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7KLV� SDSHU� GHDOV� ZLWK� D� QXPHULFDO� VWXG\� RI� WKH�
WKHUPDO� SHUIRUPDQFH� RI� DQ� (DUWK�WR�$LU� +HDW�
([FKDQJHU��($+;��FRQQHFWHG�WR�D�YLOOD�W\SH�KRXVH�
ORFDWHG� LQ�0DUUDNHFK� VXEXUE�� 7KH� ($+;� FRQVLVWV�
RI� �� SDUDOOHO� DQG� LGHQWLFDO� 39&� SLSHV� RI� ����� P�
OHQJWK� HDFK� DQG� ��� FP� LQVLGH� GLDPHWHU�� 7KH� SLSHV�
DUH�EXULHG�DW���������P�GHSWK��'\QDPLF�VLPXODWLRQV�
ZHUH�FDUULHG�RXW� IRU� WKH�\HDU������XVLQJ�7516<6�
VRIWZDUH��7\SH�������7\SLFDO�DLU�WHPSHUDWXUHV�DW�WKH�
($+;�RXWOHW�DUH�LQ�WKH�LQWHUYDO����������&�IRU�WKH�
KRW�SHULRG�RI�WKH�\HDU��$SULO�$XJXVW���ZKLOH�IRU�WKH�
VDPH�SHULRG��WKH�PD[LPXP�DPELHQW�DLU�WHPSHUDWXUH�
RIWHQ�UHDFKHV�����&��)RU�WKH�KRW�SHULRG�RI�WKH�\HDU��
WKH�($+;�SURFXUHV� D� WHPSHUDWXUH� UHGXFWLRQ� XS� WR�
����� �&�� 7KLV� VWXG\� VKRZV� WKDW� WKH� ($+;� LV� DQ�
HIILFLHQW� V\VWHP� IRU� EXLOGLQJ� DLU� UHIUHVKPHQW� IRU�
0DUUDNHFK�FOLPDWH��

,1752'8&7,21��

7KHUH� LV� VLJQLILFDQW� ULVH� LQ� WKH� XVH� RI� DLU�
FRQGLWLRQLQJ� V\VWHPV� LQ�0DUUDNHFK� GXULQJ� WKH� ODVW�
GHFDGHV��7KLV�OHDGV�WR�D�KXJH�LQFUHDVH�RI�HOHFWULFLW\�
FRQVXPSWLRQ� DQG� DOVR� WKH� HOHFWULF� SHDN� ORDG��
&RPIRUW� FRROLQJ� FRQVXPHV� VXEVWDQWLDO� DPRXQWV� RI�
HQHUJ\� LQ� KRW� FOLPDWHV�� ,W� LV� HVWDEOLVKHG� WKDW� D�
FRQGLWLRQHG� EXLOGLQJ� FRQVXPHV� DOPRVW� ���� WLPHV�
PRUH� HQHUJ\� FRPSDUHG� WR� LWV� FRQVXPSWLRQ�ZLWKRXW�
DLU�FRQGLWLRQLQJ��6DQWDPRXULV��������7KXV��WKHUH�LV�
D� QHFHVVLW\� WR� UHGXFH� WKH� WKHUPDO� ORDG� RI� WKH�
EXLOGLQJV� XVLQJ� SDVVLYH� RU� VHPL�SDVVLYH� V\VWHPV��
2QH� RI� WKHVH� V\VWHPV� LV� WKH� (DUWK�WR�$LU� +HDW�
([FKDQJHU� �($+;��� (DUWK�DLU� KHDW� H[FKDQJHU� FDQ�
EH�FRQVLGHUHG�DV�RQH�RI�WKH�FXUUHQW�UHVSRQVHV�WR�WKH�
SUREOHP� RI� UDWLRQDO� XVH� RI� HQHUJ\� DQG� FRPIRUW�
FRQWURO� LQ� EXLOGLQJV�� 7KH� FRQFHSW� RI� FRROLQJ� XVLQJ�
($+;�LV�ZHOO�HVWDEOLVKHG��EXW�WKH�EHKDYLRU�RI�VXFK�
V\VWHP�GHSHQGV�RQ�FOLPDWLF�DQG�VRLO�FRQGLWLRQV��7KH�
G\QDPLF�WKHUPDO�EHKDYLRU�RI�DQ�($+;�LV�WKHUHIRUH�
QRW� XQLYHUVDO� DQG� QHHGV� WR� EH� VWXGLHG� ZLWKLQ� WKH�
FRQWH[W� RI� FOLPDWLF�� VRLO� DQG� EXLOGLQJ� ORDG�
FRQGLWLRQV�� 7KH� WHPSHUDWXUH� RI� VRLO� LV� NQRZQ� WR�
UHPDLQ�FRQVWDQW�WKURXJKRXW�WKH�\HDU�EH\RQG�D�GHSWK�

�W\SLFDOO\� ���� WR� ��P��ZKLFK� GHSHQGV� RQ� WKH� ORFDO�
FOLPDWH� DQG� WKH� WKHUPR�SK\VLFDO� SURSHUWLHV�RI� VRLO��
7KLV� FRQVWDQW� WHPSHUDWXUH� LV� FDOOHG� HDUWK¶V�
XQGLVWXUEHG� WHPSHUDWXUH� ZKLFK� LV� KLJKHU� WKDQ�
VXUIDFH� WHPSHUDWXUH� RI� HDUWK� LQ� ZLQWHU� VHDVRQ� DQG�
ORZHU�LQ�VXPPHU�VHDVRQ���

�*LYRQL� ������ KDV� VKRZQ� WKDW� WKH� SRWHQWLDO� RI� WKH�
($+;� V\VWHP� LQ� KRW� FOLPDWHV� PD\� KRZHYHU� EH�
LPSURYHG� XVLQJ� YDULRXV� VRLO� FRROLQJ� VWUDWHJLHV� WR�
ORZHU� WKH� QDWXUDO� VXEVXUIDFH� VRLO� WHPSHUDWXUH� VXFK�
DV� VKDGLQJ�� VXUIDFH� LUULJDWLRQ�� VXUIDFH� WUHDWPHQW�
XVLQJ�SODQWV�DQG�SHEEOHV��&RROLQJ�FDSDFLW\�RI�HDUWK�
DLU� KHDW� H[FKDQJHUV� IRU� GRPHVWLF� EXLOGLQJV� LQ� D�
GHVHUW�FOLPDWH�ZDV�DQDO\]HG�E\��$MPL�HW�DO�����������

�%DQVDO� HW� DO��� ������ GHYHORSHG� D� QHZ� FRQFHSW� RI�
µ'HUDWLQJ� IDFWRU¶� IRU� DVVHVVPHQW� RI� WKHUPDO�
SHUIRUPDQFH� RI� ($+;� XQGHU� WUDQVLHQW� RSHUDWLQJ�
FRQGLWLRQV�� 7KH� DXWKRUV� FRQFOXGHG� WKDW� XQGHU�
WUDQVLHQW�FRQGLWLRQV��WKHUPDO�SHUIRUPDQFH�RI�($+;�
GHFOLQHV� GXH� WR� FRQWLQXRXV� XVH� RI� ($+;� IRU� ORQJ�
GXUDWLRQV��

6HYHUDO�PRGHOV� FRQVLGHU� WKH� VLQJOH�SLSH� H[FKDQJHU�
SUREOHP� E\� FRQVLGHULQJ� WKDW� RQO\� D� F\OLQGHU� RI�
JURXQG� DURXQG� WKH� SLSH� LV� GLVWXUEHG� E\� WKH�
H[FKDQJHU��0LKDODNDNRX�HW�DO���������.XPDU�HW�DO���
�������7KH�PRGHO�RI� �0LKDODNDNRX�HW�DO��� ������ LV�
EDVHG� RQ� D� GLVFUHWL]DWLRQ� RI� WKH� JURXQG� LQ�
FRQFHQWULF� F\OLQGHUV� DQG� D[LDO� PHVKHV�� 7KH�
QXPHULFDO�PHWKRG� XVHG� LV� GHVFULEHG� E\� WKH� DXWKRU�
DV� D� PL[� RI� WKH� finLWH� GLIIHUHQFHV� PHWKRG� DQG� WKH�
fiQLWH�HOHPHQWV�PHWKRG��$�PRGHO�ZDV�GHYHORSHG�RQ�
WKLV� EDVLV� E\� �+ROOPXOOHU� DQG�/DFKDO� ������� LW� FDQ�
FRQVLGHU� PRUH� FRPSOH[� JHRPHWULHV�� PRUH� JURXQG�
FKDUDFWHULVWLFV� DQG� PRUH� ERXQGDU\� FRQGLWLRQV�� ,W�
XVHV�WKH�ILQLWH�GLIIHUHQFHV�PHWKRG�IRU�WKH�UHVROXWLRQ��
,W� FDQ� DOVR� FRQVLGHU� ZDWHU� LQILOWUDWLRQV�� SUHVVXUH�
ORVVHV�DQG�WKH�FRQWURO�RI�WKH�GLUHFWLRQ�RI�DLU�IORZ�LQ�
WKH� SLSHV� DQG� LQWHJUDWLRQ� LQWR� WKH� VLPXODWLRQ�
HQYLURQPHQW�7516<6�WKURXJK�7\SH�����

7KH� DLP� RI� WKLV� SDSHU� LV� WR� VWXG\� WKH� G\QDPLF�
EHKDYLRU� RI� DQ� ($+;� XQGHU� 0DUUDNHFK� FOLPDWLF�
DQG�VRLO�FRQGLWLRQV��
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$IWHU� UHYLHZ� RI� H[LVWLQJ� PRGHOV�WRROV�� WKH� DLU�VRLO�
KHDW� H[FKDQJHU� PRGHO� �7\SH� ����� GHYHORSHG� E\�
�+ROOPXOOHU�DQG�/DFKDO�������KDV�EHHQ�VHOHFWHG�DQG�
DGRSWHG�IRU�WKLV�VWXG\��

'(6&5,37,21�2)�7+(�($+;�

7KH� ($+;� LV� FRQVWLWXWHG� ZLWK� �� SDUDOOHO� DQG�
LGHQWLFDO�39&�SLSHV�RI������P� OHQJWK�HDFK�����FP�
LQVLGH�GLDPHWHU�DQG����FP�RXWVLGH�GLDPHWHU�EXULHG�
DW���������P��(DFK�SLSH�LV�HTXLSSHG�E\�D����:�IDQ��
7KH�($+;�LV�LQVWDOOHG�LQ�D�YLOOD�W\SH�KRXVH�ORFDWHG�
LQ� WKH� VXEXUE�RI�0DUUDNHFK� ������
�1� ODWLWXGH� DQG�
���
�:�ORQJLWXGH���)LJ����SUHVHQWV�D� VFKHPH�RI� WKH�
($+;�DQG�LWV�FRQQHFWLRQ�WR�WKH�KRXVH��7KH�GHWDLOV�
RI� WKH� LPSOHPHQWDWLRQ� RI� WKH� ($+;�DUH� SUHVHQWHG�
LQ�)LJ�����

+RXUO\�PHDVXUHG�PHWHRURORJLFDO�GDWD�RI�0DUUDNHFK�
IRU�WKH�\HDU�������WHPSHUDWXUH��KXPLGLW\�DQG�JOREDO�
VRODU�UDGLDWLRQ��KDYH�EHHQ�XVHG��)LJ�����7DEOH�����
,W� LV� QRWLFHG� WKDW� WKH� PLQLPDO� WHPSHUDWXUH� RFFXUV�
GXULQJ� -DQXDU\� ������ �&�� HYHQ� WKDW� WKLV� PRQWK� LV�
VXQQ\�FRPSDUHG�WR�'HFHPEHU��'XULQJ�)HEUXDU\�DQG�
'HFHPEHU�� WKH� PLQLPXP� DLU� WHPSHUDWXUH�
DSSURDFKHV� �� �&��7KH� FROGHVW�PRQWKV� DUH� -DQXDU\��
)HEUXDU\� DQG� 'HFHPEHU�� 2Q� WKH� RWKHU� KDQG�� WKH�
PD[LPDO�DLU� WHPSHUDWXUH�RFFXUV�GXULQJ�-XO\��ZKLFK�
LV� WKH� VXQQLHVW�PRQWK� LQ� ������0DUUDNHFK�ZHDWKHU�
LQ�������EHJDQ� WR�EH�KRW�VWDUWLQJ� LQ�0DUFK�� ,QGHHG�
WKH�PHDQ�DLU�WHPSHUDWXUH�LQFUHDVHV�VXGGHQO\�E\�����
�&�LQ�WKLV�PRQWK�FRPSDUHG�WR�)HEUXDU\��7KH�KRWWHVW�
SHULRG� LQ� ����� LV� $SULO�$XJXVW�� 'XULQJ� WKHVH� ILYH�
PRQWKV�WKH�PHDQ�DLU�WHPSHUDWXUH�LQFUHDVHV�E\�DERXW�
�� �&� HDFK� PRQWK�� ZKLOH� LW� GHFUHDVHV� VXGGHQO\� E\�
���� �&� LQ� 6HSWHPEHU�� ,W� LV� LPSRUWDQW� WR� QRWLFH� WKH�
JUHDW� RVFLOODWLRQ� RI� WKH� WHPSHUDWXUH�� ZKLFK� LV� D�
FKDUDFWHULVWLF� RI� 0DUUDNHFK� FOLPDWH�� 7KH� SHDN�WR�
SHDN�DPSOLWXGH�RI�WKHVH�RVFLOODWLRQV�PD\�UHDFK������
�&��LQ�-XO\���7KH�PLQLPXP�RI�WKLV�DPSOLWXGH�LV������
�&�� ZKLFK� RFFXUV� LQ� WKUHH� PRQWKV� �-DQXDU\��
)HEUXDU\�DQG�2FWREHU����7DEOH���VKRZ�WKDW�WKH�GDLO\�
PHDQ� VRODU� UDGLDWLRQ� YDULHV� IURP� ����� WR� �����
N:�P����

)LJXUH� �� SUHVHQWV� WKH� PHDQ� PRQWKO\� DPELHQW� DLU�
WHPSHUDWXUH� DQG� KXPLGLW\�� 7KH� PHDQ� WHPSHUDWXUH�
RI� WKH� VRLO� VXUIDFH� LV� DOVR� UHSRUWHG� LQ� WKLV� ILJXUH��
7KLV�WHPSHUDWXUH�LV�FDOFXODWHG�E\�WKH�UHODWLRQ�JLYHQ�
E\��

�VXUI DPE VXUI7 7 5 *  �����������������������

7KH� VRLO� VRODU� DEVRUEWLYLW\� LV� WDNHQ� HTXDO� WR� �����
)LJXUH� �� UHYHDOV� WKDW� WKH� VRLO� VXUIDFH� PHDQ�
WHPSHUDWXUH� LV� VOLJKWO\� KLJKHU� WKDQ� WKH� DPELHQW� DLU�
WHPSHUDWXUH�� ZKLFK� LV� D� UHVXOW� RI� KLJK� VRODU�
UDGLDWLRQ� �7DEOH� ���� 7KH� GLIIHUHQFH� EHWZHHQ� WKHVH�
WZR� WHPSHUDWXUHV� RVFLOODWHV� EHWZHHQ� ����� �&� DQG�
������&��

�

�
�

)LJXUH����6FKHPDWLF�RI�WKH�($+;��

�

�

)LJXUH����,PSOHPHQWDWLRQ�GHWDLOV�RI�WKH�($+;��

�

7DEOH����0HWHRURORJLFDO�GDWD�IRU�0DUUDNHFK�LQ�
�����>$JGDO�6WDWLRQ@�

0RQWK�� 7PD[�
�&�

7PLQ
�&�

7PHDQ��
�&�

*�
N:K�Pʚð�

*P�
N:K�Pʚð�

-DQXDU\�� ����� ����� ���� ������� �����
)HEUXDU\� ����� ���� ����� ������� �����
0DUFK� ����� ���� ����� ������� �����
$SULO� ����� ���� ����� ������� �����
0D\� ����� ���� ����� ������� �����
-XQH�� ����� ����� ����� ������� �����
-XO\�� ����� ����� ����� ������� �����

$XJXVW�� ����� ����� ����� ������� �����
6HSWHPEHU� ����� ����� ����� ������� �����
2FWREHU� ����� ����� ����� ������� �����
1RYHPEHU� ����� ���� ����� ������� �����
'HFHPEHU�� ����� ���� ����� �������� �����

�

�

�

�
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)LJXUH����0HWHRURORJLFDO�GDWD�IRU������LQ�
0DUUDNHFK�>$JGDO�0DUUDNHFK�0HWHRURORJLFDO�

6WDWLRQ@�

�

3+<6,&$/�02'(/�2)�7+(�($+;�

7KH� YHUWLFDO� SDUWV� DQG� WKH� LQFOLQDWLRQ� RI� WKH� SLSHV�
�)LJ�� ��� DUH� QRW� FRQVLGHUHG� LQ� WKLV� VWXG\��7KXV� WKH�
($+;� LV� DVVXPHG� WR� EH� FRQVWLWXWHG� E\� �� SDUDOOHO�
SLSHV� RI� ��� P� OHQJWK� HDFK� ZLWK� ��� FP� LQVLGH�
GLDPHWHU� DQG� ���� FP� WKLFNQHVV�� 7KH� SLSHV� DUH�
DVVXPHG� KRUL]RQWDO�� HTXDOO\� VSDFHG� ZLWK� DQ� LQWHU�
VSDFH� RI� ��� FP� DQG� EXULHG� DW� ��P� GHSWK� �)LJ�� ����
7KH� VRLO� LV� FRQVLGHUHG� KRPRJHQRXV�� 7KH� WKHUPR�
SK\VLFDO�FKDUDFWHULVWLFV�RI� WKH�VRLO�DQG� WKH�SLSH�DUH�
JLYHQ� LQ� 7DEOH� ��� 7KH� DLUIORZ� LQVLGH� HDFK� SLSH� LV�
����P��K��7KLV� FRUUHVSRQGV� WR� DQ� DYHUDJH�YHORFLW\�
RI� ����P�V� �5H�  � ��� ������ 7KH� FRQVLGHUHG� DLUIORZ�
SURFXUHV� WKH� PLQLPXP� DLU� FKDQJH� UHTXLUHG� LQ� WKH�
VWXGLHG�EXLOGLQJ��

�

�

)LJXUH����6FKHPDWLF�GLDJUDP�RI�WKH�SK\VLFDO�PRGHO�
RI�WKH�($+;��

�

�

�

�

7DEOH����3K\VLFDO�DQG�WKHUPDO�SDUDPHWHUV�RI�WKH�
VRLO��39&�WXEH�DQG�$LU��,QFURSHUD�DQG�'H�:LWW�

�������

0DWHULDO�
'HQVLW\�
�.J�Pᶟ��

KHDW�
FDSDFLW\�
N-��N�Pᶟ��

7KHUPDO�
FRQGXFWLYLW\�
:��P�.��

6RLO�
39&�
$LU�
�

�����
�����
�������

����
�������
�����

����
������
�������

(*) Proprieties for T = 27 °C. These proprieties are considered to 
vary with temperature in the used computer code. 
 

0$7+(0$7,&$/� 02'(/� $1'�
180(5,&$/�0(7+2'�

7KLV�VWXG\�ZDV�FDUULHG�RXW�XVLQJ� WKHUPDO�PRGHOLQJ�
RI� WKH� ($+;� HYDOXDWHG� ZLWKLQ� WKH� 7516<6�
VRIWZDUH��7516<6�����������
7KH� ($+;� LV� PRGHOHG� XVLQJ� WKH� ILQLWH� GLIIHUHQFH�
QXPHULFDO� PRGHO� GHYHORSHG� E\� �+ROOPXOOHU� DQG�
/DFKDO� ������ DGDSWHG� WR� 7516<6� �W\SH� ������ ,Q�
WKLV�PRGHO�WKH�WUDQVLHQW��'�KHDW�GLIIXVLRQ�LQ�VRLO��LV�
FRQVLGHUHG�� 7KH� DLU� WHPSHUDWXUH� DQG� YHORFLW\� DUH�
DVVXPHG� WR� EH� XQLIRUP� ZLWKLQ� D� SLSH� VHFWLRQ�� 7KH�
IULFWLRQDO�ORVVHV�DUH�WDNHQ�LQWR�DFFRXQW�E\�PHDQV�RI�
D� IULFWLRQ� IDFWRU� REWDLQHG� IURP� WKH� 0RRG\¶V�
GLDJUDP�� 0DVV� WUDQVIHU� FRUUHVSRQGLQJ� WR� SKDVH�
FKDQJH� �FRQGHQVDWLRQ�HYDSRUDWLRQ�� LV�FDOFXODWHG�E\�
WKH�/HZLV�DQDORJ\��$LU�KHDW�H[FKDQJH�EHWZHHQ�VRLO�
DQG� WKH� SLSH� LV� WUHDWHG� E\� PHDQV� RI� DQ� RYHUDOO�
FRQYHFWLYH� FRHIILFLHQW� ZKLFK� GHSHQGV� RQO\� RQ�
YHORFLW\��

7KH� 7\SH� ���� PRGHO� KDV� EHHQ� YDOLGDWHG� DJDLQVW�
DQDO\WLFDO� VROXWLRQ� DQG� ORQJ� WHUP� PRQLWRULQJ� GDWD�
IURP�UHDO�VFDOH�LQVWDOODWLRQV��+ROOPXOOHU�DQG�/DFKDO�
������  

 

 

)LJXUH����(QHUJ\�DQG�PDVV�WUDQVIHU�LQ�D�WXEH�QRGH�
�+ROOPXOOHU��������

�
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Algorithm  

7KH� KHDUW� RI� WKH� 7\SH����PRGHO� LV� WKH� SLSH�PDVV�
DQG� HQHUJ\� H[FKDQJHV� EHWZHHQ� DLUIORZ� DQG� SLSH�
�)LJ������7KH\�DUH�FRPSXWHG�FRQVHFXWLYHO\�IRU�HDFK�
WXEH� QRGH�� IURP� LQOHW� WRZDUGV� RXWOHW� �+ROOPXOOHU�
DQG�/DFKDO��������

7KH�VHQVLEOH�KHDW� ORVW�E\� WKH�DLUIORZ�LV�GHWHUPLQHG�
XVLQJ�(T����

� �V SLSH DLU SLSH4 6 K 7 7  �������������������

:KHUH��

K�LV�DVVXPHG�WR�EH�DQ�DIILQH�IXQFWLRQ�RI�DLU�YHORFLW\��
,WV�YDOXH�LV�������:���.�Pð���

7KH� ODWHQW� KHDW�� GHWHUPLQHG�E\� WKH�/HZLV� DQDORJ\��
ZKLFK� DFWXDOO\� FRQVLGHUV� IRUPHU� VHQVLEOH� KHDW� WR�
UHVXOW� IURP�D� FRQYHFWLYH� DLU� H[FKDQJH�EHWZHHQ� WKH�
IORZ�DQG�D�VXSHUILFLDO�DLU�OD\HU�RQ�WKH�WXEH�VXUIDFH��
DW�ODWWHU
V�WHPSHUDWXUH�DQG�VDWXUDWHG�LQ�KXPLGLW\��WKH�
DQDORJ\� LPSO\� IROORZLQJ� FRQYHFWLYH� DLU� H[FKDQJH�
UDWH��

� FRY � �
V

DLU DLU SLSH

4P
F 7 7




��������������������

7KH�DLU�OD\HU�LV�VDWXUDWHG�LQ�KXPLGLW\��ZLWK�LQGXFHV�
D�ZDWHU�YDSRU�H[FKDQJH��

FRY� �PODW DLU SLSHP    ���������������������

:KHUH��DFFRUGLQJ�WR�WKH�SHUIHFW�JDVHV�ODZ��

3 � �
3
VDW DLU ZDW

DLU
DLU DLU

7 0
0

  �����������������������

����3 � �
3
VDW SLSH ZDW

SLSH
DLU DLU

7 0
0

  �����������������

:KHQ� SRVLWLYH�� WKLV� YDSRU� WUDQVIHU� FRUUHVSRQGV� WR�
FRQGHQVDWLRQ��ZKHQ�QHJDWLYH�WR�HYDSRUDWLRQ��

/DWHQW�KHDW�H[FKDQJH�H[SUHVVHV�DV��
PO IJ ODW4 K �����������������������������

7KH�KHDW�GLIIXVLRQ�IURP�WKH���ODWHUDO�VRLO�QRGHV�DQG�
WKH���SUHFHGLQJ� DQG� IROORZLQJ�SLSH�QRGHV� LV� JLYHQ�
E\��
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7KH�VDWXUDWLRQ�SUHVVXUH�EHLQJ�QRQ�OLQHDU�LQ�WHUPV�RI�
WHPSHUDWXUH�� WKH�YDOXH�RI�7SLSH�DV�ZHOO�DV�SUHFHGLQJ�
KHDW� UDWHV� DUH� EHLQJ� GHWHUPLQHG� E\� LWHUDWLYH�
UHVROXWLRQ�RI�WKH�HQHUJ\�EDODQFH��
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:KHUH�WKH�FDSDFLWLYH�JDLQV�RI�WKH�SLSH�DQG�WKH�IUHH�
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7KH� DVVRFLDWHG� K\GULF� EDODQFH� RQ� LWV� WXUQ� DOORZV�
GHWHUPLQLQJ�WKH�QHZ�ZDWHU�FRQWHQW�RI�WKH�QRGH��
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�
&KDUJH� ORVVHV� DUH� WDNHQ� LQ� DFFRXQW� E\� ZD\� RI� D�
IULFWLRQ�FRHIILFLHQW�I��IRU�ZKLFK�W\SLFDO�YDOXHV�DUH�WR�
EH� IRXQG� RQ� D� 0RRG\� GLDJUDP� �$6+5$(�� &K����
�������
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YO4 P I

G
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)LQDOO\�� IURP� WKH� HQHUJ\� DQG� PDVV� EDODQFHV� \LHOG�
WKH�DLU�LQSXW�FRQGLWLRQV�RI�WKH�SLSH�QRGH��
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   ��������������������������

$IWHU�FRPSOHWLQJ�WKLV�FDOFXODWLRQ�IRU�DOO�WXEH�QRGHV��
FRPSXWDWLRQ�WUHDWV�GLIIXVLRQ�RI�KHDW�LQWR�VRLO�QRGHV��
WDNLQJ� LQWR� DFFRXQW� XVHU�VSHFLILHG� ERXQGDU\�
FRQGLWLRQV� �DGLDEDWLF�� LQ�RXW� IORZLQJ� HQHUJ\� UDWH��
WHPSHUDWXUH���

5(68/76�	�',6&866,21�

$�RQH�\HDU� VLPXODWLRQ�RI� WKH�($+;� LV�FDUULHG�RXW�
IRU�0DUUDNHFK�ZHDWKHU�FRQGLWLRQV�ZLWK�D� WLPH�VWHS�
RI� �K�� 7KH� VLPXODWLRQV� DUH� UHSHDWHG� �� WLPHV� WR�
HQVXUH� WKDW� WKH� VRLO� WHPSHUDWXUH� LV� ZHOO� HVWLPDWHG��
7KH� ($+;� LV� VXSSRVHG� WR� EH� UXQ� FRQWLQXRXVO\� LQ�
WKH�ZKROH�VLPXODWLRQ�SHULRG�������\HDU���

)LJXUH� �� SUHVHQWV� WKH� DQQXDO� FDOFXODWHG� ($+;�
RXWOHW� DLU� WHPSHUDWXUH� IRU� ������7KLV� ILJXUH� VKRZV�
WKDW�WKH�WHPSHUDWXUH�DW�WKH�H[LW�RI�WKH�($+;�YDULHV�
EHWZHHQ� ��� �&� ���QG� -DQXDU\��7DPE� � ����� �&�� DQG�
����� �&� ���WK� -XO\�� 7DPE�  � ������ �&��� 7KXV�� WKH�
DQQXDO� DPSOLWXGH� RI� WKH� RXWOHW� ($+;� DLU�
WHPSHUDWXUH� LV� ����� �&�� ZKLOH� WKH� FRUUHVSRQGLQJ�
DPSOLWXGH� IRU� WKH� DPELHQW� DLU� WHPSHUDWXUH� LV� �����
�&��)LJ�����7\SLFDO�DLU�WHPSHUDWXUHV�REWDLQHG�DW�WKH�
H[LW�RI�WKH�($+;�YDULHV�EHWZHHQ�����&�DQG�������&�
GXULQJ� WKH� KRW� PRQWKV� �$SULO�$XJXVW��� ZKLOH� WKH�
PD[LPXP� DPELHQW� DLU� WHPSHUDWXUH� RVFLOODWHV�
EHWZHHQ�����&�DQG�����&��7KXV��WKH�PD[LPXP�GURS�
LQ� DLU� WHPSHUDWXUH� SURFXUHG� E\� WKH� ($+;� LV� �����
�&��ZKLFK�FRUUHVSRQGV�WR�7RXW� �������&�DQG�7DPE� �
����� �&� DQG� RFFXUV� DW� ������ $0� RQ� WKH� ��UG� RI�
-XQH�� 7KHVH� UHVXOWV� VKRZ� WKDW� WKH� ($+;� LV� DQ�
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HIILFLHQW� V\VWHP� IRU� EXLOGLQJ� DLU� UHIUHVKPHQW� IRU�
0DUUDNHFK� FOLPDWH�� 7KLV� V\VWHP� SURFXUHV� DQ�
DFFHSWDEOH� DLU� WHPSHUDWXUH� IRU� KXPDQ� FRPIRUW�
GXULQJ�DW�OHDVW���PRQWKV��$SULO�$XJXVW��������

'XULQJ�WKH�FROG�PRQWKV��'HF�)HE���)LJXUH���UHYHDOV�
WKDW� WKH� DLU� WHPSHUDWXUH� DW� WKH� H[LW� RI� WKH� ($+;�
YDULHV� EHWZHHQ� ��� �&� DQG� ��� �&�� ZKLOH� WKH�

FRUUHVSRQGLQJ� DPELHQW� DLU� WHPSHUDWXUH� RVFLOODWHV�
EHWZHHQ�������&�DQG�����&��7KHVH�UHVXOWV�VKRZ�WKDW�
WKH�($+;� LV� QRW� WKH�PRVW� HIILFLHQW� V\VWHP� IRU� DLU�
KHDWLQJ� LQ� 0DUUDNHFK�� 2WKHU� SDVVLYH� V\VWHPV�
LQVWDOOHG�LQ�WKH�VWXGLHG�KRXVH�SURFXUH�PRUH�HIILFLHQW�
FRPIRUW��/DDRXLQD�HW�DO����������

�
)LJXUH����$QQXDO�YDULDWLRQ�RI�WKH�RXWOHW�SLSH�WHPSHUDWXUH��

�
)LJXUH����$QQXDO�YDULDWLRQV�RI�WKH�DPELHQW�DLU�WHPSHUDWXUH�IRU������LQ�0DUUDNHFK�>$JGDO�6WDWLRQ@�
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)LJXUH� �� SUHVHQWV� WKH� DPELHQW� DQG� H[LW� DLU�
WHPSHUDWXUH� IRU� WKH�KRWWHVW�GD\� LQ���������WK�-XO\���
7KLV� ILJXUH� VKRZV� WKDW� WKH� DLU� WHPSHUDWXUH� DW� WKH�
H[LW� RI� WKH� ($+;� YDULHV� EHWZHHQ� ����� �&� ������
$0��DQG��������&�������30���ZKLOH�WKH�DPELHQW�DLU�
WHPSHUDWXUH�RVFLOODWHV�EHWZHHQ������ �&�DQG�����&��
7KXV�� WKH� DPSOLWXGH� RI� WKH� RXWOHW� ($+;� DLU�
WHPSHUDWXUH� GXULQJ� WKLV� GD\� LV� ���� �&�� ZKLOH� WKH�
FRUUHVSRQGLQJ� DPSOLWXGH� IRU� WKH� DPELHQW� DLU�

WHPSHUDWXUH�LV�������&��,W�LV�FOHDU�WKDW�WKH�UHGXFWLRQ�
LQ�DLU�WHPSHUDWXUH�GXULQJ�WKLV�GD\�LV�H[FHOOHQW��2QH�
LQWHUHVWLQJ� UHVXOW� LV� WKDW� WKH� ($+;� SURYLGHV� D�
KLJKHU� WHPSHUDWXUH� WKDQ� WKH�DPELHQW�DLU�GXULQJ� WKH�
QLJKW�DQG�WKH�EHJLQQLQJ�RI�WKH�GD\������������$0���
2EYLRXVO\�� WKH� ($+;� GRHV� QRW� SURFXUH� DQ\� DLU�
UHIUHVKPHQW� GXULQJ� WKHVH� KRXUV�� 7KHUHIRUH�� LW� PD\�
EH� DGYLVHG� WKDW� WKH� ($+;� KDV� WR� EH� UXQ� VWDUWLQJ�
IURP������$0��

�
)LJXUH�������KRXU�YDULDWLRQ�RI�DPELHQW�DQG�RXWOHW�SLSH�DLU�WHPSHUDWXUH�IRU�W\SLFDO�GD\�LQ�VXPPHU�����-XO\�

�������

�

)LJXUH� �� VKRZV� WKH� HYROXWLRQ� RI� WKH� KHDW� UDWH� 4O�
DORQJ� WKH� \HDU�� 7KH� ODWHQW� KHDW� H[FKDQJH� EHWZHHQ�
WKH�DLU�DQG�WKH�WXEH��ZKLFK�LV�GXH�WR�SKDVH�FKDQJH��
RFFXUV� GXULQJ� WKH� SHULRG� ������'HFHPEHU� DQG� �VW�
-DQXDU\�WR�0DUFK��WK���([FHSW�IRU�WKHVH�SHULRGV�DQG�

IRU� IHZ� VSHFLDO� GD\V� �0DUFK� ��WK�� 6HSW� ��WK� DQG�
2FW� ��WK��� WKHUH� LV� QR� KHDW� H[FKDQJH� EHWZHHQ� DLU�
DQG� WXEH� GXH� WR� SKDVH� FKDQJH� �FRQGHQVDWLRQ� ��
HYDSRUDWLRQ� RI� ZDWHU��� $Q� LPSRUWDQW� ODWHQW� KHDW�
H[FKDQJH�LV�REVHUYHG�LQ�ZLQWHU�ZKHQ�WKH�DLU�IORZ�LV�
KXPLG�

�
)LJXUH�����/DWHQW�KHDW�H[FKDQJHV�YDULDWLRQ��
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�
)LJXUH�����6HQVLEOH�DQG�ODWHQW�KHDW�H[FKDQJHV�YDULDWLRQ��

�
)LJXUH� ��� VKRZV� WKH� RYHUDOO� WKHUPDO� SRZHU�
H[FKDQJHG�EHWZHHQ� WKH�DLU�DQG� WKH� WXEH�GXULQJ� WKH�
ILUVW� ZHHN� RI� -DQXDU\�� 7KLV� KHDW� LV� H[FKDQJHG� DV�
VHQVLEOH�KHDW��FRROLQJ�RU�KHDWLQJ�RI�WKH�DLU��DQG���RU�
ODWHQW� KHDW� �ZDWHU� FRQGHQVDWLRQ� RU� HYDSRUDWLRQ���
7KH�VHQVLWLYH�KHDW�UDWH�H[FKDQJHG�4V�LV�SRVLWLYH�IRU�
DLU� FRROLQJ� �VWRUDJH� SHULRG�� DQG� QHJDWLYH� IRU� DLU�
KHDWLQJ� �SHULRG�RI�GLVFKDUJH���0RUHRYHU�� WKH� ODWHQW�
KHDW� UDWH� H[FKDQJHG�4O� LV� SRVLWLYH� ZKHQ� WKH� ZDWHU�
YDSRU�LQ�WKH�DLU�FRQGHQVHV�RQ�WKH�ZDOOV�RI�WKH�WXEH��
7KLV� KHDW� UDWH� 4O� LV� QHJDWLYH� ZKHQ� OLTXLG� ZDWHU�
DFFXPXODWHG�RQ�WKH�VXUIDFH�RI�WKH�WXEH�HYDSRUDWHV��

&21&/86,21�

7KHUPDO� SHUIRUPDQFH� RI� DQ� ($+;� LQVWDOOHG� LQ� D�
YLOOD�W\SH�KRXVH�LQ�WKH�0DUUDNHFK�VXEXUE�LV�VWXGLHG�
E\� PHDQV� RI� G\QDPLF� VLPXODWLRQ� XVLQJ� WKH�
7516<6� 7\SH� ���� PRGHO�� 7KH� VLPXODWLRQV� ZHUH�
FDUULHG� RXW� IRU� WKH� \HDU� ����� DQG� UHSHDWHG� WZR�
WLPHV� WR� HQVXUH� WKH� H[DFW� HVWLPDWLRQ� RI� WKH� VRLO�
WHPSHUDWXUH�� 7KH� UHVXOWV� VKRZ� WKDW� WKH� ($+;� LV�
DEOH� WR�PDLQWDLQ� WKH�RXWOHW� WHPSHUDWXUH�EHORZ������
&��ZKHQ� WKH� RXWGRRU� DLU� WHPSHUDWXUH� UHDFKHV� �����
�&�DQG�WKXV�DFKLHYLQJ���D�WHPSHUDWXUH�UHGXFWLRQ�XS�
WR� ����� �&�� 7\SLFDO� ($+;� RXWOHW� DLU� WHPSHUDWXUH�
DUH�LQ�WKH�LQWHUYDO����������&�GXULQJ�WKH�KRW�SHULRG�
RI� WKH� \HDU� �$SULO�$XJXVW��� ZKLOH� WKH� PD[LPXP�
DPELHQW�DLU�WHPSHUDWXUH�LV�LQ�WKH�UDQJH��������&�IRU�
WKH�VDPH�SHULRG��'XULQJ�WKH�FROG�SHULRG�RI�WKH�\HDU�
�-DQ���)HE�� DQG�'HF���� WKH�($+;�PDLQWDLQV� WKH� DLU�
WHPSHUDWXUH� LQ� WKH� UDQJH� ������ �&�� ZKLOH� WKH�

DPELHQW�DLU� WHPSHUDWXUH�RVFLOODWHV�EHWZHHQ� ����� �&�
DQG�����&�LQ�WKH�VDPH�SHULRG��

,W� FDQ� EH� FRQFOXGHG� WKURXJK� WKLV� VWXG\�� WKDW� WKH�
($+;� LV� DQ� HIILFLHQW� V\VWHP� IRU� EXLOGLQJ� DLU�
UHIUHVKPHQW� IRU� 0DUUDNHFK� FOLPDWH�� 7KLV� V\VWHP�
SURFXUHV� DQ� DFFHSWDEOH� DLU� WHPSHUDWXUH� IRU� KXPDQ�
FRPIRUW� GXULQJ� DW� OHDVW� WKH� KRW� SHULRG� RI� WKH� \HDU�
�$SULO�$XJXVW� ������� 2Q� WKH� RWKHU� KDQG�� IRU� WKH�
FROG�SHULRG�RI�WKH�\HDU��-DQ���)HE��DQG�'HF���������
WKH� ($+;� VHHPV� QRW� WR� EH� WKH� PRVW� HIILFLHQW�
V\VWHP�IRU�DLU�KHDWLQJ�LQ�0DUUDNHFK��

7KHVH� VLPXODWLRQ� UHVXOWV� DUH� XQGHUJRLQJ� D�
YDOLGDWLRQ� SURFHVV� E\� FRPSDULVRQ� WR� WKH�
H[SHULPHQWDO� RQHV�� ,QGHHG�� WKH� LQVWDOOHG� ($+;� LV�
XQGHU� PRQLWRULQJ� DQG� WKH� H[SHULPHQWDO� UHVXOWV� DUH�
H[SHFWHG� WR� EH� DYDLODEOH� IRU� QH[W� VXPPHU�� 7KHVH�
H[SHULPHQWDO� UHVXOWV� ZLOO� EH� SUHVHQWHG� GXULQJ� WKH�
FRQJUHVV� 

120(1&/$785(��
����� �6RLO�VRODU�DEVRUSWLYLW\���
FDLU���� �6SHFLILF�KHDW�RI�DLU��-��NJ�.��
FVRLO��� ��6SHFLILF�KHDW�RI�VRLO��-��NJ�.��
FSLSH�� �6SHFLILF�KHDW�RI�SLSH�-��.J�.��
FYDS��� �6SHFLILF�KHDW�RI�YDSRU�-��NJ�.��
FZDW��� �6SHFLILF�KHDW�RI�ZDWHU�-��.J�.��
G������ �7XEH�GLDPHWHU��P��
I������� �)ULFWLRQ�IDFWRU�
*����� �*OREDO�VRODU�UDGLDWLRQ�RQ�D�KRUL]RQWDO�VXUIDFH����
������������N:K�Pʚð��
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*P������ �'DLO\�PHDQ�JOREDO�VRODU�UDGLDWLRQ�RQ�D���
���������������KRUL]RQWDO�VXUIDFH��N:K�Pʚð��
KIJ�������� �/DWHQW�KHDW�RI�ZDWHU��-�NJ��
K���������� �+HDW�WUDQVIHU�FRHIILFLHQW�:��.�Pð��
N���������� �&RQGXFWLYH�KHDW�FRHIILFLHQW�:��.�Pð��O����������� �7XEH�OHQJWK��P��
0DLU������ �0RODU�PDVV�RI�DLU��NJ�PRO��
0ZDW����� �0RODU�PDVV�RI�ZDWHU��NJ�PRO��

DLUP ���� �$LUIORZ��NJ�V��

FRYP �� �$LU�WXEH�FRQYHFWLYH�H[FKDQJH��NJ�V��

ODWP ��� �&RQGHQVDWLRQ���HYDSRUDWLRQ�IORZUDWH��NJ�V���

LQIP �� �:DWHU�LQILOWUDWLRQ��.J�V��
PSLSH��� �0DVV�RI�WXEH��.J��
PZDW���� �0DVV�RI�IUHH�ZDWHU��.J��
4IULF����� �)ULFWLRQDO�ORVVHV��:��
4/������� �/DWHQW�KHDW�WUDQVIHU�UDWH��:��
4V������� �6HQVLEOH�KHDW�WUDQVIHU�UDWH��:��
4GLII�������� �+HDW�GLIIXVLRQ��:���
4LQW������ �,QWHUQDO�KHDW�JDLQ��:��
3DLU������ �3DUWLDO�SUHVVXUH�RI�DLU��3D��
3VDW������ �:DWHU�YDSRU�VDWXUDWLRQ�SUHVVXUH��3D��
ɸ�������� �5HODWLYH�KXPLGLW\�����
5VXUI������ �FRQYHFWLYH�HDUWK�WR�DLU�UHVLVWDQFH��.�P���:�
6��������� �/DWHUDO�QRGH�VXUIDFH��Pð��
6SLSH����� �3LSH�VXUIDFH�DUHD��Pð��
7DPE������� �$PELHQW�DLU�WHPSHUDWXUH���&��7DLU������ �$LU�WHPSHUDWXUH���&��������
7SLSH����� �3LSH�VXUIDFH�WHPSHUDWXUH���&��
7VXUI������� �6RLO�VXUIDFH�WHPSHUDWXUH���&��
7VRLO������� �7HPSHUDWXUH�RI�VRLO���&��
ʋDLU������ �9HORFLW\�RI�DLU��P�V��

ȦDLU����� �+XPLGLW\�UDWLR�RI�DLU��.J�ZDWHU�.J�DLU��

ȦSLSH� �+XPLGLW\�UDWLR�DW�WXEH�VXUIDFH��
�������������.J�ZDWHU�.J�DLU��
ǻ7���� �7LPH�VWHS��V��

$&.12:/('*0(17�

7KLV�VWXG\�LV�D�SDUW�RI�WKH�5DIUL%$7�SURMHFW�ZKLFK�
LV� ILQDQFLDOO\� VXSSRUWHG� E\� D� JUDQW� IURP� WKH�
$FDGHP\� +DVVDQ� ,,� RI� 6FLHQFHV� DQG� 7HFKQLTXHV��
0RURFFR��

5()(5(1&(6�

$6+5$(� +DQGERRN�� ������ UHIULJHUDWLQJ� DQG� DLU�
FRQGLWLRQLQJ� HQJLQHHUV�� )XQGDPHQWDOV�� $PHULFDQ�
VRFLHW\�RI�KHDWLQJ��$WODQWD��*$��

$MPL, )�$��� /RYHGD\�� '�/��� +DQE\�� 9�� ������ 7KH�
FRROLQJ� SRWHQWLDO� RI� HDUWK�DLU� KHDW� H[FKDQJHUV� IRU�
GRPHVWLF�EXLOGLQJV�LQ�D�GHVHUW�FOLPDWH��%XLOGLQJ�DQG�
(QYLURQPHQW������SS�����±�����

%DQVDO�� 9��� 0LVUD�� 5��� $JDUZDO�� *�'��� 0DWKXU�� -��
������µ'HUDWLQJ�)DFWRU¶�QHZ�FRQFHSW�IRU�HYDOXDWLQJ�
WKHUPDO� SHUIRUPDQFH� RI� HDUWK� DLU� WXQQHO� KHDW�
H[FKDQJHU� �� D� WUDQVLHQW� &)'� DQDO\VLV�� $SSOLHG�
(QHUJ�� $UWLFOH� LQ� 3UHVV��
KWWS���G[�GRL�RUJ���������M�DSHQHUJ\�������������

*LYRQL�%��������&RROHG�VRLO�DV�D�FRROLQJ�VRXUFH�IRU�
EXLOGLQJV��6RODU�(QHUJ\������SS�����±�����

+ROOPXOOHU�� 3��� /DFKDO�� %�� ������ %XULHG� SLSH�
V\VWHPV� ZLWK� VHQVLEOH� DQG� ODWHQW� KHDW� H[FKDQJH��
YDOLGDWLRQ� RI� QXPHULFDO� VLPXODWLRQ� DJDLQVW�
DQDO\WLFDO� VROXWLRQ� DQG� ORQJ�WHUP� PRQLWRULQJ��
,%36$��

+ROOPXOOHU� 3�� ������ 8WLOLVDWLRQ� GHV� pFKDQJHXUV�
DLU�VRO�SRXU� OH�FKDXIIDJH�HW� OH� UDIUDvFKLVVHPHQW�GHV�
EkWLPHQWV���PHVXUHV�LQ�VLWX��PRGpOLVDWLRQ�DQDO\WLTXH��
VLPXODWLRQ�QXPpULTXH�HW�DQDO\VH�V\VWpPLTXH��7KqVH�
GH�'RFWRUDW�3K�'��8QLYHUVLWp�GH�*HQqYH��

,QFURSHUD�� )��� 'H�:LWW�� '�� ������ )XQGDPHQWDOV� RI�
KHDW� DQG� WUDQVIHU�PDVV�� 7KLUG� (GLWLRQ�� -RKQ�:LOH\�
DQG�6RQV��

.XPDU�� 5��� 5DPHVK�� 6��� .DXVKLN�� 6&�� ������
3HUIRUPDQFH� HYDOXDWLRQ� DQG� HQHUJ\� FRQVHUYDWLRQ�
SRWHQWLDO� RI� HDUWK�DLU�WXQQHO� V\VWHP� FRXSOHG� ZLWK�
QRQ�DLU�FRQGLWLRQHG�EXLOGLQJ��%XLOG�(QYLURQ����������
SS�����±����

/DDRXLQD�� '��� %HQKDPRX�� %��� %HQQRXQD�� $�� ������
eWXGH� WKpRULTXH� HW� H[SpULPHQWDOH� GH� O
HIIHW� GH�
V\VWqPHV� SDVVLIV� VXU� OD� FKDUJH� WKHUPLTXH� G
XQH�
PDLVRQ� W\SH� YLOOD� j� 0DUUDNHFK�� ��H� 5HQFRQWUHV�
8QLYHUVLWDLUHV�GH�*pQLH�&LYLO��&KDPEpU\��

0LKDODNDNRX��*���6DQWDPRXULV��0���$VLPDNRSRXORV��
'�� ������ 0RGHOOLQJ� WKH� WKHUPDO� SHUIRUPDQFH� RI�
HDUWK�WR�DLU� KHDW� H[FKDQJHUV�� 6RODU� (QHUJ\�� �������
SS�����±�����

6DQWDPRXULV� 0�� ������ (QHUJ\� &RQVHUYDWLRQ� LQ�
2IILFH��&RPPHUFLDO��+RWHO��6FKRRO�DQG�+HDOWK�&DUH�
%XLOGLQJV�� )LQDO� 5HSRUW� WR� WKH�0LQLVWU\� RI� (QHUJ\�
DQG�5HVHDUFK��*UHHFH��

7516<6�����������$�7UDQVLHQW�6\VWHP�6LPXODWLRQ�
3URJUDPPH��8QLYHUVLW\�RI�:LVFRQVLQ��0DGLVRQ��:,��
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