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&LYLO DYLDWLRQ DQG DLUSRUWV DUH PDMRU XUEDQ VRXUFHV RI 8OWUDILQH 3DUWLFOHV �8)3V� DQG 9RODWLOH 2UJDQLF &RPSRXQGV �92&V���
8)3V DUH D FRQFHUQ EHFDXVH WKHLU VPDOO VL]H ����� QP� DOORZV GHHS OXQJ SHQHWUDWLRQ DQG DVVRFLDWHG KHDOWK ULVNV� 7KH
DYLDWLRQ HPLVVLRQ SURILOH IURP WKH 86$¶V (QYLURQPHQWDO 3URWHFWLRQ $JHQF\ LQFOXGHV �� KD]DUGRXV 92&V RI ZKLFK PDQ\
DUH FDUFLQRJHQLF 3RO\F\FOLF $URPDWLF +\GURFDUERQV �3$+V��� 92&V FDQ DFW DV SUHFXUVRUV WR VHFRQGDU\ RUJDQLF DHURVROV
DQG ORZ�YRODWLOLW\ 92&V FDQ FRQGHQVH RQ SDUWLFOHV� DOWHULQJ WKHLU SURSHUWLHV� 7R FKDUDFWHUL]H 8)3V DQG 92&V HPLVVLRQV
IURP DYLDWLRQ� WZR LQWHQVLYH RQH�PRQWK PHDVXUHPHQW FDPSDLJQV RI JDVHRXV DQG SDUWLFXODWH PDWWHU ZHUH SHUIRUPHG LQ
1RYHPEHU ���� DQG $XJXVW ����� � NP GRZQZLQG RI =�ULFK $LUSRUW� 7KH UHVXOWV LQGLFDWH WKDW KLJK 8)3 QXPEHU
FRQFHQWUDWLRQV XS WR ��� ��� FP�� RULJLQDWH VROHO\ IURP DLUFUDIW RSHUDWLRQV� DV VKRZQ E\ WKH VLPLODU GLXUQDO SURILOHV EHWZHHQ
DLU WUDIILF PRYHPHQWV DQG 8)3V FRQFHQWUDWLRQV LQ )LJ� �D� 7KHVH HPLVVLRQV DUH HLWKHU DGYHFWHG GRZQZLQG RI WKH DLUSRUW RU
PL[HG GRZQZDUG GXULQJ DLUFUDIW ODQGLQJ RYHUSDVVHV� 8VLQJ 3RVLWLYH 0DWUL[ )DFWRULVDWLRQ �30)� RQ WKH 92&86 3URWRQ
7UDQVIHU 5HDFWLRQ 0DVV 6SHFWURPHWHU �375�06� GDWD� D IDFWRU FRQWDLQLQJ QDSKWKDOHQH VSHFLHV DQG VHYHUDO DONDQHV ZLWK P�]
! ��� �)LJ� � F� KDV EHHQ DWWULEXWHG WR 92&V DYLDWLRQ�UHODWHG HPLVVLRQV� 7KLV LV IXUWKHU VXSSRUWHG E\ WKH FR�LQFUHDVH RI LWV
WLPH VHULHV ZLWK 8)3V WHPSRUDO HYROXWLRQ �)LJ ��E�� +RZHYHU� ZKHQ WKH VLWH LV QRW GRZQZLQG DQG XQGHU WKH LQIOXHQFH RI
ODQGLQJ RYHUSDVVHV� RQO\ 8)3V FRQFHQWUDWLRQV LQFUHDVHG� UDWKHU WKDQ WKH 92&V DYLDWLRQ�UHODWHG IDFWRU �)LJ� �D�� KLJKOLJKWLQJ
ODQGLQJ RYHUSDVVHV DV D PDMRU VRXUFH RI 8)3V EXW QRW RI 92&V� 7KLV FRQWUDVW OLNHO\ UHVXOWV IURP ORZHU HQJLQH WKUXVW GXULQJ
WD[LLQJ DW WKH DLUSRUW WKDQ GXULQJ ODQGLQJ RYHUSDVV� ZKLFK SURGXFHV PRUH 92&V GXH WR UHGXFHG FRPEXVWLRQ HIILFLHQF\�� $W
WKLV VWDJH� ZH FDQQRW H[FOXGH D FRQWULEXWLRQ RI 92& HPLVVLRQV IURP HQJLQH UHIXHOOLQJ� )XWXUH ZRUN ZLOO LQYHVWLJDWH WKH
IRUPDWLRQ DQG HYROXWLRQ RI 92&V LQ DYLDWLRQ SOXPHV DQG WKHLU SRWHQWLDO UROH LQ 8)3V IRUPDWLRQ DQG JURZWK� 7KH ZLGHVSUHDG
SUHVHQFH RI 8)3V DQG WKH FR�HPLVVLRQ RI 92&V SRVHV KHDOWK FRQFHUQV IRU FRPPXQLWLHV QHDU DLUSRUWV WKDW VKRXOG EH
DGGUHVVHG�
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8OWUDILQH�SDUWLFOH�FKDUDFWHUL]DWLRQ�LQ�WKH�QHDU�URDG�HQYLURQPHQW��DVVRFLDWLRQ�ZLWK�WUDIILF�FRPSRVLWLRQ�XVLQJ�KLJK

WLPH�UHVROXWLRQ�WUDIILF�FRXQWV�

5��0RUDOHV���/��*X]PDQ�

�'HSDUWPHQW�RI�&LYLO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ�

7UDIILF UHODWHG DLU SROOXWLRQ �75$3� LV D GRPLQDQW VRXUFH RI XOWUD ILQH SDUWLFOHV �8)3� DQG %ODFN &DUERQ �%&�� HVSHFLDOO\ LQ
GHQVHO\ SRSXODWHG XUEDQ DUHDV� 'XH WR WKH UDSLG LQWURGXFWLRQ RI ORZ� DQG ]HUR�H[KDXVW HPLVVLRQ YHKLFOHV DURXQG WKH ZRUOG�
WKH DHURVRO SDUWLFOHV LQ WKH QHDU�URDG HQYLURQPHQW DUH HYROYLQJ UDSLGO\� 7KH FLW\ RI %RJRWi� LQ &RORPELD� ZKLFK VWLOO IDFHV
VHULRXV DLU SROOXWLRQ OHYHOV� KDV UHFHQWO\ DGRSWHG FOHDQHU SXEOLF SROLFLHV DLPLQJ DW LPSURYLQJ DLU TXDOLW\� $PRQJ WKHVH
HIIRUWV� WKH FLW\ KDV LQFOXGHG RYHU ���� EDWWHU\ HOHFWULF SXEOLF WUDQVSRUW EXVHV �DERXW ��� RI WKH WRWDO�� DV ZHOO DV D VLPLODU
QXPEHU RI &1* SXEOLF WUDQVSRUW EXVHV WKDW KDG UHSODFHG ROGHU SUH�(852 GLHVHO�SRZHU EXVHV� ,Q WKLV ZRUN� ZH UHSRUW RQ WKH
FKDUDFWHUL]DWLRQ RI WKH QHDU�URDG DHURVRO SDUWLFOHV LQ D �� NP VWUHWFK RI D PDLQ URDG ZKHUH PDQ\ ROGHU EXVHV KDYH EHHQ
UHSODFHG E\ (9 DQG &1* SXEOLF WUDQVSRUW EXVHV� 7KH PDLQ REMHFWLYH LV WR TXDQWLI\ REVHUYDEOH WUDQVIRUPDWLRQ RI WKH QHDU�
URDG H[SRVXUH WR 8)3 DQG %& XQGHU WKH UHFHQW LQYHVWPHQWV LQ FOHDQHU WUDQVSRUW DOWHUQDWLYHV� 7KH PHDVXUHPHQWV ZHUH FDUULHG
RXW IURP $XJXVW WR 1RYHPEHU RI ����� ERWK DW VWDWLF VLWHV �RQ � EXV VWRSV DORQJ WKH VWXG\ URDG� DV ZHOO DV E\ SHGHVWULDQV
FDUU\LQJ SRUWDEOH PRQLWRULQJ GHYLFHV� 7KH LQVWUXPHQWDWLRQ GHSOR\HG DW WKH EXV�VWRSV LQFOXGHG GHYLFHV IRU GHWHUPLQLQJ
DHURVRO VL]H GLVWULEXWLRQ DQG SDUWLFOH QXPEHU FRQFHQWUDWLRQV �IURP �� QP WR �� �P�� DV ZHOO DV %& DQG 30���� 6L]H
GLVWULEXWLRQV ZHUH PHDVXUHG ZLWK D UDGLDO '0$ �76, PRGHO ����� DQG DQ RSWLFDO SDUWLFOH VL]HU IRU ODUJHU SDUWLFOHV �76,
PRGHO ������ 0RELOH PHDVXUHPHQWV RI 8)3 ZHUH FDUULHG RXW ZLWK KDQG�KHOG FRQGHQVDWLRQ SDUWLFOH FRXQWHUV �76, PRGHO
����� DQG SRUWDEOH DHWKDORPHWHUV IRU %& �$HWK/DEV� PRGHO $(���� 2YHUDOO� ZH FROOHFWHG SHUVRQDO H[SRVXUH PHDVXUHPHQWV
IRU SHGHVWULDQV DQG F\FOLVWV RYHU KXQGUHGV RI NLORPHWHUV WUDYHOLQJ DORQJ WKH PDLQ URDG� 'XULQJ WKH VDPSOLQJ SHULRG� ZH DOVR
UHJLVWHUHG WUDIILF FRXQWV DW ���VHFRQG UHVROXWLRQ� E\ DQDO\]LQJ YLGHR UHFRUGLQJV FROORFDWHG ZLWK UHDO�WLPH SDUWLFOH
PHDVXUHPHQWV� &DWHJRULHV IRU PRWRUF\FOHV� OLJKW�GXW\ YHKLFOHV� 689V� DQG GLIIHUHQW W\SHV RI SXEOLF WUDQVSRUW EXVHV �HLWKHU
&1*� (9� RU GLHVHO�SRZHUHG� ZHUH DOVR UHFRUGHG� 7KH JHRPHWU\ RI WKH URDG ZDV FDUHIXOO\ GHWHUPLQHG WR HVWDEOLVK DQ ³XUEDQ
FDQ\RQ´ LQGH[� 7KH UHVXOWV RI WKLV REVHUYDWLRQDO VWXG\ GHPRQVWUDWHG KLJK FRQFHQWUDWLRQV DW EXV�VWRSV� ZLWK PHDQ %&
FRQFHQWUDWLRQ RI ���� �J�P� DQG 8)3 QXPEHU FRQFHQWUDWLRQ RI ������ SDUW�FP� WKURXJKRXW WKH FDPSDLJQ� )RU LQGLYLGXDO
GD\V� 8)3 UHDFKHG PHDQ YDOXHV RI RYHU ������� SDUW�FP�� 6LPLODUO\ KLJK YDOXHV ZHUH REVHUYHG IRU SHGHVWULDQV ZDONLQJ ZLWK
SRUWDEOH LQVWUXPHQWV� IRU ZKRP WKH DYHUDJH SHUVRQDO H[SRVXUH FRQFHQWUDWLRQ ZDV ���� �J�P� RI %& DQG ������ SDUW �FP� IRU
8)3� )RU WKH DQDO\VLV� WKH FRQFHQWUDWLRQ WLPH�VHULHV ZHUH GHFRPSRVHG LQ D VORZ� DQG D UDSLG�YDU\LQJ FRPSRQHQW� :H IRXQG
D VWURQJ DVVRFLDWLRQ EHWZHHQ WKH IDVW�YDU\LQJ DHURVRO ILHOG DQG WUDIILF YROXPH� ZKLOH WKH VORZ�YDU\LQJ SDUW ZDV FORVHO\
DVVRFLDWHG ZLWK EDFNJURXQG FRQFHQWUDWLRQV DQG VWUHHW JHRPHWU\� )XUWKHUPRUH� RXU GDWD VXJJHVWV WKDW WKH IUHTXHQF\ RI KLJK
%& FRQFHQWUDWLRQ HYHQWV FDQ EH IXOO\ H[SODLQHG E\ WKH SUHYDOHQFH RI KLJK�HPLWWLQJ GLHVHO YHKLFOHV RI DOO W\SHV� 7KHVH HYHQWV�
KRZHYHU� RQO\ H[SODLQ D PLQRU IUDFWLRQ RI WKH REVHUYHG %& FRQFHQWUDWLRQ� VXJJHVWLQJ WKDW PRWRUF\FOHV DQG OLJKW�GXW\
YHKLFOHV DUH VLJQLILFDQW VRXUFHV RI %& DQG 8)3 LQ WKLV URDG� 2XU PHDVXUHPHQWV FOHDUO\ VKRZ WKDW WKH HIIRUWV WR PRGHUQL]H
WKH SXEOLF WUDQVSRUW IOHHW DUH VWLOO IDU IURP HQRXJK WR DFKLHYH DQ HIIHFWLYH UHGXFWLRQ LQ 8)3 DQG %& FRQFHQWUDWLRQV�
SDUWLFXODUO\ LQ WKH QHDU URDG HQYLURQPHQW� )XWXUH VWXGLHV VKRXOG DQDO\]H WKH FRQWULEXWLRQ IURP PRWRUF\FOHV WR WKH QHDU�URDG
DHURVRO ILHOGV� DV WKHLU XVH KDV LQFUHDVHG GUDPDWLFDOO\ LQ WKH FLW\� ZKLFK FDQ QHJDWH WKH SRWHQWLDO EHQHILWV RI LQYHVWLQJ LQ
FOHDQHU�SXEOLF�WUDQVSRUW�DOWHUQDWLYHV�
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0HDVXULQJ�8UEDQ�$HURVRO�9RODWLOLW\�)UDFWLRQV�ZLWK�D�&DWDO\WLF�6WULSSHU�DW�DQ$&75,6�$HURVRO�2EVHUYDWRU\�
&KDUDFWHUL]DWLRQ�DQG�,PSOHPHQWDWLRQ�

0��'ROOQHU���3��6��%DXHU���9��%HUJHU���%��:HLQ]LHUO���$��.XSF���$��*DWWULQJHU���$��/��%XVVNDPS���+��-��6FKXO]���$��%RLHV����
-��6ZDQVRQ���

�&DWDO\WLF�,QVWUXPHQWV�*PE+�	�&R�.*��5RVHQKHLP���������*HUPDQ\���8QLYHUVLW\�RI�9LHQQD��)DFXOW\�RI�3K\VLFV��$HURVRO
3K\VLFV�DQG�(QYLURQPHQWDO�3K\VLFV��9LHQQD��������$XVWULD���6WDQIRUG�8QLYHUVLW\��'HSDUWPHQW�RI�(QJLQHHULQJ��6WDQIRUG��&$

�������8QLWHG�6WDWHV���0LQQHVRWD�6WDWH�8QLYHUVLW\��0DQNDWR��01��������8QLWHG�6WDWHV�

$HURVRO SDUWLFOHV SOD\ D FHQWUDO UROH LQ DWPRVSKHULF SURFHVVHV� LQIOXHQFLQJ DLU TXDOLW\� KXPDQ KHDOWK� DQG FOLPDWH� 7R IXOO\
XQGHUVWDQG WKHVH LPSDFWV� LW LV HVVHQWLDO WR TXDQWLI\ QRW RQO\ WKH SK\VLFDO SURSHUWLHV VXFK DV FRQFHQWUDWLRQ RU VL]H EXW DOVR
WKHLU FKHPLFDO FRPSRVLWLRQ� 2IIOLQH FKHPLFDO DQDO\VLV RI DHURVRO VDPSOHV RU RQOLQH PDVV VSHFWURPHWU\ DUH JHQHUDOO\
FRPSOLFDWHG RU H[SHQVLYH� $QRWKHU HIILFLHQW PHWKRG LV WR GHWHUPLQH WKH SDUWLWLRQLQJ EHWZHHQ WKH YRODWLOH DQG QRQ�YRODWLOH
IUDFWLRQV� 7KLV LQIRUPDWLRQ SURYLGHV LQVLJKW LQWR WKH FKHPLFDO FRPSRVLWLRQ RI DQ DLU PDVV DQG DOORZV WR LQIHU LQIRUPDWLRQ
DERXW�DHURVRO�VRXUFHV��FKHPLFDO�DJLQJ��DQG�WUDQVIRUPDWLRQ�SURFHVVHV�LQ�WKH�DWPRVSKHUH�>H�J������������@�
$ FDWDO\WLF VWULSSHU �&6� LV FRPPRQO\ XVHG WR VHSDUDWH WKH YRODWLOH DQG VHPL�YRODWLOH IUDFWLRQ IURP WKH VROLG DHURVRO
SDUWLFOHV� ZKLFK DOORZV IRU SUHFLVH PHDVXUHPHQW RI WKH QRQ�YRODWLOH IUDFWLRQ DQG WKH WRWDO DHURVRO ORDG >�@� &RPSDUHG WR D
WKHUPDO GHQXGHU� LW KDV WKH DGYDQWDJH WKDW YRODWLOH VXEVWDQFHV XQGHUJR FDWDO\WLF WUDQVIRUPDWLRQ DQG FDQQRW UHFRQGHQVH LQWR
SDUWLFOHV DIWHU WUHDWPHQW� 7KH &6 KDV VXFFHVVIXOO\ EHHQ XVHG LQ PDQ\ DXWRPRWLYH DSSOLFDWLRQV VXFK DV 3DUWLFOH 0HDVXUHPHQW
3URJUDP �303� FRPSOLDQW VWXGLHV >�� �@� +RZHYHU� QRW PDQ\ DWPRVSKHULF DHURVRO VWXGLHV DSSO\ WKLV VLPSOH GLVWLQFWLRQ
EHWZHHQ YRODWLOH DQG VROLG SDUWLFOHV� ZKLFK SOD\V DQ LPSRUWDQW IDFWRU IRU WKH LQYHVWLJDWLRQ RI DLU TXDOLW\� KXPDQ KHDOWK DQG
FOLPDWH�LPSDFW�RI�DHURVROV�
+HUH ZH SUHVHQW WKH DSSOLFDWLRQ RI D &6 IRU PHDVXUHPHQWV RI QRQ�YRODWLOH DHURVRO SDUWLFOHV DW WKH $HURVRO 2EVHUYDWRU\ RI WKH
8QLYHUVLW\ RI 9LHQQD ZKLFK LV RQ WUDFN WR EHFRPH D 1DWLRQDO )DFLOLW\ IRU DHURVRO LQ�VLWX REVHUYDWLRQV ZLWKLQ WKH SDQ�
(XURSHDQ $HURVRO� &ORXGV� DQG 7UDFH *DV 5HVHDUFK ,QIUDVWUXFWXUH $&75,6� 7KLV VWXG\ LQFOXGHV WKH FKDUDFWHUL]DWLRQ RI WKH
&6 ZLWK UHVSHFW WR SDUWLFOH SHQHWUDWLRQ DQG UHPRYDO HIILFLHQF\ RI YRODWLOH DQG VHPL�YRODWLOH FRPSRQHQWV� )RU SDUWLFOH
SHQHWUDWLRQ VLOYHU SDUWLFOHV ZHUH JHQHUDWHG ZLWK WKH 6LOYHU 3DUWLFOH *HQHUDWRU �63*� DQG WUHDWHG E\ WKH 6LQWHULQJ 6WDJH
6���� WR REWDLQ WKHUPDOO\ VWDEOH VLOYHU VSKHUHV LQ WKH VL]H UDQJH EHWZHHQ � QP DQG ��� QP� 7KH FKDUDFWHUL]DWLRQ RI WKH
UHPRYDO HIILFLHQF\ RI YRODWLOH DQG VHPL�YRODWLOH SDUWLFOHV LV GRQH ZLWK WHWUDFRQWDQH� ZKLFK LV D ZHOO�HVWDEOLVKHG PHWKRG LQ
PDQ\�UHJXODWLRQV�IRU�WKH�WHVWLQJ�RI�YRODWLOH�SDUWLFOH�UHPRYDO��935��V\VWHPV�LQ�WKH�DXWRPRWLYH�VHFWLRQ��H�J��(XUR����
7KH DLP RI WKLV VWXG\ LV WR SUHVHQW LQLWLDO UHVXOWV IURP FRQWLQXRXV PHDVXUHPHQWV RI WKH QRQ�YRODWLOH DHURVRO IUDFWLRQ RYHU
VHYHUDO ZHHNV DW WKH $HURVRO 2EVHUYDWRU\ LQ 9LHQQD� GHPRQVWUDWLQJ WKHLU SRWHQWLDO IRU VRXUFH LGHQWLILFDWLRQ DQG FKHPLFDO
FKDUDFWHUL]DWLRQ��DQG�KLJKOLJKWLQJ�WKH�LPSRUWDQFH�RI�QRQ�YRODWLOH�SDUWLFOH�PHDVXUHPHQWV�

>�@ :HLQ]LHUO� %�� 3HW]ROG� $�� (VVHOERUQ� 0�� :LUWK� 0�� 5DVS� .�� .DQGOHU� .�� 6FK�W]� /�� .RHSNH� 3�� )LHELJ� 0� �������
7HOOXV�%��&KHPLFDO�DQG�3K\VLFDO�0HWHRURORJ\�����������±����
>�@ :HKQHU� %�� 7� 3HWlMl� 0� %R\� &� (QJOHU� :� %LUPLOL� 7� 7XFK� $� :LHGHQVRKOHU� 0� .XOPDOD ������� *HRSK\V� 5HV�
/HWW�������/������
>�@�(KQ��0���3HWlMl��7���%LUPLOL��:���-XQQLQHQ��+���$DOWR��3���.XOPDOD��0����������$WPRV��&KHP��3K\V�����
>�@ :HKQHU� %�� %HUJKRI� 0�� &KHQJ� <� )�� $FKWHUW� 3�� %LUPLOL� :�� 1RZDN� $�� :LHGHQVRKOHU� $�� *DUODQG� 5� 0�� 3|VFKO�
8���+X��0��=KX�7����������-��*HRSK\V��5HV������
>�@�6ZDQVRQ��-���.LWWHOVRQ��'����������-��$HURVRO�6FL���������������
>�@�*LHFKDVNLHO��%���0HODV��$�'���/lKGH��7���0DUWLQL��*����������9HKLFOHV�����������
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$�FRPSUHKHQVLYH�FKDUDFWHUL]DWLRQ�RI�SDUWLFOHV�HPLWWHG�E\�,QWHUQDO�&RPEXVWLRQ�(QJLQHV�XVLQJ�GLIIHUHQW�VDPSOLQJ�DQG

DQDO\WLFDO�WHFKQLTXHV��

6��9DOHQWLQL���&��)HUUDUHVH�����'��0DQDUD���-��3RQWL���*��6FKLULQ]L���$��9DOVHVLD���1��)RQVHFD�*RQ]DOH]���*��0DUWLQL�
�

�(XURSHDQ�&RPPLVVLRQ��-RLQW�5HVHDUFK�&HQWUH��-5&���9LD�(QULFR�)HUPL�������,VSUD��,WDO\���(76,�0LQDV�\�(QHUJtD�
8QLYHUVLGDG�3ROLWpFQLFD�GH�0DGULG��3DVHR�-XDQ�;;,,,����0DGULG��6SDLQ�

,QWHUQDO &RPEXVWLRQ (QJLQHV �,&(V� HPLW PLFURPHWULF DQG QDQRPHWULF SDUWLFXODWH PDWWHU� ZKLFK FRQWULEXWHV WR DLU SROOXWLRQ
DQG JOREDO ZDUPLQJ DQG SRVHV D WKUHDW WR KXPDQ KHDOWK� 7HFKQRORJLFDO DGYDQFHV LQ WKH FRPEXVWLRQ SURFHVV DQG WKH
LQWURGXFWLRQ RI VXLWHG SDUWLFXODWH ILOWHUV KDYH FRQVLGHUDEO\ UHGXFHG� LQ WKH ODVW FRXSOH RI GHFDGHV� WKH DPRXQW RI VXFK
SDUWLFOHV UHOHDVHG LQ WKH HQYLURQPHQW� 7KHVH DGYDQFHV DUH FHUWDLQO\ HQFRXUDJLQJ DQG UHDVVXULQJ� +RZHYHU� D GHHSHU
FRPSUHKHQVLRQ RI WKH SDUWLFXODWH SK\VLFV DQG FKHPLVWU\� DW ERWK PLFURPHWULF DQG QDQRPHWULF VFDOHV� ZRXOG JUHDWO\ KHOS
XQGHUVWDQGLQJ LWV EHKDYLRXU ERWK LQVLGH WKH YHKLFOHV DIWHU�WUHDWPHQW V\VWHPV �$76V� DQG RQFH UHOHDVHG LQ WKH DWPRVSKHUH�
7KH SUHVHQW ZRUN LV DLPHG DW VXFK H[WHQVLYH NQRZOHGJH RI WKH ,&(�HPLWWHG SDUWLFXODWH EHKDYLRXU� H[SORLWLQJ VHYHUDO
VDPSOLQJ WHFKQLTXHV DQG DQDO\WLFDO PHWKRGRORJLHV VXFK DV 7UDQVPLVVLRQ (OHFWURQ 0LFURVFRS\ �7(0�� (QHUJ\�'LVSHUVLYH ;�
5D\ �(';� DQDO\VLV� 6LQJOH�3DUWLFOH ([WLQFWLRQ DQG 6FDWWHULQJ �63(6� DQG 5DPDQ PLFUR�VSHFWURVFRS\ WR LQYHVWLJDWH WKH
SURSHUWLHV�RI�SDUWLFOHV�FROOHFWHG�DW�YDULRXV�VWDJHV�RI�,&(�DQG�$76V�

6DPSOHV ZHUH REWDLQHG IROORZLQJ WKH JXLGHOLQHV RXWOLQHG LQ WKH (XURSHDQ &RPPLVVLRQ 5HJXODWLRQ ���� ������ GXULQJ
FKDVVLV�G\QR GULYLQJ WHVWV SHUIRUPHG XQGHU VWDQGDUGL]HG W\SH�DSSURYDO FRQGLWLRQV RQ YDULRXV PRGHUQ GLHVHO� DQG JDVROLQH�
IXHOOHG�YHKLFOHV��7KH�SDUWLFXODWH�VDPSOHV�ZHUH�FROOHFWHG�IURP�WKH�HQJLQH�RXW��UDZ�DQG�GLOXWHG�WDLOSLSH�H[KDXVW�

$ 7(0 VDPSOHU ZDV XVHG WR FROOHFW VDPSOHV RQ FDUERQ�FRDWHG FRSSHU JULGV GHGLFDWHG WR 7(0 DQG ('; DQDO\VHV� $
0,&52�366 �3RUWDEOH 3DUWLFXODWH 6DPSOLQJ 6\VWHP� DQG WKH 366 RQ WKH GLOXWLRQ WXQQHO RI D &RQVWDQW 9ROXPH 6DPSOHU
�&96� V\VWHP ZHUH HPSOR\HG IRU WKH FROOHFWLRQ RI SDUWLFOHV RQ 4XDUW]�ILEUH DQG 37)(�FRDWHG JODVV�ILEUH ILOWHUV� WR EH ODWHU
LQYHVWLJDWHG E\ PHDQV RI 5DPDQ PLFUR�VSHFWURVFRS\� $OLTXRWV H[WUDFWHG IURP VHOHFWHG ILOWHU VDPSOHV ZHUH DQDO\VHG ZLWK
63(6� $Q LQQRYDWLYH DSSURDFK ZDV DOVR H[SORUHG� VLQJOH SDUWLFOHV LGHQWLILHG ZLWK 5DPDQ ZHUH LVRODWHG DQG H[WUDFWHG IURP
WKH�ILOWHUV��WKHQ�GHSRVLWHG�RQ�7(0�JULGV�WR�SHUIRUP�D�FRUUHODWLYH�7(0�DQDO\VLV��

7KH UHVXOWV REWDLQHG DW WKLV VWDJH RI DQDO\VLV VKRZ WKDW VRRW DQG SDUWLFXODWH HPLWWHG DW WKH HQJLQH�RXW VWDJH HVVHQWLDOO\ FRQVLVW
RI EODFN FDUERQ� +RZHYHU� RWKHU W\SHV RI SDUWLFOHV FDQ EH GHWHFWHG GRZQVWUHDP WKH $76� DQG DW GLIIHUHQW VWDJHV RI WKH
HPLVVLRQ DQDO\VLV V\VWHP� )RU LQVWDQFH� WKH IRUPDWLRQ RI HORQJDWHG FDUERQ VWUXFWXUHV VLPLODU WR DJJORPHUDWHV RI QDQRURGV KDV
EHHQ REVHUYHG E\ 7(0 DW WKH YHKLFOH UDZ WDLOSLSH �DIWHU WKH SDUWLFXODWH ILOWHU DQG EHIRUH WKH &96 GLOXWLRQ V\VWHP�� &96�
GLOXWHG VDPSOHV� LQVWHDG� FRQWDLQHG� DV H[SHFWHG� PXFK IHZHU SDUWLFOHV� HVVHQWLDOO\ FRQVLVWLQJ RI EODFN FDUERQ DJDLQ� 7KH
SUHVHQWHG PHWKRGRORJ\ KLJKOLJKWV WKH DGYDQWDJHV RI FRPELQLQJ VHYHUDO WHFKQLTXHV WR XQGHUVWDQG WKH G\QDPLFV DQG UHDFWLRQV
RI WKH ,&( H[KDXVW LQ WKH YHKLFOH DQG VDPSOLQJ V\VWHPV� ,Q DGGLWLRQ� LW SDYHV WKH ZD\ WR H[WHQVLYH FRUUHODWLYH DQDO\VHV WR EH
SHUIRUPHG ZLWK PXOWLSOH PHWKRGV �H�J� 7(0 DQG 5DPDQ� RQ WKH VDPH VDPSOH WR REWDLQ D FRPSUHKHQVLYH SDUWLFXODWH
FKDUDFWHUL]DWLRQ�WKDW�FRXOG�EH�H[WHQGHG�WR�WKH�VWXG\�RI�QRQ�H[KDXVW�SDUWLFOHV�VXFK�DV�WKRVH�IURP�W\UH�DQG�EUDNH�ZHDU�
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��6HVVLRQ����3RVWHUV�6HVVLRQ�$��3RVWHU �%
��
)LHOG�6WXG\�2Q�7KH�$EDWHPHQW�(IIHFW�2I�3DUWLFOHV�,Q�(QJLQH�([KDXVW�2I�([FDYDWRU�(TXLSSHG�:LWK�'2&�$QG�'3)�

-��76$,���6��=KXR������:DQJ�

�3URIHVVRU���6WXGHQW�

7KLV VWXG\ LQYHVWLJDWHG WKH SDUWLFXODWH FRQWURO HIILFLHQF\ LQ WKH HQJLQH H[KDXVW RI D GLHVHO�SRZHUHG H[FDYDWRU HTXLSSHG ZLWK
D '2&�'3) ILOWUDWLRQ V\VWHP XQGHU RSHUDWLQJ PRGHV DW D FRQVWUXFWLRQ VLWH� 7KH H[FDYDWRU KDV DQ HQJLQH GLVSODFHPHQW RI
����� FP� ZLWK D UDWHG SRZHU RI ��� N:� ZKLFK KDV EHHQ LQ VHUYLFH IRU �� \HDUV� $ '2&�'3) DIWHUWUHDWPHQW V\VWHP IRU
HQJLQH H[KDXVW ZDV HPSOR\HG IRU � \HDUV� ZLWK ERWK FRPSRQHQWV XWLOL]LQJ FRUGLHULWH FHUDPLF VXEVWUDWHV� 7KH FDWDO\WLF
FRDWLQJ PDWHULDOV LQFOXGH SODWLQXP DQG SDOODGLXP� 7KH SRURVLW\ RI '2& DQG '3) DUH ��� DQG �� �� DQG WKH PHDQ VL]H RI
SRUHV LV ��a��XP DQG �a�XP� UHVSHFWLYHO\� 7KH ILOWUDWLRQ V\VWHP KDV D FXPXODWLYH RSHUDWLQJ WLPH RI ��� KRXUV� 7KH GLHVHO
IXHO XVHG KDG D VXOIXU FRQWHQW RI ��� PJ�NJ� SRO\F\FOLF DURPDWLF K\GURFDUERQV �3$+V� DW ����� DQG D FHWDQH QXPEHU RI
����� 3DUWLFOH QXPEHU �31� FRQFHQWUDWLRQV ZHUH PHDVXUHG XVLQJ DQ RSWLFDO SDUWLFOH FRXQWHU SDLUHG ZLWK D FDOLEUDWLRQ V\VWHP�
ZKLFK FRXOG PDNH UHDO�WLPH PHDVXUHPHQWV WKURXJK GLUHFW H[KDXVW VDPSOLQJ DQG D GLOXWLRQ GHYLFH� 3DUWLFOH QXPEHU
FRQFHQWUDWLRQV ZHUH PHDVXUHG E\ D 76, 'XVW7UDN ���� PRQLWRU� *DVHRXV SROOXWDQWV� LQFOXGLQJ &2� 12� DQG 12�� ZHUH
GHWHFWHG E\ XVLQJ DQ HOHFWURFKHPLFDO DQDO\]HU� 0DVV FRQFHQWUDWLRQ RI SDUWLFOHV ZDV GHULYHG E\ ILOWHU VDPSOHV� ZKLFK ZHUH
FROOHFWHG E\ PDQXDO RSHUDWLRQ IROORZLQJ DQ LVRNLQHWLF VDPSOLQJ SURWRFRO DQG DQDO\]HG LQ WKH ODERUDWRU\� $OO PHDVXUHPHQWV
ZHUH FRQGXFWHG XQGHU ERWK LGOLQJ DQG RSHUDWLQJ PRGHV RI WKH H[FDYDWRU� 7KH UHVXOWV RI WKH LGOH PRGH WHVW LQGLFDWH WKDW WKH
DYHUDJH 30��� FRQFHQWUDWLRQ LQ WKH HQJLQH H[KDXVW ZLWKRXW FRQWURO E\ '2&�'3) ZDV ���� PJ�Pñ� 7KH DYHUDJH
FRQFHQWUDWLRQ GHFUHDVHG WR ���� PJ�Pñ ZLWK FRQWURO GHYLFHV� 7KH FRQWURO HIILFLHQF\ RI 30��� ZDV DSSUR[LPDWHO\ ���� 7KH
DYHUDJH 31 FRQFHQWUDWLRQ ZDV ���� î ��� ��FPñ DQG ����î �����FPñ� ZLWK DQG ZLWKRXW FRQWURO E\ '2&�'3)� UHVSHFWLYHO\�
&2 FRQFHQWUDWLRQV ZHUH ���SSP DQG ��SSP� 7KH UHVXOWV XQGHU H[FDYDWRU RSHUDWLQJ FRQGLWLRQV LQGLFDWHG WKDW WKH
FRQFHQWUDWLRQ LQ HQJLQH H[KDXVW ZLWKRXW '2&�'3) WUHDWPHQW ZDV ��� SSP IRU &2� ���� î ��� ��FPñ IRU 31� DQG ����
PJ�P� IRU 30� 7KH FRQFHQWUDWLRQ LQ HQJLQH H[KDXVW ZLWK '2&�'3) WUHDWPHQW ZDV � SSP IRU &2� ���� î ��� ��FP� IRU
31� DQG ���� PJ�P� IRU 30� UHVSHFWLYHO\� 2YHUDOO� WKH ILHOG PHDVXUHPHQW UHVXOWV GHPRQVWUDWH WKDW LQVWDOOLQJ D '2&�'3)
V\VWHP RQ D GLHVHO�SRZHUHG H[FDYDWRU FRXOG VLJQLILFDQWO\ UHGXFH HPLVVLRQV RI SDUWLFOHV DQG &2 LQ WKH HQJLQH H[KDXVW�
UHVSHFWLYHO\�

���'� 6KLQ� 6� 0RRQ� -� +DP� +� .LP� &� <RR� 6� .LP� 6� 3DUN� (QYLURQPHQWDO 3ROOXWLRQ� ����� ���� ������� ���-� +X�
-��/LDR��<��+X��-��/HL��0��=KDQJ��-��=KRQJ��=��&DL��)XHO�������������������
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��6HVVLRQ����3RVWHUV�6HVVLRQ�$��3RVWHU �&
��
5RDGVLGH�2SWLFDO�9HKLFOH�(PLVVLRQV�5HSRUWHU��529(5��,,,�3URMHFW��(YLGHQFH�RI�H[KDXVW�WDPSHULQJ�LQ�$OEHUWD�

&DQDGD�

9��+RVVHLQL���1��5D]]DJKL�

�6FKRRO�RI�6XVWDLQDEOH�(QHUJ\�(QJLQHHULQJ��6LPRQ�)UDVHU�8QLYHUVLW\��9DQFRXYHU��&DQDGD�

7KH 529(5 ,,, SURMHFW �����±����� XVHG WKH RQ�URDG UHPRWH VHQVLQJ WHFKQRORJ\ WR FKDUDFWHUL]H UHDO�ZRUOG HPLVVLRQV IURP
OLJKW�GXW\ JDVROLQH YHKLFOHV �/'*9V� DQG KHDY\�GXW\ GLHVHO YHKLFOHV �+''9V� DFURVV PXOWLSOH XUEDQ FHQWUHV LQ $OEHUWD�
&DQDGD� 0RWLYDWHG E\ HYLGHQFH WKDW D VPDOO IUDFWLRQ RI YHKLFOHV GLVSURSRUWLRQDWHO\ FRQWULEXWHV WR IOHHW�ZLGH HPLVVLRQV�
529(5 ,,, HYDOXDWHG HPLVVLRQ VNHZQHVV� WKH SUHYDOHQFH RI KLJK HPLWWHUV� DQG WKH LQ�XVH SHUIRUPDQFH RI PRGHUQ HPLVVLRQ
FRQWURO V\VWHPV� )RU /'*9V� YHKLFOHV OHVV WKDQ �� \HDUV ROG DFFRXQWHG IRU PRUH WKDQ KDOI RI H[FHVV +& HPLVVLRQV�
VXJJHVWLQJ SUHPDWXUH GHWHULRUDWLRQ RI HPLVVLRQ FRQWURO V\VWHPV DQG�RU GHOD\HG PDLQWHQDQFH UHVSRQVHV� /LJKW�GXW\ JDVROLQH
WUXFNV� SDUWLFXODUO\ SLFNXS WUXFNV� ZHUH LGHQWLILHG DV GRPLQDQW FRQWULEXWRUV WR +& DQG 12 HPLVVLRQV� ZLWK SURQRXQFHG
VSDWLDO�YDULDELOLW\�DFURVV�FLWLHV�
)RU +''9V� HPLVVLRQV GLVWULEXWLRQV ZHUH OHVV VNHZHG EXW VKRZHG ZLGHVSUHDG H[FHHGDQFHV RI 12[ DQG SDUWLFXODWH PDWWHU
EHQFKPDUNV� $SSUR[LPDWHO\ ��� RI PRGHO \HDU ���� DQG QHZHU +''9V H[KLELWHG SHUVLVWHQWO\ HOHYDWHG 12[ HPLVVLRQV�
FRQVLVWHQW ZLWK PDOIXQFWLRQLQJ RU WDPSHUHG VHOHFWLYH FDWDO\WLF UHGXFWLRQ DQG SDUWLFXODWH ILOWUDWLRQ V\VWHPV� $PRQJ WUDFWRU
WUXFNV� ��� RI PRGHO \HDU ���� ����� YHKLFOHV VKRZHG HYLGHQFH RI PDOIXQFWLRQ RU WDPSHULQJ DQG� GHVSLWH UHSUHVHQWLQJ OHVV
WKDQ RQH TXDUWHU RI WKH IOHHW� DFFRXQWHG IRU QHDUO\ KDOI RI WRWDO WUDFWRU�WUXFN 12[ HPLVVLRQV� 3URMHFWLRQV LQGLFDWH WKDW E\
����� VXFK YHKLFOHV FRXOG LQFUHDVH WRWDO 12[ HPLVVLRQV E\ ���� UHODWLYH WR D IXOO\ FRPSOLDQW IOHHW� XS WR ���� WLPHV KLJKHU
WKDQ SUHYLRXVO\ IRUHFDVW� 7KH DVVRFLDWHG SXEOLF KHDOWK EXUGHQ LV HVWLPDWHG DW &$���� ELOOLRQ LQ GDPDJHV EHWZHHQ ���� DQG
������

�

�

>�@�2¶+DUH�.��0H\HU�0��&URZH�0��%HQRLW�-��%HUQDUG�<��5����,&&7�5HSRUW��������
>�@�%UDXQ�&��%DGVKDK�+��+RVVHLQL�9��-LQ�/��0LOOHU�-��5RGUtJXH]�)��,&&7�5HSRUW��������
>�@�&OHDQ�$LU�6WUDWHJLF�$OOLDQFH��5RDGVLGH�2SWLFDO�9HKLFOH�(PLVVLRQV�5HSRUWHU��529(5��,,,�)LQDO�5HSRUW��������
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3DUWLFOH�QXPEHU�HPLVVLRQV�IURP�D�7XUEXOHQW�-HW�,JQLWLRQ�HQJLQH�IXHOHG�ZLWK�K\GURJHQ�DQG�DPPRQLD�

,��3LHOHFKD���-��3LHOHFKD���)��6]ZDMFD���'��0LHOFDU]HZLF]�

�3R]QDQ�8QLYHUVLW\�RI�7HFKQRORJ\��3R]QDQ��3RODQG�

2EMHFWLYH RI WKH VWXG\ ZDV DQDO\VLV RI +�� 12[� DQG SDUWLFOH QXPEHU HPLVVLRQV XVLQJ D 7-, V\VWHP XQGHU SDVVLYH DQG DFWLYH
SUH�FKDPEHU FRQGLWLRQV� 6WDWLF RSHUDWLQJ FRQGLWLRQV �$9/ ����� ��F\O� Q  ���� USP� ,0(3  ���� EDU� ZHUH DSSOLHG IRU
WKH DQDO\VLV� FRYHULQJ ERWK SDVVLYH DQG DFWLYH SUH�FKDPEHU RSHUDWLRQ �)LJ� �D� ZLWK UHVSHFW WR JDVHRXV FRPSRQHQWV DQG
SDUWLFXODWH HPLVVLRQV� +\GURJHQ FRPEXVWLRQ DQG FRPEXVWLRQ RI LWV PL[WXUH ZLWK D VPDOO DPPRQLD IUDFWLRQ UHVXOW LQ GLIIHUHQW
FRQFHQWUDWLRQV RI JDVHRXV VSHFLHV� &RPEXVWLRQ RI SXUH K\GURJHQ �)LJ� �E� SURGXFHV ORZ 12 FRQFHQWUDWLRQV� UDQJLQJ IURP
DERXW �� SSP WR RYHU ��� SSP DW KLJKHU Ȝ YDOXHV� DVVRFLDWHG ZLWK OHDQ FKDUJH FRPEXVWLRQ� ,Q FRQWUDVW� D VPDOO DPPRQLD
VKDUH ���� OHDGV WR PRUH WKDQ D WHQIROG LQFUHDVH LQ 12[ HPLVVLRQV� UHVXOWLQJ IURP WKH IXHO�12 IRUPDWLRQ PHFKDQLVP
GHVFULEHG E\ WKH =HOGRYLFK PRGHO� $QDO\VLV RI XQEXUQHG K\GURJHQ �)LJ� �E� LQGLFDWHV KLJKHU YDOXHV XQGHU VLJQLILFDQWO\
OHDQHU�FRPEXVWLRQ�FRQGLWLRQV��,Q�WKLV�FDVH��WKH�XVH�RI�K\GURJHQ�RU�DPPRQLD�GRHV�QRW�UHVXOW�LQ�VLJQLILFDQW�GLIIHUHQFHV�

�

�

$QDO\VLV RI SDUWLFOH QXPEHU GLVWULEXWLRQV �)LJ� �F�I� LQGLFDWHV WKDW FRPEXVWLRQ RI GLIIHUHQW FDUERQ�IUHH IXHOV KDV D OLPLWHG
HIIHFW RQ SDUWLFOH QXPEHU FKDUDFWHULVWLFV� 8QGHU YHU\ OHDQ FRPEXVWLRQ FRQGLWLRQV� SDUWLFOH QXPEHU GHFUHDVHV IURP �(���
��FPñ DW D GLDPHWHU RI ��� QP WR �(��� ��FPñ� 6LPLODU WUHQGV ZHUH REVHUYHG IRU FRPEXVWLRQ RI WKH K\GURJHQ±DPPRQLD
PL[WXUH� (DFK LQFUHDVH LQ SUH�FKDPEHU IXHO GRVH UHGXFHV WKH PD[LPXP SDUWLFOH QXPEHU� $Q LQFUHDVH LQ H[FHVV DLU UDWLR
VKLIWV�SDUWLFOH�QXPEHU�GLVWULEXWLRQ�FXUYHV�WRZDUG�VPDOOHU�SDUWLFOH�GLDPHWHUV��

>�@�7�6��3DWLO��$�5��9RULV��6�3��.DQH��:�)��1RUWKURS��-RXUQDO�RI�$HURVRO�6FLHQFH��������������������
>�@�&��/KXLOOLHU��3��%UHTXLJQ\��)��&RQWLQR��&��0RXQDwP�5RXVVHOOH��)XHO��������������������
>�@�6��<LQ��<��5HQ��-��7LDQ��=��&XL��;��=KDQJ��3��<DQ��.��1LVKLGD��)XHO��������������������
>�@�&��.XULHQ��0��0LWWDO��,QWHUQDWLRQDO�-RXUQDO�RI�+\GURJHQ�(QHUJ\���������������������±�������
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&RVW�EHQHILW��(OHFWURVWDWLF�SUHFLSLWDWRUV�IRU�UHVLGHQWLDO�VWRYHV�

.��3UHVV�.ULVWHQVHQ���3��+XWK�

�*UHHQ�*OREDO�)XWXUH���$LU�4XDOLW\��(QYLURQPHQWDO�$FWLRQ�*HUPDQ\�

%DFNJURXQG� 5HVLGHQWLDO KHDWLQJ ZLWK ZRRG �DQG FRDO� LQ VPDOO VWRYHV LV D VLJQLILFDQW SROOXWLRQ VRXUFH LQ PDQ\ FRXQWULHV�
7KH VPRNH FRQWDLQV VDPH WR[LF SDUWLFOHV DQG FDUFLQRJHQLF 3$+V DV WREDFFR VPRNH DQG LQFUHDVHV WKH ULVN RI FDQFHU� EORRG
FORWV� FDUGLRYDVFXODU GLVHDVHV� VHULRXV OXQJ GLVHDVHV� HWF� 7KHUHE\ FRQWULEXWLQJ VLJQLILFDQWO\ WR PRUWDOLW\ DQG PRUELGLW\� L�H�
LPSRVLQJ D YHU\ H[SHQVLYH KHDOWK EXUGHQ RQ VRFLHW\� +RZHYHU� WKH H[SHQVLYH KHDOWK EXUGHQ FRXOG PDNH UHTXLUHPHQWV IRU
HOHFWURVWDWLF SUHFLSLWDWRUV IRU QHZ UHVLGHQWLDO VWRYHV D SRVLWLYH LQYHVWPHQW IRU VRFLHW\� 3XUSRVH� 7KH SXUSRVH RI WKLV VWXG\
ZDV WR SHUIRUP D FRVW�EHQHILW VFUHHQLQJ RI WKH IROORZLQJ VFHQDULR� WKH RQJRLQJ UHYLVLRQ RI WKH (8 (FRGHVLJQ UHJXODWLRQ IRU
VWRYHV OHDGV WR DQ RXWFRPH ZKHUH HOHFWURVWDWLF SUHFLSLWDWRUV �RU VLPLODU WHFKQRORJ\� ZLOO EH D PDQGDWRU\ UHTXLUHPHQW IRU QHZ
ZRRG VWRYHV� )XUWKHUPRUH� H[WHUQDOLWLHV GXH WR DLU SROOXWLRQ �KHDOWK FRVWV RQO\� DQG FOLPDWH SROOXWLRQ KDYH EHHQ FDOFXODWHG
SHU *LJDMRXOH �*-� RI KRXVH KHDWLQJ IRU QHZ ZRRG VWRYHV �ZLWK�ZLWKRXW SUHFLSLWDWRUV� LQ FRPSDULVRQ WR KHDW SXPSV�
0HWKRGV� &DOFXODWLRQV ZHUH FRQGXFWHG IRU GHQVHO\ SRSXODWHG XUEDQ DUHDV� VPDOOHU WRZQV� DQG UXUDO DUHDV� DV WKH ODWWHU
W\SLFDOO\ KDYH PRUH LQWHQVH XVH RI ELRPDVV WKDQ WKH IRUPHU� LQ 'HQPDUN DQG 6ORYDNLD� WZR (8 FRXQWULHV WKDW KDYH VDPH VL]H
EXW TXLWH GLIIHUHQW SHU�FDSLWD DYHUDJH LQFRPH WR LOOXVWUDWH WKH FRQVHTXHQFHV LQ ERWK ZHDOWKLHU DQG OHVV ZHDOWK\ FRXQWULHV LQ
WKH (8� &RVWV RI SUHFLSLWDWRUV LQ FDVH RI PDVV SURGXFWLRQ ZHUH HVWLPDWHG WR EH ����� HXUR� 6SHFLILF IXHO XVH DQG KHDOWK
H[WHUQDOLWLHV IRU GHQVHO\ SRSXODWHG XUEDQ DUHDV� VPDOOHU WRZQV� DQG UXUDO DUHDV LQ 'HQPDUN DQG 6ORYDNLD ZHUH XVHG� *HQHUDO
DLU SROOXWLRQ KHDOWK H[WHUQDOLWLHV LQ 'HQPDUN DQG JOREDO ZDUPLQJ SHU *- RI KHDWLQJ IRU H[LVWLQJ (FRGHVLJQ ZRRG VWRYHV
�ZLWK�ZLWKRXW SUHFLSLWDWRUV� DQG KHDW SXPSV ZHUH FDOFXODWHG LQFOXGLQJ IRXU DLU SROOXWDQWV� 30���� 12[� 1+�� DQG 62�� DQG
IRXU FOLPDWH SROOXWDQWV� &2��&+�� 1�2� DQG %&� 5HVXOWV� $QQXDO FRVW RI HOHFWURVWDWLF SUHFLSLWDWRUV UHSUHVHQWV RQO\ ��������
RI WKH LQFRPHV LQ 'HQPDUN DQG 6ORYDNLD� $V D UHVXOW� PDNLQJ HOHFWURVWDWLF SUHFLSLWDWRUV PDQGDWRU\ IRU QHZ ZRRG VWRYHV
ZRXOG QRW SRVH D JHQHUDO ILQDQFLDO EXUGHQ EXW VRPH IDPLOLHV PLJKW QHHG ILQDQFLDO VXSSRUW WR LQVWDOO SUHFLSLWDWRUV� 7KH
EHQHILWV WR FRVW UDWLR RI UHTXLULQJ HOHFWURVWDWLF SUHFLSLWDWRUV IRU UHVLGHQWLDO VWRYHV LV �������� PDNLQJ LW D EHQHILFLDO
LQYHVWPHQW IRU VRFLHW\ LI WKH UHYLVHG (FRGHVLJQ UHJXODWLRQ PDQGDWHV WKH XVH RI HOHFWURVWDWLF SUHFLSLWDWRUV IRU VWRYHV� (YHQ
WKRXJK WKH H[WHUQDOLWLHV DUH KLJKHVW SHU NJ 30��� LQ GHQVHO\ SRSXODWHG XUEDQ DUHDV� WKH EHQHILWV WR FRVW UDWLRV DUH KLJKHVW LQ
UXUDO DUHDV EHFDXVH RI VLJQLILFDQWO\ KLJKHU IXHO XVH SHU VWRYH DQG EHFDXVH 30��� VSUHDG IDU IURP WKH VRXUFH FDXVLQJ H[SRVXUH
RQ D UHJLRQDO OHYHO� 7KH JHQHUDO KHDOWK FRVWV RI DLU SROOXWLRQ IURP D QHZ ZRRG VWRYH PHHWLQJ FXUUHQW (FRGHVLJQ UHJXODWLRQV
LQ 'HQPDUN DUH DSSUR[LPDWHO\ ��� WLPHV KLJKHU SHU *- RI KRXVHKROG KHDWLQJ WKDQ WKRVH IURP HYHQ D FRDO�SRZHUHG HOHFWULF
KHDW SXPS� ,I HOHFWURVWDWLF SUHFLSLWDWRUV DUH PDGH PDQGDWRU\ LQ WKH (FRGHVLJQ UHJXODWLRQ� QHZ ZRRG VWRYHV ZRXOG VWLOO UHVXOW
LQ DERXW �� WLPHV KLJKHU KHDOWK FRVWV SHU *- RI KHDWLQJ FRPSDUHG WR D FRDO�SRZHUHG KHDW SXPS� &OLPDWH SROOXWLRQ IURP D
ZRRG VWRYH FRPSO\LQJ ZLWK FXUUHQW (FRGHVLJQ UHJXODWLRQV FDXVHV VLJQLILFDQWO\ PRUH JOREDO ZDUPLQJ SHU *- RI KRXVHKROG
KHDWLQJ WKDQ D KHDW SXPS SRZHUHG E\ FRDO�EDVHG HOHFWULFLW\� 7KLV UHPDLQV WUXH HYHQ ZKHQ DVVXPLQJ WKDW &2� HPLVVLRQV
IURP ZRRG VWRYHV DUH HQWLUHO\ FDUERQ QHXWUDO� (OHFWURVWDWLF SUHFLSLWDWRUV UHGXFH WKH %& HPLVVLRQ IURP ZRRG VWRYHV� WKHUHE\
VXEVWDQWLDOO\ ORZHULQJ WKHLU FOLPDWH LPSDFW� $FNQRZOHGJHPHQW� 7KLV VWXG\ ZDV IXQGHG E\ WKH &OHDQ $LU )XQG DQG WKH
(XURSHDQ�&OLPDWH�)RXQGDWLRQ�
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)LHOG�LQYHVWLJDWLRQV�RI�SDUWLFOH�SROOXWLRQ�IURP�UHVLGHQWLDO�KHDWLQJ�LQ�6ORYDNLD�

.��3UHVV�.ULVWHQVHQ���0��&HYHUND�

�*UHHQ�*OREDO�)XWXUH���&HQWUH�IRU�6XVWDLQDEOH�$OWHUQDWLYHV�

%DFNJURXQG� 5HVLGHQWLDO KHDWLQJ ZLWK ZRRG DQG FRDO LQ VPDOO VWRYHV DQG ERLOHUV LV WKH GRPLQDWLQJ VRXUFH RI SDUWLFOH DQG
3$+ HPLVVLRQV LQ 6ORYDNLD DQG FRQWULEXWHV VLJQLILFDQWO\ WR WKH ORFDO SROOXWLRQ LQ VPDOO YLOODJHV DQG WRZQV� 7KLV LQFUHDVHV
WKH ULVN RI FDQFHU� EORRG FORWV� FDUGLRYDVFXODU GLVHDVHV� OXQJ GLVHDVHV� HWF� 7KXV� FRQWULEXWLQJ VLJQLILFDQWO\ WR PRUWDOLW\ DQG
PRUELGLW\� SODFLQJ D KHDY\ DQG H[SHQVLYH KHDOWK EXUGHQ RQ VRFLHW\� %XUQLQJ ZRRG DQG FRDO LQ VWRYHV FDQ DOVR SROOXWH LQGRRU
DLU GXH WR HPLVVLRQV LQVLGH WKH KRPH FDXVLQJ KLJK SDUWLFOH SROOXWLRQ GXULQJ WKH FROG VHDVRQV ZKHQ SHRSOH VSHQG PRVW RI WKHLU
WLPH LQGRRUV DQG YHQWLODWLRQ LV OLPLWHG� 7KH KHDOWK GDPDJH DVVRFLDWHG ZLWK LQGRRU DLU SROOXWLRQ LV XVXDOO\ QRW LQFOXGHG ZKHQ
FDOFXODWLQJ WKH KHDOWK EXUGHQ RI DLU SROOXWLRQ� 3XUSRVH� 7KH SXUSRVH ZDV WR FRQGXFW ILHOG LQYHVWLJDWLRQV LQ 6ORYDNLD�
PHDVXULQJ SDUWLFOH QXPEHU FRQFHQWUDWLRQV LQ 6ORYDN QDWXUH ZLWK QR ORFDO SROOXWLRQ VRXUFHV� LQ YLOODJH DUHDV �H�J� SDUNV� ZLWK
QR VPHOO RI ZRRG�FRDO VPRNH� DQG ZKLOH ZDONLQJ LQ UHVLGHQWLDO DUHDV KHDWLQJ ZLWK ZRRG DQG FRDO�0HWKRGV� 3DUWLFOH QXPEHU
ZDV PHDVXUHG ZLWK FDOLEUDWHG 3�7UDNV IURP 76, LQ �� 6ORYDN YLOODJHV LQ WKH ZLQWHU ����� ����� ����� DQG ����� 1R RWKHU
VLJQLILFDQW ORFDO SROOXWLRQ VRXUFHV ZHUH DFWLYH GXULQJ PHDVXUHPHQWV �SROOXWLRQ IURP SDVVLQJ GLHVHO FDUV ZDV QRWHG DQG
UHPRYHG IURP UHVXOW�� 5HVXOWV� %DFNJURXQG SROOXWLRQ LQ 6ORYDN QDWXUH W\SLFDOO\ UDQJHG IURP ��������� SDUWLFOHV SHU FP�

GHSHQGLQJ RQ ZHDWKHU FRQGLWLRQV� L�H� SHRSOH LQ 6ORYDNLD ZRXOG LQKDOH ZKDW WKH :+2 FRQVLGHUV DV D ORZ SROOXWLRQ OHYHO LI
QDWLRQDO SROOXWLRQ VRXUFHV ZHUH HOLPLQDWHG� ,Q YLOODJH DUHDV �H�J� SDUNV� ZLWK QR VPHOO RI ZRRG�FRDO VPRNH ZHUH W\SLFDOO\
����������� SDUWLFOHV SHU FP�� +RZHYHU� GXULQJ LQYHUVLRQ SHULRGV LQ YDOOH\V� WKH FRQFHQWUDWLRQ H[FHHGV ������ SDUWLFOHV SHU
FP� LQ YLOODJH DUHDV ZLWK QR VPHOO� :KLOH ZDONLQJ RQ VWUHHWV LQ UHVLGHQWLDO YLOODJH DUHDV� SDUWLFOH FRQFHQWUDWLRQV �PLQXWH
DYHUDJHV� FRXOG ORFDOO\ H[FHHG ������ SDUWLFOHV SHU FP� ZKLFK :+2 FRQVLGHUV WR EH D KLJK SROOXWLRQ OHYHO� 6XSSOHPHQWDU\
LQGRRU PHDVXUHPHQWV LQ D IHZ KRPHV �ZLWKRXW RWKHU DFWLYH SROOXWLRQ VRXUFHV� UHYHDOHG FRQFHQWUDWLRQV DERYH ������ SDUWLFOHV
SHU FP�� &RQFOXVLRQ� 7KLV ILHOG VWXG\ FRQILUPV WKDW ORFDO KHDWLQJ ZLWK ZRRG DQG FRDO LQ YLOODJHV LQ 6ORYDNLD JHQHUDOO\
FRQWULEXWHV VLJQLILFDQWO\ WR ORFDO SROOXWLRQ ZLWK LQFUHDVHG SDUWLFOH QXPEHU DQG WKDW VWRYHV FDQ FRQWULEXWH WR KLJK LQGRRU DLU
SROOXWLRQ��$FNQRZOHGJHPHQW��7KLV�ZRUN�LV�IXQGHG�E\�WKH�(8�/,)(�SURJUDP��3URMHFW�/,)(�,3�6.�$4�,PSURYHPHQW�
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5HGXFLQJ�WKH�XQFHUWDLQW\�RI�FRQGHQVDWLRQ�SDUWLFOH�FRXQWHU�FDOLEUDWLRQV�DW�ORZ�SDUWLFOH�QXPEHU�FRQFHQWUDWLRQV�E\

UHGXFLQJ�HOHFWULFDO�QRLVH�LQ�WKH�)DUDGD\�FXS�DHURVRO�HOHFWURPHWHU�

-��7��7RPSNLQV���(��&��%UD\VKHU���6��3��*LEOLQ���$��6��%URZQ���%��$��/RQJKXUVW�

�1DWLRQDO�3K\VLFDO�/DERUDWRU\��+DPSWRQ�5RDG��7HGGLQJWRQ��0LGGOHVH[��7:����/:�

7KH ODWHVW YHUVLRQ RI WKH (XURSHDQ $PELHQW $LU 4XDOLW\ 'LUHFWLYH >�@ PDQGDWHV WKH PHDVXUHPHQW RI WKH QXPEHU
FRQFHQWUDWLRQ DQG VL]H GLVWULEXWLRQ RI XOWUDILQH SDUWLFOHV� 7KH (XURSHDQ VWDQGDUG (1 ���������� >�@ VHWV RXW D PHWKRG IRU
WKH PHDVXUHPHQW RI WKH SDUWLFOH QXPEHU FRQFHQWUDWLRQ RI DPELHQW DLU XVLQJ FRQGHQVDWLRQ SDUWLFOH FRXQWHUV �&3&V�� &3&V
PHDVXUH SDUWLFOHV LQ WKH VL]H UDQJH IURP �� QP WR D IHZ PLFURPHWHUV� 0HDVXUHPHQWV RI SDUWLFOH QXPEHU FRQFHQWUDWLRQ DUH
DOVR UHTXLUHG E\ YHKLFOH OHJLVODWLRQ VXFK DV 3HULRGLF 7HFKQLFDO ,QVSHFWLRQ OHJLVODWLRQ >�@ DQG DHURVSDFH HQJLQHV HPLVVLRQV
OHJLVODWLRQ�>�@�

,Q ���� 13/ LQFUHDVHG LWV ,62 ����� VFRSH RI &3& FDOLEUDWLRQV DJDLQVW D UHIHUHQFH )DUDGD\ &XS $HURVRO (OHFWURPHWHU
�)&$(� LQ DFFRUGDQFH ZLWK ,62 �����>�@� UHGXFLQJ WKH ORZHU HQG RI WKH FRQFHQWUDWLRQ UDQJH IURP ���� FP�� ���� I& FP���
WR ��� FP�� ����� I& FP���� $W WKHVH XOWUD�ORZ FXUUHQWV� WKH ]HUR QRLVH DQG ]HUR RIIVHW RI WKH UHIHUHQFH )DUDGD\ FXS
HOHFWURPHWHU VWDUW WR EHFRPH VLJQLILFDQW FRQWULEXWRUV WR WKH RYHUDOO XQFHUWDLQW\ LQ WKH &3& FDOLEUDWLRQ� &RXSOHG ZLWK WKH
GLIILFXOW\ WR FDOLEUDWH WKH UHIHUHQFH )&$( DW FKDUJH FRQFHQWUDWLRQV EHORZ ��� I& FP�� WKLV IRUPV DQ LPSRUWDQW PHDVXUHPHQW
FKDOOHQJH�

7KLV ZRUN H[DPLQHV WKH SURFHVV RI GULYLQJ GRZQ WKH PHDVXUHPHQW XQFHUWDLQWLHV DW XOWUD�ORZ FXUUHQWV� 7KLV ZDV DFKLHYHG E\
PRGLI\LQJ WKH FDOLEUDWLRQ SURFHGXUHV RI ERWK WKH &3& DQG SULPDU\ )&$(� 7KH SULPDU\ )&$( FDOLEUDWLRQ ZDV PRGLILHG WR
LQFUHDVH WKH PHDVXUHPHQW GXUDWLRQ DW WKH ORZHVW FXUUHQWV WR PLQLPLVH WKH FRQWULEXWLRQ RI WKH HOHFWULFDO QRLVH� 7KH
LPSURYHPHQWV LQ &3& FDOLEUDWLRQV� LQFOXGHG SK\VLFDO DGDSWLRQV VXFK DV YLEUDWLRQ GDPSHQLQJ� XVLQJ IL[HG EULFN LQVWDOODWLRQV
UDWKHU WKDQ VWDQGDUG ODERUDWRU\ EHQFKWRSV DQG DGGLWLRQDO DPELHQW EDFNJURXQG FKDUJH LQVXODWLRQ H[WHUQDO WR WKH ERG\ RI WKH
)&$(� 7KH VDPSOLQJ SHULRGV GXULQJ WKH FDOLEUDWLRQV ZHUH DGMXVWHG WR PLQLPLVH WKH FRQWULEXWLRQ RI WKH IOXFWXDWLRQV LQ WKH
)&$( LQVWUXPHQW QRLVH ZLWK D IRFXV RQ WKH FUXFLDO ]HUR FXUUHQW PHDVXUPHQWV DQG D QHZ DSSURDFK ZDV WDNHQ WR GHDOLQJ
HIIHFWLYHO\�ZLWK�WKH�)&$(�]HUR�RIIVHW��WR�PLQLPLVH�LWV�FRQWULEXWLRQ�WR�WKH�RYHUDOO�PHDVXUHPHQW�XQFHUWDLQW\�

>�@�(XURSHDQ�3DUOLDPHQW��(XURSHDQ�$PELHQW�$LU�4XDOLW\�'LUHFWLYH������
>�@ (XURSHDQ &RPPLWWHH IRU 6WDQGDUGL]DWLRQ� (XURSHDQ VWDQGDUG (1 ���������� $PELHQW DLU � 'HWHUPLQDWLRQ RI WKH SDUWLFOH
QXPEHU�FRQFHQWUDWLRQ�RI�DWPRVSKHULF�DHURVRO������
>�@�(XURSHDQ�&RPPLVVLRQ��3HULRGLF�7HFKQLFDO�,QVSHFWLRQ�OHJLVODWLRQ������
>�@�,QWHUQDWLRQDO�&LYLO�$YLDWLRQ�2UJDQL]DWLRQ��$QQH[�����(QYLURQPHQWDO�3URWHFWLRQ��9ROXPH�,,������
>�@ ,QWHUQDWLRQDO 2UJDQL]DWLRQ IRU 6WDQGDUGL]DWLRQ� ,QWHUQDWLRQDO VWDQGDUG ,62 ���������� $HURVRO SDUWLFOH QXPEHU
FRQFHQWUDWLRQ������
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/RZFRVW�DPELHQW�8)3�PRQLWRULQJ�ZLWK�GLIIXVLRQ�FKDUJHUV�

0��)LHU]���)��6WDKO���-��%XVVPDQQ���0��+�JL���3��.�U\���'��0HLHU���/��=XEHU�

�1DQHRV�SDUWLFOH�VROXWLRQV��:LQGLVFK��6ZLW]HUODQG���=XULFK�8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV��=+$:���:LQWHUWKXU�
6ZLW]HUODQG�

2YHU WKH SDVW \HDUV� WKHUH KDV EHHQ LQFUHDVHG LQWHUHVW LQ PHDVXULQJ XOWUDILQH SDUWLFOHV �8)3� LQ DPELHQW DLU WR FRPSOHPHQW
H[LVWLQJ SDUWLFOH PDVV PHWULFV �30��� 30����� 7KH UHQHZHG LQWHUHVW VWHPV IURP WKH QHZ :+2 UHFRPPHQGDWLRQV WR
PHDVXUH�8)3��DQG�WKH�QHZ�(8�DLU�TXDOLW\�GLUHFWLYH�ZKLFK�PDQGDWHV�8)3�PHDVXUHPHQWV��
'XH WR WKH FRPSOH[LW\ DQG FRVW RI WUDGLWLRQDO 8)3 PHDVXUHPHQWV �ZLWK FRQGHQVDWLRQ SDUWLFOH FRXQWHUV �&3&� IRU SDUWLFOH
QXPEHU� DQG WKH PRELOLW\ SDUWLFOH VL]H VSHFWURPHWHU �0366� IRU SDUWLFOH VL]H GLVWULEXWLRQV�� WKHUH ZLOO DOZD\V EH LQVXIILFLHQW
FRYHUDJH RI 8)3 PHWULFV� LQ SDUWLFXODU DV LW LV ZHOO NQRZQ WKDW 8)3 FRQFHQWUDWLRQV YDU\ PRUH VSDWLDOO\ WKDQ WKH WUDGLWLRQDO
30����30���PHDVXUHPHQWV��
7R DGGUHVV WKH LVVXH RI ORZ VSDWLDO FRYHUDJH� ZH KDYH GHYHORSHG D ORZ�FRVW GLIIXVLRQ�FKDUJLQJ EDVHG GHYLFH WKDW FDQ EH
GHSOR\HG DQ\ZKHUH� L�H� RXWVLGH RI WUDGLWLRQDO PHDVXUHPHQW VWDWLRQV ZLWK FRPSOH[ LQOHW V\VWHPV DQG FOLPDWH�FRQWUROOHG
LQWHULRUV� DV ORQJ DV SRZHU �a� :DWW� LV SURYLGHG� 7KH VHQVRU PHDVXUHV WKH FKDUJH WUDQVIHU WR WKH DHURVRO� ZKLFK LV URXJKO\
SURSRUWLRQDO WR WKH OXQJ�GHSRVLWHG VXUIDFH DUHD �/'6$�� D PHWULF ZKLFK KDV WKH SRWHQWLDO WR EH LQWHUHVWLQJ IRU KHDOWK HIIHFWV�
7KH IXOO LQVWUXPHQW FRQVLVWV RI WKH /'6$ VHQVRU �2/6� FRXSOHG ZLWK D GDWD WUDQVPLVVLRQ�FRQWURO XQLW HQFORVHG LQ D ZHDWKHU�
SURRI ER[� 0HDVXUHPHQW GDWD DQG LQVWUXPHQW VWDWXV LQIRUPDWLRQ LV WUDQVPLWWHG WR D FORXG EDFNHQG� IURP ZKHUH WKH GDWD FDQ
DOZD\V�EH�YLVXDOL]HG�RQOLQH�LQ�DQ\�EURZVHU�
7KH QHZ LQVWUXPHQWV KDYH EHHQ GHSOR\HG RQ D ODUJHU VFDOH LQ HDUO\ ���� ZLWKLQ WKH (8 SURMHFW ³QHW�FLWLHV´ ��� GHYLFHV LQ ��
SDUWQHU FLWLHV LQ (XURSH�� DV ZHOO DV DQRWKHU � LQVWUXPHQWV PHDVXULQJ LQ DQG DURXQG =�ULFK� 7KHVH a�� LQVWUXPHQWV KDYH
EHHQ UXQQLQJ QHDUO\ RQH \HDU LQ ���� RSHUDWLRQ ZLWK QR RQVLWH LQWHUYHQWLRQ QHFHVVDU\ VR IDU� RQO\ PLQRU RYHU�WKH�DLU�XSGDWHV
RI WKH VRIWZDUH ZHUH SHUIRUPHG XQWLO QRZ� 7KH GDWD DYDLODELOLW\ LV URXJKO\ ���� 6RPH RI WKH LQVWUXPHQWV DUH FR�ORFDWHG ZLWK
WUDGLWLRQDO GHYLFHV� DQG LQ WZR ORFDWLRQV� PXOWLSOH LQVWUXPHQWV KDYH EHHQ GHSOR\HG WR WKH VDPH ORFDWLRQ� ZKLFK DOORZV WR
DVVHVV�KRZ�ZHOO�WKH�LQVWUXPHQWV�DJUHH�RYHU�ORQJHU�WLPHV��
7KH PHDVXUHG /'6$ YDOXHV FRUUHODWH UHDVRQDEO\ ZHOO ZLWK &3& QXPEHU FRQFHQWUDWLRQ PHDVXUHPHQWV� H�J� IRU WKH ORFDWLRQ
=�ULFK�.DVHUQH� ZH REVHUYH DQ 5� RI ���� IRU KRXUO\ YDOXHV RI WKH IRXUWK TXDUWHU RI ���� �VHH ILJXUH EHORZ�� 7KLV VKRZV WKH
VLPLODULW\ RI /'6$ DQG SDUWLFOH QXPEHU PHDVXUHPHQWV� DQG PHDQV /'6$ FRXOG ZHOO VHUYH DV 8)3 FRPSOHPHQW WR H[LVWLQJ
30�PHDVXUHPHQWV��
,Q FRQFOXVLRQ� WKH REVHUYHG KLJK UHOLDELOLW\� KLJK GDWD TXDOLW\� ORZ PDLQWHQDQFH FRPELQHG ZLWK HDVH RI GHSOR\PHQW DQG
RSHUDWLRQ DQG ORZ FRVW RI WKLV QHZ LQVWUXPHQW DSSHDU WR DOORZ 8)3 PHDVXUHPHQWV RQ IDU ODUJHU VFDOH WKDQ ZDV SRVVLEOH ZLWK
WUDGLWLRQDO�LQVWUXPHQWV�
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8QFHUWDLQW\�RI�WKH�GLOXWLRQ�IDFWRU�RI�GLOXWHUV�ZLWK�LQWHUQDO�PL[LQJ�JDV�SUHSDUDWLRQ�

/��+LOOHPDQQ���$��0�W]H���'��*|KOHU���6��*DEVFK���6��*UR�H�

�7RSDV�*PE+��*DVDQVWDOWVWUD�H�����������'UHVGHQ�

'LOXWLRQ V\VWHPV DUH ZLGHO\ XVHG WR DGMXVW WKH FRQFHQWUDWLRQ RI DHURVROV� HLWKHU GXULQJ WKH JHQHUDWLRQ RU TXDQWLILFDWLRQ RI
DHURVROV� 'LOXWLRQ V\VWHPV ZLWK LQWHUQDO PL[LQJ JDV SUHSDUDWLRQ DUH RIWHQ XVHG IRU WKLV SXUSRVH >�� �@� 7KH\ DUH EDVHG RQ WKH
SDVVLYH SDVVDJH RI D GHILQHG WRWDO IORZ UDWH RI WKH DHURVRO WR EH GLOXWHG� 7KLV IORZ LV GLYLGHG LQWR WZR SDUWLDO IORZV� $ VPDOO
SDUWLDO YROXPH IORZ IORZV WKURXJK D FDSLOODU\� ZKHUHE\ LWV SDUWLFOH FRQFHQWUDWLRQ UHPDLQV FRQVWDQW� LI ORVVHV ZLWKLQ WKH
FDSLOODU\ FDQ EH QHJOHFWHG� 7KH PDMRULW\ RI WKH WRWDO IORZ SDVVHV WKURXJK D E\SDVV FRQVLVWLQJ RI D YDOYH DQG DQ DEVROXWH ILOWHU
IRU SDUWLFOH VHSDUDWLRQ DQG WKHQ PL[HV DJDLQ ZLWK WKH FDSLOODU\ IORZ� 7KH YDOYH DGMXVWV WKH UDWLR RI WKH WZR YROXPH IORZV DQG
WKXV�WKH�GLOXWLRQ�UDWLR�RI�WKH�V\VWHP��
7KH GLOXWLRQ UDWH LV QRW D PHDVXUDQG DV GHILQHG E\ *80 >�@� EHFDXVH LW LV QRW PHDVXUHG GXULQJ WKH DSSOLFDWLRQ� 1HYHUWKHOHVV�
WKH FRQFHSW RI TXDQWLI\LQJ LWV XQFHUWDLQW\ FDQ EH DSSOLHG� 7R TXDQWLI\ WKH XQFHUWDLQW\ RI WKH GLOXWLRQ UDWH� WKH GLOXWLRQ UDWH RI
D GLOXWHU �',/ ���� 7RSDV *PE+� ZDV PHDVXUHG LQGHSHQGHQWO\ IURP WKH FDOLEUDWLRQ SURFHVV� DFFRUGLQJ WR W\SH $ HYDOXDWLRQ
RI�VWDQGDUG�XQFHUWDLQW\�RI�*80�
7KH GLOXWLRQ UDWH ZDV PHDVXUHG E\ WZR &3&V XSVWUHDP DQG GRZQVWUHDP WKH GLOXWHU HPSOR\LQJ D '0$�FODVVLILHG '(+6 WHVW
DHURVRO� :LWK D VDPSOH GXUDWLRQ RI ��� V WKH VWDQGDUG GHYLDWLRQ RI WKH GRZQVWUHDP VDPSOH LV ��� �� ZKLFK LV GRPLQDWHG E\
WKH FRXQWLQJ SURFHVV RI WKH &3&� 7KH VWDQGDUG GHYLDWLRQ RI WKH PHDQ LV HVWLPDWHG DFFRUGLQJ WR *80 WR ���� �� ZKLFK LV
FRQILUPHG E\ WKH PHDVXUHPHQW RI WKH UHSHDWDELOLW\ �UHSHDWHG PHDVXUHPHQW RI GLOXWLRQ IDFWRU ZLWKRXW DQ\ XVHU LQWHUYHQWLRQ�
LQ ILJXUH �� 7KLV LQGLFDWHV WKDW RQO\ UDQGRP HUURUV GRPLQDWH WKH PHDVXUHPHQW XQFHUWDLQW\� 7KH PHDVXUHPHQW RI WKH GLOXWLRQ
UDWH ZDV UHSHDWHG �� WLPHV ZLWK WKH VDPH GHYLFH DQG �� WLPHV ZLWK �� UDQGRPO\ VHOHFWHG GHYLFHV WR TXDQWLI\ WKH
UHSURGXFLELOLW\��ILJXUH����

�

�

7KH�FRQWULEXWLRQ�GLVFXVVHV�WKH�DSSOLHG�PHWKRG�WR�TXDQWLI\�WKH�XQFHUWDLQW\�RI�WKH�GLOXWLRQ�UDWH�DQG�DLPV�RQ�GHYHORSLQJ�D
FRPPRQ�PHWKRG�WR�HYDOXDWH�WKH�XQFHUWDLQW\�RI�GLOXWLRQ�V\VWHPV�WR�HQDEOH�WKH�FRPSDULVRQ�RI�UHVXOWV�

>�@ )XFKV� 1�$�� 6XWXJLQ� $�*� ������ -RXUQDO RI &ROORLG 6FLHQFH� 9ROXPH ��� ,VVXH �� ��������
GRL�RUJ������������������������������
>�@ *|KOHU '�� +LOOHPDQQ /�� *UR�H 6�� 3HWHUV &�� 6WLQW] 0� DQG 5XGROSK $� ��WK (XURSHDQ $HURVRO &RQIHUHQFH �($&
�������$DFKHQ��*HUPDQ\��YLUWXDO�FRQIHUHQFH���G[�GRL�RUJ����������5*����������������
>�@�-&*0������������(YDOXDWLRQ�RI�PHDVXUHPHQW�GDWD�±�*XLGH�WR�WKH�H[SUHVVLRQ�RI�XQFHUWDLQW\�LQ�PHDVXUHPHQW��*80�
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7HVWLQJ�DQG�&DOLEUDWLRQ�RI�EF0HWHU��DQ�2SHQ�6RXUFH��/RZ�&RVW�%ODFN�&DUERQ�0RQLWRU�

6��*��/RJJLD���6��9LMD\���-��7NDF]XN���(��7LOOH\�
�

�*OREDO�+HDOWK�(QJLQHHULQJ��'HSDUWPHQW�RI�0HFKDQLFDO�DQG�3URFHVV�(QJLQHHULQJ��(7+�=�ULFK��=�ULFK�������6ZLW]HUODQG�

%ODFN FDUERQ �%&� LV D PDMRU VKRUW�OLYHG FOLPDWH IRUFHU DQG DLU SROOXWDQW� \HW VLJQLILFDQW JDSV UHPDLQ LQ JOREDO GDWD
FROOHFWLRQ� SDUWO\ GXH WR WKH KLJK FRVW RI UHIHUHQFH�JUDGH LQVWUXPHQWV� 7KH RSHQ�VRXUFH EF0HWHU RIIHUV D ORZ�FRVW DOWHUQDWLYH
IRU�PRQLWRULQJ�%&��KRZHYHU�LWV�SHUIRUPDQFH�KDV�QRW�EHHQ�VXIILFLHQWO\�HYDOXDWHG�

7KLV SDSHU LQYHVWLJDWHV WKH EF0HWHU¶V DFFXUDF\ LQ PHDVXULQJ %&� WKH IDFWRUV LQIOXHQFLQJ LWV SHUIRUPDQFH� DQG LWV VXLWDELOLW\
IRU GHSOR\PHQW LQ UHVRXUFH�OLPLWHG HQYLURQPHQWV� $ VL[�WHVW FR�ORFDWLRQ FDPSDLJQ LQYROYLQJ WKUHH EF0HWHU XQLWV �%&0
$±&� DQG DQ $(�� UHIHUHQFH DHWKDORPHWHU ZDV FRQGXFWHG DW WZR 6ZLVV VLWHV �'�EHQGRUI DQG =�ULFK� RYHU D WRWDO GXUDWLRQ RI
�� GD\V� 7KH VWXG\ DVVHVVHG SHUIRUPDQFH DW D WHQ�PLQXWH WHPSRUDO UHVROXWLRQ� KLJKHU WKDQ SUHYLRXVO\ UHSRUWHG� DQG
H[DPLQHG WKH HIIHFWV RI ILOWHU ORDGLQJ� WXEH PDWHULDO� DQG WHPSHUDWXUH IOXFWXDWLRQV� 'DWD ZHUH SUHWUHDWHG� DQG WZR SRVW�
SURFHVVLQJ DSSURDFKHV ZHUH DSSOLHG� FHQWHUHG PRYLQJ DYHUDJH �&0$� VPRRWKLQJ DQG PXOWLSOH OLQHDU UHJUHVVLRQ �0/5�
SUHGLFWLRQ�LQFRUSRUDWLQJ�HQYLURQPHQWDO�SUHGLFWRUV�

5HVXOWV VKRZ WKDW� GHVSLWH LQKHUHQW QRLVH� WKH EF0HWHU UHOLDEO\ FDSWXUHV WHPSRUDO %& WUHQGV XQGHU VXLWDEOH FRQGLWLRQV RU
ZLWK DSSURSULDWH GDWD WUHDWPHQW� :KHQ FRPSDULQJ WKH FROORFDWLRQ GDWD RI $(�� DQG EF0HWHU� 5ð YDOXHV ZHUH ����±���� IRU
SUHWUHDWHG GDWD� LPSURYLQJ WR ����±���� ZLWK 0/5 DQG ����±���� ZLWK &0$ FDOLEUDWLRQ� )LOWHU ORDGLQJ FDXVHG D UHGXFWLRQ
LQ 5ð RI PRUH WKDQ �� SHUFHQW DQG OHG WR V\VWHPDWLF XQGHUHVWLPDWLRQ� ZKLOH LQVWUXPHQW WHPSHUDWXUH IOXFWXDWLRQV ZHUH
LGHQWLILHG DV WKH PDLQ GULYHU RI ODUJH UHVLGXDO VSLNHV� 3RO\XUHWKDQH WXELQJ RXWSHUIRUPHG FRQGXFWLYH 39& LQ VKRUW�WHUP
VWDELOLW\� &0$ UHGXFHG QRLVH DW WKH H[SHQVH RI ILQH WHPSRUDO GHWDLO� ZKHUHDV 0/5 SUHVHUYHG PRUH GHWDLO EXW ZDV PRUH
VHQVLWLYH�WR�ODUJH�GHYLDWLRQV�IURP�$(���UHDGLQJV�

:LWK D KDUGZDUH FRVW EHORZ ��� &+)� WKH EF0HWHU GHPRQVWUDWHV VWURQJ SRWHQWLDO IRU ORZ�FRVW %& PRQLWRULQJ� +RZHYHU�
FDUHIXO HYDOXDWLRQ RI WKH LQWHQGHG DSSOLFDWLRQ DQG DYDLODEOH LQIUDVWUXFWXUH LV HVVHQWLDO WR HQVXUH SURSHU FDOLEUDWLRQ DQG
UHOLDEOH RSHUDWLRQ� HVSHFLDOO\ LQ UHVRXUFH�FRQVWUDLQHG VHWWLQJV� )XWXUH HIIRUWV VKRXOG IRFXV RQ DXWRPDWHG ILOWHU WDSH
DGYDQFHPHQW DQG PHWKRGV WR FRPSHQVDWH IRU HQYLURQPHQWDO HIIHFWV� WKHUHE\ VXSSRUWLQJ UREXVW� VFDODEOH ILHOG GHSOR\PHQW
DQG�HQKDQFLQJ�SHUIRUPDQFH�
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&RQWLQXRXV�0RQLWRULQJ�RI�8)3�$FURVV����(XURSHDQ�&LWLHV��)LUVW�5HVXOWV�IURP�WKH�1HW�&LWLHV�3URMHFW�

6��6FKPLW]���6��'URVVDDUW�YDQ�'XVVHOGRUS���$��3DMXQRMD���5��%DOEDDNL���*��-LEXWL���6��2IWHGDO�%DUUDXOW���)��6LOYD�'RPLQJXHV��
(��YDQ�GHU�*DDJ���0��YDQ�3RSSHO���(��YRQ�6FKQHLGHPHVVHU�
�

�5HVHDUFK�,QVWLWXWH�IRU�6XVWDLQDELOLW\��5,)6��DW�*)=��3RWVGDP��*HUPDQ\���=XULFK�8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV��=+$:��
:LQWHUWKXU��6ZLW]HUODQG���$LUPRGXV�/WG���+HOVLQNL��)LQODQG���&OLPDWH�DQG�$WPRVSKHUH�5HVHDUFK�&HQWHU��&$5(�&���1LFRVLD�

&\SUXV���,YDQH�-DYDNKLVKYLOL�7ELOLVL�6WDWH�8QLYHUVLW\��768���7ELOLVL��*HRUJLD���1RUZHJLDQ�,QVWLWXWH�IRU�$LU�5HVHDUFK
�1,/8���.MHOOHU��1RUZD\���8QLYHUVLWDW�$XWzQRPD�GH�%DUFHORQD��8$%���%DUFHORQD��6SDLQ���'&05�(QYLURQPHQWDO
3URWHFWLRQ�$JHQF\��5RWWHUGDP��1HWKHUODQGV���)OHPLVK�,QVWLWXWH�IRU�7HFKQRORJLFDO�5HVHDUFK��9,72���0RO��%HOJLXP�

8OWUDILQH SDUWLFOHV �8)3V� ���� QP� UHSUHVHQW D VLJQLILFDQW HQYLURQPHQWDO KHDOWK FKDOOHQJH� SDUWLFXODUO\ ZLWKLQ WKH WUDQVSRUW
VHFWRU� 7UDGLWLRQDO PDVV�EDVHG PHWULFV XVHG WR PRQLWRU SDUWLFXODWH PDWWHU HPLVVLRQV �30��� 30���� SRRUO\ FDSWXUH WKH
LPSDFW RI 8)3V� ZKLFK FRQWULEXWH RQO\ QHJOLJLEO\ WR PDVV EXW GRPLQDWH LQ QXPEHU DQG QHHG WR EH DGGUHVVHG� 5HFHQW XSGDWHV
WR WKH (8 DLU TXDOLW\ GLUHFWLYH �'LUHFWLYH �(8� ���������� KDYH SODFHG DQ HPSKDVLV RQ XOWUDILQH SDUWLFOH �8)3�
PHDVXUHPHQWV� SDUWLFXODUO\ ZLWKLQ WKH QHZO\ GHILQHG VXSHUVLWHV� 7KHVH VXSHUVLWHV DUH PDQGDWHG WR SHUIRUP WRWDO 8)3 SDUWLFOH
QXPEHU FRQFHQWUDWLRQ �31&� PHDVXUHPHQWV XVLQJ FRQGHQVDWLRQ SDUWLFOH FRXQWHUV �&3&�� :KLOH 31& KDV ORQJ EHHQ WKH
SULPDU\ PHWULF IRU TXDQWLI\LQJ 8)3 H[SRVXUH� /XQJ 'HSRVLWHG 6XUIDFH $UHD �/'6$� KDV HPHUJHG DV D YDOXDEOH
FRPSOHPHQWDU\ IRU D PRUH QXDQFHG KHDOWK ULVN DVVHVVPHQW� /'6$ VSHFLILFDOO\ TXDQWLILHV WKH WRWDO DFWLYH VXUIDFH DUHD RI
SDUWLFOHV WKDW GHSRVLW LQ WKH DOYHRODU UHJLRQV RI WKH OXQJ�� ,Q WKH +RUL]RQ (XURSH 1HW�&LWLHV SURMHFW� D PDMRU DLP LV WR
HQKDQFH DLU DQG QRLVH SROOXWLRQ PRQLWRULQJ LQIUDVWUXFWXUH DFURVV �� (XURSHDQ FLWLHV WR VXSSRUW =HUR 3ROOXWLRQ $FWLRQ 3ODQV
DQG WKH (8 *UHHQ 'HDO REMHFWLYHV� LQFOXGLQJ WKURXJK WKH PHDVXUHPHQW RI 8)3V� 7R DGGUHVV WKLV QHZ OHJLVODWLYH UHTXLUHPHQW
IRU WKH PRQLWRULQJ RI 8)3V� WKH 1HW�&LWLHV SURMHFW KDV DGRSWHG D GXDO�DSSURDFK WKURXJK WKH PHDVXUHPHQW RI 31& XVLQJ
$LUPRGXV &3&V DQG WKH PHDVXUHPHQW RI /'6$ XVLQJ QDQHRV GLIIXVLRQ�FKDUJLQJ /'6$ PRQLWRUV� ,Q WKH �� SDUWQHU FLWLHV�
QHZ 8)3 PRQLWRULQJ QHWZRUNV KDYH EHHQ HVWDEOLVKHG DW WUDIILF� DLUSRUW� DQG SRUW PRQLWRULQJ VLWHV� OHDGLQJ WR WKH LQVWDOODWLRQ
RI �� &3&V DQG �� /'6$ PRQLWRUV� ,Q WKLV ZRUN ZH SUHVHQW SUHOLPLQDU\ UHVXOWV RI WKHVH H[WHQVLYH PHDVXUHPHQWV RI 31&
DQG /'6$ DFURVV (XURSH� :H DOVR SHUIRUP LQLWLDO FRPSDULVRQV RI WKH WZR PHWULFV DQG LGHQWLI\ OLQNDJHV ZLWK ORFDO
PHWHRURORJ\ DQG WUDQVSRUW HPLVVLRQV VRXUFHV� 2XU SUHOLPLQDU\ UHVXOWV FRQILUP D KLJK GHJUHH RI VSDWLRWHPSRUDO KHWHURJHQHLW\
LQ FRQFHQWUDWLRQV� D FKDUDFWHULVWLF SUHYLRXVO\ LGHQWLILHG LQ VPDOOHU�VFDOH VWXGLHV� DQG GHPRQVWUDWH WKDW WKHVH IOXFWXDWLRQV DUH
VWURQJO\�FRXSOHG�ZLWK�ORFDO�KXPDQ�DFWLYLW\�DFURVV�DOO�VLWH�W\SHV�

�

�

)LJXUH����%R[�DQG�ZKLVNHU�SORWV�RI�KRXUO\�PHDQ�/'6$�FRQFHQWUDWLRQV�DW�WKUHH�VHOHFWHG�VLWHV��RQH�DLUSRUW��WZR�WUDIILF
KXEV��LQ�D�UHSUHVHQWDWLYH�SDUWQHU�FLW\��PHDVXUHG�IURP�0DUFK���WK�WR�1RYHPEHU���WK��������

�<XDQ� -�� =KDQJ� :�� +X� -�� 5XSDNKHWL� 0�� 5XSDNKHWL� '� 6WXGLHV RQ /XQJ�'HSRVLWHG 6XUIDFH $UHD �/'6$� RI 3DUWLFXODWH
0DWWHU�GXULQJ�����±������$LU�4XDO��$WPRVSKHUH�+HDOWK���������������±�����
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([SHULPHQWDO�HYDOXDWLRQ�RI�QXFOHDWLRQ�SKHQRPHQD�LQ�DQ�R[LGDWLRQ�IORZ�UHDFWRU��'2)5���

3��-XXWL���0��1LNND���-��+DDSDQHQ���$��$UIIPDQ�

�'HNDWL�/WG���.DQJDVDOD���������)LQODQG�

2[LGDWLRQ IORZ UHDFWRUV �2)5�� VXFK DV 'HNDWL� 2[LGDWLRQ )ORZ 5HDFWRU �'2)5�� DUH DHURVRO FRQGLWLRQLQJ XQLWV GHVLJQHG
WR VLPXODWH DWPRVSKHULF DJLQJ DQG HVSHFLDOO\ XVHG LQ VWXG\LQJ VHFRQGDU\ DHURVRO IRUPDWLRQ� '2)5 GHVLJQ LV VLPLODU WR
SUHYLRXVO\ SXEOLVKHG 2)5 76$5 �7DPSHUH 8QLYHUVLW\ 6HFRQGDU\ $HURVRO 5HDFWRU� 6LPRQHQ HW DO� >�@�� 8WLOL]LQJ KLJK
FRQFHQWUDWLRQV RI 2+�UDGLFDOV DQG 89& ���� QP� UDGLDWLRQ� GD\V�ORQJ R[LGDWLRQ SURFHVVHV FDQ EH DFKLHYHG ZLWKLQ PLQXWHV�
7KH R[LGDWLRQ RI YRODWLOH YDSRUV� SUHVHQW LQ WKH PHDVXUHG DHURVRO� FDQ PDNH WKHP FRQGHQVDEOH ZLWKLQ WKH 2)5 FKDPEHU�
OHDGLQJ WR JURZWK RI H[LVWLQJ SDUWLFOHV RU WR QXFOHDWLRQ RI QHZ SDUWLFOHV� :KHWKHU QXFOHDWLRQ WDNHV SODFH GHSHQGV RQ WKH
RYHUDOO SURFHVV SDUDPHWHUV� EXW PRUH LQWHUHVWLQJO\ KHUH� RQ WKH UDWLR EHWZHHQ FRQGHQVDEOH YDSRU DQG VHHG SDUWLFOHV RI WKH
PHDVXUHG DHURVRO� 6R� DW WKH RXWSXW RI WKH 2)5� WKH FRQGHQVHG SDUWLFXODWH PDVV FDQ HQG XS LQ LWV RZQ GLVWULEXWLRQ PRGH
DQG�RU JURZLQJ WKH H[LVWLQJ VHHG SDUWLFOH PRGH� 6LPLODU SKHQRPHQD LQ ZKLFK EDFNJURXQG DHURVRO LQIOXHQFHV QHZ SDUWLFOH
IRUPDWLRQ�PD\�DOVR�KDSSHQ�LQ�UHDO�DPELHQW�FRQGLWLRQV�DIIHFWLQJ��H�J���SROOXWLRQ�IRUPDWLRQ�SURFHVVHV�
,Q RXU H[SHULPHQWV ZH YDULHG WKH UDWLR EHWZHHQ FRQGHQVDEOH YDSRU DQG VHHG SDUWLFOHV DURXQG WKH SRLQW ZKHUH QXFOHDWLRQ
WDNHV SODFH� 6RRW VHHG SDUWLFOHV ZHUH JHQHUDWHG XVLQJ D 0LQLDWXUH ,QYHUWHG 6RRW *HQHUDWRU �0,6*�� $Q H'LOXWHU� 3UR DORQJ
ZLWK D FDWDO\WLF VWULSSHU ZHUH XVHG WR FRQGLWLRQ DQG WR DGMXVW WKH FRQFHQWUDWLRQ RI WKH VRRW VHHG SDUWLFOHV� $V D FRQGHQVDEOH
YDSRU SUHFXUVRU� WROXHQH� Į�SLQHQH� DQG PL[WXUH RI WKHLU YDSRU ZDV LQWURGXFHG IURP D WHPSHUDWXUH�FRQWUROOHG IORZ VDWXUDWRU
FRQWLQXRXVO\ DQG LQ SXOVHV ZLWK D V\ULQJH� 7KH SUHSDUHG DHURVRO ZDV WKHQ DWPRVSKHULFDOO\ DJHG ZLWK D '2)5� XVLQJ VWDEOH
KXPLGLW\ DQG R]RQH FRQFHQWUDWLRQ� 7KH DJHG DHURVRO IURP WKH '2)5� ZDV PHDVXUHG ZLWK DQ (/3,�� DQG DQ 6036� 7KH
R[LGDWLRQ DJH ZDV HVWLPDWHG E\ XVLQJ D &2 JDV WUDFHU� DQG WKH DJLQJ FRQWUROOHG E\ YDU\LQJ WKH 89& UDGLDWLRQ LQWHQVLW\ LQ
WKH�R[LGDWLRQ�FKDPEHU�
7KH SRLQW ZKHUH QXFOHDWLRQ RFFXUV ZDV IRXQG IRU ERWK VWDEOH DQG SXOVHG YDSRU FDVHV� 5HVXOWV IRU WKH SXOVHG YDSRU FDVH ZLWK
IRXU GLIIHUHQW LQMHFWLRQ LQWHUYDOV DUH VKRZQ LQ )LJXUH �� 0HDVXUHPHQWV ZHUH SHUIRUPHG WR FRYHU FDVHV ZKHUH SUDFWLFDOO\ RQO\
QXFOHDWLRQ RU FRDWHG VRRW SDUWLFOHV ZHUH SUHVHQW� DV ZHOO DV WKH FDVH ZKHUH ERWK PRGHV DUH SUHVHQW� &OHDU GLIIHUHQFHV ZHUH
REVHUYHG EHWZHHQ (/3,�� DQG 6036 GLVWULEXWLRQV DV WKH VRRW VHHG SDUWLFOHV VWDUWHG WR JURZ IURP WKH FRQGHQVLQJ YDSRU�
LQGLFDWLQJ WKH FKDQJH LQ HIIHFWLYH GHQVLW\ RI WKH PHDVXUHG SDUWLFOHV� $GGLWLRQDOO\� WKH '2)5� UHVSRQVH WLPH IRU D SXOVHG
YDSRU VRXUFH ZDV GHWHUPLQHG E\ FRPSDULQJ DQ LQSXW RI D QHDU SRLQW VRXUFH RI YDSRU WR DQ RXWSXW RI D EURDGHQHG SDUWLFOH VL]H
GLVWULEXWLRQ�

�

�

)LJXUH����9DSRU�LQMHFWLRQ�VHULHV�ZLWK�YDU\LQJ�LQMHFWLRQ�LQWHUYDO

>�@ 3� 6LPRQHQ� (� 6DXNNR� 3� .DUMDODLQHQ� +� 7LPRQHQ� 0� %ORVV� 3� $DNNR�6DNVD� 7� 5|QNN|� -� .HVNLQHQ� 0� 'DO 0DVR�
$WPRV��0HDV��7HFK�����������������±�����
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