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)RU� WKLUG�JHQHUDWLRQ ELRHWKDQRO�SURGXFWLRQ�� VHYHQ�PLFURDOJDH�ZHUH� LVRODWHG IURP�5DYLGDV�

*KDW�� 'XUJDNXQG� SRQG� DQG� %+8� SRQG�� 9DUDQDVL�� 7ZR� RI� WKH� VHYHQ� PLFURDOJDH� ZHUH�

VHOHFWHG�EDVHG�RQ�KLJK VWDUFK�FRQWHQW��2Q�WKH�EDVLV�RI U51$ JHQH�SURILOH�DQG�SK\ORJHQHWLF�

DQDO\VLV� WKH� WZR� PLFURDOJDH� ZHUH� LGHQWLILHG� DV &KORUHOOD� VRURNLQLDQD �.<������� DQG

7HWUDGHVPXV REOLTXXV ,,7�%+8�%&����0+�������� *HQH�VHTXHQFHV�RI�WKH�LVRODWHG�VWUDLQV�

ZHUH�VXEPLWWHG�DW�1DWLRQDO�&HQWHU�IRU�%LRWHFKQRORJ\�,QIRUPDWLRQ��1&%,���86$� 7KH�3&5�

DPSOLILHG�'1$�VHTXHQFHV�RI�WZR�PLFURDOJDH�ZHUH�IRXQG�WR�FRQWDLQ ��� ES�DQG�����ES IRU�

&��VRURNLQLDQD�DQG�7��REOLTXXV ,,7�%+8�%&���UHVSHFWLYHO\� 7KH�%/$67�DQDO\VLV�IRU�ERWK

PLFURDOJDH�ZDV�SHUIRUPHG��7KH�SK\ORJHQHWLF�WUHH�RI�ERWK�PLFURDOJDH�ZDV�DOVR�FRQVWUXFWHG�

$IWHU�FKDUDFWHUL]DWLRQ�RI�WKH�WZR�PLFURDOJDH��YDULRXV�FHOO�JURZWK�VWXGLHV�ZHUH�SHUIRUPHG�VR�

DV�WR�REWDLQ�PD[LPXP�ELRPDVV�IRU�ELRHWKDQRO�SURGXFWLRQ� 9DULRXV�SDUDPHWHUV�DIIHFWLQJ�WKH�

JURZWK� RI� PLFURDOJDH� VXFK� DV� JURZWK� PHGLD�� LQRFXOXP� VL]H�� WHPSHUDWXUH�� DQG� S+� ZHUH�

VWXGLHG�� $� JURZWK VWXG\� ZDV� DOVR� FDUULHG� RXW� LQ� GLIIHUHQW� W\SHV� RI� SKRWRELRUHDFWRUV� WR�

HYDOXDWH�WKH�HIIHFW�RI�WKHLU�GHVLJQ�RQ�PLFURDOJDH�FXOWLYDWLRQ�

0LFURDOJDH��&��VRURNLQLDQD�DQG�7��REOLTXXV H[KLELWHG�KLJKHU SURGXFWLYLW\�LQ�%*���PHGLD��

7KXV��%*���ZDV�FKRVHQ�DV�JURZWK�PHGLD�IRU�IXUWKHU�VWXGLHV� 7KH�RSWLPXP�WHPSHUDWXUHV�IRU�

WKH�JURZWK�RI�&��VRURNLQLDQD�DQG�7��REOLTXXV ZHUH�IRXQG�DV���R&�DQG���R&�UHVSHFWLYHO\��

,QRFXOXP� VL]H� RI� ��� �Y�Y�� �DYHUDJH� FHOO� GHQVLW\� DERXW ��� FHOOV� PO�� SURYLGHG� WKH� KLJKHU�

SURGXFWLYLWLHV�LQ�ERWK�WKH�FXOWXUHV� 7KH�RSWLPXP�S+�IRU�&��VRURNLQLDQD DQG�7��REOLTXXV ZDV�

IRXQG�DV S+������,Q�675��WKH�VSHFLILF�JURZWK�UDWHV�RI�PLFURDOJDH�ZHUH�GLUHFWO\�FRUUHODWHG�WR�

WKH� DJLWDWLRQ� UDWH� $PRQJ� WKH� GLIIHUHQW� SKRWRELRUHDFWRUV� XVHG�� WKH� H[WHUQDO� DLUOLIW�
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SKRWRELRUHDFWRU�SURYLGHG� WKH�KLJKHU�ELRPDVV�� FDUERK\GUDWH� DQG� VWDUFK�SURGXFWLYLWLHV�ZLWK�

���&2���Y�Y��VXSSO\� 7KH�H[WHUQDO�ORRS�DLUOLIW SKRWRELRUHDFWRU�KDV�WKH�KLJK�VXUIDFH�DUHD�IRU�

LOOXPLQDWLRQ�DQG�WKXV�PRUH�JURZWK�ZDV�DFKLHYHG��

7KH�FDUERK\GUDWH�FRQWHQW�RI�PLFURDOJDH�ZDV�LQFUHDVHG�IURP��������WR�������DQG�������WR�

�������LQ�&��VRURNLQLDQD DQG�7��REOLTXXV UHVSHFWLYHO\ ZLWKLQ�WZR�GD\V�LQ�WKH�SUHVHQFH�RI�

F\FORKH[LPLGH��+RZHYHU��WKH�FDUERK\GUDWH�FRQWHQW�GHFUHDVHG�ZKHQ�WKH�PLFURDOJDH�JURZWK�

ZHUH�FRQWLQXHG�IRU�IXUWKHU�GD\V��6LPLODUO\��WKH�VWDUFK�FRQWHQW�ZDV�LQFUHDVHG�WR�LWV�PD[LPXP�

IURP�������WR�������DQG�������WR�������LQ�&��VRURNLQLDQD DQG�7��REOLTXXV UHVSHFWLYHO\

ZLWKLQ� WZR� GD\V� DIWHU� F\FORKH[LPLGH� WUHDWPHQW� ,Q� WKH� SUHVHQFH� RI� FHUXOHQLQ�� WKH�

FDUERK\GUDWH�FRQWHQW�RI�PLFURDOJDH�ZDV�LQFUHDVHG�IURP�������WR�������DQG�������WR������

��LQ�&��VRURNLQLDQD DQG�7��REOLTXXV UHVSHFWLYHO\��7KH�VWDUFK�FRQWHQW�LQFUHDVHG�IURP�������

�Z�Z��WR��������Z�Z��DQG��������Z�Z��WR��������Z�Z��LQ�&��VRURNLQLDQD DQG�7��REOLTXXV

UHVSHFWLYHO\� 8QGHU� WKH� QLWURJHQ�� SKRVSKRUXV� DQG� VXOSKXU OLPLWDWLRQ� FRQGLWLRQV�� WKH�

FDUERK\GUDWH�DQG�VWDUFK�FRQWHQW�ZHUH�LQFUHDVHG�LQ�ERWK�WKH�PLFURDOJDH��+RZHYHU��QLWURJHQ�

OLPLWDWLRQ�FRQGLWLRQ�ZDV�IRXQG�DV�D�EHWWHU VWUDWHJ\�LQ�ERWK�PLFURDOJDH�IRU�FDUERK\GUDWH�DQG�

VWDUFK�HQKDQFHPHQW�WKDQ�SKRVSKRUXV�DQG�VXOSKXU OLPLWDWLRQ�VWUDWHJLHV�

$IWHU� JURZWK� VWXG\�� GLIIHUHQW� SUHWUHDWPHQW� VWUDWHJLHV� ZHUH� HYDOXDWHG� WR� LGHQWLI\� WKH�

RSWLPXP� PHWKRG� IRU� PD[LPXP� FRQYHUVLRQ� RI� LQWUDFHOOXODU� FDUERK\GUDWH� WR� IHUPHQWDEOH�

VXJDU��7KH�VXJDU�FRQFHQWUDWLRQ�ZDV�LQFUHDVHG�DV�WKH�FRQFHQWUDWLRQ�RI�+�62� LQFUHDVHG�IURP�

����1� WR� �1�� +RZHYHU�� DERYH� WKH� �1� DFLG� FRQFHQWUDWLRQ�� VXJDU� FRQFHQWUDWLRQ� ZDV�

GHFUHDVHG� DV� VRPH� RI� WKH� VXJDU� ZDV� GHJUDGHG� DW� KLJK� DFLG� FRQFHQWUDWLRQ� ,Q� DONDOL�

SUHWUHDWPHQW�PHWKRG��WKH�VXJDU�FRQFHQWUDWLRQ�LQ�WKH�VXVSHQVLRQ�DIWHU�WKH SUHWUHDWPHQW�ZDV�

LQFUHDVHG�DV�WKH�FRQFHQWUDWLRQ�RI�1D2+�ZDV�LQFUHDVHG�IURP��1�WR���1���1�1D2+�SURYLGHG�
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WKH� KLJKHU� VXJDU� UHOHDVH�� )XUWKHU� LQFUHDVH� LQ� 1D2+� FRQFHQWUDWLRQ� GRHVQ¶W� KDYH� DQ\�

VLJQLILFDQW�FKDQJH�LQ�VXJDU�UHOHDVH�

,Q� K\GUR[\O� UDGLFDO�DLGHG� WKHUPDO SUHWUHDWPHQW�� DV� WKH� FRQFHQWUDWLRQ� RI� +�2� LQFUHDVHG�

IURP� ����� WR� ����PJ�/� WKH� VXJDU� UHOHDVHG� IURP� WKH� PLFURDOJDH� ZDV� DOVR� LQFUHDVHG��

+RZHYHU��D� IXUWKHU LQFUHDVH� LQ�+�2� FRQFHQWUDWLRQ�GRHVQ¶W� LQFUHDVH� WKH�VXJDU� UHOHDVH�� � ,Q�

WKH�XOWUDVRQLFDWLRQ PHWKRG�� WKH�VXJDU UHOHDVHG�IURP�WKH�FHOO�ZDV�LQFUHDVHG�DV� WKH�GXUDWLRQ�

IRU�VRQLFDWLRQ�ZDV�LQFUHDVHG�XS WR ���PLQ��

2WKHU� VWUDWHJLHV� LQFOXGHG� XOWUDVRQLFDWLRQ� DQG� XOWUDVRQLFDWLRQ� IROORZHG� E\� HQ]\PDWLF�

K\GURO\VLV��,W�ZDV�REVHUYHG�WKDW�WKURXJK�XOWUDVRQLFDWLRQ�IROORZHG�E\�HQ]\PDWLF�K\GURO\VLV�

����� DQG�������RI� VXJDU�ZDV� UHOHDVHG� IURP�&�� VRURNLQLDQD DQG�7��REOLTXXV UHVSHFWLYHO\��

7KXV��LW�ZDV�WKH�EHVW�PHWKRG�IRU�SUHWUHDWPHQW�RI�ERWK�PLFURDOJDH�

,W� ZDV� FRQFOXGHG� IURP� WKH� VWXG\� WKDW� WKH� KLJKHVW� VXJDU� UHOHDVH� ZDV� REWDLQHG ZLWK�

XOWUDVRQLFDWLRQ�IROORZHG�E\�HQ]\PDWLF�SUHWUHDWPHQW�DPRQJ�WKH�RWKHU�SUHWUHDWPHQW�PHWKRGV��

7KH�XOWUDVRQLFDWLRQ�IROORZHG�E\�HQ]\PDWLF�SUHWUHDWPHQW�SURYLGHG�������DQG��������J�RI�

GLVVROYHG� FDUERK\GUDWH� SHU� J� RI� WRWDO� FDUERK\GUDWH�� IURP�&�� VRURNLQLDQD DQG�7�� REOLTXXV

UHVSHFWLYHO\� 7KHUHIRUH� WKH� HQ]\PDWLF SUHWUHDWPHQW �FRXSOHG� ZLWK� XOWUDVRQLFDWLRQ� LV� WKH�

EHVW�PHWKRG�IRU�PLFURDOJDH�SUHWUHDWPHQW�DV�PRVW�RI�WKH�VXJDU�ZDV�UHOHDVHG��7KH�PLFURDOJDH�

FHOO�EUHDNDJH�VWXG\�ZDV�IXUWKHU�FRQILUPHG�E\ 6(0�VWXG\�

$V�VXJJHVWHG�E\�OLWHUDWXUH�ELRHWKDQRO�SURGXFWLRQ�FDQ�EH�FDUULHG�RXW�E\�WZR�PHWKRGV��2QH�LV�

6HSDUDWH� +\GURO\VLV� DQG� )HUPHQWDWLRQ� �6+)�� DQG� WKH� RWKHU� LV� 6LPXOWDQHRXV�

6DFFKDULILFDWLRQ� DQG� IHUPHQWDWLRQ� �66)��� 7KXV�� VWXGLHV� ZHUH� FRQGXFWHG� WR� HYDOXDWH� WKH�

HIIHFW� RI� ERWK� PHWKRGV� RQ� WKH� ELRHWKDQRO� SURGXFWLRQ� E\� WKH� WZR� LVRODWHG� VWUDLQV� RI�
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PLFURDOJDH�� %RWK� WKH� SURFHGXUHV� ZHUH� FDUULHG� RXW� XQGHU� DJLWDWHG� DQG� QRQ�DJLWDWHG�

FRQGLWLRQ�� )RU� FDUU\LQJ� RXW� K\GURO\VLV� LQ� 6+)�� DFLGLF� DQG� HQ]\PDWLF� �FRXSOHG� ZLWK�

XOWUDVRQLFDWLRQ��PHWKRGV�ZHUH�HYDOXDWHG��7KH�ELRHWKDQRO�SURGXFWLRQ�ZDV�HYDOXDWHG�IRU�HDFK�

FDVH��

&�� VRURNLQLDQD SURGXFHG� ����� J�/� DQG� ����� J�/� RI� ELRHWKDQRO� E\� DFLGLF� DQG� HQ]\PDWLF�

K\GURO\VLV�UHVSHFWLYHO\�XQGHU�QRQ� DJLWDWHG�6+)�FRQGLWLRQ�� ,W�SURGXFHG������DQG������J�/�

RI� ELRHWKDQRO� E\� DFLGLF� DQG� HQ]\PDWLF� K\GURO\VLV� UHVSHFWLYHO\� XQGHU� DJLWDWHG� 6+)�

FRQGLWLRQ��:KHQ�66)�ZDV�FDUULHG�RXW�� WKH� VDPH�PLFURDOJDH� \LHOGHG������ DQG������J�/�RI�

ELRHWKDQRO�XQGHU�QRQ� DJLWDWHG�DQG�DJLWDWHG�FRQGLWLRQV�UHVSHFWLYHO\�

7�� REOLTXXV�� RQ� WKH� RWKHU� KDQG� SURGXFHG� ��� DQG� ����� J�/� RI� ELRHWKDQRO� E\� DFLGLF� DQG�

HQ]\PDWLF� K\GURO\VLV� UHVSHFWLYHO\� XQGHU� QRQ� DJLWDWHG� 6+)� FRQGLWLRQ�� ,W� H[KLELWHG� WKH�

SURGXFWLRQ� RI� ����� DQG� ����� J�/� RI� ELRHWKDQRO� E\� DFLGLF� DQG� HQ]\PDWLF� K\GURO\VLV�

UHVSHFWLYHO\�XQGHU�DJLWDWHG�6+)�FRQGLWLRQ��7KH�FRQFHQWUDWLRQV�RI�ELRHWKDQRO�REWDLQHG�XVLQJ�

7�� REOLTXXV E\� 66)�ZHUH� ����� DQG� ����� J�/� XQGHU� QRQ� DJLWDWHG� DQG� DJLWDWHG� FRQGLWLRQV�

UHVSHFWLYHO\�

7KXV�� WKH� UHVXOWV� VKRZ� WKDW� 7�� REOLTXXV JDYH� PD[LPXP� SURGXFWLRQ� RI� ELRHWKDQRO� XQGHU�

DJLWDWHG� 66)� FRQGLWLRQ� SUREDEO\ GXH� WR� EHWWHU� VXEVWUDWH� XWLOL]DWLRQ DQG� FRQYHUVLRQ�

HIILFLHQF\� )XUWKHU�� WKH� SURFHVV� PRGHOOLQJ IRU� ELRHWKDQRO� SURGXFWLRQ� E\� 7�� REOLTXXV ZDV�

FDUULHG� RXW� XQGHU� GLIIHUHQW� IHUPHQWDWLRQ� FRQGLWLRQV�� )RU� WKLV�� XQVWUXFWXUHG� PRGHOV� ZHUH�

VXJJHVWHG� IRU� ERWK 66)� DQG� 6+)� XQGHU� DJLWDWHG DQG� QRQ�DJLWDWHG FRQGLWLRQV� XVLQJ�

HQ]\PDWLF� K\GURO\VLV�� 7KH�PRGHO� FRXOG� HIILFLHQWO\� SUHGLFW� WKH� H[SHULPHQWDO� UHVXOWV� LQ� DOO�

FDVHV�� ZKLFK� ZDV� HYLGHQW� E\� KLJK� FRHIILFLHQWV� RI� GHWHUPLQDWLRQ� �5� YDOXHV�� .LQHWLF�

SDUDPHWHUV� IRU� YDULDWLRQ� RI� WRWDO� FDUERK\GUDWH� JOXFRVH�� FHOO� PDVV� DQG� HWKDQRO� ZHUH�



&KDSWHU �

ϭϰϯ
6FKRRO�RI�%LRFKHPLFDO�(QJLQHHULQJ��,,7��%+8��9DUDQDVL

HYDOXDWHG��5HVXOWV� VKRZ� WKDW� WKH� YDOXHV� RI�<[�V��<S�V� DQG�PV ZHUH� REWDLQHG� DV� ������JJ
����

������ JJ�� DQG� ������ JJ��K�� UHVSHFWLYHO\� XQGHU� DJLWDWHG� 66)� FRQGLWLRQ� ZKHQ� ELRHWKDQRO�

SURGXFWLRQ�ZDV�FDUULHG�RXW�XVLQJ�7��REOLTXXV�

7KXV�� SUHVHQW� VWXG\� SURSRVHG� WKH� XVH� RI� 7�� REOLTXXV ,,7�%+8� %&�� IRU� ELRHWKDQRO�

SURGXFWLRQ�E\�VKDNLQJ�DW�����USP�XQGHU�66)�FRQGLWLRQ�XVLQJ�XOWUDVRQLFDWLRQ�IROORZHG�E\�

HQ]\PDWLF�K\GURO\VLV�E\�D�FRPELQDWLRQ RI�ɲ� DP\ODVH��DP\ORJOXFRVLGDVH DQG�FHOOXODVH��

)XWXUH� VFRSH� RI� WKLV� ZRUN� LQFOXGHV� FXOWLYDWLRQ� RI� 7�� REOLTXXV RQ� YDULRXV� NLQGV� RI�

ZDVWHZDWHU WR�FRXSOH�WKH�ZDVWHZDWHU�WUHDWPHQW�DQG�ELRHWKDQRO�SURGXFWLRQ�SURFHVVHV�DV�ZHOO�

DV RSWLPL]DWLRQ�RI�WKH�VFDOH�XS FRQGLWLRQV�IRU�WKH�VXJJHVWHG�SURFHVV���


