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7KH�PDULQH� ¡ODNHV¢� RI�0OMHW� ,VODQG�� VRXWKHUQ�&URDWLD�� SURYLGH� DQ� LQWHUHVWLQJ� HFRORJLFDO� VHWWLQJ� IRU� LQYHVWLJDWLQJ
VWUXFWXUH�DQG�IXQFWLRQ�RI�PDULQH�HFRV\VWHPV�RXWVLGH�WKH�ODNHV��7KLV�SDSHU�V\QWKHVL]HV�VRPH�RI�WKH�KLVWRULFDO�DQG�RQ�
JRLQJ�UHVHDUFK�SURMHFWV�LQYROYLQJ�WKH�ODNHV��ZLWK�VSHFLDO�DWWHQWLRQ�JLYHQ�WR�UHFHQW�VWXGLHV�RQ�WKH�LVRODWHG�ODNH�SRSX�
ODWLRQ�RI�WKH�VF\SKR]RDQ�$XUHOLD�VS�����7KLV�VSHFLHV�DSSHDUV�WR�EH�JHRJUDSKLFDOO\�LVRODWHG�ZLWKLQ�DQG�HYROXWLRQDULO\
OLPLWHG�WR�WKH�ODNHV�RI�0OMHW�,VODQG��$V�VXFK��ZH�DUH�XWLOL]LQJ�WKH�ODNHV�DV�D�WRRO�WR�EHWWHU�XQGHUVWDQG�WKH�HFRORJLFDO
UHODWLRQVKLS�EHWZHHQ�MHOO\ILVK�DQG�D�GLYHUVH�FRPPXQLW\�RI�ILVK�VSHFLHV�WKDW�DOVR�LQKDELW�WKH�ODNHV��:H�SURPRWH�IXWXUH
VWXGLHV�WR�SDUDPHWHUL]H�DQ�HFRV\VWHP�PRGHO�RI�WKH�ODNHV�DV�D�WHVW�EHG�V\VWHP�IRU�DQ�HFRV\VWHP�EDVHG�PDQDJHPHQW
DSSURDFK�XVLQJ�VLPLODU�PRGHOV�RXWVLGH�WKH�ODNHV�

.H\�ZRUGV��PHGXVDH��SODQNWLYRURXV�ILVKHV��$XUHOLD��%RRSV��$WKHULQD
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LVROD�GL�0OMHW��&URD]LD�PHULGLRQDOH��IRUQLVFRQR�XQ�LQWHUHVVDQWH�DPELWR�HFRORJLFR�SHU�OR�VWXGLR

GHOOD�VWUXWWXUD�H�GHOOD�IXQ]LRQH�GHJOL�HFRVLVWHPL�PDULQL�HVWHUQL�DL�ODJKL��/
DUWLFROR�VLQWHWL]]D�DOFXQL�GHL�SURJHWWL�GL�UL�
FHUFD�VWRULFL�H�DWWXDOL�FKH�FRLQYROJRQR�L�ODJKL��FRQ�XQD�VSHFLDOH�DWWHQ]LRQH�ULYROWD�D�VWXGL�UHFHQWL�VXOOH�SRSROD]LRQL�GL
VFLIR]RL�$XUHOLD�VS�����7DOH�VSHFLH�ULVXOWD�HVVHUH�JHRJUDILFDPHQWH�LVRODWD�HG�HYROXWLYDPHQWH�OLPLWDWD�DL�ODJKL�GHOO
LVROD
GL�0OMHW��,�ODJKL�YHQJRQR�TXLQGL�XWLOL]]DWL�TXDOL�VWUXPHQWL�SHU�XQD�PLJOLRUH�FRPSUHQVLRQH�GHOOH�UHOD]LRQL�HFRORJLFKH
IUD�OH�PHGXVH�H�GLYHUVH�FRPXQLWi�GL�SHVFL��FKH�SXUH�YLYRQR�QHL�ODJKL��*OL�DXWRUL�LQFRUDJJLDQR�IXWXUH�ULFHUFKH�ILQDOL]�
]DWH�D�SDUDPHWUL]]DUH�XQ�PRGHOOR�HFRVLVWHPLFR�GHL�ODJKL��FKH�SRVVD�VHUYLUH�TXDOH�VLVWHPD�VSHULPHQWDOH�GL�DSSURFFLR
SHU�XQD�JHVWLRQH�EDVDWD�VXJOL�HFRVLVWHPL��FKH�VL�DYYDOJD�SXUH�GL�PRGHOOL�VLPLOL�HVWHUQL�DL�ODJKL�

3DUROH�FKLDYH��PHGXVH��SHVFL�SODQFWLYRUL��$XUHOLD��%RRSV��$WKHULQD
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*HRJUDSKLFDOO\� LVRODWHG� PDULQH� ODNHV� DQG� ODJRRQV
DUH� SDUWLFXODUO\� LQWULJXLQJ� IRU� PDULQH� VFLHQWLVWV� DV� WKH\
SURYLGH� RSSRUWXQLWLHV� WR� XQGHUVWDQG� SRSXODWLRQ�� FRP�
PXQLW\� RU� HFRV\VWHP�OHYHO� SURFHVVHV� ZLWKRXW� FRP�
SRXQGLQJ�HIIHFWV�RI� LPPLJUDWLRQ� DQG� HPLJUDWLRQ��:KLOH
HYROXWLRQDU\� ELRORJLVWV� UHDOL]H� RSSRUWXQLWLHV� WR� VWXG\
UDWHV�RI�VSHFLDWLRQ�XQGHU�UHVWULFWHG�JHQH�IORZ��H�J���'DZ�
VRQ� 	� +DPQHU�� ������� FRPPXQLW\� DQG� HFRV\VWHP
HFRORJLVWV� FDQ� LQYHVWLJDWH� XQGHUO\LQJ� SURFHVVHV� WKDW
UHJXODWH�SRSXODWLRQ�QXPEHUV�DQG�WKH�IORZ�RI�HQHUJ\�DQG
QXWULHQWV� ZLWKLQ� WKH� V\VWHP� �+DPQHU� HW� DO��� �����
6FKQHLGHU�	�%HKUHQGV�������0DOHM�HW�DO����������,PSRU�
WDQWO\�� HFRV\VWHP� PRGHOV� VXFK� DV� WKRVH� HPSOR\HG� WR
PDQDJH�PDULQH� ILVKHULHV� �&KULVWHQVHQ�	�:DOWHUV�� �����
FDQ�EH�GHYHORSHG�DQG�UHILQHG�IURP�LVRODWHG�PDULQH�ODNH
DQG� ODJRRQ� HFRV\VWHPV�� 7KHVH� QHDUO\�HQFORVHG� V\VWHPV
DFW� LQ� HVVHQFH� DV� ODUJH�� QDWXUDO� ODERUDWRULHV� WR� H[SORUH
IXOO\� WKH�HFRORJLFDO�FRPSOH[LWLHV� �H�J��� FRPSHWLWLRQ� DQG
SUHGDWLRQ��RI�LPSRUWDQW�RSHQ�V\VWHPV�WKDW�DUH�RWKHUZLVH
LQWUDFWDEOH�IRU�VWXG\�

7KH� ODNHV� RI� 0OMHW� ,VODQG�� &URDWLD�� DUH� SDUWLFXODUO\
LQWHUHVWLQJ� DV� WKH\� FRQWDLQ� D� VHHPLQJO\� UHVLGHQW� DQG

TXDVL�VWDEOH�SRSXODWLRQ�RI�PHGXVDH�HPEHGGHG�ZLWKLQ�D
GLYHUVH� FRPPXQLW\� RI� QHNWRQLF�� GHPHUVDO� DQG� EHQWKLF
RUJDQLVPV��9XáHWLß��������%HQRYLß�HW�DO���������3HKDUGD
HW�DO����������7R�WKLV�HQG��D�PXOWL�QDWLRQDO�JURXS�RI�PD�
ULQH�VFLHQWLVWV�KDV�EHHQ�VWXG\LQJ�WKH�HFRORJ\�DQG�K\GUR�
JUDSKLF� VHWWLQJ� RI� WKH� PDULQH� £ODNHV¤� RI� QRUWKHUQ� 0OMHW
,VODQG��&URDWLD�� DV�SDUW� RI� 3URMHFW� £0HGX]D¤�� 7KLV� SDSHU
GHVFULEHV� WKLV� LVRODWHG�PDULQH�VHWWLQJ�� LWV�QDWXUDO�KLVWRU\
DQG� WKH� VFLHQWLILF� EHQHILW� RI� XVLQJ� WKH� 0OMHW� ODNHV� DV
PRGHO� HFRV\VWHPV� WR� H[SORUH� HFRV\VWHP�EDVHG� PDQ�
DJHPHQW� VWUDWHJLHV�EH\RQG� WKH� ODNHV�ZLWK� VSHFLDO� DWWHQ�
WLRQ� JLYHQ� WR� WKH� UROH� RI� MHOO\ILVK� �H�J��� $XUHOLD� VS�� ��
'DZVRQ�	�-DFREV�������� LQ�PDULQH�HFRV\VWHP�VWUXFWXUH
DQG�IXQFWLRQ�

*(2/2*,&$/�+,6725<�2)�0/-(7�,6/$1'¡6� /$.(6¡

7KH�JHRORJLFDO�KLVWRU\�RI�WKH�0OMHW�,VODQG�GROLQH�PD�
ULQH�V\VWHP�LV�D�FRPSOH[�UHVXOW�RI� WKH�SRURXV�FDUERQDWH
WHUUDLQ��VXEWHUUDQHDQ�DTXLIHUV��DQG�HXVWDWLF�VHD�OHYHO�ULVH
RYHU� WKH� SDVW� ������� \HDUV�� 7KH� HQWLUHW\� RI� WKH�'DOPD�
WLDQ�FRDVW�LV�FRPSULVHG�RI�WKRXVDQGV�RI�LVODQGV�DV�D�UHVXOW
RI� ERWK� WHFWRQLF� OLIWLQJ� IROORZHG� E\� ODWH� 3OHLVWRFHQH�
+RORFHQH�IORRGLQJ�RI�WKH�FRDVWDO�UHJLRQ��:XQVDP�HW�DO��

)LJ�����%DWK\PHWULF�PDS�RI�9HOLNR�-H]HUR�RQ�WKH�QRUWKHUQ�HQG�RI�0OMHW�,VODQG��&URDWLD��LQ�WKH�VRXWKHUQ�$GULDWLF�6HD�
7KH�WZR�EDVLQV�PDUNHG��D��E��DUH�WKH�ORFDWLRQ�RI�D�UHVLGHQW�SRSXODWLRQ��WKRXJK�PHGXVDH�DOVR�PDNH�H[FXUVLRQV�LQWR
WKH�EDVLQ�ODEHOHG�DV��F���/RFDWLRQ�RI�RXWFURSSLQJV�ZKHUH�SRO\SV�DUH�ORFDWHG�LV�LQGLFDWHG�E\�WKH��[��
6O�����%DWLPHWULàQD�NDUWD�9HOLNHJD�MH]HUD�QD�VHYHUQHP�NRQFX�RWRND�0OMHWD��+UYDÉND��MXËQR�-DGUDQVNR�PRUMH��.RWDQML
R]QDàHQL�]��D��E��VWD�ORNDFLML�UH]LGHQWQH�SRSXODFLMH��àHSUDY�VH�PHGX]H�SRMDYOMDMR�WXGL�Y�NRWDQML�R]QDàHQL�V��F���/R�
NDFLMD�SROLSRY�MH�R]QDàHQD�]��[��
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�������'RPLQDWLQJ�WKH�NDUVWLF�ODQGVFDSH�RI�WKH�QRUWKHUQ
HQG�RI�0OMHW�,VODQG�DUH�VHYHUDO�GHSUHVVLRQV��7KH�PRGHUQ
H[SUHVVLRQ� RI� WKHVH� GHSUHVVLRQV� LQFOXGHV� WZR� IMRUG�OLNH
PDULQH�£ODNHV¤��0DOR�-H]HUR��0-���6PDOO�/DNH��DQG�9HOLNR
-H]HUR��9-���%LJ�/DNH���7KH�WHUP�£ODNH¤�KHUH�LV�D�PLVQRPHU
DV�WKHUH�LV�FRQQHFWLYLW\�RI�9HOLNR�-H]HUR�WR�WKH�RXWHU�VHD
YLD�WKH�VKDOORZ�DQG�ORQJ�6ROLQH�&KDQQHO��6&���)LJ������,W
LV�EHOLHYHG� WKDW� WKH� VPDOOHU�RI� WKH� WZR� ODNHV��0DOR� -H]�
HUR�� ZLWK� D� PD[LPXP� GHSWK� RI� a��� P�� LV� IHG� E\
VXEDTXDWLF�VSULQJV�DQG�ZDV�HVVHQWLDOO\�D�IUHVKZDWHU�ODNH
XQWLO�D�VPDOO�FKDQQHO��a���P�GHHS�E\���P�ZLGH�E\����P
ORQJ��ZDV�RSHQHG�LQ�WKH���WK�&HQWXU\�E\�UHVLGHQW�%HQH�
GLFWLQH�PRQNV�WR�DOORZ�VPDOO�YHVVHO�SDVVDJH�IURP�9-�LQWR
0-��:XQVDP�HW�DO����������6PDOO�GDLO\�H[FKDQJH�RI�VXU�
IDFH� ZDWHU� EHWZHHQ� WKH� RXWHU� $GULDWLF� 6HD� DQG� 9-
WKURXJK� WKH� 6&�� DV� ZHOO� DV� EHWZHHQ� WKH� WZR� ODNHV�� LV
WLGDOO\�GULYHQ�

9HOLNR�-H]HUR�LV�D�VHULHV�RI�WKUHH�EDVLQV�VHSDUDWHG�E\
VLOOV� �)LJ�� ��� WKDW� DOORZ� VXUIDFH�ZDWHU� H[FKDQJH� EXW� QRW
GHHS�ZDWHU�H[FKDQJH��7KH�VRXWKHDVWHUQ�PRVW�EDVLQ�RI�9-
KDV� D�PD[LPDO� GHSWK� RI� ���P� DQG� KDV� WKH�PRVW� GLUHFW
FRQQHFWLRQ� WR� WKH� RXWHU� $GULDWLF� 6HD� YLD� 6&� WKURXJK� D
QDWXUDOO\� RFFXUULQJ� SDVVDJH�� ([FKDQJH� RI� ZDWHU� DQG
DQLPDOV� LQFOXGLQJ�PHGXVDH� EHWZHHQ� EDVLQV�PD\� RFFXU
GXULQJ� UDUH� H[FXUVLRQV� LQWR� WKH� VXUIDFH� OD\HU�ZKHUH� UH�
VLGXDO�WLGDO�RU�ZLQG�GULYHQ�IORZV�IRUFHV�ODWHUDO�DGYHFWLRQ
LQWR�DGMDFHQW�EDVLQV��%HQRYLß�HW�DO����������7KH�KLVWRULFDO
GHSWK�RI� WKH� VLOO� LQWR�9-�ZDV�DERXW�����P��EXW� WKLV�ZDV
LQFUHDVHG�WR�LWV�FXUUHQW�GHSWK�RI�a�����P�E\�WKH�<XJRVODY
QDY\�LQ�WKH�����V�WR�DOORZ�GHHSHU�GUDIW�YHVVHOV� LQWR�WKH
ODNHV��%HQRYLß�HW�DO���������

5(6,'(1&<�2)�/$.(�$85(/,$�63���5(&(17
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8VLQJ� GLDWRP� DVVHPEODJH� DQG� JHRFKHPLFDO�PLQHUDO
DQDO\VLV� RI� FRUHV� IURP� WKH� 0OMHW� ODNHV�� :XQVXP�HW� DO�
�������VXJJHVWHG�WKDW�9-�EHJDQ�ILOOLQJ�ZLWK�VHDZDWHU�YLD
SHUFRODWLRQ�DERXW�������\ES�� DQG� WUXH� VHDZDWHU� LQJUHV�
VLRQ�WKURXJK�6&�GLG�QRW�RFFXU�XQWLO�DERXW�������\ES��6X�
ULF� HW� DO�� ������� GDWHG�PDULQH� HQFUXVWDWLRQV� RQ� VSHOHR�
WKHPV� IURP�D� VXEPDULQH�FDYH�QRUWK�RI�0OMHW� WR� VXJJHVW
VHD�OHYHO�UHDFKHG����P�DERXW�������\ES��7KHUHIRUH��ZH
FDQ�UHDVRQDEO\�SODFH�D�UDQJH�RI�DW� OHDVW�������\ES�DQG
QRW�JUHDWHU�WKDQ�������\ES�DV�WKH�SHULRG�ZKHQ�DQ�RSHQ
FRQQHFWLRQ�EHWZHHQ�9-� DQG� WKH�$GULDWLF� RFFXUUHG� �L�H��
WKH� HDUOLHVW� SHULRG� RI� SRWHQWLDO� FRORQL]DWLRQ� E\�$XUHOLD
VS��LQ�WKH�ODNHV��

$� YDULHW\� RI� HYLGHQFH� VXSSRUWV� DQ� HPHUJLQJ� WKHRU\
WKDW�$XUHOLD� VS���� LV�D� ORFDOO\� UHWDLQHG� UHOLFW�SRSXODWLRQ
IURP� D� 0HGLWHUUDQHDQ� FROG�ZDWHU� SKDVH� VHYHUDO� WKRX�
VDQG�\HDUV�DJR��7ZR�NH\�PROHFXODU� VWXGLHV�E\�'DZVRQ
	�-DFREV��������DQG�6FKURWK�HW�DO���������LQGHSHQGHQWO\
VKRZHG�PDUNHG�GLYHUJHQFH� IURP�RWKHU�$XUHOLD� SRSXOD�
WLRQV� IRXQG� LQ� WKH�$GULDWLF�DQG�0HGLWHUUDQHDQ�6HDV�� ,Q�
WHUHVWLQJO\�� 6FKURWK�HW� DO�� ������� SODFHG�0OMHW�PHGXVDH

ZLWKLQ�D�ERUHDO�FODGH�RI�$XUHOLD� FORVHO\� UHODWHG� WR� LQGL�
YLGXDOV� VDPSOHG� IURP� WKH� 1RUWK� $WODQWLF�� ZKLFK� FRXOG
DFFRXQW� IRU� WKH�FROG�ZDWHU�DIILQLW\�RI�0OMHW�$XUHOLD�� (Q�
GHPLVP�DQG�ORFDO�DGDSWDWLRQ�RI�MHOO\ILVK�LQ�PDULQH�ODNHV
LV�QRW�QRYHO�DQG�KDV�EHHQ�GHVFULEHG�SUHYLRXVO\�LQ�WURSL�
FDO� VHWWLQJV� OLNH� PDULQH� ODNHV� DQG� ODJRRQV� RI� 3DODX�
ZHVWHUQ�3DFLILF��+DPQHU�	�+DXU\��������+DPQHU�HW�DO��
������'DZVRQ�	�+DPQHU��������

7LPLQJ� WKH� HVWDEOLVKPHQW� RI�$XUHOLD� LQ� WKH� ODNHV� LV
GLIILFXOW�� EXW� WKHUH�ZHUH� WZR�PDMRU� FRROLQJ� HSLVRGHV� LQ
WKH�VRXWKHUQ�$GULDWLF�6HD�GXULQJ�WKH�+ROHFHQH��6DQJLRUJL
HW� DO��� ������� $SSUR[LPDWHO\� ������ \ES�� ZLQWHU� WHP�
SHUDWXUHV�ZHUH�GHFUHDVHG�RQ�DYHUDJH�E\�DERXW����&��DQG
������ \ES� ZKHQ� VSULQJ� �DQG� SRVVLEO\� VXPPHU�� WHP�
SHUDWXUHV�ZHUH� ORZHUHG�RQ�DYHUDJH�E\�DERXW��� �&��7KH
IRUPHU� FRROLQJ�SUHGDWHV� WKH�RSHQLQJ�RI� WKH� ODNHV� WR�GL�
UHFW� H[FKDQJH�� EXW� WKH� ODWWHU� FRROLQJ� SHULRG� ������ \ES
ZDV�DIWHU�WKH�RSHQLQJ�RI�6&�WR�WKH�$GULDWLF�6HD��:H�EH�
OLHYH� ORFDO� UHWHQWLRQ� DQG� LVRODWLRQ� LV� IDFLOLWDWHG� E\�PH�
GXVD�EHKDYLRU�DQG�SK\VLRORJ\�LQ�UHVSRQVH�WR�WKH�XQLTXH
ORFDO� K\GURJUDSK\� �VHH�� *UDKDP� HW� DO��� ����� IRU� D� UH�
YLHZ�� WKDW� PDLQWDLQV� DGHTXDWH� WKHUPDO� UHJLPH� ����� �&
\HDU�URXQG��ZLWKLQ�WKH�ODNHV��%HQRYLß�HW�DO���������WKDW�LV
UHPLQLVFHQW�RI�WKLV�+RORFHQH�FROG�ZDWHU�SKDVH�

5(*8/$7,21�2)�),6+�3238/$7,216�,1�7+(�0/-(7
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8VLQJ� UHDGLO\� DYDLODEOH� GDWDEDVH� LQIRUPDWLRQ� �)LVK�
%DVH�3URMHFW��KWWS���ZZZ�ILVKEDVH�RUJ��DQG�KLVWRULFDO�RE�
VHUYDWLRQV�E\�XV� �2QRIUL��XQSXEO��GDWD���ZH�FRPSLOHG�D
OLVW�RI����VSHFLHV�DQG���JHQHUD�EHOLHYHG�WR�RFFXU�ZLWKLQ
WKH�0OMHW� ODNHV� �7DE������7KLV� OLVW�FHUWDLQO\�FRQWDLQV� VHY�
HUDO� WUDQVLHQW�PLJUDWRU\�VSHFLHV� �H�J���6SK\PD�PRNDUUDQ
DQG�6FRPEHU� VSS���� EXW� WKH�PDMRULW\� WHQGV� WR� EH� HLWKHU
UHHI�RU�VHDJUDVV��3RVLGRQLD�RFHDQLFD��DVVRFLDWHG�VSHFLHV�
2QO\� �� VSHFLHV�� $WKHULQD� ER\HUL�� 6SLFDUD� PDHQD�� /L]D
DXUDWD��%RRSV�ERRSV�DQG�6SRQG\OLRVRPD�FDQWKDUXV��DUH
GHVFULEHG� DV� ]RRSODQNWLYRURXV� DW� WKH� DGXOW� VWDJH
�ZZZ�ILVKEDVH�RUJ��ZLWK�WKH�UHVW�SUH\LQJ�ODUJHO\�RQ�]RR�
EHQWKRV�RU�ODUJHU�LQYHUWHEUDWH�SUH\�ZLWK�WKH�H[FHSWLRQ�RI
6DUSD� VDOSD� ZKLFK� LV� KHUELYRURXV�� 2I� WKHVH� ]RRSODQN�
WLYRUHV��$WKHULQD�� /L]D� DQG� %RRSV� KDYH� FDOFXODWHG� WUR�
SKLF� OHYHOV� WKDW� DUH� VLPLODU� WR� WKH� WURSKLF� OHYHOV� FDOFX�
ODWHG�SUHYLRXVO\�IRU�$XUHOLD�VSS��HOVHZKHUH��3DXO\�HW�DO��
�������7KLV�ODWWHU�SRLQW�LV�UHOHYDQW�WR�RXU�VWXGLHV�EHFDXVH
WURSKLF�RYHUODS� LV�D�NH\�HOHPHQW� LQ�GLVFHUQLQJ� UHVRXUFH
FRPSHWLWLRQ�EHWZHHQ�MHOO\ILVK�DQG�ILVK�

:LWK� WKH�H[FHSWLRQ�RI� WKH� WUDQVLHQW�PLJUDQWV� �VKDUNV
DQG� PDFNHUHOV��� WKH� ODNHV� DSSHDU� WR� ODFN� KLJKHU� RUGHU
SUHGDWRU\� ILVK�SRSXODWLRQV�� 7KLV� LV� GHVSLWH� WKH�DSSDUHQW
DEXQGDQFH�RI�QRFWXUQDOO\� VFKRROLQJ� ILVK�EHOLHYHG� WR�EH
ODUJHO\� FRPSULVHG�RI�%RRSV� ERRSV� DQG�$WKHULQD� ER\HUL
EDVHG�RQ�RXU�RZQ�REVHUYDWLRQV� IURP�YLGHR� DQG� DFRXV�
WLFV� �$OYDUH]� &RORPER�HW� DO��� ������ )LJ�� ���� 7KXV�� ZLWK
WKH� ODFN�RI� DSSDUHQW�SUHGDWLRQ�PRUWDOLW\�E\� SLVFLYRURXV
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)LJ�����$FRXVWLF�HFKRJUDP�RI�WKH�VRXWKHUQ�PRVW�EDVLQ�LQ�9HOLNR�-H]HUR�DW�GD\OLJKW�DQG�DW�QLJKW��'XULQJ�WKH�GD\��MHO�
O\ILVK� �ODEHOHG� 0�� H[FOXVLYHO\� RFFXS\� WKH� VXE�WKHUPRFOLQH� UHJLRQ�� ZLWK� EHQWKLF� ILVKHV� �%)�� EHORZ� DQG� SHODJLF
VFKRROLQJ�ILVKHV��3)��DERYH�WKH�PHGXVD�OD\HU��$W�QLJKW��PHGXVDH�DQG�ILVK�RFFXS\�WKH�VDPH�OD\HU�LQ�WKH�ZDWHU�EHORZ
WKH�WKHUPRFOLQH�
6O�����$NXVWLàQL�HKRJUDP�QDMMXËQHMÉH�NRWOLQH�Y�9HOLNHP�MH]HUX�SRGQHYL�LQ�SRQRàL��3RGQHYL�VH�PHGX]H��R]QDàHQH�]
0��QDKDMDMR�L]NOMXàQR�SRG�WHUPRNOLQR��SRG�QMLPL�VH�JLEOMHMR�EHQWRÉNH�ULEH��%)���QDG�QMLPL�SD�SHODÉNH�ULEH�Y�MDWDK
�3)���3RQRàL�VH�WDNR�PHGX]H�NRW�ULEH�JLEOMHMR�Y�LVWHP�VORMX�SRG�WHUPRNOLQR�

ILVKHV�DV�ZHOO�DV�D�YHU\�PLQLPDO� DUWLVDQDO� ILVKHU\� LQ� WKH
SURWHFWHG�ODNHV��ZH�EHOLHYH�SRSXODWLRQ�UHJXODWLRQ�RI�ILVK
LV�GULYHQ�E\�D�FRPELQDWLRQ�RI�ERWWRP�XS�SURFHVVHV��L�H��
SURGXFWLYLW\��DQG�LQWUD��RU�LQWHU�VSHFLILF�FRPSHWLWLRQ�

9HU\� OLWWOH� LQIRUPDWLRQ�H[LVWV�RQ� WKH� UROH� RI� IRRG� UH�
VRXUFH� FRPSHWLWLRQ� LQYROYLQJ� ILVK� RU� MHOO\ILVK� �EXW� VHH
3XUFHOO�	�$UDL���������:H�VXJJHVW�LQWHU�VSHFLILF�FRPSH�
WLWLRQ�EHWZHHQ�ILVK�DQG�MHOO\ILVK�LV�OLNHO\�UDUH�XQOHVV�VSD�
WLDO�� WHPSRUDO� DQG� WURSKLF� RYHUODS� LV� VWURQJ��0RUHRYHU�
UHVRXUFH� SDUWLWLRQLQJ� ZLWKLQ� RYHUODSSLQJ� UHVRXUFHV� LV
OLNHO\� UDUH� DV� ZHOO�� DQG� WKH� H[SHFWDWLRQ� LV� WKDW� ORQJHU�
OLYHG� DQG� VORZHU�JURZLQJ� ILVK� DUH� FRPSHWLWLYHO\� GRPL�
QDQW�RYHU�£RSSRUWXQLVWLF¤�MHOO\ILVK�XQOHVV�PRUWDOLW\��HLWKHU
QDWXUDO�RU�ILVKLQJ��UHPRYHV�HQRXJK�ILVK�WR�IRUFH�MHOO\ILVK
LQWR�D�QLFKH�RFFXS\LQJ� UROH�� 7KLV�PDNHV� WKH�0OMHW� ODNH
V\VWHP�SDUWLFXODUO\�LQWHUHVWLQJ�EHFDXVH�ERWK�MHOO\ILVK�DQG
ILVK�� DW� OHDVW� WKH� OLNHO\� FRPSHWLWRUV�$WKHULQD�� /L]D�� DQG
%RRSV��RYHUODS�LQ�D�IDVKLRQ�WKDW�VHHPV�WR�SURPRWH�VWURQJ
LQWUD�VSHFLILF� FRPSHWLWLRQ� �VHH� IRU� H[DPSOH�$OYDUH]�&R�
ORPER�HW�DO��������DQG�RXU�)LJ������7KXV�RQH�RI�WKH�PRUH
LPSRUWDQW� FRQWLQXLQJ� UHVHDUFK� DUHDV� LV� WR� FROOHFW� DFFX�
UDWH�VSHFLHV�VSHFLILF�ELRPDVV�DQG�WURSKLF�LQIRUPDWLRQ�IRU

ERWK� MHOO\ILVK� DQG� ]RRSODQNWLYRURXV� ILVK� WR� UHDOL]H� WKH
H[WHQW� RI� FRPSHWLWLYH� LQWHUDFWLRQV� WKDW� PLJKW� OHDG� WR
UHJXODWLRQ�RI�ILVK�DQG�MHOO\ILVK�SRSXODWLRQV�

5(*8/$7,21�2)�$85(/,$�63����3238/$7,216
,1�0/-(7¡6�/$.(6

:H�K\SRWKHVL]H� WKDW� ERWWRP�XS� FRQWUROV� DUH� LPSRU�
WDQW� IRU� WKH�UHJXODWLRQ�RI� MHOO\ILVK�ELRPDVV�ZKHWKHU� WKH\
DUH� GULYHQ� VWULFWO\� E\� FKDQJHV� LQ� SULPDU\� SURGXFWLRQ�
GHWULWXV�GHOLYHU\�RU�WKURXJK�YDULDWLRQV�LQ�FRPSHWLWLRQ�IRU
IRRG�UHVRXUFHV�ZLWK�SODQNWLYRURXV�ILVKHV��:H�FDQQRW�LJ�
QRUH��KRZHYHU��WKDW�SUHGDWLRQ�RQ�MHOO\ILVK�E\�ILVK�PD\�EH
DQ� LPSRUWDQW� VRXUFH�RI� WRS�GRZQ�FRQWURO�RI�$XUHOLD� VS�
,QWHUHVWLQJO\�� ERJXH� �%RRSV� ERRSV�� LV� GHVFULEHG� DV� D
SUHGDWRU�RI�MHOO\ILVK��ZZZ�ILVKEDVH�RUJ��DQG�ZH�KDYH�RE�
VHUYHG�GLUHFWO\�WKH�FRQVXPSWLRQ�RI�D�WHWKHUHG�$XUHOLD�VS�
E\�%RRSV�ERRSV�GXULQJ�DFRXVWLFDO�FDOLEUDWLRQV�LQ�9-��+�
0LDQ]DQ�DQG�FROOHDJXHV��SHUV��FRPP����$�QXPEHU�RI�H[�
DPSOHV�RI�PHGXVLYRU\�E\�ILVKHV�KDYH�EHHQ�SXEOLVKHG�RU
UHYLHZHG��H�J���0LDQ]DQ�HW�DO���������$UDL���������KRZ�
HYHU�� LW� UHPDLQV� XQFOHDU� ZKHWKHU� VXFK� SUHGDWLRQ� FRQ�
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)LJ�� ��� +HDYLO\� SDUDVLWL]HG�$XUHOLD� VS�� ��PHGXVD� IURP
9HOLNR�-H]HUR��0OMHW�,VODQG��7KH�DQWKR]RDQ�SDUDVLWHV�DUH
WKH� QXPHURXV� UHIOHFWLYH� SRLQWV� DURXQG� WKH� RUDO� OREHV
DQG�VHPL�FLUFXODU�JRQDGV�
6O�����0RàQR�SDUD]LWLUDQD�PHGX]D�YUVWH�$XUHOLD�VS����L]
9HOLNHJD�MH]HUD��RWRN�0OMHW��$QWR]RMVNL�SDUD]LWL�VR�YLGQL
NRW� ÉWHYLOQH� RGVHYQH� WRàNH� RNROL� XVWQLK� NUS� LQ� SRON�
URËQLK�VSROQLK�ËOH]�

WULEXWHV�WR�WRS�GRZQ�SRSXODWLRQ�UHJXODWLRQ�RI�MHOO\ILVK�LQ
RSHQ� V\VWHPV�� 7KH�0OMHW� V\VWHP�ZLOO� KRSHIXOO\� SURYLGH
LQVLJKW�LQWR�VXFK�LQWHUDFWLRQV�LQ�WKH�IXWXUH�

$QRWKHU�LPSRUWDQW�VRXUFH�RI�UHJXODWLRQ�RI�$XUHOLD�VS�
LQ� WKLV� V\VWHP� LV� SDUDVLWLVP�� :H� SUHYLRXVO\� PHDVXUHG
SDUDVLWLF�ORDGV�RI�ODUYDO�DQWKR]RDQV��)LJ������SUHVXPDEO\
RI�WKH�JHQXV�(GZDUGVLHOOD� LQ�WKH�WLVVXHV�RI�$XUHOLD�VS���
LQ�9-��'¤$PEUD�	�*UDKDP���������0RUH�WKDQ�����RI�WKH
SRSXODWLRQ� LV� PRGHUDWHO\� WR� KHDYLO\� SDUDVLWL]HG� GXULQJ
ZDUPHU�� VWUDWLILHG� SHULRGV� �&KLDYHUDQR� 	� *UDKDP�� XQ�
SXEO��GDWD�� DQG�SDUDVLWH� ORDGV�GURSSLQJ� WR�DURXQG����
RI� WKH� SRSXODWLRQ� GXULQJ� WKH� XQVWUDWLILHG�ZLQWHU� SHULRG�
&KLDYHUDQR�	�*UDKDP��XQSXEO��GDWD��VKRZ�WKDW�SDUDVLW�
LVP�UHWDUGV�JURZWK�DQG�DOWHUV�PRUSKRORJ\�RI�$XUHOLD�VS�
��LQ�D�ZD\�WKDW�SUHVXPDEO\�FKDQJHV�VZLPPLQJ�SDWWHUQV
DQG�VWUHQJWK��7KH�DOWHUDWLRQ�RI�HQHUJ\�WUDQVIHU�DZD\�IURP
VRPDWLF�DQG�UHSURGXFWLYH�WLVVXH�XQGRXEWHGO\�KDV�D�ODUJH
EXW�VWLOO�XQTXDQWLILHG�LPSDFW�RQ�$XUHOLD�VS����SRSXODWLRQ
G\QDPLFV��:KLOH�SDUDVLWLF�ORDGV�WHQG�WR�EH�PXFK�ORZHU
LQ�RSHQ�PDULQH� V\VWHPV�� WKHLU� LQIOXHQFH�RQ�SRSXODWLRQV
RI�MHOO\ILVK�LV�UHODWLYHO\�XQH[SORUHG��DQG�WKH�0OMHW�V\VWHP
PD\�SURYLGH� LQVLJKW� LQWR�SDUDVLWLVP�DV�D�SRWHQWLDO� UHJX�
ODWRU�RI�QXLVDQFH�MHOO\ILVK�EORRPV�HOVHZKHUH�

%\� QDWXUH� RI� WKHLU� ELSDUWLWH� OLIH�KLVWRULHV�� WKH� DEXQ�
GDQFH�RI� WKH�PHGXVD�VWDJH�RI�$XUHOLD�VS�� LV� LQH[WULFDEO\
OLQNHG�WR�WKH�G\QDPLFV�RI�WKH�EHQWKLF�SRO\S�SRSXODWLRQV�

7KXV�� DQ\� LQIHUHQFHV� DERXW� SRSXODWLRQ� G\QDPLFV� RI
$XUHOLD� VS�� �� LQ� WKH� 0OMHW� ODNHV� PXVW� EH� PDGH� LQ� WKH
FRQWH[W� RI� WKH� SRO\S� VWDJH�� 1R� SXEOLVKHG� DFFRXQWV� RI
SRO\S�SRSXODWLRQ� G\QDPLFV� DUH� DYDLODEOH�� KRZHYHU� RXU
RZQ�REVHUYDWLRQDO�ZRUN�UHYHDOHG�SRO\SV�DORQJ�D�QDUURZ
EDQG�RI�URFN\�RXWFURSSLQJV�EHORZ�DERXW����P�DORQJ�WKH
QRUWKHUQ� ULP� RI� WKH� VRXWKHUQ�PRVW� EDVLQ� RI� 9-� �)LJ�� ���
6HYHUDO�REVHUYDWLRQDO�6&8%$�GLYHV�PDGH�GXULQJ�VSULQJ�
VXPPHU�DQG�ZLQWHU�IRXQG�DFWLYH�VWURELODWLRQ�� �SURGXF�
WLRQ� RI� QHZ� PHGXVDH�� GXULQJ� HDFK� RI� WKHVH� SHULRGV�
:KLOH� \HDU�URXQG� RFFXUUHQFH� RI�$XUHOLD� VS�� �� PD\� EH
GXH� WR� ORQJHYLW\� DQG�VWDELOLW\�RI� WKH�SRSXODWLRQ�� LW�PD\
DOVR� EH� GXH� WR� D� FRQVWDQW� LQIXVLRQ� RI� \RXQJ� PHGXVDH
WKURXJKRXW�WKH�\HDU��0DOHM�HW�DO����������0RUHRYHU��FRQ�
VWDQW� SURGXFWLRQ� RI� \RXQJ� PHGXVDH� PD\� EH� D� EHW�
KHGJLQJ� VWUDWHJ\� DJDLQVW� SXOVHG� IRRG� VXSSOLHV�� WKXV
HTXDOL]LQJ�WKH�FRPSHWLWLYH�DGYDQWDJH�WKDW�VORZHU�JURZ�
LQJ��ORQJHU�OLYHG�ILVK�KDYH�RYHU�WLPH�

0/-(7�/$.(6�$6�02'(/�(&26<67(06
)25�0$1$*(0(17

(FRV\VWHP�EDVHG�DSSURDFKHV�DUH�JDLQLQJ�LQ�SRSXODU�
LW\� IRU� WKH�PDQDJHPHQW�RI�PDULQH� ILVKHULHV� �&KULVWHQVHQ
	�:DOWHUV���������%HFDXVH�WKHVH�DSSURDFKHV�UHO\�KHDYLO\
RQ� PRGHOLQJ� VWUDWHJLHV�� WKHLU� XWLOLW\� IRU� XQGHUVWDQGLQJ
ZKROH�V\VWHP�SURFHVVHV�LV�ODUJHO\�OLPLWHG�E\�TXDOLW\�GDWD
WR�VXSSRUW�WKHLU�GHYHORSPHQW�DQG�DFFXUDF\��:KLOH�MHOO\�
ILVK�DUH�JURVVO\�XQGHUUHSUHVHQWHG�LQ�SXEOLVKHG�HFRV\VWHP
PRGHOV� �3DXO\� HW� DO��� ������ WKHUH� DUH� D� IHZ� H[DPSOHV
GHPRQVWUDWLQJ�D�NH\�UROH�IRU�MHOO\ILVK�LQ�HFRV\VWHP�IXQF�
WLRQLQJ�ODUJHO\�WKURXJK�ERWWRP�XS�FRQWUROV�RQ�SUHGDWRUV
�H�J��� VHD� WXUWOHV� SRSXODWLRQV�� RU� WRS�GRZQ� FRQWUROV� RQ
]RRSODQNWRQ�SUH\��)HLJHQEDXP�	�.HOO\��������6FKQHLGHU
	� %HKUHQGV�� ������� ,QFOXVLRQ� RI� MHOO\ILVK� LQ� HFRV\VWHP
PRGHOV� LV� OLPLWHG� ODUJHO\�E\� WKH� ODFN�RI� DGHTXDWH� WLPH�
VHULHV�GDWD�RQ�DEXQGDQFH�DQG�E\�WKH�UHODWLYHO\�SRRU�XQ�
GHUVWDQGLQJ�RI�GLHW�DQG�JURZWK�

:H�SURPRWH� WKH� XWLOLW\� RI� WKH�0OMHW� ODNHV� V\VWHP�DV
PRGHO� PDULQH� HFRV\VWHP� WR� H[SORUH� HFRV\VWHP�EDVHG
PDQDJHPHQW� DSSURDFKHV� XVLQJ� PRGHOV� WKDW� DFFXUDWHO\
UHIOHFW� WKH�IXQFWLRQDO�UROH�RI� MHOO\ILVK��&ULWLFDO� LQ� WKH�GH�
YHORSPHQW�RI�DFFXUDWH�HFRV\VWHP�PRGHOV�DUH�GLYHUVLW\�RI
IXQFWLRQDO�FRPSDUWPHQWV��NQRZOHGJH�RI�GLHW�DQG�JURZWK
SDUDPHWHUV�� TXDOLW\� WLPH�VHULHV� LQIRUPDWLRQ� RQ� SRSXOD�
WLRQV�� $OVR� LPSRUWDQW� WR� ILVKHULHV� PDQDJHPHQW� LV� WKH
DYDLODELOLW\�RI�DFFXUDWH�ILVKHU\�LQGHSHQGHQW�GDWD�WR�VXS�
SRUW� WKH� ILVKHU\�GHSHQGHQW� DVVHVVPHQW� RI� SRSXODWLRQ
VWUXFWXUH�

7KH�0OMHW�ODNHV�SURYLGH�D�UDUH�RSSRUWXQLW\�WR�GHYHORS
D�IXQFWLRQDO�HFRV\VWHP�PRGHO��H�J���ZLWK�(Z(��XVLQJ�UH�
DOLVWLF� GDWD� UDWKHU� WKDQ� PDQLSXODWHG� DSSUR[LPDWLRQV�
2ZLQJ� WR� VLPLODULWLHV� RI� VSHFLHV� RU� HFRORJLFDO� JXLOGV�
VXFK�D�PRGHO�ZRXOG�EH�FRPSDUDWLYH�RI�HFRV\VWHPV�RXW�
VLGH�RI�WKH�ODNHV��7R�WKLV�HQG��WKH�0OMHW�ODNH�V\VWHP�RIIHUV
KLJK�IXQFWLRQDO�DQG�WURSKLF�GLYHUVLW\�RI�EHQWKLF��GHPHU�
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VDO�� QHNWRQLF� DQG� SODQNWRQLF� RUJDQLVPV� VXLWDEOH� IRU
PRGHO� GHYHORSPHQW�� ,QWHUHVWLQJO\�� WKHVH� VPDOO� ODNHV
ZHUH� WKH� VXEMHFW�RI�ZKROH�ODNH�QXWULHQW� HQULFKPHQW� H[�
SHULPHQWV� GXULQJ� WKH� ����V� DW� ZKLFK� WLPH� LQRUJDQLF
SKRVSKRUXV� ZDV� DGGHG� LQ� DQ� DWWHPSW� WR� VWLPXODWH� ILVK
DQG�VKHOOILVK�SURGXFWLRQ��%XOMDQ��������3XFKpU�3HWNRYLß�
������9XáHWLß���������������8QIRUWXQDWHO\�WKHUH�LV�OLWWOH
DYDLODEOH� TXDQWLWDWLYH� LQIRUPDWLRQ� RQ� MHOO\ILVK� SRSXOD�
WLRQV� LQ� UHVSRQVH� WR� LQFUHDVHG�QXWULHQW� ORDGLQJ�� EXW�ZH
FRQWLQXH�WR�H[SORUH�DYDLODEOH�GDWDVHWV�IRU�PRUH�LQIRUPD�
WLRQ�IURP�WKHVH�H[SHULPHQWV�

7KH�ODNHV�DUH�VPDOO�DQG�UHODWLYHO\�FRQWDLQHG�DOORZLQJ
WKH�DFFXUDWH�FROOHFWLRQ�RI� V\VWHP�ZLGH�GDWD�RQ�SRSXOD�
WLRQ�VWUXFWXUH�IRU�PRELOH�RUJDQLVPV��VSHFLILFDOO\�ILVK�DQG
MHOO\ILVK��ZLWKRXW�JUHDW�FRQFHUQ�IRU�YDULDWLRQV�GXH�WR�LP�
PLJUDWLRQ�DQG�HPLJUDWLRQ��0RVW�RI�WKH�WDUJHW�VSHFLHV�DUH
HLWKHU�ZHOO�UHSUHVHQWHG�RXWVLGH� WKH� ODNHV�ZLWK�FRPSOHWH
GDWD�RQ�JURZWK�DQG�GLHW� �VHH�ZZZ�)LVK%DVH�RUJ���RU�ZH
DUH�FXUUHQWO\�FROOHFWLQJ�WKH�QHFHVVDU\�LQIRUPDWLRQ�LQ�RQ�
JRLQJ�VWXGLHV��H�J���$XUHOLD�VS����$QG�ILQDOO\��RZLQJ�WR�WKH

VPDOO� VL]H� RI� WKH� ODNHV� DQG� WKHLU� SURWHFWLRQ� IURP� ODUJH�
VFDOH� ILVKLQJ�� ZH� FDQ� FDUHIXOO\� DVVHVV� DQ� HFRV\VWHP
PRGHO�ZLWK� ILVKHU\�LQGHSHQGHQW�VWDWLVWLFV�DQG��E\�ZRUN�
LQJ�FORVHO\�ZLWK�0OMHW� UHVLGHQWV��ZH� FDQ� DFFXUDWHO\� GH�
WHUPLQH�FDWFK� VWDWLVWLFV� IRU� WKH� VPDOO�DUWLVDQDO� ILVKHU\� RI
WKH�ODNHV�

,Q� FRQFOXVLRQ�� WKH� ODNHV� RI� QRUWKHUQ� 0OMHW� ,VODQG�
&URDWLD��DUH�OLNHO\�XQLTXH�LQ�WKHLU� WHPSHUDWH�PDULQH�VHW�
WLQJ� DQG� JHRJUDSKLF� LVRODWLRQ�� %HFDXVH� RI� WKLV�� ZH� VHH
RSSRUWXQLW\�WR�XVH�WKH�ODNHV�DV�D�PRGHO�HFRV\VWHP�WR�WHVW
WKH� GHYHORSPHQW� DQG� DSSOLFDWLRQ� RI� HFRV\VWHP�EDVHG
PDQDJHPHQW�PRGHOV�ZLWK�UHVSHFW�WR�WKH�UROH�RI�MHOO\ILVK
DV�D�SRWHQWLDOO\�LPSRUWDQW�FRPSRQHQW�RI�PDULQH�HFRV\V�
WHPV��,Q�OLJKW�RI�WKH�SRWHQWLDO�IRU�MHOO\ILVK�SRSXODWLRQV�WR
LQFUHDVH�XQGHU�DGGHG�KXPDQ�VWUHVVRUV��FRDVWDO�HXWURSKL�
FDWLRQ��RYHU�KDUYHVWLQJ�RI� ILVK��KDELWDW�PRGLILFDWLRQ�DQG
FOLPDWH� FKDQJH��� ZH� VHH� WKLV� RSSRUWXQLW\� DV� D� FULWLFDO
VWHS�IRU�PDULQH�VFLHQWLVWV�DQG�ILVKHU\�PDQDJHUV�WR�UHILQH
WKHLU�PRGHOLQJ�WRROV�WR�DFFXUDWHO\�UHIOHFW�WKH�WURSKLF�UROH
RI�MHOO\ILVK�DW�WKH�HFRV\VWHP�VFDOH�

7DE�����&KHFN�OLVW�RI�ILVK�VSHFLHV�DQG�IDPLOLHV�IRXQG�LQ�WKH�PDULQH�ODNHV�RI�0OMHW�,VODQG��&URDWLD��$OVR�SUHVHQWHG�DUH
FRPPRQ�DQG�UHJLRQDO�QDPHV��,QIRUPDWLRQ�FROOHFWHG�IURP�WKH�RQOLQH�UHVRXUFH�ZZZ�ILVKEDVH�RUJ� LQFOXGHV�UHODWLYH
LPSRUWDQFH�RI� WKH�VSHFLHV� IRU� ILVKLQJ� ��� LV�QRW� ILVKHG���� LV�PLQRU� ILVKLQJ����� LV�PRGHUDWHO\� ILVKHG������ LV�KHDYLO\
ILVKHG���ZKHWKHU�WKH�VSHFLHV� LV�D�]RRSODQNWLYRURXV��� LQGLFDWHV�RQO\�HDUO\�VWDJHV�NQRZQ�WR�SUH\�RQ�]RRSODQNWRQ��
DQG�WURSKLF�OHYHO�YDOXHV�ZKHUH�����LV�HQWLUHO\�KHUELYRURXV������LV�D�ILUVW�RUGHU�FDUQLYRUH������D�VHFRQG�RUGHU�FDUQL�
YRUH��DQG�VR�RQ�
7DE�����6H]QDP�ULEMLK�YUVW�LQ�GUXËLQ�L]�PRUVNLK�MH]HU�QD�RWRNX�0OMHWX��+UYDÉND��1DÉWHWD�VR�WXGL�VSORÉQD�LQ�UHJLMVND
LPHQD��3RGDWNL��SULGREOMHQL�V�VSOHWQH�VWUDQL�ZZZ�ILVKEDVH�RUJ��YNOMXàXMHMR�WXGL� LQIRUPDFLMR�R�SRPHQX�YUVWH�]D�UL�
ERORY����VH�QH�ORYL����VH�ORYL�UHGNR�����VH�ORYL�]PHUQR������VH�YHOLNR�ORYL���SUHKUDQMHYDQMX�YUVWH�]�]RRSODQNWRQRP��
R]QDàXMH�VDPR�]JRGQMH�UD]YRMQH�REOLNH��NL�VH�KUDQLMR�]�]RRSODQNWRQRP��LQ�WURILàQLK�UDYQHK��LQ�VLFHU�����]D�SRSRO�
QRPD�UDVWOLQRMHGH�YUVWH������]D�PHVRMHGH�YUVWD�SUYHJD�UHGD������]D�PHVRMHGH�YUVWH�GUXJHJD�HGD��LWG�

)DPLO\
6FLHQWLILF
QDPH

&RPPRQ
QDPH

5HJLRQDO
QDPH

)LVKLQJ
SUHVVXUH

=RRSODQNWRQ
IHHGLQJ

7URSKLF
OHYHO

$QJXLOOLGDH
$QJXLOOD
DQJXLOOD

(XURSHDQ
HHO

$QJXOMD �� 1 �������

$SRJRQLGDH
$SRJRQ
LPEHUELV

&DUGLQDO
ILVK

0DWXOLFLF � 1 ���

$WKHULQLGDH
$WKHULQD
ER\HUL

%LJ�VFDOH
VDQG�VPHOW

%UIXQ �� < �������

%HORQLGDH
%HORQH
EHORQH

*DUSLNH -DJOD �� 1 �������

%OHQQLLGDH
3DUDEOHQQLXV
VSS�

� 1 �������

&DUDQJLGDH
3VHXGRFDUDQ[
GHQWH[

:KLWH
WUHYDOO\

ÉQMXUDN �� < �������

&DUDQJLGDH
6HULROD
GXPHULOL

*UHDWHU
DPEHUMDFN

%LOL]PXÊD �� 1 �������

&HQWUDFDQWKLGDH
6SLFDUD
PDHQD

%ORWFKHG
SLFDUHO

&LSDYLFD � < �������

&RQJULGDH
&RQJHU
FRQJHU

(XURSHDQ
FRQJHU

*UXP �� 1 �������
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)DPLO\
6FLHQWLILF
QDPH

&RPPRQ
QDPH

5HJLRQDO
QDPH

)LVKLQJ
SUHVVXUH

=RRSODQNWRQ
IHHGLQJ

7URSKLF
OHYHO

*DGLGDH
0HUODQJLXV
PHUODQJXV

:KLWLQJ 3LÊPROM ��� < �������

*DGLGDH
7ULVRSWHUXV
PLQXWXV

3RRU
FRG

0RO �� 1 �������

*RELHVRFLGDH
/HSDGRJDVWHU
OHSDGRJDVWHU

6KRUH
FOLQJILVK

3ULOMHSQMDN
NDPHQMDULF

� 1 1�$

*RELLGDH *RELXV�VSS� � 1 �������

/DEULGDH
&RULV
MXOLV

0HGLWHUUDQHDQ
UDLQERZ�ZUDVVH

'XQGLFD � 1 �������

/DEULGDH
/DEUXV
PHUXOD

%URZQ
ZUDVVH

&UQDF � 1 �������

/DEULGDH
6\PSKRGXV
FLQHUHXV

*UH\
ZUDVVH

+LQDF�VLYL � 1 �������

/DEULGDH
6\PSKRGXV
GRGHUOHLQL

&XFXUXÊD � 1 1�$

/DEULGDH
6\PSKRGXV
PHGLWHUUDQHXV

$[LOODU\
ZUDVVH

3RGXMND � 1 ���

/DEULGDH
6\PSKRGXV
PHORSV

&RUNZLQJ
ZUDVVH

.RVLULFD
PMHVHFLFD

� 1 ���

/DEULGDH
6\PSKRGXV
RFHOODWXV

0DUWLQND � 1 �������

/DEULGDH
6\PSKRGXV
URLVVDOL

)LYH�VSRWWHG
ZUDVVH

.RVLULFD � 1 �������

/DEULGDH
6\PSKRGXV
URVWUDWXV

'XJRQRVLFD � 1 �������

/DEULGDH
6\PSKRGXV
WLQFD

(DVW�$WODQWLF
SHDFRFN�ZUDVVH

%RÌMDN � 1 1�$

0XJLOLGDH
/L]D
DXUDWD

*ROGHQ�JUH\
PXOOHW

&LSDO�]ODWDF �� < �������

0XOOLGDH
0XOOXV
EDUEDWXV
EDUEDWXV

5HG�PXOOHW %DUEXQ �� 1 �������

0XOOLGDH
0XOOXV
VXUPXOHWXV

6WULSHG�UHG
PXOOHW

%DUEXQ �� 1 �������

0XUDHQLGDH
0XUDHQD
KHOHQD

0HGLWHUUDQHDQ
PRUD\

0DULQD � 1 1�$

3RPDFHQWULGDH
&KURPLV
FKURPLV

'DPVHOILVK &UQHM � 1 �������

6FLDHQLGDH
6FLDHQD
XPEUD

%URZQ
PHDJUH

.DYDOD �� 1 ���

6FRPEULGDH
6FRPEHU
MDSRQLFXV

&KXE
PDFNHUHO

/DQFDUGD ��� < �������

6FRPEULGDH
6FRPEHU
VFRPEUXV

$WODQWLF
PDFNHUHO

%RNXOMD ��� < �������

6FRUSDHQLGDH
6FRUSDHQD
SRUFXV

%ODFN
VFRUSLRQILVK

%RGHF � 1 �������

6FRUSDHQLGDH
6FRUSDHQD
VFURID

/DUJHVFDOHG
VFRUSLRQILVK

&UOMHQDN �� 1 �������

6HUUDQLGDH
(SLQHSKHOXV
FDQLQXV

'RJWRRWK
JURXSHU

.LUQMD�]XEXÊD �� 1 1�$

6HUUDQLGDH
(SLQHSKHOXV
FRVWDH

*ROGEORWFK
JURXSHU

.LUQMD�]ODWLFD � 1 1�$
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)DPLO\
6FLHQWLILF
QDPH

&RPPRQ
QDPH

5HJLRQDO
QDPH

)LVKLQJ
SUHVVXUH

=RRSODQNWRQ
IHHGLQJ

7URSKLF
OHYHO

6HUUDQLGDH
(SLQHSKHOXV
PDUJLQDWXV

'XVN\
JURXSHU

.LUQMD ��� 1 �������

6HUUDQLGDH
6HUUDQXV
FDEULOOD

&RPEHU *LULFDU � 1 �������

6HUUDQLGDH
6HUUDQXV
KHSDWXV

%URZQ
FRPEHU

&XFLQ � 1 �������

6HUUDQLGDH
6HUUDQXV
VFULED

3DLQWHG
FRPEHU

%XUXFD � 1 ���

6ROHLGDH
6ROHD
VROHD

&RPPRQ
VROH

/LVW ��� 1 �������

6SDULGDH
%RRSV
ERRSV

%RJXH %DWHOM ��� < �������

6SDULGDH
'HQWH[
GHQWH[

&RPPRQ
GHQWH[

'HQWDO �� 1 ���

6SDULGDH
'LSORGXV
DQQXODULV

$QQXODU
VHDEUHDP

%DUDM �� 1 �������

6SDULGDH
'LSORGXV
SXQWD]]R

6KDUSVQRXW
VHDEUHDP

.DURF �� 1 ���

6SDULGDH
'LSORGXV
YXOJDULV

&RPPRQ
WZR�EDQGHG
VHDEUHDP

&UQRJX] �� 1 �������

6SDULGDH
/LWKRJQDWKXV
PRUP\UXV

6WULSHG
VHDEUHDP

$UNDM � 1 1�$

6SDULGDH
2EODGD
PHODQXUD

6DGGOHG
VHDEUHDP

&HÊDOM �� 1 ���

6SDULGDH
3DJHOOXV
DFDUQH

$[LOODU\
VHDEUHDP

$UEXQ �� 1 �������

6SDULGDH
3DJHOOXV
HU\WKULQXV

&RPPRQ
SDQGRUD

$UERU �� < �������

6SDULGDH
6DUSD
VDOSD

6DOHPD 6DOSD �� 1 ���

6SDULGDH
6SRQG\OLRVRPD
FDQWKDUXV

%ODFN
VHDEUHDP

*UREDU �� < �������

6\QRGRQWLGDH
6\QRGXV
VDXUXV

$WODQWLF
OL]DUGILVK

*XÊWHU � 1 ���

7UDFKLQLGDH
7UDFKLQXV
GUDFR

*UHDWHU
ZHHYHU

'UDJDQ � 1 1�$

=HLGDH
=HXV
IDEHU

-RKQ�GRU\ .RYDá �� < �������
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5,%(�,1�0('8=(��8325$%$�,=2/,5$1,+�0256.,+�£-(=(5¤�1$�272.8�0/-(78�
+59$É.$��35,�5$=,6.29$1-8�.203/(.61267,�9(à-(*$�0256.(*$�(.26,67(0$

,1�35,672329�(.26,67(06.(*$�835$9/-$1-$

:LOOLDP�0��*5$+$0��/XFLDQR�&+,$9(5$12�	�,VDEHOOD�'¢$0%5$
'DXSKLQ�,VODQG�6HD�/DE������%LHQYLOOH�%OYG���'DXSKLQ�,VODQG�$/��������86$

(�PDLO��PJUDKDP#GLVO�RUJ

+HUPHV�0,$1=$1��*XVWDYR�$/9$5(=�&2/20%2�	�(��0DUFHOR�$&+$
,QVWLWXWR�1DFLRQDO�GH�,QYHVWLJDFLxQ�\�'HVDUUROOR�3HVTXHUR��,1,'(3���3DVHR�9LFWRULD�2FDPSR�Q g���

%����+6$�0DU�GHO�3ODWD��$UJHQWLQD

$OHQND�0$/(-
0DULQH�%LRORJ\�6WDWLRQ��1DWLRQDO�,QVWLWXWH�RI�%LRORJ\��6,������3LUDQ��)RUQDáH�����6ORYHQLD

-RKQ�+��&267(//2
%LRORJ\�'HSDUWPHQW��3URYLGHQFH�&ROOHJH��3URYLGHQFH��5,�������������86$

9ODGLPLU�212)5,�	�$GDP�%(129,Ü
8QLYHUVLW\�RI�'XEURYQLN��,QVWLWXWH�IRU�0DULQH�DQG�&RDVWDO�5HVHDUFK��+5�������'XEURYQLN��'DPMDQD�-XGH�����&URDWLD

329=(7(.

0RUVNL�¡MH]HUL¢�QD�RWRNX�0OMHWX��MXÊQD�+UYDÈND��SUHGVWDYOMDWD�]DQLPLYR�HNRORÈNR�RNROMH�]D�UD]LVNRYDQMH�VWUXNWXUH
LQ�IXQNFLMH�PRUVNLK�HNRVLVWHPRY�]XQDM�VDPLK�MH]HU��3ULßXMRßL�ßODQHN�VLQWHWL]LUD�QHNDWHUH�SUHWHNOH�LQ�VHGDQMH�UD]LVNR�
YDOQH� SURMHNWH� QD� MH]HULK� V� SRVHEQLP�SRXGDUNRP�QD�QRYHMÈLK� ÈWXGLMDK� L]ROLUDQH� MH]HUVNH� SRSXODFLMH� NOREXßQMDÈNH
PHGX]H�$XUHOLD� VS�� ��� 7D� YUVWD� MH� SR� YVHM� YHUMHWQRVWL� JHRJUDIVNR� L]ROLUDQD� LQ� HYROXFLMVNR� RPHMHQD� QD� MH]HUL� RWRND
0OMHWD��.RW�WDNL�MH]HUL�SUHGVWDYOMDWD�RURGMH�]D�EROMÈH�UD]XPHYDQMH�HNRORÈNHJD�UD]PHUMD�PHG�PHGX]DPL�LQ�UD]QROLNR
VNXSQRVWMR�ULEMLK�YUVW��NL�SUDY�WDNR�QDVHOMXMHMR�MH]HUL��=�ERGRßLPL�ÈWXGLMDPL�DYWRUML�VSRGEXMDMR�N�SDUDPHWUL]LUDQMX�HNR�
VLVWHPVNHJD� PRGHOD� MH]HU� NRW� SUHL]NXVQHJD� VLVWHPD� ]D� SULVWRS� HNRVLVWHPVNHJD� XSUDYOMDQMD� WHU� XSRUDER� SRGREQLK
PRGHORY�]XQDM�VDPLK�MH]HU�

.OMXÞQH�EHVHGH��PHGX]H��SODQNWLYRUH�ULEH��$XUHOLD��%RRSV��$WKHULQD

5()(5(1&(6

$OYDUH]�&RORPER��*���$��%HQRYLÜ��$��0DOHM��'��/XÞLÜ��7�
0DNRYHÜ��9��2QRIUL��0��$FKD��$��0DGLURODV�	�+��0LDQ�
]DQ� �������� $FRXVWLF� VXUYH\� RI� D� MHOO\ILVK�GRPLQDWHG
HFRV\VWHP� �0OMHW� ,VODQG�� &URDWLD��� +\GURELRORJLD�� ����
�������
$UDL��0��1����������3UHGDWLRQ�RQ�SHODJLF�FRHOHQWHUDWHV�
D�UHYLHZ��-��0DU��%LRO��$VVRF��8�.���������������
%HQRYLÜ��$���'��/XÞLÜ��9��2QRIUL��0��3HKDUGD��0��&DULÜ�
1�� -DVSULFD� 	� 6�� %REDQRYLÜ�&ROLÜ� �������� (FRORJLFDO
FKDUDFWHULVWLFV�RI� WKH�0OMHW� ,VODQG�VHDZDWHU� ODNHV� �6RXWK
$GULDWLF� 6HD�� ZLWK� VSHFLDO� UHIHUHQFH� WR� WKHLU� UHVLGHQW
SRSXODWLRQV�RI�PHGXVDH��6FL��0DU���������������
%XOMDQ��0�� �������� 5HSRUW� RQ� WKH� UHVXOWV� REWDLQHG�E\� D
QHZ�PHWKRG�RI� IHUWLOL]DWLRQ�H[SHULPHQWHG�LQ�WKH�PDULQH
ED\��0OMHWVND�-H]HUD���$FWD�$GULDW����������

&KULVWHQVHQ�� 9�� 	� &�� -�� :DOWHUV� �������� (FRSDWK� ZLWK
(FRVLP�� PHWKRGV�� FDSDELOLWHV� DQG� OLPLWDWLRQV�� (FRO�
0RGHO����������������
'
$PEUD�� ,�� 	� :�� +�� *UDKDP� �������� (DUO\� GHYHORS�
PHQWDO� VHTXHQFH�RI� DQ�DQWKR]RDQ�SDUDVLWH� RI� WKH� MHOO\�
ILVK� $XUHOLD� VS�� �� LQ� DQ� LVRODWHG� PDULQH� ODNH� �0OMHW�
&URDWLD���$QQDOHV��6HU��+LVW��1DW���7KLV�YROXPH�
'DZVRQ��0��1��	�:��0��+DPQHU���������5DSLG�HYROX�
WLRQDU\� UDGLDWLRQ� RI� PDULQH� ]RRSODQNWRQ� LQ� SHULSKHUDO
HQYLURQPHQWV��3URF��1DWO��$FDG��6FL������������������
'DZVRQ��0��1��	�'��.�� -DFREV� ��������0ROHFXODU� HYL�
GHQFH� IRU� FU\SWLF� VSHFLHV� RI� $XUHOLD� DXULWD� �&QLGDULD�
6F\SKR]RD���%LRO��%XOO��������������
'DZVRQ��0�� 1��� /�� (��0DUWLQ� 	� /�� .�� 3HQODQG� �������
-HOO\ILVK�VZDUPV��WRXULVWV��DQG�WKH�&KULVW�FKLOG��+\GUREL�
RORJLD���������������
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)HLJHQEDXP�� '�� 	� 0�� .HOO\� �������� &KDQJHV� LQ� WKH
ORZHU�&KHVDSHDNH�%D\�IRRG�FKDLQ�LQ�SUHVHQFH�RI�WKH�VHD
QHWWOH� &KU\VDRUD� TXLQTXHFLUUKD� �6F\SKRPHGXVD��� 0DU�
(FRO��3URJ��6HU�������������
*UDKDP��:��0��� )�� 3DJHV�	�:��0��+DPQHU� �������� $
SK\VLFDO� FRQWH[W� IRU� JHODWLQRXV� ]RRSODQNWRQ� DJJUHJD�
WLRQV��D�UHYLHZ��+\GURELRORJLD���������������
+DPQHU�� :�� 0�� 	� /�� 5�� +DXU\� �������� /RQJ�GLVWDQFH
KRUL]RQWDO�PLJUDWLRQV� RI� ]RRSODQNWRQ� �6F\SKRPHGXVDH�
0DVWLJLDV���/LPQRO��2FHDQRJU���������������
+DPQHU��:��0���5��:��*LOPHU�	�3��3��+DPQHU��������
7KH�SK\VLFDO��FKHPLFDO�DQG�ELRORJLFDO�FKDUDFWHULVWLFV�RI
D� VWUDWLILHG�� VDOLQH�� VXOILGH� ODNH� LQ� 3DODX�� /LPQRO�
2FHDQRJU���������������
0DOHM��$���9��7XUN��'��/XÞLÜ�	�$��%HQRYLÜ���������'LUHFW
DQG�LQGLUHFW� WURSKLF�LQWHUDFWLRQV�RI�$XUHOLD�VS�� �6F\SKR�
]RD�� LQ� D� VWUDWLILHG� PDULQH� HQYLURQPHQW� �0OMHW� /DNHV�
$GULDWLF�6HD���0DU��%LRO����������������
0DOHM��$���9��7XUN��7��.RJRYÇHN��7��0DNRYHF��9��2QRIUL�
/��&KLDYHUDQR��7��7LQWD�	�'��/XÞLÜ���������$XUHOLD�VS���
�6F\SKR]RD�� SRSXODWLRQ� LQ� WKH� 0OMHW� /DNH� �VRXWKHUQ
$GULDWLF���WURSKLF�LQWHUDFWLRQV�DQG�OLQN�WR�PLFURELDO�IRRG
ZHE��$QQDOHV��6HU��+LVW��1DW���7KLV�YROXPH�
0LDQ]DQ�� +��� 0�� 3DMDUR�� *�� $OYDUH]� &RORPER� 	� $�
0DGLURODV� �������� )HHGLQJ� RQ� VXUYLYDO�IRRG�� JHODWLQRXV
SODQNWRQ�DV�D�VRXUFH�RI�IRRG�IRU�DQFKRYLHV��+\GURELROR�
JLD�������������
3DXO\��'���:��*UDKDP��6��/LEUDODWR��/��0RULVVHWWH�	�0�
/��'�� 3DORPDUHV� �������� -HOO\ILVK� LQ� HFRV\VWHPV�� RQOLQH
GDWDEDVHV�� DQG�HFRV\VWHP�PRGHOV��+\GURELRORJLD�� ����
������
3HKDUGD��0���0��+UV�%UHQNR��9��2QRIUL��'��/XÞLÜ�	�$�
%HQRYLÜ���������$�YLVXDO�FHQVXV�RI�ELYDOYH�GLVWULEXWLRQV
LQ� WKH� VDOWZDWHU� ODNH�0DOR� MH]HUR� �0OMHW�1DWLRQDO� 3DUN�
6RXWK�$GULDWLF�6HD���$FWD�$GULDW�������������
3XFKmU�3HWNRYLÜ��7����������(IIHW�GH�OD�IHUWLOLVDWLRQ�DUWLIL�
FLHOOH� VXU� OH� SK\WRSODQFWRQ�GH� OD� UHJLRQ� GH�0OMHW�� $FWD
$GULDW�����������

3XUFHOO��-��(��	�0��1��$UDL���������,QWHUDFWLRQV�RI�SHODJLF
FQLGDULDQV�DQG�FWHQRSKRUHV�ZLWK� ILVK��D� UHYLHZ��+\GUR�
ELRORJLD�������������
6DQJLRUJL�� )��� /��&DSRWRQGL��1��1HERXW�� /��9LJOLRWWL��+�
%ULQNKXLV��6��*LXQWD��$��)��/RWWHU��&��0RULJL��$��1HJUL�	
*��-�� 5HLFKDUW� �������� +RORFHQH� VHDVRQDO� VHD�VXUIDFH
WHPSHUDWXUH� YDULDWLRQV� LQ� WKH� VRXWKHUQ� $GULDWLF� 6HD� LQ�
IHUUHG� IURP� D� PXOWLSUR[\� DSSURDFK�� -�� 4XDW�� 6FL��� ���
��������
6FKQHLGHU��*��	�*��%HKUHQGV���������7RS�GRZQ�FRQWURO
LQ�D�QHULWLF�SODQNWRQ�V\VWHP�E\�$XUHOLD�DXULWD�PHGXVDH��
D�VXPPDU\��2SKHOLD������������
6FKURWK�� :��� *�� -DUPV�� %�� 6WUHLW� 	� %�� 6FKLHUZDWHU
�������� 6SHFLDWLRQ� DQG� SK\ORJHRJUDSK\� LQ� WKH� FRVPR�
SROLWDQ�PDULQH�PRRQ�MHOO\��$XUHOLD�VS��%0&�(YRO��%LRO��
��������
6XULÜ��0��� 0�� -DXUDFLÜ�� 1�� +RUYDWLQFLÜ� 	� ,�� .�� %URQLÜ
��������/DWH�3OHLVWRFHQH�+RORFHQH�VHD�OHYHO�ULVH�DQG�WKH
SDWWHUQ� RI� FRDVWDO� NDUVW� LQXQGDWLRQ�� UHFRUGV� IURP� VXE�
PHUJHG� VSHOHRWKHPV� DORQJ� WKH� (DVWHUQ� $GULDWLF� &RDVW
�&URDWLD���0DU��*HRO����������������
9XÞHWLÜ��7����������=RRSODQNWRQ�LQYHVWLJDWLRQV�LQ�WKH�VHD
ZDWHU�ODNHV��0DOR�-H]HUR��DQG��9HOLNR�-H]HUR��RQ�WKH�LV�
ODQG�RI�0OMHW��������������$FWD�$GULDW�����������
9XÞHWLÜ��7�� ��������9HUWLFDO�GLVWULEXWLRQ�RI� ]RRSODQNWRQ
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