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$%675$&7��7KH� FRQGLWLRQV� IRU� FR�DQG� WUL�JHQHUDWLRQ� WR� UHGXFH� &2� HPLVVLRQV� DUH� GLVFXVVHG� DV� ZHOO� WKH� JOREDO�LPSDFW�RI�WKHVH�WHFKQLTXHV�LI�WKH\�ZHUH�H[WHQVLYHO\�XVHG��&2� HPLVVLRQV�VDYLQJ�ZLOO�GHSHQG�RQ�WKH�&2� HPLVVLRQV�RI�WKH�HOHFWULFLW\�IURP�WKH�QHWZRUN��6DYLQJ�DV�KLJK�DV�����FDQ�EH�IRUHVHHQ��0RUHRYHU��LI�ELRIXHOV�DUH�WR�EH�XVHG��VDYLQJ�ZLOO�EH�PXFK�PRUH�LPSRUWDQW�
5(680(� /HV�FRQGLWLRQV�SRXU�TXH�OD�FR�HW�WUL�JpQpUDWLRQ�UpGXLVHQW�OHV�pPLVVLRQV�GH�&2� DLQVL�TXH�O¶LPSDFW�SODQpWDLUH�GH� FHV� WHFKQLTXHV� VRQW� GLVFXWpV�� /HV� pFRQRPLHV� G¶pPLVVLRQV� GH�&2� GpSHQGHQW� GHV� pPLVVLRQV� GH�&2� DVVRFLpHV� j� OD�SURGXFWLRQ� G¶pOHFWULFLWp� GX� UpVHDX�� 'HV� pFRQRPLHV� SRXYDQW� DWWHLQGUH� ���� VRQW� HQYLVDJHDEOHV�� 'H� SOXV�� VL� GHV�ELRFDUEXUDQWV�VRQW�XWLOLVpV��OHV�pFRQRPLHV�VHUDLHQW�HQFRUH�EHDXFRXS�SOXV�LPSRUWDQWHV
$V� ORQJ�DV�JOREDO�ZDUPLQJ� LV�D�ELJ�FRQFHUQ��&RPELQHG�+HDW� &RROLQJ� DQG� 3RZHU� XQLWV� ZKLFK� \LHOG� ILUVW� ODZ�HIILFLHQFLHV� PXFK� KLJKHU� WKDQ� FRQYHQWLRQDO� SRZHU�VWDWLRQV� ORRN� DWWUDFWLYH�� +RZHYHU�� LW� LV� LPSRUWDQW� WR�NQRZ� KRZ� HIIHFWLYH� WKRVH� V\VWHPV� DUH�� 7ZR� TXHVWLRQV�DUH�UDLVHG��� ZKDW� DUH� WKH� FRQGLWLRQV� IRU� FRJHQHUDWLRQ� DQG�WULJHQHUDWLRQ�WR�UHGXFH�&2� HPLVVLRQV"� ,I� VXFK� WHFKQLTXHV�ZHUH� H[WHQVLYHO\� XVHG�� KRZ�PDQ\� &2� HPLVVLRQV� FRXOG� EH� VDYHG� DQG� WKH�HIIHFW�ZRXOG�LW�EH�VLJQLILFDQW"7KRVH�DUH�WKH�WZR�TXHVWLRQV�DGGUHVVHG�LQ�WKLV�SDSHU�
7KH�LGHD�IRU�WKH�XVH�RI�FRPELQHG�KHDW�DQG�SRZHU�LV�YHU\�VLPSOH �� LW� FRPHV� IURP� WKH� YHULILFDWLRQ� WKDW� LQ� D�FRQYHQWLRQDO� SRZHU� VWDWLRQ� D� ODUJH� DPRXQW� RI� KHDW� LV�UHMHFWHG� �WKH� DPRXQW� RI� HOHFWULFLW\� SURGXFHG� DQG� KHDW�UHMHFWHG� DUH� JHQHUDOO\� FORVH��� 0RUHRYHU� KHDW� DQG�HOHFWULFLW\� FRQVXPSWLRQ� DUH� DOVR� RI� WKH� VDPH� RUGHU� RI�PDJQLWXGH�� WKH\� UHSUHVHQW�� DW� D� QDWLRQDO� OHYHO�� HDFK�DERXW�����RI�WKH�FRQVXPHG�HQHUJ\�)URP�WKRVH�WZR�YHULILFDWLRQV��RQH�FRXOG�UHDVRQDEO\�H[SHFW�WKDW�WKH�HQHUJ\�SURGXFWLRQ�VKRXOG�EH�RUJDQL]HG�LQ�VXFK�D�ZD\�VR�DV�WR�VDWLVI\�WKH�QHHGV�IRU�HOHFWULFLW\�DQG�KHDW�IURP�WKH�VDPH�HQHUJ\�SURGXFWLRQ�V\VWHP��+RZHYHU�� WKLV� LV� QRW� WKH� FDVH� VLQFH�� RQ� RQH� KDQG��HOHFWULFLW\� LV� JHQHUDOO\� SURGXFHG� LQ� KLJKO\� FHQWUDOL]HG�SRZHU�VWDWLRQV�DQG�GLVWULEXWHG�WKURXJK�QHWZRUNV��2Q�WKH�RWKHU� KDQG�� KHDW� LV� JHQHUDOO\� SURGXFHG� DW� WKH� HQG� XVHU�ORFDWLRQ�ZKHQ�WKH�IXHO�LV�GLVWULEXWHG�WKURXJK�D�QHWZRUN��7KH� FRQFHSW� RI� FRJHQHUDWLRQ� LV� ZHOO� NQRZQ� LQ� WKLV�FRQIHUHQFH� EXW� OHW� PH� LQVLVW� RQ� RQH� VSHFLILF� SRLQW�� ,Q�JHQHUDO��LQ�FRJHQHUDWLRQ�SODQWV��WKH�XQLW�VL]H�PDWFKHV�WKH�KHDW� GHPDQG� UDWKHU� WKDQ� WKH� HOHFWULFLW\� GHPDQG�� 7KDW�PHDQV� WKDW� HOHFWULFLW\� LV�� DV� D� PDWWHU� RI� IDFW�� D� E\�SURGXFW� RI� KHDW�� ,W� LV� QRW� SRVVLEOH� WR� RUJDQL]H� DOO� WKH�HQHUJ\� SURGXFWLRQ� VR� WKDW� DOO� WKH� HOHFWULFLW\� DQG� DOO� WKH�KHDW� DUH� SURGXFHG� IURP� WKH� VDPH� XQLWV�� 7KH� UHDVRQV�EHLQJ� WKDW� WKH� SHDNV� GR� QRW� FRLQFLGH�� 7KHUH� ZLOO��SUREDEO\�� DOZD\V� H[LVW� SRZHU� VWDWLRQV� WR� SURGXFH� RQO\�HOHFWULFLW\�� +RZHYHU�� WKHUH� H[LVWV� D� SRVVLELOLW\� WKDW� D�ODUJH� DPRXQW� RI� KHDW� DQG� FKLOOLQJ� EH� SURGXFHG� E\�FRJHQHUDWLRQ�DQG�WULJHQHUDWLRQ��$V�DQ�LOOXVWUDWLRQ��LQ�WKLV�SDSHU��ZH�VKDOO�FRQVLGHU�RQO\�WKH�XVHV�IRU�VSDFH�KHDWLQJ�

DQG�DLU� FRQGLWLRQLQJ�ZKLFK� UHSUHVHQW� D� ODUJH�DPRXQW�RI�WKHUPDO�HQHUJ\�FRQVXPSWLRQ��7KH�TXHVWLRQV�,�ZDQW�WR�DGGUHVV�KHUH�DUH��ZKDW�ZRXOG�EH�WKH�HQYLURQPHQWDO�LPSDFW�LI�KHDW��FKLOOLQJ�DQG�HOHFWULFLW\�ZRXOG� EH� SURGXFHG�� DW D� PXFK� ODUJHU� VFDOH�� IURP�FRPELQHG� KHDW� DQG�SRZHU� XQLWV"�&DQ� FRJHQHUDWLRQ� DQG�WULJHQHUDWLRQ� EH� LPSRUWDQW� WHFKQLTXHV� IRU� DQ� HQHUJ\�VWUDWHJ\� ZKLFK� ZRXOG� SUHVHUYH� HQYLURQPHQW� DQG� DOORZ�IRU�HQHUJ\�FRQVXPSWLRQ�LQFUHDVH"���7KH�FRQGLWLRQV�IRU�FRJHQHUDWLRQ�XQLWV WR�EH�HQYLURQPHQWDOO\�IULHQGO\&RJHQHUDWLRQ� DQG� WULJHQHUDWLRQ� XQLWV� DOZD\V� \LHOG�KLJKHU�JOREDO�HIILFLHQFLHV�WKDQ�SRZHU�VWDWLRQV��+RZHYHU��WKHLU� HQYLURQPHQWDO� LPSDFW� LV� QRW� DOZD\V� EHWWHU�� LW�GHSHQGV� RQ� WKH� ORFDO� HOHFWULF� VXSSO\� HQYLURQPHQWDO�LPSDFW�� /HW� XV FRQVLGHU� ILUVW� WKH� FRQGLWLRQV� IRU�FRJHQHUDWLRQ�XQLWV�WR�EH�HQYLURQPHQWDOO\�IULHQGO\�7KH� FRJHQHUDWLRQ� XQLW� SURGXFHV� HOHFWULFDO� HQHUJ\� �:���XVHIXO�KHDW��4��RXW�IURP�SULPDU\�HQHUJ\�4S ZLWK�UDWLRV�
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7KH� HQYLURQPHQWDO� LPSDFW� ZLWK� UHVSHFW� WR� &2�HPLVVLRQV�LV�JLYHQ��
I3FRJ $4( u 

ZKHUH� (FRJ LV� WKH� &2� HPLVVLRQ� IURP� WKH� FRJHQHUDWLRQ�XQLW�FRUUHVSRQGLQJ�WR�4S DQG�$I LV�WKH�&2� HPLVVLRQ�SHU�N:K� RI� IXHO�� ,I� :� DQG� 4� ZHUH� SURGXFHG� E\�FRQYHQWLRQDO�PHDQV��:�IURP�WKH�HOHFWULF�QHWZRUN�DQG�4�IURP� D� EXUQHU�ZLWK� DQ� HIILFLHQF\�KE�� WKH�&2� HPLVVLRQ�ZRXOG�EH�
IEHOFRQY $4$:( u�u K
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ZKHUH�(FRQY LV� WKH�&2� HPLVVLRQ� IURP� WKH� FRQYHQWLRQDO�PHDQV� WR�JHW�:�DQG�4�DQG�$HO LV� WKH�&2� HPLVVLRQ�SHU�N:K�RI�HOHFWULFLW\�7KH� UDWLR� EHWZHHQ� WKH� FRQYHQWLRQDO� DQG� FRJHQHUDWLRQ�&2� HPLVVLRQV�LV�
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7KH� FRQGLWLRQ� IRU� FRJHQHUDWLRQ� WR� EH� HQYLURQPHQWDOO\�IULHQGO\�LV�5!��ZKLFK�\LHOGV�
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7KH� UDWLRV� KJ DQG� KHO GHSHQG� RQ� WKH� FRJHQHUDWLRQ�WHFKQRORJ\�� 7KH� FRQGLWLRQV� IRU� LQHTXDWLRQ� >�@� WR� EH�IXOILOOHG� GHSHQG� RQ� WKH� FRJHQHUDWLRQ� UDWLRV� DQG� RQ� WKH�QDWLRQDO�HOHFWULFLW\�SURGXFWLRQ�HQYLURQPHQWDO� LPSDFW��,Q�WKH� IROORZLQJ�� IRXU�H[DPSOHV�FRUUHVSRQGLQJ�WR�GLIIHUHQW�KHO ZLOO� EH� FRQVLGHUHG�� ZLWK� WKH� SUHVHQW� WHFKQRORJ\��WKRVH� IRXU FDVHV� FRUUHVSRQG� PRUH� RU� OHVV� WR� VWHDP�WXUELQH��6�7����JDV�WXUELQH��*�7����GLHVHO��RU�JDV��HQJLQH��*�(��� DQG� FRPELQHG� F\FOH� �&�&���� 7DEOH� ,� VKRZV� WKH�UHVXOWV�IRU�KE ����DQG� �$$ HOHO  �$HO ����DQG�$I ����NJ&2��N:K1�*����7KH�&2� VDYLQJ�GXH�WR�FRJHQHUDWLRQ�LV�HTXDO�WR����5�����,W�LV�VKRZQ�RQ�)LJXUH�,�IRU�WKUHH�YDOXHV�RI� IHO $$ DQG�IRU�WZR�YDOXHV�RI�KJ DV�D�IXQFWLRQ�RI�KHO�1RWH�WKDW�WKH�WUHQG�LV�WKDW�WKH�&2� VDYLQJ�LQFUHDVHV�ZLWK�IHO $$ ��KHO DV�ZHOO�ZLWK�KJ��)URP�LQHTXDWLRQ�>�@�DV�ZHOO�DV� IURP�)LJ�,�� RQH� FDQ� VHH� WKDW� WKHUH� H[LVWV� D�PLQLPXP�YDOXH� IRU� IHO $$ EHORZ� ZKLFK� FRJHQHUDWLRQ� LV� QRW�HQYLURQPHQWDOO\� IULHQGO\�� 7DNLQJ� KE ����� KJ ���� DQG�KHO ����\LHOGV�����$$IHO ! �
7DEOH�,��&2� HPLVVLRQV�VDYLQJ����5����GXH�WR�FRJHQHUDWLRQ�IRU� �I$HO$   
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)LJXUH� ��� &2� VDYLQJ� YHUVXV� KKHO IRU� WKH�FRJHQHUDWLRQ
,Q� D� FRXQWU\� OLNH� )UDQFH� ZKHUH� ���$$ IHO | WKLV�H[SODLQV� ZK\� FRJHQHUDWLRQ� LV� QRW� FRPSHWLWLYH� ZLWK�QXFOHDU�HOHFWULFLW\��LW�LV�RQO\�FRPSHWLWLYH�ZLWK�IRVVLO�IXHO�DX[LOLDU\�SRZHU�VWDWLRQV�6HYHUDO�FRQFOXVLRQV�FDQ�EH�GUDZQ�IURP�7DEOH�,�DQG�)LJXUH�,��� &RJHQHUDWLRQ� LV� KLJKO\� HIIHFWLYH� ZKHQ� WKH�UDWLR IHO $$ LV� KLJK�� 7KDW� FRUUHVSRQGV� WR� FRXQWULHV� LQ�ZKLFK� WKH� SRZHU� VWDWLRQV� KDYH� ORZ� HIILFLHQF\� RU� WR�DX[LOLDU\� SRZHU� VWDWLRQV� XVHG� GXULQJ� SHDN� KRXUV��,PSRUWDQW�&2� HPLVVLRQV� UHGXFWLRQ� UDQJLQJ� IURP���� WR�����DUH�SRVVLEOH�XVLQJ�ZHOO�VXLWHG�FRJHQHUDWLRQ�SODQWV��7KDW�PHDQV�DOVR� WKDW� WKH�VXEVWLWXWLRQ�RI�REVROHWH�SRZHU�VWDWLRQV��ZKLFK�ZLOO�RFFXU�LQ�WKH�QH[W�IXWXUH��E\�HIILFLHQW�FRJHQHUDWLRQ� SODQWV� FDQ� KLJKO\� FRQWULEXWH� WR� &2�HPLVVLRQV�VDYLQJ��7KLV�ZLOO�EH�DOO�WKH�PRUH�LPSRUWDQW�LQ�FRXQWULHV�ZKHUH�WKH�HOHFWULFLW\�JHQHUDWLRQ�LV�DW�KLJK�&2�HPLVVLRQ� OHYHO��%XW�� HYHQ� LQ�)UDQFH�� WKH� VXEVWLWXWLRQ�RI�REVROHWH� DX[LOLDU\� SRZHU� VWDWLRQV� E\� HIILFLHQW�FRJHQHUDWLRQ� SODQWV� FDQ� FRQWULEXWH� WR� &2� HPLVVLRQ�VDYLQJ��� $V� WKH� WUHQG� LV� WRZDUGV� KLJKHU� HIILFLHQFLHV� IRU�SRZHU� VWDWLRQV�� WKDW� PHDQV� WKDW�� LQ� D� ORQJ� WHUP��FRJHQHUDWLRQ� XQLWV� ZLOO� DOVR� KDYH� WR� LPSURYH� WKHLU�ILJXUHV�RI�PHULW�WR�UHPDLQ�FRPSHWLWLYH�� &RJHQHUDWLRQ� LV� QRW� HQYLURQPHQWDOO\� IULHQGO\�ZKHQ�HOHFWULFLW\� LV�SURGXFHG�IURP�UHQHZDEOH�RU�QXFOHDU�HQHUJ\�� ,Q�FRXQWULHV�ZKHUH�WKLV�RFFXUV��SULRULW\�PXVW�EH�JLYHQ� WR� UHQHZDEOH� DQG� QXFOHDU� HOHFWULFLW\� DQG�FRJHQHUDWLRQ� PXVW� EH� XVHG� RQO\� DV� D� VXEVWLWXWLRQ� WR�IRVVLO�IXHO�SRZHU�VWDWLRQV��� $� VSHFLILF� FDVH�ZKHQ�FRJHQHUDWLRQ� LV� WKH�PRVW�HQYLURQPHQWDOO\� IULHQGO\� LV� ZKHQ� ELRIXHOV� �ELRJDV��ZDVWHV��HWF���DUH�XVHG��,Q�WKDW�SHFXOLDU�FDVH��QRW�RQO\��WKH�XQLW�GRHV�QRW�FRQWULEXWH�WR�JOREDO�ZDUPLQJ�EXW�LW�FDQ�EH�D�&2� VLQN�
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���7KH�FRQGLWLRQV�IRU�WULJHQHUDWLRQ�XQLWV�WR�EH�HQYLURQPHQWDOO\�IULHQGO\&RJHQHUDWLRQ�LV�YHU\�ZHOO�VXLWHG�WR�VSDFH�KHDWLQJ�EXW��LQ�PRGHUDWH� FOLPDWHV�� WKH� QHHGV� IRU� VSDFH� KHDWLQJ� H[LVW�RQO\�LQ�ZLQWHU��+RZHYHU�VXPPHU�DLU�FRQGLWLRQLQJ��$�&���ZKLFK� LV� DOUHDG\� KLJKO\� GLVVHPLQDWHG LQ� GHYHORSHG�FRXQWULHV� OLNH� 86$�� -DSDQ�� ,VUDHO�� HWF�� LV� XQGHU� UDSLG�GHYHORSPHQW� LQ� ORWV� RI� FRXQWULHV� OLNH� (XURSH� DQG�HPHUJLQJ� FRXQWULHV�� 7KH� SUREOHP� LV� WKDW�� LQ� PRVW�FOLPDWHV�� WKH� HQHUJ\� FRQVXPSWLRQ� GXH� WR� DLU�FRQGLWLRQLQJ�LQ�VXPPHU�LV�PXFK�KLJKHU�WKDQ�WKDW�GXH�WR�KHDWLQJ� LQ� ZLQWHU�� 0RUHRYHU�� $&� XVHV� RIWHQ� HOHFWULF�GULYHQ�FKLOOHUV��7KH�FRQVHTXHQFH�LV�WKDW�WKLV�KLJK�HQHUJ\�FRQVXPSWLRQ�LQYROYHV�HOHFWULF�SHDN�GHPDQGV�LQ�VXPPHU�DQG� LW�PD\�XQEDODQFH� WKH�HOHFWULF�QHWZRUN�DV� LW�ZDV�WKH�FDVH� UHFHQWO\� LQ� &DOLIRUQLD�� 7KHUHIRUH�� WKHUH� DUH� WZR�UHDVRQV� LQ� IDYRU� RI� WULJHQHUDWLRQ�� WKH� ILUVW� RQH� LV� WR�UHOLHYH� WKH� HOHFWULF� QHWZRUN� ZKHQ� WKH� GHPDQG� LV� YHU\�KLJK� GXH� WR� $�&��� WKH� VHFRQG� RQH� LV� WR� UHGXFH� &2�HPLVVLRQV��/HW�XV�DQDO\]H�WKH�&2� HPLVVLRQV�EDODQFH�LQ�WKH� FDVH� RI� WULJHQHUDWLRQ�� 7KH� FDVH� VWXG\� FRQVLGHUHG� LV�RQH� ZKHQ� DQ� DEVRUSWLRQ� XQLW� �XVLQJ� D� UHIULJHUDQW� ZLWK�*:3 ��� LV� XVHG� ZLWK� D� FRJHQHUDWLRQ� XQLW�� 7KH�FRJHQHUDWLRQ�XQLW�LV�GHVLJQHG�VR�DV�WR�PDWFK�WKH�FRROLQJ�GHPDQG��)RU�VLPSOLFLW\��ZH�DVVXPH�KHUH� WKDW�QR�KHDW� LV�XVHG�7KH� WULJHQHUDWLRQ� XQLW� SURGXFHV� HOHFWULFDO� HQHUJ\� �:���KHDW� �4�� XVHG� IRU� FRROLQJ� �&�� RXW� IURP�SULPDU\�HQHUJ\�4S ZLWK�UDWLRV�
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ZKHUH� FJJ DQG KK DUH� WKH� JOREDO� HIILFLHQFLHV�FRQVLGHULQJ�UHVSHFWLYHO\�WKH�XVHIXO KHDW�4�RU�WKH�FKLOOLQJ�HIIHFW�&�DQG�&23DEV LV�WKH�DEVRUSWLRQ�FKLOOHU�&23�7KH�RQO\�HPLVVLRQV� IRU� WKH�WULJHQHUDWLRQ�FRPH�IURP�WKH�IXHO� VR� WKDW� WKH� HQYLURQPHQWDO� LPSDFW� ZLWK� UHVSHFW� WR�&2� HPLVVLRQV�LV�VWLOO�JLYHQ�E\�
I3WULJ $4( u 

,I�:� DQG &�ZHUH� SURGXFHG� E\� FRQYHQWLRQDO�PHDQV��:�IURP� WKH� HOHFWULF� QHWZRUN� DQG� &� IURP� D� YDSRU�FRPSUHVVLRQ� FKLOOHU� ILUHG� ZLWK� HOHFWULFLW\� ZLWK� D� &23�HTXDO� WR� &23FRPS�� WKH� LQGLUHFW� &2� HPLVVLRQ� GXH� WR�HQHUJ\�FRQVXPSWLRQ�RQO\�ZRXOG�EH�

HOFRPSHOLQGFRQY $&23&$:( u�u 
ZKHUH� LQGFRQY( LV� WKH� &2� HPLVVLRQ�� GXH� RQO\� WR� HQHUJ\�FRQVXPSWLRQ�� IURP� WKH� FRQYHQWLRQDO� PHDQV� WR� JHW� :�DQG� &� DQG� FRPSFRPS :&&23  LV� WKH� &23� RI� WKH�
HOHFWULF�FKLOOHU�$W� WKLV� LQGLUHFW�&2� HPLVVLRQ�� LW�ZRXOG�EH�QHFHVVDU\� WRDGG�WKH�GLUHFW�HPLVVLRQ�GXH�WR�WKH�UHIULJHUDQW�OHDNDJH�

*:30(GLUFRQY uu W
ZKHUH�0� LV� WKH� UHIULJHUDQW�PDVV� LQ� WKH� FKLOOHU�� W LV� WKH�OHDNDJH� UDWH� DQG� *:3� LV� WKH� UHIULJHUDQW� *OREDO�:DUPLQJ� 3RWHQWLDO�� 7KH� *:3� LV� KLJK� �DERXW� ����NJ�&2� SHU� NJ� RI� UHIULJHUDQW�� DQG� WKH� OHDNDJH� UDWH� FDQ�EH�KLJK� ����� RU� PRUH�� VR� WKDW� WKLV� FRQWULEXWLRQ� PD\�HYHQWXDOO\�EH� LPSRUWDQW��+RZHYHU�� WKH�WUHQG�LQ�WKH�QHZ�FRPSDFW�FKLOOHUV�LV�WR�UHGXFH�GUDVWLFDOO\�WKH�OHDNDJH�UDWH��OHVV�WKDQ�����VR�WKDW�WKH�GLUHFW�FRQWULEXWLRQ�LV�VPDOO�
7KH� UDWLR� EHWZHHQ� WKH� LQGLUHFW� FRQYHQWLRQDO� DQG�WULJHQHUDWLRQ�&2� HPLVVLRQV�LV�
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)RU�WKH�WRWDO�HPLVVLRQV�LQFOXGLQJ�GLUHFW�HPLVVLRQV�GXH�WR�UHIULJHUDQW�OHDNDJH��ZH�JHW�� �> @ GLU&I
HOHOJHO& 5$$5 ��� KKEK

7KH� FRQGLWLRQ� IRU� WULJHQHUDWLRQ� WR� EH� HQYLURQPHQWDOO\�IULHQGO\� LV� 5&!�� DQG� WKLV� FRQGLWLRQ� ZLOO� EH�V\VWHPDWLFDOO\�VDWLVILHG�LI� �!LQG&5 ZKLFK�\LHOGV�� �> @
� � @�>�

@�>�
HOJHOI

HO
I
HOHOJHOLQG&

$$
$$5

KKEK
KKEK
�u�!�

!�u� 

mailto:meunierf@cnam.fr
mailto:meunierf@cnam.fr


.H\QRWH� +3&
Þ�

)��0HXQLHU��PHXQLHUI#FQDP�IU ���

7DEOH� ,,� VKRZV� WKH� UHVXOWV� IRU� � IHO $$ DQG� E �����&23DEV ����DQG�&23FRPS ���7DEOH� ,,�� &2� HPLVVLRQV� VDYLQJ� ���5���� GXH�WR�WULJHQHUDWLRQKHO KJ 5& ��5&��&DVH��6�7� ���� ���� ���� ���&DVH��*�7� ��� ��� ���� ���&DVH��*�(� ��� ���� ���� ���&DVH��&�&� ��� ��� ���� ���
)LJXUH� �� GLVSOD\V� WKH� UHVXOWV� RI� WKH�&2� VDYLQJ� IRU WKH�VDPH�YDOXHV�RI� IHO $$ DQG�KJ DV�LQ�)LJXUH�,�7KH�UHVXOWV�DQG�WKH�FRQFOXVLRQV�ZKLFK�FDQ�EH�GUDZQ�DUH�YHU\� VLPLODU� IRU� WULJHQHUDWLRQ� DQG� FRJHQHUDWLRQ��7ULJHQHUDWLRQ� FDQ� EH� IDYRUDEO\� XVHG� WR� UHOLHI� WKH�HOHFWULFDO� QHWZRUN�� LW� ZLOO� KLJKO\� GHFUHDVH� WKH� &2�HPLVVLRQV� LI� DQ� DSSURSULDWH� FRJHQHUDWLRQ� XQLW� LV� XVHG��7KH� &2� DEDWHPHQW� FRXOG� VWLOO� EH� KLJKHU� LI� D� KLJKHU�FRROLQJ� &23� �&23 ����� ZDV� DFKLHYHG� ZLWK� D� WULSOH�HIIHFW�DEVRUSWLRQ�XQLW�
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)LJXUH� ��� &2� VDYLQJ� YHUVXV� KKHO IRU� WKH�WULJHQHUDWLRQ�
7ZR�SURPLVLQJ�FDVHV�WR�EH�GHYHORSHG2WKHU� LQWHUHVWLQJ� SURGXFWV� ZRXOG� GHVHUYH� WR� EH�GHYHORSHG�� 7KH� ILUVW� RQH� LV� D� UHYHUVLEOH� VRUSWLRQ� KHDW�SXPS�DQG�WKH�VHFRQG�RQH�LV�D�WRWDO�HQHUJ\�V\VWHP�

��� 5HYHUVLEOH�+HDW�3XPS,Q�ZLQWHU�� WKH�KHDW� IURP� WKH�FRJHQHUDWLRQ XQLW� FRXOG�EH�XVHG� WR� ILUH� D� VRUSWLRQ� KHDW� SXPS� LI� VXFK� D� SURGXFW�VKRXOG� H[LVW�� $W� WKH� PRPHQW� WKH� PDUNHWHG� VR�FDOOHG�

DEVRUSWLRQ� KHDW� SXPS� DUH� QRW� DFWXDOO\� KHDW� SXPSV� LQ�ZLQWHU� VLQFH� WKH\� MXVW� XVH� WKH�EXUQHU�RI� WKH�KHDW�SXPS��$Q� DFWXDO� KHDW� SXPS� ZRXOG� GHOLYHU� PRUH� XVHIXO� KHDW�WKDQ� WKH�KHDW�GHOLYHUHG�E\� WKH�FRJHQHUDWLRQ��/HW�XV�FDOO�&2$� WKH� FRHIILFLHQW� RI� DPSOLILFDWLRQ� RI� WKH� KDW� SXPS��44&2$ XV ZKHUH�4XV LV�WKH�XVHIXO�KHDW�DQG�4�LV�WKH�KHDW� GHOLYHUHG�E\� WKH� FRJHQHUDWLRQ��7KHQ� WKH� UDWLR�5� LV�QRZ�JLYHQ�E\�
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&RQVLGHULQJ� WKH� VDPH� FDVHV� DV� DERYH� IRU� � IHO $$ ��KE ���� DQG� &2$ ����� WKH� UDWLR� 5+�3� DQG� WKH� &2�HPLVVLRQV�VDYLQJ�DUH�QRZ��7DEOH�,,,�DQG�)LJXUH�,,,��7DEOH�,,,��&2� HPLVVLRQV�VDYLQJ����5����GXH�WR�D�KHDW�SXPS 5+�3� ��5+�3���&DVH��6�7� ���� ���&DVH��*�7� ���� ���&DVH��*�(� ���� ���&DVH��&�&� � ���
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����7RWDO�(QHUJ\�6\VWHP:LWK� DQ� DGVRUSWLRQ� KHDW� SXPS�� LW� LV� SRVVLEOH� WR� JHW� D�KLJK�WHPSHUDWXUH�OLIW�����&�RU�HYHQ�PRUH��DW�WKH�FRVW�RI�WKH� &23� ZKLFK� LV� OHVV� WKDQ� ZLWK� DQ� DEVRUSWLRQ� KHDW�SXPS�� KRZHYHU�� GRLQJ� VR�� LW� LV� SRVVLEOH� WR� XVH� DW� WKH�VDPH�WLPH�WKH�FRROLQJ�DQG�WKH�KHDWLQJ�HIIHFW�RI�WKH�KHDW�SXPS�� 7KH� HIILFLHQF\� LV� LQFUHDVHG� VLQFH� QR� KHDW� LV�UHMHFWHG� H[FHSW� WKH� KHDW� ORVVHV�� ,QWURGXFLQJ� WKH�IROORZLQJ�UDWLRV�

°°°¯
°°°®
­

  
u�u�
 �� 

44&2$DQG4&&23 4 &234&2$4: 4 &4:

XVDEV
3

DEV
3
XVWRWJK

2QH� KDV� WR� EH� FDUHIXO� WKDW� WKH� UDWLR� WRWJK LV� QRW� DQ�HIILFLHQF\� VLQFH� LW� FDQ� EH� HYHQWXDOO\� KLJKHU� WKDQ� ���:LWKRXW�KHDW� ORVVHV��ZH�VKRXOG�JHW�&2$ ��&23DEV EXW�ZH�VKDOO�DVVXPH�VRPH�KHDW�ORVVHV�H[LVW�
)ROORZLQJ�WKH�VDPH�DSSURDFK�GHVFULEHG�DERYH��WKH�UDWLR�5�� ZLWK� UHVSHFW� WR� WKH� LQGLUHFW� HPLVVLRQ� GXH� WR� HQHUJ\�FRQVXPSWLRQ�RI�WKH�UHIHUHQFH�VROXWLRQ��EHFRPHV�� � »»¼º««¬ª u���u I
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8QIRUWXQDWHO\� LQ� WKDW�FDVH� WKH�&23�RI� WKH�VRUSWLRQ�XQLW�ZLOO�EH�ORZHU�WKDQ�WKH�SUHYLRXV�&23�RI�WKH�GRXEOH�HIIHFW�/L%U�ZDWHU� V\VWHP� VLQFH� WKLV� V\VWHP� FDQQRW� RSHUDWH� LQ�WKRVH� FRQGLWLRQV�� :H� VKDOO� DVVXPH� &23 ���� DQG�&2$ ����ZKLFK�FRUUHVSRQGV� WR� WKH�SUHVHQW�VWDWH�RI� WKH�DUW�RI�DQG�DGVRUSWLRQ�KHDW�SXPS��]HROLWH�ZDWHU���&RQVLGHULQJ� WKH� VDPH� FDVHV� DV� DERYH� IRU� � IHO $$ ��KE ����� &23 ���� DQG� &2$ ����� WKH� UDWLR� 5WRW DQG� WKH�&2� HPLVVLRQV� VDYLQJ� DUH� QRZ� �7DEOH� ,9� DQG� )LJXUH�,9��
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)LJXUH����&2� VDYLQJ�YHUVXV�KKHO IRU�WKH�WRWDO�HQHUJ\�V\VWHP�����*OREDO�LPSDFW
&RQVLGHU� D� FRXQWU\� ZKHUH� WKH� &2� HPLVVLRQV� GXH� WR�HOHFWULFLW\� SURGXFWLRQ� DUH� KLJK� � � IHO $$ �� DQG�DVVXPH� WKDW� ���� RI� WKH� HQHUJ\� FRQVXPSWLRQ� LV� IRU�KHDWLQJ� RU� FRROLQJ� IRU�$�&�� ����� IRU� HOHFWULFLW\� DQG� WKH�ODVW� WKLUG� EHLQJ� WUDQVSRUWDWLRQ� DQG� PLVFHOODQHRXV���$VVXPH� WKDW� KDOI� RI� KHDWLQJ� DQG�$&� EH� SURYLGHG� ZLWK�FR� RU� WUL�JHQHUDWLRQ�� $VVXPH� WKDW� WKH FRJHQHUDWLRQ�UDWLRV� DUH�� KE ����� KJ ���� DQG� KHO ����� WKHQ� ZH� JHW�5 ����� DQG� WKH� VDYLQJ� ���5��� ����� 7KH� FRJHQHUDWLRQ�SURGXFHV�KDOI�RI� WKH�KHDW�EXW�DOVR�KDOI�RI� WKH�HOHFWULFLW\�LQ� WKH� FRXQWU\� ZKLFK� FRUUHVSRQGV� WR� RQH� WKLUG� RI� WKH�WRWDO�HQHUJ\�FRQVXPSWLRQ��$V�WKH�&2� VDYLQJ�LV�HTXDO WR������ WKDW� PHDQV� WKDW� WKH� WRWDO� &2� VDYLQJ� LQ� WKLV�VSHFLILF� FDVH� VKRXOG� UHDFK� ����� 2WKHU� FRQVLGHUDWLRQV�VKRZ� WKDW� WKH� &2� HPLVVLRQ� VDYLQJ� IRU� D� ODUJH� VFDOH�FRJHQHUDWLRQ�XVH� UDQJHV� IURP���� WR�����GHSHQGLQJ�RQ�WKH� FRQGLWLRQV� ZKLFK� LV� LPSRUWDQW� DV� FRPSDUHG WR� WKH�.\RWR�SURWRFRO�UHVWULFWLRQV��1RZ��LI�WKH�IXHO�XVHG�ZRXOG�EH�ELRIXHO��WKH�&2� VDYLQJ�ZRXOG�EH�����(YHQ� LQ� D� FRXQWU\� OLNH� )UDQFH� ZKHUH� RQO\� ���� RI� WKH�HOHFWULFLW\� FRPHV� IURP� FRQYHQWLRQDO� WKHUPDO� SRZHU�VWDWLRQV��LI�KDOI�RI�WKLV�HOHFWULFLW\��SURGXFHG�GXULQJ�SHDN�KRXUV�� LV� SURYLGHG� E\� FRJHQHUDWLRQ�� WKH� &2� HPLVVLRQ�VDYLQJ� ZLOO� UHDFK� ��� ZKLFK� LV� QRW� DW� DOO� QHJOLJLEOH� DV�FRPSDUHG�WR�WKH�.\RWR�SURWRFRO�UHVWULFWLRQV��
���&RQFOXVLRQV&RPELQHG�+HDW��&RROLQJ�DQG�3RZHU�XQLWV�FDQ�LQWURGXFH�LPSRUWDQW� &2� HPLVVLRQV� VDYLQJ� SURYLGHG� WKH\� DUH�MXGLFLRXVO\� XVHG�� &RJHQHUDWLRQ� DQG� WULJHQHUDWLRQ��SRZHUHG� ZLWK� IRVVLO� IXHO�� PXVW� EH� XVHG� RQO\� ZKHQ� WKH�HOHFWULFLW\� SURGXFWLRQ� IURP� WKH� QHWZRUN� LV� DW� KLJK�&2�HPLVVLRQV�OHYHO��HLWKHU�LQ�FRXQWULHV�ZKHUH�WKH�HOHFWULFLW\�SURGXFWLRQ� IURP� WKH� QHWZRUN� LV� DW� KLJK�&2� HPLVVLRQV�
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OHYHO�RU�RQ�UHOLHI�RI�FRQYHQWLRQDO�WKHUPDO�SRZHU�VWDWLRQV�LQ�WKH�RWKHU�FRXQWULHV���7KH�&2� HPLVVLRQ�VDYLQJ�ZLOO�EH�DOO�WKH�PRUH�LPSRUWDQW�LI�WKH�FRJHQHUDWLRQ�UDWLRV��JOREDO�DQG� HOHFWULF� HIILFLHQFLHV�� DUH� KLJK��7KH�&2� VDYLQJ�FDQ�RYHUSDVV� ����� 7KH� LPSDFW� ZLWK� UHVSHFW� WR� JOREDO�HQYLURQPHQW� PD\� EH� LPSRUWDQW� LI� WKHVH� WHFKQLTXHV� DUH�KLJKO\� GLVVHPLQDWHG�� &2� HPLVVLRQ� VDYLQJ� PD\� UHDFK���� IRU� D� FRXQWU\� OLNH� )UDQFH� ZKHUH� WKH� HOHFWULFLW\�

SURGXFWLRQ� IURP� WKH� QHWZRUN� LV� DW� YHU\ ORZ� &2�HPLVVLRQV� OHYHO� EXW� LW� PD\� RYHUSDVV� ���� LQ� D� FRXQWU\�ZKHUH� WKH� HOHFWULFLW\� SURGXFWLRQ� IURP� WKH� QHWZRUN� LV� DW�YHU\� KLJK� &2� HPLVVLRQV� OHYHO�� ,I� ELRIXHOV� DUH� WR� EH�XVHG�� WKH� EHQHILW� LV�PXFK�PRUH� LPSRUWDQW� �LW� FDQ� UHDFK������� 7KHVH� WHFKQLTXHV� DUH� IRU VXUH� DWWUDFWLYH�WHFKQLTXHV�WR�PDVWHU�JOREDO�ZDUPLQJ��
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