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��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH��

8VLQJ�FURS�PRGHOV�WR�H[WHQG�JHQRPLF�SUHGLFWLRQ�IRU
JHQRW\SH�VSHFLILF�HYDOXDWLRQ�RI�FOLPDWH�FKDQJH�LPSDFWV
E\�/LYLD�3DOHDUL�_�$OHVVDQGUR�7RQGHOOL�_�$JRVWLQR�)ULFDQR�_�/XLJL�&DWWLYHOOL�_�(UQHVWR�,JDUWXD�_�$ODQ�+�
6FKXOPDQ�_�$QGUHD�9LVLRQL�_�5REHUWR�&RQIDORQLHUL�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR��(63��&DVVDQGUD�ODE�_
&5($�&HQWUR�GL�ULFHUFD�*HQRPLFD�H�ELRLQIRUPDWLFD�_�&5($�&HQWUR�GL�ULFHUFD�*HQRPLFD�H�ELRLQIRUPDWLFD�_
&5($�&HQWUR�GL�ULFHUFD�*HQRPLFD�H�ELRLQIRUPDWLFD�_�6SDQLVK�1DWLRQDO�5HVHDUFK�&RXQFLO��&6,&��_
8QLYHUVLW\�RI�+HOVLQNL��3URGXFWLRQ�6\VWHPV��1DWXUDO�5HVRXUFHV�,QVWLWXWH�)LQODQG��/8.(��_�,QWHUQDWLRQDO
&HQWHU�IRU�$JULFXOWXUDO�5HVHDUFK�LQ�WKH�'U\�$UHDV��,&$5'$��_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR��(63�
&DVVDQGUD�ODE

$EVWUDFW�,'����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��/LYLD�3DOHDUL
&RQWULEXWLRQ��2UDO

%LRSK\VLFDO�FURS�PRGHOV�FDQ�H[SOLFLWO\�DFFRXQW�IRU�*j(j0�LQWHUDFWLRQV�ZKLOH�HVWLPDWLQJ
FURS �UHVSRQVH �WR �FOLPDWH �FKDQJH� �E\ �UHSURGXFLQJ �FURS �JURZWK �DQG �GHYHORSPHQW �DV �D
IXQFWLRQ�RI�HQYLURQPHQWDO��FOLPDWH��VRLO���PDQDJHPHQW��DQG�JHQHWLF�IDFWRUV��$V�VXFK��WKH\
UHSUHVHQW�D�XQLTXH�WRRO�WR�VXSSRUW�WKH�GHILQLWLRQ�RI�ERWK�VKRUW���PDQDJHPHQW�EDVHG��DQG
ORQJ�WHUP��EUHHGLQJ�EDVHG��DGDSWDWLRQ�VWUDWHJLHV��+RZHYHU��WKHLU�FDSDELOLW\�RI�FDSWXULQJ
JHQRW\SH�VSHFLILF �UHVSRQVHV�WR �FOLPDWH�KDV�EHHQ�OLPLWHG�E\�WKH�ODFN�RI �DSSURDFKHV�IRU
LQWHJUDWLQJ�JHQHWLF�LQIRUPDWLRQ�LQ�FURS�PRGHOOLQJ�IUDPHZRUNV��7KH�REMHFWLYH�RI�WKLV�VWXG\
�(5$�1(7�SURMHFW�5HFR%DU��ZDV�WKH�LQWHJUDWLRQ�RI�JHQRPLFV�DQG�FURS�PRGHOOLQJ�WR�DOORZ
FOLPDWH �FKDQJH �LPSDFW �DQDO\VHV �H[SOLFLWO\ �DFFRXQWLQJ �IRU �WKH �KHWHURJHQHLW\ �DPRQJ
JHQRW\SHV��'D\V�WR�IORZHULQJ�LQ�VSULQJ�EDUOH\�ZDV�XVHG�DV�D�FDVH�VWXG\��JLYHQ�WKH�SULPDU\
UROH�RI�SKHQRORJ\�IRU�FURS�DGDSWDWLRQ��3KHQRW\SLF�DQG�JHQRPLF����.�,OOXPLQD�613�DUUD\�
GDWD�IRU�����WZR�URZ��VSULQJ�EDUOH\�JHQRW\SHV�IURP�WKH�&OLP%$5�DQG�([%DU'LY�FROOHFWLRQV
ZHUH�XVHG��ZKLFK�LQYROYHG�GD\V�WR�KHDGLQJ�HYDOXDWHG�ZLWK�PXOWL�HQYLURQPHQW�WULDOV�LQ���
VLWH�j�VHDVRQ�FRPELQDWLRQV��$�ZLGH�UDQJH�RI�FRQGLWLRQV�ZDV�H[SORUHG��ZLWK�ORFDWLRQV�VSUHDG
IURP�WKH�0HGLWHUUDQHDQ�EDVLQ�WR�1RUWKHUQ�(XURSH��DQG�VRZLQJV�SHUIRUPHG�ERWK�LQ�DXWXPQ
DQG�VSULQJ��$�GHGLFDWHG�PRGHOOLQJ�VROXWLRQ�IRU�FURS�SKHQRORJ\�ZDV�GHYHORSHG�E\�XVLQJ
DSSURDFKHV�IURP�WKH�PRGHOV�:$50�DQG�:2)267��$FFHVVLRQ�VSHFLILF�FDOLEUDWLRQ�RI�PRGHO
SDUDPHWHUV�ZDV�FDUULHG�RXW�XVLQJ�RSWLPL]DWLRQ�DOJRULWKPV��PHDQ�5��HTXDO�WR��������7R�DYRLG
HTXLILQDOLW\� �YDULDQFH�EDVHG�JOREDO �VHQVLWLYLW\ �DQDO\VLV ��6RERO� �PHWKRG� �ZDV�XVHG�EHIRUH
FDOLEUDWLRQ��ZKLFK�IRFXVHG�RQ�WKH�WZR�SDUDPHWHUV�ZLWK�WKH�KLJKHVW�UHOHYDQFH�RQ�WKH�WDUJHW
RXWSXW��*HQRPH�ZLGH�DVVRFLDWLRQ�DQDO\VLV��*:$6��DQG�JHQRPLF�SUHGLFWLRQ�ZHUH�FDUULHG�RXW
RQ�FDOLEUDWHG�PRGHO�SDUDPHWHUV�ZLWK�WKH�5�SDFNDJH�UU�%/83��*HQRPLF�SUHGLFWHG�PRGHO
SDUDPHWHUV�ZHUH�WKHQ�XVHG���WRJHWKHU�ZLWK�WKH�PRGHOOLQJ�VROXWLRQ���WR�VLPXODWH�KHDGLQJ
GDWH�WKDQNV�WR�WKH�PRGHO�FDSDELOLW\�WR�H[SOLFLWO\�LQWHUSUHW�*j(j0�LQWHUDFWLRQV��3UHGLFWLRQ
DFFXUDF\�ZDV�HYDOXDWHG�WKURXJK�D�WHQ�IROG�FURVV�YDOLGDWLRQ�VFKHPH��UDQGRPO\�VHOHFWLQJ����
RI�WKH�JHQRW\SHV�DV �WHVW �VHW �DQG�WKH�UHPDLQLQJ�����DV�WUDLQLQJ� �,Q �RUGHU�WR �WHVW �WKH
FDSDELOLW\�RI�FURS�PRGHOV�WR�H[WHQG�WKH�JHQRPLF�SUHGLFWLRQ�LQ�XQWHVWHG�HQYLURQPHQWV��QRW
LQFOXGHG�LQ�WKH�WUDLQLQJ���D�OHDYH�RQH�VLWH�RXW�FURVV�YDOLGDWLRQ�ZDV�DOVR�FDUULHG�RXW��5HVXOWV
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ZHUH�HQFRXUDJLQJ��ZLWK�5��EHWZHHQ�REVHUYHG�DQG�VLPXODWHG�KHDGLQJ�GDWH�IRU�YDOLGDWLRQ�VHWV
UDQJLQJ�IURP������WR�������7KLV�KLJKOLJKWHG�WKH�SRWHQWLDO�RI�FURS�PRGHOV�WR�VXFFHVVIXOO\
H[WHQG�JHQRPLF�SUHGLFWLRQ��QRUPDOO\�EDVHG�RQ�VWDWLVWLFDO�UHODWLRQVKLSV�EHWZHHQ�613V�DQG
SHUIRUPDQFH�WUDLWV��ZLWKRXW�DQ\�SURFHVV�EDVHG�ORJLF�EHWZHHQ�JHQHWLFV�DQG�WKH�SKHQRW\SLF
H[SUHVVLRQ�RI�WUDLWV��WR�XQH[SORUHG�FRQGLWLRQV��7KLV�DOORZHG�WR�XVH�JHQRPLF�SUHGLFWHG�YDOXHV
RI�PRGHO�SDUDPHWHUV�WR�VLPXODWH�JHQRW\SHV�UHVSRQVH�XQGHU�FOLPDWH�FKDQJH�VFHQDULRV��,36/
DQG�03,�UHDOL]DWLRQV�RI �663������DQG�663������� �7KH�YDULDELOLW\ �REVHUYHG�LQ �JHQRW\SH�
VSHFLILF�UHVSRQVH�WR�IXWXUH�FOLPDWH�SURMHFWLRQV�KLJKOLJKWHG��RQ�WKH�RQH�KDQG��WKH�QHHG�RI
JHQRW\SH�VSHFLILF�TXDQWLILFDWLRQ�RI�FOLPDWH�FKDQJH�LPSDFWV�DQG��RQ�WKH�RWKHU�KDQG��WKH�NH\
UROH�RI�FURS�PRGHOOLQJ�LQ�H[WHQGLQJ�WKH�SRWHQWLDO�RI�JHQRPLF�SUHGLFWLRQ�WR�GULYH�EUHHGLQJ�
EDVHG�DGDSWDWLRQ�WR�FOLPDWH�FKDQJH�
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$�ORQJ�WHUP�H[SHULPHQW�RQ�PRZLQJ��IHUWLOL]DWLRQ�DQG�WKHLU
FRPELQDWLRQ�WR�FRQWURO�%UDFK\SRGLXP�UXSHVWUH�LQ�DQ
DEDQGRQHG�JUDVVODQG�RI�WKH�$OSV
E\�0DUFR�3LWWDUHOOR�_�$OHVVDQGUD�*RUOLHU�_�6LPRQH�5DYHWWR�(QUL�_�0LFKHOH�/RQDWL�_�*LQHYUD�1RWD�_
*LDPSLHUR�/RPEDUGL�_�'HSW��9HWHULQDU\�6FLHQFHV���8QLYHUVLW\�RI�7XULQ�_�6FKRRO�RI�1DWXUDO�5HVRXUFHV�DQG
WKH�(QYLURQPHQW���8QLYHUVLW\�RI�$UL]RQD�_�'HSW��$JULFXOWXUH��)RUHVW�DQG�)RRG�6FLHQFHV���8QLYHUVLW\�RI
7XULQ�_�'HSW��$JULFXOWXUH��)RUHVW�DQG�)RRG�6FLHQFHV���8QLYHUVLW\�RI�7XULQ�_�'HSW��$JULFXOWXUH��)RUHVW�DQG
)RRG�6FLHQFHV���8QLYHUVLW\�RI�7XULQ�_�'HSW��$JULFXOWXUH��)RUHVW�DQG�)RRG�6FLHQFHV���8QLYHUVLW\�RI�7XULQ

$EVWUDFW�,'����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��*LDPSLHUR�/RPEDUGL
&RQWULEXWLRQ��2UDO

,Q�WKH�$OSV��JUDVVODQGV�KDYH�EHHQ�WKH�EDVLV�RI�PRXQWDLQ�IDUPLQJ�V\VWHPV�IRU�FHQWXULHV�
+RZHYHU��DJUR�SDVWRUDO�DEDQGRQPHQW�QRZ�SRVHV�D�VLJQLILFDQW�WKUHDW�WR�WKHLU�FRQVHUYDWLRQ�
7KH�FHVVDWLRQ�RI�JUD]LQJ�DQG�PRZLQJ�SURPRWHV�WKH�VSUHDG�RI�FRDUVH�SODQWV��VXFK�DV�WKH�WDOO
JUDVV�%UDFK\SRGLXP�UXSHVWUH��ZKLFK�QHJDWLYHO\�DIIHFWV�JUDVVODQG�DJURHFRV\VWHP�IXQFWLRQV
DQG�OHDGV�WR�JUDVVODQG�GHJUDGDWLRQ��3UDFWLFHV�VXFK�DV�ELRPDVV�UHPRYDO��L�H��PRZLQJ��DQG
QXWULHQW �DGGLWLRQ� �L�H� �IHUWLOL]DWLRQ� �KDYH �EHHQ�VXFFHVVIXOO\ �DSSOLHG �LQ �YDULRXV �PRXQWDLQ
HQYLURQPHQWV�WR�VWRS�WKH�GHJUDGDWLRQ�SURFHVV�DQG�UHVWRUH�KLJK�IRUDJH�TXDOLW\�DQG�VSHFLHV�
ULFK�YHJHWDWLRQ� �+RZHYHU� �WR �RXU �NQRZOHGJH� �UHVHDUFK�WKDW �FRPELQHV�ERWK�SUDFWLFHV �LV
OLPLWHG�LQ�DOSLQH�HQYLURQPHQWV��$Q�H[SHULPHQW�ZDV�FRQGXFWHG�LQ�D�%��UXSHVWUH�VHPL�QDWXUDO
JUDVVODQG��DEDQGRQHG�VLQFH�WKH�����V��ORFDWHG�DW�WKH��*UDQ�%RVFR�GL�6DOEHUWUDQG��1DWXUDO
3DUN��DW������P�D�V�O��:H�WHVWHG�WKH�HIIHFWV�RI�PRZLQJ��IHUWLOL]DWLRQ������NJ�KD�1�����NJ�KD
3�2������NJ�KD�.�2���DQG�WKHLU�FRPELQDWLRQ�RYHU�WHQ�\HDUV��RQ����SORWV�ZLWK�IRXU�UHSOLFDWHV
RI�WKH�WKUHH�WUHDWPHQWV�DQG�DQ�XQWUHDWHG�FRQWURO��'XULQJ�WKH�HQWLUH�SHULRG��ZH�HYDOXDWHG�WKH
FKDQJHV��LQ�DJURQRPLF�SHUIRUPDQFHV�E\�FRPSXWLQJ�WKH�SDVWRUDO�YDOXH�DQG�DEXQGDQFH�RI
PHVR�HXWURSKLF�JUDVVODQG�VSHFLHV��LQ�SODQW�GLYHUVLW\��WKURXJK�VSHFLHV�ULFKQHVV�DQG�HIIHFWLYH
QXPEHU�RI�VSHFLHV��LQ�ERWDQLFDO�FRPSRVLWLRQ��:H�XVHG�OLQHDU�PL[HG�HIIHFW�PRGHOV��/00��WR
DVVHVV �WKH �HIIHFWV �RI �WUHDWPHQW� �\HDU� �DQG �WKHLU �LQWHUDFWLRQ �RQ �WKH �DERYH �PHQWLRQHG
YHJHWDWLRQ�YDULDEOHV��'LIIHUHQFHV�LQ�VLQJOH�SODQW�VSHFLHV�FRPSRVLWLRQ�DPRQJ�WUHDWPHQWV�DQG
WKURXJKRXW�WLPH�ZHUH�HYDOXDWHG�E\�SHUIRUPLQJ�PXOWLYDULDWH�DQDO\VHV��3(50$129$��35&�
WE�3&$�� �0RZLQJ �HIIHFWLYHO\ �UHGXFHG �%� �UXSHVWUH �RFFXUUHQFH �DIWHU �ILYH �\HDUV �ZKLOH
PDLQWDLQLQJ�WKH�LQLWLDO�FRYHU�RI�GU\�JUDVVODQG�VSHFLHV�DQG�RYHUDOO�VSHFLHV�GLYHUVLW\��+RZHYHU�
LW�GLG�QRW�LQFUHDVH�WKH�FRYHU�RI�PHVR�HXWURSKLF�JUDVVODQG�VSHFLHV�RU�WKH�SDVWRUDO�YDOXH�
ZKLFK�OLPLWV�WKH�XVH�RI�WKLV�SUDFWLFH�ZKHQ�DLPLQJ�WR�LPSURYH�DWWUDFWLYHQHVV�IRU�JUD]LQJ�
$GGLWLRQ�RI�IHUWLOL]HU�HQKDQFHG�PHVR�HXWURSKLF�JUDVVODQG�VSHFLHV�EXW�GLG�QRW�DIIHFW�HLWKHU�%�
UXSHVWUH�FRYHU�RU�WKH�SDVWRUDO�YDOXH��,QVWHDG��LW�VOLJKWO\�UHGXFHG�WKH�FRYHU�RI�GU\�JUDVVODQG
VSHFLHV��ZKLFK�DUH�FRQVLGHUHG�RI�FRQVHUYDWLRQ�LQWHUHVW��DQG�GHFUHDVHG�SODQW�GLYHUVLW\��ZKLFK
LV �QRW �GHVLUDEOH �ZLWK �FRQVHUYDWLRQ �SXUSRVHV� �,QVWHDG� �WKH �FRPELQDWLRQ �RI �PRZLQJ �DQG
IHUWLOL]DWLRQ�UHVXOWHG�LQ�D�GHFUHDVH�RI�%��UXSHVWUH�FRYHU�E\�����LQ�WKH�VKRUW�WHUP��LQFUHDVHG
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E\������WKH�PHVR�HXWURSKLF�JUDVVODQG�VSHFLHV�FRYHU��DQG�LPSURYHG�WKH�SDVWRUDO�YDOXH�E\
��������SRLQWV��0RUHRYHU�WKH�FRYHU�RI�GU\�JUDVVODQG�VSHFLHV�DQG�SODQW�GLYHUVLW\�ZHUH�QRW
QHJDWLYHO\�LPSDFWHG��:KLOH�GU\�JUDVVODQG�PRZLQJ�LV�JHQHUDOO\�UHFRPPHQGHG�E\�(XURSHDQ
DQG�QDWLRQDO �SROLFLHV �IRU �WKH �SURWHFWLRQ �RI �RSHQ�KDELWDWV� �DQG�WKH �XVH �RI �IHUWLOL]HUV �LV
IUHTXHQWO\�UHVWULFWHG�DV�LW�FDQ�FDXVH�HXWURSKLFDWLRQ�DQG�UHGXFHV�VSHFLHV�ULFKQHVV��DFFRUGLQJ
WR�RXU�ORQJ�WHUP�VWXG\��FRPELQLQJ�ELRPDVV�UHPRYDO�ZLWK�QXWULHQW�DGGLWLRQ�LV�DQ�HIIHFWLYH
VWUDWHJ\�WR�VHFXUH�HLWKHU�DJURQRPLF�SHUIRUPDQFH�DQG�KDELWDW�FRQVHUYDWLRQ�WDUJHWV��/DQG
PDQDJHUV �VKRXOG �DWWHQWLYHO\ �EDODQFH�WKH �DJURHFRV\VWHP�LQSXWV �DQG�RXWSXWV �WR �DFKLHYH
LQWHUPHGLDWH�QXWULHQW�OHYHOV�DQG�PD[LPL]H�JUDVVODQG�IRUDJH�TXDOLW\��WR�PHHW�IDUP�QHHGV�
DQG�SODQW�GLYHUVLW\��WR�SUHVHUYH�JUDVVODQG�QDWXUDO�YDOXH��



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH��

/DQG�VXUIDFH�SKHQRORJ\�IRU�WKH�FKDUDFWHUL]DWLRQ�RI
0HGLWHUUDQHDQ�SHUPDQHQW�JUDVVODQGV
E\�$OEHUWR�7DQGD�_�$QWRQLR�3XOLQD�_�6LPRQHWWD�%DJHOOD�_�*LRYDQQL�5LYLHFFLR�_�)UDQFHVFR�9XROR�_�3LHU�3DROR
5RJJHUR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLW\�RI�6DVVDUL�_�'HSDUWPHQW�RI�$JULFXOWXUDO
6FLHQFHV��8QLYHUVLW\�RI�6DVVDUL�_�'HSDUWPHQW�RI�&KHPLFDO�3K\VLFDO�0DWKHPDWLFDO�DQG�1DWXUDO�6FLHQFHV�
8QLYHUVLW\�RI�6DVVDUL�_�'HSDUWPHQW�RI�&KHPLFDO�3K\VLFDO�0DWKHPDWLFDO�DQG�1DWXUDO�6FLHQFHV��8QLYHUVLW\
RI�6DVVDUL�_�,QVWLWXWH�RI�*HRPDWLFV��8QLYHUVLW\�RI�1DWXUDO�5HVRXUFHV�DQG�/LIH�6FLHQFHV��%2.8��_
'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLW\�RI�6DVVDUL

$EVWUDFW�,'�����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��$OEHUWR�7DQGD
&RQWULEXWLRQ��2UDO

0HGLWHUUDQHDQ�SHUPDQHQW�JUDVVODQGV�SOD\�D�NH\�UROH�LQ�ELRGLYHUVLW\�FRQVHUYDWLRQ�DQG�RIIHU�D
UDQJH�RI�HFRV\VWHP�VHUYLFHV��+RZHYHU��WKH\�DUH�XQGHU�WKUHDW�LQ�VRXWKHUQ�(XURSH�GXH�WR
DEDQGRQPHQW�DQG�HQYLURQPHQWDO�SUHVVXUHV��,Q�WKLV�VWXG\��ZH�H[SORUHG�WKH�K\SRWKHVLV�WKDW�D
VHW �RI �/DQG �6XUIDFH �3KHQRORJ\ ��/63� �SDUDPHWHUV �GHULYHG �E\ �PHGLXP�KLJK �VSDWLDO �DQG
WHPSRUDO�UHVROXWLRQ�&RSHUQLFXV�6HQWLQHO���VDWHOOLWH�GDWD��FDQ�SURYLGH�D�ILQH�FKDUDFWHUL]DWLRQ
DQG�ORQJ�WHUP�PRQLWRULQJ�RI�D�YDULHW\�RI�YHJHWDWLRQ�DQG�PDQDJHPHQW�V\VWHPV�RI�SHUPDQHQW
JUDVVODQGV��WR�VXSSRUW�WKH�GHVLJQ�RI�FRQVHUYDWLRQ�DQG�DJURQRPLF�LPSURYHPHQW�SURJUDPV�
:H�IRFXVHG�RQ�/63�SDUDPHWHUV�DJDLQVW�JURXQG�SURRIV�EDVHG�RQ�YHJHWDWLRQ�DQG�DJURQRPLF
VXUYH\V��WR�REWDLQ�XVHIXO�LQIRUPDWLRQ�IURP�DJURQRPLF�DQG�HFRORJLFDO�SHUVSHFWLYHV��)RUW\�
QLQH�SRO\JRQV��UHSUHVHQWLQJ�HOHYHQ�VLWHV�FKDUDFWHUL]HG�E\�GLIIHUHQW�JUDVVODQG�YHJHWDWLRQ�
VRLO��FOLPDWH��DQG�PDQDJHPHQW�W\SHV��ZHUH�VHOHFWHG�LQ�6DUGLQLD��,WDO\���6L[�\HDUV�6HQWLQHO��
VDWHOOLWH�LPDJHV�ZHUH�SURFHVVHG�WR�GHULYH�1'9,��DQG�/63�SDUDPHWHUV�ZHUH�REWDLQHG�XVLQJ
7,0(6$7 ���� �VRIWZDUH �DIWHU �6DYLW]N\�*ROD\ �ILOWHULQJ� �7KH �UHVXOWV �VKRZHG �D �FOHDU
FRUUHVSRQGHQFH �EHWZHHQ �/63 �SDUDPHWHUV �DQG �D �VHW �RI �LQGLFDWRUV �UHOHYDQW �IURP �WKH
DJURQRPLF �DQG �HQYLURQPHQWDO �SRLQWV �RI �YLHZ� �LQFOXGLQJ� ��� �PDQDJHG �YV� �DEDQGRQHG
JUDVVODQGV�����VSHFLILF�PDQDJHPHQW�SUDFWLFHV��PRZQ�YV��QRW�PRZQ������ZRRGHG�YV��RSHQ
JUDVVODQGV�����JUDVVODQG�YHJHWDWLRQ��DV�GHVFULEHG�E\�D�SULQFLSDO�FRPSRQHQW�DQDO\VLV�DQG���
FOLPDWLF�JUDGLHQWV��HOHYDWLRQ���,Q�FRQFOXVLRQ��/63�SURYLGHV�D�SURPLVLQJ�SUR[\�WR�FKDUDFWHUL]H
DJURQRPLF�IHDWXUHV�DQG�UHOHYDQW�YHJHWDWLRQ�RI�0HGLWHUUDQHDQ�SHUPDQHQW�JUDVVODQGV��XVHIXO
WR�VXSSRUW�FRQVHUYDWLRQ�DQG�LPSURYHPHQW�SURJUDPV��DV�ZHOO�DV�WKH�PRQLWRULQJ�RI�JUDVVODQG�
UHODWHG�KDELWDWV�WKUHDWHQHG�E\�PDQDJHPHQW�RU�HQYLURQPHQWDO�SUHVVXUHV�
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0RGHOOLQJ�HVWLPDWLRQ�RI�FURS�DQG�VRLO�YDULDEOHV�LQ�DJULYROWDLF
V\VWHPV�LQ�PDUJLQDO�DUHDV
E\�$OHVVLD�3HUHJR�_�0DUFR�%RWWD�_�0DUD�*DEEULHOOL�_�*LRUJLR�5DJDJOLQL�_�0DUFR�$FXWLV�_�$OELQR�0DJJLR�_
&ODXGLR�5XVVR�_�9DOHULR�&LULOOR�_�(OHQD�&HUYHOOL�_�6WHIDQLD�3LQGR]]L�_�3LHU�)UDQFHVFR�5HFFKL�_�$QWRQLR�0LOHWL
_�)DELR�7HUULELOH�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL
0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_
'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI
$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO
DQG�(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV�
8QLYHUVLWd�GHJOL�6WXGL�GL�1DSROL�)HGHULFR�,,�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL
GL�1DSROL�)HGHULFR�,,�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�1DSROL�)HGHULFR�,,�_
'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�1DSROL�)HGHULFR�,,�_�'HSDUWPHQW�RI
$JULFXOWXUDO�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�1DSROL�)HGHULFR�,,�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV�
8QLYHUVLWd�GHJOL�6WXGL�GL�1DSROL�)HGHULFR�,,�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL
GL�1DSROL�)HGHULFR�,,�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�1DSROL�)HGHULFR�,,

$EVWUDFW�,'����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��0DUD�*DEEULHOOL
&RQWULEXWLRQ��3LWFK

7KH�SUHVHQW�VWXG\�DLPV�WR�SUHVHQW�D�SUHOLPLQDU\�HVWLPDWLRQ�RI�FURS�SURGXFWLYLW\�LQ�D�ZLGH
UDQJH�RI�VKDGLQJ�FRQGLWLRQV�LQ�DJULYROWDLF�V\VWHPV�LQ�,WDOLDQ�PDUJLQDO�ODQGV�
7KH�ILUVW�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WKH�LGHQWLILFDWLRQ�RI�PDUJLQDO�DUHDV�RI�,WDO\�SRWHQWLDOO\
VXLWDEOH�IRU�DJULYROWDLF�V\VWHPV��DV�D�EDVHOLQH�IRU�WHFKQLFDO�DQG�HFRQRPLF�YLDELOLW\��7ZR
SURFHGXUHV�ZHUH�DSSOLHG��H�J��GHWHUPLQLVWLF�DQG�SUREDELOLVWLF�DSSURDFKHV��7KH�GHWHUPLQLVWLF
DSSURDFK�FRQVLGHUHG�WKH�FRQVWUDLQWV�ZKLFK�DOORZHG�XV�WR�H[FOXGH�HQWLUH�SRUWLRQV�RI�WKH
VWXG\�DUHD�DFFRUGLQJ�WR�RXU�SXUSRVH��6XFK�FRQGLWLRQV�DUH�OLQNHG�WR��� �3K\VLFDO�DVSHFWV�
HOHYDWLRQ�DQG�VORSH���6RFLRHFRQRPLF�DVSHFWV��ODQG�XVH�ODQG�FRYHU��/8/&����(QYLURQPHQWDO
DVSHFWV��DUHDV�RI�QDWXUDO�LQWHUHVW��7KH�SUREDELOLVWLF�DSSURDFK�LV�EDVHG�RQ�WKH�GHWHUPLQLVWLF
RQH�WR�ZKLFK�D�0XOWLSOH�&ULWHULD�'HFLVLRQ�$QDO\VLV��0&'$��ZDV�DGGHG��&HUYHOOL�HW�DO���������
,Q�WKLV�ZRUN��WKH�FKRLFH�RI�FULWHULD�ZDV�VWULFWO\�UHODWHG�WR�ODQG�PDUJLQDOLW\�DLPHG�DW�ILQGLQJ
WKH�EHVW�ODQG�DOORFDWLRQ�LQ�WHUPV�RI�VXVWDLQDELOLW\�RI�HQHUJ\�VXSSO\��ZLWK�D�VSHFLDO�UHIHUHQFH
WR�DJULYROWDLF�V\VWHPV��$�GRXEOH�VHW�RI�FULWHULD�ZDV�WDNHQ�LQWR�DFFRXQW����/DQG�PDUJLQDOLW\�
IDFWRUV�GHWHUPLQLQJ�ODQG�PDUJLQDOLW\�LQ�WHUPV�RI�JHRPRUSKRORJ\��HOHYDWLRQ��VORSH��HWF���
HQYLURQPHQWDO�ULVN��VRLO�HURVLRQ���VRFLRHFRQRPLF�FRQWH[W��ODQG�XVH������3URILWDELOLW\��IDFWRUV
GHWHUPLQLQJ�WKH�PD[LPXP�UHWXUQ�RI�LQYHVWPHQWV�LQ�WKH�DJULYROWDLF�V\VWHPV��VRODU�UDGLDWLRQ�
HOHYDWLRQ��VORSH��DVSHFW��SUR[LPLW\�WR�WKH�HOHFWULFLW\�JULG���7KH�VHFRQG�REMHFWLYH�ZDV�WR�EXLOG
D �KDUPRQL]HG �GDWDEDVH �RI �\LHOG �DQG �RWKHU �FURS�UHODWHG �GDWD �LQ �VKDGLQJ �FRQGLWLRQV�
FRQVLGHULQJ�WKUHH�FURS�IXQFWLRQDO�JURXSV��L�H�FHUHDOV��JUDVV�OH\��DQG�QRQ�IRRG�ROHDJLQRXV
FURSV��WR�LGHQWLI\�WKH�PRVW�VXLWDEOH�VSHFLHV�IRU�FXOWLYDWLRQ�DW�GLIIHUHQW�OHYHOV�RI�VKDGLQJ�
$PRQJ�WKH�IRRG�FURSV��WKH�PRVW�SURPLVLQJ�DUH�IRGGHU�FURSV��OLPLWHG�WR�VKDGLQJ�FRQGLWLRQV�RI
DURXQG������7KH�\LHOGV�RI�5LFLQXV�DUH�KLJKHVW�ZKHQ�FXOWLYDWHG�DW�VKDGLQJ�OHYHOV�RI������GXH
WR�LWV�DSSDUHQW�WROHUDQFH�WR�VKDGLQJ��7KH�FROOHFWHG�GDWD�ZHUH�XVHG�WR�FDOLEUDWH�WKH�FURS
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SDUDPHWHUV�RI�WKH�$5026$�VLPXODWLRQ�PRGHO��3HUHJR�HW�DO����������7KH�WKLUG�REMHFWLYH�ZDV
WKH�GHYHORSPHQW�RI�D�PRGXOH�WKDW�ZDV�LQWHJUDWHG�LQWR�WKH�PRGXODU�PRGHO�$5026$�WR
VLPXODWH�D�ZLGH�UDQJH�RI �DJULYROWDLF�SODQV�FKDUDFWHULVWLFV��IL[ �RI �VRODU�WUDFNLQJ�SDQHOV�
KHLJKW� �SDQHO �ZLGWK� �UDGLDWLRQ �SRURVLW\� �SDQHO �GHQVLW\� �GLVWDQFH �EHWZHHQ �SDQHOV� �WR
UHSURGXFH�WKH�FRQGLWLRQ�WKDW�LV�PDLQO\�FKDUDFWHUL]HG�E\�WKH�UHGXFWLRQ�RI�WKH�UDGLDWLRQ�DQG
HYDSRWUDQVSLUDWLRQ� �,Q �WKUHH �VLWHV �LGHQWLILHG �LQ �WKH �PDUJLQDO �ODQGV �RI �VRXWKHUQ �,WDO\
�SUREDELOLVWLF �DSSURDFK�� �WKH �\LHOG �UHGXFWLRQ �RI �GXUXP �ZKHDW� �EDUOH\� �DOIDOID� �5LFLQXV�
VDIIORZHU��DQG�FDPHOLQD�ZDV�VLPXODWHG�LQ����DJULYROWDLF�FRQILJXUDWLRQV�LQ�LQWHUDFWLRQ�ZLWK
YDU\LQJ�DVSHFWV�DQG�VORSHV��(YDSRWUDQVSLUDWLRQ��QLWURJHQ�XSWDNH��QLWURJHQ�ORVVHV�DQG�VRLO
RUJDQLF �FDUERQ�VHTXHVWUDWLRQ�ZHUH�DOVR �HVWLPDWHG�LQ �HDFK�VFHQDULR� �7KH�DYHUDJH�\LHOG
UHGXFWLRQ�ZDV�����WR������LQ�DJUHHPHQW�ZLWK�WKH�OLWHUDWXUH�GDWD��7KH�QHZO\�LPSOHPHQWHG�LV
D�SURPLVLQJ�WRRO�WR�VLPXODWH�\LHOG�GULYHQ�E\�VKDGLQJ�DQG�ILHOG�PDQDJHPHQW�ZLWK�D�IOH[LEOH
PRGHO�WKDW�FDQ�EH�VHW�E\�WKH�XVHU�
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/LIH�&\FOH�$VVHVVPHQW�RI�:KHDW�3URGXFWLRQ�LQ�6LFLO\�
&RQYHQWLRQDO�YV��2UJDQLF�$SSURDFKHV
E\�0RQLFD�$XWHUL�_�*LXVHSSH�'L�0LFHOL�_�0DULR�/LFDWD�_�5RVH�1DQJDK�0DQNDD�_�6LPRQD�3UHVWLJLDFRPR�_
0DU]LD�7UDYHUVR�_�'HSDUWPHQW�RI�$JULFXOWXUDO��)RRG�DQG�)RUHVW�6FLHQFHV��8QLYHUVLW\�RI�3DOHUPR�_
'HSDUWPHQW�RI�$JULFXOWXUDO��)RRG�DQG�)RUHVW�6FLHQFHV��8QLYHUVLW\�RI�3DOHUPR�_�'HSDUWPHQW�RI
$JULFXOWXUDO��)RRG�DQG�)RUHVW�6FLHQFHV��8QLYHUVLW\�RI�3DOHUPR�_�,QVWLWXWH�RI�6XVWDLQDELOLW\�LQ�&LYLO
(QJLQHHULQJ��5:7+�$DFKHQ�8QLYHUVLW\�_�'HSDUWPHQW�RI�$JULFXOWXUDO��)RRG�DQG�)RUHVW�6FLHQFHV�
8QLYHUVLW\�RI�3DOHUPR�_�,QVWLWXWH�RI�6XVWDLQDELOLW\�LQ�&LYLO�(QJLQHHULQJ��5:7+�$DFKHQ�8QLYHUVLW\

$EVWUDFW�,'�����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��0RQLFD�$XWHUL
&RQWULEXWLRQ��3LWFK

)RRG�V\VWHPV�KDYH�SURIRXQGO\�LPSDFWHG�PDQ\�IDFHWV�RI�KXPDQ�OLIH��E\�LQIOXHQFLQJ�GLHWDU\
KDELWV��KHDOWK�RXWFRPHV��HFRQRPLF�VWDELOLW\��DQG�VRFLR�FXOWXUDO�VWUXFWXUHV��:KHDW�SURGXFWLRQ
LV�RQH�RI�WKH�PRVW�LPSRUWDQW�DJULFXOWXUDO�V\VWHPV��ZLWK�DQ�HVWLPDWHG�JOREDO�DUHD�RI�DERXW
����PLOOLRQ�KHFWDUHV��,W�KDV�EHHQ�VKRZQ�WKDW�DJULFXOWXUDO�V\VWHPV�DQG�WKH�FHUHDO�LQGXVWU\�DV
SDUW�RI�WKLV��PD\�SRWHQWLDOO\�WKUHDWHQ�ELRGLYHUVLW\�DQG�HFRV\VWHP�IXQFWLRQV��7KLV�KLJKOLJKWV
WKH�QHFHVVLW\�WR�RSWLPLVH�WKH�SURGXFWLRQ�RI�ZKHDW�JUDLQ�LQ�DQ�HQYLURQPHQWDOO\�VXVWDLQDEOH
ZD\��7KH�DLP�RI�WKLV�VWXG\�ZDV�WR�HYDOXDWH�DQG�FRPSDUH�WKH�HQYLURQPHQWDO�LPSDFWV�RI
FRQYHQWLRQDO�DQG�RUJDQLF�ZKHDW�JUDLQ�SURGXFWLRQ�V\VWHPV�LQ�6LFLO\�XVLQJ�WKH�/LIH�&\FOH
$VVHVVPHQW ��/&$� �PHWKRG� �7KH�DQDO\VLV �ZDV �FRQGXFWHG�XVLQJ�GDWD �IURP����IDUPV����
FRQYHQWLRQDO�DQG���RUJDQLF��EDVHG�LQ�6LFLO\�LQ������DQG�������$��FUDGOH�WR�JDWH��V\VWHP
ERXQGDU\ �ZDV �VSHFLILHG� �$OO �ZKHDW �FXOWLYDWLRQ �DFWLYLWLHV �IURP �VRZLQJ �WR �KDUYHVW� �IXHO
FRQVXPSWLRQ �DQG �LWV �SURGXFWLRQ� �ZDWHU �FRQVXPSWLRQ �IRU �SHVWLFLGHV �GLOXWLRQ �DQG �ZDVWH
WUHDWPHQW �ZHUH �FRQVLGHUHG� �7KH �SURGXFWLRQ �RI �IHUWLOLVHUV� �VHHGV �DQG �SHVWLFLGHV� �ZKLFK
LQFOXGHV �SDFNDJLQJ �DQG �GHOLYHU\ �WR �IDUPHUV� �ZDV �DOVR �LQFOXGHG �LQ �WKH �DQDO\VLV� �)DUP
LQIUDVWUXFWXUH��PDFKLQHU\�SURGXFWLRQ��KXPDQ�ODERXU�DQG�PDLQWHQDQFH�ZHUH�H[FOXGHG��,Q
WKLV�VWXG\��\LHOG��W�KD����ZDV�XVHG�DV�WKH�IXQFWLRQDO�XQLW��)8���,Q�WKH�OLIH�F\FOH�LQYHQWRU\
VWDJH� �SULPDU\�GDWD�ZDV�FROOHFWHG�IURP�DERYH�PHQWLRQHG�IDUPV�WKURXJK�TXHVWLRQQDLUHV�
6HFRQGDU\�GDWD�IURP�(FRLQYHQW�Y�����ZHUH�XVHG�LQ�LQVWDQFHV�ZKHUH�WKH�QHFHVVDU\�SULPDU\
LQIRUPDWLRQ�ZDV�XQDYDLODEOH��7KH�DQDO\VLV�ZDV�FDUULHG�RXW�XVLQJ�6LPD3UR����������7KH�&0/�
,$�EDVHOLQH�LPSDFW�DVVHVVPHQW�PHWKRG�ZDV�XVHG��FRQVLGHULQJ����FDWHJRULHV��7KH�UHVXOWV
VKRZHG �WKDW �IRU �DOPRVW �DOO �LPSDFW �FDWHJRULHV� �FRQYHQWLRQDO �IDUPLQJ �KDG �KLJKHU
HQYLURQPHQWDO�LPSDFWV�WKDQ�RUJDQLF�IDUPLQJ��1RUPDOL]HG�UHVXOWV�VXJJHVWHG�WKDW��IRU�ERWK
V\VWHPV��PDULQH�DTXDWLF�HFRWR[LFLW\�ZDV�WKH�PRVW�DIIHFWHG�LPSDFW�FDWHJRU\��ZLWK�FDOFXODWHG
YDOXHV�UDQJLQJ�IURP�����(����WR�����(�����NJ�����'%�HT��)RU�WKH�FRQYHQWLRQDO�V\VWHP�
PRVW�RI�WKH�LPSDFW�FDWHJRULHV�ZHUH�PDLQO\�LQIOXHQFHG�E\�WUDQVSRUW�RI�DOO�SURGXFWV�DQG�E\
SHVWLFLGH�SURGXFWLRQ��HVSHFLDOO\�IRU�R]RQH�OD\HU�GHSOHWLRQ��DQG�DELRWLF�GHSOHWLRQ��7KH�RQO\
H[FHSWLRQ�ZDV�WHUUHVWULDO�HFRWR[LFLW\��ZKLFK�ZDV�PDLQO\�DIIHFWHG�E\�VHHG�SURGXFWLRQ��2QO\
HXWURSKLFDWLRQ�ZDV�SULPDULO\�DIIHFWHG�E\�WKH�FXOWLYDWLRQ�VWHS��7KH�SURGXFWLRQ�RI�SDFNDJLQJ�
OXEULFDWLQJ�RLO�DQG�ZDVWH�WUHDWPHQWV�KDG�QR�VLJQLILFDQW�LPSDFW��2YHUDOO��WKH�LPSDFWV�ZHUH
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ORZHU �IRU �WKH �RUJDQLF �IDUPV� �ZKLFK �FDQ �EH �H[SODLQHG �E\ �WKH �IDFW �WKDW �IHUWLOLVHUV �DQG
SHVWLFLGHV�ZHUH�QRW�XVHG�LQ�WKLV�V\VWHP��,Q�WKLV�FDVH��LQ�DOPRVW�DOO�FDWHJRULHV��WKH�PRVW
VLJQLILFDQW�LPSDFWV�ZHUH�UHODWHG�WR�WKH�SURGXFWLRQ�DQG�XVH�RI�GLHVHO��)XUWKHUPRUH��WKHUH
ZHUH�QR�GLIIHUHQFHV�EHWZHHQ�VHOI�SURGXFHG�VHHGV�YV��VHHGV�WKDW�ZHUH�VRXUFHG�IURP�ORFDO
SURGXFHUV� �7KH �ILQGLQJV �RI �WKLV �VWXG\ �DUH �XVHIXO �LQ �DVVHVVLQJ �VROXWLRQV �WR �UHGXFH �WKH
HQYLURQPHQWDO �LPSDFWV �UHODWHG �WR �ZKHDW �SURGXFWLRQ� �IRU �H[DPSOH �UHGXFLQJ �WKH �XVH �RI
SHVWLFLGHV �DQG �VRXUFLQJ �SURGXFWV �VXFK �DV �IHUWLOLVHUV� �SHVWLFLGHV �RU �EX\ �LW �IURP �ORFDO
SURGXFHUV�LQ�RUGHU�WR�UHGXFH�WUDQVSRUW�UHODWHG�WR�LPSDFWV�

)XQGLQJ��7KLV�ORQJ�DEVWUDFW�LV�SDUW�RI�WKH�SURMHFW�12'(6�ZKLFK�KDV�UHFHLYHG�IXQGLQJ�IURP
WKH�085�0�&������RI �3155�IXQGHG�E\�WKH�(XURSHDQ�8QLRQ�1H[W*HQHUDWLRQ(8��*UDQW
DJUHHPHQW�QR��(&6���������
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7LPH�ODSVH�,PDJH�%DVHG�0RQLWRULQJ�RI�3DVWXUH�*URZWK�LQ
$JULYROWDLF�(QYLURQPHQW�8VLQJ�*UHHQ�,QGLFHV�([WUDFWLRQ��$
3UR[LPDO�6HQVLQJ�$SSURDFK
E\�0LFKHOH�0RUHWWD�_�5LFFDUGR�5RVVL�_�0DUFR�0RULRQGR�_�0DUFR�%LQGL�_�(QULFR�3DOFKHWWL�_�*ORULD�3DGRYDQ�_
'$*5,��8QLYHUVLWd�GHJOL�6WXGL�GL�)LUHQ]H�_�'$*5,��8QLYHUVLWd�GHJOL�6WXGL�GL�)LUHQ]H�_�&15�,%(�_�'$*5,�
8QLYHUVLWd�GHJOL�6WXGL�GL�)LUHQ]H�_�'$*5,��8QLYHUVLWd�GHJOL�6WXGL�GL�)LUHQ]H�_�'$*5,��8QLYHUVLWd�GHJOL
6WXGL�GL�)LUHQ]H

$EVWUDFW�,'�����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��0LFKHOH�0RUHWWD
&RQWULEXWLRQ��3LWFK

$JULYROWDLF�V\VWHPV��$9���ZKLFK�LQWHJUDWH�DJULFXOWXUH�ZLWK�SKRWRYROWDLF�SDQHOV�IRU�HOHFWULFLW\
SURGXFWLRQ��PXVW�LQFOXGH�D�PRQLWRULQJ�V\VWHP�WR�YHULI\�WKH�LPSDFW�RI�WKH�SDQHOV�RQ�FURSV��DV
UHTXLUHG�E\�WKH�0LQLVWU\�RI�(QYLURQPHQW�DQG�(QHUJ\�6DIHW\�JXLGHOLQHV��0L7H���������,PDJH�
EDVHG�PRQLWRULQJ�XVLQJ�JUHHQQHVV�DQDO\VHV�KDV�SURYHQ�HIIHFWLYH�ERWK�DW�WKH�ODQGVFDSH�OHYHO
�%URZQ�HW�DO���������DQG�IRU�VSHFLILF�VSHFLHV��%HDPLVK�HW�DO����������7KHVH�VWXGLHV�HPSKDVL]H
WKH�FDSDELOLW\�RI�LPDJH�EDVHG�PRQLWRULQJ�WR�UHGXFH�ILHOGZRUN�GHPDQGV�ZKLOH�HQKDQFLQJ�GDWD
UHVROXWLRQ��1HYHUWKHOHVV� �WKHVH�PHWKRGV�RIWHQ�QHFHVVLWDWH�FRQVLGHUDEOH�PDQXDO�HIIRUW�WR
H[WUDFW�HFRORJLFDOO\�UHOHYDQW�GDWD��ZKLFK�FRQVWUDLQV�WKHLU�VFDODELOLW\��0DQQ��+�HW�DO���������

,Q�OLJKW�RI�WKHVH�FKDOOHQJHV��ZH�SURSRVH�DQ�LQQRYDWLYH�DSSURDFK�WR�PRQLWRU�SDVWXUH�JURZWK
LQ �DQ �$9 �HQYLURQPHQW� �XVLQJ �WLPH�ODSVH �LPDJHU\ �DQG �H[WUDFWLQJ �JUHHQ �LQGH[� �7KLV
PHWKRGRORJ\�VHUYHV�DV�D�SUR[LPDO�VHQVLQJ�WHFKQLTXH��RIIHULQJ�D�JURXQG�EDVHG�VROXWLRQ�IRU
PRQLWRULQJ�SDVWXUH�JURZWK�LQ�DUHDV�ZKHUH�RWKHU�W\SHV�RI�UHPRWH�VHQVLQJ�DUH�OLPLWHG�E\�WKH
SUHVHQFH�RI �SDQHOV� �7KH�H[SHULPHQWDO �LQYHVWLJDWLRQ�ZDV �FRQGXFWHG�LQ �D ����KHFWDUH �$9
JUDVVODQG�LQ�5DYHQQD�WKURXJKRXW�WKH������JURZLQJ�VHDVRQ��$W�WKH�VWDUW�RI�WKH�VHDVRQ���
WLPH�ODSVH�FDPHUD��6FRXW�*XDUG�%*����.����P+'��6FXEOD��ZDV�LQVWDOOHG�RQ�����P�QRUWK�
IDFLQJ�SROHV�DW�������FDSWXULQJ�DQ����P���DQJOH�DUHD�IURP�WKH�KRUL]RQWDO��LQ�HDFK�IUDPH�
,PDJHV�ZHUH�UHFRUGHG�KRXUO\�GXULQJ�GD\OLJKW��DFFRUGLQJ�WR�WKH�FDPHUDV
�DXWRPDWLF�PRGH�
IURP����'HFHPEHU������WR����1RYHPEHU�������+HUH��ZH�IRFXVHG�RQ�WKH�DQQXDO�PHDGRZ
JUDVV�JURZWK�SHULRG��LQFOXGLQJ�VSULQJ�����-XQH��DQG�VXPPHU�PRZLQJ�����$XJXVW��������
LPDJHV �VWRUHG �LQ �MSJ �IRUPDW ������ �j ����� �SL[HOV� �ZHUH �FRQVLGHUHG �LQ �WKH �VWXG\�
)XUWKHUPRUH��WR�DVVHVV�WKH�LQIOXHQFH�RQ�JUDVVODQG�SURGXFWLYLW\��V\VWHPDWLF�PRZLQJ�ZDV
SHUIRUPHG�ZLWKLQ�GHVLJQDWHG�����P�[�����P�VTXDUH�SORWV�IRU�HDFK�DUHD�DQG�)3$5�PHDVXUHG
ZLWK�D�FHSWRPHWHU��7KH�PDLQ�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WKH�H[WUDFWLRQ�RI�JUHHQ�LQGLFHV�IURP
WLPH�ODSVH�LPDJHV�WR�HVWLPDWH�WKH�SODQWV
�SKRWRV\QWKHWLFDOO\�LQWHUFHSWHG�UDGLDWLRQ��I3$5��
9DULRXV�JUHHQ�LQGLFHV�ZHUH�FDOFXODWHG�IURP�WKH�LPDJHV�XVLQJ�LPDJH�SURFHVVLQJ�WHFKQLTXHV�
7KHVH�LQGLFHV�VHUYHG�DV�SUR[LHV�IRU�YHJHWDWLRQ�KHDOWK�DQG�DOORZHG�IRU�WKH�DVVHVVPHQW�RI
SDVWXUH�JURZWK�WUHQGV��7KH�UHVXOWV�RI�RXU�LQYHVWLJDWLRQ�UHYHDOHG�VLJQLILFDQW�FRUUHODWLRQV
EHWZHHQ�VRPH�H[WUDFWHG�JUHHQ�LQGLFHV�DQG�I3$5�PHDVXUHG��7KH�WHPSRUDO�YDULDWLRQV�RI�WKH
JUHHQ�LQGLFHV�DOVR�FORVHO\�PLUURU�WKH�ELRPDVV�YDULDWLRQV�REVHUYHG�WKURXJK�ILHOG�VDPSOLQJ�
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GHPRQVWUDWLQJ �WKH �HIIHFWLYHQHVV �RI �WKH �SURSRVHG �PHWKRGRORJ\ �IRU �PRQLWRULQJ �SDVWXUH
JURZWK�LQ�WKH�$9�V\VWHP��,Q�FRQFOXVLRQ��E\�H[SORLWLQJ�JUHHQ�LQGLFHV�H[WUDFWHG�IURP�KLJK�
UHVROXWLRQ�LPDJHV��WKLV�DSSURDFK�RIIHUV�D�UHOLDEOH�DQG�FRVW�HIIHFWLYH�VROXWLRQ�IRU�DVVHVVLQJ
YHJHWDWLRQ�G\QDPLFV�DQG�ELRPDVV�DFFXPXODWLRQ�LQ�DQ�DJUL�YROWDLF�HQYLURQPHQW�
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+RZ�+DLU\�9HWFK��9LFLD�YLOORVD�5RWK���5HVLGXH�0DQDJHPHQW
$IIHFW�VRLO�&DUERQ�GLR[LGH�HPLVVLRQV�DQG�SURFHVVLQJ�WRPDWR
�6RODQXP�/\FRSHUVLFRQ�/���\LHOG
E\�4XLQWDUHOOL�9DOHQWLQD�_�%RUJDWWL�'DQLHOH�_�%HQ�+DVVLQH�0RUWDGKD�_�%DUHWWD�0DWWLD�_�5DGLFHWWL�(PDQXHOH
_�0DQFLQHOOL�5REHUWR�_�8QLYHUVLW\�RI�)HUUDUD�_�8QLYHUVLW\�RI�)HUUDUD�_�8QLYHUVLW\�RI�)HUUDUD�_�8QLYHUVLW\�RI
)HUUDUD�_�8QLYHUVLW\�RI�)HUUDUD�_�8QLYHUVLW\�RI�7XVFLD

$EVWUDFW�,'����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��4XLQWDUHOOL�9DOHQWLQD
&RQWULEXWLRQ��3RVW

5HFHQWO\��LQWHQVLYH�DJULFXOWXUDO�SUDFWLFHV�KDYH�HQDEOHG�JOREDO�IRRG�GHPDQG�WR�EH�PHW�E\
LQFUHDVLQJ�SURGXFWLYLW\�SHU�XQLW�DUHD�EXW�KDV�OHG�WR�WKH�VLPSOLILFDWLRQ�RI�DJURHFRV\VWHPV
WKURXJK�WKH�H[FHVVLYH�XVH�RI�DJURFKHPLFDOV�GHWHUPLQLQJ�D�JUDGXDO�ORVV�RI�VRLO �IHUWLOLW\�
3UHYLRXV�UHVHDUFK�VKRZHG�KRZ�KDLU\�YHWFK��9LFLD�YLOORVD�5RWK���FRXOG�SOD\�D�NH\�UROH�LQ�WKH
UHGXFWLRQ �RI �V\QWKHWLF �IHUWLOL]HUV� �HYHQ �LI� �WKH �WHUPLQDWLRQ �PHWKRGV �RI �WKH �KDLU\ �YHWFK
ELRPDVV �VKRXOG �EH �GHHSO\ �HYDOXDWHG �IRU �LPSURYLQJ �FURS �\LHOG �DQG �PLWLJDWH �VRLO �&2�

HPLVVLRQV��7KH�PDLQ�JRDO�RI�WKLV�VWXG\�LV�WR�H[DPLQH�KRZ�WKH�GLIIHUHQW�WHUPLQDWLRQ�PHWKRGV
RI�KDLU\�YHWFK�ELRPDVV�DIIHFWV�SODQW�JURZWK�DQG�IUXLW�\LHOG�DQG�PLWLJDWH�VRLO�&2��HPLVVLRQV
GXULQJ�SURFHVVLQJ�WRPDWR�JURZLQJ�VHDVRQ��7KH�H[SHULPHQW�ZDV�FDUULHG�RXW�GXULQJ�WKH�����
DW �)�O O L �%DUHWWD �IDUP �ORFDWHG �LQ �)HUUDUD� �,WDO\ ����d����������d�������� �1�
��d����������d���������(��DOWLWXGH���P���7RPDWR�SODQWV�RI�D�FRPPHUFLDO�YDULHW\��/\FRSHUVLFRQ
HVFXOHQWXP �0LOO�� �FY��+HLQ]������)��ZHUH�SURGXFHG�LQ�D�SULYDWH�QXUVHU\��([SHULPHQWDO
WUHDWPHQWV �FRQVLVWHG �RI �WKUHH �GLIIHUHQW �KDLU\ �YHWFK ��9LFLD �YLOORVD �5RWK�� �UHVLGXH
PDQDJHPHQWV���L��PRZHG�DQG�JUHHQ�PDQXUHG�DW����FP�RI�VRLO�GHSWK��*0����LL��ILQHO\�FXW�DQG
OHIW�RQ�WKH�VRLO�VXUIDFH�LQ�FRQVHUYDWLRQ�WLOODJH��KHUHDIWHU�FDOOHG�02:���DQG��LLL��ELRPDVV
WHUPLQDWHG�ZLWK�UROOHU�FULPSHU�DQG�OHIW�RQ�WKH�VRLO�VXUIDFH�DV�RUJDQLF�GHDG�PXOFK��KHUHDIWHU
FDOOHG�5&���,Q�DGGLWLRQ��D�EDUH�VRLO�WUHDWPHQW�ZDV�FXOWLYDWHG��KHUHDIWHU�FDOOHG�&���7RPDWR
SODQWV�ZHUH�WUDQVSODQWHG�XQGHU�ILHOG�FRQGLWLRQV�RQ����$SULO �������DQG�PDQDJHG�XQGHU
RUJDQLF�IDUPLQJ�SUDFWLFHV�XQWLO�WRPDWR�KDUYHVWLQJ�RQ���$XJXVW�������0HDVXUHPHQWV�RI�VRLO
&2��HPLVVLRQV��WHPSHUDWXUH�DQG�PRLVWXUH�ZHUH�GHWHUPLQHG�E\�XVLQJ�DQ�(*0���SRUWDEOH�&2�

JDV�DQDO\]HU�DQG�7'5�)LHOG6FRXW������UHVSHFWLYHO\��7KH�UHDGLQJV�ZHUH�SHUIRUPHG�HYHU\���
GD\V�WKURXJKRXW�WKH�JURZLQJ�VHDVRQ��$W�WKH�VDPH�WLPH��1'9,�UHDGLQJV�ZHUH�SHUIRUPHG�WR
DVVHVV�WRPDWR�SODQW�UHVSRQVH�E\�PHDQV�RI�5DSLG6FDQ��UHVSHFWLYHO\��5HVXOWV�RQ�VRLO�&2�

HPLVVLRQV�VKRZHG�KRZ�5&�WUHDWPHQWV�GHWHUPLQHG�UHGXFHG�HPLVVLRQV�WKURXJKRXW�WKH�WRPDWR
JURZLQJ�VHDVRQ�FRPSDUHG�ZLWK�WKH�RWKHU�WUHDWPHQWV��ZKLOH�*0�WHQGHG�WR�VKRZ�WKH�KLJK
YDOXHV��6RLO�PRLVWXUH�ZDV�KLJKHU�LQ�DOO�WHUPLQDWLRQ�WUHDWPHQWV�FRPSDUHG�ZLWK�&��HVSHFLDOO\
DW���DQG����FP�RI�VRLO�GHSWK�ZKHUH�WRPDWR�URRWV�DUH�PDLQO\�FRQFHQWUDWHG��7KH�1'9,�YDOXHV
RI �WRPDWR �SODQWV �ZDV �VLPLODU �LQ �DOO �KDLU\ �YHWFK �WUHDWPHQWV �UHJDUGOHVV �WKH �WHUPLQDWLRQ
PHWKRGV�DQG�KLJKHU�WKDQ�LQ�WKH�FRQWURO�WUHDWPHQWV��6LPLODUO\��WRPDWR�IUXLW�\LHOG�ZDV�VLPLODU
DPRQJ�WKH �KDLU\ �YHWFK �WUHDWPHQWV �WKDQ �FRQWURO� �7KH �SUHOLPLQDU\ �UHVXOWV �RI �WKLV �VWXG\
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SURYLGHG�D�EHWWHU�XQGHUVWDQGLQJ�UHODWHG�WR�WKH�FKRLFH�RI�WHUPLQDWLRQ�PHWKRG�RI�KDLU\�YHWFK
FRYHU�FURS�IRU�WRPDWR�FXOWLYDWLRQ��&RQVLGHULQJ�WKH�VLPLODU�WRPDWR�IUXLW�\LHOG��LW�LV�FRQFHLYDEOH
WR�VWDWH�WKDW�OHDYLQJ�KDLU\�YHWFK�UHVLGXHV�RQ�WKH�VRLO�VXUIDFH�DV�GHDG�PXOFKHV�PD\�EH�D
IHDVLEOH �VWUDWHJ\ �IRU �VORZLQJ �GRZQ �WKH �PLQHUDOL]DWLRQ �SURFHVV �DQG �HQKDQFLQJ �WKH
V\QFKURQL]DWLRQ �EHWZHHQ �QLWURJHQ �UHOHDVH �DQG �WRPDWR �UHTXLUHPHQWV �WKURXJKRXW �WKH
FURSSLQJ�VHDVRQ��,Q�DGGLWLRQ��WKH�HQKDQFHG�YDOXHV�RI�VRLO�PRLVWXUH��HVSHFLDOO\�LQ�02:�DQG
5&��LQGLFDWH�WKLV�DJURQRPLFDO�DSSURDFK�HQYLURQPHQWDOO\�IULHQGO\�LQ�WHUP�RI�ZDWHU�VDYLQJ
SUDFWLFH��ZKLOH�PLWLJDWH�VRLO�&2��HPLVVLRQV�
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(QKDQFLQJ�VXVWDLQDEOH�FDPHOLQD�FXOWLYDWLRQ�WKURXJK
LQWHUFURSSLQJ��D�SDWKZD\�WRZDUGV�FOLPDWH�QHXWUDOLW\
E\�(OHQD�3DJDQL�_�)HGHULFD�=DQHWWL�_�(ULND�)DFFLROOD�_�$QGUHD�0RQWL�_�8QLYHUVLW\�RI�%RORJQD�_�8QLYHUVLW\�RI
%RORJQD�_�8QLYHUVLW\�RI�%RORJQD�_�8QLYHUVLW\�RI�%RORJQD

$EVWUDFW�,'����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��(OHQD�3DJDQL
&RQWULEXWLRQ��3RVW

&OLPDWH�QHXWUDOLW\�E\������LV�WKH�XOWLPDWH�JRDO�RI�WKH�(XURSHDQ�*UHHQ�'HDO�DQG�LW�UHTXLUHV
DQ�LQFUHDVH�LQ�HQHUJ\�HIILFLHQF\�DQG�VLJQLILFDQWO\�KLJKHU�VKDUHV�RI�HQHUJ\�IURP�UHQHZDEOH
VRXUFHV�LQ�DQ�LQWHJUDWHG�HQHUJ\�V\VWHP��&DPHOLQD��&DPHOLQD�VDWLYD�/�&UDQW]�� �D�PLQRU
RLOVHHG�FURS��KDV�FXUUHQWO\�JDLQHG�DWWHQWLRQ�DV��IHHGVWRFN�IRU�UHQHZDEOH�GLHVHO�SURGXFWLRQ
IRU�VHYHUDO�UHDVRQV��VXFK�DV�LWV�KLJK�VHHG�RLO�FRQWHQW��UDQJLQJ�IURP����WR�������IDYRXUDEOH
IDWW\ �DFLG �FRPSRVLWLRQ ��VLJQLILFDQW �DPRXQW �RI �XQVDWXUDWHG �IDWW\ �DFLGV�� �UHODWLYHO\ �VKRUW
JURZLQJ�VHDVRQ��XS�WR����G���DQG�PLQLPDO�LQSXWV�UHTXLUHPHQWV�VXFK�DV�ZDWHU��IHUWLOL]HU��DQG
SHVWLFLGHV�FRPSDUHG�WR�VRPH�RWKHU�FURSV��$GGLWLRQDOO\��FDPHOLQD�FDQ�EH�XVHG�DV�D�URWDWLRQDO
FURS�LQ�DJULFXOWXUDO�V\VWHPV��SURYLGLQJ�DJURQRPLF�EHQHILWV�WR�VXEVHTXHQW�FURSV��+RZHYHU�
WKHUH�LV�D�UHVWULFWHG�XQGHUVWDQGLQJ�UHJDUGLQJ�WKH�SRVVLEOH�\LHOGV�RI�FDPHOLQD�FXOWLYDWHG
ZLWKLQ �YDULRXV �LQWHUFURSSLQJ �V\VWHPV� �,QWHUFURSSLQJ �LV �WKH �VLPXOWDQHRXV �FXOWLYDWLRQ �RI
PXOWLSOH�FURSV�LQ�WKH�VDPH�DUHD��DQG�RIIHUV�VHYHUDO�EHQHILWV�IRU�VXVWDLQDEOH�DJULFXOWXUH��HYHQ
XQGHU�RUJDQLF�IDUPLQJ��7KH�DLP�RI�WKH�VWXG\�ZDV�WR�FRPSDUH�VROH�FDPHOLQD�ZLWK�FDPHOLQD
LQWHUFURSSHG�ZLWK�SHDV��FKLFNSHDV��OHQWLOV��DQG�QDNHG�RDWV�ZLWK�UHVSHFW�WR�VHHG�\LHOG��RLO
FRQWHQW� �DQG�IDWW\ �DFLG �FRPSRVLWLRQ� �7KH�ILHOG �H[SHULPHQW �ZDV �FDUULHG �RXW �GXULQJ�WZR
JURZLQJ�VHDVRQV������������DW�WKH�RUJDQLF�H[SHULPHQWDO�IDUP�RI�WKH�8QLYHUVLW\�RI�%RORJQD
�,WDO\��LQ�2]]DQR�GHOO�(PLOLD��7KH�H[SHULPHQWDO�GHVLJQ�ZDV�D�FRPSOHWHO\�UDQGRPL]HG�EORFN
GHVLJQ�ZLWK�IRXU�UHSOLFDWHV��&DPHOLQD�ZDV�VRZQ�LQ�WZR�GLIIHUHQW�WULDOV��,��LQ�ZLQWHU�VRZLQJ�DV
VROH�FDPHOLQD��6&Z��DQG�LQWHUFURS�ZLWK�SHDV��,&S��DQG�FKLFNSHDV��,&F�� �ZKHUHDV�,,� �LQ
VSULQJ�VRZLQJ�DV�VROH�FDPHOLQD��6&V��DQG�LQWHUFURS�ZLWK�OHQWLOV��,&O���DQG�QDNHG�RDWV��,&R��
6ROH�FDPHOLQD�ZDV�URZ�VHHGHG�DW �� �NJ�KD��� �ZKLOH �LQ �WKH�LQWHUFURSSLQJ�V\VWHPV�LW �ZDV
EURDGFDVWHG�DW�KDOI�RI�WKDW�UDWH����������7KH�KDUYHVW�ZDV�FDUULHG�RXW�DW�WKH�EHJLQQLQJ�RI
-XQH�IRU�6&Z�DQG�,&S��DW�WKH�HQG�RI�-XQH�IRU�6&V�DQG�,&O��DW�WKH�EHJLQQLQJ�RI�-XO\�IRU�,&R�
DQG�DW�WKH�HQG�RI�-XO\�IRU�,&F��2QH�ZD\�$129$�ZDV�FDUULHG�RXW�IRU�HDFK�WULDO��L�H��ZLQWHU�DQG
VSULQJ���7KH�ILUVW�\HDU�UHVXOWV�VKRZHG�WKDW�6&Z�SURGXFHG�KLJKHU�VHHG�\LHOG�WKDQ�,&F�EXW�QRW
WKDQ�,&S��ZKLOH�6&V�SURGXFHG�KLJKHU�VHHG�\LHOG�RI�,&R�EXW�QRW�RI�,&O��6HHG�RLO�FRQWHQW�LQ
ZLQWHU�VRZQ�FDPHOLQD�ZDV�KLJKHU�LQ�,&S�������WKDQ�6&Z�DQG�,&F��DYHUDJH�PHDQ�RI���������
ZKLOH�LQ�VSULQJ�VRZQ�FDPHOLQD��LW�ZDV�KLJKHU�LQ�,&O�DQG�6&V��DYHUDJH�PHDQ��������WKDQ�,&R
�������� �7KH �IDWW\ �DFLG �FRPSRVLWLRQ �ZDV �DIIHFWHG �E\ �LQWHUFURSSLQJ� �EXW �WKH �REWDLQHG
GLIIHUHQFHV�ZHUH�QHJOLJLEOH��7KH�VHFRQG�\HDU�WULDO�LV�FXUUHQWO\�RQJRLQJ��DQG�DGGLWLRQDO�GDWD
ZLOO�EH�DYDLODEOH�E\�WKH�WLPH�RI�WKH�FRQIHUHQFH��,Q�FRQFOXVLRQ��LQWHUFURSSLQJ�UHVXOWHG�LQ�D
VXVWDLQDEOH�ZD\�WR�FXOWLYDWH�FDPHOLQD�ZLWK�SHDV�DQG�OHQWLOV�ZLWKRXW�UHGXFLQJ�VHHG�\LHOG�DQG
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RLO�FRQWHQW���,W�PLJKW�EH�SRVVLEOH�WR�LPSURYH�WKH�FDPHOLQD�VHHG�\LHOG�E\�UHGXFLQJ�WKH�VHHGLQJ
UDWH�RI �WKH�FRPSDQLRQ�FURS��L�H�� �FKLFNSHDV�DQG�QDNHG�RDWV�� �DLPLQJ�DW �UHGXFLQJ�WKHLU
FRPSHWLWLRQ�IRU�DYDLODEOH�UHVRXUFHV��L�H���VRLO��DQG�OLJKW��DQG�WKXV�SURPRWLQJ�WKH�JURZWK�RI
FDPHOLQD�
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/&$�PHWKRGRORJLHV�WR�DVVHVV�ELRGLYHUVLW\�LQ�DJULFXOWXUDO
V\VWHPV�ZLWK�FURS�OLYHVWRFN�LQWHUDFWLRQ
E\�+XD\DQJ�=KHQ�_�3LHWUR�*RJOLR�_�)DWHPHK�+DVKHPL�_�0D[LPH�)RVVH\�_�&KULVWHO�&HGHUEHUJ�_�+D\R�YDQ
GHU�:HUI�_�0DULH�7U\GHPDQ�.QXGVHQ�_�$DUKXV�8QLYHUVLW\�_�8QLYHUVLW\�RI�3HUXJLD�_�$DUKXV�8QLYHUVLW\�_
,'(/(�_�&KDOPHUV�8QLYHUVLW\�_�,15$(�_�$DUKXV�8QLYHUVLW\

$EVWUDFW�,'����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��3LHWUR�*RJOLR
&RQWULEXWLRQ��3RVW

$JULFXOWXUH�DSSUR[LPDWHO\�RFFXSLHV�ILYH�ELOOLRQ�KHFWDUHV������RI�WKH�ZRUOG�ODQG�VXUIDFH
DUHD��$JULFXOWXUDO�LQWHQVLILFDWLRQ��WKURXJK�ODQG�PDQDJHPHQW�FKDQJH��DQG�H[SDQVLRQ��ODQG�
XVH�FODVV�FKDQJH��KDYH�GULYHQ�JOREDO�ELRGLYHUVLW\�ORVV��+RZHYHU��QR�FRQVHQVXV�KDV�EHHQ
UHDFKHG�RQ�DVVHVVLQJ�WKH�ELRGLYHUVLW\�LPSDFWV�RI�ODQG�PDQDJHPHQW��H�J���FURS��SHVWLFLGH�
WLOODJH�PDQDJHPHQW� �ZLWK �OLIH �F\FOH �DVVHVVPHQW ��/&$�� �7KURXJK�D �V\VWHPDWLF �OLWHUDWXUH
UHYLHZ �RI �/&$ �PHWKRGV �IRU �DVVHVVLQJ �ELRGLYHUVLW\ �LPSDFWV �LQWHJUDWLQJ �SDUWLFLSDWRU\
DSSURDFKHV�LQYROYLQJ�H[SHUWV�LQ�DJURQRP\��/&$��ELRGLYHUVLW\�DQG�OLYHVWRFN�DQG�IHHG�VFLHQFH�
7KLV �VWXG\ �LQWHQGHG �WR �LQYHVWLJDWH �DQG �GHVFULEH �FKDUDFWHULVWLFV �RI �NH\ �/&$ �PHWKRGV
LGHQWLILHG�WKURXJK�H[SHUW �SDQHOV�DQG�SURYLGH�VRPH�UHFRPPHQGDWLRQV� �:H�HYDOXDWHG���
H[SHUW�VFRULQJ�EDVHG��(6%��DQG����ELRGLYHUVLW\�LQGLFDWRU�EDVHG��%,%��PHWKRGV��*HQHUDOO\�
%,%�PHWKRGV�SHUIRUPHG�EHWWHU�WKDQ�(6%�PHWKRGV�LQ�WHUPV�RI�WKH�WKUHH�FULWHULD�VFRUHV
UREXVWQHVV��FRPSOHWHQHVV��DQG�DSSOLFDELOLW\��7KH�LQYHVWLJDWHG�PHWKRGV�IRFXV�RQ�GLIIHUHQW
ELRGLYHUVLW\�ORVV�GULYHUV�DQG�YDULRXV�ELRGLYHUVLW\�OHYHOV�DQG�DVSHFWV��EXW�KDYH�LQ�FRPPRQ
WKDW �WKH\ �FRQVLGHU �OLPLWHG �ELRGLYHUVLW\ �FKDUDFWHULVWLFV �DQG �GR �QRW �UHSUHVHQW �WKH
FRPSUHKHQVLYH �ELRGLYHUVLW\ �FRQFHSW� �6L[ �RI �WKH �HYDOXDWHG �PHWKRGV �ZHUH �LGHQWLILHG �DV
VXLWDEOH�IRU�DJULFXOWXUDO�/&$��$W�WKH�JOREDO��UHJLRQDO��OHYHO��6$5����6SHFLHV�$UHD�5LFKQHVV�
�6$5���� �)XQFWLRQDO �'LYHUVLW\ �,QGH[� �DQG�&RXQWU\VLGH�6$5���ZHUH�UHFRPPHQGHG�DV�WKH
FRQVLGHU �ODQG�XVH �FODVV �FKDQJH �GXH �WR �ZDWHU �FRQVXPSWLRQ �DQG �VHYHUDO �ELRGLYHUVLW\
FKDUDFWHULVWLFV��WKUHDW�VWDWXV� �RFFXUUHQFH�RI�VSHFLHV� �DQG�KDELWDW�VXLWDELOLW\�� �)XQFWLRQDO
'LYHUVLW\�,QGH[�ZDV�WKH�RQO\�PHWKRG�ZKLFK�DVVHVVHHG�IXQFWLRQDO�ELRGLYHUVLW\�V\VWHPDWLFDOO\�
WKRXJK �VRPH �PHWKRGV �DOVR �FRQVLGHUHG �IXQFWLRQDO �ELRGLYHUVLW\ �FRDUVHO\� �H�J� �6ZLVV
$JULFXOWXUDO �/&$�%LRGLYHUVLW\�DQG�%LRGLYHUVLW\�,QWDFWQHVV�,QGH[� �$W�WKH�IDUP�OHYHO� �WKH
%LR,PSDFW �0HWULF� �6ZLVV �$JULFXOWXUDO �/&$�%LRGLYHUVLW\ ��6$/&$�%LRGLYHUVLW\�� �DQG �)X]]\
7KLQNLQJ�%LRGLYHUVLW\�$VVHVVPHQW�ZHUH�UHFRPPHQGHG��WKH�ODVW�RQH�EHLQJ�XVHU�IULHQGO\�ZLWK
VLPSOH��IHZHU��DQG�TXDQWLWDWLYH�SDUDPHWHUV�WKDW�FDQ�LQYROYH�ODQG�PDQDJHPHQW�SUDFWLFHV��$OO
WKHVH�PHWKRGV�KDG�YDULRXV�OLPLWDWLRQV�ZKLFK�LQFOXGH�OLPLWHG�DFFRXQWLQJ�RI�ODQG�PDQDJHPHQW
�H�J��SHVWLFLGH�LPSDFW��FURS�GLYHUVLILFDWLRQ���6HYHUDO�RI�WKH�/&$�PHWKRGV�LGHQWLILHG�ZHUH
GHYHORSHG�WR�DVVHVV�ELRGLYHUVLW\�LPSDFW�RXWVLGH�WKH�(XURSHDQ�FRQWLQHQW���H�J���IXQFWLRQDO
GLYHUVLW\�LQGH[��WKH�ELRLPSDFW�PHWULF��RU�IRU�D�OLPLWHG�VHW�RI�FURS�PDQDJHPHQW�SUDFWLFHV�
6$/&$�ELRGLYHUVLW\ �ZDV �WKH �/&$ �PHWKRG �ZKLFK �FRQVLGHU �D �EURDGHU �UDQJH �RI �ODQG
PDQDJHPHQW �SUDFWLFHV ��H�J� �IHUWLOL]HU �DSSOLFDWLRQ� �FURS �GLYHUVLILFDWLRQ� �JUDVVODQG
PDQDJHPHQW� �SHVWLFLGH �XVH�� �:H �UHFRPPHQG �WR �XVH �GLIIHUHQW �PHWKRGV �WR �FRPSDUH �RU
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FRPSOHPHQW�ELRGLYHUVLW\�DVVHVVPHQWV��$Q�LPSRUWDQW�DVSHFW�ZKHQ�FKRRVLQJ�PHWKRGV�LV�KRZ
WKH�PHWKRG�IRU�DOO�FXOWLYDWLRQ�SURFHVVHV�LQ�FRPSOH[�SURGXFWLRQ�V\VWHPV��)RU�VRPH�UHJLRQV��LW
LV�HQFRXUDJHG�WR�GHYHORS�QHZ�PHWKRGV�EDVHG�RQ�WKH�FXUUHQW�PHWKRGRORJLFDO�IUDPHZRUNV�
)XWXUH�VWXGLHV�VKDOO�����WUHDW�ODQG�PDQDJHPHQW�DV�D�ELRGLYHUVLW\�ORVV�GULYHU�DQG�PRGHO�LWV
GLUHFW �ELRGLYHUVLW\ �LPSDFWV �DW �WKH �PLGSRLQW �OHYHO� ���� �,QFOXGH �PRUH �ELRGLYHUVLW\
FKDUDFWHULVWLFV �WR �EHWWHU �UHIOHFW �ELRGLYHUVLW\�V �PXOWLGLPHQVLRQDOLW\� ���� �LQWHJUDWH�SRVLWLYH
ELRGLYHUVLW\�LPSDFWV�UHODWHG�WR�DJURHFRORJLFDO�SUDFWLFHV������HVWDEOLVK�D�VHQVLEOH�PHWKRG�IRU
HYDOXDWLQJ �ODQG �PDQDJHPHQW �SUDFWLFHV �LQ �/&$ �ELRGLYHUVLW\ �LPSDFW �DVVHVVPHQW� ����
KDUPRQL]H�WKH�PHWKRGV�RI�PRGHOLQJ�ODQG�PDQDJHPHQW�SUDFWLFHV�ZLWK�WKH�RWKHU�ELRGLYHUVLW\
LPSDFW �DVVHVVPHQW �PHWKRGV� �7KLV �UHVHDUFK �UHYLHZHG�WKH �VWDWH�RI�WKH�DUW� �LGHQWLILHG �WKH
UHVHDUFK�QHHGV��DQG�ZLOO�FRQWULEXWH�WR�WKH�PHWKRGRORJ\�LPSURYHPHQW�RI�LQFRUSRUDWLQJ�ODQG
PDQDJHPHQW�LQWR�/&$�
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+LJK�SHUIRUPDQFH�DQG�VWDEOH�EUHDG�ZKHDW�YDULHWLHV
UHVSRQVHV�XQGHU�PXOWL�HQYLURQPHQWDO�WULDO�XVLQJ�$00,�DQG
**(�PRGHOV
E\�0RKDPHG�$OODP�_�0DULDP�$WDLW�_�(PDQXHOH�5DGLFHWWL�_�5REHUWR�0DQFLQHOOL�_�'LSDUWLPHQWR�GL�6FLHQ]H
$JUDULH�H�)RUHVWDOL��'$)1(���8QLYHUVLWd�GHJOL�6WXGL�GHOOD�7XVFLD�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH�H
)RUHVWDOL��'$)1(���8QLYHUVLWd�GHJOL�6WXGL�GHOOD�7XVFLD�_�'LSDUWLPHQWR�GL�6FLHQ]H�&KLPLFKH�
)DUPDFHXWLFKH�H�$JUDULH��'2&3$6���8QLYHUVLWd�GHJOL�6WXGL�GL�)HUUDUD�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH�H
)RUHVWDOL��'$)1(���8QLYHUVLWd�GHJOL�6WXGL�GHOOD�7XVFLD

$EVWUDFW�,'����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��5REHUWR�0DQFLQHOOL
&RQWULEXWLRQ��3RVW

&OLPDWH�FKDQJH�DQG�WKH�ZRUOGZLGH�ZDUPLQJ�KDYH�EHFRPH�D�FKDOOHQJH�IRU�WKH�JOREH�WR
VXVWDLQ �HDUWK
V �UHVRXUFHV� �7KH �LQGXVWULDO� �DJULFXOWXUDO� �DQG�HFRQRPLF �DFWLYLWLHV �WR �PHHW
FRQVXPHU �GHPDQGV �KDYH �VLJQLILFDQWO\ �FRQWULEXWHG �WR �WKHVH �FLUFXPVWDQFHV� �'LIIHUHQW
SHUIRUPDQFH�RI �JHQRW\SHV�DFURVV�GLIIHUHQW �HQYLURQPHQWV�LV �UHIHUUHG�WR�DV �JHQRW\SH�E\
HQYLURQPHQW �LQWHUDFWLRQ ��*j(�� �:KHDW �FURS �YDULHWLHV �UHVSRQG �GLIIHUHQWO\ �WR �GLIIHUHQW
JURZLQJ�FRQGLWLRQV�LPSO\LQJ�WKDW�WKH�FRUUHFW�FKRLFH�RI�YDULHWLHV�E\�JURZHUV�LV�QHFHVVDU\�IRU
VSHFLILF�SURGXFWLRQ�FRQGLWLRQV��WR�DYRLG�ORVVHV�GXH�WR�JHQRW\SH�j�HQYLURQPHQW�LQWHUDFWLRQV
�*j(���7KH�PDLQ�WKUHDW�IRU�ZKHDW�FURS�LQ�(XURSH�LV�WKH�DOWHULQJ�RI�WKH�HQYLURQPHQWDO
FRQGLWLRQV �ZKLFK �FDQ �JUHDWO\ �DIIHFW �WKH �SURGXFWLYLW\ �LQ �FRPLQJ �\HDUV� �7KHUHIRUH� �WKH
HYDOXDWLRQ�DQG�VHOHFWLRQ�RI�VXLWDEOH�SODQW�YDULHW\�LV�D�FULWLFDO�VWHS�IRU�LGHQWLI\LQJ�WKH�VFRSH�RI
JHQRW\SH�LQ�JLYHQ�HQYLURQPHQW��0RUHRYHU��WKH�LPSDFW�RI�FOLPDWH�FKDQJHV�LV�FKDQJLQJ�WKH
G\QDPLFV�RI�DJULFXOWXUDO�DFWLYLWLHV��HVSHFLDOO\�LQ�WKH�0HGLWHUUDQHDQ�DUHD��DV�LW�KDV�EHHQ
ODEHOOHG �DV �D �KRWVSRW �IRU �FOLPDWH �FKDQJH� �7KLV �VXJJHVWV �D �QHHG �IRU �LPSURYHG �QRYHO
DJULFXOWXUDO�SUDFWLFHV�DQG�XVH�RI�HFR�IULHQGO\�DSSURDFKHV�IRU�VXVWDLQDEOH�FURS�SURGXFWLRQ��,Q
WKLV �VWXG\� �WKH �UHODWLYH �SHUIRUPDQFH �RI �HLJKW �FRPPHUFLDO �EUHDG �ZKHDW �YDULHWLHV �ZHUH
LQYHVWLJDWHG�RYHU�WZR�VXFFHVVLYH�JURZLQJ�VHDVRQV����������DQG����������DW�IRXU�ORFDWLRQV
UHSUHVHQWLQJ ��� �HQYLURQPHQWV� �WZR �DJURHFRORJLFDO �]RQHV �RI �(XURSH ��QRUWK �DQG �FHQWUDO
(XURSH���9DULHWLHV�ZHUH�WHVWHG�XQGHU�WKUHH�OHYHOV�RI�IXQJLFLGH�DSSOLFDWLRQ��7UHDWPHQW��
�)8//��FRQVLVWHG�RI�WZR�DSSOLFDWLRQ�RI�IXQJLFLGHV��6HJXULV�;WUD�DW�GRVH�RI���/�KD�DW�VWHP
HORQJDWLRQ�VWDJH�DQG�WKH�VHFRQG�DSSOLFDWLRQ�RI�3URVDUR�DW�D�GRVH�RI���/�KD�DW�IORZHULQJ
VWDJH� �7UHDWPHQW����237,080��FRQVLVWHG�RI �RQO\�WKH�VHFRQG�DSSOLFDWLRQ�RI �3URVDUR�DW
IORZHULQJ �VWDJH ��� �/�KD�� �7UHDWPHQW �� ��0,1,0$/� �ZDV �QR �IXQJLFLGHV �DSSOLFDWLRQ
�&21752/���7LPLQJV�DQG�VSOLW�GRVH�RI�IXQJLFLGH�WUHDWPHQWV�DV�DSSOLHG�LQ�WKH�VWXG\�DUH
FRPPRQ�SUDFWLFH�DW�HDFK�ORFDWLRQ��7UHDWPHQWV�DQG�YDULHWLHV�ZHUH�DUUDQJHG�LQ�D�VSOLW�SORW
GHVLJQ�DQG�UHSOLFDWHG�WKUHH�WLPHV� �&KDUDFWHULVWLFV�VXFK�DV�JUDLQ�\LHOG��*<�� �QXPEHU�RI
VSLNHV�SHU�P���61���JUDLQ�QXPEHU�SHU�VSLNH��*1���DQG�WHVW�ZHLJKW��7:��ZHUH�HYDOXDWHG��7KH
$GGLWLYH�PDLQ�HIIHFWV�DQG�PXOWLSOLFDWLYH�LQWHUDFWLRQ��$00,��DQG�*HQRW\SH�PDLQ�HIIHFW��*�
SOXV �JHQRW\SH�E\�HQYLURQPHQW �LQWHUDFWLRQ��*j(���**(��PRGHOV �ZHUH�XVHG�WR �YLVXDOL]H
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JHQRW\SHV�DQG�HQYLURQPHQWV�XVLQJ�ELSORWV�WKDW�KHOS�WR�H[SODLQ�WKH�*j(�LQWHUDFWLRQ��$OVR��WKH
SKHQRW\SLF�VWDELOLW\�ZDV�HYDOXDWHG�XVLQJ�:HLJKWHG�$YHUDJH�RI�$EVROXWH�6FRUHV��:$66%<�
LQGH[�ZKLFK�DOORZV�ZHLJKWLQJ�EHWZHHQ�WKH�SHUIRUPDQFH�DQG�VWDELOLW\�RI�WKH�YDULHW\��0XOWL�
HQYLURQPHQW�H[SHULPHQWV�UHSUHVHQW�DQ�LPSRUWDQW�VWHS�LQ�SODQW�EUHHGLQJ��ZKHUH�$00,�DQG
**(�PRGHO�DUH�VLJQLILFDQW�WRROV�WR�VHOHFW�JHQRW\SHV�ZLWK�KLJK�DGDSWDELOLW\�DQG�VWDELOLW\�
)XQJLFLGH�DSSOLFDWLRQ�ZDV�QRW �HIIHFWLYH �WR �LPSURYH�JUDLQ �\LHOG �DQG�TXDOLW\ �SDUDPHWHUV
FRPSDUHG�WR�QRQ�WUHDWHG�SODQWV�IRU�WKH�FRQVLGHUHG�FRPPHUFLDO�YDULHWLHV�RI�EUHDG�ZKHDW��7KH
VWXG\�UHYHDOHG�WKDW�*j(�LQWHUDFWLRQ�ZDV�DQ�LPSRUWDQW�VRXUFH�RI�ZKHDW�\LHOG�YDULDWLRQV��DQG
:$66%<�LQGH[�ZDV�DEOH�WR�GLVFULPLQDWH�DPRQJ�WKH�VWXGLHG�YDULHWLHV��7KH�VWXG\�VXJJHVWHG
SURPLVLQJ�FDQGLGDWHV�RI�EUHDG�ZKHDW�IRU�KLJK�DQG�VWDEOH�SURGXFWLRQ�XQGHU�VWXG\�FRQGLWLRQV�
ZLWK�WKH�SRWHQWLDO�IRU�WKHLU�XVH�LQ�IXUWKHU�VWXGLHV�
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6XVWDLQDEOH�ELRPDVV�SRWHQWLDO�UHVRXUFHV�DQG�DYDLODELOLW\�LQ
(XURSH�DQG�LQ�,WDO\��IRU�ELRHQHUJ\�DQG�QHZ�ELRIXHOV�
E\�/LVD�&DWXUHJOL�_�$ULDQQD�%DOGLQHOOL�_�6LOYLD�7DYDULQL�_�/HRQDUGR�7RJQRWWL�_�$ULVWLGH�*LXOLDQR�_�1LFROD
3LHUUR�_�,VDEHOOD�'H�%DUL�_�/XFLDQD�*��$QJHOLQL�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW�
8QLYHUVLW\�RI�3LVD�_�'HSDUWPHQW�RI�&LYLO�DQG�,QGXVWULDO�(QJLQHHULQJ��8QLYHUVLW\�RI�3LVD�_�'HSDUWPHQW�RI
$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�3LVD��9LD�GHO�%RUJKHWWR�����������3LVD��,WDO\�_
'HSDUWPHQW�RI�&LYLO�DQG�,QGXVWULDO�(QJLQHHULQJ��8QLYHUVLW\�RI�3LVD�_�(1($��,WDOLDQ�1DWLRQDO�$JHQF\�IRU
1HZ�7HFKQRORJLHV��(QHUJ\�DQG�6XVWDLQDEOH�(FRQRPLF�'HYHORSPHQW�_�(1($��,WDOLDQ�1DWLRQDO�$JHQF\�IRU
1HZ�7HFKQRORJLHV��(QHUJ\�DQG�6XVWDLQDEOH�(FRQRPLF�'HYHORSPHQW�_�(1($��,WDOLDQ�1DWLRQDO�$JHQF\�IRU
1HZ�7HFKQRORJLHV��(QHUJ\�DQG�6XVWDLQDEOH�(FRQRPLF�'HYHORSPHQW�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG
DQG�(QYLURQPHQW��8QLYHUVLW\�RI�3LVD

$EVWUDFW�,'����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��/LVD�&DWXUHJOL
&RQWULEXWLRQ��3RVW

7KH�UHYLVHG�(XURSHDQ�5HQHZDEOH�(QHUJ\�'LUHFWLYH��5('�,,,��XSGDWHV�LWV�OLVW��$QQH[�,;��RI
DSSURYHG�UDZ�PDWHULDOV�DQG�ELRZDVWH�IRU�ELRHQHUJ\�SURFHVVHV��LQFOXGLQJ�ELRIXHOV�DQG�RWKHU
HQHUJ\ �GHULYDWLYHV� �7R �VXSSRUW �WKH �GHYHORSPHQW �RI �ORFDO �ELRIXHO �DQG �ELRHQHUJ\ �VXSSO\
FKDLQV��D�FRPSUHKHQVLYH�*,6�EDVHG�GDWDEDVH�LV�HVVHQWLDO�IRU�LGHQWLI\LQJ�WKH�PRVW�SURPLVLQJ
ELRPDVV�EDVHG �SURFHVVHV �LQ �HDFK �UHJLRQ� �7KLV �UHTXLUHV �FROOHFWLQJ �ERWK �TXDOLWDWLYH �DQG
TXDQWLWDWLYH �GDWD �RQ �VLJQLILFDQW �IHHGVWRFNV� �&XUUHQWO\� �WKHUH �LV �QR �FRPSUHKHQVLYH
LQIRUPDWLRQ �UHSRVLWRU\ �IRU �PDQDJLQJ �VSHFLILF �IHHGVWRFNV �DQG �RWKHU �ELR�ZDVWH ��VXFK �DV
ELRPDVV �DQG �ELRZDVWH� �RU �FURSV �JURZQ �RQ �VHYHUHO\ �GHJUDGHG �ODQG�� �'HWHUPLQLQJ �WKH
KDUYHVWLQJ�SRWHQWLDO�DQG�VHDVRQDOLW\�RI�WKHVH�UHVRXUFHV�LV�FUXFLDO��7KH�HQKDQFHPHQW�DQG
H[SDQVLRQ�RI�WKH�%LRPDVV�$WODV�LVVXHG�E\�(1($�LV�WKH�ILUVW�VWHS�WRZDUGV�GHILQLQJ��DQDO\]LQJ�
DQG�RSWLPL]LQJ�ELRHQHUJ\�VXSSO\�FKDLQV�ZLWK�D�UHJLRQDO�IRFXV��7KH�JRDO�LV�WR�FUHDWH�DQ
LPSOHPHQWDWLRQ�IUDPHZRUN�IRU�WKH�ELRHQHUJ\�SURFHVVHV�DGGUHVVHG�LQ�6SRNH����%LRHQHUJ\
DQG�1HZ�%LRIXHOV�IRU�6XVWDLQDEOH�)XWXUH��1HWZRUN���(QHUJ\�6XVWDLQDEOH�7UDQVLWLRQ��1(67�
ZLWKLQ�WKH�3155��7KH�SURSRVHG�PHWKRGRORJ\�DLPV�WR�PDS�FURSV�JURZQ�RQ�PDUJLQDO�ODQG
DQG�DVVHVV�ELR�ZDVWH�DYDLODELOLW\�UHOHYDQW�WR�DFKLHYH�5('�,,,�JRDOV��ZLWK�WKH�REMHFWLYH�RI
HVWDEOLVKLQJ�D�GHWDLOHG�OLVW�RI�SURPLVLQJ�LQGXVWULDO�FURSV�IRU�PDUJLQDO�ODQGV��7KH�FRUH�DFWLYLW\
LQYROYHV�GDWD�FROOHFWLRQ�DQG�DQDO\VLV�IURP�UHVHDUFK�SURMHFWV�RU�GLUHFW�VXUYH\V�LQWHUYLHZV�
5HJDUGLQJ�PDUJLQDO�ODQG�FURSV�PDSSLQJ��WKH�PHWKRGRORJ\�UHOLHV�RQ�LQIRUPDWLRQ�UHVXOWV�IURP
QDWLRQDO��(XURSHDQ��DQG�LQWHUQDWLRQDO�SURMHFWV�RQ�HQHUJ\�FURSV�JURZQ�RQ�GHJUDGHG�PDUJLQDO
ODQGV��$�NH\�UHVXOW�LV�D�GDWDEDVH�IRU�PDUJLQDO�ODQG�FURSV�LQ�,WDO\�DQG�(8��7KLV�GDWDEDVH
LGHQWLILHV�WKH�PRVW�VXLWDEOH�FURSV�IRU�PDUJLQDO�GHJUDGHG�ODQGV��DLPLQJ�WR�GHILQH�DJURQRPLF
WHFKQLTXHV�DQG�LQQRYDWLYH�SURFHVVHV�IRU�REWDLQLQJ�ORZ�,/8&��,QGLUHFW�/DQG�8VH�&KDQJH�
ULVN�DJUL�IHHGVWRFNV��HQVXULQJ�QR�FRPSHWLWLRQ�ZLWK�WKH�IRRG�VXSSO\�FKDLQ��7KH�VHOHFWLRQ�RI
ELRPDVVHV �SURPRWHV �FLUFXODU� �HIILFLHQW� �DQG �VXVWDLQDEOH �SURGXFWLRQ �FKDLQV �IURP �ERWK
HFRQRPLF�DQG�VRFLDO�SHUVSHFWLYHV��7KH�GDWDEDVH�LV�FRPSRVHG�E\��,��D�WDEOH�LQFOXGLQJ���
LQGXVWULDO�FURSV�EHORQJLQJ�WR�GLIIHUHQW�SODQW�FDWHJRULHV��RLOVHHG��ILEHU�FURS��OLJQRFHOOXORVLF�
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DQG�ZRRG\�FURSV��VHOHFWHG�IRU�WKHLU�VXLWDELOLW\�WR�EH�JURZQ�RQ�PDUJLQDO�ODQGV��7KH�WDEOH
LQFOXGHV �QDPH� �RULJLQ� �SRWHQWLDO �(XURSHDQ �FXOWLYDWLRQ �VLWHV� �UHDVRQV �IRU �FXOWLYDWLRQ �RQ
PDUJLQDO�ODQGV��FURS�FDWHJRU\��DQG�PDUNHW�SURGXFWV���DORQJ�ZLWK�ELEOLRJUDSKLF�UHIHUHQFHV�
,,��D�GDWDVHW�UHODWHG�WR�QRQ�(8�SURMHFWV�RQ�LQQRYDWLYH�FURSSLQJ�V\VWHPV�IRU�PDUJLQDO�ODQGV�
7KLV�FRPSUHKHQVLYH�DSSURDFK�VXSSRUWV�DQG�HQKDQFHV�ELRHQHUJ\�VXSSO\�FKDLQV��FRQWULEXWLQJ
WR�D�VXVWDLQDEOH�HQHUJ\�IXWXUH�DV�HQYLVLRQHG�E\�5('�,,,�DQG�WKH�3155��$FNQRZOHGJPHQW�
3URMHFW �IXQGHG �XQGHU �WKH �1DWLRQDO �5HFRYHU\ �DQG �5HVLOLHQFH �3ODQ ��1553�� �0LVVLRQ ��
&RPSRQHQW �� �,QYHVWPHQW ���� �� �&DOO �IRU �WHQGHU �1R� ����� �RI ����������� �RI �0LQLVWHUR
GHOO�8QLYHUVLWk�H�GHOOD�5LFHUFD��085���IXQGHG�E\�WKH�(XURSHDQ�8QLRQ���1H[W*HQHUDWLRQ(8�
3URMHFW�FRGH�3(���������&RQFHVVLRQ�'HFUHH�1R�������RI������������DGRSWHG�E\�0LQLVWHUR
GHOO�8QLYHUVLWk�H�GHOOD�5LFHUFD��085���&83���,��&�������������3URMHFW�WLWOH��1HWZRUN��
(QHUJ\�6XVWDLQDEOH�7UDQVLWLRQ���1(67��
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6\VWHP�EDVHG�3UHFLVLRQ�$JULFXOWXUH�IRU�6XVWDLQDEOH�&URS
3URGXFWLRQ
E\�'DYLGH�&DPPDUDQR�_�'HSDUWPHQW�RI�$JURHFRORJ\��L&OLPDWH��&%,2��$DUKXV�8QLYHUVLW\��7MHOH��'HQPDUN

$EVWUDFW�,'����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��'DYLGH�&DPPDUDQR
&RQWULEXWLRQ��3RVW

7KH�PDMRU�FKDOOHQJH�DGGUHVVHG�LV�WKH�V\VWHPLF�PLVPDQDJHPHQW�RI�QLWURJHQ��1��IHUWLOL]HU�LQ
DJULFXOWXUDO�ILHOGV�OHDGLQJ�WR�SUREOHPV�VXFK�DV�OHDFKLQJ�RI�QLWUDWHV�LQWR�JURXQGZDWHU�DQG
HPLVVLRQ �RI �KDUPIXO �JUHHQKRXVH �JDVHV� �'LJLWDO �WHFKQRORJLHV �DUH �FRPPHUFLDOL]HG �LQ
DJULFXOWXUH��DYDLODEOH�IURP�WKH�HDUO\�����V��EXW�KDYH�IDLOHG�ZLWK�1�IHUWLOL]DWLRQ��'HVSLWH
DJULFXOWXUH�LV�WKH�OHDVW�GLJLWL]HG�VHFWRU��DV�KLJKOLJKWHG�DW�WKH�ODVW�:RUOG�(FRQRPLF�)RUXP��WR
PDNH�D�UHOLDEOH�UHFRPPHQGDWLRQ��UHVHDUFKHUV�QHHG�WR�H[WUDFW�DQG�VLPSOLI\�FRPSOH[�VFLHQFH
LQWR �SUDFWLFDO �DQG �UHOHYDQW �LQIRUPDWLRQ �HQDEOLQJ �DGYLVRUV �DQG �IDUPHUV �WR �XVH �VXFK
LQIRUPDWLRQ�WR�PDNH�1�UHFRPPHQGDWLRQV�IRU�LQGLYLGXDO�ILHOGV��%XW�VHYHUH�ERWWOHQHFNV�LQ
UHVHDUFK��GHYHORSPHQW�DQG�DSSOLFDWLRQ�RI�SUHFLVLRQ�DJULFXOWXUH�FDXVH�NH\�UHVHDUFK�WR�EH
GLVFRQQHFWHG��:LWK�WKLV�SURMHFW�ZH�SURSRVH�WR�GHYHORS�D�IUDPHZRUN�WKDW�H[SORUHV�DQG�ILOOV
WKH�JDSV�ZLWKLQ�WKH�V\VWHP��:H�IRFXV�RQ�ZD\V�WR�D�VWUDWHJLF�DQG�WDFWLFDO�1�PDQDJHPHQW�WKDW
PD[LPL]HV�IDUPHUV��LQFRPH�DQG�PLQLPL]H�1�OHDFKLQJ�DQG�JUHHQKRXVH�HPLVVLRQV��7KH�PDLQ
RXWFRPH�RI�WKH�SURMHFW�LV�D�UHVHDUFK�LQIUDVWUXFWXUH��2Q�)DUP�([SHULPHQWDWLRQ�DQG�2Q�)DUP
5HVHDUFK��HQFRXUDJLQJ�LQYROYHPHQW�RI�NH\�VWDNHKROGHUV�WKDW�ZLOO�JHQHUDWH�WKH�GDWD�QHHGHG
IRU �WKLV �EHWWHU �XQGHUVWDQGLQJ� �7KH �SURMHFW �ZLOO �VKRZ �D �ZD\ �LQ �ZKLFK �IDUPHUV �FDQ
VXEVWDQWLDOO\�ORZHU�WKH�HQYLURQPHQWDO�IRRWSULQWV�ZKLOH�PDLQWDLQLQJ�HFRQRPLF�YLDELOLW\��7KLV
UHVHDUFK�LQIUDVWUXFWXUH�ZLOO �DOVR�EH�XVHG�EH\RQG�WKLV�SURSRVHG�SURMHFW�WR�LQFOXGH�RWKHU
DJURQRPLF�LVVXHV��H�J��DJURFKHPLFDOV��ZHHGV�PDQDJHPHQW��DQG�IRU�HGXFDWLRQDO�SXUSRVHV�
7KH�REMHFWLYHV�RI�WKH�SURSRVHG�SURMHFW�DUH��L��'HYHORSLQJ�D�1�PDQDJHPHQW�V\VWHP�WKDW
PLQLPL]HV�1�ORVVHV�LQ�DUDEOH�IDUPLQJ��7KLV�LV�DFKLHYHG�E\�FRPELQLQJ�VHQVLQJ�RI�VRLO�DQG�FURS
DW �KLJK �VSDWLDO �DQG �WHPSRUDO �UHVROXWLRQ �ZLWK �FURS�VRLO �PRGHOV� �LL� �6WUHQJWKHQLQJ
FROODERUDWLRQ�DPRQJ�VRLO�DQG�SODQW�UHVHDUFK�RQ�SUHFLVLRQ�DJULFXOWXUH�ZLWKLQ�'HQPDUN�DLPHG
DW�VXSSRUWLQJ�WKH�JUHHQ�WUDQVLWLRQ��LLL��&DSDFLW\�EXLOGLQJ�WKURXJK�HVWDEOLVKLQJ�D�ORQJ�WHUP
RQ�IDUP �H[SHULPHQWDWLRQ �SODWIRUP �WKDW �VXSSRUWV �UHVHDUFK� �WHDFKLQJ �DQG �VWDNHKROGHU
LQWHUDFWLRQV� �7KH �PDLQ �QRYHOW\ �RI �WKH �SURMHFW �LV �WKDW �REVHUYDWLRQV �DQG �PRGHOLQJ �DUH
FRPELQHG�XVLQJ�D�GLJLWDO�WZLQ��'7��DSSURDFK��$�'7�SURYLGHV�QRW�RQO\�D�UHDO�WLPH��XS�WR�GDWH
YLHZ�RI�WKH�VWDWH�RI�FURS�DQG�VRLO��EXW�DOVR�DOORZV�WR�PDNH�SUHGLFWLRQV�DERXW�IXWXUH�VWDWHV�RI
WKH�V\VWHP�XQGHU�GLIIHUHQW�PDQDJHPHQW�RSWLRQV�
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5HVSRQVHV�RI�EUHDG�ZKHDW�\LHOG�WR�ORQJ�WHUP������������
IHUWLOL]DWLRQ�UHJLPHV�XQGHU�GLIIHUHQW�URWDWLRQV
E\�6DUD�%RVL�_�/RUHQ]R�1HJUL�_�*LXOLD�2OLYHWL�_�5RFFR�(QULFR�6IHUUD]]D�_�0DUFR�6DQJLRUJL�_�)UDQFHVFD
9HQWXUD�_�*XLGR�%DOGRQL�_�*LRYDQQL�'LQHOOL�_�$OPD�0DWHU�6WXGLRUXP�8QLYHUVLWd�GL�%RORJQD�_�$OPD�0DWHU
6WXGLRUXP�8QLYHUVLWd�GL�%RORJQD�_�$OPD�0DWHU�6WXGLRUXP�8QLYHUVLWd�GL�%RORJQD�_�$OPD�0DWHU�6WXGLRUXP
8QLYHUVLWd�GL�%RORJQD�_�$OPD�0DWHU�6WXGLRUXP�8QLYHUVLWd�GL�%RORJQD�_�$OPD�0DWHU�6WXGLRUXP�8QLYHUVLWd
GL�%RORJQD�_�$OPD�0DWHU�6WXGLRUXP�8QLYHUVLWd�GL�%RORJQD�_�$OPD�0DWHU�6WXGLRUXP�8QLYHUVLWd�GL�%RORJQD

$EVWUDFW�,'����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��*LRYDQQL�'LQHOOL
&RQWULEXWLRQ��3RVW

7KH�GHVLJQ�RI�D�FURSSLQJ�V\VWHP�WKDW�JLYHV�KLJK�DQG�VWDEOH�FURS�\LHOGV�LV�FUXFLDO�WR�HQVXUH
IRRG�VHFXULW\�IRU�WKH�JURZLQJ�ZRUOG�SRSXODWLRQ�XQGHU�WKH�RQJRLQJ�FOLPDWLF�FKDQJH��$OVR��WR
VDYH�WKH�3ODQHW��WKH�HIILFLHQF\�RI�DJURQRPLF�LQSXWV�PXVW�EH�LQFUHDVHG��7R�GHWHFW�WKHLU�HIIHFWV
RQ�FURS�\LHOGV��ORQJ�WHUP�ILHOG�H[SHULPHQWV��/7(V��DUH�QHHGHG��7KH�SDSHU�GLVFXVVHV�WKH
\LHOGV�RI�ZKHDW��7ULWLFXP�DHVWLYXP�/���WKDW�ZHUH�REWDLQHG�IURP������WR������LQ�DQ�/7(
SHUIRUPHG�LQ�WKH�H[SHULPHQWDO�IDUP�RI�WKH�8QLYHUVLW\�RI�%RORJQD��,W�FRPSDUHV�PLQHUDO�DQG
RUJDQLF�IHUWLOL]DWLRQV�ZLWKLQ�WKUHH�FURS�URWDWLRQV�LQ�D�VSOLW�SORW�GHVLJQ�ZLWK�WZR�UHSOLFDWHV�
7KH�URWDWLRQV�ZHUH�FRQWLQXRXV�ZKHDW��D�ELHQQLDO�URWDWLRQ��ZKHDW�FRUQ��=HD�PD\V�/����DQG�D
��\HDU �URWDWLRQ ��DOIDOID ��0HGLFDJR �VDWLYD �/���DOIDOID�DOIDOID�FRUQ�ZKHDW�FRUQ�ZKHDW�FRUQ�
ZKHDW���7KH�IHUWLOL]HU�WUHDWPHQWV�ZHUH�XQIHUWLOL]HG�FRQWURO��1�������0J�KD���):�RI�FDWWOH
PDQXUH ��0�1��� �WZR �UDWHV �RI �XUHD ����� �DQG ���� �NJ �1 �KD��� �ZLWKRXW ��1� �DQG �1��
UHVSHFWLYHO\�� �DQG�ZLWK�WKH�PDQXUH�DGGLWLRQ��0�1��DQG�0�1��� �7KH�QLWURJHQ�XVH�ZDV
FDOFXODWHG�DV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�JUDLQ�\LHOGV�RI�IHUWLOL]HG�DQG�FRQWURO�SORWV��GLYLGHG
E\�WKH�UDWH�RI�WKH�DSSOLHG�QLWURJHQ��DJURQRPLF�HIILFLHQF\��E\�)DJHULD�DQG�%DOLJDU���������7KH
1�DSSOLFDWLRQ�ZLWK�PDQXUH�ZDV�JLYHQ�D�VWDQGDUG�YDOXH�RI��������2Q�DYHUDJH��WKH���\HDU
URWDWLRQ�JDYH�D�ZKHDW�\LHOG�LQFUHDVH�RI�����DQG�����ZLWK�UHVSHFW�WR�FRQWLQXRXV�ZKHDW�DQG
WR�WKH���\HDU�URWDWLRQ��UHVSHFWLYHO\��0DQXUH�LQFUHDVHG�\LHOG�E\�����DQG�WKH�WZR�UDWHV�RI
XUHD�ZLWK�QR�PDQXUH�E\�����DQG������FRPSDUHG�WR�XQIHUWLOL]HG�FRQWURO��,Q�WKH���\HDU
URWDWLRQ�1�DJURQRPLF�HIILFLHQF\��������ZDV�KLJKHU�WKDQ�LQ�FRQWLQXRXV�ZKHDW��������DQG�LQ
WKH���\HDU�URWDWLRQ���������7KH�ORZHVW�UDWH�RI�XUHD�ZDV�DOZD\V�WKH�PRVW�HIIHFWLYH��,Q�WKH���
\HDU�URWDWLRQ�WKLV�ZDV�HYLGHQW�LQ�ZKHDW�JURZQ���DQG���\HDUV�DIWHU�DOIDOID��EXW�WKH�GLIIHUHQFH
ZDV�VOLJKW�DIWHU���\HDUV�IURP�WKH�OH\�WHUPLQDWLRQ��7KH�\HDUO\�YDULDELOLW\�RI�ZKHDW�\LHOG�DQG
DJURQRPLF�1�HIILFLHQF\�XQGHU�WKH�YDULRXV�PDQDJHPHQWV��H[SUHVVHG�DV�&9���ZHUH�HYDOXDWHG
FRQVLGHULQJ�DQQXDO�UDLQIDOO�DQG�PHDQ�WHPSHUDWXUHV��7KH�KLJKHVW�YDULDELOLWLHV�RI�\LHOGV�DQG�1
HIILFLHQF\ �ZHUH �REVHUYHG �LQ �WKH ���\HDU �URWDWLRQ �DQG �ZLWK �WKH �ORZHVW �UDWH �RI �PLQHUDO
IHUWLOL]DWLRQ��,Q�D�FKDQJLQJ�FOLPDWH��JRRG�UHVXOW�RI�ZKHDW�FURSV�LQ�WHUPV�RI�\LHOG�DQG�IHUWLOL]HU
XVH��FDQ�EH�REWDLQHG�LQ�D�ORQJ�URWDWLRQ��ZLWK�D�OLPLWHG�UDWH�RI�PLQHUDO�1�



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH���

0RQLWRULQJ��UHSRUWLQJ�DQG�YHULILFDWLRQ�V\VWHP�IRU�(8�FDUERQ
IDUPLQJ�LPSOHPHQWDWLRQ��D�FDVH�VWXG\�EDVHG�RQ�DJURIRUHVWU\
LQ�1RUWKHUQ�,WDO\�SODLQ
E\�6��0RQDFR�_�6��%HUJDQWH�_�5��%DUEHWWL�_�0��)DQWDSSLg�_�5��)DULQD�_�0��%DVFLHWWR�_�)��3DOD]]L�_�3�0�
&KLDUDEDJOLR�_�&5($�,7�(QJLQHHULQJ�DQG�DJUR�IRRG�SURFHVVLQJ�7XULQ�_�&5($�)/�)RUHVWU\�DQG�:RRG
&DVDOH�0RQIHUUDWR�_�&5($�)/�)RUHVWU\�DQG�:RRG�&DVDOH�0RQIHUUDWR�_�$JULFROWXUH�DQG�(QYLURPHQW
)LUHQ]H�_�$JULFROWXUH�DQG�(QYLURPHQW�5RPD�_�&5($�,7�(QJLQHHULQJ�DQG�DJUR�IRRG�SURFHVVLQJ
0RQWHURWRQGR�_�&5($�,7�(QJLQHHULQJ�DQG�DJUR�IRRG�SURFHVVLQJ�7XULQ�_�&5($�)/�)RUHVWU\�DQG�:RRG
&DVDOH�0RQIHUUDWR

$EVWUDFW�,'����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��VWHIDQR�PRQDFR
&RQWULEXWLRQ��3RVW

,QWURGXFWLRQ
7KH�(8�VWUDWHJ\�IRU�FOLPDWH�QHXWUDOLW\�E\�������(8�5HJ�������������LV�EDVHG�RQ�JUHHQKRXVH
JDV��*+*��HPLVVLRQV�UHGXFWLRQ�EXW�DOVR�LPSOLHV�FDUERQ�UHPRYDOV�LQ�WKH�/8/8&)�VHFWRU��ZLWK
D�WDUJHW�RI�����PLOOLRQ�WRQQHV�RI�&2��HTXLYDOHQW�SHU�\HDU�IURP������DQG�VSHFLILF�QDWLRQDO
WDUJHWV��8(�5HJ�������������7R�DFKLHYH�WKLV�REMHFWLYH��WKH�&RPPLVVLRQ�SUHVHQWHG�D�3URSRVDO
IRU�D�5HJXODWLRQ�HVWDEOLVKLQJ�D�FHUWLILFDWLRQ�IUDPHZRUN�IRU�FDUERQ�UHPRYDOV��&20���������
ILQDO� �WR�ERWK�IDFLOLWDWH�WKH�GHOLYHU\�RI �SXEOLF �IXQGLQJ�EDVHG�RQ�UHVXOWV �DQG�SURPRWH�D
YROXQWDU\�FDUERQ�PDUNHW�WKURXJK�WKH�HVWDEOLVKPHQW�RI�VWULFW� �WUDQVSDUHQW�DQG�YHULILDEOH
VWDQGDUGV� �)RU �WKLV �SXUSRVH� �VXLWDEOH �FDUERQ �IDUPLQJ �VROXWLRQV ��H�J� �PDLQWHQDQFH �RI
SHUPDQHQW�JUDVVODQG��DJURIRUHVWU\��FRQVHUYDWLYH�DJULFXOWXUH��UHVWRUDWLRQ�RI�SHDWODQGV�DQG
ZHWODQGV��DQG�D�UHIHUHQFH�PRQLWRULQJ��UHSRUWLQJ�DQG�YHULILFDWLRQ��059��V\VWHP�KDYH�EHHQ
RXWOLQHG�LQ�WKH�&RPPXQLFDWLRQ�RQ�WKH�6XVWDLQDEOH�&DUERQ�&\FOH��&20����������ILQDO��
7KHUHIRUH��LW�LV�QHFHVVDU\�WR�HYDOXDWH�WDLORUHG�UHJLRQDO�FDUERQ�IDUPLQJ�SUDFWLFHV�DQG�WR
DSSO\�VWDQGDUGL]HG�PHWKRGRORJLHV�DQG�UXOHV�IRU�059��+HUH�ZH�GHVFULEH�WKH�SURFHGXUH�WR
YDOLGDWH�D�059�V\VWHP�DSSOLHG�WR�DJURIRUHVWU\�DV�D�QRYHO�FDUERQ�IDUPLQJ�SUDFWLFH�IRU�DUDEOH
IDUPV�LQ�WKH�3R�YDOOH\��7KH�UHVHDUFK�LV�SDUW�RI�WKH�+RUL]RQ�SURMHFW��059�62&��DLPHG�DW
HYDOXDWLQJ�7LHU��PHWKRGRORJLHV�IRU�HVWLPDWLRQ�RI�VRLO�RUJDQLF�FDUERQ��62&��DFFXPXODWLRQ
DQG�*+*�EDODQFH��7KH�DFWLYLW\�LV�FDUULHG�RXW�LQ�WKH�&5($�5HVHDUFK�&HQWHU�IRU�)RUHVWU\�DQG
:RRG�H[SHULPHQWDO�IDUP��0H]]L��DQG�LQ�VXUURXQGLQJV�DUHDV��ORFDWHG�LQ�WKH�IORRGLQJ�DUHD�RI
3RULYHU��LQ�3LHGPRQW�5HJLRQ��1RUWK�,WDO\����d��
�����1��d��
�����(���7KH�UHVHDUFK�XVHV�D
FRPELQDWLRQ�RI�VDPSOLQJ��UHPRWH�VHQVLQJ�DQG�PRGHOOLQJ��5RWK&�DQG�(&266(��PHWKRGV�DQG
RSHQ�DFFHVV�GDWD�IRU�IHHGLQJ�WKH�PRGHO��L�H��DJULFXOWXUDO�VWDWLVWLFV��VRLO�PDSV���7KH�DELOLW\�RI
5RWK&�WR�VLPXODWH�SDVW�62&�DFFXPXODWLRQ�ZLWK�DQG�ZLWKRXW�SRSODU�SODQWDWLRQ�ZLOO�EH�WHVWHG
XVLQJ������DQG�SDVW�62&�FRQWHQWV�LQ�WKH�GLIIHUHQW�ILHOGV�ZLWK�FRQWUDVWLQJ�PDQDJHPHQWV����
WUDGLWLRQDO�FXOWLYDWHG�ZLWK�FRPPRQ�URWDWLRQV�LQ�DUDEOH�IDUPV�DV�EDVHOLQH�����FDUERQ�IDUPLQJ
ZLWK�SRSODU�SODQWDWLRQ�LQFOXGHG�LQ�WKH�DUDEOH�IDUP�URWDWLRQ�����FDUERQ�IDUPLQJ�ZLWK�SRSODU
URZV�SODQWHG�DORQJ�DUDEOH�ILHOGV�HGJHV��$�VFHQDULR�DQDO\VLV�ZLWK�GLIIHUHQW�GHQVLWLHV�RI�WUHH
SODQWDWLRQ �DW �ODQGVFDSH �VFDOH �WR �HVWLPDWH �SRWHQWLDO �62& �DFFXPXODWLRQ �WKURXJK �WKH
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LQYHVWLJDWHG�FDUERQ�IDUPLQJ�VFKHPH�FRPSDUHG�WR�WKH�EDVHOLQH��EXVLQHVV�DV�XVXDO��ZLOO�EH
FDUULHG�RXW�DV�LQ�)DULQD�HW�DO� ���������7KH�VWXG\�ZLOO �SURGXFH�WKH�IROORZLQJ�LQVLJKWV��L�
HVWLPDWLRQ�RI�62&�DFFXPXODWLRQ�EHORZ�WKH�VRLO�WLOOHG�OD\HU�DFFRXQWLQJ�IRU�FDUERQ�LQSXW�IURP
URRWV�DQG�VRLO�RUJDQLF�PDWWHU�G\QDPLF�LQ�VXE�VXUIDFH�VRLO�OD\HUV�LQ�DJURIRUHVWU\�V\VWHP�
XVLQJ�WKH��PRGHO�(&266(�PRGLILHG�E\�%HJXP�HW�DO�����������LL��XVH�IRU�9LV�1,5�IRU�ODE�DQG
LQ�ILHOG�UDSLG�DQG�FRVW�HIIHFWLYH�GHWHUPLQDWLRQ�RI�62&�WKURXJK�WKH�GHYHORSPHQW�RI�D�ORFDO
VSHFWUDO�OLEUDU\��%DUEHWWL�HW�DO�� ��������LLL� �VKRUW�WHUP�62&�WXUQRYHU��L�H��&2��HPLVVLRQV
PRQLWRULQJ��DQG�DVVHVVPHQW�RI�WKH�FRPSHWLWLRQ�EHWZHHQ�WUHHV�DQG�DUDEOH�FURSV�LQ�D�QHZ
HVWDEOLVKHG��������DOOH\�FURS�ILHOG�WULDO�LQ��0H]]L��IDUP��LY��DQ�DVVHVVPHQW�RI�SODQW�FDUERQ
LQSXWV�ZLWK�LQ�VLWX�WHFKQLTXHV��DERYH�DQG�EHORZ�JURXQG��DQG�56�LPDJHU\��6HQWLQHO����
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3RWHQWLDO�JURZWK�DQG�GHYHORSPHQW�RI�EODFN�RDW�DQG�ZKLWH
PXVWDUG�FRYHU�FURSV�LQ�UHVSRQVH�WR�WKUHH�VRZLQJ�GDWHV
E\�0DWWHR�6DPSLHWUR�_�/XFD�%HFKLQL�_�0DUWD�&RORPER�_�5REHUWR�)XFFHOOD�_�'DYLGH�5HJLQHOOL�_�3LHWUR
0DULQR�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�8QLYHUVLWd�GHJOL�6WXGL�GL
0LODQR�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�8QLYHUVLWd�GHJOL�6WXGL�GL
0LODQR

$EVWUDFW�,'����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��0DWWHR�6DPSLHWUR
&RQWULEXWLRQ��3RVW

%ODFN�RDW��$YHQD�VWULJRVD�6FKUHE���DQG�ZKLWH�PXVWDUG��6LQDSLV�DOED�/���DUH�WZR�FRYHU�FURS
VSHFLHV�FXOWLYDWHG�LQ�QRUWKHUQ�,WDO\��7KHLU�JURZWK�DQG�IURVW�UHVLVWDQFH�LQ�UHVSRQVH�WR�VRZLQJ
GDWH�LV�QRW�ZHOO�NQRZQ��DQG�WKHUHIRUH�WKHLU�PDWKHPDWLFDO�PRGHOOLQJ�LV�OLPLWHG��7KHUHIRUH��ZH
FDUULHG�RXW�D�ILHOG�H[SHULPHQW�LQ�/DQGULDQR��39��,WDO\��DLPHG�DW�PHDVXULQJ�WKHLU�JURZWK�
GHYHORSPHQW��DQG�IURVW�GDPDJH�XQGHU�SRWHQWLDO�SURGXFWLRQ�FRQGLWLRQV�:H�XVHG�D�VSOLW�SORW
GHVLJQ�ZLWK�IRXU�UHSOLFDWLRQV��WKH�PDLQ�SORW�ZDV�WKH�VRZLQJ�GDWH��6'���$XJXVW���VW�������
6'�� �6HSWHPEHU ���WK� �6'�� �2FWREHU ���WK�� �ZKLOH �WKH �VXE�SORW �ZDV �WKH �FURS �VSHFLHV�
3UHOLPLQDU\�ILHOG�RSHUDWLRQV�LQFOXGHG�IHUWLOL]DWLRQ�ZLWK�����NJ�.�KD�XVLQJ�SRWDVVLXP�VXOIDWH�
WKHQ�PRXOGERDUG�SORZLQJ�DQG�URWDU\�KDUURZLQJ��IROORZHG�E\�WKH�DSSOLFDWLRQ�RI�����NJ�1�KD
LQ�WKH�IRUP�RI�FDOFLXP�QLWUDWH�DW�VRZLQJ�IRU�6'��DQG�6'������NJ�1�KD�IRU�6'����$�ZHDWKHU
VWDWLRQ�DQG�VRLO�PRLVWXUH�DQG�WHPSHUDWXUH�VHQVRUV�ZHUH�LQVWDOOHG��6SULQNOHU�LUULJDWLRQ�ZDV
DSSOLHG�ZKHQ�VRLO�ZDWHU�FRQWHQW�ZDV�ORZHU�WKDQ�����RI�WRWDO�DYDLODEOH�ZDWHU����6RLO�DQG�FURS
VDPSOLQJ�ZDV�FDUULHG�RXW�DW�NH\�VWDJHV��UHFRUGLQJ�SKHQRORJLFDO�VWDJH��SODQW�SRSXODWLRQ
GHQVLW\��KHLJKW��OHDI�DUHD�LQGH[��/$,���DERYH�JURXQG�ELRPDVV��$*%���DQG�VRLO�PRLVWXUH�DQG
PLQHUDO�QLWURJHQ�FRQFHQWUDWLRQ��:H�UHSRUW�KHUH�RQO\�WKH�UHVXOWV�DW�WKH�HQG�RI�1RYHPEHU�
%LRPDVV�VDPSOHV�ZLOO�EH�DQDO\VHG�IRU�QLWURJHQ��1��DQG�FDUERQ��&��FRQFHQWUDWLRQ��&URS�IURVW
GDPDJH �ZDV �PRQLWRUHG �WKURXJK �LPDJH �DQDO\VLV �GXULQJ �ZLQWHU� �IROORZHG �E\ �FRPSXWHU
DQDO\VLV�WR�DVVHVV�WKH�LPSDFW�RQ�DOO�WUHDWPHQWV��3ODQW�SRSXODWLRQ�GHQVLWLHV�ZHUH�DV�IROORZV�
���������DQG�����SODQWV�Pf�IRU�6'���6'��DQG�6'���UHVSHFWLYHO\��IRU�EODFN�RDW��DQG���������
DQG�����SODQWV�Pf�IRU�ZKLWH�PXVWDUG��3ODQW�SRSXODWLRQ�GHQVLW\�ZDV�ORZHU�LQ�6'��FRPSDUHG
WR�6'��DQG�6'��GXH�WR�KHDW�LQMXU\�WR�VHHGOLQJV��%ODFN�RDW�SURGXFHG�����������DQG�����W
'0�KD�IRU �6'�� �6'�� �DQG�6'�� �ZKLOH �ZKLWH �PXVWDUG �ELRPDVV �ZDV ���� ��DW �WKH �HQG�RI
2FWREHU��������DQG�����W�'0�KD���3ODQW�KHLJKW�IRU�EODFN�RDW�ZDV�������������DQG������P�IRU
6'���6'���DQG�6'���UHVSHFWLYHO\��WKH�FRUUHVSRQGLQJ�YDOXHV�IRU�ZKLWH�PXVWDUG�ZHUH������
������DQG������P���3KHQRORJLFDO�VWDJHV�VKRZHG�WKDW�ZKLWH�PXVWDUG�UHDFKHG�DQ�DGYDQFHG
YHJHWDWLYH�VWDJH�IRU�6'��DQG�6'���%%&+������ZKLOH�6'��ZDV�DW�WKH�WKLUG�WUXH�OHDI�VWDJH
�%%&+�������%ODFN�RDW�LQ�6'��DQG�6'��ZDV�DW�WKH�VWHP�HORQJDWLRQ�VWDJH��!���%%&+���ZKLOH
LQ�6'��LW�ZDV�DW�VWDJH�����WLOOHULQJ���$Q�DOPRVW�FRPSOHWH�IUDFWLRQ�FRYHU�E\�WKH�FURS��!����
ZDV�DFKLHYHG�IRU�ERWK�VSHFLHV�EHIRUH�IURVW�IRU�6'��DQG�6'���ZKHUHDV�EODFN�RDW�6'��UHDFKHG
PD[LPXP�FRYHU�LQ�VSULQJ��7KHVH�GDWD�DUH�EHLQJ�XVHG�IRU�FDOLEUDWLQJ�WKH�VLPXODWLRQ�PRGHO
&URS6\VW9%�IRU�EODFN�RDW�DQG�ZKLWH�PXVWDUG��7KH�PRGHO�ZLOO�EH�XVHG�WR�SURYLGH�LQVLJKWV�IRU
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3DJH���

WKH�GHYHORSPHQW�RI�D�GHFLVLRQ�VXSSRUW�V\VWHP�IRU�FKRRVLQJ�FRYHU�FURSV�LQ�QRUWKHUQ�,WDO\�
$FNQRZOHGJPHQWV��:RUN�FDUULHG�RXW�LQ�WKH�SURMHFW�68&&2��FRIXQGHG�E\�($)5'�ZLWK�WKH
5XUDO�'HYHORSPHQW�3URJUDP�����������RI�5HJLRQH�/RPEDUGLD��2SHUDWLRQ����������(,3�$*5,
2SHUDWLRQDO�*URXSV��

�

�

�

�

�

�

�
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3DJH���

'HYHORSPHQW�RI�D�GHFLVLRQ�VXSSRUW�V\VWHP�IRU�FRYHU�FURS
FKRLFH
E\�/XFD�%HFKLQL�_�)HGHULFR�$UGHQWL�_�0DUWD�&RORPER�_�'DQLHOH�'HOOD�7RUUH�_�$OILR�)HUUDUD�_�3LHWUR�0DULQR�_
/RUHQ]D�0LFKHORQ�_�6HUJLR�3LFDVFLD�_�6LOYLD�6DOLQL�_�0DWWHR�6DPSLHWUR�_�9LQFHQ]R�7DEDJOLR�_�$QGUHD�)LRULQL
_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR
_�&RQGLIHVD�/RPEDUGLD�1RUG�(VW�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_
&RQGLIHVD�/RPEDUGLD�1RUG�(VW�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_
8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_�8QLYHUVLWd�&DWWROLFD�GHO�6DFUR
&XRUH

$EVWUDFW�,'����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��/XFD�%HFKLQL
&RQWULEXWLRQ��3RVW

:H�DUH�D�OLYLQJ�ODE�RSHUDWLQJ�LQ�/RPEDUGLD��QRUWKHUQ�,WDO\��7R�LQFUHDVH�WKH�DFFHVVLELOLW\�WR
IDUPHUV�DQG�DGYLVRUV�RI�UHVHDUFK�UHVXOWV�RQ�FRYHU�FURSV��ZH�DUH�GHYHORSLQJ�D�GHFLVLRQ
VXSSRUW�V\VWHP��'66��WKDW��EDVHG�RQ�WKH�GHVFULSWLRQ�RI�IDUP�VLWXDWLRQ��VRLO��FOLPDWH��FURS
URWDWLRQ��PDQXUH�DYDLODELOLW\��ZLOO�VXJJHVW�WKH�EHVW�FRYHU�FURSV��WKHLU�VXJJHVWHG�VRZLQJ�GDWH�
WKHLU�VXJJHVWHG�WHUPLQDWLRQ�GDWH�DQG�PHWKRG��WRJHWKHU�ZLWK�WKHLU�DJUR�HFRORJLFDO�EHQHILWV�
7KH�'66�ZLOO �EH �GHYHORSHG�IRU �WKH�SODLQ �DUHDV �RI �/RPEDUGLD� �EXW �RXU �PHWKRGRORJ\�LV
LQWHUHVWLQJ�DOVR�IRU�RWKHU�DSSOLFDWLRQV��7R�GHILQH�WKH�UXOHV�RI�WKH�'66�ZH�LQWHJUDWH�UHVXOWV
IURP�WKUHH�VRXUFHV��:H�REWDLQ�IURP�SXEOLVKHG�SDSHUV�WKH�DJUR�HQYLURQPHQWDO�HIIHFWV�RI
FRYHU�FURSV�PHDVXUHG�LQ�ILHOG�H[SHULPHQWV�LQ�WHPSHUDWH�FOLPDWHV��:H�FROOHFW�LQ�D�XQLTXH
GDWDEDVH�WKH�VLQJOH�PHDVXUHPHQWV�IURP�HDFK�SDSHU��IXOO\�GHVFULELQJ�WKHLU�FRQWH[W��VRLO�
FOLPDWH��URWDWLRQ��PDQDJHPHQW���:H�ZLOO�VWDQGDUGL]H�WKH�UHVXOWV�EDVHG�RQ�WKHUPDO�WLPH��WR
XVH�WKHP�HYHQ�LI�WKH\�ZHUH�REWDLQHG�LQ�DUHDV�ZLWK�GLIIHUHQW�WHPSHUDWXUH�WKDQ�RXUV��$W�WKH
PRPHQW�WKH�GDWDEDVH�FRQWDLQV������UHFRUGV�IURP�����SDSHUV��:H�LQWHJUDWH�WKHVH�GDWD�ZLWK
RXU�RZQ�ILHOG�H[SHULPHQWV�������������RQ�GLIIHUHQW�VRLO�W\SHV�LQ�QRUWKHUQ�,WDO\��RQ�YDULRXV
VSHFLHV�ZH�PHDVXUHG�FRYHU�FURS�DERYHJURXQG�ELRPDVV�DQG�1�FRQWHQW��ZHHG�FRQWURO��1�2
HPLVVLRQV��DQG�PXOFK�GHFRPSRVLWLRQ�DIWHU�WHUPLQDWLRQ��,Q�����������ZH�FDUULHG�RXW�DQ
H[SHULPHQW�LQ�SRWHQWLDO�DQG�DFWXDO�SURGXFWLRQ�FRQGLWLRQV��FRPSDULQJ�WKUHH�VRZLQJ�GDWHV�IRU
IRXU�VSHFLHV� �:H�XVH�D�PHFKDQLVWLF�FURSSLQJ�V\VWHP�VLPXODWLRQ�PRGHO��&URS6\VW9%��WR
FRPSDUH�VFHQDULRV�RI�FRYHU�FURS�FXOWLYDWLRQ��7KH�PRGHO�ZDV�LQWHJUDWHG�ZLWK�WKH�FDSDELOLW\�WR
VLPXODWH�FURS�HPHUJHQFH�EDVHG�RQ�K\GURWKHUPDO�WLPH��WR�FRQVLGHU�VRLO�ZDWHU�SRWHQWLDO��DQG
FURS�IURVW�GDPDJH��2QFH�FDOLEUDWHG�ZLWK�RXU�H[SHULPHQWDO�GDWD��WKH�PRGHO�ZLOO�EH�XVHG�WR
FRPSDUH�WKH�HIIHFWV�RI�FRYHU�FURSV�LQ�GLIIHUHQW�VRLO�W\SHV��ORFDWLRQV��VRZLQJ�GDWHV��QLWURJHQ
DYDLODELOLW\��UHVLGXH�PDQDJHPHQW�RSWLRQV��DQG�WHUPLQDWLRQ�GDWHV��)LQDOO\��ZH�DUH�GHYHORSLQJ
D�%D\HVLDQ�QHWZRUN��%1��WR�LQWHJUDWH�WKH�HYLGHQFH�IURP�WKH�WKUHH�VRXUFHV�ZLWK�WKH�HPSLULFDO
NQRZOHGJH�RI�WKH�RSHUDWLRQDO�JURXS��$�%1�LV�D�PRGHO�UHSUHVHQWLQJ�D�QXPEHU�RI�YDULDEOHV
DQG �WKHLU �FRQGLWLRQDO �SUREDELOLVWLF �UHODWLRQVKLSV� �7KH �FDWHJRULFDO �YDULDEOHV �RI �RXU �%1
GHVFULEH�WKH�IDUP�FRQWH[W��VRLO��FOLPDWH��FRYHU�FURSV��PDQDJHPHQW��DQG�WKHLU�HIIHFWV��H�J�
ZHHG�FRQWURO��OHDFKLQJ�UHGXFWLRQ���2QFH�FDOLEUDWHG�ZLWK�DOO�GDWD�DYDLODEOH��WKH�%1�ZLOO�EH
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3DJH���

XVHG�WR�SUHGLFW�WKH�YDOXHV�RI�VRPH�YDULDEOHV��FRYHU�FURSV�DQG�WKHLU�PDQDJHPHQW��RXWSXW�RI
WKH�'66��DIWHU�KDYLQJ�IL[HG��LQSXWV�RI�WKH�'66��WKH�OHYHOV�RI�WKH�YDULDEOHV�GHVFULELQJ�WKH
FRQVWUDLQWV��VRLO��FOLPDWH��DQG�WKH�REMHFWLYHV��DJUR�HFRORJLFDO�IXQFWLRQV�RI�FRYHU�FURSV���7KH
%1�LV�DOVR�D�WRRO�WR�FRPSDUH�VFHQDULRV��WKDW�LV�WR�GHVFULEH�WKH�HIIHFWV�RI�YDULRXV�PDQDJHPHQW
RSWLRQV�LQ�GLIIHUHQW�VRLO�DQG�FOLPDWH�FRQGLWLRQV��7KH�'66�ZLOO�EH�LPSOHPHQWHG�DV�D�IUHH�ZHE
DSS��ZKLFK�ZLOO�EH�XVDEOH�VLQFH�WKH�ILUVW�VHPHVWHU�������$FNQRZOHGJHPHQWV��:RUN�FDUULHG
RXW �LQ �WKH �SURMHFW �68&&2� �FRIXQGHG�E\ �($)5'�ZLWK �WKH �5XUDO �'HYHORSPHQW �3URJUDP
����������RI�5HJLRQH�/RPEDUGLD��2SHUDWLRQ����������(,3�$*5,�2SHUDWLRQDO�*URXSV��
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3DJH���

'HYHORSPHQW�RI�,QQRYDWLYH�(DUWK�2EVHUYDWLRQ�7RROV�IRU
$GDSWDWLYH�0DQDJHPHQW�RI�$OSLQH�JUDVVODQGV
E\�5RGROIR�&HULDQL�_�(XJHQLR�&DUORQ�_�)UDQFHVFR�)DYD�_�'HSDUWPHQW�RI�(QYLURQPHQWDO�6FLHQFH�DQG
'HSDUWPHQW�RI�(QYLURQPHQWDO�6FLHQFH�DQG�3ROLF\���8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR��'HSDUWPHQW�RI
$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�(QYLURQPHQWDO
6FLHQFH�DQG�3ROLF\���8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�(QYLURQPHQWDO�6FLHQFH�DQG�3ROLF\��
8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR

$EVWUDFW�,'�����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��5RGROIR�&HULDQL
&RQWULEXWLRQ��3RVW

,Q�WKH�,WDOLDQ�$OSV�WKH�ODVW�GHFDGHV�KDYH�VHHQ�D�VLJQLILFDQW�WUHQG�RI�DEDQGRQPHQW�DQG
GHJUDGDWLRQ �RI �JUD]LQJ �PRXQWDLQ �SDVWXUHV �DQG �PHDGRZV� �DOWHULQJ �YDOXDEOH �HFRV\VWHP
VHUYLFHV��DQG�FRPSURPLVLQJ�FLUFXODULW\�RI�DJULFXOWXUDO�SURGXFWLRQ�DW�IDUP�DQG�UHJLRQDO�OHYHO�
7KLV�VWXG\��GHYHORSHG�ZLWK�81,0217��%V��,WDO\��LQ�WKH�IUDPHZRUN�RI�WKH�3155�$JULWHFK�DQG
&,5&$*5,&�*+*�SURMHFWV� �DLPV �DW �GHYHORSLQJ �LQQRYDWLYH �GLJLWDO �DJULFXOWXUH �WRROV �DQG
SUDFWLFHV �DW �PXOWLSOH �VFDOHV �IRU �DGDSWDWLYH �PDQDJHPHQW �RI �JUDVVODQGV� �ZLWK �WKH �9DO
&DPRQLFD�DOSLQH�YDOOH\��,WDO\��DV�D�FDVH�VWXG\�DQG�SHUVSHFWLYH�OLYLQJ�ODERUDWRU\�IRU�LPSURYHG
WHUULWRULDO�PDQDJHPHQW�RI�PRXQWDLQ�UHJLRQV��$W�ODQGVFDSH�VFDOH��DYDLODEOH�ODQG�XVH�DQG�ODQG
FRYHU��/8/&��PDSV�LQ�WKH�DOSLQH�UHJLRQ�IDLO�WR�FDSWXUH�WKH�YDULDELOLW\�LQ�SDVWXUH�W\SHV�DQG
ODQG�FRYHUV�WKDW�UHIOHFW�DEDQGRQPHQW�DQG�WUDQVLWLRQ�RI�JUDVVODQGV�WR�IRUHVWV��VKUXEODQG�RU
GHJUDGHG�FRQGLWLRQV��7KLV�VWURQJO\�OLPLWV�RXU�FDSDFLW\�WR�PRQLWRU�DQG�XQGHUVWDQG�JUDVVODQG
GHJUDGDWLRQ�SURFHVVHV�DQG�WKHLU�LPSDFWV�RQ�HFRV\VWHP�VHUYLFHV��H�J���FDUERQ�VWRFNLQJ��ZDWHU
F\FOH�UHJXODWLRQ��HWF����WKXV�RXU�FDSDFLW\�WR�VXSSRUW�LQIRUPHG�GHFLVLRQ�PDNLQJ�RQ�WHUULWRULDO
SODQQLQJ��7KHUHIRUH��D�QHZ�/8/&�PDS����P�UHVROXWLRQ��IRU�WKH�KLJK�9DO�&DPRQLFD�UHJLRQ
�����NP���ZDV�FUHDWHG�E\�DSSO\LQJ�PDFKLQH�OHDUQLQJ�FODVVLILFDWLRQ�RQ�6HQWLQHO����UDGDU��DQG
6HQWLQHO����RSWLFDO��VDWHOOLWH�GDWD��FRPELQHG�ZLWK�D�GLJLWDO�HOHYDWLRQ�PRGHO��6SHFLILFDOO\��WKH
WKHPDWLF�PDS�LQFOXGHV���SDVWXUHV�W\SRORJLHV�ZLWK�GLIIHUHQW�YHJHWDWLRQ�FRPSRVLWLRQ�DQG
SURGXFWLYLW\��UHIOHFWLQJ�WUDQVLWLRQV�IURP�PRUH�H[WHQVLYH�WR�PRUH�LQWHQVLYH�XVH�RI�JUDVVODQGV�
)RU�WUDLQLQJ�DQG�WHVWLQJ��D�GDWDVHW�RI�����SKRWR�LQWHUSUHWHG�DQG�ILHOG�FKHFNHG�JURXQG�WUXWK
SRLQWV�ZDV�XVHG���3UHOLPLQDU\�UHVXOWV�VKRZ�D�FODVVLILFDWLRQ�DFFXUDF\�RI�����IRU�WKH�SDVWXUH
FODVVHV� �7KH �FODVVLILFDWLRQ �VFKHPH�LV �LPSOHPHQWHG �LQ �DQ �RSHQ�VRXUFH �FORXG �FRPSXWLQJ
HQYLURQPHQW�DQG�FDQ�EH�XSGDWHG�DQQXDOO\��+LVWRULFDO�SDVWRUDO�ODQG�FRYHU�ORVV�G\QDPLFV�KDYH
DOVR�EHHQ�HYDOXDWHG�XVLQJ�KLVWRULFDO�UHJLRQDO�ODQG�FRYHU�GDWD��L�H���'86$)������DQG�ODQG�
FRYHU�PDS�������/RPEDUG\�5HJLRQ���VKRZLQJ�D�VLJQLILFDQW�GHFUHDVH�LQ�DYDLODEOH�JUD]LQJ
DUHD�DQG�D�JHQHUDO�GHFOLQH�LQ�SDVWXUH�TXDOLW\��$W�ORFDO�VFDOH��ZH�DLP�DW�XVLQJ�VDWHOOLWH�UHPRWH
VHQVLQJ�WR�GHYHORS�PDQDJHPHQW�V\VWHPV�SURYLGLQJ�WLPHO\�LQIRUPDWLRQ�RQ�SDVWXUH�TXDOLW\
DQG�QXWULWLRQDO�YDOXH�GXULQJ�WKH�JURZLQJ�VHDVRQ��WR�LQIRUP�DGDSWDWLYH�JUD]LQJ�PDQDJHPHQW
DQG�SURPRWH�D�PRUH�HIILFLHQW�XVH�RI�PLG�WR�KLJK�HOHYDWLRQ�DOSLQH�SDVWXUHV��6SHFLILFDOO\��ZH
ZLOO�HYDOXDWH�WKH�SRWHQWLDO�RI�ODVW�JHQHUDWLRQ�ILHOG��$6'�)LHOGVSHF���DQG�VDWHOOLWH��35,60$�
(Q0$3��6HQWLQHO����UHPRWH�VHQVLQJ�GDWD�WR�PRQLWRU�SDVWXUH�ELRPDVV��QXWULWLRQDO�VWDWXV�DQG



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH���

FRPSRVLWLRQ ��L�H�� �JUHHQ�QRQ�JUHHQ �ELRPDVV� �SURWHLQV� �ILEHUV� �OLJQLQ �FRQWHQW�� �6DWHOOLWH
K\SHUVSHFWUDO�VHQVRUV�SURYLGH�FRQWLQXRXV�VSHFWUDO�QDUURZ�EDQGV��DERXW����QP��LQ�WKH������
�����QP�UDQJH� �RSHQLQJ�QHZ�RSSRUWXQLWLHV �IRU �SDVWXUH �FKDUDFWHUL]DWLRQ �DQG�PDSSLQJ�
0XOWLSOH�ILHOG�FDPSDLJQV�DUH�SODQQHG�GXULQJ�VXPPHU������RQ�PLG�KLJK�HOHYDWLRQ�SDVWXUHV
LQ�9DO�&DPRQLFD�FRXSOLQJ�K\SHUVSHFWUDO�UHIOHFWDQFH�PHDVXUHPHQWV�IURP�ILHOG�DQG�VDWHOOLWH
VHQVRUV� �ILHOG �DJURQRPLF �GDWD �FROOHFWLRQ �DQG �ODE �DQDO\VLV� �3UHGLFWLYH �PRGHOV �ZLOO �EH
GHYHORSHG �WR ��L� �XQGHUVWDQG �WKH �SRWHQWLDO �RI �GLIIHUHQW �VDWHOOLWH �VHQVRUV �DQG �SURFHVVLQJ
PHWKRGRORJLHV�WR�SURYLGH�UHOLDEOH�LQIRUPDWLRQ�RQ�WKH�VHDVRQDO�G\QDPLFV�RI�SDVWXUH�TXDQWLW\
DQG �TXDOLW\� ��LL� �JHQHUDWH �LQWUD�VHDVRQDO �PDSV �WKDW �FRXOG �IDFLOLWDWH �GHFLVLRQ�PDNLQJ �RQ
OLYHVWRFN�JUD]LQJ�WKURXJK�WKH�GHILQLWLRQ�RI�DGDSWDWLYH�PDQDJHPHQW�XQLWV�
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3DJH���

3DUWLFLSDWRU\�ODQG�HYDOXDWLRQ�IRU�LPSURYHG�DJULFXOWXUDO
GHFLVLRQ�PDNLQJ�LQ�SURWHFWHG�DUHDV��LQVLJKWV�IURP�WKH
1RUWKHUQ�$QGHDQ�%LR�FRUULGRU��(FXDGRU
E\�3LHWUR�'H�0DULQLV�_�6WHIDQR�%RFFKL�_�)UDQFHVFR�)DYD�_�(XJHQLR�&DUORQ�_�'LSDUWLPHQWR�GL�6FLHQ]H�H
3ROLWLFKH�$PELHQWDOL���81,0,�_�'LSDUWLPHQWR�GL�6FLHQ]H�H�3ROLWLFKH�$PELHQWDOL���81,0,�_�'LSDUWLPHQWR�GL
6FLHQ]H�H�3ROLWLFKH�$PELHQWDOL���81,0,�_�'LSDUWLPHQWR�GL�6FLHQ]H�H�3ROLWLFKH�$PELHQWDOL���81,0,

$EVWUDFW�,'�����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��3LHWUR�'H�0DULQLV
&RQWULEXWLRQ��3RVW

$JULFXOWXUH �SOD\V �D �SLYRWDO �UROH �$JURHFRORJ\ �KDV �EHHQ �SURSRVHG �DV �RQH �RI �WKH �PDLQ
DSSURDFKHV �DEOH �WR �XQGHUVWDQG �FRPSOH[ �DJURHFRV\VWHPV� �DQG �WR �GHVLJQ �DGDSWDWLYH
PDQDJHPHQW�SUDFWLFHV�WR�VXSSRUW�UHVLOLHQW�DQG�VXVWDLQDEOH�SURGXFWLRQ��3DUWLFLSDWLRQ�LV�RQH
RI�WKH�DJURHFRORJLFDO�SULQFLSOHV��,QFUHDVHG�VRFLDO�RUJDQL]DWLRQ�DQG�JUHDWHU�SDUWLFLSDWLRQ�LQ
GHFLVLRQ�PDNLQJ�E\�IRRG�SURGXFHUV�DQG�FRQVXPHUV�FDQ�SRVLWLYHO\�FRQWULEXWH�WR�GHFHQWUDOL]HG
JRYHUQDQFH�DQG�ORFDO�DGDSWLYH�PDQDJHPHQW�RI�DJULFXOWXUDO�DQG�IRRG�V\VWHPV��+HUH��RXU
DFWLRQ�UHVHDUFK�IRFXVHV�RQ�D�FDVH�VWXG\�SURYLGHG�E\�WKH��%,$1��1RUWK�$QGHDQ�%LR�FRUULGRU
SURMHFW��7KH�SURMHFW�LV�GHYLVHG�WR�FUHDWH�D�ELR�FRUULGRU�FRQQHFWLQJ�H[LVWLQJ�SURWHFWHG�DUHDV�
DQG�WR�HQKDQFH��WKH�UHVLOLHQFH�RI�ORFDO�FRPPXQLWLHV�E\�SURPRWLQJ�VXVWDLQDEOH�DJULFXOWXUDO
SUDFWLFHV�ZLWKLQ�WKH�1RUWK�$QGHDQ�%LR�FRUULGRU��(FXDGRU��2XU�UHVHDUFK�DGRSWV�SDUWLFLSDWRU\
HYDOXDWLRQ�DQG�GHFLVLRQ�DLGLQJ�PHWKRGRORJLHV��DQG�FRXSOHV�WKHP�ZLWK�DQ�DGDSWHG�)$2�/DQG
(YDOXDWLRQ�PHWKRGRORJ\�WR�SURGXFH�D�SDUWLFLSDWRU\�ODQG�VXLWDELOLW\�PDS�RI�WKUHH�SLORW�]RQHV
DQG�SURYLGH �UHFRPPHQGDWLRQV �WR �DGDSW �IDUPLQJ�DFWLYLWLHV �DQG�SUDFWLFHV �WR �WKH �%,$1�V
FRQVHUYDWLRQ�DQG�UHJHQHUDWLRQ�JRDOV��$YDLODEOH�VHFRQGDU\�LQIRUPDWLRQ�DERXW�ODQG�FDSDELOLW\
IDFWRUV �ZDV �FROOHFWHG �DQG �HODERUDWHG �LQ �*,6 �HQYLURQPHQW� �3ULPDU\ �TXDQWLWDWLYH �DQG
TXDOLWDWLYH�GHVFULSWLYH�GDWD�DERXW�WKH�GHJUHH�RI�OLPLWDWLRQ�SRVHG�E\�WKH�LGHQWLILHG�FDSDELOLW\
IDFWRUV�DJDLQVW�D�VHW�RI�ORFDOO\�UHOHYDQW�ODQG�XVH�W\SHV�ZDV�FROOHFWHG��LQ�$SULO�������WKURXJK
VHPL�VWUXFWXUHG�LQWHUYLHZV�ZLWK�UHOHYDQW�H[SHUWV�DQG�SDUWLFLSDWRU\�ZRUNVKRSV��6LPSOLILHG
3DLU �:LVH �5DQNLQJ�DQG�$QDO\WLF �+LHUDUFK\�3URFHVV ��$+3� �PHWKRGRORJLHV �ZHUH�XVHG�WR
WULJJHU��FROOHFW�DQG�HODERUDWH�IDUPHUV��DQG�WHFKQLFLDQV��RSLQLRQV��GXULQJ��RQH�GD\�ZRUNVKRSV
KHOG�LQ�HDFK�RI�WKH�WKUHH�GLVWLQFW�SLORW�DUHDV�����(O�&DUPHOR�&DUFKL���7DEDFXQGR�,PEDEXUD��
DQG�0DULDQR�$FRVWD�3LFKLQFKD���LQYROYLQJ�D�WRWDO�RI����IDUPHUV�DQG����ORFDO�WHFKQLFLDQV��$V
SUHOLPLQDU\ �UHVXOWV� �WKH �PRVW �UHOHYDQW �ORFDO �ODQG �XVHV �ZHUH �LGHQWLILHG� �DQG �D �VKDUHG
GHILQLWLRQ�DQG�KLHUDUFKL]DWLRQ�RI�ODQG�FDSDELOLW\�IDFWRUV�ZDV�SURGXFHG��7KH�SDUWLFLSDQWV�ZHUH
DVNHG �WR �LGHQWLI\ �WKH �PRVW �UHOHYDQW �ODQG �XVHV �WKDW �DIIHFW �VXVWDLQDELOLW\� �SRVLWLYHO\ �RU
QHJDWLYHO\��LQ�WKH�WDUJHW�WHUULWRULHV��3DUWLDOO\�GLIIHUHQW�VHWV�RI�FURSV�DQG�RWKHU�ODQG�XVHV�LQ
WKH�WKUHH�SLORW�WHUULWRULHV�ZHUH�LGHQWLILHG��VXFK�DV�3HDV�RU�%URDG�%HDQV��%DUOH\�RU�:KHDW�
�*UHHQKRXVHV ��)ORULFXOWXUH�� �&RUQ �PRQRFXOWXUH� �&RUQ�%HDQV �LQWHUFURSSLQJ� �3RWDWRHV�
3DVWXUHV�DQG�/LYHVWRFN��$JURHFRORJLFDO�IDUPV��7KH�OLPLWLQJ�ODQG�FDSDELOLW\�IDFWRUV�IRU�HDFK
ODQG�XVH�ZHUH�UDQNHG�E\�WKH�SDUWLFLSDQWV��$+3�LQFOXGHV�WKH�FRPSXWDWLRQ�RI�FRQVLVWHQF\
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UDWLRQV��&5��RI�SUHIHUHQFH�PDWUL[HV�WR�DVVHVV�WKH�UHFLSURFDO�FRQVLVWHQF\�RI�WKH�SUHIHUHQFHV
H[SUHVVHG� �7KH�GDWD�FROOHFWHG�VKRZ�DFFHSWDEOH��&5������ �7KURXJK�WKLV�DFWLRQ�UHVHDUFK�
ORFDO�WHFKQLFLDQV�DQG�FRPPXQLWLHV�DUH�LQYROYHG�LQ�WKH�GHFLVLRQ�PDNLQJ�SURFHVV�DQG�WUDLQHG
RQ �KRZ �WR �FRQGXFW �SDUWLFLSDWRU\ �HYDOXDWLRQV �IRU �ODQGVFDSH �PDQDJHPHQW �LQLWLDWLYHV�
6LPXOWDQHRXVO\� �LPSRUWDQW �UHFRPPHQGDWLRQV �DUH �GHILQHG �FROOHFWLYHO\ �WR �FRSH �ZLWK �WKH
QHHGHG�FKDQJHV�LQ�FURSV�DQG�FURSSLQJ�SUDFWLFHV��$FFRUGLQJ�WR�WKH�SURSRVHG�PHWKRGRORJ\�
WKH �FROOHFWHG �GDWD �ZLOO �EH �DQDO\]HG �DQG �LQWHJUDWHG �ZLWK �VHFRQGDU\ �GDWD �LQ �JHRVSDWLDO
HQYLURQPHQW ��*,6� �OLWHUDWXUH� �WR �JHQHUDWH �D �ODQG �VXLWDELOLW\ �PDS �IRU �WKH �WKUHH �SLORW
WHUULWRULHV� �8OWLPDWHO\� �WKLV �SURFHVV�ZLOO �LQYROYH�ORFDO �WHFKQLFLDQV�DQG�IDUPHUV�LQ�MRLQWO\
GHWHUPLQLQJ �WHFKQLFDO �LPSURYHPHQWV �WR �HQKDQFH �DJULFXOWXUH
V �FRQWULEXWLRQ �WR �WKH
FRQVHUYDWLRQ �DQG �UHJHQHUDWLRQ �JRDOV �RI �WKH �%,$1�

�

�

�

�

�



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH���

2Q�IDUP�DQG�SORW�H[SHULPHQWDWLRQV�RI�FOLPDWH�VPDUW
DJULFXOWXUDO�SUDFWLFHV�LQ�1RUWKHUQ�,WDO\
E\�(OLVD�0DUUDFFLQL�_�9LWWRULD�*LDQQLQL�_�*DEULHOD�$ODQGLD�5REOHV�_�*LRUJLR�%RUUHDQL�_�*HPLQL�'HOOH�9HGRYH
_�)UDQFHVFR�)HUUHUR�_�'RQDWR�/RGGR�_�&ULVWLQD�0DU]DFKh�_�&DUPHOR�0DXFLHUL�_�7DQMD�0LPPR�_�&DUOR
1LFROHWWR�_�6LOYLD�3DQR]]R�_�$OHVVDQGUR�3HUHVVRWWL�_�*DEULHOH�5RODQGR�_�/XLJL�6DUWRUL�_�(QULFR�6WXUDUR�_
(UQHVWR�7DEDFFR�_�0DVVLPR�7DJOLDYLQL�_�(UHQ�7DVNLQ�_�*DHWDQR�5REHUWR�3HVFH�_�0DXUL]LR�%RULQ�_�8QLYHUVLW\
RI�8GLQH�_�'$)1$(��8QLYHUVLW\�RI�3DGXD�_�8QLYHUVLW\�RI�8GLQH�_�',6$)$��8QLYHUVLW\�RI�7XULQ�_�8QLYHUVLW\
RI�8GLQH�_�',6$)$��8QLYHUVLW\�RI�7XULQ�_�,363�&15��/HJQDUR�_�,363�&15��7XULQ�_�8QLYHUVLW\�RI�3DGXD�_
)UHH�8QLYHUVLW\�RI�%RO]DQR�%R]HQ�_�'$)1$(��8QLYHUVLW\�RI�3DGXD�_�,363�&15��/HJQDUR�_�8QLYHUVLW\�RI
8GLQH�_�',6$)$��8QLYHUVLW\�RI�7XULQ�_�'$)1$(��8QLYHUVLW\�RI�3DGXD�_�'$)1$(��8QLYHUVLW\�RI�3DGXD�_
',6$)$��8QLYHUVLW\�RI�7XULQ�_�)UHH�8QLYHUVLW\�RI�%RO]DQR�%R]HQ�_�)UHH�8QLYHUVLW\�RI�%RO]DQR�%R]HQ�_
'$)1$(��8QLYHUVLW\�RI�3DGXD�_�'$)1$(��8QLYHUVLW\�RI�3DGXD

$EVWUDFW�,'�����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��(OLVD�0DUUDFFLQL
&RQWULEXWLRQ��3RVW

'LJLWDO�WHFKQRORJLHV�OLNH�SUHFLVLRQ�IDUPLQJ��DUWLILFLDO�LQWHOOLJHQFH�RU�SUHGLFWLRQ�V\VWHPV�DUH
HVVHQWLDO�WR�LQFUHDVH�WKH�HIILFLHQF\�LQ�WKH�XVH�RI�UHVRXUFHV��7KLV�LV�RI�SULPDU\�LPSRUWDQFH�LQ
1RUWKHUQ�,WDO\�ZKHUH�FOLPDWH�FKDQJH�DQG�SULFH�VXUJHV�DUH�DIIHFWLQJ�WKH�VXVWDLQDELOLW\�RI
FURSSLQJ�V\VWHPV��,Q�WKLV�FRQWH[W��WKH�7DVN�������RI�WKH�,WDOLDQ�$JULWHFK�1DWLRQDO�&HQWHU�VHW
XS�D�QHWZRUN�RI�IDUPV��ERWK�H[SHULPHQWDO�DQG�FRPPHUFLDO��LQ�RUGHU�WR�WHVW�LQ�UHDO�FRQGLWLRQV
LQQRYDWLYH�DQG�FOLPDWH�VPDUW�DJULFXOWXUDO�SUDFWLFHV��ZLWK�D�OLYLQJ�ODE�DSSURDFK��7KDQNV�WR�D
SDUWQHUVKLS�RI �ILYH�XQLYHUVLWLHV�DQG�UHVHDUFK�FHQWUHV� �LW �ZDV�SRVVLEOH�WR�H[WHQG�D�ZLGH
QHWZRUN�RI�ERWK�SORW�H[SHULPHQWV��3(V��DQG�RQ�IDUP�H[SHULPHQWV��2)(V��ZLWK�WKH�SXUSRVH�RI
GHHSHQLQJ �NQRZOHGJH �RQ �VRPH �WDUJHWHG �UHVRXUFHV� �ZDWHU� �FDUERQ� �HQHUJ\ �DQG�RU �D
FRPELQDWLRQ�RI�WKHP�LQ�FURSSLQJ�V\VWHPV�RI�3LHPRQWH��7UHQWLQR�$OWR�$GLJH��9HQHWR��)ULXOL
9HQH]LD�*LXOLD�UHJLRQV��6R�IDU����3(V�LQ�WKH�XQLYHUVLW\�H[SHULPHQWDO�IDUPV�DQG����2)(V�LQ
SDUWQHU�IDUPV�DUH�RQJRLQJ��DOO�IRU�D�PLQLPXP�GXUDWLRQ�RI���\HDUV��7KH�PDLQ�WRSLFV�ZHUH
UHODWHG�WR�ZDWHU�PDQDJHPHQW������DQG�FDUERQ�PDQDJHPHQW������WR�WKH�QH[XV�FDUERQ�ZDWHU
����DQG�WR�WKH�QH[XV�FDUERQ�HQHUJ\������7KH�3(�DQG�2)(�H[SHULPHQWV�ZHUH�FRYHULQJ�D�ZLGH
UDQJH�RI�WRSLFV��IURP�WKH�HIIHFW�RI�FRYHU�FURSV�RQ�VRLO�IHUWLOLW\�LQ�GLIIHUHQW�DJUR�HFRV\VWHPV�
VXFK�DV�YLQH\DUGV�DQG�DUDEOH�FURSV� �WR�WKH�UHGXFWLRQ�RI�FDUERQ�IRRWSULQW�WKURXJK�FURS
URWDWLRQ�LQ�PL[HG�GDLU\�IDUPV��,Q�VHYHUDO�3(V�DQG�2)(V�LQQRYDWLYH�FXOWLYDUV�DQG�FURSV�ZHUH
WHVWHG�VXFK�DV��L��TXLQRD�DV�DQ�DOWHUQDWLYH�IRU�VRLO�XQGHUJRLQJ�VDOLQL]DWLRQ�LQ�WKH�$GULDWLF
FRDVWDO �DUHDV� �LL� �GURXJKW�WROHUDQW �PDL]H �K\EULGV �DV �D �UHVSRQVH �WR �LQFUHDVLQJ �VXPPHU
GURXJKWV�LQ�1RUWKHUQ�,WDO\��LLL��GLIIHUHQW�PL[HV�RI�FRYHU�FURSV�WR�WHVW�WKHLU�DELOLW\�WR�SURYLGH
GLIIHUHQW�VRLO�HFRV\VWHP�VHUYLFHV��7KH�UHVXOWV�RI�WKHVH�3(V�DQG�2)(V�ZLOO�EH�VKDUHG�LQ�WKH
QHWZRUN� �ERWK �LQ �GLVVHPLQDWLRQ �DFWLRQV �DQG �GHPRQVWUDWLRQ �DFWLYLWLHV� �WR �LQFUHDVH �WKH
FDSDFLW\ �EXLOGLQJ �RI �WKH �GLIIHUHQW �VWDNHKROGHUV �LQYROYHG �LQ �WKH �OLYLQJ �ODE �IDFLOLWLHV�
$FNQRZOHGJHPHQWV��7KLV�UHVHDUFK�ZDV�IXQGHG�E\�WKH�(XURSHDQ�8QLRQ�1H[W�*HQHUDWLRQ(8
�3,$12��1$=,21$/(��',��5,35(6$��(�5(6,/,(1=$��3155����0,66,21(���&20321(17(
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���,19(67,0(172�������'�'�������������������&1�����������LQ�SDUWLFXODU�7DVN��������7KLV
PDQXVFULSW�UHIOHFWV�RQO\�WKH�DXWKRUV��YLHZV�DQG�RSLQLRQV��QHLWKHU�WKH�(XURSHDQ�8QLRQ�QRU
WKH�(XURSHDQ�&RPPLVVLRQ�FDQ�EH�FRQVLGHUHG�UHVSRQVLEOH�IRU�WKHP�
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8QGHUXWLOL]HG�FURSV��VXVWDLQDELOLW\�DQG�PRGHOOLQJ�DSSURDFK�WR
DVVHVV�WKHLU�XVH�DV�ELRIXHO
E\�&ODXGLR�5XVVR�_�9DOHULR�&LULOOR�_�1DXVLFDD�3ROODUR�_�)DELR�7HUULELOH�_�$OHVVLD�3HUHJR�_�$QGUHD�&KLRGLQL�_
$OELQR�0DJJLR�_�'HSDUWPHQW�RI�$JULFXOWXUH��8QLYHUVLW\�RI�1DSOHV�)HGHULFR�,,�_�'HSDUWPHQW�RI�$JULFXOWXUH�
8QLYHUVLW\�RI�1DSOHV�)HGHULFR�,,�_�'HSDUWPHQW�RI�$JULFXOWXUH��8QLYHUVLW\�RI�1DSOHV�)HGHULFR�,,�_�&5,63
5HVHDUFK�&HQWHU��8QLYHUVLW\�RI�1DSROL�)HGHULFR�,,�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO
6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�(QL�6�S�$��5HQHZDEOH��1HZ�(QHUJLHV�DQG�0DWHULDO�6FLHQFH
5HVHDUFK�&HQWHU��'(�5	'��_�'HSDUWPHQW�RI�$JULFXOWXUH��8QLYHUVLW\�RI�1DSOHV�)HGHULFR�,,

$EVWUDFW�,'�����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��&ODXGLR�5XVVR
&RQWULEXWLRQ��3RVW

%LRIXHOV�UHSUHVHQW�D�UHQHZDEOH�VRXUFH�RI�HQHUJ\��EXW�WKHLU�SURGXFWLRQ�KDV�UDLVHG�FRQFHUQV
UHJDUGLQJ�LWV �SRVVLEOH�LPSDFWV�RQ�IRRG�VHFXULW\� �,QGHHG� �WKH�FXUUHQW�ELRIXHO �SURGXFWLRQ
SULPDULO\�UHOLHV�RQ�IRRG�FURSV�DQG�DUDEOH�ODQGV��7R�RYHUFRPH�WKLV�LQFRQVLVWHQF\��LW�KDV�EHHQ
SURSRVHG�WR�FXOWLYDWH�VHFRQG�JHQHUDWLRQ�ELRIXHO�FURSV�RQ�PDUJLQDO�ODQGV��VLQFH�WKLV�RSWLRQ
FRXOG�EULQJ�EHQHILWV�LQ�WHUPV�RI�IRRG�VHFXULW\�DQG�VXVWDLQDELOLW\��7R�IXOO\�H[SORLW�WKLV�RSWLRQ�
LW �ZLOO �EH �FULWLFDO �WR �FDOLEUDWH �SODQW �JURZWK �PRGHOV �WR �HVWLPDWH �WKH �SRWHQWLDO �ELRIXHO
SURGXFWLRQ�RQ�PDUJLQDO�ODQG�IURP�VHFRQG�JHQHUDWLRQ�IHHGVWRFN��DV�ZHOO�DV�WR�DVVHVV�WKHLU
VXVWDLQDELOLW\�JDLQ�FRPSDUHG�WR�ILUVW�JHQHUDWLRQ�FURSV��:H�DQDO\]HG�OLIH�F\FOH�DVVHVVPHQWV
�/&$��SUHVHQW�LQ�WKH�VFLHQWLILF�OLWHUDWXUH�IRU�WKH�PDLQ�ILUVW�JHQHUDWLRQ�FURSV��=HD�PD\V�
7ULWLFXP�DHVWLYXP� �*O\FLQH �PD[� �+HOLDQWKXV �DQQXXV �DQG�%UDVVLFD �QDSXV� �DQG�SRWHQWLDO
XQGHUXWLOL]HG �FURSV ��&DPHOLQD �VDWLYD� �%UDVVLFD �FDULQDWD� �&DUWKDPXV �WLQFWRULXV� �5LFLQXV
FRPPXQLV�DQG�7KODVSL�DUYHQVH� �LQ�RUGHU�WR�DVVHVV�WKH�JUHHQKRXVH�JDV�HPLVVLRQ��*+*�
OLQNHG�ZLWK�WKHLU�SURGXFWLRQ�SURFHVVHV��)RU�WKH�FDOLEUDWLRQ�RI�$5026$��D�SURFHVV�EDVHG
PRGHO��ZH�FROOHFWHG�ELRPHWULF�DQG�SKHQRORJLFDO�SDUDPHWHUV�RI�WKH�FURS��ZHDWKHU�GDWD��DQG
VRLO�GDWD��:KHUH�QRW�DYDLODEOH��ZHDWKHU�DQG�VRLO�GDWD�ZHUH�REWDLQHG�XVLQJ�(5$���RU�/8&$6
WRSVRLO��UHVSHFWLYHO\��)URP�WKH�DQDO\VLV�RI�/&$�LW�ZDV�FRQFOXGHG�WKDW�WKH�DYHUDJH�*+*�RI
ELRIXHO�REWDLQHG�IURP�VHFRQG�JHQHUDWLRQV�IHHGVWRFN�ZDV�����ORZHU�WKDQ�ILUVW�JHQHUDWLRQ
FURSV��0RUHRYHU��RQ�DYHUDJH��WKH�*+*�IRU�ELRIXHO�IURP�VHFRQG�JHQHUDWLRQ�FURSV�ZHUH�EHORZ
WKH�WKUHVKROG�RI�WKH�5HQHZDEOH�(QHUJ\�'LUHFWLYH�,,��5('���0RUH�VSHFLILFDOO\��&DUWKDPXV
WLQFWRULXV�ZDV�WKH�PRVW�VXVWDLQDEOH�FURS������EHORZ�WKH�5('�,,�WKUHVKROG���IROORZHG�E\
5LFLQXV�FRPPXQLV ������EHORZ���&DPHOLQD�VDWLYD �DQG�7KODVSL�DUYHQVLV ��ERWK����EHORZ��
$PRQJ�WKH�VHFRQG�JHQHUDWLRQ�FURSV��RQO\�%UDVVLFD�FDULQDWD�VKRZHG�KLJKHU�HPLVVLRQ�ZLWK
UHVSHFW�WR�WKH�5('�,,�WKUHVKROG��7KH�SDUDPHWHUL]DWLRQ�RI�5LFLQXV�FRPPXQLV�VKRZHG�KLJK
3HDUVRQ�FRUUHODWLRQ�FRHIILFLHQW�YDOXHV�EHWZHHQ�$5026$�VLPXODWLRQ�DQG�UHDO�PHDVXUHG�IRU
VHYHUDO�SKHQRORJLFDO�DQG�ELRPHWULF�SDUDPHWHUV��HPHUJHQFH�GDWH��U� �������IORZHULQJ�GDWH��U
 �������KDUYHVW�GDWH��U� �������DERYH�JURXQG�ELRPDVV��U� �������\LHOG��U� ��������)RU
&DUWKDPXV�WLQFWRULXV�LW�ZDV�SRVVLEOH�WR�FDOLEUDWH�RQO\�WKH�KDUYHVW��U� �������DQG�WKH��U� 
�������6LPLODUO\��%UDVVLFD�FDULQDWD�ZDV�FDOLEUDWHG�RQO\�RQ�IORZHULQJ�GDWH��U� ��������KDUYHVW
GDWH��U� �������DQG�\LHOG��U� ��������%LRIXHOV�DUH�QRW�WKH�VLOYHU�EXOOHW�WR�VROYH�WKH�RQJRLQJ
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JOREDO�HQHUJ\�FKDOOHQJH�EXW�FDQ�FRQWULEXWH�WR�UHGXFH�WKH�HQYLURQPHQWDO�LPSDFW�RI�IRVVLO
IXHOV��0DUJLQDO�ODQGV�FRXOG�EHFRPH�DQ�HVVHQWLDO�HOHPHQW�RI�D�VXVWDLQDEOH�ELRIXHOV�LQGXVWU\�
+RZHYHU��UHOLDEOH�SODQW�JURZWK�PRGHOV�WKDW�PD\�KHOS�LQ�SHUIRUPLQJ�FRVW�EHQHILW�DQDO\VHV�IRU
ELRIXHO �SURGXFWLRQ �ZLWK �VHFRQG�JHQHUDWLRQ �IHHGVWRFNV �RQ �PDUJLQDO �ODQGV �DUH �FULWLFDOO\
QHFHVVDU\��7KLV�DSSURDFK�FDQ�VXSSRUW�SROLF\�GHFLVLRQV�IRU�D�UDWLRQDOH�SODQQLQJ�RI�ODQG�XVH
ZRUOGZLGH�E\�D�VXVWDLQDEOH�DQG�HFRQRPLFDO�SRLQW�RI�YLHZ��7KH�QH[W�VWHS�ZLOO�EH�WR�LGHQWLI\
WKH�FKDUDFWHULVWLFV�RI�WKH�PDUJLQDO�ODQG�WR�EH�XVHG�IRU�ELRIXHO�SURGXFWLRQ�
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5RRIWRS�$JULYROWDLFV��ELR�DJURQRPLFDO�UHVSRQVH�RI�/DFWXFD
6DWLYD�/�
E\�*LRYDQQL�9HQWXUD�_�*LXVHSSH�0DUFR�7LQD�_�&DWHULQD�&DUXVR�_�/DXUD�6LUDFXVD�_�7RQLD�6WUDQR�_�)UDQFHVFR
0XJKHGGX�_�$QWRQLR�&��%DUEHUD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQWl'L�$��8QLYHUVLW\�RI
&DWDQLD�_�'HSDUWPHQW�RI�(OHFWULFDO�HOHFWURQLF�DQG�FRPSXWHU�HQJLQHHULQJ�',((,��8QLYHUVLW\�RI�&DWDQLD��_
'HSDUWPHQW'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQWl'L�$��8QLYHUVLW\�RI�&DWDQLD�_�,QVWLWXWH�RI
%LRPROHFXODU�FKHPLVWU\�,&%��&15�_�,QVWLWXWH�RI�%LRPROHFXODU�FKHPLVWU\�,&%��&15�_�,QVWLWXWH�RI
%LRPROHFXODU�FKHPLVWU\�,&%��&15�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQWl'L�$��8QLYHUVLW\
RI�&DWDQLD

$EVWUDFW�,'�����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��$QWRQLR�&��%DUEHUD
&RQWULEXWLRQ��3RVW

$JULYROWDLFV �LV �WKH �VKDULQJ�RI �VRODU �UDGLDWLRQ �EHWZHHQ�SKRWRYROWDLFV ��39� �DQG�VXQOLJKW�
GHSHQGHQW�DJULFXOWXUDO�DFWLYLWLHV��DFKLHYLQJ�VXVWDLQDEOH�JRDOV�IURP�JUHHQ�HQHUJ\�SURGXFWLRQ
WR �UHGXFLQJ �ODQG �FRQVXPSWLRQ� �,Q �PXQLFLSDO �DUHDV� �XUEDQ �KRUWLFXOWXUH �FRQWULEXWHV
VLJQLILFDQWO\�WR�WKH�IRRG�DQG�QXWULWLRQDO�VHFXULW\�RI�WKHLU�LQKDELWDQWV��2UVLQL�HW�DO���������
ZKHUH�URRIWRS�DJULFXOWXUH��5$��LV�D�EXLOGLQJ�EDVHG�IRUP�RI�XUEDQ�DJULFXOWXUH��7KH�DLP�RI�WKLV
ZRUN �LV �WR �HYDOXDWH �WKH �SRWHQWLDO �RI �XUEDQ �URRIWRS �KRUWLFXOWXUH �DJULYROWDLFV �E\ �OHWWXFH
DJURQRPLF�DQG�TXDOLW\�WUDLWV�UHVSRQVH��,Q�D�SLORW�VFDOH�YHUWLFDO�GRXEOH�VLGHG�PLQL�PRGXOHV
DJULYROWDLF �V\VWHP ��$9� ��RULHQWHG �DORQJ �WKH �1RUWK�6RXWK �GLUHFWLRQ�� �ORFDWHG �RQ �',((,
EXLOGLQJ�URRI�WKH�ELR�DJURQRPLFDO�UHVSRQVH�RI�/DFWXFD�VDWLYD�/���YDU��ORQJLIROLD��JURZQ�LQ
SRWV�UHFHLYLQJ�GLIIHUHQW�3KRWRV\QWKHWLF�3KRWRQ�)OX[�'HQVLW\�EHFDXVH�RI�WKH�SRWV�UHODWLYH
SRVLWLRQ�LQVLGH�RU�RXWVLGH�WKH�$9�ZDV�VWXGLHG��$�UDQGRPL]HG�EORFN�H[SHULPHQWDO�GHVLJQ�ZLWK
IRXU�UHSOLFDWLRQV�ZDV�DGRSWHG��2Q�HDFK�SRW�SODQW�V\VWHP�E\�ZHLJKW�GLIIHUHQFH��PHDVXUHPHQW
RI�ZDWHU�ORVV��ZDV�FDUULHG�RXW��$W�KDUYHVW�WLPH�WKH�OHWWXFH�DHULDO�ELRPDVV�GU\�ZHLJKW��DQG�WKH
TXDQWLILFDWLRQ�RI�FDURWHQRLGV��8+3/&�FRXSOHG�ZLWK�D�VSHFWURSKRWRPHWULF�GHWHFWRU��ZHUH
GHWHUPLQHG��7KH�GDWD�VHWV�ZHUH�DQDO\]HG�E\�$129$��'DLO\�PHWHRURORJLFDO�GDWD�E\�WKH�PHWHR
VWDWLRQ�DGMDFHQW�WR�WKH�DJULYROWDLF�SODQW��ZKHUHDV�WKH�SUHFLSLWDWLRQ�GDWD�ZHUH�FROOHFWHG�IURP
6,$6� �PHWHRURORJLFDO �VWDWLRQ ��&DWDQLD� �,WDO\� �ZHUH �FROOHFWHG� �7KH �FXPXODWLYH �ZDWHU
FRQVXPSWLRQ�RYHU�WKH�HQWLUH�OHWWXFH�FURS�F\FOH�ZDV�VLJQLILFDQWO\�KLJKHU��S ������E\�DQ
DYHUDJH�RI��������LQ�WKH�([WHUQDO�:HVW��(�:����,QWHUQDO�(DVW��,�(���DQG�([WHUQDO�(DVW��(�(��
SRWV�SRVLWLRQV�FRPSDUHG�WR�ERWK�)XOO�6XQ��)�6��DQG�,QWHUQDO�:HVW��,�:���SODFH��&RQVLGHULQJ�
WKH�OHDI�GU\�ZHLJKW�WKH�SRWV�SRVLWLRQV�LQVLGH�RU�DGMDFHQW�WR�WKH�$9�VKRZHG�D�VLJQLILFDQWO\
KLJKHU�YDOXHV���������WR�IXOO�VXQ�OHWWXFH�H[SRVHG�ZLWK�WKH�KLJKHVW�UHODWLYH�YDOXH�IRU�,�(��
%HFDXVH�RI�WKH�SUHYLRXV�UHVXOWV��WKH�OHWWXFHV�ZDWHU�SURGXFWLRQ�HIILFLHQF\��DV�D�IXQFWLRQ�RI
WKHLU�SRVLWLRQ��DSSHDUV�WR�EH�VLJQLILFDQWO\�EHWWHU�E\�������IRU�SODQWV�JURZQ�LQ�SRVLWLRQV
LQVLGH�WKH�$9�FRPSDUHG�WR�WKRVH�LQ�)XOO �6XQ� �5HJDUGLQJ�WKH�OHWWXFHV�IROLDU�FDURWHQRLG
FRQWHQW��WKH�,QWHUQDO�:HVW�SRVLWLRQ�SUHVHQWHG�VLJQLILFDQWO\�KLJKHU�YDOXHV�RI�������FRPSDUHG
WR�DOO�RWKHU�SRVLWLRQV��ZKHUH�WKH�)�6��SRVLWLRQ�SUHVHQWHG�WKH�UHODWLYH�ORZHVW�FRQWHQWV��7KH
UHVXOWV�FRQILUP�WKH�H[FHOOHQW�SRWHQWLDO�RI�DJULYROWDLF�V\VWHPV�LQ�XUEDQ�URRIWRS�KRUWLFXOWXUH�
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6SHFLILFDOO\��OHWWXFH�SODQWV�JURZQ�XQGHU�SDUWLDO�VKDGLQJ�FRQGLWLRQV�GHWHUPLQHG�E\�WKH�39
PRGXOHV�H[KLELWHG�D�KLJKHU�GU\�ZHLJKW�DQG�FDURWHQRLG�OHDYHV�FRQWHQW��DFFRUGLQJ�,OLp�HW�DO�
������WKDQ�LQ�IXOO�VXQ�FRQGLWLRQV��$OWKRXJK��WKH�ZDWHU�FRQVXPSWLRQ�RI�SODQWV�JURZQ�LQVLGH
$9��ZDV�RQ�DYHUDJH��KLJKHU�WKDQ�LQ�IXOO�VXQ��OHWWXFHV�VKRZHG�D�KLJKHU�:DWHU�8VH�(IILFLHQF\
WKDQ �LQ �IXOO �VXQ �FRQGLWLRQV� �2YHUDOO� �WKLV �VWXG\�V �ILQGLQJV �KLJKOLJKW �WKH �SRWHQWLDO �IRU
LPSURYLQJ�FURS�SURGXFWLRQ�LQ�$9�ZKLOH�FDOOLQJ�IRU�IXUWKHU�UHVHDUFK�RQ�VSHFLILF�DJURQRPLF
VWXGLHV �IRU �WKHVH �SHFXOLDU �DJURHFRVLVWHPV �HQVXULQJ �HIIHFWLYH �ORQJ�WHUP �HQYLURQPHQWDO
VXVWDLQDELOLW\��$FNQRZOHGJHPHQWV��7KH�SUHVHQW�VWXG\�ZDV�SDUWLDOO\�IXQGHG�E\�*(2678',2
*5283�6�7�3��6UO
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(IIHFW�RI�LUULJDWLRQ�ZLWK�GLIIHUHQW�1D&O�FRQFHQWUDWLRQ�RQ�WRWDO
ELRPDVV�DQG�LQIORUHVFHQFHV�SURGXFWLRQ�RI�WKUHH�FKHPRW\SHV
RI�&DQQDELV
E\�,GD�'L�0ROD�_�$XJXVWR�6LFLOLDQR�_�$OIRQVR�*DOOR�_�*LXVHSSH�5RIUDQR�_�/XLJL�-DFRSR�'m$XULD�_�(XJHQLR
&R]]ROLQR�_�/XFLD�2WWDLDQR�_�0DULD�(OHRQRUD�3HORVL�_�)HUGLQDGR�(VSRVLWR�_�1XQ]LR�)LRUHQWLQR�_�0DXUR�0RUL
_�',$��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�,=60�_�,=06�_�,=06�_�,=06�_�&5($��5HVHDUFK�&HQWHU�IRU�&HUHDO
DQG�,QGXVWULDO�&URSV�_�',$��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�',$��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�',$�
8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�',$��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�',$��8QLYHUVLWd�GL�1DSROL
)HGHULFR�,,

$EVWUDFW�,'�����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��,GD�'L�0ROD
&RQWULEXWLRQ��3RVW

7KH�DLP�RI�WKH�FXUUHQW�UHVHDUFK�ZDV�WR�DVVHVV�WKH�HIIHFW�RI�LUULJDWLRQ�ZLWK�ZDWHU�DW�GLIIHUHQW
1D&O�FRQFHQWUDWLRQ�RQ�WKUHH�FKHPRW\SHV�RI�&DQQDELV�IRU�LQIORUHVFHQFHV�SURGXFWLRQ��7KH
FKHPRW\SH�,�ZDV�WKH�YDULHW\��7UDLQZUHFN���+XPEROGW�6HHGV�&DOLIRUQLD���D�GRPLQDQW�VDWLYD
SODQW������,QGLFD�����6DWLYD��7+&������&%'������WKH�FKHPRW\SH�,,��7+&�����&%'����
ZDV�D�YDULHW\�LQ�UHJLVWUDWLRQ�SKDVH�E\�,VWLWXWR�=RRSURILODWWLFR�6SHULPHQWDOH�GHO�0H]]RJLRUQR
�,=60���WKH�FKHPRW\SH�,,,��&%'������7+&�������ZDV�D�SKHQRW\SLF�VHOHFWLRQ�SHUIRUPHG�E\
,=60 �RI �WKH �GLRLF �YDULHW\ �(OHWWD �&DPSDQD� �7KH �WHVW �SODQW �PDWHULDO �FDPH �IURP �WKH
H[SHULPHQWDO�FXOWLYDWLRQ�RI�,=60��DXWKRUL]HG�E\�WKH�0LQLVWU\�RI�+HDOWK��GHFUHH�VS��������
2QH�URRWHG�FXWWLQJ�SHU�HDFK�FKHPRW\SH�ZDV�WUDQVSODQWHG�RQ�2FWREHU���������LQ���OW�SRWV�
ORFDWHG�LQ�D�JURZWK�FKDPEHU�XQGHU�FRQWUROOHG�FRQGLWLRQV��7KH�YHJHWDWLYH�SKDVH�ODVWHG���
GD\V�GXULQJ�ZKLFK�WKH�OLJKW�GDUN�UDWLR�ZDV����DQG���KRXUV�DQG�WKH�PHDQ�WHPSHUDWXUH�����d�
WKHQ��SODQWV�ZHUH�VXEMHFWHG�WR�D�SKRWRSHULRG�RI����K�RI�GDUN�DQG����RI�OLJKW�DQG�D�����d
PHDQ�WHPSHUDWXUH�WR�SURPRWH�IORZHU�LQGXFWLRQ� �7KH�LQIORUHVFHQFHV�ZHUH�KDUYHVWHG� �RQ
PHDQ����WLPHV�SHU�HDFK�FKHPRW\SH�VWDUWLQJ�IURP�'HFHPEHU���DQG�XQWLO �WKH�PLGGOH�RI
-DQXDU\��)RXU�VDOLQLW\�OHYHOV�RI�LUULJDWLRQ�ZDWHU�ZHUH�FRPSDUHG��WDS�ZDWHU��DQG�ZDWHU�ZLWK
1D&O�DGGLQJ�LQ�RUGHU�WR�UHDFK�DQ�HOHFWULFDO�FRQGXFWLYLW\�RI�����������DQG�����G6�P����QDPHO\
UHIHUUHG�WR�(&���(&���(&���DQG�(&���UHVSHFWLYHO\��(DFK�WUHDWPHQW�ZDV�UHSOLFDWH���WLPHV�
7KH�VDOLQH�ZDWHU�LUULJDWLRQ�VWDUWHG�RQ����2FWREHU�DQG�ILQLVKHG�RQ���-DQXDU\�������SHU�D�WRWDO
RI����ZDWHULQJV�DQG�FDXVHG�DQ�LQFUHDVH�LQ�(&�VRLO�WKDW�SDVVHG�IURP������G6�P����DW�WKH
EHJLQQLQJ�RI�WKH�WHVW��WR�������������������DQG������G6�P����DW�WKH�HQG��IRU�(FR��(&���(&���DQG
(&���UHVSHFWLYHO\��$W�HDFK�KDUYHVW��WKH�IROORZLQJ�PHDVXUHPHQWV�ZHUH�PDGH��WRWDO�DQG�VWHPV
IUHVK�ELRPDVV��QXPEHU�RI�OHDYHV��LQIORUHVFHQFHV��DQG�UDPLILFDWLRQV�DQG�WKHLU�ZHLJKWV��7KH
LQFUHDVLQJ�OHYHOV�RI�VDOLQLW\�FDXVHG�D�GHFUHDVH�LQ�DOO�SDUDPHWHUV�ZLWK�WKH�ORZHVW�VLJQLILFDQW
YDOXH�LQ�(&�����������������������������������������������������IRU�WRWDO�DQG�VWHP�ZHLJKW��DQG
QXPEHU�DQG�ZHLJKW�RI�OHDYHV��LQIORUHVFHQFHV��UDPLILFDWLRQV��UHVSHFWLYHO\��FRPSDUHG�WR�(&��
$PRQJ�WKH�YDULHWLHV��WKH�FKHPRW\SHV�,,�VKRZHG�WKH�KLJKHVW�YDOXH�RI�WRWDO�ELRPDVV��������J
SW����DQG�VWHPV�������J�SW����ZHLJKW��DV�ZHOO�DV�RI�QXPEHU�DQG�ZHLJKW�RI�OHDYHV�������Qd�SW���
DQG������J�SW����DQG�LQIORUHVFHQFH�������Qd�SW���DQG������J�SW�����ZKLOH�WKH�ORZHVW�YDOXHV�ZHUH
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UHFRUGHG�IRU�WKH�FKHPRW\SH�,��)LQDOO\��E\�SUHOLPLQDU\�GDWD��LQFUHDVHG�OHYHOV�RI�VDOLQLW\�RI
LUULJDWLRQ�ZDWHU�VHHP�WR�GHWHUPLQH�D�GHFUHDVH�LQ�FDQQDELQRLGV�FRQWHQW�
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/LYHVWRFN�PDQXUH�GLJHVWDWH�WUHDWPHQWV�WR�UHGXFH�*+*�DQG
1+��HPLVVLRQV�DQG�PHHW�FURS�QXWULHQWV�UHTXLUHPHQW
E\�/DXUD�=DYDWWDUR�_�1XQ]LR�)LRUHQWLQR�_�$OHVVDQGUD�$SRVWROLFR�_�(OHQD�&HUYHOOL�_�(OLR�'LQXFFLR�_�5DIIDHOH
*ULHFR�_�/XFLD�2WWDLDQR�_�(VWHU�6FRWWR�GL�3HUWD�_�$QQD�9HUGH�_�6WHIDQLD�3LQGR]]L�_�'HSDUWPHQW�RI
9HWHULQDU\�6FLHQFHV��'69���8QLYHUVLW\�RI�7RULQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLW\�RI
1DSROL�)HGHULFR�,,�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLW\�RI�1DSROL�)HGHULFR�,,�_�'HSDUWPHQW�RI
$JULFXOWXUDO�6FLHQFHV��8QLYHUVLW\�RI�1DSROL�)HGHULFR�,,�_�'HSDUWPHQW�RI�$JULFXOWXUDO��)RUHVW�DQG�)RRG
6FLHQFHV��',6$)$���8QLYHUVLW\�RI�7RULQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�)RRG�6FLHQFHV��8QLYHUVLW\�RI
%RORJQD�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLW\�RI�1DSROL�)HGHULFR�,,�_�'HSDUWPHQW�RI
$JULFXOWXUDO�6FLHQFHV��8QLYHUVLW\�RI�1DSROL�)HGHULFR�,,�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLW\
RI�1DSROL�)HGHULFR�,,�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLW\�RI�1DSROL�)HGHULFR�,,

$EVWUDFW�,'�����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��/DXUD�=DYDWWDUR
&RQWULEXWLRQ��3RVW

$JULFXOWXUH�LV�UHVSRQVLEOH�IRU�������RI�WKH�(8�V�*+*�HPLVVLRQV�DQG�DERXW�����RI�1+�
HPLVVLRQV��ZLWK�1�DQG�3�ORVVHV�H[FHHGLQJ�WKH�(XURSHDQ�OLPLW�E\�D�IDFWRU�RI�����DQG�����
UHVSHFWLYHO\��WKXV�WKUHDWHQLQJ�WHUUHVWULDO��DTXDWLF��DQG�DWPRVSKHULF�HFRV\VWHPV��2QH�FDXVH
LV�WKH�VXERSWLPDO�PDQDJHPHQW�RI�DQLPDO�PDQXUH�LQ�OLYHVWRFN�DQG�FURS�SURGXFWLRQ��ZKLFK�LV
D�PDMRU�VRXUFH�RI�SROOXWLRQ�GXH�WR�1��3�DQG�&�ORVVHV��$QDHURELF�GLJHVWLRQ�LV�D�FRQVROLGDWHG
SURFHVV�WKDW�FDQ�SURYLGH�DQ�HIIHFWLYH�VXSSRUW�LQ�OLYHVWRFN�PDQXUH�PDQDJHPHQW��HQVXULQJ
WKH �SURGXFWLRQ �RI �ELRPHWKDQH �DQG �PRUH �VWDELOLVHG �HIIOXHQWV �IRU �DJULFXOWXUDO �XVH�
1HYHUWKHOHVV��VRPH�FRQVWUDLQWV�DUH�VWLOO�UHSRUWHG�LQ�WKH�DSSOLFDWLRQ�RI�DQDHURELF�GLJHVWLRQ�LQ
OLYHVWRFN�IDUPLQJ�VLQFH�LW�LV�D�SURFHVV�WKDW�GRHV�QRW�DIIHFW�WKH�WRWDO�1�DQG�3�FRQWHQW�RI�IHG
DQLPDO�PDQXUH��*LYHQ�WKH�LPSRUWDQFH�RI�WKH�LPSOHPHQWDWLRQ�RI�VXFK�D�SURFHVV�DLPHG�DW
SURGXFLQJ�PHWKDQH�DQG�RUJDQLF�IHUWLOLVHUV��IXUWKHU�WUHDWPHQWV�DUH�VWUDWHJLF�WR�HQVXUH�WKH
DFKLHYHPHQW �RI �ERWK �PLQHUDO �IHUWLOLVHU �DQG �SROOXWLQJ �JDV ��1+�� �1�2� �&+�� �DQG �&2��
UHGXFWLRQ�WDUJHWV��6SHFLILFDOO\��JUHDW�DWWHQWLRQ�KDV�WR�EH�JLYHQ�WR�WKH�YDORULVDWLRQ�RI�WKH
XWLOLVDWLRQ�RI�GLJHVWDWH�LQ�WKH�ILHOG��ZKLOH�DYRLGLQJ�WKH�UHOHDVH�RI�JDVHV�LQ�WKH�DWPRVSKHUH�
7KH�QDWLRQDO�IXQGHG�35,1�SURMHFW�/L0,7�'**$6�������������DLPV�DW�WHVWLQJ�WZR�SURPLVLQJ
WUHDWPHQW�VWUDWHJLHV�EDVHG�RQ�WKH�UHFRYHU\�RI�QXWULHQWV�LQ�GLJHVWDWH��LQ�WZR�FRQWUDVWLQJ
HQYLURQPHQWV��7RULQR��72��LQ�1:�,WDO\�DQG�1DSROL��1$��LQ�6�,WDO\��7UHDWPHQW�VWUDWHJLHV
LQFOXGH�D�VHSDUDWLRQ��1+��VWULSSLQJ�RI�WKH�OLTXLG�SKDVH�DQG�YHUPLFRPSRVWLQJ�RI�WKH�VROLG
SKDVH��DW�1$�VLWH��DQG�D�FDVFDGH�VHSDUDWLRQ�IROORZHG�E\�XOWUDILOWUDWLRQ�DW�72�VLWH��7KHVH
GLJHVWDWH �WUHDWPHQWV �SURGXFH �YDULRXV �PDWULFHV �WKDW �FDQ �EH �XVHG �DV �IHUWLOLVHUV� �OLTXLG
IUDFWLRQ��VROLG�IUDFWLRQ�DQG�VROLG�IUDFWLRQ�DIWHU�YHUPLFRPSRVWLQJ�DW�1$��DQG�OLTXLG�IUDFWLRQ�
XOWUD�ILOWHUHG �OLTXLG �IUDFWLRQ �IRU �IHUWLJDWLRQ� �DQG �VROLG �IUDFWLRQ �DW �72� �7KHVH
DPHQGPHQWV�IHUWLOLVHUV�ZLOO�EH�WHVWHG�LQ�FRQWUROOHG�FRQGLWLRQV�WR�DVVHVV�WKHLU�IHUWLOLVDWLRQ
HIILFLHQF\��QXWULHQW�UHOHDVH�G\QDPLFV�DQG�JDVHRXV�HPLVVLRQV��,WDOLDQ�U\HJUDVV�ZLOO�EH�XVHG�DV
D�WHVW�SODQW�LQ�WKH�WZR�HQYLURQPHQWV��RQ�WKH�VDPH�WZR�VRLOV�LQ�HDFK�HQYLURQPHQW��XVLQJ
LPSURYHG�IUDFWLRQV�SURGXFHG�ORFDOO\��0LQHUDO�IHUWLOLVHG�DQG�XQIHUWLOLVHG�FRQWUROV�ZLOO�DOORZ



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH���

WKH �FRPSDULVRQ �RI �WKH �DJURQRPLF �SHUIRUPDQFH �RI �LPSURYHG �GLJHVWDWH� �GHULYHG
DPHQGPHQWV�IHUWLOLVHUV �ZLWK �VWDQGDUGV� �$PPRQLD �HPLVVLRQV �DIWHU �GLVWULEXWLRQ �ZLOO �EH
FROOHFWHG�DFFRUGLQJ�WR�SURWRFROV�SURYLGHG�E\�$/)$0��PRGHO��WR�LPSURYH�WKH�GDWDVHW�IRU
GLJHVWDWH�XVH�LQ�0HGLWHUUDQHDQ�FOLPDWH��([SHFWHG�UHVXOWV�RI�WKH�SURMHFWV�DUH�����5HGXFLQJ
FRQVWUDLQWV�RI�WUHDWPHQW�VWUDWHJLHV�IRU�YDORUL]LQJ�QXWULHQWV�IURP�GLJHVWDWH�����(YDOXDWLQJ
IHUWLOLVDWLRQ�HIILFLHQF\�RI �WUHDWHG�GLJHVWDWH� ��� �(VWLPDWLQJ�1+��H�*+*V�HPLVVLRQV�IURP
UHOHYDQW�SKDVHV�RI�WKH�OLYHVWRFN�PDQXUH�GLJHVWDWH�FKDLQ�����3URYLGLQJ�GDWDVHW�IRU�$/)$0�
PRGHO�����&RQGXFWLQJ�D�WHFKQR�HFRQRPLF�DQDO\VLV�DQG�WHUULWRULDO�DVVHVVPHQW�RI�WUHDWPHQW
VWUDWHJLHV�DGRSWHG� �$FFRUGLQJO\� �WKH�SURMHFW �ZLOO �WUDFH�WKH�URDG�IRU�L� �D �FRQWURO �RQ�E\�
SURGXFWV�TXDOLW\��LL��YDORULVDWLRQ�RI�DJURQRPLF�XWLOLVDWLRQ�RI�GLJHVWDWH��DQG�LLL��UHGXFWLRQ�RI
HQYLURQPHQWDO�HIIHFWV�GXH�WR�WKH�UHOHDVH�RI�SROOXWDQW�JDVHV��DV�UHTXLUHG�E\�SROLF\�PDNHUV
DQG�VWDNHKROGHUV�
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)ROLDU�IHUWLOL]HU�RQ�UHGXFLQJ�QLWUDWH�OHDFKLQJ�DQG�QLWURXV
R[LGH�HPLVVLRQV�LQ�SRWDWR�ILHOG
E\�-LQJUX�<LQ�_�$DUKXV�8QLYHUVLW\

$EVWUDFW�,'�����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��-LQJUX�<LQ
&RQWULEXWLRQ��3RVW

1LWURJHQ��1��IHUWLOL]HU�KDV�ORQJ�EHHQ�XVHG�LQ�DJULFXOWXUH�WR�LPSURYH�FURS�\LHOGV�EXW�WKH
VXUSOXVHV�LQ�FRQVHTXHQFH�FDXVH�HQYLURQPHQWDO�SUREOHPV��IRU�H[DPSOH�QLWUDWH�OHDFKLQJ�LV�D
PDLQ�FDXVH�RI�WKH�ZDWHU�SROOXWLRQ�DQG�QLWURXV�R[LGH��1�2��HPLVVLRQ�LV�UHVSRQVLEOH�IRU�FOLPDWH
FKDQJH�DQG�R]RQH�GHSOHWLQJ��7KHUHIRUH��RSWLPDO�PDQDJHPHQW�RI�1�LQ�DJULFXOWXUH�LV�FUXFLDO
IRU�ERWK�VXVWDLQLQJ�FURS�SURGXFWLRQ�DQG�VDIHJXDUGLQJ�HQYLURQPHQWDO�VXVWDLQDELOLW\��$V�D
WDUJHW�RULHQWHG�VWUDWHJ\��IROLDU�IHUWLOL]HU�ZKLFK�DSSOLHV�QXWULHQW�OLTXLG�GLUHFWO\�WR�OHDYHV�ZDV
UHSRUWHG�WR�KDYH�SRVLWLYH�HIIHFWV�RQ�VRLO�HFRV\VWHP��.DQQDQ��������1LX�HW�DO����������EXW�WKH
VWXG\�RQ�PLWLJDWLQJ�1�ORVVHV�LQ�FURS�ILHOG�UHPDLQV�GHILFLHQW��7KHUHIRUH��IROLDU�IHUWLOL]HU�ZDV
DSSOLHG�LQ�WKLV�VWXG\��,WV�HIIHFWV�RQ�1�2�HPLVVLRQ�DQG�QLWUDWH�OHDFKLQJ�ZHUH�DQDO\]HG��7KH
H[SHULPHQW�ZDV�FRQGXFWHG�LQ�D���KD�SRWDWR�ILOHG�ORFDWHG�LQ�)RXOXP����d���1���d��(��
FHQWUDO�-XWODQG�RI�'HQPDUN��LQ�ZKLFK�QLWUDWH�FRQFHQWUDWLRQ�ZDV�PHDVXUHG�IURP�VXFWLRQ�FXSV
DQG�1�2�ZDV�FROOHFWHG�WKURXJK�PDQXDO�FKDPEHUV�SHULRGLFDOO\�GXULQJ�WKH�JURZLQJ�VHDVRQ
IURP�0D\�WR�ODWH�$XJXVW�������7KH�ILHOG�ZDV�GLYLGHG�LQWR���VWULSV��HDFK�VWULS�KDV�ERWK�IROLDU
DQG �EXVLQHVV�DV�XVXDO ��%$8� �IHUWLOL]HU �DSSOLFDWLRQV� �1�2 �IOX[ �ZDV �FDOFXODWHG �E\ �+05
SDFNDJH�LQ�56WXGLR��5�&RUH�7HDP��������&XPXODWLYH�1�2�IOX[��J�KD��ZHUH�FDOFXODWHG�E\
OLQHDU�LQWHUSRODWLRQ�EHWZHHQ�GDLO\�IOX[HV��'UDLQDJH�ZDV�VLPXODWHG�IURP�(9$&523��2OHVHQ
DQG�+HLGPDQQ���������1LWUDWH�OHDFKLQJ�ZDV�WKHQ�FDOFXODWHG�IURP�PRGHO�FDOFXODWHG�GUDLQDJH
DQG �QLWUDWH �FRQFHQWUDWLRQV� �ZKLFK �ZHUH �HVWLPDWHG �E\ �XVLQJ �D �GUDLQDJH�ZHLJKWHG
LQWHUSRODWLRQ �EHWZHHQ �WKH �VDPSOLQJ �GDWHV ��9RJHOHU �HW �DO�� ������� �$QDO\VLV �RI �YDULDQFH
�$129$� �ZDV �SURFHVVHG �LQ �0$7/$% ��7KH �0DWK:RUNV� �,QF��� �&RPSDUHG �ZLWK �%$8
DSSOLFDWLRQ� �WKH �UHGXFWLRQ �RQ �QLWUDWH �OHDFKLQJ �DQG �1�2 �HPLVVLRQ �ZHUH �VHHQ �LQ �IROLDU
IHUWLOL]DWLRQ �SUDFWLFH �ZKLFK �LV �VLJQLILFDQW ��S �� ������ �HVSHFLDOO\ �DIWHU �UDLQIDOO� �7KH
SODQW �DEVRUSWLRQ �PHFKDQLVP �RI � �IROLDU �IHUWLOL]HU �SURYLGHV �D �IRXQGDWLRQ �IRU �IXUWKHU
XQGHUVWDQGLQJ��6RLO�SURSHUWLHV�DQG�ILHOG�WRSRJUDSK\�ZHUH�XWLOL]HG�IRU�XQGHUO\LQJ�H[SODQDWLRQ
RQ�D�IHZ�XQH[SHFWHG�GDWD�SRLQWV��6DPH�VWXG\�RQ�RWKHU�FURSV�LV�H[SHFWHG�WR�EH�FRQGXFWHG�LQ
WKLV�ILHOG�IRU�WKH�FRPLQJ�\HDUV��2YHUDOO��IROLDU�IHUWLOL]HU�VKRZV�JUHDW�SRWHQWLDO�IRU�UHGXFLQJ�1
ORVV�ZKLFK�LV�SURPLVLQJ�DV�D�VWDQGDUG�SUDFWLFH�LQ�PRGHUQ�DJULFXOWXUDO�ILHOGV��
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6LPXODWLQJ�WKH�LPSDFW�RI�FOLPDWH�FKDQJH�VFHQDULRV�RQ
SKHQRORJ\�DQG�FURS�ZDWHU�UHTXLUHPHQWV��D�FDVH�VWXG\�RQ
ROLYH�WUHH�LQ�$SXOLD�UHJLRQ
E\�$QQD�0DULD�6WHOODFFL�_�)UDQFHVFR�*HQWLOH�_�0DULD�9LQFHQ]D�&KLULDFi�_�6HUJLR�1RFH�_�*DEULHOH�3L]]LOHR�_
*LRYDQQL�5XVVR�_�)UDQFHVFR�)DELDQR�0RQWHVDQR�_�6DOYDWRUH�&DPSRVHR�_�*LXVHSSH�/RSULRUH�_�,JQD]LR
6DPDUHOOL�_�3DVTXDOH�/RVFLDOH�_�*LRYDQQL�)UDQFHVFR�5LFFL�_�$QQXQ]LDWD�)LRUH�_�0DUWLQD�'L�9HQRVD�_
/HRQDUGR�&RVWDQ]D�_�0DWWHR�6WHOOXWL�_�*LRYDQQL�/DFROOD�_�0DULR�$OEHUWR�0DVWUR�_�'LSDUWLPHQWR�GL�6FLHQ]H
GHO�6XROR��GHOOD�3LDQWD�H�GHJOL�$OLPHQWL��8QLYHUVLWd�GHJOL�6WXGL�GL�%DUL�_�'LSDUWLPHQWR�GL�6FLHQ]H�GHO�6XROR�
GHOOD�3LDQWD�H�GHJOL�$OLPHQWL��8QLYHUVLWd�GHJOL�6WXGL�GL�%DUL�_�&0&&�)RXQGDWLRQ���(XUR�0HGLWHUUDQHDQ
&HQWHU�RQ�&OLPDWH�&KDQJH�_�&0&&�)RXQGDWLRQ���(XUR�0HGLWHUUDQHDQ�&HQWHU�RQ�&OLPDWH�&KDQJH�_�&0&&
)RXQGDWLRQ���(XUR�0HGLWHUUDQHDQ�&HQWHU�RQ�&OLPDWH�&KDQJH�_�'LSDUWLPHQWR�GL�6FLHQ]H�GHO�6XROR��GHOOD
3LDQWD�H�GHJOL�$OLPHQWL��8QLYHUVLWd�GHJOL�6WXGL�GL�%DUL�_�'LSDUWLPHQWR�GL�6FLHQ]H�GHO�6XROR��GHOOD�3LDQWD�H
GHJOL�$OLPHQWL��8QLYHUVLWd�GHJOL�6WXGL�GL�%DUL�_�'LSDUWLPHQWR�GL�6FLHQ]H�GHO�6XROR��GHOOD�3LDQWD�H�GHJOL
$OLPHQWL��8QLYHUVLWd�GHJOL�6WXGL�GL�%DUL�_�'LSDUWLPHQWR�GL�6FLHQ]H�GHO�6XROR��GHOOD�3LDQWD�H�GHJOL�$OLPHQWL�
8QLYHUVLWd�GHJOL�6WXGL�GL�%DUL�_�'LSDUWLPHQWR�GL�6FLHQ]H�GHO�6XROR��GHOOD�3LDQWD�H�GHJOL�$OLPHQWL��8QLYHUVLWd
GHJOL�6WXGL�GL�%DUL�_�'LSDUWLPHQWR�GL�6FLHQ]H�GHO�6XROR��GHOOD�3LDQWD�H�GHJOL�$OLPHQWL��8QLYHUVLWd�GHJOL
6WXGL�GL�%DUL�_�'LSDUWLPHQWR�GL�6FLHQ]H�GHO�6XROR��GHOOD�3LDQWD�H�GHJOL�$OLPHQWL��8QLYHUVLWd�GHJOL�6WXGL�GL
%DUL�_�'LSDUWLPHQWR�GL�6FLHQ]H�GHO�6XROR��GHOOD�3LDQWD�H�GHJOL�$OLPHQWL��8QLYHUVLWd�GHJOL�6WXGL�GL�%DUL�_
'LSDUWLPHQWR�GL�6FLHQ]H�GHO�6XROR��GHOOD�3LDQWD�H�GHJOL�$OLPHQWL��8QLYHUVLWd�GHJOL�6WXGL�GL�%DUL�_
'LSDUWLPHQWR�GL�6FLHQ]H�GHO�6XROR��GHOOD�3LDQWD�H�GHJOL�$OLPHQWL��8QLYHUVLWd�GHJOL�6WXGL�GL�%DUL�_
'LSDUWLPHQWR�GL�6FLHQ]H�GHO�6XROR��GHOOD�3LDQWD�H�GHJOL�$OLPHQWL��8QLYHUVLWd�GHJOL�6WXGL�GL�%DUL�_
'LSDUWLPHQWR�GL�6FLHQ]H�GHO�6XROR��GHOOD�3LDQWD�H�GHJOL�$OLPHQWL��8QLYHUVLWd�GHJOL�6WXGL�GL�%DUL�_
'LSDUWLPHQWR�GL�6FLHQ]H�GHO�6XROR��GHOOD�3LDQWD�H�GHJOL�$OLPHQWL��8QLYHUVLWd�GHJOL�6WXGL�GL�%DUL

$EVWUDFW�,'�����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��$QQD�0DULD�6WHOODFFL
&RQWULEXWLRQ��3RVW

$VVHVVLQJ�WKH�SRWHQWLDO�LPSDFW�RI�FOLPDWH�FKDQJH�RQ�WKH�GXUDWLRQ�RI�SKHQRORJLFDO�VWDJHV�DQG
FURSSLQJ �F\FOH �LV �IXQGDPHQWDO �WR �HVWLPDWH �FURS �ZDWHU �UHTXLUHPHQWV �DQG �RSWLPL]H �WKH
DOORFDWLRQ�RI�OLPLWHG�ZDWHU�UHVRXUFHV�DQG�ODQG�DPRQJ�GLIIHUHQW�FURSV�LQ�0HGLWHUUDQHDQ
UHJLRQV��$Q�DSSURDFK�EDVHG�RQ�WKHUPDO�UHTXLUHPHQWV�ZDV�XVHG�WR�VLPXODWH�WKH�YDULDWLRQ�RI
WKH�RQVHW�DQG�GXUDWLRQ�RI�WKH�SKHQRORJLFDO�VWDJHV�DQG�WKH�FURS�ZDWHU�UHTXLUHPHQWV�RI�ROLYH
WUHH�XQGHU�IXWXUH�FOLPDWH�FKDQJH�VFHQDULRV��7KH�VWXG\�ZDV�FDUULHG�RXW�LQ�$SXOLD�UHJLRQ�RQ
ILYH�ORFDWLRQV�VHOHFWHG�ZLWKLQ�GLIIHUHQW�KRPRJHQHRXV�FOLPDWLF�]RQHV�GHOLQHDWHG�ZLWKLQ�$&/$
��SURMHFW��&OLPDWH�PRGHO�VLPXODWLRQV�ZHUH�GHULYHG�IURP�WKH�(852�&25'(;�ELDV�DGMXVWHG
GDWDEDVH�IRU�HDFK�RI�WKH�ILYH�ORFDWLRQV�VHOHFWHG��7KH�5HSUHVHQWDWLYH�&RQFHQWUDWLRQ�3DWKZD\
�5&3������ZDV�FRQVLGHUHG��7KH�GDWDEDVH�FRQVLVWHG�RI�VLPXODWHG�ELDV�DGMXVWHG�GDLO\�ZHDWKHU
GDWD�IRU�WKH�WLPH�LQWHUYDO�����������������������RI�PHDQ�VXUIDFH�WHPSHUDWXUH��PD[LPXP
VXUIDFH�WHPSHUDWXUH��PLQLPXP�VXUIDFH�WHPSHUDWXUH�DQG�SUHFLSLWDWLRQ�IOX[�DQG�GDWD�ZHUH
REWDLQHG�DYHUDJLQJ�DQ�HQVHPEOH�RI����PRGHO�PHPEHUV��)RXU�WLPH�VHULHV�ZHUH�FRQVLGHUHG�
WKH�FXUUHQW�SHULRG��FRQVLGHULQJ�WKH�WKLUW\�\HDU�WLPH�VHULHV������������DQG�WKUHH�IXWXUH
VFHQDULRV �FRQVLGHULQJ�WKH�WLPH�LQWHUYDOV ����������� ����������� ����������� �SOXULDQQXDO
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PHDQ�GDWD�ZHUH�FRPSXWHG�IRU�HDFK�WLPH�LQWHUYDO��,Q�HDFK�DUHD��WKH�UHIHUHQFH�VWDUWLQJ�GDWHV
IRU�HDFK�SKHQRORJLFDO�VWDJH��EXGEUHDN��LQIORUHVFHQFH�HPHUJHQFH��IORZHULQJ��SLW�KDUGHQLQJ�
YHUDLVRQ��DQG�ORFDWLRQ�ZHUH�GHILQHG�DFFRUGLQJ�WR�SKHQRORJLFDO�REVHUYDWLRQV�UHSHDWHG�RYHU
\HDUV��:LWK�WKH�FXUUHQW�FOLPDWLF�FRQGLWLRQV��WKH�WKHUPDO�UHTXLUHPHQWV��H[SUHVVHG�DV�JURZLQJ
GHJUHH�GD\V�*''��WR�FRPSOHWH�HDFK�SKHQRORJLFDO �VWDJH�ZHUH�FRPSXWHG��5XELQR�HW �DO��
�������7KLV�LQIRUPDWLRQ�ZDV�WKHQ�XVHG�XQGHU�IXWXUH�FOLPDWH�VFHQDULRV�WR�DVVHVV�WKH�VWDUWLQJ
GDWH�RI�WKH�VWDJHV�IURP�LQIORUHVFHQFH�HPHUJHQFH�WR�YHUDLVRQ��ZKHUHDV�WKH�GDWH�RI�EXGEUHDN
ZDV�NHSW�FRQVWDQW�IRU�HDFK�VLWH��$IWHU�GHILQLQJ�FURS�F\FOH�SDUDPHWHUV�IRU�HDFK�FOLPDWLF
FRQGLWLRQ �DQG �VLWH� �GDLO\ �UHIHUHQFH �HYDSRWUDQVSLUDWLRQ ��(7R� �ZDV �FRPSXWHG �XVLQJ
+DUJUHDYHV�HTXDWLRQ�DQG�GDLO\�PD[LPXP�FURS�HYDSRWUDQVSLUDWLRQ��(7F��ZDV�TXDQWLILHG�
&URS�F\FOH�OHQJWK�IURP�EXGEUHDN�WR�YHUDLVRQ�YDULHG�ZLWKLQ�VHOHFWHG�FOLPDWLF�]RQHV�DQG
VSHFLILFDOO\�IURP�����GD\V��IRU�WKH�VLWH�RI�*URWWDJOLH��WR�����GD\V��IRU�WKH�VLWH�RI�1DUGo��$
SURJUHVVLYH�UHGXFWLRQ�RI�WKH�GXUDWLRQ�RI�WKH�EXGEUHDN�WR�YHUDLVRQ�SHULRG�ZDV�REVHUYHG�LQ
IXWXUH�VLPXODWHG�VFHQDULRV� �*UHDWHU �GLIIHUHQFHV�ZHUH�REVHUYHG�LQ �WKH�LQWHUYDO �EHWZHHQ
EXGEUHDN�DQG�LQIORUHVFHQFH�HPHUJHQFH�DQG�EHWZHHQ�SLW�KDUGHQLQJ�DQG�YHUDLVRQ��D�OHVV
LQWHQVH�YDULDWLRQ�ZDV�LQVWHDG�UHFRUGHG�LQ�WKH�FHQWUDO�SDUW�RI�WKH�FURS�F\FOH��$�SURJUHVVLYH
UHGXFWLRQ�RI�WRWDO�FURS�ZDWHU�UHTXLUHPHQWV�ZDV�REVHUYHG�LQ�WKH�IXWXUH�VLPXODWHG�VFHQDULRV
GXH�WR�WKH�UHGXFHG�GXUDWLRQ�RI�WKH�EXGEUHDN�WR�YHUDLVRQ�SHULRG�IRU�DOO�WKH�LQYHVWLJDWHG�VLWHV�
$W�WKH�VDPH�WLPH��D�SURJUHVVLYH�GHFUHDVH�RI�UDLQIDOO�ZDWHU�DYDLODELOLW\�ZDV�UHFRUGHG�SDVVLQJ
IURP �WKH �DFWXDO �FRQGLWLRQV �WR �WKH ����������� �WKH ����������� �WKH ���������� �FOLPDWH
VFHQDULRV�SDUWLFXODUO\�LQ�WKH�LQLWLDO��EXGEUHDN�WR�LQIORUHVFHQFH�HPHUJHQFH��DQG�ILQDO�SDUW�RI
WKH�FURS�F\FOH��SLW�KDUGHQLQJ�WR�YHUDLVRQ��
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,QVLJKWV�,QWR�*UDSHYLQH�*URZWK�0RQLWRULQJ�8VLQJ�6\QWKHWLF
$SHUWXUH�5DGDU��6$5��,PDJHU\
E\�5LFFDUGR�5RVVL�_�0DUWLQD�0RUL�_�/XFD�'H�*XWWU\�_�*ORULD�3DGRYDQ�_�$QQD�5LWD�%DOLQJLW�_�1LFROLQD
6WDJOLDQi�_�0DUFR�%LQGL�_�&DPLOOD�'LEDUL�_�0DUFR�0RULRQGR�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�
(QYLURQPHQW�DQG�)RUHVWU\��'$*5,���8QLYHUVLW\�RI�)ORUHQFH�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�
(QYLURQPHQW�DQG�)RUHVWU\��'$*5,���8QLYHUVLW\�RI�)ORUHQFH�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�
(QYLURQPHQW�DQG�)RUHVWU\��'$*5,���8QLYHUVLW\�RI�)ORUHQFH�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�
(QYLURQPHQW�DQG�)RUHVWU\��'$*5,���8QLYHUVLW\�RI�)ORUHQFH�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�
(QYLURQPHQW�DQG�)RUHVWU\��'$*5,���8QLYHUVLW\�RI�)ORUHQFH�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�
(QYLURQPHQW�DQG�)RUHVWU\��'$*5,���8QLYHUVLW\�RI�)ORUHQFH�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�
(QYLURQPHQW�DQG�)RUHVWU\��'$*5,���8QLYHUVLW\�RI�)ORUHQFH�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�
(QYLURQPHQW�DQG�)RUHVWU\��'$*5,���8QLYHUVLW\�RI�)ORUHQFH�_�,QVWLWXWH�RI�%LR(FRQRP\�RI�WKH�1DWLRQDO
5HVHDUFK�&RXQFLO��&15�,%(�

$EVWUDFW�,'�����
7RSLF��&OLPDWH

3UHVHQWHU�1DPH��5LFFDUGR�5RVVL
&RQWULEXWLRQ��3RVW

0RQLWRULQJ�RI�JUDSHYLQH�SODQWV�LV�FUXFLDO�IRU�IDUPHUV��HVSHFLDOO\�LQ�0HGLWHUUDQHDQ�UHJLRQV
ZKHUH �FOLPDWH �FKDQJH �GHPDQGV �WLPHO\ �UHVSRQVHV �WKURXJKRXW �WKH �VHDVRQ �WR �PLWLJDWH
SRWHQWLDO �LPSDFWV�RQ�ERWK�WKH�TXDQWLW\�DQG�TXDOLW\�RI�ILQDO�\LHOGV� �9DULDWLRQV�LQ�FDQRS\
DUFKLWHFWXUH�DUH�NH\�LQGLFDWRUV�RI�YLQH\DUG�KHDOWK�VWDWXV��DLGLQJ�LQ�GHWHFWLQJ�QXWULWLRQDO
GHILFLHQFLHV�DQG�JXLGLQJ�WKH�DGRSWLRQ�RI�EHVW�PDQDJHPHQW�SUDFWLFHV�IRU�DFKLHYLQJ�RSWLPDO
JURZWK�\LHOG �EDODQFH� �,Q �WKLV �UHJDUG� �WKH �DOO�ZHDWKHU �DQG �GD\�DQG�QLJKW �FDSDELOLWLHV �RI
6\QWKHWLF�$SHUWXUH�5DGDU��6$5��VDWHOOLWHV�PDNH�WKLV�WRROV�SDUWLFXODUO\�YDOXDEOH�IRU�DVVHVVLQJ
FURS�JURZWK�G\QDPLFV��VXUSDVVLQJ�VHYHUDO�OLPLWDWLRQV�LQKHUHQW�WR�RSWLFDO�VHQVRUV��:KLOH
UHFHQW�6$5�WHFKQRORJ\�KDV�SURYHQ�HIIHFWLYH�LQ�PRQLWRULQJ�SDVWXUHV��:DQJ�HW�DO���������DQG
RSHQ�ILHOG�FURSV��.RED\DVKL�DQG�,GH��������%KRJDSXUDSX�HW�DO����������LWV�DSSOLFDWLRQ�LQ
YLWLFXOWXUH �KDV �EHHQ �VRPHZKDW �FRQVWUDLQHG �SULPDULO\ �WR �WDVNV �VXFK �DV �ODQG�FRYHU
FODVVLILFDWLRQ�DQG�VRLO�PRLVWXUH�DVVHVVPHQW��%DNRQ�HW�DO����������7KLV�OLPLWDWLRQ�DULVHV�IURP
WKH �YLQH\DUG
V �FRPSOH[ �PXOWL�OD\HUHG �VWUXFWXUH �DQG �FDQRS\ �VSDWLDO �DUUDQJHPHQW�
FRPSRXQGHG �E\ �WKH �UHVROXWLRQ �RI �VDWHOOLWH �LPDJHV� �7R �HQDEOH �DFFXUDWH �PRQLWRULQJ �RI
DUFKLWHFWXUDO�HYROXWLRQ��LW�LV�WKXV�FUXFLDO�WR�GHYHORS�LQQRYDWLYH�DSSURDFKHV�WR�GLVHQWDQJOH�
WKH�YLQHV��6$5�VHQVHG�VLJQDO�IURP�WKH�LQWHU�URZ�VSRQWDQHRXV�JUDVV�YHJHWDWLRQ��$FFRUGLQJO\�
WKLV�VWXG\�DLPHG�WR�GHYHORS�D�PHWKRGRORJ\�WR�LVRODWH�JUDSHYLQH�VSHFLILF�LQIRUPDWLRQ�IURP
6HQWLQHO��$��6��$��6$5�EDFNVFDWWHU�PHDVXUHPHQWV��L�H���9+�DQG�99�SRODUL]DWLRQV���HQDEOLQJ
D�FRQWLQXRXV�DQG�DFFXUDWH�DVVHVVPHQW�RI�JUDSHYLQH�JURZWK�DQG�FDQRS\�GHYHORSPHQW��)RU
WKLV�SXUSRVH�����6$5�LPDJHV�ZHUH�FROOHFWHG�IURP�$SULO�WR�6HSWHPEHU������RYHU�WHQ���P�[
��P�VTXDUHV��HDFK�HQFORVHG�RQ�6��$�SL[HOV�ZLWKLQ�D���KHFWDUH�6DQJLRYHVH�YLQH\DUG��6LHQD�
7XVFDQ\��,WDO\���)RU�HDFK�GDWH��WKH�z�9+��z�99��z�9+�G%���z�99�G%���6FDOHG9+��6FDOHG9+�
99� �6FDOHG9+�99 �DQG �6HQWLQHO �1RUPDOL]HG �,QGH[ ��61,� �SDUDPHWHUV �UHODWHG �WR �HDFK
VDPSOLQJ �SORW �ZHUH �WKHQ �FDOFXODWHG �DV �WKH �DYHUDJH �RI ���SL[HO �QHLJKERUKRRG �YDOXHV�
DFFRXQWLQJ�IRU�WKH�JHRPHWULF�GLVWRUWLRQ�EHWZHHQ�LPDJHV��$W����������DQG�����GD\V�RI�WKH
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\HDU��'2<���WKH�YROXPH�RI�DOO�WKH�YLQHV��9RO9��DQG�VSRQWDQHRXV�YHJHWDWLRQ�LQ�WKH�LQWHU�URZ
�9RO6� �ZHUH�REWDLQHG�DQG�VXPPHG��9RO727��IRU �HDFK�SORW� �E\�PDQXDOO\ �PHDVXULQJ�WKH
FDQRSLHV�GLPHQVLRQV�DQG�JUDVV�KHLJKW��7KH�UHVXOWV�KLJKOLJKWHG�WKDW�WKH�6FDOHG9+�99�LQGH[
LV�WKH�PRVW�UHVSRQVLYH�LQ�FDSWXULQJ�WKH�HYROXWLRQ�RI�ERWK�9RO9�DQG�9RO727��U� ������DQG
����� �UHVSHFWLYHO\�� �ZLWK �QHJOLJLEOH �LQWHUIHUHQFH �IURP �WKH �LQWHU�URZ �JUDVV �VLJQDO�
&RQVHTXHQWO\��6$5�LPDJHU\�PD\�EH�FRQVLGHUHG�DV�D�SURPLVLQJ�VRXUFH�IRU��PRQLWRULQJ��WKH
JURZWK�HYROXWLRQ�RI�WKH�YLQH�FDQRSLHV�WKURXJKRXW�WKH�VHDVRQ��EHLQJ�PLQLPDOO\�DIIHFWHG�E\
WKH �KHUEDFHRXV �OD\HU� �$IWHU �YDOLGDWLRQ� �WKH �SURSRVHG �DSSURDFK �ZLOO �SURYLGH �YDOXDEOH
FRQWLQXRXV�LQVLJKWV�LQWR�JUDSH�JURZWK�DQG�GHYHORSPHQW��RIIHULQJ�HDVLO\�DFFHVVLEOH�LQSXWV�IRU
FURS�PRGHOV�IRU�DQ�RSWLPL]HG�YLQH\DUG�PDQDJHPHQW�
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3DJH���

$SXOLD�5HJHQHUDWLYH�&RWWRQ�LQ�$JURIRUHVWU\�6\VWHP��ILUVW
UHVXOWV�DQG�SURVSHFWLYH
E\�3DVTXDOH�&DPSL�_�*DEULHOH�GH�&DUROLV�_�6PRQH�3LHWUR�*DURIDOR�_�*LXVHSSH�6FDUDVFLD�0XJQR]]D�_
0HVHOH�1HJDVK�7HVHPPD�_�$QQD�)UDQFHVFD�0RGXJQR�_�&5($���5HVHDUFK�&HQWUH�IRU�$JULFXOWXUH�DQG
(QYLURQPHQW�_�&5($���5HVHDUFK�&HQWUH�IRU�$JULFXOWXUH�DQG�(QYLURQPHQW�_�&5($���5HVHDUFK�&HQWUH�IRU
$JULFXOWXUH�DQG�(QYLURQPHQW�_�(XURSHDQ�)RUHVW�,QVWLWXWH�%LRFLWLHV�)DFLOLW\��5RPH�_�(XURSHDQ�)RUHVW
,QVWLWXWH�%LRFLWLHV�)DFLOLW\��5RPH�_�&5($���5HVHDUFK�&HQWUH�IRU�$JULFXOWXUH�DQG�(QYLURQPHQW

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��3DVTXDOH�&DPSL
&RQWULEXWLRQ��2UDO

&RWWRQ �FXOWLYDWLRQ �KDV �KDG �D �ORQJ �WUDGLWLRQ �LQ �VRXWKHUQ �,WDO\ �XQWLO �WKH �ODVW �FHQWXU\�
1RZDGD\V��UHLQWURGXFLQJ�D�FURS�WKDW�KDV�EHHQ�SUHVHQW�LQ�$SXOLD�VLQFH�WKH�;,,�FHQWXU\�PD\
UHSUHVHQW�DQ�LPSRUWDQW�RSSRUWXQLW\��7KLV�UHVHDUFK�DLPHG�WR�UHVWRUH�DQG�VFLHQWLILFDOO\�DVVHVV
WKH�UHJHQHUDWLYH�DJURIRUHVWU\�EDVHG�FRWWRQ�SURGXFWLRQ�V\VWHPV�LQ�,WDO\��7KH�H[SHULPHQWDO
DFWLYLWLHV�ZHUH�FDUULHG�RXW�GXULQJ�WKH������VHDVRQ�DW�WKH�H[SHULPHQWDO �IDUP�RI�&5($�
ORFDWHG�LQ�5XWLJOLDQR��VRXWKHUQ�,WDO\����d���
���

�1����d���
���

�(������DVO���)ROORZLQJ�WKH
SULQFLSOHV �RI �UHJHQHUDWLYH �DJULFXOWXUH� �FRWWRQ �KDV �EHHQ �FXOWLYDWHG �XQGHU �WZR �GLIIHUHQW
V\VWHPV��PRQRFURSSLQJ�FRWWRQ��0&���RQ�DQ�DUHD�RI�����KD��DQG�DJURIRUHVWU\�EDVHG�FRWWRQ
�&$)���RQ�DQ�H[SHULPHQWDO�SORW�RI�����KD��&$)�V\VWHP�LQYROYHG�LQWHUFURSSLQJ�FRWWRQ�ZLWK�D���
\HDU�ROG�SHDFK�RUFKDUG�RI �ODWH�ULSHQLQJ� �VSDFHG�DW ���P�j���P��,UULJDWLRQ�YROXPH�ZDV
VFKHGXOHG�WR�UHVWRUH������RI�WKH�FURS�HYDSRWUDQVSLUDWLRQ�ZLWK�D�GULS�LUULJDWLRQ�V\VWHP��7KH
LUULJDWLRQ�YROXPH�DSSOLHG�ZDV������P��KD���IRU�0&�DQG������P��KD���IRU�&$)��3UHOLPLQDU\
UHVXOWV �VKRZ�WKDW �WKH �VWHP�ZDWHU �SRWHQWLDO ��uV� �LQ �&$) �ZDV �VLJQLILFDQWO\ �ORZHU ��DQG
WKHUHIRUH�WKH�SODQWV�ZHUH�PRUH�VWUHVVHG��WKDQ�LQ�0&�WUHDWPHQW��������e������%DU�DQG�������
e������%DU��UHVSHFWLYHO\���)URP�WKH�HQG�RI�-XO\��DW�WKH�VWDJH�RI�IXOO�YHJHWDWLYH�JURZWK�RI�WKH
FURS��XQWLO�WKH�HQG�RI�$XJXVW��QR�VWDWLVWLFDOO\�VLJQLILFDQW�GLIIHUHQFHV�LQ�WKH�uV�RI�HLWKHU�WKHVLV
ZHUH�LGHQWLILHG��7KH�/$,�RI�FRWWRQ�JURZQ�LQ�WKH�&$)�VKRZHG�VLJQLILFDQWO\�ORZHU�YDOXHV��7KLV
LV�PDLQO\�GXH�WR�WKH�ORZHU�GHQVLW\�RI�SODQWV�GXH�WR�WKH�SUHVHQFH�RI�WKH�SHDFK�RUFKDUG��$W
SHDN�SODQW�GHYHORSPHQW��FRWWRQ�KDG�/$,�RI������DQG������IRU�0&�DQG�&$)�UHVSHFWLYHO\�
)UHVK�DQG�GU\�$*%�IROORZV�WKH�VDPH�SDWWHUQ�DV�/$,��7KH�\LHOG�ZDV�������e�������DQG�������e
������W �KD�� �UHVSHFWLYHO\�IRU�0&�DQG�&$)�WUHDWPHQWV� �$W �KDUYHVWLQJ�WLPH� �WKH�PRLVWXUH
FRQWHQW�RI�VHHGHG�FRWWRQ�ILEHU�DYHUDJHG������7KH�LQFLGHQFH�RI�VHHGV�ZDV�DERXW������7KHUH
ZDV�QR�GLIIHUHQFH�LQ�ZDWHU�SURGXFWLYLW\��:3L��LQ�WKH�WZR�WUHDWPHQWV��S�!��������7KH�:3L�ZDV
�����DQG������NJ�P�� �UHVSHFWLYHO\�IRU�0&�DQG�&$)��,W �VKRXOG�EH�QRWHG�WKDW�WKH�ORZHU
SURGXFWLRQ�RI�FRWWRQ�LQ�&$)�WUHDWPHQW�LV�GXH�WR�WKH�SUHVHQFH�RI�WKH�SHDFK�RUFKDUG�SODQWHG
DW�D�YHU\�GHQVH�VL[WK�WR�DGDSW�LW�WR�DQ�DJURIRUHVWU\�V\VWHP�IRU�FRWWRQ��)XWXUH�SHUVSHFWLYHV
IRU�WKH�IROORZLQJ�\HDUV�LQFOXGH�WKH�YDOLGDWLRQ�RI�WKH�UHJHQHUDWLYH�DJURIRUHVWU\�EDVHG�FRWWRQ
JURZLQJ�ZLWK�SODQWV�DUUDQJHG�LQ�ZLGHU�URZV�IRU�����WHVWLQJ�DOWHUQDWLYH�DJURIRUHVWU\�DQG
UHJHQHUDWLYH �IDUPLQJ �SUDFWLFHV �WR �SURGXFH �VXVWDLQDEOH �FRWWRQ� ���� �DSSO\LQJ �SUHFLVLRQ
DJULFXOWXUDO�WHFKQLTXHV�WR�PDWFK�LUULJDWLRQ�DQG�VRLO�IHUWLOLW\�LQ�FRWWRQ�FURS�PDQDJHPHQW�
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,PSDFW�RI�8VLQJ�'LIIHUHQW�5HPRWHO\�6HQVHG�9DULDEOHV�RQ
:KHDW�*UDLQ�<LHOG�DQG�1LWURJHQ�HVWLPDWLRQ�ZLWK�WKH�'66$7�
&(5(6�:KHDW�0RGHO�LQ�D�GDWD�DVVLPLODWLRQ�VFHQDULR
E\�5LFFDUGR�)D]LROL�_�)HGHULFD�&DUXFFL�_�/XFD�0DUURQH�_�'DYLGH�7DKDQL�_�5DIIDHOH�&DVD�_�8QLYHUVLW\�RI
7XVFLD�_�8QLYHUVLW\�RI�7XVFLD�_�8QLYHUVLW\�RI�7XVFLD�_�8QLYHUVLW\�RI�7XVFLD�_�8QLYHUVLW\�RI�7XVFLD

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��5LFFDUGR�)D]LROL
&RQWULEXWLRQ��2UDO

7KH�LQWHJUDWLRQ�RI�ELRSK\VLFDO�YDULDEOHV�REVHUYDWLRQV�HVWLPDWHG�IURP�UHPRWH�VHQVLQJ�LQWR
FURS�VLPXODWLRQ�PRGHOV��ZLWKLQ�D�GDWD�DVVLPLODWLRQ�IUDPHZRUN��KDV�D�KXJH�SRWHQWLDO�IRU
SURYLGLQJ�VSDWLDOO\�DQG�WHPSRUDOO\�FRQVLVWHQW�\LHOG�DQG�TXDOLW\�PDSV�DW�WKH�ILHOG�VFDOH��7KLV
LQIRUPDWLRQ�LV�SDUWLFXODUO\�YDOXDEOH�IRU�D�UDQJH�RI�DSSOLFDWLRQV��ERWK�IRU�SUHFLVLRQ�DJURQRPLF
PDQDJHPHQW�DQG�IRU�PDUNHW�DQG�FURS�LQVXUDQFH�FRQWH[WV� �7KH�SUHVHQW�VWXG\�HYDOXDWHV
ZKHWKHU �WKH �DVVLPLODWLRQ �RI �VHDVRQDO �REVHUYDWLRQV �RI �/HDI �$UHD �,QGH[ ��/$,�� �DORQH �RU
FRPELQHG�RWKHU�YDULDEOHV�VXFK�FURS�DERYHJURXQG�ELRPDVV��&:$'��DQG�FURS�1�FRQWHQW
�&1$'���REWDLQDEOH�IURP�K\SHUVSHFWUDO�UHPRWH�VHQVLQJ��FRXOG�LPSURYH�WKH�HVWLPDWLRQ�RI
ZKHDW�JUDLQ�\LHOG�DQG�QLWURJHQ�FRQWHQW�ZLWK�WKH�'66$7�FURS�PRGHO��7KLV�ZRUN�ZDV�FDUULHG
RXW�LQ�WKH�FRQWH[W�RI�WKH�35,6�9(*�,WDOLDQ�6SDFH�$JHQF\��$6,��SURMHFW��WR�H[SORUH�SRWHQWLDO
DSSOLFDWLRQV�RI �K\SHUVSHFWUDO �VDWHOOLWHV�VXFK�DV�35,60$�ODXQFKHG�E\�$6,� �0RGHO �LQLWLDO
FRQGLWLRQV�DQG�SDUDPHWHUV�ZHUH�HVWDEOLVKHG�XVLQJ�PDQDJHPHQW� �VRLO �DQG�ZHDWKHU�GDWD
FROOHFWHG�IURP�GLIIHUHQW�VXUYH\V�FDUULHG�RXW�LQ�WKH�5LHWL�3ODLQ��&HQWUDO�,WDO\��GXULQJ�WKH
����������DQG�����������ZKHDW�JURZWK�VHDVRQV��'LIIHUHQW�VLPXODWLRQ�WUHDWPHQWV�ZHUH�VHW
XS��YDU\LQJ�1�IHUWLOLVDWLRQ�UDWHV�IURP���WR�����NJ�KD���ZLWK�D����NJ�VWHS��XQGHU�FRQWUDVWLQJ
ZHDWKHU�DQG�VRLO�FRQGLWLRQV��$�ZHW��������������PHDQ�������������DQG�GU\������������
VHDVRQV�ZHUH�FKRVHQ�IURP�5LHWL�UDLQIDOO�UHFRUGV��7KUHH�FRQWUDVWLQJ�VRLO�SURILOHV��UHVSHFWLYHO\
FOD\��ORDP�DQG�VDQG\�WH[WXUH�ZHUH�DOVR�XVHG��'66$7�VLPXODWLRQV�IRU�WKHVH�VFHQDULRV�ZHUH
XVHG�WR�JHQHUDWH�V\QWKHWLF�REVHUYDWLRQV�RI�/$'��&:$'�DQG�&1$'�E\�VDPSOLQJ�WKH�YDULDEOHV
DW����GD\V�LQWHUYDOV�DORQJ�WKH�VHDVRQ��DVVXPHG�DV�OLNHO\�IUHTXHQF\�RI�VDWHOOLWH�GDWD��DQG
DGGLQJ�D�UDQGRP�HUURU��'DWD�DVVLPLODWLRQ��XVLQJ�D�FDOLEUDWLRQ�DSSURDFK��ZDV�WKHQ�WHVWHG
HPSOR\LQJ�D�IL[HG�SDUDPHWUL]DWLRQ�RI�'66$7�IRU�WKH�FDVH�RI�D�1�IHUWLOL]DWLRQ�RI�����NJ�KD���
IRU �WKH �FDOLEUDWLRQ �RI �DOO �WKH �VLPXODWHG �VFHQDULRV� �XVLQJ �V\QWKHWLF �REVHUYDWLRQV� �7KH
&URSWLPL]5�������5�SDFNDJH��ZDV�XVHG�IRU�PRGHO�FDOLEUDWLRQ��XVLQJ�WKH�1HOGHU�0HDG�VLPSOH[
DOJRULWKP��WR�FDOLEUDWH�WKH�'66$7�PRGHO��$IWHU�WKH�PRGHO�FDOLEUDWLRQ�ZDV�SHUIRUPHG��XVLQJ
WKH�GLIIHUHQW�VHWV�RI�V\QWKHWLF�REVHUYHG�G\QDPLF�YDULDEOHV��RQO\�/$,'��RQO\�&:$'��DQG�/$,'
��&:$'���WKH�JRRGQHVV�RI�ILW�EHWZHHQ�VLPXODWHG�DQG�REVHUYHG�JUDLQ�\LHOG�DQG�1�YDOXHV�ZDV
GHWHUPLQHG�E\�FRPSXWLQJ�WKH�URRW�PHDQ�VTXDUH�HUURU��506(���7KHVH�WHVWV�UHYHDOHG�WKDW�WKH
FDOLEUDWLRQ�RI�WKH�'66$7�PRGHO�XVLQJ�VHDVRQDO�REVHUYDWLRQV�RI�FURS�ELRSK\VLFDO�YDULDEOHV�
ZKLFK�FDQ�EH�UHWULHYHG�IURP�UHPRWH�VHQVLQJ�LQ�D�GDWD�DVVLPLODWLRQ�VFHQDULR��GRHV�LQGHHG
LPSURYH�WKH�HVWLPDWLRQ�RI�ZKHDW�JUDLQ�\LHOG�DQG�1�FRQWHQW�DV�FRPSDUHG�WR�WKH�EDVHOLQH



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH���

RSHQ�ORRS�'66$7�VLPXODWLRQ��0RUHRYHU��LW�VKRZHG�WKDW��LQ�PRVW�FDVHV��WKH�XVH�RI�ELRPDVV
DQG �FDQRS\ �1 �FRQWHQW �REVHUYDWLRQV� �ZKLFK �DUH �YDULDEOHV �W\SLFDOO\ �UHWULHYHG �IURP
K\SHUVSHFWUDO�VHQVRUV�VXFK�DV�35,60$��LPSURYH�WKH�HVWLPDWLRQ�DFFXUDF\��LQ�DGGLWLRQ�WR�WKH
XVH�RI�RQO\�/$,�REVHUYDWLRQV��ZKLFK�DUH�W\SLFDOO\�DYDLODEOH�IURP�PXOWLVSHFWUDO�VHQVRUV�VXFK
DV�6HQWLQHO����7KH�YDOLGDWLRQ�RI�WKHVH�UHVXOWV�ZLWK�JURXQG�REVHUYDWLRQV�ZDV�FDUULHG�RXW�XVLQJ
GDWD�IURP�ILHOG�FDPSDLJQV�LQ�5LHWL�LQ������DQG�6HQWLQHO���GHULYHG�ELRSK\VLFDO�YDULDEOHV
ZKHQHYHU�35,60$�GDWD�ZHUH�QRW�DYDLODEOH�

�
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'HYHORSLQJ�RSHUDWLRQDO�SURFHGXUHV�IRU�VLWH�VSHFLILF�ZHHG
PDQDJHPHQW�LQ�PDL]H��SUHOLPLQDU\�UHVXOWV�IURP�WKH
/RPEDUG\�2*�SURMHFW�35(&,6,21�:(('
E\�3DROD�3DVWD�_�0DUFR�5LPROGL�_�+LFKDP�,GHUUDPL�_�0DUFR�'DYLGH�0LFKHO�7RUUHQWH�_�'DQLHOH�0DQHQWL�_
$OGR�&DOFDQWH�_�5REHUWR�2EHUWL�_�3LHWUR�0DULQR�*DOOLQD�_�*LRUJLR�5DJDJOLQL�_�'HSDUWPHQW�RI�$JULFXOWXUDO
DQG�(QYLURQPHQWDO�6FLHQFHV�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG
(QYLURQPHQWDO�6FLHQFHV�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO
6FLHQFHV�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV
8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�&RQGLIHVD�/RPEDUGLD�1RUG�(VW�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG
(QYLURQPHQWDO�6FLHQFHV�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO
6FLHQFHV�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV
8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV�8QLYHUVLWd
GHJOL�6WXGL�GL�0LODQR

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��3DROD�3DVWD
&RQWULEXWLRQ��2UDO

:HHGV�DUH�WKH�PDLQ�ELRWLF�IDFWRU�LQ�UHGXFLQJ�FURS�\LHOGV�RQ�D�JOREDO�VFDOH��DQG�KHUELFLGHV
DUH�WKH�PDLQ�PHDQ�IRU�WKHLU�PDQDJHPHQW��KHOSLQJ�WR�LPSURYH�FURS�\LHOG��&XUUHQWO\��FKHPLFDO
ZHHG�FRQWURO�LV�WKH�PRVW�DGRSWHG�VROXWLRQ�E\�IDUPHUV��EXW�WKH�QHHG�RI�UHGXFLQJ�WKH�XVH�RI
V\QWKHWLF�PROHFXOHV�DQG�WKH�ULVN�RI�LQFUHDVLQJ�UHVLVWDQFH�E\�ZHHG�VSHFLHV��FRPELQHG�ZLWK
UHFHQW�(XURSHDQ�SROLFLHV�RQ�HQYLURQPHQWDO�VXVWDLQDELOLW\��KDYH�OHG�WR�WKH�LQWURGXFWLRQ�RI
QHZ �WHFKQRORJLHV� �3UHFLVLRQ �DJULFXOWXUH �DQG �GDWD �DQDO\VLV �DUH �SURPLVLQJ �ILHOGV �RI
GHYHORSPHQW �WR �HQVXUH �D �IDVWHU �WUDQVLWLRQ �IRU �ORZ �FKHPLFDO �KHUELFLGH �V\VWHPV� �7KH
DSSOLFDWLRQ�RI�VLWH�VSHFLILF�ZHHG�FRQWURO�FDQ�UHGXFH�WKH�DPRXQW�RI�DSSOLHG�DJURFKHPLFDOV�
EXW �LWV �DGRSWLRQ �E\ �IDUPHUV �LV �VWLOO �UDWKHU �ORZ�GXH �WR �WKH �ODFN �RI �PHWKRGRORJLHV �DQG
NQRZOHGJH��7KH�REMHFWLYH�RI�WKH�H[SHULPHQWDWLRQ�FRQGXFWHG�ZDV�WR�DVVHVV�WKH�GHJUHH�RI
LQIHVWDWLRQ�DW�ILHOG�OHYHO�DQG�VXEVHTXHQWO\��WKURXJK�WKH�DQDO\VLV�RI�WKH�1,5�5('�YHJHWDWLRQ
LQGH[� �SUHVFULSWLRQ �PDS �IRU �VLWH�VSHFLILF �SRVW�HPHUJHQFH �ZHHG �FRQWURO �RI �PDL]H �ZDV
HODERUDWHG��,Q�DGGLWLRQ��ERWK�WKH�XVH�RI�RWKHU�YHJHWDWLRQ�LQGLFHV�IRU�WKH�LGHQWLILFDWLRQ�RI
LQIHVWDWLRQ�DQG�WKH�HIIHFW�RQ�WKH�ILQDO�PDL]H�\LHOG�ZHUH�HYDOXDWHG��7KH�VWXG\�ZDV�FRQGXFWHG
RQ�D�PDL]H�ILHOG�DW��$QJHOR�0HQR]]L��H[SHULPHQWDO�IDUP��/DQGULDQR��39���)RUW\�WZR�SORWV
ZHUH�LQWHQWLRQDOO\�OHIW�XQWUHDWHG�LQ�WKH�SUH�HPHUJHQFH�SKDVH�WR�DFKLHYH�D�VXLWDEOH�OHYHO�RI
ZHHG�LQIHVWDWLRQ�IRU�WKH�H[SHULPHQW���7KH�SUHVFULSWLRQ�PDS�ZDV�HODERUDWHG�EDVHG�RQ�LPDJHV
DFTXLUHG�E\�D�GURQH��8$9��GXULQJ�WKH�9��9��SKHQRORJLFDO�VWDJH�RI�FRUQ��$�TXDGFRSWHU��'-,
0DYLF����HTXLSSHG�ZLWK�FDPHUDV�IRU�DJULFXOWXUDO�DSSOLFDWLRQV��FRQGXFWHG�DHULDO�VXUYH\V�DW
���PHWHUV�RI�DOWLWXGH�RQ��������DQG����RI�0D\��FROOHFWLQJ�LPDJHV�RI�WKH�ILHOG�LQ�5*%
FKDQQHOV �DQG �LQ �IRXU �VSHFWUDO �EDQGV ����� �QP� ���� �QP� ���� �QP� �DQG �����QP�� �8SRQ
SURFHVVLQJ��YDULRXV�YHJHWDWLRQ�LQGLFHV��9,���1,5�5('��(;*��(;*5��1'9,��76$9,�DQG�39,
ZHUH�FDOFXODWHG��,Q�WKH�SORWV�GLIIHUHQW�WUHDWPHQWV��XQLIRUP�YV�VLWH�VSHFLILF��DQG�DSSOLFDWLRQ
WKUHVKROGV�ZHUH�HVWDEOLVKHG�EDVHG�RQ�GHWHFWHG�ZHHG�SUHVVXUH��ORZ��PHGLXP��DQG�KLJK��DQG
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3DJH���

DFFRUGLQJ�ZLWK�D�VSOLW�SORW�GHVLJQ��1,5�5('�ZDV�XVHG�WR�GHULYH�D�ZHHG�LQIHVWDWLRQ�PDS�DQG
VXFFHVVLYHO\ �WKH �SUHVFULSWLRQ �PDS �IRU �KHUELFLGH �GLVWULEXWLRQ� �3UHFLVLRQ �DSSOLFDWLRQ �ZDV
RSHUDWHG�ZLWK�D�ERRP�VSUD\HU��L;WHU�%��EL;WUD��.YHUQHODQG��HTXLSSHG�ZLWK�57.�*36�DQG
LQGLYLGXDOO\�FRQWUROOHG�QR]]OHV���$W�KDUYHVWLQJ��\LHOG�VDPSOLQJ�ZDV�SHUIRUPHG�E\�FROOHFWLQJ
PDL]H�HDUV�DQG�ZHHGV�ZLWKLQ�D�GHILQHG�DUHD��6WDWLVWLFDO�DQDO\VLV�LQYROYHG�WKH�FRPSDULVRQ�RI
9,�DQG�JUDLQ�\LHOG�XVLQJ�UHJUHVVLRQ�DQDO\VLV�WR�DVVHVV�WKH�SUHGLFWDELOLW\�RI�LQIHVWDWLRQ�VWDWXV
RI �9, �UHVSHFW �ZLWK �JURXQG �WUXWKV �DQG �$129$ �WR �DVVHVV �WKH �HIIHFW �RI �WUHDWPHQW �DQG
DSSOLFDWLRQ�WKUHVKROGV�RQ�\LHOG�DQG�LQIHVWDWLRQ�OHYHO��7KH�UHVXOWV�RI�WKLV�VWXG\�LQGLFDWH�WKDW
WKH�LPSOHPHQWDWLRQ�RI�WKH�SUHVFULSWLRQ�PDS�LQ�WKH�VLWH�VSHFLILF�PDQDJHPHQW�SORWV�UHVXOWHG
LQ�D�VLJQLILFDQW�����UHGXFWLRQ�LQ�KHUELFLGH�XVH�FRPSDUHG�WR�WKH�XQLIRUPO\�PDQDJHG�SORWV�
6WDWLVWLFDO�DQDO\VLV�XVLQJ�$129$�WHVWV�VKRZHG�VWDWLVWLFDOO\�VLJQLILFDQW�GLIIHUHQFHV�EHWZHHQ
WUHDWPHQWV �DQG �DSSOLFDWLRQ �WKUHVKROGV �IRU �ERWK �YHJHWDWLRQ �LQGLFHV �DQG �\LHOG� �)XUWKHU
H[SHULPHQWV�RQ�PDL]H��ZLQWHU�ZKHDW�DQG�VR\EHDQ�ZLOO�FRQFHUQ�WKH�RSWLPL]DWLRQ�RI�GHYHORSHG
SURFHGXUHV�LQ�FRPSDULVRQ�ZLWK�SUR[LPDO�VHQVLQJ�EDVHG�RQHV�
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3DJH���

$Q�RYHUYLHZ�RI�VR\EHDQ�EDVHG�FURSSLQJ�V\VWHPV�LQ�1RUWK�
(DVWHUQ�,WDO\
E\�$OHVVDQGUD�9LULOL�_�:HQG\�9HUQD]D�&DUWDJHQD�_�0DXL]LR�%RULQ�_�&DUPHOR�0DXFLHUL�_�9LWWRULD�*LDQQLQL�_
(OLVD�0DUUDFFLQL�_�8QLYHUVLW\�RI�8GLQH�_�8QLYHUVLW\�RI�3DGXD�_�8QLYHUVLW\�RI�3DGXD�_�8QLYHUVLW\�RI�3DGXD�_
8QLYHUVLW\�RI�3DGXD�_�8QLYHUVLW\�RI�8GLQH

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��$OHVVDQGUD�9LULOL
&RQWULEXWLRQ��3LWFK

,Q�,WDO\�DOPRVW�����RI�WKH�WRWDO�VR\EHDQ�VXUIDFH�LV�ORFDWHG�LQ�9HQHWR�DQG�)ULXOL�9HQH]LD
*LXOLD��'HVSLWH�WKH�UHOHYDQFH�RI�VR\EHDQ�LQ�FURSSLQJ�V\VWHPV�RI�1RUWK�(DVWHUQ�,WDO\��VFDUFH
LQIRUPDWLRQ�LV�DYDLODEOH�RQ�VR\EHDQ�EDVHG�FURSSLQJ�V\VWHPV��6%�&6���LQFOXGLQJ�WKH�PDLQ
LVVXHV�DQG�WKH�LQQRYDWLRQV�DGRSWHG�E\�IDUPHUV��7KHUHIRUH��LQ�WKH�IUDPH�RI�WKH�SURMHFW�35,1
3155�(&2B'5(66��DQ�RQOLQH�VXUYH\�ZDV�FDUULHG�RXW�WR�REWDLQ�LQVLJKWV�RQ�6%�&6�IROORZLQJ
WKH�WUDFNLQJ�PHWKRG�RI�RQ�IDUP�LQQRYDWLRQV��7KH�VXUYH\�ZDV�FRPSRVHG�RI�IRXU�VHFWLRQV����
PDLQ�FKDUDFWHULVWLFV�RI�WKH�IDUP��ORFDWLRQ��VXUIDFH��IDUPLQJ�V\VWHP������VR\EHDQ�DQG�6%�&6�
���PDLQ�LVVXHV�UHODWHG�WR�VR\EHDQ�����DGRSWHG�LQQRYDWLRQV��7KH�VXUYH\�ZDV�VHQW�WR�LQGLYLGXDO
IDUPHUV�FROODERUDWLQJ�ZLWK�WKH�XQLYHUVLWLHV�LQYROYHG�LQ�WKH�SURMHFW�DQG�WR�VHYHUDO�IDUPHUV�
DVVRFLDWLRQV��$IWHU�RQH�PRQWK�ZH�FROOHFWHG����DQVZHUHG�VXUYH\V��&RQYHQWLRQDO�IDUPV�PDGH
XS�����RI�WKH�VDPSOH�ZLWK�DQ�DYHUDJH�DUDEOH�FURS�VXUIDFH�RI�����KD��PLQ�����KD��PD[����
KD���VKRZLQJ�D�KLJK�VWUXFWXUDO�GLYHUVLW\�RI�WKH�SDUWLFLSDWLQJ�IDUPV��2I�WKRVH�IDUPV������ZHUH
HTXLSSHG�RI�LUULJDWLRQ��VR\EHDQ�ZDV�FURSSHG�DV�PDLQ�FURS�H[FOXVLYHO\�LQ�����RI�IDUPV��ZKLOH
LQ�����RI�WKH�IDUPV�ERWK�DV�PDLQ�DQG�VHFRQG�FURS��2Q�DYHUDJH��VR\EHDQ�\LHOG�DV�PDLQ�FURS
ZDV�����0J�KD��ZKLOH�DV�VHFRQG�FURS�����0J�KD��)DUPHUV��DQVZHUV�UHYHDOHG�WKDW�����RI�WKH
IDUPHUV�SUHIHUUHG�VR\EHDQ�DV�PDLQ�FURS�IRU�LWV�KLJK�\LHOG�DQG�EHWWHU�LQVHUWLRQ�LQ�WKH�FURS
URWDWLRQ��ZKHUHDV�����RI�WKH�IDUPHUV�SUHIHUUHG�VR\EHDQ�DV�VHFRQG�FURS�IRU�RUJDQL]DWLRQDO
UHDVRQV��7KH�PRVW�IUHTXHQW�SUHFHGLQJ�FURSV�ZHUH�PDL]H�DQG�VXQIORZHU�ZKHQ�VR\EHDQ�ZDV
WKH�PDLQ�FURS��ZKLOH�ZLQWHU�FHUHDOV�RU�UDSHVHHG�ZKHQ�VR\EHDQ�ZDV�DV�VHFRQG�FURS��7KH�FURS
URWDWLRQV�ZHUH�JHQHUDOO\�VKRUW��ZLWK�D�UHWXUQ�RI�VR\EHDQ�HYHU\�����\HDUV�LQ�KDOI�RI�WKH�IDUPV�
:HHGV �UHSUHVHQWHG �WKH �PDLQ �ELRWLF �LVVXH� �IROORZHG �E\ �JUHHQ �VWHP �V\QGURPH� �EURZQ
PDUPRUDWHG�JUHHQ�VWLQN�EXJ�DQG�UHG�VSLGHU�PLWH��7KH�PDLQ�DELRWLF�LVVXHV�ZHUH�GURXJKW�DQG
KHDW�ZDYHV�IRU�VR\EHDQ�DV�PDLQ�FURS��KDLO�IRU�VR\EHDQ�DV�VHFRQG�FURS��:KHQ�DVNHG�ZKLFK
LQQRYDWLRQV�ZHUH�LPSOHPHQWHG�LQ�6%�&6��PRVW�RI�WKH�IDUPHUV�IRFXVHG�RQ�ZHHG�PDQDJHPHQW�
&RYHU�FURSV�ZHUH�XVHG�E\�����RI�WKH�IDUPHUV��PDLQO\�FUXFLIHUV�RU�FHUHDO�OHJXPH�PL[WXUHV�
,QWHUFURSSLQJ�ZDV�LPSOHPHQWHG�RQO\�E\���IDUPHUV�RI�WKH�VDPSOH�PDLQO\�ZLWK�D�ZLQWHU�FHUHDO
RU�ZLWK�EXFNZKHDW��7KLV�VXUYH\�KLJKOLJKWHG�VHYHUDO�SRLQWV�UHODWHG�WR�6%�&6��WKH�LQFUHDVLQJ
LPSRUWDQFH�RI�VR\EHDQ�DV�VHFRQG�FURS�GHVSLWH�LWV�ORZHU�\LHOG��WKH�VKRUW�UHWXUQ�SHULRG�RI
VR\EHDQ������\HDUV���WKH�LPSDFW�RI�FOLPDWH�FKDQJH�RQ�VRZLQJ�GDWHV�DQG�JUDLQ�TXDOLW\��WKH
HPHUJLQJ�LVVXHV�UHODWHG�WR�SHVW�PDQDJHPHQW�DQG�ILQDOO\�VSRUDGLF�XVH�RI�FRYHU�FURSV�RU
LQWHUFURSSLQJ �DV �VWUDWHJLHV �IRU �ZHHG �DQG �SHVW �PDQDJHPHQW� �$FNQRZOHGJHPHQWV� �7KLV
UHVHDUFK �ZDV �IXQGHG �E\ �35,1 ����� �3155 ��(&2V\VWHP �VHUYLFHV �HQKDQFHPHQW � �LQ �



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH���

'LYH5VLIL(G��6R\EHDQ�EDVHG��6\VWHPV����3����:<�1+���ZKLFK��UHFHLYHG��IXQGLQJ��IURP��WKH�
(XURSHDQ��8QLRQ��1H[W�*HQHUDWLRQ��(8��FRPSRQHQW��0�&���LQYHVWPHQW������7KLV�PDQXVFULSW
UHIOHFWV�RQO\�WKH�DXWKRUV��YLHZV�DQG�RSLQLRQV��QHLWKHU�WKH�(XURSHDQ�8QLRQ�QRU�WKH�(XURSHDQ
&RPPLVVLRQ�FDQ�EH�FRQVLGHUHG�UHVSRQVLEOH�IRU�WKHP�
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&KLFNSHD�DQG�FRPPRQ�ZKHDW�LQWHUFURSSLQJ�IRU�VXSSRUWLQJ
DJURHFRORJLFDO�ZHHG�FRQWURO
E\�*DEULHOH�1HUXFFL�_�)HGHULFR�/HRQL�_�$OHVVDQGUD�9LULOL�_�'DQLHO�0DUXVLJ�_�*HPLQL�GHOOH�9HGRYH�_�6WHIDQR
&DUOHVL�_�(OLVD�0DUUDFFLQL�_�$QQD�&DPLOOD�0RRQHQ�_�6FXROD�6XSHULRUH�6DQW???
$QQD�_�6FXROD�6XSHULRUH
6DQW???
$QQD�_�8QLYHUVLWd�GHJOL�VWXGL�GL�8GLQH�_�8QLYHUVLWd�GHJOL�VWXGL�GL�8GLQH�_�8QLYHUVLWd�GHJOL�VWXGL�GL
8GLQH�_�6FXROD�6XSHULRUH�6DQW???
$QQD�_�8QLYHUVLWd�GHJOL�VWXGL�GL�8GLQH�_�6FXROD�6XSHULRUH�6DQW???
$QQD

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��*DEULHOH�1HUXFFL
&RQWULEXWLRQ��3LWFK

7KH�LQWHUFURSSLQJ�RI�JUDLQ�OHJXPHV�ZLWK�FHUHDOV��VXFK�DV�FKLFNSHD��&LFHU�DULHWLQXP�/���DQG
ZKHDW��7ULWLFXP�DHVWLYXP�/����FDQ�EH�D�YDOXDEOH�DJURHFRORJLFDO�SUDFWLFH�WR�VXSSRUW�QXWULHQW
DYDLODELOLW\�DQG�QRQ�FKHPLFDO�ZHHG�FRQWURO�LQ�ORZ�LQSXW�V\VWHPV�ZLWKRXW�QHJDWLYH�LPSDFWV�RQ
FURS�SURGXFWLYLW\��2SWLPL]LQJ�ZHHG�VXSSUHVVLRQ�ZLWKRXW�QHJDWLYH�HIIHFWV�RQ�FURS�\LHOG�FDQ
EH�DFKLHYHG�E\�FDUHIXOO\�FKRRVLQJ�DSSURSULDWH�FXOWLYDUV�WDLORUHG�WR�LQWHUFURSSLQJ�DQG�WR
VSHFLILF �HQYLURQPHQWDO �FRQGLWLRQV� �7KLV �DSSURDFK�UHTXLUHV �WKH �VHOHFWLRQ �RI �VSHFLHV �DQG
FXOWLYDUV�DEOH�WR�VKDUH�WKHLU�XQLTXH�WUDLWV�LQ�D�FRPSOHPHQWDU\�PDQQHU� �7KH�HIILFDF\�RI
FKLFNSHD�ZKHDW �LQWHUFURSSLQJ �IRU �ZHHG �FRQWURO �KDV �EHHQ �SURYHQ �LQ �VHYHUDO �VWXGLHV�
+RZHYHU��YHU\�OLWWOH�LV�NQRZQ�DERXW�KRZ�LQWHUFURSSLQJ�GULYHV�WKH�ZHHG�FRPPXQLW\�DQG�KRZ
LW�DIIHFWV�WKH�ZHHG�FRPPXQLW\�GLYHUVLW\��)RU�H[DPSOH��D�QHXWUDO�HIIHFW�RI�WKH�LQWHUFURSSLQJ
WUHDWPHQW�RQ�SRROHG�ZHHG�GDWD�FRXOG�IDLO�WR�LGHQWLI\�WKH�GLIIHUHQWLDO�UHVSRQVH�RI�LQGLYLGXDO
VSHFLHV�LQ�WKH�ZHHG�FRPPXQLW\�DQG�WKH�FRQVHTXHQFHV�WKLV�PD\�KDYH�IRU�WKH�FRPSHWLWLYH
FDSDFLW\�RI �ZHHG�FRPPXQLW\�RU�IRU�LWV�GLYHUVLW\� �0RUHRYHU� �LW �KDV�EHHQ�VXJJHVWHG�WKDW
GLYHUVH �ZHHG�FRPPXQLWLHV �DUH �OHVV �FRPSHWLWLYH �DQG�FDQ�VLPXOWDQHRXVO\ �SURPRWH �RWKHU
HFRV\VWHP�VHUYLFHV��7KLV�VWXG\�DVVHVVHG�WKH�HIIHFWV�RI�FKLFNSHD�ZKHDW�LQWHUFURSSLQJ�RQ�WKH
ZHHG �FRQWURO �HIILFLHQF\ �DQG �FRPPXQLW\ �FRPSRVLWLRQ �GXULQJ �WKH �JURZLQJ �F\FOH� �:H
K\SRWKHVL]HG�WKDW�LQWHUFURSSLQJ�ZRXOG�IRVWHU�D�PRUH�GLYHUVLILHG�DQG�OHVV�FRPSHWLWLYH�ZHHG
FRPPXQLW\�WKDQ�WKH�VROH�FURS��7KH�H[SHULPHQW�ZDV�UHSHDWHG�LQ�WZR�ORFDWLRQV��3LVD��FHQWUDO
,WDO\�DQG�8GLQH��QRUWKHUQ�,WDO\��)LYH�FKLFNSHD�FXOWLYDUV�ZHUH�FRPSDUHG��WKUHH�.DEXOL�W\SHV
�6XOWDQR��/DPEDGD�DQG�&DVWHOODQR��DQG�WZR�'HVL�W\SHV��1HUR�GHOOD�0XUJLD�DQG�&DVWRU���7KH\
DUH�DOO�FRPPHUFLDO�FXOWLYDUV�IURP�,WDO\��)UDQFH�DQG�6SDLQ��2QO\�RQH�ZKHDW�FXOWLYDU��%ROHUR�
ZDV�XVHG��(DFK�FKLFNSHD�FXOWLYDU�ZDV�JURZQ�HLWKHU�DORQH�RU�LQWHUFURSSHG�ZLWK�ZKHDW��7KH
UHVXOWV�RI�WKLV�VWXG\�GHPRQVWUDWH�WKDW�LQWHUFURSSLQJ�FDQ�LPSURYH�ZHHG�FRQWURO�FRPSDUHG�WR
FKLFNSHDV�DV�D�VROH�FURS�PHFKDQLFDOO\�ZHHGHG��LQ�ERWK�VLWHV��$129$��S ����������7KH�HIIHFW
ZDV�PRUH�HYLGHQW�LQ�WKH�3LVD�DUHD��S ����������ZKHUH�LQWHUFURSSLQJ�UHGXFHG�ZHHG�ELRPDVV
E\�PRUH�WKDQ������FRPSDUHG�WR�VROH�FKLFNSHD��:HHG�GLYHUVLW\��6KDQQRQ�,QGH[��ZDV�KLJKHU
LQ�LQWHUFURSSLQJ�V\VWHPV�WKDQ�LQ�VROH�FURSV�LQ�3LVD�ZKHUHDV�QR�GLIIHUHQFHV�ZHUH�REVHUYHG�LQ
8GLQH��7KLV�ZDV�GXH�WR�WKH�KLJKHU�LQIHVWDWLRQ�RI�&KHQRSRGLXP�DOEXP�LQ�FKLFNSHDV�DV�VROH
FURS�LQ�3LVD��WKDW�QHJDWLYHO\�DIIHFWHG�ZHHG�FRPPXQLW\�GLYHUVLW\��7KLV�UHVXOW�ZDV�IXUWKHU
FRQILUPHG�E\�WKH�DQDO\VLV�RI�ZHHG�FRPPXQLW\�FRPSRVLWLRQ��10'6�DQDO\VLV�IROORZHG�E\
3(50$129$� �LQ �3LVD� �ZKLFK �LQGLFDWHG �D �VLJQLILFDQWO\ �GLIIHUHQW �ZHHG �FRPPXQLW\
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FRPSRVLWLRQ�LQ�FKLFNSHDV�DV�D�VROH�FURS�FRPSDUHG�WR�LQWHUFURSSLQJ��S ���������6XUSULVLQJO\�
WKH�ZHHG�FRPPXQLW\�FRPSRVLWLRQ�LQ�LQWHUFURSSLQJ�ZDV�QRW�VLJQLILFDQWO\�GLIIHUHQW�FRPSDUHG
WR�ZKHDW�DV�D�VROH�FURS��S ���������KLJKOLJKWLQJ�WKDW�LQWHUFURSSLQJ�EHWZHHQ�FHUHDOV�DQG
OHJXPHV�GULYHV�WKH�ZHHG�FRPPXQLW\�FRPSRVLWLRQ�WRZDUGV�W\SLFDO�ZHHGV�RI�VROH�FHUHDOV��
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3K\WRSDVWRUDO�FKDUDFWHUL]DWLRQ�DQG�SURGXFWLYLW\�RI�QDWXUDO
SDVWXUHV�ZLWKLQ�WKH�WHUULWRU\�RI�WKH�0DGRQLH�3DUN��6LFLO\�
E\�1LFROHWWD�/DOD�_�*LXVHSSH�'L�0LFHOL�_�*LDQQLDQWRQLR�'RPLQD�_�0DULR�/LFDWD�_�6LPRQD�3UHVWLJLDFRPR�_
/XFLD�'LQROIR�_�'HS��RI�$JULFXOWXUDO��)RRG�DQG�)RUHVW�6FLHQFHV��8QLYHUVLW\�RI�3DOHUPR�_�'HS��RI
$JULFXOWXUDO��)RRG�DQG�)RUHVW�6FLHQFHV��8QLYHUVLW\�RI�3DOHUPR�_�'HS��RI�$JULFXOWXUDO��)RRG�DQG�)RUHVW
6FLHQFHV��8QLYHUVLW\�RI�3DOHUPR�_�'HS��RI�$JULFXOWXUDO��)RRG�DQG�)RUHVW�6FLHQFHV��8QLYHUVLW\�RI�3DOHUPR�_
'HS��RI�$JULFXOWXUDO��)RRG�DQG�)RUHVW�6FLHQFHV��8QLYHUVLW\�RI�3DOHUPR�_�'HS��RI�$JULFXOWXUDO��)RRG�DQG
)RUHVW�6FLHQFHV��8QLYHUVLW\�RI�3DOHUPR

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��6LPRQD�3UHVWLJLDFRPR
&RQWULEXWLRQ��3LWFK

*UDVVODQGV�DUH�D�VLJQLILFDQW�FRPSRQHQW�RI�(XURSH
V�ODQG�XVH��FRYHULQJ�RYHU�RQH�WKLUG�RI�WKH
FRQWLQHQW
V�DJULFXOWXUDO�DUHD��7KH\�SOD\�D�FUXFLDO�UROH�LQ�SURYLGLQJ�IRRG�IRU�KHUELYRUHV�DQG
UXPLQDQWV �DQG �RIIHU �HVVHQWLDO �HFRV\VWHP �VHUYLFHV� �LQFOXGLQJ �HURVLRQ �FRQWURO� �ZDWHU
UHJXODWLRQ� �ZDWHU �SXULILFDWLRQ� �FDUERQ �VWRUDJH� �ELRGLYHUVLW\ �HQKDQFHPHQW� �DQG �ZLOGILUH
SUHYHQWLRQ��*UDVVODQGV�DOVR�VXSSRUW�HIILFLHQW�QXWULHQW�F\FOLQJ�DQG�SURYLGH�FXOWXUDO�VHUYLFHV�
'HVSLWH�WKHLU�LPSRUWDQFH��SHUPDQHQW�JUDVVODQGV�LQ�(XURSH�KDYH�EHHQ�GHFOLQLQJ�IRU�RYHU���
\HDUV��ZLWK�WKH�H[WHQW�YDU\LQJ�UHJLRQDOO\��'DWD�RQ�JUDVVODQG�GLVWULEXWLRQ�DQG�SURGXFWLYLW\
DFURVV�(XURSH�DUH�IUDJPHQWDU\�DQG�LQFRPSOHWH��2YHU�WKH�SDVW�GHFDGH��WKH�PRXQWDLQRXV�DUHD
RI�WKH�0DGRQLH��LQ�QRUWKHUQ�6LFLO\��KDV�EHHQ�VXEMHFWHG�WR�D�JUDGXDO�GHFOLQH�LQ�HFRQRPLF
DFWLYLWLHV��LQFOXGLQJ�KRVSLWDOLW\�DQG�DJULFXOWXUH��ODUJHO\�GXH�WR�FOLPDWH�FKDQJH��&RQFXUUHQWO\�
DQ�LQFUHDVH�LQ�ZLOG�XQJXODWHV�DV�ZLOG�ERDUV�DQG�GHHU�KDV�SODFHG�VXEVWDQWLDO�SUHVVXUH�RQ
JUD]LQJ�UHVRXUFHV��UHVXOWLQJ�LQ�D�VLJQLILFDQW�LVVXH�IRU�VPDOO �DQG�PHGLXP�VL]HG�OLYHVWRFN
IDUPV�LQ�WKH�DUHD��$JURIRUHVWU\��DQ�LQWHJUDWHG�DSSURDFK��EHWZHHQ�WUHHV��FURSV��DQG�OLYHVWRFN
KROGV�SURPLVH�IRU�VXVWDLQDEOH�IRRG�SURGXFWLRQ�DQG�QDWXUDO�UHVRXUFH�FRQVHUYDWLRQ��,Q�OLJKW�RI
WKHVH�LVVXHV��D�VWXG\�ZDV�LQLWLDWHG�DW�0DGRQLH�3DUN�WR�EHWWHU�XQGHUVWDQG�WKH�LPSDFW�RI
XQFRQWUROOHG�LQWHQVLYH�JUD]LQJ�E\�ZLOG�DQLPDOV�RQ�WKH�HQYLURQPHQW��DJULFXOWXUDO�DFWLYLWLHV�
DQG�HFRV\VWHP�VHUYLFHV��7KLV�VWXG\�LV�IRFXVHG�RQ��IORULVWLF��YHJHWDWLRQ��SK\WRSDVWRUDO��DQG
SURGXFWLYH�FKDUDFWHUL]DWLRQ�LQ�RUGHU�WR�GHHSHQ�NQRZOHGJH��WR�XSGDWH�DQG�WR�KDYH�D�SUHFLVH
RYHUYLHZ�RI�PRXQWDLQ�SDVWXUHV��7KLV�ZLOO�HQDEOH�VXEVHTXHQW�DQDO\VLV�DQG�SRWHQWLDOO\�SURSRVH
VXVWDLQDEOH�DOWHUQDWLYHV�ZLWKLQ�WKH�FRQWH[W�RI�DJURIRUHVWU\��5HVHDUFK�DFWLYLWLHV�VWDUWHG�LQ
2FWREHU������LQ�DQ�DUHD�ZLWKLQ�WKH�0DGRQLH�3DUN��UDQJLQJ�IURP�����WR������PHWHUV�DERYH
VHD�OHYHO��7KHUHIRUH��VHYHQ�VLJQLILFDQW�VLWHV�ZHUH�LGHQWLILHG�WKDW�UHSUHVHQW�WKH�SK\VLFDO�DQG
YHJHWDWLRQDO�YDULDELOLW\�RI�WKH�VWXG\�DUHD��DQG�H[FOXVLRQ�FDJHV�RI��j��PHWHUV�ZHUH�LQVWDOOHG
LQ�HDFK�RI�WKHP��7KHVH�DUHDV�ZHUH�FRPSDUHG�ZLWK�DGMDFHQW�DUHDV�VXEMHFWHG�WR�GLUHFW�XVH�E\
ZLOG�DQLPDOV��9DULRXV�VXUYH\V�ZHUH�FRQGXFWHG�WR�FRPSUHKHQVLYHO\�DQDO\]H�YHJHWDWLRQ�DQG
SDVWXUHV��9HJHWDWLRQ�ZDV�DQDO\]HG�XVLQJ�WKH�%UDXQ�%ODQTXHW�PHWKRG��YHJHWDWLRQ�VWUXFWXUH
DQG�GHQVLW\ �ZHUH�H[DPLQHG�XVLQJ�WKH�OLQHDU �DQDO\VLV �PHWKRG�GHYHORSHG�E\�'DJHW �DQG
3RLVVRQHW��DQG�SDVWRUDO�YDOXH�ZDV�FDOFXODWHG�XVLQJ�VSHFLILF�LQGLFHV��$GGLWLRQDOO\��SRWHQWLDO
ORDG�RQ�SDVWXUHV�ZDV�DVVHVVHG�E\�LQWURGXFLQJ�IUDJLOLW\�FRHIILFLHQWV��ZKLFK�LQGLFDWH�SDVWXUH
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VHQVLWLYLW\ �WR �HQYLURQPHQWDO �SUHVVXUHV� �3UHOLPLQDU\ �UHVXOWV �IURP�WKH �VWXG\ �KDYH �VKRZQ
VLJQLILFDQW�GLIIHUHQFHV�LQ�IORULVWLF�FRPSRVLWLRQ�EHWZHHQ�JUD]HG�DQG�XQJUD]HG�DUHDV��$UHDV
QRW �JUD]HG�E\�XQJXODWHV �VKRZHG�D�JUHDWHU �GLYHUVLW\ �RI �KHUEDFHRXV�VSHFLHV� �ZLWK�SODQW
IRUPDWLRQ�FKDUDFWHUL]HG�E\�WKH�SUHVHQFH�RI���� ���GRPLQDQW�DQG�LQGLFDWLYH�VSHFLHV��7KH
SUHYLRXV�GLIIHUHQW�SDVWRUDO�XVH�KDV�OHG�WR�WKH�FUHDWLRQ�RI�YDULRXV�XQLWV�RI�YHJHWDWLRQ��7KH
ILQGLQJV �VXJJHVW �WKDW �PRUH �FDUHIXO �DQG �GHOLEHUDWH �JUD]LQJ �PDQDJHPHQW �FDQ �SURPRWH
ELRGLYHUVLW\�UHFRYHU\�DQG�UHVWRUH�WKH�RULJLQDO�VWUXFWXUH�RI�SDVWXUHV��7KLV�KDV�LPSRUWDQW
LPSOLFDWLRQV�IRU�WKH�FRQVHUYDWLRQ�PDQDJHPHQW�RI�0DGRQLH�3DUN��VXJJHVWLQJ�WKH�QHHG�WR
LPSOHPHQW�DQ�DSSURDFK�DLPHG�DW �FUHDWLQJ�V\QHUJLVWLF �LQWHUDFWLRQV�EHWZHHQ�DJULFXOWXUH�
IRUHVWU\��DQG�JUD]LQJ��$FNQRZOHGJHPHQWV��12'(6�SURMHFW�ILQDQFHG�E\�085�0�&������RI
3155��(8���1H[W*HQHUDWLRQ(8�*UDQW�DJUHHPHQW�QR��(&6�����������
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(YDOXDWLRQ�RI�LQQRYDWLYH�FURSSLQJ�V\VWHP�LQ�PDUJLQDO�KLOO
DUHD�LQ�QRUWK�LWDO\
E\�$OH[DQGUR�)HUUHLUD�_�8QLYHUVLW\�RI�%RORJQD

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��$OH[DQGUR�)HUUHLUD
&RQWULEXWLRQ��3RVW

,Q�UHFHQW�\HDUV��WKH�FRQFHSW�RI�PDUJLQDO�ODQGV�KDV�JDLQHG�VLJQLILFDQW�VFLHQWLILF�DQG�SROLF\
LQWHUHVW��SDUWLFXODUO\�GXH�WR�WKH�LQFUHDVLQJ�GHPDQG�IRU�ELRPDVV�IRU�QRQ�IRRG�SXUSRVHV��,Q
(XURSH��D�FRQVLGHUDEOH�SRUWLRQ�RI�ODQG�LV�DOUHDG\�FODVVLILHG�DV�PDUJLQDO��DQG�WKLV�LV�OLNHO\�WR
H[SDQG�GXH�WR�FOLPDWH�FKDQJH��7KH�+(�0,'$6�SURMHFW�DLPV�WR�HYDOXDWH�WKH�VXLWDELOLW\�RI�D
QXPEHU �RI �UHVLOLHQW �LQGXVWULDO �FURSV �RQ �PDUJLQDO �ODQG� �$PRQJ�WKHVH� �VDIIORZHU� �KHPS�
FUDPEH�DQG�PLVFDQWKXV�KDYH�EHHQ�HYDOXDWHG�LQ�1RUWK�,WDO\�DW�WKH�H[SHULPHQWDO�IDUP�RI�WKH
8QLYHUVLW\ �RI �%RORJQD��2]]DQR�GHOO
(PLOLD�� �7KH�VLWH �LV �FKDUDFWHUL]HG�E\�SRRU �FKHPLFDO
FRPSRVLWLRQ��VDQG�!������DQG�D�PHGLXP�VORSH���������YDU\LQJ�DFURVV�WKH�VLWH���,Q�RUGHU�WR
DFKLHYH �D �GLIIHUHQWLDWH �IHHGVWRFN �SURGXFWLRQ �DQG �WR �SURPRWH �ELRGLYHUVLW\� �D �VWULS
LQWHUFURSSLQJ�V\VWHP�KDG�EHHQ�VHW�XS��LQFOXGLQJ�DOWHUQDWH�ZLGH�VWULSV�������P��DOWHUQDWLQJ
DQQXDO�DQG�SHUHQQLDO�FURSV��7KH�SURMHFW�LV�FXUUHQWO\�LQ�LWV�VHFRQG�\HDU�RI�WULDO��,Q�WKH�ILUVW
JURZLQJ�VHDVRQ�������� �WKH�WKUHH�DQQXDO �FURSV�DFKLHYHG�VDWLVIDFWRU\�SURGXFWLRQ�OHYHOV�
UHSRUWLQJ�IRU�VDIIORZHU�DQG�FUDPEH�D�VHHG�\LHOG�RI�����DQG���0J�'0�KD��UHVSHFWLYHO\��ZKLOH
IRU �LQGXVWULDO �KHPS�WKH �WRWDO �KDUYHVWHG �ELRPDVV �ZDV ��� �0J�'0�KD� �7R �VXP�XS� �WKH
SURGXFWLRQ�OHYHOV�RI�LQGLYLGXDO�DQQXDO�FURSV�ZHUH�RQ�DYHUDJH�ZLWK�SUHYLRXV�UHVXOWV�XQGHU
QRQ�OLPLWLQJ�FRQGLWLRQV��7KH�SHUHQQLDO�JUDVV��PLVFDQWKXV��KDV�QRW�EHHQ�KDUYHVWHG�\HW��VLQFH
LW�LV�VWLOO�DW�WKH�HVWDEOLVKPHQW�SKDVH��ZKLFK�D�SUREOHPDWLF�SDUW�RI�LWV�PDQDJHPHQW�DQG�WKH
SDVW�\HDU�SUHFLSLWDWLRQ�RFFXUUHG�LQ�0D\�KDG�D�QHJDWLYH�HIIHFW�RQ�LWV�YLJRU��,Q�WKLV�JURZLQJ
VHDVRQ�������� �DOO �DQQXDO �FURSV�ZHUH�VRZQ�EHWZHHQ�ODWH�-DQXDU\�DQG�ODWH�0DUFK� �7KH
GHQVLW\��SODQWV�P����DFKLHYHG�E\�WKH�FURSV�LV�FRPSDUDEOH�WR�WKH�GHQVLW\�OHYHOV�DFKLHYHG�XQGHU
QRQ�PDUJLQDO�FRQGLWLRQV��6SHFLILFDOO\��KHPS�GHQVLW\�LV�����SODQWV�P����FUDPEH�GHQVLW\�LV����
SODQWV�P����DQG�VDIIORZHU�GHQVLW\�LV����SODQWV�P���
5HJDUGLQJ�PLVFDQWKXV��D�VHFRQG�UKL]RPH�WUDQVSODQW�ZDV�SHUIRUPHG�LQ�$SULO �WR�DGGUHVV
IDLOXUHV�IURP�WKH�SUHYLRXV�\HDU��7KH�HVWDEOLVKPHQW�ZDV�QRW�RSWLPDO�GXH�WR�D�FRQFHQWUDWLRQ�RI
UDLQIDOO�WRZDUGV�RQO\�WKH�HQG�RI�WKH�PRQWK��+RZHYHU��WKH�ODWH�PRQWK�UDLQV�DUH�H[SHFWHG�WR
KDYH�KHOSHG��$FWLYLWLHV�DUH�RQJRLQJ��DQG�WKH�QH[W�SURGXFWLYH�UHVXOWV�ZLOO�EH�DYDLODEOH�DW�WKH
HQG�RI�WKH�FXOWLYDWLRQ�F\FOH��,Q�FRQFOXVLRQ��WKH�+(�0,'$6�SURMHFW�UHSUHVHQWV�D�VLJQLILFDQW
HIIRUW �WR �DVVHVV �WKH �SRWHQWLDO �RI �UHVLOLHQW �LQGXVWULDO �FURSV �RQ �PDUJLQDO �ODQGV� �RIIHULQJ
SURPLVLQJ �SURVSHFWV �IRU �VRLO �UHVWRUDWLRQ� �ELRGLYHUVLW\ �HQKDQFHPHQW �DQG �DGGUHVVLQJ
FKDOOHQJHV �UHODWHG �WR �FOLPDWH �FKDQJH� �ZKLOH �FUHDWLQJ �QHZ �HFRQRPLF �RSSRUWXQLWLHV �IRU
IDUPHUV�
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$VVHVVPHQW�RI�<LHOG�DQG�4XDOLW\�RI�3URFHVVLQJ�7RPDWR
�6RODQXP�O\FRSHUVLFXP�/���)UXLWV�,PSURYHG�E\�%LRGHJUDGDEOH
0XOFKLQJ�)LOPV�LQ�+RW�$ULG�(QYLURQPHQW
E\�,DFX]]L�1LFROi�_�7RUWRWLFL�1RHPL�_�$ODLPR�)HGHULFD�_�)DUUXJJLD�'DYLGH�_�0RUL�0DXUR�_�7XWWRORPRQGR
7HUHVD�_�'HSDUWPHQW�RI�$JULFXOWXUDO��)RRG�DQG�)RUHVW�6FLHQFHV��8QLYHUVLW\�RI�3DOHUPR�_�'HSDUWPHQW�RI
$JULFXOWXUDO��)RRG�DQG�)RUHVW�6FLHQFHV��8QLYHUVLW\�RI�3DOHUPR�_�'HSDUWPHQW�RI�$JULFXOWXUDO��)RRG�DQG
)RUHVW�6FLHQFHV��8QLYHUVLW\�RI�3DOHUPR�_�'HSDUWPHQW�RI�$JULFXOWXUDO��)RRG�DQG�)RUHVW�6FLHQFHV�
8QLYHUVLW\�RI�3DOHUPR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLW\�RI�1DSOHV�)HGHULFR�,,�_
'HSDUWPHQW�RI�$JULFXOWXUDO��)RRG�DQG�)RUHVW�6FLHQFHV��8QLYHUVLW\�RI�3DOHUPR

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��,DFX]]L�1LFROi
&RQWULEXWLRQ��3RVW

0XOFKLQJ�LV�D�FRPPRQ�SUDFWLFH�XVHG�LQ�DJULFXOWXUH�WR�SURYLGH�QXPHURXV�EHQHILWV�VXFK�DV
SUHVHUYH�VRLO�PRLVWXUH��UHJXODWH�VRLO�WHPSHUDWXUH��ZHHGV�FRQWURO��SURWHFW�FURSV�IURP�SHVWV�
DQG�UHGXFH�WKH�XVH�RI�SHVWLFLGHV�DQG�KHUELFLGHV��'HSHQGLQJ�RQ�WKHLU�FRORXU��EODFN��OLJKW�
ZKLWH�RU�JUHHQ���WKH�PXOFKLQJ�ILOPV�DEVRUE�DQG�RU�UHIOHFW�VRODU�UDGLDWLRQ��7KHVH�HIIHFWV�FDQ
LQIOXHQFH�VRLO�WHPSHUDWXUH�DQG��FRQVHTXHQWO\��JURZWK�DQG�SURGXFWLYLW\�RI�FURSV��$OWKRXJK
SRO\HWK\OHQH �LV �SHUIHFWO\ �UHF\FODEOH� �LW �LV �QRW �DOZD\V �SRVVLEOH �WR �FROOHFW� �SURFHVV �DQG
UHJHQHUDWH�LW��3RO\HWK\OHQH�FDQ�IUDJPHQW�DQG�SODVWLF�SDUWLFOHV�FDQ�UHDFK�GLIIHUHQW�KDELWDWV�
FDXVLQJ �GDPDJH �WR �HFRV\VWHPV� �,Q �UHFHQW �\HDUV� �UHVHDUFK �KDV �IRFXVHG �RQ �WKH �XVH �RI
ELRGHJUDGDEOH�PXOFKHV�REWDLQHG�IURP�YHJHWDEOHV��ZKLFK�GR�QRW�FRQWDLQ�WR[LF�VXEVWDQFHV�
0DWHU�%Lc �LV �D �SRO\PHU �REWDLQHG �IURP �VWDUFK �FRPSOH[HG �ZLWK �SRO\HVWHUV� �FHUWLILHG
ELRGHJUDGDEOH �DQG�FRPSRVWDEOH� �7KLV �SRO\PHU �LV �XVHG �WR �REWDLQ �YDULRXV �ELRGHJUDGDEOH
SURGXFWV� �LQFOXGLQJ�PXOFKLQJ�ILOPV�ZLWK�D�WKLFNQHVV�RI �������PLFURPHWHUV��yP�� �7KHVH
PXOFKLQJ�ILOPV�GHJUDGH�LQ�D�IHZ�PRQWKV��EXW�WKH\�DUH�VXIILFLHQW�IRU�PHGLXP�VKRUW�F\FOH
FURSV��$W�WKH�HQG�RI�WKH�FXOWLYDWLRQ�F\FOH��ELRGHJUDGDEOH�PXOFKLQJ�ILOPV�FDQ�EH�LQFRUSRUDWHG
LQWR�WKH�VRLO� �DYRLGLQJ�UHPRYDO�DQG�GLVSRVDO�FRVWV� �6HYHUDO�VWXGLHV�KDYH�VKRZQ�SRVLWLYH
HIIHFWV�RQ�\LHOGV�DQG�TXDOLW\�SDUDPHWHUV�RI�GLIIHUHQW�VSHFLHV�PXOFKHG�ZLWK�0DWHU%Lc�ILOPV
�'L�0LFHOL �HW �DO�� �������)LOLSSL �HW �DO�� �������&R]]ROLQR�HW �DO�� ������� �7KLV�UHVHDUFK�ZDV
FRQGXFWHG �WR �HYDOXDWH �WKH �HIIHFWV �RI �ELRGHJUDGDEOH �PXOFKLQJ �ILOPV �RQ �PRUSKRORJLFDO�
SURGXFWLYH��DQG�TXDOLWDWLYH�SDUDPHWHUV�RI�WRPDWR�FY���5LR�*UDQGH���JURZQ�LQ�RSHQ�ILHOGV�LQ
VRXWKHUQ�,WDO\��)RXU�PXOFKLQJ�WUHDWPHQWV��EODFN�ELRGHJUDGDEOH�ILOP�LQ�0DWHU�%Lc�WKLFNQHVV
���hP��0%�����EODFN�ELRGHJUDGDEOH�ILOP�LQ�0DWHU�%Lc�WKLFNQHVV����hP��0%�����EODFN�DQG
ZKLWH�ELRGHJUDGDEOH�ILOP�LQ�0DWHU�%Lc�WKLFNQHVV����hP��%:����DQG�%DUH�6RLO��%6���ZHUH
FRPSDUHG �XVLQJ �D �UDQGRPL]HG �FRPSOHWH �EORFN �GHVLJQ �ZLWK �WKUHH �UHSOLFDWHV� �7KH �VRLO
WHPSHUDWXUH�ZDV�PRQLWRUHG�DW���FP�EHORZ�WKH�JURXQG�OHYHO��7KH�DYHUDJH�WHPSHUDWXUH�LQ�WKH
EDUH�VRLO�ZDV�ORZHU�WKDQ�WKDW�GHWHFWHG�XQGHU�WKH�ELRGHJUDGDEOH�ILOPV�LQ�0DWHU�%Lc��$OO
ELRGHJUDGDEOH �ILOPV �JHQHUDWHG �DQ �LPSURYHPHQW �LQ �PRUSKRORJLFDO �DQG �SK\VLRORJLFDO
FKDUDFWHULVWLFV �RI �WRPDWR �SODQWV� �FRPSDUHG �WR �SODQWV �JURZQ �LQ �EDUH �VRLO� �7KH �KLJKHVW
FRPPHUFLDO�\LHOG�DQG�WKH�KLJKHVW�GU\�PDWWHU�RI�WKH�IUXLWV�ZHUH�UHFRUGHG�ZLWK�0%����ILOPV�
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7KH�0%����ILOP�SURGXFHG�WKH�KLJKHVW�K\GURSKLOLF�DQWLR[LGDQW�DFWLYLW\��+$$��DQG�DVFRUELF
DFLG�FRQWHQW�ZKLOH�WKH�0%���ILOP�JHQHUDWHG�WKH�KLJKHVW�O\FRSHQH�FRQWHQW�LQ�IUXLWV��7KH
SUHOLPLQDU\�UHVXOWV�RI�WKLV�VWXG\�VKRZ�WKDW�PXOFKLQJ�ZLWK�0DWHU�%Lc�ELRGHJUDGDEOH�ILOP�FDQ
LPSURYH �SURGXFWLYH �DQG �TXDOLWDWLYH �SHUIRUPDQFH �RI �WRPDWR �JURZQ �LQ �HQYLURQPHQWV
FKDUDFWHUL]HG �E\ �KLJK �WHPSHUDWXUHV �GXULQJ �WKH �FXOWLYDWLRQ �F\FOH�
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7KH�HIIHFW�RI�IROLDU�DSSOLFDWLRQ�RI�RUJDQR�PLQHUDO�IHUWLOL]HU�RQ
SURFHVVLQJ�WRPDWRHV�JURZQ�LQ�WKH�ORZ�DQG�KLJK�IHUWLOLW\�VRLOV
E\�*UD]LD�'LVFLJOLR�_�/DXUD�)UDEERQL�_�8QLYHUVLW\�RI�)RJJLD�_�8QLYHUVLW\�RI�)RJJLD

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��*UD]LD�'LVFLJOLR
&RQWULEXWLRQ��3RVW

7KH�DSSOLFDWLRQ�RI�SODQW�ELRVWLPXODQWV�KDV�UHFHQWO\�EHHQ�H[WHQVLYHO\�VWXGLHG�RQ�WRPDWR�FURSV
XQGHU�DELRWLF�VWUHVV�FRQGLWLRQV��WHPSHUDWXUH��GURXJKW��VDOLQLW\��QXWULWLRQ��WR�LPSURYH�JURZWK�
\LHOG�DQG�IUXLW�TXDOLW\�DQG�PLQLPL]H�WKH�QHJDWLYH�HIIHFWV�RI�VWUHVV��*HGHRQ�HW�DO��������/LDYD
HW �DO� ������� �+RZHYHU� �WKH �DYDLODELOLW\ �RI �LQIRUPDWLRQ �XQGHU �FRQYHQWLRQDO �QXWULWLRQDO
FRQGLWLRQV�RQ�VRLOV�ZLWK�GLIIHUHQW�IHUWLOLW\�OHYHOV�LV�UHODWLYHO\�OLPLWHG��7KLV�VWXG\�VHHNV�WR
HYDOXDWH�WKH�HIIHFWV�RI�WKH�IROLDU�DSSOLFDWLRQ�RI�RUJDQR�PLQHUDO�IHUWLOL]HU�RQ�WKH�SURGXFWLYH
DQG�TXDOLWDWLYH�FKDUDFWHULVWLFV�UHVSRQVHV�RI�WRPDWR�SODQWV�JURZQ�LQ�WZR�VRLOV�ZLWK�GLIIHUHQW
OHYHOV�RI�IHUWLOLW\��7KH�WULDO�ZDV�FDUULHG�RXW�LQ�������LQ�WKH�FRXQWU\VLGH�RI�)RJJLD��LQ�WZR
VHSDUDWH�IDUPV��7KH�DYHUDJH�SHUFHQWDJH�RI�VDQG�ZDV�KLJKHU�LQ�WKH�)LHOG�����������WKDQ�LQ
)LHOG������������$GGLWLRQDOO\��)LHOG���KDG�D�VOLJKWO\�ORZHU�QXWULWLRQDO�FRQWHQW�FRPSDUHG�WR
WKH �)LHOG �� ��RUJDQLF �PDWWHU� �1� �3�2�� �.���� �7KH �FRPPHUFLDO �RUJDQR�PLQHUDO �IHUWLOL]HU
5DGLFRQc��PDLQO\�EDVHG�RQ�KXPLF�DFLGV�DQG�DPLQR�DFLGV��ZDV�DSSOLHG�LQ�HDFK�ILHOG�E\�IROLDU
VSUD\LQJ��WKUHH�WLPHV�GXULQJ�WKH�JURZLQJ�VHDVRQ�FRPSDUHG�WR�D�FRQWURO��3ODQWV�WUHDWHG�ZLWK
5DGLFRQc�VLJQLILFDQWO\�LQFUHDVHG�PDUNHWDEOH�\LHOGV�LQ�ERWK�)LHOGV���DQG�����DYHUDJLQJ������
DQG�������W�KD����UHVSHFWLYHO\��FRPSDUHG�WR�WKH�FRQWUROV��DYHUDJLQJ�������DQG�������W�KD����
UHVSHFWLYHO\���)XUWKHUPRUH��WKH�VWDWLVWLFDO�DQDO\VLV�RI�WKH�UHVXOWV�KLJKOLJKWHG�WKDW��DOWKRXJK
WKH�PDUNHWDEOH�\LHOG��DV�D�ILHOG�DYHUDJH��ZDV�JUHDWHU�LQ�WKH�IHUWLOH�VRLO��������W�KD����WKDQ�LQ
WKH�OHVV�IHUWLOH�RQH��������W �KD���� �VLJQLILFDQW�LQFUHDVHV�ZHUH�JUHDWHU�LQ�OHVV�IHUWLOH�VRLO
��������WKDQ�LQ�IHUWLOH�RQHV���������6HYHUDO�IUXLW�TXDOLW\�SDUDPHWHUV��66&��7$��S+��WRWDO
SKHQROV �DQG �FRORXU �LQGH[ �� �D�E �UDWLR� �VKRZHG �QR �VWDWLVWLFDOO\ �GLIIHUHQFHV �EHWZHHQ
ELRVWLPXODQW�WUHDWPHQW�DQG�FRQWURO�QRU�EHWZHHQ�ILHOGV��7KH�PHDQ�YDOXHV�YDULHG�EHWZHHQ����
DQG�����d%UL[�IRU�66&�������DQG������J�FLWULF�DFLG�����PO���MXLFH�IRU�7$�������DQG������IRU�S+�
�����DQG������PJ�*$(�J�GZ�IRU�WRWDO�SKHQROV��DQG������DQG������IRU�WKH�FRORU�LQGH[��D�E
UDWLR���:KLOH�WKH�YDOXHV�IRU�'0�DQG�O\FRSHQH�WHQGHG�WR�EH�KLJKHU�LQ�5DGLFRQc�WUHDWPHQW
�DYHUDJLQJ������DQG������PJ�J�IZ��FRPSDUHG�WR�FRQWURO��DYHUDJLQJ������DQG������PJ�J�IZ��
7KH�UHVXOWV�GHPRQVWUDWH�WKH�SRVLWLYH�HIIHFW�RI�WKH�IROLDU�DSSOLFDWLRQ�RI�WKH�RUJDQR�PLQHUDO
5DGLFRQc��DQG�WKDW�LW�LV�PRUH�HIIHFWLYH�LQ�OHVV�IHUWLOH�VRLO�WKDQ�LQ�IHUWLOH�RQHV�
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&RPELQLQJ�6XSHUYLVHG�&OXVWHULQJ�0HWKRGV�WR�,PSURYH�:HHG
'HWHFWLRQ�IURP�5*%�LPDJHV
E\�/HRQDUGR�(UFROLQL�_�1LFROD�*URVVL�_�1LFROD�6LOYHVWUL�_�'LS��GL�6FLHQ]H�$JUDULH��$OLPHQWDUL�H�$JUR�
$PELHQWDOL��8QLYHUVLWd�GL�3LVD�_�'LS��GL�6FLHQ]H�$JUDULH��$OLPHQWDUL�H�$JUR�$PELHQWDOL��8QLYHUVLWd�GL�3LVD�_
'LS��GL�6FLHQ]H�$JUDULH��$OLPHQWDUL�H�$JUR�$PELHQWDOL��8QLYHUVLWd�GL�3LVD

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��/HRQDUGR�(UFROLQL
&RQWULEXWLRQ��3RVW

,Q �WKH �3UHFLVLRQ �$JULFXOWXUH ��3$� �VHFWRU� �6LWH�6SHFLILF �:HHG �0DQDJHPHQW ��66:0�
UHSUHVHQWV�D�YLDEOH�VROXWLRQ�WR�UHGXFH�WKH�XVH�RI�DJUR�FKHPLFDOV�DQG�SURPRWH�WKH�VSUHDG�RI
PRUH�VXVWDLQDEOH�FURSSLQJ�V\VWHPV��+RZHYHU��WKH�GLIILFXOW\�RI�GLVFULPLQDWLQJ�ZHHGV�IURP
FURS�FRYHU�E\�SURFHVVLQJ�ILHOG�LPDJHV�UHPDLQV�WKH�PDLQ�OLPLWDWLRQ�RI�D�ZLGHVSUHDG�XVH�RI
WKLV�DSSURDFK��$OWKRXJK�DUWLILFLDO�LQWHOOLJHQFH��$,��KDV�GHPRQVWUDWHG�FRQVLGHUDEOH�SRWHQWLDO
LQ �RYHUFRPLQJ�WKLV �OLPLWDWLRQ� �$, �WHFKQLTXHV �UHTXLUH �D �KLJK�OHYHO �RI �H[SHUWLVH �DQG�WKH
DYDLODELOLW\�RI�D�ODUJHVW�DQQRWDWHG�GDWDEDVH�WR�WUDLQ�WKH�DOJRULWKPV�DQG�VROYH�WKH�SUREOHP�
7KLV�VWXG\�DLPV�WR�SURSRVH�DQ�LPDJH�SURFHVVLQJ�WHFKQLTXH��EDVHG�RQ�WKH�LQWHJUDWLRQ�RI�WZR
GLIIHUHQW�VXSHUYLVHG�SL[HO�FOXVWHULQJ�PHWKRGV��DEOH�WR�LQFUHDVH�VLJQLILFDQWO\�WKH�DFFXUDF\�RI
PDL]H�SL[HOV�FODVVLILFDWLRQ��7KH�5*%�LPDJHV�ZHUH�DFTXLUHG�DW�����OHDI�VWDJH��-XQH����������
RQ�WKH�H[SHULPHQWDO�ILHOG��FXOWLYDWHG�ZLWK�PDL]H��)$2�FODVV������3LRQHHU�3�����FY���7KH
IOLJKW�ZDV�FDUULHG�RXW�DW �DQ�DOWLWXGH�RI ����PHWHUV�XVLQJ�WKH�GURQH�'-, �0$9,&���352
HTXLSSHG �ZLWK �D ���&026 �FDPHUD� �7KH �LPDJHV �ZHUH �ILUVW �RUWKRUHFWLILHG �ZLWK �$JLVRIW
0HWDVKDSH�3URIHVVLRQDO�(GLWLRQ�DQG�WKHQ�FODVVLILHG�E\�XVLQJ�WKH�(5'$6�,PDJLQH�VRIWZDUH�
7KH�SL[HO�FOXVWHULQJ�ZDV�VHW�XS�RQ�IRXU�FODVVHV��VRLO��VKDGH��PDL]H�DQG�ZHHGV��DQG�WKH
WUDLQLQJ �VHW �ZDV �VWUXFWXUHG �RQ ��� �VDPSOHV �IRU �HDFK �FODVV� �:H �VHW �WKH �VXSHUYLVHG
FODVVLILFDWLRQ�DOJRULWKP�E\�XVLQJ��HLJKW�FRPELQDWLRQV�RI�IRXU�SDUDPHWULF�UXOHV��0D[LPXP
/LNHOLKRRG��0DKDODQRELV�'LVWDQFH��0LQLPXP�'LVWDQFH��6SHFWUDO�&RUUHODWLRQ�0DSSHU��DQG
WZR�QRQ�SDUDPHWULF�UXOHV��3DUDOOHOHSLSHG�DQG�)HDWXUH�6SDFH���7KHLU�DFFXUDF\�ZDV�YHULILHG
E\�FDOFXODWLQJ�WKH�FRQIXVLRQ�PDWUL[��SURGXFHU�DQG�XVHU�DFFXUDF\���DQG�N�VWDWLVWLF�IRU�HDFK
FODVV��7KH�WZR�FRPELQDWLRQV�WKDW�VKRZHG�WKH�KLJKHVW�DFFXUDF\�LQ�LGHQWLI\LQJ�WKH�PDL]H�FODVV
ZHUH�6SHFWUDO�&RUUHODWLRQ�0DSSHU�[�)HDWXUH�6SDFH��6&0[)6��DQG�0DKDODQRELV�'LVWDQFH�[
)HDWXUH�6SDFH��0'[)6���ZLWK�N�YDOXHV�RI������DQG�������UHVSHFWLYHO\��%\�FRPELQLQJ�WKH�KLJK
FDSDELOLW\�RI�WKH�WZR�PHWKRGV�WR�FODVVLI\�SL[HOV�EHORQJLQJ�WR�D�VSHFLILF�XQFHUWDLQW\�DUHD��VXFK
DV�WKH�HGJHV�RI�PDL]H�OHDYHV�IRU�6&0[)6�DQG�WKH�FHQWUH�RI�PDL]H�OHDYHV�IRU�0'[)6��LW�ZDV
SRVVLEOH�WR�LPSURYH�WKH�ILQDO�DFFXUDF\�LQ�PDL]H�FODVVLILFDWLRQ��%\�PDVNLQJ�WKH�PDL]H�FODVV�
ZH�REWDLQHG�D�VLPSOLILHG�LPDJH�RQ�ZKLFK�ZH�DSSOLHG�DJDLQ�WKH�VXSHUYLVHG�FODVVLILFDWLRQ�RQ
WKUHH�FODVVHV��VRLO��ZHHG�DQG�VKDGH���+RZHYHU��WKLV�SURFHVV�OHG�WR�DGGLWLRQDO�HUURUV�FDXVHG
E\�FRPELQLQJ�WKH�ILUVW�ZLWK�WKH�VHFRQG�FODVVLILFDWLRQ��HVSHFLDOO\�EHFDXVH�RI�WKH�HOLPLQDWLRQ�RI
ZHHG�SL[HO�WKDW�ZHUH�UHFRJQL]HG�DV�PDL]H�SL[HOV��7KHUHIRUH��D�GLVVROYLQJ�RSHUDWLRQ�ZDV
UHFRPPHQGHG�WR�PLWLJDWH�WKLV�GUDZEDFN�E\�HOLPLQDWLQJ�LVRODWHG�JURXSV�RI�SL[HOV��)LQDOO\��WKH
N�VWDWLVWLF�REWDLQHG�ZLWK�WKH�SURSRVHG�PHWKRG�IRU�ZHHG�FODVV�UHDFKHG�D�YDOXH�RI�������ZKLFK
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ZDV�QRWLFHDEO\�KLJKHU�WKDQ�WKH�YDOXHV�UHVXOWHG�IURP�WKH�VHSDUDWHO\�DSSOLFDWLRQ�RI�6&0[)6
DQG�0'[)6�������DQG�������UHVSHFWLYHO\���7KH�DFFXUDF\�YDOXHV�RI�XVHUV�DQG�SURGXFHUV�DOVR
FRQILUPHG�DQ�LQFUHDVH�LQ�WKH�HIIHFWLYHQHVV�DQG�UHOLDELOLW\�RI �WKH�SURSRVHG�PHWKRG��7KH
FDSDELOLW\ �WR �HVWLPDWH �WKH �ZHHG �FRYHU �IURP�5*%�LPDJHV �E\ �XVLQJ �D �SUH�LPSOHPHQWHG
SURFHGXUHV �FDQ �IDYRXU �WKH �DGRSWLRQ �RI �D �SURSHU �HFRQRPLF �LQWHUYHQWLRQ �WKUHVKROG �LQ
PDQDJLQJ�WKH�SRVW�HPHUJHQFH�ZHHGLQJ�



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH���

)HHG�DXWRQRP\�GHSHQGV�RQ�WKH�FURS�LQWHQVLILFDWLRQ�RI�PL[HG
GDLU\�IDUPV�LQ�)ULXOL�9HQH]LD�*LXOLD
E\�$OHVVDQGUD�&LFXWWLQ�_�(OLVD�9HUDUGR�_�0DUWLQD�%HUWDFFR�_�*DEULHOD�$ODQGLD�_�&ULVWLQD�3DYDQHOOR�_�0LUFR
&RUD]]LQ�_�(OLVD�0DUUDFFLQL�_�8QLYHUVLW\�RI�8GLQH�_�8QLYHUVLW\�RI�8GLQH�_�8QLYHUVLW\�RI�8GLQH�_�8QLYHUVLW\�RI
8GLQH�_�8QLYHUVLW\�RI�8GLQH�_�8QLYHUVLW\�RI�8GLQH�_�8QLYHUVLW\�RI�8GLQH

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��(OLVD�0DUUDFFLQL
&RQWULEXWLRQ��3RVW

)HHG�DXWRQRP\�LV�D�JRDO�RI�(8�SROLFLHV�IRU�LQFUHDVLQJ�IRRG�VHFXULW\��DV�PL[HG�GDLU\�IDUPV
DUH�GHSHQGHQW �RQ�H[WHUQDO �IRGGHU �DQG�FRQFHQWUDWHV� �WKXV �DIIHFWLQJ�WKH�IDUP�HFRQRPLF
VXVWDLQDELOLW\��)HHG�DXWRQRP\�LV�GHILQHG�DV�WKH�FDSDFLW\�RI�D�IDUP�WR�SURYLGH�LWV�RZQ�IHHG
DQG�LV�DVVHVVHG�WKURXJK�WKH�EDODQFH�EHWZHHQ�IHHG��IRGGHU��JUDLQV��FDNHV��HWF��SURGXFWLRQ
DQG�IHHG�FRQVXPSWLRQ�E\�OLYHVWRFN�WR�DFKLHYH�D�SURGXFWLRQ�REMHFWLYH��)HHG�DXWRQRP\�WKXV
FRQVLGHUV �ERWK �IRGGHU �DQG �FRQFHQWUDWH �DXWRQRP\� �7KHUH �LV �OLWWOH �LQIRUPDWLRQ �RQ �IHHG
DXWRQRP\�RI�,WDOLDQ�IDUPV�DQG�WKHLU�GHSHQGHQFH�RQ�H[WHUQDO�UHVRXUFHV�LV�KLJK��IHHG�FRVWV
UHSUHVHQW ���� �RI �YDULDEOH �FRVWV�� �7KLV �UHVHDUFK �DLPHG �DW �XQGHUVWDQGLQJ �WKH �FXUUHQW
VLWXDWLRQ�RI�)ULXOL �9HQH]LD�*LXOLD��)9*��GDLU\�IDUPV�IHHG�DXWRQRP\�DV�ZHOO �DV�LWV�PDLQ
GULYHUV��)RU�WKLV��D�VDPSOH�RI����PL[HG�GDLU\�IDUPV�ZDV�VHOHFWHG�LQ�ERWK�PRXQWDLQ�DQG�SODLQ
DUHDV�RI�)9*��)DUPV�KDG�DQ�DYHUDJH�VXUIDFH�RI����KD�DQG�����GDLU\�OLYHVWRFN�XQLWV��'DWD�RQ
IHHG�SURGXFWLRQ�DQG�FRQVXPSWLRQ�ZDV�JDWKHUHG�WKURXJK�DQ�LQWHUYLHZ�DQG�WKH�FROOHFWLRQ�RI
IDUP�UHJLVWHUV��7KH�)UHQFK�WRRO�2SWLDOLELR�ZDV�XVHG�WR�DVVHVV�IHHG��IRGGHU�DQG�FRQFHQWUDWH
DXWRQRP\��'HVSLWH�LW�ZDV�RULJLQDOO\�FUHDWHG�IRU�RUJDQLF�GDLU\�IDUPV��WKLV�WRRO�ZDV�FRQVLGHUHG
FDSDEOH�WR�DVVHVV�WKH�IHHG�DXWRQRP\�RI�D�GLYHUVLW\�RI�IDUPV�LQFOXGLQJ�SHUPDQHQW�JUDVVODQGV�
)DUPV�VDPSOHG�UHDFKHG�DQ�DYHUDJH�RI�����IHHG�DXWRQRP\�FRPSRVHG�E\�����RI�IRGGHU
DXWRQRP\ �DQG ��� �RI �FRQFHQWUDWH �DXWRQRP\� �$FFRUGLQJ �WR �WKH �IRGGHU �DXWRQRP\� �ZH
LGHQWLILHG �WKUHH �JURXSV� ��� �IDUPV �KDYLQJ �D �FRPSOHWH �IRGGHU �DXWRQRP\ ������� �DUH
FKDUDFWHUL]HG�E\�D�GRPLQDQFH�RI�DUDEOH�FURSV�LQ�WKHLU�URWDWLRQV�DOWKRXJK�ZLWK�D�GHSHQGHQF\
RI�H[WHUQDO�SURWHLQ�FURSV��DQG�D�KLJK�IHHG�DXWRQRP\�����������IDUPV�KDYLQJ�D�KLJK�IRGGHU
DXWRQRP\����������ZLWK�D�FRPSOHWH�GHSHQGHQFH�RQ�FRQFHQWUDWHV��DQG�DQ�RFFDVLRQDOO\�QHHG
WR�LQWHJUDWH�WKHLU�SURGXFWLRQ�ZLWK�H[WHUQDO�IRGGHU�ZLWK�IHHG�DXWRQRP\�RI���������IDUPV
KDYLQJ�D�SDUWLDO �IRGGHU�DXWRQRP\���������FRPSRVHG�RI�VPDOO �DQG�PHGLXP�VL]HG�IDUPV
UHO\LQJ�RQ�SHUPDQHQW�JUDVVODQGV�WKDW�QHHG�WR�LQWHJUDWH�ZLWK�H[WHUQDO�IRGGHU�UHVRXUFHV�DQG
DUH�GHSHQGHQW�RQ�H[WHUQDO�FRQFHQWUDWHV��KDYLQJ�D�IHHG�DXWRQRP\�RI�DOPRVW������:KHQ
FRPSDULQJ�WKHVH�JURXSV�ZLWK�ERWK�VWUXFWXUH�DQG�SHUIRUPDQFH�IDUP�LQGLFDWRUV��ZH�IRXQG
VLJQLILFDQW �UHODWLRQV�RI �WKH�OHYHO �RI �DXWRQRP\�DQG�ERWK�WKH�UDWLR �RI �KHUG�VL]H�DQG�WKH
OLYHVWRFN�LQWHQVLW\��/8�IRGGHU�8$$���DQG�WKH�PLON�SURGXFWLRQ�LQWHQVLW\��7KLV�ODWWHU�ILQGLQJ
VKRZHG�WKDW�WKH�GDLU\�IDUP�LQWHQVLILFDWLRQ�VHHPV�WR�EH�UHODWHG�ZLWK�D�KLJKHU�IHHG�DXWRQRP\�
3RVVLEOH�VWUDWHJLHV�WR�LQFUHDVH�IHHG�DXWRQRP\�OHVV�LQWHQVLILHG�GDLU\�IDUPV�FDQ�EH�D�UHQHZHG
XVH�RI�VXPPHU�JUD]LQJ�IRGGHU�UHVRXUFHV��WKH�FUHDWLRQ�RI�ORFDO�PDUNHWV�IRU�FRQFHQWUDWHV�ZLWK
DUDEOH�IDUPV��DQG�DQ�LQFUHDVH�RI�SURWHLQ�FURSV�LQ�FURS�URWDWLRQV��$FNQRZOHGJHPHQWV��7KLV
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UHVHDUFK �ZDV �SDUWO\ �IXQGHG �E\ �WKH �(XURSHDQ �8QLRQ �1H[W�*HQHUDWLRQ(8 ��3,$12
1$=,21$/( �', �5,35(6$ �( �5(6,/,(1=$ ��3155� �� �0,66,21( �� �&20321(17( ���
,19(67,0(172�������'�'�������������������&1�����������LQ�SDUWLFXODU�7DVN�������DQG
7DVN������� �7KLV �PDQXVFULSW �UHIOHFWV �RQO\ �WKH�DXWKRUV� �YLHZV�DQG�RSLQLRQV� �QHLWKHU �WKH
(XURSHDQ�8QLRQ�QRU�WKH�(XURSHDQ�&RPPLVVLRQ�FDQ�EH�FRQVLGHUHG�UHVSRQVLEOH�IRU�WKHP�
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'LJLWDO�,PDJH�$QDO\VLV��DQ�LQQRYDWLYH�PHWKRG�WR�DVVHVV
QXWULWLRQDO�VWDWXV�RI�FRPPRQ�ZKHDW
E\�$OHVVDQGUR�5RVVL�_�/LVD�&DWXUHJOL�_�&ODULVVD�&OHPHQWH�_�6LOYLD�7DYDULQL�_�/XFLDQD�*��$QJHOLQL�_�*LXOLDQR
6FLXVFR�_�8QLYHUVLW\�RI�3LVD���'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW�_�8QLYHUVLW\�RI�3LVD��
'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW�_�8QLYHUVLW\�RI�3LVD���'HSDUWPHQW�RI�$JULFXOWXUH��)RRG
DQG�(QYLURQPHQW�_�8QLYHUVLW\�RI�3LVD���'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW�_�8QLYHUVLW\�RI
3LVD���'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW�_�8QLYHUVLW\�RI�3LVD���'HSDUWPHQW�RI�$JULFXOWXUH�
)RRG�DQG�(QYLURQPHQW

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��$OHVVDQGUR�5RVVL
&RQWULEXWLRQ��3RVW

&RPPRQ �ZKHDW ��7ULWLFXP �DHVWLYXP �/�� �LV �RQH �RI �WKH �PRVW �LPSRUWDQW �FURSV� �ZKRVH
SURILWDELOLW\�LV�OLQNHG�WR�WKH�LQFUHDVH�RI�TXDOLW\�FKDUDFWHULVWLF�DQG�LQSXW�RSWLPL]DWLRQ��7KH
PDLQ�SDUDPHWHU�LQ�GHWHUPLQLQJ�ZKHDW�SULFH�LV�JUDLQ�SURWHLQ�FRQWHQW� �ZKLFK�LV�VWURQJO\
LQIOXHQFHG�E\�QLWURJHQ��1��DYDLODELOLW\�GXULQJ�DGYDQFHG�VWDJHV�RI�GHYHORSPHQW��7KHUHIRUH��1
DSSOLFDWLRQ�EHWZHHQ�IODJ�OHDI�MXVW�YLVLEOH�DQG�ZDWHU\�JUDLQ�ULSH�SKHQRORJLFDO�VWDJHV�������
%%&+�VFDOH� �LV �SLYRWDO� �,Q �WHUPV �RI �UHVRXUFH �HIILFLHQF\ �DQG �ZLWK �D �SUHFLVLRQ �IDUPLQJ
SHUVSHFWLYH��LW�LV�HVVHQWLDO�WR�GHYHORS�ZD\V�RI�PRQLWRULQJ�SODQW�QXWULWLRQDO�VWDWXV��WR�KDYH
UHOLDEOH�GHFLVLRQ�VXSSRUW�WRROV�GXULQJ�DGYDQFHG�FURS�GHYHORSPHQW�VWDJHV��,QGLFHV�EDVHG�RQ
FURSV �VSHFWUDO �FKDUDFWHULVWLFV �RU �OHDI�FOLS �VHQVRUV� �KDYH �EHHQ �ZLGHO\ �LQYHVWLJDWHG �E\
UHVHDUFKHUV��0RUHRYHU��VXFK�WRROV��LQ�ZKLFK�SKRWRV\QWKHWLF�SLJPHQWV�FRQWHQW�DUH�XVHG�DV�DQ
LQGLFDWRU �RI �OHDI �1 �FRQWHQW� �DUH �QRZDGD\V �FRPPHUFLDOO\ �DYDLODEOH� �%HVLGHV �FRVWV� �WKH
OLPLWDWLRQ�RI�SUR[LPDO�LQVWUXPHQWV�OLHV�LQ�WKH�UHTXLUHPHQW�RI�PXOWLSOH�PHDVXUHPHQWV�WR
REWDLQ�D�UHOLDEOH�SLFWXUH�RI�WKH�VWDWH�RI�WKH�HQWLUH�ILHOG��8QPDQQHG�$HULDO�9HKLFOH��8$9��
PRXQWHG�PXOWL�K\SHUVSHFWUDO�VHQVRUV�FDQ�VROYH�WKLV�SUREOHP��EXW�WKH\�UHTXLUH�WKH�XVH�RI
H[SHQVLYH�HTXLSPHQW�DQG�VSHFLDOL]HG�NQRZOHGJH�IRU�GDWD�DQDO\VLV��7KH�DLP�RI�WKLV�VWXG\�ZDV
WR�HYDOXDWH�ZKHWKHU�5HG�*UHHQ�%OXH��5*%��EDVHG�LQGLFHV��VXFK�DV�WKH�*UHHQ�/HDI�,QGH[
�*/,� �DQG �'DUN �*UHHQ �&RORXU �,QGH[ ��'*&,� �FDQ �HIIHFWLYHO\ �DVVHVV �WKH �SUHVHQFH �RI �1
GHILFLHQFLHV�LQ�ZKHDW�DW�DGYDQFHG�GHYHORSPHQW�VWDJHV��SURYLGLQJ�FRPSDUDEOH�LQIRUPDWLRQ�WR
WKRVH�REWDLQHG�IURP�ZLGHO\�NQRZQ�LQGLFHV��VXFK�DV�1RUPDOL]HG�'LIIHUHQFH�9HJHWDWLRQ�,QGH[
�1'9,��DQG�1LWURJHQ�%DODQFH�,QGH[��1%,���$�IHUWLOL]DWLRQ�WULDO�ZDV�SHUIRUPHG�RQ�FRPPRQ
ZKHDW��YDU���%RORJQD���WHVWLQJ�IRXU�QLWURJHQ�[�VXOSKXU�IHUWLOL]DWLRQ�VWUDWHJLHV�LQ�FRPSDULVRQ
ZLWK�DQ�XQIHUWLOL]HG�FRQWURO��(DFK�IHUWLOL]DWLRQ�VWUDWHJ\�ZDV�UHSOLFDWHG���WLPHV�LQ�FRQWDLQHUV
RI�����/�YROXPH�������P��DUHD�DQG�����P�KHLJKW���6WDUWLQJ�IURP�IODJ�OHDI�RSHQLQJ��%%&+�����
ZHHNO\�PHDVXUHPHQWV�ZHUH�FDUULHG�RXW��1'9,�ZDV�REWDLQHG�XVLQJ�D�KDQGKHOG�FURS�VHQVRU
�*UHHQ6HHNHU�0RGHO��+6&������7ULPEOH��6XQQLYDOH��86$���ZKLOH�1%,�ZDV�REWDLQHG�XVLQJ
OHDI�FOLS�VHQVRU��'XDOH[c��)RUFH�$��2UVD\��)5���$HUHDO�LPDJHV�ZHUH�REWDLQHG�XVLQJ�D�0DYLF
0LQL�TXDGFRSWHU�8$9��'-,��6KHQ]KHQ��&KLQD���DQG�DQDO\VHG�XVLQJ�*,03�VRIWZDUH��YHUVLRQ
����������$�WRWDO�RI�IRXU�IOLJKWV�ZHUH�FDUULHG�RXW��6XEVHTXHQWO\��D�FRUUHODWLRQ�DQDO\VLV�ZDV
SHUIRUPHG�DPRQJ�WKH�REWDLQHG�LQGLFHV�XVLQJ�5�VRIWZDUH��YHUVLRQ���������%RWK�'*&,�DQG�*/,
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VKRZHG�D�VWDWLVWLFDOO\�VLJQLILFDQW�FRUUHODWLRQ�ZLWK�SUR[LPDO�VHQVLQJ�LQGLFHV��+RZHYHU��WKH
VWURQJHVW�FRUUHODWLRQ��U� �������ZDV�REVHUYHG�EHWZHHQ�'*&,�DQG�1'9,��2Q�WKH�FRQWUDU\�
*/,�VKRZHG�ZHDNHU�FRUUHODWLRQV�ZLWK�DOO�WKH�DVVHVVHG�LQGLFHV��,Q�DFFRUGDQFH�ZLWK�WKHVH
UHVXOWV��'*&,�FDQ�SURYLGH�FRPSDUDEOH�LQIRUPDWLRQ�WR�WKDW�REWDLQHG�IURP�PXOWLVSHFWUDO�RU
OHDI�FOLSSHU�VHQVRUV��GXULQJ�ODWH�ZKHDW�GHYHORSPHQW�VWDJHV��7KH�XVH�RI�VXFK�ORZ�FRVW�WRROV
FDQ�EH�FDUULHG�RXW �GLUHFWO\ �E\ �WKH�IDUPHU� �SURPRWLQJ�WKH�VSUHDG�RI �SUHFLVLRQ�IDUPLQJ
SUDFWLFHV��+RZHYHU��IXUWKHU�VWXGLHV�ZLOO�EH�QHFHVVDU\�LQ�RUGHU�WR�FRQILUP�WKHVH�SUHOLPLQDU\
ILQGLQJV��FRQVLGHULQJ�GLIIHUHQW�FXOWLYDWLRQ�DQG�HQYLURQPHQWDO�FRQGLWLRQV��LQFOXGLQJ�SORW�VFDOH
RU�ILHOG�VFDOH�WULDOV�
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3DJH���

6XSSRUWLQJ�(8�*UHHQ�'HDO�WDUJHWV��LQ�VLOLFR�LPSURYHPHQW�RI
ULFH�JHQRW\SHV�WR�HQKDQFH�WKHLU�FRPSHWLWLYHQHVV�DJDLQVW
ZHHGV
E\�0DUWLQD�&OHULFL�_�/LYLD�3DOHDUL�_�(UPHV�0RYHGL�_�&KLDUD�0DUFKHWWL�_�5REHUWR�&RQIDORQLHUL�_�8QLYHUVLWd
GHJOL�6WXGL�GL�0LODQR��(63��&DVVDQGUD�ODE�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR��(63��&DVVDQGUD�ODE�_
8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR��(63��&DVVDQGUD�ODE�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR��(63��&DVVDQGUD
ODE�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR��(63��&DVVDQGUD�ODE

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��0DUWLQD�&OHULFL
&RQWULEXWLRQ��3RVW

:LWKLQ�WKH�(8�*UHHQ�'HDO��WKH�)DUP�WR�)RUN�VWUDWHJ\�LV�GHILQLQJ�D�YDULHW\�RI�DFWLRQV�DLPHG
DW�LQFUHDVLQJ�WKH�HQYLURQPHQWDO�IULHQGOLQHVV�RI�IRRG�V\VWHPV��$PRQJ�WKH�SURSRVHG�WDUJHWV�
WKH�UHGXFWLRQ�LQ�WKH�XVH�RI�FKHPLFDO�SHVWLFLGHV�DQG�WKH�LQFUHDVH�LQ�WKH�DJULFXOWXUDO�ODQG
GHYRWHG�WR�RUJDQLF�IDUPLQJ�SOD\�D�NH\�UROH��6XFK�D�UHJXODWRU\�VFHQDULR�LV�FDVWLQJ�D�VKDGRZ
RYHU�WKH�PLG�WHUP�VXLWDELOLW\�RI�WKH�JHQRW\SHV�UHOHDVHG�LQ�WKH�ODVW�\HDUV�EDVHG�RQ�WKH�*UHHQ
5HYROXWLRQ�SULQFLSOHV��&XUUHQW�JHQRW\SHV��LQGHHG��ZHUH�GHYHORSHG�WDUJHWLQJ��RQ�WKH�RQH
KDQG��D�GZDUILQJ�SURFHVV�DQG�WKH�LQFUHDVH�LQ�KDUYHVW�LQGH[�DW�WKH�H[SHQVH�RI�SODQW�RUJDQV
ZLWKRXW�D�GLUHFW�FRPPHUFLDO�LQWHUHVW�DQG��RQ�WKH�RWKHU�KDQG��D�PDVVLYH�XVH�RI�LQSXWV��$
FRQVHTXHQFH�RI �WKHVH�EUHHGLQJ�WDUJHWV�LV �WKH�GHYHORSPHQW�RI �JHQRW\SHV�WKDW�KDYH�ORVW
FRPSHWLWLYHQHVV�DJDLQVW�ZHHGV�DQG�WKLV���LQ�WKH�FDVH�RI�FRQVWUDLQWV�LQ�WKH�XVH�RI�KHUELFLGHV��
FRXOG�UDSLGO\�EHFRPH�D�FULWLFDO�WKUHDW�WR�IRRG�VHFXULW\��+HUELFLGHV��LQGHHG��UHSUHVHQW�DERXW
����RI�WKH�WRWDO�SHVWLFLGHV�XVHG�ZRUOGZLGH�DQG�DUH��XQGRXEWHGO\��WKH�GRPLQDQW�WHFKQRORJ\
IRU�ZHHG�FRQWURO��%HVLGHV�EHLQJ�D�VWDSOH�IRRG�IRU�KDOI�RI�WKH�ZRUOG�SRSXODWLRQ��ULFH�LV�RQH�RI
WKH�FURSV�IRU�ZKLFK�ZHHG�FRQWURO�FDQ�EH�FRQVLGHUHG�DV�SDUWLFXODUO\�FKDOOHQJLQJ��DPRQJ�WKH
UHDVRQV��RQH�RI�WKH�PDLQ�ULFH�ZHHG�EHORQJV�WR�WKH�VDPH�VSHFLHV�RI�FXOWLYDWHG�JHQRW\SHV��
7KH�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WKH�GHILQLWLRQ�DQG�HYDOXDWLRQ��LQ�VLOLFR��RI�KLJK�\LHOGLQJ�ULFH
LGHRW\SHV�PRUH�FRPSHWLWLYH�DJDLQVW�ZHHGV�DQG�WKXV�VXLWDEOH�IRU�RUJDQLF�IDUPLQJ�RU�IRU
FRQWH[WV�IRU�ZKLFK�KHUELFLGHV�XVH�LV�FRQVWUDLQHG��7KH�DQDO\VLV�ZDV�FRQGXFWHG�WDUJHWLQJ�WKH
WKUHH �PDLQ �(XURSHDQ �ULFH �SURGXFHUV� �,WDO\� �6SDLQ �DQG �*UHHFH� �FRQVLGHULQJ �D ����\HDU
WLPHIUDPH�FHQWUHG�RQ�������7R�DGGUHVV�WKH�XQFHUWDLQW\�LQ�IXWXUH�FOLPDWH�SURMHFWLRQV��WZR
GLYHUJLQJ �VRFLRHFRQRPLF �SDWKZD\V ��663����� �DQG�663������ �DQG�WZR�DOWHUQDWLYH �*&0V
�,36/�DQG�03,��ZHUH�XVHG��,GHRW\SLQJ�ZDV�SHUIRUP�E\�FRPELQLQJ�YDULDQFH�EDVHG�JOREDO
VHQVLWLYLW\ �DQDO\VLV �WHFKQLTXHV �DQG �FURS �VLPXODWLRQ �PRGHOOLQJ� �WKH �ODWWHU �EDVHG �RQ �WKH
LQWHJUDWLRQ�RI�WKH�ULFH�PRGHO�:$50�DQG�WKH�FURS�ZHHG�FRPSHWLWLRQ�PRGHO�:HHG\&R60R�
6SHFLILF�WUDLW�GLVWULEXWLRQV�ZHUH�GHULYHG�IRU�(XURSHDQ�ULFH�JHUPSODVPV�WR�PD[LPL]H�WKH�LQ
YLYR�IHDVLELOLW\�RI�WKH�LGHRW\SHV��5HVXOWV�UHYHDOHG�PDUNHG�GLIIHUHQFHV�LQ�WKH�LGHRW\SH�SURILOHV
GHVLJQHG�E\�WDUJHWLQJ�RUJDQLF�DQG�FRQYHQWLRQDO�V\VWHPV��DQG���UHJDUGOHVV�RI�WKH�FOLPDWH
FKDQJH�VFHQDULR���WKH�WUDLWV�LGHQWLILHG�DV�WKH�PRVW�SURPLVLQJ�WR�LQFUHDVH�FRPSHWLWLYHQHVV
DJDLQVW�ZHHGV��DQG�WKXV�WR�DVVXUH�KLJK�\LHOGV�LQ�RUJDQLF�IDUPLQJ�FRQWH[WV��ZHUH�LQYROYHG
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ZLWK�HDUO\�YLJRXU��OLJKW�H[WLQFWLRQ�FRHIILFLHQW�DQG�SODQW�KHLJKW� �6LPXODWHG�\LHOG�EHQHILWV
DFKLHYDEOH�LQ�FDVH�VXFK�LGHRW\SHV�ZLOO�EH�UHDOL]HG�LQ�YLYR�ZHUH���������������DQG�������
IRU�,WDO\� �6SDLQ�DQG�*UHHFH��UHVSHFWLYHO\� �$�VSDWLDOO\�GLVWULEXWHG�DQDO\VLV�FDUULHG�RXW�E\
K\SRWKHVL]LQJ�GLIIHUHQW�VFHQDULRV�RI�KHUELFLGH�UHGXFWLRQ�LQ�FRQYHQWLRQDO�IDUPLQJ�IXUWKHU
FRQILUPHG�WKH�SRWHQWLDO�RI�WKH�LGHRW\SHV��2XU�UHVXOWV�GHPRQVWUDWH�WKH�SRWHQWLDO�RI�PRGHO�
EDVHG�LGHRW\SH�EUHHGLQJ�WR�HIIHFWLYHO\�VXSSRUW�FURS�LPSURYHPHQW�ZKHQ�UHJXODWLRQV�DQG
FLWL]HQV��VHQVLWLYLW\�WR�HQYLURQPHQWDO�LVVXHV�HYROYH�LQ�WKH�IUDPH�RI�JOREDO�FOLPDWLF�FKDQJHV�
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3DJH���

,QWHUFURSSLQJ�FRYHU�FURSV�ZLWK�PDL]H�IRU�VXVWDLQDEOH�ZHHG
PDQDJHPHQW
E\�3DSDQGUHD�*LXOLD�_�)RJOLDWWR�6LOYLD�_�%HOWUDPR�$OHVVDQGUR�_�'L�)XULD�,YDQ�_�%HQQDQL�=LQHE�_�9LGRWWR
)UDQFHVFR�_�8QLYHUVLWd�GL�7RULQR���',6$)$�_�8QLYHUVLWd�GL�7RULQR���',6$)$�_�8QLYHUVLWd�GL�7RULQR���',6$)$
_�8QLYHUVLWd�GL�7RULQR���',6$)$�_�8QLYHUVLWd�GL�7RULQR���',6$)$�_�8QLYHUVLWd�GL�7RULQR���',6$)$

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��3DSDQGUHD�*�
&RQWULEXWLRQ��3RVW

7KH�XVH�RI�FRYHU�FURSV�DV�D�OLYLQJ�PXOFK�FDQ�LQKLELW�ZHHG�GHYHORSPHQW�DQG�SRWHQWLDOO\�DOORZ
D�UHGXFWLRQ�LQ�KHUELFLGH�XVH��$�WZR�\HDU�ILHOG�H[SHULPHQW�RQ�WKH�XVH�RI�D�OLYLQJ�PXOFK�LQ
PDL]H�LQWHUURZ�ZDV�FDUULHG�RXW�LQ������DQG������LQ�QRUWK�ZHVW�,WDO\��7KH�DLP�RI�WKH�VWXG\
ZDV�WR�WHVW�WKH�FRPELQDWLRQ�RI�DQ�LQWHU�URZ�OLYLQJ�PXOFK��HLWKHU�RI�6HFDOH�FHUHDOH��U\H��RU
7ULIROLXP�DOH[DQGULQXP��(J\SWLDQ�FORYHU���DQG�DQ�LQ�URZ�FKHPLFDO�ZHHG�FRQWURO�ZLWK�D�SUH�
HPHUJHQFH�KHUELFLGH��7HUEXWK\OD]LQH���6�PHWRODFKORU���0HVRWULRQH���,Q�������WKH�FRYHU
FURSV�ZHUH�VHHGHG�LQ�PLG�0DUFK��DSSUR[LPDWHO\�RQH�PRQWK�EHIRUH�PDL]H��DQG�LQ�PLG�$SULO�
WKH�VDPH�GD\�DV�PDL]H��WKH�VHHGLQJ�UDWH�ZDV�����NJ�KD�IRU�U\H�DQG����NJ�KD�IRU�(J\SWLDQ
FORYHU� �$ �FKHPLFDO �FRQWURO �SHUIRUPHG �ZLWK �WKH �VDPH �KHUELFLGH �PL[WXUH �EXW �EURDGFDVW
VSUD\HG�DQG�DQ�XQWUHDWHG�FRQWURO�ZLWK�VSRQWDQHRXV�ZHHGV�ZHUH�DOVR�LQFOXGHG��%RWK�FRYHU
FURSV�DQG�ZHHGV�ZHUH�HLWKHU�PRZHG�RQFH�GXULQJ�WKH�JURZLQJ�VHDVRQ��LQ�PLG�-XQH��RU�QRW
PRZHG��&RYHU�FURSV�DQG�ZHHG�GHYHORSPHQW�DVVHVVPHQWV�LQYROYHG�GHQVLW\��VRLO�FRYHU�DQG
ELRPDVV� �ZKLOH �FURS �DVVHVVPHQWV �LQFOXGHG �PDL]H �KHLJKW� �JURZWK �VWDJH �DQG �YHJHWDWLRQ
LQGLFHV��0DL]H�ZDV�KDUYHVWHG�LQ�2FWREHU�DQG�JUDLQ�\LHOG�DQG�SODQW�ELRPDVV�ZHUH�DVVHVVHG�
%HIRUH�PRZLQJ��LQ�WKH�SORWV�VHHGHG�RQH�PRQWK�EHIRUH�PDL]H��U\H�SURGXFHG�������J�P��RI�GU\
ELRPDVV�ZKLOH�(J\SWLDQ�FORYHU�GHYHORSHG�������J�P��RI �GU\�ELRPDVV� �WKH�VDPH�VSHFLHV
VHHGHG �WKH �VDPH �GD\ �DV �PDL]H �DYHUDJHG ������ �J�P� �DQG ������ �J�P� �RI �GU\ �PDWWHU�
UHVSHFWLYHO\��:HHG�ELRPDVV�ZDV�VLJQLILFDQWO\�UHGXFHG�LQ�DOO�WUHDWPHQWV�FRPSDUHG�WR�WKH
XQWUHDWHG�FRQWURO������J�P����H[FHSW�WKH�WUHDWPHQW�ZLWK�U\H�VHHGHG�D�PRQWK�EHIRUH�PDL]H
DQG�QRW�PRZHG��WKH�ORZHVW�ZHHG�ELRPDVV�ZDV�REWDLQHG�ZLWK�(J\SWLDQ�FORYHU�VHHGHG�ZLWK
PDL]H�������J�P����UHJDUGOHVV�RI�PRZLQJ��,Q�WHUPV�RI�KHLJKW��WKH�FURS�ZDV�QRW�DIIHFWHG�E\
FRPSHWLWLRQ�IURP�FRYHU�FURSV��DV�QR�GLIIHUHQFHV�ZHUH�IRXQG�WKURXJKRXW�WKH�FURSSLQJ�VHDVRQ�
+RZHYHU��1'9,�DQG�1'1,�ZHUH�ORZHU�LQ�SORWV�ZLWK�U\H�VHHGHG�ZLWK�PDL]H�DQG�QRW�PRZHG
FRPSDUHG�WR�WKH�PRZHG�FORYHU�VHHGHG�LQ�WKH�VDPH�GDWH��,Q�WHUPV�RI�\LHOG��WKH�FKHPLFDO
FRQWURO�DQG�WKH�FORYHU�VHHGHG�ZLWK�PDL]H�WUHDWPHQW��UHJDUGOHVV�RI�PRZLQJ��VKRZHG�WKH
KLJKHVW�YDOXHV�������0J�KD�DQG������0J�KD��UHVSHFWLYHO\���ZKLFK�GLIIHUHG�RQO\�IURP�WKH
PRZHG�U\H�VHHGHG�WKH�VDPH�GD\�DV�PDL]H�������0J�KD���*LYHQ�WKH�FXUUHQW�(8�SROLFLHV�RQ
SHVWLFLGH�UHGXFWLRQ��VXFK�DV�WKH�)DUP�WR�)RUN�VWUDWHJ\��WKLV�WHFKQLTXH�FRXOG�UHSUHVHQW�DQ
DOWHUQDWLYH�WR�UHGXFH�WKH�LQSXW�RI�KHUELFLGHV�IRU�ZHHG�FRQWURO��2YHUDOO��LQ�IDFW��WKH�VSULQJ
HVWDEOLVKPHQW�RI�WKH�FRYHU�FURSV�DOORZHG�WR�UHGXFH�WKH�FRPSHWLWLRQ�ZLWK�WKH�FURS�ZKLOH
PDLQWDLQLQJ�D�JRRG�HIILFDF\�LQ�UHGXFLQJ�ZHHGV��(J\SWLDQ�FORYHU��LQ�SDUWLFXODU��SHUIRUPHG
EHWWHU�ERWK�IRU�ZHHG�FRQWURO�DQG�IRU�WKH�FURS�GHYHORSPHQW��+RZHYHU��PRZLQJ�ZDV�SUREDEO\
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QRW�QHFHVVDU\��VLQFH�LW�RQO\�SDUWLDOO\�DIIHFWHG�WKH�RYHUDOO�ZHHG�ELRPDVV�EXW�KDG�DQ�LPSDFW�RQ
ZHHG�FRPSRVLWLRQ��DV�LW�IDYRXUHG�JUDVV�VSHFLHV�UHJURZWK�
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7RZDUGV�D�VXVWDLQDEOH�SRWDWR�SURGXFWLRQ��WKH�FDVH�RI�%RORJQD
3RWDWR�3'2
E\�*LRYDQQL�'LQHOOL�_�0DUFR�6DQJLRUJL�_�5RFFR�(QULFR�6IHUUD]]D�_�*LXOLD�2OLYHWL�_�/RUHQ]R�1HJUL�_�6DUD�%RVL
_�$OPD�0DWHU�6WXGLRUXP�8QLYHUVLWd�GL�%RORJQD�_�$OPD�0DWHU�6WXGLRUXP�8QLYHUVLWd�GL�%RORJQD�_�$OPD
0DWHU�6WXGLRUXP�8QLYHUVLWd�GL�%RORJQD�_�$OPD�0DWHU�6WXGLRUXP�8QLYHUVLWd�GL�%RORJQD�_�$OPD�0DWHU
6WXGLRUXP�8QLYHUVLWd�GL�%RORJQD�_�$OPD�0DWHU�6WXGLRUXP�8QLYHUVLWd�GL�%RORJQD

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��*LRYDQQL�'LQHOOL
&RQWULEXWLRQ��3RVW

7KH�SRWDWR��QDWLYH�WR�WKH�$QGHDQ�WHUULWRULHV�RI�6RXWK�$PHULFD��ZDV�LQWURGXFHG�WR�(XURSH
GXULQJ�WKH���WK�FHQWXU\��EXW�LW�ZDV�RQO\�GXULQJ�WKH���WK�FHQWXU\�WKDW�LW�VSUHDG�WR�YDULRXV
(XURSHDQ�FRXQWULHV��7KH�VSUHDG�RI�WKH�SRWDWR�LQ�WKH�%RORJQHVH�DUHD�RFFXUUHG�LQ�WKH�HDUO\
QLQHWHHQWK�FHQWXU\��WKDQNV�WR�WKH�DJURQRPLVW�3LHWUR�0DULD�%LJQDPL��7KH�%RORJQD�3RWDWR
EHFDPH�SDUW�RI�WKH�RIILFLDO�OLVW�RI�W\SLFDO�,WDOLDQ�SURGXFWV�LQ�������DWWULEXWDEOH�WR�WKH�3'2
�3URWHFWHG�'HQRPLQDWLRQ�RI�2ULJLQ��FHUWLILFDWLRQ��$V�SDUW�RI�WKH�3','23�SURMHFW��ILQDQFHG�E\
WKH�(PLOLD�5RPDJQD�UHJLRQ��DV�SDUW�RI�WKH�365�*2,�������DQ�H[SHULPHQWDO�WULDO�ZDV�LQLWLDWHG
ZLWK�WKH�SURGXFHUV�RI�WKH�%RORJQD�3DWDWD�&RQVRUWLXP�ZLWK�D�GXDO�SXUSRVH��D��WR�HYDOXDWH
KRZ�WR�UDWLRQDOL]H�WKH�FKHPLFDO �LQSXW�DQG�E��WR�LGHQWLI\�DOWHUQDWLYH�WUHDWPHQWV�DJDLQVW
LQVHFWLFLGHV�IRU�WKH�FRQWURO�RI�ZLUHZRUPV��$JULRWHV�VSS�� �$V�UHJDUGV�WKH�ILUVW�DVSHFW� �D
VXUYH\�ZDV�FRQGXFWHG�DPRQJ����IDUPHUV��XVLQJ�TXHVWLRQQDLUHV�DQG�LQWHUYLHZV��,W�ZDV�WKHQ
SRVVLEOH�WR�SURFHVV�WKH�VHW�RI�GDWD�UHODWLQJ�WR�WKH�DJURQRPLF�SUDFWLFHV�DGRSWHG��IHUWLOL]DWLRQ
LQWHUYHQWLRQV�DQG�WKH�XVH�RI�SK\WRVDQLWDU\�WUHDWPHQWV��5HJDUGLQJ�WKH�IHUWLOL]DWLRQ�SUDFWLFHV�
RQO\�����RI�WKH�IDUPHUV�DSSOLHG�RUJDQLF�IHUWLOL]HUV��ZLWK�RYHU�����XVLQJ�RQO\�PLQHUDO
IHUWLOL]HUV���2QO\�����LQFOXGHG�D�OHJXPH�LQ�WKHLU�URWDWLRQ����\HDUV�DIWHU�SRWDWR�FXOWLYDWLRQ��
7KHQ�����RI�IDUPHUV�FURSSHG�WKH�SRWDWR�LQ�VXFFHVVLRQ�WR�WKH�ZKHDW� �FRQWUDYHQLQJ�WKH
DJURQRPLF�UXOH�ZKLFK�LPSRVHV�GHHS�URRWLQJ�FURSV�LQ�VXFFHVVLRQ�WR�D�OHJXPH�FURS��7KHVH
GDWD�H[SODLQ�WKH�SDUWLFXODUO\�ORZ�DYHUDJH�YDOXHV�RI�ERWK�RUJDQLF�PDWWHU�������e�������DQG
ODELOH�FDUERQ�������e�����J�.J���,W�ZDV�WKHQ�SRVVLEOH�WR�REVHUYH�D�ZLGH�YDULDELOLW\�LQ�ERWK�WKH
RYHUDOO �GRVHV �RI �DSSOLHG �IHUWLOL]HUV �DQG �LQ �WKH �RYHUDOO �QXPEHU �RI �WUHDWPHQWV �IRU �FURS
SURWHFWLRQ��+RZHYHU��JHQHUDOO\�QR�VLJQLILFDQW�FRUUHODWLRQ�ZDV�REVHUYHG�EHWZHHQ�WKH�DSSOLHG
FKHPLFDO�LQSXW�DQG�SURGXFWLRQ�\LHOGV��$V�UHJDUGV�WKH�VHFRQG�REMHFWLYH��DFFRUGLQJ�WR�DQ�RQ�
IDUP�UHVHDUFK�DSSURDFK��WKUHH�DOWHUQDWLYH�WUHDWPHQWV��WR�FRPPRQ�VRLO�LQVHFWLFLGHV��IRU�WKH
FRQWURO �RI �ZLUHZRUPV ��UHVSHFWLYHO\ �EDVHG �RQ �0HWDUKL]LXP �EUXQQHXP� �QHPDWRGHV �DQG
%HDXYHULD�EDVVLDQD��ZHUH�WHVWHG�RQ�WKUHH�IDUPV�RI�WKH�FRQVRUWLXP��$OWKRXJK�WKH�ZLUHZRUP
DWWDFNV�ZHUH�VKRZQ�WR�EH�RI�PHGLXP�ORZ�PDJQLWXGH�LQ�WKH�����������DJULFXOWXUDO�VHDVRQ�
WKH�EHVW�UHVXOWV�LQ�WHUPV�RI�GDPDJH�UHGXFWLRQ�DQG�\LHOG�ZHUH�REWDLQHG�ZLWK�SURGXFWV�EDVHG
RQ�QHPDWRGHV�DQG�%HDXYHULD�EDVVLDQD��$OWKRXJK�WKH�GDWD�FROOHFWHG�FRXOG�RQO\�EH�UHIHUUHG�WR
D�VLQJOH�DJULFXOWXUDO�\HDU��LW�ZDV�SRVVLEOH�WR�VWDUW�D�SURFHVV�RI�GHYHORSLQJ�ERWK�IHUWLOL]DWLRQ
DQG �FURS �SURWHFWLRQ �LQWHUYHQWLRQV �ZLWK �WKH �FRQVRUWLXP �IDUPHUV� �7KLV �ZDV �FRQVLGHUHG
LPSRUWDQW �ZKHQ �WDNLQJ �LQWR �DFFRXQW �WKH �LQFUHDVLQJO\ �SUHVVLQJ �QHHG �WR �DGRSW �PRUH
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VXVWDLQDEOH�SUDFWLFHV�DEOH�WR�FRXQWHUDFW�WKH�HIIHFWV�RI�FOLPDWH�FKDQJH�
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1XWULWLRQDO�WUDLWV�LQ�IORUHWV�RI�VDIIORZHU�JURZQ�LQ�6LFLO\�DV
DIIHFWHG�E\�VRZLQJ�WLPH�DQG�SODQW�GHQVLW\
E\�9LYLHQQH�3DQHELDQFR�_�3DROR�&DUXVR�_�6DOYDWRUH�/��&RVHQWLQR�_�6LOYLR�&DOFDJQR�_�9DOHULD�FDIDUR�_
&ULVWLQD�3DWDQf�_�'L�$��8QLYHUVLW\�RI�&DWDQLD�_�'L�$��8QLYHUVLW\�RI�&DWDQLD�_�'L�$��8QLYHUVLW\�RI�&DWDQLD�_
&15�,%(�_�&15�,%(�_�&15�,%(

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��&ULVWLQD�3DWDQf
&RQWULEXWLRQ��3RVW

6DIIORZHU��&DUWKDPXV�WLQFWRULXV�/���LV�D�PXOWLSXUSRVH�SODQW�EHORQJLQJ�WR�WKH�$VWHUDFHDH
IDPLO\� �PRVWO\ �FXOWLYDWHG�IRU �VHHG�RLO �H[WUDFWLRQ�IRU �IRRG�DQG�LQGXVWULDO �DSSOLFDWLRQ� �,WV
GURXJKW�WROHUDQFH�PDNHV�LW�DQ�H[FHOOHQW�DOWHUQDWLYH�IRU�WKH�DULG�PDUJLQDO�DUHDV�RI�6LFLO\�
ZKHUH�LW�PD\�RIIHU�D�JUHDWHU�FKDQFH�RI�VXFFHVV�WKDQ�PDMRU�WUDGLWLRQDO�FURSV��LQ�D�FRQWH[W�RI
FOLPDWH�FKDQJH��6DIIORZHU�IORUHWV�FRQWDLQ�QXPHURXV�FRPSRXQGV��PDLQO\�SLJPHQWV�IURP�WKH
IODYRQRLGV �IDPLO\� �ZLWK �EHQHILFLDO �HIIHFWV �RQ �KXPDQ �KHDOWK �GXH �WR �WKHLU �DQWLR[LGDQW�
DQWLVHSWLF��DQG�DQWL�LQIODPPDWRU\�DFWLRQ��0RUHRYHU��WKH�IORUHWV�KDYH�JUHDW�SRWHQWLDO�IRU�WKH
DJUL�IRRG�VHFWRU�DV�WKH\�DUH�ULFK�LQ�QXWULHQWV��'HVSLWH�WKH�YDULRXV�SRVLWLYH�DVSHFWV��OLWWOH
LQWHUHVW�KDV�EHHQ�DGGUHVVHG�E\�WKH�DJURQRPLVWV�WRZDUGV�WKLV�FURS��,Q�VHPL�DULG�FXOWLYDWLRQ
DUHDV��HDUO\�VRZLQJV�RI�VDIIORZHU�DOORZ�WKH�FURS�D�EHWWHU�H[SORLW�RI�ZDWHU�VWRUHG�LQ�WKH�VRLO
GXULQJ�WKH�UDLQ\�VHDVRQ��HVFDSLQJ�SDUW�RI�WKH�ZDUP�VHDVRQ�GXULQJ�WKH�JURZLQJ�SHULRG�
6RZLQJ�GHQVLW\��DV�ZHOO��FRXOG�LQIOXHQFH�VRPH�QXWULWLRQDO�WUDLWV�RI�WKH�IORUHWV��,Q�WKLV�UHJDUG�
D�UHVHDUFK�ZDV�FRQGXFWHG�LQ������RQ�D�FXOWLYDU�RI�VDIIORZHU��&DWLPD��LQ�D�W\SLFDO�KRW�DULG
HQYLURQPHQW�RI�6LFLO\��ZKHUH�WKH�HIIHFWV�RI�VRZLQJ�WLPH��,�����)HEUXDU\��,,�����0DUFK��,,,�
$SULO�����DQG�SODQW�GHQVLW\��3���DQG�3�������DQG����SODQWV�P���UHVSHFWLYHO\��ZHUH�VWXGLHG�RQ
IORUHWV�SURGXFWLRQ�DQG�VRPH�QXWULWLRQDO�WUDLWV��SURWHLQV��SKHQROV�DQG�IODYRQRLGV���3HU�HDFK
VRZLQJ�WLPH��WZR�KDUYHVWV�ZHUH�FDUULHG�RXW��EHWZHHQ�WKH�HQG�RI�-XQH�DQG�WKH�EHJLQQLQJ�RI
-XO\��3ODQW�SURGXFWLRQ�RI�IORUHWV�SURJUHVVLYHO\�LQFUHDVHG�ZLWK�WKH�DGYDQFH�RI�VRZLQJ��IURP
�����WR������J�SODQW��DQG�ZDV�UHGXFHG�ZLWK�WKH�LQFUHDVH�RI�SODQW�SRSXODWLRQ�IURP����WR���
SODQWV�P� ��IURP������WR ������J�SODQW�� �+RZHYHU� �GHVSLWH �\LHOG �UHGXFWLRQ�SHU �SODQW� �WKH
LQFUHDVHG�QXPEHU�RI�SODQWV�LQ�3���UHVXOWHG�LQ�D�VLJQLILFDQW�LQFUHDVH�LQ�IORUHWV�SURGXFWLRQ�SHU
XQLW�DUHD��&UXGH�SURWHLQ�FRQWHQW��RQ�DYHUDJH������ZDV�UHGXFHG�VKLIWLQJ�WKH�VRZLQJ�WR�$SULO
DQG�ZDV �DSSUR[LPDWHO\ ����ORZHU �DW �KLJK�SODQW �GHQVLW\ ��LQ �3���� �7KH�FRQWHQW �RI �WRWDO
SKHQROLFV��RQ�DYHUDJH���PJ�J�):��ZDV�SURJUHVVLYHO\�UHGXFHG�ZLWK�WKH�VKLIW�RI�VRZLQJ�IURP
)HEUXDU\�WR�$SULO� �)ODYRQRLGV�FRQWHQW��RQ�DYHUDJH������PJ�J�):��GLG�QRW�VLJQLILFDQWO\
FKDQJH�ZLWK�VRZLQJ�WLPH��DOWKRXJK�LW�ZDV�VOLJKWO\�KLJKHU�LQ�WKH�ILUVW�VRZLQJ��$SULO���7KHLU
FRQWHQW�VLJQLILFDQWO\�GHFOLQHG��E\�DSSUR[LPDWHO\�����ZLWK�WKH�LQFUHDVH�RI�SODQW�GHQVLW\�IURP
���WR����SODQWV�P���7KHVH�UHVXOWV�UHYHDOHG�WKDW�HDUO\�VRZLQJV�LQ�)HEUXDU\�PD\�EH�EHQHILFLDO
IRU�VDIIORZHU�FXOWLYDWHG�LQ�VHPL�DULG�UHJLRQV�RI�6LFLO\��DOVR�WDNLQJ�LQWR�DFFRXQW�WKH�SRVLWLYH
HIIHFWV�RI�HDUO\�VRZLQJV�RQ�QXWULWLRQDO�WUDLWV�RI�IORUHWV��+LJK�SODQW�GHQVLWLHV�PD\�OHDG�WR
JUHDWHU�\LHOGV�EXW�UHGXFH�WKH�QXWULWLRQDO�TXDOLW\�RI�IORUHWV��)XUWKHU�UHVHDUFKHV�RQ�VDIIORZHU
DUH�UHTXLUHG�WR�SURPRWH�WKLV�VWLOO�XQGHUXWLOL]HG�EXW�HFRQRPLFDOO\�SURPLVLQJ�FURS�
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6SDWLDO�UHODWLRQVKLSV�EHWZHHQ�VDWHOOLWH�GHULYHG�&RSHUQLFXV
+5�933�FURS�VHDVRQDO�SURGXFWLYLW\�PDSV�DQG�JURXQG�\LHOG
PDSV�LQ�ZKHDW�DQG�PDL]H�LQ�VXSSRUW�RI�SUHFLVLRQ
PDQDJHPHQW�VWUDWHJLHV�
E\�/XFD�0DUURQH�_�)HGHULFD�&DUXFFL�_�5LFFDUGR�)D]LROL�_�'DYLGH�7DKDQL�_�'DYLGH�&DX�_�5DIIDHOH�&DVD�_
8QLYHUVLW\�RI�7XVFLD�_�8QLYHUVLW\�RI�7XVFLD�_�8QLYHUVLW\�RI�7XVFLD�_�8QLYHUVLW\�RI�7XVFLD�_�*HQDJULFROD�����
6�S�$��$QQRQH�9HQHWR��9(���,WDO\�_�8QLYHUVLW\�RI�7XVFLD

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��/XFD�0DUURQH
&RQWULEXWLRQ��3RVW

7KH�HVWLPDWLRQ�RI�WKH�VSDWLR�WHPSRUDO�YDULDELOLW\�RI�FURS�\LHOG�ZLWKLQ�D�ILHOG�LV�DQ�HVVHQWLDO
SDUW �RI �WKH �LQIRUPDWLRQ �UHTXLUHG �WR �LPSURYH �WKH �DJURQRPLF �PDQDJHPHQW �LQ �SUHFLVLRQ
DJULFXOWXUH��)RU�H[DPSOH��WKH�LGHQWLILFDWLRQ��IURP�WKH�WLPH�VHULHV�RI�\LHOG�PDSV��RI�VWDEOH
KLJK�RU�ORZ�\LHOGLQJ�DUHDV��DV�ZHOO�DV�WHPSRUDOO\�LQVWDEOH�DUHDV��VXSSRUWV�WKH�GHOLQHDWLRQ�RI
XQLIRUP�PDQDJHPHQW�]RQHV��IRU�WKH�FUHDWLRQ�RI�SUHVFULSWLRQ�PDSV��,Q�WKH�DEVHQFH��IRU�PRVW
,WDOLDQ�IDUPV��RI�ORQJ�WLPH�VHULHV�RI�\LHOG�PDSV�REWDLQHG�IURP�FRPELQH�KDUYHVWHUV�HTXLSSHG
ZLWK�\LHOG�PRQLWRUV��VSDWLDO�DQG�WHPSRUDO�SDWWHUQV�RI�FURS�SURGXFWLYLW\�FDQ�EH�LQIHUUHG�IURP
HDUWK�REVHUYDWLRQ�VDWHOOLWH�GDWD��VXFK�DV�6HQWLQHO����,Q�WKLV�FRQWH[W��WKH�+LJK�5HVROXWLRQ
9HJHWDWLRQ �3KHQRORJ\ �DQG �3URGXFWLYLW\ ��+5�933� �VXLWH �RI �SURGXFWV� �GHOLYHUHG �E\ �WKH
&RSHUQLFXV�/DQG�0RQLWRULQJ�6HUYLFH�DW����P�UHVROXWLRQ�IURP�-DQXDU\������RQZDUGV��DQG
IUHHO\�DYDLODEOH�LQ�WKH�:HN(2�SODWIRUP��ZZZ�ZHNHR�HX��DUH�SDUWLFXODUO\�LQWHUHVWLQJ��7KH
VXLWH�RI�SURGXFWV�LQFOXGHV�WRWDO�SURGXFWLYLW\��JURZLQJ�VHDVRQ�LQWHJUDO��7352'��DQG�VHDVRQDO
SURGXFWLYLW\��JURZLQJ�VHDVRQ�LQWHJUDO�DERYH�WKH�VWDUW�DQG�WKH�HQG�GD\V��6352'���7352'
DQG�6352'�DUH�FDOFXODWHG�DV�WKH�JURZLQJ�VHDVRQ�LQWHJUDO�RI�WKH�3ODQW�3KHQRORJ\�,QGH[��33,�
FRPSXWHG�DV�WKH�VXP�RI�DOO�GDLO\�YDOXHV�EHWZHHQ�WKH�VWDUW�DQG�WKH�HQG�RI�WKH�JURZLQJ
VHDVRQ��DQG�DV�WKH�VXP�RI�DOO�GDLO\�YDOXHV�PLQXV�WKHLU�EDVH�OHYHO�YDOXH��UHVSHFWLYHO\��7KH\
KDYH�EHHQ�FRQFHLYHG�DV�LQGLFDWRUV�RI�FURS�SURGXFWLYLW\��WKXV�FRXOG�EH�SRWHQWLDOO\�XVHG�IRU
VXSSRUWLQJ�ILHOG�]RQLQJ�IRU�SUHFLVLRQ�DJULFXOWXUH�SXUSRVHV��7KLV�VWXG\�DLPHG�DW�DVVHVVLQJ�WKH
VSDWLDO�UHODWLRQVKLSV�EHWZHHQ�6HQWLQHO���GHULYHG�7352'�DQG�6352'�SURGXFWV��DQG�JURXQG�
EDVHG �FURS �\LHOG �VSDWLR�WHPSRUDO �SDWWHUQV� �)RU �WKLV �SXUSRVH� �GDWD �IURP �D �UDQJH �RI
DJULFXOWXUDO�ILHOGV�ZLWK�KHUEDFHRXV�FURSV�VXFK�DV�ZKHDW�DQG�PDL]H��ORFDWHG�LQ�0DFFDUHVH
�&HQWUDO�,WDO\��DQG�-RODQGD�GL�6DYRLD��1RUWKHUQ�,WDO\��ZHUH�XVHG��)RU�HDFK�ILHOG��\LHOG�GDWD
ZHUH�UHFRUGHG�DW�KDUYHVWLQJ�E\�D�FRPELQH�KDUYHVWHU�HTXLSSHG�ZLWK�D�*166�\LHOG�PDSSLQJ
V\VWHP��7KH�UDZ�GDWD�ZHUH�SUH�SURFHVVHG�IRU�RXWOLHUV��DQG�HUURUV�UHPRYDO�ZLWK�5�DQG�9HVSHU
VRIWZDUH�ZDV�XVHG�IRU�JHRVWDWLVWLFDO�LQWHUSRODWLRQ�XVLQJ�EORFN�NULJLQJ�LQWHUSRODWLRQ�WR�D����P
JULG�DOLJQHG�ZLWK�6HQWLQHO���SL[HOV��)RU�HDFK�ILHOG��WKH�7352'�DQG�6352'�SURGXFWV�ZHUH
REWDLQHG �IURP �:(N(2� �ZKLFK �LV �WKH �(8�V �&RSHUQLFXV �',$6 �UHIHUHQFH �VHUYLFH �IRU
HQYLURQPHQWDO �GDWD� �YLUWXDO �HQYLURQPHQWV �IRU �GDWD �SURFHVVLQJ� �7KH �SL[HO�EDVHG �VSDWLDO
FRUUHODWLRQ�EHWZHHQ�WKH�7352'�RU�6352'�PDSV�DQG�WKH�JURXQG�\LHOG�PDSV�ZDV�DVVHVVHG�E\
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REWDLQLQJ�D�OLQHDU�PRGHO�RI�FRUHJLRQDOL]DWLRQ�DQG�DVVHVVLQJ�WKH�FRGLVSHUVLRQ�FRHIILFLHQW
DJDLQVW�WKH�KXOO�RI�SHUIHFW�FRUUHODWLRQ��DQG�FRPSXWLQJ�WKH�'XWLOOHXO�W�WHVW�IRU�WKH�VSDWLDO
SURFHVVHV�RI�WKH�6SDWLDO3DFN�SDFNDJH�LPSOHPHQWHG�LQ�5��7KLV�WHVW�DOORZHG�WR�HYDOXDWH�WKH
FRQVLVWHQF\�RI�WKH�PDSV�SUHGLFWHG�E\�WKH�VDWHOOLWH�XVLQJ�7352'�DQG�6352'��ZLWK�WKH�\LHOG
PDSV�VKRZLQJ�D�JRRG�VSDWLDO�FRUUHODWLRQ�EHWZHHQ�WKH�PDSV�LQ�PRVW�FDVHV�
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:KHDW�9HWFK�,QWHUFURSSLQJ��$JURQRPLF�$GYDQWDJHV�LQ
2UJDQLF�$JULFXOWXUH
E\�0LFKHOH�'HQRUD�_�'RQDWR�&DVLHOOR�_�$QGL�0HKPHWL�_�3LHUOXLJL�&DVLHUR�_�'RPHQLFR�0DULR�0HORQH�_
9LQFHQ]R�&DQGLGR�_�(QULFD�'H�)DOFR�_�'RPHQLFR�5RQJD�_�*DEULHOH�&LRIIL�_�$QWRQLR�/DQGL�_�&RVWDQ]D
)LRUHQWLQR�_�0LFKHOH�3HUQLROD�_�'HSDUWPHQW�RI�(XURSHDQ�DQG�0HGLWHUUDQHDQ�&XOWXUHV��8QLYHUVLW\�RI
%DVLOLFDWD�_�'HSDUWPHQW�RI�(XURSHDQ�DQG�0HGLWHUUDQHDQ�&XOWXUHV��8QLYHUVLW\�RI�%DVLOLFDWD�_�'HSDUWPHQW
RI�(XURSHDQ�DQG�0HGLWHUUDQHDQ�&XOWXUHV��8QLYHUVLW\�RI�%DVLOLFDWD�_�'HSDUWPHQW�RI�(XURSHDQ�DQG
0HGLWHUUDQHDQ�&XOWXUHV��8QLYHUVLW\�RI�%DVLOLFDWD�_�'HSDUWPHQW�RI�(XURSHDQ�DQG�0HGLWHUUDQHDQ�&XOWXUHV�
8QLYHUVLW\�RI�%DVLOLFDWD�_�'HSDUWPHQW�RI�(XURSHDQ�DQG�0HGLWHUUDQHDQ�&XOWXUHV��8QLYHUVLW\�RI�%DVLOLFDWD�_
3KDUPDF\�'HSDUWPHQW��$JULFXOWXUDO�&RXUVH��8QLYHUVLW\�RI�6DOHUQR�_�3KDUPDF\�'HSDUWPHQW��$JULFXOWXUDO
&RXUVH��8QLYHUVLW\�RI�6DOHUQR�_�3KDUPDF\�'HSDUWPHQW��$JULFXOWXUDO�&RXUVH��8QLYHUVLW\�RI�6DOHUQR�_
3KDUPDF\�'HSDUWPHQW��$JULFXOWXUDO�&RXUVH��8QLYHUVLW\�RI�6DOHUQR�_�6FKRRO�RI�$JULFXOWXUDO��)RUHVWU\�
(QYLURQPHQWDO�DQG�)RRG�6FLHQFHV��8QLYHUVLW\�RI�%DVLOLFDWD�_�'HSDUWPHQW�RI�(XURSHDQ�DQG�0HGLWHUUDQHDQ
&XOWXUHV��8QLYHUVLW\�RI�%DVLOLFDWD

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��0LFKHOH�'HQRUD
&RQWULEXWLRQ��3RVW

7KH �LPSRUWDQFH �RI �GLYHUVLI\LQJ �LQGXVWULDOL]HG �DJULFXOWXUH �LV �LQFUHDVLQJO\ �UHFRJQL]HG �WR
PLWLJDWH�WKH�QHJDWLYH�H[WHUQDOLWLHV�RI�ORZ�GLYHUVLW\�FURSSLQJ�V\VWHPV��,3(6�)22'��������,Q
(XURSH��LQWHUHVW�LQ�OHJXPHV�KDV�JURZQ�ZLWKLQ�WKH�FRQWH[W�RI�WKH��SURWHLQ�WUDQVLWLRQ���$LNLQJ
DQG �GH �%RHU ������ �DQG �VXVWDLQDELOLW\�EDVHG �OHJLVODWLYH �LQLWLDWLYHV �DLPHG �DW �UHGXFLQJ
GHSHQGHQF\�RQ�DJURFKHPLFDO�LQSXWV�DQG�LQFUHDVLQJ�DJURELRGLYHUVLW\��H�J���WKH�(8�*UHHQ
'HDO
V��)DUP�WR�)RUN��VWUDWHJ\���(XURSHDQ�&RPPLVVLRQ��������,QWHUFURSSLQJ�LV�DQ�LPSRUWDQW
DJULFXOWXUDO�SUDFWLFH�EHQHILWLQJ�IURP�LQWHUVSHFLILF�IDFLOLWDWLRQ��6WDJQDUL�HW�DO����������7KLV
ZRUN�DLPV�WR�VWXG\�LQWHUFURSSLQJ�DV�DQ�DJURHFRORJLFDO�SUDFWLFH��HOXFLGDWLQJ�WKH�PHFKDQLVPV
RI�LQWHUVSHFLILF�LQWHUDFWLRQV�LQIOXHQFLQJ�QLWURJHQ�IL[DWLRQ�DQG�WUDQVIHU��7KH�H[SHULPHQW�ZDV
FRQGXFWHG�DW�WKH�FRRSHUDWLYH��/D�*HQHUDOH��LQ�WKH�*HQ]DQR�GL�/XFDQLD�FRXQWU\VLGH��3=��
ZLWKLQ�WKH�IUDPHZRUN�RI�WKH�$JU(FR0HG�UHVHDUFK�DQG�LQQRYDWLRQ�SURMHFW��IXQGHG�E\�WKH
35,0$�)RXQGDWLRQ��LQ�OLQH�ZLWK�WKH�SUHYDLOLQJ�DJURHFRORJLFDO�DSSURDFK�LQ�0HGLWHUUDQHDQ
FRXQWULHV��'XULQJ�WKH�����������JURZLQJ�VHDVRQ��DQ�H[SHULPHQW�ZDV�FRQGXFWHG�RQ�GXUXP
ZKHDW��7ULWLFXP�GXUXP�'HVI���YDU��7LUH[�LQWHUFURSSHG�ZLWK�FRPPRQ�YHWFK��9LFLD�VDWLYD�/��
YDU��(UHLFD��7KH�DLP�RI�WKLV�VWXG\�ZDV�WR�TXDQWLI\�WKH�G\QDPLFV�RI�V\PELRWLF�QLWURJHQ��1�
H[FKDQJH��IL[HG�E\�OHJXPHV�DQG�WUDQVIHUUHG�WR�FHUHDOV��DQG�DVVHVV�WKH�SRWHQWLDO�EHQHILWV�RI
LQWHUFURSSLQJ �LQ �EDODQFLQJ �UHVRXUFH �FRPSHWLWLRQ �DQG �IDFLOLWDWLRQ �DPRQJ �FURSV� �7KH
H[SHULPHQWDO �WUHDWPHQWV �FRQVLVWHG �RI �FRPSDULQJ �ZKHDW �LQWHUFURSSHG �ZLWK �YHWFK
�UHVSHFWLYHO\�ZKHDW�VRZLQJ�UDWH�RI�����NJ�KD�DQG����NJ�KD�IRU�YHWFK���ZKHDW�LQ�PRQRFXOWXUH
DW�WKH�VDPH�VRZLQJ�GHQVLW\�DV�WKH�LQWHUFURSSLQJ������NJ�KD���DQG�ZKHDW�DW�FRQYHQWLRQDO
VRZLQJ�GHQVLW\������NJ�KD�� �,Q�WKLV �VWXG\� �WKH�FRPSDUHG�SORWV�ZHUH�QRW�IHUWLOL]HG�ZLWK
PLQHUDO�1��DV�UHTXLUHG�E\�RUJDQLF�IDUPLQJ�UHJXODWLRQV��7KH�RYHUDOO�HIIHFWV�ZHUH�TXDQWLILHG
XVLQJ�WKH�QLWURJHQ�EDODQFH��PHDVXULQJ�VRLO�QLWURJHQ�FRQWHQW�DQG�SODQWV�QXWULHQW�XSWDNH�RI
WKH�GLIIHUHQW�FURSSLQJ�V\VWHPV��7KH�UHVXOWV�VKRZHG�QR�VLJQLILFDQW�GLIIHUHQFHV�LQ�JUDLQ�\LHOG
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EHWZHHQ�ZKHDW�JURZQ�LQ�PRQRFXOWXUH������W�KD��DQG�ZKHDW�LQWHUFURSSHG�ZLWK�YHWFK�����
W�KD���+RZHYHU��LQ�LQWHUFURSSHG�ZKHDW��WKH�1�FRQWHQW�LQ�WKH�JUDLQ�ZDV�VLJQLILFDQWO\�KLJKHU
������J�.J��DQG�QLWURJHQ�XSWDNH������.J�KD�FRPSDUHG�WR�UHVSHFWLYHO\������J�.J�DQG�����
.J�KD �LQ �PRQRFXOWXUH �ZKHDW� �7KLV �WUHQG �ZDV �DOVR �REVHUYHG �LQ �WKH �VWUDZ� �2YHUDOO�
LQWHUFURSSHG�ZKHDW�DFFXPXODWHG�PRUH�1�WKDQ�PRQRFXOWXUH�ZKHDW��ZLWK�D�WRWDO�1�XSWDNH�RI
�����.J�KD�FRPSDUHG�WR������.J�KD�IRU�PRQRFXOWXUH�ZKHDW��7KLV�t�RI������.J�KD�RI�1
LQGLFDWHV�DQ�DFWLYH�G\QDPLF�RI�V\PELRWLF�QLWURJHQ�H[FKDQJH�EHWZHHQ�OHJXPHV�DQG�FHUHDOV�
:KHDW�YHWFK�LQWHUFURSSLQJ�LQ�RUJDQLF�DJULFXOWXUH�SURYHG�WR�EH�WKH�PRVW�DGYDQWDJHRXV�ERWK
DJURQRPLFDOO\�DQG�HFRQRPLFDOO\��ZLWK�D�SRVLWLYH�QLWURJHQ�EDODQFH�RI�LQWHUFURSSLQJ�UHVSHFW
WR�WKH�QHJDWLYH�EDODQFH�RI�PRQRFURSSLQJ��D�KLJKHU�WRWDO�\LHOG�RI�����W�KD��ZKHDW�YHWFK�
UHVSHFW�WR�ZKHDW�LQ�PRQRFURSSLQJ������W�KD���KLJKHU�ZKHDW�SURWHLQ�FRQWHQW�������DQG�WKH
KLJKHU�HFRQRPLF�YDOXH��7KHVH�UHVXOWV�XQGHUVFRUH�WKH�LPSRUWDQFH�RI�OHJXPHV�LQ�SURYLGLQJ
DJURHFRORJLFDO�VHUYLFHV�
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(VVHQWLDO�2LO�<LHOG�RI�/DYDQGXOD�DQJXVWLIROLD�/��&XOWLYDWHG
XQGHU�D�'\QDPLF�$JULYROWDLF�6\VWHP
E\�*UD]LD�'LVFLJOLR�_�)UDQFHVFD�6WHIDQHOOL�_�$QQDOLVD�7DUDQWLQR�_�/DXUD�)UDEERQL�_�'HSDUWPHQW�RI
$JULFXOWXUH��)RRG��1DWXUDO�5HVRXUFHV�DQG�(QJLQHHULQJ��8QLY��)RJJLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�
1DWXUDO�5HVRXUFHV�DQG�(QJLQHHULQJ��8QLY��)RJJLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG��1DWXUDO�5HVRXUFHV
DQG�(QJLQHHULQJ��8QLY��)RJJLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG��1DWXUDO�5HVRXUFHV�DQG�(QJLQHHULQJ�
8QLY��)RJJLD

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��*UD]LD�'LVFLJOLR
&RQWULEXWLRQ��3RVW

$JULYROWDLFV��$9��LV �D �FRQFHSW�WKDW �FRPELQHV�DJULFXOWXUH�DQG�VRODU�SKRWRYROWDLF �HQHUJ\
SURGXFWLRQ�RQ�WKH�VDPH�ODQG��7KLV�DSSURDFK�DLPV�WR�RSWLPL]H�ODQG�XVH�E\�VLPXOWDQHRXVO\
JURZLQJ�SODQWV�DQG�JHQHUDWLQJ�UHQHZDEOH�HQHUJ\� �3UHYLRXV�UHVHDUFK�KDV�LQGLFDWHG�WKDW
DUWLILFLDO �VKDGLQJ�FRQGLWLRQV�FDQ�GHFUHDVH�\LHOGV�LQ�VRPH�FURSV��0LGPRUH�HW�DO�� �������
+RZHYHU� �FXOWLYDWLRQ�XQGHU�SKRWRYROWDLF�SDQHOV�LV �IHDVLEOH�IRU�VSHFLHV�WKDW�FDQ�WROHUDWH
SDUWLDO �VKDGLQJ� �VXFK �DV �PHGLFLQDO �SODQWV� �,W �LV �UHFRJQL]HG �WKDW �HVVHQWLDO �RLO �FRQWHQW
IOXFWXDWHV�ZLWK�VHDVRQV�DQG�FOLPDWLF�RU�VWUHVV�FRQGLWLRQV��%D\GDU���������*LYHQ�WKH�SDUWLDO
VKDGLQJ�SURYLGHG�E\�DJULYROWDLF�V\VWHPV��WKLV�ZRUN�DLPV�WR�HYDOXDWH�WKH�FRQFHQWUDWLRQV�RI
HVVHQWLDO�RLOV��(2V��LQ�ODYHQGHU��/DYDQGXOD�DQJXVWLIROLD�YDU��5R\DO�3XUSOH�/���JURZQ�XQGHU�D
G\QDPLF �$9�V\VWHP� �FRPSDUHG�ZLWK �WKH �VDPH�FURS �JURZQ�LQ �IXOO �VXQ� �7KH �VWXG\ �ZDV
FRQGXFWHG�GXULQJ�WKH������DQG������VHDVRQV�DW�WKH�'\QDPLF�$JULYROWDLF�6\VWHP�ILHOG�RI�0�
(QHUJ\�6�U�O��&RPSDQ\��ORFDWHG�LQ�WKH�DJULFXOWXUDO�DUHD�RI�6DQ�6HYHUR����d�����1����d�����(�
DOWLWXGH� ��� �P �D�V�O��� �)RJJLD �GLVWULFW� �%HORZ �WKH �G\QDPLF �$9 �V\VWHP� �WZR �]RQHV �DUH
GLVWLQJXLVKHG�RQ�WKH�JURXQG�VXUIDFH�EDVHG�RQ�WKH�URWDWLRQ�RI�WKH�VRODU�SDQHOV��RQH�DOZD\V�LQ
WKH�VKDGH��83��DQG�DQRWKHU�EHWZHHQ�WKH�SDQHOV��DOWHUQDWHO\�VKDGHG��%3���7KH�ODYHQGHU�FURSV
JURZQ�LQ�WKHVH�WZR�]RQHV�ZHUH�FRPSDUHG�WR�WKRVH�JURZQ�LQ�IXOO�VXQ�LQ�DQ�DGMDFHQW�]RQH��7��
,Q�HDFK�]RQH��HYHU\�\HDU��GXULQJ�WZR�KDUYHVWV�LQ�-XQH��LQGLFDWHG�$��DQG�-XO\��LQGLFDWHG�%��
IORZHUV�ZHUH�FROOHFWHG�IURP�WKUHH�SORWV��WKUHH�UHSOLFDWHV���GULHG�LQ�DQ�RYHQ�DW����d&��DQG
XVHG�IRU�K\GURGLVWLOODWLRQ�XVLQJ�D�&OHYHQJHU�W\SH�GHYLFH��&OHYHQJHU���������7KH�\LHOG�RI
ODYHQGHU�(2V�����VKRZHG�VLJQLILFDQW�GLIIHUHQFHV�DPRQJ�WKH�83��%3��DQG�7�SORWV�DQG�\HDUV�
ZKLOH�QR�GLIIHUHQFHV�ZHUH�QRWHG�EHWZHHQ�WKH�-XQH�DQG�-XO\�KDUYHVWV��,Q�HDFK�\HDU��WKH�(2
YDOXHV�ZHUH�VLJQLILFDQWO\�KLJKHU�LQ�WKH�83�SORW��DYHUDJLQJ�������LQ������DQG�������LQ������
FRPSDUHG�WR�WKH�%3��DYHUDJLQJ�������LQ������DQG�������LQ�������DQG�7�SORWV��DYHUDJLQJ
������LQ������DQG�������LQ��������7KH�EHVW�UHVXOWV�REWDLQHG�IURP�WKH�ODYHQGHU�FURSV�LQ�WKH
83�SORW�PD\�EH�DWWULEXWHG�WR�WKH�VKDGLQJ�HIIHFW�RI�WKH�VRODU�SDQHOV��ORZHU�DLU�WHPSHUDWXUH�
RU�UHGXFHG�SUHVHQFH�RI�ZHHGV�LQ�WKHVH�SORWV�FRPSDUHG�WR�WKH�7�SORW��ZKLFK�KDG�D�QHJDWLYH
HIIHFW�RQ�FURSV��7KH�JUHDWHU�\LHOG�RI�(2V�����LQ�WKH�83�SORW�PD\�KDYH�EHHQ�FDXVHG�E\�ORZHU
VRODU �UDGLDWLRQ� �ZKLFK �VWUHVVHG �WKH �SODQWV �DQG �OHG �WR �LQFUHDVHG �(2V �SURGXFWLRQ�
$FNQRZOHGJHPHQWV��:H�WKDQN�WKH�0��(QHUJLD�6�U�O��&RPSDQ\�IRU�SXWWLQJ�DW�GLVSRVDO�WKH
DJULYROWDLF�ILHOG�
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&RXSOLQJ�/LJKW�8VH�(IILFLHQF\�DQG�5DQGRP�)RUHVW�IRU
6FDODEOH�&URS�%LRPDVV�(VWLPDWLRQ�LQ�059�3ODWIRUPV
E\�0DQXHOH�5DJD]]L�_�0LFKHOH�&URFL�_�$QGUHD�)HUUDULQL�_�1LFFROi�3HOOHJULQL�_�/RUHQ]R�&UHPRQHVL�_�0DUWD
%HUWROD�_�*LRUJLR�,PSROORQLD�_�6WHIDQR�$PDGXFFL�_�8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_�8QLYHUVLWd
&DWWROLFD�GHO�6DFUR�&XRUH�_�8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_�8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_
8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_�8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_�8QLYHUVLWd�&DWWROLFD�GHO
6DFUR�&XRUH�_�8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��0DQXHOH�5DJD]]L
&RQWULEXWLRQ��3RVW

$FFXUDWH�TXDQWLILFDWLRQ�RI �VRLO �RUJDQLF �FDUERQ��62&��VWRFNV�DQG�IOX[HV�LV �HVVHQWLDO �IRU
XQGHUVWDQGLQJ �DQG �PLWLJDWLQJ �FOLPDWH �FKDQJH �LPSDFWV �LQ �DJULFXOWXUDO �ODQGVFDSHV� �
0RQLWRULQJ� �5HSRUWLQJ� �DQG �9HULILFDWLRQ ��059� �SODWIRUPV �RIIHU �D �VFDODEOH �DSSURDFK �E\
LQWHJUDWLQJ�UHPRWH�VHQVLQJ�GDWD�ZLWK�FURS�DQG�VRLO�PRGHOV��059�SODWIRUPV�XVXDOO\�FRQVLVW�RI
WKUHH�PRGXOHV��L��D�VRLO�PRGXOH��ZKLFK�SURGXFHV�D�VRLO�RUJDQLF�FDUERQ�EDVHOLQH��LL��D�SODQW
PRGXOH��ZKLFK�TXDQWLILHV�WKH�DPRXQW�RI�FDUERQ�WKDW�LV�IL[HG�LQWR�SODQW�ELRPDVV��DQG�LLL��D
PRGHOOLQJ �PRGXOH� �ZKLFK �SUHGLFW �FKDQJHV �LQ �VRLO �RUJDQLF �FDUERQ �DV �D �IXQFWLRQ �RI
HQYLURQPHQWDO�FRQGLWLRQV�DQG�DJURQRPLF�PDQDJHPHQW��,Q�WKLV�VWXG\��FRQGXFWHG�DV�SDUW�RI
WKH�$JULWHFK�SURMHFW��ZH�IRFXV�RQ�GHYHORSLQJ�WKH�SODQW�PRGXOH��D�K\EULG�DSSURDFK�IRU�WKH
HVWLPDWLRQ�RI�FURS�\LHOG�DQG�DERYHJURXQG�ELRPDVV�EDVHG�RQ�WKH�LQWHJUDWLRQ�RI�/LJKW�8VH
(IILFLHQF\��/8(��DQG�5DQGRP�)RUHVW��5)��DOJRULWKPV��7KLV�DSSURDFK�DLPV�WR�HQKDQFH�WKH
HVWLPDWLRQ�RI�SODQW�FDUERQ�LQSXW��D�FUXFLDO�HOHPHQW�LQ�XQGHUVWDQGLQJ�62&�G\QDPLFV��7KH
/LJKW�8VH�(IILFLHQF\��/8(��PRGHO�SUHVHQWV�D�VLPSOH�EXW�UREXVW�IUDPHZRUN�IRU�WKH�WHUUHVWULDO
JURVV �SULPDU\ �SURGXFWLRQ ��*33� �HVWLPDWLRQ� �ZKLFK �LV �SURYLGHG �DV �WKH �SURGXFW �RI �WKH
LQFRPLQJ�SKRWRV\QWKHWLFDOO\�DFWLYH�UDGLDWLRQ��3$5���WKH�IUDFWLRQ�RI�3$5�WKDW�LV�DEVRUEHG�E\
WKH�SODQW��I$3$5���WKH�PD[LPXP�OLJKW�XVH�HIILFLHQF\�DQG�WKH�HQYLURQPHQWDO�VWUHVV�IDFWRUV
�H�J���WHPSHUDWXUH��ZDWHU��&2����6DWHOOLWH�GHULYHG�9HJHWDWLRQ�,QGLFHV�GDWDVHWV�ZHUH�XWLOL]HG
WR �HVWLPDWH �I$3$5� �ZKLOH �JURXQG�WUXWK �PHDVXUHPHQWV �RQ �ZLQWHU �ZKHDW� �PDL]H �DQG
SURFHVVLQJ�WRPDWR�LQ������DQG������VHDVRQV�SURYLGHG�GDWD�IRU�FDOLEUDWLRQ�DQG�YDOLGDWLRQ�RI
WKH�PRGHO��7HPSHUDWXUH�DQG�ZDWHU�VWUHVVHV�DUH�REWDLQHG�IURP�VDWHOOLWH�SURYLGHG�GDWD��VXFK
DV �/DQGVDW���GHULYHG �/DQG �6XUIDFH �7HPSHUDWXUH ��/67� �DQG �/DQG �6XUIDFH �:DWHU �,QGH[
�/6:,��IURP�02',6��7ZR�PRGHOV�ZHUH�FRPSDUHG�IRU�ELRPDVV�HVWLPDWLRQ��D�VWDQGDORQH�/LJKW
8VH�(IILFLHQF\��/8(��PRGHO�DQG�DQ�LQWHJUDWHG�/8(�5DQGRP�)RUHVW��/8(�5)��PRGHO��,Q�WKH
/8(�5)�PRGHO��V\QWKHWLF�ELRPDVV�GDWD�JHQHUDWHG�E\�WKH�/8(�PRGHO�ZHUH�XVHG�WR�WUDLQ�D�5)
DOJRULWKP��%RWK�PRGHOV�ZHUH�WKHQ�YDOLGDWHG�DW�WKUHH�GLIIHUHQW�VSHFLDO�VFDOHV��HOHPHQWDU\
VDPSOLQJ�XQLW��(68���ILHOG�DQG�UHJLRQDO�VFDOH��2XU�ILQGLQJV�LQGLFDWH�WKDW�WKH�/8(�PRGHO�
ZKHQ�SURSHUO\�FDOLEUDWHG�DQG�LQWHJUDWHG�ZLWK�VDWHOOLWH�GDWD��RIIHUV�D�UHOLDEOH�DQG�VFDODEOH
DSSURDFK�WR�SUHGLFW�FURS�\LHOG�DQG�ELRPDVV��0RUHRYHU��ZH�IRXQG�WKDW�WKH�LQWHJUDWLRQ�RI
/8(�GHULYHG �ELRPDVV �LQWR �5DQGRP�)RUHVW �FDQ �HQKDQFH �WKH �DFFXUDF\ �RI �WKH �\LHOG �DQG
ELRPDVV�HVWLPDWLRQ�



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH���

&RYHU�FURSV�LQ�0HGLWHUUDQHDQ�RUJDQLF�YLQH\DUG�DV�DQ
DJURHFRORJLFDO�SUDFWLFH�WR�LPSURYH�ZHHG�FRQWURO
E\�)UDQFHVFD�&DOGHURQH�_�$XURUD�0DLR�_�7RPPDVR�/D�0DOID�_�1LFROD�$ORLVL�_�$XUHOLR�6FDYR�_�'DQLOR
6FRUGLD�_�)DELR�*UHVWD�_�8QLYHUVLW\�RI�0HVVLQD�_�8QLYHUVLW\�RI�0HVVLQD�_�8QLYHUVLW\�RI�0HVVLQD�_�8QLYHUVLW\
RI�0HVVLQD�_�8QLYHUVLW\�RI�0HVVLQD�_�8QLYHUVLW\�RI�0HVVLQD�_�8QLYHUVLW\�RI�0HVVLQD

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��)UDQFHVFD�&DOGHURQH
&RQWULEXWLRQ��3RVW

7KH�(XURSHDQ�&RPPXQLW\�FRQVLGHUV�D�SULRULW\�WKH�WUDQVLWLRQ�WR�D�PRUH�HFRIULHQGO\�ZLQH
VHFWRU �GULYHQ�E\�HQYLURQPHQWDO �DQG�IRRG�VDIHW\ �LVVXHV� �7KH�SXUSRVH�RI �WKLV �VWXG\�ZDV
WKHUHIRUH�WR�HYDOXDWH�WKH�HIIHFWLYHQHVV�RI�DQ�LQQRYDWLYH�VRLO�PDQDJHPHQW�DSSURDFK�LQ�D
0HGLWHUUDQHDQ�RUJDQLF�YLQH\DUG�WR�SURYLGH�VXVWDLQDEOH�ZHHG�FRQWURO�DQG�WR�UHGXFH�WKH
ZDWHU�QXWULWLRQDO�FRPSHWLWLRQ�ZLWK�YLQHV��,Q�SDUWLFXODU��WKH�UHVHDUFK�IRFXVHG�RQ�WKH�FRYHU
FURS�DGRSWLRQ�DQG�LWV�DOWHUQDWLYH�PDQDJHPHQW��FRQVLVWLQJ�RI�UROOLQJ�DQG�FULPSLQJ�DEOH�WR
SURYLGH �D �FRPELQDWLRQ �RI �PXOFKLQJ�DQG�JUHHQ�PDQXULQJ�IXQFWLRQV� �7KH�ILHOG �WULDO �ZDV
SHUIRUPHG�LQ���������LQ����\HDU�ROG�RUJDQLF�YLQH\DUG�RI�9LWLV�YLQLIHUD�/��ORFDWHG�LQ�5RGn
0LOLFL��0HVVLQD��,WDO\��ODW����d��
�1��ORQJ����d��
�(������P�D�V�O���RQ�D�UHG�EHUULHG�1HUR
'�$YROD �FXOWLYDU� �7KH �H[SHULPHQWDO �IDFWRUV �ZHUH �W\SH �RI �FRYHU �FURS ��VSRQWDQHRXV �DQG
DUWLILFLDO��DQG�W\SH�RI�WHUPLQDWLRQ��JUHHQ�PDQXUH�DQG�UROOLQJ�FULPSLQJ���FRPSDUHG�ZLWK�D
EDUH�VRLO��FRQWURO��DFFRUGLQJ�WR�D�UDQGRPL]HG�FRPSOHWH�EORFN�GHVLJQ�UHSOLFDWHG�WKUHH�WLPH�
7KH�LQWHU�URZ�WUHDWPHQWV�ZHUH��L��QDWLYH�YHJHWDWLRQ��LL��D�JUDVV�PL[WXUH��+RUGHXP�YXOJDUH
/���$YHQD�VDWLYD �/��DQG�[�7ULWLFRVHFDOH���LLL��D�OHJXPH�PL[WXUH��9LFLD�IDED �/��YDU�PLQRU�
+HG\VDUXP�FRURQDULXP�/��DQG�7ULIROLXP�DOH[DQGULQXP�/����LY��D�PL[WXUH�RI�ERWK�OHJXPH�DQG
JUDVV�VSHFLHV��7KH�VRLO�ZDV�GLVK�KDUURZHG�LQ�DXWXPQ�DW����FP�DQG�WKH�FRYHU�FURSV�ZHUH
PHFKDQLFDOO\�VRZQ�DFFRUGLQJ�WR�WKH�UDQJH�VXJJHVWHG�E\�WKH�3HQQV\OYDQLD�6WDWH�8QLYHUVLW\
JXLGHOLQHV��,Q�0D\��ZKHQ�GLIIHUHQW�VSHFLHV�ZHUH�DURXQG�WKH�IORZHULQJ�VWDJH��HDFK�WUHDWPHQW
ZDV�PDQDJHPHQW�DV�IROORZV��L��PRZHG�DQG�EXULHG��LL��IROGHG�E\�D�UROOHU�FULPSHU��7KH�FRYHU
FURS�HIIHFWV�RQ�ZHHG�FRQWURO�ZDV�GHWHUPLQHG�E\�DVVHVVLQJ�VRLO�FRYHU�SHUFHQWDJH�DFFRUGLQJ
WR�%UDXQ�%ODQTXHW�VFDOH�DW�WKUHH�GLIIHUHQW�PRQLWRULQJ�WLPHV��&RYHU�FURS�GU\�ELRPDVV�\LHOG
ZDV�GHWHUPLQHG�LQ���P��TXDGUDWV�LQ�HDFK�WUHDWPHQW�DQG�UHSOLFDWLRQ��$OO�JUDVV�DQG�OHJXPH
VSHFLHV�VKRZHG�D�JRRG�VRLO�FRYHU��ZLWK�WKH�KLJKHVW�DYHUDJH�SHUFHQWDJH�GHWHFWHG�LQ�JUDVV
DQG �OHJXPH �PL[WXUH ������ �DQG �WKH �ORZHVW �LQ �OHJXPH �PL[WXUH ������� �1R �GLIIHUHQFHV
DSSHDUHG�EHWZHHQ�FRYHU�FURSV�LQ�WKHLU�HIIHFWLYHQHVV�WR�UHGXFH�ZHHGV�SUHVVXUH�UHODWLYH�WR
WKH�QDWLYH�YHJHWDWLRQ��)LQGLQJV�VKRZHG�D�ZHHG�GU\�ELRPDVV�VLJQLILFDQWO\�KLJKHU�LQ�WKH�QDWLYH
YHJHWDWLRQ�������W�KD�����WKDQ�JUDVV�PL[WXUH�������W�KD�����OHJXPH�PL[WXUH�������W�KD����DQG
JUDVV�OHJXPH�PL[WXUH�������W�KD�����7KLV�ODWWHU�VKRZHG�DOVR�WKH�KLJKHVW�GU\�PDWWHU�\LHOG������
W�KD�����WKDQ�JUDVV�RU�OHJXPH�PL[WXUHV�������DQG������W�KD����UHVSHFWLYHO\���7KH�SUHVHQW�VWXG\
SURYLGHV�SUHOLPLQDU\�LQIRUPDWLRQ�DERXW�WKH�XVH�RI�FRYHU�FURSV�DV�D�YDOLG�DQG�VXVWDLQDEOH
ZHHG�FRQWURO�VROXWLRQ�LQ�YLQH\DUG�WR�EH�WUDQVIHUUHG�WR�ZLQHJURZHUV�RI�WKH�0HGLWHUUDQHDQ
DUHD��2YHUDOO��WKH�JUDVV�OHJXPH�PL[WXUH�EHKDYHG�EHWWHU�WKDQ�WKH�RWKHUV�LQ�FRYHU�WKH�JURXQG
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DQG �OLPLWLQJ �ZHHGV� �)XUWKHU �LQYHVWLJDWLRQV �DUH �SODQQHG �WR �GHWHUPLQH �WKH �FDUERQ
VHTXHVWUDWLRQ�DFFRUGLQJ�WR�WKH�WHUPLQDWLRQ�PHWKRG��DQG�WKH�UHJXODWRU\�HFRV\VWHP�VHUYLFHV
WKH�FRYHU�FURSV�ZLOO�SURYLGH�WR�WKH�YLQH\DUG�V\VWHP�
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&KDUDFWHULVLQJ�GRXEOH�FURSSLQJ�LQ�)ULXOL�9HQH]LD�*LXOLD
�,WDO\��XVLQJ�WKH�/DQG�3DUFHO�,GHQWLILFDWLRQ�6\VWHP
E\�$QWRQLR�%UXQR�_�(OLVD�0DUUDFFLQL�_�3KLOLSSH�0DUWLQ�_�',�$��8QLYHUVLWd�GL�8GLQH�_�',�$��8QLYHUVLWd�GL
8GLQH�_�8QLYHUVLWg�3DULV�6DFOD\��,15$(��$JUR3DULV7HFK

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��$QWRQLR�%UXQR
&RQWULEXWLRQ��3RVW

'RXEOH�FURSSLQJ��'&��LQGLFDWHV�JURZLQJ�DQG�KDUYHVWLQJ�WZR�FURSV�LQ�WKH�VDPH�ILHOG�RQ�RQH
\HDU��7KLV�DJURQRPLF�WHFKQLTXH��VSUHDG�SDUWLFXODUO\�LQ�ORZ�ODQG�WURSLFDO�DQG�VXEWURSLFDO
DUHDV��LV�D�IRUP�RI�FURS�LQWHQVLILFDWLRQ��:KHUH�FOLPDWH�DQG�VRLO�FRQGLWLRQ�DUH�VXLWDEOH��'&�LV
D�ZD\�WR�PDNH�PRUH�HFRQRPLFDOO\�UHVLOLHQW�WKH�IDUP��D�WHFKQLTXH�WR�EHWWHU�FRQWURO�GLVHDVHV
DQG �ZHHGV� �DQG �LQFUHDVH �HFRV\VWHP�YDULDELOLW\� �'HVSLWH �LWV �LQWHUHVW� �LQ �0HGLWHUUDQHDQ
UHJLRQV�IHZ�'&�V\VWHPV�KDYH�EHHQ�LQYHVWLJDWHG��H�J��LQ�IRGGHU�RU�ELRPDVV�SURGXFWLRQ�EXW
IHZ�VWXGLHV�GHDOW�ZLWK�WKHLU�LGHQWLILFDWLRQ�DQG�DFFRXQWLQJ�DW�WHUULWRULDO�OHYHO��:H�SURSRVH�D
PHWKRG�WR�DFFRXQW�IRU�'&�XVLQJ�DV�FDVH�VWXG\�WKH�)ULXOL�9HQH]LD�*LXOLD�UHJLRQ��$V�GDWD
VRXUFH�ZH�XVHG�FURS�GDWD�IURP������DQG������/3,6��/DQG�3DUFHO�,GHQWLILFDWLRQ�6\VWHP��
6WDUWLQJ�IURP�UDZ�GDWD��ZH�ILUVWO\�UHFODVVLILHG�FURSV�QDPHV�WR�EH�FRQVLVWHQW�ZLWK�WKH�WZR
GDWDEDVHV��7KHQ��ZH�FOHDQHG�WKH�GDWDEDVH�E\�GHOHWLQJ�SRO\JRQV�RI�OHVV�WKDQ������P���,Q�WKH
GDWDEDVH��ZH�FRQVLGHUHG�DV�'&�PXOWLSOH�UHFRUGV�RQ�D�VDPH�SDUFHO��2QFH�LGHQWLILHG�SRVVLEOH
'&�VHTXHQFHV��ZH�H[FOXGHG�IURP�WKH�DQDO\VLV�SDUFHOV�ZKHUH�WKH�WZR�FURSV�F\FOH�ZHUH
RYHUODSSHG��H�J��ZKHDW�DQG�EDUOH\��RU�ZKHUH�FURS�W\SH�ZDV�QRW�H[SOLFLW��H�J��DUDEOH�FURS
LQVWHDG�RI�WKH�FURS�QDPH���7KH�REWDLQHG�GDWD�KDYH�EHHQ�YDOLGDWHG�LQ�D�VDPSOH�RI�ILYH�ORFDO
IDUPV��)URP�WKLV�PHWKRG��ZH�VKRZ�WKDW�'&�DUHD�UHSUHVHQWV�������RI�WKH�WRWDO �XVDEOH
DJULFXOWXUDO�DUHD�RI�/3,6�LQ�WKH�WZR�\HDUV�DQG�WKDW�FHUHDOV�DQG�OHJXPHV�FRYHU�PRUH�WKDQ
����RI�DOO�GRXEOH�FURSSHG�DUHD��$PRQJ�OHJXPHV��VR\EHDQ�LV�WKH�PRVW�DEXQGDQW�VHFRQG�FURS
RFFXS\LQJ�����RI�GRXEOH�FURSSHG�VXUIDFHV��$PRQJ�FHUHDOV��VRIW�ZKHDW��������EDUOH\������
DQG�FRUQ�������DUH�WKH�PRVW�DEXQGDQW�GRXEOH�FURSV��7KH�PRVW�DEXQGDQW�FRPELQDWLRQ�PDLQ�
VHFRQG�FURS�LV��FHUHDO�OHJXPH��ZLWK������������DQG������������RI�WKH�GRXEOH�FURSSHG
VXUIDFH��H�J��EDUOH\�DQG�VR\EHDQ��IROORZHG�E\��FHUHDO�FHUHDO��WKDW�UHDFK�WKH�����IRU�ERWK
\HDUV��H�J��ZKHDW�DQG�FRUQ��)LQDOO\��WKHUH�LV�WKH�FRPELQDWLRQ��LQGXVWULDO�FURS�OHJXPH��ZKHUH
ZH�DVVLVW�WR�DQ�LQFUHDVH�LQ�WHUPV�RI�VXUIDFH��IURP����LQ������WR�����LQ�������L�H��UDSHVHHG�
VR\EHDQ��&RUQ�LV�XVXDOO\�SUHFHGHG�E\�WKH�VDPH�ZLQWHU�FHUHDOV�WKDW�SUHFHGH�VR\EHDQ��EDUOH\
����VRIW�ZKHDW����DQG�WULWLFDOH������2WKHU�FURSV�LQ�FRPELQDWLRQ�ZLWK�ZLQWHU�FHUHDOV�DUH
IRGGHU�FURSV�������VRUJKXP�������/3,6�GDWDEDVH�VHHPV�D�SURPLVLQJ�DV�VRXUFH�RI�GDWD�IRU
WHUULWRULDO�VWXGLHV�RQ�FURS�VHTXHQFHV��LQFOXGLQJ�'&��7KHVH�GDWD�FDQ�EH�YDOLGDWHG�HLWKHU
WKURXJK�RQ�IDUP�VXUYH\V�RU�XVLQJ�VDWHOOLWH�LPDJHV��H�J��6HQWLQHO����5HJDUGLQJ�RXU�UHVXOWV��ZH
FRQILUP�WKDW�VR\EHDQ�DQG�FRUQ�DUH�WKH�PRVW�LPSRUWDQW�VHFRQG�FURSV�DIWHU�ZLQWHU�FHUHDOV�DQG
ZH�DVVHVVHG�DQG�PDS�IRU�WKH�ILUVW�WLPH�WKH�VXUIDFH�LQWHUHVWHG�E\�'&���)XWXUH�ZRUN�ZLOO
DVVHVV�WKH�SODFH�DQG�WKH�IUHTXHQF\�RI�'&�LQ�UHJLRQDO�FURS�URWDWLRQV��DORQJ�ZLWK�WKH�GULYHUV
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RI�WKHLU�DGRSWLRQ��$FNQRZOHGJHPHQWV��:H�DFNQRZOHGJH�WKH�IRXQGLQJ�RI�)ULXOL�9HQH]LD�*LXOLD
UHJLRQ�XQGHU�WKH�6,&D16(�SURMHFW�
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'LUHFW�VRZLQJ�RI�SURFHVVLQJ�WRPDWR�RQ�ELRGHJUDGDEOH
PXOFKLQJ�ILOP�DV�DQ�DOWHUQDWLYH�DJURQRPLF�WHFKQLTXH
E\�'RPHQLFR�5RQJD�_�$QQDPDULD�'L�6HULR�_�9LQFHQ]R�$OIDQR�_�$QQD�&LDQFROLQL�_�'DOLOD�9LOOODQR�_�0LFKHOH
)DOFH�_�3KDUPDF\�'HSDUWPHQW��8QLYHUVLW\�RI�6DOHUQR�_�&KHPHVWU\�DQG�%LRORJ\�'HSDUWPHQW��8QLYHUVLW\�RI
6DOHUQR�_�3KDUPDF\�'HSDUWPHQW��8QLYHUVLW\�RI�6DOHUQR�_�1RYDPRQW�6�S�$��_�1RYDPRQW�6�S�$��_�1RYDPRQW
6�S�$��9LD�*��)DXVHU�Q�����������12��,WDO\

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��'RPHQLFR�5RQJD
&RQWULEXWLRQ��3RVW

7RPDWR��6RODQXP�/\FRSHUVLFXP �/���LV�DPRQJ�WKH�ZRUOG
V�PRVW�ZLGHVSUHDG�KRUWLFXOWXUDO
FURSV� �5HFHQWO\ �&DPPDUDQR �HW �DO� ������� �UHSRUWHG �WKH �FOLPDWH �FKDQJH �FDQ �DIIHFW �WKH
SURFHVVLQJ�WRPDWR�SURGXFWLRQ�VXVWDLQDELOLW\�GXH�WR�DQ�LQFUHDVH�RI�WHPSHUDWXUH�DQG�YROXPH
RI�WKH�LUULJDWLRQ�ZDWHU��&RQVLGHULQJ�WKHVH�LVVXHV��WKH�DLP�RI�WKLV�ZRUN�ZDV�WR�HYDOXDWH�WKH
GLUHFW�VRZLQJ�RI�SURFHVVLQJ�WRPDWRHV�RQ�ELRGHJUDGDEOH�PXOFK�ILOP��%0)���DV�DQ�LQQRYDWLYH
DJURQRPLF�DGDSWDWLYH�VWUDWHJ\��7KH�VWXG\�ZDV�FRQGXFWHG��GXULQJ�VSULQJ�VXPPHU�������DW
0DQIUHGRQLD�LQ�WKH�SURYLQFH�RI�)RJJLD��,WDO\���,Q�SDUWLFXODU��PHFKDQLFDO�VRZLQJ�RQ�%0)�DQG
WUDQVSODQWLQJ�ZLWKRXW�%0)��ERWK�ZLWK�D�GHQVLW\�RI��������SODQWV�KD��RI�SURFHVVLQJ�WRPDWR�
FXOWLYDU�3UHWHQGHU��ZHUH�DVVHVVHG�RQ�D�VDQG\�VRLO��'XULQJ�WKH�HQWLUH�FURS�F\FOH��ZHDWKHU
FRQGLWLRQV�ZHUH�PRQLWRUHG�DQG�DJURQRPLF��SODQW�KHLJKW��VRLO�ZDWHU�FRQWHQW��FROODU�GLDPHWHU
DQG �HSLJHDO �DQG �K\SRJHDO �ELRPDVVHV� �IUXLW �ZDWHU �SURGXFWLYLW\ �DQG �QLWURJHQ �DJURQRPLF
HIILFLHQF\���SK\VLRORJLFDO��SKHQRORJLFDO�SKDVH��%%&+���IROLDU�SLJPHQWV�VXFK�DV�FKORURSK\OO�
IODYRQROV��DQWKRF\DQLQV��1),�LQGH[��OHDI�WHPSHUDWXUH���DQG�TXDOLWDWLYH�PHDVXUHPHQWV��IUXLW
FRORU��S+�DQG�d%UL[��ZHUH�FDUULHG�RXW�WKURXJK�WKH�XVH�RI�WUDGLWLRQDO�DQG�GLJLWDO�LQVWUXPHQWV�
$�UDQGRPL]HG�EORFN�GHVLJQ�ZDV�XVHG�ZLWK�WKUHH�UHSOLFDWHV�IRU�HDFK�WKHVLV��$OO�GDWD�FROOHFWHG
ZHUH�FRPSXWHUL]HG� �VXEMHFWHG�WR �DQDO\VLV �RI �YDULDQFH��$129$��DQG�WKH�DYHUDJHV�ZHUH
VHSDUDWHG�E\�'XQFDQ
V�S������WHVW��$PRQJ�WKH�PRVW�LQWHUHVWLQJ�UHVXOWV�VRZLQJ�RQ�%0)
KLJKOLJKWHG�D�UHGXFWLRQ�RI�LUULJDWLRQ�ZDWHU�FRQVXPSWLRQ��������DQG�QLWURJHQ�DSSOLFDWLRQ
��������ZKLOH�LPSURYLQJ�\LHOG������W�KD��DQG�SUHVHUYLQJ�TXDOLW\��d%UL[��S+�DQG�FRORU��WKDW
ZHUH�FRPSDUDEOH�WR�WKDW�RQH�REWDLQHG�ZLWK�WUDQVSODQWLQJ��7KHVH�SUHOLPLQDU\�UHVXOWV�RIIHU�DQ
LQWHUHVWLQJ�VROXWLRQ�WR�LPSURYH�WKH�SURFHVVLQJ�WRPDWR�VXVWDLQDELOLW\�DQG�WR�YDOLGDWH�WKH
REWDLQHG�UHVXOWV�D�VHFRQG�\HDU�RI�ILHOG�H[SHULPHQW�LV�RQJRLQJ�

�

�
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6RUJKXP�OHJXPH�PL[WXUHV�IRU�IRUDJH�SURGXFWLRQ�LQ�1RUWKHUQ
,WDO\
E\�'DQLHOH�&DYDOOL�_�/XFLDQR�3HFHWWL�_�7RPPDVR�1RWDULR�_�5LFFDUGR�3HVVLQD�_�5REHUWR�6DOYDWRUH�3LOX�_
3LHWUR�0DULQR�*DOOLQD�_�3DROR�$QQLFFKLDULFR�_�&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV���5HVHDUFK
&HQWUH�IRU�$QLPDO�3URGXFWLRQ�DQG�$TXDFXOWXUH�_�&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV��
5HVHDUFK�&HQWUH�IRU�$QLPDO�3URGXFWLRQ�DQG�$TXDFXOWXUH�_�&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG
(FRQRPLFV���5HVHDUFK�&HQWUH�IRU�$QLPDO�3URGXFWLRQ�DQG�$TXDFXOWXUH�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR��
'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV�j�3URGXFWLRQ��/DQGVFDSH��$JURHQHUJ\�_
8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR���'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV�j�3URGXFWLRQ�
/DQGVFDSH��$JURHQHUJ\�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR���'HSDUWPHQW�RI�$JULFXOWXUDO�DQG
(QYLURQPHQWDO�6FLHQFHV�j�3URGXFWLRQ��/DQGVFDSH��$JURHQHUJ\�_�&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG
(FRQRPLFV���5HVHDUFK�&HQWUH�IRU�$QLPDO�3URGXFWLRQ�DQG�$TXDFXOWXUH

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��'DQLHOH�&DYDOOL
&RQWULEXWLRQ��3RVW

,QWHUFURSSLQJ�VRUJKXP��6RUJKXP�ELFRORU�>/�@�0RHQFK��ZLWK�FRZSHD��9LJQD�XQJXLFXODWD�>/�@
:DOS���RU�VR\EHDQ��*O\FLQH�PD[�>/�@�0HUU���FRXOG�EH�D�YDOXDEOH�PHDQV�WR�UDLVH�WKH�SURWHLQ
FRQWHQW�RI�WKH�IRUDJH�DQG�PDLQWDLQ�VDWLVIDFWRU\�\LHOG�XQGHU�GURXJKW�FRQGLWLRQV��,Q�VXPPHU
������D�ILHOG�H[SHULPHQW�ZDV�HVWDEOLVKHG�LQ�7HUUDQRYD�GHL�3DVVHULQL����d������1���d�����(��
XQGHU�RUJDQLF�IDUPLQJ��WR�DVVHVV�WKH�HIIHFWV�RI�OHJXPH�VSHFLHV�DQG�SODQW�W\SH��DQG�FURS
VSDWLDO �DUUDQJHPHQW �RQ �WKH �IRUDJH �\LHOG �RI �ELQDU\ �DVVRFLDWLRQV �VRUJKXP�OHJXPH� �7KH
H[SHULPHQW�ZDV�GHVLJQHG�DV�D�UDQGRPL]HG�FRPSOHWH�EORFN��WKUHH�UHSOLFDWHV��DQG�LQFOXGHG
VL[ �WUHDWPHQWV �RI �LQWHUFURSSLQJ ��WKUHH �OHJXPHV�VRUJKXP �PL[WXUHV �j �WZR �VSDWLDO
DUUDQJHPHQWV� �DQG �IRXU �RI �VROH �FURSSLQJ� �6RUJKXP��YDULHW\ �)HOVLQD� ��� �VHHGV �P���� �D
GHWHUPLQDWH�HUHFW��&(��DQG�DQ�LQGHWHUPLQDWH�FOLPELQJ��&&��FRZSHD�����VHHGV�P���� �DQG
VR\EHDQ��YDULHW\�%XHQRV��PHGLXP�SODQW�KHLJKW�DQG�0*�,�����VHHGV�P����ZHUH�FXOWLYDWHG�LQ
VROH �FURSSLQJ� �RU �LQ �LQWHUFURSSLQJ��RQH�OHJXPH�DQG�VRUJKXP� �ERWK �VRZQ�DW �KDOI �WKHLU
SODQWLQJ�GHQVLW\�LQ�SXUH�VWDQG���ZLWK�WKH�WZR�VSHFLHV�HLWKHU�PL[HG�ZLWKLQ�HDFK�URZ��RU�VRZQ
LQ�DOWHUQDWH�URZV��2Q�-XQH��WK��SORWV�ZHUH�IHUWLOL]HG������NJ�3�2��KD����DQG�VRZQ��'XH�WR
VHYHUH�GURXJKW� �HPHUJHQFH�ZDV�SRRU� �DQG�RQ�-XQH���WK �SORWV �ZHUH�WKLQQHG�DW �����WR
PDLQWDLQ�WKH�H[SHFWHG�OHJXPH�WR�VRUJKXP�UDWLR��7KH�ILHOG�ZDV�NHSW�IUHH�RI�ZHHGV�E\�KDQG
DQG�LUULJDWHG�WZLFH��7UHDWPHQWV�ZHUH�KDUYHVWHG�IRU�IRUDJH�SURGXFWLRQ�RQ�2FWREHU���WK��7KH
GU\�PDWWHU�DQG�1�FRQWHQW�RI�DERYHJURXQG�ELRPDVV��$*%��ZDV�PHDVXUHG�VHSDUDWHO\�IRU�HDFK
VSHFLHV��7KH�SHUIRUPDQFH�RI�LQWHUFURSSLQJ�ZDV�DVVHVVHG�ZLWK�WKH�SDUWLDO�ODQG�HTXLYDOHQW
UDWLR ��S/(5� �$*%LQWHUFURSSLQJ �� �$*%SXUH �VWDQG� �RI �VRUJKXP�DQG�OHJXPHV� �DQG�WKH �WRWDO �ODQG
HTXLYDOHQW �UDWLR ��/(5� �S/(5VRUJKXP ���S/(5OHJXPH�� �,QWHUFURSSLQJ�UHGXFHG�VRUJKXP�$*%
��������ZLWKRXW�GLIIHUHQFHV�EHWZHHQ�PL[WXUHV��DQG�OHJXPH�$*%�E\�����LQ�DOWHUQDWH�URZV
DQG�����LQ�PL[HG�URZV�WUHDWPHQWV��5HGXFHG�SODQW�GHQVLW\�GXH�WR�GURXJKW�DW�HPHUJHQFH
OLNHO\ �IDYRXUHG�OHJXPH�FRPSHWLWLRQ �ZLWK �VRUJKXP� �6LPLODUO\� �WKH �ORZHU �OHJXPH�GHQVLW\
ZLWKLQ�HDFK�URZ�RI�WKH�PL[HG�URZV�WUHDWPHQWV�FRXOG�KDYH�UHGXFHG�LQWUD�URZ�FRPSHWLWLRQ
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EHWZHHQ�OHJXPH�SODQWV�FRPSDUHG�WR�FXOWLYDWLRQ�LQ�DOWHUQDWH�URZV��7RWDO�$*%�ZDV�ORZHU�IRU
SXUH�VWDQG�RI �VRUJKXP�DQG�&&�LQ �DOWHUQDWH�URZV�FRPSDUHG�WR �&(�LQ �PL[HG�URZV� �7KH
S/(5VRUJKXP��S/(5OHJXPH�DQG�/(5�ZHUH�KLJKHU�IRU�&(�������������DQG�������UHVSHFWLYHO\��ZKLOH
IRU�&&�DQG�VR\EHDQ�WKH\�DYHUDJHG������������DQG�������UHVSHFWLYHO\��,Q�DGGLWLRQ��S/(5OHJXPH
DQG�/(5�ZHUH�KLJKHU�LQ�PL[HG�URZV�������DQG�������UHVSHFWLYHO\��WKDQ�LQ�DOWHUQDWH�URZV
������DQG�������UHVSHFWLYHO\��PL[WXUHV��,QWHUFURSSLQJ�GLG�QRW�LQIOXHQFH�1�FRQFHQWUDWLRQ�LQ
$*%�RI�VRUJKXP�DQG�OHJXPHV��&RQFHQWUDWLRQ�RI�1�LQ�WRWDO�$*%�ZDV�ORZHU�IRU�VRUJKXP�LQ
SXUH �VWDQG ��������� �LQWHUPHGLDWH �IRU �FRZSHD �WUHDWPHQWV �������������� �DQG �KLJKHU �IRU
VR\EHDQ�LQ�LQWHUFURSSLQJ��������������DQG�LQ�SXUH�VWDQG����������,QWHUFURSSLQJ�SURYLGHG
HTXDO�RU�JUHDWHU�IRUDJH�\LHOG�ZLWK�KLJKHU�1�FRQWHQW�FRPSDUHG�WR�SXUH�VWDQG�RI�VRUJKXP�
6HYHUH�GURXJKW�DW�HPHUJHQFH�FRXOG�KDYH�IDYRXUHG�OHJXPH�GHYHORSPHQW��7KH�VHFRQG�\HDU�RI
WKH�H[SHULPHQW�ZLOO�SURYLGH�IXUWKHU�HYLGHQFH�RQ�WKH�HIIHFWV�RI�WKH�VWXGLHG�IDFWRUV�RQ�WKH
IRUDJH�SURGXFWLRQ�
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$JURHFRORJLFDO�EHQHILWV�RI�OH\�IDUPLQJ�RQ�IRUDJH�OHJXPH�VHOI�
UHVHHGLQJ�FDSDELOLW\�DQG�ZHHG�VXSSUHVVLRQ�LQ�D�VHPL�DULG
0HGLWHUUDQHDQ�RUJDQLF�IDUPLQJ�V\VWHP
E\�$XURUD�0DLR�_�)UDQFHVFD�&DOGHURQH�_�7RPPDVR�/D�0DOID�_�0DULDQQD�2WHUL�_�$XUHOLR�6FDYR�_�'DQLOR
6FRUGLD�_�)DELR�*UHVWD�_�8QLYHUVLW\�RI�0HVVLQD�_�8QLYHUVLW\�RI�0HVVLQD�_�8QLYHUVLW\�RI�0HVVLQD�_�8QLYHUVLW\
RI�0HVVLQD�_�8QLYHUVLW\�RI�0HVVLQD�_�8QLYHUVLW\�RI�0HVVLQD�_�8QLYHUVLW\�RI�0HVVLQD

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��$XURUD�0DLR
&RQWULEXWLRQ��3RVW

/H\�IDUPLQJ��L�H��WKH�JURZLQJ�RI�VHOI�UHJHQHUDWLQJ�DQQXDO�OHJXPHV�LQ�URWDWLRQ�ZLWK�JUDLQ�RU
WLOOHG�FURSV��LV�DQ�DJURHFRORJLFDO�SUDFWLFH�GHYHORSHG�LQ�$XVWUDOLD�DV�DQ�DOWHUQDWLYH�WR�FURS�
IDOORZ��,Q�WKLV�V\VWHP��IRUDJH�OHJXPHV�UHJHQHUDWH�QDWXUDOO\�IURP�WKH�VRLO�VHHG�EDQN�DQG
OLNHO\�UHGXFH�WKH�1�IHUWLOL]HU�QHHGV�RI�WKH�VXEVHTXHQW�FHUHDO�JUDLQ�FURS�WKDQNV�WR�WKHLU�1�
IL[LQJ�DELOLW\� �7KLV�UHVHDUFK�IROORZV�D�SUHYLRXV�VWXG\�RQ�FHUHDO�OHJXPH�GRXEOH�FURSSLQJ
EHWZHHQ�GXUXP�ZKHDW�DQG�IRUDJH�OHJXPHV�DW�GLIIHUHQW�RUJDQLF�1�IHUWLOL]DWLRQ�UDWHV��7KH
REMHFWLYH�ZDV�WR�LQYHVWLJDWH�WKH�VHOI�UHVHHGLQJ�FDSDELOLW\�RI�WKUHH�IRUDJH�OHJXPHV��FRPELQHG
ZLWK�WKH�UHVLGXDO�HIIHFWV�RI�GLIIHUHQW�1�IHUWLOL]DWLRQ�UDWHV�IRU�JUDLQ�FURS�URWDWLRQ�LQ�WKH
VXEVHTXHQW�JURZLQJ�VHDVRQ��$�ILHOG�H[SHULPHQW�ZDV�SHUIRUPHG�LQ�DQ�RUJDQLF�IDUP�ORFDWHG�LQ
3DWWL����d����1����d����(��0HVVLQD��6RXWK�,WDO\��GXULQJ�WKH�����������JURZLQJ�VHDVRQ�LQ�D
FOD\�VRLO��7KUHH�IRUDJH�OHJXPHV��7ULIROLXP�VXEWHUUDQHXP�/��YDU��8UDQD��/RWXV�FRUQLFXODWXV�/�
YDU� �*UDQ �6DQ �*DEULHOH� �0HGLFDJR �SRO\PRUSKD �/� �YDU� �6FLPLWDU� �ZHUH �HVWDEOLVKHG �LQ
����������JURZLQJ�VHDVRQ��LQWHUFURSSHG�ZLWK�GXUXP�ZKHDW�LQ�D�VSOLW�SORW�GHVLJQ��VXE�SORW�
ZLWK�WKUHH�1�IHUWLOL]DWLRQ�UDWHV��������DQG�����NJ�1�KD����UHVSHFWLYHO\�1���1��DQG�1���DV
PDLQ�SORWV�DQG�WKUHH�UHSOLFDWLRQ�SHU�WUHDWPHQW��$�VLQJOH�SORW�PHDVXUHG���j���P�����P����,Q
�����������WKH�VDPH�GHVLJQ�ZDV�XVHG�WR�DVVHVV�WKH�VHOI�UHVHHGLQJ�FDSDELOLW\�RI �IRUDJH
OHJXPHV� �/HJXPH �DQG �ZHHG �DERYHJURXQG �ELRPDVV �ZDV �GHWHUPLQHG �IURP�WZR ����� �P�

TXDGUDWV�SHU�UHSOLFDWH��%RWK�OHJXPHV�DQG�ZHHGV��VDPSOHG�RQ����-DQXDU\�������ZHUH�FXW���
FP�IURP�WKH�VRLO�VXUIDFH�WR�VLPXODWH�DQ�HDUO\�JUD]LQJ�DQG�RYHQ�GULHG�DW����d&�XS�WR�FRQVWDQW
ZHLJKW�IRU�GU\�ELRPDVV�GHWHUPLQDWLRQ��'DWD�ZHUH�DQDO\]HG�E\�WKH�$129$�DW�v� ������DQG
PHDQV �ZHUH �VHSDUDWHG �E\ �WKH �7XNH\�V �+6'�WHVW� �$OO �IRUDJH �OHJXPHV �VKRZHG �D �JRRG
UHJHQHUDWLRQ�IURP�WKH�VRLO�VHHG�EDQN��ZLWK�WKH�VLJQLILFDQWO\�KLJKHVW�DPRXQW�RI�GU\�ELRPDVV
GHWHFWHG�LQ�0��SRO\PRUSKD�LQ�1�������W�KD����DQG�WKH�ORZHVW�LQ�/��FRUQLFXODWXV�LQ�1�������W
KD�����$FURVV�WKH�DYHUDJH�RI�1�UDWHV��0��SRO\PRUSKD�VKRZHG�WKH�VLJQLILFDQWO\�KLJKHU�GU\
ELRPDVV������W�KD����DQG�ZHHG�VXSSUHVVLYH�DELOLW\���������DV�FRPSDUHG�ZLWK�WKH�IDOORZ�
FRQWURO�� �WKDQ�/��FRUQLFXODWXV ������W �KD�� �RI �GU\�ELRPDVV�DQG��������RI�ZHHGV��DQG�7�
VXEWHUUDQHXP������W�KD���DQG���������UHVSHFWLYHO\���$FURVV�WKH�DYHUDJH�RI�IRUDJH�OHJXPHV�
WKH�JUHDWHVW�GU\�ELRPDVV�ZDV�IRXQG�LQ�1�������W�KD�����IROORZHG�E\�1��DQG�1�������W�KD���DQG
����W�KD����UHVSHFWLYHO\���7KLV�SUHOLPLQDU\�VWXG\�LQGLFDWHG�WKDW�WKH�XVH�RI�OH\�IDUPLQJ�ZLWK
VHOI�UHVHHGLQJ �DQQXDO �OHJXPHV �PD\ �EH �D �YDOLG �VROXWLRQ �LQ �VHPL�DULG �0HGLWHUUDQHDQ
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3DJH���

HQYLURQPHQWV �DV �HFR�IULHQGO\ �SUDFWLFH �WR �UHGXFH �VRLO �WLOODJH� �IHUWLOL]HU �DQG �KHUELFLGH
DSSOLFDWLRQ��$PRQJ�WKH�IRUDJH�OHJXPHV�XQGHU�VWXG\��0��SRO\PRUSKD�VKRZHG�WKH�KLJKHVW
VHOI�VHHGLQJ�DQG�ZHHG�VXSSUHVVLYH�DELOLW\��7KH�ILHOG�WULDO�ZLOO�EH�IXUWKHU�XVHG�WR�DVVHVV�WKH
HIIHFWLYHQHVV�RI�VHOI�UHJHQHUDWLQJ�DQQXDO�OHJXPHV�RQ�VRLO�IHUWLOLW\�DQG�WKH�1�UHGXFWLRQ�IRU�D
VXEVHTXHQW�FDVK�FURS�
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3DJH���

$JURQRPLF�SHUIRUPDQFH�RI�D�SURWRW\SH�IURQW�UROOHU�PXOWL�GLVF
KDUURZ�IRU�OHJXPH�GHYLWDOLVDWLRQ�LQ�ZKHDW�IDED�EHDQ
WHPSRUDU\�LQWHUFURSSLQJ
E\�*LDFRPR�7RVWL�_�3DROR�%HQLQFDVD�_�'DQLHOH�$QWLFKL�_�&KULVWLDQ�)UDVFRQL�_�0LFKHOH�5DIIDHOOL�_�'HSW��RI
$JULFXOWXUDO��)RRG�DQG�(QYLURQPHQWDO�6FLHQFHV���'6$��8QLYHUVLW\�RI�3HUXJLD�_�'HSW��RI�$JULFXOWXUDO��)RRG
DQG�(QYLURQPHQWDO�6FLHQFHV���'6$��8QLYHUVLW\�RI�3HUXJLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG
(QYLURQPHQW��'$)(��8QLYHUVLW\�RI�3LVD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'$)(�
8QLYHUVLW\�RI�3LVD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'$)(��8QLYHUVLW\�RI�3LVD

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��*LDFRPR�7RVWL
&RQWULEXWLRQ��3RVW

7KH�SUDFWLFH�RI�FHUHDO�OHJXPH�WHPSRUDU\�LQWHUFURSSLQJ��7,&��ZLWK�OHJXPH�GHYLWDOLVDWLRQ�LQ
ODWH �ZLQWHU �RIIHUV �SURPLVLQJ �DGYDQWDJHV �IRU �DXWXPQ�VRZQ �FHUHDOV �LQ �RUJDQLF �FURSSLQJ
V\VWHPV��ZKHUH�QLWURJHQ��1��DYDLODELOLW\�LV�RIWHQ�OLPLWHG��,Q�WKLV���\HDU�ILHOG�H[SHULPHQW��ZH
LQYHVWLJDWHG�WKH�HIIHFW�RI�7,&�RQ�GXUXP�ZKHDW�\LHOG�DQG�TXDOLW\��IRFXVLQJ�RQ�WKH�OHJXPH
GHYLWDOLVDWLRQ�PHWKRG��$�QRYHO�IURQW�UROOHU�PXOWL�GLVF�KDUURZ��50+��SURWRW\SH�ZDV�FRPSDUHG
ZLWK�D�FRQYHQWLRQDO�VSOLW�URWDU\�KRH��65+��LQ�WHUPV�RI�GHYLWDOLVDWLRQ�HIILFLHQF\�DQG�LPSDFW�RQ
ZKHDW�1�DYDLODELOLW\�DQG�\LHOG��7KH�UHVXOWV�VKRZ�WKDW�WKH�7,&�VLJQLILFDQWO\�LPSURYHG�1�XVH
HIILFLHQF\ �DQG �ZKHDW �1 �VWDWXV� �UHVXOWLQJ �LQ �KLJKHU �JUDLQ �SURWHLQ �FRQWHQW� �ZLWKRXW
FRPSURPLVLQJ�\LHOG��50+�GLG�QRW�GLIIHU�IURP�65+�LQ�WHUPV�RI�GHYLWDOLVDWLRQ�HIILFLHQF\�DQG
OHJXPH�1�WUDQVIHU�WR�ZKHDW��2YHUDOO��50+�DSSHDUV�WR�EH�D�VXLWDEOH�WRRO�IRU�FHUHDO�OHJXPH
7,& �PDQDJHPHQW �LQ �0HGLWHUUDQHDQ �IDUPLQJ �V\VWHPV� �ZLWK �HQHUJ\ �DQG �WLPH �VDYLQJ
DGYDQWDJHV�FRPSDUHG�WR�372V�



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH���

(YDOXDWLRQ�RI�DQ�ROLYH�FHUHDO�DJURIRUHVWU\�V\VWHP�LQ�D
0HGLWHUUDQHDQ�HQYLURQPHQW
E\�,XUDWR�$QWRQHOOD�_�&RULQ]LD�6HEDVWLDQR�$QGUHD�_�&DUXVR�3DROR�_�0DQFLQL�*LXVHSSH�_�&RVHQWLQR�6DOYDWRUH
/XFLDQR�_�7HVWD�*LRUJLR�_�8QLYHUVLW\�RI�&DWDQLD�_�8QLYHUVLW\�RI�&DWDQLD�_�8QLYHUVLW\�RI�&DWDQLD�_�8QLYHUVLW\
RI�&DWDQLD�_�8QLYHUVLW\�RI�&DWDQLD�_�8QLYHUVLW\�RI�&DWDQLD

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��,XUDWR�$QWRQHOOD
&RQWULEXWLRQ��3RVW

$JURIRUHVWU\ �DQG �PL[HG �IDUPLQJ �V\VWHPV �DUH �YLDEOH �DOWHUQDWLYHV �WR �FRQYHQWLRQDO
PRQRFURSSLQJ �LQ �WKH �VHPL�DULG �0HGLWHUUDQHDQ �HQYLURQPHQW �GXH �WR �WKH �VXVWDLQDEOH
LQWHQVLILFDWLRQ�RI�ODQG�DQG�ZDWHU�XVH��)XUWKHUPRUH��WKHVH�V\VWHPV�HQKDQFH�WKH�UHVLOLHQFH�RI
DJURHFRV\VWHPV�DQG�UXUDO�VRFLHWLHV�LPSURYLQJ�WKH�UHWXUQV�RQ�SURILW�IRU�IDUPHUV��7KLV�VWXG\�LV
SDUW�RI�D�35,0$�IXQGHG�SURMHFW�FDOOHG�75$16,7,21���,QQRYDWLYH�5HVLOLHQW�)DUPLQJ�6\VWHPV
LQ �0HGLWHUUDQHDQ �HQYLURQPHQWV�� �LQYROYLQJ ��� �SDUWQHUV �DPRQJ �XQLYHUVLWLHV� �UHVHDUFK
LQVWLWXWHV��SULYDWH�FRPSDQLHV��DQG�D�IDUPHUV��DVVRFLDWLRQ�IURP���0HGLWHUUDQHDQ�FRXQWULHV
�6SDLQ��,WDO\��*UHHFH��)UDQFH��(J\SW��DQG�$OJHULD���:LQWHU�FHUHDOV�DQG�ROLYH�DUH�DPRQJ�WKH
PDLQ�KHUEDFHRXV�DQG�WUHH�FURSV�LQ�WKH�0HGLWHUUDQHDQ�HQYLURQPHQW��6RODU�UDGLDWLRQ�LV�RQH�RI
WKH�OLPLWLQJ�IDFWRUV�LQ�ERWK�FHUHDOV �DQG�ROLYH�\LHOG� �WKHUHIRUH�WKH�RSWLPL]DWLRQ�RI �VRODU
UDGLDWLRQ�LQWHUFHSWLRQ�E\�WKH�DJURIRUHVWU\�V\VWHPV�FRPSULVLQJ�ROLYH�WUHHV�DQG�ZLQWHU�FHUHDOV
KDV�D�FRQVLGHUDEOH�LPSRUWDQFH�WR�HQKDQFH�WKH�V\VWHP�HIILFLHQF\��7KH�VWXG\�DLPV�WR�HYDOXDWH
WKH�SURGXFWLYLW\�DQG�WKH�OLJKW�LQWHUFHSWLRQ�RI�DQ�DJURIRUHVWU\�V\VWHP�FRPSULVLQJ�ROLYH�WUHHV
DQG�KHUEDFHRXV�FURSV��VSHFLILFDOO\�ZLQWHU�FHUHDOV�QDPHO\�GXUXP�ZKHDW��7ULWLFXP�GXUXP�
ODQGUDFH��7LPLOLD���FRPPRQ�ZKHDW��7ULWLFXP�DHVWLYXP��HYROXWLRQDU\�SRSXODWLRQV��0L[ZKHDW��
DQG �U\H ��6HFDOH �FHUHDOH� �YDULHW\ �,UPDQX� �7KH �ILHOG �WULDO �ZDV �FDUULHG �RXW �GXULQJ �WKH
����������JURZLQJ�VHDVRQ�LQ�D���\HDU�ROG�ROLYH�JURYH�ZLWK�WUHHV�VSDFHG�����P�EHWZHHQ�WKH
OLQHV�DQG���P�DORQJ�WKH�OLQH�ORFDWHG�RQ�D�PRXQWDLQRXV�VLWH�����P�D�V�O���LQ�6LFLO\��,WDO\���7KH
OLQHV�RI�WUHHV�DUH�DORQJ�WKH�(DVW�:HVW�D[LV��7KH�KHUEDFHRXV�FURSV�ZHUH�VRZHG�RQ�D�����P
VWULS�EHWZHHQ�WZR�DGMDFHQW�OLQHV�RI�WUHHV�DQG�LQ�DQ�DGMDFHQW�ILHOG�DV�PRQRFURSSLQJ�FRQWURO�
7KH �VRZLQJ �RI �WKH �KHUEDFHRXV �FURSV �WRRN �SODFH �LQ �-DQXDU\ ������ �7KH �DPRXQW �RI
SKRWRV\QWKHWLFDOO\�DFWLYH�UDGLDWLRQ��3$5��LQWHUFHSWHG�E\�WKH�WUHHV�DQG�FURSV�ZDV�PHDVXUHG
XVLQJ�WKH�$&&83$5�/3����3$5�/$,�&HSWRPHWHU�DW �GLIIHUHQW �KHLJKWV �DERYH�WKH�JURXQG
�EHORZ�WKH�WUHH�FDQRS\�DQG�EHORZ�WKH�KHUEDFHRXV�FURS�FDQRS\��LQ�VHYHUDO�SRVLWLRQV�EHWZHHQ
WKH�OLQHV�RI�WUHHV��3$5�LQWHUFHSWLRQ�E\�WKH�WUHHV�ZDV�KLJKHU�LQ�WKH�SRVLWLRQV�RQ�WKH�1RUWK
VLGH�RI�D�WUHH�DQG�DORQJ�WKH�VWULSV�RQ�WKH�1RUWK�VLGH�RI�WKH�OLQH�RI�WUHHV��5\H�UHDFKHG�WKH
KLJKHVW�YDOXHV�RI�3$5�LQWHUFHSWLRQ�LQ�WKH�PLGGOH�VWULS��ZKLOH�LW�ZDV�KLJKO\�DIIHFWHG�E\�WKH
VKDGRZV�RI�WKH�WUHHV�LQ�WKH�VLGH�VWULSV�FORVH�WR�WKH�WUHHV��7LPLOLD�ZDV�WKH�OHDVW�DIIHFWHG�E\
WKH�VKDGRZ�RI�WKH�WUHHV�LQ�DOO�WKH�SRVLWLRQV��7KH�KHUEDFHRXV�FURSV�SURGXFHG�ORZHU�\LHOGV�LQ
WKH�DJURIRUHVWU\ �V\VWHP�LQ �FRPSDULVRQ�WR �WKH�PRQRFURSSLQJ�V\VWHP� �5\H�DFKLHYHG�WKH
KLJKHVW�\LHOGV�EHLQJ�DEOH�WR�LQWHUFHSW�WKH�KLJKHVW�DPRXQW�RI�3$5�GXH�WR�WKH�KLJK�OHDI�DUHD
LQGH[�SURYLQJ�WKDW�LW�LV�WKH�PRVW�VXLWHG�FHUHDO�IRU�ROLYH�WUHH�DJURIRUHVWU\�LQ�WKH�H[SHULPHQW
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FRQGLWLRQV��0HGLWHUUDQHDQ�PRXQWDLQRXV�HQYLURQPHQW���7KH�\LHOG�RI�WKH�KHUEDFHRXV�FURSV
YDULHG�VLJQLILFDQWO\�DFFRUGLQJ�WR�WKH�VDPSOLQJ�VLWH�EHWZHHQ�WKH�OLQHV�RI�WUHHV�
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3DJH���

6SHFWUDO�DQDO\VLV�DV�D�WRRO�IRU�ZHHG�DQG�FURS�LGHQWLILFDWLRQ

E\�=LQHE�%HQQDQL�_�*LXOLD�3DSDQGUHD�_�0DUFR�6LJQRUHOOL�_�$OHVVDQGUR�%HOWUDPR�_�,YDQ�'L�)XULD�_�6LOYLD
)RJOLDWWR�_�)UDQFHVFR�9LGRWWR�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��)RUHVWDOL�H�$OLPHQWDUL��',6$)$�
8QLYHUVLW\�RI�7XULQ�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��)RUHVWDOL�H�$OLPHQWDUL��',6$)$��8QLYHUVLW\�RI�7XULQ
_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��)RUHVWDOL�H�$OLPHQWDUL��',6$)$��8QLYHUVLW\�RI�7XULQ�_�'LSDUWLPHQWR�GL
6FLHQ]H�$JUDULH��)RUHVWDOL�H�$OLPHQWDUL��',6$)$��8QLYHUVLW\�RI�7XULQ�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH�
)RUHVWDOL�H�$OLPHQWDUL��',6$)$��8QLYHUVLW\�RI�7XULQ�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��)RUHVWDOL�H
$OLPHQWDUL��',6$)$��8QLYHUVLW\�RI�7XULQ�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��)RUHVWDOL�H�$OLPHQWDUL
�',6$)$��8QLYHUVLW\�RI�7XULQ

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��=LQHE�%HQQDQL
&RQWULEXWLRQ��3RVW

6LWH�6SHFLILF�:HHG�0DQDJHPHQW��66:0��KDV�EHHQ�ODUJHO\�UHFRJQL]HG�DV�D�PHWKRGRORJ\�WR
UHGXFH �KHUELFLGH �XVH �IRU �D �PRUH �VXVWDLQDEOH �ZHHG �PDQDJHPHQW� �/RFDO �DSSOLFDWLRQ �RI
KHUELFLGHV� �DLGHG �E\ �ZHHG �PDSSLQJ �YLD �UHPRWH �VHQVLQJ� �PD\ �DOORZ �WKH �UHGXFWLRQ �RI
KHUELFLGHV�ZLWKRXW�LPSDFW�RQ�\LHOG�SURGXFWLRQ��+RZHYHU��LQ�D�FRQWH[W�RI�PLQLPL]LQJ�WKH�XVH
RI�KHUELFLGHV��D�PRUH�NQRZOHGJHDEOH�DSSURDFK�LV�UHTXLUHG��QRWDEO\�WKH�LGHQWLILFDWLRQ�RI
ZHHG �VSHFLHV �YLD �UHPRWH �VHQVLQJ� �,Q �WKLV �VWXG\� �ZH �DVVHVV �ZHHG �UHFRJQLWLRQ �WKURXJK
K\SHUVSHFWUDO�GDWD�DQG�VSHFWUDO�VLJQDWXUHV�FROOHFWHG�LQ�ILHOG�FRQGLWLRQV��7ZR�VWXGLHV�ZHUH
FDUULHG�RXW�LQ�WKH�3LHGPRQW�UHJLRQ��,WDO\���,Q�WKH�ILUVW�VWXG\��WKUHH�SDGG\�ILHOGV�ZHUH�VHOHFWHG
ZKHUH�WKH�PRVW�SUHYDOHQW�DQG�ZLGHVSUHDG�ZHHG�VSHFLHV�ZHUH�LGHQWLILHG�DQG�WKH�VSHFWUDO
VLJQDWXUH�RI�WKH�WRSPRVW�OHDI�ZDV�UHFRUGHG�XVLQJ�D�VSHFWURUDGLRPHWHU��)RU�HDFK�VSHFLHV��D
PLQLPXP�RI����REVHUYDWLRQV�ZHUH�FROOHFWHG��7KH�VHFRQG�VWXG\�ZDV�FDUULHG�DW�WKH�8QLYHUVLW\
RI�7RULQR�H[SHULPHQWDO�ILHOG�LQ�*UXJOLDVFR��7KUHH�DQQXDO�FURSV�DQG�IRXU�ZHHG�VSHFLHV�ZHUH
VHOHFWHG�DQG�WKH�VSHFWUDO�VLJQDWXUH�ZDV�UHFRUGHG�RQ���OHDYHV�SHU�SODQW� ����SODQWV�SHU
VSHFLHV��7KH�VWXG\�FRYHUHG�WKH�VSHFWUDO�VLJQDWXUH�RI�ZHHG�VSHFLHV�$PDUDQWKXV�UHWURIOH[XV�
&KHQRSRGLXP�DOEXP��'LJLWDULD�VDQJXLQDOLV��(FKLQRFKORD�FUXV�JDOOL��3HUVLFDULD�ODSDWKLIROLD�
3RO\JRQXP�VSS���DQG�3RWHQWLOOD�UHSWDQV�IURP�WKH�SDGG\�ILHOGV�DQG�IURP�WKH�OHYHHV��DQG
3DSDYHU �UKRHDV� �3RO\JRQXP�DYLFXODUH� �9HURQLFD �KHGHULIROLD� �DQG �$YHQD �IDWXD �IURP�WKH
VHFRQG�VWXG\��,Q�DGGLWLRQ��WKH�VSHFWUDO �VLJQDWXUHV�RI�ULFH�SODQWV��2U\]D�VDWLYD� �DW �HDFK
ORFDWLRQ�DV�ZHOO�DV�RI�EDUOH\��+RUGHXP�YXOJDUH���ZKHDW��7ULWLFXP�DHVWLYXP���DQG�RDW��$YHQD
VDWLYD� �ZHUH �UHFRUGHG� �7KH �VSHFWUDO �VLJQDWXUHV �ZHUH �DQDO\]HG �WKURXJK �D �PXOWLYDULDWH
DQDO\VLV �DQG�YLD �LQGLFHV �LQFOXGLQJ�1RUPDOL]HG�'LIIHUHQFH�9HJHWDWLRQ�,QGH[��1'9,� �DQG
*UHHQ�5HG �9HJHWDWLRQ �,QGH[ ��*59,�� �DQG �3KRWRFKHPLFDO �5HIOHFWDQFH �,QGH[ ��35,�� �7KH
VWDWLVWLFDO�DQDO\VLV�RI�WKH�LQGLFHV�UHVXOWHG�LQ�WKH�FDWHJRUL]DWLRQ�RI�VSHFLHV�LQWR�KRPRJHQHRXV
JURXSV��WKH�DQDO\VLV�RI�35,�DOORZHG�IRU�WKH�GLVWLQFWLRQ�EHWZHHQ�2��VDWLYD�DQG�(��FUXV�JDOOL
ZKLOH�WKH�DQDO\VLV�RI�*59,�DOORZHG�WKH�GLVWLQFWLRQ�EHWZHHQ�FXOWLYDWHG�DQG�ZHHG\�RDW��$�
VDWLYD �DQG�$��IDWXD�� �7KH�VWXG\�VXEVWDQWLDWHV �WKH�SRWHQWLDO �RI �VSHFWUDO �DQDO\VLV �IRU �WKH
GLVWLQFWLRQ�EHWZHHQ�ZHHG�VSHFLHV��HVSHFLDOO\�WKURXJK�WKH�GHYHORSPHQW�RI�GLVWLQFWLYH�LQGLFHV
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WKURXJK�WKH�PXOWLYDULDWH�DQDO\VLV�
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:HHG�ELRGLYHUVLW\�DV�DIIHFWHG�E\�FXOWXUDO�SUDFWLFHV�HVWLPDWHG
ZLWK�FRQYHQWLRQDO�DQG�LQQRYDWLYH�PHWKRGV
E\�=LQHE�%HQQDQL�_�6LOYLD�)RJOLDWWR�_�*LXOLD�3DSDQGUHD�_�/RUHQ]R�%DUFKL�_�0DWWHR�0DUWLQD�_�/XFLDQD
*DFFLRQH�_�)UDQFHVFR�9LGRWWR�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��)RUHVWDOL�H�$OLPHQWDUL��',6$)$�
8QLYHUVLW\�RI�7XULQ�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��)RUHVWDOL�H�$OLPHQWDUL��',6$)$��8QLYHUVLW\�RI�7XULQ
_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��)RUHVWDOL�H�$OLPHQWDUL��',6$)$��8QLYHUVLW\�RI�7XULQ�_�'LSDUWLPHQWR�GL
6FLHQ]H�$JUDULH��)RUHVWDOL�H�$OLPHQWDUL��',6$)$��8QLYHUVLW\�RI�7XULQ�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH�
)RUHVWDOL�H�$OLPHQWDUL��',6$)$��8QLYHUVLW\�RI�7XULQ�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��)RUHVWDOL�H
$OLPHQWDUL��',6$)$��8QLYHUVLW\�RI�7XULQ�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��)RUHVWDOL�H�$OLPHQWDUL
�',6$)$��8QLYHUVLW\�RI�7XULQ

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��=LQHE�%HQQDQL
&RQWULEXWLRQ��3RVW

7KH�FDUU\�RYHU�HIIHFW�RI�FXOWXUDO�SUDFWLFHV�KDV�EHHQ�FRQVLGHUHG�DV�D�PLVVLQJ�OLQN�LQ�WKH�TXHVW
IRU�VXVWDLQDEOH�ZHHG�PDQDJHPHQW��,W�FDQ�KHOS�GLVFHUQ�WKHLU�HIILFDF\�DQG�LPSURYH�IXWXUH
SODQQLQJ��,Q�WKLV�VWXG\��ZH�HYDOXDWH�WKH�LPSDFW�RI�DJULFXOWXUDO�SUDFWLFHV�RQ�D�KLVWRULF�VWXG\
RYHU����\HDUV�ZLWK�WKH�DLP�WR�VWXG\�WKH�HIIHFW�RI�URWDWLRQ�DQG�WKH�DPRXQW�DQG�W\SH�RI
IHUWLOL]DWLRQ��7KH�VWXG\�ZDV�FDUULHG�RXW�LQ�WKH�H[SHULPHQWDO�IDUP�RI�WKH�8QLYHUVLW\�RI�7RULQR
LQ�&DUPDJQROD��3LHGPRQW��DQG�FRQVLVWHG�RI�D�UDQGRPL]HG�EORFN�H[SHULPHQW��,Q�HDFK�RI�WKH
WKUHH�EORFNV��WZR�FXOWXUDO�V\VWHPV�ZHUH�WHVWHG��PDL]H�LQ�URWDWLRQ�ZLWK�,WDOLDQ�U\HJUDVV�DQG
PDL]H �DV �D �PRQRFURS� �7KUHH �IHUWLOL]DWLRQ �PHWKRGV �XVHG �ZHUH� �ERYLQH �VOXUU\� �IDUP\DUG
PDQXUH��DQG�XUHD��SURYLGLQJ�UHVSHFWLYHO\�����������DQG�����NJ�KD�RI�QLWURJHQ�DORQJ�ZLWK�D
QRQ�IHUWLOL]HG�FRQWURO��7HQ�VRLO�FRUHV�ZLWK�D�GLDPHWHU�RI�����FP�ZHUH�FROOHFWHG�IURP�HDFK�SORW
LQ�WKUHH�UHSOLFDV�IRU�WKH�DVVHVVPHQW�RI�ZHHG�VHHGEDQN��7ZR�W\SHV�RI�DVVHVVPHQW�ZHUH
FDUULHG�RXW��WKURXJK�WKH�LGHQWLILFDWLRQ�RI�HPHUJHG�VHHGOLQJV��JHUPLQDEOH�VHHGEDQN��DQG
WKURXJK�'1$�PHWDEDUFRGLQJ��ZKLFK�WR�RXU�NQRZOHGJH�LV�WKH�ILUVW�WLPH�VXFK�D�WHFKQLTXH�LV
XVHG�IRU�WKLV�SXUSRVH��7KURXJK�WKH�JHUPLQDEOH�VHHGEDQN��WKH�ULFKQHVV�DQG�GHQVLW\�RI�ZHHG
VSHFLHV�ZHUH�FDOFXODWHG��%RWK�WKH�URWDWLRQ�DQG�IHUWLOL]DWLRQ�SUHVHQWHG�VLJQLILFDQW�HIIHFW�RQ
WKH�ULFKQHVV�DQG�DEXQGDQFH�RI�ZHHGV��7KH�SUHOLPLQDU\�DQDO\VLV�VKRZV�WKDW�FURS�URWDWLRQ
UHVXOWHG�LQ�WKH�UHGXFWLRQ�RI�HPHUJHG�ZHHGV�IURP������WR������VHHGOLQJV�SHU�P���0HDQZKLOH�
IDUP\DUG �PDQXUH �UHVXOWHG �LQ �WKH �KLJKHVW �ZHHG �DEXQGDQFH �RI ����� �VHHGOLQJV �SHU �P�

FRPSDUHG�WR�DQ�DYHUDJH�RI������VHHGOLQJV�IRU�WKH�RWKHU�IHUWLOL]DWLRQ�WUHDWPHQWV��7KH�'1$
PHWDEDUFRGLQJ�VWXG\�FRQVLVWHG�RI �����J �DOLTXRWV �IURP�HDFK�VRLO �VDPSOH� �7KH�VRLO �ZDV
DLUGULHG�DQG�FRQVHUYHG�DW�URRP�WHPSHUDWXUH��$�SUHOLPLQDU\�WHVWLQJ�VWHS�ZDV�QHFHVVDU\�WR
ILQG�WKH�DGHTXDWH�PHWKRGRORJ\��'1$�H[WUDFWLRQ��SULPHU�VHOHFWLRQ��3&5�SURWRFRO���7KH�LQLWLDO
UHVXOWV�VKRZHG�WKDW�'1$�PHWDEDUFRGLQJ�ZDV�VXFFHVVIXO�LQ�GHWHFWLQJ�XS�WR�����RI�WKH
UHFRUGHG�VSHFLHV�YLD �WKH�JHUPLQDEOH�VHHGEDQN� �0RUHRYHU� �RWKHU�VSHFLHV�ZHUH�GHWHFWHG
ZKLFK�FDQ�SURYLGH�D�GHHSHU�LQVLJKW�LQWR�WKH�ELRGLYHUVLW\�RI�WKH�SORWV�RYHU�WKH�\HDUV��ZKLFK
FDQ�EH�PDWFKHG�ZLWK�WKH�ILHOG�V�KLVWRU\�
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&URS�HOLFLWDWLRQ�DSSURDFK�WR�HQKDQFH�ELRDFWLYH�FRQWHQWV�LQ
PHGLFLQDO�DQG�DURPDWLF�SODQWV
E\�(QULFR�7RVFKL�_�*LRYDQQL�'LQHOOL�_�&DPLOOD�7LEDOGL�_�(URV�'?
$PHQ�_�0DWWLD�$OSL�_�(OHWWUD�)UDVVLQHWL�_
,ODULD�0DURWWL�_�8QLYHUVLWd�GL�%RORJQD�_�8QLYHUVLWd�GL�%RORJQD�_�8QLYHUVLWd�GL�%RORJQD�_�8QLYHUVLWd�GL
%RORJQD�_�8QLYHUVLWd�GL�%RORJQD�_�8QLYHUVLWd�GL�%RORJQD�_�8QLYHUVLWd�GL�%RORJQD

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��(QULFR�7RVFKL
&RQWULEXWLRQ��3RVW

3URGXFWLRQ�WHFKQLTXHV�RI�PHGLFLQDO�DQG�DURPDWLF�SODQWV��0$3V��DUH�FRQVWDQWO\�HYROYLQJ��GXH
WR�ERWK�FRPSOLDQFH�ZLWK�LQFUHDVLQJO\�VWULQJHQW�KHDOWK�UHJXODWLRQV�DQG�WKH�QHHG�WR�REWDLQ�D
SURGXFW�ZLWK�D�KLJK�FRQWHQW�LQ�DFWLYH�FRPSRXQGV�DV�UHTXLUHG�E\�WKH�PDUNHW��,W�LV�QHFHVVDU\
WR�VHDUFK�IRU �LQFUHDVLQJO\�LQQRYDWLYH�DQG�VXVWDLQDEOH�WHFKQLTXHV�WR�LPSURYH�FXOWLYDWLRQ
SURFHVVHV� �&URS �HOLFLWDWLRQ �LV �D �ZLGHO\ �XVHG �WHFKQLTXH �IRU �WKH �LPSURYHPHQW �RI �DFWLYH
LQJUHGLHQW �FRQWHQWV �E\ �VWLPXODWLQJ �WKH �SURGXFWLRQ �RI �SODQW �VHFRQGDU\ �PHWDEROLWHV�
&DUERK\GUDWHV �DQG �SK\WRKRUPRQHV �UHSUHVHQW �RQH �RI �WKH �PRVW �ZLGHO\ �XVHG �FODVVHV �RI
HOLFLWRUV�DV�ELR�VWLPXODQWV��7KH�DLP�RI�WKH�SUHVHQW�UHVHDUFK�ZDV�WR�HYDOXDWH�WKH�HIIHFW�RI�WZR
HOLFLWRUV��VSHFLILFDOO\�FKLWRVDQ�K\GURFKORULGH�DQG�VDOLF\OLF�DFLG��LQ�WKH�LPSURYHPHQW�RI�DFWLYH
FRPSRXQGV�LQ�WKUHH�0$3V��0HOLVVD�RIILFLQDOLV �/�� �3DVVLIORUD�LQFDUQDWD �/� �DQG�(FKLQDFHD
SXUSXUHD�/��)LHOG�WULDOV�ZHUH�FRQGXFWHG�DW�$JULELRHQHUJLD�FRPSDQ\�ORFDWHG�LQ�WKH�(PLOLD�
5RPDJQD �UHJLRQ� �,WDO\ ��0HGLFLQD� �%2���d��
����� �1 ���d��
����� �( ��� �D�V�O� �LQ �����
DFFRUGLQJ�WR�D�UDQGRPL]HG�FRPSOHWH�EORFN�GHVLJQ�ZLWK�VDOLF\OLF�DFLG�DQG�FKLWRVDQ�LQ�RQH
FRQFHQWUDWLRQ�DQG�WKUHH�UHSOLFDWHV��7KH�VHHGV�RI�WKH�SODQWV�ZHUH�JURZQ�LQ�JUHHQKRXVH�DQG
WUDQVSODQWHG�WR�WKH�ILHOG�EHIRUH�WKH�IRXU�OHDI�VWDJH��EHWZHHQ�0DUFK�DQG�$SULO���7KH�ILUVW
IROLDU�DSSOLFDWLRQ�ZDV�SHUIRUPHG�LQ�WKH�VHYHQ�OHDI �VWDJH� �IROORZHG�E\�RWKHU�WUHDWPHQWV�
HLJKW�GD\V�DIWHU�WKH�SUHYLRXV�RQH��IRU�D�WRWDO�RI�IRXU�WUHDWPHQWV��7KUHH�GD\V�DIWHU�WKH�ODVW
IROLDU �DSSOLFDWLRQ� �WKH �SODQWV �ZHUH �KDUYHVWHG �DQG �WKH �WRWDO �\LHOG �SHU �WUHDWPHQW �ZDV
GHWHUPLQHG��/HDI�VDPSOHV�ZHUH�WKHQ�GULHG�IRU�VXEVHTXHQW�DQDO\VHV��L�H�WRWDO�SRO\SKHQRO
�73���WRWDO�IODYRQRLGV��7)���DQWLR[LGDQW�DFWLYLW\��'33+���FRQWHQW�RI�URVPDULQLF�DFLG�IRU�0�
RIILFLQDOLV� �YLWH[LQ �IRU �3� �LQFDUQDWD� �FLFKRULF �DFLG �IRU �(� �SXUSXUHD� �2QH�ZD\�DQDO\VLV �RI
YDULDQFH��$129$��LQ�FRQMXQFWLRQ�ZLWK�7XNH\�V�KRQHVW�VLJQLILFDQW�GLIIHUHQFH�ZDV�SHUIRUPHG
IRU�FRPSDULQJ�WKH�WZR�WUHDWPHQWV�RQ�WKH�WKUHH�SODQWV�VSHFLHV��5HVXOWV�VKRZHG�WKDW�IROLDU
DSSOLFDWLRQ�RI�FKLWRVDQ�DQG�VDOLF\OLF�DFLG�GLG�QRW�DIIHFW�WKH�WRWDO�\LHOG�ERWK�IRU�WKH�IUHVK�DQG
GU\�ZHLJKW �LQ �HDFK�VSHFLHV� �&KLWRVDQ�IROLDU �DSSOLFDWLRQ�LV �LQIOXHQWLDO �LQ �VWLPXODWLQJ�WKH
SURGXFWLRQ�RI�VHFRQGDU\�PHWDEROLWHV�VXFK�DV�SRO\SKHQROV�DQG�IODYRQRLGV�LQ�DOO�WKH�WKUHH
VSHFLHV �DOWKRXJK �ZLWK �QR �VWDWLVWLFDO �HYLGHQFH� �WKH �VDPH �WUHQG �ZDV �REVHUYHG �IRU �WKH
DQWLR[LGDQW�DFWLYLW\��$SSOLFDWLRQ�RI�FKLWRVDQ�UHVXOWHG�LQ�D�����LQFUHPHQW�LQ�URVPDULQLF�DFLG
FRQWHQW�LQ�0��RIILFLQDOLV�ZKHUHDV�LW�GLG�QRW�DIIHFW�WKH�FRQWHQW�LQ�YLWH[LQ�DQG�FLFKRULF�DFLG�LQ
3��LQFDUQDWD�DQG�(��SXUSXUHD��UHVSHFWLYHO\��6DOLF\OLF�DFLG�IROLDU�DSSOLFDWLRQ�GLG�QRW�DIIHFW�WKH
SURGXFWLRQ�RI�VHFRQGDU\�PHWDEROLWHV�LQ�0��RIILFLQDOLV�DQG�(��SXUSXUHD��2Q�WKH�RWKHU�KDQG�
WKH�VDPH�WUHDWPHQW�VKRZHG�D�SRVLWLYH�LPSDFW�RQ�WKH�SURGXFWLRQ�RI�WRWDO�SRO\SKHQROV�DQG
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IODYRQRLGV�DQG�UHVXOWHG�LQ�D�����LQFUHDVH�LQ�YLWH[LQ�FRQWHQW��7R�FRQFOXGH��UHVXOWV�REWDLQHG
VR�IDU�DUH�HQFRXUDJLQJ�EXW�DGGLWLRQDO�GDWD�FRPLQJ�IURP�PRUH�\HDUV�RI�H[SHULPHQWDWLRQ
������DQG�������ZLOO�JLYH�DGGLWLRQDO�LQVLJKW�RQ�WKH�SRWHQWLDO�RI�FURS�HOLFLWDWLRQ�DSSURDFK�IRU
0$3V�FXOWLYDWLRQ�
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%LRKHUELFLGH��2UJDQLF�DFLGV�DQG�HVVHQWLDO�RLO�IRU�ZHHG
PDQDJPHQW
E\�0DWWLD�$OSL�_�8QLYHUVLW\�RI�%RORJQD

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��0DWWLD�$OSL
&RQWULEXWLRQ��3RVW

'XH�WR�FOLPDWH�FKDQJH��ZHHG�FRQWURO�LV�IDFLQJ�QHZ�FKDOOHQJHV��LQ�RUGHU�WR�UHDFW�WR�QHZ�DQG
GLIIHUHQW �H[RWLF �DQG �KHUELFLGH �UHVLVWDQFH �VSHFLHV� �,Q �DGGLWLRQ� �WKH �QHHG �WR �UHGXFH
HQYLURQPHQWDO�DQG�KXPDQ�KHDOWK�LPSDFWV��RSHQHG�WKH�ZD\�WR�WKH�QHFHVVLW\�WR�ILQG�QHZ
WHFKQLTXHV�DQG�PDQDJHPHQW�VWUDWHJLHV�WR�PLQLPL]H�WKH�XVH�RI�V\QWKHWLF�KHUELFLGHV��$Q
HPHUJLQJ �ZHHG �FRQWURO �WHFKQLTXH �IRU �VXVWDLQDEOH �DJULFXOWXUH �LV �LQWHJUDWHG �ZHHG
PDQDJHPHQW� �ZKLFK �LQFOXGHV �WKH �XVH �RI �ELR�KHUELFLGHV �VXFK �DV �ELRWLF �DJHQWV� �QDWXUDO
FRPSRXQGV��DOOHORFKHPLFDOV��RUJDQLF�DFLGV��HVVHQWLDO�RLO���DQG�QDQRSDUWLFOHV��7KH�DLP�RI�WKLV
VWXG\�LV�WR�HYDOXDWH�WKH�SRWHQWLDO�KHUELFLGH�HIIHFWV�RI�GLIIHUHQW�RUJDQLF�DFLGV��DFHWLF�DFLG�
SHODUJRQLF�DFLG��ODFWLF�DFLG�DQG�FLWULF�DFLG��DQG�HVVHQWLDO�RLO��HXJHQRO�DQG�JHUDQLRO��RQ�VHHGV
DQG�SODQWV�RI���GLIIHUHQW�VSHFLHV��ZKLFK�LQFOXGH�FURSV�DQG�ZHHGV��,Q�DGGLWLRQ��GLIIHUHQW
FRQFHQWUDWLRQV�����������������LUURUDWLRQ�YROXPH������OW�KD�DQG�����OW�KD���DSSOLFDWLRQ
PHWKRG��LUURUDWLRQ�DQG�ZHWWLQJ��DQG�GLIIHUHQW�DGMXYDQW�ZHUH�HYDOXDWHG��*HUPLQDWLRQ�WHVW
ZHUH�FDUULHG�RXW�ZLWK�D�UDQGRPL]HG�SORW�VFKHPH�ZLWK���UHSOLFDWHV�IRU�HDFK�FRPSRXQG�DQG
FRQFHQWUDWLRQ�LQ�SHWUL�SODWHV�ZLWK�DJDU�VXEVWUDWH��DQG�GLIIHUHQW�WHVWHG�FRPSRXQGV�ZHUH
VSUD\HG�RQ����VHHGV�DW�WKH�YROXPH�RI������OW�KD��3HWUL�SODWHV�ZHUH�LQFXEDWHG�DW���d&�DQG
������SKRWRSHULRG�LQ�SK\WRWURQ�IRU���GD\V� �,Q�RUGHU�WR�EHWWHU�LPLWDWH�IDUP�FRQGLWLRQV�
JHUPLQDWLRQ�WHVWV�ZHUH�HYDOXDWHG�ZLWK�WKH�VDPH�FRQGLWLRQV�LQ�SK\WRWURQ�ZLWK�FRPPHUFLDO
VRLO��ZKHUH�VHHGV�ZHUH�VRZQ���FP�GHSWK�LQ�VRLO�DQG�WUHDWPHQW�ZHUH�VSUD\HG�GLUHFWO\�RQ�WKH
VXEVWUDWH��3RWV�ZHUH�LQFXEDWHG�DQG�VHHG�JHUPLQDWLRQ�ZHUH�HYDOXDWHG�DIWHU����GD\V�IRU�DOO
WKH�WUHDWPHQWV� �,Q �RUGHU �WR �XQGHUVWDQG�WKH�SRWHQWLDO �KHUELFLGH�HIIHFWV �IRU �FRYHU �FURSV
WHUPLQDWLRQ�SXUSRVHV��WUHDWPHQWV�ZHUH�HYDOXDWHG�RQ�DGXOW�SODQWV�RI�GLIIHUHQW�VSHFLHV�LQ
JUHHQKRXVH�FRQGLWLRQV��6HHGV�ZHUH�VRZQ�LQ���[��[���FP�SRWV�DW�GLIIHUHQW�GHQVLW\�VSHFLILF
IRU�HYHU\�VSHFLHV��LQ�FRPPHUFLDO�VXEVWUDWH��$W�GD\�����W���SKRWR�RI�GLIIHUHQW�SORWV�ZHUH�WDNHQ
DQG�GLIIHUHQW�WUHDWPHQWV�ZHUH�XWLOL]HG�RQ�SODQWV�DW�GLIIHUHQW�FRQFHQWUDWLRQV��YROXPH�DQG
DSSOLFDWLRQ�PHWKRGV��(IILFDF\�ZHUH�HYDOXDWHG�DQDO\]LQJ�WKH�UHGXFWLRQ�RI�JUHHQ�ELRPDVV�DW
GD\�����W���DQG�GD\�����W����,Q�DGGLWLRQ��SODQW�IUHVK�DQG�GU\�ZHLJK�ZHUH�HYDOXDWHG�DW�GD\����
$V�H[SHFWHG��WKH�PHDQ�KLJKHVW�HIIHFW�IRU�DOO�DQDO\]HG�VSHFLHV�FRQFHUQLQJ�VHHGV�JHUPLQDWLRQ
LQKLELWLRQ��ZDV�VKRZQ�E\�����FRQFHQWUDWLRQ�WUHDWPHQWV��IROORZHG�E\�����DQG�����,Q�GHWDLOV�
WKH�KLJKHVW�JHUPLQDWLRQ��������DQG�WKH�ORZHVW��������LQKLELWLRQ�LQGH[�ZDV�REWDLQHG�IRU����
DFHWLF�DFLG�DQG����FLWULF�DFLG��UHVSHFWLYHO\��+RZHYHU��IRU�PLOOHW��������DQG�U\HJUDVV�������
SHODUJRQLF�DFLG�����VKRZQ�PDMRU�LQKLELWLRQ�JHUPLQDWLRQ�LQGH[��)RU�DGMXYDQW�IRUPXODWLRQV�
WKH�FRPELQDWLRQ�RI�DFHWLF�DFLG�����DQG�FDPHOLQD�RLO�KDG�WKH�EHVW�UHVXOWV���������&RQFHUQLQJ
HIIHFWV�RI�WUHDWPHQWV�RQ�SODQWV��$FHWLF�DFLG�����ZLWK�VSUD\HG�DSSOLFDWLRQ�PHWKRG�DW�WKH�GRVH
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RI ���� �OW�KD �DOORZHG �WR �REWDLQ �D �VLJQLILFDWLYH �UHGXFWLRQ �RQ �JUHHQ �ELRPDVV� �)XUWKHU
H[SHULPHQWDWLRQ�RQ�VHOHFWHG�WUHDWPHQWV�DQG�SUDFWLFHV�LQ�RSHQ�ILHOG�WULDOV�ZLOO�EH�WHVWHG��WR
FKHFN�WUHDWPHQWV�WHFKQLFDO�SDUDPHWHUV�DQG�IHDVLELOLW\��LQ�RUGHU�WR�GHYHORS�QHZ�DQG�PRUH
VXVWDLQDEOH�FRPSRXQGV�IRU�ZHHG�PDQDJHPHQW�WR�UHDFK�(X������JRDOV�
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(YDOXDWLRQ�RI�KHUELFLGDO�SRWHQWLDO�RI�H[WUDFWV�IURP�SUXQLQJ
OHIWRYHUV�DQG�IRRG�SURFHVVLQJ�E\�SURGXFWV
E\�%HOWUDPR�$OHVVDQGUR�_�3DSDQGUHD�*LXOLD�_�%HQQDQL�=LQHE�_�&UDYRWWR�*LDQFDUOR�_�'L�)XULD�,YDQ�_�9LGRWWR
)UDQFHVFR�_�)RJOLDWWR�6LOYLD�_�8QLYHUVLWd�GHJOL�6WXGL�GL�7RULQR���',6$)$�_�8QLYHUVLWd�GHJOL�6WXGL�GL�7RULQR��
',6$)$�_�8QLYHUVLWd�GHJOL�6WXGL�GL�7RULQR���',6$)$�_�8QLYHUVLWd�GHJOL�6WXGL�GL�7RULQR���'67)�_�8QLYHUVLWd
GHJOL�6WXGL�GL�7RULQR���',6$)$�_�8QLYHUVLWd�GHJOL�6WXGL�GL�7RULQR���',6$)$�_�8QLYHUVLWd�GHJOL�6WXGL�GL
7RULQR���',6$)$

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��)RJOLDWWR�6LOYLD
&RQWULEXWLRQ��3RVW

+HUELFLGHV �DUH �HVVHQWLDO �WRROV �IRU �ZHHG �FRQWURO �LQ �FRQYHQWLRQDO �IDUPLQJ �V\VWHPV�
1HYHUWKHOHVV� �WKH\ �KDYH �VRPH �UHOHYDQW �GUDZEDFNV� �VXFK �DV �WKH �ULVN �RI �HQYLURQPHQWDO
SROOXWLRQ �DQG �WKH �VHOHFWLRQ �RI �UHVLVWDQW �ZHHG �SRSXODWLRQV� �$ �SRWHQWLDO �DOWHUQDWLYH �WR
KHUELFLGHV�FDQ�EH�SURGXFWV�RI�QDWXUDO�RULJLQ��HVSHFLDOO\�LI�WKH\�FDQ�EH�SURGXFHG�ZLWKLQ�D
IUDPHZRUN�RI�FLUFXODU�HFRQRP\��,Q�WKLV��FRQWH[W��D�VWXG\�ZDV�FDUULHG�RXW�ZLWK�WKH�DLP�RI
HYDOXDWLQJ�WKH�HIIHFW�RI�GLIIHUHQW�VXEVWDQFHV�RI�QDWXUDO�RULJLQ�H[WUDFWHG�IURP�GLIIHUHQW�SDUWV
RI �SODQWV�RU �IURP�E\�SURGXFWV�RI �IRRG�SURFHVVLQJ� �7KH�WHVWHG�SURGXFWV�ZHUH� ��L� �FRIIHH
H[WUDFW��REWDLQHG�IURP�FRQFHQWUDWHG�FRIIHH�SURGXFWLRQ�ZDVWH���LL��H[WUDFWV�IURP�JUDSHYLQH
VWHPV�DQG�OHDYHV��REWDLQHG�IURP�WKH�SUXQLQJ�RI�GLIIHUHQW�YDULHWLHV��'ROFHWWR��&KDUGRQQD\�
%DUEHUD�WDNHQ�DORQH�RU�PL[HG���LQIHFWHG�ZLWK�WKH�SK\WRSODVPD�GLVHDVH�)ODYHVFHQFH�'RUgH
ZKLFK�KDG�WR�EH�GHVWUR\HG��([WUDFWLRQV�ZHUH�FDUULHG�RXW�XQGHU�VXEFULWLFDO�ZDWHU�FRQGLWLRQV
����PLQ�DW����d&���7KH�HIIHFW�RI�WKH�H[WUDFWV�RQ�VHHG�JHUPLQDWLRQ�ZDV�WHVWHG�RQ�VRPH�RI�WKH
PRVW �FRPPRQ �ZHHG �VSHFLHV �IRXQG �LQ �,WDOLDQ �FURSSLQJ �V\VWHPV� �'LJLWDULD �VDQJXLQDOLV�
(FKLQRFKORD�FUXV�JDOOL� �6HWDULD�YLULGLV�DQG �9HURQLFD�SHUVLFD�DQG�RQ�/DFWXFD�VDWLYD �DV�D
VHQVLWLYH�FURS��,Q�ERWK�H[SHULPHQWV��WZHQW\�VHHGV�SHU�VSHFLHV�ZHUH�SODFHG�LQ�3HWUL�GLVKHV
OLQHG�ZLWK�RQH�ILOWHU�SDSHU�LPELEHG�ZLWK���P/�RI�GHLRQL]HG�ZDWHU��FRQWURO��RU�H[WUDFWV�LQ
WKHLU�RULJLQDO�FRQFHQWUDWLRQ��$W�OHDVW�WKUHH�UHSOLFDWHV�ZHUH�SUHSDUHG�IRU�HDFK�VSHFLHV�IRU
ERWK�WKH�FRQWURO�DQG�WKH�H[WUDFWV�DQG�DUUDQJHG�LQ�D�FRPSOHWHO\�UDQGRPL]HG�GHVLJQ��3HWUL
GLVKHV �ZHUH �LQFXEDWHG �IRU ��� �GD\V �DW �FRQVWDQW ���d& �ZLWK �D ��� �K �SKRWRSHULRG �DQG
JHUPLQDWLRQ�ZDV�UHFRUGHG�GDLO\��7KH�WZR�H[SHULPHQWV�ZHUH�UHSHDWHG�WZLFH��&RIIHH�H[WUDFW
ZDV�DOVR�WHVWHG�LQ�WKH�JUHHQKRXVH�DV�IROLDU�DSSOLFDWLRQ�RQ�VRPH�PRQRFRW�DQG�GLFRW�ZHHGV
JURZQ�LQ�SRWV�DQG�WUHDWHG�ZLWK�HLWKHU�H[WUDFW�RU�ZDWHU��FRQWURO��DW�����OHDI�VWDJH��6HYHQ�GD\V
DIWHU�WUHDWPHQW��YLVXDO�HIILFDF\�DV�D�SHUFHQWDJH�RI�GDPDJH�FRPSDUHG�WR�FRQWURO�DQG�WKH
SODQW�IUHVK�ELRPDVV�RI�WUHDWHG�DQG�FRQWURO�SODQWV�ZHUH�GHWHUPLQHG��7KH�JHUPLQDWLRQ�WHVW
FRQGXFWHG�ZLWK�FRIIHH�H[WUDFW�VKRZ�D�VLJQLILFDQW�GLIIHUHQFH�RQ�JHUPLQDWLRQ��FRPSDUHG�WR�WKH
FRQWURO� �RQO\ �IRU �'� �VDQJXLQDOLV ������JHUPLQDWLRQ �UHGXFWLRQ� �DQG �IRU �6� �YLULGLV �����
JHUPLQDWLRQ �UHGXFWLRQ�� �ZKLOH �IRU �/� �VDWLYD� �(� �FUXV�JDOOL �DQG �9� �SHUVLFD �QR �VLJQLILFDQW
GLIIHUHQFHV�ZHUH�KLJKOLJKWHG��)ROLDU�DSSOLFDWLRQ�RI�FRIIHH�H[WUDFW�GLG�QRW�VKRZ�VLJQLILFDQW
GLIIHUHQFHV�ZLWK�WKH�FRQWURO�IRU�DOO�ZHHGV��9LQH�H[WUDFWV�VKRZ�D�KLJK�YDULDELOLW\�LQ�WHUPV�RI
WRWDO�JHUPLQDWLRQ�IRU�PRVW�RI�WKH�VSHFLHV��$�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�%DUEHUD�H[WUDFW
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DQG�FRQWURO�ZDV�KLJKOLJKWHG�LQ�ERWK�UHSOLFDWHV�RI�WKH�H[SHULPHQW�IRU�'��VDQJXLQDOLV�DQG�RQO\
LQ�WKH�VHFRQG�RQH�IRU�'ROFHWWR�H[WUDFW��/��VDWLYD�VKRZHG�D�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ
'ROFHWWR�H[WUDFW�DQG�FRQWURO� �7KH�VWXGLHV�VKRZHG�WKDW�WKH�WHVWHG�VXEVWDQFHV�RI�QDWXUDO
RULJLQ�FDQ�KDYH�D�SRWHQWLDO�KHUELFLGDO�HIIHFW��HYHQ�WKRXJK�D�JUHDW�YDULDELOLW\�DPRQJ�ZHHG
VSHFLHV�ZDV�REVHUYHG�
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0RGHOOLQJ�FURSSLQJ�V\VWHPV�RI�FDVH�VWXG\�IDUPV�WR�DVVHVV
QLWURJHQ�XVH�HIILFLHQF\�DQG�FLUFXODULW\�RI�'LDU\�3URGXFWLRQ
6\VWHPV
E\�1LFROD�$OHVVL�_�6HUHQD�%RQL]]L�_�0DUFR�%RWWD�_�0DUD�*DEEULHOOL�_�0DGGDOHQD�(QULFD�=XFDOL�_�$QQD�$OIHD
6DQGUXFFL�_�)HGHULFR�'UDJRQL�_�*LRUJLR�5DJDJOLQL�_�/HRQDUGR�9DULR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG
(QYLURQPHQWDO�6FLHQFHV�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO
6FLHQFHV�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV
8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV�8QLYHUVLWd
GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV�8QLYHUVLWd�GHJOL�6WXGL�GL
0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_
7HFKQRORJ\�$VVHVVPHQW�DQG�6XEVWDQFH�&\FOHV��/HLEQL]�,QVWLWXWH�IRU�$JULFXOWXUDO�(QJLQHHULQJ�DQG
%LRHFRQRP\��$7%��_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV�8QLYHUVLWd�GHJOL�6WXGL�GL
0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�0LODQR

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��1LFROD�$OHVVL
&RQWULEXWLRQ��3RVW

'DLU\�3URGXFWLRQ�6\VWHPV��'36��DUH�RI�SLYRWDO�LPSRUWDQFH�ZLWKLQ�WKH�(XURSHDQ�DJULFXOWXUDO
VHFWRU��+RZHYHU��LQWHQVLILFDWLRQ�RI�'36V�LV�UDLVLQJ�PDQ\�FRQFHUQV�DERXW�WKHLU�VXVWDLQDELOLW\�
)RU�\HDUV��WKH�GHEDWH�KDV�IRFXVHG�RQ�KRZ�WR�UHGXFH�LPSDFWV�FDXVHG�E\�QLWURJHQ�DVVRFLDWHG
HPLVVLRQV��DQG�ODUJH�HIIRUWV�ZHUH�SXW�RQ�LPSOHPHQWLQJ�SROLFLHV�DQG�GHYHORSLQJ�WHFKQRORJLHV
ILWWLQJ�ZLWK�HQYLURQPHQWDO�JRDOV� �5HFHQWO\� �WKH�WUDQVLWLRQ�WRZDUGV�FLUFXODU�HFRQRP\�KDV
UDLVHG�XS�WKH�LQWHUHVW�RQ�WKH�SRWHQWLDO�UROH�RI�OLYHVWRFN�DV�D�NH\�ORRS�IRU�QLWURJHQ�F\FOLQJ�LQ
DJULFXOWXUH��DV�UXPLQDQWV��LQ�SDUWLFXODU��DOORZ�WKH�FRQYHUVLRQ�RI�ILEURXV�PDWWHUV�LQ�KLJK
TXDOLW\�SURWHLQV�ZKLOH�SURGXFLQJ�RUJDQLF�IHUWLOL]HU��DV�YDOXDEOH�VRXUFH�RI�QLWURJHQ�IRU�FURSV�
+RZHYHU� �ZKHWKHU �FLUFXODULW\ �LV �DQ �HIIHFWLYH �PHDQW �IRU �VXVWDLQDELOLW\ �LV �VWLOO �DQ �RSHQ
TXHVWLRQ��7KH�'DLU\0L[�SURMHFW�KDV�WKH�REMHFWLYH�WR�DVVHVV�WKH�H[WHQW�WR�ZKLFK�'36�FDQ
FRQWULEXWH�WR�WKH�UHSODFHPHQW�RI�H[RJHQRXV�VRXUFHV�RI�QLWURJHQ�DV�ZHOO�DV�ZKLFK�DUH�WKH
WUDGH�RIIV�EHWZHHQ�HQYLURQPHQWDO�DQG�HFRQRPLF�JRDOV��7R�WKH�VFRSH�ZH�SURSRVH�D�KROLVWLF
DSSURDFK��EDVHG�RQ�WKH�DQDO\VLV�RI�GDLU\�IDUP�FDVH�VWXGLHV��E\�PHDQV�RI�WKH�FURSSLQJ�V\VWHP
PRGHO �$5026$� �$5026$�ZDV �XVHG �WR �IRUHFDVW �WKH �UHVSRQVH �FXUYH �RI �GLIIHUHQW �FURS
URWDWLRQV� �XQGHU�IDUP�VSHFLILF�FRQGLWLRQV� �LQ�WHUPV�RI �GU\�ELRPDVV�SURGXFWLRQ� �QLWURJHQ
XSWDNH�DQG�ORVVHV�WR�LQFUHDVLQJ�OHYHOV�RI�QLWURJHQ�DSSOLFDWLRQ��LQFOXGLQJ�PLQHUDO�IHUWLOL]HU
DQG�PDQXUH��,Q�,WDO\�ZH�FRQVLGHUHG�VL[�GDLU\�IDUPV�RI�WKH�/RPEDUG\�UHJLRQ��YDU\LQJ�LQ�WHUPV
RI�XWLOL]HG�DJULFXOWXUDO�DUHD��IURP����WR�����KD���OLYHVWRFN�GHQVLW\��IURP������WR������/68
KD����DQG�PLON�SURGXFWLRQ��IURP�������WR��������NJ)3&0�KHDG���\U�����(DFK�IDUP�HPSOR\V
GLIIHUHQW�FURS�URWDWLRQV�WR�SURGXFH�IRUDJHV�IRU�DQLPDO�IHHGLQJ��)DUP�GDWD�ZDV�FROOHFWHG
GXULQJ�WHFKQLFDO�YLVLWV�DQG�E\�PHDQV�RI�VSHFLILF�TXHVWLRQHUV�IRFXVLQJ�RQ��ODQG�XWLOL]DWLRQ�DQG
FURS�URWDWLRQV��FURS�PDQDJHPHQW�SUDFWLFHV�DQG�\LHOG��$OO�WKLV�LQIRUPDWLRQ�ZDV�XVHG�IRU�WKH
VHW�XS�RI�VLPXODWLRQV�DQG�IRU�$5026$�SDUDPHWUL]DWLRQ��0RGHO�SDUDPHWHUV�ZDV�WXQHG�LQ
RUGHU�WR�ILW�VLPXODWHG�FURS�ELRPDVV�SURGXFWLRQ�DQG�1�XSWDNH�ZLWK�GDWD�FROOHFWHG�WKURXJK�WKH
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IDUP�VXUYH\V� �)RU �PHWHRURORJLFDO �GDWD �ZH�XVHG�WKH�ORQJ�WHUP�VHULHV �IURP�$*5,�&$67
�������������ZKLOH�IRU�VRLO�LQLWLDOL]DWLRQ�ZH�XVHG�SURILOH�GDWD�IURP�WKH�(56$)�VRLO�GDWDEDVH�
FRQVLGHULQJ�PRUH�SURILOHV�SHU�IDUP��LQ�RUGHU�WR�UHSUHVHQW�WKH�UDQJH�RI�YDULDELOLW\�RI�IDUP
VRLOV��$IWHU�SDUDPHWUL]DWLRQ�ZH�EXLOW�D�PRGHOOLQJ�H[HUFLVH�DLPHG�DW�H[SORULQJ�WKH�UHVSRQVH
FXUYH�RI�GU\�ELRPDVV��1HW�(QHUJ\�RI�ODFWDWLRQ��1HO��DQG�&UXGH�3URWHLQ��&3��SURGXFHG�XQGHU
LQFUHDVLQJ �OHYHOV �RI �QLWURJHQ �DSSOLHG �IRU �FURS �IHUWLOL]DWLRQ� �2YHUDOO� �ZH �VLPXODWHG ���
URWDWLRQV�XQGHU����OHYHOV�RI�QLWURJHQ�UDWHV�YDU\LQJ�IURP���WR�GRXEOH�RI�WKH�1�UDWHV�GHFODUHG
E\�WKH�IDUPHUV��:H�DQDO\]HG�WKH�UHVSRQVH�FXUYHV�DW�FURS��URWDWLRQ�DQG�IDUP�OHYHO�LQ�RUGHU��L�
WR�DVVHVV�WKH�1�XVH�HIILFLHQF\�XQGHU�WKH�IDUP�1�UDWHV��LL��WR�HYDOXDWH�ZKHWKHU�WKH�IDUP�1
UDWHV�H[FHHG�WKH�FDUU\LQJ�FDSDFLWLHV�RI�WKH�V\VWHP��LLL��WR�HVWLPDWH�WKH�DYDLODELOLW\�RI�PDQXUH
VXUSOXV�XQGHU�RSWLPL]HG�1�UDWHV��LY��WR�DVVHVV�WKH�UHGXFHG�LPSDFW�LQ�WHUPV�RI�1�ORVVHV�XQGHU
RSWLPL]HG�1�UDWHV�
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3HUPDQHQW�/HJXPH�/LYLQJ�0XOFKHV�IRU�VXSSRUWLQJ�WKH
$GRSWLRQ�RI�2UJDQLF�IDUPLQJ�SULQFLSOHV�RQ�&RQVHUYDWLYH
9HJHWDEOH�6\VWHPV
E\�)HGHULFR�/HRQL�_�6WHIDQR�&DUOHVL�_�'DQLHOH�$QWLFKL�_�&KULVWLDQ�)UDVFRQL�_�$QQD�&DPLOOD�0RRQHQ�_�,VWLWXWR
GL�6FLHQ]H�GHOOH�3LDQWH��6FXROD�6XSHULRUH�6DQW?
$QQD�_�,VWLWXWR�GL�6FLHQ]H�GHOOH�3LDQWH��6FXROD�6XSHULRUH
6DQW?
$QQD�_�&L5$$�k�&HQWUR�GL�5LFHUFKH�$JUR�$PELHQWDOL�?�(QULFR�$YDQ]L?��_�&L5$$�k�&HQWUR�GL�5LFHUFKH
$JUR�$PELHQWDOL�?�(QULFR�$YDQ]L?��_�,VWLWXWR�GL�6FLHQ]H�GHOOH�3LDQWH��6FXROD�6XSHULRUH�6DQW?
$QQD

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��)HGHULFR�/HRQL
&RQWULEXWLRQ��3RVW

&RQVHUYDWLRQ �DJULFXOWXUH �KDV �WKH �SRWHQWLDO �WR �LQFUHDVH �VRLO �KHDOWK �LQ �RUJDQLF �IDUPLQJ�
1HYHUWKHOHVV��WKH�SURVSHFW�RI�ZHHG�UHODWHG�FKDOOHQJHV�IUHTXHQWO\�GLVFRXUDJHV�IDUPHUV�IURP
DGRSWLQJ�LW��2UJDQLF�DQG�FRQVHUYDWLYH�YHJHWDEOH�V\VWHPV��25*$1,�&$���DGYRFDWHV�PRYLQJ
DZD\ �IURP �GLUHFW �ZHHG �FRQWURO �PHWKRGV �DQG �LQVWHDG �SULRULWL]H �ZHHG �SUHYHQWLYH
DJURHFRORJLFDO�DSSURDFK�EDVHG�RQ�WKH�PDLQWHQDQFH�RI�WKH�VRLO�FRYHUDJH�WR�HQVXUH�D�FRQVWDQW
ZHHG�FRPSHWLWLRQ�DQG�SURPRWH�PRUH�GLYHUVH�ZHHG�FRPPXQLW\��WKHUHE\�PLQLPL]LQJ�DGYHUVH
HIIHFWV�RQ�FURSV��7KH�XVH�RI�D�SHUPDQHQW�OLYLQJ�PXOFK�RI�OHJXPHV��S/0��FDQ�GHFUHDVH�QLFKH
DYDLODELOLW\�IRU�ZHHGV�DQG�FDQ�LPSURYH�VRLO�IHUWLOLW\�DW�WKH�VDPH�WLPH��9HJHWDEOH�FURSV�FDQ�EH
WUDQVSODQWHG�GLUHFWO\�LQWR�WKH�VZDUG�RU�IROORZLQJ�VWULS�WLOODJH��+RZHYHU��OLWWOH�LV�NQRZQ�DERXW
WKH�HIIHFW�RI�WKHVH�SHUPDQHQW�PXOFKHV�RQ�WKH�ZHHG�FRPPXQLW\�V�FRPSRVLWLRQ��GLYHUVLW\�DQG
FRPSHWLWLYH�DELOLW\��6LPLODUO\��OLWWOH�LV�NQRZQ�DERXW�WKH�UROH�WKH�OLYLQJ�PXOFK�FRPSRVLWLRQ
SOD\V�LQ�GHWHUPLQLQJ�FURS�SHUIRUPDQFH��,Q�WKLV�H[SHULPHQW�ZH�HYDOXDWHG�SHUIRUPDQFH�RI
HLJKW�OHJXPH�OLYLQJ�PXOFK�PL[WXUHV�EDVHG�RQ�WKH�FRPELQDWLRQ�RI�GLIIHUHQW�HFRW\SHV�DQG
FXOWLYDUV�RI�SHUHQQLDO��7ULIROLXP�UHSHQV��75��DQG�/RWXV�FRUQLFXODWXV��/&���DQG�DQQXDO�VHOI�
VHHGLQJ �OHJXPHV ��7ULIROLXP �VXEWHUUDQHXP ��76� �DQG �0HGLFDJR �SRO\PRUSKD ��03�� �RQ
YHJHWDEOH �FURSV �HVWDEOLVKHG �LQWR �WKH �OLYLQJ �PXOFK �ZLWK �VWULS �WLOODJH� �/LYLQJ �PXOFK
SHUIRUPDQFH �DQG �PL[WXUH �FRPSRVLWLRQ �G\QDPLFV �ZHUH �HYDOXDWHG �DORQJVLGH �D �W\SLFDO
YHJHWDEOH �FURS �URWDWLRQ �LQFOXGLQJ �EURFFROL ��%UDVVLFD �ROHUDFHD �YDU �,WDOLFD� �� �HJJSODQWV
�6RODQXP�PHODQRJHQD����IHQQHO��)RHQLFXP�YXOJDUH����WRPDWR��6RODQXP�O\FRSHUVLFXP���7KH
REMHFWLYH�RI�WKH�PL[WXUHV�LV�WR�FRPELQH�WKH�XQLTXH�WUDLWV�RI�SHUHQQLDO�DQG�DQQXDO�VHOI�
VHHGLQJ�OHJXPH�VSHFLHV �LQ �D �FRPSOHPHQWDU\�PDQQHU� �XOWLPDWHO\ �HQKDQFLQJ�WKH�GHVLUHG
VHUYLFHV�VXFK�DV�YHJHWDEOH�\LHOG�DQG�TXDOLW\�DV�ZHOO�DV�ZHHG�FRQWURO�DQG�ZHHG�FRPPXQLW\
G\QDPLFV �WKURXJKRXW �WKH �HQWLUH �FURS �URWDWLRQ� �5HVXOWV �RQ �WKH �HIIHFWV �RI �S/0V�RQ �WKH
YHJHWDEOH�FURSV�VKRZ�WKDW�ZLWKRXW�WKH�XVH�RI�H[WHUQDO�VRXUFH�RI�IHUWLOL]HUV�DQG�UHGXFHG
WLOODJH��D�VXIILFLHQW�PDUNHWDEOH�\LHOG�SURGXFWLRQ��DW�OHDVW�HTXDO�WR�WKH�FRQWURO��&17��ZKHUH
IHUWLOL]HUV�DQG�WLOODJH�ZHUH�XVHG��FDQ�EH�DFKLHYHG��)RU�EURFFROL��WKH�S/0�PL[WXUH�/&�76
JXDUDQWHHG�VLPLODU�PDUNHWDEOH�\LHOG�DV�&17�������YV������IZ�W�KD��ZKHUHDV�IRU�RWKHU�S/0V�
WKH�\LHOG�ZDV�JHQHUDOO\�ORZHU�WKDQ�LQ�&17��)RU�HJJSODQW��DOO�75�03�PL[WXUHV�VKRZHG�HTXDO
\LHOGV�FRPSDUHG�WR�&17�������YV������IZ�W�KD���+RZHYHU��/&�76��GLIIHUHQWO\�RQ�ZKDW�ZDV
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REVHUYHG�LQ�EURFFROL��UHVXOWHG�LQ�D�VLJQLILFDQWO\�ORZHU�HJJSODQW�\LHOG�������YV������IZ�W�KD��
)RU�IHQQHO��QR�VLJQLILFDQW�HIIHFW�ZDV�REVHUYHG�FRPSDUHG�WR�WKH�FRQWURO��7KH�PDUNHWDEOH�\LHOG
RI�IHQQHO�ZDV�JHQHUDOO\�YHU\�ORZ�GXH�WR�WZR�GD\V�RI�VDOLQH�ZLQG�FDXVLQJ�VHYHUH�GDPDJH�
7KURXJKRXW�WKH�\HDUV�WKH�S/0�VKRZHG�D�SURJUHVVLYH�UHGXFWLRQ�LQ�WKH�DQQXDO�VHOI�VHHGLQJ
FRPSRQHQW��$W�WKH�VDPH�WLPH�WKHUH�ZDV�DQ�LQFUHDVH�LQ�ZHHG�ELRPDVV�PDLQO\�FDXVHG�E\�DQ
LQFUHDVLQJ�DEXQGDQFH�RI�SHUHQQLDO�VSHFLHV�VXFK�DV�3LFULV�HFKLRLGHV��3ODQWDJR�ODQFHRODWD��DQG
SHUHQQLDO�JUDVVHV�
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5HPRWH�VHQVLQJ�WRROV�WR�VSDWLDOL]H�IRUDJH�ELRPDVV�SUHGLFWLRQV
LQ�H[WHQVLYH�SDVWXUH�V\VWHPV
E\�/XFD�GH�*XWWU\�_�0DUWLQD�1DWDOL�_�/XLVD�/HROLQL�_�&KULVWLDQ�0DVVDUL�_�6DUD�0RGDQHVL�_�6HUJL�&RVWDIUHGD�
$XPHGHV�_�1LFROLQD�6WDJOLDQi�_�0DUFR�0RULRQGR�_�*LRYDQQL�$UJHQWL�_�&DPLOOD�'LEDUL�_�'LSDUWLPHQWR�GL
6FLHQ]H�H�7HFQRORJLH�$JUDULH��$OLPHQWDUL��$PELHQWDOL�H�)RUHVWDOL��'$*5,��8QLYHUVLWd�GHJOL�6WXGL�GL
)LUHQ]H�_�'LSDUWLPHQWR�GL�,QJHJQHULD�&LYLOH�H�$PELHQWDOH�8QLYHUVLWd�GHJOL�6WXGL�GL�3HUXJLD��&RQVLJOLR
1D]LRQDOH�GHOOH�5LFHUFKH���,VWLWXWR�GL�5LFHUFD�SHU�OD�3URWH]LRQH�,GURJHRORJLFD��&15�,53,��_�'LSDUWLPHQWR
GL�6FLHQ]H�H�7HFQRORJLH�$JUDULH��$OLPHQWDUL��$PELHQWDOL�H�)RUHVWDOL��'$*5,��8QLYHUVLWd�GHJOL�6WXGL�GL
)LUHQ]H�_�&RQVLJOLR�1D]LRQDOH�GHOOH�5LFHUFKH���,VWLWXWR�GL�5LFHUFD�SHU�OD�3URWH]LRQH�,GURJHRORJLFD��&15�
,53,��_�&RQVLJOLR�1D]LRQDOH�GHOOH�5LFHUFKH���,VWLWXWR�GL�5LFHUFD�SHU�OD�3URWH]LRQH�,GURJHRORJLFD��&15�,53,�
_�&RQVLJOLR�1D]LRQDOH�GHOOH�5LFHUFKH�k�,VWLWXWR�SHU�OD�%LR(FRQRPLD��&15�,%(��_�'LSDUWLPHQWR�GL�6FLHQ]H�H
7HFQRORJLH�$JUDULH��$OLPHQWDUL��$PELHQWDOL�H�)RUHVWDOL��'$*5,��8QLYHUVLWd�GHJOL�6WXGL�GL�)LUHQ]H�_
&RQVLJOLR�1D]LRQDOH�GHOOH�5LFHUFKH�k�,VWLWXWR�SHU�OD�%LR(FRQRPLD��&15�,%(��_�'LSDUWLPHQWR�GL�6FLHQ]H�H
7HFQRORJLH�$JUDULH��$OLPHQWDUL��$PELHQWDOL�H�)RUHVWDOL��'$*5,��8QLYHUVLWd�GHJOL�6WXGL�GL�)LUHQ]H�_
'LSDUWLPHQWR�GL�6FLHQ]H�H�7HFQRORJLH�$JUDULH��$OLPHQWDUL��$PELHQWDOL�H�)RUHVWDOL��'$*5,��8QLYHUVLWd
GHJOL�6WXGL�GL�)LUHQ]H

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��/XFD�GH�*XWWU\
&RQWULEXWLRQ��3RVW

,Q�OLJKW�RI�WKH�HFRQRPLF�UHOHYDQFH��H�J���IRUDJH�SURGXFWLRQ��DQG�WKH�HFRORJLFDO�VLJQLILFDQFH
�H�J���FDUERQ�VWRFNLQJ�DQG�ELRGLYHUVLW\�FRQVHUYDWLRQ��RI�H[WHQVLYH�JUDVVODQG�V\VWHPV��WKH
UDWLRQDO �PDQDJHPHQW �RI �IRUDJH �UHVRXUFHV �LV �D �NH\ �DVSHFW �LQ �PDLQWDLQLQJ �ERWK �WKHLU
SURGXFWLYLW\�DQG�HQYLURQPHQWDO�DGYDQWDJHV��,Q�WKLV�FRQWH[W��UHPRWH�VHQVLQJ�DQG�PRGHOOLQJ
WRROV�FDQ�SURYLGH�GHWDLOHG�LQIRUPDWLRQ�RQ�WKH�VWDWH�RI�IRUDJH�UHVRXUFHV�RYHU�ODUJH�DUHDV�
7KHUHIRUH� �LQ �WKLV �VWXG\ �ZH�SUHVHQW �D �VSDWLDOL]HG �YHUVLRQ �RI �DQ �H[LVWLQJ �JUDVV �JURZWK
VLPXODWLRQ �PRGHO ��9,672&.� �%HOOLQL �HW �DO�� ������� �IXUWKHU �LPSURYHG �E\ �/HROLQL �HW �DO�
�*5$669,672&.� �VXEPLWWHG�� �DSSOLHG�LQ �D �� �KD�SDVWXUH �ORFDWHG�LQ �WKH�7XVFDQ\�UHJLRQ
�%RUJR�6DQ�/RUHQ]R��)ORUHQFH��,7������P�D�V�O����7KH�PRGHO�VLPXODWHV�DERYHJURXQG�ELRPDVV
�$*%��J�P��RI�GU\�PDWWHU��DQG�VRLO�ZDWHU�G\QDPLFV��PP�RI�DYDLODEOH�WUDQVSLUDEOH�VRLO�ZDWHU�
RI �H[WHQVLYH�JUDVVODQGV�UHO\LQJ�RQ�PHWHRURORJLFDO �DQG�VRLO �LQSXWV �DQG�UHPRWHO\ �VHQVHG
GHULYHG�/HDI�$UHD�,QGH[��/$,���6HQWLQHO���LPDJHV��OHYHO��$��a����LPDJHV�\HDU��ZHUH�XVHG�IRU
FDOFXODWLQJ�WKH�1RUPDOL]HG�'LIIHUHQFH�9HJHWDWLRQ�,QGH[��1'9,��DQG�VXEVHTXHQWO\�OLQHDUO\
LQWHUSRODWHG�RYHU�WLPH�WR�REWDLQ�D�GDLO\�WLPH�VHULHV�IRU�WKH�VLPXODWLRQ�SHULRG�������������
/$,�ZDV�GHULYHG�IURP�1'9,�XVLQJ�WKH�SURFHGXUH�RI�%HOOLQL�HW�DO����������&RQVHTXHQWO\��WKH
VSDWLDOL]DWLRQ�RI�WKH�SUHGLFWLRQV�ZDV�REWDLQHG�DW�D�GDLO\�WLPH�VWHS�RYHU�D���[���P�JULG�E\
IRUFLQJ�WKH�PRGHO�ZLWK�/$,�YDOXHV�IRU�HDFK�SL[HO��7KH�YDOLGDWLRQ�ZDV�SHUIRUPHG�RQ�JURXQG
PHDVXUHPHQWV�RI�$*%�UHSUHVHQWHG�E\����REVHUYDWLRQV�FROOHFWHG�RYHU�WKH�ZKROH�SDVWXUH
GXULQJ�WKH�SHULRG������������,QLWLDO�UHVXOWV�HYLGHQFH�WKDW�DGGLWLRQDO�PRGHO�LPSOHPHQWDWLRQV
DUH �VWLOO �UHTXLUHG ��U ����� �506( �� �J�P��� �6SHFLILFDOO\� �$*% �WHQGV �WR �EH �JHQHUDOO\
XQGHUHVWLPDWHG�E\�WKH�PRGHO��+RZHYHU��WKH�UHODWLYHO\�ORZ�506(�LQGLFDWHV�WKDW�VLPXODWHG
YDOXHV�DUH�SUHVXPDEO\�FORVH�WR�WKH�REVHUYHG�PHDVXUHPHQWV��)XUWKHUPRUH��UHPRWHO\�VHQVHG
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GHULYHG�/$,�OHYHOV�RII�DURXQG�D�YDOXH�RI�����P��P���OLNHO\�GXH�WR�WKH�VDWXUDWLRQ�RI�1'9,
RFFXUULQJ�IRU�KLJK�/$,�OHYHOV��$UJXDEO\��WKLV�PD\�EH�RQH�RI�WKH�IDFWRUV�OLPLWLQJ�WKH�PRGHO�V
DELOLW\�WR�DFFXUDWHO\�SUHGLFW�$*%��7KLV�OLPLWDWLRQ�FDQ�EH�RYHUFRPH�XVLQJ�RWKHU�YHJHWDWLRQ
LQGLFHV��H�J��0&$5,���079��RU�15'(���ZKLFK�PD\�EH�EHWWHU�SUHGLFWRUV�RI�/$,��+DERXGDQH
HW�DO�� ������� �1HYHUWKHOHVV��RSWLFDO�LPDJHU\�LV�W\SLFDOO\�KLQGHUHG�E\�FORXG�FRYHU��ZKLFK
UHGXFHV�WKH�DYDLODELOLW\�RI�GDWD��WKXV�DGGLQJ�XQFHUWDLQWLHV�GXULQJ�WKH�LQWHUSRODWLRQ�SKDVH��$
YLDEOH �RSWLRQ �PD\ �EH �XVLQJ �EDFNVFDWWHULQJ �REVHUYDWLRQV �IURP �UDGDU �VDWHOOLWHV ��H�J�
6HQWLQHO���� �ZKLFK �DUH �XQDIIHFWHG �E\ �FORXGV �DQG �FDUU\ �LQIRUPDWLRQ �RQ �WKH �YHJHWDWLRQ
VWUXFWXUH�DQG�ZDWHU�FRQWHQW��3UHOLPLQDU\�UHVXOWV�VKRZ�WKDW�6HQWLQHO���GDWD�KDYH�D�JRRG
SRWHQWLDO�WR�LPSURYH�/$,�HVWLPDWHV��WKDQNV�WR�WKH�KLJKHU�WHPSRUDO�DYDLODELOLW\�RI�LPDJHV�DQG
WKH�H[SORLWDWLRQ�RI�PDFKLQH�OHDUQLQJ�DSSURDFKHV�
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5HWULHYDO�RI�3DGG\�5LFH�$JURQRPLF�7UDLWV�IURP�)LHOG
+\SHUVSHFWUDO�6SHFWURVFRS\
E\�5RGROIR�&HULDQL�_�0LUFR�%RVFKHWWL�_�*DEULHOH�&DQGLDQL�_�0RQLFD�3HSH�_�)UDQFHVFR�1XWLQL�_�)RVFR�0DWWLD
9HVHO\�_�$QQH�6FKXFNQHFKW�_�3DUGLV�6LURRVL�_�6WHIDQR�%RFFKL�_�)UDQFHVFR�)DYD�_�'HSDUWPHQW�RI
(QYLURQPHQWDO�6FLHQFH�DQG�3ROLF\��8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR��'HSDUWPHQW�RI�$JULFXOWXUDO�DQG
(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�,QVWLWXWH�IRU�(OHFWURPDJQHWLF�6HQVLQJ�RI�WKH
(QYLURQPHQW��,WDOLDQ�1DWLRQDO�5HVHDUFK�&RXQFLO�_�,QVWLWXWH�IRU�(OHFWURPDJQHWLF�6HQVLQJ�RI�WKH
(QYLURQPHQW��,WDOLDQ�1DWLRQDO�5HVHDUFK�&RXQFLO�_�,QVWLWXWH�IRU�(OHFWURPDJQHWLF�6HQVLQJ�RI�WKH
(QYLURQPHQW��,WDOLDQ�1DWLRQDO�5HVHDUFK�&RXQFLO��,7�_�,QVWLWXWH�IRU�(OHFWURPDJQHWLF�6HQVLQJ�RI�WKH
(QYLURQPHQW��,WDOLDQ�1DWLRQDO�5HVHDUFK�&RXQFLO�_�'HSDUWPHQW�RI�(QYLURQPHQWDO�6FLHQFH�DQG�3ROLF\�
8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�,PDJH�6LPXODWLRQ�DQG�3URFHVVLQJ�7HDP��2+%�6\VWHP�$*�_�'HSDUWPHQW
RI�(QYLURQPHQWDO�6FLHQFH�DQG�3ROLF\��8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�(QYLURQPHQWDO
6FLHQFH�DQG�3ROLWLF\��8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�(QYLURQPHQWDO�6FLHQFH�DQG�3ROLF\�
8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��5RGROIR�&HULDQL
&RQWULEXWLRQ��3RVW

$GDSWDWLYH�DJURQRPLF�PDQDJHPHQW�VWUDWHJLHV�UHTXLUH�WLPHO\�LQIRUPDWLRQ�DERXW�FURS�VWDWXV�
4XDQWLI\LQJ�WKH�FURS
V�LQSXWV�UHTXLUHPHQWV�KHOSV�DYRLGLQJ�ERWK�H[FHVVLYH�DQG�LQVXIILFLHQW
VXSSO\��WKHUHE\�LQFUHDVLQJ�KRPRJHQHLW\�LQ�SURGXFWLYH�TXDOLW\�DQG�TXDQWLW\�DFURVV�WKH�ILHOG�
�+\SHUVSHFWUDO �UHPRWH �VHQVLQJ� �ZKLFK �PHDVXUHV �FURS �UHIOHFWDQFH �LQ �WKH �YLVLEOH� �QHDU�
LQIUDUHG�DQG�VKRUW�ZDYH�LQIUDUHG������WR������QP��UHJLRQV��LQ�KXQGUHGV�RI�VSHFWUDO�EDQGV�
KDV �EHHQ�ZLGHO\ �SURSRVHG�DV �D �QRQ�GHVWUXFWLYH �WHFKQLTXH�WR �UHWULHYH �DJURQRPLF �WUDLWV
UHIOHFWLQJ�FURS�ELRPDVV�DQG�QXWULWLRQDO�VWDWXV�DQG�DV�DQ�DOWHUQDWLYH�WR�WLPH�FRQVXPLQJ�DQG
ODERXU�LQWHQVLYH�WUDGLWLRQDO�ILHOG�PHDVXUHPHQWV���1RQHWKHOHVV��ILHOG�PHDVXUHPHQWV�SURYLGH
SRLQW�GDWD��ZKLOH�DLUERUQH�LPDJLQJ�VSHFWURVFRS\�LV�H[SHQVLYH��7KXV��WKHVH�WHFKQRORJLHV�VWLOO
KDYH �OLPLWHG �GLUHFW �DSSOLFDWLRQV �IRU �SUHFLVLRQ �FURS �PDQDJHPHQW �RU �HQYLURQPHQWDO
PRQLWRULQJ���/DVW�JHQHUDWLRQ�H[SHULPHQWDO�K\SHUVSHFWUDO�VDWHOOLWH�PLVVLRQV��VXFK�DV�35,60$
�35HFXUVRUH�,SHU6SHWWUDOH�GHOOD�0LVVLRQH�$SSOLFDWLYD��RU�(Q0$3��(QYLURQPHQWDO�0DSSLQJ
DQG�$QDO\VLV�3URJUDP���SURYLGH�UHPRWH�VHQVLQJ�LPDJHU\�DW�KLJK�VSDWLDO����P��DQG�VSHFWUDO
UHVROXWLRQV��DERXW����QP���7KLV�RSHQV�XS�XQSUHFHGHQWHG�RSSRUWXQLWLHV�WR�GHYHORS�UHPRWH
VHQVLQJ�DSSOLFDWLRQV�IRU�FURS�PRQLWRULQJ�DQG�DGDSWDWLYH�IDUPLQJ�PDQDJHPHQW��7KH�RYHUDOO
JRDO�RI�WKLV�UHVHDUFK�LV�WR�HYDOXDWH�WKH�SRWHQWLDO�RI�K\SHUVSHFWUDO�VDWHOOLWH�UHPRWH�VHQVLQJ�WR
PRQLWRU�SDGG\�ULFH�ELRPDVV�DQG�QLWURJHQ�FRQWHQW�DW�ILHOG�VFDOH��7R�WKLV�HQG��GXULQJ�WKH
VXPPHU�VHDVRQ�������IURP�HDUO\�-XO\�WR�WKH�HQG�RI�6HSWHPEHU��ZH�FRQGXFWHG�WKUHH�ILHOG
FDPSDLJQV�LQ�ULFH�SDGGLHV�ORFDWHG�LQ�-RODQGD�GL�6DYRLD��)(��,WDO\��WR�FROOHFW�K\SHUVSHFWUDO
PHDVXUHPHQWV�DQG�DJURQRPLF�GDWD��LQFOXGLQJ�DERYHJURXQG�ELRPDVV��$*%���OHDI�DUHD�LQGH[
�/$,��DQG�QLWURJHQ�FRQWHQW��1���'DWD�ZHUH�FROOHFWHG�DFURVV����HOHPHQWDU\�VDPSOLQJ�XQLWV
�(68��RI���[���P���FRUUHVSRQGLQJ�WR���(Q0$3�35,60$�VDWHOOLWH�SL[HOV���:LWKLQ�HDFK�(68�
PHDVXUHPHQWV�ZHUH�WDNHQ�RQ�IRXU�SORWV��L�H������SORWV�IRU�HDFK�FDPSDLJQ���0XOWLSOH�(Q0$3
DQG�35,60$�VDWHOOLWH�LPDJHV�ZHUH�DOVR�DFTXLUHG�RQ�WKH�VWXG\�DUHD�GXULQJ�WKH�ULFH�JURZLQJ
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VHDVRQ��7KH�LQLWLDO�SKDVH�RI�WKH�VWXG\��SUHVHQWHG�LQ�WKLV�DEVWUDFW��KDV�EHHQ�WKH�GHYHORSPHQW
RI�PDFKLQH�OHDUQLQJ��0/��PRGHOV�EHWZHHQ�ILHOG�K\SHUVSHFWUDO�DQG�DJURQRPLF�GDWD�DW�SORW
VFDOH��7KH�REMHFWLYH�ZDV�WR�WHVW�UREXVW�UHWULHYDO�PHWKRGRORJLHV�IRU�$*%��/$,�DQG�1�DQG�WR
LGHQWLI\�VSHFWUDO�IHDWXUHV�VHQVLWLYH�WR�WKH�WDUJHW�YDULDEOHV��)LUVW��ZH�DSSOLHG�D�3ULQFLSDO
&RPSRQHQW�$QDO\VLV��3&$��WR�UHIOHFWDQFH�VSHFWUD�WR�UHGXFH�WKH�GDWD�GLPHQVLRQDOLW\�DQG
LGHQWLI\�NH\�VSHFWUDO�EDQGV��7KHQ��D�*DXVVLDQ�3URFHVV�5HJUHVVLRQ�PRGHO��*35��ZDV�WUDLQHG
ZLWK�D�%D\HVLDQ�RSWLPL]DWLRQ��WR�UHGXFH�WKH�WLPH�UHTXLUHG�IRU�WUDLQLQJ���7KH�SUHOLPLQDU\
UHVXOWV�VKRZ�JRRG�SUHGLFWLYH�SHUIRUPDQFH��DVVHVVHG�E\�N�IROG�FURVV�YDOLGDWLRQ��IRU�$*%
>J�P�@��5���������506(�����������/$,�>P��P�@��5���������506(��������DQG�1�FRQWHQW�>J�P�@
�5���������506(��������UHWULHYDO��7KH�QH[W�SKDVH�ZLOO�EH�WHVWLQJ�D�VLPLODU�PHWKRGRORJ\�RQ
(Q0$3�35,60$�LPDJHV�DFTXLUHG�GXULQJ�WKH�ILHOG�FDPSDLJQV�WR�JHQHUDWH�$*%��/$,�DQG�1
PDSV�DW�ERWK�ILHOG�DQG�IDUP�VFDOHV�
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$GYDQFLQJ�6XVWDLQDEOH�$JULFXOWXUH�ZLWK�%LRORJLFDO�1LWURJHQ
)L[DWLRQ��,QVLJKWV�IURP�8WULVKD�1�%OXH1c�7ULDOV�LQ�(XURSH
E\�%RVFR��9DOHQWLQR�_�0DVFDQ]RQL��(OLVD�_�']LNRZVNL��0DUFLQ�_�&HUXWL��0DWWHR�_�&RUWHYD�$JULVFLHQFH�_
&RUWHYD�$JULVFLHQFH�_�&RUWHYD�$JULVFLHQFH�_�&RUWHYD�$JULVFLHQFH

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��0DVFDQ]RQL��(OLVD
&RQWULEXWLRQ��3RVW

,Q �WKH �FRQWH[W �RI �LQFUHDVLQJ �HQYLURQPHQWDO �FRQFHUQV �DQG �ULVLQJ �IHUWLOL]HU �FRVWV� �WKH
DJULFXOWXUDO�VHFWRU�LV�H[SORULQJ�VXVWDLQDEOH�DOWHUQDWLYHV�WR�WUDGLWLRQDO�QLWURJHQ�IHUWLOL]DWLRQ
PHWKRGV��2QH�SURPLVLQJ�DSSURDFK�LV�WKH�XVH�RI�ELRORJLFDO�QLWURJHQ�IL[DWLRQ�IDFLOLWDWHG�E\
PLFURELDO �ELRVWLPXODQWV� �7KLV �UHYLHZ �H[DPLQHV �WKH �DSSOLFDWLRQ �RI �8WULVKD �1�%OXH1c�
FRQWDLQLQJ�WKH�QLWURJHQ�IL[LQJ�EDFWHULXP�0HWK\OREDFWHULXP�V\PELRWLFXP� �DFURVV �YDULRXV
FURSV�DQG�FOLPDWLF�FRQGLWLRQV��,Q�ZLQWHU�ZKHDW��WKH�ODUJHVW�JOREDO�FHUHDO�FURS��WULDOV�DFURVV
WKH�(8�GHPRQVWUDWHG�WKDW�8WULVKD�1�%OXH1c�FRXOG�EH�HIIHFWLYHO\�LQWHJUDWHG�LQWR�QLWURJHQ
PDQDJHPHQW�SODQV��RIIHULQJ�IOH[LELOLW\�LQ�DSSOLFDWLRQ�WLPLQJ�DQG�FRQWULEXWLQJ�WR�KLJK�\LHOG
DQG�TXDOLW\�
3RWDWR �FXOWLYDWLRQ� �FRYHULQJ �RYHU ��� �PLOOLRQ �KHFWDUHV �JOREDOO\� �DOVR �EHQHILWV �IURP �WKH
DSSOLFDWLRQ�RI�8WULVKD�1�%OXH1c��7ULDOV�LQGLFDWHG�WKDW�IROLDU�DSSOLFDWLRQ�DW�WKH�URZ�FORVLQJ
VWDJH�VLJQLILFDQWO\�LPSURYHG�WXEHU�LQLWLDWLRQ��FKORURSK\OO�FRQWHQW��\LHOG��DQG�TXDOLW\��)RU
ZLQWHU�RLOVHHG�UDSH� �D�FURS�ZLWK�VXEVWDQWLDO �QLWURJHQ�GHPDQGV� �8WULVKD�1�%OXH1c�ZDV
DSSOLHG�GXULQJ�YDULRXV�VWDJHV�RI�JURZWK��7KH�SURGXFW�VXSSOLHG�DPPRQLXP�QLWURJHQ�GLUHFWO\
WR�WKH�OHDYHV��RIIHULQJ�DQ�HQYLURQPHQWDOO\�VDIH�DOWHUQDWLYH�WR�VRLO�DYDLODEOH�QLWURJHQ��7KH
IOH[LELOLW\�LQ�DSSOLFDWLRQ�WLPLQJ��WDLORUHG�WR�ORFDO�FRQGLWLRQV��HQVXUHG�HIIHFWLYH�FRORQL]DWLRQ
DQG�SRVLWLYH�LPSDFWV�RQ�FURS�GHYHORSPHQW�DQG�\LHOG��$GGLWLRQDOO\��WKH�DSSOLFDWLRQ�RI�8WULVKD
1�%OXH1c�LQ�FRUQ�FXOWLYDWLRQ�KDV�VKRZQ�SURPLVLQJ�UHVXOWV��&RUQ��EHLQJ�D�KLJK�QLWURJHQ�
GHPDQGLQJ�FURS��EHQHILWV�VLJQLILFDQWO\�IURP�WKH�HQKDQFHG�QLWURJHQ�DYDLODELOLW\�SURYLGHG�E\
8WULVKD�1�%OXH1c��7ULDOV�KDYH�GHPRQVWUDWHG�WKDW�WKLV�ELRVWLPXODQW�QRW�RQO\�LPSURYHV�WKH
RYHUDOO�QLWURJHQ�HIILFLHQF\�RI�WKH�FURS�EXW�FRXOG�DOVR�HQKDQFHV�VHYHUDO�JURZWK�SDUDPHWHUV
DQG�XOWLPDWHO\� �JUDLQ �\LHOG� �2YHUDOO� �WKH �DSSOLFDWLRQ�RI �8WULVKD�1�%OXH1c�DFURVV �WKHVH
GLYHUVH �FURSV �GHPRQVWUDWHV �LWV �SRWHQWLDO �DV �D �GHSHQGDEOH �DQG �VXVWDLQDEOH �QLWURJHQ
PDQDJHPHQW�WRRO��7KLV�DSSURDFK�QRW�RQO\�VXSSRUWV�WKH�QXWULWLRQDO�QHHGV�RI�FURSV�EXW�DOVR
DOLJQV�ZLWK�JOREDO�HIIRUWV�WR�UHGXFH�WKH�HQYLURQPHQWDO�IRRWSULQW�RI�DJULFXOWXUDO�QLWURJHQ�XVH�
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3K\WRUHPHGLDWLRQ�SRWHQWLDO�RI�PHGLFLQDO�DQG�DURPDWLF�SODQWV
IRU�QLFNHO�FRQWDPLQDWHG�VRLOV
E\�(OHWWUD�)UDVVLQHWL�_�8QLYHUVLW\�RI�%RORJQD

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��(OHWWUD�)UDVVLQHWL
&RQWULEXWLRQ��3RVW

,Q�D�FRQVLGHUDEOH�SHUFHQWDJH�RI�DJULFXOWXUDO�ODQG�LQ�WKH�0HGLWHUUDQHDQ�UHJLRQ��1LFNHO��1L�
H[FHHGHG����PJ�NJ� �DQG�WKH�ULVN�IRU �FURS�SURGXFWLRQ� �HFRORJLFDO �DQG�KXPDQ�KHDOWK�LV
H[SHFWHG�WR�EH�GXH�WR�1L�LQ�DJULFXOWXUDO�VRLO��7KH�SRWHQWLDOO\�WR[LF�HIIHFW�RI�1L�LQ�VRLO�RQ�VRPH
FURSV �LPSRVHV �D �VWUDWHJ\ �RI �LQWHUYHQWLRQ �WR �UHGXFH �FRQWDPLQDWLRQ� �3K\WRUHPHGLDWLRQ
WUHDWPHQWV�XVH�LQGLJHQRXV�RU�H[RJHQRXV�SODQWV�WR�UHVWRUH�WKH�VRLO�RU�RWKHU�HQYLURQPHQWDO
PDWULFHV� �0DQ\�PHGLFLQDO �DQG�DURPDWLF �SODQWV ��0$3V� �PD\�DFFXPXODWH �UHODWLYHO\ �KLJK
FRQFHQWUDWLRQ �RI �WR[LF �PHWDOV �LQ �WKHLU �VKRRWV� �3K\VLRORJLFDO �PHFKDQLVPV �LQYROYHG �LQ
UHPHGLDWLRQ�SURFHVVHV �PD\�DOORZ�WKH�VDIH �XVH �RI �0$3V�IRU �KXPDQ�FRQVXPSWLRQ�ZKLOH
UHPRYLQJ�FRQWDPLQDQWV�IURP�VRLO�RU�ZDWHU��7KH�WZR�0$3V�+\SHULFXP�SHUIRUDWXP�/��DQG
0HOLVVD�RIILFLQDOLV�/��DUH�FRQVLGHUHG�1L�WROHUDQW�DQG�K\SHUDFFXPXODWLQJ�SODQWV��YDOXDEOH�IRU
VRLO�UHVWRUDWLRQ�SURFHVVHV��7KH�FXUUHQW�VWXG\�ZDV�DLPHG�WR�HYDOXDWH�WKH�SRWHQWLDO�LPSDFW�RI
1L�FRQWDPLQDWHG�VRLO�RQ�WKH�DGDSWDELOLW\��JURZWK��DQG�SKHQROLFV�ELRV\QWKHVLV�RI�WKH�WZR
VHOHFWHG�0$3V��1L�WUDQVORFDWLRQ��SODQWV�PHWDO�XSWDNH�FDSDFLW\�DQG�HIIHFW�RQ�VRLO�KDYH�EHHQ
LQYHVWLJDWHG��)RU�WKLV�SXUSRVH��SODQWV�ZHUH�JURZQ�LQ�FRQWUROOHG�HQYLURQPHQW�VLQFH�QXPHURXV
HQYLURQPHQWDO�YDULDEOHV�PD\�EH�HOLPLQDWHG��6RLO �ZDV�FROOHFWHG�LQ�DQ�H[SHULPHQWDO�IDUP
ORFDWHG�%RORJQD������FOD\������ORDP��DQG�����6DQG���ZHUH�DQDO\]HG�IRU�WRWDO�PLQHUDO
FRQWHQW �DQG �SK\VLFRFKHPLFDO �SDUDPHWHUV� �EHIRUH �WKH �EHJLQQLQJ �RI �WULDOV� �6RLO �ZDV
FRQWDPLQDWHG�ZLWK�1L��12����+�2�WR�UHDFK�����SSP�DQG�����SSP��YDOXHV�EHORZ�DQG�DERYH
WKH�'�OHJV����������WKUHVKROG�UHVSHFWLYHO\��DQG�D�FRQWURO�IRU�HDFK�VSHFLHV�ZDV�SURYLGHG��$
UDQGRPL]HG�SORW�VFKHPH�ZLWK���UHSOLFDWHV�IRU�HDFK�FRQGLWLRQ�ZDV�DGRSWHG��,Q�SODQW�JURZLQJ
SKDVH� �JUHHQKRXVH �SDUDPHWHUV �ZHUH �VHW �DV �IROORZV� �WHPSHUDWXUH ������d& �GD\�QLJKW�
SKRWRSHULRG ����K �OLJKW����K �GDUN� �DQG �SODQWV �ZHUH �LUULJDWHG �ZLWK �D �QXWULWLYH �VROXWLRQ
FRPSRVHG�E\�i�+RDJODQG�VROXWLRQ��7KH�HIIHFWV�RI�PHWDO�FRQWDPLQDWLRQ�RQ�JURZWK��JUHHQ
FRYHU�DUHD��JURZWK�LQGH[���VWUHVV�SDUDPHWHUV��FKORURSK\OO�DQG�SUROLQH�FRQWHQW���TXDOLWDWLYH
FRPSRXQGV��DQG�DQWLR[LGDQW�DFWLYLW\�RI�H[WUDFWV��'33+�WHVW�����GD\V�XS�WR�����GD\V�DIWHU
SODQWV�WUDQVSODQW�DW����GD\�LQWHUYDOV�KDG�EHHQ�DVVHVVHG��7RWDO�ELRPDVV�DQG�HVVHQWLDO�RLO��(2�
\LHOGV�ZHUH�REWDLQHG�E\�KDUYHVWLQJ�IUHVK�OHDYHV�DW�WKH�HQG�RI�FURSSLQJ�F\FOH�IRU�HDFK�VSHFLHV
DQG�FRQGLWLRQ��)RU�ERWK�VSHFLHV�1L�FRQWHQW�LQ�VRLO�GHFUHDVHG�LQ�����SSP�FRQGLWLRQ��RQ�WKH
RWKHU�KDQG�QR�HIIHFWV�ZHUH�REVHUYHG�IRU�����SSP�VRLOV��%RWK�FURSV�ZHOO�WROHUDWHG�1LFNHO
FRQWDPLQDWLRQ�LQ�WHUPV�RI�JUHHQ�FRYHU�DUHD��JURZWK�LQGH[�DQG�VWUHVV�SDUDPHWHUV� �ZLWK
YDOXHV �FRPSDUDEOH �WR �WKH �OLWHUDWXUH� �%LRPDVV �\LHOG �ZDV �QRW �DIIHFWHG �E\ �FRQWDPLQDQWV
UHDFKLQJ�HVWLPDWHG�YDOXHV�RI������DQG������NJ�KD�IRU�0��RIILFLQDOLV�DQG�+��SHUIRUDWXP�
UHVSHFWLYHO\��(2�\LHOG�VLJQLILFDQWO\�LQFUHDVHG�LQ�SODQWV�XQGHU�1L�VWUHVV�FRQGLWLRQ�IRU�ERWK
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FURSV��ZLWK�������DQG��������IRU�0��RIILFLQDOLV�DQG�+��SHUIRUDWXP��UHVSHFWLYHO\��&RQFHUQLQJ
WRWDO �SKHQROLFV ������ �DQG ����� �PJ����J �*$( �IRU �0� �RIILFLQDOLV �DQG �+� �SHUIRUDWXP�
UHVSHFWLYHO\��DQG�DQWLR[LGDQW�DFWLYLW\������DQG�����PPRO�7(�J�IRU�0��RIILFLQDOLV �DQG�+�
SHUIRUDWXP��UHVSHFWLYHO\��KLJKHVW�YDOXHV�ZHUH�REWDLQHG�XQGHU�1L�VWUHVV�FRQGLWLRQV�IRU�ERWK
WH[WHG�0$3V��$QDO\VHV�RQ�D�VHFRQG�\HDU�H[SHULPHQWDWLRQ�DUH�LQ�SURJUHVV�
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,GHQWLILFDWLRQ�DQG�FKDUDFWHUL]DWLRQ�RI�DJURQRPLF�SHUIRUPDQFH
RI�UHVLOLHQW�JHQRW\SHV
E\�6DUD�%RVL�_�/RUHQ]R�1HJUL�_�*LXOLD�2OLYHWL�_�0DUFR�6DQJLRUJL�_�5RFFR�(QULFR�6IHUUD]]D�_�*LRYDQQL�'LQHOOL
_�$OPD�0DWHU�6WXGLRUXP�8QLYHUVLWd�GL�%RORJQD�_�$OPD�0DWHU�6WXGLRUXP�8QLYHUVLWd�GL�%RORJQD�_�$OPD
0DWHU�6WXGLRUXP�8QLYHUVLWd�GL�%RORJQD�_�$OPD�0DWHU�6WXGLRUXP�8QLYHUVLWd�GL�%RORJQD�_�$OPD�0DWHU
6WXGLRUXP�8QLYHUVLWd�GL�%RORJQD�_�$OPD�0DWHU�6WXGLRUXP�8QLYHUVLWd�GL�%RORJQD

$EVWUDFW�,'����
7RSLF��&URS

3UHVHQWHU�1DPH��6DUD�%RVL
&RQWULEXWLRQ��3RVW

&OLPDWH�FKDQJH�KDV�DOUHDG\�QHJDWLYHO\�DIIHFWHG�WKH�DJULFXOWXUDO�VHFWRU�LQ�(XURSH��DQG�WKLV�LV
VHW �WR �FRQWLQXH �LQ �WKH �IXWXUH ��(($� ������� �7KH �RYHUDOO �LPSDFWV �RI �FOLPDWH �FKDQJH �RQ
(XURSHDQ�DJULFXOWXUH�FRXOG�LPSO\�D�VLJQLILFDQW�ORVV�IRU�WKH�VHFWRU��DSSUR[LPDWHO\������E\
������ZLWK�ODUJH�UHJLRQDO�YDULDWLRQV��(($���������2Q�D�QDWLRQDO�VFDOH��,WDO\�LV�DW�KLJK�ULVN�IRU
FOLPDWH�FKDQJH��GXH�WR�D�KLJK�VXVFHSWLELOLW\�WR�FOLPDWH�FKDQJH�LPSDFW��HVSHFLDOO\�UHODWHG�WR
GURXJKW�FULVLV��PRUH�IUHTXHQW�LQ�WKH�VXPPHU�VHDVRQ��,Q�WKH�VRXWKHUO\�UHJLRQV�WKH�UHVXOWLQJ
SUREDEOH�ORZHU�UHDOL]HG�RQ�IDUP�PDL]H�JUDLQ�DQG�ELR�PDVV�\LHOGV�PXVW�EH�VDIHJXDUGHG�
)LQDOO\��DIODWR[LQ�FRQWDPLQDWLRQ�LV�FRQVLGHUHG�DV�D�PDLQ�HPHUJLQJ�LVVXH�UHODWHG�WR�PDL]H
JURZQ�LQ�(XURSH��7KH�IXWXUH�FOLPDWH�FKDQJH�VFHQDULR�RI����d&�DERYH�SUH�LQGXVWULDO�OHYHOV
K\SRWKHVL]HG�IRU�(XURSH�LV�FRQVLGHUHG�UHDOLVWLF�DQG�FRXOG�FKDQJH�VHYHUDO�SODQW�SDWKRJHQ
LQWHUDFWLRQV�LQ�WKH�ZKROH�FRQWLQHQW��%DWWLODQL�HW�DO�� ��������7KH�RYHUDOO �REMHFWLYH�RI�WKH
&(57,�SURMHFW��IXQGHG�E\�WKH�(PLOLD�5RPDJQD�UHJLRQ�DV�SDUW�RI�WKH�365�*2,�������LV�WR
HYDOXDWH�WKH�DJURQRPLF�SHUIRUPDQFH�DQG�DGDSWDELOLW\�WR�FOLPDWLF�FKDQJH�RI�VXPPHU�FHUHDOV
VXFK �DV �VRUJKXP ��6RUJKXP �ELFRORU� �DQG �PLOOHW ��3DQLFXP �PLOLDFHXP�� �DVVHVVLQJ �WKHLU
DGDSWDELOLW\ �WR �FOLPDWLF �FRQGLWLRQV �FKDUDFWHUL]HG�E\ �ZDUPHU �WHPSHUDWXUHV �DQG�UHGXFHG
UDLQIDOO��,Q�WKH������VHDVRQ�����VRUJKXP�K\EULGV�DQG����PLOOHW�JHQRW\SHV�ZHUH�FRPSDUHG�LQ
ILHOG �WULDOV �DFFRUGLQJ �WR �D �UDQGRPL]HG �EORFN �H[SHULPHQWDO �VFKHPH�ZLWK �� �UHSOLFDWLRQV�
'XULQJ�DQG�DW�WKH�HQG�RI�WKH�ILHOG�WULDO��WKH�IROORZLQJ�WUDLWV�ZHUH�PHDVXUHG��SKHQRORJ\
�DQWKHVLV� �SK\VLRORJLFDO �PDWXULW\�� �JUHHQ �FDQRS\ �FRYHU �E\ �GLJLWDO �LPDJLQJ �WR �HVWLPDWH
UDGLDWLRQ�LQWHUFHSWLRQ��ZDWHU�XVH�DQG�VHQHVFHQFH��ORGJLQJ�LQFLGHQFH��FDQRS\�WHPSHUDWXUH
IURP �DQWKHVLV �WR �PDWXULW\� �63$' �LQGH[ �IURP �DQWKHVLV �RQZDUGV �DV �D �SUR[\ �YDOXH �IRU
SKRWRV\QWKHWLF�FDSDFLW\��JUDLQ�\LHOG�DQG�JUDLQ�\LHOG�FRPSRQHQWV��KDUYHVW�LQGH[��GLVHDVHV
VXVFHSWLELOLW\� �$OWKRXJK�WKH ������FURS �\HDU �ZDV �SDUWLFXODUO\ �GLIILFXOW �GXH �WR �H[FHVVLYH
UDLQIDOO�DW�WKH�EHJLQQLQJ�RI�WKH�F\FOH��WKH�GLIIHUHQW�VRUJKXP�K\EULGV�VKRZHG�DGDSWDELOLW\�WR
DGYHUVH�ZHDWKHU�FRQGLWLRQV�FRPSDUHG�WR�FRUQ���������$�VLPLODU��WUHQG�ZDV�REVHUYHG�IRU
PLOOHW� �ZKLFK�VKRZHG�H[FHOOHQW �UHVLOLHQFH�FKDUDFWHULVWLFV� �UDSLG �FURS�JURXQG�FRYHU �DQG
KLJKHU �\LHOG �SRWHQWLDO �IRU �HDUO\ �JHQRW\SHV ����� �W�KD� �WKDQ �IRU �LQWHUPHGLDWH �DQG �ODWH
DFFHVVLRQV������W�KD�DQG�����W�KD��UHVSHFWLYHO\���)XUWKHU�VWXGLHV�ZLOO�EH�QHHGHG�WR�YDOLGDWH
WKH�LGHQWLILHG�WUDLWV�DQG�WKH�PRVW�SURPLVLQJ�DFFHVVLRQV�

�
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:KHDW�SHD�LQWHUFURSSLQJ�IRU�IRUDJH�SURGXFWLRQ�LQ�DQ
DJURIRUHVWU\�V\VWHP
E\�6LOYLD�3DPSDQD�_�'DQLHOH�$QWLFKL�_�1LFROD�6LOYHVWUL�_�1LFROD�*URVVL�_�/HRQDUGR�(UFROLQL�_�/RUHQ]R
*DEULHOH�7UDPDFHUH�_�*LRYDQQL�5DOOR�_�)DWPD�+DPRXGD�_�$QJHOD�3XLJ�6LUHUD�_�0DUFR�&DUUDUD�_
'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�3LVD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG
DQG�(QYLURQPHQW��8QLYHUVLW\�RI�3LVD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��8QLYHUVLW\�RI
3LVD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�3LVD�_�'HSDUWPHQW�RI�$JULFXOWXUH�
)RRG�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�3LVD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��8QLYHUVLW\
RI�3LVD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�3LVD�_�'HSDUWPHQW�RI
$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�3LVD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG
(QYLURQPHQW��8QLYHUVLW\�RI�3LVD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�3LVD

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��6LOYLD�3DPSDQD
&RQWULEXWLRQ��3RVW

&OLPDWH�FKDQJH�LV �SUHGLFWHG�WR�DGYHUVHO\�DIIHFW �IRUDJH�\LHOG�DQG�TXDOLW\� �*UDVV�OHJXPH
LQWHUFURSSLQJ�KDV�EHHQ�UHSRUWHG�QRW�RQO\�WR�LQFUHDVH�IRUDJH�SURGXFWLRQ�DQG�TXDOLW\��EXW�DOVR
WR�EHWWHU�XVH�DYDLODEOH�VRLO�ZDWHU��UHGXFH�UXQ�RII��DQG�LQFUHDVH�WKH�\LHOG�SHU�XQLW�ZDWHU�
+RZHYHU��FHUHDO�DQG�OHJXPH�FURSV�PD\�H[SHULHQFH�PRUH�LQWHQVH�FRPSHWLWLRQ�IRU�ZDWHU�DQG
QXWULHQWV �XQGHU �GURXJKW� �$JURHFRORJLFDO �VROXWLRQV �OLNH �DJURIRUHVWU\ �FRXOG �PLWLJDWH �WKLV
FRQVWUDLQW�EHFDXVH�WUHHV�FDQ�SURYLGH�VKDGH�IRU�WKH�FURSV��DQG�SURWHFW�WKH�VRLO�IURP�GU\LQJ
RXW�DQG�HURVLRQ��0RUHRYHU��K\GUDXOLF�DQG�QXWULHQW�OLIW�PD\�KDSSHQ�EHFDXVH�RI�WKH�WUHH�URRWV�
WKXV�PDNLQJ�ZDWHU�DQG�QXWULHQWV�PRUH�DFFHVVLEOH�DOVR�IRU�KHUEDFHRXV�FURSV���,Q�WKH�SUHVHQW
UHVHDUFK��ZH�FRPSDUHG�WKH�DJURQRPLF�SHUIRUPDQFHV�RI�D�FRPPRQ�ZKHDW��7ULWLFXP�DHVWLYXP
/���FY�/XGZLQJ��ILHOG�SHD��3LVXP�VDWLYXP�/���FY�$XGLW��LQWHUFURSSLQJ�JURZQ�ERWK�ZLWK��L�H��
6,/92�$5$%/(��DQG�ZLWKRXW�WUHHV��L�H���$5$%/(���DW�GLIIHUHQW�1�IHUWLOL]DWLRQ�UDWHV��,Q�����
WKH�UDLQIHG�ILHOG�SORW �H[SHULPHQW�ZDV�HVWDEOLVKHG�DW�WKH�&HQWUH�IRU�$JUL�(QYLURQPHQWDO
5HVHDUFK��(QULFR�$YDQ]L��RI�WKH�8QLYHUVLW\�RI�3LVD��,WDO\����d���������1���d���������(��RQ�D
ORDP�VRLO�ZLWK�S+�RI�����DQG��������Z�Z�RI�RUJDQLF�PDWWHU�FRQWHQW��

,Q�WKH�6,/92�$5$%/(�V\VWHP����\U�ROG�SRSODU�WUHHV��3RSXOXV�b�HXUDPHULFDQD��'RGH��*XLQLHU
FORQH�,������SODQWHG�LQ�VLQJOH�URZV��1RUWK�6RXWK�RULHQWHG��ZHUH�JURZLQJ�EHWZHHQ�WKH�GLWFK
DQG�WKH�FURS��7KH�PL[WXUH�ZDV�IHUWLOL]HG�ZLWK��������DQG�����NJ�1�KD����DSSOLHG�KDOI�DW
WLOOHULQJ�DQG�KDOI �DW �VWHP�HORQJDWLRQ�VWDJH� �7KH�H[SHULPHQWDO �GHVLJQ�ZDV �D �WZR�IDFWRU
UDQGRPL]HG �FRPSOHWH �EORFN �GHVLJQ �ZLWK �WKUHH �UHSOLFDWHV� � �7KH �ILHOG �ZDV �SORXJKHG �LQ
6HSWHPEHU�DW�����P�GHSWK������DQG�����NJ�KD���RI�3�2��DQG�.�2�ZHUH�EURDGFDVW�DSSOLHG�DV
WULSOH�VXSHUSKRVSKDWH�DQG�SRWDVVLXP�VXOSKDWH��7KH�PL[WXUH�ZDV�VRZQ�RQ��QG�)HEUXDU\�DW
����DQG�����NJ�KD���VHHG�UDWH�IRU�SHD�DQG�ZKHDW��UHVSHFWLYHO\��$W�SHD�IORZHULQJ����WK
$SULO���WKH�IRUDJH�\LHOG�ZDV�DSSUDLVHG�E\�VDPSOLQJ�WZR�DUHDV�RI������P��SHU�SORW��+HUH��ZH
UHSRUW�WKH�ILUVW�DJURQRPLF�UHVXOWV�RQ�IRUDJH�\LHOG��7KH�FURSSLQJ�V\VWHP�GLIIHUHQWO\�DIIHFWHG
WKH�ELRPDVV�SURGXFHG�E\�ILHOG�SHD��GHSHQGLQJ�RQ�1�IHUWLOL]DWLRQ��:LWKRXW�1�IHUWLOL]DWLRQ��SHD
\LHOGHG�VLPLODUO\�LQ�WKH�WZR�V\VWHPV��EXW�ZLWK�WKH�PHGLXP�1�UDWH�����NJ�KD����SHD�DQG�WRWDO
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ELRPDVV�ZHUH�����KLJKHU�LQ�WKH�6,/92�$5$%/(�V\VWHP��ZKLOH�WKH�UHYHUVH�ZDV�WUXH�ZLWK�WKH
KLJKHVW�1�UDWH� �&RQYHUVHO\� �ZKHDW�ELRPDVV�DQG�SURSRUWLRQ�ZHUH�OLQHDUO\�ERRVWHG�E\�1
IHUWLOL]DWLRQ�LQ�ERWK�V\VWHPV��2XU�ILQGLQJV�VKRZ�WKDW�DJURIRUHVWU\�FDQ�PDLQWDLQ�VLJQLILFDQW
IRUDJH �\LHOG �DW �PRGHUDWH �1 �IHUWLOL]DWLRQ �UDWHV� �EHVLGHV �SURYLGLQJ �DGGLWLRQDO �HFRV\VWHP
VHUYLFHV�� �$FNQRZOHGJHPHQWV��7KLV�VWXG\�ZDV�FDUULHG�RXW�ZLWKLQ�WKH�1DWLRQDO�5HVHDUFK
&HQWUH�$JULWHFK�DQG�UHFHLYHG�IXQGLQJ�IURP�WKH�(XURSHDQ�8QLRQ�1H[W�*HQHUDWLRQ(8��3,$12
1$=,21$/( �', �5,35(6$ �( �5(6,/,(1=$ ��3155��0,66,21( �� �&20321(17( ���
,19(67,0(172 �����'�'� ����� ������������ �&1���������� �



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH����

2SWLPL]DWLRQ�VWUDWHJLHV�WR�GLYHUVLI\�IRRG�FURSSLQJ�V\VWHPV�
WZR�\HDU�UHVXOWV�ZLWK�SURWHLQ�FURSV�DFURVV�(XURSH
E\�*DEULHOD�$ODQGLD�_�1LVKD�6KDUPD�_�6LJQH�0DULH�-HQVHQ�_�)XODL�/LX�_�+DUP�%ULQNV�_�-RKDQ�:DQGHU�_
'UDJLFD�*UR]GDQLF�_�/XFLD�6DQFKH]�_�'DQLHO�0DUXVLJ�_�*HPLQL�'HOOH�9HGRYH�_�8QLYHUVLW\�RI�8GLQH�_
8QLYHUVLW\�RI�8GLQH�_�8QLYHUVLW\�RI�&RSHQKDJHQ�_�8QLYHUVLW\�RI�&RSHQKDJHQ�_�'HOSK\�_�'HOSK\�_�%HRWDQLFV�_
,17,$�_�8QLYHUVLW\�RI�&RSHQKDJHQ�_�8QLYHUVLW\�RI�8GLQH

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��*DEULHOD�$ODQGLD
&RQWULEXWLRQ��3RVW

7KH�SURGXFWLRQ�RI�SODQW�SURWHLQ�UHVSRQGV�WR�WKH�)DUP�WR�)RUN�SROLF\�VWUDWHJ\�IRU�EXLOGLQJ
VXVWDLQDEOH�IRRG�V\VWHPV��+RZHYHU��IDUPHUV�IDFH�GLIIHUHQW�FKDOOHQJHV�LQ�RUGHU�WR�DFKLHYH
VWDEOH�\LHOGV��7KH�ILUVW�ZRUN�SDFNDJH�RI�WKH�6PDUW�3URWHLQ�(8�SURMHFW�IRFXVHG�RQ�SODQW
SURWHLQ�FURS�SURGXFWLRQ��%HVLGHV�WKH�VFUHHQLQJ�RI�IRXU�SODQW�SURWHLQ�VSHFLHV�L�H��TXLQRD��IDYD
EHDQ��FKLFNSHD�DQG�OHQWLOV��WKH�SURMHFW�DLPHG�WR�YDOLGDWH�DQG�WHVW�GLIIHUHQW�RSWLPL]DWLRQ
VWUDWHJLHV�WR�VXSSRUW�SURGXFWLYLW\�HQKDQFHPHQW�DFURVV�(XURSH��7KH�DFWLYLWLHV�WRRN�SODFH�LQ
VHYHQ�FRXQWULHV�RI�QRUWK�DQG�VRXWK��,UHODQG��'HQPDUN��7KH�1HWKHUODQGV��,WDO\��6SDLQ�DQG
3RUWXJDO���7KH�SUHVHQWDWLRQ�SURSRVHG�VXPPDUL]HV�WKH�PDLQ�ILQGLQJV�RI�H[SHULPHQWV�WDNLQJ
SODFH�LQ������DQG�������,Q�WKH�1HWKHUODQGV��WKH�DSSOLFDWLRQ�RI�FKHPLFDO�FRQWURO�IRU�GLVHDVHV
LQ�IDYD�EHDQV�VKRZHG�VLJQLILFDQWO\�KLJKHU�\LHOGV��LQ�DYHUDJH�����PRUH��ZKHQ�FRPSDUHG�ZLWK
WKH�FRQWURO��QRQ�WUHDWHG�FXOWLYDUV���,QWHUHVWLQJO\��WKHUH�ZHUH�JHQRW\SHV�WKDW�UHDFKHG���W�KD��

ZLWKRXW �FKHPLFDO �FRQWURO �WKDW �DFKLHYH �SRWHQWLDO �SODQW �SURWHLQ �\LHOGV �RI ����� �W �KD���
$GGLWLRQDOO\��D�GHFLVLRQ�VXSSRUW�V\VWHP�IRU�IDUPHUV��%HVW�6RLO��ZDV�YDOLGDWHG�DQG�IRUHFDVWHG
ORZ�OHYHOV�����������RI�VRLO�ERUQH�SDWKRJHQV�ZKHQ�IDYD�EHDQ�LV�SODQQHG�WR�EH�LQWURGXFHG�LQ
WKH �FURS �URWDWLRQ� �7KH �FRPELQDWLRQ �RI �GLIIHUHQW �ZHHG�FRQWURO �VWUDWHJLHV �ZDV �WHVWHG �LQ
'HQPDUN�DQG�LQ�6SDLQ��,Q�'HQPDUN��WKH�VRZLQJ�GDWH��VHSDUDWHG�RI�RQH�ZHHN��WRJHWKHU�ZLWK
WKH�LPSOHPHQWDWLRQ�RI�D�IDOVH�VHHG�EHG�ZHUH�HYDOXDWHG�LQ������LQ�TXLQRD��IDYD�EHDQV�DQG
OHQWLOV��'URQH�LPDJHV�UHVXOWV�GLG�QRW�VKRZ�D�VLJQLILFDQW�GLIIHUHQFH�RI�WKH�ZHHG�FRYHUDJH
SUHVHQW�LQ�WKH�WKUHH�VSHFLHV�GXULQJ�WKH�ILUVW�VWDJHV�RI�JURZWK�����'$6���7KH�HDUO\�GLUHFW
VRZLQJ�VKRZHG�LQ�DYHUDJH�KLJKHU�FRYHUDJH�RI�ZHHGV�������FRPSDUHG�WR�WKH�FRYHUDJH�RQ�WKH
ODWH�VRZLQJ�DQG�WKH�HDUO\ �DQG�ODWH �IDOVH�VHHG�EHGV�WKDW �DYHUDJHG������ �,Q �6SDLQ� �WKH
FRPELQDWLRQ�RI�LQWHUFURSSLQJ�DQG�KDUURZLQJ�ZDV�HYDOXDWHG�LQ�D�IDUP�SURGXFLQJ�RUJDQLF
FKLFNSHD��5HVXOWV�RI�ZHHG�VDPSOLQJ�VKRZHG�WKDW�KDUURZLQJ�UHGXFHG�ZHHGV�E\������ZKHUHDV
LQWHUFURSSLQJ �FKLFNSHD �ZLWK �VSULQJ �ZKHDW �UHGXFHG �ZHHGV �E\ ����� �0RUHRYHU� �WKH
FRPELQDWLRQ�RI�LQWHUFURSSLQJ���KDUURZLQJ��UHGXFHG�ZHHGV�E\������$OVR�LQ�6SDLQ��WKH�HIIHFW
RI�KDUURZLQJ�WLPH���QXPEHU�RI�SDVVHV�ZDV�HYDOXDWHG�LQ�DQ�RUJDQLF�IDUP�SURGXFLQJ�OHQWLOV�
5HVXOWV�VKRZHG�WKDW�HDUO\�KDUURZLQJ�ZDV�PRUH�HIIHFWLYH�IRU�ZHHG�FRQWURO�WKDQ�ODWH�KDUURZ
SDVVHV������YV�����ZLWK�RQH�SDVV�DQG�����YV�����ZLWK�WZR�SDVVHV���,QWHUFURSSLQJ�RI
OHQWLOV �DQG �RDWV �ZDV �HYDOXDWHG �LQ �'HQPDUN �DQG �LQ �7KH �1HWKHUODQGV �LQ ������ �,Q �ERWK
FRXQWULHV��SUHFLSLWDWLRQV�EHIRUH�WKH�KDUYHVWLQJ�SHULRG�UHVXOWHG�LQ�ORZ�\LHOGV�GXH�WR�VHHG
VKDWWHULQJ��1HYHUWKHOHVV��D�SRVLWLYH�HIIHFW�RI�LQWHUFURSSLQJ�ZDV�REVHUYHG�LQ�7KH�1HWKHUODQGV
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WKURXJK�VLJQLILFDQWO\�KLJKHU�\LHOGV��E\������FRPSDUHG�WR�WKH�PRQRFURSSLQJ�V\VWHP�DQG�LQ
'HQPDUN�WKURXJK�/(5�!��YDOXHV�IRU�WKH�LQWHUFURSSLQJ��)LQDOO\� �,WDO\�VKRZHG�WKDW�GULS
LUULJDWLRQ�FDQ�VXSSRUW�OHQWLO�SURGXFWLRQ�HQKDQFLQJ�\LHOGV�E\������7KH�GLYHUVLILFDWLRQ�RI�IRRG
FURSSLQJ �V\VWHPV �DOVR �UHTXLUHV �WKH �GLYHUVLILFDWLRQ �RI �FURS �PDQDJHPHQW �SUDFWLFHV� �7KH
FRPELQDWLRQ�RI�GLIIHUHQW�VWUDWHJLHV�FDQ�OHDG�WR�VXSSRUW�DQG�HQKDQFH�\LHOG�VWDELOLW\�



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH����

(YDOXDWLRQ�RI�WKH�/RFDO�5\H��6HFHQD���(QYLURQPHQWDO
5HVLOLHQFH�DQG�3RWHQWLDO�LQ�WKH�$JUR�)RRG�&KDLQV�RI�WKH
0DWHVH�5HJLRQDO�3DUN5\H
E\�(QULFD�'H�)DOFR�_�*DEULHOH�0DULD�&LRIIL�_�6RILD�'HO�*DXGLR�_�9LVFDUGL�$QWRQLR�_�$QWRQHOOD�9LWWL�_
3HOOHJULQR�$OILHUL�_�8QLYHUVLWd�GHJOL�6WXGL�GL�6DOHUQR�_�8QLYHUVLWd�GHJOL�6WXGL�GL�6DOHUQR�_�8QLYHUVLWd�GHJOL
6WXGL�GL�6DOHUQR��8QLYHUVLWd�GHOOD�%DVLOLFDWD�_�8QLYHUVLWd�GHJOL�6WXGL�GL�6DOHUQR�_�8QLYHUVLWd�GHJOL�6WXGL�GL
6DOHUQR��8QLYHUVLWd�GHOOD�%DVLOLFDWD�_�8QLYHUVLWd�GHJOL�6WXGL�GL�6DOHUQR

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��(QULFD�'H�)DOFR
&RQWULEXWLRQ��3RVW

5\H��6HFDOH�FHUHDOH�/�� �KDV�EHHQ�WKH�EDVLV�RI �DJULFXOWXUH�IRU�FHQWXULHV�LQ�PRVW�RI �WKH
PRXQWDLQRXV�DQG�QRUWKHUQ�DUHDV�RI�(XUDVLD�EHFDXVH�LW�LV�PRUH�UHVLVWDQW�WKDQ�RWKHU�FHUHDOV
WR�ORZ�WHPSHUDWXUHV��,W�LV�D�YHU\�UXVWLF�VSHFLHV�DQG�KDV�JRRG�SURGXFWLRQ�HYHQ�LQ�SRRU��VDQG\
DQG�DFLGLF�VRLOV��LW�KDV�D�PRGHUDWH�WROHUDQFH�WR�VDOLQLW\��ZKLOH�LW�LV�HVSHFLDOO\�VHQVLWLYH�WR
VRLOV �ZLWK�ZDWHU�VWDJQDWLRQ�DQG�LW �LV �TXLWH�VHQVLWLYH�WR�ORGJLQJ� �&XUUHQWO\ �WKH�VXUIDFHV
GHGLFDWHG�WR�WKH�FXOWLYDWLRQ�RI�WR�WKLV�DXWXPQ�ZLQWHU�FHUHDO�LQ�,WDO\�DUH�H[WUHPHO\�VPDOO�
1RZDGD\V�U\H�LV �RI �JUHDW �LQWHUHVW �GXH�WR �LWV �QXWULWLRQDO �FRPSRVLWLRQ�DQG�QXWUDFHXWLFDO
FRPSRQHQWV��.DPDO�(OGLQ�HW�DO���������5DNKD�HW�DO�������$UHQGW�H�=DQQLQL�������$QGHUVVRQ
HW�DO����������$FFRUGLQJ�WR�UHFHQW�VWXGLHV��PRGHUQ�U\H�YDULHWLHV�KDYH�D�UHODWLYHO\�QDUURZ
JHQH �SRRO� �D �FRQGLWLRQ �WKDW �LV �ZRUVHQLQJ �LQ �PRUH �UHFHQW �EUHHGLQJ �SURFHVVHV� �7KH
SUHVHUYDWLRQ�RI�ORFDO�ODQGUDFHV�DV�XQLTXH�VRXUFHV�RI�JHQHWLF�GLYHUVLW\�KDV�WKHUHIRUH�EHFRPH
LPSRUWDQW��WR�SUHVHUYH�WKH�JHQHWLF�KHULWDJH�RI�U\H��,Q�WKLV�VWXG\��ZH�GHOLEHUDWHO\�IRFXVHG�RQ
WKH�ORFDO�HFRW\SH��6mFHQD��FRPLQJ�IURP�WKH�0DWHVH�5HJLRQDO�3DUN��7KH�VWDUWLQJ�PDWHULDO
ZDV�IRXQG�WKDQNV�WR�WKH�DFWLYLW\�RI�WKH�&DPSDQLD�$JUR�%LRGLYHUVLW\�SURMHFW��365������������
7KH�H[SHULPHQWDWLRQ�PRQLWRUHG�WKH�FURS�GXULQJ���������LQ�WZR�H[SHULPHQWDO�ILHOGV�ORFDWHG
DW �GLIIHUHQW �DOWLWXGHV ������ �DQG ���� �P �D�V�O�� �UHVSHFWLYHO\ �IRU �/HWLQR �DQG �6DQ �3RWLWR
6DQQLWLFR��DOO�LQ�WKH�3URYLQFH�RI�&DVHUWD��&DPSDQLD�5HJLRQ��6RXWKHUQ�,WDO\���7KH�U\H�ZDV
VRZQ�GXULQJ�WKH�VHFRQG�WHQ�GD\V�RI�$XJXVW�LQ�WKH�H[SHULPHQWDO�ILHOG�RI�/HWLQR�DQG�GXULQJ
WKH �VHFRQG �WHQ �GD\V �RI �1RYHPEHU �LQ �WKH �H[SHULPHQWDO �ILHOG �RI �6DQ �3RWLWR �6DQQLWLFR�
0HDVXUHPHQWV �DQG �VXUYH\V �ZHUH �FDUULHG �RXW �RQ �WKH �H[SHULPHQWDO �ILHOGV �IROORZLQJ �WKH
SKHQRORJLFDO �SKDVHV �RI �FXOWLYDWLRQ� �ZLWK �SDUWLFXODU �DWWHQWLRQ �WR �WKH �PDWXUDWLRQ �DQG
KDUYHVWLQJ�SKDVHV��7KH�UKHRORJLFDO�DQG�FKHPLFDO�SK\VLFDO�DQDO\]HV�ZHUH�FDUULHG�RXW�DQG
KLJKOLJKWHG�VRPH�GLIIHUHQFHV�LQ�UHODWLRQ�WR�WKH�FXOWLYDWLRQ�DUHD��7KH�UHVXOWV�VXSSRUWHG�WKH
YDORUL]DWLRQ�RI�WKLV�FHUHDO�LQ�D�TXDOLW\�OLYHVWRFN�VXSSO\�FKDLQV�DQG�IRU�WKH�SURGXFWLRQ�RI�IRRGV
RI�KLJK�IXQFWLRQDO�YDOXH��,Q�WKLV�ZD\�WKH�YDORUL]DWLRQ�RI�WKH�ORFDO�U\H��6HFHQD��FDQ�FRQWULEXWH
WR�WKH�LQ�VLWX�FRQVHUYDWLRQ�RI�ELRGLYHUVLW\�DQG�FDQ�VLJQLILFDQWO\�ERRVW�WKH�FHUHDO�VXSSO\�FKDLQ
RI�WKH�PRVW�GLVDGYDQWDJHG�PRXQWDLQ�FRPPXQLWLHV��$W�ODVW��WKH�UHVXOWV�VXSSRUW�WKH�LGHD�WKDW
U\H�FRXOG�EH�UHYDOXHG�DV�DQ��HQYLURQPHQWDOO\�UHVLOLHQW��VRXUFH�LQ�WKH�IXWXUH��ZLWK�D�YLHZ�WR
FXOWLYDWLQJ �FHUHDOV �VXLWDEOH �IRU �SURGXFWLRQ �HYHQ �LQ �D �FRQGLWLRQ �RI �JOREDO �ZDUPLQJ�
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$FNQRZOHGJHPHQWV� �:H �WKDQN �3URIHVVRU �1LFROD �/RPEDUGR� �'LUHFWRU �RI �WKH �,6,66 �RI
3LHGLPRQWH�0DWHVH��DQG�'L�&HFFR�)DUP�IRU�WKHLU�FROODERUDWLRQ�
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(QKDQFHPHQW�RI�WKH�&LOHQWR�OHJXPHV�VXSSO\�FKDLQ���3HD
EHDQ��DQG��0DQGLD�EHDQ���WZR�FDVH�VWXGLHV
E\�(QULFD�'H�)DOFR�_�*DEULHOH�0DULD�&LRIIL�_�*LDQOXFD�0DVVD�_�$QWRQLR�9LVFDUGL�_�=DFFDUGHOOL�0DVVLPR�_
8QLYHUVLWd�GHJOL�6WXGL�GL�6DOHUQR�_�8QLYHUVLWd�GHJOL�6WXGL�GL�6DOHUQR�_�8QLYHUVLWd�GHJOL�6WXGL�GL�6DOHUQR�_
8QLYHUVLWd�GHJOL�6WXGL�GL�6DOHUQR�_�8QLYHUVLWd�GHJOL�6WXGL�GL�6DOHUQR��&5($�2)

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��(QULFD�'H�)DOFR
&RQWULEXWLRQ��3RVW

7KLV�SDSHU�SUHVHQWV�WKH�UHVXOWV�RI�WKH�ILHOG�UHVHDUFK�FRQGXFWHG�LQ�WKH�\HDUV������DQG�����
RQ�WZR�YDULHWLHV�RI�EHDQ��WKH��3HD�EHDQ��DQG��0DQGLD�EHDQV���ERWK�3ODQW�*HQHWLF�5HVRXUFHV
LQFOXGHG�LQ�WKH�$%&�SURMHFW��365�����������&DPSDQLD�5HJLRQ�0HDVXUH�����VXE�PHDVXUH
������W\SH�RI�LQWHUYHQWLRQ����������ZLWK�WKH�DLP�RI�HQKDQFLQJ�DQG�HQULFKLQJ�WKH�VXSSO\�FKDLQ
DQG�ELRGLYHUVLW\�RI��&LOHQWR�OHJXPHV���7KH�ILHOG�H[SHULPHQWDWLRQ�ZDV�FDUULHG�RXW�LQ�VLWX�LQ
WKH�DUHDV�RI�RULJLQ�RI�HDFK�EHDQ��UHVSHFWLYHO\�DW��*UD]LDQR�)DUP���6HVVD�&LOHQWR���6$��IRU�WKH
�SHD�EHDQ��DQG�DW��6DQVRQH�IDUP���&HUDVR��6$��IRU�WKH��0DQGLD�EHDQ���ERWK�LQFOXGHG�LQ�WKH
DUHD�RI�WKH��1DWLRQDO�3DUN�RI�&LOHQWR��9DOOR�GL�'LDQR�DQG�$OEXUQL���,Q�ERWK�FDVHV��GXULQJ�WKH
FURS �F\FOHV �WKH �DJURQRPLF �DQG �SURGXFWLYLW\ �PHDVXUHPHQWV �ZHUH �FDUULHG �RXW� �%RWK
H[SHULPHQWDWLRQ�FRQILUPHG�IRU�WKHVH�YDULHWLHV�RI�EHDQ�DQ�XQGHWHUPLQHG�GHYHORSPHQW��$V
UHJDUGV�WKH��3HD�EHDQ���WKH�UHVXOWV�KLJKOLJKWHG�WKDW�VHHG�KDV�DQ�DYHUDJH�VL]H�RI�URXQGHG�WR
HOOLSWLFDO�VKDSH�LQ�ORQJLWXGLQDO�VHFWLRQ�DQG�EURDG�HOOLSWLFDO�LQ�FURVV�VHFWLRQ�ZLWK�WKH�ZHLJKW
RI������VHHGV�LQFOXGHG�EHWZHHQ�����J�DQG�����J��LW�LV�D�ZKLWH�FRORUHG�VHHG��ZLWK�D�XQLW
SURGXFWLRQ�RI �DERXW�����W �KD��� �7KH�GLPHQVLRQV�RI �WKH�VHHG�RI �WKH��0DQGLD�EHDQ��DUH
GHFLGHGO\�ODUJHU��ZLWK�WKH�ZHLJKW�RI������VHHGV�LQFOXGHG�EHWZHHQ�����J�DQG�����J��RQ�WKH
RSSRVLWH�WKH�XQLW�SURGXFWLRQ�LV�UHGXFHG��DPRXQWLQJ�WR�DURXQG�����W�KD����7KH�GXUDWLRQ�RI�WKH
PDWXUDWLRQ�SHULRG�ZDV�ORQJHU�IRU�WKH��0DQGLD�EHDQ���DOVR�LQ�UHODWLRQ�WR�WKH�VL]H�RI�WKH�VHHG�
7KH�FRPSDULVRQ�EHWZHHQ�WUDGLWLRQDO�FXOWLYDWLRQ�ZLWK�SROHV�DQG�QHW�FXOWLYDWLRQ�RQ��3HD�EHDQ�
KLJKOLJKWHG�KLJKHU�JUDLQ�SURGXFWLRQ�IRU�WUDGLWLRQDO�FXOWLYDWLRQ��7KH�DJURQRPLF�UHVXOWV�KDYH
KLJKOLJKWHG��KRZHYHU��WKH�SRVVLELOLW\�RI�PDUJLQV�IRU�LQFUHDVLQJ�SURGXFWLRQ��%RWK�YDULHWLHV
UHSUHVHQW�D�WUDGLWLRQDO�FXOWLYDWLRQ�IRU�WKHLU�DUHDV�RI�RULJLQ�DQG�DUH�DSSUHFLDWHG�IRU�WKHLU�KLJK
RUJDQROHSWLF�FKDUDFWHULVWLFV��7KH�VXUYH\V�KLJKOLJKWHG�WKDW�ERWK�YDULHWLHV�FRQVWLWXWH�D�YHU\
LPSRUWDQW�UHVRXUFH�IRU�WKH�KRUWLFXOWXUDO�VXSSO\�FKDLQV�RI�WKH�DUHD��HYHQ�LI�QRW�KLJK�LQ�WHUPV
RI�\LHOG��7KH�SURGXFWLRQV�FDQ�EH�LQFOXGHG�LQ�D�VXSSO\�FKDLQV�RI��/HJXPHV�RI�&LOHQWR���LQ�WKH
TXDOLW\�FDWHULQJ�DQG�DOVR�IRU�WUDQVIRUPDWLRQ��EDVHG�RQ�WKH�VXVWDLQDELOLW\�RI�FURSV��HVSHFLDOO\
FRQVLGHULQJ�WKDW�&LOHQWR�IDOOV�DPRQJ�WKH�WHUULWRULHV�WKDW�JDYH�ULVH�WR�WKH�0HGLWHUUDQHDQ�'LHW
LQ�ZKLFK�OHJXPHV�SOD\�D�UROH�RI�KLJK�LPSRUWDQFH�IRU�IRRG�YDOXH��$FNQRZOHGJHPHQWV��:H
WKDQN�WKH�IDUPV��*UD]LDQR��DQG��6DQVRQH��IRU�WKHLU�FROODERUDWLRQ�
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3K\VLRORJLFDO�DQG�DJURQRPLF�UHVSRQVHV�RI�FRPPRQ�ZKHDW
IROORZLQJ�IROLDU�DSSOLFDWLRQ�RI�0HWK\OREDFWHULXP�V\PELRWLFXP
E\�)UDQFHVFR�9DOHQWH�_�6LOYLD�3RWHVWLR�_�)UDQFHVFR�%R]]ROLQ�_�$QQD�3DQR]]R�_�*LXVHSSH�%DULRQ�_�9LWWRULR
%HUWLQ�_�*LRYDQQD�9LVLROL�_�<X�:DQJ�_�7HRILOR�9DPHUDOL�_�'HSDUWPHQW�RI�$JURQRP\��)RRG��1DWXUDO
5HVRXUFHV��$QLPDOV�DQG�WKH�(QYLURQPHQW��8QLYHUVLW\�RI�3DGXD�_�'HSDUWPHQW�RI�&KHPLVWU\��/LIH�6FLHQFHV
DQG�(QYLURQPHQWDO�6XVWDLQDELOLW\��8QLYHUVLW\�RI�3DUPD�_�'HSDUWPHQW�RI�$JURQRP\��)RRG��1DWXUDO
5HVRXUFHV��$QLPDOV�DQG�WKH�(QYLURQPHQW��8QLYHUVLW\�RI�3DGXD�_�'HSDUWPHQW�RI�$JURQRP\��)RRG��1DWXUDO
5HVRXUFHV��$QLPDOV�DQG�WKH�(QYLURQPHQW��8QLYHUVLW\�RI�3DGXD��������/HJQDUR��,WDO\�_�'HSDUWPHQW�RI
$JURQRP\��)RRG��1DWXUDO�5HVRXUFHV��$QLPDOV�DQG�WKH�(QYLURQPHQW��8QLYHUVLW\�RI�3DGXD��������/HJQDUR�
,WDO\�_�'HSDUWPHQW�RI�$JURQRP\��)RRG��1DWXUDO�5HVRXUFHV��$QLPDOV�DQG�WKH�(QYLURQPHQW��8QLYHUVLW\�RI
3DGXD��������/HJQDUR��,WDO\�_�'HSDUWPHQW�RI�&KHPLVWU\��/LIH�6FLHQFHV�DQG�(QYLURQPHQWDO�6XVWDLQDELOLW\�
8QLYHUVLW\�RI�3DUPD�_�,QVWLWXWH�RI�(QYLURQPHQWDO�5HVHDUFK�DW�*UHDWHU�%D\�$UHD��.H\�/DERUDWRU\�IRU�:DWHU
4XDOLW\�DQG�&RQVHUYDWLRQ�RI�WKH�3HDUO�5LYHU�'HOWD��0LQLVWU\�RI�(GXFDWLRQ��*XDQJ]KRX�8QLYHUVLW\�_
'HSDUWPHQW�RI�$JURQRP\��)RRG��1DWXUDO�5HVRXUFHV��$QLPDOV�DQG�WKH�(QYLURQPHQW��8QLYHUVLW\�RI�3DGXD

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��)UDQFHVFR�9DOHQWH
&RQWULEXWLRQ��3RVW

&XUUHQW�DJULFXOWXUH�LV�DGGUHVVLQJ�WKH�JURZLQJ�IRRG�GHPDQG�E\�LQWHQVLI\LQJ�FURS�FXOWLYDWLRQ
LQ�RUGHU�WR�LQFUHDVH�SURGXFWLYLW\��,Q�FHUHDO�FURSV��WKLV�KDV�OHG�WR�D�UDSLG�LQFUHDVH�LQ�FKHPLFDO
IHUWLOL]HU�XVH��ZKLFK�LV�UHYHDOLQJ�WR�EH�HFRORJLFDOO\�DQG�HFRQRPLFDOO\�XQVXVWDLQDEOH��+HQFH�
ILQGLQJ�QHZ�VWUDWHJLHV�WR�PLWLJDWH�WKH�DGYHUVH�HIIHFWV�RI�LQWHQVLYH�DJULFXOWXUH�KDV�EHFRPH�D
SULPDU\ �JRDO �RI �WKH �(8�&RPPRQ�$JULFXOWXUDO �3ROLF\� �7KH �DSSOLFDWLRQ �RI �SODQW �JURZWK
SURPRWLQJ�EDFWHULD��3*3%V��LV �UHFRJQLVHG�DV�D�VWUDWHJ\�WR�UHGXFH�QLWURJHQ�LQSXWV�DQG
DFKLHYH�JUHDWHU �FURS�VXVWDLQDELOLW\� �,Q �WKLV �IUDPHZRUN� �WKH �SUHVHQW �VWXG\�H[SORUHG�WKH
IHDVLELOLW\ �RI �FXOWLYDWLQJ �FRPPRQ�ZKHDW �ZLWK �D �UHGXFHG �GRVH �RI �QLWURJHQ �IHUWLOLVHU �E\
VXSSO\LQJ �WKH �QLWURJHQ�IL[LQJ �EDFWHULXP �0HWK\OREDFWHULXP �V\PELRWLFXP �VWUDLQ �6%��
�%OXH1c��&RUWHYD�$JULVFLHQFH��,7���7KH�ILHOG�WULDO�ZDV�FRQGXFWHG�LQ���������LQ�/HJQDJR
�9HURQD� �1(�,WDO\� �LQ �D�IHUWLOH �VDQG\�ORDP�VRLO �RQ�WKH�EUHDG�PDNLQJ�YDU� �/*�$XULJD�RI
7ULWLFXP�DHVWLYXP��E\�FRPSDULQJ�D�IXOO�DQG�D�UHGXFHG�QLWURJHQ�GRVH������DQG�����NJ�KD����
ZLWK�RU�ZLWKRXW�IROLDU�DSSOLFDWLRQ�DW�HQG�WLOOHULQJ�VWDJH�RI�WKH�ELRIHUWLOLVHU������J�KD���ZLWK
����/�KD���RI�ZDWHU���,QWHUHVWLQJ�SRVLWLYH�HIIHFWV�GXH�WR�WKH�EDFWHULD�DSSOLFDWLRQ�FRXOG�EH
REVHUYHG�LQ�ZKHDW�JURZWK�DQG�SK\VLRORJLFDO�SDUDPHWHUV��DQG�JUDLQ�TXDOLW\��PRVWO\�DW�WKH
UHGXFHG�GRVH�RI �QLWURJHQ� �&RQVLVWHQWO\�ZLWK�ILQGLQJV�RQ�RWKHU�FURSV� �0HWK\OREDFWHULXP
V\PELRWLFXP�EURXJKW�WR�D�GHOD\HG�OHDI�VHQHVFHQFH��WKXV�DOORZLQJ�D�SURORQJHG�VWD\�JUHHQ
DQG�SKRWRV\QWKHWLF�DFWLYLW\��$Q�LPSURYHPHQW�LQ�SKRWRV\QWKHWLF�SDUDPHWHUV��VXFK�DV�VWRPDWDO
FRQGXFWDQFH �DQG�36,, �HIILFLHQF\ �ZDV �DOVR �GHWHFWHG� �DJDLQ �PRVWO\ �LQ �WKH �OHVV �IHUWLOLVHG
WUHDWPHQW� �$ �TXDOLWDWLYH �WHVW �GHPRQVWUDWHG �WKDW �VXFK �EDFWHULXP�VKRZV �$&&�GHDPLQDVH
DFWLYLW\� �LQ �WKLV �ZD\�SRVVLEO\ �UHWULHYLQJ�VRPH�QLWURJHQ�DQG�UHGXFLQJ�WKH�SURGXFWLRQ�RI
HWK\OHQH� �DQG �WKXV �H[SODLQLQJ �SODQW �VHQHVFHQFH �GHOD\� �7KLV �ZRXOG �H[SODLQ �ZK\
0HWK\OREDFWHULXP �V\PELRWLFXP �KDV �EHWWHU �HIIHFWV �RQ �ZKHDW �XQGHU �UHGXFHG �QLWURJHQ
IHUWLOLVDWLRQ��$OWKRXJK�LWV�QLWURJHQ�IL[DWLRQ�DFWLYLW\�ZDV�QRW�LQYHVWLJDWHG�LQ�WKLV�WULDO��LW�LV
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H[SHFWHG�WKDW�XQGHU�PRGHUDWH�QLWURJHQ�IHUWLOL]DWLRQ�D�JUHDWHU�IL[DWLRQ�FDQ�DOVR�RFFXU��,Q
RUGHU�WR�FRYHU�WKH�ODFN�RI�LQIRUPDWLRQ�RQ�WKH�HIIHFWV�RI�0HWK\OREDFWHULXP�V\PELRWLFXP�RQ
SODQW�URRWV��WKLV�WULDO�IRXQG�QR�VLJQLILFDQW�HIIHFWV�RQ�URRW�JURZWK��DOWKRXJK�WKH�URRW�OHQJWK
GHQVLW\�ZDV�VRPHZKDW�LQFUHDVHG�LQ�WKH�DUDEOH�OD\HU��<LHOG�DQG�LWV�FRPSRQHQWV�ZHUH�QRW
DIIHFWHG �E\ �ELRIHUWLOL]DWLRQ� �ZKLOH �ERWK �JOXWHQLQ�WR�JOLDGLQ �DQG �WKH �+0:�WR�/0:�UDWLRV
LQFUHDVHG��DOORZLQJ�IRU�WKH�LPSURYHPHQW�RI�VRPH�UKHRORJLFDO�SURSHUWLHV�RI�WKH�IORXU��)URP
WKLV �SUHOLPLQDU\ �LQYHVWLJDWLRQ� �LW �LV �FRQFOXGHG �WKDW �WKH �UHFHQWO\ �UHOHDVHG �ELRIHUWLOL]HU
FRQWDLQLQJ �0HWK\OREDFWHULXP �V\PELRWLFXP �FDQ �LPSURYH �VRPH �SK\VLRORJLFDO �SURFHVVHV
UHODWHG �WR �QLWURJHQ �PHWDEROLVP�RI �ZKHDW �SODQWV� �DOWKRXJK�PDLQO\ �DW �UHGXFHG �FKHPLFDO
QLWURJHQ�GRVHV��8QGHU�WKH�UDLQ\�FRQGLWLRQV�RI�������WKHVH�FKDQJHV�ZHUH�QRW�WUDQVODWHG�LQWR
\LHOG�JDLQV��ZKLOH�LQFUHDVHV�RI�WKH�IORXU�WHQDFLW\�FRXOG�EH�H[SORLWHG�LQ�VSHFLILF�RYHQ�FRRNHG
SURGXFWV��$OWKRXJK�IXUWKHU�UHVHDUFK�LV�QHFHVVDU\�LQ�ZKHDW�DQG�RWKHU�FURSV��WKLV�ELRIHUWLOL]HU
FDQ�FXUUHQWO\�EH�H[SORLWHG�WR�UHGXFH�FKHPLFDO�IHUWLOL]DWLRQ��XQGHU�VXERSWLPDO�FRQGLWLRQV��DQG
RUJDQLF�IDUPLQJ�
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3ODQW�ELRGLYHUVLW\�LQ�YLQH\DUGV��D�SUHOLPLQDU\�VWXG\�RI�WKH
9DOSROLFHOOD�9DOOH\
E\�&ULVWLQD�3RUQDUR�_�(OHQD�%DVVR�_�6WHIDQR�0DFROLQR�_�'$)1$(���8QLYHUVLW\�RI�3DGRYD�_�'$)1$(��
8QLYHUVLW\�RI�3DGRYD�_�'$)1$(���8QLYHUVLW\�RI�3DGRYD

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��&ULVWLQD�3RUQDUR
&RQWULEXWLRQ��3RVW

7KH�YHJHWDWLRQ�EHWZHHQ�YLQH\DUG�URZV�LV�FRQVLGHUHG�D�VHUYLFH�FURS�EHFDXVH�LW�SURYLGHV
YDULRXV�HFRV\VWHP�VHUYLFHV��,W�KDV�EHHQ�GHPRQVWUDWHG�WKDW�FRPSDUHG�WR�WLOOHG�VRLO��LQWHU�URZ
YHJHWDWLRQ�FRYHU�FDQ�VLJQLILFDQWO\�UHGXFH�VHGLPHQW�UXQRII��7R�HQVXUH�SODQW�SHUVLVWHQFH�DQG
VWDELOLW\��VSHFLHV�XVHG�LQ�YLQH\DUG�DOOH\V�VKRXOG�EH�FKRVHQ�DFFRUGLQJ�WR�WKHLU�DGDSWDELOLW\�WR
VSHFLILF�HQYLURQPHQWDO�FRQGLWLRQV�DQG�PDQDJHPHQW�V\VWHPV��,QWHQVLYH�YLQH\DUGV�RIWHQ�KDYH
ORZ�ELRGLYHUVLW\�ZLWK�D�QHJDWLYH�HIIHFW�RQ�WKH�UHVLOLHQFH�RI�WKH�HQWLUH�YLQH\DUG�HFRV\VWHP��$
ILHOG�WULDO�ZDV�FRQGXFWHG�LQ�WKH�9DOSROLFHOOD�DUHD�LQ�QRUWKHDVWHUQ�,WDO\��LQFOXGLQJ�GLIIHUHQW
ORFDWLRQV ��� �YLQH\DUGV �DQG �D �SHUPDQHQW �PHDGRZ�� �7KH �YLQH\DUGV �ZHUH �VHOHFWHG �DV
UHSUHVHQWDWLYH �RI �WKH �FXOWLYDU �DQG �SODQWLQJ �SDWWHUQ �LQ �WKH �DUHD� �7KH �VWXG\ �DLPHG �DW
LQYHVWLJDWH�WKH�SODQW�ELRGLYHUVLW\�RQ�YLQH\DUG�LQWHU�URZV�FRYHUHG�E\�VSRQWDQHRXV�YHJHWDWLRQ
DQG�FRPSDUH�LW�ZLWK�D�ORFDO�SHUPDQHQW�PHDGRZ��7KUHH�ERWDQLFDO�VXUYH\V��%UDXQ�%ODQTXHW
PHWKRG��ZHUH�FRQGXFWHG�LQ�WKH���YLQH\DUGV�DQG�WKH�PHDGRZ��IRU�D�WRWDO�RI����VXUYH\V��7KH
UHODWLYH�VSHFLHV�DEXQGDQFHV�DQG�WKH�SHUFHQWDJH�RI�VRLO�YHJHWDWLRQ�FRYHU�ZHUH�UHFRUGHG�LQ�D
VXUIDFH�DUHD�RI����P���LQ�IDOO������DQG�VSULQJ�������$129$�ZDV�SHUIRUPHG�WR�WHVW�WKH�HIIHFW
RI�ORFDWLRQ�RQ�WKH�VXP�RI�WKH�QXPEHU�RI�VSHFLHV�UHFRUGHG�LQ�ERWK�VHDVRQV��)XUWKHUPRUH�
$129$V�ZHUH�SHUIRUPHG�WR�WHVW�WKH�HIIHFW�RI�ORFDWLRQ�VHDVRQ��DQG�WKHLU�LQWHUDFWLRQ�RQ�WRWDO
QXPEHU�RI �VSHFLHV� �VSHFLHV �H[FOXVLYH �WR �HDFK�VHDVRQ� �VSHFLHV �VKDUHG�EHWZHHQ�WKH�WZR
VHDVRQV��GRPLQDQW�VSHFLHV��DEXQGDQFH�!�����DQG�UDUH�VSHFLHV��DEXQGDQFH�������IRU�HDFK
VHDVRQ��7KH�FRUUHODWLRQV�EHWZHHQ�WKH�DQDO\VHG�SDUDPHWHUV�DQG�WKH�SHUFHQWDJH�RI�YHJHWDWLRQ
FRYHU�ZHUH�DOVR�LQYHVWLJDWHG��7KH�PHDGRZ�KDG�KLJKHU�VSHFLHV�ULFKQHVV�WKDQ�YLQH\DUG�LQWHU�
URZV��)RUW\�VL[�SODQW�VSHFLHV�ZHUH�UHFRUGHG�LQ�WKH�PHDGRZ��ZKLOH�LQ�WKH�LQWHU�URZV�WKH\
UDQJHG�IURP����WR�����&RPSDULQJ�WKH�WZR�VHDVRQV��QXPEHU�RI�VSHFLHV��QXPEHU�RI�H[FOXVLYH
VSHFLHV��DQG�QXPEHU�RI�UDUH�VSHFLHV�ZHUH�KLJKHU�LQ�VSULQJ�IRU���YLQH\DUGV�DQG�WKH�PHDGRZ�
:KLOH�QR�GLIIHUHQFHV�ZHUH�IRXQG�IRU�VKDUHG�DQG�GRPLQDQW�VSHFLHV��$�VLJQLILFDQW�FRUUHODWLRQ
ZDV�IRXQG�EHWZHHQ�WRWDO �QXPEHU�RI �VSHFLHV�DQG�YHJHWDWLRQ�FRYHU� �DV �ZHOO �DV �EHWZHHQ
QXPEHU�RI�GRPLQDQW�VSHFLHV�DQG�YHJHWDWLRQ�FRYHU��7KH�GLIIHUHQFH�EHWZHHQ�WKH�WZR�VHDVRQV
FDQ�EH�DWWULEXWHG�WR�WKH�VWUHVV�VXIIHUHG�E\�YHJHWDWLRQ�LQ�WKH�VXPPHU��ZKLFK�IDYRXU�ZDUP�
VHDVRQ�VSHFLHV�WKDW�DUH�FRQVLGHUHG�ZHHGV�DV�WKH\�OHDYH�WKH�JURXQG�EDUH�LQ�IDOO��7KLV�DVSHFW
ZLOO �EH �GHHSHQHG �ZLWK �ERWDQLFDO �VXUYH\V �SODQHG �IRU �WKH �QH[W �VXPPHU� �)HZ �VWXGLHV
LQYHVWLJDWHG�WKH�ELRGLYHUVLW\�RI�QDWLYH�RU�VHHGHG�LQWHU�URZ�YHJHWDWLRQ�DQG�WKHLU�HYROXWLRQ
RYHU�WLPH��6RPH�DXWKRUV�UHSRUWHG�WKDW�WKH�FKRLFH�RI�VHHGHG�VSHFLHV�DQG�WKHLU�PDQDJHPHQW
FDQ�DIIHFW�QXPEHU�RI�VSHFLHV�DQG�ERWDQLFDO�FRPSRVLWLRQ�LQ�WKH�LQWHU�URZ�YHJHWDWLRQ��2XU
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UHVXOWV �FRQILUPHG �WKH �KLJK �GLIIHUHQFH �LQ �VSHFLHV �ULFKQHVV �H[LVWLQJ �EHWZHHQ �SHUPDQHQW
PHDGRZV�DQG�YLQH\DUGV�LQWHU�URZ�YHJHWDWLRQ� �KLJKOLJKWLQJ�WKH�FUXFLDO �UROH�RI �JUDVVODQG
PDQDJHPHQW�LQ�SODQW�ELRGLYHUVLW\��)XUWKHU�VWXGLHV�DUH�QHFHVVDU\�WR�LQYHVWLJDWH�WKH�HIIHFW�RI
PDQDJHPHQW�SUDFWLFHV�RQ�WKH�LQWHU�URZ�YHJHWDWLRQ�IRU�D�PRUH�FRQVFLRXV�PDQDJHPHQW�RI
SODQW�ELRGLYHUVLW\�LQ�YLQH\DUGV�
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(QYLURQPHQWDO�DVVHVVPHQW�RI�RUJDQLF�DQG�FRQYHQWLRQDO
FXOWLYDWHG�PXVKURRP�$JDULFXV�ELVSRUXV��-�(�/DQJH��,PEDFK
SURGXFWLRQ�DFURVV�(XURSH
E\�3LHWUR�*RJOLR�_�7KRPDV�3RQVLRHQ�_�-DLPH�&DUUDVFR�&DUUDVFR�_�,YDQND�0LOHQNRYL�_�/XNDV]�.LZDOD�_�.ODUD
9DQ�0LHUOR�_�)UDQFHVFR�7HL�_�(HOVMH�2RVWHUNDPS�_�0DUJDULWD�3gUH]�_�8QLYHUVLW\�RI�3HUXJLD��,WDO\�_
:DJHQLQJHQ�8QLYHUVLW\�DQG�5HVHDUFK��7KH�1HWKHUODQGV�_�,5,$)��6SDLQ�_�(NRIXQJL��6HUELD�_�8*/.�/XNDV]
.LZDOD��3RODQG�_�:DJHQLQJHQ�8QLYHUVLW\�DQG�5HVHDUFK��7KH�1HWKHUODQGV�_�8QLYHUVLW\�RI�3HUXJLD��,WDO\�_
:DJHQLQJHQ�8QLYHUVLW\�DQG�5HVHDUFK��7KH�1HWKHUODQGV�_�&7,&+��6SDLQ

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��3LHWUR�*RJOLR
&RQWULEXWLRQ��3RVW

*OREDO�SURGXFWLRQ�RI�PXVKURRPV�KDV�LQFUHDVHG����IROG�EHWZHHQ������DQG�������UHDFKLQJ
PRUH �WKDQ ��� �PLOOLRQ �PHWULF �WRQQHV �LQ ������ �&KLQD� �WKH �ODUJHVW �PXVKURRP�SURGXFHU�
SURGXFHG�RYHU����0W�RI�PXVKURRPV��ZKLOH�WKH�(XURSHDQ�8QLRQ�SURGXFHG�PRUH�WKDQ���0W�LQ
����� �7KH �JOREDO �DYHUDJH �FRQVXPSWLRQ �LV �DERXW ���� �J �SHU �FDSLWD �SHU �ZHHN� �PDNLQJ
PXVKURRPV�D�UHOHYDQW �SDUW �RI �FRQVXPHUV� �GLHW �DQG�DQ�LPSRUWDQW �VRXUFH�RI �QRQ�DQLPDO
SURWHLQ��$JDULFXV�ELVSRUXV��-�(�/DQJH��,PEDFK�LV�D�PXVKURRP�EHORQJLQJ�WR�WKH�$JDULFDFHDH
IDPLO\��GLYLVLRQ�%DVLGLRP\FRWD��LQ�WKH�)XQJL�NLQJGRP��ZKLFK�LV�RQH�RI�WKH�PRVW�FXOWLYDWHG
PXVKURRP�VSHFLHV�ZRUOGZLGH��(QYLURQPHQWDO�DVVHVVPHQWV�RI�PXVKURRP�FXOWLYDWLRQ�DUH�VWLOO
VFDUFH�DQG�OLPLWHG�GDWD�LV�DYDLODEOH�RQ�WKH�HQYLURQPHQWDO�LPSDFWV�UHODWHG�WR�PXVKURRP
FXOWLYDWLRQ��7KHUHIRUH��WKHUH�LV�D�QHHG�WR�KDYH�D�EHWWHU�DQG�PRUH�FRPSUHKHQVLYH�DVVHVVPHQW
RI�WKH�HQYLURQPHQWDO�LPSDFWV�RI�PXVKURRP�SURGXFWLRQ��WR�LGHQWLI\�HQYLURQPHQWDO�KRWVSRWV
WKURXJKRXW�WKH�YDOXH�FKDLQ��WR�FRPSDUH�SURGXFWLRQ�V\VWHPV�DQG�UHJLRQV��DQG�WR�LGHQWLI\
SRWHQWLDO �LPSURYHPHQWV�RI �PXVKURRP�SURGXFWLRQ� �7KLV�UHVHDUFK�DVVHVVHG�HQYLURQPHQWDO
LPSDFWV�RI�WKUHH�$JDULFXV�ELVSRUXV�PXVKURRP�SURGXFWLRQ�V\VWHPV�DFURVV�(XURSH��6SDLQ�
3RODQG�DQG�6HUELD�ZKLFK�KDYH�TXLWH�VHSDUDWH�YDOXH�FKDLQV�DQG�JHRJUDSKLFDO�UHJLRQV�RI
SURGXFWLRQ� �)XUWKHU� �ERWK �FRXQWULHV �UHSUHVHQW �����DQG �����RI �WKH �RYHUDOO �PXVKURRP
PDUNHW�LQ�(XURSH�LQ�������$GGLWLRQDOO\��WKH�6HUELDQ�V\VWHP�ZDV�DVVHVVHG�EHFDXVH�RI�LWV
GLVWLQFW�JHRJUDSKLFDO�SURGXFWLRQ�DUHD��ILQDO�SURGXFW�DQG�PDUNHW��RUJDQLF�GU\�PXVKURRP��
.H\ �LPSDFWV �FRQVLGHUHG �LQFOXGH �LPSDFW �RQ �FOLPDWH �FKDQJH� �HQHUJ\ �FRQVXPSWLRQ�
HXWURSKLFDWLRQ�DQG�DFLGLILFDWLRQ��:H�IRXQG�WKDW�WKHUH�LV�D�ODUJH�YDULDELOLW\�LQ�WKH�VXEVWUDWH
FRPSRVLWLRQ��ZKLFK�LV�LQ�DOO�FDVHV�ZDV�D�FRPELQDWLRQ�RI�FRPSRVW��PDLQO\�VWUDZ�DQG�DQLPDO
PDQXUH��FRYHUHG�E\�FDVLQJ�PDWHULDOV��PDLQO\�SHDW���)XUWKHU��HQHUJ\�XVH��VXEVWUDWH�XVH�DQG
\LHOG�ZHUH�YHU\�YDULDEOH�DFURVV�FXOWLYDWLRQ�V\VWHPV��,Q�SDUWLFXODU��WKH�6HUELDQ�RUJDQLF�GULHG
PXVKURRP�ZDV�VLJQLILFDQWO\�GLIIHUHQW�IURP�WKH�RWKHU�FRQYHQWLRQDO�IUHVK�PXVKURRP�V\VWHPV
DVVHVVHG �KHUH� �7KLV �DIIHFWHG �WKH �OLIH �F\FOH �LPSDFW �DVVHVVPHQW �UHVXOWV� �7KH �ODUJHVW
FRQWULEXWLRQ�WR�HQYLURQPHQWDO�LPSDFW��DERXW�������RQ�DYHUDJH�UDQJLQJ�EHWZHHQ�������DQG
������DFURVV�DOO�LPSDFWV�DVVHVVHG��ZDV�DVVRFLDWHG�ZLWK�FRPSRVW�SURGXFWLRQ��IROORZHG�E\
HOHFWULFLW\�XVH�DQG�FDVLQJ��UHVSHFWLYHO\�������DQG�������RQ�DYHUDJH�DFURVV�DOO�V\VWHPV�DQG
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LPSDFW�FDWHJRULHV�DQDO\VHG���7KXV��RSWLPL]LQJ�FRPSRVWLQJ�DQG�FDVLQJ�SURGXFWLRQ��FRPELQHG
ZLWK�VZLWFKLQJ�WR�UHQHZDEOH�HQHUJ\�VRXUFHV�DSSHDUV�WR�EH�WKH�PRVW�HIIHFWLYH�WR�UHGXFH�WKH
RYHUDOO �HQYLURQPHQWDO �LPSDFWV �RI �PXVKURRP �SURGXFWLRQ� �$Q\ �PXVKURRP �JURZHUV �FDQ
LQFUHDVH�VXVWDLQDELOLW\�RI�PXVKURRP�SURGXFWLRQ�E\�LQFUHDVLQJ�PXVKURRP�SURGXFWLYLW\�DQG
UHGXFLQJ�WKH�FRPSRVW�DQG�SHDW�XVH��7KLV�UHVHDUFK�SURYLGHV�D�FRPSUHKHQVLYH�DVVHVVPHQW
DFURVV�(XURSH�ZKLFK�FRXOG�EH�IXUWKHU�H[SDQGHG�WR�LQFOXGH�D�PRUH�FRPSUHKHQVLYH�DQG
UHSUHVHQWDWLYH�RYHUYLHZ�RI�WKH�LPSDFW�RI�PXVKURRP�SURGXFWLRQ�DW�(XURSHDQ�OHYHO�
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5,62/2�SURMHFW��*HQHWLF�DQDO\VLV�RI�KLVWRULFDO�,WDOLDQ�ULFH
YDULHWLHV
E\�0DUWLQD�*KLGROL�_�(OHQD�&DVVDQL�_�0LFKHOH�6DOYDQ�_�0DWWHR�3HWLWWL�_�*LXVHSSH�'H�6DQWLV�_�0LFKHOD
/DQGRQL�_�3DROD�&DVDWL�_�6DOYDWRUH�5REHUWR�3LOX�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV�
3URGXFWLRQ��/DQGVFDSH�DQG�$JURHQHUJ\��8QLYHUVLW\�RI�0LODQ��9LD�&HORULD�����������0LODQ���,WDO\�_
'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV�3URGXFWLRQ��/DQGVFDSH�DQG�$JURHQHUJ\�
8QLYHUVLW\�RI�0LODQ��9LD�&HORULD�����������0LODQ���,WDO\�_�5HWL�6HPL�5XUDOL��3LD]]D�%UXQHOOHVFKL���������
6FDQGLFFL��),���,WDO\�_�5HWL�6HPL�5XUDOL��3LD]]D�%UXQHOOHVFKL����������6FDQGLFFL��),���,WDO\�_�5HWL�6HPL
5XUDOL��3LD]]D�%UXQHOOHVFKL����������6FDQGLFFL��),���,WDO\�_�'HSDUWPHQW�RI�(DUWK�DQG�(QYLURQPHQWDO
6FLHQFHV��8QLYHUVLW\�RI�3DYLD��9LD�6��(SLIDQLR�����������3DYLD��,WDO\�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG
(QYLURQPHQWDO�6FLHQFHV�3URGXFWLRQ��/DQGVFDSH�DQG�$JURHQHUJ\��8QLYHUVLW\�RI�0LODQ��9LD�&HORULD���
�������0LODQ���,WDO\�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV�3URGXFWLRQ��/DQGVFDSH�DQG
$JURHQHUJ\��8QLYHUVLW\�RI�0LODQ��9LD�&HORULD�����������0LODQ���,WDO\

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��0DUWLQD�*KLGROL
&RQWULEXWLRQ��3RVW

&XOWLYDWHG�ULFH��2U\]D�VDWLYD�/���ZDV�GRPHVWLFDWHG�IURP�ZLOG�ULFH��2U\]D�UXILSRJRQ�*ULII���
W\SLFDOO\ �GLVSOD\LQJ �IHZHU �JUDLQV �SHU �SDQLFOH �DQG �ORQJHU �JUDLQV �WKDQ �LWV �FXOWLYDWHG
FRXQWHUSDUW��$GGLWLRQDOO\��ZLOG�ULFH�KDV�ORQJ�DZQV��ZKHUHDV�FXOWLYDWHG�ULFH�KDV�VKRUW�DZQV�RU
ODFNV�WKHP�DOWRJHWKHU��7KHVH�FKDQJHV�UHSUHVHQW�FULWLFDO�HYHQWV�LQ�ULFH�GRPHVWLFDWLRQ��$
PDMRU �JHQH� �*5$,1�180%(5��*5$,1�/(1*7+�$1'�$:1�'(9(/230(17����*$'���
UHJXODWHV�WKHVH�FULWLFDO�FKDQJHV��*$'��LV�ORFDWHG�RQ�FKURPRVRPH���DQG�LV�SUHGLFWHG�WR
HQFRGH �D �VPDOO �VHFUHWRU\ �VLJQDO �SHSWLGH �EHORQJLQJ �WR �WKH �(3,'(50$/ �3$77(51,1*
)$&725�/,.( �IDPLO\� �$ �IUDPHVKLIW �LQVHUWLRQ �LQ �JDG� �GHVWUR\V �WKH �FRQVHUYHG �F\VWHLQH
UHVLGXHV�RI�WKH�SHSWLGH��UHVXOWLQJ�LQ�D�ORVV�RI�IXQFWLRQ��7KLV�PXWDWLRQ�FDXVHV�WKH�LQFUHDVHG
QXPEHU�RI �JUDLQV �SHU �SDQLFOH� �VKRUWHU �JUDLQV� �DQG�DZQOHVV �SKHQRW\SH�FKDUDFWHULVWLF �RI
FXOWLYDWHG�ULFH��7KH�HDUO\���WK�FHQWXU\�ZDV�D�IRUPDWLYH�SHULRG�IRU�,WDOLDQ�ULFH�FXOWLYDWLRQ�
ZLWK�VHYHUDO �WUDGLWLRQDO �YDULHWLHV �OD\LQJ�WKH�IRXQGDWLRQ�IRU �PRGHUQ�ULFH�IDUPLQJ�LQ�WKH
FRXQWU\� �7KHVH�YDULHWLHV� �JURZQ�SULPDULO\�LQ�WKH�IHUWLOH�UHJLRQV�RI�1RUWKHUQ�,WDO\� �ZHUH
LQWHJUDO�WR�,WDOLDQ�FXOLQDU\�WUDGLWLRQV��(DFK�YDULHW\�EURXJKW�XQLTXH�FKDUDFWHULVWLFV�WR�WKH
WDEOH��HQULFKLQJ�WKH�GLYHUVLW\�RI�,WDOLDQ�FXLVLQH��7RGD\��WKHVH�KLVWRULFDO�YDULHWLHV�FRQWLQXH�WR
EH�FHOHEUDWHG�IRU�WKHLU�FRQWULEXWLRQ�WR�,WDO\
V�DJULFXOWXUDO�DQG�JDVWURQRPLF�KHULWDJH��$OO
WKHVH�KLVWRULFDO�YDULHWLHV�VWHP�IURP�WKRVH�LQWURGXFHG�LQ�WKH���WK�FHQWXU\�IURP�DURXQG�WKH
ZRUOG�WR�LGHQWLI\�WKRVH�WKDW�FRXOG�DGDSW�WR�WKH�,WDOLDQ�HQYLURQPHQW�DQG�UHVLVW�ULFH�EODVW
GLVHDVH��ZKLFK�EHJDQ�GHYDVWDWLQJ�,WDOLDQ�ULFH�FURSV�LQ�WKH�PLG���WK�FHQWXU\��7KH�FURSV�DW
WKDW�WLPH�ZHUH�SULPDULO\�EDVHG�RQ�D�SRSXODWLRQ�FDOOHG��1RVWUDOH���$V�SDUW�RI�WKH�SURMHFW
WLWOHG��0XOWLSOLFDWLRQ��&KDUDFWHUL]DWLRQ��DQG�&RQVHUYDWLRQ�LQ�/RPEDUG\�RI�+LJK�4XDOLW\�5LFH
6HHGV �IRU �2UJDQLF �)DUPLQJ ��5,62/2��� �IXQGHG �E\ �WKH �/RPEDUG\ �5HJLRQ
V �5XUDO
'HYHORSPHQW�3URJUDP������������2SHUDWLRQ�����������&RQVHUYDWLRQ�RI�$QLPDO�DQG�3ODQW
%LRGLYHUVLW\�����DQFLHQW�WUDGLWLRQDO�ULFH�YDULHWLHV�GDWLQJ�EDFN�WR�WKH�ODWH���WK�DQG�HDUO\���WK
FHQWXULHV�ZHUH�VWXGLHG��:LWKLQ�WKH�5,62/2�SURMHFW��WKHVH�YDULHWLHV��FXOWLYDWHG�LQ�RSHQ�ILHOGV
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E\ �5HWL �6HPL �5XUDOL �DQG �SUHVHUYHG �LQ �WKH �3DYLD �*HUPSODVP �%DQN� �ZHUH �JHQHWLFDOO\
FKDUDFWHUL]HG�XVLQJ�665�PROHFXODU�PDUNHUV�WR�FODULI\�DQ\�UHGXQGDQFLHV�DPRQJ�WKH�FROOHFWHG
DFFHVVLRQV��6RPH�RI�WKHVH�DFFHVVLRQV��VXFK�DV�&KLQHVH�2VWLJOLD�DQG�1RYDUD��ZHUH�IRXQG�WR
KDYH�DZQV��D�WUDLW�VHOHFWHG�DJDLQVW�E\�EUHHGHUV�LQ�WKH���WK�FHQWXU\��DQG�DUH�FXUUHQWO\�XQGHU
IXUWKHU�PROHFXODU�VWXG\�WR�FKDUDFWHUL]H�WKH�*$'��ORFXV�
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,QYHVWLJDWLQJ�)/&�*HQH�LQ�&DPHOLQD�VDWLYD��WKH�(IIHFWV�RQ
)ORZHULQJ�7LPH�DQG�6HHG�6L]H
E\�0DUWLQD�*KLGROL�_�0LFKHOD�/DQGRQL�_�(OHQD�&DVVDQL�_�0LULDP�0DFDOOL�_�6DOYDWRUH�5REHUWR�3LOX�_
'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV�3URGXFWLRQ��/DQGVFDSH�DQG�$JURHQHUJ\�
8QLYHUVLW\�RI�0LODQ�_�'HSDUWPHQW�RI�(DUWK�DQG�(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLW\�RI�3DYLD�_�'HSDUWPHQW
RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV�3URGXFWLRQ��/DQGVFDSH�DQG�$JURHQHUJ\��8QLYHUVLW\�RI�0LODQ�_
'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV�3URGXFWLRQ��/DQGVFDSH�DQG�$JURHQHUJ\�
8QLYHUVLW\�RI�0LODQ�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV�3URGXFWLRQ��/DQGVFDSH�DQG
$JURHQHUJ\��8QLYHUVLW\�RI�0LODQ

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��0DUWLQD�*KLGROL
&RQWULEXWLRQ��3RVW

&DPHOLQD�VDWLYD��FRPPRQO\�NQRZQ�DV�FDPHOLQD�RU�IDOVH�IOD[��KDV�HPHUJHG�DV�D�SURPLVLQJ
FRYHU�FURS�ZLWK�VLJQLILFDQW�SRWHQWLDO�IRU�PLWLJDWLQJ�FOLPDWH�FKDQJH�ZKLFK�LV�RQH�RI�WKH�PRVW
SUHVVLQJ �JOREDO �FKDOOHQJHV� �QHFHVVLWDWLQJ �WKH �XUJHQW �GHYHORSPHQW �DQG �DGRSWLRQ �RI
VXVWDLQDEOH �VROXWLRQV� �&DPHOLQD �LV �DQ �RLOVHHG �FURS �QDWLYH �WR �(XURSH �DQG �&HQWUDO �$VLD
EHORQJLQJ�WR�WKH�%UDVVLFDFHDH�IDPLO\� �,W �LV �NQRZQ�IRU �LWV �UHVLOLHQFH�WR�GLYHUVH�FOLPDWLF
FRQGLWLRQV��LQFOXGLQJ�DULG�DQG�VHPL�DULG�UHJLRQV��PDNLQJ�LW�VXLWDEOH�IRU�FXOWLYDWLRQ�LQ�D�UDQJH
RI�HQYLURQPHQWV��LQVWHDG��LW�LV�FXUUHQWO\�VWXGLHG�DV�D�ELRIXHO�FURS�DQG�D�QHZ�VRXUFH�RI
SURWHLQ�DQG�RLO��7KH�VHHG�RLO�FRQWHQW�LV�DERXW������ZLWK�D�KLJK�OHYHO�RI�SRO\XQVDWXUDWHG�IDWW\
DFLGV ���������v�OLQROHQLF �DFLG� ��������OLQROHLF �DFLG� �����ROHLF �DFLG� �DQG �DERXW ����
HLFRVHQRLF�DFLG���,Q�WKLV�ZRUN��WKHUH�ZHUH�VWXGLHG�VL[�ZLQWHU�DQG�ILYH�VSULQJ�YDULHWLHV�RI�&�
VDWLYD�DQG�VRPH�OLQHV�JHQHUDWHG�ERWK�E\�WKH�FURVVLQJ�RI�VSULQJ�OLQHV�DQG�E\�WKH�FURVVLQJ�RI�D
VSULQJ�OLQH�IRU�D�ZLQWHU�OLQH� �$Q�DJURQRPLF�FKDUDFWHUL]DWLRQ�ZDV�FDUULHG�RXW�UHJDUGLQJ
SDUDPHWHUV�VXFK�DV�\LHOG��ZHLJKW�RI������VHHGV��DQG�IORZHULQJ�WLPH��DQG�UHJDUGLQJ�WKLV��)/&
JHQH��)ORZHULQJ�/RFXV�&�JHQH��ZDV�VWXGLHG�IRU�DOO�WKH�JHQHWLF�PDWHULDOV��7KH�GDWD�REWDLQHG
VKRZHG�WKDW�VSULQJ�YDULHWLHV�H[KLELWHG�HDUO\�PDWXULW\� �KLJK�VHHG�ZHLJKW�RI ������VHHGV
FRPSDUDEOH�WR�ZLQWHU�YDULHWLHV��$�VWURQJ�QHJDWLYH�FRUUHODWLRQ�EHWZHHQ������VHHG�ZHLJKW�DQG
GD\V �WR �IORZHULQJ ��U � ������� �S � �����(��� �VXJJHVWV �D �SK\VLRORJLFDO �DQG�RU �JHQHWLF
UHODWLRQVKLS�EHWZHHQ�WKHVH�WZR�WUDLWV� �7KLV�UHVXOW �DJUHHV�ZLWK�SUHYLRXV�ZRUN� �LQ�ZKLFK
VSULQJ�DQG�ZLQWHU�JHQRW\SHV�ZHUH�GLIIHUHQWLDWHG�E\�PRVW�VHHG�VKDSH�GHVFULSWRUV�DQG�LQ
SDUWLFXODU�VHHG�ZHLJKW� �IXUWKHUPRUH� �WKH�PDLQ�47/�DVVRFLDWHG�ZLWK�IORZHULQJ�SHULRG�LV
ORFDWHG�RQ�&KU���FKURPRVRPH����OLQNHG�WR�D�VWURQJ�47/�DVVRFLDWHG�ZLWK�VHHG�VL]H��)LQDOO\�
IORZHULQJ�WLPH�DQG�VHHG�VL]H�DUH�LPSRUWDQW�FKDUDFWHULVWLFV�WR�FRQVLGHU�LQ�EUHHGLQJ�SURJUDPV
WR �GHYHORS �FXOWLYDUV �ZLWK �GHVLUDEOH �IORZHULQJ �FKDUDFWHULVWLFV �DQG �D �VHHG �VL]H �WKDW �FDQ
IDFLOLWDWH�WKH�FXOWLYDWLRQ��KDUYHVWLQJ��DQG�SURFHVVLQJ�RI�FDPHOLQD�VHHGV��PDNLQJ�WKLV�SUHFLRXV
FURS�PRUH�DFFHVVLEOH�DQG�HFRQRPLFDOO\�VXVWDLQDEOH�IRU�IDUPHUV�



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH����

$JURQRPLF�UHVSRQVH�RI����FRWWRQ�JHQRW\SHV�FXOWLYDWHG�LQ�WZR
GLIIHUHQW�6LFLOLDQ�HQYLURQPHQWV�XQGHU�RUJDQLF�IDUPLQJ�
E\�)HGHULFD�$ODLPR�_�*LXVHSSH�9LWDOH�_�1LFROi�,DFX]]L�_�1RHPL�7RUWRULFL�_�*LXVHSSH�,QGRYLQR�_�6DUD
/RPEDUGR�_�3DROR�*XDUQDFFLD�_�7HUHVD�7XWWRORPRQGR�_�'HSDUWPHQW�RI�$JULFXOWXUDO��)RRG�DQG�)RUHVW
6FLHQFHV��8QLYHUVLW\�RI�3DOHUPR�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'L�$���8QLYHUVLW\�RI
&DWDQLD�_�'HSDUWPHQW�RI�$JULFXOWXUDO��)RRG�DQG�)RUHVW�6FLHQFHV��8QLYHUVLW\�RI�3DOHUPR�_�'HSDUWPHQW�RI
$JULFXOWXUDO��)RRG�DQG�)RUHVW�6FLHQFHV��8QLYHUVLW\�RI�3DOHUPR�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG
(QYLURQPHQW��'L�$���8QLYHUVLW\�RI�&DWDQLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'L�$��
8QLYHUVLW\�RI�&DWDQLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'L�$���8QLYHUVLW\�RI�&DWDQLD�_
'HSDUWPHQW�RI�$JULFXOWXUDO��)RRG�DQG�)RUHVW�6FLHQFHV��8QLYHUVLW\�RI�3DOHUPR

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��)HGHULFD�$ODLPR
&RQWULEXWLRQ��3RVW

&RWWRQ��*RVV\SLXP�VSS����EHORQJLQJ�WR�WKH�0DOYDFHDH�IDPLO\��LV�D�VHPL�[HURSK\WLF�VSHFLHV
QDWLYH�WR�FHQWUDO�DQG�QRUWKHUQ�$PHULFD�DQG�0H[LFR��,W�LV�RQH�RI�WKH�PRVW�UHOHYDQW�FURSV�IRU
QDWXUDO�ILEHU�SURGXFWLRQ�LQ�WKH�WH[WLOH�LQGXVWU\��2I�WKH����VSHFLHV�EHORQJLQJ�WR�WKH�JHQXV
*RVV\SLXP� �*� �DUERUHXP� �*� �HUEDFHXP� �*� �EDUEDVHQVH� �DQG �*� �KLUVXWXP �LQ �SDUWLFXODU
KLJKOLJKW�D�FRPPHUFLDO�LPSRUWDQFH��ZLWK�*��KLUVXWXP�WKDW�UHVXOWV�EHLQJ�WKH�PRVW�FXOWLYDWHG
RI�WKH�RWKHUV�DQG�IURP�ZKLFK�PRVW�RI�WKH�ILEHU�VXSSOLHG�E\�WKH�PRGHUQ�WH[WLOH�LQGXVWU\
FRPHV��,Q�UHFHQW�\HDUV��LW�LV�WKH�JURZLQJ�GHPDQG�IRU�QDWXUDO�ILEHUV�WKDW�KDV�OHG�LQ�WKH
0HGLWHUUDQHDQ�DUHD��DQG�LQ�SDUWLFXODU�LQ�6LFLO\��WR�D�UHQDLVVDQFH�RI�WKH�FXOWLYDWLRQ��ZKHUH�LW
UHSUHVHQWHG�D�ZLGHO\�FXOWLYDWHG�VSHFLHV�XQWLO�WKH�PLGGOH�RI�WKH�ODVW�FHQWXU\��2Q�WKH�EDVLV�RI
WKH�UHQHZHG�LQWHUHVW��LQ�WKLV�ZRUN�ZH�ZDQWHG�WR�LQYHVWLJDWH�WKH�FXUUHQW�YDULHWDO�ODQGVFDSH
ZLWK�D�YLHZ�WR�D�SRVVLEOH�UHVHWWOHPHQW�RI�WKH�FURS�LQ�WKH�6LFLOLDQ�FXOWLYDWLRQ�V\VWHPV��,Q�WZR
GLIIHUHQW�HQYLURQPHQWV�RI�WKH�6LFLOLDQ�UHJLRQ��7UDSDQL�DQG�&DWDQLD���WKH�DJURQRPLF�UHVSRQVH
RI����GLIIHUHQW�JHQRW\SHV�EHORQJLQJ�WR�WKH�VSHFLHV�RI�*RVV\SLXP�KLUVXWXP�/���*RVV\SLXP
EDUEDGHQVH�/���DQG�K\EULGV�RI�*��KLUVXWXP�[�*��EDUEDGHQVH��JURZQ�XQGHU�RUJDQLF�IDUPLQJ
ZHUH�YDOXHG��7KH�WULDO�ZDV�FDUULHG�RXW�GXULQJ�WKH�VSULQJ�DQG�VXPPHU�RI������DW�WKH�&DPSR
&DUERM�H[SHULPHQWDO�IDUP��8QLYHUVLW\�RI�3DOHUPR��ORFDWHG�LQ�WKH�SURYLQFH�RI�7UDSDQL�DQG�DW
WKH�8QLYHUVLW\�RI�&DWDQLD�H[SHULPHQWDO�IDUP��DGRSWLQJ�D�UDQGRPL]HG�EORFN�GHVLJQ�ZLWK�WKUHH
UHSOLFDWLRQV��7KH�IDFWRUV�XQGHU�VWXG\��HQYLURQPHQW�DQG�JHQRW\SH��VKRZHG�KLJKO\�VLJQLILFDQW
GLIIHUHQFHV��S����������IRU�UDZ�ILEHU�\LHOG��SHUFHQWDJH�RI�OLQW�DQG�SHUFHQWDJH�RI�VHHGV��7KH
UDZ�ILEHU �\LHOG �DQG�WKH �KLJKHU �SHUFHQWDJH�RI �OLQW �ZDV �DFKLHYHG�DW �WKH �&DPSR�&DUERM
H[SHULPHQWDO�IDUP��ZKLOH�WKH�KLJKHU�SHUFHQWDJH�RI�VHHGV�ZDV�DFKLHYHG�DW�WKH�8QLYHUVLW\�RI
&DWDQLD�H[SHULPHQWDO�IDUP��7KH�KLJKHVW�UDZ�ILEHU�\LHOG�ZDV�REWDLQHG�LQ�WKH�YDULHW\�$UPRQLD
������W�KD����DQG�WKH�ORZHVW�\LHOG�LQ�WKH�YDULHW\�3+<����������W�KD�����%RWK�YDULHWLHV�EHORQJ�WR
WKH�*��KLUVXWXP�VSHFLHV�DQG�FRPH�IURP�*UHHFH��7KH�KLJKHVW�SHUFHQWDJH�RI�OLQW�ZDV�IRXQG�LQ
WKH�&RQFKD�YDULHW\�����������RI�*��KLUVXWXP�IURP�6SDLQ��)RU�WKH�VDPH�SDUDPHWHU��WKH�ORZHVW
YDOXH�ZDV�IRXQG�LQ�WKH�K\EULG�+$���������������IURP�WKH�86$��7KH�UHVXOWV�RI�WKLV�VWXG\�DUH
SURPLVLQJ�IRU�D�SRVVLEOH�UHLQWURGXFWLRQ�RI�FRWWRQ�LQ�WKH�6LFLOLDQ�FXOWLYDWLRQ�V\VWHPV��$OO���
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JHQRW\SHV�VKRZHG�D�VSHFLILF�DELOLW\�WR�DGDSW�WR�6LFLOLDQ�FOLPDWLF�FRQGLWLRQV��DQG�VRPH�RI
WKHP�VWRRG�RXW�LQ�WHUPV�RI�SURGXFWLYLW\�
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(IIHFW�RI�WZR�GLIIHUHQW�SURWHLQ�K\GURO\VDWHV�RQ�FKHPLFDOV�DQG
\LHOG�SDUDPHWHUV�RI�WKUHH�0HGLWHUUDQHDQ�PHGLFLQDO�DQG
DURPDWLF�SODQWV
E\�'DYLGH�)DUUXJJLD�_�0DULR�/LFDWD�_�6DOYDWRUH�/D�%HOOD�_�*LRYDQQL�8UVR�_�)UDQFHVFR�6DODPRQH�_�-RKDQQHV
1RYDN�_�'HSDUWPHQW�RI�$JULFXOWXUDO��)RRG�DQG�)RUHVW�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�3DOHUPR�_
'HSDUWPHQW�RI�$JULFXOWXUDO��)RRG�DQG�)RUHVW�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�3DOHUPR�_�'HSDUWPHQW�RI
$JULFXOWXUDO��)RRG�DQG�)RUHVW�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�3DOHUPR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�
)RRG�DQG�)RUHVW�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�3DOHUPR�_�'HSDUWPHQW�RI�$JULFXOWXUDO��)RRG�DQG
)RUHVW�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�3DOHUPR�_�&OLQLFDO�'HSDUWPHQW�IRU�)DUP�$QLPDOV�DQG�)RRG
6\VWHP�6FLHQFH��8QLYHUVLW\�RI�9HWHULQDU\�0HGLFLQH��9LHQQD

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��'DYLGH�)DUUXJJLD
&RQWULEXWLRQ��3RVW

,Q�UHFHQW�GHFDGHV��DQ�LQFUHDVLQJ�LQWHUHVW�RQ�PHGLFLQDO�DQG�DURPDWLF�SODQWV��0$3V��KDV�EHHQ
REVHUYHG��0$3V�VKRZ�VHYHUDO�SURSHUWLHV�VXFK�DV�DQWLR[LGDQW��DQWLPLFURELDO��DQG�DQWLVHSWLF
GXH�WR�WKH�SUHVHQFH�LQ�SODQW�WLVVXHV�RI�YDULRXV�VHFRQGDU\�PHWDEROLWHV��7KH�ELRV\QWKHVLV�DQG
DFFXPXODWLRQ�RI�SK\WRFKHPLFDOV�LV�JUHDWO\�DIIHFWHG�E\�DELRWLF�DQG�ELRWLF�IDFWRUV��SURYLGLQJ
HIIHFWV�RQ�WKH�TXDOLWDWLYH�DQG�SUR�KHDOWK\�YDOXH�RI�SURGXFHG�UDZ�PDWHULDOV��7KH�FKRLFH�RI
JRRG�DJULFXOWXUDO�SUDFWLFHV�UHSUHVHQWV�D�FUXFLDO�DVSHFW�LQ�0$3V�FXOWLYDWLRQ�WR�REWDLQ�SODQW
PDWHULDOV �ZLWK �KLJK�TXDOLW\ �VWDQGDUG �LQ �WHUPV �RI �FKHPLFDO �FRPSRXQGV �DQG �DFWLYH
FRPSRQHQWV��,Q�WKLV�VFHQDULR��WKH�XVH�RI�ELRVWLPXODQWV�FDQ�EH�DQ�HIILFLHQW�SUDFWLFH�IRU�0$3V
FXOWLYDWLRQ�DOORZLQJ�IRU�UHGXFWLRQ�RI�DJURQRPLF�LQSXWV�DQG�LQFUHDVH�LQ�FURS�\LHOG�DQG�TXDOLW\�
)ROLDU�RU�URRW�ELRVWLPXODQWV�KDYH�EHHQ�VXFFHVVIXOO\�XVLQJ�RQ�YDULRXV�FURSV�IRU�ODVW�GHFDGH
EXW�QRZDGD\V�WKHUH�LV�D�ODFN�RI�LQIRUPDWLRQ�LQ�WKH�DSSOLFDWLRQ�RI�ELRVWLPXODQWV�RQ�0$3V�
%LRVWLPXODQWV�FRQWDLQ�VXEVWDQFHV�WKDW�FDQ�DOORZ�WR�REWDLQ�UDZ�PDWHULDO�ZLWK�KLJKHU�OHYHOV�RI
ELRDFWLYH�FRPSRXQGV�GXH�WR�WKH�HOLFLWDWLRQ�SKHQRPHQRQ��+XPLF�DFLGV��SURWHLQ�K\GURO\VDWHV�
QLWURJHQ�FRQWDLQLQJ �FRPSRXQGV� �VHDZHHG �H[WUDFWV� �FKLWRVDQ� �LQRUJDQLF �FKHPLFDOV�
P\FRUUKL]DO �IXQJL� �DQG �UKL]REDFWHULD �DUH �RQO\ �IHZ �H[DPSOHV �RI �VXEVWDQFHV �DQG
PLFURRUJDQLVPV�WKDW�DUH�FRQVLGHUHG�ELRVWLPXODQWV��3URWHLQ�K\GURO\VDWHV��3+V��DUH�DPLQR
DFLG�FRPELQDWLRQV�PDGH�IURP�WKH�K\GURO\VLV�RI�SODQW�DQG�DQLPDO�SURWHLQ�E\�SURGXFWV��$
QXPEHU�RI�VWXGLHV�KDYH�VKRZHG�WKH�EHQHILWV�RI�3+V�DSSOLFDWLRQ�LQ�D�ZLGH�UDQJH�RI�SODQW
VSHFLHV��7KH�DPLQR�DFLGV�LQFOXGHG�LQ�WKH�3+V�VROXWLRQV��D�SDUW�WKHLU�ELRVWLPXODQW�SURSHUWLHV�
SURYLGH�QLWURJHQ�VXSSO\�WR�SODQWV�DQG�PLJKW�SRWHQWLDOO\�EH�MXVW�DV�VXFFHVVIXO�IHUWLOL]HUV�DV
LQRUJDQLF�QLWURJHQ��%DVHG�RQ�WKDW��WKH�DLP�RI�WKLV��VWXG\�ZDV�WR�DVVHVV�WKH�HIIHFW�RI�IROLDU
DSSOLFDWLRQ�RI�WZR�GLIIHUHQW�W\SH�RI�SURWHLQ�K\GURO\VDWHV��RQH�SODQW�GHULYHG�DQG�RQH�DQLPDO�
GHULYHG��RQ�FKHPLFDO�DQG�\LHOG�SDUDPHWHUV�RI�WKUHH�SHUHQQLDO�0$3V��RUHJDQR��URVHPDU\��DQG
VDJH��FXOWLYDWHG�LQ�D�0HGLWHUUDQHDQ�HQYLURQPHQW��)RU�HDFK�SURGXFW��WKUHH�IROLDU�DSSOLFDWLRQV
ZHUH�SHUIRUPHG�GXULQJ�WKH�YHJHWDWLYH�VWDJHV�RI �HDFK�VSHFLHV� �:DWHU �ZDV�XVHG�DV �WKH
FRQWURO��$W�KDUYHVW��IUHVK�DQG�GU\�ELRPDVV�\LHOGV��HVVHQWLDO�RLO��(2��FRQWHQW�DQG�\LHOG�ZHUH
GHWHUPLQHG��(2V�ZHUH�DQDO\VHG�ZLWK�*DV�&KURPDWRJUDSK\�0DVV�6SHFWURPHWU\�WR�DVVHVV�WKH
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HIIHFW�RI�IROLDU�DSSOLFDWLRQ�RQ�WKH�(2V�FRPSRVLWLRQ��&KHPLFDO�DQG�PRUSKRORJLFDO�SDUDPHWHUV
ZHUH�VLJQLILFDQWO\�DIIHFWHG�E\�ELRVWLPXODQW�DSSOLFDWLRQ��7KH�KLJKHVW�YDOXHV�RI�ELRPDVV�\LHOG�
(2�FRQWHQW�DQG�(2�\LHOG�ZHUH�REVHUYHG�LQ�SODQWV�WUHDWHG�ZLWK�SODQW�GHULYHG�3+V��:KHQ
FRQVLGHULQJ �WKH �PRVW �UHSUHVHQWHG �(2V �FRPSRXQGV� �WKH �DSSOLFDWLRQ �RI �WKH �SURWHLQ
K\GURO\VDWHV�SURGXFHG�FRQWUDVWLQJ�UHVSRQVH�LQ�WKH�(2V�FRPSRVLWLRQ�RI�WKH�WKUHH�VSHFLHV�
7KLV�VWXG\�GHPRQVWUDWHV�WKDW�IROLDU�DSSOLFDWLRQ�RI�SURWHLQ�K\GURO\VDWH�SHUPLWV�WR�REWDLQ
VLJQLILFDQW�LQFUHDVH�LQ�ELRPDVV�\LHOG�DQG�(2V�FRQWHQW�LQ�0$3V�JURZQ�LQ�D�0HGLWHUUDQHDQ
HQYLURQPHQW� �)XUWKHUPRUH� �SODQW�EDVHG �3+V � �FRQVHQWV �WR �REWDLQ �WKH �KLJKHVW �\LHOGV �LQ
ELRPDVV�DQG�(2V��7KHVH�UHVXOWV�DUH�RI�LQWHUHVW�WR�FRPSDQLHV�WKDW�SURGXFH�ELRPDVV�DQG�(2V
REWDLQHG�IURP�0$3V�
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7LPH�VHULHV�RI�\LHOG�GDWD�IRU�ZKHDW�LQ�FRQWLQXRXV�FURSSLQJ�RU
GLIIHUHQW�URWDWLRQ�V\VWHPV
E\�0LFKHOD�)DUQHVHOOL�_�8PEHUWR�%RQFLDUHOOL�_�$QGUHD�2QRIUL�_�6WHIDQR�&LPDUHOOL�_�(XUR�3DQQDFFL�_
0DUFHOOR�*XLGXFFL�_�)UDQFHVFR�7HL�_�'LS��GL�6FLHQ]H�$JUDULH��$OLPHQWDUL�H�$PELHQWDOL��8QLY��3HUXJLD�_�'LS�
GL�6FLHQ]H�$JUDULH��$OLPHQWDUL�H�$PELHQWDOL��8QLY��3HUXJLD�_�'LS��GL�6FLHQ]H�$JUDULH��$OLPHQWDUL�H
$PELHQWDOL��8QLY��3HUXJLD�_�'LS��GL�6FLHQ]H�$JUDULH��$OLPHQWDUL�H�$PELHQWDOL��8QLY��3HUXJLD�_�'LS��GL
6FLHQ]H�$JUDULH��$OLPHQWDUL�H�$PELHQWDOL��8QLY��3HUXJLD�_�'LS��GL�6FLHQ]H�$JUDULH��$OLPHQWDUL�H
$PELHQWDOL��8QLY��3HUXJLD�_�'LS��GL�6FLHQ]H�$JUDULH��$OLPHQWDUL�H�$PELHQWDOL��8QLY��3HUXJLD

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��0LFKHOD�)DUQHVHOOL
&RQWULEXWLRQ��3RVW

,Q�6RXWKHUQ�,WDO\��UDLQIHG�IDUPLQJ�V\VWHPV�DUH�RIWHQ�EDVHG�RQ�FRQWLQXRXV�ZLQWHU�ZKHDW
FURSSLQJ� �WKDW �PD\ �QRW �EH �D �UDWLRQDO �SUDFWLFH� �OHDGLQJ �WR �GHFUHDVHG �\LHOG �OHYHOV� �ORZ
UHVLOLHQFH�WR�FOLPDWH�FKDQJHV�DQG�GHFUHDVHG�VRLO �KHDOWK�LQ�WKH�ORQJ�UXQ��8QIRUWXQDWHO\�
VWXG\LQJ�ORQJ�WHUP�HIIHFWV�IRU�IDUPLQJ�V\VWHPV�LV�QRW�DQ�HDV\�WDVN�DQG�UHTXLUHV�ORQJ�WHUP
H[SHULPHQWV��ZKLFK�QHHG�WR�EH�UXQ�IRU�YHU\�ORQJ�SHULRGV�RI�WLPH��,Q�WKLV�UHVHDUFK�VWXG\�ZH
KDYH�H[SORLWHG�WKH�GDWD�IURP�D�/RQJ�7HUP�([SHULPHQW��/7(���WKDW�ZDV�VWDUWHG�LQ������LQ�WKH
PHGLXP �7LEHU �9DOOH\� �7KLV �/7( �LV �EDVHG �RQ ��� �GLIIHUHQW �IDUPLQJ �V\VWHPV� �WKDW �DUH�
FRQWLQXRXV�ZKHDW�ZLWK�WKUHH�1�IHUWLOLVDWLRQ�OHYHOV��IQ�����IQ�����IQ����� ���PDL]H�ZKHDW
URWDWLRQV��ZLWK�GLIIHUHQW�IUHTXHQFLHV�RI�ZKHDW��I�P��I�I�P��I�I�I�P��I�I�I�I�P�H�I�I�I�I�I�P��DQG��
ELHQQDO �URWDWLRQV ��ZKHDW�JUDLQ �VRUJKXP� �ZKHDW�IDED �EHDQ� �ZKHDW�SHD�FKLFNSHD� �ZKHDW�
VXQIORZHU��ZKHDW�RLVHHG�UDSH�VXJDUEHHW���$OO�WKH����IDUPLQJ�V\VWHPV�DUH�UXQ�HLWKHU�XQGHU
WKH�UHPRYDO�RU�XQGHU�WKH�EXULDO�RI�FURS�UHVLGXHV��IRU�DOO �URWDWLRQV��DOO �FURS�SKDVHV�DUH
FRQWHPSRUDULO\�SUHVHQW�LQ�WKH�ILHOG�LQ�HDFK�\HDU�DQG�WKH��H[SHULPHQWDO�GHVLJQ�LV�D�VSOLW�SORW
ZLWK �FURS �UHVLGXHV �PDQDJHPHQW �LQ �WKH �PDLQ�SORWV �DQG �IDUPLQJ �V\VWHPV�SKDVHV �LQ �WKH
VXESORWV����UHSOLFDWHV�DQG������P��SORWV��:H�KDYH�FRQVLGHUHG�DQG�DQDO\]HG�\LHOG�GDWD�DQG
ZHDWKHU�GDWD�IURP������WR�������ZLWK�WKH�DLP�RI�GHWHUPLQLQJ�ORQJ�WHUP�DYHUDJHV�DQG�WLPH
VHULHV��LQ�UHODWLRQ�WR�WKH�URWDWLRQ�W\SH�DQG�UHVLGXH�PDQDJHPHQW�PHWKRG��5HVXOWV�VKRZ�WKDW
FURS�URWDWLRQ�SURGXFHG�EHWWHU�ORQJ�WHUP�EHQHILFLDO�HIIHFWV�RQ�\LHOG�OHYHO�DQG�VWDELOLW\��ZLWK
UHVSHFW�WR�FRQWLQXRXV�FURSSLQJ��WKH�SURYHG�WR�EH�DW�ULVN�RI�ORZ�UHVLOLHQFH�DQG�SURQH�WR�ORQJ�
WHUP�\LHOG�GHFUHDVHV��7KH�EXULDO�RI�FURS�UHVLGXHV�KDV�DOZD\V�SURYHG�WR�SURGXFH�EHQHILFLDO
HIIHFWV�RQ�ORQJ�WHUP�\LHOG�OHYHOV�ZLWK�DOO�URWDWLRQ�V\VWHPV��,Q�WKH�HQG��RXU�DQDO\VHV�VKRZHG
WKDW�UHVLOLHQW�IDUPLQJ�V\VWHPV�UHTXLUH�ORQJ�URWDWLRQV�ZLWK�VHYHUDO�GLIIHUHQW�FURSV�DQG�D�KLJK
GHJUHH�RI�ELRGLYHUVLW\�
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$�0XOWL�&ULWHULD�'HFLVLRQ�)UDPHZRUN�IRU�1LWURJHQ
)HUWLOL]DWLRQ�2SWLPL]DWLRQ�LQ�$JULYROWDLFV
E\�0LFKHOH�&URFL�_�'DYLGH�%HUDUGL�_�7RPPDVR�&DUOLQL�_�*LRUJLR�,PSROORQLD�_�<XUL�%HOORQH�_�0DQXHOH
5DJD]]L�_�5LFFDUGR�3DQLJDGD�_�&KLDUD�1LJUR�_�&KULVWLDQ�*LRUJL�_�/RUHQ]R�5HSHWWL�_�0LFKHOH�9DJKLQL�_
6LPRQH�0DFHWWL�_�/XFD�0DUWXOOR�_�*LXOLD�0LOFRYLFK�_�6WHIDQR�$PDGXFFL�_�8QLYHUVLWd�&DWWROLFD�GHO�6DFUR
&XRUH�_�8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_�8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_�8QLYHUVLWd�&DWWROLFD
GHO�6DFUR�&XRUH�_�8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_�8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_�8QLYHUVLWd
&DWWROLFD�GHO�6DFUR�&XRUH�_�8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_�8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_
8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_�8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_�8QLYHUVLWd�&DWWROLFD�GHO
6DFUR�&XRUH�_�8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_�8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_�8QLYHUVLWd
&DWWROLFD�GHO�6DFUR�&XRUH

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��0LFKHOH�&URFL
&RQWULEXWLRQ��3RVW

$JULYROWDLF ��$9� �V\VWHPV� �ZKLFK �LQWHJUDWH �DJULFXOWXUDO �SURGXFWLRQ �ZLWK �VRODU �HQHUJ\
JHQHUDWLRQ� �SUHVHQW�XQLTXH�FKDOOHQJHV�DQG�RSSRUWXQLWLHV�IRU�RSWLPL]LQJ�FURS�\LHOGV�DQG
UHVRXUFH�PDQDJHPHQW��1LWURJHQ��1��IHUWLOL]DWLRQ��D�NH\�IDFWRU�LQIOXHQFLQJ�FURS�JURZWK��LV
SDUWLFXODUO\�FRPSOH[�LQ�$9�HQYLURQPHQWV�GXH�WR�DOWHUHG�PLFURFOLPDWHV��VKDGLQJ�SDWWHUQV�
DQG�SRWHQWLDO�FRPSHWLWLRQ�IRU�UHVRXUFHV�EHWZHHQ�FURSV�DQG�SKRWRYROWDLF�SDQHOV��7KLV�VWXG\�
FRQGXFWHG�GXULQJ�WKH�FURS�PRGHOLQJ�ODERUDWRU\��DGGUHVVHV�WKHVH�FKDOOHQJHV�E\�GHYHORSLQJ�D
FRPSUHKHQVLYH�PXOWL�FULWHULD�GHFLVLRQ�DQDO\VLV��0&'$��IUDPHZRUN�WR�HYDOXDWH�DQG�FRPSDUH
GLYHUVH�DJURPDQDJHPHQW�VWUDWHJLHV� �ZLWK�D�VSHFLILF �IRFXV�RQ�RSWLPL]LQJ�1�IHUWLOL]DWLRQ�
XQGHU �YDULRXV �$9 �FRQILJXUDWLRQV� �7KH �UHVHDUFK �OHYHUDJHV �D �FRPELQDWLRQ �RI �DGYDQFHG
PRGHOLQJ�WHFKQLTXHV��LQFOXGLQJ�UDGLDWLRQ�PRGHOV�WR�VLPXODWH�OLJKW�DYDLODELOLW\�XQGHU�VRODU
SDQHOV�DQG�WKH�'$,6<�FURS�JURZWK�PRGHO�WR�SUHGLFW�FURS�UHVSRQVHV�WR�GLIIHUHQW�PDQDJHPHQW
SUDFWLFHV��7KLV�LQWHJUDWHG�PRGHOLQJ�DSSURDFK�HQDEOHV�D�GHWDLOHG�DVVHVVPHQW�RI�WKH�FRPSOH[
LQWHUDFWLRQV�EHWZHHQ�$9�LQIUDVWUXFWXUH��FURS�SK\VLRORJ\��DQG�1�IHUWLOL]DWLRQ�UHJLPHV��7KH
VWXG\�IRFXVHV�RQ�DQ�H[SHULPHQWDO�RYHUKHDG�EL�D[LDO��2%$��$9�V\VWHP�ORFDWHG�DW�8QLYHUVLWk
&DWWROLFD�GHO�6DFUR�&XRUH��8&6&��LQ�3LDFHQ]D��,WDO\��0DL]H��D�VWDSOH�FURS�ZLWK�VLJQLILFDQW�1
UHTXLUHPHQWV� �ZDV �VHOHFWHG�DV �WKH �PRGHO �FURS�WR �LQYHVWLJDWH �WKH �HIIHFWV �RI �YDU\LQJ�1
IHUWLOL]DWLRQ�UDWHV�DQG�WLPLQJV�XQGHU�WKH�2%$�V\VWHP��6LPXODWLRQV�ZHUH�FRQGXFWHG�IRU�WHQ
JURZLQJ�VHDVRQV�WR�FDSWXUH�WKH�ORQJ�WHUP�G\QDPLFV�RI�FURS�JURZWK�DQG�1�XSWDNH�XQGHU�WKH
$9�HQYLURQPHQW� �7KH�0&'$�IUDPHZRUN�LQWHJUDWHV�PXOWLSOH�NH\�SHUIRUPDQFH�LQGLFDWRUV
�.3,V��GHULYHG�IURP�WKH�VLPXODWLRQV��LQFOXGLQJ�FURS�\LHOG�UDWLR��WKH�UDWLR�RI�FURS�\LHOG�XQGHU
WKH�$9�V\VWHP�WR�\LHOG�LQ�RSHQ�ILHOG�FRQGLWLRQV���QLWURJHQ�XVH�HIILFLHQF\��18(��D�PHDVXUH�RI
KRZ�HIIHFWLYHO\�FURSV�XWLOL]H�DSSOLHG�1�� �DQG�ZDWHU�XVH�HIILFLHQF\��:8(��UHIOHFWLQJ�WKH
DPRXQW �RI �ELRPDVV �SURGXFHG�SHU �XQLW �RI �ZDWHU �FRQVXPHG�� �7KHVH�.3,V �ZHUH�FDUHIXOO\
VHOHFWHG�WR�UHIOHFW�WKH�DJURQRPLF��HQYLURQPHQWDO��DQG�HFRQRPLF�GLPHQVLRQV�RI�VXVWDLQDEOH
$9�SURGXFWLRQ�V\VWHPV��7KH�0&'$�DSSURDFK�ZDV�DSSOLHG�WR�HYDOXDWH�DJURPDQDJHPHQW
VFHQDULRV�IRU�ILYH�GLVWLQFW�SRVLWLRQV�ZLWKLQ�WKH�2%$�V\VWHP��HDFK�FKDUDFWHUL]HG�E\�GLIIHUHQW
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VKDGLQJ�SDWWHUQV�DQG�PLFURFOLPDWLF�FRQGLWLRQV��%\�UDQNLQJ�WKH�VFHQDULRV�EDVHG�RQ�WKHLU
SHUIRUPDQFH�DFURVV �WKH �PXOWLSOH �.3,V� �WKH �IUDPHZRUN�LGHQWLILHV �RSWLPDO �1�IHUWLOL]DWLRQ
VWUDWHJLHV�WKDW�EDODQFH�SURGXFWLYLW\��UHVRXUFH�HIILFLHQF\��DQG�HFRQRPLF�YLDELOLW\�IRU�HDFK
VSHFLILF�ORFDWLRQ�ZLWKLQ�WKH�$9�DUUD\��7KLV�UHVHDUFK�QRW�RQO\�SURYLGHV�YDOXDEOH�LQVLJKWV�LQWR
RSWLPL]LQJ�1�PDQDJHPHQW�LQ�$9�V\VWHPV�EXW�DOVR�RIIHUV�D�YHUVDWLOH�IUDPHZRUN�IRU�DVVHVVLQJ
WKH�VXVWDLQDELOLW\�DQG�UHVLOLHQFH�RI�GLIIHUHQW�$9�GHVLJQV�DQG�DJURPDQDJHPHQW�SUDFWLFHV��7KH
0&'$�DSSURDFK�FDQ�EH�UHDGLO\�DGDSWHG�WR�LQFRUSRUDWH�DGGLWLRQDO�.3,V�DQG�FRQVWUDLQWV��VXFK
DV�HFRQRPLF�SURILWDELOLW\� �VRLO �KHDOWK��DQG�JUHHQKRXVH�JDV�HPLVVLRQV��WR�JXLGH�GHFLVLRQ�
PDNLQJ �WRZDUGV �PRUH �VXVWDLQDEOH �DQG �SURILWDEOH �$9�V\VWHPV� �%\ �LQWHJUDWLQJ �VFLHQWLILF
PRGHOLQJ��GDWD�GULYHQ�DQDO\VLV��DQG�D�PXOWL�FULWHULD�GHFLVLRQ�PDNLQJ�DSSURDFK��WKLV�VWXG\
FRQWULEXWHV �WR �WKH �JURZLQJ �ERG\ �RI �NQRZOHGJH �RQ �$9 �V\VWHPV �DQG �WKHLU �SRWHQWLDO �WR
UHYROXWLRQL]H�VXVWDLQDEOH�DJULFXOWXUH�DQG�UHQHZDEOH�HQHUJ\�SURGXFWLRQ�
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:HHG�SHUFHSWLRQ�DQG�FURS�FRPSHWLWLYHQHVV�DV�FULWLFDO�WUDLWV
IRU�EUHHGLQJ�QHZ�ZKHDW�OLQHV�EDVHG�RQ�VXVWDLQDELOLW\
SULQFLSOHV
E\�1DXVLFDD�3ROODUR�_�9DOHULR�&LULOOR�_�&ODXGLR�5XVVR�_�0LFKHOD�7HUUHFXVR�_�0DUFR�&HSSDUXOR�_�(XJHQLR
&R]]ROLQR�_�$OELQR�0DJJLR�_�'LSDUWLPHQWR�GL�$JUDULD��8QLYHUVLWd�GHJOL�6WXGL�GL�1DSROL�)HGHULFR�,,�_
'LSDUWLPHQWR�GL�$JUDULD��8QLYHUVLWd�GHJOL�6WXGL�GL�1DSROL�)HGHULFR�,,�_�'LSDUWLPHQWR�GL�$JUDULD��8QLYHUVLWd
GHJOL�6WXGL�GL�1DSROL�)HGHULFR�,,�_�'LSDUWLPHQWR�GL�$JUDULD��8QLYHUVLWd�GHJOL�6WXGL�GL�1DSROL�)HGHULFR�,,
�,7��_�'LSDUWLPHQWR�GL�$JUDULD��8QLYHUVLWd�GHJOL�6WXGL�GL�1DSROL�)HGHULFR�,,�_�&RXQFLO�IRU�$JULFXOWXUDO
5HVHDUFK�DQG�(FRQRPLFV��&5($�l5HVHDUFK�&HQWHU�IRU�&HUHDO�DQG�,QGXVWULDO�&URSV�_�'LSDUWLPHQWR�GL
$JUDULD��8QLYHUVLWd�GHJOL�6WXGL�GL�1DSROL�)HGHULFR�,,

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��1DXVLFDD�3ROODUR
&RQWULEXWLRQ��3RVW

:LWK�WKH�*UHHQ�5HYROXWLRQ�KDYH�EHHQ�VHOHFWHG�ZKHDW�YDULHWLHV�ZLWK�D�PXWDWLRQ�RI�5HGXFHG
+HLJKW��5KW��GZDUILQJ�JHQHV��DOORZLQJ�WKH�LQWHQVLYH�XVH�RI�IHUWLOL]HUV�ZLWK�ORZ�ULVN�RI�ORGJLQJ
IRU �\LHOG �PD[LPL]DWLRQ� �$ �GUDZEDFN �RI �WKLV �PXWDWLRQ �LV �WKH �ORZHU �WROHUDQFH �WR �ZHHG
FRPSHWLWLRQ��DQ�DVSHFW�OLQNHG�ZLWK�WKH�SHUFHSWLRQ�RI�FKDQJHV�LQ�OLJKW�TXDOLW\�DQG�TXDQWLW\
PHGLDWHG�E\�FRPSOH[�KRUPRQDO�FURVV�WDONV��6LQFH�KHUELFLGH�HIILFDF\�LV�WKUHDWHQHG�GXH�WR
UHVLVWDQW �ZHHGV� �LW �LV �FUXFLDO �WR �ILQG �QHZ�VWUDWHJLHV �WKDW �PLQLPL]H �KHUELFLGH �XVH� �2QH
SURPLVLQJ�DSSURDFK�LV�WR�GHYHORS�PRUH�FRPSHWLWLYH�FURSV��DQG�ORFDO�YDULHWLHV�FDQ�UHSUHVHQW
DQ�LPSRUWDQW�VRXUFH�RI�WROHUDQFH�WUDLWV�IRU�WKLV�FRPSHWLWLYHQHVV�RULHQWHG�EUHHGLQJ��7KH�DLP
RI�WKLV�VWXG\�ZDV�WR�LGHQWLI\�WKH�WUDLWV�OLQNHG�ZLWK�ZKHDW�WROHUDQFH�WR�ZHHG�FRPSHWLWLRQ�LQ�D
PRGHUQ�YV��D�ORFDO�ZKHDW�YDULHW\��7KH�H[SHULPHQWV�ZHUH�SHUIRUPHG�DW�WKH�'HSDUWPHQW�RI
$JULFXOWXUDO�6FLHQFHV�RI�81,1$�LQ�3RUWLFL��,WDO\���7KH�PRGHUQ�YDULHW\�RI�ZKHDW��7ULWLFXP
DHVWLYXP�/���ZDV�5HEHOGH��ZKLOH�WKH�ORFDO�DFFHVVLRQ�ZDV�)UDVVLQHWR��7KH�WZR�ZKHDW�YDULHWLHV
ZHUH�JURZQ�XQGHU�ZHHG�IUHH�DQG�ZHHG\�FRQGLWLRQV� �:HHG�IUHH�SORWV �ZHUH�REWDLQHG�E\
VSUD\LQJ�D�SRVW�HPHUJHQFH�KHUELFLGH�VHOHFWLYH�IRU�ZKHDW��$W�WKH�WLOOHULQJ�VWDJH��ZKHDW�KHLJKW
ZDV �HYDOXDWHG �LQ �WKH �WZR �YDULHWLHV� �$W �WKH �HQG �RI �WKH �JURZWK �F\FOH� �ZKHDW �KDV �EHHQ
KDUYHVWHG�WR�HYDOXDWH�\LHOG���7R�XQGHUVWDQG�WKH�HIIHFW�WKDW�WKH�DOWHUDWLRQ�RI�OLJKW�TXDOLW\
LQGXFHG�E\�ZHHGV�LQ�DEVHQFH�RI�FRPSHWLWLRQ�IRU�ZDWHU�DQG�QXWULHQWV��WKH�WZR�ZKHDW�YDULHWLHV
ZHUH�JURZQ�LQ�SRWV�VXUURXQGHG�E\�RWKHU�SRWV�ZLWK�%UDVVLFD�MXQFHD�VHHGOLQJV��$IWHU����GD\V
RI�JURZWK��SODQW�KHLJKW��DQG�WLOOHU�DQJOH�ZHUH�HYDOXDWHG�RQ�ZKHDW�SODQWV��,Q�D�VHSDUDWH
H[SHULPHQW��WKH�WZR�ZKHDW�YDULHWLHV�ZHUH�JURZQ�RQ�VW\URIRDP�WUD\V�DQG�VSUD\HG�ZLWK����
hPRO�RI�JLEEHUHOOLQ��*$���DW�WKH�ILUVW�WUXH�OHDI�VWDJH��$IWHU�ILYH�GD\V�DIWHU�WKH�WUHDWPHQW��LW
ZDV�HYDOXDWHG�WKH�UHVSRQVH�WR�JLEEHUHOOLQV�LQ�WHUPV�RI�SODQW�KHLJKW��,Q�WKH�ILHOG��)UDVVLQHWR
VKRZHG�KLJKHU�WROHUDQFH�WR�ZHHG�FRPSHWLWLRQ�FRPSDUHG�WR�5HEHOGH��DV�LQGLFDWHG�E\�WKH
KLJKHU�<LHOG�6WDELOLW\�,QGH[��7KLV�UHVXOW�ZDV�LQ�OLQH�ZLWK�WKH�HORQJDWLRQ�SKHQRW\SH�IRXQG�LQ
)UDVVLQHWR�LQ�UHVSRQVH�WR�ZHHG�SUHVHQFH��WKDW�ZDV�DEVHQW�LQ�5HEHOGH��7KH�SUHVHQFH�RI�%�
MXQFHD�SODQWOHWV�VXUURXQGLQJ�ZKHDW�WKDW�UHGXFHG�WKH�UHG�IDU�UHG�UDWLR�E\���a�����LQGXFHG
WKH�HORQJDWLRQ�RI�)UDVVLQHWR�SODQWV��ZKLOH�5HEHOGH�FRQILUPHG�LWV�ODFN�RI�ZHHG�SHUFHSWLRQ�
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7KLV�UHVXOW�ZDV�LQ�OLQH�ZLWK�D�GLIIHUHQW�UHVSRQVH�RI�)UDVVLQHWR�DQG�5HEHOGH�WR�OLJKW�TXDOLW\
DOWHUDWLRQV�LQGXFHG�E\�ZHHGV��0RUHRYHU��WKH�LQYROYHPHQW�RI�*$��LQ�WKH�GLIIHUHQWLDO�UHVSRQVH
WR�QHLJKERXUV�REVHUYHG�LQ�)UDVVLQHWR�YV�5HEHOGH�ZDV�YHULILHG��([RJHQRXV�DSSOLFDWLRQV�RI
*$� �LQGXFHG �WKH �HORQJDWLRQ �RI �)UDVVLQHWR �ZKLOH �LW �ZDV �LQHIIHFWLYH �RQ �5HEHOGH� �ZKLFK
FRQILUPHG�RXU�K\RSWKHVLV��,Q�FRQFOXVLRQ��KLJKHU�WROHUDQFH�WR�ZHHG�VHHPHG�WR�EH�PHGLDWHG
E\�WKH�DELOLW\�WR�VHQVH�DQG�UHVSRQG�WR�ZHHGV��D�WUDLW�UHWDLQHG�LQ�)UDVVLQHWR�DQG�ODFNLQJ�LQ
5HEHOGH��7KLV�FDQ�EH�D�SLYRWDO�DVSHFW�WR�FRQVLGHU�WR�LQFUHDVH�WKH�FURS�FRPSHWLWLYHQHVV�YV�
ZHHGV�DV�D�VWUDWHJ\�WR�UHGXFH�XVH�RI�KHUELFLGHV�IRU�ZHHG�FRQWURO�
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6FUHHQLQJ�KDUG�FRPPRQ�ZKHDW�YDULHWLHV�IRU�VKDGH�WROHUDQFH
ZLWKLQ�DQ�DOOH\�FURSSLQJ�V\VWHPV�ZLWK�SRSODU
E\�$QQD�3DQR]]R�_�6LPRQH�3LRWWR�_�(PDQXHOH�/RGR�_�*LXVHSSH�%DULRQ�_�/RUHQ]R�)XUODQ�_�)HGHULFR�&RUUHDOH
6DQWDFURFH�_�7HRILOR�9DPHUDOL�_�'HS��RI�$JURQRP\��)RRG��1DWXUDO�5HVRXUFHV��$QLPDOV�DQG�WKH
(QYLURQPHQW��8QLYHUVLW\�RI�3DGXD�_�'HS��RI�$JURQRP\��)RRG��1DWXUDO�5HVRXUFHV��$QLPDOV�DQG�WKH
(QYLURQPHQW��8QLYHUVLW\�RI�3DGXD�_�'HS��RI�$JURQRP\��)RRG��1DWXUDO�5HVRXUFHV��$QLPDOV�DQG�WKH
(QYLURQPHQW��8QLYHUVLW\�RI�3DGXD�_�'HS��RI�$JURQRP\��)RRG��1DWXUDO�5HVRXUFHV��$QLPDOV�DQG�WKH
(QYLURQPHQW��8QLYHUVLW\�RI�3DGXD�_�9HQHWR�$JULFROWXUD�_�9HQHWR�$JULFROWXUD�_�'HS��RI�$JURQRP\��)RRG�
1DWXUDO�5HVRXUFHV��$QLPDOV�DQG�WKH�(QYLURQPHQW��8QLYHUVLW\�RI�3DGXD

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��$QQD�3DQR]]R
&RQWULEXWLRQ��3RVW

&XUUHQW�DJULFXOWXUDO�V\VWHPV�DUH�VXIIHULQJ�IURP�WKH�LQFUHDVHG�IUHTXHQF\�RI�H[WUHPH�FOLPDWLF
HYHQWV�WKDW�QHJDWLYHO\�DIIHFW�JURZWK�DQG�SURGXFWLYLW\�RI�ILHOG�FURSV��7KH�LPSOHPHQWDWLRQ�RI
VLOYRDUDEOH�DJURIRUHVWU\�LV�UHFRJQLVHG�DV�D�VWUDWHJ\�WR�EXIIHU�WKH�FOLPDWH�FRQGLWLRQV��WKDQNV
WR�WKH�VKDGLQJ�DQG�ZLQGEUHDN�HIIHFWV�RI�WUHHV��7KH�EHQHILFLDO�HIIHFW�RI�WUHHV�LV�DOVR�UHODWHG�WR
LPSURYHPHQWV�RI�VRLO�VWUXFWXUH�DQG�RUJDQLF�PDWWHU�GHSRVLWLRQ��DQG�VRLO�ZDWHU�FRQVHUYDWLRQ�
ZKLFK�DUH�UHFRJQLVHG�E\�WKH�FXUUHQW�&$3���������7KH�LPSOHPHQWDWLRQ�RI�KLJK�SURGXFWLYH
DOOH\�FURSSLQJ�V\VWHPV�UHTXLUHV�D�GHHS�NQRZOHGJH�RQ�WKH�PXOWLSOH�WUHH�FURS�LQWHUDFWLRQV�
DQG�WKH�FKRLFH�RI�VXLWDEOH�FURS�VSHFLHV�DQG�YDULHWLHV��,Q�WKLV�IUDPHZRUN��WKLV�VWXG\�DLPHG�DW
LQYHVWLJDWLQJ��L��WKH�LPSDFW�RI�DQ�DOOH\�FURSSLQJ�V\VWHP�ZLWK�SRSODU�WUHHV�RQ�PLFURFOLPDWLF
SDUDPHWHUV��DQG��LL��WKH�JURZWK�DQG�\LHOG�UHVSRQVH�RI�KDUG�FRPPRQ�ZKHDW��7KH�WULDO�ZDV
FDUULHG �RXW �GXULQJ �������� �DW �WKH ��6DVVH �5DPL� �SLORW �IDUP�RI �9HQHWR �$JULFROWXUD� �DW
&HUHJQDQR��5RYLJR���:KHDW�ZDV�VRZQ�LQ�WKH�LQWHUURZ�RI�DQ�DOOH\�FURSSLQJ�V\VWHP�ZLWK�1�6
RULHQWHG�����P�DSDUW�URZV�RI���\HDU�ROG�SRSODU�WUHHV��)LYH�KDUG�FRPPRQ�ZKHDW��7ULWLFXP
DHVWLYXP�/���YDULHWLHV�ZHUH�FXOWLYDWHG��$&$������$XUHOLXV��&ULWHULXP��*DUELQR��DQG�5HEHOGH�
9HJHWDWLRQDO�LQGH[HV��PRUSKR�SK\VLRORJLFDO�SDUDPHWHUV��SURGXFWLYLW\�DQG�TXDOLW\�RI�JUDLQV
ZHUH�DVVHVVHG�DORQJ�WUDQVHFWV��Q� ����RUWKRJRQDO�WR�WKH�WUHH�URZV��DW�GLVWDQFHV�RI���P�
��P�DQG����P��ERWK�DW�HDVW�DQG�ZHVW�VLGHV�RI�WKH�SRSODU�URZV��DQG�LQ�WKH�FHQWUH�RI�WKH
DOOH\�WKDW�ZDV�FRQVLGHUHG�DV�FRQWURO��&���)URP�$SULO�WR�-XQH��WKH�DYHUDJH�GDLO\�3$5�ZDV
UHGXFHG�E\����DQG����DW���P�DQG����P��UHVSHFWLYHO\��YV��&��)URP�WKH�EHJLQQLQJ�RI�0D\
XQWLO�WKH�KDOI�RI�-XQH��D�KLJKHU�OHDI�JUHHQQHVV�DQG�FKORURSK\OO�FRQWHQW��L�H���1'9,�DQG�63$'�
ZHUH�REVHUYHG�LQ�WKH�LQWHUDFWLRQ�]RQH�ZLWK�SRSODUV�LQ�DOO�WKH�ZKHDW�YDULHWLHV��DOORZLQJ�D
ORQJHU�VWD\�JUHHQ�DQG�SKRWRV\QWKHWLF�DFWLYLW\��$W�IORZHULQJ��WKH�OHDI�WR�FXOP�ELRPDVV�DQG
VXUIDFH�UDWLRV�ZHUH�JHQHUDOO\�LQFUHDVHG�LQ�WKH�QHLJKERULQJ�RI�WUHHV�YV��&��S��������H[FHSW
IRU���P�(DVW��SDUWLFXODUO\�LQ�YDU��*DUELQR�DQG�&ULWHULXP��1R�VLJQLILFDQW�LQFUHDVHV�RI�WKH
SODQW�KHLJKW�ZHUH�LQVWHDG�REVHUYHG�XQGHU�VKDGHG�SRVLWLRQV��7KH�UHVXOWHG�JUDLQ�\LHOG�ZDV
VOLJKWO\�LPSURYHG�FORVH�WR�WKH�WUHHV��ZLWK�WKH�PDMRU�LQFUHPHQWV�LQ�WKH�HDVW�VLGH��DIWHUQRRQ
VKDGLQJ�������YV��&��S��������$FFRUGLQJO\�ZLWK�VKRRW�SODVWLFLW\��WKH�ODUJHVW�\LHOG�LQFUHDVHV
LQ�WKH�LQWHUDFWLRQ�]RQH�ZLWK�WUHHV�ZHUH�UHYHDOHG�LQ�WKH�$XVWULDQ�YDU� �$XUHOLXV�DQG�WKH
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UHFHQWO\�UHOHDVHG�YDU� �&ULWHULXP��ZLWK�UHVSHFWLYHO\������DQG������YV��&��3URWHLQ�DQG
JOXWHQ�FRQWHQWV�RI�JUDLQV�ZHUH�DOVR�LQFUHDVHG�E\������LQ�WKH�QHLJKERXULQJ�RI�SRSODUV��,W�LV
FRQFOXGHG�WKDW�LQ�D�VLOYRDUDEOH�V\VWHP�ZLWK�ZLGHO\�VSDFHG�URZV�RI�SRSODU�WKH�FRPSHWLWLRQ
ZLWK�ZKHDW�LV�PLOG�DW�WKH�PLGGOH�RI�FRPPHUFLDO�WUHH�OLIHVSDQ��EXW�WKH�VFUHHQLQJ�RI�VXLWDEOH
ZKHDW�YDULHWLHV�LV�HVVHQWLDO�IRU�PD[LPLVLQJ�\LHOG�SHUIRUPDQFHV�RI�WKH�LQWHUFURS��6SHFLILFDOO\
IRU �KDUG �YDULHWLHV �RI �FRPPRQ�ZKHDW� �WKH �PRGHUDWH �VKDGLQJ �FDQ �DOVR �EH �H[SORLWHG �IRU
LQFUHDVLQJ�IXUWKHUO\�WKH�JUDLQ�TXDOLW\��WKDW�LV�LQFUHDVLQJO\�UHTXHVWHG�E\�EDNLQJ�LQGXVWULHV�IRU
KLJK�OHDYHQHG�SURGXFWV�
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(YDOXDWLQJ�FURS�\LHOG�G\QDPLFV�LQ�,WDO\��D�PXOWL�PRGHO
VLPXODWLRQ�VWXG\�XVLQJ�PXOWLSOH�/7(V
E\�0DWWHR�/RQJR�_�,ODULD�3LFFROL�_�$QWRQLR�%HUWL�_�0LFKHOD�)DUQHVHOOL�_�$QGUHD�)LRULQL�_�9LQFHQ]R�7DEDJOLR�_
'RPHQLFR�9HQWUHOOD�_�)UDQFHVFR�0RUDUL�_�'HSDUWPHQW�RI�$JURQRP\��)RRG��1DWXUDO�5HVRXUFHV��$QLPDOV
DQG�(QYLURQPHQW��$JULSROLV��8QLYHUVLW\�RI�3DGRYD�_�'HSDUWPHQW�RI�$JURQRP\��)RRG��1DWXUDO�5HVRXUFHV�
$QLPDOV�DQG�(QYLURQPHQW��$JULSROLV��8QLYHUVLW\�RI�3DGRYD�_�'HSDUWPHQW�RI�$JURQRP\��)RRG��1DWXUDO
5HVRXUFHV��$QLPDOV�DQG�(QYLURQPHQW��$JULSROLV��8QLYHUVLW\�RI�3DGRYD�_�'HSDUWPHQW�RI�$JURQRP\��)RRG�
1DWXUDO�5HVRXUFHV��$QLPDOV�DQG�(QYLURQPHQW��$JULSROLV��8QLYHUVLW\�RI�3DGRYD�_�'HSDUWPHQW�RI
6XVWDLQDEOH�&URS�3URGXFWLRQ��8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_�'HSDUWPHQW�RI�6XVWDLQDEOH�&URS
3URGXFWLRQ��8QLYHUVLWd�&DWWROLFD�GHO�6DFUR�&XRUH�_�&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV�
5HVHDUFK�&HQWUH�$JULFXOWXUH�DQG�(QYLURQPHQW��&5($�$$��_�'HSDUWPHQW�RI�$JURQRP\��)RRG��1DWXUDO
5HVRXUFHV��$QLPDOV�DQG�(QYLURQPHQW��$JULSROLV��8QLYHUVLW\�RI�3DGRYD

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��0DWWHR�/RQJR
&RQWULEXWLRQ��3RVW

$JULFXOWXUDO �V\VWHP�PRGHOV �DUH �ZLGHO\ �DFNQRZOHGJHG �DV �HVVHQWLDO �WRROV �IRU �LGHQWLI\LQJ
RSWLPDO�PDQDJHPHQW�SUDFWLFHV�DQG�DGGUHVVLQJ�WKH�FKDOOHQJHV�SRVHG�E\�FOLPDWH�FKDQJH�
5HFHQW �UHFRPPHQGDWLRQV �DGYRFDWH �WKH �XVH �RI �PRGHO �HQVHPEOHV �GXH�WR �WKHLU �LPSURYHG
SHUIRUPDQFH�DQG�DFFXUDF\��+RZHYHU��FRPSUHKHQVLYH�HYDOXDWLRQV�RI�WKHLU�HIIHFWLYHQHVV�DW
ODUJH�JHRJUDSKLFDO�VFDOHV��VXFK�DV�WKH�QDWLRQDO�OHYHO��UHPDLQ�OLPLWHG��7KLV�VWXG\�VLPXODWHV
FURS�\LHOG�UHVSRQVH�WR�WKH�*HQRW\SH�[�(QYLURQPHQW�[�0DQDJHPHQW�LQWHUDFWLRQ�XVLQJ�DQ
HQVHPEOH�RI�IRXU�SURFHVV�EDVHG�PRGHOV��'66$7��&URS6\VW��(3,&��DQG�$36,0��)LYH�/RQJ�
7HUP�([SHULPHQWV��/7(V��ORFDWHG�LQ�3DGRYD��3LDFHQ]D��3HUXJLD��DQG�WZR�VLWHV�LQ�)RJJLD�
VSDQQLQJ�D�QRUWK�WR�VRXWK�SHGRFOLPDWLF�WUDQVHFW�LQ�,WDO\��ZHUH�FRQVLGHUHG��7KLV�DUHD�LV�RI
SDUWLFXODU�LPSRUWDQFH�DV�LW�UHSUHVHQWV�D�VLJQLILFDQW�KRWVSRW�IRU�FOLPDWH�FKDQJH��$�WRWDO�RI���
XQLTXH �H[SHULPHQWDO �SURWRFROV� �LQFRUSRUDWLQJ �YDULDWLRQV �LQ �IHUWLOL]DWLRQ �UDWHV� �FURSSLQJ
URWDWLRQV��UHVLGXH�PDQDJHPHQW��DQG�WLOODJH�SUDFWLFHV��ZHUH�VLPXODWHG�EDVHG�RQ�/7(�GDWD�
UHVXOWLQJ�LQ�D�WRWDO�RI������\HDUV�UHSOLFDWHG�ZLWK�HDFK�PRGHO��7KH�GDWDVHW�LQFOXGHG�FURS
\LHOG�DQG�UHVLGXH�GDWD��ZKLFK�ZDV�VSOLW�LQWR�FDOLEUDWLRQ�DQG�YDOLGDWLRQ�GDWDVHWV��0RGHOV
XQGHUZHQW �LQGHSHQGHQW �FDOLEUDWLRQ� �ZLWK �FURS �SDUDPHWHUV �VHOHFWHG �EDVHG �RQ �H[SHUW
NQRZOHGJH��0DLQ�FURS�FXOWLYDUV��L�H���PDL]H��VR\EHDQ��VXJDU�EHHW��ZLQWHU�ZKHDW��DQG�GXUXP
ZKHDW��ZHUH�IXUWKHU�FDWHJRUL]HG�DQG�FDOLEUDWHG��UHVXOWLQJ�LQ����XQLTXH�FXOWLYDU�FDOLEUDWLRQV�
$�VLPLODU�DSSURDFK�ZDV�XVHG�IRU�FRYHU�FURSV��L�H���YHWFK��U\H��DQG�RDW���ZKHUH�SODQQHG��7KLV
FRPSUHKHQVLYH�GDWDVHW�HQDEOHG�DQ�LQ�GHSWK�DQDO\VLV�RI�WKH�HQVHPEOH�SHUIRUPDQFH�DFURVV�D
ZLGH�UDQJH�RI�DJUR�HFRORJLFDO�FRQWH[WV��7KH�HQVHPEOH�PHDQ�GHPRQVWUDWHG�D�KLJK�OHYHO�RI
DFFXUDF\�LQ�VLPXODWLQJ�WKH�GLYHUVH�SHGR�FOLPDWLF�FRQGLWLRQV�IRXQG�WKURXJKRXW�WKH�,WDOLDQ
SHQLQVXOD��$PRQJ�WKH�FURSV�VLPXODWHG��PDL]H�DQG�VR\EHDQ�KDG�WKH�EHVW�SHUIRUPDQFH��ZKLOH
GXUXP�ZKHDW�DQG�VXJDU�EHHW�VKRZHG�ORZHU�DFFXUDFLHV��7KHVH�ILQGLQJV�XQGHUVFRUH�WKH�YDOXH
RI�PRGHO�HQVHPEOHV�LQ�HQKDQFLQJ�RXU�XQGHUVWDQGLQJ�RI�FURS�\LHOG�G\QDPLFV�DQG�KLJKOLJKW
WKH�QHHG�IRU�FRQWLQXHG�UHILQHPHQW�RI�DJULFXOWXUDO�PRGHOV�WR�DGGUHVV�WKH�FRPSOH[�FKDOOHQJHV
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SRVHG�E\�FOLPDWH�FKDQJH�HIIHFWLYHO\� �$FNQRZOHGJHPHQWV� �7KLV�UHVHDUFK�ZDV�FDUULHG�RXW
ZLWKLQ�WKH�$JULWHFK�1DWLRQDO�5HVHDUFK�&HQWHU�DQG�UHFHLYHG�IXQGLQJ�IURP�WKH�(XURSHDQ
8QLRQ �1H[W�*HQHUDWLRQ(8��3,$12�1$=,21$/(�', �5,35(6$�( �5(6,/,(1=$��3155� ��
0,66,21( �� �&20321(17( ��� �,19(67,0(172 ���� �� �'�'� ����� ������������
&1����������
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7KUHVKROG�YDOXH�RI�FKORURSK\OO�PHWHU�DQG�VDS�WHVW�IRU�WKH
RSWLPL]DWLRQ�RI�QLWURJHQ�VXSSO\�LQ�SURFHVVLQJ�WRPDWR
E\�%HDWULFH�)DOFLQHOOL�_�0LFKHOD�)DUQHVHOOL�_�)UDQFHVFR�7HL�_�8QLYHUVLW\�RI�3HUXJLD�_�8QLYHUVLW\�RI�3HUXJLD�_
8QLYHUVLW\�RI�3HUXJLD

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��%HDWULFH�)DOFLQHOOL
&RQWULEXWLRQ��3RVW

2SWLPDO�QLWURJHQ��1��IHUWLOL]DWLRQ�PDQDJHPHQW�ERWK�IURP�DQ�HQYLURQPHQWDO�DQG�HFRQRPLFDO
SXUSRVHV�FDQ�EH�FDUULHG�RXW�DOVR�E\�PRQLWRULQJ�WKH�FURS�1�VWDWXV�WURXJK�WKH�JURZLQJ
VHDVRQ��7KH�WRROV�XVHG�IRU�PHDVXULQJ�WKH�1�QXWULWLRQDO�VWDWXV�VKRXOG�EH�FKHDS�DQG�DEOH�WR
SURGXFH�UDSLG�DQG�DFFXUDWH�YDOXHV�WR�VXJJHVW�UHFRPPHQGDWLRQV�IRU�IHUWLOL]DWLRQ��7KLV�LV
H[WUHPHO\�FUXFLDO�IRU�SURFHVVLQJ�WRPDWR��/\FRSHUVLFRQ�HVFXOHQWXP�0LOO���IRU�ZKLFK�D�FRUUHFW
1�IHUWLOL]DWLRQ�ZRXOG�UHGXFH�WKH�ULVN�RI�1�OHDFKLQJ�ZLWKRXW�FRPSURPLVLQJ�WKH�FURS�\LHOG�
$PRQJ�WKH�DYDLODEOH�SRVVLELOLWLHV��FKORURSK\OO�PHWHU�DQG�SHWLROH�VDS��6$3��WHVW�UHSUHVHQW�WKH
PRVW�VXLWDEOH�WRROV�WR�REWDLQ�TXLFN�DQG�FKHDS�PHDVXUHV�IRU�PRQLWRULQJ�1�FURS�VWDWXV��7KH
DLP�RI�WKLV�UHVHDUFK�ZDV�WR�LGHQWLI\�WKUHVKROG�YDOXHV�RI�FKORURSK\OO�PHWHU�DQG�6$3�WHVW
PHDVXUHV��ZKLFK�ZRXOG�EH�DEOH�WR�VXSSRUW�GHFLVLRQV�LQ�WKH�PDQDJHPHQW�RI�1�IHUWLOL]DWLRQ�
)RXU�ILHOG�H[SHULPHQWV�ZHUH�FDUULHG�RXW �RQ�SURFHVVLQJ�WRPDWR��FY� �3HUIHFWSHHO� �DW �WKH
)LHOG/DE �RI �WKH �8QLYHUVLW\ �RI �3HUXJLD ��3DSLDQR� �3*� �FRPSDULQJ �GLIIHUHQW �1 �VRXUFHV
�PLQHUDO�RUJDQLF�IHUWLOL]DWLRQ��JUHHQ�PDQXULQJ��FRYHU�FURSV���GRVHV����WR�����NJ�1�KD����DQG
PHWKRG�RI�1�DSSOLFDWLRQ��IHUWLJDWLRQ��EURDGFDVW�� �(DFK�H[SHULPHQW�ZDV�UHSHDWHG�LQ�WZR
\HDUV� ������������H[S���� ������������H[S���� ������������H[S���� ������������H[S����
FRUUHVSRQGLQJ�WR�D�WRWDO�RI�HLJKW�FURS�F\FOHV��,Q�HDFK�H[SHULPHQW��JURZWK�DQDO\VLV�ZDV
SHUIRUPHG�E\�VDPSOLQJ�SODQWV�HYHU\�������GD\V�IURP�DERXW����GD\V�DIWHU�WUDQVSODQWLQJ
�'$7��XQWLO�WKH�ILQDO�KDUYHVW��IRU�D�WRWDO�RI�����VDPSOLQJ�GDWHV�SHU�\HDU���1�FURS�VWDWXV�ZDV
PRQLWRUHG�DW�HDFK�VDPSOLQJ�GDWH�E\�D�FKORURSK\OO�PHWHU��63$'������0LQROWD��DQG�D�VDS
QLWUDWH�PHWHU��/$48$WZLQ��+RULED��WR�REWDLQ�63$'�YDOXHV�DQG�PJ�1�12��/���LQ�WKH�SHWLROH
VDS��UHVSHFWLYHO\��7KH�WRWDO�1��RI�SODQW�WLVVXH�ZDV�PHDVXUHG�E\�ODERUDWRU\�DQDO\VHV���1D��
$ERYHJURXQG�ELRPDVV��GU\�ZHLJKW�EDVLV��':��ZHUH�XVHG�WR�FDOFXODWH�WKH�FULWLFDO�1�����1F�
DFFRUGLQJ�WR�WKH�HTXDWLRQ���1F� ������':�����������1D�DQG��1F�ZHUH�XVHG�IRU�FDOFXODWLRQ�RI
1LWURJHQ�1XWULWLRQ�,QGH[��11,� ��1D��1F���5HJUHVVLRQ�UHODWLRQVKLSV�EHWZHHQ��1D�DQG
11,��DQG�VHQVRU�EDVHG�PHDVXUHPHQWV��63$'�DQG�6$3�WHVW�PHDVXUHV��ZHUH�FDUULHG�RXW�L��RQ
WKH�ZKROH�VHW�RI�GDWD��DOO�WKH�FRPELQDWLRQ�H[S�[�\HDU�[�1�WUHDWPHQWV�[�VDPSOLQJ�GDWHV���DQG
LL� �ZLWKLQ �HDFK�SKHQRORJLFDO �SKDVH ��H[S�[ �\HDU �[ �1�WUHDWPHQWV�� �5HVXOWV �VKRZHG�WKDW�
FRQVLGHULQJ�WKH�ZKROH�GDWD�VHW�RI�GDWD��QR�VLJQLILFDQW�FRUUHODWLRQV�ZHUH�IRXQG�EHWZHHQ��1D
RU�11,��DQG�63$'�RU�6$3�WHVW�PHDVXUHPHQWV�FRQILUPLQJ�WKDW�LW�ZDV�QRW�SRVVLEOH�WR�ILQG�D
VLQJOH�WKUHVKROG�YDOXH��IRU�ERWK�WHVWV��DV�D�UHIHUHQFH�IRU�WKH�HQWLUH�WRPDWR�FURS�F\FOH��2Q�WKH
RWKHU�KDQG��VLJQLILFDQW�FRUUHODWLRQV�ZHUH�IRXQG�ERWK�EHWZHHQ��1D�RU�11,��DQG�63$'�RU�VDS
WHVW�PHDVXUHPHQWV�ZLWKLQ�HDFK�SKHQRORJLFDO�SKDVHV��*HQHUDOO\��WKH�5�3HDUVRQ�V�FRHIILFLHQW
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ZDV�KLJKHU�IRU�6$3�WHVW�WKDQ�63$'�UHDGLQJV��DV�DQ�RYHUDOO�DYHUDJH���DQG�LQFUHDVHG�GXULQJ
WKH�FURS�F\FOH��UHDFKLQJ�WKH�KLJKHVW�YDOXHV�DW�PD[LPXP�OHDI�GHYHORSPHQW��7KUHVKROG�YDOXHV
RI�63$'�YDOXHV�DQG�6$3�WHVW�PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�IRU�HDFK�SKHQRORJLFDO�SKDVH�
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'LIIHUHQW�)HUWLOL]DWLRQ�6WUDWHJLHV�DQG�0XOFKLQJ�DIIHFW�WKH
<LHOG��4XDOLW\��DQG�3K\VLRORJ\�7UDLWV�RI�(JJSODQW��6RODQXP
PHORQJHQD�/��
E\�/XFD�9LWDOH�_�/XFLD�2WWDLDQR�_�(XJHQLR�&R]]ROLQR�_�1XQ]LR�)LRUHQWLQR�_�0DXUR�0RUL�_�,GD�'L�0ROD�_�&15�
,6$)R0�_�'LSDUWLPHQWR�$JUDULD��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�&5($�&,�_�'LSDUWLPHQWR�$JUDULD�
8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�'LSDUWLPHQWR�$JUDULD��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�'LSDUWLPHQWR
$JUDULD��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��/XFD�9LWDOH
&RQWULEXWLRQ��3RVW

(JJSODQW�LV�D�KLJK�ILEHU�DQG�ORZ�FDORULH�IRRG�WKDW�LV�ULFK�LQ�QXWULHQWV�DQG�KDV�PDQ\�SRWHQWLDO
KHDOWK�EHQHILWV��DPRQJ�WKHVH�WKH�UHGXFLQJ�WKH�ULVN�RI�KHDUW�GLVHDVH�WR�KHOSLQJ�ZLWK�EORRG
VXJDU�FRQWURO �DQG�ZHLJKW�ORVV� �7R�LQFUHDVH�HJJSODQW�SURGXFWLRQ� �LW �LV �QHFHVVDU\�WR�XVH
IHUWLOL]HUV�LQFOXGLQJ�QLWURJHQ��SKRVSKRUXV��DQG�SRWDVVLXP��1��3��.��EXW�WKH�FRQWLQXHG�XVH�RI
PLQHUDO�IHUWLOL]HUV���WKH�PRVW�IUHTXHQWO\�XVHG�E\�YHJHWDEOH�SURGXFHUV���PD\�XOWLPDWHO\�FDXVH
LQMXU\�WR�WKH�VRLO�FKHPLFDO��ELRORJLFDO��DQG�SK\VLFDO�FKDUDFWHULVWLFV��RWKHU�WKDQ�WR�SURGXFH
HQYLURQPHQWDO�SROOXWLRQ�WKURXJK�JURXQGZDWHU�DQG�DLU�FRQWDPLQDWLRQ��)RU�WKHVH�UHDVRQV�LW�LV
QHFHVVDU\�WR�ILQG�DOWHUQDWLYHV�WR�PLQHUDO�IHUWLOL]HUV��DQG�WKH�XVH�RI�RUJDQLF�IHUWLOL]HUV�FRXOG
EH�D�YDOLG�DOWHUQDWLYH�WR�LPSURYH�HJJSODQW�\LHOG�DQG�TXDOLW\�DQG��DW�WKH�VDPH�WLPH��WR�OLPLW
WKH�QHJDWLYH�HIIHFWV�RI�FURSSLQJ�RQ�WKH�HQYLURQPHQW��+RTXH�HW�DO�� ������� �7KH�RUJDQLF
IHUWLOL]HUV�LPSURYH�WKH�VRLO�FKDUDFWHULVWLFV�VXFK�DV�DUFKLWHFWXUH��GUDLQDJH��DHUDWLRQ��RUJDQLF
PDWWHU�FRQWHQW��DQG�QXWULHQW�DYDLODELOLW\�WKDW��LQ�WXUQ��LPSURYH�WKH�VRLO�IHUWLOLW\�DOVR�WKURXJK
DQ �HQKDQFHPHQW �RI �PLFURELDO �DFWLYLW\� �$PRQJ �RUJDQLF �IHUWLOL]HUV� �WKH �FRPSRVW �DQG
YHUPLFRPSRVW�DUH�NQRZQ�IRU�VXSSO\LQJ�QXWULHQWV�IRU�SODQWV��3ODVWLF�PXOFKHV�DUH�XVHG�LQ
KRUWLFXOWXUH �DQG �WKHLU �EHQHILWV �FRQVLVW �LQ �SUHYHQWLQJ �WKH �GLUHFW �HYDSRUDWLRQ� �SOD\LQJ �D
SRVLWLYH�UROH�LQ�ZDWHU�FRQVHUYDWLRQ�LQ�WKH�VRLO��DQG�LQ�KHOSLQJ�WR�LQFUHDVH�VRLO�WHPSHUDWXUH�
WKLV�ODWWHU�GHHSO\�UHODWHG�E\�WKH�SODVWLF�ILOP�FRORU��,Q�WKH�SUHVHQW�UHVHDUFK��ZH�DQDO\]H�WKH
FRPELQHG�HIIHFWV�RI�FRORUHG�SODVWLF�ILOP�PXOFKHV�DQG�RUJDQLF�DPHQGPHQWV�VXFK�DV�FRPSRVW
DQG�YHUPLFRPSRVW�RQ�SODQW�JURZWK�DQG�SK\VLRORJ\� �DQG�RQ�HJJSODQW�\LHOG�DQG�TXDOLW\�
%HFDXVH�WKH�FRORU�RI �PXOFK�DOWHUV�WKH�VRLO �UDGLDWLYH�EXGJHW�DQG�WKXV�WKH�PLFURFOLPDWH
DURXQG�URRW��ZH�H[SHFW�D�GLIIHUHQW�UHVSRQVH�RI�HJJSODQWV�WR�GLIIHUHQW�FRORUHG�PXOFKHV�XVHG
LQ�WKLV�VWXG\�
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2HQRWUDFH���$�GDWD�GULYHQ�DSSURDFK�WR�WUDFH�VXVWDLQDEOH
SUDFWLFHV�LQ�ZLQH�JURZLQJ
E\�'DYLGH�&DPPDUDQR�_�$QGUHDV�+HLc�_�1LNRODRV�7VRXOLDV�_�'LPLWULRV�$UJ\URSRXORV�_�'LPLWULRV�7�
'DYDUDNLV�_�0DUFR�0RULRQGR�_�&ULVWLQD�%DODFHDQX�_�*HRUJH�6XFLX�_�0DUFR�%LJQDUGL�_�'LPLWULRV�6�
3DUDIRURV�_�'HSDUWPHQW�RI�$JURHFRORJ\��L&OLPDWH��&%,2��$DUKXV�8QLYHUVLW\�_�'HSDUWPHQW�RI�$JULFXOWXUDO
(QJLQHHULQJ��*HLVHQKHLP�_�'HSDUWPHQW�RI�$JULFXOWXUDO�(QJLQHHULQJ��*HLVHQKHLP��*HUPDQ\�_�6FKRRO�RI
%LRV\VWHPV�DQG�)RRG�(QJLQHHULQJ��$JULFXOWXUH�DQG�)RRG�6FLHQFH��'XEOLQ�_�6FKRRO�RI�%LRV\VWHPV�DQG�)RRG
(QJLQHHULQJ��$JULFXOWXUH�DQG�)RRG�6FLHQFH��'XEOLQ�_�&15�,%,0(7�_�%(,$�&RQVXOW�,QWHUQDWLRQDO��5	'
'HSDUWPHQW��%XFKDUHVW�_�%(,$�&RQVXOW�,QWHUQDWLRQDO��5	'�'HSDUWPHQW��%XFKDUHVW�_�'HSDUWPHQW�RI
$JULFXOWXUDO�(QJLQHHULQJ��9RQ�/DGH�6WUDcH����������*HLVHQKHLP��*HUPDQ\�_�+RFKVFKXOH�*HLVHQKHLP
8QLYHUVLW\��'HSDUWPHQW�RI�$JULFXOWXUDO�(QJLQHHULQJ��9RQ�/DGH�6WUDcH����������*HLVHQKHLP��*HUPDQ\

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��'DYLGH�&DPPDUDQR
&RQWULEXWLRQ��3RVW

7KH�ZLQH�PDNLQJ�LQGXVWU\�SOD\V�D�VLJQLILFDQW�UROH�LQ�WKH�DJUL�IRRG�VHFWRU�DQG�QXPHURXV
VWXGLHV �EDVHG �RQ �OLIH �F\FOH �DVVHVVPHQWV ��/&$V� �KDYH �GHPRQVWUDWHG �WKH �VXEVWDQWLDO
HQYLURQPHQWDO�LPSDFW�RI�FXOWLYDWLRQ�RSHUDWLRQV��+RZHYHU��WKH�HVWLPDWLRQ�RI�HPLVVLRQV�IURP
ILHOG�RSHUDWLRQV�LV�QRW�HDV\�DQG�LW�PD\�OHDG�WR�LQDFFXUDWH�DQDO\VLV�GXH�WR�WKH�ODFN�RI�VLWH�
VSHFLILF�GDWD��UHVXOWLQJ�LQ�XQGHU��RU�RYHUHVWLPDWLRQ��,W�LV�LPSRUWDQW�WR�HYDOXDWH�WKH�IDFWRUV
FRQWULEXWLQJ�WR �WKH �HQYLURQPHQWDO �LPSDFW �RI �JUDSHYLQH �FXOWLYDWLRQ� �SDUWLFXODUO\ �DV �LW �LV
YXOQHUDEOH�WR�WKH�HIIHFWV�RI�FOLPDWH�FKDQJH�EXW��DW�WKH�VDPH�WLPH��LW�KDV�SRWHQWLDO�WR�PLWLJDWH
LW�E\�DFWLQJ�DV�D�&�VLQN��2HQRWUDFH�LV�D�(XURSHDQ�SURMHFW�WKDW�DLPV�WR�HVWDEOLVK�D�GDWD�EDVHG
LQIUDVWUXFWXUH�IRU�WUDFLQJ�VXVWDLQDEOH�SUDFWLFHV�LQ�JUDSHYLQH�JURZLQJ��$�PDMRU�FKDOOHQJH
ZLWKLQ �WKH �SURMHFW �LV �WR �TXDQWLI\ �WKH �HQYLURQPHQWDO �LPSDFW �RI �JUDSHYLQH �FXOWLYDWLRQ
FRPSUHKHQVLYHO\��7KH�SURMHFW�DLPV�WR�SURYLGH�VXVWDLQDELOLW\�PHWULFV�WKDW�FDQ�EH�XVHG�E\
YDULRXV�VWDNHKROGHUV�ZLWKLQ�WKH�ZLQH�PDNLQJ�VHFWRU�DQG�FRPPXQLFDWHG�WR�FXVWRPHUV��,Q�WKH
LQLWLDO�SKDVH�RI�WKH�SURMHFW��WKH�SUHYDLOLQJ�DVSHFWV�WKDW�FRQWULEXWH�WR�WKH�HQYLURQPHQWDO
LPSDFW�KDYH�EHHQ�LGHQWLILHG�LQ�WZR�GLIIHUHQW�WHUULWRULHV��,WDO\�DQG�*HUPDQ\��7R�HVWLPDWH�WKH
EDODQFH�LQ�WKH�&2��IOX[HV�IURP�DQWKURSRJHQLF�DQG�QDWXUDO�RULJLQV�REVHUYDEOH�GXULQJ�WKH
JURZLQJ �VHDVRQ� �DQ �H[SHULPHQWDO �VHQVRU�EDVHG �GDWD �DFTXLVLWLRQ �DUFKLWHFWXUH �KDV �EHHQ
GHVLJQHG��3URFHVV�EDVHG�PRGHOLQJ��FRXSOHG�ZLWK�UHPRWH�DQG�SUR[LPDO�VHQVRUV�DQG�PDFKLQH
WHOHPHWU\ �PRGXOH �ZLOO �EH �XVHG� �7KH �ODWWHU �DOORZV �IRU �PRQLWRULQJ �WKH �PDFKLQH�UHODWHG
HPLVVLRQV�GXULQJ�ILHOG�RSHUDWLRQV��$�IXUWKHU�,R7�DUFKLWHFWXUH�ZLOO�EH�GHVLJQHG�WR�WUDQVIHU
WKLV �PRQLWRULQJ �DSSURDFK �WR �D �XVH �FDVH �RQ �D �FRPPHUFLDO �ZLQHU\ �LQ �*HUPDQ\� �7KLV
DUFKLWHFWXUH�HQFRPSDVVHV�WKH�HQWLUH�YDOXH�FKDLQ�XS�WR�WKH�GLVWULEXWLRQ�RI�WKH�ZLQH�LQ�RUGHU
WR�WUDQVIHU�WKH�YLQH\DUG�UHODWHG�VXVWDLQDELOLW\�PHWULFV�WR�WKH�FXVWRPHUV��$�WKRURXJK�PDSSLQJ
RI�WKH�DFWXDO�VWDWH�DW�WKH�XVH�FDVH�ZLQHU\�KLJKOLJKWHG�VLJQLILFDQW�WHFKQLFDO�FKDOOHQJHV��VXFK
DV�WKH�FRQVLGHUDEOH�GLYHUVLW\�LQ�IDUPLQJ�SUDFWLFHV�DQG�RUJDQL]DWLRQDO�VWUXFWXUHV�WKDW�FDQ
DIIHFW�WKH�LPSDFW�IDFWRUV�RU�WKH�DEVHQFH�RI�FRPSDWLELOLW\�DPRQJ�WKH�H[LVWLQJ�SURGXFWLRQ
PDQDJHPHQW�VRIWZDUH��7KHVH�ZLOO �EH�RYHUFRPH�E\�PHDQV�RI�,R7�WHFKQRORJ\�DQG�D�GDWD
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SODWIRUP� �ZKLFK �ZLOO �VHUYH �DV �D �SLYRWDO �SRLQW �IRU �DXWRPDWHG �GDWD �DJJUHJDWLRQ �DQG
PDQDJHPHQW� �DV�ZHOO �DV�WKH�LQYROYHPHQW�RI�VWDNHKROGHUV� �7KHVH�ILUVW �UHVXOWV�SURSRVH�D
VWDUWLQJ�SRLQW�IRU�GHYHORSLQJ�SUHFLVH�GDWD�GULYHQ�HQYLURQPHQWDO�LPSDFW�DQDO\VLV�DSSURDFKHV
IRU�IXWXUH�YLWLFXOWXUH�
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,PSOHPHQWDWLRQ��FDOLEUDWLRQ�DQG�YDOLGDWLRQ�RI�WKH�(3,&�PRGHO
IRU�SUHGLFWLQJ�WKH�IDWH�RI�*O\SKRVDWH�DQG�$03$�DFURVV
DJURHFRV\VWHPV�RI�WKH�9HQHWR�UHJLRQ
E\�*LRYDQQD�3LD]]RQ�_�0DWWHR�/RQJR�_�6HEDVWLDQR�5RFFR�_�)UDQFHVFR�0RUDUL�_�1LFROD�'DO�)HUUR�_�'$)1$(�
8QLYHUVLW\�RI�3DGRYD�_�'$)1$(��8QLYHUVLW\�RI�3DGRYD�_�'$)1$(��8QLYHUVLW\�RI�3DGRYD�_�'$)1$(�
8QLYHUVLW\�RI�3DGRYD�_�'$)1$(��8QLYHUVLW\�RI�3DGRYD

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��*LRYDQQD�3LD]]RQ
&RQWULEXWLRQ��3RVW

&URS�SURWHFWLRQ�WKURXJK�XVLQJ�SODQW�SURWHFWLRQ�SURGXFWV��333V��UDLVHV�FRQFHUQV�GXH�WR�WKHLU
SRWHQWLDO�HQYLURQPHQWDO�LPSDFWV��SDUWLFXODUO\�RQ�WKH�VRLO�DQG�ZDWHU�ZLWKLQ�DJURHFRV\VWHPV�
8QGHUVWDQGLQJ�WKH�IDWH�RI�333V�LQ�WKH�HQYLURQPHQW�LV�FKDOOHQJLQJ��DV�YDULRXV�DQG�LQWHU�
UHODWHG�SURFHVVHV�LQIOXHQFH�WKHLU�GHJUDGDWLRQ��DGVRUSWLRQ��RU�VXUIDFH�DQG�PRYHPHQW�WKURXJK
OHDFKLQJ�RU�SUHIHUHQWLDO�SDWKZD\V��7KH�DLP�RI�WKLV�VWXG\�ZDV�WR�LPSOHPHQW��FDOLEUDWH�DQG
YDOLGDWH �WKH �ELRJHRFKHPLFDO �PRGHO �(3,& ��(QYLURQPHQWDO �3ROLF\ �,QWHJUDWHG �&OLPDWH� �WR
GHVFULEH�WKH�IDWH�RI�JO\SKRVDWH��*/<��DQG�$03$�DFURVV�GLIIHUHQW�DJULFXOWXUDO�V\VWHPV�DQG
SHGR�FOLPDWLF�FRQGLWLRQV�RI�WKH�9HQHWR�5HJLRQ��XVLQJ�D�VHULHV�RI�GDWD�FROOHFWHG�LQ�WKH�ILHOG
WKDW�VKRZHG�VRPH�SUHIHUHQWLDO�IORZ�PRYHPHQWV��7KH�(3,&�LPSOHPHQWDWLRQ�ZDV�FDUULHG�RXW
ZLWK�UHJDUG�WR�RSWLPL]LQJ��L��WKH�SUHIHUHQWLDO�IORZ�RI�*/<�DQG�$03$�PRYHPHQW�GRZQ�WR�WKH
ZDWHU�WDEOH�E\SDVVLQJ�WKH�VRLO�SURILOH��WKHUHE\�GHVFULELQJ�WKH�IDVW�PRYHPHQW�RI�WKH�VROXWH
WKDW�RIWHQ�RFFXUV�LQ�WKH�ILHOG��LL��WKH�KDOI�OLIH�RI�333V�LQ�WKH�VRLO��ZKRVH�DOJRULWKP�HVWLPDWHG
WKH�GHJUDGDWLRQ�EDVHG�RQ�HQYLURQPHQWDO�FRQGLWLRQV��H�J���WHPSHUDWXUH��VRLO�PRLVWXUH���LLL�
WKH�DGVRUSWLRQ�FRHIILFLHQW�LQ�WKH�VRLO�DOO�DORQJ�WKH�VRLO�SURILOH��ZKLFK�ZDV�DEOH�WR�GHVFULEH�WKH
QRQ�OLQHDU�UHSDUWLWLRQ�RI�WKH�PROHFXOH�EHWZHHQ�VRLO�DQG�ZDWHU��7KH�(3,&�FDOLEUDWLRQ�DQG
YDOLGDWLRQ�ZHUH�SHUIRUPHG�WKDQNV�WR�SUHYLRXVO\�FROOHFWHG�ILHOG�GDWD�WKDW�FDPH�IURP�GLIIHUHQW
H[SHULPHQWV�DFURVV�D�UDQJH�RI�DJURHFRV\VWHPV�LQ�WKH�9HQHWR�UHJLRQ��ZKHUH�*/<�DQG�LWV
PHWDEROLWH�$03$�ZHUH�XVHG�DV�WHVWHG�PROHFXOHV��,Q�WKH�ORZ�O\LQJ�9HQHWLDQ�SODLQ��/HJQDUR
PXQLFLSDOLW\���FRQYHQWLRQDO�DQG�FRQVHUYDWLRQ�DJULFXOWXUH�ZHUH�WHVWHG�RQ�FURSV��L�H��PDL]H
DQG�VRUJKXP��LQ�D�VLOW\�ORDP�VRLO�XQGHU�VKDOORZ�ZDWHU�WDEOH�FRQGLWLRQV��,Q�WZR�DGGLWLRQDO
IRRWKLOO �DUHDV �LQ �&RQHJOLDQR �DQG �9DOGREELDGHQH �PXQLFLSDOLWLHV� �ZKHUH �YLQH\DUGV �DUH
FXOWLYDWHG�H[WHQVLYHO\��*/<�DQG�$03$�ZHUH�PRQLWRUHG�XQGHU�IUHH�GUDLQDJH�FRQGLWLRQV�LQ
VLOW\�DQG�VDQG\�ORDP�VRLOV�RULJLQDWHG�IURP�JUDYHOO\�DQG�FDOFDUHRXV�KLJK�SODLQV�DQG�WHUUDFHV�
DQG�IOXYLRJODFLDO�GHSRVLWV�UHVSHFWLYHO\��,Q�DOO �WKUHH�VLWHV��VRLO �WHPSHUDWXUH�DQG�PRLVWXUH
G\QDPLFV�ZHUH�PRQLWRUHG��DQG�SRUH�ZDWHU�������������FP��DQG�JURXQGZDWHU�ZHUH�VDPSOHG
WR�GHVFULEH�VROXWHV�G\QDPLFV��5HVXOWV�VKRZHG�WKDW�(3,&�PRGHO�ZDV�DEOH�WR�VLPXODWH�ZHOO�WKH
FURS�JURZWK��DV�ZHOO�DV�GHVFULEH�ZDWHU�DQG�VROXWH�G\QDPLFV�LQ�WKH�GLIIHUHQW�DJURHFRV\VWHPV�
,Q�SDUWLFXODU��(3,&�FRUUHFWO\�GHVFULEHG�WKH�*/<�GHJUDGDWLRQ�G\QDPLFV�LQ�WKH�VXUIDFH�OD\HU�
ZKLFK�ZDV�HVWLPDWHG�WR�EH�IDVWHU�LQ�FURSODQGV��DERXW����GD\V��WKDQ�LQ�YLQH\DUGV��LQ�WKH
UDQJH�RI ����WR����GD\V�� �5HJDUGLQJ�WKH�YHUWLFDO �PRYHPHQW� �WKH�LPSOHPHQWDWLRQ�RI �WKH
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SUHIHUHQWLDO�IORZ�DOJRULWKP�ZDV�DEOH�WR�SUHGLFW�WKH�SUHIHUHQWLDO�SDWKZD\V�DORQJ�WKH�VRLO
SURILOH�DQG�GRZQ�WR�WKH�ZDWHU�WDEOH��������7KLV�RYHUFRPHV�WKH�OLPLWDWLRQV�RI�WKH�RULJLQDO
(3,&�WKDW�SUHYHQWHG�*/<�PRYHPHQW�LQ�WKH�GHHSV�OD\HU�����FP��GXH�WR�WKH�KLJK�DGVRUSWLRQ
FRHIILFLHQW��7KH�QHZ�PRGHO�ZLOO�HQDEOH�WKH�LGHQWLILFDWLRQ�RI�PRVW�VXVFHSWLEOH�DJURHFRV\VWHPV
WR�333V�FRQWDPLQDWLRQ�DW�WKH�UHJLRQDO�VFDOH��GULYLQJ�IDUPHUV�DQG�SROLF\PDNHUV�WRZDUGV
PDQDJHPHQW�SUDFWLFHV�WKDW�EHVW�FRPELQH�FURS�SURWHFWLRQ�DQG�HQYLURQPHQWDO�LVVXHV�
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&XOWLYDWLRQ�DQG�:HHG�0DQDJHPHQW�LQ�7UDGLWLRQDO�DQG
,QQRYDWLYH�6\VWHPV��&RPSDULQJ�7UDFWRU�DQG�5RERW
E\�1HERMVD�1LNROLF�_�0DUFR�6R]]L�_�/XLJL�6DUWRUL�_�)UDQFHVFR�0DULQHOOR�_�5REHUWD�0DVLQ�_�'$)1$(�
8QLYHUVLW\�RI�3DGRYD�_�7(6$)��8QLYHUVLW\�RI�3DGRYD�_�7(6$)��8QLYHUVLW\�RI�3DGRYD�_�7(6$)��8QLYHUVLW\�RI
3DGRYD�_�'$)1$(��8QLYHUVLW\�RI�3DGRYD

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��1HERMVD�1LNROLF
&RQWULEXWLRQ��3RVW

:HHG�PDQDJHPHQW�LV �FUXFLDO �LQ�DJULFXOWXUDO �SURGXFWLRQ�GXH�WR�ZHHGV�EHLQJ�D�SULPDU\
FRQVWUDLQW�IRU�SODQW�JURZWK��&RQYHQWLRQDO�DJULFXOWXUH�UHOLHV�KHDYLO\�RQ�KHUELFLGHV��ZKLFK�
GHVSLWH�WKHLU�HIIHFWLYHQHVV� �SRVH�VLJQLILFDQW�ULVNV�WR�HFRV\VWHPV�DQG�KXPDQ�DQG�DQLPDO
KHDOWK��$GGLWLRQDOO\��WKH�GHYHORSPHQW�RI�KHUELFLGH�UHVLVWDQFH�DQG�FKDOOHQJHV�LQ�SURGXFLQJ
QHZ�IRUPXODWLRQV�QHFHVVLWDWH�DOWHUQDWLYH�ZHHG�FRQWURO�PHWKRGV��1DWLRQDO�DQG�LQWHUQDWLRQDO
UHJXODWLRQV�DOVR�FDOO�IRU�UHGXFHG�SHVWLFLGH�XVH��XQGHUVFRULQJ�WKH�XUJHQW�QHHG�IRU�LQQRYDWLYH
VROXWLRQV�LQ�WKH�IDFH�RI�D�JURZLQJ�JOREDO�SRSXODWLRQ�DQG�LQFUHDVLQJ�IRRG�GHPDQG��7KLV�VWXG\
H[SORUHV�PHFKDQLFDO�ZHHG�FRQWURO�XVLQJ�WKH�SUHFLVLRQ�ZHHGHU�5RWRVDUN��2OLYHU$JUR�V�U�O��
9HURQD��,WDO\���SDLUHG�ZLWK�HLWKHU�D�VWDQGDUG�WUDFWRU�RU�WKH�DXWRQRPRXV�DJULFXOWXUDO�URERW

5RERWWL�����'
��$JURLQWHOOL� �$DUKXV��'HQPDUN���*LYHQ�WKDW�URERWLF�V\VWHPV�FDQ�SHUIRUP
PXOWLSOH�DJULFXOWXUDO�WDVNV��WKLV�VWXG\�DOVR�H[DPLQHV�RSHUDWLRQDO�GLIIHUHQFHV�EHWZHHQ�WKHVH
V\VWHPV��7KH�H[SHULPHQW�ZDV�FRQGXFWHG�LQ�D�PDL]H�ILHOG�DW�WKH�8QLYHUVLW\�RI �3DGRYD
V
H[SHULPHQWDO�IDUP��/XFLR�7RQLROR���)LHOG�SDUFHOV�ZHUH�GLYLGHG�LQWR�WZR�JURXSV��RQH�PDQDJHG
E\�D�WUDFWRU�DQG�WKH�RWKHU�PDQDJHG�E\�WKH�URERW��%RWK�JURXSV�ZHUH�PDLQWDLQHG�VHSDUDWHO\
IURP�VRZLQJ�WR�KDUYHVW��:HHGLQJ�ZDV�SHUIRUPHG�DW�VSHHGV�RI���NP�K�DQG���NP�K��ZLWK�ZHHG
SUHVHQFH�PRQLWRUHG�WKURXJK�JURXQG�VXUYH\V��5HVXOWV�GHPRQVWUDWHG�WKDW�ERWK�WKH�URERW�DQG
WUDFWRU�DFKLHYHG�DSSUR[LPDWHO\�����ZHHG�FRQWURO�HIILFLHQF\��ZLWK�QR�VLJQLILFDQW�GLIIHUHQFHV
REVHUYHG�EHWZHHQ�PHWKRGV�RU�VSHHGV��6SHFLHV�OHYHO�DQDO\VLV�DOVR�VKRZHG�QR�VLJQLILFDQW
GLIIHUHQFHV� �)XUWKHUPRUH� �ILQDO �ZHHG�ELRPDVV �ZDV�FRPSDUDEOH �EHWZHHQ�WKH �URERW� �DQG
WUDFWRU�PDQDJHG �SORWV� �1RWDEO\� �WKH �XVH �RI �WKH �URERW �IDFLOLWDWHG �D �UHGXFWLRQ �LQ �VRLO
FRPSDFWLRQ��ZLWK�DYHUDJH�EXON�GHQVLW\�PHDVXUHG�DW������J�FP���LQ�URERW�PDQDJHG�SORWV
FRPSDUHG�WR������J�FP���LQ�WKRVH�PDQDJHG�E\�WKH�WUDFWRU��$GGLWLRQDOO\��YROXPHWULF�ZDWHU
FRQWHQW�ZDV�KLJKHU�LQ�URERW�PDQDJHG�SORWV��������FPg�FP����FRPSDUHG�WR�WUDFWRU�PDQDJHG
SORWV��������FPg�FP���� �ZKLFK�FDQ�EH�DWWULEXWHG�WR�WKH�OLJKWHU�ZHLJKW�DQG�UHGXFHG�VRLO
GLVWXUEDQFH�E\�WKH�URERW��7KLV�LPSURYHPHQW�LV�DWWULEXWHG�WR�IHZHU�SDVVHV�DQG�RSWLPL]HG
GULYLQJ�URXWHV��IDFLOLWDWHG�E\�FRQWUROOHG�WUDIILF�IDUPLQJ�WHFKQLTXHV��,Q�FRQFOXVLRQ��WKH�VWXG\
LQGLFDWHV �WKDW �DXWRQRPRXV �URERWLF �ZHHGLQJ �LV �DV �HIIHFWLYH �DV �WUDGLWLRQDO �WUDFWRU�EDVHG
PHWKRGV��KLJKOLJKWLQJ�WKH�SRWHQWLDO�IRU�DXWRQRPRXV�V\VWHPV�WR�DFKLHYH�FRPSDUDEOH�ZHHG
FRQWURO�UHVXOWV�WR�FRQYHQWLRQDO�SUDFWLFHV�ZLWK�DGGHG�EHQHILWV�LQ�VRLO�KHDOWK�DQG�PRLVWXUH
UHWHQWLRQ� �7KH �UHGXFWLRQ �LQ �VRLO �FRPSDFWLRQ �XQGHUVFRUHV �WKH �VLJQLILFDQW �SRWHQWLDO �IRU
DGYDQFHG �PHFKDQL]DWLRQ �WR �HQKDQFH �VXVWDLQDELOLW\ �LQ �DJULFXOWXUDO �SUDFWLFHV� �IXUWKHU
PLWLJDWLQJ �WKH �HQYLURQPHQWDO �LPSDFW �RI �WUDGLWLRQDO �IDUPLQJ �PHWKRGV�
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([SORULQJ�WKH�SRWHQWLDO�RI�JHQRW\SHV�DQG�LQQRYDWLYH
DJURQRPLF�WHFKQLTXHV�WR�HQKDQFH�WKH�SURGXFWLYLW\�DQG
VXVWDLQDELOLW\�RI�GXUXP�ZKHDW�IDUPLQJ
E\�$QWRQLR�)DYDUD�_�6LOYLD�=LQJDOH�_�*LXVHSSH�,QGRYLQR�_�9DOHQWLQD�)RUPLFD�_�6HEDVWLDQR�,QIDQWLQR�_�3DROR
*XDUQDFFLD�_�1LQR�9LU]h�_�$QWRQLQR�=DSSDOd�_�$QWRQLR�/HRQDUGL�_�6WHIDQLD�/LFFLDUGHOOR�_�)DELROD�6FLDFFD�_
$QWRQLR�&DUOR�%DUEHUD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW���8QLYHUVLW\�RI�&DWDQLD�_
'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW���8QLYHUVLW\�RI�&DWDQLD�_�'HSDUWPHQW�RI�$JULFXOWXUH�
)RRG�DQG�(QYLURQPHQW���8QLYHUVLW\�RI�&DWDQLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��
8QLYHUVLW\�RI�&DWDQLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW���8QLYHUVLW\�RI�&DWDQLD�_
'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW�_�&5($���&HQWUR�GL�ULFHUFD�&HUHDOLFROWXUD�H�&ROWXUH
,QGXVWULDOL��&,���VHGH�GL�$FLUHDOH��&7��_�&5($���&HQWUR�GL�ULFHUFD�&HUHDOLFROWXUD�H�&ROWXUH�,QGXVWULDOL��&,��
VHGH�GL�$FLUHDOH��&7��_�&5($���&HQWUR�GL�ULFHUFD�&HUHDOLFROWXUD�H�&ROWXUH�,QGXVWULDOL��&,���VHGH�GL�$FLUHDOH
�&7��_�&5($���&HQWUR�GL�ULFHUFD�&HUHDOLFROWXUD�H�&ROWXUH�,QGXVWULDOL��&,���VHGH�GL�$FLUHDOH��&7��_�&5($��
&HQWUR�GL�ULFHUFD�&HUHDOLFROWXUD�H�&ROWXUH�,QGXVWULDOL��&,���VHGH�GL�$FLUHDOH��&7��_�'HSDUWPHQW�RI
$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW���8QLYHUVLW\�RI�&DWDQLD

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��6LOYLD�=LQJDOH
&RQWULEXWLRQ��3RVW

'XUXP�ZKHDW��':���WKH�PDLQ�FHUHDO�VWDSOH�FURS�RI�WKH�0HGLWHUUDQHDQ�UHJLRQ��LV�FXUUHQWO\�LQ
FULVLV��7UDGLWLRQDOO\�JURZQ�XVLQJ�FRQYHQWLRQDO�WLOODJH�PHWKRGV�XQGHU�UDLQ�IHG�FRQGLWLRQV��LWV
SURGXFWLRQ�DQG�TXDOLW\�DUH�WKUHDWHQHG�E\�HQYLURQPHQWDO�VWUHVVHV�VXFK�DV�GURXJKW�DQG�KLJK
WHPSHUDWXUHV��,Q�DGGLWLRQ��FRQFHUQV�DERXW�WKH�LPSDFW�RI�GXUXP�ZKHDW�VXSSO\�FKDLQV�RQ
FOLPDWH �FKDQJH� �PLQHUDO �UHVRXUFH �GHSOHWLRQ� �ODQG�RFFXSDWLRQ� �DQG�ELRGLYHUVLW\ �ORVV �DUH
ULVLQJ��,Q�UHVSRQVH�WR�WKHVH�FKDOOHQJHV��YDULRXV�DGDSWDWLRQ�VWUDWHJLHV�DUH�EHLQJ�H[SORUHG�WR
PD[LPL]H�\LHOG�SRWHQWLDO�DQG�TXDOLW\�ZKLOH�HQVXULQJ�ORQJ�WHUP�HQYLURQPHQWDO�VXVWDLQDELOLW\�
7KLV�VWXG\�DVVHVVHG�WKH�LPSDFW�RI�GLIIHUHQW�ZKHDW�JHQRW\SHV�DQG�VXVWDLQDEOH�DJURQRPLF
WHFKQLTXHV�RQ�':
V�PDLQ�ELR�DJURQRPLF�DQG�SURGXFWLYH�WUDLWV��7KH�WULDOV�ZHUH�FDUULHG�RXW
GXULQJ�WKH�����������JURZLQJ�VHDVRQ�DW�WKH�H[SHULPHQWDO�ILHOG�RI��$]LHQGD�/LEHUWLQLD��RI�WKH
&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV��5DPDFFD�&7����d����1����d����(������P
D�V�O����DV�ZHOO�DV�LQ�SRWV�DW�WKH�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG��DQG�(QYLURQPHQW�RI�WKH
8QLYHUVLW\�RI�&DWDQLD��$�WKUHH�IDFWRULDO�H[SHULPHQWDO�IRU�HDFK�H[SHULPHQW�ZLWK�*HQRW\SH
�WZR�GXUXP�ZKHDW�JHQRW\SHV��LQFOXGLQJ�WKH�ODQGUDFH��0DUJKHULWR��DQG�WKH�PRGHUQ�YDULHW\
�$QWDOLV�� �DQG�RQH�EUHDG�ODQGUDFH��0DLRUFD����$UEXVFXODU�0\FRUUKL]DO�)XQJL��$0)��ILHOG�
LQRFXODWLRQ��DQG�,QWHUFURSSLQJ�ZLWK�7ULIROLXP�UHSHQV��ZHUH�FDUULHG�RXW�LQ�D�VSOLW�SORW�GHVLJQ�
7KH �JHQRW\SH
V �PDLQ �ELR�DJURQRPLF �WUDLWV� �SODQW �KHDGLQJ �SHULRG� �SODQW �KHLJKW� �63$'
UHDGLQJV� �JUDLQ �\LHOG� �DQG �LWV �FRPSRQHQWV �DQG �TXDOLW\ �WUDLWV ��WKRXVDQG �NHUQHO �ZHLJKW�
KHFWROLWHU�ZHLJKW��SURWHLQ�FRQWHQW��RQ�KDUYHVWHG�JUDLQV�ZHUH�HYDOXDWHG��'DWD�ZHUH�VXEMHFWHG
WR�VWDWLVWLFDO�DQDO\VLV�WKURXJK�D�WKUHH�ZD\�DQDO\VLV�RI�YDULDQFH��$129$��DQG�WKH�7XNH\�WHVW
ZLWK�D�VLJQLILFDQFH�OHYHO�VHW�DW�S�������7KH�UHVXOWV�IURP�WKH�ILHOG�H[SHULPHQW�VKRZHG�WKDW
WKH �JHQRW\SH �IDFWRU �VLJQLILFDQWO\ �DIIHFWHG �JUDLQ �\LHOG� �SODQW �KHLJKW� �GD\V �WR �KHDGLQJ�
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FKORURSK\OO�FRQWHQW��63$'���WKRXVDQG�NHUQHO�ZHLJKW��DQG�SURWHLQ�FRQWHQW��,Q�SDUWLFXODU��WKH
PRGHUQ�YDULHW\�
$QWDOLV
 �SHUIRUPHG�EHWWHU�LQ�JUDLQ�\LHOG�DQG�63$'�UHDGLQJV� �ZKLOH�WKH
ODQGUDFH�
0DUJKHULWR
 �VWRRG�RXW �IRU �KDYLQJ�KLJKHU�WKRXVDQG�NHUQHO �ZHLJKW �DQG�SURWHLQ
FRQWHQW��$V�H[SHFWHG��VLJQLILFDQW�GLIIHUHQFHV�ZHUH�IRXQG�LQ�SODQW�KHLJKW�DQG�GD\V�WR�KHDGLQJ�
ZLWK �WKH �ODQGUDFHV �EHLQJ �WDOOHU �DQG �ODWHU� �&RQFHUQLQJ �WKH �LQYHVWLJDWHG �DJURQRPLF
WHFKQLTXHV��QHLWKHU�LQWHUFURSSLQJ�QRU�WKH�ILHOG�LQRFXODWLRQ�ZLWK�$0)�SOD\HG�D�VLJQLILFDQW
UROH�LQ�DQ\�DVVHVVHG�WUDLWV��QRU�GLG�WKH�LQWHUDFWLRQ�DPRQJ�WKH�IDFWRUV��7KHVH�UHVXOWV�ZHUH
FRQILUPHG�DOVR�E\�WKRVH�IURP�WKH�H[SHULPHQW�LQ�SRWV��H[FHSW�IRU�WKH�$0)�LQRFXODWLRQ
V
VLJQLILFDQW�HIIHFW�RQ�WKH�63$'�UHDGLQJV��,Q�WKH�ODWWHU�FDVH��WKH�P\FRUUKL]HG�SODQWV�FRQVWDQWO\
VKRZHG�VLJQLILFDQWO\�KLJKHU�YDOXHV�WKDQ�WKH�QRQ�WUHDWHG�SODQWV�WKURXJKRXW�WKH�FURS�F\FOH�
2YHUDOO��WKLV�VWXG\�V�ILQGLQJV�KLJKOLJKW�WKH�SRWHQWLDO�IRU�LPSURYLQJ�GXUXP�ZKHDW�SURGXFWLRQ
DQG�TXDOLW\�WKURXJK�JHQRW\SH�VHOHFWLRQ�ZKLOH�FDOOLQJ�IRU�IXUWKHU�UHVHDUFK�RQ�VXVWDLQDEOH
DJURQRPLF�SUDFWLFHV�IRU�HQVXULQJ�HFR�HIILFLHQF\�
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&RYHU�FURSSLQJ�VWUDWHJLHV�IRU�WKH�VXVWDLQDEOH�ZHHG
PDQDJHPHQW�LQ�D�0HGLWHUUDQHDQ�FLWUXV�JURYH
E\�6DOYDWRUH�$OILR�6DOLFROD�_�$OHVVLD�5HVWXFFLD�_�&ULVWLQD�$EEDWH�_�*DHWDQR�3DQGL�QR�_�$XUHOLR�6FDYR�_
*LRYDQQL�0DXURPLFDOH�_�6DUD�/RPEDUGR�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'L�$��
8QLYHUVLW\�RI�&DWDQLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'L�$���8QLYHUVLW\�RI�&DWDQLD�_
'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'L�$���8QLYHUVLW\�RI�&DWDQLD�_�'HSDUWPHQW�RI
$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'L�$���8QLYHUVLW\�RI�&DWDQLD�_�'HSDUWPHQW�RI�9HWHULQDU\�6FLHQFHV�
8QLYHUVLW\�RI�0HVVLQD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'L�$���8QLYHUVLW\�RI�&DWDQLD�_
'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'L�$���8QLYHUVLW\�RI�&DWDQLD

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��6DUD�/RPEDUGR
&RQWULEXWLRQ��3RVW

*URZQ�DV�D�VLQJOH�FURS�RU�LQ�FRPELQDWLRQ��FRYHU�FURSV�RIIHU�VHYHUDO�HFRV\VWHP�VHUYLFHV�WR
UHDFK�WKH�VXVWDLQDEOH�GHYHORSPHQW�JRDOV�RI�WKH�8QLWHG�1DWLRQV��,Q�SDUWLFXODU��WKH�DELOLW\�RI
FRYHU�FURSV�WR�FRQWURO�ZHHGV�LV�RQH�RI�WKHLU�PDLQ�DGYDQWDJHV��UHSUHVHQWLQJ�WKHP�D�YDOXDEOH
DOWHUQDWLYH�WR�FRQYHQWLRQDO�WLOODJH�DQG�KHUELFLGH�XVH�IRU�ZHHG�VXSSUHVVLRQ�LQ�DQQXDO�DQG
SHUHQQLDO�DJULFXOWXUDO�V\VWHP��,Q�WKLV�IUDPHZRUN��D���\HDU�VWXG\��IXQGHG�ZLWKLQ�WKH�3155
�1DWLRQDO�5HVHDUFK�&HQWUH�IRU�$JULFXOWXUDO�7HFKQRORJLHV��$JULWHFK���3URMHFW��ZDV�SHUIRUPHG
RQ�EORRG�RUDQJH��&LWUXV�VLQHQVLV �/��2VEHFN��FY��0RUR��LQ�D�0HGLWHUUDQHDQ�HQYLURQPHQW
�6LFLO\��6RXWK�,WDO\���WR�HYDOXDWH�FRYHU�FURS�ELRPDVV�SURGXFWLRQ�DQG�WKH�HIIHFWV�RQ�ZHHG�VRLO
VHHG�EDQN��DERYHJURXQG�ELRPDVV��VSHFLHV�ULFKQHVV�DQG�DVVRFLDWLRQ�EHWZHHQ�FRPPXQLWLHV�
7KH �H[SHULPHQW �ZDV �DUUDQJHG �DV �D �FRPSOHWHO\ �UDQGRPL]HG �EORFN �GHVLJQ �ZLWK �WKUHH
UHSOLFDWHV�DQG�LQFOXGHG�WKUHH�FRYHU�FURSSLQJ�WUHDWPHQWV� ��L� �7ULIROLXP�VXEWHUUDQHXP �/�
FRYHU�FURSSLQJ��76����LL��7��VXEWHUUDQHXP���)HVWXFD�DUXQGLQDFHD�6FKUHE��FRYHU�FURSSLQJ
�76�)$�� ��LLL� �XQZHHGHG �FRQWURO ��8&�� �7KH �H[SHULPHQWDO �VL]H �ZDV �DERXW ���� �P� �SHU
WUHDWPHQW��,Q�SDUWLFXODU��WKH�DUHD�RI�HDFK�SORW�ZDV���|j|��P��ZLWK�D�GLVWDQFH�RI���P�EHWZHHQ
WUHDWPHQWV��&RYHU�FURS�VHHGLQJ�ZDV�SHUIRUPHG�RQ�1RY�������DQG������E\�KDQG��DW�����FP
GHSWK��XVLQJ�������JHUPLQDEOH�VHHGV�P��RI�7��VXEWHUUDQHXP��FY��6HDWRQ�3DUN��IRU�WKH�76
WUHDWPHQW�RU�������DQG�������JHUPLQDEOH�VHHGV�P��RI�7��VXEWHUUDQHXP�DQG�)��DUXQGLQDFHD
�FY��.RUD���UHVSHFWLYHO\��IRU�WKH�76�)$�WUHDWPHQW��0RQLWRULQJ�RI�IORULVWLF�LQGLFDWRUV�ZDV
FDUULHG�RXW�WKURXJK�ILHOG�VFRXWLQJ�WR�VHOHFW��SHU�HDFK�WUHDWPHQW��WKH�VDPSOLQJ�]RQHV��ZKHUH
SHUPDQHQW ����� �P� �TXDGUDWV �ZHUH �UDQGRPO\ �SODFHG �DQG �VRLO �YHJHWDWLRQ �FRYHUDJH �ZDV
HVWLPDWHG�DFFRUGLQJ�WR�%UDXQ�%ODQTXHW�VFDOH��7KH�DERYHJURXQG�ELRPDVV�RI�ERWK�ZHHGV�DQG
FRYHU�FURSV�ZDV�FDUULHG�RXW�E\�FOLSSLQJ�DW�VRLO�VXUIDFH�IURP������P��SDWFKHV�SHU�TXDGUDW��,Q
WKH�ODERUDWRU\��IRU�76�DQG�76�)$�WUHDWPHQWV��FRYHU�FURS�ELRPDVV�ZDV�VHSDUDWHG�IURP�ZHHG
VSHFLHV �DQG �VDPSOHV �ZHUH �GULHG �DW ��� �d& �XS �WR �FRQVWDQW �ZHLJKW �IRU �GU\ �ELRPDVV
GHWHUPLQDWLRQ���,Q�DGGLWLRQ��FOLSSHG�ZHHGV�ZHUH�LGHQWLILHG��2XU�UHVXOWV�KLJKOLJKWHG�WKH�JRRG
VRLO�FRYHUDJH�REWDLQHG�ZLWK�WKH�VHOHFWHG�FRYHU�FURSV��DOWKRXJK�7��VXEWHUUDQHXP�VKRZHG�D
IDVWHU�JURZWK�DQG�VRLO�FRYHUDJH�UDWH�ZKHQ�PL[HG�ZLWK�)��DUXQGLQDFHD��DV�D�FRQVHTXHQFH�RI
WKH�SRVLWLYH�FRPSHWLWLYH�VWLPXOXV�SURYLGHG�E\�)� �DUXQGLQDFHD� �7KH�DGRSWLRQ�RI �76�DQG
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76�)$�FRYHU�FURSV�HIIHFWLYHO\�FRQWUROOHG�ZHHGV�WKDQ�WKH�FRQWURO��DV�H[SUHVVHG�E\�WKH�YDOXHV
RI�ZHHG�DERYHJURXQG�ELRPDVV��,Q�SDUWLFXODU��ERWK�76�DQG�76�)$�ZHUH�DEOH�WR�VXSSUHVV
VRPH�RI�WKH�PRVW�SUHVHQW�ZHHG�VSHFLHV��H�J��2[DOLV�SHV�FDSUDH�/���0HGLFDJR�VDWLYD�/��DQG
3RO\JRQXP�DYLFXODUH�/��+RZHYHU��LW�DSSHDUHG�QHFHVVDU\�WR�FRUURERUDWH�WKH�SUHVHQW�UHVXOWV
WKURXJK�IXUWKHU�H[SHULPHQWDO�WULDOV�DOUHDG\�SODQQHG�
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7KH�FRYHU�FURSV�VHOHFWLRQ�IRU�WKH�DJURHFRORJLFDO�ZHHG
PDQDJHPHQW�LQ�6RXWKHUQ�,WDO\�YLQH\DUGV
E\�6DOYDWRUH�$OILR�6DOLFROD�_�$XUHOLR�6FDYR�_�0RGDIIDUL�$QWRQLQR�_�6WHIDQR�%RUWROXVVL�_�&ULVWLQD�$EEDWH�_
8PEHUWR�$QDVWDVL�_�$OHVVLD�5HVWXFFLD�_�*LRYDQQL�0DXURPLFDOH�_�$OH[DQGURV�7DWDULGDV�_�+HOHQD�)UHLWDV�_
6DUD�/RPEDUGR�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'L�$���8QLYHUVLW\�RI�&DWDQLD�_
'HSDUWPHQW�RI�9HWHULQDU\�6FLHQFHV��8QLYHUVLW\�RI�0HVVLQD�_�,WDOLDQ�$VVRFLDWLRQ�IRU�2UJDQLF�$JULFXOWXUH
�$,$%��_�,WDOLDQ�$VVRFLDWLRQ�IRU�2UJDQLF�$JULFXOWXUH��$,$%��_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG
(QYLURQPHQW��'L�$���8QLYHUVLW\�RI�&DWDQLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'L�$��
8QLYHUVLW\�RI�&DWDQLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'L�$���8QLYHUVLW\�RI�&DWDQLD�
������&DWDQLD��,WDO\��_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'L�$���8QLYHUVLW\�RI�&DWDQLD�_
/DERUDWRU\�RI�$JURQRP\��'HSDUWPHQW�RI�&URS�6FLHQFH��$JULFXOWXUDO�8QLYHUVLW\�RI�$WKHQV�_�&HQWUH�IRU
)XQFWLRQDO�(FRORJ\��'HSDUWPHQW�RI�/LIH�6FLHQFHV��8QLYHUVLW\�RI�&RLPEUD�_�'HSDUWPHQW�RI�$JULFXOWXUH�
)RRG�DQG�(QYLURQPHQW��'L�$���8QLYHUVLW\�RI�&DWDQLD

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��6DUD�/RPEDUGR
&RQWULEXWLRQ��3RVW

7KH�VXVWDLQDELOLW\�RI�IDUPLQJ�V\VWHPV�LQ�WKH�(XURSHDQ�8QLRQ��(8��LV�DGYHUVHO\�DIIHFWHG�E\
ZHHGV��VR�UHO\LQJ�WR�D�ODUJH�H[WHQW�RQ�KHUELFLGHV��,Q�RUGHU�WR�VXSSRUW�WKH�VKLIW�WR�UHVLOLHQW
DQG�VXVWDLQDEOH�DJULFXOWXUDO�V\VWHPV��WKH�(8�)DUP�WR�)RUN�VWUDWHJ\�KDV�PDGH�UHGXFLQJ�WKH
XVH�RI�KHUELFLGHV�DQG�DVVRFLDWHG�ULVNV�RQH�RI�LWV�PDLQ�SROLF\�JRDOV��,Q�WKLV�YLHZ��WKH�+RUL]RQ
(XURSH ��$JURHFRORJ\ �IRU �ZHHGV �� �*22'� �SURMHFW �DVSLUHV �WR �FUHDWH �DQG �HYDOXDWH
$JURHFRORJLFDO�:HHG�0DQDJHPHQW��$:0��V\VWHPV�LQ�VHYHUDO�(XURSHDQ�&RXQWULHV��EDVHG�RQ
D�SURSHU�FKRLFH�RI�WKH�FRYHU�FURSV�VSHFLHV�IRU�WKH�VSHFLILF�SHGRFOLPDWLF�FRQGLWLRQV�RI�WKH
LQYROYHG�FXOWLYDWLRQ�DUHDV��,Q�WKLV�YLHZ��WKH�SUHVHQW�VWXG\�ZDV�GLUHFWHG�WR�KLJKOLJKW�WKH
LPSDFW�RI�WKUHH�FRYHU�FURSV��9LFLD�IDED�/��PLQRU��7ULIROLXP�DOH[DQGULQXP�/���9LFLD�YLOORVD
5RWK����$YHQD�VDWLYD�/����LQ�FRPSDULVRQ�ZLWK�D�FRQWURO��XQZHHG���RQ�ZHHG�DERYHJURXQG
ELRPDVV��VSHFLHV�ULFKQHVV�DQG�DVVRFLDWLRQ�EHWZHHQ�FRPPXQLWLHV��7KH�H[SHULPHQWDO�WULDOV�
WKURXJK�D�OLYLQJ�ODE�DSSURDFK��ZHUH�HVWDEOLVKHG�LQ�&DODEULD��6RXWK�,WDO\��LQ�WZR�SULYDWH
YLQH\DUGV�XQGHU�HLWKHU�RUJDQLF��25*����d���
�����1����d���
�����(}��RU�FRQYHQWLRQDO��&21�
��d���
�����1����d���
�����(}��FURS�PDQDJHPHQW�V\VWHP��7KH�]RQH�LV�VXEMHFWHG�WR�D�VHPLDULG�
0HGLWHUUDQHDQ�FOLPDWH��FKDUDFWHUL]HG�E\�PHDQ�DQQXDO�SUHFLSLWDWLRQV�RI�DERXW�����PP��KRW�
UDLQOHVV�VXPPHUV�DQG�PLOG�ZLQWHUV��)RU�HDFK�FURS�PDQDJHPHQW�V\VWHP��WKH�H[SHULPHQW�ZDV
VHW�XS �LQ �D �UDQGRPL]HG �EORFN �GHVLJQ �ZLWK �WKUHH �UHSOLFDWHV� �$IWHU �VHHGEHG �SUHSDUDWLRQ
WKURXJK�VRLO�WLOODJH��FRYHU�FURSV�VHHGLQJ�ZDV�KDQGO\�SHUIRUPHG�RQ�'HFHPEHU������DW�WKH
IROORZLQJ�GRVHV���������DQG�������NJ�KD���IRU�9��IDED�/��PLQRU��7��DOH[DQGULQXP�/��DQG
PL[WXUH�RI�9��YLOORVD�5RWK��DQG�$��VDWLYD�/���UHVSHFWLYHO\��&URS�PDQDJHPHQW�LQ�WKH�25*
YLQH\DUG�ZDV�SURYLGHG�DFFRUGLQJ�WR�(8�UHJXODWLRQ��ZKHUHDV�LQ�WKH�&21�RQHV�DV�XVXDO�ORFDO
SUDFWLFHV��,Q�0DUFK�PRQLWRULQJ�RI�IORULVWLF�LQGLFDWRUV�ZDV�SHUIRUPHG�E\�ILHOG�VFRXWLQJ�WR
REWDLQ�D�UHSUHVHQWDWLYH�YLHZ�RI�WKH�ZHHG�IORUD�DQG�ORFDWH�WKH�VDPSOLQJ�XQLWV��:LWKLQ�WKH
ODWWHU��SHUPDQHQW������P��TXDGUDWV�ZHUH�UDQGRPO\�SODFHG�DQG�VRLO�YHJHWDWLRQ�FRYHUDJH�ZDV
HVWLPDWHG�DFFRUGLQJ�WR�%UDXQ�%ODQTXHW�VFDOH��7KH�DERYHJURXQG�ELRPDVV�RI�ERWK�ZHHGV�DQG
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FRYHU�FURSV�ZDV�REWDLQHG�E\�FOLSSLQJ�DW�VRLO�VXUIDFH�IURP������P��SDWFKHV�SHU�TXDGUDW��,Q
WKH�ODERUDWRU\��FRYHU�FURS�ELRPDVV�ZDV�VHSDUDWHG�IURP�ZHHG�VSHFLHV�DQG�VDPSOHV�ZHUH
GULHG�DW����d&�XS�WR�FRQVWDQW�ZHLJKW�IRU�GU\�ELRPDVV�GHWHUPLQDWLRQ��)RU�WKH�ZHHG�IORUD
DQDO\VLV��FOLSSHG�ZHHGV�ZHUH�LGHQWLILHG��2Q�WKH�ZKROH��WKH�FRYHU�FURSV�WUHDWPHQWV�UHSRUWHG
D�PDMRU�VRLO�FRYHUDJH�LQ�WKH�25*�FURSSLQJ�V\VWHP��ZLWK�9��IDED�/��PLQRU�DQG�PL[WXUH�RI�9�
YLOORVD�5RWK��DQG�$��VDWLYD�/��UHO\LQJ�EHWWHU�SHUIRUPDQFHV��$OO�WKH�FRYHU�FURSV�XQGHU�VWXG\
KDG�DQ�HIIHFWLYH�FRQWURO�RI�WKH�PDLQ�ZHHGV�SUHVHQW�>H�J��&\QRGRQ�GDFW\ORQ��/����6HQHFLR
YXOJDULV�/��DQG�%UDVVLFD�IUXWLFXORVD@�ZLWK�KLJKHU�SHUIRUPDQFHV�E\�DGRSWLQJ�9��IDED�/��PLQRU�
7KHVH�SUHOLPLQDU\�UHVXOWV�DOVR�VXJJHVWHG�WKDW� �FRQVLGHULQJ�WKH�GURXJKW�ORFDO �FOLPDWH� �D
WLPHO\�HVWDEOLVKPHQW�RI�FRYHU�FURSV�LV�QHHGHG�IRU�DQ�HIIHFWLYH�FRQWURO�RI�WKH�PDLQ�ZHHGV
SUHVHQW�LQ�WKH��JHRJUDSKLFDO�DUHD��}
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5HGXFWLRQ�RI�1�LQSXW�XVLQJ�VHHG�WUHDWPHQW�DQG�IROLDU
IHUWLOLVDWLRQ��LPSDFW�RQ�\LHOG�DQG�TXDOLW\�RI�EDUOH\
E\�/XFLD�2WWDLDQR�_�,GD�'L�0ROD�_�(XJHQLR�&R]]ROLQR�_�*UHJRU\�0D]]DUHOOL�_�6DEULQD�1RFHULQR�_�)DELR
%UDQFDWR�_�*LRYDQQL�6DO]DQR�_�(QULFD�%XRQRFRUH�_�5REHUWR�)UXVFLDQWH�_�0DXUR�0RUL�_�',$��8QLYHUVLWd�GL
1DSROL�)HGHULFR�,,�_�',$��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�&5($��5HVHDUFK�&HQWHU�IRU�&HUHDO�DQG
,QGXVWULDO�&URSV�_�',$��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�',$��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�',$�
8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�',$��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�',$��8QLYHUVLWd�GL�1DSROL
)HGHULFR�,,�_�',$��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�',$��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��/XFLD�2WWDLDQR
&RQWULEXWLRQ��3RVW

7KLV�VWXG\�ZDV�DLPHG�WR�HYDOXDWH�WKH�HIIHFW�RI�VHHG�WUHDWPHQW�DQG�IROLDU�IHUWLOL]DWLRQ�RI
EDUOH\�LQ�0HGLWHUUDQHDQ�FURSSLQJ�V\VWHPV��IRU�OLPLWLQJ�WKH�GLUHFW�QLWURJHQ�LQSXW��7KH�VWXG\
ZDV�FDUULHG�RXW�LQ�)ULJQDQR�����P�D�V�O���&DPSDQLD�UHJLRQ��,WDO\��DW�WKH�SULYDWH�IDUP��'�
$PRUH�)UDQFHVFR���7KH�VRLO�KDG�VDQG\�FOD\H\�ORDP�WH[WXUH�DQG�D�JRRG�IHUWLOLW\��20 ������
WRWDO�1 ���������7KH�VRZLQJ�ZDV�PDGH�RQ�)HEUXDU\����������ZLWK�D�GHQVLW\�RI�����VHHGV
SHU�VTXDUH�PHWHU��7ZR�YDULHWLHV�RI�%DUOH\��([WDVH�DQG�/DXUHDWH��ZHUH�FXOWLYDWHG�XQGHU��
GLIIHUHQW�QLWURJHQ��1��PDQDJHPHQW�VWUDWHJLHV��WKH�RUGLQDU\�IDUP�IHUWLOL]DWLRQ�DV�&RQWURO
�&RQY� �����NJ�1�KD�������&RQY� ����NJ�1�KD�������&RQY���VHHGV�WDQQLQJ�����&RQY�6��
���&RQY���IROLDU �IHUWLOL]HU �����&RQY�)�� ����&RQY���VHHGV �WDQQLQJ���IROLDU �IHUWLOL]HU
����&RQY�6�)���(DFK�WUHDWPHQW�ZDV�UHSOLFDWHG�WKUHH�WLPHV�DQG�HDFK�SORW�ZDV����P�����[��
P�� �7KH �WZR �SURGXFWV �ZHUH �VXSSOLHG �E\ �$*5,*(6�VUO� �WKH �VHHG �WDQQLQJ �SURGXFW �ZDV
%LRVHPLQD �3: �352 �1 �%,2 ����� ��67�� �D �SRZGHU �SURGXFW �FRQWDLQLQJ �GLIIHUHQW
PLFURRUJDQLVPV��LQFOXGLQJ�SODQW�JURZWK�SURPRWLQJ�UKL]REDFWHULD��3*35��DQG�SKRVSKDWH�
VROXELOL]LQJ�EDFWHULD��DSSOLHG�WR�VRZLQJ���WKH�VHFRQG�RQH�ZDV�&\QRLO�]�6SHFLDO��DQ�DOJDH�
GHULYHG�SURGXFW��GLVWULEXWHG�RQ�0DUFK����DQG�0D\�����$W�KDUYHVW��-XO\��VW���WKH�IROORZLQJ
PHDVXUHPHQWV�ZHUH�PDGH��WRWDO�ELRPDVV��QXPEHU�RI�VSLNHV�SHU�VTXDUH�PHWHU��JUDLQ�\LHOG
DQG�SURWHLQ�FRQWHQW�RI�NHUQHOV��,W�ZDV�DOVR�FDOFXODWHG�KDUYHVW�LQGH[��+,��E\�GLYLGLQJ�JUDLQ
\LHOG�SHU�WRWDO�ELRPDVV��%HWZHHQ�WKH�WZR�YDULHWLHV��/DXUDWH�VKRZHG�WKH�EHVW�SURGXFWLYH
SHUIRUPDQFH������YV������W�KD���JUDLQ�\LHOG��DQG�����YV������VSLNHV�P�����LW�DOVR�KDG�WKH
KLJKHVW�YDOXH�RI�WRWDO�ELRPDVV�DQG�+,�������DQG������FRPSDUHG�WR�([WDVH��,QVWHDG��DV
UHJDUGV �WKH �IHUWLOL]DWLRQ �VWUDWHJLHV� �RXU �ILQGLQJV �LQGLFDWH �WKDW �WKH �FRPELQDWLRQ �RI �VHHG
WDQQLQJ�DQG�IROLDU�IHUWLOL]DWLRQ�ZDV�DEOH�WR�FRPSHQVDWH�WKH�UHGXFHG�1�GRVH��LQ�IDFW��WKH
KLJKHVW �JUDLQ �\LHOG �ZDV�UHFRUGHG�LQ �WKH ����&RQY�6�)�WUHDWPHQW �WKDW �HOLFLWHG�D ������
LQFUHDVH�FRPSDUHG�WR�WKH�PHDQ�YDOXH�RI�WKH�DOO�RWKHU�WUHDWPHQWV��6LPLODUO\��LW�DOVR�VKRZHG
WKH�KLJKHVW�YDOXHV�RI�WRWDO�ELRPDVV��QXPEHU�RI�VSLNHV�P����DQG�+,���������������DQG�����
FRPSDUHG�WR�WKH�DYHUDJH�YDOXH�RI�WKH�RWKHU�IRXU�WUHDWPHQWV��)LQDOO\��JUDLQ�SURWHLQ�FRQWHQW
ZDV�KLJKHU�LQ�/DXUDWH�FRPSDUHG�WR�([WDVH�DQG�LQ�SODQW�RI�&RQ�����SUREDEO\�DOVR�GXH�WR
ORZHU�SURGXFWLRQ��$FFRUGLQJ�WR�RXU�UHVXOWV��D�UHGXFWLRQ�RI�1�LQSXWV�FDQ�EH�D�VXVWDLQDEOH
RSWLRQ�IRU�EDUOH\�FXOWLYDWLRQ�LI�FRXSOHG�ZLWK�ELRVWLPXODQWV�DSSOLFDWLRQV��7KLV�FDQ�DOORZ�D
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UHGXFWLRQ�RI�FRVWV�DVVRFLDWHG�WR�1�LQSXWV�OLPLWLQJ�DOVR�1�GLVSHUVLRQ�WR�WKH�HQYLURQPHQW�EXW
SUHVHUYLQJ�\LHOG�DQG�TXDOLW\�RI�EDUOH\�
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)25$*(�0('��6XVWDLQDEOH�LQWHQVLILFDWLRQ�RI�OHJXPH�EDVHG
IRUDJH�V\VWHPV�LQ�VHPL�DULG�0HGLWHUUDQHDQ�DUHDV
E\�$QWRQLR�3XOLQD�_�$OLFH�3DOLPRGGH�_�'DYLGH�)RLV�_�7HUHVD�0XUJLD�_�$XURUD�0DLR�_�)UDQFHVFD�&DOGHURQH�_
$XUHOLR�6FDYR�_�'DQLOR�6FRUGLD�_�)DELR�*UHVWD�_�$QWRQHOOD�,XUDWR�_�$OHVVDQGUD�3LFFLWWR�_�3DROR�&DUXVR�_
*LRUJLR�7HVWD�_�*LRYDQQD�6HGGDLX�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLW\�RI�6DVVDUL�_
'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLW\�RI�6DVVDUL�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV�
8QLYHUVLW\�RI�6DVVDUL�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLW\�RI�6DVVDUL�_�'HSDUWPHQW�RI
9HWHULQDU\�6FLHQFH��8QLYHUVLW\�RI�0HVVLQD�_�'HSDUWPHQW�RI�9HWHULQDU\�6FLHQFH��8QLYHUVLW\�RI�0HVVLQD�_
'HSDUWPHQW�RI�9HWHULQDU\�6FLHQFH��8QLYHUVLW\�RI�0HVVLQD�_�'HSDUWPHQW�RI�9HWHULQDU\�6FLHQFH��8QLYHUVLW\
RI�0HVVLQD�_�'HSDUWPHQW�RI�9HWHULQDU\�6FLHQFH��8QLYHUVLW\�RI�0HVVLQD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG
DQG�(QYLURQPHQW��8QLYHUVLW\�RI�&DWDQLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��8QLYHUVLW\
RI�&DWDQLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�&DWDQLD�_�'HSDUWPHQW�RI
$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�&DWDQLD�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV�
8QLYHUVLW\�RI�6DVVDUL

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��$QWRQLR�3XOLQD
&RQWULEXWLRQ��3RVW

7KHUH�LV�FRQVLGHUDEOH�HPSKDVLV�RQ�ORZ�LQSXW�DQG�HIILFLHQW�DJULFXOWXUDO�V\VWHPV�WKDW�UHGXFH
FRVWV��SURPRWH�HQYLURQPHQWDO�SURGXFWLRQ�SROLF\��DQG�SURPRWH�WKH�VHOI�VXIILFLHQF\�RI�IDUPV�
7KH�VXVWDLQDELOLW\�RI�DJUL�OLYHVWRFN�IDUPV�FDQ�EH�IDFLOLWDWHG�E\�HQKDQFLQJ�WKH�UROH�RI�IRUDJH
OHJXPHV��ZKLFK�FRQWULEXWH�WR�WKH�1�HFRQRP\�WKURXJK�1�IL[DWLRQ��WKHLU�KLJK�IHHGLQJ�YDOXH
DQG�WKHLU�DELOLW\�WR�LPSURYH�DQG�PDLQWDLQ�VRLO�IHUWLOLW\��7KH�VXVWDLQDELOLW\�RI�WKHVH�V\VWHPV
UHTXLUHV �SUDFWLFHV �OHDGLQJ �WR �D �VXVWDLQDEOH �LQWHQVLILFDWLRQ �DLPLQJ �WR �UHYHUVH �WKH
DEDQGRQPHQW�DQG�GHJUDGDWLRQ�WUHQGV�LQ�PDUJLQDOO\�SURGXFWLYH�DUHDV�DQG�WR�DGGUHVV�WKH
PDLQ�OLPLWLQJ�IDFWRUV�WKDW�EXUGHQ�RUJDQLF�0HGLWHUUDQHDQ�FURSSLQJ�V\VWHPV��7KH�)25$*(�
0('�SURMHFW��35,1������,WDOLDQ�0LQLVWU\�IRU�8QLYHUVLW\�DQG�5HVHDUFK�������������DLPV�WR
ILOO �WKH�NQRZOHGJH�JDSV�RQ�WKH�HIIHFWLYHQHVV�RI�VXVWDLQDEOH�LQWHQVLILFDWLRQ�VWUDWHJLHV�IRU
OHJXPH�EDVHG�IRUDJH�V\VWHPV�LQ�WKH�0HGLWHUUDQHDQ�HQYLURQPHQWV�RI�6LFLO\�DQG�6DUGLQLD��7KH
UHVHDUFK�DFWLYLWLHV �ZLOO �EH�FDUULHG�RXW �XVLQJ�DQ�RQ�IDUP�DSSURDFK�WKDW �LQWHJUDWHV �ILHOG
H[SHULPHQWV��FURS�PRGHOOLQJ��DQG�UHPRWH�VHQVLQJ��7KH�SURMHFW
V�VSHFLILF�REMHFWLYHV�DUH��L��WR
DVVHVV �WKH �LPSDFWV �RI �ERWK �LQWHUFURSSLQJ �DQG �URWDWLRQ �ZLWK �OHJXPH �VSHFLHV �LQ �WKH
0HGLWHUUDQHDQ�IRUDJH�FURSSLQJ�V\VWHPV�RQ�IRUDJH�\LHOG�DQG�TXDOLW\�DQG�VRPH�DVVRFLDWHG
HFRV\VWHP�VHUYLFHV��L�H���ZHHG�FRQWURO��1�DQG�&�F\FOLQJ���LL��WR�DVVHVV�WKH�LPSDFWV�RI�OHJXPH
VSHFLHV�RYHUVHHGLQJ�LQ�WKH�0HGLWHUUDQHDQ�H[WHQVLYHO\�PDQDJHG�JUDVVODQGV�RQ�IRUDJH�\LHOG
DQG�TXDOLW\�DQG�VRPH�DVVRFLDWHG�HFRV\VWHP�VHUYLFHV��L�H���1�DQG�&�F\FOLQJ���LLL��WR�DVVHVV�WKH
PLG �DQG �ORQJ�WHUP �LPSDFWV �RI �OHJXPH �RYHUVRZLQJ �LQ �WKH �0HGLWHUUDQHDQ �H[WHQVLYHO\
PDQDJHG �JUDVVODQGV �WKURXJK �WKH �LQWHJUDWLRQ �RI �UHPRWH �VHQVLQJ �DQG �FURS �PRGHOOLQJ
DSSURDFKHV��LY��WR�GLVVHPLQDWH�UHVXOWV�DQG�EXLOG�FRQFUHWH�DFWLRQV�WR�SURPRWH�WKH�FDSDFLW\
EXLOGLQJ�RI�\RXQJ�UHVHDUFKHUV��VWXGHQWV��WHFKQLFLDQV��DQG�IDUPHUV��$OO�WKH�UHVHDUFK�DFWLYLWLHV
ZLOO�EH�FDUULHG�RXW�XVLQJ�DQ�RQ�IDUP�UHVHDUFK�DSSURDFK�WKDW�LQWHJUDWHV�ILHOG�H[SHULPHQWV�
FURS�PRGHOOLQJ��DQG�UHPRWH�VHQVLQJ��7KH�VFDOHV�RI�WKH�LQYHVWLJDWLRQ�ZLOO�EH�PDLQO\�WKH�SORW
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DQG �WKH �FURSSLQJ �V\VWHPV �DW �WKH �IDUP �VFDOH� �)RU �WKLV �UHDVRQ� �PXFK �RI �WKH �EDVHOLQH
LQIRUPDWLRQ�LV�DOUHDG\�DYDLODEOH�RQ�WKHVH�SULYDWH�IDUPV��)LHOG�VWXGLHV�ZLOO�EH�FDUULHG�RXW
WKURXJK�UDQGRPLVHG�SORW�VWXGLHV�ZLWKLQ�SULYDWH�IDUPV��LQWURGXFLQJ�H[SHULPHQWDO�IDFWRUV�DQG
DQ�REVHUYDWLRQDO�DSSURDFK��7KH�LQWURGXFWLRQ�RI�SUDFWLFHV�LQWHJUDWLQJ�LQQRYDWLYH�OHJXPH�
EDVHG�IDUPLQJ�V\VWHPV�ZLWK�FRQVHUYDWLRQ�DJULFXOWXUH�V\VWHPV�FDQ�SOD\�D�SLYRWDO�UROH�LQ
PDUJLQDO �0HGLWHUUDQHDQ�DUHDV�DQG�RUJDQLF�IDUPLQJ�V\VWHPV�EHFDXVH�WKH\�FDQ�VWURQJO\
VXSSRUW�ORFDO�HFRQRPLF�JURZWK�EDVHG�RQ�W\SLFDO�IRRG�SURGXFWV��7KH�DPELWLRQ�RI�)25$*(�
0('�LV�WR�RIIHU�D�YDOXDEOH�SHUVSHFWLYH�IRU�VDWLVI\LQJ�WKH�JHQHUDO�H[SHFWDWLRQV�RI�DJULFXOWXUDO
V\VWHPV�IRU�HQKDQFLQJ�IRRG�DQG�IHHG�TXDOLW\�UHGXFLQJ�LQSXWV��FRVWV��DQG�LPSDFWV�RQ�WKH
HQYLURQPHQW�
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6HHGV�WDQQLQJ�ZLWK�IRXU�GLIIHUHQW�RUJDQLF�SURGXFWV��HIIHFW�RQ
\LHOG�DQG�NHUQHOV�TXDOLW\�RI�FRPPRQ�ZKHDW
E\�(XJHQLR�&R]]ROLQR�_�,GD�'L�0ROD�_�/XFLD�2WWDLDQR�_�0DULD�(OHRQRUD�3HORVL�_�$QWRQLR�0LQROLWL�_
)HUGLQDQGR�(VSRVLWR�_�*LRYDQQL�6DO]DQR�_�0RKDPHG�+RXVVHPHGHGLQH�6HOODPL�_�5REHUWR�)UXVFLDQWH�_
0DXUR�0RUL�_�&5($�&,�_�',$��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�',$��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_
',$��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�',$��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�',$��8QLYHUVLWd�GL�1DSROL
)HGHULFR�,,�_�',$��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�',$��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,�_�',$��8QLYHUVLWd
GL�1DSROL�)HGHULFR�,,�_�',$��8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��(XJHQLR�&R]]ROLQR
&RQWULEXWLRQ��3RVW

7KH�DLP�RI�WKLV�UHVHDUFK�ZDV�WR�HYDOXDWH�WKH�HIIHFW�RI�VHHGV�WDQQLQJ��XVLQJ�IRXU�GLIIHUHQW
RUJDQLF�SURGXFWV��\LHOG�DQG�NHUQHOV�TXDOLW\�RI�FRPPRQ�ZKHDW��7KH�WHVW�ZDV�FDUULHG�RXW�DW
WKH�*XVVRQH�3DUN��DQ�H[SHULPHQWDO�VLWH�RI�WKH�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFH��3RUWLFL��
1DSOHV���)RXU�RUJDQLF�SURGXFWV�IRU�WDQQLQJ�VHHGV�ZHUH�FRPSDUHG�����&RYHURQ��+HOOR�1DWXUH
VUO���D�OLTXLG�IRUPXODWH�ZLWK�*ORPXV�VSS���7ULFKRGHUPD�DWURYLULGH�DQG�UK\]RVKHUH�EDFWHULD��
&RY�����%LR�6HPLQD�3:��$JULJHV�VUO���D�PLFURELDO�SRZGHU�SURGXFW�FRQWDLQLQJ�SODQW�JURZWK
SURPRWLQJ�UKL]REDFWHULD��3*35���SKRVSKDWH�VROXELOL]LQJ�EDFWHULD��DQG�P\FRUUKL]DO�IXQJL��
3:�����%LR�6HPLQD�/4�3OXV��$JULJHV�VUO���D�PLFURELDO�OLTXLG�SURGXFW�ZLWK�P\FRUUKL]DO�IXQJL�
EHQHILFLDO�PLFURRUJDQLVPV�RI�WKH�UKL]RVSKHUH��DQG�3*35��/4�����$TXDPLQ��+HOOR�1DWXUH�VUO��
D�SODQW�ELRVWLPXODQW�ZLWK�DPLQR�DFLGV�DQG�SHSWLGHV��$40��7KH\�ZHUH�FRPSDUHG�WR�D�QRW
WUHDWHG�FRQWURO��&75���(DFK�WUHDWPHQW�ZDV�UHSOLFDWHG�WKUHH�WLPHV��&RPPRQ�ZKHDW�FY���6<
&LFHURQH��ZDV�VRZHG�DW�'HFHPEHU����������ZLWK�D�GHQVLW\�RI�����VHHGV�P���DQG�KDUYHVWHG�DW
-XO\�����������%HIRUH�WKH�VRZLQJ��WKH�VHHGV�ZHUH�WDQQHG�DFFRUGLQJ�WR�WKH�LQGLFDWLRQV�RI
PDQXIDFWXUHUV��2QO\�QLWURJHQ�ZDV�DGGHG�DV�XUHD�����1��DW�D�GRVH�FRUUHVSRQGLQJ�WR�����NJ
KD�� �ZKLOH�SHVW�DQG�ZHHG�FRQWURO�ZDV�PDQDJHG�DFFRUGLQJ�WR�RUGLQDU\�SUDFWLFHV��$W�WKH
KDUYHVW� �SHU�HDFK�UHSOLFDWH��D���P��VDPSOLQJ�DUHD�ZDV�FXW�LQ�RUGHU�WR�GHWHUPLQH�WRWDO
ELRPDVV��JUDLQ�\LHOG��DQG�QXPEHU�RI�VSLNHV�SHU�VTXDUH�PHWHU��WKHQ��WKH�IROORZLQJ�TXDOLWDWLYH
WUDLWV �RI �NHUQHOV �ZHUH �DVVHVVHG� ������VHHG�ZHLJKW� �SHUFHQWDJH�RI �KXPLGLW\� �VKULQNLQJ�
SURWHLQ��JOXWHQ��DQG�=HOHQ\�YDOXH��7KH�PHDQ�YDOXH�RI�WRWDO�ELRPDVV�DQG�JUDLQ�\LHOG�ZHUH�����
DQG�����W�KD����UHVSHFWLYHO\��DV�H[SHFWHG��WKH�ORZHVW�YDOXH�RI�ERWK�SDUDPHWHUV�ZDV�UHFRUGHG
IRU�&RQWURO�SODQWV�������DQG�����W�KD����UHVSHFWLYHO\���$OO�IRXU�WUHDWPHQWV�HOLFLWHG�DQ�LQFUHDVH
LQ�WRWDO�ELRPDVV�DQG�JUDLQ�\LHOG�EXW��IRU�WKH�ILUVW�RQH��RQO\�/4�ZDV�GLIIHUHQW�IURP�&RQWURO
���������ZKLOH��IRU�JUDLQ�\LHOG��/4�DQG�$40�ZDV�VWDWLVWLFDOO\�KLJKHU�WKDQ�&75����������
/4�VKRZHG�WKH�KLJKHVW�YDOXH�RI�VSLNHV�SHU�VTXDUH�PHWHU���������FRQWUDULO\�WR�$TXDPLQ�WKDW
KDG�ORZHVW�YDOXH���������EXW�QRW�GLIIHUHQW�IURP�&75��$PRQJ�WKH�TXDOLWDWLYH�WUDLWV��RQO\
SURWHLQ�DQG�JOXWHQ�SHUFHQWDJH��DQG�=HOHQ\�ZHUH�VLJQLILFDQW��7KH�PHDQ�YDOXHV�RI�NHUQHOV
VKULQNLQJ�������VHHGV�ZHLJKW��DQG�KXPLGLW\�ZHUH�������������J��DQG��������UHVSHFWLYHO\��$OO
VHHGV�WDQQLQJ�WUHDWPHQWV�LQFUHDVH�WKH�SHUFHQWDJH�RI�SURWHLQ�DQG�JOXWHQ��������DQG�������
RQ �DYHUDJH� �FRPSDUHG �WR �&RQWURO� �ZLWKRXW �GLIIHUHQFHV �DPRQJ �WKHP� �IRU �WKH �SURWHLQ
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SHUFHQWDJH��$40�ZDV�QRW�GLIIHUHQW�IURP�&75��)LQDOO\��WKH�SURWHLQ�TXDOLW\��=HOHQ\�YDOXH��ZDV
LPSURYHG�E\�DOO�VHHG�WDQQLQJ��RQ�PHDQ���������FRPSDUHG�WR�&RQWURO��EXW��DJDLQ��$40�ZDV
QRW�GLIIHUHQW�IURP�&75��2YHUDOO��DOO�VHHG�WDQQLQJ�LPSURYHG�\LHOG�DQG�VRPH�TXDOLWDWLYH�WUDLWV
RI �NHUQHOV �H[FHSW �IRU �$TXDPLQ�WKDW �LPSURYHG�RQO\ �\LHOG� �SUREDEO\ �GXH�WR �LWV �GLIIHUHQW
FRPSRVLWLRQ�
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/RZ�,QSXW�)HUWLOL]DWLRQ�2I�&RUQ��(IIHFW�2I�2UJDQLF�VRLO
LPSURYHUV�$QG�0LFURELDO�%LRVWLPXODQWV�2Q�&URS�*URZWK�,Q
6RLOV�:LWK�'LIIHUHQW�7H[WXUHV
E\�(XJHQLR�&R]]ROLQR�_�,GD�GL�0ROD�_�/XFLD�2WWDLDQR�_�&DUORWWD�)DOFR�_�0DULD�(OHRQRUD�3HORVL�_�$QWRQLR
0LQROLWL�_�)HUGLQDGR�HVSRVLWR�_�1XQ]LR�)LRUHQWLQR�_�$QQD�9HUGH�_�PDXUR�PRUL�_�&UHD�GL�&DVHUWD�_�'L$
8QLYHUVLWd�)HGHULFR�,,�_�'L$�8QLYHUVLWd�)HGHULFR�,,�_�'L$�8QLYHUVLWd�)HGHULFR�,,�_�'L$�8QLYHUVLWd�)HGHULFR
,,�_�'L$�8QLYHUVLWd�)HGHULFR�,,�_�'L$�8QLYHUVLWd�)HGHULFR�,,�_�'L$�8QLYHUVLWd�)HGHULFR�,,�_�'L$�8QLYHUVLWd
)HGHULFR�,,�_�'L$�8QLYHUVLWd�)HGHULFR�,,

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��(XJHQLR�&R]]ROLQR
&RQWULEXWLRQ��3RVW

7KH�DLP�RI�WKH�FXUUHQW�UHVHDUFK�ZDV�WR�YHULI\�WKH�DJURQRPLF�UHVSRQVH�RI�JUDLQ�PDL]H�WR�WZR
GLIIHUHQW�RUJDQLF�VRLO�LPSURYHUV�RI�]RRWHFKQLFDO�RULJLQ�LQ�FRPELQDWLRQ�ZLWK�D�PLFURELDO�EDVHG
ELRVWLPXODQW��RQ�VRLOV�ZLWK�GLIIHUHQW�WH[WXUHV��7KH�WHVW�ZDV�FDUULHG�RXW�IURP�0DUFK�WR�$XJXVW
�����DW�WKH�H[SHULPHQWDO�VLWH�RI�WKH�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFH��LQ�3RUWLFL��1DSOHV�
,WDO\���7KH�H[SHULPHQWDO�GHVLJQ�ZDV�D�IDFWRULDO�FRPELQDWLRQ�EHWZHHQ�WKUHH�W\SHV�RI�VRLO
�FOD\��VDQG\�DQG�ORDP\�VRLO���IRXU�IHUWLOL]DWLRQ�VWUDWHJLHV��QRW�IHUWLOL]HG��&75��WUHDWHG�ZLWK
YHUPLFRPSRVW��9&0��WUHDWHG�ZLWK�GLJHVWDWH��&20��WUHDWHG�ZLWK�PLQHUDO��0LQ���DQG�WZR
ELRVWLPXODQW�VWUDWHJLHV��DSSOLFDWLRQ�RI�/LIHVWURQJ�9$0�6XSHUE��%LR�DQG�QRW�WUHDWHG��1R%,2��
7KH�GRVH�RI�QLWURJHQ�ZDV�FDOFXODWHG�DFFRUGLQJ�WR�WKH�EDODQFH�PHWKRG�DQG�LW�ZDV�����NJ�KD
�����7KH�YHUPLFRPSRVW�DQG�GLJHVWDWH�ZHUH�HQWLUHO\�GLVWULEXWHG�DW�WKH�SUH�VRZLQJ��,QVWHDG�
WKH�PLQHUDO�IHUWLOL]HU�ZDV�GLVWULEXWHG�DV�DPPRQLXP�QLWUDWH������1��LQ�WZR�WLPHV��DW�WKH
IRXUWK�DQG�HLJKWK�OHDI�VWDJH���7KH�DSSOLFDWLRQ�RI�WKH�ELRVWLPXODQW��/LIHVWURQJ�9$0�683(5%�
EDVHG�RQ�P\FRUUKL]DO�IXQJL�DQG�EHQHILFLDO�UKL]RVSKHUH�EDFWHULD��ZDV�FDUULHG�RXW�LQ�D�VLQJOH
DSSOLFDWLRQ�DW�WKH�IRXUWK�OHDI�VWDJH��ZLWK�D�GRVH�FRUUHVSRQGLQJ�WR��/�SHU�KHFWDUH��7KH
KDUYHVWV�ZHUH�PDGH�RQ�$XJXVW���RQ�FOD\H\�DQG�ORDP�VRLO�SORWV��DQG�$XJXVW����RQ�VDQG\��6L[
SODQWV�IRU�HDFK�UHSOLFDWH�ZHUH�KDUYHVWHG��WKH�ELRPDVV�ZDV�FXW�DQG�LWV�FRPSRQHQWV�VWDONV�
OHDYHV��DQG�HDUV��ZHUH�VHSDUDWHO\�ZHLJKHG�DQG�WKHQ�RYHQ~GULHG�DW����d&�XQWLO�UHDFKLQJ
FRQVWDQW �ZHLJKW� �,Q �VDQG\ �VRLO� �PLQHUDO �IHUWLOL]DWLRQ �HOLFLWHG �WKH �KLJKHVW �YDOXH �RI �WRWDO
ELRPDVV��GLIIHUHQWO\��LQ�FOD\�DQG�ORDP\�VRLOV��WKHUH�ZHUH�QR�VLJQLILFDQW�GLIIHUHQFHV�EHWZHHQ
WKH�IHUWLOL]DWLRQ�VWUDWHJLHV��RUJDQLF�DQG�PLQHUDO��ZKLFK�DOVR�ZHUH�QRW�GLIIHUHQW�IURP�WKH
XQIHUWLOL]HG�FRQWURO��,Q�VDQG\�VRLO��WKH�DSSOLFDWLRQ�RI�ELRVWLPXODQWV�SURPSWHG�DQ�LQFUHDVH�RI
DSSUR[LPDWHO\�����LQ�WRWDO�ELRPDVV�SURGXFWLRQ��6LPLODUO\��LQ�VDQG\�VRLO��WKH�KLJKHVW�YDOXH�RI
JUDLQ�\LHOG�ZDV�UHFRUGHG�ZKHQ�SODQWV�ZHUH�WUHDWHG�ZLWK�ELRVWLPXODQW���������FRPSDUHG�WKH
PHDQ�YDOXH�RI�WKH�RWKHU�WUHDWPHQWV���)LQDOO\��DV�UHJDUGV�WKH�SURWHLQ�FRQWHQW�RI�JUDLQ��WKH
ORZHVW�YDOXHV�ZHUH�UHFRUGHG�LQ�VDQG\�VRLO��LUUHVSHFWLYH�RI�VRLO�WH[WXUH��WKH�YHUPLFRPSRVW�DQG
PLQHUDO�IHUWLOL]DWLRQ�HOLFLWHG�WKH�KLJKHVW�SURWHLQ�FRQWHQW��7KH�ELRVWLPXODQW�DSSOLFDWLRQ�DOVR
GHWHUPLQHG�DQ�LQFUHDVH�LQ�SURWHLQ�FRQWHQW�EXW�VLJQLILFDQW�RQO\�LQ�VDQG\�VRLO��2XU�UHVXOWV
SURYLGH�VSHFLILF�LQIRUPDWLRQ�UHJDUGLQJ�WKH�SRVVLELOLW\�RI�DSSO\LQJ�RUJDQLF�VRLO�LPSURYHUV�DQG
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PLFURELDO�ELRVWLPXODQWV�LQ�D�FRPELQHG�ZD\�WR�PDQDJH�FRUQ�QXWULWLRQ��7KLV�LQIRUPDWLRQ�LV
IXQGDPHQWDO�ZLWK�D�YLHZ�WR�YDORUL]H�ZDVWH�]RRWHFKQLFDO�SURGXFWV�DQG�WR�UHGXFH�1�LQSXWV
IURP�V\QWKHWLF�IHUWLOL]HUV�
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(IIHFW�RI�GLIIHUHQW�GRVHV�RI�FKLWRVDQ�DSSOLFDWLRQ�RQ�OHWWXFH
&DSSXFFLD�\LHOG�DQG�TXDOLW\
E\�0DULD�(OHRQRUD�3HORVL�_�(XJHQLR�&R]]ROLQR�_�,GD�'L�0ROD�_�/XFLD�2WWDLDQR�_�(QULFD�%XRQRFRUH�_�)DELR
%UDQFDWR�_�0RKDPHG�KRXVVHPHGGLQH�6HOODPL�_�0DXUR�0RUL�_�',$��8QLY�GL�1DSROL��)HGHULFR�,,�_�',$��8QLY
GL�1DSROL��)HGHULFR�,,�_�',$��8QLY�GL�1DSROL��)HGHULFR�,,�_�',$��8QLY�GL�1DSROL��)HGHULFR�,,�_�',$��8QLY�GL
1DSROL��)HGHULFR�,,�_�',$��8QLY�GL�1DSROL��)HGHULFR�,,�_�',$��8QLY�GL�1DSROL��)HGHULFR�,,�_�',$��8QLY�GL
1DSROL��)HGHULFR�,,

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��0DULD�(OHRQRUD�3HORVL
&RQWULEXWLRQ��3RVW

,Q �D �VXVWDLQDEOH �SHUVSHFWLYH� �LW �LV �HVVHQWLDO �WR �XVH �VFLHQWLILF �SURJUHVV �WR �UHGXFH �WKH
HQYLURQPHQWDO �LPSDFW �GXH �WR �H[FHVVLYH �IHUWLOL]HU �DQG �SHVWLFLGH �XVH� �7KH �DSSOLFDWLRQ �RI
FKLWRVDQ�EDVHG�ELRVWLPXODQWV��JRYHUQHG�E\�WKH�����RI�������(8���LV�DQ�DOWHUQDWLYH�DJURQRPLF
PHWKRG� �,WV �PDLQ �DSSOLFDWLRQ�LV �DVVRFLDWHG�ZLWK �SODQW �GHIHQVH� �PLWLJDWLQJ�WKH �QHJDWLYH
HIIHFWV�RI�DELRWLF�VWUHVV�DQG�LPSURYLQJ�VRLO�SURSHUWLHV�DQG�SUHYHQWLQJ�QXWULHQW�OHDFKLQJ��7KH
DLP�RI�WKH�FXUUHQW�UHVHDUFK�ZDV�WR�HYDOXDWH�WKH�ELRVWLPXODWLQJ�HIIHFW�RI�FKLWRVDQ�DW�GLIIHUHQW
FRQFHQWUDWLRQV�RQ�OHWWXFH�W\SRORJ\��&DSSXFFLD���/DFWXFD�VDWLYD�/���\LHOG�DQG�TXDOLW\��7KH
WULDO �ZDV�FDUULHG�RXW �DW �WKH�*XVVRQH�3DUN� �DQ�H[SHULPHQWDO �VLWH �RI �WKH�'HSDUWPHQW�RI
$JULFXOWXUDO�6FLHQFH��LQ�3RUWLFL��1DSOHV��,WDO\���7KH�OHWWXFH�SODQWV�ZHUH�WUDQVSODQWHG�LQ�SRWV�
ORFDWHG�XQGHU�D�SODVWLF�JUHHQKRXVH��RQ�)HEUXDU\�������DQG�KDUYHVWHG�DIWHU����GD\V��7KH
H[SHULPHQWDO �GHVLJQ �ZDV �FRPSOHWHO\ �UDQGRP �GHVLJQ� �WZR �GLIIHUHQW �FRQFHQWUDWLRQV �RI
FKLWRVDQ�ZHUH�DSSOLHG�������%,2�����DQG������%,2����DQG�WKH\�ZHUH�FRPSDUHG�WR�D�QRW�
WUHDWHG�&RQWURO� �(DFK�WUHDWPHQW�ZDV�UHSOLFDWHG�WKUHH�WLPHV�IRU�D�WRWDO�RI����SRWV� �7KH
FKLWRVDQ�ZDV�DSSOLHG�DV�D�IROLDU�VSUD\�DIWHU�WUDQVSODQWLQJ��DQG�WKHQ�HYHU\�ILIWHHQ�GD\V�SHU�D
WRWDO�RI�IRXU�DSSOLFDWLRQV��$W�KDUYHVW��WKH�OHWWXFH�KHDGV�ZHUH�FXW�DQG�ZHLJKHG��WKHQ�WKH\
ZHUH�FOHDQHG�DQG�DJDLQ�ZHLJKHG�LQ�RUGHU�WR�REWDLQ�WKH�PDUNHWDEOH�\LHOG��$�UHSUHVHQWDWLYH
VDPSOH �SHU �HDFK �WUHDWPHQW� �ZDV �IUR]HQ �DQG� �WKHQ� �O\RSKLOL]HG �LQ �RUGHU �WR �DVVHVV �WKH
IROORZLQJ�TXDOLWDWLYH�WUDLWV�RI�OHWWXFH�KHDG��DVFRUELF�DFLG��DQWLR[LGDQW�DFWLYLW\��SKHQROV�DQG
FKORURSK\OO��7KH�%,2����WUHDWPHQW�ERRVWHG�WKH�OHWWXFH�\LHOG�������YV��&RQWURO�DQG�����
YV�%,2������$V�UHJDUGV�WKH�TXDOLW\�FKDUDFWHULVWLFV��WKH�%,2����DQG�%,2����WUHDWPHQWV
HOLFLWHG�D �KLJKHU �DVFRUELF �DFLG �FRQWHQW �FRPSDUHG�WR �WKH�FRQWURO �������� �7KH�YDOXH�RI
OLSRSKLOLF �DQWLR[LGDQW�DFWLYLW\�UHDFKHG�WKH�KLJKHVW�YDOXH�LQ�%,2�����ZKLOH�SKHQROV�ZDV
KLJKHU�LQ�WKH�%,2����WUHDWPHQW�FRPSDUHG�WR�WKH�RWKHU�WZR�WUHDWPHQWV��$V�UHJDUGV�WKH
RWKHU�DQDO\]HG�SDUDPHWHUV��WKH\�ZHUH�QRW�VLJQLILFDQWO\�DIIHFWHG�E\�WKH�FKLWRVDQ�DSSOLFDWLRQ�
%\�RXU�SUHOLPLQDU\�ILQGLQJV��WKLV�VWXG\�VKRZV�D�SRVLWLYH�HIIHFW�RI�WKH�%,2����WUHDWPHQW�RQ
\LHOG�DQG�RI�WKH�%,2����DQG�%,2����WUHDWPHQWV�RQ�VRPH�TXDOLW\�DVSHFWV�RI�WKH�OHWWXFH�
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(IIHFW�RI�GLIIHUHQW�VHHG�GUHVVLQJ�VROXWLRQV�RQ�GXUXP�ZKHDW
URRW�V\VWHP�DQG�FKORURSK\OO�FRQWHQW
E\�$QJHOR�5RVVLQL�_�5REHUWR�5XJJHUL�_�)UDQFHVFR�5RVVLQL�_�'HSDUWPHQW�RI�$JULFXOWXUH�DQG�)RUHVW
6FLHQFHV��8QLYHUVLW\�RI�7XVFLD�_�'HSDUWPHQW�RI�$JULFXOWXUH�DQG�)RUHVW�6FLHQFHV��8QLYHUVLW\�RI�7XVFLD�_
'HSDUWPHQW�RI�$JULFXOWXUH�DQG�)RUHVW�6FLHQFHV��8QLYHUVLW\�RI�7XVFLD

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��$QJHOR�5RVVLQL
&RQWULEXWLRQ��3RVW

6HHG�WUHDWPHQW �ZLWK�ELRVWLPXODQWV �DSSHDUV �WR �EH�D �VXVWDLQDEOH �DQG�HFRQRPLFDOO\ �YDOLG
RSWLRQ�WR�HQVXUH�D�JRRG�SODQWLQJV�HVWDEOLVKPHQW�LQ�GLIIHUHQW�FRQGLWLRQV�DQG�WR�SURPRWH�FURS
\LHOG�DV�ZHOO��+RZHYHU��WKH�OLPLWHG�OLWHUDWXUH�GHVFULELQJ�WKH�LQGXVWULDO�VHHG�DSSOLFDWLRQ�RI
SODQW �ELRVWLPXODQWV �HYLGHQFHG �FRQWUDVWLQJ �UHVXOWV� �FDXVHG �E\ �WKH �SOHWKRUD �RI �DFWLYH
FRPSRXQGV�XVHG�DQG�WKH�LQWHUDFWLRQV�DPRQJ�WKHP�DQG�ZLWK�WKH�GLIIHUHQW�JURZLQJ�FRQGLWLRQV
DQG�FURS�VSHFLHV��7R�H[SORUH�EHWWHU�WKH�HIIHFW�RI�GLIIHUHQW�VHHG�FRDWLQJ�SURGXFWV�RQ�GXUXP
ZKHDW�UHVSRQVH� �D�ILHOG�H[SHULPHQW�ZDV�FRQGXFWHG�XQGHU�UDLQIHG�FRQGLWLRQV�LQ�9LWHUER
�FHQWUDO�,WDO\���GXULQJ�����������VHDVRQ��7KH�IROORZLQJ�K\SRWKHVHV�ZHUH�WHVWHG���L��ZKHQ
FRPSDUHG �WR �XQWUHDWHG �VHHGV� �ELRVWLPXODQW �VHHG �GUHVVLQJ �VLJQLILFDQWO\ �LPSURYHV �URRW
GHYHORSPHQW �DV �ZHOO �DV �FKORURSK\OO �FRQWHQW �RI �SODQWV� ��LL� �WKH �HIIHFW �LV �LPSURYHG �E\
FRPELQLQJ�GLIIHUHQW�SURGXFWV��$�UDQGRPL]HG�FRPSOHWH�EORFN�GHVLJQ�ZLWK�WKUHH�UHSOLFDWHV
ZDV�XVHG��9LDEOH�VHHGV�RI�GXUXP�ZKHDW��7ULWLFXP�WXUJLGXP�/��VXEVS��GXUXP��'HVI���+XVQ�
FXOWLYDU��2GLVVHR��ZHUH�WUHDWHG�ZLWK�WKH�DSSOLFDWLRQ�RI�IRXU�GLIIHUHQW�VHHG�GUHVVLQJV��0RUH�LQ
GHWDLO��WKH�IROORZLQJ�VROXWLRQV�ZHUH�DSSOLHG���L��D�FRPPHUFLDO�IXQJLFLGH��FRQWURO��FRQWDLQLQJ
GLIHQRFRQD]ROH�����J�/���IOXGLR[RQLO�����J�/��DQG�WHEXFRQD]ROH�����J�/��ZLWK�D�GRVH�RI�����PO
SHU ���� �NJ �RI �VHHGV� ��LL� �WKH �FRQWURO �WUHDWPHQW �PL[HG �ZLWK �DQ �H[WUDFW �RI �&RGLXP
IUDJLOH��6XULQJDU��+DULRW�DQG�DQ�H[WUDFW�RI�2SXQWLD�ILFXV�EDUEDULFD�$��%HUJHU��KHUHLQDIWHU
UHIHUUHG�WR�DV�$���ZLWK�D�GRVH�RI�����PO�SHU�����NJ�RI�VHHGV���LLL��FRPPHUFLDO�IXQJLFLGH
PL[HG�ZLWK�DQ�LQRFXOXP�RI�P\FRUUKL]DO�IXQJL��KHUHLQDIWHU�UHIHUUHG�WR�DV�0���DW�WKH�GRVH�RI
����J�SHU�����NJ�RI�VHHGV���LY��D�FRPELQDWLRQ�RI�VHDZHHG�H[WUDFWV��P\FRUUKL]DO�IXQJL�DQG�WKH
FRPPHUFLDO �IXQJLFLGH ��KHUHLQDIWHU �UHIHUUHG�WR �DV �$0�� �$OO �SORWV �ZHUH �VXEMHFWHG�WR �WKH
IROORZLQJ�IHUWLOL]DWLRQ�VWUDWHJ\��RQH�SUH�VRZLQJ�DSSOLFDWLRQ�RI�����NJ�KD���RI�FRPPHUFLDO
'LDPPRQLXP�3KRVSKDWH��13���������DQG�����NJ�KD���RI�8UHD��1������VSOLW�LQ�WZR�WLPHV��WKH
ILUVW�RQH�DW�WLOOHULQJ������NJ�KD�����DQG�WKH�VHFRQG�DW�WKH�EHJLQQLQJ�RI�WKH�VWHP�HORQJDWLRQ
�����NJ�KD�����)RU�HDFK�WUHDWPHQW��WKH�IROORZLQJ�WUDLWV�ZHUH�UHFRUGHG�DW�GLIIHUHQW�JURZWK
VWDJHV��/HQJWK��FP���DUHD��FP����YROXPH��FP����DQG�GLDPHWHU��PP��RI�URRWV�XVLQJ�:LQ5+,=2
VRIWZDUH� �FKORURSK\OO �FRQWHQW �XVLQJ �WKH �VSDG �PHWHU� �5HVXOWV �LQGLFDWHG �WKDW� �DW �SODQW
HPHUJHQFH��DOO�ELRVWLPXODQW�VHHG�GUHVVLQJV�VLJQLILFDQWO\�RXWSHUIRUPHG�WKH�FRQWURO�WUHDWPHQW
IRU�ERWK�URRW�OHQJWK��IURP������RI�$0�WUHDWPHQW�WR������RI�$�WUHDWPHQW��DQG�FROHRSWLOH
OHQJWK��IURP������RI�$0�WUHDWPHQW�WR������RI�0�WUHDWPHQW���+RZHYHU��SURFHHGLQJ�ZLWK
WKH�JURZLQJ�VHDVRQ��RQO\�WKH�$0�WUHDWPHQW�FRQVWDQWO\�VKRZHG�D�VLJQLILFDQW�EHWWHU�UHVSRQVH
LQ�WHUPV�RI�ERWK�URRW�GHYHORSPHQW�DQG�FKORURSK\OO�FRQWHQW��6SHFLILFDOO\��GXULQJ�JUDLQ�ILOOLQJ�
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URRW�OHQJWK�DQG�FKORURSK\OO�FRQWHQW�RI�$0�WUHDWHG�SODQWV�ZHUH�����DQG�����JUHDWHU�WKDQ
WKRVH�RI�FRQWURO�RQHV�
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3K\WRPDQDJHPHQW�RI�D�VLWH�FRQWDPLQDWHG�E\�3E��$V�DQG�6E�E\
XVLQJ�IXHO�FURSV�
E\�'RQDWR�9LVFRQWL�_�/LQGD�&DUULQR�_�1XQ]LR�)LRUHQWLQR�_�'DQLHOH�7RGLVFR�_�0DVVLPR�)DJQDQR�_
'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV���8QLYHUVLW\�RI�1DSOHV�)HGHULFR�,,�_�'HSDUWPHQW�RI�$JULFXOWXUDO
6FLHQFHV���8QLYHUVLW\�RI�1DSOHV�)HGHULFR�,,�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV���8QLYHUVLW\�RI�1DSOHV
)HGHULFR�,,�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV���8QLYHUVLW\�RI�1DSOHV�)HGHULFR�,,�_�'HSDUWPHQW�RI
$JULFXOWXUDO�6FLHQFHV���8QLYHUVLW\�RI�1DSOHV�)HGHULFR�,,

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��'RQDWR�9LVFRQWL
&RQWULEXWLRQ��3RVW

:LWK�WKH�ZRUOG�V�ULVLQJ�SRSXODWLRQ��WKH�GHPDQG�IRU�FURSODQG�IRU�ERWK�IRRG�DQG�HQHUJ\
SURGXFWLRQ�LV�JURZLQJ��WKHUHE\�LQFUHDVLQJ�FRPSHWLWLRQ�EHWZHHQ�WKHVH�WZR�ODQG�XVHV��,Q�WKLV
FRQWH[W� �PDUJLQDO �DQG �FRQWDPLQDWHG �VRLOV� �ZKLFK �DUH �QRW �VXLWDEOH �IRU �IRRG �FURSV� �DUH
EHFRPLQJ�YDOXDEOH�UHVRXUFHV�WR�PLWLJDWH�WKUHDWV�WR�IRRG�VHFXULW\��$OWKRXJK�WKHVH�VRLOV�RIWHQ
SUHVHQW�FKDOOHQJHV�IRU�FXOWLYDWLRQ��SK\WRUHPHGLDWLRQ�ZLWK�WKH�SURSHU�DSSURDFK�FDQ�EH�D
YLDEOH�PDQDJHPHQW�RSWLRQ��/LQNLQJ�SK\WRUHPHGLDWLRQ�ZLWK�HFRQRPLF�EHQHILWV�WKURXJK�WKH
SURGXFWLRQ�RI�YDOXDEOH�ELRPDVV�DQG�ELRHQHUJ\�FURSV�FDQ�SURYLGH�HYHQ�JUHDWHU�DGYDQWDJHV�
7KLV �DSSURDFK� �NQRZQ�DV �SK\WRPDQDJHPHQW� �FRPELQHV �WDUJHWHG �VLWH �PDQDJHPHQW �ZLWK
JHQWOH �UHPHGLDWLRQ �RSWLRQV ��ORZ�FRVW� �SODQW�EDVHG �PHWKRGV �IRU �VRLO �UHVWRUDWLRQ� �RIWHQ
IDFLOLWDWHG �E\ �PLFURRUJDQLVPV �DQG �VRLO �DPHQGPHQWV� �7KLV �VWXG\ �SUHVHQWV �WKH
SK\WRPDQDJHPHQW�RI�D�IRUPHU�VKRRWLQJ�UDQJH�E\�XVLQJ�FDVWRU�EHDQ��5LFLQXV�FRPPXQLV�/����D
SHUHQQLDO� �XQSDODWDEOH �FURS� �FRPELQHG �ZLWK �RUJDQLF �DPHQGPHQWV �DQG �DUEXVFXODU
P\FRUUKL]DO �IXQJL� �7KH�VRLOV �LQ �WKH �H[SHULPHQWDO �DUHD �ZHUH�FRQWDPLQDWHG�ZLWK �YDULRXV
SRWHQWLDOO\�WR[LF�HOHPHQWV��37(V��VXFK�DV�3E��$V��DQG�6E��WKH�PDLQ�FRPSRQHQWV�RI�EXOOHWV�
5LFLQXV�FRPPXQLV �/��KDV�GHPRQVWUDWHG�WKH�DELOLW\�WR�SURGXFH�VLPLODU�ELRPDVV�DQG�VHHG
\LHOGV�LQ�ERWK�FRQWDPLQDWHG�DQG�XQFRQWDPLQDWHG�VRLOV��UHJDUGOHVV�RI�IHUWLOL]DWLRQ��LQGLFDWLQJ
LWV�KLJK�UHVLVWDQFH�WR�DELRWLF�VWUHVVHV� �%LRVWLPXODWLRQ�ZLWK�DUEXVFXODU�P\FRUUKL]DO�IXQJL
UHGXFHG�FRQWDPLQDQW �DFFXPXODWLRQ �LQ �WKH �SODQW� �$FFRUGLQJ�WR �WKH �WUDQVORFDWLRQ �IDFWRU�
5LFLQXV�FRPPXQLV�/��SULPDULO\�DFFXPXODWHG�3E��$V��DQG�6E�LQ�WKH�URRWV��PDNLQJ�LW�D�JRRG
FDQGLGDWH�IRU�WKH�SK\WRVWDELOL]DWLRQ�RI�VKRRWLQJ�UDQJHV��$V�DQ�XQSDODWDEOH�SODQW��FXOWLYDWLQJ
FDVWRU�EHDQ�LQ�37(�FRQWDPLQDWHG�VRLOV�FDQ�UHGXFH�FRQWDPLQDQW�PRELOLW\��WKHUHE\�ORZHULQJ
WKH�ULVN�RI�WKHVH�FRQWDPLQDQWV�PRYLQJ�WRZDUG�RWKHU�HQYLURQPHQWDO�FRPSDUWPHQWV��H�J���DLU
DQG�JURXQGZDWHU��DQG�HQWHULQJ�WKH�IRRG�FKDLQ��6LPXOWDQHRXVO\��WKLV�FURS�LV�VXLWDEOH�IRU
SURGXFLQJ�UHQHZDEOH�HQHUJ\��H�J���ELRGLHVHO��RQ�PDUJLQDO�VRLOV��WKXV�DYRLGLQJ�FRPSHWLWLRQ
ZLWK �ODQG �IRU �IRRG �FURSV �DQG �SURYLQJ �WR �EH �D �VWURQJ �FDQGLGDWH �IRU �VXVWDLQDEOH
SK\WRPDQDJHPHQW�
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7KH�%LR$OWLOLV�3URMHFW��RSWLPL]LQJ�D�VXVWDLQDEOH�FURSSLQJ
PRGHO�IRU�SURGXFLQJ�ELRDFWLYH�FRPSRXQGV�LQ�&\QDUD
FDUGXQFXOXV�YDU��DOWLOLV
E\�&ODXGLD�)RUPHQWL�_�)UDQFHVFR�3LR�%UXQR�_�*DHWDQR�3DQGLQR�_�&RUUDGR�/D]]L]HUD�_�6DUD�/2PEDUGR�_
*LDQFDUOR�3DWDQf�_�*LXOLD�&RQYHUVD�_�*LRYDQQL�0DXURPLFDOH�_�6HUJLR�/DQWHUL�_�/RUHQ]R�%DUFKL�_�$QWRQLR
(OLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'L�$���8QLYHUVLW\�RI�&DWDQLD�_�'HSDUWPHQW�RI
$JULFXOWXUH��)RRG��1DWXUDO�5HVRXUFHV�DQG�(QJLQHHULQJ��'$)1(���8QLYHUVLW\�RI�)RJJLD�_�'HSDUWPHQW�RI
$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'L�$���8QLYHUVLW\�RI�&DWDQLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�
1DWXUDO�5HVRXUFHV�DQG�(QJLQHHULQJ��'$)1(���8QLYHUVLW\�RI�)RJJLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG
(QYLURQPHQW��'L�$���8QLYHUVLW\�RI�&DWDQLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'L�$��
8QLYHUVLW\�RI�&DWDQLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG��1DWXUDO�5HVRXUFHV�DQG�(QJLQHHULQJ��'$)1(��
8QLYHUVLW\�RI�)RJJLD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��'L�$���8QLYHUVLW\�RI�&DWDQLD�_
',6$)$��3ODQW�*HQHWLFV��8QLYHUVLW\�RI�7XULQ�_�',6$)$��3ODQW�*HQHWLFV��8QLYHUVLW\�RI�7XULQ�_�'HSDUWPHQW�RI
$JULFXOWXUH��)RRG��1DWXUDO�5HVRXUFHV�DQG�(QJLQHHULQJ��'$)1(���8QLYHUVLW\�RI�)RJJLD

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��6DUD�/RPEDUGR
&RQWULEXWLRQ��3RVW

7KH�FXOWLYDWHG�FDUGRRQ��&\QDUD�FDUGXQFXOXV�/��YDU��DOWLOLV��LV�D�FURS�ZHOO�VXLWHG�WR�WKH�DULG
DQG�VHPL�DULG�UHJLRQV�RI�WKH�0HGLWHUUDQHDQ�DUHDV��,WV�FXOWLYDWLRQ�UHTXLUHV�PLQLPDO�H[WHUQDO
LQSXWV�WKDQNV�WR�LWV�GHHS�URRW�V\VWHP��DELOLW\�WR�SKRWRV\QWKHVL]H�GXULQJ�ZLQWHUWLPH�DQG�KLJK
FDSDELOLW\ �RI �QXWULHQW �XSWDNH� �$ORQJVLGH �WKH �WUDGLWLRQDO �IRRG �XWLOL]DWLRQ� �WKH �FXOWLYDWHG
FDUGRRQ�LV�H[SORLWHG�IRU�WKH�H[WUDFWLRQ�RI�QDWXUDO�ELRDFWLYH�FRPSRXQGV��1%&V���VXFK�DV
SRO\SKHQROV�DQG�VHVTXLWHUSHQH�ODFWRQHV��+RZHYHU��WKH�V\QWKHVLV�DQG�DFFXPXODWLRQ�RI�1%&V
LQ�SODQWV�LV�PRGXODWHG�E\�HQYLURQPHQWDO�FRQGLWLRQV��HGDSKLF�IHDWXUHV�DQG�ELRWLF�VWUHVVRUV
�VXFK�DV�DUEXVFXODU�P\FRUUKL]DO�IXQJL��$0)��FRORQL]DWLRQ���,Q�WKLV�YLHZ��WKH�DLP�RI�WKLV
UHVHDUFK��SHUIRUPHG�ZLWKLQ�WKH�35,1�SURMHFW��7XQLQJ�RI�D�VXVWDLQDEOH�FURSSLQJ�PRGHO�IRU
WKH�SURGXFWLRQ�RI�ELRDFWLYH�FRPSRXQGV�LQ�&\QDUD�FDUGXQFXOXV�YDU��DOWLOLV��%LR$OWLOLV����ZDV�WR
VHW�XS�DQ�HFR�IULHQGO\�FURSSLQJ�PRGHO�WR�SURPRWH�KLJK�OHDI�ELRPDVV�SURGXFWLRQ�DQG�FRQWHQW
RI �1%&V� �7KH�ILHOG �WULDOV �FDUULHG �RXW �LQ �WZR�HQYLURQPHQWV ��6LFLO\ �DQG�3XJOLD �UHJLRQV��
FRQVLVWHG�RI�D�UDQGRPL]HG�VSOLW�SORW�H[SHULPHQWDO�GHVLJQ��ZLWK�WKUHH�UHSOLFDWHV��LQFOXGLQJ
WZR�VRLO�$0)�LQRFXOXP�DSSOLFDWLRQV��P\FRUUKL]HG��0\FR���YV��QRW�P\FRUUKL]HG��0\FR����DV
WKH�PDLQ�SORW��DQG�WZR�SODQWLQJ�GHQVLW\����YV����SODQWV�P����'��DQG�'����DV�VXE�SORW��)RU
0\FR��WUHDWPHQW��D�FRPPHUFLDO�$0)�LQRFXOXP��$(*,6�,55,*$c��,WDOSROOLQD�6�S�$���,WDO\�
ZDV�DSSOLHG�DW�WKH�VXEVWUDWH�RI�SODQWOHWV�EHIRUH�WUDQVSODQW�WR�VWLPXODWH�WKH�SURGXFWLRQ�RI
1%&V�DQG�WKH�JURZWK�RI�WKH�SODQW��ZKLOH�UHGXFLQJ�WKH�QHHG�IRU�LUULJDWLRQ�DQG�IHUWLOL]DWLRQ��$W
HDFK�JURZLQJ�HQYLURQPHQW� �IRXU�ZHHN�ROG �VHHGOLQJV �RI ��$OWLOLV ���� �ZHUH�WUDQVSODQWHG�LQ
6HSWHPEHU�������,W�ZDV�VHOHFWHG�DV�D�UHIHUHQFH�JHQRW\SH�GXH�WR�LWV�NQRZQ�1%&V�SURILOH�
KLJK�OHYHO�RI�ELRPDVV�SURGXFWLRQ�DQG�KLJK�DGDSWDELOLW\�WR�0HGLWHUUDQHDQ�HQYLURQPHQWV��7KH
FURS��ZLWK�WKH�SODQWV�VWLOO�DW�D�URVHWWH�VWDJH�DQG�ZLWK�a���DGXOW�OHDYHV��ZDV�VXEMHFWHG�WR
WKUHH�FXWWLQJV�RI�VKRRWV�LQ�ZLQWHU��HDUO\�DQG�ODWH�VSULQJ��$W�HDFK�FXWWLQJ�WLPH��GHWHUPLQDWLRQ
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RI �WKH �$0)�URRW �FRORQL]DWLRQ �LQGLFHV �>IUHTXHQF\ ��)� ��� �DQG �LQWHQVLW\ ��0� ��� �RI �URRW
P\FRUUKL]DO�FRORQL]DWLRQ��DQG�WKH�DUEXVFXOH�DEXQGDQFH��$�����LQ�WKH�URRW�V\VWHP@�ZHUH
SHUIRUPHG��,Q�DGGLWLRQ��EDVDO�DQG�IXOO\�GHYHORSHG�ZKROH�OHDYHV�IURP�D�VDPSOLQJ�DUHD�SHU
UHSOLFDWH�ZHUH�FROOHFWHG�WR�GHWHUPLQH�WKH�OHDI�IUHVK�ELRPDVV��GU\�PDWWHU�FRQFHQWUDWLRQ�DQG
GU\�ELRPDVV��$W�ERWK�JURZLQJ�HQYLURQPHQWV��$0)�URRW�FRORQL]DWLRQ�LQGLFHV��)��0��DQG�$�
ZHUH�KLJKHU�LQ�0\FR��WKDQ�LQ�0LFR��WUHDWPHQW��7KH�HIIHFWV�RI�VRLO�$0)�LQRFXOXP�DSSOLFDWLRQ
RQ�OHDI�JURZWK�VHHP�WR�EH�DIIHFWHG�E\�WKH�JURZLQJ�HQYLURQPHQW�DQG�SODQWLQJ�GHQVLW\��,Q
ERWK�JURZLQJ�HQYLURQPHQWV��WKH�ORZ�SODQWLQJ�GHQVLW\��'���ZDV�DEOH�WR�HQKDQFH�OHDI�IUHVK
ELRPDVV�SURGXFWLRQ�WR�EH�GHVWLQHG�IRU�1%&V�H[WUDFWLRQ�
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3DJH����

:HHG�VXSSUHVVLYH�DELOLW\�RI�VHOHFWHG�ZKHDW�JHQRW\SHV�ZLWK
FRQWUDVWLQJ�PRUSKR�SKHQRORJLFDO�WUDLWV
E\�)UDQFHVFR�7ULGHQWLQR�_�)DELR�)DQLD�_�3DWUL]LR�6SDGDQXGD�_�,YDQR�3HFRUHOOD�_�6DOYDWRUH�(VSRVLWR�_
*LXVHSSH�/RQJR�_�/LEXWWL�$QJHOD�_�3DVTXDOH�'H�9LWD�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��$OLPHQWL��5LVRUVH
1DWXUDOL�H�,QJHJQHULD��'$)1(����8QLYHUVLWd�GL�)RJJLD�_���'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��$OLPHQWL�
5LVRUVH�1DWXUDOL�H�,QJHJQHULD��'$)1(����8QLYHUVLWd�GL�)RJJLD�_���'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH�
$OLPHQWL��5LVRUVH�1DWXUDOL�H�,QJHJQHULD��'$)1(����8QLYHUVLWd�GL�)RJJLD�_���&HQWUR�GL�5LFHUFD
&HUHDOLFROWXUD�H�FROWXUH�,QGXVWULDOL��&5($�&,��_���&HQWUR�GL�5LFHUFD�&HUHDOLFROWXUD�H�FROWXUH�,QGXVWULDOL
�&5($�&,��_���'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��$OLPHQWL��5LVRUVH�1DWXUDOL�H�,QJHJQHULD��'$)1(���
8QLYHUVLWd�GL�)RJJLD�_���'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��$OLPHQWL��5LVRUVH�1DWXUDOL�H�,QJHJQHULD
�'$)1(����8QLYHUVLWd�GL�)RJJLD�_���&HQWUR�GL�5LFHUFD�&HUHDOLFROWXUD�H�FROWXUH�,QGXVWULDOL��&5($�&,�

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��3DVTXDOH�'H�9LWD
&RQWULEXWLRQ��3RVW

:HHG�PDQDJHPHQW�LV�RQH�RI�WKH�NH\�IDFWRUV�IRU�LPSURYLQJ�ZKHDW�SURGXFWLYLW\�DQG�JUDLQ
TXDOLW\�LQ�DJULFXOWXUDO�V\VWHPV��7KH�UDSLG�H[SDQVLRQ�RI�KHUELFLGH�UHVLVWDQFH�DQG�WKH�ODFN�RI
QHZ�PRGHV �RI �DFWLRQ �UHTXLUH �DGRSWLQJ �DQ �LQWHJUDWHG �ZHHG �FRQWURO �VWUDWHJ\� �LQFOXGLQJ
FRPSHWLWLYH �FURS �YDULHWLHV� �(IIHFWLYHO\� �FURS �VKDGLQJ �DELOLW\ �PD\ �LPSURYH �ZHHG�FRQWURO
ZLWKRXW�H[WUD�FRVWV�DQG�QHJDWLYH�HQYLURQPHQWDO�LPSDFWV��:KHDW�WUDLWV�VXFK�DV�HDUO\�YLJRXU�
WLOOHULQJ��SODQW�KHLJKW��IODJ�OHDI�DQJOH�DQG�SKHQRORJLFDO�VWDJH�OHQJWK��ZKLFK�DUH�LPSRUWDQW�IRU
LQFUHDVLQJ�FURS�\LHOG �SRWHQWLDO� �DUH �DOVR �IXQFWLRQDO �LQ �GHWHUPLQLQJ�WKH �FRPSHWLWLYHQHVV
DJDLQVW�ZHHGV��,Q�WKH�SUHVHQW�VWXG\��VL[�EUHDG�ZKHDW��7ULWLFXP�DHVWLYXP �/���JHQRW\SHV�
FRQWUDVWLQJ�IRU�JURZWK�KDELW��VSULQJ�YV�ZLQWHU��DQG�SODQW�KHLJKW��VHPL�GZDUI�YV�PHGLXP�
WDOO���ZHUH�VHOHFWHG�WR�LQYHVWLJDWH�WKH�UHODWLRQVKLSV�DPRQJ�PRUSKR�SKHQRORJLFDO�WUDLWV�DQG
ZHHG�VXSSUHVVLYH�DELOLW\��7KH�VWXG\�ZDV�FRQGXFWHG�DW�&5($�&HUHDO�DQG�,QGXVWULDO�&URSV
�)RJJLD��GXULQJ�WKH���������JURZLQJ�VHDVRQ�E\�DGRSWLQJ�D�VSOLW�SORW�GHVLJQ�ZLWK�WKUHH
UHSOLFDWHV� �:HHG�WUHDWPHQW��ZHHG�IUHH�DQG�ZHHG\��ZDV�WKH�PDLQ�SORW�HIIHFW�DQG�ZKHDW
JHQRW\SHV �ZHUH �WKH �VXESORW� �:HHG�IUHH �SORWV �ZHUH �PDLQWDLQHG �E\ �GDLO\ �KDQG�ZHHGLQJ
WKURXJKRXW�WKH�ZKHDW�JURZLQJ�VHDVRQV�WR�DYRLG�VRLO �VXUIDFH�GLVUXSWLRQ� �ZKLOH�QR�ZHHG
FRQWURO�ZDV�DSSOLHG�LQ�WKH�ZHHG\�WUHDWPHQW��7KH�QXPEHU�RI�ZHHGV�DQG�WKHLU�GU\�PDWWHU
SURGXFWLRQ�ZHUH�DVVHVVHG�WZLFH�LQ�WKH�JURZLQJ�VHDVRQV��DW�WKH�WLOOHULQJ�VWDJH��%%&+�������
DQG�LQ�WKH�GRXJK�VWDJH��%%&+��������XVLQJ�WKH�ZHLJKW�FRXQWLQJ�PHWKRG��RQ�DQ�DUHD�RI����
j �� �P �LQ �HDFK �SORW� �'XULQJ �WKH �HDUOLHU �SUH�KDUYHVW �VDPSOLQJ �SHULRGV� �FURS �FDQRS\
PHDVXUHPHQW �ZDV �XQGHUWDNHQ�LQFOXGLQJ�QRUPDOL]HG �GLIIHUHQFH �YHJHWDWLRQ �LQGH[ ��1'9,�
XVLQJ�D�*UHHQ6HHNHUc�GHYLFH��5*%�GHULYHG�LQGLFHV�XVLQJ�LPDJHV�FDSWXUHG�E\�GURQH��DQG
OHDI�DUHD�LQGH[��/$,���*HQRW\SLF�GLIIHUHQFHV�LQ�WKH�PRUSKR�SKHQRORJLFDO�WUDLWV��3���������RI
WKH�VHOHFWHG�EUHDG�ZKHDW�JHQRW\SHV�ZHUH�GHWHFWHG��7KH�JURZWK�KDELW�VWURQJO\�GLIIHUHQWLDWHG
WKH�DELOLW\�WR�UHGXFH�WKH�GHYHORSPHQW�RI�ERWK�DXWXPQ�ZLQWHU�DQG�VSULQJ�VXPPHU�ZHHGV��7KH
HDUO\�VSULQJ�JHQRW\SHV�VKRZHG�D�JUHDWHU�DELOLW\�WR�UHGXFH�WKH�QXPEHU�RI�ZHHG�VSHFLHV�DQG
WKHLU�GU\�ELRPDVV��SUREDEO\�IDYRXUHG�E\�WKH�FOLPDWLF�FRQGLWLRQV�RI�WKH�H[SHULPHQWDO�VLWH�
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HYHQ�WKRXJK�a�����RI�WKH�YDULDWLRQ�LQ�ZHHG�VXSSUHVVLYH�DELOLW\�ZDV�H[SODLQHG�E\�WKH�ILQDO
SODQW�KHLJKW�DQG�HLWKHU�FDQRS\�KHLJKW�RU�SODQW�YLJRXU�DW�ODWH�WLOOHULQJ��,Q�FRQFOXVLRQ��RXU
UHVXOWV �VKRZHG �WKDW �JHQRW\SHV �FRXOG �SOD\ �DQ �LPSRUWDQW �UROH �LQ �WKH �LQWHJUDWHG �ZHHG
PDQDJHPHQW�VWUDWHJ\��SDYLQJ�QHZ�ZD\V�IRU�EUHHGHUV�WR�LPSURYH�ZHHG�VXSSUHVVLYH�DELOLW\
XVLQJ�ZHLJKWHG�LQGH[�VHOHFWLRQ�IRU�WDOO�RU�YLJRURXV�JHQRW\SHV�GXULQJ�WLOOHULQJ�DQG�VKRZLQJ
PHGLXP�RU�PHGLXP�WDOO�ILQDO�SODQW�KHLJKW�
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4XLQRD��&KHQRSRGLXP�TXLQRD�:LOOG���JURZQ�LQ�FRQYHQWLRQDO
DQG�RUJDQLF�V\VWHPV��HYDOXDWLRQ�RI�JHQRW\SHV�RI�D�EUHHGLQJ
SURJUDP�IRU�WKH�0HGLWHUUDQHDQ�HQYLURQPHQW
E\�*LXGLWWD�'H�6DQWLV�_�)UDQFHVFR�&LDYDUHOOD�_�$JDWD�5DVFLR�_�&DUPHQ�0DQJDQLHOOR�_�/HRQDUGR�0RUFRQH�_
&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV���5HVHDUFK�&HQWUH�IRU�&HUHDO�DQG�,QGXVWULDO�&URSV�_
&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV���5HVHDUFK�&HQWUH�IRU�&HUHDO�DQG�,QGXVWULDO�&URSV�_
&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV���5HVHDUFK�&HQWUH�IRU�&HUHDO�DQG�,QGXVWULDO�&URSV�_
&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV���5HVHDUFK�&HQWUH�IRU�&HUHDO�DQG�,QGXVWULDO�&URSV�_
&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV���5HVHDUFK�&HQWUH�IRU�&HUHDO�DQG�,QGXVWULDO�&URSV

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��0LFKHOH�5LQDOGL
&RQWULEXWLRQ��3RVW

4XLQRD��&KHQRSRGLXP�TXLQRD�:LOOG����D�SVHXGRFHUHDO�RI�WKH�$PDUDQWKDFHDH�IDPLO\��LV�D�VHHG
FURS�RI�$QGHDQ�RULJLQ��RI�FRQVLGHUDEOH�VFLHQWLILF�DQG�FRPPHUFLDO�LQWHUHVW��WKDQNV�WR�LWV�KLJK
FRQWHQW�RI�KLJK�TXDOLW\�SURWHLQV�����������XQVDWXUDWHG�IDWW\�DFLGV�DQG�DQWLR[LGDQWV����WLPHV
KLJKHU�WKDQ�WKRVH�RI�FHUHDO�IORXUV��,W�LV�DOVR�D�JOXWHQ�IUHH�SURGXFW��XVHG�IRU�\HDUV�DV�D�QHZ
IXQFWLRQDO�IRRG�IRU�WKH�SURGXFWLRQ�RI�SDVWD��EUHDG��ELVFXLWV��HWF��7KH�JURZLQJ�LQWHUHVW�DPRQJ
IDUPHUV�DQG�DJUR�LQGXVWULHV�IRU�TXLQRD�LV�GXH�WR�WKH�DWWUDFWLYH�HFRQRPLF�SURVSHFWV��4XLQRD
LV�D�UXVWLF�SODQW��FDSDEOH�RI�DGDSWLQJ�WR�GLIIHUHQW�W\SHV�RI�VRLO��HYHQ�YHU\�VDOLQH�RQHV��DQG�WR
KRW�DULG�HQYLURQPHQWV�WKDQNV�WR�LWV �UHGXFHG�ZDWHU�UHTXLUHPHQWV� �+RZHYHU� �WKH�ODFN�RI
YDULHWLHV �VHOHFWHG �VSHFLILFDOO\ �IRU �,WDOLDQ �HQYLURQPHQWV �KDV �OHG �XV �WR �VWDUW �D �EUHHGLQJ
SURJUDP�WR�REWDLQ��0DGH�LQ�,WDO\��TXLQRD�YDULHWLHV�VXSHULRU�LQ�WHUPV�RI�VHHG�SURGXFWLRQ�DQG
TXDOLW\��ZLWK�ORZ�VDSRQLQ�FRQWHQW�ZKLFK�UHDFKHV�FRPSOHWH�PDWXUDWLRQ�DQG�KDV�D�VXVWDLQDEOH
\LHOG�IURP�DQ�HFRQRPLF�SRLQW�RI�YLHZ��0RVW�RI�WKH�TXLQRD�LQ�WKH�,WDOLDQ�IRRG�PDUNHW�KDV�WKH
�RUJDQLF��EUDQG�DQG�VRPHWLPHV�DOVR�WKH��IDLU�WUDGH��EUDQG��7UDGLWLRQDOO\�LQ�%ROLYLD��TXLQRD
KDV�DOZD\V�EHHQ�XVHG�LQ�D�FXOWLYDWLRQ�V\VWHP�WKDW�LQYROYHG�D��TXLQRD�EDUH�IDOORZ��URWDWLRQ�
7RGD\��KRZHYHU��WR�LQFUHDVH�SURGXFWLRQ��DJURQRPLF�WHFKQLTXHV�KDYH�EHFRPH�PRUH�LQWHQVLYH�
LQ�SDUWLFXODU�IRU�ZHHG�FRQWURO��$W�QRZ�LQ�,WDO\�WKHUH�DUH�QR�SHVWLFLGHV�UHJLVWHUHG�IRU�TXLQRD
HLWKHU�IRU�WKH�FRQWURO�RI�SDUDVLWHV�RU�IRU�WKH�ZHHGV�FRQWURO��LQ�WKLV�ODVW�UHJDUG��IRU�H[DPSOH��LW
LV �QHFHVVDU\ �WR �VRZ �TXLQRD �DW �VSDFHG �URZV �IRU �ZHHGV �PHFKDQLFDO �FRQWURO� �ERWK �LQ
FRQYHQWLRQDO�DQG�ELRORJLFDO�UHJLPHV��7HFKQLFDOO\��WKHUHIRUH��WKH�FXOWLYDWLRQ�RI�TXLQRD�ZLWK
WKH �FRQYHQWLRQDO �PHWKRG �LV �QRW �YHU\ �GLIIHUHQW �IURP �WKH �RUJDQLF �RQH� �H[FHSW �IRU �WKH
IHUWLOL]DWLRQ� �PLQHUDO �DQG �RUJDQLF �SURGXFWV� �UHVSHFWLYHO\� �7R �HYDOXDWH �WKH �GLIIHUHQFHV
EHWZHHQ�FRQYHQWLRQDO�DQG�RUJDQLF�FURSSLQJ�V\VWHPV����TXLQRD�OLQHV��DOUHDG\�VHOHFWHG�LQ�D
SUHYLRXV�EUHHGLQJ�SURJUDP�DQG���FRPPHUFLDO�YDULHWLHV��5HJDORQD�%DHU�DQG�7LWLFDFD���ZHUH
HYDOXDWHG�IRU�VHHG�\LHOG�DQG�LWV�FRPSRQHQWV��7KH�WHVW�ZDV�FRQGXFWHG�DW�WKH�H[SHULPHQWDO
IDUP�RI�&5($�&,�LQ�)RJJLD��6RXWKHUQ�,WDO\���IRU���\HDUV�������DQG��������ZLWK�VRZLQJ�LQ
$SULO�DQG�KDUYHVWLQJ�LQ�6HSWHPEHU��LQ�HOHPHQWDU\�SORWV�RI����P�����URZV���P�ORQJ�DQG���FP
DSDUW���ZLWK���UHSOLFDWHV��LQ�WZR�GLVWLQFW�ILHOGV��RQH�RI�ZKLFK�KDV�EHHQ�RUJDQLFDOO\�PDQDJHG
IRU ��� �\HDUV� �7KH �REWDLQHG �GDWD �KLJKOLJKWHG �VLJQLILFDQW �GLIIHUHQFHV �EHWZHHQ �WKH �WZR
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FURSSLQJ�V\VWHPV��IRU�DOPRVW�DOO�WKH�H[DPLQHG�WUDLWV��,Q�SDUWLFXODU��LQ�RUJDQLF��WKH�DYHUDJH
VHHG�SURGXFWLRQ�ZDV�DOPRVW�GRXEOH�LQ�RUJDQLF�FRPSDUHG�WR�FRQYHQWLRQDO� �ZLWK�D�UDQJH
EHWZHHQ�WKH�JHQRW\SHV�EHWZHHQ����DQG�����J�P����DQG����DQG����J�P�����UHVSHFWLYHO\��LQ
RUJDQLF�DQG�LQ�FRQYHQWLRQDO��7KH�TXLQRD�OLQHV�DOUHDG\�SUHYLRXVO\�VHOHFWHG�UHFRUGHG�KLJKHU
VHHG�\LHOGV�WKDQ�WKH�JURXS�DYHUDJH�DQG�WKH�WZR�FRPSDULVRQ�YDULHWLHV��LQ�ERWK�WUHDWPHQWV
DQG�LQ�WKH�WZR�\HDUV�RI�WHVWLQJ��2QH�RI�WKHVH�OLQHV�LV�DW�QRZ�RQ�YDOXDWLRQ�IRU�DW�FRPPXQLW\
SODQW�YDULHW\�RIILFH�IRU�IROORZLQJ�UHJLVWUDWLRQ�
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6HDZHHG�H[WUDFW�ELRVWLPXODQW�WR�LPSURYH�JURZWK�DQG�SRVW�
KDUYHVW�TXDOLW\�RI�VSLQDFK
E\�*LDQFDUOR�3DJQDQL�_�$IVDQHK�1HPDWSRXU�_�6LOYLD�&DQWDODPHVVD�_�/LVD�$QWRQXFFL�_�0LFKHOH�3LVDQWH�_
8QLYHUVLWd�GHJOL�6WXGL�GL�7HUDPR�_�8QLYHUVLWd�GHJOL�6WXGL�GL�7HUDPR�_�8QLYHUVLWd�GHJOL�6WXGL�GL�3DGRYD�_
8QLYHUVLWd�GHJOL�6WXGL�GL�7HUDPR�_�8QLYHUVLWd�GHJOL�6WXGL�GL�7HUDPR

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��*LDQFDUOR�3DJQDQL
&RQWULEXWLRQ��3RVW

/HDI\ �YHJHWDEOHV �DUH �KLJKO\ �SHULVKDEOH �DQG �DIIHFWHG �E\ �SUH�KDUYHVW �DQG �SRVW�KDUYHVW
FRQGLWLRQV��%LRVWLPXODQWV�FDQ�EH�XVHG�WR�LPSURYH�JHUPLQDWLRQ��JURZWK��\LHOG�DQG�TXDOLW\�RI
FURSV��,Q�WKLV�VWXG\��WKH�HIIHFW�RI�D�SODQW�ELRVWLPXODQW��$VFRSK\OOXP�QRGRVXP�H[WUDFW��$1(�
RQ �LPSURYLQJ �JURZWK �DQG �PLQLPL]LQJ �SRVWKDUYHVW �ORVVHV �LQ �VSLQDFK �ZDV �HYDOXDWHG�
$VFRSK\OOXP�QRGRVXP�H[WUDFW�ZDV�XVHG�DV�D�FRQFHQWUDWHG�VXVSHQVLRQ�FRQVLVWLQJ�RI�D�KLJK
FRQFHQWUDWLRQ�RI�QDWXUDO�FRPSRXQGV��)ROLDU�DSSOLFDWLRQ�RI�WKH�ELRVWLPXODQW�ZDV�PDGH�LQ�WZR
WUHDWPHQWV�RI���DQG�����/�KD����7KH�ELRVWLPXODQW�ZDV�DSSOLHG���WLPHV�GXULQJ�WKH�H[SHULPHQWV�
7KH�ILUVW�WLPH�ZDV�DW�WKH�����OHDI�VWDJH��ZKLOH�WKH�RWKHUV�ZHUH�DSSOLHG�ZLWK�D�WLPH�LQWHUYDO�RI
DERXW����GD\V��7ZR�RSHQ�ILHOG�H[SHULPHQWV���ZLWK�WKH�VDPH�WUHDWPHQWV��ZDV�FDUULHG�LQ�D
UDQGRPL]HG�FRPSOHWH�EORFN�GHVLJQ�ZLWK�WKUHH�UHSOLFDWLRQV��LQ�GLIIHUHQW�VHDVRQ��%LRVWLPXODQW
ZDV�DSSOLHG�WKUHH�WLPHV�IURP�����OHDYHV�VWDJHV��ZLWK�D�WLPH�LQWHUYDO�RI�DSSUR[LPDWHO\�WHQ
GD\V��(DFK�WLPH�LQ�WKH�SHULRG�RI�QHDUO\�WHQ�GD\V�DIWHU�XVLQJ�WKH�ELRVWLPXODQW�DSSOLFDWLRQ��RQH
OLQHDU�P�LQ�HDFK�UHSOLFDWLRQ�ZDV�KDUYHVWHG�IRU�PHDVXULQJ�FURS�JURZWK�SDUDPHWHUV��&DQRS\
UHIOHFWDQFH�ZDV�PHDVXUHG�IRU�HDFK�H[SHULPHQWDO�XQLW�ZLWK�D�6SHFWURUDGLRPHWHU��$�RQH�ZD\
DQDO\VLV�RI�YDULDQFH�ZDV�FRQGXFWHG�XVLQJ�WKH�JHQHUDO�OLQHDU�PRGHO��SURFHGXUH�LQ�6$6��RQ�WKH
H[SHULPHQWDO�ILHOG�GDWD��ZKLFK�IROORZHG�D�UDQGRPL]HG�EORFN�GHVLJQ�ZLWK�WKUHH�UHSOLFDWLRQV�
5HVXOWV �VKRZ�WKDW �LQ �ERWK�H[SHULPHQWV �WLOO �WKH ��UG�VDPSOLQJ� �WKHUH�ZDV�QR�VLJQLILFDQW
GLIIHUHQFH�EHWZHHQ�WKH�WUHDWPHQWV�LQ�WHUPV�RI�IUHVK�ZHLJKW��:KLOH�DIWHU�WKDW��ELRVWLPXODQWV
DSSOLFDWLRQ�VLJQLILFDQWO\�LQFUHDVHG�IUHVK�ZHLJKW�FRPSDUHG�WR�WKH�FRQWURO��7KH�KLJKHVW�DQG
ORZHVW�IUHVK�ZHLJKW�DW�WKH�KDUYHVW�WLPH�ZHUH�UHFRUGHG�RQ�����/�KD���������J�P�����DQG�FRQWURO
������J�P�����UHVSHFWLYHO\��LQ�H[SHULPHQW�$��$�VLPLODU�WUHQG�ZDV�REVHUYHG�RQ�GU\�ZHLJKW�DQG
OHDI�DUHD�LQGH[��7KH�HIIHFWV�RI�ELRVWLPXODQWV�RQ�GU\�ZHLJKW�ZHUH�WKH�KLJKHVW�DW�WKH��WK
VDPSOLQJ��KDUYHVW�WLPH���)RU�H[DPSOH��FKDQJHV�LQ�WKH�GU\�ZHLJKW�ZHUH�WKH�KLJKHVW������
DQG�ORZHVW ������ �LQ ���� �/ �KD�� �FRPSDUHG�WR �WKH �FRQWURO� �)XUWKHUPRUH� �WKH �DPRXQW �RI
SLJPHQWV�DW�KDUYHVW�ZDV�DIIHFWHG�E\�WKH�ELRVWLPXODQWV��ZLWK�D�VLJQLILFDQW�LQFUHDVH�LQ�WRWDO
FKORURSK\OO �REVHUYHG �DIWHU �WKUHH �WUHDWPHQWV �FRPSDUHG�WR �WKH �FRQWURO ��S ��������� �7KLV
LQFUHDVH�ZDV�GXH�WR�WKH�FRQFXUUHQW�ULVH�LQ�ERWK�&KOD�DQG�&KOE�LQ�ERWK�H[SHULPHQWV��,Q
DGGLWLRQ� �FDURWHQRLGV �LQ ���� �/ �KD�� � �VKRZHG �D �VLJQLILFDQW �LQFUHDVH �DW �KDUYHVW �LQ �WKH
H[SHULPHQW�$�FRPSDUHG�WR�WKH�FRQWURO��������1'9,�DVVHVVPHQWV�FRQILUPHG�WKH�SRVLWLYH
LPSDFW�RI�ELRVWLPXODQWV�RQ�WKH�SK\VLRORJLFDO�WUDLWV�RI�VSLQDFK��2EVHUYHG�WUHQGV�LQGLFDWHG
WKDW �WKH �XVH �RI �ELRVWLPXODQWV �DIWHU �WKH �WKLUG �DSSOLFDWLRQ �UHVXOWHG �LQ �QRWDEOH �FKDQJHV�
6SHFLILFDOO\� �WKH �DSSOLFDWLRQ �RI �ELRVWLPXODQWV �VLJQLILFDQWO\ �LQFUHDVHG �WKH �IUHVK �DQG �GU\
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ELRPDVV�DQG�WKH�OHDI�DUHD�LQGH[�RI�VSLQDFK�FRPSDUHG�WR�WKH�FRQWURO��7KH�WUHQGV�REVHUYHG�RQ
WUDLWV��LQGLFDWHG�WKDW�WKH�XVH�RI�ELRVWLPXODQWV�DIWHU�WKH�WKLUG�DSSOLFDWLRQ�OHG�WR�QRWLFHDEOH
FKDQJHV��7KH�DSSOLFDWLRQ�RI�ELRVWLPXODQWV�VLJQLILFDQWO\�LQFUHDVHG�WKH�IUHVK�DQG�GU\�ELRPDVV
DQG�WKH�OHDI�DUHD�LQGH[�RI�VSLQDFK�FRPSDUHG�WR�WKH�FRQWURO�
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3DJH����

$VVHVVLQJ�WKH�KHUELFLGDO�DFWLYLW\�RI�VRPH�0HGLWHUUDQHDQ
7K\PXV�VS��SO��HVVHQWLDO�RLOV
E\�5\P�%RXNKDOID�_�&ODXGLD�5XWD�_�6DLGD�0HVVJR�0RXPHQH�_�*HQHURVD�-HQQ\�&DODEUHVH�_�*LXVHSSH�'H
0DVWUR�_�'HSDUWPHQW�RI�6RLO��3ODQW�DQG�)RRG�6FLHQFHV��'L663$���8QLYHUVLW\�RI�%DUL�$OGR�0RUR�_
'HSDUWPHQW�RI�6RLO��3ODQW�DQG�)RRG�6FLHQFHV��'L663$���8QLYHUVLW\�RI�%DUL�$OGR�0RUR�_�8QLYHUVLW\�6DDG
'DKOHE��%OLGD���$OJHULD�_�&HQWUH�IRU�$GYDQFHG�0HGLWHUUDQHDQ�$JURQRPLF�6WXGLHV��&,+($0��_�'HSDUWPHQW
RI�6RLO��3ODQW�DQG�)RRG�6FLHQFHV��'L663$���8QLYHUVLW\�RI�%DUL�$OGR�0RUR

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��&ODXGLD�5XWD
&RQWULEXWLRQ��3RVW

7KH�JHQXV�7K\PXV�FRQVLVWV�RI�����VSHFLHV�RI�KHUEDFHRXV�RU�VXE�VKUXEV�DURPDWLF�SHUHQQLDO
SODQWV��DQG�LW�LV�HQGHPLF��ZLGHVSUHDG�DQG�JURZV�ZLOG�LQ�WKH�0HGLWHUUDQHDQ�DUHD��*LYHQ�LWV
GLIIHUHQW �ELRORJLFDO �DFWLYLWLHV� �7K\PXV �VSHFLHV �KDV �EHHQ �ODUJHO\ �VWXGLHG �LQ �WHUPV �RI
SK\WRFKHPLVWU\�DQG�VHYHUDO�VWXGLHV�UHYHDOHG�WKDW�WK\PH�H[WUDFWV�FRQWDLQ�GLIIHUHQW�FKHPLFDO
FRPSRXQGV�VXFK�DV�SKHQROLF�FRPSRXQGV��WHUSHQRLGV��IODYRQRLGV��VWHURLGV��DONDORLGV��WDQQLQV�
VDSRQLQV �DQG�PRVW �RI �WKHP�DUH �YRODWLOH �FRPSRXQGV�H[WUDFWHG�IURP�SODQW �HVVHQWLDO �RLO�
+RZHYHU��HYHQ�ZLWK�SURYHQ�DOOHORSDWKLF�SURSHUWLHV��IHZ�VWXGLHV�IRFXVHG�RQ�WKH�KHUELFLGDO
DFWLYLW\�RI�7K\PXV�VSHFLHV��,QGHHG��ZHHGV�DUH�WKH�PDMRU�WKUHDW�IRU�FURS�SURGXFWLRQ��7KHLU
FRQWURO�LV�PRVWO\�EDVHG�RQ�WKH�XVH�RI�V\QWKHWLF�KHUELFLGHV�WKDW�SRVH�HQYLURQPHQWDO�ULVNV�DQG
UHVXOW �LQ �KHUELFLGH�UHVLVWDQW �ZHHGV� �1DWXUDO �FRPSRXQGV �ZLWK �KHUELFLGDO �DFWLYLW\ �FRXOG
SURYLGH�VXLWDEOH�VROXWLRQV��,Q�WKLV�VHQVH��RXU�VWXG\�HYDOXDWHG�WKH�KHUELFLGDO�DFWLYLW\�RI�IRXU
0HGLWHUUDQHDQ�7K\PXV�VSHFLHV�HVVHQWLDO�RLOV��7��DOJHULHQVLV�%RLVV��HW�5HXW���7��FLOLDWXV�'HVI�
VXEVS��FRORUDWXV��%RLVV��HW�5HXW���%DWW���7��YXOJDULV�FXOWLYDU�9DULFR���DQG�7��YXOJDULV�HFRW\SH
)DVDQR��WR�LGHQWLI\�DOOHORSDWKLF�RU�ELRDFWLYH�FRPSRXQGV�WKDW�PD\�EH�FRQVLGHUHG�QHZ�VRXUFHV
RI�DFWLYH�LQJUHGLHQWV�LQ�ELRKHUELFLGH�IRUPXODWLRQV��7KH�ELRDVVD\V�FRQVLGHUHG�WKH�HIIHFW�RI
ILYH�FRQFHQWUDWLRQV�RI�HVVHQWLDO�RLOV���������������������������DQG�����RQ�WKH�LQKLELWLRQ�RI
WKH�JHUPLQDWLRQ�DQG�VHHGOLQJV�JURZWK�RI�/ROLXP�SHUHQQH�DQG�$PDUDQWKXV�UHWURIOH[XV�XQGHU
LQ �YLWUR �FRQGLWLRQV� �7KH �UHVXOWV �VKRZHG�D �WRWDO �LQKLELWLRQ �RI �VHHG �JHUPLQDWLRQ �DQG �DQ
LPSRUWDQW �UHGXFWLRQ �RI �WKH �VHHGOLQJ �JURZWK �XQGHU �WKH �HIIHFW �RI ������ �DQG ���
FRQFHQWUDWLRQV��DUJXLQJ�D�VWURQJ�KHUELFLGDO�SRWHQWLDO�RI�WKH�IRXU�0HGLWHUUDQHDQ�VWXGLHG
7K\PXV�VSHFLHV��7KHVH�SUHOLPLQDU\�UHVXOWV�ZLOO�EH�FRQILUPHG�XQGHU�LQ�YLYR�FRQGLWLRQV�DQG
RSHQ�WKH�ZD\�WR�IXUWKHU�UHVHDUFK�DQG�DSSOLFDWLYH�LQYHVWLJDWLRQV�RI�WKH�VHOHFWHG�VSHFLHV�WR
FRQILUP�WKH�IHDVLELOLW\�RI�WKH�DSSURDFK�IRU�VXVWDLQDEOH�ZHHG�FRQWURO�

�
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3DJH����

,QQRYDWLYH�FURSSLQJ�V\VWHPV�RQ�LQGXVWULDO�JOREH�DUWLFKRNH

E\�5RFFR�3LHUSDROR�*HUPDQR�_�&ODXGLD�5XWD�_�*LRYDQQL�0DQROLR�_�9LQFHQ]R�7RPPDVHR�_�$OHVVDQGUR
&DPDUGD�_�1HYLR�3DVTXLQL�_�1LFROD�6HFFKL�_�)UDQFHVFR�$OIDQR�_�*LDQPDULR�0DVVRFFKL�_�*LXVHSSH�'H
0DVWUR�_�'HSDUWPHQW�RI�6RLO��3ODQW�DQG�)RRG�6FLHQFHV��'L663$���8QLYHUVLW\�RI�%DUL�$OGR�0RUR�_
'HSDUWPHQW�RI�6RLO��3ODQW�DQG�)RRG�6FLHQFHV��'L663$���8QLYHUVLW\�RI�%DUL�$OGR�0RUR�_�'HSDUWPHQW�RI�6RLO�
3ODQW�DQG�)RRG�6FLHQFHV��'L663$���8QLYHUVLW\�RI�%DUL�$OGR�0RUR�_�;�)$50�k�0LODQR�_�;�)$50�k�0LODQR�_
(XURYL[6�S�$��k�(QWUDWLFR��%*��_�(XURYL[6�S�$��k�(QWUDWLFR��%*��_�6RF��&RRS�$UO�$5325�k�252*(/�
3ROLFRUR�_�6RF��&RRS�$UO�$5325�k�252*(/��3ROLFRUR�_�'HSDUWPHQW�RI�6RLO��3ODQW�DQG�)RRG�6FLHQFHV
�'L663$���8QLYHUVLW\�RI�%DUL�$OGR�0RUR

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��5RFFR�3LHUSDROR�*HUPDQR
&RQWULEXWLRQ��3RVW

*OREH�DUWLFKRNH��&\QDUD�FDUGXQFXOXV�YDU� �VFRO\PXV�/�� �LV �D �IRRG�SODQW �WKDW �LV �JDLQLQJ
LQFUHDVLQJ�LQWHUHVW�GXH�WR�LWV�FRPPHUFLDO��QXWULWLRQDO�DQG�WKHUDSHXWLF�YDOXH��7UDGLWLRQDOO\�
DUWLFKRNH �FXOWLYDWLRQ �LQ �WKH �0HGLWHUUDQHDQ �EDVLQ �KDV �EHHQ �EDVHG �RQ �PRQRFXOWXUH �DQG
WRZDUGV�WKH�IUHVK�PDUNHW��5HFHQWO\��WKHUH�KDV�EHHQ�D�JURZLQJ�LQWHUHVW�LQ�WKH�LQGXVWULDO�XVH
RI�DUWLFKRNHV��ZKLFK�KDV�UHTXLUHG�D�UHYLVLRQ�RI�FXOWLYDWLRQ�WHFKQLTXHV��)LUVWO\��WKH�FKRLFH�RI
YDULHW\��ZLWK�WKH�XVH�RI�K\EULGV��IROORZHG�E\�LUULJDWLRQ�DQG�QXWULWLRQ��IRU�ZKLFK�WKHUH�LV�D
ODFN�RI�VWXGLHV�RQ�WKHLU�PDQDJHPHQW��ZKLFK�LV�VWLOO�EDVHG�RQ�WKH�HPSLULFDO�H[SHULHQFH�RI
IDUPHUV��,Q�RUGHU�WR�PDNH�WKH�LQGXVWULDO�DUWLFKRNH�VXSSO\�FKDLQ�VXVWDLQDEOH��WKH�UHVHDUFK
DLPV�WR�FRPSDUH�WZR�PDQDJHPHQW�SURWRFROV�EDVHG�RQ�WKH�XVH�RI�ELRVWLPXODQWV�DQG�WKH
DSSOLFDWLRQ�RI�LUULJDWLRQ�SODQV�EDVHG�RQ�GLIIHUHQW�SHUFHQWDJH�RI�FURS�HYDSRWUDQVSLUDWLRQ
�(7F��UHSOHQLVKPHQW�FRPSDUHG�WR�WUDGLWLRQDO�LUULJDWLRQ��7KH�H[SHULPHQW�ZDV�FDUULHG�RXW�LQ
WKH�SHULRG�6HSWHPEHU��������0D\������DW�WKH�H[SHULPHQWDO�WHDFKLQJ�FHQWUH��(��3DQWDQHOOL�
RI�8QLYHUVLW\�RI�%DUL�LQ�3ROLFRUR��,WDO\��7ZR�$UWLFKRNHV�K\EULGV�ZHUH�FRPSDUHG���&DSULFFLR�
DQG��0DGULJDO��DV�DQ�LQGXVWULDO�YDULHW\��7KH�QXWULWLRQDO�VWDWXV�RI�WKH�FXOWXUH�ZDV�DQDO\]HG
XVLQJ�PXOWL�VSHFWUDO�FDPHUD�LQVWDOOHG�RQ�'URQH��,UULJDWLRQ�ZDV�PDQDJHG�E\�DSSO\LQJ�WKUHH
GLIIHUHQW�YROXPHV�WR�HYDOXDWH�\LHOG�DQG�TXDOLW\�RI�WKH�SURGXFWLRQ��7KH�LUULJDWLRQ�YROXPHV
ZHUH�PRQLWRUHG�XVLQJ�VRLO�WHPSHUDWXUH��KXPLGLW\�DQG�ZDWHU�SRWHQWLDO�VHQVRUV��7KH�GDWD
DFTXLUHG�ZLOO �EH�WKH�EDVLV�IRU�WKH�GHYHORSPHQW�RI�D�GHFLVLRQ�VXSSRUW�V\VWHP��'66��IRU
PDQDJLQJ�DUWLFKRNH�FXOWLYDWLRQ�ZLWK�WKH�DLP�RI�SURYLGLQJ�XVHIXO�WRROV�WR�KHOS�PDNH�WKH
LQGXVWULDO�DUWLFKRNH�VXSSO\�FKDLQ�VXVWDLQDEOH��$Q�H[SHULPHQW�ZDV�FRQGXFWHG�EDVHG�RQ����
(7F�UHSOHQLVKPHQW��WKHVLV��� �DQG�����(7F�UHSOHQLVKPHQW��WKHVLV��� �FRPSDUHG�WR�ORFDO
LUULJDWLRQ�PDQDJHPHQW��WKHVLV�����:LWKLQ�WKH�WKUHH�LUULJDWLRQ�WKHVHV��WZR�QXWULWLRQ�SODQV
ZHUH�WHVWHG��RQH�VSUHDG�DFURVV�WKH�DUWLFKRNH�GLVWULFW�RI�%DVLOLFDWD�UHJLRQ�DQG�WKH�RWKHU
EDVHG �RQ �D �SURWRFRO �XVLQJ �FRPPHUFLDO �ELRVWLPXODQWV ��(XURYL[�� �7KH �UHVXOWV �VKRZHG
LQWHUHVWLQJ�GLIIHUHQFHV�FRPSDULQJ�WKH�QXWULWLRQDO�SURWRFROV�DQG�LUULJDWLRQ�WKHVLV��&DSULFFLR
VKRZHG�DQ�LQFUHDVLQJ�LQ�\LHOG�SHU�KHFWDUH�XVLQJ�ELRVWLPXODQW�SURWRFRO��GLIIHUHQW�UHVXOWV�ZHUH
REVHUYHG�ZLWK�0DGULJDO�ZKHUH�ELRVWLPXODQW�SURWRFRO�GLGQ�W�LQFUHDVH�\LHOG�SHU�KHFWDUH�EXW
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VLJQLILFDQWO\�LQFUHDVHG�WKH�QXPEHU�RI�DUWLFKRNHV�KDUYHVWHG���7KH�FRUUHODWLRQ�EHWZHHQ�WKH
QXWULWLRQDO�SURWRFROV�DQG�WKH�LUULJDWLRQ�WKHVLV�VKRZHG�LQWHUHVWLQJ�UHVXOWV�FRPSDULQJ�WKH
WKHVLV���RI�ZDWHU�UHGXFWLRQ�ZLWK�WKH�WUDGLWLRQDO�RQH��7KHVLV���FRPELQHG�ZLWK�WKH�ELRVWLPXODQW
SURWRFRO �VKRZHG�DQ�LQFUHDVLQJ�RI �DUWLFKRNH�KDUYHVWHG�SHU �SODQW �LQ �ERWK�0DGULJDO �DQG
&DSULFFLR�K\EULGV��,QWHUHVWLQJ�LQ�WHUPV�RI�VXVWDLQDELOLW\�ZHUH�WKH�UHVXOWV�UHODWLQJ�WR�WKH
FRQWUDFWLRQ�RI�LUULJDWLRQ�YROXPHV�DQG�WKH�VXSSO\�RI�IHUWLOL]HUV��SDUWLFXODUO\�QLWURJHQ�
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$JURELRGLYHUVLW\�DQG�DJURQRPLF�SHUIRUPDQFH�RI�FKLFNSHD
ILHOG�WULDOV�LQ�WKH�$SXOLD�5HJLRQ
E\�&ODXGLR�&DOLD�_�&ODXGLD�5XWD�_�&DWDOGR�3XOYHQWR�_�'LHJR�$QWRQLR�=XOOR�_�0LFKHOH�$QWRQLR�5RQFHWWL�_
*LDQQLFROD�&DLRQH�_�*LXVHSSH�'H�0DVWUR�_�'HSDUWPHQW�RI�6RLO��3ODQW�DQG�)RRG�6FLHQFHV��'L663$��
8QLYHUVLW\�RI�%DUL�$OGR�0RUR�_�'HSDUWPHQW�RI�6RLO��3ODQW�DQG�)RRG�6FLHQFHV��'L663$���8QLYHUVLW\�RI�%DUL
$OGR�0RUR�_�'HSDUWPHQW�RI�6RLO��3ODQW�DQG�)RRG�6FLHQFHV��'L663$���8QLYHUVLW\�RI�%DUL�$OGR�0RUR�_
&RQ�&HU��2UJDQLVDWLRQ�RI�FHUHDO�SURGXFHUV�_�&RQ�&HU��2UJDQLVDWLRQ�RI�FHUHDO�SURGXFHUV�_�&RQ�&HU�
2UJDQLVDWLRQ�RI�FHUHDO�SURGXFHUV�_�'HSDUWPHQW�RI�6RLO��3ODQW�DQG�)RRG�6FLHQFHV��'L663$���8QLYHUVLW\�RI
%DUL�$OGR�0RUR

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��&ODXGLR�&DOLD
&RQWULEXWLRQ��3RVW

/HJXPHV �DUH �HVVHQWLDO �IRU �DGGUHVVLQJ �YDULRXV �VRFLDO �FKDOOHQJHV �UHODWHG �WR �DJULFXOWXUH�
LQFOXGLQJ �FOLPDWH �FKDQJH �PLWLJDWLRQ� �DJURELRGLYHUVLW\ �FRQVHUYDWLRQ� �IRRG �VHFXULW\ �DQG
KXPDQ�KHDOWK��+RZHYHU��OHVV�WKDQ����RI�WKH�DUHD�LQ�(XURSH�LV�GHGLFDWHG�WR�WKH�FXOWLYDWLRQ�RI
WKHVH�VSHFLHV� �0RUHRYHU� �PRQRFXOWXUHV�DQG�WKH�FXOWLYDWLRQ�RI�RQO\�FRPPHUFLDO �YDULHWLHV
IXUWKHU�UHGXFH�DJULFXOWXUDO�ELRGLYHUVLW\��&OLPDWH�FKDQJH�DQG�WKH�FKDOOHQJHV�RI�LQWHQVLYH
DJULFXOWXUH �DUH �EHWWHU �PDQDJHG �ZLWK �JHQHWLF �GLYHUVLW\� �3XOVHV �GLYHUVLI\ �DJULFXOWXUDO
SURGXFWLRQ�DQG�VXSSRUW�WKH�SODQW�EDVHG�IRRG�VXSSO\��7UDQVIRUPLQJ�DJUL�IRRG�V\VWHPV�DQG
DJULFXOWXUDO�YDOXH�FKDLQV�LV�HVVHQWLDO�WR�DFKLHYH�IXWXUH�VXVWDLQDELOLW\�JRDOV��%LRGLYHUVLW\�
EDVHG �DJULFXOWXUH �DLPV �WR �UHGHVLJQ �DJULFXOWXUDO �V\VWHPV �E\ �VXVWDLQDEO\ �GLYHUVLI\LQJ
ELRORJLFDO�FRPSRQHQWV�DQG�WKHLU�LQWHUDFWLRQV�WR�LPSURYH�IHUWLOLW\��SURGXFWLYLW\�DQG�UHVLOLHQFH�
+RZHYHU��DJULFXOWXUH�KDV�QRW�\HW�DFKLHYHG�LWV�IXOO�HQYLURQPHQWDO�EHQHILWV��SDUWLFXODUO\�LQ�WKH
0HGLWHUUDQHDQ��ZKHUH�LQQRYDWLRQ�LQ�WUDGLWLRQDO�VPDOOKROGHU�IDUPLQJ�LV�XUJHQWO\�QHHGHG�WR
HQVXUH�VWDEOH�HFRV\VWHP�VHUYLFHV�DQG�UHVLOLHQFH�WR�FOLPDWH�FKDQJH��/HJXPHV�FDQ��LPSURYH
ZDWHU�XVH�HIILFLHQF\��UHGXFH�DQWKURSRJHQLF�LQSXWV�ZKLOH�PDLQWDLQLQJ�VRLO�IHUWLOLW\��LPSURYH
HFRV\VWHP�VHUYLFHV��SURYLGH�KHDOWKLHU�DQG�VDIHU�SURWHLQ�ULFK�IRRGV��0RUHRYHU��WKH�WUDQVLWLRQ
WR�SODQW�EDVHG�GLHWV�RIIHUV�VLJQLILFDQW�RSSRUWXQLWLHV�ERWK�HQYLURQPHQWDOO\�DQG�LQ�WHUPV�RI
KXPDQ�KHDOWK��7KH�ILHOG�H[SHULPHQW�RI�WKLV�VWXG\�ZDV�FDUULHG�RXW�RYHU�WZR�FURS�F\FOHV
�����������DQG������������DQG�IRFXVHG�RQ�WKH�FXOWLYDWLRQ�RI�FKLFNSHDV��,Q�SDUWLFXODU��VHYHQ
ODQGUDFHV �DQG �WKUHH �FRPPHUFLDO �YDULHWLHV �ZHUH �FRPSDUHG �LQ �WZR �GLIIHUHQW �JURZLQJ
HQYLURQPHQWV�LQ�$SXOLD��QDPHO\�&DSLWDQDWD�DQG�$OWD�0XUJLD��7KH�H[SHULPHQWDO�GHVLJQ�XVHG
ZDV�D�UDQGRPL]HG�EORFN�GHVLJQ���7KH�JHQHWLF�PDWHULDO�XVHG�ZDV�UHFRYHUHG�WKDQNV�WR�VPDOO
ORFDO �IDUPHUV �ZKR�VHOI�SURGXFHG�WKH �VHHG �RYHU �WLPH� �7KH �PDLQ �DUHDV �RI �RULJLQ �RI �WKH
UHFRYHUHG�VHHG�LV�%DUL��9DOOH�G
,WULD�DQG�6DOHQWR��7KH�SDUDPHWHUV�PHDVXUHG�ZHUH��WKH�KHLJKW
RI �WKH�ILUVW �SRG� �WKH�QXPEHU�RI �SRGV� �WKH�ZHLJKW�RI �WKRXVDQG�VHHGV� �\LHOG�DQG�SURWHLQ
TXDQWLW\��7KH�SUHOLPLQDU\�UHVXOWV�VKRZHG�WKDW�WKH�*UXPR�$SSXOD�FKLFNSHD�����W�KD��DQG�WKH
0XUR�/HFFHVH�FKLFNSHD�����W�KD��ZHUH�VLJQLILFDQWO\�PRUH�SURGXFWLYH�WKDQ�WKH�FRPPHUFLDO
YDULHWLHV��0RUHRYHU��WKH�0XUR�/HFFHVH�KDG�WKH�KLJKHVW�SURWHLQ�YDOXH�RI�DURXQG������7KH
&DSLWDQDWD�DUHDO�ZDV�PRUH�SURGXFWLYH�WKDQ�WKH�$OWD�0XUJLD�DUHDO�HYHQ�WKRXJK�WKH�ODWWHU
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JDYH�D�KLJKHU�WKRXVDQG�VHHG�ZHLJKW�YDOXH��7KH�GLIIHUHQFH�LQ�SURGXFWLRQ�FDQ�EH�H[SODLQHG�E\
WKH�PRUH�H[WUHPH�VRLO�DQG�FOLPDWH�FRQGLWLRQV�RI�WKH�$OWD�0XUJLD�FRPSDUHG�WR�WKH�&DSLWDQDWD
DUHD��7KH�PRVW�SURGXFWLYH�ZKLWH�ORFDO�YDULHW\�LQ�ERWK�DUHDV�DQG�LQ�ERWK�\HDUV�ZDV�WKH�ZKLWH
FKLFNSHD�RI�*UXPR�DSSXOD��WKRXVDQG�VHHG�ZHLJKW�!���J���7KH�ZKLWH�FKLFNSHDV�ZLWK�WKH
KLJKHVW�SURWHLQ�YDOXH�FRPSULVH�WKH�/RFRURWRQGR�VPRRWK�FKLFNSHD�LQ�WKH�0XUJLD�DUHD�DQG
WKH�&LVWHUQLQR�FKLFNSHD�LQ�WKH�&DSLWDQDWD�DUHD��,Q�FRQFOXVLRQ��IURP�LQLWLDO�UHVHDUFK�LW�LV
SRVVLEOH�WR�QRWH�KRZ�ELRGLYHUVLW\�LV�D�UHVRXUFH�QRW�RQO\�IURP�D�JHQHWLF�SRLQW�RI�YLHZ�EXW�DOVR
IURP�DQ�HFRQRPLF�DQG�LQGXVWULDO�SRLQW�RI�YLHZ��ZLWK�WKH�DGGHG�YDOXH�RI�KDYLQJ�OHJXPHV�ZLWK
D�KHWHURJHQHRXV�QXWULWLRQDO�SURILOH�DQG�DW�WKH�VDPH�WLPH�SUHVHUYLQJ�ORFDO�ELRGLYHUVLW\�
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2UHJDQR�DQG�5RVHPDU\�DV�SRWHQWLDO�VRXUFH�RI�DQWLPLFURELDO
DJHQWV�RI�OLYHVWRFN�LQWHUHVW
E\�*LXVHSSH�1DWDOH�%DVLOH�_�&ODXGLD�5XWD�_�)UDQFHVFD�0DJJLR�_�$QQDOLVD�6HULR�_�*LXVHSSH�'H�0DVWUR�_
'HSDUWPHQW�RI�6RLO��3ODQW�DQG�)RRG�6FLHQFHV��'L663$���8QLYHUVLW\�RI�%DUL�$OGR�0RUR�_�'HSDUWPHQW�RI�6RLO�
3ODQW�DQG�)RRG�6FLHQFHV��'L663$���8QLYHUVLW\�RI�%DUL�$OGR�0RUR�_�'HSDUWPHQW�RI�%LRVFLHQFH�DQG
7HFKQRORJ\�IRU�)RRG��$JULFXOWXUH�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�7HUDPR�_�'HSDUWPHQW�RI�%LRVFLHQFH�DQG
7HFKQRORJ\�IRU�)RRG��$JULFXOWXUH�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�7HUDPR�_�'HSDUWPHQW�RI�6RLO��3ODQW�DQG
)RRG�6FLHQFHV��'L663$���8QLYHUVLW\�RI�%DUL�$OGR�0RUR

$EVWUDFW�,'�����
7RSLF��&URS

3UHVHQWHU�1DPH��*LXVHSSH�1DWDOH�%DVLOH
&RQWULEXWLRQ��3RVW

7KLV �UHVHDUFK �DFWLYLW\ �IRFXVHV �RQ �LQYHVWLJDWLQJ �WKH �HIILFDF\ �RI �DQWLPLFURELDO �DFWLYLW\ �RI
HVVHQWLDO�RLOV�REWDLQHG�IURP�WKH�RUHJDQR�K\EULG��&DUYD���2ULJDQXP�YXOJDUH�/��VVS��YLULOLGXP
[�2��YXOJDUH�/��VVS��KLUWXP���OLQN��,HVWZDUW���DQG�WKUHH�6DOYLD�5RVPDULQXV�/��FKHPRW\SHV��WR
EH �XVHG �DV �IHHG �DGGLWLYHV �DV �HQYLURQPHQWDOO\ �VXVWDLQDEOH �DOWHUQDWLYH �WR �WUDGLWLRQDO
DQWLPLFURELDOV��$W�WKH�([SHULPHQWDO�(GXFDWLRQDO�&HQWHU��(��3DQWDQHOOL���8QLYHUVLW\�RI�%DUL�
VDPSOHV�ZHUH�FROOHFWHG�IRU �HDFK�VSHFLHV �DQG�FXOWLYDU �LQ �RUGHU�WR �REWDLQ�D �SUHOLPLQDU\
DVVHVVPHQW�RI�RLO �\LHOG�DQG�VXEVHTXHQW�FKHPLFDO�FKDUDFWHUL]DWLRQ��6DPSOHV�RI�IORZHULQJ
VKRRWV�ZHUH�GULHG�LQ�D�WKHUPR�YHQWLODWHG�VWRYH�DW����d&��WKHQ�OHDYHV�DQG�IORZHUV�ZHUH
VHSDUDWHG�DQG�VXEPLWWHG�IRU�VWHDP�GLVWLOODWLRQ�ZLWK�&OHYHQJHU�W\SH�DSSDUDWXV�DW�'L663$
ODERUDWRULHV��7KH�UHVXOWLQJ�HVVHQWLDO�RLO�VDPSOHV�ZHUH�VWRUHG�XQGHU�UHIULJHUDWLRQ�DW��d&�LQ
DPEHU�JODVV�FRQWDLQHUV��'LVWLOOHG�HVVHQWLDO�RLO�ZDV�DQDO\]HG�E\�JDV�FKURPDWRJUDSK\�PDVV
VSHFWURPHWU\�RQ�DQ�+3������FRXSOHG�WR�DQ�+3������06'�DQG�HTXLSSHG�ZLWK�DQ�+3����P�[
�����PP�FDSLOODU\�FROXPQ�FRDWHG�ZLWK�+3��06��ILOP�WKLFNQHVV�������yP����7KH�DQDO\WLFDO
FRQGLWLRQV �ZHUH� �KHOLXP�DV �FDUULHU �JDV� �LQMHFWRU �WHPSHUDWXUH ���� �d&� �VSOLW �UDWLR ������
WHPSHUDWXUH �SURJUDP������� �d& �ZLWK �� �d&�PLQ �DQG �������� �d& �ZLWK ��� �d&�PLQ� �7KH
DQDO\]HG�FRPSRQHQWV�ZHUH�WKHQ�LGHQWLILHG�E\�WKH�+3�(QKDQFHG�&KHP6WDWLRQ�*����%$
9HUVLRQ�%�������V\VWHP�E\�FRPSDULQJ�WKHLU�PDVV�VSHFWUD�ZLWK�GDWD�LQ�WKH�OLWHUDWXUH�DQG
FRQILUPHG�E\�WKHLU�JDV�FKURPDWRJUDSKLF�UHWHQWLRQ�LQGLFHV��7KH�DFWLYLW\�RI�WKH�HVVHQWLDO�RLOV
ZDV�GHWHUPLQHG�WKURXJK�WKH�EURWK�PLFURGLOXWLRQ�PHWKRG�DJDLQVW ���PLFURELDO �VWUDLQV�RI
OLYHVWRFN �LQWHUHVW� �&DPS\OREDFWHU �FROL� �(VFKHULFKLD �FROL� �/LVWHULD �PRQRF\WRJHQHV�
6WDSK\ORFRFFXV�DXUHXV�DQG�6DOPRQHOOD�HQWHULFD �VXEVS��HQWHULFD�VHU� �(QWHULWLGLV� �2Q�WKH
HVVHQWLDO�RLOV�UHVXOWHG�PRUH�HIIHFWLYH�LQ�WHUPV�RI�0,&�ZHUH�GHWHUPLQH�WKH�LQKLELWRU\�FDSDFLW\
DJDLQVW�PLFURELDO�VSHFLHV�WKURXJK�LQ�YLWUR�7LPH�.LOO�.LQHWLFV��7..��DQDO\VLV��7KH�SHUFHQWDJH
\LHOG��Z�Y��LQ�HVVHQWLDO�RLO�RI�WKH�VSHFLHV�RI�LQWHUHVW�ZHUH��������IRU�WKH�RUHJDQR�&DUYD��IRU
6��5RVPDULQXV�UHVSHFWLYHO\��������FKHPRW\SH�����6U�����������FKHPRW\SH�����6U���DQG
�������FKHPRW\SH�����6U����&KDUDFWHUL]DWLRQ�RI�WKH�SK\WRFKHPLFDO�FRPSRXQGV�VKRZHG�WKDW
WKH�HVVHQWLDO�RLO�RI�RUHJDQR�&DUYD�ZDV�ULFK�LQ�FDUYDFURO��ZKLOH�6��URVPDULQXV�ZHUH�ULFK�LQ�v�
SLQHQH������FLQHRO�DQG�FDPSKRU��7KH�UHVXOWV�REWDLQHG�VKRZHG�WKH�EHVW�DQWLPLFURELDO�HIILFDF\
LQ �WHUPV �RI �PLQLPXP �LQKLELWRU\ �FRQFHQWUDWLRQ ��0,&� �DQG �PLQLPXP �EDFWHULFLGDO
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FRQFHQWUDWLRQ��0%&��DJDLQVW�WKH�DVVD\HG�VWUDLQV�E\�&DUYD�DQG�6U���7KHVH�WZR�HVVHQWLDO�RLOV
H[KLELWHG�WKH�DQWLPLFURELDO�DFWLYLW\�DW�ORZHU�XVH�FRQFHQWUDWLRQ��FRPSDUHG�ZLWK�WKH�RWKHU
VHOHFWHG�RQHV��7KH�0,&V�DQG�0%&V�GHWHFWHG�IRU�&DUYD�FRUUHVSRQGHG�WR�D�UDQJH�RI������WR
�����h/�P/��$�VLPLODU�UHVXOW�ZDV�REWDLQHG�IRU�WKH�HVVHQWLDO�RLO�6U���UDQJLQJ�IURP������WR���
h/�P/��7KH�KLJKHVW�DFWLYLW\�SHUIRUPHG�ZDV�UHFRUGHG�DIWHU�LQFXEDWLRQ�IRU����K�DW����d&��DIWHU
ZKLFK�WRWDO�LQKLELWLRQ�ZDV�REVHUYHG��ZLWK�D�PLFURELDO�ORDG�EHORZ�WKH�GHWHFWLRQ�OLPLW�RI�WKH
PHWKRG��������/RJ�8)&�PO���7KHUHIRUH��LW�FDQ�EH�FRQFOXGHG�WKDW�RUHJDQR�FDUYD�DQG�6�
URVPDULQXV �6U��PD\�EH�DQ�H[FHOOHQW�VRXUFH�RI�HVVHQWLDO�RLOV�ZLWK�JRRG�HIILFDF\�DJDLQVW
VHOHFWHG�PLFURELDO�VSHFLHV�RI�LQWHUHVW�WR�OLYHVWRFN�

�
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3KRVSKRUXV�XSWDNH�IDFLOLWDWLRQ�LQ�ZKHDW�LQWHUFURSSHG�ZLWK
OHJXPHV�LPSOLHV�D�JUHDW�FKDQJH�LQ�URRW�UKL]REDFWHULD�VRLO
LQWHUDFWLRQV�
E\�(PLOLR�/R�3UHVWL�_�7LP�+��0DXFKOLQH�_�9DQHVVD�1��.DYDPXUD�_�0LFKHOH�0RQWL�_�'HSDUWPHQW�$*5$5,$�
8QLYHUVLW\�0HGLWHUUDQHD�RI�5HJJLR�&DODEULD�_�5RWKDPVWHG�5HVHDUFK��+DUSHQGHQ�_�5RWKDPVWHG�5HVHDUFK�
+DUSHQGHQ�_�'HSDUWPHQW�$*5$5,$��8QLYHUVLW\�0HGLWHUUDQHD�RI�5HJJLR�&DODEULD

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��(PLOLR�/R�3UHVWL
&RQWULEXWLRQ��2UDO

7KH�LQWHUFURSSLQJ�RI�WZR�FURSV�EHORQJLQJ�WR�GLIIHUHQW�IXQFWLRQDO�JURXSV�SURYLGHV�FHUWDLQ
HFRV\VWHP �VHUYLFHV �WKDW �LQFUHDVH �WKH �DJURHFRV\VWHP �PXOWLIXQFWLRQDOLW\� �UHGXFLQJ �WKH
DQWKURSRJHQLF �LQSXW �DQG �PDLQWDLQLQJ �UHDVRQDEOH �\LHOGV� �0XOWLIXQFWLRQDOLW\ �UHTXLUHV
NQRZOHGJH�RI�KRZ�VHUYLFH�LQWHUDFWLRQV�DUH�LQIOXHQFHG�E\�VSHFLHV�LGHQWLW\�DQG�GLYHUVLW\��)RU
WKLV�SXUSRVH��ZH�IRFXVHG�RQ�WKH�OHJXPHV�DV�D�IXQFWLRQDO�JURXS�ZKLFK�IDFLOLWDWHV�SKRVSKRUXV
�3��XSWDNH�E\�WKH�LQWHUFURSSHG�ZKHDW��7KH�JUHDWHU�3�XSWDNH�REVHUYHG�LQ�LQWHUFURSSLQJ�LV
PRVWO\�DWWULEXWHG�WR�OHJXPHV
 �URRW�H[XGDWLRQ�RI�RUJDQLF�DFLGV�DQG�SKRVSKDWDVHV� �ZKLFK
PRGLI\�UKL]RVSKHUH�FKHPLVWU\��6LQFH�WKH�UKL]RVSKHUH�PRGLILFDWLRQ�GULYHV�WKH�VHOHFWLRQ�RI
VSHFLILF�EDFWHULDO�FRPPXQLWLHV�E\�SURYLGLQJ�FDUERQ�VRXUFHV�VXFK�DV�RUJDQLF�DFLGV�DQG�RWKHU
PHWDEROLWHV��ZH�K\SRWKHVLVHG�WKDW�WKHUH�LV�D�FRQWULEXWLRQ�RI�WKH�EDFWHULDO�FRPPXQLW\�WR
IDFLOLWDWH �WKH �XVH �RI �VSDULQJO\ �DYDLODEOH �3 �E\ �WKH �SODQWV� �7KLV �VWXG\ �DLPHG �WR �IXUWKHU
XQGHUVWDQG�WKH�LQIOXHQFH�RI�3�ELRDYDLODELOLW\�RQ�EDFWHULDO�FRPPXQLW\�VHOHFWLRQ�DQG�ZKHWKHU
WKLV�FDQ�EH�H[WHQGHG�WR�RWKHU�FURSV�WKURXJK�LQWHUFURSSLQJ��3HD��OXSLQ�DQG�ZKHDW�ZHUH
JURZQ�DV�LQWHUFURSV�DQG�DV�VROH�FURSV�DW�GLIIHUHQW�3�DYDLODELOLW\�OHYHOV��XVLQJ�D�ORZ�3�VRLO
IURP�WKH�ORQJ�WHUP�H[SHULPHQW�DW�5RWKDPVWHG�5HVHDUFK��DPHQGHG�ZLWK�DYDLODEOH�DQG�ORZ�
DYDLODEOH�IRUPV�RI�3��$IWHU����GD\V�RI�JURZWK����6�U51$�JHQH�DPSOLFRQ�VHTXHQFLQJ�ZDV
SHUIRUPHG�IURP�UKL]RVSKHUH�VDPSOHV��DQG�DFLG�DQG�DONDOLQH�SKRVSKRPRQRHVWHUDVH��30(�
DFWLYLW\�ZDV�PHDVXUHG��7KH�SODQW�VSHFLHV�ZDV�WKH�PDLQ�IDFWRU�GHWHUPLQLQJ�WKH�VWUXFWXUH�RI
WKH�EDFWHULDO�FRPPXQLW\�IROORZHG�E\�3�DYDLODELOLW\��:KHQ�3�ZDV�XQDYDLODEOH�RU�GHSOHWHG�
OHJXPH�PRQRFXOWXUH�DV�ZHOO�DV�LQWHUFURSSLQJ��ZDV�DVVRFLDWHG�ZLWK�UHGXFHG�EDFWHULDO�VSHFLHV
ULFKQHVV�DQG�GLYHUVLW\��ZKLFK�ZDV�SDUWO\�H[SODLQHG�E\�DQ�LQFUHDVHG�UHODWLYH�DEXQGDQFH�RI
9DULRYRUD[��3VHXGRPRQDV�DQG�%UDG\UKL]RELXP�VSS��7KH�FRPSOH[LW\�DQG�LQWHUFRQQHFWLRQV�RI
WKH�EDFWHULDO�FRPPXQLW\�ZHUH�LQFUHDVHG�LQ�LQWHUFURSSLQJ�ZKHQ�3�ZDV�XQDYDLODEOH�DV�ZDV
DONDOLQH�30(�DFWLYLW\� �ZKLOH�WKH�DFLG�30(�DFWLYLW\�ZDV�PRUH�DIIHFWHG�E\�WKH�SODQW� �,Q
FRQFOXVLRQ��ZKHDW�LQWHUFURSSLQJ�FDQ�JHQHUDWH�D�PRUH�FRPSOH[�DQG�LQWHUFRQQHFWHG�URRW�
DVVRFLDWHG�EDFWHULDO�FRPPXQLW\��ZKLFK�FDQ�SRWHQWLDOO\�FRQWULEXWH�WR�WKH�IDFLOLWDWLRQ�RI�3
XSWDNH�
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/&$�PHWKRGV�IRU�VRLO�&2��HPLVVLRQV�LQ�FURS�OLYHVWRFN
V\VWHPV
E\�3LHWUR�*RJOLR�_�6LPRQH�3HODUDFFL�_�6LPRQ�0RDNHV�_�0DULH�7U\GHPDQ�.QXGVHQ�_�.ODUD�9DQ�0LHUOR�_�1LQD
$GDPV�_�0D[LPH�)RVVH\�_�$OEHUWR�0DUHVFD�_�0DQXHO�5RPHUR�+XHOYD�_�0XKDPPDG�$KPHG�:DTDV�_
/DXUHQFH�6PLWK�_�)UDQN�:LOOHP�2XGVKRRUQ�_�7KRPDV�1HPHFHN�_�&DPLOOR�'H�&DPLOOLV�_�*LDPSLHUR�*URVVL�_
:DUG�6PLWK�_�)UDFQHVFR�7HL�_�8QLYHUVLW\�RI�3HUXJLD�_�XQLYHUVLW\�RI�3HUXJLD�_�8QLYHUVLW\�RI�$EHU\VZ\WK��8.
_�$DUKXV�8QLYHUVLW\��'HQPDUN�_�:DJHQLQJHQ�8QLYHUVLW\�	�5HVHDUFK��7KH�1HWKHUODQGV�_�8QLYHUVLW\�RI
5HDGLQJ��8.�_�,'(/(��)UDQFH�_�6(*(6��'HQPDUN�_�&6,&��6SDLQ�_�$DUKXV�8QLYHUVLW\��'HQPDUN�_�8QLYHUVLW\
RI�5HDGLQJ��8.�_�,&2(/��'HQPDUN�_�$JURVFRSH��6ZLW]HUODQG�_�)$2��5RPH�_�8QLYHUVLW\�RI�7XVFLD�_�$$)&
$$&��&DQDGD�_�8QLYHUVLW\�RI�3HUXJLD

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��3LHWUR�*RJOLR
&RQWULEXWLRQ��2UDO

$FFRXQWLQJ�RI�VRLO�FDUERQ�LV�HVVHQWLDO�WR�XQGHUVWDQG�DQG�PLWLJDWH�WKH�LPSDFWV�RI�FOLPDWH
FKDQJH�DQG�KDV�EHHQ�UHFRJQL]HG�WR�SOD\�DQ�LPSRUWDQW�UROH�LQ�OLIH�F\FOH�DVVHVVPHQWV��/&$��RI
DJULFXOWXUDO �V\VWHPV� �,Q �SDUWLFXODU� � � �VRLO �&2� �HPLVVLRQV �GXH �WR �FURS �DQG �JUDVVODQG
PDQDJHPHQW�DIIHFW �WKH�RYHUDOO �HQYLURQPHQWDO �SHUIRUPDQFH�RI �FURS�OLYHVWRFN�V\VWHPV�DV
HQKDQFHG�VRLO�PDQDJHPHQW�FDQ�KDYH�D�PLWLJDWLRQ�SRWHQWLDO�RI���������0W�RI�&2��ZRUOGZLGH�
6HYHUDO�PRGHOV�KDYH�EHHQ�GHYHORSHG�DQG�XVHG�LQ�DJULFXOWXUDO�/&$�WR�HVWLPDWH�WKH�DPRXQW�RI
FDUERQ�VWRUHG�LQ�WKH�VRLO��UHVSRQVLEOH�IRU�VRLO�&2��HPLVVLRQV��7KLV�VWXG\�HYDOXDWHV�PRGHOV
XVHG�IRU�VRLO�FDUERQ�DFFRXQWLQJ�LQ�/&$�RI�DJULFXOWXUDO�V\VWHPV��XVLQJ�D�PRGLILHG�'HOSKL
PHWKRG�WR�KDUPRQL]H�/&$�PHWKRG�IRU�DJULFXOWXUDO��$�V\VWHPDWLF�UHYLHZ�ZDV�FRQGXFWHG�ZLWK
DQ�LWHUDWLYH�VFUHHQLQJ�WR�VHOHFW�UHOHYDQW�OLWHUDWXUH���7KH�ILQDO�VHOHFWLRQ�RI����SDSHUV�IURP
ZKLFK ��� �PHWKRGV �ZHUH �IXUWKHU �LGHQWLILHG �DQG �DQDO\VHG� �7KH �LGHQWLILHG �PHWKRGV �DUH
GLVFXVVHG�ZLWK�D�WLHUHG�DSSURDFK�VLPLODU�WR�WKH�,QWHUJRYHUQPHQWDO�3DQHO�RQ�&OLPDWH�&KDQJH
�,3&&� �DQG �WKH �)RRG �DQG �$JULFXOWXUH �2UJDQLVDWLRQ ��)$2� �/LYHVWRFN �(QYLURQPHQWDO
$VVHVVHPHQW�DQG�3HUIRUPDQFH��/($3��IUDPHZRUNV��/DQG�PDQDJHPHQW��VLPSOH�HPSLULFDO�
EDVHG �PRGHOV ��7LHU ���� �%DVLF �SURFHVV �RU �FRPSOH[ �HPSLULFDO �PRGHOV ��7LHU ���� �&RPSOH[
VLPXODWLRQ�PRGHOV�DQG�GLUHFW�PHDVXUHPHQW��7LHU�����)URP�WKH�UHVXOWV�REWDLQHG�IURP�WKH
HYDOXDWLRQ� �ZH �FDQ �REVHUYH �KRZ �7LHU �� �PRGHOV �UHVXOWHG �LQ �D �KLJKHU �FRPSOHWHQHVV�
7UDQVSDUHQF\�DQG�5HSURGXFLELOLW\��$GDSWDELOLW\�WR�GLIIHUHQW�ODQG�XVHV��EXW�PDLQO\�DFKLHYH
ORZ�DSSOLFDELOLW\��7LHU���PRGHOV�WU\�WR�UHSOLFDWH�WKH�FRPSOH[�SURFHVVHV�RI�KRZ�SODQWV�DQG
FDUERQ�LQSXWV�VXFK�DV�PDQXUH�LQWHUDFW�ZLWK�WKH�VRLO��EXW�ZLWK�D�OLPLWHG�UHTXLUHPHQW�IRU�LQSXW
GDWD��2IWHQ�WKHVH�PRGHOV�DOUHDG\�VSOLW�WKH�VRLO�LQWR�GLIIHUHQW�FRPSDUWPHQWV��WR�WU\�DQG�UHIOHFW
WKH�EHKDYLRXU�RI �VRLO �FRPSRQHQWV�DQG�IXQFWLRQV� �*HQHUDOO\� �7LHU ���PRGHOV �H[KLELW �KLJK
FRPSOHWHQHVV�EXW�ORZ�$SSOLFDELOLW\�DQG�$FFXUDF\��7LHU���PRGHOV�DLP�DW�UHSOLFDWLQJ�VRLO
SURFHVVHV�DQG�FURS�JURZWK�LQWHUDFWLRQV�WR�SURYLGH�WKH�PRVW�DFFXUDWH�UHSUHVHQWDWLRQ�RI�IORZV
DQG�IOX[HV��:KLOVW�WKH�PRVW�DFFXUDWH��WKHVH�W\SHV�RI�PRGHOV�DUH�DOVR�WKH�PRVW�GHPDQGLQJ�IRU
GDWD �LQSXW �YDULDEOHV �VXFK�DV �FOLPDWLF �DQG�VRLO �YDULDEOHV� �DQG�XVXDOO\ �UHTXLUH �WKRURXJK
FDOLEUDWLRQ�WR�DFKLHYH�VDWLVIDFWRU\�UHVXOWV��7KHVH�PRGHOV�DUH�SURFHVV�EDVHG�DQG�UHTXLUH�D
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KLJK �GHJUHH �RI �PRGHOOHU �H[SHUWLVH �DQG �ODUJH �GDWD �UHTXLUHPHQWV� �)RU �D �VLWH�VSHFLILF
DVVHVVPHQW ��VXFK �DV �RQH �OLYHVWRFN �IDUP�� �WKH �PHWKRGRORJ\ �SUHIHUUHG �LQFOXGH �WKH
DJURHFRV\VWHP �PRGHOV ��'1'&� �'$<&(17� �RU �ORQJ �WHUP �GLUHFW �PHDVXUHPHQW ��ZKHUH
DYDLODEOH�DQG�FDUULHG�RXW�ZLWK�WKH�DSSURSULDWH�SURWRFRO���RU�ZLWK�OHVV�GHWDLOHG�LQSXW�GDWD�WKLV
FRXOG�EH�IROORZHG�E\�,3&&������7LHU���VWHDG\�VWDWH�PHWKRGRORJ\��:KHQHYHU�WKLV�OHYHO�RI
DFFXUDF\�FDQQRW�EH�DFKLHYHG��H�J��VLWH�GHSHQGHQW�RU�VLWH�JHQHULF�DVVHVVPHQW��ODUJH�VFDOH
DVVHVVPHQW���WKH�IROORZLQJ�7LHU���PHWKRGRORJ\�VKRXOG�EH�HPSOR\HG��,3&&������7LHU���VWHDG\
VWDWH�PHWKRG�RU�VLPSOH�FDUERQ�PRGHOV��H�J���&�WRRO���:LWK�YHU\�OLPLWHG�GDWD�TXDOLW\�RU�ZLWK
OLPLWHG�H[SHUWLVH� �,3&&�7LHU���PHWKRGRORJ\�FDQ�EH�XVHG��)XUWKHU�VRLO �&�DVVHVVPHQW�LQ
DJULFXOWXUDO �VKRXOG �EH �XQGHUWDNHQ�ZLWK �DW �OHDVW ����\HDUV �WLPH�KRUL]RQ�GXH�WR �VORZ�&
G\QDPLFV�
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2Q�IDUP�H[SHULPHQWDWLRQ�RI�DQDHURELF�GLJHVWDWH�GLVWULEXWLRQ
PHWKRGV�IRU�DGYDQFLQJ�SUHFLVLRQ�DJULFXOWXUH�DQG�FLUFXODU
HFRQRP\�LQ�WKH�DJURHFRV\VWHP
E\�,ODULD�3LFFROL�_�)HGHULFR�*ULOOR�_�,YDQ�)XUODQHWWR�_�)UDQFHVFD�5DJD]]L�_�6LOYLD�2EEHU�_�7L]LDQR�%RQDWR�_
)UDQFHVFR�0HQHJKHWWL�_�/XFD�6DFFDUGR�_�)UDQFHVFR�0RUDUL�_�'HSDUWPHQW�RI�$JURQRP\��)RRG��1DWXUDO
5HVRXUFHV��$QLPDOV�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�3DGRYD�_�'HSDUWPHQW�RI�$JURQRP\��)RRG��1DWXUDO
5HVRXUFHV��$QLPDOV�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�3DGRYD�_�$JULFROD�6DQWm,ODULR���6RFLHWD
�$JULFROD�D�U�O��_
8QLWd�2UJDQL]]DWLYD�4XDOLWd�GHO�6XROR��$JHQ]LD�5HJLRQDOH�SHU�OD�3URWH]LRQH�$PELHQWDOH�GHO�9HQHWR
�$53$9��_�8QLWd�2UJDQL]]DWLYD�4XDOLWd�GHO�6XROR��$JHQ]LD�5HJLRQDOH�SHU�OD�3URWH]LRQH�$PELHQWDOH�GHO
9HQHWR��$53$9��_�6RFLHWd�(VWHQVH�6HUYL]L�$PELHQWDOL�_�&RQIDJULFROWXUD�9HQHWR�_�,73KRWRQLFV�6�U�O��_
'HSDUWPHQW�RI�$JURQRP\��)RRG��1DWXUDO�5HVRXUFHV��$QLPDOV�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�3DGRYD

$EVWUDFW�,'�����
7RSLF��6RLO

3UHVHQWHU�1DPH��,ODULD�3LFFROL
&RQWULEXWLRQ��2UDO

7KLV �VWXG\�LQYHVWLJDWHV �WKH�DJURQRPLF�SHUIRUPDQFH�DQG�HQYLURQPHQWDO �VXVWDLQDELOLW\ �RI
DSSO\LQJ�VROLG�DQG�OLTXLG�GLJHVWDWH�IUDFWLRQV�DV�RUJDQLF�IHUWLOL]HUV�WR�VLODJH�ZLQWHU�ZKHDW
�7ULWLFXP�DHVWLYXP�/���LQ�1RUWKHUQ�,WDO\��7KH�UHVHDUFK�HPSOR\HG�YDULDEOH�UDWH�DSSOLFDWLRQ
�95$��RI�RUJDQLF�DQG�PLQHUDO�IHUWLOL]HUV�DQG�WKH�XVH�RI�QLWULILFDWLRQ�LQKLELWRUV��&RQGXFWHG
RYHU �WZR�FURSSLQJ�VHDVRQV������������DQG������������ �WKH�ILHOG �H[SHULPHQWV �VSDQQHG
DSSUR[LPDWHO\����KHFWDUHV�DFURVV�WZR�IDUPV�ZLWK�YDU\LQJ�VRLO�WH[WXUHV��9DULRXV�IHUWLOL]DWLRQ
WUHDWPHQWV �ZHUH �FRPSDUHG� �LQFOXGLQJ �XQLIRUP�DSSOLFDWLRQ �RI �PLQHUDO �IHUWLOL]HU� �95$�RI
PLQHUDO�IHUWLOL]HU��XQLIRUP�DSSOLFDWLRQ�RI�OLTXLG�GLJHVWDWH�ZLWK�D�QLWULILFDWLRQ�LQKLELWRU��95$
RI�OLTXLG�GLJHVWDWH��XQLIRUP�DSSOLFDWLRQ�RI�OLTXLG�GLJHVWDWH�ZLWK�D�QLWULILFDWLRQ�LQKLELWRU�LQ
95$��DQG�VROLG�GLJHVWDWH��.H\�ILQGLQJV�IURP�WKH�VWXG\�LQFOXGH�WKH�VROLG�DQG�OLTXLG�GLJHVWDWH
IUDFWLRQV �DFKLHYLQJ �VDWLVIDFWRU\ �DJURQRPLF �RXWFRPHV� �ZLWK �ZKHDW �GU\ �ELRPDVV �\LHOGV
H[FHHGLQJ����W �KD�� �DQG�SURWHLQ�FRQWHQWV �RYHU�����FRPSDUDEOH�WR �WKRVH�REWDLQHG�ZLWK
PLQHUDO�IHUWLOL]HUV��$�VLJQLILFDQW�LQWHUDFWLRQ�EHWZHHQ�QLWURJHQ�XVH�HIILFLHQF\��18(��DQG�VRLO
WH[WXUH �ZDV �REVHUYHG� �7KLV �LQWHUDFWLRQ �KLJKOLJKWHG �WKDW �WKH �FRPELQDWLRQ �RI �95$ �DQG
QLWULILFDWLRQ�LQKLELWRUV�ZDV�WKH�RQO\�RUJDQLF�WUHDWPHQW�FDSDEOH�RI�DFKLHYLQJ�18(�EHWZHHQ
����DQG�����LQ�ILQH�WH[WXUHG�VRLOV��,Q�FRQWUDVW��VROLG�GLJHVWDWH�H[KLELWHG�ORZHU�18(��RIWHQ
EHORZ������DFURVV�GLIIHUHQW�VRLO �W\SHV� �7KH�VSDWLDO �HYDOXDWLRQ�RI�ZKHDW�\LHOG�DQG�18(
LQGLFDWHV �WKDW �OLTXLG �GLJHVWDWH �FRXOG �VHUYH �DV �D �YLDEOH �DQG �HQYLURQPHQWDOO\ �IULHQGO\
VXEVWLWXWH�IRU�PLQHUDO�IHUWLOL]HUV�LQ�ILQH�WH[WXUHG�VRLOV�ZKHQ�95$�DQG�QLWULILFDWLRQ�LQKLELWRUV
DUH�XVHG��+RZHYHU��IXUWKHU�UHVHDUFK�LV�QHHGHG�WR�HYDOXDWH�WKH�ORQJ�WHUP�VXVWDLQDELOLW\�RI
VROLG�GLJHVWDWH�DSSOLFDWLRQV�
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0RGHOLQJ�LQWHU�URZ�JUDVV�JURZWK��VRLO�ZDWHU�FRQWHQW�DQG
FDUERQ�F\FOH�LQ�YLQH\DUG
E\�/XLVD�/HROLQL�_�0DUFR�0RULRQGR�_�/RUHQ]R�%ULOOL�_�0DUFHOOD�%LGGRFFX�_�0DUJKHULWD�&ROL�_�5LFFDUGR�5RVVL
_�0DUFR�%LQGL�_�1LFROLQD�6WDJOLDQi�_�*LRUJLR�&DSHOOR�_�6LPRQH�%XVVRWWL�_�(OLVD�3DUDYLGLQR�_�6HUJL
&RVWDIUHGD�$XPHGHV�_�8QLYHUVLW\�RI�)ORUHQFH�_�&15�,%(�_�&15�,%(�_�&15�67(06�_�8QLYHUVLW\�RI�)ORUHQFH
_�8QLYHUVLW\�RI�)ORUHQFH�_�8QLYHUVLW\�RI�)ORUHQFH�_�8QLYHUVLW\�RI�)ORUHQFH�_�&15�67(06�_�$*5,21�_
$*5,21�_�8QLYHUVLW\�RI�)ORUHQFH

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��/XLVD�/HROLQL
&RQWULEXWLRQ��3LWFK

7KH�DJULFXOWXUH�VHFWRU�SOD\V�D�FRQWUDVWLQJ�UROH�LQ�FOLPDWH�FKDQJH�PLWLJDWLRQ��ZKLFK�UHVXOWV
IURP�WKH�EDODQFH�EHWZHHQ�FDUERQ�VHTXHVWUDWLRQ�FDSDFLW\�RI�VRLO�DQG�SHUHQQLDO�FURSV��H�J�
YLQH��DQG��WKH�QHJDWLYH�LPSDFW�RI�WKH�KLJKO\�SURGXFWLYH�FURSSLQJ�V\VWHPV�FKDUDFWHUL]HG�E\
HOHYDWHG�JUHHQKRXVH�JDVHV��*+*V��HPLVVLRQV��,Q�WKH�0HGLWHUUDQHDQ�DJULFXOWXUDO�VHFWRU�
YLWLFXOWXUH�UHSUHVHQWV�D�ZLGHO\�VSUHDG�DFWLYLW\��ZKLFK�PD\�SDUWLDOO\�FRQWULEXWH��LI�VXVWDLQDEO\
PDQDJHG��WR�FDUERQ�VHTXHVWUDWLRQ�DQG�WR�WKH�FKDOOHQJH�DJDLQVW�FOLPDWH�FKDQJH��+RZHYHU�
WKH�KLJK�LQSXWV�DQG�VRPH�DJURQRPLF�SUDFWLFHV�PD\�SRWHQWLDOO\�LQFUHDVH�*+*V�HPLVVLRQV��E\
FRQYHUWLQJ�WKLV�DFWLYLW\�IURP�FDUERQ�VLQN�WR�FDUERQ�VRXUFH��,Q�WKLV�FRQWH[W��FURS�PRGHOV
LPSOHPHQWHG �IRU �GHVFULELQJ �ELRJHRFKHPLFDO �F\FOHV ��FDUERQ� �QLWURJHQ� �ZDWHU� �HWF�� �PD\
SURYLGH�DQ�RYHUYLHZ�RI�WKH�*+*V�PLWLJDWLRQ�SRWHQWLDOLW\�RI�WKHVH�V\VWHPV��+RZHYHU��WR�RXU
EHVW�NQRZOHGJH��QR�FURS�PRGHOV�ZHUH�VR�IDU�GHYHORSHG�IRU�DVVHVVLQJ�WKH�HQWLUH�YLQH\DUG
DJUR�HFRV\VWHP�FDUERQ�HPLVVLRQV�FRQVLGHULQJ�DOVR�WKH�UROH�RI�PDQDJHPHQW�LQ�WKH�FDUERQ
F\FOH��:LWK�WKHVH�SHUVSHFWLYHV��WKH�RULJLQDO�81,),�*UDSH0/�PRGHO��/HROLQL�HW�DO���������ZDV
LPSURYHG�E\�FRXSOLQJ�LW�ZLWK�WKH�VRLO�FDUERQ�PRGXOH�5RWK&��&ROHPDQ�	�-HQNLVRQ�������
6LHUUD�HW�DO����������LQ�RUGHU�WR�HVWLPDWH�WKH�VRLO�ZDWHU�FRQWHQW��6:&���WKH�JURVV�SULPDU\
SURGXFWLRQ �DQG �WKH �UHVSLUDWLRQ �RI �YLQH �DQG �JUDVV �FRPSRQHQWV �MRLQWO\ �ZLWK �WKH �VRLO
UHVSLUDWLRQ� �,Q �WKLV �ZRUN� �ZH �SUHVHQW �WKH �QHZ�LQWHJUDWHG �PRGHO �DUFKLWHFWXUH �DQG �WKH
SUHOLPLQDU\�FDOLEUDWLRQ�UHVXOWV �IRU �WKH�LQWHU�URZ�JUDVV�JURZWK�DQG�6:&�RI �D ��%DUEHUD�
YLQH\DUG�ORFDWHG�LQ�1RUWKHUQ�,WDO\��/DW����d����1��/RQJ���d������(��LQ�RUGHU�WR�DVVHVV�WKH
FRQWULEXWLRQ�RI�WKH�JUDVV�FRYHU�WR�FDUERQ�DQG�ZDWHU�F\FOHV��7KH�SUHOLPLQDU\�UHVXOWV�VKRZHG
VDWLVIDFWRU\�SHUIRUPDQFHV�DW�VLPXODWLQJ�LQWHU�URZ�JUDVV�GU\�PDWWHU�XQGHU�JUDVV�FRYHU��*&��U
 �������506(� �������J�P���G�P���DQG�FRQYHQWLRQDO�WLOODJH��&7��U� �������506(� �������J
P���G�P����DV�ZHOO�DV�WR�UHSURGXFH�6:&�IRU�ERWK�PDQDJHPHQWV��*&��U� �������506(� ������
&7��U� �������506(� ��������7KHVH�UHVXOWV�OD\�IRXQGDWLRQV�WR�WHVW�WKH�PXOWL�OD\HU�YLQH\DUG
PRGHO�IRU�FDUERQ�DQG�ZDWHU�IOX[HV�LQ�RWKHU�YLQH\DUGV��LQ�WKH�SHUVSHFWLYH�WR�SURYLGH�D�QHZ
DFFXUDWH �WRRO �IRU �LPSURYLQJ �FDUERQ �IRRWSULQW �DQG �OLIH �F\FOH �DVVHVVPHQW �DQDO\VLV �ZLWK
HVWLPDWHV�RI�FDUERQ�HPLVVLRQV�IURP�FURSSLQJ�V\VWHPV��$FNQRZOHGJHPHQWV��7KH�SXEOLFDWLRQ
ZDV�PDGH�E\�UHVHDUFKHU�/XLVD�/HROLQL�ZLWK�D�UHVHDUFK�FRQWUDFW�FR�IXQGHG�E\�WKH�(XURSHDQ
8QLRQ���321�5HVHDUFK�DQG�,QQRYDWLRQ�����������LQ�DFFRUGDQFH�ZLWK�$UWLFOH�����SDUDJUDSK
�D���RI�/DZ�1R������RI�'HFHPEHU�����������DV�DPHQGHG�DQG�0LQLVWHULDO�'HFUHH�1R�������RI
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$XJXVW���������
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8VH�RI�D�VPDOO�UDLQ�VLPXODWRU�WR�HYDOXDWH�WKH�HIIHFWV�RI
1DWXUH�%DVHG�6ROXWLRQV�RQ�VRLO�HURVLRQ�LQ�D�UHFODLPHG�DUHD�RI
FHQWUDO�,WDO\
E\�1LFROD�*URVVL�_�/HRQDUGR�(UFROLQL�_�6LOYLD�3DPSDQD�_�/RUHQ]R�*DEULHOH�7UDPDFHUH�_�'DQLHOH�$QWLFKL�_
1LFROD�6LOYHVWUL�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��$OLPHQWDUL�H�$JUR�$PELHQWDOL��8QLYHUVLWd�GL�3LVD�_
'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��$OLPHQWDUL�H�$JUR�$PELHQWDOL��8QLYHUVLWd�GL�3LVD�_�'LSDUWLPHQWR�GL
6FLHQ]H�$JUDULH��$OLPHQWDUL�H�$JUR�$PELHQWDOL��8QLYHUVLWd�GL�3LVD�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH�
$OLPHQWDUL�H�$JUR�$PELHQWDOL��8QLYHUVLWd�GL�3LVD�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��$OLPHQWDUL�H�$JUR�
$PELHQWDOL��8QLYHUVLWd�GL�3LVD�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��$OLPHQWDUL�H�$JUR�$PELHQWDOL��8QLYHUVLWd
GL�3LVD

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��QLFROD�JURVVL#XQLSL�LW
&RQWULEXWLRQ��3LWFK

&RYHU�FURSV ��&&� �DQG �YHJHWDWLYH �EXIIHU�VWULSV ��9%6� �DUH �FRQVLGHUHG �WZR �RI �WKH �PRVW
SURPLVLQJ�DQG�IHDVLEOH�1DWXUH�%DVHG�6ROXWLRQV��1%6V��WR�PLWLJDWH�WKH�LQWHQVLW\�RI�HURVLRQ
SKHQRPHQD��+RZHYHU��WKHLU�HIIHFWLYHQHVV�LV�VWURQJO\�GULYHQ�E\�WKH�LQWHUDFWLRQ�ZLWK�VHYHUDO
VLWH�VSHFLILF �FRQGLWLRQV �VXFK �DV �VRLO �QDWXUH� �UDLQIDOO �SDWWHUQ� �VRLO �WLOODJH �PHWKRG� �DQG
YHJHWDWLRQ�JURZWK�F\FOH��7KHUHIRUH��WKH�HYDOXDWLRQ�RI�WKH�HIIHFWV�RI�&&�DQG�9%6�VRLO�DQG
QXWULHQW�ORVVHV�IURP�FXOWLYDWHG�ILHOGV�VKRXOG�EH�VXEMHFWHG�WR�UHSHDWHG�PRQLWRULQJ�FDPSDLJQV
RQ�ILHOG�SORWV�EHIRUH�GHFLGLQJ�RQ�WKHLU�LQWURGXFWLRQ�LQ�WKH�ORFDO�FURSSLQJ�V\VWHPV��6LQFH�WKLV
NLQG�RI�UHVHDUFK�DFWLYLW\�UHVXOWV�H[WUHPHO\�H[SHQVLYH�DQG�WLPH�FRQVXPLQJ��WKH�XVH�RI�VPDOO�
VL]H �UDLQIDOO �VLPXODWRUV� �ZKLFK �FDQ �EH �WUDQVSRUWHG �DQG �RSHUDWHG �HDVLO\� �LV �D �VXLWDEOH
DOWHUQDWLYH�PHWKRGRORJ\�WR�WHVW �GLIIHUHQW�FRPELQDWLRQV�RI �HQYLURQPHQWDO �DQG�DJURQRPLF
IDFWRUV�UHJDUGOHVV�RI�ZHDWKHU�FRQGLWLRQV��7KH�DLP�RI�WKLV�ZRUN�LV�WR�HYDOXDWH�WKH�FDSDELOLW\�RI
&&�DQG�9%6�WR�OLPLW�VRLO�HURVLRQ�LQ�FRPSDULVRQ�ZLWK�D�FRQWURO��&2��E\�XVLQJ�D�PLQL�UDLQIDOO
VLPXODWRU�PDQXIDFWXUHG�E\�(LMNHONDPS�$JULVHDUFK�(TXLSPHQW��1HWKHUODQGV��3DUODN��������
,W�FRQVLVWV�RI�D�VSULQNOHU�ZLWK�D�EXLOW�LQ�SUHVVXUH�UHJXODWRU��D�VXSSRUW�IRU�WKH�VSULQNOHU�DQG�D
VWDLQOHVV�VWHHO�ERWWRP�IUDPH�ZLWK�JXWWHU��7KH�ILHOG�H[SHULPHQW�ZDV�FDUULHG�RXW�LQ�WKH�FRDVWDO
SODLQ�RI�&HQWUDO�,WDO\����d���1�DQG���d���(��FKDUDFWHUL]HG�E\�ODUJH�VFDOH�DJULFXOWXUH�DQG�WKH
SUHVHQFH�RI�D�YXOQHUDEOH�UHFHLYLQJ�ZDWHU�ERG\��WKH�/DNH�RI�0DVVDFLXFFROL���7KH�1%6V��&&
DQG�9%6��ZHUH�UHDOL]HG�RQ�WZR�GLIIHUHQW�ILHOGV�FXOWLYDWHG�ZLWK�D�WZR�\HDU�URWDWLRQ��VXQIORZHU
��GXUXP�ZKHDW��E\�LQWURGXFLQJ�D�FRYHU�FURS��D�PL[�RI�RDWV�DQG�EURDG�EHDQ��DIWHU�WKH�ZKHDW
KDUYHVW�DQG�E\�LPSODQWLQJ�D���P�ZLGH�YHJHWDWLYH�EXIIHU�VWULS��D�PL[�RI�SHUHQQLDO�JUDVV
VSHFLHV���DORQJ�WKH�HGJHV�RI�WKH�ILHOG��7KH�FRQWURO��&2���WDLORU�PDGH�RQ�WKH�FRQYHQWLRQDO
IDUPLQJ�SUDFWLFHV��RFFXSLHG�DQ�DGMDFHQW�ILHOG�ZLWKRXW�DQ\�1%6V��,Q�HDFK�VHDVRQ��WKH�UDLQIDOO
VLPXODWRU�ZDV�XVHG�XQGHU�VWDQGDUGL]HG�VHWWLQJ��UDLQIDOO�KHLJKW�DQG�LQWHQVLW\��VRLO�VORSH�DQG
KXPLGLW\� �DQG �UXQ�RII �DQG �VHGLPHQWV �SURGXFHG �ZHUH �FROOHFWHG �WR �EH �DQDO\]HG� �5XQ�RII
YROXPH ��52�� �WRWDO �VROLGV ��76�� �DQG �GLVVROYHG �QXWULHQWV ��QLWUDWHV �DQG �VROXEOH �UHDFWLYH
SKRVSKRURXV��ZHUH�GHWHUPLQHG��7KH�QLWURJHQ�DQG�SKRVSKRURXV�ORVVHV��1/�DQG�3/��ZHUH�DOVR
FDOFXODWHG��52�[�QXWULHQW�FRQFHQWUDWLRQ���$W�WKH�EHJLQQLQJ�RI�WKH�H[SHULPHQWDWLRQ��2FWREHU
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�������WKUHH�H[SHULPHQWDO�ILHOGV�ZHUH�VXUYH\HG�XQGHU�EDUH�VRLO�FRQGLWLRQV�WR�YHULI\�WKDW
WKHUH�ZHUH�QR�VLJQLILFDQW�GLIIHUHQFHV�DERXW�WKH�VRLO�HURGLELOLW\��+HUH��WKH�UHVXOWV�RI�WKH�ILUVW
\HDU �DUH �UHSRUWHG� �7KH �UHVXOWV �FRQILUPHG �WKH �LPSRUWDQFH �RI �YHJHWDWLRQ �FRYHU �LQ �VRLO
SURWHFWLRQ �IURP �HURVLRQ �SKHQRPHQD� �$V �DYHUDJH �RI �WKH �IRXU �VHDVRQV �VXUYH\HG� �9%6
FRPSDUHG�WR�&2�UHGXFHG�52��76��1/�DQG�3/�E\���������������������UHVSHFWLYHO\��$
ZHDNHU�SURWHFWLRQ�HIIHFW�ZDV�REVHUYHG�IRU�&&��ZKLFK�UHVXOWHG�LQ�D�UHGXFWLRQ�RI������52��
�����76��������1/��DQG������3/��UHVSHFW�WR�WKH�FRQWURO��)XUWKHUPRUH��WKH�SHUFHQWDJHV�RI
UHGXFWLRQ �IRU �9%6�ZHUH �UDWKHU �FRQVWDQW �DPRQJ �VHDVRQV� �ZKHUHDV �&&�VKRZHG �JUHDWHU
YDULDELOLW\�GXH�WR�JURZLQJ�F\FOH��ODVWLQJ�RQO\�IURP�IDOO�WR�VSULQJ��DIWHU�WKH�ZKHDW�KDUYHVW�RI
DQG�EHIRUH�WKH�VXQIORZHU�VRZLQJ��
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5HSODFLQJ�SHDW�LQ�RUJDQR�PLQHUDO�IHUWLOL]HUV�WR�HQKDQFH�DJUR�
HQYLURQPHQWDO�VXVWDLQDELOLW\
E\�$QGUHD�$OSLJLDQR�_�7RPDV�-DYLHU�6LW]PDQQ�_�%DUEDUD�0RUHWWL�_�&ULVWLQD�/HUGD�_�&DUOR�*ULJQDQL�_�/DXUD
=DYDWWDUR�_�',6$)$�DQG�'69��8QLYHUVLW\�RI�7XULQ�_�',6$)$��8QLYHUVLW\�RI�7XULQ�_�',6$)$��8QLYHUVLW\�RI
7XULQ�_�',6$)$��8QLYHUVLW\�RI�7XULQ�_�',6$)$��8QLYHUVLW\�RI�7XULQ�_�'69��8QLYHUVLW\�RI�7XULQ

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��$QGUHD�$OSLJLDQR
&RQWULEXWLRQ��3LWFK

2UJDQR�PLQHUDO�IHUWLOL]HUV��20)��DUH�D�PL[WXUH�RI�D�VPDOO�DPRXQW�RI�DQ�RUJDQLF�IUDFWLRQ�DQG
PLQHUDO�IHUWLOL]HUV��LQ�RUGHU�WR�REWDLQ�D�VLQJOH�SURGXFW�ZLWK�D�PLQLPXP�&RUJ�FRQWHQW�RI�����
IRU�VROLG�20)V��20)V�ZLWK������&RUJ�KDYH�EHHQ�DVVRFLDWHG�ZLWK�D�KLJKHU�PLQHUDO�QXWULHQW
XVH�HIILFLHQF\��HVSHFLDOO\�IRU�SKRVSKRUXV��3��DQG�QLWURJHQ��1���ZKHQ�FRPSDUHG�ZLWK�PLQHUDO
IHUWLOL]HUV��0DQ\�FRPPHUFLDO�20)V�ZLWK�ORZ�&RUJ�FRQWHQW�XVH�SHDW�DV�DQ�RUJDQLF�PDWUL[
EHFDXVH �RI �LWV �SK\VLFR�FKHPLFDO �VWDELOLW\� �KLJK �FRQWHQW �RI �KXPLF �& �DQG �FKHDSQHVV�
1HYHUWKHOHVV��SHDW�LV�D�QRQ�UHQHZDEOH�UHVRXUFH��ZKRVH�H[WUDFWLRQ�XQGHUPLQHV�ORQJ�WHUP
RUJDQLF�FDUERQ�VWRUDJH��3HDW�UHSODFHPHQW�ZLWK�UHQHZDEOH�RUJDQLF�PDWHULDOV�LQ�20)V�RIIHUV
D�YLDEOH�RSSRUWXQLW\�IRU�RUJDQLF�ZDVWHV�GHULYHG�IURP�DJUR�IRRG�FKDLQV��HPSKDVL]LQJ�WKH
ELRZDVWH �PDWHULDOV �UHXVH �DQG �WKH �DJUR�HQYLURQPHQWDO �VXVWDLQDELOLW\� �0DQXUH�EDVHG
YHUPLFRPSRVW��9&���PXQLFLSDO�VROLG�ZDVWH�FRPSRVW��06:&���JUHHQ�FRPSRVW�IURP�SUXQLQJ
UHVLGXHV��*&��DQG�SHDW�DV�FRQWURO��3HDW��ZHUH�WKH�RUJDQLF�PDWUL[HV�RI�IRXU�QHR�V\QWKHVL]HG
JUDQXODU�20)V��SURGXFHG�LQ�FROODERUDWLRQ�ZLWK�6&$0�6�S�$��7KH�RUJDQLF�PDWHULDOV�ZHUH
EOHQGHG �ZLWK �DPPRQLXP �VXOSKDWH �DQG �XUHD� �ZKLOH �FRDWLQJ �JUDQXOHV �RI �GLDPPRQLXP
SKRVSKDWH� �PDLQWDLQLQJ ������RI �WRWDO �&RUJ �FRQWHQW �LQ �DOO �20)V� �7ZR�FRQFHQWUDWLRQV �RI
QXWULHQWV�ZLWK�GLIIHUHQW�&�1�UDWLRV�ZHUH�WHVWHG�������&RUJ������PLQHUDO�1��DQG�����PLQHUDO
3�2���20)�������IRU�WKH�IRXU�RUJDQLF�PDWHULDOV�DQG������&RUJ������PLQHUDO�1��DQG����PLQHUDO
3�2� ��20)����� �RQO\ �IRU �06:&�DQG�SHDW� �7KH�QRYHO �IHUWLOLVHUV �ZHUH�HYDOXDWHG�LQ�D �SRW
H[SHULPHQW�RQ�WRPDWR� �DQG�FRPSDUHG�WR�WKH�HTXLYDOHQW �20)V�ZLWK�SHDW� �ZLWK�PLQHUDO
FRQWURO��0)13��DQG�XQIHUWLOLVHG�FRQWURO��1�3����$����GD\�WXQQHO�WULDO�ZDV�FRQGXFWHG�XQGHU
VHPL�FRQWUROOHG�FRQGLWLRQV�ZLWK�IRXU�UHSHWLWLRQV�RUJDQL]HG�LQ�D�UDQGRPL]HG�EORFN�GHVLJQ�
7RPDWR��6RODQXP�O\FRSHUVLFXP�/���SODQWV�ZHUH�WUDQVSODQWHG�LQ�SRWV�FRQWDLQLQJ����NJ�RI�VRLO
DQG�IHUWLOL]HG�ZLWK�DQ�HTXLYDOHQW�RI����PJ�1�NJ���VRLO�DQG����PJ�3�NJ���VRLO��VXSSOLHG�DV�20)
RU�0)13��3ODQW�PHDVXUHPHQWV�LQFOXGHG�63$'��%%&+�LQGH[HV��QXPEHU�RI�VKRRWV�DQG�EHUULHV
HYDOXDWHG�RYHU�WLPH��DV�ZHOO�DV�WRWDO�EHORZ�DQG�DERYHJURXQG�ELRPDVV��1�DQG�3�XSWDNHV��DQG
1�DQG�3�XVH�HIILFLHQFLHV��18(�DQG�38(��UHVSHFWLYHO\��DW�WKH�HQG�RI�WKH�H[SHULPHQW��5HVXOWV
LQGLFDWHG�UHQHZDEOH �RUJDQLF �PDWULFHV �9&�DQG�06:&�DV �YDOLG �DOWHUQDWLYHV �WR �SHDW� �DV
GHPRQVWUDWHG�E\�WKH�DERYH�DQG�EHORZJURXQG�ELRPDVV�DQG�\LHOG��$OVR��SK\VLRORJLFDO�DQG
SKHQRORJLFDO�PHDVXUHPHQWV��38(�DQG�18(�GLG�QRW�VKRZ�GLIIHUHQFHV�DPRQJ�WUHDWPHQWV�
H[FHSW�IRU�*&��ZKRVH�3�HIILFLHQF\�DQG�URRW�ELRPDVV�ZHUH�VLJQLILFDQWO\�ORZHU��7KH�VHFRQG
FRPSDULVRQ �UHYHDOHG �WKDW �GLIIHUHQW �&�1 �UDWLRV �RI �JUDQXOHV �GLG �QRW �LQIOXHQFH �QXWULHQW
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DYDLODELOLW\�RYHU�WLPH��DV�SKHQRORJLFDO��SK\VLRORJLFDO�DQG�ELRPDVV�PHDVXUHPHQWV�RI�06:&
DQG �SHDW �VKRZHG �QR �VLJQLILFDQW �GLIIHUHQFHV �EHWZHHQ �WKH �WZR �UDWLRV ���1���3�2� �DQG
��1��3�2�� �7KLV�UHVHDUFK�SURYLGHV�UHDVVXULQJ�HYLGHQFH�RI�WKH�HIIHFWLYHQHVV�RI �ELRZDVWH
20)V��RIIHULQJ�D�SRVLWLYH�RXWORRN�IRU�D�VXVWDLQDEOH�DSSURDFK�WR�IHUWLOLVDWLRQ�PDQDJHPHQW�
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5HJHQHUDWLYH�2UJDQLF�$JULFXOWXUH��VRLO�KHDOWK�DQG�HFRV\VWHP
VHUYLFHV��D�OLWHUDWXUH�UHYLHZ
E\�*UHWD�&RORPEL�_�(QULFR�0DUWDQL�_�'DULR�)RUQDUD�_�0DQDJHPHQW�,QVWLWXWH��6FXROD�6XSHULRUH�6DQW?
$QQD
GL�3LVD�_�'DYLQHV�*URXS���5RGDOH�,QVWLWXWH�(XURSHDQ�5HJHQHUDWLYH�2UJDQLF�&HQWHU�_�'DYLQHV�*URXS��
5RGDOH�,QVWLWXWH�(XURSHDQ�5HJHQHUDWLYH�2UJDQLF�&HQWHU

$EVWUDFW�,'���
7RSLF��6RLO

3UHVHQWHU�1DPH��(QULFR�0DUWDQL
&RQWULEXWLRQ��3RVW

'HVSLWH�WKHUH�LV�QR�DJUHHPHQW�RQ�D�VLQJOH�GHILQLWLRQ�RI�52$J��LQ�WKLV�VWXG\�ZH�EDVHG�52$J
GHILQLWLRQ�RQ�WKH�RQH�SURYLGHG�E\�WKH�JXLGHOLQHV�RI �WKH�5HJHQHUDWLYH�2UJDQLF �$OOLDQFH
�KWWSV���UHJHQRUJDQLF�RUJ�ZK\�UHJHQHUDWLYH�RUJDQLF����IROORZLQJ�DQ�DJURORJLFDO�DSSURDFK��IRU
WKH�UHVHDUFK�WKURXJK�DOJRULWKPV�DQG�NH\ZRUGV�RI�(QJOLVK�ZULWWHQ�SHHU�UHYLHZHG�VFLHQWLILF
SDSHUV�RQ�WKH�PDLQ�DFDGHPLF�GDWDEDVHV�DQG�WKHLU�VXEVHTXHQW�VHOHFWLRQ��,Q�WKH�UHVXOWLQJ���
DUWLFOHV� �DOO �GDWD �UHODWHG �VRLO �KHDOWK �SDUDPHWHUV �PHDVXUHG �WR �GHVFULEH �WKH �HIIHFW �RI
UHJHQHUDWLYH �RUJDQLF �SUDFWLFHV �RQ �HFRV\VWHP �VHUYLFHV �ZHUH �H[WUDFWHG �DQG �FODVVLILHG
DFFRUGLQJ�WR�WKH�PHWKRGRORJ\�SURSRVHG�E\�6RWR�HO�DO� ���������*LYHQ�WKH�ZLGH�UDQJH�RI
UHVHDUFK�PHWKRGV��YDULHW\�RI�VRLO�SDUDPHWHUV�DQG�HFRV\VWHP�VHUYLFHV�IRXQG�LQ�WKH�VHOHFWHG
OLWHUDWXUH��WKH�VWDQGDUG�YRWH�FRXQWLQJ�SURFHGXUH�ZDV�DGRSWHG��*UDKDP�HW�DO���������3DLROD
HW�DO���������WR�VXPPDUL]H�REVHUYDWLRQV�WKDW�GHPRQVWUDWH�D�SRVLWLYH��QHJDWLYH�RU�QHXWUDO
�QRQ�VLJQLILFDQW�RU�XQFHUWDLQ��HIIHFW�RQ�VRLO�HFRV\VWHP�VHUYLFHV��:KLOH�IRU�WKH�H[SHULPHQWDO
VWXGLHV�FRPSDULQJ�UHJHQHUDWLYH�RUJDQLF�SUDFWLFHV�ZLWK�WKH�FRQYHQWLRQDO�RQHV��DQ�LPSDFW
LQGH[�ZDV�FDOFXODWHG�WR�GHWHUPLQH�WKH�GLUHFWLRQ�DQG�PDJQLWXGH�RI�WKH�HIIHFW�RI�52$J�RQ
HDFK�VRLO�KHDOWK�SDUDPHWHU�DQG�RQ�HFRV\VWHP�VHUYLFHV��IROORZLQJ�WKH�DSSURDFK�SURSRVHG�E\
)HUUDULQL�HW�DO���������DQG�+DUULVRQ�HW�DO����������7KH�FDOFXODWHG�LQGLFHV�VKRZ�WKDW�52$J�KDV
JHQHUDOO\�D�SRVLWLYH�LPSDFW�RQ�DOO�WKH�HFRV\VWHP�VHUYLFHV�LQYHVWLJDWHG�H[FHSW�IRU�IRRG�DQG
ILEHU�SURGXFWLRQ��+RZHYHU��DOWKRXJK�WKH�SURGXFWLYLW\�RI�52$J�LV�ORZHU�WKDQ�WKH�RQH�RI
FRQYHQWLRQDO�DJULFXOWXUH��WKH�GDWD�LQGLFDWHV�WKDW�WKH�QXWULWLRQDO�TXDOLW\�RI�SURGXFWV�LQFUHDVHV
ZLWK �WKH �DGRSWLRQ �RI �UHJHQHUDWLYH �RUJDQLF �SUDFWLFHV� �7KH �GDWD �DOVR �FRQILUPV �WKDW �WKH
DGRSWLRQ�RI�52$J�DOVR�LPSDFWV�SRVLWLYHO\�PRVW�RI�WKH�VRLO�KHDOWK�SDUDPHWHUV�LQYHVWLJDWHG
�620��RUJDQLF�FDUERQ��PLFUREHV�DQG�QXWULHQWV��
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&RQVHUYDWLYH�FRUQ��=HD�PD\V�/���VLODJH�SURGXFWLRQ�E\�PHDQV
RI�FRYHU�FURSV�WR�LPSURYH�VRLO�FRQGLWLRQV
E\�%RUJDWWL�'DQLHOH�_�4XLQWDUHOOL�9DOHQWLQD�_�5DGLFHWWL�(PDQXHOH�_�0DQFLQHOOL�5REHUWR�_�%HQ�+DVVLQH
0RUWDGKD�_�8QLYHUVLW\�RI�)HUUDUD�_�8QLYHUVLW\�RI�)HUUDUD�_�8QLYHUVLW\�RI�)HUUDUD�_�8QLYHUVLW\�RI�7XVFLD�_
8QLYHUVLW\�RI�)HUUDUD

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��%HQ�+DVVLQH�0RUWDGKD
&RQWULEXWLRQ��3RVW

&RQYHQWLRQDO�DJULFXOWXUH�KDV�FDXVHG�DOWHUDWLRQ�RI�DJURHFRV\VWHPV�E\�JRLQJ�VR�IDU�DV�WR
FKDQJH�VRLO�KHDOWK�DQG�IHUWLOLW\��7KHUHIRUH��LV�HVVHQWLDO�WR�LQYHVWLJDWH�LQQRYDWLYH�DJURQRPLFDO
WHFKQLTXHV�WKDW�FDQ�HQVXUH�FURS�SURGXFWLRQ�LQ�D�VXVWDLQDEOH�ZD\��&RYHU�FURSV��&&V��DUH�RQH
RI�WKH�NH\�VWRQHV�RI�UHJHQHUDWLYH�DJULFXOWXUH��DQG�LW�LV�ZHOO�NQRZ�WKDW�WKHLU�DGRSWLRQ�LQ�FURS
URWDWLRQ�DOORZV�WR�LPSURYH�VRLO �FKDUDFWHULVWLV� �7KLV�VWXG\�DLPV�WR�HYDOXDWH�WKH�SRWHQWLDO
EHQHILWV�RI�&&V�LQ�WHUPV�RI�UHVSRQVH�RI�FRUQ��=HD�PD\V�/���DQG�VRLO�FKDUDFWHULVWLFV�WR�GHYHORS
D�VXVWDLQDEOH�SURGXFWLRQ�VWUDWHJ\��)LHOG�WULDO�ZDV�FDUULHG�RXW�DW�)RQGD]LRQH�SHU�O�$JULFROWXUD
�)�OOL �1DYDUUD��ORFDWHG�LQ�)HUUDUD� �,WDO\����d�����1����d������(��GXULQJ�WKH����������
JURZLQJ�VHDVRQ��7KH�WUHDWPHQWV�ZHUH��WKUHH�&&V�>KDLU\�YHWFK��9LFLD�YLOORVD�5RWK���+9���EODFN
RDW��$YHQD�VWULJRVD�/���%2���DQG�D�PL[WXUH�RI�KDLU\�YHWFK���EODFN�RDW��+9�%2�@��,Q�DGGLWLRQ�
D�FRQWURO�WUHDWPHQW�ZLWKRXW�&&V�KDV�EHHQ�DGRSWHG��&.���7KHVH�WUHDWPHQWV�ZHUH�ODLG�RXW�LQ�D
FRPSOHWH�UDQGRPL]HG�EORFN�GHVLJQ�ZLWK�WKUHH�UHSOLFDWHV��&&V�ZHUH�VRZQ�RQ�2FWREHU���
������7KH�VRZLQJ�UDWH�ZDV����DQG�����NJ�KD����DQG���������IRU�KDLU\�YHWFK��EODFN�RDW��DQG
WKH�PL[WXUH�RI�KDLU\�YHWFK���EODFN�RDW��UHVSHFWLYHO\��$OO�&&V�ZHUH�OHIW�WR�JURZ�XQGLVWXUEHG
GXULQJ�ZLQWHU�DQG�VSULQJ�VHDVRQV�XQWLO�WKHLU�WHUPLQDWLRQ�RQ�0DUFK�����������%DUH�VRLO�SORWV
ZHUH�PDQDJHG�LQ�D�VLPLODU�PDQQHU�DQG�ZHUH�NHSW�ZHHG�IUHH�WKURXJKRXW�WKH�FRYHU�FURS
JURZLQJ�VHDVRQ��7KH�DERYH�JURXQG�ELRPDVV�RI�FRYHU�FURSV�ZDV�VXSSUHVVHG�XQGHU�QR�WLOODJH
SUDFWLFHV �E\ �XVLQJ�UROOHU �FULPSHU �DSSOLHG �D �FRXSOH �RI �KRXUV �EHIRUH �WKH �PDL]H �VRZLQJ�
)HUWLOL]DWLRQ�KDG�EHHQ�SHUIRUPHG�RQO\�RQ�WKH�FRQWURO��FRUQ�KDUYHVWLQJ�RFFXUUHG�WKH�-XO\����
������0HDVXUHPHQWV�RI�VRLO �&2��HPLVVLRQV��WHPSHUDWXUH�DQG�PRLVWXUH�ZHUH�GHWHUPLQHG
HYHU\����GD\V�WKURXJKRXW�WKH�JURZLQJ�VHDVRQ��$W�WKH�VDPH�WLPH��63$'�DQG�1'9,�UHDGLQJV
ZHUH�PHDVXUHG�WR �DVVHVV �FRUQ�SODQW �UHVSRQVH� �UHVSHFWLYHO\� �6RLO �FRPSDFWLRQ�KDG�EHHQ
PHDVXUHG�DW����GD\V�LQWHUYDOV��7KURXJKRXW�WKH�JURZWK�F\FOH��VRLO�PRLVWXUH�UHVXOWHG�ORZ�LQ
&.��ZKLOH�DOO�&&V�WUHDWPHQWV��EHFDXVH�RI�WKHLU�PXOFKLQJ�HIIHFW��LPSURYHG�ZDWHU�UHWHQWLRQ�
PRVWO\�LQ�WKH�GULHVW�SHULRGV��0RUHRYHU��XQGHU�&&V�SORWV��GXH�WR�WKHLU�URRWV�DFWLRQ��VRLO
FRPSDFWLRQ�UHVXOWHG�GHFUHDVHG�LQGLFDWLQJ�D�ZHOO�VWUXFWXUHG�VRLO�SURILOH��ZKLOH�&.�UHSRUWHG
WKH�KLJKHVW�VRLO�FRPSDFWLRQ��5HJDUGLQJ�WKH�SODQW�UHVSRQVH��63$'�DQG�1'9,�WHQGHG�WR�EH
KLJKHU �LQ �WKH �&. �WUHDWPHQW� �QHYHUWKHOHVV� �LW �FDQ �EH �REVHUYHG �WKDW �&&V �WUHDWPHQWV
�XQIHUWLOL]HG���HVSHFLDOO\�XQGHU�+9��YDOXHV�WKDW�GLG�QRW�GHYLDWH�WKDW�PXFK�IURP�WKH�FRQWURO
LQGLFDWLQJ�D�VDWLVIDFWRU\�UHVSRQVH�RI�WKH�OHJXPH�LQ�WHUP�RI�QLWURJHQ�VXSSO\��7KH�UHVXOWV
UHSRUWHG�IRU�WKH�KLJKHVW�YDOXH�RI�\LHOG�SURGXFWLRQ�DQG�PRUSKRSK\VLRORJLFDO�SDUDPHWHUV�RI
FRUQ�LQ�WKH�&.��IHUWLOL]HG���UHVSHFW�WKH�&&V�WUHDWPHQWV��&.!9!$9!$���7KLV�VWXG\�PDUNV�WKH
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VWDUWLQJ�SRLQW�WR�EHWWHU�XQGHUVWDQG�&&V�PDQDJHPHQW�WR�RSWLPL]H�FRUQ�VLODJH�\LHOG��7KH
UHVXOWV�VKRZ�D�SRVLWLYH�UHVSRQVH�IURP�VRLO�FKDUDFWHULVWLFV��,Q�WHUPV�RI�FRUQ�UHVSRQVH��KDLU\
YHWFK�WXUQV�RXW�WR�EH�WKH�FRYHU�FURS�FDSDEOH�RI�SURYLGLQJ�KLJKHU�QXWULHQW�FRQWHQW�DQG�LW�LV
FRQFHLYDEOH�WR�DGRSW�IRU�UHGXFLQJ�WKH�DPRXQW�RI�V\QWKHWLF�IHUWLOL]HUV�
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([SORULQJ�WKH�LPSDFW�RI�LQWHUFURSSLQJ�FDPHOLQD�SHD�RQ�VRLO
DQG�UKL]RVSKHULF�PLFURELRPH�G\QDPLFV�DQG�FURS�SURGXFWLYLW\
E\�(OHQD�3DJDQL�_�)HGHULFD�=DQHWWL�_�'DQLHO�6FLFFKLWDQR�_�0DUFR�&DQGHOD�_�$QGUHD�0RQWL�_�(ULND�)DFFLROOD�_
6DUD�%HU]XLQL�_�0DULD�*LRYDQQD�6HVVD�_�8QLYHUVLW\�RI�%RORJQD�_�8QLYHUVLW\�RI�%RORJQD�_�8QLYHUVLW\�RI
%RORJQD�_�8QLYHUVLW\�RI�%RORJQD�_�8QLYHUVLW\�RI�%RORJQD�_�8QLYHUVLW\�RI�%RORJQD�_�8QLYHUVLW\�RI�%RORJQD�_
8QLYHUVLW\�RI�%RORJQD

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��(OHQD�3DJDQL
&RQWULEXWLRQ��3RVW

&XUUHQWO\��LQWHUFURSSLQJ�V\VWHPV��LQYROYLQJ�WKH�VLPXOWDQHRXV�JURZWK�RI�WZR�FURSV�WRJHWKHU
LQ�WKH�VDPH�SLHFH�RI�ODQG��KDYH�JDLQHG�FRQVLGHUDEOH�DWWHQWLRQ�IURP�IDUPHUV�DQG�UHVHDUFKHUV
GXH�WR�WKHLU�SRWHQWLDO�WR�HQKDQFH�DJULFXOWXUDO�SURGXFWLYLW\�DQG�LPSURYH�VRLO�IHUWLOLW\�YLD�URRW
H[XGDWHV�DQG�NH\�WD[D��/HJXPHV�DUH�IUHTXHQWO\�LQFOXGHG�LQ�LQWHUFURSSLQJ�V\VWHPV�GXH�WR
WKHLU�FDSDFLW\�WR�IL[�QLWURJHQ�DQG�IDFLOLWDWH�WKH�XSWDNH�RI�RWKHU�QXWULHQWV��,Q�WKLV�FRQWH[W��WKH
SUHVHQW�VWXG\�DLPHG�WR�FRPSDUH�FDPHOLQD��&DPHOLQD�VDWLYD�/���LQWHUFURSSHG�ZLWK�SHD��3LVXP
VDWLYXP��YHUVXV�VROH�FDPHOLQD�LQ�WHUPV�RI�SURGXFWLYLW\��QXWULHQW�XSWDNH��DQG�VRLO�PLFURELDO
GLYHUVLW\��$�ILHOG�WULDO�ZDV�HVWDEOLVKHG�DW�WKH�H[SHULPHQWDO�RUJDQLF�IDUP�RI�WKH�8QLYHUVLW\�RI
%RORJQD�LQ�2]]DQR�GHOO�(PLOLD� �DGRSWLQJ�D�UDQGRPL]HG�FRPSOHWH�EORFN�GHVLJQ�ZLWK�IRXU
UHSOLFDWHV��6KRUWO\�EHIRUH�FURS�KDUYHVW��VRLO�DQG�UKL]RVSKHUH�VDPSOHV�ZHUH�FROOHFWHG�IURP���
SODQWV�SHU�WUHDWPHQW��$W�KDUYHVW��VWUDZ�DQG�VHHG�\LHOG�ZHUH�GHWHUPLQHG��DQG�1�DQG�3�XSWDNH
LQ�HDFK�SODQW�RUJDQ��VWUDZ�DQG�VHHG��ZHUH�DQDO\]HG��5HVXOWV�VKRZHG�WKDW�LQWHUFURS�FDPHOLQD
SURGXFHG�JUHDWHU�VWUDZ�\LHOG�WKDQ�VROH�FDPHOLQD��EXW�VLJQLILFDQW�GLIIHUHQFHV�LQ�VHHG�\LHOG
ZHUH�QRW�REVHUYHG��6LPLODUO\��LQ�WHUPV�RI�1�DQG�3�XSWDNH��WKH�VWDWLVWLFDO�UHVXOWV�PLUURUHG
WKRVH�RI�VWUDZ�DQG�VHHG�\LHOG��QXWULHQW�XSWDNHV�ZHUH�JUHDWHU�LQ�WKH�VWUDZ�ZKHQ�FDPHOLQD
ZDV�LQWHUFURSSHG�FRPSDUHG�WR�VROH�FDPHOLQD��EXW�QR�VLJQLILFDQW�GLIIHUHQFHV�ZHUH�IRXQG�IRU
VHHGV��8QH[SHFWHGO\��WKH�FROOHFWHG�VRLO�RI�WKH�LQWHUFURSSLQJ�V\VWHP�VKRZHG�ORZHU�DOSKD�
GLYHUVLW\�FRPSDUHG�WR�VROH�FDPHOLQD�VRLO��ZKLOH�QR�VLJQLILFDQW�YDULDWLRQV�ZHUH�IRXQG�DW�WKH
UKL]RVSKHULF�OHYHO��+RZHYHU��SHDV�DOWHUHG�WKH�UKL]RVSKHUH�SRSXODWLRQ�RI�FDPHOLQD��OHDGLQJ�WR
D�VLJQLILFDQW�LQFUHDVH�LQ�*HPPDWLPRQDGDFHDH��D�VOLJKW�LQFUHDVH�LQ�6ROLOXEUREDFWHULDOHV������
� �3 �� ������ �DQG �D �VLJQLILFDQW �GHFUHDVH �LQ �2[DOREDFWHULDFHDH� �7KH �SUHVHQW �UHVHDUFK
GHPRQVWUDWHG�WKDW�FDPHOLQD�SHD�LQWHUFURSSLQJ�FDXVHG�VLJQLILFDQW�VKLIWV�LQ�QXWULHQW�XSWDNH
DQG �EDFWHULDO �GLYHUVLW\� �7KH �EHQHILWV� �VXFK �DV �QXWULHQW �XVH �HIILFLHQF\� �GHULYHG �IURP
LQWHUFURSSLQJ�VKRXOG�EH�FORVHO\�WLHG�WR�DOWHUDWLRQV�LQ�VRLO�PLFURELDO�IXQFWLRQV��DQG�FKDQJHV�LQ
FURS�FRPPXQLWLHV�FRXOG�VWLPXODWH�VSHFLILF�WUDLWV�LQ�VRLO�PLFURELDO�FRPPXQLWLHV�
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6RLO�%LRORJLFDO�4XDOLW\�,QGH[��4%6�DU��WR�DVVHVV�DJURQRPLF
PDQDJHPHQW�LQ�WKH�FRDVWDO�ZHWODQGV�RI�.LQJ
V�/DJRRQ
E\�$QQD�5LWD�%HUQDGHWWH�&DPPHULQR�_�/RUHQ]R�3LDFTXDGLR�_�0LFKHOD�,QJDUDPR�_�0DXUL]LR�*LRLRVD�_
0DVVLPR�0RQWHOHRQH�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��$OLPHQWL��5LVRUVH�1DWXUDOL�H�,QJHJQHULD��'$)1(�
��8QLYHUVLWd�GL�)RJJLD�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��$OLPHQWL��5LVRUVH�1DWXUDOL�H�,QJHJQHULD��'$)1(�
��8QLYHUVLWd�GL�)RJJLD�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��$OLPHQWL��5LVRUVH�1DWXUDOL�H�,QJHJQHULD��'$)1(�
��8QLYHUVLWd�GL�)RJJLD�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��$OLPHQWL��5LVRUVH�1DWXUDOL�H�,QJHJQHULD��'$)1(�
��8QLYHUVLWd�GL�)RJJLD�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��$OLPHQWL��5LVRUVH�1DWXUDOL�H�,QJHJQHULD��'$)1(�
��8QLYHUVLWd�GL�)RJJLD

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��$QQD�5LWD�%HUQDGHWWH�&DPPHULQR
&RQWULEXWLRQ��3RVW

7KH�6RLO�%LRORJLFDO�4XDOLW\�,QGH[��4%6�DU���3DULVL�������������DVVHVVHV�WKH�ELRORJLFDO�TXDOLW\
RI�D�VRLO�E\�HVWLPDWLQJ�WKH�ELRGLYHUVLW\�RI�PLFUR�DUWKURSRGV��7KHVH�RUJDQLVPV�KDYH�D�FRPSOH[
DGDSWDWLRQ�WR�OLIH�LQ�WKH�HGDSKLF�HQYLURQPHQW�DQG�DUH�VHQVLWLYH�WR�WKH�VWDWH�RI�GLVWUHVV�RI�D
VRLO�WKDW�PD\�UHVXOW�IURP�DJULFXOWXUDO�SUDFWLFHV��,Q�WKLV�VWXG\��ZH�UHSRUW�WKH�UHVXOWV�REWDLQHG
IRU�WKH�4%6�DU�RQ���VLWHV�ORFDWHG�LQ�WKH��.LQJ�V�/DJRRQ���D�FRDVWDO�ZHWODQG�RI�DERXW���
KHFWDUHV�ZLWKLQ�WKH�*DUJDQR�1DWLRQDO�3DUN��UHFHQWO\�UHVWRUHG�WKURXJK�WKH�UHFRQVWUXFWLRQ�RI
FKDQQHOV �DQG �IORRGHG �DUHDV� �:HWODQGV �DQG �DJULFXOWXUH� �DOWKRXJK �KLVWRULFDOO\ �VHHQ �DV
DQWDJRQLVWLF�HQYLURQPHQWV��DUH�VWLOO�FORVHO\�OLQNHG�DQG�LQ�PDQ\�FDVHV�DJULFXOWXUH�LQ�ZHWODQGV
UHPDLQV�D�SHUVLVWHQW�KXPDQ�DFWLYLW\��$JULFXOWXUH�FDQ�EH�D�ULVN�IDFWRU�IRU�WKH�FRQVHUYDWLRQ�RI
ZHWODQG�HFRV\VWHPV�RU�D�VWDELOL]LQJ�IDFWRU��,W�DOO�GHSHQGV�RQ�WKH�DJULFXOWXUDO�PRGHO�DSSOLHG�
8VLQJ�WKH�DSSOLFDWLRQ�RI�WKH�4%6�DU�ZH�FRPSDUHG�WKH�VRLO�TXDOLW\�RI�D�QDWXUDO�V\QDQWKURSLF
PHDGRZ��VLWH����ZLWK�DQ�H[SHULPHQWDO�ILHOG�RI�%HWD�LQWHUFURSSHG�ZLWK�6DOLFRUQLD��VLWH����WR
DVVHVV�WKH�HIIHFW�RI�PDQDJHPHQW�SUDFWLFHV�RQ�WKH�HGDSKLF�FRPPXQLWLHV�DV�FRPSDUHG�WR
QDWXUDO �FRQGLWLRQV� �%RWK �VLWHV �ZHUH �RULJLQDOO\ �FRYHUHG �E\ �QDWXUDO �PHDGRZV� �PRVWO\
FKDUDFWHULVHG�E\�V\QDQWKURSLF�JUDVV�GRPLQDQW�VSHFLHV�XQWLO�VSULQJ�������,Q�VXPPHU������
VLWH���ZDV�PDLQWDLQHG�DV�D�VSRQWDQHRXV�PHDGRZ��ZKLOH�VLWH���XQGHUZHQW�D�OLJKW�VXUIDFH
WLOODJH��ZLWK�SULRU�PRZLQJ�DQG�VKUHGGLQJ�RI�WKH�FRYHU�YHJHWDWLRQ���LQ�SUHSDUDWLRQ�IRU�WKH
SODQWLQJ�RI�%HWD�DQG�6DOLFRUQLD��$*5,7(&+�SURMHFW���)ROORZLQJ�WKH�WUDQVSODQWLQJ�RI�%HWD
DQG�6DOLFRUQLD��VLWH���ZDV�WUHDWHG�ZLWK�PDQXDO�DSSOLFDWLRQ�RI�FRPSRVW��GULS�LUULJDWLRQ�ZLWK
EUDFNLVK �ZDWHU� �KRHLQJ �DQG �S\UHWKUXP �DSSOLFDWLRQ� �%HWD �DQG �6DOLFRUQLD �ZHUH �ILQDOO\
KDUYHVWHG�DW�WKH�HQG�RI�$XJXVW�������6RLO�VDPSOHV�ZHUH�FROOHFWHG�LQ�DXWXPQ���������
2FWREHU��������$W�ERWK�VDPSOLQJ�VLWHV����VRLO�UHSOLFDWLRQV�ZLWK�D�YROXPH�RI���GP��ZHUH�WDNHQ
DORQJ�WKH�GLDJRQDO�RI�D�VTXDUH�RI����P�VLGH�OHQJWK��$OO�UHSOLFDWLRQV�ZHUH�SODFHG�LQ�WKH
%HUOHVH�7XOOJUHQ�VHOHFWRU�IRU����GD\V��7KH�UHVXOWLQJ�DUWKURSRG�VHOHFWRU��IL[HG�E\�PHDQV�RI�D
FROOHFWLRQ �IOXLG� �ZDV �WKHQ�DQDO\VHG�XQGHU �D �VWHUHRPLFURVFRSH� �)RU �HDFK�RUJDQLVP� �WKH
%LRORJLFDO�)RUP��%)��ZDV�GHILQHG��DQG�HDFK�%)�ZDV�DVVLJQHG�LWV�(FR�0RUSKRORJLFDO�,QGH[
�(0,���ZKLFK�YDULHG�IURP�D�PLQLPXP�YDOXH�RI���WR�D�PD[LPXP�RI�����GHSHQGLQJ�RQ�ZKHWKHU
WKH�IRUP�LQ�TXHVWLRQ�ZDV�YHU\�SRRUO\�RU�YHU\�ZHOO�DGDSWHG�WR�WKH�VRLO��7KH�VXP�RI�WKH�(0,�RI
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DOO �$UWKURSRG �%)V �GHWHUPLQHV �WKH �4%6�DU �LQGH[� �,W �FDQ �EH �SUHOLPLQDU\ �VWDWH �WKDW
PDQDJHPHQW�RI�%HWD�DQG�6DOLFRUQLD��VLWH�����GR�QRW�QHJDWLYHO\�DIIHFWHG�WKH�ELRORJLFDO�TXDOLW\
RI�WKH�VRLOV��DOWKRXJK�WKH�RYHUDOO�LQGH[�ZDV�ORZ�IRU�ERWK�WKH�VLWHV��7KH�VXUYH\V�ZLOO�EH
UHSHDWHG�LQ�-XQH������WR�FKHFN�ZKHWKHU�WKH�VDPH�FXOWLYDWLRQ�GHVLJQ�DSSOLHG�LQ�VLWH���FDQ
LPSURYH�RU�QRW�WKH�4%6�DU�LQGH[�YDOXH�DV�FRPSDUHG�WR�VLWH���
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3RWDWR��6RODQXP�WXEHURVXP��/���FURS�DV�LQIOXHQFHG�E\�WKH
LQWHUDFWLRQ�HIIHFW�RI�WLOODJH�DQG�IHUWLOL]DWLRQ�SUDFWLFHV�LQ�WKH
0HGLWHUUDQHDQ�HQYLURQPHQW
E\�0DULDP�$WDLW�_�0RKDPHG�$OODP�_�5REHUWR��0DQFLQHOOL�_�(PDQXHOH�5DGLFHWWL�_�'LSDUWLPHQWR�GL�6FLHQ]H
$JUDULH�H�)RUHVWDOL��'$)1(���8QLYHUVLWd�GHJOL�6WXGL�GHOOD�7XVFLD�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH�H
)RUHVWDOL��'$)1(���8QLYHUVLWd�GHJOL�6WXGL�GHOOD�7XVFLD�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH�H�)RUHVWDOL
�'$)1(���8QLYHUVLWd�GHJOL�6WXGL�GHOOD�7XVFLD�_�'LSDUWLPHQWR�GL�6FLHQ]H�&KLPLFKH��)DUPDFHXWLFKH�H
$JUDULH��'2&3$6���8QLYHUVLWd�GHJOL�6WXGL�GL�)HUUDUD

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��5REHUWR�0DQFLQHOOL
&RQWULEXWLRQ��3RVW

7KH�VXVWDLQDEOH�SURGXFWLRQ�RI�SRWDWR�LQ�WKH�0HGLWHUUDQHDQ�HQYLURQPHQW�LV�D�ZD\�IRUZDUG�WR
RYHUFRPH �FKDOOHQJHV �UHODWHG �WR �SRSXODWLRQ� �HQYLURQPHQW� �DQG �IRRG �VHFXULW\� �7KH �VRLO
IHUWLOL]DWLRQ�DQG�WLOODJH�PHWKRGV�DGRSWHG�IRU�SRWDWR�FXOWLYDWLRQ�DUH�WKH�NH\�HOHPHQWV�IRU
LPSURYLQJ�FURS�SURGXFWLRQ�DQG�FRQVHUYLQJ�WKH�HQYLURQPHQW��7KH�H[FHVVLYH�XVH�RI�SHVWLFLGHV�
PLQHUDO �IHUWLOL]HUV �DQG �WKH �LQWHQVLYH �VRLO �WLOODJH �SUDFWLFHV �KDYH �DOUHDG\ �FDXVHG �VHULRXV
GDPDJH�WR�DJURHFRORJ\��&RQWUDULO\��WKH�UHGXFHG�WLOODJH�WHFKQLTXHV�DQG�RUJDQLF�IHUWLOL]HUV
DSSOLFDWLRQ�DUH�FRQVLGHUHG�WR�EH�WKH�PRVW�HIIHFWLYH�ZD\�RI�SURGXFLQJ�KLJK�TXDOLW\�SRWDWRHV
ZLWKRXW �GDPDJLQJ �WKH �DJURHFRV\VWHP� �7KHUHIRUH� �WKH �SUHVHQW �VWXG\ �ZDV �GHVLJQHG �WR
LQYHVWLJDWH �WKH �HIILFDF\ �RI �GLIIHUHQW �VRLO �WLOODJH �DQG �IHUWLOL]DWLRQ �PHWKRGV �RQ �SRWDWR
SURGXFWLRQ�DQG�VRLO �KHDOWK� �7KH�WLOODJH�PHWKRG�XVHG�LQ�WKH�VWXG\�LQFOXGHG� �SORZLQJ�DV
FRQYHQWLRQDO�WLOODJH�DQG�VXE�VRLOLQJ�DQG�VSDGLQJ�DV�FRQVHUYDWLRQ�WLOODJH�SUDFWLFHV��0RUHRYHU�
WKH�PLQHUDO�DQG�RUJDQLF�IHUWLOL]HUV�ZHUH�FRPSDUHG��7R�UHGXFH�WKH�DSSOLFDWLRQ�RI�SHVWLFLGHV�
WKH �UHVLVWDQW �YDULHWLHV ��/HYDQWH �DQG �$JDWD� �ZHUH �DGRSWHG� �7KH �FRPSDULVRQ �EHWZHHQ
WUDGLWLRQDO�DQG�VXVWDLQDEOH�DJURQRPLF�SUDFWLFHV�ZDV�VWXGLHG�LQ�GHWDLO��7KH�REWDLQHG�UHVXOWV
VKRZHG�D�VLJQLILFDQW�HIIHFW�RQ�VRLO�1��DQG�&��DORQJ�ZLWK�WKH�SURGXFWLRQ�UDWH�RI�FRPPHUFLDO
SRWDWR �DQG�VHHG�WXEHUV� �$FFRUGLQJ�WR �WKH �UHVXOWV� �WKH �VRLO �KHDOWK �ZDV �LPSURYHG�XVLQJ
VXVWDLQDEOH�DJURQRPLF�PHWKRGV�RI�IHUWLOL]DWLRQ�DQG�WLOODJH��7KH�XVH�RI�VXE�VRLOLQJ�WLOODJH�DQG
RUJDQLF�IHUWLOL]HU�LQFUHDVHG�WKH�VRLO�1��WR�PD[LPXP�OHYHO�RI�������IROORZHG�E\�VSDGLQJ�DW
WKH�OHYHO�RI��������6XE�VRLOLQJ�DQG�RUJDQLF�IHUWLOL]DWLRQ�DOVR�SRVLWLYHO\�DIIHFWHG�WKH�VRLO�&�
DQG�&�1�UDWLR�EXW�GLGQ�W �VKRZ�DQ\�LPSURYHPHQW�LQ�SRWDWR�\LHOG�RI �FRPPHUFLDO �WXEHUV�
+RZHYHU� �VSDGLQJ�DQG�RUJDQLF�IHUWLOL]DWLRQ�KDG�VLJQLILFDQWO\�LPSURYHG�VHHG�WXEHUV� �7KH
PRUH�VHTXHVWUDWLRQ�RI �FDUERQ�DQG�QLWURJHQ�LQ �VRLO �QHJDWLYHO\ �DIIHFWHG�WKH�SRWDWR�\LHOG
EHFDXVH�RI�PRUH�VRLO�1�DQG�&��LQFUHDVHG�VRLO�EXON�GHQVLW\�ZKLFK�KLQGHUV�WKH�JURZWK�RI
SRWDWR�URRW�DQG�GHFUHDVHG�WKH�ZDWHU�VWUHVV�WROHUDQFH��0RUH�VRLO�1�DQG�&�DOVR�KHOSHG�WKH
SRWDWR�LQ�LPSURYLQJ�LWV�YHJHWDWLYH�JURZWK�DQG�UHGXFHG�WKH�PLQHUDOL]DWLRQ�RI�VRLO�RUJDQLF
PDWWHU��$V�D�UHVXOW��WKH�SURFHVV�RI�WXEHUL]DWLRQ�LV�VORZHG�GRZQ�ZKLFK�UHVXOWHG�LQ�ORZHU�\LHOG
TXDOLW\��:KHUHDV�WKH�SRWDWR�\LHOG�IRU�FRPPHUFLDO�WXEHUV�ZDV�REVHUYHG�WR�EH�PD[LPXP�XQGHU
SORZLQJ�WLOODJH���������1�P����DQG�PLQHUDO�IHUWLOL]DWLRQ����������1�P����DSSOLFDWLRQV��7KH
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ORZHU�VRLO�&�1�UDWLR��OHVV�ZHHG�FRPSHWLWLRQ��PRUH�QXWULHQW�PLQHUDOL]DWLRQ��DQG�PRUH�QXWULHQW
XVH�HIILFLHQF\�VLJQLILFDQWO\�LPSURYHG�WKH�TXDOLW\�DQG�TXDQWLW\�RI�FRPPHUFLDO�WXEHUV��/HYDQWH
YDULHW\�ZDV�PRUH�UHVLVWDQW�WR�HDUO\�EOLJKW�DQG�ZLOWLQJ��7R�FRQFOXGH��/HYDQWH�LV�WKH�VWUHVV
UHVLVWDQW�SRWDWR�YDULHW\�WKDW�FDQ�EH�JURZQ�WR�JHW�PD[LPXP�\LHOG�LQ�YXOQHUDEOH�FRQGLWLRQV�
7KH�XVH�RI�VXE�VRLOLQJ�DQG�VSDGLQJ�WLOODJH�DORQJ�ZLWK�RUJDQLF�IHUWLOL]HU�VLJQLILFDQWO\�LPSURYH
VRLO�KHDOWK�DQG�SRWDWR�VHHG�SURGXFWLRQ��:KHUHDV��IRU�FRPPHUFLDO�VHHG�SURGXFWLRQ�SORZLQJ
WLOODJH� �VSDGLQJ �WLOODJH �DQG�PLQHUDO �IHUWLOL]DWLRQ �FRXOG �EH �D �XVHIXO �PHWKRG� � �7KXV� �WKH
LQWHJUDWHG �XVH �RI �FRQVHUYDWLRQ �WLOODJH �DQG �IHUWLOL]DWLRQ �WHFKQLTXHV �FDQ �EH �DQ �HIIHFWLYH
DJURQRPLF�SUDFWLFH�WR�LPSURYH�VXVWDLQDEOH�SRWDWR�SURGXFWLRQ�
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,QFUHDVLQJ�WKH�VXVWDLQDELOLW\�RI�*UDQD�3DGDQR�SURGXFWLRQ�E\
XVLQJ�1,5�VSHFWURVFRS\�WR�PDS�VRLO�YDULDELOLW\�IRU�3UHFLVLRQ
$JULFXOWXUH�SURSRVHV
E\�$QGUHD�/D]]DUL�_�$QGUHD�*DVSDULQL�_�)DELR�3��$EHQL�_�$QJHOR�6WURSSD�_�*LRYDQQL�&DEDVVL�_�&5($��
5HVHDUFK�&HQWUH�$QLPDO�3URGXFWLRQ�DQG�$TXDFXOWXUH�_�&5($���5HVHDUFK�&HQWUH�$QLPDO�3URGXFWLRQ�DQG
$TXDFXOWXUH�_�&5($���5HVHDUFK�&HQWUH�$QLPDO�3URGXFWLRQ�DQG�$TXDFXOWXUH�_�&RQVRU]LR�SHU�OD�7XWHOD�GHO
)RUPDJJLR�*UDQD�3DGDQR�'23�_�&5($���5HVHDUFK�&HQWUH�$QLPDO�3URGXFWLRQ�DQG�$TXDFXOWXUH

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��$QGUHD�/D]]DUL
&RQWULEXWLRQ��3RVW

$W�OHDVW �����RI �WKH�IRGGHU�V �GU\�PDWWHU �LQ�WKH�GDLO\ �UDWLRQ�PXVW �FRPH�IURP�IRRGVWXII
SURGXFHG�LQ�WKH�PLON�SURGXFWLRQ�DUHD�RI�*5$1$�3$'$12�3�'�2��FKHHVH��DV�UHTXLUHG�E\�WKH
SURGXFW�VSHFLILFDWLRQ�UXOHV��FODXVH�����3UHFLVLRQ�$JULFXOWXUH��3$��LV�D�YDOLG�WHFKQLTXH�WR
LQFUHDVH�VXVWDLQDELOLW\�LQ�WKH�PDQDJHPHQW�RI�IDUP�VOXUU\��1HDU�LQIUDUHG�VSHFWURVFRS\��1,5�
LV�D�SRVVLEOH�ZD\�WR�UHGXFH�WHFKQLFDO�FRVWV�IRU�VRLO�DQDO\VLV�WR�PDS�LQ�ILHOG�YDULDELOLW\�DQG
FUHDWH �IHUWLOL]HU �SUHVFULSWLRQ �PDSV� �7KLV �VWXG\ �SUHVHQWV �WKH �UHVXOWV �RI �DSSO\LQJ �1,5
WHFKQRORJ\�IRU�3$�SXUSRVHV�LQ�1RUWKHUQ�,WDO\�DFURVV�WKUHH�VLODJH�PDL]H�ILHOGV�VHOHFWHG�IRU
WKH �025(*5$1$�SURMHFW� �ZKLFK �DLPV �WR �LQFUHDVH �WKH �VXVWDLQDELOLW\ �RI �*UDQD �3DGDQR
SURGXFWLRQ� �6RLO �VDPSOHV �ZHUH �FROOHFWHG�LQ �HDFK�ILHOG �DFFRUGLQJ�WR �D �UHJXODU �JULG ����
VDPSOHV�SHU�ILHOG��LQ�WKH�WRSVRLO�DW�D�GHSWK�RI������FP��7KHVH�VDPSOHV�ZHUH�DQDO\VHG�XVLQJ
VWDQGDUG�ZHW�UHIHUHQFH�PHWKRGV�DQG�D�)266�1,5670�'6��VSHFWURPHWHU��VRLO �WH[WXUH�
2UJDQLF�&DUERQ�DQG�7RWDO�1LWURJHQ���7KH�1,5�DQDO\VLV��FRQGXFWHG�RQ�VSHFWUD�REWDLQHG�LQ
GLIIXVH�UHIOHFWDQFH�ZLWKLQ�WKH����������QP�UDQJH��XVHG�WKH�/2&$/�FDOLEUDWLRQ�WHFKQLTXH
�86 �3DWHQW �� ����������� �XVLQJ �D �GDWDEDVH �RI �PRUH �WKDQ ����� �VDPSOHV� �FRQVWDQWO\
LPSOHPHQWHG�ZLWK�GHHS�OHDUQLQJ�WHFKQRORJ\��7KLV�PHWKRG��D�ORFDOO\�ZHLJKWHG�FDOLEUDWLRQ
DSSURDFK� �VHOHFWV �VDPSOHV �IURP�D �ODUJH �GDWDEDVH �ZLWK �VSHFWUD �VLPLODU �WR �WKRVH �XQGHU
H[DPLQDWLRQ��,W�XWLOL]HV�SULQFLSDO�FRPSRQHQW�DQDO\VLV��3&$��RQ�VRLO�VSHFWUDO�GDWD��FUHDWLQJ
IRU �HDFK �XQNQRZQ �VDPSOH �ORFDO �PRGHOV �IURP �WKH �UHIHUHQFH �GDWDVHW �WR �RYHUFRPH
QRQOLQHDULWLHV�GXH�WR�WKH�KLJK�VSHFWUDO�YDULDELOLW\�RI�VRLOV��7KH�1,5�EDVHG�HVWLPDWLRQV�IRU�FOD\
FRQWHQW��FOD\�VLOW��RUJDQLF�FDUERQ�DQG�WRWDO�QLWURJHQ�FRQWHQW�ZHUH�HYDOXDWHG�XVLQJ�5RRW
0HDQ�6TXDUH�(UURU��506(���0HDQ�$EVROXWH�(UURU��0$(���DQG�ELDV�PHWULFV��7KH�FRHIILFLHQW
RI �GHWHUPLQDWLRQ ��5f� �FRUUHODWHG �WKH �DFWXDO� �ODERUDWRU\�PHDVXUHG �YDOXHV �ZLWK �WKH �1,5�
SUHGLFWHG�YDOXHV�������������������������UHVSHFWLYHO\���$�WKRURXJK�DQDO\VLV�ZDV�FRQGXFWHG�WR
HYDOXDWH�WKH�PLQLPXP�QXPEHU�RI�VDPSOHV�SHU�ILHOG�UHTXLUHG�IRU�DQDO\VLV�XVLQJ�UHIHUHQFH
PHWKRGV�WR�REWDLQ�DQ�DFFXUDWH�HVWLPDWH�RI�WKH�V\VWHPDWLF�HUURU�FRPSRQHQW��ELDV��RI�WKH
SUHGLFWLRQ� �7KLV �HVWLPDWH �LV �QHFHVVDU\ �WR �HQVXUH �WKH �DFFXUDF\ �RI �WKH �SUHGLFWLRQV� �%LDV
FRUUHFWLRQ�ZDV�IRXQG�WR�EH�QHFHVVDU\�IRU�RUJDQLF�FDUERQ�LQ�WZR�ILHOGV�DQG�IRU�WKH�FOD\�VLOW
SDUDPHWHU�LQ�DQRWKHU�ILHOG��5HVXOWV�GLVSOD\HG�JRRG�DELOLW\�LQ�WKH�1,5�FDOLEUDWLRQV�WR�HVWLPDWH
ILHOG�DYHUDJHV�RI�WKH�SDUDPHWHUV�XQGHU�DQDO\VLV�ZLWK�VXIILFLHQW�SUHFLVLRQ��0RUHRYHU��WKH
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3DJH����

5DQJH�0$(�DOORZHG�WKH�LGHQWLILFDWLRQ�RI�LQ�ILHOG�YDULDWLRQ�JUDGLHQWV�XVHIXO�IRU�3$�SXUSRVHV�
)RU�FOD\��WKH�UDWLRV�UDQJHG�IURP�����WR������IRU�FOD\�VLOW�IURP�����WR������DQG�RUJDQLF�FDUERQ�
WKH�UDWLR�UDQJHG�IURP�����WR������GHSHQGLQJ�RQ�WKH�YDULDELOLW\�RI�WKH�ILHOG��5HVXOWV�VKRZHG
WKDW��DIWHU�DGMXVWLQJ�IRU�ELDV��ZKLFK�ZDV�HVWLPDWHG�VXFFHVVIXOO\�IURP�RQO\�D�IHZ�VDPSOHV
DQDO\VHG �ZLWK �UHIHUHQFH �WHFKQLTXHV� �1,5 �SUHGLFWLRQV �ZLWK �/2&$/�FDOLEUDWLRQ �FDQ �DOVR
DFKLHYH�DFFXUDWH�UHVXOWV�IRU�ERWK�WKH�PHDQ�ILHOG�YDOXHV�DQG�WKH�LQ�ILHOG�YDULDWLRQ�RI�VRLO
WH[WXUH�DQG�RUJDQLF�FDUERQ��7KHUHIRUH��XVLQJ�1,5�WHFKQRORJ\�WR�FUHDWH�D�SUHVFULSWLRQ�PDS
IRU�3$�PDQDJHPHQW�RI�IHUWLOLVDWLRQ�XVLQJ�VOXUU\�PDQXUH�DQG�FKHPLFDO�IHUWLOLVHUV�LV�SRVVLEOH�
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3DJH����

0RGHO�EDVHG�FRPSDULVRQ�RI�DOWHUQDWLYH�PDQDJHPHQW
VWUDWHJLHV�WR�LQFUHDVH�VRLO�FDUERQ�VHTXHVWUDWLRQ�
E\�'RPHQLFR�&DWHULQR�_�/LYLD�3DOHDUL�_�3LHWUR�&UXGHOH�_�'DQLHOD�)DPXODUL�_�5REHUWR�&RQIDORQLHUL�_
8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR��(63��&DVVDQGUD�ODE�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR��(63��&DVVDQGUD
ODE�_�&216(59(�,7$/,$��XIILFLR�6RVWHQLELOLWd�$PELHQWDOH�H�&HUWLILFD]LRQL�_�&RQVLJOLR�1D]LRQDOH�GHOOH
5LFHUFKH���,VWLWXWR�SHU�L�6LVWHPL�$JULFROL�H�)RUHVWDOL�GHO�0HGLWHUUDQHR�_�QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�
(63��&DVVDQGUD�ODE

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��'RPHQLFR�&DWHULQR
&RQWULEXWLRQ��3RVW

7KH�(8�VRLO�VWUDWHJ\�IRU������DLPV�DW�GHILQLQJ�FRQFUHWH�PHDVXUHV�WR�SURWHFW�DQG�UHVWRUH
VRLOV� �HQVXULQJ�WKHLU �KHDOWK �LQ �WKH �FRPLQJ�GHFDGHV� �6RLOV �PD\�DFW �DV �ERWK �VLQN �� �&2�

VHTXHVWUDWLRQ�DV�VRLO�RUJDQLF�FDUERQ��62&����DQG�VRXUFH�IRU�JUHHQKRXVH�JDVHV��*+*���WKXV
JHQHUDWLQJ�IRU�WKHP�WKH�SRWHQWLDO�WR�PLWLJDWH�RU�H[DFHUEDWH�FOLPDWH�FKDQJH�G\QDPLFV��62&
DOVR �SOD\V �D �NH\ �UROH �LQ �VRLO �IHUWLOLW\� �LQIOXHQFLQJ �FURS �QXWULWLRQ� �VRLO �VWUXFWXUH� �ZDWHU
DYDLODELOLW\��DQG�HURVLRQ�G\QDPLFV��,Q�D�YDULHW\�RI�FRQWH[WV��ZLGHO\�DGRSWHG�PDQDJHPHQW
VWUDWHJLHV�DUH�OHDGLQJ�WR�D�VWHDG\�GHFOLQH�LQ�62&�FRQWHQW� �HQGDQJHULQJ�DJURHFRV\VWHP
SURGXFWLYLW\�DQG�VXVWDLQDELOLW\��$OWKRXJK�DOWHUQDWLYH�PDQDJHPHQW�SUDFWLFHV�DEOH�WR�UHGXFH
RU�LQYHUW�WKLV�GHFOLQH�DUH�DYDLODEOH�DQG�WKHLU�HIIHFWLYHQHVV�KDV�EHHQ�GHPRQVWUDWHG��LW�LV�KDUG
WR�LGHQWLI\�WKH�RQH�PRVW�VXLWHG�IRU�VSHFLILF �SURGXFWLRQ�FRQWH[WV� �7KH�GLIILFXOWLHV�LQ�WKH
TXDQWLILFDWLRQ�RI�WKH�VSHFLILF�FRVW�EHQHILW�UDWLR�DQG�WKH�VORZ�G\QDPLFV�RI�62&�DFFXPXODWLRQ
UHSUHVHQW�FUXFLDO�FKDOOHQJHV�WRZDUGV�WKH�GHILQLWLRQ�RI�FUHGLEOH�VROXWLRQV�WDUJHWLQJ�PLG�WHUP
62&�LQFUHDVH��7KLV��WRJHWKHU�ZLWK�D�SRVVLEOH�GHFUHDVH�LQ�\LHOGV��GLVFRXUDJHV�IDUPHUV�IURP
DEDQGRQLQJ �PDQDJHPHQW �VWUDWHJLHV �WKH\ �DUH �IDPLOLDU �ZLWK� �6LPXODWLRQ �PRGHOV �DUH
LQFUHDVLQJO\�XVHG�WR�VXSSRUW�FURSSLQJ�V\VWHPV�PDQDJHPHQW�LQ�D�YDULHW\�RI�ZD\V��RQH�RI�WKH
PRVW �SRSXODU �GHULYLQJ �IURP �WKHLU �FDSDELOLW\ �WR �TXDQWLWDWLYHO\ �HYDOXDWH �DOWHUQDWLYH
PDQDJHPHQW�VFHQDULRV�WR�LGHQWLI\�WKH�EHVW�VLWH�VSHFLILF�FRPSURPLVH�EHWZHHQ�HQYLURQPHQWDO
DQG�HFRQRPLF�VXVWDLQDELOLW\��,Q�WKLV�VWXG\��&DUERQ�&RQWURO��365�(PLOLD�5RPDJQD�����������
�������������WKH�67,&6�PRGHO�ZDV�XVHG�WR�FRPSDUH�WKUHH�GLIIHUHQW�PDQDJHPHQW�VFHQDULRV
IRU�WRPDWR�FURSV�LQ�(PLOLD�5RPDJQD�IRU�WKHLU�HIIHFWV�RQ�62&�G\QDPLFV��*+*�HPLVVLRQV��DQG
SURGXFWLYLW\ �RYHU ����\HDU �WLPH �IUDPHV� �$Q �DJUR�FOLPDWLF �]RQDWLRQ �EDVHG �RQ �WKH �6$0
LQGLFDWRU�����>DULG@�WR����>KXPLG@��DOORZHG�WKH�LGHQWLILFDWLRQ�RI����DUHDV�GLIIHULQJ�IRU�WKH
UHODWLRQVKLS�EHWZHHQ�UDLQIDOO�DQG�UHIHUHQFH�HYDSRWUDQVSLUDWLRQ�GXULQJ�WKH�FURSSLQJ�VHDVRQ�
)RU�HDFK�DUHD�����\HDU�ZHDWKHU�GDWD�IURP�WKH���NP�j��NP�FHQWURLG�FHOOV�ZHUH�XVHG��DQG�WKH
DQDO\VLV�ZDV�SHUIRUPHG�IRU�WKUHH�GLIIHUHQW�VRLO�W\SHV��VDQG\��ORDP�DQG�FOD\��DQG�IRU�WKUHH
WUDQVSODQWLQJ �SHULRGV� �7KH �FRPSDUHG �PDQDJHPHQW �VFHQDULRV �ZHUH� �WKH �RQH �FXUUHQWO\
DGRSWHG�LQ�WKH�DUHD��WKH�XVH�RI�YHWFK�RU�U\HJUDVV�DV�FRYHU�FURSV��DQG�FRYHU�FURSV�FRXSOHG
ZLWK�PLQLPXP�WLOODJH��3DUDPHWHUV�GHILQLQJ�PRUSKRORJLFDO�DQG�SK\VLRORJLFDO�FURS�IHDWXUHV
ZHUH�FDOLEUDWHG�XVLQJ�GDWD�IURP�GHGLFDWHG�ILHOG�FDPSDLJQV��ZKHUHDV�GHIDXOW�SDUDPHWHUV
LQYROYHG�ZLWK�62&�G\QDPLFV�ZHUH�UHILQHG�XVLQJ�GDWD�FROOHFWHG�E\�(GG\�&RYDULDQFH�V\VWHPV�
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3DJH����

7KH�DOWHUQDWLYH�SUDFWLFHV�OHG�WR�����DYHUDJH�62&�LQFUHDVH�ZLWKRXW�DQ\�GHFUHDVH�LQ�\LHOGV�
DOWKRXJK� �LQ �VRPH�FDVHV� �WKH �&�1�UDWLR �RI �WKH �U\HJUDVV �ELRPDVV �OHG�WR �WKH�QHHG�RI �D
VXSSOHPHQWDU\�1�IHUWLOLVDWLRQ��7KH�ORZHVW�DQG�KLJKHVW�SHUFHQWDJH�LQFUHDVHV�ZHUH�REWDLQHG�
UHVSHFWLYHO\���L��IRU�PLG�WUDQVSODQWLQJ��VHPL�DULG��FOD\�VRLO�DQG�YHWFK�FRYHU�FURSSLQJ�DQG��LL�
IRU�PLG�WUDQVSODQWLQJ��PLOGO\�KXPLG��VDQG\�VRLO�DQG�U\HJUDVV�FRYHU�FURSSLQJ��7KLV�VWXG\
GHPRQVWUDWHG�WKH�SRWHQWLDO�RI�FURSSLQJ�V\VWHP�VLPXODWLRQ�PRGHOV�WR�LGHQWLI\�VLWH�VSHFLILF
PDQDJHPHQW�VWUDWHJLHV�DEOH�WR�FRQWULEXWH�WR�JOREDO�PLWLJDWLRQ�WDUJHWV�
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3DJH����

2SWLPL]LQJ�1XWULHQW�0DQDJHPHQW�ZLWK�1DQRIHUWLOL]HUV��$
5XQ�2II�([SHULPHQW�LQ�D�0RGHO�6\VWHP
E\�/DXUD�3LORWWR�_�&KULVWLDQ�2��'LPNSD�_�-DVRQ�&��:KLWH�_�/XFD�0DUFKLRO�_�)UDQFHVFD�6FDOHUD�_�&ODUD
3LFFLULOOR�_�*XLGR�)HOOHW�_�'96�'LSDUWLPHQWR�GL�6FLHQ]H�GHOOD�9LWD��8QLYHUVLWd�GL�7ULHVWH��',�$�'LSDUWLPHQWR
GL�6FLHQ]H�$JUR�$OLPHQWDUL��$PELHQWDOL�H�$QLPDOL��8QLYHUVLWd�GL�8GLQH�_�'HSDUWPHQW�RI�$QDOLW\FDO
&KHPLVWU\��7KH�&RQQHFWLFXW�$JULFXOWXUDO�([SHULPHQW�6WDWLRQ�_�'HSDUWPHQW�RI�$QDOLW\FDO�&KHPLVWU\��7KH
&RQQHFWLFXW�$JULFXOWXUDO�([SHULPHQW�6WDWLRQ�_�',�$�'LSDUWLPHQWR�GL�6FLHQ]H�$JUR�$OLPHQWDUL��$PELHQWDOL
H�$QLPDOL��8QLYHUVLWd�GL�8GLQH�_�&RQVLJOLR�1D]LRQDOH�GHOOH�5LFHUFKH��,VWLWXWR�GL�1DQRWHFQRORJLD�0RQWHURQL
�/HFFH��_�&RQVLJOLR�1D]LRQDOH�GHOOH�5LFHUFKH��,VWLWXWR�GL�1DQRWHFQRORJLD�0RQWHURQL��/HFFH��_�',�$
'LSDUWLPHQWR�GL�6FLHQ]H�$JUR�$OLPHQWDUL��$PELHQWDOL�H�$QLPDOL��8QLYHUVLWd�GL�8GLQH

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��/DXUD�3LORWWR
&RQWULEXWLRQ��3RVW

3KRVSKRUXV�LV�RIWHQ�SRRUO\�DYDLODEOH�WR�SODQWV�GHVSLWH�LWV�KLJK�VRLO�FRQFHQWUDWLRQ��,W�LV�PDLQO\
DGPLQLVWHUHG�YLD�IHUWLOL]HU�RU�PDQXUH��ZLWK�ORZ�HIILFLHQF\�����������/RVVHV�FRQWULEXWH�WR
PDQ\ �HQYLURQPHQWDO �LPSDFWV� �0LWLJDWLQJ �3 �ORVVHV �LQ �DJULFXOWXUH �LQYROYHV �LPSURYLQJ
IHUWLOL]DWLRQ� �1DQRIHUWLOL]HUV�FRXOG�VHUYH�DV�D�WRRO �WR�RSWLPL]H�LW �WKURXJK�WKH�FRQWUROOHG
UHOHDVH �RI �QXWULHQWV� �2QH �W\SH �RI �QDQRIHUWLOL]HU �LV �QDQR�K\GUR[\DSDWLWH ��Q+$3�
&D���32����2+����&D�3�PRODU�UDWLR� ��������ZKLFK�FDQ�EH�XVHG�DV�D�3�VRXUFH�IRU�FURSV�
Q+$3�FDQ�EH�H[WUDFWHG�IURP�ELRORJLFDO�ZDVWHV�VXFK�DV�DQLPDO�DQG�ILVK�ERQHV��UHFRYHULQJ�3
ZLWK�D�FLUFXODU�HFRQRP\�DSSURDFK��0DQ\�VWXGLHV�KDYH�HYDOXDWHG�WKH�HIIHFWV�RI�Q+$3�RQ
FURSV��7KLV�VWXG\�DLPV�WR�TXDQWLI\�WKH�3�ORVVHV�WKURXJK�UXQ�RII��XVLQJ�D�UXQ�RII�VLPXODWRU�
FRPSDULQJ�VRLO �WUHDWHG�ZLWK�Q+$3�ZLWK�VRLO �WUHDWHG�ZLWK�D �FRQYHQWLRQDO �IHUWLOL]HU� �7KH
H[SHULPHQW �VHWXS �IROORZHG �WKH �PHWKRGRORJ\ �RXWOLQHG �E\ �6LJPRQ �HW �DO�� ������ �ZLWK
PRGLILFDWLRQV��$�SODVWLF�FRQVWUXFWLRQ�LQFOLQHG�DW�DQ�DQJOH�RI�����d��)LJ�����ZDV�XWLOL]HG�����
NJ�RI�DLU�GULHG�DJULFXOWXUDO�VRLO�ZDV�SODFHG�RQ�D�VWDLQOHVV�VWHHO�SODWH������[����[��FP��DQG
OLJKWO\�SUHVVHG� �$�FXWRXW�ZDV�LQFRUSRUDWHG�DW �WKH�WRS�RI �WKH�SODVWLF�FDVLQJ�WR�LQVHUW �D
SHUIRUDWHG�SODVWLF�WUD\�WR�VLPXODWH�UDLQIDOO��)RXU�3�WUHDWPHQWV�ZHUH�DGPLQLVWHUHG���L��FRQWURO
�&75/���XQWUHDWHG�VRLO���LL��GLFDOFLXP�SKRVSKDWH��'&3��)LVKHU�6FLHQWLILF����LLL��V\QWKHWLF�Q+$3
�6Q+$3��6N\6SULQJ�1DQRPDWHULDOV����LY��Q+$3�GHULYHG�IURP�FKLFNHQ�ERQHV��%Q+$3���7KH
WUHDWPHQW�UDWLR�ZDV�����J�RI�3�SHU�VRLO�NJ��(DFK�WUHDWPHQW�ZDV�DSSOLHG�LQ�D�OLQH�DW�WKH�WRS�RI
WKH�VRLO�SODWH��$�WRWDO�RI���OLWHUV�RI�XOWUDSXUH�ZDWHU�ZDV�GLVSHQVHG������/�RQ�WKH�ILUVW�GD\��'���
����/�DIWHU����KRXUV��'����DQG�����/�DIWHU����KRXUV��'����5XQ�RII�ZDWHU�ZDV�FROOHFWHG�IURP
HDFK�ZDVKRXW�XVLQJ�D�ELQ�SODFHG�EHQHDWK�WKH�FRQVWUXFWLRQ��/LTXLG�YROXPHV�ZHUH�UHFRUGHG�
ILOWHUHG��DFLGLILHG��DQG�DQDO\]HG�ZLWK�DQ�,&3�2(6�WR�GHWHUPLQH�3�ORVVHV��7KH�UHPDLQLQJ
VOXUU\�RQ�WKH�ILOWHU�SDSHU�ZDV�PLQHUDOL]HG�DQG�DQDO\]HG�WR�TXDQWLI\�WKH�3�FRQWHQW�
7KH�REWDLQHG�UHVXOWV�VXJJHVW�WKDW�3�IURP�%Q+$3�LV�VLJQLILFDQWO\�OHVV�PRELOH�LQ�VRLO�WKDQ�3
IURP�'&3� �DQG �6Q+$3� �DOWKRXJK �LQ �WKH �ODWWHU �FDVH� �WKH �GLIIHUHQFH �LV �QRW �VLJQLILFDQW�
6SHFLILFDOO\��ZKLOH�WKH�WRWDO�3�OHDFKHG�LQ�WKH�'&3�WUHDWPHQW�LV�����e�����PJ��WKH�OHDFKHG�3
LQ�WKH�6Q+$3�WUHDWPHQW�LV�����e�����PJ��DQG�LQ�WKH�%Q+$3�WUHDWPHQW�LV�����e�����PJ�
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3DJH����

7KHVH�GDWD�DUH�H[SUHVVHG�DV�WKH�VXP�RI�3�LQ�WKH�VOXUU\�DQG�WKH�ZDWHU��7KH�VWXG\�VKRZHG�WKDW
3�IURP�QDQR�K\GUR[\DSDWLWH��Q+$3��PRYHV�OHVV�LQ�VRLO�WKDQ�WUDGLWLRQDO�IHUWLOL]HU�'&3��7KLV
KLJKOLJKWV�WKH�SRWHQWLDO�RI�Q+$3��HVSHFLDOO\�IURP�ELRORJLFDO�VRXUFHV��LQ�UHGXFLQJ�3�UXQ�RII
DQG�SURPRWLQJ�VXVWDLQDEOH�DJULFXOWXUH��)XUWKHU�UHVHDUFK�LV�QHHGHG�WR�LQYHVWLJDWH�LWV�ORQJ�
WHUP�HIIHFWV�DQG�VFDODELOLW\�LQ�DJULFXOWXUDO�FRQWH[WV�
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3DJH����

6RLO�RUJDQLF�FDUERQ�VWRFNV�LQ�(XURSHDQ�FURSODQGV�DQG
JUDVVODQGV��+RZ�PXFK�KDYH�ZH�ORVW�LQ�WKH�SDVW�GHFDGH"
E\�'DQLHOH�'H�5RVD�_�&ULVWLDQR�%DOODELR�_�(PDQXHOH�/XJDWR�_�0DWWHR�)DVLROR�_�$UZ\Q�-RQHV�_�3DQRV
3DQDJRV�_�6FKRRO�RI�$JULFXOWXUH��)RUHVWU\��)RRG�DQG�(QYLURQPHQWDO�6FLHQFHV��6$)(���8QLYHUVLW\�RI
%DVLOLFDWD��3RWHQ]D�_�(XURSHDQ�&RPPLVVLRQ��-RLQW�5HVHDUFK�&HQWUH��-5&���,VSUD�_�(XURSHDQ�&RPPLVVLRQ�
-RLQW�5HVHDUFK�&HQWUH��-5&���,VSUD�_�6FKRRO�RI�0DWKHPDWLFV��8QLYHUVLW\�RI�%ULVWRO�_�(XURSHDQ�&RPPLVVLRQ�
-RLQW�5HVHDUFK�&HQWUH��-5&���,VSUD�_�(XURSHDQ�&RPPLVVLRQ��-RLQW�5HVHDUFK�&HQWUH��-5&���,VSUD

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��'DQLHOH�'H�5RVD
&RQWULEXWLRQ��3RVW

7KH�(8�6RLO�6WUDWHJ\������DLPV�WR�LQFUHDVH�VRLO�RUJDQLF�FDUERQ��62&��LQ�DJULFXOWXUDO�ODQG�WR
HQKDQFH�VRLO�KHDOWK�DQG�VXSSRUW�ELRGLYHUVLW\�DV�ZHOO�DV�WR�RIIVHW�JUHHQKRXVH�JDV�HPLVVLRQV
WKURXJK�VRLO�FDUERQ�VHTXHVWUDWLRQ��7KHUHIRUH��WKH�TXDQWLILFDWLRQ�RI�FXUUHQW�62&�VWRFNV�DQG
WKH �VSDWLDO �LGHQWLILFDWLRQ �RI �WKH �PDLQ �GULYHUV �RI �62& �FKDQJHV �LV �SDUDPRXQW �LQ �WKH
SUHSDUDWLRQ �RI �DJULFXOWXUDO �SROLFLHV �DLPHG �DW �HQKDQFLQJ �WKH �UHVLOLHQFH �RI �DJULFXOWXUDO
V\VWHPV�LQ�WKH�(8��,Q�WKLV �FRQWH[W� �FKDQJHV�RI �62&�VWRFNV��t�62&V��IRU �WKH�(8|�|8.
EHWZHHQ������DQG������ZHUH�HVWLPDWHG�E\�ILWWLQJ�D�TXDQWLOH�JHQHUDOL]HG�DGGLWLYH�PRGHO
�T*$0��RQ�GDWD�REWDLQHG�IURP�WKH�UHYLVLWHG�SRLQWV�RI�WKH�/DQG�8VH�/DQG�&RYHU�$UHD�)UDPH
6XUYH\��/8&$6��SHUIRUPHG�LQ������������DQG�������7KH�DQDO\VLV�RI�WKH�SDUWLDO�HIIHFWV
GHULYHG�IURP�WKH�ILWWHG�T*$0�PRGHO�VKRZV�WKDW�ODQG�XVH�DQG�ODQG�XVH�FKDQJH�REVHUYHG�LQ
WKH������������DQG������/8&$6�FDPSDLJQV��L�H��FRQWLQXRXV�JUDVVODQG�>***@�RU�FURSODQG
>&&&@��FRQYHUVLRQ�JUDVVODQG�WR�FURSODQG��**&�RU�*&&��DQG�YLFH�YHUVD�>&**�RU�&&*@��ZDV
RQH�RI�WKH�PDLQ�GULYHUV�RI�62&�FKDQJHV��7KH�&&&�ZDV�WKH�IDFWRU�WKDW�FRQWULEXWHG�WR�WKH
ORZHVW �QHJDW LYH �FKDQJH �RQ �t �62& �ZL WK �DQ �HVW LPDWHG �SDUW LD O �H I IHFW �R I
�����|e|����|J|&|NJ��|\HDU����ZKLOH�WKH�***�WKH�KLJKHVW�SRVLWLYH�FKDQJH�ZLWK�DQ�HVWLPDWHG
SDUWLDO�HIIHFW�RI�����|e|����|J|&|NJ��|\HDU����7KLV�FRQILUPV�WKH�&�VHTXHVWUDWLRQ�SRWHQWLDO�RI
FRQYHUWLQJ�FURSODQG�WR�JUDVVODQG��+RZHYHU��LW�LV�LPSRUWDQW�WR�FRQVLGHU�WKDW�ORFDO�VRLO�DQG
HQYLURQPHQWDO�FRQGLWLRQV�PD\�HLWKHU�GLPLQLVK�RU�HQKDQFH�WKH�JUDVVODQG
V�SRVLWLYH�HIIHFW�RQ
VRLO�&�VWRUDJH��,Q�WKH�(8|�|8.��WKH�HVWLPDWHG�FXUUHQW��������WRSVRLO������|FP��62&�VWRFN�LQ
DJULFXOWXUDO�ODQG�EHORZ�����|P�D�V�O�ZDV����|*W��ZLWK�D�t�62&�RI��������LQ�WKH�SHULRG
���������� �7KH �KLJKHVW �HVWLPDWHG �62& �ORVVHV �ZHUH �FRQFHQWUDWHG �LQ �FHQWUDO�QRUWKHUQ
FRXQWULHV��ZKLOH�PDUJLQDO�ORVVHV�ZHUH�REVHUYHG�LQ�WKH�VRXWKHDVW�
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8VLQJ��%UDG\�5KL]RELXP�EDFWHULD�WR�HQKDQFH�URRW�QRGXODWLRQ
DQG�ELRPDVV�\LHOG�LQ�IRUDJH�OHJXPHV
E\�7RPPDVR�/D�0DOID�_�$XURUD�0DLR�_�)UDQFHVFD�&DOGHURQH�_�0DULDQQD�2WHUL�_�$XUHOLR�6FDYR�_�'DQLOR
6FRUGLD�_�)DELR�*UHVWD�_�8QLYHUVLW\�RI�0HVVLQD�_�8QLYHUVLW\�RI�0HVVLQD�_�8QLYHUVLW\�RI�0HVVLQD�_�8QLYHUVLW\
RI�0HVVLQD�_�8QLYHUVLW\�RI�0HVVLQD�_�8QLYHUVLW\�RI�0HVVLQD�_�8QLYHUVLW\�RI�0HVVLQD

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��7RPPDVR�/D�0DOID
&RQWULEXWLRQ��3RVW

7KH�PDLQ�REMHFWLYH�RI �WKH�SUHVHQW�VWXG\�ZDV�WR�LQYHVWLJDWH�WKH�HIIHFWLYHQHVV�RI �IRUDJH
OHJXPHV�LQRFXODWHG�ZLWK�GLIIHUHQW��%UDG\�5KL]RELXP�EDFWHULD��ZLWK�WKH�DLP�WR�HQKDQFH�URRW
QRGXODWLRQ��5KL]RELXP�LQRFXODQW�LV�D�SUDFWLFDO�ILHOG�XVH�WR�DFWLYHO\�SURPRWH�VRLO�IHUWLOLW\
WKURXJK�WKH�DELOLW\�RI�OHJXPHV�WR�IL[�DWPRVSKHULF�1��UHGXFLQJ�WKH�QHHG�IRU�H[WHUQDO�LQSXWV
DQG�LPSURYLQJ�WKH�VRLO�IHUWLOLW\�LQ�WKH�ORQJ�UXQ�DQG�WR�LQFUHDVH�FURS�\LHOG��7KH�SUHOLPLQDU\
WULDO�ZDV�FRQGXFWHG�LQ�SRWV�RI����FP�GLDPHWHU��ILOOHG�ZLWK�D�FRPPHUFLDO�VXEVWUDWH�RQ�D�IDUP
ORFDWHG �LQ �0LOD]]R �XQGHU �RSHQ �ILHOG �FRQGLWLRQV ��0HVVLQD� ���d��
���1 ���d��
���(��
�%UDG\�5KL]RELXP�EDFWHULD��QDPHO\�D�SHDW�DQG�D�JUDQXODU��IURP�9LVMRQ�([FHHG��86$���DQG�DQ
$XVWUDOLDQ�SHDW��NLQGO\�SURYLGHG�E\�0XUGRFK�8QLYHUVLW\��$XVWUDOLD�� �DQG�OHJXPH�VSHFLHV
�9LFLD �YLOORVD �5RWK�� �0HGLFDJR �SRO\PRUSKD �/�� �7ULIROLXP �PLFKHOLDQXP �6DYL� �7ULIROLXP
VXEWHUUDQHXP�/���ZHUH�FRPELQHG�LQ�D�FRPSOHWH�UDQGRPL]HG�H[SHULPHQWDO�GHVLJQ�ZLWK�WKUHH
UHSOLFDWLRQV �SHU �WUHDWPHQW �DQG�FRPSDUHG�ZLWK �QRQ�LQRFXODWHG�VSHFLHV �DV �FRQWURO� �$IWHU
HPHUJHQFH��VHHGOLQJ�WKLQQLQJ�ZDV�SHUIRUPHG�WR�HQVXUH�D�FRQVWDQW�QXPEHU�RI�SODQWV�SHU�SRW�
,QRFXODWLRQ�ZLWK�VSHFLILF�VWUDLQV�RI�EDFWHULD�ZDV�SHUIRUPHG�RQ����6HSWHPEHU������IROORZLQJ
PRGDOLW\ �DQG�GRVH�UHSRUWHG�LQ�WKH�ODEHO� �$ERYHJURXQG�DQG�EHORZJURXQG�ELRPDVV�ZHUH
KDUYHVWHG�RQ����'HFHPEHU�������5RRWV�ZHUH�ZDVKHG�DQG�IUHVK�ZHLJKHG��WKHQ�URRW�QRGXOH
IUHVK�ZHLJKW�DQG�FRXQW�ZHUH�PHDVXUHG��$HULDO�SDUW�ZDV�PHDVXUHG�IRU�DYHUDJH�KHLJKW�DQG
IUHVK�ZHLJKW��%RWK�DERYHJURXQG�DQG�EHORZJURXQG�SDUWV�ZHUH�GULHG�DW���d&�WR�D�FRQVWDQW
ZHLJKW��7KH�LQRFXOXP�VKRZHG�D�VLJQLILFDQW�HIIHFW�RQ�WKH�QXPEHU�RI�URRW�QRGXOHV��RQ�DYHUDJH
����YV�����RI�WKH�FRQWURO��DQG�QRGXOH�ZHLJKW�SHU�URRW��RQ�DYHUDJH������J�YV������J�RI�WKH
FRQWURO���$FURVV�VSHFLHV��WKH�JUDQXODU�IURP�9LVMRQ�([FHHG�RXWSHUIRUPHG�WKH�$XVWUDOLDQ�SHDW�
WKH�SHDW�IURP�9LVMRQ�([FHHG��DQG�WKH�FRQWURO�LQ�URRW�QRGXOH�GU\�ZHLJKW�������J�������J������
J �DQG ����� �J� �UHVSHFWLYHO\�� �1R �GLIIHUHQFHV �ZHUH �IRXQG �RQ �SODQW �KHLJKW� �DERYH �DQG
EHORZJURXQG �GU\ �ELRPDVV �DV �FRPSDUHG �ZLWK �WKH �UHVSHFWLYH �FRQWURO� �%HORZJURXQG �GU\
ELRPDVV��QRGXOH�QXPEHU�DQG�QRGXOH�ZHLJKW�SHU�URRW�ZHUH�KLJKHVW�LQ�7��VXEWHUUDQHXP������
J������QRGXOHV�SHU�URRW�DQG������J��UHVSHFWLYHO\���ZKLOH�WKH�ORZHVW�YDOXHV�ZHUH�UHFRUGHG�LQ
0��SRO\PRUSKD������J�������QRGXOHV�SHU�URRW�DQG������J��UHVSHFWLYHO\���7KH�SUHVHQW�UHVHDUFK
VKRZHG�WKDW�WKH�LQRFXOXP�ZLWK��%UDG\�5KL]RELXP�EDFWHULD�KDG�D�VLJQLILFDQW�LPSDFW�RQ�URRW
QRGXOH�IRUPDWLRQ�DQG�QRGXOH�ZHLJKW�SHU�URRW��ZLWK�KLJKHU�PHDQ�YDOXHV�LQ�WKH�WUHDWHG�JURXS
WKDQ�LQ�WKH�FRQWURO��+RZHYHU��QHLWKHU�DERYHJURXQG�GU\�ELRPDVV�QRU�URRW�GU\�ZHLJKW�ZHUH
SRVLWLYHO\ �DIIHFWHG� �$OWKRXJK �LQRFXOXP�SRVLWLYHO\ �LQIOXHQFHG �URRW �QRGXOH �IRUPDWLRQ �DQG
QRGXOH �ZHLJKW �SHU �URRW� �IXUWKHU �VWXGLHV �DUH �QHHGHG�WR �IXOO\ �XQGHUVWDQG�WKH �HIIHFWV �RI
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LQRFXOXP�RQ�GLIIHUHQW�SODQW�VSHFLHV�XQGHU�YDU\LQJ�HQYLURQPHQWDO�FRQGLWLRQV�
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%XVLQHVV�PRGHOV�IRU�VRLO�KHDOWK��WKH�1RYDVRLO�3URMHFW

E\�6LOYLD�7DYDULQL�_�'DQLHOH�9HUJDPLQL�_�/XFLDQR�3DJDQR�_�)UDQFHVFR�5LFFLROL�_�5REHUWD�0RUX]]R�_�%DUERUD
1RKORYD�_�'DQLHOH�$QWLFKL�_�/XFLDQD�*��$QJHOLQL�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW�
8QLYHUVLW\�RI�3LVD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�3LVD�_�'HSDUWPHQW�RI
$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�3LVD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG
(QYLURQPHQW��8QLYHUVLW\�RI�3LVD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�3LVD�_
'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�3LVD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG
DQG�(QYLURQPHQW��8QLYHUVLW\�RI�3LVD�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW��8QLYHUVLW\�RI
3LVD

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��6LOYLD�7DYDULQL
&RQWULEXWLRQ��3RVW

6RLOV�XQGHUSLQ�YDOXH�FKDLQV�E\�VXSSRUWLQJ�FURS�SURGXFWLYLW\��ELRGLYHUVLW\�DQG�OLYHOLKRRGV�DQG
WKH\�SOD\�D�FUXFLDO�UROH�LQ�ZDWHU�FULVHV�DQG�FOLPDWH�FKDQJH�PLWLJDWLRQ��*OREDOO\��RQH�WKLUG�RI
VRLOV�DUH�PRGHUDWHO\�WRR�KLJKO\�GHJUDGHG��D�VLWXDWLRQ�ZRUVHQLQJ�ZLWK�LQFUHDVHG�ODQG�XVH�IRU
IRRG��ILEHUV��DQG�ELRIXHOV��&OLPDWH�FKDQJH��GHIRUHVWDWLRQ��XUEDQL]DWLRQ��DQG�SRRU�DJULFXOWXUDO
PDQDJHPHQW�FRQWULEXWH�WR�GHJUDGLQJ�VRLOV��6RLO�GHJUDGDWLRQ�GHVWUR\V�HFRV\VWHPV�DQG�WKH
VHUYLFHV �WKH\ �SURYLGH �WR �VRFLHWLHV �DQG �HFRQRPLHV� �OHDGLQJ �WR �IHUWLOLW\ �ORVV� �OLYHOLKRRG
GLVUXSWLRQV��DQG�ZDWHU�VWUHVV��QHFHVVLWDWLQJ�RSHUDWLRQDO�VKLIWV�DQG�VXSSO\�FKDLQ�DGDSWDWLRQV�
7KH�LPSRUWDQFH�RI�VRLO�KHDOWK�DQG�WKH�FRQVHTXHQFHV�RI�ODQG�GHJUDGDWLRQ�DUH�LQFUHDVLQJO\
UHFRJQL]HG �DFURVV �VRFLHW\ ��H�J� �ORFDO �IDUPHUV� �EXVLQHVVHV �LQFOXGLQJ �WKH �ILQDQFLDO �DQG
LQVXUDQFH�VHFWRUV��ORFDO�DXWKRULWLHV�DQG�FLWL]HQV�RYHUDOO�� �,Q�WKLV�FRQWH[W��WKH�(8�IXQGHG
129$62,/��,QQRYDWLYH�%XVLQHVV�0RGHOV�IRU�6RLO�+HDOWK��SURMHFW�ZLOO�KLJKOLJKW�WKH�EHQHILWV�RI
LQYHVWLQJ�LQ�VRLO�IRU�VRFLHW\�DQG�WKH�HQYLURQPHQW��129$62,/
V�REMHFWLYHV�LQFOXGH�GHYHORSLQJ
FDVH�VWXGLHV�RQ�VRLO �KHDOWK�LQYHVWPHQWV� �DQDO\]LQJ�EXVLQHVV�PRGHOV �IRU �QHZ�LQFHQWLYHV�
HYDOXDWLQJ�FXUUHQW�SROLFLHV�WKDW�SURPRWH�EHVW�SUDFWLFHV��DQG�IRUPXODWLQJ�UHFRPPHQGDWLRQV
IRU�WKHLU�HQKDQFHPHQW��7KH�PDLQ�H[SHFWHG�RXWFRPHV�DUH�WKH�EXLOGLQJ�RI�D�&RPPXQLW\�RI
3UDFWLFH�DURXQG�SURMHFW�REMHFWLYHV�WR�FR�GHYHORS�VRLO�KHDOWK�EXVLQHVV�PRGHOV�DQG�D�WRROER[
IRU�WKH�DQDO\VLV�RI �VXLWDELOLW\�RI �GLIIHUHQW�EXVLQHVV�FDVHV�WKDW�SURPRWH�VRLO �KHDOWK� �7KLV
WRROER[�ZLOO�EH�EDVHG�RQ�D�VHW�RI�JRRG�H[DPSOHV�IURP�(XURSH�DQG�RWKHU�FRXQWULHV�DQG�WKH
QHHGV�DQG�GHPDQGV�IURP�WKH�VRFLHW\��129$62,/�LQFOXGHV����&DVH�6WXGLHV�ZLWK�EXVLQHVV
PRGHOV �WKDW �SURPRWH �VRLO �TXDOLW\ �DQG �SURGXFWV �EDVHG �RQ �VXVWDLQDEOH �FURS �DQG �VRLO
PDQDJHPHQW��$PRQJ�WKHVH��81,3,�LGHQWLILHG�WZR�FDVH�VWXGLHV�IRFXVHG�RQ�YDOXH�FKDLQ�DQG
SURGXFWV�EDVHG�RQ�VXVWDLQDEOH�ODQG�FURS�PDQDJHPHQW��7KH�ILUVW�FDVH�VWXG\���QDPHO\��$
PRGHO�IRU�PXOWLIXQFWLRQDO�DQG�VXVWDLQDEOH�ORFDO�GHYHORSPHQW�RI�PDUJLQDO�DUHDV����IRFXVHV�RQ
WKH�VRLO�DQG�DJURHFRV\VWHP�EHQHILWV�GHULYLQJ�IURP�WKH�WUDQVLWLRQ�IURP�WUDGLWLRQDO�FURSSLQJ
V\VWHPV�EDVHG�RQ�DQQXDO �FHUHDO �FURSV� �FRQYHQWLRQDOO\ �JURZQ� �WR �PXOWL�DQQXDO �FURSSLQJ
V\VWHPV�EDVHG�RQ�DURPDWLF�DQG�PHGLFLQDO�FURSV��RUJDQLFDOO\�PDQDJHG��LQ�WKH�KLOO\�DUHDV�RI
3LVD�SURYLQFH��7XVFDQ\���7KH�VHFRQG�FDVH�VWXG\���QDPHO\��&L5$$�/7(V����IRFXVHV�RQ�WKH
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EHQHILWV�IRU�VRLOV�GHULYLQJ�IURP�WKH�WUDQVLWLRQ�IURP�FRQYHQWLRQDO�DJULFXOWXUDO�V\VWHPV��EDVHG
RQ�SORZLQJ�DQG�VLPSOLILHG�FURS�URWDWLRQ��WR�V\VWHPV�EDVHG�RQ�UHGXFHG�WLOODJH��FRQVHUYDWLYH
IDUPLQJ�WHFKQLTXHV�DQG�RUJDQLF�IDUPLQJ��7KHVH�SUDFWLFHV�ZHUH�WHVWHG�VLQFH������LQ�D�VHULHV
RI �ORQJ�WHUP�ILHOG�H[SHULPHQWV��/7(V��FDUULHG�RXW�DW �WKH�&HQWUH�IRU�$JUL�HQYLURQPHQWDO
5HVHDUFK��(QULFR�$YDQ]L���&L5$$��RI�WKH�8QLYHUVLW\�RI�3LVD��PRVWO\�RQ�UHDO�ILHOG�VL]H�SORWV�
7KH�NQRZOHGJH�JDLQHG�IURP�WKHVH�FDVH�VWXGLHV�ZLOO�UHSUHVHQW�WKH�WRRO�IRU�HYDOXDWLQJ�WKH
HIILFLHQF\�RI�WKH�DFWLRQV�XQGHUWDNHQ��LQ�WHUPV�RI�LPSURYHPHQW�RI�VRLO�IHUWLOLW\��SURYLVLRQ�RI
HFRV\VWHP�VHUYLFHV��LQFUHDVH�LQ�SURGXFWLYLW\�DQG�UHVLOLHQFH�RI�WKH�DJURHFRV\VWHP��UHGXFWLRQ
RI�UHOLDQFH�RQ�H[WHUQDO�LQSXWV��YDORUL]DWLRQ�RI�WKH�ODQGVFDSH��DQG�WR�GHYHORS�EXVLQHVV�PRGHOV
DLPHG �DW �DGGLQJ �YDOXH �WR �DJURQRPLF �PDQDJHPHQW �DLPHG �DW �FRQVHUYLQJ �VRLO �KHDOWK�
$FNQRZOHGJPHQW��7KLV�SURMHFW�KDV�UHFHLYHG�IXQGLQJ�IURP�WKH�+RUL]RQ������3URJUDPPH
XQGHU�+25,=21�0,66������62,/��������,QFHQWLYHV�DQG�EXVLQHVV�PRGHOV�IRU�VRLO�KHDOWK��
*UDQW�$JUHHPHQW�Qd����������
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,PSURYLQJ�PDQXUH�QLWURJHQ�XVH�HIILFLHQF\�E\�PHDQV�RI
ELRFKDU�DV�DQ�DOWHUQDWLYH�WR�FKHPLFDO�IHUWLOL]DWLRQ
E\�/DPEHUWR�%RUUHOOL�_�'DQLHOH�&DYDOOL�_�0DVVLPR�9DODJXVVD�_�$OHVVDQGUD�/DJRPDUVLQR�_�&DUOD�6FRWWL�_
$OEHUWR�7RVFD�_�&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV���5HVHDUFK�&HQWUH�IRU�$QLPDO
3URGXFWLRQ�DQG�$TXDFXOWXUH�_�&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV���5HVHDUFK�&HQWUH�IRU
$QLPDO�3URGXFWLRQ�DQG�$TXDFXOWXUH�_�/DERUDWRULR�0$&���0LQRSULR�_�&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG
(FRQRPLFV���5HVHDUFK�&HQWUH�IRU�$JULFXOWXUH�DQG�(QYLURQPHQW�_�&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG
(FRQRPLFV���5HVHDUFK�&HQWUH�IRU�$QLPDO�3URGXFWLRQ�DQG�$TXDFXOWXUH�_�)RQGD]LRQH�0LQRSULR���0LQRSULR

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��/DPEHUWR�%RUUHOOL
&RQWULEXWLRQ��3RVW

0D[LPL]LQJ�QLWURJHQ��1��XVH�HIILFLHQF\�RI �DQLPDO�PDQXUHV�DQG�UHGXFLQJ�HQYLURQPHQWDO
SROOXWLRQ��UHTXLUHV�RSWLPDO�PDQDJHPHQW�GXULQJ�ERWK�PDQXUH�VWRUDJH�DQG�ILHOG�DSSOLFDWLRQ�
,Q�DQDHURELF�GLJHVWLRQ�SODQV��ELRFKDU�FRXOG�EH�XVHG�WR�FRYHU�VWRUDJH�WDQN�RI�WKH�OLTXLG
IUDFWLRQ�WR�FRQWDLQ�DPPRQLD�HPLVVLRQV��DQG�WR�LQFUHDVH�WKH�FDUERQ��&��FRQWHQW�RI�VRLOV�
HVSHFLDOO\�ZKHQ�UHSHDWHGO\�DSSOLHG�WR�WKH�VDPH�ILHOG��+RZHYHU��ELRFKDU�FRXOG�DIIHFW�VRLO
QXWULHQW�WXUQRYHU�DQG�FURS�\LHOG��7KLV�VWXG\�LQYHVWLJDWHV�WKH�HIIHFW�RI�ELRFKDU�DSSOLFDWLRQ�RQ
WKH�1�XVH�HIILFLHQF\�RI�GLJHVWDWHV�IRU�IRUDJH�SURGXFWLRQ�LQ�D�PDL]H��=HD�PD\V�/���,WDOLDQ
U\HJUDVV��/ROLXP�PXOWLIORUXP�/DP���FURSSLQJ�V\VWHP��DQG�RQ�WKH�DFFXPXODWLRQ�RI�&�LQ�VRLO��$
WZR�\HDU�ILHOG�H[SHULPHQW�ZDV�HVWDEOLVKHG�LQ�VSULQJ�������LQ�/RGL����d������1���d������(��
7KH�VRLO�ZDV�VDQG\�ORDP��ZLWK�VXE�DFLG�UHDFWLRQ��������WRWDO�1��DQG�������RUJDQLF�&��7KH
FOLPDWH�LV �VXE�FRQWLQHQWDO� �ZLWK������d&�PHDQ�DLU �WHPSHUDWXUH� �DQG�����PP�RI �\HDUO\
UDLQIDOOV��7KH�UHVXOWV�RI�WKH�ILUVW�\HDU��VSULQJ������VSULQJ�������DUH�UHSRUWHG��7KH�ELRFKDU
WUHDWPHQW�LV�H[SHFWHG�WR�SURYLGH���W�'0�KD���\HDU����L�H�����P��FRUUHVSRQGLQJ�WR�WKH�YROXPH
QHHGHG�WR�FRYHU�D�WDQN�ZLWK�D�GLDPHWHU�RI����P��DQG�GLVWULEXWHG�ZLWK�GLJHVWDWH��IRU�D�ILQDO
ELRFKDU�VXSSO\�RI����W�KD���LQ�ILYH�\HDUV��2QH�WUHDWPHQW�UHSUHVHQWHG�WKH�ILHOG�DW�\HDU���DQG��
RI�ELRFKDU�DFFXPXODWLRQ��%'LJ,���WKH�RWKHU��%'LJ)���WKH�ILHOG�DW�\HDU���DQG����$�WUHDWPHQW
IHUWLOL]HG�ZLWK�GLJHVWDWH��'LJ/)���DPPRQLXP�VXOSKDWH��$6��DQG�DQ�XQIHUWLOL]HG�FRQWURO��&WUO�
ZHUH�DOVR�FRQVLGHUHG��7KH�H[SHULPHQW�ZDV�GHVLJQHG�DV�D�UDQGRPL]HG�FRPSOHWH�EORFN��WKUHH
UHSOLFDWHV���ZLWK�SORWV�RI���P��:��j����P��/���7KH�OLTXLG�IUDFWLRQ�RI�GLJHVWHG�SLJ�VOXUU\�DQG
DPPRQLXP�VXOSKDWH������1�NJ�KD����ZHUH�LQFRUSRUDWHG�SULRU�PDL]H�VRZLQJ��-XQH����������
7KH�ILHOG�ZDV�LUULJDWHG�IRXU�WLPHV��-XQH�$XJXVW��DQG�KDUYHVWHG�IRU�VLODJH�RQ�2FWREHU��������
1�FRQFHQWUDWLRQ�RI�FKRSSHG�PDL]H�ZDV�GHWHUPLQHG��,WDOLDQ�U\HJUDVV�ZDV�VRZQ�RQ�1RYHPEHU
���������ZLWKRXW�DSSO\LQJ�IHUWLOL]DWLRQ��DQG�KDUYHVWHG�RQ�0D\����������7RSVRLO�������FP�
ZDV�VDPSOHG�SULRU�PDL]H�VRZLQJ�DQG�DIWHU�PDL]H�KDUYHVW�DQG�DQDO\]HG�IRU�WRWDO�1�DQG
RUJDQLF�&�FRQWHQW��6LODJH�PDL]H�SURGXFWLRQ�GLG�QRW�VLJQLILFDQWO\�GLIIHU�DPRQJ�WUHDWPHQWV�
KRZHYHU��WKH�XQIHUWLOL]HG�&WUO��DQG�%'LJ,�������DQG������W�'0�KD����UHVSHFWLYHO\��ZHUH�OHVV
SHUIRUPLQJ�WKDQ�%'LJ)��'LJ/)�DQG�$6�������������DQG������W�'0�KD����UHVSHFWLYHO\��DQG�WKLV
WUHQG�ZDV�FRQILUPHG�E\�WKH�VLJQLILFDQWO\�KLJKHU�1�XSWDNH�RI��%'LJ)�DQG�'LJ/)������DQG����
NJ�1�KD����UHVSHFWLYHO\��FRPSDUHG�WR�&WUO��DQG�%'LJ,�WUHDWPHQWV������DQG�����NJ�1�KD���
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UHVSHFWLYHO\���7KH�VRLO�DQDO\VLV�VKRZHG�DQ�LQFUHDVH�LQ�RUJDQLF�&�HTXDO�WR�������IRU�%'LJ)�
�����IRU�%'LJ,�������IRU�'LJ/)�������IRU�$6�DQG�D�GHFUHDVH�RI�����IRU�&WUO�WUHDWPHQW�ZKLOH
WKH�FRUUHVSRQGLQJ�UHVXOWV�IRU�WRWDO�1�ZHUH�������IRU�%'LJ)�������IRU�%'LJ,�������IRU�'LJ/)
DQG�$6�DQG�������IRU�&WUO�
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$GDSWDELOLW\�RI�FDVWRU�WR�KHDY\�PHWDOV�SROOXWHG�VRLO

E\�%DUEDUD�5DFKHOH�&LDUDPHOOD�_�9DOHULD�&DIDUR�_�$OHVVLR�6FDQGXUUD�_�&DUPHOD�3DWDQLD�_�&ULVWLQD�3DWDQf�_
6DOYDWRUH�/XFLDQR�&RVHQWLQR�_�*LRUJLR�7HVWD�_�8QLYHUVLWd�GHJOL�6WXGL�GL�&DWDQLD��'LS��GL�$JULFROWXUD�
$OLPHQWD]LRQH�H�$PELHQWH�_�&15��,%(�_�8QLYHUVLWd�GHJOL�6WXGL�GL�&DWDQLD���'LS��GL�$JULFROWXUD�
$OLPHQWD]LRQH�H�$PELHQWH�_�8QLYHUVLWd�GHJOL�6WXGL�GL�&DWDQLD��'LS��GL�$JULFROWXUD��$OLPHQWD]LRQH�H
$PELHQWH�_�&15��,%(�_�8QLYHUVLWd�GHJOL�6WXGL�GL�&DWDQLD��'LS��GL�$JULFROWXUD��$OLPHQWD]LRQH�H�$PELHQWH�_
8QLYHUVLWd�GHJOL�6WXGL�GL�&DWDQLD��'LS��GL�$JULFROWXUD��$OLPHQWD]LRQH�H�$PELHQWH

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��%DUEDUD�5DFKHOH�&LDUDPHOOD
&RQWULEXWLRQ��3RVW

7KH�(XURSHDQ�*UHHQ�'HDO�FRQVWLWXWHV�D�FRPSUHKHQVLYH�URDGPDS�IRU�WKH�(XURSHDQ�8QLRQ
ZLWK�WKH�DLP�RI�IDFLOLWDWLQJ�WKH�WUDQVLWLRQ�WRZDUGV�D�VXVWDLQDEOH��UHVRXUFH�HIILFLHQW�DQG�ORZ�
FDUERQ�HFRQRP\��7KH�LQLWLDWLYH�LV�FHQWHUHG�RQ�WKH�FRPPLWPHQW�WR�FRPEDW�FOLPDWH�FKDQJH�
SURWHFW�ELRGLYHUVLW\�DQG�SURPRWH�D�FLUFXODU�HFRQRP\��2QH�RI�WKH�NH\�FKDOOHQJHV�DGGUHVVHG
E\�WKH�(XURSHDQ�*UHHQ�'HDO�LV�WKH�UHPHGLDWLRQ�RI�FRQWDPLQDWHG�ODQGV�DQG�WKH�SURPRWLRQ�RI
VXVWDLQDEOH �ODQG �XVH �SUDFWLFHV� �3K\WRUHPHGLDWLRQ� �D �FRVW�HIIHFWLYH �DQG �HQYLURQPHQWDOO\
IULHQGO\ �DSSURDFK�WR �UHPHGLDWH �FRQWDPLQDWHG�VRLOV �XVLQJ �SODQWV� �KDV �LQFUHDVLQJO\ �EHHQ
UHFRJQL]HG �DV �D �VXVWDLQDEOH �UHPHGLDWLRQ �VWUDWHJ\ �DQG �RQH �RI �WKH �SODQWV �XVHG �IRU
SK\WRUHPHGLDWLRQ� �WKH �FDVWRU �EHDQ��5LFLQXV �FRPPXQLV �/�� �KDV �SDUWLFXODU �YDOXH �IRU �WZR
UHDVRQV� �)LUVW� �LW �WKULYHV �LQ �D �ZLGH �YDULHW\ �RI �VRLO �FRQGLWLRQV� �ZKLFK �DOORZV �LWV �XVH �LQ
UHPHGLDWLRQ�SURMHFWV�DFURVV�D�ZLGH�UDQJH�RI �ORFDWLRQV� �6HFRQG��LW �FDQ�DFFXPXODWH�KLJK
FRQFHQWUDWLRQV�RI�KHDY\�PHWDOV�DQG�RUJDQLF�SROOXWDQWV��PDNLQJ�LW�DQ�HIIHFWLYH�FKRLFH�IRU�WKH
UHPHGLDWLRQ �RI �FRQWDPLQDWHG �VLWHV� �7KH �LQWHJUDWLRQ �RI �SK\WRUHPHGLDWLRQ �SUDFWLFHV �ZLWK
FDVWRU �EHDQ �SODQWV �RQ �FRQWDPLQDWHG �ODQG �UHSUHVHQWV �DQ �LQQRYDWLYH �VROXWLRQ �WKDW
VLPXOWDQHRXVO\�DGGUHVVHV�HQYLURQPHQWDO�UHPHGLDWLRQ�DQG�ELRIXHO�SURGXFWLRQ��7KH�FDVWRU
EHDQ�LV�UHQRZQHG�IRU�LWV�KLJK�RLO�FRQWHQW��PDNLQJ�LW�DQ�LQYDOXDEOH�IHHGVWRFN�IRU�ELRIXHO
SURGXFWLRQ��%\�FXOWLYDWLQJ�WKH�FDVWRU�EHDQ�IRU�SK\WRUHPHGLDWLRQ�SXUSRVHV��D�GRXEOH�EHQHILW
LV�DFKLHYHG��)LUVWO\��FRQWDPLQDWHG�VRLOV�FDQ�EH�VXFFHVVIXOO\�UHPHGLDWHG��6HFRQGO\��ELRIXHOV
DUH�JHQHUDWHG��WKHUHE\�FRQWULEXWLQJ�WR�WKH�WUDQVLWLRQ�WRZDUGV�D�PRUH�VXVWDLQDEOH�HQHUJ\
V\VWHP�����,Q�WKLV�VWXG\��FDVWRU�EHDQ�ZDV�WHVWHG�LQ�VRLOV�FRQWDPLQDWHG�ZLWK�GLIIHUHQW�OHYHOV�RI
FDGPLXP�DQG�OHDG��7KH�WULDO�ZDV�FRQGXFWHG�LQ���/�SRWV�ZLWK�D�GLDPHWHU�RI���FP��$�EORFN
UDQGRPL]HG�H[SHULPHQWDO�GHVLJQ��LQYROYLQJ�WKUHH�UHSOLFDWLRQV��ZDV�XVHG�LQ�RUGHU�WR�HYDOXDWH
WKH�WROHUDQFH�RI�FDVWRU�EHDQ�LQ�VRLO�FRQWDPLQDWHG�E\�WZR�KHDY\�PHWDOV��&G�DQG�3E���7KH
KHDY\ �PHWDOV �ZHUH �DSSOLHG �WR �WKH �VRLO �LQ �WKH �IRUP �RI �&G�12�� �DQG �3E�12��� �7KH
FRQFHQWUDWLRQV�RI�WKH�VLQJOH�FRQWDPLQDQW�LQ�WKH�VRLO�ZHUH�GHWHUPLQHG�WR�EH������PJ�NJ���
�����PJ�NJ���DQG������PJ�NJ���RI�OHDG�LQ�WKH�VRLO��ZKLOH�WKH�FRQFHQWUDWLRQV�RI�FDGPLXP�ZHUH
GHWHUPLQHG�WR�EH�������������DQG�����PJ�NJ���RI�FDGPLXP�LQ�WKH�VRLO��0RUHRYHU��XQWUHDWHG
VRLO�DV�D�FRQWURO�JURXS�ZDV�DOVR�XVHG��7KURXJKRXW�WKH�H[SHULPHQWDO�SHULRG��WKH�SODQWV�ZHUH
VXEMHFWHG�WR�RSWLPDO�ZDWHULQJ�FRQGLWLRQV�DQG�ELRPHWULF�DQG�SK\VLRORJLFDO �PHDVXUHPHQW



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH����

ZHUH�FRQGXFWHG�HYHU\����GD\V��$W�WKH�HQG�RI�WKH�VHHGV�ULSHQLQJ�VWDJH��WKH�KDUYHVWHG�SODQWV
ZHUH�GULHG�LQ�D�YHQWLODWHG�RYHQ�DW�D�FRQVLVWHQW�WHPSHUDWXUH�RI���d�&�XQWLO�WKH\�DFKLHYHG�D
FRQVWDQW�ZHLJKW��7KH�UHVXOW�VKRZV�WKDW�FDVWRU�EHDQ�LV�FDSDEOH�RI�WROHUDWLQJ�WKH�SUHVHQFH�RI
KHDY\�PHWDOV�LQ�VRLO��)XUWKHUPRUH��LW�ZDV�REVHUYHG�WKDW�WKH�SUHVHQFH�RI�FDGPLXP�LQ�VRLO�KDG
WKH�PRVW�DGYHUVH�HIIHFW�RQ�SURGXFWLYLW\�
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,PSDFW�RI�GLIIHUHQW�FRYHU�FURSV�RQ�VRLO�FKHPLFDO�DQG�SK\VLFDO
SURSHUWLHV�LQ�PDL]H�FURSSLQJ�V\VWHPV
E\�2FWDYLDQ�&KLULDF�_�%DUEDUD�0RUHWWL�_�3DROR�&RORPEDWWR�_�0DVVLPR�%ODQGLQR�_�/DXUD�=DYDWWDUR�_�'69�
8QLYHUVLW\�RI�7XULQ�_�',6$)$��8QLYHUVLW\�RI�7XULQ�_�',6$)$��8QLYHUVLW\�RI�7XULQ�_�',6$)$��8QLYHUVLW\�RI
7XULQ�_�'69��8QLYHUVLW\�RI�7XULQ

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��2FWDYLDQ�&KLULDF
&RQWULEXWLRQ��3RVW

&RYHU�FURSV��&&� �DUH�ZLGHO\ �UHFRJQL]HG�IRU �WKHLU �SRVLWLYH �HIIHFWV �RQ�VRLO �SK\VLFDO �DQG
FKHPLFDO�SURSHUWLHV��+RZHYHU��VRLO�KHDOWK�EHQHILWV�RI�&&�LQ�WKH�DUDEOH�FURSSLQJ�V\VWHPV�PD\
UHTXLUH�VHYHUDO�\HDUV�EHIRUH�D�VLJQLILFDQW�FKDQJH�LV�HYLGHQFHG�DQG�UHVXOWV�FRXOG�EH�YDULHG�LQ
GHSHQGHQFH�RQ�&&�VSHFLHV��7KH�NQRZOHGJH�RI�WKH�GLYHUVLILHG�VRLO�EHQHILWV�LV�QHFHVVDU\�IRU
FKRRVLQJ�WKH�ULJKW�VSHFLHV�WR�WDUJHW�VSHFLILF�VRLO�KHDOWK�REMHFWLYHV��VXFK�DV�VRLO�RUJDQLF
PDWWHU�LQFUHDVH��VRLO�VWUXFWXUH�LPSURYHPHQW��RU�VRLO�OLIH�HQKDQFHPHQW��,Q�D�WKUHH�\HDU�ILHOG
WULDO ������������� �ZH �HYDOXDWHG �WKH �LPSDFW �RI �WKUHH �GLIIHUHQW �ZLQWHU �FRYHU �FURS
VSHFLHV�U\HJUDVV��/ROLXP�PXOWLIORUXP���YHWFK��9LFLD�YLOORVD���DQG�ZKLWH�PXVWDUG��6LQDSLV
DOED�� �FRPSDUHG �WR �D �FRQWURO �ZLWK �VSRQWDQHRXV �IORUD ��LQFOXGLQJ �/DPLXP
SXUSXUHXP��6WHOODULD�PHGLD��DQG�&HQWDXUHD�VSS���RQ�PDL]H��=HD�PD\V��FURS��7KH�PDL]H�ZDV
FXOWLYDWHG�IRU�JUDLQ�SURGXFWLRQ�RQ�VDQG\�ORDP�VRLO�LQ�1RUWKHUQ�,WDO\��:H�PRQLWRUHG�WKH
GHYHORSPHQW��\LHOG��ELRPDVV�SURGXFWLRQ��DQG�QXWULHQW�XSWDNH�RI�ERWK�&&V�DQG�PDL]H��,Q
VSULQJ�������DIWHU�WKUHH�\HDUV�RI�WUHDWPHQWV��VRPH�VRLO�SK\VLFDO�DQG�FKHPLFDO�SDUDPHWHUV
ZHUH �PHDVXUHG� �EXON �GHQVLW\ �DW �GLIIHUHQW �GHSWKV ������ �FP� �������FP� �DQG�������FP��
SHQHWUDWLRQ�UHVLVWDQFH�DORQJ�WKH�SURILOH��ZDWHU�LQILOWUDWLRQ�UDWH�DW�VRLO�VXUIDFH��VRLO�RUJDQLF�&
DQG�1��DQG�DYDLODEOH�3�DQG�.��7KH�GU\�ELRPDVV�SURGXFWLRQ�RI�&&�ZDV�KLJKHU�LQ�U\HJUDVV���
W�KD���IROORZHG�E\�YHWFK������W�KD��DQG�PXVWDUG������W�KD����+RZHYHU��WKH�1��3��DQG�.�XSWDNHV
RI�YHWFK������� ������ �DQG������NJ�KD�UHVSHFWLYHO\� �ZHUH�GRXEOH�WKRVH�RI �WKH�RWKHU�&&V
�U\HJUDVV������������DQG������NJ�KD�DQG�PXVWDUG�������������DQG������NJ�KD���0DL]H�JUDLQ
\LHOG �LQ �YHWFK �WUHDWPHQW �ZDV �����KLJKHU� �ZKLFK �ZHUH �QRW �GLIIHUHQW �IURP�WKH �FRQWURO�
&RPSDUHG�WR�WKH�FRQWURO��SHQHWUDWLRQ�UHVLVWDQFH�ZDV�����KLJKHU�LQ�YHWFK�DQG�U\HJUDVV�
ZKLOH�LW�ZDV����ORZHU�LQ�PXVWDUG��,Q�DGGLWLRQ��ZDWHU�LQILOWUDWLRQ�UDWHV�VKRZHG��������
ORZHU�YDOXHV�LQ�U\HJUDVV�DORQH�WKDQ�LQ�WKH�RWKHU�WUHDWPHQWV��1R�GLIIHUHQFHV�ZHUH�PHDVXUHG
LQ�VRLO�EXON�GHQVLW\�DPRQJ�WKH�WUHDWPHQWV��6LPLODUO\��VRLO�FKHPLFDO�DQDO\VLV�GLG�QRW�KLJKOLJKW
VLJQLILFDQW�GLIIHUHQFHV��9DULDWLRQV�LQ�SK\VLFDO�DVSHFWV�DUH�VWULFWO\�OLQNHG�WR�&&V�URRW�WUDLWV
DQG�VWUXFWXUH��DQG�PHDVXUDEOH�LQ�WKH�VKRUW�WHUP��'HSHQGLQJ�RQ�WKH�W\SH�RI�&&��WKH\�FDQ
HIIHFWLYHO\�UHGXFH�WKH�ULVNV�RI�VRLO�FRPSDFWLRQ�DQG�LPSURYH�ZDWHU�LQILOWUDWLRQ�UDWHV�GXULQJ
WKH�JURZLQJ�VHDVRQ��&RQYHUVHO\��WKH�FKDQJHV�LQ�FKHPLFDO�SDUDPHWHUV�QHHG�ORQJHU�WLPH�WR�EH
GHWHFWHG�E\�D�VWDQGDUG�VRLO�DQDO\VLV�
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$�FRXSOHG�V\VWHP�WKDW�FRPELQHV�D�FURSSLQJ�V\VWHP�PRGHO
DQG�D�VRIWZDUH�WRRO�WR�RSWLPL]HG�PDQXUH�UHGLVWULEXWLRQ
E\�0DUD�*DEEULHOOL�_�0DUFR�%RWWD�_�0DUFR�$FXWLV�_�*LRUJLR�5DJDJOLQL�_�0DULQD�$OOHJUH]]D�_�$OHVVLD�3HUHJR�_
'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI
$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO
DQG�(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG
(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO
6FLHQFHV��8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV�
8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��0DUD�*DEEULHOOL
&RQWULEXWLRQ��3RVW

7KH�LQFUHDVLQJ�LQWHQVLILFDWLRQ�RI�OLYHVWRFN�IDUPLQJ�UDLVHV�LQFUHDVLQJ�GLIILFXOWLHV�LQ�PDQDJLQJ
1�PDQXUH�PHHWLQJ�ERWK�HFRQRPLF�DQG�HQYLURQPHQWDO �VXVWDLQDELOLW\� �,Q �WKLV �FRQWH[W� �DQ
LQWHJUDWHG�V\VWHP�FRPELQLQJ�D�WRRO�IRU�RSWLPLVLQJ�WKH�UHGLVWULEXWLRQ�RI�PDQXUH�EHWZHHQ
IDUPV��0�722/��DQG�D�FURSSLQJ�V\VWHP�PRGHO��$5026$��KDV�EHHQ�GHYHORSHG�WR�VXSSRUW
VWDNHKROGHUV �LQ �LGHQWLI\LQJ�IHDVLEOH �VROXWLRQV �WR �PDLQWDLQ �FURS�SURGXFWLYLW\ �DQG�UHGXFH
HQYLURQPHQWDO�LPSDFW�RQ�D�ORFDO�RU�UHJLRQDO�VFDOH��:H�GHYHORSHG�WKH�0�722/�WR�PLQLPLVH
WKH�FRVWV��HLWKHU�PRQH\�RU�&2��HPLVVLRQ��RI�WUDQVSRUWLQJ�PDQXUH�IURP�1�VXUSOXV�IDUPV�WR�D
UDQJH�RI�1�GHILFLW�IDUPV��RQ�ZKLFK�FURS�1�UHTXLUHPHQWV�DUH�FXUUHQWO\�PHW�WKURXJK�WKH
SXUFKDVH �RI �PLQHUDO �IHUWLOLVHUV� �7KH �RSWLPLVDWLRQ �DOJRULWKPV �SHUIRUP �D �PXOWL�FULWHULRQ
EDODQFLQJ �WKDW �FRQVLGHUV �WKH �GLVWDQFHV �EHWZHHQ �1�VXUSOXV �VRXUFHV �DQG �1�GHILFLW
GHVWLQDWLRQV� �DV �ZHOO �DV �WKH�FRVWV �DQG�&2��HPLVVLRQV�DVVRFLDWHG�ZLWK�WKH�WUDQVSRUW �RI
PDQXUH�DQG�WKH�SXUFKDVH�DQG�SURGXFWLRQ�RI�PLQHUDO�IHUWLOLVHUV��7R�DSSO\�0�722/��LW�LV
QHFHVVDU\�WR�HVWLPDWH�WKH�PDQXUH�1�EDODQFH�RI�WKH�VSDWLDO�XQLWV�EHWZHHQ�ZKLFK�IORZV�DUH�WR
EH �RSWLPLVHG� �6SDWLDO �XQLWV �FDQ �FRUUHVSRQG �WR �IDUPV �RU �DGPLQLVWUDWLYH �DUHDV �VXFK �DV
PXQLFLSDOLWLHV��7KH�PDQXUH�1�EDODQFH�LV�FDOFXODWHG�DV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�SURGXFHG
PDQXUH�DQG�WKH�1�FXUUHQWO\�DSSOLHG��VR�VSDWLDO�XQLWV�ZLWK�D�SRVLWLYH�EDODQFH�DUH�FODVVLILHG�DV
VXUSOXV�1�VRXUFHV��ZKLOH�WKRVH�ZLWK�D�QHJDWLYH�EDODQFH�DUH�FODVVLILHG�DV�GHILFLW�1�VRXUFHV�
7KH�XVHU�SURYLGHV�WKH�WRRO�ZLWK�WKH�1�EDODQFH�YDOXHV�DQG�WKH�GLVWDQFHV�EHWZHHQ�VSDWLDO�XQLWV
DV �LQSXW� �,Q �WKH�/RPEDUG\�FDVH�VWXG\� �WKH�0�722/�ZDV�DSSOLHG�ZLWKLQ �HDFK�SURYLQFH
FRQVLGHULQJ�WKH�1�EDODQFH�DJJUHJDWHG�DW�WKH�PXQLFLSDOLW\�OHYHO�XVLQJ�WKH�UHJLRQDO�GDWDEDVH�
,Q �WKH �HVWLPDWH �RI �WKH �GLVWDQFH �WUDGH�RII �WKUHVKROG� �GHWHUPLQLQJ �PDQXUH �WUDQVSRUW
FRQYHQLHQFH�IRU�1�GHILFLW�GHVWLQDWLRQV��WKH�UHODWLYH�ZHLJKW�RI�FRVWV�DQG�HPLVVLRQV�FDQ�EH
PRGLILHG�E\�WKH�XVHU�
$5026$��D�SURFHVV�EDVHG�G\QDPLF�PRGHO�>�@��ZDV�WKHQ�DSSOLHG�LQ����PDQXUH�1�GHILFLW
IDUPV�WR�DVVHVV�WKH�HIIHFWV�RI�WKH�PDQXUH�IOX[HV�RSWLPL]DWLRQ��)RU�HDFK�IDUP��WZR�PDLQ�FURS
URWDWLRQV��GHULYHG�IURP�WKH�FURS�GDWD�LQFOXGHG�LQ�WKH�UHJLRQDO�GDWDEDVH��ZHUH�VLPXODWHG�IRU
���\HDUV��2Q�HDFK�IDUP�RI�WKH�UHJLRQ����VFHQDULRV�ZHUH�VLPXODWHG��D�FXUUHQW�VFHQDULR��ZLWK
PLQHUDO �IHUWLOL]HU�DSSOLFDWLRQ�RQO\� �DQ�DOWHUQDWLYH�VFHQDULR�ZLWK�PDQXUH�DSSOLFDWLRQ��VHW
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DFFRUGLQJ�WR�WKH�RXWFRPH�RI�0�722/�DQG�WKH�(8�QLWUDWH�GLUHFWLYH���DQG�D�VHFRQG�DOWHUQDWLYH
VFHQDULR�ZLWK�RSWLPL]HG�PDQDJHPHQW��UHGXFHG�IDOORZV��UHVLGXH�PDQDJHPHQW��FRYHU�FURSV��
0LQHUDO�IHUWLOL]HU�UHSODFHPHQW�ZLWK�PDQXUH�OHDGV�WR�YDULDEOH�HIIHFWV�RQ�QLWUDWH�OHDFKLQJ�LQ
WKH�VLPXODWHG�DUHDV� �:LWK �UHVSHFW �WR �WKH �FXUUHQW �VFHQDULR �OHDFKLQJ�OHYHOV� �LQ �WKH �ILUVW
DOWHUQDWLYH�VFHQDULR�ZHUH�VLPXODWHG�ERWK�LQFUHDVHG�DQG�GHFUHDVHG�OHDFKLQJ�UDWHV�GHSHQGLQJ
RQ�PDQXUH�W\SH� �VRLO �WH[WXUH�DQG�FURS�URWDWLRQ�W\SH� �7KH�WKLUG�VFHQDULR�DOORZHG�XV�WR
VWURQJO\�UHGXFH�WKH�OHDFKLQJ�JLYHQ�WKH�LQFUHDVHG�VRLO�FRYHU�DQG�OLWWHU�LQSXW��$�SRVLWLYH�HIIHFW
ZDV�DOVR�HVWLPDWHG�RQ�62&�VWRFN��7KH�SUHVHQWHG�LQWHJUDWHG�V\VWHP�DOORZV�WKH�HYDOXDWLRQ�RI
WKH�HQYLURQPHQWDO�DQG�DJURQRPLF�HIIHFWV�RI�WKH�RSWLPL]HG�PDQXUH�IOX[HV�UHGLVWULEXWLRQ�
)XUWKHU�DSSOLFDWLRQV�DUH�FXUUHQWO\�RQJRLQJ�LQ�'DQLVK�DQG�&DWDODQ�FDVH�VWXGLHV��352(19�
(5$QHW�(8�SURMHFW��
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$VVHVVLQJ�WKH�HIIHFW�RI�FURSSLQJ�V\VWHP��VRLO�SURSHUWLHV�DQG
FOLPDWH�RQ�1�2�HPLVVLRQ�WKURXJK�WKH�XVH�RI�WKH�VLPXODWLRQ
PRGHO�$5026$�RQ�D�UHJLRQDO�VFDOH
E\�*LRUJLR�5DJDJOLQL�_�0DUD�*DEEULHOOL�_�0DUFR�3HUIHWWR�_�0DUFR�%RWWD�_�1LFROD�$OHVVL�_�0DUFR�$FXWLV�_
$OHVVLD�3HUHJR�_�/HRQDUGR�9DULR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV���8QLYHUVLWd
GHJOL�6WXGL�GL�0LODQR�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV���8QLYHUVLWd�GHJOL
6WXGL�GL�0LODQR�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV���8QLYHUVLWd�GHJOL�6WXGL
GL�0LODQR�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV���8QLYHUVLWd�GHJOL�6WXGL�GL
0LODQR�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV���8QLYHUVLWd�GHJOL�6WXGL�GL
0LODQR�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV���8QLYHUVLWd�GHJOL�6WXGL�GL
0LODQR�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV���8QLYHUVLWd�GHJOL�6WXGL�GL
0LODQR�0LODQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR
0LODQR

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��*LRUJLR�5DJDJOLQL
&RQWULEXWLRQ��3RVW

7KH�DVVHVVPHQW�RI�JUHHQKRXVH�JDVHV�HPLVVLRQV��*+*��IURP�FURSSLQJ�V\VWHP�LV�DVVXPLQJ
LQFUHDVLQJ�UHOHYDQFH�LQ�WKH�HYDOXDWLRQ�RI�PLWLJDWLRQ�SRWHQWLDO�RI�DOWHUQDWLYH�VRLO�DQG�FURS
PDQDJHPHQW�SUDFWLFHV��&KDWDXW�HW�DO����������7KH�PDLQ�*+*�HPLWWHG�IURP�QRQ�IORRGHG�VRLOV
DUH�FDUERQ�GLR[LGH��&2���DQG�QLWURXV�R[LGH��1�2���1�2��LQ�SDUWLFXODU��EHLQJ�DQ�XQGHVLUHG�FR�
SURGXFW�RI�QLWULILFDWLRQ�DQG�GHQLWULILFDWLRQ�SURFHVVHV�RFFXUULQJ�LQ�WKH�VRLO�DQG�GXH�WR�LWV
UDGLDWLYH �IRUFLQJ� �LV �FRQVLGHUHG �D �NH\ �LQGLFDWRU �RI �WKH �HQYLURQPHQWDO �VXVWDLQDELOLW\ �RI
PDQDJHG�VRLOV��7KH�,3&&�KDV�SURSRVHG�D�VLPSOH�PHWKRGRORJ\�WR�HVWLPDWH�1�2�HPLVVLRQ�IURP
PDQDJHG�VRLO��EDVHG�RQ�D�OLQHDU�UHODWLRQVKLS�EHWZHHQ�QLWURJHQ�LQSXWV�WR�VRLO�DQG�HPLVVLRQV�
WKDW�UHOLHV�RQ�WKH�VR�FDOOHG�(PLVVLRQ�)DFWRUV��()���7KLV�PHWKRG��GHYHORSHG�WR�VXSSRUW�WKH
HPLVVLRQ�LQYHQWRU\�DW�FRXQWU\�OHYHO��LV�RIWHQ�XVHG�DOVR�WR�HVWLPDWH�WKH�LPSDFWV�DVVRFLDWHG�WR
DJULFXOWXUDO�SURGXFWLRQ��HYHQ�ZKHQ�LW�LV�XQVXLWHG�WR�UHSUHVHQW�VLWH�VSHFLILF�HQYLURQPHQWDO
DQG �PDQDJHPHQW �FRQGLWLRQV� �() �DUH �HPSLULFDOO\ �FDOFXODWHG �DV �WKH �VORSH �RI �WKH �OLQHDU
UHJUHVVLRQ�EHWZHHQ�PHDVXUHG�HPLVVLRQV�DQG�LQFUHDVLQJ�OHYHOV�RI�PLQHUDO�1�DYDLODELOLW\�LQ
WKH�VRLO�DORQJ�WKH�FURSSLQJ�VHDVRQ��$�PHWDQDO\VLV�RI�.LP�HW�DO���������HYLGHQFHG�WKDW�GLUHFW
1�2�()�DUH�QRW�FRQVWDQW��EXW�WKH\�FDQ�YDU\�ZLWK�LQFUHDVLQJ�1�LQSXW�VKRZLQJ�ERWK�OLQHDU�DQG
QRQ�OLQHDU�UHVSRQVH�GHSHQGLQJ�RQ�WKH�H[SHULPHQWDO�FRQGLWLRQV��7KH�HVWLPDWLRQ�RI�()�LV
ODUJHO\�DIIHFWHG�E\�WKH�XQFHUWDLQW\�RI�PHDVXUHG�1�2�VRLO�IOX[HV��0HDVXULQJ��1�2�VRLO�IOX[HV
LV�H[WUHPHO\�FKDOOHQJLQJ�GXH�WR�WKH�VSRW�QDWXUH�RI�HPLVVLRQ�SHDNV��XVXDOO\�DVVRFLDWHG�ZLWK
HYHQWV�FDXVLQJ�DQ�LQFUHDVH�RI�PLQHUDO�QLWURJHQ�DYDLODELOLW\�LQ�WKH�VRLO�DQG�D�QXPEHU�RI
HQYLURQPHQWDO�DQG�PDQDJHPHQW�IDFWRUV�GLUHFWO\�DQG�LQGLUHFWO\�HIIHFWLQJ�WKH�SURGXFWLRQ�RI
1�2��:LWKLQ�WKH�/,)(���SURMHFW�$*5(67,&��ZH�DLPHG�DW�DQDO\]LQJ�WKH�SDWWHUQ�RI�()�XQGHU�D
UDQJH�RI�SHGR�FOLPDWLF�DQG�PDQDJHPHQW�FRQGLWLRQV�LQ�WKH�SODLQ�DUHD�RI�(PLOLD�5RPDQLD
XVLQJ�WKH�FURSSLQJ�V\VWHP�VLPXODWLRQ�PRGHO�$5026$��FDOLEUDWHG�RQ�PHDVXUHG�1�2�IOX[HV�RI
D �IRXU�\HDU�ILHOG �H[SHULPHQW� �1�2�VRLO �IOX[HV�ZHUH�PHDVXUHG�LQ �WZR�GLIIHUHQW �FURSSLQJ
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V\VWHPV��&&6�DQG�(&6��LQ�FRQWLQXRXV����PHDVXUHV�SHU�GD\V�SHU�UHSOLFDWH�SHU�V\VWHP��E\
PHDQV�RI�IRXU�IORZ�WKURXJK�QRQ�VWHDG\�VWDWH�DXWRPDWLF�FKDPEHUV�SHU�V\VWHP�DQG�WKH�RSWLFDO
DQDO\]HU��7HOHG\QH�;;;�� �LQ �D �SLORW �IDUP�ORFDWHG�LQ�QRUWKHUQ�,WDO\ ��5DYHQQD�� �7KH�WZR
FURSSLQJ�V\VWHPV�ZHUH�PDQDJHG�DFFRUGLQJ�WR �FRQYHQWLRQDO ��&&6��DQG�ORZ�LQSXW ��(&6�
DSSURDFKHV��7KH\�HPSOR\HG�WKH�IROORZLQJ�FURS�URWDWLRQ��PDL]H��GXUXP�ZKHDW��SURFHVVLQJ
WRPDWR��GXUXP�ZKHDW��&&6���SHD��GXUXP�ZKHDW���DOIDOID��SURFHVVLQJ�WRPDWR��GXUXP�ZKHDW
��DOIDOID��(&6���1�2�GDLO\�IOX[HV��WRJHWKHU�&2��IOX[HV��VRLO�PRLVWXUH�DQG�WHPSHUDWXUH��FURS
DERYHJURXQG�ELRPDVV��\LHOG�DQG�QLWURJHQ�XSWDNH�DOORZHG�WKH�FDOLEUDWLRQ�DQG�YDOLGDWLRQ�RI
$5026$�VLPXODWLRQ�PRGHO��3HUHJR�HW�DO���������*DEEULHOOL�HW�DO���������7KH�UHJLRQDO�XS�
VFDOLQJ�ZDV�SHUIRUPHG�E\�UXQQLQJ�WKH�YDOLGDWHG�PRGHO�RQ�WKH�$JUL�&DVW�FOLPDWH�JULG������
WR�������DFFRUGLQJ�ZLWK�D�IDFWRULDO�GHVLJQ�LQFOXGLQJ����PDQDJHPHQW�V\VWHPV����VRLO�WH[WXUH
FODVVHV�DQG���62&�OHYHOV��2XU�UHVXOWV�ILJXUH�RXW�WKDW�WKH�1�2�()�UHVSRQG�WR�LQFUHDVLQJ�OHYHOV
RI�QLWURJHQ�QRQ�OLQHDUO\�DQG�GLIIHUHQWO\�DFFRUGLQJ�ZLWK�WKH�VRLO�WH[WXUH�DQG�WKH�62&�OHYHO�
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6XPPDULVLQJ�VRLO�RUJDQLF�FDUERQ�FKDQJHV�IURP�VFLHQWLILF
OLWHUDWXUH�XVLQJ�QDWXUDO�ODQJXDJH�SURFHVVLQJ
E\�/XFD�%HFKLQL�_�$OILR�)HUUDUD�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��/XFD�%HFKLQL
&RQWULEXWLRQ��3RVW

)LHOG �H[SHULPHQWV �PHDVXUH �WKH �DJURQRPLF �DQG �HQYLURQPHQWDO �HIIHFWV �RI �FURS �DQG �VRLO
PDQDJHPHQW�SUDFWLFHV��:KHQ�GRLQJ�D�OLWHUDWXUH�UHYLHZ�XVLQJ�FRPPRQ�FLWDWLRQ�GDWDEDVHV�
LGHQWLI\LQJ �WKH �HIIHFW �$ �FDXVHG �E\ �SUDFWLFH �% �DQG �LWV �GLUHFWLRQ ��LQFUHDVH� �VWDELOLW\� �RU
GHFUHDVH��LV�YHU\�GLIILFXOW�EHFDXVH�$�FDQ�EH�IRXQG�LQ�WKH�VDPH�WH[W�ZLWK�%��HYHQ�LI�WKH�WH[W
GRHV�QRW�GHVFULEH�WKHLU�FDXVH�HIIHFW�UHODWLRQVKLS��7KH�DLP�RI�WKLV�ZRUN�ZDV�WR�XVH�QDWXUDO
ODQJXDJH�SURFHVVLQJ��1/3��WR�FRXQW�WKH�QXPEHU�RI�DEVWUDFWV�ZKLFK�UHSRUW�DQ�LQFUHDVH��D
GHFUHDVH��RU�D�ODFN�RI�HIIHFW�RI�VHYHUDO�DJULFXOWXUDO�PDQDJHPHQW�SUDFWLFHV�RQ�VRLO�RUJDQLF
FDUERQ��62&���:H�ZRUNHG�RQ�D�FRUSXV�RI�DERXW���������VHQWHQFHV�IURP��������DEVWUDFWV�RI
WKH�6FRSXV�GDWDEDVH�������������FRQWDLQLQJ�D�UHIHUHQFH�WR�62&�DQG�WR�RQH�RU�PRUH�RI�WKHVH
SUDFWLFHV� �WLOODJH� �FRYHU �FURSV� �IHUWLOLVDWLRQ� �UHVLGXH �PDQDJHPHQW� �FURS �URWDWLRQ�
LQWHUFURSSLQJ��8VLQJ�1/3��IURP�WKDW�FRUSXV�ZH�H[WUDFWHG�D�VHW�RI�FDXVDO�VWDWHPHQWV��WKDW�LV
D�VHW�RI�WULSOHV�RI�WKH�IRUP��$��3��7!�ZKHUH��$�LV�D�FRQFHSW�UHSUHVHQWLQJ�D�SUDFWLFH�WKDW�LV
LQWHQGHG�DV�WKH�$JHQW�RI�WKH�FDXVDO�VWDWHPHQW��3�LV�D�FRQFHSW�UHSUHVHQWLQJ�WKH�FDXVDO�DFWLRQ
GXH�WR�WKH�$JHQW��L�H���LQFUHDVH��GHFUHDVH��QR�HIIHFW���7�LV�D�FRQFHSW�UHSUHVHQWLQJ�WKH�WDUJHW
�L�H��WKH�HIIHFW��RI�WKH�FDXVDO�DFWLRQ�GXH�WR�WKH�$JHQW��H�J���RUJDQLF�IHUWLOLVDWLRQ��LQFUHPHQW�
62&!�FRPLQJ�IURP�WKH�VHQWHQFH��7KH�DSSOLFDWLRQ�RI�ULFH�VWUDZ�UHVLGXH�DQG�RUJDQLF�PDQXUH
LQFUHDVHG�RUJDQLF�FDUERQ��WRWDO�QLWURJHQ�DQG�1+�

����:H�PDQXDOO\�YDOLGDWHG�WKLV�SURFHGXUH
RQ�����VHQWHQFHV��REWDLQLQJ�������IDOVH�SRVLWLYH�UHVXOWV��L�H��WKH�WULSOH�ZDV�QRW�SUHVHQW�LQ
WKH�VHQWHQFH�EXW�ZDV�FRQVLGHUHG�SUHVHQW�E\�RXU�SURFHGXUH��DQG�������IDOVH�QHJDWLYH�UHVXOWV
�L�H��WKH�WULSOH�ZDV�SUHVHQW�LQ�WKH�VHQWHQFH��EXW�ZDV�QRW�UHFRJQLVHG�E\�RXU�SURFHGXUH���:H
ILQDOO\�XVHG�WKLV�SURFHGXUH�WR�DXWRPDWLFDOO\�VXPPDULVH�WKH�HIIHFWV�RI�PDQDJHPHQW�SUDFWLFHV
RQ�62&�IRXQG�LQ�WKH�HQWLUH�FRUSXV��)URP�WKH�ZKROH�VHW�RI�DEVWUDFWV��ZH�IRXQG������WULSOHV
GHVFULELQJ�WKH�HIIHFW�RI�PDQDJHPHQW�SUDFWLFHV�RQ�62&��0RVW�RI�WKH�WULSOHV�������GHDOW�ZLWK
IHUWLOLVDWLRQ������RQ�FRQVHUYDWLRQ�DJULFXOWXUH������RQ�FURS�UHVLGXH�PDQDJHPHQW�����RQ
FRQYHQWLRQDO�WLOODJH��DQG����RQ�FRYHU�FURSV��$V�H[SHFWHG��FRYHU�FURSV�LQFUHDVH�62&�PRUH
IUHTXHQWO\������WULSOHV��WKDQ�EDUH�VRLO�������DQG�VR�GR�RUJDQLF��������YV��LQRUJDQLF�������RU
QR������IHUWLOLVDWLRQ��FURS�UHVLGXH�DGGLWLRQ�������YV��UHPRYDO�������FURS�URWDWLRQ�������YV�
PRQRFURSSLQJ�������FRQVHUYDWLRQ�������YV��FRQYHQWLRQDO�DJULFXOWXUH��������7KDQNV�WR�RXU
RQWRORJ\��ZH�FRXOG�DOVR�GHWDLO�WKH�VSHFLILF�SUDFWLFHV�RI�HDFK�FDWHJRU\��H�J��PDQXUH�LQFUHDVHG
62&�LQ�PRUH�WULSOHV�������FRPSDUHG�WR�VOXUU\������DQG�GLJHVWDWH������:KLOH�WKHVH�UHVXOWV�PD\
VHHP�REYLRXV�JLYHQ�WKDW�WKH\�UHSRUW�HYLGHQFH�WKDW�LV�DOUHDG\�NQRZQ��WKLV�WHFKQLTXH�KDV
GHPRQVWUDWHG�WR�KDYH�D�JUHDW�SRWHQWLDO�WR�TXLFNO\�SURYLGH�D�TXDOLWDWLYH�VXPPDU\�RI�WKH
LPSDFW�RI�DJULFXOWXUDO�SUDFWLFHV�DQG�WR�DXWRPDWLFDOO\�LGHQWLI\�UHOHYDQW�SDSHUV�LQ�D�JLYHQ
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VFLHQWLILF �GRPDLQ� �WKXV�VSHHGLQJ�XS�GRFXPHQW�VHDUFK�IRU�PHWD�DQDO\VHV�DQG�V\VWHPDWLF
UHYLHZV�
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([SORULQJ�WKH�LPSDFW�RI�WLOODJH�DQG�QLWURJHQ�IHUWLOL]DWLRQ�RQ
DFU\ODPLGH�ULVN�LQ�GXUXP�ZKHDW�SURGXFWV
E\�/XLJL�7HGRQH�_�7HUHVD�6DUGRQH�_�*LRYDQQD�0DUWD�)XVFR�_�5RVDOLQGD�1LFDVWUR�_�$QQDOLQGD�&DSRQH�_
*LXVHSSH�'H�0DVWUR�_�%LDJLR�0RUURQH�_�3HWURQLD�&DULOOR�_�'HS��RI�6RLO��3ODQW�DQG�)RRG�6FLHQFHV�
8QLYHUVLW\�RI�%DUL�$OGR�0RUR�_�'HS��RI�6RLO��3ODQW�DQG�)RRG�6FLHQFHV��8QLYHUVLW\�RI�%DUL�$OGR�0RUR�_�'HS�
(QYLURQPHQWDO��%LRORJLFDO�DQG�3KDUPDFHXWLFDO�6FLHQFHV�DQG�7HFKQRORJLHV��8QLYHUVLW\�RI�&DPSDQLD�/�
9DQYLWHOOL�_�'HS��(QYLURQPHQWDO��%LRORJLFDO�DQG�3KDUPDFHXWLFDO�6FLHQFHV�DQG�7HFKQRORJLHV��8QLYHUVLW\�RI
&DPSDQLD�/��9DQYLWHOOL�_�'HS��2I�(QJLQHHULQJ��8QLYHUVLW\�RI�&DPSDQLD�/��9DQYLWHOOL�_�'HS��RI�6RLO��3ODQW
DQG�)RRG�6FLHQFHV��8QLYHUVLW\�RI�%DUL�$OGR�0RUR�_�'HS��2I�(QJLQHHULQJ��8QLYHUVLW\�RI�&DPSDQLD�/�
9DQYLWHOOL�_�'HS��(QYLURQPHQWDO��%LRORJLFDO�DQG�3KDUPDFHXWLFDO�6FLHQFHV�DQG�7HFKQRORJLHV��8QLYHUVLW\�RI
&DPSDQLD�/��9DQYLWHOOL

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��*LRYDQQD�0DUWD�)XVFR
&RQWULEXWLRQ��3RVW

3URGXFLQJ�KLJK�TXDOLW\�GXUXP�ZKHDW�LV�FKDOOHQJLQJ�GXH�WR�HQYLURQPHQWDO�FRQGLWLRQV�DQG
FURS�PDQDJHPHQW��ZKLFK�DOWHU�WKH�NHUQHOV
�PHWDEROLF�SURILOH��LQFUHDVLQJ�DVSDUDJLQH�DQG
KH[RVHV��WKXV�OHDGLQJ�WR�DFU\ODPLGH�IRUPDWLRQ�GXULQJ�KLJK�WHPSHUDWXUH�FRRNLQJ��/LPLWHG
LQIRUPDWLRQ�H[LVWV�RQ�KRZ�DOWHUQDWLYH�WLOODJH�DQG�QLWURJHQ�PDQDJHPHQW��DIIHFW�WKH�PHWDEROLF
SURILOH�DQG�DFU\ODPLGH�SURGXFWLRQ��,Q�D�SUHYLRXV�VWXG\�RQ�GXUXP�ZKHDW��7ULWLFXP�WXUJLGXP
/��VXEVS��GXUXP�FY��,ULGH��FXOWLYDWHG�LQ�RSHQ�ILHOG�GXULQJ������������ZLWKLQ�D�ORQJ�WHUP
RSHQ�ILHOG�H[SHULPHQW�IURP�����������LQ�URWDWLRQ�ZLWK�IDED�EHDQ��ZH�HYDOXDWHG�WKH�HIIHFWV
RI�WLOODJH�V\VWHPV�DQG�1�DSSOLFDWLRQ�RQ�WKH�PHWDEROLF�SURILOH�RI�WKH�NHUQHOV��6LJQLILFDQW
GLIIHUHQFHV�ZHUH�IRXQG�IRU�WKH�WUHDWPHQWV�&RQYHQWLRQDO�7LOODJH��&7�����DQG�����5HGXFHG
7LOODJH��57������DQG�1R�7LOODJH��17������)URP�WKH�NHUQHOV�RI�WKHVH�WUHDWPHQWV��ZH�KDYH�QRZ
REWDLQHG�WKUHH�ZKHDW�IUDFWLRQV��EUDQ��IORXU��DQG�VHPROLQD��DQG�DVVHVVHG�WKHLU�DFU\ODPLGH
FRQWHQW�DIWHU�EDNLQJ��17����DFKLHYHG�WKH�KLJKHVW�\LHOG��������DQG�WRWDO�SURWHLQ�FRQWHQW
�������DV�ZHOO�DV�IHZHU�YLWUHRXV�NHUQHOV�DQG�EURNHQ�NHUQHOV��ZKLOH�&7����VKRZHG�WKH
JUHDWHVW�VROXEOH�SURWHLQV�FRQWHQW���������FRPSDUHG�WR�WKH�DYDUDJH�RI�RWKHU�WUHDWPHQWV��,Q
FRQWUDVW� ����� �NHUQHO �DQG �KHFWROLWUH �ZHLJKW �LQFUHDVHG �LQ �57 �DQG �17 �WUHDWPHQWV �EXW
GHFUHDVHG�XQGHU�KLJKHU�1�OHYHOV��57����KDG�WKH�KLJKHVW�OHYHOV�RI�WRWDO�DQG�HVVHQWLDO�DPLQR
DFLGV��LQFOXGLQJ�DVSDUDJLQH�DQG�JOXWDPLQH�������DQG��������UHVSHFWLYHO\��DQG�RI�JOXFRVH
DQG�IUXFWRVH�������DQG�����UHVSHFWLYHO\���ZKLFK�DUH�WKH�PHWDEROLWHV�LQYROYHG�LQ�DFU\ODPLGH
IRUPDWLRQ��,Q�SDUWLFXODU��WKH�KLJKHVW�YDOXH�RI�DFU\ODPLGH�ZDV�SUHVHQW�LQ�EUDQ�IURP�&7���
���������ZKLOH�LQ�IORXU�DQG�VHPROLQD�WKH�KLJKHVW�FRQWHQWV�ZHUH�LQ�57���������DQG������
UHVSHFWLYHO\��FRPSDUHG��WR�WKH�DYHUDJH�RI�RWKHU�WUHDWPHQWV��%DODQFLQJ�HFR�IULHQGO\�SUDFWLFHV
DQG�IRRG�VDIHW\�LV�FUXFLDO�IRU�RSWLPL]LQJ�\LHOG�DQG�TXDOLW\�ZKLOH�PLWLJDWLQJ�DFU\ODPLGH�ULVNV�
17����RIIHUV�KLJKHU�\LHOGV��EHWWHU�QLWURJHQ�XVH�HIILFLHQF\��DQG�ORZHU�DVSDUDJLQH�DQG�VXJDU
FRQWHQW� �&7 ��� �FRUUHODWHV �ZLWK �KLJKHU �VROXEOH �SURWHLQV �DQG �VXFURVH� �KLJKOLJKWLQJ �WKH
PHWDEROLF�LPSDFW�RI�GLIIHUHQW�WLOODJH�SUDFWLFHV��%RWK�57����DQG�&7����KDYH�KLJK�DFU\ODPLGH
OHYHOV��ZLWK�&7����VKRZLQJ�KLJK�FRQWHQW�LQ�EUDQ�DQG�57����LQ�ERWK�IORXU�DQG�VHPROLQD��7KH
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KLJK�DFU\ODPLGH�OHYHOV�LQ�WKHVH�ORZ�1�WUHDWPHQWV�SRVH�VLJQLILFDQW�IRRG�VDIHW\�FRQFHUQV�GXH
WR�LWV �SRWHQWLDO �FDUFLQRJHQLF �HIIHFWV� �)XUWKHU �UHVHDUFK�LV �QHHGHG�WR �UHILQH�SUDFWLFHV �WR
RSWLPL]H�\LHOG�DQG�PLQLPL]H�DFU\ODPLGH�IRUPDWLRQ��HQVXULQJ�VDIH�GXUXP�ZKHDW�SURGXFWLRQ�
HVSHFLDOO\�LQ�DULG�UHJLRQV�
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&KHPLFDO�DQG�ELRORJLFDO�VROXWLRQV�WR�LPSURYH�PDQXUH
QLWURJHQ�XVH�HIILFLHQF\
E\�3LHWUR�0DULQR�*DOOLQD�_�'DQLHOH�&DYDOOL�_�$QGUHD�*DVSDULQL�_�5REHUWR�)XFFHOOD�_�/RUHQ]D�0LFKHORQ�_
*LRYDQQL�&DEDVVL�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG�(QYLURQPHQWDO�6FLHQFHV�j�3URGXFWLRQ��/DQGVFDSH�
$JURHQHUJ\�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_�&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV��
5HVHDUFK�&HQWUH�IRU�$QLPDO�3URGXFWLRQ�DQG�$TXDFXOWXUH�_�&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG
(FRQRPLFV���5HVHDUFK�&HQWUH�IRU�$QLPDO�3URGXFWLRQ�DQG�$TXDFXOWXUH�_�'HSDUWPHQW�RI�$JULFXOWXUDO�DQG
(QYLURQPHQWDO�6FLHQFHV�j�3URGXFWLRQ��/DQGVFDSH��$JURHQHUJ\�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR�_
&RQGLIHVD�/RPEDUGLD�1RUG�(VW�_�&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV���5HVHDUFK�&HQWUH�IRU
$QLPDO�3URGXFWLRQ�DQG�$TXDFXOWXUH

$EVWUDFW�,'����
7RSLF��6RLO

3UHVHQWHU�1DPH��3LHWUR�0DULQR
&RQWULEXWLRQ��3RVW

,Q�LQWHQVLYH�OLYHVWRFN�V\VWHPV��PDL]H��=HD�PD\V �/�� �LV �FRPPRQO\�IHUWLOL]HG�ZLWK�DQLPDO
PDQXUHV�DSSOLHG�SULRU�VRZLQJ��DQG�PLQHUDO�IHUWLOL]HUV�DW�VLGH�GUHVVLQJ��0LQHUDO�QLWURJHQ��1�
DFFXPXODWHV�LQ�VRLO�GXULQJ�ZKHQ�PDL]H�SODQWV�GR�QRW�WDNH�LW�XS�DW�IDVW�UDWHV��9��9����DQG
WKXV�LW �LV �VXVFHSWLEOH �WR �OHDFKLQJ� �1LWULILFDWLRQ�LQKLELWRUV �ZHUH�DGRSWHG�WR �UHGXFH�12�

�

SURGXFWLRQ�IURP�PLQHUDO�IHUWLOL]HUV��5HFHQWO\��DSSOLFDWLRQ�RI�1�IL[LQJ�EDFWHULD�RQ�WKH�FDQRS\
ZDV�SURSRVHG�DV�VXEVWLWXWH�RI�PLQHUDO�IHUWLOL]DWLRQ��,Q�ZLQWHU�������WZR�ILHOG�H[SHULPHQWV
ZHUH�HVWDEOLVKHG��2U]LQXRYL� ���d������1�DQG��d������(� �DQG�%DVLJOLR� ���d������1�DQG
�d������(����WR�VWXG\�WKH�HIIHFWV�RI�D�QLWULILFDWLRQ�LQKLELWRU�DQG�1�IL[LQJ�EDFWHULD�RQ�WKH�\LHOG
DQG�1�XSWDNH�RI�PDL]H��7KH�ILHOG�H[SHULPHQWV�FRQVLGHUHG�WKH�IDFWRULDO�FRPELQDWLRQ�RI�WZR
IHUWLOL]DWLRQ�WUHDWPHQWV��PLQHUDO�IHUWLOL]HU�DQG�FDWWOH�VOXUU\���ZLWK�WKH�IROORZLQJ�PDQDJHPHQW
WUHDWPHQWV��QRQH��&.���DSSOLFDWLRQ�RI�D�QLWULILFDWLRQ�LQKLELWRU��,1���DSSOLFDWLRQ�RI�D�1�IL[LQJ
EDFWHULD��%)���([SHULPHQWV�ZHUH�GHVLJQHG�DV�VSOLW�SORW��ZLWK�IHUWLOL]DWLRQ�WUHDWPHQWV�LQ�PDLQ
SORWV ��DUUDQJHG �LQ �UDQGRPL]HG �FRPSHWH �EORFN �ZLWK �IRXU �UHSOLFDWHV�� �DQG �PDQDJHPHQW
WUHDWPHQWV�LQ�VXE�SORWV������P�j������P�DQG�����P�j������P�DW�2U]LQXRYL�DQG�%DVLJOLR�
UHVSHFWLYHO\���:LWKLQ�HDFK�EORFN��DQ�XQIHUWLOL]HG�SORW�ZDV�LQFOXGHG��$PPRQLXP�VXOSKDWH�DQG
VOXUULHV�ZHUH�DSSOLHG�DW�������NJ�1+��1�KD���DQG��DV�WKH�QLWULILFDWLRQ�LQKLELWRU�,VWLQFWc������O
KD�����LQFRUSRUDWHG�SULRU�VRZLQJ���7KH�%OXH1c��FRQWDLQLQJ�1�IL[LQJ�EDFWHULD��ZDV�VSUHDG�RQ
PDL]H�SODQWV�DW�WKH�9��VWDJH������J�KD�����0DL]H�ZDV�VRZQ�RQ����0DUFK�DQG����0DUFK�DQG
KDUYHVWHG�IRU�VLODJH�RQ����-XO\�DQG����-XO\�DW�2U]LQXRYL�DQG�%DVLJOLR��UHVSHFWLYHO\��7KH�GU\
PDWWHU��'0��DQG�1�FRQWHQW�RI�DERYHJURXQG�ELRPDVV��$*%��ZDV�PHDVXUHG�DW�9���9��DQG�5�
VWDJH� �&RQFHQWUDWLRQ�RI �PLQHUDO �1��601� �1+��1���12��1��LQ�WRSVRLO �������FP��ZDV
PHDVXUHG�SULRU�IHUWLOL]HU�DSSOLFDWLRQ��DW�9��DQG�DW�9���,Q�ERWK�H[SHULPHQWV��WKHUH�ZDV�QR
VLJQLILFDQW�HIIHFW�RI�WKH�WHVWHG�IDFWRUV�RQ�WKH�\LHOG�DQG�1�XSWDNH�RI�PDL]H��DQG�RQ�601�DW
9���+RZHYHU��LQ�WKH�WZR�WULDOV��DPPRQLXP�VXOSKDWH�WUHDWPHQWV�KDG�KLJKHU�601�ZLWK�,1�
IROORZHG�E\�%)�DQG�&.��7KLV�WUHQG�ZDV�QRW�HYLGHQW�IROORZLQJ�DGGLWLRQ�RI�FDWWOH�VOXUU\�
'LIIHUHQFHV�EHWZHHQ�WKH�VLWHV�ZHUH�PDUNHG��UHJDUGLQJ�ERWK�601�DQG�\LHOG��2U]LQXRYL�KDG
ORZ�VRLO�1�VXSSO\�HDUO\�LQ�WKH�VHDVRQ��601� ����NJ�1�KD���LQ�XQIHUWLOLVHG�SORWV�DW�9���DQG
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GXULQJ�FURS�JURZWK��DV�GHPRQVWUDWHG�E\�ORZ�$*%������W�'0�KD����DQG�1�XSWDNH������NJ�1
KD���� � �/RZ�\LHOGV�ZHUH�DOVR�GXH�WR�WKH�JURZWK�RI�6RUJKXP�KDOHSHQVH ��/���DW�WKLV�VLWH�
2SSRVLWH�WR�2U]LQXRYL��%DVLJOLR�SUHVHQWHG�KLJK�601�DW�9��LQ�XQIHUWLOL]HG�SORWV������NJ�1
KD����DQG�SURYLGHG�KLJK�PDL]H�\LHOG��RQ�DYHUDJH�����W�'0�KD����DQG�1�XSWDNH������NJ�1�KD����
7KH�H[SHULPHQW�LQ�%DVLJOLR�LV�RQJRLQJ��UHVXOWV�RI�WKH�VHFRQG�FURSSLQJ�VHDVRQ��\HDU������
ZLOO�SHUPLW�WR�XQGHUVWDQG�PRUH�DFFXUDWHO\�WKH�HIIHFWV�RI�WKH�DSSOLHG�IDFWRUV�RQ�WKH�IRUDJH
SURGXFWLRQ�
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9DULDEOH�5DWH�0DQDJHPHQW�RI�/LYHVWRFN�(IIOXHQWV�WR�2SWLPL]H
6RLO�2UJDQLF�0DWWHU�6WRUDJH
E\�1LFROi�3ULFFD�_�'DQLHOH�&DYDOOL�_�5REHUWR�)XFFHOOD�_�3LHWUR�0DULQR�*DOOLQD�_�$QGUHD�/D]]DUL�_�*LRYDQQL
&DEDVVL�_�&5($�=$�_�&5($�=$�_�',6$$���8QLYHUVLWd�GHJO�6WXGL�GL�0LODQR�_�',6$$���8QLYHUVLWd�GHJO�6WXGL�GL
0LODQR�_�&5($�=$�_�&5($�=$

$EVWUDFW�,'�����
7RSLF��6RLO

3UHVHQWHU�1DPH��*LRYDQQL�&DEDVVL
&RQWULEXWLRQ��3RVW

7KH�3(,�,QIRWHF1�2SHUDWLRQDO�*URXS�DLPV�WR�GHYHORS�D�'HFLVLRQ�6XSSRUW�6\VWHP��'66��IRU
WKH�VSDWLDO�PDQDJHPHQW�RI�QLWURJHQ�LQ�/RPEDUG\�PDL]H�FXOWLYDWLRQ��7KLV�LQWHJUDWHV�RUJDQLF
IHUWLOL]DWLRQ�ZLWK�OLYHVWRFN�HIIOXHQWV �DQG�PLQHUDO �IHUWLOL]HUV �WR �SURWHFW �DQG�HQKDQFH�VRLO
RUJDQLF�PDWWHU�FRQWHQW�LQ�DUDEOH�ODQGV��,Q�FXOWLYDWHG�VRLOV��WKH�FDSDFLW\�WR�VWDELOL]H�RUJDQLF
PDWWHU�RQ�WKH�ILQH�PLQHUDO�IUDFWLRQ��SDUWLFOHV�!���yP��LV�RIWHQ�QRW�IXOO\�VDWXUDWHG��7KLV
PHDQV�WKDW�WKHUH�LV�SRWHQWLDO�IRU�DGGLWLRQDO�RUJDQLF�FDUERQ�IURP�RUJDQLF�IHUWLOL]HUV�WR�EH
VWDELOL]HG�LQ�WKH�VRLO��7KH�'66�RSWLPL]HV�WKH�VSDWLDO�GLVWULEXWLRQ�RI�OLYHVWRFN�HIIOXHQWV�WR
PD[LPL]H�VRLO�RUJDQLF�PDWWHU�VWRUDJH�E\�GHILQLQJ�KRPRJHQHRXV�]RQHV�EDVHG�RQ�VRLO�FDUERQ
GHILFLW �PDSSLQJ �XVLQJ �H[SHGLWLYH �WHFKQLTXHV ��D �FRPELQDWLRQ �RI �UHVLVWLYLW\ �PDSSLQJ �IRU
HVWLPDWLQJ�WH[WXUH�SDUDPHWHUV�DQG�1,5�VSHFWURPHWU\�IRU�HVWLPDWLQJ�RUJDQLF�PDWWHU���7KH
FDUERQ�GHILFLW�UHIHUV�WR�WKH�GLIIHUHQFH�EHWZHHQ�WKH�FXUUHQW�VWDEOH�RUJDQLF�FDUERQ�FRQWHQW
DQG�WKH�VRLO�V�SRWHQWLDO�FDSDFLW\�WR�VWDELOL]H�DGGLWLRQDO�FDUERQ�RQ�ILQH�PLQHUDO�IUDFWLRQ��,Q�WKH
SUHVHQWHG�FDVH�VWXG\��WZR�FRQWLJXRXV�ILHOGV��),(/'��DQG�),(/'���ZLWK�D�WRWDO �DUHD�RI
DSSUR[LPDWHO\���KHFWDUHV��ORFDWHG�LQ�%DVLJOLR����d������1���d������(���XQGHUZHQW�WKUHH
\HDUV ������� ������ �DQG ������ �RI �LQMHFWHG �OLYHVWRFN �HIIOXHQW ��FDWWOH �VOXUU\� �GLVWULEXWLRQ
DFFRUGLQJ�WR�D�SUHVFULSWLRQ�PDS��7KLV�PDS�VSHFLILHG�D�KLJK�GRVDJH�RI�����NJ�1�KD��+,0=��LQ
DUHDV�ZLWK�KLJKHU�FDUERQ�GHILFLWV�DQG�D�ORZHU�LQSXW�RI�����NJ�1�KD��/,0=��LQ�DUHDV�ZLWK
ORZHU�FDUERQ�GHILFLWV��$Q�DYHUDJH�GLVWULEXWLRQ�RI�����NJ�1�KD�ZDV�PDLQWDLQHG�LQ�HDFK�ILHOG�
LQ �FRPSOLDQFH �ZLWK �WKH �1LWUDWHV �'LUHFWLYH �IRU �QLWUDWH�YXOQHUDEOH �]RQHV� �3ULRU �WR �WKH
H[SHULPHQW�LQ�������VRLOV�ZHUH�VDPSOHG�DW�D�GHSWK�RI������FP�RQ�D���P�UHJXODU�JULG�DQG
DQDO\]HG�IRU�WH[WXUH��RUJDQLF�FDUERQ��DQG�WRWDO�QLWURJHQ��7KH�VRLOV�ZHUH�UHVDPSOHG�DW�WKH
VDPH�SRLQWV�DW�WKH�HQG�RI�WKH�WKLUG�\HDU�DQG�UHDQDO\]HG��$QDO\WLFDO�GDWD�DOORZHG�IRU�WKH
HVWLPDWLRQ�RI�FDUERQ�GHILFLW�HYROXWLRQ�GXH�WR�WKH�LQFUHDVH�LQ�VRLO�FDUERQ�VWRFN�LQ�GLIIHUHQW
KRPRJHQHRXV�]RQHV��),(/'��VKRZHG�D�GHFUHDVH�IURP������WR������J�NJ�LQ�/,0=�DQG�IURP
�����WR������J�NJ�LQ�+,0=��ZKLOH�),(/'��VKRZHG�D�GHFUHDVH�IURP������WR������J�NJ�LQ�/,0=
DQG�IURP������WR�����J�NJ�LQ�+,0=��7KH�UHVXOWV�VXJJHVW�WKDW�YDULDEOH�UDWH�PDQDJHPHQW�RI
HIIOXHQW�GLVWULEXWLRQ�FRPELQHG�ZLWK�PLQLPDO�WLOODJH�FDQ�FRQWULEXWH�WR�VRLO�FDUERQ�VWRUDJH�
2QJRLQJ�DQDO\WLFDO�GHWHUPLQDWLRQV�DLP�WR�GLUHFWO\�HYDOXDWH�FKDQJHV�LQ�ILQH�PLQHUDO�IUDFWLRQ�
ERXQG�FDUERQ�FRQWHQW�LQ�WKH�FROOHFWHG�VDPSOHV��7KH�VWXG\�XQGHUVFRUHV�WKH�SRWHQWLDO�UROH�RI
VSDWLDOO\�WDUJHWHG�PDQDJHPHQW�LQ�HQKDQFLQJ�VRLO�FDUERQ�VHTXHVWUDWLRQ��%\�PDWFKLQJ�HIIOXHQW
DSSOLFDWLRQ�UDWHV�WR�VLWH�VSHFLILF�FDUERQ�GHILFLWV��WKH�'66�HQVXUHV�HIILFLHQW�XVH�RI�RUJDQLF
LQSXWV�DQG�PD[LPL]HV�WKHLU �VWDELOL]DWLRQ�LQ�WKH�VRLO� �7KLV�SUHFLVLRQ�DSSURDFK�DOORZV�IRU
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LQFUHDVHG �FDUERQ �VHTXHVWUDWLRQ �LQ �DUHDV �ZLWK �KLJKHU �FDSDFLW\� �GLUHFWO\ �DGGUHVVLQJ �WKH
FDUERQ�GHILFLW�DQG�LPSURYLQJ�VRLO�KHDOWK�

�



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH����

&RQWUDVWLQJ�HIIHFWV�RI�WZR�]HROLWHV�XVHG�DV�VRLO�DPHQGPHQW�RQ
ZDWHU�UHWHQWLRQ�FKDUDFWHULVWLFV�RI�D�VDQG\�ORDP�VRLO
E\�6DWULDQL�$QWRQLR�_�&RPHJQD�$OHVVDQGUR�_�&DVWURQXRYR�'RQDWR�_�%HOYLVR�&ODXGLD�_�/RYHOOL�6WHOOD�_
1DWLRQDO�5HVHDUFK�&RXQFLO�,QVWLWXWH�RI�0HWKRGRORJLHV�IRU�(QYLURQPHQWDO�$QDO\VLV�_�6FKRRO�RI�$JULFXOWXUDO�
)RUHVW��)RRG�DQG�(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLW\�RI�%DVLOLFDWD�_�'HSDUWPHQW�RI�3KDUPDF\��8QLYHUVLW\
RI�6DOHUQR�_�1DWLRQDO�5HVHDUFK�&RXQFLO�,QVWLWXWH�RI�0HWKRGRORJLHV�IRU�(QYLURQPHQWDO�$QDO\VLV�_�6FKRRO�RI
$JULFXOWXUDO��)RUHVW��)RRG�DQG�(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLW\�RI�%DVLOLFDWD

$EVWUDFW�,'�����
7RSLF��6RLO

3UHVHQWHU�1DPH��/RYHOOL�6WHOOD
&RQWULEXWLRQ��3RVW

=HROLWHV�DUH�DOXPLQRVLOLFDWH�PLQHUDOV�WKDW�KDYH�EHHQ�JDLQLQJ�LQWHUHVW�LQ�DJULFXOWXUH�GXH�WR
WKHLU�HQYLURQPHQWDOO\�IULHQGO\�QDWXUH��%DULFHYLF�HW�DO���������7KH\�FDQ�VHUYH�DV�D�UHVHUYRLU
RI�ZDWHU�DQG�QXWULHQWV�IRU�SODQWV��LPSURYH�VRLO�VRUSWLRQ�FDSDFLW\��UHGXFH�VRLO�DFLGLILFDWLRQ�
DQG�LQFUHDVH�QXWULHQW�XVH�HIILFLHQF\��%DULqHYLp�HW�DO��������&DVWURQXRYR�HW�DO���������0RQGDO
HW�DO��������-DURV]�HW�DO���������+RZHYHU��WKH�XVH�RI�QDWXUDO�]HROLWHV�RU�WKRVH�V\QWKHVL]HG
IURP �RYHUVDWXUDWHG �FRPPHUFLDO �VROXWLRQV �LV �PRUH �H[SORUHG �FRPPHUFLDOO\ �WKDQ �WKRVH
V\QWKHVL]HG�IURP�UHVLGXHV��GH�&DUYDOKR�HW�DO���������DQG�WKHUH�LV�OLWWOH�LQIRUPDWLRQ�UHJDUGLQJ
WKH�HIIHFW �RI �FRPPHUFLDO �]HROLWHV �RQ�WKH�K\GURORJLFDO �SURSHUWLHV �RI �VRLOV �ZLWK �GLIIHUHQW
WH[WXUHV��,Q�WKLV�VWXG\��D�VDQG\�ORDP�VRLO������VDQG������VLOW�DQG�FOD\������ZDV�FROOHFWHG
DQG�PL[HG�ZLWK�YDU\LQJ�DPRXQWV�RI�V\QWKHWLF�]HROLWH��GHULYHG�IURP�FRDO�IO\�DVK��6��%HOYLVR�HW
DO��������DQG�D�FRPPHUFLDO�RQH��&��=HROLWH�c�,WDOLD���5HSDFNHG�VRLO�VDPSOHV�ZHUH�FRPELQHG
ZLWK�WZR�OHYHOV�RI�]HROLWH�����DQG�����E\�ZHLJKW��DQG�WKH�REWDLQHG�VRLO �VDPSOHV�ZHUH
FKDUDFWHUL]HG�E\�PHDVXULQJ�VRLO�ZDWHU�UHWHQWLRQ�FXUYHV��6:5&V��RI�VRLO�]HROLWH�PL[WXUHV�
7KH�H[SHULPHQWDO�VRLO�ZDWHU�UHWHQWLRQ�FXUYHV�REWDLQHG�IURP�ODERUDWRU\�WHVWV�ZHUH�PRGHOOHG
XVLQJ�WKH�YDQ�*HQXFKWHQ�HTXDWLRQ��YDQ�*HQXFKWHQ���������,Q�WKH�FRPSDULVRQ�RI�WZR�]HROLWHV
VSHFLILF�DWWHQWLRQ�ZDV�ODLG�RQ�WKH�LPSDFW�RI�]HROLWH�LQ�PRGLI\LQJ�VRLO
V�FDSDFLW\�WR�UHWDLQ
ZDWHU��DQG�KHQFH�RQ�WKH�HQHUJ\�UHTXLUHG�E\�SODQWV�WR�DFTXLUH�D�XQLW�PDVV�RI�VRLO�ZDWHU�
UHIHUUHG�WR�DV�,QWHJUDO�(QHUJ\��(L��0LQHVQ\�DQG�0F�%UDWQH\���������)LQDOO\��WKH�$129$�WHVW�
DQDO\VLV�ZDV�SHUIRUPHG��,Q�RXU�H[SHULPHQWV��WKH�DELOLW\�RI�WZR�]HROLWHV�DGGHG�WR�VDQG\�ORDP
VRLO �WR �UHWDLQ �ZDWHU �DQG�WKHQ�PRGLI\ �WKH �UDQJH�RI �DYDLODEOH �ZDWHU �ZDV �REVHUYHG�LQ �D
FRQWUDVWLQJ�ZD\��7KH�)LHOG�FDSDFLW\��3ODQW�:LOWLQJ�3RLQW��$LU�&DSDFLW\�DQG�,QWHJUDO�(QHUJ\�LQ
WKH�FRPSDUHG�WUHDWPHQWV�RQ�D�VDQG\�ORDP�VRLO�YDULHG�DPRQJ�WZR�]HROLWHV�VWXGLHG��6�DQG�&�
DQG�DPRQJ�WKH�VRLO�SHUFHQWDJH�PL[WXUHV��L�H������DQG������:H�REVHUYHG�D�VKLIW�RI�WKH�ZDWHU
DYDLODELOLW\�UDQJH�WRZDUGV�KLJKHU�VRLO�KXPLGLW\�YDOXHV�LQ�WKH�FDVH�RI�V\QWKHWLF�]HROLWH��6��
DQG�D�VKLIW�WRZDUGV�ORZHU�YDOXHV�}}RI�VRLO�PRLVWXUH�LQ�WKH�FDVH�RI�FRPPHUFLDO�]HROLWH��&��
0RUHRYHU��WKH�(L�DSSURDFK�\LHOGHG�YDOXDEOH�LQVLJKWV�LQWR�VRLO�ZDWHU�DYDLODELOLW\�IRU�SODQWV�
2XU�REVHUYDWLRQV�GHPRQVWUDWH�WKDW�WKLV�SDUDPHWHU�KDV�DQ�RSSRVLWH�YDULDWLRQ�DFFRUGLQJ�WR
WKH�W\SH�RI�]HROLWH�XVHG�LQ�WKH�VDQG\�ORDP�VRLO�VWXGLHG��,Q�VXVWDLQDEOH�DJULFXOWXUH�DQG�ODQG
PDQDJHPHQW��H[SORULQJ�]HROLWHV�WKDW�FDQ�SRWHQWLDOO\�UHGXFH�ZDWHU�XVDJH�LQ�LUULJDWLRQ�LV
FUXFLDO��+RZHYHU��WKH�SUDFWLFH�RI�DPHQGLQJ�VRLOV�ZLWK�]HROLWHV�UHTXLUHV�D�ULJRURXV�DSSURDFK



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH����

GXH�WR�WKH�FRPSOH[�HIIHFWV�RQ�VRLO�ZDWHU�UHWHQWLRQ�FXUYHV�WKDW�PD\�EH�DIIHFWHG�E\�WKH�W\SH�RI
WKH �]HROLWH� �VRLO �WH[WXUH ��%HOYLVR �HW �DO� ������ �&RPHJQD �HW �DO�� ������ �DQG �]HROLWH
FRQFHQWUDWLRQV�LQ�VRLOV�



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH����

$�ORZ�FRVW�VLPSOH�DQG�UDSLG�SKHQRW\SLQJ�SLSHOLQH�WR�VWXG\
HDUO\�EHORZJURXQG�LQWHUDFWLRQV�LQ�LQWHUFURSSLQJ
E\�5REHUWD�5RVVL�_�'DQLHOH�&DYDOOL�_�7RPPDVR�1RWDULR�_�$QJHOR�3DVVHULQL�_�*LXVHSSH�0RURQH�_�/XFLDQR
3HFHWWL�_�&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV��&5($���5HVHDUFK�&HQWUH�IRU�$QLPDO
3URGXFWLRQ�DQG�$TXDFXOWXUH�_�&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV��&5($���5HVHDUFK�&HQWUH
IRU�$QLPDO�3URGXFWLRQ�DQG�$TXDFXOWXUH�_�&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV��&5($��
5HVHDUFK�&HQWUH�IRU�$QLPDO�3URGXFWLRQ�DQG�$TXDFXOWXUH�_�&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG
(FRQRPLFV��&5($���5HVHDUFK�&HQWUH�IRU�$QLPDO�3URGXFWLRQ�DQG�$TXDFXOWXUH�_�&RXQFLO�IRU�$JULFXOWXUDO
5HVHDUFK�DQG�(FRQRPLFV��&5($���5HVHDUFK�&HQWUH�IRU�$QLPDO�3URGXFWLRQ�DQG�$TXDFXOWXUH�_�&RXQFLO�IRU
$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV��&5($���5HVHDUFK�&HQWUH�IRU�$QLPDO�3URGXFWLRQ�DQG�$TXDFXOWXUH

$EVWUDFW�,'�����
7RSLF��6RLO

3UHVHQWHU�1DPH��'DQLHOH�&DYDOOL
&RQWULEXWLRQ��3RVW

,QWHUFURSSLQJ�LV�D�YDOLG�PHDQV�WR�LQFUHDVH�VXVWDLQDELOLW\�LQ�DJULFXOWXUH��$�ODUJH�ERG\�RI
OLWHUDWXUH �UHSHDWHGO\ �LQGLFDWHG �WKDW �GLIIHUHQW �FURSV �LQ �PL[WXUHV �FDQ �H[FHHG �WKHLU
SHUIRUPDQFH�LQ�PRQRFXOWXUH��WKH�RYHUSURGXFWLRQ�EHLQJ�JHQHUDOO\�DVVRFLDWHG�WR�D�ZLGH�UDQJH
RI�HFRV\VWHP�VHUYLFHV��$QQLFFKLDULFR�HW�DO����������$�VXEVWDQWLDO�SDUW�RI�SODQW�LQWHUDFWLRQV
RFFXUV �XQGHUJURXQG �ZKHUH �LW �UHPDLQV �ODUJHO\ �XQVHHQ �GXH �WR �WKH �PHWKRGRORJLFDO �DQG
SUDFWLFDO�GLIILFXOWLHV�LQ�SKHQRW\SLQJ�URRWV�LQ�LQWHUFURSSLQJ��5RRW�LQWHUDFWLRQV�IDOO�LQWR�WKUHH
RYHUDUFKLQJ�FDWHJRULHV��YL]���FRPSHWLWLRQ��IDFLOLWDWLRQ�DQG�UHVRXUFH�SDUWLWLRQLQJ�PHGLDWHG�E\
URRW�SODVWLFLW\���%UHHGLQJ�IRU�LQWHUFURSSLQJ�LV�VWLOO�LQ�LWV�LQIDQF\��HVSHFLDOO\�IRU�ZKDW�FRQFHUQV
WKH �VHDUFK �RI �D �URRW �LGHRW\SH �VSHFLILFDOO\ �VXLWHG �IRU �SODQW �PL[WXUHV� �3KHQRW\SLQJ �URRW
DUFKLWHFWXUH �DQG �SK\VLRORJ\ �LQ �LQWHUFURSSLQJ �FDQ �KHOS �LGHQWLI\LQJ �VSHFLHV �RU �JHQRW\SH
VWUDWHJLHV�WR�VXUYLYH�FRPSHWLWLRQ��:H�WHVWHG�D�VLPSOH�SKHQRW\SLQJ�SLSHOLQH�EDVHG�RQ�WKH�XVH
RI�ORZ�FRVW��HDVLO\�WR�DVVHPEOH�UKL]RER[HV��DQG�UDSLG�JUDSKLF�LQGLFDWRUV�RI�URRW�LQWHUDFWLRQV�
7KH�SLSHOLQH�ZDV�WHVWHG�RQ�ZKLWH�OXSLQ��/XSLQXV�DOEXV�/���JURZQ�IRU�WKUHH�ZHHNV�DV�VROH
FURS�RU�LQWHUFURSSHG�ZLWK�EUHDG�ZKHDW��7ULWLFXP�DHVWLYXP�/����:H�PHDVXUHG�URRW�V\VWHP
SURMHFWHG�FRQWRXU��YLVLEOH�URRW�OHQJWK��URRW�V\VWHP�VKDSH�SDUDPHWHUV�DQG�WKH�DUHD�RYHUODS
EHWZHHQ�QHLJKERULQJ�URRWV��:H�SURSRVH�D�QRYHO�UDSLG�LQGH[�RI�URRW�LQWHUDFWLRQ�QDPHG��URRW
PHUJH���50��EDVHG�RQ�WKH�DUHD�RYHUODS�EHWZHHQ�QHLJKERULQJ�URRWV�UHODWLYH�WR�WKH�WRWDO�URRW
DUHD��7KLV�LQGH[��FRXSOHG�ZLWK�WKH�RWKHU�URRW�PHWULFV��VXFK�DV�URRW�SURMHFWHG�DUHD��OHQJWK
DQG�VKDSH��LV�LQGLFDWLYH�RI�WKH�SODQW�WHQGHQF\�WR�DYRLG�RU�LQWHUPLQJOH�ZLWK�LWV�QHLJKERU��2XU
SLSHOLQH�ZDV�XVHIXO�WR�FDSWXUH�VL]DEOH�GLIIHUHQFHV�EHWZHHQ�VSHFLHV�DQG�FURSSLQJ�V\VWHPV�
/XSLQ�VKRRW�PDVV�GLG�QRW�GLIIHU�EHWZHHQ�SXUH�VWDQG�DQG�LQWHUFURSSLQJ��,QWHUFURSSHG�OXSLQ
GLVSOD\HG�VLPLODU�YDOXHV�WR�WKH�SXUH�VWDQG�IRU�YLVLEOH�URRW�OHQJWK�EXW�VKRZHG�D�WHQGHQF\�IRU
D �ODUJHU �DUHD �ZLWK �URRWV �PRUH �VSUHDG �KRUL]RQWDOO\ ��ORZHU �DVSHFW �UDWLR� �3������� �DQG
GHYHORSHG�����PRUH�QRGXOHV��3��������FRPSDUHG�WR�WKH�SXUH�VWDQG��(QKDQFHG�QRGXODWLRQ�LQ
OHJXPH�FHUHDO�LQWHUFURSSLQJ�LV�D�ZHOO�NQRZQ�PHFKDQLVP�RI�UHVRXUFH�SDUWLWLRQLQJ��ZKLFK
RIWHQ �WUDQVODWHV �LQ �SXUH �IDFLOLWDWLRQ �IRU �FHUHDOV� �/XSLQ �VKRZHG �D �UHODWLYHO\ �ORZ �URRW
DUFKLWHFWXUDO�SODVWLFLW\�EXW�D�ODUJH�SK\VLRORJLFDO�SODVWLFLW\��:KHDW�H[SORUHG�WZLFH�WKH�DUHD�RI
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3DJH����

SXUH�OXSLQ������YV�����FP���ILOOLQJ�DOPRVW�DOO�WKH�DYDLODEOH�VRLO�YROXPH��7KLV�LV�LQ�OLQH�ZLWK
UHVHDUFK�LQGLFDWLQJ�WKDW�FHUHDOV�GLVSOD\�D�JUHDW�FRPSHWLWLYH�DELOLW\�LQ�PL[WXUHV��50�GLIIHUHG
VLJQLILFDQWO\�EHWZHHQ�FURSSLQJ�V\VWHPV��3�������ZLWK�YDOXHV�EHWZHHQ�����LQ�OXSLQ�VROH�FURS
DQG�����LQ�LQWHUFURSSLQJ��LQGLFDWLQJ�D�ODUJH�RYHUODS�EHWZHHQ�ZKHDW�DQG�OXSLQ�URRWV��ZLWK�QR
GHWULPHQWDO�HIIHFWV�RQ�OXSLQ�DV�SURYHQ�E\�WKH�RWKHU�URRW�DQG�VKRRW�PHWULFV��0LQLPDO�URRW
RYHUODSSLQJ �RFFXUUHG �LQ �OXSLQ �SXUH �VWDQG� �DQG �WKLV �VXJJHVWV �DQ �DYRLGDQFH�VFUDPEOH
FRPSHWLWLRQ�VWUDWHJ\��2XU�SUHOLPLQDU\�UHVXOWV�SURYH�WKDW�WKLV�VLPSOH�ORZ�FRVW�SKHQRW\SLQJ
SLSHOLQH�FDQ�SURYLGH�VHYHUDO �LQWHUHVWLQJ�DQG�UHODWLYHO\�KLJK�WKURXJKSXW�URRW�PHWULFV�IRU
LQWHUFURSSLQJ�WKDW�FDQ�EH�XVHIXO�WR�KLJKOLJKW�PHFKDQLVPV�EHKLQG�VSHFLHV�FR�H[LVWHQFH��DV
ZHOO�DV�WR�VFUHHQ�JHQRW\SH�VXLWDELOLW\�IRU�LQWHUFURSSLQJ�



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH����

3RWHQWLDO�UROH�RI��1HZ�$JULFXOWXUDO�&DUERQ�&UHGLWV���$&&��LQ
VXVWDLQDEOH�DJURQRPLF�PDQDJHPHQW
E\�0DULD�*LRUGDQR�_�0DUFR�6FKLDYRQ�_�3DROR�*LDQSLHUR�0LRVL�_�*LRUJLD�5DLPRQGL�_�0DUFR�%HUWRQ�_�&ULVWLDQ
%RO]RQHOOD�_�6DPXHOH�7UHVWLQL�_�0DXUL]LR�%RULQ�_�&DUPHOR�0DXFLHUL�_�'HSDUWPHQW�RI�$JURQRP\��)RRG�
1DWXUDO�UHVRXUFHV��$QLPDOV�DQG�(QYLURQPHQW�l�'$)1$(��8QLYHUVLW\�RI�3DGRYD�_�'HSDUWPHQW�RI
$JURQRP\��)RRG��1DWXUDO�UHVRXUFHV��$QLPDOV�DQG�(QYLURQPHQW�l�'$)1$(��8QLYHUVLW\�RI�3DGRYD�_
'HSDUWPHQW�RI�$JURQRP\��)RRG��1DWXUDO�UHVRXUFHV��$QLPDOV�DQG�(QYLURQPHQW�l�'$)1$(��8QLYHUVLW\�RI
3DGRYD�_�'HSDUWPHQW�RI�$JURQRP\��)RRG��1DWXUDO�UHVRXUFHV��$QLPDOV�DQG�(QYLURQPHQW�l�'$)1$(�
8QLYHUVLW\�RI�3DGRYD�_�'HSDUWPHQW�RI�$JURQRP\��)RRG��1DWXUDO�UHVRXUFHV��$QLPDOV�DQG�(QYLURQPHQW�l
'$)1$(��8QLYHUVLW\�RI�3DGRYD�_�'HSDUWPHQW�RI�/DQG��(QYLURQPHQW��$JULFXOWXUH�DQG�)RUHVWU\�l�7(6$)�
8QLYHUVLW\�RI�3DGRYD�_�'HSDUWPHQW�RI�/DQG��(QYLURQPHQW��$JULFXOWXUH�DQG�)RUHVWU\�l�7(6$)��8QLYHUVLW\
RI�3DGRYD�_�'HSDUWPHQW�RI�$JURQRP\��)RRG��1DWXUDO�UHVRXUFHV��$QLPDOV�DQG�(QYLURQPHQW�l�'$)1$(�
8QLYHUVLW\�RI�3DGRYD�_�'HSDUWPHQW�RI�$JURQRP\��)RRG��1DWXUDO�UHVRXUFHV��$QLPDOV�DQG�(QYLURQPHQW�l
'$)1$(��8QLYHUVLW\�RI�3DGRYD

$EVWUDFW�,'�����
7RSLF��6RLO

3UHVHQWHU�1DPH��0DULD�*LRUGDQR
&RQWULEXWLRQ��3RVW

6RLO�RUJDQLF�PDWWHU��LQ�DGGLWLRQ�WR�EHLQJ�WKH�EDVLV�RI�SK\VLFDO��FKHPLFDO��DQG�ELRORJLFDO
IHUWLOLW\��SURYLGHV�VHYHUDO�HFRV\VWHP�VHUYLFHV��$PRQJ�WKHVH��LW�DOORZV�WKH�IRUPDWLRQ�RI�D
VWDEOH �FDUERQ �SRRO �LQ �WKH �VRLO� �PDLQO\ �UHSUHVHQWHG �E\ �VXEVWDQFHV �ZLWK �VORZ�PLFURELDO
GHJUDGDWLRQ��FRQWULEXWLQJ�WR�WKH�SHUPDQHQW�FDSWXUH�RI�FDUERQ�GLR[LGH�IURP�WKH�DWPRVSKHUH�
9DULRXV�DJURQRPLF�VWUDWHJLHV�LQFUHDVH�WKH�VRLO�RUJDQLF�PDWWHU��VXFK�DV�WKH�EXULDO�RI�FURS
UHVLGXHV��WKH�XVH�RI�FRYHU�FURSV��DQG�WKH�RUJDQLF�IHUWLOL]DWLRQ��7KH�ODWWHU��LQ�UHFHQW�GHFDGHV�
KDV�EHHQ�ODUJHO\�UHSODFHG�E\�PLQHUDO�IHUWLOL]DWLRQ��ZKLFK�KDV�D�PRUH�UDSLG�LPSDFW�RQ�FURS
SURGXFWLYLW\��+RZHYHU��LI�SURILWDELOLW\�KDV�ORQJ�JXLGHG�WKH�FKRLFH�RI�IDUPHUV��WKH�JURZLQJ
VHQVLWLYLW\�RI�WKH�PRGHUQ�FRQVXPHU�WRZDUGV�D�KLJK�TXDOLW\�SURGXFW�ZLWK�ORZ�HQYLURQPHQWDO
LPSDFW�LV�SODFLQJ�RUJDQLF�IHUWLOL]DWLRQ�DPRQJ�WKH�XVHIXO�DFWLRQV�WR�LQFUHDVH�WKH�VRLO�RUJDQLF
PDWWHU�FRQWHQW��$�VWLPXOXV�WRZDUGV�WKH�XVH�RI�RUJDQLF�IHUWLOL]DWLRQ��GXH�WR�LWV�SRWHQWLDO�WR
SHUPDQHQWO\�DFFXPXODWH�FDUERQ�LQ�WKH�VRLO��LV�UHSUHVHQWHG�E\�WKH�FDUERQ�FUHGLW�PDUNHW��7KH
ODWWHU �EDVHV �RQ �YROXQWDU\ �PRQHWL]HG �DFWLRQV� �QRW �\HW �FHUWLILHG� �DLPHG �DW �UHGXFLQJ �RU
HOLPLQDWLQJ�JUHHQKRXVH�JDVHV�LQ�WKH�DWPRVSKHUH��WKURXJK�WKH�LPSOHPHQWDWLRQ�RU�SXUFKDVH
RI�HFR�VXVWDLQDEOH�SUDFWLFHV��$�FDUERQ�FUHGLW�UHSUHVHQWV�RQH�WRQ�RI�&2�H�HT� �QRW�HPLWWHG�RU
VHTXHVWHUHG��$JULFXOWXUH�WKURXJK�FDUERQ�VHTXHVWUDWLRQ�LQ�WKH�VRLO��FDQ�SOD\�D�OHDGLQJ�UROH�LQ
WKH�FUHDWLRQ�RI��1HZ�$JULFXOWXUDO�&DUERQ�&UHGLWV���$&&���7KH�IDUPHU�KLPVHOI�EHFRPHV�WKH
FUHDWRU�DQG�VHOOHU�RI�FDUERQ�FUHGLWV��)URP�WKLV�SHUVSHFWLYH��FDUERQ�FUHGLWV�FRXOG�RIIVHW�WKH
HFRQRPLF�ORVV�FDXVHG�E\�D�UHGXFWLRQ�LQ�FURS�\LHOG�WKDW�LV�XVXDOO\�REWDLQHG�ZLWK�RUJDQLF
IHUWLOL]DWLRQ�PDQDJHPHQW��,Q�WKLV�FRQWH[W��ZLWKLQ�WKH��3RGHUH�)LRUHQWLQD��/LYLQJ�/DE��WHQ
GLIIHUHQW�DJURQRPLF�PDQDJHPHQWV�EDVHG�RQ�WKH�FRPELQDWLRQ�RI�RUJDQLF�IHUWLOL]DWLRQ��WKH�XVH
RI�FRYHU�FURSV��DQG�LUULJDWLRQ�LQ�D�FRUQ�VR\EHDQ�URWDWLRQ�ZHUH�FRPSDUHG�RYHU�IRXU�\HDUV��7KH
REMHFWLYHV �RI �WKH �H[SHULPHQWDWLRQ �ZHUH �WR �HYDOXDWH� �IRU �HDFK �RI �WKH �WHQ �SRVVLEOH
PDQDJHPHQWV�WHVWHG��WKH�VRLO�RUJDQLF�FDUERQ�DFFXPXODWLRQ��FRUQ�DQG�VR\EHDQ�JUDLQ�\LHOG�
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3DJH����

DQG�WKH�LPSDFW�RI�WKH�FDUERQ�FUHGLW�V\VWHP�DSSOLFDWLRQ�RQ�WKH�HFRQRPLF�VXVWDLQDELOLW\�RI
HDFK�PDQDJHPHQW��5HVXOWV�LQGLFDWH�WKDW��IRU�VRPH�RI�WKH�PDQDJHPHQWV��FDUERQ�FUHGLWV�FDQ
UHSUHVHQW�DQ�LQWHUHVWLQJ�WRRO�WR�VWLPXODWH�WKH�DGRSWLRQ�RI�DJURQRPLF�SUDFWLFHV�DLPHG�DW�WKH
VRLO�RUJDQLF�FDUERQ�DFFXPXODWLRQ�
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3DJH����

8VH�RI�JUDVV�VSHFLHV�IRU�SK\WRUHPHGLDWLRQ�RI�K\GURFDUERQ
FRQWDPLQDWHG�VRLOV
E\�$QQD�9HUGH�_�'RQDWR�9LVFRQWL�_�1XQ]LR�)LRUHQWLQR�_�0DVVLPR�)DJQDQR�_�'LSDUWLPHQWR�GL�$JUDULD��
8QLYHUVLWd�GHJOL�6WXGL�GL�1DSROL�)HGHULFR�,,�_�'LSDUWLPHQWR�GL�$JUDULD���8QLYHUVLWd�GHJOL�6WXGL�GL�1DSROL
)HGHULFR�,,�_�'LSDUWLPHQWR�GL�$JUDULD���8QLYHUVLWd�GHJOL�6WXGL�GL�1DSROL�)HGHULFR�,,�_�'LSDUWLPHQWR�GL
$JUDULD���8QLYHUVLWd�GHJOL�6WXGL�GL�1DSROL�)HGHULFR�,,

$EVWUDFW�,'�����
7RSLF��6RLO

3UHVHQWHU�1DPH��$QQD�9HUGH
&RQWULEXWLRQ��3RVW

6RLO�FRQWDPLQDWLRQ�LV�D�PDMRU�WKUHDW�WR�KXPDQ�KHDOWK�DQG�UHPHGLDWLRQ�FDQ�EH�DLPHG�DW
UHPRYLQJ�WKH�FRQWDPLQDQWV�RU�DW�UHGXFLQJ�WKH�HQYLURQPHQWDO�DQG�VDQLWDU\�ULVNV�E\�OLPLWLQJ
WKHLU�PRYHPHQWV��5HPRYLQJ�FRQWDPLQDQWV�FDQ�EH�YHU\�H[SHQVLYH�DQG�XQDWWDLQDEOH��VR�VDIHW\
PHDVXUHV�VKRXOG�EH�FRQVLGHUHG�WR�UHGXFH�PRYHPHQW�RI�WKHVH�FRQWDPLQDQWV�WRZDUG�RWKHU
HQYLURQPHQWDO�FRPSDUWPHQWV��L�H��DLU�DQG�ZDWHU��DQG�IURP�WKHUH�WR�KXPDQ�EHLQJV��$PRQJ
WKH�GLIIHUHQW�WHFKQLTXHV��SK\WRUHPHGLDWLRQ��H�J��SK\WRH[WUDFWLRQ�RU�SK\WRVWDELOL]DWLRQ��LV
FRQVLGHUHG�D�PRUH�FKHDS�DQG�HQYLURQPHQWDOO\�IULHQGO\�PHWKRG�WKDQ�WKH�SK\VLFR�FKHPLFDO
RQHV��7KLV�VWXG\�DQDO\VHG�WKH�SRWHQWLDO��H�J��UHGXFLQJ�UHVXVSHQVLRQ�RI�VRLO �SDUWLFOHV��RI
WXUIJUDVV�PL[��0$��)��$UXQGLQDFHD�6KUHE���3��SUDWHQVLV�/���/��SHUHQQH�/���0%����YDULHWLHV�RI
)��$UXQGLQDFHD �/�� � �DVVLVWHG�E\�ELRVWLPXODQWV��%DFLOOXV�PHJDWHULXP �(/��DQG�.RVDNRQLD
SVHXGRVDFFKDUL �7/��� �DQG �FRPSRVW �IHUWLOL]DWLRQ �DV �SK\WRVWDELOL]DWLRQ �VWUDWHJ\ �IRU
K\GURFDUERQ�FRQWDPLQDWHG�VRLOV��7KH�0$�VKRZHG�KLJKHU�ELRPDVV�SURGXFWLRQ�DV�FRPSDUHG�WR
0%�VL[�PRQWKV�DIWHU�VRZLQJ��0$6���&RPSRVW�DSSOLFDWLRQ�LQFUHDVHG�ELRPDVV�SURGXFWLRQ�DQG
SODQW�KHLJKW�E\�����DQG������UHVSHFWLYHO\��$�UHYHUVH�SDWWHUQ�ZDV�IRXQG����0$6�ZLWK�0%
VKRZLQJ�WKH�KLJKHVW�ELRPDVV�\LHOG�������LQFUHDVH�FRPSDUHG�WR�0$���7KHVH�UHVXOWV�ZHUH
FRUURERUDWHG�E\�LPDJH�DQDO\VLV��$�KLJKHU�VRLO�FRYHUDJH��������ZDV�UHFRUGHG���0$6�DIWHU
VRZLQJ �ZLWK �0$ �ZKLOH �WKH �VDPH �UHVXOW �ZDV �DFKLHYHG �ZLWK �0% �RQO\ �DIWHU �� �PRQWKV�
FRQILUPLQJ�WKH�ODWH�JURZWK�RI�)��$UXQGLQDFHD�/���,W�PXVW�EH�SRLQWHG�RXW�WKDW�WKLV�VSHFLHV�LV
PRUH �SHUVLVWHQW �WKDQ �WKRVH �RI �0$��H�J� �3� �SUDWHQVLV �DQG �/� �SHUHQQH�� �UHVXOWLQJ �PRUH
DSSURSULDWH�XQGHU�YHU\�OLPLWLQJ�JURZWK�FRQGLWLRQV��H�J��DEVHQFH�RI�ZDWHU�VXSSO\��ORZ�VRLO
IHUWLOLW\��ZKHQ�FRPSRVW�IHUWLOL]DWLRQ�LV�DSSOLHG�WR�VRLO��7KH�FRQWHQW�RI�K\GURFDUERQV�LQ�OHDYHV
ZDV�WKH�VDPH�LQ�SODQWV�JURZQ�LQ�FRQWDPLQDWHG�DQG�QRW�FRQWDPLQDWHG�VRLOV��VXJJHVWLQJ�D
ELRJHQLF�QDWXUH�RI�VXFK�K\GURFDUERQV��H�J��HSLFXWLFXODU�ZD[HV��DQG�DV�ZHOO�DV�D�SRVVLEOH
HIIHFW�RI��WXUIJUDVV�LQ�UHGXFLQJ�UHVXVSHQVLRQ�RI�VRLO�SDUWLFOHV��)XUWKHUPRUH��WKH�PLFURELDO
ELRVWLPXODQW�VLJQLILFDQWO\�DFFHOHUDWHG�ELRGHJUDGDWLRQ�RI�K\GURFDUERQV������UHGXFWLRQ��DV
FRPSDUHG�WR�QRQ�LQRFXODWHG�SRWV������UHGXFWLRQ���7KHVH�UHVXOWV�FRQILUP�WKH�SRWHQWLDO�RI
XVLQJ �DVVLVWHG �SK\WRUHPHGLDWLRQ �ZLWK �SHUHQQLDO �PHDGRZV �IRU �UHGXFLQJ �VDQLWDU\ �DQG
HQYLURQPHQWDO�ULVNV�GXH�WR�RUJDQLF�FRQWDPLQDQWV��L�H��VHFXULQJ�RU�SK\WRFDSSLQJ��

�
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3UHFLVLRQ�6RLO�0DSSLQJ��7KH�3RWHQWLDO�RI�DQ�$XWRQRPRXV
5RYHU�&RPELQHG�ZLWK�0XOWL�*HRSK\VLFDO�,QVWUXPHQWV
E\�'DYLGH�*DEULHOL�_�,ODULD�3LFFROL�_�)UDQFR�*DVSDULQL�_�/XLJL�6DUWRUL�_�$QWRQLR�%HUWL�_�)UDQFHVFR�0RUDUL�_
'$)1$(��8QLYHUVLWd�GHJOL�6WXGL�GL�3DGRYD�_�'$)1$(��8QLYHUVLWd�GHJOL�6WXGL�GL�3DGRYD�_�7(6$)�
8QLYHUVLWd�GHJOL�6WXGL�GL�3DGRYD�_�7(6$)��8QLYHUVLWd�GHJOL�6WXGL�GL�3DGRYD�_�'$)1$(��8QLYHUVLWd�GHJOL
6WXGL�GL�3DGRYD�_�'$)1$(��8QLYHUVLWd�GHJOL�6WXGL�GL�3DGRYD

$EVWUDFW�,'�����
7RSLF��6RLO

3UHVHQWHU�1DPH��'DYLGH�*DEULHOL
&RQWULEXWLRQ��3RVW

*HRSK\VLFDO�PHWKRGV�DUH�WHFKQLTXHV�XVHG�WR�PHDVXUH�WKH�SK\VLFDO���RIWHQ�HOHFWULFDO�DQG
PHFKDQLFDO���SURSHUWLHV�RI�D�LQYHVWLJDWHG�PHGLD�ZLWKRXW�DOWHULQJ�LWV�VWDWH��7KHVH�PHWKRGV
FDQ�EH�DSSOLHG�TXDOLWDWLYHO\ �WR �LGHQWLI\ �VRLO �DQRPDOLHV �DQG�VSDWLDO �KHWHURJHQHLWLHV� �DQG
TXDQWLWDWLYHO\ �WR �UHODWH �SULPDU\ �VRLO �SURSHUWLHV �WR �SK\VLFDO �PHDVXUHPHQW� �,Q �SUHFLVLRQ
IDUPLQJ��JHRSK\VLFDO�VXUYH\V�SOD\�D�FUXFLDO�UROH�LQ�FKDUDFWHUL]LQJ�VRLO�VSDWLDO�YDULDELOLW\�
K\GURORJLFDO �SURFHVVHV �DQG �QXWULHQW �SDWWHUQV� �&RPPRQ �WHFKQLTXHV �LQFOXGH �HOHFWULFDO
UHVLVWLYLW\ �WRPRJUDSK\ ��(57�� �HOHFWURPDJQHWLF �LQGXFWLRQ ��(0,�� �DQG �JDPPD�UD\ ��x�UD\�
VSHFWURVFRS\��7KHUH�LV�DOVR�DQ�LQFUHDVLQJ�LQWHUHVW�LQ�WKH�XVH�RI�JURXQG�SHQHWUDWLQJ�UDGDU
�*35��DQG�VHLVPLF�PHWKRGV��7KLV�VWXG\�H[SORUHV�WKH�SRWHQWLDO�IRU�SUHFLVLRQ�VRLO�PDSSLQJ�E\
FRPELQLQJ�YDULRXV�JHRSK\VLFDO�VHQVRUV�PRXQWHG�RQ�DQ�DXWRQRPRXV�URERW��FRPSOHPHQWHG�E\
WUDGLWLRQDO �JURXQG�EDVHG �VRLO �DQDO\VLV� �7KH �H[SHULPHQW �ZDV �FRQGXFWHG �DW �WKH �3DGRYD
8QLYHUVLW\�H[SHULPHQWDO�IDUP�
/��7RQLROR
�LQ�/HJQDUR�RQ�D���KD�ILHOG�PDQDJHG�ZLWK�GLIIHUHQW
VRLO �WLOODJH�RSHUDWLRQV� �7KUHH�WLOODJH�LQWHQVLWLHV �� �QR�WLOODJH��VRG�VHHGLQJ�� �FRQYHQWLRQDO
WLOODJH�����FP�SORXJKLQJ������FP�URWDU\�KDUURZLQJ���DQG�PLQLPXP�WLOODJH�����FP�URWDU\
KDUURZLQJ����ZHUH�FRPSDUHG�DFFRUGLQJ�WR�D�UDQGRPL]HG�EORFN�GHVLJQ�ZLWK�WZR�UHSOLFDWHV�
$Q�DXWRQRPRXV�URYHU��5RERWWL����'��$JURLQWHOOL��'.��ZDV�HTXLSSHG�ZLWK�D�x�UD\�GHWHFWRU
�$JUL�'HWHFWRU�06�������0HGXVD���1/��DQG�DFWLYH�RSWLFDO�VHQVRU��2SW5[��$J�/HDGHU���86$�
PRXQWHG�DW�WKH�IURQW�SRVLWLRQ��D�*35��6UHDP�'3��,'6��,7��DQG�FRVPLF�UD\�QHXWURQ�VHQVLQJ
SUREH��)LQDSS���,7��LQ�WKH�FHQWUDO�SDUW���DQG�DQ�HOHFWURPDJQHWLF�FRQGXFWLYLW\�PHWHUV��&0'�
0LQL([SORUHU��*)�,QVWUXPHQWV���&=��RQ�D�ZRRGHQ�VOHG�DW�WKH�UHDU��0HDVXUHPHQWV�ZHUH�WDNHQ
DW�D�VSHHG�RI�����NP�K����ZLWK�VZDWKV�UHSHDWHG�HYHU\�WZR�PHWHUV��$OO�LQVWUXPHQWV�ZRUNHG
VLPXOWDQHRXVO\�DQG�ZHUH�FRQQHFWHG�WR�D�*36�ZLWK�57.�SRVLWLRQLQJ�V\VWHP��HQVXULQJ�D
SUHFLVLRQ�RI�DERXW���FP��$�VRLO�PDSSLQJ�VXUYH\�ZDV�WKHQ�FDUULHG�RXW�WR�FKDUDFWHULVH�WKH�VRLO
SURILOH�IRU�SK\VLFDO�SURSHUWLHV��L�H��VRLO�PRLVWXUH��UHVLVWDQFH�SHQHWUDWLRQ��EXON�GHQVLW\�DQG
WH[WXUH� �DQG �FKHPLFDO �SURSHUWLHV ��H�J� �VRLO �RUJDQLF �FDUERQ�� �3UHOLPLQDU\ �UHVXOWV
GHPRQVWUDWHG �WKDW �WKH �FRPELQDWLRQ �RI �DQ �DXWRQRPRXV �URERW �ZLWK �VHYHUDO �JHRSK\VLFDO
SUR[LPDO�VHQVRUV�FDQ�DFW�DV�D�SUR[\�IRU�VRLO�SURSHUWLHV�GLJLWDO�PDSSLQJ��HQKDQFLQJ�SUHFLVLRQ
DJULFXOWXUH�RSHUDWLRQV��:KLOH�WKH�(0,�SURYHG�WR�EH�D�UHOLDEOH�SUHGLFWRU�RI�VRLO�KRUL]RQWDO
VSDWLDO�YDULDELOLW\��(57��VHLVPLF�DQG�*35�VKRZHG�SURPLVH�LQ�HYDOXDWLQJ�WKH�VRLO�SURSHUWLHV
VWUDWLILFDWLRQ �DORQJ �WKH �VRLO �SURILOH� �)LQDOO\� �WKH �VLPXOWDQHRXV �FROOHFWLRQ �RI �PXOWL�OD\HU
GDWDVHWV�KDV�SDYHG�WKH�ZD\�IRU�IXWXUH�UHVHDUFK�LQYROYLQJ�DUWLILFLDO�LQWHOOLJHQFH�DSSOLFDWLRQ�
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$FNQRZOHGJHPHQWV���3,$12�1$=,21$/(�',�5,35(6$�(�5(6,/,(1=$��3155����0,66,21(
��&20321(17(����,19(67,0(172�������'�'�������������������&1��������



��UG�1DWLRQDO�FRQIHUHQFH�RI�WKH�,WDOLDQ�6RFLHW\�IRU�$JURQRP\

3DJH����

,PSOHPHQWLQJ�&DUERQ�)DUPLQJ�LQ�WKH�(XUR�0HGLWHUUDQHDQ
%DVLQ��&ROODERUDWLRQV��6WUDWHJLHV�DQG�,PSDFW
E\�1LFROD�'DO�)HUUR�_�,ODULD�3LFFROL�_�&DUOR�&DPDURWWR�_�7KRPDV�$OH[DQGULGLV�_�*HRUJH�%LODV�_�)UDQFHVFR
0RUDUL�_�'$)1$(���8QLYHUVLW\�RI�3DGRYD�_�'$)1$(���8QLYHUVLW\�RI�3DGRYD�_�'$)1$(���8QLYHUVLW\�RI
3DGRYD�_�6FKRRO�RI�$JULFXOWXUH���$ULVWRWOH�8QLYHUVLW\�RI�7KHVVDORQLNL�_�6FKRRO�RI�$JULFXOWXUH���$ULVWRWOH
8QLYHUVLW\�RI�7KHVVDORQLNL�_�'$)1$(���8QLYHUVLW\�RI�3DGRYD

$EVWUDFW�,'�����
7RSLF��6RLO

3UHVHQWHU�1DPH��1LFROD�'DO�)HUUR
&RQWULEXWLRQ��3RVW

(XURSHDQ �8QLRQ ��(8� �LQLWLDWLYHV� �VXFK �DV �WKH �FDUERQ �IDUPLQJ �VWUDWHJ\� �DGYRFDWH �IRU
PDQDJLQJ �FDUERQ�SRROV� �IORZV �DQG�*+*�IOX[HV �DW �WKH �IDUP�OHYHO �ZLWK �WKH �SXUSRVH �RI
PLWLJDWLQJ�FOLPDWH�FKDQJH��'HVSLWH�WKH�FRPPHQGDEOH�QDWXUH�RI�WKLV�LQLWLDWLYH��WKHUH�DUH
FXUUHQWO\�QR�HVWDEOLVKHG�(8�ZLGH�VWDQGDUGV�IRU�PRQLWRULQJ��UHSRUWLQJ��DQG�YHULI\LQJ�VRLO
SURSHUWLHV�DQG�FDUERQ�IOX[HV�LQ�DJULFXOWXUH�RYHU�WLPH�DQG�VSDFH��7KH�,QWHUUHJ�(XUR�0('
SURMHFW�
&DUERQ���6RLO�4XDOLW\
�SLRQHHUV�VXVWDLQDEOH�VRLO�PDQDJHPHQW�SUDFWLFHV�DLPHG�DW
FDUERQ�VHTXHVWUDWLRQ��PLWLJDWLQJ�WKH�JUHHQKRXVH�HIIHFW��DQG�HQKDQFLQJ�VRLO�KHDOWK�LQ�WKH
DJURHFRV\VWHPV��8WLOL]LQJ�LQQRYDWLYH�WRROV�DQG�WUDQVQDWLRQDO�FROODERUDWLRQ��SURMHFW�SDUWQHUV
IURP�WKH�(XUR�0HGLWHUUDQHDQ�UHJLRQ�DUH�WDVNHG�ZLWK�HVWDEOLVKLQJ�VWDQGDUGV��PRQLWRULQJ
SURWRFROV� �DQG�GHYHORSLQJ�VRFLR�HFRQRPLF �PRGHOV �WR �HYDOXDWH �FDUERQ�IDUPLQJ�SUDFWLFHV
DFURVV�GLYHUVH�0HGLWHUUDQHDQ�FOLPDWHV��:LWKLQ�WKLV�IUDPHZRUN��WKH�UHVHDUFK�WHDP�IURP�WKH
8QLYHUVLW\�RI�3DGRYD�DW�'$)1$(�GHSDUWPHQW�ZLOO�FR�OHDG�WZR�NH\�WDVNV�RI�WKH�SURMHFW�DLP�DW�
���LGHQWLI\LQJ�VRLO�RUJDQLF�FDUERQ��62&��UHIHUHQFH�YDOXHV�IRU�GLIIHUHQW�VRLO�W\SHV�DFURVV�(8
0HGLWHUUDQHDQ�FRXQWULHV��DQG����LGHQWLI\LQJ�UHIHUHQFH�YDOXHV�IRU�VRLO�TXDOLW\��ZKLFK�ZLOO
JXLGH ��� �WKH �FKRLFH �RI �EHVW �DJULFXOWXUDO �PDQDJHPHQW �SUDFWLFHV �WR �HQKDQFH �62&
VHTXHVWUDWLRQ�DQG�SUHVHUYH�VRLO�KHDOWK�LQ�(8��7KH�HVWDEOLVKPHQW�RI�UHIHUHQFH�YDOXHV�IRU�VRLO
RUJDQLF�FDUERQ��62&��FRQWHQW�DQG�VWRFN��DV�ZHOO�DV�VRLO�TXDOLW\�VWDQGDUGV��LV�HVVHQWLDO�WR
SURYLGH�UHOLDEOH�WDUJHWV�IRU�IDUPHUV��SROLF\PDNHUV��DQG�VWDNHKROGHUV��7KH�/8&$6�GDWDEDVH
ZLOO �EH �XWLOL]HG�WR �LGHQWLI\ �WKH �SHGR�FOLPDWLF �DQG�PDQDJHPHQW �IDFWRUV �LQIOXHQFLQJ�62&
YDULDELOLW\ �DQG �WR �HVWLPDWH �WKH �PD[LPXP�DFKLHYDEOH �62& �FRQWHQW �IRU �IDUPHUV �LQ �DQ\
KRPRJHQHRXV�DUHD�ZLWKLQ�WKH�(XUR�0HGLWHUUDQHDQ�EDVLQ��7R�DFKLHYH�WKLV��PDFKLQH�OHDUQLQJ
DOJRULWKPV��LQFOXGLQJ�DUWLILFLDO�QHXUDO�QHWZRUNV��UHJUHVVLRQ�WUHHV��DQG�UDQGRP�IRUHVWV��ZLOO
EH�HPSOR\HG��)RU�HVWDEOLVKLQJ�VRLO �TXDOLW\�VWDQGDUGV� �D�%D\HVLDQ�%HOLHI �1HWZRUN��%%1�
PRGHO �ZLOO �EH �DXJPHQWHG �LQWR �DQ �LQQRYDWLYH �,QIOXHQFH �'LDJUDP� �7KLV �DSSURDFK �ZLOO
LQFRUSRUDWH�TXDQWLWDWLYH�VRLO�GDWD�DQG�TXDOLWDWLYH�TXDQWLWDWLYH�SHUFHSWLRQV�IURP�VWDNHKROGHUV
WKURXJK�D�YDOXH�HOLFLWDWLRQ�SURFHVV��DLPLQJ�WR�LGHQWLI\�SUREDELOLVWLFDOO\�GHILQHG�UHODWLRQVKLSV
EHWZHHQ�VRLO�SURSHUWLHV��VRLO�IXQFWLRQV��DQG�XOWLPDWHO\��VRLO�TXDOLW\�LQGLFHV��7KH�H[SHFWHG
UHVXOWV�LQFOXGH�WKH�LGHQWLILFDWLRQ�DQG�PDSSLQJ�RI�62&�WKUHVKROGV�IRU�HDFK�KRPRJHQHRXV
DUHD�DFURVV�WKH�(XUR�0HGLWHUUDQHDQ�FRXQWULHV��7KHVH�WKUHVKROGV�ZLOO�EH�FUHGLEOH��YHULILDEOH�
DQG�SRWHQWLDOO\ �DFKLHYDEOH �E\ �IDUPHUV �WKURXJK�WKH �LPSOHPHQWDWLRQ �RI �EHVW �DJULFXOWXUDO
SUDFWLFHV��$GGLWLRQDOO\��WKH�SURMHFW�DLPV�WR�TXDQWLI\�D�VRLO�TXDOLW\�SUREDELOLVWLF�YDOXH�WKDW
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RYHUFRPHV �WKH �OLPLWDWLRQV �RI �DJJUHJDWLQJ �YDULRXV �VRLO �IXQFWLRQV �RU �SURSHUWLHV �LQWR �D
GHWHUPLQLVWLF�VRLO�TXDOLW\�YDOXH�
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$SSOLFDWLRQ�RI�SODQW�ELRVWLPXODQWV�WR�FKLFNSHD�JHQRW\SHV
XQGHU�ILHOG�FRQGLWLRQV
E\�0LFKHOH�$QGUHD�'H�6DQWLV�_�6DOYDWRUH�&ROHFFKLD�_�/XLJLD�*LX]LR�_�'DPLDQD�7R]]L�_�=LQD�)ODJHOOD�_�'HSW�
'$)1(���8QLIJ�_�&5($�&,���)RJJLD�_�'HSW��'$)1(���8QLIJ�_�'HSW��'$)1(���8QLIJ�_�'HSW��'$)1(���8QLIJ

$EVWUDFW�,'�����
7RSLF��6RLO

3UHVHQWHU�1DPH��0LFKHOH�$QGUHD�'H�6DQWLV
&RQWULEXWLRQ��3RVW

6XVWDLQDEOH �FURSSLQJ �V\VWHPV �DUH �PRUH �DQG �PRUH �GHPDQGLQJ �IRU �PRGHUQ �DJULFXOWXUDO
VWUDWHJLHV��,Q�UDLQIHG�0HGLWHUUDQHDQ�DUHDV��FHUHDOV�DQG�LQ�SDUWLFXODU�GXUXP�ZKHDW�UHSUHVHQW
WKH�PDLQ�FURS�ZLWK�OLPLWHG�RSWLRQV�RI�URWDWLRQV�XQGHU�GURXJKW�FRQGLWLRQV��/HJXPHV�ZRXOG
UHSUHVHQW�D�JRRG�SUHFHVVLRQ�IRU�FHUHDOV�EHFDXVH�RI�WKHLU�DELOLW\�WR�LQFUHDVH�VRLO�QLWURJHQ�E\
1��IL[DWLRQ� �:LWKLQ�SXOVHV� �FKLFNSHD�LV �FRQVLGHUHG�ZHOO �DGDSWHG�WR �GURXJKW �FRQGLWLRQV�
3UHYLRXV�VWXGLHV�KDYH�VKRZQ�WKDW�WKH�\LHOG�JDS�EHWZHHQ�UDLQIHG�DQG�LUULJDWHG�FKLFNSHD�LV
OLPLWHG�ZLWK�UHVSHFW�WR�RWKHU�FURSV��DQG�WKLV�PDNH�WKLV�FXOWLYDWLRQ�VXLWDEOH�LQ�0HGLWHUUDQHDQ
UDLQIHG �FHUHDO �V\VWHPV� �+HQFH� �IHZ �LQIRUPDWLRQ �RQ �FKLFNSHD �QXWULWLRQ �LV �DYDLODEOH� �LQ
SDUWLFXODU�ZLWK�UHIHUHQFH�WR�SODQW�ELRVWLPXODQW�DSSOLFDWLRQV�DQG�WKHLU�HIIHFWV�RQ�\LHOG�DQG
TXDOLW\��7R�WKLV�DLP�D�WZR�\HDU�ILHOG�WULDO�ZDV�VHW�LQ�6RXWK�,WDO\��DW�)RJJLD��LQ�RUGHU�WR
REVHUYH�WKH�UHVSRQVH�RI�WZR�FKLFNSHD�JHQRW\SHV��UHVSHFWLYHO\�ODUJH�DQG�VPDOO �VHHG��WR
PLQHUDO�DQG�ELRVWLPXODQW�WUHDWPHQWV��7KH�VWXG\�ZDV�IRXQG�E\�WKH�0,85�$JULWHFK�1DWLRQDO
5HVHDUFK�&HQWHU�ZKLFK�UHFHLYHG�IXQGLQJ�IURP�WKH�(XURSHDQ�8QLRQ�1H[W�*HQHUDWLRQ�(8
�3155�� � �)LYH �ELRVWLPXODQWV �ZHUH �LQRFXODWHG� �LQFOXGLQJ �D �V\PELRWLF �5KL]RELXP� �D �QRW
V\PELRWLF�1�IL[LQJ�EDFWHULXP��$]RVSLULOOXP�EUD]LOHQVH�� �D�3*3%��%DFLOOXV�VXEWLOLV� �DQG�D
SODQW�EDVHG�ELRVWLPXODQW��SODQW�SHSWLGHV�DQG�KXPLF�DFLGV���%LRVWLPXODQWV�ZHUH�WHVWHG�LQ�D
IDFWRULDO �FRPELQDWLRQ�ZLWK�WZR�1�VXSSO\����YV����NJ�KD�RI �1��LQ�RUGHU�WR�YHULI\ �WKHLU
UHVSRQVH�DV �IXQFWLRQ�RI �GLIIHUHQW �1�VRLO �DYDLODELOLW\� �DQG�ZLWK �WZR�FKLFNSHD�JHQRW\SHV
�3DVFLk��6XOWDQR��LQ�D�VSOLW�SORW�GHVLJQ�ZLWK�WKUHH�UHSOLFDWLRQV��6SHFWUDO�YHJHWDWLRQ�LQGH[HV
PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�DW�IORZHULQJ��&URS�SHUIRUPDQFH�ZDV�DVVHVVHG�LQ�WHUPV�RI
\LHOG� �ZDWHU�XVH�HIILFLHQF\�DQG�SURWHLQ�FRQWHQW� �)LHOG�WULDOV �ZHUH�FRQGXFWHG�XQGHU�WZR
GLIIHUHQW �FURS �VHDVRQV �FKDUDFWHUL]HG �E\ �D �PDUNHG �YDULDWLRQV �LQ �UDLQIDOO �GLVWULEXWLRQ�
3UHOLPLQDU\�UHVXOWV�LQGLFDWHG�WKDW�VRPH�FRPELQDWLRQV�RI�IHUWLOL]DWLRQ�DQG�ELRVWLPXODQW�FRXOG
LPSURYH�FURS�SHUIRUPDQFH��WKDW�LV�PDUNHGO\�LQIOXHQFHG�DOVR�E\�ZHDWKHU�FRQGLWLRQV��$QDO\VHV
RQ�TXDOLW\�WUDLWV�DUH�LQ�SURJUHVV�
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$�FDVH�VWXG\�RI�SUHFLVLRQ�DJULFXOWXUH�DQG�ELRIHUWLOL]DWLRQ�RQ
GXUXP�ZKHDW�XQGHU�GURXJKW�FRQGLWLRQV�LQ�6RXWK�,WDO\
E\�0LFKHOH�$QGUHD�'H�6DQWLV�_�'DYLGH�0LVWXULQL�_�=LQD�)ODJHOOD�_�'HSW��'$)1(���8QLYHUVLW\�RI�)RJJLD�_
$JULQQRYD]LRQH�_�'HSW��'$)1(���8QLYHUVLW\�RI�)RJJLD

$EVWUDFW�,'�����
7RSLF��6RLO

3UHVHQWHU�1DPH��0LFKHOH�$QGUHD�'H�6DQWLV
&RQWULEXWLRQ��3RVW

$JULFXOWXUDO�V\VWHPV�DUH�QRZDGD\V�GHPDQGHG�WR�IDFH�FKDOOHQJHV�WR�LPSURYH�UHVRXUFH�XVH
HIILFLHQF\�RQ�RQH�KDQG��DQG�SURGXFWLYLW\�IRU�DQ�LQFUHDVLQJ�SRSXODWLRQ�RQ�WKH�RWKHU�KDQG�
3UHFLVLRQ�IDUPLQJ��ZKLFK�LV�EDVHG�RQ�WKH�XVH�RI�WKH�ULJKW�LQSXW��LQ�WKH�ULJKW�WLPH�DQG�VSDFH�
LV�FRQVLGHUHG�RQH�RI�WKH�PDLQ�VROXWLRQV��,Q�WKLV�VWXG\��D�SUHFLVLRQ�IDUPLQJ�V\VWHP�ZDV
DGRSWHG�RQ�GXUXP�ZKHDW�LQ�6RXWK�,WDO\�WR�FRPELQH�WKH�DGRSWLRQ�RI�SUHFLVLRQ�DJULFXOWXUH
ZLWK�ELRIHUWLOL]DWLRQ�ZLWK�WKH�DLP�WR�LPSURYH�UHVRXUFH�XVH�HIILFLHQF\��7KH�VWXG\�ZDV�IRXQG�E\
WKH�0,85�$JULWHFK�1DWLRQDO�5HVHDUFK�&HQWHU�ZKLFK�UHFHLYHG�IXQGLQJ�IURP�WKH�(XURSHDQ
8QLRQ�1H[W�*HQHUDWLRQ�(8��3155���$Q�RQ�IDUP�H[SHULPHQW�ZDV�FDUULHG�RXW�LQ�WKH�SURYLQFH
RI�)RJJLD��LQ�D�SDUWLFXODUO\�GU\�FURS�VHDVRQ�������������LQ�DQ�DUHD�RI�DERXW�����KHFWDUHV�
([SHULPHQWDO�GHVLJQ�FRQVLVWHG�RI�WZR�GXUXP�ZKHDW�JHQRW\SHV��WZR�QLWURJHQ�IHUWLOL]DWLRQ
VWUDWHJLHV��EXVLQHVV�DV�XVXDO�YV�'66�VXSSRUWHG��DQG�WZR�ELRIHUWLOL]DWLRQ�OHYHOV��LQRFXODWLRQ
ZLWK�FRPPHUFLDO�%DFLOOXV�VXEWLOLV�YV�FRQWURO���IRU�D�WRWDO�RI�HLJKW�SORWV�RI�DERXW�����KHFWDUHV�
6RLO �YDULDELOLW\�ZDV�DVVHVVHG�E\�HOHFWULFDO�FRQGXFWLYLW\� �'XUXP�ZKHDW�ZDV�JURZQ�XQGHU
FRQVHUYDWLYH�DJULFXOWXUH��QR�WLOODJH���6RLO�ZDWHU�PRLVWXUH�ZDV�PRQLWRUHG�DW�VRZLQJ��PLG�
VHDVRQ �DQG �KDUYHVW� �7HPSRUDO �1'9, �PHDVXUHPHQWV �ZHUH �FDUULHG �RXW �E\ �VDWHOOLWH
REVHUYDWLRQV ��6HQWLQHO �� �� �/DQGVDW ��� �DQG�WKH �DUHD �XQGHU �WKH �FXUYH ��$8&B1'9,� �ZDV
FDOFXODWHG�IRU �WKH�1'9,�WUHQG��<�D[LV� �LQ �WKH�GD\V�IURP�WLOOHULQJ�WR�PDWXULW\ ��;�D[LV��
%XVLQHVV�DV�XVXDO�IHUWLOL]DWLRQ�FRQVLVWHG�LQ�DQ�DSSOLFDWLRQ�RI����NJ�KD�RI�1�DW�WKH�HQG�RI�VWHP
HORQJDWLRQ��a������d&�G���2SWLPL]HG�IHUWLOL]DWLRQ�ZDV�FDUULHG�RXW�ZLWK�WKH�LQGLFDWLRQV�RI�D
GHFLVLRQ�VXSSRUW�V\VWHP��'66��WKDW�DOORZHG�WR�HVWLPDWH�WKH�1�GHPDQG�RQ�WKH�EDVLV�RI�WKH
DJURQRPLF�LQSXWV��YDULHW\� �VRLO �GDWD� �SUHYLRXV�FURS� �\LHOG�WDUJHW�� �2Q�WKH�EDVLV �RI �'66
LQGLFDWLRQV ��� �NJ�KD �RI �QLWURJHQ �ZHUH �VXSSOLHG� �8UHD �DPPRQLXP�VXOIDWH �ZDV �XVHG �DV
IHUWLOL]HU������RI�1��L)HUW�����6XSSOHPHQWDU\�IHUWLOL]DWLRQ�ZDV�QRW�FDUULHG�RXW�GXH�WR�WKH
VHYHUH�GURXJKW�RFFXUUHG�GXULQJ�WKH�JURZLQJ�VHDVRQ��9DULDEOH�UDWH��95��RI�QLWURJHQ�IHUWLOL]HU
ZDV�DSSOLHG�RQ�WKH�EDVLV�RI�WKH�SUHVFULSWLRQ�PDS�PDGH�DFFRUGLQJ�WR�WKH�1'9,�YDOXHV�EHIRUH
IHUWLOL]DWLRQ��$W�ERRWLQJ��a������d&�G��D�FRPPHUFLDO�PLFURELDO�ELRVWLPXODQW��%DFLOOXV�VXEWLOLV�
ZDV�DSSOLHG�LQ�WKH�UHVSHFWLYH�WKHVLV��$W�PDWXULW\��VXEVDPSOHV�RI�ZKHDW�SODQWV�ZHUH�FROOHFWHG
WR�DVVHVV�\LHOG�FRPSRQHQWV�DQG�WR�SHUIRUP�FKHPLFDO�DQDO\VLV��*UDLQV�ZHUH�ILQDOO\�KDUYHVWHG
E\�D�FRPELQH�KDUYHVWHU�HTXLSSHG�ZLWK�*36��\LHOG�PDS�ZDV�WKHQ�JHQHUDWHG�DV�DQ�RXWFRPH�
<LHOG�GDWD�RI�WKH�GLIIHUHQW�H[SHULPHQWDO�WKHVHV�ZHUH�FRPSDUHG�WR�$8&B1'9,�HVWLPDWLRQV
DQG�WR�WKH�1�IHUWLOL]DWLRQ�VXSSO\��3UHOLPLQDU\�UHVXOWV�LQGLFDWH�D�KLJKHU�HIILFLHQF\�LQ�WKH�'66
WKHVLV��DQG�D�KLJKHU�FURS�YLJRU�DVVRFLDWHG�WR�ELRVWLPXODQW�LQRFXODWLRQ�
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+HDOWK�ULVN�DVVHVVPHQW�LQ�WZR�DJULFXOWXUDO�VRLO�FRQWDPLQDWHG
E\�SRWHQWLDO�WR[LF�HOHPHQWV
E\�'RQDWR�9LVFRQWL�_�1XQ]LR�)LRUHQWLQR�_�0DVVLPR�)DJQDQR�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��
8QLYHUVLW\�RI�1DSOHV�)HGHULFR�,,�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV���8QLYHUVLW\�RI�1DSOHV�)HGHULFR�,,�_
'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV���8QLYHUVLW\�RI�1DSOHV�)HGHULFR�,,

$EVWUDFW�,'�����
7RSLF��6RLO

3UHVHQWHU�1DPH��1XQ]LR�)LRUHQWLQR
&RQWULEXWLRQ��3RVW

3RWHQWLDO�WR[LF�HOHPHQWV��37(V��FDQ�FRQWDPLQDWH�WKH�VRLO�DQG�SRVH�ULVNV�WR�KXPDQ�KHDOWK
WKURXJK�YDULRXV�SDWKZD\V�RI�H[SRVXUH��37(�XSWDNH�KDV�EHHQ�H[WHQVLYHO\�VWXGLHG�LQ�YDULRXV
FURSV��ZKLFK�FDQ�DEVRUE�WKHVH�HOHPHQWV�IURP�FRQWDPLQDWHG�VRLOV�WKURXJK�WKHLU�URRWV��ZKLOH
OHDYHV�FDQ�DOVR�DEVRUE�KDUPIXO�HOHPHQWV�IURP�SDUWLFOHV�GHSRVLWHG�RQ�WKHLU�VXUIDFHV��6LQFH
37(V �LQ �FURSV �FDQ �HQWHU �WKH �KXPDQ �ERG\ �WKURXJK �WKH �IRRG �FKDLQ� �IRRG �FRQVXPSWLRQ
UHSUHVHQWV �D �VLJQLILFDQW �H[SRVXUH �SDWKZD\� �,Q �WKLV �VWXG\� �ZH �FRQGXFWHG �D �KHDOWK �ULVN
DVVHVVPHQW�DW �WZR�FRQWDPLQDWHG�VLWHV�LQ�6RXWKHUQ�,WDO\�LQ�DFFRUGDQFH�ZLWK�0LQLVWHULDO
'HFUHH����������7KH�ILUVW�VLWH��6���ZDV�FRQWDPLQDWHG�E\�&G�DQG�ORFDWHG�LQ�DQ�DJULFXOWXUDO
DUHD �DIIHFWHG �E\ �LQGXVWULDO �VOXGJH �GLVFKDUJH� �$ �SK\WRUHPHGLDWLRQ �SURWRFRO� �LQYROYLQJ �D
FRPELQDWLRQ�RI�SRSODU�WUHHV�DQG�D�VWDEOH�WXUIJUDVV��ZDV�LPSOHPHQWHG�IRU�IRXU�\HDUV��IURP
�����WR��������7KH�VHFRQG�VLWH��6���ZDV�DQ�DJULFXOWXUDO�DUHD�WKDW�KDV�EHHQ�XVHG�DV�D
VKRRWLQJ�UDQJH�IRU�VHYHUDO�\HDUV�DQG�FRQWDPLQDWHG�PDLQO\�E\�3E��WKH�PDLQ�FRPSRQHQW�RI
EXOOHWV��6RLOV�ZHUH�FROOHFWHG�IURP�ERWK�VLWHV�LQ�������DQG�D�SRW�H[SHULPHQW�ZDV�FRQGXFWHG�E\
FXOWLYDWLQJ�IRXU�HGLEOH�SODQW�VSHFLHV�FRPPRQO\�IRXQG�LQ�WKH�VWXG\�DUHD�DQG�NQRZQ�IRU�WKHLU
DELOLW\�WR�DFFXPXODWH�37(V��OHWWXFH��ZLOG�URFNHW��VSLQDFK��DQG�FKLFRU\��5HVXOWV�VKRZHG�WKDW
3E�FRQFHQWUDWLRQV�LQ�SODQW�WLVVXHV�ZHUH�EHORZ�WKH�UHJXODWRU\�OLPLWV������PJ�NJ���)�:����(&
5HJXODWLRQ������������IRU�DOO�VSHFLHV�DQG�VRLOV�FRQVLGHUHG��&DUFLQRJHQLF�ULVNV�WR�FRQVXPHUV
ZHUH�REVHUYHG��ZLWK�RQO\�VSLQDFK�VKRZLQJ�D�ORZ�FDUFLQRJHQLF�ULVN��&G�FRQFHQWUDWLRQV�LQ
SODQW�WLVVXHV�JURZQ�RQ�VRLO�6��H[FHHGHG�WKH�OLPLWV�VHW�E\�(XURSHDQ�UHJXODWLRQV������PJ�NJ��

)�:���(&�5HJXODWLRQ�������������EXW�D�UHGXFWLRQ�LQ�&G�FRQWHQW�LQ�DOO�VSHFLHV�ZDV�REVHUYHG
LQ������FRPSDUHG�WR�������VXJJHVWLQJ�D�GHFUHDVH�LQ�UHDGLO\�ELRDYDLODEOH�&G�LQ�WKH�VRLO��7KH
UHGXFWLRQ�RI�&G�FRQFHQWUDWLRQV�LQ�SODQWV�FRUUHVSRQGHG�WR�D�UHGXFWLRQ�LQ�FRQVXPHU�ULVN�
$FFRUGLQJ�WR�(XURSHDQ�UHJXODWLRQV��(&�5HJXODWLRQ�������������DOO�VSHFLHV�JURZQ�RQ�VRLO�6�
ZRXOG�QRW�EH�PDUNHWDEOH�DV�WKH\�FRXOG�SRVH�D�ULVN�WR�KXPDQ�KHDOWK� �EXW�LQGLUHFW�ULVN
DQDO\VLV�LQGLFDWHG�WKDW�RQO\�VSLQDFK�DQG�FKLFRU\�FRXOG�EH�KD]DUGRXV��VXJJHVWLQJ�WKH�QHHG
IRU �D �XQLILHG �DSSURDFK �WR �DVVHVVLQJ �LQGLUHFW �ULVNV �DVVRFLDWHG �ZLWK �WKH �LQJHVWLRQ �RI
DJULFXOWXUDO�SURGXFWV��7KH�UHVXOWV�REWDLQHG�LQ������VXJJHVW�WKDW�D�ORZ�LQGLUHFW�FDUFLQRJHQLF
ULVN�DVVRFLDWHG�ZLWK�3E�H[LVWV�DW�VLWH�6���DV�ZHOO�DV�D�SRWHQWLDO�ULVN�RI�GXVW�LQKDODWLRQ�
LQGLFDWLQJ�WKH�QHHG�IRU�VDIHW\�PHDVXUHV�WR�UHGXFH�ERWK�GLUHFW�DQG�LQGLUHFW�ULVNV��5HJDUGLQJ
VLWH�6���WKH�UHVXOWV�VXJJHVW�WKDW�DGGLWLRQDO�F\FOHV�RI�SK\WRH[WUDFWLRQ�VKRXOG�IXUWKHU�UHGXFH
WKH�ELRDYDLODEOH�&G�FRQWHQW�LQ�WKH�VRLO�DQG�FRQVHTXHQWO\�LQ�SODQWV��WKHUHE\�UHGXFLQJ�KHDOWK
ULVNV�IRU�FRQVXPHUV�
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$VVHVVLQJ�WKH�LPSDFW�RI�PLQLPXP�WLOODJH�DQG�OHJXPH�VSHFLHV
LQWURGXFWLRQ�RQ�IRUDJH�FHUHDOV�FURS�URWDWLRQ�XQGHU
0HGLWHUUDQHDQ�FRQGLWLRQV
E\�$OLFH�3DOLPRGGH�_�'DYLGH�)RLV�_�7HUHVD�0XUJLD�_�$QWRQLR�3XOLQD�_�*LRYDQQD�6HGGDLX�_�'HSDUWPHQW�RI
$JULFXOWXUDO�6FLHQFHV��8QLYHUVLW\�RI�6DVVDUL�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLW\�RI�6DVVDUL�_
'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLW\�RI�6DVVDUL�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV�
8QLYHUVLW\�RI�6DVVDUL�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��8QLYHUVLW\�RI�6DVVDUL

$EVWUDFW�,'�����
7RSLF��6RLO

3UHVHQWHU�1DPH��$OLFH�3DOLPRGGH
&RQWULEXWLRQ��3RVW

*UHDW �DWWHQWLRQ �LV �SDLG �WR �ORZ�LQSXW� �KLJK�HIILFLHQF\ �IDUPLQJ �V\VWHPV �WR �UHGXFH �FRVWV�
SURPRWLQJ�HQYLURQPHQWDO�VXVWDLQDELOLW\�DQG�IDUP�VHOI�VXIILFLHQF\��&RQVHUYDWLYH�DJULFXOWXUH
SUDFWLFHV�DQG�XVLQJ�OHJXPH�VSHFLHV�LQ�FURSSLQJ�V\VWHPV�DUH�FUXFLDO�IRU�DJUL�OLYHVWRFN�IDUPV

VXVWDLQDELOLW\ �GXH �WR �WKHLU �QLWURJHQ�IL[LQJ �FDSDFLW\� �KLJK �QXWULWLYH �YDOXH �DQG �DELOLW\ �WR
LPSURYH�VRLO�IHUWLOLW\��7KH�REMHFWLYH�RI�WKH�VWXG\�ZDV�WR�DVVHVV�WKH�HIIHFW�RI�WKH�LQWHUDFWLRQ
EHWZHHQ �WLOODJH �SUDFWLFHV �DQG �IRUDJH �FURSSLQJ �V\VWHPV �LQ �URWDWLRQ ��WULWLFDOH �IRU �VLODJH
SURGXFWLRQ��KD\�FURS�PL[WXUH��DQG�IDYD�EHDQ��ZLWK�FHUHDO�FURSV��WULWLFDOH�DQG�GXUXP�ZKHDW�
RQ�FURS�\LHOG�DQG�TXDOLW\�DQG�VRPH�DVVRFLDWHG�HFRV\VWHP�VHUYLFHV��H�J���1�DQG�&�F\FOLQJ��LQ
D�W\SLFDO�DJUL�OLYHVWRFN�IDUP�IRUDJH�V\VWHPV��7KH�UHVHDUFK�DFWLYLWLHV�DUH�RQJRLQJ�DW�WKH
H[SHULPHQWDO �IDUP �RI �WKH �8QLYHUVLW\ �RI �6DVVDUL �LQ �2WWDYD� �6DVVDUL� �$ �WZR�\HDU �ILHOG
H[SHULPHQW�ZDV�HVWDEOLVKHG�LQ�WKH�DXWXPQ�������7KH�H[SHULPHQWDO�GHVLJQ�LV�D�VSOLW�SORW�ZLWK
IRXU�UHSOLFDWHV�LQ�ZKLFK�WKH�PDLQ�IDFWRU�LV�WKH�WLOODJH�PHWKRG�ZLWK�WZR�OHYHOV��FRQYHQWLRQDO
WLOODJH��&21���L�H��ULSSLQJ�DW����FP�DQG�KDUURZLQJ�ZLWK�D�URWDU\�KDUURZ��PLQLPXP�WLOODJH
�0,1���L�H��ULSSLQJ�DW����FP�DQG�KDUURZLQJ�ZLWK�D�URWDU\�KDUURZ��7KH�VXEIDFWRU�LV�WKH�FURS
URWDWLRQ�ZLWK�IRUDJH�FURSV��ZLWK�WKUHH�OHYHOV��SXUH�WULWLFDOH��75,��IRU�VLODJH�SURGXFWLRQ��SXUH
IDYD�EHDQV��)$9��IRU�IRGGHU�JUDLQ�SURGXFWLRQ��PL[WXUH�RI�,WDOLDQ�U\HJUDVV�DQG�DOH[DQGULQH
FORYHU ��0,;� �IRU �KD\ �SURGXFWLRQ� �7KH �WRWDO �DERYHJURXQG �ELRPDVV� �IRUDJH �TXDOLW\�
SKHQRORJLFDO�VWDJHV��DQG�OHDI�DUHD�LQGH[��/$,��KDYH�EHHQ�PHDVXUHG�PRQWKO\�GXULQJ�WKH
JURZLQJ�VHDVRQ��$W�WKH�VDPH�WLPH��WKH�IUDFWLRQ�RI�3KRWRV\QWKHWLF�$FWLYH�5DGLDWLRQ�DGVRUEHG
E\�WKH�FDQRS\��I3$5���WKH�&KORURSK\OO�&RQWHQW�,QGH[��&&,���DQG�WKH�VXUIDFH�UHIOHFWDQFH�LQ
WKH�JUHHQ������QP���UHG������QP���5HG�(GJH������QP���DQG�1HDU�,QIUDUHG������QP��KDYH
EHHQ�PHDVXUHG�ZLWK�SUR[LPDO�VHQVRUV�WR�DVVHVV�WKH�VKDUH�RI�WKH�YDULDELOLW\�RI�PHDVXUHG
YDULDEOHV�H[SODLQHG�E\�GHULYHG�PXOWLVSHFWUDO�LQGLFHV�DQG�WKHLU�DELOLW\�WR�SUHGLFW�DJURQRPLFDO
WUDLWV��7KH�FURS�\LHOG�DV�KD\�SURGXFWLRQ��0,;���VLODJH��75,���DQG�JUDLQ��)$9��KDYH�EHHQ
PHDVXUHG�DW�WKH�HQG�RI�WKH�JURZLQJ�VHDVRQ�DFFRUGLQJ�WR�FURS�PDWXULW\�VWDJHV��6RLO�SK\VLFDO
DQG�FKHPLFDO�FKDUDFWHULVWLFV�ZHUH�DOVR�GHWHUPLQHG�DW�WKH�EHJLQQLQJ�RI�WKH�H[SHULPHQW��6RLO
&�DQG�1�FRQWHQW��ZDWHU�DYDLODELOLW\��DQG�EXON�GHQVLW\�ZLOO�DOVR�EH�PRQLWRUHG�DW�WKH�HQG�RI
HDFK�JURZLQJ�VHDVRQ��6RLO�ZDWHU�FRQWHQW�KDV�DOVR�EHHQ�PRQLWRUHG�FRQWLQXRXVO\�IURP�HDUO\
VSULQJ�DW������FP�DQG�������FP�GHSWK��7KH�GDWDVHW�ZLOO�DOVR�EH�XVHG�WR�FDOLEUDWH�FURS
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PRGHOV�WR�DVVHVV�WKH�LPSDFW�RI�VXFK�SUDFWLFHV�LQ�WKH�PLG��DQG�ORQJ�WHUP��DOVR�XQGHU�FOLPDWH
FKDQJH�VFHQDULRV��7KH�H[SHFWHG�UHVXOWV��IRU�ZKLFK�GDWD�FROOHFWLRQ�DQG�DQDO\VLV�DUH�FXUUHQWO\
LQ�SURJUHVV��FRXOG�FRQILUP�WKH�K\SRWKHVLV�WKDW�FRQVHUYDWLRQ�DJULFXOWXUH�WHFKQLTXHV�VXFK�DV
PLQLPXP�WLOODJH�DQG�FURS�URWDWLRQV�ZLWK�OHJXPHV�FDQ�SRVLWLYHO\�DIIHFW�FURS�SURGXFWLYLW\�DQG
TXDOLW\ �DQG�VRLO
V �ELRORJLFDO �DQG�FKHPLFDO �SURSHUWLHV� �)XUWKHUPRUH� �DQ �LPSURYHPHQW �LQ
HFRV\VWHP�VHUYLFHV�VXFK�DV�IRRG�SURGXFWLRQ��ZDWHU�VWRUDJH��DQG�FDUERQ�VHTXHVWUDWLRQ�LV
H[SHFWHG�WR�PLWLJDWH�FOLPDWH�FKDQJH�DQG�H[WUHPH�ZHDWKHU�HYHQWV�
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0LFURELDO�FRQVRUWLD�LQFUHDVH�QXWULHQW�XVH�HIILFLHQF\�RQ
LUULJDWHG�DQG�UDLQIHG�FRUQ�RYHU���\HDU�PRQRFURSSLQJ
E\�)UDQFHVFR�)HUUHUR�_�(UQHVWR�7DEDFFR�_�*DEULHOH�5RODQGR�_�*LRUJLR�%RUUHDQL�_�8QLYHUVLW\�RI�7XULQ��
'HSDUWPHQW�RI�$JULFXOWXUDO��)RUHVW�DQG�)RRG�6FLHQFHV��',6$)$��_�8QLYHUVLW\�RI�7XULQ���'HSDUWPHQW�RI
$JULFXOWXUDO��)RUHVW�DQG�)RRG�6FLHQFHV��',6$)$��_�8QLYHUVLW\�RI�7XULQ���'HSDUWPHQW�RI�$JULFXOWXUDO�
)RUHVW�DQG�)RRG�6FLHQFHV��',6$)$��_�8QLYHUVLW\�RI�7XULQ���'HSDUWPHQW�RI�$JULFXOWXUDO��)RUHVW�DQG�)RRG
6FLHQFHV��',6$)$�

$EVWUDFW�,'����
7RSLF��:DWHU

3UHVHQWHU�1DPH��)UDQFHVFR�)HUUHUR
&RQWULEXWLRQ��2UDO

,QRFXODWLQJ �FURSV �ZLWK �PLFURELDO �FRQVRUWLD ��0&� �LV �LQFUHDVLQJO\ �JDLQLQJ �DWWHQWLRQ �LQ
DJULFXOWXUH�DV�SRVVLEOH�ZD\�IRU�VXVWDLQDEOH�DUDEOH�FURS�JURZWK�DQG�HIILFLHQF\��6RPH�VWXGLHV
KDYH�VWUHVVHG�WKH�SRVLWLYH�HIIHFW�RI�0&�FURS�LQRFXODWLRQ�RQ�JURZWK��QXWULHQW�XSWDNH�XQGHU
ODERUDWRU\�FRQGLWLRQ��+HWW �HW �DO�� ������� �KRZHYHU� �ILHOG�DSSOLFDWLRQV�RI �0&�RYHU�D�ORQJ
H[SHULPHQW�SHULRG�KDYH�EHHQ�OHVV�LQYHVWLJDWHG��0LFURELDO�FRQVRUWLD�XVXDOO\�FRQVLVW�RI�WZR�RU
PRUH�SODQW�JURZWK�SURPRWLQJ�PLFURRUJDQLVPV��DQG��DPRQJ�WKHVH��WKH�UKL]REDFWHULD�DQG
EHQHILFLDO�IXQJL�DUH�WKH�PRVW�IUHTXHQWO\�XVHG�LQ�FHUHDO��7KH�DLP�RI�WKH��VWXG\�ZDV�WR�DVVHVV
WKH�QXWULHQW�FRQWHQWV�DQG�XSWDNHV�RI�LUULJDWHG�DQG�UDLQIHG�PRQR�FURSSHG�FRUQ�LQRFXODWHG
ZLWK�0&�XQGHU�ILHOG�FRQGLWLRQV�RYHU�D�ORQJ�WHUP�H[SHULPHQW��7KH�VWXG\�ZDV�FRQGXFWHG�RYHU
D���\HDU�SHULRG�DW�WKH�8QLYHUVLW\�RI�7XULQ��$�VSOLW�SORW�GHVLJQ�ZLWK�IRXU�UHSOLFDWHV�ZDV�XVHG�
ZLWK�LUULJDWLRQ�WUHDWPHQW�DVVLJQHG�DV�WKH�ZKROH�SORW��LQRFXODWLRQ�ZLWK�0&�DV�VSOLW�SORWV��DQG
UHSOLFDWHV �DV �EORFNV� �&RUQ �ZDV �LQRFXODWHG �DW �VRZLQJ �E\ �URZ �GLVWULEXWLRQ �ZLWK �D �0&
FRQWDLQLQJ �P\FRUUKL]DH� �EHQHILFLDO �EDFWHULD �RI �UKL]RVSKHUH� �DQG �VDSURSK\WLF �IXQJL�
([SHULPHQWDO �ILHOG�UHFHLYHG����� ���� �DQG����NJ�KD�� �RI �1� �3�2�� �DQG�.�2��UHVSHFWLYHO\�
,UULJDWLRQ�WUHDWPHQW�ZDV�PDQDJHG�IROORZLQJ�WKH�FURS�QHHGV�DQG�UHVXOWHG�LQ���WR���LUULJDWLRQ
SHU�JURZLQJ�VHDVRQ� �7KH�GU\�PDWWHU��'0��\LHOG� �FRUQ�JUDLQ�QXWULHQW�FRQWHQWV� �QXWULHQW
EDODQFH��DQG�QXWULHQW�XVH�HIILFLHQF\�ZHUH�DVVHVVHG�IROORZLQJ�7DEDFFR�HW�DO� �������� �2Q
DYHUDJH�WKH�LUULJDWLRQ�LPSURYHG�WKH�\LHOG�RI������3��������ZLWK�D�VWURQJHU�HIIHFW�VKRZHG�LQ
RQH�\HDU�RXW�RI�ILYH��������DQG�������IRU�FRQWURO�DQG�0&��UHVSHFWLYHO\���,QRFXODWLRQ�ZLWK
0&�VKRZHG�DQ�LQFUHDVH�LQ�WKH�\LHOG�RI������3 �������ZLWK�KLJKHU�YDOXH�LQ�LUULJDWHG�WKDQ�LQ
UDLQIHG�SORWV��,QRFXODWLRQ�ZLWK�0&�LQFUHDVHG�WKH�QXWULHQW�XVH�HIILFLHQF\�ZKLFK�FRPSDUHG
ZLWK�XQWUHDWHG�FRUQ�LQFUHDVHG�IURP������WR�������3 ��������IURP������WR�������3 �������
DQG�IURP������WR�������3 �������IRU�1��3�2���DQG�.�2��UHVSHFWLYHO\��7KLV�UHVXOWHG�LQ�D
UHGXFWLRQ�RI �VXUSOXV�SHU�KHFWDUH�WKDW �ZDV�IURP����WR�����3 ������� �IURP�����WR�����
�3 �������DQG�IURP����WR����3��������IRU�1��3�2���DQG�.�2��UHVSHFWLYHO\��'XH�WR�KLJK
DYDLODELOLW\�RI�VRLO�3��WKH�DPRXQW�RI�3�2��GHOLYHUHG�WR�FURS�ZDV�ORZHU�WKDQ�DFWXDO�XSWDNH�DQG
WKLV�UHVXOWHG�LQ�YHU\�KLJK�QXWULHQW�HIILFLHQF\��7KH�1�FRQWHQW�RI�JUDLQ�OLQHDUO\�GHFUHDVHG�RYHU
WKH���\HDU�SHULRG��5�� ������� �LQGLFDWLQJ�WKH�DELOLW\�RI�SODQW�WR�XVH�D�ORZHU�DPRXQW�RI
QXWULHQW�ZLWKRXW�UHGXFLQJ�WKH�GU\�PDWWHU�\LHOG��5HVXOWV�RI�WKH�SUHVHQW�ZRUN�LQGLFDWHV�WKDW
0&�FDQ�UHSUHVHQW�D�ZD\�WR�LPSURYH�FRUQ�QXWULWLRQ�HIILFLHQF\�DQG�\LHOG��KRZHYHU��HYDOXDWLRQ
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RI �GLIIHUHQFH �LQ �LQFRPHV �RU �YDOXH�DGGHG �EHWZHHQ �WKH �WZR �WUHDWPHQWV �DUH �QHHGHG�
$FNQRZOHGJPHQWV��7KLV�VWXG\�ZDV�FDUULHG�RXW�ZLWKLQ�WKH�$JULWHFK�1DWLRQDO�5HVHDUFK�&HQWHU
DQG�UHFHLYHG�IXQGLQJ�IURP�WKH�(XURSHDQ�8QLRQ�1H[W�*HQHUDWLRQ(8��3155����0,66,21(��
&20321(17( ��� �,19(67,0(172 ���� �� �'�'� ����� ������������ �&1���������� �7KLV
DEVWUDFW�UHIOHFWV�RQO\�WKH�DXWKRUV��YLHZV�DQG�RSLQLRQV��QHLWKHU�WKH�(XURSHDQ�8QLRQ�QRU�WKH
(XURSHDQ�&RPPLVVLRQ�FDQ�EH�FRQVLGHUHG�UHVSRQVLEOH�IRU�WKHP�

�
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&RPSUHKHQVLYH�$VVHVVPHQW�RI�:DVWHZDWHU�5HXVH�LQ
$JULFXOWXUH��5LVN�DQG�%HQHILW�(YDOXDWLRQ�LQ�7RPDWR�DQG
'XUXP�:KHDW�&XOWLYDWLRQ
E\�0LFKHOH�'HQRUD�_�9LQFHQ]R�&DQGLGR�_�)UDQFHVFR�'H�0DVWUR�_�*LXVHSSH�*DWWD�_�&ULVWLQD�'H�&HJOLH�_
6DSLD�0XUJROR�_�&RVWDQ]D�)LRUHQWLQR�_�*HQQDUR�%UXQHWWL�_�0LFKHOH�3HUQLROD�_�'HSDUWPHQW�RI�(XURSHDQ�DQG
0HGLWHUUDQHDQ�&XOWXUHV��8QLYHUVLW\�RI�%DVLOLFDWD�_�'HSDUWPHQW�RI�(XURSHDQ�DQG�0HGLWHUUDQHDQ�&XOWXUHV�
8QLYHUVLW\�RI�%DVLOLFDWD�_�'HSDUWPHQW�RI�6RLO��3ODQW��DQG�)RRG�6FLHQFH��8QLYHUVLW\�RI�%DUL�_�'HSDUWPHQW�RI
$JULFXOWXUDO�6FLHQFHV��)RRG��1DWXUDO�5HVRXUFHV�DQG�(QJLQHHULQJ��'$)1(���8QLYHUVLW\�RI�)RJJLD�_�:DWHU
5HVHDUFK�,QVWLWXWH��,56$���1DWLRQDO�5HVHDUFK�&RXQFLO��&15��_�:DWHU�5HVHDUFK�,QVWLWXWH��,56$���1DWLRQDO
5HVHDUFK�&RXQFLO��&15��_�6FKRRO�RI�$JULFXOWXUDO��)RUHVWU\��(QYLURQPHQWDO�DQG�)RRG�6FLHQFHV��8QLYHUVLW\
RI�%DVLOLFDWD�_�'HSDUWPHQW�RI�6RLO��3ODQW��DQG�)RRG�6FLHQFH��8QLYHUVLW\�RI�%DUL�_�'HSDUWPHQW�RI�(XURSHDQ
DQG�0HGLWHUUDQHDQ�&XOWXUHV��8QLYHUVLW\�RI�%DVLOLFDWD

$EVWUDFW�,'����
7RSLF��:DWHU

3UHVHQWHU�1DPH��0LFKHOH�'HQRUD
&RQWULEXWLRQ��2UDO

,Q�UHJLRQV�IDFLQJ�LQFUHDVLQJ�ZDWHU�VFDUFLW\��WKH�UHXVH�RI�WUHDWHG�ZDVWHZDWHU�HPHUJHV�DV�D
FUXFLDO�VWUDWHJ\��+RZHYHU��FRQFHUQV�DULVH�UHJDUGLQJ�WKH�SUHVHQFH�RI�HPHUJLQJ�FRQWDPLQDQWV
�(&V�� �VXFK �DV �SKDUPDFHXWLFDOV �DQG �SHUVRQDO �FDUH �SURGXFWV� �QHFHVVLWDWLQJ �D �WKRURXJK
LQYHVWLJDWLRQ�LQWR�WKHLU�SRWHQWLDO�LPSDFWV�RQ�KXPDQ�KHDOWK�DQG�WKH�HQYLURQPHQW��5RXW�HW�DO��
������� �7KLV�VWXG\�H[SORUHV�WKH�FRPSOH[�G\QDPLFV�RI�(&�DEVRUSWLRQ��DFFXPXODWLRQ��DQG
WUDQVORFDWLRQ �LQ �WRPDWR �DQG �GXUXP�ZKHDW �FURSV �LUULJDWHG �ZLWK �WUHDWHG �ZDVWHZDWHU �LQ
6RXWKHUQ�,WDO\��DLPLQJ�WR�SURYLGH�DQ�XQGHUVWDQGLQJ�RI�WKH�DVVRFLDWHG�ULVNV�DQG�EHQHILWV�RI
WKLV�SUDFWLFH��&RQGXFWHG�DW�WKH�H[SHULPHQWDO�VLWH�RI�WKH�$JURELRORJLFDO�5HVHDUFK�&HQWHU
$/6,$�0HWDSRQWXP��07�� �WKH�UHVHDUFK�HPSOR\HG�O\VLPHWULF �ZHLJKLQJ�WDQNV�IRU �WRPDWR
FXOWLYDWLRQ� �VSHFLILFDOO\ �WKH �
7D\ORU �)�
 �YDULHW\ ��6RODQXP �O\FRSHUVLFXP �/�� �IRUPHUO\
/\FRSHUVLFRQ�HVFXOHQWXP �0LOO�� �WUDQVSODQWHG�LQ�-XQH������DQG�KDUYHVWHG�LQ�6HSWHPEHU
������6XEVHTXHQWO\��GXUXP�ZKHDW�FXOWLYDWLRQ�RI�WKH��6DUDJROOD��YDULHW\��7ULWLFXP�GXUXP
'HVI���ZDV�FDUULHG�RXW�LQ�WKH�VDPH�O\VLPHWHUV��VRZQ�RQ�-DQXDU\�����������7KUHH�LUULJDWLRQ
VWUDWHJLHV�ZHUH�LPSOHPHQWHG��FRQYHQWLRQDO�ZDWHU��):���WUHDWHG�ZDVWHZDWHU�ZLWK�(XURSHDQ
DYHUDJH�FRQFHQWUDWLRQV�RI�FRQWDPLQDQWV��7::[����DQG�WUHDWHG�ZDVWHZDWHU�ZLWK�WULSOH�GRVHV
RI �HPHUJLQJ�FRQWDPLQDQWV��7::[��� �7KH�PL[�RI �DGGHG�(&V�LQFOXGHG����FRQWDPLQDQWV�
FODULWKURP\FLQ� �VXOIDPHWKR[D]ROH� �WULPHWKRSULP� �FDUEDPD]HSLQH� �GLFORIHQDF� �IOXFRQD]ROH�
FOLPED]ROH� �NHWRSURIHQ� �PHWRSURORO� �QDSUR[HQ� �JHPILEUR]LO� �DQG�WULFORVDQ��SXULW\�!�����
VXSSOLHG�E\�/DE�,QVWUXPHQWV��,WDO\���&RPSUHKHQVLYH�DQDO\WLFDO�PHWKRGV��LQFOXGLQJ�RQOLQH
VROLG�SKDVH�H[WUDFWLRQ��63(��FRXSOHG�ZLWK�83/&�472)�06�06��ZHUH�XVHG�WR�TXDQWLI\�(&
FRQFHQWUDWLRQV�LQ�ZDWHU�DQG�VRLO�VDPSOHV��IDFLOLWDWLQJ�D�GHWDLOHG�H[DPLQDWLRQ�RI�WKHLU�IDWH
ZLWKLQ�WKH�VRLO�SODQW�OHDFKDWH�V\VWHP��5HJDUGLQJ�WKH�7RPDWR�6WXG\��'DWD�DQDO\VLV�UHYHDOHG
FRPSOH[�LQWHUDFWLRQV�EHWZHHQ�(&V�DQG�WKH�VRLO�SODQW�V\VWHP��SDUWLFXODUO\�SURQRXQFHG�LQ�WKH
7::[��WUHDWPHQW��&DUEDPD]HSLQH�DQG�IOXFRQD]ROH�H[KLELWHG�VLJQLILFDQW�DFFXPXODWLRQ�LQ
SODQW�WLVVXHV��ZLWK�GHJUDGDWLRQ�SHUFHQWDJHV�RI�����DQG�����UHVSHFWLYHO\��VRLO�DFFXPXODWLRQ
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SHUFHQWDJHV �RI ���� �DQG ����� �DQG �SODQW �DFFXPXODWLRQ �SHUFHQWDJHV �RI ���� �$OWKRXJK
DJURQRPLF�UHVXOWV�LQGLFDWHG�D�VXEVWDQWLDO�\LHOG�LQFUHDVH�LQ�SODQWV�LUULJDWHG�ZLWK�ZDVWHZDWHU�
DWWULEXWHG�WR�WKH�KLJKHU�QXWULHQW�FRQWHQW�RI�WKH�ZDWHU��WKH�VWXG\�HPSKDVL]HG�WKH�GXDO�QDWXUH
RI�ZDVWHZDWHU�LUULJDWLRQ��KLJKOLJKWLQJ�ERWK�LWV�EHQHILWV�DQG�SRWHQWLDO�ULVNV��'DWD�IURP�WKH
GXUXP�ZKHDW�VWXG\�VKRZHG�YDULDELOLW\�LQ�WKH�IDWH�RI�(&V��SHUIHFWO\�LQ�OLQH�ZLWK�WKH�PHDVXUHG
UHVXOWV�RQ�WRPDWRHV��ZLWK�VRPH�(&V�VKRZLQJ�UDSLG�GHJUDGDWLRQ��VXFK�DV�GLFORIHQDF��ZKLOH
RWKHUV�SHUVLVW�LQ�WKH�VRLO�ZDWHU�SODQW�V\VWHP��,Q�SDUWLFXODU��FDUEDPD]HSLQH�DQG�IOXFRQD]ROH
H[KLELWHG�SHUVLVWHQFH�LQ�SODQW�WLVVXHV��'HVSLWH�WKH�DJURQRPLF�EHQHILWV�REVHUYHG�LQ�SORWV
WUHDWHG�ZLWK�ZDVWHZDWHU��WKH�VWXG\�HPSKDVL]HG�WKH�LPSRUWDQFH�RI�FDUHIXOO\�EDODQFLQJ�WKHVH
EHQHILWV �ZLWK �DVVRFLDWHG �ULVNV� �)XUWKHU �UHVHDUFK �LV �QHHGHG �WR �UHILQH �ULVN �DVVHVVPHQW
SURWRFROV�DQG�LQIRUP�WKH�GHYHORSPHQW�RI�UREXVW�OHJLVODWLYH�IUDPHZRUNV�DLPHG�DW�SURPRWLQJ
VXVWDLQDEOH�ZDWHU�UHVRXUFH�PDQDJHPHQW�LQ�DJULFXOWXUH��$FNQRZOHGJPHQWV��7KLV�VWXG\�ZDV
FDUULHG�RXW�ZLWKLQ�WKH�$JULWHFK�1DWLRQDO�5HVHDUFK�&HQWHU�DQG�UHFHLYHG�IXQGLQJ�IURP�WKH
(XURSHDQ �8QLRQ �1H[W�*HQHUDWLRQ(8��3,$12�1$=,21$/(�', �5,35(6$�( �5(6,/,(1=$
�3155����0,66,21(���&20321(17(����,19(67,0(172�������'�'������������������
&1����������&83��&��&��������������7KLV�PDQXVFULSW�UHIOHFWV�RQO\�WKH�DXWKRUV��YLHZV
DQG�RSLQLRQV��QHLWKHU�WKH�(XURSHDQ�8QLRQ�QRU�WKH�(XURSHDQ�&RPPLVVLRQ�FDQ�EH�FRQVLGHUHG
UHVSRQVLEOH�IRU�WKHP�
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%LRGHJUDGDEOH�PXOFKLQJ�LPSURYHV�SURFHVVLQJ�WRPDWR�\LHOG�
ZDWHU�SURGXFWLYLW\��DQG�IUXLW�TXDOLW\�XQGHU�UHJXODWHG�GHILFLW
LUULJDWLRQ
E\�$QGUHD�%XUDWR�_�*LRYDQQD�0DUWD�)XVFR�_�$OIRQVR�3HQWDQJHOR�_�3DROD�,RYLHQR�_�5RVDOLQGD�1LFDVWUR�_
3HWURQLD�&DULOOR�_�3DVTXDOH�&DPSL�_�'RPHQLFR�5RQJD�_�0DULR�3DULVL�_�&5($�2)�_�8QLYHUVLW\�RI�&DPSDQLD�_
&5($�2)�_�&5($�2)�_�8QLYHUVLW\�RI�&DPSDQLD�_�8QLYHUVLW\�RI�&DPSDQLD�_�&5($�$$�_�8QLYHUVLW\�RI�6DOHUQR
_�&5($�2)

$EVWUDFW�,'����
7RSLF��:DWHU

3UHVHQWHU�1DPH��$QGUHD�%XUDWR
&RQWULEXWLRQ��2UDO

)UHVKZDWHU�VFDUFLW\�LV�EHFRPLQJ�D�OLPLWLQJ�IDFWRU�IRU�ZLGHO\�JURZQ�YHJHWDEOH�FURSV�VXFK�DV
SURFHVVLQJ�WRPDWR��6RODQXP�O\FRSHUVLFXP�/���LQ�VHYHUDO�0HGLWHUUDQHDQ�GLVWULFWV��PDNLQJ�LW
QHFHVVDU\�WKH�XVH�RI�ZDWHU�VDYLQJ�WHFKQLTXHV��7KH�SUHVHQW�VWXG\�DLPHG�WR�DVVHVV�WKH�HIIHFW
RI�D�UHJXODWHG�GHILFLW�LUULJDWLRQ��5',��VWUDWHJ\�DQG�D�ELRGHJUDGDEOH�PXOFKLQJ�ILOP��%0)��RQ
SURFHVVLQJ�WRPDWR�\LHOG�DQG�VXVWDLQDELOLW\��DQG�IUXLW�WHFKQRORJLFDO�DQG�IXQFWLRQDO�TXDOLW\�
7KH�RSHQ�ILHOG�WULDO�ZDV�FDUULHG�RXW�DW�WZR�VLWHV��/��0DULJOLDQR��1DSOHV��/HVLQD��)RJJLD��RYHU
WZR�\HDUV��<�����������RQ��+HLQ]�������WRPDWR�K\EULG��7KUHH�GULS�LUULJDWLRQ�VWUDWHJLHV��7�
ZHUH�FRPSDUHG�LQ�D�UDQGRPL]HG�EORFN�GHVLJQ�ZLWK�WKUHH�UHSOLFDWHV��L��,55��UHVWRULQJ�����
(7F���LL��5',��VXSSO\LQJ������XS�WR�����FXPXODWHG�JURZLQJ�GHJUHH�GD\V�IURP�WUDQVSODQW�
WKHQ�����(7F���DQG�LLL��5',�%0)��DV�5',��FRPELQHG�ZLWK�%0)���&RQVLGHULQJ�ERWK�\HDUV�DQG
ORFDWLRQV��WKH�WRWDO�DPRXQW�RI�VHDVRQDO�UDLQIDOO�YDULHG�IURP����WR�����PP��6LQJOH�KDUYHVWLQJV
ZHUH�FRQGXFWHG�ZKHQ�ULSH�IUXLWV�DSSUR[LPDWHO\�DFFRXQWHG�IRU�����RI�WKH�WRWDO��2Q�HDFK
UHSOLFDWH��WKH�WRWDO��7<���PDUNHWDEOH��0<���DQG�EUL[��%U<��\LHOG��WKH�QXPEHU�RI�UHG�ULSH�IUXLWV
SHU�SODQW��1)5���WKH�LUULJDWLRQ��:3,��DQG�HFRQRPLF��(:3��ZDWHU�SURGXFWLYLW\��WKH�WDVWH
LQGH[��7,���WKH�SHUFHQWDJH�RI�VXQVFDOG�IUXLWV��WKH�WHFKQRORJLFDO��VROXEOH�VROLGV�FRQWHQW���66&�
IUXLW�GU\�PDWWHU���'0��S+��WLWUDWDEOH�DFLGLW\���7W$��DQG�IXQFWLRQDO�TXDOLW\�RI�IUXLWV��DQG�WKH
PHWDEROLF�SURILOLQJ��FDUERK\GUDWHV� �VROXEOH�SURWHLQV� �IUHH�DPLQR�DFLGV� �SRO\SKHQROV� �DQG
O\FRSHQH��ZHUH�DVVHVVHG�DV�GHVFULEHG�LQ�%XUDWR�HW�DO���������$129$�ZDV�DSSOLHG�RQ�DOO�GDWD
DQG�D�7XNH\�+6'�WHVW�ZDV�DGRSWHG�WR�VHSDUDWH�PHDQV��2YHUDOO��5',�VWUDWHJLHV�HQVXUHG�D
FRQVLGHUDEOH �ZDWHU �VDYLQJ ����� �PP�\HDU�ILHOG� �FRUUHVSRQGLQJ �WR ���� �RI �WKH �DYHUDJH
VHDVRQDO�LUULJDWLRQ�YROXPH�VXSSOLHG�LQ�,55������PP���&RQVLGHULQJ�WKH�PDLQ�VLJQLILFDQW
YDULDWLRQV�REVHUYHG�LQ�WKH�WULDO��S���������WKH�LUULJDWLRQ�PDQDJHPHQW�RQO\�KDG�HIIHFWV�RQ
\LHOG�YDULDEOHV��:3,��(:3��DQG�7W$��ZLWK�5',�%0)�ERRVWLQJ�7W$��7<��1)5��0<��%U<��:3,�
DQG�(:3�E\ ��� ���� ���� ���� ���� ��� �DQG����� �UHVSHFWLYHO\� �ZKHQ�FRPSDUHG�WR �,55� �<
LQIOXHQFHG�SURWHLQV��SRO\SKHQROV��O\FRSHQH��0($��DQG�0HW��ZKLOH�/�DIIHFWHG�SURWHLQV�DQG
0($��<j/�LQWHUDFWLRQ�DIIHFWHG�PRVW�RI�WKH�HYDOXDWHG�YDULDEOHV��SDUWLFXODUO\�\LHOG��:3,��(:3�
7W$��66&��'0��7,��VROXEOH�VXJDUV��IUXFWRVH�JOXFRVH��VXFURVH��DQG�VWDUFK���DQG�PHWDEROLF
SURILOLQJ��$OD��*$%$��*OQ��*O\��+LV��,OH��/\V��2UQ��6HU��7KU��7US��9DO��7$$��%&$$��DQG�($$��
<j7�KDG�HIIHFWV�RQ�$OD��*$%$��*OQ��*O\��,OH��/\V��6HU��7US��9DO��7$$��%&$$��DQG�($$��ZKLOH
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/j7�DIIHFWHG�66&��'0��$OD��DQG�6HU��ZLWK�5',�%0)�VKRZLQJ�HQKDQFHPHQWV�ZKHQ�FRPSDUHG
WR �5',� �1R �HIIHFW �ZDV �UHFRUGHG �RQ �VXQVFDOG �IUXLWV �DQG �$VS� �'LIIHUHQW �HQYLURQPHQWDO
FRQGLWLRQV�DQG�VLWHV�UHVKDSHG�SODQW�PHWDEROLVP��PRGXODWLQJ�WKH�FRQWHQW�RI�VROXEOH�VXJDUV�
VHFRQGDU\�PHWDEROLWHV��SURWHLQV��DQG�DPLQR�DFLGV��3DUWLFXODUO\�������IDYRUHG�FDUERK\GUDWH
DFFXPXODWLRQ �DQG �SRO\SKHQRO �V\QWKHVLV� �ZKLOH ����� �SURPRWHG �ELRFKHPLFDO �SDWKZD\V
DGMXVWPHQWV��KLJKHU�OHYHOV�RI�SURWHLQV�DQG�DPLQR�DFLGV��WR�RSWLPL]H�SODQW�JURZWK�DQG�VWUHVV
UHVLVWDQFH��7KHUHIRUH��VLQFH�<j/�LQWHUDFWLRQ�KDG�PDMRU�HIIHFWV�RQ�PRVW�RI�WKH�HYDOXDWHG
YDULDEOHV��IXUWKHU�UHVHDUFK�VKRXOG�EH�FDUULHG�RXW�WR�YDOLGDWH�WKH�SUHVHQW�ILQGLQJV�
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(QKDQFLQJ�%DUOH\�%LRPDVV�DQG�:DWHU�8VH�(IILFLHQF\�ZLWK
%LRFKDU�DQG�)XQFWLRQDOL]HG�%LRFKDU�8QGHU�9DULHG�,UULJDWLRQ
5HJLPHV
E\�)HGHULFD�&DUDGRQLD�_�)DEUL]LR�3HWWL�_�08+$00$'�)$=$,/�1$6$5�_�*LRYDQQL�&DFFLDOXSL�_�*LXOLD
6DQWXQLRQH�_�(QULFR�)UDQFLD�_�'HSDUWPHQW�RI�/LIH�6FLHQFHV�DQG�&HQWUH�%,2*(67�6,7(,$��8QLYHUVLW\�RI
0RGHQD�DQG�5HJJLR�(PLOLD�_�'HSDUWPHQW�RI�/LIH�6FLHQFHV�DQG�&HQWUH�%,2*(67�6,7(,$��8QLYHUVLW\�RI
0RGHQD�DQG�5HJJLR�(PLOLD�_�'HSDUWPHQW�RI�/LIH�6FLHQFHV�DQG�&HQWUH�%,2*(67�6,7(,$��8QLYHUVLW\�RI
0RGHQD�DQG�5HJJLR�(PLOLD�_�'HSDUWPHQW�RI�/LIH�6FLHQFHV�DQG�&HQWUH�%,2*(67�6,7(,$��8QLYHUVLW\�RI
0RGHQD�DQG�5HJJLR�(PLOLD�_�'HSDUWPHQW�RI�/LIH�6FLHQFHV�DQG�&HQWUH�%,2*(67�6,7(,$��8QLYHUVLW\�RI
0RGHQD�DQG�5HJJLR�(PLOLD�_�'HSDUWPHQW�RI�/LIH�6FLHQFHV�DQG�&HQWUH�%,2*(67�6,7(,$��8QLYHUVLW\�RI
0RGHQD�DQG�5HJJLR�(PLOLD

$EVWUDFW�,'����
7RSLF��:DWHU

3UHVHQWHU�1DPH��)HGHULFD�&DUDGRQLD
&RQWULEXWLRQ��3LWFK

2QH�RI�WKH�PDLQ�FKDOOHQJHV�IRU�IXWXUH�DJULFROWXUH�LV�WR�LQFUHDVH�FURS�\LHOG�ZKLOH�UHGXFLQJ
WKH�XVH�RI�LQRUJDQLF�IHUWLOL]HUV��%LRFKDU�KDV�SURYHQ�WR�EH�DQ�LQQRYDWLYH�IHUWLOL]HU�FDSDEOH�RI
UHWDLQLQJ�QXWULHQWV�DQG�ZDWHU��DQG�HQKDQFLQJ�VRLO�PLFURELDO�DFWLYLW\��7KH�HIILFDF\�RI�ELRFKDU
FDQ�EH�IXUWKHU�LPSURYHG�E\�LQWHJUDWLQJ�PLFURRUJDQLVPV�DQG�DJULIRRG�E\�SURGXFWV��&OLPDWH
FKDQJH�LV�UHGXFLQJ�ZLQWHU�UDLQIDOO��DQG�VLQFH�PRVW�(XURSHDQ�EDUOH\�LV�JURZQ�XQGHU�UDLQIHG
FRQGLWLRQV��WKHUH�LV�D�SUHVVLQJ�QHHG�WR�LQFUHDVH�WKH�ZDWHU�XVH�HIILFLHQF\�RI�WKH�FURS��,Q�WKLV
FRQWHVW��WKH�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�LQYHVWLJDWH�WKH�HIIHFW�RI�SXUH�DQG�IXQFWLRQDOL]HG
ELRFKDU�RQ�WKH�JURZWK�RI�D�EDUOH\�JHQRW\SH��FY���1XUH���JURZQ�LQ�SRWV�XQGHU�WZR�LUULJDWLRQ
UHJLPHV��7KH�ELRFKDU�XVHG�LQ�WKLV�H[SHULPHQW�ZDV�GHULYHG�IURP�VROLG�PXQLFLSDO�RUJDQLF
ZDVWH��ZKLOH�D�3ODQW�*URZWK�3URPRWLQJ�5KL]REDFWHULXP���3*35��3VHXGRPRQDV�FKORURUDSKLV
VXEVS� �DXUHRIDFLHQV �LVRODWHG �IURP �WKH �UKL]RVSKHUH �RI �WRPDWR �SODQWV� �ZDV �XVH �IRU
IXQFWLRQDOL]DWLRQ��$W�VRZLQJ��SHDW�ZDV�PL[HG�ZLWK�GLIIHUHQW�WUHDWPHQWV�����FRQWURO�����3*35�
���ELRFKDU�����DSSOH�SHHO�SRZGHU����ELRFKDU���3*35����ELRFKDU���3*35���DSSOH�SHHO
SRZGHU��$�FRPSOHWHO\�UDQGRPL]HG�GHVLJQ�ZDV�DSSOLHG�ZLWK�ILIWHHQ�ELRORJLFDO�UHSOLFDWHV��7KH
SRWV�����FP�[����FP��ZHUH�PDLQWDLQHG�XQGHU�FRQWURO�FRQGLWLRQV�����K���K��GD\��QLJKW����
d&����d&�GD\�QLJKW��LQ�WKH�JUHHQKRXVH�DW�WKH�'HSDUWPHQW�RI�/LIH�6FLHQFH��81,025(��7ZR
LUULJDWLRQ �UHJLPHV ��VRLO �PRLVWXUH �DW ��� ���DQG ��� ��� �UHSUHVHQWLQJ �VWUHVV �DQG �FRQWURO
FRQGLWLRQV��UHVSHFWLYHO\��ZHUH�DSSOLHG����GD\V�DIWHU�VRZLQJ��6HHGOLQJ�JURZWK�ZDV�PRQLWRUHG
ZHHNO\�E\�UHFRUGLQJ�PRUSKRORJLFDO�DQG�SK\VLRORJLFDO�WUDLWV��DQG�WZR�ZHHNV�ODWHU��WKH�SODQWV
ZHUH�KDUYHVWHG�IRU�ELRPDVV�HYDOXDWLRQ��7KH�GDWD�ZHUH�DQDO\VHG�E\�WZR�ZD\�$129$�XVLQJ
*HQ6WDW���WK��961�,QW���8.���0HDQV�ZHUH�FRPSDUHG�XVLQJ�7XNH\�V�WHVW��S����������5HVXOWV
VKRZHG�WKDW�DOO�WUHDWPHQWV�LQFUHDVHG�WKH�QXPEHU�RI�OHDYHV��3HDW�LQRFXODWHG�ZLWK�3*35�DQG
SHDW�ZLWK�SXUH�ELRFKDU�VLJQLILFDQWO\�LQFUHDVHG�WKH�KHLJKW�RI�EDUOH\�VHHGOLQJV�EHIRUH�WKH
DSSOLFDWLRQ�RI�GLIIHUHQW�LUULJDWLRQ�UHJLPHV��7KHUH�ZDV�LQWHUDFWLRQ�EHWZHHQ�LUULJDWLRQ�UHJLPH
DQG �DPHQGPHQW �WUHDWPHQW� �VKRZLQJ �KLJKHU �HIILFDF\ �XQGHU �FRQWURO �FRQGLWLRQV� � �$OO
WUHDWPHQWV��ZLWK�H[FHSWLRQ�RI�ELRFKDU�IXQFWLRQDOL]HG�ZLWK�3*35�DQG�DSSOH�SHHO�SRZGHU�
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LQFUHDVHG �WKH �GU\ �ELRPDVV �RI �VHHGOLQJV� �$GGLWLRQDOO\� �ELRFKDU� �3*35 �DQG �ELRFKDU
IXQFWLRQDOL]HG�ZLWK�3*35�LPSURYHG�ZDWHU�XVH�HIILFLHQF\��7KHVH�ILQGLQJV�GHPRQVWUDWHG�WKH
HIIHFWLYHQHVV�RI�LQQRYDWLYH�IHUWLOL]HUV�LQ�LQFUHDVLQJ�UHVLOLHQFH�GXULQJ�WKH�HDUO\�GHYHORSPHQWDO
VWDJHV�RI�EDUOH\�FXOWLYDWLRQ�
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$Q�LQGLFDWRU�EDVHG�IUDPHZRUN�IRU�WKH�DVVHVVPHQW�RI
VXVWDLQDELOLW\�LQ�SDGG\�ULFH�IDUPV
E\�/DXUD�=DYDWWDUR�_�'DYLGH�%LDJLQL�_�,YDQ�'L�)XULD�_�6LOYLD�)RJOLDWWR�_�%DUEDUD�0RUHWWL�_�)UDQFHVFR�9LGRWWR
_�'69���8QLYHUVLW\�RI�7XULQ�_�',6$)$���8QLYHUVLW\�RI�7XULQ�_�',6$)$���8QLYHUVLW\�RI�7XULQ�_�',6$)$��
8QLYHUVLW\�RI�7XULQ�_�',6$)$���8QLYHUVLW\�RI�7XULQ�_�',6$)$���8QLYHUVLW\�RI�7XULQ

$EVWUDFW�,'����
7RSLF��:DWHU

3UHVHQWHU�1DPH��/DXUD�=DYDWWDUR
&RQWULEXWLRQ��3LWFK

$�VXVWDLQDELOLW\�DVVHVVPHQW�LV�DQ�HYDOXDWLRQ�RI�IDUP�PDQDJHPHQW�LQ�UHODWLRQ�WR�GHILQHG
REMHFWLYHV�ZLWKLQ�WKH�PXOWL�IDFHWHG�VXVWDLQDELOLW\ �FRQFHSW� �7KH�DVVHVVPHQW�UHTXLUHV�L� �D
GHILQHG �IUDPHZRUN �RI �WKHPHV ��H�J� �HFRQRPLF �LVVXHV� �HQYLURQPHQWDO �LPSDFW� �UHVRXUFH
FRQVXPSWLRQ�PDLQWHQDQFH����LL��D�OLVW�RI�VSHFLILF�LQGLFDWRUV�ZLWKLQ�HDFK�WKHPH��H�J��\LHOG�
QXWULHQW�XVH�HIILFLHQF\��*+*�HPLVVLRQV����LLL��GHILQHG�PHWKRGRORJLHV�WR�FDOFXODWH�LQGLFDWRUV
�H�J� �,3&& �JXLGHOLQHV� �VFLHQWLILFDOO\�SURYHQ �HVWLPDWRUV� �H�J �IRU �18(� �1 �OHDFKLQJ� �VRLO
HURVLRQ����LY��D�FDOFXODWLRQ�PHWKRG�WKDW�FRPELQHV�LQIRUPDWLRQ�LQWR�DQ�RYHUDOO�MXGJHPHQW�
3RROLQJ�DOO�LQIRUPDWLRQ�LQWR�D�VLQJOH�VFRUH�LQHYLWDEO\�FDXVHV�D�ORVV�RI�GHWDLO�DQG�DQ�LQQHU
FRPSHQVDWLRQ�DPRQJ�FRQWUDVWLQJ�WUHQGV��1HYHUWKHOHVV��D�VLQJOH�FRQFLVH�ILQDO�VFRUH�FDQ�EH
XVHG�WR�FRPSDUH�YDULRXV�IDUPV��DQG�VHUYH�DV�D�VKRZFDVH�IRU�IRRG�FKDLQV�ZKHUH�SHUIRUPDQFH
DVVHVVPHQW�LV�DQ�DGGHG�YDOXH��7KH�YDULDELOLW\�RI�IDUP�DSSURDFKHV�WR�VXVWDLQDELOLW\�SRVHV
SUREOHPV�LQ�VHWWLQJ�WKH�DVVHVVPHQW�IUDPHZRUN��)RU�LQVWDQFH��ODUJH�LQWHQVLYH�IDUPV�KDYH
GLIIHUHQW�VWUDWHJLHV�IURP�VPDOO�H[WHQVLYH�IDUPV�LQ�PDUJLQDO�DUHDV��EXW�D�FRPSUHKHQVLYH
V\VWHP �VKRXOG �DFNQRZOHGJH �HIIRUWV �RI �ERWK� �7KHUHIRUH� �WKH �FKRLFH �RI �LQGLFDWRUV�
PHWKRGRORJLHV�DQG�ZHLJKWV�DUH�FUXFLDO�DVSHFWV��,Q�WKH�FRQWH[W�RI�D�UHJLRQDO�2SHUDWLRQDO
*URXS�WKDW�LQYROYHG����IDUPV��D�VXVWDLQDELOLW\�DVVHVVPHQW�IUDPHZRUN�ZDV�GHYHORSHG�IRU�WKH
HYDOXDWLRQ�RI�SDGG\�ULFH�IDUPV��7KUHH�VXVWDLQDELOLW\�WKHPHV�ZHUH�LQFOXGHG��HQYLURQPHQWDO�
WHUULWRULDO� �DQG �VRFLDO� �7KH �ILUVW �WKHPH �LQFOXGHG �LQGLFDWRUV �RQ �DJUL�HFRORJLFDO �YDOXH�
ELRGLYHUVLW\� �SHVWLFLGH�XVH� �JDV�HPLVVLRQV� �DQG�QXWULHQWV� �7KH�WHUULWRULDO �WKHPH�LQFOXGHG
LQGLFDWRUV�RQ�ODQGVFDSH�HOHPHQWV��LQIUDVWUXFWXUHV��WHUULWRULDO�SURWHFWLRQ��HURVLRQ�DQG�IORRG
SURWHFWLRQ��)LQDOO\��WKH�VRFLDO�WKHPH�LQFOXGHG�LQGLFDWRUV�HYDOXDWLQJ�ORFDO�IRRG�FKDLQV��VRFLDO
IXQFWLRQ��WRXULVP��FXOWXUH�DQG�HFRQRPLF�IXQFWLRQ��7KH�DERYH�LQGLFDWRUV�ZHUH�YDOXHG�LQ�D����
VFDOH��6RPH�RI�WKHVH�ZHUH�QXPHULFDO��DQG�WKHLU�YDOXHV�ZHUH�VFRUHG�DFFRUGLQJ�WR�VSHFLILF
FULWHULD��H�J��1�VXUSOXV�ZDV�VFRUHG���LI�LWV�YDOXH�ZDV�ZLWKLQ�e���NJ�KD���\U����DQG���LQ�DOO�RWKHU
FDVHV� �1�2�HPLVVLRQ�ZDV�� �LI ������NJ�KD�� �\U�� �DQG�� �LI �DERYH� �2WKHU �LQGLFDWRUV �ZHUH
FDWHJRULFDO� �DV �DGRSWLQJ ���� �RU �QRQ�DGRSWLQJ ���� �D �JRRG �SUDFWLFH� �H�J� �PDLQWHQDQFH �RI
ZHWODQGV��LQYDVLYH�VSHFLHV�FRQWURO��KHGJHV��KLVWRULFDO�EXLOGLQJV��7KH�VXP�RI��ZHLJKHG��VLQJOH
LQGLFDWRU�YDOXHV�ZDV�WKHQ�VWDQGDUGL]HG�DQG�H[SUHVVHG�LQ�D�����VFDOH� �DQG�VXPPHG�XS
�ZHLJKHG��WR�DQ�RYHUDOO�IDUP�VFRUH��H[SUHVVHG�RQ�IRXU�FODVVHV��$�'��DQG�WKUHH�VXE�FODVVHV
������ ��� �FRXSOHG�WR�D�FRORXU� �VLPLODU�WR�WKH�(8�HQHUJ\�ODEHO� �6SHFLILF �ZHLJKWV�FDQ�EH
DVVLJQHG�WR�LQGLFDWRUV�ZLWKLQ�JURXSV�DQG�WR�JURXSV�ZLWKLQ�WKH�ILQDO�VFRUH��WKXV�DOORZLQJ�DOVR
D�GLIIHUHQW�LPSRUWDQFH�RI �WKHPHV�LQ�FRQWULEXWLQJ�WR�WKH�ILQDO �VFRUH� �7KH�DVVLJQPHQW�RI
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ZHLJKWV �LQFOXGHV�SROLWLFDO �LVVXHV�DQG�ZLOO �EH�GHILQHG�DW �D �ODWHU �VWDJH� �,Q �SUDFWLFH� �WKH
IUDPHZRUN�LV�D�ZHE�SODWIRUP�ZKHUH�IDUPHUV�FDQ�LQVHUW�SURGXFWLYH�DQG�PDQDJHPHQW�GDWD�
DQG �REWDLQ �WKH �ILQDO �VFRUH� �7KH �IUDPHZRUN �FDQ �EH �XVHG �DV �D �EDVLV �IRU �D �SURGXFWLRQ
VSHFLILFDWLRQ�GRFXPHQW�DQG�D�FHUWLILFDWLRQ�V\VWHP��7KH�V\VWHP�DOVR�DOORZV�D�WUDFHDELOLW\�RI
IDUP�RSHUDWLRQV�DQG�SUDFWLFHV��DV�ZHOO�DV�WUDFLQJ�DQG�PRQLWRULQJ�WKH�FKDQJH�RI�LQGLFDWRU
YDOXHV�RU�VFRUH�ZLWK�DQG�ZLWKRXW�WKH�DGRSWLRQ�RI�HDFK�SUDFWLFH�
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,QWHUFURSSLQJ�RI�OHJXPHV�DQG�FHUHDOV��D�VWUDWHJ\�WR�VXSSRUW
IRRG�SURGXFWLRQ�DQG�LPSURYH�WKH�UHVRXUFHV�XVH�RI
DJULFXOWXUDO�V\VWHPV
E\�/HRQDUGR�9HUGL�_�0DUFR�0DQFLQL�_�6KDPLQD�,PUDQ�3DWKDQ�_�*LDFRPR�3LHWUDPHOODUD�_�6LPRQH�2UODQGLQL�_
$QQD�'DOOD�0DUWD�_�'$*5,���8QLYHUVLW\�RI�)ORUHQFH�_�'$*5,���8QLYHUVLW\�RI�)ORUHQFH�_�'$*5,���8QLYHUVLW\
RI�)ORUHQFH�_�'$*5,���8QLYHUVLW\�RI�)ORUHQFH�_�'$*5,���8QLYHUVLW\�RI�)ORUHQFH�_�'$*5,���8QLYHUVLW\�RI
)ORUHQFH

$EVWUDFW�,'����
7RSLF��:DWHU

3UHVHQWHU�1DPH��/HRQDUGR�9HUGL
&RQWULEXWLRQ��3LWFK

$V �WUDGLWLRQDO �FURSSLQJ �V\VWHPV �H[SHULHQFH �VRLO �GHJUDGDWLRQ� �ELRGLYHUVLW\ �ORVV� �DQG �D
GHFUHDVH�LQ�HFRV\VWHP�EHQHILWV��LW�EHFRPHV�LPSHUDWLYH�WKH�WUDQVLWLRQ�WRZDUG�SUDFWLFHV�WKDW
DUH�VXVWDLQDEOH�DQG�SURGXFWLYH��,QWHUFURSSLQJ�RIIHUV�D�VROXWLRQ�E\�VXSSRUWLQJ�ELRGLYHUVLW\�
LQFUHDVLQJ�ODQG�SURGXFWLYLW\��DQG�RSWLPL]LQJ�ELRJHRFKHPLFDO�F\FOHV�ZLWKLQ�DJURHFRV\VWHPV�
2QH�RI�WKH�PDLQ�OLPLWLQJ�IDFWRUV�IRU�ZKHDW�SURGXFWLRQ�LV�QLWURJHQ��1��DYDLODELOLW\��DQG�WKH
FRPELQHG�FXOWLYDWLRQ�ZLWK�IRUDJH�OHJXPHV�FDQ�UHGXFH�WKH�ULVN�RI�\LHOG�ORVVHV��:H�HYDOXDWHG
WKH�HIIHFW�RI�UHOD\�LQWHUFURSSLQJ�EHWZHHQ�VRIW�ZKHDW�DQG�UHG�FORYHU�RQ�FURSV�SURGXFWLYLW\
SRWHQWLDOV�DQG�1�XVH��,Q�DGGLWLRQ��ZH�DVVHVVHG�WKH�ZKHDW�JUDLQ�TXDOLW\�DQG�VWUDZ�SURGXFWLRQ�
FORYHU�IRUDJH�\LHOGV��DQG�WKH�XSWDNH�RI�QXWULHQWV�E\�ERWK�FURSV��7KH�H[SHULPHQW�ZDV�FDUULHG
RXW �DW �WKH �H[SHULPHQWDO �IDUP �RI �7HUUH �5HJLRQDOL �7RVFDQH �LQVWLWXWLRQ� �&HVD ��$UH]]R��
([SHULPHQWDO�VKFHPH�ZDV�D�FRPSOHWH�UDQGRPL]HG�EORFN�GHVLJQ�ZLWK�WKUHH�UHSOLFDWHV��3ORWV
ZHUH����Pj����P�����P�RI�ERUGHU�RQ�HDFK�VLGH�DQG���P�RI�VSDFH�EHWZHHQ�EORFNV���7ZR
IHUWLOL]DWLRQ�GRVHV�ZHUH�WHVWHG�LQ�ERWK�VROH�ZKHDW�DQG�ZKHDW�FORYHU�LQWHUFURSSLQJ�XVLQJ
DPPRQLXP�QLWUDWH�����������NJ�1�KD����1��DQG�����NJ�1�KD�����1���UHIHUUHG�WR�����DQG
�����RI�WKH�1�GRVH�QRUPDOO\�DSSOLHG�LQ�WKH�DUHD��6ROH�FORYHU�ZDV�FXOWLYDWHG�DV�DQ�DGGLWLRQDO
FRQWURO�DQG�PDQDJHG�FRQYHQWLRQDOO\�ZLWK�D�ZLQWHU�VRZLQJ��1RYHPEHU���7KH�DQDO\VLV�RI�WKH
UHVXOWV�VKRZHG�WKDW�WKH�KLJKHVW�JUDLQ�\LHOGV�ZHUH�REWDLQHG�LQ�WKH�LQWHUFURSSLQJ��UHJDUGOHVV
RI�1�OHYHOV��DQG�LQ�VROH�ZKHDW����1��$OWKRXJK�WKH�ORZHVW�\LHOGV�ZHUH�REVHUYHG�LQ�VROH�ZKHDW
��1��WKHUH�ZHUH�QR�VLJQLILFDQW�GLIIHUHQFHV�DPRQJ�WKH�WUHDWPHQWV��DYHUDJH�����W�KD���7KH
FDOFXODWLRQ�RI�WKH�KDUYHVW�LQGH[�LQGLFDWHG�KLJKHU�YDOXHV�LQ�WKH�LQWHUFURSSLQJ��DYHUDJH�����
FRPSDUHG�WR�VROH�ZKHDW��DYHUDJH�������UHJDUGOHVV�RI�WKH�1�GRVH��7KH�DQDO\VLV�RI�SURWHLQ
FRQWHQW�VKRZHG�VLPLODU�YDOXHV�DFURVV�DOO�WUHDWPHQWV��ZLWK�DQ�DYHUDJH�RI�DERXW��������%RWK
WKH �KHFWROLWHU �ZHLJKW �DQG �WKH �ZHLJKW �RI ������VHHGV �ZHUH �FRQVLVWHQW �ZLWK �SUHYLRXV
REVHUYDWLRQV��VKRZLQJ�QR�VLJQLILFDQW�GLIIHUHQFHV�DPRQJ�WUHDWPHQWV��5HJDUGLQJ�KHFWROLWHU
ZHLJKW��WKH�UHVXOWV�ZHUH�VOLJKWO\�DERYH�WKH�QDWLRQDO�DYHUDJH��DURXQG������NJ�KO���ZKHUHDV
WKH�ZHLJKW�RI������VHHGV�ZDV�EHORZ�WKH�QDWLRQDO�DYHUDJH���DURXQG������J���7KH�LQWURGXFWLRQ
RI�FORYHU��EHVLGHV�FRQWULEXWLQJ�WR�ELRGLYHUVLW\�LPSURYHPHQW��LQFUHDVHV�WKH�SRWHQWLDO�IRU�WKH
SKRWRV\QWKHWLF�HIILFLHQF\�RI�WKH�V\VWHP��$Q�DFFXPXODWLRQ�RI�DSSUR[LPDWHO\�����W�KD�RI�FDUERQ
ZDV�FDOFXODWHG�ZLWKLQ�WKH�FORYHU�ELRPDVV�LQ�WKH�LQWHUFURSSLQJ��WKXV�FRQWULEXWLQJ�WR�FOLPDWH
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FKDQJH�PLWLJDWLRQ�ZKHQ�XVHG�DV�JUHHQ�PDQXUH�DW�WKH�HQG�RI�WKH�ZKHDW�FURS�F\FOH��7KH
SUHVHQFH�RI�FORYHU�DIWHU�ZKHDW�KDUYHVW�SURYLGHV�D�FHUWDLQ�GHJUHH�RI�VRLO�FRYHU��SURWHFWLQJ�LW
GXULQJ �WKH �FULWLFDO �VXPPHU �SHULRG� �+RZHYHU� �FORYHU �\LHOGV �LQ �LQWHUFURSSLQJ �ZHUH
VLJQLILFDQWO\ �ORZHU �WKDQ �LQ �WKH �VROH �FORYHU �FXOWLYDWLRQ� �,QWHUFURSSHG �FORYHU �LQ �ZKHDW
FRQWULEXWHV�WR�GLYHUVLI\LQJ�WKH�FURSSLQJ�V\VWHP�E\�HOHYDWLQJ�ELRGLYHUVLW\�DQG�VRLO�PLFURELDO
ELRPDVV��GDWD�QRW�VKRZQ��ZKLOH�PDLQWDLQLQJ�ZKHDW�\LHOG�TXDQWLW\�DQG�TXDOLW\��7KLV�UHVHDUFK
GHPRQVWUDWHG �WKDW �LQWHUFURSSLQJ �FDQ �EH �D �YLDEOH �RSWLRQ �WR �LQFUHDVH �VRLO �SURGXFWLYLW\�
LPSURYH �JUDLQ �\LHOG �DQG �ELRPDVV �DFFXPXODWLRQ �LQ �FHUHDOV� �DQG �HQKDQFH �UHVRXUFHV �XVH
FRPSDUHG�WR�PRQRFXOWXUH�
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%HWD�YXOJDULV�/��DQG�6DOLFRUQLD�VSS��DV�SRWHQWLDO�VWUDWHJLF
FURSV�LQ�.LQJ
V�/DJRRQ�FRDVWDO�ZHWODQGV
E\�$QQD�5LWD�%HUQDGHWWH�&DPPHULQR�_�0LFKHOD�,QJDUDPR�_�9LQFHQ]R�5L]]L�_�0DVVLPR�0RQWHOHRQH�_
'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��$OLPHQWL��5LVRUVH�1DWXUDOL�H�,QJHJQHULD��'$)1(����8QLYHUVLWd�GL�)RJJLD�_
'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��$OLPHQWL��5LVRUVH�1DWXUDOL�H�,QJHJQHULD��'$)1(����8QLYHUVLWd�GL�)RJJLD�_
&HQWUR�6WXGL�1DWXUDOLVWLFL�_�'LSDUWLPHQWR�GL�6FLHQ]H�$JUDULH��$OLPHQWL��5LVRUVH�1DWXUDOL�H�,QJHJQHULD
�'$)1(����8QLYHUVLWd�GL�)RJJLD

$EVWUDFW�,'����
7RSLF��:DWHU

3UHVHQWHU�1DPH��$QQD�5LWD�%HUQDGHWWH�&DPPHULQR
&RQWULEXWLRQ��3RVW

7KH��.LQJ
V�/DJRRQ��KDV�EHHQ�VHOHFWHG�DV�D�UHIHUHQFH�VWXG\�DUHD�LQ�D�QDWLRQDO�3155�SURMHFW
FDOOHG �$*5,7(&+�DQG �DV �D �VKRZFDVH �IRU �VHYHUDO �QDWXUH�EDVHG �VROXWLRQV� �7KLV �FRDVWDO
ZHWODQG�RI�DERXW����KHFWDUHV��ORFDWHG�LQ�WKH�*DUJDQR�1DWLRQDO�3DUN��KDV�UHFHQWO\�EHHQ
UHVWRUHG�WKURXJK�WKH�UHFRQVWUXFWLRQ�RI�FDQDOV�DQG�IORRGHG�DUHDV��,Q�DGGLWLRQ�WR�WKH�VWUDWHJLF
LPSRUWDQFH�RI�UHVWRULQJ�WKH�ZHWODQG�WKURXJK�UHQDWXUDWLRQ�DQG�SURWHFWLRQ�PHDVXUHV��WKH
DJULFXOWXUDO�DFWLYLW\�LV�DOVR�VXEMHFW�WR�VSHFLILF�HYDOXDWLRQ�VR�WKDW�LW�FDQ�EH�FDUULHG�RXW�LQ
V\PELRVLV �ZLWK �WKH �FRQVHUYDWLRQ �RI �ELRGLYHUVLW\� �HVWDEOLVKLQJ �D �PXWXDOO\ �EHQHILFLDO
UHODWLRQVKLS�ZLWK�WKH�ODWWHU��,Q�WKLV�GLIILFXOW�HQYLURQPHQW��6DOLFRUQLD�DQG�%HWD�ZHUH�LGHQWLILHG
DV�WKH�PRVW�LQWHUHVWLQJ�RI�WKH�ZLOG�VSHFLHV�IRXQG�LQ�WKH�VWXG\�DUHD�DQG��DPRQJ�RWKHUV��WKH
PRVW�FRPPRQ�KDORSK\WHV�LQ�WKH�$WODQWLF�DQG�0HGLWHUUDQHDQ�UHJLRQV��RIWHQ�JURZLQJ�LQ�VDOW
PDUVKHV�DQG�DEDQGRQHG�VDOW�SDQV��,Q�SDUWLFXODU��6DOLFRUQLD�KDV�ORQJ�EHHQ�RI�LQWHUHVW�WR�ORFDO
IDUPHUV��DOWKRXJK�QRW�LQ�WKLV�DUHD�RI�WKH�*DUJDQR�SURPRQWRU\�IDFLQJ�VRXWK��EXW�LQ�WKH�DUHD
IDFLQJ�QRUWK� �6DOLFRUQLD �LV �SUREDEO\ �RQH�RI �WKH�PRVW �VXFFHVVIXO �H[DPSOHV �RI �KDORSK\WH
FXOWLYDWLRQ�WR�GDWH��,Q�IDFW��WKHUH�DUH�VRPH�FRPSDQLHV�LQ�WKH�DUHD�WKDW�FXOWLYDWH�DQG�PDUNHW
6DOLFRUQLD��ERWK�UDZ�DQG��DERYH�DOO��LQ�RLO��:LWK�WKLV�LQ�PLQG��D�ILUVW�FURS�WULDO�ZDV�FDUULHG�RXW
ODVW�\HDU�DQG�D�VHFRQG�KDV�MXVW�VWDUWHG��IRFXVLQJ�RQ�6DOLFRUQLD�DQG�%HWD��FRPSDULQJ�WKHLU
SURGXFWLYLW\�ERWK�DV�VLQJOH�FURSV�DQG�LQ�FRPELQDWLRQ��L�H��LQWHUFURSSLQJ��,Q�VXPPHU������
WKH�H[SHULPHQWDO�ILHOG�ZDV�OLJKWO\�VXUIDFH�WLOOHG��ZLWK�SULRU�PRZLQJ�DQG�VKUHGGLQJ�RI�WKH
FRYHU�YHJHWDWLRQ��LQ�SUHSDUDWLRQ�IRU�WKH�SODQWLQJ�RI�%HWD�DQG�6DOLFRUQLD��$IWHU�SODQWLQJ��WKH
ILHOG�ZDV�WUHDWHG�ZLWK�PDQXDO�DSSOLFDWLRQ�RI�FRPSRVW��GULS�LUULJDWLRQ�ZLWK�EUDFNLVK�ZDWHU�
KRHLQJ�DQG�S\UHWKUXP�DSSOLFDWLRQ��%HWD �ZDV�KDUYHVWHG�WKUHH�WLPHV�LQ�VXFFHVVLRQ��ZKLOH
6DOLFRUQLD�ZDV�KDUYHVWHG�RQFH�DV�D�ILQDO�KDUYHVW�DW�WKH�HQG�RI�$XJXVW�������3UHOLPLQDU\
UHVXOWV�IURP�WKH�ILUVW �\HDU�RI �WKH�WULDO �VKRZHG�WKH�JHQHUDO�EHQHILW �RI �LQWHUFURSSLQJ��DV
LQGLFDWHG�E\�D�/(5��/DQG�(TXLYDOHQW�5DWLR��VOLJKWO\�DERYH����L�H���������,Q�SDUWLFXODU��WKH
HIIHFW�RI�LQWHUFURSSLQJ�RQ�%HWD�ZDV�VLJQLILFDQWO\�SRVLWLYH������LQFUHDVH�LQ�SURGXFWLYLW\��
ZKHUHDV�WKH�HIIHFW�RQ�6DOLFRUQLD�ZDV�QHJDWLYH������GHFUHDVH�LQ�SURGXFWLYLW\���,W�UHPDLQV�WR
EH�VHHQ�ZKHWKHU�WKH�UHVXOWV�RI�WKH�VHFRQG�\HDU�WULDOV�ZLOO�FRQILUP�WKRVH�RI�WKH�ILUVW�RQH��EXW
LQ �JHQHUDO �LW �FDQ �EH �VDLG �WKDW �WKH �FXOWLYDWLRQ �RI �WKH �WZR �VSHFLHV �RIIHUV �LQWHUHVWLQJ
RSSRUWXQLWLHV�IRU�WKH�FUHDWLRQ�RI�D�YHU\�W\SLFDO�SURGXFWLRQ�FKDLQ�LQ�WKH�VWXG\�DUHD�
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$JURQRPLF�WROHUDQFH�RI�GXUXP�ZKHDW�WR�WUDQVLHQW
ZDWHUORJJLQJ�HYHQWV�DW�WLOOHULQJ
E\�6LOYLD�3DPSDQD�_�'DQLHOH�$QWLFKL�_�1LFROD�*URVVL�_�/HRQDUGR�(UFROLQL�_�/RUHQ]R�*DEULHOH�7UDPDFHUH�_
1LFROD�6LOYHVWUL�_�/RUHQ]R�&RWUR]]L�_�8QLYHUVLW\�RI�3LVD�_�8QLYHUVLW\�RI�3LVD�_�8QLYHUVLW\�RI�3LVD�_�8QLYHUVLW\
RI�3LVD�_�8QLYHUVLW\�RI�3LVD�_�8QLYHUVLW\�RI�3LVD�_�8QLYHUVLW\�RI�3LVD

$EVWUDFW�,'����
7RSLF��:DWHU

3UHVHQWHU�1DPH��6LOYLD�3DPSDQD
&RQWULEXWLRQ��3RVW

7KH�0HGLWHUUDQHDQ�UHJLRQ�KDV�EHHQ�LGHQWLILHG�DV�RQH�RI�WKH�PRVW�YXOQHUDEOH�WR�FOLPDWH
FKDQJH��%HVLGHV�VHYHUH�GURXJKW��WKH�IUHTXHQF\�DQG�LQWHQVLW\�RI�IORRGLQJ�HYHQWV�DUH�H[SHFWHG
WR�LQFUHDVH��WKXV�FDXVLQJ�ZDWHUORJJLQJ��L�H���WKH�DFFXPXODWLRQ�RI�H[FHVV�ZDWHU�LQ�WKH�URRW
]RQH���RU�SDUWLDO�IXOO�VXEPHUJHQFH��ZKHQ�DOVR�WKH�DHULDO�SODQW�SDUWV�DUH�SDUWO\�RU�FRPSOHWHO\
IORRGHG���8QGHU�ZDWHUORJJLQJ�RU�VXEPHUJHQFH��WKH�URRW]RQH�LV�GHSULYHG�RI�R[\JHQ��WKXV
UHGXFLQJ�SODQW�UHVSLUDWLRQ�UDWH�DQG�DGHQRVLQH�WULSKRVSKDWH��$73��SURGXFWLRQ��7KH�GLVUXSWHG
SODQW�PHWDEROLVP�OHDGV�WR�UHGXFHG�JURZWK�UDWHV��DQG�ILQDOO\�WR�ORZHU�SODQW�\LHOG��&ROPHU�HW
DO�����������'XUXP�ZKHDW�>7ULWLFXP�WXUJLGXP�/��VXEVS��GXUXP��'HVI���+XVQ@��RQH�RI�WKH
PDMRU �FHUHDOV �RI �WKH �0HGLWHUUDQHDQ �EDVLQ� �VKRZV �\LHOG �GHSOHWLRQ �LQ �H[FHVVLYH �ZDWHU
FRQGLWLRQV� �HVSHFLDOO\�ZKHQ�RFFXUULQJ�DW�WLOOHULQJ��3DPSDQD�HW�DO��������&RWUR]]L �HW �DO��
�������7R�GDWH��IHZ�VFLHQWLILF�VWXGLHV�KDYH�EHHQ�FDUULHG�RXW�XQGHU�UDLQIHG�0HGLWHUUDQHDQ
FRQGLWLRQV�IRU�ZDWHUORJJLQJ�HYDOXDWLRQ�RI�FHUHDOV�WKURXJKRXW�WKH�HQWLUH�FURS�F\FOH��7R�ILOO
WKLV�JDS��D���\HDU�SRW�H[SHULPHQW�ZDV�FDUULHG�RXW�DW�WKH�5HVHDUFK�&HQWUH�RI�WKH�'HSDUWPHQW
RI�$JULFXOWXUH��)RRG�DQG�(QYLURQPHQW�RI�WKH�8QLYHUVLW\�RI�3LVD��,WDO\����d�����1����d�����(��
(DFK�\HDU��WKH�H[SHULPHQWDO�GHVLJQ�FRPSDUHG�WZR�GXUXP�ZKHDW�FXOWLYDUV��L�H���6YHYR��DQG
(PLOLR�/HSLGR��H[SRVHG�WR�WKUHH�ZDWHUORJJLQJ�GXUDWLRQV����������DQG����GD\V���WRJHWKHU�ZLWK
ZHOO�GUDLQHG�FRQWUROV��3ODQWV�ZHUH�JURZQ�LQ�D�;HURIOXYHQWV�VRLO��ZLWK�VDQG\�ORDP�WH[WXUH�
3KRVSKRUXV�DQG�SRWDVVLXP�ZHUH�DSSOLHG�SUH�SODQWLQJ������NJ|KD���RI�3�2��DQG�.�2���DQG����
NJ�1�KD���ZHUH�VSOLW�LQ�WKUHH�DSSOLFDWLRQV��L�H�����������DQG����NJ�1�KD����UHVSHFWLYHO\��DW
VRZLQJ��SVHXGR�VWHP�HUHFWLRQ��DQG�ILUVW�QRGH�GHWHFWDEOH���3RWV�ZHUH�SODFHG�RXWGRRUV�DQG
NHSW�XQGHU�GUDLQHG�FRQGLWLRQV�XQWLO�ZDWHUORJJLQJ�LPSRVLWLRQ�DW�WLOOHULQJ�VWDJH��%%&+����E\
SXWWLQJ�WKHP�LQWR�FRQWDLQHUV�ILOOHG�ZLWK�ZDWHU��$W�WKH�HQG�RI�HDFK�SHULRG�RI�ZDWHUORJJLQJ�
SRWV�ZHUH�UHPRYHG�IURP�FRQWDLQHUV�DQG�NHSW�LQ�GUDLQHG�FRQGLWLRQV�XQWLO�SODQWV�UHDFKHG
PDWXULW\��$W�KDUYHVW��SODQWV�IURP�HDFK�SRW�ZHUH�PDQXDOO\�FXW�DW�JURXQG�OHYHO�DQG�SDUWLWLRQHG
LQWR�VWUDZ�DQG�JUDLQ��5RRWV�ZHUH�VHSDUDWHG�IURP�WKH�VRLO�E\�JHQWO\�ZDVKLQJ�ZLWK�D�ORZ�IORZ
IURP�VSULQNOHUV�WR�PLQLPL]H�ORVV�RU�GDPDJH��)RU�GU\�ZHLJKW�GHWHUPLQDWLRQ��VDPSOHV�ZHUH
RYHQ�GULHG�DW����d&�WR�FRQVWDQW�ZHLJKW��2XU�UHVXOWV�KLJKOLJKWHG�WKDW�JHQRW\SLF�GLIIHUHQFHV
H[LVW��DQG�(PLOLR�/HSLGR�VKRZHG�EHWWHU�DJURQRPLF�WROHUDQFH�EHFDXVH�JUDLQ�\LHOG�ORVV�XQGHU
WKH�ORQJHVW�GXUDWLRQ�RI�ZDWHUORJJLQJ�ZDV�ORZHU�������WKDQ�LQ�6YHYR��������(PLOLR�/HSLGR
DOVR �VXIIHUHG �D �PLQRU �UHGXFWLRQ �RI �VKRRW �DQG �URRW �JURZWK �ZKLFK �LQ �WXUQ �DOORZHG �WKH
SURGXFWLRQ�RI�FXOPV�DQG�VSLNHV�VLPLODU�WR�WKH�FRQWURO��+RZHYHU��WKH�OHQJWK�RI�WKH�WUHDWPHQW
SURJUHVVLYHO\�UHGXFHG�WKH�\LHOG�RI�GXUXP�ZKHDW�LQ�ERWK�FXOWLYDUV��EHFDXVH�HLWKHU�WKH�SODQWV
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KDG �OHVV �WLPH �WR �UHFRYHU �DQG �EHFDXVH �KLJKHU �WHPSHUDWXUHV �DJJUDYDWHG �WKH �HIIHFWV �RI
ZDWHUORJJLQJ �VLQFH �WKH �VXSSO\ �RI �R[\JHQ �WR �ERWK �SODQW �URRWV �DQG �VRLO �PLFURRUJDQLVPV
LQFUHDVHG� �2XU �UHVXOWV �VKRZHG �WKDW �YDULHWDO �FKRLFH �FRXOG �EH �SLYRWDO �ZKHQ �SUHGLFWLQJ
ZDWHUORJJLQJ�HYHQWV��DQG�URRW�JURZWK�GXULQJ�ZDWHUORJJLQJ�RU�UHFRYHU\�FDQ�EH�XVHIXO�IRU
LGHQWLI\LQJ�ZDWHUORJJLQJ�WROHUDQFH�
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:DWHU�6WUHVV�5HVSRQVH�RI�'LIIHUHQW�4XLQRD�*HQRW\SHV�*URZQ
ZLWK�DQG�ZLWKRXW�:RRG\�%LRFKDU
E\�0XKDPPDG�=XEDLU�$NUDP�_�$QJHOD�/LEXWWL�_�$QQD�5LWD�5LYHOOL�_�6FKRRO�RI�$JULFXOWXUDO��)RUHVW��)RRG�DQG
(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLW\�RI�%DVLOLFDWD�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��)RRG��1DWXUDO
5HVRXUFHV�DQG�(QJLQHHULQJ��8QLYHUVLW\�RI�)RJJLD�_�6FKRRO�RI�$JULFXOWXUDO��)RUHVW��)RRG�DQG
(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLW\�RI�%DVLOLFDWD

$EVWUDFW�,'����
7RSLF��:DWHU

3UHVHQWHU�1DPH��$QQD�5LWD�5LYHOOL
&RQWULEXWLRQ��3RVW

'URXJKW�VWUHVV�GXH�WR�FXUUHQW�FOLPDWH�FKDQJH�VFHQDULRV�SRVHV�D�VLJQLILFDQW�WKUHDW�WR�FURS
SURGXFWLRQ��QHFHVVLWDWLQJ�WKH�DGRSWLRQ�RI�HIILFLHQW�VWUDWHJLHV�WR�PHHW�JOREDO�IRRG�GHPDQG�
6RLO�DSSOLFDWLRQ�RI�RUJDQLF�DPHQGPHQWV��VXFK�DV�ELRFKDU��FRXOG�EH�D�YLDEOH�DJURQRPLF�RSWLRQ
WR�IDFH�WKH�DGYHUVH�HIIHFWV�RI�GURXJKW�RQ�SODQW�JURZWK�DQG�\LHOG��SDUWLFXODUO\�LQ�DULG�DQG
VHPL�DULG�DJULFXOWXUDO�DUHDV��%LRFKDU�LV�H[WHQVLYHO\�UHSRUWHG�WR�LPSURYH�VRLO�V�FKDUDFWHULVWLFV
LQFOXGLQJ�VWUXFWXUH��SRURVLW\��ZDWHU�KROGLQJ�FDSDFLW\�DQG�K\GUDXOLF�FRQGXFWLYLW\��FDWLRQ�DQG
DQLRQ�H[FKDQJH�FDSDFLW\� �QXWULHQW �UHWHQWLRQ� �DQG�LWV �DYDLODELOLW\� �4XLQRD��&KHQRSRGLXP
TXLQRD�:LOOG���LV�D�JUDLQ�FURS�WKDW�KDV�JDLQHG�ZRUOGZLGH�DWWHQWLRQ�RYHU�WKH�SDVW�GHFDGHV�
GXH�WR�LWV�QXWULWLRQDO�DQG�IXQFWLRQDO�SURSHUWLHV�DQG�LWV�DELOLW\�WR�DGDSW�WR�DGYHUVH�JURZLQJ
FRQGLWLRQV��PDUJLQDO�VRLOV��GURXJKW��VDOLQLW\�DQG�FROG���+RZHYHU��TXLQRD�JHQRPH�GLVSOD\V�D
ZLGH�GHJUHH�RI�YDULDELOLW\�LQ�DELRWLF�VWUHVVHV�WROHUDQFH��LQFOXGLQJ�GURXJKW��7KHUHIRUH��WKH
SUHVHQW�VWXG\�DLPHG�DW�LQYHVWLJDWLQJ�WKH�UHVSRQVH�RI�GLIIHUHQW�TXLQRD�JHQRW\SHV�WR�ZDWHU
VWUHVV�FRQGLWLRQV�GXULQJ�WKH�YHJHWDWLYH�JURZWK�SKDVH��WKURXJK�ELRFKDU�DSSOLFDWLRQ��,Q�D
JUHHQKRXVH�SRW�H[SHULPHQW��TXLQRD�JHQRW\SHV�RI�GLIIHUHQW�RULJLQV��LQFOXGLQJ�WKH�'DQLVK
7LWLFDFD��WKH�,WDOLDQV�4XLSX�DQG�5HJDORQD��DQG�WKH�3DNLVWDQL�8$)4��DQG�4�����ZHUH�JURZQ
ZLWKRXW�DQG�ZLWK�ZRRGFKLS�ELRFKDU�DW�����%���DQG�����%���UDWHV��GU\�ZHLJKW�EDVLV���XQGHU
ZHOO�ZDWHUHG�FRQGLWLRQV��::��UHVWLWXWLRQ�RI������(7�ORVVHV�ZKHQHYHU�VRLO�ZDV�DW�����RI�WKH
$:&� �DQG�ZDWHU�VWUHVVHG �FRQGLWLRQV ��:6� �E\ �ZLWKKHOG �ZDWHULQJ �XQWLO �VRLO �UHDFKHG�WKH
SHUPDQHQW�ZLOWLQJ�SRLQW�LQ�WZR�FRQVHFXWLYH�VWUHVV�F\FOHV���(DFK�WUHDWPHQW�ZDV�UHSOLFDWHG
WKULFH��DQG�SODQW�UHVSRQVH�ZDV�DVVHVVHG�E\�PRQLWRULQJ�D�VHW�RI�JURZWK�DWWULEXWHV��L�H��SODQW
KHLJKW��QXPEHU�RI�OHDYHV�DQG�EUDQFKHV��IUHVK�DQG�GU\�ELRPDVV�SURGXFWLRQ��$�VWDWLVWLFDO
IDFWRULDO �&5'��WKUHH�ZD\� �DQDO\VLV �ZDV�DSSOLHG�WR�H[SHULPHQWDO �GDWD�E\�XVLQJ�56WXGLR
VRIWZDUH��2YHUDOO��WKH�UHVXOWV�VKRZHG�D�VLJQLILFDQW�UHGXFWLRQ�LQ�SODQW�JURZWK�XQGHU�ZDWHU
VWUHVV�FRQGLWLRQV�LQ�DOO�TXLQRD�JHQRW\SHV�JURZQ�RQ�ERWK�%��DQG�%���+RZHYHU��XQGHU�:6
FRQGLWLRQV��ELRFKDU�DSSOLFDWLRQ�VLJQLILFDQWO\�LQFUHDVHG�WKH�QXPEHU�RI�OHDYHV��1/��DQG�OHDI
DUHD��/$��RI �8$)4��SODQWV� �ZLWK�LQFUHDVH�RI �����DQG������UHVSHFWLYHO\� �FRPSDUHG�WR
8$)4��RQHV�JURZQ�RQ�%���ZKLFK�LQ�WXUQ�ZHUH�QRW�VWDWLVWLFDOO\�GLIIHUHQW�IURP�WKRVH�JURZQ
ZLWKRXW�ELRFKDU�DQG�LQ�::�FRQGLWLRQV��6WLOO�XQGHU�:6�FRQGLWLRQV��WKH�,WDOLDQ�4XLSX�VKRZHG
����DQG����LQFUHDVHV�RI�1/�DQG�/$��UHVSHFWLYHO\��LQ�%��FRPSDUHG�WR�%���7KH�'DQLVK�YDULHW\
7LWLFDFD �DSSHDUV �WR �EH �PRUH �VHQVLWLYH �WR �GURXJKW �GXH �WR �VLJQLILFDQW �JURZWK �UHGXFWLRQ
FRPSDUHG�WR�RWKHU�JHQRW\SHV��7KHVH�ILUVW�ILQGLQJV�VXJJHVW�WKDW�WKH�DPHQGPHQW�RI�VRLO�ZLWK
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ZRRGFKLS�ELRFKDU�FRXOG�EH�D�VXFFHVVIXO�VWUDWHJ\�WR�SURPRWH�WKH�TXLQRD�V�YHJHWDWLYH�JURZWK�
DOWKRXJK�LWV�HIILFLHQF\�GHSHQGV�XSRQ�WKH�FKRVHQ�JHQRW\SH��0RUHRYHU��WKH�WHVWHG�JHQRW\SHV
FRXOG�UHSUHVHQW�YDOXDEOH�UHVRXUFHV�IRU�IXUWKHU�LQYHVWLJDWLRQV�RQ�TXLQRD�SODQW�WROHUDQFH�WR
ZDWHU�VWUHVV�LQ�RSHQ�ILHOG�DQG�GXULQJ�DOO�JURZLQJ�F\FOH�
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4XDQWLI\LQJ�ZDWHU�VWUHVV�LQ�PDL]H�XVLQJ�VPDUWSKRQH�EDVHG
HVWLPDWHV�RI�VWRPDWDO�FRQGXFWDQFH
E\�&KLDUD�5XVFRQL�_�/LYLD�3DOHDUL�_�(UPHV�0RYHGL�_�5REHUWR�&RQIDORQLHUL�_�8QLYHUVLWd�GHJOL�6WXGL�GL
0LODQR��(63��&DVVDQGUD�ODE�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR��(63��&DVVDQGUD�ODE�_�8QLYHUVLWd�GHJOL�6WXGL
GL�0LODQR��(63��&DVVDQGUD�ODE�_�8QLYHUVLWd�GHJOL�6WXGL�GL�0LODQR��(63��&DVVDQGUD�ODE

$EVWUDFW�,'����
7RSLF��:DWHU

3UHVHQWHU�1DPH��&KLDUD�5XVFRQL
&RQWULEXWLRQ��3RVW

2SWLPL]LQJ �ZDWHU �PDQDJHPHQW �LV �RI �SULPDU\ �LPSRUWDQFH �IRU �WKH �SURGXFWLYLW\ �DQG �WKH
HQYLURQPHQWDO�VXVWDLQDELOLW\�RI�D�YDULHW\�RI�FURSSLQJ�V\VWHPV��HVSHFLDOO\�FRQVLGHULQJ�WKDW
JOREDO �ZDWHU �GHPDQG�LV �H[SHFWHG�WR �LQFUHDVH�LQ �WKH�FRPLQJ�GHFDGHV� �)RU �WKLV �UHDVRQ�
GLIIHUHQW�WHFKQRORJLHV���PRVWO\�EDVHG�RQ�UHPRWH�VHQVLQJ��VLPXODWLRQ�PRGHOV�DQG�SUR[LPDO
VHQVRUV���KDYH�EHHQ�GHYHORSHG�WR�HVWLPDWH�YDULDEOHV�UHODWHG�WR�FURS�ZDWHU�VWDWXV��$PRQJ
WKHVH�YDULDEOHV��VWRPDWDO�FRQGXFWDQFH��JV��PPRO�P���V����LV�FRQVLGHUHG�DV�SDUWLFXODUO\�VXLWDEOH
IRU�TXDQWLI\LQJ�ZDWHU�VWUHVV��DQG�LQVWUXPHQWV��H�J���JDV�H[FKDQJH�DQDO\]HUV��DUH�DYDLODEOH
IRU�LWV�GHWHUPLQDWLRQ��+RZHYHU��WKHLU�FRVW�DQG�ORZ�DSSOLFDELOLW\�XQGHU�RSHUDWLRQDO�IDUPLQJ
FRQGLWLRQV��H�J���WLPH�FRQVXPLQJ�GDWD�FROOHFWLRQ��KDYH�OLPLWHG�WKHLU�XVH�WR�UHVHDUFK�FRQWH[WV�
7R�RYHUFRPH�WKHVH�OLPLWDWLRQV��D�QHZ�PRELOH�DSSOLFDWLRQ�KDV�EHHQ�GHYHORSHG�WR�HVWLPDWH�JV
XVLQJ�D�FRPPRQ�VPDUWSKRQH��7KH�DSS�DOORZV�XVHUV�WR�SHUIRUP��'�VFDQV�RI�OHDI�VXUIDFHV�DQG
DXWRPDWLFDOO\ �GHULYHV �V\QWKHWLF �LQGLFHV �FKDUDFWHUL]LQJ �FDQRS\ �DUFKLWHFWXUH ��H�J�� �WKH
SDUDPHWHU�{�RI�WKH�&DPSEHOO�V�HOOLSVRLGDO�GLVWULEXWLRQ��WKH�OLJKW�H[WLQFWLRQ�FRHIILFLHQW��WKH
PHDQ�OHDI�WLOW�DQJOH��WKH�OHDI�EHQGLQJ�LQGH[���7KHVH�LQGLFHV�DUH�WKHQ�XVHG�WR�HVWLPDWH�JV�
WKDQNV�WR�WKH�UHODWLRQVKLSV�EHWZHHQ�JV �DQG�WKH�FKDQJHV�LQ�OHDI�RULHQWDWLRQ�WULJJHUHG�E\
SK\VLRORJLFDO�PHFKDQLVPV��H�J���GHFUHDVH�LQ�OHDI�WXUJRU��LQYROYHG�LQ�FURS�UHVSRQVH�WR�ZDWHU
VWUHVV��([SHULPHQWDO�GDWD�ZHUH�FROOHFWHG�RQ�WKUHH�PDL]H�K\EULGV��3������3������DQG�3�����
JURZQ�LQ�SRWV�DW�WZR�GLIIHUHQW�LUULJDWLRQ�UHJLPHV��ZHOO�ZDWHUHG�DQG�ZDWHU�VWUHVVHG���7KH
PHDVXUHPHQWV�RI�JV�DQG�FDQRS\�DUFKLWHFWXUH�VFDQV�ZHUH�FDUULHG�RXW�DW�WZR�VWDJHV�GXULQJ
WKH�FURS�F\FOH��9��9��DQG�97���6WHS�ZLVH�UHJUHVVLRQ�WHFKQLTXHV�ZHUH�WKHQ�DSSOLHG�WR�GHULYH
WKH�UHODWLRQVKLSV�EHWZHHQ�JV�DQG�FDQRS\�DUFKLWHFWXUH�LQGLFHV��5HJDUGOHVV�RI�WKH�JHQRW\SH�
WKH�EHVW�PRGHO�IRU�HVWLPDWLQJ�JV �ZDV�D�PXOWLSOH�OLQHDU�UHJUHVVLRQ�IXQFWLRQ�RI�WKH�PHDQ
EHQGLQJ�LQGH[�RI�XSSHU�OHDYHV��WKH�OLJKW�H[WLQFWLRQ�FRHIILFLHQW��DQG�WKH�PHDQ�OHDI�LQVHUWLRQ
DQJOH��7KLV�UHODWLRQVKLS�KLJKOLJKWHG�D�QRWDEOH�SUHGLFWLYH�FDSDELOLW\��ZLWK�DQ�DYHUDJH�5��HTXDO
WR������DQG�DQ�DYHUDJH�DEVROXWH�HUURU�HTXDO�WR����PPRO�P���V����7KH�ZLGH�UDQJH�RI�SODQW
ZDWHU�VWDWXV�H[SORUHG��PHDVXUHG�JV�UDQJHG�IURP���PPRO�P���V���WR�����PPRO�P���V����DOORZHG
WKH�XVH �RI �WKLV �UHODWLRQVKLS �WR �LGHQWLI\ �WKUHVKROG �YDOXHV �RI �JV �HVWLPDWHG�ZLWK �WKH �DSS�
FRUUHVSRQGLQJ �WR �PLOG� �PRGHUDWH� �DQG �VHYHUH �ZDWHU �VWUHVV� �DFFRUGLQJ �WR �ZHOO�NQRZQ
WKUHVKROGV �DYDLODEOH �LQ �WKH �OLWHUDWXUH� �7KH �UHOLDELOLW\ �DQG �WKH �LQH[SHQVLYHQHVV �RI �WKH
SURSRVHG�DSSURDFK��MXVW�D�VWDQGDUG�VPDUWSKRQH�LV�QHHGHG��RSHQ�WR�QHZ�RSSRUWXQLWLHV�IRU�JV�
EDVHG�PDQDJHPHQW�RI�ZDWHU�VWUHVV�LQ�RSHUDWLRQDO�IDUPLQJ�FRQWH[WV�
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(IIHFWV�RI�6DOW�DQG�:DWHU�VWUHVVHV�RQ�0RUSKRORJLFDO�DQG
3K\VLRORJLFDO�WUDLWV�RI�+HPS�JURZQ�XQGHU�/('�OLJKW
E\�9DOHULD�&DIDUR�_�6DOYDWRUH�/��&RVHQWQR�_�*LRUJLR�7HVWD�_�9LYLHQQH�3DQHELDQFR�_�6LOYLR�&DOFDJQR�_
&ULVWLQD�3DWDQf�_�&15��,%(�_�'L�$��8QLYHUVLW\�RI�&DWDQLD�_�'L�$��8QLYHUVLW\�RI�&DWDQLD�_�'L�$��8QLYHUVLW\
RI�&DWDQLD�_�&15��,%(�_�&15��,%(

$EVWUDFW�,'����
7RSLF��:DWHU

3UHVHQWHU�1DPH��9DOHULD�&DIDUR
&RQWULEXWLRQ��3RVW

,QGXVWULDO �KHPS��&DQQDELV �VDWLYD �/�� �LV �D �SODQW �EHORQJLQJ �WR �WKH �&DQQDEDFHDH �IDPLO\�
RULJLQDWLQJ�IURP�&HQWUDO�$VLD��,W�ZHOO�DGDSWV�WR�WHPSHUDWH�DUHDV�RI�(XURSH�DQG�$PHULFD��DQG
QRZDGD\V�LW�LV�VSUHDG�DFURVV�WKH�JOREH��,Q�WKH�SDVW��KHPS�ZDV�SULPDULO\�XVHG�LQ�WKH�WH[WLOH
LQGXVWU\��7RGD\��KHPS�SURGXFWLRQ�KDV�JURZQ�H[SRQHQWLDOO\��WKDQNV�WR�LWV�ZLGH�UDQJH�RI
DSSOLFDWLRQV� �DV�UDZ�PDWHULDO �IRU�LQGXVWULHV� �EXW�DOVR�IRU�RLO �DQG�VHFRQGDU\�PHWDEROLWHV
SURGXFWLRQ� �VXFK �DV �FDQQDELQRLGV �DQG �WHUSHQHV� �,Q �D �FRQWH[W �RI �FOLPDWH �FKDQJHV� �DQ
LPSRUWDQW�UROH�LV�SOD\HG�E\�WKH�DJURQRPLF�UHVHDUFK�RQ�DOWHUQDWLYH�FURSV�WKDW�FRXOG�IDFH�WKH
JUHDW�FKDOOHQJHV�RI�WKH�PLOOHQQLXP��,Q�WKLV�YLHZ��KHPS�UHSUHVHQWV�D�JRRG�FDQGLGDWH�IRU
PDUJLQDO�ODQGV��WR�EH�XVHG�DQG�H[SORLWHG��$�VWXG\�ZDV�FRQGXFWHG�LQ�ODERUDWRU\�RQ�D�FXOWLYDU
RI�KHPS��7\JUD��LQ�������WR�HYDOXDWH�WKH�HIIHFWV�RI�VDOW��LQ�1D&O��DQG�ZDWHU�VWUHVV��RQ�SODQW
PRUSKRORJLFDO�DQG�SK\VLRORJLFDO�WUDLWV�XQGHU�/('�OLJKW��3ODQWV�ZHUH�JURZQ�XQGHU�D�SKRWRQ
IOX[�GHQVLW\��33)'��RI�����PPRO�P��V����D�������K�SKRWRSHULRG��DQG���e�d&�WHPSHUDWXUH�
7KUHH�OHYHOV�RI�1D&O��JHQHUDWLQJ�WKH�IROORZLQJ�ZDWHU�SRWHQWLDOV��\���ZHUH�FRQVLGHUHG�����
����� ����� �03D� �7KUHH �OHYHOV �RI �LUULJDWLRQ �ZDWHU �ZHUH �FRQVLGHUHG� �,���� �,�� �DQG �,���
FRUUHVSRQGLQJ�WR������QR�VWUHVV�������PRGHUDWH�VWUHVV���DQG������VHYHUH�VWUHVV��RI�FURS
HYDSRWUDQVSLUDWLRQ�(7F�UHVWRUDWLRQ��UHVSHFWLYHO\��3ODQW�ZHLJKW�ZDV�VLJQLILFDQWO\�DIIHFWHG�WR
D�JUHDWHU�H[WHQW�E\�VDOW�VWUHVV�������DQG�������SODQW�KHLJKW�UHGXFWLRQ��DW������DQG������03D�
UHVSHFWLYHO\���WKDQ�ZDWHU�VWUHVV�������DQG�������SODQW�KHLJKW�UHGXFWLRQ��LQ�,���DQG�,���
UHVSHFWLYHO\���6LPLODUO\��VWHP�KHLJKW�ZDV�PRUH�DIIHFWHG�E\�VDOW�VWUHVV�����DQG�����UHGXFWLRQ�
DW ������DQG�����03D� �UHVSHFWLYHO\�� �WKDQ�ZDWHU�VWUHVV�����DQG�����UHGXFWLRQ�RYHU�WKH
FRQWURO��LQ�,���DQG�,����UHVSHFWLYHO\���'LIIHUHQWO\��OHDI�QXPEHU�ZDV�PRUH�LQIOXHQFHG�E\�ZDWHU
WKDQ�VDOW �VWUHVV� �&KORURSK\OO �FRQWHQW �IOXFWXDWHG�GXULQJ�WKH�JURZWK�SHULRG�DFFRUGLQJ�WR
LUULJDWLRQ��3ODQWV�WHQGHG�WR�FRQFHQWUDWH�PRUH�FKORURSK\OO�ZKHQ�VDOW�VWUHVVHG��ZKLOVW�QR�FOHDU
GLIIHUHQFHV �ZHUH�REVHUYHG�DPRQJ�ZDWHU �WUHDWPHQWV� �)OXRUHVFHQFH� �ZKLFK�LQGLFDWHV �WKH
IXQFWLRQLQJ�RI�WKH�SKRWRV\QWKHWLF�V\VWHP��SURJUHVVLYHO\�GHFUHDVHG�GXULQJ�SODQW�JURZWK��WR�D
JUHDWHU�H[WHQW�LQ�WKH�ODVW�SHULRG��DFFRUGLQJ�WR�SODQW�VHQHVFHQFH��8QH[SHFWHGO\��IOXRUHVFHQFH
NHSW�KLJKHU�XQGHU�VHYHUH�ZDWHU�VWUHVV�FRQGLWLRQV��,����DQG�LQ�ERWK�VDOW�VWUHVVHG�WUHDWPHQWV�
)ODYRQRLGV�SURJUHVVLYHO\�LQFUHDVHG�GXULQJ�WKH�SODQW�JURZWK��LQ�DOO �WUHDWPHQWV��EXW�WR�D
JUHDWHU�H[WHQW�LQ�XQVWUHVVHG�SODQWV��6DOW�VWUHVVHG�SODQWV�WHQGHG�WR�DFFXPXODWH�ORZHU�OHYHOV
RI�IODYRQRLGV�WKDQ�WKRVH�ZDWHU�VWUHVVHG��%RWK�VWUHVVHV�LQGXFHG�D�VHFRQGDU\�R[LGDWLYH�VWUHVV
LQ�WKH�KHPS�SODQWV��DV�KLJKOLJKWHG�E\�D�VLJQLILFDQW�LQFUHDVH�LQ�WKH�PDORQGLDOGHK\GH��0'$�
FRQWHQW��6DOW�VWUHVV�LQGXFHG�GDPDJH�����DQG������KLJKHU�0'$�WKDQ�FRQWURO��LQ������DQG�����
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03D��UHVSHFWLYHO\��ZDV�PRUH�UHOHYDQW�WKDW�ZDWHU�VWUHVV�LQGXFHG�GDPDJH�����DQG�����KLJKHU
0'$ �WKDQ �FRQWURO� �LQ �,�� �DQG �,��� �UHVSHFWLYHO\�� �7KHVH �ILQGLQJV �FRQILUP �WKH �JUHDWHU
VHQVLWLYLW\ �RI �KHPS�WR �VDOW �VWUHVV �UDWKHU �WKDQ�ZDWHU �VWUHVV� �,WV �WROHUDQFH�WR �ORZ�ZDWHU
DYDLODELOLW\�YDOLGDWHV�LWV�DGDSWDELOLW\�WR�PDUJLQDO�ODQGV��PDNLQJ�KHPS�D�YDOLG�FDQGLGDWH�WR
WKRVH�DUHDV�
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$�/LYLQJ�/DE�DSSURDFK�IRU�D�PXOWL�VFDOH�H[SHULPHQWDWLRQ�LQ
1RUWKHUQ�,WDO\�RQ�GURXJKW�UHVLVWDQW�PDL]H�K\EULGV
E\�*DEULHOD�$ODQGLD�_�*LRUJLR�%RUUHDQL�_�)UDQFHVFR�)HUUHUR�_�9LWWRULD�*LDQQLQL�_�(OLVD�0DUUDFFLQL�_�&DUPHOR
0DXFLHUL�_�*DEULHOH�5RODQGR�_�(UQHVWR�7DEDFFR�_�0DXUL]LR�%RULQ�_�8QLYHUVLW\�RI�8GLQH�_�8QLYHUVLW\�RI�7XULQ
_�8QLYHUVLW\�RI�7XULQ�_�8QLYHUVLW\�RI�3DGXD�_�8QLYHUVLW\�RI�8GLQH�_�8QLYHUVLW\�RI�3DGXD�_�8QLYHUVLW\�RI�7XULQ
_�8QLYHUVLW\�RI�7XULQ�_�8QLYHUVLW\�RI�3DGXD

$EVWUDFW�,'����
7RSLF��:DWHU

3UHVHQWHU�1DPH��*DHWDQR�5REHUWR�3HVFH
&RQWULEXWLRQ��3RVW

0DL]H�LV �KLJK�ZDWHU �UHTXLUHPHQWV �FURS�DQG�SOD\V �DQ�LPSRUWDQW �UROH �LQ �1RUWKHUQ�,WDO\�
KRZHYHU��SHULRGV�RI�GURXJKW�LQ�UHFHQW�\HDUV�KDYH�FRPSURPLVHG�FURS�\LHOG��,Q�WKLV�FRQWH[W�
GURXJKW�WROHUDQW ��'7� �PDL]H �K\EULGV �FRXOG �KHOS �DGGUHVVLQJ �ZDWHU �VFDUFLW\� �ZLWKRXW
FRPSURPLVLQJ�JUDLQ�KHDOWK��ZLWK�D�UHVXOW�WKDW�FDQ�EH�LQIOXHQFHG�E\�ERWK�WKH�DJURQRPLF
PDQDJHPHQW�DQG�SHGRFOLPDWLF�FRQGLWLRQV��)RU�WKLV�UHDVRQ��LQ������DW�WKH�8QLYHUVLWLHV�RI
3DGXD��81,3'��DQG�7XULQ��81,72��VWDUWHG�DQ�H[SHULPHQWDWLRQ�WR�FRPSDUH�'7�PDL]H�K\EULGV
WR�FRQYHQWLRQDO�RQHV��7KH�DFWLYLWLHV�ZHUH�FDUULHG�RXW�ERWK�LQ�SORW�H[SHULPHQWDWLRQV��3(V��DQG
LQ�2Q�)DUP�([SHULPHQWDWLRQV��2)(V��PRELOL]LQJ�D�/LYLQJ�/DE�DSSURDFK��,Q�D�3(�DW�LWV
H[SHULPHQWDO�IDUP��81,3'�FRPSDUHG�VL[�K\EULGV��'7�DQG�FRQYHQWLRQDO�K\EULGV��)$2�FODVVHV
���������DQG������ERWK�LQ�LUULJDWHG�DQG�LQ�UDLQIHG�FRQGLWLRQV��7KHUH�ZDV�D�VLJQLILFDQW�HIIHFW
RI�LUULJDWLRQ��WKDW�UHVXOWHG�LQ�D�\LHOG�RI������W�'0�KD���DQG�����W�'0�KD���LQ�LUULJDWHG�DQG
UDLQIHG�SORWV��UHVSHFWLYHO\��&RQYHQWLRQDO�K\EULGV�\LHOGHG�VOLJKWO\�PRUH�WKDQ�'7�RQHV��RQ
DYHUDJH������YV� ������W�'0�KD���� �,Q�DQ�2)(��81,3'�FRPSDUHG�WZR�'7�K\EULGV�ZLWK�D
FRQYHQWLRQDO�RQH�LQ�UDLQIHG�FRQGLWLRQV��&RQYHQWLRQDO�K\EULG�SURGXFHG�PRUH�WKDQ�WKH�'7
RQHV�������YV������W�'0�KD�����&RQYHUVHO\��LQ�DQRWKHU�2)(��81,3'�UHFRUGHG�D�VOLJKWO\�KLJKHU
SURGXFWLYLW\�RI�WKH�'7�K\EULG�FRPSDUHG�WR�WKH�FRQYHQWLRQDO�RQH������YV������W�'0�KD�����,Q
RQH�3(�DQG���2)(��81,72�HYDOXDWHG�IRXU�K\EULGV��'7�DQG�FRQYHQWLRQDO�K\EULGV� �)$2
FODVVHV�����DQG�������,Q�WKH�81,72�3(��WKH�)$2�����'7�ZDV�PRUH�SURGXFWLYH�WKDQ�WKH
FRQYHQWLRQDO �RQH ��RQ �DYHUDJH ����� �YV� ���� �W �'0�KD���� �ERWK �LQ �LUULJDWHG �DQG �UDLQIHG
FRQGLWLRQV� �6LPLODUO\� �)$2�����'7�ZDV�PRUH�SURGXFWLYH�WKDQ�WKH�FRQYHQWLRQDO�RQH��RQ
DYHUDJH������YV�������W�'0�KD�����,Q�������81,3'�DQG�81,72�DUH�LQYROYHG�LQ�D�VHFRQG�\HDU
RI�3(V�DQG�2)(V��ZKHUHDV�WKH�8QLYHUVLW\�RI�8GLQH��81,8'��MRLQHG�WKH�DFWLYLWLHV�RI�ERWK�3(V
��DW�WKH�H[SHULPHQWDO�IDUPV���DQG�2)(V��,Q�WKH�81,8'�2)(V��WZR�IDUPV�ZLOO�FRPSDUH�WZR
)$2�����K\EULGV��WKH�RQH�'7�DQG�WKH�RWKHU�FRQYHQWLRQDO��)XUWKHUPRUH��LQ�RQH�IDUP��D�'7
)$2�����K\EULG�ZLOO�DOVR�EH�WHVWHG��,Q�RQH�IDUP��FXOWLYDWLRQ�ZLOO�EH�UDLQIHG�DQG�WKH�K\EULGV�
SHUIRUPDQFHV�ZLOO�EH�FRPSDUHG�LQ�VRLOV�ZLWK�GLIIHUHQW�GHSWK�DQG�JUDYHO�FRQWHQW��ZKHUHDV�LQ
WKH�RWKHU�IDUP��WKH�JHQRW\SHV�ZLOO�EH�WHVWHG�LQ�ERWK�LUULJDWHG�DQG�UDLQIHG�FRQGLWLRQV��7KHVH
3(V�DQG�2)(V�LQ�D�PXOWL�WHPSRUDO�H[SHULPHQW�ZLOO�VXSSRUW�RXU�XQGHUVWDQGLQJ�RI�WKH�EHVW
FRQGLWLRQV�IRU�'7�PDL]H�K\EULGV�LQ�1RUWKHUQ�,WDO\��$FNQRZOHGJPHQWV��7KLV�VWXG\�ZDV�FDUULHG
RXW�ZLWKLQ�WKH�$JULWHFK�1DWLRQDO�5HVHDUFK�&HQWHU�DQG�UHFHLYHG�IXQGLQJ�IURP�WKH�(XURSHDQ
8QLRQ �1H[W�*HQHUDWLRQ(8��3,$12�1$=,21$/(�', �5,35(6$�( �5(6,/,(1=$��3155� ��
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0,66,21(���&20321(17(����,19(67,0(172�������'�'�������������������&1���������
ZLWKLQ�WKH�7DVN��������7KLV�DEVWUDFW�UHIOHFWV�RQO\�WKH�DXWKRUV��YLHZV�DQG�RSLQLRQV��QHLWKHU
WKH�(XURSHDQ�8QLRQ�QRU�WKH�(XURSHDQ�&RPPLVVLRQ�FDQ�EH�FRQVLGHUHG�UHVSRQVLEOH�IRU�WKHP�

�
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$OOHORSDWKLF�(IIHFW�RI�:DWHU�3ODQW�([WUDFWV�RQ�6HHG
*HUPLQDWLRQ�DQG�6HHGOLQJ�*URZWK
E\�7KRPDV�&RQWH�_�$QWRQLD�&DUOXFFL�_�$QJHOD�/LEXWWL�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��)RRG��1DWXUDO
5HVRXUFHV�DQG�(QJLQHHULQJ��8QLYHUVLW\�RI�)RJJLD�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��)RRG��1DWXUDO
5HVRXUFHV�DQG�(QJLQHHULQJ��8QLYHUVLW\�RI�)RJJLD�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��)RRG��1DWXUDO
5HVRXUFHV�DQG�(QJLQHHULQJ��8QLYHUVLW\�RI�)RJJLD

$EVWUDFW�,'����
7RSLF��:DWHU

3UHVHQWHU�1DPH��$QJHOD�/LEXWWL
&RQWULEXWLRQ��3RVW

:HHGV�DUH�RQH�RI�WKH�PDMRU�ELRWLF�FRQVWUDLQ�LQ�DJULFXOWXUDO�SURGXFWLRQ��UHVXOWLQJ�LQ�FURS
\LHOG�DQG�TXDOLW\�UHGXFWLRQ��7KHLU�PDQDJHPHQW�PDQ\�UHO\�RQ�WKH�XVH�RI�V\QWKHWLFDOO\�GHULYHG
KHUELFLGHV��ZKRVH�LQWHQVLYH�DSSOLFDWLRQ�LQ�WKH�ODVW�ILIW\�\HDUV�KDV�FRQVLGHUDEO\�LQFUHDVHG
DJULFXOWXUDO�SURGXFWLYLW\��EXW�ZLWK�VHYHUDO�DGYHUVH�HIIHFWV��VXFK�DV�WKH�KLJK�SHUVLVWHQFH�LQ
WKH�HQYLURQPHQW�DQG�IRRG�FKDLQ��WKH�WR[LFLW\�IRU�QRQ�WDUJHW�RUJDQLVPV��WKH�GHYHORSPHQW�RI
KLJKO\�KHUELFLGH�UHVLVWDQW�ZHHG�ELRW\SHV��5HFHQWO\��WKH�XVH�RI�QDWXUDO�ELRDFWLYH�FRPSRXQGV
�PDLQO\�SKHQROLF�FRPSRXQGV��WHUSHQRLGV�DQG�FRPSRXQGV�FRQWDLQLQJ�D�1�DWRP��SURGXFHG�E\
SODQWV�WKURXJK�VHFRQGDU\�PHWDEROLVP�SDWKZD\V�KDV�EHHQ�UHSRUWHG�DV�D�VXVWDLQDEOH�DQG
HIIHFWLYH�PHWKRG�IRU�ZHHG�FRQWURO��7KDQNV�WR�WKHLU�DOOHORSDWKLF�HIIHFWV�RQ�JHUPLQDWLRQ�DQG
JURZWK�RI�ZHHGV��WKHVH�QDWXUDO�FRPSRXQGV�KDYH�D�SRWHQWLDO�DV�ELRKHUELFLGHV�ZLWK�VDIHU
WR[LFRORJLFDO�DQG�HQYLURQPHQWDO�SURILOHV��$�ODE�EDVHG�VWXG\�ZDV�FDUULHG�RXW�WR�LQYHVWLJDWH
WKH�HIIHFWLYHQHVV�RI�ZDWHU�H[WUDFWV�IURP�GLIIHUHQW�SODQWV��LQFOXGLQJ�6FKLQXV�PROOH�/���/DXUXV
QRELOLV �/�� �&DU\D�LOOLQRLQHQVLV ��:DQJHQK�� �.� �.RFK� �3XQLFD�JUDQDWXP �/� �DQG�(XFDO\SWXV
JOREXOXV�/DELOO���IRU�SRVVLEOH�HIIHFWV�RQ�VHHG�JHUPLQDWLRQ�DQG�VHHGOLQJ�JURZWK�RI�GXUXP
ZKHDW��7ULWLFXP�GXUXP�'HVI���DV�FXOWLYDWHG�VSHFLHV��FUHVV��/HSLGLXP�VDWLYXP�/���DV�LQGLFDWRU
SODQW�VSHFLHV��VOHQGHU�PHDGRZ�IR[WDLO�RU�EODFN�JUDVV��$ORSHFXUXV�P\RVXURLGHV�+XGV���DV�D
WURXEOHVRPH�ZHHG�LQ�WKH�FHUHDO�FXOWLYDWLRQ�DUHDV��7ZHQW\�ILYH�VHHGV�RI�HDFK�VSHFLHV�ZHUH
SODFHG�LQ�D�3HWUL�GLVK�OLQHG�ZLWK�WZR�SDSHU�ILOWHUV�DQG�PRLVWHQHG�ZLWK���P/�RI�HDFK�ZDWHU
H[WUDFW��'LVWLOOHG�ZDWHU�ZDV�XVHG�DV�XQWUHDWHG�FRQWURO��3HWUL�GLVKHV�ZHUH�PDLQWDLQHG�DW�URRP
WHPSHUDWXUH�DQG�H[SRVHG�WR�QDWXUDO�OLJKW��LQ�D�FRPSOHWHO\�UDQGRPL]HG�H[SHULPHQWDO�GHVLJQ
ZLWK�IRXU�UHSOLFDWHV��:DWHU�H[WUDFWV�LQKLELWHG�WKH�ILQDO�JHUPLQDWLRQ�SHUFHQWDJH��)*3��RI�ERWK
FUHVV �DQG �VOHQGHU �PHDGRZ �IR[WDLO �VHHGV �FRPSDUHG �WR ����� �DQG ���� �)*3 �YDOXHV�
UHVSHFWLYHO\��LQ�FRQWURO��VXJJHVWLQJ�D�SRWHQWLDO�DOOHORSDWKLF�HIIHFW��$V�WR�WKH�ZKHDW��ORZHU
)*3�YDOXHV�ZHUH�REVHUYHG�LQ�ZDWHU�H[WUDFW�WUHDWPHQWV��EHWZHHQ�����DQG������WKDQ�WKH
FRQWURO�������DQG��VLPLODUO\��WKH�JHUPLQDWLRQ�LQGH[��*,��VKRZHG�DOZD\V�ORZHU�YDOXHV�LQ
ZKHDW�VHHGV�WUHDWHG�ZLWK�ZDWHU�H[WUDFWV��EHWZHHQ������DQG�������WKDQ�WKH�FRQWURO��������7KH
PHDQ�JHUPLQDWLRQ�WLPH��0*7��ZDV�ORZHU�IRU�FUHVV�DQG�ZKHDW�VHHGV�LQ�FRQWURO����GD\V��DQG
ZKHDW�VHHGV�WUHDWHG�ZLWK�6FKLQXV�0ROOH�DQG�/DXUXV�QRELOLV�H[WUDFWV�������WKDQ�WKH�RWKHU
WUHDWPHQWV��LQGLFDWLQJ�DQ�HDUOLHU�JHUPLQDWLRQ��8OWLPDWHO\��WKH�ZKHDW�VHHG�YLJRU��69��ZDV
ORZHU�LQ�SODQW�H[WUDFW�WUHDWPHQWV�FRPSDUHG�WR�WKH�FRQWURO��E\�UHDFKLQJ�D�]HUR�YDOXH�ZKHQ
VHHGV�ZHUH�WUHDWHG�ZLWK�(XFDO\SWXV�JOREXOXV�H[WUDFW��7KLV�DOVR�UHIOHFWHG�LQ�WKH�OHQJWKV�DQG
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GU\�ZHLJKWV�RI�UDGLFOH�DQG�VKRRW�RI�ZKHDW�VHHGOLQJV��ZKLFK�ZHUH�UHGXFHG�E\�ZDWHU�H[WUDFW
DSSOLFDWLRQ��7KHVH�SUHOLPLQDU\�UHVXOWV�VKRZHG�WKH�SRWHQWLDO�DOOHORSDWKLF�HIIHFW�RI�WKH�WHVWHG
ZDWHU�H[WUDFWV�RQ�$ORSHFXUXV�P\RVXURLGHV�VHHGV��7KH\�DOVR�SURYLGH�LQWHUHVWLQJ�VXJJHVWLRQV
DERXW�WKH�SK\WRWR[LF�DFWLYLW\�WKDW�ELRDFWLYH�FRPSRXQGV�FRXOG�KDYH�RQ�VHHG�JHUPLQDWLRQ�DQG
ZKHDW�VHHGOLQJ�JURZWK��)XUWKHU�H[SHULPHQWV�DUH�QHHGHG�WR�GHHSO\�H[SORUH�WKH�SRWHQWLDO�RI
WKH �WHVWHG �H[WUDFWV ��DOVR �LQ �WHUPV �RI �FRQFHQWUDWLRQV �DQG �GRVHV� �LQ �LQKLELWLQJ �ZHHG
JHUPLQDWLRQ�ZLWKRXW�FRPSURPLVLQJ�WKH�JURZWK�RI�WKH�FXOWLYDWHG�VSHFLHV�
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&DPHOLQD�UHVSRQVH�WR�VDOLQLW\�IURP�HDUO\�URRW�JURZWK�WR
URVHWWH�VWDJH��SUHOLPLQDU\�LPSOLFDWLRQ�IRU�PHGLWHUUDQHDQ
UHJLRQV
E\�5RVVHOOD�0DVWUREHUDUGLQR�_�)HGHULFD�=DQHWWL�_�$QGUHD�0RQWL�_�'HSW��RI�$JULFXOWXUH�DQG�)RRG�6FLHQFHV
�',67$/���8QLYHUVLWd�GL�%RORJQD�_�'HSW��RI�$JULFXOWXUH�DQG�)RRG�6FLHQFHV��',67$/���8QLYHUVLWd�GL�%RORJQD
_�'HSW��RI�$JULFXOWXUH�DQG�)RRG�6FLHQFHV��',67$/���8QLYHUVLWd�GL�%RORJQD

$EVWUDFW�,'����
7RSLF��:DWHU

3UHVHQWHU�1DPH��5RVVHOOD�0DVWUREHUDUGLQR
&RQWULEXWLRQ��3RVW

7KH �H[SDQVLRQ �RI �VDOW�DIIHFWHG �VRLOV �SUHVHQWV �VXEVWDQWLDO �FKDOOHQJHV �IRU �DJULFXOWXUH�
HVSHFLDOO\ �LQ �0HGLWHUUDQHDQ�UHJLRQV�ZKHUH�VRLOV� �GHVSLWH �EHLQJ�FODVVLILHG�DV �VOLJKWO\ �RU
PRGHUDWHO\ �VDOLQH� �RIWHQ�H[KLELW �SRRU �WH[WXUH �DQG�VRGLFLW\� �FUHDWLQJ�VHYHUH�DJULFXOWXUDO
FRQVWUDLQWV� �7\SLFDOO\� �RQO\�FHUHDOV� �HVSHFLDOO\ �EDUOH\�DQG�VRUJKXP��DUH�JURZQ�LQ�WKHVH
ODQGV� �XQGHUOLQLQJ �WKH �LPSRUWDQFH �RI �GLYHUVLI\LQJ �DJULFXOWXUH �LQ �VXFK �DUHDV �WKURXJK
DOWHUQDWLYH�FURSV��DPRQJ�ZKLFK�FDPHOLQD��EHLQJ�DQ�VWUHVV�SURRI�FURS��7KLV�VWXG\�DLPHG�WR
LQYHVWLJDWH�FDPHOLQD�GLYHUVLW\�LQ�UHVSRQVH�WR�VDOW�VWUHVV��ERWK�LQ�YLWUR�GXULQJ�HDUO\�URRW
JURZWK��DQG�LQ�YLYR�DW�URVHWWH�VWDJH��7ZHOYH�FDPHOLQD�DFFHVVLRQV�IURP�GLIIHUHQW�VRXUFHV��L�H��
JHQH�EDQNV�DQG�FRPPHUFLDO�PDWHULDOV��ZHUH�LQFXEDWHG�ZLWK�D�����P0�1D&O�VROXWLRQ�RQ�EOXH
EORWWHU �JHUPLQDWLRQ �SDSHU �VXEVWUDWH �WR �REVHUYH �HDUO\�VWDJH �URRW �GHYHORSPHQW�
0HDVXUHPHQWV�RI�URRW�DUHD�DIWHU�����������DQG����GD\V�DIWHU�VRZLQJ�UHSRUWHG�D�VLJQLILFDQW
HIIHFW�RI�WKH�LQWHUDFWLRQ�OLQHV�[�WUHDWPHQW��7KHUHDIWHU����OLQHV��817����817���DQG�/HQND�
FKDUDFWHUL]HG�UHVSHFWLYHO\�E\�WKH�KLJKHVW��WKH�ORZHVW��DQG�DQ�DYHUDJH�ILQDO�URRW�DUHD�XQGHU
VDOLQH �FRQGLWLRQV �ZHUH �VHOHFWHG �WR �LQYHVWLJDWH �WKHLU �PRUSKRORJLFDO� �SK\VLRORJLFDO �DQG
ELRFKHPLFDO�SDUDPHWHUV�DW�WKH�URVHWWH�VWDJH�LQ�D�JURZWK�FKDPEHU�H[SHULPHQW��VLPXODWLQJ�D
VSULQJ�VRZLQJ�RI�FDPHOLQD��7KH�SODQWV�ZHUH�JURZQ�LQ�SRWV�ILOOHG�ZLWK�D�VDQG\�VRGLF�DQG
VOLJKWO\�VDOLQH�VRLO��WDNHQ�IURP�WKH�QRUWKHDVW�FRDVW�RI�,WDO\��LQ�FRPSDULVRQ�ZLWK�D�FRQWURO�FOD\
VRLO��ZKLFK�ZDV�QHLWKHU�VDOLQH�QRU�VRGLF��WDNHQ�IURP�WKH�QRUWKHDVW�LQODQG�RI�,WDO\�WUDGLWLRQDOO\
YRFDWHG�WR�DJULFXOWXUH��3ODQW�KHLJKW��QXPEHU�RI�OHDYHV��DQG�DYHUDJH�OHDI�JURZWK�UDWH�ZHUH
UHFRUGHG �ZHHNO\ �VWDUWLQJ �IURP �VHHGOLQJV �HPHUJHQFH� �ZKLOH �&KO �IOXRUHVFHQFH� �QHW
SKRWRV\QWKHVLV��VWRPDWDO�FRQGXFWDQFH��DQG�LQWHUFHOOXODU�&2��ZHUH�PHDVXUHG����GD\V�DIWHU
VRZLQJ�DW�URVHWWH�VWDJH��$GGLWLRQDOO\��SUROLQH�FRQWHQW��DQWLR[LGDQW�DFWLYLW\�DQG�SRO\SKHQROV
FRQWHQW�ZHUH�DQDO\]HG�LQ�OHDYHV�DQG�URRWV�RI�WHVWHG�OLQHV�DW�URVHWWH�VWDJH��3ODQW�KHLJKW��OHDI
JURZWK�UDWH��QHW�SKRWRV\QWKHVLV�DQG�VWRPDWDO�FRQGXFWDQFH�ZHUH�UHGXFHG�XQGHU�VDOLQLW\�LQ
DOO�FDPHOLQD�OLQHV��FRQILUPLQJ�WKH�RFFXUUHQFH�RI�RVPRWLF�VWUHVV��ZKLOH�817���VKRZHG�DQ
LQFUHDVH�LQ�LQWHUFHOOXODU�&2��XQGHU�VDOLQH�WUHDWPHQW��VXJJHVWLQJ�PRUSKRORJLFDO�FKDQJHV
DIIHFWLQJ �PHVRSK\OO �FRQGXFWDQFH �RU �WKH �DFWLYDWLRQ �RI �GLIIHUHQW �ELRFKHPLFDO �SDWK �LQ �LWV
UHVSRQVH �WR �VDOLQLW\� �/HQND �ZDV �WKH �VROH �YDULHW\ �ZKHUH �WRWDO �SRO\SKHQROV �DQG �WRWDO
DQWLR[LGDQW�DFWLYLW\�LQ�OHDYHV�RI�VDOW�WUHDWHG�SODQWV�GHFUHDVHG��RSSRVLWHO\�WR�WKH�RWKHU�WZR
OLQHV��ZKLFK��XQGHU�VDOLQH�FRQGLWLRQV��UHSRUWHG�DQ�LQFUHDVH�RI�WRWDO�SRO\SKHQROV�LQ�URRWV�
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817���VKRZHG�GLVWLQFW�EHKDYLRU�LQ�SUROLQH�FRQWHQW�XQGHU�VDOLQH�FRQGLWLRQV��UHSRUWLQJ�D
KLJKHU�LQFUHDVH�RI�SUROLQH�ERWK�LQ�OHDYHV�DQG�LQ�URRWV�FRPSDUHG�WR�WKH�RWKHU�OLQHV��7KLV�VWXG\
KLJKOLJKWV�VLJQLILFDQW�YDULDELOLW\�DPRQJ�FDPHOLQD�OLQHV�LQ�UHVSRQVH�WR�VDOW�VWUHVV�DW�HDUO\
VWDJH��HPSKDVL]LQJ�WKH�QHHG�IRU�DGGLWLRQDO�WULDOV�WR�LGHQWLI\�DQG�FRQILUP�WKH�PRVW�VLJQLILFDQW
SDUDPHWHUV�IRU�VFUHHQLQJ�VDOW�WROHUDQFH�LQ�FDPHOLQD��FRQVLGHULQJ�DOVR�VHHG�SURGXFWLRQ�
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$TXD&URS�0RGHO�$VVHVVPHQW�IRU�6LPXODWLQJ�5LFH�5HVSRQVH
8QGHU�$OWHUQDWLYH�,UULJDWLRQ�0DQDJHPHQW�WR�)ORRGLQJ
3UDFWLFH
E\�,W]HO�,QWL�0DULD�'RQDWL�_�3DVTXDOH�*DURIDOR�_�$QGUHD�0DUWHOOL�_�'DYLGH�5DSLQHVL�_�6WHIDQR�0RQDFR�_
/HRQDUGR�9HUGL�_�$QQD�'DOOD�0DUWD�_�)LOLEHUWR�$OWREHOOL�_�&5($��5HVHDUFK�&HQWUH�IRU�$JULFXOWXUDO�3ROLFLHV
DQG�%LRHFRQRP\��5RPH��_�&5($��5HVHDUFK�&HQWUH�IRU�$JULFXOWXUH�DQG�(QYLURQPHQW��%DUL��_�&5($
�5HVHDUFK�&HQWUH�IRU�$JULFXOWXUDO�3ROLFLHV�DQG�%LRHFRQRP\��5RPH��_�&5($��5HVHDUFK�&HQWUH�IRU
$JULFXOWXUDO�3ROLFLHV�DQG�%LRHFRQRP\��5RPH��_�&5($��5HVHDUFK�&HQWUH�IRU�IRU�(QJLQHHULQJ�DQG�$JUR�
)RRG�3URFHVVLQJ��7XULQ��_�'$*5,��'HSDUWPHQW�RI�$JULFXOWXUH��)RRG��(QYLURQPHQW�DQG�)RUHVWU\��8QLYHUVLW\
RI�)ORUHQFH��_�'$*5,��'HSDUWPHQW�RI�$JULFXOWXUH��)RRG��(QYLURQPHQW�DQG�)RUHVWU\��8QLYHUVLW\�RI
)ORUHQFH�_�&5($��5HVHDUFK�&HQWUH�IRU�$JULFXOWXUDO�3ROLFLHV�DQG�%LRHFRQRP\��5RPH�

$EVWUDFW�,'����
7RSLF��:DWHU

3UHVHQWHU�1DPH��,W]HO�,QWL�0DULD�'RQDWL
&RQWULEXWLRQ��3RVW

%HVLGHV �D �QRWDEOH �GHPDQG�IRU �ZDWHU� �IORRGHG�ULFH �V\VWHPV�DUH �D �VLJQLILFDQW �VRXUFH �RI
PHWKDQH��&+���HPLVVLRQV��3UREOHPV�ZLWK�ZDWHU�VFDUFLW\�DQG�&+��HPLVVLRQV�KDYH�LQFUHDVHG
UHVHDUFK�DQG�GHYHORSPHQW�RI�ZDWHU�VDYLQJ�WHFKQLTXHV�IRU�ULFH�FXOWLYDWLRQ�DURXQG�WKH�ZRUOG
LQ�UHFHQW�GHFDGHV��VXFK�DV�DOWHUQDWH�ZHWWLQJ�DQG�GU\LQJ��$:'��DQG�HYHQ�GULS�LUULJDWLRQ�
ZKLFK��KRZHYHU��DUH�H[SHFWHG�WR�UHGXFH�\LHOG�OHYHO�FRPSDUHG�ZLWK�SHUPDQHQW�IORRGHG�ULFH�
7KH�PDLQ�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�FDOLEUDWH�DQG�YDOLGDWH�WKH�$TXD&URS�PRGHO�IRU
GLIIHUHQW�LUULJDWLRQ�VFKHGXOHV��GLYHUVLILHG�IURP�WKH�W\SLFDO�IORRGLQJ�RI�ULFH�LQ�WKH�*URVVHWR
SODLQ��LQ�WKH�ULFH�JURZLQJ�DUHD�RI�&DVWLJOLRQH�GHOOD�3HVFDLD��,WDO\��7XVFDQ\���,Q�WKLV�DUHD��ULFH
KDV�EHHQ�FXOWLYDWHG�VLQFH�WKH�����V��EXW�QRZDGD\V�WKLV�DUHD�IDFHV�WKH�SURVSHFWLYH�HYROXWLRQ
RI�WUDGLWLRQDO�DJULFXOWXUDO�SUDFWLFHV��FRQYHQWLRQDO�ULFH�SDGGLHV�FRQWUROOHG�E\�IORRGLQJ��WKDW
QR�ORQJHU�KDYH�DFFHVV�WR�WKH�VDPH�TXDQWLW\�RI�ZDWHU�DV�LQ�WKH�SDVW��:H�DLP�WR�LPSURYH�WKH
PDQDJHPHQW�RI�ZDWHU�UHVRXUFHV�E\�UHSODFLQJ�WKH�FRPPRQ�SUDFWLFH�RI�IORRGLQJ�ZLWK�QRQ�
VXEPHUJHG�FXOWLYDWLRQ�PHWKRGV�EDVHG�RQ�WKH�FURS
V�DFWXDO�ZDWHU�FRQVXPSWLRQ��7KH�RYHUDOO
K\SRWKHVLV�RI�WKH�VWXG\�LV�WKDW�LPSURYHG�LUULJDWLRQ�VFKHGXOLQJ�LV�FUXFLDO�IRU�VDYLQJ�IDUPHUV

H[SHQVHV� �HQKDQFLQJ �\LHOGV� �DQG �SUHVHUYLQJ �ZDWHU �UHVRXUFHV� �7KLV �ZRUN �DOVR �VHHNV �WR
HVWLPDWH�WR�ZKDW�H[WHQW�\LHOG�ORVVHV�FDQ�EH�DVVXPHG�E\�IDUPHUV��GHILFLW�LUULJDWLRQ�VWUDWHJLHV�
XVLQJ�WKH�$TXD&URS�FURS�JURZWK�VLPXODWLRQ�PRGHO� �7KH�H[SHULPHQWDO �WULDO �RQ�ULFH�ZDV
FDUULHG�RXW�IRU�WKUHH�JURZLQJ�VHDVRQV��������������������ZLWK�VRZLQJ�EHWZHHQ�ODWH�0D\�DQG
HDUO\�-XQH�DQG�KDUYHVWLQJ�LQ�ODWH�6HSWHPEHU�LQ�7XVFDQ\��0DUHPPD�SODLQ��RQ�ORDP\�VRLO��7KH
H[SHULPHQWDO�VFKHPH�LV�D�
VSOLW�SORW
�GHVLJQ��RQ�ZKLFK�IRXU�ULFH�FXOWLYDUV�ZHUH�FXOWLYDWHG�
ZLWK�QLWURJHQ�IHUWLOL]DWLRQ�LQ�SUH�VRZLQJ�LQ�WKH�IRUP�RI�FDWWOH�PDQXUH�����T�KD����%DVHG�RQ
WKH�REVHUYHG�GDWD�RYHU�WKH�WKUHH�H[SHULPHQWDO�\HDUV��WKH�$TXD&URS�FURS�VLPXODWLRQ�PRGHO
ZDV�FDOLEUDWHG�DQG�YDOLGDWHG�WR�SDUDPHWHUL]H�ULFH�FXOWLYDWLRQ�FRQFHUQLQJ�GLIIHUHQW�LUULJDWLRQ
VWUDWHJLHV�WKDW�GLG�QRW�LQYROYH�ULFH�IORRGLQJ�EXW�UDWKHU�WKH�WRWDO�RU�SDUWLDO�UHWXUQ�RI�WKH�ZDWHU
FRQVXPHG�E\�WKH�FURS��7KH�SDUDPHWHUL]DWLRQ�RI�WKH�ULFH�FURS�LQYROYHG�ERWK�FRQVHUYDWLYH�DQG
QRQ�FRQVHUYDWLYH�SDUDPHWHUV��'LUHFWO\�REVHUYDEOH�ILHOG�GDWD��VXFK�DV�GDWHV�IRU�WKH�GLIIHUHQW
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SKHQRORJLFDO�SKDVHV��FDQRS\�GHYHORSPHQW��DQG�KDUYHVW�LQGH[��ZHUH�XVHG�WR�FDOLEUDWH�DQG
YDOLGDWH�$TXD&URS��3DUDPHWHUV�QRW�PHDVXUHG�DQG�RU�QRW�PHDVXUDEOH�LQ�WKH�ILHOG��ZDWHU�DQG
WKHUPDO�VWUHVV�FRHIILFLHQWV��ZDWHU�GHSOHWLRQ�WKUHVKROGV�DW�ZKLFK�ZDWHU�VWUHVV�EHJLQV��ZHUH
DGMXVWHG�WR�PLQLPL]H�WKH�GLVWDQFH�EHWZHHQ�PHDVXUHG�DQG�VLPXODWHG�GDWD��XVLQJ�VSHFLILF
LQGLFHV�VXFK�DV�WKH�3HDUVRQ�FRUUHODWLRQ�FRHIILFLHQW� �WKH�1RUPDOL]HG�5RRW�0HDQ�6TXDUH
(UURU��DQG�WKH�LQGH[�RI�DJUHHPHQW��$IWHU�WKH�LQLWLDO�FDOLEUDWLRQ�SKDVH��WKH�YDOLGDWLRQ�SKDVH
FRQILUPHG�WKH�UHOLDELOLW\�DQG�UREXVWQHVV�RI�$TXD&URS�LQ�VLPXODWLQJ�ULFH�XQGHU�WKH�SHGR�
FOLPDWLF�FRQGLWLRQV�RI�WKH�H[SHULPHQWDO�ILHOG�DQG�XQGHU�WKH�VHYHUDO�LUULJDWLRQ�PDQDJHPHQWV�
,Q�WKLV�LQLWLDO�VWHS��WKH�PRGHOOLQJ�DFWLYLW\�IRFXVHG�RQ�DGDSWLQJ�$TXD&URS�WR�IRUPDOL]H�ULFH
V
UHVSRQVH�WR�DOWHUQDWLYH�LUULJDWLRQ�PDQDJHPHQW�WR�IORRGLQJ��7KH�VLPXODWLRQ�PRGHO�ZLOO�WKHQ
EH�XVHG�WR�HYDOXDWH�D�ZLGH�YDULHW\�RI�LUULJDWLRQ�VWUDWHJLHV�LQ�WKH�FRQWH[W�RI�FOLPDWH�FKDQJH
VFHQDULRV�
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6XSSOHPHQWDO�LUULJDWLRQ�RQ�EURDG�EHDQ��9LFLD�IDED�/���YDU�
PLQRU����LUULJDWLRQ�VWUDWHJLHV�FRPSDUHG�ZLWK�0/�'66
DSSURDFK�
E\�$QGUHD�0DUWHOOL�_�'DYLGH�5DSLQHVL�_�,W]HO�,QWL�'RQDWL�_�/HRQDUGR�9HUGL�_�$QQD�'DOOD�0DUWD�_�)LOLEHUWR
$OWREHOOL�_�&5($��5HVHDUFK�&HQWUH�RI�IRU�$JULFXWXUDO�3ROLFLHV�DQG�%LRHFRQRP\��5RPH��_�&5($��5HVHDUFK
&HQWUH�RI�IRU�$JULFXWXUDO�3ROLFLHV�DQG�%LRHFRQRP\��5RPH��_�&5($��5HVHDUFK�&HQWUH�RI�IRU�$JULFXWXUDO
3ROLFLHV�DQG�%LRHFRQRP\��5RPH��_�'$*5,��'HSDUWPHQW�RI�$JULFXOWXUH��)RRG��(QYLURQPHQW�DQG�)RUHVWU\�
8QLYHUVLW\�RI�)ORUHQFH�_�'$*5,��'HSDUWPHQW�RI�$JULFXOWXUH��)RRG��(QYLURQPHQW�DQG�)RUHVWU\��8QLYHUVLW\
RI�)ORUHQFH�_�&5($��5HVHDUFK�&HQWUH�RI�IRU�$JULFXWXUDO�3ROLFLHV�DQG�%LRHFRQRP\��5RPH�

$EVWUDFW�,'����
7RSLF��:DWHU

3UHVHQWHU�1DPH��)LOLEHUWR�$OWREHOOL
&RQWULEXWLRQ��3RVW

%URDG�EHDQ��9LFLD�IDED�/���YDU��PLQRU��LV�RQH�RI�WKH�PDMRU�ZLQWHU�VRZQ�OHJXPH�FURSV�JURZQ
LQ�WKH�0HGLWHUUDQHDQ�UHJLRQ�IRU�DQLPDO�IHHGLQJ�DQG�DV�JUHHQ�PDQXUH��,Q�VRPH�DUHDV��WKH
FXOWLYDWLRQ�RI�EURDG�EHDQ�KDV�EHHQ�UHSODFHG�E\�VR\EHDQ��*O\FLQH�PD[�/�����+RZHYHU��GXH�WR
LWV �ORZHU �SURGXFWLRQ �FRVWV �DQG �UHVRXUFHV �UHTXLUHPHQWV ��HVSHFLDOO\ �ZDWHU�� �EURDG �EHDQ
UHPDLQV�DQ�LQWHUHVWLQJ�OHJXPLQRXV�FURS�WKDW�VKRXOG�EH�FRQVLGHUHG�WR�SURPRWH�VXVWDLQDEOH
DQG�FRPSHWLWLYH�DJULFXOWXUDO�V\VWHPV��)RU�WKHVH�SXUSRVHV��LW�V�QHFHVVDU\�WR�LPSURYH�WKH
\LHOGV�RI�WKH�EURDG�EHDQ�DQG�WR�RSWLPL]LQJ�WKH�UHVRXUFHV�XVH�VXFK�DV�ZDWHU��,Q�IDFW��WKH
SHULRG �RI �KLJK �HYDSRUDWLYH �GHPDQG�IRU �WKH �FURSV �FRLQFLGHV �ZLWK �LQFUHDVLQJO\ �IUHTXHQW
GURXJKWV��$V�D�UHVXOW��EURDG�EHDQ�XQGHUJR�FRQVLGHUDEOH�VRLO�PRLVWXUH�VWUHVV�GXULQJ�WKH
UHSURGXFWLYH�JURZWK�VWDJH��RIWHQ�OHDGLQJ�WR�SRRU�\LHOGV��2Q�WKH�RWKHU�KDQG��LUULJDWLRQ�KDV
QHYHU�EHHQ�D�SUDFWLFH�XVHG�IRU�EURDG�EHDQ�E\�IDUPHUV��,Q�WKLV�UHJDUG��WKH�DGYHQW�RI�,R7�LQ
DJULFXOWXUH� �SURSHOOHG �E\ �LQQRYDWLYH �WHFKQRORJLHV �VXFK �DV �PDFKLQH �OHDUQLQJ ��0/�� �LV
UHYROXWLRQL]LQJ�SUHFLVLRQ�LUULJDWLRQ�DQG�FDQ�EH�D�YDOLG�VXSSRUW�WR�WKH�FXOWLYDWLRQ�RI�WKLV�FURS�
7KH�REMHFWLYH�RI�WKLV�VWXG\��FDUULHG�RXW�LQ�FHQWUDO�,WDO\��ZDV�WR�HOXFLGDWH�WKH�HIIHFWV�RI
LUULJDWLRQ�DQG�VHHGLQJ�GHQVLW\�RQ�WKH�\LHOG�DQG�ZDWHU�SURGXFWLYLW\�RI�EURDG�EHDQ��FY��&KLDUR
GL�7RUUHODPD���$GGLWLRQDOO\�WKH�VWXG\�H[SORUHG�D�0/�EDVHG�GHFLVLRQ�VXSSRUW�V\VWHPV��'66�
IRU �RSWLPL]LQJ�VXSSOHPHQWDO � �LUULJDWLRQ��6,� �RQ�WKH�FURS� �,Q �SDUWLFXODU� �RYHU �WZR�\HDUV
�����������DQG�������������WZR�LUULJDWLRQ�VWUDWHJLHV�0/�'66�DQG�D�WUDGLWLRQDO�PHWKRG
�EDVHG�RQ�(7F�FRPSXWHG���ZHUH�FRPSDUHG��DORQJVLGH�YDU\LQJ�VHHGLQJ�GHQVLWLHV����������DQG
���SODQWV�SHU�VTXDUH�PHWHU���6LPLODU�UDLQIDOO�DPRXQWV������PP�DQG�����PP�LQ����������
DQG�����������UHVSHFWLYHO\��DQG�KLJKO\�GLIIHUHQW�(7�������PP�DQG�����PP�LQ����������
DQG ���������� �UHVSHFWLYHO\� �ZHUH �UHFRUGHG �GXULQJ �WKH �JURZLQJ �VHDVRQV� �,UULJDWLRQ
SRVLWLYHO\�LPSDFWHG�JURZWK�DQG�\LHOG��,Q�SDUWLFXODU��DQ�DYHUDJH�LQFUHDVH�LQ�WRWDO�\LHOGV�RI��
����������W�KD�YV������W�KD��ZDV�REVHUYHG�LQ�WKH�LUULJDWHG�V\VWHPV�FRPSDUHG�WR�UDLQ�IHG
WUHDWPHQW� �&RPSDUHG �(7& �ZLWK �0/�'66 �WUHDWPHQW� �QR �VLJQLILFDQFH �GLIIHUHQFH �ZHUH
UHFRUGHG�LQ�WHUPV�RI�7RWDO�<LHOG�������W�KD�YV������W�KD��DQG�\LHOG�SHU�SODQW�������J�YV�����
J���7KH�VHHGLQJ�GHQVLW\�LQFUHDVHG�WKH�WRWDO�\LHOG��HVSHFLDOO\�LQ�WKH�VHFRQG�H[SHULPHQWDO�\HDU
������WR������W�KD��IURP����WR����UHVSHFWLYHO\�SODQW�SHU�PHWHU�VTXDUH��0/�'66�H[KLELWHG�WKH
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KLJKHVW�DYHUDJH�\LHOG�LQ�WHUPV�RI�:3�������.J�PP�����VWDWLVWLFDOO\�VLPLODU�WR�WKH�(7&�PHWKRG
������NJ�PP�����(7&�DQG�0/�'66�ZLWK����SODQWV�P��VKRZHG�WKH�EHVW�UHVXOWV��ZKLOH�LQ�QRQ�
LUULJDWHG�FRQGLWLRQV�WKH�EHVW�UHVXOWV�ZHUH�REVHUYHG�ZLWK����SODQWV�P���6XSSRUW�LUULJDWLRQ
IRVWHUHG�KLJKHU�DQG�PRUH�FRQVLVWHQW�\LHOGV�RYHU�WLPH��)LQDOO\� �ZKLOH�0/�EDVHG�V\VWHPV
VKRZHG �VLPLODU �UHVXOWV �ZLWK �(7&�EDVHG �DSSURDFK� �ERWK �PHWKRGV �HQFRXQWHUHG �ZDWHU
SURGXFWLYLW\�FKDOOHQJHV�GXULQJ�SHULRGV�ZLWK�KLJKHU�WHPSHUDWXUHV�
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$VVHVVLQJ�FURS�ZDWHU�XVH�RI�LQGXVWULDO�FURSV�XQGHU�GLIIHUHQW
LUULJDWLRQ�LQSXW�XVLQJ�D�6XE�:DWHU�5HWHQWLRQ�6\VWHP
E\�6HEDVWLDQR�$QGUHD�&RULQ]LD�_�$OHVVDQGUD�3LFFLWWR�_�(OHQD�&UDSLR�_�$QWRQHOOD�,XUDWR�_�&ULVWLQD�3DWDQf�_
*LRUJLR�7HVWD�_�6DOYDWRUH�/XFLDQR�&RVHQWLQR�_�8QLYHUVLWd�GL�&DWDQLD�_�8QLYHUVLWd�GL�&DWDQLD�_�8QLYHUVLWd�GL
&DWDQLD�_�8QLYHUVLWd�GL�&DWDQLD�_�&RQVLJOLR�1D]LRQDOH�GHOOH�5LFHUFKH�_�8QLYHUVLWd�GL�&DWDQLD�_�8QLYHUVLWd�GL
&DWDQLD

$EVWUDFW�,'����
7RSLF��:DWHU

3UHVHQWHU�1DPH��6HEDVWLDQR�$QGUHD�&RULQ]LD
&RQWULEXWLRQ��3RVW

7KH�DFWLYLW\�DLPV�WR�HYDOXDWH�WKH�HIIHFW�RI�D�6XE�:DWHU�5HWHQWLRQ�6\VWHP��6:56��RQ�KHPS
�&DQQDELV �VDWLYD �/��� �VRUJKXP ��6RUJKXP �ELFRORU ��/�� �0RHQFK�� �FDVWRU �EHDQ ��5LFLQXV
FRPPXQLV�/���LQ�D�VDQG\�VRLO�DIIHFWHG�E\�SRRU�ZDWHU�UHWHQWLRQ�FDSDFLW\�DQG�WR�GHYHORS�DQG
RSWLPL]H�D�FURS�PRGHO�WR�SUHGLFW�WKH�FURS�ZDWHU�XVH��&:8��DQG�FRQVHTXHQWO\�WKH�DYDLODEOH
VRLO �ZDWHU�FRQWHQW�XVLQJ�OHDI�DUHD�LQGH[��/$,��DQG�VRLO �PRLVWXUH�GDWD��7KH�ILHOG�WULDO�LV
FDUULHG�RXW�LQ�DQ�H[SHULPHQWDO�ILHOG�ORFDWHG�LQ�,VSLFD����P�D�V�O�����d��
���1���d��
���(��LQ�D
;HURSVDPPHQW�VRLO��86'$���������7KH�EXON�GHQVLW\�LV�����J�FP����7KH�VRLO�PRLVWXUH�FRQWHQWV
DW�ILHOG�FDSDFLW\��DW�������03D��DQG�QRPLQDO�ZLOWLQJ�SRLQW��DW������03D��ZHUH������DQG�����
J�+�2�J���RI�VRLO�GU\�ZHLJKW�UHVSHFWLYHO\��7KUHH�ZDUP�VHDVRQ�FURSV��KHPS��VRUJKXP��FDVWRU
EHDQ��DUH�HYDOXDWHG�XQGHU�WZR�OHYHOV�RI�LUULJDWLRQ�LQSXW��UDLQIHG�DQG������RI�PD[LPXP�FURS
HYDSRWUDQVSLUDWLRQ��(7P��UHVWRUDWLRQ�GXULQJ�WKH�VXPPHU�PRQWKV��-XQH�$XJXVW���7KH�6:56
FRQVLVWV�RI�LPSHUPHDEOH�SODVWLF�VWULSV������P�ZLGH�DQG���P�DSDUW��SODFHG���P�EHORZ�JURXQG
OHYHO��6RLO�PRLVWXUH�LV�DVVHVVHG�DW�WZR�GHSWK�����DQG����FP��DQG�WKUHH�GLVWDQFHV�IURP�WKH
6:56�VWULSV���� �����P�DQG�����P��XVLQJ�VRLO �PRLVWXUH�VHQVRUV�WKDW �PHDVXUH�DSSDUHQW
GLHOHFWULF�SHUPLWWLYLW\��7HURV���PRLVWXUH�VHQVRUV��'HOWD�7���/$,�KDV�EHHQ�PHDVXUHG�PRQWKO\
GXULQJ�WKH�JURZLQJ�VHDVRQ��0D\���2FWREHU���DW�WKUHH�GLVWDQFHV�IURP�WKH�6:56�VWULSV��������
P�DQG�����P��XVLQJ�DQ�$FFX3$5�PRGHO�/3����3$5�/$,�&HSWRPHWHU��ZKLFK�FDOFXODWHV�E\
PHDVXULQJ �WKH �DPRXQW �RI �UDGLDWLRQ �WUDQVPLWWHG �WKURXJK �WKH �FDQRS\ �DQG �RI �UDGLDWLRQ
VFDWWHUHG �E\ �OHDYHV �ZLWKLQ �WKH �FDQRS\ �DQG �FRPSDULQJ �ZLWK �WKH �DERYH �FDQRS\
SKRWRV\QWKHWLFDOO\ �DFWLYH �UDGLDWLRQ ��'HFDJRQ �'HYLFHV� �,QF��� �&URS �ZDWHU �EDODQFH �LV
FDOFXODWHG�ERWK�RQ�WKH�EDVLV�RI�WKH�PHDVXUHG�VRLO�PRLVWXUH�WUHQGV�DQG�DFFRUGLQJ�WR�D�FURS
ZDWHU�PRGHO��7KH�DYDLODEOH�VRLO�ZDWHU�FRQWHQW�DW�ILHOG�FDSDFLW\���PP���KDV�EHHQ�FDOFXODWHG
DFFRUGLQJ�WR��ZKHUH�)&�DQG�:3�DUH�UHVSHFWLYHO\�WKH�ILHOG�FDSDFLW\��������DQG�WKH�ZLOWLQJ
SRLQW��������IRU�WKH�H[SHULPHQWDO�VLWH��s�LV�WKH�EXON�GHQVLW\�RI�WKH�VRLO�DQG�'�LV�WKH�PDLQ�URRW
GHSWK���P���7KH�GDLO\�&:8�ZDV�FDOFXODWHG�FRQVLGHULQJ�WKH�UHIHUHQFH�HYDSRWUDQVSLUDWLRQ
�(7���PP���FDOFXODWHG�DFFRUGLQJ�WR�$OODQ�HW�DO����������WKH�FXOWXUDO�FRHIILFLHQW��.F��DQG�WKH
VWUHVV�LQGH[��6,���.F�ZDV�D�IXQFWLRQ�RI�/$,�DQG���ZKLFK�LV�D�FURS�VSHFLILF�SDUDPHWHU��7KH�6,
KDV�EHHQ�FDOFXODWHG�DV�D�IXQFWLRQ�RI�WKH�DYDLODEOH�VRLO�ZDWHU�FRQWHQW�DQG�D�FURS�VSHFLILF
SDUDPHWHU��7KH�SDUDPHWHUV��DQG��KDYH�EHHQ�RSWLPL]HG�E\�PLQLPL]LQJ�WKH�PHDQ�VTXDUH�HUURU
EHWZHHQ�WKH�SUHGLFWHG��DQG�WKH�OLQHDUO\�LQWHUSRODWHG�REVHUYHG�$6:&��IURP�WKH�VRLO�PRLVWXUH
VHQVRUV��XVLQJ�WKH�1HOGHU�0HDG�VLPSOH[�PHWKRG�
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3UHOLPLQDU\�DVVHVVPHQW�RI�JHQRW\SH�GLYHUVLW\�LQ�)DED�%HDQ
IURP�/RZ�DQG�+LJK�5DLQIDOO�5HJLRQV��)LHOG�3KHQRW\SLQJ�RI
5RRW�DQG�6KRRW�7UDLWV�IRU�'URXJKW�7ROHUDQFH
E\�5REHUWD�5RVVL�_�3DROR�'L�5HQ]R�_�5HGRXDQH�(ODUJRXEL�_�0LFKHOH�)DOLYHQH�_�%LDJLR�&DWDULQHOOD�_�*LRYDQQL
%LWHOOD�_�*DHWDQR�/DJKHWWL�_�&RXQFLO�IRU�$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV��5HVHDUFK�&HQWUH�IRU�$QLPDO
3URGXFWLRQ�DQG�$TXDFXOWXUH��&5($�=$��_�1DWLRQDO�5HVHDUFK�&RXQFLO�RI�,WDO\�,QVWLWXWH�RI�%LRVFLHQFHV�DQG
%LR5HVRXUFHV��&15�,%%5��_�&RQ3UR%LR�k�&RQVRU]LR�3URGXWWRUL�%LRORJLFL�H�%LRGLQDPLFL�_�&RQ3UR%LR�k
&RQVRU]LR�3URGXWWRUL�%LRORJLFL�H�%LRGLQDPLFL�_�&RQ3UR%LR�k�&RQVRU]LR�3URGXWWRUL�%LRORJLFL�H�%LRGLQDPLFL�_
6FKRRO�RI�$JULFXOWXUH��)RUHVWU\��)RRG�DQG�(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLW\�RI�%DVLOLFDWD�_�1DWLRQDO
5HVHDUFK�&RXQFLO�RI�,WDO\�,QVWLWXWH�RI�%LRVFLHQFHV�DQG�%LR5HVRXUFHV��&15�,%%5�

$EVWUDFW�,'�����
7RSLF��:DWHU

3UHVHQWHU�1DPH��5REHUWD�5RVVL
&RQWULEXWLRQ��3RVW

)DED�EHDQ�LV�D�FULWLFDO�SURWHLQ�VRXUFH�LQ�0HGLWHUUDQHDQ�FRXQWULHV���GURXJKW�VHQVLWLYLW\�LV�D
PDMRU �IDFWRU �FRQWULEXWLQJ �WR �\LHOG �LQVWDELOLW\� �6HYHUDO �PHFKDQLVPV �FRQWULEXWH �WR �VWUHVV
WROHUDQFH� �ZLWK � �HDUO\ �SKHQRORJ\ �EHLQJ �D �ZHOO�NQRZQ �GURXJKW �HVFDSH �VWUDWHJ\� �5RRW
DUFKLWHFWXUH�LV�FUXFLDO�IRU�ZDWHU�DFTXLVLWLRQ�HIILFLHQF\��'URXJKW�WROHUDQW�JHQRW\SHV�WHQG�WR
GHYHORS�D�SDUVLPRQLRXV�URRW�V\VWHP�WR�DYRLG�H[FHVVLYH�ZDWHU�XVH�GXULQJ�YHJHWDWLYH�JURZWK
DQG�GHYHORS�D �QDUURZ�URRW �JUDYLWURSLF �DQJOH �ZKHQ�XWLOL]LQJ�VWRUHG�ZDWHU� �*HQH�EDQNV
SURYLGH�YDOXDEOH�UHVRXUFHV�WR�H[SDQG�WKH�JHQHWLF�EDVH�IRU�EUHHGLQJ�DFWLYLWLHV�DLPHG�DW
LPSURYLQJ�GURXJKW�VWUHVV�WROHUDQFH��,Q�WKLV�VWXG\��ZH�HYDOXDWHG�IRXU�DFFHVVLRQV�RI�9LFLD�IDED
PLQRU�VXSSOLHG�E\�WKH�0HGLWHUUDQHDQ�*HQHEDQN�RI�&15�,%%5��%DUL��,WDO\���$FFHVVLRQV�ZHUH
FKRVHQ�EDVHG�RQ�WKHLU�SURYHQDQFH�DQG�SDVVSRUW�GDWD��$�JHQRW\SH�IURP�D�KLJK�UDLQIDOO�UHJLRQ
�*HUPDQ\� �ZDV �FRPSDUHG �WR �IRXU �JHQRW\SHV �IURP �GURXJKW�SURQH �HQYLURQPHQWV �RI
$IJKDQLVWDQ� �6\ULD� �(WKLRSLD� �DQG �WKH �FRPPHUFLDO �FXOWLYDU ��3URWKDEDW� ��6SDLQ� �DV �D
EHQFKPDUN��,Q������SODQWV�ZHUH�FXOWLYDWHG�LQ�D�IDUP�ORFDWHG�LQ�VRXWK�RI�,WDO\�$]LHQGD
)DOLYHQH��=21$�������������/DYHOOR��3=��,WDO\���*HQRW\SHV�ZHUH�DUUDQJHG�LQ�D�FRPSOHWHO\
UDQGRPL]HG�EORFN �GHVLJQ�ZLWK �WKUHH �UHSOLFDWLRQV� �3ODQWV �ZHUH �FRPSDUHG�IRU �SKHQRORJ\
�IORZHULQJ�GDWH��DQG�URRW�DUFKLWHFWXUH��5RRWV�ZHUH�VDPSOHG�LQ�WZR�RXW�RI�WKUHH�EORFNV�
PHDVXULQJ�WZR�WR�IRXU�VXE�UHSOLFDWHV�SHU�EORFN��'DWD�ZHUH�DQDO\VHG�XVLQJ�JHQHUDOL]HG�OHDVW
VTXDUH�PRGHOOLQJ�WR�DFFRXQW�IRU�KHWHURVNHGDVWLF�YDULDQFH��ZLWK�VSDWLDO�FRUUHODWLRQ�EHWZHHQ
VXE�UHSOLFDWHV�PRGHOOHG�E\�D�ILUVW�RUGHU�FRUUHODWLRQ�IXQFWLRQ��$5�����/DWHUDO�URRW�QXPEHU�
GHQVLW\��DQG�URRW�JUDYLWURSLF�DQJOH�DQG�WDS�URRW�GLDPHWHU�ZHUH�HYDOXDWHG�DW�WKH�EHJLQQLQJ�RI
IORZHULQJ�XVLQJ�D�ILHOG�SKHQRW\SLQJ�WHFKQLTXH�FDOOHG��VKRYHORPLFV�����GLJJLQJ�RXW�D�PRQROLWK
RI�DSSUR[LPDWHO\���[��[���FP��KHLJKW��ZLGWK��OHQJWK���$FFHVVLRQV�IURP�WKH�GURXJKW�SURQH
HQYLURQPHQWV �RI �(WKLRSLD �DQG �,UDQ �IORZHUHG �ILUVW� �VKRZLQJ �D �VLJQLILFDQW �GLIIHUHQFH �LQ
SKHQRORJ\�FRPSDUHG�WR�WKH�*HUPDQ�DFFHVVLRQ�DQG�WKH�FRPPHUFLDO�YDULHW\��3��������7KH
DFFHVVLRQ�IURP�$IJKDQLVWDQ�VKRZHG�LQWHUPHGLDWH�SKHQRORJ\� �$OO �JHQRW\SHV�GHYHORSHG�D
UHODWLYHO\�VKDOORZ�URRW�V\VWHPV��ODWHUDO�URRWV�ZHUH�PRVWO\�FRQFHQWUDWHG�LQ�WKH�ILUVW���FP�
$YHUDJH�JUDYLWURSLF�DQJOH�ZDV�DURXQG����d���7KH�ZLGHVW�JUDYLWURSLF�DQJOH�ZDV�IRXQG�LQ�WKH
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*HUPDQ�DFFHVVLRQ��PHDQ� ����d��VG� ��������ZKLOH�WKH�QDUURZHVW�ZDV�IRXQG�LQ�WKH�6\ULDQ
JHQRW\SH��PHDQ� ����d��VG� ������$FFHVVLRQV�IURP�6\ULD�DQG�$IJKDQLVWDQ��PHDQ� ����d��VG
 �������ZHUH�VLJQLILFDQWO\�GLIIHUHQW�IURP�HDFK�RWKHU��3���������*HQRW\SHV�IURP�$IJKDQLVWDQ
DQG�(WKLRSLD�GHYHORSHG�D�VLJQLILFDQWO\�ORZHU�QXPEHU�RI�ODWHUDOV�LQ�WKH�WRSVRLO�DQG�D�VLPLODU
QXPEHU�RI�ODWHUDOV�EHWZHHQ���DQG����FP�DQG�EHWZHHQ����DQG����FP��'HVSLWH�VLJQLILFDQW
YDULDELOLW\�LQ�WKH�GDWD��WKH�JHQRW\SHV�VKRZHG�WUHQGV�FRQVLVWHQW�ZLWK�WKHLU�SURYHQDQFH��(DUO\
SKHQRORJ\�FKDUDFWHUL]HG�PDWHULDOV�IURP�GURXJKW�SURQH�DQG�ZDUP�HQYLURQPHQWV��ZKLOH�WKH
DFFHVVLRQ�IURP�$IJKDQLVWDQ��D�GURXJKW�SURQH�HQYLURQPHQW�ZLWK�FRROHU�ZLQWHUV��IORZHUHG
ODWHU��0LGGOH�(DVWHUQ�JHQRW\SHV�H[KLELWHG�URRW�IHDWXUHV�DVVRFLDWHG�ZLWK�PRUH�HIILFLHQW�ZDWHU
XVH � ��SDUVLPRQLRXV �URRW �V\VWHP� �DQG �ZDWHU �DFTXLVLWLRQ �FDSDFLW\ ��QDUURZHU �JUDYLWURSLF
DQJOH���7KLV�SUHOLPLQDU\�VXUYH\�VXJJHVWV�WKDW�IXUWKHU�LQYHVWLJDWLRQ�RI�WKHVH�PDWHULDOV�LV
ZDUUDQWHG�WR�LGHQWLI\�SRWHQWLDO�GRQRUV�RI�WUDLWV�FRUUHODWHG�ZLWK�GURXJKW�WROHUDQFH�
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2SWLPL]LQJ�TXLQRD�FXOWLYDWLRQ�LQ�6RXWKHUQ�,WDO\��LUULJDWLRQ
DQG�DJURQRPLF�SUDFWLFHV
E\�0LFKHOH�5LQDOGL�_�)UDQFHVFR�&LDYDUHOOD�_�&DUPHQ�0DQJDQLHOOR�_�*LXGLWWD�'H�6DQWLV�_�&RXQFLO�IRU
$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV���5HVHDUFK�&HQWUH�IRU�&HUHDO�DQG�,QGXVWULDO�&URSV�_�&RXQFLO�IRU
$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV���5HVHDUFK�&HQWUH�IRU�&HUHDO�DQG�,QGXVWULDO�&URSV�_�&RXQFLO�IRU
$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV���5HVHDUFK�&HQWUH�IRU�&HUHDO�DQG�,QGXVWULDO�&URSV�_�&RXQFLO�IRU
$JULFXOWXUDO�5HVHDUFK�DQG�(FRQRPLFV���5HVHDUFK�&HQWUH�IRU�&HUHDO�DQG�,QGXVWULDO�&URSV

$EVWUDFW�,'�����
7RSLF��:DWHU

3UHVHQWHU�1DPH��0LFKHOH�5LQDOGL
&RQWULEXWLRQ��3RVW

,Q�WKH�IUDPHZRUN�RI�LQFUHDVLQJ�FURS�GLYHUVLILFDWLRQ�DQG�VXVWDLQDELOLW\��TXLQRD��&KHQRSRGLXP
TXLQRD�:LOOG���HPHUJHV�DV�D�SURPLVLQJ�FDQGLGDWH��,W�LV�D�PHPEHU�RI�WKH�$PDUDQWKDFHDH
IDPLO\ �RULJLQDWLQJ �IURP �WKH �$QGHDQ �UHJLRQV� �DQ �LQFUHDVLQJ �VFLHQWLILF �DQG �FRPPHUFLDO
DWWHQWLRQ�IRU�WKLV�FURS��LV�PDLQO\�GXH�WR�LWV�DWWULEXWHV��LQFOXGLQJ�D�KLJK�VHHG�SURWHLQ�FRQWHQW
��������� �DQWLR[LGDQW �SURSHUWLHV �DQG �LW �LV �FRQVLGHUHG �D �IXQFWLRQDO �IRRG �DV �JOXWHQ�IUHH
SURGXFW� �)RU �WKH �DJURQRPLF �DVSHFWV� �TXLQRD �LV �NQRZQ �IRU �LWV �UHVLOLHQFH �WR �YDULRXV
HQYLURQPHQWDO �VWUHVVHV� �,W �LV �FRQVLGHUHG �UHVLVWDQW �WR �IDFWRUV �VXFK �DV �VDOLQLW\� �H[WUHPH
WHPSHUDWXUHV��DQG�YDULDWLRQV�LQ�VRLO�UHDFWLRQ��7KLV�YHUVDWLOLW\�PDNHV�LW�DQ�DWWUDFWLYH�FURS�IRU
FXOWLYDWLRQ�LQ�GLIIHUHQW�JHRJUDSKLFDO�ORFDWLRQV�ZRUOGZLGH��7R�H[SORUH�TXLQRD
V�SRWHQWLDO��WZR
\HDUV�RI�ILHOG�H[SHULPHQWV�������DQG�������ZHUH�FDUULHG�RXW�DW�WKH�&5($���5HVHDUFK�&HQWUH
IRU�&HUHDO�DQG�,QGXVWULDO�&URSV�LQ�)RJJLD��,WDO\��,Q�WKLV�DUHD�WKH�VRLO�LV�DOOXYLDO�VLOW\�FOD\�DQG
WKH�FOLPDWH�LV��WKHUPR�DFFHQWXDWHG�0HGLWHUUDQHDQ���EHORZ���d&�LQ�ZLQWHU�DQG�DERYH����d&
LQ�VXPPHU��DQG�ZLWK�DYHUDJH�DQQXDO�UDLQIDOO�RI�����PP��,Q�D�ILUVW�H[SHULPHQW�WKH�HIIHFWV�RI
WZR�GLIIHUHQW�LUULJDWLRQ�UHJLPHV�RQ�TXLQRD�FXOWLYDWLRQ�LQ�6RXWKHUQ�,WDO\�ZHUH�HYDOXDWHG�
WKUHH��,55���YV�ILYH��,55���LUULJDWLRQ�DSSOLFDWLRQV�ZHUH�FRPSDUHG��7KH�VHDVRQDO�DYHUDJH
DPRXQW�RI�ZDWHU�XVHG�ZDV������P��KD�LQ�,55��DQG������P��KD�LQ�,55���,Q�D�VHFRQG
H[SHULPHQW��WZR�SODQW�GHQVLWLHV�SHU�VTXDUH�PHWHU�����YV����SODQWV�P���DQG�WZR�URZ�VSDFLQJV
����YV����FP��ZHUH�FRPSDUHG��6HHG�FKDUDFWHULVWLFV�DW�KDUYHVW�DQG�LUULJDWLRQ�ZDWHU�XVH
HIILFLHQF\��,:8(��ZHUH�HYDOXDWHG��7KH�LUULJDWLRQ�VWUDWHJLHV�LQIOXHQFHG�VWDWLVWLFDOO\�TXLQRD
VHHG�\LHOG��WKH�DSSOLFDWLRQ�RI�ILYH�LUULJDWLRQ�DSSOLFDWLRQV�VKRZHG�D�KLJKHU�VHHG�\LHOG��������
DV�ZHOO�DV�D�KLJKHU�KDUYHVW�\LHOG��WKRXVDQG�VHHGV�ZHLJKW��DQG�ELRPDVV�\LHOG��UHVSHFW�WR�,55��
,W�ZDV�REVHUYHG�WKDW�,55��H[KLELWHG��RQ�WKH�FRQWUDU\��D�FRPSDUDWLYHO\�KLJKHU�,:8(�������
VXJJHVWLQJ�D�PRUH�HIILFLHQW�XWLOL]DWLRQ�RI�ZDWHU�UHVRXUFH�WKDQ�,55���7KH�DVVHVVPHQW�RI�WKLV
SDUDPHWHU�LV�VLJQLILFDQW��HVSHFLDOO\�FRQVLGHULQJ�WKH�FOLPDWLF�FRQGLWLRQV�DQG�ZDWHU�DYDLODELOLW\
LQ �6RXWKHUQ �,WDO\� �7KH �HIIHFW �RI �SODQW �GHQVLW\ �DQG �WKH �URZV �GLVWDQFH �GLG �QRW �UHVXOW
VWDWLVWLFDOO\�VLJQLILFDQW��VKRZLQJ�D�JUHDW�FRPSHQVDWLRQ�HIIHFW�DQG�SODVWLFLW\�RI�WKLV�SODQW�
ZLWK�D�JRRG�DGDSWDWLRQ�WR�WKH�VSDFH�DYDLODELOLW\�E\�PHDQV�RI�SURGXFWLRQ�RI�ODWHUDO�SDQLFOHV�
7KH�UHVXOWV�VXJJHVW�WKDW�TXLQRD�FRXOG�SRWHQWLDOO\�EH�FXOWLYDWHG�LQ�6RXWKHUQ�,WDO\��RIIHULQJ�D
QHZ�DJULFXOWXUDO �RSSRUWXQLW\ �DV �FURS�LQ �URWDWLRQ�ZLWK �FHUHDOV �DQG�OHJXPHV� �$V �TXLQRD
FRQWLQXHV �WR �JDLQ �SRSXODULW\ �IRU �LWV �QXWULWLRQDO �EHQHILW� �LWV �VXFFHVVIXO �LQWHJUDWLRQ �LQWR
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6RXWKHUQ�,WDO\
V�DJULFXOWXUDO�ODQGVFDSH�FRXOG�FRQWULEXWH�WR�FURS�GLYHUVLILFDWLRQ�DQG�RIIHU
QHZ�RSSRUWXQLW\�IRU�IDUPHUV��SURILW��)XWXUH�UHVHDUFK�VKRXOG�FRQWLQXH�WR�H[SORUH�TXLQRD
V
SRWHQWLDO��IRFXVLQJ�RQ�VRZLQJ�GDWH��ZHHG�FRQWURO��DQG�PHFKDQLFDO�KDUYHVW�VHWWLQJ��WR�IXUWKHU
HQKDQFH�LWV�SURGXFWLYLW\�DQG�DGDSWDELOLW\��7KHUHIRUH��IXUWKHU�UHVHDUFK�DQG�LQYHVWPHQW�LQ
TXLQRD �SURGXFWLRQ �DQG �XWLOL]DWLRQ �FDQ �KDYH �IDU�UHDFKLQJ �EHQHILWV �IRU �ERWK �DJULFXOWXUDO
VXVWDLQDELOLW\�DQG�KXPDQ�KHDOWK�
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&R�GHVLJQLQJ�DJURQRPLF�RSWLRQV�IRU�WKH�VXVWDLQDELOLW\�RI
HQGDQJHUHG�SDVWRUDO�V\VWHPV��WKH�FDVH�RI�VPDOO�VFDOH�IDPLO\
IDUPV�LQ�GU\ODQGV�RI�WKH�:HVW�%DQN��3DOHVWLQH
E\�$OEHUWR�7DQGD�_�4XVD\�$EX�'DZDV�_�6DPHK�-DUUDU�_�3LHU�3DROR�5RJJHUR�_�'HSDUWPHQW�RI�$JULFXOWXUDO
6FLHQFHV��8QLYHUVLW\�RI�6DVVDUL�_�*9&�:H:RUOG��&RRSHUDWLRQ�$JHQF\��5DPDOODK��3DOHVWLQH�_�1DWLRQDO
$JULFXOWXUDO�5HVHDUFK�&HQWUH��1$5&���5DPDOODK��3DOHVWLQH�_�'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV�
8QLYHUVLW\�RI�6DVVDUL

$EVWUDFW�,'�����
7RSLF��:DWHU

3UHVHQWHU�1DPH��$OEHUWR�7DQGD
&RQWULEXWLRQ��3RVW

7KH�:HVW�%DQN�3DOHVWLQLDQ�WHUULWRULHV��VLWXDWHG�LQ�WKH�IHUWLOH�FUHVFHQW�ZKHUH�NH\�FURSV�OLNH
EDUOH\�DQG�ZKHDW�ZHUH�ILUVW�GRPHVWLFDWHG��DUH�FKDUDFWHUL]HG�E\�D�UDQJH�RI�ELRFOLPDWLF�]RQHV
DQG �ULFK �ELRGLYHUVLW\� �GHVSLWH �WKHLU �VPDOO �VL]H� �+RZHYHU� �WKH �UHJLRQ
V �DJULFXOWXUH �DQG
SDVWRUDO�V\VWHPV�IDFH�VLJQLILFDQW�FKDOOHQJHV�GXH�WR�GHFDGHV�RI�FRQIOLFW��FOLPDWH�FKDQJH��DQG
LPSRUW�UHVWULFWLRQV��QHFHVVLWDWLQJ�ORFDOO\�VRXUFHG�DJURQRPLF�VROXWLRQV�DQG�D�SDUWLFLSDWRU\
DSSURDFK�WR �RYHUFRPH�VRFLRWHFKQLFDO �EDUULHUV �DQG�IRVWHU �VXVWDLQDEOH �GHYHORSPHQW� �7KH
VKHHS�DQG�JRDW�IDUPLQJ�V\VWHPV�LQ�WKH�:HVW�%DQN�UHSUHVHQW�D�YLWDO�VRFLR�FXOWXUDO�KHULWDJH
DQG�VRXUFH�RI�OLYHOLKRRG�IRU�WKH�UHJLRQ
V�SRRUHVW�UXUDO�FRPPXQLWLHV��IDFLQJ�XQSUHFHGHQWHG
FKDOOHQJHV��,Q�WKLV�VWXG\��IUDPHG�ZLWKLQ�D�FRRSHUDWLRQ�SURJUDPPH�IXQGHG�E\�$,&6�,WDO\��ZH
K\SRWKHVLVHG �WKDW �WKH �FKDUDFWHUL]DWLRQ �RI �WKH �IHHGLQJ �V\VWHPV �LV �DQ �HVVHQWLDO �VWHS �WR
XQGHUVWDQG�WKHLU�EDVLF�QHHGV�DQG�LGHQWLI\�VXVWDLQDEOH�GHYHORSPHQW�SDWKZD\V�WKURXJK�D�FR�
GHVLJQ �SDUWLFLSDWRU\ �DSSURDFK �ZLWK �ORFDO �VWDNHKROGHUV� �:H �LGHQWLILHG �WKH �VWUHQJWKV�
ZHDNQHVVHV� �RSSRUWXQLWLHV� �DQG �WKUHDWV �RI �WKHVH �V\VWHPV �DQG �ILHOG�WHVWHG �D �UDQJH �RI
DJURQRPLF�RSWLRQV�WR�LQFUHDVH�WKH�VHOI�VXIILFLHQF\�RI�ORFDO�KHUGHUV��L��IRUDJH�VKUXEV��LL��ORFDO
DFFHVVLRQV�RI�EDUOH\�DQG�IRUDJH�OHJXPHV��LLL��DJURIRUHVWU\�LQ�WKH�ROLYH�JURYHV��7KH�UHVXOWV
VKRZHG�WKDW�ORFDO�VRFLRWHFKQLFDO�EDUULHUV�LQ�WKH�:HVW�%DQN�FDQ�EH�SDUWLDOO\�RYHUFRPH�E\
LPSURYLQJ�WKH�FDSDFLW\�RI�WKH�UXUDO�FRPPXQLWLHV�WR�LPSURYH�WKHLU�VHOI�VXIILFLHQF\�EDVHG�RQ
ORFDO�UHVRXUFHV�ZLWK�WKH�VXSSRUW�RI�WKH�JRYHUQPHQWDO�DJHQFLHV��)XWXUH�VWHSV�ZLOO�DGGUHVV�WKH
DGRSWLRQ �RI �JUD]LQJ �PDQDJHPHQW �WHFKQRORJLHV� �LPSURYHPHQW �RI �SHUPDQHQW �GU\ODQG
JUDVVODQGV� �DQG �H[SDQG �WKH �FRRSHUDWLRQ �DPRQJ �VWDNHKROGHUV�
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'HFLVLRQ�6XSSRUW�6\VWHP�IRU�ODUJH�VFDOH�DQG�HDUO\�LUULJDWLRQ
UHTXLUHPHQWV�HVWLPDWLRQ
E\�0LFKHOH�5LQDOGL�_�6HUJLR�5XJJLHUL�_�)UDQFHVFR�&LDYDUHOOD�_�*LXVHSSH�6DWDOLQR�_�'DYLGH�3DOPLVDQR�_�$QQD
%DOHQ]DQR�_�&LQ]LD�$OEHUWLQL�_�IUDQFHVFR�/RYHUJLQH�_�)UDQFHVFR�0DWWLD�_�9LWR�,DFREHOOLV�_�$QGUHD�*LRLD�_
'RQDWR�,PSHYRGR�_�/XLJL�1DUGHOOD�_�0LFKHOH�'L�&DWDOGR�_�1LFROHWWD�1RYLHOOR�_�5RFFKLQD�*XDULQL�_�3DWUL]LD
6DFFR�_�0DULD�9LUHOOL�_�'HRGDWR�7DSHWH�_�3DVTXDOH�*DURIDOR�_�&RQVLJOLR�SHU�OD�5LFHUFD�LQ�DJULFROWXUD�H
OmDQDOLVL�GHOOm(FRQRPLD�$JUDULD��&HUHDOLFROWXUD�H�&ROWXUH�,QGXVWULDOL�_�&RQVLJOLR�SHU�OD�5LFHUFD�LQ
DJULFROWXUD�H�OmDQDOLVL�GHOOm(FRQRPLD�$JUDULD��&5($���$JULFROWXUD�H�$PELHQWH�_�&RQVLJOLR�SHU�OD�5LFHUFD�LQ
DJULFROWXUD�H�OmDQDOLVL�GHOOm(FRQRPLD�$JUDULD��&5($���&HUHDOLFROWXUD�H�&ROWXUH�,QGXVWULDOL�_�&RQVLJOLR
1D]LRQDOH�GHOOH�5LFHUFKH��,VWLWXWR�SHU�LO�5LOHYDPHQWR�(OHWWURPDJQHWLFR�GHOOm$PELHQWH�_�&RQVLJOLR
1D]LRQDOH�GHOOH�5LFHUFKH��,VWLWXWR�SHU�LO�5LOHYDPHQWR�(OHWWURPDJQHWLFR�GHOOm$PELHQWH�_�&RQVLJOLR
1D]LRQDOH�GHOOH�5LFHUFKH��,VWLWXWR�SHU�LO�5LOHYDPHQWR�(OHWWURPDJQHWLFR�GHOOm$PELHQWH�_�&RQVLJOLR
1D]LRQDOH�GHOOH�5LFHUFKH��,VWLWXWR�SHU�LO�5LOHYDPHQWR�(OHWWURPDJQHWLFR�GHOOm$PELHQWH�_�&RQVLJOLR
1D]LRQDOH�GHOOH�5LFHUFKH��,VWLWXWR�SHU�LO�5LOHYDPHQWR�(OHWWURPDJQHWLFR�GHOOm$PELHQWH�_�&RQVLJOLR
1D]LRQDOH�GHOOH�5LFHUFKH��,VWLWXWR�SHU�LO�5LOHYDPHQWR�(OHWWURPDJQHWLFR�GHOOm$PELHQWH�_�3ROLWHFQLFR�GL�%DUL�
'LSDUWLPHQWR�GL�,QJHJQHULD�&LYLOH��$PELHQWDOH��GHO�7HUULWRULR��(GLOH�H�GL�&KLPLFD�_�3ROLWHFQLFR�GL�%DUL�
'LSDUWLPHQWR�GL�,QJHJQHULD�&LYLOH��$PELHQWDOH��GHO�7HUULWRULR��(GLOH�H�GL�&KLPLFD�_�8QLYHUVLWd�GHJOL�6WXGL
GL�%DUL�$OGR�0RUR��'LSDUWLPHQWR�GL�,QIRUPDWLFD�_�&RQVRU]LR�SHU�OD�%RQLILFD�GHOOD�&DSLWDQDWD�_�&RQVRU]LR
SHU�OD�%RQLILFD�GHOOD�&DSLWDQDWD�_�&RQVRU]LR�SHU�OD�%RQLILFD�GHOOD�&DSLWDQDWD�_�$JHQ]LD�6SD]LDOH�,WDOLDQD�_
$JHQ]LD�6SD]LDOH�,WDOLDQD�_�$JHQ]LD�6SD]LDOH�,WDOLDQD�_�$JHQ]LD�6SD]LDOH�,WDOLDQD�_�&RQVLJOLR�SHU�OD�5LFHUFD
LQ�DJULFROWXUD�H�OmDQDOLVL�GHOOm(FRQRPLD�$JUDULD��&5($���$JULFROWXUD�H�$PELHQWH

$EVWUDFW�,'�����
7RSLF��:DWHU

3UHVHQWHU�1DPH��0LFKHOH�5LQDOGL
&RQWULEXWLRQ��3RVW

,Q�0HGLWHUUDQHDQ�UHJLRQ�DQ�HIIHFWLYH�ZDWHU�UHVRXUFH�PDQDJHPHQW�LV�FUXFLDO�IRU�VXVWDLQDEOH
DJULFXOWXUH� �6FLHQWLVWV �DQG �GHFLVLRQ�PDNHUV �DUH �ZRUNLQJ �WR �DGGUHVV �LVVXHV �RI �UHVRXUFH
FRQVHUYDWLRQ�DQG�DJULFXOWXUDO�SURGXFWLYLW\��ZLWK�D�JURZLQJ�LQWHUHVW�LQ�FRXSOLQJ�K\GURORJLFDO
DQG�FURS�PRGHOV��7KH�FXUUHQW�WUHQG�RI�LQWHUHVW�VHHPV�WR�EH�OLPLWHG�WR�WKH�LPSURYHPHQW�RI
FURS�V\VWHP�SHUIRUPDQFH�DQG�HQYLURQPHQWDO�LPSDFW�DVVHVVPHQW��EXW�DWWHQWLRQ�DOVR�QHHGV�WR
EH�SDLG�WR�VXVWDLQDEOH�FURS�SURGXFWLRQ�DQG�ZDWHU�PDQDJHPHQW�FRQFHUQV��)RU�WKHVH�UHDVRQV�
WKH�,WDOLDQ�6SDFH�$JHQF\��$6,� �LV �VXSSRUWLQJ�DQ�DPELWLRXV�FROODERUDWLYH�SURMHFW� �FDOOHG
7+(7,6��(DUWK�2EVHUYDWLRQ�IRU�WKH�(DUO\�IRUHFDV7�RI�,UULJDWLRQ�QHHG6���7KH�SURMHFW�IRFXVHV
RQ�WKH�HDUO\�DVVHVVPHQW�DQG�IRUHFDVWLQJ�RI�LUULJDWLRQ�QHHGV�LQ�WKH�LUULJDWLRQ�GLVWULFW��6XG
)RUWRUH�����%��LQ�WKH�$SXOLDQ�7DYROLHUH��7KH�ILQDO�6SDWLDO�'HFLVLRQ�6XSSRUW�6\VWHP��6'66�
ZLOO�LQWHJUDWH�K\GURORJLF�DQG�FURS�JURZWK�PRGHOV�ZLWK�DGYDQFHG�(DUWK�2EVHUYDWLRQ��(2�
SURGXFWV� �$UWLILFLDO �,QWHOOLJHQFH ��$,� �DQG �D �:(%*,6 �LQWHUIDFH �WR �SURYLGH �EDVLQ�VFDOH
LQIRUPDWLRQ�IRU�WKH�HIILFLHQW�SODQQLQJ�RI�LUULJDWLRQ�UHVRXUFHV�IRU�WKUHH�GLIIHUHQW�XVH�FDVHV
�L�H��HDUO\�IRUHFDVWLQJ��LUULJDWLRQ�VWDUW�DQG�PLG�VHDVRQ�HVWLPDWLRQ��IRU�GLIIHUHQW�WDUJHW�FURSV�
7KH�&URS�0RGXOH� �URRWHG�LQ �$TXD&URS�FURS�PRGHO �DUFKLWHFWXUH� �HPHUJHV �DV �D �SLYRWDO
FRPSRQHQW�LQ�VLPXODWLQJ�DQG�SUHGLFWLQJ�FURS�JURZWK��GHYHORSPHQW��DQG�ZDWHU�G\QDPLFV��,W
RSHUDWHV�DFURVV�OHDI�GHYHORSPHQW��FURS�JURZWK�DQG�SURGXFWLYLW\��DQG�ZDWHU�EDODQFH�OHYHOV�
HQVXULQJ�DGDSWDELOLW\�WR�GDLO\�WHPSHUDWXUH�YDULDWLRQV�IRU�UHDO�WLPH�VLPXODWLRQV��$�SULPDU\
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IRFXV�RI�WKH�SURSRVHG�DUFKLWHFWXUH�OLHV�LQ�JHQHUDWLQJ�WLPH�VHULHV�HVWLPDWHV�RI�URRW�]RQH�VRLO
PRLVWXUH��HVVHQWLDO�IRU�GHILQLQJ�WKH�LQLWLDO�FRQGLWLRQV�LQ�WKH�FURS�JURZWK�PRGHO�$TXD&URS
ZKLFK�SOD\V�D�SLYRWDO�UROH�LQ�PDQDJLQJ�WKH�ZDWHU�EDODQFH�DW�WKH�ILHOG�VFDOH�LQ�WKH�DUHDV
UHOHYDQW�WR�LUULJDWLRQ�QHHGV�DVVHVVPHQW��7R�DFKLHYH�WKLV�JRDO��WKH�SURMHFW�DLPV�WR�LQWHJUDWH�
IRU�WKH�ILUVW�WLPH��D�UHYLVHG�YHUVLRQ�RI�WKH�ZHOO�NQRZQ�GDLO\�EDVLQ�VFDOH�K\GURORJLFDO�PRGHO
'5($0�ZLWK�WKH�SK\VLFDOO\�EDVHG�6RLO�0RLVWXUH�$FFRXQWLQJ�DQG�5RXWLQJ��60$5��PRGHO��7KH
K\GURORJLF�DQG�FURS�JURZWK�PRGHOV�ZLOO�EH�XQGHUJRQH�WR�FDOLEUDWLRQ�DQG�YDOLGDWLRQ�XVLQJ
SUHYLRXV�GDWD�VHW��6SHFLILFDOO\��WKH�FDOLEUDWLRQ�RI�WKH�K\GURORJLFDO�DQG�FURS�PRGHOV�VSDQV
IURP�VXPPHU������WR�DXWXPQ�������7KH�VXEVHTXHQW�SKDVH�ZLOO�LQFOXGH�D�YDOLGDWLRQ�SKDVH
�\HDU�������DQG�DQ�RSHUDWLRQDO�SKDVH�WR�HVWLPDWH�ZDWHU�XVH�IRU�WKH�XSFRPLQJ�LUULJDWLRQ
VHDVRQ���������7KH�YDOLGDWLRQ�RI�WKH�PRGHO�RXWSXWV�LQFOXGHV�WKH�FRPSDULVRQ�RI�WKH�HVWLPDWHG
ZDWHU�GHPDQG�ZLWK�WKH�DFWXDO�LUULJDWLRQ�YROXPHV�DSSOLHG�E\�WKH�FRQVRUWLXP��7KH�H[SHFWHG
RXWFRPHV �HQFRPSDVV �LQFUHDVHG �SUHFLVLRQ �LQ �LUULJDWLRQ �VFKHGXOLQJ� �HDUO\ �DQWLFLSDWLRQ �RI
ZDWHU�GHPDQG��DQG�LPSURYHG�VHDVRQDO�IRUHFDVWLQJ��7KLV�FRPSUHKHQVLYH�DSSURDFK�SRVLWLRQV
VWDNHKROGHUV �IRU �LQIRUPHG �GHFLVLRQ�PDNLQJ� �IRVWHULQJ �VXVWDLQDELOLW\ �DQG �HIILFLHQF\ �LQ
DJULFXOWXUDO�SUDFWLFHV��7KH�SURMHFW�DUFKLWHFWXUH�UHOLHV�VLJQLILFDQWO\�RQ�WKH�XVH�RI�(2�GHULYHG
SURGXFWV��7KHVH�SURGXFWV�DUH�DFTXLUHG�WKURXJK�WKH�LQWHJUDWHG�XVH�RI�6\QWKHWLF�$SHUWXUH
5DGDU��6$5���PXOWLVSHFWUDO�DQG�K\SHUVSHFWUDO�GDWD��7KH\�VHUYH�WKH�SXUSRVH�RI�PRQLWRULQJ
WKH�ODQG�VXUIDFH�DQG�H[WUDFWLQJ�FUXFLDO�SDUDPHWHUV�IRU�K\GURORJLFDO�DQG�FURS�JURZWK�PRGHO
FRQVWUDLQWV��7KH�SURSRVHG�DSSURDFK�VKRZV�SURPLVH�IRU�SURYLGLQJ�LQVLJKWV�LQWR�VRLO�G\QDPLFV
IRU�RSHUDWLRQDO�LPSOHPHQWDWLRQ��VXSSRUWLQJ�DGYDQFHV�LQ�VXVWDLQDEOH�DJULFXOWXUDO�WHFKQLTXHV
DQG�UDWLRQDO�ZDWHU�UHVRXUFH�PDQDJHPHQW�LQ�VHPL�DULG�HQYLURQPHQWV�
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%LRPDVV�GHYHORSPHQW��HVVHQWLDO�RLO�\LHOG�DQG�ELRDFWLYH
FRPSRXQGV�FRPSRVLWLRQ�RI�VDJH��6DOYLD�RIILFLQDOLV�/���XQGHU
WKH�LQIOXHQFH�RI�ZDWHU�DYDLODELOLW\�DQG�KDUYHVW�WLPH�GXULQJ
WKH�EDOVDPLF�SHULRG�
E\�6HEDVWLDQR�'HOILQH�_�&DUPHQ�)RUPLVDQR�_�'DQLHOD�5LJDQR�_�8QLYHUVLWd�GHJOL�6WXGL�GHO�0ROLVH��'LS�
$JULFROWXUD��$PELDQWH�HG�$OLPHQWL�_�8QLYHUVLWd�GL�1DSROL�)HGHULFR�,,��'LSDUWLPHQWR�)DUPDFLD�_�8QLYHUVLWd
GL�1DSROL�)HGHULFR�,,��'LSDUWLPHQWR�)DUPDFLD

$EVWUDFW�,'�����
7RSLF��:DWHU

3UHVHQWHU�1DPH��6HEDVWLDQR�'HOILQH
&RQWULEXWLRQ��3RVW

6DJH��6DOYLD�RIILFLQDOLV�/���LV�FXOWLYDWHG�LQ�PDQ\�FRXQWULHV�GXH�WR�LWV�PHGLFLQDO�DQG�LQGXVWULDO
LPSRUWDQFH��(QYLURQPHQW�YDULDELOLW\�DQG�FURS�PDQDJHPHQW�DOZD\V�DIIHFW�WKH�XQLIRUPLW\�RI
WKH �FURS�\LHOG �WR �EH �LQFOXGHG�LQ �WKH �FKDLQ �RI �RIILFLQDO �SODQWV� �7KLV �VWXG\ �DLPV�WR �WKH
HYDOXDWLRQ�RI�VDJH�FXOWLYDWLRQ�DV�D�VXVWDLQDEOH�FURS�IRU�WKH�GLYHUVLILFDWLRQ�RI�0HGLWHUUDQHDQ
FURSSLQJ�V\VWHPV��E\�H[SORULQJ�WKH�SRVVLELOLW\�RI�DIIHFWLQJ�WKH�XQLIRUPLW\�RI�WKH�HVVHQWLDO�RLO
\LHOG�DQG�FRPSRVLWLRQ��6R��ZH�LQYHVWLJDWHG�WKH�LQIOXHQFH�RI�WKH�ZDWHU�DYDLODELOLW\�DQG�WKH
KDUYHVW�WLPH��GXULQJ�EDOVDPLF�SHULRG��RQ�WKLV�LQWHUHVWLQJ�FURS��WKH�PDLQ�DJURQRPLF�DQG
HFRSK\VLRORJLFDO�WUDLWV�LQ�WHUP�RI�SODQW�ELRPDVV�SURGXFWLRQ�DQG�SKRWRV\QWKHWLF�SHUIRUPDQFH�
DV�ZHOO�DV�HVVHQWLDO�RLO�\LHOG�DQG�FRPSRVLWLRQ�KDYH�EHHQ�HYDOXDWHG��7KH�ZHOO�ZDWHUHG�FURSV
KDUYHVWHG����GD\V�DIWHU�EHJLQQLQJ�RI�IORZHULQJ��H[KLELWHG�KLJKHU�GU\�ELRPDVV�\LHOG�WKDQ
UDLQIHG�SODQWV�DV�ZHOO�DV�KLJKHU�YDOXHV�RI�UHODWLYH�ZDWHU�FRQWHQW��SKRWRV\QWKHVLV�DQG�OHDI
&2��FRQGXFWDQFH��,QVWHDG��DW�VDPH�WLPH��DIWHU����GD\V��WKH�RLO�FRQWHQW�ZDV�KLJKHU�LQ�UDLQIHG
SODQWV�WKHQ�LQ�ZHOO�ZDWHUHG�RQHV��ZKHUH�LW�UHPDLQV�FRQVWDQW�WKURXJKRXW�DOO�WKH�KDUYHVWLQJ
SHULRG��$OO�WKH�H[WUDFWHG�HVVHQWLDO�RLOV�ZHUH�ULFK�LQ�ELRDFWLYH�FRPSRXQGV�DV�v�WKXMRQH��w�
WKXMRQH��FDPSKRU�DQG�ERUQHRO��EXW�RQO\�LQ�ZHOO�ZDWHUHG�SODQWV�WKH�FRQWHQW�ZDV�FRQVWDQW
WKURXJKRXW�DOO�WKH�KDUYHVWLQJ�SHULRG��,Q�IDFW��HVVHQWLDO�RLO�RI�UDLQIHG�SODQWV�DQDO\]HG�RYHU�WKH
KDUYHVW�WLPH�LV�PDLQO\�ULFK�DW�WKH�EHJLQQLQJ�LQ�&DPSKRU�DQG�%RUQHRO��ZKHUHDV�LQ�WKH�PLGGOH
LQ�v�7KXMRQH��2XU�VWXG\�GHPRQVWUDWHV�WKDW�WKH�FURS�SHUIRUPDQFH�ZDV�JUHDWO\�LQIOXHQFHG�E\
WKH�ZDWHU�DYDLODELOLW\�GXULQJ�WKH�EDOVDPLF�SHULRG��7KH�UHVXOWV�RI�WKLV�VWXG\�SURYLGH�QHZ
NQRZOHGJH�WR�SURGXFH�DGHTXDWH�TXDOLW\�RI�WKH�RLO�RI�VDJH�IRU�GLIIHUHQW�XVHV�
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(IIHFW�RI�SDSHU�PXOFK�RQ�ZHHG�FRQWURO�DQG�LUULJDWLRQ�ZDWHU
PDQDJHPHQW�RQ�EDE\�OHDI�OHWWXFH�SURGXFHG�LQ�RUJDQLF
IDUPLQJ�V\VWHP
E\�'RPHQLFR�5RQJD�_�*LDPSDROR�2OLYLHUR�_�3KDUPDF\�'HSDUWPHQW��8QLYHUVLW\�RI�6DOHUQR�_�3DSHU�%H

$EVWUDFW�,'�����
7RSLF��:DWHU

3UHVHQWHU�1DPH��'RPHQLFR�5RQJD
&RQWULEXWLRQ��3RVW

$V�DQ�LPSRUWDQW�WHFKQRORJ\�WR�LPSURYH�WKH�TXDOLW\�DQG�\LHOG�RI�IDUPODQG�FURSV��PXOFKLQJ
ILOP�KDV�EHHQ�XVHG�LQ�PDQ\�ILHOG�FURSV��+HQFH��PXOFKLQJ�KDV�EHFRPH�DQ�LPSRUWDQW�SUDFWLFH
LQ�PRGHUQ�ILHOG�SURGXFWLRQ��+RZHYHU��ZLWK�SHRSOH�V�DWWHQWLRQ�WR�HQYLURQPHQWDO�SUREOHPV
JUDGXDOO\�LQ�UHFHQW�\HDUV��WKH�HQYLURQPHQWDO�SROOXWLRQ�RI�WUDGLWLRQDO�SODVWLF�PXOFK�PDNHV�LW
XQDEOH�WR�EH�WKH�ILUVW�FKRLFH�RI�ILHOG�FURS�FXOWLYDWLRQ��,Q�UHVSRQVH�WR�WKLV�SUREOHP��WKLV�ZRUN
IRFXVHV�RQ�SDSHU�PXOFK�IRU�WKH�SURGXFWLRQ�RI�EDE\�OHDI�OHWWXFH�DQG�GLVFXVVHV�WKH�RSSRUWXQLW\
WKDW�LW�RIIHUV�IRU�VROYLQJ�WKH�SUREOHPV�RI�ZHHG�PDQDJHPHQW�LQ�WKH�RUJDQLF�IDUPLQJ�V\VWHP
DQG�DV�ZHOO�DV�WKH�LPPHQVH�XVH�RI�SODVWLFV�LQ�DJULFXOWXUH�DQG�WKH�DVVRFLDWHG�HQYLURQPHQWDO
WKUHDW��7KH�ZRUN�ZDV�FDUULHG�RXW�LQ�1RUWKHUQ�,WDO\��RQ�VDQG\�VRLO�GXULQJ�VXPPHU�������$Q
LQQRYDWLYH�VROXWLRQ�ZDV�DVVHVVHG��LQ�IDFW��PHFKDQL]HG�VRZLQJ�ZDV�GRQH�GLUHFWO\�EHWZHHQ�WZR
SDSHU�PXOFK�ILOPV��'XULQJ�WKH�FURS�F\FOH�DJURQRPLF�DQG�SK\VLRORJLFDO�WUDLWV�ZHUH�UHFRUGHG�
,Q�JHQHUDO��RXU�UHVXOW�UHSRUWHG�D�UHGXFWLRQ�RI�����RI�DQQXDO�ZHHG�HPHUJHQFH��DV�ZHOO�DV�D
UHGXFWLRQ�RI�WKH�LUULJDWLRQ�ZDWHU��DERXW�����RI�WKH�WRWDO�SHU�FURS�F\FOH��DQG�DQ�LQFUHDVH�RI
WKH�\LHOG�RI�EDE\�OHDI�OHWWXFH��DERXW�������3DSHU�PXOFK�EUHDFKHG�GRZQ�QDWXUDOO\�ZLWKLQ�WZR
ZHHNV�DIWHU�XVDJH�DQG�LQFRUSRUDWH�LQWR�WKH�VRLO��,Q�DGGLWLRQ��SDSHU�PXOFK�LV�RQH�RI�WKH�YDOLG
VROXWLRQV�IRU�PHFKDQL]HG�KDUYHVW�OLNH�EDE\�OHDI�OHWWXFH��7KHVH�UHVXOWV�DUH�LQWHUHVWLQJ�EXW
RWKHU�H[SHULPHQWDO�ZRUNV�DUH�QHHGHG�WR�YDOLGDWH�WKHVH�UHVXOWV�RQ�RWKHU�FURSV�DQG�RWKHU
JHRJUDSKLFDO�DUHDV�
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'URXJKW�6WUHVV�$IIHFWV�0RUSKRPHWULF��$JURQRPLF��DQG
4XDOLWDWLYH�7UDLWV�RI�5RVHPDU\�*URZQ�LQ�'LIIHUHQW�/RFDWLRQV
LQ�6LFLO\
E\�9DOHQWLQD�)RUPLFD�_�)HGHULFR�/HRQL�_�&HOLD�'XFH�_�-RVg�*RQ]eOH]�5LYHUD�_�0DVVLPR�2QRU�_�3DROR
*XDUQDFFLD�_�6WHIDQR�&DUOHVL�_�3DROR�%dUEHUL�_�'HSDUWPHQW�RI�$JULFXOWXUH��)RRG��DQG�(QYLURQPHQW�
8QLYHUVLW\�RI�&DWDQLD�_�*URXS�RI�$JURHFRORJ\��&HQWUH�RI�3ODQW�6FLHQFHV��6FXROD�6XSHULRUH�6DQWm$QQD�_
'HSDUWPHQW�RI�&KHPLVWU\�DQG�,QGXVWULDO�&KHPLVWU\��8QLYHUVLW\�RI�3LVD�_�1DWLRQDO�,QVWLWXWH�RI�2SWLFV���,12�
&15��_�,QVWLWXWH�RI�&KHPLVWU\�RI�2UJDQRPHWDOOLF�&RPSRXQGV��,&&20�&15��_�'HSDUWPHQW�RI�$JULFXOWXUH�
)RRG��DQG�(QYLURQPHQW��8QLYHUVLW\�RI�&DWDQLD�_�*URXS�RI�$JURHFRORJ\��&HQWUH�RI�3ODQW�6FLHQFHV��6FXROD
6XSHULRUH�6DQWm$QQD�_�*URXS�RI�$JURHFRORJ\��&HQWUH�RI�3ODQW�6FLHQFHV��6FXROD�6XSHULRUH�6DQWm$QQD

$EVWUDFW�,'�����
7RSLF��:DWHU

3UHVHQWHU�1DPH��9DOHQWLQD�)RUPLFD
&RQWULEXWLRQ��3RVW

0HGLFLQDO�DQG�$URPDWLF�3ODQWV��0$3V��UHSUHVHQW�D�FUXFLDO�FRPSRQHQW�RI�HQGHPLF�IORUD�LQ
6LFLO\��NQRZQ�IRU�SURGXFLQJ�DFWLYH�LQJUHGLHQWV�ZLWK�FRVPHWLF�DQG�SKDUPDFHXWLFDO�SURSHUWLHV
XQGHU�VSHFLILF�HQYLURQPHQWDO�FRQGLWLRQV��:LWKLQ�6LFLOLDQ�0$3V��URVHPDU\��6DOYLD�URVPDULQXV
6SHQQ����IURP�WKH�/DPLDFHDH�IDPLO\��LV�RQH�RI�WKH�PRVW�GURXJKW�VWUHVV�UHVLVWDQW�VSHFLHV�GXH
WR �LWV �GHHS �URRW �V\VWHP �DQG �QHHGOH�VKDSHG �OHDYHV� �8QGHU �GURXJKW �VWUHVV �FRQGLWLRQV�
FKDUDFWHUL]HG �E\ �ZDWHU �VFDUFLW\ �DQG �KLJK �WHPSHUDWXUHV� �URVHPDU\ �XVXDOO\ �H[KLELWV �D
GHFUHDVH�LQ�WKH�GHYHORSPHQW�RI�LWV�IUHVK�ELRPDVV�DQG�DQ�LQFUHDVH�LQ�WKH�SURGXFWLRQ�RI
HVVHQWLDO�RLOV�ZLWK�KLJKHU�FRQFHQWUDWLRQV�LQ�WKH�OHDYHV�DQG�IORZHUV��LQIOXHQFLQJ�WKH�PHWDEROLF
V\QWKHVLV�RI�VRPH�FRPSRXQGV��VXFK�DV�v�SLQHQH�DQG�ERUQ\O�DFHWDWH��:H�FRQGXFWHG�DQ�RQ�
IDUP�H[SHULPHQW�LQ�WKUHH�GLIIHUHQW�ORFDOLWLHV�ZLWK�WZR�URVHPDU\�FXOWLYDUV�GXULQJ�DXWXPQ�DQG
VSULQJ �WR �H[SORUH �GURXJKW
V �LQIOXHQFH �RQ �URVHPDU\ �PRUSKRPHWULF� �DJURQRPLF� �DQG
TXDOLWDWLYH�WUDLWV��7ZR�ORFDO�URVHPDU\�FXOWLYDUV�ZHUH�XVHG��&9��%DUEHFXH���%%4��DQG��7XVFDQ
%OXH���7%���7KH�SODQWV�ZHUH�WUDQVSODQWHG�LQ�URZV�ZLWK�D�GHQVLW\�RI���SODQWV�P���LQ�DXWXPQ
����� �)LHOG�H[SHULPHQWV�ZHUH�FDUULHG�RXW �GXULQJ�WKH�FURSSLQJ�VHDVRQV�����������DQG
����������LQ�D�PDUJLQDO�DUHD�RI�WKUHH�IDUPV�LQ�5DJXVD�SURYLQFH��6FLFOL����d��
������1�
��d��
������(���6DPSLHUL����d��
�����1����d��
�����(���DQG�'RQQDOXFDWD����d��
������1�
��d��
������(���7ZR�LUULJDWLRQ�OHYHOV�ZHUH�LPSOHPHQWHG��IXOO\�LUULJDWHG��ZKLFK�PDLQWDLQHG
��������RI�)LHOG�&DSDFLW\��)&���DQG�GURXJKW�VWUHVV��ZKHUH�)&�ZDV�OLPLWHG�WR���������3ODQWV
ZHUH�H[SRVHG�WR�D�WKUHH�ZHHN�GURXJKW�GXULQJ�DXWXPQ�DQG�VSULQJ�IORZHULQJ��'DWD�RQ�VRPH
PRUSKRPHWULF�WUDLWV��VXFK�DV�PD[LPXP�FDQRS\�KHLJKW�DQG�ZLGWK��FP��DQG�PD[LPXP�VWHP
GLDPHWHU��PP���ZHUH�FROOHFWHG�EHIRUH�ELRPDVV�KDUYHVW� �$IWHU�WKH�KDUYHVW�LQ�0D\������
HVVHQWLDO�RLOV�ZHUH�H[WUDFWHG�XVLQJ�D�&OHYHQJHU�DSSDUDWXV�LQ�D�VWHDP�GLVWLOODWLRQ�V\VWHP��DQG
WKH�HVVHQWLDO�RLO�\LHOG�ZDV�GHWHUPLQHG�DV�JUDPV�RI�RLO�SHU�JUDP�RI�IUHVK�ELRPDVV�GLVWLOOHG�
7KH �QXPEHU �DQG �FDWHJRULHV �RI �FKHPLFDO �FRPSRXQGV �ZHUH �H[DPLQHG �XVLQJ �*DV
&KURPDWRJUDSK\�0DVV �6SHFWURPHWU\ ��*&�06�� �$ �RQH�ZD\�$129$�ZDV�LPSOHPHQWHG�IRU
HDFK�IDFWRU�DQG�SDUDPHWHU�ZLWK�D�rLGlN�SRVW�KRF�WHVW�WR�VHSDUDWH�PHDQV�XVLQJ�6WDWD6(���
VRIWZDUH��7KH�WZR�URVHPDU\�FXOWLYDUV�H[KLELWHG�GLIIHUHQW�ELRPDVV�DOORFDWLRQV�DIWHU�GURXJKW�
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ZLWK�ZRRG\�ELRPDVV�EHLQJ�PRUH�DIIHFWHG�WKDQ�OHDI�ELRPDVV��7KH�JURZLQJ�ORFDWLRQV�DQG
FXOWLYDUV�VLJQLILFDQWO\�LQIOXHQFHG�ZRRG\�DQG�OHDI�GU\�ELRPDVV��J�SODQW��� �DQG�WKH�SODQW
V
PRUSKRORJLFDO�SDUDPHWHUV��VXFK�DV�FDQRS\�KHLJKW�DQG�ZLGWK��IRU�H[DPSOH��%%4�FY�FXOWLYDWHG
LQ�6DPSLHUL�ZDV�KLJKHU�WKDQ�%%4�FY�IURP�'RQQDOXFDWD�����YV������FP�SODQW�����(VVHQWLDO�RLO
\LHOG�YDULHG�VLJQLILFDQWO\�ZLWK�GLIIHUHQW�HQYLURQPHQWV�DQG�JHQRW\SHV��S �������DQG�GURXJKW
VWUHVV��S ���������6SHFLILFDOO\��7%�FY�JURZQ�LQ�6FLFOL�SURGXFHG�����OHVV�HVVHQWLDO�RLO������
PO�P�f��FRPSDUHG�WR�7%�FY�JURZQ�LQ�6DPSLHUL�������PO�P�f��XQGHU�GURXJKW�FRQGLWLRQV��$W�WKH
'RQQDOXFDWD �IDUP� �WKH �OHYHO �RI �v�SLQHQH �GHFUHDVHG� �ZKLOH �ERUQ\O�DFHWDWH �DQG �(�
FDU\RSK\OOHQH �LQFUHDVHG �LQ �FY� �%%4�LQ �UHVSRQVH �WR �GURXJKW� �6SHFLILF �JURZLQJ�ORFDWLRQ
IDFWRUV�DQG�FXOWLYDUV�LQIOXHQFHG�WKH�VWUHVV�UHVSRQVH��'HVSLWH�UHGXFWLRQV�LQ�ELRPDVV��DQDO\VLV
RI �URVHPDU\ �HVVHQWLDO �RLO �VKRZHG �LQWHUHVWLQJ �FKDQJHV �LQ �DURPDWLF �SURILOH �DQG �\LHOG�
PLWLJDWLQJ�GURXJKW�HIIHFWV�DQG�PDNLQJ�URVHPDU\�FXOWLYDWLRQ�VXLWDEOH�IRU�PDUJLQDO�ODQGV�
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$VVHVVLQJ�WKH�(QYLURQPHQWDO�,PSDFW�RI�:KHDW�3URGXFWLRQ�LQ
6RXWKHUQ�,WDO\��$�/LIH�&\FOH�$QDO\VLV�$SSURDFK
E\�$QWRQLR�0LQROLWL�_�'RQDWR�9LVFRQWL�_�*DEULHOOD�)LRUHQWLQR�_�$PDOLD�=XFDUR�_�1XQ]LR�)LRUHQWLQR�_
8QLYHUVLW\�RI�1DSOHV�)HGHULFR�,,��'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV�_�8QLYHUVLW\�RI�1DSOHV�)HGHULFR�,,�
'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV�_�(1($��'LYLVLRQ�5HVRXUFH�(IILFLHQF\��'HSDUWPHQW�IRU�6XVWDLQDELOLW\�
5HVHDUFK�&HQWUH�RI�3RUWLFL�_�(1($��'LYLVLRQ�5HVRXUFH�(IILFLHQF\��'HSDUWPHQW�IRU�6XVWDLQDELOLW\��5HVHDUFK
&HQWUH�RI�3RUWLFL�_�8QLYHUVLW\�RI�1DSOHV�)HGHULFR�,,��'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV

$EVWUDFW�,'�����
7RSLF��:DWHU

3UHVHQWHU�1DPH��'RQDWR�9LVFRQWL
&RQWULEXWLRQ��3RVW

$FFRUGLQJ�WR�WKH�)$2��DJULFXOWXUH�DFFRXQWV�IRU�����RI�JOREDO�ZDWHU�FRQVXPSWLRQ��IRU�����RI
WKH�ZRUOG
V�ODQG�XVH��DQG�FRQWULEXWHV�WR�����RI�JOREDO�JUHHQKRXVH�JDV�HPLVVLRQV��7KH�ORVV�RI
RUJDQLF �PDWWHU �LQ �WKH �VRLO �IXUWKHU �GHJUDGHV �LWV �KHDOWK� �LQFUHDVLQJ �DW �WKH �VDPH �WLPH
DJULFXOWXUH�HQYLURQPHQWDO�IRRWSULQW��3URPRWLQJ�VXVWDLQDEOH�DJULFXOWXUDO�SUDFWLFHV�LV�FULWLFDO
WR �GHFUHDVH �WKLV �LPSDFW� �E\ �RSWLPLVLQJ �WKH �XVH �RI �UHVRXUFHV �DQG �UHGXFLQJ �WKH �XVH �RI
QXWULHQWV� �IHUWLOLVHUV� �DQG �HQHUJ\ �SHU �XQLW �RI �ODQG� �/LIH �&\FOH �$VVHVVPHQW ��/&$� �LV �D
VWDQGDUGL]HG �PHWKRGRORJ\ �IRU �DVVHVVLQJ �WKH �HQYLURQPHQWDO �LPSDFW �RI �SURGXFWV� �WKXV
DOORZLQJ�WR�PRQLWRU�DQG�LPSURYH�WKH�VXVWDLQDELOLW\�RI�IDUPLQJ�SUDFWLFHV�LQ�FHUHDO�EDVHG
FURSSLQJ�V\VWHPV��7KH�DLP�RI�WKLV�VWXG\�ZDV�WR�LGHQWLI\�DQG�DGGUHVV�FULWLFDO�LVVXHV�LQ�WKH
DJULFXOWXUDO �VXSSO\ �FKDLQ �RI �ERWK �VRIW �DQG �GXUXP �ZKHDW �WR �LPSOHPHQW �WKH �&RPPRQ
$JULFXOWXUDO�3ROLF\�DQG�WKH�VXVWDLQDEOH�PDQDJHPHQW�RI�FHUHDO�FURSV��WKHUHE\�HQFRXUDJLQJ
ORZ�HQYLURQPHQWDO �LPSDFW �SURGXFWLRQV� �7KLV �VWXG\ �LQYROYHV ��� �IDUPV �FKRVHQ �IURP�WKH
SULPDU\ �ZKHDW�SURGXFLQJ �UHJLRQV �RI �FHQWUDO �DQG �VRXWKHUQ �,WDO\� �7KH �VHOHFWLRQ �FULWHULD
LQFOXGHG�WKH�JHRJUDSKLFDO�H[SDQVH�FRYHUHG��WKH�GLVWLQFWLYHQHVV�DPRQJ�SURGXFWLRQ�]RQHV�
WKH �GLYHUVLW\ �LQ �VRLO �FRPSRVLWLRQ �DQG �FOLPDWLF �FRQGLWLRQV �DQG �WKH �YDULHG �DJURQRPLF
PHWKRGRORJLHV�SUDFWLFHG�E\�IDUPHUV��$OO�SULPDU\�GDWD�IRU�/LIH�&\FOH�,QYHQWRU\�DQDO\VLV�ZHUH
FROOHFWHG �WKURXJK �DQ �DG �KRF �TXHVWLRQQDLUH �SURYLGHG �WR �DOO �LQYROYHG �FRPSDQLHV� �7KH
TXHVWLRQQDLUH�ZDV�GLYLGHG�LQWR����VHFWLRQV�FRYHULQJ�JHQHUDO�LQIRUPDWLRQ�DERXW�WKH�IDUP
XQGHU�VWXG\��,Q�DGGLWLRQ��VRLO�VDPSOHV�ZHUH�JDWKHUHG�IURP�IDUPV�IRU�VRLO�FKDUDFWHUL]DWLRQ�
ZKHUHDV�PHWHRURORJLFDO�IHDWXUHV�ZHUH�REWDLQHG�WKURXJK�WKH�&DPSDQLD�5HJLRQDO�3RUWDO�DQG
WKH�&RSHUQLFXV�GDWDEDVH��7KH�/&$�ZDV�FDUULHG�RXW�LQ�DFFRUGDQFH�ZLWK�,62�VWDQGDUGV�DQG
WKH�SURIHVVLRQDO�VRIWZDUH�6LPD3UR�������FRXSOHG�ZLWK�WKH�(QYLURQPHQWDO�)RRWSULQW��()�����
�DGDSWHG��9�����LPSDFW�DVVHVVPHQW�PHWKRG��ZDV�XVHG�WR�DQDO\VH�WKH�YDULRXV�VWDJHV�RI�WKH
ZKHDW�SURGXFWLRQ�SURFHVV�DQG�DVVHVV�WKHLU�HQYLURQPHQWDO�LPSDFW��8OWLPDWHO\��D�PXOWLYDULDWH
DQDO\VLV�ZDV�FRQGXFWHG�WR�HYDOXDWH�WKH�UHODWLRQV�EHWZHHQ�WKH�HQYLURQPHQWDO�LPSDFWV�RI
FURSV�FXOWLYDWLRQ��WKH�SURGXFWLYH�LQSXWV�DQG�SHGR�FOLPDWLF�IHDWXUHV�RI�WKH�VHOHFWHG�IDUPV�WR
REWDLQ�D�FRPSOHWH�DQG�LQ�GHSWK�YLHZ�RI�WKH�VXVWDLQDELOLW\�RI�ZKHDW�SURGXFWLRQ�LQ�FHQWUDO�DQG
VRXWKHUQ�,WDO\��5HVXOWV�VKRZHG�WKDW�IDUPV�FKDUDFWHULVHG�E\�VDQG\�VRLOV�DQG�RIWHQ�GHGLFDWHG
WR�WKH�SURGXFWLRQ�RI�KLJK�\LHOGLQJ�VRIW�ZKHDW�KDYH�D�VLJQLILFDQW�WHQGHQF\�WR�ORVH�QXWULHQWV�WR
JURXQGZDWHU��WKXV�FRQWULEXWLQJ�WR�HXWURSKLFDWLRQ��&RQYHUVHO\��IDUPV�WKDW�SURGXFH�GXUXP
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ZKHDW�RQ�FOD\H\�VRLOV�LQ�LQWHUQDO�DUHDV�VKRZ�JUHDWHU�YDULDELOLW\�LQ�LPSDFWV��ZLWK�VRPH�IDUPV
QRW�GLIIHULQJ�VLJQLILFDQWO\�IURP�WKRVH�FXOWLYDWLQJ�VRIW�ZKHDW��DQG�RWKHUV�EHLQJ�SDUWLFXODUO\
GHPDQGLQJ�LQ�WHUPV�RI�HQHUJ\�DQG�QXWULHQW�ORDG��7KHVH�GLVFUHSDQFLHV�DUH�DVVRFLDWHG�ZLWK
KLJK�HQHUJ\�GHPDQGLQJ�WLOODJH�RI�FOD\H\�VRLOV�DQG�WKH�QHHG�WR�PDLQWDLQ�IHUWLOLW\�LQ�GXUXP
ZKHDW�DUHDV�ZLWK�VRLOV�WKDW�DUH�JHQHUDOO\�QXWULHQW�SRRU��7KHVH�SUHOLPLQDU\�UHVXOWV�SURYLGH
LPSRUWDQW �LQVLJKWV �LQWR �WKH �FRPSOH[ �UHODWLRQVKLSV �EHWZHHQ�VRLO �FRPSRVLWLRQ� �DJURQRPLF
SUDFWLFHV�DQG�HQYLURQPHQWDO�LPSDFWV�DVVRFLDWHG�ZLWK�FHUHDO�SURGXFWLRQ�DQG�XQGHUOLQH�WKH
LPSRUWDQFH�RI�DGRSWLQJ�VXVWDLQDEOH�PDQDJHPHQW�VWUDWHJLHV�
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3UR[LPDO�DQG�UHPRWH�VHQVLQJ�GDWD�LQWHJUDWLRQ�WR�HYDOXDWH�WKH
FURS�ZDWHU�UHTXLUHPHQWV�RI�SURFHVVLQJ�WRPDWRHV
E\�$QJHOR�/XLJL�$SULOH�_�2VFDU�5RVDULR�%HOILRUH�_�$OELQR�0DJJLR�_�*XLGR�'
8UVR�_�0DULR�3DOODGLQR�_
*LRYDQQL�%DWWLVWD�&KLULFR�_�8QLYHUVLW\�RI�1DSOHV�n)HGHULFR�,,o�_�8QLYHUVLW\�RI�1DSOHV�n)HGHULFR�,,o�_
8QLYHUVLW\�RI�1DSOHV�n)HGHULFR�,,o�_�8QLYHUVLW\�RI�1DSOHV�n)HGHULFR�,,o�_�8QLYHUVLW\�RI�1DSOHV�n)HGHULFR�,,o
_�8QLYHUVLW\�RI�1DSOHV�n)HGHULFR�,,o

$EVWUDFW�,'�����
7RSLF��:DWHU

3UHVHQWHU�1DPH��$QJHOR�/XLJL�$SULOH
&RQWULEXWLRQ��3RVW

$PRQJ�WKH�FKDOOHQJHV�UHODWHG�WR�FOLPDWH�FKDQJH��ZDWHU�VFDUFLW\�LV�RQH�RI�WKH�PRVW�UHOHYDQW�
ZLWK�D�VWURQJ�LPSDFW�RQ�H[SDQGLQJ�DJULFXOWXUH��$OWKRXJK�ZDWHU�UHVRXUFHV�DUH�UXQQLQJ�RXW��LW
LV�XQGHQLDEOH�WKDW�D�UHOHYDQW�SDUW�RI�WKH�SUREOHP�LV�UHSUHVHQWHG�E\�LQHIILFLHQW�PDQDJHPHQW
RI�ZDWHU�VXSSOLHV��PD[LPL]LQJ�WKH�HIILFLHQF\�RI�ZDWHU�XWLOL]DWLRQ�LV�PDQGDWRU\�IRU�D�PRUH
VXVWDLQDEOH �DJULFXOWXUH� �+HUH� �ZH �HYDOXDWHG �WKH �HIILFLHQF\ �RI �DQ �DGYDQFHG �LUULJDWLRQ
VFKHGXOLQJ�PHWKRG�IRU�RSHQ�ILHOG�FURSV�WKDW�LQWHJUDWHV�WUDGLWLRQDO�FURS�JURZWK�PRGHOV�ZLWK
UHPRWH�VHQVLQJ�WHFKQRORJ\�ZLWK�VHTXHQWLDO�DVVLPLODWLRQ�RI�VDWHOOLWH�FURS�LPDJHU\��,Q�WKLV
VWXG\��SHUIRUPHG�RQ�WRPDWR�FXOWXUHV�LQ�&DPSDQLD�5HJLRQ��6RXWKHUQ�,WDO\���ZH�LQWHJUDWHG
GDWD�IURP�WKH�6HQWLQHO���VDWHOOLWH�QHWZRUN��FDQRS\�FRYHU� �DQG�LQIRUPDWLRQ�JDWKHUHG�E\
SUR[LPDO�VHQVRUV��ZHDWKHU��VRLO�ZDWHU�FRQWHQW��PDWULF�SRWHQWLDO��ZLWK�WKH�SRZHUIXO�DJUR�
K\GURORJLFDO �FURS �JURZWK �VLPXODWLRQ �SURJUDP �$TXD&URS� �3URFHVVLQJ �WRPDWR ��6RODQXP
O\FRSHUVLFXP�/���ZDV�FXOWLYDWHG�LQ�\HDU���������d����������1���d����������(��LQ�SDUFHOV�RI
DERXW���KD��7RPDWR�VHHGOLQJV�ZHUH�WUDQVSODQWHG�RQ���WK�RI�$SULO������LQ�FRQWLQXRXV�GRXEOH
URZV�ZLWK����FP�VSDFH�EHWZHHQ�SODQWV�����FP�EHWZHHQ�URZV�������FP�EHWZHHQ�GRXEOH�URZV�
ZLWK�D�ILQDO�SODQW�GHQVLW\�RI��������SODQWV�KD��3ODQWV�ZHUH�ZDWHUHG�E\�OLJKW�GULSOLQHV��ZLWK���
FP�GULSSHU�VSDFLQJ�DQG�����O�K�IORZ�UDWH�DW���EDU��ZLWK�LUULJDWLRQ�YROXPH�PRQLWRUHG�E\�D
ZDWHU�YROXPH�PHWHU��0HWHRURORJLFDO�GDLO\�GDWD�RI�PD[LPXP�DQG�PLQLPXP�DLU�WHPSHUDWXUH�
ZLQG�VSHHG��DLU�UHODWLYH�KXPLGLW\�DQG�SUHFLSLWDWLRQ�ZHUH�FROOHFWHG�DW�D�FRPSOHWH�ZHDWKHU
VWDWLRQ�VLWXDWHG�LQ�WKH�VWXG\�DUHD��7KH�DUHD�RI�WZR�KHFWDUHV�ZDV�GLYLGHG�LQWR�WZR�SORWV��RQH
ZDV�PDQDJHG�DFFRUGLQJ�WR�GDWD�LQWHJUDWLRQ�IURP�WKH�EHIRUH�PHQWLRQHG�VRXUFHV��ZKLOH�D
FRQWURO �DUHD�ZDV�GHILQHG��ZKRVH�PDQDJHPHQW�ZDV�EDVHG�RQ�WKH�IDUPHU
V�RZQ�FULWHULD�
'XULQJ�WKH�H[SHULPHQW��FURS�GHYHORSPHQW�DQG�LUULJDWLRQ�DGYLFH�ZHUH�WKHQ�PRQLWRUHG�LQ�UHDO�
WLPH�XVLQJ�SDUDPHWHUL]DWLRQ�RI�WKH�$TXD&URS�PRGHO��$TXD&URS�SUHGLFWLRQ�SHUIRUPDQFHV
ZHUH�HYDOXDWHG�XVLQJ�WRPDWR�\LHOG�DQG�ILHOG�LUULJDWLRQ�GDWD�DV�D�UHIHUHQFH�ERWK�LQ�WKH�FDVH�RI
$TXD&URS�LPSOHPHQWHG�ZLWK�SDUDPHWHU�VHWWLQJV�EDVHG�RQ�WKH�EHVW�D�SULRUL�NQRZOHGJH�RI�WKH
SURFHVVLQJ�WRPDWR�FXOWLYDU�DQG�RI�VHTXHQWLDO�FRUUHFWLRQ�E\�$TXD&URS�WKURXJK�IRUFLQJ�WKH
VLPXODWHG�FDQRS\�FRYHU�ZLWK�WKH�FDQRS\�FRYHU�REVHUYHG�E\�VDWHOOLWH�LPDJHV�

�

,QWHUPHGLDWH�UHVXOWV�DUH�YHU\�HQFRXUDJLQJ��VKRZLQJ�D�UHGXFWLRQ�RI�ZDWHU�FRQVXPSWLRQ�RI
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PRUH�WKDQ�WKUHH�WLPHV�LQ�FRPSDULVRQ�ZLWK�WUDGLWLRQDO�PDQDJHPHQW��UHVXOWLQJ�LQ�D�YHU\�VOLJKW
YDULDWLRQ�LQ�WKH�QXPEHU�DQG�VL]H�RI�WKH�IUXLW��PRUHRYHU��ZH�IRXQG�D�����UHGXFWLRQ�LQ�OHDI
ELRPDVV� �&URS �KDUYHVWLQJ �ZLOO �DOORZ �XV �WR �WDNH �GHILQLWLYH �GDWD �DQG �FRQFOXVLRQV �IURP
WKLV�H[SHULPHQW�


