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Preface

+DYLQJ OLYHG LQ 'HOIW QHDUO\ P\ ZKROH OLIH� P\ HQWKXVLDVP IRU WHFKQRORJ\ EHJDQ ZLWK WKH SUR[LPLW\ DQG
LQIOXHQFH RI 78 'HOIW� *URZLQJ XS QHDU WKLV KXE RI LQQRYDWLRQ� , ZDV QDWXUDOO\ GUDZQ WR WKH ILHOG RI
WHFKQRORJ\� 0\ SDVVLRQ IRU WKH PDULWLPH ZRUOG� KRZHYHU� ZDV VSDUNHG E\ P\ IDWKHU� ZKR LQWURGXFHG
PH WR WKH RIIVKRUH LQGXVWU\ DQG VXSSRUWHG P\ GLYLQJ DPELWLRQV� 7KLV EOHQG RI WHFKQRORJLFDO FXULRVLW\
DQG PDULWLPH IDVFLQDWLRQ KDV JXLGHG P\ DFDGHPLF MRXUQH\� FXOPLQDWLQJ LQ WKLV WKHVLV�

)LUVW DQG IRUHPRVW� , ZRXOG OLNH WR H[WHQGP\ JUDWLWXGH WR 'H 9RRJW 1DYDO $UFKLWHFWV IRU SURYLGLQJPHZLWK
WKH RSSRUWXQLW\ WR ZRUN RQ WKLV UHVHDUFK� 6SHFLDO WKDQNV WR $EGHO�$OL (O 0RXKDQGL]� ZKRVH DVVLVWDQFH
LQ DFTXLULQJ WKH QHFHVVDU\ GDWD DQG VXSHUYLVLRQ WKURXJKRXW P\ WKHVLV KDV EHHQ HVVHQWLDO� <RXU FULWLFDO
LQVLJKWV KDYH KHOSHG PH SXVK WKH OHYHO RI WKLV UHVHDUFK� 7R %UDP -RQJHSLHU� $DURQ $ONHPDGH DQG .MHOG
%URHNKDXV� WKDQN \RX IRU PDNLQJ WLPH WR DQVZHU P\ TXHVWLRQV DQG VKDULQJ \RXU NQRZOHGJH�

, DP DOVR LQFUHGLEO\ WKDQNIXO IRU WKH RSSRUWXQLWLHV SUHVHQWHG WR PH E\ WKH 'HOIW 8QLYHUVLW\ RI 7HFKQRORJ\�
$XVWLQ .DQD� \RXU JXLGDQFH DQG NLQGQHVV KDYH EHHQ H[WUHPHO\ KHOSIXO WKURXJKRXWP\PDVWHU DQG WKHVLV�
<RXU IHHGEDFN DQG VXSHUYLVLRQ KDYH JXLGHG PH LQ WDNLQJ WKH QH[W VWHSV DQG HOHYDWLQJ WKH TXDOLW\ RI WKLV
UHVHDUFK�

, ZRXOG OLNH WR WKDQN P\ IULHQGV DQG IDPLO\� HVSHFLDOO\ P\ SDUHQWV� (OOHQ 	 $GUL� \RXU ORYH DQG HQFRXU�
DJHPHQW KDYH JXLGHG PH WKURXJKRXW P\ WKHVLV� $QG ODVWO\� WR P\ JLUOIULHQG� $QQD� WKDQN \RX IRU EHLQJ
WKH VRXUFH RI GLVWUDFWLRQ , QHHGHG� DQG P\ JUHDWHVW VXSSRUW�

$�&� 2SVWDO
5RWWHUGDP� 0D\ ����
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Summary

7KH \DFKWLQJ LQGXVWU\ LV HPEUDFLQJ VXVWDLQDEOH SUDFWLFHV LQ UHVSRQVH WR JOREDO HQYLURQPHQWDO FRQFHUQV�
SDUWLFXODUO\ WKRVH RXWOLQHG LQ WKH 3DULV $JUHHPHQW� ZKLFK DLP WR UHGXFH JUHHQKRXVH JDV HPLVVLRQV DQG
OLPLW JOREDO WHPSHUDWXUH LQFUHDVHV� $OWKRXJK GLHVHO HQJLQHV DUH PRVW FRPPRQO\ XVHG LQ \DFKWV DQG
DUH D PDMRU FRQWULEXWRU WR JUHHQKRXVH JDV HPLVVLRQV� HIIRUWV DUH EHLQJ PDGH WR PLQLPLVH HQHUJ\ FRQ�
VXPSWLRQ WKURXJK WKH XVH RI DOWHUQDWLYH IXHOV� $X[LOLDU\ V\VWHPV� VXFK DV KHDWLQJ� YHQWLODWLRQ DQG DLU
FRQGLWLRQLQJ �+9$&�� DUH DOVR EHLQJ VWXGLHG IRU HIILFLHQF\ LPSURYHPHQWV� $V \DFKWV VSHQG D FRQVLGHU�
DEOH DPRXQW RI WLPH DW DQFKRU RU LQ SRUW� WKHVH V\VWHPV DFFRXQW IRU D VLJQLILFDQW SHUFHQWDJH RI WKH WRWDO
FRQVXPSWLRQ�

7KLV WKHVLV IRFXVHV RQ HVWLPDWLQJ WKH HQHUJ\ GHPDQG RI +9$& V\VWHPV RQERDUG \DFKWV� ,Q FROODERUD�
WLRQ ZLWK 'H 9RRJW 1DYDO $UFKLWHFWV� SDUW RI )HDGVKLS� WKLV UHVHDUFK XVHV D JUH\ ER[ PRGHO DSSURDFK�
D FRPELQDWLRQ RI D ZKLWH ER[ DQG D EODFN ER[� WR HVWLPDWH DQG HYDOXDWH +9$& V\VWHPV� :KLWH ER[
PRGHOV DUH EDVHG RQ ILUVW SULQFLSOHV RU SK\VLFV DQG DUH WUDQVSDUHQW PRGHOV� 7KLV FRQWUDVWV ZLWK EODFN
ER[ PRGHOV� ZKLFK PRGHO D V\VWHP EDVHG VROHO\ RQ REVHUYHG GDWD� ZLWKRXW DQ\ SULRU NQRZOHGJH RI
WKH V\VWHP� 7KHVH PRGHOV DUH SULPDULO\ PDFKLQH OHDUQLQJ DOJRULWKPV VXFK DV DUWLILFLDO QHXUDO QHWZRUNV�
%ODFN ER[ PRGHOV SHUIRUP EHWWHU WKDQ ZKLWH ER[ PRGHOV ZLWKLQ WKH UDQJH RI WKH WUDLQHG GDWD� EXW ZKLWH
ER[ PRGHOV H[FHO DW SUHGLFWLRQ RXWVLGH WKLV UDQJH� 7KH LQWHJUDWLRQ RI ERWK PRGHOV FDQ FRPELQH WKH
DGYDQWDJHV RI ERWK LQWR D JUH\ ER[ PRGHO�

7KH ZKLWH ER[ PRGHO GHVFULEHG LQ WKLV UHSRUW LV D W\SH RI SUHGLFWLYH PRGHO WKDW FRPELQHV WKHRUHWLFDO
NQRZOHGJH ZLWK HPSLULFDO GDWD WR HVWLPDWH WKH KHDW ORDG IRU +9$& V\VWHPV RQ \DFKWV� 7KH PRGHO XVHV
WKHRUHWLFDO SULQFLSOHV GHULYHG IURP YDULRXV PHWKRGV� VXFK DV DQ ,62 KHDW ORDG EDODQFH� DQG LQFRUSR�
UDWHV HPSLULFDO GDWD FROOHFWHG IURP VHQVRUV LQVWDOOHG RQ \DFKWV� LQFOXGLQJ WHPSHUDWXUH DQG KXPLGLW\
PHDVXUHPHQWV� 7KLV GDWD LV XVHG WR VLPXODWH WKH SHUIRUPDQFH RI WKH +9$& V\VWHP XQGHU GLIIHUHQW
ZHDWKHU FRQGLWLRQV�

7KH KHDW ORDG HVWLPDWLRQ RI WKH ZKLWH ER[ PRGHO LV XVHG DV LQSXW IRU WKH JUH\ER[ PRGHO FRPELQHG ZLWK
YDULRXV VHQVRU GDWD� ,W PDNHV XVH RI D SHUFHSWURQ DUWLILFLDO QHXUDO QHWZRUN �$11�� WKDW FDQ OHDUQ IURP
WKH GDWD DQG DGMXVW LWV SUHGLFWLRQV� 7KH K\SHUSDUDPHWHUV RI WKH $11 DUH FKRVHQ DQG YDOLGDWHG XVLQJ
D NIROG FURVV YDOLGDWLRQ� 7KH ILQDO FDOFXODWLRQV DUH SHUIRUPHG ZLWK WKH RSWLPDO FRQILJXUDWLRQ�

7KH UHVXOWV RI WKH RSWLPDO PRGHO DUH YDOLGDWHG DJDLQVW WKH SRZHU FRQVXPSWLRQ UHFRUGHG LQ WKH YR\DJH
GDWD� 7KH JUH\ ER[ PRGHO DFKLHYHV D PHDQ DEVROXWH SHUFHQWDJH HUURU �0$3(� DFFXUDF\ RI ������
ZKLFK LV DQ LPSURYHPHQW FRPSDUHG WR WKH SHUIRUPDQFH RI WKH VROR EODFN ER[� 6SHFLILFDOO\� WKH 0$3(
DFFXUDF\ RI WKH JUH\ ER[ PRGHO LV ���� KLJKHU DORQJ ZLWK VLPLODU LPSURYHPHQWV LQ RWKHU PHWULFV�

)LQDOO\� WKH VWXG\ SURYLGHV DQ LQVLJKW RQ WKH SRVVLEOH DSSOLFDWLRQ RI WKH JUH\ ER[ PRGHO� 7KH VROR ZKLWH
DQG EODFN ER[ PRGHOV FDQ DOVR EH XVHG DSDUW IURP WKH JUH\ ER[ PRGHO� $ VLPSOH H[WUDSRODWLRQ DQDO\VLV
LV FRQGXFWHG WR SURYLGH LQVLJKWV RQ WKH FDSDELOLWLHV RI WKH PRGHO� :LWK WKH LPSOHPHQWDWLRQ RI WKHVH
PRGHOV� )HDGVKLS FDQ SUHGLFW WKH KHDW ORDG DQG HQHUJ\ GHPDQG IRU YDU\LQJ ZHDWKHU FRQGLWLRQV DQG
UDQJHV RI GDWD�
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Introduction

,Q WRGD\¶V HUD RI HQYLURQPHQWDO FRQVFLRXVQHVV DQG WKH FULWLFDO QHHG IRU VXVWDLQDEOH SUDFWLFHV� WKH \DFKW�
LQJ LQGXVWU\ DFFHSWV WKHLU UHVSRQVLELOLW\ LQ HPEUDFLQJ JUHHQHU WHFKQRORJLHV DQG UHGXFLQJ HQHUJ\ FRQ�
VXPSWLRQ� $V OX[XU\ YHVVHOV QDYLJDWH WKH ZRUOG¶V RFHDQV� LW EHFRPHV LQFUHDVLQJO\ FUXFLDO IRU WKH LQGXV�
WU\ WR OHDG WKH ZD\ LQ SUHVHUYLQJ PDULQH HFRV\VWHPV DQG FUHDWLQJ D SDWK WRZDUGV D PRUH VXVWDLQDEOH
IXWXUH� %\ LQYHVWLQJ LQ DOWHUQDWLYH IXHOV� PLQLPL]LQJ HQHUJ\ XVDJH DQG UHGXFLQJ HPLVVLRQV� WKH \DFKWLQJ
LQGXVWU\ FDQ OD\ WKH IRXQGDWLRQ IRU D VXVWDLQDEOH IXWXUH�

7KH 3DULV $JUHHPHQW �81)&&&� ������ HVWDEOLVKHG LQ ����� LV D JOREDO HIIRUW WR DGGUHVV WKH FKDO�
OHQJHV RI FOLPDWH FKDQJH� 7KH DJUHHPHQW VHWV ORQJ�WHUP JRDOV WR JXLGH DOO QDWLRQV WR VXEVWDQWLDOO\
UHGXFH JOREDO JUHHQKRXVH JDV �*+*� HPLVVLRQV WR OLPLW WKH JOREDO WHPSHUDWXUH LQFUHDVH LQ WKLV FHQWXU\
WR � GHJUHHV &HOVLXV ZKLOH SXUVXLQJ HIIRUWV WR OLPLW WKH LQFUHDVH HYHQ IXUWKHU WR ��� GHJUHHV� $FKLHYLQJ
WKHVH JRDOV UHTXLUHV GHFLVLYH DFWLRQ IURP YDULRXV VHFWRUV� LQFOXGLQJ WKH PDULWLPH LQGXVWU\� ZKLFK SOD\V
D VLJQLILFDQW UROH LQ JOREDO HPLVVLRQV� $FFRUGLQJ WR ,02 ������� WKH *+* HPLVVLRQV LQFOXGLQJ FDUERQ
GLR[LGH �CO2�� PHWKDQH �CH4�� DQG QLWURXV R[LGH �N2O�� H[SUHVVHG LQ CO2e ± RI WRWDO VKLSSLQJ �LQWHU�
QDWLRQDO� GRPHVWLF DQG ILVKLQJ� KDYH H[SHULHQFHG DQ ��� � LQFUHDVH IURP ��� PLOOLRQ WRQQHV LQ ����
WR ����� PLOOLRQ WRQQHV LQ ����� 7KH SURSRUWLRQ RI VKLSSLQJ HPLVVLRQV LQ WKH WRWDO JOREDO DQWKURSRJHQLF
HPLVVLRQV DOVR LQFUHDVHG� FOLPELQJ IURP ����� LQ ���� WR ����� LQ ���� �,02� ������

,Q UHVSRQVH WR WKH 3DULV $JUHHPHQW¶V REMHFWLYHV� WKH 0DULQH (QYLURQPHQW 3URWHFWLRQ &RPPLWWHH RI WKH
,QWHUQDWLRQDO 0DULWLPH 2UJDQLVDWLRQ �0(3&� GHILQHG D VWUDWHJ\ WR FRPEDW FOLPDWH FKDQJH DQG UHGXFH
JUHHQKRXVH JDVVHV LQ WKHLU IRXUWK *+* VWXG\ �,02� ������ 7KH ,02 DLPV WR DFKLHYH WKH ORQJ�WHUP
REMHFWLYHV RI WKH 3DULV $JUHHPHQW E\ VWULYLQJ WR GHFUHDVH WKH DYHUDJH CO2 HPLVVLRQV SHU WUDQVSRUW
ZRUN LQ LQWHUQDWLRQDO VKLSSLQJ� 7KH IROORZLQJ FRQWDLQV WKH OHYHOV RI DPELWLRQV IRU LQWHUQDWLRQDO VKLSSLQJ
�0(3&� ������ ZKLFK DUH YDOXDEOH JXLGHOLQHV IRU WKH \DFKWLQJ LQGXVWU\ LQ WKH IXWXUH�

�� 7KH UHGXFWLRQ RI FDUERQ LQWHQVLW\ RI YHVVHOV WKURXJK LPSOHPHQWDWLRQ RI IXUWKHU SKDVHV RI WKH HQ�
HUJ\ HIILFLHQF\ GHVLJQ LQGH[ �((',� IRU QHZ VKLSV WR UHYLHZ ZLWK WKH DLP WR VWUHQJWKHQ WKH HQHUJ\
HIILFLHQF\ GHVLJQ UHTXLUHPHQWV�

�� 7KH UHGXFWLRQ RI FDUERQ LQWHQVLW\ RI LQWHUQDWLRQDO VKLSSLQJ CO2 HPLVVLRQV SHU WUDQVSRUW ZRUN� DV
DQ DYHUDJH DFURVV LQWHUQDWLRQDO VKLSSLQJ� E\ DW OHDVW ��� E\ ����� SXUVXLQJ HIIRUWV WRZDUGV ���
E\ ����� FRPSDUHG WR �����

�� 7KH XSWDNH RI ]HUR RU QHDU�]HUR *+* HPLVVLRQ WHFKQRORJLHV� IXHOV DQG�RU HQHUJ\ VRXUFHV WR
UHSUHVHQW DW OHDVW ��� VWULYLQJ IRU ���� RI WKH HQHUJ\ XVHG E\ LQWHUQDWLRQDO VKLSSLQJ E\ �����

�� *+* HPLVVLRQV IURP LQWHUQDWLRQDO VKLSSLQJ WR UHDFK QHW�]HUR E\ RU DURXQG� L�H� FORVH WR� �����
WDNLQJ LQWR DFFRXQW GLIIHUHQW QDWLRQDO FLUFXPVWDQFHV� ZKLOVW SXUVXLQJ HIIRUWV WRZDUGV SKDVLQJ WKHP
RXW FRQVLVWHQW ZLWK WKH ORQJ�WHUP WHPSHUDWXUH JRDO VHW RXW LQ $UWLFOH � RI WKH 3DULV $JUHHPHQW�
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'HVSLWH WKH LQQRYDWLRQ RI DOWHUQDWLYH IXHOV LQ WKH PDULWLPH LQGXVWU\� D GLHVHO HQJLQH LV VWLOO WKH PRVW
FRPPRQ HQJLQH XVHG LQ \DFKWV� 7KH HPLVVLRQ RI JUHHQKRXVH JDVVHV E\ WKHVH HQJLQHV DUH GLUHFWO\
UHODWHG WR WKH HQHUJ\ FRQVXPSWLRQ RI WKHVH YHVVHOV� ,Q RUGHU WR PLQLPLVH WKH HQHUJ\ FRQVXPSWLRQ�
LW LV LPSRUWDQW WR FDOFXODWH DQG FDWHJRULVH WKH GLIIHUHQW V\VWHPV DQG FRPSRQHQWV RQERDUG RI D VKLS�
%RHUW] ������ PDQDJHG WR GLVWLQJXLVK WKHVH V\VWHPV DQG WKHLU FRPSRQHQWV IRU D FUXLVH VKLS� VKRZQ
LQ )LJXUH ���� $ \DFKW DQG D FUXLVH VKLS DUH ERWK GHVLJQHG IRU OX[XU\ OHLVXUH DQG WUDQVLW� EXW WKH\
KDYH GLVWLQFW RSHUDWLRQDO SURILOHV DQG SXUSRVHV� :KLOH D \DFKW LV W\SLFDOO\ D SULYDWH YHVVHO LQWHQGHG IRU
SHUVRQDO RU VPDOO JURXS XVH� IRFXVLQJ RQ OX[XU\ DQG FRPIRUW� D FUXLVH VKLS LV GHVLJQHG WR DFFRPPRGDWH
D ODUJH QXPEHU RI SDVVHQJHUV ZLWK DQ RUJDQL]HG WUDYHO VFKHGXOH� %RWK VKDUH WKH VDPH HOHFWULFDO SRZHU
FRQVXPHUV EXW D FUXLVH VKLS LV HTXLSSHG WR KDQGOH D ODUJHU VFDOH RI RSHUDWLRQV�

)LJXUH ���� 6\VWHP EUHDNGRZQ RI HOHFWULFDO FRPSRQHQWV DQG V\VWHPV �%RHUW]� ������

$FFRUGLQJ WR �)HDGVKLS� ������ WKH +9$& V\VWHP SOD\V D VLJQLILFDQW UROH LQ WKH HQHUJ\ FRQVXPSWLRQ RI
D \DFKW� 6HYHUDO IDFWRUV FRQWULEXWH WR WKH KHLJKWHQHG HQHUJ\ GHPDQG RI WKH +9$& V\VWHP� $FFRUGLQJ
WR LWV RSHUDWLRQDO SURILOH� DQDO\VHG E\ 5R\ HW DO� ������ D \DFKW LV ��� RI WKH WLPH DQFKRUHG RU LQ SRUW�
'XULQJ WKLV WLPH� WKH \DFKW LV VROHO\ XVLQJ LWV DX[LOLDU\ DQG KRWHO V\VWHPV� ZLWKRXW XVLQJ HQHUJ\ IRU WKH
SURSXOVLRQ V\VWHPV� 7KH +9$& V\VWHP FRQWULEXWHV XS WR ��� RI WKH WRWDO KRWHO ORDG �)HDGVKLS� �����
DQG LV PDLQO\ GXH WR LWV RSHUDWLRQDO SURILOH WKH ODUJHVW HQHUJ\ FRQVXPHU DIWHU WKH SURSXOVLRQ V\VWHP
ZLWK D VLJQLILFDQW LPSDFW RQ WKH YHVVHO¶V RYHUDOO HQHUJ\ FRQVXPSWLRQ� 7KH HQHUJ\ GHPDQG RI WKH +9$&
V\VWHPV LV KHDYLO\ HIIHFWHG E\ WKH H[WHUQDO HQYLURQPHQWDO FRQGLWLRQV� ,Q ERWK ORZ DQG KLJK WHPSHUDWXUHV�
WKH +9$& V\VWHP PXVW DGDSW DFFRUGLQJO\� $ FRPIRUWDEOH HQYLURQPHQW IRU WKH SDVVHQJHUV QHFHVVLWDWH
WKH V\VWHPV¶ FRQWLQXRXV RSHUDWLRQ� OHDGLQJ WR LQFUHDVHG HQHUJ\ XVDJH�

)LJXUH ���� ��P�SOXV IOHHW IRUHFDVWLQJ VFHQDULRV �7KH 6XSHU\DFKW *URXS� ������



1.1. Heating, Ventilation & Air Conditioning Systems 3

7KH LQFUHDVHG HQHUJ\ XVDJH LV FRPSRXQGHG E\ WKH IDFW WKDW WKH VL]H RI ZRUOGZLGH \DFKW IOHHW LV JURZLQJ
HYHU\ \HDU� 3URMHFWLRQV PDGH E\ 7KH 6XSHU\DFKW *URXS ������ DQG VKRZQ LQ ILJXUH ��� LQGLFDWH WKH
IRUHFDVWLQJ VFHQDULRV RI \DFKWV ZLWK D PLQLPXP OHQJWK RI �� PHWHUV� :LWK QR LPPHGLDWH LQWHUYHQWLRQV�
WKH HQYLURQPHQWDO LPSDFW RI WKH \DFKWLQJ LQGXVWU\ LV H[SHFWHG WR JURZ ZLWK WKH H[SDQGLQJ IOHHW VL]H� 5H�
FHQWO\� WKH <DFKW (QYLURQPHQWDO 7UDQVSDUHQF\ ,QGH[ �<(7,� ZDV GHYHORSHG �6XSHU\DFKW1HZV� ������
<(7, LV D WRRO VSHFLILFDOO\ GHVLJQHG IRU LQGLFDWLQJ WKH HQYLURQPHQWDO LPSDFW RI \DFKWV� ,W LV DQ LQGXVWU\
FROODERUDWLRQ EHWZHHQ WKH PRVW UHQRZQHG VKLS\DUGV� QDYDO DUFKLWHFWV� DQG UHVHDUFK LQVWLWXWHV MRLQLQJ
IRUFHV WR DFFHOHUDWH VXVWDLQDEOH FKDQJH LQ D WUDQVSDUHQW DQG UHOLDEOH PDQQHU� 0RYLQJ WRZDUGV PRUH
VXVWDLQDEOH \DFKWLQJ� YHVVHO RSWLPLVDWLRQ LV HVVHQWLDO� 5HVHDUFKLQJ WKH HQHUJ\ GHPDQG RI WKH +9$&
V\VWHP FDQ JLYH LPSRUWDQW QHZ LQVLJKWV LQWR WKLV SUREOHP�
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.OHLQ :RXG DQG 6WDSHUVPD ������ SURYLGHV JXLGDQFH LQ WKH GHVLJQ RI +HDWLQJ� 9HQWLODWLRQ 	 $LU &RQGL�
WLRQLQJ �+9$&� V\VWHPV LQ VKLSV� +9$& V\VWHPV DUH GHVLJQHG WR FUHDWH DQG PDLQWDLQ RSWLPDO HQYLURQ�
PHQWDO FRQGLWLRQV IRU WKH ZHOO�EHLQJ RI KXPDQV� HTXLSPHQW� PDFKLQHV� DQG FDUJR� 7KHVH FRQGLWLRQV
LQFOXGH DLU WHPSHUDWXUH� DLU KXPLGLW\� WKH OHYHO RI FDUERQ GLR[LGH �CO2�� DQG DLU SXULW\ LQ WHUPV RI GXVW�
EDFWHULD� DQG XQZDQWHG VPHOOV� 9HQWLODWLRQ DQG DLU FRQGLWLRQLQJ SOD\ NH\ UROHV LQ DFKLHYLQJ WKHVH FRQ�
GLWLRQV� 9HQWLODWLRQ V\VWHPV VXSSO\ DLU WR VSHFLILF DUHDV� PDNLQJ VXUH WKH DLU LV FLUFXODWHG RU H[KDXVWHG
LI QHHGHG �$6+5$(� ������ 9HQWLODWLRQ FDQ EH DFKLHYHG WKURXJK PHFKDQLFDO YHQWLODWLRQ ZLWK IDQV RU
QDWXUDO YHQWLODWLRQ� +HDW FDQ EH DGGHG WR WKH DLUIORZ WKURXJK KHDW H[FKDQJHUV LQ WKH YHQWLODWLRQ FKDQ�
QHOV RU UDGLDWRUV ZLWKLQ WKH URRP� +RZHYHU� YHQWLODWLRQ V\VWHPV GR QRW W\SLFDOO\ LQFOXGH DLU FRROLQJ RU
KXPLGLW\ FRQWURO IHDWXUHV� $LU FRQGLWLRQLQJ V\VWHPV KRZHYHU� XVH YDULRXV SURFHVVHV VXFK DV ILOWHULQJ�
KHDWLQJ� FRROLQJ� KXPLGLI\LQJ� DQG GHKXPLGLI\LQJ WR PHHW $6+5$( ������ 6WDQGDUGV IRU WKHUPDO FRP�
IRUW� $LU FRQGLWLRQLQJ V\VWHPV DUH IRXQG WKURXJKRXW WKH ZKROH VKLS LQ DFFRPPRGDWLRQV� RSHUDWLRQDO
VSDFHV� URRPV ZLWK VHQVLWLYH HTXLSPHQW OLNH HOHFWURQLFV� DQG FDUJR DUHDV ZLWK SHULVKDEOH JRRGV�

$FFRUGLQJ WR .OHLQ :RXG DQG 6WDSHUVPD ������� WKHUH DUH GLIIHUHQW W\SHV RI OD\RXWV IRU DQ DLU FRQGLWLRQ�
LQJ V\VWHP� $ V\VWHP ZLWK D FHQWUDO $LU &RQGLWLRQLQJ 8QLW �$&8� LV D VWDQGDUG LQVWDOODWLRQ� 7KLV LV ZKHQ
WKHUH LV RQO\ RQH $&8� ZKLFK LV FRQQHFWHG WR DOO DUHDV E\ GXFWLQJ� 7KLV PHWKRG ODFNV WKH SRVVLELOLW\ WR
FRQWURO WKH WHPSHUDWXUH SHU DUHD� $ PRUH HIIHFWLYH V\VWHP LV D K\EULG DLU FRQGLWLRQLQJ V\VWHP� ZKHUH D
FHQWUDO DQG ]RQDO $&8¶V DUH XVHG� ,W LV SRVVLEOH WR HTXLS DQ DUHD ZLWK ORFDO KHDWHUV RU FRROHUV LI QHHGHG�

)LJXUH ���� $LU &RQGLWLRQLQJ 8QLW �$&8� VFKHPDWLF RI D +9$& V\VWHP 2GHQGDDO �������

$Q $&8 FRQVLVWV RI VHYHUDO FRPSRQHQWV� DV LOOXVWUDWHG LQ ILJXUH ���� 7KH V\VWHP UHFHLYHV D FRPELQDWLRQ
RI IUHVK DPELHQW DLU DQG UHFLUFXODWHG DLU� 7KHVH DLU VWUHDPV DUH PL[HG DQG ILOWHUHG LQ WKH ILUVW VHFWLRQ RI
WKH $&8� 7KH XVH RI UHFLUFXODWHG DLU LV RIWHQ SUHIHUUHG DV LW UHGXFHV HQHUJ\ FRQVXPSWLRQ� +RZHYHU� D
GUDZEDFN LV WKDW KDUPIXO VXEVWDQFHV OLNH VPRNH DQG EDFWHULD FDQ DOVR EH UHFLUFXODWHG� SRVLQJ SRWHQWLDO
KHDOWK ULVNV� ,Q VRPH FDVHV� RQO\ IUHVK DLU ZLWKRXW UH�FLUFXODWLRQ LV LPSOHPHQWHG� IRU H[DPSOH LQ WKH
NLWFKHQ DQG WKH GLQLQJ URRP LQ RUGHU WR JHW ULG RI WKH VPHOO RI IRRG� 7KH IUHVK DLU VXSSO\ LV QHFHVVDU\ WR
FRQWURO WKH CO2�OHYHOV DQG PDLQWDLQ DLU SXULW\ ZLWKLQ WKH VSDFHV� 7KH H[KDXVW DLU HIIHFWLYHO\ UHPRYHV
CO2 DQG LPSXULWLHV�
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&RROLQJ LQ D +9$& V\VWHP LV DFKLHYHG WKURXJK D UHIULJHUDWLRQ PDFKLQH� ZKLFK VXSSOLHV FKLOOHG ZDWHU�
FKLOOHG EULQH� RU OLTXLG UHIULJHUDQW WR WKH V\VWHP� 7KHVH UHIULJHUDWLRQ XQLWV XVH D YDSRU�FRPSUHVVLRQ RU
DEVRUSWLRQ F\FOH WR UHPRYH KHDW IURP D OLTXLG� W\SLFDOO\ ZDWHU� ZKLFK LV WKHQ FLUFXODWHG WR FRRO DLU LQ WKH
$&8 RU HTXLSPHQW� &KLOOHUV FDQ EH DLU�FRROHG RU ZDWHU�FRROHG� ZLWK WKH ODWWHU EHLQJ PRUH FRPPRQ LQ
PDULWLPH DSSOLFDWLRQV GXH WR WKHLU HIILFLHQF\� ,Q VKLSV� FKLOOHUV KHOS PDLQWDLQ FRPIRUWDEOH FRQGLWLRQV IRU
RFFXSDQWV� SURWHFW VHQVLWLYH HTXLSPHQW� DQG SUHVHUYH FDUJR LQWHJULW\ E\ HQVXULQJ RSWLPDO WHPSHUDWXUH
DQG KXPLGLW\ OHYHOV� GHVSLWH WKH FKDOOHQJLQJ PDULQH HQYLURQPHQW� +HDWLQJ ZLWKLQ WKH V\VWHP FDQ EH
SURYLGHG E\ KRW ZDWHU� VWHDP� RU HOHFWULFLW\� XVLQJ D KHDW H[FKDQJHU� $ KRW ZDWHU ERLOHU� ORZ�SUHVVXUH
VWHDP ERLOHU� RU HOHFWULFDO JHQHUDWRU DFWV DV WKH KHDW SURGXFHU� GHSHQGLQJ RQ WKH KHDW VRXUFH FKR�
VHQ� 7KH FRROLQJ RI DLU ZLWK FRQGHQVDWLRQ RI ZDWHU YDSRXU LV D PHWKRG XVHG IRU GHKXPLGLI\LQJ WKH DLU�
+XPLGLILFDWLRQ FDQ EH GRQH E\ HLWKHU D VSULQNOHU V\VWHP ZLWK ZDWHU RU VWHDP KXPLGLILFDWLRQ�

0DULQH +9$& V\VWHPV DUH FRPSOH[ V\VWHPV DQG SOD\ D FULWLFDO UROH LQ PDLQWDLQLQJ D VXLWDEOH HQYLURQ�
PHQW ZLWKLQ WKH XQLTXH DQG FKDOOHQJLQJ FRQGLWLRQV RI D VKLS� 7R GHWHUPLQH WKH PRVW HIIHFWLYH +9$&
V\VWHP IRU D SDUWLFXODU VKLS� LW LV HVVHQWLDO WR FDUU\ RXW D GHWDLOHG DVVHVVPHQW RI WKH VKLS¶V HQHUJ\ UH�
TXLUHPHQWV� 7KLV LQYROYHV D FDUHIXO DQDO\VLV RI WKH H[LVWLQJ +9$& V\VWHPV� %\ LGHQWLI\LQJ DQG IRFXVLQJ
RQ WKH PDLQ FRPSRQHQWV FRQWULEXWLQJ WR WKH HQHUJ\ GHPDQG� WKH HIILFLHQF\ DQG SHUIRUPDQFH RI WKH
+9$& V\VWHP FDQ EH VLJQLILFDQWO\ LPSURYHG� HQVXULQJ WKDW LW PHHWV WKH VSHFLILF UHTXLUHPHQWV RI WKH
VKLS¶V HQYLURQPHQW�
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'H 9RRJW 1DYDO $UFKLWHFWV LV D \DFKW GHVLJQ FRPSDQ\ EDVHG LQ WKH 1HWKHUODQGV� 7KH FRPSDQ\ ZDV
IRXQGHG E\ +HQUL :LOOHP GH 9RRJW� ZKR EXLOW D VKLS\DUG RQ WKH EDQNV RI +DDUOHP¶V 6SDDUQH 5LYHU LQ
����� 7RGD\� WKH FRPSDQ\ LV SDUW RI )HDGVKLS� )HDGVKLS LV D FRRSHUDWLYH YHQWXUH EHWZHHQ .RQLQNOLMNH
'H 9ULHV DQG 5R\DO YDQ /HQW� 'H 9ULHV KDV WKHLU PDLQ \DUGV ORFDWHG LQ $DOVPHHU DQG 0DNNXP� YDQ
/HQW KDV WKHLU PDLQ \DUGV ORFDWHG LQ $PVWHUGDP DQG GH .DDJ�

'H 9RRJW 1DYDO $UFKLWHFWV LV WKH PDLQ QDYDO DUFKLWHFW DQG PDULQH HQJLQHHU RQ DOO SURMHFWV IRU WKH )HDG�
VKLS JURXS� 7KH .QRZOHGJH 	 ,QQRYDWLRQ GHSDUWPHQW IRU WKH )HDGVKLS JURXS LV DOVR RSHUDWHG IURP
'H 9RRJW� )HDGVKLS FROOHFWV RSHUDWLRQDO GDWD IURP WKHLU \DFKWV WR LPSURYH SURFHVVHV� 7KLV GDWD FDQ
KHOS WKHP GHVLJQ \DFKWV WKDW DUH SHUIHFWO\ VXLWHG WR WKHLU LQWHQGHG XVH� %\ XVLQJ WKLV YDOXDEOH GDWD�
)HDGVKLS FRQWLQXHV WR LQQRYDWH LQ QDYDO HQJLQHHULQJ� FUHDWLQJ PRUH VXVWDLQDEOH DQG HIILFLHQW YHVVHOV�

7KH ODWHVW DGGLWLRQ WR )HDGVKLS¶V IOHHW LV WKH �����PHWHU YHVVHO QDPHG 2EVLGLDQ �)HDGVKLS� ������ 7KLV
\DFKW PDUNV WKH ILUVW RI )HDGVKLSV¶ OLQH RI ODUJH \DFKWV� IRFXVLQJ RQ PLQLPLVLQJ FDUERQ IRRWSULQW� 7KLV
LV DFKLHYHG WKURXJK KXOOV RSWLPLVHG IRU FUXLVLQJ HIILFLHQF\ LQVWHDG RI PD[LPXP VSHHG� ZHLJKW FRQWURO�
HOHFWULF SURSXOVLRQ� DQG WKH FDSDFLW\ WR XWLOLVH HQJLQHV SRZHUHG E\ QRQ�IRVVLO GLHVHO IXHO NQRZQ DV +92�
1RWDEO\� GXULQJ WKH \DFKW¶V WULDO UXQV� WKH RQERDUG JHQHUDWRUV RSHUDWHG XVLQJ WKLV VHFRQG�JHQHUDWLRQ
ELRIXHO� UHVXOWLQJ LQ D ��� UHGXFWLRQ LQ FDUERQ HPLVVLRQV FRPSDUHG WR FRQYHQWLRQDO IRVVLO IXHO�RSHUDWHG
\DFKWV�

)LJXUH ���� 2EVLGLDQ� D )HDGVKLS <DFKW GHOLYHUHG E\ WKHLU \DUG LQ $DOVPHHU LQ -XQH ���� �)HDGVKLS� ������
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1.3. Problem statement
7KLV WKHVLV UHSRUW LGHQWLILHV DQ LVVXH LQ WKH GHVLJQ SURFHVV RI \DFKWV� WKH FXUUHQWO\ HPSOR\HG PHWKRGV
IRU HVWLPDWLQJ WKH HQHUJ\ GHPDQG RI +9$& V\VWHPV DUH QRW VXIILFLHQWO\ DFFXUDWH� 7KH SULPDU\ LVVXH RI
WKLV LV WKDW WKH HPSOR\HG PHWKRGV DUH PDLQO\ XVHG WR HVWLPDWH WKH PD[LPXP ORDG RI WKH +9$& V\VWHP
XQGHU FHUWDLQ WHPSHUDWXUH FRQGLWLRQV� ZKLFK VLJQLILFDQWO\ GLIIHU IURP WKH DFWXDO RSHUDWLQJ FRQGLWLRQV�
7KLV ODFN RI SUHFLVLRQ LQ HQHUJ\ GHPDQG HVWLPDWLRQ FDQ OHDG WR LQHIILFLHQFLHV DQG GHVLJQ IODZV LQ \DFKW
+9$& V\VWHPV� LPSDFWLQJ ERWK WKHLU SHUIRUPDQFH DQG VXVWDLQDELOLW\� $GGUHVVLQJ WKLV JDS LV FUXFLDO IRU
HQVXULQJ WKDW QHZ \DFKWV DUH HTXLSSHG ZLWK +9$& V\VWHPV WKDW QRW RQO\ DGKHUH WR HQHUJ\ HIILFLHQF\
VWDQGDUGV EXW DOVR IXOILO RSHUDWLRQDO DQG HQYLURQPHQWDO SHUIRUPDQFH FULWHULD HIIHFWLYHO\�

1.4. Research Objective
7KH JRDO RI WKLV WKHVLV LV WR REWDLQ DQ XQGHUVWDQGLQJ RI WKH HQHUJ\ GHPDQG RI WKH +9$& V\VWHP RQERDUG
RI \DFKWV WKDW DUH DOUHDG\ LQ XVH� LQ RUGHU WR FRQWULEXWH WR LPSURYHPHQWV LQ WKH GHVLJQ RI QHZ \DFKWV�
7KLV LV GRQH E\ FUHDWLQJ D GDWD�GULYHQ PRGHO WKDW FDQ HVWLPDWH WKH SRZHU FRQVXPSWLRQ RI GLIIHUHQW
\DFKWV ZLWK WKH KHOS RI REWDLQHG GDWD DQG PDFKLQH OHDUQLQJ� 7KLV PRGHO FDQ EH XVHG WR RSWLPLVH WKH
GHVLJQ SURFHVV RI WKHVH V\VWHPV IRU IXWXUH EXLOGV� 7KLV DOORZV 'H 9RRJW WR VXFFHVVIXOO\ DSSO\ WKLV WR
D QHZ EXLOG \DFKW LQ RUGHU WR UHDOLVH D FDOFXODWHG ILWWHG +9$& V\VWHP� DLPLQJ WR UHGXFH WKH HQHUJ\
GHPDQG�

1.5. Research Questions
,Q RUGHU WR REWDLQ WKH PDLQ UHVHDUFK REMHFWLYH� WKH IROORZLQJ UHVHDUFK TXHVWLRQ LV SURSRVHG�

7R ZKDW H[WHQW FDQ GDWD IURP SUHYLRXVO\ EXLOW '91$ \DFKWV DFFXUDWHO\ SUHGLFW WKH HQHUJ\ FRQVXPSWLRQ
RI +HDWLQJ� 9HQWLODWLRQ DQG $LU &RQGLWLRQLQJ �+9$&� V\VWHPV LQ RUGHU WR LPSURYH WKH GHVLJQ RI QHZ
IXWXUH \DFKWV"

7R DQVZHU WKLV PDLQ UHVHDUFK TXHVWLRQ� PXOWLSOH NH\ VXE�TXHVWLRQV DUH SURSRVHG� &RPELQLQJ WKHVH VXE�
TXHVWLRQV ZLOO DQVZHU WKH PDLQ UHVHDUFK TXHVWLRQ� 7KH VXE�TXHVWLRQV DQVZHUHG LQ WKLV WKHVLV UHSRUW
DUH�

�� :KDW LV WKH VWDWH RI WKH DUW LQ SUHGLFWLQJ WKH HQHUJ\ FRQVXPSWLRQ RI +9$& V\VWHPV"
�&KDSWHU �� VHFWLRQ ��������

�� :KDW DUH WKH PHWKRG UHTXLUHPHQWV WR PRGHO WKH HQHUJ\ FRQVXPSWLRQ RI +9$& V\VWHPV"
�&KDSWHU �� VHFWLRQ ����

�� :KDW PHWKRGV DUH VXLWDEOH DQG LQ ZKDW ZD\V FDQ PDFKLQH OHDUQLQJ DQG JUH\ ER[ PRGHOOLQJ FRQ�
WULEXWH WR VROYLQJ WKH SUREOHP"
�&KDSWHU ��

�� +RZ FDQ WKH LQWHJUDWLRQ RI WKH JUH\ ER[ DSSURDFK RSWLPLVH WKH SUHGLFWLRQ DQG XQGHUVWDQGLQJ RI
+9$& V\VWHP HQHUJ\ FRQVXPSWLRQ"
�&KDSWHU ��

�� +RZ FDQ WKH DFFXUDF\ RI WKH PRGHO EH YDOLGDWHG"
�&KDSWHU ��

�� +RZ FDQ WKH SURSRVHGPRGHO EH LPSOHPHQWHG LQ WKH GHVLJQ RI QHZ IXWXUH \DFKWV� DQG ZKDW FULWHULD
PXVW EH PHW WR FRQVLGHU LW WR EH VXFFHVVIXO"
�&KDSWHU ��
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1.6. Report Outline
7KLV UHSRUW RXWOLQHV D VWUXFWXUHG DSSURDFK WR HQKDQFH WKH HVWLPDWLRQ RI +9$& HQHUJ\ GHPDQG LQ VKLS
GHVLJQ� XQIROGLQJ DFURVV IRXU NH\ VHJPHQWV� 7KH RSHQLQJ SDUW LQWURGXFHV WKH VXEMHFW DQG GLVFXVVHV
WKH SUREOHP� VHWWLQJ WKH FRQWH[W IRU WKH FKDOOHQJHV LQ VKLS GHVLJQ� ,Q WKH VHFRQG VHFWLRQ� WKH OLWHUDWXUH
LQYHVWLJDWLRQ DQG PHWKRGRORJ\ DUH SUHVHQWHG� SUHVHQWLQJ WKH WHFKQLTXHV XVHG LQ WKH HVWLPDWLRQ FDOFXOD�
WLRQ� 7KH WKLUG VHFWLRQ LV GHGLFDWHG WR WKH UHVXOWV RI WKH PRGHO DQG LWV YDOLGDWLRQ� DVVHVVLQJ WKH PRGHO¶V
UHVXOWV WR HQVXUH PRGHO DFFXUDF\� 7KH ILQDO VHFWLRQ HQGV ZLWK WKH FRQFOXVLRQV DQG HQJDJHV LQ D GLVFXV�
VLRQ DERXW WKH LPSOLFDWLRQV RI WKH PRGHO� ,W DFNQRZOHGJHV WKH OLPLWDWLRQV DQG GHWDLOV UHFRPPHQGDWLRQV
IRU IXWXUH GHYHORSPHQW� )LJXUH ��� SURYLGHV DQ RYHUYLHZ RI WKH UHSRUW¶V VWUXFWXUH�

)LJXUH ���� 5HSRUW 6WUXFWXUH DQG 2XWOLQH

1.7. Scope
:LWKLQ WKH VFRSH RI WKH SURMHFW OLHV WKH HYDOXDWLRQ RI WKH +9$& V\VWHPV DQG WKH HVWLPDWLRQ RI WKHLU
HQHUJ\ GHPDQG RQERDUG \DFKWV� ,W LQYROYHV DVVHVVLQJ WKH GHVLJQ� FDSDFLW\� DQG HQHUJ\ FRQVXPSWLRQ
SDWWHUQV RI WKH H[LVWLQJ +9$& V\VWHPV DQG DQ LGHQWLILFDWLRQ RI WKH SUREOHP� 7KH SURMHFW LQFOXGHV WKH
FUHDWLRQ DQG DFFXUDF\ YDOLGDWLRQ RI D PRGHO WKDW FDQ SUHGLFW WKH HQHUJ\ GHPDQG� LQ ZKDW ZD\ 0DFKLQH
/HDUQLQJ FDQ DGYDQFH WKHPRGHO DQG WR ZKDW H[WHQG WKHPRGHO FDQ LQIOXHQFH WKH FXUUHQW GHVLJQ SURFHVV�
2Q WKH FRQWUDU\� WKH SURMHFW GRHV QRW LQFOXGH GHWDLOHG +9$& V\VWHP GHVLJQ� SURFXUHPHQW RI HTXLSPHQW�
H[HFXWLRQ RI LPSOHPHQWDWLRQ DFWLYLWLHV RU \DFKW VWUXFWXUDO PRGLILFDWLRQV� 7KHVH DVSHFWV IDOO RXWVLGH WKH
GHILQHG VFRSH RI WKH SURMHFW�



2
Problem Analysis

7KLV FKDSWHU ZLOO JLYH DQ DQVZHU WR WKH ILUVW UHVHDUFK VXE�TXHVWLRQ�:KDW LV WKH VWDWH RI WKH DUW LQ SUHGLFW�
LQJ WKH HQHUJ\ FRQVXPSWLRQ RI +9$& V\VWHPV" DQG WKH VHFRQG UHVHDUFK VXE�TXHVWLRQ� :KDW DUH WKH
PHWKRG UHTXLUHPHQWV WR PRGHO WKH HQHUJ\ FRQVXPSWLRQ RI +9$& V\VWHPV"� ,W ZLOO SURYLGH D GHHSHU
DQDO\VLV RI WKH FKDOOHQJHV ZLWK HVWLPDWLQJ WKH HQHUJ\ GHPDQG RI +9$& V\VWHPV RQERDUG \DFKWV� )LUVW
LQ VHFWLRQ ���� +9$& DQG LWV SODFH ZLWKLQ VKLS 	 \DFKW GHVLJQ ZLOO EH GLVFXVVHG� 1H[W� FXUUHQW PHWKRGV
XVHG WR SUHGLFW WKH HQHUJ\ FRQVXPSWLRQ RI +9$& V\VWHP XVHG E\ '91$ ZLOO EH SUHVHQWHG LQ VHFWLRQ ����
6HFWLRQ ��� ZLOO JLYH DQ LQVLJKW RI WKH DFFXUDF\ RI WKHVH PHWKRGV DQG WKHLU VKRUWFRPLQJ� 6HFWLRQ ���
ZLOO H[SDQG RQ WKH VLJQLILFDQFH RI DFFXUDWH SUHGLFWLRQ PHWKRGV� 6HFWLRQ ��� HODERUDWHV RQ WKH DYDLODEOH
GDWD SURYLGHG E\ '91$� $IWHU WKLV� WKH SUREOHP GHILQLWLRQ ZLOO EH FRQFOXGHG LQ VHFWLRQ ���� :LWK GDWD
DYDLODEOH DQG SUREOHP GHILQLWLRQ NQRZQ� LQ VHFWLRQ ���� WKH PHWKRG UHTXLUHPHQWV ZLOO EH VHW XS IRU WKLV
UHVHDUFK�

2.1. DVNA general & HVAC design process
'H 9RRJW 1DYDO $UFKLWHFWV �'91$� FRQGXFWV LWV GDLO\ RSHUDWLRQV IROORZLQJ WKH '91$ SURMHFW SKDVHV� DV
GHSLFWHG LQ )LJXUH ���� 7KLV UHSUHVHQWDWLRQ VKRZFDVHV D VLPSOLILHG YHUVLRQ DQG LQGLFDWHV ¶LGHDO¶ SKDVH
DOLJQPHQW DQG WUDQVLWLRQ� $OO DFTXLUHG LQIRUPDWLRQ DERXW WKH '91$ GHVLJQ SURFHVVHV DUH REWDLQHG YLD
LQWHUQDO FRPSDQ\ GRFXPHQWDWLRQ RI '91$ ������ ������

)LJXUH ���� 'HVLJQ 3KDVHV RI '91$ �������

'91$¶V ZRUN VWDUWV DW WKH &RQWUDFW 'HVLJQ SKDVH ZLWK D VPDOO SURMHFW WHDP� 7KLV SKDVH UHFHLYHV LWV
LQSXW IURP &RQFHSW 'HVLJQ� ZKLFK LV PDQDJHG E\ WKH WHDP DW 6WXGLR 'H 9RRJW WKDW VWDUWV DIWHU WKH
PLVVLRQ UHTXLUHPHQWV DUH GHWHUPLQHG LQ FRQVXOWDWLRQ ZLWK WKH QHZ \DFKW RZQHU� 7KH WUDQVLWLRQ LQWR
'91$¶V LQYROYHPHQW YDULHV GHSHQGLQJ RQ WKH SURJUHVV RI WKH 6DOHV SKDVH RI WKH <DUG� 7KH FRQWUDFW
VLJQLQJ IRU WKH %XLOG 1XPEHU EHWZHHQ WKH FOLHQW DQG WKH )HDGVKLS <DUG FDQ WDNH SODFH EHIRUH� GXULQJ�
RU DIWHU WKH &RQWUDFW 'HVLJQ SKDVH� 7KH GHFLVLRQ UHJDUGLQJ WKH WLPLQJ RI WKLV FRQWUDFW VLJQLQJ LV HQWLUHO\
DW WKH GLVFUHWLRQ RI WKH <DUG DQG LWV 6DOHV WHDP� $ PRUH FRPSUHKHQVLYH XQGHUVWDQGLQJ RI WKHVH SKDVHV�
WKHLU VXEVHTXHQW SURFHVVHV DQG ZKDW HQHUJ\ GHPDQG FDOFXODWLRQV DUH GRQH LQ HDFK SKDVH LV H[SODLQHG
LQ WKH IROORZLQJ VHFWLRQV�

&RQFHSW 'HVLJQ ,Q WKLV SKDVH 6WXGLR 'H 9RRJW ZRUNV LQ FRQVXOWDWLRQ ZLWK WKH 6DOHV GHSDUWPHQW� RQ
WKH SRUWIROLR RI 'HVLJQ 3URVSHFWV IRU )HDGVKLS� 7KHUH FDQ EH GR]HQV RI GHVLJQ SURVSHFWV WKDW FDQ
OHDG WR D VLQJOH EXLOG QXPEHU� 6WXGLR 'H 9RRJW SURYLGHV WKH 7HFKQLFDO FRQVXOWDQF\ WRZDUGV 6DOHV RQ
WKHVH 3URVSHFWV� DV ZHOO DV RIIHULQJ 'HVLJQ VHUYLFHV WRZDUGV WKH &OLHQWV� 2QFH WKH 6DOHV GHSDUWPHQW

7
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RI WKH \DUG ZDQWV WR PRYH WR WKH QH[W SKDVH RI WKH GHVLJQ� WKH\ ZLOO DSSURDFK '91$ WR DVVHPEOH
D WHDP GHGLFDWHG WR WKH 7HFKQLFDO � &RQWUDFW 'HVLJQ� 6WXGLR 'H 9RRJW ZLOO WKHQ SUHSDUH D 'HVLJQ
5HYLHZ DQG SDFNDJH RI GHOLYHUDEOHV� 7KLV W\SLFDOO\ LQFOXGHV� *HQHUDO $UUDQJHPHQW� 'HVLJQ 'DWD 	
5LVN /LVW� 'HVLJQ 5HYLHZ� /LQHV 3ODQ� 3UHOLPLQDU\ :HLJKW %XGJHW 	 +HLJKW 6WDFNLQJ� 7KH DX[LOLDU\
HQHUJ\ GHPDQG LV HPSLULFDOO\ HVWLPDWHG LQ WKLV SKDVH� $Q H[SHFWHG LQLWLDO ORDG EDODQFH LV FRQVWUXFWHG
E\ FRPSDULVRQ ZLWK RWKHU \DFKWV� 7KHVH HVWLPDWLRQV KDYH D ORZ ILGHOLW\ DQG DUH FHUWDLQ WR FKDQJH� ,W LV
RQO\ XVHG DV D EDVLV IRU WKH GHVLJQ�

7HFKQLFDO � &RQWUDFW 'HVLJQ 7KH PDLQ JRDO RI WKH 7HFKQLFDO � &RQWUDFW 'HVLJQ SKDVH LV WR HVWDEOLVK
D WHFKQLFDOO\ IHDVLEOH GHVLJQ IRU WKH \DFKW� 7KLV HQVXUHV WKDW WKH \DFKW FDQ EH PDUNHWHG ZLWK D FOHDU
XQGHUVWDQGLQJ RI WKH GHVLJQ¶V SRWHQWLDO ULVNV� DQG VLJQLILFDQW ULVNV DUH DSSURSULDWHO\ DGGUHVVHG DQG PLW�
LJDWHG� '91$¶V UROH LV WR UHFRPPHQG RQ WKH GHVLJQ¶V IHDVLELOLW\ DQG LGHQWLI\ SRWHQWLDO ULVNV� 8OWLPDWHO\�
WKH GHFLVLRQ WR VHOO WKH \DFKW UHVWV VROHO\ ZLWK WKH <DUG� UHJDUGOHVV RI WKH ULVN SURILOH� ,W LV SRVVLEOH IRU
WKH \DFKW WR EH VROG HLWKHU EHIRUH RU GXULQJ WKLV SKDVH� 7KH WHFKQLFDO JHQHUDO DUUDQJHPHQW LV WKH NH\
GHOLYHUDEOH� WRJHWKHU ZLWK WKH QDYDO DUFKLWHFWXUH 	 VWUXFWXUDO UHSRUWV� 7KH +9$& SRZHU HVWLPDWLRQV DUH
SHUIRUPHG E\ DQ H[WHUQDO +9$& FRQWUDFWRU DW WKLV VWDJH� 7KH LQLWLDO ORDG EDODQFHV DUH H[SDQGHG DQG
HTXLSPHQW OLVWV DUH GHYHORSHG� $FWLYLW\ UDWHV IRU WKH HTXLSPHQW DUH VHW WR FUHDWH D EURDGHU HVWLPDWLRQ�
7KHVH ORDG IDFWRUV FDXVH XQFHUWDLQW\ LQ WKH HVWLPDWLRQV� VLQFH WKHVH DUH EDVHG RQ SULRU NQRZOHGJH DQG
UHIHUHQFH \DFKWV DQG ZLOO VWLOO GLIIHU IURP WKH DFWXDO ORDG�

%DVLF 'HVLJQ 7KH SXUSRVH RI WKH %DVLF 'HVLJQ SKDVH LV WR HQJLQHHU WKH GHVLJQ XQWLO LW UHDFKHV D &ODVV
DSSURYHG OHYHO� ,W LV DOVR DLPHG DW HQVXULQJ WKDW WKHUH DUH QR FRQIOLFWV EHWZHHQ YDULRXV GLVFLSOLQHV LQ�
YROYHG LQ WKH SURMHFW� WKHUHE\ DFKLHYLQJ DQ ´,QWHJUDWHG 'HVLJQ´� $OO DX[LOLDU\ SRZHU HVWLPDWLRQV DQG ORDG
OLVWV DUH FRQGXFWHG E\ FRQWUDFWRUV DQG DVVRFLDWHG \DUGV GXULQJ WKLV SKDVH� 7KH +9$& V\VWHP SRZHU
HVWLPDWLRQV DUH VWLOO SHUIRUPHG E\ D +9$& FRQWUDFWRU� 7KH SRZHU HVWLPDWLRQV DUH GRQH XVLQJ ILUVW SULQ�
FLSOHV KHDW ORDG EDODQFHV RQ WKH VXSSOLHG JHQHUDO DUUDQJHPHQWV� 7KH\ DUH DQDO\]HG DFURVV GLIIHUHQW
RSHUDWLRQDO WHPSHUDWXUH OHYHOV WR HVWDEOLVK GLVWLQFW ORDG FDVHV� 2QFH +9$& DVVHVVPHQWV DUH ILQLVKHG�
WKH\ DUH LQFRUSRUDWHG LQWR WKH HOHFWULFDO ORDG EDODQFH VKHHWV� 7KHVH SURMHFWLRQV DUH FRQVLVWHQWO\ UH�
ILQHG ZLWK WKH HPHUJHQFH RI PRUH SUHFLVH GDWD UHJDUGLQJ VXSSOLHU HTXLSPHQW� DUHD DUUDQJHPHQWV� DQG
VSHFLILFDWLRQV RI PDFKLQHU\�

'HVLJQ 0RQLWRULQJ 'XULQJ WKLV SKDVH� D UHGXFHG WHDP ZLOO EH UHVSRQVLEOH IRU FORVHO\ RYHUVHHLQJ WKH
GHWDLOHG HQJLQHHULQJ DQG UHILQHPHQW RI WKH GHVLJQ� IURP WKH SRLQW RI LQLWLDO GHYHORSPHQW XQWLO WKH \DFKW¶V
GHOLYHU\� 7KH SULPDU\ REMHFWLYH LV WR HQVXUH WKDW WKH GHVLJQ LQWHJULW\ HVWDEOLVKHG LQ WKH %DVLF 'HVLJQ
SKDVH LV PDLQWDLQHG WKURXJKRXW WKH SURFHVV� 7KH QDYDO DUFKLWHFWXUH ZRUN ZLOO FRQWLQXH� HQFRPSDVV�
LQJ WDVNV VXFK DV JHQHUDWLQJ ZHLJKW FRQWURO UHSRUWV DQG FRQGXFWLQJ D ILQDO VWDELOLW\ DVVHVVPHQW� 7KH
+9$& ORDG EDODQFHV DUH ILQLVKHG DQG RQO\ PLQRU FKDQJHV KDSSHQ LQ WKLV VWDJH� 7KH HVWLPDWLRQV DUH
FRQVLGHUHG WR KDYH D KLJK ILGHOLW\ DW WKLV VWDJH VLQFH DOO WKH HTXLSPHQW LV LQFRUSRUDWHG�

)LJXUH ���� 7UDGLWLRQDO GHVLJQ VSLUDO DSSURDFK E\ +DUYHU\ ������
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'91$ XVHV D GHVLJQ VSLUDO DSSURDFK GXULQJ WKHLU GHVLJQ SKDVHV EDVHG RQ WKH GHVLJQ VSLUDO E\ +DUYHU\
������� VKRZQ LQ ILJXUH ���� 7KH SXUSRVH RI WKH GHVLJQ VSLUDO LV WR DVVLVW LQ RUJDQLVLQJ WKH WKRXJKW
SURFHVV� HQDEOLQJ VKLS GHVLJQ SUREOHPV WR EH VROYHG PRVW HIILFLHQWO\� +DUYHU\ ������ GHVFULEHV KRZ
LW IRFXVHV RQ KRZ WR HVWLPDWH DQG EDODQFH VKLS GHVLJQ SDUDPHWHUV LQ D WLPH HIILFLHQW ZD\ XVLQJ DQ
LWHUDWLYH SURFHVV� (GXFDWHG JXHVVHV DUH PDGH WR VHOHFW D +9$& V\VWHP� :KHQ QHZ LQIRUPDWLRQ
EHFRPHV DYDLODEOH ODWHU DQG WKH +9$& V\VWHP FKDQJHV� WKH LWHUDWLYH SURFHVV LV XVHG WR PRGLI\ WKH
LQLWLDO DUUDQJHPHQWV� EDODQFH HVWLPDWLRQV DQG SRZHU HVWLPDWLRQV�

$QRWKHU FRQFHSW WKDW '91$ XVHV GXULQJ WKH GHVLJQ RI +9$& V\VWHPV DQG WKHLU YHVVHOV LQ JHQHUDO LV
&RQFXUUHQW GHVLJQ� &RQFXUUHQW GHVLJQ LV D FROODERUDWLYH GHVLJQ DSSURDFK WKDW LQYROYHV WKH VLPXOWDQH�
RXV FRRSHUDWLRQ RI PXOWLSOH GLVFLSOLQHV� WHDPV� RU H[SHUWV LQ WKH GHVLJQ SURFHVV� 7KH JRDO RI FRQFXUUHQW
GHVLJQ LV WR HQKDQFH FRPPXQLFDWLRQ� IRVWHU FUHDWLYLW\� DQG VWUHDPOLQH WKH GHVLJQ SURFHVV E\ EUHDNLQJ
GRZQ WUDGLWLRQDO VHTXHQWLDO EDUULHUV� 'LIIHUHQW WHDPV� VXFK DV QDYDO DUFKLWHFWV� VWUXFWXUDO HQJLQHHUV�
V\VWHPV HQJLQHHUV� LQWHULRU GHVLJQHUV� DQG RWKHU VSHFLDOLVWV� ZRUN WRJHWKHU FRQFXUUHQWO\ RQ WKHLU UH�
VSHFWLYH DVSHFWV RI WKH \DFKW¶V GHVLJQ� 'XH WR WKLV PHWKRG FKDQJHV LQ WKH GHVLJQ RI WKH +9$& V\VWHP
DUH SLFNHG XS E\ PXOWLSOH GLVFLSOLQHV� 7KLV DSSURDFK DOORZV WKHP WR H[FKDQJH LGHDV� DGGUHVV SRWHQ�
WLDO FRQIOLFWV� DQG PDNH UHDO�WLPH DGMXVWPHQWV LQ WKH GHVLJQ DQG SRZHU HVWLPDWLRQV� OHDGLQJ WR D PRUH
LQWHJUDWHG DQG FRKHVLYH RYHUDOO GHVLJQ�

)LJXUH ���� 7KH UHODWLRQVKLS RI GHVLJQ IUHHGRP� NQRZOHGJH� DQG FRVW FRPPLWWHG �0DYULV DQG 'H/DXUHQWLV� ������

)LJXUH ��� VKRZV WKH UHODWLRQVKLS EHWZHHQ GHVLJQ IUHHGRP� NQRZOHGJH DQG FRPPLWWHG FRVW GXULQJ WKH
GLIIHUHQW GHVLJQ SKDVHV� 'XULQJ WKH LQLWLDO SKDVHV RI WKH GHVLJQ SURFHVV� D FRQVLGHUDEOH SDUW RI WKH
GHVLJQ UHPDLQV XQFHUWDLQ� DOWKRXJK D VLJQLILFDQW SDUW RI WKH FRVWV FRPPLWWHG EHFRPHV IL[HG HDUO\ RQ
LQ WKH SURFHVV� 6KLS SHUIRUPDQFH HYDOXDWLRQ W\SLFDOO\ VWDUWV GXULQJ WKH LQLWLDO SKDVHV RI VKLS GHVLJQ�
$FKLHYLQJ DQ DFFXUDWH HVWLPDWLRQ RI WKH SHUIRUPDQFH RI WKH YHVVHO LV D YHU\ FKDOOHQJLQJ SURFHVV VLQFH
WKH VKLS¶V GHVLJQ PXVW DGKHUH WR VDIHW\ UHTXLUHPHQWV� DV ZHOO DV FRVW�HIIHFWLYHQHVV LQ FRQVWUXFWLRQ DQG
RSHUDWLRQ �/RJDQ� ������ 7KLV FDXVHV PRGHOV DQG GDWD IURP SUHYLRXV VKLS GHVLJQV WR EH H[FHSWLRQDOO\
YDOXDEOH� :LWKRXW WKLV GDWD� SK\VLFDO ODZV RU D GHWHUPLQLVWLF PRGHOOLQJ DSSURDFK LV WKH RQO\ ZD\ WR
HYDOXDWH WKH VKLS¶V SHUIRUPDQFH� &RQVWUXFWLQJ PRGHOV EDVHG RQ YHVVHO GDWD DQG SURILOHV VXEVWDQWLDOO\
HQKDQFHV IXWXUH \DFKW GHVLJQV�

2.2. Significance of Accurate Prediction Methods
7KH QHHG IRU SUHFLVH SUHGLFWLRQ PHWKRGV LQ GHVLJQLQJ +9$& V\VWHPV IRU \DFKWV LV FUXFLDO� $V )HDGVKLS
������ QRWHV� WKHVH V\VWHPV DUH VHFRQG RQO\ WR SURSXOVLRQ V\VWHPV LQ WHUPV RI HQHUJ\ FRQVXPSWLRQ
RQ \DFKWV� VR WKH FRQVHTXHQFHV RI RYHUHVWLPDWLQJ WKHLU UHTXLUHPHQWV DUH VLJQLILFDQW� $ +9$& V\VWHP
VKRXOG EH DEOH WR SHUIRUP LQ H[WUHPH FRQGLWLRQV� EXW DQ RYHUHVWLPDWLRQ RI WKH UHTXLUHPHQWV RI WKH
V\VWHP FDQ OHDG WR LQHIILFLHQFLHV� $ GLIIHUHQFH EHWZHHQ WKH GHVLJQ FRQGLWLRQ DQG WKH DFWXDO FRQGLWLRQ
D +9$& V\VWHP RSHUDWHV LQ FDQ KDYH VHYHUDO FRQVHTXHQFHV�
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� ,QHIILFLHQW RSHUDWLRQ� 7KLV LV WKH PRVW FUXFLDO FRQVHTXHQFH RI DQ RYHUVL]HG +9$& V\VWHP� $
+9$& V\VWHP FDQ IRU H[DPSOH KDYH WZR FKLOOHUV� 7KH VHFRQG FKLOOHU PLJKW F\FOH RQ DQG RII
PRUH IUHTXHQWO\ GHSHQGLQJ RQ WKH GHPDQG� OHDGLQJ WR LQHIILFLHQW HQHUJ\ XVH DQG UHGXFHG RYHUDOO
HQHUJ\ HIILFLHQF\� 7KH H[FHVV HQHUJ\ GHPDQG QRW RQO\ OHDGV WR KLJKHU RSHUDWLRQDO FRVWV EXW DOVR
FRQWULEXWHV WR DQ LQFUHDVHG HQYLURQPHQWDO LPSDFW�

� :DVWHG VSDFH DQGZHLJKW� 2YHUVL]HG V\VWHPVZLOO RFFXS\PRUH VSDFH WKDQ QHFHVVDU\� 7KLV FDQ
UHVXOW LQ ORVV RI YDOXDEOH VSDFH RQERDUG RI WKH \DFKW DQG XQQHFHVVDU\ DGGLWLRQDO ZHLJKW� +HLQHQ 	
+RSPDQ ������ SURGXFHV DQG LQVWDOOV +9$& V\VWHPV RQERDUG VKLSV� $FFRUGLQJ WR WKHLU V\VWHPV�
D ��� GHFUHDVH LQ WKH PD[LPXP DLU TXDQWLW\ D VWDQGDUG $& XQLW FDQ KDQGOH UHGXFHV WKH YROXPH
RI WKH $& XQLW V\VWHP XS WR ���� ZKLFK LV D VLJQLILFDQW GHFUHDVH�

� +LJKHU SURGXFWLRQ 	PDLQWHQDQFH FRVWV� %LJJHU V\VWHPV FRVW PRUH WR SURGXFH DQG WRPDLQWDLQ�
,I WKH V\VWHP LV QRW ZRUNLQJ RQ LWV RSWLPDO SRLQW� LW ZLOO SXW DGGLWLRQDO VWUDLQ RQ LWV FRPSRQHQWV DQG
PD\ UHTXLUH PRUH IUHTXHQW PDLQWHQDQFH� :KLFK PD\ UHVXOW LQ D UHGXFHG OLIHVSDQ RI WKH V\VWHP�

,W LV GXH WR WKHVH GLIIHUHQFHV DQG FRQVHTXHQFHV� YDOXDEOH WR JDLQ D EHWWHU XQGHUVWDQGLQJ RI ZKDW LQIOX�
HQFHV WKH HQHUJ\ GHPDQG RI +9$& V\VWHPV� :LWK DFFXUDWH SUHGLFWLRQV� HQJLQHHUV FDQ GHVLJQ +9$&
V\VWHPV WR WKH VSHFLILF QHHGV RI D \DFKW� DYRLGLQJ RYHUVL]LQJ DQG HQVXULQJ HIILFLHQW� FRVW�HIIHFWLYH� DQG
HQYLURQPHQWDOO\ UHVSRQVLEOH RSHUDWLRQ�

2.3. Current Methods and Accuracy
$V H[SODLQHG LQ ���� WKH HQHUJ\ GHPDQG HVWLPDWLRQ RI WKH +9$& V\VWHP GXULQJ WKH GHVLJQ SKDVHV DUH
GRQH E\ DQ +9$& FRQWUDFWRU DQG DUH GHWHUPLQHG HPSLULFDOO\� $OO FRPSRQHQWV RQERDUG DUH OLVWHG FRP�
SUHKHQVLYHO\ LQ ORDG EDODQFH VKHHWV� 7KH DYHUDJH ORDG RI HDFK FRPSRQHQW LV PDQXDOO\ GHWHUPLQHG E\
DVVLJQLQJ DFWLYLW\ SHUFHQWDJHV WR HDFK FRPSRQHQW XQGHU YDULRXV RSHUDWLRQDO FRQGLWLRQV� 'HWHUPLQLQJ
WKH DFWLYLW\ UDWHV LV KLJKO\ VXEMHFWLYH DQG ODFNV LQ DFFXUDF\� 7KLV DSSURDFK LV LPSOHPHQWHG EHFDXVH
WKH HVWLPDWLRQV DUH JHQHUDOO\ FRQVHUYDWLYH FRPSDUHG WR WKH RSHUDWLRQDO WDUJHWV� 7KHVH PHWKRGV UH�
PDLQ SRSXODU GXH WR WKH ODFN RI H[SOLFLW NQRZOHGJH DERXW WKH SUDFWLFDO UHTXLUHPHQWV RI WKH V\VWHPV� $Q
H[DPSOH RI WKH IRUPDW RI D ORDG EDODQFH VKHHW LV VKRZQ LQ WDEOH ����

7HPSHUDWXUH � ◦& �� ◦& �� ◦&
&RPSRQHQW &RQVXPHU ,QVWDOOHG 3RZHU �N:� � 3 �N:� � 3 �N:� � 3 �N:�
$&�� 3UHKHDWHU

���
���

7RWDO Σ Σ Σ

7DEOH ���� 6LPSOLILHG IRUPDW RI ORDG EDODQFH VKHHW

$V SDUW RI WKH RSHUDWLRQDO GDWD WKDW LV FROOHFWHG IURP WKH \DFKWV� '91$ FROOHFWV GDWD IURP WKHLU KRWHO
V\VWHP ZLWK WKHLU 3URMHFW +27(/ ,QLWLDWLYH �)HDGVKLS� ������ $X[LOLDU\ ORDGV DUH UHFRUGHG LQFOXGLQJ
$& SRZHU �YROWDJH� DPSHUDJH DQG IDQ VSHHG�� DLU DQG VHD WHPSHUDWXUH� DQG H[WHULRU UHODWLYH KXPLGLW\�
7KLV GDWD DOVR VKRZV WKH HQHUJ\ GHPDQG RI WKH +9$& V\VWHPV DW GLIIHUHQW WHPSHUDWXUHV DQG KXPLGLW\�
DV GHSLFWHG LQ ILJXUH ���� 7KH EOXH SRLQWV DUH GDWD SRLQWV UHWULHYHG DW RSHUDWLRQDO FRQGLWLRQV IURP D
VLQJOH )HDGVKLS FXUUHQWO\ VDLOLQJ� 7KH UHG OLQH LV WKH ORDGOLVW RI WKH +9$& V\VWHP RQERDUG HVWLPDWHG
E\ WKH +9$& FRQWUDFWRU DW YDULRXV RSHUDWLRQDO FRQGLWLRQV� 7KLV JUDSK VKRZV WKDW WKH LQVWDOOHG +9$&
V\VWHPV KDYH D ORZHU HQHUJ\ FRQVXPSWLRQ WKDQ WKH HVWLPDWHG GHPDQG FDOFXODWHG E\ WKH ORDG OLVWV
�)HDGVKLS� ������ 7KH ORDGOLVW OLQH LV DW QHDUO\ HYHU\ GDWD SRLQW KLJKHU WKDQ WKH RSHUDWLRQDO GDWD� ,W FDQ
EH FRQFOXGHG WKDW WKH ORDGOLVW RYHUHVWLPDWHV WKH SRZHU FRQVXPSWLRQ RI WKH +9$& V\VWHP� 7KH ORDG
IDFWRUV XVHG DV DFWLYLW\ SHUFHQWDJHV IRU WKH FRPSRQHQWV RQERDUG DUH VWDQGDUG YDOXHV DQG HVWLPDWHG
HPSLULFDOO\� 7KHVH YDOXHV DUH KLJKO\ VHQVLWLYH IRU RYHU HVWLPDWLRQV DQG LW LV H[SHFWHG WKDW WKLV LV SDUW RI
WKH SUREOHP LQ RYHUHVWLPDWLQJ WKH HQHUJ\ GHPDQG�
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)LJXUH ���� 7RWDO SRZHU FRQVXPSWLRQ DQG +9$& /RDGOLVW� 3RZHU �N:� YV� 7HPSHUDWXUH �◦&� �)HDGVKLS� �����

$QRWKHU PHWKRG WKDW WKH +9$& FRQWUDFWRU XVHV WR FDOFXODWH WKH HQHUJ\ GHPDQG� LV JLYHQ E\ WKH ,QWHUQD�
WLRQDO 2UJDQLVDWLRQ IRU 6WDQGDUGL]DWLRQ �,62�� 7KH ,62 LV D QRQ�JRYHUQPHQWDO ZRUOGZLGH IHGHUDWLRQ RI
QDWLRQDO VWDQGDUGV� 7KH PDLQ WDVN RI WKH WHFKQLFDO FRPPLWWHHV LV WR SUHSDUH ,QWHUQDWLRQDO 6WDQGDUGV LQ
DOO WHFKQLFDO DQG QRQWHFKQLFDO ILHOGV RWKHU WKDQ HOHFWULFDO DQG HOHFWURQLF HQJLQHHULQJ� ,62����� ������
VSHFLILHV GHVLJQ FRQGLWLRQV DQG PHWKRGV RI FDOFXODWLRQ IRU DLU�FRQGLWLRQLQJ DQG YHQWLODWLRQ RI DFFRPPR�
GDWLRQ VSDFHV IRU DOO FRQGLWLRQV H[FHSW WKRVH HQFRXQWHUHG LQ H[WUHPHO\ FROG RU KRW FOLPDWHV� 2SSRVHG
WR WKH HOHFWULFDO FRPSRQHQWV IURP WKH ORDGOLVW PHWKRG� WKLV PHWKRG XVHV WKH KHDW SURGXFWLRQ SHU DUHD�
QXPEHU RI DLU FKDQJHV DQG WKH IUHVK DLU PL[LQJ UDWLR WR FDOFXODWH WKH WRWDO QHHGHG HQHUJ\ WR PDLQWDLQ D
FHUWDLQ WHPSHUDWXUH DQG KXPLGLW\� $Q H[DPSOH RI D SDUW RI WKH FDOFXODWLRQ LV VKRZQ LQ ILJXUH ���� 6KRZQ
KHUH DUH WKH FDOFXODWLRQV ZKHUH WUDQVPLWWHG KHDW WKURXJK ZDOOV DQG FHLOLQJV� VRODU UDGLDWLRQ DQG HPLWWHG
KHDW E\ SHUVRQV DQG HTXLSPHQW LV WDNHQ LQWR DFFRXQW�

)LJXUH ���� ,62����� FDOFXODWLRQ H[DPSOH �)HDGVKLS� ������

,62����� ������ SURYLGHV DQ DFFXUDWH HVWLPDWLRQ RI WKH HQHUJ\ GHPDQG SHU DUHD DW D FHUWDLQ FRQGLWLRQ�
(DFK URRP LV FDOFXODWHG DW RQH PRPHQW ZLWK WKHLU PD[LPXP RFFXSDQF\� PD[LPXP VXQ UDGLDWLRQ� DOO
OLJKWV RQ DQG DOO GHYLFHV WXUQHG RQ DW HYHU\ PRPHQW� 7KH GHVLJQ FRQGLWLRQ RI WKLV PHWKRG LV IRU VXPPHU
DQ RXWGRRU DLU WHPSHUDWXUH RI �� ◦& DQG KXPLGLW\ RI ��� DQG IRU ZLQWHU DQ RXWGRRU DLU WHPSHUDWXUH
RI ��� ◦& DQG QR VSHFLILFDWLRQ IRU KXPLGLILFDWLRQ� 7KHVH FRQGLWLRQV UDUHO\ RFFXU KRZHYHU� )LJXUH ���
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VKRZV WKH SUREDELOLW\ RI RFFXUUHQFH RI WKH UHODWLYH KXPLGLW\ YHUVXV WKH WHPSHUDWXUH FROOHFWHG IURP ��
)HDGVKLSV WKDW DUH FXUUHQWO\ LQ XVH� 7KH GDWD VKRZV WKDW D WHPSHUDWXUH RI ���� ◦& DQG D UHODWLYH
KXPLGLW\ RI ��� KDV WKH KLJKHVW RFFXUUHQFH� 7KH RFFXUUHQFH RI WKH ,62 GHVLJQ FRQGLWLRQ RI WKH +9$&
V\VWHP IRU VXPPHU LV ORZHU WKHQ �����

)LJXUH ���� 3UREDELOLW\ RI RFFXUUHQFH � RI 5HODWLYH KXPLGLW\ ��� YV 7HPSHUDWXUH �◦&� �)HDGVKLS� ������

2.4. Modelling in the Maritime Industry
$ SK\VLFDO V\VWHP LQ WKH 0DULWLPH ,QGXVWU\ LV XVXDOO\ PRGHOOHG XVLQJ RQH RI WZR W\SHV RI PDWKHPDWLFDO
DSSURDFKHV� ZKLWH ER[ PRGHOV RU EODFN ER[ PRGHOV� $ ZKLWH ER[ PRGHO DSSURDFK LV D PRGHO LQ ZKLFK
WKH VWUXFWXUH LV SHUIHFWO\ NQRZQ DQG LW KDV EHHQ SRVVLEOH WR FRQVWUXFW LW HQWLUHO\ IURP SULRU NQRZOHGJH�
SK\VLFDO ODZV DQG GHWHUPLQLVWLF ILUVW SULQFLSOH UHODWLRQV �/MXQJ� ������ $ EODFN ER[ PRGHO DSSURDFK
LQYROYHV PRGHOOLQJ D V\VWHP VROHO\ EDVHG RQ REVHUYHG GDWD� ZLWKRXW SULRU NQRZOHGJH RI WKH V\VWHP� ,W
SULPDULO\ UHIHUV WR OHDUQLQJ DOJRULWKPV� VXFK DV UHJUHVVLRQ WHFKQLTXHV DQG QHXUDO QHWZRUNV �+DUDQHQ
HW DO�� ������ 7KHVH PRGHOV FDQ EH UHJDUGHG DV V\VWHPV WKDW GHVFULEH WKH UHODWLRQVKLSV EHWZHHQ LQSXW
YDULDEOHV DQG WKHLU FRUUHVSRQGLQJ RXWSXWV �/MXQJ� ������

$ WKLUG RSWLRQ LV WR LQWHJUDWH ERWK ZKLWH DQG EODFN ER[ PRGHO DSSURDFKHV� ZKLFK LV NQRZQ DV JUH\
ER[ PRGHOOLQJ� 7KLV JUH\ ER[ DSSURDFK XVHV D PRGHO IRU ZKLFK VRPH SK\VLFDO LQVLJKW LV DYDLODEOH EXW
VRPH SDUDPHWHUV QHHG WR EH HVWLPDWHG IURP WKH REVHUYHG GDWD �/MXQJ� ������ *UH\ ER[ PHWKRGV FDQ
EH FRQVLGHUHG DV D FRPELQDWLRQ RI ZKLWH DQG EODFN ER[ DSSURDFKHV� ZKHUH WKH WKHRUHWLFDO SULQFLSOHV
DQG SK\VLFDO ODZV RI ZKLWH ER[ PRGHOV DUH FRPSOHPHQWHG E\ NQRZOHGJH H[WUDFWHG WKURXJK EODFN ER[
WHFKQLTXHV IURP H[SHULPHQWDO GDWD�

6WXGLHV E\ GH +DDV ������� 2GHQGDDO ������� =ZDUW ������ DQG %DNNHU ������ KDYH GHPRQVWUDWHG WKH
SRWHQWLDO RI FRPELQLQJ ZKLWH ER[ DQG EODFN ER[ PRGHOV LQWR JUH\ ER[ PRGHOV� 7KH\ FROOHFWLYHO\ H[SORUH
PRGHOOLQJ WHFKQLTXHV LQ VKLS GHVLJQ� FRPSDULQJ WKHVH WKUHH W\SHV RI PRGHOOLQJ� .H\ WDNHDZD\V RI WKHLU
VWXGLHV LQFOXGH�

� 'DWD TXDOLW\ DQG VL]H� $OO VWXGLHV XQGHUOLQH WKH LPSRUWDQFH RI GDWD TXDOLW\ DQG WUDLQLQJ GDWD VL]H�
:LWK VPDOOHU GDWDVHWV� ZKLWH ER[ PRGHOOLQJ DSSHDUV PRUH HIIHFWLYH� ZKLOH ODUJHU GDWDVHWV VKRZ
VLPLODU SHUIRUPDQFH EHWZHHQ JUH\ ER[ DQG EODFN ER[ PRGHOOLQJ� &DUHIXO FRQVLGHUDWLRQ PXVW EH
JLYHQ WR GDWD TXDOLW\ DQG IRFXV� DV SRRU TXDOLW\ LQSXW GDWD OHDGV WR XQUHOLDEOH RXWSXW�

� $FFXUDF\ FRQVLVWHQF\� %DNNHU ������ DQG =ZDUW ������ FRQFOXGH WKDW JUH\ ER[ PRGHOOLQJ RXW�
SHUIRUPV RWKHU PRGHO YDULDQWV LQ DFFXUDF\� EXW WKH DFFXUDF\ UHGXFHV ZKHQ FRQGLWLRQV FKDQJH WR
PRUH FRPSOH[ VFHQDULRV� 7KH\ SRLQW RXW WKDW WUDGLWLRQDO PHWKRGV FDQ VWLOO EH UHOHYDQW LQ WKHVH
FDVHV WR FUHDWH FRQVLVWHQW DFFXUDF\�

� ,QWHUSRODWLRQ DQG H[WUDSRODWLRQ� %ODFN ER[ PRGHOOLQJ H[FHOV LQ LQWHUSRODWLRQ DQG WKH ZKLWH ER[
FRPSRQHQW HQVXUHV SUHFLVH SUHGLFWLRQV EH\RQG WKH VFRSH RI WKH XVHG WUDLQLQJ GDWD� %ODFN ER[
ODFNV WKH DELOLW\ WR H[WUDSRODWH DFFXUDWHO\ GXH WR D ODFN RI FRQFUHWH NQRZOHGJH DERXW WKH SUREOHP�
ZKLFK ZKLWH ER[ PRGHOOLQJ GRHV KDYH�
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2YHUDOO� WKHVH VWXGLHV VXJJHVW D QHHG IRU PRUH FRPSUHKHQVLYH DQG QXDQFHG PRGHOOLQJ DSSURDFKHV LQ
VKLS GHVLJQ DQG UHFRJQLVLQJ WKH LPSRUWDQFH RI GDWD TXDOLW\ DQG VL]H� 7KH\ FROOHFWLYHO\ SRLQW WRZDUGV D
IXWXUH ZKHUH VKLS GHVLJQ LV LQFUHDVLQJO\ LQIRUPHG E\ DGYDQFHG PRGHOOLQJ WHFKQLTXHV DQG GDWD�GULYHQ
LQVLJKWV�

2.5. Available data
)RU WKLV VWXG\� '91$ SURYLGHV D VXEVWDQWLDO DPRXQW RI GDWD FROOHFWHG IURP WKHLU \DFKWV WKDW DUH FXUUHQWO\
VDLOLQJ� FRQWDLQLQJ \DFKW SDUDPHWHUV� HQJLQH DQG PRWLRQ GDWD� YR\DJH UHSRUWV DQG DX[LOLDU\ SRZHU GDWD�
$Q RYHUYLHZ RI WKH DFFHVVLEOH GDWD LV SURYLGHG LQ 7DEOH ���� 7KH SURYLGHG GDWD FRQWDLQV VKLS GHVLJQ
VSHFLILFDWLRQV DQG WKH OD\RXW RI DOO RQERDUG V\VWHPV� $GGLWLRQDOO\� QHZ \DFKWV DUH ILWWHG ZLWK D YDULHW\
RI VHQVRUV DQG PRQLWRULQJ HTXLSPHQW� 7KLV DOORZV IRU FRQWLQXRXV GDWD FROOHFWLRQ RQ SDUDPHWHUV VXFK
DV HQJLQH DQG JHQHUDWRU SRZHU GHPDQG DQG H[SHULHQFHG VKLS PRWLRQV� UHVSHFWLYHO\� 7KH ZHDWKHU
DQG FOLPDWH LV VRPHWKLQJ WKDW LV FRQWLQXRXVO\ PRQLWRUHG DQG VWRUHG DV ZHOO� :KLOH WKHVH DUH UHODWLYHO\
QHZ DQG VWLOO LQ WKHLU HDUO\ VWDJHV� WKH DPRXQW RI UHDO�WLPH GDWD RI RSHUDWLRQV RI WKH )HDGVKLS IOHHW LV
FXUUHQWO\ JURZLQJ D ORW� $V PRUH GDWD EHFRPHV DYDLODEOH� UHVHDUFK LV QHHGHG WR ORRN DW WKH DSSOLFDELOLW\
RI WKLV LQIRUPDWLRQ� 7KLV GDWD SUHVHQWV WKH RSSRUWXQLW\ IRU FRPSUHKHQVLYH PRGHOOLQJ DQG SRWHQWLDO IUHVK
LQVLJKWV LQWR WKH SUREOHP� 'HILQLQJ WKH SDUDPHWHUV RI WKLV GDWDVHW DQG DVVHVVLQJ WKH DYDLODEOH YHUVXV
XQDYDLODEOH GDWD LV FUXFLDO IRU HVWDEOLVKLQJ WKH UHTXLUHPHQWV IRU WKH PHWKRGRORJ\�

7DEOH ���� $YDLODEOH GDWDVHW W\SHV� ORFDWLRQV DQG GHVFULSWLRQV�

'DWD 7\SH 'DWD 6RXUFH 'HVFULSWLRQ

<DFKW SDUDPHWHUV '91$ GHVLJQ GHSDUWPHQW 6KLS GHVLJQ SDUDPHWHUV� KXOO VKDSH
LQIRUPDWLRQ �/� %� Cb� Cp�� JHQHUDO
DUUDQJHPHQWV RI V\VWHPV�

(QJLQH DQG 0RWLRQ GDWD 6HQVRU PRQLWRULQJ 0DLQ HQJLQH DQG JHQHUDWRU SRZHU
�VKDIW SRZHU�� WDQN OHYHOV
�FRQVXPSWLRQ�� VKLS PRWLRQV �SLWFK
DQG UROO��

9R\DJH UHSRUW GDWD �6($6 3RUWDO ,QLWLDWLYH <DFKW ORFDWLRQ� VSHHG DQG KHDGLQJ�
:DYH DQG ZLQG FRQGLWLRQV� :HDWKHU
UHODWHG SDUDPHWHUV�

$X[LOLDU\ SRZHU GDWD 3URMHFW +27(/ ,QLWLDWLYH 5HFRUGHG WRWDO DX[LOLDU\ ORDGV� $&
SRZHU �YROWDJH� DPSHUDJH� IDQ VSHHG��
DLU DQG VHD WHPSHUDWXUH� UHODWLYH
KXPLGLW\�

2.6. Problem Conclusion
$W LWV FRUH� WKH IXQGDPHQWDO FKDOOHQJH OLHV LQ WKH IDFW WKDW FXUUHQW HQHUJ\ GHPDQG HVWLPDWLRQ PHWKRG LQ
WKH HDUO\ VWDJHV RI GHVLJQ IL[DWH RQ FRQVHUYDWLYH GHVLJQ SRLQWV DQG H[WUHPH RSHUDWLQJ FRQGLWLRQV� 7KLV
FKRLFH LV PDGH E\ WKH +9$& FRQWUDFWRU DQG VROHO\ UHOLHV RQ WKH H[SHULHQFH RI WKH FRPSDQ\� &RQVH�
TXHQWO\� '91$ HQFRXQWHUV D VXEVWDQWLDO XQFHUWDLQW\ LQ WKH HVWLPDWLRQ FRPSDUHG WR WKH HQHUJ\ FRQVXPS�
WLRQ GXULQJ UHDO�ZRUOG YHVVHO RSHUDWLRQ� 7KLV GLIIHUHQFH MHRSDUGL]HV WKH DGYDQFHPHQW RI VXVWDLQDEOH
YHVVHOV DQG WKH LPSOHPHQWDWLRQ RI RSWLPDO GHVLJQ PHWKRGRORJLHV� $GGLWLRQDO\� D FRQWLQLRXVO\ H[SDQG�
LQJ YR\DJH GDWDVHW RI FXUUHQWO\ VDLOLQJ )HDGVKLSV LV DYDLODEOH� 7KH DYDLODEOH LQIRUPDWLRQ RQ WKH +9$&
V\VWHPV LV QRW LQWHJUDWHG \HW LQ WKH HQHUJ\ GHPDQG FDOFXODWLRQ� $ JUH\ ER[ PRGHOOLQJ PHWKRG KDV WKH
SRVVLELOLW\ WR LPSURYH WKH OHYHO RI DFFXUDF\ DQG FHUWDLQW\ ZLWK WKH KHOS RI WKH LQWHJUDWLRQ RI RSHUDWLRQDO
YR\DJH GDWD� 7KH PDLQ SUREOHPV WR VROYH DUH OLVWHG LQ WKH WDEOH EHORZ�
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7DEOH ���� 3UREOHP 'HILQLWLRQ�

3UREOHP 'HILQLWLRQ

3� � 7KH XVH RI DFWLYLW\ UDWHV RI GHYLFHV DQG RWKHU VWDQGDUG YDOXHV LQ WKH ORDGOLVW
FDOFXODWLRQ FDXVH DQ RYHUHVWLPDWLRQ RI WKH HQHUJ\ GHPDQG RI WKH +9$& V\VWHP�

3� � 7KH ,62����� PHWKRG LV SURSRUWLRQHG RQ H[WUHPH ZHDWKHU FRQGLWLRQV LQVWHDG RI
WKH FRQGLWLRQ ZLWK WKH KLJKHVW RFFXUUHQFH�

3� � $ VXEVWDQWLDO GDWDEDVH RI RSHUDWLRQDO GDWD LV DYDLODEOH DQG LV QRW LQFRUSRUDWHG \HW
LQWR WKH GHVLJQ RI +9$& V\VWHPV�

2.7. Method Requirements
:LWK WKH LQWURGXFWLRQ LQ FKDSWHU � DQG WKH SUREOHP DQDO\VLV LQ FKDSWHU �� D FOHDU LPDJH LV GUDZQ RI WKH
LVVXH ZLWK WKH HVWLPDWLRQ RI WKH HQHUJ\ GHPDQG RI +9$& V\VWHPV� $ PRGHO LV SURSRVHG WR JHQHUDWH
DFFXUDWH SUHGLFWLRQV IRU WKH HDUO\ VWDJHV RI GHVLJQ� 7KH JRDO LV WR LPSURYH WKH H[LVWLQJ HVWLPDWLRQV
DQG FRPELQH WKHP ZLWK GDWD FROOHFWHG E\ '91$ IURP WKHLU \DFKWV� $ QHZ PHWKRG WDNLQJ WKH FXUUHQW
SUREOHPV� PHQWLRQHG LQ VHFWLRQ ���� LQWR DFFRXQW FDQ SURYLGH D PRUH H[WHQVLYH HVWLPDWLRQ RI WKH HQHUJ\
GHPDQG� %HIRUH WKH SRWHQWLDO DSSURDFKHV DQG PHWKRGRORJ\ DUH GLVFXVVHG LQ WKH QH[W FKDSWHUV� WKH
PHWKRG UHTXLUHPHQW DUH JLYHQ EHORZ�

7DEOH ���� 0HWKRG UHTXLUHPHQW EUHDNGRZQ�

0HWKRG 5HTXLUHPHQW 'HVFULSWLRQ

05� � $ PRGHO WKDW SUHGLFWV WKH HQHUJ\ GHPDQG RI WKH +9$& V\VWHP DFURVV
GLYHUVH RSHUDWLRQDO VFHQDULRV�

05� � $ ZKLWH ER[ PRGHO WKDW LQFOXGHV D UHYLVLRQ RI WKH VWDQGDUG YDOXHV LQ
RUGHU WR FUHDWH FHUWDLQW\ LQ WKLV SDUW RI WKH HVWLPDWLRQ�

05� � $ ZKLWH ER[ PRGHO WKDW SURSRUWLRQV WKH FDOFXODWLRQV WR ZHDWKHU
FRQGLWLRQV ZKLFK DFWXDOO\ RFFXU IRU D UHSUHVHQWDWLYH HVWLPDWLRQ�

05� � $ EODFN ER[ PRGHO WKDW LQFOXGHV D WUDLQHG PRGHO WKDW LQFRUSRUDWHV WKH
DYDLODEOH YR\DJH GDWD WR SUHGLFW WKH HQHUJ\ GHPDQG RI WKH +9$&
V\VWHP�

05� � $ JUH\ ER[ PRGHO WKDW FRPELQHV ZKLWH ER[ PRGHO DV LQSXW IRU WKH EODFN
ER[ PRGHO WR HQKDQFH WKH DFFXUDF\ RI WKH HQHUJ\ GHPDQG HVWLPDWLRQ�

05� � $ PHWKRG WKDW LV EDVHG RQ UHDO YR\DJH GDWD SURYLGHG E\ )HDGVKLS 	
'91$�

05� � 7KH PHWKRG VKRXOG SRVVHVV WKH FDSDELOLW\ WR PDQDJH DQG LGHQWLI\
LQFRQVLVWHQFLHV RU LQDFFXUDFLHV ZLWKLQ WKH YR\DJH GDWDVHW�



3
Solution Approach

7KLV FKDSWHU ZLOO SURYLGH DQ DQVZHU WR WKH WKLUG UHVHDUFK VXE�TXHVWLRQ� :KDW PHWKRGV DUH VXLWDEOH
DQG LQ ZKDW ZD\V FDQ PDFKLQH OHDUQLQJ DQG JUH\ ER[ PRGHOOLQJ FRQWULEXWH WR VROYLQJ WKH SUREOHP" $
PHWKRG LV SUHVHQWHG WKDW ZLOO ILW WKH PHWKRG UHTXLUHPHQWV GLVFXVVHG LQ VHFWLRQ ���� ,Q VHFWLRQ ���� WKH
ZKLWH ER[ PRGHO ZLOO EH H[SORUHG DQG LQ VHFWLRQ ��� WKH EODFN ER[ PRGHO ZLOO EH H[SORUHG� 7KH GDWD
SUHSDUDWLRQ LV JLYHQ LQ VHFWLRQ ���� ,Q VHFWLRQ ��� WKH JUH\ ER[ PRGHOOLQJ FRQILJXUDWLRQ LV H[SODLQHG�
)LQDOO\� WKH FRYHUDJH RI WKH PHWKRG UHTXLUHPHQWV LV VKRZQ LQ ���

3.1. White box modelling
$IWHU FRPSOHWLQJ WKH SUREOHP DQDO\VLV� WKH LQLWLDO VHOHFWLRQ RI PHWKRGV IRU WKH ZKLWH ER[ PRGHOOLQJ SUR�
FHVV LV QH[W� 7KH ZKLWH ER[ PRGHO FRQVLVWV RI WKH SK\VLFDO SURFHVVHV RFFXUULQJ LQ WKH +9$& V\VWHP�
JUDQWLQJ D FOHDUHU XQGHUVWDQGLQJ RI WKH G\QDPLFV RI WKH V\VWHP LQ DQG DURXQG WKH \DFKW� ,Q VXEVHFWLRQ
������ WKH GLIIHUHQW PHWKRGV DUH HYDOXDWHG WR GHWHUPLQH WKHLU VXLWDELOLW\ IRU WKH FXUUHQW UHVHDUFK� )RU
WKH ZKLWH ER[ PRGHOOLQJ DSSURDFK� WKH REMHFWLYH LV WR LQFOXGH D UHYLVLRQ RI WKH VWDQGDUG YDOXHV LQ RUGHU
WR FUHDWH FHUWDLQW\ LQ WKLV SDUW RI WKH PRGHO� DV PHQWLRQHG LQ 05�� RI WKH PHWKRG UHTXLUHPHQWV� VHFWLRQ
���� 0HWKRG UHTXLUHPHQW 05�� DOVR QHHGV FRQVLGHUDWLRQ LQ WKH ZKLWH ER[ PRGHOOLQJ SDUW� ,Q VXEVHF�
WLRQ ������ DQ HYDOXDWLRQ LV PDGH LQ WKH H[WHQW WR ZKLFK WKH ZKLWH ER[ PRGHO FRYHUV WKH SUREOHP� 7KLV
DVVHVVPHQW ZLOO KHOS LGHQWLI\ WKH FRPSRQHQWV RI WKH SUREOHP WKDW UHPDLQ XQDGGUHVVHG�

3.1.1. Model Selection
7KH HPSKDVLV RI D ZKLWH ER[ PRGHO LV RQ XQGHUVWDQGLQJ WKH V\VWHP¶V SK\VLFDO EHKDYLRU� +RZHYHU� WKH
FXUUHQW ZKLWH ER[ PRGHOV XVHG IRU HVWLPDWLQJ WKH HQHUJ\ GHPDQG RI WKH +9$& V\VWHPV RQERDUG XVH
D KLJK DPRXQW RI HVWLPDWHG FRHIILFLHQWV DQG YDOXHV �,62������ ����� �)HDGVKLS� ������ 7KHVH FRHIIL�
FLHQWV DUH FDOFXODWHG LQ D VWDWLVWLFDO PDQQHU DQG LQFOXGH HUURUV DV PHQWLRQHG LQ VHFWLRQ ��� �)HDGVKLS�
������ ,Q WDEOH ���� WKH GLIIHUHQW UHVHDUFK GRQH RQ WKH FRQILJXUDWLRQ RI GLIIHUHQW ZKLWH ER[ PRGHOV DQG
LWV DSSOLFDELOLW\ IRU WKLV UHVHDUFK DUH JLYHQ�
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7DEOH ���� &XUUHQW PHWKRGV DQG UHOHYDQW UHVHDUFK�

6RXUFH 0HWKRG $SSOLFDELOLW\

(VWLPDWHG (OHFWULFDO /RDG
%DODQFH �)HDGVKLS� �����

/RDG EDODQFH VKHHW FRQWDLQLQJ
DOO FRPSRQHQWV RQERDUG ZLWK
PDQXDOO\ DVVLJQHG UXQQLQJ
DFWLYLW\ SHUFHQWDJHV�

/RZ DSSOLFDELOLW\� IRFXVHV RQ
HOHFWULFDO GHPDQG� /LVWLQJ WKH
LQIOXHQFLQJ FRPSRQHQWV LV
XVHIXO�

,62����� ������ 'HWHUPLQHV WKH UHTXLUHG SRZHU
WR PDLQWDLQ D VWDWH RI
HTXLOLEULXP LQ DQ DUHD�

%DVLV RI WKLV HVWLPDWLRQ LV
KLJKO\ DSSOLFDEOH� DGMXVWPHQWV
DUH QHHGHG�

(QKDQFLQJ HDUO\�VWDJH HQHUJ\
FRQVXPSWLRQ SUHGLFWLRQV XVLQJ
G\QDPLF RSHUDWLRQDO YR\DJH
GDWD �2GHQGDDO� �����

%DVHG RQ ,62����� ������
DQG %RHUW] ������� H[SDQGV
WKH ,62 PHWKRG ZLWK )HDGVKLS
VWDQGDUGV�

6KRZV SRWHQWLDO ZLWK ,62 IRU
\DFKWV� %XW XVHV VLPSOLILHG
YDOXHV IRU WUDQVPLVVLRQ IDFWRUV
DQG D VWDWLF FDOFXODWLRQ ZKLFK
LV QRW WLPH GHSHQGHQW�

,QWHUQDO GRFXPHQWDWLRQ E\
�.DPVWUD� ����� DQG �GH 9URHW�
�����

8VHV WKH VDPH SULQFLSOHV DV
,62����� ������� LPSURYHV WKH
FDOFXODWLRQ RQ WKH SDUWV RI VXQ
UDGLDWLRQ� H[WHUQDO WHPSHUDWXUH
DQG WLPH GHSHQGHQF\�

9HU\ DSSOLFDEOH� EXW ERWK
PHWKRGV PDNH OLPLWHG XVH RI
UHDO YR\DJH GDWD� $OVR WKH
HVWLPDWLRQ LV RQO\ IRU RQH DUHD
RI WKH \DFKW�

7KH EDVLV IRU WKH ZKLWH ER[ PRGHO DUH WKH PHWKRGV RI FDOFXODWLRQ IRU DLU�FRQGLWLRQLQJ DQG YHQWLODWLRQ RI
DFFRPPRGDWLRQ VSDFHV JLYHQ E\ ,62����� ������� ,W GHWHUPLQHV WKH UHTXLUHG SRZHU WR PDLQWDLQ D VWDWH
RI HTXLOLEULXP ZKHQ FRQVLGHULQJ G\QDPLF IDFWRUV VXFK DV KHDW WUDQVPLVVLRQ WKURXJK ZDOOV� FHLOLQJV DQG
IORRUV� VRODU UDGLDWLRQ� HTXLSPHQW DQG SHUVRQV LQ WKH URRP� 2GHQGDDO ������ PDGH XVH RI WKLV PHWKRG
WR HVWLPDWH WKH SRZHU RI D +9$& V\VWHP� ,Q FRRSHUDWLRQ ZLWK 'H 9RRJW� .� 2GHQGDDO PDNHV XVH RI D
JUH\ ER[ PRGHO DSSURDFK WR HVWLPDWH WKH WRWDO SRZHU XVDJH RI D \DFKW LQFOXGLQJ WKH +9$& V\VWHP� )RU
WKH +9$& V\VWHP SDUWLFXODUO\ D ZKLWH ER[ PRGHO DSSURDFK LV XVHG� 7KH HVWLPDWLRQV VKRZ LPSURYHPHQW
FRPSDUHG WR WKH HPSLULFDO ORDG OLVW� EXW VWLOO HPSOR\V D ORW RI DVVXPSWLRQV DQG VWDQGDUGLVHG YDOXHV� )RU
H[DPSOH� KHDW WUDQVPLVVLRQ YDOXHV DUH WDNHQ IURP VWDQGDUG YDOXHV �,62������ ������

5HVHDUFK E\ GH 9URHW ������ PDNHV XVH RI WKH VDPH SULQFLSOHV DV ,62����� ������ EXW LPSURYHG WKH
HVWLPDWLRQ DW GLIIHUHQW SDUWV LQ WKH HVWLPDWLRQ� )RU H[DPSOH� WDNLQJ WKH VRODU UDGLDWLRQ LQWR DFFRXQW DW
FHUWDLQ WLPHV RI WKH GD\ DW GLIIHUHQW VDLOLQJ URXWHV DQG FOLPDWHV� ,Q WKH QH[W VHFWLRQ� WKH ZKLWH ER[ PRGHO
PHWKRG IRU WKLV UHVHDUFK ZLOO EH GLVFXVVHG ZLWK WKH GLIIHUHQFHV DQG LPSURYHPHQWV FRPSDUHG WR WKH
H[LVWLQJ PHWKRGV�

3.1.2. White box limitations
$ ZKLWH ER[ PRGHO FDOFXODWLRQ� ZKLFK LQYROYHV GHYHORSLQJ D GHWDLOHG SK\VLFV�EDVHG RU PHFKDQLVWLF
PRGHO EDVHG RQ NQRZQ SULQFLSOHV DQG HTXDWLRQV� LV QRW VXIILFLHQW WR DFFXUDWHO\ FDOFXODWH WKH HQHUJ\ GH�
PDQG RI D +9$& V\VWHP� 7KH FXUUHQW ZKLWH ER[ PRGHOV EDVHG RQ ,62����� ������ VKRZ WKH IROORZLQJ
OLPLWDWLRQV�

� &RPSOH[LW\ RI D +9$& V\VWHP <DFKWV KDYH KLJKO\ FRPSOH[ +9$& V\VWHPV WKDW LQYROYH YDULRXV
LQWHUFRQQHFWHG FRPSRQHQWV� VXFK DV FRPSUHVVRUV� KHDW H[FKDQJHUV� IDQV� YDOYHV� DQG FRQWURO
V\VWHPV� 0RGHOOLQJ DOO WKHVH FRPSRQHQWV DFFXUDWHO\ LQ D SK\VLFV�EDVHG PDQQHU FDQ EH H[FHS�
WLRQDOO\ FRPSOH[ DQG WLPH�FRQVXPLQJ� $ ZKLWH ER[ PRGHO ZLOO QHDUO\ DOZD\V EH D VLPSOLILFDWLRQ RI
WKH UHDO VLWXDWLRQ�

� 9DULDEOH 2SHUDWLQJ &RQGLWLRQV 7KH RSHUDWLQJ FRQGLWLRQV RI WKH +9$& V\VWHP FDQ YDU\ VLJQLI�
LFDQWO\ EDVHG RQ IDFWRUV OLNH RXWGRRU WHPSHUDWXUH� KXPLGLW\� RFFXSDQF\� LQVXODWLRQ OHYHOV� DQG
V\VWHP ORDG� ,QFRUSRUDWLQJ WKHVH YDULDWLRQV DFFXUDWHO\ LQWR D SK\VLFV�EDVHG PRGHO FDQ EH FKDO�
OHQJLQJ�
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� 5HDO�:RUOG 8QFHUWDLQWLHV 5HDO�ZRUOG XQFHUWDLQWLHV� VXFK DV RSHQLQJ GRRUV� QRQ�XQLIRUPLW\ LQ
PDWHULDO SURSHUWLHV� RU YDULDWLRQV LQ WKH TXDOLW\ RI FRPSRQHQWV� FDQ VLJQLILFDQWO\ DIIHFW WKH SHUIRU�
PDQFH RI WKH +9$& V\VWHP� ,W¶V GLIILFXOW WR DFFRXQW IRU DOO WKHVH XQFHUWDLQWLHV DFFXUDWHO\ LQ D ZKLWH
ER[ PRGHO�

� ,QWHUDFWLRQ ZLWK 2WKHU 6\VWHPV 7KH +9$& V\VWHP LV LQWHUFRQQHFWHG ZLWK YDULRXV RWKHU V\VWHPV�
VXFK DV HOHFWULFDO� SOXPELQJ� DQG HQHUJ\ VWRUDJH V\VWHPV� &DSWXULQJ WKH G\QDPLF LQWHUDFWLRQV
DQG IHHGEDFN ORRSV EHWZHHQ WKHVH V\VWHPV LV D VLJQLILFDQW FKDOOHQJH IRU D ZKLWH ER[ PRGHO�

� +XPDQ %HKDYLRU DQG 2FFXSDQF\ 3DWWHUQV +XPDQ EHKDYLRU� RFFXSDQF\ SDWWHUQV� DQG XVHU
SUHIHUHQFHV DOVR SOD\ D FULWLFDO UROH LQ GHWHUPLQLQJ WKH +9$& V\VWHP¶V HQHUJ\ GHPDQG� 3UHGLFWLQJ
WKHVH DVSHFWV DFFXUDWHO\ DQG LQFRUSRUDWLQJ WKHP LQWR D ZKLWH ER[ PRGHO LV GLIILFXOW�

05� � DQG � DUH PHW ZLWK WKLV ZKLWH ER[ PRGHO DSSURDFK� 7R DGGUHVV WKH UHPDLQLQJ JDSV� DQRWKHU
DSSURDFK WKDW FRPELQHV ZKLWH ER[ PRGHOOLQJ ZLWK GDWD�GULYHQ WHFKQLTXHV OLNH PDFKLQH OHDUQLQJ LV SUR�
SRVHG�

3.2. Black box modelling
$ EODFN ER[ JLYHV D IXQFWLRQDO UHODWLRQVKLS EHWZHHQ V\VWHP LQSXW DQG RXWSXW� ZLWKRXW XVLQJ DQ\ SK\VLFDO
LQVLJKW DERXW WKH VLWXDWLRQ� $FFRUGLQJ WR +XRWDUL HW DO� ������ WKLV PRGHOOLQJ WHFKQLTXH LV HVSHFLDOO\
YDOXDEOH ZKHQ WKH EHKDYLRXU RI D V\VWHP LV QRW FOHDU RU ZKHQ D ZKLWH ER[ PRGHO LV QRW DFFXUDWH RU
SUHGLFWDEOH HQRXJK� $ EODFN ER[ VWDUWV WR UHFRJQLVH SDWWHUQV DQG UHODWLRQV LQ WKH GDWD E\ WUDLQLQJ WKH
EODFN ER[ WR JLYH WKH ULJKW RXWSXW� 7KLV LV FDOOHG PDFKLQH OHDUQLQJ DQG LV SDUW RI D EURDGHU� PRUH NQRZQ
WHUP DUWLILFLDO LQWHOOLJHQFH�

0DFKLQH OHDUQLQJ SULQFLSOHV KDYH OHG WR HQKDQFHPHQWV LQ SUHGLFWLRQ DQG PRGHOOLQJ WHFKQLTXHV DFURVV
GLIIHUHQW UHVHDUFK ILHOGV� ,QVWHDG RI DWWHPSWLQJ WR PRGHO DOO WKH XQGHUO\LQJ SKHQRPHQD DQG SK\VLFV
UHODWHG WR D SUREOHP� WKH EODFN ER[ DSSURDFK XVHV GDWD IRU SUHGLFWLRQ ZLWKRXW D GHHS XQGHUVWDQGLQJ
RI WKH LQYROYHG HOHPHQWV VXFK DV VKLSV� ZDWHU� UHVLVWDQFH� RU SRZHULQJ� 1XPHURXV VWXGLHV VKRZFDVH
WKH DSSOLFDWLRQ RI EODFN ER[ PRGHOOLQJ LQ SUHGLFWLQJ HVVHQWLDO VKLS SHUIRUPDQFH SDUDPHWHUV� LQFOXGLQJ
SURSXOVLRQ SRZHU� IXHO FRQVXPSWLRQ� DQG VSHHG� 'LYHUVH PHWKRGV� LQFOXGLQJ DUWLILFLDO QHXUDO QHWZRUNV
DQG *DXVVLDQ SURFHVVHV �*3� VKRZ LPSUHVVLYH UHVXOWV� ([DPSOHV RI VXFK VXFFHVVIXO DSSOLFDWLRQV
LQFOXGH VWXGLHV E\ 3HGHUVHQ DQG /DUVHQ ������� 3HWHUVHQ HW DO� ������ DQG <XDQ DQG :HL �������

$ EODFN ER[ PRGHO FDQ EH PRUH DFFXUDWH WKDQ D ZKLWH ER[ PRGHO� EXW LW DOVR VXIIHUV IURP VRPH FOHDU
GLVDGYDQWDJHV� %ODFN ER[ PRGHOV UHTXLUH ODUJH DPRXQWV RI GDWD IRU WUDLQLQJ� DQG GXH WR WKLV H[WUDSR�
ODWLRQ LV OLPLWHG WR WKH GDWDVHWV WKH\ DUH GHULYHG IURP �/HLIVVRQ HW DO�� ������ $OO SDWWHUQV DQG UHODWLRQV
IRXQG E\ WKH PRGHO DUH KDUG WR DVVHVV VLQFH WKHVH DUH QRW YLVLEOH DQG RQO\ KDSSHQ LQVLGH WKH EODFN
ER[�

3.2.1. Model Selection
7KH REMHFWLYH QRZ LV WR FKRRVH DQ DSSURSULDWH PDFKLQH OHDUQLQJ DOJRULWKP EDVHG RQ WKH SUREOHP DQG
DYDLODEOH GDWD WR HQDEOH OHDUQLQJ IURP WKH DYDLODEOH GDWD� $V PHQWLRQHG LQ ������ WKH ZKLWH ER[ PRGHO LV
XQDEOH WR HQFRPSDVV HYHU\ DVSHFW� VR D EODFN ER[ PRGHO LV HVVHQWLDO� 7KH ODUJH DPRXQW RI GDWD DYDLO�
DEOH PDNHV LW SRVVLEOH WR LQFRUSRUDWH WKLV W\SH RI PHWKRG� &KRRVLQJ WKH LGHDO PRGHO PHWKRG SUHVHQWV
D VLJQLILFDQW FKDOOHQJH� 7KH UHVHDUFK LV VKRZQ LQ 7DEOH ����
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7DEOH ���� 5HVHDUFK RQ %%0 LQ WKH PDULWLPH LQGXVWU\ DQG RQ +9$& HQHUJ\ PRGHOOLQJ IRU EXLOGLQJV�

6RXUFH 'HVFULSWLRQ $SSOLFDELOLW\

3UHGLFWLRQ RI )XOO�6FDOH 3URSXOVLRQ
3RZHU XVLQJ $UWLILFLDO 1HXUDO 1HWZRUNV
�3HGHUVHQ DQG /DUVHQ� �����

7KH SDSHU JLYHV DQ LQVLJKW LQWR WKH
DSSOLFDWLRQ RI $11 WR VKLS GDWD
FROOHFWLRQ� 3URSXOVLRQ SRZHU LV
FRQVLGHUHG LQVWHDG RI +9$& HQHUJ\
GHPDQG�

���

$ PDFKLQH�OHDUQLQJ DSSURDFK WR SUHGLFW
PDLQ HQHUJ\ FRQVXPSWLRQ XQGHU
UHDOLVWLF RSHUDWLRQDO FRQGLWLRQV
�3HWHUVHQ HW DO�� �����

,QYHVWLJDWHV WZR DSSURDFKHV� $11 DQG
*3� )RFXVHV PDLQO\ RQ IXHO HIILFLHQF\ LQ
VKLS SURSXOVLRQ�

���

&RPSDULVRQ RI XVLQJ DUWLILFLDO QHXUDO
QHWZRUN DQG *DXVVLDQ SURFHVV LQ VKLS
HQHUJ\ FRQVXPSWLRQ HYDOXDWLRQ �<XDQ
DQG :HL� ������

&RPSDUHV ERWK $11 	 *3 WR HYDOXDWH
WKH VKLS HQHUJ\ FRQVXPSWLRQ� %XW DOVR
PDLQO\ IRFXVHV RQ WKH SURSXOVLRQ
V\VWHP�

���

3K\VLFDO HQHUJ\ DQG GDWD�GULYHQ PRGHOV
LQ EXLOGLQJ HQHUJ\ SUHGLFWLRQ� $ UHYLHZ
�&KHQ HW DO�� �����

5HYLHZV PXOWLSOH DSSOLFDWLRQV RI EODFN
ER[ PRGHOOLQJ IRU WKH SUHGLFWLRQ RI WKH
HQHUJ\ GHPDQG RI EXLOGLQJV�

�

(QHUJ\ DQDO\VLV RI D EXLOGLQJ XVLQJ
DUWLILFLDO QHXUDO QHWZRUN� $ UHYLHZ
�.XPDU HW DO�� �����

5HYLHZV PXOWLSOH DSSOLFDWLRQV RI $11 LQ
DQDO\]LQJ WKH HQHUJ\ GHPDQG RI D
EXLOGLQJ LQFOXGLQJ +9$&�

�

2SWLPL]DWLRQ RI +9$& V\VWHP HQHUJ\
FRQVXPSWLRQ LQ D EXLOGLQJ XVLQJ DUWLILFLDO
QHXUDO QHWZRUN DQG PXOWL�REMHFWLYH
JHQHWLF DOJRULWKP �1DVUXGGLQ HW DO��
�����

3UHVHQWV WKH RSWLPL]DWLRQ RI +9$&
V\VWHP RSHUDWLRQV WR PLQLPLVH HQHUJ\
FRQVXPSWLRQ IRU D UHVLGHQWLDO EXLOGLQJ�
,QFOXGLQJ WKH XVH RI $11� 6KRZV WKH
PRVW SURPLVLQJ PHWKRG IRU WKH EODFN
ER[ PRGHO�

��

2QH RI WKH PRVW DSSOLHG PHWKRGV ZLWKLQ WKH PDULWLPH LQGXVWU\ DQG IRU HQHUJ\ GHPDQG HVWLPDWLRQV LV WKH
DUWLILFLDO QHXUDO QHWZRUNV �$11�PHWKRG �7DEOH ����� $Q $11 LV DPDFKLQH OHDUQLQJPRGHO LQVSLUHG E\ WKH
EUDLQ �6LOYD HW DO�� ������ ,W LV PDGH XS RI LQWHUFRQQHFWHG QRGHV ZLWK DGMXVWDEOH ZHLJKWV� ,QSXW GDWD LV IHG
LQWR DQ LQSXW OD\HU� SURFHVVHG WKURXJK KLGGHQ OD\HUV XVLQJ DFWLYDWLRQ IXQFWLRQV� DQG SURGXFHV DQ RXWSXW
LQ WKH RXWSXW OD\HU �6LOYD HW DO�� ������ 'XULQJ WUDLQLQJ� WKH QHWZRUN DGMXVWV WKH ZHLJKWV WR PLQLPLVH
SUHGLFWLRQ HUURUV XVLQJ D OHDUQLQJ DOJRULWKP� $IWHU WUDLQLQJ� LW FDQ PDNH SUHGLFWLRQV RU FODVVLILFDWLRQV
EDVHG RQ QHZ GDWD� $ VFKHPDWLF RI DQ $11 LV VKRZQ LQ ILJXUH ����

)LJXUH ���� 6FKHPDWLF RI D DUWLILFLDO QHXUDO QHWZRUN
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2QH RI WKH ILUVW WR XVH WKLV PHWKRG WR SUHGLFW WKH SURSXOVLRQ SRZHU RI FRQWDLQHU YHVVHOV LV 3HGHUVHQ
DQG /DUVHQ ������� $GGLWLRQDOO\� 3HWHUVHQ HW DO� ������ FRQGXFWHG D FRPSDUDWLYH DQDO\VLV RI $11
DQG *DXVVLDQ 3URFHVV �*3� IRU PRGHOOLQJ VKLS SURSXOVLRQ HIILFLHQF\� <XDQ DQG :HL ������ GLG WKH
FRPSDUDWLYH DQDO\VLV EHWZHHQ $11 DQG *3 IRU VKLS HQHUJ\ FRQVXPSWLRQ� /RRNLQJ DW WKLV UHYLHZV
WKHUH DUH PXOWLSOH UHDVRQV $11 LV PRUH DSSOLFDEOH WKHQ *3�

�� *3 LV PRUH FRPSXWDWLRQDOO\ GHPDQGLQJ WKDQ D $11 �<XDQ DQG :HL� ������

�� $11V FDQ FDSWXUH QRQ�OLQHDU UHODWLRQVKLSV EHWZHHQ LQSXW DQG RXWSXW YDULDEOHV �5XQJH DQG =PHXUH�
DQX� ������ PDNLQJ LW PRUH VXLWDEOH IRU FRPSOH[ HQHUJ\ GHPDQG HVWLPDWLRQ WDVNV OLNH WKH +9$&
V\WHP�

�� $11V VFDOH EHWWHU ZLWK ODUJH GDWDVHWV FRPSDUHG WR *3V �3HWHUVHQ HW DO�� ������

/RRNLQJ DW WKH XVH RI $11 LQ WKH SUHGLFWLRQ RI HQHUJ\ GHPDQG RI +9$& V\VWHPV� WKHUH LV UHVHDUFK
GRQH E\ .XPDU HW DO� ������� &KHQ HW DO� ������ DQG 1DVUXGGLQ HW DO� ������ IRU UHVLGHQWLDO EXLOGLQJV�
7KHVH UHVHDUFKHV VKRZ SURPLVLQJ UHVXOWV IRU WKH SUHGLFWLRQ RI HQHUJ\ GHPDQG XVLQJ $11 DQG DUH
KLJKO\ DSSOLFDEOH VLQFH WKH OD\RXW RI D \DFKW LV FRPSDUDEOH WR D EXLOGLQJ�

3.3. Data Preparation
%RWK WKH ZKLWH ER[ PRGHO DQG WKH EODFN ER[ PRGHO XVH GDWD DV LQSXW IRU WKH PRGHO� 7KLV VHFWLRQ
RXWOLQHV D PHWKRGRORJ\ E\ *DUFtD HW DO� ������ DQG =ZDUW ������ IRU SUHSDULQJ WKH UDZ GDWD LQ PRGHOOLQJ�
HPSKDVLVLQJ LWV LPSRUWDQFH GXH WR WKH GDWD�GULYHQ QDWXUH RI WKH SURFHVV� =ZDUW ������ DGRSWHG D
QRYHO FOHDQLQJ DSSURDFK GHYHORSHG E\ *DUFtD HW DO� ������ ZKLFK LV FRPPRQO\ DSSOLHG ZLWKLQ FRPSXWHU
VFLHQFH DSSOLFDWLRQV� ,W GHWDLOV HLJKW FULWLFDO VWHSV�

�� 'DWD LQWHJUDWLRQ� ,QYROYHV DOLJQLQJ PXOWLSOH GDWD VRXUFHV� IRFXVLQJ RQ FRPPRQ IHDWXUHV ZKLFK
LQ WKLV FDVH DUH WLPHVWDPSV� 2QFH DOLJQPHQW LV FRQILUPHG� GDWDVHWV ZLWK KLJKHU IUHTXHQFLHV FDQ
EH XVHG DV D IRXQGDWLRQ IRU LQWHUSRODWLQJ WKH UHPDLQLQJ VRXUFHV� ,QWHUSRODWLRQ FDQ FDXVH HUURUV
LQ WKH GDWDVHW GXH WR WKH FUHDWLRQ RI QHZ GDWD SRLQWV WKDW GR QRW H[LVW LQ WKH UHDO HQYLURQPHQW� ,W
LV UHFRPPHQGHG WR XVH YDU\LQJ GDWDVHWV WR UHGXFH WKLV HUURU�

�� 'DWD WUDQVIRUPDWLRQ� 7KLV FRQYHUWV QRQ�QXPHULF GDWD �OLNH VWULQJV� LQWR QXPHULFDO IRUPV� XVLQJ
PHWKRGV OLNH RUGLQDO HQFRGLQJ RU RQH�KRW HQFRGLQJ� 2UGLQDO HQFRGLQJ LV D VWDQGDUG PHWKRG WKDW
DVVLJQV D GLVWLQFW QXPHULFDO YDOXH WR HDFK XQLTXH FKDUDFWHU VWULQJ� 7KHVH QXPHULFDO YDOXHV UHS�
UHVHQW D UDQNHG RUGHU� UDQJLQJ IURP � XS WR WKH WRWDO QXPEHU RI HQWULHV� :LWK RQH�KRW HQFRGLQJ�
HDFK XQLTXH HQWU\ EHFRPHV LWV RZQ GDWD IHDWXUH ZLWK D ELQDU\ YDOXH RI HLWKHU � RU �� 7KLV LV QRW
QHFHVVDU\ VLQFH DOO SDUDPHWHUV DUH HLWKHU FRQWLQXRXV RU ELQDU\ DOUHDG\�

�� 0LVVLQJ YDOXH LPSXWDWLRQ� 7KLV DGGUHVVHV PLVVLQJ GDWD� 6WUDWHJLHV LQFOXGH UHPRYLQJ LQFRP�
SOHWH GDWD SRLQWV RU XVLQJ LQWHUSRODWLRQ DQG LPSXWDWLRQ WHFKQLTXHV� ,Q WKLV FDVH WKH GDWD LV VHOHFWHG
RQ KDYLQJ DW OHDVW RQH GDWD SRLQW LQ D FHUWDLQ WLPH IUDPH� $IWHU WKLV VHOHFWLRQ LQWHUSRODWLRQ PHWKRGV
DUH DSSOLHG WR NHHS YDOXDEOH GDWD SRLQWV ZLWKRXW GLVFDUGLQJ PLVVLQJ GDWD SRLQWV�

�� 'DWD FOHDQVLQJ� 'DWD FOHDQVLQJ IRFXVHV RQ UHPRYLQJ XQUHDOLVWLF GDWD SRLQWV XVLQJ HQJLQHHULQJ
LQVLJKWV� DLPLQJ WR UHGXFH QRLVH DQG RXWOLHUV� $Q H[DPSOH LV WKH RULHQWDWLRQ RI D YHVVHO� ZKHUH
XQUHDOLVWLF YDOXHV EH\RQG WKH ��� GHJUHHV DUH HOLPLQDWHG�

�� 1RLVH LGHQWLILFDWLRQ� ,QYROYHV GHWHFWLQJ RXWOLHUV XVLQJ PHWKRGV OLNH 6WDQGDUG 'HYLDWLRQ� 7KLV
DVVXPHV WKDW GDWD LV QRUPDOO\ GLVWULEXWHG DQG UHTXLUHV DQ XQGHUVWDQGLQJ RI WKH GDWD RQ ZKLFK
WKLV LV DSSOLHG� 2XWOLHUV PLJKW DOVR EH UHOHYDQW IRU XQGHUVWDQGLQJ WKH RSHUDWLRQV RI WKH PRGHOOHG
V\VWHP�

�� 'DWD VHOHFWLRQ :KHQ WKH VL]H RI GDWDVHWV LQFUHDVHV� GDWD PRGHOV HQFRXQWHU D VLJQLILFDQW FKDO�
OHQJH GXH WR WKH LQFUHDVHG FRPSXWDWLRQDO FRVWV� ,W LV WKHUHIRUH LPSRUWDQW WR VHOHFW DQ DSSURSULDWH
GDWDVHW VL]H�

$W WKLV SRLQW WKH SURFHVVHG GDWD LV XVHG IRU WKH ZKLWH ER[ PRGHO� 7KH IROORZLQJ VWHSV DUH DSSOLHG WR WKH
GDWD IRU WKH EODFN ER[ PRGHO DQG XOWLPDWHO\ WKH JUH\ ER[ PRGHO�
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�� )HDWXUH VHOHFWLRQ� ,QYROYHV VHOHFWLQJ WKH PRVW UHOHYDQW IHDWXUHV IRU WKH $11� 7KH JRDO LV WR
REWDLQ D VXEVHW RI IHDWXUHV IURP WKH RULJLQDO SUREOHP WKDW VWLOO DSSURSULDWHO\ GHVFULEH LW �*DUFtD
HW DO�� ������ $ JRRG XQGHUVWDQGLQJ RI WKH ZKLWH ER[ PRGHO LV WKHUHIRUH KHOSIXO�

�� 'DWD QRUPDOLVDWLRQ� )LQDOO\� 6LOYD HW DO� ������ UHFRPPHQGV VFDOLQJ WKH LQSXW DQG RXWSXW YDUL�
DEOHV WR SUHYHQW WKH VDWXUDWLRQ RI QHXURQV� 6DWXUDWLRQ KDSSHQV ZKHQ QHXURQV RSHUDWH DW WKHLU
PD[LPXP RU PLQLPXP FDSDFLW\� OHDGLQJ WR D ORVV RI VHQVLWLYLW\ WR FKDQJHV LQ LQSXW� 7KLV VFDOLQJ
LV EDVHG RQ WKH SURSRUWLRQDO VHJPHQW SULQFLSOH� DV LOOXVWUDWHG E\ (TXDWLRQ ���� ,Q WKLV HTXDWLRQ� ¶]¶
UHSUHVHQWV WKH VFDOHG YDOXH� ZKLOH ¶[¶ UHIHUV WR WKH RULJLQDO YDOXH IURP WKH GDWD�

z = 2 ·
(

x− xmin

xmax − xmin

)
− 1 �����

(DFK VWHS LV GHVLJQHG WR UHILQH WKH GDWD TXDOLW\ IRU GDWD PRGHOOLQJ� XQGHUVFRULQJ WKH LPSRUWDQFH RI
DFFXUDWH DQG FOHDQ GDWD LQ DFKLHYLQJ UHOLDEOH PRGHO RXWSXWV�

3.4. Grey box modelling
1RZ WKH ZKLWH ER[ DQG WKH EODFN ER[ PHWKRG DUH GLVFXVVHG� ODVWO\ WKH JUH\ ER[ PHWKRG ZLOO EH HODER�
UDWHG� $V RXWOLQHG E\ /HLIVVRQ HW DO� ������� WKHUH DUH WZR SULPDU\ FDWHJRULHV RI JUH\ ER[ PRGHOV WKDW
GLIIHU EDVHG RQ WKHLU DSSOLFDWLRQ� VHULDO PRGHOOLQJ DQG SDUDOOHO PRGHOOLQJ� )LJXUH ��� VKRZV WKH GLVWLQFW
FRPSRVLWLRQV RI WKHVH FRQILJXUDWLRQV�

$ VHULDO FRQILJXUDWLRQ HQWDLOV D ZKLWH ER[ PRGHO DQG EODFN ER[ PRGHO DUUDQJHG LQ VHULHV� 7KH LQSXWV DUH
URXWHG WR ERWK WKH ZKLWH ER[ PRGHO DQG EODFN ER[ PRGHO� KRZHYHU� WKH LQLWLDO SUHGLFWLRQ �3¶� RI WKH ZKLWH
ER[ PRGHO LV GLUHFWO\ LQWHJUDWHG LQWR WKH EODFN ER[ PRGHO� ,Q WKLV VFHQDULR� DQ LQWHUQDO GHYHORSPHQW RI
D PDSSLQJ EHWZHHQ WKH DSSOLHG SK\VLFV DQG RSHUDWLRQDO GDWD FDQ EH DFKLHYHG� 7KH SDUDOOHO PRGHOOLQJ
DSSURDFK LQFOXGHV D ZKLWH ER[ PRGHO HVWLPDWLRQ� ZKHUH D EODFN ER[ PRGHO LV VLPXOWDQHRXVO\ XVHG
WR GHFUHDVH WKH UHVLGXDO �5¶� EHWZHHQ SUHGLFWLYH DQG WDUJHW GDWD� 7KH UHVXOWV DUH WKHQ FRPELQHG WR
DVFHUWDLQ WKH ILQDO SUHGLFWLRQ� 6HULHV FRQILJXUDWLRQ XVHV GDWD FRPSXWHG E\ RQH ER[ WR SDUWO\ SRZHU WKH
RWKHU� 3DUDOOHO FRQILJXUDWLRQ DGGV GLIIHUHQW UHVXOWV RI ERWK ER[HV RU ILQGV D GHVLUDEOH DYHUDJH�

)LJXUH ���� 3RVVLEOH JUH\ ER[ FRQILJXUDWLRQV �2GHQGDDO� ������ EDVHG RQ GDWD IURP /HLIVVRQ HW DO� �������

5HVHDUFK KDV EHHQ FRQGXFWHG E\ VHYHUDO JUDGXDWHV RI WKH 78 'HOIW RQ JUH\ ER[ PRGHOOLQJ DQG KDYH
VKRZQ SURPLVLQJ UHVXOWV� $ WULP RSWLPLVDWLRQ KDV EHHQ FRQGXFWHG E\ =ZDUW ������ DQG DQ HDUO\ VWDJH
HQHUJ\ GHPDQG SUHGLFWLRQV KDYH EHHQ PDGH E\ 2GHQGDDO ������� 5HVHDUFK RQ JUH\ ER[ PRGHOOLQJ
XVLQJ $11 IRU +9$& V\VWHPV LV OLPLWHG� 7KH PDMRULW\ RI H[LVWLQJ VWXGLHV� VXFK DV WKH RQH E\ 7DOLE
HW DO� ������� IRFXV RQ WHPSHUDWXUH SUHGLFWLRQ RU FRQWURO LQ +9$& V\VWHPV WKURXJK JUH\ ER[ PRGHOOLQJ�
&RQVHTXHQWO\� WKHUH LV D QHHG WR SURSRVH D QRYHO PHWKRG LQ WKLV DUHD�
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$V GLVFXVVHG LQ VXEVHFWLRQ ������ WKH ZKLWH ER[ PRGHO GRHV QRW FRYHU HYHU\ DVSHFW RI WKH HQHUJ\
GHPDQG FDOFXODWLRQ SUREOHP� 7KH EODFN ER[ FRYHUV WKHVH UHPDLQLQJ DVSHFWV� )LUVWO\� WKH JHQHUDO DU�
UDQJHPHQW DQG WKH YR\DJH GDWD RI WKH \DFKW DUH ERWK FROOHFWHG DQG SURFHVVHG IRU XVH LQ WKH PRGHO� 7KH
ZKLWH ER[ PRGHO XVHV WKLV GDWD WR FDOFXODWH DQ HQHUJ\ GHPDQG HVWLPDWLRQ� 7KH KHDW ORDG HVWLPDWLRQ
RI WKH ZKLWH ER[ PRGHO LV XVHG DV DGGLWLRQDO LQSXW ZLWK WKH RWKHU GDWD IRU WKH EODFN ER[ PRGHO WR JLYH D
EHWWHU SUHGLFWLRQ RI WKH HQHUJ\ GHPDQG RI WKH +9$& V\VWHP RI WKH \DFKW� 7KLV VHULDO DSSURDFK FDQ EH
HIIHFWLYH EHFDXVH HDFK PRGHO FDSWXUHV GLIIHUHQW DVSHFWV RI WKH V\VWHPV EHKDYLRXU� 7KH UHVXOW LV WKH
JUH\ ER[ DV VKRZQ LQ ILJXUH ����

)LJXUH ���� 3URSRVHG VHULDO JUH\ ER[ FRQILJXUDWLRQ

3.5. Method Requirement Coverage
7KH PHWKRG UHTXLUHPHQWV GLVFXVVHG LQ ��� DUH HYDOXDWHG RI WKHLU FRYHUDJH LQ WKH SURSRVHG PHWKRG�

7DEOH ���� 0HWKRG 5HTXLUHPHQW &RYHUDJH

0HWKRG 'HVFULSWLRQ :KLWH ER[ %ODFN ER[ *UH\ ER[
5HTXLUHPHQW

05� � $ PRGHO WKDW SUHGLFWV WKH HQHUJ\ GHPDQG
RI WKH +9$& V\VWHP DFURVV GLYHUVH RSHUD�
WLRQDO VFHQDULRV�

± ! !

05� � $ ZKLWH ER[ PRGHO WKDW LQFOXGHV D UHYLVLRQ
RI WKH VWDQGDUG YDOXHV LQ RUGHU WR FUHDWH
FHUWDLQW\ LQ WKLV SDUW RI WKH HVWLPDWLRQ�

! ± ±

05� � $ ZKLWH ER[ PRGHO WKDW SURSRUWLRQV WKH FDO�
FXODWLRQV WR ZHDWKHU FRQGLWLRQV ZKLFK DFWX�
DOO\ RFFXU IRU D UHSUHVHQWDWLYH HVWLPDWLRQ�

! ± ±

05� � $ EODFN ER[ PRGHO WKDW LQFOXGHV D WUDLQHG
PRGHO WKDW LQFRUSRUDWHV WKH DYDLODEOH YR\�
DJH GDWD WR SUHGLFW WKH HQHUJ\ GHPDQG RI
WKH +9$& V\VWHP�

± ! !

05� � $ JUH\ ER[ PRGHO WKDW FRPELQHV ZKLWH ER[
PRGHO DV LQSXW IRU WKH EODFN ER[ PRGHO WR
HQKDQFH WKH DFFXUDF\ RI WKH HQHUJ\ GH�
PDQG HVWLPDWLRQ�

± ± !

05� � $PHWKRG WKDW LV EDVHG RQ UHDO YR\DJH GDWD
SURYLGHG E\ )HDGVKLS 	 '91$�

�! ! !
05� � 7KH PHWKRG VKRXOG SRVVHVV WKH FDSDELOLW\

WR PDQDJH DQG LGHQWLI\ LQFRQVLVWHQFLHV RU
LQDFFXUDFLHV ZLWKLQ WKH YR\DJH GDWDVHW�

! ! !



4
Methodology

7KLV FKDSWHU H[SORUHV WKH PHWKRGRORJ\ XVHG IRU RSWLPLVLQJ WKH SUHGLFWLRQ RI +9$& HQHUJ\ FRQVXPS�
WLRQ� GLUHFWO\ DGGUHVVLQJ WKH UHVHDUFK VXE�TXHVWLRQ� +RZ FDQ WKH LQWHJUDWLRQ RI WKH JUH\ ER[ DSSURDFK
RSWLPLVH WKH SUHGLFWLRQ DQG XQGHUVWDQGLQJ RI +9$& V\VWHP HQHUJ\ FRQVXPSWLRQ"� 7KH UHVHDUFK EH�
JLQV ZLWK VHFWLRQ ��� ZKLFK RXWOLQHV WKH HVVHQWLDO YR\DJH GDWD DQG RSHUDWLRQDO SDUDPHWHUV WKDW IRUP
WKH EDVLV RI WKH PRGHOV� 7KLV LV IROORZHG E\ 6HFWLRQ ���� ZKLFK DQDO\VHV WKH GDWD WR JDLQ D EHWWHU XQ�
GHUVWDQGLQJ RI WKH RSHUDWLRQV RS WKH \DFKW� 6HFWLRQ ��� GHWDLOV WKH SURFHVVHV LQYROYHG LQ LQWHJUDWLQJ�
FOHDQLQJ� VHOHFWLQJ DQG VFDOLQJ WKH GDWD WR SUHSDUH LW IRU HIIHFWLYH PRGHOOLQJ� 6HFWLRQ ��� GLVFXVVHV WKH
PHWKRGRORJ\ RI WKH ZKLWH ER[ PRGHO�

6HFWLRQ ��� IRFXVHV RQ KRZ WKH JUH\ ER[ PRGHO LQFRUSRUDWHV DQ $11� :LWKLQ WKLV VHFWLRQ� VXEVHFWLRQ
����� LQWURGXFHV WKH EDVLF SULQFLSOHV RI DQ $11� 6XEVHFWLRQ ����� GLVFXVVHV WKH VHOHFWLRQ DQG RSWLPL�
VDWLRQ RI $11 K\SHUSDUDPHWHUV� ZKLFK DUH LPSRUWDQW LQ PD[LPLVLQJ WKH PRGHO¶V SHUIRUPDQFH� /DVWO\�
6XEVHFWLRQ ����� GHVFULEHV WKH WHFKQLTXHV XVHG WR DVVHVV WKH DFFXUDF\ RI WKH $11 FRQILJXUDWLRQV DQG
WKH PHWULFV XVHG WR FRQILUP WKH PRGHOV¶ YDOLGLW\�

4.1. Data Collection
7KH GDWD FROOHFWLRQ SULPDULO\ UHYROYHV DURXQG WKH XVH RI $XWRPDWLF ,GHQWLILFDWLRQ 6\VWHPV �$,6� DQG
YDULRXV RQERDUG VHQVRUV WR JDWKHU FUXFLDO PDULWLPH LQIRUPDWLRQ� $,6 LV D YLWDO WRRO IRU WUDFNLQJ YHVVHO
PRYHPHQWV� SURYLGLQJ GDWD RQ ORFDWLRQ� FRXUVH� VSHHG� DQG QDYLJDWLRQDO VWDWXV E\ EURDGFDVWLQJ VLJQDOV
WR QHDUE\ VKLSV DQG VKRUH�EDVHG VWDWLRQV� 7RJHWKHU ZLWK WKH VHQVRU GDWD D FRPSUHKHQVLYH GDWDVHW
LV FUHDWHG LQ WKH �6($6 SRUWDO RI )HDGVKLS� ZKLFK VXSSRUWV EHWWHU GHFLVLRQ�PDNLQJ LQ UHVHDUFK DQG
GHYHORSPHQW� 7KH ZHDWKHU GDWD XVHG LQ WKLV PHWKRGRORJ\ FRPHV IURP WKH (&0:) GDWDEDVH �(&0:)�
������

,Q 7DEOH ���� D OLVW RI WKH YR\DJH GDWD IURP )HDGVKLS WKDW LV UHTXLUHG IRU WKH JUH\ ER[ FDOFXODWLRQ LV
SUHVHQWHG� ,W LV LPSRUWDQW WR XVH SURSHU GDWD SUHSDUDWLRQ IRU WKH GDWD HQWHUHG LQWR WKH ZKLWH ER[ DQG
JUH\ ER[ PRGHO� 7KLV ZLOO EH GHWDLOHG LQ WKH IROORZLQJ VHFWLRQV�

22
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7DEOH ���� 5HTXLUHG YR\DJH GDWD IRU FDOFXODWLRQ

6\PERO 8QLW 'HVFULSWLRQ 6RXUFH � 'DWD QDPH

FAT ◦C )UHVK DLU WHPSHUDWXUH DW WLPH t 32/(67$5 6FLHQFH �
$&�6(16�)$7

RAT ◦C 5HWXUQ DLU WHPSHUDWXUH DW WLPH t 32/(67$5 6FLHQFH �
$&�6(16�5$7

SAT ◦C 6XSSO\ DLU WHPSHUDWXUH DW WLPH t 32/(67$5 6FLHQFH �
$&�6(16�6$7

FAH � )UHVK DLU UHODWLYH KXPLGLW\ DW WLPH t �6($6 �(&0:)� � 5+
RAH � 5HWXUQ DLU UHODWLYH KXPLGLW\ DW WLPH t 32/(67$5 6FLHQFH �

$&�6(16�5$+
SAH � 6XSSO\ DLU UHODWLYH KXPLGLW\ DW WLPH t 32/(67$5 6FLHQFH �

$&�6(16�6$+

φ 	 λ ◦ /DWLWXGH DQG ORQJLWXGH RI ORFDWLRQ RI
WKH YHVVHO DW WLPH t

�6($6 � /$7 /21

2 ◦ 2ULHQWDWLRQ RI WKH YHVVHO DW WLPH t �6($6 � 75$&. 758(

X 	 Y m/s :LQGVSHHG FRPSRQHQWV DW WLPH t �6($6 �(&0:)� � X 	 Y

IBNI J/m2 %HDP 1RUPDO ,UUDGLDWLRQDW WLPH t �6($6 �(&0:)� � %1,

IDHI J/m2 'LUHFW +RUL]RQWDO ,UUDGLDWLRQ DW WLPH t �6($6 �(&0:)� � '+,

7DEOH ���� 5HTXLUHG YR\DJH GDWD IRU YDOLGDWLRQ

6\PERO 8QLW 'HVFULSWLRQ 6RXUFH

PAC kW $& 3RZHU DW WLPH t 32/(67$5 6FLHQFH

PChiller kW &KLOOHU 3RZHU DW WLPH t 32/(67$5 6FLHQFH

PFans � )DQ 3RZHU DW WLPH t 32/(67$5 6FLHQFH

PReheaters � 5HKHDWHU 3RZHU DW WLPH t 32/(67$5 6FLHQFH

4.2. Data insight
,W LV HVVHQWLDO WR JHW DQ LQVLJKW RI WKH DYDLODEOH GDWD EHIRUH VWDUWLQJ WKH GDWD SUHSDUDWLRQ� $V *DUFtD
HW DO� ������ RXWOLQHV� WKLV LQVLJKW VWDUWV ZLWK D WKRURXJK H[SORUDWLRQ RI WKH GDWD WR DVFHUWDLQ LWV VWUXFWXUH�
FRQWHQW� DQG WKH UHODWLRQVKLSV ZLWKLQ� ,PSRUWDQW LQLWLDO VWHSV LQFOXGH H[DPLQLQJ WKH W\SHV RI GDWD DQG
LGHQWLI\LQJ DQ\ PLVVLQJ RU XQXVXDO GDWD SRLQWV� 9LVXDOLVDWLRQ WHFKQLTXHV VXFK DV FKDUWV� JUDSKV� DQG
SORWV SOD\ D FUXFLDO UROH� 7KHVH WRROV KHOS WR XQFRYHU SDWWHUQV� WUHQGV� DQG RXWOLHUV� SURYLGLQJ D YLVXDO
LQWHUSUHWDWLRQ RI FRPSOH[ UHODWLRQVKLSV WKDW FDQ KHOS ZLWK IXUWKHU DQDO\VLV�

$ IHZ ILJXUHV DUH SURYLGHG LQ WKH IROORZLQJ VHFWLRQ LQ RUGHU WR JLYH DQ RYHUYLHZ RI WKH RSHUDWLRQDO SURILOH
RI WKH \DFKW LQ TXHVWLRQ DQG LWV XVH� )LUVW WKH FOLPDWH ZKLFK WKH \DFKW RSHUDWHV LQ LV VKRZQ� 7KH
WHPSHUDWXUH RI WKH IUHVK DLU LV VKRZQ ZLWK WKH UHODWLYH KXPLGLW\� 7KHVH YDULDEOHV FRQWULEXWH WKH PRVW WR
WKH HQHUJ\ GHPDQG RI WKH +9$& V\VWHP� VLQFH WKHVH DUH WKH WZR SDUDPHWHUV WKDW QHHG WR EH UHJXODWHG
IRU D FRPIRUWDEOH FOLPDWH� ,W FDQ EH QRWHG WKDW WKH PHDQ RI ERWK RI WKH IUHVK DLU SDUDPHWHUV LV DERYH
WKH FRPIRUW ]RQH RI �� ◦ DQG ��� UHODWLYH KXPLGLW\� VWDWHG E\ )HDGVKLS �������
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)LJXUH ���� 'LVWULEXWLRQ RI )UHVK $LU 7HPSHUDWXUH
��6($6 VHQVRU GDWD�

)LJXUH ���� 'LVWULEXWLRQ RI )UHVK $LU +XPLGLW\
�(&0:)� �����

$QRWKHU YDULDEOH WKDW FRQWULEXWHV WR WKH WHPSHUDWXUH LQVLGH WKH \DFKW LV WKH VRODU LUUDGLDWLRQ� 7KLV GDWD
LV WDNHQ IURP ZHDWKHU PRGHOV E\ (&0:) ������ EDVHG RQ REVHUYDWLRQV� ,Q RUGHU WR FDOFXODWH WKH VRODU
LUUDGLDWLRQ RQ D WLOWHG VXUIDFH� WKH %HDP 1RUPDO ,UUDGLDQFH �%1,� DQG 'LIIXVH +RUL]RQWDO ,UUDGLDQFH �'+,�
DUH QHHGHG� %1, TXDQWLILHV WKH GLUHFW VRODU HQHUJ\ RQ D VXUIDFH SHUSHQGLFXODU WR WKH VXQ� ZKLOH '+,
PHDVXUHV VFDWWHUHG VXQOLJKW UHDFKLQJ WKH (DUWK� 0RUH RQ WKLV LV H[SODLQHG LQ 6HFWLRQ ���� 7KH VRODU
LUUDGLDWLRQ LV SXW RQ D ORJDULWKPLF VFDOH VLQFH DW QLJKW WKHUH LV QR VXQ LQ WKH VN\� ZKLFK ZRXOG FDXVH D
KLJK IUHTXHQF\ DW ]HUR LQ WKH KLVWRJUDP RI WKH VRODU LUUDGLDWLRQ�

)LJXUH ���� 'LVWULEXWLRQ RI %HDP 1RUPDO ,UUDGLDWLRQ
�(&0:)� �����

)LJXUH ���� 'LVWULEXWLRQ RI 'LIIXVH +RUL]RQWDO ,UUDGLDWLRQ
�(&0:)� �����

7R EH DEOH WR XQGHUVWDQG WKH XVH RI WKH \DFKW� WKH KHDGLQJ RI WKH YHVVHO DQG LWV ORFDWLRQ DUH SRUWUD\HG LQ
)LJXUH ��� DQG ���� ,W LV YLVLEOH LQ ZKLFK DUHDV WKH \DFKW RSHUDWHV LQ� 7KLV LV DOVR XVHIXO LQ XQGHUVWDQGLQJ
WKH FOLPDWH WKDW PDWFKHV ZLWK WKHVH DUHDV� ,W FDQ EH VHHQ WKDW WKH GDWD LV QRW DOZD\V DYDLODEOH DQG VRPH
SDUW RI WKH YR\DJH DUH PLVVLQJ� 7KLV VKRXOG EH WDNHQ LQWR DFFRXQW LQ WKH SUHSDUDWLRQ�
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)LJXUH ���� 6HD URXWH RI VHOHFWHG \DFKW�

)LJXUH ���� 'LVWULEXWLRQ RI 9HVVHO +HDGLQJ �/RJDULWKPLF
VFDOH� )LJXUH ���� 'LVWULEXWLRQ RI &RRUGLQDWHV

)LJXUH ��� SUHVHQWV WKH UHWXUQ DQG VXSSO\ DLU WHPSHUDWXUH DQG KXPLGLW\� 7KLV GDWD LV YLHZHG WR JDLQ DQ
XQGHUVWDQGLQJ RI WKH RSHUDWLQJ VHWWLQJV RI WKH V\VWHP� 7KH +9$& V\VWHP LV FRQVLVWHQWO\ ZDUPLQJ DQG
KXPLGLI\LQJ WKH DLU WKURXJKRXW WKH GD\V� 7KH REVHUYHG EHKDYLRXU LQ WKH +9$& V\VWHP¶V GDWD� VKRZLQJ
JUDGXDO LQFUHDVHV DQG GHFUHDVHV LQ ERWK UHWXUQ DQG VXSSO\ DLU WHPSHUDWXUHV DQG KXPLGLW\� FRXOG EH
DWWULEXWHG WR VHYHUDO IDFWRUV� &KDQJHV LQ ZHDWKHU FRQGLWLRQV� VXFK DV ULVLQJ RXWGRRU WHPSHUDWXUHV DQG
KXPLGLW\ OHYHOV� FRXOG EH LQIOXHQFLQJ WKH LQGRRU FOLPDWH� QHFHVVLWDWLQJ WKH +9$& V\VWHP WR ZRUN KDUGHU
WR PDLQWDLQ FRPIRUW OHYHOV� ,QWHUQDOO\� WKH SUHVHQFH RI DGGLWLRQDO KHDW DQG PRLVWXUH VRXUFHV� VXFK DV
SHRSOH� HOHFWURQLF GHYLFHV RU RWKHU DFWLYLWLHV� FRXOG FRQWULEXWH WR WKH WUHQGV LQ WHPSHUDWXUH DQG KXPLGLW\�

7KH HIILFLHQF\ RI WKH +9$& V\VWHP LV LQIOXHQFHG E\ LWV RSHUDWLRQDO VWUDWHJLHV� VXFK DV WHPSHUDWXUH DQG
KXPLGLW\ VHWSRLQWV� ZKLFK GHWHUPLQH LWV SHUIRUPDQFH� 6RPH RI WKH VHWSRLQWV DUH FOHDUO\ YLVLEOH� WKLV LV
ZKHUH WKH WHPSHUDWXUH RU KXPLGLW\ VWDELOLVHV RQ D FHUWDLQ YDOXH�
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)LJXUH ���� 6XSSO\ DQG 5HWXUQ 7HPSHUDWXUH DQG +XPLGLW\�

4.3. Data Preparation
,Q VHFWLRQ ��� WKH GLIIHUHQW VWHSV RI GDWD SUHSDUDWLRQ E\ *DUFtD HW DO� ������ DUH RXWOLQHG� 7KLV VHFWLRQ
ZLOO JR LQWR PRUH GHWDLO DERXW ZKDW W\SH RI SUHSDUDWLRQ LV XVHG VSHFLILFDOO\ RQ WKH GDWD VHWV�

Data Integration
7R SUHSDUH WKH GDWD IRU LQWHJUDWLRQ� LW¶V LPSRUWDQW WR PHUJH YDULRXV VRXUFHV RI LQIRUPDWLRQ� 7KH VHQVRU
DQG $,6 �$XWRPDWLF ,GHQWLILFDWLRQ 6\VWHP� GDWD WKDW LV FROOHFWHG IURP WKH \DFKW GLUHFWO\ DQG WKH ZHDWKHU
GDWD RI (&0:) DUH DOO WLPH�GHSHQGHQW� 6HQVRU GDWD LQFOXGHV YDULDEOHV OLNH WHPSHUDWXUHV� KXPLGLW\¶V
ZLQG VSHHG� DQG KHDGLQJ� &RPELQLQJ WKH $,6 GDWD ZLWK WKH (&0:) GDWDEDVH RIIHUV SUHGLFWLRQV RQ
ZHDWKHU FRQGLWLRQV OLNH '+,� %1,� UHODWLYH KXPLGLW\ DQG ZLQG VSHHG EDVHG RQ WKH VKLS¶V ORFDWLRQ� ZLWK D
IRUHFDVW EHLQJ JHQHUDWHG HYHU\ KRXU� 7KLV DSSURDFK DOORZV IRU WKH LQWHJUDWLRQ RI VHD VWDWH LQIRUPDWLRQ
ZLWK NQRZQ VHQVRU GDWD SRLQWV� SURYLGLQJ LQVLJKWV LQWR WKH FRQGLWLRQV WKH VKLS ZDV H[SHULHQFLQJ DW WKRVH
WLPHV� 7KH SULPDU\ IRFXV IRU WKLV LQWHJUDWLRQ LV RQ WKH WLPLQJ RI SRZHU PHDVXUHPHQWV� DV WKH JRDO LV
WR HVWLPDWH WKH HQHUJ\ GHPDQG DQG FRPSDUH WKHVH WR WKH DFWXDO SRZHU FRQVXPSWLRQ� 7KH SRZHU DQG
VHQVRU GDWD WLPH VWHS LV HYHU\ WKUHH PLQXWHV� ZLWK WKH YDOXH UHSUHVHQWLQJ D ��PLQXWH DYHUDJH YDOXH�
7KLV DOUHDG\ PLQLPLVHV WKH FKDQFH RQ RXWOLHUV�

Data Transformation
'DWD WUDQVIRUPDWLRQ LV D FUXFLDO VWHS LQ GDWD SUHSURFHVVLQJ� ZKHUH UDZ GDWD LV FRQYHUWHG LQWR D IRUPDW
PRUH VXLWDEOH IRU DQDO\VLV� 2QH�KRW FRGLQJ LV D VSHFLILF W\SH RI GDWD WUDQVIRUPDWLRQ FRPPRQO\ XVHG
WR KDQGOH FDWHJRULFDO YDULDEOHV E\ FRQYHUWLQJ WKHP LQWR D ELQDU\ IRUPDW� +RZHYHU� ZKHQ GHDOLQJ ZLWK
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GDWDVHWV WKDW DUH DOUHDG\ QXPHULFDO� WKHUH LV QR QHHG IRU RQH�KRW FRGLQJ� $OO RI WKH GDWD PHQWLRQHG LQ
VHFWLRQ ��� LV DOUHDG\ QXPHULFDO GDWD DQG FDQ EH XVHG GLUHFWO\ LQ WKH PRGHO ZLWKRXW WKH QHHG IRU WKLV
WUDQVIRUPDWLRQ�

Missing Value Imputation
7KH LPSXWDWLRQ RI PLVVLQJ YDOXHV FDQ EH GRQH E\ LQWHUSRODWLRQ� 7KH GDWD LV VHOHFWHG WR KDYH DW OHDVW RQH
GDWD SRLQW LQ D FHUWDLQ WLPH IUDPH� ,I WKH VXUURXQGLQJ GDWD SRLQWV DUH SUHVHQW� LQWHUSRODWLRQ LV SHUIRUPHG�
7KLV LV GRQH WR NHHS D VXEVWDQWLDO DPRXQW RI YDOXDEOH GDWD SRLQWV� 2WKHUZLVH D ORW RI GDWD SRLQWV ZLOO EH
ORVW EHFDXVH RI WKH PHUJLQJ RI PXOWLSOH GDWD YDULDEOHV IURP GLIIHUHQW VRXUFHV�

Data Cleansing
'DWD FOHDQVLQJ LV SHUIRUPHG E\ UHPRYLQJ XQUHDOLVWLF GDWD XVLQJ HQJLQHHULQJ LQVLJKWV� 'XULQJ WKH LQWHU�
SRODWLRQ SURFHVV WKH \DFKW¶V KHDGLQJ LV WDNHQ LQWR DFFRXQW� EHFDXVH QRUPDO LQWHUSRODWLRQ PLJKW FDXVH
DQ HUURU ZLWK YDOXHV QR LQWHUSRODWLQJ WKH ULJKW ZD\ LQ WKH UDQJH RI ����GHJUHHV� 7KLV FRQVLGHUDWLRQ
LV YLWDO IRU DFFXUDWHO\ PHUJLQJ VHQVRU GDWD ZLWK ZHDWKHU IRUHFDVWV� DV WKH GLUHFWLRQ LQ ZKLFK WKH \DFKW
IDFHV FDQ JUHDWO\ DIIHFW WKH HQYLURQPHQWDO FRQGLWLRQV LW HQFRXQWHUV� $QRWKHU H[DPSOH DUH QHJDWLYH VR�
ODU UDGLDWLRQ YDOXHV WKDW QHHG ILOWHULQJ� VLQFH D QHJDWLYH VRODU UDGLDWLRQ LV QRW SRVVLEOH DQG ZRXOG FDXVH
DQ HUURU LQ WKH FDOFXODWLRQ�

Noise Identification
,Q WKH VROXWLRQ DSSURDFK� VSHFLILFDOO\ LQ VXEVHFWLRQ ���� WKH GDWD SUHSDUDWLRQ PHQWLRQV QRLVH LGHQWLILFD�
WLRQ �*DUFtD HW DO�� ������ 7KHUH DUH PXOWLSOH ZD\V WR ILOWHU QRLVH RXW RI GDWD XVLQJ 6WDQGDUG 'HYLDWLRQ�
,45 RU &KDXYHQHW¶V FULWHULRQ �/LQ DQG 6KHUPDQ� ������ &KDXYHQHW¶V FULWHULRQ LV SDUWLFXODUO\ XVHIXO ZLWK
ODUJHU GDWDVHWV� EHFDXVH LW ILOWHUV OHVV GDWDSRLQWV RXW FRPSDUHG WR ,45� 7KH &KDXYHQHW¶V FULWHULRQ LV
GHVLJQHG WR LGHQWLI\ DQG ILOWHU RXW RXWOLHUV WKDW GHYLDWH VLJQLILFDQWO\ IURP D *DXVVLDQ GLVWULEXWLRQ� XVLQJ
WKH VWDQGDUG GHYLDWLRQ RI WKH GDWD FROXPQV� ,Q HTXDWLRQ ���� WKH WHUP xi LV D FKRVHQ i�WK GDWD SRLQW�
7KH WHUP µ VWDQGV IRU WKH PHDQ DQG σ IRU WKH VWDQGDUG GHYLDWLRQ RI WKH ZKROH GDWDVHW� 7KH QXPEHU RI
GDWD SRLQWV LQ WKH VHW LV JLYHQ E\ n DQG erfc LV WKH FRPSOHPHQWDU\ HUURU IXQFWLRQ� 7KH FULWHULRQ VWDWHV
WKDW WKH GDWD SRLQWV IRU ZKLFK WKH H[SUHVVLRQ LV WUXH DUH RXWOLHUV DQG VKRXOG EH UHPRYHG�

n · erfc
(
|xi − µ|

σ

)
< 0.5 �����

Data Selection
)LQDOO\� WKH ZKROH GDWD VHW LV VWUXFWXUHG DQG VHOHFWHG� 'LIIHUHQW VXEVHWV RI WKH GDWD DUH PDGH WR PDNH
LQLWLDO FDOFXODWLRQV OHVV FRPSXWDWLRQDO H[SHQVLYH� $ VXEVHW RI WHQ GD\V LV VHOHFWHG WR SHUIRUP FDOFXOD�
WLRQV ZLWK DQG WHVW WKH PRGHO� $IWHU WKH PRGHO LV ILQDOLVHG� WKH IXOO GDWD VHW LV XVHG IRU WKH FDOFXODWLRQ
ZKLFK LV GHWDLOHG LQ VHFWLRQ ����

Feature Selection
)RU WKH JUH\ ER[ DQG EODFN ER[ PRGHO IXUWKHU GDWD SUHSDUDWLRQ LV QHHGHG� $ IHDWXUH VHOHFWLRQ PRVW EH
SHUIRUPHG� EHIRUH WKH FRQILJXUDWLRQ RI WKH $11 LV GHWHUPLQHG� 6HOHFWLQJ UHOHYDQW IHDWXUHV LV FUXFLDO
IRU WKH $11 WR SHUIRUP ZHOO� $FFRUGLQJ WR 3DUNHV HW DO� ������� IHDWXUHV ZLWK D ORZ FRUUHODWLRQ WR WKH
WDUJHW YDULDEOH FDQ FDXVH XQQHFHVVDU\ FRPSOH[LW\� ZKLFK ZLOO HIIHFW WKH SHUIRUPDQFH DQG JHQHUDOL]DWLRQ
FDSDELOLWLHV RI WKH $11PRGHO� $ ILUVW VHOHFWLRQ LV PDGH RI SRWHQWLDO PRGHO LQSXW IHDWXUHV� 7KH SUHGLFWLRQ
RI HQHUJ\ FRQVXPSWLRQ RI WKH +9$& V\VWHP VKRXOG EH DEOH WR EH SHUIRUPHG IRU IXWXUH VLWXDWLRQV� WKLV
LV ZK\ WKH ILUVW VHOHFWLRQ LV PDGH DFFRUGLQJ WKH IROORZLQJ FULWHULD�

� 7KH JRDO LV WR SUHGLFW WKH HQHUJ\ RI WKH +9$& V\VWHP DW FHUWDLQ HQYLURQPHQWDO FRQGLWLRQV� 6R
WKHVH VKRXOG EH LQFOXGHG LQ WKH IHDWXUH VHOHFWLRQ� 7KHVH DUH WKH SULPDU\ IHDWXUHV VLQFH WKH\
GLUHFWO\ LQIOXHQFH WKH +9$& V\VWHP¶V SHUIRUPDQFH�

� &HUWDLQ IHDWXUHV OLNH SRZHU RXWSXW RI FRPSRQHQWV� FRROZDWHU WHPSHUDWXUHV� FRPSUHVVRU VSHHGV�
DQG YDOYH RXWSXWV DUH FORVHO\ WLHG WR WKH +9$& V\VWHP¶V HQHUJ\ XVH EXW FDQQRW EH SUHGLFWHG LQ
DGYDQFH� ([FOXGLQJ WKHVH KHOSV IRFXV WKH PRGHO RQ HQYLURQPHQWDO SUHGLFWRUV DQG PDNHV WKH
PRGHO PRUH JHQHUDOO\ DSSOLFDEOH�
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� 1DYLJDWLRQ IHDWXUHV VKRXOG EH FRQVLGHUHG� 7KH KHDGLQJ GHWHUPLQHV ZKLFK VLGH RI WKH \DFKW
FDWFKHV WKH PRVW VRODU UDGLDWLRQ DQG ZDUPV WKH LQVLGH WHPSHUDWXUH� 7KH ORFDWLRQ LV H[FOXGHG�
%\ H[FOXGLQJ WKH SUHFLVH ORFDWLRQ RI WKH \DFKW� ,W HQVXUHV WKDW WKH PRGHO¶V SUHGLFWLRQV DUH EDVHG
RQ LPPHGLDWH HQYLURQPHQWDO FRQGLWLRQV DQG WKH RULHQWDWLRQ RI WKH \DFKW� PDNLQJ LW YHUVDWLOH DQG
DSSOLFDEOH LQ DQ\ JHRJUDSKLF ORFDWLRQ�

� 7KH KRXU RI WKH GD\ RU PRQWK VKRXOG EH H[FOXGHG VLQFH WKH PRGHO QHHGV WR SHUIRUP FRQVLVWHQWO\
UHJDUGOHVV RI WKH WLPH� 7KLV DSSURDFK IRFXVHV WKH PRGHO RQ FXUUHQW HQYLURQPHQWDO FRQGLWLRQV
UDWKHU WKDQ WLPH�EDVHG SDWWHUQV� ZKLFK FDQ YDU\ VLJQLILFDQWO\ DFURVV GLIIHUHQW GD\V RU VHDVRQV�

)RU WKH ILQDO LQSXW VHOHFWLRQ D 6SHDUPDQ¶V FRUUHODWLRQ LV XVHG� 3DUNHV HW DO� ������ DQG =ZDUW ������
VKRZ WKDW D 6SHDUPDQ¶V FRUUHODWLRQ FDQ SURYLGH LQVLJKW RQ WKH FRUUHODWLRQ EHWZHHQ IHDWXUHV� 7KH
KHDWPDS LQ ILJXUH ��� GLVSOD\V WKH FRUUHODWLRQV EHWZHHQ WKH GLIIHUHQW YDULDEOHV�

7KH KHDGLQJ DQG WKH )$+ IURP WKH (&0:) GDWDEDVH VKRZ D YHU\ ORZ FRUUHODWLRQ ZLWK WKH 3RZHU
&RQVXPSWLRQ� 7KLV ZHDN FRUUHODWLRQ LV OLNHO\ WR GHJUDGH WKH SHUIRUPDQFH RI WKH $11� UHVXOWLQJ LQ
WKH H[FOXVLRQ RI WKHVH IHDWXUHV IRU WKH PRGHO� $OWKRXJK WKH 0L[HG $LU 7HPSHUDWXUH DQG WKH )UHVK
$LU 7HPSHUDWXUH VKRZ D KLJK FRUUHODWLRQ WR HDFKRWKHU� WKH\ PLJKW ERWK EH UHOHYDQW VLQFH WKH 0L[HG
$LU 7HPSHUDWXUH FRQWDLQV VSHFLILF LQIRUPDWLRQ DERXW WKH PL[LQJ DPRXQW ZLWK WKH 5HWXUQ DLU� 7KH ILQDO
VHOHFWHG IHDWXUHV DQG WKH 6SHDUPDQ¶V FRUUHODWLRQ DUH JLYHQ EHORZ�

)LJXUH ���� 6SHDUPDQ¶V &RUUHODWLRQ +HDWPDS
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� +HDW /RDG &DOFXODWHG E\ ZKLWH ER[ 0RGHO

� *OREDO +RUL]RQWDO ,UUDGLDQFH

� :LQGVSHHG

� $YHUDJH 5RRP 6HWSRLQW 7HPSHUDWXUH
�506�6(73�DYJ�

� $YHUDJH 5HWXUQ $LU 7HPSHUDWXUH

� $YHUDJH )UHVK $LU 7HPSHUDWXUH

� $YHUDJH 0L[HG $LU 7HPSHUDWXUH

� $YHUDJH 6XSSO\ $LU 7HPSHUDWXUH

� $YHUDJH 5HWXUQ $LU +XPLGLW\

� $YHUDJH 6XSSO\ $LU +XPLGLW\

Data Normalisation
:LWK PDFKLQH OHDUQLQJ� GDWD VFDOLQJ XVHV WHFKQLTXHV OLNH QRUPDOLVDWLRQ DQG VWDQGDUGLVDWLRQ� ZKLFK
DUH HVVHQWLDO GXULQJ WKH SUHSDUDWLRQ VWDJH� 1RUPDOLVDWLRQ DGMXVWV WKH GDWD YDOXHV WR D FRPPRQ VFDOH
ZLWKRXW GLVWRUWLQJ GLIIHUHQFHV LQ WKH UDQJHV RI YDOXHV� LGHDO IRU ZKHQ WKH DOJRULWKP PXVW UHFRJQLVH
UHODWLRQVKLSV EHWZHHQ GDWD SRLQWV IRU SUHGLFWLRQ SXUSRVHV� ,W W\SLFDOO\ LQYROYHV UHVFDOLQJ WKH YDOXHV LQWR
D UDQJH RI >���@� 6WDQGDUGLVDWLRQ WUDQVIRUPV GDWD WR KDYH D PHDQ RI ]HUR DQG D VWDQGDUG GHYLDWLRQ RI
RQH� WKXV FRQIRUPLQJ WR D VWDQGDUG QRUPDO GLVWULEXWLRQ� 7KLV LV SDUWLFXODUO\ XVHIXO ZKHQ WKH GDWD KDV
RXWOLHUV RU D QRQ�XQLIRUP GLVWULEXWLRQ� DV LW HQDEOHV WKH PRGHO WR EHWWHU XQGHUVWDQG WKH LPSRUWDQFH RI
HDFK IHDWXUH E\ JLYLQJ D EDODQFHG ZHLJKW� LUUHVSHFWLYH RI WKH RULJLQDO GLVWULEXWLRQ¶V VFDOH�

8QLIRUP VFDOLQJ WKURXJK QRUPDOLVDWLRQ HQVXUHV DOO YDOXHV DUH HTXDOO\ SURSRUWLRQHG� WKHUHE\ DOORZLQJ
WKH PRGHO WR HPSKDVLVH PRUH VLJQLILFDQW YDULDEOHV ZLWKRXW QHHGLQJ WR DFFRXQW IRU VFDOH YDULDQFHV²
VWUHDPOLQLQJ WKH WUDLQLQJ SURFHVV� &RQYHUVHO\� VWDQGDUGLVDWLRQ FDQ EH PRUH UREXVW WR RXWOLHUV� PDNLQJ
WKH IHDWXUHV PRUH FRPSDUDEOH DQG RIWHQ LPSURYLQJ DOJRULWKP SHUIRUPDQFH� 7KH PHWKRG HPSOR\HG WR
DFKLHYH WKLV QRUPDOLVHG VFDOLQJ LV VKRZQ LQ HTXDWLRQ ��� �

xQRUP =
x− xPLQ

xPD[ − xPLQ
�����

7KH WDUJHW YDULDEOH LV DOVR QRUPDOLVHG� 7KH $11 ZLOO KDYH D VFDOHG RXWSXW� 7KHVH FDQ EH WUDQVIRUPHG
EDFN WR UHDO YDOXHV ZLWK HTXDWLRQ ���� WDNLQJ WKH PD[LPXP DQG PLQLPXP YDOXH RI WKH RULJLQDO XVHG JUH\
ER[ GDWDVHW IRU WKH WDUJHW YHFWRU�

x = xQRUP · (xPD[ − xPLQ) + xPLQ �����

4.4. White Box Methodology
)RU WKH ZKLWH ER[ PRGHO WKH PHWKRGRORJ\ LV GHWDLOHG LQ WKH IROORZLQJ VHFWLRQ� 7KH FDOFXODWLRQ FRQVLVWV
RI WKH IROORZLQJ VWHSV DQG LV EDVHG RQ WKH PHWKRGV XVHG E\ ,62����� ������ DQG .OHLQ :RXG DQG
6WDSHUVPD �������

�� 3UHGLFWLRQ RI KHDW JDLQ SHU FDELQ RU DUHD

�� 2EWDLQLQJ UHTXLUHG QXPEHU RI DLU FKDQJHV

�� 2EWDLQLQJ IUHVK DLU �)$� UDWLR RI VXSSO\ DLU YROXPH

�� &DOFXODWLRQ RI LQWHUPHGLDWH FRQGLWLRQV LQ WKH IDQ FRLO XQLW RU DLU KDQGOLQJ XQLW

7KHVH GLIIHUHQW VWHSV DUH H[SODLQHG LQ WKH IROORZLQJ SDUW� 7KH FDOFXODWLRQ LV GRQH IRU HYHU\ $&8 WKDW
FRQWUROV PXOWLSOH URRPV� )LJXUH ���� VKRZV PXOWLSOH URRPV LQ WKH EOXH DUHD FRQWUROOHG E\ RQH $&8 DQG
WKH JUHHQ DUHD FRQWUROOHG E\ DQRWKHU $&8� 7KH H[DPSOH \DFKW XVHG LQ WKLV UHVHDUFK KDV D WRWDO RI �
$&8¶V�
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)LJXUH ����� 3DUW RI $& V\VWHP OD\RXW �)HDGVKLS� �����

1. Heat Gain per cabin
7KH VHQVLEOH KHDW JDLQ IRU DQ DUHD i FDQ EH DVVHVVHG E\ WKH WRWDO VHQVLEOH KHDW �QVHQVLEOH�� 7KLV LV D
VXPPDWLRQ RI DOO WKH FRPSRQHQWV WKDW LQIOXHQFH WKH KHDW IORZ� 7KHVH FRPSRQHQWV FDQ EH FDWHJRUL]HG
DV WKH WUDQVPLVVLRQ RI KHDW WKURXJK VXUIDFHV� WKH KHDW JDLQ IURP FUHZ DQG JXHVWV� WKH KHDW JDLQ IURP
VXQ UDGLDWLRQ DQG WKH KHDW JDLQHG E\ DX[LOLDU\ V\VWHPV OLNH OLJKWLQJ DQG SRZHU GHYLFHV �,62������ ������
$ VFKHPDWLF LPDJH RI WKH KHDW JDLQ LQIOXHQFHV RI HTXDWLRQ ��� LV VKRZQ LQ ILJXUH �����

QVHQVLEOH,i = QWUDQVPLVVLRQ,i +QSHUVRQ,i +QUDGLDWLRQ,i +QDX[LOLDU\,i �����

)LJXUH ����� *HQHUDO +HDW JDLQ VFKHPDWLF �2GHQGDDO� �����

7KH KHDW JDLQ GXH WR WKH WUDQVPLVVLRQ RI KHDW WKURXJK VXUIDFHV FDQ EH FDOFXODWHG IRU HYHU\ LQGLYLGXDO
DUHD E\ HTXDWLRQ ���� :KHUH As LV WKH VXUIDFH RI DUHD i ZLWK D KHDW WUDQVPLVVLRQ IDFWRU ks� ∆T LV JLYHQ
E\ WKH GLIIHUHQFH LQ WHPSHUDWXUH EHWZHHQ ERWK VLGHV RI WKH VXUIDFH� 7KH WRWDO RI DOO VXUIDFHV RI DQ DUHD
LV WKHQ JLYHQ E\�

Q̇WUDQVPLVVLRQ,i =
∑

s

(∆T ·As · ks) �����

7KH WHPSHUDWXUHV RI WKH GLIIHUHQW DUHDV DUH JLYHQ E\ GDWD WKDW LV UHFRUGHG LQ WKH YR\DJH GDWD RI WKH \DFKW
RU DFTXLUHG IURP WKH (&0:) :HDWKHU 'DWDEDVH �(&0:)� ������ ,QVWHDG RI D FRQVWDQW WHPSHUDWXUH�
WKH WHPSHUDWXUH ZLOO GHSHQG RQ WKH FXUUHQW RXWVLGH WHPSHUDWXUH JLYHQ E\ WKH )UHVK $LU 7HPSHUDWXUH
TFAT JLYHQ E\ WKH YR\DJH GDWD DW D FHUWDLQ WLPH�
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7KH KHDW JDLQ E\ D SHUVRQ DW DQ LQGRRU WHPSHUDWXUH RI �� ◦C LV �� W VHQVLEOH KHDW DW UHVW �,62������
������ 7KH DPRXQW RI FUHZ RU JXHVWV LQ HDFK DUHD GLIIHUV� $Q DVVXPSWLRQ LV PDGH IRU HDFK DUHD EDVHG
RQ WKH IXQFWLRQ DQG VL]H RI WKDW DUHD�

QSHUVRQ,i = (nperson)i · 70[W ] �����

6RODU UDGLDWLRQ LV DOVR RI LQIOXHQFH RQ WKH KHDW JDLQ RI DQ DUHD� 6RODU UDGLDWLRQ UHDFKHV WKH (DUWK¶V
VXUIDFH LQ WKUHH IRUPV� GLUHFW �EHDP� VRODU UDGLDWLRQ� GLIIXVH VRODU UDGLDWLRQ� DQG UHIOHFWHG UDGLDWLRQ�
5HIOHFWHG UDGLDWLRQ FDQ RIWHQ EH QHJOHFWHG IRU VLPSOLFLW\� 7KH WRWDO UDGLDWLRQ UHFHLYHG E\ D KRUL]RQWDO
VXUIDFH DW JURXQG OHYHO RQ D GD\ LV SULPDULO\ WKH VXP RI GLUHFW DQG GLIIXVH UDGLDWLRQV DV VKRZQ LQ HTXDWLRQ
��� � 'LUHFW VRODU UDGLDWLRQ¶V LQWHQVLW\ VLJQLILFDQWO\ GHSHQGV RQ WKH RULHQWDWLRQ RI WKH UHFHLYLQJ VXUIDFH�
ZKHUHDV GLIIXVH VRODU UDGLDWLRQ LV FRQVLGHUHG QHDUO\ XQLIRUP DFURVV GLIIHUHQW RULHQWDWLRQV� GHVSLWH PLQRU
YDULDWLRQV LQ UHDOLW\�

ITotal = IDirect + IDiffuse = BNI +DHI �����

7KH EHDP QRUPDO LUUDGLDQFH �%1,� DQG GLIIXVH KRUL]RQWDO LUUDGLDQFH �'+,� DUH ERWK FROOHFWHG IURP WKH
(&0:) ZHDWKHU GDWDEDVH� 7KH FDOFXODWLRQ RI WKH VRODU UDGLDWLRQ RQ D VXUIDFH FRQWDLQV VHYHUDO VWHSV�

5HODWLYH VRODU SRVLWLRQ )RU HDFK WLPH VWHS� WKH VRODU D]LPXWK DQG HOHYDWLRQ DQJOHV DUH FDOFXODWHG
XVLQJ WKH FRRUGLQDWHV RI WKH \DFKW ZKLFK DUH VWRUHG LQ WKH QDYLJDWLRQ GDWD RI WKH \DFKW� 7KLV GDWD DOVR
VKRZV WKH WUXH KHDGLQJ RI WKH \DFKW� ZKLFK LV XVHG WR GHWHUPLQH WKH UHODWLYH SRVLWLRQ RI WKH VXQ� DV
VKRZQ LQ )LJXUH �����

)LJXUH ����� 6RODU DQJOH RQ D ERZ IDFLQJ VXUIDFH�

$QJOH RI LQFLGHQFH 7KH DQJOH RI LQFLGHQFH �θ� RI VRODU UDGLDWLRQ RQ WKH VXUIDFH LV GHWHUPLQHG� FRQVLG�
HULQJ ERWK WKH VRODU HOHYDWLRQ DQJOH DQG WKH VXUIDFH WLOW� 7KLV DQJOH LV FUXFLDO IRU FDOFXODWLQJ WKH HIIHFWLYH
VRODU LUUDGLDQFH RQ WKH VXUIDFH� )LYH GLIIHUHQW VXUIDFHV DUH FRQVLGHUHG� 7KH IRXU YHUWLFDO VXUIDFHV IDF�
LQJ WRZDUGV WKH ERZ� VWDUERDUG� VWHUQ DQG SRUW VLGH� 7KH ILIWK VXUIDFH LV D KRUL]RQWDO VXUIDFH� ZKHUH
WKH D]LPXWK DQJOH GRHV QRW LQIOXHQFH WKH UDGLDWLRQ RQ WKH VXUIDFH� 7KH VXUIDFH�VRODU D]LPXWK DQJOH LV
JLYHQ E\ γ DQG FDOFXODWHG E\ ���� ,Q RUGHU WR FDOFXODWH WKH DQJOH RI LQFLGHQFH� HTXDWLRQ ��� LV XVHG� 7KH
FRUUHVSRQGLQJ DQJOHV FDQ EH VHHQ LQ )LJXUH �����

γ = φ− ψ �����

cos(θ) = cos(β) · cos(γ) · sin(Σ) + sin(β) · cos(Σ) �����
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)LJXUH ����� 6RODU DQJOHV ZLWK UHVSHFW WR D WLOWHG VXUIDFH� �6DUEX DQG 6HEDUFKLHYLFL� �����

7KH WRWDO UDGLDWLRQ RQ D VXUIDFH LV WKHQ FDOFXODWHG E\ HTXDWLRQ ���� �6DUEX DQG 6HEDUFKLHYLFL� ������
7KLV UHVXOWV LQ D YDU\LQJ VRODU UDGLDWLRQ RQ HDFK VXUIDFH RI WKH \DFKW SRUWUDLWHG LQ )LJXUH �����

Isurface = cos(θ) ·BNI +
(1 + cos(Σ))

2
·DHI ������

)LJXUH ����� 6RODU LUUDGLDQFH RQ GLIIHUHQW RULHQWDWHG VXUIDFHV�

7KH VRODU UDGLDWLRQ FDOFXODWLRQV DUH H[WHQGHG E\ LQFRUSRUDWLQJ WKH SK\VLFDO JHRPHWU\ RI VKDGRZLQJ
REMHFWV WR DGMXVW GLUHFW VRODU LUUDGLDQFH RQ WKH WDUJHW VXUIDFH� HQDEOLQJ D PRUH DFFXUDWH HVWLPDWLRQ
RI VRODU H[SRVXUH IRU VXUIDFHV XQGHU YDULRXV HQYLURQPHQWDO FRQGLWLRQV� 7KH VKDGRZ OHQJWK GXH WR
RYHUKDQJV LV FDOFXODWHG XVLQJ WKH RYHUKDQJ GHSWK DQG WKH VXQ¶V HOHYDWLRQ DQJOH� 7KLV OHQJWK GHWHUPLQHV
WKH SURSRUWLRQ RI WKH ZLQGRZ VKDGHG E\ WKH RYHUKDQJ� 7KH KHLJKW RI WKH VKDGRZ FDVW RQ WKH ZLQGRZ
E\ WKH UDLOLQJ LV FRPSXWHG EDVHG RQ WKH UDLOLQJ¶V KHLJKW� LWV GLVWDQFH IURP WKH ZLQGRZ� DQG WKH VXQ¶V
HOHYDWLRQ DQJOH� 7KLV FDOFXODWLRQ SURYLGHV WKH KHLJKW RI WKH VKDGRZ RQ WKH ZLQGRZ� DOORZLQJ IRU DQ
HVWLPDWLRQ RI WKH VKDGHG SRUWLRQ RI WKH ZLQGRZ� 7KH VKDGRZ HIIHFWV IURP ERWK WKH RYHUKDQJ DQG WKH
UDLOLQJ DUH FRPELQHG WR GHWHUPLQH WKH WRWDO VKDGRZHG SRUWLRQ RI WKH ZLQGRZ� 7KLV VWHS LV FULWLFDO IRU
HVWLPDWLQJ WKH DPRXQW RI GLUHFW VRODU UDGLDWLRQ UHDFKLQJ WKH ZLQGRZ�
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)LJXUH ����� 6RODU UDGLDWLRQ RQ GLIIHUHQW RULHQWHG VXUIDFHV RI WKH \DFKW�

Isurface = cos(θ) ·BNI · (1−�shadow) +
(1 + cos(Σ))

2
·DHI ������

$FFRUGLQJ WR $6+5$( ������� VRODU UDGLDWLRQ DIIHFWV WKH RXWHU VXUIDFHV RI ZDOOV DQG URRIV� ZKLFK UHVXOWV
LQ UDLVHG WHPSHUDWXUH RI WKH VXUIDFHV FRPSDUHG WR WKDW RI WKH DPELHQW DLU WHPSHUDWXUH� 7KLV WHPSHUDWXUH
LQFUHDVH RI WKH H[WHULRU VXUIDFH LV UHFRJQLVHG DV 6RO�DLU WHPSHUDWXUH �Ts�� 7KH 6RO�DLU WHPSHUDWXUH LV
LQIOXHQFHG E\ YDULRXV IDFWRUV VXFK DV WKH VWUXFWXUH¶V SURSHUWLHV� WKH PDWHULDO DQG FRORXU RI WKH H[WHULRU
VXUIDFH DQG WKH LQWHQVLW\ RI VRODU UDGLDWLRQ SHUSHQGLFXODU WR WKH RXWVLGH VXUIDFH� 7KH 6RO�DLU WHPSHUDWXUH
FDQ EH FDOFXODWHG ZLWK HTXDWLRQ ���� XVLQJ To DV WKH RXWVLGH WHPSHUDWXUH� α DV WKH DEVRUSWLRQ FRHIILFLHQW
RI WKH RXWVLGH VXUIDFH� Isurface DV WKH WRWDO QHW VRODU UDGLDWLRQ RQ WKH VXUIDFH DQG hc FRQYHFWLYH KHDW
WUDQVIHU FRHIILFLHQW� 7KH DEVRUSWLRQ DQG FRQYHFWLYH KHDW WUDQVIHU FRHIILFLHQW DUH IXUWKHU H[SODLQHG LQ
$SSHQGL[ %�

Ts − To = α ∗ Isurface
hc

= ∆Tsolar ������

(TXDWLRQ ���� FRQVLGHUV DOO VXUIDFHV RI DQ DUHD WKDW DUH LQ GLUHFW FRQWDFW ZLWK WKH VXQ� 3DUDPHWHU cVKDGRZ
LV WKH SHUFHQWDJH RI WKH WRWDO VXUIDFH WKDW LV FRYHUHG E\ D VKDGRZ GXH WR D EDOFRQ\ RU RYHUKDQJ�∆Tsolar

LV WKH GLIIHUHQFH EHWZHHQ WKH VXUIDFH WHPSHUDWXUH Ts DQG WKH LQVLGH WHPSHUDWXUH Tin DQG As,QRUPDO LV
WKH DUHD RI WKH VXUIDFH� 7KH HTXDWLRQ DOVR LQFOXGHV WKH VRODU KHDW JDLQ WKURXJK JODVV VXUIDFHV� 7KLV LV
FDOFXODWHG ZLWK WKH 6RODU +HDW *DLQ &RHIILFLHQW �6+*&� RI JODVV ZKLFK DUH JLYHQ E\ )HDGVKLS �������

QVRODU,i =

(
∑

s

(cVKDGRZ · (ks ·∆Tsolar ·As,QRUPDO) + SHGCglass · Isolar ·As,JODVV)

)

i

������

7KH DX[LOLDU\ KHDW IOX[ DULVHV IURP HTXLSPHQW DQG OLJKWV SUHVHQW LQ WKH DUHD� JHQHUDWLQJ D FHUWDLQ DPRXQW
RI KHDW LQ WKH VXUURXQGLQJ DUHD� &RQVHTXHQWO\� WKH RYHUDOO H[SUHVVLRQ FDQ EH GLYLGHG LQWR WZR GLVWLQFW
SDUDPHWHUV�

QDX[LOLDU\,i =
∑

QOLJKW,i +
∑

QHTXLSPHQW,i ������

$FFRUGLQJ WR ,62����� ������� ZKHQ DUHDV KDYH QR OLJKW� WKH KHDW JDLQ FDXVHG E\ OLJKWLQJ LV GHWHUPLQHG
EDVHG RQ WKH UDWHG ZDWWDJH RI WKH OLJKWV� *HQHUDOO\� /(' OLJKWV DUH FRPPRQO\ XVHG� DOWKRXJK WKH



4.4. White Box Methodology 34

,62����� ������ RQO\ RIIHUV JXLGDQFH IRU LQFDQGHVFHQW RU IOXRUHVFHQW OLJKWV� 1RQHWKHOHVV� /(' DQG
IOXRUHVFHQW OLJKWLQJ SURGXFH D VLPLODU OHYHO RI LOOXPLQDWLRQ� :KLOH SUHFLVH KHDW JDLQV FDQ EH REWDLQHG E\
DQDO\VLQJ LQGLYLGXDO VSDFHV DQG OLJKWLQJ W\SHV� WKH JHQHUDO JXLGHOLQHV DUH FRQVLGHUHG VXIILFLHQW IRU DQ
HVWLPDWH�

,Q DGGLWLRQ WR OLJKWLQJ� WKH KHDW JDLQV SHU VTXDUH PHWHU DUH DOVR LQIOXHQFHG E\ SRZHUHG HTXLSPHQW�
7KLV HTXLSPHQW LV NQRZQ DQG OLVWHG SHU URRP WR SURYLGH D FRPSUHKHQVLYH RYHUYLHZ RI DOO SDUDPHWHUV
QHFHVVDU\ IRU WKH KHDW ORDG EDODQFH�

2. Number of air changes
2QFH WKH KHDW JDLQ SHU FDELQ KDV EHHQ GHWHUPLQHG DW D FHUWDLQ WLPH VWHS� LW LV SRVVLEOH WR SUHGLFW WKH
PLQLPXP QXPEHU RI DLU FKDQJHV QHFHVVDU\ WR PDLQWDLQ WKH GHVLUHG HQYLURQPHQWDO FRQGLWLRQV ZLWKLQ D
VSHFLILF DUHD� 7KH QXPEHU RI DLU FKDQJHV SHU KRXU �$&+� UHTXLUHG LV GHSHQGHQW XSRQ YDULRXV IDFWRUV�
WKH SUHVFULEHG DLU H[FKDQJHV QHHGHG WR GHOLYHU DGHTXDWH ZDUP RU FRRO DLU� WKH PLQLPXP DLU FKDQJH
UHTXLUHPHQWV VHW E\ ,62 UHJXODWLRQV �,62������ ������ DQG DQ\ VSHFLILFDWLRQV UHTXLUHG E\ WKH RZQHU�

NACH,i = max{NACH−Heat, NACH−ISO, NACH−Feadship}i ������

,QLWLDOO\� WKH KHDW JDLQ WKDW KDV EHHQ SUHYLRXVO\ FDOFXODWHG QHHGV WR EH FRXQWHUEDODQFHG E\ WKH VXSSOLHG
DLU� ,Q WKH FDVH RI FRROLQJ� WKH LQIORZ WHPSHUDWXUH RI WKH DLU VXSSOLHG VKRXOG QRW EH PRUH WKDQ �� ◦C
ORZHU WKDQ WKH DYHUDJH WHPSHUDWXUH� ZKHUHDV GXULQJ KHDWLQJ� WKH WHPSHUDWXUH GLIIHUHQFH VKRXOG EH
OLPLWHG WR D PD[LPXP RI �� ◦C ,62����� ������� %\ LQFRUSRUDWLQJ DLU GHQVLW\ �ρair�� WKH VSHFLILF KHDW
FRQVWDQW �cp�� DQG D PD[LPXP DUHD WHPSHUDWXUH GLIIHUHQFH SDUDPHWHU �∆T �� WKH WRWDO VHQVLEOH KHDW JDLQ
RI HTXDWLRQ ��� FDQ EH FRQYHUWHG LQWR WKH QXPEHU RI $&+ GXH WR KHDW NACH−Heat DQG D VXSSO\ DLU IORZ
UDWH V̇Supplyair−heat LQ m3/h�

NACH−Heat =

(
V̇Supplyair−heat

VRoom

)

i

=

(
Qsensible

ρaircp,a∆TVroom

)

i

������

7KH YROXPH RI WKH VXSSO\ FDQ EH FDOFXODWHG ZLWK WKH QXPEHU RI DLU FKDQJHV DQG WKH YROXPH RI WKH
VSHFLILF DUHD�

NACH,i =

(
VSupplyair

VRoom

)

i

������

3. Fresh air mixing ratio
:LWK WKH QXPEHU RI DLU FKDQJHV LW LV QRZ SRVVLEOH WR SUHGLFW WKH SURSRUWLRQ RI IUHVK DLU �)$� LQ WKH
VXSSOLHG DLU� 7KH PD[LPXP YDOXH PXVW EH VHOHFWHG WR PHHW WKH PD[LPXP &22 OHYHO� FRPSO\ ZLWK WKH
,62 VWDQGDUG� DQG VDWLVI\ WKH RZQHU¶V VSHFLILFDWLRQV�

FAi = max {FACO2 , FAISO, FAFeadship} ������

7KH &22�OHYHO FDQ RQO\ EH FRQWUROOHG E\ DGMXVWLQJ WKH SURSRUWLRQ RI IUHVK DLU LQIORZ� 7KH &22�OHYHO
LQFUHDVHV GXH WR SHRSOH LQ WKH DUHD� 7KH PD[LPXP DOORZDEOH OHYHO RI &22 LQ WKH URRP LV ����� )UHVK
DLU FRQWDLQV ���������� RI &22 �.OHLQ :RXG DQG 6WDSHUVPD� ������ 7KH PLQLPXP UHTXLUHG SURSRUWLRQ
RI )$ FDQ EH FDOFXODWHG ZLWK WKH QHZ VXSSOLHG DLU YROXPH V̇6XSSO\$LU�

FACO2,i =
V̇FACO2 ,i

V̇6XSSO\$LU ,i
=

V̇CO22,i

(yCO2,area − yCO2,FA) V̇SupplyAir,i

������

7KH ,62 UHJXODWLRQV VSHFLI\ D PLQLPXP )$ SURSRUWLRQ RI ����� P�/V SHU SHUVRQ IRU ZKLFK WKH VSDFH LV
GHVLJQHG WKDW PXVW EH PHW LQ DOO FRQGLWLRQV ,62����� �������
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FAISO,i =
0.008 (n3HRSOH,i)

V̇6XSSO\$LU ,i
������

7KH RZQHU¶V VSHFLILFDWLRQ XVXDOO\ VHWV WKH KLJKHVW YDOXH� )RU H[DPSOH� )HDGVKLS ������ VHWV DPLQLPXP
RI �� � RI IUHVK DLU LQ JXHVW DQG HYHQ KLJKHU LQ GLQLQJ URRPV DQG WKH NLWFKHQ�

4. Intermediate HVAC conditions
2QFH WKH KHDW JDLQ� DLU H[FKDQJHV� DQG IUHVK DLU SURSRUWLRQV DUH HVWDEOLVKHG� WKH SRZHU UHTXLUHPHQWV
IRU WKH LQWHUPHGLDWH +9$& FRQGLWLRQV FDQ EH GHULYHG� $ PHWKRGRORJ\ RXWOLQHG E\ .OHLQ :RXG DQG
6WDSHUVPD ������ LV XVHG IRU WKH FDOFXODWLRQV RI WKH LQWHUPHGLDWH FRQGLWLRQV� 7KH WKHUPRG\QDPLF SURS�
HUWLHV GHSHQG RQ WKH KHDWLQJ� FRROLQJ� RU KXPLGLILFDWLRQ SURFHVVHV LQ WKH DLU IORZ F\FOH� 7KH FDOFXODWLRQ
RI WKH GLIIHUHQW SURFHVVHV DUH JLYHQ LQ RUGHU RI FDOFXODWLRQ�

7R DVVHVV WKHVH WKHUPRG\QDPLF SURSHUWLHV HIIHFWLYHO\� D 0ROOLHU GLDJUDP� DOVR NQRZQ DV WKH HQWKDOS\�
HQWURS\ GLDJUDP� LV HPSOR\HG� 7KH 0ROOLHU GLDJUDP SURYLGHV D JUDSKLFDO UHSUHVHQWDWLRQ RI WKH WKHUPR�
G\QDPLF VWDWH RI DLU DQG DOORZV IRU D VWUDLJKWIRUZDUG DQDO\VLV RI WKH LQWHUPHGLDWH DLU FRQGLWLRQV� VWDUWLQJ
IURP WKH LQOHW DLU DQG WUDFLQJ WKURXJK WR WKH H[KDXVW DLU FRQGLWLRQV�

7KH WHPSHUDWXUH �T �� UHODWLYH KXPLGLW\ �RH�� HQWKDOS\ �h�� DQG DEVROXWH KXPLGLW\ �x� DUH RI LPSRUWDQFH
IRU WKH XVH RI WKH 0ROOLHU GLDJUDP� %\ NQRZLQJ DQ\ WZR RI WKHVH SURSHUWLHV� WKH GLDJUDP HQDEOHV WKH
SUHFLVH GHWHUPLQDWLRQ RI WKH UHPDLQLQJ WZR SURSHUWLHV�

)LJXUH ����� 0ROOLHU GLDJUDP RI KXPLG DLU �(QJLQHHULQJ 7RROER[� �����

(QWKDOS\ GHWHUPLQDWLRQ

7KH WHPSHUDWXUH �T � DQG UHODWLYH KXPLGLW\ �RH� DUH PRQLWRUHG LQ WKLV SURFHVV E\ )HDGVKLS DQG VWRUHG
LQ WKH YR\DJH GDWD� 7KHVH SURSHUWLHV DUH XVHG WR FDOFXODWH WKH HQWKDOS\ DW D WLPH VWHS DQG LV RXWOLQHG
E\ .OHLQ :RXG DQG 6WDSHUVPD ������� 7KH IUHVK DLU HQWKDOS\ DQG WKH VXSSO\ DLU HQWKDOS\ FDQ ERWK EH
GHWHUPLQHG ZLWK WKH 0ROOLHU GLDJUDP�

∆h = hFreshAir − hSupplyAir ������
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7RWDO 7KHUPDO +HDW

7KH WRWDO WKHUPDO GHPDQG FDQ EH FDOFXODWHG ZLWK WKH PDVV IORZ DQG WKH HQWKDOS\ GLIIHUHQFH EHWZHHQ
WKH FRQGLWLRQV EHIRUH DQG DIWHU WKH $LU +DQGOLQJ 8QLW�

QTotal =
∑

(
Qsensible,i +

V̇SupplyAir,i · ρair ·∆h

3600

)
������

4.5. Grey Box & Black Box
7KH RXWSXW RI WKH ZKLWH ER[ PRGHO LV XVHG DV LQSXW IRU WKH JUH\ ER[ PRGHO� 7R FRPSDUH WKH SHUIRUPDQFH
RI WKH JUH\ ER[ PRGHO� D VROR EODFN ER[ PRGHO LV DOVR FRQVWUXFWHG� %RWK WKHVH PRGHOV PDNH XVH RI DQ
$UWLILFLDO 1HXUDO 1HWZRUN� ,Q WKH IROORZLQJ VXEVHFWLRQV� WKH EDVLF SULQFSOHV RI DQ $11 ZLOO EH GLVFXVVHG
DORQJ ZLWK WKH +\SHUSDUDPHWHU GHWHUPLQDWLRQ DQG SHUIRUPDQFH HYDOXDWLRQ RI $11V�

4.5.1. ANN Basic Principles
*pURQ ������ GHVFULEHV $UWLILFLDO 1HXUDO 1HWZRUNV DV D IRXQGDWLRQDO FRPSRQHQW RI PRGHUQ DUWLILFLDO
LQWHOOLJHQFH DQG PDFKLQH OHDUQLQJ� $11V DUH LQVSLUHG E\ ELRORJLFDO QHXURQV� ZKLFK DUH PRVWO\ IRXQG LQ
DQLPDO EUDLQV� 7KH PDLQ XVH RI WKHVH PRGHOV LV WR DSSUR[LPDWH IXQFWLRQV WKDW FDQ GHSHQG RQ D ODUJH
QXPEHU RI LQSXWV WKDW DUH XQNQRZQ DQG FRPSOH[� 7KH EDVLF SULQFLSOH RI DQ $11 UHYROYHV DURXQG LWV
VWUXFWXUH� ZKLFK FRQVLVWV RI OD\HUV RI LQWHUFRQQHFWHG QRGHV FDOOHG QHXURQV� 7KH LQSXWV DQG RXWSXW RI
WKHVH QHXURQV DUH QXPEHUV� DQG HDFK LQSXW FRQQHFWLRQ LV DVVRFLDWHG ZLWK D ZHLJKW� 7KLV W\SH RI $11
LV FDOOHG D 3HUFHSWURQ QHWZRUN� ZKLFK ZDV LQYHQWHG DOUHDG\ LQ ���� E\ )UDQN 5RVHQEODWW �*pURQ� ������
(DFK QHXURQ LV D VLPSOH SURFHVVRU WKDW SHUIRUPV D ZHLJKWHG VXP RI LWV LQSXWV DQG SDVVHV WKH UHVXOW
WKURXJK DQ DFWLYDWLRQ IXQFWLRQ� 7KH OD\HUV RI QHXURQV LQFOXGH DQ LQSXW OD\HU� RQH RU PRUH KLGGHQ OD\HUV�
DQG DQ RXWSXW OD\HU DV GHSLFWHG LQ ILJXUH �����

)LJXUH ����� 0XOWLOD\HU SHUFHSWURQ QHWZRUN �1DVUXGGLQ HW DO�� ������

7KH $11 XVHG E\ 1DVUXGGLQ HW DO� ������ LQ KLV UHVHDUFK RQ HQHUJ\ GHPDQG IRU UHVLGHQWLDO EXLOGLQJV LV
D PXOWLOD\HU SHUFHSWURQ QHWZRUN �0/3�� ,W FRQVLVWV RI�

+LGGHQ /D\HU 2XWSXW x(k)�
7KH RXWSXW IURP WKH KLGGHQ OD\HU DW WLPH VWHS k LV JLYHQ E\�

x(k) = f1(w1 · u(k) + b1) ������

+HUH� f1 UHSUHVHQWV WKH WUDQVIHU IXQFWLRQ RI WKH KLGGHQ OD\HU� w1 LV WKH ZHLJKW PDWUL[ FRQQHFWLQJ WKH
LQSXW OD\HU WR WKH KLGGHQ OD\HU� u(k) LV WKH LQSXW YHFWRU DW WLPH VWHS k� DQG b1 LV WKH ELDV LQ WKH KLGGHQ
OD\HU�

2XWSXW /D\HU y(k)�
7KH RXWSXW RI WKH QHWZRUN DW WLPH VWHS k LV FRPSXWHG DV�

y(k) = f2(w2 · x(k) + b2) ������

,Q WKLV HTXDWLRQ� f2 LV WKH WUDQVIHU IXQFWLRQ RI WKH RXWSXW OD\HU� w2 LV WKH ZHLJKW PDWUL[ FRQQHFWLQJ WKH
KLGGHQ OD\HU WR WKH RXWSXW OD\HU� x(k) LV WKH RXWSXW YHFWRU IURP WKH KLGGHQ OD\HU� DQG b2 LV WKH ELDV LQ WKH
RXWSXW OD\HU�
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7KH OHDUQLQJ SURFHVV LQ DQ $11 LQYROYHV DGMXVWLQJ WKH ZHLJKWV wi WR PLQLPLVH WKH GLIIHUHQFH EHWZHHQ
WKH SUHGLFWHG RXWSXW DQG WKH DFWXDO RXWSXW� 7KLV SURFHVV LV W\SLFDOO\ FDUULHG RXW XVLQJ D EDFNZDUGV
SURSDJDWLRQ DOJRULWKP FRPELQHG ZLWK DQ RSWLPLVDWLRQ PHWKRG VXFK DV WKH $GDSWLYH 0RPHQW (VWLPDWLRQ
�$GDP�� $FFRUGLQJ WR *pURQ ������� WKH $GDP 2SWLPLVHU LV FRQVLGHUHG WKH SUHIHUUHG RSWLPLVHU IRU
PDQ\ UHVHDUFKHUV GXH WR LWV DELOLW\ WR KDQGOH VSDUVH JUDGLHQWV DQG DGDSW LWV OHDUQLQJ UDWH IRU GLIIHUHQW
SDUDPHWHUV�

7KH ZHLJKW XSGDWH IRUPXOD LQ WKH $GDP RSWLPL]HU LV H[SUHVVHG DV IROORZV�

wt+1 = wt −
η√

v̂t + ε
m̂t ������

� wt DQG wt+1 DUH WKH FXUUHQW DQG XSGDWHG ZHLJKWV�

� η LV WKH OHDUQLQJ UDWH� ZKLFK LQIOXHQFHV WKH VL]H RI WKH VWHSV WDNHQ LQ WKH ZHLJKW XSGDWH�

� m̂t LV WKH ILUVW PRPHQW HVWLPDWH� HVVHQWLDOO\ D GHFD\HG DYHUDJH RI SDVW JUDGLHQWV� ,W KHOSV DFFHO�
HUDWH WKH XSGDWHV LQ WKH FRUUHFW GLUHFWLRQ�

� v̂t LV WKH VHFRQG PRPHQW HVWLPDWH� D GHFD\HG DYHUDJH RI SDVW VTXDUHG JUDGLHQWV� ,W DGMXVWV WKH
OHDUQLQJ UDWH G\QDPLFDOO\ IRU HDFK SDUDPHWHU�

� ε LV D VPDOO FRQVWDQW DGGHG WR SUHYHQW GLYLVLRQ E\ ]HUR� HQVXULQJ QXPHULFDO VWDELOLW\�

(TXDWLRQ ���� DGMXVWV WKH ZHLJKWV E\ PRYLQJ LQ WKH GLUHFWLRQ RI WKH RSWLPLVHG JUDGLHQW� 7KLV VFDOLQJ
DGMXVWV WKH VWHS VL]H� PDNLQJ LW VPDOOHU ZKHUH WKH JUDGLHQW YDULHV PRUH� UHVXOWLQJ LQ PRUH VWDEOH XSGDWHV�

4.5.2. Hyperparameters
1RZ WKDW WKH SULQFLSOHV RI WKH $11 KDYH EHHQ H[SODLQHG DQG GHILQHG� WKH QH[W VWHS LV WR GHWHUPLQH WKH
GLIIHUHQW K\SHUSDUDPHWHUV WR EH LQFOXGHG LQ WKH K\SHUSDUDPHWHU RSWLPLVDWLRQ� 7KLV LV D FULWLFDO SDUW RI WKH
PRGHO VHOHFWLRQ SURFHVV� ZKLFK LQFOXGHV FKRRVLQJ EHWZHHQ GLIIHUHQW OHDUQLQJ DOJRULWKPV� GHWHUPLQLQJ
WKH K\SHUSDUDPHWHUV RI D FKRVHQ DOJRULWKP� DQG GHILQLQJ WKH VWUXFWXUH RI WKH DOJRULWKP LWVHOI� 7KH
DLP LV WR LGHQWLI\ D VHW RI K\SHUSDUDPHWHUV WKDW ZLOO SURGXFH WKH PRVW HIIHFWLYH QHXUDO QHWZRUN� 7KH
K\SHUSDUDPHWHUV LQYROYHG DUH WKH QXPEHU RI KLGGHQ OD\HUV� WKH QXPEHU RI QHXURQV� WKH DFWLYDWLRQ
IXQFWLRQV DQG WKH UHJXODULVDWLRQ FRHIILFLHQW� 7KLV LV D FKDOOHQJLQJ DQG WLPH�FRQVXPLQJ WDVN� DV WKHUH LV
QR XQLYHUVDO FRQILJXUDWLRQ WKDW FDQ RSWLPDOO\ DGGUHVV DOO GDWD UHODWHG SUREOHPV�

Number of Hidden Layers
,Q WKH FRQWH[W RI K\SHUSDUDPHWHU RSWLPLVDWLRQ IRU $11V� GHWHUPLQLQJ WKH RSWLPDO QXPEHU RI KLGGHQ
OD\HUV LV FUXFLDO� DV LW VLJQLILFDQWO\ LQIOXHQFHV WKH PRGHO¶V DELOLW\ WR OHDUQ DQG JHQHUDOLVH IURP WKH GDWD�
7\SLFDOO\� $11V VWDUW ZLWK D VLQJOH KLGGHQ OD\HU� ZKLFK FDQ HIIHFWLYHO\ FDSWXUH OLQHDU UHODWLRQVKLSV LQ
WKH GDWD� +RZHYHU� PRUH FRPSOH[ GDWD VWUXFWXUHV RIWHQ UHTXLUH DGGLWLRQDO OD\HUV� 7KH FKRLFH EHWZHHQ
D VKDOORZ QHWZRUN �IHZHU KLGGHQ OD\HUV� DQG D GHHS QHWZRUN �PRUH KLGGHQ OD\HUV� GHSHQGV RQ WKH
VSHFLILF SUREOHP� WKH FRPSOH[LW\ RI WKH GDWD� DQG WKH FRPSXWDWLRQDO UHVRXUFHV DYDLODEOH� :KLOH GHHSHU
QHWZRUNV FDQ PRGHO PRUH FRPSOH[ SDWWHUQV� WKH\ DUH DOVR PRUH SURQH WR RYHUILWWLQJ DQG PD\ UHTXLUH
PRUH GDWD DQG WUDLQLQJ WLPH WR DFKLHYH RSWLPDO SHUIRUPDQFH� 2YHUILWWLQJ RFFXUV ZKHQ D PRGHO OHDUQV
WKH QRLVH LQ WKH WUDLQLQJ GDWD UDWKHU WKDQ JHQHUDOLVLQJ IURP LW �*pURQ� ������ 7KLV SUREOHP OHDGV WR
KLJK SHUIRUPDQFH RQ WKH WUDLQLQJ GDWD EXW SRRU SHUIRUPDQFH RQ XQVHHQ GDWD� PDNLQJ WKH PRGHO OHVV
HIIHFWLYH IRU SUDFWLFDO DSSOLFDWLRQV� )LJXUH ���� VKRZV RQ WKH OHIW ZKDW WKH ORVV FXUYH ORRNV OLNH ZKLOH
RYHUILWWLQJ� ZLWK WKH FRUUHVSRQGLQJ ILWWLQJ UHODWLRQV RQ WKH ULJKW� 8QGHUILWWLQJ LV WKH RSSRVLWH� ZKHQ WKH
PRGHO LV WRR VLPSOH DQG PRUH FRPSOH[LW\ QHHGV WR EH DGGHG�
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)LJXUH ����� 0RGHO HUURU FRPSDULVRQ �OHIW� DQG FRUUHVSRQGLQJ ILWWLQJ UHODWLRQV �ULJKW�� IURP 2GHQGDDO ������� EDVHG RQ 6LOYD
HW DO� ������

)LQGLQJ WKH ULJKW QXPEHU RI KLGGHQ OD\HUV LV RIWHQ D WUDGH�RII EHWZHHQ WKH GHSWK RI WKH QHWZRUN DQG LWV
HIILFLHQF\ DQG JHQHUDOLVDWLRQ FDSDELOLWLHV� 7KLV FKRLFH FDQ EH DSSURDFKHG V\VWHPDWLFDOO\ XVLQJ WHFK�
QLTXHV VXFK DV FURVV�YDOLGDWLRQ� ZKHUH GLIIHUHQW FRQILJXUDWLRQV DUH HPSLULFDOO\ WHVWHG WR ILQG WKH EHVW
VWUXFWXUH� ZKLFK ZLOO EH H[SODLQHG IXUWKHU RQ LQ WKLV VHFWLRQ� +HDWRQ ������ DQG %LVKRS ������ SURYLGH
FRPSUHKHQVLYH RYHUYLHZV RI WKH DUFKLWHFWXUDO GHFLVLRQV LQ QHXUDO QHWZRUN GHVLJQ� :LWK WKH LQVLJKWV
SURYLGHG LQ WKH SUHYLRXV GLVFXVVLRQ DQG WKH FRPSDUDEOH QHXUDO QHWZRUN PRGHOV IRU UHVLGHQWLDO EXLOG�
LQJV H[SORUHG� WKH QXPEHU RI KLGGHQ OD\HUV FRQVLGHUHG LQ WKH K\SHU�SDUDPHWHU RSWLPLVDWLRQ SURFHVV
LQFOXGHV FRQILJXUDWLRQV RI �� � DQG � OD\HUV�

Number of Neurons per Layer
,Q WKH SURFHVV RI GHVLJQLQJ $11V� VHOHFWLQJ WKH DSSURSULDWH QXPEHU RI QHXURQV LQ HDFK KLGGHQ OD\HU
LV D FULWLFDO GHFLVLRQ WKDW LPSDFWV WKH SHUIRUPDQFH� 7KH QXPEHU RI QHXURQV GHWHUPLQHV WKH FDSDFLW\ RI
WKH QHWZRUN WR OHDUQ IURP FRPSOH[ GDWDVHWV� ,I WRR IHZ QHXURQV DUH XVHG� WKH QHWZRUN PD\ QRW FDSWXUH
DOO WKH XQGHUO\LQJ SDWWHUQV LQ WKH GDWD� UHVXOWLQJ LQ XQGHUILWWLQJ DV VKRZQ DERYH LQ ILJXUH ����� 2Q WKH
RWKHU VLGH� WRR PDQ\ QHXURQV FDQ OHDG DJDLQ WR RYHUILWWLQJ� 'HWHUPLQLQJ WKH LGHDO QXPEHU RI QHXURQV
W\SLFDOO\ LQYROYHV D WULDO�DQG�HUURU DSSURDFK XVLQJ WKH JULG VHDUFK WHFKQLTXH� 7R HVWDEOLVK D EDVHOLQH IRU
$11 FRQILJXUDWLRQV� D UHYLHZ RI QHXUDO QHWZRUNV IURP SUHYLRXV PDULQH HQJLQHHULQJ VWXGLHV LV VKRZQ
LQ 7DEOH ���� 7KLV UHYLHZ SURYLGHV DQ LQLWLDO XQGHUVWDQGLQJ RI KRZ PDQ\ QHXURQV SHU KLGGHQ OD\HU DUH
XVHG LQ WKHVH DSSOLFDWLRQV�

7DEOH ���� 1HXUDO QHWZRUN DUFKLWHFWXUHV LQ UHVLGHQWLDO +9$& DQG PDULQH HQJLQHHULQJ DSSOLFDWLRQV

5HIHUHQFH ,QSXW )HDWXUHV +LGGHQ /D\HUV 1HXURQV 2XWSXW 7DUJHWV

1DVUXGGLQ HW DO� ������ �� � � �
.DORJLURX HW DO� ������ �� � �� → �� → �� �
2GHQGDDO ������ � � �� → �� �
=ZDUW ������ �� � �� �
3HGHUVHQ DQG /DUVHQ ������ � � �� �
3DUNHV HW DO� ������ � � �� → �� → �� �

Regularisation Techniques
7R PLWLJDWH RYHUILWWLQJ� UHJXODULVDWLRQ WHFKQLTXHV DUH HIIHFWLYH PHDVXUHV WKDW VWLOO DOORZ D PRGHO WR SHU�
IRUP ZHOO �6LOYD HW DO�� ������ 2QH HIIHFWLYH VWUDWHJ\ LV WR XVH HDUO\ VWRSSLQJ GXULQJ WUDLQLQJ� (DUO\
VWRSSLQJ LQYROYHV PRQLWRULQJ WKH PRGHO¶V SHUIRUPDQFH RQ D YDOLGDWLRQ VHW DQG VWRSSLQJ WKH WUDLQLQJ
SURFHVV ZKHQ SHUIRUPDQFH EHJLQV WR GHWHULRUDWH RU IDLOV WR LPSURYH VLJQLILFDQWO\� )RU H[DPSOH� LQ )LJ�
XUH ����� WKH WUDLQLQJ RI WKH PRGHO ZRXOG EH VWRSSHG DW WKH GRWWHG OLQH� 7KLV WHFKQLTXH QRW RQO\ KHOSV
SUHYHQW RYHUILWWLQJ� EXW DOVR RSWLPLVHV WUDLQLQJ WLPH� PDNLQJ WKH SURFHVV PRUH HIILFLHQW�

$QRWKHU WHFKQLTXH� FDOOHG GURSRXW� LV D ZLGHO\ XVHG UHJXODULVDWLRQ PHWKRG WKDW UDQGRPO\ GHDFWLYDWHV
D VXEVHW RI QHXURQV GXULQJ WUDLQLQJ �&KROOHW� ������ $FFRUGLQJ WR *pURQ ������� WKH GURSRXW UDWH LV
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W\SLFDOO\ VHW EHWZHHQ 10� DQG 50�� ,I WKH UDWH LV VHW WR 20�� WKH PRGHO ZLOO GURS DQ DYHUDJH RI 20� RI
QHXURQV GXULQJ WUDLQLQJ� 7KLV WHPSRUDULO\ VLPSOLILHV WKH QHWZRUN DQG SUHYHQWV WKH PRGHO IURP EHFRPLQJ
WRR GHSHQGHQW RQ RQH QHXURQ� 7KLV UDQGRP GLVDSSHDUDQFH RI LQSXW IHDWXUHV GXULQJ WUDLQLQJ LWHUDWLRQV
HQFRXUDJHV WKH QHWZRUN WR GHYHORS PRUH UREXVW IHDWXUHV WKDW DUH XVHIXO LQ FRPELQDWLRQ ZLWK PDQ\
GLIIHUHQW UDQGRP VXEVHWV RI WKH RWKHU QHXURQV� ,Q )LJXUH ����� LW LV GHSLFWHG KRZ WKLV ZRUNV� 7RJHWKHU�
GURSRXW DQG HDUO\ VWRSSLQJ DUH SRZHUIXO WRROV IRU LPSURYLQJ WKH JHQHUDOLVDWLRQ DELOLW\ RI $11V�

)LJXUH ����� 'URSRXW WHFKQLTXH DFFRUGLQJ WR &KROOHW ������

Activation Function
,Q $11V� DFWLYDWLRQ IXQFWLRQV DUH FUXFLDO IRU LQWURGXFLQJ QRQ�OLQHDULW\ LQWR WKH PRGHO� DOORZLQJ LW WR OHDUQ
FRPSOH[ SDWWHUQV LQ WKH GDWD� 7ZR FRPPRQ DFWLYDWLRQ IXQFWLRQV DUH WKH UHFWLILHG OLQHDU XQLW �5H/8� DQG
WKH 6LJPRLG IXQFWLRQ �%LVKRS� ������ 7KH 5H/X LV IDYRXUHG LQ PDQ\ QHXUDO QHWZRUN DUFKLWHFWXUHV GXH
WR LWV FRPSXWDWLRQDO HIILFLHQF\ DQG LWV DELOLW\ WR UHGXFH WKH OLNHOLKRRG RI WKH YDQLVKLQJ JUDGLHQW SUREOHP
ZKHQ WKH JUDGLHQW RI D QHXURQ EHFRPHV H[WUHPHO\ VPDOO �&KROOHW� ������

8QOLNH WKH 5H/X IXQFWLRQ� WKH 6LJPRLG IXQFWLRQ PDSV WKH LQSXW YDOXHV WR WKH UDQJH (0, 1)� %RWK IXQFWLRQV
KDYH GLIIHUHQW FKDUDFWHULVWLFV WKDW PDNH WKHP VXLWDEOH IRU GLIIHUHQW W\SHV RI QHXUDO QHWZRUN OD\HUV �*pURQ�
������

� 5HFWLILHG /LQHDU 8QLW �5H/8��
f(z) = max(0, z) ������

� 6LJPRLG )XQFWLRQ�
f(z) =

1

1 + e−z
������

7KH VLJPRLG IXQFWLRQ LV XVHG LQ VHYHUDO VXFFHVVIXO UHVHDUFKHV ZLWK $11V RQ WKH HQHUJ\ GHPDQG RI
+9$& �0RD\HGL HW DO�� ����� �1DVUXGGLQ HW DO�� ������ 7KH IXQFWLRQ KHOSV WR LQWURGXFH FRPSOH[LW\ DQG
QRQ�OLQHDULW\� DOORZLQJ WKH 0/3 WR XQGHUVWDQG PRUH FRPSOLFDWHG SDWWHUQV� )LJXUH ���� VKRZV ZKDW WKH
WZR IXQFWLRQV ORRN OLNH DQG WKHLU GHULYDWLYHV� 7KH GHULYDWLYH RI WKH DFWLYDWLRQ IXQFWLRQ LV D NH\ SDUW RI
$11 WUDLQLQJ� ,W VKRZV KRZ PXFK D FKDQJH LQ LQSXW ZHLJKW ZLOO DIIHFW WKH FKDQJH LQ RXWSXW� ,Q RWKHU
ZRUGV� LW VKRZV KRZ WKH ZHLJKWV DUH XSGDWHG GXULQJ WUDLQLQJ�

)LJXUH ����� 6LJPRLG DQG 5H/X $FWLYDWLRQ )XQFWLRQV DQG WKHLU GHULYDWLYH
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Selected Hyperparameters
$ VXPPDU\ RI WKH VHOHFWHG K\SHUSDUDPHWHUV IRU WKH RSWLPLVDWLRQ LV JLYHQ LQ 7DEOH ���� 7KHVH SDUDPH�
WHUV DUH FKRVHQ EDVHG RQ WKH LQIRUPDWLRQ DERYH DQG HDUOLHU SHUIRUPHG UHVHDUFKHV �7DEOH ����� $ JULG
VHDUFK PHWKRG �*pURQ� ������ ZLOO EH SHUIRUPHG WR ILQG WKH EHVW FRQILJXUDWLRQ�

7DEOH ���� 6HOHFWHG +\SHUSDUDPHWHUV

+\SHUSDUDPHWHU 6HOHFWHG LQSXWV

,QSXW )HDWXUHV ��
1XPEHU RI KLGGHQ OD\HUV >� � �@
1XPEHU RI QHXURQV >� � ��@
$FWLYDWLRQ )XQFWLRQV >6LJPRLG 5H/X@
'URSRXW >� ��� ��� ���@
2SWLPL]HU $GDP
2XWSXW YDULDEOHV �

4.5.3. Performance Evaluation
7KH SHUIRUPDQFH HYDOXDWLRQ RI DQ $11 FDQ EH GRQH E\ WKH KROGRXW YDOLGDWLRQ �*pURQ� ������ ,Q WKLV
WHFKQLTXH� WKH GDWD VHW LV GLYLGHG LQWR WZR GLVWLQFW SDUWV� D WUDLQLQJ VHW DQG D WHVW VHW� 7\SLFDOO\� D ODUJHU
SRUWLRQ RI WKH GDWD LV XVHG IRU WUDLQLQJ DQG WKH UHPDLQLQJ LV XVHG DV WKH WHVW VHW� 7KH $11 LV WUDLQHG
RQ WKH WUDLQLQJ VHW RQO\ DQG WKHQ HYDOXDWHG RQ WKH WHVW VHW� 7KLV DSSURDFK SURYLGHV D VWUDLJKWIRUZDUG
DVVHVVPHQW RI KRZ ZHOO WKH PRGHO SHUIRUPV RQ XQVHHQ GDWD� $ VFKHPDWLF RI WKLV PHWKRG LV VKRZQ LQ
)LJXUH �����

)LJXUH ����� 0RGHO VHOHFWLRQ XVLQJ KROGRXW YDOLGDWLRQ� EDVHG RQ *pURQ ������

$QRWKHU PHWKRG� FDOOHG N�IROG FURVV�YDOLGDWLRQ� H[WHQGV WKH KROGRXW PHWKRG WR SURYLGH D PRUH FRPSUH�
KHQVLYH HYDOXDWLRQ� $ N�IROG FURVV�YDOLGDWLRQ LWHUDWLYHO\ WHVWV WKH PRGHO RQ GLIIHUHQW VXEVHWV� DV VKRZQ
LQ )LJXUH ����� 7KLV UHGXFHV WKH SRWHQWLDO IRU RYHUILWWLQJ DQG LQFUHDVHV WKH YDOLGDWLRQ RI WKH PRGHO¶V
SUHGLFWLYH SRZHU �.RKDYL� ������ 7KH N�IROG FURVV�YDOLGDWLRQ LV FKRVHQ VLQFH LW UDQGRPLVHV WKH GDWD RS�
SRVHG WR D FURVV YDOLGDWLRQ RQ D WLPH VHULHV EDVLV �6KULYDVWDYD� ������ 7KLV ZLOO PDNH VXUH WKH PRGHO
LV WUDLQHG RQ GLIIHUHQW FOLPDWHV RI GLIIHUHQW ORFDWLRQV RI WKH \DFKW�
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)LJXUH ����� $ N�IROG FURVV�YDOLGDWLRQ ZLWK N � �VFLNLW�OHDUQ GHYHORSHUV� �����

$FFRUGLQJ WR %RWFKNDUHY ������� VHYHUDO NH\ PHWULFV DUH FUXFLDO LQ DVVHVVLQJ PRGHO SHUIRUPDQFH� LQ�
FOXGLQJ PHDQ VTXDUH HUURU �06(�� PHDQ DEVROXWH HUURU �0$(�� DQG PHDQ DEVROXWH SHUFHQWDJH HUURU
�0$3(�� 7KH 06( PHDVXUHV WKH DYHUDJH RI WKH VTXDUHV RI WKH HUURUV� ZKLFK LV WKH DYHUDJH VTXDUHG
GLIIHUHQFH EHWZHHQ WKH HVWLPDWHG YDOXHV DQG WKH DFWXDO YDOXH� 7KLV PHWULF JLYHV D VHQVH RI KRZ IDU
RII WKH SUHGLFWLRQV DUH IURP WKH DFWXDO YDOXHV� 7KH 0$( PHDVXUHV WKH DYHUDJH VL]H RI WKH HUURUV LQ D
VHW RI SUHGLFWLRQV� UHJDUGOHVV LI LW LV D SRVLWLYLH RU QHJDWLYH HUURU� ,W LV FDOFXODWHG DV WKH DYHUDJH RYHU
WKH WHVW VDPSOH RI WKH DEVROXWH GLIIHUHQFHV EHWZHHQ SUHGLFWLRQ DQG DFWXDO REVHUYDWLRQ� ZLWK DOO LQGLYLG�
XDO GLIIHUHQFHV JLYHQ HTXDO ZHLJKW� 7KH 0HDQ (UURU �0(�� FDOFXODWHV WKH DYHUDJH RI DOO WKH SUHGLFWLRQ
HUURUV� JLYLQJ DQ LQGLFDWLRQ RI WKH RYHUDOO ELDV LQ WKH SUHGLFWLRQ ZKHWKHU WKH\ WHQG WR EH RYHUHVWLPDWHV
RU XQGHUHVWLPDWHV� /DVWO\� WKH 0$3( H[SUHVVHV DFFXUDF\ DV D SHUFHQWDJH DQG LV SDUWLFXODUO\ XVHIXO LQ
FRQWH[WV ZKHUH LW LV GHVLUDEOH WR FRPSDUH WKH SHUIRUPDQFH RI SUHGLFWLRQ PRGHOV DFURVV GLIIHUHQW GDWD
VFDOHV� 7KLV VLPSOLFLW\ DQG GLUHFW LQWHUSUHWDWLRQ RIWHQ PDNH 0$3(� DORQJ ZLWK WKH 0$(� D SUHIHUUHG
PHWULF�

� 0HDQ 6TXDUHG (UURU�

06( =
1

N

N∑

i=1

(yi − ŷi)
2 ������

� 0HDQ $EVROXWH (UURU�

0$( =
1

N

N∑

i=1

|yi − ŷi| ������

� 0HDQ (UURU�

0( =
1

N

N∑

i=1

(yi − ŷi) ������

� 0HDQ $EVROXWH 3HUFHQWDJH (UURU�

0$3( =
100�
N

N∑

i=1

∣∣∣∣
yi − ŷi

yi

∣∣∣∣ ������



5
Results and Validation

,Q WKH SUHYLRXV FKDSWHUV WKH PHWKRGRORJ\ LV H[SODLQHG DQG WKH PRGHO LV GHYHORSHG� ,Q WKLV FKDSWHU WKH
UHVHDUFK VXE�TXHVWLRQ +RZ FDQ WKH DFFXUDF\ RI WKH PRGHO EH YDOLGDWHG" ZLOO EH DQVZHUHG DORQJ ZLWK
WKH UHVXOWV� 7KH UHVXOWV RI WKH GDWD SUHSDUDWLRQ DUH GLVFXVVHG LQ VHFWLRQ ���� 6HFRQGO\� LQ VHFWLRQ ���
WKH SRZHU FDOFXODWLRQV QHHGHG IRU WKH YDOLGDWLRQ DUH JLYHQ� $IWHU WKLV� WKH ZKLWH ER[ PRGHO UHVXOWV DUH
GLVSOD\HG DQG YDOLGDWHG LQ ���� ,Q WKH HQG WKH UHVXOWV RI WKH JUH\ ER[ DQG EODFN ER[ PRGHO DUH GLVFXVVHG
LQ ����

5.1. Data Preparation Results
,Q WDEOH ��� WKH UHVXOWV RI WKH GDWD SUHSDUDWLRQ DUH VKRZQ SHU YDULDEOH� 7KH $& GDWD LV RQO\ VKRZQ IURP
RQH $& XQLW� VLQFH WKHUH DUH ILYH $& XQLWV RQ WKH \DFKW� 7KH ZHDWKHU GDWD IURP WKH (&:0) GDWDEDVH
KDV D GLIIHUHQW WLPH VWHS� RQH SHU KRXU LQVWHDG RI RQH SHU WKUHH PLQXWHV� VR IHZHU GDWDSRLQWV DQG LV
LQWHUSRODWHG WR WKH SRZHU DV PHQWLRQHG LQ ���� 1RWHZRUWK\ DUH WKH GXSOLFDWHV LQ WKH VRODU UDGLDWLRQ GDWD�
ZKLFK DUH GXH WR WKH GRXEOH WLPH VWDPS LQ WKH GDWD UHWULHYDO�

7KH GDWD LV HYHQWXDOO\ VHOHFWHG RQ WKH VDPH WLPH IUDPH DQG LQWHUSRODWHG WRZDUGV WKH FKLOOHU GDWD� 7KLV
GDWD LV WKH PRVW UHSUHVHQWLYH RI WKH SRZHU VLJQDO DQG LV XVHG IRU WKH YDOLGDWLRQ� (YHU\ GDWD SRLQW
JDWKHUHG LV YDOXDEOH� LQ RUGHU WR SUHVHUYH DV PXFK LQIRUPDWLRQ DV SRVVLEOH� +RZHYHU� LW LV QRW DOZD\V
SRVVLEOH WR KDYH FRPSOHWH GDWDVHWV ZKHQ QXPHURXV GDWD SRLQWV DUH PLVVLQJ� 7KH GDWD LV RQO\ LQWHUSR�
ODWHG WR ILOO PLVVLQJ YDOXHV LI WKH WZR VXUURXQGLQJ GDWD SRLQWV DUH SUHVHQW�

42
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7DEOH ���� 'DWD SUHSDUDWLRQ UHVXOWV

9DULDEOHV 5HPRYH GXSOLFDWHV 1RLVH ,GHQWLILFDWLRQ 'DWD ,QWHJUDWLRQ

5HPRYHG 5HPDLQLQJ 5HPRYHG 5HPDLQLQJ 5HPRYHG 5HPDLQLQJ

$& 3RZHU � ������ �� ������ ����� �����

&KLOOHU 3RZHU � ����� ���� ����� ����� �����

)UHVK $LU 7HPSHUDWXUH � ������ � ������ ����� �����

)UHVK $LU +XPLGLW\ � ���� �� ���� ���� ���

5HWXUQ $LU 7HPSHUDWXUH � ������ ��� ������ ����� �����

6XSSO\ $LU 7HPSHUDWXUH � ������ ��� ������ ����� �����
5HWXUQ $LU +XPLGLW\ � ������ ���� ������ ����� �����

6XSSO\ $LU +XPLGLW\ � ������ ���� ������ ����� �����

'+, ���� ����� ��� ���� ���� ����

%1, ���� ����� ��� ���� ���� ����

/RQJLWXGH � ����� � ����� ����� �����

/DWLWXGH � ����� � ����� ����� �����

+HDGLQJ � ����� � ����� ����� �����

5.2. Power calculation from voyage data
7R DVVHVV WKH RYHUDOO WKHUPDO HQHUJ\ LQ UHODWLRQ WR WKH HOHFWULFDO GHPDQG RI WKH +9$& V\VWHP� DQ
HYDOXDWLRQ RI WKH SRZHU GDWD PXVW EH FRQGXFWHG�

7KH GDWDVHW LQFOXGHV�

�� (OHFWULFDO VLJQDO IRU HDFK $& V\VWHP� 7KH SRZHU LV FDOFXODWHG E\ HTXDWLRQ ���� 7KH IDFWRU 0.9
LV WKH SRZHU IDFWRU cos(φ)� I1 WR I3 DUH WKH GLIIHUHQW OLQH FXUUHQWV DQG 8 LV WKH OLQH YROWDJH� 7KLV
LQFOXGHV WKH FXPXODWLYH SRZHU XVDJH RI WKH KHDWHU� KXPLGLILHU� IDQV� DQG UHKHDWHUV� 7KLV HTXDWLRQ
LV JLYHQ E\ WKH H[WHUQDO FRQWUDFWRU WKDW VXSSOOLHV WKH GDWD RI WKH +9$& V\VWHP DQG LW FRPSOLHV ZLWK
LQIRUPDWLRQ SURYLGHG E\ 6HQ �������

PAC = 0.9 ∗ (I1 + I2 + I3) ∗
U√
3

�����

�� 3RZHU VLJQDO IRU WKH FKLOOHU� 7KLV UHSUHVHQWV WKH WRWDO SRZHU FRQVXPHG E\ WKH FKLOOHU� 7KLV
VLJQDO JLYHV WKH WRWDO FXUUHQW LQ $PSHUHV� 7KH IDFWRU 0.9 LV WKH SRZHU IDFWRU cos(φ)� I1 WR I3 DUH
WKH GLIIHUHQW OLQH FXUUHQWV DQG 8 LV WKH OLQH YROWDJH�

PChiller = 0.9 ∗ Itotal ∗ U �����

�� 3RZHU VLJQDO IRU UHKHDWHUV� 7KLV VLJQDO JLYHV WKH SRZHU RI WKH UHKHDWHUV DV D SHUFHQWDJH� (TXD�
WLRQ ��� JLYHV WKH SRZHU XVDJH RI HDFK LQGLYLGXDO UHKHDWHU� Pmax LV WKH PD[LPXP SRZHU RI WKH
UHKHDWHU� 7KLV LV REWDLQHG IURP WKH PDQXIDFWXUHU�

Preheater = �reheater power level ∗ Pmax �����
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�� 3RZHU VLJQDO IRU IDQV� 7KLV DFFRXQWV IRU WKH SRZHU FRQVXPHG E\ HDFK IDQ� LQFOXGLQJ ERWK H[�
KDXVW DQG VXSSO\ IDQV� Pmax LV WKH PD[LPXP SRZHU RI WKH IDQ� 7KLV LV DOVR REWDLQHG IURP WKH
PDQXIDFWXUHU RI WKH IDQV�

Pfan = �fan power level ∗ Pmax �����

)LJXUH ���� +9$& V\VWHP VFKHPDWLF RI WKH \DFKW IURP ZKLFK WKH VHQVRU GDWD LV REWDLQHG�

7KH KHDWHU� KXPLGLILHU� DQG FKLOOHU DUH WKH FRPSRQHQWV UHVSRQVLEOH IRU PLWLJDWLQJ WKH WRWDO WKHUPDO KHDW
JHQHUDWHG LQ WKH DUHDV WKDW DUH VXSSOLHG E\ WKH +9$& V\VWHP� 7KH WRWDO V\VWHP FDQ EH VHHQ ��� 6LQFH
WKH SRZHU GDWD LV UHFRUGHG RI DOO WKH V\VWHPV WRJHWKHU� WKH WRWDO SRZHU FRQVXPHG E\ WKHVH FRPSRQHQWV
FDQ EH FDOFXODWHG E\ HTXDWLRQ ���

PHVAC = Pchiller + (Pheater + Phumidifier) = Pchiller + (PAC1−5 − Pfan − Preheater) �����

5.3. White Box Results
)LJXUH ��� GLVSOD\V WKH WKHUPDO ORDG FDOFXODWHG E\ WKH PRGHO YHUVXV WKH DFWXDO SRZHU FRQVXPSWLRQ RI
WKH V\VWHP� $ FHUWDLQ SHULRG LV FKRVHQ WR PDNH WKH GDWD PRUH YLVLEOH� $SSHQGL[ $ VKRZ WKH UHVXOWV RI
WKH ZKROH GDWD VHW� 7KH WRS VXESORW LOOXVWUDWHV WZR GDWDVHWV� WKH FDOFXODWHG KHDW ORDG �IURP WKH PRGHO�
DQG WKH PHDVXUHG SRZHU FRQVXPSWLRQ RI WKH +9$& V\VWHP� 7KH FDOFXODWHG KHDW ORDG LV GHSLFWHG
ZLWK D EOXH OLQH� SURYLGLQJ LQVLJKWV LQWR H[SHFWHG WKHUPDO SRZHU UHTXLUHPHQWV EDVHG RQ WKH ZKLWH ER[
FDOFXODWLRQ� 7KH PHDVXUHG +9$& SRZHU LV UHSUHVHQWHG E\ WKH RUDQJH OLQH� VKRZLQJ WKH DFWXDO SRZHU
FRQVXPSWLRQ GDWD UHFRUGHG IURP WKH V\VWHP GHULYHG IURP WKH FDOFXODWLRQ LQ VHFWLRQ ����

,Q WKH ORZHU VXESORW� WZR HQYLURQPHQWDO SDUDPHWHUV DUH SORWWHG� WKH DYHUDJH IUHVK DLU WHPSHUDWXUH �)$7�
DQG WKH IUHVK DLU UHODWLYH KXPLGLW\ �)$+�� HDFK UHOHYDQW WR WKH DLU FRQGLWLRQLQJ V\VWHP¶V SHUIRUPDQFH�
7KH )$7 GDWD LV LOOXVWUDWHG ZLWK D JUHHQ OLQH� UHIOHFWLQJ WKH DPELHQW WHPSHUDWXUH FRQGLWLRQV� ZKLFK DUH
FULWLFDO LQ WKH FDOFXODWLRQ RI WKH +9$& V\VWHP¶V WKHUPDO ORDG� 7KH UHODWLYH KXPLGLW\ GDWD� LV SORWWHG RQ D
VHFRQGDU\ \�D[LV WR WKH ULJKW� 7KLV YDULDEOH RIIHUV DGGLWLRQDO FRQWH[W IRU WKH +9$& V\VWHP¶V RSHUDWLRQ�
DV KXPLGLW\ OHYHOV VLJQLILFDQWO\ LPSDFW WKH V\VWHP SHUIRUPDQFH� %RWK WKH WHPSHUDWXUH DQG KXPLGLW\
GDWD DUH FUXFLDO IRU FRUUHODWLQJ HQYLURQPHQWDO FRQGLWLRQV ZLWK WKH SRZHU DQG KHDW ORDG UHTXLUHPHQWV�
SURYLGLQJ D FRPSUHKHQVLYH YLHZ RI WKH V\VWHP¶V RSHUDWLRQ XQGHU YDU\LQJ DWPRVSKHULF FRQGLWLRQV�
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)LJXUH ���� ([DPSOH URRP IURP WKH *HQHUDO $UUDQJHPHQW VSUHDGVKHHW

7KH SORW GHSLFWV GDWD RYHU D ���GD\ SHULRG� VHYHUDO REVHUYDWLRQV FDQ EH PDGH� 7KH DYHUDJH IUHVK DLU
WHPSHUDWXUH UHSUHVHQWHG E\ WKH JUHHQ OLQH VKRZV WKH GD\ F\FOHV RI WKH HOHYHQ GD\V DQG DUH FOHDUO\
GLVWLQJXLVKDEOH E\ WKH HOHYHQ SHDNV LQ WKH WHPSHUDWXUH� 7KH IUHVK DLU KXPLGLW\ LQ UHG VKRZ WKH VDPH
YDULDELOLW\� 7KH GLSV LQ KXPLGLW\ GRQ¶W DOZD\V FRUUHVSRQG WR WKH SHDNV LQ WHPSHUDWXUH� VXJJHVWLQJ WKDW
RWKHU IDFWRUV PD\ EH LQIOXHQFLQJ KXPLGLW\ OHYHOV� RU WKDW WKH UHODWLRQVKLS EHWZHHQ WHPSHUDWXUH DQG
KXPLGLW\ LV QRW VWUDLJKWIRUZDUG� ,Q JHQHUDO� WKH UHODWLRQVKLS EHWZHHQ WHPSHUDWXUH DQG UHODWLYH KXPLGLW\
LQ WKH DWPRVSKHUH LV LQYHUVHO\ UHODWHG� EXW UHODWLYH KXPLGLW\ LV QRW VROHO\ GHWHUPLQHG E\ WHPSHUDWXUH�
5HODWLYH KXPLGLW\ LV WKH DPRXQW RI PRLVWXUH LQ WKH DLU UHODWLYH WR ZKDW WKH DLU FDQ KROG DW WKDW WHPSHUDWXUH�
$V WKH WHPSHUDWXUH LQFUHDVHV� WKH DLU FDQ KROG PRUH PRLVWXUH� VR LI WKH DPRXQW RI PRLVWXUH VWD\V WKH
VDPH ZKLOH WKH WHPSHUDWXUH ULVHV� WKH UHODWLYH KXPLGLW\ ZLOO GHFUHDVH� +RZHYHU� VSHFLILF ORFDO ZHDWKHU
SDWWHUQV OLNH UDLQ� WLPH RI GD\� DQG JHRJUDSKLF IDFWRUV FDQ DIIHFW WKLV UHODWLRQVKLS�

$W FHUWDLQ SRLQWV� FKDQJHV LQ WKH WHPSHUDWXUH FRUUHVSRQG ZLWK FKDQJHV LQ WKH +9$& SRZHU XVDJH�
)RU H[DPSOH� D SHDN LQ WHPSHUDWXUH LV RIWHQ PDWFKHG E\ DQ LQFUHDVH LQ SRZHU XVDJH� VLQFH WKH +9$&
V\VWHP ZRUNV KDUGHU WR FRRO WKH HQYLURQPHQW ZKHQ H[WHUQDO WHPSHUDWXUHV DUH KLJKHU� 7KH WRWDO WKHUPDO
ORDG VHHPV OHVV UHDFWLYH WR WKH KLJKHU SHDNV LQ WHPSHUDWXUH FRPSDUHG WR WKH DFWXDO SRZHU FRQVXPSWLRQ�
$Q H[DPSOH EHLQJ WKH GLIIHUHQFH LQ WKH WURXJK DQG SHDN RI WKH KHDW ORDG FRPSDUHG WR WKH SRZHU VLJQDO
EHIRUH ������ :KLFK ZRXOG PHDQ WKDW DW KLJKHU WHPSHUDWXUHV WKH V\VWHP KDV D KLJKHU HIILFLHQF\ DQG
EHWWHU &23�

5.4. White box Validation
7R EH DEOH WR YDOLGDWH WKH WRWDO KHDW ORDG RI WKH \DFKW FDOFXODWHG E\ WKH ZKLWH ER[ PRGHO� WKH HIILFLHQFLHV
RI WKH V\VWHP QHHG WR EH H[SORUHG� ,W LV KDUG WR HVWLPDWH WKH LQGLYLGXDO HIILFLHQFLHV ZLWKLQ WKH WKH WRWDO
KHDW ORDG� VLQFH LW LV RYHUFRPH E\ WKH FKLOOHU� KHDWHU DQG KXPLGLILHU WRJHWKHU DQG LW LV QRW FOHDU ZKDW
SHUFHQWDJH LV GHOLYHUHG E\ WKH LQGLYLGXDO V\VWHPV� )URP WKH SRZHU VLGH KRZHYHU LV PRUH GDWD DYDLODEOH
SHU LQGLYLGXDO V\VWHP� 7KH DFWXDO WRWDO KHDW ORDG FDQ EH FDOFXODWHG XVLQJ HTXDWLRQ ����

Qtotal = Pchiller · COPchiller · ηhex + Pheater · ηheat + Phumidifier · ηhum �����
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7KH FRHIILFLHQW RI SHUIRUPDQFH �&23� LV D YDOXH UHSUHVHQWLQJ WKH H[WUDFWHG KHDW GLYLGHG E\ WKH V\VWHPV
QHW ZRUN GHOLYHUHG� 7KH &23 LV GHULYHG XVLQJ WKH FKLOOHU¶V GDWD� 7KLV LQFOXGHV PRQLWRULQJ WKH UHWXUQ
WHPSHUDWXUH RI WKH FKLOOHG ZDWHU DQG LWV VXSSO\ WHPSHUDWXUH� $GGLWLRQDOO\� WKH YDULDEOH IUHTXHQF\ GULYH
V FD IRU WKH WZR LQVWDOOHG FKLOOHG ZDWHU SXPSV LV UHFRUGHG DV D SHUFHQWDJH DQG WKH PDVV IORZ LV
FDOFXODWHG ZLWK HTXDWLRQ ���� ṁmax LV SDUW RI WKH LQIRUPDWLRQ JLYHQ E\ WKH VXSSOLHU RI WKH &KLOOHU 6\VWHP�
,W DOVR VWDWHV WKDW WKH FRROZDWHU FRQWDLQV �� � *O\FRO� ZKLFK KDV D cp RI ���� J/kgK �7RROER[� ������
8VLQJ WKLV LQIRUPDWLRQ� WKH &23 FDQ EH GHWHUPLQHG WKURXJK WKH IROORZLQJ IRUPXODV DFFRUGLQJ $6+5$(
�������

ṁ = V FD · ṁmax �����

Qcw = ṁ ∗ cp ∗ (Treturn − Tsupply) �����

COP =
Qcw

Pchiller
�����

)LJXUH ���� &KLOOHU SRZHU YV� &23

7KH LQWHUPHGLDU\ HIILFLHQFLHV DQG FRHIILFLHQW RI SHUIRUPDQFH �&23� RI WKH FKLOOHU IRU WKH DVVRFLDWHG
+9$& FRPSRQHQWV DUH GHWDLOHG LQ 7DEOH ���� ,W LV LPSRUWDQW WR DFNQRZOHGJH WKDW WKHVH YDOXHV DUH ODUJHO\
HVWLPDWLYH DQG PD\ GLIIHU IURP DFWXDO RSHUDWLRQDO RXWFRPHV� 7KHUHIRUH� WKH SUHVHQWHG HIILFLHQFLHV
DUH RQO\ VXLWDEOH IRU SUHOLPLQDU\ GHVLJQ SKDVHV� ZKHUH D KLJKHU OHYHO RI YDULDELOLW\ DQG XQFHUWDLQW\ LV
H[SHFWHG�

(IILFLHQF\ RU &23 6\PERO 9DOXH 6RXUFH

&KLOOHU &23 COPchiller � (TXDWLRQ ���
+HDWHU HIILFLHQF\ ηheat ��� .OHLQ :RXG DQG 6WDSHUVPD ������
+HDW H[FKDQJHU HIILFLHQF\ ηhex ��� .OHLQ :RXG DQG 6WDSHUVPD ������
+XPLGLILHU SXPS HIILFLHQF\ ηhum ��� .OHLQ :RXG DQG 6WDSHUVPD ������

7DEOH ���� (IILFLHQF\ DQG &23 RI +9$& V\VWHP FRPSRQHQWV�
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7KH UHVXOW LV VKRZQ LQ )LJXUH ��� DQG ���� 7KH KHDW ORDG FDOFXODWHG E\ WKH PRGHO IROORZV WKH WUHQG RI
WKH DFWXDO KHDW ORDG EXW DW VRPH SRLQWV RYHUHVWLPDWHV WKH SHDNV DQG WURXJKV� 7KLV LV PDLQO\ GXH WR
WKH UHODWLYH KXPLGLW\ DV VKRZQ LQ ���� 7KH FDOFXODWHG KHDW ORDG UHDFWV VWURQJO\ WR SHDNV LQ WKH UHODWLYH
KXPLGLW\� 7KLV UHODWLYH KXPLGLW\ FRPHV IURP D ZHDWKHU GDWDEDVH LQVWHDG RI WKH YR\DJH GDWD� 7KLV FDQ
H[SODLQ WKH HUURU LQ WKH FDOFXODWLRQ�

)LJXUH ���� +HDW /RDG FRPSDULVRQ� ����� WR �����

)LJXUH ���� +HDW /RDG FRPSDULVRQ� ����� WR �����

)LJXUH ��� VKRZV WKDW WKH FDOFXODWHG KHDW ORDG LV ODJJLQJ DQG LW VKRZV D WURXJK RU SHDN D IHZ GDWD
SRLQWV ODWHU WKHQ WKH KHDW ORDG WKDW LV GHULYHG IURP WKH SRZHU� 7KLV LV PDLQO\ GXH WR WKH IDFW WKDW WKH
FDOFXODWHG KHDW ORDG LV DOVR EDVHG RQ WKH VXSSO\ DLU WHPSHUDWXUH� 7KLV FDXVHV D ODJ LQ WKH FDOFXODWHG
GDWD� 7KLV LV FOHDUO\ YLVLEOH LI WKH SRZHU RI WKH +9$& V\VWHP F\FOHV EHWZHHQ D KLJK DQG D ORZ SRLQW�
7KLV LV ZK\ WKLV LV DOVR YLVLEOH LQ WKH KHDW ORDG�

)LJXUH ���� 8QVKLIWHG GDWD
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)LJXUH ��� VKRZV WKH GDWD ZKHQ WKH FDOFXODWHG KHDW ORDG LV VKLIWHG � PLQXWHV �� GDWD SRLQWV� HDUOLHU WR
PDWFK WKH WURXJKV DQG SHDNV�

)LJXUH ���� 'DWD VKLIWHG IRU EHWWHU ILW�

7KH KHDW ORDG GHULYHG IURP WKH SRZHU VKRZV D KLJK YDULDELOLW\� $ :HLJKWHG 0RYLQJ $YHUDJH �:0$�
IXQFWLRQ FDQ VPRRWK RXW WKH QRLVH FUHDWHG E\ WKH SRZHU RI WKH +9$& V\VWHP�

7DEOH ��� SUHVHQWV WKH SHUIRUPDQFH PHWULFV DFURVV WKH GLIIHUHQW GDWDVHWV� 7KH FRPSDULVRQ UHYHDOV
WKDW WKH GDWDVHWV ZLWK VKLIWHG GDWD� DQG WKRVH IXUWKHU SURFHVVHG ZLWK D :0$� VKRZ LPSURYHG HUURU
YDOXHV UHODWLYH WR WKH RULJLQDO GDWDVHW� 6SHFLILFDOO\� WKH GDWDVHW ZLWK MXVW WKH VKLIWHG GDWD PDUJLQDOO\
RXWSHUIRUPV WKH RULJLQDO GDWDVHW LQ WHUPV RI 0HDQ $EVROXWH (UURU �0$(�� 5RRW 0HDQ 6TXDUH (UURU
�506(�� DQG 0HDQ $EVROXWH 3HUFHQWDJH (UURU �0$3(�� +RZHYHU� WKH GDWDVHW WKDW FRPELQHV VKLIWHG
GDWD ZLWK WKH DSSOLFDWLRQ RI D :0$ VWDQGV RXW ZLWK WKH EHVW UHVXOW� ,W GHPRQVWUDWHV WKH ORZHVW 0$(�
506(� DQG 0$3( YDOXHV� WKHUHE\ LQGLFDWLQJ WKH KLJKHVW OHYHO RI SUHGLFWLYH DFFXUDF\ DQG RSWLPDO PRGHO
ILW FRPSDUHG WR WKH RWKHU GDWDVHWV�

7DEOH ���� &RPSDULVRQ RI :KLWH %R[ 0RGHO 3HUIRUPDQFH 0HWULFV

0$( >N:@ 506( >�@ 0$3( >�@

2ULJLQDO GDWD ����� ����� �����
6KLIWHG GDWD ���� ����� �����
6KLIWHG DQG :0$ DSSOLHG GDWD ���� ����� �����

)LJXUHV ���� ���� DQG ���� VKRZ WKH SUHGLFWHG YDOXHV YHUVXV WKH DFWXDO YDOXHV RI WKH KHDW ORDG IRU WKH
WKUHH W\SHV RI GDWD� )LJXUH ���� ���� DQG ���� VKRZ WKH GLVWULEXWLRQ RI WKH 0$3( IRU WKH WKUHH W\SHV RI
GDWD� 7KH VKLIWHG GDWD VKRZV D VPDOO FKDQJH LQ WKH SRVLWLRQ RI WKH GDWD SRLQWV� 7KLV LV PDLQO\ QRWLFHDEOH
LQ WKH DUHD DURXQG ���� ��� �kW LQ )LJXUH ��� DQG ����� 7KHVH GDWD SRLQWV DUH DOVR YLVLEOH LQ )LJXUH
���� ZKHUH WKH KHDW ORDG IURP SRZHU GHULYHG VKRZV D KLJK YDULDQFH DURXQG ������ ZLWK YHU\ ORZ YDOXHV�
7KLV LV ZKHUH WKH KHDW ORDG FDOFXODWHG E\ WKH PRGHO RYHUHVWLPDWHV WKH YDOXHV DV VHHQ LQ WKH FRPSDULVRQ
ILJXUHV� 7KH :0$ IXQFWLRQ FDQFHOV RXW WKLV KLJK YDULDQFH FDXVHG E\ WKH SRZHU RI WKH +9$& V\VWHP
DQG VKRZV WKDW WKLV UHVXOWV LQ D EHWWHU SUHGLFWLRQ�

7KH VKLIWHG�:0$ GDWD VWLOO VKRZV D ELJJHU HUURU DERYH ��� �kW RI WKH SUHGLFWHG YDOXHV� ,Q ILJXUH ����
WKLV RYHUHVWLPDWLRQ RI WKH ZKLWH ER[ PRGHO PRUH REYLRXV� ,W PDLQO\ KDSSHQV ZKHQ WKH UHODWLYH KXPLGLW\
DQG WKH WHPSHUDWXUH RI WKH IUHVK DLU DUH ERWK DW D KLJK SRLQW� 7KH WHPSHUDWXUH VHHPV WR KDYH WKH PRVW
LQIOXHQFH� EXW WKH PRGHO RYHUHVWLPDWHV WKH FDOFXODWHG KHDW ORDG ZKHQ ERWK SDUDPHWHUV DUH DW D SHDN�
7KLV HUURU LV PRVW OLNHO\ FDXVHG E\ WKH GLIIHUHQW GDWD VRXUFH RI WKH IUHVK DLU KXPLGLW\� 7KH YDOXHV RXW
RI WKH VHQVRU GDWD RI WKLV YDULDEOH ZHUH XQXVDEOH DQG ZHUH WDNHQ IURP WKH (&0:) ������ ZHDWKHU
GDWDEDVH EHFDXVH RI WKLV� 7KLV GDWD KDV RQH GDWD SRLQW HYHU\ KRXU DQG LV VLJQLILFDQWO\ OHVV SUHFLVH�
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)LJXUH ���� +HDW ORDG SUHGLFWLRQ FRPSDULVRQ �2ULJLQDO GDWD� )LJXUH ���� (UURU GLVWULEXWLRQ RI 0$3( �2ULJLQDO GDWD�

)LJXUH ����� +HDW ORDG SUHGLFWLRQ FRPSDULVRQ �6KLIWHG GDWD� )LJXUH ����� (UURU GLVWULEXWLRQ RI 0$3( �6KLIWHG GDWD�

)LJXUH ����� +HDW ORDG SUHGLFWLRQ FRPSDULVRQ
�6KLIWHG�:0$ GDWD�

)LJXUH ����� (UURU GLVWULEXWLRQ RI 0$3(
�6KLIWHG�:0$ GDWD�
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)LJXUH ����� 3UHGLFWLRQV PDGH E\ WKH ZKLWH ER[ PRGHO GLVSOD\HG RQ WLPH VHULHV EDVLV�

5.5. Grey Box Results
$V PHQWLRQHG LQ VHFWLRQ ������ D JULG VHDUFK LV DSSOLHG WR ILQG WKH RSWLPXP K\SHUSDUDPDWHUV� $V 7DEOH
��� VKRZV� D WRWDO RI 3 · 12 · 2 · 4 = 288 FRQILJXUDWLRQV ZLOO EH WHVWHG ILYH WLPHV DFFRUGLQJ WKH NIROG
YDOLGDWLRQ� $V GLVFXVVHG LQ ������ WKH UHVXOWV DUH HYDOXDWHG DIWHU WKLV EDVHG RQ GLIIHUHQW HUURU PHWULFV�

7DEOH ���� +\SHUSDUDPHWHUV IRU JULG VHDUFK

+\SHUSDUDPHWHU *ULG VHDUFK LQSXWV

1XPEHU RI KLGGHQ OD\HUV >� � �@
1XPEHU RI QHXURQV >� � ��@
$FWLYDWLRQ )XQFWLRQV >6LJPRLG 5H/X@
'URSRXW >� ��� ��� ���@

$IWHU HYDOXDWLQJ WKH GLIIHUHQW UHVXOWV� WKH FRQILJXUDWLRQ ZLWK � OD\HUV RI �� QHXURQV HDFK DQG D GURSRXW
UDWH RI ���� KDG WKH EHVW SHUIRPDQFH WDNLQJ RYHUILWWLQJ LQWR DFFRXQW� 7KH ILQDO K\SHUSDUDPHWHUV DUH
VKRZQ LQ )LJXUH ���� ZLWK WKH HUURU PHWULFV RI WKH WHVW GDWD VHW WKDW LV QRW XVHG GXULQJ WKH NIROG FURVV�
YDOLGDWLRQ� ,W SHUIRUPV ZLWK D 0$3( RI ������ 7KLV WUDQVODWHV WR DQ DFFXUDF\ RI ������� ZKLFK VXJJHVW
WKDW WKH PRGHO¶V SUHGLFWLRQV DUH DERXW ������ FORVH WR WKH DFWXDO YDOXHV�

7DEOH ���� )LQDO &RQILJXUDWLRQ RI WKH VHOHFWHG *UH\ %R[ PRGHO

+\SHUSDUDPHWHU 6HOHFWHG

,QSXW 9DULDEOHV ��
1XPEHU RI KLGGHQ OD\HUV �
1XPEHU RI QHXURQV ��
$FWLYDWLRQ )XQFWLRQV 5H/X
'URSRXW UDWH ���
06( >kW 2@ 364.64
0$( >kW @ 11.76
0( >kW @ −2.87
0$3( >�@ 8.71
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)LJXUH ����� $FWXDO YV� 3UHGLFWHG 3RZHU 9DOXHV )LJXUH ����� (UURU GLVWULEXWLRQ RI 0$3(

)LJXUH ���� DQG ���� VKRZ WKH FRPSDULVRQ RI WKH SUHGLFWHG YDOXHV WR WKH DFWXDO YDOXHV� DQG WKH GLVWUL�
EXWLRQ RI WKH 0$3(� 7KHUH LV D YLVLEOH FORXG DERYH �� �kW RI WKH DFWXDO YDOXHV� 7KLV LV ZKHUH WKH
JUH\ ER[ PRGHO XQGHUHVWLPDWHV WKH DFWXDO YDOXHV� ,Q )LJXUH ����� WKHVH GDWD SRLQWV DUH FOHDUO\ YLVLEOH
LQ EHWZHHQ ����� DQG ������ 7KH EOXH GRWV UHSUHVHQW WKH DFWXDO YDOXHV DQG WKH UHG FURVV WKH SUHGLFWHG
YDOXHV� ,W VKRZV WKDW WKH JUH\ ER[ PRGHO KDV WURXEOH SUHGLFWLQJ WKH KLJK YDULDQFH LQ WKH GDWD SRLQWV�
7KLV KLJK YDULDQFH RFFXUV ZKHQ WKH VHFRQG V\VWHP RI WKH FKLOOHU F\FOHV RQ DQG RII� :LWKLQ WKLV UDQJH�
IURP ����� WR ������ WKH JUH\ ER[ PRGHO VWUXJJOHV WR SUHGLFW YDOXHV DFFXUDWHO\� UHVXOWLQJ LQ D 0$3( RI
������� 2XWVLGH RI WKLV KLJK YDULDQFH UDQJH� WKH 0$3( LV ������ 7KHVH ILQGLQJV LQGLFDWH WKDW IXUWKHU
UHVHDUFK LQWR WKH FKLOOHU V\VWHP¶V F\FOLQJ EHKDYLRXU LV YDOXDEOH�

)LJXUH ����� 3UHGLFWLRQV PDGH E\ WKH JUH\ ER[ PRGHO GLVSOD\HG RQ WLPH VHULHV EDVLV�
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5.6. Black Box
$ VROR EODFN ER[ PRGHO LV GHYHORSHG LQ WKH VDPH ZD\ DV WKH JUH\ ER[ PRGHO� EXW ZLWKRXW WKH LQSXW KHDW
ORDG GDWD RI WKH ZKLWH ER[ PRGHO� 7KLV FRQILJXUDWLRQ LV GRQH WR FRPSDUH LW ZLWK WKH SHUIRUPDQFH RI WKH
JUH\ ER[ PRGHO DQG LV VKRZQ LQ )LJXUH ����� 7KLV FRQILJXUDWLRQ RQO\ XVHV WKH IROORZLQJ LQSXW YDULDEOHV�

� *OREDO +RUL]RQWDO ,UUDGLDQFH

� :LQGVSHHG

� $YHUDJH 5RRP 6HWSRLQW 7HPSHUDWXUH

� $YHUDJH 5HWXUQ $LU 7HPSHUDWXUH

� $YHUDJH )UHVK $LU 7HPSHUDWXUH

� $YHUDJH 0L[HG $LU 7HPSHUDWXUH

� $YHUDJH 6XSSO\ $LU 7HPSHUDWXUH

� $YHUDJH 5HWXUQ $LU +XPLGLW\

� $YHUDJH 6XSSO\ $LU +XPLGLW\

)LJXUH ����� 6ROR EODFN ER[ PRGHO�

7KH PRGHO VHOHFWLRQ SURFHVV LV FRQVLVWHQW ZLWK WKH DSSURDFK RI WKH JUH\ ER[� WR HYDOXDWH WKH SHUIRU�
PDQFH RI EODFN ER[ PRGHOV� 7KH VDPH JULG VHDUFK LV SHUIRUPHG RQ WKH K\SHUSDUDPHWHUV RI 7DEOH ����
$OVR WKH N�IROG FURVV�YDOLGDWLRQ LV DJDLQ DSSOLHG� 7KLV PHWKRG HQVXUHV WKDW ERWK W\SHV RI PRGHOV DUH
HYDOXDWHG XQGHU WKH VDPH FRQGLWLRQV� ZLWK WKHLU EHVW VHW RI K\SHUSDUDPHWHUV IRU FRPSDULVRQ�

$IWHU HYDOXDWLQJ YDULRXV FRQILJXUDWLRQV� WKH $11 ZLWK WZR OD\HUV RI �� QHXURQV HDFK DQG D GURSRXW UDWH
RI ��� SHUIRUPHG EHVW DFURVV WKH ILYH YDOLGDWLRQ IROGV� 7KH FKRVHQ K\SHUSDUDPHWHUV DUH VKRZQ LQ )LJXUH
���� DORQJ ZLWK HUURU PHWULFV RQ WKH UHPDLQLQJ WHVW VHW WKDW ZDV QRW XVHG LQ WKH NIROG FURVV�YDOLGDWLRQ�
7KH DYHUDJH 0$3( RQ WKLV WHVW VHW LV ������ ZKLFK FRUUHVSRQGV WR D 0$3( DFFXUDF\ RI �������

7DEOH ���� )LQDO &RQILJXUDWLRQ RI WKH %ODFN %R[ PRGHO

+\SHUSDUDPHWHU 6HOHFWHG

,QSXW 9DULDEOHV �
1XPEHU RI KLGGHQ OD\HUV �
1XPEHU RI QHXURQV ��
$FWLYDWLRQ )XQFWLRQV 5H/X
'URSRXW UDWH ���
06( >kW 2@ 424.41
0$( >kW @ 13.21
0( >kW @ −4.35
0$3( >�@ 9.58
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)LJXUH ����� $FWXDO YV� 3UHGLFWHG 3RZHU 9DOXHV �%ODFN %R[� )LJXUH ����� (UURU GLVWULEXWLRQ RI 0$3( �%ODFN %R[�

5.7. Comparison of Black and Grey Box
$ FRPSDULVRQ EHWZHHQ WKH JUH\ ER[ PRGHO DQG WKH EODFN ER[ PRGHO LV GRQH LQ RUGHU WR HVWDEOLVK LI
WKH JUH\ ER[ PRGHO LV DQ LPSURYHPHQW� 1RWDEOH GLIIHUHQFHV LQ SHUIRUPDQFH DQG FRQILJXUDWLRQ FDQ EH
REVHUYHG LQ 7DEOH ���� %RWK PRGHOV KDYH D WZR�OD\HU FRQILJXUDWLRQ DQG XVH D FRQVLVWHQW GURSRXW UDWH
RI ��� WR PLWLJDWH RYHUILWWLQJ� KRZHYHU� WKH JUH\ ER[ PRGHO XVHV �� QHXURQV SHU OD\HU FRPSDUHG WR WKH
�� QHXURQV SHU OD\HU LQ WKH EODFN ER[ PRGHO� ,Q DGGLWLRQ� WKH EODFN ER[ PRGHO KDV RQH LQSXW YDULDEOH
OHVV WKDQ WKH JUH\ ER[ PRGHO� EHFDXVH LW ODFNV WKH LQSXW GDWD RI WKH ZKLWH ER[ PRGHO� 7KH GLIIHUHQFH
LQ LQFOXVLRQ RI WKH ZKLWH ER[ GDWD UHVXOWV LQ D 0$3( RI ����� IRU WKH *UH\ %R[ PRGHO� FRUUHVSRQGLQJ
WR D SUHGLFWLRQ DFFXUDF\ RI ������� FRPSDUHG WR D 0$3( RI ����� DQG DQ DFFXUDF\ RI ������ IRU
WKH %ODFN %R[ PRGHO� 7KH JUH\ ER[ PRGHO DOVR GHPRQVWUDWHV DQ RYHUDOO EHWWHU SHUIRUPDQFH RQ RWKHU
NH\ PHWULFV VXFK DV 06(� 0$( DQG 0(� 7R HQKDQFH WKH DQDO\VLV� WKH SHUIRUPDQFH RI WKH JUH\ ER[
PRGHO LV VKRZQ ZLWK SORWV LQ WKH SUHYLRXV VHFWLRQV FRPSDULQJ DFWXDO YHUVXV SUHGLFWHG YDOXHV DQG WKH
GLVWULEXWLRQ RI HUURUV� SURYLGLQJ D FOHDUHU LQVLJKW LQWR WKH PRGHO¶V HIIHFWLYHQHVV DQG HUURU FKDUDFWHULVWLFV�
7KHVH UHVXOWV VKRZ WKH LPSRUWDQFH RI WKH LQSXW GDWD LQ LPSURYLQJ PRGHO SHUIRUPDQFH�

7DEOH ���� &RPSDULVRQ RI ILQDO FRQILJXUDWLRQV

+\SHUSDUDPHWHU *UH\ %R[ %ODFN %R[

,QSXW 9DULDEOHV �� �
1XPEHU RI KLGGHQ OD\HUV � �
1XPEHU RI QHXURQV �� ��
$FWLYDWLRQ )XQFWLRQV 5H/X 5H/X
'URSRXW UDWH ��� ���
06( >kW 2@ 364.64 424.41
0$( >kW @ 11.76 13.21
0( >kW @ −2.87 −4.35
0$3( >�@ 8.71 9.58



6
Model Application

,Q WKLV FKDSWHU WKH IROORZLQJ UHVHDUFK VXE�TXHVWLRQ ZLOO EH DQVZHUHG� +RZ FDQ WKH SURSRVHG PRGHO
EH LPSOHPHQWHG LQ WKH GHVLJQ RI QHZ IXWXUH \DFKWV� DQG ZKDW FULWHULD PXVW EH PHW WR FRQVLGHU LW WR EH
VXFFHVVIXO"� 7KH ILQDO JUH\ ER[ PRGHO FDQ EH VXPPDULVHG DV VKRZQ LQ )LJXUH ���� ,Q WKLV FKDSWHU WKH
DSSOLFDWLRQ RI WKH JUH\ ER[ PRGHO LV GHWDLOHG� EXW DOVR WKH DSSOLFDELOLW\ RI WKH VROR ZKLWH ER[ DQG VROR
EODFN ER[ PRGHO DUH H[SORUHG�

)LJXUH ���� )LQDO *UH\ %R[ 0RGHO

6.1. Application White box
$V VKRZQ LQ ���� WKH JUH\ ER[ PRGHO RXWSHUIRUPV WKH VROR EODFN ER[ PRGHO E\ D VPDOO PDUJLQ DFURVV
GLIIHUHQW HUURU PHWULFV� 7KH TXHVWLRQ FDQ EH DVNHG ZKHWKHU WKLV VPDOO PDUJLQ LV ZRUWK WKH ODUJH FRPSX�
WDWLRQDO FRVW RI WKH ZKLWH ER[ PRGHO� +RZHYHU� WKH ZKLWH ER[ PRGHO LV YDOXDEOH RQ LWV RZQ� ,I D \DFKW
GRHV QRW \HW KDYH YR\DJH GDWD� RU WKH GHVLUHG RXWSXW IURP WKH PRGHO LV RXWVLGH WKH UDQJH RI WUDLQHG
GDWD� D IXOO ZKLWH ER[ DSSURDFK LV VWLOO SRVVLEOH WR HVWLPDWH WKH KHDW ORDG RI WKH \DFKW�

)LJXUH ��� VKRZV WKH UHODWLRQVKLS EHWZHHQ WHPSHUDWXUH RQ WKH [�D[LV DQG KHDW ORDG RQ WKH \�D[LV� 7ZR
GDWD VHWV DUH VKRZQ� 7KH KHDW ORDG FDOFXODWHG E\ WKH ZKLWH ER[ PRGHO DQG WKH KHDW ORDG GHULYHG IURP
WKH SRZHU FRQVXPSWLRQ DV GHVFULEHG LQ VHFWLRQ ���� 7KH GLVWULEXWLRQ RI GDWD SRLQWV VKRZV WKH FRUUHODWLRQ
EHWZHHQ WHPSHUDWXUH DQG KHDW ORDG� ZLWK DQ LQFUHDVH LQ KHDW ORDG DV WHPSHUDWXUH ULVHV� 7KH ORDGOLVW
FDOFXODWLRQ E\ WKH H[WHUQDO FRQWUDFWRU LV DOVR VKRZQ LQ WKH ILJXUH� GHULYHG IURP WKH SRZHU XVLQJ WKH
VDPH SULQFLSOHV WR JHW WKH KHDW ORDG� 7KH PHDQ &23 DW FHUWDLQ WHPSHUDWXUHV LV XVHG IRU WKLV� ,W VKRZV
WKDW WKH DFWXDO HQYLURQPHQWDO FRQGLWLRQV KDYH D VLJQLILFDQWO\ ORZHU GHPDQG WKDQ WKH PD[LPXP ORDGOLVW
FDOFXODWLRQ E\ WKH H[WHUQDO FRQWUDFWRU�

7KLV GDWD FDQ KHOS HQJLQHHUV GHFLGH ZKDW VL]H RI +9$& V\VWHP LV QHHGHG DQG ZKDW KHDW ORDG LW PXVW
GHOLYHU DW GLIIHUHQW WHPSHUDWXUHV� 8QGHUVWDQGLQJ WKLV UHODWLRQVKLS LV FULWLFDO WR GHVLJQLQJ DQG RSHUDWLQJ
+9$& V\VWHPV PRUH HIILFLHQWO\� ,W FDQ LQIRUP HQHUJ\ PDQDJHPHQW VWUDWHJLHV WR RSWLPLVH HQHUJ\ XVH
DJDLQVW SUHGLFWHG WKHUPDO ORDGV� UHVXOWLQJ LQ FRVW VDYLQJV DQG UHGXFHG HQHUJ\ GHPDQG�

54



6.2. Application Black box 55

)LJXUH ���� 7HPSHUDWXUH �◦C� YV� 3RZHU �N:� �6KLIWHG GDWD�

6.2. Application Black box
7KH VROR EODFN ER[ PRGHO VKRZV D JUHDW SHUIRUPDQFH� :LWK WKH QLQH LQSXW YDULDEOHV GLVFXVVHG LQ
���� WKH EODFN ER[ SHUIRUPV ZLWK D PHDQ DEVROXWH SHUFHQWDJH DFFXUDF\ RI ������� 7KLV PRGHO FDQ
EH XVHG IRU WKLV SDUWLFXODU \DFKW IRU D SRVVLEOH UHILW LQ WKH IXWXUH� ,W FDQ KHOS RSWLPLVH WKH RSHUDWLRQ
RI WKH +9$& V\VWHP E\ SUHGLFWLQJ SRZHU FRQVXPSWLRQ XQGHU YDULRXV FRQGLWLRQV� 7KLV FDQ JXLGH WKH
H[WHUQDO FRQWUDFWRU WR DGMXVW VHWWLQJV OLNH WHPSHUDWXUH DQG DLUIORZ WR PLQLPLVH SRZHU XVDJH ZLWKRXW
FRPSURPLVLQJ FRPIRUW� (IIHFWLYH HQHUJ\ PDQDJHPHQW LV FUXFLDO IRU WKH VXVWDLQDEOH RSHUDWLRQ RI \DFKWV�
7KH PRGHO FDQ SURYLGH LQVLJKWV LQWR WKH SRZHU FRQVXPSWLRQ SDWWHUQV RI WKH +9$& V\VWHP� IDFLOLWDWLQJ
EHWWHU LQWHJUDWLRQ ZLWK RQERDUG HQHUJ\ VRXUFHV OLNH JHQHUDWRUV DQG EDWWHULHV�

7KLV LV DOO RQ WKH FRQGLWLRQ WKDW WKH YDOXHV RI WKHVH FRQGLWLRQV DUH ZLWKLQ WKH UDQJH RI WKH WUDLQHG GDWD�
7DEOH ��� VKRZV WKH GDWD UDQJHV ZKHUH WKH EODFN ER[ PRGHO LV FXUUHQWO\ WUDLQHG RQ�

7DEOH ���� 5DQJH DQG PHDQ RI WKH %ODFN ER[ WUDLQHG GDWD

,QSXW 9DULDEOH 0LQLPXP 0HDQ 0D[LPXP 8QLW
*OREDO +RUL]RQWDO ,UUDGLDQFH ��� ����� ����� >W/m2@
:LQGVSHHG ��� ��� ���� >m/s@
$YHUDJH 5RRP 6HWSRLQW 7HPSHUDWXUH ���� ���� ���� >◦C@
$YHUDJH 5HWXUQ $LU 7HPSHUDWXUH ���� ���� ���� >◦C@
$YHUDJH )UHVK $LU 7HPSHUDWXUH ���� ���� ���� >◦C@
$YHUDJH 0L[HG $LU 7HPSHUDWXUH ���� ���� ���� >◦C@
$YHUDJH 6XSSO\ $LU 7HPSHUDWXUH ���� ���� ���� >◦C@
$YHUDJH 5HWXUQ $LU +XPLGLW\ ���� ���� ���� >�@
$YHUDJH 6XSSO\ $LU +XPLGLW\ ���� ���� ���� >�@
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6.3. Application Grey box
7KH *UH\ ER[ PRGHO VKRZV DQ LPSURYHG SHUIRUPDQFH WR WKH EODFN ER[ PRGHO ZLWK DQ DFFXUDF\ RI
������� 2QFH DGGLWLRQDO YR\DJH GDWD IURP FXUUHQWO\ VDLOLQJ )HDGVKLS \DFKWV EHFRPHV DYDLODEOH� WKH
JUH\ ER[ PRGHO FDQ EH WUDLQHG XVLQJ WKH LQSXW IURP WKH ZKLWH ER[ PRGHO� 'XH WR WKLV� WKH UHODWLRQVKLS
EHWZHHQ YHVVHO VL]H DQG +9$& HQHUJ\ GHPDQG FDQ EHFRPH PRUH HYLGHQW� $V D UHVXOW� \DFKWV LQ WKH
GHVLJQ SKDVH IRU ZKLFK QR YR\DJH GDWD LV DYDLODEOH ZLOO DOVR EH DEOH WR XVH WKH JUH\ ER[ PRGHO�

6.3.1. General
,Q DVVHVVLQJ WKH SHUIRUPDQFH RI WKH SUHGLFWLRQ PRGHO� DV VKRZQ LQ )LJXUH ���� VHYHUDO NH\ REVHUYDWLRQV
DUH ZRUWK GLVFXVVLQJ� 7KH SORW VKRZV D FRPSDULVRQ EHWZHHQ DFWXDO SRZHU YDOXHV DQG WKRVH SUHGLFWHG
E\ WKH PRGHO RYHU D VHOHFWHG WLPH IUDPH LQ -XQH�

)LUVWO\� WKH SUHGLFWLYH PRGHO VKRZV D FRPPHQGDEOH OHYHO RI DFFXUDF\� FORVHO\ PDWFKLQJ WKH DFWXDO GDWD
SRLQWV RYHU WKH PDMRULW\ RI WKH REVHUYHG SHULRG DQG LW LV FDSDEOH RI FDSWXULQJ WKH JHQHUDO WUHQGV LQ WKH
SRZHU FRQVXPSWLRQ� +RZHYHU� WKH PRGHO¶V DFFXUDF\ LV OHVV FRQVLVWHQW DW WKH H[WUHPHV RI WKH GDWD
UDQJH� ZLWK QRWDEOH GLVFUHSDQFLHV DURXQG WKH ��WK DQG EHWZHHQ WKH ��QG DQG ��WK RI -XQH� 'XULQJ
WKHVH LQWHUYDOV� WKH SUHGLFWHG SRZHU OHYHOV VLJQLILFDQWO\ RYHUVKRRW WKH DFWXDO PHDVXUHPHQWV� LQGLFDWLQJ
WKDW WKH LQSXW YDULDEOHV GR QRW KDYH WKH LQIRUPDWLRQ IRU WKLV EHKDYLRXU RI WKH +9$& V\VWHP¶V SRZHU�
7KH PRGHO ODFNV RI WKH DELOLW\ WR DFFRXQW IRU WKHVH DQRPDOLHV RU RXWOLHU GDWD SRLQWV� ZKLOH SURSHU GDWD
SUHSDUDWLRQ LV SHUIRUPHG�

&RQVLVWHQF\ LV DQRWKHU DVSHFW WR FRQVLGHU� ZLWK WKH PRGHO VKRZLQJ JUHDWHU VWDELOLW\ LQ LWV SUHGLFWLRQV
ZLWKLQ WKH PLG�UDQJH RI WKH SRZHU YDOXHV� +RZHYHU� UHOLDELOLW\ DSSHDUV WR GHFUHDVH ZKHQ SUHGLFWLQJ
ORZHU DQG KLJKHU SRZHU UHTXLUHPHQWV� 7KLV YDULDELOLW\ FRXOG OLPLW WKH SUDFWLFDOLW\ RI WKH PRGHO LQ ODWHU
GHVLJQ SKDVHV OLNH WKH ¶%DVLF 'HVLJQ¶ SKDVH GHWDLOHG LQ ���� ZKHUH DFFXUDWH SRZHU HVWLPDWHV DUH PRUH
FULWLFDO� 7R PLWLJDWH WKLV� D VDIHW\ IDFWRU FRXOG EH LQFRUSRUDWHG LQWR WKH GHVLJQ EDVHG RQ WKH PRGHO¶V
SHUIRUPDQFH RQ SUHYLRXV GDWD� ,W LV HVVHQWLDO WR FRQVLGHU WKH GLIIHUHQFH LQ WKH GDWD UDQJH ZKHUH WKH
VHFRQG FKLOOHU V\VWHP LV RSHUDWLRQDO FRPSDUHG WR ZKHQ RQO\ RQH V\VWHP LV DFWLYH� DV WKH HUURU UDWHV
GLIIHU VLJQLILFDQWO\� DV PHQWLRQHG LQ ����

)LJXUH ���� *UH\ ER[ SUHGLFWLRQV VHOHFWHG WLPH IUDPH
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6.3.2. Extrapolation Capabilities
$QRWKHU DSSOLFDWLRQ RI WKH JUH\ ER[ PRGHO LV LPSURYHG H[WUDSRODWLRQ� 7R HYDOXDWH WKH H[WUDSRODWLRQ
FDSDELOLWLHV RI D JUH\ ER[ PRGHO� D VLPSOH H[WUDSRODWLRQ LV FRPSDUHG WR D VWDQGDORQH EODFN ER[ PRGHO
H[WUDSRODWLRQ� $ VXEVHW RI WKH RULJLQDO GDWD LV VHOHFWHG DQG RQO\ WKH IUHVK DLU WHPSHUDWXUH LV UDLVHG E\
� GHJUHHV &HOFLXV ZKLOH NHHSLQJ RWKHU YDULDEOHV FRQVWDQW� 7KLV LV GRQH WR FUHDWH QHZ GDWD WKDW ERWK
WKH JUH\ ER[ DQG EODFN ER[ PRGHOV DUH QRW IDPLOLDU ZLWK� 2QO\ WKH IUHVK DLU WHPSHUDWXUH LV FKDQJHG
EHFDXVH WKH GDWD RI WKH UHODWLYH KXPLGLW\ LV OHVV UHOLDEOH DV PHQWLRQHG LQ ����

$QRWKHU UHDVRQ WKLV DSSURDFK LV FKRVHQ� LV EHFDXVH WKH RXWGRRU DLU WHPSHUDWXUH LV D FULWLFDO YDULDEOH
WKDW KDV D VLJQLILFDQW LPSDFW RQ WKH KHDW ORDG DQG SRZHU GHPDQG RI WKH +9$& V\VWHP� %\ FKDQJLQJ
RQO\ WKLV YDULDEOH� D FRQWUROOHG VFHQDULR LV FUHDWHG WKDW LVRODWHV WKH HIIHFW RI WHPSHUDWXUH FKDQJHV RQ
WKH PRGHOV¶ SUHGLFWLRQV� 7KLV PHWKRG DOORZV DQ DVVHVVPHQW RI KRZ ZHOO WKH PRGHOV KDQGOH FRQGLWLRQV
EH\RQG WKH RULJLQDO GDWD� SURYLGLQJ LQVLJKW LQWR WKHLU UHOLDELOLW\ XQGHU SRWHQWLDO IXWXUH FOLPDWH VFHQDULRV
RU XQH[SHFWHG WHPSHUDWXUH LQFUHDVHV�

)LJXUH ���� +HDW /RDG H[WUDSRODWLRQ ZKLWH ER[ PRGHO

)LJXUH ��� DQDO\VHV WKH H[WUDSRODWLRQ RI WKH ZKLWH ER[PRGHO� 7KH JUDSK VKRZV WKH UHODWLRQVKLS EHWZHHQ
WHPSHUDWXUH DQG KHDW ORDG� FRPSDUHV WKH RULJLQDO GDWD VHW DQG WKH H[WUDSRODWHG GDWD VHW� 7KH KHDW
ORDG VKRZV D SRVLWLYH FRUUHODWLRQ ZLWK WHPSHUDWXUH LQ ERWK GDWDVHWV� ,Q SDUWLFXODU� WKH H[WUDSRODWHG GDWD
H[WHQGV WKH KHDW ORDG UDQJH WR KLJKHU WHPSHUDWXUHV� ZKLOH PDLQWDLQLQJ D VLPLODU WUHQG WR WKDW REVHUYHG
LQ WKH RULJLQDO GDWDVHW�
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)LJXUH ���� 3RZHU H[WUDSRODWLRQ JUH\ DQG EODFN ER[ PRGHO

)LJXUH ��� FRPSDUHV WHPSHUDWXUH DQG SRZHU GHPDQG� WKH RULJLQDO JUH\ ER[ PRGHO GDWD DQG EODFN ER[
PRGHO GDWD LV VKRZQ� 7KHLU H[WUDSRODWHG FRXQWHUSDUWV DUH VKRZQ LQ JUHHQ DQG UHG� 7KH H[WUDSRODWHG
JUH\ ER[ PRGHO VKRZV DQ LQFUHDVHG SRZHU GHPDQG DW KLJKHU WHPSHUDWXUHV� IROORZLQJ WKH WUHQG RE�
VHUYHG LQ WKH RULJLQDO GDWD� 7KH H[WUDSRODWHG GDWD IURP WKH EODFN ER[ PRGHO DOVR IROORZV WKH WUHQG� EXW
DW D ORZHU SRZHU OHYHO�

$QDO\VLQJ WKH H[WUDSRODWLRQ FDSDELOLWLHV RI WKH PRGHOV UHYHDOV VHYHUDO NH\ SRLQWV� 7KH ZKLWH ER[ PRGHO
PDLQWDLQV WKH WUHQG REVHUYHG LQ WKH RULJLQDO GDWDVHW GXULQJ H[WUDSRODWLRQ� ZLWK WKH LQFUHDVHG IUHVK DLU
WHPSHUDWXUH UHVXOWLQJ LQ KLJKHU KHDW ORDGV DV H[SHFWHG�

)RU WKH JUH\ ER[ PRGHO� WKH H[WUDSRODWHG SRZHU GHPDQG DOLJQV ZHOO ZLWK WKH LQFUHDVHG WHPSHUDWXUH�
PDLQWDLQLQJ WKH WUHQG REVHUYHG LQ WKH RULJLQDO GDWD� 7KH UHVXOW FDQ QRW EH YDOLGDWHG VLQFH GDWD LQ WKLV
UDQJH LV PLVVLQJ� /RRNLQJ DW WKH RUJLQDO GDWD� LW VOLJKWO\ XQGHUHVWLPDWHV WKH H[SHFWHG WUHQG� EXW WKLV FDQ
DOVR EH GXH WR WKH IDFW WKDW WKH UHODWLYH KXPLGLW\ LV QRW FKDQJHG LQ WKH H[WUDSRODWLRQ�

7KH EODFN ER[ PRGHO� ZKLOH FDSDEOH RI IROORZLQJ WKH JHQHUDO WUHQG� VKRZV DQ XQGHUHVWLPDWLRQ RI WKH
SRZHU RYHU WKH ZKROH GDWD VHW� 7KLV VXJJHVWV WKDW WKH EODFN ER[ PRGHO DORQH LV OHVV DFFXUDWH WKHQ WKH
JUH\ ER[ PRGHO LQ H[WUDSRODWLRQ�

2YHUDOO� WKH JUH\ ER[ PRGHO GHPRQVWUDWHV JRRG H[WUDSRODWLRQ FDSDELOLWLHV� HIIHFWLYHO\ FRPELQLQJ WKH
VWUHQJWKV RI ERWK WKH ZKLWH ER[ DQG EODFN ER[ DSSURDFKHV� 7KH EODFN ER[ PRGHO DORQH� LV OHVV UHOLDEOH�
VXJJHVWLQJ WKDW D K\EULG DSSURDFK SURYLGHV PRUH UHOLDEOH UHVXOWV IRU SUHGLFWLQJ +9$& HQHUJ\ GHPDQG
XQGHU YDU\LQJ FRQGLWLRQV�



7
Conclusion

,Q WKH SUHYLRXV FKDSWHU WKH SRVVLEOH DSSOLFDWLRQV RI WKH PRGHO DUH RXWOLQHG� ,Q WKLV ILQDO FKDSWHU� FRQ�
FOXVLRQV ZLOO EH GUDZQ EDVHG RQ WKH UHVXOWV RI &KDSWHU �� )LUVW WKH UHVHDUFK TXHVWLRQV WKDW DUH GHWDLOHG
LQ VHFWLRQ ��� ZLOO EH DQVZHUHG� 6HFRQG� WKH PRGHO UHTXLUHPHQWV DUH LQYHVWLJDWHG WR GHWHUPLQH LI WKH
REMHFWLYHV KDYH EHHQ PHW� ,W FRQWLQXHV ZLWK WKH GLVFXVVLRQ ZKHUH WKH FRQWULEXWLRQV

7.1. Conclusion Research Questions
7R GHYHORS D IHDVLEOH PRGHO� VHYHUDO VXE�TXHVWLRQV DUH SURSRVHG LQ VHFWLRQ ���� 7KHVH TXHVWLRQV DUH
DQVZHUHG WKURXJKRXW WKLV UHSRUW DQG FDQ EH VXPPDULVHG DV EHORZ�

�� :KDW LV WKH VWDWH RI WKH DUW LQ SUHGLFWLQJ WKH HQHUJ\ FRQVXPSWLRQ RI +9$& V\VWHPV"
'LIIHUHQW PHWKRGV IRU +9$& HQHUJ\ GHPDQG HVWLPDWLRQV KDYH EHHQ GHYHORSHG� 7KH FXUUHQWO\
HPSOR\HG PHWKRG LV DQ HPSLULFDO PHWKRG ZLWK ORDG OLVWV� 7KLV PHWKRG LV XVHG WR RQO\ HVWLPDWH
WKH PD[LPXP SRZHU DW GLIIHUHQW WHPSHUDWXUHV� +RZHYHU� WKLV PHWKRG VKRZV ODUJH LQDFFXUDFLHV
DQG WKH ZHDWKHU FRQGLWLRQV XVHG IRU WKLV PHWKRG UDUHO\ RFFXU� 7KH PHWKRG LV KLJKO\ VXEMHFWLYH
DQG GHSHQGV RQ WKH H[SHULHQFH RI WKH H[WHUQDO FRQWUDFWRU� &XUUHQW FDOFXODWLRQ PHWKRGV EDVHG RQ
,62����� ������ VKRZ SURPLVLQJ UHVXOWV IRU IXWXUH XVH DQG LPSURYHPHQW� 7RJHWKHU ZLWK WKH GDWD
WKDW LV FROOHFWHG E\ )HDGVKLS RI WKHLU FXUUHQWO\ VDLOLQJ \DFKWV� D GDWD�GULYHQ PRGHOOLQJ DSSURDFK
FRXOG EH WKH VROXWLRQ�

�� :KDW DUH WKH PHWKRG UHTXLUHPHQWV WR PRGHO WKH HQHUJ\ FRQVXPSWLRQ RI +9$& V\VWHPV"
7KH SURSRVHG PHWKRG LV D ZKLWH ER[ PRGHO WKDW SURSRUWLRQV WKH FDOFXODWLRQV WR WKH DFWXDO ZHDWKHU
FRQGLWLRQV WR PDNH DQ HVWLPDWLRQ RI WKH KHDW ORDG DQG LQWHJUDWLQJ D EODFN ER[ PRGHO WKDW LQFRU�
SRUDWHV WKH DYDLODEOH YR\DJH GDWD WR SUHGLFW WKH SRZHU FRQVXPSWLRQ RI WKH +9$& V\VWHP� 7KH
PHWKRG UHTXLUHPHQWV DUH GHWDLOHG LQ VHFWLRQ ����

�� :KDW PHWKRGV DUH VXLWDEOH DQG LQ ZKDW ZD\V FDQPDFKLQH OHDUQLQJ DQG JUH\ ER[PRGHOOLQJ
FRQWULEXWH WR VROYLQJ WKH SUREOHP"
7KH SURSRVHG JUH\ ER[ PRGHO SURYLGHV D VROXWLRQ IRU SUHGLFWLQJ WKH +9$& HQHUJ\ GHPDQG XVLQJ
ERWK GDWD�GULYHQ DQG WUDQVSDUHQW DSSURDFK� 7KH VROR ZKLWH ER[ PRGHO RQO\ FDOFXODWHV WKH KHDW
ORDG� EXW GRHV QRW FRYHU HYHU\ DVSHFW RI WKH HVWLPDWLRQ SUREOHP� 7KH EODFN ER[ LV LPSOHPHQWHG
WR FRYHU WKHVH UHPDLQLQJ DVSHFWV ZLWK WKH KHOS RI 0DFKLQH OHDUQLQJ� DQ DUWLILFLDO QHXUDO QHWZRUN LQ
SDUWLFXODU� 7KH SURSRVHG PRGHO LV GHWDLOHG LQ VHFWLRQ ��� DQG LWV DSSOLFDWLRQ LV GHWDLOHG LQ VHFWLRQ
����

�� +RZ FDQ WKH LQWHJUDWLRQ RI WKH JUH\ ER[ DSSURDFK RSWLPLVH WKH SUHGLFWLRQ DQG XQGHUVWDQG�
LQJ RI +9$& V\VWHP HQHUJ\ FRQVXPSWLRQ"
7KH LQWHJUDWLRQ RI WKH JUH\ ER[ DSSURDFK LQWR WKH SUHGLFWLRQ RI +9$& V\VWHP HQHUJ\ FRQVXPSWLRQ
RSWLPLVHV SHUIRUPDQFH E\ FRPELQLQJ WKH VWUHQJWKV RI ZKLWH ER[ DQG EODFN ER[ PHWKRGV� 6SHFLI�
LFDOO\� WKH JUH\ ER[ PRGHO FRPELQHV WKH SUHFLVLRQ RI WKH ZKLWH ER[ PRGHO� ZKLFK LV D KHDW ORDG
FDOFXODWLRQ EDVHG RQ ,62����� ������ ZLWK VRODU UDGLDWLRQ DQG DFWXDO VHQVRU GDWD LQFOXGHG� DQG
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LQFRUSRUDWHV WKLV ZLWK WKH DGDSWDELOLW\ RI EODFN ER[PRGHOV� $Q DUWLILFLDO QHXUDO QHWZRUN LV SURSRVHG
DQG D JULG VHDUFK WR GHWHUPLQH WKH K\SHUSDUDPHWHUV RI WKH $11 LV H[SORUHG� %\ XVLQJ ERWK HPSLU�
LFDO GDWD DQG WKHRUHWLFDO SULQFLSOHV� WKH JUH\ ER[ DSSURDFK SURYLGHV D EDODQFHG� HIILFLHQW VROXWLRQ�

�� +RZ FDQ WKH DFFXUDF\ RI WKH PRGHO EH YDOLGDWHG"
7KH ZKLWH ER[ PRGHO FDQ EH YDOLGDWHG E\ GHULYLQJ WKH KHDW ORDG IURP WKH SRZHU GDWD XVLQJ HIILFLHQ�
FLHV RI WKH V\VWHP DQG D FDOFXODWHG &23 DV GHWDLOHG LQ ���� (YDOXDWLQJ WKH WZR UHVXOWV UHYHDOV WKDW
WKH KHDW ORDG FDOFXODWHG E\ WKH PRGHO LV ODJJLQJ� $GMXVWLQJ WKLV VKRZV LPSURYHPHQWV DFURVV WKH
ZKROH GDWD� 7KH ILQDO JUH\ ER[ PRGHO FDOFXODWHV WKH WRWDO SRZHU FRQVXPSWLRQ XVLQJ DQ $11� 7KLV
$11 PDNHV XVH RI D NIROG FURVV�YDOLGDWLRQ WR VHOHFW WKH RSWLPDO K\SHUSDUDPHWHUV RI WKH FRQILJX�
UDWLRQ RI WKH $11� 7KH UHVXOWV RI WKH RSWLPDO PRGHO DUH YDOLGDWHG DJDLQVW WKH SRZHU FRQVXPSWLRQ
UHFRUGHG LQ WKH YR\DJH GDWD� $ FRPSDULVRQ RI WKHVH UHVXOWV LQ VHFWLRQ ��� VKRZV WKDW WKH JUH\
ER[ PRGHO RXWSHUIRUPV WKH EODFN ER[ PRGHO E\ D VOLJKW LPSURYHPHQW� ZLWK D 0$3( DFFXUDF\ WKDW
LV ���� � KLJKHU�

�� +RZ FDQ WKH SURSRVHGPRGHO EH LPSOHPHQWHG LQ WKH GHVLJQ RI QHZ IXWXUH \DFKWV� DQG ZKDW
FULWHULD PXVW EH PHW WR FRQVLGHU LW WR EH VXFFHVVIXO"
:KHQ HYDOXDWLQJ WKH SUHGLFWLYH PRGHOV� WKH VROR %ODFN %R[� *UH\ %R[ DQG:KLWH %R[ PRGHOV HDFK
RIIHU GLVWLQFW DGYDQWDJHV EDVHG RQ WKHLU FRPSXWDWLRQDO FRPSOH[LW\ DQG GDWD KDQGOLQJ FDSDELOLWLHV�
7KH VROR ZKLWH ER[ PRGHO� DOWKRXJK FRPSXWDWLRQDOO\ LQWHQVLYH� LV HVVHQWLDO ZKHQ QR SULRU YR\DJH
GDWD LV DYDLODEOH RU ZKHQ RSHUDWLRQDO SDUDPHWHUV DUH EH\RQG WKH UDQJH RI WKH WUDLQHG GDWD� 7KH
DELOLW\ RI WKLV PRGHO WR PDNH SUHGLFWLRQV EDVHG RQ HQYLURQPHQWDO FRQGLWLRQV LV FULWLFDO IRU LQLWLDO HV�
WLPDWHV RI +9$& ORDGV� 7KH VROR EODFN ER[ PRGHO KDV D KLJK OHYHO RI DFFXUDF\ DW ������� PDNLQJ
LW VXLWDEOH IRU RSWLPLVLQJ WKH V\VWHPV RI WKH H[LVWLQJ \DFKW ZLWKLQ NQRZQ RSHUDWLQJ FRQGLWLRQV� 7KH
JUH\ ER[ PRGHO� VOLJKWO\ PRUH DFFXUDWH DW ������� EHQHILWV IURP DGGLWLRQDO LQSXW IURP WKH ZKLWH
ER[ PRGHO DQG SURPLVHV LPSURYHG SUHGLFWLYH SRZHU IRU \DFKWV VWLOO LQ WKH GHVLJQ SKDVH� 7KH H[�
WUDSRODWLRQ FDSDELOLWLHV VKRZ LPSURYHG UHVXOWV FRPSDUHG WR WKH VROR ZKLWH ER[ PRGHO� :KHQ PRUH
GDWD EHFRPHV DYDLODEOH� WKH JUH\ ER[ PRGHO FDQ LPSURYH LWV H[WUDSRODWLRQ FDSDELOLWLHV DQG LW FDQ
EH WUDLQHG XVLQJ WKH LQSXW IURP WKH ZKLWH ER[ PRGHO IURP GLIIHUHQW VKLSV�

7KH PDLQ UHVHDUFK TXHVWLRQ RI WKLV UHVHDUFK ZDV�

¶7R ZKDW H[WHQW FDQ GDWD IURP SUHYLRXVO\ EXLOW '91$ \DFKWV DFFXUDWHO\ SUHGLFW WKH HQHUJ\ FRQ�
VXPSWLRQ RI +HDWLQJ� 9HQWLODWLRQ DQG $LU &RQGLWLRQLQJ �+9$&� V\VWHPV LQ RUGHU WR LPSURYH WKH
GHVLJQ RI QHZ IXWXUH \DFKWV"¶

7KH GHYHORSPHQW RI D JUH\ ER[ PRGHO WR DQDO\VH VHQVRU GDWD DQG SUHGLFW HQHUJ\ GHPDQG LV D QRWDEOH
LPSURYHPHQW ZLWKLQ WKH OLPLWDWLRQV RI WKH DYDLODEOH GDWD� 7KLV PRGHO DOORZV DFFXUDWH SUHGLFWLRQV RI WKH
+9$& V\VWHP KHDW ORDG DQG SRZHU FRQVXPSWLRQ IRU WKH HDUO\ VWDJHV RI WKH GHVLJQ RI \DFKWV� SURYLGHG
WKDW LW IDOOV LQ WKH UDQJHV RI WKH GDWDVHW WKDW LW LV WUDLQHG RQ� :KHQ PRUH GDWD RI WKH HQHUJ\ GHPDQG RI
WKH +9$& V\VWHP RI GLIIHUHQW \DFKWV EHFRPHV DYDLODEOH� WKH JUH\ ER[ PRGHO FDQ EH H[SDQGHG� 2QFH
WKH SDUDPHWHUV RI D \DFKW KDYH EHHQ HVWLPDWHG DQG D RSHUDWLRQDO SURILOH KDV EHHQ VHW� SUHGLFWLRQV
FDQ EH PDGH DW D PRUH DFFXUDWH OHYHO WKDQ LV FXUUHQWO\ SRVVLEOH� ,Q DGGLWLRQ� D ZKLWH ER[ PHWKRG
KDV EHHQ GHYHORSHG WR JLYH LQVLJKW LQ WKH KHDW ORDG RI WKH +9$& V\VWHPV� 7KLV PHWKRG LPSURYHV WKH
XQGHUVWDQGLQJ RI HQHUJ\ FRQVXPSWLRQ WUHQGV DQG LGHQWLILHV DUHDV ZKHUH V\VWHP ORDGV DUH KLJK DQG
HQHUJ\ GLVWULEXWLRQ LV LQHIILFLHQW� 7KHVH PRGHOV DFKLHYH WKH SULPDU\ REMHFWLYHV RI WKLV WKHVLV� EXW DOVR
PDNH IXUWKHU UHVHDUFK SRVVLEOH�
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7KH UHVHDUFK FHQWUHG RQ WKH GHYHORSPHQW RI D SUHGLFWLYH JUH\ ER[ PRGHO WKDW LPSURYHV WKH DFFXUDF\
RI HQHUJ\ FRQVXPSWLRQ SUHGLFWLRQV E\ LQFRUSRUDWLQJ ERWK WKHRUHWLFDO SULQFLSOHV DQG HPSLULFDO GDWD� 7KH
FRQWULEXWLRQV RI WKLV UHVHDUFK DUH GHWDLOHG LQ VHFWLRQ ���� $OWKRXJK VLJQLILFDQW SURJUHVV KDV EHHQ PDGH�
WKH DSSOLFDELOLW\ RI WKH PRGHO LV OLPLWHG E\ VRPH FRQVWUDLQWV� ZKLFK DUH GLVFXVVHG LQ VHFWLRQ ���� $G�
GUHVVLQJ WKHVH OLPLWDWLRQV ZLWK UHFRPPHQGDWLRQV LV HVVHQWLDO WR UHILQH WKH PRGHO¶V HIIHFWLYHQHVV DQG
HQVXUHV LWV SUDFWLFDO XVH LQ \DFKW GHVLJQ DQG RSHUDWLRQ� 7KHVH SRWHQWLDO LPSURYHPHQWV DUH SURSRVHG
LQ VHFWLRQ ����

8.1. Contributions
7KLV UHSRUW SUHVHQWV D FRPSUHKHQVLYH PHWKRG IRU PRGHOOLQJ WKH HQHUJ\ FRQVXPSWLRQ RI +HDWLQJ� 9HQ�
WLODWLRQ DQG $LU &RQGLWLRQLQJ V\VWHPV IRU \DFKWV� 7KURXJK WKH GHYHORSPHQW RI D JUH\ ER[ SUHGLFWLYH
PRGHO� FRQWULEXWLRQV KDYH EHHQ PDGH WR WKH ILHOG RI PDULQH +9$& HQHUJ\ GHPDQG HVWLPDWLRQV� 7KH
PDLQ FRQWULEXWLRQV RI WKLV VWXG\ DUH RXWOLQHG EHORZ�

� 'HYHORSPHQW RI D JUH\ ER[ PRGHO� 2QH RI WKH PDMRU FRQWULEXWLRQV RI WKLV WKHVLV LV WKH GHYHORS�
PHQW DQG UHILQHPHQW RI D JUH\ ER[PRGHO WKDW FRPELQHV WKH WUDQVSDUHQF\ RI ZKLWH ER[PRGHOV ZLWK
WKH SUHGLFWLYH SRZHU RI EODFN ER[ DSSURDFKHV� 7KLV PRGHO XVHV ERWK HPSLULFDO GDWD IURP \DFKW
YR\DJHV DQG WKHRUHWLFDO SULQFLSOHV GHULYHG IURP VWDQGDUG SURWRFROV E\ ,62����� ������� %\ LQ�
WHJUDWLQJ PDFKLQH OHDUQLQJ WHFKQLTXHV� VSHFLILFDOO\ DUWLILFLDO QHXUDO QHWZRUNV� WKH PRGHO DGDSWV
WR YDU\LQJ ZHDWKHU FRQGLWLRQV DQG RSHUDWLRQDO SDUDPHWHUV� SURYLGLQJ D WRRO IRU SUHGLFWLQJ +9$&
HQHUJ\ UHTXLUHPHQWV ZLWK LPSURYHG DFFXUDF\ IRU WKH HDUO\ VWDJHV RI WKH GHVLJQ RI QHZ \DFKWV�

� ,PSURYLQJ SUHGLFWLRQ DFFXUDF\� 7KH JUH\ ER[ PRGHO GHYHORSHG LQ WKLV VWXG\ GHPRQVWUDWHG DQ
LPSURYHPHQW LQ SUHGLFWLRQ DFFXUDF\ RYHU D VROR EODFN ER[ PRGHO� ,Q D FRPSDULVRQ ZLWK WKH VROR
EODFN ER[ PRGHO� WKH JUH\ ER[ DSSURDFK KDV VKRZQ D VPDOO EXW QRWDEOH LQFUHDVH LQ DFFXUDF\� ZLWK
D 0HDQ $EVROXWH 3HUFHQWDJH (UURU �0$3(� WKDW LV ����� EHWWHU WKDQ WKH EODFN ER[ PRGHO� 7KLV
LPSURYHPHQW LV FUXFLDO IRU RSWLPLVLQJ HQHUJ\ PDQDJHPHQW RQ \DFKWV� OHDGLQJ WR EHWWHU UHVRXUFH
DOORFDWLRQ DQG RSHUDWLRQDO HIILFLHQF\�

� $SSOLFDWLRQ WR \DFKW GHVLJQ� 7KH ZKLWH ER[ PRGHO GHYHORSHG� LV GLUHFWO\ UHOHYDQW WR WKH GHVLJQ RI
QHZ \DFKWV DQG WKH RSWLPLVDWLRQ RI H[LVWLQJ YHVVHOV� 7KH KHDW ORDG FDOFXODWLRQ DW YDULRXV ZHDWKHU
FRQGLWLRQV FDQ EH XVHG WR GXULQJ WKH GHVLJQ VWDJHV RI D \DFKW WR HQVXUH WKDW +9$& V\VWHPV DUH
WDLORUHG WR WKH XQLTXH FRQGLWLRQV HDFK \DFKW ZLOO IDFH�

� 0HWKRGRORJLFDO FRQWULEXWLRQV� 7KLV UHSRUW KDV GHWDLOHG WKH LQWHJUDWLRQ RI PXOWLSOH PHWKRGV LQ WKH
ZKLWH ER[ PRGHO� 7KH PHWKRGRORJLFDO DGYDQFHV PDGH KHUH� LQFOXGLQJ WKH XVH RI PHWKRGV VXFK
DV WKH LQWHJUDWLRQ RI WKH VRODU UDGLDWLRQ PRGHO DQG WKH VXUIDFH WHPSHUDWXUH FDXVHG E\ WKH VRODU
UDGLDWLRQ� SDYH WKH ZD\ IRU IXWXUH UHVHDUFK DQG GHYHORSPHQW� 7KHVH PHWKRGRORJLHV SURYLGH D
VFDODEOH VROXWLRQ WKDW FDQ EH DGDSWHG WR GLIIHUHQW W\SHV RI YHVVHOV EH\RQG \DFKWV�
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8.2. Limitations
:KLOH WKH GHYHORSPHQW RI SUHGLFWLYH PRGHOV IRU +9$& V\VWHP HQHUJ\ FRQVXPSWLRQ KDV OHG WR WKHVH
FRQWULEXWLRQV� WKHUH DUH OLPLWDWLRQV WKDW PXVW EH DFNQRZOHGJHG WR IXOO\ XQGHUVWDQG WKH VFRSH DQG DSSOL�
FDWLRQ RI WKH UHVXOWV� 7KHVH OLPLWDWLRQV DIIHFW WKH RYHUDOO HIIHFWLYHQHVV DQG DSSOLFDELOLW\ RI WKH PRGHOV
LQ VSHFLILF RSHUDWLRQDO VFHQDULRV�

� 'HSHQGHQFH RQ H[WHUQDO GDWD IRU IUHVK DLU KXPLGLW\� 2QH RI WKH QRWDEOH OLPLWDWLRQV LV WKH UHOLDQFH
RQ WKH (&0:) ������ ZHDWKHU GDWDEDVH IRU IUHVK DLU KXPLGLW\ GDWD� ZKLFK ZDV QRW SUHVHQW LQ WKH
RULJLQDO VHQVRU GDWDVHW� 7KLV GHSHQGHQF\ SRWHQWLDOO\ LQWURGXFHV YDULDELOLW\ DQG XQFHUWDLQW\ LQWR
WKH PRGHOV� DV WKH H[WHUQDO GDWD PD\ QRW SHUIHFWO\ PDWFK WKH VSHFLILF FRQGLWLRQV H[SHULHQFHG E\
WKH +9$& V\VWHPV RQ WKH \DFKWV� 7KH DFFXUDF\ RI WKH KXPLGLW\ GDWD LV FULWLFDO IRU DFFXUDWH HQHUJ\
FRQVXPSWLRQ SUHGLFWLRQV DQG DQ\ GLVFUHSDQFLHV LQ WKLV GDWD FDQ DIIHFW WKH PRGHO RXWSXWV�

� ([FOXVLRQ RI UHKHDW DQG IDQ FRLO FRQWULEXWLRQV� 7KH SUHGLFWLYH PRGHOV GR QRW FXUUHQWO\ LQFOXGH WKH
FRQWULEXWLRQV RI UHKHDWHUV DQG IDQFRLOV� DV WKH VXSSO\ DLU PHDVXUHPHQWV DUH WDNHQ DIWHU WKHVH
FRPSRQHQWV LQ WKH ILYH $& XQLWV� 7KHVH FDQ EH LQFOXGHG LI WKH VXSSO\ WHPSHUDWXUHV SHU URRP DUH
PHDVXUHG LQ WKH VHQVRU GDWD�

� &KDOOHQJHV LQ PRGHOOLQJ� ,QLWLDOO\� D PHWKRG ZDV SURSRVHG WR VSOLW WKH HQHUJ\ GHPDQG DFURVV WKH
ILYH $& ]RQHV� 7KLV ZRXOG DOUHDG\ DGYDQFH WKH PHWKRG WR ILYH GLIIHUHQW ]RQHV DQG JLYH D ]RQDO
GHVLJQ LQVWHDG RI WKH ZKROH \DFKW� +RZHYHU� WKLV DSSURDFK SURYHG LPSUDFWLFDO GXH WR D ODFN RI
GDWD RQ KRZ WKH SRZHU IURP WKH FKLOOHU LV DOORFDWHG WR HDFK $&8� :LWKRXW WKLV FULWLFDO LQIRUPDWLRQ�
LW LV QRW SRVVLEOH WR DFFXUDWHO\ PRGHO DQG SUHGLFW WKH VSHFLILF HQHUJ\ FRQVXPSWLRQ IRU HDFK ]RQH�

� 2PLVVLRQ RI DFWXDO RFFXSDQF\ GDWD� 7KH ZKLWH ER[ PRGHO� GHVLJQHG WR SUHGLFW +9$& HQHUJ\
GHPDQG EDVHG RQ WKHRUHWLFDO DQG HQYLURQPHQWDO SDUDPHWHUV� GRHV QRW LQFRUSRUDWH DFWXDO RFFX�
SDQF\ GDWD� ,QVWHDG DQ HVWLPDWLRQ LV PDGH SHU URRP� 2FFXSDQF\ OHYHOV KDYH DQ LPSDFW RQ WKH
KHDW ORDG� DV WKH SUHVHQFH DQG DFWLYLW\ OHYHOV RI SHRSOH DIIHFW WKH QHHG IRU KHDWLQJ� FRROLQJ DQG
YHQWLODWLRQ�

7KHVH OLPLWDWLRQV KLJKOLJKW WKH QHHG IRU LPSURYHG GDWD FROOHFWLRQ PHWKRGV DQG PRGHO DGMXVWPHQWV WR
LPSURYH WKH DFFXUDF\ DQG UHOLDELOLW\ RI WKH PRGHO� $GGUHVVLQJ WKHVH LVVXHV ZLOO EH FULWLFDO IRU IXWXUH
LWHUDWLRQV RI WKH PRGHOV WR HQDEOH PRUH DFFXUDWH VROXWLRQV IRU \DFKW +9$& V\VWHPV�

8.3. Recommendations
$ QXPEHU RI UHFRPPHQGDWLRQV DUH SURSRVHG WR DGGUHVV WKH OLPLWDWLRQV LGHQWLILHG LQ WKH SUHYLRXV VHF�
WLRQ� 7KHVH UHFRPPHQGDWLRQV DLP WR LPSURYH GDWD DFFXUDF\� PRGHO FRPSUHKHQVLYHQHVV DQG RYHUDOO
SUHGLFWLRQ UHOLDELOLW\� $GGUHVVLQJ WKHVH DUHDV LV FULWLFDO WR UHILQLQJ WKH PRGHO DQG HQVXULQJ LWV SUDFWLFDO
DSSOLFDWLRQ LQ \DFKW GHVLJQ DQG RSHUDWLRQ�

� )$+ VHQVRU GDWD� $V KXPLGLW\ VHQVRUV DUH DOUHDG\ LQVWDOOHG RQ WKH \DFKWV� EXW DUH UHSRUWLQJ
LQDFFXUDWH GDWD �UHDGLQJ ]HUR�� LW LV LPSRUWDQW WR DGGUHVV WKLV LVVXH� $ GLDJQRVWLF VKRXOG EH FDUULHG
RXW WR GHWHUPLQH ZKHWKHU WKH SUREOHP LV ZLWK WKH VHQVRU KDUGZDUH� VRIWZDUH RU GDWD WUDQVPLVVLRQ
SURFHVVHV� 7KH DYDLODELOLW\ RI WKLV GDWD FDQ IXUWKHU HQKDQFH WKH PRGHO�

� ,QFOXVLRQ RI UHKHDWHUV DQG IDQ FRLOV LQ WKH PRGHO� 7KH FXUUHQW H[FOXVLRQ RI UHKHDWHUV DQG IDQ
FRLOV IURP PRGHO FDOFXODWLRQV LV D VLJQLILFDQW OLPLWDWLRQ� ,W LV UHFRPPHQGHG WR PRGLI\ WKH VHQVRU
VHWXS WR FDSWXUH GDWD EHIRUH DQG DIWHU WKHVH FRPSRQHQWV ZLWKLQ WKH +9$& V\VWHP� 7KLV GDWD
ZLOO DOORZ WKH FRQWULEXWLRQ RI UHKHDWHUV DQG IDQFRLOV WR EH DFFXUDWHO\ DVVHVVHG DQG LQFOXGHG LQ
WKH HQHUJ\ FRQVXPSWLRQ SUHGLFWLRQV� SURYLGLQJ D PRUH FRPSUHKHQVLYH XQGHUVWDQGLQJ RI WKH WRWDO
HQHUJ\ GHPDQG� $ DQDO\VLV RI WKH SRZHU FRQVXPSWLRQ RI WKH UHKHDWHUV LV SURYLGHG LQ '�

� (QHUJ\ GLVWULEXWLRQ IRU $& ]RQHV� 7R DGGUHVV WKH FKDOOHQJH RI GLVWULEXWLQJ HQHUJ\ GHPDQG DFURVV
WKH ILYH DLU FRQGLWLRQLQJ ]RQHV� DQ DSSURDFK XVLQJ DGGLWLRQDO GDWD LV UHFRPPHQGHG� 6SHFLILFDOO\�
WKH WHPSHUDWXUHV RI WKH FKLOOHG ZDWHU HQWHULQJ DQG OHDYLQJ HDFK $&8 FDQ SURYLGH FULWLFDO LQVLJKW
LQWR WKH WKHUPDO HQHUJ\ WUDQVIHU ZLWKLQ HDFK ]RQH� 7KH PDVV IORZ RI WKH DLU LV DOVR QHHGHG IRU WKLV
PHWKRG� ZKLFK LV QRW PHDVXUHG DW WKLV SRLQW� ,PSOHPHQWLQJ WKLV PHDVXUHPHQW VHWXS ZLOO QRW RQO\
DOORZ YDOLGDWLRQ RI HQHUJ\ FRQVXPSWLRQ SHU ]RQH� EXW ZLOO DOVR VXSSRUW D ]RQDO GHVLJQ DSSURDFK
IRU WKH \DFKW� SUHGLFWLQJ HQHUJ\ FRQVXPSWLRQ EDVHG RQ WKH VL]H RI WKHVH ]RQHV�
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� &ROOHFWLQJ RFFXSDQF\ GDWD WKURXJK FUHZ UHSRUWV� 7KH FUHZ SRVVLEO\ PDLQWDLQV D GDLO\ ORJ RU
LWLQHUDU\ DOUHDG\ WKDW UHFRUGV WKH QXPEHU RI RFFXSDQWV� 7KLV PHWKRG ZRXOG XVH WKH FUHZ¶V URXWLQH
DFWLYLWLHV WR FROOHFW UHDO�WLPH GDWD ZLWKRXW DGGLWLRQDO KDUGZDUH FRVWV� 7KH DGYDQWDJH RI WKLV LV WKDW
WKH FUHZ PD\ DOUHDG\ KDYH KLVWRULFDO GDWD� PDNLQJ RWKHU KLVWRULFDO GDWD XVDEOH�

� $QDO\VLV RI SRZHU VHQVRU GDWD YDULDQFH� 7KH KLJK YDULDQFH REVHUYHG LQ SRZHU VHQVRU GDWD� ZKLFK
FRQWULEXWHV WR HUURUV LQ HQHUJ\ FRQVXPSWLRQ HVWLPDWHV� QHHGV WR EH WKRURXJKO\ LQYHVWLJDWHG� $
GHWDLOHG DQDO\VLV LV UHFRPPHQGHG WR LGHQWLI\ WKH VRXUFHV RI WKLV YDULDQFH� )DFWRUV VXFK DV VHQVRU
FDOLEUDWLRQ� SODFHPHQW DQG PDLQWHQDQFH VKRXOG EH LQYHVWLJDWHG WR HQVXUH GDWD LQWHJULW\� 7KH
HQYLURQPHQWDO FRQGLWLRQV LQFOXGHG LQ WKH EODFN ER[ FDQ QRW FODULI\ WKLV YDULDQFH DW WKLV SRLQW� ZKLFK
PDNHV LW KLJKO\ OLNHO\ WKDW VRPHWKLQJ HOVH LV FDXVLQJ WKH YDULDQFH�

,PSOHPHQWLQJ WKHVH UHFRPPHQGDWLRQV ZLOO VLJQLILFDQWO\ LPSURYH WKH DELOLW\ RI SUHGLFWLYH PRGHOV WR DFFX�
UDWHO\ HVWLPDWH WKH KHDW ORDG DQG +9$& HQHUJ\ FRQVXPSWLRQ� WKHUHE\ LPSURYLQJ HQHUJ\ PDQDJHPHQW
DQG RSHUDWLRQDO HIILFLHQF\ RQ WKH \DFKWV� 7KHVH LPSURYHPHQWV DUH HVVHQWLDO IRU WKH GHYHORSPHQW RI
PRUH VXVWDLQDEOH DQG HIILFLHQW PDULQH +9$& V\VWHPV�
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A
Absorption and convective heat

coefficient

)LJXUH $��� 5HIOHFWLYH FRHIILFLHQWV IRU GLIIHUHQW FRORXUV �YDQ :LMQJDDUGHQ DQG (O 0RXKDQGL]� �����

7KH FDOFXODWLRQ RI WKH DEVRUSWLRQ FRHIILFLHQW DFFRUGLQJ WR YDQ :LMQJDDUGHQ DQG (O 0RXKDQGL] ������ LV
DV IROORZV�

α = 1−R �$���

:LWK R DV WKH UHIOHFWLYH FRHIILFLHQW DQG α DV WKH DEVRUSWLRQ FRHIILFLHQW� )RU WKH FRQYHFWLYH KHDW WUDQV�
IHU FRHIILFLHQW WKH ZLQGVSHHG va LV QHHGHG� $FFRUGLQJ WR �)HDGVKLS� ����� FRQYHFWLYH KHDW WUDQVIHU
FRHIILFLHQW LV FDOFXODWHG E\�

hc =

{
(6.2 + 4.2 · va) IRU va ≤ 5P�V
(7.53 · v0.78a ) IRU va > 5P�V

�$���
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B
White Box Model Development

$W WKH EHJLQQLQJ RI WKH GHYHORSPHQW RI WKH PRGHO� D VSHFLILF \DFKW ZDV VHOHFWHG IRU ZKLFK GDWD LV UHDGLO\
DYDLODEOH� 7KH FKRVHQ \DFKW KDV DQ H[LVWLQJ OD\RXW DQG LV FXUUHQWO\ RSHUDWLRQDO� HQVXULQJ WKH DYDLODELOLW\
RI VXIILFLHQW GDWD IRU DQ HQHUJ\ GHPDQG HVWLPDWLRQ� $Q ([FHO VSUHDGVKHHW ZDV FUHDWHG WR FRPSLOH DOO
UHOHYDQW LQIRUPDWLRQ DERXW WKH \DFKW� LQFOXGLQJ LWV GLPHQVLRQV� PDWHULDOV� DQG YROXPHV� DPRQJ RWKHU
GHWDLOV� 7KLV VSUHDGVKHHW LV WKHQ XVHG ZLWKLQ D 3\WKRQ VFULSW WR SHUIRUP WKH ILQDO FDOFXODWLRQV� DOORZLQJ
WKH PHWKRGRORJ\ WR EH DSSOLHG WR RWKHU \DFKWV DV ZHOO�

B.0.1. General Arrangement Spreadsheet
7KH JHQHUDO DUUDQJHPHQW �*$� RI DOO WKH URRPV WKDW DUH FRQQHFWHG WR WKH \DFKWV +9$& V\VWHP DUH FRO�
OHFWHG LQ D VSUHDGVKHHW EXLOW E\ '91$� $OO FRQQHFWHG VXUIDFHV WR WKH DUHD DUH OLVWHG ZLWK WKHLU UHVSHFWHG
DUHD� ERXQGDU\ W\SH� DGMRLQLQJ VSDFH DQG H[WHULRU ILQLVK�

)LJXUH %��� ([DPSOH URRP IURP WKH *HQHUDO $UUDQJHPHQW VSUHDGVKHHW
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B.0.2. Python Calculation
7KH VFULSW LV GHVLJQHG WR FDOFXODWH WKH WKHUPDO ORDGV DQG DLU FRQGLWLRQLQJ UHTXLUHPHQWV IRU YDULRXV DUHDV
RU URRPV ZLWKLQ WKH \DFKW� 7KH DSSOLFDWLRQ SURFHVVHV WKH *$ VSUHDGVKHHW WKDW FRQWDLQV YDULRXV VKHHWV
ZLWK UHOHYDQW GDWD IRU WKHVH FDOFXODWLRQV�

7R EH DEOH WR XVH WKH VFULSW IRU RWKHU \DFKWV ZLWK GLIIHUHQW GLPHQVLRQV D JHQHULF FDOFXODWLRQ PHWKRG LV
XVHG�

� $W WKH VWDUW� WKH VFULSW UHTXLUHV WKH XVHU WR VSHFLI\ WKH QXPEHU RI URRPV RQ WKH \DFKW DQG WKH
QXPEHU RI DLU FRQGLWLRQLQJ XQLWV DUH LQ RSHUDWLRQ RQ WKH \DFKW� $GGLWLRQDOO\� WKH XVHU PXVW SURYLGH
WKH ILOH SDWKV IRU WKH YR\DJH GDWD DQG WKH *$ VSUHDGVKHHW�

� 7KH VFULSW SURFHVVHV WKH *$ VSUHDGVKHHW� 7KLV GDWD IRUPV WKH EDFNERQH RI WKH WKHUPDO ORDG
DQDO\VLV� SURYLGLQJ WKH HVVHQWLDO DWWULEXWHV DQG FRHIILFLHQWV UHTXLUHG IRU DFFXUDWH FDOFXODWLRQV�

� )RU HDFK GDWD SRLQW ZLWKLQ WKH YR\DJH GDWD� WKH VFULSW XSGDWHV D GHGLFDWHG WHPSHUDWXUH WDEOH�
DGMXVWLQJ WKH YDOXHV WR UHIOHFW WKH FXUUHQW HQYLURQPHQWDO FRQGLWLRQV� ,W VHWV WKH WHPSHUDWXUHV
DQG KXPLGLW\¶V IRU IUHVK DLU� UHWXUQ DLU� DQG VXSSO\ DLU EDVHG RQ WKH VSHFLILF GDWD SRLQW XQGHU
FRQVLGHUDWLRQ� 6XEVHTXHQWO\� LW FDOFXODWHV WKH HQWKDOS\ RI WKHVH FRQGLWLRQV�

� 7KH DQDO\VLV H[WHQGV WR HYDOXDWLQJ WKH VXUIDFH WHPSHUDWXUHV IRU ERWK YHUWLFDO DQG KRUL]RQWDO VXU�
IDFHV� LQFRUSRUDWLQJ YDULDWLRQV IRU OLJKW DQG GDUN ILQLVKHV�

� 7KH FDOFXODWLRQ GHWDLOHG LQ VXEVHFWLRQ ��� LV WKHQ SHUIRUPHG IRU HYHU\ URRP LQ WKH \DFKW� )RU
HDFK $& V\VWHP DQG GDWD SRLQW� WKH VFULSW FDOFXODWHV YDULRXV WKHUPDO SDUDPHWHUV VXFK DV WKH
WHPSHUDWXUH GLIIHUHQFHV RQ ERWK VLGHV RI WKH VXUIDFHV� VRODU KHDW� WKHUPDO KHDW E\ ZLQGRZV� DQG
WRWDO KHDW IRU HDFK DUHD� ,W LWHUDWHV WKURXJK WKH VXUIDFHV RI HYHU\ URRP DQG XVHV D IXQFWLRQ WR IHWFK
YDOXHV EDVHG RQ PDWFKLQJ FRQGLWLRQV IURP WKH *$ VSUHDGVKHHW� ,W ZRUNV OLNH D ORRN XS IXQFWLRQ�
6RPH WDEOHV XVHG IRU UHIHUHQFH� OLNH WKH ERXQGDU\ W\SH WDEOH VKRZQ LQ )LJXUH %��� VWD\ WKH VDPH
IRU WKH ZKROH DQDO\VLV� ,W JLYHV HDFK VXUIDFH D k YDOXH DQG HDFK ZLQGRZ D k DQG G YDOXH� ,Q
FRQWUDVW� WDEOHV OLNH WKH ]RQH WHPSHUDWXUH WDEOH LQ )LJXUH %�� JHW XSGDWHG ZLWK QHZ GDWD HDFK
WLPH�

)LJXUH %��� %RXQGDU\ W\SHV ZLWK FRUUHVSRQGLQJ N DQG *
YDOXHV LQ WKH ORRN XS WDEOH�

)LJXUH %��� 7HPSHUDWXUHV RI GLIIHUHQW DUHDV LQ WKH \DFKW
DW D FHUWDLQ GDWD SRLQW� FROOHFWHG LQ D ORRN XS WDEOH

� $IWHU FRPSXWLQJ DOO WKHVH SDUDPHWHUV DFURVV GLIIHUHQW GDWD SRLQWV DQG DUHDV� WKH VFULSW DJJUHJDWHV
WKLV GDWD WR SURYLGH DQ RYHUYLHZ RI WKH KHDW ORDG DQG FRROLQJ UHTXLUHPHQWV SHU $& XQLW�

,Q VXPPDU\� WKH VFULSW LV D WRRO IRU DQDO\VLQJ WKHUPDO ORDGV DQG GHWHUPLQLQJ WKH DLU FRQGLWLRQLQJ UH�
TXLUHPHQWV IRU GLIIHUHQW DUHDV ZLWKLQ D \DFKW� IDFWRULQJ LQ YDULRXV G\QDPLF DQG VWDWLF LQSXWV WR SURYLGH
GHWDLOHG DQG FXVWRPLVHG FRROLQJ SURILOHV IRU HDFK DUHD�



C
Complete White Box Results

)LJXUH &��� &RPSOHWH :KLWH ER[ PRGHO UHVXOWV ZLWK WKH IUHVK DLU WHPSHUDWXUH DQG KXPLGLW\
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D
Reheater addition

,Q DGGLWLRQ WR WKH UHFRPPHQGDWLRQ DQ DQDO\VLV LV GRQH RI WKH FRQWULEXWLRQ RI WKH UHKHDWHUV WRW WKH WRWDO
+9$& HQHUJ\ GHPDQG� )LJXUH '�� VKRZV WKH WKH UHKHDWHUV LQ TXHVWLRQ� 7KH UHKHDWHUV DUH H[FOXGHG
IURP WKH PRGHO GXH WR WKH IDFW WKDW WKHUH LV QR LQIRUPDWLRQ DYDLODEOH RQ WKH HYHQWXDO VXSSO\ DLU WHPSHUD�
WXUH SHU DUHD� 7KH SRZHU RI WKH $& XQLWV LV WKH FRPELQHG SRZHU RI WKH KHDWHU� KXPLGLILHU� VZLWFKERDUG
DQG IDQV�

)LJXUH '��� 6FKHPDWLF RI WKH +9$& V\VWHP RI WKH \DFKW�

71



72

$ ZD\ WR UHGXFH WKH HQHUJ\ FRQVXPSWLRQ RI WKH VKLS LV WR UHSODFH WKHVH UHKHDWHUV E\ KHDWHUV WKDW ZRUN
RQ ZDVWH KHDW� 7KH IROORZLQJ GDWD LV DQDO\VHG WR XQGHUVWDQG KRZ PXFK HQHUJ\ FDQ EH VDYHG� )LJXUH
'�� DQG '�� VKRZ WKH WRWDO SRZHU GHPDQG RI WKH UHKHDWHUV� DQG WKH FRQWULEXWLRQ RI WKH UHKHDWHUV RQ
WKH WRWDO RI WKH +9$& V\VWHP� 7KH UHKHDWHUV FRQWULEXWH WR ����� RI WKH WRWDO +9$& FRQVXPSWLRQ RQ
DYHUDJH�

)LJXUH '��� 6WDFNHG $UHD *UDSK 3RZHU 'HPDQG�

)LJXUH '��� 0HDQ 3HUFHQWDJH RI 7RWDO 3RZHU &RQVXPSWLRQ SHU FRQVXPHU
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7KHUH LV QRW PXFK FRUUHODWLRQ YLVLEOH EHWZHHQ WKH IUHVK DLU WHPSHUDWXUH DQG WKH WRWDO SRZHU RI WKH
UHKHDWHUV� EXW WKH DYHUDJH VHHPV WR GHFUHDVH DW KLJKHU WHPSHUDWXUHV�

)LJXUH '��� )UHVK $LU 7HPSHUDWXUH YV� 7RWDO 3RZHU 5HKHDWHUV�

)LJXUH '���
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)LJXUH '�� VKRZV D ER[ SORW IRU HYHU\ UHKHDWHU� ,W VKRZV WKDW WKHUH DUH VHYHUDO URRPV ZLWK D KLJK
GHPDQG� 7KHVH DUH WKH ODUJHU URRPV RI WKH \DFKW OLNH WKH ORXQJH� GLQLQJ� RZQHUV VWDWHURRP RU EULGJH�
7KHVH URRPV KDYH PXOWLSOH UHKHDWHUV� 7KH ER[ SORW UHYHDOV PXOWLSOH RXWOLHUV IRU WKH SRZHU FRQVXPSWLRQ
RI LQGLYLGXDO UHKHDWHUV� 7KHVH RXWOLHUV DUH DWWULEXWHG WR WKH YDU\LQJ XVDJH SDWWHUQV RI WKH URRPV� )RU
LQVWDQFH� WKH RZQHU¶V VWDWHURRP RQO\ FRQVXPHV SRZHU ZKHQ WKH RZQHU LV RQ WKH \DFKW� &RQVHTXHQWO\�
GXULQJ WKH RZQHU¶V LQIUHTXHQW YLVLWV� WKH SRZHU XVDJH VSLNHV� FUHDWLQJ RXWOLHUV LQ WKH GDWD� DV WKH V\VWHP
LV W\SLFDOO\ WXUQHG RII ZKHQ WKH URRP LV XQRFFXSLHG�

)LJXUH '��� %R[SORW RI 3RZHU &RQVXPSWLRQ E\ (DFK 5HKHDWHU�

$V VWDWHG EHIRUH� UHKHDWHUV LQ WKH +9$& V\VWHP RI WKH \DFKW DFFRXQW IRU ����� RI WRWDO SRZHU FRQVXPS�
WLRQ� SUHVHQWLQJ D VLJQLILFDQW RSSRUWXQLW\ IRU HQHUJ\ VDYLQJV�

/DUJHU URRPV VXFK DV WKH ORXQJH� GLQLQJ DUHD� RZQHU¶V VWDWHURRP� DQG EULGJH KDYH WKH KLJKHVW UHKHDWHU
SRZHU GHPDQGV�

5HSODFLQJ UHKHDWHUV ZLWK ZDVWH KHDW KHDWHUV FDQ VLJQLILFDQWO\ UHGXFH +9$& HQHUJ\ FRQVXPSWLRQ� ,W
LV UHFRPPHQGHG WR SULRULWLVH WKLV UHSODFHPHQW LQ WKH ODUJHU� KLJK�GHPDQG DUHDV WR PD[LPLVH HQHUJ\
VDYLQJV DQG LPSURYH RYHUDOO HIILFLHQF\�
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