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$%675$&7
7KH�SRVVLELOLW\�RI�XVLQJ�GLVWULFW�KHDWLQJ�IRU�FROG�SURGXFWLRQ�IRU�ORZHU�FROG�FDSDFLWLHV�ZDV�LQYHVWLJDWHG��$�IXQFWLRQ�PRGHO�ZLWK� D� FROG� FDSDFLW\� RI� ��� N:�ZDV� VHW� XS�ZKLFK� RSHUDWHV� DFFRUGLQJ� WR� WKH� SULQFLSOH� RI� VLQJOH�HIIHFW DEVRUSWLRQ� DQG�PDQDJHV�ZLWK�ORZ�VXSSO\�WHPSHUDWXUHV�����&����$�FRPSDFW�OD\RXW�ZDV�DFKLHYHG�E\�LQVWDOOLQJ�SODWH�SDFNDJHV��1XPHURXV�PHDVXUHPHQWV�VKRZ�WKDW�WKH�OD\RXW�H[DPLQHG�GLVSOD\V�D�VWDEOH�RSHUDWLQJ�EHKDYLRXU�DQG�DFKLHYHV�D�&23�IDFWRU�RI�DERXW������$W�SDUW�ORDG�!����WKH�&23�IDFWRU�LV�RQ�WKH�RUGHU�RI�PDJQLWXGH�RI�����

.(<:25'66LQJOH�HIIHFW�DEVRUSWLRQ��GLVWULFW�KHDWLQJ��ORZHU�FROG�FDSDFLW\��ORZHU�VXSSO\�WHPSHUDWXUH
���,1752'8&7,21
$EVRUSWLRQ� FKLOOHUV� KDYH� UHDFKHG� D� KLJK� WHFKQLFDO�VWDQGDUG� DQG� FDQ� EH XVHG� DV� D� VHULHV� SURGXFW� IRU� WKH�SURGXFWLRQ�RI�FKLOOHG�ZDWHU��2WKHU�DSSOLFDWLRQV�EH\RQG�DLU�FRQGLWLRQLQJ� FDQ� QRZ� DOVR� EH� GHYHORSHG�� 7KH�IROORZLQJ�H[DPSOHV�SURYLGH�DQ�RYHUYLHZ�
� ,QWHJUDWHG� V\VWHPV� VXFK� DV� KHDW�FROG� FR�JHQHUDWLRQ��H�J��IRU�D�VSRUWV�FHQWUH�ZLWK�VZLPPLQJ�SRRO�� VDXQD�� LFH�ULQN�� DLU�FRQGLWLRQHG� J\PV� DQG�VSRUWV�KDOOV��(YHQ�LI�SULPDU\�HQHUJ\�LV�XVHG��D�KLJK�OHYHO� RI� HQHUJHWLF� HIILFLHQF\�FDQ� VWLOO�EH�DFKLHYHG��)RU�H[DPSOH�� WKH�FRQGHQVDWLRQ�WHPSHUDWXUH�FDQ�EH�UDLVHG� LQ�RUGHU� WR�PDNH�KHDW�DYDLODEOH�DW� WKH�VDPH�WLPH�� H�J�� LQ� FRQMXQFWLRQ� ZLWK� DQ� RXWGRRU�VZLPPLQJ� SRRO�� 7KH� ZDWHU� IURP� RXWGRRU�VZLPPLQJ� SRROV� FDQ� HTXDOO\� EH� XVHG� IRU� WKH�DWPRVSKHULF� UHMHFWLRQ� RI� WKH� FRQGHQVDWLRQ� DQG�DEVRUSWLRQ� KHDW� ,�,�� &DOFXODWLRQV� RI� WKH� HFRQRPLF�IHDVLELOLW\� VKRZ� WKDW� ZLWK VXFK� FRPELQDWLRQV�� QRW�RQO\� HQHUJHWLF� DGYDQWDJHV� EXW� DOVR� EHQHILWV� LQ�WHUPV� RI� LQYHVWPHQW� FDQ� EH� DFKLHYHG�� LQ�FRPSDULVRQ�WR�FRPSUHVVLRQ�V\VWHPV�� 3HDN� FRPSHQVDWLRQ� IRU� DLU�FRQGLWLRQLQJ� V\VWHPV��7KLV� LQVWDQFH� RFFXUV� LQ� VRPH� FRXQWULHV� ZKHQ�� IRU�H[DPSOH�� HOHFWULFLW\� LV� LQ� VKRUW� VXSSO\� LQ� WKH�DIWHUQRRQV� \HW� FROG� GHPDQG� LQFUHDVHV�� +HUH� LW� LV�PRUH� WKH� FRQWLQXLW\� RI� WKH� FROG� SURGXFWLRQ�ZKLFK�

LV� WR� WKH� IRUHIURQW�� 7KHUHIRUH�� WKH� HQHUJHWLF�GLVDGYDQWDJHV�DUH�DFFHSWHG�� 8VH�RI�ORZ�WHPSHUDWXUH�KHDW�VXFK�DV�ZDVWH�KHDW�RU�GLVWULFW�KHDWLQJ�
7KH� ODVW�PHQWLRQHG�DUHD�RI�DSSOLFDWLRQ�VKRXOG�DFWXDOO\�VKRZ� WR� DGYDQWDJH� WKH� GHFLVLYH� EHQHILWV� RI� WKH�DEVRUSWLRQ� V\VWHPV�� WKH� UHDOLW\� LV� KRZHYHU� GLIIHUHQW��0RVW� DEVRUSWLRQ� FKLOOHUV� DUH� HLWKHU� JDV�ILUHG� RU� KHDWHG�ZLWK� VWHDP�� 7KDW� PHDQV�� KLJK�YDOXH� HQHUJ\� ZLOO� EH�VXSSOLHG�� ,Q� PDQ\� LQVWDQFHV� KRZHYHU� ORZ�WHPSHUDWXUH�KHDW� DW� ������&� LV� DYDLODEOH� DQG� FDQ� EH� XVHIXOO\�GHSOR\HG� E\�PHDQV� RI� DQ� DEVRUSWLRQ� SURFHVV� IRU� FROG�SURGXFWLRQ� �H�J�� FROG� IRU� DLU�FRQGLWLRQLQJ��� $Q�DSSURSULDWH�H[DPSOH�RI�WKLV�LV WKH�XVH�RI�GLVWULFW�KHDWLQJ�LQ� WKH� ZDUPHU� WLPH� RI� WKH� \HDU�� 7KLV� KDV� RIWHQ� EHHQ�DSSOLHG� LQ� WKH� SDVW� ,��� �,�� /L%U�+�2� LV� XVHG� DV� WKH�ZRUNLQJ� PL[WXUH�� 7KH� SODQW� LQ� 0DQQKHLP� ,�,� ZDV�GHVLJQHG�DV�D�VLQJOH�VWDJH�SODQW�IRU�D�FROG�FDSDFLW\�RI���0:��7KH�FKLOOHG�ZDWHU� WHPSHUDWXUHV�ZHUH������&��WKH�VXSSO\� WHPSHUDWXUHV� RI� WKH� GLVWULFW� KHDWLQJ� ������&��'XH� WR� WKH� ORZ� WHPSHUDWXUH� GLIIHUHQFH� LQ� WKH� KHDW�VXSSO\�� ODUJH� TXDQWLWLHV� RI� KHDWLQJ� ZDWHU� �XS� WR� ����Pñ�K��KDG�WR�EH�SXPSHG�WKURXJK�WKH�DEVRUSWLRQ�FKLOOHU��7KH�&23�IDFWRU�ZDV������
7KH� GLVWULFW� KHDWLQJ� LQ� *RWKHQEXUJ� FRQVLVWV� WR� RYHU�����RI�ZDVWH�KHDW�,�,��3DUW�RI�WKLV�LV�XVHG�WR�SURGXFH���0:� RI� FROG� LQ� WKH� VXPPHU�� $SDUW� IURP� WKH� GLVWULFW�
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KHDWLQJ�� WKH� LQWHQWLRQ� LV� DOVR� WR� GHYHORS� D� GLVWULFW�FRROLQJ� QHWZRUN�� 7KH� VXSSO\� WHPSHUDWXUH� ZDV� ���&��WKH� UHWXUQ� WHPSHUDWXUH� DERXW� ���&�� 'XH� WR� WKH�UHODWLYHO\�VPDOO�WHPSHUDWXUH�GLIIHUHQFH�RI����&��VLPLODU�WR�WKDW�LQ�0DQQKHLP���WKH�IORZ�UDWH�RI�WKH�KHDWLQJ�ZDWHU�ZDV� YHU\� KLJK�� $W� FKLOOHG� ZDWHU� WHPSHUDWXUHV� DURXQG����&��&23�IDFWRUV�RI�DERXW�����ZHUH�UHDFKHG��(YHQ�DW�WKHVH�&23� IDFWRUV�� WKH� SULPDU\� HQHUJ\� GHPDQG� LV� VWLOO�DERXW�KDOYHG�LQ�FRPSDULVRQ�WR�FRPSUHVVLRQ�SODQWV�
,Q� RUGHU� RQ� WKH� RQH� KDQG� WR� UHGXFH� WKH� YROXPH� RI�KHDWLQJ�ZDWHU� DQG� RQ� WKH� RWKHU� KDQG� WR� UDLVH� WKH�&23�IDFWRU��RWKHU� WKHUPRG\QDPLF�F\FOHV�FDQ�EH�XVHG�,�,��LQ�SDUWLFXODU�PXOWLSOH�VWDJH�F\FOHV�ZKLFK�PDQDJH�RQ�D�ORZ�KHDWLQJ�WHPSHUDWXUH��H�J�����&���$V�D�UHVXOW�WKH�KHDWLQJ�ZDWHU� LQ� WKH� DEVRUSWLRQ� FKLOOHU� FDQ�� IRU� H[DPSOH�� EH�FRROHG�GRZQ�IURP����&�WR����&��$SDUW�IURP�UHGXFLQJ�WKH� TXDQWLW\� RI� KHDWLQJ� ZDWHU�� EHWWHU� HQHUJHWLF�XWLOLVDWLRQ�LV�DFKLHYHG��%\�XVLQJ�D�VLQJOH�HIIHFW�GRXEOH�OLIW�F\FOH��IRU�H[DPSOH��DW�WHPSHUDWXUH�GLIIHUHQFHV�RI����.�RQ�WKH�KHDWLQJ�ZDWHU�VLGH�&23�IDFWRUV�EHWZHHQ������DQG�����FDQ�EH�DFKLHYHG�,�,��$�SODQW�ZLWK�����N:�FROG�FDSDFLW\� ZDV� HUHFWHG� DQG� RSHUDWHG� DFFRUGLQJ� WR� WKLV�SULQFLSOH�,�,��7KH�SODQW�ZDV�GHVLJQHG�IRU�KHDWLQJ�ZDWHU�WHPSHUDWXUHV� RI� ������&�� $W� VXSSO\� WHPSHUDWXUHV� RI����� WR� ����&� LQ� VLQJOH�HIIHFW� RSHUDWLRQ� DQG� FRROLQJ�GRZQ� WR� DERXW� ���&�� WKH� &23� IDFWRUV ZHUH� DURXQG������� ,Q� VLQJOH�HIIHFW�GRXEOH�OLIW� RSHUDWLRQ�� WKH� &23�IDFWRUV� DW� FRROLQJ� GRZQ� WR� DERXW� ���&� ZHUH� DURXQG�������6ZLWFKLQJ�IURP�WKH�RQH�PRGH�RI�RSHUDWLRQ�WR�WKH�RWKHU�ZDV�HIIHFWHG�E\�DQ�DSSURSULDWH�FRQWURO�GHYLFH�
%\�XVLQJ�IXUWKHU�WKHUPRG\QDPLF�F\FOHV��D�ODUJHU�GHJUHH�RI� �KHDW�XWLOLVDWLRQ�FDQ�EH�UHDOLVHG��$Q�H[DPSOH�RI� WKLV�LV� WKH� VR�FDOOHG� Ä6WDJHG� $EVRUSWLRQ�'HVRUSWLRQ�&DVFDGH³� ,�,� ZKHUH� DGGLWLRQDO� SDLUV� RI�DEVRUEHUV�GHVRUEHUV� DUH� DUUDQJHG� EHWZHHQ� WKH� KRWWHVW�GHVRUEHU�DQG�WKH�FROGHVW�DEVRUEHU��7KXV�WKH�KHDW�FDUULHU�FDQ� EH� FRROHG� GRZQ� LQ� WKH� KHDW� VXSSO\� WR� YHU\� ORZ�UHWXUQ� WHPSHUDWXUHV��)XUWKHU�F\FOH�DQDO\VHV� IRU� WKH�XVH�RI�ORZ�WHPSHUDWXUH�KHDW�FDQ�EH�IRXQG�LQ�,�,�DQG�,�,�
7KH� HFRQRPLF� IHDVLELOLW\� RI� FROG� SURGXFWLRQ� ZLWK�DEVRUSWLRQ�FKLOOHUV�ZKLFK�FDQ�EH�RSHUDWHG�ZLWK�GLVWULFW�KHDWLQJ� LV�GHSHQGHQW�� DSDUW� IURP�RWKHU� IDFWRUV� ,�����,��RQ�WKH�IROORZLQJ�FULWHULD�DV�ZHOO�
� ,Q� PDQ\� WRZQV�� WKH� GLVWULFW� KHDWLQJ� WHPSHUDWXUHV�DUH� ORZHUHG� LQ� WKH� VXPPHU�� 7KH� RUGHU� RI�PDJQLWXGH� LV� ���&�� 7KH� DEVRUSWLRQ� FKLOOHU� VKRXOG�WKHUHIRUH� PDQDJH� RQ� VXFK� D� ORZ� VXSSO\�WHPSHUDWXUH��DW�WKH�VDPH�WLPH�KRZHYHU�DOVR�SHUPLW�DQ� HIIHFWLYH� ORZHU� UHWXUQ� WHPSHUDWXUH� DIWHU� KHDW�DEVRUSWLRQ��H�J��DERXW����&��$V�D�FRQVHTXHQFH�WKH�DGGLWLRQDO�FRVWV�IRU�UDLVLQJ�WKH�WHPSHUDWXUH�DQG�WKH�KLJKHU� TXDQWLW\� RI� KHDWLQJ� ZDWHU� ZRXOG� EH�HOLPLQDWHG� ZKLFK� LQ� WXUQ� ZRXOG� LQFUHDVH� WKH�RSSRUWXQLWLHV� IRU� XVLQJ� � FROG� SURGXFWLRQ� YLD�DEVRUSWLRQ�� 7KH� GLIIHUHQFH� LQ� LQYHVWPHQW� FRVWV� EHWZHHQ�DEVRUSWLRQ� DQG� FRPSUHVVLRQ� FKLOOHUV� PXVW� EH� VR�ORZ� WKDW� WKHVH� FDQ� EH� FRPSHQVDWHG� IRU� E\� WKH�VDYLQJ� LQ� HOHFWULFLW\�� 7KLV� LV� LQGHHG� D� GLIILFXOW�

FULWHULRQ� VLQFH� FRPSUHVVLRQ� FKLOOHUV� DUH�PDQXIDFWXUHG� LQ� FRQVLGHUDEO\� ODUJHU� QXPEHUV� DQG�FRQVHTXHQWO\�DUH�FKHDSHU�� ,Q�RUGHU�WR�H[SDQG�WKH�DUHD�RI�DSSOLFDWLRQ��VPDOOHU��GHFHQWUDOO\� RSHUDWHG� DEVRUSWLRQ� FKLOOHUV� RXJKW� WR�EH� DYDLODEOH�� H�J�� IRU� D� FROG� FDSDFLW\� RI� ���� N:��$V� D� UHVXOW� LW� ZRXOG� EH� SRVVLEOH� WR� SURYLGH�DSDUWPHQW� EORFNV� ZKLFK� DUH� FRQQHFWHG� WR� WKH�GLVWULFW�KHDWLQJ�V\VWHP�ZLWK�FROG��,Q�WKLV�FDVH�WKHUH�DUH� DOVR� QR� SUREOHPV� ZLWK� WKH� TXDQWLW\� RI� WKH�KHDWLQJ�ZDWHU�
7KH� FULWHULD� OLVWHG� DERYH� IRUP� WKH� EDVLV� IRU� WKH�GHYHORSPHQW� RI� D� QHZO\� GHVLJQHG� DEVRUSWLRQ� FKLOOHU�ZKLFK� ZDV� RSHUDWHG� LQ� FRQMXQFWLRQ� ZLWK� ORZ�WHPSHUDWXUH�KHDW��LQ�SDUWLFXODU�GLVWULFW�KHDWLQJ����$3352$&+�
$V� XVXDO�� WKH� IROORZLQJ� ZHUH SUH�GHILQHG�� WKH� FKLOOHG�ZDWHU� WHPSHUDWXUHV� DW� �����&�� WKH� FRROLQJ� ZDWHU�WHPSHUDWXUHV�DW�������&�DV�ZHOO�DV�WKH�WHPSHUDWXUHV�RI�WKH� KHDWLQJ� ZDWHU� IURP� WKH� GLVWULFW� KHDWLQJ� QHWZRUN� DW�������&� �VXSSO\� DQG� UHWXUQ� WHPSHUDWXUH��� 7KH� VXSSO\�WHPSHUDWXUH�RI����&� LV�VHW� LQ� WKH�%UHPHUKDYHQ�GLVWULFW�KHDWLQJ� QHWZRUN� LQ� WKH� VXPPHU� PRQWKV�� 7KH� GLVWULFW�KHDWLQJ�LV�SURYLGHG�YLD�ZDVWH�VWHDP�IURP�WXUELQHV�
$W�WKH�EHJLQQLQJ�RI� WKH�GHYHORSPHQW�� WKH�GHFLVLRQ�ZDV�PDGH� IRU� FRVW� UHDVRQV� WR� JR� DV� IDU� DV� SRVVLEOH� WR� WKH�WKHUPRG\QDPLF� OLPLWV� RI� WKH� VLQJOH�HIIHFW� SURFHVV�ZLWKRXW� UHOLQTXLVKLQJ� UHOLDELOLW\�� %HWWHU� &23� IDFWRU��VLPSOHU�GHVLJQ�DQG�VLPSOHU�FRQWURO�DUH�SRLQWV�LQ�IDYRXU�RI� WKH� VLQJOH�VWDJH� SURFHVV�� 7KH� ZRUNLQJ� PL[WXUH�/L%U�+V2� ZDV� VHOHFWHG� IRU� WKH� F\FOH�� 7KH� IROORZLQJ�SRVVLELOLWLHV� FU\VWDOOLVHG� IURP� WKHUPRG\QDPLF� DQG�NLQHWLF�FDOFXODWLRQV�DV�WR�KRZ�WR�PDQDJH�ZLWK�D�VLQJOH�VWDJH�SURFHVV�XQGHU�WKH�SUHVFULEHG�SDUDPHWHUV�
D� $YRLGDQFH� RI� FLUFXODWLRQV� LQ� WKH� GHVRUEHU� DQG�DEVRUEHU� VR� WKDW� LQ� HDFK� FDVH� WKH�PRVW� IDYRXUDEOH�FRQFHQWUDWLRQ SUHYDLOV� DW� H[LW�� 7KLV� FRQGLWLRQ�KRZHYHU� UDLVHV�SUREOHPV�ZLWK� UHJDUG� WR� WKH� OLTXLG�GLVWULEXWLRQ�E� *RRG� KHDW� DQG� PDVV� WUDQVIHU� VR� WKDW� WKH� KHDW�WUDQVIHU�VXUIDFH�FDQ�EH�GHVLJQHG�LQ�D�FRPSDFW�DQG�HFRQRPLF�ZD\�F� 0RGXODU�FRQVWUXFWLRQ�IRU�ODWHU�SURGXFWLRQ�LQ�ODUJHU�QXPEHUV�
2Q� WKH� EDVLV� RI� FULWHULD� D�� E� DQG� F�� D� OLWHUDWXUH� VHDUFK�DQG�SUH�WULDOV�ZHUH�FDUULHG�RXW��,Q�SDUWLFXODU�HOLPLQDWLRQ�RI� DQ\� FLUFXODWLRQ� LQ� WKH� /L%U�VROXWLRQ� DV� UHTXLUHG�XQGHU� D�� FDXVHG� GLIILFXOWLHV� ZLWK� UHJDUG� WR� WKH� OLTXLG�GLVWULEXWLRQ�RQ�WKH�KHDW�WUDQVIHU�VXUIDFH��3ODWH�SDFNDJHV�ZHUH�VXEVHTXHQWO\�VHOHFWHG�DV�KHDW�WUDQVIHU�VXUIDFHV�IRU�DOO�DSSDUDWXV��7KHVH�DUH�VSULQNOHG�ZLWK�OLTXLG�IURP�WKH�WRS��7KH�REMHFWLYH�ZDV� WR�DFKLHYH�JRRG�KHDW�DQG�PDVV�WUDQVIHU�DV�ZHOO�DV�D�FRPSDFW�GHVLJQ�LQ�DFFRUGDQFH�ZLWK�FULWHULRQ� E��� 7KH� VROXWLRQ� ZDV� WR� GHYHORS� D� VXLWDEOH�GLVWULEXWRU� GHYLFH�� (DFK� SODWH� KDV� LWV� RZQ� GLVWULEXWRU�GHYLFH�ZKLFK�HYHQ�DW� ORZ�5H\QROGV�QXPEHUV�SHUPLWV�D�YHU\�HYHQ�GLVWULEXWLRQ�RI�WKH�/L%U�VROXWLRQ��7R�LPSURYH�
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WKH�OLTXLG�GLVWULEXWLRQ��VRPH�DGGLWLYHV�OLNH���0HWK\O� ��+H[DQRO� ,��,� ZHUH� DSSOLHG�� 6XFK� DGGLWLYHV� DUH�H[WUHPHO\� LPSRUWDQW� IRU� DQ� HYHQ� GLVWULEXWLRQ� DQG� WKXV�IRU� DQ� LQFUHDVH� LQ� WKH� KHDW� WUDQVIHU� FRHIILFLHQW�� %\�DGGLQJ� D� IHZ� SSP� RI� DGGLWLYH�� WKH� KHDW� WUDQVIHU�FRHIILFLHQW� FDQ� EH� LQFUHDVHG� DOPRVW� E\� D� IDFWRU� RI� ��,��,�
7KH� SODWH� SDFNDJHV� DUH� DUUDQJHG� LQ� VXFK� D�ZD\� WKDW� D�PRGXODU�GHVLJQ�FDQ�EH�HDVLO\�UHDOLVHG��7KXV�FULWHULRQ�F��LV� DOVR� IXOILOOHG�� 7KH� KHDW� FDUULHU� �KHDWLQJ� RU� FRROLQJ�ZDWHU�� IORZV� LQ� WKH� DEVRUEHU� DQG� LQ� WKH� GHVRUEHU� LQ�FRXQWHUIORZ� WR� WKH� /L%U� VROXWLRQ�� 7KXV� WKH� KLJKHVW�WHPSHUDWXUH� GLIIHUHQFHV� FRUUHVSRQGLQJ� WR� WKH� QHDUO\�JUHDWHVW�FRQFHQWUDWLRQ�ZLGWK�FRXOG�EH�DFKLHYHG�����7+(�7(67�3/$17
$IWHU�WKH�SUH�WHVWV��D�IXQFWLRQ�PRGHO�IRU�D�FROG�FDSDFLW\�RI����N:�ZDV�VHW�XS�DQG�WHVWHG�LQ�VLPXODWHG�RSHUDWLRQ��ZKHUHE\�WKH�WKHUPRG\QDPLF�F\FOH�RI�WKH�VLPSOH�VLQJOH�HIIHFW� SODQW� LQFOXGLQJ� D� VROXWLRQ� KHDW� H[FKDQJHU� ZDV�XVHG�� )LJXUH� �� VKRZV� D� SKRWRJUDSK� DQG� )LJXUH� �� D�SURFHVV� GLDJUDP� RI� WKH� IXQFWLRQ� PRGHO�� %RWK� WKH�GHVRUEHU�DQG�WKH�FRQGHQVHU�DV�ZHOO�DV�WKH�DEVRUEHU�DQG�WKH� HYDSRUDWRU� DUH� DUUDQJHG� LQ� HDFK� FDVH� LQ� D� VTXDUH�KRXVLQJ�� 7KH� SXPSV� DUH� XQGHU� WKH� DSSDUDWXV�� $�FRPSUHKHQVLYH�PHDVXULQJ�SURJUDPPH�IRU�EDODQFLQJ�DOO�DSSDUDWXV� DQG� FRPSRQHQWV� ZDV� FDUULHG� RXW�� 7KXV�HIIHFWLYH� UHVXOWV� IRU� WKH�PRGLILFDWLRQ�DQG� LPSURYHPHQW�RI�WKH�FRPSRQHQWV�FRXOG�EH�REWDLQHG�

7KH�SODQW� LV� FRPSOHWHO\�DXWRPDWHG�DQG�FRQQHFWHG� WR�D�PHDVXUHPHQW�UHFRUGLQJ�XQLW�ZLWK�SURFHVV�YLVXDOLVDWLRQ��,W� FDQ� EH� EDODQFHG� DW� DQ\� WLPH� YLD� WKH� PHDVXUHPHQWV�UHFRUGHG�� ,W� ZDV� DOVR� SRVVLEOH� WR� LQLWLDWH IDXOWV�LQWHQWLRQDOO\� LQ� RUGHU� WR� LQYHVWLJDWH� WKH� SODQW¶V�EHKDYLRXU�

)LJXUH����3KRWRJUDSK�RI�WKH�IXQFWLRQ�PRGHO

)LJXUH����6LPSOLILHG�IORZ�VKHHW�RI�WKH�IXQFWLRQ�PRGHO��PHDVXULQJ�SRLQWV�QRW�LQGLFDWHG�
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����5(68/76
7KH�UHVXOWV�DUH�VXPPDULVHG�DV�IROORZV�
,QIOXHQFH�RI�WKH�KHDWLQJ�WHPSHUDWXUH
7KH� FRQGHQVHU� SUHVVXUH� ZDV� NHSW� FRQVWDQW� LQ� DOO� WKH�WHVWV� YLD� WKH� IORZ� UDWH� RI� WKH� FRROLQJ�ZDWHU�� VLPLODUO\��WKH�HYDSRUDWRU�SUHVVXUH�YLD� WKH�IORZ�UDWH�RI� WKH�FKLOOHG�ZDWHU�
)LJXUH� �� VKRZV� WKH� FROG� FDSDFLW\� DV� D IXQFWLRQ� RI� WKH�LQOHW� WHPSHUDWXUH� RI� WKH� FRROLQJ� ZDWHU� IRU� �� GLIIHUHQW�KHDWLQJ� WHPSHUDWXUHV�� $W� D� FRROLQJ� ZDWHU� LQOHW�WHPSHUDWXUH� RI� ���&� DQG� D� KHDWLQJ� WHPSHUDWXUH� RI�DERXW� ���&�� D� FROG� FDSDFLW\� RI� ��� N:� FRXOG� EH�UHDOLVHG��:LWK�LQFUHDVLQJ�KHDWLQJ�WHPSHUDWXUH�� WKH�FROG�FDSDFLW\�QDWXUDOO\�DOVR�ULVHV��7KH�RSWLPDO�KHDWLQJ�ZDWHU�H[LW� WHPSHUDWXUHV� ZHUH� DERXW� ���&�� (YHQ� DW� HQWU\�WHPSHUDWXUHV� RI� FRROLQJ� ZDWHU� RYHU� ���&� WKH� FROG�FDSDFLW\�ZDV�RYHU����N:�
,I� WKH� SODQW�ZDV� UXQ�ZLWK� WKH�PD[LPXP� FRROLQJ�ZDWHU�IORZ��WKHQ�FRQVLGHUDEO\�KLJKHU�FROG�FDSDFLWLHV�FRXOG�EH�SURGXFHG��7KLV�FDQ�EH�VHHQ�LQ�)LJXUH���ZKHUH�WKH�FROG�FDSDFLW\� DV� D� IXQFWLRQ� RI� WKH� WHPSHUDWXUH� LQFUHDVH� RI�WKH�FRROLQJ�ZDWHU�LQ�WKH�DEVRUEHU�LV�SUHVHQWHG��ZKHUHE\�DJDLQ���KHDWLQJ�WHPSHUDWXUHV�����DQG����&��ZHUH�VHW�

)LJXUH�����&ROG�FDSDFLW\�YHUVXV�LQOHW�WHPSHUDWXUH�RI�FRROLQJ�ZDWHU

)LJXUH����&ROG�FDSDFLW\�YHUVXV�WHPSHUDWXUH�ULVH�RI�FRROLQJ�ZDWHU�LQ�DEVRUEHU�&KLOOHG�

ZDWHU�WHPSHUDWXUH��������&���/L�%U���DGGLWLYHV���PD[LPXP�IORZ�RI�FRROLQJ�ZDWHU�
3ODQW�HIILFLHQF\
7KH� PHDVXULQJ� SRLQWV� VKRZQ� LQ� )LJXUHV� �� DQG� ��LQGLFDWHG�D�VWDEOH�RSHUDWLRQ�DQG�FRXOG�EH�UHDFKHG�DIWHU�D� UHODWLYHO\� VKRUW� WLPH�� 7KH� SODQW� FRXOG� WKHUHIRUH� EH�RSHUDWHG� YHU\� IOH[LEO\� DW� GLIIHUHQW� FROG� FDSDFLWLHV��)LJXUH� �� VKRZV� WKH� FRUUHVSRQGLQJ� &23� IDFWRUV� IRU�YDULRXV�FROG�FDSDFLWLHV��H[SUHVVHG�LQ���RI�WKH�QRPLQDO�FROG� FDSDFLW\�� ,Q� QRPLQDO� RSHUDWLRQ�� D� &23� IDFWRU� RI����� ZDV� DFKLHYHG�� 7KH� SODQW� FRXOG� EH� HDVLO\� DGMXVWHG�GRZQ�WR�DERXW�����RI�WKH�QRPLQDO�ORDG��2SHUDWLRQ�FDQ�WKHUHIRUH� EH� HDVLO\� DGMXVWHG� WR WKH� UHTXLUHG� FROG�FDSDFLW\��(YHQ�DW�D�SDUW�ORDG�RI�����LW�ZDV�SRVVLEOH�WR�DFKLHYH�&23�IDFWRUV�RYHU������

)LJXUH� �� �� &23� IDFWRUV� DW� QRPLQDO� SDUW�ORDG� �WULDO� RI� ����������� �� KHDWLQJ�WHPSHUDWXUH� ���&� �� &KLOOHG�ZDWHU� �����&� ��FRROLQJ�ZDWHU�DEVRUEHU�LQOHW����&��
,QIOXHQFH�RI�WKH�FKLOOHG�ZDWHU�WHPSHUDWXUH
7KH�XVXDO�FKLOOHG�ZDWHU�WHPSHUDWXUHV�DUH�DERXW������&��'HSHQGLQJ� RQ� WKH� GHVLJQ� RI� WKH� DLU�FRQGLWLRQLQJ� SODQW�RU� RI� WKH� FRROLQJ� FRQYHFWRUV�� FKLOOHG� ZDWHU�WHPSHUDWXUHV� RI� ������&� DUH� VXIILFLHQW�� 7KH� WZR�PHQWLRQHG�FDVHV�DUH�FRPSDUHG� LQ�)LJXUH����)RU�KLJKHU�FKLOOHG� ZDWHU� WHPSHUDWXUHV�� H�J�� ������&�� WKH� FROG�FDSDFLW\� FRXOG� EH� LQFUHDVHG� E\� DERXW� ���� ZLWK� WKH�SODQW�XQGHU�H[DPLQDWLRQ�

)LJXUH����(IIHFW�RI�FKLOOHG�ZDWHU�WHPSHUDWXUHV�RQ�FROG�FDSDFLW\���KHDWLQJ�WHPSHUDWXUH����&�
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,QIOXHQFH�RI�DGGLWLYHV
7KH�DGGLWLRQ�RI�DGGLWLYHV�SOD\HG�D�YHU\� LPSRUWDQW� UROH�LQ� WKH� DEVRUEHU� DQG� GHVRUEHU�� VLQFH�� DV� DOUHDG\�PHQWLRQHG�� YHU\� ORZ� ZHWDELOLW\� OHYHOV� ZHUH� ZRUNHG�ZLWK�� $GGLWLYHV� HQVXUH� WKDW� WKH� SODWHV� DUH� ZHOO� ZHWWHG�DQG� WKXV� DOORZ� WKH� FROG� FDSDFLW\� WR� EH� PRUH� WKDQ�GRXEOHG� LQ� FRPSDULVRQ� WR� RSHUDWLRQ�ZLWKRXW� DGGLWLYHV��)LJXUH� �� VKRZV� WKH� FRPSDULVRQ� EHWZHHQ� WKH� W\SHV� RI�RSHUDWLRQ� ZLWK� DQG� ZLWKRXW� DGGLWLYHV�� $V� FRXOG� EH�H[SHFWHG��WKH�KHDW�WUDQVIHU�FRHIILFLHQWV�DOVR�URVH�RQ�WKH�/L%U�VROXWLRQ�VLGH�DV�D�UHVXOW�RI�DGGLQJ�WKH�DGGLWLYHV�
3ODQW�EHKDYLRXU
2SHUDWLRQ�RI�WKH�SODQW�ZDV�H[WUHPHO\�VWDEOH��(YHQ�DIWHU�IDXOWV� KDG� EHHQ� LQWURGXFHG�� WKH� SODQW� UHWXUQHG� WR� LWV�SUHYLRXV�RSHUDWLQJ� OHYHO��)LJXUH���VKRZV�WKH�RSHUDWLQJ�WHPSHUDWXUHV� IRU� D� WHVW�ZKLFK�ZDV� FDUULHG� RXW� RYHU� ���KRXUV�� $V� IDXOWV�� WKH� VROXWLRQ� SXPS� ZDV� LQWHQWLRQDOO\�VZLWFKHG�RII�RQFH�DQG�WKH�FRROLQJ�ZDWHU�SXPS�RQFH�DV�ZHOO�� +DYLQJ� VZLWFKHG� WKHP� RQ� DJDLQ�� WKH� ROG� VWDWH�FRXOG�EH�UH�HVWDEOLVKHG��

)LJXUH����5DLVH�RI�FDSDFLW\�E\�DGGLQ J�DGGLWLYHV��WULDOV�RI����������DQG�������������KHDWLQJ�WHPSHUDWXUH������&��

)LJXUH�����2SHUDWLRQ�WHPSHUDWXUH�GXULQJ����KRXUV��ORQJ�WLPH�WULDO�RI����������������WR�����������������/L%U�ZLWK�DGGLWLYHV
�� &21&/86,216
)RU� WKH� XVH� RI� GLVWULFW� KHDWLQJ� ZLWK� D� VXSSO\�WHPSHUDWXUH�RI����&�IRU�WKH�SURGXFWLRQ�RI�FKLOOHG�ZDWHU�DW���&�D� IXQFWLRQ�PRGHO�ZDV�VHW�XS�ZKLFK�RSHUDWHV�RQ�WKH�SULQFLSOH�RI�D�VLQJOH�HIIHFW�DEVRUSWLRQ�FKLOOHU��3ODWH�SDFNDJHV� ZHUH� XVHG� DV� KHDWLQJ� DQG� FKLOOLQJ� VXUIDFHV�ZKLFK�ZHUH� IHG�E\� WKH�KHDW�FDUULHU� �KHDWLQJ�RU�FRROLQJ�ZDWHU�� LQ� WKH� FRXQWHUIORZ�� 7KXV� D� PD[LPXP�FRQFHQWUDWLRQ�ZLGWK�FRXOG�EH�DFKLHYHG�

7KH� IROORZLQJ� UHVXOWV� FRXOG� EH� REWDLQHG� LQ� QXPHURXV�WHVWV�
� 7KH�SODQW�DOORZV�LWVHOI�WR�EH�RSHUDWHG�WR�XQGHU�����SDUW�ORDG�� ,Q� QRPLQDO� ORDG� RSHUDWLRQ�� WKH� &23�IDFWRU� LV�DERXW������ LQ�SDUW�ORDG�RSHUDWLRQ�EHWZHHQ����� DQG� ����� 7KH� DGGLWLRQ� RI� DGGLWLYHV� LV� D� NH\�IDFWRU� IRU� WKH�ZHWWLQJ�RI� WKH�KHDW� WUDQVIHU� VXUIDFHV�ZKHUHE\�HVSHFLDOO\� WKH�ZHWWLQJ�SOD\V�DQ� LPSRUWDQW�UROH�
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� 7KH� FROG� FDSDFLW\� FDQ�EH� LQFUHDVHG�E\� UDLVLQJ� WKH�VXSSO\�WHPSHUDWXUH��H�J��WR����&��RU�E\�UDLVLQJ�WKH�FKLOOHG�ZDWHU�WHPSHUDWXUH��H�J��WR����&��� 7KH� SODQW� UXQV� LQ� DQ� H[WUHPHO\� VWDEOH� PDQQHU��+DYLQJ�HOLPLQDWHG�D�IDXOW��WKH�SODQW�UHDFKHV�LWV�ROG�RSHUDWLQJ� VWDWH� DIWHU� D� UHODWLYHO\� VKRUW� WLPH� �D� IHZ�PLQXWHV���7KH�VWDUW�XS�WLPH�LV�DOVR�YHU\�VKRUW�
$� SURWRW\SH� RI� WKH� IXQFWLRQ� PRGHO� LQYHVWLJDWHG� LV�FXUUHQWO\� EHLQJ� EXLOW�� 7KH� SUHVFULEHG� FROG� FDSDFLW\� RI����� N:� LV� WR� EH� XVHG� WR� FRRO� RIILFHV� DQG� HOHFWURQLF�LQVWDOODWLRQV��7KH�UHVXOWV�ZLOO�EH�UHSRUWHG DW�D�ODWHU�WLPH��/,7(5$785(
,�, 0RVWRIL]DGHK��&K���%RKQH��'���7KH�SRVVLELOLW\�RI�DQ� HQHUJ\� OLQNDJH� V\VWHP� RI�SRZHU�KHDWLQJ�FRROLQJ� E\� H[DPSOH� RI� D�FRPELQHG� VZLPPLQJ�SRRO�LFH� ULQN�� ,QWHUQDWLRQDO�FRQIHUHQFH� RQ� HQHUJ\� DQG� HQYLURQPHQW��8QLYHUVLW\� RI� 6KDQJKDL� IRU� VFLHQFH� DQG�WHFKQRORJ\�������0D\������,�, 0HEROGW�� +�� .lOWHHU]HXJXQJ� PLW� )HUQZlUPH�+HL]ZDVVHU�� )HUQZlUPH� ,QWHUQDWLRQDO�� ������������3����������,�, +HOOEHUJ�� 6WHIDQ�� *|WHERUJ� (QHUJL� $%� RIIHUV�GLVWULFW� KHDWLQJ� RSHUDWHG� DEVRUSWLRQ� FKLOOHUV��5HSRUW�RI *|WHERUJ�(QHUJL�$%��3�2��%R[�����6�������*|WHERUJ�������,�, =LHJOHU�� )��� +RFKHIIL]LHQWH� $EVRUSWLRQVDQODJHQ�]XU�9HUVRUJXQJ�PLW�.lOWH�XQG�:lUPH��.L�/XIW�XQG�.lOWHWHFKQLN���������3����������,�, 6FKZHLJOHU��&K���+HOOPDQQ��+�0���'HPPHO��6���1HXHU� $EVRUSWLRQVNDOWZDVVHUVDW]� I�U� GHQ�(LQVDW]� LQ� )HUQZlUPHQHW]HQ�� .L� /XIW� XQG�.lOWHWHFKQLN���������3����������

,�, =LHPDQQ�� 2��� 6FKZHLJOHU�� &K��� 6FKDUIH�� -��%HVVHUH�&KDQFHQ�I�U�.lOWH�DXV�)HUQZlUPH�(UVWH�%HWULHEVHUIDKUXQJHQ� PLW� HLQHP� QHXDUWLJHQ�$EVRUSWLRQV�.DOWZDVVHUVDW]�� (XURKHDW� 	� 3RZHU�)HUQZlUPH� ,QWHUQDWLRQDO�� ��������� ���� 3�� ��������,�, 7KLR\H�� 0��� 3HUIRUPDQFH� LPSURYHPHQW� RI� ORZ�JUDGH�KHDW�HQHUJ\� SRZHUHG� FRROLQJ� V\VWHPV���,QWHUQDWLRQDO� +HDW� 3RZHUHG� &\FOHV� &RQIHUHQFH��1RWWLQJKDP�8QLYHUVLW\��8.������,�, 0DVDKDUX�� )�� 7DNDIXPL�� 2��� 7DNDVKL�� 6���<RVKLIXPL�� .��� 7DNDR�� .��� 7KRVKLWDND�� 7���0LFKLKLNR�� $��� +LURPLVWX�� 0��� $GYDQFHG�,QWHUQDWLRQDO� $E�6RUSWLRQ� KHDW� 3XPS�&RQIHUHQFH��0RQWUHDO��������9RO����SS���������,�, 6DKD�� %�%��� .DVKLZDJL�� 7��� 3HUIRUPDQFH�HYDOXDWLRQ� RI� DGYDQFHG� DEVRUSWLRQ� F\FOH� GULYHQ�E\� QHDU�HQYLURQPHQW� WHPSHUDWXUH� ZDVWH� KHDW�FRPSDULVRQ� ZLWK� FRQYHQWLRQDO� F\FOHV���,QWHUQDWLRQDO� $E�6RUSWLRQ� +HDW� 3XPS�&RQIHUHQFH��0RQWUHDO��������9RO����SS���������,��, $OEULQJ�� 3��� .lOWH� DXV� :lUPH�.lOWHWHFKQLN� LP�(QHUJLHYHUEXQG�� (QHUJLHDQZHQGXQJ� (QHUJLH�XQG�8PZHOWWHFKQLN��������������3���������,��, 6FK|QEHUJ�� ,��� .UDIW�:lUPH�.lOWH�.RSSOXQJ�7HFKQRORJLHQ�� .RVWHQ� XQG� 3HUVSHNWLYHQ�� 9',�7DJXQJ� Ä)RUWVFKULWWOLFKH� (QHUJLHXP�ZDQGOXQJ�XQG� ±DQZHQGXQJ³�� %RFKXP� ���������������*HUPDQ\�,��, .XODQNDUD�� 6��� +HUROG�� .�(��� 7KHRU\� RI� KHDW�PDVV� WUDQVIHU� DGGLWLYHV� LQ� DEVRUSWLRQ� FKLOOHUV��SDSHU� VXEPLWWHG� WR� ,QWHUQDWLRQDO� -��RI�+9$&�	�5�5HVHDUFK��-XO\������
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