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$EVWUDFW
'LPLWULRX�� ,��������3HUIRUPDQFH�DQG�VXVWDLQDELOLW\�RI� VKRUW�URWDWLRQ�HQHUJ\�FURSV� WUHDWHG
ZLWK�PXQLFLSDO�DQG�LQGXVWULDO�UHVLGXHV��'RFWRU¶V�GLVVHUWDWLRQ�� ,661������������ ,6%1����
����������
7KH�VXVWDLQDELOLW\�RI�VKRUW�URWDWLRQ�ZLOORZ�FRSSLFH��65:&��DV�D�PXOWLIXQFWLRQDO�V\VWHP�IRU
SK\WRUHPHGLDWLRQ²WKH�XVH�RI�SODQWV� IRU� WUHDWPHQW�RI�FRQWDPLQDWHG�DLU��VRLO�RU�ZDWHU²DQG
IRU� SURGXFLQJ� HQHUJ\� ELRPDVV��ZDV� VWXGLHG�� 65:&� LV� JURZQ� FRPPHUFLDOO\� LQ� 6ZHGHQ� WR
SURGXFH� HQHUJ\�ELRPDVV�� QXWULHQW�ULFK� UHVLGXHV� EHLQJ� DSSOLHG� DV� FRVW�HIILFLHQW� IHUWLOLVHU� WR
LQFUHDVH�SURGXFWLRQ��7KH�SULQFLSDO�UHVLGXHV�XVHG�DUH�PXQLFLSDO�ZDVWHZDWHU��ODQGILOO�OHDFKDWH�
LQGXVWULDO�ZDVWHZDWHU��H�J��ORJ�\DUG�UXQRII���VHZDJH�VOXGJH�DQG�ZRRG�DVK��6PDOO��DQG�ODUJH�
VFDOH�H[SHULPHQWV�ZLWK� UHVLGXHV� DLPHG� WR�TXDQWLI\� WKH� H[WHQW� RI� SRWHQWLDO� KD]DUGV� DQG� WKH
SHUIRUPDQFH�RI�65:&�LQ�UHGXFLQJ�WKHP�
/\VLPHWHU� H[SHULPHQWV� ZLWK� ZLOORZ� SODQWV�� LQWHQVLYHO\� LUULJDWHG� ZLWK� 1�ULFK� PXQLFLSDO

ZDVWHZDWHU�� VKRZHG� WKDW�1�OHDFKLQJ� LV� D� SRWHQWLDO� WKUHDW� ZKHQ� KLJK�1� ORDGV� DUH� DSSOLHG�
([SHULPHQWDO� GDWD� IURP� 65:&� ILHOGV� LUULJDWHG� ZLWK� PXQLFLSDO� ZDVWHZDWHU� LQ� FHQWUDO
6ZHGHQ�VXJJHVW� WKDW� LQ� SUDFWLFH��1�OHDFKLQJ� LV� VLJQLILFDQWO\� ORZHU�� HYHQ�ZKHQ� WKH�1� ORDG
DSSOLHG� LV� JUHDWHU� WKDQ� WKH� 1� UHTXLUHPHQWV� RI� 65:&�� *URZWK� RI� ZLOORZ� SODQWV� RI� ILYH
GLIIHUHQW� FORQHV� LQ� SRW� H[SHULPHQWV� LUULJDWHG� ZLWK� ODQGILOO� OHDFKDWH� ZDV� UHGXFHG� E\
FRPSDULVRQ�ZLWK� WKDW� RI� FRQWURO� SODQWV��7KH� UHGXFWLRQ�ZDV� DWWULEXWHG� WR� VDOLQH� VWUHVV� RU� 3
GHILFLHQF\�� DQG� LQGLFDWHV� WKDW�� ZKHQ� KD]DUGRXV� FRPSRXQGV� DUH� SUHVHQW� LQ� ZDVWHZDWHU�
LUULJDWLRQ� UDWHV� VKRXOG� EH� DGMXVWHG� WR� DYRLG� JURZWK� UHGXFWLRQ�� *HQHWLF� GLIIHUHQFHV� ZHUH
REVHUYHG� EHWZHHQ� ZLOORZ� FORQHV� LQ� VDOW� WROHUDQFH� DQG� JURZWK� SHUIRUPDQFH�� 7KH� FDUHIXO
VHOHFWLRQ�RI�FORQHV�WR�VXLW�VSHFLILF�VLWXDWLRQV�LV�WKHUHIRUH�UHFRPPHQGHG��/HDI�OHQJWK�FDQ�EH
XVHG� IRU� UDSLG�GLDJQRVLV� RI� VWUHVV�� WR� SHUPLW� DGMXVWPHQW� RI� WKH� LUULJDWLRQ� UDWH�� DQG� WKXV� WR
DYRLG� JURZWK� UHGXFWLRQ�� 3K\WRUHPHGLDO� HIILFLHQF\� RI� 65:&� LV� VDWLVIDFWRU\� ZKHQ� WKH
FRQFHQWUDWLRQ� RI� KD]DUGRXV� FRPSRXQGV� LQ�ZDVWHZDWHUV� LV� ORZ�� DV� LQ� ORJ�\DUG� UXQRII�� DQG
GHSHQGV� RQ� LUULJDWLRQ� LQWHQVLW\�� $SSOLFDWLRQ� RI� VOXGJH±DVK� PL[WXUHV� WR� 65:&� LV� QRW� D
VXEVWDQWLDO�WKUHDW�WR�VXVWDLQDELOLW\��LQ�WHUPV�RI�KHDY\�PHWDOV��7RWDO�&G�LQ�WKH�VRLO�LV�H[SHFWHG
WR�GHFUHDVH�DIWHU�KDUYHVW��EXW�RWKHU�PHWDOV�DQG�3�ORDGV��PXVW�DOVR�EH�FRQVLGHUHG�
$Q\� GHFLVLRQ� FRQFHUQLQJ� UHVLGXH� DSSOLFDWLRQ� PXVW� WDNH� LQWR� DFFRXQW� IDFWRUV� VXFK� DV

UHVLGXH�FRPSRVLWLRQ��VRLO� W\SH��FOLPDWH��DQG�VSHFLHV�RU�FORQH�FKDUDFWHULVWLFV�� LI�ERWK�D�KLJK
JURZWK�UDWH�RI�65:&�DQG�VXVWDLQDELOLW\�DUH�WR�EH�DWWDLQHG�
.H\ZRUGV��$VK�� KHDY\�PHWDOV�� ODQGILOO� OHDFKDWH�� ORJ�\DUG� UXQRII�� SK\WRUHPHGLDWLRQ�� 6DOL[�
VKRUW�URWDWLRQ�FRSSLFH��VOXGJH��ZDVWHZDWHU��ZLOORZ�
$XWKRU¶V� DGGUHVV�� ,RDQQLV� 'LPLWULRX�� 'HSDUWPHQW� RI� 6KRUW� 5RWDWLRQ� )RUHVWU\�� 6/8�� 3�2�
%R[�������6���������8336$/$��6ZHGHQ��(�PDLO��-DQQLV�'LPLWULRX#OWR�VOX�VH



�����7R�P\�IDPLO\



&RQWHQWV
,QWURGXFWLRQ���
6KRUW�URWDWLRQ�ZLOORZ�FRSSLFH�LQ�6ZHGHQ���
65:&�DV�D�PXOWLIXQFWLRQDO�SK\WRUHPHGLDWLRQ�V\VWHP���
6XVWDLQDELOLW\�RI�65:&�SK\WRUHPHGLDWLRQ�V\VWHPV���
$LPV���
0DWHULDOV�DQG�0HWKRGV����
1LWURJHQ�ULFK�PXQLFLSDO�ZDVWHZDWHU��D�O\VLPHWHU�VWXG\��3DSHU�,�����
/DQGILOO�OHDFKDWH��D�SRW�WULDO��3DSHU�,,�����
6HZDJH�VOXGJH�DQG�ZRRG�DVK��ILHOG�WULDOV��3DSHU�,,,�����
/RJ�\DUG�UXQRII�IURP�D�FORVHG�V\VWHP��D�O\VLPHWHU�VWXG\��3DSHU�,9�����
/RJ�\DUG�UXQRII�IURP�DQ�RSHQ�V\VWHP��O\VLPHWHU�DQG�ILHOG�VWXG\��3DSHU�9��
��
5HVXOWV�DQG�'LVFXVVLRQ����
,UULJDWLRQ�RI�65:&�ZLWK�PXQLFLSDO�ZDVWHZDWHU����
1LWURJHQ�OHDFKLQJ�IURP�ZLOORZV�JURZQ�LQ�O\VLPHWHUV��3DSHU�,�����
1LWURJHQ�SURFHVVHV�IROORZLQJ�LUULJDWLRQ�ZLWK�ZDVWHZDWHU����
:DVWHZDWHU�LUULJDWLRQ�RI�65:&�DW�(QN|SLQJ²)LHOG�VLWXDWLRQ����

:KDW�PD[LPXP�VXVWDLQDEOH�1�DPRXQWV�DQG�LUULJDWLRQ�ORDGV�FDQ�EH�DSSOLHG
WR�65:&"����
5HVWULFWLRQV�DQG�SRWHQWLDO�RI�ZDVWHZDWHU�LUULJDWLRQ�RQ�65:&²$Q�H[DPSOH����
)DFWRUV�WR�FRQVLGHU�IRU�VXVWDLQDEOH�LUULJDWLRQ�RI�65:&�ZLWK�PXQLFLSDO
ZDVWHZDWHU����

,UULJDWLRQ�RI�65:&�ZLWK�ODQGILOO�OHDFKDWH����
5HVXOWV�IURP�WKH�SRW�WULDO��3DSHU�,,�����
)LHOG�REVHUYDWLRQV����

7KH�VXVWDLQDELOLW\�RI�ODQGILOO�OHDFKDWH�LUULJDWLRQ�RQ�65:&����
&RPSRVLWLRQ�RI�ORJ�\DUG�UXQRII����
:KDW�SUREOHPV�DULVH�ZKHQ�ORJ�\DUG�UXQRII�LV�XVHG�WR�LUULJDWH�65:&"����

([SHULPHQWV�ZLWK�ORJ�\DUG�UXQRII��3DSHU�,9�DQG�9�����
6XJJHVWLRQV�IRU�VXVWDLQDEOH�DSSOLFDWLRQ�RI�ORJ�\DUG�UXQRII����
65:&�IHUWLOLVHG�ZLWK�VHZDJH�VOXGJH�DQG�ZRRG�DVK����
5HVXOWV�IURP�ILHOG�H[SHULPHQWV��3DSHU�,,,�����
+RZ�ZRXOG�65:&�LQFUHDVH�WKH�UHPRYDO�RI�PHWDOV"����
6XVWDLQDELOLW\�DQG�KHDY\�PHWDOV�LQ�VRLOV�VXSSOLHG�ZLWK�VOXGJH±DVK
PL[WXUHV����
,V�3�D�SUREOHP�IRU�VXVWDLQDELOLW\"����
&RQFOXVLRQV����
5HIHUHQFHV����
$FNQRZOHGJHPHQWV����



$SSHQGL[
3DSHUV�,�9
7KH�SUHVHQW� WKHVLV� LV�EDVHG�RQ� WKH� IROORZLQJ�SDSHUV��ZKLFK�ZLOO�EH� UHIHUUHG� WR�E\
WKHLU�5RPDQ�QXPHUDOV�

,�� 'LPLWULRX�� ,�� 	� $URQVVRQ�� 3�� ������ 1LWURJHQ� OHDFKLQJ� IURP� 6KRUW�5RWDWLRQ
:LOORZ� &RSSLFH� DIWHU� LQWHQVLYH� LUULJDWLRQ� ZLWK� ZDVWHZDWHU�� %LRPDVV� DQG
%LRHQHUJ\������������������
,,��'LPLWULRX��,���$URQVVRQ��3��	�:HLK��0��6WUHVV� WROHUDQFH�RI� ILYH�ZLOORZ�FORQHV
DIWHU�LUULJDWLRQ�ZLWK�GLIIHUHQW�DPRXQWV�RI�ODQGILOO�OHDFKDWH��%LRUHVRXUFH�7HFKQRORJ\
�,Q�3UHVV��
,,,��'LPLWULRX�� ,��� (ULNVVRQ�� -��� $GOHU�� $��� $URQVVRQ�� 3�� 	� 9HUZLMVW�� 7�� )DWH� RI
KHDY\�PHWDOV� DIWHU� DSSOLFDWLRQ�RI� VHZDJH� VOXGJH�DQG�ZRRG�DVK�PL[WXUHV� WR� VKRUW�
URWDWLRQ�ZLOORZ�FRSSLFH��VXEPLWWHG�WR�(QYLURQPHQWDO�3ROOXWLRQ��
,9��-RQVVRQ��0���'LPLWULRX�� ,���$URQVVRQ��3��	�(ORZVRQ��7��������(IIHFWV�RI� VRLO
W\SH�� LUULJDWLRQ� YROXPH� DQG� SODQW� VSHFLHV� RQ� WUHDWPHQW� RI� ORJ� \DUG� UXQ�RII� LQ
O\VLPHWHUV��:DWHU�5HVHDUFK��������������������
9��-RQVVRQ��0���'LPLWULRX��,���$URQVVRQ��3��	�(ORZVRQ��7��7UHDWPHQW�RI� ORJ�\DUG
UXQ�RII�E\�LUULJDWLRQ�RI�JUDVV�DQG�ZLOORZV��(QYLURQPHQWDO�3ROOXWLRQ��,Q�SUHVV��



�

,QWURGXFWLRQ
6KRUW�URWDWLRQ�ZLOORZ�FRSSLFH�LQ�6ZHGHQ
6KRUW�URWDWLRQ�ZLOORZ�FRSSLFH��65:&��LV�JURZQ�LQ�6ZHGHQ�WR�SURGXFH�ELRPDVV�IRU
HQHUJ\��7KH�FURS�LV�FRPPHUFLDOO\�JURZQ�RQ�DSSUR[LPDWHO\�������KD�RI�DJULFXOWXUDO
ODQG��DQG�WKH�ELRPDVV�SURGXFHG�LV�XVHG�LQ�GLVWULFW�KHDWLQJ�SODQWV�IRU�FRPELQHG�KHDW
DQG�SRZHU�SURGXFWLRQ��&XOWLYDWLRQ�RI�65:&�LV�IXOO\�PHFKDQLVHG�IURP�SODQWLQJ�WR
KDUYHVW�� ,Q� WKH� LQLWLDO� SKDVH�� FD�� ������� FXWWLQJV� KD � � � DUH� SODQWHG� LQ� GRXEOH� URZV
�GLVWDQFH� EHWZHHQ� DQG� ZLWKLQ� URZV� ���� P� DQG� ����� P�� UHVSHFWLYHO\�� GLVWDQFH
EHWZHHQ� FXWWLQJV� ���� P��� WR� DFFRPPRGDWH� IXWXUH� ZHHGLQJ�� IHUWLOLVDWLRQ� DQG
KDUYHVWLQJ�� &RQYHQWLRQDO� LQRUJDQLF� IHUWLOLVHUV� DUH� FRPPRQO\� DSSOLHG� LQ� WKH� \HDUV
IROORZLQJ� SODQWLQJ�� +DUYHVWLQJ�� E\� PHDQV� RI� VSHFLDOO\� GHVLJQHG� PDFKLQHV�� WDNHV
SODFH� HYHU\� �±�� \HDUV�� GXULQJ� ZLQWHU� ZKHQ� WKH� VRLO� LV� IUR]HQ�� 7KH� DERYHJURXQG
ELRPDVV�LV�FKLSSHG�RQ�VLWH��WKHQ�VWRUHG�RU�GLUHFWO\�WUDQVSRUWHG�WR�WKH�SRZHU�SODQWV�
$IWHU� KDUYHVW�� WKH� SODQWV� UHVSURXW� YLJRURXVO\�� DQG� UHSODQWLQJ� LV� WKHUHIRUH� QRW
QHFHVVDU\��7KH�HVWLPDWHG�HFRQRPLF�OLIHVSDQ�RI�D�65:&�LV���±���\HDUV��6HQQHUE\�
)RUVVH� 	� -RKDQVVRQ�� ������ 'DQIRUV�� /HGLQ� 	� 5RVHQTYLVW�� ������� ,Q� 6ZHGHQ�
GLIIHUHQW� FORQHV� DQG� K\EULGV� RI� 6DOL[� YLPLQDOLV�/��� 6�� GDV\FODGRV�:LPP�� DQG� 6�
VFKZHULQLL�(�/��:ROI���$JUREUlQVOH��������6&%��������DUH�PDLQO\�FXOWLYDWHG��2Q
FRPPHUFLDO�VLWHV��ELRPDVV�SURGXFWLRQ�LV�FD���±���W�KD � � �\U � � ��GHSHQGLQJ�VWURQJO\�RQ
VLWH�FRQGLWLRQV��:LOOHEUDQG��/HGLQ�	�9HUZLMVW��������

5HVHDUFK�FRQGXFWHG�LQ�6ZHGHQ�DIWHU� WKH�RLO�FULVLV� LQ�WKH�����V��ZLWK�WKH�DLP�RI
UHSODFLQJ� IRVVLO� IXHOV� E\� QHZ� HQHUJ\� VRXUFHV�� UHVXOWHG� LQ� WKH� LQWURGXFWLRQ� DQG
FXOWLYDWLRQ�RI�65:&��7KH�LQWHQWLRQ�ZDV�WR�ILQG�IDVW�JURZLQJ�VSHFLHV�ZKLFK�FRXOG
EH�JURZQ�LQWHQVLYHO\�DQG�ZKLFK�ZRXOG�DWWDLQ�KLJK�JURZWK�UDWHV��([WHQVLYH�UHVHDUFK
LQWR� WKH� SODQW� ELRORJ\�� VWDQG� HFRORJ\� DQG� SURGXFWLRQ� V\VWHPV� RI� VSHFLHV� IURP
GLIIHUHQW�JHQHUD��$OQXV��%HWXOD��3RSXOXV��6DOL[��HWF���VXJJHVWHG�WKDW�ZLOORZV�JURZQ
LQ�FRSSLFH�SHUIRUPHG�EHWWHU� WKDQ�RWKHU�VSHFLHV� WHVWHG��DQG�ZHUH�PRUH�VXLWDEOH� IRU
XVH� LQ� 6ZHGLVK� HQHUJ\� IRUHVWU\� �6LUpQ� HW� DO��� ������ 6HQQHUE\�)RUVVH�� ������
1XWULHQW� XWLOLVDWLRQ� DQG� FURS� PDQDJHPHQW� ZHUH� PRUH� HIILFLHQW� IRU� ZLOORZ
SODQWDWLRQV� WKDQ� IRU� RWKHU� VSHFLHV�� DQG�65:&�SURYHG� WR� EH� D� VXVWDLQDEOH�ZD\�RI
SURGXFLQJ�&2 � �QHXWUDO�IXHOV��(ULFVVRQ��������&KULVWHUVVRQ��������

65:&�DV�D�PXOWLIXQFWLRQDO�SK\WRUHPHGLDWLRQ�V\VWHP
7KH� XVH� RI�ZDVWHZDWHU� IRU� LUULJDWLRQ� RI� FURSV� LV� QRW� D� QRYHO� DSSURDFK�� DGYDQFHG
K\GUDXOLF� V\VWHPV� IRU� WKH� FROOHFWLRQ� DQG� VXEVHTXHQW� DSSOLFDWLRQ� RI�ZDVWHZDWHU� WR
IDUPODQG� FDQ� EH� WUDFHG� WR� WKH� 0\FHQDHDQ� DQG� 0LQRDQ� FLYLOLVDWLRQV� LQ� DQFLHQW
*UHHFH��$QJHODNLV��.RXWVR\LDQQLV�	�7FKREDQRJORXV���������7KH�WUDQVSRUW�DQG�XVH
RI�ZDVWHZDWHU�IRU�LUULJDWLQJ�DJULFXOWXUDO�FURSV�ZDV�DOVR�UHFRUGHG�GXULQJ�WKH�0LGGOH
$JHV��$ONHU���������,Q�UHFHQW�\HDUV��UHVHDUFK�SURJUDPPHV�FRQFHUQLQJ�WKH�LUULJDWLRQ
RI�ODUJH�VFDOH�WUHH�SODQWDWLRQV�ZLWK�ZDVWHZDWHU�ZHUH�GHYHORSHG�LQ�3RODQG�IURP�WKH
����V� RQZDUGV� �.XWHUD� 	� 6RURNR�� ������� ,Q� 6ZHGHQ�� WR� DFKLHYH� D� PRUH� FRVW�
HIILFLHQW�FXOWLYDWLRQ�RI�65:&�IRU� LQWHQVLYH�SURGXFWLRQ�RI� HQHUJ\�ELRPDVV�� LW�ZDV
QHFHVVDU\� WR� UHGXFH� WKH� LQSXW� RI� FRQYHQWLRQDO� IHUWLOLVHUV��7KH� XVH� RI� QXWULHQW�ULFK



�

UHVLGXHV�DV�DQ�DOWHUQDWLYH��FRVW�HIILFLHQW�IHUWLOLVDWLRQ�PHWKRG�ZDV�SURSRVHG�IURP�WKH
HDUO\� VWDJHV� RI� WKH� GHYHORSPHQW� RI� 65:&�� DQG� KDV� EHHQ� VXFFHVVIXOO\� SUDFWLVHG
�3HUWWX��������$URQVVRQ�	�3HUWWX��������+DVVHOJUHQ���������7KH�SULQFLSDO�UHVLGXHV
XVHG� LQ�6ZHGHQ�DUH�PXQLFLSDO�ZDVWHZDWHU�� ODQGILOO� OHDFKDWH�� LQGXVWULDO�ZDVWHZDWHU
�H�J��ORJ�\DUG�UXQRII���VHZDJH�VOXGJH�DQG�ZRRG�DVK��7KH�EHQHILWV�RI�XVLQJ�65:&
IRU�SK\WRUHPHGLDWLRQ�� L�H�� WKH�XVH�RI�SODQWV�IRU� WUHDWPHQW�RI�FRQWDPLQDWHG�DLU�� VRLO
RU� ZDWHU� �(3$�� ������ /LFKW� 	� ,VHEUDQGV�� ������� DUH� ERWK� HQYLURQPHQWDO� DQG
HFRQRPLF��7KH� UHVLGXHV��ZKLFK� DUH� FRQVLGHUHG�PRUH� DV� UHVRXUFHV� WKDQ� DV�ZDVWHV�
DUH�GHDOW�ZLWK�PRUH�FRVW�HIILFLHQWO\�DV�FRPSDUHG�ZLWK�FRQYHQWLRQDO�WUHDWPHQWV��DQG
WKH�QXWULHQWV� FRQWDLQHG� LQ� WKH� UHVLGXHV� DUH� XVHG� DV� ORZ�FRVW� IHUWLOLVHUV� WR� LQFUHDVH
SODQW�SURGXFWLRQ��7KH�EDVLF�LGHD�LV�WR�UHGXFH�WKH�FRQWHQW�RI�SROOXWDQWV��QXWULHQWV�RU
ERWK�LQ�ZDWHUV�DQG�VRLOV�E\�SODQW�XSWDNH�DQG�E\�ILOWUDWLRQ��DQG�WR�IDFLOLWDWH�PLFURELDO
WUDQVIRUPDWLRQ��:KHQ�XVHG�IRU�SK\WRUHPHGLDWLRQ��65:&�RIIHUV�DGYDQWDJHV�VXFK�DV
KLJK�ELRPDVV�\LHOGV�DQG�IUHTXHQW�KDUYHVWV��ZKLFK�UHVXOW�LQ�D�VXEVWDQWLDO�UHPRYDO�RI
KD]DUGRXV�FRPSRXQGV�LQ�WKH�KDUYHVWHG�SODQW�ELRPDVV��7KH�KLJK�HYDSRWUDQVSLUDWLRQ
UDWH�RI�65:&��3HUVVRQ�	�/LQGURWK��������DQG�WKH�WROHUDQFH�RI�WKHLU�URRW�V\VWHPV
WR�DQDHURELF�FRQGLWLRQV��-DFNVRQ�	�$WWZRRG���������PDNH�LW�SRVVLEOH�WR�DSSO\�KLJK
LUULJDWLRQ� UDWHV�� ,Q� DGGLWLRQ�� 65:&� LV� UHSRUWHG� WR� EH� FDSDEOH� RI� WDNLQJ� XS
VXEVWDQWLDO� DPRXQWV� RI� KHDY\� PHWDOV�� VXFK� DV� &G²DQG� LV� WKHUHIRUH� VXLWDEOH� IRU
UHPHGLDWLQJ�SROOXWHG� VLWHV� �/DQGEHUJ�	�*UHJHU��������.ODQJ�:HVWLQ�	�(ULNVVRQ�
�����²DQG� LV� DOVR� FDSDEOH� RI� UHWDLQLQJ� ODUJH� DPRXQWV� RI� QXWULHQWV� �$URQVVRQ�
������

6XVWDLQDELOLW\�RI�65:&�SK\WRUHPHGLDWLRQ�V\VWHPV
7KH� SULQFLSOH� RI� VXVWDLQDEOH� GHYHORSPHQW� ZDV� ILUVW� VWDWHG� E\� WKH� :RUOG
&RPPLVVLRQ� RQ� (QYLURQPHQW� DQG� 'HYHORSPHQW�� LQ� D� UHSRUW� �RIWHQ� FDOOHG� WKH
µ%UXQGWODQG�UHSRUW¶��LQ�������DV�µWKH�GHYHORSPHQW�WKDW�PHHWV�WKH�QHHGV�RI�SUHVHQW
ZLWKRXW�FRPSURPLVLQJ�WKH�QHHGV�RI�IXWXUH�JHQHUDWLRQV¶��7KLV�JHQHUDO�GHILQLWLRQ�ZDV
H[SUHVVHG� LQ� SROLWLFDO� WHUPV� DQG� KDV� EHHQ� IXUWKHU� GHYHORSHG� WR� FRYHU� GLIIHUHQW
DVSHFWV� RI� VXVWDLQDEOH� SUDFWLFHV�� 6XVWDLQDEOH� XVH� LPSOLHV� WKH� µXVH� RI� WKH
HQYLURQPHQW�DQG�LWV�OLYLQJ�UHVRXUFHV�DW�D�UDWH�WKDW�GRHV�QRW�H[FHHG�LWV�FDSDFLW\�IRU
UHQHZDO�LQ�RUGHU�WR�HQVXUH�LWV�DYDLODELOLW\�IRU�IXWXUH�JHQHUDWLRQV¶��(,21(7��������
$FFRUGLQJ�WR�(($���������D�EURDGHU�XQGHUVWDQGLQJ�RI�VXVWDLQDELOLW\�LQ�DJULFXOWXUH
H[WHQGV� WR� WKH�SURWHFWLRQ�RI� ODQGVFDSHV�� KDELWDWV�� DQG�ELRGLYHUVLW\�� DQG� WR� RYHUDOO
REMHFWLYHV� VXFK� DV� WKH�TXDOLW\� RI� GULQNLQJ�ZDWHU� DQG� DLU��7KHUHIRUH�� D� VXVWDLQDEOH
DSSOLFDWLRQ� RI� UHVLGXHV� WR� 65:&�PXVW� HQVXUH�PLQLPDO� HQYLURQPHQWDO� KD]DUGV� WR
WKH� SODQWDWLRQV� DQG� WKH� VXUURXQGLQJV�� QRW� RQO\� IRU� WKLV� JHQHUDWLRQ� EXW� IRU� IXWXUH
JHQHUDWLRQV�DV�ZHOO�

7KH� LQGLVFULPLQDWH� DSSOLFDWLRQ� RI� FHUWDLQ� UHVLGXHV� WR� 65:&� PLJKW� UHVXOW�� IRU
LQVWDQFH�� LQ� QXWULHQW� ORDGV� ZKLFK� ZRXOG� GLIIHU� JUHDWO\� IURP� WKH� QXWULHQW
UHTXLUHPHQWV� RI� WKH� 65:&�� DQG� ZKLFK� LQ� FRQVHTXHQFH� ZRXOG� UHVXOW� LQ� WKH
DFFXPXODWLRQ�RI�HOHPHQWV�LQ�WKH�VRLO��LQ�OHDFKLQJ�WR�WKH�JURXQGZDWHU�RU�LQ�ORVVHV�WR
WKH�DLU��)XUWKHUPRUH��KD]DUGRXV�FRPSRXQGV�DSSOLHG�WRJHWKHU�ZLWK�WKH�UHVLGXHV�PD\
QHJDWLYHO\�DIIHFW�WKH�JURZWK�RI�65:&��DQG�SROOXWH�WKH�VXUURXQGLQJV��)RU�H[DPSOH�
WKH� DSSOLFDWLRQ� RI� PXQLFLSDO� ZDVWHZDWHU²RIWHQ� UHJDUGHG� DV� RQH� RI� WKH� OHVV
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KD]DUGRXV� UHVLGXHV� DSSOLHG� WR� 65:&�� VLQFH� LWV� QXWULHQW� FRQWHQW� PDWFKHV� WKH
UHTXLUHPHQWV� RI� ZLOORZ� �$URQVVRQ� 	� 3HUWWX�� �����²FDQ� UHVXOW� LQ� D� UDQJH� RI
HQYLURQPHQWDO� SUREOHPV�� ([DPSOHV� RI� WKHVH� DUH� H[WHQVLYH� QLWURJHQ� �1�� OHDFKLQJ�
ZKLFK�UHGXFHV�WKH�TXDOLW\�RI�GULQNLQJ�ZDWHU�DQG�FDXVHV�HXWURSKLFDWLRQ�RI�DGMDFHQW
ZDWHU� V\VWHPV�� WR[LF� HIIHFWV� RI� 1� RQ� WKH� SODQWV�� ZKLFK� FDXVH� ELRPDVV� ORVVHV�� RU
ORVVHV�RI�1�WR�WKH�DWPRVSKHUH��DV�QLWURXV�R[LGH��1 � 2��DQG�DPPRQLD��1+ � ���ZKLFK
FRQWULEXWH� WR� WKH� µJUHHQKRXVH� HIIHFW¶� DQG� WKH� HXWURSKLFDWLRQ� RI� ZDWHU� V\VWHPV
�1LHOVHQ� ������ 0RUWHQVHQ�� 1LHOVHQ� 	� -RUJHQVHQ� ������ %|UMHVVRQ�� ������� $V
UHJDUGV�ODQGILOO�OHDFKDWH��LWV�XVXDOO\�KLJK�LRQLF�VWUHQJWK�PD\�FDXVH�WR[LF�HIIHFWV�RQ
65:&�SODQWV��ZKLOH� LWV� KLJK� FRQFHQWUDWLRQ� RI� VRGLXP� FKORULGH� �1D&O�� DQG� RWKHU
VDOWV�PD\�OHDG�WR�VRLO�GHWHULRUDWLRQ��1L[RQ�HW�DO���������%RZPDQ��&OXQH�	�6XWWRQ�
������� 7KH� DSSOLFDWLRQ� RI� VOXGJH±DVK� PL[WXUHV� WR� 65:&�PD\� VHUYH� WR� LQFUHDVH
KHDY\�PHWDO� DQG� SKRVSKRUXV� �3�� FRQFHQWUDWLRQV� LQ� WKH� VRLO�� GHVSLWH� WKH� H[SHFWHG
EHQHILWV�WR�SODQW�JURZWK�DQG�WR�WKH�SK\VLFDO�FKDUDFWHULVWLFV�RI�WKH�VRLO��/DEUHFTXH�
7HRGRUHVFX�	�'DLJOH��������6KREHU�	�6LPV���������,QGXVWULDO�ZDVWHZDWHU��VXFK�DV
ORJ�\DUG�UXQRII��KDV�D�UHODWLYHO\�ORZ�KD]DUG�UDWLQJ��ZLWK�YHU\�ORZ�1�FRQFHQWUDWLRQV�
EXW� FRQWDLQV�RUJDQLF�FRPSRXQGV�DQG�3��ZKLFK� LI� OHDFKHG� WR� WKH� JURXQGZDWHU� DQG
XOWLPDWHO\� WR� VXUURXQGLQJ� ZDWHU� V\VWHPV�� PD\� FDXVH� WKHLU� TXDOLW\� WR� GHWHULRUDWH
�%RUJn��(ORZVRQ�	�/LXNNR��������-RQVVRQ��������
7KH� VSHFLDO� IHDWXUHV� RI�65:&� LQ�SK\WRUHPHGLDWLRQ� V\VWHPV��PHQWLRQHG� DERYH�

FDQ� LQ� PDQ\� FDVHV� UHGXFH� WKHVH� ULVNV�� 7R� DFKLHYH� RU� LPSURYH� WKH� VXVWDLQDEOH
RSHUDWLRQ�RI�65:&�SK\WRUHPHGLDWLRQ� V\VWHPV�� DQG� VLPXOWDQHRXVO\�SURGXFH� ODUJH
TXDQWLWLHV�RI�ELRPDVV��DQ�LQWHJUDWHG�DSSURDFK�VKRXOG�EH�DGRSWHG��ZKLFK�WDNHV�LQWR
DFFRXQW� DOO� RI� WKH� FRQWULEXWLQJ� IDFWRUV�� WKH� SODQWV�� WKH� VRLO�� WKH� UHVLGXH�� WKH
VXUURXQGLQJV�DQG�WKH�LQWHUDFWLRQV�EHWZHHQ�WKHP�

$LPV
7KH�DLP�RI�WKLV�WKHVLV�LV�WR�LQYHVWLJDWH�WKH�SHUIRUPDQFH�DQG�VXVWDLQDELOLW\�RI�65:&
DV�D�PXOWLIXQFWLRQDO�V\VWHP�IRU�WUHDWPHQW�RI�GLIIHUHQW�W\SHV�RI�UHVLGXH��7DEOH����DQG
IRU� WKH� SURGXFWLRQ� RI� ELRPDVV� IRU� HQHUJ\�� 7DNLQJ� ODUJH�VFDOH�� PXOWLIXQFWLRQDO
SK\WRUHPHGLDWLRQ�65:&�SODQWDWLRQV�DV�D�JXLGH��D�VHULHV�RI�VPDOO�VFDOH�H[SHULPHQWV
ZLWK�GLIIHUHQW� UHVLGXHV�ZDV�FRQGXFWHG�� WR�TXDQWLI\� WKH�H[WHQW�RI�SRWHQWLDO�KD]DUGV
DQG�WKH�SHUIRUPDQFH�RI�65:&�LQ�UHGXFLQJ�WKHP��$GGLWLRQDO�PHDVXUHPHQWV�LQ�WKH
ILHOG� ZHUH� PDGH� WR� WHVW� WKH� DSSOLFDELOLW\� RI� WKH� FRQFOXVLRQV� GUDZQ� IURP� WKH
H[SHULPHQWV��DQG�WR�LGHQWLI\�LPSURYHPHQWV�WR�WKH�VXVWDLQDELOLW\�RI�WKH�V\VWHPV��$Q
DGGLWLRQDO�DLP�RI� WKLV�VWXG\�ZDV�WR�VKRZ�ERWK�WKH�SRWHQWLDO�DQG�WKH� UHVWULFWLRQV� WR
WKH� XVH� RI� 65:&� DV�PXOWLIXQFWLRQDO� SK\WRUHPHGLDWLRQ� V\VWHPV� XQGHU� D� UDQJH� RI
FRQGLWLRQV��H�J��RI�DSSOLFDWLRQ�UDWH��W\SH�RI�UHVLGXH��VRLO��FOLPDWH��DQG�VSHFLHV�FORQH�
EDVHG�RQ�P\�RZQ�UHVXOWV�DQG�RQ�UHVXOWV�IURP�OLWHUDWXUH�UHODWHG�WR�P\�UHVHDUFK�
7KH� WKHVLV� LV� RUJDQLVHG� DV� IROORZV�� WKH� DFFRXQW� RI� HDFK� H[SHULPHQW�

FRUUHVSRQGLQJ� WR� DQ� DSSHQGL[� SDSHU�� LV� SUHIDFHG�ZLWK� D� VKRUW� LQWURGXFWLRQ� WR� WKH
UHOHYDQW� OLWHUDWXUH� LQ� WKH� ILHOG�� 7KLV� LV� IROORZHG� E\� D� GLVFXVVLRQ� RI� WKH� UHVXOWV� LQ
UHODWLRQ�WR�WKH�ILQGLQJV�RI�RWKHU�DXWKRUV��)LQDOO\��EULHI�FRQFOXVLRQV�DUH�SUHVHQWHG�
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7DEOH����&RPSDULVRQ�RI�WKH�UHODWLYH��1 �����DQG�RI�WKH�DFWXDO�FRQFHQWUDWLRQV�RI�WKH�YDULRXV�UHVLGXHV�XVHG�LQ�WKH�H[SHULPHQWV�LQ�3DSHUV�,�9��)RU�ZDVWHZDWHU
IURP�VOXGJH�GHZDWHULQJ��3DSHU�,��(QN|SLQJ��� WKH�YDOXHV�DUH�DYHUDJHV� IURP������� IRU� ODQGILOO� OHDFKDWH��3DSHU�,,��+|JE\WRUS��� WKH�YDOXHV�DUH�DYHUDJHV� IURP
������IRU�ORJ�\DUG�UXQRII��3DSHU�,9�DQG�9��YDOXHV�DUH�DYHUDJHV�EHWZHHQ�WKH�WZR�UXQRIIV�XVHG�LQ�WKH�WZR�SDSHUV��DQG�IRU�VHZDJH�VOXGJH�DQG�ZRRG�DVK��3DSHU
,,,��(QN|SLQJ���WKH�YDOXHV�DUH�DYHUDJHV�IRU�����


�(ULFVVRQ��������

(OHPHQW 2SWLPXP
FRPSRVLWLRQ
RI�6DOL[


:DVWHZDWHU
IURP�VOXGJH
GHZDWHULQJ

/DQGILOO
OHDFKDWH

/RJ�\DUG
UXQRII

6HZDJH�VOXGJH :RRG�DVK

� � PJ�O � � �� PJ�O � � �� �PJ�O � � � PJ�J � � �'0 �� PJ�J � � '0
1 ��� ��� ��� ��� ��� ����� �������� ��� �� ������ ��������
3 ��� ���� ���� ������� ���� ����� �������� ��� �� ����� ��
. ��� ��� ��� ��� ��� ���� �� ����� �������� ����� ��
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0DWHULDOV�DQG�0HWKRGV
,Q�WKH�IROORZLQJ�VHFWLRQ��WKH�PDWHULDOV�DQG�PHWKRGV�DQG�WKH�DLPV�RI�WKH�VWXGLHV�LQ
WKH�DSSHQGHG�SDSHUV�DUH�EULHIO\�GHVFULEHG��)RU�GHWDLOV��WKH�UHDGHU�LV�UHIHUUHG�WR�WKH
DSSURSULDWH�VHFWLRQ�RI�WKH�SDSHUV�

1LWURJHQ�ULFK�PXQLFLSDO�ZDVWHZDWHU��D�O\VLPHWHU�VWXG\��3DSHU�,�
:LOORZ� SODQWV� �6DOL[� YLPLQDOLV�� FORQH� µ������¶�� ZHUH� SODQWHG� LQ� HLJKW� �����O
O\VLPHWHUV�� IRXU� ILOOHG� ZLWK� FOD\� �VHW� $�� DQG� IRXU� ZLWK� VDQG� �VHW� %��� 7ZR� RI� WKH
O\VLPHWHUV� IURP�VHW�$�DQG� WZR�IURP�VHW�%�ZHUH� LUULJDWHG�ZLWK�1�ULFK�ZDVWHZDWHU�
REWDLQHG� E\� GHZDWHULQJ� VHZDJH� VOXGJH�� WKH� RWKHUV� ZHUH� LUULJDWHG� ZLWK� WKH
FRUUHVSRQGLQJ�1�GRVHV�RI� OLTXLG�IHUWLOLVHU��%RWK� LUULJDWLRQ�ZDWHUV�KDG� WKH� VDPH�1
FRQFHQWUDWLRQ� �FD�� ���� PJ� O � � ��� FRUUHVSRQGLQJ� WR� ���� NJ� 1� KD � � �� DSSOLHG� GXULQJ
HLJKW�GD\V��7KHUHDIWHU��SODQWV�ZHUH�LUULJDWHG�GDLO\�IRU�����GD\V�ZLWK�WDSZDWHU�DW�D
UDWH�RI����PP�G � � ��'UDLQDJH�ZDWHU�VDPSOHV�IURP�HDFK�O\VLPHWHU�ZHUH�FROOHFWHG�DQG
DQDO\VHG�IRU�QLWUDWH�1��12 � �1���DPPRQLXP�1��1+ 	 �1���RUJDQLF�1�DQG�RUJDQLF�&�
3ODQW�KHLJKW�LQFUHPHQWV�ZHUH�DOVR�PHDVXUHG�
7KH�VSHFLILF�DLPV�RI�WKLV�VWXG\�ZHUH�WR�TXDQWLI\�1�OHDFKLQJ�IROORZLQJ� LQWHQVLYH

DSSOLFDWLRQ�RI�ZDVWHZDWHU�XQGHU�VLPXODWHG�µZRUVW�FDVH¶�FRQGLWLRQV��DQG�WR�HYDOXDWH
WKH�ULVN�RI�GDPDJLQJ�WKH�ZLOORZ�SODQWV�

/DQGILOO�OHDFKDWH��D�SRW�WULDO��3DSHU�,,�
7ZR� FXWWLQJV� RI� HDFK� RI� ILYH� ZLOORZ� FORQHV� �µ������¶�� µ-RUU¶�� µ/RGHQ¶�� µ2ORI¶�
µ7RUD¶�� ZHUH� SODQWHG� LQ� ��GP � � SRWV� ILOOHG� ZLWK� VDQG�� DQG� LUULJDWHG� ZLWK� WKUHH
GLIIHUHQW�ODQGILOO�OHDFKDWH�PL[WXUHV��GLOXWHG�LQ�GLIIHUHQW�UDWLRV�DQG�FRUUHVSRQGLQJ�WR
����������DQG�����PJ�&O�O � � ��)RU�WKH�FRQWURO��OLTXLG�IHUWLOLVHU��%ORPVWUD��&HGHUURWK
,QWHUQDWLRQDO�$%��8SSODQGV�9lVE\��6ZHGHQ��ZDV�XVHG��GLOXWHG� WR�D�FRQFHQWUDWLRQ
RI����PJ�1�WRW� O � � ��7KH�H[SHULPHQW�ZDV�UHSOLFDWHG� LQ�ILYH�EORFNV��$OO�SODQWV�ZHUH
VXSSOLHG�GDLO\�ZLWK�����PO�RI�WKH�DSSURSULDWH�VROXWLRQ�IRU�DSSUR[LPDWHO\�WHQ�ZHHNV�
$GGLWLRQDO�WDSZDWHU�ZDV�VXSSOLHG�WR�WKH�SODQWV�WR�SUHYHQW�ZDWHU�VWUHVV��$W�KDUYHVW�
HDFK� SODQW� ZDV� VHSDUDWHG� LQWR� OHDYHV�� VKRRWV�� FXWWLQJ� DQG� URRWV�� WKHQ� GULHG� DQG
ZHLJKHG��*URZWK�SDUDPHWHUV��DV�ZHOO�DV� OHDI�DUHD�� OHDI� OHQJWK�DQG� OHDI� IOXFWXDWLQJ
DV\PPHWU\� �QRQ�GLUHFWLRQDO� GHYLDWLRQ� IURP� H[SHFWHG� OHDI� V\PPHWU\��� ZHUH
PHDVXUHG��7KH�PDFURQXWULHQW�FRQWHQW�RI�SODQW�SDUWV�ZDV�DQDO\VHG�IRU�HYHU\�FORQH�
IRU�WKH�VWURQJHVW�OHDFKDWH�WUHDWPHQW�DQG�IRU�WKH�FRQWURO�
7KH� VSHFLILF� DLPV� RI� WKLV� VWXG\� ZHUH� WR� TXDQWLI\� WKH� JURZWK� UHVSRQVH� RI� WKH

ZLOORZ�FORQHV� WR� LUULJDWLRQ�ZLWK� WKH�YDULRXV� OHDFKDWH� VROXWLRQV�� DQG� WR� GLVFRYHU� D
SUDFWLFDO�WRRO�IRU�LGHQWLI\LQJ�SODQW�VWUHVV�LQ�WKH�ILHOG�
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6HZDJH�VOXGJH�DQG�ZRRG�DVK��ILHOG�WULDOV��3DSHU�,,,�
7ZR�FRPPHUFLDO�ZLOORZ�ILHOGV��SODQWHG�ZLWK�6DOL[�YLPLQDOLV��FORQH�µ������¶���DQG
LQ�WKH�ILUVW�\HDU�RI�WKHLU�VHFRQG�FXWWLQJ�F\FOH��ZHUH�XVHG��%RWK�ILHOGV�ZHUH�VLWXDWHG
LQ�FHQWUDO�6ZHGHQ��RQH�DW�/XQGE\����������
(���������
1��DQG�WKH�RWKHU�DW�/LQQpV
+DPPDUE\� ���������
(� ��������
1��� RQ� VRLOV� ZLWK� D� KLJK� FOD\� FRQWHQW�� 7KH
H[SHULPHQWDO�WUHDWPHQWV�FRPSULVHG�WZR�GLIIHUHQW�DPRXQWV�RI�D�VOXGJH±DVK�PL[WXUH�
VOXGJH� RQO\� DQG� DVK� RQO\�� SOXV� D� FRQWURO�� 7KH� VOXGJH� ZDV� GHZDWHUHG�� VWDELOLVHG�
PXQLFLSDO� VOXGJH�DQG� WKH�DVK�ZDV�ERWWRP�DVK� IURP�D�GLVWULFW�KHDWLQJ�SODQW�ZKHUH
RQO\�ELRIXHO�LV�XVHG��7KH�H[SHULPHQWV�RQ�ERWK�ILHOGV�ZHUH�LGHQWLFDO��DQG�FRQVLVWHG
RI� �î��P� SORWV� LQ� IRXU� EORFNV� ZLWK� IRXU� UHSOLFDWHV� RI� WKH� VDPH� WUHDWPHQWV�� 6RLO�
VKRRW�DQG�OHDI�OLWWHU�VDPSOHV�ZHUH�FROOHFWHG�DW�UDQGRP�IURP�HYHU\�SORW�DQQXDOO\�DQG
DQDO\VHG�IRU�KHDY\�PHWDOV��&G��&U��&X��1L��3E��=Q���%LRPDVV�PHDVXUHPHQWV�ZHUH
DOVR�PDGH�DQQXDOO\�IRU�HYHU\�SORW�LQ�ERWK�ILHOGV�
7KH� VSHFLILF� DLPV� RI� WKLV� VWXG\� ZHUH� WR� GLVFRYHU� KRZ� KHDY\�PHWDO� XSWDNH� LQ

6:5&� ZDV� DIIHFWHG� E\� WKH� DSSOLFDWLRQ� RI� WKH� VOXGJH±DVK� PL[WXUH�� DQG� WR
LQYHVWLJDWH� KRZ� WKH� UHPHGLDWLRQ� HIIHFW� RI� ZLOORZ²D� FRPELQDWLRQ� RI� JURZWK� UDWH
DQG� KHDY\�PHWDO� XSWDNH²ZDV� DIIHFWHG� E\� WKH� YDULRXV� VOXGJH±DVK� IHUWLOLVDWLRQ
WUHDWPHQWV�

/RJ�\DUG�UXQRII�IURP�D�FORVHG�V\VWHP��D�O\VLPHWHU�VWXG\��3DSHU
,9�
6L[WHHQ������O�O\VLPHWHUV��HLJKW�ZLWK�FOD\�DQG�HLJKW�ZLWK�VDQG��ZHUH�LUULJDWHG�DW�WZR
LQWHQVLWLHV� ���� DQG� ��� PP� G � � �� ZLWK� ORJ�\DUG� UXQRII� IURP� D� FORVHG� ORJ�\DUG
VSULQNOLQJ�V\VWHP��GXULQJ�DSSUR[LPDWHO\�IRXU�PRQWKV� LQ� WKH�VXPPHU��(LJKW�RI� WKH
O\VLPHWHUV� ZHUH� SODQWHG� ZLWK� ZLOORZ� �6DOL[� VFKZHULQLL� î� 6DOL[� YLPLQDOLV�� FORQH
µ7RUD¶���WKH�RWKHU�HLJKW�ZLWK�FRPPRQ�DOGHU��$OQXV�JOXWLQRVD��/���*DHUWQ����UHVXOWLQJ
LQ�HLJKW�SDLUV�RI�O\VLPHWHUV�ZLWK�WKH�VDPH�FRPELQDWLRQ�RI�SODQW��VRLO�DQG�LUULJDWLRQ�
'UDLQDJH�ZDWHU�IURP�HYHU\�O\VLPHWHU�ZDV�FROOHFWHG�DQG�DQDO\VHG�IRU�WRWDO�RUJDQLF
FDUERQ��72&���SKHQROV��3�DQG�1��5HWHQWLRQ�LQ�WKH�O\VLPHWHUV��DEVROXWH�LQ�J�P � 
 �DQG
UHODWLYH� LQ� SHU� FHQW�� ZDV� FDOFXODWHG� RQ� WKH� EDVLV� RI� FRQFHQWUDWLRQ� DQG� YROXPH
GLIIHUHQFHV�EHWZHHQ�WKH�LUULJDWLRQ�ZDWHU�DQG�WKH�GUDLQDJH�ZDWHU�
7KH� VSHFLILF� DLP� RI� WKLV� VWXG\� ZDV� WR� LQYHVWLJDWH� SRVVLEOH� GLIIHUHQFHV� LQ

SK\WRUHPHGLDO� HIILFLHQF\� EHWZHHQ� ZLOORZ� DQG� DOGHU�� DQG� WR� GHWHUPLQH� DQ\
GLIIHUHQFHV�EHWZHHQ�FOD\�DQG�VDQG�ZKHQ�LUULJDWHG�ZLWK� WZR�LQWHQVLWLHV�RI� ORJ�\DUG
UXQRII�

/RJ�\DUG�UXQRII�IURP�DQ�RSHQ�V\VWHP��O\VLPHWHU�DQG�ILHOG�VWXG\
�3DSHU�9�
7KH�ILHOG�VWXG\�ZDV�FRQGXFWHG�LQ�D�ILHOG�DGMDFHQW�WR�WKH� ORJ�\DUG�QDWXUDOO\�JURZQ
ZLWK�FRXFK�JUDVV��(O\PXV�UHSHQV�/����ZKLFK�ZDV�LQWHQVLYHO\�LUULJDWHG�ZLWK�ORJ�\DUG
UXQRII��7KH� LUULJDWLRQ� UDWH�ZDV� DW�PRVW� ���PP�G � � � GXULQJ� VXPPHU�� )RXU� SDLUV� RI
JURXQGZDWHU� WXEHV�ZHUH� LQVWDOOHG� WR�D�GHSWK�RI����±����P�� LQVLGH�DQG�RXWVLGH� WKH



��

LUULJDWHG�FRXFK�JUDVV�DUHD��IRU�FROOHFWLRQ�RI�JURXQGZDWHU�VDPSOHV��7KH�VDPH�ZDWHU
DV�WKDW�DSSOLHG�WR�WKH�ILHOG��ZDV�DOVR�DSSOLHG�WR�HLJKW����O�O\VLPHWHUV��DOO�RI�ZKLFK
FRQWDLQHG� VRLO� FROXPQV� FROOHFWHG� IURP� WKH� ILHOG� E\� PHDQV� RI� D� PHFKDQLFDO� VRLO
DXJHU�� )RXU� RI� WKH� O\VLPHWHUV� ZHUH� SODQWHG�� WZR� ZLWK� FRXFK� JUDVV� DQG� WZR� ZLWK
ZLOORZ��6DOL[�VFKZHULQLL�î�6DOL[�YLPLQDOLV��FORQH�µ7RUD¶���DQG�ZHUH� LUULJDWHG�ZLWK
WKH�ORJ�\DUG�UXQRII�DW�D�UDWH�RI����PP�G � � ��$V�FRQWURO��WKUHH�O\VLPHWHUV�RI�WKH�VDPH
W\SH�JURZQ�ZLWK� FRXFK�JUDVV�ZHUH� LUULJDWHG�ZLWK� WDSZDWHU��*URXQGZDWHU� VDPSOHV
IURP� WKH� ILHOG�� DQG� GUDLQDJH�ZDWHU� IURP� WKH� O\VLPHWHUV��ZHUH� DQDO\VHG� IRU� 72&�
SKHQROV��3�DQG�1��5HWHQWLRQ� LQ� WKH� O\VLPHWHUV�ZDV�FDOFXODWHG�DV� LQ�3DSHU�,9��DQG
UHWHQWLRQ� LQ� WKH� ILHOG�ZDV� HVWLPDWHG� IURP� LUULJDWLRQ� DQG�JURXQGZDWHU�GDWD�� RQ� WKH
DVVXPSWLRQ�RI�QHJOLJLEOH�WUDQVSLUDWLRQ��DQG�XQLIRUP�PL[LQJ�LQ�WKH�JURXQGZDWHU�
7KH�VSHFLILF�DLP�RI�3DSHU�9�ZDV� WR� LQYHVWLJDWH� WKH�SK\WRUHPHGLDO�HIILFLHQF\�RI

FRXFK�JUDVV�DQG�ZLOORZ�ZKHQ�LUULJDWHG�ZLWK�ORJ�\DUG�UXQRII�IURP�DQ�RSHQ�VSULQNOHU
V\VWHP�

5HVXOWV�DQG�'LVFXVVLRQ
,UULJDWLRQ�RI�65:&�ZLWK�PXQLFLSDO�ZDVWHZDWHU
7KH�GLUHFW�GLVFKDUJH�RI�WUHDWHG�ZDVWHZDWHU�WR�ULYHUV�DQG�FRDVWDO�ZDWHUV�LV�WKRXJKW�WR
EH� SDUWO\� UHVSRQVLEOH� IRU� WKH� HXWURSKLFDWLRQ� RI� ZDWHU� V\VWHPV� LQ� 6ZHGHQ�� LQ
FRQVHTXHQFH�RI� WKH�1�DQG�3�FRQWHQW�RI� WKH�ZDVWHZDWHU� �619��������� ,W�KDV�EHHQ
HVWLPDWHG� WKDW� ���� RI� WKH� WRWDO� DQWKURSRJHQLF� 1� ORDG� GLVFKDUJHG� LQWR� 6ZHGLVK
FRDVWDO� ZDWHUV� LV� GHULYHG� IURP� ZDVWHZDWHU� WUHDWPHQW� SODQWV� �619�� ������� 7KH
FRQFHQWUDWLRQ� RI� 1�� 3� DQG�.� LQ� GRPHVWLF� ZDVWHZDWHU� ZDV� UHSRUWHG� WR�PDWFK� WKH
RSWLPDO�FRQFHQWUDWLRQV�IRU�6DOL[�JURZWK��(ULFVVRQ��������3HUWWX�	�.RZDOLN��������
LUULJDWLRQ� RI� 65:&� ZLWK� ZDVWHZDWHU� ZDV� FRQVLGHUHG� DQ� DSSURSULDWH
FRPSOHPHQWDU\� PHWKRG� RI� UHGXFLQJ� WKH� WRWDO� 1� DPRXQW� GLVFKDUJHG� LQWR� ZDWHU
V\VWHPV�LQ�6ZHGHQ��7KLV�ZRXOG�FRQWULEXWH� WR�IXOILOOLQJ� WKH�JRYHUQPHQW
V�DPELWLRQ
WR� UHGXFH�1� GLVFKDUJH� LQWR� WKH� VHD� E\� ���� RI� WKH� ����� OHYHO� E\� WKH� \HDU� ����
�619���������$W� WKH�VDPH�WLPH��65:&�FXOWLYDWLRQ�SURGXFHV�ELRPDVV� IRU�HQHUJ\�
ZKLFK�DOVR�FRPSOLHV�ZLWK�SURSRVDOV�IRU�WKH�IXWXUH�HQHUJ\�VXSSO\�LQ�6ZHGHQ�DQG�WKH
(8��619��������(&��������
7KH�ZDVWHZDWHU�XVHG�LQ�WKH�H[SHULPHQW�RI�3DSHU�,�ZDV�1�ULFK�ZDWHU�SURGXFHG�E\

WKH� GHZDWHULQJ� RI� VOXGJH� LQ� WKH� ZDVWHZDWHU� WUHDWPHQW� SODQW� DW� (QN|SLQJ�� FHQWUDO
6ZHGHQ��7DEOH�����7KLV�ZDWHU��SDUWO\�PL[HG�ZLWK� WUHDWHG�ZDVWHZDWHU�� LV� WKHQ�XVHG
IRU� GULS� LUULJDWLRQ� RI� D� ���KD� 65:&� SODQWDWLRQ� DGMDFHQW� WR� WKH� ZDVWHZDWHU
WUHDWPHQW�SODQW��7KH�KLJK�1�FRQFHQWUDWLRQ�LQ�WKH�ZDVWHZDWHU�PDNHV�VWRUDJH�GXULQJ
ZLQWHU� PRUH� FRVW�HIILFLHQW� RZLQJ� WR� WKH� VPDOOHU� ZDVWHZDWHU� YROXPH� VWRUHG�� $Q\
DVVHVVPHQW� RI� WKH� VXFFHVV� DQG� VXVWDLQDELOLW\� RI� ZDVWHZDWHU� LUULJDWLRQ� RQ� 65:&
PXVW� WDNH� LQWR�DFFRXQW�PLQLPDO� OHDFKLQJ�RI�1� WR� WKH�JURXQGZDWHU�� D�KLJK�JURZWK
UDWH�RI�WKH�65:&��DQG�QR�GHWHULRUDWLRQ�LQ�VRLO�DQG�DLU�TXDOLW\��7KH�UHVXOWV�IURP�WKH
H[SHULPHQW�ZHUH�LQWHQGHG�WR�SURYLGH�LQIRUPDWLRQ�DERXW�WKH�IDWH�RI�1�XQGHU�µZRUVW�
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FDVH�FRQGLWLRQV¶��L�H��ZKHQ�D�KLJK�LUULJDWLRQ�UDWH�RI�1�ULFK�ZDVWHZDWHU��KHQFH�D�KLJK
1�ORDG��LV�DSSOLHG�WR�65:&�GXULQJ�D�VKRUW�SHULRG�

1LWURJHQ�OHDFKLQJ�IURP�ZLOORZV�JURZQ�LQ�O\VLPHWHUV��3DSHU�,�
1LWURJHQ�ZDV�OHDFKHG�IURP�WKH�O\VLPHWHUV�GHVFULEHG�LQ�3DSHU�,�PDLQO\�LQ�WKH�IRUP
RI� 12 � � �� GHVSLWH� WKH� IDFW� WKDW� 1+ 	 � � ZDV� DOPRVW� WKH� RQO\� 1�IRUP� SUHVHQW� LQ� WKH
ZDVWHZDWHU��7KLV�SUHVXPDEO\�GHSHQGV�RQ�UDSLG�QLWULILFDWLRQ�WR�12 � 
 ��7KH�OHDFKLQJ
RI�1�IURP�FOD\�O\VLPHWHUV�FRUUHVSRQGHG�WR�FD�������FD�����NJ�KD � � ��RI�WKH�DSSOLHG
1�� LUUHVSHFWLYH� RI� ZDWHU� W\SH�� 7KH� ILJXUH� IRU� WKH� VDQG� O\VLPHWHUV� ZDV� VOLJKWO\
KLJKHU�� 7KH� SHUIRUPDQFH� RI� 65:&� LQ� WHUPV� RI� 1�OHDFKLQJ� VKRXOG� EH� FRPSDUHG
ZLWK�WKDW�RI�DUDEOH�FURSV��WKH�DOWHUQDWLYH�FURS�RQ�DJULFXOWXUDO�ODQG��DQG�ZLWK�WKDW�RI
IRUHVWV��VLQFH�WKH\�FRPSHWH�DV�D�SURGXFHU�RI�HQHUJ\�ELRPDVV��7KH�PHDQ�IHUWLOLVDWLRQ
UDWH�IRU�DUDEOH�FURSV�LQ�6ZHGHQ�LV�FD������NJ�RI�1�\U � � ��-RUGEUXNVYHUNHW��������DQG
WKH�DYHUDJH�OHDFKLQJ�ORDG�RI�1�UHDFKHV����NJ�1�KD � � �\U � � ��ZKLFK�FRUUHVSRQGV�WR�FD�
����RI�WKH�DSSOLHG�1��-RKQVVRQ�	�+RIIPDQQ���������+RZHYHU��WKH�FRQFHQWUDWLRQ
RI�12 � 
 � LQ� GUDLQDJH�ZDWHU�ZDV� IDU� KLJKHU� LQ� WKH� H[SHULPHQW� RI� 3DSHU� ,� WKDQ� WKH
PD[LPXP�FRQFHQWUDWLRQV�REVHUYHG�IURP�DJULFXOWXUDO�ODQG��+RIIPDQQ�HW�DO���������
7KLV� FDQ� EH� DWWULEXWHG� WR� WKH� KLJK� LUULJDWLRQ� ORDG� ���� PP� G � � �� DSSOLHG� LQ� WKH
H[SHULPHQW�RI�3DSHU�,�� �ZKLFK�LQFUHDVHV�OHDFKLQJ��DQG�WKH�KLJK�1�ORDG������NJ�1
KD � � �� GHVFULEHG� LQ� 3DSHU� ,�� *HQHUDOO\� VSHDNLQJ�� D� JUHDW� DGYDQWDJH� RI� 65:&� LQ
WHUPV�RI�1�OHDFKLQJ��DV�FRPSDUHG�WR�DUDEOH�FURSV��LV�WKH�DEVHQFH�RI�WLOODJH��ZKLFK�LV
UHVSRQVLEOH�IRU�WKH�KLJK�OHYHO�RI�1�OHDFKLQJ�IURP�PRVW�DUDEOH�FURSV��/HGLQ�������
-RHOVVRQ� 	� .\OOPDU�� ������� /HDFKLQJ� RI� 1� IURP� FOHDUIHOOHG� IRUHVWV� LQ� 6ZHGHQ�
ZKLFK�PLJKW�EH�FRPSDUHG�ZLWK�KDUYHVWHG�ZLOORZ�VWDQGV��LV�LQ�WKH�UDQJH���±���NJ
KD � � �\U � � �GXULQJ�RQH�WR�ILYH�\HDUV�DIWHU�FOHDUIHOOLQJ��GHSHQGLQJ�RQ�WKH�JHRJUDSKLFDO
VLWXDWLRQ��DQG�LV�FRUUHODWHG�ZLWK�1�GHSRVLWLRQ��ZKLFK�LV�LQ�WKH�UDQJH���±���NJ�KD � �
\U � � ��$NVHOVVRQ��:HVWOLQJ�	�gUODQGHU���������/HDFKLQJ�IURP�DQ�HVWDEOLVKHG�IRUHVW
LV�FRQVLGHUDEO\�OHVV��619���������EXW�WKLV�DOVR�DSSOLHV�WR�65:&��QRWZLWKVWDQGLQJ
WKH�KLJK�1�ORDGV�VXSSOLHG�E\�IHUWLOLVDWLRQ��$URQVVRQ�	�%HUJVWU|P��������
1R� VLJQLILFDQW� GLIIHUHQFHV� ZHUH� REVHUYHG� EHWZHHQ� ZDVWHZDWHU� DQG� OLTXLG

IHUWLOLVHU�DV�UHJDUGV�OHDFKLQJ��3DSHU�,���7KH�RQO\�GLIIHUHQFH�LQ�WKH�EHKDYLRXU�RI�WKH
WZR� ZDWHU� W\SHV� ZDV� WKDW� 12 � 
 � FRQFHQWUDWLRQV� LQ� WKH� GUDLQDJH� ZDWHU� IURP� WKH
O\VLPHWHUV�� ZKLFK� ZHUH� LUULJDWHG� ZLWK� OLTXLG� IHUWLOLVHU�� ZHUH� KLJKHU� DQG� ZHUH
REVHUYHG� HDUOLHU� WKDQ� WKH� FRUUHVSRQGLQJ� RQHV� IRU� ZDVWHZDWHU�� 7KLV� SRVVLEO\
LQGLFDWHV� D� WHPSRUDU\� 1+ 	 � � DGVRUSWLRQ� WR� WKH� VRLO� SDUWLFOHV�� DQG� KLJKHU
GHQLWULILFDWLRQ�GXH� WR� WKH�KLJKHU�RUJDQLF� FDUERQ�RI�ZDVWHZDWHU��7KH� DPRXQW�RI�&
DYDLODEOH�WR�PLFURRUJDQLVPV�LV�RIWHQ�WKH�OLPLWLQJ�IDFWRU�IRU�GHQLWULILFDWLRQ��:HLHU�HW
DO��� ������� DQG� WKLV� PD\� LQGLFDWH� LQFUHDVHG� GHQLWULILFDWLRQ� ZKHQ� ZDVWHZDWHU� LV
DSSOLHG�� 2Q� WKH� RWKHU� KDQG�� VLJQLILFDQW� GLIIHUHQFHV� EHWZHHQ� FOD\� DQG� VDQG� ZHUH
UHFRUGHG�IRU�1�OHDFKLQJ�DQG�IRU�1�XSWDNH�LQ�VKRRWV��*URZWK�LQ�FOD\�O\VLPHWHUV�ZDV
PXFK�KLJKHU�WKDQ�WKDW�LQ�VDQG�O\VLPHWHUV��8SWDNH�RI�1�LQ�VKRRWV�LQ�FOD\�O\VLPHWHUV
ZDV�DOPRVW�WKULFH�WKDW�LQ�VDQG��7KH�1�DFFXPXODWHG�LQ�WKH�ZLOORZ�VKRRWV�LQ�WKH�FOD\
O\VLPHWHUV� FRUUHVSRQGHG� WR� ���� RI� WKH� WRWDO� DPRXQW� RI� 1� VXSSOLHG�� 7KH
FRUUHVSRQGLQJ�ILJXUH�IRU�VDQG�ZDV�������
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1LWURJHQ�SURFHVVHV�IROORZLQJ�LUULJDWLRQ�ZLWK�ZDVWHZDWHU
7KH�DPRXQW�RI�1�OHDFKHG�LV�RI�FRXUVH�UHODWHG�QRW�RQO\�WR�WKH�ELRPDVV�SURGXFHG��EXW
DOVR�WR�WKH�RWKHU�1�SURFHVVHV�WKDW�WDNH�SODFH�DIWHU�IHUWLOLVDWLRQ�ZLWK�ZDVWHZDWHU��7R
LQFUHDVH�GHQLWULILFDWLRQ�LV�WKRXJKW�IRU�LQVWDQFH�WR�EH�RQH�ZD\�RI�UHGXFLQJ�WKH�WRWDO
DPRXQW� RI� 1�OHDFKLQJ� �6QRZ� HW� DO��� ������ 6DNDGHYDQ�� 0DKHVKZDUL� 	� %DYRU�
�������7R�REWDLQ�D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�1�SDWKZD\V��LW�LV�QHFHVVDU\�WR�VWXG\
WKH�LQWHUDFWLRQV�EHWZHHQ�WKH�YDULRXV�1�SURFHVVHV��$IWHU�LUULJDWLRQ�ZLWK�ZDVWHZDWHU�
1� LV� SDUWO\� DFFXPXODWHG� LQ� WKH� DERYH�� DQG� EHORZJURXQG� SODQW� ELRPDVV� WKURXJK
JURZWK�� DQG� FDQ� VLPXOWDQHRXVO\� EH� ORVW� WKURXJK� OHDFKLQJ� WR� WKH� JURXQGZDWHU�
WKURXJK�JDVHRXV�ORVV�GXH�WR�GHQLWULILFDWLRQ�RU�E\�DPPRQLD�YRODWLOLVDWLRQ��1LWURJHQ
WKDW�LV�LPPRELOLVHG�E\�PLFURRUJDQLVPV�FDQ�ODWHU�EH�PLQHUDOLVHG�DQG�HQWHU�WKH�VRLO
SRRO��$GGLWLRQDOO\��1�FDQ�HQWHU�WKH�VRLO�SRRO�WKURXJK�OLWWHU�GHFD\��,Q�WKH�H[SHULPHQW
RI� 3DSHU� ,�� RQO\� OHDFKLQJ� DQG� DFFXPXODWLRQ� LQ� WKH� DERYHJURXQG� SODQW� SDUWV�ZHUH
PHDVXUHG�� ,I� WKH� DPRXQWV� RI� 1� HQWHULQJ� WKH� VRLO� SRRO� E\� OLWWHU� GHFD\�� DQG� WKH
DPRXQWV�RI�1�LQFRUSRUDWHG�LQ�EHORZJURXQG�SODQW�ELRPDVV��DUH�FDOFXODWHG�E\�PHDQV
RI� WKH� FRQFHSWXDO� PRGHO� RI� $URQVVRQ� �������� D� WKHRUHWLFDO� DVVHVVPHQW� RI� 1
SDWKZD\V�LQ�WKH�O\VLPHWHUV�RI�3DSHU�,�FDQ�EH�REWDLQHG��7DEOH����
7DEOH����7KHRUHWLFDO�1�EXGJHW��NJ�1�KD � � �\U � � ��IRU�HDFK�WUHDWPHQW�LQ�WKH�O\VLPHWHUV�RI�3DSHU
,�� LQFOXGLQJ� WKH� PHDQ� YDOXHV� �Q ��� RI� 1�DSSOLFDWLRQ� YLD� LUULJDWLRQ�IHUWLOLVDWLRQ� DQG� 1
OHDFKLQJ� ORDGV�� 7KH� 
� YDOXHV� LQGLFDWH� YDOXHV� FDOFXODWHG� RQ� WKH� EDVLV� RI� WKH� FRQFHSWXDO
PRGHO� RI� $URQVVRQ� �������� µ1RW� DFFRXQWHG� IRU¶� YDOXHV� LQGLFDWH� WKH� QHW� UHVXOW� RI� 1�
PLQHUDOLVDWLRQ� DQG� 1� ORVVHV� WKURXJK� YRODWLOLVDWLRQ�� ::�  � ZDVWHZDWHU� DQG� /)�  � OLTXLG
IHUWLOLVHU

&OD\
::

&OD\
/)

6DQG
::

6DQG
/)

,UULJDWLRQ ���� ���� ���� ����
/HDFKLQJ ±�� ±�� ±�� ±���
6KRRWV ±��� ±��� ±�� ±��
6WXPSV
 ±� ±� ±� ±�
&RDUVH�URRWV
 ±�� ±� ±� ±�
/HDI�OLWWHU�WR�KXPXV
 ±�� ±�� ±�� ±��
)LQH�URRW�OLWWHU�WR
KXPXV


±��� ±�� ±�� ±��
1RW�DFFRXQWHG�IRU ���� ��� ±��� ±���
Σ � � � �

,Q�WKH�EXGJHW�RI�7DEOH����WKH�WHUP�µ1�QRW�DFFRXQWHG�IRU¶�UHIHUV�WR�WKH�QHW�UHVXOW�RI
PLQHUDOLVHG� 1� DQG� WR� 1� ORVW� WR� WKH� DWPRVSKHUH� E\� GHQLWULILFDWLRQ� RU� DPPRQLD
YRODWLOLVDWLRQ�� 'HQLWULILFDWLRQ� LV� UHSRUWHG� WR� EH� KLJKHU� LQ� FOD\� VRLO�� LQ� ZDWHU�
VDWXUDWHG�DQG�ZDUP�VRLOV��DQG�ZKHQ�12 � 
 �DQG�&�DUH�DYDLODEOH��%DUWRQ�HW�DO��������
6PLWK�	�%RQG�� ������+RRGD��:HVWRQ�	�&KHQ�� ������� ,Q� WKH� FOD\� O\VLPHWHUV� RI
3DSHU� ,�� LUULJDWLRQ� ZDV� FRQGXFWHG� DW� KLJK� LQWHQVLW\� �WKH� VDWXUDWLRQ� OHYHO� ZDV
WKHUHIRUH� KLJK�� GXULQJ� VXPPHU� �VRLO� WHPSHUDWXUH� ZDV� WKHUHIRUH� FRPSDUDWLYHO\
KLJK��� )XUWKHUPRUH�� KLJK� OHYHOV� RI� 12 � 
 � ZHUH� SUHVHQW� �RZLQJ� WR� LUULJDWLRQ� ZLWK
ZDVWHZDWHU�DQG�OLTXLG�IHUWLOLVHU��DQG�WKH�RUJDQLF�PDWWHU�FRQWHQW�ZDV�KLJKHU�WKDQ�WKDW
LQ� VDQG� O\VLPHWHUV�� 7KH� RUJDQLF� FRQWHQW� RI� WKH� ZDVWHZDWHU� PLJKW� KDYH� DOVR
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FRQWULEXWHG� WR� LQFUHDVHG� GHQLWULILFDWLRQ�� 'HQLWULILFDWLRQ� LQ� WKH� FOD\� O\VLPHWHUV
LUULJDWHG�ZLWK�ZDVWHZDWHU�FRXOG� WKHUHIRUH�KDYH�EHHQ�VXEVWDQWLDO��$URQVVRQ� ������
KDV�HVWLPDWHG��WKDW��GHQLWULILFDWLRQ�RI�IHUWLOLVHG��65:&�FDQ�UHDFK�DW�OHDVW����NJ�1
KD � � � \U � � �� 'HQLWULILFDWLRQ� LQ� D� FRSSLFHG� (XFDO\SWXV� JOREXOXV� /DELOO�� SODQWDWLRQ
LUULJDWHG�ZLWK�ZDVWHZDWHU�UHDFKHG����NJ�1�KD � � �\U � � �LQ�FOD\�VRLO��+RRGD��:HVWRQ�	
&KHQ�� ������� 6PLWK�� )UHQH\� 	� %RQG� ������� IRXQG� WKDW� DPPRQLD� YRODWLOLVDWLRQ
RFFXUV� LQ� ILHOGV� LUULJDWHG� ZLWK� ZDVWHZDWHU�� DQG� WKDW�� DOWKRXJK� LW� LV� GLIILFXOW� WR
HVWLPDWH��LW�LV�UHODWHG�WR�VRLO�WHPSHUDWXUH��VRLO�S+�DQG�HYDSRUDWLRQ��,W�LV�GLIILFXOW�WR
HVWLPDWH�WKH�OHYHO�RI�GHQLWULILFDWLRQ�DQG�DPPRQLD�YRODWLOLVDWLRQ�LQ�WKH�H[SHULPHQWV
RI� 3DSHU� ,�� ,W� LV� DOVR� GLIILFXOW� WR� GHWHUPLQH�ZKLFK� SURFHVV� OLHV� EHKLQG� WKH� µ1� QRW
DFFRXQWHG�IRU¶��DQG�WR�ZKDW�H[WHQW��+RZHYHU��LI�WKH�JDVHRXV�ORVVHV�WKDW�PLJKW�KDYH
RFFXUUHG� DUH� FRQVLGHUHG²HVSHFLDOO\� WKRVH� IURP� WKH� FOD\� O\VLPHWHUV� WUHDWHG� ZLWK
ZDVWHZDWHU²WKH�1�PLQHUDOLVHG� LQ� WKH� FOD\� O\VLPHWHUV� FRXOG�EH�PXFK�KLJKHU� WKDQ
WKH� ���� NJ� KD � � � \U � � � FDOFXODWHG� LQ� WKH� EXGJHW�� 7KLV� LV� D� IXUWKHU� LQGLFDWLRQ� WKDW
H[WHQVLYH�1�PLQHUDOLVDWLRQ�PD\�RFFXU�ZKHQ�IHUWLOLVHG�65:&�LV�JURZQ�RQ�D�IHUWLOH
VLWH�ZLWK� ODUJH� DPRXQWV� RI� RUJDQLF�1� �6ODSRNDV�� ������ $URQVVRQ�� ������� ,W� PD\
WKHUHIRUH�EH�FRQFOXGHG�WKDW��ZKHQ�KLJK�LUULJDWLRQ�UDWHV�ZLWK�1�ULFK�ZDVWHZDWHU�DUH
DSSOLHG� WR� IHUWLOH� DJULFXOWXUDO� VRLOV�� WKH� KLJK� VRLO�PRLVWXUH� OHYHO� DQG� WKH� RUJDQLF
FRQWHQW� RI� WKH� ZDWHU� PD\� LQFUHDVH� GHQLWULILFDWLRQ�� ZKLOH� DW� WKH� VDPH� WLPH� 1
PLQHUDOLVDWLRQ�RFFXUV��HVSHFLDOO\�ZKHQ�WKH�OHYHO�RI�1�DOUHDG\�SUHVHQW�LQ�WKH�VRLO�LV
KLJK�� 7KH� XQFHUWDLQW\� UHJDUGLQJ� WKH�1� SDWKZD\V� LV� FRQVLGHUDEOH�� DQG� WKH� ULVN� RI
OHDFKLQJ�LV�VXEVWDQWLDO�

:DVWHZDWHU�LUULJDWLRQ�RI�65:&�DW�(QN|SLQJ²)LHOG�VLWXDWLRQ
,Q�WKH����KD�65:&�SODQWDWLRQ�DW�(QN|SLQJ��WKH�VRLO�LV�J\WWMD�FOD\��L�H��VLPLODU�WR�WKH
FOD\�VRLO�LQ�WKH�O\VLPHWHUV��DQG�WKH�FRQFHQWUDWLRQ�RI�1�LQ�WKH�LUULJDWLRQ�ZDWHU�LV�QRW
DV�KLJK�DV�LQ�WKH�H[SHULPHQW�GHVFULEHG�LQ�3DSHU�,��7KH�1�ULFK�ZDVWHZDWHU��RWKHUZLVH
FDOOHG�VXSHUQDWDQW��LV�VWRUHG�LQ�SRQGV�LQ�ZLQWHU��GXULQJ�ZKLFK�D�UHGXFWLRQ�RI�1�KDV
EHHQ�REVHUYHG��$URQVVRQ��SHUVRQDO�FRPPXQLFDWLRQ���)XUWKHUPRUH��WKH�VXSHUQDWDQW
LV� XVXDOO\� PL[HG� ZLWK� FRQYHQWLRQDOO\� WUHDWHG� ZDVWHZDWHU� GXULQJ� WKH� LUULJDWLRQ
SHULRG��DV�DQ�DGGLWLRQDO�ZDWHU�VXSSO\�WR�WKH�65:&��7KH�DYHUDJH�FRQFHQWUDWLRQ�RI
WRWDO�1�LQ�WKH�LUULJDWLRQ�ZDWHU�IRU�����±�����ZDV����PJ�O � � �����PJ�1�O � � �RI�ZKLFK
ZDV�LQ�WKH�IRUP�RI�1+ 	 �1��.OHPHGWVVRQ�HW�DO����������7KH�LUULJDWLRQ�ORDG�LQ�WKRVH
\HDUV�ZDV�RQ�DYHUDJH�����PP�G � � ��ZLWK�VPDOO�YDULDWLRQV�IURP�\HDU�WR�\HDU��,UULJDWLRQ
WRRN�SODFH�IURP�0D\�WR�6HSWHPEHU��7KH�WRWDO�VXSSO\�RI�1�ZDV�RQ�DYHUDJH�����NJ�1
KD � � � \U � � �� L�H�� VXEVWDQWLDOO\� KLJKHU� WKDQ� WKH� UHFRPPHQGHG� DSSOLFDWLRQ� UDWH� IRU
FRQYHQWLRQDO� IHUWLOLVHU�RQ�65:&��ZKLFK� LV� DERXW� ��� NJ�1� KD � � � \U � � �/HGLQ� HW� DO��
������
3DSHU�,�VKRZHG�WKDW�ODUJH�DPRXQWV�RI�1�FDQ�EH�VDWLVIDFWRULO\�WUHDWHG�E\�LUULJDWLRQ

RI� QHZO\� KDUYHVWHG� ZLOORZV�� HYHQ� DW� KLJK� LUULJDWLRQ� UDWHV� DQG� ZLWK� ZDVWHZDWHU
FRQWDLQLQJ� D� KLJK� 1� FRQFHQWUDWLRQ�� GXULQJ� D� VKRUW� SHULRG�� 7KH� UHVXOWV� IURP� WKH
LUULJDWLRQ� DW� (QN|SLQJ�� ZKLFK� ZDV� FDUULHG� RXW� LQ� D� PRUH� UHDOLVWLF� IDVKLRQ�� ZLWK
PRGHUDWH� GDLO\� LUULJDWLRQ� UDWHV�� VKRZHG� WKDW� 1�OHDFKLQJ� ZDV� FD�� �� NJ� KD � � � \U � �
�.OHPHGWVVRQ� HW� DO��� ������� 7KH� FRQFHQWUDWLRQV� RI� 12 � �1� LQ� WKH� JURXQGZDWHU
GXULQJ�WKH�LUULJDWLRQ�SHULRG�ZHUH�ZHOO�EHORZ����PJ�O � � ��ZKLFK�LV�WKH�OLPLW�IRU�12 � �
1� LQ� GULQNLQJ� ZDWHU�� 7KLV� DJUHHV� ZLWK� WKH� ILQGLQJV� RI� $URQVVRQ� �������� IURP
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65:&�LUULJDWHG�ZLWK�ZDVWHZDWHU�LQ�6ZHGHQ��$URQVVRQ�VXJJHVWHG�WKDW�DW�OHDVW����
NJ�1�KD � � �\U � � FDQ�EH�UHWDLQHG��SODQW�XSWDNH��LPPRELOLVDWLRQ�LQ�WKH�VRLO�DQG�JDVHRXV
ORVVHV�� DQG� µWUHDWHG¶�ZLWKRXW� FRQWDPLQDWLQJ� WKH� JURXQGZDWHU� E\�1� OHDFKLQJ�� 7KH
JURZWK� RI� 65:&� LQ� (QN|SLQJ� ZDV� FD�� �� W� '0� KD � � � \U � � �� ZKLFK� LV� UDWKHU� KLJK
FRPSDUHG�WR�RWKHU�FRPPHUFLDO�ILHOGV�LQ�WKH�DUHD��1RUGK��SHUVRQDO�FRPPXQLFDWLRQ��
7KLV� LQGLFDWHV� DQ� DEVHQFH� RI� QHJDWLYH� HIIHFWV� RI� ZDVWHZDWHU� LUULJDWLRQ� RQ� SODQW
YLJRXU�� ,W� LV� HYLGHQW� WKDW� WKH� LUULJDWLRQ� PHWKRG� LQ� 3DSHU� ,� ZDV� XQVXLWDEOH� IRU
SUDFWLFDO�ILHOG�XVH��LW�ZDV�PHUHO\�D�PHDQV�RI�TXDQWLI\LQJ�1�OHDFKLQJ�XQGHU�µZRUVW�
FDVH¶� FRQGLWLRQV�� 8QGHU� UHDO� ILHOG� FRQGLWLRQV� DW� (QN|SLQJ�� ZDVWHZDWHU� LUULJDWLRQ
DSSHDUHG�WR�EH�DSSOLHG�LQ�D�VXVWDLQDEOH�PDQQHU��7KH�FD������NJ�1�KD � � �\U � � �DSSOLHG
ZLWK� WKH�ZDVWHZDWHU�ZHUH� WUHDWHG�VDWLVIDFWRULO\��DW� OHDVW� LQ� WHUPV�RI�1�OHDFKLQJ� WR
WKH�JURXQGZDWHU�

:KDW�PD[LPXP�VXVWDLQDEOH�1�DPRXQWV�DQG�LUULJDWLRQ�ORDGV�FDQ
EH�DSSOLHG�WR�65:&"
6LQFH�1�OHDFKLQJ�DQG�UHGXFHG�JURZWK�ZHUH�QRW�REVHUYHG�LQ�WKH�ILHOG�DW�(QN|SLQJ��LW
PLJKW� EH� FRQFOXGHG� WKDW� HYHQ� KLJKHU�1� ORDGV� FRXOG� EH� DSSOLHG� IRU� D�PRUH� FRVW�
HIILFLHQW�1�WUHDWPHQW��5RVHQTYLVW�HW�DO����������7KLV�FRXOG�EH�GRQH�E\� LQFUHDVLQJ
HLWKHU�WKH�LUULJDWLRQ�YROXPH�RU�WKH�1�FRQFHQWUDWLRQ�LQ�WKH�ZDVWHZDWHU��,Q�WKH�V\VWHP
DW� (QN|SLQJ�� ZKLFK� LV� EDVHG� RQ� D� QRYHO� DQG� UDWKHU� VRSKLVWLFDWHG� DSSURDFK�� LW� LV
SRVVLEOH� WR� DGMXVW� WKH� 1� FRQFHQWUDWLRQ� LQ� WKH� LUULJDWLRQ� ZDWHU� E\� PL[LQJ� LW� ZLWK
WUHDWHG�ZDVWHZDWHU�� ,Q� VLPSOHU� V\VWHPV�� KRZHYHU�� ZKLFK� GR� QRW� VWRUH� RU�PL[� WKH
ZDVWHZDWHUV�� 1� FRQFHQWUDWLRQV� FDQQRW� EH� UHJXODWHG� E\� GLOXWLRQ�� KHQFH� RQO\� WKH
LUULJDWLRQ�UDWH�FDQ�EH�DGMXVWHG�WR�DIIHFW�WKH�WRWDO�DPRXQW�RI�1�DSSOLHG�
6HYHUDO� PRGHOV� IRU� ZDVWHZDWHU� LUULJDWLRQ� RI� YDULRXV� VKRUW�URWDWLRQ� FURSV� KDYH

EHHQ�FRQVWUXFWHG��2X�HW�DO���������$O�-DPDO���������0RVW�RI�WKHP�DUH�EDVHG�RQ�WKH
SODQW¶V� ZDWHU� UHTXLUHPHQWV� DQG� DLP� WR� RSWLPLVH� ZDWHU� XVH�� EXW� GR� QRW� WDNH� LQWR
DFFRXQW� WKH� 1� FRQWHQW� RU� WKH� FRQWHQW� RI� RWKHU� KD]DUGRXV� FRPSRXQGV� LQ� WKH
ZDVWHZDWHU�� $� VLPSOH� ZDWHU�EDODQFH� HTXDWLRQ�� XVHG� IRU� GHFLGLQJ� LUULJDWLRQ� UDWHV
ZLWK�ZDVWHZDWHU��ZDV�JLYHQ�E\�5R\JDUG�HW�DO����������E\�WKH�IRUPXOD�
,� �(7�±�3�±�∆6�� ���
ZKHUH� ,� LV� ZDVWHZDWHU� LUULJDWLRQ� �PP��� (7� LV� HYDSRWUDQVSLUDWLRQ� �PP��� 3� LV
SUHFLSLWDWLRQ� �PP�� DQG�∆6� LV� WKH� FKDQJH� LQ� VRLO�ZDWHU� VWRUDJH� �PP��� $OO� RI� WKH
FRPSRQHQWV�RI� WKH�DERYH�HTXDWLRQ�YDU\�JUHDWO\�ZLWK�JHRJUDSKLFDO�DUHD�� VRLO� W\SH�
WLPH�SHULRG��SODQW�VSHFLHV��HWF��,Q�SDUWLFXODU��HYDSRWUDQVSLUDWLRQ�YDULHV� IURP�FORQH
WR� FORQH� RI� WKH� VDPH� VSHFLHV� �3HUVVRQ� 	� /LQGURWK�� ������� 7KHUHIRUH�� IRU� ZLGHU
DSSOLFDELOLW\�� D� PRUH� FRPSOH[� PRGHO� ZRXOG� EH� UHTXLUHG�� EHFDXVH� D� UDQJH� RI
FRQGLWLRQV�PXVW�EH� FRYHUHG� �%RQG��������6QRZ� HW� DO��� �������7KH� SUHVHQW� WKHVLV
GRHV� QRW� DLP� WR� FRQVWUXFW� RU� WR� SURSRVH� D� PRGHO� IRU� HVWLPDWLRQ� RI� ZDVWHZDWHU
LUULJDWLRQ�OHYHOV�RQ�65:&��,W�LV��KRZHYHU��RI�LQWHUHVW�WR�LQYHVWLJDWH�WKH�UHVWULFWLRQV�
EXW� DOVR� WKH� SRWHQWLDO�� RI� 65:&� LUULJDWHG� ZLWK� ZDVWHZDWHU�� RQ� WKH� EDVLV� RI� WKH
REVHUYDWLRQV�DQG�DVVXPSWLRQV�RI�WKH�SUHYLRXVO\�PHQWLRQHG�H[DPSOHV��DQG�E\�XVLQJ
VLPSOH�DSSURDFKHV�
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7DEOH����2YHUYLHZ�RI�WKH�H[SHULPHQWDO�WUHDWPHQWV�DQG�UHVXOWV������±������LQ�/DUVVRQ�HW�DO�
��������:DVWHZDWHU� �::��3UHFLSLWDWLRQ� �3SWQ
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5HVWULFWLRQV�DQG�SRWHQWLDO�RI�ZDVWHZDWHU�LUULJDWLRQ�RQ�65:&²$Q�H[DPSOH
([SHULPHQWV�RQ�ZDVWHZDWHU�LUULJDWLRQ�RI�65:&�ZHUH�HVWDEOLVKHG�LQ�IRXU�(XURSHDQ
FRXQWULHV� �)UDQFH�� *UHHFH�� 6ZHGHQ�� 8.�� ZLWKLQ� WKH� (XURSHDQ� 8QLRQ� SURMHFW
)$,5��&7���������/DUVVRQ�HW�DO����������7KHUH�ZDV�D�UDQJH�RI�GLIIHUHQFHV�LQ�VRLO
DQG�ZDVWHZDWHU� W\SHV�� EXW� WKH�ZLOORZ� FORQH� XVHG�ZDV� WKH� VDPH�� L�H�� 6�� YLPLQDOLV�
µ-RUU¶�� ZKLFK� ZDV� GHYHORSHG� IRU� QRUWK�(XURSHDQ� FOLPDWLF� FRQGLWLRQV�� 6LPLODU
PHWKRGRORJ\� DQG� FDOFXODWLRQV� DV� LQ� HTXDWLRQ� ���� ZHUH� XVHG� WR� GHFLGH� LUULJDWLRQ
OHYHOV� IRU� WKH� GLIIHUHQW� WUHDWPHQWV�� µ3RWHQWLDO� (YDSRWUDQVSLUDWLRQ¶� �3(�� ZDV
FDOFXODWHG�E\�PXOWLSO\LQJ�D�FURS�FRHIILFLHQW�ZKLFK�YDULHV� WKURXJKRXW� WKH�JURZLQJ
VHDVRQ� �DQG� ZKLFK� WRRN� ORFDO� FOLPDWLF� FRQGLWLRQV� LQWR� FRQVLGHUDWLRQ��� E\� WKH
3HQPDQ�HYDSRUDWLRQ�UDWH��/LQGURWK�	�%nWK���������,UULJDWLRQ�DW�WKH�UDWHV��×3(�DQG
�×3(�� DQG� D� FRQWURO� ZLWK� WDSZDWHU�� ZHUH� LQFOXGHG�� 'HWDLOV� RI� WKH� H[SHULPHQWDO
WUHDWPHQWV�DQG�UHVXOWV�DUH�JLYHQ�LQ�7DEOH����DERYH��
$� FRPSDULVRQ� EHWZHHQ� WKH� VLWHV� LQ� )UDQFH� DQG�*UHHFH� LV� RI� LQWHUHVW�� VLQFH� WKH

ZDWHU�KDG�DSSUR[LPDWHO\�WKH�VDPH�1�FRQFHQWUDWLRQ��FD�����PJ�1�O � � ���HYHQ�WKRXJK
WKH� RULJLQ� RI� WKH� ZDVWHZDWHU� GLIIHUHG�� ,Q� )UDQFH�� LW� ZDV� GHULYHG� IURP� D� FKLFRU\�
SURFHVVLQJ�LQGXVWU\��LQ�*UHHFH�LW�ZDV�SULPDU\�HIIOXHQW�IURP�D�PXQLFLSDO�ZDVWHZDWHU
WUHDWPHQW�SODQW��7KH�3(�YDULHG�JUHDWO\�EHWZHHQ�WKHVH�ORFDWLRQV��KHQFH�WKH�1�ORDGV
DSSOLHG� DOVR� YDULHG� ZLGHO\�� 7KLV� GLIIHUHQFH� ZDV� UHIOHFWHG� LQ� WKH� 12 � �1
FRQFHQWUDWLRQ�LQ�WKH�GUDLQDJH�ZDWHU�� LQ�)UDQFH�LW�ZDV�ZHOO�EHORZ����PJ�O � � � IRU�DOO
WUHDWPHQWV�DQG�\HDUV��L�H��PXFK�ORZHU�WKDQ�WKH�OLPLW�IRU�GULQNLQJ�ZDWHU�LQ�WKH�(8��,Q
*UHHFH�� 12 � �1� FRQFHQWUDWLRQV� LQ� WKH� JURXQGZDWHU� ZHUH� KLJKHU�� DQG� WKH� KLJKHVW
REVHUYDWLRQ� ZDV� IRU� �×3(� LQ� HDUO\� VSULQJ�� /DWHU� LQ� WKH� VXPPHU�� WKH� 12 � �1
FRQFHQWUDWLRQV�ZHUH�PXFK�ORZHU��,Q�6ZHGHQ��WKH�1�FRQWHQW�RI�WKH�ZDVWHZDWHU�ZDV
YHU\�ORZ�DQG�WKH�1�DPRXQWV��ZKLFK�ZHUH�GHFLGHG�RQ�WKH�EDVLV�RI�3(��ZHUH�ORZHU
WKDQ�WKH�65:&�UHTXLUHPHQWV�LQ�WHUPV�RI�1��1R�OHDFKLQJ�ZDV�REVHUYHG�LQ�6ZHGHQ�
DQG�ELRPDVV�SURGXFWLRQ� IRU� �×3(�ZDV� WKH� ORZHVW� DPRQJ� DOO� ORFDWLRQV� �7DEOH� ���
7KH�1�ORDGV�DSSOLHG�LQ�*UHHFH�������NJ�KD � � \U � � �IRU��×3(��ZHUH�JUHDWHU�WKDQ�WKH
SODQWV�UHTXLUHG��DQG�SUREDEO\�PXFK�ODUJHU�WKDQ�WKH�DPRXQWV�WKDW�FDQ�EH�UHWDLQHG�E\
65:&��7KH�SODQWV�GLG�QRW�VXIIHU�IURP�ZDWHU�GHILFLWV²FOHDUO\�WKH�PDLQ�KD]DUG�IRU
D� 65:&� SODQWDWLRQ� LQ� VRXWK�(XURSHDQ� FOLPDWHV²DQG� 1�OHDFKLQJ� ZDV� REVHUYHG�
(YHQ� WKRXJK�65:&�JURZQ� LQ�ZDUPHU� FOLPDWHV�PLJKW�EH� DEOH� WR� WUHDW� DQG�XWLOLVH
ODUJHU�DPRXQWV�RI�1�RZLQJ�WR�KLJKHU�GHQLWULILFDWLRQ�DQG�WR�KLJKHU�SRWHQWLDO�JURZWK�
WKH� WRWDO� 1�ORDG� DSSOLHG� ZLWK� ZDVWHZDWHU� PXVW� EH� DOVR� WDNHQ� LQWR� DFFRXQW�� IRU
VXVWDLQDEOH�DSSOLFDWLRQ� WR�65:&��'LIIHUHQFHV� LQ�JURZWK�ZHUH�DOVR�REVHUYHG��DQG
ZHUH�UHODWHG�HLWKHU�WR�1�ORDGV�RU�WR�RWKHU�ORFDO�FRQGLWLRQV��LQ�6ZHGHQ�WKH�ORZ�OHYHO
RI�1�DSSOLHG�OHG�WR�ORZ�ELRPDVV�SURGXFWLRQ��DQG�LQ�*UHHFH�65:&�JURZWK�YDULHG
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JUHDWO\�EHWZHHQ� WUHDWPHQWV�� DQG�ZDV�JUHDWHU� IRU� WKH�KLJKHU� UDWH�RI� LUULJDWLRQ�ZLWK
ZDVWHZDWHU��DOWKRXJK�WKH�FORQH�ZDV�QRW�VXLWDEOH�IRU�WKH�ORFDO�FRQGLWLRQV��,Q�)UDQFH�
WKH�ORZHU�WKDQ�H[SHFWHG�ELRPDVV�SURGXFWLRQ�ZDV�DWWULEXWHG�WR�SRRU�VRLO�FRQGLWLRQV�
DQG�WR�SHVW�DWWDFNV�ZKLFK�GDPDJHG�WKH�SODQWV��/DUVVRQ�HW�DO���������

)DFWRUV�WR�FRQVLGHU�IRU�VXVWDLQDEOH�LUULJDWLRQ�RI�65:&�ZLWK�PXQLFLSDO
ZDVWHZDWHU
7KH�H[SHULPHQWV�GHVFULEHG�DERYH�LQGLFDWH�WKH�SRWHQWLDO�RI�ZDVWHZDWHU�LUULJDWLRQ�RQ
65:&�LQ�GLIIHUHQW�JHRJUDSKLFDO�DUHDV�DQG�ZLWK�GLIIHUHQW�W\SHV�RI�ZDVWHZDWHU��7KH\
DOVR�LQGLFDWH�VHYHUDO�IDFWRUV�ZKLFK�PXVW�EH�FDUHIXOO\�FRQVLGHUHG�LI�VXVWDLQDELOLW\�LV
WR�EH� DFKLHYHG� LQ� VKRUW�URWDWLRQ�SODQWDWLRQV� LUULJDWHG�ZLWK�ZDVWHZDWHU�� 6SHFLHV� RU
FORQH�VHOHFWLRQ� LV�RI�JUHDW� LPSRUWDQFH��7KH�SODQW�PDWHULDO�PXVW�EH�DGDSWHG� WR� WKH
VSHFLILF� FOLPDWLF� FRQGLWLRQV�� LQ� RUGHU� WR� SURGXFH� PRUH� ELRPDVV�� DQG� PXVW� DOVR
WROHUDWH�SHVW�DWWDFNV��)XUWKHUPRUH��ZKHQ�LW�LV�WUHDWHG�ZLWK�KLJK�LUULJDWLRQ�ORDGV��WKH
SODQW�VSHFLHV�RU�YDULHW\�ZLWK�WKH�KLJKHVW�HYDSRWUDQVSLUDWLRQ�UDWH�VKRXOG�EH�XVHG��WKH
JUHDWHU� LV� WKH� HYDSRWUDQVSLUDWLRQ�� WKH� PRUH� ZDWHU� LV� µILOWHUHG¶� E\� WUHHV� DQG� WKH
VPDOOHU� LV� WKH� SRWHQWLDO� KD]DUG� GXH� WR� OHDFKLQJ�� 7KH� FOLPDWLF� FRQGLWLRQV� RI� D
VSHFLILF� DUHD� PXVW� EH� DOVR� WDNHQ� LQWR� DFFRXQW�� 7KH� SUHFLSLWDWLRQ� ORDG� LV� DQ
LPSRUWDQW� IDFWRU� WR�EH�FRQVLGHUHG�ZKHQ�GHFLGLQJ� WKH�ZDVWHZDWHU� LUULJDWLRQ� OHYHOV�
DQG�IRU�DYRLGLQJ�H[FHVVLYH�OHDFKLQJ�RI�1�RU�RI�RWKHU�FRPSRXQGV��VLQFH�1�OHDFKLQJ
DQG�GUDLQDJH�WR�WKH�JURXQGZDWHU�DUH�RIWHQ�FRUUHODWHG��%HUJVWU|P���������7KH�VRLO
W\SH�LQ�D�65:&�LUULJDWHG�ZLWK�PXQLFLSDO�ZDVWHZDWHU�LV�RI�JUHDW�LPSRUWDQFH��6RLO�1
SURFHVVHV�YDU\�ZLWK�VRLO�W\SH��DQG�DUH�FULWLFDOO\�LPSRUWDQW�LQ�GHFLGLQJ�WKH�1�ORDGV
DSSOLHG�ZLWK�WKH�LUULJDWLRQ��'HQLWULILFDWLRQ�UDWHV�LQ�VRLOV�LUULJDWHG�ZLWK�ZDVWHZDWHU�
DOWKRXJK� WKH\� DUH�GLIILFXOW� WR� HVWLPDWH�� DSSHDU� WR�EH� KLJKHU� LQ� FOD\� WKDQ� LQ� VDQG\
VRLOV�� 6LQFH� 12 � 
 � LV� QRW� OLPLWHG�� DQDHURELF� PLFURVLWHV²D� SUHUHTXLVLWH� IRU
GHQLWULILFDWLRQ²DUH� PRUH� OLNHO\� WR� RFFXU� LQ� ILQH�WH[WXUHG� WKDQ� LQ� FRDUVHU� VRLOV
�%DUWRQ�HW�DO����������)XUWKHUPRUH��ILQH�WH[WXUHG�VRLOV��FOD\H\�DQG�VLOW\��KDYH�EHWWHU
ZDWHU�KROGLQJ�FDSDFLW\�WKDQ�FRDUVHU�VRLOV��ODUJHU�ZDVWHZDWHU�DPRXQWV�FDQ�WKHUHIRUH
EH� WUHDWHG��+RZHYHU�� WKLV� WKHVLV� FDQQRW� DQVZHU�ZLWK� FHUWDLQW\� WKH� TXHVWLRQ� SRVHG
DERYH��µ:KDW�DUH�WKH�PD[LPXP�VXVWDLQDEOH�1�DPRXQWV�DQG�LUULJDWLRQ�ORDGV�DSSOLHG
WR�65:&"¶�1HYHUWKHOHVV�� LI� DOO�1�SURFHVVHV�FRXOG�EH�TXDQWLILHG�� L�H��1�XSWDNH� LQ
VKRRWV�� QHW� 1�PLQHUDOLVDWLRQ�� GHQLWULILFDWLRQ�� 1+ � � YRODWLOLVDWLRQ� DQG� 1�OHDFKLQJ�
ZKLFK�GHSHQG�JUHDWO\�RQ�VLWH�VSHFLILF�FKDUDFWHULVWLFV��WKHQ�D�EHWWHU�XQGHUVWDQGLQJ�RI
D�VXVWDLQDEOH�DSSOLFDWLRQ�RI�ZDVWHZDWHU�WR�65:&�ZRXOG�EH�REWDLQHG�
$V� PHQWLRQHG� DERYH�� WKH� VXVWDLQDELOLW\� RI� D� 65:&� SK\WRUHPHGLDWLRQ� V\VWHP

LUULJDWHG�ZLWK�ZDVWHZDWHU�LV�MXGJHG�QRW�RQO\�E\�WKH�1�DPRXQWV�OHDFKHG�RU�E\�RWKHU
SRWHQWLDO� HQYLURQPHQWDO� KD]DUGV�� EXW� DOVR�E\� WKH�JURZWK� DFKLHYHG��7KHUHIRUH�� WKH
SODQQLQJ�RI�LUULJDWLRQ�PXVW�DLP�WR�DWWDLQ�QRW�RQO\�WKH�OHDVW�GDPDJH��EXW�DOVR�WKH�EHVW
JURZWK�RI�65:&��:KHQ��LQVWHDG�RI�PXQLFLSDO�ZDVWHZDWHU��RWKHU�ZDVWHZDWHU�W\SHV
DUH�XVHG� WR� LUULJDWH�D�65:&�� WKH� LUULJDWLRQ� ORDG� VKRXOG�EH� DGMXVWHG� DFFRUGLQJ� WR
DQ\� KD]DUGRXV� FRPSRXQG� SUHVHQW� LQ� WKH� ZDWHU�� WR� DYRLG� JURZWK� UHGXFWLRQV�� 2QH
H[DPSOH�RI�VXFK�SRWHQWLDOO\�SUREOHPDWLF�ZDVWHZDWHU�LV�ODQGILOO�OHDFKDWH�



��

,UULJDWLRQ�RI�65:&�ZLWK�ODQGILOO�OHDFKDWH
7KH�ZDWHU�WKDW�RULJLQDWHV�IURP�WKH�SHUFRODWLRQ�RI�ZDWHU�WKURXJK��DQG�WKH�JHQHUDWLRQ
RI�ZDWHU�IURP��PDWHULDO�LQ�ODQGILOOV��LV�FDOOHG�ODQGILOO�OHDFKDWH��7KH�FRPSRVLWLRQ�RI
WKH� OHDFKDWH� LV� KLJKO\� YDULDEOH�� DQG� LV� LQIOXHQFHG� E\� WKH� W\SH� RI� VROLG� ZDVWH
GHSRVLWHG�� WKH� DJH� RI� WKH� ODQGILOO�� WKH� UDWH� RI� ZDVWH� LQSXW�� DQG� WKH� FOLPDWH
�&KULVWHQVHQ� HW� DO��� ������ 9DQ� GHU� 6ORRW� HW� DO��� ������� ,Q� DGGLWLRQ� WR� D� KLJK
FRQFHQWUDWLRQ�RI�1+ 	 �1��DQG�WDNLQJ�LQWR�DFFRXQW�WKDW�1�LV�D�SODQW�QXWULHQW��WKHUH�LV
D� YDVW� UDQJH� RI� KD]DUGRXV� FRPSRXQGV� LQ� WKH� OHDFKDWH�� $� OLVW� RI� GDQJHURXV
FRPSRXQGV�LQ�ODQGILOO�OHDFKDWHV��DQG�DYHUDJH�YDOXHV�IRU�6ZHGLVK�ODQGIOLOO�OHDFKDWHV�
LV�JLYHQ�LQ�7DEOH����$ONHU��������gPDQ���������7KH�TXDOLW\�RI�ODQGILOO�OHDFKDWH��LQ
WHUPV�RI�QXWULHQW�UHTXLUHPHQWV�IRU�65:&��LV�LQIHULRU�E\�FRPSDULVRQ�ZLWK�PXQLFLSDO
ZDVWHZDWHU��VLQFH�3�LV�OLPLWLQJ��7DEOH�����)XUWKHUPRUH��WKH�KLJK�LRQLF�VWUHQJWK��GXH
WR�KLJK�VDOW�FRQFHQWUDWLRQV��DQG�WKH�KLJK�FRQWHQW�RI�RUJDQLF�FRPSRXQGV�LQ�ODQGILOO
OHDFKDWH��PD\�QHJDWLYHO\�DIIHFW�65:&�JURZWK�DIWHU�LUULJDWLRQ��QRWZLWKVWDQGLQJ�WKH
EHQHILFLDO�SUHVHQFH�RI�1+ 	 �1��7KHUHIRUH��DQG�HVSHFLDOO\�ZKHQ� WKH� LUULJDWLRQ� OHYHO
RI�ODQGILOO�OHDFKDWH�RQ�65:&�LV�EDVHG�RQ�SRWHQWLDO�HYDSRWUDQVSLUDWLRQ��WR[LF�HIIHFWV
RQ�WKH�SODQWV�PD\�RFFXU��DQG�65:&�JURZWK�ZLOO�GHFUHDVH��&XUHWRQ��*URHQHYHOW�	
0F%ULGH��������$ONHU��������6WHSKHQV��7\UUHO�	�7LEHUJKLHQ���������&RQVHTXHQWO\�
WUDQVSLUDWLRQ�ZLOO�EH�ORZHU�DQG�WKH�WUHDWPHQW�RI�FRPSRXQGV�LQ�ODQGILOO�OHDFKDWH�PD\
EH�LQHIIHFWLYH��,Q�DGGLWLRQ��WKH�SURGXFWLRQ�RI�ELRPDVV��ZKLFK�LV�DQ�LPSRUWDQW�HQG�
SURGXFW��ZLOO�EH�UHGXFHG�
7DEOH� ��� 7\SLFDO� FKHPLFDO� FRPSRVLWLRQ� RI� ODQGILOO� OHDFKDWHV� �$ONHU�� ������ DQG� 6ZHGLVK
DYHUDJHV� IRU� WKH� UHVSHFWLYH� FRPSRXQGV� �gPDQ�� ������� &2'� LV� WKH� &KHPLFDO� 2[\JHQ
'HPDQG�DQG�%2' V �LV�WKH�%LRORJLFDO�2[\JHQ�'HPDQG�DIWHU�ILYH�GD\V

3DUDPHWHU 7\SLFDO�OHDFKDWH
UDQJH

6ZHGLVK�DYHUDJH
YDOXHV

S+ ����±���� ����������
&2'��PJ�O W X � ����±������ ���
%2' Y �PJ�O W X � ����±������ ����
72&��PJ�O W X � ���±������ ���
1+ Z �1��PJ�O W X � ��±����� ���
7RW��1��PJ�O W X � ��±����� ���
7RW��3��PJ�O W X � ����±��� ����������
&O��PJ�O W X � ���±����� �������������
1D��PJ�O W X � ���±����� ���

7KH� LGHQWLILFDWLRQ� RI� WKH� LUULJDWLRQ� ORDG� ZKLFK� ZLOO� QRW� KDUP� RU� GHFUHDVH� WKH
JURZWK�RI�65:&�LQ�D�ILHOG�VLWXDWLRQ� LV� WKHUHIRUH�HVVHQWLDO��7KLV� ORDG� LV� UHODWHG� WR
WKH� FKHPLFDO� FRPSRVLWLRQ� RI� WKH� OHDFKDWH�� WKH� FOLPDWH�� WKH� VRLO� FRQGLWLRQV�� WKH
LUULJDWLRQ� PHWKRG� DQG� WKH� SODQW� PDWHULDO� VHOHFWHG�� DQG� WKXV� LV� VLWH�VSHFLILF�� 7KH
OHDFKDWH� LQ�3DSHU� ,,�ZDV� WDNHQ� IURP� D� ODQGILOO� LQ�+|JE\WRUS�� FHQWUDO� 6ZHGHQ��$W
WKDW�VLWH��WKH�OHDFKDWH�LV�FROOHFWHG�DQG�DHUDWHG�LQ�OLQHG�SRQGV�IRU�UHGXFWLRQ�RI�1��L�H�
QLWULILFDWLRQ±GHQLWULILFDWLRQ��DQG� LV� WKHQ�SXPSHG�WR�D�����KD�65:&�IRU� LUULJDWLRQ�
*URZWK�ZDV�SRRU�LQ�WKDW�SODQWDWLRQ�DIWHU�WKH�ILUVW�\HDU�RI�LUULJDWLRQ��)LJ�����EHORZ��
DQG� WKH� SODQWV� H[KLELWHG� VWUHVV� V\PSWRPV� �'LPLWULRX�� $URQVVRQ� 	�:HLK�� ������
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7KH� H[SHULPHQW� RI� 3DSHU� ,,� DLPHG� WR� LGHQWLI\� SUREOHPV� UHODWHG� WR� WKH� SRRU
SHUIRUPDQFH�RI�65:&�LQ�WKH�ILHOG�DW�+|JE\WRUS�

)LJXUH����'LVWULEXWLRQ� RI� WKH� VKRRW�'0� LQ� WKH�ZLOORZ�SODQWDWLRQ� DW�+|JE\WRUS�� EDVHG� RQ
VPRRWKHG�GDWD� IURP���� VDPSOHG� URZ�VHFWLRQV��7KH� UKRPERLGDO� DUHD� FRUUHVSRQGV�ZLWK� WKH
QRQ�LUULJDWHG�UHIHUHQFH�DUHD�

5HVXOWV�IURP�WKH�SRW�WULDO��3DSHU�,,�
7KH�FRQFHQWUDWLRQ�RI�1+ 	 � LQ�WKH�OHDFKDWH�XVHG�LQ�3DSHU�,,�ZDV�ORZHU�WKDQ�WKDW�LQ
3DSHU� ,�� ,Q� VSLWH� RI� WKH� GLIIHUHQFHV� LQ� H[SHULPHQWDO� FRQGLWLRQV� �SRWV±O\VLPHWHUV�
FXWWLQJV±KDUYHVWHG�SODQWV���SODQWV�LQ�SRWV�LUULJDWHG�ZLWK�OHDFKDWH�GLG�QRW�DSSHDU�WR
VXIIHU� IURP� WR[LF� HIIHFWV� GXH� WR� 1+ 	 � �� 7KH� FRQFHQWUDWLRQV� RI� 1+ 	 � � IRU� WKH
µVWURQJHU¶� OHDFKDWH� WUHDWPHQW� ZHUH� FD�� ��� PJ� O � � �� ORZHU� WKDQ� WKRVH� LQ� VLPLODU
H[SHULPHQWV� LQ� WKH� OLWHUDWXUH� �$ONHU��������:DW]LQJHU�HW�DO����������DQG�GDPDJHG
SODQW� SDUWV� GXH� WR� 1+ 	 � � WR[LFLW\� ZHUH� QRW� REVHUYHG�� )XUWKHUPRUH�� DOWKRXJK� 1
FRQFHQWUDWLRQV�LQ�VWHPV�IRU�WKH�µVWURQJHVW¶�WUHDWPHQW�ZHUH�KLJKHU�WKDQ�WKRVH�LQ�WKH
FRQWURO�������������DQG�����������PJ�J � � �'0��UHVSHFWLYHO\���WKH�FRQFHQWUDWLRQV�ZHUH
QRW� H[FHSWLRQDOO\� KLJK� FRPSDUHG� ZLWK� WKRVH� JLYHQ� LQ� WKH� OLWHUDWXUH� �$URQVVRQ�
�������7KH�UHODWLYH�JURZWK�UDWH��5*5��RI�WKH�FRQWURO�SODQWV�ZDV�DOVR�VLJQLILFDQWO\
KLJKHU�WKDQ�WKDW�RI�WKH�OHDFKDWH�LUULJDWHG�SODQWV����������������DQG��������������
ZN � � ��� WKLV� PD\� DOVR� KDYH� FRQWULEXWHG� WR� WKH� KLJKHU� 1� FRQFHQWUDWLRQV� LQ� WKH
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OHDFKDWH�WUHDWHG� SODQWV�� RZLQJ� WR� WKH� GLOXWLRQ� HIIHFW�� 2WKHU� FRPSRXQGV� LQ� WKH
OHDFKDWH�PD\�WKHUHIRUH�KDYH�EHHQ�UHVSRQVLEOH�IRU�WKH�GHFUHDVH�LQ�JURZWK�
7KH�FRQFHQWUDWLRQ�RI�&O 
 �LQ�WKH�OHDFKDWH�XVHG�LQ�WKH�H[SHULPHQW�RI�3DSHU�,,�ZDV

����PJ�O � � �DQG�ZDV�FRQVLGHUHG�WRR�KLJK�WR�EH�XVHG�XQGLOXWHG�LQ�DQ�H[SHULPHQW�ZLWK
\RXQJ� SODQWV� JURZQ� LQ� SRWV�� $FFRUGLQJ� WR� )$2� JXLGHOLQHV� IRU� WKH� TXDOLW\� RI
LUULJDWLRQ�ZDWHU�LQ�DJULFXOWXUH��WKHUH�DUH�VHYHUH�UHVWULFWLRQV�RQ�WKH�XVH�LQ�DJULFXOWXUH
RI� ZDWHUV� WKDW� FRQWDLQ� !���� PJ� O � � &O 
 � �)$2�� ������� )RU� ODQGILOO� OHDFKDWH�� D
VXJJHVWHG�DSSOLFDWLRQ�UDQJH�UHSRUWHG�E\�$ONHU��������OLHV�EHWZHHQ�����±����PJ�&O
O � � ��7KH�OHDFKDWH�XVHG�LQ�3DSHU�,,�ZDV�WKHUHIRUH�GLOXWHG�WR����������DQG�����PJ�O � �
IRU� WKH� GLIIHUHQW� WUHDWPHQWV�� 6\PSWRPV� RI� SK\WRWR[LFLW\� KDYH� EHHQ� UHSRUWHG� LQ� D
QXPEHU�RI�UHODWHG�VWXGLHV��DQG�ZHUH�UHODWHG�LQ�PRVW�FDVHV�WR�WKH�KLJK�LRQLF�VWUHQJWK
GXH� WR�KLJK�1D&O� FRQFHQWUDWLRQV� �(WWDOD�� ������&XUHWRQ��*URHQHYHOW�	�0F%ULGH�
������ &KDQ��:RQJ�	�:KLWWRQ�� ������ 6WHSKHQV�� 7\UUHO� 	� 7LEHUJKLHQ�� ������� ,W
PXVW�EH�QRWHG��KRZHYHU��WKDW�LQ�VHYHUDO�RI�WKH�DERYHPHQWLRQHG�VWXGLHV�WKH�OHDFKDWH
ZDV� XQGLOXWHG� DQG� µVWURQJHU¶� WKDQ� WKDW� XVHG� LQ� RXU� H[SHULPHQWV�� DQG� FRQWDLQHG
KLJKHU�VDOW�FRQFHQWUDWLRQV��LWV�WR[LFLW\�HYHQ�UHVXOWHG�LQ�GHDG�SODQWV�� ,W� LV�JHQHUDOO\
XQFOHDU�ZKHWKHU�WKH�SODQWV�DUH�DIIHFWHG�RQO\�E\�WKH�DFWXDO�FRQFHQWUDWLRQ�RI�VDOWV�RU
E\�RWKHU�IDFWRUV��VXFK�DV�WKH�FXPXODWLYH�HIIHFWV�RI�D�QXPEHU�RI�WR[LF�HOHPHQWV��7KH
FRQFHQWUDWLRQ�RI�1D� LQ� WKH� OHDYHV�RI� WKH� OHDFKDWH�LUULJDWHG�SODQWV� LQ�3DSHU� ,,�ZDV
����� �J� J � � �� DQG� ZDV� VLJQLILFDQWO\� KLJKHU� WKDQ� WKDW� LQ� WKH� FRQWURO� ����� �J� J � � ��
$OWKRXJK�REYLRXV� WR[LF�HIIHFWV�GLG�QRW�DSSHDU� LQ�RXU� VWXG\�� JURZWK� UHGXFWLRQV� LQ
WKH� OHDFKDWH�LUULJDWHG� SODQWV� LQGLFDWHG� WKDW� D� QHJDWLYH� HIIHFW� ZDV� SUHVHQW�� 7KH
H[SHULPHQW� FDQ�QHLWKHU� DQVZHU� WKH� TXHVWLRQ�ZKLFK� FRPSRQHQW� FDXVHG� WKH� JURZWK
UHGXFWLRQ��QRU�FDQ�LW�UHYHDO�ZKLFK�FRQFHQWUDWLRQV�RI�&O 
 �LQ�WKH�ZDWHU�ZHUH�KDUPOHVV
WR� WKH�SODQWV��7KHUH�ZHUH�� KRZHYHU�� LQGLFDWLRQV� WKDW� LQ� DGGLWLRQ� WR� WKH� KLJK� LRQLF
VWUHQJWK�RI�WKH�OHDFKDWH��LWV�ORZ�3�FRQFHQWUDWLRQ����PJ�O � � ��PD\�DOVR�KDYH�DIIHFWHG
JURZWK�� VLQFH�3�FRQFHQWUDWLRQV� LQ� OHDFKDWH�LUULJDWHG�SODQWV�ZHUH�PXFK� ORZHU� WKDQ
WKRVH�RI� WKH�FRQWURO��+RZHYHU��KDG�PRUH�3�EHHQ�DSSOLHG�ZLWK�KLJKHU� LUULJDWLRQ�RI
ODQGILOO� OHDFKDWH�� WKH� 3� VWUHVV� PLJKW� KDYH� EHHQ� ORZHU�� EXW� DW� WKH� VDPH� WLPH�� WKH
DSSOLHG�&O 
 �DPRXQWV�ZRXOG�DOVR�KDYH�EHHQ�KLJKHU��7KXV�LW�LV�GLIILFXOW�WR�DVVHVV�KRZ
D�VWURQJHU�OHDFKDWH�ZRXOG�DIIHFW�WKH�SODQWV�
7R�TXDQWLI\�VWUHVV��UHODWLYH�JURZWK�GDWD�ZHUH�XVHG��EXW�JURZWK�LV�LPSUDFWLFDO�DV�D

UDSLG�LQGLFDWRU�RI�VWUHVV��,Q�FRQWUDVW��OHDI�OHQJWK�DQG�OHDI�IOXFWXDWLQJ�DV\PPHWU\�DUH
PRUSKRORJLFDO�FKDUDFWHULVWLFV� WKDW�FDQ�EH�HDVLO\�DQG� UDSLGO\�PHDVXUHG�XQGHU� ILHOG
FRQGLWLRQV��/HDI�IOXFWXDWLQJ�DV\PPHWU\�GLG�QRW�GLIIHU�EHWZHHQ�GLIIHUHQW�WUHDWPHQWV�
2Q�WKH�RWKHU�KDQG��OHDI�OHQJWK�ZDV�VLJQLILFDQWO\�FRUUHODWHG�ZLWK�UHODWLYH�JURZWK�UDWH
LQ� 3DSHU� ,,�� )XUWKHUPRUH�� LQ� WKH� OHDFKDWH�LUULJDWHG� SODQWV�� OHDI� OHQJWK� GLIIHUHG
VLJQLILFDQWO\�IURP�WKDW�LQ�WKH�FRQWURO��DQG�VKRZHG�SURPLVH�DV�D�GLDJQRVWLF�WRRO�IRU
VWUHVV��7KLV�ZDV�WKHUHIRUH�DOVR�WHVWHG�LQ�WKH�ILHOG�

)LHOG�REVHUYDWLRQV
7R� PRQLWRU� VRPH� RI� WKH� HIIHFWV� RI� OHDFKDWH� LUULJDWLRQ� RQ� 65:&� DW� +|JE\WRUS�
JURZWK��OHDI�OHQJWK�DQG�RWKHU�SODQW�WUDLWV�ZHUH�DOVR�PHDVXUHG�LQ�WKH�ILHOG�GXULQJ�WKH
JURZLQJ�VHDVRQ��7KH�����KD�65:&�SODQWDWLRQ�DGMDFHQW�WR�WKH�ODQGILOO�ZDV�LUULJDWHG
ZLWK� OHDFKDWH� E\�PHDQV� RI� VSULQNOHUV� �'LPLWULRX��$URQVVRQ�	�:HLK�� ������� 7KH
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SODQWV�KDG�JURZQ�IRU�RQH�\HDU�DQG�ZHUH�KDUYHVWHG�GXULQJ�WKH�SUHYLRXV�ZLQWHU��RQH�
\HDU�ROG�VKRRWV�RQ�WZR�\HDU�ROG�URRWV���$�QRQ�LUULJDWHG�����KD�SORW�ZDV�XVHG�DV�D
UHIHUHQFH�� 7KH� DYHUDJH� GDLO\� OHDFKDWH� ORDG� ZDV� ���� PP�� ZKLFK� UHVXOWHG� LQ� DQ
DFFXPXODWHG� ORDG� RI� FD�� ���� PP�� HTXLYDOHQW� WR� DERXW� ���� NJ� 1�WRW� KD � � �� 7KH
FKHPLFDO�FRPSRVLWLRQ�RI�WKH�OHDFKDWH�ZDV�VLPLODU�WR�WKDW�RI�WKH�XQGLOXWHG�OHDFKDWH
XVHG� LQ� WKH� SRW� H[SHULPHQW� �3DSHU� ,,��� )LJXUH� �� LOOXVWUDWHV� ELRPDVV� SURGXFWLRQ� �W
'0�KD � � ��RQ�WKH�ILHOG�GXULQJ�WKH�ILUVW�\HDU�RI�LUULJDWLRQ�
3URGXFWLRQ�RQ�WKH�UHIHUHQFH�DUHD�ZDV�����W�'0�KD � � ��ZKLFK�LV�FRQVLGHUHG�KLJK�IRU

RQH�\HDU�ROG� VKRRWV�� DQG�ZDV� VLJQLILFDQWO\� KLJKHU� WKDQ� WKDW� RQ� WKH� DUHD� LUULJDWHG
ZLWK� OHDFKDWH� ����� W�'0� KD � � �� �'LPLWULRX��$URQVVRQ�	�:HLK�� ������� 6LQFH� WKHUH
ZDV�RQO\�RQH�UHIHUHQFH�DUHD��LW�LV�SRVVLEOH�WKDW�WKH�GLIIHUHQFHV�LQ�JURZWK�ZHUH�GXH
WR� IDFWRUV� RWKHU� WKDQ� LUULJDWLRQ� ZLWK� ODQGILOO� OHDFKDWH�� $W� WKH� ILUVW� VDPSOLQJ�� RQH
ZHHN�DIWHU� WKH� VWDUW� RI� LUULJDWLRQ�� WKHUH�ZHUH�QR�GLIIHUHQFHV�EHWZHHQ� WKH� LUULJDWHG
DQG� QRQ�LUULJDWHG� SDUWV� RI� WKH� ILHOG�� DV�PHDVXUHG� LQ� WHUPV� RI� OHDI� OHQJWK�� $W� WKH
VHFRQG�VDPSOLQJ�� WKUHH�ZHHNV� ODWHU�� VLJQLILFDQW�GLIIHUHQFHV� LQ� OHDI� OHQJWK�EHWZHHQ
WKH� LUULJDWHG� DQG� WKH� UHIHUHQFH� DUHD�ZHUH�REVHUYHG� �S���������7KLV� LQGLFDWHV� WKDW
LUULJDWLRQ�FRXOG�KDYH�EHHQ�UHVSRQVLEOH�IRU�WKH�JURZWK�GLIIHUHQFHV�GXULQJ�WKH�VHDVRQ�
DQG�UHLQIRUFHV�WKH�FRQFOXVLRQ�WKDW�OHDI�OHQJWK�LV�DQ�DSSURSULDWH��UDSLG� LQGLFDWRU�RI
VWUHVV��ZKLFK�FDQ�EH�XVHG�XQGHU�ILHOG�FRQGLWLRQV�
7KH�1D�FRQFHQWUDWLRQ� LQ� VKRRWV�RI�65:&�FROOHFWHG� IURP� WKH� OHDFKDWH�LUULJDWHG

DUHD�DW�+|JE\WRUS��DIWHU�WKH�HQG�RI�WKH�JURZLQJ�VHDVRQ��ZDV�����PJ�NJ � � ��$OWKRXJK
QR� GDWD� DUH� DYDLODEOH� IURP� WKH� UHIHUHQFH� DUHD�� GDWD� IURP� VHYHUDO� SODQWDWLRQV
HOVHZKHUH�LQ�FHQWUDO�6ZHGHQ��9LJUH�	�/HGLQ��������XQSXEOLVKHG�GDWD��VXJJHVW�WKDW
1D�FRQFHQWUDWLRQV�RQ�WKH�OHDFKDWH�LUULJDWHG�DUHD�ZHUH�DERXW�WHQ�WLPHV�KLJKHU��7KH
UHVSHFWLYH�3�DQG�1�FRQFHQWUDWLRQV�LQ�WKH�SODQW�SDUWV�ZHUH�QRUPDO��,W�PD\�WKHUHIRUH
EH� LQIHUUHG� WKDW� WKH� KLJK� DPRXQWV� RI� VDOW� DSSOLHG�� LQ� WKH� IRUP� RI� 1D&O�� VWURQJO\
DIIHFWHG�JURZWK��RZLQJ�WR�WKH�KLJK�1D�FRQFHQWUDWLRQ�LQ�VKRRWV��6SULQNOHU�LUULJDWLRQ
PD\�DOVR�KDYH�FRQWULEXWHG�WR�WKH�SRRU�JURZWK��VLQFH�GLUHFW�FRQWDFW�EHWZHHQ�OHDYHV
DQG� OHDFKDWH� FDXVHG� OHDI� QHFURVLV� LQ� VRPH� SDUWV� RI� WKH� ILHOG� �REVHUYDWLRQV� DW
+|JE\WRUS��

7KH�VXVWDLQDELOLW\�RI�ODQGILOO�OHDFKDWH�LUULJDWLRQ�RQ�65:&
,W� LV� XQFHUWDLQ�ZKDW�1� ORDG�PD\�EH� DSSOLHG� WR� D�65:&�E\� LUULJDWLQJ� LW�ZLWK� DQ\
W\SH�RI�ZDVWHZDWHU��ZLWKRXW�FRQWDPLQDWLQJ�WKH�JURXQGZDWHU��VHH�FRPPHQWV�DERYH�
FRQFHUQLQJ�PXQLFLSDO�ZDVWHZDWHU���+RZHYHU��WKH�����NJ�1�KD � � �\U � � DSSOLHG�WR�WKH
ILHOG� DW� +|JE\WRUS� ZDV� KLJK�� DQG� 1�OHDFKLQJ� ZDV� VXEVWDQWLDO� �EDVHG� RQ� 1
FRQFHQWUDWLRQV�LQ�GUDLQDJH�ZDWHU�IURP�WKH�ILHOG���7KLV�FDQ�EH�DWWULEXWHG�WR�WKH�ODUJH
DPRXQWV�RI�1�DSSOLHG��EXW�DOVR�WR�WKH�SRRU�JURZWK�RI�WKH�65:&�GXH�WR�LUULJDWLRQ
ZLWK�OHDFKDWH��ZKLFK�UHVXOWHG�LQ�OHVV�SODQW�XSWDNH�RI�1�DQG�OHVV�&�LQSXW�WR�WKH�VRLO
IURP� ILQH�URRW� OLWWHU�� 7KLV� LQ� WXUQ� SUREDEO\� UHVXOWHG� LQ� ORZHU� GHQLWULILFDWLRQ� UDWHV
�/XR��7LOOPDQ�	�%DOO��������+RRGD��:HVWRQ�	�&KHQ���������%HFDXVH�RI�WKH�UDWKHU
KLJK� OHYHO�RI�RUJDQLF�FRPSRXQGV� LQ� WKH� OHDFKDWH� LUULJDWLRQ��72&�FD������PJ� O � � ��
WKH� ULVN� WKDW� RUJDQLF� FDUERQ� FRPSRXQGV� PD\� EH� OHDFKHG� WR� QHLJKERXULQJ� ZDWHU
V\VWHPV�VKRXOG�DOVR�QRW�EH�QHJOHFWHG��7R�DYRLG�KDYLQJ�WR�FRQVLGHU�OHDFKLQJ�WR�WKH
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JURXQGZDWHU�DV�D�WKUHDW�WR�WKH�VXVWDLQDELOLW\�RI�WKH�V\VWHP��65:&�FDQ�EH�JURZQ�RQ
FRYHUHG�DUHDV�RI�ODQGILOOV�ZKLFK�DUH�QR�ORQJHU�LQ�XVH��,Q�PRVW�ODQGILOOV�LQ�6ZHGHQ�
VXFK� SDUWV� DUH� OLQHG� DQG� DUH� LPSHUPHDEOH� DW� WKH� EDVH�� DQG� FDQ� WKHUHIRUH� UHGXFH
OHDFKLQJ�WR�GHHSHU�OD\HUV��(WWDOD��������1L[RQ�HW�DO���������+DVVHOJUHQ��������
$OO�SDUWV�RI�WKH�LUULJDWHG�65:&�ILHOG�DW�+|JE\WRUS�UHFHLYHG�WKH�VDPH�DPRXQWV�RI

OHDFKDWH�� 7KH� ZLGH� YDULDWLRQV� LQ� JURZWK� ZLWKLQ� WKH� OHDFKDWH�LUULJDWHG� DUHD�
LOOXVWUDWHG�LQ�)LJXUH����LQGLFDWH�WKDW�WKH�FRPSRVLWLRQ�RI�WKH�OHDFKDWH�LV�QRW�WKH�RQO\
IDFWRU� UHVSRQVLEOH� IRU� GLIIHUHQFHV� LQ� JURZWK� SHUIRUPDQFH�� DQG� WKDW� RWKHU� IDFWRUV
PD\� DOVR� EH� UHVSRQVLEOH�� 6RLO� W\SH� DQG� VLWH� WRSRJUDSK\� SUREDEO\� SOD\� D� SDUW� LQ
JURZWK�SHUIRUPDQFH��LQ�DGGLWLRQ�WR�WKH�DPRXQWV�RI�OHDFKDWH�XVHG��1HYHUWKHOHVV��WKH
GLOXWLRQ� RI� OHDFKDWH� RU� D� GHFUHDVH� LQ� WKH� WRWDO� DPRXQW� RI� LUULJDWLRQ� FRXOG� KDYH
FRQWULEXWHG�WR�EHWWHU�JURZWK�RI�WKH�65:&��)HUWLOLVDWLRQ�ZLWK�3�DQG�PLFURQXWULHQWV
ZRXOG�SRVVLEO\�KDYH�UHVXOWHG�LQ�EHWWHU�JURZWK��EXW�LW�ZDV�PRVW�OLNHO\�WKH�KLJK�VDOLQH
FKDUDFWHU�RI� WKH�ZDWHU� WKDW�FRQWULEXWHG� WR� WKH�SRRU�JURZWK��7KHUHIRUH�� GLOXWLRQ�RI
WKH�OHDFKDWH�SULRU�WR�LUULJDWLRQ��DQG�DGGLWLRQDO� IHUWLOLVDWLRQ��PLJKW�SURPRWH�65:&
JURZWK� DQG� FRQWULEXWH� WR� WKH� DYRLGDQFH� RI� QHJDWLYH� HIIHFWV� RQ� 65:&� JURZWK�
)XUWKHUPRUH��WKH�VHOHFWLRQ�RI�D�VDOW�WROHUDQW�ZLOORZ�FORQH��ZKLFK�FDQ�DOVR�SURGXFH
ODUJH�DPRXQWV�RI�ELRPDVV��ZRXOG� UHVXOW� LQ�EHWWHU� WUHDWPHQW�RI� OHDFKDWH� DQG�EHWWHU
65:&� SHUIRUPDQFH�� ,Q� 3DSHU� ,,�� LW� DSSHDUV� WKDW� WKHUH� DUH� FRQVLGHUDEOH� JHQHWLF
GLIIHUHQFHV�DV� UHJDUGV� WKHVH� WUDLWV�� VLQFH� WKH� FORQHV� µ-RUU¶� DQG� µ/RGHQ¶�SHUIRUPHG
EHWWHU� LQ� WHUPV� RI� JURZWK� WKDQ� WKH� RWKHU� FORQHV� WHVWHG�� )XUWKHUPRUH�� WR� LPSURYH
VXVWDLQDELOLW\�E\�DYRLGLQJ�JURZWK�UHGXFWLRQV��WKH�UDSLG�LGHQWLILFDWLRQ�RI�VWUHVV�LQ�D
ILHOG�ZRXOG�KHOS�LQ�WKH�DGMXVWPHQW�RI�WKH�LUULJDWLRQ�UDWH�RI�65:&��/HDI�OHQJWK�RI
65:&�FRXOG�EH�XVHG�DV�VXFK�D�WRRO�

&RPSRVLWLRQ�RI�ORJ�\DUG�UXQRII
&RPSDUHG�ZLWK�PXQLFLSDO� ZDVWHZDWHU� DQG� ODQGILOO� OHDFKDWH�� WKH� FRQFHQWUDWLRQ� RI
YDULRXV�FRPSRXQGV�LQ�ORJ�\DUG�UXQRII�LV�TXLWH�ORZ��7DEOH���LQ�3DSHU�,9�DQG�7DEOH
����3KHQROLF�DFLGV��ZKLFK�DUH�SRWHQWLDOO\�WR[LF�LI�WKH\�RFFXU�DW�KLJK�FRQFHQWUDWLRQV
LQ� ZDWHU�� XVXDOO\� KDYH� D� KLJKHU� FRQFHQWUDWLRQ� LQ� UXQRII� IURP� ORJ�\DUGV� ZKHUH
KDUGZRRG�LV�VWRUHG��FRPSDUHG�ZLWK�1RUZD\�VSUXFH��3LFHD�DELHV��DV� LQ�3DSHUV�,9
DQG�9��0F'RXJDO���������2[\JHQ�FRQVXPLQJ�RUJDQLF�PDWWHU� LV� FRQVLGHUHG� WR�EH
WKH�PRVW�VHULRXV�SRWHQWLDO�WKUHDW�ZKHQ�UXQRII�LV�GLUHFWO\�GLVFKDUJHG�WR�QHDUE\�ZDWHU
V\VWHPV� �=HQDLWLV�� 6DQGKX� 	� 'XII�� ������� 72&� FRQFHQWUDWLRQV� YDU\� JUHDWO\�
GHSHQGLQJ�RQ�WKH�W\SH�RI�UXQRII�DQG�WKH�VWRUDJH�UHJLPHV��LQ�3DSHUV�,9�DQG�9��72&
ZDV�����PJ�O � � �DQG����PJ�O � � �IRU�UHF\FOHG�UXQRII�DQG�UXQRII�IURP�DQ�RSHQ�V\VWHP�
UHVSHFWLYHO\��7KH�72&�FRQFHQWUDWLRQ� LQ�6ZHGLVK� ODQGILOO� OHDFKDWH� LV� W\SLFDOO\�FD�
���±����PJ� O � � � �gPDQ���������7KLV� LV� D� IXUWKHU� LQGLFDWLRQ� WKDW�72&� LQ� ORJ�\DUG
UXQRII�VKRXOG�QRW�SRVH�D�WKUHDW�LI�LW�LV�XVHG�WR�LUULJDWH�65:&�

:KDW�SUREOHPV�DULVH�ZKHQ�ORJ�\DUG�UXQRII�LV�XVHG�WR�LUULJDWH�65:&"
7KH� VSULQNOLQJ� RI� VDZWLPEHU� DQG� SXOSZRRG� ZLWK� ZDWHU� GXULQJ� VXPPHU� DIIRUGV
SURWHFWLRQ�IURP�GDPDJH�E\�LQVHFWV�DQG�IXQJL��DQG�IURP�FUDFNV�GXH�WR�WKH�GU\LQJ�RXW
RI� WKH� ZRRG�� (YHQ� ZLWKRXW� VSULQNOLQJ�� ZDVWHZDWHU� LV� VWLOO� SURGXFHG� LQ� ODUJH
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TXDQWLWLHV�DIWHU�UDLQIDOO�RU�VQRZ�PHOW��$W�+HE\�VDZPLOO��D�PHGLXP�VL]HG�VDZPLOO�LQ
FHQWUDO�6ZHGHQ�DW�ZKLFK�WKH�H[SHULPHQW�LQ�3DSHU�9�ZDV�FRQGXFWHG��FD����������P �
ZDWHU� DUH� FRQVXPHG� DQQXDOO\� IRU�ZDWHULQJ� WKH� VWRUHG�ZRRG��7KLV� UHVXOWV� LQ� ODUJH
TXDQWLWLHV� RI� UXQRII� GXULQJ� WKH� VXPPHU�� L�H�� FD�� ������� P � � \U � � �� 5XQRII� ZDV
IRUPHUO\�GLVFKDUJHG�GLUHFWO\�WR�WKH�QHDUE\�ULYHU��EHIRUH�LW�ZDV�GHFLGHG�E\�WKH�ORJ�
\DUG� RSHUDWRU� WKDW� LW� ZRXOG� EH� FROOHFWHG� DQG� XVHG� WR� LUULJDWH� WZR� DGMDFHQW� ILHOGV
ZLWK� QDWXUDOO\� JURZQ� FRXFK� JUDVV� DQG� 65:&�� UHVSHFWLYHO\�� ,Q� WKLV� ZD\�� LW� ZDV
LQWHQGHG� WKDW� WKH� DPRXQW� RI� UXQRII� ZRXOG� EH� UHGXFHG� E\� HYDSRWUDQVSLUDWLRQ� DQG
ILOWHUHG��EHIRUH�EHLQJ�QDWXUDOO\�GUDLQHG�WR�WKH�JURXQGZDWHU�DQG�RQZDUG�WR�WKH�ULYHU�
,W�ZDV�GHFLGHG�WKDW�ERWK�WKH�65:&�DQG�FRXFK�JUDVV�ILHOG�ZRXOG�EH�LUULJDWHG�E\

VSULQNOHUV�GXULQJ�WKH�JURZLQJ�VHDVRQ��7KH�ILHOG�ZLWK�FRXFK�JUDVV�LV�RQ�D�VORSH�DQG
KDV�DQ�DUHD�RI�FD������KD��WKH�LUULJDWLRQ�UDWH�ZDV�FD�����PP�G � � ��7KH�DUHD�RI�65:&
XVHG�IRU�LUULJDWLRQ�ZDV�RQO\���KD��ZKLFK�JDYH�ULVH�WR�LUULJDWLRQ�UDWHV�RI�FD������±
�����PP�\U � � �LQ�WKH�\HDU���������±���PP�G � � ���7KHVH�DUH�YHU\�KLJK�UDWHV�FRPSDUHG
ZLWK� WKRVH�IRU�PXQLFLSDO�ZDVWHZDWHU�DQG� ODQGILOO� OHDFKDWH��DQG� OHG� WR�SDUWV�RI� WKH
ILHOG�EHLQJ�IORRGHG�GXULQJ�WKH�HQWLUH�VXPPHU��,Q�VSLWH�RI�WKLV�� WKH�SODQWV�VXUYLYHG�
EXW�WKHLU�JURZWK�ZDV�SRRU��REVHUYDWLRQV�RQO\��QR�PHDVXUHPHQWV�ZHUH�PDGH��

([SHULPHQWV�ZLWK�ORJ�\DUG�UXQRII��3DSHU�,9�DQG�9�
7KH� H[SHULPHQWV� LQ� 3DSHUV� ,9� DQG� 9� ZHUH� FDUULHG� RXW� LQ� DQ� DWWHPSW� WR� PLPLF
LUULJDWLRQ� LQWHQVLW\� LQ� WKH� µUHDO¶� VLWXDWLRQ� FRQGXFWHG� DW� +HE\�� DQG� WR� HVWLPDWH
ZKHWKHU� WKH� LUULJDWLRQ� PHWKRG� FKRVHQ� ZDV� VXVWDLQDEOH�� 7KH� DELOLW\� RI� YDULRXV
VSHFLHV��JURZQ�LQ�GLIIHUHQW�W\SHV�RI�VRLO��WR�DFKLHYH�VXVWDLQDEOH�UHPHGLDWLRQ�RI�WZR
W\SHV� RI� UXQRII� ZDV� DOVR� LQYHVWLJDWHG�� 7KH� VSHFLHV� VHOHFWHG� ZHUH� 6DOL[� VSS
�FRPPHUFLDOO\� JURZQ� DV� 65:&���$OQXV� JOXWLQRVD� �1�IL[LQJ�� DQG�(O\PXV� UHSHQV
�FRXFK�JUDVV��QDWXUDOO\�RFFXUULQJ�DW�+HE\���$Q�DGGLWLRQDO�H[SHULPHQW�ZDV�VHW�XS�DW
+HE\� LQ� WKH� LUULJDWHG�FRXFK�JUDVV� ILHOG�� WR� HYDOXDWH� LWV� UHWHQWLRQ� FDSDFLW\� DQG� WKH
TXDOLW\�RI�WKH�JURXQGZDWHU��DIWHU�LUULJDWLRQ�ZLWK�UXQRII�SURGXFHG�LQ�WKH�QHDUE\�ORJ�
\DUG�
$� PDMRU� GLIIHUHQFH� EHWZHHQ� WKH� H[SHULPHQWV� LQ� 3DSHUV� ,9� DQG� 9� DQG� WKH

O\VLPHWHU� H[SHULPHQW� LQ� 3DSHU� ,� ZDV� WKH� LUULJDWLRQ� LQWHQVLW\�� 7KH� GDLO\� LUULJDWLRQ
ORDGV� LPSRVHG� RQ� WKH� O\VLPHWHUV� LQ� 3DSHUV� ,9� DQG� 9� ZHUH� ���� ��� DQG� ��� PP�
UHVSHFWLYHO\�� 5HWHQWLRQ� LQ� WKH� O\VLPHWHU� H[SHULPHQWV� ZDV� KLJK� IRU� DOO� LUULJDWLRQ
OHYHOV��VRLO�W\SHV�DQG�SODQW�VSHFLHV�XVHG��7KH�UHODWLYH�UHWHQWLRQ�IRXQG�LQ�3DSHU�,9
ZDV�!����IRU�72&��!����IRU�SKHQROV�DQG�!����IRU�3��DQG�LQ�3DSHU�9�ZDV�!����
!����DQG�!�����UHVSHFWLYHO\��7KH�SK\WRUHPHGLDO�HIILFLHQF\�RI�65:&�GHSHQGHG
QHLWKHU� RQ� SODQW� VSHFLHV� QRU� RQ� VRLO� W\SH�� WKH� NH\� IDFWRU� ZDV� LUULJDWLRQ� LQWHQVLW\
�3DSHU�,9���7KH�UHODWLYH�UHWHQWLRQ�RI�72&�DQG�3�LQ�DOO�O\VLPHWHUV�ZDV�KLJKHU�DW�WKH
ORZHU�LUULJDWLRQ�LQWHQVLW\��3KHQROV��E\�FRQWUDVW��ZHUH�UHWDLQHG�PRVW�VWURQJO\�DW�WKH
KLJKHVW� LUULJDWLRQ� UDWH�� +RZHYHU�� WKH� DFWXDO� SKHQRO� FRQFHQWUDWLRQV� LQ� WKH
JURXQGZDWHU�ZHUH�ORZ��FD������PJ�O � � �RQ�DYHUDJH��IRU�ERWK�ORZ�DQG�KLJK�LUULJDWLRQ
UDWHV� LQ� 3DSHU� ,9�� DQG� FD�� ���� PJ� O � � � LQ� 3DSHU� 9��� DQG� IXWXUH� KD]DUGV� ZHUH� QRW
H[SHFWHG�
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6LQFH�WKH�UHWHQWLRQ�FDSDFLW\�ZDV�FRUUHODWHG�ZLWK�LUULJDWLRQ�OHYHO�LQ�WKH�O\VLPHWHU
H[SHULPHQWV�� LW� LV� RI� LQWHUHVW� WR� GLVFRYHU� ZKHWKHU� WKLV� DOVR� DSSOLHV� XQGHU� ILHOG
FRQGLWLRQV��$OWKRXJK��WKH��FRQFHQWUDWLRQ��RI�3�LQ�ORJ�\DUG�UXQRII�ZDV�RQO\������PJ
O � � �� GDLO\� LUULJDWLRQ� ZLWK� ���PP� UHVXOWHG� LQ� D� WRWDO� DQQXDO� YROXPH� RI� ������PP�
FRQVHTXHQWO\� LQ� D� YHU\� KLJK� WRWDO� 3� ORDG� DSSOLHG� WR� WKH� +HE\� ILHOG�� 7KH� WRWDO
DPRXQWV�RI�72&�DQG�3�DSSOLHG�ZHUH�FD��������DQG�����NJ�KD � � �\U � � �� UHVSHFWLYHO\�
'XULQJ� WKH� ILUVW� \HDU� DIWHU� LUULJDWLRQ�� 72&� DQG� 3� LQ� WKH� JURXQGZDWHU� ZHUH� QRW
DODUPLQJO\�KLJK��)LJ�����3DSHU�9���EXW�D�VXVWDLQDEOH�LUULJDWLRQ�UHJLPH�ZRXOG�UHTXLUH
WKHVH�DPRXQWV�WR�UHPDLQ�IDLUO\�ORZ��619��������

6XJJHVWLRQV�IRU�VXVWDLQDEOH�DSSOLFDWLRQ�RI�ORJ�\DUG�UXQRII
,Q�)LJXUH����WKH�FRQFHQWUDWLRQV�RI�72&�DQG�3�LQ�WKH�JURXQGZDWHU�DW�WKH�FRXFK�JUDVV
ILHOG�DW�+HE\� IRU� D� WKUHH�\HDU�SHULRG� DUH� LOOXVWUDWHG��7KH�72&�FRQFHQWUDWLRQV� IRU
WKH�VHFRQG�\HDU�RI�LUULJDWLRQ�ZLWK�UXQRII�ZHUH�ORZHU��DQG�IRU�WKH�WKLUG�\HDU�ZHUH�DW
DSSUR[LPDWHO\�WKH�VDPH�OHYHO�� WKDQ� WKRVH� LQ� WKH�ILUVW�\HDU��DQG�QR�PDMRU�YDULDWLRQ
GXULQJ�WKHVH�\HDUV�ZHUH�REVHUYHG��)LJ������)RU�3��FRQFHQWUDWLRQV�LQ�WKH�VHFRQG�\HDU
GLG�QRW�GLIIHU�VXEVWDQWLDOO\�IURP�WKRVH�LQ�WKH�ILUVW�\HDU��DQG�ZHUH�JHQHUDOO\�ORZ��$Q
LQFUHDVH�LQ�WRW��3�ZDV�REVHUYHG��KRZHYHU��GXULQJ�WKH�WKLUG�\HDU�RI�LUULJDWLRQ��EXW�DW
WKH� HQG� RI� WKH� VHDVRQ� WKH� WRW�� 3� YDOXHV�ZHUH� FORVH� WR� ]HUR� �)LJ�� ���� ,I� WKH� ORZHU
LUULJDWLRQ� OHYHOV� DSSOLHG� WR� 65:&� �FD�� ��±���PP�� DUH� FRQVLGHUHG�� WKHQ� D�PRUH
VXVWDLQDEOH�WUHDWPHQW�RI�ORJ�\DUG�UXQRII�ZRXOG�SUREDEO\�EH�DFKLHYHG��1HYHUWKHOHVV�
D�SRWHQWLDO�KDUYHVW�RI�65:&��ZKLFK�SURGXFHV�FD���±���W�'0�KD � � �\U � � ��UHVXOWV�LQ�D
SRWHQWLDO� RXWSXW� RI� FD�� �±��� NJ� KD � � � 3� \U � � �� FRPSDUHG� WR� WKH� ���� NJ� 3� KD � � � \U � �
DSSOLHG��7KHUHIRUH��D�GHFUHDVH�LQ�WKH�LUULJDWLRQ�OHYHO�DQG�DQ�LQFUHDVH�LQ�WKH�DUHD�RI
65:&�� WR� UHGXFH� SRWHQWLDO� IXWXUH� KD]DUGV�� ZRXOG� EH� FRQVLGHUHG� D� VWHS� WRZDUGV
VXVWDLQDELOLW\�� ZKHQ� LW� LV� FRQVLGHUHG� WKDW� 72&� DQG� 3�� ZKHQ� LQ� H[FHVV�� DUH
UHVSHFWLYHO\� UHVSRQVLEOH� IRU� ORZ� R[\JHQ� OHYHOV� DQG� WKH� HXWURSKLFDWLRQ� RI� VXUIDFH
ZDWHUV�
)LJXUH����0HDQ�FRQFHQWUDWLRQV� �Q ���RI�72&�DQG� WRWDO�3� LQ�JURXQGZDWHU� VDPSOHG�ZLWKLQ
�$�%�� DQG� GRZQKLOO� �&�'�� WKH� FRXFK� JUDVV� ILHOG� �3DSHU�9�� WKDW� ZDV� LQWHQVLYHO\� LUULJDWHG
ZLWK�ORJ�\DUG�UXQRII�GXULQJ�WKUHH�VHDVRQV��������������7KH�ILJXUH�LV�SDUWO\�EDVHG�RQ�UHVXOWV
SUHVHQWHG�E\�-RQVVRQ��������
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65:&�IHUWLOLVHG�ZLWK�VHZDJH�VOXGJH�DQG�ZRRG�DVK
,Q� WKH� H[SHULPHQWV� LQ� 3DSHU� ,,,�� WKH� UHVLGXHV� XVHG� RQ� 65:&�ZHUH� QRW� LQ� OLTXLG
IRUP�� DV� LQ� WKH� SUHYLRXVO\� GHVFULEHG� H[SHULPHQWV�� EXW� LQ� VROLG� IRUP�� ,Q� 6ZHGHQ�
IHUWLOLVDWLRQ�RI�65:&�ZLWK�VHZDJH�VOXGJH�LV�D�UDWKHU�FRPPRQ�SUDFWLFH��DQG�DERXW
�������KD��FD������RI�WKH�WRWDO�65:&�SODQWDWLRQV��DUH�IHUWLOLVHG�ZLWK�VOXGJH�DIWHU
KDUYHVW� �6ODJEUDQG�� SHUVRQDO� FRPPXQLFDWLRQ��� 6OXGJH� FRQWDLQV� VRPH� 1� �PDLQO\
RUJDQLFDOO\�ERXQG��DQG�ODUJH�DPRXQWV�RI�3��EXW�YHU\�OLWWOH�SRWDVVLXP��.���ZRRG�DVK
FRQWDLQV�VRPH�3�DQG�ODUJH�DPRXQWV�RI�.��7DEOH�����:RRG�DVK��ZKHQ�DYDLODEOH�� LV
PL[HG� ZLWK� VOXGJH�� VLQFH� LW� FRQWDLQV� VRPH� 3� EXW� DOVR� .�� DQG� D� PRUH� EDODQFHG
IHUWLOLVHU� LV� SURGXFHG�� 7KH� PL[WXUH� LV� DSSOLHG� WR� 65:&� DV� D� UHSODFHPHQW� IRU
FRQYHQWLRQDO� LQRUJDQLF� IHUWLOLVDWLRQ��$FFRUGLQJ� WR� OHJLVODWLRQ�� WKH� DPRXQW� RI� 3� LQ
VOXGJH±DVK� DSSOLHG� HYHU\� �±�� \HDUV� VKRXOG� QRW� H[FHHG� ��±��� NJ� 3� KD � � � \U � � �
GHSHQGLQJ�RQ�WKH�RULJLQDO�3�VWDWXV�RI�WKH�VRLO��619��������
6OXGJH� DQG� DVK� FRQWDLQ�� EHVLGHV� QXWULHQWV�� D� UDQJH� RI� KHDY\� PHWDOV� WKDW� FDQ

DFFXPXODWH�LQ�VRLO��65:&�LV�D�QRQ�IRRG��QRQ�IRGGHU�FURS��DQG�WKHUHIRUH�QR�GLUHFW
HQWU\�RI�PHWDOV�WR�WKH�IRRG�FKDLQ�LV�WR�EH�IHDUHG��+RZHYHU��WKH�IXWXUH�FXOWLYDWLRQ�RI
IRRG�FURSV� RQ� ILHOGV� IHUWLOLVHG�ZLWK� D� VOXGJH±DVK�PL[WXUH��PLJKW� OHDG� WR� HOHYDWHG
OHYHOV�RI�KHDY\�PHWDOV�LQ�WKH�DJULFXOWXUDO�SURGXFWV��7KH�UHSRUWHG�DELOLW\�RI�ZLOORZ
WR� WDNH� XS� KHDY\� PHWDOV� �SDUWLFXODUO\� FDGPLXP�� &G�� DQG� QXWULHQWV� LQ� H[FHVV
�/DQGEHUJ�	�*UHJHU��������3HUWWX�	�.RZDOLN���������PLJKW�UHGXFH�SRWHQWLDO�ULVNV
WR� VXVWDLQDELOLW\�� 7KH� LGHD� LV� WKDW� WKH� KHDY\� PHWDOV� DSSOLHG� ZLWK� VOXGJH±DVK
PL[WXUHV�RQ�65:&�ZRXOG�EH�GHFUHDVHG�E\�SODQW�XSWDNH�DQG�UHWHQWLRQ�LQ�WKH�VRLO�
SODQW�V\VWHP��$W�KDUYHVW��VWHP�SDUWV�ZKLFK�FRQWDLQ�KHDY\�PHWDOV�ZRXOG�EH�UHPRYHG�
EXUQW�DQG�SDUWO\�UHF\FOHG�LQ�65:&�ZLWK�DQ\�IXWXUH�DVK�DSSOLFDWLRQ��7KH�DVK�WKDW�LV
UHWXUQHG�WR�65:&�LV�ERWWRP�DVK��VLQFH�LW�KDV�D�ORZHU�KHDY\�PHWDO�FRQWHQW�WKDQ�IO\�
DVK�� ,Q� WKLV� ZD\�� D� VXVWDLQDEOH� UHF\FOLQJ� V\VWHP�� LQYROYLQJ� HQHUJ\� ELRPDVV
SURGXFWLRQ�� WKH� WUHDWPHQW� DQG� XWLOLVDWLRQ� RI� QXWULHQW�ULFK� UHVLGXHV�� DQG� WKH
PLQLPLVDWLRQ�RI�KHDY\�PHWDO�DFFXPXODWLRQ�LQ�WKH�VRLO��ZRXOG�EH�DFKLHYHG�

5HVXOWV�IURP�ILHOG�H[SHULPHQWV��3DSHU�,,,�
7KH�H[SHULPHQWV� LQ�3DSHU� ,,,�ZHUH� FDUULHG� RXW� LQ� WKH� FRXQW\� RI�8SSODQG�� FHQWUDO
6ZHGHQ�� WR� LQYHVWLJDWH� WKH� IDWH� RI� KHDY\� PHWDOV� DIWHU� WKH� DSSOLFDWLRQ� RI� OHJDOO\
SHUPLWWHG� VOXGJH±DVK� PL[WXUHV� IRU� IHUWLOLVDWLRQ� RI� 65:&�� )RU� FRPSDULVRQ�� D
WUHDWPHQW�ZLWK� WZLFH� WKH�PD[LPXP�SHUPLWWHG�VOXGJH±DVK�DPRXQW�ZDV�DOVR� WHVWHG�
6OXGJH� DQG� DVK�ZHUH� WDNHQ� IURP� WKH� ORFDO�ZDVWHZDWHU� WUHDWPHQW� SODQW� DQG� SRZHU
SODQW�� UHVSHFWLYHO\�� 3DSHU� ,,,� VKRZHG� WKDW� WKH� DSSOLFDWLRQ� RI� GLIIHUHQW� VOXGJH±DVK
PL[WXUHV�UHVXOWHG�LQ�FKDQJHV�RI�VRLO�S+�LQ�WKH�WRSVRLO�WKDW�KDG�QR�HIIHFW�RQ�KHDY\�
PHWDO�XSWDNH�LQ�SODQW�SDUWV��,W�ZDV�SURSRVHG�WKDW�&G��WKH�PRVW�VROXEOH�RI�WKH�PHWDOV
LQ�WKH�VRLO��DQG�FRQVLGHUHG�WKH�PRVW�KD]DUGRXV�WR�KXPDQ�KHDOWK��ZRXOG�GHFUHDVH�LQ
65:&� VWHPV� LQ� WKH� DVK� WUHDWPHQWV�� $� GHFUHDVH� LQ� WKH� SK\WRUHPHGLDO� HIIHFW� RI
65:&� ZDV� WKHUHIRUH� WR� EH� H[SHFWHG�� 7KLV� SURYHG� QRW� WR� EH� WKH� FDVH�� DQG� D
SRWHQWLDO� RXWSXW� RI� &G� LQ� WKH� ELRPDVV� UHPRYHG� ZRXOG� RFFXU� DIWHU� WKUHH� \HDUV¶
FXOWLYDWLRQ�� )RU� WKH� RWKHU� PHWDOV�� D� SRWHQWLDO� RXWSXW� YLD� KDUYHVW� ZRXOG� QRW
FRPSHQVDWH� IRU� WKH� LQSXW� LQ� VOXGJH±DVK� PL[WXUHV�� &RQVHTXHQWO\�� WKH� DPRXQW� RI
WKHVH�PHWDOV�ZRXOG�LQFUHDVH�LQ�WKH�VRLO�LQ�DOO�WUHDWPHQWV��,Q�DGGLWLRQ��VKRUWHU�KDUYHVW
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LQWHUYDOV� DSSHDUHG� WR� IDYRXU� WKH� UHPHGLDO� DELOLW\� RI� 65:&�� 1HYHUWKHOHVV�� WKH
GLIIHUHQFH� EHWZHHQ� WKH� DPRXQW� RI� PHWDOV� VXSSOLHG� WR� WKH� VRLO� LQ� WKH� VOXGJH±DVK
PL[WXUH�� DQG� WKH� SRWHQWLDO� RXWSXW� LQ� KDUYHVWHG� ELRPDVV� DIWHU� 65:&� KDUYHVWLQJ�
ZHUH� ZLWKLQ� WKH� SHUPLWWHG� OLPLWV� IRU� VOXGJH� DSSOLFDWLRQV�� ,W� FDQ� WKHUHIRUH� EH
FRQFOXGHG� WKDW� DSSOLFDWLRQ� RI� WKH� OHJDOO\� SHUPLWWHG� VOXGJH±DVK� PL[WXUHV� FDQ� EH
VXJJHVWHG�DV�DQ�DOWHUQDWLYH�PHWKRG�IRU�IHUWLOLVLQJ�65:&��DQG�WKDW�65:&�UHGXFHV
&G�FRQFHQWUDWLRQV�LQ�VRLO�

+RZ�ZRXOG�65:&�LQFUHDVH�WKH�UHPRYDO�RI�PHWDOV"
7KH�UHPHGLDO�HIIHFW�RI�65:&�VKRXOG�FRPELQH�KLJK�PHWDO�FRQFHQWUDWLRQV�LQ�VWHPV
ZLWK� KLJK� UDWHV� RI� ELRPDVV� SURGXFWLRQ�� 7KHUHIRUH�� LI� WKH� OHYHO� RI� ERWK� RI� WKRVH
IDFWRUV� ZDV� LQFUHDVHG�� PHWDO� UHPRYDO� ZRXOG� DOVR� EH� JUHDWHU�� /DUVVRQ� ������
SUHVHQWHG� FRPSDULVRQV� EHWZHHQ� µROG¶� ZLOORZ� FORQHV� DQG� QHZ� FRPPHUFLDO� FORQHV
PRUH� UHFHQWO\� LQWURGXFHG�RQ� WKH�PDUNHW��7KH� SURGXFWLRQ� GLIIHUHQFHV� EHWZHHQ� WKH
FORQH� XVHG� LQ� RXU� H[SHULPHQWV� �6�� YLPLQDOLV�� µ�����¶��� DQG� FORQHV� FXUUHQWO\� LQ
ZLGHVSUHDG�XVH�LQ�6ZHGHQ��ZHUH�XS�WR������7KH�XVH�RI�QHZ�FORQHV�FRXOG�WKHUHIRUH
OHDG�WR�DQ�LQFUHDVHG�SK\WRUHPHGLDO�HIIHFW�RI�ZLOORZ��,Q�PDQ\�FDVHV��DQG�HVSHFLDOO\
ZKHQ�VOXGJH�RQO\�LV�DSSOLHG��DGGLWLRQDO�IHUWLOLVDWLRQ�ZLWK�LQRUJDQLF�IHUWLOLVHUV�PLJKW
FRQWULEXWH� WR� EHWWHU� JURZWK� �/DEUHFTXH� 	� 7HRGRUHVFX�� ������� ,Q� 3DSHU� ,,,�
KRZHYHU�� WKH� VOXGJH±DVK� WUHDWPHQWV� VKRZHG� QR� GLIIHUHQFHV� FRPSDUHG� ZLWK� WKH
FRQWURO�� ZKLFK� ZDV� IHUWLOLVHG� ZLWK� 13.� IHUWLOLVHU�� WKHUHIRUH� LW� LV� SRVVLEOH� WKDW
JURZWK�ZRXOG�QRW�EH�LQFUHDVHG�E\�FRQYHQWLRQDO�IHUWLOLVDWLRQ�
,Q�WKH�H[SHULPHQWV�RI�3DSHU�,,,��WKH�FRQFHQWUDWLRQV�RI�DOO�PHWDOV�LQ�65:&�VWHPV�

LQFOXGLQJ� &G�� ZHUH� ORZ� LQ� DOO� WUHDWPHQWV� DV� FRPSDUHG� WR� YDOXHV� UHSRUWHG� LQ� WKH
OLWHUDWXUH��5LGGHOO�%ODFN��������/DQGEHUJ�	�*UHJHU��������.ODQJ�:HVWLQ�	�3HUWWX�
������3XOIRUG��5LGGHOO�%ODFN�	�6WHZDUW��������+DPPHU��.D\VHU�	�.HOOHU��������
7KLV� ZDV� SUREDEO\� UHODWHG� WR� WKH� FRPSDUDWLYHO\� VPDOO� DPRXQWV� RI� KHDY\� PHWDOV
VXSSOLHG� WR� 65:&� LQ� WKH� VOXGJH±DVK�PL[WXUHV�� DQG� SRVVLEO\� DOVR� WR� VLWH�VSHFLILF
FRQGLWLRQV�� L�H�� WKH� KLJK� FOD\� FRQWHQW� RI� WKH� VRLO�� 7KH� H[SHULPHQWV� RI� 3DSHU� ,,,
VKRZHG� WKDW� FRQFHQWUDWLRQV� RI� DOO�PHWDOV� LQ� EDUN� DUH� IDU� KLJKHU� WKDQ� WKRVH� LQ� WKH
ZRRG�RI�WKH�VWHPV��7KH�EDUN�ZRRG�UDWLR�GHFUHDVHV�ZLWK�DJH�DQG� WKHUHIRUH�VKRUWHU
KDUYHVW� LQWHUYDOV�PLJKW� FRQWULEXWH� WR� KLJKHU� DPRXQWV� RI� PHWDOV� UHPRYHG�� DV� ZDV
LQGLFDWHG�LQ�3DSHU�,,,��'LIIHUHQFHV�LQ�WKH�EDUN�ZRRG�UDWLR�EHWZHHQ�ZLOORZ�FORQHV�RI
WKH�VDPH�DJH�KDYH�DOVR�EHHQ�UHSRUWHG��2OLYHLUD�0LJXHO���������)XUWKHUPRUH��FORQDO
GLIIHUHQFHV��LQ�WHUPV�RI�SUHIHUHQFH�IRU�GLIIHUHQW�KHDY\�PHWDOV��KDYH�EHHQ�UHSRUWHG
E\� 3XOIRUG�� 5LGGHOO�%ODFN�	� 6WHZDUW� �������� ,Q� FDVHV� VXFK� DV� WKDW� RI� (QN|SLQJ�
ZKHUH�D�SDUWLFXODU�PHWDO��H�J��&X��LV�WKH�PDLQ�WKUHDW�WR�VXVWDLQDELOLW\��FORQHV�ZKLFK
VKRZ�µSUHIHUHQWLDO¶�XSWDNH�IRU�WKDW�HOHPHQW�VKRXOG�EH�VHOHFWHG�IRU�FXOWLYDWLRQ�
,Q�WKH�ILHOGV�GHDOW�ZLWK�LQ�3DSHU�,,,��KRZHYHU�� WKH�KLJK�&X�FRQFHQWUDWLRQV�LQ�WKH

VOXGJH�ZRXOG�VWLOO�EH�UHVSRQVLEOH�IRU�KLJK�&X�DPRXQWV�VXSSOLHG�LQ�VRLO��7KH�DYHUDJH
FRQFHQWUDWLRQ�RI�&X�DW�(QN|SLQJ�IRU�WKH�\HDU�������WKH�\HDU�LQ�ZKLFK�WKH�VOXGJH�LQ
3DSHU�,,,�ZDV�XVHG���DOWKRXJK�LW�YDULHG�WKURXJKRXW�WKH�\HDU��ZDV�����PJ�NJ � � �'0
�:DOJHERUJ�� SHUVRQDO� FRPPXQLFDWLRQ��� 7KH� DYHUDJH� &X� FRQFHQWUDWLRQ� LQ� VOXGJH
IURP����PXQLFLSDO�ZDVWHZDWHU�WUHDWPHQW�SODQWV�LQ�6ZHGHQ�ZDV�UHSRUWHG�DV�����PJ
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NJ � � � '0� �(ULNVVRQ�� ������� 7KHUHIRUH�� LQ�PDQ\� FDVHV�� DV� DW� (QN|SLQJ�� LPSURYHG
VOXGJH�TXDOLW\�ZRXOG�FRQWULEXWH�WR�EHWWHU�VXVWDLQDELOLW\�DIWHU�DSSOLFDWLRQ�RQ�65:&�

6XVWDLQDELOLW\�DQG�KHDY\�PHWDOV�LQ�VRLOV�VXSSOLHG�ZLWK�VOXGJH±DVK
PL[WXUHV
7KH�TXDOLW\�RI�VRLOV�ZKLFK�ZLOO�EH�XVHG�IRU�DJULFXOWXUH�E\�IXWXUH�JHQHUDWLRQV��PXVW
EH�FRQVLGHUHG�ZKHQ� LQYHVWLJDWLQJ�ZKHWKHU� IHUWLOLVDWLRQ�RI�65:&�ZLWK� VOXGJH±DVK
PL[WXUHV�LV�DOVR�VXVWDLQDEOH�LQ�WHUPV�RI�KHDY\�PHWDOV�RYHU�WLPH��7KHUHIRUH��LW�LV�RI
LQWHUHVW�WR�FRPSDUH�WKH�DPRXQWV�RI�KHDY\�PHWDOV�LQ�VOXGJH±DVK�PL[WXUHV�VXSSOLHG�WR
D� 65:&�� ZLWK� WKH� WRWDO� DPRXQWV� SUHVHQW� LQ� WKH� WRSVRLO�� )RU� 65:&� SODQWDWLRQV�
ZKHUH� VOXGJH� LV� DSSOLHG� RQ� WKH� VXUIDFH�� DQG� ZKHUH� LQ� PRVW� FDVHV� QR� WLOODJH� LV
SUDFWLVHG��D�FRPSDULVRQ�ZLWK�WKH�WRWDO�DPRXQWV�LQ�WKH�XSSHU��±���FP�RI�WKH�VRLO�LV
UHOHYDQW�� 7KH� FDOFXODWLRQV� LQ� 7DEOH� �� UHIHU� WR� WKH� ILHOG� VWXGLHG� LQ� 3DSHU� ,,,
�/XQGE\���DQG�WR�WKH�VDPH�VOXGJH�DQG�DVK�DV�LQ�3DSHU�,,,��7KH�LQFUHDVH�����LQ�WKH
WRWDO�DPRXQW�RI�KHDY\�PHWDOV�DIWHU�µVO�DVK¶�DSSOLFDWLRQ�RYHU�D����\HDU�SHULRG�� L�H�
RYHU�WKH�HFRQRPLF�OLIHVSDQ�RI�D�65:&�SODQWDWLRQ��LV�SUHVHQWHG�LQ�WKH�WKLUG�FROXPQ
RI�7DEOH����VHH�DOVR�7DEOH����3DSHU�,,,���7KH�IRXUWK�FROXPQ�LV� WKH� LQFUHDVH� LQ� WKH
DPRXQW� RI� KHDY\� PHWDOV� LQ� WKH� XSSHU� �±��� FP� RI� WKH� VRLO� ����� LI� 65:&� ZHUH
JURZQ�RQ�WKH�ILHOG�DQG�KDUYHVWHG�HYHU\�WKLUG�\HDU��FI��3DSHU�,,,���)LQDOO\��LQ�WKH�ODVW
WZR�FROXPQV��WKH�QXPEHU�RI�\HDUV�QHHGHG�WR�GRXEOH�WKH�WRWDO�KHDY\�PHWDO�DPRXQWV
LQ� WKH�XSSHU��±���FP�DIWHU� µVO�DVK¶� LV�FDOFXODWHG�� LQ� WKH�DEVHQFH�DQG�SUHVHQFH�RI
65:&�� UHVSHFWLYHO\��)RU�PHWDOV�ZLWK� D� VWHP�FRQFHQWUDWLRQ� �3DSHU� ,,,�� EHORZ� WKH
GHWHFWLRQ�OLPLW��FRPSDUDEOH�YDOXHV�DUH�JLYHQ�
7DEOH����7RWDO�PHWDO�DPRXQWV�LQ�WKH�VRLO�DW�/XQGE\��DQG�WKH�FDOFXODWHG�LQFUHDVH�����LQ�WKH
�±���FP�VRLO�OD\HU�DIWHU����\HDUV�IRU�µVO�DVK¶��ZLWKRXW�RU�ZLWK�65:&�FXOWLYDWLRQ��7KH�ODVW
WZR�FROXPQV�VKRZ�WKH�QXPEHU�RI�\HDUV�UHTXLUHG�WR�GRXEOH�WKH�WRWDO�DPRXQWV�RI�PHWDO�LQ�WKH
VRLO��LI�µVO�DVK¶�ZHUH�DSSOLHG�DW�/XQGE\��ZLWKRXW�RU�ZLWK�65:&�FXOWLYDWLRQ��UHVSHFWLYHO\

7RWDO�LQ��±��
FP��NJ�KD W X �

&KDQJH�LQ�WRWDO�PHWDO�DPRXQWV
LQ�VRLO�DIWHU����\HDUV¶�DSSOLFDWLRQ

RI�µVO�DVK¶����
1XPEHU�RI�\HDUV�WR�GRXEOH
WKH�WRWDO�DPRXQWV�LQ�VRLO

DIWHU�µVO�DVK¶
QR�65:& ZLWK�65:& QR�65:& ZLWK�65:&

&G �������� ������ ±�� ���� ±��
&U ���� ��������� ���������� ������������ ����!�����
&X ���� ����� ������� ���� ������������
1L ���� ��������� ���������� ������������ �����������
3E ���� ��������� �������� ������������ ����!�����
=Q �������� ������������� ���������� ���� ������������

2Q�WKH�EDVLV�RI�WKH�WKHRUHWLFDO�FDOFXODWLRQV�LQ�7DEOH����LW�FDQ�EH�FRQFOXGHG� WKDW
&X� JLYHV� ULVH� WR� PRVW� FRQFHUQ� IRU� VXVWDLQDELOLW\� LQ� FRQQHFWLRQ� ZLWK� VOXGJH±DVK
DSSOLFDWLRQ� DW� (QN|SLQJ�� $IWHU� ��� \HDUV� ZLWK� WKH� OHJDOO\� SHUPLWWHG� µVO�DVK¶
DSSOLFDWLRQV�� WKH� &X� FRQFHQWUDWLRQ� ZRXOG� LQFUHDVH� E\� FD�� ����� L�H�� WKH� WLPH
UHTXLUHG�WR�GRXEOH�WKH�VRLO�&X�FRQWHQW�ZRXOG�EH�FD������\HDUV��+RZHYHU��LI�WKH�&X
FRQFHQWUDWLRQV� LQ� UHVLGXHV� IURP� WKH� (QN|SLQJ� ZDVWHZDWHU� WUHDWPHQW� SODQW� ZHUH
ORZHU��DQG�ZHUH�HTXDO�WR�WKH�6ZHGLVK�DYHUDJH������PJ�NJ � � �'0���JLYHQ�WKH�VDPH
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65:&�SURGXFWLRQ�DQG�WKH�VDPH�VWHP�FRQFHQWUDWLRQ�RI�&X��WKH�LQFUHDVH�LQ�WKH��±��
FP�VRLO�OD\HU�DIWHU����\HDUV�ZRXOG�EH�FD������FDOFXODWLRQV�QRW�VKRZQ���,Q�WKDW�FDVH�
����\HDUV�ZRXOG�EH�UHTXLUHG�WR�GRXEOH�WKH�DPRXQW�RI�&X�LQ�WKH��±���FP�VRLO�OD\HU
LQ�D�65:&�ILHOG� �FI��7DEOH��²����\HDUV���)RU� WKH�RWKHU�KHDY\�PHWDOV�� LQFUHDVHV
DIWHU����\HDUV�DUH�YHU\�ORZ�FRPSDUHG�WR�WKH�DPRXQWV�RI�PHWDOV�DOUHDG\�SUHVHQW�LQ
WKH�VRLO��)RU�&G��D�GHFUHDVH�LQ�WKH�WRWDO�DPRXQW�ZDV�FDOFXODWHG��$IWHU����\HDUV��DQG
FRQVLGHULQJ�WKH�LQFUHDVHV�LQ�PHWDO�DPRXQWV�LQ�WKH�VRLO�DIWHU�DSSOLFDWLRQ�RI�VOXGJH±
DVK�PL[WXUHV�WR�65:&��WKH�VXVWDLQDELOLW\�RI�WKH�V\VWHP�GRHV�QRW�VHHP�WR�EH�XQGHU
WKUHDW� IRU� DOO� PHWDOV�� ZLWK� WKH� SRVVLEOH� H[FHSWLRQ� RI� &X�� 6LQFH� WKH� GHILQLWLRQ� RI
VXVWDLQDELOLW\� UHIHUV� LQ�JHQHUDO� WR� WKUHDWV� WR� IXWXUH� JHQHUDWLRQV�� LW� LV� E\� QR�PHDQV
FOHDU�KRZ�PDQ\�\HDUV� LW�ZRXOG� WDNH� IRU�SRVVLEOH� IXWXUH� QHJDWLYH� HIIHFWV� WR� DIIHFW
VXVWDLQDELOLW\��*LYHQ�D�65:&�JHQHUDWLRQ�OHQJWK�RI����\HDUV��LW�ZRXOG�UHTXLUH�FD���
KXPDQ�JHQHUDWLRQV� WR�GRXEOH� WKH�DPRXQW�RI�&X� LQ� WKH� WRSVRLO�� DQG�FD�� ���KXPDQ
JHQHUDWLRQV� LI� WKH� VOXGJH�ZHUH� RI� DYHUDJH� TXDOLW\²DQG� WKLV� RQO\� LI� D� VOXGJH±DVK
PL[WXUH�ZHUH�FRQWLQXRXVO\�DSSOLHG�GXULQJ�WKH�HQWLUH�SHULRG�
)URP�7DEOH����LW�LV�HYLGHQW�WKDW�65:&�DW�/XQGE\�GLG�QRW�FRQWULEXWH�VXEVWDQWLDOO\

WR�WKH�UHGXFWLRQ�RI�WKH�WRWDO�PHWDO�DPRXQWV�LQ�WKH�VRLO��)RU�DOO�PHWDOV�H[FHSW�&G��WKH
IXWXUH�DPRXQWV�LQ�WKH�VRLO�ZRXOG�QRW�EH�QRWDEO\�GHFUHDVHG�E\�UHPRYDO�LQ�KDUYHVWHG
ELRPDVV��2QO\�&G�ZRXOG�EH�UHGXFHG� LQ� WKH�VRLO�DIWHU�D�65:&�KDUYHVW�� ,Q� IDFW�� LI
65:&�ZHUH�JURZQ�DW�/XQGE\��LW�ZRXOG�WKHRUHWLFDOO\�WDNH�FD�����\HDUV�WR�UHPRYH
DOO�&G�IURP�WKH�VRLO�WKHUH��HYHQ�LI�VOXGJH±DVK�ZHUH�DSSOLHG��7KLV�LV�YHU\�LPSRUWDQW�
VLQFH�WKH�H[FKDQJHDEOH�IUDFWLRQ�RI�&G�LQ�VRLO�LV�EHWZHHQ���������(ULNVVRQ��������
LQ� FRQWUDVW� WR� H�J�� &U� DQG� 3E�� ZKLFK� DUH� KLJKO\� LPPRELOH� DQG� SRWHQWLDOO\� QRW� DV
KD]DUGRXV�WR�IXWXUH�SODQWDWLRQV��(ULNVVRQ���������2Q�WKH�RWKHU�KDQG��&X��1L�DQG�=Q
DUH� LQ� D� IRUP� VXFK� WKDW� WKH\� DUH� OLNHO\� WR� EH� OHVV� PRELOH� XQGHU� WKH� VSHFLILF
FRQGLWLRQV�DW�/XQGE\��ZLWK�D�KLJK�FOD\�FRQWHQW�DQG�KLJK�S+��0F%ULGH��5LFKDUGV�	
6WHHQKXLV���������)XUWKHUPRUH��&X�DQG�=Q�DUH�SODQW�PLFURQXWULHQWV��DQG�DQ�LQFUHDVH
LQ�WKH�VRLO�GRHV�QRW�QHFHVVDULO\�PHDQ�D�KLJK�SRWHQWLDO�KD]DUG�OHYHO��7KHUHIRUH��WKH
IDFW� WKDW� &G²ZKLFK� LV� FRQVLGHUHG� WKH� PRVW� KD]DUGRXV� KHDY\� PHWDO� WR� KXPDQ
KHDOWK²LV�WDNHQ�XS�E\�65:&�DQG�WKDW�WRWDO�&G�DPRXQWV�LQ�VRLO�DUH�UHGXFHG��LV�RI
JUHDW�LPSRUWDQFH�IRU�LQFUHDVLQJ�VXVWDLQDELOLW\�

,V�3�D�SUREOHP�IRU�VXVWDLQDELOLW\"
$OWKRXJK� WKH�H[SHULPHQWV�RQ�ZKLFK� WKLV� WKHVLV� LV�EDVHG�GLG�QRW�H[SOLFLWO\�DGGUHVV
WKH� SUREOHP� RI� 3�� LW� FDQQRW� EH� LJQRUHG� LQ� DQ\� GLVVFXVVLRQ� RI� VXVWDLQDELOLW\�� $V
PHQWLRQHG� DERYH�� VOXGJH� DSSOLFDWLRQV� DUH� SDUWO\� UHJXODWHG� RQ� WKH� EDVLV� RI� WKH� 3
VXSSO\�����NJ�KD � � �\U � � IRU�DPPRQLXP�ODFWDWH�DFHWDWH�VROXEOH�3��3�$/��,�DQG�,,����
PJ�3�$/�SHU�����J�VRLO�'0���RU����NJ�KD � � �\U � � IRU�3�$/�,,,�RU�KLJKHU��!����PJ�3�
$/�SHU�����J�VRLO�'0��619���������$FFRUGLQJ�WR�(ULNVVRQ���������DERXW�����RI
6ZHGLVK�DJULFXOWXUDO�ODQG��DQG�DOPRVW������RI�ODQG�RQ�ZKLFK�VOXGJH�IHUWLOLVDWLRQ�LV
PRVW� OLNHO\� WR�RFFXU�� LV�RI�FODVV�3�$/� ,,,� RU� DERYH��)RU�SUDFWLFDO� UHDVRQV�� VOXGJH
DSSOLFDWLRQV�RFFXU�RQO\�GXULQJ�WKH�HVWDEOLVKPHQW�SKDVH�RU�DIWHU�KDUYHVW�RI�65:&�
7KXV����NJ�3�KD � � �DUH�DSSOLHG�LQ�D�VLQJOH�GRVH�WR�D�65:&�SODQWDWLRQ�ZKLFK�ZLOO�EH
KDUYHVWHG�IRXU�\HDUV�ODWHU��$FFRUGLQJ�WR�/HGLQ�HW�DO����������WKH�UHFRPPHQGDWLRQV
IRU�3�VXSSO\�ZLWK�LQRUJDQLF�IHUWLOLVHUV�RQ�65:&�DUH�QRW�FOHDU��DQG�OLH�EHWZHHQ���±



��

���NJ�KD � � IRU�RQH�FXWWLQJ�F\FOH��7KH�DXWKRUV�VXJJHVW��KRZHYHU�� WKDW�WKH�DSSOLHG�3
DPRXQWV� VKRXOG� EH� FORVHU� WR� WKH� ORZHU� YDOXHV�PHQWLRQHG�� IRU� HFRQRPLF� UHDVRQV�
VLQFH� 3� LV� HDVLO\� DGVRUEHG� DQG� EHFRPHV� XQDYDLODEOH�� )RU� RWKHU� DUDEOH� FURSV�� WKH
UHFRPPHQGDWLRQV�IRU�3�DUH�FD�����NJ�KD � � �\U � � ��-RUGEUXNVYHUNHW���������DQG�VWLOO�DUH
PXFK�ORZHU�WKDQ�WKH�DPRXQW�VXSSOLHG�ZLWK�VOXGJH±DVK�RQ�65:&�
$�65:&�SODQWDWLRQ�IHUWLOLVHG�ZLWK�VOXGJH±DVK�IRU����\HDUV�ZRXOG�UHFHLYH�PRUH

WKDQ� ���� NJ� KD � � � 3�� ,I� WKH� ELRPDVV� SURGXFWLRQ� ZHUH� FD�� ��� W� KD � � � \U � � � DQG� 3
FRQFHQWUDWLRQ�LQ�VWHPV�ZHUH���PJ�NJ � � �'0��WKHQ�FD������NJ�3�ZRXOG�EH�UHPRYHG
IURP�VXFK�D�65:&�SODQWDWLRQ�DW�VWHP�KDUYHVW��7KH�GLIIHUHQFH�LV�VWLOO�ODUJH��DQG�WKH
H[FHVV� 3� PLJKW� EH� ORVW� WR� VXUIDFH� ZDWHUV� RU� OHDFKHG� WR� WKH� JURXQGZDWHU�
1HYHUWKHOHVV��ORVVHV�RI�3�YLD�OHDFKLQJ�RU�UXQRII�KDYH�QRW�EHHQ�FRUUHODWHG�ZLWK�WKH�3
DPRXQWV� DSSOLHG�ZLWK� VOXGJH�� DQG� DUH� UHSRUWHG� WR� EH� ORZHU� FRPSDUHG�ZLWK� RWKHU
DJULFXOWXUDO� 3� DPHQGPHQWV� DW� VLPLODU� 3� VXSSO\� UDWHV� �:LWKHUV�� &OD\� 	� %UHH]H�
������(OOLRWW��2
&RQQRU�	�%ULQWRQ���������7KH�RULJLQ�RI�WKH�VOXGJH��ZKLFK�DIIHFWV
WKH�ELRDYDLODEOH�3�FRQWHQW��)URVVDUG�HW�DO���������6KHSKHUG�	�:LWKHUV���������DQG
WKH�VRLO� W\SH��ZKLFK�DUH�OLQNHG�WR� WKH� WUDQVSRUW�PHFKDQLVPV�RI�3� WKURXJK� WKH�VRLO�
DQG� WKH� VXEVRLO� SURSHUWLHV� UHVSRQVLEOH� IRU� 3� VRUSWLRQ� �'MRGMLF�� %RUOLQJ� 	
%HUJVWURP�� ������� DUH� UHSRUWHG� WR� EH� RI� JUHDWHU� LPSRUWDQFH� WR� 3� ORVVHV� WKDQ� WKH
WRWDO�DPRXQWV�DSSOLHG�
2SLQLRQV� UHJDUGLQJ� WKH� ULVN� RI� 3� ORVVHV� DIWHU� VOXGJH� DSSOLFDWLRQ� DUH� UDWKHU

FRQWUDGLFWRU\��'HQWHO��������2
&RQQRU�HW�DO����������WKLV�LQFRQVLVWHQF\�LV�UHIOHFWHG
LQ�WKH�OLPLWV�VHW�E\�WKH�OHJLVODWLRQ�LQ�GLIIHUHQW�FRXQWULHV��7KH�SHUPLWWHG�VXSSO\�RI�3
E\� VOXGJH� IHUWLOLVDWLRQ� LV� IDU� KLJKHU� LQ� RWKHU� (XURSHDQ� FRXQWULHV� WKDQ� LQ�6ZHGHQ�
DQG�LQ�WKH�86$��VOXGJH�DSSOLFDWLRQV�EDVLFDOO\�GHSHQG�UDWKHU�RQ�1�DPRXQWV�WKDQ�RQ
3��DOWKRXJK�FRQFHUQV�DERXW�WKH�3�VXSSO\�KDYH�EHHQ�UDLVHG��0RUVLQJ��������6KREHU
	�6LPV���������$� VXSSO\�RI�3�EDVHG�RQ� SODQW� UHTXLUHPHQWV�ZRXOG� LPSO\� D�PRUH
VXVWDLQDEOH�DSSURDFK��,Q�WKDW�FDVH��KRZHYHU��WKH�SODQW�DYDLODEOH�3�LQ�WKH�VRLO�ZRXOG
EH�PRUH�DSSURSULDWHO\�XVHG�DV�D� UHJXODWRU�RI� WKH�3�VXSSO\�ZKHQ�DSSO\LQJ�VOXGJH�
3ODQW�DYDLODEOH�3�LQ�VOXGJH�LV�DSSUR[LPDWHO\�HVWLPDWHG�WR�EH�FD������RI�WKH�WRWDO�3
VXSSOLHG��DQG�LV�VWURQJO\�UHODWHG�WR�WKH�RULJLQ�RI�WKH�VOXGJH��6KREHU�	�6LPV��������
)XUWKHUPRUH��)URVVDUG�HW�DO���������VKRZHG�WKDW�WKH�DPRXQW�RI�VOXGJH�3� WDNHQ�XS
E\�U\HJUDVV��/ROLXP�SHUHQQH�/���ZDV�VLJQLILFDQWO\�DQG�SRVLWLYHO\�FRUUHODWHG�ERWK�WR
WKH� DYDLODEOH� 3� VXSSOLHG� YLD� WKH� VOXGJH� DQG� WR� WKH� VRLO
V� FRQWHQW� RI� DYDLODEOH� 3�
KRZHYHU�� WKHVH� UHODWLRQVKLSV� DSSOLHG� RQO\� IRU� D� FOD\� VRLO�� ZKHUHDV� QR� VXFK
UHODWLRQVKLS�ZDV�REVHUYHG�LQ�D�ORDP\�VRLO��EHFDXVH�RI�LWV�KLJKHU�FRQWHQW�RI�DYDLODEOH
3��7KH�VRLO
V�FRQWHQW�RI�DYDLODEOH�3��DQG�VRLO�W\SH��PXVW�WKHUHIRUH�DOVR�EH�WDNHQ�LQWR
DFFRXQW� LI� SODQW�DYDLODEOH� 3� LV� WR� EH� XVHG� WR� UHJXODWH� VOXGJH� DSSOLFDWLRQV�� 7KH
FRQFHSW�ZRXOG�EH�HYHQ�PRUH�FRPSOH[�LI�D�VOXGJH±DVK�PL[WXUH�ZHUH�DSSOLHG��DV�ZDV
GRQH�LQ�3DSHU�,,,�� WKHUH��XQFHUWDLQW\�DERXW� WKH�DPRXQW�RI�SODQW�DYDLODEOH�3�ZRXOG
EH�JUHDWHU�VWLOO��0RUH�UHVHDUFK�LQWR�WKH�3�VXSSO\�DIWHU�WKH�DSSOLFDWLRQ�RI�VOXGJH±DVK
PL[WXUHV� RQ� 65:&� LV� WKHUHIRUH� QHHGHG�� IRU� LW� WR� EH� SRVVLEOH� WR� DVVHVV� WKH
VXVWDLQDELOLW\�RI�VXFK�D�SUDFWLFH�
7KH����NJ�3�KD � � �\U � � SHUPLWWHG�WR�EH�DSSOLHG�WR�65:&�LQ�6ZHGHQ��DOWKRXJK�IDU

ORZHU�WKDQ�WKDW�LQ�RWKHU�FRXQWULHV��PLJKW�QHYHUWKHOHVV�EH�KLJK�IRU�VXVWDLQDEOH�XVH��LI
WKH� QHHGV� RI� 65:&�� L�H�� FD�� ��� NJ� 3� KD � � � \U � � �� ZHUH� WDNHQ� LQWR� DFFRXQW� �VHH
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WKHRUHWLFDO� FDOFXODWLRQV� DERYH��� 0LQLPLVDWLRQ� RI� WKH� DPRXQW� RI� 3� VXSSOLHG� ZLWK
VOXGJH±DVK�PL[WXUHV�ZRXOG�LPSO\�IHZHU�ULVNV�IRU�FRQWDPLQDWLRQ�GXH�WR�3�ORVVHV��,Q
WKDW�FDVH��WKH�DPRXQWV�RI�KHDY\�PHWDOV�DSSOLHG�ZRXOG�DOVR�VLPXOWDQHRXVO\�GHFUHDVH�
DQG� VXVWDLQDELOLW\� LQ� WHUPV�RI� KHDY\�PHWDOV�ZRXOG� FRQVHTXHQWO\� DOVR� LPSURYH�� ,Q
UHFHQW�\HDUV��ZDVWHZDWHU�SODQW�RSHUDWRUV�KDYH�VKRZQ�LQFUHDVHG�LQWHUHVW�LQ�GLVSRVLQJ
RI�VOXGJH�LQ�65:&��7KLV�LV�PDLQO\�D�FRQVHTXHQFH�RI�QHZ�(8�ODZV��ZKLFK�GR�QRW
SHUPLW�VOXGJH�GLVSRVDO�LQ�ODQGILOOV�IURP�\HDU������RQZDUGV��WKXV�DQ�LQFUHDVH�LQ�WKH
DUHD� RI� 65:&� LQ� 6ZHGHQ� LV� D� SRVVLEOH� IXWXUH� VFHQDULR�� ,W� LV� GRXEWIXO�� KRZHYHU�
ZKHWKHU�WKH�LQWHUHVWV�RI�ZDVWHZDWHU�RSHUDWRUV�DUH�FRPSDWLEOH�ZLWK�DQ\�PLQLPLVDWLRQ
RI�WKH�3�VXSSO\�ZLWK�VOXGJH±DVK�DSSOLFDWLRQV�WR�65:&��,Q�DQ\�FDVH��WKH�IDWH�RI�3�LQ
WKH� VRLO�� QRW� RQO\� DIWHU� VOXGJH±DVK� DSSOLFDWLRQV�� EXW� DOVR� DIWHU� LUULJDWLRQ� ZLWK
ZDVWHZDWHU�W\SHV�WKDW�VXSSO\�ODUJH�DPRXQWV�RI�3�WR�WKH�VRLO��H�J��LUULJDWLRQ�ZLWK�ORJ�
\DUG� UXQRII��� DQG� WKH� HIIHFWV� RQ� HQYLURQPHQWDO� TXDOLW\�� VKRXOG� EH� PRUH� FORVHO\
VWXGLHG��7KLV�LV�D�SUHUHTXLVLWH� IRU� WKH�ZLGHU�DSSOLFDWLRQ�RI�PXQLFLSDO�RU� LQGXVWULDO
UHVLGXHV�WR�65:&�LQ�IXWXUH�

&RQFOXVLRQV
7KH�PDLQ� FRQFOXVLRQV� GUDZQ� LQ� WKLV� WKHVLV� FRQFHUQLQJ� WKH� VXVWDLQDEOH� XVH� RI� WKH
YDULRXV�UHVLGXHV�DSSOLHG�WR�65:&²ZKLFK�LPSOLHV�PLQLPDO�HQYLURQPHQWDO�KD]DUGV
DQG�JRRG�65:&�JURZWK²DUH�
• 1�OHDFKLQJ�WR�WKH�JURXQGZDWHU�LV�D�SRWHQWLDO�WKUHDW�ZKHQ�KLJK�1�ORDGV�DUH�DSSOLHG
WR�65:&�ILHOGV�E\�KLJK�ZDVWHZDWHU�LUULJDWLRQ�UDWHV�
• &RPSDULVRQ� RI� H[SHULPHQWDO� GDWD� IURP� IXOO�VFDOH� 65:&� ILHOGV� LUULJDWHG� ZLWK
ZDVWHZDWHU�LQ�FHQWUDO�6ZHGHQ�VXJJHVWV�WKDW�WKH�1�ORDG�WKDW�FDQ�EH�WUHDWHG�LV�PXFK
KLJKHU�WKDQ�WKH�1�UHTXLUHPHQWV�RI�65:&��DQG�GHSHQGV�RQ�VLWH�VSHFLILF�FRQGLWLRQV�
• :KHQ�WKH�FRQFHQWUDWLRQ�RI�KD]DUGRXV�FRPSRXQGV�LQ�WKH�ZDVWHZDWHUV�LV�ORZ²DV
LQ� ORJ�\DUG� UXQRII²WKH� SK\WRUHPHGLDO� HIILFLHQF\� RI� 65:&� LV� VDWLVIDFWRU\� DQG� LV
EDVHG�RQ�LUULJDWLRQ�LQWHQVLW\�
• :KHQ� KD]DUGRXV� FRPSRXQGV� DUH� SUHVHQW� LQ� WKH� ZDVWHZDWHU²DV� LQ� ODQGILOO
OHDFKDWH��ZKLFK�FRQWDLQV�KLJK�FRQFHQWUDWLRQV�RI�VDOWV�DQG�RI�RUJDQLF�FRPSRXQGV²
WKH�LUULJDWLRQ�UDWH�VKRXOG�EH�DGMXVWHG�WR�DYRLG�JURZWK�UHGXFWLRQ�
• *HQHWLF� GLIIHUHQFHV� LQ� VDOW� WROHUDQFH� DQG� JURZWK� SHUIRUPDQFH� EHWZHHQ� ZLOORZ
FORQHV�FDOO�IRU�FDUHIXO�VHOHFWLRQ�RI�FORQHV�WR�VXLW�VSHFLILF�VLWXDWLRQV�
• /HDI�OHQJWK�FDQ�EH�XVHG�DV�D�UDSLG�GLDJQRVWLF�WRRO�IRU�LGHQWLI\LQJ�VWUHVV��LQ�ILHOGV
LUULJDWHG�ZLWK�ODQGILOO�OHDFKDWH��WR�SHUPLW�DGMXVWPHQW�RI�WKH�LUULJDWLRQ�UDWH��KHQFH�WR
DYRLG�JURZWK�UHGXFWLRQ�
• )HUWLOLVDWLRQ�RI�65:&�ZLWK�OHJDOO\�SHUPLWWHG�VOXGJH±DVK�PL[WXUHV�GRHV�QRW�SRVH
D�VXEVWDQWLDO�WKUHDW�WR�VXVWDLQDELOLW\��LQ�WHUPV�RI�KHDY\�PHWDOV�
• :KHQ�65:&�LV�IHUWLOLVHG�ZLWK�VOXGJH±DVK��D�UHGXFWLRQ�LQ�WKH�WRWDO�&G�DPRXQWV�LQ
WKH�VRLO�LV�H[SHFWHG�WR�RFFXU�DIWHU�KDUYHVW�
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,Q� DGGLWLRQ�� ZKHQ� LUULJDWLRQ� RI� 65:&�ZLWK� GLIIHUHQW� ZDVWHZDWHUV� LV� SUDFWLVHG�
DQ\� GHFLVLRQ� FRQFHUQLQJ� WKH� LUULJDWLRQ� UHJLPH� PXVW� WDNH� LQWR� DFFRXQW� FOLPDWLF
IDFWRUV� �VXFK� DV� SUHFLSLWDWLRQ�� OHQJWK� RI� JURZLQJ� VHDVRQ��� VRLO� W\SH�� UHVLGXH
FRPSRVLWLRQ��DQG�VSHFLHV�RU�FORQH�FKDUDFWHULVWLFV��HYDSRWUDQVSLUDWLRQ�UDWH��FOLPDWLF
DGDSWDELOLW\��SHVW�WROHUDQFH���LI�ERWK�D�KLJK�JURZWK�UDWH�RI�65:&�DQG�VXVWDLQDELOLW\
DUH�WR�EH�DWWDLQHG�
)XUWKHUPRUH�� ZKHQ� VOXGJH±DVK� PL[WXUHV� DUH� DSSOLHG� WR� 65:&�� EHWWHU

PDQDJHPHQW� SUDFWLFHV�� H�J�� WKH� LQWURGXFWLRQ� RI� VXLWDEOH� FORQHV� LQ� WHUPV� RI�PHWDO
XSWDNH��WKH�VHOHFWLRQ�RI�KLJKHU�\LHOGLQJ�FORQHV��DQG�VKRUWHU�KDUYHVW�LQWHUYDOV��ZRXOG
FRQWULEXWH� WR�EHWWHU� VXVWDLQDELOLW\� LQ� WHUPV�RI� KHDY\�PHWDOV��+RZHYHU�� WKH� KLJK�3
ORDGV�DSSOLHG�LQ�D�VLQJOH�DSSOLFDWLRQ�WR�65:&�PD\�FRQVWLWXWH�D�IXWXUH�KD]DUG�WR�WKH
HQYLURQPHQW�

5HIHUHQFHV
$JUREUlQVOH��KWWS���ZZZ�DJUREUDQVOH�VH�VLGRU�VWDUW�KWP��DFFHVVHG����0DUFK������
$NVHOVVRQ��&���:HVWOLQJ��2��	�gUODQGHU��*��������5HJLRQDO�PDSSLQJ�RI�QLWURJHQ� OHDFKLQJ
IURP�FOHDUFXWV�LQ�VRXWKHUQ�6ZHGHQ��)RUHVW�(FRORJ\�DQG�0DQDJHPHQW��������������������

$O� -DPDO��0�6��� 6DPPLV�� 7�:���0H[DO�� -�*��� 3LFFKLRQL�� *�$��	� =DFKULW]��:�+�� ������ $
JURZWK�LUULJDWLRQ�VFKHGXOLQJ�PRGHO�IRU�ZDVWHZDWHU�XVH�LQ�IRUHVW�SURGXFWLRQ��$JULFXOWXUDO
:DWHU�0DQDJHPHQW���������������

$ONHU��*�5��������3K\WRUHPHGLDWLRQ�RI�QXWULHQW�ULFK�ZDVWHZDWHUV�DQG�OHDFKDWHV�XVLQJ�6DOL[�
'RFWRUDO�WKHVLV��'HSDUWPHQW�RI�&LYLO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ��,PSHULDO�&ROOHJH�RI
6FLHQFH��7HFKQRORJ\�DQG�0HGLFLQH��8QLYHUVLW\�RI�/RQGRQ�

$QJHODNLV�� $�1��� .RXWVR\LDQQLV�� '�� 	� 7FKREDQRJORXV�� *�� ������ 8UEDQ� ZDVWHZDWHU� DQG
VWRUPZDWHU�WHFKQRORJLHV�LQ�DQFLHQW�*UHHFH��:DWHU�5HVHDUFK������������������

$URQVVRQ�� 3�� ������ 1LWURJHQ� 5HWHQWLRQ� LQ� 9HJHWDWLRQ� )LOWHUV� LQ� 6KRUW�5RWDWLRQ� :LOORZ
&RSSLFH��'RFWRUDO� WKHVLV��$FWD�8QLYHUVLWDWLV�$JULFXOWXUDH�6XHFLDH��6LOYHVWULD����� ,6%1
��������������

$URQVVRQ�� 3�*�� 	� %HUJVWU|P�� /�)�� ������ 1LWUDWH� OHDFKLQJ� IURP� O\VLPHWHU�JURZQ� VKRUW�
URWDWLRQ�ZLOORZ�FRSSLFH�LQ�UHODWLRQ�WR�1�DSSOLFDWLRQ��LUULJDWLRQ�DQG�VRLO�W\SH��%LRPDVV�	
%LRHQHUJ\�����������������

$URQVVRQ��3��	�3HUWWX��.��������:LOORZ�YHJHWDWLRQ�ILOWHUV�IRU�ZDVWHZDWHU�WUHDWPHQW�DQG�VRLO
UHPHGLDWLRQ�FRPELQHG�ZLWK�ELRPDVV�SURGXFWLRQ��7KH�)RUHVWU\�&KURQLFOH�����������������

%DUWRQ��/���0F/D\��&�'�$���6FKLSSHU��/�$��	�6PLWK��&�7��������$QQXDO�GHQLWULILFDWLRQ�UDWHV
LQ� DJULFXOWXUDO� DQG� IRUHVW� VRLOV�� D� UHYLHZ��$XVWUDOLDQ� -RXUQDO� RI� 6RLO� 5HVHDUFK� ��� ����
����������

%HUJVWU|P��/��������/HDFKLQJ�RI�'LFKORUSURS�DQG�QLWUDWH�LQ�VWUXFWXUHG�VRLO��(QYLURQPHQWDO
3ROOXWLRQ�������������

%RQG�� :�-�� ������ (IIOXHQW� LUULJDWLRQ±DQ� HQYLURQPHQWDO� FKDOOHQJH� IRU� VRLO� VFLHQFH�
$XVWUDOLDQ�-RXUQDO�RI�6RLO�5HVHDUFK�����������������

%RUJn�� 3��� (ORZVRQ�� 7�� 	� /LXNNR� .�� ������ (QYLURQPHQWDO� ORDGV� IURP� ZDWHU�VSULQNOHG
VRIWZRRG� WLPEHU���� ,QIOXHQFH� RI� WUHH� VSHFLHV� DQG� ZDWHU� FKDUDFWHULVWLFV� RQ� ZDVWHZDWHU
GLVFKDUJHV��(QYLURQPHQWDO�7R[LFRORJ\�DQG�&KHPLVWU\�������������������

%|UMHVVRQ�� 3�� ������ (QYLURQPHQWDO� HIIHFWV� RI� HQHUJ\� FURS� FXOWLYDWLRQ� LQ� 6ZHGHQ±,�
,GHQWLILFDWLRQ�DQG�TXDQWLILFDWLRQ��%LRPDVV�	�%LRHQHUJ\�����������������

%RZPDQ�� 0�6��� &OXQH�� 7�6�� 	� 6XWWRQ�� %�*�� ������ 6XVWDLQDEOH� PDQDJHPHQW� RI� ODQGILOO
OHDFKDWH�E\�LUULJDWLRQ��:DWHU�$LU�DQG�6RLO�3ROOXWLRQ������������������

&KDQ��<�6�*���:RQJ��0�+��	�:KLWWRQ��%�$��������(IIHFWV�RI� ODQGILOO� OHDFKDWH�RQ�JURZWK
DQG�QLWURJHQ�IL[DWLRQ�RI�WZR�OHJXPLQRXV�WUHHV��$FDFLD�FRQIXVD��/HXFDHQD�OHXFRFHSKDOD��
:DWHU�$LU�DQG�6RLO�3ROOXWLRQ������������������
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&KULVWHQVHQ�� 7�+��� .MHOGVHQ�� 3��� %MHUJ�� 3�/��� -HQVHQ�� '�/��� &KULVWHQVHQ�� -�%��� %DXQ�� $��
$OEUHFKWVHQ�� +�-�� 	� +HURQ�� &�� ������ %LRJHRFKHPLVWU\� RI� ODQGILOO� OHDFKDWH� SOXPHV�
$SSOLHG�*HRFKHPLVWU\�������������������

&KULVWHUVVRQ��/��������3ODQW�SK\VLRORJLFDO�DVSHFWV�RI�ZRRG\�ELRPDVV�SURGXFWLRQ�IRU�HQHUJ\
SXUSRVHV�� ,Q�� :RRG� (QHUJ\� LQ� WKH� ,QGXVWULDOL]HG� :RUOG�� �(G�� *�+�� .RKOPDLHU�
3URFHHGLQJV�RI�,QWHUQDWLRQDO�%,2&/,0(&2�:RUNVKRS�LQ�*UD]��$XVWULD��SS����������

&XUHWRQ��3�0���*URHQHYHOW��3�+��	�0F%ULGH��5�$��������/DQGILOO�/HDFKDWH�5HFLUFXODWLRQ±
(IIHFWV� RQ� 9HJHWDWLRQ� 9LJRU� DQG� &OD\� 6XUIDFH� &RYHU� ,QILOWUDWLRQ�� -RXUQDO� RI
(QYLURQPHQWDO�4XDOLW\���������������

'DQIRUV�� %��� /HGLQ�� 6�� 	� 5RVHQTYLVW�� +�� ������ 6KRUW�URWDWLRQ� ZLOORZ� FRSSLFH� JURZHUV¶
PDQXDO��6ZHGLVK�,QVWLWXWH�RI�$JULFXOWXUDO�(QJLQHHULQJ��8SSVDOD��,6%1���������������

'HQWHO��6�.��������&RQWDPLQDQWV�LQ�VOXGJH��LPSOLFDWLRQV�IRU�PDQDJHPHQW�SROLFLHV�DQG�ODQG
DSSOLFDWLRQ��:DWHU�6FLHQFH�DQG�7HFKQRORJ\����������������

'LPLWULRX�� ,��� $URQVVRQ�� 3�� 	�:HLK��0�� ������ (YDOXDWLRQ� RI� OHDI� OHQJWK� DQG� IOXFWXDWLQJ
DV\PPHWU\� DV� VWUHVV� LQGLFDWRUV� DIWHU� LUULJDWLRQ� RI� ZLOORZ� ZLWK� ODQGILOO� OHDFKDWH�� ,Q�
6DUGLQLD� ������ 1LQWK� ,QWHUQDWLRQDO� :DVWH� 0DQDJHPQW� DQG� /DQGILOO� 6\PSRVLXP�
3URFHHGLQJV���(GV��&KULVWHUVHQ��7���&RVVX�5��	�6WHJPDQQ��5����6DUGLQLD�� ,WDO\��SS������
����

'MRGMLF��)���%RUOLQJ��.��	�%HUJVWU|P��/��������3KRVSKRUXV�OHDFKLQJ�LQ�UHODWLRQ�WR�VRLO�W\SH
DQG�VRLO�SKRVSKRUXV�FRQWHQW��-RXUQDO�RI�(QYLURQPHQWDO�4XDOLW\�����������������

(&� �(XURSHDQ�&RPPLVVLRQ��� ������*UHHQ� 3DSHU� ±� WRZDUGV� D� (XURSHDQ� VWUDWHJ\� IRU� WKH
VHFXULW\�RI�HQHUJ\�VXSSO\�[&20��������]��%UXVVHOV��(XURSHDQ�&RPPLVVLRQ�

(($��(XURSHDQ�(QYLURQPHQWDO�$JHQF\��KWWS���JORVVDU\�HHD�HX�LQW�(($*ORVVDU\��DFFHVVHG���
$SULO������

(,21(7��(XURSHDQ�,QIRUPDWLRQ�DQG�2EVHUYDWLRQ�1HWZRUN��KWWS���ZZZ�HLRQHW�HX�LQW�JHPHW�
DFFHVVHG���$SULO������

(OOLRWW�� +�$��� 2
&RQQRU�� *�$�� 	� %ULQWRQ�� 6�� ������ 3KRVSKRUXV� OHDFKLQJ� IURP� ELRVROLGV�
DPHQGHG�VDQG\�VRLOV��-RXUQDO�RI�(QYLURQPHQWDO�4XDOLW\�����������������

(3$�����5�������� ������ ,QWURGXFWLRQ� WR� 3K\WRUHPHGLDWLRQ�� 1DWLRQDO� 5LVN� 0DQDJHPHQW
5HVHDUFK�/DERUDWU\��2IILFH�RI�5HVHDUFK�DQG�'HYHORSPHQW��8�6��(QYLURQPHQWDO�3URWHFWLRQ
$JHQF\��&LQFLQQDWL��2KLR��������

(ULFVVRQ��7��������(IIHFWV�RI�YDULHG�QLWURJHQ�VWUHVV�RQ�JURZWK�DQG�QXWULWLRQ� LQ� WKUHH�6DOL[
FORQHV��3K\VLRORJLD�3ODQWDUXP��������±����

(ULFVVRQ��7��������1XWULHQW�&\FOLQJ�LQ�(QHUJ\�)RUHVW�3ODQWDWLRQV��%LRPDVV�	�%LRHQHUJ\��
���������������

(ULNVVRQ��-�(��������7KH�,QIOXHQFH�RI�S+��6RLO�7\SH�DQG�7LPH�RQ�$GVRUEWLRQ�DQG�8SWDNH�E\
3ODQWV�RI�&G�$GGHG�WR�WKH�6RLO��:DWHU�$LU�DQG�6RLO�3ROOXWLRQ�������������������

(ULNVVRQ��-��������&RQFHQWUDWLRQV�RI����WUDFH�HOHPHQWV�LQ�VHZDJH�VOXGJH��IDUP\DUG�PDQXUH�
PLQHUDO�IHUWLOLVHU��SUHFLSLWDWLRQ�DQG�LQ�VRLO�DQG�FURSV��6ZHGLVK�(QYLURQPHQWDO�3URWHFWLRQ
$JHQF\��UHSRUW�������,661�����������

(WWDOD��0�2��������6KRUW�URWDWLRQ�WUHH�SODQWDWLRQV�DW�VDQLWDU\� ODQGILOOV��:DVWH�0DQDJHPHQW
DQG�5HVHDUFK����������������

)$2��)RRG�DQG�$JULFXOWXUH�2UJDQL]DWLRQ�RI� WKH�8QLWHG�1DWLRQV��������:DWHU�TXDOLW\� IRU
DJULFXOWXUH���(GV��$\HUV��5�6��	�:HVWFRW��'�:����,6%1����������������5RPH��,WDO\�

)URVVDUG��(���6LQDM��6���=KDQJ��/�0��	�0RUHO��-�/��������7KH�IDWH�RI�VOXGJH�SKRVSKRUXV�LQ
VRLO�SODQW�V\VWHPV��6RLO�6FLHQFH�6RFLHW\�RI�$PHULFD�-RXUQDO�������������������

+DPPHU�� '��� .D\VHU�� $�� 	� .HOOHU�� &�� ������ 3K\WRH[WUDFWLRQ� RI� &G� DQG� =Q� ZLWK� 6DOL[
YLPLQDOLV�LQ�ILHOG�WULDOV��6RLO�8VH�DQG�0DQDJHPHQW�������������

+DVVHOJUHQ�� .�� ������ 8VH� DQG� WUHDWPHQW� RI� PXQLFLSDO� ZDVWH� SURGXFWV� LQ� ZLOORZ� ELRPDVV
SODQWDWLRQV��/LFHQWLDWH�WKHVLV��5HSRUW�������'HSDUWPHQW�RI�:DWHU�5HVRXUFHV�(QJLQHHULQJ�
/XQG�,QVWLWXWH�RI�7HFKQRORJ\��/XQG�8QLYHUVLW\��/XQG��6ZHGHQ�

+RIIPDQQ��0���-RKQVVRQ��+���*XVWDIVRQ��$��	�*ULPYDOO��$��������/HDFKLQJ�RI�QLWURJHQ�LQ
6ZHGLVK�DJULFXOWXUH±D�KLVWRULFDO�SHUVSHFWLYH��$JULFXOWXUH�(FRV\VWHPV�	�(QYLURQPHQW���
�������������

+RRGD��$�.���:HVWRQ��&�-��	�&KHQ��'��������'HQLWULILFDWLRQ�LQ�HIIOXHQW�LUULJDWHG�FOD\�VRLO
XQGHU� (XFDO\SWXV� JOREXOXV� SODQWDWLRQ� LQ� VRXWK�HDVWHUQ� $XVWUDOLD�� )RUHVW� (FRORJ\� DQG
0DQDJHPHQW��������������������
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-DFNVRQ��0�%��	�$WWZRRG��3�$�� ������5RRWV� RI�ZLOORZ� �6DOL[� YLPLQDOLV� /�� VKRZ�PDUNHG
WROHUDQFH�WR�R[\JHQ�VKRUWDJH�LQ�IORRGHG�VRLOV�DQG�LQ�VROXWLRQ�FXOWXUH��3ODQW�DQG�6RLO����
�����������

-RHOVVRQ�� $�� 	� .\OOPDU�� .�� ������ ,PSOHPHQWDWLRQ� RI� EHVW� PDQDJHPHQW� SUDFWLFHV� LQ
DJULFXOWXUH��PRGHOOLQJ� DQG�PRQLWRULQJ� RI� LPSDFWV� RQ� QLWURJHQ� OHDFKLQJ��:DWHU� 6FLHQFH
DQG�7HFKQRORJ\���������������

-RKQVVRQ��+��	�+RIIPDQQ��0��������1LWURJHQ�OHDFKLQJ�IURP�DJULFXOWXUDO�ODQG�LQ�6ZHGHQ±
6WDQGDUG�UDWHV�DQG�JURVV�ORDGV�LQ������DQG�������$PELR�����������������

-RQVVRQ��0��������:HW�6WRUDJH�RI�5RXQGZRRG��(IIHFWV�RQ�ZRRG�SURSHUWLHV�DQG�WUHDWPHQW�RI
UXQ�RII�ZDWHU��$FWD�8QLYHUVLWDWLV� $JULFXOWXUDH� 6XHFLDH�� 6LOYHVWULD������ �,6%1�� �������
��������,661�������������

-RUGEUXNVYHUNHW��������5LNWOLQMHU�I|U�J|GVOLQJ�RFK�NDONQLQJ�������5DSSRUW����������SS�����
���

.ODQJ�:HVWLQ�� (�� 	� 3HUWWX�� .�� ������ (IIHFWV� RI� QXWULHQW� VXSSO\� DQG� VRLO� FDGPLXP
FRQFHQWUDWLRQ�RQ�FDGPLXP�UHPRYDO�E\�ZLOORZ��%LRPDVV�	�%LRHQHUJ\�������������

.ODQJ�:HVWLQ�� (�� 	� (ULNVVRQ�� -�� ������ 3RWHQWLDO� RI� 6DOL[� DV� SK\WRH[WUDFWRU� IRU� &G� RQ
PRGHUDWHO\�FRQWDPLQDWHG�VRLOV��3ODQW�DQG�6RLO������������������

.OHPHGWVVRQ�� /��� *UHOOH�� $��� $URQVVRQ�� 3��� /LQGURWK�� $�� 	� :HVOLHQ�� 3�� �����
5HQLQJVHIIHNWHQ�PLOM|SnYHUNDQ� KRV� 6DOL[� VRP� YHJHWDWLRQVILOWHU� I|U� DYORSSVEHYDWWQLQJ�
6OXWUDSSRUW��(QHUJLP\QGLJKHWHQ��SURMHNWQXPPHU����������

.XWHUD��-��	�6RURNR��0��������7KH�XVH�DQG�WUHDWPHQW�RI�ZDVWHZDWHU� LQ�ZLOORZ�DQG�SRSODU
SODQWDWLRQV�� ,Q�� :LOORZ� YHJHWDWLRQ� ILOWHUV� IRU� PXQLFLSDO� ZDVWHZDWHUV� DQG� VOXGJHV�� $
ELRORJLFDO� SXULILFDWLRQ� V\VWHP�� �(GV�� 3�� $URQVVRQ� 	� .�� 3HUWWX��� 6ZHGLVK� 8QLYHUVLW\� RI
$JULFXOWXUDO�6FLHQFHV��'HSDUWPHQW�RI�(FRORJ\�DQG�(QYLURQPHQWDO�5HVHDUFK��6HFWLRQ�RI
6KRUW�5RWDWLRQ�)RUHVWU\��8SSVDOD��5HSRUW�����SS�������

/DEUHFTXH�� 0��� 7HRGRUHVFX�� 7�,�� 	� 'DLJOH�� 6�� ������ (IIHFW� RI� :DVWH�:DWHU� 6OXGJH� RQ
*URZWK� DQG�+HDY\�0HWDO�%LRDFFXPXODWLRQ�RI��� 6DOL[� 6SHFLHV��3ODQW� DQG� 6RLO� ���� ����
��������

/DEUHFTXH��0��	�7HRGRUHVFX��7�,�� ������+LJK�ELRPDVV�\LHOG� DFKLHYHG�E\�6DOL[� FORQHV� LQ
65,&� IROORZLQJ� WZR� ��\HDU� FRSSLFH� URWDWLRQV� RQ� DEDQGRQHG� IDUPODQG� LQ� VRXWKHUQ
4XHEHF��&DQDGD��%LRPDVV�	�%LRHQHUJ\�����������������

/DQGEHUJ��7��DQG�*UHJHU��0��������'LIIHUHQFHV�LQ�XSWDNH�DQG�WROHUDQFH�WR�KHDY\�PHWDOV�LQ
6DOL[�IURP�XQSROOXWHG�DQG�SROOXWHG�DUHDV��$SSOLHG�*HRFKHPLVWU\������������������

/DUVVRQ�� 6�� ������*HQHWLF� LPSURYHPHQW� RI�ZLOORZ� IRU� VKRUW�URWDWLRQ� FRSSLFH��%LRPDVV�	
%LRHQHUJ\�����������

/DUVVRQ��6���$URQVVRQ��3���%DFNOXQG��$���&DUODQGHU��$���&ODXVH��3���&XLQJQHW��&���'DZVRQ�
0���+DVVHOJUHQ��.���-DFREVVRQ��,���0DYURJLDQQRSRXORV��*���3HUWWX��.���5LGGHOO�%ODFN��'��
5RVHQTYLVW��+���6WHQVWU¡P��7�$���:LOVRQ��)��	�6RPHKPDQ��,��������6KRUW�URWDWLRQ�:LOORZ
%LRPDVV� 3ODQWDWLRQV� ,UULJDWHG� DQG� )HUWLOLVHG� ZLWK� :DVWHZDWHUV� �)$,5��&7���������
)LQDO�5HSRUW�������

/HGLQ��6���$OULNVVRQ��%���5RVHQTYLVW��+��	�-RKDQVVRQ��+��������*|GVOLQJ�DY�VDOL[RGOLQJDU�
5DPSURJUDP�(QHUJLVNRJ��5���������

/HGLQ�� 6�� ������ (QYLURQPHQWDO� FRQVHTXHQFHV� ZKHQ� JURZLQJ� VKRUW� URWDWLRQ� IRUHVWV� LQ
6ZHGHQ��%LRPDVV�	�%LRHQHUJ\���������������

/LFKW��/�$��	�,VHEUDQGV��-�*��������/LQNLQJ�SK\WRUHPHGLDWHG�SROOXWDQW�UHPRYDO�WR�ELRPDVV
HFRQRPLF�RSSRUWXQLWLHV��%LRPDVV�	�%LRHQHUJ\�����������������

/LQGURWK��$��	�%nWK��$��������$VVHVVPHQW�RI�UHJLRQDO�ZLOORZ�FRSSLFH�\LHOG�LQ�6ZHGHQ�RQ
EDVLV�RI�ZDWHU�DYDLODELOLW\��)RUHVW�(FRORJ\�DQG�0DQDJHPHQW������������������

/XR��-���7LOOPDQ��5�:��	�%DOO��3�5��������)DFWRUV�UHJXODWLQJ�GHQLWULILFDWLRQ�LQ�D�VRLO�XQGHU
SDVWXUH��6RLO�%LRORJ\�	�%LRFKHPLVWU\�����������������

0F%ULGH��0�%���5LFKDUGV�%�.��	�6WHHQKXLV��7�� ������%LRDYDLODELOLW\� DQG� FURS� XSWDNH� RI
WUDFH�HOHPHQWV�LQ�VRLO�FROXPQV�DPHQGHG�ZLWK�VHZDJH�VOXGJH�SURGXFWV��3ODQW�DQG�6RLO�����
������

0RUVLQJ�� 0�� ������ 7KH� XVH� RI� VOXGJH� LQ� IRUHVWU\� DQG� DJULFXOWXUH�� $� FRPSDULVRQ� RI� WKH
OHJLVODWLRQ� LQ� GLIIHUHQW� FRXQWULHV�� 'DQLVK� )RUHVW� DQG� /DQGVFDSH� 5HVHDUFK� ,QVWLWXWH�
/\QJE\��'HQPDUN��)RUVNQLQJVVHULHQ�QR���������



��

0RUWHQVHQ��-���1LHOVHQ��.�+��	�-RUJHQVHQ��8��������1LWUDWH� OHDFKLQJ�GXULQJ�HVWDEOLVKPHQW
RI�ZLOORZ��6DOL[�YLPLQDOLV��RQ� WZR�VRLO� W\SHV�DQG�DW� WZR� IHUWLOL]DWLRQ� OHYHOV��%LRPDVV�	
%LRHQHUJ\�����������������

1LHOVHQ��.�+��������(QYLURQPHQWDO�$VSHFWV�RI�8VLQJ�:DVWH�:DWHUV�DQG�6OXGJHV�LQ�(QHUJ\
)RUHVW�&XOWLYDWLRQ��%LRPDVV�	�%LRHQHUJ\�������������������

1L[RQ��'�-��� 6WHSKHQV��:��� 7\UUHO�� 6�)��	�%ULHUOH\�� (�'�5�� ������ 7KH� SRWHQWLDO� IRU� VKRUW
URWDWLRQ� HQHUJ\� IRUHVWU\�RQ� UHVWRUHG� ODQGILOO� FDSV��%LRUHVRXUFH�7HFKQRORJ\� ��� ����� ����
����

2
&RQQRU��*�$���(OOLRWW��+�$���%DVWD��1�7���%DVWLDQ��5�.���3LHU]\QVNL��*�0���6LPV��5�&��	
6PLWK��-�(��������6XVWDLQDEOH� ODQG�DSSOLFDWLRQ��$Q�RYHUYLHZ��-RXUQDO�RI�(QYLURQPHQWDO
4XDOLW\��������������

2OLYHLUD�0LJXHO��-�)��������%LRPDVV�TXDOLW\�HYDOXDWLRQ�RI�\RXQJ�6DOL[�FORQHV�IRU�HQHUJ\��LQ
6ZHGHQ�� 0DVWHU¶V� 7KHVLV�� ,QVWLWXWH� RI� $JURQRP\�� 7HFKQLFDO� 8QLYHUVLW\� RI� /LVERQ�
3RUWXJDO�

gPDQ��&��������8WYHFNOLQJ�DY�PHWRGHU�I|U�NDUDNWHULVHULQJ�DY�ODNYDWWHQ�IUnQ�DYIDOOVXSSODJ�
6OXWUDSRUW��,9/�6YHQVND�0LOM|LQVWLWXWHW�$%��5DSSRUW�%�������6WRFNKROP�

2X��=�4���6XQ��7���/L��3���<HGLOHU��$���<DQJ��*��	�.HWWUXS��$�� ������$� SURGXFWLRQ�VFDOH
HFRORJLFDO� HQJLQHHULQJ� IRUHVW� V\VWHP� IRU� WKH� WUHDWPHQW� DQG� UHXWLOL]DWLRQ� RI� PXQLFLSDO
ZDVWHZDWHU�LQ�WKH�,QQHU�0RQJROLD��&KLQD��(FRORJLFDO�(QJLQHHULQJ����������������

3HUVVRQ��*��	�/LQGURWK��$��������6LPXODWLQJ�HYDSRUDWLRQ�RI�VKRUW�URWDWLRQ�IRUHVW��YDULDWLRQV
ZLWKLQ�DQG�EHWZHHQ�VHDVRQV��-RXUQDO�RI�+\GURORJ\������������������

3HUWWX��.�/��������6OXGJH��ZDVWHZDWHU��OHDNDJH�ZDWHU��DVK±D�UHVRXUFH�IRU�HQHUJ\�IRUHVWU\��LQ
6ZHGLVK���,Q��(QHUJ\�IRUHVW�DV�9HJHWDWLRQ�)LOWHU�IRU�6OXGJH��:DVWHZDWHU��/HDFKDWHV�DQG
%LRDVK��(G��.��3HUWWX��SS��������6ZHGLVK�8QLYHUVLW\�RI�$JULFXOWXUDO�6FLHQFHV��6HFWLRQ�RI
6KRUW�5RWDWLRQ�)RUHVWU\��5HSRUW����

3HUWWX��.�/��	�.RZDOLN�� 3�-�� ������ 6DOL[� YHJHWDWLRQ� ILOWHUV� IRU� SXULILFDWLRQ� RI�ZDWHUV� DQG
VRLOV��%LRPDVV�	�%LRHQHUJ\��������������

3XOIRUG��,�'���5LGGHOO�%ODFN��'��	�6WHZDUW��&��������+HDY\�PHWDO�XSWDNH�E\�ZLOORZ�FORQHV
IURP� VHZDJH� VOXGJH�WUHDWHG� VRLO�� 7KH� SRWHQWLDO� IRU� SK\WRUHPHGLDWLRQ�� ,QWHUQDWLRQDO
-RXUQDO�RI�3K\WRUHPHGLDWLRQ����������

5LGGHOO�%ODFN��'�0��������+HDY\�PHWDO�XSWDNH�E\�IDVW�JURZLQJ�ZLOORZ�VSHFLHV��,Q��:LOORZ
YHJHWDWLRQ� ILOWHUV� IRU� PXQLFLSDO� ZDVWHZDWHUV� DQG� VOXGJHV�� $� ELRORJLFDO� SXULILFDWLRQ
V\VWHP�� �(GV�� 3�� $URQVVRQ� 	� .�� 3HUWWX��� 6ZHGLVK� 8QLYHUVLW\� RI� $JULFXOWXUDO� 6FLHQFHV�
'HSDUWPHQW�RI�(FRORJ\�DQG�(QYLURQPHQWDO�5HVHDUFK��6HFWLRQ�RI�6KRUW�5RWDWLRQ�)RUHVWU\�
8SSVDOD��5HSRUW�����SS���������

5RVHQTYLVW�� +��� $URQVVRQ�� 3��� +DVVHOJUHQ�� .�� 	� 3HUWWX�� .�� ������ (FRQRPLFV� RI� XVLQJ
PXQLFLSDO�ZDVWHZDWHU�LUULJDWLRQ�RI�ZLOORZ�FRSSLFH�FURSV��%LRPDVV�	�%LRHQHUJ\�����������
��

5R\JDUG�� -�.�)��� *UHHQ�� 6�5��� &ORWKLHU�� %�(��� 6LPV�� 5�(�+�� 	� %RODQ�� 1�6�� ������ 6KRUW
URWDWLRQ�IRUHVWU\�IRU� ODQG� WUHDWPHQW�RI�HIIOXHQW��D� O\VLPHWHU� VWXG\��$XVWUDOLDQ�-RXUQDO�RI
6RLO�5HVHDUFK�����������������

6DNDGHYDQ�� .��� 0DKHVKZDUL�� %�/�� 	� %DYRU�� +�-�� ������ $YDLODELOLW\� RI� QLWURJHQ� DQG
SKRVSKRUXV�XQGHU�UHF\FOHG�ZDWHU�LUULJDWLRQ��$XVWUDOLDQ�-RXUQDO�RI�6RLO�5HVHDUFK��������
��������

6&%��6WDWLVWLFV�6ZHGHQ���KWWS���ZZZ�VVG�VFE�VH�GDWDEDVHU�PDNUR�VWDUW�DVS������������
6HQQHUE\�)RUVVH�� /�� 	� -RKDQVVRQ�� +�� ������ (QHUJL�VNRJ±KDQGERN� L� SUDNWLVN� RGOLQJ�
6YHULJHV�/DQWEUXNVXQLYHUVLWHW��6SHFLHOOD�VNULIWHU�����8SSVDOD�

6HQQHUE\�)RUVVH��/��������7KH�6ZHGLVK�HQHUJ\�IRUHVWU\�SURJUDPPH��,Q��:LOORZ�YHJHWDWLRQ
ILOWHUV�IRU�PXQLFLSDO�ZDVWHZDWHUV�DQG�VOXGJHV��$�ELRORJLFDO�SXULILFDWLRQ�V\VWHP���(GV��3�
$URQVVRQ� 	� .�� 3HUWWX��� 6ZHGLVK� 8QLYHUVLW\� RI� $JULFXOWXUDO� 6FLHQFHV�� 'HSDUWPHQW� RI
(FRORJ\� DQG� (QYLURQPHQWDO� 5HVHDUFK�� 6HFWLRQ� RI� 6KRUW� 5RWDWLRQ� )RUHVWU\�� 8SSVDOD�
5HSRUW�����SS�������

6KHSKHUG��0�$��	�:LWKHUV�3�� -�� ������3KRVSKRUXV� OHDFKLQJ� IURP� OLTXLG� GLJHVWHG� VHZDJH
VOXGJH�DSSOLHG�WR�VDQG\�VRLOV��-RXUQDO�RI�$JULFXOWXUDO�6FLHQFH��������������

6KREHU��$�/��	�6LPV��-�7��������3KRVSKRUXV�UHVWULFWLRQV�IRU�ODQG�DSSOLFDWLRQ�RI�ELRVROLGV�
&XUUHQW�VWDWXV�DQG�IXWXUH�WUHQGV��-RXUQDO�RI�(QYLURQPHQWDO�4XDOLW\�������������������



��

6LUpQ�� *��� 6HQQHUE\�)RUVVH�� /�� 	� /HGLQ�� 6�� ������ (QHUJ\� 3ODQWDWLRQV±6KRUW� 5RWDWLRQ
)RUHVWU\�LQ�6ZHGHQ��,Q��%LRPDVV��HGV��'�2��+DOO�	�5�3��2YHUHQG��-RKQ�:LOH\�DQG�6RQV
/WG��(QJODQG��S����������

6ODSRNDV�� 7�� ������ ,QIOXHQFH� RI� OLWWHU� TXDOLW\� DQG� IHWLOLVDWLRQ� RQ� PLFURELDO� QLWURJHQ
WUDQVIRUPDWLRQV�LQ�VKRUW�URWDWLRQ�IRUHVWV��'RFWRUDO�WKHVLV��5DSSRUW�����6ZHGLVK�8QLYHUVLW\
RI� $JULFXOWXUDO� 6FLHQFHV�� 'HSDUWPHQW� RI� 0LFURELRORJ\�� ,661� ����������� ,651� 6/8�
0,.52�5²����6(�

6PLWK��&�-��� )UHQH\�� -�5��	�%RQG��:�-�� ������$PPRQLD� YRODWLOLVDWLRQ� IURP� VRLO� LUULJDWHG
ZLWK�XUEDQ�VHZDJH�HIIOXHQW��$XVWUDOLDQ�-RXUQDO�RI�6RLO�5HVHDUFK�����������������

6PLWK��&�-��	�%RQG��:�-�� ������/RVVHV� RI� QLWURJHQ� IURP� DQ� HIIOXHQW�LUULJDWHG� SODQWDWLRQ�
$XVWUDOLDQ�-RXUQDO�RI�6RLO�5HVHDUFK�����������������

6QRZ�� 9�2��� %RQG��:�-��� 0\HUV�� %�-��� 7KHLYH\DQDWKDQ�� 6��� 6PLWK�� &�-�� 	� %HQ\RQ�� 5�*�
������1LWURJHQ�G\QDPLFV�LQ�D�HXFDO\SW�SODQWDWLRQ�LUULJDWHG�ZLWK�VHZDJH�HIIOXHQW�RU�ERUH
ZDWHU��$XVWUDOLDQ�-RXUQDO�RI�6RLO�5HVHDUFK�����������������

619��6ZHGLVK�(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\���������1)6��������
619��6ZHGLVK�(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\���������.YlYH�IUnQ�ODQG�WLOO�KDY��5DSSRUW
������6WRFNKROP��6ZHGHQ�

619� �6ZHGLVK� (QYLURQPHQWDO� 3URWHFWLRQ� $JHQF\��� ������ 6YHULJH� nU� ������ YlJHQ� WLOO
KnOOEDUW�VDPKlOOH��6WRFNKROP��1DWXUYnUGVYHUNHW�

619� �6ZHGLVK� (QYLURQPHQWDO� 3URWHFWLRQ� $JHQF\��� ������ ,QJHQ� |YHUJ|GQLQJ�
8QGHUODJVUDSSRUW� WLOO� I|UGMXSDG� XWYlUGHULQJ� DY� PLOM|PnOVDUEHWHW�� 5DSSRUW� �����
6WRFNKROP��6ZHGHQ�

619� �6ZHGLVK� (QYLURQPHQWDO� 3URWHFWLRQ� $JHQF\��� ������ 0LOM|NYDOLWHWVQRUP� I|U� QLWUDW� L
JUXQGYDWWHQ��5DSSRUW�������,6%1����������������6WRFNKROP��6ZHGHQ�

6WHSKHQV��:���7\UUHO��6�)��	�7LEHUJKLHQ�� -�(�������� ,UULJDWLQJ�VKRUW� URWDWLRQ�FRSSLFH�ZLWK
ODQGILOO�OHDFKDWH��FRQVWUDLQWV�WR�SURGXFWLYLW\�GXH�WR�FKORULGH��%LRUHVRXUFH�7HFKQRORJ\���
�������������

9DQ�GHU�6ORRW��+�$���9DQ�=RPRUHQ��$���'LMNVWUD��-�-���+RHGH��'���-DFREV��-��	�6FKDUII��+�
������ 3UHGLFWLRQ� RI� ORQJ� WHUP� OHDFKDWH� TXDOLW\� DQG� FKHPLFDO� VSHFLDWLRQ� IRU� D
SUHGRPLQDQWO\� LQRUJDQLF� ZDVWH� ODQGILOO�� ,Q�� 6DUGLQLD� ������ 1LQWK� ,QWHUQDWLRQDO� :DVWH
0DQDJHPQW� DQG� /DQGILOO� 6\PSRVLXP�� 3URFHHGLQJV�� �(GV�� &KULVWHUVHQ�� 7��� &RVVX�� 5��	
6WHJPDQQ��5����6DUGLQLD��,WDO\��SS��������

:DW]LQJHU�� $��� 5HLFKHQDXHU�� 7�*��� %OXP�� :�(�+�� 	� *HU]DEHN�� 0�+�� ������ /HDFKDWH
SURGXFWLRQ� DQG� JDV� FRPSRVLWLRQ� LQ� D� UHYHJHWDWHG� ODQGILOO� FRYHU� XQGHU� ODQGILOO� OHDFKDWH
LUULJDWLRQ�� ,Q�� 6DUGLQLD� ������ 1LQWK� ,QWHUQDWLRQDO� :DVWH� 0DQDJHPQW� DQG� /DQGILOO
6\PSRVLXP�� 3URFHHGLQJV�� �(GV�� &KULVWHUVHQ�� 7��� &RVVX�� 5�� 	� 6WHJPDQQ�� 5���� 6DUGLQLD�
,WDO\��SS����������

:HLHU��.�/���'RUDQ��-�:���0RVLHU��$�5���3RZHU��-�)��	�3HWHUVRQ��7�$��������3RWHQWLDO� IRU
%LRUHPHGLDWLRQ� RI� +LJK� 1LWUDWH� ,UULJDWLRQ� :DWHU� 9LD� 'HQLWULILFDWLRQ�� -RXUQDO� RI
(QYLURQPHQWDO�4XDOLW\�����������������

:LOOHEUDQG��(���/HGLQ��6��	�9HUZLMVW��7��������:LOORZ�&RSSLFH�6\VWHPV�LQ�6KRUW�5RWDWLRQ
)RUHVWU\±(IIHFWV�RI�3ODQW�6SDFLQJ��5RWDWLRQ�/HQJWK�DQG�&ORQDO�&RPSRVLWLRQ�RQ�%LRPDVV
3URGXFWLRQ��%LRPDVV�	�%LRHQHUJ\����������������

:LWKHUV��3�-�$���&OD\��6�'��	�%UHH]H��9�*��������3KRVSKRUXV� WUDQVIHU� LQ�UXQRII�IROORZLQJ
DSSOLFDWLRQ�RI� IHUWLOL]HU��PDQXUH�� DQG� VHZDJH� VOXGJH��-RXUQDO�RI�(QYLURQPHQWDO�4XDOLW\
����������������

:RUOG� &RPPLVVLRQ� RQ� (QYLURQPHQW� DQG�'HYHORSPHQW� ������2XU� &RPPRQ� )XWXUH�� �(G�
*UR�+DUOHP�%UXQGWODQG���2[IRUG�8QLYHUVLW\�3UHVV��2[IRUG��8.��S�����

=HQDLWLV��0�*���6DQGKX��+��	�'XII��6�-�%��������&RPELQHG�ELRORJLFDO�DQG�R]RQH�WUHDWPHQW
RI�ORJ�\DUG�UXQ�RII��:DWHU�5HVHDUFK�������������������



��

$FNQRZOHGJHPHQWV
3lU�$URQVVRQ��P\�PDLQ�VXSHUYLVRU��KDV�DOZD\V�EHHQ�WKHUH�IRU�PH�WKURXJKRXW�WKHVH
\HDUV�� ,�GHHSO\�DSSUHFLDWH� WKH�JXLGDQFH�DQG�VXSSRUW� WR�PH�DQG� WR� WKLV�ZRUN��3lU�
PDQ\� WKDQNV� IRU� PDNLQJ� µZRUN¶� V\QRQ\PRXV� ZLWK� SOHDVXUH� DQG� IRU� NHHSLQJ� P\
FRQVWDQW�QHHG�WR�OHDUQ�QHZ�WKLQJV�DOZD\V�VDWLVILHG�
7KH� FRQVWUXFWLYH� JXLGDQFH� DQG� FRPPHQWV� IURP� P\� RWKHU� WZR� VXSHUYLVRUV�

SURIHVVRUV�-DQ�(ULNVVRQ�DQG�7KHR�9HUZLMVW��KHOSHG�PH�WR�FRQVLGHU�DQG�XQGHUVWDQG
RWKHU�SHUVSHFWLYHV�RI�WKLV�ZRUN��7KH\�DUH�NLQGO\�DFNQRZOHGJHG�IRU�IRU�WKDW�
,� RZH� WR� P\� 6WHOOD� WKH� LQQHU� EDODQFH� LQ� P\� VRXO�� DQG� WKH� VXSSRUW� DQG

XQGHUVWDQGLQJ� ,� QHHGHG�GXULQJ� WKRVH� \HDUV� RI� KDUG�ZRUN��<RX�PDGH�P\� OLIH� IHHO
ULJKW��PH� QRW� DW� DOO� DZD\� IURP� KRPH�� DQG� WKLV�ZRUN�PHDQLQJIXO� DW� WLPHV�ZKHQ� ,
UHDOO\�QHHGHG�LW�
7KLV� ZRUN� ZRXOG� QRW� EH� WKH� VDPH� ZLWKRXW� WKH� KHOS� RI� -HUHP\� )ORZHU�(OOLV�

-HUHP\�� WKDQN�\RX� IRU� WKH� LQYDOXDEOH�GLVFXVVLRQV�DQG�DGYLFH� WKURXJKRXW� DOO� WKRVH
\HDUV�DQG�IRU�WKH�FRPPHQWV�FRQFHUQLQJ�WKLV�WKHVLV�
,�ZRXOG�OLNH�WR�WKDQN�DOO� WKH�VWXII�DW� WKH�'HSDUWPHQW�RI�6KRUW�5RWDWLRQ�)RUHVWU\

IRU�PDNLQJ� OLIH� HDVLHU�� 6SHFLDO� WKDQNV� WR�5LFKDUG�&KLOGV� IRU� VROYLQJ� DOO� NLQGV� RI
SUDFWLFDOLWLHV�� $QQHOL� $GOHU�� 0DULD� -RQVVRQ� DQG� 0DUWLQ� :HLK� DUH� DGGLWLRQDOO\
JUDWHIXOO\� DFNQRZOHGJHG� IRU�� DPRQJ� RWKHU� WKLQJV�� WKHLU� IUXLWIXO� FRRSHUDWLRQ� LQ
SURGXFLQJ�«�VROLG�VFLHQFH�
$OWKRXJK�ZH�*UHHNV�DEVROXWHO\�KDWH� WR�EH� WKDQNHG�E\� IULHQGV�� �� �

�� �� �� � ���� DQG�DOO� WKRVH� ,� IRUJHW� ULJKW� QRZ�� WKDQNV� IRU�EHLQJ
WKHUH�WDONLQJ�DERXW�«�HYHU\WKLQJ�EXW�VFLHQFH�
7KHUH�DUH�QR�ZRUGV�WR�GHVFULEH�WKH�VXSSRUW�,�KDYH�KDG�IURP�P\�IDPLO\�LQ�WKHVH

\HDUV��,�PLVVHG�WKHP�DQG�WKH\�PLVVHG�PH��EXW�P\�DEVHQFH�ZDV�RQO\�SK\VLFDO��LQ�P\
KHDUW�,�DP�VWLOO�WKHUH�ZLWK�WKHP�
)XQGLQJ� IRU� P\� ZRUN� ZDV� SURYLGHG� E\� WKH� 6ZHGLVK� 1DWLRQDO� (QHUJ\

$GPLQLVWUDWLRQ��SURMHFW�1R��3����������ZKLFK�LV�JUDWHIXOO\�DFNQRZOHGJHG�


