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�� ,1752'8&7,21([LVWLQJ� ODUJH�VFDOH� SODQWV� IRU� SRZHU� JHQHUDWLRQ� DUH�XVXDOO\� ORFDWHG� IDU� DZD\� IURP� FHQWUHV� RI� SRSXODWLRQ��7KLV� SUHYHQWV� WKH� HIILFLHQW� XWLOLVDWLRQ� RI� WKH�ZDVWH� KHDW�SURGXFHG�� 0RUHRYHU�� FXUUHQW� WHFKQRORJ\� OLPLWV� WKHVH�SRZHU� VWDWLRQV� WR�D�PD[LPXP�HIILFLHQF\�RI� DERXW������ZKLFK��DIWHU� WKH�WUDQVSRUWDWLRQ�RI�HOHFWULFLW\�WKURXJK�WKH�JULG�� LV� UHGXFHG� WR� DERXW� ����� 7KLV� PHDQV� WKDW� YDVW�TXDQWLWLHV� RI� IRVVLO� IXHOV� DUH� EXUQW� UHOHDVLQJ� XQZDQWHG�SROOXWDQWV��&2���12[��«��LQWR�WKH�DWPRVSKHUH�
8VH� RI� UHQHZDEOH� VRODU� HQHUJ\� LQ� FRQMXQFWLRQ� ZLWK�FRQYHQWLRQDO�HQHUJ\�VRXUFHV�WR�PHHW�HOHFWULFLW\��KHDWLQJ�DQG� FRROLQJ� UHTXLUHPHQWV� RI� EXLOGLQJV�� ZRXOG� UHGXFH�SROOXWDQW� HPLVVLRQV�DQG�RIIHU� VDYLQJV��6RODU� HQHUJ\�KDV�EHHQ� XVHG� WR� JHQHUDWH� HOHFWULFLW\� DQG� VHYHUDO� VWXGLHV�KDYH� LQYHVWLJDWHG� WKH� XVH� RI� SRZHU� IURP� SKRWRYROWDLF�V\VWHPV� IRU� KHDWLQJ�� YHQWLODWLRQ� DQG� DLU�FRQGLWLRQLQJ�EXLOGLQJ� SODQWV��8QIRUWXQDWHO\�� SKRWRYROWDLF� WHFKQRORJ\�KDV� ORZ� HIILFLHQF\� DQG� KLJK� FDSLWDO� FRVW�� 6RODU� HQHUJ\�FRXOG� DOVR� EH� XVHG� WR� JHQHUDWH� HOHFWULFLW\� XVLQJ� D�5DQNLQH� F\FOH�� LQ� ZKLFK� D� WXUELQH� RU� DQ� HQJLQH� LV�HPSOR\HG� WR� FRQYHUW� WKHUPDO� HQHUJ\� LQWR� PHFKDQLFDO�HQHUJ\�
7KH� V\VWHP� SUHVHQWHG� LQ� WKLV� SDSHU� LV� D� QRYHO� K\EULG�VRODU�JDV� V\VWHP�� >�@�� ,W� FDQ�SURYLGH�HOHFWULFLW\��KHDWLQJ�DQG�FRROLQJ�IRU EXLOGLQJV��,W�LV�EDVHG�RQ�WKH�FRPELQDWLRQ�RI� DQ� HMHFWRU� F\FOH� KHDW� SXPS�ZLWK� D� WXUELQH�JHQHUDWRU�JURXS�DQG� LV�SRZHUHG�E\�VRODU�FROOHFWRUV�VXSSOHPHQWHG�E\�D�JDV�EXUQHU��IRU�SHULRGV�RI� ORZ�VRODU�UDGLDWLRQ��7KH�V\VWHP� HPSOR\V� DQ� ³R]RQH�IULHQGO\´� UHIULJHUDQW� Q�SHQWDQH�
)LJXUH� �� VFKHPDWLFDOO\� UHSUHVHQWV� WKH� FRPELQHG� HMHFWRU�F\FOH�DQG�SRZHU�F\FOH��+HDW�LV�VXSSOLHG�WR�WKH�ERLOHU�E\�FRPELQLQJ�VRODU�FROOHFWRUV�DQG�D�JDV�EXUQHU�

5HVXOWV� RI� QXPHULFDO� VLPXODWLRQ� DQG� SURWRW\SH�H[SHULPHQW�ZLOO�EH�SUHVHQWHG��QDPHO\�FRQFHUQLQJ�V\VWHP�SHUIRUPDQFH��FRVWV�DQG�HPLVVLRQV�
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)LJXUH� �� ± 5HSUHVHQWDWLRQ�RI� WKH�FRPELQHG�HMHFWRU�5DQNLQH�F\FOH�
���&20387(5�02'(//,1*�$� FRPSXWHU� PRGHO� ZDV� GHYHORSHG� WR� VLPXODWH� V\VWHP�SRWHQWLDO� SHUIRUPDQFH�� 7KH� PRGHO� XVHG� DV� LQSXWV� WKH�HOHFWULFLW\� JHQHUDWHG�� FRROLQJ� HIIHFW�� HYDSRUDWRU��FRQGHQVHU� DQG� ERLOHU� WHPSHUDWXUHV�� &DOFXODWHG� YDOXHV�ZHUH�HQHUJ\�QHHGHG�LQ�WKH�ERLOHU�DQG�V\VWHP�FRHIILFLHQW�RI� SHUIRUPDQFH� �&23��� (MHFWRU� SHUIRUPDQFH� ZDV�PRGHOHG� WKURXJK� WKH� XVH� RI� LVHQWURSLF� HIILFLHQFLHV� IRU�HDFK� RI� WKH� WKUHH� ]RQHV�� QR]]OH�� HQWUDLQPHQW� DQG�GLIIXVHU�� >�@�� 7XUER�JHQHUDWRU� HIILFLHQFLHV� ZHUH� DOVR�IL[HG��5HVXOWV� IRU� �� GLIIHUHQW� UHIULJHUDQWV� DQG�JHQHUDWRU��ERLOHU�� WHPSHUDWXUHV� DUH� VKRZQ� LQ� )LJXUH� ��� 6\VWHP�&23�LV�GHILQHG�DV�XVHIXO�HQHUJ\��FRROLQJ�SOXV�HOHFWULFDO�SRZHU��GLYLGHG�E\�HQHUJ\�LQSXW�LQ�WKH�ERLOHU��$V�FDQ�EH�VHHQ�� Q�SHQWDQH� OHDGV� WR� WKH� EHVW� UHVXOWV�� ZLWK� D� &23�EHWZHHQ� ���� DQG� ����� GHSHQGLQJ� RQ� WKH� ERLOHU�WHPSHUDWXUH�� ,W�ZDV�DOVR�IRXQG�WKDW�V\VWHP�SHUIRUPDQFH�LV� YHU\� VHQVLWLYH� WR� WXUELQH� HIILFLHQF\�� WKXV� SRLQWLQJ� WR�WKH�LPSRUWDQFH�RI�WKLV�FRPSRQHQW�
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7R� TXDQWLI\� VRODU� HQHUJ\� FRQWULEXWLRQ� WR� HQHUJ\� LQSXW��ERLOHU���VLPXODWLRQV�ZHUH�FDUULHG�RXW�RQ�DQ�KRXUO\�EDVLV��XVLQJ� FOLPDWLF� GDWD� IRU� 3RUWXJDO� DQG� 8.� DQG�SHUIRUPDQFH�GDWD� IRU�HYDFXDWHG� W\SH�VRODU�FROOHFWRUV�� ,W�ZDV� IRXQG� WKDW� D� FROOHFWRU� DUHD� RI� ��� P� LQ� /LVERQ��3RUWXJDO�� FRXOG� OHDG� WR� D� VRODU� IUDFWLRQ� RI� ����� 6RODU�IUDFWLRQ�PHDQV�WKH�IUDFWLRQ�RI�HQHUJ\�QHHGV�WKDW�DUH�PHW�E\�VRODU�HQHUJ\��%\�GRXEOLQJ�WKH�FROOHFWRU�DUHD�WKH�VRODU�IUDFWLRQ�FRXOG�LQFUHDVH�WR�����
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)LJXUH� �� ± &RPSDULVRQ� RI� &23� UHVXOWV� IRU�GLIIHUHQW�UHIULJHUDQWV��IRU�D�WXUELQH�HIILFLHQF\�RI������ HYDSRUDWLRQ� WHPSHUDWXUH� RI� ���&� DQG�FRQGHQVDWLRQ�WHPSHUDWXUH�RI����&�
���352727<3(6�$1'�7(67�5(68/76$�QXPEHU�RI� UHIULJHUDQWV�ZHUH� LQYHVWLJDWHG�DV�SRWHQWLDO�ZRUNLQJ�IOXLGV�IRU�WKH�V\VWHP��$�WHVW�ULJ�ZDV�DVVHPEOHG�IRU�HYDOXDWLQJ� WKH�SHUIRUPDQFH�RI�GLIIHUHQW�UHIULJHUDQWV��,W� FRQVLVWHG� RI� D� ERLOHU�� D� WXUER�JHQHUDWRU�� D� FRQGHQVHU�DQG� D� SXPS�� $IWHU� H[SHULPHQW�� DQG� DOVR� WDNLQJ LQWR�DFFRXQW� VLPXODWLRQ� UHVXOWV�� Q�SHQWDQH� ZDV� FKRVHQ� DV�ZRUNLQJ�IOXLG�IRU�WKH�V\VWHP�SURWRW\SHV��7KLV�UHIULJHUDQW�LV�QRW�KDUPIXO�WR�WKH�HQYLURQPHQW
7ZR� SURWRW\SHV� ZHUH� DVVHPEOHG�� 2QH� ZLWK� D� QRPLQDO�FRROLQJ�FDSDFLW\�RI���N:�DQG�WKH�RWKHU�ZLWK���N:��7KH�WXUER�JHQHUDWRU�KDG�D�QRPLQDO�SRZHU�RXWSXW�RI�����N:��7KH�PLQLDWXUH�ZDWHU�FRROHG�WXUER�JHQHUDWRU�FDQ�EH�VHHQ�LQ�)LJXUH����,W�ZDV�ERXJKW�IURP�DQ�8.�PDQXIDFWXUHU�
2QH� SURWRW\SH� ZDV� WHVWHG� LQ� /RXJKERURXJK� �8.���FRQQHFWHG� WR� D� ��� P� VRODU� FROOHFWRU� DUUD\�� ZKLOH� WKH�RWKHU� RQH� ZDV� WHVWHG� LQ� 3RUWR� �3RUWXJDO��� XVLQJ� D� JDV�EXUQHU��)LJXUH���VKRZV�D�YLHZ�RI�WKH�WHVW�IDFLOLW\�ORFDWHG�LQ�3RUWR��ZKHUH�D�WHVW�FHOO�ZDV�XVHG�DV�FRROLQJ�VSDFH�
7HVWV� FRQILUPHG� V\VWHP� UHOLDELOLW\�� 5HVXOWV� ZHUH� DQ�DYHUDJH� FRROLQJ� F\FOH� &23� DURXQG� ���� DQG� HOHFWULFLW\�SURGXFWLRQ�HIILFLHQF\�EHWZHHQ���DQG�����IRU�DQ�DPELHQW�WHPSHUDWXUH�RI�DERXW����&��7KHVH�YDOXHV�FRUUHVSRQG�WR�D�ERLOHU� WHPSHUDWXUH� RI� ���&�� DQG� FRXOG� EH� LPSURYHG� E\�XVLQJ�D�KLJKHU� WHPSHUDWXUH��(OHFWULFLW\�FRQVXPSWLRQ�IRU�SXPSV�IDQV�ZDV�QHJOLJLEOH�

7XUELQH� HIILFLHQF\� ZDV� DOVR� PHDVXUHG�� DQG� WKH� YDOXH�REWDLQHG�ZDV������ZKLFK�LV�PDLQO\�GXH�WR�IULFWLRQ�ORVVHV�DQG� HQHUJ\� GLVVLSDWLRQ� WR� FRROLQJ� ZDWHU�� ,Q� RUGHU� WR�LQFUHDVH�VLJQLILFDQWO\�HOHFWULFLW\�SURGXFWLRQ�HIILFLHQF\��D�QHZ�WXUELQH�XQLW�VKRXOG�EH�GHYHORSHG�LQ�WKH�IXWXUH�

)LJXUH���± 0LQLDWXUH�WXUER�JHQHUDWRU�

)LJXUH���± 9LHZ�RI�SURWRW\SH�WHVWHG�LQ�3RUWR�
���&267�$1'�(0,66,216�$1$/<6,6$�FRVW�DQDO\VLV�ZDV�PDGH��WDNLQJ�LQWR�DFFRXQW�LQLWLDO�DQG�RSHUDWLQJ� FRVWV�� 6\VWHP� SURMHFWHG� LQLWLDO� FRVW� LV� DERXW������(XUR��SOXV� VRODU� FROOHFWRU�FRVW��ZKLFK�GHSHQGV�RQ�FROOHFWRU�DUHD��FOLPDWH���6\VWHP�DQG�HFRQRPLF�PRGHOLQJ�ZDV� DSSOLHG� WR� �� SRWHQWLDO� VLWHV��ZLWK� GLIIHUHQW� FOLPDWLF�FRQGLWLRQV��/LVERQ��3RUWXJDO���/RXJKERURXJK��8.��DQG�'DUZLQ��$XVWUDOLD���'DUZLQ�ZDV�FRQVLGHUHG�VLQFH� LW�KDV�D�PRUH�IDYRXUDEOH�FOLPDWH�DQG�$XVWUDOLD�KDV�D�KLVWRU\�RI�GHYHORSPHQW�DQG�XVH�RI�VRODU�HQHUJ\�IRU�ZDWHU�DQG�VSDFH�KHDWLQJ�,W�ZDV�FRQVLGHUHG�WKDW�WKH�V\VWHP�FRXOG�SURYLGH�FRROLQJ�LQ�WKH�FRROLQJ�VHDVRQ�DQG�VSDFH�RU�ZDWHU�KHDWLQJ�GXULQJ�WKH� UHVW� RI� WKH� \HDU�� $V� DQ� H[DPSOH�� )LJXUH� �� VKRZV�HQHUJ\�RXWSXW�FDSDELOLW\�RI�WKH�V\VWHP��IRU�/LVERQ��1RWH�WKDW�WKH�V\VWHP�ZDV�FRQVLGHUHG�WR�SURYLGH�FRROLQJ�LQ�WKH�FRROLQJ� VHDVRQ�� VSDFH� KHDWLQJ� LQ� ZLQWHU�� ZDWHU� KHDWLQJ�DOO� \HDU� URXQG� DQG� HOHFWULFLW\� JHQHUDWLRQ� LQ� VSULQJ��
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VXPPHU� DQG� ZLQWHU�� 7KLV� PDWFKHV� WKH� SURILOH� IRU� WKH�V\VWHP� EHWWHU� WKDQ� WU\LQJ� WR� PDLQWDLQ� HOHFWULFLW\�JHQHUDWLRQ�DOO�\HDU�URXQG�
7KH� PHWKRGRORJ\� IRU� FDOFXODWLQJ� WKH� RYHUDOO� FRVW� ± LQ�HXUR�N:K�± IRU�HDFK�VLWH�ZDV�EDVHG�RQ�DQ�DFFRXQWLQJ�RI�WKH� HQHUJ\� UHTXLUHG� WR� VDWLVI\� WKH� VHW� GHPDQGV� DQG� DQ�HVWLPDWLRQ�RI�WKH�FDSLWDO�FRVWV�DQG�UXQQLQJ�FRVWV�IRU�HDFK�FDVH��$�FRVW�ILJXUH�ZDV�GHILQHG�DV�

���\HDUVQXPEHU
\HDU�GHOLYHUHGHQHUJ\ HPDLQWHQDQFUXQQLQJFDSLWDO�ILJXUHFRVW� �� 
7DEOH� �� SUHVHQWV� FRVW� ILJXUHV� IRU� WKH� FRPELQHG� V\VWHP�DQG� IRU� D� FRQYHQWLRQDO� V\VWHP� XVLQJ� D� YDSRXU�FRPSUHVVLRQ� KHDW� SXPS� DQG� HOHFWULFLW\� IURP� WKH� JULG��7KH� FRVW� EDVHG� RQ� FRROLQJ� DQG� HOHFWULFLW\� JHQHUDWLRQ�RQO\� LV� TXLWH� KLJK�� GXH� WR� WKH� ORZ�XVDJH�RI� WKH� V\VWHP��:KHQ� FRQVLGHUHG� DV� D� V\VWHP� GHOLYHULQJ� FRROLQJ��HOHFWULFLW\� DQG� VSDFH�ZDWHU� KHDWLQJ� WKH� HFRQRPLFV�LPSURYH�FRQVLGHUDEO\�
5HVXOWV� VKRZ� WKDW� QHDUO\� FRPSHWLWLYH� FRVWV� FDQ� EH�DFKLHYHG�IRU�WKH�V\VWHP�LQ�DUHDV�ZLWK�D�ODUJH�GHPDQG�IRU�JHQHUDWLRQ� DQG� FRROLQJ�� 7KLV�ZDV� WKH� FDVH� IRU�'DUZLQ��ZLWK�DYHUDJH�FRVW�ILJXUHV�DV�ORZ�DV�������HXUR�N:K�IRU�FRROLQJ� DQG� HOHFWULFLW\� JHQHUDWLRQ� FRPLQJ� GRZQ� WR� D�ILJXUH�RI�������HXUR�N:K�LI�WKHUH�LV�D�GHPDQG�IRU�ZDWHU�KHDWLQJ��7KH�FRVWV�IRU�/RXJKERURXJK�DQG�/LVERQ�DUH�KLJKHU�GXH�WR� D� VPDOOHU� FRROLQJ� VHDVRQ��1RWH� WKDW� WKH�XVH�RI�ZDVWH�KHDW� WR� GULYH WKH� FRPELQHG� V\VWHP�� LQVWHDG� RI� JDV� RU�

VRODU�HQHUJ\��ZRXOG�IXUWKHU�UHGXFH�FRVW�ILJXUHV�WR�EHORZ�FRQYHQWLRQDO�V\VWHP�FRVWV�7R� DVVHVV� WKH� LPSDFW� RI� WKH� FRPELQHG� V\VWHP� RQ� WKH�HQYLURQPHQW�� DQ� HPLVVLRQV� DQDO\VLV� ZDV� FDUULHG� RXW�� ,W�ZDV�FDUULHG�RXW�IRU�HDFK�RI�WKH�VLWHV��FRPSDULQJ�WKH�&2�HPLVVLRQV� IURP� WKH� VRODU�JDV� V\VWHP�ZLWK� DQ�XSSHU� DQG�ORZHU� ERXQG� XVLQJ� FRQYHQWLRQDO� PHWKRGV�� 7KH� ORZHU�ERXQG� ZDV� IRU� D� FRPELQHG� F\FOH� JDV� WXUELQH� DQG� WKH�KLJKHU�ERXQG�ZDV�IRU�JHQHUDWLRQ�RI�HOHFWULFLW\�E\�D�FRDO�ILUHG�SRZHU�VWDWLRQ��,Q�DOO�FDVHV�ZLWK�WKH�VRODU�JDV�K\EULG�V\VWHP�XVLQJ�ZDVWH�KHDW� IRU�VSDFH�RU�ZDWHU�KHDWLQJ�� WKH�DYHUDJH�&2� HPLVVLRQV�DUH�WRZDUGV�WKH�ORZHU�ERXQGDU\�RI�FRQYHQWLRQDO�V\VWHPV��7KLV�VKRZV�WKDW�WKH�SRWHQWLDO�RI�WKH�FRPELQHG�V\VWHP�IRU�VDYLQJ�HPLVVLRQV�LV�KLJK�ZKHQ�FRPSDUHG� WR� FRDO� ILUHG� SURGXFWLRQ� DQG� LV� DV� JRRG� DV� D�FRPELQHG� F\FOH� JDV� WXUELQH� SURYLGLQJ� HOHFWULFLW\� DQG�ZLWK� D� QDWXUDO� JDV� EXUQHU� IRU� SURYLGLQJ� KHDWLQJ�� 7KH�ILJXUHV�IRU�DOO�WKUHH�VLWHV�DUH�JLYHQ�LQ�7DEOH���
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)LJXUH� �� ± (QHUJ\� JHQHUDWHG� DQG� HQG� XVH�IRU�/LVERQ�
7DEOH���± &RVW�ILJXUHV��HXUR�N:K��IRU���VLWHV�

6<67(0 3(5,2' ���<($56 ���<($56 ���<($56
FRQYHQWLRQDO &RROLQJ�HOHFWULFLW\ ����� ����� �����

/,6%21 V\VWHP &RROLQJ�HOHFWULFLW\�DQG�KHDWLQJ ����� ����� ������32578*$/� FRPELQHG &RROLQJ�HOHFWULFLW\ ����� ����� �����V\VWHP &RROLQJ�HOHFWULFLW\�DQG�KHDWLQJ ����� ����� �����FRQYHQWLRQDO &RROLQJ�HOHFWULFLW\ ����� ����� �����
'$5:,1 V\VWHP &RROLQJ�HOHFWULFLW\�DQG�KHDWLQJ ����� ����� ������$8675$/,$� FRPELQHG &RROLQJ�HOHFWULFLW\ ����� ����� �����V\VWHP &RROLQJ�HOHFWULFLW\�DQG�KHDWLQJ ����� ����� �����FRQYHQWLRQDO &RROLQJ�HOHFWULFLW\ ����� ����� �����

/28*+%25� V\VWHP &RROLQJ�HOHFWULFLW\�DQG�KHDWLQJ ����� ����� ������8.� FRPELQHG &RROLQJ�HOHFWULFLW\ ����� ����� �����V\VWHP &RROLQJ�HOHFWULFLW\�DQG�KHDWLQJ ����� ����� �����
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7DEOH���± &RPSDULVRQ�RI�&2��HPLVVLRQV�IURP�FRQYHQWLRQDO�JHQHUDWLRQ�DQG�WKH�FRPELQHG�VRODU�JDV�V\VWHP�6\VWHP /LVERQ 'DUZLQ /RXJKERURXJK&RQYHQWLRQDO��8SSHU� ����J�N:K ����J�N:K ����J�N:K&RQYHQWLRQDO��/RZHU� ����J�N:K ����J�N:K ����J�N:K6RODU�JDV�V\VWHP ����J�N:K ����J�N:K ����J�N:K
���&21&/86,2167ZR�V\VWHP�SURWRW\SH�XQLWV�ZHUH�VXFFHVVIXOO\�EXLOW�DQG�WHVWHG�� &RROLQJ� FDSDFLWLHV� XS� WR� �� N:� DQG� HOHFWULFDO�RXWSXW�XS�WR�����N:�ZHUH�DFKLHYHG��
7KH PDLQ� WHFKQLFDO� LPSURYHPHQWV� WR� EH� DFKLHYHG�FRQFHUQ�WKH�WXUER�JHQHUDWRU�DQG�WKH�HMHFWRU�FRPSRQHQWV��(OHFWULFLW\� JHQHUDWLRQ� HIILFLHQF\� FDQ� EH� LQFUHDVHG� E\�PRGLI\LQJ� WKH� WXUER�JHQHUDWRU� DQG� DOVR� E\� LQFUHDVLQJ�ERLOHU�SUHVVXUH��WHPSHUDWXUH���7R�LPSURYH�WKH�HIILFLHQF\�RI� WKH� FRROLQJ� SURFHVV�� HMHFWRU� GHYHORSPHQW� ZLOO�FRQWLQXH�
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