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�� ,QWURGXFWLRQ

7KH� LQFUHDVH� LQ� JOREDO� SRSXODWLRQ� ZLWK� WKH� ULVH LQ� LQGXVWULDO� DQG� KRXVHKROG� HQHUJ\�

FRQVXPSWLRQ�KDV�OHG�WR�LQFUHDVHG�GHPDQG�IRU IXHOV��$�FDVH�VWXG\�UHYHDOV� WKDW�ZRUOG�HQHUJ\�

FRQVXPSWLRQ�PD\�LQFUHDVH�E\�����IURP������WR������ZKLFK�PD\�OHDG�WR�D�KXJH LPSDFW�RQ�

WKH� SULFH� RI� QRQ�UHQHZDEOH HQHUJ\� UHVRXUFHV� ZLWK� WKH� DGYHQW� RI� WKHLU� VKRUWDJH� �/L� HW� DO���

�������6WXGLHV�VXJJHVW� WKDW� WKH�H[WUDFWLRQ�RI� IRVVLO� IXHOV�DOVR�DIIHFWV� WKH�ELRGLYHUVLW\�RI�RXU�

SODQHW��+DUIRRW HW�DO����������7KXV��DOWHUQDWLYH�VRXUFHV�RI�HQHUJ\�ZHUH�KDUQHVVHG�WR�PHHW�WKH�

KXJH�GHPDQG��

��� %LRHWKDQRO

%LRHWKDQRO�LV�RQH�VXFK�DOWHUQDWLYH�VRXUFH�RI�JDVROLQH��ZKLFK�KDV�JDLQHG�LQFUHDVHG�DWWHQWLRQ�LQ�

WKH� ODVW IHZ� GHFDGHV�� 7KH� SURGXFWLRQ� RI� ELRHWKDQRO� IURP� ELRORJLFDO� VRXUFHV� LV� H[SHFWHG� WR�

LQFUHDVH�IURP����ELOOLRQ� OLWUHV WR�PRUH� WKDQ�����ELOOLRQ� OLWUHV LQ�������6DwGDQH�%FKLU�HW�DO���

�������$FFRUGLQJ�WR�:RUOG�(QHUJ\�&RXQFLO���ELRHWKDQRO�LV�GHILQHG�DV�³$Q�DOFRKRO��PDGH�E\�

IHUPHQWLQJ� DQ\�ELRPDVV�ZLWK� D� KLJK� FRQWHQW� RI� FDUERK\GUDWHV� WKURXJK� D� SURFHVV� VLPLODU� WR�

EHHU� EUHZLQJ´� �*DGRQQHL[� HW� DO��� ������� %LRHWKDQRO� LV� ZLGHO\� XVHG� DV� JOREDO� WUDQVSRUW�

ELRIXHO��&XUUHQWO\��ELRHWKDQRO�LV�EOHQGHG�ZLWK�HWKDQRO�LQ�GLIIHUHQW�UDWLRV�VXFK�DV�(���PHDQV�

����RI�ELRHWKDQRO�LV�EOHQGHG�ZLWK�����SHWURO��7KH�XVH�RI�(���ZLOO�QHHG�PRGLILFDWLRQV�LQ�WKH�

YHKLFOH�HQJLQH��(WKDQRO�VHUYHV�DV�DQ�DOWHUQDWLYH RI�OHDG�DQG�DFWV�DV�KLJK�RFWDQH�IXHO��(WKDQRO�

KDV�DOVR�EHHQ�VXJJHVWHG�WR�DFW�DV�IXHO�IRU�ELRIXHO�FHOOV�DQG�GLUHFW�HWKDQRO IXHO�FHOOV�
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%LRHWKDQRO�LV�SURGXFHG�IURP�K\GURO\VLV�RI�GLIIHUHQW�ELRPDVV FRQWDLQLQJ�D�KLJK FRQFHQWUDWLRQ�

RI� VWDUFK DQG� VXJDUV E\� \HDVW� DQG� EDFWHULD�� 7KH� RYHUDOO� SURGXFWLRQ� RI� ELRHWKDQRO� FDQ� EH�

GLYLGHG�LQWR�WKUHH�PDMRU�VWHSV

�� 3UHSDUDWLRQ�RI�VXEVWUDWH�FRQWDLQLQJ�IHUPHQWDEOH�VXJDUV

�� )HUPHQWDWLRQ�RI�VXJDUV�LQWR�HWKDQRO

�� 3XULILFDWLRQ�RI�ELRHWKDQRO�XVLQJ�GLVWLOODWLRQ��UHFWLILFDWLRQ�DQG�GHK\GUDWLRQ�

%DVHG� RQ� WKH� ELRPDWHULDO� XVHG�� ELRHWKDQRO� SURGXFWLRQ� KDV� EHHQ� FODVVLILHG� LQWR� WKUHH�

JHQHUDWLRQV��:LWK� WKH�DGYDQFHPHQW�RI� UHVHDUFK�RQ�ELRHWKDQRO�SURGXFWLRQ�� WKH�HPSKDVLV KDV�

EHHQ�ODLG�RQ�WKH�LGHQWLILFDWLRQ RI�VXEVWUDWH�ZKLFK�LV QRW�FRQVXPHG�DV�D�IRRG PDWHULDO��)LJXUH�

����VKRZV�WKH�EULHI�SDWKZD\�RI�HWKDQRO�SURGXFWLRQ IURP�JOXFRVH�ZKHUH�RQH�PRO�RI�JOXFRVH�

JLYHV�WZR�PRO�RI�HWKDQRO�DQG�WZR�PRO�RI�FDUERQ�GLR[LGH WKURXJK�JO\FRO\VLV�

)LJ������ 6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�HWKDQRO IHUPHQWDWLRQ�SDWKZD\

��� &ODVVLILFDWLRQ�RI�ELRHWKDQRO

%DVHG�RQ� WKH�VXEVWUDWH�XWLOL]HG�IRU�ELRHWKDQRO�SURGXFWLRQ��VHYHUDO�JHQHUDWLRQV�RI�ELRHWKDQRO�

KDYH�EHHQ�ZLWQHVVHG�LQFOXGLQJ�WKH�IROORZLQJ�
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����� )LUVW�JHQHUDWLRQ�ELRHWKDQRO

,W LQFOXGHV�WKH�SURGXFWLRQ RI�ELRHWKDQRO�XVLQJ�IRRG�FURSV�VXFK�DV�EDUOH\��VXJDUFDQH�RU�FRUQ��

7KH�XVH�RI�IRRG�VXEVWUDWH IRU�ELRHWKDQRO�SURGXFWLRQ QRW�RQO\�KDV�D�KXJH LPSDFW����������RQ�

WKH�FRVW�RI�SURGXFWLRQ EXW�DOVR�LV�D�WKUHDW�WR IRRG�VXSSO\�HVSHFLDOO\�LQ�D�GHYHORSLQJ�FRXQWU\�

OLNH�,QGLD��7KXV�D�EHWWHU�RSWLRQ�ZDV�SURSRVHG�ZKLFK�OHG�WR�WKH�VHFRQG�JHQHUDWLRQ�ELRHWKDQRO�

SURGXFWLRQ�SURFHVV�

����� 6HFRQG�JHQHUDWLRQ�ELRHWKDQRO

6HFRQG�JHQHUDWLRQ�ELRHWKDQRO�ZDV�SURGXFHG�XVLQJ�OLQJR�FHOOXORVLF�ZDVWH��7KHVH�ZDVWH�VROYHG�

WKH� SUREOHP� RI� IRRG� VFDUFLW\�� $W� WKH� VDPH� WLPH� WKH� SURGXFWLRQ� SURFHVV� ZDV� PRUH�

FXPEHUVRPH�DV�FRPSDUHG�WR�WKH�ILUVW�JHQHUDWLRQ�ELRHWKDQRO�DV�WKH�SODQW�FHOO�ZDOO�LV�FRPSRVHG�

RI�FRPSOH[�PDFURPROHFXOHV��$V�D� UHVXOW� WKH�FRVW�RI�ELRHWKDQRO�SURGXFWLRQ�XVLQJ�FHOOXORVLF�

ZDVWH�ZDV�PXFK�KLJKHU�DV�FRPSDUHG�WR�WKDW�XVLQJ�FRUQ��7KH�GUDZEDFNV RI�VHFRQG�JHQHUDWLRQ�

ELRHWKDQRO�LQFOXGH�OLJQLQ�UHPRYDO�LVVXH��/LJQLQ�UHVWULFWV IHUPHQWDWLRQ SURFHVV��$OVR��VHFRQG�

JHQHUDWLRQ IXHOV�GHPDQG�IHHGVWRFN�WKDW�QHHGV�ODQG�LQ�DEXQGDQFH �8P�DQG�.LP��������6LQJK�

HW� DO��� ������ 7KLV� HFRQRPLFDO� GUDZEDFN� OHG� WR� WKH� GHYHORSPHQW RI� WKH� WKLUG JHQHUDWLRQ� RI�

ELRHWKDQRO�

����� 7KLUG�JHQHUDWLRQ�ELRHWKDQRO

)RU�WKLUG�JHQHUDWLRQ DOJDH�ZDV�XWLOL]HG�IRU�ELRHWKDQRO�SURGXFWLRQ��7KHUH�DUH�VHYHUDO�EHQHILWV�

RI�SURGXFLQJ�ELRHWKDQRO�XVLQJ�DOJDH�VXFK�DV

L� 8VLQJ� DOJDH� DV� D� VXEVWUDWH GRHV� QRW� SRVH� DQ\� WKUHDW� WR� WKH� IRRG� VXSSO\� RI� KXPDQ�

FRPPXQLWLHV��%RWK�DTXDWLF��DV�ZHOO�DV�WHUUHVWULDO�DOJDH� PD\�EH�XVHG�IRU�SURGXFWLRQ�

LL� 7KH�FRPSRVLWLRQDO�VWXG\�VKRZV�WKDW�DOJDH�FRQWDLQ D�KLJK DPRXQW�RI�VXJDUV�DQG�VWDUFK��
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LLL� $OJDH�FRQWDLQ�QHJOLJLEOH�OLJQLQ�DQG�YHU\�ORZ�DPRXQW�RI�KHPLFHOOXORVHV��$V�D� UHVXOW�

WKH�HIILFLHQF\�RI�K\GURO\VLV�DQG�\LHOGV�DUH�KLJKHU�

LY� 'XH� WR� WKH� SKRWRV\QWKHWLF DELOLW\� RI� DOJDH� WKH� FRQFHQWUDWLRQ� RI�&2� SURGXFHG� IURP�

LQGXVWULDO�HPLVVLRQV�FDQ�DOVR�EH�UHGXFHG��

Y� $OJDH�FDQ�EH�HYHQ�JURZQ�RQ�PXQLFLSDO�ZDVWHZDWHU�

YL� 8VH� RI� DTXDWLF� DOJDH� FDQ� UHGXFH� WKH� XVH� RI� ODQG� ZKLFK� FDQ� EH� XWLOL]HG� IRU� FURS�

SURGXFWLRQ�

YLL� 0LFURDOJDO�FHOOV�KDYH�KLJKHU�SURGXFWLYLW\�DV�ZHOO�DV�KDUYHVWLQJ�F\FOH�DV�FRPSDUHG�WR�

DQRWKHU�VXEVWUDWH��

��� $OJDH

0LFURDOJDH�DQG�PDFURDOJDH�DUH�WKH�WZR�DOJDO�FDWHJRULHV�RQ�WKH�EDVLV�RI�WKHLU�PRUSKRORJ\�

DQG�VL]H�

����� 0DFURDOJDH

0DFURDOJDH�DUH�DOVR�NQRZQ�DV�VHDZHHGV�DQG�DUH�REWDLQHG�IURP�FRDVWDO�UHJLRQV��7KHVH�DOJDH�

DUH�PXOWLFHOOXODU�DQG�KDYH�D�FRPSOH[ VWUXFWXUH�ZKLFK�UHVHPEOHV WKH�VWHPV��OHDYHV�DQG�URRWV�

RI�KLJKHU�SODQWV��7KH\�PD\�EHORQJ�WR�GLIIHUHQW�JURXSV�RQ�WKH�EDVLV�RI�WKHLU�SLJPHQWV�VXFK�DV�

EURZQ��JUHHQ�RU�UHG�DOJDH����

����� 0LFURDOJDH

0LFURDOJDH� DUH� PRVWO\� SKRWRV\QWKHWLF�� PLFURVFRSLF� DQG� XQLFHOOXODU�� $� PDMRU� SRUWLRQ� RI�

DWPRVSKHULF�R[\JHQ�LV�SURGXFHG�E\�WKHP��'LDWRPV��WKH�JROGHQ�DOJDH�DQG�JUHHQ�DOJDH�DUH�WKH�

PDMRU�JURXSV�RI�PLFURDOJDH�� 0LFURDOJDH�DUH D�SURPLVLQJ VXEVWUDWH IRU�HWKDQRO�JHQHUDWLRQ�DV

WKH\� VKRZ EHWWHU JURZWK�� LPSURYHG SKRWRV\QWKHWLF� HIILFDF\�� DQG� LQFUHDVHG FDUERK\GUDWH�
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FRQWHQW �+DUXQ�HW�DO����������7KH\�DOVR�FRPEDW�JUHHQKRXVH JDVHV�DQG�DUH�SUHFLRXV�UHQHZDEOH�

VRXUFHV ZKHQ FRPSDUHG WR RWKHU�ELRPDVV�UHVRXUFHV �+DUXQ�HW�DO���������-RKQ�HW�DO���������

��� ,VRODWLRQ�DQG�FXOWLYDWLRQ�RI�PLFURDOJDH

$ERXW� ������� VSHFLHV� RI� PLFURDOJDH� DUH� NQRZQ� ZLWK� D� YDULHG� GLVWULEXWLRQ� UDQJLQJ� IURP�

PDULQH�ZDWHUV�� ODNHV��SRQGV��ULYHUV�DQG�RWKHU�IUHVKZDWHU VRXUFHV��$UWLILFLDOO\�RSHQ�SRQGV�RU�

ELRUHDFWRUV� PD\� EH� XVHG� IRU� PLFURDOJDO� SURGXFWLRQ�� ,Q� RSHQ� SRQGV� D� WXUELQH� LV� XVHG� IRU�

VWLUULQJ� DQG� FLUFXODWLRQ� RI� WKH� IORZ� VWUHDP� ZKLFK� DOVR� SUHYHQWV� WKH� VHWWOLQJ� RI� DOJDH�� 7KH�

FXOWLYDWLRQ� RI� DOJDH� LQ� RSHQ� SRQGV� LV� DOVR� DVVRFLDWHG� ZLWK� FHUWDLQ� GLVDGYDQWDJHV� VXFK� DV�

LQHIILFLHQW�XWLOL]DWLRQ�RI� OLJKW�� ORVVHV�FDXVHG�E\�HYDSRUDWLRQ�DV�ZHOO�DV� ODUJH�ZDWHU�DQG�ODQG�

UHTXLUHPHQWV� DQG� ORZ� SURGXFWLYLW\� RI� ELRPDVV�� $OVR� WKHUH� DUH� ULVNV� RI� FRQWDPLQDWLRQ� DQG�

HQYLURQPHQWDO�YDULDWLRQV�RI�WHPSHUDWXUH��S+�DQG�&2� VXSSO\��7KXV��WKH�XVH RI�FORVHG�V\VWHPV

VXFK�DV�SKRWRELRUHDFWRUV��3%5V��KDV EHHQ�IRXQG�WR�EH�PRUH�HIILFLHQW�IRU�DOJDH�FXOWLYDWLRQ��

��� 0LFURDOJDO�ELRPDVV�SURGXFWLRQ�LQ� SKRWR�ELRUHDFWRUV

0DQ\�W\SHV�RI�3%5V�VXFK�DV�$LUOLIW��EXEEOH�FROXPQ��ELRILOP��IODW�SODWH��PXOWLVWDJH�FRQWLQXRXV�

IORZ�� VWLUUHG� WDQN� DQG� WXEXODU� IORZ� KDYH� EHHQ� HIIHFWLYHO\ HPSOR\HG� IRU� WKH� SURGXFWLRQ RI�

DOJDH �%DKDGDU�DQG�.KDQ�������� 0D[LPXP�ELRPDVV�SURGXFWLRQ�GHSHQGV�XSRQ�WKH�IDYRXULQJ

FRQGLWLRQV� IRU� WKH� JURZWK�� 6LJQLILFDQW IDFWRUV�� ZKLFK� DIIHFW� WKH� JURZWK� RI� PLFURDOJDH�� DUH�

OLJKW��WHPSHUDWXUH��S+��QXWULHQWV�DQG�DJLWDWLRQ�� /LJKWSDWK LV�D�VLJQLILFDQW�SDUDPHWHU�LQ�DOJDO�

SURGXFWLRQ� LQ�D SKRWRELRUHDFWRU��2WKHU� IDFWRUV�DUH WKH�FXOWXUH�YROXPH�DQG� WRWDO� LOOXPLQDWHG�

VXUIDFH� DUHD�� $LUOLIW� SKRWRELRUHDFWRUV� KDYH� EHHQ� ZLGHO\� XVHG� LQ� WKH� FXOWLYDWLRQ RI� YDULRXV�

W\SHV� RI� DOJDH� GXH� WR� WKHLU� VLPSOH� FRQVWUXFWLRQ� DQG� FRVW�HIIHFWLYH RSHUDWLRQV� 0DLQWHQDQFH�

FRVW�DQG�FRQWDPLQDWLRQ�ULVNV�DUH�ORZ�ZLWK�WKLV�NLQG�RI�SKRWRELRUHDFWRUV�
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��� (QKDQFHPHQW�RI�PLFURDOJDH�FDUERK\GUDWH

$PRQJVW�PLFURDOJDH��JUHHQ�DOJDH��&KORURSK\WD��DUH�D�PDMRU�VRXUFH�RI�VWDUFK�ZKLFK�FDQ�EH�

XWLOL]HG�IRU�ELRHWKDQRO�SURGXFWLRQ��0RVW�RI�WKHP�FRQWDLQ FKORURSODVWV FRQWDLQLQJ�FKORURSK\OOV�

D�DQG�E��7UXH�VWDUFK�LV�VWRUHG�LQ�FKORURSODVWV�ZKLFK�LV�D�VWRUDJH�SURGXFW�DQG�LV�XWLOL]HG�E\�WKH�

FHOO� DV� DQ� HQHUJ\ VRXUFH� IRU� LWV� PHWDEROLVP�� 7KH� VWDUFK� JUDQXOHV� DUH� YLVLEOH� E\� HOHFWURQ�

PLFURVFRS\� DURXQG� D� VSKHULFDO� VWUXFWXUH� ORFDWHG� LQ� FKORURSODVWV� NQRZQ� DV� S\UHQRLGV���

&KORUHOOD��&KODP\GRPRQDV��6FHQGHVPXV��7HWUDVHOPLV DUH�VRPH�RI�WKH�PLFURDOJDH�NQRZQ�WR�

FRQWDLQ� D� KLJK TXDQWLW\� RI� VWDUFK� DQG� FHOOXORVH�� �:LWKLQ� FKORURSODVWV�� FDUERQ� GLR[LGH� JHWV�

FRQYHUWHG� LQWR� JOXFRVH� ZKLFK� LV� WKHQ� SRO\PHUL]HG� DV� VWDUFK� XVLQJ� YDULRXV� ELRV\QWKHVLV�

HQ]\PHV DV�VKRZQ�LQ�)LJ��������

6WDUFK� DFFXPXODWLRQ FKDQJHV ZLWK PLFURDOJDH� VSHFLHV� DQG� RSHUDWLRQDO� FRQGLWLRQV� &DUERQ�

GLVWULEXWLRQ� LQ� FHOOV� DV� FDUERK\GUDWHV� DQG� OLSLGV� LQYROYH� OLJKW� LQWHQVLW\� QXWULHQW� VWDUYDWLRQ��

DQG &2� VHTXHVWUDWLRQ� 6WDUFK�PROHFXOHV�DUH�PDGH�XS�RI� OLQHDU�DV�ZHOO� DV�EUDQFKHG�FKDLQV�

�DP\ORVH�DQG�DP\ORSHFWLQV��ZKLFK�DOVR�DIIHFW� WKH�SURSHUWLHV�RI� VWDUFK��0DQ\� IDFWRUV� DIIHFW�

WKH� VWDUFK� V\QWKHVLV� DV� ZHOO� DV� GHJUDGDWLRQ� LQFOXGLQJ� WKH� OLJKW� LQWHQVLW\�� DYDLODELOLW\� RI�

QXWULHQWV�DQG�RWKHU�HQYLURQPHQWDO�FRQGLWLRQV��,W�ZDV�REVHUYHG�WKDW�ZLWK�DQ�LQFUHDVH LQ�PHDQ�

OLJKW�LQWHQVLW\��WKH�FRQWHQW�RI�VWDUFK�DOVR�LQFUHDVHG��=DFKOHGHU�DQG�%UiQ\LNRYi���������7KH\�

DOVR�VXJJHVWHG�WKDW�WKHUH�LV�D�UHVWULFWLYH�WHPSHUDWXUH�DW�ZKLFK�WKH�DFFXPXODWLRQ�RI�VWDUFK�ZDV�

VLJQLILFDQWO\�LQKLELWHG��
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)LJ����� 6WDUFK�V\QWKHVLV�LQ�FKORURSODVWV

7KH�HIIHFW� RI� LQKLELWRUV�ZKLFK�EORFNHG�'1$�UHSOLFDWLRQ�ZDV� DOVR� VWXGLHG�DQG�XVH�RI� WKHVH�

LQKLELWRUV� FRQVLGHUDEO\� HQKDQFHG� VWDUFK� SURGXFWLRQ�� $QRWKHU HXNDU\RWLF� SURWHLQ� V\QWKHVLV�

LQKLELWRU� NQRZQ DV� F\FORKH[LPLGH�ZDV� DOVR� IRXQG� WR� SRVLWLYHO\� FRQWULEXWH� WRZDUGV� VWDUFK�

DFFXPXODWLRQ� LQ�PLFURDOJDH �'RXVNRYD� HW� DO��� ������� /LPLWLQJ� WKH� QXWULHQW� VXSSO\� VXFK� DV�

SKRVSKRUXV�DQG�QLWURJHQ�DOVR� OHG� WR�HQKDQFHG�VWDUFK�V\QWKHVLV �=DFKOHGHU�DQG�%UiQ\LNRYi��

�������6XOIXU�VWDUYDWLRQ�KHOSV�LQ�VWDUFK�HQKDQFHPHQW��6WDUFK�ULFK ELRPDVV�RI�PLFURDOJDH�FDQ�

EH� REWDLQHG� WKURXJK� LQFUHDVHG� OLJKW� LQWHQVLW\� DV�ZHOO� DV QLWURJHQ� GHSULYDWLRQ �0DUNRX� DQG�

1HUDQW]LV��������

��� 3UH�WUHDWPHQW�RI�ELRPDVV

3UH�WUHDWPHQW� RI� PLFURDOJDH� LV� TXLWH FRVW�LQWHQVLYH LQ� ELRHWKDQRO� SURGXFWLRQ�� 3UHWUHDWPHQW�

SURFHGXUH�VKRXOG�EH�GHVLJQHG�LQ�RUGHU�WR� O\VH�WKH�FHOO�ZDOO�DQG�HQKDQFH�WKH�K\GURO\VLV�UDWH�

DQG� RWKHU� IHUPHQWDWLRQ� \LHOGV�� 3UH�WUHDWPHQW� VWHSV� KDYH� EHHQ� FODVVLILHG� LQ� )LJ� ��� ZKLFK�

LQFOXGHV�WKH�SUHWUHDWPHQW�RI�ERWK�OLJQRFHOOXORVLF�DV�ZHOO�DV�PLFURDOJDO�ELRPDVV���
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)LJ����� 9DULRXV�PHWKRGV�RI�SUHWUHDWPHQW�RI�PLFURDOJDO�ELRPDVV��/L�HW�DO��������

$PRQJ� YDULRXV� PHWKRGV�� DFLG� K\GURO\VLV� LV� WKH� PRVW� FRPPRQO\� XVHG� PHWKRG� IRU� SUH�

WUHDWPHQW�RI�ELRPDVV��%LRORJLFDO�SUHWUHDWPHQWV�DUH�PRVWO\�XVHG�IRU�OLJQRFHOOXORVLF�ELRPDVV��

,Q�RWKHU�FDVHV��HQ]\PHV�VXFK�DV�ɲ�DP\ODVH�DQG�JOXFRDP\ODVH PD\�EH�XVHG�IRU�SUHWUHDWPHQW�

RI�PLFURDOJDH�

��� 6DFFKDULILFDWLRQ��K\GURO\VLV�RI�FDUERK\GUDWH�VWDUFK�

6DFFKDULILFDWLRQ�LV�D�VWHS�RI�ELRHWKDQRO�SURGXFWLRQ�ZKHUH�WKH�FRPSOH[�VXJDUV�DUH�FRQYHUWHG�

WR� VLPSOH� PRQRVDFFKDULGHV ZKLFK� FDQ� EH� HDVLO\� IHUPHQWHG� E\� WKH� HWKDQRO� SURGXFLQJ�

PLFURRUJDQLVP��%RWK�FKHPLFDO�DQG�HQ]\PDWLF�K\GURO\VLV�PHWKRGV�KDYH�EHHQ�HPSOR\HG� IRU�

ELRHWKDQRO� SURGXFWLRQ� XVLQJ� PLFURDOJDH�� &HOOXODVH� DQG� KHPLFHOOXODVH� SURGXFHG� E\�

7ULFKRGHUPD�VS��KDYH�EHHQ�HPSOR\HG�IRU�VDFFKDULILFDWLRQ�VWDJH��/L�HW�DO���KDYH�FRPSDUHG�WKH�

YDOXHV� RI� VXJDU� \LHOG� E\� ERWK� HQ]\PDWLF� DQG� FKHPLFDO� K\GURO\VLV� IURP� GLIIHUHQW� � DOJDO�

ELRPDVV��/L�HW�DO����������6KXNOD�HW�DO���VWXGLHG�WKH�VDFFKDULILFDWLRQ�HIILFLHQF\�RI�ZKROH�DOJDO�

ELRPDVV�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��6KXNOD�HW�DO���������
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��� )HUPHQWDWLRQ�RI�PLFURDOJDH�FDUERK\GUDWH

7KH VLPSOH� VXJDUV� FRQYHUWHG� DIWHU� VDFFKDULILFDWLRQ� VWHS� LV� IHUPHQWHG� LQWR� ELRHWKDQRO� E\�

PLFURRUJDQLVPV��6HOHFWLRQ�RI�PLFURRUJDQLVP�LV�GRQH�RQ�WKH�EDVLV�RI� WKH�\LHOG RI�ELRHWKDQRO�

REWDLQHG�DV�ZHOO�DV�WROHUDQFH�WR�KLJK�VXJDU�FRQFHQWUDWLRQ��6DFFKDURP\FHV�FHUHYLVLDH �\HDVW��

DQG�=\PRPRQDV�PRELOLV DUH�FRPPRQO\�HPSOR\HG�IRU�IHUPHQWDWLRQ�RI�PLFURDOJDO�VXJDU��7KH�

IHUPHQWDWLRQ� SURFHGXUH� FDQ� DOVR� EH� YDULHG� WR� VWXG\� WKH� HIIHFW� RI� GLIIHUHQW� PRGHV� VXFK� DV�

EDWFK��IHG�EDWFK DQG�FRQWLQXRXV�RQ�HWKDQRO�\LHOG�DQG�SURGXFWLYLW\��

6RPH�KLJK�\LHOGLQJ�UHFRPELQDQW�VWUDLQV�RI�ELRHWKDQRO�SURGXFHUV�KDYH�DOVR�EHHQ�GHYHORSHG�E\�

HQJLQHHULQJ� *UDP�QHJDWLYH EDFWHULD� VXFK� DV� (VFKHULFKLD� FROL� �'LHQ� HW� DO��� ������ 2WKHU�

SURFHVV�SDUDPHWHUV�FDQ�EH�PDQLSXODWHG�WR�REWDLQ�KLJKHU�YROXPHWULF�SURGXFWLRQ�LQFOXGLQJ�WKH�

WHFKQLTXHV�RI�SKRWRELRUHDFWRUV RSHUDWLRQV�DQG�HQYLURQPHQWDO�IDFWRUV�

%LRHWKDQRO�SURGXFWLRQ�LQYROYHV�WKH�JURZWK RI�ELRPDVV�ZKLFK�LV�WKHQ�SUHWUHDWHG�WR�H[WUDFW�WKH�

FRPSOH[� VXJDUV�� WKHVH� FRPSOH[� VXJDUV� DUH� WKHQ�K\GURO\VHG� LQ� VLPSOH� FDUERK\GUDWHV��ZKLFK�

DUH�WKHQ�IHUPHQWHG�LQWR�HWKDQRO��&UXGH�HWKDQRO�LV�WKHQ�SXULILHG�XVLQJ�GLVWLOODWLRQ�VWHSV��)LJ����

VKRZV�WKH�VFKHPDWLF�GLDJUDP�RI�WKH�FRPSOHWH ELRHWKDQRO�SURGXFWLRQ�SURFHVV IURP�PLFURDOJDO�

ELRPDVV���'LIIHUHQW�VWUDWHJLHV�FDQ�EH�DGRSWHG WR�RSWLPL]H�HDFK VWHS�RI�WKH�SURGXFWLRQ�SURFHVV��

%LRHWKDQRO� FDQ� EH� SURGXFHG� E\� WZR� IHUPHQWDWLRQ� SURFHVVHV� L�H�� 66)� DQG� 6+)�� 2QH� VXFK�

VWUDWHJ\�LV�FRPELQLQJ�WKH�VDFFKDULILFDWLRQ�DQG�IHUPHQWDWLRQ�VWHS�WRJHWKHU�ZKLFK�LV�NQRZQ�DV�

6LPXOWDQHRXV� VDFFKDULILFDWLRQ� DQG� IHUPHQWDWLRQ� �66)��� 7KH� VHSDUDWH� K\GURO\VLV� DQG�
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IHUPHQWDWLRQ��6+)��LV�D�SURFHVV�ZKHUH�VDFFKDULILFDWLRQ�DQG�IHUPHQWDWLRQ�UHDFWLRQV�WDNH�SODFH�

LQ�GLIIHUHQW�UHDFWRUV�

)LJ�����3URGXFWLRQ�SURFHVV�RI�%LRHWKDQRO��/L�HW�DO��������


