��

���(;3(5,0(17$/�5(68/76
7KH�JURXQG�KHDW�H[FKDQJHU�GHVLJQV�WHVWHG�LQ�WKLV�ZRUN�ZHUH�WKH�8�WXEH�DQG�WKH�FRQFHQWULF�WXEH��$ FRPSDULVRQ�EHWZHHQ�WKH�WKHUPDO�SHUIRUPDQFHV�RI�WKHVH�GHVLJQV�LV�VKRZQ�LQ�WDEOH����IRU�WKH�KHDWLQJ�PRGH��DQG�LQ�7DEOH����IRU�WKH�FRROLQJ�PRGH���$V�FDQ�EH�VHHQ�IURP�WKHVH�WDEOHV��WKH�FRQFHQWULF�WXEH�ZDV�PRUH�HIILFLHQW�WKDQ�WKH�8�WXEH�ERWK�LQ�KHDWLQJ�DQG�FRROLQJ�PRGHV��7KH�DYHUDJH�KHDWLQJ�DQG�FRROLQJ�ORDGV�SURYLGHG�E\�WKH�*6+3�V\VWHP�XVLQJ�WKH�8�WXEH�KHDW�H[FKDQJHU�ZHUH�UHVSHFWLYHO\�����DQG�����N:K�\HDU�SHU�PHWUH�OHQJWK�RI�WKH�JURXQG�FRXSOLQJ��,Q�WKH�FDVH�RI�WKH�FRQFHQWULF�WXEH��WKH�DYHUDJH�KHDWLQJ�DQG�FRROLQJ�ORDGV�ZHUH�����DQG�����N:�\HDU�P�UHVSHFWLYHO\��,W�VKRXOG�EH�QRWHG�WKDW�WKH�ORDG�ILJXUHV�JLYHQ�KHUH�DUH�EDVHG�RQ�WKH�*6+3�ZRUNLQJ�DOO�\HDU�URXQG�LQ�WKH�KHDWLQJ�RU�FRROLQJ�PRGH��7KHVH�ILJXUHV��KRZHYHU��VKRXOG�EH�DGMXVWHG�DFFRUGLQJ�WR�WKH�ORDG�IDFWRU�RI�WKH KHDW�SXPS�LQ�KHDWLQJ�RU�FRROLQJ�PRGH��7KH�FRQFHQWULF�WXEH�ZDV�DOVR�PRUH�HIILFLHQW�WKDQ�WKH�8�WXEH�LQ�WHUPV�RI�FROOHFWLQJ�KHDW�HQHUJ\�IURP�WKH�JURXQG��KHDWLQJ�PRGH��RU�GHSRVLWLQJ�KHDW�HQHUJ\�WR�WKH�JURXQG��FRROLQJ�PRGH���:KLOH�RSHUDWLQJ�LQ�WKH�KHDWLQJ�PRGH��WKH�FRQFHQWULF�WXEH�FROOHFWHG�����N:K�\HDU�P�RI�KHDW�HQHUJ\�IURP�WKH�JURXQG�FRPSDUHG�WR�����N:K�\HDU�P�IRU�WKH�8�WXEH��,Q�WKH�FRROLQJ�PRGH��WKH�FRQFHQWULF�WXEH�UHMHFWHG�����N:K�\HDU�P�RI�KHDW�HQHUJ\�WR�WKH�JURXQG�
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FRPSDUHG�WR�����N:K�\HDU�P�IRU�WKH�8�WXEH��7DEOHV���DQG���DOVR�VKRZ�WKDW��UHJDUGOHVV�RI�WKH�W\SH�RI�JURXQG�KHDW�H[FKDQJHU��WKH�KHDW�SXPS�SHUIRUPHG�EHWWHU�LQ�WKH�KHDWLQJ�PRGH�WKDQ�LQ�WKH�FRROLQJ�PRGH��������7DEOH� �� (IIHFW� RI� JURXQG� KHDW� H[FKDQJHU�W\SH� RQ� WKH� WKHUPDO� SHUIRUPDQFH� RI� D�*6+3�V\VWHP��+HDWLQJ�PRGH�
8�WXEH &RQFHQWULF�WXEH/RDG�GHOLYHUHG�WR�DLU��N:K�\HDU�P
 ��� ���/RDG�DEVRUEHG�IURP�JURXQG��N:K�\HDU�P
 ��� ���
/RDGV�ZHUH�FDOFXODWHG�IRU�RQH�PHWUH�OHQJWK�RI�WKH�JURXQG�KHDW�H[FKDQJHU�ZLWK�WKH�KHDW�SXPS�ZRUNLQJ�DOO�\HDU�URXQG�7DEOH� � (IIHFW� RI� JURXQG� KHDW� H[FKDQJHU�W\SH� RQ� WKH� WKHUPDO� SHUIRUPDQFH� RI� D�*6+3�V\VWHP��&RROLQJ�PRGH�
8�WXEH &RQFHQWULF�WXEH/RDG�DEVRUEHG�IURP�DLU��N:K�\HDU�P
 ��� ���/RDG�GHSRVLWHG�WR�JURXQG��N:K�\HDU�P
 ��� ���
/RDGV� ZHUH� FDOFXODWHG� IRU� RQH� PHWUH� OHQJW K� RI� WKH� JURXQG� KHDW�H[FKDQJHU�ZLWK�WKH�KHDW�SXPS�ZRUNLQJ�DOO�\HDU�URXQG

7KH�V\VWHP¶V�&23�LQFUHDVHG�ZLWK�LQFUHDVLQJ�DLU�YROXPH�IORZ� UDWH�� ERWK� LQ� KHDWLQJ� DQG� FRROLQJ� PRGHV�� 7KLV� LV�VKRZQ� LQ� )LJXUH� �� IRU� WKH� V\VWHP� XVLQJ� WKH� 8�WXEH�JURXQG� KHDW� H[FKDQJHU�� ,Q� WKH� KHDWLQJ� PRGH�� IRU�H[DPSOH��7KH�DLU�ZLWKLQ�WKH�VSDFH�WR�EH�KHDWHG�LV�GUDZQ�E\�D�IDQ�ZKLFK�LV�DQ�LQWHJUDO�SDUW�RI�WKH�KHDW�SXPS�XQLW��7KH� DLU� SDVVHV� DFURVV� WKH� FRQGHQVHU� RI� WKH� KHDW� SXPS�IURP� ZKLFK� LW� SLFNV� XS� KHDW� HQHUJ\� DQG� WKHQ� UHWXUQV�EDFN� WR� WKH� VSDFH�� 7KH� HQHUJ\� GHOLYHUHG� E\� WKH� KHDW�SXPS� WR� WKH� FLUFXODWHG� DLU� � �KHDWLQJ� PRGH�� FDQ� EH�FDOFXODWHG�IURP�WKH�IROORZLQJ�HTXDWLRQ�
4� �U9FS'7 ���
ZKHUH�
4 5DWH�RI�KHDW�HQHUJ\�GHOLYHUHG�RU�H[WUDFWHG�IURP�WKH�IOXLG��N:U 'HQVLW\�RI�IOXLG��NJ�P�9 9ROXPH�IORZ�UDWH�RI�IOXLG��P��V�����FS 6SHFLILF� KHDW� RI� IOXLG� DW� FRQVWDQW� SUHVVXUH��N-�NJ.'7 7HPSHUDWXUH� GLIIHUHQFH� EHWZHHQ� IOXLG�LQOHW�RXWOHW�WR�IURP�D�KHDW�H[FKDQJHU��.
,Q� WKH� FRROLQJ� PRGH�� ERWK� VHQVLEOH� DQG� ODWHQW� KHDW�HQHUJ\�H[WUDFWHG�IURP�WKH�FLUFXODWHG�DLU�ZHUH�FDOFXODWHG��6HQVLEOH� KHDW� HQHUJ\�ZDV� FDOFXODWHG� IURP�(TXDWLRQ� ����DQG�ODWHQW�KHDW�HQHUJ\�ZDV�FDOFXODWHG�E\�PXOWLSO\LQJ�WKH�PDVV�RI�ZDWHU�FRQGHQVHG�LQ�D�FHUWDLQ�WLPH�E\�WKH�ODWHQW�KHDW�RI�YDSRULVDWLRQ�RI�ZDWHU���

7KH� FRHIILFLHQW� RI� SHUIRUPDQFH� RI� WKH� V\VWHP� LV�FDOFXODWHG�DV�IROORZV�
&23 4: ���
ZKHUH�
&23 &RHIILFLHQW�RI�SHUIRUPDQFH�RI�WKH�V\VWHP: 2YHUDOO� HOHFWULFDO� SRZHU� FRQVXPSWLRQ� RI� WKH�V\VWHP��N:
$V�WKH�YROXPH�IORZ�UDWH�RI�WKH�DLU��9��LQFUHDVHV��WKH�DLU�WHPSHUDWXUH� GLIIHUHQFH� �'7�� GHFUHDVHV�� ERWK� LQ� KHDWLQJ�DQG� FRROLQJ� PRGHV� DQG� WKH� WRWDO� SRZHU� FRQVXPSWLRQ��:��LQFUHDVHV�VOLJKWO\��+RZHYHU��WKH�GHFUHDVH�LQ�'7�DQG�WKH�LQFUHDVH�LQ�:�DUH�OHVV�LPSRUWDQW�WKDQ�WKH�LQFUHDVH�LQ�9�DQG��WKHUHIRUH��UHIHUULQJ�WR�(TXDWLRQV�����DQG������WKH�UDWH�RI�KHDW�HQHUJ\�GHOLYHUHG�WR�WKH�DLU��4��LQFUHDVHV�DQG�&23�DOVR�LQFUHDVHV�ZLWK�WKH�LQFUHDVH�LQ�9�
)LJXUH� �� DOVR� HPSKDVLVHV� WKDW� WKH� &23� RI� WKH� *6+3�V\VWHP�LV�KLJKHU�LQ�WKH�KHDWLQJ�WKDQ�LQ�WKH�FRROLQJ�PRGH��7KLV�LV�D�FKDUDFWHULVWLF�RI�KHDW�SXPS�F\FOHV�DV�&23KS  �&23UI �� �� �dHQJHO�� ������� ZKHUH� &23KS� LV� WKH�FRHIILFLHQW� RI� SHUIRUPDQFH� ZKHQ� WKH� F\FOH� LV� XVHG� IRU�KHDW�SXPSLQJ��H�J��VSDFH�KHDWLQJ��DQG�&23UI ZKHQ�XVHG�IRU�UHIULJHUDWLRQ��VSDFH�FRROLQJ���
)RU�D�KHDW�SXPS�ZRUNLQJ� LQ� WKH�KHDWLQJ PRGH�� WKH� UDWH�RI� KHDW� HQHUJ\� JDLQHG� E\� DLU� �4+�� VKRXOG� EH��WKHRUHWLFDOO\��HTXDO�WR�WKH�VXP�RI�WKH�UDWH�RI�KHDW�HQHUJ\�H[WUDFWHG�E\�ZDWHU�IURP�WKH�JURXQG��4/��DQG�WKH�UDWH�RI�WKH� KHDW� HQHUJ\� FRQVXPHG� E\� WKH� V\VWHP� �:��� ,Q� DOO�WHVWV�� LW� ZDV� IRXQG� WKDW� 4+ � 4/ �� :�� 7KLV� PD\� EH�DWWULEXWHG�WR�KHDW�ORVVHV�WR�VXUURXQGLQJV�ZKLFK�UHVXOW�LQ�D� UHGXFHG� &23� RI� WKH� V\VWHP�� 7KHVH� KHDW� ORVVHV�GHFUHDVHG� ZLWK� DQ� LQFUHDVH� LQ� WKH� DLU� IORZ� UDWH�� )RU�LQVWDQFH��WKH�ORVVHV�LQ�WKH�WRWDO�KHDW�LQSXW�WR�WKH�V\VWHP��L�H���4/ ��:��ZKLOH�XVLQJ���FRQFHQWULF�WXEHV��ZHUH���������� DQG� ���� IRU� DLU� IORZ� UDWHV� RI� ������� ������ DQG�������P��V�UHVSHFWLYHO\�
7KH�UDWH�RI�KHDW�HQHUJ\�FROOHFWHG�E\�WKH�JO\FRO�VROXWLRQ�IURP�WKH�JURXQG��4/��ZDV�FDOFXODWHG�IURP�(TXDWLRQ������7KH� YROXPH� IORZ� UDWH� RI� WKH� JO\FRO� VROXWLRQ� ZDV�PDLQWDLQHG� DW� ������ OLWUHV�VHF� LQ� DOO� WHVWV�� 7KLV� LV� WKH�IORZ�UDWH�UHFRPPHQGHG�E\�WKH�PDQXIDFWXUHU�RI�WKH�KHDW�SXPS�XQLW��,Q�WKH�KHDWLQJ�PRGH��WKH�UDWH�RI�KHDW�HQHUJ\�DEVRUEHG� IURP� WKH� JURXQG� E\� WKH� JO\FRO� VROXWLRQ�LQFUHDVHG�ZLWK� WKH� LQFUHDVH� LQ�DLU�YROXPH� IORZ�UDWH��$V�PHQWLRQHG� DERYH�� ZLWK� LQFUHDVHG� DLUIORZ�� WKH� UDWH� RI�KHDW�HQHUJ\�GHOLYHUHG�WR�WKH�DLU�LQFUHDVHV�DQG�WKH�UDWH�RI�KHDW� HQHUJ\� FRQVXPHG�E\� WKH� V\VWHP� LQFUHDVHV� VOLJKWO\�GXH� WR� KLJKHU� IDQ� VSHHG�� 7KHUHIRUH�� WR� PDLQWDLQ� DQ�HQHUJ\�EDODQFH�� L�H�� �4+  �4/ ��:�� DQG� LI� WKH� WKHUPDO�ORVVHV� IURP� WKH� V\VWHP� DUH� LJQRUHG�� 4/ ZLOO� LQFUHDVH�ZLWK�WKH�LQFUHDVH�LQ�DLUIORZ�UDWH������
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)LJXUH���9DULDWLRQ�RI�&23�ZLWK�DLU�YROXPH�IORZ� UDWH� IRU� D� V\VWHP� XVLQJ� 8 �WXEH� DV� D�JURXQG�KHDW�H[FKDQJHU
)LJXUH� �� VKRZV� WKH� YDULDWLRQ� RI� WKH� JURXQG� VRLO�WHPSHUDWXUH� ZLWK� WLPH� DW� D� GHSWK� RI� VL[� PHWUHV�� 7KH�DYHUDJH�WHPSHUDWXUH�RI�WKH�VRLO�DW�WKLV�GHSWK�LV�UHODWLYHO\�VWDEOH�DW�����&�DOO�\HDU�URXQG��+RZHYHU��WKH�WHPSHUDWXUH�RI� WKH� VRLO� LQ� WKH� YLFLQLW\� RI� WKH� JURXQG� FRXSOLQJ�PD\�GLIIHU� VOLJKWO\� IURP� WKLV� WHPSHUDWXUH�� )RU� LQVWDQFH��GXULQJ� WHVWLQJ� WKH� *6+3� V\VWHP� ZLWK� WKH� FRQFHQWULF�WXEH� JURXQG� KHDW� H[FKDQJHU�� LW� ZDV� IRXQG� WKDW� WKH�DYHUDJH� WHPSHUDWXUH�RI� WKH�VRLO� VXUURXQGLQJ� WKH�JURXQG�FRXSOLQJ�GXULQJ�WKH�KHDWLQJ�PRGH�ZDV������&�DQG�GXULQJ�WKH� FRROLQJ�PRGH�ZDV���� �&�� ,Q� WKH� KHDWLQJ�PRGH�� WKH�JO\FRO� VROXWLRQ� DEVWUDFWV� KHDW� HQHUJ\� IURP� WKH� VRLO�VXUURXQGLQJ� WKH� WXEH�� WKLV�KHDW� LV� WKHQ�XSJUDGHG�E\� WKH�KHDW�SXPS�WR�EH�XVHG�IRU�VSDFH�KHDWLQJ��7KLV�UHGXFHV�WKH�VRLO� WHPSHUDWXUH� ,Q� WKH� FRROLQJ� PRGH�� WKH� KHDW� SXPS�DEVRUEV�KHDW�HQHUJ\�IURP�WKH�VSDFH�DQG�GHOLYHUV�LW�WR�WKH�JO\FRO�VROXWLRQ�ZKLFK�LQ�WXUQ�GXPSV� LW� LQWR�WKH�JURXQG��+HQFH�WKH�WHPSHUDWXUH�RI�WKH�VRLO�LQ�WKLV�FDVH�LQFUHDVHG��

)LJXUH� �� 9DULDWLRQ� RI� JURXQG� VRLO�WHPSHUDWXUH� ZLWK� WLPH� DW� D� GHSWK� RI� ����PHWUH� IRU� D� V\VWHP� XVLQJ� RQH �FRQFHQWULF�WXEH�JURXQG�KHDW�H[FKDQJHU

���&21&/86,216
,W� KDV� EHHQ� IRXQG� WKDW� D�*6+3� V\VWHP�SHUIRUPV�EHWWHU�ZLWK�D�FRQFHQWULF�WXEH�DV�D�JURXQG�FRXSOLQJ�WKDQ�ZLWK�D�8�WXEH� LQ� WHUPV� RI� H[FKDQJLQJ� KHDW� HQHUJ\� ZLWK� WKH�EXLOGLQJ�� ERWK� LQ� KHDWLQJ� DQG� FRROLQJ�PRGHV�� 7KH� KHDW�HQHUJ\� JDLQHG� E\� DLU� IURP� WKH� *6+3� V\VWHP� �VSDFH�KHDWLQJ��LPSURYHG�E\�����DQG�WKH�KHDW�HQHUJ\�H[WUDFWHG�IURP� DLU� E\� WKH� V\VWHP� �VSDFH� FRROLQJ�� LPSURYHG� E\�����ZKHQ�D�FRQFHQWULF�WXEH ZDV�XVHG�LQVWHDG�RI�D�VDPH�VL]H�8�WXEH��7KH�FRQFHQWULF�WXEH�JURXQG�KHDW�H[FKDQJHU�ZDV�DOVR�PRUH�HIILFLHQW� WKDQ�D�8�WXEH�RI� WKH�VDPH�VL]H�LQ� WHUPV� RI� FROOHFWLQJ� KHDW� HQHUJ\� IURP� WKH� JURXQG��KHDWLQJ�PRGH��RU�GHSRVLWLQJ�KHDW�HQHUJ\�WR�WKH�JURXQG��FRROLQJ� PRGH��� )RU� H[DPSOH�� WKH� FRQFHQWULF� WXEH�FROOHFWHG�����PRUH�RI�KHDW�HQHUJ\�IURP�WKH�JURXQG�DQG�UHMHFWV�����PRUH�RI�KHDW�HQHUJ\�WR�WKH�JURXQG�WKDQ�D�8�WXEH�RI�WKH�VDPH�VL]H��
7KH�&23�RI�WKH�*6+3�V\VWHP�LQFUHDVHG�ZLWK�LQFUHDVHG�DLU� YROXPH� IORZ� UDWH�� ERWK� LQ� WKH KHDWLQJ� DQG� FRROLQJ�PRGH��7KH�UDWH�RI�KHDW�HQHUJ\�H[WUDFWHG�IURP�WKH�JURXQG�E\� WKH� JO\FRO� VROXWLRQ� LQFUHDVHG� ZLWK� LQFUHDVHG� DLU�YROXPH�IORZ�UDWH��ERWK�LQ�KHDWLQJ�DQG�FRROLQJ�PRGHV�
5HJDUGOHVV� RI� WKH� W\SH� RI� JURXQG� FRXSOLQJ�� WKH� *6+3�V\VWHP� DOZD\V� SHUIRUPHG� EHWWHU� LQ� WKH� KHDWLQJ� PRGH�WKDQ�LQ�WKH�FRROLQJ�PRGH��7KH�&23�RI�WKH�*6+3�V\VWHP�XQGHU�LQYHVWLJDWLRQ�YDULHG�EHWZHHQ������DQG������LQ�WKH�KHDWLQJ�PRGH�DQG�EHWZHHQ������DQG������LQ�WKH�FRROLQJ�PRGH��$&.12:/('*(0(176
7KH� DXWKRUV� DUH� LQGHEWHG� WR� &OLYHUW� /LPLWHG� IRU� LWV�GRQDWLRQ� RI� WKH� JURXQG� VRXUFH� KHDW� SXPS� XVHG� LQ� WKLV�SURMHFW�5()(5(1&(6
>�@ $6+5$(�$SSOLFDWLRQ�+DQGERRN��������>�@ dHQJHO�<��$��DQG�%ROHV�0��$���7KHUPRG\QDPLFV��DQ�HQJLQHHULQJ�DSSURDFK��0F*UDZ�+LOO��,6%1���������������������>�@ &XUWLV� 5�� +��� &ORVHG� ORRS� JURXQG� KHDW� SXPS�V\VWHPV�IRU�VSDFH�KHDWLQJ�FRROLQJ�ZKHUH�DUH�WKH\�LQ�WKH� 8."�� &,%6(�$6+5$(� MRLQW� QDWLRQDO�FRQIHUHQFH�������>�@ *HOGHU� $�� DQG� :LWWH� +��� $� SUHVHQWDWLRQ� RQ� HDUWK�FRXSOHG� KHDW� SXPSV� IRU� *URHQKROODQG� %9��1HWKHUODQGV�������>�@ *ULPP� 1�� DQG� 5RVDOHU� 5��� +9$&� V\VWHPV� DQG�FRPSRQHQWV� KDQGERRN�� 0F*UDZ�+LOO�� ,6%1� ��������������������>�@ +HDS�5���+HDW� SXPSV�� (��	�)��1�� 6321�� ,6%1���������������������>�@ 0RUJDQ� +�� %UHDNLQJ� QHZ� JURXQG� LQ� UHIULJHUDWLRQ�WHFKQRORJ\�� 5HIULJHUDWLRQ� DQG� $LU� &RQGLWLRQLQJ�������>�@ 6KRUURFN� /�� '�� HW� DO�� 'RPHVWLF� HQHUJ\� IDFW� ILOH��%XLOGLQJ� UHVHDUFK� HVWDEOLVKPHQW� UHSRUW�� :DWIRUG��8.�������

mailto:nasser.abodahab@nottingham.ac.uk


1��$ERGDKDE��QDVVHU�DERGDKDE#QRWWLQJKDP�DF�XN ���

120(1&/$785(
&23 &RHIILFLHQW�RI�SHUIRUPDQFH�RI�WKH�V\VWHP&23KS &RHIILFLHQW�RI�SHUIRUPDQFH�RI�WKH�V\VWHP�LQ�WKH�KHDWLQJ�PRGH&23UI &RHIILFLHQW�RI�SHUIRUPDQFH�RI�WKH�V\VWHP�LQ�WKH�FRROLQJ�PRGHFS 6SHFLILF� KHDW� RI� IOXLG� DW� FRQVWDQW� SUHVVXUH��N-�NJ.4 5DWH�RI�KHDW�HQHUJ\�GHOLYHUHG�RU�H[WUDFWHG�IURP�WKH�IOXLG��N:

4+ 5DWH� RI� KHDW� HQHUJ\� DEVRUEHG� IURP� WKH� KHDW�SXPS¶V�FRQGHQVHU��N:4/ 5DWH� RI� KHDW� HQHUJ\� GHOLYHUHG� WR� WKH� KHDW�SXPS¶V�HYDSRUDWRU��N:��9 9ROXPH�IORZ�UDWH�RI�IOXLG��P��V�����: 2YHUDOO� HOHFWULFDO� SRZHU� FRQVXPSWLRQ� RI� WKH�V\VWHP��N:'7 7HPSHUDWXUH� GLIIHUHQFH� EHWZHHQ� IOXLG�LQOHW�RXWOHW�WR�IURP�D�KHDW�H[FKDQJHU��.U 'HQVLW\�RI�IOXLG��NJ�P�
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