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7KH�IRXU�PDMRU�LVVXHV�UHJDUGLQJ�HQHUJ\�UHVRXUFHV�OLNH�LQFUHDVHG�HQHUJ\�SULFHV��H[KDXVWLRQ�RI�

IRVVLO�IXHO�UHVHUYHV�DQG�WUHPHQGRXV�ULVH�LQ�DWPRVSKHULF�FDUERQ�GLR[LGH�OHYHOV�KDYH�OHG�WR�WKH�

VHDUFK�RI�ELRPDVV�IRU�HQHUJ\�JHQHUDWLRQ�DQG�WKH�VWUDWHJLHV�WR�SURGXFH WKHP�LQ�EXON�LQ�D�FRVW�

HIIHFWLYH PDQQHU��+R�HW�DO�����������%LRPDVV�KDV�D�SURPLVLQJ�UROH�DV�UHQHZDEOH�UHVRXUFHV�LQ�

RUGHU�WR�IRUP�YDULRXV�W\SHV�RI�ELRIXHOV��-RKQ�HW�DO����������3UHVHQWO\��ELRHWKDQRO�SURGXFWLRQ�

SULPDULO\� XVHV� VXEVWUDWHV� JHQHUDWHG� IURP� VXFURVH�� VWDUFK� FURSV� DQG� OLJQRFHOOXORVLF� ZDVWHV�

�1LJDP� DQG� 6LQJK�� ������� +RZHYHU�� WKH� XVH� RI� IHHG� DQG� IRGGHU� IRU� ELRHWKDQRO� VFDOH�XS�

SURGXFWLRQ�JLYH�ULVH�WR�D�QXPEHU�RI�LVVXHV��GXH�WR�WKH�H[SORLWDWLRQ�RI�DUDEOH�ODQGV�DQG�ZDWHU�

UHVRXUFHV�� &RVW� JRHV� XS� ZKHQ� OLJQRFHOOXORVLF� VXEVWUDWHV� DUH� FRQYHUWHG� LQWR� HWKDQRO� ZKLFK�

FDQQRW�EH�FRPSURPLVHG��7KHLU�OLJQLQ�FRQWHQW�OHDGV�WR�WHGLRXV�VDFFKDULILFDWLRQ�PHWKRG�ZKLFK�

DIIHFWV�WKH�XSVWUHDP�DQG�GRZQVWUHDP�SURFHVVLQJ��6XQ�DQG�&KHQJ��������

0LFURDOJDH� LV� FXUUHQWO\� WKH� PRVW� VRXJKW�DIWHU DOWHUQDWLYH� VXEVWUDWH� IRU� WKLUG� JHQHUDWLRQ�

ELRHWKDQRO� SURGXFWLRQ� �&KLVWL�� �������7KH�PLFURDOJDH�ZLWK� DEXQGDQW� VWDUFK\� DQG� FHOOXORVLF�

FRQWHQW�SURYH�WR�EH�H[FHSWLRQDO�VXEVWUDWHV��7KH�VWDUFK\�PLFURDOJDO�ELRPDVV�FDQ�EH�KDUQHVVHG�

IRU�ELRHWKDQRO�JHQHUDWLRQ�DV�WKH\�FDQ�EH�FXOWLYDWHG�HDVLO\�DQG�WKH\�KDYH�WKH�HIILFLHQF\�WR�IL[�

JUHHQKRXVH HPLVVLRQV��6WDUFK�DQG�FHOOXORVH�DUH�PXFK�HDVLO\�FRQYHUWHG�LQWR�IHUPHQWDEOH�VXJDU�

XQOLNH� WKH� OLJQRFHOOXORVH� IRU� PLFURELDO� V\QWKHVLV� RI� ELRHWKDQRO� �'RPR]\FK�� ������� +HQFH��

EHIRUH IHUPHQWDWLYH�SURGXFWLRQ�RI�ELRHWKDQRO��WKH�SRO\VDFFKDULGH�FRQWHQW�RI�PLFURDOJDH�PXVW�

EH�K\GURO\]HG�WR�VXJDUV�ZKLFK�FDQ�EH�IHUPHQWHG�
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��� 1HHG�RI ELRHWKDQRO�

/LTXLG�IXHO�GHPDQG�LV�LQFUHDVLQJ�ZLWK�WKH�JURZLQJ�SRSXODWLRQ�RYHU�WKH�ZRUOG��%LRGLHVHO�DQG�

ELRHWKDQRO� DUH� WKH� HPHUJLQJ� QRQ�FRQYHQWLRQDO� OLTXLG� IXHOV� IRU� WUDQVSRUWDWLRQ��%LRHWKDQRO� LV�

WKH� WUHQGLQJ� ELRIXHO� DOO� DURXQG� WKH� ZRUOG� ZKLFK� FDQ� EH� V\QWKHVL]HG� LQ� ODUJH� DPRXQW� E\�

XWLOL]LQJ�WKH�VXJDU�REWDLQHG�IURP�VWDUFK�RU�FHOOXORVH�FRQWDLQLQJ ELRPDVV��%UD]LO LV�WKH�OHDGLQJ�

RQH� LQ� WKLV� ILHOG� �&KLDUDPRQWL�� ������� $WPRVSKHULF� FDUERQ� GLR[LGH� JHWV� UHJXODWHG� DQG� WKH�

JURZWK� RI� ELRPDVV� IRU� ELRHWKDQRO� JHQHUDWLRQ� ORZHUV� RWKHU� JUHHQKRXVH JDVHV� DV� ZHOO��

%LRHWKDQRO� LV� YHU\�PXFK� HFR�IULHQGO\� DQG� FRQWULEXWHV� OHVV� WR� SROOXWLRQ� LQ� WKH� HQYLURQPHQW�

ZKLFK�LV�DQRWKHU�FRQFHUQ�IRU�KXPDQ�KHDOWK�DQG�ZHOO�EHLQJ��7DONLQJ�DERXW�WKH�IDPRXV�.\RWR�

3URWRFRO�� WKH�&DQDGLDQ�*RYHUQPHQW�KDV�PDGH� LWV�PDUN� LQ� WKH� UHGXFWLRQ RI� JUHHQKRXVH JDV�

HPLVVLRQV� E\� ��� �&KDPSDJQH�� ������� 2QH� FDQ� HDVLO\� ORFDWH� WKH� SHWURO� SXPSV� VHOOLQJ� WKH�

HWKDQRO�EOHQGHG�ZLWK�JDVROLQH�LQ� WKH�SUHVHQW�VFHQDULR��7KH�DSSOLFDWLRQV�RI�VXFK�D�QRQ�WR[LF

IXHO�UDQJH�IURP�SRZHU�JHQHUDWLRQ�WR WKHUPR�FKHPLFDO�UHDFWLRQV�IRU�LQGXVWULDO�XVH �3HWURX�DQG�

3DSSLV���������(WKDQRO�SURGXFHG�IURP�ELRORJLFDO�VRXUFHV FRXOG�UHSODFH�RFWDQH�HQKDQFHUV�DOVR�

�&KDPSDJQH���������

)HHGVWRFN�FURSV�SRVVHVV�D�ORW RI�EDQHV�LI�XVHG�DV�VXEVWUDWHV�IRU�ELRIXHO�SURGXFWLRQ�EHFDXVH�RI�

WKH�HIIHFW�RQ�IRRG�VXSSO\�DQG�VHFXULW\��.HHSLQJ�WKHVH�LVVXHV�LQ�YLHZ��WKH�IRFXV�KDV�VKLIWHG�RQ�

PLFURDOJDH�� ZKLFK� LV� D� VXVWDLQDEOH� DOWHUQDWLYH� WR� JLYH� ODUJH�VFDOH ELRIXHO� WR� WKH� ZRUOG��

6FLHQWLVWV�DQG�UHVHDUFKHUV�KDYH�GLVFXVVHG�WKDW ZLWKRXW�FRPSHWLQJ�ZLWK�WKH�IHHGVWRFNV��DOJDH�

FDQ�SURGXFH WKH�EXON DPRXQW�RI ELRIXHOV� �6XEKDGUD�DQG�(GZDUGV���������7KH�H[SDQVLRQ�RI�

PLFURDOJDO�ELRIXHO�KDV�ZLWQHVVHG�WKH�VLJQLILFDQFH RI�WKH�FKRLFH�RI�VXLWDEOH�VXEVWUDWH�OLNH�DOJDH�

ZLWK KLJK�VWDUFK�FRQWHQW�WR�SURGXFH�HWKDQRO��$OWHUQDWLYH�VXEVWUDWHV�PDUN�WKH�IXWXUH�RI�ELRIXHOV�



&KDSWHU��

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

DV�LW�LV�D�UHOLDEOH�DQG�SURPLVLQJ�ELRSURFHVVLQJ�VWUDWHJ\��+XJH�LQYHVWPHQWV�DUH�EHLQJ�PDGH�E\�

WKH�SRSXODU�DYLDWLRQ�DV�ZHOO�DV�SHWUROHXP�FRPSDQLHV��

��� &KDOOHQJHV�LQ�ELRHWKDQRO�SURGXFWLRQ�

%DVHG� RQ� DEXQGDQFH� DQG� DYDLODELOLW\�� WKH� IHHGVWRFN LV� VHOHFWHG�� %LRHWKDQRO� WKURXJK�

FRQYHQWLRQDO� SURFHVVLQJ�PHWKRGRORJLHV� LV� LQFOXGHG� LQ� DV� ILUVW�JHQHUDWLRQ ELRIXHOV� FDWHJRU\�

ZKLOH� WKDW� REWDLQHG� IURP� OLJQRFHOOXORVLF EHORQJV� WR� WKH� VHFRQG� JHQHUDWLRQ� FDWHJRU\�

�&KLDUDPRQWL���������%LRSURFHVVLQJ�RI�HWKDQRO�XVLQJ�IHUPHQWDEOH�VXJDU�IURP�SRSXODU�VRXUFHV�

OLNH�EHHW��FDQH��PRODVVHV��FRUQ� LV ZHOO�DFTXDLQWHG�� ,W� LV�TXLWH�FRQYHQLHQW� WR�GLUHFWO\�IHUPHQW�

WKH�VXJDU�SUHVHQW� LQ� WKH� IHHGVWRFN�DQG�PDNH�ELRHWKDQRO�EXW� WKH� FRVW RI�SUHSDUDWLRQ� LQ� VXFK�

FDVHV�LV�KLJK�DQG�LQGHHG�OHDGV�WR�IRRG�VFDUFLW\��

/DUJH�VFDOH FXOWLYDWLRQ� RI� WKH� HQHUJ\� FURSV� LV� DOVR� KDUPIXO� DV� LW� LQYROYHV� SROOXWLRQ� RI�

DJULFXOWXUDO�ODQG�ZLWK�FKHPLFDO�IHUWLOL]HUV�DQG�ELRFRQWURO�HFRV\VWHP�VHUYLFH�ORVVHV��6XEKDGUD�

DQG� (GZDUGV�� ������� /LJQRFHOOXORVLF� PDWHULDOV� DQG� VWDUFK�FRQWDLQLQJ ZDVWHV� OLNH� FURS�

UHVLGXHV��VDZGXVW��FDQ�EH�VXEVHTXHQWO\�K\GURO\]HG�DQG�XWLOL]HG�IRU�ELRIXHO�VFDOH�XS��

��� $OJDH�DV�D�SRWHQWLDO VRXUFH�IRU�ELRHWKDQRO

7KLUG� JHQHUDWLRQ� ELRIXHOV� ZKHUHLQ� DOJDH� DUH XVHG� DV� D� PDMRU� IHHGVWRFN� RYHUFRPHV� WKH�

GUDZEDFNV�DQG�WKH�LVVXHV�UHODWHG�WR� WKH�ILUVW�DQG�VHFRQG�JHQHUDWLRQ�ELRIXHOV�DV�GLVFXVVHG�LQ�

WKH� SUHYLRXV� VHFWLRQ��7KLV� SDUWLFXODU� SRLQW� VWLPXODWHV� WKH� LQWHUHVW� LQ� DOJDH�GHULYHG ELRIXHOV��

7KH�KLVWRU\�RI�DOJDH�DV�ELRIXHO�IHHGVWRFN�VWDUWHG�LQ�WKH�����V �&KHQ�HW�DO�������� ZKHQ�LW�ZDV�

LQ�LWV�LQIDQW�VWDJH�ZLWK�D�YHU\�OLWWOH�DZDUHQHVV�LQ�WKH�ILHOG�RI�VFLHQFH�DQG�WHFKQRORJ\��$V�WKH�

LVVXH�RI�IXHO�FULVLV�ZDV�RXWVSUHDG�LQ� WKH�ZRUOG��H[WHQVLYH�UHVHDUFK�RQ�DOJDO�ELRIXHOV�DQG�WKH�

XVH� RI� DOJDH� IRU� FDUERQ� GLR[LGH� VHTXHVWUDWLRQ� VWDUWHG DOO� DURXQG� WKH� ZRUOG� WR� PLWLJDWH�
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HQYLURQPHQWDO�LVVXHV�DQG�WR�FRPEDW�IXHO�SULFHV�WR�EDODQFH�WKH�HFRQRP\��%RURZLW]ND���������

)URP ����� WR� ������ ����PLOOLRQ�ZDV� VSHQW� RQ� UHVHDUFK� UHODWHG� WR� WKH� DOJDO� ELRIXHOV� DW� WKH�

1DWLRQDO�5HQHZDEOH�(QHUJ\�/DE��15(/���7KLV�LQYHVWPHQW�JDYH�ZD\�WR�WKH�FXUUHQW VFHQDULR�

RI� DOJDO� ELRIXHO� �:DOW]�� �������$OJDH� DUH� SKRWRV\QWKHWLF� VSHFLHV� �1LJDP�DQG�6LQJK�� �����

ZKLFK�FDQ�EH�DXWRWURSKLF�RU�KHWHURWURSKLF�DQG�DUH�XVHG� WR� WDNH�VXQOLJKW�� FDUERQ�GLR[LGH� WR�

DVVLPLODWH�DQG�IRUP�FDUERK\GUDWH�ZKLFK�LV�IXUWKHU�KDUQHVVHG�IRU�IXHO�ELRSURFHVVLQJ��9XQMDN�

1RYDNRYLF�HW�DO���������5DWOHGJH�DQG�&RKHQ��������'H�0RUDLV�DQG�&RVWD����������

7KH� HWKDQRO� SURGXFWLRQ� LV� GRQH� DIWHU� K\GURO\]LQJ� WKH� DFFXPXODWHG� FDUERK\GUDWHV� LQ� DOJDH��

0LFURDOJDH�DUH�WKH�XQLFHOOXODU��SKRWRV\QWKHWLF�PLFURRUJDQLVPV��0DFURDOJDH�DUH�PXOWLFHOOXODU�

DQG�DUH�VLPLODU�WR�KLJKHU�SODQW�YDULHWLHV��&KHQ�HW�DO����������$OJDH�JHQHUDWH KXJH�TXDQWLWLHV�RI�

FDUERK\GUDWH� ELRPDVV� DQG� DUH� XVHG� DV� LQH[SHQVLYH� UDZ�PDWHULDOV� �6XEKDGUD� DQG� (GZDUGV��

������3DFNHU���������$OJHQRO�%LRIXHOV� ,QF�� LV� D�SLRQHHU�FRPSDQ\�ZKLFK�KDV�FRQWULEXWHG� WR

WKH� GHYHORSPHQW RI� D� VWUDWHJ\ IRU� HWKDQRO� SURGXFWLRQ� XVLQJ� DSSURSULDWH� ELRUHDFWRUV� LQ� LWV�

ELRUHILQHU\��6HYHUDO�E\�SURGXFWV DQG� UHVLGXDO� IHHG�DUH�JHQHUDWHG�GXULQJ� WKH� IXHO� JHQHUDWLRQ�

SURFHVV��ZKLFK�LV XVHIXO�

0LFURDOJDH� DUH�XQLFHOOXODU� HXNDU\RWHV� FDSDEOH�RI�SHUIRUPLQJ�SKRWRV\QWKHVLV� DQG�DVVLPLODWH�

HQYLURQPHQWDO�&2� LQ�WKH�IRUP�RI�FDUERK\GUDWHV�DQG�OLSLGV��ZKLFK�DUH�IXUWKHU�XWLOL]HG�IRU�WKH�

SURGXFWLRQ�RI�ELRIXHOV��7KH�DVVLPLODWHG� FDUERQ� FDQ�EH� VWRUHG� HLWKHU� LQ� WKH� IRUP�RI� OLSLG�RU�

FDUERK\GUDWH�� 0LFURDOJDH� FDQ� DOVR� JURZ� HIILFLHQWO\� LQ� ZDVWHZDWHU DQG� UHGXFH� WKH� RUJDQLF�

FRQWHQW� RI� ZDVWHZDWHU DQG� WKHUHIRUH� KHOS� LQ� ZDVWHZDWHU WUHDWPHQW�� 0LFURDOJDH� KDYH� EHHQ�

FKRVHQ� DV� WKH� SURPLVLQJ DOWHUQDWLYH� VXEVWUDWH� IRU� WKH� SURGXFWLRQ� RI� ELRIXHOV� EHFDXVH� RI� D�

QXPEHU�RI� UHDVRQV��)LUVW�� WKH\�KDYH�YHU\�KLJKHU�ELRPDVV SURGXFWLYLW\��6HFRQG�� WKH\�GR�QRW�
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GLUHFWO\� FRPSHWH�ZLWK� WKH� IRRG� FURSV� DV� WKH\� GR� QRW� DUDEOH� ODQG� DQG� IUHVK�ZDWHU� IRU� WKHLU�

JURZWK��7KLUG��WKH\�KDYH�KLJK�FDUERK\GUDWH��OLSLG�FRQWHQW�IRU�WKH�SURGXFWLRQ�RI�ELRIXHOV��

0LFURDOJDH�FDQ�PLWLJDWH�WKH�SUREOHP�RI�KLJK�GHJUHH�RI�FDUERQ�GLR[LGH�LQ�WKH�DWPRVSKHUH�DV�

WKH\�FDQ�H[SORLW�WKH�JUHHQ�KRXVH JDVHV�UHOHDVHG�IURP�SRZHU�VWDWLRQ�V��DQG�YDULRXV�LQGXVWULDO�

VRXUFHV� LQ�DQ�HIILFLHQW�PDQQHU� �6LQJK�HW� DO����������7KHVH�DWWULEXWHV�RI�PLFURDOJDH�DUH�QRZ�

FRQVWDQWO\� EHLQJ� LQYHVWLJDWHG� DQG� WKHUHIRUH�� EXON� FXOWLYDWLRQ� RI� PLFURDOJDH� LV� GRQH� WR�

JHQHUDWH�%LRHWKDQRO�IHHGVWRFN�IRU�IHUPHQWDWLRQ �+XQWOH\�DQG�5HGDOMH��������5RVHQEHUJ�HW�DO���

������ 6XEKDGUD� DQG� (GZDUGV�� ������� 6WDUFK� DQG� JO\FRJHQ� LQ� WKH� DOJDO� VSHFLHV� VXFK� DV�

&KORUHOOD��DQG�DOVR�6FHQHGHVPXV��LV�PRUH�WKDQ�����RI�WKH�WRWDO�GU\�FHOO�ZHLJKW��8HGD�HW�DO���

������� 7KH� DVVLPLODWLRQ� RI� FHOOXORVH� E\� WKH� PLFURDOJDO� ELRPDVV� FRQWULEXWHV� LQ� ELRHWKDQRO�

SURGXFWLRQ�SURFHGXUH��&KHQ�HW�DO����������7DEOH�����VXPV�XS�WKH�PLFURDOJDO�VXEVWUDWHV�ZKLFK�

DUH�IHUPHQWDEOH �3DFNHU��������/DP�DQG�/HH��������9HOD]TXH]�/XFLR�HW�DO����������

2SWLPDO� QXWULHQWV� FDQ� EH� HDVLO\� SURYLGHG� WR� WKH� PLFURDOJDO� VSHFLHV�� $TXDFXOWXUH� VXLWV�

PLFURDOJDO� JURZWK�� 7KH� ODFN� RI� URRWV� DQG� VWHPV� IDYRXUV WKH� PLFURDOJDO� FXOWLYDWLRQ� LQ�

DTXDFXOWXUH�� 7KH� VHOI�FRQWDLQHG� PLFURDOJDO� ELRPDVV� LV� YHU\� SURGXFWLYH� DQG� LV� PRVWO\�

XQLFHOOXODU�LQ�QDWXUH��$OPRVW�QR�HQHUJ\�LV�VSHQW�E\�WKH�PLFURDOJDH�IRU�PRYHPHQW ŽI�VWDUFK�LQ�

WKH�WLVVXHV��,I�RSWLPDO�FRQGLWLRQV�DUH�WKH�SUHVHQW��YHU\�UDSLG�JURZWK�RI�WKH�PLFURDOJDH�RFFXUV�

DQG� LW� KDV� EHHQ� REVHUYHG� WKDW� WKH� GRXEOLQJ� SHULRG� RI�&KODP\GRPRQDV LV� YHU\� VKRUW� L�H�� ��

KRXUV� �&KHQ� HW� DO��� ������� 7DNLQJ� DGYDQWDJH� RI� EXON� SURGXFWLRQ� RI� PLFURDOJDH� DQG� LWV�

ELRFRQYHUVLRQ�WR�IXHO�JHQHUDWLRQ��WKH�WHFKQRORJ\�FDQ�ZRUN�DW�DQ�LQGXVWULDO OHYHO�ZKHUH�FDUERQ�

GLR[LGH�IL[DWLRQ�DQG�ELRIXHO�JHQHUDWLRQ�FDQ�EH�GRQH��6KHHKDQ���������
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��� &XOWLYDWLRQ�RI�PLFURDOJDH

7KH� SURFHVV� RI� FXOWLYDWLQJ� PLFURDOJDH� KDV� EHHQ� LQ� SUDFWLFH� VLQFH� WKH� ����V�� 7KH�

SKRWRELRUHDFWRU� GHVLJQV� DQG� FRQILJXUDWLRQV� DYDLODEOH� LQ� OLWHUDWXUH� KDYH� EHHQ� RQO\� XVHG� IRU�

LQYHVWLJDWLRQDO�SXUSRVHV��DQG�KDYH�QRW�EHHQ�VXFFHVVIXO�IRU�ODUJH�VFDOH�FXOWLYDWLRQ�RSHUDWLRQV�

�2ODL]ROD���������.QRZOHGJH�RI�JDV�KROGXS��K\GURG\QDPLFV��DQG�WUDQVSRUW�SURSHUWLHV�LQVLGH�D�

UHDO� PLFURDOJDH� FXOWXUH�� DV� ZHOO� DV� WKH� RSHUDWLQJ� SDUDPHWHUV� RI� WKH� SKRWRELRUHDFWRU�� DUH�

HVVHQWLDO�IRU�VXFFHVVIXO�VFDOH�XS�DQG�RSWLPL]DWLRQ�IRU�PDVV�FXOWLYDWLRQ�RI�PLFURDOJDH��DQG�D�

ODFN�RI� WKH�VDPH�KDV�PDGH�FRPPHUFLDO�VFDOH�PLFURDOJDH�FXOWXULQJ�D�FRVWO\�DIIDLU� �2ODL]ROD��

������� 2I� WKH� DYDLODEOH� SKRWRELRUHDFWRU� FRQILJXUDWLRQV�� EXEEOH� FROXPQV� DQG� DLUOLIW�

SKRWRELRUHDFWRUV�DUH�YHU\�SURPLVLQJ�IRU�FXOWXULQJ�DOJDH�RQ�D�ODUJH�VFDOH��8JZX�HW�DO����������

7KH\� DUH� DOVR� FRPSDFW� DQG� HDV\� WR� FRQVWUXFW� DQG� RSHUDWH�� 6LQFH� JDV� LQMHFWLRQ� LV� XVHG� IRU�

PL[LQJ�DV�ZHOO�DV�LQWURGXFWLRQ�RI�QXWULHQW�JDVHV�LQWR�WKH�V\VWHP��WKH\�SURYLGH�ORZ�VKHDU�VWUHVV�

WR� DOJDH� DORQJ�ZLWK� SURSHU�PL[LQJ� DQG�PDVV� WUDQVIHU� �8JZX� HW� DO��� ������0HUFKXN� HW� DO���

������0LURQ�HW�DO���������=LWWHOOL�HW�DO����������

$LUOLIW� SKRWRELRUHDFWRUV� VXSSO\� D� FRQWUROOHG� FRQFHQWUDWLRQ� RI� &2� �ZLWK� DLU� DQG� QLWURJHQ���

W\SLFDOO\� E\� VSDUJLQJ� WKH� JDV� LQWR� WKH� DOJDO� FXOWXULQJ� PHGLD�� ZKHUH� WKH� EXEEOHV� KHOS� LQ�

GLVWULEXWLQJ�WKH�JDV�DQG�DJLWDWLQJ�WKH�FXOWXUH�DV� WKH\�PRYH�� ,Q�EXEEOH�FROXPQV�HYHQ�WKRXJK�

WKHUH� DUH� OLJKW� DQG� GDUN� UHJLRQV� SUHVHQW� LQVLGH� WKH UHDFWRUV� �WKXV� DOORZLQJ� IRU� WKH� IODVKLQJ�

OLJKW�HIIHFW���UHVHDUFK�KDV�VKRZQ�WKDW�SURSHUO\�RUGHUHG�PL[LQJ�VWUDWHJLHV�PXVW�EH�LQWURGXFHG�

WR�IDFLOLWDWH�PRYHPHQW�RI�FHOOV�EHWZHHQ�WKHVH�]RQHV��*UHHQZHOO�HW�DO���������
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7DEOH����� 7KH�FDUERK\GUDWH�FRQWHQW�RI�VRPH�PLFURDOJDH�VSHFLHV �5()�

0LFURDOJDH�VSHFLHV &DUERK\GUDWH

FRQWHQW����GU\�ZHLJKW�

5HIHUHQFHV

&KODP\GRPRQDV

UKHLQKDUGLL
���� �0LODQR�HW�DO�� �����

&KORUHOOD�S\UHQRLGRVD �� �%HFNHU�������

&KORUHOOD�YXOJDULV ����� �:DQJ�HW�DO��������

&KORURFFXP�VS� ���� �+DUXQ�HW�DO��������
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7KXV�WKH�GUDIW�WXEH�DQG�VSOLW�DLUOLIW�UHDFWRU�DUH�D�EHWWHU�FKRLFH�IRU�PLFURDOJDH�FXOWLYDWLRQ��%RWK�

RI�WKHVH�DLUOLIW�UHDFWRUV�SURYLGH�HIILFLHQW�FLUFXODWLRQ�OHDGLQJ�WR�RUGHUHG�PL[LQJ DQG�PRYHPHQW�

RI�FHOOV�EHWZHHQ�WKH�OLJKW�DQG�GDUN�SKDVHV��:KHQ�JDV�IORZV�WKURXJK�WKH�PLFURDOJDH�FXOWXUH�

LQVLGH�WKH�UHDFWRU��WKH�JDV�KROGXS�DQG�EXEEOH�G\QDPLFV�GHWHUPLQH WKH�WUDQVIHU�RI�WKH�JDVVHV�

IURP� WKH� JDV� SKDVH� WR� WKH� OLTXLG� SKDVH�� DQG� DOVR� WKH� WUDQVIHU� RI� R[\JHQ� �SURGXFHG� GXULQJ�

SKRWRV\QWKHVLV��IURP�WKH�OLTXLG�WR�WKH�JDV�SKDVH��

*DV�OLTXLG�LQWHUDFWLRQ�LV�DIIHFWHG�E\�WKH�ORFDO�JDV�KROGXS��EXEEOH IUHTXHQF\��FKRUG�OHQJWK�DQG�

YHORFLW\��LQWHUIDFLDO�DUHD��DQG�PDVV�WUDQVIHU��7KHVH�SDUDPHWHUV�DUH�FULWLFDO�QRW�RQO\�WR�HQVXUH�

WKDW�WKH�QXWULHQWV�DUH�VXSSOLHG�WR�WKH�FHOOV�DW�DQ�HIIHFWLYH�UDWH�EXW�DOVR�WR�DYRLG�R[\JHQ�EXLOG�

XS� LQ� WKH�PHGLXP��6RPH�VWXGLHV�RQ�HVWLPDWLQJ� WKH�JDV�KROGXS��EXEEOH�G\QDPLFV��DQG�PDVV�

WUDQVIHU�LQ�DLUOLIW�UHDFWRUV�DUH�DYDLODEOH�LQ�WKH�OLWHUDWXUH��7KHUH�DUH�DOVR�PDQ\�FRUUHODWLRQV�IRU�

FDOFXODWLQJ� WKH� IORZ�G\QDPLF�SURSHUWLHV�RI� WKH� V\VWHP��EXW� WKH� HPSLULFDO�RU� VHPL�HPSLULFDO�

QDWXUH�RI�WKHVH�VWXGLHV�OLPLWV�WKHLU�DSSOLFDELOLW\��

$V�WKH�FXOWXUH�JURZV�DQG�LQFUHDVHV�LQ�GHQVLW\��WKH�UKHRORJLFDO�SURSHUWLHV�RI�WKH�V\VWHP�VXFK�

DV�GHQVLW\��YLVFRVLW\��DQG�VXUIDFH�WHQVLRQ�DOVR�FKDQJH��7KHVH�G\QDPLF�FKDQJHV�LQ�WKH�SK\VLFDO�

SURSHUWLHV�RI�WKH�PHGLXP��LQ�WXUQ��DOWHU�WKH�VWUXFWXUH��VL]H��DQG�IUHTXHQF\�RI�WKH�JDV�EXEEOHV��

DQG�KHQFH�WKH�EXEEOH�G\QDPLFV�RI�WKH�V\VWHP��+HQFH��LW�LV�HVVHQWLDO�WR�VWXG\�WKH�PDVV�WUDQVIHU�

LQVLGH�WKH�PHGLXP��9HU\�IHZ�VWXGLHV�LQ�WKH�OLWHUDWXUH�KDYH�DGGUHVVHG�WKLV�HVVHQWLDO�LVVXH��

0RVW�RI�WKHVH�VWXGLHV�GR�QRW�GHDO�ZLWK�D�ELRORJLFDO�V\VWHP��DQG�KHQFH�IDLO�WR�WDNH�LQWR�DFFRXQW�

WKH� UKHRORJLFDO� FKDQJHV� LQ� WKH� V\VWHP�� $OVR�� WR� WUXO\� XQGHUVWDQG� WKH� RYHUDOO� PDVV� WUDQVIHU�

FRHIILFLHQW�� LW� LV� LPSRUWDQW� WR� VHSDUDWHO\� DQDO\]H� WKH� ORFDO�PDVV� WUDQVIHU� FRHIILFLHQW� DQG� WKH�

ORFDO� LQWHUIDFLDO� DUHD�� 7KXV�� D� VWXG\� RI� WKH� RYHUDOO� SDUDPHWHUV� LV� LQVXIILFLHQW�� PDNLQJ� LW�



&KDSWHU��

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

HVVHQWLDO� WR� LQYHVWLJDWH� WKH� FKDQJHV� LQ� WKH� ORFDO� JDV� KROG�XS�� EXEEOH� G\QDPLFV�� DQG� PDVV�

WUDQVIHU�FRHIILFLHQW�DV� WKH�SK\VLFDO�SURSHUWLHV�VXFK DV�RSWLFDO�GHQVLW\��YLVFRVLW\��DQG�VXUIDFH�

WHQVLRQ� RI� WKH� V\VWHP� FKDQJH� �&RQWUHUDV� HW� DO��� ������� $OVR�� GXULQJ� WKH� SURFHVV� RI�

SKRWRV\QWKHVLV��PLFURDOJDH�JHQHUDWH�R[\JHQ��ZKLFK�LV�WUDQVIHUUHG�IURP�WKH�OLTXLG�WR�WKH�JDV�

SKDVH�� $V� WKH� FXOWXUH� SKRWRV\QWKHVL]HV� DQG� JURZV� LQ� GHQVLW\�� PRUH� DQG� PRUH� R[\JHQ� LV�

SURGXFHG��ZKLFK� WHQGV� WR� DFFXPXODWH� LQVLGH� WKH�PHGLXP��$FFXPXODWLRQ� RI�R[\JHQ�KLQGHUV�

WKH� SURFHVV� RI� SKRWRV\QWKHVLV� DQG� LV� GHWULPHQWDO� WR� WKH� JURZWK� RI� DOJDH� �*UHHQZHOO� HW� DO���

������� 7KLV� IXUWKHU� HPSKDVL]HV� WR� IXOO\� XQGHUVWDQG� WKH� PDVV� WUDQVIHU� SURFHVV� LQ� UHDO�

PLFURDOJDH�FXOWXULQJ�V\VWHPV��$QRWKHU�FUXFLDO�VWHS� LQ� WKH�SURFHVV�RI�RSWLPL]LQJ� WKH�JURZWK�

DQG�ELRPDVV�SURGXFWLYLW\�RI�PLFURDOJDH FXOWXUHV�LV�WKH�LQWHJUDWLRQ�RI�WKH�G\QDPLF�DQG�NLQHWLF�

JURZWK�VWXGLHV��

$Q� HIILFLHQW� SKRWR�ELRUHDFWRU� GHVLJQ� VKRXOG� KDYH� VXIILFLHQW OLJKW� SHQHWUDWLRQ� DV�ZHOO� DV� LWV

GLVWULEXWLRQ�LQVLGH�WKH�ELRUHDFWRU��0DVV�WUDQVIHU��HIILFLHQW�PL[LQJ�DQG�GHVLUHG WHPSHUDWXUH�DQG�

S+� FDQ� FRQWULEXWH� WR� WKH VLJQLILFDQW� HQKDQFHPHQW� RI� PLFURDOJDO� JURZWK�� $OVR�� IRU� FRVW�

HIIHFWLYH� GHYHORSPHQW� RI� SKRWR�ELRUHDFWRU� UHTXLUHV� WKH� LQFOXVLRQ RI� FDSLWDO� DQG� RSHUDWLRQDO

FRVWV��

��� (QKDQFHPHQW�RI�PLFURDOJDO�VWDUFK��FDUERK\GUDWH�FRQWHQW

7KH�PLFURDOJDH�FDQ�SURGXFH�DQG�DFFXPXODWH�HLWKHU�OLSLG�RU�VWDUFK�DV�WKHLU�FDUERQ�DQG�HQHUJ\�

UHVHUYHV� GHSHQGLQJ� XSRQ� LWV� VSHFLHV�� 7KH� VWDUFK� RU� FDUERK\GUDWH� SURGXFLQJ� PLFURDOJDH�

JHQHUDOO\�VWRUHV D�VPDOO TXDQWLW\ RI�OLSLG�XQGHU�QRUPDO�FRQGLWLRQV��EXW XQGHU�VSHFLILF�JURZWK�

FRQGLWLRQV�� VRPH� RI� WKH� PLFURDOJDH� FDQ� RYHUSURGXFH� OLSLGV�� 7KH� VWDUFK� SURGXFHG� LQ� WKH�

PLFURDOJDH�FDQ�EH�XVHG�DV�D�VRXUFH RI�HQHUJ\�DQG�FDUERQ�VRXUFH�IRU�WKH�SURFHVV�OLNH�QXFOHDU�

GLYLVLRQ�� '1$� UHSOLFDWLRQ�� DQG� F\WRNLQHVLV� �%UiQ\LNRYi� HW� DO��� ������� 7KH� FHOOXODU�
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FRPSRVLWLRQ RI�PLFURDOJDO�VWDUFK�LV�PDLQO\�JRYHUQHG E\�WZR�IDFWRUV��7KH�ILUVW� LV� WKH�UDWH�RI�

V\QWKHVLV� RI� VWDUFK� DQG� VHFRQG� LV� LWV� FRQVXPSWLRQ� LQWR� WKH� SURFHVV OLNH� FHOO� GLYLVLRQ��

7KHUHIRUH� IRU� LQFUHDVLQJ� WKH� VWDUFK� FRQWHQW�� LW� LV� QHFHVVDU\� WR� LQKLELW� WKH� SURFHVVHV� ZKLFK�

XWLOL]H� WKH� VWDUFK� DQG� WKH� FRQGLWLRQV� IDYRULQJ WKH� VWDUFK� SURGXFWLRQ� VKRXOG� EH� RSWLPL]HG�

�%UiQ\LNRYi�HW�DO���������

����� 3URWHLQ�V\QWKHVLV�LQKLELWLRQ�E\�F\FORKH[LPLGH

&\FORKH[LPLGH LV� D SURWHLQ V\QWKHVLV� LQKLELWRU LQ� HXNDU\RWHV ZKLFK� LV V\QWKHVL]HG

E\ 6WUHSWRP\FHV� JULVHXV�� 7KH� DQWLELRWLF� F\FORKH[LPLGH� ELQGV� WR� WKH� ��6� VXEXQLW� RI� WKH�

ULERVRPH�ZKHUH� LW� LQKLELWV WKH� WUDQVORFDWLRQ� VWHS� RI� WKH� SURWHLQ� V\QWKHVLV�� 7KH� SUHVHQFH� RI�

F\FORKH[LPLGH�SUHYHQWV�WKH�FHOOV�IURP�XQGHUJRLQJ�QXFOHDU�GLYLVLRQ ZKLFK�OHDGV�WR�LQKLELWLRQ�

RI� FHOO� GLYLVLRQ�� 7KHUHIRUH�� WKH� FHOOV� VWRS� LWV� HQHUJ\� FRQVXPLQJ� SURFHVVHV� DQG� WKH� FDUERQ�

IORZV� WR WKH� VWDUFK� V\QWKHVLV� ZKLFK� OHDGV� WR� WKH� DFFXPXODWLRQ� RI� VWDUFK� LQ� WKH� FHOOV��

&\FORKH[LPLGH�LQWHUIHUHV�ZLWK�SURWHLQ�V\QWKHVLV�DQG�UHGLUHFWV WKH�FDUERQ�IOX[�LQWR�DQ�HQHUJ\�

ULFK� FRPSRXQG� OLNH� FDUERK\GUDWH� ZKLFK� LQKLELWV WKH� FHOO� JURZWK� �'RXVNRYD� HW� DO��� �������

%UiQ\LNRYi�HW�DO� UHSRUWHG�WKDW &KORUHOOD�VS� V\QWKHVL]HG�VWDUFK�HIILFLHQWO\ XS�WR�����RI�LWV�

GU\� ZHLJKW� ZLWK &\FORKH[LPLGH WUHDWPHQW �%UiQ\LNRYi� HW� DO��� ������ =DFKOHGHU� DQG� 9WRY��

������

����� ,QKLELWLRQ�RI�OLSLG�V\QWKHVLV�SDWKZD\V�E\�FHUXOHQLQ

&HUXOHQLQ LV� DQ DQWLELRWLF ZKLFK� SUHYHQWV VWHURLG� DQG� IDWW\� DFLG ELRV\QWKHVLV SURFHVV��

&HUXOHQLQ� LQWHUDFWV� LQ� HTXDO UDWLR�ZLWK�ȕ�NHWR�DF\O�$&3�V\QWKDVH��7KLV� HQ]\PH� LV� D�SDUW�RI�

WKH�VHYHQ�VXEXQLWV RI IDWW\�DFLG�V\QWKDVHV �)$6���,W�LQWHUIHUHV�ZLWK�WKH�LQWHUDFWLRQ�RI PDORQ\O�

&R$� DQG� )$6�� 6WDUFK� DQG� OLSLG� JHW� DFFXPXODWHG� LQ� WKH� PLFURDOJDH� DV PDMRU� HQHUJ\�

UHVHUYHV� +RZHYHU��WKH�VWDUFK�DQG�OLSLG�FRQWHQW�RI�PLFURDOJDH�GHSHQGV�RQ�WKH�W\SH�RI�VSHFLHV�
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�/2(%/,&+�,,,�������� 7KH�IDWW\�DFLG�V\QWKHVLV� LQKLELWLRQ�GLYHUWV� WKH�FDUERQ�IORZ�WRZDUGV�

WKH�VWDUFK�V\QWKHVLV�DQG�OHDGV�WR�DFFXPXODWLRQ�RI�FDUERK\GUDWHV�LQVLGH�WKH�FHOOV��.ZRN�HW�DO��

REVHUYHG� WKDW� LQKLELWLRQ� RI� OLSLG� V\QWKHVLV� E\� FHUXOHQLQ� XSUHJXODWHG� WKH� FHOOXORVH� V\QWKHVLV�

DQG� LQFUHDVHG� WKH� FHOOXORVH� FRQWHQW� RI� &U\SWKHFRGLQLXP FRKQLL %LHFKHOHU� VWUDLQ� ����

PLFURDOJDH��.ZRN�DQG�:RQJ���������)LJXUH�����VKRZV�WKH�OLSLG�DQG�VWDUFK V\QWKHVLV�SDWKZD\�

LQ�ZKLFK�LQKLELWLRQ�RI�IDWW\�DFLG�V\QWKDVH�HQ]\PH�ZDV�VKRZQ�

����� 1XWULHQW�OLPLWDWLRQ�VWUDWHJ\

7KH� XVH� RI� LQKLELWRUV� IRU� RYHUSURGXFLQJ� WKH� VWDUFK� LQ� PLFURDOJDH� LV� XVHIXO� LQ� WKH� EDVLF�

UHVHDUFK�EXW� LW�FRXOG�QRW�EH�XVHG� LQ� LQGXVWULDO�VFDOH�GXH� WR� LWV� HFRQRPLF DQG�HQYLURQPHQWDO�

FRQVWUDLQWV�� 0DFUR�HOHPHQWV� �1�� 3� DQG� 6�� OLPLWDWLRQ� FRQGLWLRQV� VXSSUHVVHG� WKH� FHOO� F\FOH�

HYHQWV� E\� SUHYHQWLQJ� WKH� HQHUJ\� DQG� FDUERQ� IORZ� IURP� WKH� VWDUFK� WR� FHOO� SURFHVVHV� LQ�

DXWRWURSKLF� PLFURDOJDH� JURZWK�� 7KH� LQFUHDVH� LQ� VWDUFK� FRQWHQW� ZDV� UHSRUWHG� E\� PDQ\�

VFLHQWLVWV�ZKHQ�WKH�PLFURDOJDH�ZHUH�JURZQ�XQGHU�QXWULHQW�OLPLWDWLRQ�FRQGLWLRQV��.OHLQ��������

%DOO�HW�DO����������7KH�H[DFW�PHFKDQLVPV�RI�QXWULHQW�OLPLWHG LQGXFHG�VWDUFK�V\QWKHVLV�DUH�VWLOO�

XQNQRZQ� DQG� QRQVSHFLILF� �%DOOLQ� HW� DO��� ������� +RZHYHU�� LWV� DSSOLFDWLRQ� LQ� JURZLQJ�

PLFURDOJDH IRU� ODUJH� VFDOH� LV� ERWK� DGYDQWDJHRXV� LQ� HFRQRPLF DQG� HQYLURQPHQWDO� SRLQW� RI�

YLHZ���

1LWURJHQ�LV�UHTXLUHG IRU�WKH�ELRV\QWKHVLV�RI�QXFOHLF�DFLG��SURWHLQ�DQG�SKRWRV\QWKHWLF�SLJPHQWV

WKHUHIRUH�DIIHFW WKH�ELRPDVV�\LHOG��%HUGDOHW�HW�DO����������,Q�PDQ\�PLFURDOJDH��XQGHU�QLWURJHQ�

OLPLWDWLRQ�� WKH� ELRV\QWKHVLV� RI� FDUERK\GUDWHV� RU� OLSLGV� LV� HQKDQFHG�� LQVWHDG� RI� SURWHLQV�

�0DUNRX�HW� DO����������:KHQ�PLFURDOJDH�DUH�JURZQ�XQGHU�QLWURJHQ�GHSULYHG�FRQGLWLRQ��FHOO�

GLYLVLRQ� LV� LQKLELWHG� DQG� WKH� FDUERQ� IORZ� VZLWFKHV� WRZDUGV� WKH� VWDUFK� V\QWKHVLV�� ,Q� D� VWXG\�

SHUIRUPHG� E\� .OHLQ� HW� DO��� WKH\� UHSRUWHG� WKDW� LQ�&KODP\GRPRQDV� UHLQKDUGWLL�� SURWHLQ� DQG�
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FKORURSK\OO�FRQWHQW�ZDV�GHFUHDVHG�ZKLOH�FDUERK\GUDWH�FRQWHQW�ZDV�LQFUHDVHG�DERXW� VL[�IROG

ZKHQ�WKH�QLWURJHQ�VRXUFH�ZDV�H[KDXVWHG��.OHLQ���������%DOOLQ�HW�DO��FXOWLYDWHG�WKH�PLFURDOJDH�

6FHQHGHVPXV� TXDGULFDXGD DQG� UHSRUWHG� WKDW� WKH� V\QWKHVLV� RI� PDFURPROHFXOHV� OLNH� 51$��

'1$�DQG�SURWHLQV�ZDV�DUUHVWHG�XQGHU�QLWURJHQ�ODFNLQJ�FRQGLWLRQ��7KLV�LQKLELWLRQ�OHDGV�WR�WKH�

GLYHUVLRQ�RI WKH�FDUERQ�IORZ�WRZDUGV�WKH�VWDUFK�V\QWKHVLV��%DOOLQ�HW�DO����������%HKUHQV�HW�DO�

VWXGLHG�WKH�FXOWLYDWLRQ�RI�&KORUHOOD�YXOJDULV XQGHU QLWURJHQ�VXIILFLHQW�DQG�QLWURJHQ�OLPLWDWLRQ�

FRQGLWLRQV��7KH\�IRXQG�WKDW�PLFURDOJDH�DFFXPXODWHG�WKH�VWDUFK�DSSUR[LPDWHO\�����RI�LWV�GU\�

ZHLJKW�XQGHU�QLWURJHQ�VXIILFLHQW�FRQGLWLRQV��ZKHUHDV�WKH�VWDUFK�FRQWHQW�LQFUHDVHG�XS�WR�����

RI�LWV�FHOOXODU�ZHLJKW�XQGHU QLWURJHQ�OLPLWDWLRQ�JURZWK�FRQGLWLRQ��%HKUHQV�HW�DO���������

1LWURJHQ� OLPLWDWLRQ� ZDV� IRXQG� DV� DQ HIILFLHQW� WHFKQLTXH� WR� HQKDQFH� WKH� FDUERK\GUDWH�

FRQFHQWUDWLRQ LQ� PLFURDOJDH�� ,W� ZDV� REVHUYHG� WKDW� &�� YXOJDULV VWRUHG� FDUERK\GUDWHV� LQ�

QLWURJHQ�GHSULYHG�VLWXDWLRQV�XS WR ������SRVW�IRXU�GD\V�RI�FRQWLQXRXV�VWDUYDWLRQ��0D[LPXP�

SURGXFWLYLW\� RI� WKH� ELRPDVV� DQG� FDUERK\GUDWHV� ZHUH� ������ DV� ZHOO� DV� ������ J� /��� � G����

0LFURDOJD� ZDV� IRXQG� WR� EH� DQ� H[FHOOHQW� VXEVWUDWH� IRU� ELRHWKDQRO� IHUPHQWDWLRQ� ZLWK� KLJK�

JOXFRVH�������FRQWHQW��+R�HW�DO�������E��

7KH�VWDUFK�DQG�OLSLG�V\QWKHVLV�LQ PLFURDOJDO�FHOOV�L�H��LQ�&KORUHOOD�]RILQJLHQVLV��ZDV�DQDO\]HG�

XQGHU�YDULRXV�QLWURJHQ� OLPLWLQJ�FRQGLWLRQV��&HOO�JURZWK�DQG�FKORURSK\OO� GHSOHWLRQ�RFFXUUHG�

XQGHU�QLWURJHQ�VWDUYHG�FRQGLWLRQ�ZKLFK�ZDV�FRQWUDU\�WR�WKH�QLWURJHQ�UHSOHQLVKHG FHOOV��,Q�WKH�

FDVH RI�QLWURJHQ�VWDUYDWLRQ��VWDUFK�V\QWKHVLV�SUHFHGHG�OLSLG�VWRUDJH�EHFDXVH�SRVW�VHFRQG�GD\�

RI�VWDUYDWLRQ��VWDUFK�GHJUDGHG�WR�EDODQFH�OLSLG�ELRV\QWKHVLV��/LSLG�ZDV�V\QWKHVL]HG�IRU� ORQJ�

WHUP HQHUJ\�DFFXPXODWLRQ�ZKLOH�VWDUFK�ZDV�D�TXLFN�UHVSRQVH�WR�WKH�VWUHVV�FRQGLWLRQV�=KX�HW�

DO�������D���
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)LJXUH����� %ORFNDJH�RI�OLSLG�V\QWKHVLV�SDWKZD\�E\�FHUXOHQLQ�LQ�PLFURDOJDH�DQG�

DFFXPXODWLRQ�RI�VWDUFK��6XEUDPDQLDQ�HW�DO���������

0LFURDOJDO� JURZWK� LQ� QLWURJHQ�VWDUYHG FRQGLWLRQV� ZDV� IRXQG� WR� EH� ����� GD\í� ZKLFK�

DFFRXQWHG�WR�EH�OHVV�WKDQ�QLWURJHQ�UHSOHQLVKHG�FRQGLWLRQV�������GD\í����,QWHUHVWLQJO\��QLWURJHQ�

GHSULYHG� FRQGLWLRQV� JHQHUDWHG� VWUHVV� ZKLFK� DFWXDOO\� OHG� WR� WKH� DFFXPXODWLRQ� RI� VWDUFK��

&DUERK\GUDWH� FRQWHQW� DQG� VWDUFK� DFFXPXODWLRQ� LPSURYHG������DQG����� IROGV�� UHVSHFWLYHO\��

������� RI� VWDUFK� LQFUHPHQW�ZLWK� ������� RI� GU\�ZHLJKW� �':��ZDV� REVHUYHG� D� �=KX� HW� DO���

����E����7KH�WZR�VWDJH�SURFHVVLQJ�VWUDWHJ\�IRU�VWDUFK�HQKDQFHPHQW�ZDV�GRQH�XVLQJ�QLWURJHQ�

GHSOHWLRQ�VWUDWHJ\��%XW��WKH�VSHFLILF JURZWK�UDWH�ZDV�OHVV�WKDQ�WKDW�VHHQ�IRU�QLWURJHQ�DVVLVWHG�

JURZWK��7KH�VWDUFK\�PDWHULDO�RI�WKH�IUHVKZDWHU�VWUDLQ��&��YXOJDULV VWUDLQ�3����LQFUHDVHG���IROG��

XS WR ������RI�GU\�FHOO�ELRPDVV��'UDJRQH�HW�DO���������
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=X�HW�DO�������UHYHDOHG WKDW�WKH�FHOO�JURZWK LQ QLWURJHQ�GHILFLHQW�FRQGLWLRQ�ZDV�TXLWH�OHVV WKDQ�

WKDW�XQGHU�QLWURJHQ� VXIILFLHQW� FRQGLWLRQ��$OVR�� QLWURJHQ� OLPLWDWLRQ VWLPXODWHG WKH� VWRUDJH RI�

VWDUFK��$IWHU� MXVW �� GD\� RI� QLWURJHQ� GHILFLHQF\�� VWDUFK� DQG� FDUERK\GUDWH� FRQFHQWUDWLRQ�ZDV�

HQKDQFHG� E\� ����IROG� DQG� ��� ��� UHVSHFWLYHO\�� 7KH� PD[LPXP FDUERK\GUDWH� FRQFHQWUDWLRQ

LQFUHDVHG�XS WR �������RI GFZ RI�ZKLFK �������ZDV�VWDUFK��=KX�HW�DO�������E���'UDJRQH�HW�DO�

SURSRVHG� D� WZR�VWDJH� FXOWLYDWLRQ� VWUDWHJ\� IRU� FDUERK\GUDWH� HQKDQFHPHQW� LQ� ZKLFK� WKH�

DFFXPXODWLRQ RI� VWDUFK� ZDV� IRXQG XQGHU QLWURJHQ�GHILFLHQW FRQGLWLRQV�� +RZHYHU�� WKH� FHOO�

JURZWK�ZDV� OHVV WKDQ� WKDW� IRXQG XQGHU QLWURJHQ�UHSOHQLVKHG JURZWK� FRQGLWLRQV�� 7KH� VWDUFK�

FRQFHQWUDWLRQ RI�&��YXOJDULV LQFUHDVHG ZKLFK ZDV�IRXQG�WR�EH���IROG�JUHDWHU�WKDQ�WKH�FRQWURO�

�'UDJRQH�HW�DO���������

$ VHPL�EDWFK� FXOWLYDWLRQ� PHWKRG IRU� PLFURDOJDH� ZDV� XVHG� WR� SURPRWH� WKH FDUERQ�GLR[LGH

IL[DWLRQ�HIILFLHQF\� FHOO�JURZWK DQG�FDUERK\GUDWH�SURGXFWLYLW\��8QGHU� WKH�RSWLPDO�RSHUDWLRQ�

FRQGLWLRQ� �VHPL�EDWFK� V\VWHP� RI� ���� UHSODFHPHQW��� WKH� KLJKHVW� &2� IL[DWLRQ� UDWH��

FDUERK\GUDWH�SURGXFWLYLW\�� DQG�ELRHWKDQRO� \LHOG� UHDFKHG���������������PJ�/�� G���� ��������

�����PJ�/�� G����DQG���������������J�J�ELRPDVV��UHVSHFWLYHO\��+R�HW�DO����������&KHQJ�HW�DO��

HYDOXDWHG� D� WZR�VWDJH FXOWLYDWLRQ� V\VWHP� IRU� HQKDQFLQJ FDUERK\GUDWH� DQG� VWDUFK� VWRUDJH LQ�

&KORUHOOD�VS��$(����7KH�PD[LPXP FDUERK\GUDWH�FRQFHQWUDWLRQ ZDV�REVHUYHG�DV�������ZKLOH

WKH� PD[LPXP VWDUFK� FRQWHQW� ZDV� IRXQG� DV� ������� 7KH� VWDUFK� SURGXFWLYLW\� ZDV� PHDVXUHG�

������J�/í��GD\í� DQG�WKH�FDUERK\GUDWH�SURGXFWLYLW\�ZDV�FDOFXODWHG�DV�������J�/í� GD\í� IURP�

�WK GD\�WR� �WK GD\ �&KHQJ�HW�DO����������

7KH�SKRVSKRUXV�LV�DOVR�RQH�RI�WKH�PRVW LPSRUWDQW�PDFUR�HOHPHQWV�IRU�WKH�FHOOV�DQG�WKH�PDLQ

HOHPHQW� RI� HQHUJ\�FDUU\LQJ PROHFXOHV� DQG� RWKHU� PDFURPROHFXOHV� OLNH� '1$� DQG� 51$��

3KRVSKRUXV�LV�QHFHVVDU\�IRU�QXFOHLF�DFLG�ELRV\QWKHVLV�DQG�YDULRXV�FHOOXODU�PHWDEROLWHV��KHQFH�
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SKRVSKRUXV�OLPLWDWLRQ�FHDVHV�WKH�YDULRXV FHOOXODU�PHWDEROLF�SURFHVVHV��:LMIIHOV�DQG�%DUERVD��

������� 7KH�SKRVSKRUXV�OLPLWDWLRQ�PDLQO\�DIIHFWV�51$ V\QWKHVLV�DQG�SURWHLQ�V\QWKHVLV��7KH�

LQKLELWLRQ� RI� 51$� DQG� SURWHLQ� V\QWKHVLV� GLG� QRW� DIIHFW� WKH� SKRWRV\QWKHVLV� DQG� WKHUHIRUH�

DFFXPXODWLRQ�RI�VWDUFK�ZDV�REWDLQHG��%DOOLQ�HW�DO��������� 3KRVSKRUXV�OLPLWDWLRQ�LQ�&KORUHOOD�

YXOJDULV EORFNHG�WKH�FHOO�GLYLVLRQ�DQG�UHGXFHG�WKH�ELRPDVV�V\QWKHVLV�DQG�FRPSOHWHO\�VWRSSHG�

DIWHU����K�LQ�WKH�DEVHQFH�RI�SKRVSKRUXV�LQ�WKH�PHGLXP��%UiQ\LNRYi�HW�DO����������,Q D�VLPLODU�

VWXG\��%UiQ\LNRYi HW�DO��GHPRQVWUDWHG�WKDW�XQGHU�VXOSKXU�OLPLWHG�FRQGLWLRQ�&KORUHOOD�YXOJDULV

DFFXPXODWHG�DQG�PDLQWDLQHG�D�KLJK�VWDUFK�FRQWHQW�RI������Z�Z���%UiQ\LNRYi�HW�DO���������

6XOSKXU� LV� DOVR� DQ� HVVHQWLDO�PDFUR�HOHPHQWV� UHTXLUHG� IRU�PHWDEROLVPV�RI� OLSLG�� SURWHLQ� DQG�

PROHFXOHV� DVVRFLDWHG�ZLWK� HOHFWURQ� WUDQVSRUW� FKDLQV �<LOGL]� HW� DO��� ������� ,W� DOVR� DIIHFWV� WKH�

V\QWKHVLV� RI� VWDUFK� FRQWHQW� LQ� PLFURDOJDH� 7KH PLFURDOJD�� 7HWUDVHOPLV� VXEFRUGLIRUPLV��

DFFXPXODWHV� VWDUFK� DXWRWURSKLFDOO\� RU� PL[RWURSKLFDOO\�� 7KH� PD[LPXP� VWDUFK� FRQWHQW� ZDV�

REWDLQHG� DV� ��� �� �Z�Z�� XQGHU� WKH� QRUPDO� JURZWK� FRQGLWLRQV�� 7KH� VWDUFK� FRQWHQW� ZDV�

LQFUHDVHG�LQ�7��VXEFRUGLIRUPLV XVLQJ�WKH�VXOIXU�VWDUYDWLRQ�FRQGLWLRQ�ZKLFK�OHG�WR�GLUHFW�VWDUFK�

RYHUSURGXFWLRQ�DQG�VWDUFK FRQWHQW�RI���������Z�Z���ZDV�REWDLQHG��<DR�HW�DO���������

��� 3UHWUHDWPHQW�RI�PLFURDOJDH�IRU�FDUERK\GUDWH�H[WUDFWLRQ

3UHWUHDWPHQW�RI�WKH�PLFURDOJDO�ELRPDVV�LV�D�YHU\�LPSRUWDQW�VWHS�IRU�WKH�SURGXFWLRQ�RI�HWKDQRO�

IURP�PLFURDOJDH�EHFDXVH�LW�SURYLGHV�WKH�DFFHVVLELOLW\�RI�FDUERK\GUDWH�WR�PLFURRUJDQLVPV�DQG�

UHVXOWHG� LQ� LPSURYHPHQW� RI� WKH� IHUPHQWDWLRQ� SURFHVV� �+DUXQ� HW� DO��� ������ 'HPXH]� HW� DO���

�������3UHWUHDWPHQW�FDXVHV�WKH�EUHDNGRZQ�RI�WKH�FHOO�ZDOOV�RI�PLFURDOJDO�FHOOV�DQG�PRGLILHV

WKH� LQWUDFHOOXODU� FDUERK\GUDWH� VWUXFWXUHV�� 7KH� FDUERK\GUDWHV� RI�PLFURDOJDH� DUH� IRXQG� LQ� LWV�

FHOO� ZDOO� LQ� WKH� IRUP� RI� FHOOXORVH� DQG� VWRUHG� LQ� WKH� SODVWLGV� DV� VWDUFK�� 7KH� FHOO ZDOO� RI�

PLFURDOJDH�LV�PDLQO\�FRPSRVHG�RI�SHFWLQ��FHOOXORVH�DQG�VXOSKDWHG�SRO\VDFFKDULGHV��6FKRO]�HW�



&KDSWHU��

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

DO����������,Q�WKH�PLFURDOJDH�FHOOV��VWDUFK�LV�SUHVHQW�LQ�WKH�IRUP�RI�VHPL�FU\VWDOOLQH JUDQXORVH�

SDUWLFOHV�PDLQO\�FRPSRVHG�RI�DP\ORVH�DQG�DP\ORSHFWLQ��+XDQJ�HW DO����������7KH�JUDQXORXV�

IRUP� VWDUFK� LV�PRUH� VWDEOH� GXH WR LWV� FU\VWDOOLQH� VWUXFWXUH� DQG� VPDOO�ZDWHU� FRQWHQW��+HQFH��

SUHWUHDWPHQW� LV� QHFHVVDU\� WR� FKDQJH� WKHLU� VWUXFWXUH� WKURXJK�GLIIHUHQW�SUHWUHDWPHQW�PHWKRGV��

7KHUH� DUH� GLIIHUHQW� W\SHV� RI� SUHWUHDWPHQW� PHWKRGV� L�H�� DFLGLF�� DONDOL�� HQ]\PDWLF� DQG� VRPH�

RWKHU�PHFKDQLFDO�PHWKRGV� OLNH�� XOWUDVRQLFDWLRQ��PLFURZDYH�� EHDG� EHDWHU�� DQG� KRPRJHQLVHU�

WKURXJK�ZKLFK�PLFURDOJDO�ELRPDVV�FDQ�EH�EURNHQ�GRZQ�DQG�XVHG�DV� D�VXLWDEOH VXEVWUDWH�IRU�

HWKDQRO�IHUPHQWDWLRQ�

����� $FLGLF�SUHWUHDWPHQW�

7KH�DFLGLF�SUHWUHDWPHQW�RI�DOJDO�ELRPDVV�FDQ�EH�XVHG�ZLWK�FRQFHQWUDWHG�RU�GLOXWHG�DFLGV��7KH�

FRQFHQWUDWHG� DFLGV� QHHG� ORZ� WHPSHUDWXUH� DQG� OHVV� WLPH� IRU� WKH� ELRPDVV� SUHWUHDWPHQW��

+RZHYHU�� WKH� GLOXWHG� DFLG� UHTXLUHV� ORQJHU� WLPH�� KLJK� WHPSHUDWXUH� DQG� SUHVVXUH� YDOXH� WR�

DFKLHYH� WKH� IDYRXUDEOH� K\GURO\VLV� HIILFLHQF\� �*tULR� HW� DO��� ������� 7KH� XVH� RI� DFLGV� DW� KLJK�

WHPSHUDWXUH�LQYROYHV�WKH�IRUPDWLRQ�RI�XQGHVLUHG�SURGXFWV�OLNH�IXUIXUDO�DQG�K\GUR[\O�PHWK\O�

IXUIXUDO� ZKLFK� LQKLELW� WKH� PLFURRUJDQLVPV¶� JURZWK� DQG� IHUPHQWDWLRQ� SURFHVV� �5XL]� HW� DO���

�������$FLG�EDVHG PHWKRGV� DUH� FRPPRQO\� XVHG�ZLWK� VXOSKXULF� DFLG� DQG� K\GURFKORULF� DFLG�

ZLWK�FRQFHQWUDWLRQ����������WHPSHUDWXUH�����&�WR�����&��DQG�WLPH���������PLQ��

+DUXQ�HW� DO ����� LQYHVWLJDWHG� WKH� LQIOXHQFH� RI� DFLG� SUHWUHDWPHQW� RQ�PLFURELDO� ELRPDVV� IRU�

ELRHWKDQRO�SURGXFWLRQ��7KH\�RSWLPL]HG�DFLG�FRQFHQWUDWLRQ�� WHPSHUDWXUH��PLFURDOJDH� ORDGLQJ�

DQG�SUHWUHDWPHQW� WLPH�DQG�REWDLQHG�WKH�KLJKHVW�ELRHWKDQRO�FRQFHQWUDWLRQ������J�/�ZKHQ�WKH�

SUHWUHDWPHQW� VWHS� ZDV� SHUIRUPHG� ZLWK� ��� J�/� RI� PLFURDOJDH� DW� ����&� XVLQJ� ��� �Y�Y�� RI�

VXOSKXULF�DFLG�IRU����PLQ��,W�ZDV�IRXQG�LQ�WKH�VWXG\�WKDW�WHPSHUDWXUH�LV�WKH�PRVW�FULWLFDO�IDFWRU�

DPRQJVW� WKH�SDUDPHWHUV� LQYHVWLJDWHG�GXULQJ�DFLG�SUHWUHDWPHQW�RI�PLFURDOJDH� IRU�ELRHWKDQRO�
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SURGXFWLRQ��+DUXQ�DQG�'DQTXDK��������� ,Q�DQRWKHU�VWXG\��1JX\HQ�HW�DO�� UHSRUWHG�WKH�GLOXWH�

DFLG�K\GURWKHUPDO�SUHWUHDWPHQW�RI�&KODP\GRPRQDV�UHLQKDUGWLL 87(;����ZKLFK�ZDV�XVHG�DV�

D�IHHGVWRFN�IRU�SURGXFWLRQ�RI�ELRHWKDQRO��7KH�����Z�Y��RI�DOJDO�ELRPDVV�ZDV�SUHWUHDWHG�ZLWK�

YDU\LQJ�FRQFHQWUDWLRQ�RI�VXOSKXULF�DFLG��������DW�����WR�����&�IRU����WR�����PLQ��$IWHU�WKH�

SUHWUHDWPHQW��WKH�PD[LPXP�JOXFRVH�UHOHDVH�ZDV IRXQG�DV������Z�Z��DW�RSWLPXP�FRQGLWLRQV�

RI�SUHWUHDWPHQW�����VXOSKXULF�DFLG�DW�����&�IRU����PLQ���7KH�K\GURO\]HG�VXJDU�SUHVHQW�LQ�WKH�

SUHWUHDWHG� VOXUU\�ZDV� IHUPHQWHG� E\�6DFFKDURP\FHV� FHUHYLVLDH 6���&�DQG� DQ� HWKDQRO� \LHOG�

ZDV�REWDLQHG�DV��������Z�Z��IURP�DOJDO�ELRPDVV��1JX\HQ�HW�DO����������0LUDQGD�HW�DO� �����

VWXGLHG� WKH� DFLG� SUHWUHDWPHQW� RSWLPL]DWLRQ� RI� 6FHQHGHVPXV� REOLTXXV XVLQJ� VXOSKXULF� DFLG�

������1±���1��IRU�SURGXFWLRQ�RI�HWKDQRO��7KH\�FRPSDUHG�WKH�SK\VLFDO�DQG�SK\VLFRFKHPLFDO�

PHWKRGV�IRU�K\GURO\]LQJ�WKH�DOJDO�ELRPDVV�DQG�IRXQG�WKDW�KLJKHVW�VXJDU�H[WUDFWLRQ�HIILFLHQF\�

ZDV�REWDLQHG�ZLWK�+�62� DW�����&�IRU����PLQ��0LUDQGD�HW�DO���������

����� $ONDOL�SUHWUHDWPHQW

,Q�WKH�DONDOLQH�EDVHG�PHWKRG��VRGLXP�K\GUR[LGH�LV�PDLQO\�XVHG�DV�WKH�DONDOLQH DJHQW��7KH�FHOO�

ZDOO� RI� PLFURDOJDH� LV� UXSWXUHG� E\� VDOYDWLRQ� DQG� VDSRQLILFDWLRQ� UHDFWLRQV� UHVXOWHG� LQ� WKH�

IRUPDWLRQ RI�SRUHV�LQ�WKH�FHOO�ZDOO���7KLV�PHWKRG�DOORZV�WKH�LQWUDFHOOXODU�FRPSRXQGV�WR�FRPH�

RXW�RI�WKH�FHOOV�DQG�GHFUHDVHV�WKH�VL]H�DQG�FU\VWDOOLQLW\ RI�VWDUFK�DQG�FHOOXORVH��+DUXQ�HW�DO���

������

+DUXQ� HW� DO� ����� LQYHVWLJDWHG� WKH� DONDOLQH� SUHWUHDWPHQW� RI� &KORURFRFFXP� LQIXVLRQXP

ELRPDVV� XVLQJ� 1D2+� IRU� ELRHWKDQRO� SURGXFWLRQ�� 7KH� DONDOLQH� SUHWUHDWPHQW� IRUFHG� WKH�

PLFURDOJDH�FHOOV�WR�UHOHDVH�WKH�HQWUDSSHG�SRO\VDFFKDULGH�DQG�EUHDNGRZQ WKH�SRO\VDFFKDULGHV�

LQWR� IHUPHQWDEOH� VXJDUV�� 7KH� HIIHFWV� RI� WKUHH� SDUDPHWHUV�� WKH� FRQFHQWUDWLRQ� RI� 1D2+��

WHPSHUDWXUH� DQG� WKH�SUHWUHDWPHQW� WLPH�ZHUH� H[DPLQHG�RQ� WKH� JOXFRVH� \LHOG� DQG�ELRHWKDQRO�
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SURGXFWLRQ��7KH�KLJKHVW�JOXFRVH�\LHOG�ZDV�GHWHUPLQHG�WR�EH�����PJ�J�ZLWK��������Z�Y��RI�

1D2+�DW�����&�IRU����PLQ�DQG�WKH�PD[LPXP�ELRHWKDQRO�\LHOG�REWDLQHG�ZDV������J�HWKDQRO�J�

DOJDH� �+DUXQ� HW� DO��� ������� ,Q� DQRWKHU VWXG\�� 6XL� HW� DO� SHUIRUPHG� WKH� SRO\VDFFKDULGH�

H[WUDFWLRQ�IURP�&KORUHOOD�VS� WR�UHFRYHU�WKH�WRWDO�ZDWHU�VROXEOH FHOO�ZDOO�SRO\VDFFKDULGHV�DQG�

WKH\�IRXQG�WKDW�VLJQLILFDQW�DPRXQW�RI�FDUERK\GUDWHV�FRXOG�EH�H[WUDFWHG�ZLWK�D�PLOGO\�DFLGLF�

VROXWLRQ� RI� VRGLXP� FKORULWH�� 7KH� \LHOG� ZDV� UHFRYHUHG� DV� SRO\VDFFKDULGH� ���������� ZDWHU�

VROXEOH� FDUERK\GUDWH� ��������� DQG� ��� 1D2+� VROXEOH� FDUERK\GUDWH� ������� 7KH\ DOVR�

UHSRUWHG� WKDW� DONDOLQH� K\GURJHQ� SHUR[LGH� SUHWUHDWPHQW� RI� FHOOV� SURYLGHG� ���� \LHOG� RI�

SRO\VDFFKDULGH��6XL�HW�DO���������

����� )UHH�K\GUR[\O PHGLDWHG�WKHUPDO�SUHWUHDWPHQW

7KH�K\GUR[\O�UDGLFDO�DLGHG�WKHUPDO�SUHWUHDWPHQW�XVHV�K\GUR[\O�UDGLFDOV�SURGXFHG�GXULQJ�

WKH� )HQWRQ¶V� UHDFWLRQ�� 7KH� K\GUR[\O� UDGLFDOV� UHDFW� ZLWK� K\GUR[\O� JURXSV� RI� WKH�

FDUERK\GUDWH�SUHVHQW�LQ�WKH�FHOO�ZDOO��7KHUHIRUH��WKH�FU\VWDOOLQH�VWUXFWXUH�RI� WKH�FHOO ZDOO�

DQG�K\GURJHQ�ERQGV�ZHUH�GLVUXSWHG��/RGKD�DQG�&KDXGKDUL��������

)H�����+�2��ĺ�)H�����2+í 
HQWRQ(��+2ڄ��V�UHDFWLRQ�

7KH� K\GUR[\O� UDGLFDO� DLGHG� WKHUPDO� SUHWUHDWPHQW� GRHV� QRW� DIIHFW� WKH� KLJK�YDOXH

VXEVWDQFHV�H[WUDFWLRQ�DQG�FDUERK\GUDWH�UHFRYHU\ IURP�PLFURDOJDH��7KHUHIRUH�LW�LV�RQH�RI�

WKH� VXLWDEOH� PHWKRGV� IRU� DOJDO� ELRPDVV� GLJHVWLRQ�� 7KLV� PHWKRG� XVHV� D� YHU\ ORZ�

FRQFHQWUDWLRQ� RI� K\GUR[\O� UDGLFDO� DQG� VKRUW� UHDFWLRQ� WLPH� IRU� ELRPDVV� GLJHVWLRQ� DQG�

SURYLGHV� JRRG VDFFKDULILFDWLRQ� UHVXOWV� �*DR� HW� DO��� ����E��� )RU� WKH� OLJQRFHOOXORVLF�

ELRPDVV��D�KLJK FRQFHQWUDWLRQ�RI�K\GUR[\O�UDGLFDO�ZLWK�ORQJHU�SUHWUHDWPHQW�WLPH�LV�XVHG�

IRU� SUHWUHDWPHQW� �*DR� HW� DO��� ����E��� 7KH� ZRRG� GHFD\LQJ� PLFURRUJDQLVPV� XVH� WKH�
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K\GUR[\O�UDGLFDOV�WR�GLJHVW�WKH�OLJQRFHOOXORVLF�PDWHULDOV�DQG�EUHDN GRZQ WKH�ELRSRO\PHU�

LQWR�WKHLU�PRQRPHULF�IRUPV��.H�HW�DO���������

*DR�HW�DO� LQYHVWLJDWHG�WKH�HIIHFWV�RI�GLIIHUHQW�YDULDEOHV�OLNH�K\GUR[\O�UDGLFDO�FRQFHQWUDWLRQ��

SUHWUHDWPHQW� WHPSHUDWXUH� DQG� SUHWUHDWPHQW� WLPH�� RQ� WKH� JOXFRVH� UHOHDVH� RI� GLIIHUHQW� DOJDO�

ELRPDVV�� 7KH\� XVHG� GLIIHUHQW� PDFURDOJDH� �8OYD SUROLIHUD��0DFURF\VWLV� S\ULIHUD��*HOLGLXP�

DPDQVLL�� DQG� 3RUSK\UD� XPELOLFDOLV�� DQG� IRXU� PLFURDOJDH� �6FHQHGHVPXV TXDGULFDQGD��

&KORUHOOD� VRURNLQLDQD� &KODP\GRPRQDV� KHGOH\L DQG� +DHPDWRFRFFXV� SOXYLDOLV�� IRU� WKH�

SUHWUHDWPHQW� VWXG\�� 7KH� K\GUR[\O� UDGLFDO�DLGHG� WKHUPDO SUHWUHDWPHQW� SURYLGHG� WKH� ����

SUHWUHDWPHQW�HIILFLHQF\�LQ�WHUPV�RI�FDUERK\GUDWH�FRQFHQWUDWLRQ��*DR�HW�DO�� ����E���,Q�DQRWKHU�

VWXG\��*DR�HW�DO��XVHG�WKH�K\GUR[\O�UDGLFDOV�DQG�KRW�ZDWHU�SUHWUHDWPHQW��,+5+:��PHWKRG�IRU�

UHFRYHU\� RI� VXJDUV� IURP� WKH� EURZQ� PDFURDOJDH� 0DFURF\VWLV� S\ULIHUD�� 7KH� RSWLPXP�

FRQGLWLRQV�XVHG� IRU� WKH� SUHWUHDWPHQW�ZHUH�����&�����PLQ�������P0�)H62���7KH\� UHSRUWHG�

WKDW� ,+5+:� PHWKRG� SURYLGHG� WKH� ������ GLJHVWLELOLW\� RI� PDFURDOJDH� XQGHU� WKH� RSWLPXP�

H[SHULPHQWDO�FRQGLWLRQ��*DR�HW�DO�������D��

����� 8OWUDVRQLFDWLRQ�SUHWUHDWPHQW

7KH� XOWUDVRXQG� SURFHVV� XVHV� WKH� VRXQG� ZDYHV� DQG� FUHDWHV� WKH� FDYLWDWLRQ� SKHQRPHQRQ

LQFOXGLQJ� WKH�IRUPDWLRQ�RI�EXEEOHV� LQ� WKH� OLTXLG�PHGLXP��7KH�EXEEOHV�DUH�FROODSVHG�GXH� WR�

FRQGHQVDWLRQ� RI� JDVHV� FUHDWLQJ� WKH� VKRFN� ZDYHV� DQG� YHU\� KLJK� WHPSHUDWXUH� DQG� SUHVVXUH�

UHJLRQV� DUH� JHQHUDWHG�� 7KH� HOHYDWHG� WHPSHUDWXUH� DQG� SUHVVXUH� FUHDWH� WKH� PLFURMHWV� ZKLFK�

DOORZ�WKH�VROYHQWV�WR�SHQHWUDWH�LQWR�WKH�FHOO ZDOO�DQG�FDXVHV�WR�UXSWXULQJ�RI�WKH�FHOOV��/XR�HW�

DO����������-HRQ�HW�DO��UHSRUWHG�WKDW�DQ�XOWUDVRQLFDWLRQ SUHWUHDWPHQW�RI�6FHQHGHVPXV�REOLTXXV�

ELRPDVV� EHWZHHQ� ������ PLQ� IDFLOLWDWHV� WKH� DFFHVVLELOLW\� RI� EDFWHULD� WR� IHUPHQW� WKH� VXJDUV�

SUHVHQW�LQ�WKH�ELRPDVV��7KH\�IRXQG�WKDW�WKH�EHVW�SUHWUHDWPHQW�ZDV�REWDLQHG�ZLWK D�WLPH�SHULRG�
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RI����PLQ�DQG�WKLV�PHWKRG�FRXOG�EH DQ�DOWHUQDWLYH�IRU�FHOO�GLVUXSWLRQ�ZKHUH�DFLGLF�DQG�DONDOL�

SUHWUHDWPHQW�FRXOG�EH�XVHG��-HRQ�HW�DO����������

)HUUHLUD� HW� DO� H[WUDFWHG� WKH� FRPSRXQGV� OLNH� FDUERK\GUDWHV�� OLSLGV�� SURWHLQV�� DQG� SLJPHQWV�

IURP� &KORUHOOD�� YXOJDULV�� 1DQQRFKORURSVLV� RFXODWD�� DQG� 6FHQHGHVPXV� REOLTXXV XVLQJ� WKH�

ORZ�IUHTXHQF\ XOWUDVRXQG�DQG�GLIIHUHQW�VROYHQWV�DV�ELRUHILQHU\�FRQFHSW��)HUUHLUD�HW�DO����������

7KH� HIIHFW� RI� XOWUDVRXQG� SUHWUHDWPHQW� ZDV� GHPRQVWUDWHG� WKURXJK� WKH� GHIRUPDWLRQ� RI� WKH�

FU\VWDOOLQH VWUXFWXUH� RI� VWDUFK� DQG� HQKDQFHPHQW� LQ� ZDWHU� XSWDNH� FDSDFLW\� RI� WKH� VWDUFK�

JUDQXOHV��7KLV�SUHWUHDWPHQW�HQKDQFHV�WKH�DFFHVVLELOLW\�RI�HQ]\PHV�DQG�RYHUDOO� LQFUHDVHV� WKH�

K\GURO\VLV HIILFLHQF\��=KHQJ�HW�DO���������

����� (Q]\PDWLF�SUHWUHDWPHQW

7KH�HQ]\PDWLF�SUHWUHDWPHQW�KDV�EHHQ�XVHG�H[WHQVLYHO\�LQ� WKH�VWDUFK�SURFHVVLQJ�LQGXVWU\�IRU�

OLTXHIDFWLRQ� DQG� VDFFKDULILFDWLRQ� �+DVDQ� HW� DO��� ������ (Q]\PDWLF� K\GURO\VLV� KDV� VKRZQ�

SURPLVLQJ� UHVXOWV�ZKHQ� FRPSDUHG�ZLWK� RWKHU� SUHWUHDWPHQW�PHWKRGV� �'HPXH]� HW� DO��� �������

7KH� DGYDQWDJHV� RI� WKH� HQ]\PDWLF� K\GURO\VLV� LQFOXGH� KLJK� VSHFLILFLW\� RI� HQ]\PHV�� QR� KDUVK�

FRQGLWLRQV�RI� UHDFWLRQV��DQG�HDVH� WR�SHUIRUP�DW LQGXVWULDO� VFDOH��7KH�PDLQ�GUDZEDFN�RI� WKLV�

SUHWUHDWPHQW�LV�WKDW�HQ]\PHV�DUH�YHU\�H[SHQVLYH��*�QHUNHQ�HW�DO����������'LIIHUHQW�HQ]\PHV�

FDQ�EH�XVHG�IRU�SHUIRUPLQJ�WKH�HQ]\PDWLF�K\GURO\VLV�DPRQJ�ZKLFK�FHOOXODVHV��DP\ODVHV��DQG�

DP\ORJOXFRVLGDVHV�DUH�HPSOR\HG�WR�K\GURO\]H�WKH�PLFURDOJDH�FHOO�ZDOO�SRO\VDFFKDULGHV��,W�LV�

FRPPRQO\�REVHUYHG�WKDW�SURWHDVHV�DUH�XVHG�LQ�WKH�K\GURO\VLV�RI�JO\FRSURWHLQV�LQ�PLFURDOJDO�

FHOO�ZDOOV� �*�QHUNHQ� HW� DO��� ������ 3LUZLW]� HW� DO��� ������� OHDGLQJ� WR� EHWWHU� H[WUDFWLRQ� RI� WKH�

YDOXHG�PHWDEROLWHV��/LDQJ�HW�DO� SUHIHUUHG�D�FRPELQDWLRQ�RI�DONDOLQH�DQG�QHXWUDO�SURWHDVHV�IRU�

FHOO�GLVUXSWLRQ��(QGR�ȕ��������'�JOXFDQDVH�EUHDNV�WKH�FHOOXORVH�OLQNDJHV�ZKLOH�H[R� ȕ��������

'�JOXFDQDVH� EUHDN� GRZQ� FHOOXORVH� LQWR� ROLJRVDFFKDULGHV�� � ȕ�JOXFRVLGDVH� JLYHV� JOXFRVH� DQG�
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PDOWRVH� E\� GHJUDGLQJ� JO\FRVLGLF� ERQG�� =KHQJ� HW� DO� HQKDQFHG� WKH� K\GURO\WLF� HIIHFW� RI� WKH�

HQ]\PHV�ZLWK�EHWWHU�VKHOI�OLIH�XVLQJ�D�PL[WXUH�RI�FHOOXODVHV�ZLWK�GLIIHUHQW�NLQGV�RI�SRO\PHUV��

7KH�HQ]\PHV�FDQ�K\GURO\VH�WKH�LQWUDFHOOXODU�FDUERK\GUDWHV�GHSHQGLQJ�RQ�WKH�SHUPHDELOLW\�RI�

WKH� PLFURDOJDO� VSHFLHV� �=KHQJ� HW� DO��� ������� 7DEOH� ��� GHSLFWV� WKH� HQ]\PHV� XVHG� IRU�

PLFURDOJDH� ELRPDVV� K\GURO\VLV� DQG� WKHLU� VDFFKDULILFDWLRQ� UDWHV� �9HOD]TXH]�/XFLR� HW� DO���

�������

6DwGDQH�%FKLU�HW� DO� VWXGLHG� WKH�HIIHFWV� RI� ILYH� WUHDWPHQW�PHWKRGV� JULQGLQJ�� WKHUPDO� VKRFN��

HQ]\PDWLF�� DFLGLF� DQG�EDVLF� WUHDWPHQWV� RQ�PLFURDOJDH� WR� GLVUXSW� WKH� FHOOV��7KH\� IRXQG� WKDW�

HQ]\PDWLF�K\GURO\VLV�SURYLGHG�WKH�PD[LPXP�VXJDU�UHOHDVH�ZLWK�D�\LHOG�RI��������Z�Z���7KH�

PD[LPXP� HWKDQRO� SURGXFWLRQ� ZDV� REWDLQHG� ZLWK� EDVLF� WUHDWPHQW� ZLWK� D� \LHOG RI� ����

�6DwGDQH�%FKLU�HW�DO����������&HOO�ZDOO�GLVUXSWLRQ�DQG�K\GURO\VLV�DUH�WZR�HVVHQWLDO�DVSHFWV�RI�

ELRPDVV�SUHSDUDWLRQ�GXH�WR� WKH�IDFW� WKDW� WKH�PDMRULW\�RI�FDUERK\GUDWHV�DUH�HQWUDSSHG�ZLWKLQ�

WKH� FHOO� ZDOO� RU� LQWUD�FHOOXODUO\� DV� WKH� HQHUJ\�VWRUDJH� PROHFXOHV� LQ� WKH� IRUP� RI� VWDUFK�

�+HUQiQGH]�HW�DO���������

��� )HUPHQWDWLRQ�SURFHVVHV

7KH� VXJDUV� GHULYHG� IURP�PLFURDOJDH� FDQ� EH� XVHG� DV� D� VXEVWUDWH IRU� ELRHWKDQRO� SURGXFWLRQ��

7KH�FRPPRQO\�XVHG�IHUPHQWDWLRQ�SURFHVVHV�DUH�VHSDUDWH�K\GURO\VLV�DQG�IHUPHQWDWLRQ��6+)��

DQG�VLPXOWDQHRXV�VDFFKDULILFDWLRQ�DQG�IHUPHQWDWLRQ��66)���

����� 6HSDUDWH�K\GURO\VLV�DQG�IHUPHQWDWLRQ��6+)�

,Q� 6+)� SURFHVV�� ERWK� K\GURO\VLV� DQG� IHUPHQWDWLRQ� SURFHVVHV� DUH� SHUIRUPHG� VHSDUDWHO\� LQ�

GLIIHUHQW�UHDFWRUV�YHVVHOV��;LURV�HW�DO����������8VLQJ�WKH�GLIIHUHQW UHDFWRUV�DOORZ�WKH�UHDFWLRQV�
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WR�KDSSHQ�DW�WKHLU�UHVSHFWLYH�RSWLPXP�FRQGLWLRQV�VXFK�DV�WHPSHUDWXUH��S+��DJLWDWLRQ�DQG�WLPH�

�+DUXQ�DQG�'DQTXDK���������

7DEOH����� (Q]\PHV�XVHG�IRU�K\GURO\]LQJ�VRPH�DOJDO�VSHFLHV�LQ�GLIIHUHQW�VWXGLHV

0LFURDOJDH�

VSHFLHV
(Q]\PHV &RQGLWLRQV

6DFFKDULILFDWLRQ�

UDWH

5HIHUHQFH

V

*UDFLODULD�YHUUXFRVD

FHOOXODVH�DQG�

ȕ�

JOXFRVLGDVH

FHOOXODVH���� )38�J�RI�GU\�

ELRPDVV��

ȕ�JOXFRVLGDVH���� 8�J�RI�

GU\ ELRPDVV�

���
�.XPDU�HW�

DO��������

&KORUHOOD�YXOJDULV

&KODP\GRPRQDV�

UHLQKDUGWLL

*OXFDQDVH

3URWHDVH

*OXFDQDVH������PO�J�

ELRPDVV��

3URWHDVH������PO�J�

ELRPDVV������&��S+�����

IRU���KRXUV

������

�0DKG\�HW�

DO��������

'XQDOLHOOD�

WHUWLROHFWD

$P\OR�

JOXFRVLGDVH

���PO�HQ]\PH�J�ELRPDVV��

���&��S+����
�����

�/HH�HW�DO���

�����

&KORUHOOD�

VRURNLDQD

&HOOXODVHV

$P\ODVHV

&HOOXFODVW����/

���8O�J�ELRPDVV�

1RYR]\PH���

���X/�J�ELRPDVV�

���&��S+�����IRU����KRXUV

����
�+HUQiQGH]�

HW�DO��������

&KORUHOOD�YXOJDULV

&HOOXODVH

3HFWLQDVH

;\ODQDVH

ȕ�

JOXFRVLGDVH

$P\ODVH

&KLWLQDVH

/\VR]\PH

6XOIDWDVH

&HOOXODVH�������)38�PJ��

3HFWLQDVH������,8�PJ�

SURWHLQ�

$P\ODVH�����)$8�PO��

ȕ� JOXFRVLGDVH���8�PO��

;\ODQDVH�����8�PO��

&KLWLQDVH������8�PO��

/\VR]\PH������8�PO��

6XOIDWDVH����8�PO������&��

S+�����IRU����KRXUV

���
�.LP�HW�DO���

�����
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&KODP\GRPRQDV�

UHLQKDUGWLL

Į�DP\ODVH

$P\ORJOXFR

VLGDVH

���.18�J��

����$*8�PO��

������&�DQG�S+�����

���IRU�������PLQXWHV

���
�&KRL�HW�DO���

�����

7KXV�PRUH�SURGXFWV�FRXOG�EH�IRUPHG�GXULQJ�WKH�UHDFWLRQV��+RZHYHU�� WKLV�SURFHVV�KDV�VRPH�

OLPLWDWLRQ�OLNH�LQ�FDVH�RI�DFLGLF�DQG�DONDOL�K\GURO\VLV��H[WUD�QHXWUDOL]LQJ�DJHQWV�DUH�UHTXLUHG���

,Q� WKH� FDVH RI� HQ]\PDWLF� K\GURO\VLV�� WKH� DFFXPXODWLRQ� RI� UHGXFLQJ� VXJDUV� IRUPHG� DIWHU� WKH�

K\GURO\VLV�OHDGV�WR�LQKLELWLRQ�RI�HQ]\PHV�

7KH�6+)�SURFHVV�ZDV�XVHG� IRU� WKH�SURGXFWLRQ�RI�HWKDQRO�E\�VRPH�UHFHQW� VWXGLHV��+R�HW� DO��

VWXGLHG� WKH� GLOXWH� DFLG� K\GURO\VLV� RI� 6FHQHGHVPXV� REOLTXXV� ELRPDVV� IRU� WKH� SURGXFWLRQ� RI�

HWKDQRO��7KH�JOXFRVH�FRQFHQWUDWLRQ�DV���������J�/�ZDV�IRXQG�DIWHU�WKH�K\GURO\VLV�ZKLFK�ZDV�

IXUWKHU�XVHG�E\�=\PRPRQDV�PRELOLV IRU�SURGXFWLRQ�RI�HWKDQRO�DQG�������J�RI�HWKDQRO��J�RI�

ELRPDVV�ZDV�SURGXFHG�XQGHU�WKH�IHUPHQWDWLRQ�FRQGLWLRQV�DW����&�DQG�S+�RI����� �+R�HW�DO���

����F��� +DUXQ� HW� DO� FDUULHG� RXW� D� VLPLODU� VWXG\�ZKHUH� WKH\� XVHG� DQ 6+) SURFHVV� IRU� WKH�

SURGXFWLRQ RI�HWKDQRO�IURP�&��LQIXVLRQ� +RZHYHU� WKH\�XVHG�DONDOL��FRQFHQWUDWLRQ�RI�������RI�

1D2+�DW�����&�IRU����PLQ��LQVWHDG�RI�DFLGV�IRU�K\GURO\]LQJ�WKH�DOJDO�ELRPDVV��7KH�KLJKHVW�

HWKDQRO�\LHOG�ZDV�REWDLQHG�DV��������J�RI�HWKDQRO���J�RI�PLFURDOJDH��E\�6��FHUHYLVLDH DW����&�

DQG�����USP�IRU����K� 7DEOH�����VKRZV�WKH�ELRHWKDQRO�SURGXFWLRQ�LQ�VRPH�VWXGLHV�IURP�XVLQJ�

GLIIHUHQW�PLFURDOJDH�WKURXJK�6+)�DQG�66)��+DUXQ�HW�DO���������

����� 6LPXOWDQHRXV�VDFFKDULILFDWLRQ�DQG�IHUPHQWDWLRQ��66)�

7KH� SURFHVV� RI� ELRIXHOV� SURGXFWLRQ� RQ D� ODUJH� VFDOH� EHFRPHV� WHGLRXV� DQG� HFRQRPLFDOO\�

FKDOOHQJLQJ�� 7R� HDVH� WKH� SURFHVV�� 66)� ZKHUHLQ� VLPXOWDQHRXVO\� ERWK� K\GURO\VLV� DQG�

IHUPHQWDWLRQ� FDQ� EH� GRQH�ZLWKLQ� WKH� UHDFWRU� �+DKQ�+lJHUGDO� HW� DO��� ������� 7KXV�� VXEVWUDWH�

LQKLELWLRQ�FRXOG�EH�PLWLJDWHG�DV�GLUHFW�FRQYHUVLRQ�RI�ELRHWKDQRO�XVLQJ�\HDVW�FXOWXUH� LV�GRQH�
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�;LURV� HW� DO��� ������� 7KH� SURFHVV� KDV� D� ORZ HQ]\PH� UHTXLUHPHQW� DQG� LPSURYHG� ELRHWKDQRO�

SURGXFWLYLW\��/LQ�DQG�7DQDND���������7KH�ERRQV�RI�WKLV�SDUWLFXODU�PHWKRG�UDQJH�IURP�VLQJOH�

IHUPHQWHU�XVDJH UHGXFHG�SURGXFWLRQ�WLPH�ZLWK�OHVVHU�FRQWDPLQDWLRQ�LVVXHV��/LQ�DQG�7DQDND��

������� 2Q� WKH� FRQWUDU\�� WKH� GLIILFXOW\ OLHV� LQ� DFKLHYLQJ� VLPLODU� SK\VLFDO�� FKHPLFDO� RU�

SK\VLFRFKHPLFDO FRQGLWLRQV� IRU� VDFFKDULILFDWLRQ� SURFHVV� DQG� DV� ZHOO� DV� IHUPHQWDWLYH�

SURGXFWLRQ�PHWKRGV��*XSWD�HW�DO����������7KH�FRPPHUFLDOL]DWLRQ�RI�WKH�SURFHVV�LV�FKDOOHQJHG�

E\� WKH� UHF\FOLQJ SURFHVV� RI� ERWK� HQ]\PHV� DQG� \HDVW� FXOWXUH� ZKLFK� KDPSHUV� WKH� VFDOH�XS�

SURFHVV��2ORIVVRQ�HW�DO����������

)LJXUH������ 6HSDUDWH�K\GURO\VLV�DQG�IHUPHQWDWLRQ�RI�DOJDH�FDUERK\GUDWH

/LWHUDWXUH IURP�SUHYLRXV�UHVHDUFK�ZRUN�RQ�66) WHFKQLTXH�KDYH UHYHDOHG� WKH�EHQHILWV�RI� WKH�

SURFHVV�LQ�FDVH�RI�&��YXOJDULV DV�IHHGVWRFN��(QGRJOXFDQDVH�ZLWK�ȕ�JOXFRVLGDVH DQG�DP\ODVHV�

KHOSHG� LQ� VDFFKDULILFDWLRQ� DQG� WKH� FXOWXUH� RI� =\PRPRQDV� PRELOLV ZDV� FRQVLGHUHG� IRU� WKH�

IHUPHQWDWLRQ��7KH�PD[LPXP�ELRHWKDQRO�SURGXFWLRQ�ZDV� IRXQG� WR� EH �����J�/�XVLQJ����J�/�

DOJDH� DW����&��S+������ LQ����KRXUV� �+R�HW� DO�������D���7KH�ELRHWKDQRO�SURGXFWLRQ�DFKLHYHG�

WKURXJK� 66)� ZDV� ������ PRUH� WKDQ� WKDW� DFKLHYHG� LQ� 6+)� PHWKRGRORJ\� XVLQJ� HQ]\PHV��

5HVHDUFK� UHSRUWV� KDYH� VWDWHG� WKLV� IDFW� ZLWK� HYLGHQFH WKDW� LPSURYHG� ELRHWKDQRO� JHQHUDWLRQ�

FRXOG� EH� REWDLQHG� WKURXJK� WKH� 66) SURFHVV� �+DUXQ� HW� DO��� ������� ,W� LV� RIWHQ� REVHUYHG� WKDW�
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FRQWDPLQDWLRQ�LQ�WKH�DQDHURELF V\VWHP�DQG�IDXOW\�RSHUDWLQJ�SURFHGXUHV�OHDG�WR�WKH�IDLOXUH�RI�

66)�SURFHVV�DQG�WKXV�WKH�UHTXLUHG�DPRXQW�RI�ELRHWKDQRO�LV�QRW�IRUPHG�E\�WKH�VDFFKDULILFDWLRQ�

SURFHVV�IROORZHG�E\�WKH�IHUPHQWDWLYH�SURGXFWLRQ��+R�HW�DO�������D� +DUXQ�HW�DO����������66)�

ZDV�VHOHFWHG�DV�DQ�HIILFLHQW�SURFHVV�WR�HQKDQFH�WKH�ELRHWKDQRO�\LHOG�WKURXJK�UHSHDWHG�EDWFKHV�

XVLQJ� LPPRELOL]HG� \HDVW� FHOOV�� &RPELQHG� VRQLFDWLRQ� DQG� HQ]\PDWLF� K\GURO\VLV� RI�

&KODP\GRPRQDV� PH[LFDQD JHQHUDWHG� ����� DQG� ����� J�/� RI� HWKDQRO� LQ� 66)� DQG� 6+)��

UHVSHFWLYHO\��(O�'DODWRQ\�HW�DO���������

)LJXUH�����6LPXOWDQHRXV�VDFFKDULILFDWLRQ�DQG�IHUPHQWDWLRQ�RI�DOJDH�FDUERK\GUDWH

7KH�ELRHWKDQRO�LQGXVWU\�KDV�EHHQ�HQHUJL]HG�E\�WKH�FXOWLYDWLRQ�RI�PLFURDOJDH��%RWK�ELRGLHVHO

XVLQJ� OLSLG� FRQWHQW� DQG� ELRHWKDQRO� XVLQJ� FDUERK\GUDWH� FRQWHQW� LQ� PLFURDOJDH� KDYH� KLJK�

SRWHQWLDOLW\��(Q]\PDWLF� DV�ZHOO� DV� FKHPLFDO� K\GURO\VLV� LV� XVHG� WR� SURGXFH� VLPSOH� UHGXFLQJ�

VXJDUV� EHIRUH� JRLQJ� IRU� WKH� W\SLFDO \HDVW� IHUPHQWDWLRQ� PHWKRG�� 7HFKQLFDO�� DV� ZHOO� DV�

HFRQRPLF� FRQVLGHUDWLRQV� DUH� WR� EH� WDNHQ� FDUH� RI� ZKLOH� IRFXVLQJ� RQ� WKH� IHDVLELOLW\� RI�

ELRHWKDQRO�SURGXFWLRQ�E\�XWLOL]LQJ�PLFURDOJDO�ELRPDVV�
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7DEOH����� %LRHWKDQRO�SURGXFWLRQ�LQ�VRPH�VWXGLHV�IURP�XVLQJ�GLIIHUHQW�PLFURDOJDH�

WKURXJK�6+)�DQG�66)

)HUPHQWDWLRQ�
7\SH

$OJDH�
%LRPDVV

3UHWUHDWPHQW�
DQG�+\GURO\VLV

)HUPHQWDWLRQ

%LRHWKDQRO�
<LHOG

5HIHUHQ
�FHV

6RXUFH
�7UHDWPHQW�
FRQGLWLRQV�

6RXUFH
�3URFHVV�

FRQGLWLRQV�

6+)
&KORUHOOD�
YXOJDULV

(QGRJOXFDQDVH��
���� 8 P/í��
ȕ�JOXFRVLGDVH��
���� 8 P/í���
DP\ODVH��

���� 8 P/í� �����
USP�DQG����&�

=\PRPRQDV�
PRELOLV
����&�

������J�
HWKDQRO�J�RI�

DOJDH

�+R�HW�
DO���

����D�

6+) &��YXOJDULV
����+�62�

�����&�IRU����
PLQ�

=\PRPRQDV�
PRELOLV
����&�

������J�
HWKDQRO�J�RI�
GU\�DOJDH

�+R�HW�
DO���

����D�

6+)
6FHQHGHVPXV�
DEXQGDQV

'LOXWH�+�62��

��&HOOXODVH
6DFFKDURP\FHV�

FHUHYLVLDH

����� J�RI�
HWKDQRO��J�RI�

DOJDH

�*XR�HW�
DO���

�����

6+)
'XQDOLHOOD�
WHUWLROHFWD

+&O��+�62��

&HOOXORVH�
�DP\ORJOXFRVLGDV
H��S+�����DQG�

�� �&�

6DFFKDURP\FHV�
FHUHYLVLDH

���� J�
HWKDQRO�J�
UHVLGXDO�
ELRPDVV

�/HH�HW�
DO���

�����

66)
6DFFKDULQD�
MDSRQLFD

%DFLOOXV�
OLFKHQLIRUPLV
����&�IRU�����

GD\V�

3LFKLD�
DQJRSKRUDH

����&�IRU����K�

�����J�RI�
HWKDQRO���J�
RI�ELRPDVV

�-DQJ�HW�
DO���

�����

66)
&KODP\GRPRQD

V�IDVFLDWD

*OXWDVH�$1
�8OWUDVRQLFDWHG�
IRU����PLQ�

6DFFKDURP\FHV�
FHUHYLVLDH

����&�IRU����K�

������J�
HWKDQRO�J�

GU\�
PLFURDOJDH

�$VDGD�
HW�DO���
�����

66)
&KORUHOOD�
YXOJDULV

(QGRJOXFDQDVH��
���� 8 P/í��
ȕ�JOXFRVLGDVH��
���� 8 P/í���
DP\ODVH��

���� 8 P/í�

=\PRPRQDV�
PRELOLV
����&�

������J�
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��� 0DWKHPDWLFDO�PRGHOOLQJ RI�ELRHWKDQRO�SURGXFWLRQ

7KH� H[SHULPHQWDO� EHKDYLRXU RI� D� ELRSURFHVV� FDQ� EH� SUHGLFWHG� DQG� HVWLPDWHG� WKURXJK�

PDWKHPDWLFDO�PRGHOOLQJ �-DQJ HW�DO����������7KH�LQWHUUHODWLRQ�RI�YDULRXV�IXQFWLRQDO�YDULDEOHV�

LQYROYHG�LQ�WKH�SURFHVV�FDQ�EH�WKHUHIRUH�FRPSXWHG��7KH�ELRORJLFDO�SURFHVVHV�LQYROYH�GLIIHUHQW�

SURFHVV�SDUDPHWHUV�ZKLFK�DUH�DQDO\]HG� LQ� WKLV�ZD\�DQG�KHOS� LQ�SURFHVV�GHVLJQ� �-DQJ�HW� DO���

������� 0DWKHPDWLFDO� PRGHOOLQJ RI� WKH� 66)� SURFHVV� KDV� EHHQ� VWDWHG� LQ� VHYHUDO� NLQGV� RI�

OLWHUDWXUH��$�F\EHUQHWLF�PRGHO��XQVWUXFWXUHG��IRU�66)�SURFHVV�ZDV�GHYHORSHG�LQ�FDVH�RI�VWDUFK�

GHULYHG� HWKDQRO� SURGXFWLRQ� XVLQJ� 6�� FHUHYLVLDH� �UHFRPELQDQW�� WKURXJK 0HWURSROLV� 0RQWH�

&DUOR�PHWKRGRORJ\�DORQJ�ZLWK�VHQVLWLYLW\�VWXG\�� �7KH�PDLQ�HPSKDVLV�ZDV�JLYHQ�RQ SURGXFW�

LQKLELWLRQ�EDVHG�RQ�IL[HG�SURFHVV�SDUDPHWHUV�ZKLFK�ZHUH XVHG�WR�DQDO\]H�SURFHVV�EHKDYLRXU

LQ�YDULHG�FRQGLWLRQV��2FKRD�HW�DO����������

$�NLQHWLF�PRGHO�ZDV�GHYHORSHG� IRU�66)� WKURXJK� VWDUFK�K\GURO\VLV�XVLQJ� DP\ORJOXFRVLGDVH�

SURGXFHG�E\�=\PRPRQDV�PRELOLV �/HH� HW� DO��� �������7KH�PRGHO� SDUDPHWHUV�ZHUH� SUHGLFWHG

XVLQJ DQ� XQVWUXFWXUHG� PRGHO� ZLWK� QR� LQLWLDO� SURFHVV� FRQGLWLRQV� �-DQJ� DQG� &KRX�� �������

6LPLODUO\��WKH�66) EDVHG�PDWKHPDWLFDO�PRGHO�ZKHUHLQ�IRRG ZDVWH�ZDV�FRQYHUWHG�LQWR�HWKDQRO�

ZDV� GRQH�� 7KH� SUHGLFWHG� SDUDPHWHUV� ZHUH� PDWFKHG� ZLWK� H[SHULPHQWDO� SURFHVV� SDUDPHWHUV�

WKRURXJK�0DWODE� 6LPXOLQN�� 6RPH� LQVWDQFHV� RI� 66)� PRGHOOLQJ VWDWHG� WKH� XVH� RI� PRGLILHG�

0LFKDHOLV�0HQWHQ� DQG�0RQRG�W\SH� HTXDWLRQV� DV�ZHOO�ZKLFK�ZHUH� EHQHILFLDO� LQ� ELRSURFHVV�

GHVLJQ��'DYLV����������
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%DVHG�RQ�WKH�UHYLHZ�RI�OLWHUDWXUH�IROORZLQJ�DUH�WKH�REMHFWLYHV�RI�WKH�SUHVHQW�VWXG\�

����2EMHFWLYHV�RI�WKH�UHVHDUFK�ZRUN

�� 7R� LVRODWH� DQG� LGHQWLI\� QDWLYH� PLFURDOJDH� IRU� KDYLQJ� D� VXEVWDQWLDO FRQWHQW� RI�

FDUERK\GUDWHV��PDLQO\�VWDUFK��IRU�ELRHWKDQRO�SURGXFWLRQ

�� 7R� JURZ� PLFURDOJDH� LQ� GLIIHUHQW� FXOWXUH� FRQGLWLRQV� �PHGLD�� S+�� WHPSHUDWXUH��

LQRFXOXP��DQG�DJLWDWLRQ�UDWH��DQG�LQ�GLIIHUHQW�SKRWRELRUHDFWRUV�WR�DFKLHYH�D�KLJK \LHOG�

RI�DOJDO�ELRPDVV

�� 7R�HQKDQFH�WKH�FDUERK\GUDWH�VWDUFK�FRQWHQW�LQ�PLFURDOJDH�E\�EORFNLQJ�WKH�SURWHLQ�DQG�

OLSLG�V\QWKHVLV�DQG�DOVR�XVLQJ�QXWULHQW�OLPLWDWLRQ�VWUDWHJLHV

�� 7R� VHOHFW� EHVW� SUHWUHDWPHQW� PHWKRGV� IRU� H[WUDFWLRQ� RI� FDUERK\GUDWH� IURP� LVRODWHG�

PLFURDOJDH�

�� 7R� SURGXFH� ELRHWKDQRO� IURP� DOJDO� VWDUFK� WKURXJK� 6HSDUDWH� K\GURO\VLV� DQG�

IHUPHQWDWLRQ� �6+)�� DQG� 6LPXOWDQHRXV� 6DFFKDULILFDWLRQ� DQG� IHUPHQWDWLRQ� �66)��

SURFHVVHV


