
2Q�WKH�IRUPDWLRQ�RI�R[LGH�VSHFLHVLQ�PHOWV�RI�&V&O±/L&O±<&O� V\VWHP
9�/�&KHUJLQHWV��7�3�5HEURYD��7�9�3RQRPDUHQNR��<X�,�'RO]KHQNR
,QVWLWXWH�IRU�6FLQWLOODWLRQ�0DWHULDOV��67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV���1DWLRQDO
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���)UXQ]H�6W���������.KDUNLY��8NUDLQH

5HFHLYHG�1RYHPEHU��������
,QWHUDFWLRQV�RI�R[LGH�LRQV�ZLWK�/L���&V&O�/L&O�V\VWHP��DQG�<����&V&O±/L&O�<&O��V\VWHP�DW� ����&� KDYH� EHHQ� VWXGLHG� E\� SRWHQWLRPHWULF� PHWKRG� XVLQJ� D� 3W�2��_=U2��<�2��� R[\JHQHOHFWURGH� WR� GHWHUPLQH� WKH� HTXLOLEULXP� 2�±� PRODOLW\�� 7KH� DGGLWLRQ� RI� /L�� WR� &V&O� PHOW

UHVXOWV�LQ�2�±�IL[DWLRQ�LQ�/L�2�FRPSOH[��./L��� ������r���������� �PRODOLW\�VFDOH���7KH�VROX�ELOLW\� SURGXFW� RI� /L�2� LQ� �&V&O±/L&O� PHOW� LV� .V� ������PRO��NJÜ��� $GGLWLRQ� RI� <��� WR
�&V&O±/L&O�FDXVHV�WKH�IRUPDWLRQ�RI�<2��FRPSOH[��.<��� ������r�����������7KH�IRUPDWLRQ�RI<2��UHWDUGV� WKH�SXULILFDWLRQ�RI�&V&O±/L&O�<&O��PHOW�IURP�R[LGH� LPSXULWLHV�ZKLFK�ZRUVHQWKH�TXDOLW\�RI�UDUH�HDUWK�EDVHG�VFLQWLOODWLRQ�VLQJOH�FU\VWDOV�
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���,QWURGXFWLRQ
6FLQWLOODWRUV� EDVHG� RQ� DONDOL� DQG� UDUH�

HDUWK� �5(�� PHWDO� KDOLGHV� DUH� DPRQJ� WKH
PRGHUQ�PDWHULDOV�EHLQJ�XQGHU�H[WHQVLYH�GH�
YHORSPHQW�� 7KHUH� DUH� D� ORW� RI� SXEOLFDWLRQV
GHYRWHG�WR�VXFK�PDWHULDOV�RI�GLIIHUHQW�FRP�
SRVLWLRQV�� WKH� SDSHUV� >����@� VKRXOG� EH�PHQ�
WLRQHG�DV�WKH�PRVW�UHFHQW�RQHV��7KHVH�PDWH�
ULDOV� FDQ�EH�REWDLQHG�E\�WZR�ZD\V��7KH�GU\
ZD\� LQFOXGHV� RQO\� PL[LQJ� XOWUDSXUH� DQK\�
GURXV� KDOLGHV� DQG� WKH� FU\VWDO� JURZWK�� 7KH
ZHW� PHWKRG� FRQVLVWV� LQ� GLVVROXWLRQ� RI� 5(
R[LGHV� �WKH�PRVW�DYDLODEOH�FRPPHUFLDO�IRUP
RI�5(� FRPSRXQGV�� DQG� DONDOL�PHWDO� KDOLGHV
LQ�WKH�FRUUHVSRQGLQJ�DFLG��HYDSRUDWLRQ��GU\�
LQJ�� DQG� FDOFLQDWLRQ� RI� WKH� UDZ�� 7KH� UDZ

PDWHULDO� VR� REWDLQHG� LV� XVHG� WR� JURZ� FU\V�
WDOV�� )URP� WKH� YLHZSRLQW� RI� H[SHQVHV�� WKH
ODWWHU� ZD\� LV� FRQVLGHUDEO\� FKHDSHU� EXW� LWV
XVH� UHVXOWV� RIWHQ� LQ� WKDW� WKH� REWDLQHG� VFLQ�
WLOODWRUV� DUH� ZRUVH� LQ� TXDOLW\� WKDQ� LQ� WKH
FDVH�RI�WKH�GU\�PHWKRG��7KH�PDLQ�UHDVRQ�IRU
WKLV� LV� FRQQHFWHG� ZLWK� WKH� GLIILFXOWLHV� RI
SXULILFDWLRQ�RI� WKH�UDZ�IURP�WUDFHV�RI�R[\�
JHQ�FRQWDLQLQJ�DGPL[WXUHV�DQG�PRLVWXUH��7R
VROYH� WKLV� SUREOHP�� LW� LV� QHFHVVDU\� WR� NQRZ
FHUWDLQ�SURSHUWLHV�RI�FRUUHVSRQGLQJ�UDZ�DQG
JURZWK�PHOW��H�J���WKHLU�DELOLW\�WR�IL[�R[LGH
LRQV�DQG�TXDQWLWDWLYH�FKDUDFWHULVWLFV�RI�WKDW
SURFHVV� >�@��6XFK�LQIRUPDWLRQ�LV�DEVHQW��H[�
FOXGLQJ� >�@� ZKHUH� VRPH� SURSHUWLHV� RI
.&O±1D&O±&H&O�� V\VWHP� DUH� UHSRUWHG�� KRZ�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�

�� )XQFWLRQDO�PDWHULDOV�������������



HYHU��WKH�VDLG�V\VWHP�LV�QRW�RI�DQ\�SUDFWLFDO
LPSRUWDQFH�

&/<&��RU�&V�/L<&O��&H��LV�QRZ�RQH�RI�WKHPRVW� DWWUDFWLYH� PL[HG� VFLQWLOODWRUV�� 7KRU�
RXJK� LQYHVWLJDWLRQV� RI� WKDW� PDWHULDO� VKRZV
WKDW�LWV�OLJKW�\LHOG�YDULHV�EHWZHHQ�������>�@
DQG��������SKRWRQV�SHU�0H9� >�@� DQG� LW� GH�
SHQGV� RQ� WKH� ZD\� RI� WKH� FU\VWDO� REWDLQLQJ�
0RVW� SUREDEOH� UHDVRQ� RI� VXFK� YDULDWLRQ� LV
WKH� IRUPDWLRQ� RI� OLWKLXP� DQG� \WWULXP� R[R
FRPSRXQGV�LQ�PHOW�DQG��KHQFH��WKH�SUHVHQFH
WKHUHRI�LQ�WKH�VROLG�FU\VWDO��+RZHYHU��WKHUH
LV� QR� LQIRUPDWLRQ� DERXW� LQWHUDFWLRQV� RI� /L�
DQG� <��� FDWLRQV� ZLWK� R[R� DQLRQV� LQ� &V&O±
/L&O±<&O��V\VWHP�7KH� VWXG\� RI� LQWHUDFWLRQ� RI� &V&O�[/L&O
�[� ��Ü�����DQG��&V&O±/L&O�\<&O�� �\� ��Ü��PROWHQ� V\VWHPV� ZLWK�2�±� WR� GHWHUPLQH� WKH
PDLQ� IRUPV�RI�R[RFRPSOH[HV�DQG� WKH�FRUUH�
VSRQGLQJ� HTXLOLEULXP� FRQVWDQWV� LV� WKH� SXU�
SRVH�RI�WKLV�ZRUN�

���([SHULPHQWDO
&V&O� RI� UHDJHQW� TXDOLW\� ZLWK� WKH� WRWDO

PRODOLW\� RI� R[\JHQ�FRQWDLQLQJ� DGPL[WXUHV
��Ü��PRO�NJÜ�� RI� 2�±� �DIWHU� PHOWLQJ�� ZDV
XVHG� IRU� WKH� H[SHULPHQWV� ZLWKRXW� SXULILFD�
WLRQ��/L&O�ZDV�REWDLQHG�E\�GLVVROXWLRQ�RI�H[�
FHVV�/L�&2���H[WUD�SXUH����������/L�&2���LQDTXHRXV�+&O�RI�UHDJHQW�TXDOLW\��7KHQ��DIWHU
DGGLWLRQ� RI� 1+�&O� �����PROH� SHU� ��PROH� RI/L&O���WKH�VROXWLRQ�ZDV�HYDSRUDWHG��GULHG�DQG
FDOFLQHG�LQ�YDFXXP�DW�VWHSZLVH�WHPSHUDWXUH
LQFUHDVH�XS�WR�����&��<&O��ZDV�SUHSDUHG�E\GLVVROXWLRQ� RI� <�2�� �SXUH�� LQ� H[FHVV� �����
RI�K\GURFKORULF�DFLG�DQG�1+�&O� ���PROH�SHU�� PROH� RI� <&O��� ZDV� DGGHG� WR� WKH� IRUPHGVROXWLRQ��7KLV�VROXWLRQ�ZDV�GULHG�DQG�KHDWHG
LQ�YDFXXP�XS�WR�����&�ZLWK�KROGLQJ�DW����
DQG� ����&� IRU� �� K�� .2+� ZDV� RI� UHDJHQW
TXDOLW\�� SULRU� WR� WKH� H[SHULPHQW� LW� ZDV
PHOWHG�DQG�NHSW�LQ�$U�DWPRVSKHUH�IRU���K�DW
����&�

7KH� LQWHUDFWLRQ� RI� /L�� DQG�<��� ZLWK�2�±
LQ� WKH� DERYH�PHQWLRQHG� PHOWV� ZHUH� VWXGLHG
E\� GHWHUPLQDWLRQ� RI� HTXLOLEULXP�PRODO� FRQ�
FHQWUDWLRQ� RI� R[LGH� LRQ� LQ� WKH� PHOW�� 7KH
SRWHQWLRPHWULF� FHOO� IRU�WKRVH�VWXGLHV� LV�SUH�
VHQWHG�E\�WKH�IROORZLQJ�VFKHPH�

���3W_$J_$J����PHOW__PHOW���2��_<6=_3W�2������ ���
�ZKHUH� <6=� LV� ���� =U2�������� <�2�� FHUDP�LFV��DQG� LWV� FRQVWUXFWLRQ� LV�GHVFULEHG� LQ�GH�
WDLO� HOVHZKHUH� >�@�� 7KH� GHVFULSWLRQV� RI� WKH
SRWHQWLRPHWULF� WLWUDWLRQ�URXWLQH�DQG� WKH�VH�
TXHQWLDO� DGGLWLRQ� PHWKRG� �6$0�� DUH� SUH�
VHQWHG� WKHUH�� WRR�� 7R� SURYLGH� LQHUW� DWPRV�

SKHUH� LQ� WKH� FHOO�� KLJK�SXUH� ��������$U�ZDV
XVHG�

���5HVXOWV�DQG�GLVFXVVLRQ
6LQFH��&V&O±/L&O�PHOW� LV�DQ� LQWHUPHGLDWH

LQ� WKH� &V&Oo�&V&O±/L&Oo�&V&O±/L&O±<&O�VHTXHQFH��ZH�FKRVH�WKLV�PHOW�DV�D�UHIHUHQFH
RQH��7KH�SORW� RI� HPI� �(�� RI� WKH� FHOO� ���� YV�
S2��S2�{����ORJD2���|����ORJP2����D2���DQG�P2��
DUH� DFWLYLW\� DQG� PRODOLW\� RI� 2�±�� UHVSHF�
WLYHO\�� LV� SUHVHQWHG� LQ� )LJ����� 7KH� VORSH� RI
WKH� (ÜS2� FDOLEUDWLRQ� SORW� LV� QHFHVVDU\� WR
FDOFXODWH� WKH� WKHUPRG\QDPLF� SDUDPHWHUV� RI
HTXLOLEULD� ZKLFK� LV� GLVFXVVHG� LQ� ZKDW� IRO�
ORZV�

$V� LV�VHHQ��WKH�(ÜS2�SORW�FRQWDLQV� VRPH
IHDWXUHV��7KH�SRLQWV�FKRVHQ�IRU�WKH�FDOFXOD�
WLRQV� OLH� LQ� OLQH� ��� %HVLGH� RI� WKHVH� SRLQWV�
WKHUH� DUH� VRPH� IHDWXUHV� LQ� WKH� FDOLEUDWLRQ
GDWD�� 7KH� LQLWLDO� SRLQW� �GHVLJQDWHG� E\� ��
IDOOV�RXW�IURP�WKH�SORW�VLQFH�WKH��SXUH��PHOW
FRQWDLQV�R[LGH�LRQ�DGPL[WXUHV��RI�WKH�RUGHU
RI���Ü��PRO�NJÜ���DQG�WKLV�UHDVRQ�FDXVHV�GHYLDWLRQV
RI�WKH�DFWXDO�2�±�PRODOLW\�IURP�DGGHG�DPRXQW
RI�R[LGH�LRQ�GRQRU��HVSHFLDOO\�DW�ORZ�FRQFHQWUD�
WLRQV��KHUH���������Ü��PRO�NJÜ����7ZR�SRLQWV�LQ
RYDO��GHVLJQDWHG�E\����EHORQJ�WR�WKH�VDWXUDWHG
VROXWLRQ�UHJLRQ��WKH�DYHUDJH�HPI�YDOXH�LV�HTXDO
WR�������9�DQG�S2� �������7KLV�PHDQV�WKDW�WKH
�&V&O±/L&O� PHOW� LV� FKDUDFWHUL]HG� E\� XSSHU
EDVLFLW\�OLPLW�RI��������Ü��PRO�NJÜ��� LW� LV� LPSRV�
VLEOH� WR� DFKLHYH� KLJKHU� 2�±� FRQFHQWUDWLRQV
LQ�PHOW� RI� VXFK� D� FRPSRVLWLRQ��7DNLQJ� LQWR
DFFRXQW� WKDW� /L�� PRODOLW\� LQ� VDLG� PHOW� LV
�����PRO�NJÜ��� LW� LV�SRVVLEOH�WR�HVWLPDWH�WKH
VROXELOLW\�SURGXFW�RI�/L�2�

)LJ�����'HSHQGHQFH� RI� HPI� �(�� RI� FHOO� ����YV�
S2� LQ� �&V&O±/L&O�PHOW� DW� ����&����� WKH� FDOL�
EUDWLRQ� SORW�� ��� D� SRLQW� REWDLQHG� DW� ORZ�2�±
PRODOLW\�����WKH�VDWXUDWHG�VROXWLRQ�UHJLRQ�

9�/�&KHUJLQHWV�HW�DO����2Q�WKH�IRUPDWLRQ�RI�R[LGH����

)XQFWLRQDO�PDWHULDOV������������� ��



.V�/L�2� �P/L�� ���P2��� 
 ���������������� �����PRO����NJ���

���

7KH� WUHDWPHQW�RI� WKH�SORW���E\�WKH� OHDVW
VTXDUHV� PHWKRG� JLYHV� WKH� IROORZLQJ� HTXD�
WLRQ�

(� 
 �������r��������������r��������S2�3� ��������

���

,QWHUDFWLRQV� LQ� &V&O±/L&O� V\VWHP� ZHUH
VWXGLHG� E\� VHTXHQWLDO� DGGLWLRQV� RI� /L&O
DPRXQWV� WR� PROWHQ�&V&O�� 7R� GHWHUPLQH� WKH
HTXLOLEULXP� FRQVWDQWV�� ZH� VXSSRVH� WKDW� WKH
DGGLWLRQ�RI�/L��WR�&V&O�PHOW�UHVXOWV�LQ�LQWHU�
DFWLRQV�

Q/L����2���#�/LQ2Q���./L�Q��Q� ��������� ���
DQG�WKH�EDODQFH�RI�2�±�PD\�EH�SUHVHQWHG�DV
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,W� LV� LPSRUWDQW�WKDW�WKLV�HTXDWLRQ�DOORZV
WR� REWDLQ� SRO\QRPLDO� GHSHQGHQFH�ZKLFK� FDQ
EH�HDVLO\�WUHDWHG�WDNLQJ�LQWR�DFFRXQW�WKDW

P2���
P2��� ���

(���(&V&O
�
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ZKHUH� (� LV� HPI� YDOXH� RI� PHOW� DIWHU� /L�
DGGLWLRQ� WR� SXUH�&V&O��(&V&O� � LV� WKH� HPI� RI
�SXUH��&V&O�DQG�������LV�WKH�VORSH�RI�(ÜS2
SORW�����
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(���(&V&O

�

����� �{�P2���
P2��� �����¦./L�L
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���P/L�Q �
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3ULQFLSDO� GHSHQGHQFH� RI� HPI� YV�� ORJD�
ULWKP�RI�/L��PRODOLW\� LV� SUHVHQWHG� LQ�)LJ���
�SORW� ���� 7KH� VORSH� RI� WKLV� SORW� LV� HTXDO� WR
�����r������ 9�� L�H�� H[FHHGV� WZLFH� WKDW� RI
WKH� FDOLEUDWLRQ� SORW�� 7KLV� FDQ� EH� H[SODLQHG
E\� WKH� IRUPDWLRQ�RI�/L�2� DV�WKH�PDLQ�SURG�XFW� RI� /L�±2�±� LQWHUDFWLRQV� LQ� WKH� FKORULGH
PHOW�� ,QGHHG�� DW� WKH� FRQVLGHUDEOH� H[FHVV� RI
/L�� �LWV� PRODOLW\� LQ� WKH� PHOW� LV�� DW� OHDVW�
�����WLPHV�KLJKHU�WKDQ�WKDW�RI�2�±��

7KH� H[SUHVVLRQ� IRU�./L�Q� FRQVWDQW� LV� H[�SUHVVHG�DV

./L�Q�� � �P/L�Q ���P2��
P/LQ2Q�� � ���

7DNLQJ� LQWR� DFFRXQW� WKDW� /L�� GHPRQ�
VWUDWHV� UHODWLYHO\� VWURQJ� DFLGLF� SURSHUWLHV�

ZH� FDQ� DVVXPH� WKDW� P/LQ2Q±��|�P2��� � 
/LQ2Q�� FRQVW�� 7KLV� DOORZV� WR� UHZULWH� WKH
(T�����LQ�ORJDULWKPLF�IRUP�DV

ORJ./L�Q�� � �
� �QORJP/L����ORJP2�����ORJP/LQ2�Q�����

���

6LQFH� S2� �ÜORJP2���� ZH� JHW� D� UHODWLRQ
EHWZHHQ�S2�DQG�ORJP/L��

S2� �FRQVWc���QORJP/L�� ����

6R��WKH�VORSH�RI�OLQH���§̈
©

w(
wORJP/L�

·̧
¹7
��)LJ����

GHSHQGV� RQ� WKH� FDOLEUDWLRQ� SORW� VORSH
§̈
©
w(
wS2

·̧
¹7
��������9��LQ�VXFK�D�PDQQHU�
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w(
wORJP/L�

·̧
¹7
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©
w(
wS2

·̧
¹7
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7KH�VDPH�FRQFOXVLRQ�FRXOG�EH�PDGH�DIWHU
FDOFXODWLRQV�DFFRUGLQJ�(T������./L���DQG�./L��DUH� VWDWLVWLFDOO\� LQVLJQLILFDQW� PDJQLWXGHV�
7KH�GHSHQGHQFH�RI�P2��� �P2���YV��P/L���SRLQWV�
DQG� LWV� SRO\QRPLDO� DSSUR[LPDWLRQ� �FXUYHG
OLQH�� DUH� SUHVHQWHG� LQ� )LJ���D�� $V� LV� VHHQ�
WKH\� DUH� LQ� D� JRRG� DJUHHPHQW� DQG�./L��� LVFDOFXODWHG�WR�EH������r�����������3� �������

7KH�VLPLODU�FRQVLGHUDWLRQV�ZHUH�XVHG�IRU
WKH� FDOFXODWLRQ� RI� HTXLOLEULXP� FRQVWDQWV� LQ
�&V&O±/L&O�<&O�� V\VWHP�� 7KH� VORSH� RI� (� ORJP<���SORW��)LJ�����SORW����LV�OHVV�WKDQ�WKDW
RI�(� �ORJP/L��DQG�LV�HTXDO�WR������r������9�
7KLV� PHDQV� WKDW� WKH� PDLQ� SURGXFW� RI� WKH
LQWHUDFWLRQ�LV�<2��

7KH�FDOFXODWLRQV�RI�HTXLOLEULXP�FRQVWDQWV
ZHUH�FDUULHG�RXW�IRU�WKH�IROORZLQJ�HTXLOLEULD

)LJ����� 'HSHQGHQFHV� RI�(�� 9� YV�� ORJDULWKP� RI
/L�� PRODOLW\� LQ� &V&O�/L&O� V\VWHP� ���� DQG� <��
PRODOLW\�LQ�&V&O±/L&O�<&O��V\VWHP�����DW�����&�

9�/�&KHUJLQHWV�HW�DO����2Q�WKH�IRUPDWLRQ�RI�R[LGH����

�� )XQFWLRQDO�PDWHULDOV�������������



Q<�����2���#�<Q2�Q����.<�Q��Q� ���e��������������
PHDQLQJ� <���2� ����<�2��� 7KH� EDODQFH� RI
2�±�PRODOLW\��ZLWK�WKH�GHVLJQDWLRQ��Pc� �P<����e���
PD\�EH�SUHVHQWHG�DV
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(���(&V&O�/L&O
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����� � �P2���
P2�� 

 �����.<��e����Pc����.<�����Pc�� ����
7KH� GHSHQGHQFH� RI� P2��� �P2��� YV�� P<����e��

�SRLQWV�� DQG� LWV� SRO\QRPLDO� DSSUR[LPDWLRQ
�FXUYHG� OLQH�� DUH� SUHVHQWHG� LQ� )LJ���E�� 7KH
FDOFXODWHG� DQG� H[SHULPHQWDO� GDWD� DUH� LQ� D
JRRG�DJUHHPHQW�DQG� LV� �����r���������� �3� 
������ ZKHUHDV�.<����� LV� VWDWLVWLFDO� ]HUR�� 6R�<��� GHPRQVWUDWHV� VWURQJHU� DFLGLF�SURSHUWLHV
DV� FRPSDUHG� WR� /L��� $W� FRQVLGHUDEOH� H[FHVV
RI� <��� DV� FRPSDUHG� WR�P2��� �� <2�� EHFRPHV
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