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3\UHWKUXP� 7DQDFHWXP� FLQHUDULLIROLXP� �7UHYLU��� 6FKXOW]�%LS��� D� VSHFLHV� QDWLYH� WR� WKH� (DVWHUQ� $GULDWLF� FRDVWDO
PRXQWDLQV�DQG�LVODQGV��LV�D�SODQW�ZLGHO\�XVHG�LQ�WKH�SURGXFWLRQ�RI�QDWXUDO�LQVHFWLFLGHV��S\UHWKULQV��7KH�ELRV\QWKHWLF
SRWHQWLDO�RI�3\UHWKUXP�IURP�WZR�GLIIHUHQW�ORFDWLRQV�LQ�WKH�1RUWKHUQ�$GULDWLF�IRU�S\UHWKULQ�SURGXFWLRQ�ZDV�GHWHUPLQHG�
,Q�DOO�WKH�VDPSOHV�REWDLQHG��DOO���S\UHWKULQV�ZHUH�GHWHFWHG��DV�PHDVXUHG�E\�+3/&��7KH�KLJKHVW�S\UHWKULQ�FRQWHQW�ZDV
GHWHFWHG�LQ�WKH�IORZHU�KHDGV��ZKLFK�FRQWDLQHG�RQ�DYHUDJH������S\UHWKULQV�RI�GU\�ZHLJKW��7KH�S\UHWKULQ�FRQWHQW�RI
IORZHU�KHDGV�IURP�WKH�1RUWKHUQ�$GULDWLF�SRSXODWLRQV�LV�FRPSDUDEOH�ZLWK�WKH�FRQWHQW�OHYHOV�LQ�FRQYHQWLRQDO�SURGXF�
WLRQ�RI�3\UHWKUXP��EXW�QRW�DV�KLJK�DV�WKH�FRQWHQW�OHYHOV�IRU�KLJKO\�SURGXFWLYH�3\UHWKUXP�FORQHV�IURP�FRXQWULHV�FXU�
UHQWO\�SURGXFLQJ�3\UHWKUXP�

.H\�ZRUGV��3\UHWKUXP��7DQDFHWXP�FLQHUDULLIROLXP��S\UHWKULQV��+3/&��1RUWKHUQ�$GULDWLF
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,O� SLUHWUR�� 7DQDFHWXP� FLQHUDULLIROLXP� �7UHYLU��� 6FKXOW]�%LS��� o� XQD� VSHFLH� QDWLYD� GHOOH� PRQWDJQH� D� ULGRVVR
GHOO¢$GULDWLFR�RULHQWDOH�H�GHOOH� LVROH��DPSLDPHQWH�XVDWR�QHOOD�SURGX]LRQH�GL� LQVHWWLFLGL�QDWXUDOL�TXDOL� OH�SLUHWULQH��²
VWDWR�SHUWDQWR�GHWHUPLQDWR�LO�SRWHQ]LDOH�ELRVLQWHWLFR��SHU�OD�SURGX]LRQH�GL�SLUHWULQH��GHO�SLUHWUR�SURYHQLHQWH�GD�GXH
]RQH�GHO�1RUG�$GULDWLFR��,Q�WXWWL�L�FDPSLRQL�DQDOL]]DWL��FRQ�O¢DXVLOLR�GHOO¢+3/&��VRQR�VWDWH�WURYDWH�WXWWH�H�VHL�OH�SLUH�
WULQH��,O�FRQWHQXWR�GL�SLUHWULQH�PDJJLRUH�o�VWDWR�ULVFRQWUDWR�QHL�FDSROLQL��FKH�FRQWHQJRQR�LQ�PHGLD������GL�SLUHWULQH
�SHVR� VHFFR� GHO� FDPSLRQH��� ,O� FRQWHQXWR� GL� SLUHWULQH� GHL� FDSROLQL� UDFFROWL� QHOOH� ]RQH� GHO� 1RUG� $GULDWLFR� o� SDUD�
JRQDELOH�DL�OLYHOOL�RWWHQXWL�WUDPLWH�SURGX]LRQH�WUDGL]LRQDOH�GL�SLUHWULQH��PD�QRQ�UDJJLXQJH�L�OLYHOOL�ULFDYDWL�GDJOL�DOWD�
PHQWH�SURGXWWLYL�FORQL�GL�SLUHWUR��XWLOL]]DWL�QHL�SDHVL�FKH�DWWXDOPHQWH�SURGXFRQR�SLUHWULQH�

3DUROH�FKLDYH��SLUHWUR��7DQDFHWXP�FLQHUDULLIROLXP��SLUHWULQH��+3/&��1RUG�$GULDWLFR
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3\UHWKUXP� 7DQDFHWXP� FLQHUDULLIROLXP� �7UHYLU��
6FKXOW]�%LS���SUHYLRXVO\�FODVVLILHG�ZLWKLQ�WKH�JHQXV�&KU\�
VDQWKHPXP��DQG�ZLWK�D� VWLOO�FRPPRQO\�XVHG� �2EXNRVLD
HW�DO��������� V\QRQ\P�&KU\VDQWKHPXP�FLQHUDULDHIROLXP
9LV���$VWHUDFHDH� �)LJV���D��E��� LV� D�SODQW�ZLGHO\�XVHG� IRU
QDWXUDO� LQVHFWLFLGH� SURGXFWLRQ� �+LWPL� HW� DO��� ������� ,W� LV
WKH� RQO\� DJURQRPLFDOO\� LPSRUWDQW� VRXUFH� RI� S\UHWKULQV�
LGHQWLILHG�DOVR�LQ�RWKHU�PHPEHUV�RI�WKH�JHQXV�7DQDFHWXP
DQG�RWKHU�JHQHUD�RI�WKH�VDPH� IDPLO\��VXFK�DV�&DOHQGXOD�
&K\VDQWKHPXP��7DJHWHV�DQG�RWKHUV��+LWPL�HW�DO��������

7KH�WHUP��S\UHWKUXP��UHIHUV�WR� WKH�SODQW�� IORZHU�KHDG
RU�IORZHU�H[WUDFW��ZLWK�WKH�DFWLYH�LQVHFWLFLGDO�FRPSRQHQWV
RI�S\UHWKUXP��EHLQJ�NQRZQ�DV��S\UHWKULQV�� �0RUULV�HW�DO��
�������3\UHWKULQV�DUH�D�FRPELQDWLRQ�RI� VL[�PRQRWHUSHQH
HVWHUV� �.HVNLWDOR��������*VSDQ�HW�DO����������3\UHWKULQ� ,�
FLQHULQ� ,�� DQG� MDVPROLQ� ,� DUH� FROOHFWLYHO\� UHIHUUHG� WR� DV
�S\UHWKULQV�,���ZKHUHDV�S\UHWKULQ�,,��FLQHULQ�,,��DQG�MDVPR�
OLQ� ,,� DUH� FROOHFWLYHO\� UHIHUUHG� WR� DV� �S\UHWKULQV� ,,��� 7KH
W\SLFDO�H[WUDFW�FRQWDLQV�S\UHWKULQV��FLQHULQV�DQG�MDVPROLQV
LQ�WKH�SURSRUWLRQV���������&URPELH���������ZLWK�WKH�UDWLR
RI� S\UHWKULQV� ,� WR� S\UHWKULQV� ,,� �3\,�3\,,�� EHLQJ� W\SLFDOO\
DURXQG� ����� DOWKRXJK� LW� FDQ� YDU\� EHWZHHQ� ���� DQG� ���
�%KDW���������7KH�DFWLYLW\�RI�S\UHWKULQV�LV�D�FRQVHTXHQFH
RI� WKH�HVWHUV�PL[WXUH��GHSHQGLQJ�RQ� WKH� UDWLR�RI�3\,�3\,,
�%KDW���������3\UHWKULQV�DIIHFW� WKH�QHUYRXV� V\VWHP�RI� LQ�
VHFWV��EORFNLQJ�QHUYH�MXQFWLRQV�DQG�WKH�DFWLRQ�RI�YROWDJH�
VHQVLWLYH� VRGLXP� FKDQQHOV� �6RQGHUOXQG�� ������� 7KH� DG�
YDQWDJHV�RI�S\UHWKULQV� LQFOXGH� HIIHFWLYHQHVV� DW� ORZ� GRV�
DJH��RQ�D�ZLGH�UDQJH�RI�KRXVHKROG�DQG�SXEOLF�KHDOWK�LQ�
VHFWV��UDSLG�LQVHFWLFLGDO�DFWLRQ���NQRFN�GRZQ�DQG�NLOOLQJ
HIIHFWV��UHSHOOHQF\��OHVV�WR[LFLW\�WKDQ�RWKHU�LQVHFWLFLGHV�WR
PDPPDOV��DQG�RWKHU�KRPHRWKHUPV��UDSLG�GHJUDGDWLRQ�RQ
H[SRVXUH� WR� OLJKW�DQG�DLU��DQG� WKH� ODFN�RI�ELRDFFXPXOD�
WLRQ� LQ� IRRG� FKDLQV� DQG� JURXQG� ZDWHU� �&RKUDQ�� �����
-RYHWLß�	�GH�*RRLMHU���������7R�DYRLG� LQVWDELOLW\� LQ� OLJKW
DQG�DLU��WKH\�DUH�IRUPXODWHG�ZLWK�DQWLR[LGDQWV��VWDELOL]HUV
DQG� V\QHUJLVWV� �-RYHWLß�	�GH�*RRLMHU��������+LWPL� HW� DO�
������

7KH� 3\UHWKUXP� SODQW� LV� D� ORQJ�VWHPPHG� SHUHQQLDO
SODQW�����FP�WR����FP�LQ�KHLJKW��WKDW�EORRPV�IURP�VSULQJ
WR�VXPPHU�DQG�WKDW�FDQ�EH�KDUYHVWHG�IRU�XS�WR�ILYH�\HDUV�
7KH� 3\UHWKUXP� IORZHU� KHDG� �)LJV�� �E�� F�� G��� WKH� PDLQ
VRXUFH�RI�S\UHWKULQV�� LV�D�FRPSRXQG� LQIORUHVFHQFH�FRQ�
VLVWLQJ�RI�WZR�IORUHW�W\SHV��GLVF�IORUHWV�ZLWK�\HOORZ�FRURO�
ODV�LQ�WKH�FHQWUH�RI� WKH�KHDG�DQG�UD\� IORUHWV��ZLWK�ZKLWH
FRUROODV� IURP� WKH� KHDG
V� RXWHU� ULP� �%KDW�� ������� 3\UH�
WKULQV�PRVWO\�DFFXPXODWH� LQ�DFKHQHV� ������ ORFDWHG�XQ�
GHU�WKH�IORZHU
V�UHFHSWDFXOXP��%UHZHU��������DQG�LQ�PL�
QRU� TXDQWLWLHV� LQ� WKH� GLVF� IORUHWV�� UD\� IORUHWV� DQG� LQ� WKH
UHFHSWDFOHV� �)LJ���G�� �+HDG���������7KH\�DFFXPXODWH� LQ
WZR� W\SHV� RI� VHFUHWRU\� WLVVXH� LQ� WKH� V\VWHP�RI� VHFUHWRU\
FKDQQHOV�LQVLGH�WKH�DFKHQH�ZDOO��)LJ���H��DQG�LQ�FHOOV�RI
WKH�RLO�JODQGV�RQ�WKH�DFKHQH�VXUIDFHV��)LJV���H��I��DQG�WKH
OHDYHV��3DO�	�'KDU���������7KH�IORZHU�KHDGV�DUH�ILUVW�FXW

DQG�DOORZHG�WR�GU\�LQ�WKH�ILHOG��3\UHWKULQV�IURP�WKH�GULHG
IORZHU� KHDGV� DUH� H[WUDFWHG� ZLWK� SHWUROHXP�EDVHG� VRO�
YHQWV�LQ�RUGHU�WR�SURGXFH�D�GDUN�ROHRUHVLQ��ZKLFK�LV�WKHQ
UHILQHG� LQWR� D� FRORXUHG� H[WUDFW� ZLWKRXW� ZD[�� 3\UHWKULQ
FRQWHQW� GHSHQGV� RQ� VHYHUDO� IDFWRUV�� JHQRW\SH�� IORZHU
PDWXULW\�� KDUYHVWLQJ� LQWHUYDO�� FOLPDWH�� GU\LQJ� PHWKRG
�=LHJ�HW�DO���������DQG�VWRUDJH�FRQGLWLRQV� �0RUULV�HW�DO��
������� 7KH� KLJKHVW� UHSRUWHG� S\UHWKULQV� FRQWHQW� LQ� VH�
OHFWHG� KLJK� SURGXFLQJ� FORQHV� IURP�$XVWUDOLD�ZDV� ����
�0RUULV�HW�DO����������LQ�.HQ\D�������,NDKX�HW�DO��������
DQG�,QGLD�������5DYLVKDQNDU�HW�DO���������5DMDVHNDUDQ�HW
DO���������RI�IORZHU�GU\�ZHLJKW��,W�ZDV�DOVR�UHSRUWHG�WKDW
VHOHFWHG� 3\UHWKUXP� YDULHWLHV� FRQWDLQ� XS� WR� ����� S\UH�
WKULQV�RI�IORZHU�GU\�ZHLJKW��+LWPL�HW�DO���������

3\UHWKUXP�LV�D�VSHFLHV�QDWLYH�WR�WKH�DUHD�RI�WKH�(DVW�
HUQ�$GULDWLF�FRDVWDO�PRXQWDLQV�DQG�LVODQGV�RI�WKH�IRUPHU
6)5�<XJRVODYLD� �L�H�� 6ORYHQLD��&URDWLD��%RVQLD� DQG�+HU�
]HJRYLQD�� 0RQWHQHJUR�� DQG� $OEDQLD�� DOWKRXJK� LW� KDV
EHHQ�FXOWLYDWHG�DQG�ORFDOO\�QDWXUDOL]HG�LQ�RWKHU�SDUWV�RI
(XURSH� �+H\ZRRG���������7KH�FXOWLYDWLRQ� RI� 3\UHWKUXP
IRU�WKH�SURGXFWLRQ�RI�LQVHFWLFLGH�S\UHWKULQV�VWDUWHG�LQ�WKH
PLGGOH� RI� WKH��WK� FHQWXU\� LQ� WKH� UHJLRQV� RI� WKH� QDWLYH
VSHFLHV��ZKLFK�ZDV� SDUW� RI� WKH�$XVWUR�+XQJDULDQ�0RQ�
DUFK\�DW�WKDW�WLPH��$W�WKH�EHJLQQLQJ�RI�WKH���WK�FHQWXU\��LW
ZDV�FXOWLYDWHG�RQ�PRUH�WKDQ�������KD�RI�FRDVWDO�UHJLRQV
RI� WKH� (DVWHUQ� $GULDWLF�� LQ� 'DOPDWLD� DQG� WKH� LVODQGV
�.DWKH�HW�DO����������7KHVH�UHJLRQV�GRPLQDWHG�LQ�WKH�FXO�
WLYDWLRQ� RI� 3\UHWKUXP� IRU� LQVHFWLFLGH� S\UHWKULQV� XQWLO
:RUOG�:DU� ,��ZKHQ� WKH�SODQW�ZDV� LQWURGXFHG� WR� -DSDQ�
/DWHU�� RWKHU� FRXQWULHV� VXFK� DV� .HQ\D�� 7DQ]DQLD�� ,QGLD�
7DVPDQLD��$XVWUDOLD���DQG�WKH�86$�EHFDPH�SURGXFHUV�RI
S\UHWKULQV�� ,W� LV� DOVR� FXOWLYDWHG� LQ� (XURSH�� LQ� $XVWULD�
*HUPDQ\�� )UDQFH�� +XQJDU\�� ,WDO\�� 6SDLQ� DQG� 5XVVLD
�.HVNLWDOR��������

$V� DQ� LQVHFWLFLGH�� S\UHWKULQV� DUH� KHDOWKLHU� DQG� FRQ�
VWLWXWH�DQ�HQYLURQPHQWDOO\�DZDUH�DQG�HIILFLHQW�PHWKRG�RI
LQVHFW� FRQWURO� �-RYHWLß� 	� GH� *RRLMHU�� ������� &XUUHQWO\�
S\UHWKULQV�DUH�XVHG�PDLQO\�IRU�SURWHFWLQJ�IRRGVWXIIV�RU�IRU
VWRUDJH� LQ� WKH� GDUN�� IRU� DQWL�OLFH� VKDPSRR� DQG� LQGRRU
VSUD\V�� DQG� WKH\� DUH� DOVR� DSSURYHG� IRU� XVH� RQ� RUJDQLF
IDUPV��+LWPL�HW�DO����������7KH�ZRUOG�SURGXFWLRQ�RI�QDWX�
UDO� S\UHWKULQV� ODJV� EHKLQG� WKH� GHPDQG� IURP� WKH� JOREDO
PDUNHW� �+LWPL� HW� DO��� ������� 7KHUHIRUH� GDWD� DERXW� WKH
S\UHWKULQ� FRQWHQW� RI� 3\UHWKUXP� IURP� WKHLU� QDWLYH� DUHD
FRXOG� UHSUHVHQW� D� EDVLV� IRU� IXUWKHU� VWXGLHV� RI� WKLV
DJURQRPLFDOO\�LPSRUWDQW�SODQW�VSHFLHV�

7KH�PDLQ�SXUSRVH�RI�RXU�ZRUN�ZDV�WR�GHWHUPLQH�WKH
ELRV\QWKHWLF�SRWHQWLDO�RI�QDWLYH�VSHFLHV�IURP�WKH�DUHD�RI
WKH� $GULDWLF� FRDVWDO� PRXQWDLQV� DQG� LVODQGV�� 7KH� S\UH�
WKULQV� FRQWHQW� RI� IORZHU� KHDGV� RI� $GULDWLF� RULJLQ� FRO�
OHFWHG�RQ�WKH�LVODQG�RI�&UHV��&URDWLD�DQG�LQ�WKH�%RWDQLFDO
*DUGHQ�RI�/MXEOMDQD��6ORYHQLD��ZDV�GHWHUPLQHG��,Q�DGGL�
WLRQ�� ZH� GHWHUPLQHG� WKH� S\UHWKULQV� FRQWHQW� LQ� GLIIHUHQW
SODQW�SDUWV��DW�GLIIHUHQW�GHYHORSPHQWDO�VWDJHV�RI�IORZHUV�
DV�ZHOO�DV�LQ�OHDYHV��VWHPV�DQG�URRWV�
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)LJ�����3\UHWKUXP�7DQDFHWXP�FLQHUDULLIROLXP��7UHYLU���6FKXOW]�%LS��IURP�ERWK�ORFDWLRQV���D��E��IORZHULQJ�3\UHWKUXP
SODQW�� �F�� FDSLWXOXP�ZLWK�3�RSHQ� GLVF� IORUHWV� UHDFKHG�PD[LPXP� S\UHWKLQ� FRQWHQW�� �G�� YHUWLFDO� FURVV� VHFWLRQ� RI
IORZHU�KHDG���H��ORQJLWXGLQDO�FURVV�VHFWLRQ�WKURXJK�GLVF�IORUHWV�RYDU\�����[����I��GLVF�IORUHWV�ZLWK�RLO�JODQGV�RQ�WKH
VXUIDFHV�RI�WKH�RYDU\�ZDOO�
/HJHQG��R�GI� �RSHQ�GLVF�IORUHWV��F�GI� �FORVHG�GLVF�IORUHWV��UI� �ZKLWH�U\H�IORUHWV��GI� �\HOORZ�GLVF�IORUHWV��U� �FDSL�
WXOXP£V� IODWWHQHG�D[LV��VF� �VHFUHWRU\�FKDQQHOV��RJ� �RLO�JODQGV��6HFUHWRU\�FKDQQHOV�DQG�RLO�JODQGV�DUH� WKH�VLWH�RI
S\UHWKULQV�DFFXPXODWLRQ�
6O�� ���%ROKDà�7DQDFHWXP� FLQHUDULLIROLXP� �7UHYLU��� 6FKXOW]� %LS�� ]� REHK� ORNDFLM�� �D�� E�� EROKDà� Y� SROQHP� FYHWMX�� �F�
FYHWQH�JODYLFH�GRVHJDMR�PDNVLPDOQH�YVHEQRVWL�SLUHWULQRY�WDNUDW��NR�MH�RGSUWLK�3�FHYDVWLK�FYHWRY���G��Y]GROËQR�SUH�
UH]DQD�FYHWQD�JODYLFD�EROKDàD���H��SORGQLFD�FHYDVWHJD�FYHWD�SUHàQR�����[����I��FHYDVWL�FYHWRYL�]�ROMQLPL�ËOH]DPL�QD
VWHQL�SORGQLFH�
/HJHQGD��R�GI� �RGSUWL�FHYDVWL�FYHWRYL��F�GI� �]DSUWL�FHYDVWL�FYHWRYL��UI� �MH]LàDVWL�FYHWRYL��GI� �FHYDVWL�FYHWRYL��U� 
FYHWLÉàH�� VF� �VHNUHWRUQL�NDQDOL��RJ� �ROMQH�ËOH]H�QD�SRYUÉLQL�SORGQLFH�� 6HNUHWRUQL�NDQDOL� LQ�ROMQH�ËOH]H� VR�PHVWR
DNXPXODFLMH�SLUHWULQRY�
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3ODQW�PDWHULDO

)ORZHU�KHDGV�� OHDYHV��VWHPV�DQG�URRWV�RI�3\UHWKUXP�
7DQDFHWXP� FLQHUDULLIROLXP� �7UHYLU��� 6FKXOW]�%LS�� �)LJV�
�D�� E��� RI� $GULDWLF� RULJLQ�� FXOWLYDWHG� LQ� WKH� %RWDQLFDO
*DUGHQ� RI� /MXEOMDQD� �/DWLWXGH� ����
��1�� /RQJLWXGH
�����
��(�� $OWLWXGH� ���� P��� DQG� \HDUV� DJR� FXOWLYDWHG�
ZLOG� JURZQ� RQ� WKH� LVODQG� RI� &UHV� �/DWLWXGH� �����
��1�
/RQJLWXGH������
��(��$OWLWXGH����P���&URDWLD��ZHUH�XVHG
IRU� DQDO\VLV�� 3\UHWKUXP� IORZHUV� ZHUH� FROOHFWHG� LQ� WKH
PLGGOH� RI� -XQH� LQ� WKH�\HDUV� ����� DQG������ LQ� WKH� %R�
WDQLFDO�*DUGHQ�RI�/MXEOMDQD�DQG�DW�WKH�EHJLQQLQJ�RI�-XQH
�����RQ� WKH� LVODQG�RI�&UHV��3ODQW�PDWHULDO�� IORZHUV� DQG
YDULRXV�SODQW�SDUWV�ZHUH�FROG� VWRUHG� LQ� WKH� IULGJH� ��� �&�
IRU�D�IHZ�GD\V�RU�LQ�WKH�GHHS�IUHH]H�������&��IRU�D�ORQJHU
SHULRG�XQWLO�H[WUDFWLRQ�SURFHGXUHV�ZHUH�SHUIRUPHG�

([WUDFWLRQ�DQG�DQDO\VLV�RI�S\UHWKULQV

)RU� WKH�TXDQWLWDWLYH�DQG�TXDOLWDWLYH�GHWHUPLQDWLRQ�RI
S\UHWKULQV� LQ� YDULRXV� SODQW� SDUWV�� KLJK�SUHVVXUH� OLTXLG
FKURPDWRJUDSK\� �+3/&��ZDV�XVHG� �*VSDQ� HW� DO��� ������
%ULHIO\�� S\UHWKULQV�ZHUH� H[WUDFWHG�ZLWK� SHWUROHXP� HWKHU
������� �&�� IURP�SODQW�PDWHULDO��FUXVKHG� LQ�D�PRUWDU�ZLWK
VLOLFD� VDQG�DQG�DQK\GURXV� VRGLXP� VXOSKDWH�� HYDSRUDWHG

WR� GU\QHVV�� UH�GLVVROYHG� LQ� &+�&1�� ILOWHUHG� WKURXJK� D
������P�PHVK� ILOWHU�DQG�DQDO\VHG�XVLQJ�D�:DWHUV�+3/&
V\VWHP� ZLWK� D� GLRGH� DUUD\� �3'$�� GHWHFWRU�� 6HSDUDWLRQV
ZHUH� SHUIRUPHG� RQ� D�1RYD� 3DFN�&��� FROXPQ� �:DWHUV�
����[�����PP���XVLQJ�D�JUDGLHQW�RI� VROYHQW�&+�&1�DQG
0LOOL�4�+�2�ZLWK�D�IORZ�UDWH�RI�����PO�PLQ��$EVRUEDQFH
ZDV�PRQLWRUHG�DW�����QP��3\UHWKULQV�LQ�WKH�VDPSOH�ZHUH
LGHQWLILHG�RQ�WKH�EDVLV�RI�UHWHQWLRQ�WLPH�DQG�FKDUDFWHULVWLF
DEVRUSWLRQ� VSHFWUD��7KH� VWDQGDUGV�XVHG� �)LJXUH��D��ZHUH
S\UHWKULQV� ,� �FLQHULQ� ,�� S\UHWKULQ� ,�� DQG� MDVPROLQ� ,��� DQG
S\UHWKULQV� ,,� �FLQHULQ� ,,�� S\UHWKULQ� ,,� DQG� MDVPROLQ� ,,�
�S\UHWKULQV� WHFKQLFDO� PL[WXUH�� 3(67$1$/�� 5LHGHO�GH�
+DsQ��

6WDWLVWLFV

7KH�6WXGHQW
V�W�WHVW�ZDV�XVHG�IRU�HYDOXDWLQJ�OHYHOV�RI
VWDWLVWLFDO� VLJQLILFDQFH� �3�� EHWZHHQ� VDPSOHV� RI� HDFK
S\UHWKULQ�IURP�IORZHUV�RI�GLIIHUHQW�RULJLQ�

5(68/76�$1'�',6&866,21

%LRV\QWKHWLF�SRWHQWLDO�RI�QDWLYH�3\UHWKUXP

7KH�S\UHWKULQV�FRQWHQW�LQ�IORZHU�KHDGV�RI�QDWLYH�VSH�
FLHV�IURP�WKH�DUHD�RI�WKH�$GULDWLF�FRDVWDO�PRXQWDLQV�DQG
LVODQGV� ZDV� VWXGLHG� �)LJ�� ���� ,Q� DOO� IORZHU� VDPSOHV

)LJ������D��+3/&�FKURPDWRJUDP�RI�VWDQGDUG�S\UHWKULQ�PL[WXUH���E��+3/&�FKURPDWRJUDP�RI�S\UHWKUXP�IORZHU�KHDG
IURP�WKH�/MXEOMDQD�%RWDQLFDO�*DUGHQ�
/HJHQG��&,,� �F\QHULQ�,,��3,,� �S\UHWKULQ�,,��-,,� �MDVPROLQ�,,��&,� �F\QHULQ�,��3,� �S\UHWKULQ�,��-,� �MDVPROLQ�,�
6O������D��+3/&�NURPDWRJUDP�VWDQGDUGQH�PHÉDQLFH�SLUHWULQRY���E��+3/&�NURPDWRJUDIVND�DQDOL]D�SLUHWULQRY�L]�FYHW�
QLK�JODYLF�EROKDàD��QDEUDQHJD�Y�%RWDQLàQHP�YUWX�Y�/MXEOMDQL�
/HJHQGD��&,,� �FLQHULQ�,,��3,,� �SLUHWULQ�,,��-,,� �MDVPROLQ�,,��&,� �FLQHULQ�,��3,� �SLUHWULQ�,��-,� �MDVPROLQ�,�
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7DE�����3\UHWKULQ�FRQWHQW�LQ�YDULRXV�SODQW�SDUWV�RI�3\UHWKUXP��FROOHFWHG�LQ�WKH�%RWDQLFDO�*DUGHQ�RI�/MXEOMDQD�DQG
RQ�WKH�LVODQG�RI�&UHV��IORZHU�KHDGV��OHDYHV��VWHPV��URRWV��LQ�GLIIHUHQW�SDUWV�RI�IORZHU�KHDGV��RSHQ�IORUHWV��FORVHG�IOR�
UHWV�DQG�WKH�UHFHSWDFXOXPV�ZLWK�WKH�UHPDLQLQJ�SDUWV�RI�IORZHU�KHDGV��$YHUDJH��Q� ������FRQWHQWV�RI�S\UHWKULQV�DQG
VWDQGDUG�GHYLDWLRQV��6'��DUH�VKRZQ��':� �GU\�ZHLJKW�
7DE�� ��� 9VHEQRVW� SLUHWULQRY� Y� SRVDPH]QLK� GHOLK� EROKDàD�� QDEUDQHJD� Y� %RWDQLàQHP� YUWX� Y� /MXEOMDQL� LQ� QD� RWRNX
&UHVX��FYHWQLK�JODYLFDK��OLVWLK��VWHEOX��NRUHQLQDK��Y�SRVDPH]QLK�GHOLK�FYHWQH�JODYLFH��RGSUWLK�LQ�]DSUWLK�FYHWRYLK�WHU
UD]ÉLUMHQL�RVL�VRFYHWMD�V�SUHRVWDQNL�FYHWQH�JODYLFH��3ULND]DQD�MH�SRYSUHàQD�YVHEQRVW�SRVDPH]QLK�SLUHWULQRY��Q� ���
���LQ�VWDQGDUGQD�GHYLDFLMD��6'���':� �VXKD�PDVD�

-UNAPDNEJO� IC�C�@NU�SAECDP

0=ILHA  EJANEJ

&&
-UNAPDNEJ

&&
'=OIKHEJ

&&
 EJANEJ

&
-UNAPDNEJ

&
'=OIKHEJ

&
-UNAPDNEJO

&&
-UNAPDNEJO

&
-U&�
-U�&&

-UNAPDNEJO -UNAPDNEJO
 ��!4


#HKSAN�DA=@O�
 >KP=JE?=H
C=N@AJ

0!

����
����

����
����

����
����

����
����

����
����

����
����

����
����

����
����

���� �����
����

���

#HKSAN�DA=@O�
  NAO

0!

����
����

����
����

����
����

����
����

����
����

����
����

����
����

����
����

���� �����
���� ���

,LAJ�@EO?
=J@�N=U
BHKNAPO��
0!

����
����

����
����

����
����

����
����

����
����

����
����

����
����

�����
����

���� �����
����

���

 HKOA@�@EO?
BHKNAPO��
0!

����
����

����
����

����
����

����
����

����
����

����
����

����
����

�����
����

���� �����
���� ���

/A?ALP=?Q�
HQIO��
0!

����
����

����
����

����
����

����
����

����
����

����
����

����
����

����
����

���� ����
���� ���

)A=RAO
0!

����
����

����
����

����
����

����
����

����
����

����
����

����
����

����
����

���� ����
���� ���

0PA=I
0!

�����
�����

����
����

�����
�����

����
����

����
����

�����
�����

����
����

����
����

���� ����
���� ����

/KKPO
0!

�����
�����

����
����

�����
�����

����
����

����
����

�����
����

����
����

����
����

���� ����
���� ����

��SEPD�����KLAJA@�@EO?�BHKNAPO
���EOKH=PA@�BNKI�BHKSAN�DA=@O
REWDLQHG�� DOO� �� S\UHWKULQV� ZHUH� GHWHFWHG� �)LJ�� ���� 7KH
KLJKHVW� S\UHWKULQ� FRQWHQW� ZDV� GHWHFWHG� LQ� WKH� IORZHU
KHDGV�� ZLWK� 3�RSHQ� GLVF� IORUHWV� �)LJ�� �F��� ZKLFK� FRQ�
WDLQHG� RQ� DYHUDJH� ����� �)LJ�� ����PD[LPDOO\� ������ DQG
PLQLPDOO\� ����� S\UHWKULQV� RI� GU\� ZHLJKW� �GDWD� QRW
VKRZQ���7KH�FKURPDWRJUDP�RI�WKH�IORZHU�KHDGV��)LJ���E�
LV� DOPRVW� LGHQWLFDO� WR� WKH� FKURPDWRJUDP� IRU� WKH� S\UH�
WKULQV� VWDQGDUG� �)LJ�� �D��� $OWKRXJK� WKH� FRQWHQW� RI� WKH
IORZHU�KHDGV�GLG�QRW�UHDFK�WKDW�RI�WKH�KLJKO\�SURGXFWLYH
S\UHWKUXP�FORQHV�IURP�SUHVHQW�GD\�SURGXFWLRQ�FRXQWULHV
�5DYLVKDQNDU� HW� DO��� ������ 5DMDVHNDUDQ� HW� DO��� �����
,NDKX�HW�DO���������0DF'RQDOG��������+LWPL�HW�DO��������
0RUULV� HW� DO��� ������� LW� LV� FRPSDUDEOH� ZLWK� S\UHWKULQV
IURP� FRQYHQWLRQDO� SURGXFWLRQ� LQ� .HQ\D�� $XVWUDOLD� DQG
,QGLD��+HDG��������.HVNLWDOR���������ZLWK������WR�����
S\UHWKULQV�RI�IORZHU�GU\�ZHLJKW��7KXV�WKH�$GULDWLF�RULJLQ
�+H\ZRRG� HW� DO��� ������� DV� D� VRXUFH� RI� S\UHWKUXP� JH�
QHWLF�YDULDELOLW\��FRXOG�VWLOO�EH�RI� LQWHUHVW� IRU�D�EUHHGLQJ
SURJUDP�WR�VHOHFW�RI�KLJK�SURGXFLQJ�FORQHV�

%LRV\QWKHVLV�RI�S\UHWKULQV�LQ�YDULRXV�SODQW�SDUWV

'LIIHUHQW� SDUWV� RI� WKH� VDPH� IORZHU� KHDG�� VHSDUDWHG
LQWR� WKUHH� SDUWV� �� UHFHSWDFXOXP�� FORVHG� GLVF� IORUHWV� DQG
RSHQ� GLVF� IORUHWV�ZLWK� UD\� IORUHWV� �� GLG� QRW� FRQWDLQ� WKH
VDPH�TXDQWLW\�RI�S\UHWKULQV��7KH�KLJKHVW�S\UHWKULQV�FRQ�
WHQW�ZDV�DQDO\VHG� LQ�FRPSOHWHO\�RSHQ�DQG�PRVW�PDWXUH
GLVF� IORUHWV�ZLWK�UD\� IORUHWV��ZKLFK�FRQWDLQHG������S\UH�
WKULQV� RI� GU\� ZHLJKW�� OHVV� LQ� FORVHG� GLVF� IORUHWV�� ZKLFK
FRQWDLQHG������S\UHWKULQV�RI�GU\�ZHLJKW��DQG�OHDVW�LQ�WKH
UHPDLQLQJ� SDUW� RI� WKH� IORZHU�� WKH� UHFHSWDFXOXP��ZKLFK
FRQWDLQHG� RQO\� ����� S\UHWKULQV� RI� GU\�ZHLJKW� �7DE�� ���
/HDYHV�� VWHPV� DQG� URRWV� FRQWDLQHG� OHVV� S\UHWKULQV� WKDQ
IORZHU�KHDGV�LQ�ERWK�ORFDWLRQV��7DE������/HDYHV�FRQWDLQHG
DQ�DYHUDJH�RI�������VWHDP�DQ�DYHUDJH�RI�������DQG�URRWV
DQ�DYHUDJH�RI�������S\UHWKULQV�RI�GU\�ZHLJKW�DQG�DUH�QRW
VXLWDEOH� IRU� S\UHWKULQV� SURGXFWLRQ�� %HVLGHV� WKH� ORZHU
FRQWHQW�RI�S\UHWKULQV�LQ�SODQW�SDUWV�RWKHU�WKDQ�WKH�IORZHU�
WKH\�DOVR�FRQWDLQHG� D�KLJKHU�3\,�3\,,� UDWLR�� 7KH� 3\,�3\,,
UDWLR�RI�WKH�IORZHU�KHDGV�RI�S\UHWKUXP�ZDV�DOZD\V� ORZHU
WKDQ� WKH�UDWLR�RI�RWKHU�SODQW�SDUWV� �7DE������7KLV�FRQILUPV
SUHYLRXV�REVHUYDWLRQV��+HDG��������
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)LJ�� ��� 7KH�HIIHFW� RI� ORFDWLRQ� FRQGLWLRQV� RQ� FRQWHQW� OHYHOV� RI� LQGLYLGXDO� S\UHWKULQV�� S\UHWKULQV� ,� DQG� ,,� DQG� WRWDO
S\UHWKULQV�LQ�IORZHU�KHDGV�RI�S\UHWKUXP�FROOHFWHG�LQ�WKH�%RWDQLFDO�*DUGHQ�RI�/MXEOMDQD�DQG�RQ�WKH�LVODQG�RI�&UHV�
$YHUDJH� �Q� ����FRQWHQWV�RI�S\UHWKULQV��VWDQGDUG�GHYLDWLRQV� �6'��DQG�VWDWLVWLFDOO\�VLJQLILFDQW�GLIIHUHQFHV� �W�WHVW��∗∗
GHQRWHV�3���������DUH�VKRZQ�EHWZHHQ�VDPSOHV�IURP�WZR�ORFDWLRQV��/HJHQG��VHH�)LJXUH���
6O�����9SOLY�UD]OLàQLK�UDVWLÉàQLK�UD]PHU�QD�YVHEQRVW�SRVDPH]QLK�SLUHWULQRY��SLUHWULQRY�,�LQ�,,�WHU�FHORNXSQLK�SLUHWUL�
QRY�� Y� FYHWQLK� JODYLFDK� EROKDàD�� QDEUDQHJD� Y� %RWDQLàQHP� YUWX� Y� /MXEOMDQL� LQ� QD� RWRNX� &UHVX�� 3ULND]DQD� MH
SRYSUHàQD�YVHEQRVW�SRVDPH]QLK�SLUHWULQRY��Q� �����VWDQGDUGQD�GHYLDFLMD��6'��LQ�VWDWLVWLàQR�]QDàLOQH�UD]OLNH��W�WHVW�
∗∗�R]QDàXMH�3���������PHG�Y]RUFL�REHK�UDVWLÉà��/HJHQGD��JOHM�6OLNR���

%LRV\QWKHVLV�RI�S\UHWKULQV�LQ�SODQWV�FXOWLYDWHG�LQ�UHJLRQV
ZLWK�GLIIHUHQW�FOLPDWH�FRQGLWLRQV

'LIIHUHQFHV�EHWZHHQ�SODQWV�FXOWLYDWHG�XQGHU� WKH�GLI�
IHUHQW� FOLPDWH�FRQGLWLRQV�RI� WKH� LVODQG�RI�&UHV��&URDWLD�
DQG�WKH�%RWDQLFDO�*DUGHQ�LQ�/MXEOMDQD��KDG�RQO\�D�VOLJKW
DQG�LQVLJQLILFDQW�LQIOXHQFH�RQ�WKH�WRWDO�S\UHWKULQ�FRQWHQW
LQ�WKH�IORZHU�KHDGV��)LJ������)ORZHU�KHDGV�IURP�LVODQG�RI
&UHV� FRQWDLQHG� DQ� DYHUDJH� RI� ����� DQG� IORZHU� KHDGV
IURP� WKH� %RWDQLFDO� *DUGHQ� LQ� /MXEOMDQD� FRQWDLQHG� DQ
DYHUDJH�RI������S\UHWKULQV�RI�IORZHU�GU\�ZHLJKW�

'LIIHUHQFHV� EHWZHHQ� SODQWV� FXOWLYDWHG� LQ� GLIIHUHQW
FOLPDWH�FRQGLWLRQV�RI�WKH�LVODQG�RI�&UHV��&URDWLD��DQG�WKH
%RWDQLFDO� *DUGHQ� LQ� /MXEOMDQD�� KRZHYHU�� GLG� VLJQLIL�
FDQWO\� LQIOXHQFH� WKH�3\,�3\,,� UDWLR� �)LJ������ZKLFK� LV� LP�
SRUWDQW� IRU� WKH� LQVHFWLFLGDO� DFWLYLW\� RI� S\UHWKULQV� DQG
WKHUHIRUH� DIIHFWV� WKH� TXDOLW\� RI� WKH� 3\UHWKULQV� H[WUDFW
�-RYHWLß�	�GH�*RRLMHU���������3\UHWKULQV�,,�ZHUH�VKRZQ�WR
KDYH� UDSLG� NQRFN�GRZQ� DELOLW\� DQG� S\UHWKULQV� ,� VORZ
NLOOLQJ� HIIHFW� �-RYHWLß�	�GH�*RRLMHU�� ������� 7KH� 3\,�3\,,
UDWLR� LQ� IORZHU� KHDGV� IURP� WKH� LVODQG� RI� &UHV�ZHUH� QR�
WLFHDEO\� KLJKHU� ������ WKDQ� WKH� 3\,�3\,,� UDWLR� LQ� IORZHU
KHDGV�IURP�WKH�%RWDQLFDO�*DUGHQ�RI�/MXEOMDQD��������)LJ�
���� 5DWLRV� ORZHU� WKDQ� �� ZHUH� REVHUYHG� LQ� IRXU� RI� ILYH
VDPSOHV� IURP� WKH�%RWDQLFDO�*DUGHQ�RI� /MXEOMDQD��ZKLOH
LQ�WKH�UHPDLQLQJ�RQH�WKLV�UDWLR�LQFUHDVHG�WR�D�OHYHO�FRP�

SDUDEOH�WR�WKDW�REVHUYHG�LQ�IORZHU�KHDGV�IURP�&UHV��GDWD
QRW�VKRZQ���%HVLGH�WKH�GLIIHUHQFH�LQ�HQYLURQPHQWDO�FRQ�
GLWLRQV�� YDULDWLRQV� LQ� 3\,�3\,,� UDWLR� PD\� EH� FDXVHG� E\
RWKHU�IDFWRUV��QRW�H[DPLQHG�LQ�RXU�VWXG\��VXFK�DV�VOLJKWO\
GLIIHUHQW�VWDJHV�RI�PDWXULW\�DW�WKH�WLPH�RI�IORZHU�VDPSOLQJ
�3DWWHQGHQ�� ������� VOLJKWO\� GLIIHUHQW� PDQDJHPHQW� RI
IORZHU�VDPSOHV�RU�GLIIHUHQW�FXOWLYDWLRQ�FRQGLWLRQV�GXULQJ
SODQW�JURZWK�RQ�HDFK�VLWH�

,Q�FRQFOXVLRQ��WKHVH�GDWD�LQGLFDWH�WKDW�GLIIHUHQFHV�LQ
ORFDWLRQ� DQG� FOLPDWH� FRQGLWLRQV� GLG� QRW� LQIOXHQFH� WKH
WRWDO�S\UHWKULQ�FRQWHQW�LQ�WKH�IORZHU�KHDGV��EXW�GLG�LQIOX�
HQFH� WKH� 3\,�3\,,� UDWLR�� 7KH� S\UHWKULQ� FRQWHQW� RI� IORZHU
KHDGV� IURP� QDWLYH� VSHFLHV� RI� WKH� 1RUWKHUQ� $GULDWLF� LV
FRPSDUDEOH�ZLWK�FRQWHQW�OHYHOV�LQ�WKH�FRQYHQWLRQDO�SUR�
GXFWLRQ�RI�S\UHWKULQV��EXW�GLG�QRW�UHDFK�WKH�FRQWHQW�OHY�
HOV�RI�KLJKO\�SURGXFWLYH�3\UHWKUXP�FORQHV�IURP�FRXQWULHV
FXUUHQWO\�SURGXFLQJ�S\UHWKULQV��7KXV�WKH�$GULDWLF�RULJLQ�
DV�D�VRXUFH�RI�3\UHWKUXP�JHQHWLF�YDULDELOLW\��FRXOG�EH�RI
SRWHQWLDO�LQWHUHVW�LQ�FUHDWLQJ�D�EUHHGLQJ�SURJUDP�IRU�WKH
VHOHFWLRQ�RI�KLJK�SURGXFLQJ�FORQHV�

$.12:/('*(0(176

:H�WKDQN�WKH�%RWDQLFDO�*DUGHQ�RI�/MXEOMDQD�IRU�WKHLU
NLQG� VXSSRUW� LQ� 3\UHWKUXP� FXOWLYDWLRQ�� 7KLV� ZRUN� ZDV
VXSSRUWHG�E\�WKH�6ORYHQLDQ�5HVHDUFK�$JHQF\�
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6(9(512-$'5$16.,�%2/+$à��7$1$&(780�&,1(5$5,,)2/,80��.27�327(1&,$/1,
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-DQD�$0%52É,Þ�'2/,1Ç(.
2JERANV=�R�*=NE>KNQ�#=GQHPAP=�V=�J=N=RKOHKRFA�EJ�I=PAI=PEGK�,@@AHAG�V=�>EKHKCEFK�0&������*=NE>KN�(KNK
G=����

EJ
+=?EKJ=HJE�EJ
PEPQP�V=�>EKHKCEFK�,@@AHAG�V=�N=OPHEJOGK�>EKPADJKHKCEFK�EJ�>EKPADJKHKCEFK�0&������)FQ>HF=J=�3AÜJ=�LKP����

"�I=EH!�F=J=�=I>NKVE?$QJE�I>�OE

0DMD�.29$Þ��-DQD�É(/�	�0DUMDQD�&$0/2+
+=?EKJ=HJE�EJ
PEPQP�V=�>EKHKCEFK�,@@AHAG�V=�N=OPHEJOGK�>EKPADJKHKCEFK�EJ�>EKPADJKHKCEFK�0&������)FQ>HF=J=�3AÜJ=�LKP����

329=(7(.

%ROKDß�7DQDFHWXP�FLQHUDULLIROLXP� �7UHYLU���6FKXOW]�%LS�� MH�QDMSRPHPEQHMÈL�YLU�QDUDYQLK� LQVHNWLFLGRY�SLUHWULQRY�
3ULVSHYHN�RSLVXMH�PRÊQRVW�SULGRELYDQMD�SLUHWULQRY�L]�EROKDßD��V�SULPDUQLK�UDVWLÈß�QD�NUDÈNLK�RWRNLK�LQ�SRERßMLK�SUL�
REDOQHJD�SDVX�-DGUDQVNHJD�PRUMD�QHNGDQMH�-XJRVODYLMH�LQ�$OEDQLMH��QDEUDQHJD�QD�RWRNX�&UHVX�LQ�Y�%RWDQLßQHP�YUWX�Y
/MXEOMDQL�� 9� YVHK� Y]RUFLK�� DQDOL]LUDQLK� V� WHNRßLQVNR� NURPDWRJUDILMR� YLVRNH� ORßOMLYRVWL� �+3/&��� VPR� ]D]QDOL� YVHK� �
SLUHWULQRY��1DMYHß�SLUHWULQRY�VPR�]D]QDOL�Y�FYHWQLK�JODYLFDK��NL�VR�YVHERYDOH�SRYSUHßQR������SLUHWULQRY�Y�VXKL�PDVL
Y]RUFD��5D]OLNH�Y�UDVWLÈßQLK�UD]PHUDK�REHK�ORNDFLM�VR�PDOR�LQ�QH]QDßLOQR�YSOLYDOH�QD�FHORNXSQR�YVHEQRVW�SLUHWULQRY�
9VHEQRVWL�SLUHWULQRY�Y�EROKDßX��NL�L]YLUD�L]�QDUDYQLK�UDVWLÈß�VHYHUQHJD�-DGUDQD��VR�SULPHUOMLYH�]�YVHEQRVWMR�SLUHWULQRY
EROKDßD�L]�NRQYHQFLRQDOQH�SURL]YRGQMH�SLUHWULQRY��NL�SD�QH�GRVHJDMR�YVHEQRVWL�YLVRNR�SURGXNWLYQLK�NORQRY�EROKDßD�
R�NDWHULK�SRURßDMR�QHNDWHUH�GUÊDYH�VHGDQMH�SURL]YDMDONH�SLUHWULQRY��3ULPDUQD�UDVWLÈßD�SULREDOQHJD�SDVX�-DGUDQVNHJD
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%KDW��%�� .�� �������� %UHHGLQJ�PHWKRGRORJLHV� DSSOLFDEOH
WR�3\UHWKUXP��,Q��&DVLGD��-��(��	�*��%��4XLVWDG��HGV����3\�
UHWKUXP� IORZHUV�� 3URGXFWLRQ�� FKHPLVWU\�� WR[LFRORJ\� DQG
XVHV��2[IRUG��8QLYHUVLW\�3UHVV��1HZ�<RUN��S��������
%UHZHU�� -��*�� ��������0LFURKLVWRORJLFDO� H[DPLQDWLRQ� RI
WKH�VHFUHWRU\�WLVVXH�LQ�3\UHWKUXP�IORUHWV��3\UHWKUXP�3RVW�
����������
&RKUDQ�� '�� *�� �������� ,QVHFW� UHVLVWDQFH� WR� S\UHWKULQHV
DQG�S\UHWKURLGV��,Q��&DVLGD��-��(��	�*��%��4XLVWDG��HGV���
3\UHWKUXP� IORZHUV�� 3URGXFWLRQ�� FKHPLVWU\�� WR[LFRORJ\
DQG�XVHV��2[IRUG��8QLYHUVLW\�3UHVV��1HZ�<RUN��S�� ����
����
&URPELH��/����������&KHPLVWU\�RI�S\UHWKULQV��,Q��&DVLGD�
-��(��	�*��%��4XLVWDG��HGV����3\UHWKUXP�IORZHUV��3URGXF�
WLRQ��FKHPLVWU\��WR[LFRORJ\�DQG�XVHV��2[IRUG��8QLYHUVLW\
3UHVV��1HZ�<RUN��S����������

*VSDQ��0���0��9UWDÞQLN�� -��$PEURÉLÞ�'ROLQÇHN��0��.R�
YDÞ��0��&DPORK�	�-��ÈHO���������7LVVXH�FXOWXUH�RI�3\UH�
WKUXP��7DQDFHWXP�FLQHUDULLIROLXP��7UHYLU���6FKXOW]�%LS����
$FWD�%LRO��6ORY�������������
+HDG��6��:����������$�VWXG\�RI�WKH�LQVHFWLFLGDO�FRQVWLWX�
HQWV� RI�&KU\VDQWKHPXP� FLQHUDULDHIROLXP�� ���� 7KHLU� GH�
YHORSPHQW� LQ� WKH� IORZHU� KHDG�� ���� 7KHLU� GLVWULEXWLRQ� LQ
WKH�SODQW��3\UHWKUXP�3RVW��������������
+LWPL�� $��� $�� &RXGUHW� 	� &�� %DUWKRPHXI� �������� 7KH
3URGXFWLRQ�RI�S\UHWKULQV�E\�SODQW�FHOO�DQG�WLVVXH�FXOWXUHV
RI� &KU\VDQWKHPXP� FLQHUDULDHIROLXP� DQG� 7DJHWHV� VSH�
FLHV��&ULW��5HY��%LRFKHP��0RO��%LRO���������������
+H\ZRRG��9��+����������7DQDFHWXP�/�� ,Q��7XWLQ��7��*��
9��+��+H\ZRRG��1��$��%XUJHV��'��0��0RRUH��'��+��9DO�
HQWLQH�� 6�� 0�� :DOWHUV� 	� '�� $�� :HEE� �HGV���� )ORUD� (X�
URSDHD��3ODQWDJLQDFHDH�WR�&RPSRVLWDH��DQG�5XELDFHDH��
9RO�����&DPEULGJH�8QLYHUVLW\�3UHVV������S�
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,NDKX��-��0��.���&��:��1JXJL�	�(��2��0DHQJZH��������
3HUIRUPDQFH� RI� 3\UHWKUXP� FORQHV� UHFRPPHQGHG� IRU
JURZLQJ� LQ�KLJK�DQG� ORZ�DOWLWXGH�DUHDV� LQ�.HQ\D�� 3\UH�
WKUXP�3RVW������������
-RYHWLÜ�� 6�� 	� &�� GH�*RRLMHU� �������� 7KH� SURGXFWLRQ� RI
S\UHWKULQV�E\� LQ�YLWUR�V\VWHPV��&ULW��5HY��%LRFKHP��0RO�
%LRO���������������
.DWKH��:���6��+RRQHI�	�$��+H\P���������0HGLFLQDO�DQG
$URPDWLF� SODQWV� LQ� $OEDQLD�� %RVQLD�+HU]HJRYLQD�� %XO�
JDULD��&URDWLD�DQG�5RPDQLD��*HUPDQ�)HGHUDO�$JHQF\�IRU
1DWXUH�&RQVHUYDWLRQ��%RQQ��*HUPDQ\�
.HVNLWDOR�� 0�� .�� �������� ([SORULQJ� ELRGLYHUVLW\� WR� HQ�
KDQFH�ELRDFWLYLW\� LQ� WKH�JHQXV�7DQDFHWXP� WKURXJK�SUR�
WRSODVW� IXVLRQ�� $FDGHPLF� 'LVVHUWDWLRQ�� 3XEO�� 1R�� ���
8QLYHUVLW\�RI�+HOVLQNL��'HSDUWPHQW�RI�3ODQW�3URGXFWLRQ�
+HOVLQNL������S�
.HVNLWDOR�� 0�� .��� $�� 3RKWR�� 0�� /� 6DYHOD�� -�� 3�� 7�� 9DO�
NRQHQ��-��6LPRQ�	�(��3HKX������E���$OWHUDWLRQ�LQ�JURZWK
RI� WLVVXH�FXOWXUHG� WDQV\� �7DQDFHWXP� YXOJDUH� /��� WUHDWHG
ZLWK�DQWLELRWLFV��$QQ��$SSO��%LRO����������������
0DF'RQDOG��:��/����������3\UHWKUXP�IORZHUV���SURGXF�
WLRQ�LQ�$XVWUDOLD��,Q��&DVLGD��-��(��	�*��%��4XLVWDG��HGV���
3\UHWKUXP� IORZHUV�� 3URGXFWLRQ�� FKHPLVWU\�� WR[LFRORJ\
DQG�XVHV��2[IRUG��8QLYHUVLW\�3UHVV��1HZ�<RUN��S��������
0RUULV�� 6�� (���1��:��'DYLHV��3��+��%URZQ�	�7��*URRP
��������(IIHFW�RI�GU\LQJ�FRQGLWLRQV�RQ�S\UHWKULQV�FRQWHQW�
,QG��&URSV�3URG������������

2EXNRVLD��6��'���(��.LPDQL��.��:DLNWKDNOD��(��0XWLWX�	
3��0�� .LPQDL�� �������� (IIHFWV� RI� JURZWK� UHJXODWRUV� DQG
JHQRW\SHV� RQ� S\UHWKUXP� LQ� YLWUR�� ,Q� YLWUR� FHOOXODU� DQG
'HYHORSPHQWDO�%LRORJ\���3ODQW��������������
3DO��$��	�.��'KDU���������&DOOXV�DQG�RUJDQ�GHYHORSPHQW
RI� 3\UHWKUXP�� �&KULVDQWKHPXP� FLQHUDULDHIROLXP� 9LV��
DQG�DQDO\VLV�RI� WKHLU� F\WRORJLFDO� VWDWXV��3\UHWKUXP�3RVW�
���������
3DWWHQGHQ��*�� �������� %LRV\QWKHVLV� RI� S\UHWKULQV�� 3\UH�
WKUXP�3RVW����������
5DMDVHNDUDQ��7���0��6��1DUD\DQ��*��$��5DYLQVKDQNDU�	�/�
9��9HQNDWDUDPDQ���������*&�06�6WXGLHV�RQ�S\UHWKULQV
H[WUDFWHG� IURP� OHDI� FDOOXV� FXOWXUHV� RI� &KU\VDQWKHPXP
FLQHUDULDHIROLXP�9LV��3\UHWKUXP�3RVW������������
5DYLQVKDQNDU��*��$���7��5DMDVHNDUDQ��.��6��6DUPD�	�/��9�
9HQNDWDUDPDQ� �������� 3URGXFWLRQ� RI� S\UHWKULQV� LQ� FXO�
WXUHG� WLVVXHV� RI� 3\UHWKUXP� �&KU\VDQWKHPXP� FLQHUDULDH�
IROLXP�9LV����3\UHWKUXP�3RVW���������������
6RQGHUOXQG��'��0����������0RGH�RI�DFWLRQ�RI�S\UHWKULQV
DQG�S\UHWKURLGV��,Q��&DVLGD��-��(��	�*��%��4XLVWDG��HGV���
3\UHWKUXP� IORZHUV�� 3URGXFWLRQ�� FKHPLVWU\�� WR[LFRORJ\
DQG�XVHV��2[IRUG��8QLYHUVLW\�3UHVV��1HZ�<RUN��S�� ����
����
=LHJ��5��*���6��:��=LWR�	�(��-��6WDED���������6HOHFWLRQ�RI
KLJK�S\UHWKULQ�SURGXFWLRQ�WLVVXH�FXOWXUHV��3ODQWD�0HGLFD�
����������


