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�� ,QWURGXFWLRQ�
,Q� WKH� ODVW� WZR�GHFDGHV�� VXVWDLQDELOLW\�RULHQWHG�GHVLJQ�RI� EXLOGLQJ�PDWHULDOV� KDV� UHFHLYHG� LQFUHDVLQJ�
DWWHQWLRQ��'XH�WR�WKH�ODUJH�DPRXQWV�RI�FRQFUHWH�WKDW�DUH�FXUUHQWO\�HPSOR\HG�WR�EXLOG�DQG�PDLQWDLQ�WKH�
LQIUDVWUXFWXUH�DQG�WKH�EXLOW�HQYLURQPHQW�� LW�EHFRPHV�SDUDPRXQW� WR� UHGXFH�WKH�HPLVVLRQV�WKDW�DUH� LQ�
SDUWLFXODU�DVVRFLDWHG�ZLWK�3RUWODQG�FHPHQW�FOLQNHU�SURGXFWLRQ��7KH�SURGXFWLRQ�RI�FHPHQW�LV�FXUUHQWO\�
UHVSRQVLEOH� IRU� DERXW� ��� RI� WKH� ZRUOGZLGH� DQWKURSRJHQLF� &2�� HPLVVLRQV� >��� �@�� $Q� HIIHFWLYH� DQG�
SURPLVLQJ�DSSURDFK�WR�UHGXFH�WKH�HQYLURQPHQWDO�LPSDFW�RI�FRQFUHWH�VWUXFWXUHV�LV�WKH�UHGXFWLRQ�RI�WKH�
FOLQNHU�FRQWHQW�E\�RSWLPL]LQJ�WKH�PL[WXUHV�WKURXJK�VXSSOHPHQWDU\�FHPHQWLWLRXV�PDWHULDOV��6&0��WKDW�
DUH�FKDUDFWHUL]HG�E\� ORZHU�&2��HPLVVLRQV��8QWLO�D�VKRUW�ZKLOH�DJR��WKH�SRVVLEOH�VXEVWLWXWLRQ�OHYHOV�RI�
3RUWODQG�FHPHQW�ZLWK�6&0�ZHUH�TXLWH�OLPLWHG��7RGD\��QDWLRQDO�DQG�UHJLRQDO�VWDQGDUGV�DQG�JXLGHOLQHV�
�H�J���WKH�UHFHQW�6,$�>�@�JXLGHOLQHV�LQ�6ZLW]HUODQG�RU�WKH�(1�����>�@�LQ�(XURSH��SHUPLW�WKH�XVH�RI�FRQFUHWHV�
ZLWK�VLJQLILFDQW�DPRXQWV�RI�FHPHQW�UHSODFHPHQW�WR�DOORZ�WKH�GHYHORSPHQW�RI�PRUH�VXVWDLQDEOH�FRQFUHWH�
VWUXFWXUHV��
,Q�(XURSH��WKH�VHW�RI�6&0V�LV�JHQHUDOO\�JLYHQ�E\�WKH�(1�����>�@�VWDQGDUG��,Q�WKLV�IUDPHZRUN��VLJQLILFDQW�
UHSODFHPHQW� OHYHOV�RI�FOLQNHU�DUH�DOUHDG\�SRVVLEOH��+RZHYHU��GHSHQGLQJ�RQ�WKH�H[SRVXUH�FODVVHV�� WKH�
UHTXLUHG�PLQLPXP�FHPHQW�FRQWHQW� �0&&��RI�D�PL[WXUH� LV�GHILQHG�E\� WKH�VWDQGDUG�(1������� >�@��)RU�
H[DPSOH��LQ�WKH�FDVH�RI�;$��DQG�;6��FODVVHV��WKH�0&&�FDQ�EH�DV�KLJK�DV�����NJ�P���,Q�WKLV�FDVH��WKH�
FRGH�EDVHG�DSSURDFK�SRVHV�HIIHFWLYH�OLPLWV�WR�WKH�GHVLJQ�RI�VXVWDLQDEOH�ORZ�FOLQNHU�FRQFUHWHV��/&&���,Q�
������:DVVHUPDQQ�HW�DO��>�@�VXJJHVWHG�D�UHFRQVLGHUDWLRQ�RI�WKH�FRQFHSW�RI�0&&��7KH�DXWKRUV�DUJXHG�
WKDW�WKLV�SDUDPHWHU�ZDV�D�KHULWDJH�RI�WUDGLWLRQDO�FRQFUHWH�WHFKQRORJ\��ZKHQ�ZRUNDELOLW\�ZDV�QRW�WXQDEOH�
E\� PHDQV� RI� KLJK� UDQJH� ZDWHU� UHGXFLQJ� DGPL[WXUHV� �+5:5$��� 7KH\� SUHVHQWHG� UHVXOWV� UHODWHG� WR�
GXUDELOLW\�VXFK�DV�FDUERQDWLRQ�DQG�FKORULGH�LQJUHVV��GHPRQVWUDWLQJ�WKDW�WKH�0&&�ZDV�QRW�D�GRPLQDQW�
SDUDPHWHU�DQG�WKDW�WKH�VHUYLFH�OLIH�ZDV�QRW�QHJDWLYHO\�LPSDFWHG�E\�GHFUHDVLQJ�WKH�FHPHQW�FRQWHQW��,Q�
DGGLWLRQ�� RWKHU� VWXGLHV� GHDOLQJ� ZLWK� WKH� LQIOXHQFH� RI� WKH� FRGH�EDVHG� DSSURDFK� RQ� WKH� FRQFUHWH�
FRPSRVLWLRQV� FDQ� EH� IRXQG� LQ� WKH� OLWHUDWXUH�� IRFXVLQJ� RQ� VHYHUDO� DVSHFWV� VXFK� DV� GXUDELOLW\� >��� �@��
PHFKDQLFDO�SURSHUWLHV�>�@�DQG�VWUXFWXUDO�GHVLJQ�SDUDPHWHUV�>��@��
&DOFLQHG�FOD\V�DV�6&0�KDYH�VWDUWHG�WR�UHFHLYH�VXEVWDQWLDO�DWWHQWLRQ�RQO\�LQ�WKH�ODVW�IHZ�\HDUV��HYHQ�LI�WKH�
ILUVW�V\VWHPDWLF�VWXGLHV�RQ�WKH�DSSOLFDWLRQ�RI�WKHVH�SR]]RODQV�LQ�FRQFUHWH�GDWH�EDFN�WR�WKH�����V��0XUDW�
>��@� UHSRUWHG� D� VWXG\� RQ� WKH� K\GUDWLRQ� RI� PHWDNDROLQ� REWDLQHG� E\� KHDWLQJ� D� FRPPHUFLDO� SRRUO\�
FU\VWDOOLQH�DQG�ILQH�JUDLQHG�NDROLQLWH���������NDROLQLWH��LQ�D�VPDOO�IL[HG�EHG�HOHFWULF�IXUQDFH�IRU�VL[�KRXUV�
DW�DERXW�����&��7KLV�VDPSOH�ZDV�PL[HG�ZLWK�ZDWHU�DQG�DFWLYDWHG�E\�PHDQV�RI�OLPH��7KH�PDLQ�UHDFWLRQ�
SURGXFWV� ZHUH� K\GUDWHG� JHKOHQLWH�� &�6�+� DQG� VPDOO� TXDQWLWLHV� RI� WHWUD� FDOFLXP� DOXPLQDWH� K\GUDWH�
�&�$+��� LQ� FHPHQW� FKHPLVWU\� QRWDWLRQ��� ,Q� VXEVHTXHQW� VWXGLHV� >�����@�� VHYHUDO� GRPLQDQW� IDFWRUV� LQ�
FDOFLQHG�FOD\V�WHFKQRORJ\�ZHUH�GLVFXVVHG��VXFK�DV�WKH�LQIOXHQFH�RI�UDZ�PDWHULDO�PLQHUDORJ\��FDOFLQDWLRQ�
WHFKQLTXH�DQG�FDOFLQDWLRQ�FRQGLWLRQV��7KH�FKHPLFDO�DQG�PLQHUDORJLFDO�SURSHUWLHV�RI�UDZ�NDROLQ�DQG�WKH�
LQGXVWULDO� SURFHVVHV� IRU� FDOFLQDWLRQ� DUH� VWLOO� WKH� VXEMHFW� RI� UHVHDUFK� WRGD\�� ,Q� >��@�� 6DQ�1LFRODV� HW� DO��
LQYHVWLJDWHG�WKH�SURSHUWLHV�RI�PHWDNDROLQ�REWDLQHG�E\�PHDQV�RI�IODVK�FDOFLQDWLRQ�DQG�FRPSDUHG�WKHP�
WR� WKRVH� REWDLQHG� E\� WUDGLWLRQDO� URWDU\� NLOQ� FDOFLQDWLRQ� RI� WKH� VDPH� NDROLQLWH� VRXUFHV�� 7KH� DXWKRUV�
VKRZHG� WKDW� IODVK� FDOFLQDWLRQ� LPSURYHG� WKH� UKHRORJLFDO� SHUIRUPDQFH�ZLWKRXW� DIIHFWLQJ� WKH� FKHPLFDO�
FRPSRVLWLRQ�� 7KH� ZRUNDELOLW\� LPSURYHPHQW� LV� GHWHUPLQHG� E\� WKH� PRUSKRORJ\� RI� WKH� IODVK�FDOFLQHG�
PHWDNDROLQ� �)&0.���ZKLFK�FRQWDLQV�D� IUDFWLRQ�RI� VSKHULFDO�SDUWLFOHV��ZKLOH� WKH� W\SLFDO�PRUSKRORJ\�RI�
PHWDNDROLQ�SDUWLFOHV�IURP�URWDU\�NLOQV�LV�UDWKHU�IODN\��
0RUH�UHFHQWO\��LW�KDV�EHHQ�VKRZQ�WKDW�WKH�FRPELQHG�XVH�RI�OLPHVWRQH�DQG�FDOFLQHG�FOD\V�DOORZV�DFKLHYLQJ�
KLJKHU� GHJUHHV� RI� FOLQNHU� VXEVWLWXWLRQ� DQG� D� PDUNHG� LPSURYHPHQW� LQ� PHFKDQLFDO� SURSHUWLHV� DQG�
GXUDELOLW\��,Q�>��@������3RUWODQG�FHPHQW�VXEVWLWXWLRQ������PHWDNDROLQ������OLPHVWRQH��UHVXOWHG�LQ�EHWWHU�
PHFKDQLFDO�SURSHUWLHV�DW���DQG����GD\V�WKDQ�WKH�SXUH�3RUWODQG�FHPHQW�UHIHUHQFH��7KH�V\QHUJ\�EHWZHHQ�
WKH�WZR�VXSSOHPHQWDU\�FHPHQWLWLRXV�PDWHULDOV� LV�H[SODLQHG�E\�WKH�IDFW�WKDW�FDOFLXP�FDUERQDWH�UHDFWV�
ZLWK�DOXPLQD�IURP�WKH�PHWDNDROLQ��IRUPLQJ�DGGLWLRQDO�$)P�SKDVHV�DQG�VWDELOL]LQJ�HWWULQJLWH�>��@��
6&0� DUH� RIWHQ� DSSOLHG� LQ� KLJK�SHUIRUPDQFH� FRQFUHWH� �+3&�� >��@�� 7KLV� SDUWLFXODU� FRQFUHWH� W\SH� LV�
FKDUDFWHUL]HG�E\�GHQVH�SDFNLQJ�RI�WKH�DJJUHJDWH��VPDOO�PD[LPXP�DJJUHJDWH�VL]H��ZDWHU�WR�FHPHQW�UDWLR�
�Z�F��DURXQG�����������RU�ORZHU��HVVHQWLDO�WR�REWDLQ�ORZ�SRURVLW\�DQG�KLJK�VWUHQJWK��DQG�RIWHQ�DGGLWLRQ�
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RI� ILQH� ILOOHUV� RU� VXSSOHPHQWDU\� FHPHQWLWLRXV�PDWHULDOV� �XVXDOO\� VLOLFD� IXPH� >��@�� PRUH� UHFHQWO\� DOVR�
PHWDNDROLQ�>��@���6HOI�FRPSDFWLQJ�FRQFUHWH�LV�REWDLQHG�E\�DSSURSULDWH�JUDGLQJ�RI�DJJUHJDWHV��FHPHQW�
DQG�ILOOHUV�DQG�DGGLWLRQ�RI�VXSHUSODVWLFL]HU�DQG�RSWLRQDOO\�YLVFRVLW\�PRGLILHUV�>��@��%\�FRPELQLQJ�WKH�KLJK�
VWUHQJWK� RI� +3&� ZLWK� VHOI�FRPSDFWLQJ� SURSHUWLHV� >���� ��@�� KLJKO\�RSWLPL]HG�� WKLQ�ZDOOHG� FRQFUHWH�
HOHPHQWV�EHFRPH�SRVVLEOH�� 7R� LPSURYH� WKH�SDUWLFOH�SDFNLQJ�DQG� LQFUHDVH� WKH�FRPSUHVVLYH� VWUHQJWK��
W\SLFDOO\����WR�����E\�FHPHQW�PDVV�RI�VLOLFD�IXPH�LV�XVHG�LQ�+3&��H�J��>��@���+RZHYHU��EHVLGHV�LQFUHDVLQJ�
VWUHQJWK�DQG�UHGXFLQJ�GLIIXVLYLW\�>��@��WKH�UHILQHPHQW�RI�WKH�SRUH�VWUXFWXUH�DQG�HVSHFLDOO\�WKH�SR]]RODQLF�
UHDFWLRQ�RI�VLOLFD�IXPH�UHVXOWV�LQ�DQ�LQFUHDVH�RI�WKH�DXWRJHQRXV�VKULQNDJH�RI�+3&�>��@��
,Q�+3&��GXH�WR�WKH�ORZ�Z�F��FRPSOHWH�K\GUDWLRQ�RI�FHPHQW�FDQQRW�EH�UHDFKHG��&HPHQW�K\GUDWLRQ�VWRSV�
ERWK�GXH�WR�ODFN�RI�IUHH�ZDWHU�DQG�ODFN�RI�IUHH�SRUH�VSDFH�IRU�IRUPLQJ�QHZ�K\GUDWLRQ�SURGXFWV�>��@��$V�
D�FRQVHTXHQFH��D�VXEVWDQWLDO�DPRXQW�RI�FHPHQW����������GHSHQGLQJ�RQ�WKH�Z�F�DQG�RQ�WKH�DPRXQW�
DQG�W\SH�RI�VXSSOHPHQWDU\�FHPHQWLWLRXV�PDWHULDOV� LQ�WKH�PL[WXUH��ZLOO�UHPDLQ�XQK\GUDWHG��XOWLPDWHO\�
ZDVWLQJ�UHVRXUFHV�DQG�HQHUJ\�LQYHVWHG�LQ�FHPHQW�SURGXFWLRQ�>��@��%\�UHSODFLQJ�WKH�H[SHQVLYH�SDUWLFOHV�
RI�XQK\GUDWHG�FHPHQW�ZLWK�QRQ�UHDFWLYH�ILOOHUV��FKHDSHU�DQG�´JUHHQHUµ�+3&�FDQ�EH�SURGXFHG��%RQDYHWWL�
HW�DO��>��@�VKRZHG�WKDW�LQ�PL[WXUHV�ZLWK�Z�F������DQG�������DOPRVW�WKH�VDPH�FRPSUHVVLYH�VWUHQJWK�ZDV�
REWDLQHG�ZLWK�����OLPHVWRQH�VXEVWLWXWLRQ��$W�����VXEVWLWXWLRQ��WKH�FRPSUHVVLYH�VWUHQJWK�ZDV�VLPLODU�LQ�
WKH�ILUVW���GD\V�DQG�ORZHU�DIWHUZDUGV��
7KH�VXEVWDQWLDO�DPRXQWV�RI�FHPHQW�XVHG�LQ�+3&�PL[WXUHV�KLJKOLJKW�WKH�QHFHVVLW\�RI�PDNLQJ�HIILFLHQW�XVH�
RI�WKH�PDWHULDO��ZKLFK�LV�GLUHFWO\�UHODWHG�WR�WKH�GHJUHH�RI�K\GUDWLRQ�RI�WKH�FHPHQW�DW�WKH�JLYHQ�ZDWHU�
WR�ELQGHU�UDWLR��Z�E���%HQW]�DQG�&RQZD\�>��@�WKHRUHWLFDOO\�GHPRQVWUDWHG�WKH�SRVVLELOLW\�WR�VXEVWLWXWH�
FRDUVHU�FHPHQW�SDUWLFOHV�ZLWK�LQHUW�ILOOHUV��ZLWKRXW�FKDQJLQJ�WKH�PHFKDQLFDO�SHUIRUPDQFH�DW�PRGHUDWH�
VXEVWLWXWLRQ�OHYHOV�RI�XS�WR������7KHVH�QXPHULFDO�UHVXOWV�ZHUH�VXFFHVVLYHO\�FRQILUPHG�LQ�H[SHULPHQWV�
ZLWK� OLPHVWRQH� ILOOHU� >���� ��@� �� 5HFHQWO\�� VLPLODU� FRQVLGHUDWLRQV� DOORZHG� WR� GHYHORS� VWDWLF� HTXLYDOHQW�
V\VWHPV�WR�VWXG\�K\GUDWLRQ�UHODWHG�HDUO\�DJH�SURSHUWLHV��VKULQNDJH�DQG�FUHHS��E\�VXEVWLWXWLQJ�SDUWV�RI�
WKH�FHPHQW�ZLWK�LQHUW�TXDUW]�ILOOHU�>�����@��
%DVHG�RQ�WKH�SUHYLRXV�FRQVLGHUDWLRQV��LW�FDQ�EH�DVVXPHG�WKDW�LQ�JHQHUDO�WKH�SURGXFWLRQ�RI�ORZ�FOLQNHU�
KLJK�SHUIRUPDQFH�FRQFUHWHV��/&+3&V��VKRXOG�EH�SRVVLEOH�DQG�WKDW�WKHVH�PL[WXUHV�FRXOG�FRQWULEXWH�WR�
UHGXFH�WKH�&2��HPLVVLRQV��7KH�HQYLURQPHQWDO�LPSDFW�RI�D�VWUXFWXUH�XVLQJ�WKHVH�/&+3&�PDWHULDOV�ZRXOG�
EH�UHGXFHG�DGGLWLRQDOO\�LI�WKH�VWUXFWXUH�LWVHOI�FRXOG�EH�GHVLJQHG�WR�IXOILOO�RQO\�WKH�VWUXFWXUDO��VWDWLF�DQG�
G\QDPLF�� UHTXLUHPHQWV�� ZKLOH� DYRLGLQJ� WKH� GXUDELOLW\� UHJXODWLRQV� WKDW� ZRXOG� UHTXLUH� D� WKLFN�
UHLQIRUFHPHQW�FRYHU��DQG�KHQFH�D�ODUJHU�YROXPH�RI�FRQFUHWH��$Q�H[DPSOH�IRU�VXFK�D�VWUXFWXUH�ZRXOG�EH�
D�&)53�SUHVWUHVVHG�SUHFDVW�EHDP��IDoDGH�RU�SROH�HOHPHQW�>������@��7KLV�WHFKQRORJ\�DOORZV�EHQHILWLQJ�
IURP�WKH�RXWVWDQGLQJ�PHFKDQLFDO�SURSHUWLHV�RI�FRQFUHWH�LQ�FRPSUHVVLRQ��ZKLOH�WKH�&)53�GR�QRW�QHHG�
WKLFN�FRQFUHWH�FRYHUV�WR�JXDUDQWHH�SDVVLYDWLRQ�DQG�KHQFH�DYRLG�FRUURVLRQ�RI�WKH�UHLQIRUFHPHQW��,Q�WKLV�
SDUWLFXODU�DSSOLFDWLRQ�� WKH�SHUIRUPDQFH�RI�SUHVWUHVVHG�VWUXFWXUDO�HOHPHQWV� LV�GHSHQGHQW�RQ�SUHVWUHVV�
ORVV��ZKLFK�LV�PDLQO\�UHODWHG�WR�FUHHS��VKULQNDJH�DQG�HODVWLF�VKRUWHQLQJ�RI�WKH�FRQFUHWH�>��@��+HQFH�LW�
ZRXOG�EH�EHQHILFLDO��LQ�WHUPV�RI�HIILFLHQF\��LI�WKH�XVHG�FRQFUHWH�ZRXOG�KDYH�D�KLJK�HODVWLF�PRGXOXV�LQ�
FRPELQDWLRQ�ZLWK� ORZ�FUHHS�DQG� VKULQNDJH��$� UHFHQW� VWXG\�DOUHDG\� VKRZHG� WKDW� D�&)53�SUHVWUHVVHG�
VWUXFWXUH� VKRXOG� EH� DEOH� WR� UHGXFH� WKH� HQYLURQPHQWDO� LPSDFW� E\� XS� WR� ���� LQ� FRPSDULVRQ� WR� DQ�
HTXLYDOHQW� VWHHO�SUHVWUHVVHG� VWUXFWXUH� >��@��'XH� WR� WKH� ORZ� FOLQNHU� FRQWHQW� LQ� /&+3&�� FDUERQDWLRQ� LV�
H[SHFWHG� WR� EH� DFFHOHUDWHG� >���� ��@�� +RZHYHU�� WKLV� LV� DJDLQ� QRW� H[SHFWHG� WR� EH� D� SUREOHP� IRU� WKH�
SURSRVHG�DSSOLFDWLRQ��DV�ORQJ�DV�QRQ�FRUURVLYH�&)53�LV�XVHG�IRU�SUHVWUHVVLQJ��
$FFRUGLQJO\�� WKH� SURSRVHG� FRPELQDWLRQ� RI� &)53� XWLOL]DWLRQ�� LQ� WHUPV� RI� LWV� PHFKDQLFDO� GHVLJQ�
SRVVLELOLWLHV� >��@�� DQG� /&+3&� LQ�SUHVWUHVVHG� VWUXFWXUDO� HOHPHQWV� LV� H[SHFWHG� WR� OHDG� WR� OLJKWHU��PRUH�
VXVWDLQDEOH�DQG�ILQDOO\�PRUH�IXQFWLRQDO�GHVLJQV��

2QH�PDLQ�JRDO�RI�WKLV�VWXG\�LV�GHYHORSLQJ�QRYHO�FRQFUHWH�UHFLSHV�IRU�VWUXFWXUDO�DSSOLFDWLRQV�ZLWK�WKH�
PHFKDQLFDO� SHUIRUPDQFH� RI� D� +3&�� EXW� ZLWK� VLJQLILFDQWO\� ORZHU� FOLQNHU� FRQWHQWV�� ,Q� DGGLWLRQ�� ORZ�
VKULQNDJH�� ORZ�FUHHS�DV�ZHOO� DV� D�JRRG�ERQG�EHWZHHQ� WKH�&)53�SUHVWUHVVLQJ� WHQGRQ�DQG� WKH�QRYHO�
/&+3&V�DUH� HVVHQWLDO� WR� DOORZ� WKH� DSSOLFDWLRQ�RI� WKHVH�PL[WXUHV� IRU�PDQXIDFWXULQJ� WKLQ�� SUHVWUHVVHG�
VWUXFWXUDO�HOHPHQWV��
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&RQVHTXHQWO\��WKLV�ZRUN�LQWHQGV�WR�VKRZ�WKH�SRWHQWLDO�LPSDFW�RI�/&+3&V�DQG�RI�GLIIHUHQW�&)53�PDWHULDOV�
WR�WKH�UHPDLQLQJ�SUHVWUHVV�OHYHO�LQ�D�VWUXFWXUH�DQG�KHQFH�WR�VHW�WKH�EDVLV�IRU�DQ�HIILFLHQW�VWUXFWXUDO�GHVLJQ�
RI�SUHVWUHVVHG�FRQFUHWH�HOHPHQWV�WKDW�WDNHV�LQWR�DFFRXQW�DOVR�WKH�PDWHULDO�SURSHUWLHV�DQG�WKH�YROXPH�
FKDQJHV�RI�WKH�FRQFUHWH��

�� 0DWHULDOV�DQG�PHWKRGV�
7KUHH� QHZ� /&+3&V� ZHUH� GHYHORSHG�� FKDUDFWHULVHG� PHFKDQLFDOO\� DQG� IRU� WKHLU� YROXPH� FKDQJHV��
)XUWKHUPRUH�WKH\�ZHUH�WHVWHG�LQ�ERQG�SXOO�RXW�WHVWV�ZLWK�VDQG�FRDWHG�8+0�&)53�WHQGRQV��7KH�UHODWHG�
PDWHULDOV��WKHLU�FKDUDFWHUL]DWLRQ�PHWKRGV�DQG�WKH�ERQG�WHVWLQJ�DUH�GHVFULEHG�LQ�WKLV�VHFWLRQ���

���� 0DWHULDOV�
7KUHH�/&+3&V��&���&��DQG�&���ZHUH�GHVLJQHG�WR�FRPSHWH�ZLWK�DQ�LQGXVWULDO�UHIHUHQFH��&���LQ�WHUPV�RI�
WKHLU�EDVLF�PHFKDQLFDO�SURSHUWLHV��7KH�LQGXVWULDO�UHIHUHQFH�LWVHOI�ZDV�UHSURGXFHG�IURP�D�PL[WXUH�XVHG�LQ�
WKH� 6ZLVV� SUHFDVW� LQGXVWU\� IRU� SUHVWUHVVHG� FRQFUHWH� HOHPHQWV� �VHH�6HFWLRQ� ���� WKLV�PL[WXUH�ZDV�XVHG�
UHFHQWO\�DOVR�LQ�>��@��
,Q� JHQHUDO�� DOO�PL[WXUHV� �&��&��� FRQWDLQHG� RUGLQDU\�� UDSLG� KDUGHQLQJ� 3RUWODQG� FHPHQW� &(0� ,� ����� 5�
�FDOFXODWHG�PRGLILHG�%RJXH�FRPSRVLWLRQ�E\�PDVV�>��@�&�6��������&�6��������&�$�������&�$)���������EXW�
LQ�GHVFHQGLQJ�DPRXQWV��7KH�VSHFLILF�VXUIDFH�RI�FHPHQW�ZDV�HTXDO�WR������FP��J�DQG�PHGLDQ�SDUWLFOH�
GLDPHWHU�G�� �������P��ODVHU�GLIIUDFWLRQ���7KH�IO\�DVK�XVHG�LQ�WKH�PL[WXUH�&��KDG�%ODLQH�ILQHQHVV�HTXDO�
WR������FP��J��7R�FRPSHQVDWH�IRU�WKH�UHGXFHG�FHPHQW�FRQWHQW��WKH�/&+3&V�FRQWDLQHG�KLJK�YROXPHV�RI�
OLPHVWRQH�ILOOHU��VKBVWRQH�DVK���VK�PLQHUDOV�*PE+��GHQVLW\������NJ�P���������E\�PDVV�RI�&D&2���PHGLDQ�
SDUWLFOH�VL]H�ĚϱϬс ϲ ђŵ���,Q�DGGLWLRQ��WKH�PL[WXUHV�QDPHG�&��DQG�&��FRQWDLQHG�DOVR�VPDOOHU�DPRXQWV�RI�
FDOFLQHG�FOD\��IODVK�FDOFLQHG�PHWDNDROLQ��$UJHFR���LQ�WKH�FDVH�RI�&��LQ�FRPELQDWLRQ�ZLWK�VLOLFD�IXPH������
8���(ONHP���DV�SR]]RODQLF�PDWHULDO��,Q�WKH�ODVW�PL[WXUH��QDPHG�&���RQO\�VLOLFD�IXPH�ZDV�XVHG�LQ�DGGLWLRQ�
WR�WKH�ILOOHU��7KH�R[LGH�FRPSRVLWLRQ�DQG�WKH�GHQVLW\�RI�WKH�FHPHQW��IO\�DVK��PHWDNDROLQ�DQG�VLOLFD�IXPH�
DUH� UHSRUWHG� LQ� 7DEOH� ��� 7KH� VDQG� �����PP�� DQG� JUDYHO� �����PP�� TXDQWLW\� ZDV� NHSW� FRQVWDQW� LQ� DOO�
PL[WXUHV�FRQVLGHUHG��WKH�YROXPH�IUDFWLRQ�RI�WKH�DJJUHJDWHV�LQ�WKH�PL[WXUHV�LV�DSSUR[LPDWHO\�������ZKLOH�
WKH�YROXPH�UDWLR�RI�VDQG�WR�JUDYHO�LV�DSSUR[LPDWHO\��������,Q�FRPSDULVRQ�WR�&���Z�E �������WKH�ZDWHU�WR�
ELQGHU�UDWLR�RI�&��&���Z�E ����������ZDV�ORZHUHG�WR�D�PLQLPXP�WKDW�VWLOO�DOORZHG�JRRG�ZRUNDELOLW\��LQ�
RUGHU�WR�FRXQWHUDFW�WKH�H[SHFWHG�ORZHU�VWUHQJWK�RI�WKHVH�PDWHULDO�GXH�WR�VXEVWLWXWLRQ�RI�WKH�FHPHQW��7R�
UHDFK�VHOI�FRPSDFWLQJ�SURSHUWLHV��WKH�DPRXQW�RI�VXSHUSODVWLFL]HU��63���9LVFR&UHWH��+(��6,.$��KDG�WR�EH�
LQFUHDVHG� VXEVWDQWLDOO\� LQ� WKH� PL[WXUHV� ZLWK� UHGXFHG� FHPHQW� FRQWHQW�� &RPSDUHG� WR� WKH� LQGXVWULDO�
UHIHUHQFH��&����WKH�FOLQNHU�UHGXFWLRQ�RI�WKH�/&+3&V��&��&���UHDFKHG�YDOXHV�RI������������DQG�������
UHVSHFWLYHO\�� 7KH� PL[WXUH� FRPSRVLWLRQV� DUH� VKRZQ� LQ� 7DEOH� ��� ZKLFK� LQFOXGHV� WKH� IUHVK� FRQFUHWH�
SURSHUWLHV��

7DEOH����2[LGH�FRPSRVLWLRQ�IRU�FHPHQW��IO\�DVK��PHWDNDROLQ�DQG�VLOLFD�IXPH�

� � &(0�,������5� )O\�DVK� 6LOLFD�IXPH� 0HWDNDROLQ�
6L2���PDVV���� � ����� ����� ����� �����
$O�2���PDVV���� � ������ ����� ������ �����
)H�2���PDVV���� � ������ ������ ������ ������
0Q2��PDVV���� � ������ ������ �� ��
7L2���PDVV���� � ������ ������ �� ������
3�2���PDVV���� � ������ ������ ������ ��
&D2��PDVV���� � ����� ������ ������ ������
0J2��PDVV���� � ������ ������ �� ��
.�2��PDVV���� � ������ ������ ������ ������
1D�2��PDVV���� � �� ������ �� ��
62���PDVV���� � ������ �� �� ��
/�2�,���PDVV���� � ������ ������ �� ������
3DUWLFOH�GHQVLW\��NJ�P���D� � ����� ����� ����� �����



��

7DEOH����&RQFUHWH�FRPSRVLWLRQ�DQG�IUHVK�FRQFUHWH�SURSHUWLHV�

0DWHULDOV�Y� &RQFUHWH�!� &�F� &�� &�� &��
&HPHQW��NJ�P��� � ������ ������ ������ ������
)O\�DVK��NJ�P��� � ������ �� �� ��
/LPHVWRQH� � �� ������ ������ ������
6LOLFD�IXPH��NJ�P��� � ����� �� ����� �����
0HWDNDROLQ��NJ�P��� � �� ����� ����� ��
$JJUHJDWHV������NJ�P��� � ������� ������� ������� �������
$JJUHJDWHV������NJ�P��� � ������ ������ ������ ������
:DWHU� � ������ ������ ������ ������
6XSHUSODVWLFL]HU��NJ�P��� � ���� ����� ����� �����
Z�E� � ����� ���� ����� �����
Z�F� � ����� ����� ����� �����
&OLQNHU�UHGXFWLRQ����� � �� ��� ��� ���
%XON�GHQVLW\��NJ�P���D� � ����� ����� ����� ����E

$LU�YRLG�FRQWHQW��YRO��� � ���� ���� ���� ���E

&RQFUHWH�IORZ��FP�� � ����� ��� ��� ����E
D�DIWHU���GD\V�
E�PHDVXUHG�RQ�RQH�DGGLWLRQDOO\�PL[HG�EDWFK�
F�VDPH�UHFLSH�DV�LQ�>��@�

7KH� ILQDO� FRQFUHWH�FRPSRVLWLRQV�ZHUH�PL[HG� LQ�D����O� (LULFK�5��:�PL[HU� IROORZLQJ� WKH� VDPH�PL[LQJ�
SURFHGXUH�IRU�DOO�IRXU�UHFLSHV��)LUVW��WKH�GU\�FRPSRQHQWV�ZHUH�WXPEOHG�IRU����V��DIWHUZDUGV�ZDWHU�ZDV�
DGGHG�DQG�ILQDOO\�WKH�FRQFUHWH�ZDV�PL[HG�IRU�����V�XQWLO�D�XQLIRUP�PL[WXUH�ZLWK�JRRG�IORZ�SURSHUWLHV�
ZDV�DFKLHYHG��'LUHFWO\�DIWHU�PL[LQJ��WKH�IUHVK�FRQFUHWH�SURSHUWLHV�ZHUH�PHDVXUHG�DFFRUGLQJ�WR�(1�������
DQG�WKH�GLIIHUHQW�VSHFLPHQV�ZHUH�FDVW��&RQVHTXHQWO\��WKH�H[SHULPHQWDO�SURJUDP�RI�HDFK�LQYHVWLJDWHG�
FRQFUHWH�ZDV�EDVHG�RQ�RQO\�RQH�FRQFUHWH�EDWFK��7KH�PHFKDQLFDO�SURSHUWLHV�RI�WKH�GHYHORSHG�FRQFUHWH�
UHFLSHV��H�J��FRPSUHVVLYH�VWUHQJWK�DQG�FRPSUHVVLYH�<RXQJCV�PRGXOXV��FDQ�EH�IRXQG�LQ�7DEOH���RI�WKH�
UHVXOWV�VHFWLRQ��

7KH�XQLGLUHFWLRQDO�&)53�WHQGRQV�XVHG�LQ�WKH�SXOO�RXW�WHVWV�FRQVLVWHG�RI�0LWVXELVKL�',$/('70�.������
XOWUD� KLJK�PRGXOXV� �8+0�� FDUERQ� ILEHUV� �0LWVXELVKL� 5D\RQ� &R�� /WG��� -DSDQ�� LQ� FRPELQDWLRQ� ZLWK� D�
+XQWVPDQ� ;%�����$'����� KRW�PHOW� HSR[\� V\VWHP�� 7KH� WHQGRQV� ZHUH� SURGXFHG� E\� &DUEROLQN� $*�
�)HKUDOWGRUI��6ZLW]HUODQG��LQ�D�WDSH�OD\LQJ�PHWKRG�DW�D�ILEHU�YROXPH�FRQWHQW�RI�������7R�HQKDQFH�WKH�
ERQG�ZLWK�WKH�FRQFUHWH��WKH�F\OLQGULFDO�VXUIDFH��G ����PP��RI�WKH�SUHVWUHVVLQJ�WHQGRQ�ZDV�FRDWHG�ZLWK�
TXDUW]�VDQG�SDUWLFOHV�ZLWK�VL]H�RI�������� P��,W�ZDV�VKRZQ�HDUOLHU�WKDW�VDQG�LQ�JHQHUDO�>������@��DQG�WKH�
FKRVHQ�FRDWLQJ�LQ�SDUWLFXODU��OHDGV�WR�DQ�H[FHOOHQW�DQG�GXUDEOH�ERQG�>��@��7KH�GHVFULEHG�VDQG�FRDWHG�
8+0�&)53�SUHVWUHVVLQJ�WHQGRQ�ZDV�WKH�VDPH�DV�DOUHDG\�XVHG�LQ�>������@�WR�VWXG\�WHQGRQ�SXOO�RXW�DQG�
EHKDYLRU�RI� WKH� WHQGRQV�DW�KLJK� WHPSHUDWXUH�� UHVSHFWLYHO\��7KHVH� WHQGRQV�KDG�D� ORQJLWXGLQDO�HODVWLF�
PRGXOXV�RI�����*3D��D�GHVLJQ�WHQVLOH�VWUHQJWK�RI������03D�DQG�D�ILEHU�YROXPH�FRQWHQW�RI������>��@��

���� ([SHULPHQWDO�SURJUDP�
7KH�FRPSUHVVLYH�VWUHQJWK�RI�WKH�FRQFUHWHV�ZDV�WHVWHG�RQ�WKUHH�����[�����[�����PP��FXEHV�DIWHU������
DQG����GD\V��IROORZLQJ�VWDQGDUG�(1������>��@��8QWLO�WHVWLQJ��WKH�VDPSOHV�ZHUH�VWRUHG�LQ�D�FOLPDWLF�URRP�
DW����&�����&�DQG�5+�!������
8QLD[LDO� FUHHS� LQ� FRPSUHVVLRQ� DQG� VKULQNDJH� SURSHUWLHV� ZHUH� PHDVXUHG� RQ� ����[�����[�����PP�

SULVPDWLF� VSHFLPHQV�� JHQHUDOO\� IROORZLQJ� WKH� VWDQGDUG� 6,$����� DW� ���&������&�DQG�����5+�����5+��
+RZHYHU��WKH�H[SHULPHQWDO�SURFHGXUH�IRU�FUHHS�WHVWLQJ�ZDV�PRGLILHG�FRPSDUHG�WR�WKH�VWDQGDUG��,QVWHDG�
RI�ORDGLQJ�WKH�VDPSOH�DIWHU����GD\V�ZLWK�D�VWUHVV�FRUUHVSRQGLQJ�WR�����RI�WKH�PDWHULDO·V�FRPSUHVVLYH�
VWUHQJWK��WKH�VDPSOHV�ZHUH�ORDGHG�LQ�D�VHTXHQFH�RI�LQFUHDVLQJ�FRPSUHVVLYH�VWUHVV�DSSOLHG�DW������DQG�
���GD\V�DIWHU�FDVWLQJ��DW�HDFK�ORDGLQJ�VWHS��WKH�WRWDO�VWUHVV�ZDV�XSGDWHG�LQ�RUGHU�WR�FRUUHVSRQG�WR�����
RI�WKH�FRPSUHVVLYH�VWUHQJWK�DW�WKH�WLPH�RI�ORDGLQJ��$Q�RYHUYLHZ�RI�WKLV�VSHFLILF�ORDGLQJ�SURFHGXUH�FDQ�
EH�IRXQG�LQ�)LJXUH����



��

)LJXUH����6FKHPH�RI�WKH�ORDGLQJ�SURFHGXUH�²�WKH�VWUHVV�DSSOLHG�RQ�WKH�VDPSOHV�DW�GLIIHUHQW�DJHV�LV�
VKRZQ��7KH�VWUHVV�FRUUHVSRQGHG�WR�����RI�WKH�FRPSUHVVLYH�VWUHQJWK��VHH�7DEOH����DW�WKH�WLPH�RI�

FKDQJLQJ�WKH�ORDG��

7KLV�SURFHGXUH�GHOLYHUHG�YDOXDEOH�LQIRUPDWLRQ�DERXW�WKH�FUHHS�EHKDYLRU�VKRUWO\�DIWHU�FDVWLQJ��ZKLFK�LV�
RI�LQWHUHVW�IRU�WKH�SODQQHG�DSSOLFDWLRQ�WR�SUHVWUHVVHG�VWUXFWXUDO�HOHPHQWV��SUH�WHQVLRQLQJ�PHWKRG�IRU�
SUHIDEULFDWLRQ��� )XUWKHUPRUH�� WKLV� DOORZHG� WKH� FDOFXODWLRQ� RI� WKH� FRPSUHVVLYH� <RXQJCV� PRGXOXV� E\�
GLYLGLQJ�WKH�DSSOLHG�VWUHVV�LQFUHDVH�E\�WKH�UHODWHG�VWUDLQ�LQFUHDVH�IRU�DOO�FRQVLGHUHG�FRQFUHWHV�DIWHU������
DQG����GD\V��UHVSHFWLYHO\��7KH�FKDQJH�RI�OHQJWK�RI�HDFK�VDPSOH�ZDV�PHDVXUHG��ERWK�IRU�VKULQNDJH�DQG�
FUHHS��E\�D�'LWDVW�����PP�KLJK�SUHFLVLRQ�GLVWDQFH�PHWHU��UHVROXWLRQ�������PP��JDXJH�OHQJWK�����PP��
RQ�PHWDO�PDUNHUV�JOXHG�RQ�WZR�RSSRVLWH�VLGHV�RI�WKH�SULVPDWLF�VSHFLPHQV��$OO�VDPSOHV�IRU�FUHHS�DQG�
VKULQNDJH�PHDVXUHPHQWV�ZHUH�FDVW�IURP�RQH�EDWFK�SHU�HDFK�FRQFUHWH�UHFLSH�DQG�VWRUHG�DW�D�FOLPDWH�RI�
���&�����&�DQG�����5+����5+�XQWLO�GHPROGLQJ�DW����K�DIWHU�FDVWLQJ��7KH�ILUVW�PHDVXUHPHQW�ZDV�GRQH�
ULJKW�DIWHU�GHPROGLQJ��1H[W��WKH�VDPSOHV�ZHUH�H[SRVHG�WR�GU\LQJ�DW����&�����&�DQG��������5+��7KH�
WRWDO�VKULQNDJH�PHDVXUHPHQWV��SHUIRUPHG�RQ�XQORDGHG�VDPSOHV��ZHUH�PDGH�DW��������������������������
���� ��� DQG����G� DIWHU� FDVWLQJ��&UHHS� DQG� VKULQNDJH�ZHUH�PHDVXUHG� HDFK�RQ� WZR�SULVPV� IRU� DOO� IRXU�
UHFLSHV��7KH�PHDVXUHG� WRWDO� VKULQNDJH�YDOXHV� LQFOXGHG�VKULQNDJH�GXH� WR�VHOI�GHVLFFDWLRQ�DQG�GXH� WR�
GU\LQJ��&UHHS�ZDV�REWDLQHG�E\�VXEWUDFWLQJ�VKULQNDJH�VWUDLQ��PHDVXUHG�RQ�XQORDGHG�VDPSOHV��DQG�WKH�
FXPXODWLYH�HODVWLF�VWUDLQ�IURP�WKH�WRWDO�GHIRUPDWLRQ�PHDVXUHG�RQ�WKH�WZR�VSHFLPHQV�XQGHU�ORDG��
,Q�WKH�SXOORXW�WHVW�SURJUDP��ILYH�FRQFUHWH�SULVPV�IRU�HDFK�RI�WKH�FRQFUHWH�UHFLSHV�ZHUH�FDVW��7KH�SULVP�
JHRPHWU\�RI����[����[����PP��DQG�WKH�H[SHULPHQWDO�VHWXS�ZDV�WKH�VDPH�DV�XVHG�LQ�DQ�HDUOLHU�VWXG\�
>��@��7KH�VDQG�FRDWHG�8+0�&)53�WHQGRQ��ZLWK�D�ORQJLWXGLQDO�VWLIIQHVV�RI�����*3D��ZDV�GLUHFWHG�DORQJ�
WKH�VSHFLPHQCV� ORQJLWXGLQDO�D[LV��7KH�ERQG�DUHD�EHWZHHQ�WHQGRQ�DQG�FRQFUHWH�ZDV� OLPLWHG�E\�ERQG�
EUHDNHUV� WR� WKH� LQQHU� ���PP� RI� WKH� SULVP�� DOORZLQJ� DQ� XQDIIHFWHG� ORDG� LQWURGXFWLRQ�� 'HWDLOHG�
H[SODQDWLRQV�DQG�YLVXDOL]DWLRQV�RI�WKH�VSHFLPHQCV�JHRPHWU\�DQG�RI�WKH�H[SHULPHQWDO�VHWXS�FDQ�EH�IRXQG�
LQ� >��@�� 7KH�ERQG�VWUHQJWK�ZDV�REWDLQHG�E\�SXOOLQJ� WKH�ZKROH� VSHFLPHQ� IURP�RQH�VLGH�RI� WKH�&)53�
WHQGRQ�DJDLQVW�D�FRXQWHU�KROGHU�XQWLO�IDLOXUH�DQG��DW�WKH�VDPH�WLPH��UHFRUGLQJ�WKH�DSSOLHG�IRUFH��7KH�
XOWLPDWH�ERQG�VWUHQJWK�ZDV�FDOFXODWHG�E\�GLYLGLQJ�WKH�PHDVXUHG�PD[LPXP�IRUFH�E\�WKH� LQLWLDO�ERQG�
DUHD��7KH�ERQG�DUHD�ZDV�GHILQHG�E\�FDOFXODWLQJ�WKH�&)53�WHQGRQV�FLUFXPIHUHQFH�EDVHG�RQ�LWV�GLDPHWHU�
DIWHU�SXOORXW� IDLOXUH��'XULQJ� ORDGLQJ�� WKH� WHQGRQ�GUDZ�LQ�DW� WKH�XQORDGHG� VLGH�RI� WKH� VSHFLPHQ�ZDV�
UHFRUGHG�E\�D�/9'7�RI�W\SH�:�$7.�+%0�DQG�WKH�WHQGRQ�GUDZ�RXW�DW�WKH�ORDGHG�VLGH�RI�WKH�WHVW�VDPSOH�
ZDV�PRQLWRUHG�E\�WZR�DGGLWLRQDO�KLJK�SUHFLVLRQ�DQDORJXH�VHQVRUV�RI�W\SH�%DXPHU�,350��,�����6����
7KH�ERQG�VWUHQJWK�SXOO�RXW�WHVWV�ZHUH�SHUIRUPHG�IRU�DOO�IRXU�PL[WXUHV�DIWHU���DQG�DIWHU����GD\V��8QWLO�
WHVWLQJ��WKH�VDPSOHV�ZHUH�VWRUHG�DW����&�����&�DQG�����5+����5+��

�� 5HVXOWV�

���� 0HFKDQLFDO�SURSHUWLHV�
7KH�PDLQ�UHVXOWV�SUHVHQWHG�KHUH�UHJDUG�WKH�/&+3&�PL[WXUHV��&��&����PRUH�GDWD�RQ�WKH�UHIHUHQFH�PL[WXUH�
&��FDQ�EH�IRXQG�LQ�>��@��



��

7KUHH�GD\V�DIWHU�FDVWLQJ�WKH�UHIHUHQFH�PL[WXUH�&��VKRZHG�WKH�KLJKHVW�FRPSUHVVLYH�VWUHQJWK��IROORZHG�
E\�WKH�V\VWHPV�&���&���ZKLFK�XVHG�PHWDNDROLQ�DV�D�FHPHQW�UHSODFHPHQW��DQG�ODVW�&��ZKLFK�RQO\�XVHG�
VLOLFD�IXPH��7KH�LQFUHDVH�LQ�VWUHQJWK�EHWZHHQ���DQG���GD\V�LV�PRVW�HYLGHQW�IRU�&���$W����GD\V�RI�DJH��DOO�
WHVWHG�PL[WXUHV�UHDFKHG�KLJK�VWUHQJWK��(YHQ�WKH�ZHDNHVW�/&+3&�PL[WXUH�&��UHDFKHG�DQ�DYHUDJH�YDOXH�
RI������03D��RQO\�����ORZHU�WKDQ�&���7KH�UHVXOWV�RI�WKH�VWUHQJWK�PHDVXUHPHQWV�DUH�VKRZQ�LQ�7DEOH����
$IWHU� ��� GD\V�� WKH� FRPSUHVVLYH� HODVWLF� <RXQJ·V�PRGXOXV� �(F��G�� RI� DOO�PL[WXUHV� ZLWK� UHGXFHG� FOLQNHU�
FRQWHQW�H[FHHGHG�WKDW�RI�WKH�UHIHUHQFH�PL[WXUH��,Q�WKH�PRVW�H[WUHPH�FDVH��WKH�PRGXOXV�RI�&��ZDV������
KLJKHU�WKDQ�WKH�PRGXOXV�RI�&���

7DEOH�����
&RPSUHVVLYH�VWUHQJWK�DQG�(�PRGXOXV�RI�WKH�/&+3&V�DQG�WKHLU�UHIHUHQFH�+3&��

5HFLSH� IF�G��03D�� IF�G��03D�� IF��G��03D�� (F�G��*3D�� (F�G��*3D�� (F��G��*3D��
1 � �� �� �� �� �� ��

&�� ����������� ����������� ����������;ĂͿ ���������� ���������� ����������
&�� ����������� ����������� ����������� ���������� ���������� ����������
&�� ����������� ����������� ����������� ���������� ���������� ����������
&�� ����������� ����������� ����������� ���������� ���������� ����������

;ĂͿ¬�'DWD�IURP�>��@�

���� 6KULQNDJH�DQG�&UHHS�
7KH� LQGXVWU\�EDVHG� UHIHUHQFH�PL[WXUH�&�� VKRZHG�KLJKHU� VKULQNDJH� WKDQ� DQ\� RI� WKH� WHVWHG� FHPHQW�
VXEVWLWXWHG�PL[WXUHV��&��&����$IWHU����GD\V��WKH�PHDVXUHG�YDOXHV�FRYHUHG�WKH�UDQJH�IURP������Æ��&���
WR������Æ��&����
7KH�VKULQNDJH�UDWH�IRU�&��ZDV�WKH�KLJKHVW�GXULQJ�WKH�ILUVW����GD\V��$IWHUZDUGV��WKH�VKULQNDJH�UDWH�RI�DOO�
PL[WXUHV�ZDV�FRPSDUDEOH��)LJXUH����OHIW���
7KH�/&+3&�PL[WXUHV��&��&���DOVR�VKRZHG�PXFK�OHVV�RYHUDOO�FUHHS��$IWHU����GD\V��WKH�PL[WXUHV�&���&��
DQG�&��UHDFKHG�FUHHS�OHYHOV�RI��������DQG������RI�&���UHVSHFWLYHO\��)LJXUH����ULJKW���7R�DSSUHFLDWH�WKH�
FUHHS�UHGXFWLRQ��LW�PXVW�EH�WDNHQ�LQWR�DFFRXQW�WKDW�����RI�WKH�ORDG�RI�&��ZDV�LPSRVHG�RQ�&��DW���G��
����DW���GD\V�DQG�����DW����GD\V��)RU�&���WKHVH�ILJXUHV�DUH�����DW���G������DW���GD\V�DQG������DW����
GD\V��)RU�&�������DW���G������DW���GD\V�DQG�����DW����GD\V��VHH�)LJXUH����'HVSLWH�ORZHU�ORDGV��HVSHFLDOO\�
DW�HDUO\�DJHV���WKH�RYHUDOO�FUHHS�UHGXFWLRQ�LV�VWLOO�HYLGHQW��LQ�RWKHU�ZRUGV��WKH�UHGXFWLRQ�RI�FUHHS�LQ�WKH�
/&+3&�PL[WXUHV�LV�ODUJHU�WKDQ�WKH�UDWLR�RI�ORDGV�EHWZHHQ�WKH�/&+3&�DQG�&����LQ�SDUWLFXODU�IRU�&���

)LJXUH����6KULQNDJH��OHIW��DQG�FUHHS��ULJKW���,Q�FUHHS�PHDVXUHPHQWV��WKH�ORDG�ZDV�LQFUHDVHG�WR�
FRUUHVSRQG�WR�����RI�FRPSUHVVLYH�VWUHQJWK�DW������DQG���G��&��UHSUHVHQWV�DQ�LQGXVWULDO�VHOI�

FRPSDFWLQJ�+3&�DV�LW�LV�FXUUHQWO\�XVHG�LQ�WKH�6ZLVV�SUHFDVW�LQGXVWU\��&��&��FRUUHVSRQG�WR�WKH�QHZO\�
GHYHORSHG�/&+3&V��



��

���� %RQG�RI�UHLQIRUFHPHQW�LQ�/&+3&�
7KH�/&+3&�PL[WXUHV�VKRZHG�ERQG�VWUHQJWK�YDOXHV�WR�VDQG�FRDWHG�8+0�&)53�SUH�VWUHVVLQJ�WHQGRQV�
VLPLODU�WR�ERQG�VWUHQJWK�ZLWK�FRQYHQWLRQDO�+3&�UHSRUWHG�LQ�SUHYLRXV�ZRUN�>��@��$OUHDG\�DIWHU���GD\V��WKH�
PD[LPXP�ERQG�VWUHQJWK�IRU�&��&��ZDV�LQ�WKH�UDQJH�������03D��QRW�VLJQLILFDQWO\�GLIIHUHQW�IURP�&���
$V�IRU�WKH�UHIHUHQFH�UHFLSH�&���WKH�WHQGRQ�GUDZ�LQ�DQG�²RXW�ZDV�IRXQG�WR�EH�OLQHDU�DSSUR[LPDWHO\�XS�
WR������RI�WKH�PD[LPXP�ERQG�VWUHQJWK��$W�WKH�ORDGHG�HQG��WKH�GUDZ�RXW�UDWH�RI�WKH�WHQGRQ�UHDFKHG�
YDOXHV�EHWZHHQ������DQG������> P�03D@��ZKLOH�DW�WKH�XQORDGHG�HQG�WKH�WHQGRQV�GUDZ�LQ�UDWH�UHDFKHG�
YDOXHV�EHWZHHQ�����DQG�����> P�03D@��$IWHUZDUGV��WKH�WHQGRQ�GUDZ�LQ�UDWH�LQFUHDVHG�VLJQLILFDQWO\�XQWLO�
D�VXGGHQ�IDLOXUH�RFFXUUHG��7KH�IDLOXUH�RFFXUUHG�IRU�DOO�/&+3&�VDPSOHV�LQ�WKH�VDPH�VXGGHQ�PDQQHU�RI�
WHQGRQ�VOLS�RXW�IDLOXUH�DQG�ZDV�FRPSDUDEOH�WR�WKH�IDLOXUH�EHKDYLRXU�IRXQG�IRU�&��LQ�>��@��,Q�SDUWLFXODU�
WKH�WHQGRQ�VOLS�RXW�IDLOXUH�FRXOG�EH�SURYHG�WR�EH�D�VKHDU�IDLOXUH�RFFXUULQJ�EHWZHHQ�WKH�&)53�WHQGRQCV�
VXUIDFH�DQG�WKH�VDQG�FRDWLQJ�OD\HU��,W�LV�QRWLFHG�WKDW�WKH�VFDWWHU�LQ�ERQG�VWUHQJWK�LV�ODUJH�EXW�W\SLFDO�IRU�
VXFK�NLQG�RI�SXOO�RXW�WHVWV��VHH�H�J��>��@��

)LJXUH����%RQG�SHUIRUPDQFH�RI�8+0�&)53�WR�/&+3&��&��&���DQG�WKH�UHIHUHQFH�FRQFUHWH�&���GDWD�RI�
&��WDNHQ�IURP�>��@��

�� 'LVFXVVLRQ�

���� 0HFKDQLFDO�SURSHUWLHV�DQG�YROXPH�FKDQJHV�RI�/&+3&�
7KH� QHZO\�GHYHORSHG� /&+3&V� UHDFKHG� KLJK� OHYHOV� LQ� WKHLU� ��� G� FRPSUHVVLYH� VWUHQJWK� DQG� ZHUH�
FRPSDUDEOH�WR�WKH�VHOHFWHG�LQGXVWULDO�UHIHUHQFH��7KH�FHPHQW�UHGXFWLRQ�LQ�WKH�/&+3&V�ZDV�FRPSHQVDWHG�
E\�D�VXEVWDQWLDO�GHFUHDVH�RI�WKH�Z�E�DQG�FRUUHVSRQGLQJ�ORZ�LQLWLDO�SRURVLW\�DQG�DQ�LQFUHDVH�LQ�WKH�VROLG�
IUDFWLRQ��ZKLFK�UHVXOWHG�LQ�FRPSDUDEOH�RU�HYHQ�KLJKHU�HODVWLF�PRGXOXV�DOUHDG\�DW�HDUO\�DJHV��7DEOH�����
7KH�/&+3&V�JHQHUDOO\�VKRZHG�D�VORZHU�VWUHQJWK�DQG�VOLJKWO\�VORZHU�HODVWLF�PRGXOXV�GHYHORSPHQW� LQ�
FRPSDULVRQ�WR�&���7DEOH�����7KLV�ZDV�PRVWO\�FDXVHG�E\�WKH�KLJK�DPRXQW�RI�VXSHUSODVWLFLVHU��VHH�7DEOH�
���� WKDW� GHOD\HG� VHWWLQJ� DQG� KDUGHQLQJ� >��@�� :KLOH� WKH� UHIHUHQFH� &�� FRQWDLQHG� ���� NJ�P�� RI�
VXSHUSODVWLFL]HU��&��DQG�&��KDG�DERXW���WLPHV�WKLV�DPRXQW�DQG�&����WLPHV��

$V�H[SHFWHG� �VHH�H�J��� >��@��� WKH�HODVWLF�PRGXOXV�GHYHORSPHQW�ZDV� IDVWHU� WKDQ� WKH�FRQFUHWH�VWUHQJWK�
GHYHORSPHQW�IRU�DOO� LQYHVWLJDWHG�PL[WXUHV�DQG�WKLV�ZDV�PXFK�PRUH�SURQRXQFHG�IRU�WKH�/&+3&V��VHH�
7DEOH����$�SRVVLEOH�H[SODQDWLRQ�LV�WKDW�WKH�HODVWLF�PRGXOXV�GHSHQGV�RQ�WKH�HVWDEOLVKPHQW�RI�D�SHUFRODWHG�
VROLGV�QHWZRUN�WKURXJK�WKH�PLFURVWUXFWXUH�>��@��ZKLOH�WKH�VWUHQJWK�LV�NQRZQ�WR�EH�JRYHUQHG�E\�WKH�VL]H�
RI� WKH� ODUJHVW�GHIHFWV�SUHVHQW� LQ� WKH�PDWHULDO��&HPHQW�K\GUDWLRQ�SURGXFWV�FRQQHFW�TXLFNO\� WKH�VROLGV�
�XQK\GUDWHG�FHPHQW�DQG�DJJUHJDWHV���ZKLOH�ILOOLQJ�RI�WKH�SRUHV�LV�D�VORZHU�PHFKDQLVP�>��@��



��

7DEOH�����
'HYHORSPHQW�RI�FRPSUHVVLYH�VWUHQJWK�DQG�HODVWLF�PRGXOXV�LQ�FRPSUHVVLRQ�RYHU�WLPH�LQ�UHVSHFW�WR�WKHLU���G�SURSHUWLHV��������
7LPH� &��IF�>�@� &��(�>�@� &��IF�>�@� &��(�>�@� &��IF�>�@� &��(�>�@� &��IF�>�@� &��(�>�@�
�G� ��� ��� ��� ��� ��� ��� ��� ���
�G� ��� ��� ��� ��� ��� ��� ��� ���

,Q�ERQG�WHVWV�EHWZHHQ�VDQG�FRDWHG�8+0�&)53�WHQGRQV�DQG�/&+3&V��WKH�UHVXOWV��L�H��PD[LPXP�ERQG�
VWUHQJWK��WHQGRQ�GUDZ�LQ�DQG�PRGH�RI�IDLOXUH��ZHUH�SUDFWLFDOO\� LQGHSHQGHQW�RI�WKH�FRQFUHWH�PL[WXUH��
7KH�RQO\�GHWHFWHG�ERQG�IDLOXUH�EHKDYLRU�IRU�VDQG�FRDWHG�8+0�&)53�WHQGRQV�LQ�/&+3&V�ZDV�D�VOLS�RXW�
IDLOXUH�DV�GHVFULEHG�SUHYLRXVO\�IRU�&��>��@��+HQFH�LW�FDQ�EH�DVVXPHG�WKDW��DV�IRU�&���DOVR�IRU�/&+3&V�&��
&��WKH�IDLOXUH�PHFKDQLVP�LV�PDLQO\�UHODWHG�WR�WKH�DSSOLHG�VDQG�FRDWLQJ�RQ�WKH�SUHVWUHVVLQJ�WHQGRQ��7KLV�
LV�SURSRVHG�WR�EH�YDOLG�DW�OHDVW�IRU�/&+3&V�WKDW�UHDFK�VWUHQJWK�DQG�VWLIIQHVV�OHYHOV�FRPSDUDEOH�WR�WKRVH�
RI�VWDQGDUG�+3&V��
&UHHS�ZDV�VXFFHVVIXOO\�UHGXFHG�LQ�WKH�QHZ�/&+3&V��PRVW�OLNHO\�GXH�WR�&�6�+��UHVXOWLQJ�IURP�K\GUDWLRQ�
RI�FHPHQW��ZLWK�HODVWLF�ILOOHUV��,Q�IDFW��&�6�+�LV�VXSSRVHG�WR�EH�WKH�PDMRU�SKDVH�H[SHULHQFLQJ�YLVFRHODVWLF�
EHKDYLRXU�DPRQJ�GLIIHUHQW�SKDVHV�LQ�K\GUDWHG�FHPHQW�SDVWH�>������@��2Q�WKH�RWKHU�KDQG��WKH�/&+3&V�
PL[WXUHV�FRQWDLQ�KLJK�YROXPH�RI�ILOOHUV�WKDW�VKRXOG�EH�LQWULQVLFDOO\�HODVWLF��)XUWKHUPRUH��WKH�KLJKHU�VROLGV�
IUDFWLRQ� DQG� ORZHU� SRURVLW\� RI� WKH� /&+3&�PL[WXUHV� VKRXOG� IXUWKHU� FRUUHVSRQG� WR� ORZHU� FUHHS� >��@��
([DPLQLQJ�FORVHO\�WKH�FUHHS�FXUYHV�LQ�)LJXUH���ULJKW��D�VOLJKW�GHFUHDVH�LQ�FUHHS�FRXOG�EH�REVHUYHG�IRU�
WKH�PL[WXUH�&��EHWZHHQ����G�DQG����G��&RQVLGHULQJ�WKDW�WKHVH�YDOXHV�DUH�EDVHG�RQ�WKH�WRWDO�GHIRUPDWLRQ�
RI� RQO\� WZR� WHVWHG� VSHFLPHQV� DQG� WKDW� FUHHS� ZDV� FDOFXODWHG� E\� VXEWUDFWLQJ� WKH� VKULQNDJH� RI� WZR�
DGGLWLRQDO� VKULQNDJH� VSHFLPHQV�� WKLV� GURS� FDQ� EH� H[SODLQHG� PDLQO\� E\� QDWXUDO� YDULDWLRQ� EHWZHHQ�
VSHFLPHQV��
7KH�ORZHU�WRWDO�VKULQNDJH�RI�WKH�/&+3&V��&��&���FRPSDUHG�ZLWK�WKH�UHIHUHQFH�&��FDQ�EH�H[SODLQHG�RQ�
RQH� KDQG� E\� WKH� KLJKHU� VROLG� IUDFWLRQ� �UHVXOWLQJ� LQ� KLJKHU� EXON�PRGXOXV�� >��@�� 7KH� FRQWHQW� RI� LQHUW�
PDWHULDO�E\�YROXPH��DJJUHJDWHV�DQG�OLPHVWRQH�ILOOHU��GLVUHJDUGLQJ�WKH�OLPLWHG�UHDFWLYLW\�RI�WKH�OLPHVWRQH��
LV��������IRU�&���������LI�ZH�FRQVLGHU�DOVR�IO\�DVK�DV�QRQ�UHDFWLYH���������IRU�&���������IRU�&��DQG�������
IRU�&���2Q�WKH�RWKHU�KDQG��WKH�ORZHU�VKULQNDJH�RI�WKH�/&+3&V�FDQ�EH�DOVR�H[SODLQHG�E\�WKHLU�ORZHU�&�6�
+�FRQWHQW��VLQFH�VKULQNDJH�FDQ�EH�FRQVLGHUHG�DV�WKH�YLVFRHODVWLF�UHVSRQVH�WR�WKH�LQWHUQDO�SRUH�SUHVVXUH�
>������@��,I�ZH�DVVXPH�WKDW�RQO\�WKH�FHPHQW�UHDFWV�LQ�DOO�PL[WXUHV��IO\�DVK��PHWDNDROLQ�DQG�VLOLFD�IXPH�DUH�
QRW� H[SHFWHG� WR� UHDFW� FRPSOHWHO\��� D� VLPSOLILHG� FDOFXODWLRQ� EDVHG� RQ� 3RZHUV·� PRGHO� >��@� \LHOGV� DQ�
DPRXQW�RI�K\GUDWLRQ�SURGXFWV�E\�YROXPH�RI�FRQFUHWH�RI�������IRU�&��������IRU�&��������IRU�&��DQG������
IRU�&���7KLV�LV�LQ�DQ\�FDVH�DQ�XQGHUHVWLPDWLRQ�EHFDXVH�SDUW�RI�WKH�6&0V�ZLOO�DOVR�UHDFW��,Q�DQ\�FDVH��WKH�
GLIIHUHQFHV�EHWZHHQ�&��DQG�WKH�/&+3&�PL[WXUHV�ZLOO�UHPDLQ�ODUJH��
,Q�DGGLWLRQ��WKH�DXWRJHQRXV�VKULQNDJH�LV�UHGXFHG�LQ�WKH�/&+3&V�EHFDXVH��ZKLOH�WKH�Z�E��FRQVLGHULQJ�
OLPHVWRQH�ILOOHU��LV�ORZHU��WKH�DFWXDO�Z�F�RI�WKHVH�PL[WXUHV�LV�KLJKHU�WKDQ�LQ�WKH�UHIHUHQFH��VHH�7DEOH����
DQG�OHVV�VHOI�GHVLFFDWLRQ�RFFXUV�>������@��$�ORZ�Z�E�DOVR�UHVXOWV�LQ�D�OLPLWHG�GU\LQJ�IURQW�SHQHWUDWLRQ��GXH�
WR�ORZHU�SRURVLW\��SHUPHDELOLW\�DQG�GLIIXVLYLW\��DQG�WKHUHE\�LQ�UHGXFHG�UDWH�RI�GU\LQJ�VKULQNDJH�>��@��,W�
LV� QRWLFHG� WKDW� WKH� VKULQNDJH� UHGXFWLRQV� REVHUYHG� LQ� WKH� /&+3&� PL[WXUHV� GHSHQG� RQ� WKH� PL[WXUH�
FRPSRVLWLRQV�WKDW�ZHUH�XVHG�DQG�RQ�WKH�UHIHUHQFH�&���:KHQ�VXEVWLWXWLQJ�KLJK�DPRXQWV�RI�FHPHQW�ZLWK�
6&0V��WKH�FUHHS�DQG�VKULQNDJH�UHGXFWLRQ�LV�H[SHFWHG�WR�YDU\�ERWK�ZLWK�Z�F�DQG�ZLWK�SDVWH�FRQWHQW��

���� (IIHFWV�RI�/&+3&V�LQ�&)53�SUHVWUHVVHG�VWUXFWXUHV�
7KH�QHZ�/&+3&V�IXOILOOHG�WKH�UHTXHVWHG�SURSHUWLHV�LQ�WHUPV�RI�VWUHQJWK��VWLIIQHVV��ERQG�WR�VDQG�FRDWHG�
&)53�WHQGRQV�DQG�ZRUNDELOLW\�IRU�WKHLU�SURSRVHG�DSSOLFDWLRQ�WR�SUHVWUHVVHG�VWUXFWXUHV��,Q�D�SUH�VWUHVVHG�
VWUXFWXUH��LW�LV�LPSRUWDQW�WR�NQRZ�KRZ�PXFK�SUHVWUHVV�LV�WUDQVIHUUHG�DQG�KRZ�WKH�SUHVWUHVV�FKDQJHV�RYHU�
WLPH�� 7KH� PDLQ� FDXVHV� RI� SUHVWUHVV� ORVVHV� LQ� SUHVWUHVVHG� FRQFUHWH� HOHPHQWV� DUH� HODVWLF� VKRUWHQLQJ��
VKULQNDJH�DQG�FUHHS�RI�FRQFUHWH��+HQFH��WKH�QRYHO�/&+3&�UHFLSHV�GHYHORSHG�LQ�WKLV�VWXG\��HVSHFLDOO\�LQ�
FRPELQDWLRQ�ZLWK�8+0�&)53�SUHVWUHVVLQJ�WHQGRQV��PD\�VLJQLILFDQWO\�LQIOXHQFH�WKH�SUHVWUHVV�OHYHO�WKDW�
LV�PDLQWDLQHG�LQ�WKH�ORQJ�WHUP�LQ�VXFK�HOHPHQWV��,W�FDQ�EH�DQWLFLSDWHG�WKDW�WKH�PHFKDQLFDO�SHUIRUPDQFH�
GXULQJ� WKH�ZKROH� VHUYLFH� OLIH�RI� D� VWUXFWXUDO� HOHPHQW�PDQXIDFWXUHG�DFFRUGLQJ� WR� WKLV�PHWKRG�PLJKW�
VWURQJO\�GHSHQG�RQ�WKH�FKRVHQ�PDWHULDO�FRPELQDWLRQ��



���

$Q� $EDTXV� )($� PRGHO�� LQFOXGLQJ� FRQFUHWH� FUHHS� DQG� VKULQNDJH�� ZDV� XVHG� WR� HVWLPDWH� WKH� ORVVHV�
FRUUHVSRQGLQJ�WR�WKH�PHQWLRQHG�WKUHH�PDLQ�FRQWULEXWRUV��*HQHUDOO\��WKH�PHDVXUHG�GU\LQJ�VKULQNDJH�RI�
D�FRQFUHWH�VSHFLPHQ�FDQ�EH�FRQVLGHUHG�WR�EH�WKH�FRPELQHG�UHVSRQVH�RI�KLJKHU�VNLQ�VKULQNDJH�DQG�ORZHU�
FRUH�VKULQNDJH� >��@��8SRQ�GU\LQJ��DQ� LQWHUQDO�5+�DQG�ZDWHU�VDWXUDWLRQ�JUDGLHQW� LV�HVWDEOLVKHG� LQ� WKH�
VSHFLPHQ�� 7KHVH� JUDGLHQWV� LQGXFH� KLJKHU� VKULQNDJH� FORVH� WR� WKH� VXUIDFH� �VNLQ� FRQFUHWH�� DQG� ORZHU�
VKULQNDJH�LQ�WKH�FRUH�RI�WKH�VSHFLPHQ��'LIIHUHQWLDO�VKULQNDJH�UHVXOWV�LQ�VHOI�LQGXFHG�VWUHVVHV��WKH�VNLQ�LV�
LQ�WHQVLRQ�DQG�WKH�FRUH�LV�FRPSUHVVHG��DQG�WKH�JOREDO�VKULQNDJH�RI�WKH�VSHFLPHQ�DW�DQ\�WLPH�GXULQJ�
GU\LQJ�LV�EHWZHHQ�WKDW�RI�WKH�VNLQ�DQG�WKDW�RI�WKH�FRUH��7KH�VKULQNDJH�HYROXWLRQ�GHSHQGV�IXUWKHU�RQ�WKH�
VSHFLPHQCV� JHRPHWU\�� LQ� SDUWLFXODU� RQ� WKH� VXUIDFH� WR� YROXPH� UDWLR�� ,W� LV� DOVR� NQRZQ� WKDW� WKH� FUHHS�
EHKDYLRU�LV�DOVR�VWURQJO\�FRXSOHG�ZLWK�GU\LQJ��VHH�H�J��3LFNHWWCV�HIIHFW�>��@��)RU�VLPSOLILFDWLRQ�DQG�EHFDXVH�
WKH�PRGHOOLQJ�RI� WKLV�FRPSOH[�EHKDYLRU� LV�QRW� WKH� IRFXV�RI� WKH�SUHVHQW�VWXG\�� WKH� LPSOHPHQWHG�)($�
PRGHO�XVHG�WKH�VDPH�JHRPHWU\�RI����ï���ï����PP��IRU�WKH�SUHVWUHVV�ORVV�PRGHO�EHDP�JHRPHWU\�DV�
XVHG�LQ�WKH�H[SHULPHQWDO�FUHHS�DQG�VKULQNDJH�WHVWLQJ��,Q�WKLV�VSHFLDO�FDVH��WKH�H[SHULPHQWDO�UHVXOWV�FDQ�
EH�GLUHFWO\�XVHG�DV�LQSXW�IRU�FUHHS�DQG�VKULQNDJH�RI�WKH�FRQFUHWH�LQ�WKH�PRGHO��DW�WKH�FRVW�RI�GLVUHJDUGLQJ�
WKH�VKULQNDJH�JUDGLHQWV�ZLWKLQ�WKH�VSHFLPHQV��,W�LV�QRWLFHG�WKDW�ZKLOH�WKH�VKULQNDJH�JUDGLHQW�PD\�KDYH�
LQLWLDOO\�VRPH�HIIHFW�RQ�WKH�SUHVWUHVV�ORVVHV��LW�LV�H[SHFWHG�WR�VKRZ�OHVV�LQIOXHQFH�DV�LW�EHFRPHV�OHVV�VWHHS�
ZLWK�WKH�SURJUHVV�RI�GU\LQJ��,Q�WKH�FDVH�RI�VSHFLPHQV�RI�UHODWLYHO\�VPDOO�FURVV�VHFWLRQ�DV�H[DPLQHG�KHUH��
WKH�SUHVWUHVV�ORVV�RI�WKH�WHQGRQ�LV�H[SHFWHG�WR�UHIOHFW�PRVWO\�WKH�JOREDO�VKULQNDJH�FUHHS�RI�WKH�FRQFUHWH�
VSHFLPHQ��
:KLOH� WKH� )($�PRGHO� SUHVHQWHG� LQ� WKH� IROORZLQJ� KDV� E\� QHFHVVLW\� D� QXPEHU� RI� VLPSOLILFDWLRQV�� LW� LV�
HVVHQWLDO�WR�TXDQWLI\�WKH�HIIHFWV�RI�8+0�&)53�WHQGRQV�DQG�/&+3&V�RQ�WKH�SUHVWUHVV�ORVVHV��,Q�SDUWLFXODU��
RQH�PD\�H[SHFW�WR�REWDLQ�ORZHU�SUHVWUHVV�ORVVHV�DV�D�UHVXOW�RI�WKH�ORZHU�FUHHS�DQG�VKULQNDJH�RI�/&+3&V��
2Q�WKH�FRQWUDU\��WKH�KLJK�VWLIIQHVV�RI�8+0�&)53�WHQGRQV�LV�H[SHFWHG�WR�UHVXOW�LQ�KLJKHU�SUHVWUHVV�ORVVHV�
WKDQ�IRU�FRQYHQWLRQDO�WHQGRQV��+RZHYHU��EDVHG�RQ�WKH�PHFKDQLFDO�SURSHUWLHV�RI�FRQFUHWH�DQG�WHQGRQV�
DQG�RQ�WKH�YROXPH�FKDQJHV�RI�WKH�WHQGRQV��ZLWKRXW�DQ�)($�PRGHO�LW�LV�KDUGO\�SRVVLEOH�WR�TXDQWLI\�WKH�
LPSDFW�RI�HDFK�RI�WKH�GLIIHUHQW�SKHQRPHQD�RQ�WKH�SUHVWUHVV�ORVVHV��
7R�DSSO\�WKH�SUHVWUHVV�RQ�WKH�FKRVHQ�JHRPHWU\��D�WRWDO�RI�IRXU�SUHVWUHVVLQJ�WHQGRQV��G ����PP��ZHUH�
SODFHG�V\PPHWULFDOO\��DV�EHDP�HOHPHQWV��7\SH�%�����DW�RQH�WKLUG�RI�WKH�VDPSOHCV�KHLJKW�DQG�ZLGWK�DORQJ�
LWV� ORQJLWXGLQDO� D[HV�� $� SUHVWUHVV� FRXOG� EH� DSSOLHG� WR� WKH� WHQGRQV� E\� D� 35('(),1('� ),(/'� RI�
7<3( 675(66�DQG�UHOHDVHG�DIWHU�WKUHH�GD\V��7KH�VXUURXQGLQJ�FRQFUHWH�ZDV�PRGHOOHG�XVLQJ�OLQHDU�EULFN�
HOHPHQWV�ZLWK�UHGXFHG�LQWHJUDWLRQ�DQG�KRXUJODVV�FRQWURO��7\SH�&�'�5���$V�D�VLPSOLILFDWLRQ�WKH�WHQGRQV�
ZHUH�VXSHULPSRVHG�RQ� WKH�FRQFUHWH�DQG�D�SHUIHFW�ERQG�EHWZHHQ� WKH� WHQGRQ�DQG� WKH�FRQFUHWH�ZDV�
DVVXPHG��7KLV�UHVWULFWV�WKH�YDOLGLW\�RI�WKH�SUHVWUHVV�ORVV�FDOFXODWLRQ�RQ�D�IXOO\�SUHVWUHVVHG�DQG�XQ�FUDFNHG�
EHDP� VHFWLRQ�� )XUWKHU� WKLV� VLPSOLILFDWLRQ�GRHV� QRW� LQFOXGH� D� GHWDLOHG� ERQG�VOLS�PRGHOOLQJ� DSSURDFK�
ZKLFK� ZRXOG� EH� QHHGHG� IRU� IXUWKHU� DQDO\VLV� RI� XOWLPDWH� ORDGLQJ� LQ� SUHVWUHVVHG� PHPEHUV�� ,Q� WKH�
UHVSHFWLYH�FDVH�RI� LQYHVWLJDWLQJ�SUHVWUHVV� ORVVHV�ZLWKRXW�DGGLWLRQDO�VWUXFWXUDO� ORDGV��ERQG�VOLS�FDQ�EH�
DVVXPHG�WR�EH�LUUHOHYDQW�DQG�KHQFH�LW�ZDV�QHJOHFWHG�GXULQJ�WKLV�PRGHOOLQJ��7KH�VDPSOH�EHDP�ZDV�RQO\�
UHVWULFWHG�E\� D� V\PPHWU\� ERXQGDU\� FRQGLWLRQ� DW� RQH� VLGH�� 7KLV� FKRLFH� RI� ERXQGDU\� FRQGLWLRQ� DOORZV�
YLVXDOL]LQJ�WKH�SUHVWUHVV�GURS�DW�WKH�IUHH�HQG�RI�WKH�VSHFLPHQ�DQG�DOVR�VKRZV�WKH�VWUHVV�VLWXDWLRQ�LQ�WKH�
IXOO\�SUHVWUHVVHG�VHFWLRQ��$�YLVXDO�RYHUYLHZ�RI�WKH�)($�PRGHO�LV�JLYHQ�LQ�)LJXUH����



���

)LJXUH����2YHUYLHZ�RI�WKH�$EDTXV�)($�PRGHO��7KH�FRQFUHWH�SULVP�LV�YLVXDOL]HG�LQ�EOXH��WKH�IRXU�
SUHVWUHVVLQJ�WHQGRQV�LQ�UHG�FRORXU��

7KH� HODVWLF� EHKDYLRU� RI� WKH� &)53� WHQGRQ� DQG� WKH� FRQFUHWH� ZDV� PRGHOOHG� XVLQJ� 
(/$67,&� RI�
7<3( (1*,1((5,1*�&2167$176�DQG�
(/$67,&�RI�7<3( ,627523,&�UHVSHFWLYHO\��,Q�DGGLWLRQ��$EDTXV�
DOORZV�GHILQLQJ�D�WHPSHUDWXUH�GHSHQGHQW�HODVWLF�PRGXOXV��7KLV�DSSURDFK�ZDV�XVHG�WR�PRGHO�WKH�WLPH�
GHSHQGHQFH�RI�WKH�IRXU�FRQFUHWH�PL[WXUHV�E\�OLQNLQJ�WKHLU�WHVWHG���G����G�����G�HODVWLF�PRGXOXV�WR�WKH�
FRUUHVSRQGLQJ�ILFWLWLRXV�WHPSHUDWXUHV�XVHG�IRU�VKULQNDJH�PRGHOOLQJ��VHH�GHWDLOV�EHORZ���7R�DVVHVV�WKH�
IXOO� UDQJH�RI�&)53� WHQGRQ�PDWHULDOV� LQIOXHQFH�RQ�SUHVWUHVV�� DQ� LQGXVWU\� VWDQGDUG� �876�(�� ����*3D��
WHQGRQ� DQG� D� QHZ� XOWUD�KLJK� PRGXOXV� WHQGRQ� �8+0�.������ (�� ����*3D�� ZHUH� FKRVHQ�� WKHLU�
PHFKDQLFDO�SURSHUWLHV�ZHUH�WDNHQ�IURP�>��@��%DVHG�RQ�>��@��VWUHVV�UHOD[DWLRQ�RI�WKH�WHQGRQV�LV�H[SHFWHG�
WR�UHGXFH�WKH�SUHVWUHVV�E\�OHVV�WKDQ�������LQ�WKH�FDVH�RI�876�&)53�DQG�DURXQG�������IRU�8+0�&)53�
WHQGRQV��7KLV�ORVV�ZDV�QRW�FRQVLGHUHG�LQ�WKH�)($�DQG�ZRXOG�VKRZ�QR�VLJQLILFDQW�HIIHFW�RQ�WKH�UHVXOWV�
SUHVHQWHG�LQ�)LJXUH����)LJXUH���DQG�)LJXUH����
6KULQNDJH�ZDV�PRGHOOHG� E\� D� WKHUPDO� H[SDQVLRQ� FRHIILFLHQW� DQDORJ\� DIWHU� >��@�� ,Q� $EDTXV������� WKH�
VKULQNDJH�ZDV�LPSOHPHQWHG�E\�WKH�
(;3$16,21�IXQFWLRQ�LQ�FRPELQDWLRQ�ZLWK�D�SUHGHILQHG�ILFWLWLRXV�
WHPSHUDWXUH�ILHOG��7KH�DSSOLHG�WHPSHUDWXUH�ZDV�KRPRJHQHRXV�WKURXJKRXW�WKH�FRPSOHWH�PRGHO�DW�HDFK�
FDOFXODWHG� WLPH�SRLQW�EXW� FKDQJHG� LWV� DEVROXWH� YDOXH�RYHU� WLPH� WR� VLPXODWH� WKH� VKULQNDJH�� 7KH� ILQDO�
UHVXOWV�RI�VKULQNDJH�PRGHOOLQJ�ZHUH�HYDOXDWHG�DQG�FRPSDUHG�WR�WKH�H[SHULPHQWV��$V�H[SHFWHG��GXH�WR�
WKH�VWULFW�QXPHULFDO�ILW��WKH�VKULQNDJH�EHKDYLRU�ZDV�IRXQG�IRU�DOO�IRXU�PL[WXUHV�WR�EH�YHU\�ZHOO�UHSUHVHQWHG�
E\�WKH�DSSOLHG�PRGHO��VHH�)LJXUH��$���
7KH� FUHHS� RI� FRQFUHWH� ZDV� PRGHOOHG� LQ� $EDTXV� XVLQJ� 
9,6&2(/$67,&�� ,Q� SULQFLSOH�� WKLV� PRGHOOLQJ�
DSSURDFK�FDQ�EH�H[SUHVVHG�E\�D�SDUDOOHO�DUUDQJHPHQW�RI�VHYHUDO�0D[ZHOO�HOHPHQWV�DQG�D�VSULQJ�HOHPHQW��
,Q�WKLV�FDVH�D�3URQ\�VHULHV�RI�WKH�EXON�UHOD[DWLRQ�PRGXOXV� �DQG�WKH�VKHDU�UHOD[DWLRQ�PRGXOXV�
GHVFULEHV�WKH�YLVFRHODVWLF�PDWHULDO�EHKDYLRU��)RU�PRGHOOLQJ�WKH�FUHHS�EHKDYLRXU�XVLQJ�FUHHS�WHVW�GDWD��
$EDTXV�UHTXLUHV�WKH�LQSXW�RI�WKH�QRUPDOL]HG�VKHDU�FRPSOLDQFH��7KLV�VKHDU�FRPSOLDQFH�FDQ�EH�FDOFXODWHG�
E\�GLYLGLQJ�WKH�DFWXDO�VKHDU�VWUHVV�E\�WKH�FRQVWDQW�VKHDU�VWUHVV�DSSOLHG�LQ�VKHDU�FUHHS�WHVWV�>��@��
7R�UHSUHVHQW�WKH�FUHHS�EHKDYLRU�RI�DOO�IRXU�UHFLSHV��WKH�H[SHULPHQWDOO\�JDLQHG�XQLD[LDO�FUHHS�GDWD�ZDV�
DVVXPHG�DV�VKHDU�FUHHS�GDWD�LQ�$EDTXV�DQG�QRUPDOL]HG��7R�SURYLGH�VXSSRUW�YDOXHV�LQ�WKH�DUHD�RI�ORZ�
H[SHULPHQWDO�GDWD�FRYHUDJH��WKH�QRUPDOL]HG�FUHHS�GDWD�ZDV�ILWWHG�WR�D�ORJDULWKPLFDO�FXUYH�DQG�ILQDOO\�
DGGHG�LQWR�$EDTXV�IRU�PDWHULDO�ILWWLQJ��,Q�DGGLWLRQ��$EDTXV�DOORZV�GHILQLQJ�WKH�ORQJ�WHUP�QRUPDOL]HG�
VKHDU�FRPSOLDQFH��ZKLFK�ZDV�VHW�WR�EHVW�UHSUHVHQW�WKH�FUHHS�FXUYHV�LQ�WKH�ORQJ�WHUP��7KLV�SURFHGXUH�
ZDV�DSSOLHG�WR�DOO�IRXU�UHFLSHV�DQG�DGGHG�LQWR�WKH�)($�EDVHG�RQ�WKH�UHVXOWV�RI�WKH�FUHHS�WHVW�SURJUDP��
,Q� SDUWLFXODU� WKH� FUHHS� ORDG� DSSOLHG� LQ� WKH� SUHYLRXV� H[SHULPHQWV� DIWHU� �� GD\V�� �� GD\V� DQG� ��� GD\V�
UHVSHFWLYHO\� ZDV� XVHG� ZKHQ� LPSOHPHQWLQJ� WKH� FUHHS� PRGHO� LQ� $EDTXV�� 7KH� UHVXOWV� RI� WKLV� ILW� DUH�
VXPPDUL]HG�LQ�)LJXUH���%��7KH�ORDG�YDULDWLRQ�RYHU�WLPH�ZDV�QRW�IXUWKHU�FRQVLGHUHG�GXULQJ�WKH�SUHVWUHVV�
ORVV�DVVHVVPHQW�LQ�WKH�)($��



���

$� %�
)LJXUH����9DOLGDWLRQ�RI�WKH�)($�FUHHS�DQG�VKULQNDJH�PDWHULDO�PRGHOV��7KH�OHIW�JUDSK��$��VKRZV�WKH�

UHVXOWV�RI�WKH�VKULQNDJH�PRGHOOLQJ�DV�FRORUHG�OLQHV�LQ�FRPSDULVRQ�WR�WKH�H[SHULPHQWDO�VKULQNDJH�GDWD��
7KH�H[SHULPHQWDO�VKULQNDJH�GDWD�LV�VKRZQ�DV�V\PEROV�LQFOXGLQJ�WKHLU�VWDQGDUG�GHYLDWLRQV��7KH�ULJKW�

JUDSK��%��VKRZV�WKH�UHVXOWV�LQFOXGLQJ�FUHHS�DQG�VKULQNDJH��

7KH�VLPXODWLRQ�ZDV�SHUIRUPHG�IRU�WKH�WZR�PRVW�H[WUHPH�FRQFUHWH�PL[WXUHV��&��DQG�&���LQ�FRPELQDWLRQ�
ZLWK� WKH� WZR�&)53�PDWHULDOV� DW� WZR� WHQGRQ�SUHVWUHVV� OHYHOV� �����03D�DQG������03D��� 7KH�SUHVWUHVV�
OHYHOV�ZHUH�FKRVHQ�DFFRUGLQJ�WR�UHFHQW�SXEOLFDWLRQV�LQ�WKH�ILHOG�RI�&)53�SUHVWUHVVHG�FRQFUHWH�>������@��
7R�LQYHVWLJDWH�WKH�SUHVWUHVV�ORVVHV�UHODWHG�WR�GLIIHUHQW�SURFHVVHV��WKH�ORQJLWXGLQDO�VWUHVV�ZLWKLQ�RQH�&)53�
SUHVWUHVVLQJ�WHQGRQ�ZDV�DQDO\]HG�RQFH�FRQVLGHULQJ�ERWK�VKULQNDJH�DQG�FUHHS��RQFH�ZLWKRXW�FUHHS�DQG�
RQFH� ZLWKRXW� VKULQNDJH�� 7KLV� DOORZHG� DVVLJQLQJ� VSHFLILF� DPRXQWV� RI� SUHVWUHVV� ORVV� WR� WKH� GLIIHUHQW�
PHFKDQLVPV�DQG�WR�DQDO\]H�WKHLU�HYROXWLRQ�RYHU�WLPH��XS�WR�XQWLO����G�DIWHU�FDVWLQJ��7KH�UHVXOWV�RI�WKH�
VWUHVV� GHYHORSPHQW� LQVLGH� WKH� &)53� WHQGRQ� DUH� VKRZQ� H[HPSODULO\� IRU� WKH� FRPELQDWLRQ� &��8+0�
.������LQ�)LJXUH���%��$OO�RWKHU�FRPELQDWLRQV�VKRZHG��DW�WKHLU�OHYHO�RI�WUDQVIHUUHG�SUHVWUHVV��D�FRPSDUDEOH�
EHKDYLRU��7KH�ORQJLWXGLQDO�VWUHVV�GLVWULEXWLRQ�LQVLGH�WKH�FRQFUHWH�SULVP�ZDV�YLVXDOL]HG�RYHU�WLPH�WR�VKRZ�
WKH� LQIOXHQFH�RI�FUHHS�DQG�VKULQNDJH�RQ�WKH�VSHFLPHQCV� LQWHUQDO� VWUHVV�GLVWULEXWLRQ� �)LJXUH���$���7KH�
SUHVWUHVV�OHYHO�LQVLGH�WKH�&)53�WHQGRQV�ZDV�SORWWHG�DV�D�IXQFWLRQ�RI�WLPH�IRU�ERWK�&)53�WHQGRQ�PDWHULDOV�
LQ�WKH�FRQFUHWH�UHFLSHV�&��DQG�&��DW�WKH�����03D�SUHVWUHVV�OHYHO��VHH�)LJXUH����)RU�DOO�FRPELQDWLRQV��
PRVW�RI�WKH�ORVVHV�ZHUH�SUHGLFWHG�E\�WKH�)($�WR�DSSHDU�ZLWKLQ�WKH�ILUVW�ILYH�ZHHNV�DIWHU�FDVWLQJ��,Q�WKH�
HLJKW�ZHHNV�WKHUHDIWHU��WKH�LQFUHDVH�LQ�SUHVWUHVV�ORVV�ZDV�UHSRUWHG�WR�EH�YHU\�ORZ�IRU�DOO� LQYHVWLJDWHG�
PDWHULDO�FRPELQDWLRQV��)RU�H[DPSOH��WKH�ODUJHVW�DGGLWLRQDO�ORVV�LQ�WKH�ODVW�HLJKW�ZHHNV�RFFXUUHG�IRU�WKH�
8+0�&)53�SUHVWUHVVLQJ�WHQGRQ�LQ�&��FRQFUHWH�DQG�DPRXQWHG�RQO\�WR��������
1RW�VXUSULVLQJO\��GXH�WR�WKHLU�YHU\�KLJK�ORQJLWXGLQDO�VWLIIQHVV�RI�����*3D��WKH�ODUJHVW�WRWDO�SUHVWUHVV�ORVVHV�
ZHUH�DOVR�IRXQG�IRU�WKH�8+0�&)53�WHQGRQV�DQG�UHDFKHG�YDOXHV�RI������SUHVWUHVV�ORVV�LQ�&��DQG������
ORVV� LQ�&��� 7KH� ORZHU� VKULQNDJH�DQG� FUHHS�RI� /&+3&V� FRPSDUHG� WR� WKH� UHIHUHQFH� UHIOHFWHG� LQ� ORZHU�
SUHVWUHVV�ORVVHV�IRU�ERWK�WHQGRQ�PDWHULDOV��H�J��876�#����03D �����LQ�&��DQG�����LQ�&����+HQFH��WKH�
ORZ�VKULQNDJH�DQG�FUHHS�LQ�WKH�/&+3&V�ZHUH�DEOH�WR�UHGXFH�WKH�SUHVWUHVV�ORVV�IRU�876�&)53�WHQGRQV�E\�
����DQG� IRU�8+0�&)53�WHQGRQV�E\�����UHVSHFWLYHO\��&UHHS�� VKULQNDJH�DQG�HODVWLF� VKRUWHQLQJ�ZHUH�
IRXQG�DOO�WR�FRQWULEXWH�QRWHZRUWK\�DPRXQWV�WR�WKH�ILQDO�SUHVWUHVV�ORVV��7KH�FRQWULEXWLRQ�RI�WKH�GLIIHUHQW�
PHFKDQLVPV�ZDV�VXEGLYLGHG�LQWR�SDUWV�DQG�YLVXDOL]HG�LQ�)LJXUH�����



���
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)LJXUH����)($�UHVXOWV�RI�WKH�SUHVWUHVV�WUDQVIHU�EHKDYLRXU��7KH�OHIW�JUDSK��$��VKRZV�WKH�ORQJLWXGLQDO�
VWUHVV�GLVWULEXWLRQ�LQVLGH�WKH�FRQFUHWH�SULVP�IRU�VSHFLILHG�WLPH�SRLQWV��$IWHU�WKH�SUHVWUHVV�UHOHDVH��WKLV�
YLVXDOL]DWLRQ�VKRZV�WKH�UHGLVWULEXWLRQ�RI�WKH�VWUHVVHV�LQVLGH�WKH�FRQFUHWH�SULVP�GXH�WR�FRQFUHWH�FUHHS��
$V�H[SHFWHG��WKH�VWUHVVHV�LQ�WKH�KLJKHU�ORDGHG�DUHDV�RI�WKH�FRQFUHWH�SULVP�ZHUH�UHGXFHG��7KH�ULJKW�
JUDSK��%��VKRZV�WKH�WHQGRQ�VWUHVV�DORQJ�WKH�VSHFLPHQ·V�ORQJLWXGLQDO�D[LV�HYDOXDWHG�DW�FULWLFDO�WLPH�

SRLQWV�GXULQJ�WKH�)($�DQDO\VLV��ZLWK�DQG�ZLWKRXW�FUHHS�DQG�VKULQNDJH��+HUH��WKH�UHVXOWV�DUH�H[HPSODULO\�
VKRZQ�IRU�&��DQG�D�8+0�.������SUHVWUHVVLQJ�WHQGRQ��7KH�JHQHUDO�EHKDYLRU�RI�WKH�/&+3&V�

SUHVWUHVVHG�ZLWK�8+0�.������&)53�SUHVWUHVVLQJ�WHQGRQV�ZDV�FRPSDUDEOH��+RZHYHU��GLIIHUHQFHV�ZHUH�
SUHVHQW�GXH�WR�WKH�GLIIHUHQW�OHYHOV�RI�SUHVWUHVV�WUDQVIHU��FRQFUHWH�FUHHS�DQG�FRQFUHWH�VKULQNDJH��

)LJXUH����&DOFXODWHG�SUHVWUHVV�LQVLGH�WKH�&)53�WHQGRQ�IURP�WKH�WLPH�SRLQW�RI�SUHVWUHVV�UHOHDVH�XQWLO�
���GD\V�DIWHU�FDVWLQJ��,Q�WKH�)($��WKH�SUHVWUHVV�ZDV�UHOHDVHG���GD\V�DIWHU�FDVWLQJ��WKH�YDOXH�RI������
SUHVWUHVV�FRUUHVSRQGV�WR�WKH�SUHVWUHVV�LQVLGH�WKH�&)53�WHQGRQ�ULJKW�EHIRUH�WKH�SUHVWUHVV�UHOHDVH��'XH�
WR�VKULQNDJH��WKLV�YDOXH�ZDV�DOUHDG\�VOLJKWO\�ORZHU�WKDQ�WKH�LQLWLDO�����03D��7KH�SUHVHQWHG�FXUYHV�

LQFOXGH�DOO�PRGHOOHG�VRXUFHV�RI�SUHVWUHVV�ORVVHV��VKULQNDJH��FUHHS�DQG�HODVWLF�VKRUWHQLQJ��7KH�ODEHOLQJ�
RI�WKH�OLQHV�H[SUHVVHV�WKH�FKRVHQ�FRQFUHWH�LQ�ILUVW�SRVLWLRQ��WKHQ�WKH�&)53�PDWHULDO�DQG�WKH�&)53�

SUHVWUHVV�OHYHO��LQ�03D��LQ�WKLUG�SRVLWLRQ��



���

)LJXUH����3UHVWUHVV�ORVVHV�UHODWHG�WR�VKULQNDJH��FUHHS�DQG�HODVWLF�VKRUWHQLQJ�DIWHU����G�EDVHG�RQ�)($�
DQDO\VLV��7KH�ODEHOLQJ�RI�WKH�FROXPQV�H[SUHVVHV�WKH�FKRVHQ�FRQFUHWH�LQ�ILUVW�SRVLWLRQ��WKHQ�WKH�&)53�

PDWHULDO�DQG�WKH�&)53�SUHVWUHVV�OHYHO��LQ�03D��LQ�WKLUG�SRVLWLRQ��

�� &RQFOXVLRQV�
%DVHG�RQ� WKH� ODERUDWRU\�ZRUN�GXULQJ�FRQFUHWH�GHVLJQ�� WKH�PHFKDQLFDO� WHVWLQJ�DQG� WKH�PRGHOOLQJ�RI�
FRQFUHWH�FUHHS�DQG�VKULQNDJH�LQ�$EDTXV�������WKH�IROORZLQJ�FRQFOXVLRQV�FDQ�EH�GUDZQ��

%\�XVLQJ�OLPHVWRQH�DQG�PHWDNDROLQ�DV�6&0V��LW�LV�IHDVLEOH�WR�GHVLJQ�DQG�FDVW�/&+3&V�ZLWK�VHOI�
FRPSDFWLQJ� SURSHUWLHV� DQG� FOLQNHU� UHGXFWLRQ� OHYHOV� RI� XS� WR� �������� 7KHVH� QRYHO� /&+3&V�
VKRZHG�YHU\�JRRG�JHQHUDO�PHFKDQLFDO�SURSHUWLHV��H�J��D�KLJK�FRPSUHVVLYH�VWUHQJWK�EHWZHHQ�
���²����03D��DQG�D�JRRG�ERQG� WR� VDQG�FRDWHG�&)53� WHQGRQV�� ,Q� IDFW�� WKH�ERQG�VWUHQJWK�RI�
8+0�&)53�WHQGRQV�UHDFKHG�������03D��QRW�VLJQLILFDQWO\�GLIIHUHQW�IURP�WKH�UHIHUHQFH�FRQFUHWH�
&��W\SLFDO�IRU�SUHFDVW�SUHVWUHVV�DSSOLFDWLRQV��+HQFH��WKH\�DUH�FRQVLGHUHG�WR�EH�JRRG�FDQGLGDWHV�
WR�EH�XVHG�LQ�&)53�SUHVWUHVVHG�VWUXFWXUHV��
3UHVWUHVV�ORVVHV�DUH�VLJQLILFDQWO\�GHSHQGHQW�RQ�WKH�FKRVHQ�PDWHULDO�FRPELQDWLRQV��7KH�SUHVWUHVV�
RI�D�8+0�&)53�SUHVWUHVVLQJ�WHQGRQ�ZLOO�UHDFW�YHU\�VHQVLWLYHO\�WR�VPDOO�FKDQJHV�LQ�FUHHS�DQG�
VKULQNDJH��GXH�WR�WKH�KLJK�ORQJLWXGLQDO�VWLIIQHVV�RI�WKHVH�WHQGRQV��/RZ�FUHHS�DQG�VKULQNDJH�RI�
WKH� /&+3&� PL[WXUHV� LQ� FRPELQDWLRQ� ZLWK� D� ORZ� ORQJLWXGLQDO� HODVWLF� PRGXOXV� RI� WKH� &)53�
SUHVWUHVVLQJ�WHQGRQV�FRQWULEXWH�WR�D�KLJK�UHPDLQLQJ�SUHVWUHVV�OHYHO�LQ�D�SUHVWUHVVHG�VWUXFWXUH��

7KH� UHVXOWV� RI� WKLV� ZRUN� VKRZ� YHU\� JRRG� SRWHQWLDO� IRU� LPSURYLQJ� WKH� FXUUHQW� &)53� SUHVWUHVVLQJ�
WHFKQRORJ\�RQ�VWUXFWXUDO�OHYHO��+RZHYHU��WKHVH�UHVXOWV�VWLOO�IRFXV�PDLQO\�RQ�WKH�VKRUW�WHUP�EHKDYLRXU�RI�
D�SUHVWUHVVHG�VWUXFWXUH��1RZ��GDWD�DERXW�WKH�VWUXFWXUDO�EHKDYLRXU�DQG�LWV�LQWHJULW\�RYHU�D�ORQJHU�SHULRG�
RI� WLPH� �\HDUV�� LQ�KDUVK�HQYLURQPHQWDO�FRQGLWLRQV�ZRXOG�EH�QHHGHG��7KLV�ZRXOG�EULQJ�FRQILGHQFH� LQ�
LQGXVWU\�DERXW�WKLV�QHZ�PDWHULDO�WUHQG�DQG�ILQDOO\�EULQJ�WKLV�WHFKQRORJ\�LQWR�FRQVWUXFWLRQ��

�� $FNQRZOHGJHPHQWV�
7KLV�UHVHDUFK�SURMHFW�LV�SDUW�RI�WKH�1DWLRQDO�5HVHDUFK�3URJUDPPH��(QHUJ\�7XUQDURXQG���153�����RI�WKH�
6ZLVV�1DWLRQDO�6FLHQFH�)RXQGDWLRQ��616)���)XUWKHU�LQIRUPDWLRQ�RQ�WKH�1DWLRQDO�5HVHDUFK�3URJUDPPH�
FDQ� EH� IRXQG� DW�ZZZ�QUS���FK��0DWHXV]�:\U]\NRZVNL�ZDV� VXSSRUWHG� E\� DQ� 616)�$PEL]LRQH� JUDQW�
�SURMHFW��������� ´5ROH�RI�ZDWHU� UHGLVWULEXWLRQ� LQ�FUHHS�RI�FRQFUHWHµ���:H�JUDWHIXOO\�DFNQRZOHGJH�WKH�
ILQDQFLDO�VXSSRUW�RI�616)�DQG�(PSD��:H�DUH�JUDWHIXO�WR�'DQLHO�.lSSHOL��0DUFHO�.lSSHOL��DQG�'DQLHO�9|ONL�
IRU�WKHLU�VWURQJ�VXSSRUW�GXULQJ�VDPSOH�SURGXFWLRQ�DQG�WHVWLQJ��
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