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ABSTRACT. 7KH�XWLOLVDWLRQ�RI�H[KDXVW�ZDVWH�KHDW� LV�QRZ�ZHOO�NQRZQ�DQG� WKH� IRUPV� WKH�EDVLV�RI�PDQ\�FRPELQHG�FRROLQJ�DQG�SRZHU�LQVWDOODWLRQV���7KH�H[KDXVW�JDVHV�IURP�VXFK�LQVWDOODWLRQV�UHSUHVHQW�D�VLJQLILFDQW�DPRXQW�RI�WKHUPDO�HQHUJ\�WKDW�WUDGLWLRQDOO\�KDV�EHHQ�XVHG�IRU�FRPELQHG�KHDW�DQG�SRZHU�DSSOLFDWLRQV���This paper explores the theoretical 
performance of four different configurations of a turbocharger Diesel engine and absorption refrigeration unit 
combination when operating in a high ambient day temperature of 35oC.  The simulation is performed using  “SPICE”, a 
well known programme commonly used for engine performance predictions. The paper examines the interfacing of the 
turbocharged Diesel engine with an absorption refrigeration unit and estimates the performance enhancement.  The 
influence of the cycle configuration and performance parameters on the performance of the engine operating as a power 
supply with an auxiliary air conditioning plant is examined.  It is demonstrated that a pre and inter cooled turbocharger 
engine configuration cycle offers considerable benefits in terms of SFC, efficiency and output for the Diesel cycle 
performance..(<:25'6��'LHVHO�HQJLQH��FRPELQHG�FRROLQJ�DQG�SRZHU��DEVRUSWLRQ�UHIULJHUDWLRQ��63,&(
��,1752'8&7,21
5HVHDUFK� LQ� WKHUPRG\QDPLF�SRZHU�F\FOHV�RYHU� WKH�SDVW�WZR�GHFDGHV�KDV�VKRZQ�LPSURYHPHQWV�LQ�WKHUPDO�SRZHU�SODQW� HIILFLHQFLHV�� � 0DQ\� FRPELQHG� F\FOHV� KDYH� EHHQ�VXJJHVWHG� DV� DOWHUQDWLYH� WR� WKH� FRQYHQWLRQDO� SRZHU�F\FOHV� IRU� LPSURYLQJ� WKH� RYHUDOO� HQHUJ\� FRQYHUVLRQ�HIILFLHQF\�� � 7KHVH� V\VWHPV� WKDW� SURGXFHG� VSDFH� KHDWLQJ�KDYH� WKH� DGGLWLRQDO� DGYDQWDJH� WKDW� WKH� KHDWLQJ� DQG�HOHFWULFDO�ORDGV�GR�QRW RFFXU�VLPXOWDQHRXVO\���(OHFWULFLW\�LV� SURGXFHG� GXULQJ� WKH� VXPPHU� ZKHQ� WKH� GHPDQG� IRU�HOHFWULFLW\� WR� SRZHU� DLU�FRQGLWLRQLQJ� V\VWHPV� LV� KLJK���&RPIRUW� KHDW� LV� SURGXFHG� GXULQJ� WKH� ZLQWHU� ZKHQ� WKH�QHHG� LV� WKH� JUHDWHVW�� � &+3� V\VWHPV� WKHQ� KDYH� D� KLJK�XWLOLVDWLRQ� ZKHQ� FRPSDUHG� WR� SXUH� FRROLQJ� RU� SXUH�HOHFWULFDO� V\VWHPV�� ZKLFK� DUH� RQO\� SDUWLDOO\�� XVHG� LQ�FHUWDLQ�VHDVRQV�RI�WKH�\HDU�
&RPELQHG�KHDW�DQG�SRZHU�SURGXFWLRQ�KDV�HFRQRPLFDO�DV�ZHOO� DV� HQYLURQPHQWDO� DGYDQWDJHV�� DV� WKH� XWLOLVDWLRQ� RI�WKH�HQHUJ\�FDQ�EH�PRUH�WKDQ�GRXEOHG�FRPSDUHG�WR�SRZHU�SURGXFWLRQ� DORQH�� >�@�� � (QHUJ\� UHFRYHU\� IURP� YDULRXV�ZDVWH� KHDW� VRXUFHV� VXFK� DV�'LHVHO� HQJLQHV� H[KDXVW� DQG�FRROLQJ�HQHUJLHV�KDV�EHFRPH�D�ZRUOG�ZLGH�LQWHUHVW�VLQFH�WKH� HQHUJ\� FULVHV�� >�@�� � ,Q� DSSOLFDWLRQV� ZKHUH� LW� LV�DGYDQWDJHRXV�WR�XVH�D�'LHVHO�HQJLQH�DV�D�SULPH�PRYHU�LW�LV� JHQHUDOO\� QHFHVVDU\� RQ� WKH� JURXQGV� RI� HFRQRP\� WR�UHFRYHU� D� ODUJH� SURSRUWLRQ�RI� WKH�ZDVWH�KHDW�JHQHUDWHG��UDWKHU�WKDQ�UHMHFW�LW�WR�WKH�DWPRVSKHUH�
*HQHUDOO\�� WKH� XWLOLVDWLRQ� RI� ZDVWH� KHDW� WHFKQRORJLHV� LV�EDVLFDOO\�NQRZQ�IRU�PDQ\�HQJLQHHULQJ�DSSOLFDWLRQV���7KH�DEVRUSWLRQ�FKLOOLQJ�F\FOH�LV�RQH�WKDW�RSHUDWHV�RQ�VHYHUDO�KHDW� VRXUFHV� DQG� LV� WKXV� LGHDO� IRU� KHDW� UHFRYHU\�

DSSOLFDWLRQV�DQG� LV�QRW�RQO\� LQFUHDVHG� LWV�HIILFLHQF\�EXW�LWV�DELOLW\�WR�UHFRYHU�H[KDXVW�KHDW�GLUHFWO\�ZLWK�WKH�DLG�RI�D�ZDVWH� VWHDP�ERLOHU� >�@�� �7KH� IHDVLELOLW\�RI�YHKLFOH�DLU�FRQGLWLRQLQJ� E\� H[KDXVW� JDV� RSHUDWHG� RSHQ� F\FOH�DEVRUSWLRQ�FRROLQJ� V\VWHP�DW� IXOO� ORDG�KDV�EHHQ�VWXGLHG�DQG� LW� KDV� EHHQ� VKRZQ� WKDW� WKH� FRROLQJ�SRWHQWLDO� LQ� WKH�H[KDXVW�JDV�LV PXFK�JUHDWHU�WKDQ�WKH�UHTXLUHG�IRU�FRROLQJ�RI� WKH� YHKLFOHV� LQWHULRU� VSDFH� >�@�� � ,W�ZDV�GHPRQVWUDWHG�WKDW� DQ� RSHQ�F\FOH� DEVRUSWLRQ�FRROLQJ� XQLW� FDQ� EH�LQWHJUDWHG� ZLWK� WKH� HQJLQH� DQG� WKH� RSHUDWLQJ� FRVW� ZDV�DOPRVW� QHJOLJLEOH�� � 7KH� IHDVLELOLW\� RI� DQ� H[KDXVW� JDV�DFWXDWHG�FORVHG�F\FOH�DEVRUSWLRQ�UHIULJHUDWLRQ�V\VWHP�IRU�D� ORZ� WHPSHUDWXUH� DSSOLFDWLRQ� E\� XVLQJ� WKH� DPPRQLD�ZDWHU�FRPELQDWLRQ�KDYH�EHHQ�GHPRQVWUDWHG�DQG�LW�FDQ�EH�FRQFOXGHG� WKDW� IRU� ORZ� WHPSHUDWXUH� DSSOLFDWLRQ�� WKH�V\VWHP� FDQ� EH� VXLWDEO\� LQVWDOOHG� DQG� VXFFHVVIXOO\�RSHUDWHG�>�@�
,Q� UHFHQW� \HDUV�� WKHUH� KDV� EHHQ� LQFUHDVHG� LQWHUHVW� LQ�LQWHJUDWLQJ� V\VWHPV� IRU� FRPELQHG� KHDW� DQG� SRZHU�� >�@��RWKHUZLVH�NQRZQ�DV�FRJHQHUDWLRQ��ZKLFK�PD\�EH�GHILQHG�DV� D� WKHUPDO� V\VWHP� WKDW� SURGXFHV� HOHFWULFDO� DQG� KHDW�HQHUJ\� VLPXOWDQHRXVO\� IURP� D� VLQJOH� VRXUFH� RI� IXHO�� >�@���7KH�LGHD�WR�EH�LQYHVWLJDWHG�KHUH�LV�EDVHG�HVVHQWLDOO\�RQ�WKH�IDFW�WKDW��WKH�H[KDXVW�JDVHV�IURP�'LHVHO�HQJLQHV�UHSUHVHQW�DQ�DSSUHFLDEOH�HQHUJ\�ORVV�WR�WKH�HQYLURQPHQW���7KHUHIRUH��LW�LV�SRVVLEOH�WKDW�VRPH�RI�WKLV�ZDVWH�HQHUJ\�FRXOG�EH�XVHG�IRU� FKDUJH� DLU� FRROLQJ� DV� ZHOO� DV� LPSURYLQJ� WKH� WKHUPDO�HIILFLHQF\�RI�WKH�'LHVHO�HQJLQH�
&RPELQHG� FRROLQJ� DQG� SRZHU� �&&3���ZKLFK� LV� GHILQHG�DV� D� WKHUPDO� V\VWHP� WKDW� SURGXFHV� H[WHUQDO� ZRUN� DQG�KHDW� EDVHG� FRROLQJ� HIIHFW� VLPXOWDQHRXVO\� IURP� D� VLQJOH�VRXUFH�RI�IXHO���,W�LV�DQ�DSSOLFDWLRQ�RI�ZDVWH�KHDW�HQHUJ\�UHFRYHU\� WKDW� XWLOL]HV� KRW�ZDVWH� JDVHV� WR� LPSURYH� SODQW�HIILFLHQF\�DQG�SRZHU�RXWSXW��XVXDOO\�ZLWKRXW� LQFUHDVLQJ�
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IXHO� FRQVXPSWLRQ� RU� H[KDXVW� HPLVVLRQV�� � 5HFHQW�WHFKQRORJLFDO� DGYDQFHV� KDYH� PDGH� &&3� V\VWHPV� PRUH�HIILFLHQW�DQG�OHVV�H[SHQVLYH��
7KLV�SDSHU�H[SORUHV�WKH�WKHRUHWLFDO�SHUIRUPDQFH�RI�IRXU�GLIIHUHQW�FRQILJXUDWLRQV�RI�D�WXUERFKDUJHG�'LHVHO�HQJLQH�DQG� DEVRUSWLRQ� UHIULJHUDWLRQ� XQLW� FRPELQDWLRQ� ZKHQ�RSHUDWLQJ� LQ� D� KLJK� DPELHQW GD\� WHPSHUDWXUH� RI� ����� &q �� � 7KH� UHVXOWV� ZHUH� FRPSDUHG� DQG� WKH� PRVW�VXLWDEOH�FRQILJXUDWLRQ�F\FOH�ZDV�FKRVHQ�� �&RQVLGHUDWLRQ�KDV�EHHQ�JLYHQ� WR� WKH�FRHIILFLHQW�RI�SHUIRUPDQFH�RI� WKH�XQLW� DQG� WKH� KHDW� H[FKDQJHUV� HIILFLHQF\�� WKH� H[KDXVW�WHPSHUDWXUH��PDVV�IORZ��WKH�DPRXQW�RI�FRROLQJ�FDSDFLW\�DYDLODEOH� LQ� WKH�H[KDXVW�JDVHV��DQG�WKH�FRROLQJ�FDSDFLW\�RI� WKH� DEVRUSWLRQ� XQLW� IRU� WKH� GLIIHUHQW� FRQILJXUDWLRQ�VWXGLHG�
��6<67(0�'(6&5,37,21
7KH� &DWHUSLOODU� 'LHVHO� HQJLQH� XVHG� LQ� WKLV� ZRUN�FRPSULVHV� IRXU� PDMRU� FRPSRQHQWV�� QDPHO\�� D�FRPSUHVVRU��DQ�LQWHU�FRROHU��D�'LHVHO�XQLW��DQG�D�WXUELQH���$�GHFUHDVH�LQ�WKH�LQWDNH�WHPSHUDWXUH�GHFUHDVHV�WKH�PDVV�IORZ� WKURXJK� WKH�FRPSUHVVRU�� � ,Q�DGGLWLRQ�� WKH�SUHVVXUH�UDWLR� LV� GHFUHDVHG�� DQG�� DV� D� UHVXOW�� OHVV� HQHUJ\� FDQ� EH�DGGHG� E\� FRPEXVWLRQ� WR� WKLV� OHVV� GHQVH� FKDUJH� WR�SURGXFH�D�JLYHQ�WXUELQH�LQOHW�WHPSHUDWXUH���7KHUHIRUH��WR�RYHUFRPH� WKH� DERYH�� D� SUH�FRROHU� LV� LQWURGXFHG� WR� WKH�V\VWHP�ZKHQ�WKH�DPELHQW�WHPSHUDWXUH�LV� &��q RU�DERYH�
$� VFKHPDWLF� YLHZ� RI� WKH� 'LHVHO�$EVRUSWLRQ� V\VWHP� LV�VKRZQ� LQ� )LJV� ����� ����� ����� DQG� ����� � 7KH� HQJLQH� LV�SURYLGHG�ZLWK�FKLOOHG�ZDWHU� IURP�WKH�DEVRUSWLRQ�XQLW� LQ�WKH�FRQILJXUDWLRQV�VKRZQ���7KH�FRQILJXUDWLRQV�H[DPLQHG�ZHUH���3UH�LQHWU�FRROHU�HQJLQH��)LJ������,QWHU�FRROHG�FRPELQDWLRQ�HQJLQH��)LJ�������$�SUH�FRROHG�HQJLQH�DQG��)LJ�������1RQ�FRROHG�HQJLQH��)LJ�����

)LJXUH� ��� 6FKHPDWLF� GLDJUDP� RI� FRPELQHG�QRQ�FRROHG� ZLWK� DEVRUSWLRQ� UHIULJHUDWLRQ�8QLW

)LJXUH� ��� 6FKHPDWLF� GLDJUDP� RI� FRPELQHG�LQWHU� FRROHG� ZLWK� DEVRUSWLRQ� UHIULJHUDWLRQ�8QLW

)LJXUH� ��� 6FKHPDWLF� GLDJUDP� RI� FRPELQHG�SUH� FRROHG� WXUERFKDUJHG� ZLWK� DEVRUSWLRQ�UHIULJHUDWLRQ�XQLW

)LJXUH� ��� 6FKHPDWLF� GLDJUDP� RI�WXUERFKDUJHG� ZLWK� SUH� DQG� LQWHU� FRROLQJ�'LHVHO�HQJLQH�F\FOH
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7KH�WKHUPDO�HQHUJ\�LQ�WKH�H[KDXVW�JDVHV�ZDV�WUDQVIHUUHG�WKURXJK�D�KHDW�H[FKDQJHU�WR�WKH�ZDWHU�FLUFXODWHG�YLD�WKH�HYDSRUDWRU� RI� WKH� DEVRUSWLRQ� XQLW�� � 7KH� FKDUJH� DLU�WHPSHUDWXUH� DW� H[LW� RI� ERWK� WKH� LQWHU� FRROHU� DQG� SUH�FRROHU�ZDV��� &q EHLQJ�FRROHG�XVLQJ�FKLOOHG�ZDWHU� WKDW�ZDV FLUFXODWHG� LQ� WKH� DEVRUSWLRQ� XQLW�� � 7KH� V\VWHP�VLPXODWLRQ�SURFHGXUH�FRQVLVWHG�RI�LQWHUIDFLQJ�WKH�63,&(�SURJUDP��>�@�ZLWK�WKH�DSSURSULDWH�FKDUJH�DLU�SUH�FRROHU��H[KDXVW�JDV�KHDW�H[FKDQJHU�DQG�FRRODQW�ORRS��DEVRUSWLRQ�XQLW�DQG�FKLOOHG�ZDWHU�FRROLQJ�FLUFXLW� $Q�RSWLRQ�ZLWKLQ�WKH� 63,&(� SURJUDPPH� DOORZHG� DQ� LQWHU� FRROHU� WR� EH�LQFOXGHG�LQ�WKH�HQJLQH�VLPXODWLRQ���$�VFKHPDWLF�GLDJUDP�RI�WKH�FRPSXWDWLRQDO�PRGHO�LV�VKRZQ�LQ�)LJ��������,W�FDQ�EH� VHHQ� WKDW� WKH� 63,&(� IRUPV� WKH�PDMRU� FRPSRQHQW� RI�WKH� FRPSXWDWLRQDO� PRGHO� DQG� LW� LV� FRQQHFWHG� WR�VXEURXWLQHV� WKDW� GHWHUPLQH� WKH� SHUIRUPDQFH� RI� WKH�DEVRUSWLRQ� XQLW� DQG� WKH� DGGLWLRQDO� KHDW� H[FKDQJHUV� QRW�LQFOXGHG� LQ� 63,&(�� �63,&(�XVHV� DQ� LWHUDWLYH� WHFKQLTXH�WR� GHWHUPLQH� WKH� RSHUDWLQJ� SRLQW� RI� WKH� 'LHVHO� HQJLQH�IURP�D� VHW� RI� LQSXW� ILOH� GDWD�� �7KH�SUHVHQFH�RI� WKH�SUH�FRROHU� FKDQJHV� WKH� LQOHW� FRQGLWLRQV� RI� WKH� WXUERFKDUJHU�FRPSUHVVRU� DQG� H[KDXVW� JDV� KHDW� H[FKDQJHUV� HIIHFW� WKH�WXUELQH� SUHVVXUH� UDWLR� DQG� KHQFH� WKH�PDWFKLQJ� SRLQW� RI�WKH�FRPSUHVVRU�DQG�WXUELQH���,W�LV�QHFHVVDU\�WR�LQWURGXFH�D� VHFRQG� LWHUDWLYH� ORRS� RXWVLGH� WKH� 63,&(� SURJUDPPH�WKDW� GHILQHV� WKH� RSHUDWLQJ� FRQGLWLRQV� RI� WKH� KHDW�H[FKDQJHUV�DQG�DEVRUSWLRQ�XQLW�DQG�UHFUHDWHV�WKH�63,&(�GDWD�LQSXW�ILOH�IRU�D�VXEVHTXHQW�H[HFXWLRQ�RI�63,&(�

)LJXUH� ��� ,QWHU�IDFLQJ� WKH� 63,&(�SURJUDPPH�ZLWK�WKH�WKHUPRG\QDPLF�F\FOH��7+(50$/�$1$/<6,67KH� SXUSRVH� RI� WKH� WKHUPDO� DQDO\VLV� LV� WR� DQDO\VH� WKH�HQHUJ\�IORZ�LQ�WKH�FRPELQHG�F\FOH�WR�GHWHUPLQH�IURP�WKH�'LHVHO� HQJLQH� VLPXODWLRQ� WKH� HQHUJ\� DYDLODEOH� LQ� WKH�H[KDXVW� JDVHV� IRU� GULYLQJ� WKH� DEVRUSWLRQ� F\FOH�� WKH�FRROLQJ� FDSDFLW\� RYHUDOO� IURP� WKH� H[KDXVW� JDVHV�� � 7KH�'LHVHO� F\FOH� VLPXODWLRQ� SURYLGHV� DQ� DQDO\VLV� IRU�GLIIHUHQW�FRQILJXUDWLRQ�RI�'LHVHO�HQJLQH�L�H���QRQ�FRROHG��SUH�FRROHU�� LQWHU�FRROHU��SUH�LQWHU�FRROHU�� WKXV� WKH� UHVXOW�

IURP� WKLV�SDUW�RI� WKH� VLPXODWLRQ�DUH�XVHG�DV�DQ� LQSXW� WR�WKH�DEVRUSWLRQ�F\FOH���,W�LV�WKXV�SRVVLEOH�WR�GHWHUPLQH�WKH�FRQILJXUDWLRQ�RI�WKH�FRPELQHG�F\FOH�WKDW�ZRXOG�EH�PRVW�DSSURSULDWH� IRU� D� SDUWLFXODU� FRPELQDWLRQ� RI� FRROLQJ�UHTXLUHPHQW�DQG�VKDIW�ZRUN�
7R� GHWHUPLQH� WKH� SHUIRUPDQFH� RI� WKH� ZDVWH� KHDW�SRZHUHG�UHIULJHUDWLRQ�V\VWHP��WKH�PDVV�IORZ�UDWH�DQG�WKH�H[KDXVW�WHPSHUDWXUH�RI�WKH�HQJLQH�PXVW�EH�NQRZQ���7KH�H[KDXVW� WHPSHUDWXUH� RI� WKH� HQJLQH� DW� GLIIHUHQW� DPELHQW�WHPSHUDWXUH�LV�FDOFXODWHG�XVLQJ�WKH�SURFHGXUHV�GHVFULEHG�LQ� WKH� SUHYLRXV� FKDSWHU�� � 7KH� IROORZLQJ� VHFWLRQ� JLYHV�GHWDLOV� RI� WKH� DQDO\VLV� SHUIRUP� WR� DVVHVV� WKH� SHUIRUPHG�RI�WKH�FRPELQHG�F\FOH�
����&RROLQJ�&DSDFLW\�$YDLODEOH�LQ�WKH�([KDXVW�*DVHV�
,W� LV� LPSRUWDQW� WR� ILUVW� HVWLPDWH� WKH� PD[LPXP� FRROLQJ�FDSDFLW\� DYDLODEOH� LQ� WKH� H[KDXVW� JDVHV�� � )RU� D� JLYHQ�VSHHG�� FRPSXWHU� SURJUDP� FDOFXODWHV� WKH� H[KDXVW� PDVV�IORZ� DQG� WHPSHUDWXUH�� � 7KH� EDVLF� HTXDWLRQ� WR� FDOFXODWH�WKH� DYDLODEOH� FKLOOHG� ZDWHU� IURP� WKH� KRW� JDV� VWUHDP� LV�FDOFXODWHG�E\��>�@�� � ����77F�P 4 H[LQ�H[RXW�SH[� u�uu ���
:KHUH��P LV�WKH�PDVV�IORZ�UDWH�NJ�VHF�
SF LV�WKH�DYHUDJH�VSHFLILF�KHDW�
Q�H[L7 LV� WKH� LQOHW� JDV� WHPSHUDWXUH� WR� WKH� KHDW�H[FKDQJHU�H[RXW�7 LV� WKH� RXWOHW� JDV� WHPSHUDWXUH� IURP� WKH� KHDW�H[FKDQJHU����� LV�WKH�WUDQVPLVVLRQ�ORVVHV��GXFW�ZRUN��

����&RROLQJ�&DSDFLW\�IRU�&KDUJH�$LU�&RROLQJ�7KH� DPRXQW� RI� FRROLQJ� FDSDFLW\� UHTXLUHG� IRU� FKDUJH� DLU�FRROLQJ��SUH�DQG�RU� LQWHU�FRROHU�� LV�YHU\�PXFK�GHSHQGHQW�RQ� WKH� WHPSHUDWXUH� UHGXFWLRQ� RI� WKH� FKDUJH� DLU� GXH� WR�FRROLQJ� SURFHVV� DQG� WKH� HIIHFWLYHQHVV� RI� WKH� KHDW�H[FKDQJHU� LQFRUSRUDWHG� LQ� WKH� V\VWHP�� � 7KHUHIRUH� WKH�HQHUJ\�WUDQVIHU�IURP�WKH�FKDUJH�DLU�LV�� �LRSFL�S 77FP4 �u �������&RROLQJ�&DSDFLW\�RI�$EVRUSWLRQ�8QLW�$SSO\LQJ�WKH�DERYH�IRUPXODH�IRU�FDOFXODWLQJ�WKH�FRROLQJFDSDFLW\� DYDLODEOH� LQ� WKH� H[KDXVW� JDVHV� IRU� GLIIHUHQW�F\FOH� FRQILJXUDWLRQV�� � 7DEOHV� ���� WR� ����� VKRZV� WKH�FRROLQJ�FDSDFLW\�IRU�WKH�IRUHJRLQJ�F\FOHV���,W�FDQ�EH�VHHQ�WKDW��WKHUH�LV�D�VXIILFLHQW�DPRXQW�RI�HQHUJ\�LQ�WKH�H[KDXVW�JDV� IRU� WKH� FRROLQJ� SXUSRVHV�� 7KLV� HQHUJ\� FDQ� EH�LQWURGXFHG�WR�DQ�DEVRUSWLRQ�XQLW�DQG�E\�FRQVLGHULQJ�WKH�HIILFLHQF\� RI� KHDW� H[FKDQJHUV� DQG� WKH� FRHIILFLHQW�SHUIRUPDQFH�RI�WKH�DEVRUSWLRQ�UHIULJHUDWLRQ�PDFKLQH��WKH�DPRXQW� RI� FRROLQJ� FDSDFLW\� DYDLODEOH� LQ� WKH� H[KDXVW�JDVHV�FDQ�EH�XVHG�IRU FKDUJH�DLU��SUH�DQG�LQWHU�FRROHU��RU�DLU�FRQGLWLRQLQJ�RU�ERWK�
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:KHQ� WKH� ZDVWH� KHDW� LV� WR� EH� FRQYHUWHG� DQG� XVHG� WR�SURGXFH�FKLOOHG�ZDWHU��WKH�DPRXQW�RI�HQHUJ\�LQ�WKH�IRUP�RI�KHDW�GHOLYHUHG�WR�WKH�DEVRUSWLRQ�XQLW�LV�
H[+(LQ 44 u K ���

7KH�FRROLQJ�FDSDFLW\�DYDLODEOH�IURP�WKH�DEVRUSWLRQ�XQLW�LV�
LQFRRO 4&234 u ���:KHUH�FRRO4 LV�WKH�FRROLQJ�SURGXFHG��N:&23 LV� WKH� SHUIRUPDQFH� RI� FRHIILFLHQW� RI� WKH�DEVRUSWLRQ�XQLW�

����&RROLQJ�&DSDFLW\�IRU�DLU�FRQGLWLRQLQJ�
7KH�VXUSOXV�FRROLQJ�FDSDFLW\�SURGXFHG�E\�WKH�DEVRUSWLRQ�XQLW�WKDW�LV�QRW�XVHG�LQ�WKH�FKDUJH�FRROLQJ�ZLOO�EH�DYDLODEOH�IRU�HQYLURQPHQWDO�DLU�FRQGLWLRQLQJ���7KH�F\FOHV�H[DPLQHG�LQ�WKLV�VHFWLRQ�DUH�DV�IROORZV�
1RQ�FRROHG�HQJLQH�
)RU�QRQ�FRROHG� WXUERFKDUJHU�'LHVHO�HQJLQH�� WKH�DPRXQW�RI� FRROLQJ� FDSDFLW\� IRU� DLU� FRQGLWLRQLQJ� LV� HTXDO� WR� WKH�DPRXQW�RI�FRROLQJ�FDSDFLW\�DYDLODEOH�IURP�WKH�FRPELQHG�F\FOH���7KHUHIRUH�

FRROFRQG�DLU 44  ���
,QWHU�FRROHG�HQJLQH�)RU� WXUERFKDUJHU� HQJLQH�ZLWK� LQWHU� FRROLQJ�� WKH�DPRXQW�RI� FRROLQJ� FDSDFLW\� IRU� DLU� FRQGLWLRQLQJ� LV� HTXDO� WR� WKH�GLIIHUHQFH� EHWZHHQ� WKH� DPRXQW� RI� FRROLQJ� FDSDFLW\�DYDLODEOH� IURP� WKH� FRPELQHG� F\FOH�� DQG� WKH� DPRXQW� RI�FRROLQJ� LV� XVHG� IRU� LQWHU� FRROLQJ�� �&RROLQJ�FDSDFLW\� IRU�LQWHU�FRROHU�LV�GHSHQG�RQ�WKH�WHPSHUDWXUH�GLIIHUHQFH�DQG�WKH�PDVV�IORZ�UDWH�

FRROHULQWHU�FRROFRQG�DLU 444 � ���
3UH�FRROHG�HQJLQH�)RU�WXUERFKDUJHU�HQJLQH�ZLWK�SUH�FRROLQJ��WKH�DPRXQW�RI�FRROLQJ� FDSDFLW\� IRU� DLU� FRQGLWLRQLQJ� LV� HTXDO� WR� WKH�GLIIHUHQFH� EHWZHHQ� WKH� DPRXQW� RI� FRROLQJ� FDSDFLW\�DYDLODEOH� IURP� WKH� FRPELQHG F\FOH�� DQG� WKH� DPRXQW� RI�FRROLQJ�LV�XVHG�IRU�SUH�FRROLQJ�

FRROHUSUHFRROFRQG�DLU 444 � ���
3UH�,QWHU�FRROHG�HQJLQH�)RU� WXUERFKDUJHU�HQJLQH�ZLWK�SUH�DQG� LQWHU�FRROLQJ�� WKH�DPRXQW�RI�FRROLQJ�FDSDFLW\�IRU�DLU�FRQGLWLRQLQJ�LV�HTXDO�WR�WKH�GLIIHUHQFH�EHWZHHQ�WKH�DPRXQW�RI�FRROLQJ�FDSDFLW\�DYDLODEOH� IURP� WKH� FRPELQHG� F\FOH�� DQG� WKH� DPRXQW� RI�FRROLQJ�LV�XVHG�IRU�SUH�DQG�LQWHU�FRROLQJ���7KH�DPRXQW�RI�FRROLQJ� FDSDFLW\� UHTXLUHG� IRU� SUH� DQG� LQWHU� FRROLQJ� LV�GLUHFWO\� UHODWHG� WR� WHPSHUDWXUH� RI� WKH� FKDUJH� DLU� GXH� WR�

WKH� FRROLQJ� SURFHVV� DQG� WKH� HIILFLHQF\� RI� WKH� KHDW�H[FKDQJHUV�WKDW�KDYH�EHHQ�XVHG�
FRROHULQWHU�FRROHUSUHFRROFRQG�DLU 4444 �� ���

6LQFH� WKHUH� DUH� WZR� XVDEOH� HQHUJ\� RXWSXWV� IURP� D� &&3�V\VWHP�� GHILQLQJ� RYHUDOO� V\VWHP� HIILFLHQF\� LV� PRUH�FRPSOH[� WKDQ� ZLWK� VLPSOH� V\VWHPV�� 7KH� V\VWHP� FDQ� EH�YLHZHG�DV�WZR�VXEV\VWHPV��WKH�SRZHU�V\VWHP��ZKLFK�LV�DQ�HQJLQH� DQG� WKH� KHDW� UHFRYHU\� V\VWHP�� ZKLFK� LV� DQ�DEVRUSWLRQ� UHIULJHUDWLRQ� F\FOH�� 7KH� HIILFLHQF\� RI� WKH�RYHUDOO� V\VWHP� UHVXOWV� IURP� DQ� LQWHUDFWLRQ� EHWZHHQ� WKH�LQGLYLGXDO�HIILFLHQFLHV�RI�WKH�FRROLQJ�DQG�SRZHU�V\VWHPV�7KH� RYHUDOO� HIILFLHQF\� RI� WKH� F\FOH� LV� GHILQHG� DV� WKH�FRROLQJ�FDSDFLW\�RI�WKH�DEVRUSWLRQ�F\FOH���N:��GLYLGHG�E\�WKH� HQHUJ\� LQSXW� WR� WKH� HQJLQH� IURP� WKH� IXHO� SOXV� WKH�WKHUPDO�HIILFLHQF\�RI�WKH�HQJLQH�
WKLQDERYHUDOO 44� K� ���

ZKHUH�DE4 LV�WKH�FRROLQJ�FDSDFLW\�RI�WKH�DEVRUSWLRQ�F\FOH
WK� LV�WKH�WKHUPDO�HIILFLHQF\�RI�WKH�HQJLQH�
LQ4 LV�WKH�HQHUJ\�LQSXW�WR�WKH�F\FOH

��',6&866,21�$1'�5(68/76
+HDW� IRU� DEVRUSWLRQ�FRROLQJ� LV� UHFRYHUHG� IURP�D�'LHVHO�HQJLQH� DQG� XVHG� LQ� SURFHVV� FRROLQJ� RU� WR� UHGXFH� WKH�WHPSHUDWXUH� RI� WKH� DPELHQW� LQ� RUGHU� WR� LQFUHDVH� WKH�HIILFLHQF\� RI� WKH� HQJLQH�� � &RROLQJ� RI� WKH� LQOHW� DLU� RI� D�'LHVHO� HQJLQH� LQ� KLJK� DPELHQW� RSHUDWLRQ� PDNHV� WKH� DLU�PRUH�GHQVH��JLYLQJ�WKH�PDFKLQH�D�KLJKHU�PDVV�IORZ���7KLV�UHVXOWV� LQ� DQ� LQFUHDVH� LQ� WKH� HQJLQH� RXWSXW� DQG� LWV�HIILFLHQF\�� � 7KH� 63,&(� SURJUDPPH� LV� XVHG� RQ� IRXU�GLIIHUHQW� FRQILJXUDWLRQ� F\FOHV�� �7KH� LQIOXHQFHV� RI� F\FOH�FRQILJXUDWLRQV� RQ� WKH� HQJLQH� SHUIRUPDQFH� DUH� FOHDUO\�QRWLFHG�� LW� ZDV� VKRZHG� WKDW� GHFUHDVLQJ� WKH� LQOHW�WHPSHUDWXUH� HQWHULQJ� WR� WKH� V\VWHP� ZRXOG� LQFUHDVH� WKH�PDVV�IORZ�
7KH�UHVXOWV�RI� WKH�F\FOH�VLPXODWLRQ�DUH�VKRZQ�LQ�7DEOHV����� DQG� ����� � 7DEOH� ���� UHODWHV� WR� WKH� RXWSXW� IURP� WKH�63,&(�SURJUDPPH�DQG�WKH�RSHUDWLRQDO�SDUDPHWHUV�RI�WKHDEVRUSWLRQ� XQLW� DUH� VKRZQ� LQ� 7DEOH� ����� � 7KH�SHUIRUPDQFH� RI� WKH� 'LHVHO� HQJLQH� DV� SUHGLFWHG� E\� WKH�VLPXODWLRQ�LV�EURDGO\�DV�H[SHFWHG���7KH�DLU�FRQVXPSWLRQ�LQFUHDVHV�ZLWK�FKDUJH�DLU�FRROLQJ�DV�GRHV�WKH�SRZHU�DQG�HIILFLHQF\���7KH�H[KDXVW�JDV�WHPSHUDWXUH�DQG�%6)&�ERWK�GHFUHDVHV�ZLWK�LQFUHDVHG�FKDUJH�DLU�FRROLQJ���7KH�UHVXOWV�UHODWLQJ�WR�WKH�DEVRUSWLRQ�XQLW�DUH�PRUH�LQWHUHVWLQJ��,I�WKH�QHHG� IRU� DLU� FRQGLWLRQLQJ� LV� JUHDWHU� WKDQ� WKDW� IRU� VKDIW�SRZHU�WKHQ�D�PLQLPXP�RI�FKDUJH�DLU�FRROLQJ�LV�UHTXLUHG�FRQVLVWHQW� ZLWK PDLQWDLQLQJ� WKH� WKHUPDO� ORDGLQJ� RI� WKH�HQJLQH� ZLWKLQ� DFFHSWHG� ERXQGV�� � 7KH� KLJK� H[KDXVW�WHPSHUDWXUHV� UHVXOWLQJ� IURP� WKH� KLJK� FKDUJH� LQOHW�WHPSHUDWXUHV�RI�WKH�F\FOHV�ZLWK�QR�RU�D�VPDOO�DPRXQW�RI�
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FKDUJH� DLU� FRROLQJ� SURGXFHV� D� KLJK� FRROLQJ� FDSDFLW\� LQ�WKH�DEVRUSWLRQ�XQLW�WKDW�RII�VHWV�WR�VRPH�H[WHQW�WKH�ORZHU�EUDNH� WKHUPDO� HIILFLHQF\� RI� WKH� 'LHVHO� HQJLQH�� � $Q�LQKHUHQW�GLVDGYDQWDJH�RI�D�VLQJOH�HIIHFW�DEVRUSWLRQ�F\FOH��KRZHYHU��LV�LWV�ORZ�FRHIILFLHQW�RI�SHUIRUPDQFH���7KLV�ZLOO�HIIHFW�WKH�FDSDFLW\�RI�WKH�DEVRUSWLRQ�XQLW���$V�WKH�FKDUJH�DLU�FRROLQJ� LV� LQFUHDVHG�� WKH� 'LHVHO� F\FOH� HIILFLHQF\�LQFUHDVHV� DW� WKH� H[SHQVH� RI� ORZHULQJ� WKH� H[KDXVW�WHPSHUDWXUH�DW�LQOHW�WR�WKH�DEVRUSWLRQ�XQLW���7KLV�UHGXFHV�WKH� FRROLQJ� FDSDFLW\� DYDLODEOH� DW� WKH� H[KDXVW� KHDW�H[FKDQJHU�� � )XUWKHUPRUH�� LW� UHGXFHV� WKH� FDSDFLW\� RI� WKH�DEVRUSWLRQ� XQLW�� ZKLFK� FDQ� UHVXOW� LQ� WKH� RYHUDOO�HIILFLHQF\�RI� WKH�FRPELQHG�F\FOH�DV�VKRZQ�LQ�7DEOH�����EHLQJ�UHGXFHG�
��&21&/86,21
:LWK�WKH�DLP�RI�UHGXFLQJ�HQHUJ\�FRQVXPSWLRQ�D�FRPELQHG�FRROLQJ�DQG�SRZHU�V\VWHP�ZDV�WKH�PDLQ�LGHD�RI�WKLV�SDSHU���,W�ZLOO�QRW�RQO\�SURGXFH�SRZHU�EXW�DOVR�SURYLGH�D�FHUWDLQ�DPRXQW� RI� FRROLQJ�� � $Q� DEVRUSWLRQ� UHIULJHUDWLRQ� XQLW�LQWHUIDFHG�ZLWK�D�&DWHUSLOODU�'LHVHO�HQJLQH�KDV�EHHQ�XVHG�IRU�FRROLQJ�WKH�FKDUJH�DLU�SULRU�WR�LQJHVWLRQ�WR�WKH�HQJLQH�F\OLQGHU� RU� IRU� RWKHU� FRROLQJ� SXUSRVHV� VXFK� DV� DLU�FRQGLWLRQLQJ� DQG� LW� ZDV� GHPRQVWUDWHG� WKDW� D� 'LHVHO�DEVRUSWLRQ�XQLW�FRPELQDWLRQ�LV�D�SUDFWLFDO�SRVVLELOLW\�7KH� LQYHVWLJDWLRQ� LV� FRQGXFWHG� ZLWK� UHJDUG� WR� LWV�IHDVLELOLW\� WR� HQKDQFH� WKH� HIILFLHQF\� DQG� FDSDFLW\� IRU�FRROLQJ� DSSOLFDWLRQV�� 2SHUDWLQJ� SDUDPHWHUV� DQG� WKH� KHDW�GXWLHV�DUH�DOVR�VWXGLHG�� �7KH�VWXG\�RI�WKHVH�UHVXOWV�VKRZV�WKDW�LW�LV�TXLW�REYLRXV�WKDW�PXFK�KDV�EHHQ�DFKLHYHG�LQ�WKH�FRPELQHG� F\FOHV�� � ,W� KDV� EHHQ� VKRZQ� WKDW� D� 'LHVHO�DEVRUSWLRQ� FRPELQHG� F\FOH� ZLWK� SUH�LQWHU� FRROLQJ� ZLOO�KDYH�D�KLJKHU�SRZHU�RXWSXW�DQG�D�WKHUPDO�HIILFLHQF\�WKDQ�WKH� RWKHU� FRQILJXUDWLRQV�� � 2Q� WKH� RWKHU� KDQG� WKH� RYHUDOO�HIILFLHQF\�RI�D�SUH�LQWHU�FRROHG�F\FOH�LV�ORZHU�WKDQ�WKDW�RI�WKH�LQWHU�FRROHU���&OHDUO\�WKHUH�LV�D�UHTXLUHPHQW�IRU�IXUWKHU�DQDO\VLV� FRQVLGHULQJ� RWKHU� DVSHFWV� VXFK� DV� HFRQRPLF�DQDO\VLV�WKDW�KDYH�QRW�EHHQ�FRQVLGHUHG�LQ�WKLV�SDSHU�5()(5(1&(6
>�@� 0RUVLQJ� 3��� DQG� QGHUJDDUG6I �� �8VH� RI� 6HOHFWLYH�&DWDO\WLF� 5HGXFWLRQ� IRU� 5HGXFWLRQ� RI� 12; LQ� *DV�(QJLQH� ([KDXVW��� ,Q� *DV� (QJLQHV� &R�JHQHUDWLRQ��0HFKDQLFDO� (QJLQHHULQJ� 3XEO�� /LPLWHG�� ,QVWLWXWH� RI�0HFKDQLFDO�(QJLQHHUV��/RQGRQ�������>�@� $O\� 6�� (��� ³'LHVHO� (QJLQH� :DVWH�+HDW� 3RZHU�&\FOH´�� $SSOLHG� (QHUJ\�� 1R����� (OVHYLHU� $SSOLHG�6FLHQFH�3XEOLVKHUV�/WG��(QJODQG��S���������������>�@� )DOOHN� 0��� ´$EVRUSWLRQ� &KLOOHUV� IRU� &RJHQHUDWLRQ�$SSOLFDWLRQV´� $+5$(� 7UDQVDFWLRQV�� 1R����3DUW�%��9RO����������>�@� .DXGLQ\D� -�9��� .DXVKLN� 6�&��� .DXGLQ\D� 5��� �7KH�IHDVLELOLW\� RI� DLU�FRQGLWLRQLQJ� E\� H[KDXVW� JDV���,QWHUQDWLRQDO� -RXUQDO� RI $PELHQW� (QHUJ\�� 9RO���� 1R���������>�@� 9LQFHQW�0HL�� &KDWXUYHGL� 6�.��� DQG� =DOPHQ� /DYDQ�%��� �$� WUXFN� H[KDXVW� JDV� RSHUDWHG� DEVRUSWLRQ�

UHIULJHUDWLRQ� V\VWHP��� $6+5($� 7UDQV��� 3DUW� %�� 3DSHU�1R��������SS�������������>�@� +HUROG�.�(��DQG�5DGHUPDFKHU�5���³$EVRUSWLRQ�+HDW�3XPSV´��0HFKDQLFDO�(QJLQHHULQJ��SS�������������>�@� %DXJKQ� -�:���%DJKHUL�1��� ´7KH�(IIHFW� RI�7KHUPDO�0DWFKLQJ� RQ� WKH� 7KHUPRG\QDPLF� 3HUIRUPDQFH� RI� *DV�7XUELQH� DQG� ,&� (QJLQH� &RJHQHUDWLRQ� 6\VWHPV´�7UDQVDFWLRQV� RI� WKH�$60(�� -RXUQDO� RI� (QJLQHHULQJ� IRU�*DV�7XUELQHV�DQG�3RZHU��9RO�����������>�@� &KDUOWRQ�� 6�-��� �6LPXODWLRQ� SURJUDP� IRU� LQWHUQDO�FRPEXVWLRQ� HQJLQH��� 8VHU�0DQXDO�� 8QLYHUVLW\� RI� %DWK�������>�@� +XIIRUG� 3�(��� ´$EVRUSWLRQ� &KLOOHU� ,PSURYH�&RJHQHUDWLRQ�(QHUJ\�(IILFLHQF\´��$6+5$(�-RXUQDO��SS�������������
127$7,21

SF 6SHFLILF�KHDW�DW�FRQVWDQW�SUHVVXUH& &RPSUHVVRU&&3 &RPELQHG�FRROLQJ�DQG�SRZHU&+3 &RPELQHG�KHDW�DQG�SRZHU&23 &RHIILFLHQW�RI�SHUIRUPDQFH6)& 6SHFLILF�IXHO�FRQVXPSWLRQ63,&( 6LPXODWLRQ�3URJUDPPH�IRU�,QWHUQDO�&RPEXVWLRQ�(QJLQHV(+; ([KDXVW�KHDW�H[FKDQJHU+( +HDW�H[FKDQJHUP 0DVV�IORZ�UDWH>NJ�V@4 +HDW�TXDQWLW\�>N:@7 7XUELQH��7HPSHUDWXUH�>.@
+(K +HDW�H[FKDQJHU�HIIHFWLYHQHVV

6XEVFULSWV��� 6WDWLRQV�LQ�DEVRUSWLRQ�'LHVHO�F\FOHDPE $PELHQWH[ ([KDXVWLQ ,QOHWRXW 2XWOHW
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7DEOH�����3HUIRUPDQFH�RI�WKH�GLIIHUHQW�FRQILJXUDWLRQV�DW�DQ�DPELHQW�WHPSHUDWXUH���R&�
(QJLQH�FRQILJXUDWLRQ 1R�FKDUJH�DLU�FRROLQJ :LWK�SUH�FRROHU�RQO\ :LWK�LQWHU�FRROHU :LWK�SUH�DQG�LQWHU�FRROHU(QJLQH�VSHHG�>530@ ���� ���� ���� ����,QOHW�PDQLIROG�WHPS��>.@ ��� ��� ��� ���3RZHU�>N:@ ����� ����� ��� �����([KDXVW�WHPS��>.@ ���� ��� ��� ���%6)&�>JP�N:�KU@ ����� ����� ����� �����$LU�HQWHULQJ�V\VWHP�>NJ�V@ ������� ������� ������� ������$LU�OHDYLQJ�V\VWHP>NJ�V@ ������ ����� ����� �����%UDNH�WKHUPDO�HIILFLHQF\�>�@ ����� ����� ����� ����(QHUJ\�WR�H[KDXVW�>�@ ����� ����� ����� �����(QHUJ\�WR�FRRODQW�>�@ ����� ����� ����� �����

7DEOH�����3HUIRUPDQFH�RI�WKH�FRPELQHG�F\FOH
(QJLQH�FRQILJXUDWLRQ 1R�FKDUJH�DLU�FRROLQJ :LWK�SUH�FRROHU�RQO\ :LWK�LQWHU�FRROHU :LWK�SUH�DQG�LQWHU�FRROHU(QJLQH�VSHHG�>530@ ���� ���� ���� ����7KHUPDO�SRZHU�LQ�H[KDXVW�JDVHV�>N:@ ����� ����� ����� �����&RROLQJ�FDSDFLW\�RI�DEVRUSWLRQ�XQLW�>N:@ ����� ������� ���� ������&RROLQJ FDSDFLW\�RI�FKDUJH�DLU�FRROLQJ�>N:@ ��� ���� ���� �����&RROLQJ�FDSDFLW\�RI�DLU�FRQGLWLRQLQJ�>N:@ ����� ����� ����� �����2YHUDOO�F\FOH�HIILFLHQF\�>�@ ����� ����� ����� �����
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