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,QWURGXFWLRQ� 
<WWULXP�R[LGH��<�2��� LV� WKH�SUHIHUUHG�PD�

WUL[�IRU� LQWURGXFLQJ�UDUH�HDUWK�HOHPHQW��5((��LRQV�
LQ�WKH�SURGXFWLRQ�RI�SKRVSKRUV�>����@��ODVHU�FHUDP�
LFV�>�@��DQG�VFLQWLOODWRUV�>�@��<WWULXP�R[LGH�KDV�H[�
FHOOHQW� SK\VLFDO� DQG� FKHPLFDO� SURSHUWLHV�� VXFK� DV�
RSWLFDO� WUDQVSDUHQF\� LQ� D� ZLGH� VSHFWUDO� UDQJH� RI�
����–�� �P�� KLJK� PHOWLQJ� SRLQW� ������ �&��� ODUJH�
EDQG� JDS� ����� H9��� KLJK� WKHUPDO� FRQGXFWLYLW\��
FKHPLFDO� DQG� DWPRVSKHULF� GXUDELOLW\� >�@�� $PRQJ�

WKH� HPLVVLRQ� SURSHUWLHV� RI� <�2�� DFWLYDWHG� E\� UDUH�
HDUWK� LRQV�� XS-FRQYHUVLRQ� �DQWL-VWRNHV� OXPLQHV�
FHQFH��LV�WKH�PRVW�DWWUDFWLYH�SKHQRPHQRQ��QRW�RQO\�
GXH� WR� WKH�SKRWRSK\VLFDO�PHFKDQLVP��EXW� DOVR�GXH�
WR�D�ZLGH�UDQJH�RI�SUDFWLFDO�DSSOLFDWLRQV��IRU�H[DP�
SOH��DV�KLJKO\�HIILFLHQW�SKRVSKRUV�>����@��VROLG-VWDWH�
ODVHUV� >�@�� ELRVHQVRUV� LQ� PHGLFDO� WHFKQRORJ\� ILHOG�
>�@�� ,W� ZDV� SUHYLRXVO\� HVWDEOLVKHG� >���� ��@� WKDW�
<�2���DFWLYDWHG�E\�<E

���DQG�(U���LRQV��LV�RQH�RI�WKH�
PRGHOV�RI�D�FRQYHUVLRQ�V\VWHP�WKDW�JHQHUDWHV�UDGLD�
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WLRQ� LQ� WKH�YLVLEOH� UHJLRQ�XQGHU� LQIUDUHG� LUUDGLDWLRQ�
�,5���7KH�VHQVLWLYH�<E���LRQ�LV�H[FLWHG�E\�DQ�,5�UD�
GLDWLRQ� VRXUFH� DQG� WUDQVIHUV� LWV� HQHUJ\� WR� WKH� (U���
DFWLYDWRU� LRQ�� ZKLFK� HPLWV� D� SKRWRQ� LQ� WKH� YLVLEOH�
UHJLRQ�RI�WKH�VSHFWUXP��1DQRVWUXFWXUHG�SRZGHU�PD�
WHULDOV�RI� WKH�<�2��<E

����(U���V\VWHP�ZDV�REWDLQHG�
E\� FR-SUHFLSLWDWLRQ� >��@�� VRO-JHO� >��@� DQG� FRPEXV�
WLRQ�PHWKRGV�>������@��7KH�XVH�RI�PLFURZDYH�PHWK�
RGV�IRU�KHDWLQJ� WKH� UHDFWLRQ�PL[WXUH� LQ� WKH�SURFHVV�
RI�QDQRSDUWLFOH�V\QWKHVLV�LV�SURPLVLQJ�DQG�LV�RI�LQ�
WHUHVW�GXH�WR�LWV�VLPSOLFLW\��HDV\�FRQWUROODELOLW\��DQG�
HQYLURQPHQWDO� IULHQGOLQHVV� >��@�� ɌKLV� DUWLFOH� GH�
VFULEHV� D� PLFURZDYH� PHWKRG� IRU� WKH� V\QWKHVLV� RI�
QDQRVWUXFWXUHG� <�2�� SRZGHUV� DFWLYDWHG� ZLWK� <E

���
DQG�(U��� LRQV��DV�ZHOO�DV�WKH�LQIOXHQFH�RI�V\QWKHVLV�
PRGHV�DQG�VXEVHTXHQW�KHDW�WUHDWPHQWV�RQ�WKH�VWUXF�
WXUDO��PRUSKRORJLFDO�DQG�VSHFWUDO-OXPLQHVFHQW�FKDU�
DFWHULVWLFV�RI�WKH�UHVXOWLQJ�PDWHULDOV� 

 
5HVHDUFK�PHWKRGV 
6ROYRWKHUPDO� V\QWKHVLV� RI� QDQRVWUXFWXUHG�

SRZGHUV�RI�WKH�<�2��<E
����(U���V\VWHP�ZDV�FDUULHG�

RXW� E\� KHDWLQJ� WKH� UHDFWLRQ� PL[WXUH� XVLQJ� PLFUR�
ZDYH�UDGLDWLRQ��7KH�UDGLDWLRQ�SRZHU�GXULQJ�WKH�KR�
PRJHQHRXV� GHSRVLWLRQ� RI� SUHFXUVRU� SDUWLFOHV� ZDV�
����:��WKH�UDGLDWLRQ�IUHTXHQF\�ZDV������*+]��DQG�
WKH�SURFHVV�WLPH�ZDV�����PLQXWHV�XQGHU�FRQGLWLRQV�
RI�URWDWLRQ�RI�WKH�FRQWDLQHU��ZKLFK�SURYLGHG�IRU�WKH�
UHWXUQ�RI� WKH�HYDSRUDWLQJ�OLTXLG�>��@��7KH�PL[WXUHV�
<ɋO�ā�ɇ�Ɉ�� <E&O�ā�+�2� DQG� (U&O�ā�+�2� ZHUH�
XVHG�DV� WKH�LQLWLDO�UHDFWDQWV��7KH�FKORULGH�XUHD�PR�
ODU�UDWLR�LV�WDNHQ�DV������7KH�DPRXQW�RI�GRSLQJ�DG�
GLWLYHV�–�\WWHUELXP�DQG�HUELXP�FKORULGHV�ZDV�FDOFX�
ODWHG� IURP� WKH� SRLQW� RI� YLHZ�RI� WKHLU� RSWLPDO� FRQ�
FHQWUDWLRQ� LQ� WKH�<�2�� VWUXFWXUH� WR�REWDLQ� OXPLQHV�
FHQW�UDGLDWLRQ�ZLWK�WKH�KLJKHVW�TXDQWXP�\LHOG�DQG�LV�
����DW���IRU�<E���DQG�����DW���IRU�(U���>��@�� 

$IWHU� FRPSOHWLRQ� RI� WKH� SUHFLSLWDWLRQ� SUR�
FHVV�� WKH�VHGLPHQW� LV�ZDVKHG���WLPHV�ZLWK�GLVWLOOHG�
ZDWHU�DQG�FHQWULIXJHG�DW�D�VSHHG�RI������USP��7KH�
VHGLPHQWV� DUH� GULHG� DW� D� WHPSHUDWXUH� RI� ��–�� �ɋ�
IRU���KRXUV��)LULQJ�RI� WKH�SUHFXUVRU�–�K\GUDWHG�R[�
LGHV�–� LV� FDUULHG� RXW� LQ� DLU� DW� WHPSHUDWXUHV� RI� ����
DQG�������ɋ�IRU���KRXUV�� 

7KH� GLIIHUHQWLDO� WKHUPDO� DQDO\VLV� �'7$��
PHDVXUHPHQWV� KDYH� EHHQ� SHUIRUPHG� E\� 4-����'�
GHULYDWRJUDSK��+XQJDU\���7KH�KHDWLQJ�UDQJH�ZDV�XS�
WR�������&� 

7KH�FU\VWDO�VWUXFWXUH�ZDV�LQYHVWLJDWHG�E\�;
-UD\�GLIIUDFWLRQ��;5'��PHDVXUHPHQWV�XVLQJ�GLIIUDF�
WRPHWHU�'521–��� 

6(0�7(0� PHDVXUHPHQWV� KDYH� EHHQ� SHU�
IRUPHG� E\�9HJD� ,,� /6+�PLFURVFRSH�� 7HVFDQ� DQG�
-(0� ����� WUDQVPLVVLRQ� PLFURVFRSH� �-(2/�� -D�
SDQ��� 

,5� VSHFWURVFRS\� ZDV� SHUIRUPHG� RQ�
6SHFRUG–,5–���VSHFWURSKRWRPHWHU��0HDVXUHPHQWV�
UDQJH�ZDV����–�����FP-�� 

7KH�OXPLQHVFHQFH�PHDVXUHPHQWV�ZHUH�SHU�
IRUPHG� E\� XVLQJ� 5)-����� VSHFWURIOXRULPHWHU�
�6KLPDG]X��-DSDQ� 

 
5HVXOWV�DQG�'LVFXVVLRQ 
$�FRPPRQ�PHWKRG�RI� FKHPLFDO� SUHFLSLWD�

WLRQ� LV� WKH� LQWHUDFWLRQ�RI� OLTXLG� VROXWLRQV�� SRXULQJ�
RQH�RI�WKH�VROXWLRQV��SUHFLSLWDQW��LQWR�D�FHUWDLQ�YRO�
XPH� RI� DQRWKHU� FRQWDLQLQJ� WKH� SUHFLSLWDWHG� LRQV��
7KH� PDLQ� GLVDGYDQWDJHV� RI� WKLV� PHWKRG� DUH� WKH�
SUHVHQFH�RI�DQ�H[FHVV�RI�RQH�RI�WKH�UHDJHQWV�LQ�WKH�
UHDFWLRQ�PL[WXUH�DQG�WKH�RFFXUUHQFH�RI�ORFDO�VXSHU�
VDWXUDWLRQV��$OO� WKLV� OHDGV� WR� WKH� IRUPDWLRQ� RI� DJ�
JORPHUDWHG�VHGLPHQWV��2QH�RI�WKH�RSWLRQV�IRU�VROY�
LQJ� WKLV� SUREOHP� LV� WKH� SUHFLSLWDWLRQ� RI� K\GUDWHG�
R[LGHV�GXH�WR�WKH�VORZ�K\GURO\VLV�RI�XUHD�>��@� 

ɋ2�1+������+�2�ĺ�&2�����1+�
����2+-� 

7KH� VORZ� UHOHDVH� RI� 2+-� JURXSV� OHDGV� WR�
WKH� SUHFLSLWDWLRQ� RI� DJJUHJDWHG� K\GUR[LGH� SRZ�
GHUV� 

Ɇ�������2+-��ĺ�Ɇ�2+���� 
ZKHUH�Ɇ� �<��<E��(U� 

'XULQJ� IXUWKHU� KHDW� WUHDWPHQWV�� IUHH� DQG�
ERXQG�ZDWHU� LV� UHPRYHG� DQG� \WWULXP�� HUELXP� DQG�
\WWHUELXP�R[LGHV�DUH�IRUPHG� 

�Ɇ�2+���ĺ�Ɇ�2�����+�2�� 
:KHQ� QDQR-VL]HG� R[LGH� SDUWLFOHV� LQ� FORVH�

FRQWDFW�DUH�FDOFLQHG��DFWLYH�LPSXULWLHV�GLIIXVH�LQWR�
WKH� \WWULXP� R[LGH� ODWWLFH�ZLWK� SDUWLDO� UHSODFHPHQW�
RI� \WWULXP� LRQV� E\� \WWHUELXP� DQG� HUELXP� LRQV��
6FDQQLQJ� DQG� WUDQVPLVVLRQ� HOHFWURQ� PLFURVFRS\�
GDWD� LQGLFDWH� VWURQJ� DJJORPHUDWLRQ� RI� QDQRSDUWL�
FOHV��)LJ������DQG�WKH�DJJORPHUDWHV�RI�WKH�UHVXOWLQJ�
SRZGHUV� DUH� HDVLO\� GHVWUR\HG� E\� PHFKDQLFDO� DF�
WLRQ� 

;5'�RI�<�2��<E
����(U���>��@�VDPSOHV�V\Q�

WKHVL]HG� GXULQJ� WKH� GHSRVLWLRQ� SURFHVV� FRQILUPV�
WKDW�DIWHU�FDOFLQDWLRQ�RI�WKH�SUHFXUVRU�DW�D�WHPSHUD�
WXUH� RI� ���� �&�� QDQR-VL]HG� SRZGHUV� ZLWK� UHIOHF�
WLRQV�FRUUHVSRQGLQJ�WR�WKH�UHIOHFWLRQV�RI� WKH�FXELF�
FU\VWDO� VWUXFWXUH� RI� WKH� FKHPLFDO� FRPSRVLWLRQ� RI�
<�2��DUH�DOUHDG\�IRUPHG��FDUG�1R����-�����RI�WKH�
-&3'6� FDWDORJ��� 7KH� ODWWLFH� SDUDPHWHU�� DFFRUGLQJ�
WR� WKH� WDEXODU� GDWD�� LV� HTXDO� WR� ������QP�� DQG� WKH�
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�� 

FRKHUHQW� VFDWWHULQJ� UHJLRQ� �FRQGLWLRQDO� SDUWLFOH�
VL]H���FDOFXODWHG�XVLQJ� WKH�6FKHUUHU� IRUPXOD� >�@� LV�
DERXW� ���–� ���QP�DW� D� FDOFLQDWLRQ� WHPSHUDWXUH�RI�
���� �ɋ� DQG� ����–� ���� QP� DW� ����� �ɋ�� 7KH�PDLQ�
SHDN� LQ� WKH� GLIIUDFWLRQ� SDWWHUQ� FRUUHVSRQGV� WR� WKH�
>���@� FU\VWDO� SODQH� DQG� LV� ORFDWHG� DW� �ș�  � �������
7KH�GHYLDWLRQ�WRZDUGV�ODUJHU�DQJXODU�YDOXHV�RI�WKH�
VDPSOHV�REWDLQHG�XSRQ�FDOFLQDWLRQ�DW�������ɋ���ș�
 �������� LQGLFDWHV�D�EURDGHQLQJ�RI� WKH�PDWUL[� ODW�
WLFH� GXH� WR� WKH� LQFOXVLRQ� RI� <E��� DQG� (U��� LRQV�
�)LJ����� 

5HIOHFWLRQV�FRUUHVSRQGLQJ�WR�WKH�IRUPDWLRQ�
RI�FU\VWDOOLQH�SKDVHV�<E�2��DQG�(U�2��DUH�QRW�UHF�
RUGHG� LQ� WKH� GLIIUDFWLRQ� SDWWHUQV� GXH� WR� WKH� ORZ�
FRQFHQWUDWLRQ�RI�LPSXULW\�SKDVHV� 

)LJXUH���VKRZV�GLIIHUHQWLDO�WKHUPDO�JUDYLP�
HWU\� �'7*�� DQG� GLIIHUHQWLDO� JUDYLPHWU\� �'*��
FXUYHV� IRU�D�K\GUDWHG�SUHFXUVRU� VHGLPHQW� WKDW�KDV�

XQGHUJRQH� KHDW� WUHDWPHQW� LQ� DLU� ���� �ɋ� IRU� ��
KRXUV���7KH�'7*�FXUYH�KDV�D�SHDN�DW������ɋ�DQG�
���� �ɋ� �HQGR-HIIHFWV��� LQGLFDWLQJ� WKH� UHPRYDO� RI�
IUHH�DQG�ERXQG�ZDWHU�>��@��$W�WHPSHUDWXUHV�RI�����
�ɋ�DQG������ɋ��K\GUR[LGHV�DSSDUHQWO\�GHFRPSRVH�
ZLWK� WKH� UHOHDVH�RI�ZDWHU�PROHFXOHV��DQG�DW�����–�
���� �ɋ� D� SHDN� DSSHDUV� RQ� WKH�'7*�FXUYH�� FRUUH�
VSRQGLQJ�WR�WKH�H[RWKHUPLF�UHDFWLRQ�RI�WKH�SURFHVV�
RI�IRUPDWLRQ�RI�WKH�FU\VWDOOLQH�SKDVH��$W�WKH�VDPH�
WLPH��WKH�PDVV�RI�WKH�IRUPLQJ�FU\VWDOOLQH�VWUXFWXUH�
FRQWLQXHV� WR� IDOO��$W� D� WHPSHUDWXUH�RI� ���� �ɋ�� UH�
VLGXDO�K\GUR[\O�JURXSV�DUH�UHPRYHG�ZLWK�DQ�HQGR�
WKHUPLF�HIIHFW� >��@��([DPLQDWLRQ�RI� WKH�'7*�DQG�
7*�GLDJUDPV�FOHDUO\�FRQILUPV�WKH�DVVXPSWLRQ�WKDW�
WKH�FU\VWDOOLQH�SKDVH�LQ�WKH�IRUP�RI�QDQRFU\VWDOV�LV�
FRPSOHWHO\� IRUPHG� DW� ���� –� ���� �&�� DQG� ZLWK� D�
IXUWKHU� LQFUHDVH� LQ� WKH�FDOFLQDWLRQ� WHPSHUDWXUH�� LWV�
FRPSDFWLRQ�RFFXUV� 

0$7(5,$/6�6&,(1&(�$1'�(1*,1((5,1* 
ɆȺɌȿɊɂȺɅɈȼȿȾȿɇɂȿ�ɂ�ɌȿɏɇɈɅɈȽɂə 
0$7(5,$/6+8126/,.�9$�7(;12/2*,<$, 

����� ����  
����������������������������ɚ��������������������������������������������������������������������������������������������E 

)LJXUH����6(0�LPDJH��D��DQG�7(0�LPDJH��E��RI�<�2��<E
����(U���SRZGHU��GULHG�DQG�FDOFLQHG�DW������ɋ� 

 �����������������������������������������������ɚ�����������������������������������������������������������������������������������������������E 

)LJXUH����;5'�SDWWHUQV�IRU�<�2��<E
����(U���VDPSOHV�UHFRUGHG�DIWHU�FDOFLQDWLRQ�RI�WKH�SUHFXUVRU�LQ�DLU��D�–�DW�D�WHPSHUDWXUH�RI������&�DQG�

E�–�DW�������&� 
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0$7(5,$/6�6&,(1&(�$1'�(1*,1((5,1* 
ɆȺɌȿɊɂȺɅɈȼȿȾȿɇɂȿ�ɂ�ɌȿɏɇɈɅɈȽɂə 

0$7(5,$/6+8126/,.�9$�7(;12/2*,<$, 

&RQVLGHUDWLRQ� RI� WKH� ,5� VSHFWUD� RI�
<�2��<E

���� (U��� VDPSOHV� REWDLQHG� E\� GHSRVLWLRQ�
XQGHU�PLFURZDYH� LUUDGLDWLRQ�DQG�FDOFLQHG�DW�GLI�
IHUHQW� WHPSHUDWXUHV�� ��–� ��� �&����–� ���� �&����–�
������&�VKRZV��)LJXUH����WKDW�WKH�EDQGV�DW�����–
�����FP-���FDXVHG�E\�VWUHWFKLQJ�YLEUDWLRQV�RI�2–
+� JURXSV� DQG� YLEUDWLRQV� RI� ERXQG� ZDWHU� PROH�
FXOHV�+–2–+��DEVRUEHG�E\�SRURXV�SDUWLFOHV�>��@��
DUH�SUHVHQW�LQ�DOO�FDVHV�RI�SURFHVVLQJ��KRZHYHU��DW�
D�FDOFLQDWLRQ�WHPSHUDWXUH�RI�������&��WKHLU�LQWHQ�
VLW\�GHFUHDVHV�DSSUR[LPDWHO\�IRXU� WLPHV��6WUHWFK�
LQJ�YLEUDWLRQV�RI�&2�DSSHDU�LQ�WKH�IRUP�RI�EURDG�
EDQGV�DW�������DV\PPHWULFDO��������DQG������FP
-�� �V\PPHWULFDO��� QRQ-SODQDU� EHQGLQJ� YLEUDWLRQV�
RI�&2�DW�����FP-��>��@��7KH�EDQG�DW�����FP-�� LV�
DWWULEXWHG�WR�WKH�YLEUDWLRQV�RI�WKH�<–2�ERQG��7KH�
UHGXFHG� FRQFHQWUDWLRQ� RI� K\GUR[\O� JURXSV�� DG�
VRUEHG� JDV� LPSXULWLHV� DQG� UHVLGXDO� FDUERQ-
FRQWDLQLQJ� LPSXULWLHV� GXULQJ� DGGLWLRQDO� FDOFLQD�
WLRQ� FRQILUPV� WKH� SURPLVH� RI� KLJK-WHPSHUDWXUH�
WUHDWPHQW� LQ� WKH� IRUPDWLRQ� RI� GHK\GUDWHG�
<�2��<E

����(U���VDPSOHV� 
7KH� OXPLQHVFHQFH� VSHFWUD� RI� <�2��<E

����
(U���PHDVXUHG�DW�YDULRXV�FRQFHQWUDWLRQV�RI�\WWHU�
ELXP� DQG� HUELXP� LRQV� ZHUH� VWXGLHG� LQ� GHWDLO� LQ�
>��–��@��,W�KDV�EHHQ�VKRZQ�WKDW�ZKHQ�WKH�WHUQDU\�
V\VWHP�<�2���<E

����(U���LV�LUUDGLDWHG�ZLWK�D�GLRGH�
ODVHU� ZLWK� D� ZDYHOHQJWK� RI� ���� QP�� JUHHQ� �����
QP�� RU� UHG� ����� QP�� UDGLDWLRQ� DSSHDUV�� ZKLFK�
FRUUHVSRQGV� WR� WKH�HQHUJ\� WUDQVLWLRQV� �6���ĺ

�,�����
DQG��)���ĺ��,�����LQ�<E

���DQG�(U���LRQV�GHSHQGLQJ�
RQ�WKH�H[FLWDWLRQ�FRQGLWLRQV�DQG�WKH�FRQFHQWUDWLRQ�
RI�GRSLQJ�LRQV�� 

7KH�OXPLQHVFHQFH�VSHFWUD�RI�WKH�SRZGHUV�
ZH�REWDLQHG��FDOFLQHG�DW�WHPSHUDWXUHV�RI�����DQG�

������&��H[FLWHG�E\�DQ�,5�ODVHU�DW�D�ZDYHOHQJWK�RI�
����QP��DUH�VKRZQ�LQ�)LJXUH���� 

)LJXUH����'7*�DQG�'*�IRU�WKH�SUHFXUVRU�REWDLQHG�DIWHU�SUHFLSLWDWLRQ�DQG�GU\LQJ������ɋ��RI�D�PL[WXUH�RI�K\GUR[LGHV� 

)LJXUH����,5�VSHFWUD�RI�<�2��<E
����(U���VDPSOHV�REWDLQHG�E\�

GHSRVLWLRQ�XQGHU�PLFURZDYH�LUUDGLDWLRQ�DW�GLIIHUHQW�KHDW� 
WUHDWPHQW�WHPSHUDWXUHV����–�����&��JUHHQ�����–������&��UHG��� 

��–�������&��EODFN�� 

)LJXUH����/XPLQHVFHQFH�VSHFWUD�RI�SRZGHUV�FDOFLQHG�DW� 
WHPSHUDWXUHV�RI�����DQG�������&� 
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5()(5(1&(6 
 

�� :QDJ�;����+X�<����0HQJ�;���/L�<���=KX�0����-LQ�+���6\QWKHVLV�RI�<�2��SKRVSKRU�E\�D�K\GURO\VLV�DQG�R[LGDWLRQ�PHWKRG��-RXUQDO�RI�5DUH�
(DUWKV������������������-�����'2,���������6����-�������������-� 

�� *XSWD�$���%UDKPH�1���3UDVDG�%LVHQ�'��(OHFWUROXPLQHVFHQFH�DQG�SKRWROXPLQHVFHQFH�RI�UDUH�HDUWK��(X�7E��GRSHG�<�2��QDQRSKRVSKRU��-RXU�
QDO�RI�/XPLQHVFHQFH����������������-�����'2,����������-�-/80,1������������� 

�� 7DNDLFKL�.����8HPDWVX�7���/X�-����6KLUDNDZD�$���<E���<�2��FHUDPLFV�-�D�QRYHO�VROLG-VWDWH�ODVHU�PDWHULDO���-DSDQHVH�-RXUQDO�RI�$SSOLHG�3K\V�
LFV�������������������-������'2,����������--$3����/���� 

�� )XNDERUL�$����<DQDJLGD�7����3HMFKDO��-��0DHR�6���2SWLFDO�DQG�VFLQWLOODWLRQ�FKDUDFWHULVWLFV�RI�<�2��WUDQVSDUHQW�FHUDPLF��-RXUQDO�RI�$SSOLHG�
3K\VLFV����������������������-��������'2,�������������������� 

�� 9DWV�5���%KXNNDO�&���$KODZDW�5��&U\VWDOORJUDSKLF�PRGLILFDWLRQV� DQG� WKHUPDO� YDULDWLRQV� LQ� FXELF�<�2�� YLD� ODQWKDQLGH�GRSLQJ��0DWHULDOV�
WRGD\�SURFHHGLQJV��������'2,����������-�0$735������������� 

�� /RMSXU�9�0���$KUHQNLH�3�6��'UDPLFDQLQ�0�'��&RORU-WXQDEOH�XS-FRQYHUVLRQ�HPLVVLRQ�LQ�<�2��<E��(U�QDQRSDUWLFOHV�SUHSDUHG�E\�SRO\PHU�
FRPSOH[�VROXWLRQ�PHWKRG��1DQRVFDOH�UHVHDUFK�OHWWHUV����������������'2,��������������-���;-�-��� 

�� 0DUNRVH�.�.���$QMDQD�5���$QWRQ\�$���-D\DUDM�0�.��6\QWKHVLV�RI�<E����(U���FR-GRSHG�<�2���<2)�DQG�<)��8&�SKRVSKRUV�DQG�WKHLU�DSSOLFD�
WLRQ�LQ�VRODU�FHOO�IRU�VXE-EDQG�JDS�SKRWRQ�KDUYHVWLQJ��-RXUQDO�RI�OXPLQHVFHQFH����������������-�����'2,����������-�-/80,1������������ 

�� =KDQJ� /�� � 3DQ�:�� 6WUXFWXUDO� DQG� 7KHUPR-0HFKDQLFDO� 3URSHUWLHV� RI� 1G�<�2� 7UDQVSDUHQW� &HUDPLFV�� -RXUQDO� RI� WKH� $PHUWFDQ� &HUDPLF�
6RFLHW\��������������� ����-������'2,����������-$&(������ 

�� 3DUN�&�-:����3DUN�'�-��'HYHORSPHQW�RI�(U����<E���FR-GRSHG�<�2��13V�DFFRUGLQJ�WR�<E
���FRQFHQWUDWLRQ�E\�/3-3/$�PHWKRG��SRWHQWLDO�IXU�

WKHU�ELRVHQVRU��%LRVHQVRU���������������������'2,����������%,26�������� 
��� =KDR�-�%���:X�/�/��<E��-�DQG��(U��-GRSHG�<�2� PLFURFU\VWDOV�IRU�XSFRQYHUVLRQ�SKRWROXPLQHVFHQFH�DQG�HQHUJ\�WUDQVIHU�ZLWK�HQKDQFHPHQWV�

RI�QHDU-XOWUDYLROHW�HPLVVLRQ� 5DUH�0HWDOV� �����������������-�����'2,����������6�����-���-�����-� 
��� 'H�*���4LQ�:���=KDQJ�-���HW�DO��8SFRQYHUVLRQ�OXPLQHVFHQFH�SURSHUWLHV�RI�<�2��<E

����(U�� QDQRVWUXFWXUHV��-�/XPLQ�������������–�������-
�����'2,����������-�-/80,1������������ 

��� 7LDQ�<���)X�<���;LQJ�0��/XR�;��8SFRQYHUVLRQ�OXPLQHVFHQFH�SURSHUWLHV�RI�<�2��<E��(U�DQG�<�2�6�<E��(U�QDQRSDUWLFOHV�SUHSDUHG�E\�FRP�
SOH[�SUHFLSLWDWLRQ��-RXUQDO�RI�1DQRPDWHULDOV�������������������'2,��������������������� 

��� 9DWV�5���$KODZDW�5��5LHWYHOG� UHILQHPHQW�� OXPLQHVFHQFH� DQG� FDWDO\WLF� VWXG\� RI� DV-V\QWKHVL]HG� DQG�'\��-GRSHG� FXELF�<�2�� QDQRSRZGHU�
SUHSDUHG�E\�FLWUDWH�PHGLDWHG�VRO–JHO�WHFKQLTXH���-RXUQDO�RI�1DQRSDUWLFOH�5HVHDUFK���������������'2,����������6�����-���-�����-� 

�� 

)URP�DQ�H[DPLQDWLRQ�RI�WKH�HPLVVLRQ�VSHF�
WUD� RI� VDPSOHV� WKHUPDOO\� WUHDWHG� LQ� DQ� DLU� DWPRV�
SKHUH�� ZH� FDQ� FRQFOXGH� WKDW� ZKHQ� FDOFLQHG� DW� D�
ORZHU� WHPSHUDWXUH� ����� �&��� UDGLDWLRQ� LQ� WKH� UHG�
UHJLRQ�RI� WKH�VSHFWUXP�SUHYDLOV��ZKLOH�DW�D�KLJKHU�
SURFHVVLQJ� WHPSHUDWXUH�� WKH� DQWL-VWRNHV� OXPLQHV�
FHQFH� HIILFLHQF\� LQFUHDVHV� LQ� WKH� JUHHQ� UHJLRQ� RI�
WKH� VSHFWUXP�� ,W� FDQ� EH� DVVXPHG� WKDW� ILULQJ�
<�2��<E

����(U���SRZGHUV�DW�������&�OHDGV�WR�PD�
WUL[�FRPSDFWLRQ�DQG�D�UHGXFWLRQ�LQ�WKH�(U�–�(U�LQ�
WHULRQLF�GLVWDQFH��ZKLFK�LQFUHDVHV�WKH�HIILFLHQF\�RI�
FURVV-UHOD[DWLRQ�LQWHUDFWLRQV�RI�(U��� LRQV��$V�D�UH�
VXOW�RI�WKH�WUDQVIHU�RI�H[FLWDWLRQV�IURP�<E���LRQV�WR�
(U���LRQV��WKH�ODWWHU�DUH�H[FLWHG�LQWR�WKH��+�����VWDWH��
IURP�ZKLFK��6����LV�SRSXODWHG�DQG�FURVV-UHOD[DWLRQ�
RFFXUV� DFFRUGLQJ� WR� WKH� VFKHPH� �+������

�6���� ĺ�
�,�������,�����ĺ��)�����L�H���WKH�SRSXODWLRQ�RI�WKH�

�+�����
DQG� �6���� OHYHOV� GHFUHDVHV�� DQG� WKH�

�)���� OHYHO� LQ�
FUHDVHV�>������@� 

 
&RQFOXVLRQ 
8VLQJ� WKH� PLFURZDYH� V\QWKHVLV� PHWKRG��

QDQRVWUXFWXUHG� \WWULXP� R[LGH� SRZGHUV� DFWLYDWHG�
ZLWK�\WWHUELXP�DQG�HUELXP�LRQV�RI�D�TXDVL-VSKHULFDO�
VKDSH� ZLWK� SULPDU\� SDUWLFOH� VL]HV� RI� ��� –� ��� QP��
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\WWHUELXP� DQG� HUELXP� LRQV�� 7KHUPRJUDYLPHWULF�
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