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,PSDFW��7KH�SRVLWLYH�ILQGLQJV
LQ�WKLV�ODUJH��PXOWL�FHQWHU�
GRXEOH�EOLQG��UDQGRPL]HG
SODFHER�FRQWUROOHG�WULDO
VXJJHVW�WKDW����VHVVLRQV�RI���
+]�U706�WR�WKH�0��FRUWH[��EXW
QRW�WKH�'/3)&��LV�D�VDIH�DQG
HIIHFWLYH�WUHDWPHQW�IRU�FKURQLF
SHULSKHUDO�QHXURSDWK\�
(IILFDF\�RI�0��VWLPXODWLRQ�ZDV
QRW�UHODWHG�WR�HWLRORJ\�RU
ORFDWLRQ�RI�FKURQLF�SDLQ�
VXJJHVWLQJ�D�GLIIXVH
DQDOJHVLF�HIIHFW�GHVSLWH�D
UHODWLYHO\�IRFDO
QHXURPRGXODWRU\�WHFKQLTXH�
)XWXUH�ZRUN�PD\�\LHOG�IXUWKHU
LPSURYHPHQWV�WKURXJK
RSWLPL]LQJ�WUHDWPHQW
SDUDPHWHUV�DQG�WULDOV�RI
PXOWLIRFDO�VWLPXODWLRQ�

,Q� WKLV� GRXEOH�EOLQG� SODFHER�
FRQWUROOHG� WULDO�� WKH� PRGLILHG
LQWHQWLRQ�WR�WUHDW� VDPSOH� LQFOXGHG
���� SDWLHQWV� DW� IRXU� WUHDWPHQW
FHQWHUV�� UDQGRPL]HG� WR� 0��U706
�Q ����� '/3)&�U706� �Q ����� RU
VKDP�U706� �Q ����� ,QFOXVLRQ
FULWHULD� LQFOXGHG� DGXOWV� DJHG� �����
\HDUV�� ZLWK� FRQWLQXRXV� SHULSKHUDO
QHXURSDWKLF� SDLQ� IRU� DW� OHDVW� �
PRQWKV� DW� DQ� LQWHQVLW\� RI� ������
3DWLHQWV� XQGHUZHQW� D� WRWDO� RI� ��
U706� VHVVLRQV� RYHU� ��� ZHHNV�
VWDUWLQJ� ZLWK� RQFH� D� GD\� IRU� ILYH
FRQVHFXWLYH� GD\V�� IROORZHG� E\� D
JUDGXDO� WDSHU� RYHU� WKH� IROORZLQJ� ��
ZHHNV��7KH�VWLPXODWLRQ�WDUJHW��0��RU
'/3)&�� ZDV� LGHQWLILHG� XVLQJ� 05,�
JXLGHG� QHXURQDYLJDWLRQ�� ZLWK� D
URERWLF� V\VWHP� XVHG� GXULQJ� HDFK
VHVVLRQ� WR� HQVXUH� RSWLPDO� FRLO
SODFHPHQW�� � 6WLPXODWLRQ� LQWHQVLW\
ZDV�����RI�UHVWLQJ�PRWRU� WKUHVKROG
DQG�ZDV�GHOLYHUHG�DW����+]�RYHU���
PLQXWHV� IRU� D� WRWDO� RI� ����� SXOVHV
SHU� VHVVLRQ�� � 6KDP� VWLPXODWLRQ
WDUJHWLQJ� ZDV� VSOLW� HTXDOO\� EHWZHHQ
0��DQG�'/3)&��DQG�D�0DJ9HQWXUH
GXDO�VLGHG� DFWLYH�VKDP� FRLO� DQG
VFDOS� HOHFWULFDO� VWLPXODWLRQ� ZHUH
XVHG�WR�PDLQWDLQ�GRXEOH�EOLQGLQJ�
7KH�SULPDU\�RXWFRPH�ZDV�WKH�PHDQ
FKDQJH�IURP�EDVHOLQH�RQ�D�����

SDLQ� VFDOH� DIWHU� ��� ZHHNV�� ZLWK
VHFRQGDU\� RXWFRPHV� DVVHVVLQJ
DIIHFW��PRRG� DQG� TXDOLW\� RI� OLIH� WKDW
LQFOXGHG� SDLQ� LQWHQVLW\�� UHOLHI�� DQG
LQWHUIHUHQFH� VFRUHV� DQG� JOREDO
LPSUHVVLRQ�RI�FKDQJH�VFDOHV��*,&����

2Q� WKH� SULPDU\� RXWFRPH��0��U706
VKRZHG� D� VLJQLILFDQWO\� JUHDWHU
UHGXFWLRQ� LQ� DYHUDJH� SDLQ� LQWHQVLW\
IURP�EDVHOLQH�WR�:HHN���������WR����
 � ���� �� ����� FRPSDUHG� WR� VKDP�
U706� ����� WR� ����  � ���� �� ����
S ������� 1RWDEO\�� WKHUH� ZDV� D
VLJQLILFDQW� HIIHFW� RI� WLPH� RQ� 0��
U706� HIILFDF\�� ZLWK� QR� GLIIHUHQFH
IURP�VKDP�U706�RQ�'D\V���WR���EXW
D� VLJQLILFDQW� GLIIHUHQFH� IURP� 'D\� �
RQZDUG�� ,Q� FRQWUDVW�� WKH� DYHUDJH
FKDQJH� LQ� SDLQ� IURP� EDVHOLQH� WR
:HHN� ��� IRU� '/3)&�U706� ����� WR
���� ������������ZDV�QRW�VWDWLVWLFDOO\
GLIIHUHQW� IURP� VKDP�U706� �S �����
0��U706�ZDV�DOVR�QRWHG�WR�EH�PRUH
HIIHFWLYH� WKDQ� VKDP�U706� RQ
PXOWLSOH� VHFRQGDU\� PHDVXUHV
LQFOXGLQJ� SHUFHQWDJH� RI� SDLQ� UHOLHI
DQG�VLJQLILFDQW�LPSURYHPHQW�RQ�VHOI�
UHSRUW� DQG� FOLQLFLDQ� *,&�� '/3)&�
U706�� RQ� WKH� RWKHU� KDQG�� KDG� QR
VLJQLILFDQW� HIIHFW� RQ� VHFRQGDU\
RXWFRPHV�� H[FHSW� IRU� D� PRGHVW
LPSURYHPHQW�RQ�WKH�SDLQ�UHOLHI

$WWDO��1���3RLQGHVVRXV�-D]DW��)���'H�&KDXYLJQ\��(���4XHVDGD��&���0KDOOD��$���$\DFKH��6���)HUPDQLDQ��&���1L]DUG��-���3H\URQ��5���/HIDXFKHXU��-��DQG�%RXKDVVLUD��'��
������5HSHWLWLYH�WUDQVFUDQLDO�PDJQHWLF�VWLPXODWLRQ�IRU�QHXURSDWKLF�SDLQ��D�UDQGRPL]HG�PXOWLFHQWUH�VKDP�FRQWUROOHG�WULDO��%UDLQ�����������SS�����������

+LJKHU�)UHTXHQF\�DQG�3XOVH�&RXQW�$VVRFLDWHG�ZLWK�*UHDWHU�(IILFDF\
RI�U706�IRU�1HXURSDWKLF�3DLQ
0HQJGRQJ�+H��0+6�UHYLHZLQJ�0RUL�HW�DO��1HXURPRGXODWLRQ������-DQ�

,Q�WKLV�VLQJOH�EOLQG��FURVVRYHU��UDQGRPL]HG�FRQWUROOHG�WULDO��KLJK�GRVH�U706�����+]�ZLWK������SXOVHV��ZDV
VKRZQ�WR�SURGXFH�D�JUHDWHU�DQDOJHVLF�HIIHFW�WKDQ�ORZHU�GRVH�U706����RU����+]�ZLWK�����SXOVHV��LQ�DGXOWV�ZLWK
QHXURSDWKLF�SDLQ�

DSDUW� WR� DYRLG� FDUU\� RYHU� HIIHFWV��
� 3DWLHQWV� ZHUH� HQFRXUDJHG� WR
FRQWLQXH� WKHLU� H[LVWLQJ� SDLQ
PHGLFDWLRQV� GXULQJ� WKH� VWXG\�� $
ILJXUH���FRLO�ZDV�XVHG�IRU�WKH�DFWLYH
VWLPXODWLRQ� DQG� D� VKDP� FRLO
�YLVXDOO\�DQG�DXGLEO\�LGHQWLFDO�WR�WKH
DFWLYH�FRLO��ZDV�XVHG� IRU� WKH�VKDP
VWLPXODWLRQ�� � 7KH� FRLO� ZDV
SRVLWLRQHG� SHUSHQGLFXODU� WR� WKH
FHQWUDO� VXOFXV� WR� WDUJHW� WKH� 0�
KDQG� DUHD� FRQWUDODWHUDO� WR� WKH
SDLQIXO� VLGH�� � :LWK� D� VWLPXODWLRQ
LQWHQVLW\�RI�����RI�UHVWLQJ�PRWRU�

5HSHWLWLYH� 7UDQVFUDQLDO� 0DJQHWLF
6WLPXODWLRQ� �U706�� RI� WKH� SULPDU\
PRWRU� FRUWH[� �0��� KDV� SUHYLRXVO\
VKRZQ� HIILFDF\� LQ� WKH� WUHDWPHQW� RI
QHXURSDWKLF� SDLQ�� +RZHYHU�� WKH
RSWLPDO� VWLPXODWLRQ� FRQGLWLRQV� IRU
WUHDWLQJ� QHXURSDWKLF� SDLQ� UHPDLQ
XQFOHDU�� 7KLV� VWXG\� FRPSDUHG� WKH
DQDOJHVLF� HIIHFWV� RI� WKUHH� GLIIHUHQW
U706�VWLPXODWLRQ�SDUDPHWHUV���

7ZHQW\�WZR� DGXOW� SDWLHQWV� ZLWK
PHGLFDOO\� LQWUDFWDEOH� QHXURSDWKLF
SDLQ�ODVWLQJ�DW�OHDVW���PRQWKV�ZHUH�

HQUROOHG�LQ�WKLV�UDQGRPL]HG���VLQJOH�
EOLQG�� VKDP�FRQWUROOHG�� FURVVRYHU
WULDO�� 3DUWLFLSDQWV� H[SHULHQFHG� SDLQ
LQ�WKH�IDFH��Q ����XSSHU�OLPE��Q ����
DQG�ORZHU�OLPE��Q �����ZLWK�D�YDULHW\
RI� HWLRORJLHV� LQFOXGLQJ� FHQWUDO� DQG
SHULSKHUDO� QHUYRXV� V\VWHP� OHVLRQV��
�(DFK�SDWLHQW� UHFHLYHG�U706�GXULQJ
RQH�VKDP�VHVVLRQ�DQG� WKUHH�DFWLYH
VHVVLRQV� ZLWK� YDULHG� VWLPXODWLRQ
SDUDPHWHUV�� 7KH� RUGHU� RI� WKH
VWLPXODWLRQ� FRQGLWLRQV� ZDV
UDQGRPL]HG�� DQG� FRQVHFXWLYH
VHVVLRQV�ZHUH�DW�OHDVW�WZR�ZHHNV�

VFDOH�� 1HLWKHU� DFWLYH� U706
WUHDWPHQW�VHSDUDWHG� IURP�VKDP�RQ
PHDVXUHV� RI� DIIHFW� RU� SDLQ
LQWHUIHUHQFH�� 7KH� 117� IRU� ����
SDLQ�UHOLHI�DW�:HHN����ZDV��������
IRU� 0��U706� �GHSHQGLQJ� RQ� WKH
VFDOH�� FRPSDUHG� WR� ��������� IRU
'/)3&�U706�� 7KH� ORFDWLRQ� DQG
HWLRORJ\� RI� FKURQLF� SDLQ� GLG� QRW
SUHGLFW�UHVSRQVH�WR�0��U706�
�

�



,PSDFW��7KLV�VLQJOH�EOLQG��FURVVRYHU��UDQGRPL]HG�FRQWUROOHG�WULDO�DLPHG�WR��LGHQWLI\�WKH�RSWLPDO�VWLPXOXV
SDUDPHWHUV�IRU�U706�LQ�WKH�WUHDWPHQW�RI�QHXURSDWKLF�SDLQ���7KH�RQO\�SDUDPHWHU�FRPELQDWLRQ�WKDW�SURGXFHG
VLJQLILFDQWO\�JUHDWHU�SDLQ�UHGXFWLRQ�WKDQ�VKDP�ZDV����+]�U706�ZLWK������SXOVHV��7KH�HIILFDF\�RI�ORZ
IUHTXHQF\����+]��RU�QHZHU�SXOVH�VHTXHQFHV��VXFK�DV�LQWHUPLWWHQW�RU�FRQWLQXRXV�WKHWD�EXUVW��ZDV�QRW
DVVHVVHG��'HVSLWH�OLPLWDWLRQV�RI�VPDOO�VDPSOH�VL]H��VLQJOH�EOLQG�GHVLJQ��KHWHURJHQHRXV�SDLQ�HWLRORJ\��DQG
VKRUW�WHUP�LQWHUYHQWLRQ�DQG�IROORZ�XS��WKH�ILQGLQJV�DUH�FOLQLFDOO\�XVHIXO�DQG�VXSSRUW�IXWXUH�ODUJHU�VFDOH
LQYHVWLJDWLRQ�

WKUHVKROG�� DFWLYH� U706� ZDV
GHOLYHUHG� DW� HLWKHU� �� +]� ZLWK� ���
SXOVHV�����+]�ZLWK�����SXOVHV��RU���
+]� ZLWK� ����� SXOVHV� GXULQJ� WKH
DFWLYH� VWLPXODWLRQ� VHVVLRQV�� VKDP
U706�ZDV�GHVLJQHG� WR�PLPLF� WKH��
+]�� ���� SXOVH� VHVVLRQ�� 3ULRU� WR� WKH
ILUVW� VWLPXODWLRQ�� EDVHOLQH� VFDOHV
ZHUH� DGPLQLVWHUHG� IRU� GHSUHVVLRQ�
DQ[LHW\�� DQG� SDLQ�� � 7KH� SULPDU\
RXWFRPHV� LQFOXGHG� FKDQJHV� LQ
9LVXDO� $QDORJ� 6FDOH� �9$6�� SDLQ
LQWHQVLW\�� � WKH� -DSDQHVH� YHUVLRQ� RI
WKH�6KRUW�)RUP�0F*LOO��3DLQ

����� ����� �� ������ IRU� ��� +]� U706
ZLWK� ����� SXOVHV�� DQG� ���� �ì���� �
����� IRU� VKDP� VWLPXODWLRQ�� 6LPLODU
UHVXOWV� ZHUH� IRXQG� IRU� 6)�034��
$PRQJ� WKH� WKUHH� DFWLYH� VLPXODWLRQ
FRQGLWLRQV�� RQO\� ��� +]� U706� ZLWK
����� SXOVHV� UHGXFHG� 9$6� SDLQ
LQWHQVLW\� DQG� � � 6)�034�
VLJQLILFDQWO\� PRUH� WKDQ� WKH� VKDP
LQWHUYHQWLRQ��S� ������IRU�9$6�DQG�S
 � ����� IRU� 6)�034���� 7KH� OHYHO� RI
3*,&�ZDV� QRW� VLJQLILFDQWO\� GLIIHUHQW
DFURVV�WKH�VWLPXODWLRQ�FRQGLWLRQV�

0RUL�1��+RVRPL�.��1LVKL�$��2VKLQR�6��.LVKLPD�+��6DLWRK�<��$QDOJHVLF�(IIHFWV�RI�5HSHWLWLYH�7UDQVFUDQLDO�0DJQHWLF�6WLPXODWLRQ�DW�'LIIHUHQW�6WLPXOXV�3DUDPHWHUV�IRU
1HXURSDWKLF�3DLQ��$�5DQGRPL]HG�6WXG\�>SXEOLVKHG�RQOLQH�DKHDG�RI�SULQW�������-DQ���@��1HXURPRGXODWLRQ���������������QHU��������GRL���������QHU������

3ULPDU\�0RWRU�&RUWH[�U706�6WLPXODWLRQ�(IIHFWLYH�IRU�1HXURSDWKLF
3DLQ�LQ�8SSHU�/LPE�EXW�1RW�/RZHU�/LPE�RU�)DFH
'DYLG�0�&DUOVRQ��0'�UHYLHZLQJ�0RUL�HW�DO��)URQW�+XP�1HXURVFL������1RY

,Q�WKLV�²PLQL�PHWD�DQDO\VLV³�RI�GDWD�IURP�WKUHH�SULRU�VWXGLHV��U706�WR�0��ZDV�IRXQG�WR�EH�HIIHFWLYH�DW
UHGXFLQJ�QHXURSDWKLF�SDLQ�LQ�WKH�XSSHU�OLPE��EXW�QRW�WKH�ORZHU�OLPE�RU�IDFH��

XVHG� WR� TXDQWLI\� KHWHURJHQHLW\
EHWZHHQ�WKH�WZR�JURXSV���

$� WRWDO� RI� ���� SDWLHQWV� IURP� WKUHH
FOLQLFDO� WULDOV� ZHUH� LQFOXGHG� LQ� WKH
DQDO\VLV�� 7KHVH� SDUWLFLSDQWV� KDG
QHXURSDWKLF� SDLQ� LQ� WKH� XSSHU� OLPE
�Q ������ ORZHU� OLPE� �Q ����� RU� IDFH
�Q �����)RU�WKH�HQWLUH�VDPSOH��U706
SURYLGHG� D� QRQ�VLJQLILFDQW
LPSURYHPHQW� LQ� SDLQ� ZLWK� DQ� HIIHFW
VL]H�RI������������&,��������WR���������
+RZHYHU��IRU�XSSHU�OLPE�SDLQ��U706
KDG� D� VWDWLVWLFDOO\� VLJQLILFDQW�
PRGHUDWH� HIIHFW� VL]H� RI� ������ ����
&,�� ������ WR� ��������7KH�HIIHFW�VL]HV
IRU� ORZHU� OLPE� ������� ����&,�� �����
WR� ������ S�  � ������ DQG� IDFLDO� SDLQ
�������� ���� &,� ������ WR� ������ S�  
������ZHUH�PRGHVW�DQG�GLG�QRW�PHHW
VWDWLVWLFDO�VLJQLILFDQFH��

6LQFH� WKH� ILUVW� UHSRUW� LQ������RI� WKH
HIIHFWLYHQHVV� RI� U706� IRU
QHXURSDWKLF�SDLQ��WKH�0��DUHD�RI�WKH
PRWRU� FRUWH[�� FRUUHVSRQGLQJ� WR� WKH
KDQG�� KDV� HPHUJHG� DV� RQH� RI� WKH
PRVW� SURPLVLQJ� WDUJHWV�� $� SUHYLRXV
ODUJH��PXOWL�FHQWHU�FOLQLFDO�WULDO�IDLOHG
WR�VKRZ�D�SRVLWLYH�SULPDU\�RXWFRPH�
EXW� VXEJURXS� DQDO\VHV� VXJJHVWHG
WKDW�WKH�UHVSRQVH�WR�U706�YDULHV�E\
WKH� VLWH� RI� SDLQ�� 7KH� DXWKRUV� WKXV
FRQGXFWHG�D�²PLQL�PHWD�DQDO\VLV³�WR
DVVHVV� IRU� GLIIHUHQWLDO� HIIHFWV� RI
U706� RQ� QHXURSDWKLF� SDLQ� LQ
GLIIHUHQW�ERG\�UHJLRQV�

7KH� DXWKRUV� LGHQWLILHG� WZR� VWXGLHV
IURP� RWKHU� LQYHVWLJDWRUV� H[DPLQLQJ
WKH� HIIHFWV� RI� U706� RQ� SDLQ�
KRZHYHU�WKRVH�VWXGLHV�GLG�QRW�UHSRUW�

WKH� DPRXQW� RU� UDWH� RI� GHFUHDVH� LQ
SDLQ��7KXV��RQO\�WKUHH�SUHYLRXV�WULDOV��
E\�WKH�DXWKRUV�PHW�LQFOXVLRQ�FULWHULD
IRU� WKLV� DQDO\VLV�� (DFK� VWXG\� XVHG
���GDLO\�VHVVLRQV�RI�U706�WR�WKH�0�
DUHD� RI� WKH� SULPDU\� PRWRU� FRUWH[
ZLWK� D� VKDP� FRQWURO� DQG� DVVHVVHG
UHVSRQVH� XVLQJ� WKH� GHFUHDVH� LQ
PHDQ� YLVXDO� DQDORJ� VFDOH� �9$6�
EHWZHHQ� SUH�� DQG� SRVW�WUHDWPHQW
DVVHVVPHQWV���,Q�WZR�RI�WKH�VWXGLHV�
VWLPXODWLRQ� FRQVLVWHG� RI� ���� SXOVHV
DW� ��� +]�� ,Q� RQH� VWXG\� ZKHUH
PXOWLSOH� U706� SDUDPHWHUV� ZHUH
XVHG�� RQO\� WKH� UHVXOWV� IURP� WKH
FRQGLWLRQ� SURYLGLQJ� WKH� PRVW
HIIHFWLYH�SDLQ� UHOLHI� ������SXOVHV�DW
��� +]�� ZHUH� LQFOXGHG� LQ� WKLV
DQDO\VLV�� &KL� VTXDUHG� DQG� ,�� �D
PHDVXUH�RI�KHWHURJHQHLW\��ZHUH�

4XHVWLRQQDLUH� �� �6)�034���� DQG
WKH� *OREDO� ,PSUHVVLRQ� RI� &KDQJH
�3*,&���

$OO� IRXU�VWLPXODWLRQ�FRQGLWLRQV� OHG� WR
UHGXFWLRQ� RI� 9$6� SDLQ� LQWHQVLW\
LPPHGLDWHO\� DIWHU� WKH� LQWHUYHQWLRQ��
� +RZHYHU�� ��� +]� U706� ZLWK� ����
SXOVHV� SURGXFHG� WKH� JUHDWHVW
DQDOJHVLF� HIIHFW�� 7KH� PHDQ� ����
&,�� 9$6� UHGXFWLRQ� ZDV� ���� ����� �
������ IRU� �� +]� U706� ZLWK� ���
SXOVHV�� ���� �ì���� �� ����� IRU� ��� +]
U706�ZLWK�����SXOVHV�

,PSDFW��,Q�WKLV�²PLQL�PHWD�DQDO\VLV³�RI�WKUHH�VWXGLHV�H[DPLQLQJ�WKH�HIILFDF\�RI�U706�IRU�QHXURSDWKLF
SDLQ��VWLPXODWLRQ�RI�WKH�0��SULPDU\�PRWRU�FRUWH[�\LHOGHG�VWDWLVWLFDOO\�VLJQLILFDQW�SDLQ�LPSURYHPHQW�IRU
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