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7KH�VLPXODWLRQ�RI�XUEDQ�HQHUJ\�V\VWHPV��H�J��GLVWULFW�
KHDWLQJ� RU� FRROLQJ� �'+&�� V\VWHPV� RIWHQ� LQ�
FRPELQDWLRQ�ZLWK�FR��RU�WULJHQHUDWLRQ�DQG�VPDUW�JULGV�
KDV� WR� DFFRXQW� IRU� D� KXJH� QXPEHU� RI� GLIIHUHQW�
EXLOGLQJV� ����«�!����� WR�EH� SURYLGHG�ZLWK� HQHUJ\��
H�J�� KHDW� DQG� HOHFWULFLW\�� ,Q� WKDW� FRQWH[W� LV� QRW�
VXIILFLHQW� WR� PRGHO� HDFK� EXLOGLQJ� LQFOXGLQJ� WKHLU�
GHGLFDWHG� HQHUJ\� V\VWHP� �H�J�� K\GUDXOLF� FLUFXLW� RI� D�
KHDWLQJ�RU� FRROLQJ� V\VWHP�� LQ�GHWDLO�� 7KH� DOWHUQDWLYH�
PRGHOOLQJ�DQG�VLPXODWLRQ�DSSURDFK�GHVFULEHG� LQ� WKLV�
SDSHU� LV� EDVHG� RQ� WKH� LGHD� WR� VXEVXPH� WKH� EXLOGLQJ�
HQHUJ\� V\VWHP� LQWR� DQ� HTXLYDOHQW� RQH�QRGH� PRGHO�
WKDW� DFFRXQWV� IRU� KHDW� H[FKDQJHU� FKDUDFWHULVWLFV��
GRPHVWLF� KRW� ZDWHU� JHQHUDWLRQ� DV� ZHOO� DV� VSDFH�
KHDWLQJ��5DWKHU�WKDQ�EXLOGLQJ�SHUIRUPDQFH�VLPXODWLRQ�
WKLV� SDSHU� LV� IRFXVLQJ� RQ� WKH� VLPSOLILHG� PRGHOOLQJ�
DQG� VLPXODWLRQ� RI� WKH� EXLOGLQJ� HQHUJ\� V\VWHP� �L�H��
VSDFH� KHDWLQJ� DQG� GRPHVWLF� KRW� ZDWHU� �'+:��
V\VWHP�� LWVHOI�� &RQVHTXHQWO\� WKH� SDSHU� GHVFULEHV� D�
PHWKRG�KRZ�WR�HVWLPDWH�UHWXUQ�WHPSHUDWXUH�DQG�IORZ�
UDWH� LQ� WKH� SLSH� FRQQHFWLQJ� WKH� EXLOGLQJ� ZLWK� D� '+�
V\VWHP��7KH� XQGHUO\LQJ�PRGHOV� KDYH� EHHQ� YDOLGDWHG�
PDLQO\�XVLQJ�HPSLULFDO�GDWD�JDLQHG�DW�UHDO�EXLOGLQJV��
)LQDOO\� UHVXOWV� RI� WKH� FR�VLPXODWLRQ� RI� ODUJH� GLVWULFW�
KHDWLQJ� V\VWHP�ZLWK� VLPSOLILHG�EXLOGLQJ�PRGHOV�ZLOO�
EH�SUHVHQWHG�DQG�GLVFXVVHG��

,1752'8&7,21�
2SWLPL]DWLRQ� RI� XUEDQ� RU� GLVWULFW� HQHUJ\� V\VWHPV�
UHTXLUHV� DSSURSULDWH� FDOFXODWLRQ� DQG� DQDO\VLV� WRROV�
WKDW�FDQ�EH�XVHG�WR�VLPXODWH�WKHLU�HQHUJ\�SHUIRUPDQFH�
XQGHU� HLWKHU� VWHDG\� VWDWH� RU� WUDQVLHQW� FRQGLWLRQV��
6LPXODWLRQ� UHVXOWV� FRXOG� EH� XVHG� IRU� H[DPSOH� WR�
JHQHUDOO\� GHFLGH� RQ� LQYHVWPHQWV� LQWR� WKH� V\VWHP�
EDVHG� RQ� VFHQDULR� DQDO\VLV�� WR� GHVLJQ� WKH� V\VWHP�� WR�
FRQWURO�DQG�LPSURYH�WKH�RSHUDWLRQ�RI�WKH�V\VWHP�RU�WR�
FKHFN� IRU� IDXOWV�� 1RZDGD\V� GLVWULFW� KHDWLQJ� �'+��
V\VWHPV� DUH� FRPPRQ� HQHUJ\� V\VWHPV� LQ� XUEDQ� DUHDV�
WKDW�DUH�RI�LQWHUHVW�GXH�WR�WKH�QHHG�WR�HLWKHU�WUDQVIRUP�
H[LVWLQJ� V\VWHPV� RU� WR� EXLOW� QHZ� V\VWHPV� WKDW�
SHUIHFWO\�PDWFK�WKH�FKDUDFWHULVWLFV�RI�GHFUHDVLQJ�KHDW�
GHQVLWLHV� LQ� FLWLHV� DV� ZHOO� DV� ORZ� HQHUJ\� GHPDQG� RI�
KLJK� HQHUJ\� SHUIRUPDQFH� EXLOGLQJV�� 6R�FDOOHG� �WK�
JHQHUDWLRQ� RI� '+� V\VWHPV� ZLOO� RSHUDWH� ZLWK� VXSSO\�
WHPSHUDWXUHV�RI����&��8VLQJ�WKH�UHWXUQ�PDVV�IORZ�DV�
D�KHDW� VRXUFH� IRU�D� VHFRQGDU\�QHW� LQFUHDVHV�KHDW� VHOO�

RI�H[LVWLQJ�V\VWHPV��6LPXODWLRQ�RI�WKRVH�'+�V\VWHPV�
ZLOO�RIIHU�WKH�RSSRUWXQLW\�WR��

� GHHSO\� DQDO\VH� WKH� LQWHUDFWLRQ� EHWZHHQ� KHDW�
JHQHUDWLRQ� DQG� KHDW� FRQVXPSWLRQ� LQ�
EXLOGLQJV���

� WKH� LPSDFW� RI� ORZ� WHPSHUDWXUH� RQ� WKH�
EXLOGLQJ� HQHUJ\� SHUIRUPDQFH� LQFOXGLQJ�
FRPIRUW�DQG�'+:�LVVXHV�

� RSWLPL]LQJ�WKH�RSHUDWLRQ�RI�WKH�'+�V\VWHP�
WKXV�ORRNLQJ�IRU�EHVW�RYHUDOO�V\VWHP�SHUIRUPDQFH���
�
)LJXUH� �� VKRZV� DQ� H[DPSOH� RI� '+� V\VWHP� VHUYLQJ�
QXPEHUV�RI�UHVLGHQWLDO�EXLOGLQJV��7KRVH�EXLOGLQJV�DUH�
FKDUDFWHUL]HG�E\�WKHLU�KHDWLQJ�GHPDQG�FDXVHG�E\�ERWK�
VSDFH� KHDWLQJ� DV� ZHOO� DV� GRPHVWLF� KRW� ZDWHU�
JHQHUDWLRQ���
�

Figure 1 District Heating (DH) system 
 

)URP�WKH�'+�V\VWHP�SHUIRUPDQFH�SRLQW�RI�YLHZ�WKH�
HQHUJ\� GHPDQG� RI� HDFK� EXLOGLQJ� GHSHQGLQJ� RQ�
DPELHQW� FRQGLWLRQV�� VFKHGXOHV� DQG� XVHU� FRPIRUW� DV�
ZHOO�DV�LPSDFW�RI�WKH�EXLOGLQJV�RQ�WKH�PDVV�IORZ�UDWH�
WR�EH�SURYLGHG�DV�ZHOO�DV�UHWXUQ�WHPSHUDWXUH�IHG�EDFN�
WR� WKH� '+� V\VWHP� LV� RI� LQWHUHVW�� 1RUPDOO\� EXLOGLQJ�
VLPXODWLRQ�SURJUDPPHV�DUH�XVHG�WR�FDOFXODWH�ERWK�WKH�
'+�PDVV�IORZ�UDWH�GHOLYHUHG� WR� WKH�EXLOGLQJ�DV�ZHOO�
DV�UHWXUQ�WHPSHUDWXUH�DV�D�UHVSRQVH�RI�WKH�EXLOGLQJ¶V�
HQHUJ\� GHPDQG�� %XW� LQFOXGLQJ� D� KXJH� QXPEHU� RI�
EXLOGLQJV��OHW¶V�DVVXPH�WKHUH�DUH�KXQGUHGV�RI�WKHP�DOO�
RSHUDWHG�LQ�D�VOLJKWO\�GLIIHUHQW�ZD\�DOVR�GLIIHULQJ�E\�
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VL]H��DJH�DQG�QRPLQDO�SHDN�ORDG��LQWR�RQH�VLPXODWLRQ�
ZLOO�FDXVH�UXQ�WLPH�SUREOHPV��2Q�WKH�RWKHU�KDQG�LW�LV�
QRW� QHFHVVDU\� DW� DOO� WR� JHQHUDWH� DOO� RI� WKH� GHWDLOHG�
EXLOGLQJ� LQIRUPDWLRQ� LQ� WKH� FRQWH[W� RI� VXFK� D� ODUJH�
VFDOH�HQHUJ\�VLPXODWLRQ��7KLV� W\SH�RI�VLPXODWLRQ�FDQ�
EH�VDWLVILHG�E\�MXVW�D�EXLOGLQJ�WKHUPDO�ORDG�SURILOH��,W�
LV� NQRZQ� WKDW� IRU� D� JLYHQ� VXSSO\�ZDWHU� WHPSHUDWXUH�
MXVW� RQH� VSHFLILF� FRPELQDWLRQ� RI� UHWXUQ� WHPSHUDWXUH�
DQG�PDVV�IORZ�UDWH�ZLOO�PDWFK�WKH�UHTXHVWHG�KHDW�ORDG�
LQ�D�KHDWLQJ�V\VWHP��1HYHUWKHOHVV� LW�FDQ�EH�REVHUYHG�
WKDW�VLPXODWRUV�DUH�XVLQJ�IL[HG�UHWXUQ�WHPSHUDWXUHV�LQ�
WKHLU� VLPXODWLRQ� UXQV� WR� VLPSOLI\� VLPXODWLRQV�� ,W� LV�
WKHQ� XS� WR� WKH�XVHU� UHVS�� WKH�PRGHOOHU� WR� FKRRVH� WKH�
ULJKW� UHWXUQ� WHPSHUDWXUH�PDWFKLQJ� DYHUDJH�RSHUDWLQJ�
FRQGLWLRQV�� ,W¶V� ZRUWK� PHQWLRQLQJ� WKDW� QRUPDOO\�
QRPLQDO� UHWXUQ� WHPSHUDWXUHV� WKH� V\VWHP� LV� GHVLJQHG�
IRU�DUH�GHILQHG�ZLWKRXW�DFFRXQWLQJ� IRU�DQ\�SDUW� ORDG�
GHYLDWLRQ� IURP� WKH� GHVLJQ� VWDWXV�� )URP� WKDW�
EDFNJURXQG� LW� LV� FRQFOXGHG� WKDW� VLPSOLILHG� EXW�
UHOLDEOH� EXLOGLQJ� PRGHOV� SDUWLDOO\� LQFOXGLQJ� WKH�
EXLOGLQJ� KHDWLQJ� V\VWHP� DUH� QHHGHG� WR� JHW� D� PRUH�
UHDOLVWLF� SLFWXUH� RI� RYHUDOO� V\VWHP� EHKDYLRXU�� 7KLV�
SDSHU� GHVFULEHV� D� PHWKRG� KRZ� WR� HVWLPDWH� UHWXUQ�
WHPSHUDWXUH�DQG�IORZ�UDWH�LQ�WKH�SLSH�FRQQHFWLQJ�WKH�
EXLOGLQJ�ZLWK�D�'+�V\VWHP��

Simulation Program 
7KH� WUDQVLHQW� VLPXODWLRQ� SURJUDP� TRNSYS-TUD� LV�
XVHG� WR�PRGHO�'+� V\VWHPV� LQFOXGLQJ� WKH� VLPSOLILHG�
EXLOGLQJ�PRGHOV��,W�KDV�SURYHG�WR�EH�WKH�SHUIHFW�WRRO�
WR� XVH� WKH� ORQJ� \HDU� H[SHULHQFHV� RI� WKH� DXWKRUV� DQG�
H[LVWLQJ�PRGHOV�LQ�EXLOGLQJ�VLPXODWLRQ�IRU�YDOLGDWLRQ�
RI� WKH� UHVXOWV� DW� WKH� ILHOG�RI�'+��TRNSYS-TUD� LV� D�
VSHFLDO� UHVHDUFK� FRGH� GHULYHG� IURP� WKH� ZHOO�NQRZQ�
7516<6�VLPXODWLRQ�SURJUDP��7KH�RULJLQ�RI� WKH�'+�
V\VWHP� VLPXODWLRQ� PRGHO� LV� WKH� PRGHO� RI� VSDFH�
KHDWLQJ�V\VWHPV� LQ�EXLOGLQJV��)HZ�DGDSWDWLRQV�DOORZ�
WR� DOVR� FDOFXODWLQJ� ODUJH� KHDWLQJ� V\VWHPV� ZLWK�
GLIIHUHQW�SLSH�GLPHQVLRQV��

02'(//,1*�$3352$&+�
Building model 
6LPSOLILHG� DQG� UHGXFHG� RUGHU� EXLOGLQJ� PRGHOV� DUH�
YHU\�FRPPRQ�WR�HDVLO\�FDOFXODWH�HQHUJ\�SHUIRUPDQFH�
ZLWK� OHVV�HIIRUW��6WDQGDUG� ,62������� >�@�GHVFULEHV�D�
�5�&� QHWZRUN� PRGHO� WR� EH� DSSOLHG� DV� D� EXLOGLQJ�
PRGHO� WKDW� SURYLGHV� MXVW� WKHUPDO� EXLOGLQJ� ORDG�
SURILOHV� GHSHQGLQJ� RQ� EXLOGLQJ� SK\VLFV�� URRP�
WHPSHUDWXUH�VHW�SRLQWV�� LQWHUQDO�KHDW�JDLQV�DV�ZHOO�DV�
DPELHQW� FRQGLWLRQV� �RXWVLGH� DLU� WHPSHUDWXUH� DV� ZHOO�
VRODU�JDLQV�����

𝑄̇௕௟ௗ௚,ௌு,ௗ௠ௗ = 𝑓(𝜗௜,௦௘௧, 𝜗௔, 𝑞̇௜, 𝑞̇௦௢௟)� ����

7KH� KHDWLQJ� HQHUJ\� WKDW� LV� UHTXLUHG� WR� PDWFK� WKH�
GHPDQG� RI� WKH� EXLOGLQJ� DV� FDOFXODWHG� E\� WKH� PRGHO�
KDV� WR� EH� SURYLGHG� E\� WKH� '+� V\VWHP�� 7KH� VSDFH�
KHDWLQJ� V\VWHP� IXUWKHUPRUH� LV� PRGHOOLQJ� WKH� UHWXUQ�
WHPSHUDWXUH� DQG� PDVV� IORZ� UDWH� WDNLQJ� LQWR� DFFRXQW�
WKH� '+� IORZ� WHPSHUDWXUH� DQG� WKH� EXLOGLQJV� HQHUJ\�
UHTXLUHPHQWV���

Space heating system model 
7KH� VSDFH� KHDWLQJ� V\VWHP� FRQVLVWV� RI� WKH� KHDW�
HPLWWHUV��QRUPDOO\�UDGLDWRUV�RU�IORRU�KHDWLQJ�V\VWHPV��
DQG� WKH� GLVWULEXWLRQ� V\VWHP�� ,QVWHDG� RI� D� KHDW�
JHQHUDWRU��H�J��D�ERLOHU�RU�D�KHDW�SXPS��WKLV�V\VWHP�LV�
FRQQHFWHG�WR�WKH�'+�V\VWHP��)LJXUH���VKRZV�D�VSDFH�
KHDWLQJ� V\VWHP� LQGLUHFWO\� FRQQHFWHG� WR� WKH� '+�
V\VWHP�XVLQJ�D�KHDW�H[FKDQJHU��+HDW�WR�EH�VXSSOLHG�WR�
WKH� EXLOGLQJ� LV� NQRZQ� IURP� WKH� VLPSOLILHG� EXLOGLQJ�
PRGHO� DFFRUGLQJ� WR�(T������+HDW� ORVVHV�RI� WKH� VSDFH�
KHDWLQJ�GLVWULEXWLRQ�V\VWHP�DV�ZHOO�DV�DGGLWLRQDO�KHDW�
GHPDQG� GXH� WR� LPSHUIHFW� URRP� WHPSHUDWXUH� FRQWURO�
LQVLGH� WKH� EXLOGLQJ� FDQ� EH� WDNHQ� LQWR� DFFRXQW� E\� DQ�
H[SHQGLWXUH� YDOXH� H6+� WKDW� W\SLFDOO\� LV� LQ� D� UDQJH� RI�
���«����� )LQDOO\� WKH� EXLOGLQJ� HQHUJ\� GHPDQG�
LQFOXGLQJ�DQ\�DGGLWLRQDO�HQHUJ\�PXVW�EH�HTXDO�WR�WKH�
ZDWHU�VLGH�HQHUJ\�EDODQFH��VHH�(T�������

𝑄̇௕௟ௗ௚,ௌு = 𝑄̇௕௟ௗ௚,ௌு,ௗ௠ௗ ∗ 𝑒ௌு
= 𝑚̇ௌு𝑐௣(𝜗௦,ௌு − 𝜗௥,ௌு)�

����

�

�
Figure 2 Space heating system with several radiators 

connected indirectly to a DH system 
 

7KH�EDVLF�LGHD�QRZ�LV�WR�VLPSOLI\�WKH�KHDWLQJ�V\VWHP�
�)LJXUH����WR�MXVW�RQH�±�VR�FDOOHG�HTXLYDOHQW���UDGLDWRU�
UHSUHVHQWLQJ� WKH� HQWLUH� V\VWHP� �)LJXUH� ���� 7KLV�
DSSURDFK� GRHV� QRW� LQFOXGH� GRPHVWLF� KRW� ZDWHU�
JHQHUDWLRQ� MXVW� VSDFH� KHDWLQJ�� 9DOGLPDUVVRQ�� ������
>�@�DQG�>�@�DQG�RWKHUV�DXWKRUV�>�������@�KDYH�FKRVHQ�D�
YHU\�VLPLODU�DSSURDFK��-RKDQVVRQ¶V�DSSURDFK�>�@�DQG�
>�@� DOUHDG\� GLVWLQJXLVKHV� EHWZHHQ� VSDFH� KHDWLQJ� DQG�
'+:�KHDW�GHPDQG���
�
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�
Figure 3 Equivalent heating system connected 

indirectly to DH 
�
)ROORZLQJ�WKH�UDGLDWRU�DSSURDFK�WKH�KHDW�HPLVVLRQ�IRU�
D�JLYHQ�KHDW�WUDQVIHU�FRHIILFLHQW�8$�GHSHQGV�RQ�RYHU�
WHPSHUDWXUH��(T�����

𝑄̇௕௟ௗ௚,ௌு,ௗ௠ௗ = 𝑈𝐴∆𝜗௠,ௌு� ����

:LWK�RYHU�WHPSHUDWXUH�FDOFXODWHG�DFFRUGLQJ�WR�(T����
ZKHUH� � LQWHUQDO� WHPSHUDWXUH� LV�HTXDO� WR� WKH� VHW�SRLQW�
XVHG� LQ� WKH� EXLOGLQJ� PRGHO� (T�� ��� 7KLV� LQWHUQDO�
WHPSHUDWXUH� LV� DQ� DYHUDJH� YDOXH� IRU� DOO� ]RQHV� LQ�
EXLOGLQJ�WKDW�DUH�KHDWHG���

Δ𝜗௠,ௌு =
𝜗௦,ௌு − 𝜗௥,ௌு

ln
𝜗௦,ௌு − 𝜗௜
𝜗௥,ௌு − 𝜗௜

� ����

$V�DQ�DOWHUQDWLYH� WR� WKH� LQGLUHFW�FRQQHFWLRQ�EHWZHHQ��
VSDFH� KHDWLQJ� V\VWHP� DQG� GLVWULFW� KHDWLQJ� V\VWHP� DV�
GLVFXVVHG� EHIRUH� D� VR� FDOOHG� GLUHFW� FRQQHFWLRQ� LV�
SRVVLEOH� DV� ZHOO�� ,Q� WKDW� FDVH� QR� KHDW� H[FKDQJHU� LV�
XVHG� EXW� UDGLDWRUV� DUH� FKDUJHG� ZLWK� WKH� KRW� ZDWHU�
IURP� WKH� '+� GLUHFWO\�� 6XFK� V\VWHPV� DUH� RIWHQ�
HTXLSSHG� ZLWK� DQ� DGGLWLRQDO� E\SDVV� �VHH� )LJXUH� ���
WKDW�DOORZV�WR�FRQWURO�VXSSO\�ZDWHU�WHPSHUDWXUH�RI�WKH�
VSDFH� KHDWLQJ� V\VWHP� LQGHSHQGHQWO\� IURP� WKH� '+�
VXSSO\� ZDWHU� WHPSHUDWXUH� E\� UHFLUFXODWLQJ� UHWXUQ�
ZDWHU�IURP�WKH�VSDFH�KHDWLQJ�V\VWHP��
�

�
Figure 4 Equivalent heating system connected 

directly to DH 

�
,Q� ERWK� DSSURDFKHV� �� GLUHFW� DQG� LQGLUHFW� �� WKH� KHDW�
WUDQVIHU� FRHIILFLHQW� RI� WKH� DQDORJRXV� UDGLDWRU� PRGHO�
GHSHQGV�RQ�WKH�ERWK�UDGLDWRU�RYHU�WHPSHUDWXUH�KDYLQJ�
DQ� LPSDFW� RQ� WKH� DLU� VLGH� FRQYHFWLRQ�� 7KH� KHDWLQJ�
ZDWHU�PDVV� IORZ� UDWH� IXUWKHUPRUH� KDV� DQ� LPSDFW� RQ�
WKH�ZDWHU�VLGH�KHDW�WUDQVIHU��VHH�(T�����

𝑈𝐴
(𝑈𝐴)௡௢௠

= ቆ
∆𝜗௠,஽ு

∆𝜗௠,஽ு,௡௢௠
ቇ
௡

ቆ
𝑚̇஽ு

𝑚̇஽ு,௡௢௠
ቇ
௠

 
����

7KH�H[SRQHQW�Q�GHSHQGV�RQ� WKH� W\SH�RI�KHDW�HPLWWHU�
DQG�LV�JLYHQ�E\�.QDEH����>�@�DV�IROORZV��

-� UDGLDWRUV�Q ����
-� SLSHV�Q �����
-� FRLOV�Q �����
-� IODW�SODWH�HPLWWHUV�Q ��������
-� FRQYHFWRUV�Q ����������
-� IORRU�KHDWLQJ�V\VWHPV�Q ����

7KH� KLJKHU� WKH� UDGLDWHG� SDUW� RI� KHDW� HPLVVLRQ� WKH��
ORZHU� Q�� &RQWUDU\� WR� Q� WKH� LPSDFW� RI� PDVV� IORZ� LV�
RIWHQ� QHJOHFWHG� IRU� D� VLQJOH� UDGLDWRU�� .QDEH� ��� >�_�
JLYHV� D� UDQJH� RI� P �������� ,I� PRUH� GHWDLOHG� DQG�
VSHFLILF� LQIRUPDWLRQ� LV� QHHGHG� YDOXHV� KDYH� WR� EH�
JDLQHG�IURP�H[SHULPHQWDO�WHVWV��
1HYHUWKHOHVV� YDOXHV� DUH� YDOLG� IRU� D� VLQJOH� UDGLDWRU�
RQO\�DQG�LW�KDV�WR�EH�FKHFNHG�KRZ�WKH�EDVLF�DSSURDFK�
RI� (T�� �� FDQ� EH� XVHG� WR� PRGHO� WKH� HQWLUH� VSDFH�
KHDWLQJ� V\VWHPV� LQ� D� EXLOGLQJ� UHGXFHG� WR� D� VLQJOH�
UDGLDWRU�PRGHO�� �)RU� WKDW� UHDVRQ� ILHOG� WHVW� GDWD� IURP�
UHDO� EXLOGLQJ� LQVWDOODWLRQV� ZLOO� EH� XVHG� WR� FKHFN� WKH�
DSSOLFDELOLW\� RI� WKH� DQDORJRXV� UDGLDWRU� PRGHO�� )LHOG�
WHVW� GDWD� KDYH� EHHQ� JDLQHG� IRU� LQVWDQFH� IURP� D� '+�
VXEVWDWLRQ� DV� GHSLFWHG� LQ� )LJXUH� ��� 7KLV� VXEVWDWLRQ�
FRQQHFWV�WKH�EXLOGLQJ�LQVWDOODWLRQ�WR�WKH�'+�QHWZRUN���
�

�
Figure 5 Test building substation configuration: 

DHW storage at the right hand side; space heating 
connected at the top; both connected directly to DH 

to the left 
 

5HOHYDQW�PHDVXUHPHQWV�LQFOXGH��
�� WHPSHUDWXUHV� �VXSSO\� DQG� UHWXUQ�� DV�ZHOO� DV�

IORZ�UDWH�DW�WKH�'+�VLWH�PHDVXUHG�LQ�WKH�KHDW�
PHWHU�WR�EH�XVHG�WR�FDOFXODWH�EXLOGLQJV�WRWDO�
KHDW�FRQVXPSWLRQ�WR�EH�SURYLGHG�E\�WKH�'+�
V\VWHP�WKXV�FDOOHG�𝑄̇஽ு�
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�� WHPSHUDWXUHV� �VXSSO\� DQG� UHWXUQ�� DV�ZHOO� DV�
IORZ� UDWH� IRU� '+:� JHQHUDWLRQ� XVHG� WR�
FDOFXODWH�'+:�KHDW�ORDG�𝑄̇௕௟ௗ௚,஽ுௐ�

6SDFH� KHDWLQJ� ORDG� FRXOG� EH� HDVLO\� FRQFOXGHG� IURP�
WKH� WRWDO� KHDW� ORDG� SURYLGHG� E\� WKH� '+� V\VWHP� DQG�
WKH�'+:�ORDG�IROORZLQJ�WKH�HTXDWLRQ��
�

𝑄̇௕௟ௗ௚,ௌு = 𝑄̇஽ு − 𝑄̇௕௟ௗ௚,஽ுௐ� ����

)LJXUH���VKRZV�W\SLFDO�SURILOH�RI�ILHOG�WHVW�GDWD��
�

�
Figure 6 Field test data 

�
6XSSO\� ZDWHU� WHPSHUDWXUH� RI� WKH� VSDFH� KHDWLQJ�
V\VWHP� FDQ� EH� �D�� LQ� WKH� FDVH� RI� DQ� LQGLUHFW� V\VWHP�
FDOFXODWHG� E\� XVLQJ� DQ� KHDW� H[FKDQJHU� PRGHO� �� VHH�
)LJXUHV���DQG�����RU��E��LQ�WKH�FDVH�RI�D�GLUHFW�V\VWHP�
DVVXPHG� WR� EH� WKH� VDPH� DV� WKH� '+� VXSSO\�
WHPSHUDWXUH� QHJOHFWHG� PLQRU� KHDW� ORVVHV� RI� WKH�
GLVWULEXWLRQ� V\VWHP� �� VHH� )LJXUH� ��� 5HWXUQ�
WHPSHUDWXUH� RI� WKH� VSDFH� KHDWLQJ� V\VWHP� FDQ� EH�
FDOFXODWHG� IURP� WKH� HQHUJ\� DQG�PDVV� EDODQFH� DW� WKH�
PL[LQJ� SRLQW� ZKHUH� VSDFH� KHDWLQJ� UHWXUQ� IORZ� DQG�
'+:�UHWXUQ�IORZ�PHUJH��
,Q�DGGLWLRQ� WR� ILHOG� WHVW�GDWD�EXLOGLQJ�VLPXODWLRQ�KDV�
EHHQ� XVHG� WR� JHQHUDWH� EXLOGLQJ� SHUIRUPDQFH� GDWD��
7\SLFDO� GDWD� RI� D� PXOWL�IDPLO\� KRXVH� JDLQHG� IURP�
WKRVH� FRPSXWDWLRQDO� VLPXODWLRQV� DUH� GHSLFWHG� LQ�
)LJXUH����,Q�WKDW�SDUWLFXODU�FDVH�'+:�ZDV�QRW�WDNHQ�
LQWR�DFFRXQW��)ORZ� WHPSHUDWXUHV�DUH� LQIOXHQFHG�E\�D�
QLJKWO\�VHWEDFN�RI�VXSSO\�ZDWHU�WHPSHUDWXUH�VHW�SRLQW��

�

�

�
Figure 7 Simulation data (top: heat loads and flow 

rate: bottom: temperatures)  
�
)URP� VSDFH� KHDWLQJ� ORDG� DQG� IORZ� WHPSHUDWXUHV� WKH�
UHVXOWLQJ�8$� YDOXH� RI� WKH� DQDORJRXV� UDGLDWRU�PRGHO�
FDQ�EH�FDOFXODWHG�IURP�(T���OHDGLQJ�WR�WKH�IROORZLQJ�
HTXDWLRQ��

𝑈𝐴 =
𝑄̇௕௟ௗ௚,ௌு
∆𝜗௠,ௌு

� ����

(T�� �� LV� IXOO\� EDVHG� RQ� PHDVXUHPHQWV�� L�H�� VSDFH�
KHDWLQJ� ORDG� RI� WKH� EXLOGLQJ� DV� ZHOO� DV� RYHU�
WHPSHUDWXUH�KDYH�EHHQ�FDOFXODWHG�IURP�WKH�PHDVXUHG�
GDWD���
2QFH� 8$� LV� H[WUDFWHG� IURP� WKH� PHDVXUHPHQW�
DFFRUGLQJ� WR� (T�� ��� WKH� JRDO� LV� WR� ILQG� FRUUHODWLRQV�
EHWZHHQ� RYHU� WHPSHUDWXUH� DQG� PDVV� IORZ� UDWHV� WKDW�
PDWFK�(T�����([HPSODULO\�)LJXUH���DQG�)LJXUH���VKRZ�
FRUUHODWLRQV� EDVHG� RQ� ILHOG� WHVW� GDWD�� ,W� ZDV� WULHG� WR�
OLPLW�WKH�UDQJH�RI�WKH�SORW�E\�FODVVLI\LQJ�HLWKHU�PDVV�
IORZ� RU� RYHU� WHPSHUDWXUH�� 1HYHUWKHOHVV� LW� LV� WR� EH�
VHHQ� WKDW� DQ\� FRUUHODWLRQ� WR� EH� ILQG� ZLOO� EH� D�
FRPSURPLVH�VLPSOLI\LQJ�UHDO�ZRUOG�EHKDYLRXU����
$OWRJHWKHU����EXLOGLQJV�KDYH�EHHQ�DQDO\VHG�DQG�WZR�
EXLOGLQJV� KDYH� EHHQ� VLPXODWHG� XQGHU� GLIIHUHQW�
FRQGLWLRQV�� %DVHG� RQ� WKH� FRUUHODWLRQ� DQDO\VLV�
H[SRQHQWV�P�DQG�Q��UHVSHFWLYHO\�KDYH�EHHQ�IRXQG�LQ�D�
UDQJH�RI��

P� ����«����
Q� �����«����

�
7KH\� FRPSULVH� D� FRHIILFLHQW� VLJQLILFDQWO\� GLIIHUHQW�
IURP� ]HUR� IRU� WKH� PDVV� IORZ� UDWH� GHSHQGHQF\� DQG�
VPDOOHU� �FRPSDUHG� WR� YDOXHV� JLYHQ� IRU� KHDWLQJ�
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V\VWHPV� E\� .QDEH� ��� >�@��� RIWHQ� HYHQ� QHJDWLYH�
FRHIILFLHQW�IRU�WKH�WHPSHUDWXUH�GHSHQGHQF\��
�

�
Figure 8 UA correlations depending on temperature 

conditions derived from field test data 

�
Figure 9 UA correlations depending on mass flow 
rate derived from field test data (index n refers to 

nominal values) 
�
$� JRRG� DSSUR[LPDWLRQ� KDV� DOZD\V� EHHQ� SRVVLEOH��
ZKLFK�SURYHV�WKDW�WKH�FKRVHQ�DSSURDFK��(T����FDQ�EH�
XVHG� WR� UHSODFH� D� GHWDLOHG� VSDFH� KHDWLQJ� V\VWHP�
PRGHO�� ,W� ZDV� QRW� \HW� SRVVLEOH� WR� ILQG� D� JHQHUDO�
FRUUHODWLRQ�IRU�WKH�FRHIILFLHQWV�P�DQG�Q�DV�NQRZQ�IRU�
WKH� VLQJOH�UDGLDWRU��7KDW� LV�ZK\�WKH\�VWLOO�KDYH� WR�EH�
GHWHUPLQHG�IRU�HDFK�EXLOGLQJ�LQGLYLGXDOO\��
$�QHJDWLYH�H[SRQHQW�IRU�WKH�WHPSHUDWXUH�GHSHQGHQF\�
PLJKW�VHHP�VWUDQJH�LQ�WKH�ILUVW�PRPHQW��EXW�RQH�KDV�
WR� NHHS� LQ� PLQG� WKDW� ZH� DUH� QRW� WDONLQJ� DERXW� D�
UDGLDWRU� DQ\PRUH� EXW� DERXW� D� EXLOGLQJ� LQFOXGLQJ�
LQWHUQDO� DQG� VRODU� JDLQV� DQG� FRQWURO� V\VWHPV�� 7KHUH�

PLJKW� EH� ORDG� UHGXFLQJ� VRODU� JDLQV� RU� DOJRULWKPV�
FRPLQJ� IURP� WKH� EXLOGLQJ� FRQWURO� V\VWHP� DW� KLJK�
H[FHVV� WHPSHUDWXUHV�� 7KLV� FDQ� FDXVH� D� QHJDWLYH�
FRUUHODWLRQ��)LJXUH����VKRZV�WKH�FRUUHODWLRQ�EHWZHHQ�
8$�DQG�WKH�V\VWHPV�RYHU�WHPSHUDWXUHV�DV�D�UHVXOW�RI�D�
VLPXODWLRQ�UXQ��ZKLFK�LV�D�VLPLODU�EHKDYLRXU�DV�IRXQG�
IURP�PHDVXUHPHQWV��ILJXUH�����
�

�
Figure 10 UA correlations depending on temperature 

conditions derived from simulation data 
�
)LQDOO\� ERWK� UHWXUQ� WHPSHUDWXUH� DQG� PDVV� IORZ� UDWH�
IRU� VSDFH� KHDWLQJ� FDQ� EH� FDOFXODWHG� MXVW� NQRZLQJ�
EXLOGLQJ�VSDFH�KHDWLQJ�ORDG�IURP�WKH�EXLOGLQJ�PRGHO��
WKH� DGGLWLRQDO� HQHUJ\� WR� EH� WDNHQ� LQWR� DFFRXQW� WR�
FRYHU� VSDFH� KHDWLQJ� V\VWHP� EHKDYLRXU�� DQG� 8$�
FRUUHODWLRQ� RI� WKH� DQDORJRXV� UDGLDWRU� PRGHO��
&DOFXODWLRQ� LV� EDVHG� RQ� WKH� VHWWLQJ� (T��� DQG� �� LQWR�
EDODQFH��(T����FDQ�EH�VROYHG�LWHUDWLYHO\�RQO\��

𝑚̇ௌு𝑐௣(𝜗௦,ௌு − 𝜗௥,ௌு) = 𝑈𝐴∆𝜗௠,ௌு� ����

DHW system model 
'+:�KDV�EHHQ�PRGHOHG�DV�

-� 'LUHFW�IORZ�V\VWHP�DQG�
-� 6WRUDJH�FKDUJLQJ�V\VWHP��

)RU� WUDQVLHQW� VLPXODWLRQ� RI� VWRUDJHV� WKH� QXPHULFDO�
7516<6�7\SH����FDQ�EH�XVHG��,Q�'+�V\VWHPV�ZLWK�
VHYHUDO�EXLOGLQJ�XQLWV�WKLV�DJDLQ�OHDGV�WR�UXQQLQJ�WLPH�
SUREOHPV�� +HQFH� D� VLPSOLILHG� RQH�QRGH� VWRUDJH�
PRGHO� FRQVLGHULQJ� FDSDFLW\� C'+:�6WJ� DQG� KHDW�
UHVLVWDQFH� DJDLQVW� DPELHQW� WHPSHUDWXUH� KDV� EHHQ�
FUHDWHG�DQG�YDOLGDWHG�LQ�FRPSDULVRQ�WR�7\SH�������
)URP�WKH�HQHUJ\�EDODQFH�RI�WKH�'+:�VWRUDJH�ZKLFK�
DFFRXQWV�IRU�WKH�KHDW�WR�FKDUJH��WKH�KHDW�ORVVHV�RI�WKH�
VWRUDJH�DV�ZHOO�DV�HQWKDOS\�IORZV�RQ�WKH�GRPHVWLF�KRW�
ZDWHU� VLGH� LQFOXGLQJ� FLUFXODWLRQ�� KRW� DQG� FROG�ZDWHU�
IORZ�����'+:�WHPSHUDWXUH�FKDQJHV�SHU�WLPH�VWHS�FDQ�
EH� FDOFXODWHG� XVLQJ� (T���� MXVW� GHSHQGLQJ� RQ� '+:�
VWRUDJH� KHDW� FDSDFLW\�� +RW� ZDWHU� DQG� FLUFXODWLRQ�
SURILOHV�KDYH�WR�EH�VXSSOLHG�E\�WKH�XVHU�E\�PHDQV�RI�
PHDVXULQJ�GDWD�RU�VWRFKDVWLF�GDLO\�GLVWULEXWLRQV���

𝑄̇ௌ௧௚ = 𝑄̇௖௛ − 𝑄̇௟௢௦௦ + ∆𝐻̇஽ுௐ� ����

∆𝐻̇஽ுௐ = 𝐻̇஽ுௐ,௖௢௟ௗ + 𝐻̇஽ுௐ,௖௜௥௖ + 𝐻̇஽ுௐ,௛௢௧� �����
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,Q� FDVH� ORVVHV� DUH� FRQVLGHUHG� WR� EH� FRQVWDQW� �DV�
XVXDOO\�JLYHQ�E\�PDQXIDFWXUHUV��(T�������DSSOLHV��

ௗణವಹೈ,ೄ೟೒

ௗ௧
= ொ̇ೄ೟೒

஼ವಹೈ,ೄ೟೒
�� �����

,I� ORVVHV� VKDOO� EH� FRQVLGHUHG� GHSHQGLQJ� RQ� WKH�
DYHUDJH� VWRUDJH� WHPSHUDWXUH� WKH� FRUUHODWLRQ� FKDQJHV�
WR�(T������

𝑄̇௟௢௦௦ = 𝑈𝐴ௌ௧௚(𝜗ௌ௧௚,௧ି∆௧ − 𝜗௘௡௩)�� �����

𝑇஽ுௐ,ௌ௧௚,௧ =
𝑌
𝑍
−
𝑌 − 𝑍 ∗ 𝑇஽ுௐ,ௌ௧௚,௧ି∆௧

𝑍 ∗ exp  (𝑍 ∗ ∆𝑡)
� �����

ZLWK�

𝑌 = ொ̇೎೓ା௎஺ೄ೟೒ ೐்೙ೡା∆ு̇ವಹೈ
஼ವಹೈ,ೄ೟೒

�� �����

𝑍 = ௎஺ೄ೟೒
஼ವಹೈ,ೄ೟೒

�� �����

7KH�RXWOHW�WHPSHUDWXUH�FDQ�EH�IRXQG�E\�D�FRUUHODWLRQ�
WR� WKH� VWRUDJH� WHPSHUDWXUH  𝜗஽ுௐ,ௌ௧௚,௧�� ZKLFK� LV�
FRQVLGHUHG�WR�EH�FRQVWDQW�ZLWKLQ�WKH�RQH�QRGH�PRGHO��
$JDLQ� 7\SH� ��� KDV� EHHQ� XVHG� WR� JDLQ� FRPSDUDWLYH�
VLPXODWLRQ� GDWD�� )RU� D� VHW� RI� ERXQGDU\� FRQGLWLRQV�
FRPSOHWH�FKDUJLQJ�DQG�GLVFKDUJLQJ�F\FOHV�KDYH�EHHQ�
VLPXODWHG�� )LJXUH� ��� VKRZV� WKH� FRORUHG� PRGXODWLRQ�
EHWZHHQ�����&�DQG�����&�RYHU�WLPH�DQG�KHLJKW�RI�WKH�
VWRUDJH��
�

�
Figure 11 Charging and discharging the DHW 

storage 
�
)URP�WKLV�GDWD�WKH�DERYH�PHQWLRQHG�FRUUHODWLRQ�WR�WKH�
RXWOHW� WHPSHUDWXUH� FDQ� EH� GHULYHG�� VHH� )LJXUH� ���� ,W�
FDQ�EH�VHHQ��WKDW�WKH�FLUFXODWLRQ�PDVV�IORZ�𝑚̇௓௜௥௞ KDV�
JUHDW�LQIOXHQFH�RQ�WKH�RXWOHW�WHPSHUDWXUH��ZKHUHDV�WKH�
FLUFXODWLRQ�WHPSHUDWXUH�LWVHOI��KDV�OHVV�LQIOXHQFH��
�

�
Figure 12 Return temperature of the DHW storage 

depending on mean storage temperature 
�
$� SRO\QRPLDO� IXQFWLRQ� RI� IRXUWK� RUGHU� LV� HPSOR\HG�
IRU�WKH�PRGHO��

𝜗஽ுௐ,ோ = ෍𝑘௜ ∗ 𝜗஽ுௐ,ௌ௧௚
௜

ସ

௜ୀ଴

� �����

$V� LW� FDQ�EH� VHHQ� LQ�)LJXUH���� DSSUR[LPDWLRQ� JLYHQ�
E\�(T����ILWV�ZHOO�ZLWK�WKH�QXPHULFDO�VLPXODWLRQ�GDWD�
RI�7\SH�����
�

�
Figure 13 Results of the simplified DHW simulation 

model 
�
7KH� LPSRUWDQW� SDUW� IRU� '+� VLPXODWLRQ�� DW� ZKLFK�
FRUUHODWLRQV�KDYH�EHHQ�DGMXVWHG��LV�PDUNHG�ZLWK�EOXH�
EDFNJURXQG���
�

DH substation model 
7KH�'+�VXEVWDWLRQ�LQ�WKH�EXLOGLQJ�KDV�WR�EDODQFH�KHDW�
GHPDQG�IRU�VSDFH�KHDWLQJ�DQG�'+:�JHQHUDWLRQ�ZLWK�
KHDW� GHOLYHUHG� E\� WKH� '+� V\VWHP�� 6XSSO\� ZDWHU�
WHPSHUDWXUH� IRU� WKH� VSDFH� KHDWLQJ� V\VWHP� LV� VHW�
DFFRUGLQJ�6HLIHUW������>�@�WR�(T��������

𝜗ௌு,௦ = 𝜑
ଵ

ଵା௡ ∗ Δ𝜗௠,ௌு,௡௢௠ +
𝜑
2
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+ 𝜗௜�
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:LWK�(T������DQG�
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7KLV�IRUPXOD�PDLQO\�GHSHQGV�RQ� ORDG�UDWLR�JLYHQ�E\�
(T�� ����� WKXV� DFFRXQWLQJ� IRU� ORDG� GHSHQGHQF\� RQ�
DPELHQW�DLU�WHPSHUDWXUH��

𝜑 =
𝑄̇௕௟ௗ௚,ௌு

𝑄̇௕௟ௗ௚,ௌு,௡௢௠
=

𝜗௜ − 𝜗௔
(𝜗௜ − 𝜗௔)௡௢௠

� �����

)LQDOO\� WKH� RYHUDOO� UHWXUQ� WHPSHUDWXUH� IURP� WKH�
EXLOGLQJ� KHDWLQJ� V\VWHP� FDQ� EH� FDOFXODWHG� E\�
FRPELQLQJ� UHWXUQ� WHPSHUDWXUH� RI� WKH� VSDFH� KHDWLQJ�
V\VWHP�GHULYHG� IURP�(T�� ���� DQG� UHWXUQ� WHPSHUDWXUH�
GHULYHG�IURP�WKH�'+:�V\VWHP�GHULYHG�IURP�(T�������
ZKLOH� WDNLQJ� LQWR� DFFRXQW� DOVR� FRUUHVSRQGLQJ� PDVV�
IORZ�UDWHV��7KLV�UHWXUQ�WHPSHUDWXUH�DJDLQ�LV�IHG�EDFN�
WR� WKH� '+� HLWKHU� GLUHFWO\� �)LJXUH� ��� RU� LQGLUHFWO\�
XVLQJ�DQ�KHDW�H[FKDQJHU�DV�GHSLFWHG�LQ�)LJXUH�����
7KH�PDVV�IORZ�UDWH�WR�EH�SURYLGHG�E\�WKH�'+�V\VWHP�
WR�PHHW�HQHUJ\�GHPDQG� IRU�VSDFH�KHDWLQJ�DQG�'+:�
JHQHUDWLRQ� LV� FRQWUROOHG� E\� D� YDOYH��2QFH� WKDW�PDVV�
IORZ� KDV� EHHQ� FDOFXODWHG� IROORZLQJ� PHWKRGRORJ\�
GHVFULEHG� EHIRUH� WKH� YDOYH� OLIW� LQ� WKH� FRUUHVSRQGLQJ�
'+� EUDQFK� FDQ� EH� DGDSWHG� WR� DOORZ� WKH� K\GUDXOLF�
V\VWHP�WR�PHHW�WKH�PDVV�IORZ�UDWH�QHHGHG���

5(68/76�
7KH� DSSURDFK� GHVFULEHG� LQ� WKLV� SDSHU� KDV� EHHQ�
LPSOHPHQWHG� WR�D�EXLOGLQJ�VLPXODWLRQ�SURJUDP�WR�EH�
DSSOLHG�LQ�VHYHUDO�GLVWULFW�KHDWLQJ�V\VWHP�VLPXODWLRQV��
)URP�UHVXOWV�VKRZQ�LQ�)LJXUH����LW�FDQ�EH�FRQFOXGHG�
WKDW�PDVV�IORZ�UDWH�LQ�D�VXEVWDWLRQ�LV�HDVLHU�WR�SUHGLFW�
WKDQ�WKH�FRUUHFW�UHWXUQ�WHPSHUDWXUH��,Q�WKDW�SDUWLFXODU�
FDVH� ERWK� PDVV� IORZ� UDWH� DV� ZHOO� DV� UHWXUQ�
WHPSHUDWXUH�SUHGLFWHG�DUH� ORZHU� WKDQ�PHDVXUHG�GDWD��
L�H�� ORZHU� PDVV� IORZ� EXW� KLJKHU� WHPSHUDWXUH�
GLIIHUHQFH� EHWZHHQ� VXSSO\� DQG� UHWXUQ� WHPSHUDWXUH�
ZLOO�OHDG�WR�WKH�VDPH�KHDW�SURYLGHG���
�

�
Figure 14 Validation of simulation results with field 

test data 
�
)LJXUH� ��� VKRZV� WKH� PDVV� IORZ� UDWH� RI� WKH� KHDWLQJ�
V\VWHP�WKDW� ILWV�PHDVXUHG�GDWD�YHU\�H[DFWO\��$V�KHDW�
ORDG�DQG�VXSSO\�WHPSHUDWXUH�DUH�JLYHQ��DOVR�WKH�UHWXUQ�
WHPSHUDWXUH�FDQ�EH�SUHGLFWHG�LQ�YHU\�JRRG�PDQQHU��
�

�
Figure 15 Validation of simulation results with field 

test data 
�

&21&/86,21�
7KLV� SDSHU� GHVFULEHV� DQ� DSSURDFK� KRZ� WR� FDOFXODWH�
RYHUDOO� UHWXUQ� WHPSHUDWXUH� DQG� PDVV� IORZ� UDWH� RI� D�
'+� VXEVWDWLRQ� SURYLGLQJ� KHDW� WR� D� EXLOGLQJ��+HDW� LV�
QHHGHG� GXH� WR� VSDFH� KHDWLQJ� DQG� '+:� JHQHUDWLRQ�
SXUSRVHV�� 7KH� VXEVWDWLRQ� GHVLJQ� �GLUHFW� RU� LQGLUHFW�
FRQQHFWHG��LV�WDNHQ�LQWR�DFFRXQW��7KH�DSSURDFK�LWVHOI�
EDVHV� RQ� WKH� HTXLYDOHQW� UDGLDWRU� PRGHO�� 7KH�
GHSHQGHQFLHV�RI�WKH�KHDW�WUDQVIHU�RQ�ERWK�WHPSHUDWXUH�
DQG� PDVV� IORZ� FRQGLWLRQV� DUH� GHULYHG� IURP� D�
FRPSDULVRQ� ZLWK� H[SHULPHQWDO� GDWD�� $OVR� GHWDLOHG�
VLPXODWLRQ�UXQV�KDYH�EHHQ�WDNHQ�LQWR�FRQVLGHUDWLRQ��,W�
ZDV�UHFRJQLVHG�WKDW�KHDW�WUDQVIHU�KDYLQJ�D�ELJ�LPSDFW�
RQ�UDGLDWRU�KHDW�EDODQFH�FDQQRW�HDVLO\�EH�GHVFULEHG�DV�
ORQJ� DV� LPSDFW� RI� PDVV� IORZ� DQG� WHPSHUDWXUH�
FRQGLWLRQV� DUH� LQ� D� ZLGH� UDQJH�� )XUWKHU� VWXGLHV� DUH�
QHHGHG�WR�HLWKHU�QDUURZ�WKH�UDQJHV�RI�GHSHQGHQF\�RU�
WR� ILQG� EHWWHU� FRUUHODWLRQV� SUREDEO\� UHIHUHQFLQJ�
DGGLWLRQDO�LPSDFW�IDFWRUV���

120(1&/$785(�
symbols 
𝐶஽ுௐ,ௌ௧௚� WKHUPDO�FDSDFLW\�RI�'+:�VWRUDJH�
𝑐௣� LVREDULF�KHDW�FDSDFLW\�
𝑒ௌு HQHUJ\�IDFWRU�VSDFH�KHDWLQJ  
k FRHIIFLHQW 
m� FRHIILFLHQW�
𝑚̇� PDVV�IORZ�UDWH�
n� FRHIILFLHQW�
W� WLPH�
7� WHPSHUDWXUH�LQ�.�
UA� KHDW�WUDQVIHU�FRHIILFLHQW�
𝑄̇� KHDWLQJ�ORDG�
Δ𝑡� WLPH�VWHS�
𝜗� WHPSHUDWXUH�LQ��&�
� ORDG�UDWLR�

Indizes, subscripts, Abbreviations 
D� DPELHQW�
EOGJ� EXLOGLQJ�
FLUF� FLUFXODWLRQ�
FK� FKDUJH�
HQY� HQYLURQPHQW�
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HT� HTXLYDOHQW�
'+� 'LVWULFW�+HDWLQJ�
'+:� GRPHVWLF�KRW�ZDWHU�
GPG� GHPDQG�
L� LQWHUQDO�
P� PHDQ�
QRP� QRPLQDO�
5� UHWXUQ�
6� VXSSO\�
6+� VSDFH�KHDWLQJ�
6RO� VRODU�
6WJ� VWRUDJH�

5()(5(1&(6�
>�@� )DQ�� -LDQKXD� �� )XUER�� 6LPRQ� �� 7516<6�

6LPXODWLRQ� RI� WKH� &RQVXPHU� 8QLW� IRU� /RZ�
(QHUJ\�'LVWULFWLQJ�+HDWLQJ�1HW�

>�@� +DL\DQ�� /HL� DQG� 9DOGLPDUVVRQ�� 3DOO� ������
',675,&7� +($7,1*� 02'(//,1*� $1'�
6,08/$7,21� �� 7KLUW\�)RXUWK� :RUNVKRS� RQ�
*HRWKHUPDO�5HVHUYRLU�(QJLQHHULQJ��

>�@� ,62� ������ (QHUJ\� SHUIRUPDQFH� RI� EXLOGLQJV� ±
&DOFXODWLRQ�RI�HQHUJ\�XVH� IRU�VSDFH�KHDWLQJ�DQG�
FRROLQJ�������

>�@�-RKDQVVRQ��&���DQG�:HUQVWHGW��)���������'\QDPLF�
6LPXODWLRQ� RI� 'LVWULFW� +HDWLQJ� 6\VWHPV��� LQ�
3URFHHGLQJV� RI� 7KLUG� (XURSHDQ� 6LPXODWLRQ� DQG�
0RGHOOLQJ�&RQIHUHQFH��3RUWR��

>�@� .QDEH� *�� ������ *HElXGHDXWRPDWLRQ��
,6%1�($1�������������������

>�@�6HLIHUW��-��������(LQ�%HLWUDJ�]XU�(LQVFKlW]XQJ�GHU�
HQHUJHWLVFKHQ� XQG� H[HUJHWLVFKHQ�
(LQVSDUSRWHQWLDOH� YRQ� 5HJHOYHUIDKUHQ� LQ� GHU�
+HL]XQJVWHFKQLN��,6%1��������������������

>�@�9DOGLPDUVVRQ��3��������0RGHOOLQJ�RI�*HRWKHUPDO�
'LVWULFW�+HDWLQJ�6\VWHPV��8QLYHUVLW\�RI� ,FHODQG��
,6%1�������������

>�@� :DOGKRII�� &KU�� ������ 7KHUPLVFKH� XQG�
K\GUDXOLVFKH� 6LPXODWLRQ� GHV� 5KHLQVEHUJHU�
)HUQZlUPHQHW]HV� XQWHU� %HU�FNVLFKWLJXQJ� GHU�
DQJHVFKORVVHQHQ�*HElXGH��78�%HUOLQ�

>�@�:HUQVWHGW�� )���'DYLGVVRQ�� 3��� DQG� -RKDQVVRQ��&��
������³6LPXODWLRQ�RI�GLVWULFW�KHDWLQJ�V\VWHPV�IRU�
HYDOXDWLRQ� RI� UHDO�WLPH� FRQWURO� VWUDWHJLHV´�� ,Q�
3URFHHGLQJV�RI�WKH��VW�(XURSHDQ�6LPXODWLRQ�DQG�
0RGHOOLQJ�&RQIHUHQFH��1HDSOHV��,WDO\��
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