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3URSHUWLHV�6WXG\�RI�&UXPE�5XEEHU�0RGLILHG�%LWXPHQ�

3UDVDQQD�+XPDJDLQ���3XVSD�/DO�+RPDJDL� �DQG*DXWDP�%LU�6LQJK�7DPUDNDU�

�,QVWLWXWH�RI�(QJLQHHULQJ��3XOFKRZN�&DPSXV��7ULEKXYDQ�8QLYHUVLW\��1HSDO�
�$PULW�FDPSXV��7ULEKXYDQ�8QLYHUVLW\��.DWKPDQGX��1HSDO�

(�PDLO��KRPDJDLSO#JPDLO�FRP�

$EVWUDFW�

7KH�SURSHUWLHV�RI�&UXPE�5XEEHU�0RGLILHG�%LWXPHQ��&50%��LV�SUHVHQWHG��,W�LV�GHULYHG�IURP�E\�PL[LQJ�
FUXVKHG�UXEEHU�ZLWK�WKH�EDVH�ELWXPHQ��7KH�FUXPE�UXEEHU�PRGLILHV�WKH�YDULRXV�SURSHUWLHV�RI�ELWXPHQ�PL[�
VXFK� DV� HODVWLFLW\�� GXUDELOLW\�� VHUYLFH� OLIH� DQG� YRLGV�� 7KH� SUHVHQW� VWXG\� DLPV� LQ� LQYHVWLJDWLQJ� WKH�
H[SHULPHQWDO�SHUIRUPDQFH�RI�ELWXPHQ�PRGLILHG�ZLWK�YDULRXV�SHUFHQWDJHV����������E\�ZHLJKW�RI�FUXPE�
UXEEHU�XVLQJ�WKH�ZHW�SURFHVV��0DUVKDOO�7HVW�LV�XVHG�IRU�WKH�PL[�GHVLJQ�DQG�FRPPRQ�ODERUDWRU\�WHVWV�VXFK�
DV�VRIWHQLQJ�SRLQW��SHQHWUDWLRQ�DQG�GXFWLOLW\�WHVW�DUH�XVHG�WR�LQYHVWLJDWH�SURSHUWLHV�RI�PRGLILHG�ELWXPHQ��

.H\�:RUGV��&50%��0DUVKDOO�7HVW��:HW�SURFHVV��&UXPE�5XEEHU�

,QWURGXFWLRQ�

:DVWH�W\UHV�SRVH�D�JUHDW�WKUHDW�WR�WKH�HQYLURQPHQW��0RVW�RI�WKH�W\UHV�IURP�WUXFN��FDUV�HWF�DUH�GXPSHG�
LQWR� WKH� ODQGILOO� DQG� WKH\� DUH� QRQELR�GHJUDGLEOH��&UXPE� UXEEHU� LV� LGHQWLILHG� DV� D�PRGLILHU� EHFDXVH� LWV�
SUHVHQFH� DIIHFWV� WKH� SURSHUWLHV� RI� ELWXPHQ�� 7KH� W\UH� UXEEHU� LV� FRPSRVHG� RI� QDWXUDO� UXEEHU�� V\QWKHWLF�
UXEEHU�� DQG� FDUERQ� EODFN�� 1DWXUDO� UXEEHU� SURYLGHV� WKH� HODVWLF� SURSHUWLHV�� ZKLOH� WKH� V\QWKHWLF� UXEEHU�
LPSURYHV� WKH� WKHUPDO� VWDELOLW\� SURSHUWLHV� RI� WKH� FRPSRXQG� DQG� FDUERQ� EODFN� LPSURYHV� WKH� ELQGHU¶V�
GXUDELOLW\�����7KH�QDWXUH�RI� WKH�PHFKDQLVP�E\�ZKLFK�WKH�LQWHUDFWLRQ�EHWZHHQ�ELWXPHQ�DQG�FUXPE�UXEEHU�
WDNHV� SODFH� LV� QRW� VWLOO� IXOO\� FKDUDFWHUL]HG�� +RZHYHU�� WKH� UHDFWLRQ� LV� IRXQG� WR� EH� PDGH� XS� RI� WZR�
VLPXOWDQHRXV�SURFHVVHV��ILUVW�WKH�SDUWLDO�GLJHVWLRQ�RI�UXEEHU�LQWR�ELWXPHQ��DQG�VHFRQGO\�WKH�DGVRUSWLRQ�RI�
DURPDWLF�RLOV�DYDLODEOH�LQ�WKLV�ODWWHU�ZLWKLQ�WKH�SRO\PHULF�FKDLQV�WKDW�DUH�WKH�PDLQ�FRPSRQHQWV�RI�UXEEHU��
7KH�UXEEHU�SDUWLFOHV�DUH�VZROOHQ�E\� WKH�DEVRUSWLRQ�RI� WKH�ELWXPHQ�RLO\�SKDVH�RQO\�DW�KLJK� WHPSHUDWXUHV�
��������� &���,W�LV�WKHUHIRUH�YHU\�LPSRUW�WR�KHDW�WKH�PL[WXUH�RI�ELWXPHQ�DQG�FUXPE�UXEEHU�DQG�WKHQ�VWLU�
WKH�PL[WXUH�IURP�������PLQXWHV�WR�REWDLQ�D�XQLIRUP�PL[WXUH�RI�&50%��7KH�LQWHUDFWLRQ�EHWZHHQ�UXEEHU�
DQG�UXEEHU�PDWHULDOV�LV�GHSHQGHQW�RQ�IROORZLQJ�EDVLF�IDFWRUV���3URFHVVLQJ�YDULDEOHV��WHPSHUDWXUH��WLPH�DQG�
GHYLFH��EDVH�ELQGHU�SURSHUWLHV��ELWXPHQ�VRXUFH�DQG�XVH�RI�DGGLWLYHV��575�SURSHUWLHV��VRXUFH��SURFHVVLQJ�
PHWKRGV��SDUWLFOH�VL]H�DQG�FRQWHQW��

3HQHWUDWLRQ�SRLQW��VRIWHQLQJ�SRLQW�DQG�GXFWLOLW\�DUH�WKUHH�SDUDPHWHUV�ZKLFK�DUH�XVHG�WR�GHWHUPLQH�WKH�
SK\VLFDO� SURSHUWLHV� RI� ELWXPHQ��ZKHUHDV�0DUVKDOO� 6WDELOLW\� WHVW� V\PEROL]HV� WKH� VWUHQJWK� SDUDPHWHU� RI� D�
ELWXPLQRXV�PL[��([WHQVLYH�UHVHDUFKHV�FDUULHG�RXW�LQ�UXEEHUL]HG�ELWXPHQ�VKRZV�WKDW�ZLWK�WKH�LQFUHDVH�LQ�
UXEEHU�SHUFHQWDJHV��WKH�VRIWHQLQJ�SRLQW�LQFUHDVHV�ZKHUHDV�WKH�GXFWLOLW\�DQG�SHQHWUDWLRQ�YDOXH�GHFUHDVHV�����
7KH� 0DUVKDOO� 6WDELOLW\�� ZKLFK� SURYLGHV� WKH� VWUHQJWK� SDUDPHWHU� LQ� WKH� IOH[LEOH� SDYHPHQW�� LV� IRXQG� WR�

&RUUHVSRQGLQJ�DXWKRU
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LQFUHDVH�ZLWK� WKH�DGGLWLRQ�RI�FUXPE�UXEEHU�����7KH� UXWWLQJ�SRWHQWLDO�RI�&50%�LV� ORZ�DV�FRPSDUHG�ZLWK�
FRQYHQWLRQDO�ELWXPHQ�SDYHPHQWV�DQG�DUH�PRUH�GXUDEOH�������,Q�WKLV�HUD��D�UDSLG�JURZWK�RI�URDG�QHWZRUN�LV�
UHTXLUHG�LQ�GHYHORSLQJ�FRXQWU\�OLNH�1HSDO��8VLQJ�WKH�XSJUDGHG�ELWXPHQ�ZKLFK�LPSURYHV�WKH�SHUIRUPDQFH�
DQG�VHUYLFH�OLIH�LV�FULWLFDO�LQ�RXU�FRXQWU\�ZLWK�EXGJHW�FRQVWUDLQWV�

([SHULPHQWDO�0HWKRGV�

3UHSDUDWLRQ�RI�&50%�

$W�ILUVW��������3HQHWUDWLRQ�*UDGH�ELWXPHQ�ZDV�KHDWHG�WR�IOXLG�FRQGLWLRQ�NHHSLQJ�WHPSHUDWXUH�RI�����&�
IRU�EOHQGLQJ�SXUSRVH��&UXPE�5XEEHU�RI�VL]H�����P�ZDV�DOVR�KHDWHG�WR�DERXW���������R&��$ERXW�����JP�
RI� ������� SHQHWUDWLRQ� JUDGH� KRW� ELWXPHQ� DQG� WKHQ� FUXPE� UXEEHU� DFFRUGLQJ� WR� YDU\LQJ� UXEEHU� FRQWHQWV�
���������ZHUH�DGGHG�WR�PDNH�WKH�&50%�VDPSOHV�����7KH�PL[WXUH�RI�ELWXPHQ�DQG�FUXPE�UXEEHU�PRGLILHU�
ZHUH�PDQXDOO\�VWLUUHG�IRU�����PLQXWHV�DQG�WKHQ�NHSW�DW�KRW�DLU�RYHQ�DW���������R&�IRU����PLQXWHV���

7HVWV�RQ�&UXPE�5XEEHU�0RGLILHG�%LWXPHQ��&50%��

$IWHU� WKH� SUHSDUDWLRQ� RI� &50%�� YDULRXV� WHVWV� OLNH� SHQHWUDWLRQ�� VRIWHQLQJ� DQG� GXFWLOLW\� WHVWV� ZHUH�
SHUIRUPHG��7KH�FKDQJHV� LQ�SDUDPHWHUV� OLNH�SHQHWUDWLRQ�� VRIWHQLQJ�DQG�GXFWLOLW\�ZLWK�YDULDWLRQ� LQ�FUXPE�
UXEEHU�FRQWHQW�DUH�VKRZQ�LQ�WKH�UHVXOWV�VHFWLRQ��

0DUVKDOO�7HVW�ZLWK�YDU\LQJ���RI�&UXPE�5XEEHU�LQ�2%&�RI�FRQYHQWLRQDO�ELWXPHQ��

7KH�2SWLPXP�%LQGHU�&RQWHQW��2%&��RI��������SHQHWUDWLRQ�JUDGH�ELWXPHQ�ZDV�ILUVW�IL[HG�DW�����7KHQ�
FUXPE�UXEEHU�ZDV�SUHSDUHG�LQ�YDU\LQJ�SHUFHQWDJHV�E\�ZHLJKW�RI�2%&��7KH�GHWDLOV�RI�WKH�WHVW�DUH�JLYHQ�DV�
IROORZV��

3UHSDUDWLRQ�RI�DJJUHJDWH��$JJUHJDWHV�ZHUH�GULHG�WR�WHPSHUDWXUH�RI���������R�&��$ERXW������JP�
RI�DJJUHJDWH�DQG�ILOOHU�ZDV�XVHG��*UDGDWLRQ�ZDV�GRQH�DFFRUGLQJ�WR�VSHFLILFDWLRQV�������

7KH�RSWLPXP�ELWXPHQ�FRQWHQW�ZDV�IL[HG�DW����L�H���JP��7KH�&50%�ZLWK�YDU\LQJ�SHUFHQWDJHV�
ZHUH�WKHQ�SUHSDUHG��7KH�&50%�DQG�DJJUHJDWHV�ZHUH�PL[HG�DW�WHPSHUDWXUH�RI���������R�&�DQG�
WKH�VDPSOH�ZDV�WUDQVIHUUHG�WR�WKH�SUHKHDWHG�PRXOG�DQG�FRPSDFWHG�E\�KDPPHU������NJ�KDPPHU�
����FP�IUHHIDOO����QR��RI�EORZV���

7KH�VDPSOH�ZDV�NHSW�DW�ZDWHU�EDWK�DW����R�&�IRU�������PLQV��

0DUVKDOO�6WDELOLW\�DQG�IORZ�WHVW�ZDV�WKHQ�SHUIRUPHG��

9RLGV�LQ�WRWDO�PL[WXUH��9RLGV�LQ�PLQHUDO�DJJUHJDWH�DQG�XQLW�ZHLJKW�ZDV�FDOFXODWHG�DQG�SORWWHG��

2SWLPXP�ELQGHU�FRQWHQW�ZDV�IRXQG�RXW�E\�WKH�DYHUDJH�RI�ELQGHU�FRQWHQW�IRU�PD[LPXP�VWDELOLW\��
PD[LPXP�XQLW�ZHLJKW�DQG�YRLGV�LQ�WKH�WRWDO�PL[��

7KH� FKDQJH� LQ�0DUVKDOO� 6WDELOLW\� DQG�)ORZ�YDOXH� DW� YDULRXV�&UXPE� UXEEHU�SHUFHQWDJHV� H� WKHQ�
FDOFXODWHG��7KH�UHVXOWV�DUH�GLVSOD\HG�LQ�WKH�UHVXOWV�VHFWLRQ���

5HVXOWV�DQG�'LVFXVVLRQ�

7KH�SHQHWUDWLRQ�DQG�GXFWLOLW\�YDOXHV�JR�RQ�GHFUHDVLQJ�ZLWK�LQFUHDVH�LQ�FUXPE�UXEEHU�FRQWHQW�ZKHUHDV�
WKH�VRIWHQLQJ�SRLQW�LQFUHDVHV��
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7DEOH����&KDQJH�LQ�YDULRXV�SURSHUWLHV�ZLWK�UXEEHU�FRQWHQW�

6�1� 5XEEHU���� %LWXPHQ��� 'XFWLOLW\�FP� 6RIWHQLQJ�SRLQW�R&� 3HQHWUDWLRQ�PP�
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)LJXUH����'XFWLOLW\�YV�&UXPE�5XEEHU�&RQWHQW�

6RIWHQLQJ� SRLQW� LV� WKH� LQGLFDWLYH� RI� WKH� WHQGHQF\� RI� PDWHULDO� WR� IORZ� DW� HOHYDWHG� WHPSHUDWXUHV�
HQFRXQWHUHG� LQ� WKH� VHUYLFH�� :LWK� LQFUHDVH� LQ� FUXPE� UXEEHU� FRQWHQW�� WKH� VRIWHQLQJ� SRLQW� LV� IRXQG� WR�
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LQFUHDVH�� +HQFH�� KLJK� SHUFHQWDJHV� RI� FUXPE� UXEEHU� VKRXOG� EH� XVHG� LQ� DUHDV� ZLWK� KLJKHU� DYHUDJH�
WHPSHUDWXUH��

'XFWLOLW\� LV� WKH� PDWHULDO¶V� DELOLW\� WR� GHIRUP� XQGHU� WHQVLOH� VWUHVV�� $V� WKH� FUXPE� UXEEHU� SHUFHQWDJH�
LQFUHDVHV��WKH�&50%�EHFRPHV�PRUH�EULWWOH�DQG�SURQH�WR�IDLOXUH�DW�ORZ�WHQVLOH�VWUHVVHV��+RZHYHU��GXH�WR�
ORZ�GXFWLOLW\�&50%�EHFRPHV�IDYRUDEOH�WR�EH�XVHG�LQ�WKH�DUHDV�ZLWK�KLJK�WHPSHUDWXUH�VXVFHSWLELOLW\��

7KH�SHQHWUDWLRQ�LV�D�PHDVXUH�RI�KDUGQHVV�RU�VRIWQHVV�RI�ELWXPHQ�ELQGHU�DQG�ZDV�XVHG�IRU�JUDGLQJ�RI�
PDWHULDOV�DQG�DVVHVVLQJ�WKH�VXLWDELOLW\�RI�ELWXPHQ�LQ�YDULRXV�FOLPDWLF�FRQGLWLRQV��7KH�SHQHWUDWLRQ�VKRZV�
ORZHU�YDOXHV�DV�FUXPE�UXEEHU�FRQWHQW� LQFUHDVHV�ZKLFK�VLJQLILHV� WKDW� WKH�ELQGHU�EHFRPHV�PRUH�VWLII�DQG�
YLVFRXV�E\�WKH�XVH�RI�FUXPE�UXEEHU��

0DUVKDOO�7HVW�

9DULRXV�SHUFHQWDJHV�RI� FUXPE� UXEEHU�E\� WKH�ZHLJKW�RI�ELWXPHQ� LV� DGGHG� WR� IRUP�&50%�DW�YDULRXV�
SHUFHQWDJHV�DQG�WKHQ�WKUHH�VDPSOHV�ZHUH�SUHSDUHG�IRU�WKH�0DUVKDOO�WHVW��7KH�GHWDLOV�RI�WKH�WHVW�UHVXOWV�DUH�
JLYHQ�EHORZ��

7DEOH����&KDQJH�LQ�0DUVKDOO�3DUDPHWHUV�ZLWK�&UXPE�5XEEHU�&RQWHQW�
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)LJXUH����9DULDWLRQ�LQ�0DUVKDOO�)ORZ�ZLWK�&UXPE�5XEEHU�&RQWHQW�

7KH�0DUVKDOO�6WDELOLW\��ZKLFK�LV�WKH�VWUHQJWK�SDUDPHWHU�RI�WKH�PL[�FKDQJHV�DIWHU�WKH�DGGLWLRQ�RI�UXEEHU�LQ�
IROORZLQJ�ZD\��

7DEOH����&KDQJH�LQ�0DUVKDOO�6WDELOLW\�ZLWK�YDULRXV�SHUFHQWDJHV�RI�UXEEHU�FRQWHQW�
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