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-HDQ�)UDQoRLV�'RXFHW���DQG�8ZH�%UDPNDPS���
�&67%��&KDPSV�VXU�0DUQH��)UDQFH��

�(5H,(��3DODLVHDX��)UDQFH�
��(')�5	'��0RUHW�VXU�/RLQJ��)UDQFH��
��$WODQWLF��/D�5RFKH�VXU�<RQ��)UDQFH��

��
$%675$&7�
,Q� ORZ� HQHUJ\� UHVLGHQWLDO� EXLOGLQJV�� WKH� HQHUJ\�
FRQVXPSWLRQ� IRU� KRW� ZDWHU� JHQHUDWLRQ� EHFRPHV� WKH�
PDLQ� FRQVXPSWLRQ� LWHP�� ,Q� RUGHU� WR� DFKLHYH� WKH�
UHTXLUHPHQW�RI�WKH�QHZ�)UHQFK�WKHUPDO�UHJXODWLRQ�>�@��
WKH� FRQVRUWLXP� KDV� GHYHORSHG� D� VWUDWHJ\� WR� GHVLJQ� D�
V\VWHP� RI� '+:� JHQHUDWLRQ� RQ� WKH� EDVLV� RI� D�
WKHUPRG\QDPLF�V\VWHP�XVLQJ�KHDW�VRXUFHV�DYDLODEOH�LQ�
DQG� DURXQG� WKH� EXLOGLQJ�� 7KLV� SODQ� LV� EDVHG� RQ�
QXPHULFDO�VLPXODWLRQ�WRROV�DQG�ILHOG�WHVWV��7KLV�DUWLFOH�
VKRZV� WKDW� ILUVW� ILHOG� WHVWV� DUH� LQ� DJUHHPHQW� ZLWK�
QXPHULFDO� VLPXODWLRQV�� 5HDFKLQJ� WKH� REMHFWLYHV�
UHTXLUH� WR� PLQLPL]H� KHDW� ORVVHV�� KLJK� &23� DQG�
SRVVLEO\� KDYLQJ� UHFRXUVH� WR� UHQHZDEOH� HQHUJLHV� RU�
HQHUJ\� UHFRYHU\� �JUH\� ZDWHU�� RU� QHZ� VRXUFHV� RI�
HQHUJ\� �KRW� DLU� LQ� DWWLF� RU� ZDUP� DLU� LQ� EXLOGLQJ�
EDVHPHQW����

,1752'8&7,21�
6LQFH� ������ )UDQFH� KDV� HQWHUHG� LQWR� D� SURFHVV� RI�
HQIRUFLQJ� D� QHZ� UHJXODWLRQ� IRU� EXLOGLQJV� HQHUJ\�
SHUIRUPDQFH�� 7KH� QHZ� UHJXODWLRQ�� NQRZQ� DV� WKH�
57����� �³UpJOHPHQWDWLRQ� WKHUPLTXH� ����´��� UHTXLUHV�
HQHUJ\�FRQVXPSWLRQ�RI�QHZ�EXLOGLQJV� WR�EH�XQGHU�DQ�
DEVROXWH� SHUIRUPDQFH� YDOXH�� VHW� DURXQG� ��� N:K� RI�
SULPDU\�HQHUJ\�SHU�VTXDUH�PHWHU�SHU�\HDU�IRU���LWHPV��
KHDWLQJ�� FRROLQJ�� KRW� ZDWHU� JHQHUDWLRQ�� OLJKWLQJ��
YHQWLODWLRQ� DQG� DX[LOLDULHV� OLNH� SXPSV� DQG� IDQV�
DVVRFLDWHG�ZLWK�>�@��
'RPHVWLF� KRW� ZDWHU� JHQHUDWLRQ� EHFRPHV� RQH� RI� WKH�
PRVW�LPSRUWDQW�SDUW�RI�WKHVH�HQHUJ\�FRQVXPSWLRQV��,Q�
RUGHU�WR�SURPRWH�QHZ�VROXWLRQV�IRU�GRPHVWLF�KRW�ZDWHU�
JHQHUDWLRQ��WKH�)UHQFK�(QHUJ\�$JHQF\��$'(0(��KDV�
ODXQFKHG� D� UHVHDUFK� SURJUDP� �FDOOHG� 3$&7(� (&6��
ZKLFK� PDLQ� REMHFWLYH� LV� WR� GHYHORS� QHZ� V\VWHPV�
PDWFKLQJ�WKH�IROORZLQJ�UHTXLUHPHQWV��

 DFKLHYH� DQ� HQHUJ\� FRQVXPSWLRQ� OHVV� WKDQ� RU�
HTXDO�WR����N:KHS�P��\U��

 KDYH� D� IDFWRU� WZR� RQ� WKH� HQHUJ\� JDLQ�
UHODWLYHO\�WR�WKH�UHIHUHQFH�WHFKQRORJ\��

 KDYH� D� SD\EDFN� WLPH� OHVV� WKDQ� KDOI� RI� WKH�
HTXLSPHQW�OLIHVSDQ��

 KDYH��DQ�HTXLSPHQW�OLIH�VSDQ�RYHU����\HDUV��

,Q� DGGLWLRQ�� WKH� FRQVRUWLXP� DGGHG� D� UHTXLUHPHQW� RQ�
WKH�&2��HPLVVLRQV��OHVV�WKDQ�����J�RI�&2��Pð�\HDU����

7KH�PDLQ�JRDO�RI� RXU�SURMHFW� �%%&�3$&6��%kWLPHQW�
%DVVH�&RQVRPPDWLRQ��3RPSH�$� &KDOHXU� SRXU� O¶HDX�
&KDXGH�6DQLWDLUH�� �/RZ�HQHUJ\�EXLOGLQJ��+HDW�3XPS�
IRU�'+:�JHQHUDWLRQ��LV�WR�GHYHORS�D�V\VWHP�EDVHG�RQ�
WKH�WKHUPRG\QDPLF�F\FOH�XVLQJ�KHDW�VRXUFHV�DYDLODEOH�
LQ� DQG� DURXQG� WKH� EXLOGLQJ� �LQWHULRU� DQG� DPELHQW� DLU��
JHRWKHUPDO�UHVRXUFH��JUH\�ZDWHU��HWF����

,Q� RUGHU� WR� GHVLJQ� DQG� VHOHFW� WKH� PRVW� DSSURSULDWH�
V\VWHP��VHYHUDO�VLPXODWLRQ�WRROV�KDYH�EHHQ�GHYHORSHG�
LQ� WKH� 7516<6� HQYLURQPHQW�� 7KH� QXPHULFDO�
VLPXODWLRQV� DUH� EDVHG� RQ� WKH� DQDO\VLV� RI� WKH� WKHUPDO�
ORVVHV� RI� WKH� FRPSRQHQWV�� RI� KRW� ZDWHU� QHHGV� LQ�
UHODWLRQ�ZLWK� WKH�QXPEHU�RI� RFFXSDQWV�� RI� WKH� HQHUJ\�
DYDLODEOH� LQ� HDFK� VRXUFH� DURXQG� WKH� EXLOGLQJ� YLD� DQ�
H[HUJHWLF�SRLQW�RI�YLHZ��(DFK�V\VWHP�LV�PRGHOOHG�DQG�
WKH�UHVXOWV�DUH�FRPSDUHG�LQ�WHUPV�RI�HQHUJ\�HIILFLHQF\��
LQGXVWULDO� DQG� RSHUDWLQJ� FRVWV�� )LHOG� WHVWV� LQ� D�
FROOHFWLYH� EXLOGLQJ� ZHUH� FDUULHG� RXW� DQG� WKH� ILUVW�
UHVXOWV�DUH�LQ�OLQH�ZLWK�VLPXODWLRQ�WRROV��
6,08/$7,21�$1'�(;3(5,0(17�
7KLV�SDUW�RI�WKH�DUWLFOH�SUHVHQWV��ILUVW��WKH�REMHFWLYHV�RI�
WKH�PRGHOOLQJ� WRROV�GHYHORSHG�GXULQJ� WKH�SURMHFW�DQG�
VHFRQG�� WKH� GLIIHUHQW� SUHOLPLQDU\� VWXGLHV� PDGH� LQ�
RUGHU�WR�EH�DEOH�WR�DFKLHYH�WKHVH�JRDOV��7KHVH�VWXGLHV�
VWUHWFK� IURP� WKH� KRW� ZDWHU� QHHGV� GHILQLWLRQ� WR� WKH�
H[DPLQDWLRQ� RI� WKH� FRPSRQHQWV� RI� WKH� JHQHUDWLRQ�
V\VWHP� �GLVWULEXWLRQ�� VWRUDJH�� FROG� VRXUFHV�� KHDW�
SXPSV��IDUHV���

2EMHFWLYHV�
7KH� VLPXODWLRQ� REMHFWLYHV� FDQ� EH� JURXSHG� LQ� WZR�
FDWHJRULHV��

 7KH�ILUVW�LV��RI�FRXUVH��WR�EH�DEOH�WR�GLVSRVH�RI�
QXPHULFDO� HOHPHQWV� �HQHUJHWLF� FRQVXPSWLRQ� FRVWV��
&2�� pPLVVLRQV�� DOORZLQJ� WR� FKHFN� WKDW� WKH�
FRQVRUWLXP¶V�REMHFWLYHV�DUH�UHDFKHG��

 7KH� VHFRQG� RQH� LV� WR� UHDOLVH� VXIILFLHQWO\�
IOH[LEOHV�PRGHOLQJ�WRROV�LQ�RUGHU�WR��DW�WKH�VDPH�WLPH��
EH�DEOH�WR�FDUU\�RXW�VLPXODWLRQ�PHDVXUHV�FRPSDULVRQV��
EXW�DOVR�PDNH�VHQVLWLYLW\�VWXGLHV�RQ�H[WHUQDO��FOLPDWH��
KRW�ZDWHU�QHHGV�������RU�LQWHUQDO��VWRUDJH�RU�GLVWULEXWLRQ�
LQVXODWLRQ�� «�� SDUDPHWHUV� SRVVLEOH� IRU� YDULRXV�
JHQHUDWLRQ�V\VWHPV��
7KH�VR�FRQVLGHUHUHG�VLPXODWLRQ�KDV�EHHQ�FRQGXFWHG�RQ�
WKH� G\QDPLF� VLPXODWLRQ� VRIWZDUH� 7516<6� DQG� KDV�
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FRQVLVWHG�LQ�WKH�PRGHOLQJ�RI�VHYHQ�GRPHVWLF�KRW�ZDWHU�
JHQHUDWLRQ�V\VWHPV��
7KUHH�IRU�LQGLYLGXDO�KRXVLQJ���

 0,����UHIHUHQFH�V\VWHP��GLUHFW�HOHFWULF�KHDWHG�
VWRUDJH�WDQN��

 0,���� WKHUPRG\QDPLF� V\VWHP�� ZDWHU� KHDWHU�
ZLWK� DQ� DLU� WR� ZDWHU� KHDW� SXPS� �RXWVLGH� DLU�� H[KDXVW�
DLU��LQGRRU�DLU��

 0,����$LU�WR�:DWHU�KHDW�SXPS�ORFDWHG�LQ�WKH�
XQGHUIORRU� VSDFH� �XVH� IRU� GLIIHUHQW� KHDW� VRXUFHV� DV�
H[KDXVW�DLU��DWWLF�DLU��«��FRXSOHG�ZLWK�JUH\�ZDWHU�KHDW�
UHFRYHU\��
)RXU�V\VWHPV�LQ�FRPPXQLW\�KRXVLQJ���

 /&���� UHIHUHQFH� V\VWHP� �VHPL�VWRUDJH�
JHQHUDWLRQ�E\�FHQWUDO�JD]�ERLOHU��

 /&����ODUJH�FRPPXQLW\�KRXVLQJ�±�JUH\�ZDWHU�
KHDW� UHFRYHU\� WKURXJK� WZR� VHSDUDWHV� VWRUDJHV��
7KHUHIRUH�WKHUH�LV�QR�QHHG�RI�V\QFKURQL]DWLRQ�EHWZHHQ��
GUDZQ�DQG�JUH\�ZDWHU��

 /&���� VPDOO� FRPPXQLW\� KRXVLQJ� ±� PDLQ�
JHQHUDWLRQ� E\� VRODU� SDQHOV� DQG� DGGLWLRQDO� JHQHUDWLRQ�
E\�$LU�WR�:DWHU�KHDW�SXPS�GXULQJ�QLJKW�

 /&����*HRWKHUPDO�+HDW�3XPS�JHQHUDWLRQ�

6LPXODWLRQ���+RW�:DWHU�1HHGV�
,Q� RUGHU� WR� GHYHORS� D� ORZ� FRQVXPSWLRQ� V\VWHP� RI�
'RPHVWLF� +RW� :DWHU� JHQHUDWLRQ�� LW� LV� QHFHVVDU\� WR�
NQRZ�ZHOO� WKH� RFFXSDQW¶V� GRPHVWLF� KRW� ZDWHU� QHHGV��
7KHUHIRUH�� WKH� JHQHUDWLRQ� FRXOG� EH� DGDSWHG� WR� WKH�
QHHGV�RI�RFFXSDQWV��ZKLFK�UHSUHVHQWV�RQH�RI�WKH�PRVW�
LPSRUWDQW�ZD\V�WR�UHGXFH�HQHUJ\�FRQVXPSWLRQ��
1HYHUWKHOHVV�� LW� DSSHDUV� WKDW� WKH� '+:� QHHGV� DUH�
ZLGHO\� YDULDEOH� IURP� DQ� RFFXSDQW� WR� DQRWKHU�� 7KH�
PRGHO�RI�'+:�QHHGV�KDV�WR�GHDO�ZLWK�WKLV�VSHFLILFLW\��
7KDW� LV� WKH� UHDVRQ� ZK\� ZH� FKRRVH� WR� GHYHORS� D�
PRGXODU�DSSURDFK�WR�FDOFXODWH�'+:�QHHGV�LQ�UHODWLRQ�
WR�VRPH�SDUDPHWHUV��

$�ELEOLRJUDSK\�ZDV�PDGH� WR�GHILQH� WKH�PDLQ� LQIOXHQW�
YDOXHV� IRU� WKH� '+:� QHHGV� HYDOXDWLRQ�� NQRZLQJ� WKDW�
WKH�PRVW� FRPPRQ�DYDLODEOH�GDWD� DUH� DYHUDJHG� YDOXHV�
RYHU� D� FLW\�� D� FRXQW\� RU� HYHQ� RYHU� )UDQFH� DQG�
DYHUDJHG�RYHU�D�GD\��
7KH�ZDWHU�QHHGV�DYHUDJHG�SHU�GD\�DQG�SHU�RFFXSDQW�LV�
WKH�PDLQ�YDOXH��)URP�WKLV��D�PRGXODWLRQ�LV�DSSOLHG�WR�
WDNH� LQWR� DFFRXQW� WKH� W\SH� RI� GZHOOLQJV�� WKH� QXPEHU�
DQG�DJH�RI�RFFXSDQWV�� WKH�ZD\�RI� OLYLQJ�� WKH�SULFH�RI�
ZDWHU� DQG� WKH� OHYHO� RI�ZDWHU�VDYLQJ�RU� HQHUJ\�VDYLQJ�
HTXLSPHQW�� (DFK� SDUDPHWHU� FRXOG� EH� VHW� VR� WKDW� WKLV�
PRGXODULW\� DOORZV� WHVWLQJ� HDVLO\� GLIIHUHQW�
FRQILJXUDWLRQV� RI� RFFXSDQF\� IURP� WKH� VLQJOH� KRXVH�
RFFXSLHG�E\�RQH�SHUVRQ�WR�D�EORFN�RI�IODWV�RI�GLIIHUHQW�
VL]HV��
2QFH� REWDLQHG� WKH� YROXPH� RI� ZDWHU� QHHGHG� E\� WKH�
RFFXSDQW� GXULQJ� D� GD\�� ZH� DSSOLHG� D� UHSDUWLWLRQ� NH\�
GHSHQGLQJ�RQ�WKH�PRQWK��WKH�GD\�RI�ZHHN�DQG�WKH�KRXU�
RI� WKH�GD\�� WR�GHWHUPLQH� WKH�ZDWHU�QHHG�DQG� WKHQ� WKH�
HQHUJ\�QHHG�DW�HDFK�WLPH�VWHS�RI�VLPXODWLRQ��)LJXUH�����

7KH� UHSDUWLWLRQ� NH\� KDV� EHHQ� GHYHORSHG� E\� WKH�
FRQVRUWLXP� RU� LQVSLUHG� E\� >�@� IRU� FROOHFWLYH� '+:�
QHHGV��

�

�
)LJXUH���([DPSOHV�RI�KRXUO\�GUDZ�RII�GXULQJ�D�ZLQWHU�

DQG�D�VXPPHU�ZHHN�IRU�D�FROOHFWLYH�EXLOGLQJ�

7KH�YDOXHV�RI�KRXUO\�FROG�ZDWHU�WHPSHUDWXUH�DUH�JLYHQ�
LQ�57�����>�@��
�
$OO� WKHVH�HOHPHQWV� OHDG� WR�FDOFXODWH� WKH�KRXUO\�'+:�
QHHG� RI� D� EXLOGLQJ� WKDW� KDV� WR� EH� SURYLGHG� E\� WKH�
'+:�V\VWHP��+RZHYHU��LI�D�VKRUWHU�WLPH�VWHS�ZLOO�EH�
XVHG� ODWHU�� IRU� WKH� PRPHQW� WKH� UHVXOWV� DUH� GDLO\�
LQWHJUDWHG� LQ� D� PRQRWRQLF� IXQFWLRQ� RI� GDLO\� '+:�
QHHGV� �WKH� ���� GDLO\� '+:� QHHGV� DUH� UDQNHG� IURP�
KLJKHVW� WR� ORZHVW� ±� ILJXUH� ���� ,QGHHG�� WKH� IXWXUH�
PDQDJHPHQW� RI� HOHFWULFLW\� WDULII� OHG� WR� LQWHJUDWH� WKH�
'+:�QHHGV�RQ� D� GD\� DQG�QRW� HVSHFLDOO\� DW� D� VKRUWHU�
WLPH�VWHS��

�
)LJXUH���0RQRWRQLF�IXQFWLRQ�RI�FDOFXODWHG�'+:�QHHG�
�
7R�YDOLGDWH�WKLV�PRGHO��LW�LV�FRPSDUHG�WR�H[SHULPHQWDO�
RQHV�� %HFDXVH� WKH� W\SH� RI� SHUVRQ� OLYLQJ� LQ� WKH�
DSDUWPHQW�LV�XQNQRZQ��WKH�PDLQ�JRDO�LV�WR�ILQG�D�VHW�RI�
SDUDPHWHUV� WKDW� DFKLHYHV� PRGHOOHG� PRQRWRQLF� QHHGV�
FORVH�WR�WKH�PHDVXUHG�RQHV��

,Q�EOXH�DQG�EROG��WKH�PRQRWRQLF�LV�PHDVXUHG�LQ�D�WZR�
EHGURRPV� DSDUWPHQW� LQ� /R]qUH�� )UDQFH�� 7KH� RWKHU�
FXUYHV� UHSUHVHQW� PRGHOOHG� PRQRWRQLF� '+:� QHHGV�
ZLWK� GLIIHUHQW� VHW� RI� SDUDPHWHUV� �WZR� DGXOWV� DUH�
FRQVLGHUHG��0RGHO� ��� DQG����KDYH�YDULDEOH�GUDZ�RII�
ZKLOH����KDV� UHJXODU�RQH��7KH�GLIIHUHQFH�EHWZHHQ����
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DQG���� LV�GXH� WR� WKH� VWDQGDUG�RI� OLYLQJ�DQG� WKH�ZDWHU�
HTXLSPHQW��� ,W� VKRZV� WKDW� WKH�PRGHO�DFKLHYHV�D� JRRG�
SUHGLFWLRQ�RI�DFWXDO�'+:�QHHGV��

�
)LJXUH���&RPSDULVRQ�EHWZHHQ�FDOFXODWHG�DQG�

PHDVXUHG�PRQRWRQLF�

7R� FRQFOXGH�� D� PRGXODU� PHWKRG� ZDV� FUHDWHG� WR�
HYDOXDWH� WKH� '+:� QHHG� RI� D� EXLOGLQJ� �LQGLYLGXDO� RU�
FROOHFWLYH� JHQHUDWLRQ��� 7KLV�ZLOO� DOORZ� WR� DQDO\VH� WKH�
'+:�QHHG�DQG�WR�FKRRVH�WKH�'+:�JHQHUDWLRQ�V\VWHP�
WKDW� VXLWV� WKH� EHVW� WKH� EXLOGLQJ� DQG� WKHLU� RFFXSDQWV��
%HIRUHKDQG�� WKHUPDO� ORVVHV� IURP� WKH� '+:� SLSHV�
�LQGLYLGXDO� DQG�RU� FROOHFWLYH�� DQG� VWRUDJH� WDQN� ORVVHV�
KDYH� WR�EH�DGGHG� WR� WKH�'+:�QHHG� WR�GHWHUPLQH� WKH�
FKDUDFWHULVWLFV�RI�WKH�V\VWHP�JHQHUDWLRQ���

6LPXODWLRQ���'LVWULEXWLRQ�DQG�VWRUDJH�ORVV�
,Q�EHWZHHQ� WKH� KRW� ZDWHU� WDSV� DQG� WKH� KRW� ZDWHU�
JHQHUDWLRQ�� SLSHV� DQG� D� SRVVLEOH� VWRUDJH� DUH� XVHG�
�)LJXUH� ���� 7KH� WKHUPDO� ORVVHV� RI� SLSHV� FRXOG� UHDFK�
����RI�WKH�JOREDO�'+:�ILQDO�HQHUJ\�FRQVXPSWLRQ�LQ�
D�EXLOGLQJ�����LQ�D�VLQJOH�KRXVH���7KH�VWRUDJH� ORVVHV�
DUH�DURXQG�����RI�WKH�JOREDO�FRQVXPSWLRQ�RI�D�VLQJOH�
KRXVH�����LQ�D�EXLOGLQJ��>�@��

�
)LJXUH���7KH�'+:�V\VWHP�

7KH�WKHUPDO�ORVVHV�DUH�HQHUJ\�FRQVXPLQJ�DQG�KDYH�WR�
EH� FRQWUROOHG�� 7KHQ�� DIWHU� KDYLQJ� PRGHOOHG� WKHP�
�FRQVLGHULQJ� DQ� DPELHQW� WHPSHUDWXUH� RI� ���&� DQG� D�
KRW�ZDWHU� WHPSHUDWXUH�RI����&���ZH� IRXQG� LQQRYDWLYH�
DQG�HIILFLHQW�PDWHULDOV�WR�UHGXFH�WKHP�GUDVWLFDOO\��
'LVWULEXWLRQ�SLSHV�
7KH� '+:� SLSHV� FRXOG� EH� LQGLYLGXDO� �VKRUW� DQG�
FRPPRQO\� QRW� LQVXODWHG�� RU� FROOHFWLYH� �ORQJHU� DQG�
LQVXODWHG���7\SH�����RI�7516<6�ZLWK�RQO\�RQH�IOXLG�
QRGH� �EHFDXVH� RI� WKH� WLPH� VWHS�� LV� XVHG�� 7KH� PRGHO�
FDOFXODWHV�WKH�UDGLDO�KHDW�IOX[�ORVW�LQ�WKH�HQYLURQPHQW�

EDVHG�RQ� WKH� IOXLG�SURSHUWLHV�� WKH�SLSH� DQG� LQVXODWLRQ�
SURSHUWLHV�� FRQYHFWLRQ� DQG� UDGLDWLRQ� IURP� WKH� RXWHU�
VXUIDFH�WR�WKH�HQYLURQPHQW�>�@��

'LIIHUHQW� W\SHV� RI� SLSHV� LQVXODWLRQ� �DPRQJ� FRPPRQ�
LQVXODWLRQ�� VLOLFD� DHURJHO�� 9DFXXP� ,QVXODWHG� 3DQHO��
HWF���DUH�WHVWHG�LQ�RUGHU�WR�GHWHUPLQH�WKH�EHVW�WR�UHDFK�
WKH� JLYHQ� REMHFWLYH� RI� ORZ� HQHUJ\� FRQVXPSWLRQ��:H�
FRQVLGHU� WKH� WKHUPDO� FRQGXFWLYLW\�� WKH� LQVXODWLRQ�
WKLFNQHVV�DQG�WKH�FRVW�RI�HDFK�VROXWLRQ��)LJXUH�����

�
)LJXUH���+HDW�ORVVHV�GHSHQGLQJ�RQ�WKH�WKLFNQHVV�RI�

LQVXODWLRQ�IRU�GLIIHUHQW�W\SHV�RI�LQVXODWLRQ�

7KHUPDO� ORVVHV� WKURXJK� '+:� SLSHV� FRXOG� EH� HDVLO\�
UHGXFHG� ZLWK� VRPH� DGGLWLRQDO� FHQWLPHWUHV� RI�
LQVXODWLRQ�� %HVLGHV�� XVLQJ� DQ� HIILFLHQW� RQH�� �WKHUPDO�
FRQGXFWLYLW\� QHDU� ����� :�P�.�� PDLQO\� IRU� WKH� ORQJ�
FROOHFWLYH� SLSHV�� VHHPV� WR� EH� QHFHVVDU\� LQ� RUGHU� WR�
UHDFK�WKH�%%&3$&6�REMHFWLYHV��

6WRUDJH�
$� VLPLODU� ZRUN� ZDV� PDGH� ZLWK� VWRUDJH� LQVXODWLRQ��
VWDWLF� ORVVHV� HYDOXDWLRQ�� VXJJHVWLRQ� RI� LQQRYDWLYH�
VROXWLRQ� WR� UHGXFH� WKHP� DQG� VWXG\� RI� WKH� G\QDPLF�
EHKDYLRXU�RI�WKH�VWRUDJH��IRU�WKH�HQHUJ\�FRQVXPSWLRQ�
FDOFXODWLRQ���

:H� ILUVW� XVHG� D� ILQLWH� HOHPHQWV� PHWKRG� �&RPVRO�� WR�
PRGHO� WKH� WDQN�DQG� LWV� LQVXODWLRQ� LQ�D� VWHDG\� VWDWH�� ,W�
DOORZV�GHWHUPLQLQJ� WKH�JOREDO�KHDW� ORVVHV��ZKLFK�ZDV�
FKDUDFWHUL]HG�ZLWK� D�&U� FRHIILFLHQW� >:K�O�.�GD\@�� IRU�
HDFK� W\SH� RI� LQVXODWLRQ� �38�� $HURJHO�� 9,3� DQG� DQ�
LQQRYDWLYH� VROXWLRQ� EDVHG� YDFXXP� LQVXODWLRQ� DW�
GLIIHUHQW� OHYHOV� RI� SUHVVXUH��� �7DEOH� ����7KHVH� UHVXOWV�
KDYH� QRW� EHHQ� FRPSDUHG� ZLWK� H[SHULPHQWDO� GDWD� EXW�
&U� YDOXHV� IRU� WKH� UHIHUHQFH� VROXWLRQ� ILWV� VWDQGDUGV�
WDQN¶V�YDOXHV��

7DEOH�����(QHUJ\�SHUIRUPDQFH�HYDOXDWLRQ�RI�HDFK�
YHUWLFDO�F\OLQGULFDO�VWRUDJH�WDQN����FP�LQVXODWLRQ�

VROXWLRQ�IRU�D�����O�VWRUDJH��

,QVXODWLRQ�
W\SH�

&U�
>:K�O�.�GD\@�

'DLO\�ORVVHV�
>N:K@�

38�����UHI�� ������ �����
38���� ������ �����
%ODQNHW� ������ �����
9,3� ������ �����
9,3�DQG�38���� ������ �����
6LOLFD��K3D� ������ �����
6LOLFD����K3D� ������ �����
6LOLFD�����K3D� ������ �����
6LOLFD�3DWP� ������ �����
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2QFH� WKH� VWDWLF� ORVVHV� ZHUH� HYDOXDWHG�� WKH� ZKROH�
'+:� JHQHUDWLRQ� V\VWHP� KDV� EHHQ� PRGHOOHG� ZLWK�
7516<6�� 7KHUPDO� VWUDWLILFDWLRQ� LQ� WKH� VWRUDJH�� KDV�
EHHQ�PRGHOOHG�E\�DVVXPLQJ�WKDW�WKH�WDQN�FRQVLVWV�RI�1�
IXOO\�PL[HG�HTXDO�YROXPHV��)LJXUH�����
3RVLWLRQV� RI� LQOHWV� DQG� RXWOHWV�� SUHVHQFH� RI� LQWHUQDO�
VXEPHUVHG� KHDW� H[FKDQJHUV� DQG�� RI� FRXUVH�� VWDWLF�
WKHUPDO� ORVVHV� FDOFXODWHG� EHORZ�� FDQ� EH� VHW� E\� WKH�
XVHU��

�
)LJXUH���0RGHO�RI�VWRUDJH�>�@�

7KH� SHUIRUPDQFH� RI� LQVXODWLRQ� PDWHULDOV� FDQ� UHGXFH�
VWRUDJH�ORVVHV�EXW�WKHLU�LQGXVWULDO�XVH�GHSHQGV�RQ�FRVW�
DQG�HDVH�RI�LPSOHPHQWDWLRQ��

$ERXW� ���� RI� WKH� HQHUJ\� FRQVXPSWLRQ� IRU� '+:�
JHQHUDWLRQ� LV� GXH� WR� KHDW� ORVVHV� WKURXJK� SLSHV� DQG�
VWRUDJH��$�ZD\� WR� UHDFK� WKH�%%&3$&6�REMHFWLYHV� LV�
WR� LPSURYH� WKH� LQVXODWLRQ�� 7KH� JHQHUDWHG� HQHUJ\�
VDYLQJV�FRPSDUHG�WR�LWV�FRVW�PDNH�HIIRUWV�LQWHUHVWLQJ��

6LPXODWLRQ�±�+HDW�VRXUFHV�DQDO\VLV�
'RPHVWLF�+HDW�VRXUFHV�
,Q� WKLV� VWXG\�� GLIIHUHQW� KHDW� VRXUFHV� ORFDWHG� DURXQG�D�
UHVLGHQWLDO� EXLOGLQJ� KDYH� EHHQ� LGHQWLILHG�� 7KH\� DUH�
FODVVLILHG� LQWR� WZR� PDLQ� D[HV�� WKH� ILUVW� D[LV� LV� WKH�
³$LU´� YHFWRU�� DQG� WKH� VHFRQG� D[LV� LV� WKH� ³:DWHU´�
YHFWRU�� 7KHVH� KHDW� VRXUFHV� DUH� FLWHG� LQ� WKH� IROORZLQJ�
WDEOH��
7DEOH���±�'LIIHUHQW�VRXUFHV�RI�GRPHVWLF�KRXVLQJ�

Source Vector 
� $LU� :DWHU�
2XWGRRU�$LU� ;� �
(QHUJ\�UHFRYHUHG�IURP�RFFXSLHG�URRPV�
� ([WUDFWHG�$LU� ;� �
� *UH\ZDWHU� � ;�
(QHUJ\�VWRFNHG�LQ�QRQ�RFFXSLHG�URRPV�RI�D�KRXVH��
� (DYHV� ;� �
� &UDZO�VSDFH� ;� �
(QHUJ\�VWRFNHG�LQ�WKH�JURXQG�
� $W�VXUIDFH�OHYHO� � ;�
� $W���P�RI�GHSWK� � ;�

,Q�RUGHU�WR�GHILQH�WKH�DELOLW\�RI�WKHVH�VRXUFHV�RI�EHLQJ�
DQ� HQHUJ\� SHUIRUPLQJ� KHDW� VRXUFH� IRU� D� KHDW� SXPS��
HQHUJ\�DQG�H[HUJ\�DQDO\VHV�KDYH�EHHQ�XQGHUWDNHQ��

(QHUJ\�DQG�H[HUJ\�DQDO\VLV�
0DQ\�DXWKRUV�KDYH�GHILQHG�³([HUJ\´�DV� WKH�PD[LPDO�
ZRUN� DWWDLQDEOH� LQ� JLYHQ� UHIHUHQFH� VWDWH� ZLWKRXW�
JHQHUDOL]HG�IULFWLRQ�>�@��7KH�([HUJ\�DQDO\VLV�VHUYHV�WR�

FODVVLI\� WKH� GLIIHUHQW� VRXUFHV� DFFRUGLQJ� WR� WKHLU�
FDSDELOLW\�WR�GHOLYHU�XVHIXO�HQHUJ\�FRQYHUWLEOH�WR�ZRUN�
LQ�D�&DUQRW�WKHUPRG\QDPLF�F\FOH��

�
)LJXUH���(QHUJ\�WUDQVIHU�GLDJUDP�

7KHUHIRUH�� WKH�KLJKHU� WKH� VRXUFH� H[HUJ\� LV�� WKH� ORZHU�
WKH�KHDW�SXPS�FRPSUHVVRUV�ZRUN�ZLOO�EH��
,Q� RUGHU� WR� REWDLQ� WKH� VDPH� VLJQ� RI� H[HUJ\� DQG� WR�
FRPSDUH�WKH�GLIIHUHQW�VRXUFHV��WKH�VLQN�WHPSHUDWXUH�LV�
FKRVHQ�DV�WKH�UHIHUHQFH�WHPSHUDWXUH��VHH�ILJXUH�����
7KH�HQHUJ\�DQG�WKH�H[HUJ\�DQDO\VHV�RI�WKH�V\VWHP�DUH�
FDUULHG� RXW� E\� DSSO\LQJ� WKH� ILUVW� DQG� WKH� VHFRQG�
SULQFLSOH�RI�WKHUPRG\QDPLF�UHVSHFWLYHO\��
𝑊̇௖௢௠௣ = 𝑚̇௦௜௡௞ ∙ ൫ℎ௢௨௧,௦௜௡௞ − ℎ௜௡,௦௜௡௞൯ − 𝑚̇௦௢௨௥௖௘

∙ ൫ℎ௜௡,௦௢௨௥௖௘ − ℎ௢௨௧,௦௢௨௥௖௘൯ 
(1) 

𝑊̇௖௢௠௣ + 𝑊̇஺௨௫ = 𝑚̇௦௜௡௞ ∙ ൫𝑒௢௨௧,௦௜௡௞ − 𝑒௜௡,௦௜௡௞൯
− 𝑚̇௦௢௨௥௖௘
∙ ൫𝑒௜௡,௦௢௨௥௖௘ − 𝑒௢௨௧,௦௢௨௥௖௘൯ + � ̇ 𝑇଴ 

(2) 

ZKHUH� � ̇ T଴� UHSUHVHQWV� WKH� H[HUJHWLF� ORVVHV� LQ� WKH�
V\VWHP��

$QG��
𝑒 = ℎ − 𝑇଴ ∙ 𝑠 (3) 

)RU�� �

𝑇଴ =
ℎ௢௨௧,௦௜௡௞ − ℎ௜௡,௦௜௡௞
𝑠௢௨௧,௦௜௡௞ − 𝑠௜௡,௦௜௡௞

= 𝑐𝑡. (4) 

7KH� HQHUJ\� DQG� WKH� H[HUJ\� HTXDWLRQV� DUH� JLYHQ�
UHVSHFWLYHO\�LQ�WKH�IROORZLQJ�HTXDWLRQV��

𝑄̇௦௢௨௥௖௘ = 𝑚̇௦௢௨௥௖௘ ∙ ൫ℎ௜௡,௦௢௨௥௖௘ − ℎ௢௨௧,௦௢௨௥௖௘൯ (5) 
𝐸𝑥௦௢௨௥௖௘ = 𝑚̇௦௢௨௥௖௘ ∙ ൫𝑒௜௡,௦௢௨௥௖௘ − 𝑒௢௨௧,௦௢௨௥௖௘൯ (6) 
$FFRUGLQJ� WR� WKHVH� HTXDWLRQV�� HQHUJ\� DQG� H[HUJ\� DUH�
GLUHFWO\� SURSRUWLRQDO� WR� WKH� PDVV� IORZ� UDWH� DQG� WKH�
KHDW�FDSDFLW\�RI�WKH�VRXUFH�YHFWRU��6R��LW�LV�GLIILFXOW�WR�
FRPSDUH� WKH� ³$LU´� YHFWRU� VRXUFHV� DQG� WKH� ³:DWHU´�
YHFWRU� VRXUFHV�� 7KHUHIRUH�� HQHUJ\� DQG� H[HUJ\� DUH�
FDOFXODWHG� DQG� FRPSDUHG� WR� WKH� ³RXWGRRU� $LU´� DV�
SUHVHQWHG�LQ�ILJXUH����7KH�FDOFXODWLRQ�DVVXPSWLRQV�DUH�
SUHVHQWHG�LQ�WDEOH����

� �

An

Q
Ex

Source

Sink

T
T0
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7DEOH���±�&DOFXODWLRQ�DVVXPSWLRQV�
Source Vector 
� $LU� :DWHU�
2XWGRRU�$LU� $QQXDO�WHPSHUDWXUH�RI�/D�

5RFKHOOH�LQ�)UDQFH�
(QHUJ\�UHFRYHUHG�IURP�OLYLQJ�VSDFH��
� ([WUDFWHG�$LU� ���&� �
� *UH\ZDWHU� � ���&�
(QHUJ\�VWRFNHG�LQ�QRQ�OLYLQJ�VSDFH�RI�D�KRXVH��
� (DYHV� $FFRUGLQJ�WHPSHUDWXUH�

7��LQ�/D�5RFKHOOH��)UDQFH�� &UDZO�VSDFH�
(QHUJ\�VWRFNHG�LQ�WKH�JURXQG�
� $W�VXUIDFH�OHYHO� $FFRUGLQJ�WHPSHUDWXUH�

7��LQ�/D�5RFKHOOH��)UDQFH�� $W���P�RI�GHSWK�

)LJXUH���(QHUJ\�DQG�H[HUJ\�FRPSDULVRQ�

7KH� UHVXOWV� VKRZ� WKDW� WKH� KLJKHVW� H[HUJ\� LV� IRXQG� LQ�
WKH�JUH\�ZDWHU��7KH�PDVV�IORZ�UDWH�DQG�WKH�DYDLODELOLW\�
RI� WKH� VRXUFH� YHFWRU� DIIHFW� WKH� FODVVLILFDWLRQ� RI� WKH�
VRXUFHV�� )RU� FHUWDLQ� VRXUFHV� �DV� JUH\� ZDWHU��� HQHUJ\�
DQG�H[HUJ\�DUH�KLJK�EXW�WKH�PDVV�IORZ�UDWH�LV�OLPLWHG��
)RU� RWKHU� VRXUFH� DV� ³HDYHV´�� HQHUJ\� DQG� H[HUJ\� DUH�
ORZ� GXH� WR� WKH� PDVV� IORZ� UDWH� ZKLFK� LV� ORZ� DQG�
EHFDXVH� WKH� WHPSHUDWXUH� LV� KLJKHU� WKDQ� RXWVLGH� DLU��
7KHUHIRUH�� WKLV� VWXG\� UHSUHVHQWV� D� ILUVW� DSSURDFK� IRU�
VHOHFWLQJ� WKH� PRVW� HQHUJ\� HIILFLHQW� VRXUFHV�� 7KH�
GHWDLOHG� VLPXODWLRQ�� DFFRUGLQJ� WR� D� VSHFLILF�
DSSOLFDWLRQ��LV�QHFHVVDU\�WR�VHOHFW�WKH�EHVW�KHDW�VRXUFH� 

6LPXODWLRQ���+HDW�SXPSV�
0RGHOOHG�KHDW�SXPSV�FDQ�EH�GLYLGHG�LQ�WZR�W\SHV���

 2Q�RII�KHDW�SXPS�W\SH��UXQQLQJ�DW���RU������
RI�LWV�FDSDFLW\�SRZHU��

 ,QYHUWHU� KHDW�SXPS� W\SH� �WKH� VSHHG�DQG� WKXV�
WKH�SRZHU�RI�WKH�FRPSUHVVRU�LV�DGDSWHG�WR�WKH�ORDG�WKDW�
KDV�WR�EH�IXOILOOHG�DW�D�FHUWDLQ�WLPH��
7KH�ILUVW�W\SH�KDV�EHHQ�WDNHQ�LQWR�DFFRXQW�E\�DYDLODEOH�
PRGHOV� LQ� 7516<6� OLEUDU\�� ,Q� RUGHU� WR� UHGXFH�
G\VIXQFWLRQV� XVLQJ� WKHVH� PRGHOV�� ZH� GHFLGHG� WR�
UHGXFH� WKH� VLPXODWLRQ� WLPH� VWHS� �GLYLGLQJ� LW� E\� �� WR�
UHDFK� ��� PLQXWHV� ±� JRLQJ� IXUWKHU� ZRXOG� KDYH� EHHQ�
GLIILFXOW��GXH�WR�RXU�ODFN�RI�NQRZOHGJH�RQ�G\QDPLFV�RI�
KRW�ZDWHU�QHHGV���
)RU�WKH�VHFRQG�RQH��SRO\QRPLDOV�GHVFULSWLRQ�KDV�EHHQ�
FKRVHQ�� XVLQJ� :� SURJUDPPLQJ� ODQJXDJH� GHVLJQ� IRU�
7516<6� E\� &67%� LQ� RUGHU� WR� PDNH� 7516<6�
FRPSRQHQWV�GHYHORSPHQW�HDVLHU��

7KLV�SRO\QRPLDO�PRGHOOLQJ�DOORZV�WR�WDNH�LQWR�DFFRXQW�
WKH� LQYHUWHU� KHDW� SXPS� SDUWLDO� ORDG� IXQFWLRQLQJ�� 7KH�
SULQFLSOH�RI�SRO\QRPLDOV�LV�SUHVHQWHG�LQ�WDEOH����

7DEOH�����3ULQFLSOHV�RI�SRO\QRPLDOV�UHSUHVHQWDWLRQ�
� $EVRUEHG�SRZHU� &DORULILF�SRZHU�

I�� I�� I�� I�� I�� I��
D�� ;�� ;�� ;�� ;��� ;��� ;���
D�� ;�� ;�� ;��� ;��� ;��� ;���
D�� ;�� ;�� ;��� ;��� ;��� ;���
D�� ;�� ;�� ;��� ;��� ;��� ;���

:LWK�
 I���I���D�IXQFWLRQ�RI�RXWVLGH�WHPSHUDWXUH�
 I��� I�� �� D� IXQFWLRQ� RI� IOXLG� WHPSHUDWXUH�

OHDYLQJ�KHDW�SXPS�
 I���I����KHDW�SXPS�ORDG�

(DFK� IXQFWLRQ� IL� LV� D� SRO\QRPLDO� IXQFWLRQ� RI� WKLUG�
GHJUHH�ZKHUH� HDFK�;L� UHSUHVHQWV� WKH�QXPHULFDO� YDOXH�
RI� WKH� FRUUHVSRQGLQJ� FRHIILFLHQW� DL�� 7KH� H[DPSOH� IRU�
I��LV�JLYHQ�EHORZ��

𝑓1(𝑇௢௨௧) = 𝑋4 + 𝑋3. 𝑇௢௨௧ + 𝑋2. 𝑇௢௨௧ଶ + 𝑋1. 𝑇௢௨௧ଷ �����

7KH� DEVRUEHG� SRZHU� E\� WKH� FRPSUHVVRU� DQG� WKH�
FDORULILF� SRZHU� DV� D� SURGXFW� RI� SRO\QRPLDOV� DUH�
FDOFXODWHG�E\�HTXDWLRQV���DQG����
𝑃௔௕௦௢௥௕௘ௗ = 𝑓1(𝑇௢௨௧) ∗ 𝑓2൫𝑇௙௟௨௜ௗ൯ ∗ 𝑓3(𝐿𝑜𝑎𝑑)� ����

𝑃௖௔௟௢௥௜௙௜௖ = 𝑓4(𝑇௢௨௧) ∗ 𝑓5൫𝑇௙௟௨௜ௗ൯ ∗ 𝑓6(𝐿𝑜𝑎𝑑)� ����

6LPXODWLRQ�±�(QHUJLHV�UDWH�PRGHOOLQJ�WRRO�
,Q� RUGHU� WR� KLJKOLJKW� SRWHQWLDO� FKDQJHV� LQ� )UHQFK�
HOHFWULFLW\� ORDG� FXUYH� SHDNV�� VRPH� RI� WKH� V\VWHPV�
PRGHOOHG�FDQ�EH�GULYHQ�DFFRUGLQJ�WR�GLIIHUHQW�HOHFWULF�
IDUHV� DYDLODEOH� IRU� FRQVXPHUV�� :H� DUH� SDUWLFXODUO\�
WKLQNLQJ�DERXW�SHDN��GXULQJ�GD\��DQG�RII�SHDN��GXULQJ�
QLJKW��KRXUV��NH\�IDFWRUV�LQ�WKH�)UHQFK�HOHFWULFLW\�SULFH�
SODQ�� 6R�� D� WRRO� KDV� EHHQ� LQFOXGHG� DOORZLQJ�� RQ� RQH�
KDQG��WR�HQWHU�HOHFWULFLW\�IDUHV�DW�VLPXODWLRQ�WLPH�DQG��
RQ�WKH�RWKHU�KDQG�� WKH�FDOFXODWLRQ�RI�DQQXDO�HQHUJHWLF�
FRVW�IRU�WKH�V\VWHP�RQ�WKLV�EDVLV��

&RQVRUWLXP� XVH� RI� WKHVH� WRROV� KDV� JLYHQ� WKH�
RSSRUWXQLW\�WR��

 UHDOL]H�SDUDPHWULF�VWXGLHV�
 UHDOL]H� D� VLPXODWLRQ�PHDVXUH� FRPSDULVRQ� RQ�

RQH�SDUWLFXODU�V\VWHP��/&����
5HVXOWV� DUH� JLYHQ� LQ� FKDSWHU� �'LVFXVVLRQ� DQG� 5HVXOW�
DQDO\VLV���
�
7KH� IROORZLQJ� FKDSWHU� SUHVHQWV� WKH� GHPRQVWUDWRU� IRU�
/&��V\VWHP�VHW�XS�LQ�D�UHVLGHQWLDO�EXLOGLQJ��

([SHULPHQW�±�+HDW�3XPS�DQG�6RODU�&ROOHFWRUV�
6\VWHP��/&����

7KH� VROXWLRQ� FDOOHG�/&�� �FROOHFWLYH� KRXVLQJ� LQ� VPDOO�
EXLOGLQJV�� LV� FRPSRVHG� RI� '+:� VWRUDJH� KHDWHG� DW�
QLJKW� E\� D� KHDW� SXPS� �+3�� GUDZLQJ� FDORULHV� IURP�
RXWGRRU� DLU�� 'LVWULEXWLRQ� LQ� IODWV� XVHV� D� WKHUPRVWDWLF�
PL[HU�DQG�D� ORRS�NHSW�DW� LWV� WHPSHUDWXUH�E\�D� VHFRQG�
KHDW�SXPS�WKDW�GUDZV�FDORULHV�IURP�DPELHQW�DLU�LQ�WKH�
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VHUYLFH� URRP� �ORRS� UHKHDWHU� ±� )LJXUH� ���� 7KH�
SRVVLELOLW\� RI� ERRVWLQJ� E\� WKHUPDO� VRODU� FROOHFWRUV� LV�
FRQVLGHUHG���
7KH�GHPRQVWUDWRU�XVHG�WR�YDOLGDWH�WKH�PRGHO�LV�D�VHW�RI�
��� LQGLYLGXDO� IODWV� IRUPLQJ� SDUW� RI� D� FROOHFWLYH�
EXLOGLQJ�ORFDWHG�LQ�6RLVVRQV��QRUWKHUQ�SDUW�RI�)UDQFH���
7KH�VWRUDJH�LV�FRPSRVHG�RI�WZR�����OLWUHV�WDQNV�ILWWHG�
ZLWK� D� ���N:� HOHFWULFDO� UHVLVWRU� IRU� ERRVWLQJ� LI�
QHFHVVDU\���7KH�QRPLQDO�KHDWLQJ�FDSDFLW\�RI�WKH�PDLQ�
+3� LV� ���N:��7KH� DYHUDJH�'+:�FRQVXPSWLRQ� LV� ���
OLWUHV� DW� ���&� SHU� IODW� DQG� GLVWULEXWLRQ� ORVVHV� DUH� ���
N:K�SHU�GD\��5HJXODWLRQ�FRQWUROV�KHDWLQJ�RI�WKH�WDQNV�
E\� QLJKW� GXULQJ� RII�SHDN� HOHFWULFDO� HQHUJ\� UDWHV�� 7KH�
WKHUPRG\QDPLF�ORRS�UHKHDWHU�PD\�EH�XVHG�DW�DQ\�WLPH�
WR� FRPSHQVDWH� IRU� GLVWULEXWLRQ� ORVVHV�� 7KH� WKHUPDO�
VRODU� FROOHFWRU� RSWLRQ� KDV� QRW� EHHQ� LQVWDOOHG� RQ� WKLV�
GHPRQVWUDWRU���
7KH�GHPRQVWUDWRU�LV�LQ�VHUYLFH�VLQFH�0DUFK�������DQG�
PHDVXUHG� UHVXOWV� DUH� FRPSDUHG� ZLWK� WKH� /&��
VLPXODWLRQ� PRGHO� RYHU� D� SHULRG� JRLQJ� IURP�$SULO� WR�
1RYHPEHU��

�
)LJXUH���±�VFKHPDWLF�YLHZ�RI�/&��V\VWHP�

',6&866,21�$1'�5(68/7�$1$/<6,6�
6LPXODWLRQ�±�5HVXOWV�VXPPDU\�
3DUDPHWULF�VWXG\���

%HORZ�LV�SUHVHQWHG�D�V\QWKHVLV�RI� UHVXOWV�REWDLQHG�E\�
WKH� SDUDPHWULF� VWXG\��*LYHQ� SURMHFW� SURJUHVVHV� ZKHQ�
WKH� DUWLFOH� ZDV� ZULWWHQ�� UHVXOWV� DUH� JLYHQ� RQO\� IRU�
PXOWLSOH�KRXVLQJ�EXLOGLQJ�JHQHUDWLRQ�V\VWHPV�/&���DV�
WKH�UHIHUHQFH���/&��DQG�/&���

3DUDPHWULF�VWXG\�KDV�EHHQ�RSHUDWHG�ZLWK�WKH�IROORZLQJ�
SDUDPHWHUV��67(3������

 V\VWHP� VHQVLWLYLW\� WR� GRPHVWLF� KRW� ZDWHU�
QHHGV��� WKDQNV� WR� WKH� PRGHO� SUHVHQWHG� DERYH�� WKUHH�
OHYHOV� �ORZ�� VWDQGDUG�DQG�KLJK�JRLQJ� IURP�DURXQG����
WR����OLWUHV�SHU�GD\�SHU�SHUVRQ�RI�KRW�VDQLWDU\�ZDWHU�DW�
���&��KDYH�EHHQ�GHILQHG��7KH�V\VWHP�LV�GHVLJQHG�IRU�
VWDQGDUG� QHHG�� VR� LWV� EHKDYLRXU� IDFLQJ� XQGHU� RU� RYHU�
UHTXHVW�FDQ�EH�VWXGLHG��

 &OLPDWH� VHQVLWLYLW\� VLPXODWLRQV� DUH� UXQ� IRU�
WZR� VSHFLILF� )UHQFK� ORFDWLRQV�� FROG� FOLPDWH� �QHDU�
3DULV��DQG�KRW�FOLPDWH��QHDU�1LFH���

$IWHU� WKHVH� ILUVW�VLPXODWLRQV��DQG� LQ�RUGHU� WR�HYDOXDWH�
ZKLFK� LPSURYHPHQWV� FDQ� EH� PDGH� WR� UHDFK� WKH�
FRQVRUWLXP� REMHFWLYHV� LQ� WHUPV� RI� FRQVXPSWLRQ� DQG�

&2�� HPLVVLRQV�� KRW� ZDWHU� VWRUDJH� LQVXODWLRQ� �ZLWK�
IXPHG�VLOLFD��DQG�GLVWULEXWLRQ�LQVXODWLRQ��ZLWK����PP�
RI� 3RO\XUHWKDQH�� KDYH� EHHQ� PRGLILHG�� 7KLV� JLYHV� XV�
67(3���UHVXOWV��SUHVHQWHG�LQ�JUDSKLFV�EHORZ���

7KH� ILUVW� RQH� SUHVHQWV� FRPSDULVRQ� UHVXOWV� EHWZHHQ�
/&�� V\VWHP� �JUH\� ZDWHU� UHFRYHU\�� DQG� UHIHUHQFH�
V\VWHP� LQ� WHUPV� RI� SULPDU\� HQHUJ\� FRQVXPSWLRQ��
9DOXHV�DUH�PHDQ�YDOXHV�IURP�GLIIHUHQW�FOLPDWH�]RQHV��

�
)LJXUH����&RQVXPSWLRQV��N:KHS�Pð�\U��IRU�/&��

V\VWHP�DQG�UHIHUHQFH�

5HJDUGLQJ� WR� WKH� UHIHUHQFH�� VLJQLILFDQW� JDLQV� DUH�
REVHUYHG��
/&�� V\VWHP� VKRZV� KLV� DELOLW\� WR� DEVRUE� KLJK� KRW�
VDQLWDU\� ZDWHU� QHHGV�� 7KLV� UHLQIRUFHV� WKH� LQWHUHVW� IRU�
LWV�XVH�LQ�ODUJH�UHVLGHQWLDO�EXLOGLQJV��ZKLFK�DOVR�DOORZ�
VRIWHQLQJ� LWV�TXLWH�KLJK� LQYHVWPHQW�FRVWV��7KH� LPSDFW�
RI� WKH� FOLPDWLF� ]RQH� �QRW� YLVLEOH� KHUH�� LV� DOVR� OHVV�
LPSRUWDQW� IRU� /&�� WKDQ� IRU� /&�� V\VWHP�� DQG� LV�
SULQFLSDOO\�GXH�WR�WKH�FROG�ZDWHU�WHPSHUDWXUH��
)LJXUH����SUHVHQWV�WKH�VDPH�UHVXOWV�IRU�/&��V\VWHP��

�
)LJXUH����&RQVXPSWLRQV��N:KHS�Pð�DQ��IRU�/&��

V\VWHP�DQG�UHIHUHQFH�

7KLV� V\VWHP�SURYHV� WR� EH�PRUH� VHQVLEOH� WR� KRW�ZDWHU�
QHHGV� HYROXWLRQ�� GXH� WR� WKH� XVH� RI� DQ� RXWVLGH� DLU� WR�
ZDWHU�KHDW�SXPS��

$V� D� SDUWLDO� FRQFOXVLRQ�� IRU� ERWK� V\VWHPV�� WKH� ORZ�
FRQVXPSWLRQ� REMHFWLYH� FDQ� EH� UHDFKHG� ZLWK� WKH�
LQVXODWLRQ� LPSURYHPHQWV� PDGH� DOWKRXJK� LW� FDQ� EH�
GLIILFXOW�IRU�KLJK�QHHGV��

)ROORZLQJ� ILJXUHV���� DQG���� UHSUHVHQW�&2�� HPLVVLRQ�
UHVXOWV�� UHVSHFWLYHO\� IRU� /&�� DQG� /&�� V\VWHP�� )RU�
FODULW\� QHHGV�� D� ORJDULWKPLF� VFDOH� IRU� &2�� HPLVVLRQV�
KDV�EHHQ�XVHG��
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�
)LJXUH����&2��HPLVVLRQV��J�Pð�\U��IRU�/&��V\VWHP�

DQG�UHIHUHQFH�

�
)LJXUH����&2��HPLVVLRQV��J�Pð�\U��IRU�/&��V\VWHP�

DQG�UHIHUHQFH�

+HUH�DJDLQ��JUHDW�LPSURYHPHQW�UHJDUGLQJ�WR�UHIHUHQFH�
V\VWHP� DUH� REVHUYHG�� UHLQIRUFHG� E\� WKH� IDFW� WKDW� LW� LV�
XVLQJ� JDV� IRU� JHQHUDWLRQ�� ZKLFK� KDV� D� KLJK� OHYHO� RI�
&2��HPLVVLRQ�FRPSDUHG�WR�WKH�RQH�XVHG�LQ�)UDQFH�IRU�
HOHFWULFLW\� ����J�N:K� WR� ��J�N:K�� LI� HOHFWULFLW\� LV�
XVHG�IRU�'+:�JHQHUDWLRQ�>�@���
7KH� FRQVRUWLXP� ORZ� &2�� HPLVVLRQ� REMHFWLYH� LV�
UHDFKHG��HYHQ�ZLWK�KLJK�KRW�ZDWHU�QHHGV��

7KHVH� ILUVW� UHVXOWV� DUH� HQFRXUDJLQJ� EXW� KDYH� WR� EH�
FRQILUPHG� ZLWK� DGGLWLRQDO� VLPXODWLRQV� DQG�
FRQIURQWDWLRQ�WR�H[SHULPHQWDO�UHVXOWV��
7KLV�LV�WKH�JRDO�RI�WKH�QH[W�SDUDJUDSK��

([SHULPHQW�±�+HDW�3XPS�DQG�6RODU�&ROOHFWRUV�
6\VWHP��/&�����5HVXOWV�

7KH�VLPXODWLRQ�WRRO�ZDV�FRQILJXUHG�WR�PDNH�LWV�XVDJH�
FRQGLWLRQV� UHVHPEOH� WKH� FRQGLWLRQV� RI� WKH�
GHPRQVWUDWRU�� FRQVLGHULQJ� WKH� ZHDWKHU�� GUDZ�RII�
SURILOHV�� DQG� GLVWULEXWLRQ� ORVVHV�� 7HFKQLFDO� V\VWHPV�
ZHUH� VHW� LQWR� WKH� VLPXODWLRQ� WRRO� XVLQJ�PDQXIDFWXUHU�
GDWD�� DQG� LQ� SDUWLFXODU� WHFKQLFDO� IHDWXUHV� RI� WKH�PDLQ�
+3�DQG� WKH� WKHUPRG\QDPLF�KHDWHU��7KH� WKHUPDO�VRODU�
FROOHFWRU�RSWLRQ�KDV�EHHQ�GLVDEOHG��6WRUDJH�FRQVLVWV�RI�
D� VLQJOH� �����OLWUH� WDQN� EXW� ZLWK� D� FRHIILFLHQW� RI�
WKHUPDO�ORVVHV�DSSOLFDEOH�IRU�WZR�����OLWUHV�WDQNV��7KH�
PRGHO�VWRUDJH�GRHV�QRW�LQFOXGH�DQ\�ERRVWLQJ���
,W� FDQ� EH� VHHQ� LQ� )LJXUH� ��� WKDW� WKH� '+:� QHHG�
PHDVXUHG�RQ� VLWH� LV� IDLUO\� LUUHJXODU�ZLWK� D� VLJQLILFDQW�
LQFUHDVH� LQ� DXWXPQ�� 7KLV� SDUDPHWHU� UHPDLQV� DQ�
XQFRQWUROODEOH� YDULDEOH�� ,W� UHIOHFWV� UHDOLW\� LQ� D� VPDOO�
JURXS�RI�IODWV��DQG�DIIHFWV�DOO�RWKHU�UHVXOWV���

�
)LJXUH����FRPSDULVRQ�EHWZHHQ�DQQXDO�PRGHO�DQG�

GHPRQVWUDWRU�

7KH� ILQDO� HQHUJ\� FRQVXPSWLRQ� �&:�� RQ� WKH�
GHPRQVWUDWRU�UHPDLQHG�JUHDWHU�WKDQ�WKH�PRGHO�EXW�LW�LV�
QRW� YHU\� GLIIHUHQW� LQ� VXPPHU��ZKLFK� LV� SDUWO\� GXH� WR�
WKH�OHVVHU�XVH�RI�HOHFWULFDO�ERRVWLQJ�UHVLVWDQFHV�GXULQJ�
WKLV� VHDVRQ�� � 5HPHPEHU� WKDW� ERRVWLQJ�ZDV� QRW� WDNHQ�
LQWR�DFFRXQW�LQ�WKH�PRGHO���

�
)LJXUH����FRPSDULVRQ�EHWZHHQ�DQQXDO�PRGHO�DQG�

GHPRQVWUDWRU�

/DWHU�� WKH� QHHG�ZDV�PRGHOOHG�PRQWK�E\�PRQWK� WR� ILW�
WKH�PRGHO�VFHQDULR�DQG�WKH�GHPRQVWUDWRU�VFHQDULR��,W�LV�
FDOOHG��PRGHO����RQ�WKH�IROORZLQJ�ILJXUH��

�
)LJXUH����FRPSDULVRQ�EHWZHHQ�PRQWKO\�PRGHO�DQG�

GHPRQVWUDWRU�
�

:LWK� VRPH� VOLJKW� PRGLILFDWLRQV� RQ� WKH� ILHOG� WHVW�
PHDVXUHPHQWV�� ZH� FDQ� UHDFK� D� EHWWHU� UHSURGXFLELOLW\�
EHWZHHQ� WKH� PRGHO� DQG� WKH� GHPRQVWUDWRU� �RSWLPLVHG�
FXUYH�RQ�ILJXUH������

� $V� WKH� PRGHO� GLG� QRW� LQFOXGH� WKH� HOHFWULFDO�
ERRVWLQJ��ZH�DSSOLHG�WR�ILHOG�PHDVXUHPHQW�WKH�&23�RI�
WKH� +3� WR� WKHVH� FRQVXPSWLRQV� �LI� ZH� GR� QRW� XVH�
ERRVWHU��DOO�WKH�HQHUJ\�LV�SURYLGHG�E\�WKH�+3���
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� )RU�ORRS�ORVVHV��ZH�DSSOLHG�WKH�QRPLQDO�&23�
RI�WKH�UHKHDWHU�WR�ILHOG�PHDVXUHPHQW��WR�FRUUHFW�VRPH�
PDOIXQFWLRQ�RI�ORRS�UHKHDWHU�GXULQJ�WKH�SHULRG���
�

�
)LJXUH����FRPSDULVRQ�EHWZHHQ�PRQWKO\�PRGHO�DQG�

RSWLPLVHG�GHPRQVWUDWRU�

&21&/86,21�
*LYHQ� WKH� IDFW� WKDW� RXU� SURMHFW� LV� VWLOO� LQ� SURJUHVV��
UHVXOWV� SUHVHQWHG� LQ� WKLV� DUWLFOH� DUH� PDLQO\� OLQNHG� WR�
VRPH� RI� WKH� REMHFWLYHV� OLVWHG� HDUOLHU� �HQHUJHWLF�
SHUIRUPDQFH�DQG�&2��HPLVVLRQV���6RPH�RWKHU�DVSHFWV�
QHHG�WR�EH�GHDOW�ZLWK��HFRQRPLF�DVSHFW�IRU�H[DPSOH���
1HYHUWKHOHVV�� LW� KDV� EHHQ� SRVVLEOH� WR� REWDLQ� WKHVH�
UHVXOWV� WKDQNV� WR� SUHOLPLQDU\� VWXGLHV�� ZKLFK� KDYH�
KLJKOLJKWHG�VRPH�LPSRUWDQW�FRQFOXVLRQV��
$� '+:� QHHG� PRGHO� KDV� EHHQ� GHYHORSHG� DQG� LWV�
PRQRWRQLF� FRPSDUHG� WR� PHDVXUHV�� DFKLHYLQJ� D� JRRG�
SUHGLFWLRQ��
$�ZRUN� KDV� EHHQ� GRQH� RQ� WKH� SRVVLELOLW\� WR� HYDOXDWH�
HQHUJHWLF�JDLQV�OLQNHG�ZLWK�EHWWHU�LQVXODWLRQ�RI�VWRUDJH�
DQG�SLSHV��7KLV�VWXG\�VKRZHG�WKDW�WKHVH�ORVVHV�FDQ�EH�
VLJQLILFDQWO\�UHGXFHG�ZLWK�DQ�DSSURSULDWH�LQVXODWLRQ��
$Q� DQDO\VLV� RI� KHDW� VRXUFHV� DYDLODEOH� DURXQG�
UHVLGHQWLDO� EXLOGLQJ� KDV� EHHQ� FRQGXFWHG�� ,W� VKRZHG�
WKDW�WKH�KLJKHU�H[HUJ\�SRWHQWLDO�LV�IRXQG�LQ�JUH\�ZDWHU��
VRXUFH� ZKLFK� ZH� SXW� LQ� DSSOLFDWLRQ� DQG�PRGHOOHG� LQ�
/&��V\VWHP��
)LUVW� VLPXODWLRQV� �� PHDVXUHV� FRPSDULVRQV� KDYH� EHHQ�
PDGH� RQ� /&�� V\VWHP�� 5HVXOWV� REWDLQHG� DUH�
HQFRXUDJLQJ�� ,QGHHG�� WKH\� VKRZHG� WKDW�� ZKHQ� '+:�
QHHG�FDQ�EH�VHW�LQ�RXU�VLPXODWLRQ�WRROV�DW�YDOXHV�FORVH�
IURP� ILHOG� WHVWV� PHDVXUHV�� WKHQ� WKH� PHDVXUHG�
FRQVXPSWLRQV�FRXOG�EH�ZHOO�SUHGLFWHG��
7KLV� LPSOLHV�� ILUVW�� WR� EH� DEOH� WR� KDYH� DQ� DFFXUDWH�
NQRZOHGJH� RI� UHDO� '+:� QHHG�� 7KH� IDFW� WKDW� WKH�
PHDVXUHPHQW� RU� HVWLPDWLRQ� RI� WKHVH� QHHGV� LV� QRZ�
FRPSXOVRU\� IRU� QHZ� EXLOGLQJV� ZLOO� KHOS� XV� IRU� WKLV�
REMHFWLYH��
6HFRQG�� IRU� RXU� SURMHFW�� HYHQ� LI� VRPH� RWKHUV�
FRPSDULVRQV� DUH� JRLQJ� WR� EH� PDGH� RQ� RWKHUV� '+:�
JHQHUDWLRQV�� LW� DOORZV� XV� WR� FRQVLGHU� VHUHQHO\� WR� XVH�
RXU� VLPXODWLRQV� UHVXOWV� IRU� PDNLQJ� D� PXOWL� FULWHULD�
DQDO\VLV�RI�'+:�V\VWHPV��
2QH�RI�WKH�REMHFWLYH�IRU�WKH�UHVW�RI�WKH�SURMHFW�LV�WR�EH�
DEOH� WR� VHOHFW� WKH� VROXWLRQ�V�� ILWWLQJ� WR� RQH� SDUWLFXODU�

EXLOGLQJ� DQG� LWV� RFFXSDQWV�� LQFRUSRUDWLQJ� LQ� WKH�
UHIOHFWLRQ�� QH[W� WR� HQHUJHWLF� DQG�&2�� HPLVVLRQ�JRDOV��
WKH� HTXLSPHQW� FRVW� �ERWK� LQYHVWPHQW� DQG� GXULQJ� OLIH�
VSDQ��� WKH� FRPIRUW� REWDLQHG� IRU� WKH� RFFXSDQWV�� WKH�
HQYLURQPHQWDO� LPSDFW�� WKH� HOHFWULFLW\� FRQVXPSWLRQ�
SHDNV�� 7KHVH� HOHPHQWV� ZLOO� DOORZ� XV� WR� LGHQWLI\� WKH�
PRVW�UHOHYDQW�VROXWLRQ�V�� IURP�YDULRXV�SRLQWV�RI�YLHZ�
�XVHU��PDQXIDFWXUHU��DQG�HOHFWULFLW\�VXSSOLHU���

120(1&/$785(�
N:KHS� ��NLOR:DWWKRXUV�RI�SULPDU\�HQHUJ\�
6LOLFD� [[� K3D� VWDQGV� IRU� YDFFXP� LQVXODWLRQ� ZLWK� D�
YDFFXP�SUHVVXUH�RI�[[�K3D�
38[[� VWDQGV� IRU� 3RO\XUpWKDQH� ZLWK� D� WKHUPDO�
FRQGXFWLYLW\�YDOXH�RI�[[�
9�,�3�VWDQGV�IRU�9DFXXP�,QVXODWHG�3DQHO�
&U� � WKHUPDO� ORVVHV�SHU�ZDWHU�FRQWHQW�DQG�GLIIHUHQFH�
RI�WHPSHUDWXUH�LQVLGH�RXWVLGH�SDU�GD\��
$Q� �$QHUJ\��N-�NJ��

� ��:RUN��N:��
𝑄� �(QHUJ\��N:��
� �0DVV�IORZ�UDWH��NJ�V��

K� ��(QWKDOS\��N-�NJ��
H� ��([HUJ\��N-�NJ��
7� �7HPSHUDWXUH���&��RU��.��
V� �(QWURS\��N-�NJ�.��

� �(QWURS\�JHQHUDWLRQ�UDWH��N:�.��
I�� �SRO\QRPLDO�IXQFWLRQ�RI�RXWVLGH�WHPSHUDWXUH�
;L� �FRHIILFHQW�IDFWRU�IRU�SRO\QRPLDOV�IXQFWLRQ�
7RXW� �2XWVLGH�WHPSHUDWXUH���&��
3DEVRUEHG� �$EVRUGHG�SRZHU�E\�KHDW�SXPS��N:��
3FDORULILF� �&DORULILF�SRZHU�RI�KHDW�SXPS��N:��
7IOXLG� �7HPSHUDWXUH�RI�IOXLG�OHDYLQJ�KHDW�SXPS���&��
/RDG� �+HDW�SXPS�/RDG�����

$&.12:/('*(0(17�
7KLV�SURMHFW� LV�FR�IXQGHG�E\�$'(0(�DQG�ZRXOG�QRW�
KDYH�EHHQ�SRVVLEOH�ZLWKRXW�LWV�LQYROYHPHQW��

5()(5(1&(6�
>�@� ��WK� RI� -XO\�� ������ GHFUHH� DSSURYLQJ� WKH�
FDOFXODWLRQ� PHWKRG� 7K�%&(� IRU� QHZ� )UHQFK� WKHUPDO�
UHJXODWLRQ��57�������
>�@�<DQWRYVNL�(���3URF��,QW��&RQI��(&26�������(G��%\�
5�5LYHUR�� /�0RQUR\�� 5�3XOLGR�� *�7VDWVDURQLV��
0H[LFR������-XO\�������SS����������
>�@� 0DWKHPDWLFDO� 5HIHUHQFH�� 9ROXPH� ��� 7516<6�
������ ����� E\� WKH� 6RODU� (QHUJ\� /DERUDWRU\��
8QLYHUVLW\�RI�:LVFRQVLQ�0DGLVRQ�
>�@� 7\SH� ����� EL�GLUHFWLRQDO� QRGHG� SLSH�� 7(66�
+\GURQLFV�/LEUDU\�IRU�7516<6����
>�@� ��WK� RI� 6HSWHPEHU�� ������ GHFUHH� UHODWLYH� WR� WKH�
HQHUJ\� SHUIRUPDQFH� GLDJQRVLV� IRU� H[LVWLQJ� EXLOGLQJV�
�'3(���
>�@�%%&3$&6��/LYUDEOH�����,GHQWLILFDWLRQBGHVBSHUWHV��
������LQ�)UHQFK��
>�@�$,&9)��5HFRPPDQGDWLRQ�(DX�&KDXGH�6DQLWDLUH��
������LQ�)UHQFK��
�
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