
DEMAND-SIDE-MANAGEMENT WITH HEAT PUMPS FOR  �
SINGLE FAMILY HOUSES  �
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$%675$&7�
7KH� G\QDPLF� H[SDQVLRQ� RI� UHQHZDEOH� HQHUJ\�
SURGXFWLRQ�� HVSHFLDOO\� VRODU� DQG� ZLQG� SRZHU�� ZLOO�
DFFHOHUDWH� WKH� WUDQVIRUPDWLRQ� SURFHVV� LQ� WKH� HQHUJ\�
VHFWRU�� ,Q� WKLV� FRQWH[W�� WKH� IOXFWXDWLQJ� VXSSO\� RI�
HOHFWULFLW\� EDVHG� RQ� VRODU� DQG� ZLQG� SRZHU� XQLWV�
VKRXOG� EH� VPRRWKHG� RXW� WR� JXDUDQWHH� WKH� JULG�
VWDELOLW\�� )RU� WKLV� SXUSRVH�� 'HPDQG� 6LGH�
0DQDJHPHQW� �'60�� DQG� LQWHOOLJHQW� VWRUDJH�
WHFKQRORJLHV� DUH� NH\� WHFKQRORJLHV� WKDW� PDNH� LW�
SRVVLEOH�WR�NHHS�WKH�EDODQFH�RI�VXSSO\�DQG�GHPDQG���
7KH�REMHFWLYH�RI�WKLV�VWXG\�LV�WR�HYDOXDWH�WKH�IUDFWLRQ�
RI�UHVLGHQWLDO�KHDW�GHPDQG�ZKLFK�FDQ�EH�H[SHFWHG�WR�
EH�FRYHUHG�E\�XVLQJ�HOHFWULF�KHDW�SXPSV�FRXSOHG�ZLWK�
DQ�XQGHU�IORRU�KHDWLQJ�V\VWHP�DV�YDULDEOH�ORDGV�LQ�WKH�
FRQWH[W�RI�'60��

,1752'8&7,21�
,Q� OLQH� ZLWK� WKH� *HUPDQ� )HGHUDO� *RYHUQPHQW¶V�
HQHUJ\� FRQFHSW�� UHQHZDEOH� HQHUJ\� DFFRXQWV� IRU� WKH�
ELJJHVW� VKDUH� LQ� WKH� IXWXUH� HQHUJ\� PL[�� 7KH� FUXFLDO�
WDUJHWV� RI� WKH� QHZ� HQHUJ\� FRQFHSW� DUH� WR� UHGXFH�
JUHHQKRXVH�JDV�HPLVVLRQV�E\������E\������DQG������
E\� ������ ZLWK� ����� EHLQJ� WKH� EDVH� \HDU� IRU� ERWK�
PHDVXUHPHQWV� �)HGHUDO� 0LQLVWU\� RI� (FRQRPLFV� DQG�
7HFKQRORJ\�*HUPDQ\� �%0:L�� ������� %\� ������ WKH�
VKDUH�RI�UHQHZDEOHV�LQ�ILQDO�HQHUJ\�FRQVXPSWLRQ�LV�WR�
UHDFK������DQG�WKHQ�JUDGXDOO\�LQFUHDVH�IXUWKHU�WR����
�� E\� ����� DQG� ��� �� E\� ������ 7KH� VKDUH� LQ�
HOHFWULFLW\� SURGXFWLRQ� LV� WR� UHDFK� ��� �� E\� �����
�)HGHUDO� 0LQLVWU\� RI� (FRQRPLFV� DQG� 7HFKQRORJ\�
*HUPDQ\� �%0:L�� ������� 7KLV� LPSOHPHQWDWLRQ�
SURFHVV� RI� UHQHZDEOH� HQHUJ\� UHSUHVHQWV� D� QHZ�
FKDOOHQJH� IRU� WKH� HQHUJ\� V\VWHP� QRW� RQO\� LQ� WKH�
QDWLRQDO�SRZHU�JULG��EXW�DOVR�LQ�ORFDO�SRZHU�JULGV���
*HQHUDOO\�� SKRWRYROWDLF� SDQHOV� DQG� ZLQG� WXUELQHV�
IHHG� HOHFWULFLW\� LQWR� ORFDO� SRZHU� JULGV� GHSHQGLQJ� RQ�
ORFDO� ZHDWKHU� FRQGLWLRQV�� 7KHUHE\�� WKH� VWRFKDVWLF�
YDULDWLRQV�RI�VRODU�DQG�ZLQG�SRZHU�SURGXFWLRQ�PDNH�
LW� GLIILFXOW� WR� DGDSW� WKH� SRZHU� JHQHUDWLRQ� WR� SRZHU�
GHPDQG�� ,Q� WKLV� FRQWH[W�� DQ� LQFUHDVLQJ� IHHG�LQ� RI�
IOXFWXDWLQJ� UHQHZDEOH� HQHUJ\� VRXUFHV� UHGXFHV� WKH�
JULG�VWDELOLW\��ZKLFK�FDQ�FDXVH�LQ�ZRUVW�FDVH�VHULRXVO\�
GDPDJH� LQ� WKH� JULG� V\VWHP�� ,Q� RUGHU� WR� VROYH� WKLV�
SUREOHP��LW�LV�QHFHVVDU\�WR�FKDQJH�HQHUJ\�VXSSO\�DQG�

FRQVXPSWLRQ� V\VWHPV�� IURP� D� GHPDQG�RULHQWHG�
HQHUJ\� JHQHUDWLRQ� WR� D� JHQHUDWLRQ�RULHQWHG� HQHUJ\�
FRQVXPSWLRQ� �+DXVHU��������7KHUHE\��'HPDQG�6LGH�
0DQDJHPHQW� �'60�� DQG� LQWHOOLJHQW� VWRUDJH�
WHFKQRORJLHV� DUH� WKH� WZR�PDLQ�SLOODUV� �6FKPLG� HW� DO��
������� :LWK� WKHVH� WHFKQRORJLHV�� WKH� VKDUH� RI�
IOXFWXDWLQJ�HOHFWULFLW\�IURP�UHQHZDEOH�HQHUJ\�VRXUFHV�
FDQ�EH�FRPSHQVDWHG��DQG�WKH�FRQVXPSWLRQ�RI�VXUSOXV�
HOHFWULFLW\� ZLOO� EH� PRUH� IOH[LEOH�� ,Q� WKLV� UHJDUG�� WKH�
EXLOGLQJ� VHFWRU� KDV� KXJH� SRWHQWLDO�� DV� WKH� EXLOGLQJ�
VHFWRU� DFFRXQWV� IRU� DERXW� ��� �� RI� ILQDO� HQHUJ\�
FRQVXPSWLRQ� LQ� *HUPDQ\� �6FKPLG� HW� DO�� ������� ,Q�
WRWDO��PRUH� WKDQ������RI� WKH� ILQDO�HQHUJ\�FRQVXPHG�
LQ�KRXVHKROGV�LV�XVHG�IRU�VSDFH�KHDWLQJ�DQG�KRW�ZDWHU�
LQ�*HUPDQ\��0LFKHOVHQ�HW�DO���������)RU�WKLV�UHDVRQ��
LW�LV�H[SHFWHG�WKDW�WKH�KHDW�SXPS�PDUNHW�LQ�*HUPDQ\�
ZLOO�FRQWLQXH�WR�JURZ�LQ�WKH�FRPLQJ�\HDUV��3ODWW�HW�DO��
�������$JDLQVW�WKLV�EDFNJURXQG��WKLV�VWXG\�IRFXVHV�RQ�
HYDOXDWLQJ� WKH� WKHUPDO� ORDG� VKLIWLQJ� SRWHQWLDO� RI�
VLQJOH�IDPLO\�KRXVHV�LQ�D�ORFDO�SRZHU�JULG��)RU�VSDFH�
KHDWLQJ�� D� JURXQG� VRXUFH� KHDW� SXPS� FRXSOHG�ZLWK� D�
ZDWHU�EDVHG� XQGHU�IORRU� KHDWLQJ� V\VWHP� LV� XVHG� DV� D�
IRUP�RI� WKHUPDO�HQHUJ\�VWRUDJH��7KH�SRWHQWLDO�RI� WKH�
WKHUPDO�ORDG�VKLIWLQJ�RI�KHDW�SXPSV�LV�LQYHVWLJDWHG�LQ�
FRPELQDWLRQ� ZLWK� D� PRGHO� EDVHG� SUHGLFWLYH� FRQWURO�
V\VWHP��0%3&���ZKLFK� LV�EDVHG�RQ� WKH� VWXG\�³3OXV�
ZLGWK�PRGXODWLRQ� IRU�VPDOO�VL]HG�KHDW�SXPS�KHDWLQJ�
V\VWHPV´�E\�WKH�6ZLVV�)HGHUDO�2IILFH�RI�(QHUJ\��7KH�
FRQWURO� FRQFHSW� TXDQWLILHV� RSWLPDO� KHDWLQJ� HQHUJ\�
SRUWLRQV� ZLWK� UHVSHFW� WR� WKH� ZHDWKHU� IRUHFDVW�� WKH�
WKHUPDO�EHKDYLRXU�RI�EXLOGLQJV�DQG�ORZ�WDULII�SHULRGV�
�%LDQFKL� HW� DO�� ������� %HVLGHV� WKH� WKHUPDO� ORDG�
VKLIWLQJ� SRWHQWLDO�� WKH� HYDOXDWLRQ� RI� LQGRRU� WKHUPDO�
EHKDYLRXU� LV� DOVR� DQ� LPSRUWDQW� DVSHFW� RI� WKLV� VWXG\��
ZKLFK�LV�LQYHVWLJDWHG�PDLQO\�WKURXJK�RSHUDWLYH�URRP�
WHPSHUDWXUH���
��

6,08/$7,21�02'(/�
Heat pump system and building model 
7KH� VLPXODWLRQ� PRGHO� FRQVLVWV� RI� D� EXLOGLQJ� PRGHO�
�VLQJOH� IDPLO\� KRXVH�� FRXSOHG� ZLWK� DQ� XQGHU�IORRU�
KHDWLQJ� V\VWHP�� D� JURXQG� VRXUFH� KHDW� SXPS� PRGHO�
DQG� GRPHVWLF� KRW� ZDWHU� VWRUDJH�� 7KH� FRPSOH[LW\� RI�
WKH�EXLOGLQJ�PRGHO�LV�OLPLWHG�WR�D�VLQJOH�WKHUPDO�]RQH�
LQ�RUGHU�WR�UHGXFH�WKH�FRPSXWLQJ�WLPH���
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Construction U-value 
(W/m²K) Thermal insulation 

([WHUQDO�ZDOO� ����� ��FP�H[WHUQDO�
LQVXODWLRQ�

3LWFKHG�URRI� ����� ��FP�URRI�LQVXODWLRQ�

&HOODU�FHLOLQJ� ����� �FP�FHLOLQJ�
LQVXODWLRQ�

7RS�IORRU�
FHLOLQJ� ����� ��FP�FHLOLQJ�

LQVXODWLRQ�

:LQGRZ� ����� 'RXEOH�WKHUPDO�
LQVXODWLQJ�JOD]LQJ�

Figure 1Building model 

7KH�EXLOGLQJ�PRGHO�KDV�WZR�IORRUV�ZLWK�D� WRWDO�IORRU�
DUHD�RI�����Pð��7KH�H[SODLQHG�EXLOGLQJ�PRGHO�DQG�WKH�
KHDW� WUDQVIHU�FRHIILFLHQWV�RI�FRQVWUXFWLRQV�DUH� VKRZQ�
LQ� )LJXUH� ���7KH� GHVLJQ� KHDW� ORDG� FDOFXODWLRQ� RI� WKH�
EXLOGLQJ�PRGHO�LV�EDVHG�RQ�',1�(1��������',1�(1�
����������� WKDW�LV�UHTXLUHG�IRU�WKH�GLPHQVLRQLQJ�RI�
KHDW�SXPSV��7KH�JURXQG�VRXUFH�KHDW�SXPS�PRGHO� LV�
EDVHG� RQ� WKH� KHDW� SXPS� FKDUDFWHULVWLFV� ZKLFK�
GHVFULEH�WKH�G\QDPLF�EHKDYLRXU�RI�WKH�KHDW�SXPS��IRU�
H[DPSOH� IORZ� WHPSHUDWXUH� GHSHQGHQW� KHDWLQJ�
FDSDFLWLHV� DV� ZHOO� DV� SRZHU� FRQVXPSWLRQ�� 7KH� KHDW�
SXPS� PRGHO� GHWHUPLQHV� WKHUPDO� FDSDFLW\� DQG� &23�
�FRHIILFLHQW� RI� SHUIRUPDQFH�� DV� D� IXQFWLRQ� RI� LQOHW�
VRXUFH� WHPSHUDWXUH� � T insource� �� IURP� WKH� JURXQG�
PRGHO� �7\SH� ����� DQG� RXWOHW� VXSSO\� WHPSHUDWXUH��������
�T outload� �� WR� WKH� XQGHU�IORRU�KHDWLQJ� V\VWHP�RI� WKH�
EXLOGLQJ� PRGHO�� )LJXUH� �� VKRZV� WKH� VFKHPDWLF�
GLDJUDP�RI� WKH�KHDW�SXPS�V\VWHP��7KH� VL]LQJ�RI� WKH�
YLUWXDO� JURXQG� VRXUFH� DQG� WKH� RWKHU� LPSOHPHQWHG�
JURXQG� SDUDPHWHUV� DUH� EDVHG� RQ� WKH� (('�VRIWZDUH�
DQG� 9,(660$11� WHFKQLFDO� JXLGH� �9,(660$11�
������� WKXV� D� JURXQG�PRGHO� RI� IRXU� YHUWLFDO� GRXEOH�
8�WXEHV� RI� D� GHSWK� RI� ���P� KDV� EHHQ� LPSOHPHQWHG��
%HVLGHV�VSDFH�KHDWLQJ��GRPHVWLF�KRW�ZDWHU��'+:��LV�
DOVR� VXSSOLHG� E\� WKH� KHDW� SXPS� ZLWK� D� ���� OLWHU�
VWRUDJH� WDQN�� 7KH� SDUDPHWHUV� RI� WKH� VWRUDJH� WDQN�
PRGHO� DUH� WDNHQ� IURP� PDQXIDFWXUH�V� GDWD�
�9,(660$11� ������ DQG� D� ��SHUVRQ� EDVHG�
VFKHGXOHG� WDS�SDWWHUQ� LV� LPSOHPHQWHG�IRU� WKH�VWRUDJH�
WDQN�� %\� WKH� FDOFXODWLRQ� RI� WKH� GHVLJQ� KHDW� ORDG��
EDVHG�RQ�',1�(1��������D�JURXQG�VRXUFH�KHDW�SXPS�
PRGHO�ZLWK�D�QRPLQDO�KHDW�RXWSXW�RI�����N:�KDV�EHHQ�
LPSOHPHQWHG�LQ�WKH�VLPXODWLRQ���

  

 

7KH� JURXQG� VRXUFH� KHDW� SXPS�PRGHO� KDV� D� &23� RI�
����E\� D� VRXUFH� LQOHW� WHPSHUDWXUH�RI� ��&�DQG� D� ORDG�
RXWOHW� WHPSHUDWXUH� RI� ���&�� ZKLFK� DUH EDVHG� RQ�
PDQXIDFWXUHU¶V�GDWD��9,(660$11���������

Weather data and electricity consumption and 
generation  
7R� LQYHVWLJDWH� ORFDO� VXUSOXV� HOHFWULFLW\� VXSSO\�� WKH�
HOHFWULFLW\� FRQVXPSWLRQ� DQG� JHQHUDWLRQ� IURP�
SKRWRYROWDLF� SDQHOV� DQG� D� SODQQHG� ZLQG� IDUP�
���0:�� RI� WKH� FLW\� RI� :ROIKDJHQ� LQ� 1RUWKHUQ�
+HVVHQ�� *HUPDQ\� DUH� HVWLPDWHG�� %HVLGHV� SODQQHG�
��0:� ZLQG� IDUP�� DERXW� ��� �� RI� :ROIKDJHQ¶V�
HOHFWULFLW\� FRQVXPSWLRQ� LV� DOUHDG\� JHQHUDWHG� E\�
SKRWRYROWDLF� SDQHOV� �0RUJHQVWHUQ� HW� DO�� ������� 7KH�
VXSSO\� RI� ORFDO� VXUSOXV� HOHFWULFLW\� IURP�SKRWRYROWDLF�
SDQHOV�� ZLQG� WXUELQHV� DQG� WKH� KHDW� GHPDQG� LQ�
EXLOGLQJV��DUH�FRUUHODWHG�EHFDXVH�ERWK�GHSHQG�RQ�WKH�
ZHDWKHU�� 7KHUHIRUH� WKH� HOHFWULFLW\� JHQHUDWLRQ� E\�
SKRWRYROWDLF�SDQHOV�DQG�ZLQG�WXUELQHV��DV�ZHOO�DV�WKH�
PHWHRURORJLFDO� LQSXW� GDWD� IRU� WKH� 7516<6� PRGHO��
ZHUH� DOO� FRPSXWHG� XVLQJ� ORFDO� PHWHRURORJLFDO� GDWD�
PHDVXUHG� LQ� ����� DW� %DG� $UROVHQ� VWDWLRQ�� ORFDWHG�
VWDWLRQ����NP�QRUWKZHVW�RI�:ROIKDJHQ��/RJLFDO�LQSXW�
GDWD� IRU� WKH 7516<6 PRGHO ZHUH� DOVR FRPSXWHG 
XVLQJ ORFDO�PHWHRURORJLFDO�GDWD�PHDVXUHG� LQ������DW�
%DG�$UROVHQ�� +RXUO\� HOHFWULFLW\� JHQHUDWLRQ� E\� ZLQG�
DQG� VRODU� SRZHU� DUH� DSSUR[LPDWHG� XVLQJ� ORFDO�
PHWHRURORJLFDO� GDWD� RQ� DQ� KRXUO\� EDVLV�� 7KHVH� DUH�
WKHQ�VXEWUDFWHG�IURP�FRQFXUUHQW�KRXVHKROG�HOHFWULFLW\�
FRQVXPSWLRQ�PHDVXUHPHQWV�WR�FDOFXODWHG�DYDLODEOH��

Figure 2 Schematic diagram of the heat pump 
system 
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VXUSOXV� HOHFWULFLW\�� +RXUO\� YDOXHV� RI� KRXVHKROG�
HOHFWULFLW\�FRQVXPSWLRQ�LQ������ZHUH�VXSSOLHG�E\�WKH�
6WDGWZHUNH�:ROIKDJHQ��0RUJHQVWHUQ�HW�DO���������VHH�
)LJXUH�����)LJXUH��� VKRZV� WKH�HVWLPDWHG� IOXFWXDWLRQV�
RI� UHQHZDEOH� HQHUJ\� IHHG�LQ� DQG� SRZHU� GHPDQG�
GHSHQGLQJ�RQ�GLIIHUHQW� WLPH� KRUL]RQV� LQ�:ROIKDJHQ��
,Q� DGGLWLRQ�� JUDSKV� LQ� )LJXUH� �� VKRZ� WKH� UHVXOWLQJ�
UHVLGXDO� ORDG� WKDW� LV� GHILQHG� DV� HOHFWULFLW\� GHPDQG�
PLQXV� WKH� DPRXQW� VXSSOLHG� E\� UHQHZDEOH� HQHUJLHV�
�5(���7KH�UHVLGXDO�ORDG�LV�GHVFULEHG�E\��
�
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5H
demandinfeedREifnegative

demandinfeedREifpositive
loadsidual

���������������������������������������������������������������������������������
7KH� JUDSKLFV� FOHDUO\� VKRZ� WKDW� QHDUO\� ���� SHUFHQW�
UHQHZDEOH� HQHUJ\� VXSSO\� LV� SRVVLEOH� LQ� D� DQQXDO�
EDODQFH� WKURXJK� WKH� SODQQHG� ZLQG� IDUP� DQG�
SKRWRYROWDLF�SDQHOV���

 

,Q� FRQWUDVW�� WKH� KRXUO\� IOXFWXDWLRQV� RI� UHQHZDEOH�
HQHUJ\� IHHG�LQ� �ZLQG�� VRODU� HQHUJ\�� LQ� VKRUW�WLPH�
KRUL]RQV� DUH� YHU\� VWURQJ�� VR� WKDW� D� SDUW� RI� KRXUO\�
SRZHU�GHPDQG�RIWHQ�FDQQRW�EH�FRYHUHG�E\�UHQHZDEOH�
HQHUJ\� IHHG�LQ��7KLV�FRQWH[W�PDNHV� WKH�XVH�RI�VKRUW�
WHUP� VWRUDJH�� VXFK� DV� WKHUPDO� PDVV� DQG� KRW� ZDWHU�
VWRUDJH� LQ� EXLOGLQJV�� FRXSOHG� ZLWK� '60�� PRUH�
LQWHUHVWLQJ� 

Electricity price signal  
,Q� WKLV� VWXG\�� D� VLPSOH� WLPH�YDU\LQJ� SULFH� VLJQDO� LV�
GHYHORSHG� EDVHG� RQ� WKH� SRZHU� GHPDQG� DQG� WKH�
HOHFWULFLW\� IHHG�LQ� IURP�UHQHZDEOH�HQHUJ\�VRXUFHV� LQ�
:ROIKDJHQ�� ,Q� )LJXUH� ��� WKH� HOHFWULFLW\� SULFH� VLJQDO�
IRU� ���KRXUV� LQ� -DQXDU\� LV� SUHVHQWHG� DV� DQ� H[DPSOH��
7KHUHE\�� LW� LV� DVVXPHG� WKDW� WKH� ORFDO� FRQVXPHU� FDQ�
XVH� VXUSOXV� HOHFWULFLW\� ZLWK� ORZ� RU� QHJDWLYH� PDUNHW�
SULFHV�� 7KH� SULFH� VLJQDO� LV� FRQYHUWHG� LQWR� D� GLJLWDO�
VLJQDO� � γelec �� RI� FRGHV� � ³�´� DQG� ³�´� IRU� WKH� KHDW�
SXPS� FRQWURO�� 7KH� UHODWLRQVKLS� EHWZHHQ� WKH� SULFHV�
VLJQDO�DQG�WKH�VXUSOXV�HOHFWULFLW\�LV�GHVFULEHG�E\���
�
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�������

demandinfeedifhigh

demandinfeediflow
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&21752/�6758&785(6��
Conventional heat pump control  
*HQHUDOO\�� D� FRQYHQWLRQDO� KHDW� SXPS�FRQWURO� V\VWHP�
LV�EDVHG�PDLQO\�WKH�KHDWLQJ�FXUYH�ZLWK�D�GHDG�EDQG�RI�
��.��ZKLFK�GHWHUPLQHV�WKH�VXSSO\�ZDWHU�WHPSHUDWXUH�
VHW�SRLQW� RI� WKH� KHDWLQJ� FLUFXLW� DV� D� IXQFWLRQ� RI� WKH�
RXWGRRU� WHPSHUDWXUH� �*UXEHU� HW� DO�� ������� 9LD� WKH�
KHDWLQJ� FXUYH�� WKH� VXSSO\� ZDWHU� WHPSHUDWXUH� RI�
KHDWLQJ�FLUFXLW�LV�FRPSHQVDWHG��7KLV�FRQWURO�V\VWHP�LV�
FXUUHQW�SUDFWLFH�LQ�JURXQG�VRXUFH�KHDW�SXPS�V\VWHPV�
FRXSOHG� ZLWK� XQGHU�IORRU� KHDWLQJ� �<X� �������
+RZHYHU�� WKH� WKHUPDO� G\QDPLFV� RI� EXLOGLQJV� DUH�
WKHUHE\�QRW�WDNHQ�LQWR�DFFRXQW���

Figure 3 Renewable energy feed-in, Demand and 
residual loads depending on different time horizons in 

Wolfhagen (Hour, Day, Week, Month) 

Figure 4 Electricity price signal for 48 hours in 
January 
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$V�D�UXOH��D�ZHOO�LQVXODWHG�EXLOGLQJ�HTXLSSHG�ZLWK�DQ�
XQGHU�IORRU�KHDWLQJ�FRPSULVHV�D�KLJK�WKHUPDO�VWRUDJH�
FDSDFLW\� WKDW� OHDGV� WR�D�GHOD\� WLPH� EHWZHHQ� WKH�KHDW�
VXSSO\�DQG�WKH�UHVSRQVH�LQ�LQGRRU�WHPSHUDWXUH��&KHQ�
������� 7KHUHIRUH�� LW� LV� QHFHVVDU\� IRU� DQ� XQGHU�IORRU�
KHDWLQJ� V\VWHP� WR� WDNH� LQWR� DFFRXQW� WKH� WKHUPDO�
G\QDPLFV� RI� EXLOGLQJV� WR� FRPSHQVDWH� IRU� WKH� GHOD\�
WLPH� DQG� WR� DGDSW� WR� FKDQJLQJ� G\QDPLFV��
)XUWKHUPRUH�� ZLWK� WKH� HIIHFW� RI� WLPH� GHOD\�� WKH�
UXQQLQJ� WLPHV� RI� KHDW� SXPSV� FDQ� EH� PRUH� IOH[LEOH��
ZKLFK� HQDEOHV� D� KHDW� SXPS� WR� RSHUDWH� SUHIHUDEO\� DW�
WLPHV� ZKHQ� WKH� HOHFWULFLW\� SULFH� LV� ORZ�� )RU� WKLV�
UHDVRQ�� WKLV� VWXG\� IRFXVHV� RQ� WKH� SRWHQWLDOV� RI� ORDG�
VKLIWLQJ� RI� WKH� IROORZLQJ� FRQWURO� VWUXFWXUHV�� ZKLFK�
WDNHV�LQWR�DFFRXQW�WKH�WKHUPDO�EHKDYLRXU�RI�EXLOGLQJV�
DV�ZHOO�DV�HOHFWULFLW\�SULFH�VLJQDOV��

Model based predictive control (MBPC) 
,Q� VSDFH� KHDWLQJ�� WKH� SUHGLFWLYH� FRQWUROOHU� PDNHV� LW�
SRVVLEOH� WR� DFFRXQW� IRU� IXWXUH� WKHUPDO� EHKDYLRU� RI�
EXLOGLQJV��7KH�PDMRU�EHQHILW� RI� SUHGLFWLYH� FRQWURO� LV�
WKDW� WKH� KHDW� VXSSO\� FDQ� EH� DGMXVWHG� LQ� DKHDG� IRU� D�
VSHFLILF�WLPH�KRUL]RQ�GXH�WR�D�SUHGLFWLRQ�RI�WKH�IXWXUH�
KHDW�GHPDQG��.DUOVVRQ�HW�DO���������(VSHFLDOO\�E\�WKH�
0%3&�� D� SURFHVV� PRGHO� LV� XVHG� IRU� FDOFXODWLQJ�
SUHGLFWLRQV� RI� WKH� IXWXUH� SODQW� RXWSXW� DQG� IRU�
RSWLPL]LQJ� IXWXUH� FRQWURO� DFWLRQV� �.H\VHU� HW� DO��
������� ,Q� WKH� 6LPXODWLRQ�� WKH� EXLOGLQJ�PRGHO� RI� WKH�
G\QDPLF�WKHUPDO�VLPXODWLRQ�WRRO�7516<6�LV�XVHG�DV�
D�SURFHVV�PRGHO�IRU�WKH�0%3&��
,Q�WKLV�VWXG\��WKH�SUHGLFWLRQ�RI�HOHFWULFLW\�SULFH�VLJQDO�
LV�DGGLWLRQDOO\� LPSOHPHQWHG�DV�FRQWURO� LQSXW�� VR� WKDW�
WKH� HQHUJ\� FRQVXPSWLRQ� RI� EXLOGLQJV� LV� VKLIWHG� WR�
SHULRGV�ZLWK�ORZ�HOHFWULFLW\�SULFHV�WKURXJK�LWV�WKHUPDO�
FDSDFLW\��7KLV�FRQFHSW�PDNHV� LW�SRVVLEOH� WR� LQWHJUDWH�
WKH� KHDW� SXPS� RSHUDWLRQ� RI� SULYDWH� KRXVHV� LQWR� WKH�
ORFDO� HOHFWULFLW\� JULG� ZLWKRXW� SHQDOL]LQJ� WKH� LQGRRU�
WKHUPDO�FRPIRUW��7KH�EDVLF�FRQWURO�FRQFHSW�LV�VKRZQ�
LQ�)LJXUH����7KH� WLPH� KRUL]RQ�RI� D� FRQWURO� SHULRG� LV�
FDOOHG� WKH�SUHGLFWLRQ�KRUL]RQ��1��� DQG� WKH�SUHGLFWLRQ�
RI� KHDW� GHPDQG� LV� FRPSXWHG� WKURXJK� WKH� EXLOGLQJ�
PRGHO��7<3(�����RI�7516<6��ZKLFK�LV�EDVHG�RQ�WKH�
WUDQVIHU� IXQFWLRQV� E\� 0LWDODV� DQG� 6WHSKHQVRQ�
�6WHSKHQVRQ�HW�DO���������

)RU�WKH�FRQWURO�V\VWHP��DQ�LGHQWLFDO�EXLOGLQJ�PRGHO�LV�
XVHG�ERWK�LQ�SUHGLFWLRQV�DQG�RSHUDWLRQ�RI�KHDW�SXPS��
L�H�� WKH� SUHGLFWLRQ� LV� LGHQWLFDO� WR� WKH� UHDOL]DWLRQ��
)XUWKHUPRUH�� LW� LV� DVVXPHG� WKDW� WKH� SUHGLFWLRQ� RI�
ZHDWKHU� DQG� HOHFWULFLW\�SULFH� LV� SHUIHFWO\�PDWFKHG� WR�
UHDOL]DWLRQ�� ,QVWHDG� RI� WKH� VHWWLQJ� RI� WKH� IORZ�
WHPSHUDWXUH� VHW�SRLQW� YLD� WKH� KHDWLQJ� FXUYH�� WKH�
RSWLPDO�RSHUDWLRQ�RI�KHDW�SXPS�LQ�WHUPV�RI�HOHFWULFLW\�
SULFHV� FDQ� EH� GHILQHG� ZLWK� UHVSHFW� WR� WKH� IXWXUH�
WKHUPDO�EHKDYLRXU�RI�EXLOGLQJV��7KHUHE\��WKH�UHTXLUHG�
KHDW� HQHUJ\� LV� WUDQVIRUPHG� LQWR�RQ�RII� VZLWFK� VLJQDO�
IRU�WKH�KHDW�SXPS�DQG�LW�UHJXODWHV�HQHUJ\�IORZ�WR�WKH�
EXLOGLQJ�� )RU� WKLV� SXUSRVH�� WKH� IROORZLQJ� VWHSV� DUH�
FDUULHG�RXW��
�
Step 1��)XWXUH�KHDW�GHPDQG�RYHU�D�SUHGLFWLRQ�KRUL]RQ�
LV� FRPSXWHG� E\� XVLQJ� D� ZHDWKHU� IRUHFDVW� �DPELHQW�
WHPSHUDWXUH� DQG� VRODU� UDGLDWLRQ�� DQG� D� EXLOGLQJ�
PRGHO�� DQG� WKH� DYDLODEOH� DPRXQW� RI� WKH� VXUSOXV�
HOHFWULFLW\� IRU� WKH� KHDW� SXPS� RSHUDWLRQ� LV� FRPSXWHG�
GHSHQGLQJ� RQ� WKH� JLYHQ� SUHGLFWLRQ� RI� HOHFWULFLW\�
SULFHV���
Â� ,Q� WKH� VLPXODWLRQ�� LW� LV� DVVXPHG� WKDW� LQ� WKH� IXWXUH�
HOHFWULFLW\�SULFH�SURILOH� LV�NQRZQ� LQ�DGYDQFH�DW� OHDVW�
IRU�D�SUHGLFWLRQ�KRUL]RQ��
Â� %\� WKH� FDOFXODWLRQ� RI� WKH� DYDLODEOH� DPRXQW� RI� WKH�
VXUSOXV�HOHFWULFLW\�IRU�WKH�KHDW�SXPS�RSHUDWLRQ��LW�LV��
DVVXPHG� WKDW� WKH� KHDW� VXSSO\� WR� WKH� EXLOGLQJ� LV�
FRQVWDQW�GXULQJ�RSHUDWLRQ�RI�WKH�KHDW�SXPS� 
Step 2��7KH�0%3&�FRPSDUHV�WKH�IXWXUH�KHDW�GHPDQG�
DQG� WKH� DYDLODEOH� DPRXQW� RI� WKH� VXUSOXV� HOHFWULFLW\�
RYHU�D�SUHGLFWLRQ�KRUL]RQ��
Step 3�� 7KH� IXWXUH� KHDW� GHPDQG� LV� WUDQVIRUPHG�
WKURXJK� WKH� SOXV�ZLGWK� PRGXODWLRQ� �3:0�� FRQFHSW�
LQWR� RQ�RII� VZLWFK� VLJQDO� IRU� WKH� KHDW� SXPS�� ,W�
UHJXODWHV�HQHUJ\�IORZ��GHSHQGLQJ�RQ�HOHFWULFLW\�SULFH�
VLJQDO��
Step 4�� :KHQ� WKH� DYDLODEOH� VXUSOXV� SRZHU� RYHU� D�
SUHGLFWLRQ�KRUL]RQ�LV�HQRXJK�WR�FRYHU�WKH�IXWXUH�KHDW�
GHPDQG�RYHU� D� SUHGLFWLRQ�KRUL]RQ�� WKH� KHDW� SXPS� LV�
VZLWFKHG� RQ� RQO\� LQ� WKH� SKDVH� RI� ORZ� HOHFWULFLW\�
SULFHV��
Step 5�� :KHQ� WKH� UHTXLUHG� DPRXQW� RI� HQHUJ\� LV�
FRYHUHG�WKURXJK�ORZ�HOHFWULFLW\�SULFHV��WKH�KHDW�SXPS�
LV�ILQDOO\�VZLWFKHG�RII��
�
$W�WKH�EHJLQQLQJ�RI�WKLV�VWXG\��LW�LV�DVVXPHG�WKDW�WKH�
UHIHUHQFH� SUHGLFWLRQ� KRUL]RQ� RI� ��� KRXUV� FDQ� FDXVH�
KLJK� URRP� WHPSHUDWXUH� IOXFWXDWLRQV� GXH� WR� WKH� ORQJ�
WHUP� WKHUPDO� ORDG� VKLIWLQJ�� ,Q� FRQWUDVW�� LW� HQDEOHV� D�
IOH[LEOH�KHDW�SXPS�RSHUDWLQJ�GHSHQGLQJ�RQ�HOHFWULFLW\�
SULFH� VLJQDOV� WKDW� FDXVHV� EHWWHU� PDWFKLQJ� ZLWK�
HOHFWULFLW\� SULFH� VLJQDOV�� 7KHUHIRUH�� LW� LV� HVVHQWLDO� WR�
LQYHVWLJDWH� GLIIHUHQW� WLPH� LQWHUYDOV� RI� WKH� SUHGLFWLRQ�
KRUL]RQ�E\�0%3&��,Q�RUGHU�WR�LQYHVWLJDWH�LQIOXHQFHV�
RI� WKH� GLIIHUHQW� WLPH� LQWHUYDOV� RI� SUHGLFWLRQ� KRUL]RQ�
RQ� WKH� EHKDYLRXU� RI� URRP� WHPSHUDWXUH� DQG� WKHUPDO�
VWRUDJH��LW�LV�XVHIXO�WR�ORRN�FORVHU�DW�WKH�GLYLVLRQ�RI�

�

Figure 5 Basic control concept for the model based 
predictive control of heat pumps 
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�
WKH� SUHGLFWLRQ� KRUL]RQ� LQWR� WKH� GLIIHUHQW� WLPH� VWHSV��
7KHUHIRUH�� WKH� UHIHUHQFH� LQWHUYDO� �/�� ��� KRXUV�� LV�
GLYLGHG� LQ� WR�𝑛�VPDOO� LQWHUYDOV� RI� OHQJWK  𝑙�� )LJXUH� ��
LOOXVWUDWHV� WKLV� SDUWLWLRQLQJ� RI� WKH� IRXU� SUHGLFWLRQ�
KRUL]RQV��ZKLFK�DUH�XVHG�LQ�WKH�VLPXODWLRQV���
7KH� WLPH� VWHS�RI� WKH�SUHGLFWLRQ�KRUL]RQ� LV� GHVFULEHG�
E\��
�
              ����������  jnnL jj             ����
�
%HVLGH� WKH�0%3&�ZLWK� D� IL[HG� WLPH� LQWHUYDO� RI� WKH�
SUHGLFWLRQ� KRUL]RQ�� D� 0%3&� ZLWK� D� YDU\LQJ� WLPH�
LQWHUYDOV� RI� WKH� SUHGLFWLRQ� KRUL]RQ� LV� LQYHVWLJDWHG� LQ�
WKLV�VWXG\��,Q�WKLV�DOJRULWKP��WKH�ERWK�LQIRUPDWLRQ�����
KRXU�IXWXUH�KHDW�GHPDQG�DQG���KRXU�HOHFWULFLW\�SULFH�
SUHGLFWLRQ�� DUH� XVHG� WR� LGHQWLI\� D� VXLWDEOH� SUHGLFWLRQ�
WLPH� LQWHUYDO� IURP� �� KRXU� SUHGLFWLRQ� LQWHUYDO� WR� ���
KRXU�SUHGLFWLRQ�LQWHUYDO��,Q�WKLV�SURFHVV��D�VKRUW�WLPH�
LQWHUYDO� KDV� WKH� SULRULW\� LQ� RUGHU� WR� PLQLPL]H� WKH�
WHPSHUDWXUH� IOXFWXDWLRQ�� )RU� H[DPSOH�� WKH� �� KRXU�
SUHGLFWLRQ� LQWHUYDO� ZLOO� EH� SUHIHUUHG� VHOHFWHG� LI� WKH�
VXUSOXV� HOHFWULFLW\� LV� HQRXJK� DYDLODEOH� RYHU� WKH� GD\��
,Q� FRQWUDVW�� WKH� ��� ��� RU� ��� KRXU� SUHGLFWLRQ� LQWHUYDO�
ZLOO� EH� VHOHFWHG� LI� WKH� VXUSOXV� HOHFWULFLW\� LV� RQO\�
DYDLODEOH�RQO\�LQ�D�JLYHQ�SHULRG�RI�WLPH��,Q�WKLV�FDVH�
WKH� KHDW� SXPS� ZLOO� EH� RSHUDWHG� ZLWK� ORQJ� WHUP�
WKHUPDO� ORDG� VKLIWLQJ�� ,Q� WKH� HQG�� WKHVH� FRQWURO�
VWUXFWXUHV� ZLOO� EH� FRPSDUHG� WR� D� FRQYHQWLRQDO� KHDW�
SXPS�FRQWURO�V\VWHP��

Heat pump efficiency  
7KH� HIILFLHQF\� RI� KHDW� SXPS� RSHUDWLRQ� LV� GHVFULEHG�
E\� WKH� VHDVRQDO� SHUIRUPDQFH� IDFWRU� �63)��� ZKLFK� LV�

GHILQHG� DV� WKH� UDWLR� RI� VHDVRQDO� KHDWLQJ� RXWSXW� E\�
HOHFWULFLW\�FRQVXPSWLRQ�RI�WKH�ZKROH�V\VWHP�GXULQJ�D�
SHULRG���,Q�SULQFLSOH��GLIIHUHQW�EDODQFH�ERXQGDULHV�IRU�
ERWK�LQSXW�DQG�RXWSXW�HQHUJ\�DUH�SRVVLEOH�GHSHQGLQJ�
RQ� V\VWHP� FRQILJXUDWLRQ� �0LDUD� HW� DO�� ������� ,Q� WKLV�
VWXG\�� ERWK� WKHUPDO� HQHUJ\� SURGXFWLRQ� IRU� VSDFH�
KHDWLQJ� DQG� '+:� DUH� RXWSXWV� DQG� HQHUJ\�
FRQVXPSWLRQ� RI� WKH� SXPSV� �WKH� EULQH� SXPS� DQG� WKH�
SXPS�RI�KHDWLQJ�FLUFXLW��DQG�WKH�KHDW�SXPS�DUH�LQSXWV�
WR�WKH�HQHUJ\�EDODQFLQJ�RI�63)���
,Q�RUGHU�WR�DVVHVV�WKH�LQIOXHQFH�RI�KHDW�SXPS�FRQWURO�
V\VWHPV�RQ�KHDW�SXPS�HIILFLHQF\�ZLWK�UHJDUG�WR�ORDG�
VKLIWLQJ�� LW� LV� QHFHVVDU\� WR� GHILQH� ZKLFK� NLQG� RI�
HQHUJ\� LV� UHIHUUHG� WR� WKH�KHDW� SXPS��7KH�KHDW� SXPS�
HIILFLHQF\�FDQ�EH� LQFUHDVHG�ZLWK�DQ� LQFUHDVLQJ�VKDUH�
RI� UHQHZDEOH� HQHUJ\� �VXUSOXV� HOHFWULFLW\��� ,Q� WKLV�
UHJDUG��KHDW�SXPS�HIILFLHQF\�LV�DOVR�DVVHVVHG�WKURXJK�
WKH� VHDVRQDO� SULPDU\� HQHUJ\� HIILFLHQF\� IDFWRU�
�63(()�� LQ� RUGHU� WR� TXDQWLI\� WKH� UHQHZDEOH�
FRQVXPSWLRQ�� (TXDWLRQ� ���� GHVFULEHV� WKH�
FRQYHQWLRQDO� VHDVRQDO� SHUIRUPDQFH� IDFWRU�� ,Q�
FRPSDULVRQ� WR� HTXDWLRQ� ����� HTXDWLRQ� ���� GHVFULEHV�
WKH� VHDVRQDO� SULPDU\� HQHUJ\� HIILFLHQF\� IDFWRU�
�63(()�� LQ� ZKLFK� WKH� UDWH� RI� UHQHZDEOH� HQHUJ\�
FRQVXPSWLRQ� LV� VXEWUDFWHG� IURP� WKH� HQWLUH� HQHUJ\�
FRQVXPSWLRQ��6R��WKH�63(()�HVSHFLDOO\�WDNHV�DFFRXQW�
IRU� WKH� SRZHU� FRQVXPSWLRQ� IURP� IRVVLO� HQHUJ\�
VRXUFHV��
�
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Control variations 
Table 1 Control variations 

 

0RGHO����&RQYHQWLRQDO�FRQWURO�V\VWHP�ZLWK�D�KHDWLQJ�FXUYH�

0RGHO�����0%3&�����KRXU�3UHGLFWLRQ�KRUL]RQ��
0RGHO�����0%3&�����KRXU��3UHGLFWLRQ�KRUL]RQ��
0RGHO�����0%3&����KRXU��3UHGLFWLRQ�KRUL]RQ��
0RGHO�����0%3&����KRXU��3UHGLFWLRQ�KRUL]RQ��
0RGHO�����0%3&��9DULDEOH�SUHGLFWLRQ�KRUL]RQ��
�
,Q� WKLV� VWXG\�� VL[� KHDW� SXPS� FRQWURO� YDULDWLRQV� DUH�
VLPXODWHG� DQG� DVVHVVHG� LQ� WHUPV� RI� KHDW� SXPS�
HIILFLHQF\� DQG� LQGRRU� WKHUPDO� EHKDYLRXU�� 7KH� VL[�
FRQWURO�YDULDWLRQV�DUH�OLVWHG�LQ�7DEOH�����

Figure 6  Pulse width modulation with different time 
interval of the prediction horizon 
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�
Figure 7 Seasonal performance factor (SPF), 

seasonal primary energy efficiency factor (SPEEF) 
and the share of renewable energy  

�

5(68/76�$1'�',6&866,21�
Energy efficiency 
)LJXUH���VKRZV�ERWK�WKH�VHDVRQDO�SHUIRUPDQFH�IDFWRU�
�63)�� DQG� WKH� VHDVRQDO� SULPDU\� HQHUJ\� HIILFLHQF\�
IDFWRU� �63(()�� RI� WKH� GLIIHUHQW� KHDW� SXPS� FRQWURO�
VWUXFWXUHV�� 7KH� 63(()� RI� 0RGHO� ��� ZKLFK� RSHUDWHV�
WKH� KHDW� SXPS� GHSHQGLQJ� RQ� RXWGRRU� WHPSHUDWXUH��
DPRXQWV�WR�������,Q�WKLV�FDVH��WKH�VKDUH�RI�UHQHZDEOH�
HQHUJ\� DPRXQWV� WR� DURXQG� ��� ��� ,Q� FRPSDULVRQ� WR�
0RGHO� ��� WKH� VKDUH� RI� UHQHZDEOH� HQHUJ\� RI� WKH� KHDW�
SXPS� FRQWURO� VWUXFWXUHV� �0%3&�� UDQJHV� EHWZHHQ����
�����DQG�������&RQVHTXHQWO\��WKH�63(()�RI�WKH�KHDW�
SXPS�FRQWURO�VWUXFWXUHV�DUH�DOVR�KLJKO\�LQFUHDVHG�DQG�
WKH�YDOXHV�UDQJH�EHWZHHQ����DQG����� ,Q�FRQWUDVW�� WKH�
63)V�DUH� UHGXFHG�VOLJKWO\��7KLV�FDQ�EH�H[SODLQHG�E\�
LQFUHDVHG�KHDW�SXPS�UXQQLQJ�WLPH��,Q�WKH�DQDO\VLV�RI�
KHDW�SXPS�RSHUDWLRQ�ZLWK�0%3&�� LW�KDV�EHHQ� IRXQG�
WKDW� D� ORQJ� WLPH� LQWHUYDO� RI� WKH� SUHGLFWLRQ� KRUL]RQ�
RIWHQ�H[WHQGV�KHDW�SXPS�UXQQLQJ�WLPH��VHH�)LJXUH����
WKDW� UDLVHV� IORZ� WHPSHUDWXUH� RI� WKH� KHDWLQJ� FLUFXLW��
7KLV� SURFHVV� UHGXFHV� FRQVHTXHQWO\� ERWK� &23� DQG�
63)��2Q�WKH�RWKHU�KDQG��WKH�FRPSDULVRQ�RI�WKH�UHVXOWV�
RI�0RGHO���������DQG���GHPRQVWUDWHV�WKDW�D�ORQJ�WLPH�
LQWHUYDO�RI�WKH�SUHGLFWLRQ�KRUL]RQ�LQ�WKH�FDOFXODWLRQ�RI�
63(()�PDNHV�KHDW�SXPS�RSHUDWLQJ�PRUH�IOH[LEOH�DQG�
HQDEOHV� PRUH� UHQHZDEOH� HQHUJ\� FRQVXPSWLRQ��
%HVLGHV�0RGHO����XVLQJ�DQ�RSWLPL]HG�WLPH�LQWHUYDO�RI�
WKH� SUHGLFWLRQ� KRUL]RQ� �VHH�0RGHO� ��� DOVR� HQDEOHV� D�
KLJK� VKDUH� RI� UHQHZDEOH� HQHUJ\� LQ� KHDW� SXPS�
RSHUDWLRQ���

Indoor thermal behaviour depending on operation 
characteristics of the heat pump 
7KLV� VHFWLRQ� \LHOGV� D� GHWDLOHG� GHVFULSWLRQ� RI� WKH�
RSHUDWLRQ�FKDUDFWHULVWLFV�RI�WKH�KHDW�SXPS�LQ�WHUPV�RI�
UHQHZDEOH� HQHUJ\� FRQVXPSWLRQ� DQG� UHVXOWLQJ�
RSHUDWLYH�URRP�WHPSHUDWXUH���

�

�
7KH� RSHUDWLYH� URRP� WHPSHUDWXUH�� ZKLFK� LV�
DSSUR[LPDWHG�LQ�WKH�URRP�FHQWUH�DV�WKH�PHDQ�YDOXH�RI�
WKH� UDGLDQW� WHPSHUDWXUH� IURP� VXUURXQGLQJ� VXUIDFHV�
DQG� WKH� URRP� DLU� WHPSHUDWXUH�� LV� XVHG� DV� DQ�
HYDOXDWLRQ�FULWHULRQ�IRU�LQGRRU�WKHUPDO�EHKDYLRXU���
7KH� RSHUDWLYH� URRP� WHPSHUDWXUH� DQG� VWDWXV� RI� KHDW�
SXPS� RSHUDWLRQ�� ZKLFK� UHSUHVHQWV� RSHUDWLRQ�
FKDUDFWHULVWLFV� RI� WKH� KHDW� SXPS�� DUH� SUHVHQWHG� LQ�
FDUSHW� SORW� GLDJUDPV� WKDW� GHVFULEH� � YDOXHV� DW� HDFK�
LQWHUVHFWLRQ�RI�URZV��GD\��DQG�FROXPQV��WLPH��GXULQJ�
D�PRQWK��,Q�)LJXUH����WKH�OHIW�GLDJUDPV�VKRZ�VWDWXV�RI�
KHDW� SXPS� RSHUDWLRQ� GHSHQGLQJ� RQ� WKH� HOHFWULFLW\�
SULFH�VLJQDO���

)LJXUH�� Carpet plot diagram to investigate status 
 of heat pump operation in terms of surplus electricity 
consumption (left) and operative room temperature 

(right) in February�
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7KHUHE\��VSHFLDO�DWWHQWLRQ�VKRXOG�EH�SDLG�WR�WKH�EODFN�
VKDGHG� DUHD� DV� LW� LQGLFDWHV� WKH� PDWFK� EHWZHHQ� WKH�
HOHFWULFLW\� GHPDQG� RI� WKH� KHDW� SXPS� DQG� WKH� VXSSO\�
SURILOH� RI� VXUSOXV� HOHFWULFLW\�� 7KH� ILJXUH� UHYHDOV�
FOHDUO\� WKDW� WKH� ORQJ� WHUP� SUHGLFWLRQ� LQWHUYDO� �VHH�
0RGHO� ��� DOORZV� IOH[LEOH� KHDW� SXPS� RSHUDWLRQ�
GHSHQGLQJ� RQ� HOHFWULFLW\� SULFH� VLJQDOV� ZKLFK�
LQFUHDVHV� WKH�UDWH�RI�VXUSOXV�HOHFWULFLW\�FRQVXPSWLRQ��
,Q� WKLV� FDVH� WKH� HVWLPDWHG� KHDW� GHPDQG� LV� PRVWO\�
FRYHUHG�E\�ORQJ�WHUP�WKHUPDO�ORDG�VKLIWLQJ��
7KH�ULJKW�GLDJUDPV�VKRZ�WKH�UHVXOWLQJ�RSHUDWLYH�URRP�
WHPSHUDWXUH� WKDW� UDQJHV� EHWZHHQ� ���&� DQG� ���&��
0RVW�RI� WKH� WLPH�� WKH�RSHUDWLYH�URRP�WHPSHUDWXUH� LQ�
WKH�FDVH�RI�0RGHO���LV�NHSW�EHWZHHQ����DQG����ZLWK�
ORZ� WHPSHUDWXUH� IOXFWXDWLRQV�� ,Q� FRPSDULVRQ� WR�
0RGHO� ��� LW� LV� GHPRQVWUDWHG�E\� WKH� UHVXOWV� RI�0RGHO�
���� WKDW� 0%3&� FDQ� EH� XVHG� WR� VKLIW� WKH� HQHUJ\�
FRQVXPSWLRQ�WR�SHULRGV�ZLWK�ORZ�HOHFWULFLW\�SULFHV���
$GGLWLRQDOO\�� WKH� UHVXOWV� RI� WKH� RSHUDWLYH� URRP�
WHPSHUDWXUH� VKRZ� WKDW� WKH� ORDG� VKLIWLQJ� FRQWURO�
VWUDWHJ\� �0%3&�� LQFUHDVHV� RYHUKHDWLQJ� KRXUV�� 7KH�
FRPSDULVRQ� RI� WKH� UHVXOWV� RI� 0RGHO� ���� VKRZV� WKDW�
WKH� VKRUW�WHUP� LQWHUYDO� RI� WKH� SUHGLFWLRQ� KRUL]RQ�
OLPLWV� WKH� VXUSOXV� HOHFWULFLW\� FRQVXPSWLRQ��
DGGLWLRQDOO\� LW� GHFUHDVHV� RYHUKHDWLQJ� KRXUV�� 7KH�
UHVXOW� RI�0RGHO� �� VKRZV� WKDW� WKH� VXUSOXV� HOHFWULFLW\�
FRQVXPSWLRQ� LV� KLJKO\� LQFUHDVHG� WKURXJK� D� YDU\LQJ�
WLPH�LQWHUYDOV�RI�WKH�SUHGLFWLRQ�KRUL]RQ�E\�0%3&��,Q�
WKLV�FDVH�� WKH�63(()�ULVHV�XS� WR�������DV�ZHOO�DV� WKH�
VKDUH�RI� UHQHZDEOH�HQHUJ\� ULVHV�XS� WR���������� �VHH�
)LJXUH� ���� 2WKHUZLVH�� WKH� ULJKW� GLDJUDP� VKRZV� WKDW�
RYHUKHDWLQJ�KRXUV�DUH�VOLJKWO\�UHGXFHG�LQ�FRPSDULVRQ�
ZLWK�0RGHO���DQG�0RGHO��� WKURXJK�XVLQJ�RSWLPL]HG�
WLPH�LQWHUYDOV�IURP�WKH�SUHGLFWLRQ�KRUL]RQ�IRU�0%3&��
$GGLWLRQDOO\�� WKH� GLVWULEXWLRQ� RI� RSHUDWLYH� URRP�
WHPSHDWXUH� IRU� WKUHH�ZLQWHU�PRQWKV��IURP�'HFHPEHU�
WR�)HEUXDU\�� LV� UHSUHVHQWHG�DV�D�ER[�SORW�GLDJUDP� LQ�
)LJXUH����,W�LV�XVHG�DV�D�TXDQWLWDWLYH�TXDOLW\�LQGLFDWRU�
IRU� WKH�DQDO\VLV�RI� LQGRRU� WKHUPDO�EHKDYLRXU�� ,Q� WKLV�

GLDJUDP�� VSHFLDO� DWWHQWLRQ� VKRXOG� EH� SDLG� WR� WKH�
0RGHO� ��� 7KH� VKDUH� RI� RYHUKHDWLQJ� KRXUV� LV� KLJKHU�
WKDQ� 0RGHO� ��� DOWKRXJK� WKH� WLPH� LQWHUYDO� RI� WKH�
SUHGLFWLRQ�KRUL]RQ� LV�VKRUWHU� WKDQ�0RGHO����7KLV�FDQ�
EH�H[SODLQHG�E\�WKH�VWDUWLQJ�WLPH�RI�WKH�VHFRQG�SHULRG�
RI�WKH�SUHGLFWLRQ�KRUL]RQ��,Q�WKH�FDVH�RI�0RGHO����WKH�
VHFRQG� SHULRG� VWDUWV� DW� QRRQWLPH�� ZKHUH� VRODU� KHDW�
JDLQ� WKURXJK�ZLQGRZV� LV� KLJK�� ,Q� WKLV�FDVH�� WKH�KHDW�
SXPS�LV�RSHUDWHG�ZLWK�D�ORQJ�UXQQLQJ�WLPH��DOWKRXJK�
WKHUH� LV� RQO\� D� ORZ� KHDW� GHPDQG�� 7KLV� FDQ� EH�
SUHYHQWHG� LI� WKH�SHULRG� WLPH�RI�SUHGLFWLRQ�KRUL]RQ� LV�
UHGXFHG�� �VHH� 0RGHO� ���� 7R� VXPPDUL]H�� 0RGHO� ��
VDWLVILHV� WKH� WZR�PDLQ� FULWHULD�� RQ� WKH� RQH� KDQG�� WKH�
ORDG�VKLIWLQJ�HIIHFW�LV�PD[LPL]HG��RQ�WKH�RWKHU�KDQG��
WKH� LQIOXHQFH� RI� ORDG� VKLIWLQJ� RQ� WKH� LQGRRU� WKHUPDO�
EHKDYLRXU�LV�PLQLPL]HG��
��
Conclusion 
7KLV� SDSHU� GLVFXVVHV� WKH� SRWHQWLDOV� RI� KHDW� SXPS�
RSHUDWLRQ� DQG� LWV� FRQWURO� V\VWHPV� LQ� WHUPV� RI� '60�
DQG� WKHUPDO� ORDG� VKLIWLQJ�� 7KH� SHUIRUPDQFH� RI� WKH�
GLIIHUHQW�FRQWURO�VWUXFWXUHV�KDV�EHHQ�LQYHVWLJDWHG��7KH�
UHVXOWV� RI� WKH� VLPXODWLRQV� VKRZ� WKDW� WKH� 0%3&�
VLJQLILFDQWO\� LQFUHDVHV� FRRUGLQDWLRQ� EHWZHHQ� KHDW�
ORDG�DQG�HQHUJ\�JHQHUDWLRQ��WKXV�WKH�VKDUH�RI�VXUSOXV�
HQHUJ\� IRU� VSDFH� KHDWLQJ� LV� LQFUHDVHG�� LQ� WKH� EHVW�
FDVH�� E\� XS� WR� ����� FRPSDUHG� WR� D� FRQYHQWLRQDO�
FRQWURO�V\VWHP��)XUWKHUPRUH��WKH�UHVXOWV�VKRZ�WKDW�WKH�
URRP�WHPSHUDWXUH�IOXFWXDWLRQ�E\�ORDG�VKLIWLQJ�FDQ�EH�
UHGXFHG� E\� XVH� RI� RSWLPL]HG� WLPH� LQWHUYDOV� RQ� WKH�
SUHGLFWLRQ�KRUL]RQ��
)URP� D� XVHU¶V� SHUVSHFWLYH�� WKH� FRQWURO� VWUXFWXUH�
�0%3&�� LQ� FRPELQDWLRQ� ZLWK� '60� SURYLGHV�
VLJQLILFDQW� HQHUJ\� VDYLQJ� SRWHQWLDO� E\� KHDW� SXPS�
RSHUDWLRQ� FRXSOHG�ZLWK� XQGHU�IORRU� KHDWLQJ� V\VWHPV��
+RZHYHU��WKLV�NLQG�RI�HQHUJ\�VDYLQJ�LV�RQO\�SRVVLEOH�
LI� WKH� VOLJKW� WHPSHUDWXUH� IOXFWXDWLRQ� LV� E\� XVHU��
DOORZHG��$W�WKH�VDPH�WLPH��WKH�ORDG�VKLIWLQJ�ZLWK�KHDW�
SXPSV�KDV�D�SRVLWLYH�HIIHFW�RQ�JULG�VWDELOL]DWLRQ���
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Figure 9 Box plot diagram for distribution of 
operative room temperature during heat pump 

operation in winter season 
▲/▼  :  Maximum  /  Minimum 

lower and upper bars : 5th /95th percentiles 
lower and upper outlines of the box : 27th/75th percentiles 

line in the box : mean value�
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