
1DQRLQGHQWDWLRQ�VWXGLHV�RI�R[LGH�DOXPLQXP�FKURPH�FDUELGH�FRPSRVLWH�FRDWLQJ
0DNVLP�.LUHLWVHX�'HSDUWPHQW�RI�0HFKDQLFV�DQG�0HFKDQLFV�DQG�7ULERORJ\,QVWLWXWH�RI�0DFKLQH�5HOLDELOLW\��,1'0$6+���1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�%HODUXV/HVQRH����� ����0LQVN���������%HODUXV�H�PDLO��LQGPDVK#UDPEOHU�UX

7KH�ZRUN�UHYHDOHG�WKH�SRVVLELOLW\� WR� LPSURYH�SK\VLFDO��PHFKDQLFDO�SURSHUWLHV�RI�R[LGH�DOXPLQXP�EDVHG�OD\HUV�E\�&U&�EDVHG�QDQRSDUWLFOHV�SURGXFHG�E\�WKH�PHWDORUJDQLF�FKHPLFDO�YDSRU�GHSRVLWLRQ��2[LGH�DOXPLQXP�OD\HU�LV�IRUPHG�RQ�DOXPLQXP�SDUWV�E\�PLFUR�DUF�R[LGL]LQJ�WHFKQRORJ\�RU�HOHFWURSODWLQJ�GHSRVLWLRQ��,W�LV�IRXQG�WR�EH�KLJK�PLFURKDUGQHVV� DQG� IUDFWXUH� UHVLVWDQFH� UHJDUGLQJ� LQLWLDWLRQ� DQG� SURSDJDWLRQ� RI� 3DOPTXLVW� FUDFNV� GXULQJ�LQGHQWDWLRQ��&U&�EDVHG�OD\HU�H[KLELWHG�D�GHQVH�DQG�FROXPQDU�PLFURVWUXFWXUH��1DQRLQGHQWDWLRQ�WHVW�VKRZHG�KLJK�KDUGQHVV� IRU� R[LGH� DOXPLQXP�&U&�EDVHG� PXOWLOD\HG� FRPSRVLWH� FRDWLQJ� DQG� DOPRVW� KRPRJHQHRXV� R[LGH�DOXPLQXP�OD\HU� LQ� WKH�UDQJH�RI�������*3D��&U&�EDVHG� OD\HU� ILOOHG� WKH�GHIHFWV�DQG�SRUHV�PLJKW�HQKDQFH�FUDFN�SURSDJDWLRQ� XQGHU� RYHUORDGHG� LQGHQWHU��)RU� ERWK� VHULHV� RI� WKH� VDPSOHV�� IUDFWXUH� WRXJKQHVV�ZDV� ORZHU� IRU� WKH�PXOWLOD\HG�FRPSRVLWH�FRDWLQJ�WKDQ�WKDW�RI�WKH�FRUUHVSRQGLQJ�KRPRJHQHRXV�R[LGH�DOXPLQXP��$V D�ZKROH��R[LGH�DOXPLQXP�&U&�EDVHG� PXOWLOD\HG� FRPSRVLWH� FRDWLQJ� H[KLELWV� KLJKHU� VFUDWFK� ZHDU� UHVLVWDQFH� FRPSDUHG� WR� WKH�R[LGH�DOXPLQXP�OD\HU�

)RU�PRUH�LQIRUPDWLRQ��FRQWDFW�'U��0DNVLP�9��.LUHLWVHX'HSDUWPHQW�RI�0HFKDQLFV�DQG�7ULERORJ\,QVWLWXWH�RI�0HFKDQLFV�DQG�0DFKLQH�5HOLDELOLW\��,1'0$6+�/HVQRH����� ����0LQVN���������%HODUXV�(PDLO��LQGPDVK#UDPEOHU�UX
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,QWURGXFWLRQ�$W� WKH� PDFUR�VFDOH�� PHFKDQLFDO� WHVWLQJ� RI� WKLQ�FRDWLQJV� DQG� PXOWLOD\HUHG� FRPSRVLWHV� FRPSRVHG� RI�FRPSOLDQW� PXOWLSKDVH� PDWHULDOV�� VXFK� DV� R[LGH�DOXPLQXP�� LV�RIWHQ�GLIILFXOW��DV�FRDWLQJV�DUH�GLIILFXOW�WR�JULS�DQG�VXVFHSWLEOH� WR�FUHHS�UDWFKHWLQJ�DQG�RWKHU�XQGHVLUDEOH� PHFKDQLFDO� UHVSRQVHV�� 0RUHRYHU��PDQ\�DSSOLFDWLRQV� VXFK� DV� SDFNDJLQJ�� WXUELQH� EODGHV� DQG�JDV�ILOOHG�EODGGHUV� LQYROYH�EL�D[LDO� VWUHVVHV�� D� VWUHVV�VWDWH�ZKLFK�LV�GLIILFXOW�WR�LPSRVH�H[SHULPHQWDOO\��,QGHQWDWLRQ� RI� R[LGH� DOXPLQXP�&U&�EDVHG�PXOWLOD\HG� FRPSRVLWH� FRDWLQJ RIIHUV� DQ� LQWHUHVWLQJ�UHVXOWV� RI� LWV� PHFKDQLFDO� UHVSRQVH� WR� FRQYHQWLRQDO�WHQVLRQ� H[SHULPHQWV�� DV� WKH� FRDWLQJ� VDPSOHV� DUH�HDVLHU�WR�PRXQW�DQG�WKH�FRQILJXUDWLRQ�QDWXUDOO\�OLPLWV�GLVSODFHPHQWV� DQG� HOLPLQDWHV�PDQ\�RI� WKH�SUREOHPV�DVVRFLDWHG�ZLWK�FRQYHQWLRQDO�XQLD[LDO�WHVWLQJ�,Q� WKLV� SDSHU�� ZH� OLPLW� RXU� DWWHQWLRQ WR�IULFWLRQOHVV� FRQWDFW� ZLWK� DQ� LQGHQWHU�� 7KH� QRQ�OLQHDULW\� DVVRFLDWHG� ZLWK� VROYLQJ� ODUJH� VWUDLQ�� ODUJH�GHIRUPDWLRQ�SUREOHPV�LV�GHDOW�ZLWK�LQ�WKH�FRQWH[W�RI�QRQ�OLQHDU� GLIIHUHQWLDO� HTXDWLRQV�� IRU�ZKLFK�HIILFLHQW�QXPHULFDO� VFKHPHV� DERXQG�� 7KH� FDOFXODWLRQV�SUHVHQWHG� KHUH� LOOXVWUDWH� WKDW�� LQ� VSLWH� RI� VRPH� EULHI�DOJHEUDLF� FRPSOH[LW\�� RQH� FDQ� UDSLGO\� SUHGLFW� WKH�PHFKDQLFDO� UHVSRQVH�RI�FRDWLQJV� ORDGHG� WUDQVYHUVHO\�ZLWK� DQ� LQGHQWHU�� DFFRXQWLQJ� IXOO\� IRU� ERWK� ODUJH�GHIRUPDWLRQ� HIIHFWV� DQG� WKH� GHWDLOV� LQ� WKH� FRQWDFW�]RQH��$�NH\�UHVXOW�LV�WKDW�WKH�DQDO\VHV�RIWHQ�SURGXFH�VLPSOH�� FORVHG�IRUP�� SRZHU�ODZ� UHODWLRQVKLSV� WKDW�FDQ� EH� H[SORLWHG� WR� TXLFNO\� FRQYHUW� H[SHULPHQWDOO\�PHDVXUHG� ORDG�GLVSODFHPHQW� FXUYHV� WR� PHFKDQLFDO�SURSHUWLHV�7KHUH�LV�D�UDWKHU�VLJQLILFDQW�ERG\�RI�OLWHUDWXUH�RQ�WKH� PHFKDQLFV� RI� ODUJH�GHIRUPDWLRQ� SUREOHPV�� DQ�RYHUYLHZ�����0XFK�RI�WKH�OLWHUDWXUH�LV�FRQFHUQHG�ZLWK�SRLQW� ORDGLQJ� RI� FRPSRVLWHV� RU� SODWHV���DQG� WKH� LQIODWLRQ� RI� LQLWLDOO\� IODW� RU� KHPL�VSKHULFDO�FDSV�� L�H�� EXOJH� WHVWLQJ������ :KLOH� VXFK� SUHYLRXV�HIIRUWV� VHUYH� DV� XVHIXO� EDFNJURXQG� IRU� WKH� SUHVHQW�ZRUN�� WKH\� GR� QRW� H[SOLFLWO\� DGGUHVV� WKH� FRQWDFW�EHWZHHQ� D� ILQLWH�VL]HG� LQGHQWHU� DQG� WKH� R[LGH�DOXPLQXP�FRPSRVLWH��+RZHYHU�� WKHUH� LV� DQ� LQGXVWULDO� LQWHUHVW� LQ�FRDWLQJV� ZLWK� IXUWKHU� LPSURYHG� ZHDU� UHVLVWDQFH��KDUGQHVV�� DQG� IUDFWXUH� WRXJKQHVV�� IRU� H[DPSOH��FRPSDUHG� WR� &U&� RU� %1� VLQJOH� FRDWLQJV��

0XOWLOD\HUHG�FRDWLQJ�VWUXFWXUHV�VXFK�DV�VXSHUODWWLFHV��RU� QDQR�VWUXFWXUHG�PXOWLOD\HUV��ZKHUH� WKH� LQGLYLGXDO�OD\HUV�PD\� KDYH� D� WKLFNQHVV� LQ� WKH� QP� UDQJH�� LV� DQ�HPHUJLQJ� FODVV� RI� QHZ� KDUG� SURWHFWLYH� FRDWLQJV��2[LGH� DOXPLQXP� PDWUL[� VXSHU� ODWWLFHV� DQG�PXOWLOD\HUV� RI� GLIIHUHQW� R[LGHV� DQG� FDUELGHV� PLFUR�DQG�QDQRVWUXFWXUHV��H�J���R[LGH�DOXPLQXP�&U&��DUH�RI�LQWHUHVW� GXH� WR� WKH� SRVVLELOLW\� RI� HQKDQFLQJ� WKH�KDUGQHVV�� ZHDU� UHVLVWDQFH� DQG� RYHUDOO� SHUIRUPDQFH�FRPSDUHG� WR� VLQJOH�OD\HUHG� &U&� OD\HU� RU� R[LGH�DOXPLQXP� FRDWLQJ�� (QKDQFHG� KDUGQHVV� KDV� EHHQ�UHSRUWHG�IRU�R[LGH�DOXPLQXP�PDWUL[HV�ZLWK�DOSKD�DQG�JDPPD� SKDVHV� RI� R[LGH� DOXPLQXP� LQ� WKH� VWUXFWXUH��ERWK� IRU� VLQJOH�FU\VWDO� VXSHUODWWLFHV�� DV� ZHOO� DV� IRU�SRO\FU\VWDOOLQH�QDQRVWUXFWXUHG�PXOWLOD\HUV���,Q� SRO\FU\VWDOOLQH� R[LGH� DOXPLQXP�PDWUL[�� KLJK�KDUGQHVV� LV�H[SODLQHG�E\� WKH�SUHVHQFH�RI�GLVORFDWLRQ�EHWZHHQ� WKH� OD\HU� LQWHUIDFHV�� 7KH� GLVORFDWLRQV� DUH�UHVXOWHG� IURP� WKH� GLIIHUHQFH� LQ� WKH� VKHDU�PRGXOH� RI�WKH� PDWHULDOV� DQG� FRKHUHQF\� VWUDLQV� IRU� VPDOO�SHULRGLFLW\� VXSHUODWWLFHV� ZLWK� VLJQLILFDQW� ODWWLFH�PLVPDWFK� EHWZHHQ� WKH� OD\HUV�� ,Q� DGGLWLRQ��PHFKDQLFDO�SURSHUWLHV�DUH�DIIHFWHG�E\�WKH�SUHVHQFH�RI�JUDLQ� ERXQGDULHV� DQG� GHIHFWV� ZLWKLQ� WKH� R[LGH�DOXPLQXP� OD\HU�� 7\SLFDO� PLFUR� DUF� R[LGL]LQJ� XVHV�KLJK�FXUUHQW�GHQVLWLHV� �XS� WR����$�GP���ZKHQ�R[LGH�DOXPLQXP� OD\HU� LV� JURZLQJ� XS� DW� WKH� VXEVWUDWH����7KHVH� FRQGLWLRQV� FRXOG� LQGXFH� ODUJH� GHIHFWV�� PLFUR�YRLGV�DQG�SRUHV����7KH� OD\HU�FRQVLVW�RI� WKH�SULQFLSDO�SKDVHV�RI�R[LGH�DOXPLQXP����$�IHZ�ZRUNV�KDYH�EHHQ�GRQH�RQ�SRO\FU\VWDOOLQH�PXOWLOD\HUHG�R[LGH�DOXPLQXP�ILOPV� RQ� FRPPRQ� DXWRPRELOH� SDUWV� IURP� DOXPLQXP�RU�LWV�DOOR\V�7KH� REMHFWLYH� RI� WKH� SDSHU� LV� WR� LQYHVWLJDWH� WKH�SRVVLELOLW\� WR� LPSURYH� SK\VLFDO� DQG� PHFKDQLFDOSURSHUWLHV� RI� R[LGH� DOXPLQXP�EDVHG� FHUDPLF�FRPSRVLWH� E\� &U&�EDVHG� QDQRSDUWLFOHV� SURGXFHG� E\�WKH� PHWDO� RUJDQLF� FKHPLFDO� YDSRU� GHSRVLWLRQ��,QGHQWDWLRQ�WHFKQLTXH�ZLOO�EH�XVHG�DV�SHUIHFW�WRRO�IRU�FKDUDFWHUL]LQJ� WKH�SHUIRUPDQFH�DQG�GXUDELOLW\�RI� WKH�FRPSRVLWH� ,Q�DGGLWLRQ�� WKH�PHFKDQLFDO�SURSHUWLHV�RI�WKH� FRDWLQJV�DUH�GLVFXVVHG�ZLWK� UHVSHFW� WR� WKH�SKDVH�FRPSRVLWLRQ�
([SHULPHQWDO�PDWHULDOV�DQG�WHFKQLTXH�7KH�FRPELQDWLRQ�RI�DQ�$)0�DQG�D�QDQRLQGHQWHU��IRU� H[DPSOH�� 0LFUR6\VWHPV�� 8.�� LV� D� IXUWKHU� GH�

314

©2003 AESFAESF/EPA Conference for Environmental & Process Excellence



YHORSPHQW� RI� WKH� WUDGLWLRQDO� 9LFNHUV� PLFURKDUGQHVV�WHVWLQJ� GHYLFH�� 7KLV� LQVWUXPHQW� DOORZV� IRU� WZR�PHDVXUHPHQW� PRGHV�� ,W� SURYLGHV� D� VXUIDFH�WRSRJUDSK\� RI� FRQVWDQW� FRQWDFW� IRUFH� LQ�$)0�PRGH�DQG� D� IRUFH� GLVSODFHPHQW� FXUYH� LQ� QDQRLQGHQWDWLRQ�PRGH� XVLQJ� WKH� VDPH� WLS�� 7KLV� IHDWXUH� SURYLGHV� D�KLJK� VSDWLDO� UHVROXWLRQ� WR� SRVLWLRQ� WKH� WLS� RQ� WKH�PLFURVWUXFWXUH�RI�LQWHUHVW��7KH�VDPSOH�LV�PRXQWHG�RQ�D� VFDQQHU� WKDW� DOORZV� IRU� D� PRYHPHQW� LQ� WKH� SODQH�QRUPDO�WR�WKH�D[LDO�PRWLRQ�RI�WKH�WLS��7KH�WUDQVGXFHU�FRQVLVWV� RI� D� WKUHH�SODWH� FDSDFLWRU� RQ�ZKRVH� FHQWUDO�SODWH� D� WHWUDKHGUDO� GLDPRQG� %HUNRYLFK�WLS� LV�PRXQWHG�� $� QDQRLQGHQWDWLRQ� FXUYH� FRQVLVWV� RI� D�ORDGLQJ� SKDVH� ZKHUH� WKH� WLS� LV� SUHVVHG� LQWR� WKH�PDWHULDO� XS� WR� D� PD[LPDO� IRUFH�� D� KROGLQJ� SHULRG�ZKHUH� WKH� WLS� FUHHSV� LQWR� WKH� PDWHULDO� DQG� DQ�XQORDGLQJ� SKDVH� ZKHUH� WKH� IRUFH� RQ� WKH�PDWHULDO� LV�UHOHDVHG�� 7KH� ORDGLQJ� DQG� KROGLQJ� SKDVHV� UHVXOW� LQ�ERWK� SODVWLF� DQG� HODVWLF� GHIRUPDWLRQ� WKDW� FDQQRW� EH�GLVWLQJXLVKHG��7KH�XQORDGLQJ�SKDVH�VKRZV�WKH�HODVWLF�UHFRYHU\� RI� WKH�PDWHULDO� ZKLOH� WKH� ORDG� LV� UHOHDVHG��)RU� LVRWURSLF� HODVWLF� PDWHULDOV�� WKH� IROORZLQJ�UHODWLRQVKLS� EDVHG� RQ� WKH� DQDO\WLFDO� VROXWLRQ����� IRU�LQGHQWHUV�RI�UHYROXWLRQ�
$F(6 QS ��� �� ���

ZKHUH� 6�KPD[�� GHVFULEHV� WKH� GHULYDWLYH� RI� WKH�XQORDGLQJ� SDUW� DW� WKH� SRLQW� RI� LQLWLDO� XQORDGLQJ� DQG�$FKPD[� WKH� FRQWDFW� DUHD�� RYHU� ZKLFK� WKH� PDWHULDO�DQG� WKH� LQGHQWHU� DUH� LQ� FRQWDFW� DW� WKDW� SRVLWLRQ� DQG�WLPH��7KLV� YDULDEOH� FRQWDLQV� <RXQJ
V� PRGXOXV� DQG�3RLVVRQ
V� UDWLR��2IWHQ�� 3RLVVRQ
V� UDWLR� LV� DVVXPHG� WR�EH� Y�  � ����� IRU� R[LGH� DOXPLQXP�� EXW� ZH� SUHIHU� WR�UHSRUW� LQGHQWDWLRQ�PRGXOL� WR� DYRLG� WKLV� DVVXPSWLRQ��)RU� WKH� SXUSRVH� RI� FRPSDULVRQ�� <RXQJ
V� PRGXOXV�FDOFXODWHG� IRU�Y� ������LV�DSSUR[LPDWHO\�����RI� WKH�LQGHQWDWLRQ�PRGXOXV�7KH� XQORDGLQJ� SDUW� DOORZV� GHWHUPLQLQJ� HODVWLF�PRGXOXV� DQG� KDUGQHVV�� $� VHFRQG� PHFKDQLFDO�SURSHUW\�FDQ�EH�FDOFXODWHG�IURP�WKH�QDQRLQGHQWDWLRQ�FXUYH�� KDUGQHVV�� 7KH� KDUGQHVV� ZDV� FDOFXODWHG� IURP�WKH�ILUVW�����RI�WKH�VHFRQG�XQORDGLQJ�VHJPHQW�XVLQJ�WKH� 3KDUU� DQG� 2OLYHU� PHWKRG����� 7KLV� YDULDEOH� GH�

VFULEHV�WKH�PHDQ�SUHVVXUH�WKH�PDWHULDO�FDQ�UHVLVW�DQG�LV�GHILQHG�E\� WKH�UDWLR�RI�PD[LPXP�ORDG�3�RYHU� WKH�FRQWDFW�DUHD�
���

7KH� VWUHVV� ILHOG� LPSRVHG� E\� WKH� LQGHQWDWLRQ�SURFHVV� LV� KHWHURJHQHRXV� DQG� OHDGV� WR� SODVWLF�GHIRUPDWLRQ�DURXQG� WKH� WLS��7R�DFKLHYH�UHSURGXFLEOH�PHDVXUHPHQWV�� WKH� DYHUDJH� URXJKQHVV�RI� WKH� VDPSOH�LQ�WKH�FRQWDFW�DUHD�VKRXOG�EH�ZHOO�EHORZ�WKH�DSSOLHG�LQGHQWDWLRQ� GHSWK�� 7KH� PLQLPDO� GLVWDQFH� EHWZHHQ�QHLJKERU� LQGHQWV� ZDV� VHW� WR� DSSUR[LPDWHO\� �� WLPHV�WKH� FRQWDFW� GLDPHWHU� �L�H��  ���K� IRU� D�%HUNRYLFK� WLS�JHRPHWU\��
6SHFLPHQ�SUHSDUDWLRQ�DQG�PHDVXUHPHQWV7KH������DOXPLQXP�DOOR\�DV�UHIHUUHG�E\�WKH�0,/�VSHFLILFDWLRQV� ZDV� WKH� VXEVWUDWH� RQ� ZKLFK� R[LGH�FHUDPLF� OD\HUV� ZHUH� SURGXFHG� E\� PLFUR� DUF�R[LGL]LQJ��7KH�WKLFNQHVV�RI�WKH�R[LGH�DOXPLQXP�OD\HU�LV������P��LWV�PLFURKDUGQHVV�LV�XS�WR����*3D�DQG�LWV�<RXQJ¶V�PRGXOXV�LV�����*3D��7KH� S\URO\VLV� WHFKQRORJ\� DOORZV� GHSRVLWLRQ� RI�&U&� SDUWLFOHV� WKDW� IRUP� KDUG� &U&� OD\HUV� ZLWK� ORZ�UHVLGXDO� VWUHVVHV�� 7KH� SRUHV� DQG� GHIHFWV� RI� DOXPLQD�OD\HU�ZHUH�ILOOHG�E\�WKH�&U&�SDUWLFOHV��VHH�LQGH[HV�RQ�ILJ�� ���� 7KH� S\UROLWLF� GHSRVLWLRQ� SURFHVV� ZDV�SHUIRUPHG�E\�WKH�S\URO\VLV�RI�D�PHWDO�RUJDQLF�OLTXLG��%DUKRV��RI�&U�RUJDQLF�FRPSRXQGV�XQGHU�YDFXXP�LQ�SUHVVXUH� UDQJH� ���� 3D�� 7KH� SULQFLSDO� SLHFHV� RI�HTXLSPHQW�DUH�D�YHUWLFDO�TXDUW]�WXEH�UHDFWRU��D�IHHGHU�RI�WKH�OLTXLG�FRPSRVHG�RI�WKH�&U�RUJDQLF�FRPSRXQGV�DQG�WZR�F\OLQGHU�IXUQDFHV�ORFDWHG�LQVLGH�WKH�LQWHUQDO�VSDFH�RI�WKH�UHDFWRU��7KH�UHDFWRU�LV�FRQQHFWHG�ZLWK�D�YDFXXP�SXPS�WKURXJK�DQ�HQWUDLQPHQW�VHSDUDWRU��7KH�FKURPLXP�RUJDQLF� OLTXLG� LV� IHG� LQWR� WKH� XSSHU�IXUQDFH�DQG�HYDSRUDWHV�LQ�LWV�LQQHU�YROXPH��9DSRUV�RI�WKH�FKURPLXP�RUJDQLF�FRPSRXQGV�DUH�WKHQ�GHOLYHUHG�WR�WKH�VXEVWUDWHV�SODFHG�RQ�D�VSHFLDO�KROGHU�LQVLGH�WKH�ORZHU� IXUQDFH�� ZKHUH� WKH\� GHFRPSRVH� IRUPLQJ� D�FRDWLQJ�� 7KH� GHSRVLWLRQ� ZDV� SHUIRUPHG� XQGHU� D�SUHVVXUH� ����� 3D� DQG� D� WHPSHUDWXUH� RI� ��������&��ZKLFK� ZDV� PHDVXUHG� E\� WKH� :�5H� WKHUPRFRXSOH�ZLWK� WKH�GHYLDWLRQ�RI������7KH� WKLFNQHVV�RI� WKH�&U&�
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OD\HU� UDQJHV� IURP���� WR�����P��LWV�PLFURKDUGQHVV�LV���*3D�DQG�LWV�<RXQJ¶V�PRGXOXV�LV�����*3D��7KH� QDQRLQGHQWDWLRQ� UHVSRQVH� RI� WKH� R[LGH�DOXPLQXP�&U&� QDQRSDUWLFOHV� PXOWLOD\HU� DQG�KRPRJHQHRXV� R[LGH� DOXPLQXP� FRDWLQJV� ZHUH�GHWHUPLQHG�XVLQJ�D�1DQR,QGHQWRU\�,,�LQVWUXPHQW��7KH�PHDVXUHPHQW� SURFHGXUH� ZDV� DV� IROORZV�� ORDG� WR�PD[LPXP�� XQORDG� WR� ���� RI� PD[LPXP� ORDG�� KROG�IRU� ��� V�� ORDG� WR� PD[LPXP�� KROG� IRU� ���� V�� DQG�FRPSOHWHO\�XQORDG��7KH�PD[LPXP�ORDG�ZDV����RU����P1�DQG� D�PD[LPXP�RI� WHQ� LQGHQWV� VHTXHQFHV�ZHUH�XVHG�IRU�HDFK�PD[LPXP�ORDG��7KH�GDWD�IURP�WKH�ILUVW�KROG� VHJPHQW� a��� V� ZDV� XVHG� WR� FRUUHFW� WKH� ORDG�GLVSODFHPHQW� GDWD� IRU� WKHUPDO� GULIW�� 7KH� WULDQJXODU�%HUNRYLFK� GLDPRQG� LQGHQWRU� WLS� ZDV� FDOLEUDWHG�IROORZLQJ�WKH�SURFHGXUH�GHVFULEHG�LQ�5HI���������$IWHU� $)0� DQG� QDQRLQGHQWDWLRQ� VWXGLHV� WKH�VDPSOH� ZDV� ILUVW� VFDQQHG� LQ� $)0�PRGH�� 7KH�WRSRJUDSK\� PHDVXUHPHQW� KHOSHG� WR� FKDUDFWHUL]H� WKH�SROLVKLQJ�TXDOLW\� DQG� WR� FKRRVH�SUHFLVHO\� WKH� UHJLRQ�RI� LQWHUHVW�� 7KH� SLH]RHOHFWULF� VFDQQHU� RI� WKH� $)0�DOORZV�IRU�D�KLJKHU�SRVLWLRQLQJ�DFFXUDF\�WKDQ�WKH�[�\�WUDQVODWLRQ�WDEOH� WKDW�HTXLSV�QDQRLQGHQWDWLRQ�GHYLFHV�UHO\LQJ�RQ�RSWLFDO�PLFURVFRS\��
5HVXOWV�(OHFWURFKHPLFDO� VWXGLHV� RI� WKH� FRDWLQJ� UHYHDOHG� WKDW�WKH� FRDWLQJ� LV� DOPRVW� GHQVH� DQG� SRURXV�IUHH�� 7KH�$XJHU� VSHFWUD� ZHUH� REWDLQHG� DW� GLIIHUHQW� YDOXHV� RI�WKH� VSXWWHULQJ� WLPH�� 7KH� UHVXOWV� LQGLFDWHG� WKH� QRW�XQLIRUP� GLVWULEXWLRQ� RI� WKH� VXEVWUDWH� FRPSRQHQWV�ZKHQ� YDU\LQJ� WKH� FRDWLQJ� WKLFNQHVV�� ,W� LV� VXSSRVHG�WKDW�WKH�$O�DQG�2�SDUWLFOHV�REVHUYHG�LQ�WKH�FRDWLQJ�LV�WKH� HIIHFW� RI� GLIIXVLRQ� EHWZHHQ� WKH� VXEVWUDWH�FRPSRQHQWV� DQG� WKH� &U&� FRDWLQJ� GXULQJ� WKH�GHSRVLWLRQ�DW�WHPSHUDWXUH�DERYH����R&�)LJXUH� �� VKRZ� WKH� W\SLFDO� VWUXFWXUH� RI� R[LGH�DOXPLQXP� OD\HU�� 7KH� SRUHV� DUH� VKRZQ� RQ� VXUIDFH��)LJXUH���VKRZV�WKDW�WKH�&U&�QDQRSDUWLFOHV�GHSRVLWHG�RQ�R[LGH�DOXPLQXP�EDVHG�FHUDPLF�OD\HU�ILOO�WKH�SRUHV�DQG�RWKHU�GHIHFWV�RI�WKH�OD\HU��7KH�&U&�QDQRSDUWLFOHV�DQG� &U&� FRDWLQJ� KDYH� KLJK� DGKHVLRQ� WR� WKH� R[LGH�DOXPLQXP�VXEVWUDWH�VLQFH�QR�H[IROLDWLRQ�LV�YLVLEOH�LQ�WKH� IUDFWXUH� RI� WKH� FRDWHG� VSHFLPHQV� DW� DSSOLHG�WHFKQRORJLFDO� UHJLPHV�� 7KH� FRDWLQJ� LV� FKDUDFWHUL]HG�E\�D�ILQH�JUDLQHG�JOREXOH�OLNH�VWUXFWXUH��,W�VKRXOG�EH�SRLQWHG�RXW�WKDW�RQH�VWUXFWXUH�FRXOG�FRQVLVW�RI�VHYHUDO�

JUDLQV��&U&�QDQRSDUWLFOHV�RU�VXEJUDLQV��WKHUHIRUH�WKH�VL]H� RI� &U&� QDQRSDUWLFOH� LV� VPDOOHU� WKDQ� WKH� SRUH�ZLGWK��

)LJXUH� ��� 0LFURVWUXFWXUH� RI� R[LGH� DOXPLQXP�EDVHG�QDQRVWUXFWXUHG�FRPSRVLWH7KH� ;�UD\� DQDO\VLV� UHYHDOHG� WKDW� WKH� &U&� WRS�FRDWLQJ� FRQVLVWV� JHQHUDOO\� FKURPLXP� FDUELGHV��&U�&�� DQG� &U�&���� 7KH� FRDWLQJ� KHDOV� YDULRXV�VXUIDFH� GHIHFWV�� SRUHV� DQG� YRLGV� RQ� WKH� R[LGH�DOXPLQXP� VXUIDFH� �VHH� ILJ�� ���� ZKLFK� ZDV� GHHSO\�GHWHUPLQHG� E\� VWXG\LQJ� WKH� FRDWLQJ�VXEVWUDWH�LQWHUIDFH�ZLWK�WKH�DLG�RI�6(0�

)LJXUH� ��� 0LFURVWUXFWXUH� RI� $O�$O�2��&U&� QDQRSDUWLFOHV�FRPSRVLWH
7KH� HOHFWURFKHPLFDO� VWXGLHV� DQG� WKH� 6(0�LQYHVWLJDWLRQV�UHYHDOHG�WKDW�WKH�R[LGH�DOXPLQXP�&U&�FRPSRVLWH�FRDWLQJ�LV�YHU\�GHQVH�DQG YLUWXDOO\�GHIHFW�IUHH��7KH�KHDOLQJ� UHVXOWHG�E\�&U&�QDQRSDUWLFOHV� WKDW�ILOO� PRVW� GHIHFWV� RI� R[LGH� DOXPLQXP� VWUXFWXUH�� 7KH�VLQJOH�R[LGH�DOXPLQXP�OD\HU�LV�IRUPHG��WKH�IDLOXUH�LV�LQLWLDWHG�E\��RSHQLQJ��GHIHFWV�RI�WKH�R[LGH�DOXPLQXP�VWUXFWXUH�� ,W� UHVXOWV� LQ� UHGXFHG� IUDFWXUH� UHVLVWDQFH� RI�
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WKH� R[LGH� DOXPLQXP� DJDLQVW� LQLWLDWLRQ� DQG�SURSDJDWLRQ�RI�PLFUR�DQG�QDQRFUDFNV�WKURXJK�GHIHFWV�DQG�SRUHV��

)LJXUH���7RSRJUDSK\�RI�FRPSRVLWH�VXUIDFH�LQ�$)0�PRGH
1DQRLQGHQWDWLRQ

)LJXUH����,QGHQWDWLRQ�WUDFN�
)LJXUH���VKRZV�9LFNHUV�LQGHQWDWLRQV�REWDLQHG�RQ�WKH� VXUIDFH� RI� WKH� FRDWHG� DQG� XQFRDWHG� FHUDPLF�VSHFLPHQV�� ,W� LV� IRXQG� WKDW�� ZKHUHDV� W\SLFDO�3DOPTXLVW� FUDFNV� DSSHDU� DIWHU� WKH� LQGHQWDWLRQ�RI� WKH�XQFRDWHG� VSHFLPHQ�� WKHUH� DUH� QRW� FUDFNV� QHDU� WKH�FRUQHUV� RI� WKH�9LFNHUV� LQGHQWDWLRQ�RQ� WKH� VXUIDFH�RI�WKH�FRDWHG�FHUDPLF�VSHFLPHQ�)LJXUH� �� VKRZV� QDQRLQGHQWDWLRQ� ORDG�GLVSODFHPHQW� FXUYHV� IURP� R[LGH� DOXPLQXP�&U&�PXOWLOD\HU� FRPSRVLWH� XVHG� IRU� HYDOXDWLQJ� FRPSRVLWH�KDUGQHVV�� 7KH� LQLWLDO� ORDGLQJ� VHJPHQW� FRQWDLQV� DQ�HODVWLF�SODVWLF� GLVSODFHPHQW�� 7KH� ILUVW� XQORDGLQJ�FXUYH� DQG� WKH� VHFRQG� ORDGLQJ� FXUYH� GLIIHU�VXEVWDQWLDOO\�DQG�IRUP�D�K\VWHUHVLV�ORRS�ZLWK�D�ODUJHU�

GLVSODFHPHQW� GXULQJ� XQORDGLQJ� WKDQ� ORDGLQJ�� 7KH�GDWD� IURP� WKH� ILUVW� KROG� VHJPHQW� ZDV� XVHG� IRU�FRUUHFWLRQ�RI� WKH� ORDG�GLVSODFHPHQW�GDWD� IRU� WKHUPDO�GULIW� DQG� WKH� VHFRQG� IRU� LQYHVWLJDWLQJ� FUHHS� OLNH�GLVORFDWLRQ� QXFOHDWLRQ� DQG� JOLGH� SODVWLF� EHKDYLRU��$SSUR[LPDWHO\� ���� QP� PD[LPXP� ORDG� FUHHS�RFFXUUHG�DW� WKH�PD[LPXP�ORDG�KROG�VHJPHQW� LQ�)LJ���� )RU� DOO� R[LGH� DOXPLQXP�&U&� FRPSRVLWHV�� WKH�PD[LPXP� GLVSODFHPHQW� ZDV� �������� QP� WKDW� LV�ORZHU�WKHQ�WKDW�RI�VLQJOH�R[LGH�DOXPLQXP�OD\HU��7KH�ILUVW� DQG� WKH� VHFRQG� XQORDGLQJ� FXUYHV� IURP� WKHVH�FRPSRVLWHV� VKRZ� WKH� VDPH� HODVWLF� EHKDYLRU� ZLWK�VPDOO� FUHHS��+RZHYHU��WKH�HODVWLF� UHVSRQVH� IURP� WKH�ILOPV�GLIIHUV�DQG�WKXV�UHVXOWV�LQ�WKH�GLIIHUHQW�DSSDUHQW�KDUGQHVV��6LQJOH�R[LGH�DOXPLQXP�OD\HU�H[KLELWHG�WKH�ODUJHVW�SHUFHQWDJH�RI�HODVWLF�UHFRYHU\�IURP�PD[LPXP�GLVSODFHPHQW�GXULQJ�WKH�VHFRQG�XQORDGLQJ�

)LJXUH����1DQRLQGHQWDWLRQ�FXUYHV��
7KH� KDUGQHVVHV� RI� WKH� R[LGH� DOXPLQXP� OD\HUV�ZHUH� LQ� WKH� UDQJH� RI� SXEOLVKHG� QDQRLQGHQWDWLRQ�KDUGQHVV�GDWD�EHWZHHQ����DQG����*3D��GHSHQGLQJ�RQ�ILOP� PLFURVWUXFWXUH� DQG� KDUGQHVV� HYDOXDWLRQ�SURFHGXUH�� 7KH� KDUGQHVVHV� RI� WKH� R[LGH� DOXPLQXP�&U&�FRPSRVLWH�ZHUH�LQ�WKH�UDQJH�RI�GDWD�EHWZHHQ����DQG� ��� *3D�� GHSHQGLQJ� RQ� ILOP� PLFURVWUXFWXUH��WKLFNQHVV� RI� WKH� OD\HUV� DQG� KDUGQHVV� HYDOXDWLRQ�SURFHGXUH�

'LVFXVVLRQ7KH� FRPELQDWLRQ� RI� $)0� DQG� QDQRLQGHQWDWLRQ� KDV�SURYHQ� WR� EH� D� SRZHUIXO� WRRO� WR� SURYLGH� UHOLDEOH�PLFURPHFKDQLFDO� SURSHUWLHV�RI� WKH�R[LGH� DOXPLQXP�&U&� QDQRSDUWLFOHV� FRPSRVLWH�� 7KH� VWURQJ� DGYDQWDJH�
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RI� WKH� DYDLODEOH� $)0�PRGH� RYHU� WKH� FRQYHQWLRQDO�QDQRLQGHQWDWLRQ� WHFKQLTXH� OLHV� LQ� WKH� SRVVLELOLW\� WR�VHOHFW� WKH� ORFDWLRQ� RI� WKH� LQGHQWDWLRQV�ZLWKLQ� D� IHZ�WHQWKV� RI� QDQRPHWHUV� DQG� WR� TXDQWLI\� WKH� VDPSOH
V�VXUIDFH� WRSRJUDSK\��KHQFH� WKH� TXDOLW\� RI� WKH� VDPSOH�SUHSDUDWLRQ�7KH� KLJKHU� VWDQGDUG� GHYLDWLRQV� IRXQG� LQ�SUHYLRXV� QDQRLQGHQWDWLRQ� VWXGLHV� ZHUH� SUREDEO\�DVVRFLDWHG� ZLWK� DYHUDJLQJ� RYHU� PXOWLSOH� VDPSOHV��7KH�UHVXOWV�LQGLFDWHG�WKDW��LQ�ILUVW�DSSUR[LPDWLRQ��WKH�FRPSRVLWH� PLJKW� EH� VHHQ� DV� D� QDQRDVVHPEO\� RI�QDQRVWUXFWXUDO� XQLWV� ZLWK� GLVWLQFW� PHFKDQLFDO�SURSHUWLHV� EHWZHHQ� WKHP� EXW� UDWKHU� KRPRJHQHRXV�SURSHUWLHV�ZLWKLQ� WKH� VDPH�QDQRVWUXFWXUHG�HOHPHQWV��7KLV�ILQGLQJ�KDV�SRWHQWLDOO\�LPSRUWDQW�LPSOLFDWLRQV�LQ�WKH� SURFHVV� RI� IUDFWXUH� SURSDJDWLRQ� WKDW� LV� FOHDUO\�UHODWHG�WR�FRPSRVLWH�VWUXFWXUH�DQG�KHWHURJHQHLW\�7KH�PDMRU�OLPLWDWLRQ�RI�WKH�QDQRLQGHQWDWLRQ�GDWD�DQDO\VLV� UHPDLQV� WKH� K\SRWKHVLV� RI� LVRWURS\� RI� WKH�WHVWHG�PDWHULDO��,Q�IDFW��WKH�LQGHQWDWLRQ�FXUYH�GHSHQGV�WR�D�ZLGHO\�XQNQRZQ�H[WHQW�RQ�DOO�DQLVRWURSLF�HODVWLF�FRQVWDQWV� RI� WKH� WHVWHG� PDWHULDO�� 6LQFH� WKH� R[LGH�DOXPLQXP�&U&� QDQRVWUXFWXUHG� FRPSRVLWH� DQG� PRVW�SUREDEO\�DOVR�WKH�R[LGH�DOXPLQXP�OD\HU�LV�HODVWLFDOO\�DQLVRWURSLF�� WKH� UHSRUWHG� UHVXOWV� DUH� VRPH� ZHLJKWHG�DYHUDJH� RI� WKH� HODVWLF� PRGXOL� DORQJ� WKH� YDULRXV�PDWHULDO�RULHQWDWLRQV�/DUJH� FRPSUHVVLYH� UHVLGXDO� VWUHVVHV� DULVH� IURP�HQHUJHWLF� PHWDORUJDQLF� GHSRVLWLRQ� RI� &U&�QDQRSDUWLFOHV� KHDOLQJ� GHIHFWV� RI� R[LGH� DOXPLQXP�VWUXFWXUH�ZHUH�IRXQG� LQ� WKH�ILOPV��7KH�VWUHVVHV�ZHUH�KLJKHU� LQ� WKH� WKLFNHU� &U&� OD\HUV� GXH� WR� WKH� KLJKHU�QDQRSDUWLFOH�HQHUJ\�WKDW�FUHDWHV�LQWHUQDO�VWUHVVHV�RYHU�D� PRUH� H[WHQGHG� UHJLRQ� WKDW� VXEVHTXHQWO\� EHFRPHV�EXULHG�XQGHU�WKH�JURZWK�IURQW�
&RQFOXVLRQ7KH� FRDWLQJ� GHSRVLWHG�ZLWK� WKH� DLG� RI�02&9'� RQ�R[LGH� DOXPLQXP� FHUDPLFV�� ZKLFK� LV� FRPSRVHG� RI� D�PL[WXUH� RI� &U� DQG� FKURPLXP� FDUELGHV�� KDV� JRRG�PLFURKDUGQHVV�DV�KLJK�DV����*3D��IUDFWXUH�UHVLVWDQFH�DQG�DGKHVLRQ�WR�WKH�R[LGH�FHUDPLF�VXEVWUDWH�GXH�WR�D�KLJK� UDWH� RI� LWV� FKHPLFDO� DQG� VWUXFWXUDO� LQWHUDFWLRQ�ZLWK WKH�R[LGH�DOXPLQXP�VXEVWUDWH�ZKHQ�GHSRVLWLQJ��7KH�&U&� QDQRSDUWLFOHV� OHDGV� WR� KHDOLQJ� YDULRXV�VXUIDFH� GHIHFWV� DQG� SRUHV� RI� R[LGH� DOXPLQXP� DQG�UHWDUGDWLRQ�RI�WKH�FUDFN�LQLWLDWLRQ�DQG�LWV�SURSDJDWLRQ�

LQ� WKH�QHDU�VXUIDFH�FRPSRVLWH��,W� UHVXOWV� LQ�HQKDQFHG�WUDQVYHUVH� UXSWXUH� VWUHQJWK�� IUDFWXUH� WRXJKQHVV�� DQG�PLFURKDUGQHVV� RI� WKH� FRDWHG� R[LGH� DOXPLQXP�FHUDPLF� VSHFLPHQV�� 7KH� GDPDJH� LQ� WKH� $O�2��&U&�FRPSRVLWH� LV� VXSSUHVVHG�� LQ� FRQWUDVW� WR� WKDW� LQ� WKH�VLQJOH� R[LGH� DOXPLQXP�� &U&� QDQRSDUWLFOHV� DQG�FOXVWHUV�GHIOHFW�FRUUHVSRQGLQJ�WR�GHIRUPDWLRQ�SODVWLF�PDWHULDO� IORZ��'HIRUPDWLRQ� WDNHV� SODFH� LQ� UHVXOW� RI�UDGLDO�VSUHDGLQJ�RI�FRQWDFW�]RQH�XQGHU�LQGHQWHU�ZLWK�LQLWLDWLQJ� RI� ORFDO� FUDFNV�� 7KH� GHJUHH� RI� WRXJKHQLQJ�DVVRFLDWHG� ZLWK� FUDFN� KHDOLQJ� LV� GHWHUPLQHG� E\� WKH�QXPEHU� RI� KHDOLQJ� GHIHFWV� DQG� WKH� HIIHFWLYHQHVV� RI�WKH�LQGLYLGXDO�KHDOLQJ��
5HIHUHQFHV�� )XOWRQ�� -�3�� DQG� 6LPPRQGV�� -�*�� /DUJH�GHIRUPDWLRQV� XQGHU� YHUWLFDO� HGJH� ORDGV� RIDQQXODU� PHPEUDQHV� ZLWK� YDULRXV� VWUDLQ� HQHUJ\�GHQVLWLHV�� ,QWHUQDWLRQDO� -RXUQDO� RI� 1RQ�/LQHDU�0HFKDQLFV����������������������� +RQJ�� 6�� :HLKV�� 7�3��� %UDYPDQ�� -�&�� DQG� 1L[��:�'�� 0HDVXULQJ� VWLIIQHVVHV� DQG� UHVLGXDO� VWUHVV� RI�VLOLFRQ� QLWULGH� WKLQ� ILOPV�� -RXUQDO� RI� (OHFWURQLF�0DWHULDOV������������������������ /L�� ;�� DQG� 6WHLJPDQQ�� '�-�� 3RLQW� ORDGV� RQ� D�KHPLVSKHULFDO� HODVWLF� PHPEUDQH�� ,QWHUQDWLRQDO�-RXUQDO� RI� 1RQ�/LQHDU� 0HFKDQLFV�� ���� ����������������� /LEDL�� $�� DQG� 6LPPRQGV�� -�*�� 7KH� 1RQOLQHDU�7KHRU\� RI� (ODVWLF� 6KHOOV�� �QG� HG��� &DPEULGJH�8QLYHUVLW\�3UHVV��&DPEULGJH��8�.���������� <DQJ��:�+�� DQG�)HQJ��:�:��2Q�D[LV\PPHWULFDO�GHIRUPDWLRQV� RI� QRQOLQHDU� PHPEUDQHV�� -RXUQDO� RI�$SSOLHG�0HFKDQLFV������������������������� <DQJ�� :�+�� DQG� +VX�� .�+�� ,QGHQWDWLRQ� RI� D�FLUFXODU� PHPEUDQH�� -RXUQDO� RI� $SSOLHG� 0HFKDQLFV����������������������� 7VDNDODNRV�� 7�� 7KH� EXOJH� WHVW�� D� FRPSDULVRQ� RI�WKHRU\� DQG� H[SHULPHQW� IRU� LVRWURSLF� DQG� DQLVRWURSLF�ILOPV��7KLQ�6ROLG�)LOPV����������������������� 6PDOO�� 0�.�� DQG� 1L[�� :�'�� $QDO\VLV� RI� WKH�DFFXUDF\� RI� WKH� EXOJH� WHVW� LQ� GHWHUPLQLQJ� WKH�PHFKDQLFDO� SURSHUWLHV� RI� WKLQ� ILOPV�� -RXUQDO� RI�0DWHULDOV�5HVHDUFK������������������������ 9ODVVDN�� -�-�� DQG� 1L[�� :�'�� $� QHZ� EXOJH� WHVW�WHFKQLTXH� IRU� WKH� GHWHUPLQDWLRQ� RI
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<RXQJ
V� PRGXOXV� DQG� 3RLVVRQ
V� UDWLR� RI� WKLQ� ILOPV��-RXUQDO�RI�0DWHULDOV�5HVHDUFK������������������������� 3RLODQH�� &��� 'HOREHOO�� 3��� /H[FHOOHQW�� &���+D\DVKL�� 6�� DQG� 7REXVKL�� +�� $QDO\VLV� RI� WKH�PHFKDQLFDO� EHKDYLRU� RI� VKDSH� PHPRU\� SRO\PHU�GHIOHFWLRQ� WHVWV�� 7KLQ� 6ROLG� )LOPV�� ����� ������������������ %�� %KXVKDQ� DQG� %�� .�� *XSWD�� +DQGERRN� RI�7ULERORJ\�a0F*UDZ�+LOO��1HZ�<RUN����������������� 0�� 6KLQQ�� /�� +XOWPDQ�� DQG� 6�� $�� %DUQHWW� -��0DWHU��5HV������������������ ;��&KX��0�6��:RQJ��:�'�� 6SURXO��6�/��5KRGH��DQG� 6�$�� %DUQHWW�� -�9DF�6FL�7HFKQRO�� $����������������� .��+��0XOOHU��3K\V��5HY��%������������������� +��/MXQJFUDQW]��/��+XOWPDQ��-��(��6XQGJUHQ��DQG�/��.DUOVVRQ��-��$SSO��3K\V������������������� 0�� 6��:RQJ��:��'�� 6SURXO��;��&KX�� DQG� 6��$��%DUQHWW��-��9DF��6FL��7HFKQRO��$������������������� *��0��3KDUU��:��&��2OLYHU��DQG�)��5��%URW]HQ��-��0DWHU��5HV������������������ :��&��2OLYHU�DQG�*��0��3KDUU��-��0DWHU��5HV������������������� :��&��2OLYHU��&��-��0F+DUJXH��DQG�6��-��=LQNOH��7KLQ�6ROLG�)LOPV������������������� %�� /DZQ�� )UDFWXUH� RI�%ULWWOH� 6ROLGV��&DPEULGJH�8QLYHUVLW\�3UHVV��&DPEULGJH���������� 5�:�� +HUW]EHUJ�� 'HIRUPDWLRQ� DQG� )UDFWXUH�0HFKDQLFV� RI� (QJLQHHULQJ� 0DWHULDOV�� � :LOH\��1<��������S�����
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