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The smart grid paradigm implies flexible demand 
and/or energy storage in order to cope with the 
stochastic behaviour of renewable energy sources.  
The building stock is often put forward as a 
potential supplier of flexibility services through 
demand side management (DSM) and distributed 
energy storage, partly as thermal energy.   This 
paper presents a bottom-up approach for the 
quantification of this flexibility service in the form 
of cost functions. The cost functions are computed 
from the solution of optimal control problems 
with low-order models.  The method is generic 
and can be applied to heating, ventilation and air-
conditioning (HVAC) services, thermal energy 
storage (TES) and local electricity production.   
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'XH�WR�WKH�LQFUHDVHG�SHQHWUDWLRQ�RI�UHQHZDEOH�HQHUJ\�
V\VWHPV� ZLWK� VWRFKDVWLF� SURGXFWLRQ� FKDUDFWHULVWLFV��
WKH�QHHG�IRU�IOH[LEOH�SURGXFWLRQ��IOH[LEOH�GHPDQG�DQG�
HQHUJ\� VWRUDJH� LQFUHDVHV�� � � 6LPXOWDQHRXVO\� WKH�
HOHFWULFLW\� V\VWHP� HYROYHV� IURP� D� FHQWUDOL]HG� WR� D�
GLVWULEXWHG� DUFKLWHFWXUH� ZLWK� VPDOO�VFDOH� GLVWULEXWHG�
JHQHUDWLRQ� �'*��� GLVWULEXWHG� VWRUDJH� �'6�� DQG�
FRQWUROODEOH� ORDGV�� RIWHQ� UHIHUUHG� WR� DV� GLVWULEXWHG�
HQHUJ\� UHVRXUFHV� �'(5�� �&KLFFR� DQG� 0DQFDUHOOD�
��������7KLV�HYROXWLRQ��LQ�FRPELQDWLRQ�ZLWK�DGYDQFHG�
,&7�DQG�FRQWURO�V\VWHPV�PD\�OHDG�WR�VR�FDOOHG�VPDUW�
JULGV� LQ�ZKLFK� KLJKO\� GLVWULEXWHG� ORDGV� DUH� LQYROYHG�
LQ� SRZHU� V\VWHP� FRQWURO� DFWLRQV� �&DOODZD\� DQG�
+LVNHQV� ������� 7KH� EHQHILWV� RI� LQFUHDVHG�
UHVSRQVLYHQHVV� RI� WKH� ORDGV� DUH� GHVFULEHG� E\�
.LUVFKHQ��������DQG�6WUEDF���������
%XLOGLQJV� KDYH� D� KLJK� HQHUJ\�GHPDQG�DQG� WKHUHIRUH�
WKH\� SOD\� D� NH\� UROH� LQ� WKH� UROO�RXW� RI� WKHVH� VPDUW�
JULGV��,Q�IDFW��WKHVH�EXLOGLQJV�FDQ�RIIHU�IOH[LELOLW\�DV�D�
VHUYLFH� WR� WKH� HQHUJ\� PDUNHWV� WKURXJK� '60���
7\SLFDOO\�IOH[LELOLW\�LV�UHIHUUHG�WR�DV�WKH�SRVVLELOLW\�WR�
DGDSW� WKH� HOHFWULFLW\� FRQVXPSWLRQ� SURILOH�� WR� GHYLDWH�
IURP� D� FHUWDLQ� HOHFWULFLW\� FRQVXPSWLRQ� SURILOH� RU� WR�
VKLIW� D� FRQVXPSWLRQ� SURILOH� LQ� WLPH�� 7KHUHIRUH��
IOH[LELOLW\� LV� D� UHTXLUHPHQW� IRU�'60�� �'60� FDQ� EH��
GHILQHG� IURP� D� XWLOLW\� SHUVSHFWLYH� DV� ³WKH� SODQQLQJ�
DQG�LPSOHPHQWDWLRQ�RI�WKRVH�HOHFWULF�XWLOLW\�DFWLYLWLHV�
GHVLJQHG� WR� LQIOXHQFH�FXVWRPHU�XVHV�RI�HOHFWULFLW\� LQ�

ZD\V� WKDW� ZLOO� SURGXFH� GHVLUHG� FKDQJHV� LQ� WKH�
XWLOLW\¶V�ORDG�VKDSH´��*HOOLQJV����������
7KH�ILUVW� VHFWLRQ� LQ� WKLV�SDSHU�ZLOO�JLYH�DQ�RYHUYLHZ�
RI�KRZ�WKLV�FRQFHSW�RI�IOH[LELOLW\�KDV�EHHQ�WUHDWHG�LQ�
WKH�OLWHUDWXUH��:H�ZLOO�VKRZ�WKDW�WKHUH�LV�QR�FRPPRQ�
PHWULF� RU� LQGLFDWRU� WR� TXDQWLI\� WKH� µDPRXQW¶� RI�
IOH[LELOLW\�D�EXLOGLQJ�FDQ�RIIHU����
,Q�WKH�VHFRQG�VHFWLRQ��D�PHWKRGRORJ\�LV�GHYHORSHG�WR�
TXDQWLI\� WKH� IOH[LELOLW\� SRWHQWLDO� IRU� LQGLYLGXDO�
EXLOGLQJV��7KH�PHWKRGRORJ\�OHDGV�WR�WKH�FRQVWUXFWLRQ�
RI� FRVW� FXUYHV� LQ� RUGHU� WR� HVWLPDWH� WKH� UHDO� FRVW� RI�
XVLQJ� WKH� DYDLODEOH� IOH[LELOLW\�� 0RUHRYHU�� WKH� FRVW�
FXUYHV�FDQ�EH�HDVLO\�DJJUHJDWHG� LQ�RUGHU� WR�TXDQWLI\�
WKH� SRWHQWLDO� IOH[LELOLW\� VHUYLFH� RI� D� JURXS� RI�
EXLOGLQJV�� � �7KLV�DOORZV�FRPSDULQJ�WKH�FRVW�RI�'60�
LQ� EXLOGLQJV� ZLWK� DOWHUQDWLYHV� OLNH� HOHFWULFDO� HQHUJ\�
VWRUDJH� RU� SURYLGLQJ� ORDG�IROORZLQJ� FDSDFLW\�
FHQWUDOO\��UHGLVSDWFK�RU�DQFLOODU\�VHUYLFHV�������
)LQDOO\��WKH�PHWKRGRORJ\�LV�LOOXVWUDWHG�E\�DSSOLFDWLRQ�
WR�DQ�RIILFH�EXLOGLQJ�ZLWK�D�FRROLQJ�SODQW�� �7KH�FRVW�
FXUYHV�DUH�FRPSXWHG�IRU�WZR�GLIIHUHQW�FROG�HPLVVLRQ�
V\VWHPV��FRQFUHWH�FRUH�DFWLYDWLRQ� �&&$��DQG�FKLOOHG�
FHLOLQJV����
7KH� DLP� RI� WKLV� ZRUN� LV� WR� HQDEOH� D� TXDQWLWDWLYH�
FRPSDULVRQ� RI� WKH� µDPRXQW¶� RI� IOH[LELOLW\� DQG�
FRUUHVSRQGLQJ� FRVW� EHWZHHQ� GLIIHUHQW� EXLOGLQJV� DQG�
JURXSV�RI�EXLOGLQJV���7KH�PHWULF�FDQ�WKXV�EH�XVHG�LQ�
WKH� GHVLJQ� SURFHVV� RU� ZKHQ� VHOHFWLQJ� D� VHW� RI�
EXLOGLQJV� WR� LQFOXGH� LQ� D�'60�VFKHPH�� ,W� LV�QRW� WKH�
LQWHQWLRQ� WR� GHYHORS� D� PHWKRGRORJ\� IRU� RSHUDWLRQDO�
GHFLVLRQ�PDNLQJ�RU�UHDO�WLPH�RSHUDWLRQ���
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7KH� LPSDFW� RI� '60� FDQ� EH� DVVHVVHG� IRU� D� VLQJOH�
EXLOGLQJ� RU� D� PXOWLWXGH� RI� EXLOGLQJV�� � )RU� D� VLQJOH�
EXLOGLQJ� JHQHUDOO\� D� GHWDLOHG� PRGHO� RI� WKH� VSHFLILF�
V\VWHP� RU� EXLOGLQJ� LV� PDGH� WR� VWXG\� WKH� SRVVLEOH�
GHPDQG� VKLIW� E\� VLPXODWLRQ� RU� RSWLPLVDWLRQ�� 7KH�
PRGHO� W\SLFDOO\� WDNHV� HOHFWULFLW\� SULFH� SURILOHV� DV�
LQSXW�� DQG� FDQQRW� WDNH� LQWR� DFFRXQW� WKH� GLIIHUHQW�
IHHGEDFN� PHFKDQLVPV� EHWZHHQ� ORDG� DQG� FHQWUDOL]HG�
SURGXFWLRQ���0DQ\�DXWKRUV�KDYH�VWXGLHG��ORDG�VKLIWLQJ�
FRQWURO� VWUDWHJLHV� LQ� VLQJOH� EXLOGLQJ� VLPXODWLRQ� RU�
RSWLPLVDWLRQ�� � 7KH� UHDVRQ� IRU� ORDG� VKLIWLQJ� LV�
UHGXFWLRQ�RI�SHDN�SRZHU��FRQVXPSWLRQ��HPLVVLRQV�RU�
FRVWV�� � � 7KH\� UDUHO\� GHILQH� IOH[LELOLW\� QRU� SUHVHQW� D�
JHQHUDO� PHWKRGRORJ\� WR� DVVHVV� WKH� SRWHQWLDO� IRU�

Proceedings of BS2013: 
13th Conference of International Building Performance Simulation Association, Chambéry, France, August 26-28

- 3250 -



GLIIHUHQW�EXLOGLQJV����6L[�HW�DO���������VLPSO\�GHILQHG�
WKH�IOH[LELOLW\�RI�DQ�DSSOLDQFH�DV�WKH�QXPEHU�RI�KRXUV�
WKH�RSHUDWLRQ�FDQ�EH�GHOD\HG���,Q�WKH�(8�)3��$GUHVV�
SURMHFW��%HOKRPPH�HW�DO����������DQ�KRXUO\�IOH[LELOLW\�
LQGH[�LV�FDOFXODWHG�SURSRUWLRQDOO\�WR�WKH�KRXUO\�ORDG���
7KH� KRXUO\� ORDG� LV� FRPSXWHG� DFFRUGLQJ� WR� WKH�
SUREDELOLW\�RI�XVH�RI�WKH�FRQVLGHUHG�DSSOLDQFH�GXULQJ�
WKH�GD\����
7R� DVVHVV� '60� IRU� PXOWLSOH� EXLOGLQJV�� D� WRS�GRZQ�
DQG�D�ERWWRP�XS�DSSURDFK�FDQ�EH�XVHG��7KH�WRS�GRZQ�
DSSURDFK�PRVWO\�VWDUWV�IURP�WKH�HOHFWULFLW\�JHQHUDWLRQ�
SDUN�DQG�PRGHOV�WKH�GHPDQG�E\�ORDG�FXUYHV���,Q�WKHVH�
VWXGLHV�� WKH� IOH[LELOLW\� RI� WKH� EXLGOLQJV� LV� GHILQHG� DV�
WKH� HODVWLFLW\� RI� WKH� GHPDQG� DV� D� IXQFWLRQ� RI� WKH�
HOHFWULFLW\�SULFH��'H�-RQJKH���������,Q�WKLV�DSSURDFK��
WKH�GHWDLOHG� �WKHUPDO�� G\QDPLFV�RI� WKH�EXLOGLQJV� DUH�
FRPSOHWHO\� QHJOHFWHG�� DQG� YHU\� JHQHUDO� DVVXPSWLRQV�
DERXW� WKH� GHPDQG� HODVWLFLW\� KDYH� WR� EH� PDGH�� ,W� LV�
WKHUHIRUH� DQ� LQSXW� WR� WKH�PRGHO�� DQG� QRW� D� UHVXOW��$�
ERWWRP�XS� DSSURDFK� VWDUWV� IURP� YHU\� VLPSOH� DQG�
JHQHUDOL]HG�PRGHOV�RI�WKH�EXLOGLQJV�DQG�VROYHV�D�XQLW�
FRPPLWPHQW�RU��GLVWULEXWHG��RSWLPDO�FRQWURO�SUREOHP�
LQ�RUGHU� WR�RSWLPLVH� WKH�RSHUDWLRQ�RI� WKH� IXOO� V\VWHP�
�%UXQLQ[� HW� DO�� ������� 7KLV� DSSURDFK� FDQ� EH� DJHQW�
EDVHG�LQ�RUGHU�WR�DSSO\�LW�IRU�RSHUDWLRQDO�RSWLPL]DWLRQ�
LQ� WKH� FRQWH[W� RI� HQHUJ\� PDUNHWV� DQG� VPDUW� JULGV�
�0F$UWKXU�HW�DO��������.RN�HW�DO��������=KRX��&KDQ��
DQG�&KRZ��������7KHVH�PHWKRGV�DVVHVV�WKH�LPSDFW�RI�
ORDG�VKLIWLQJ�RQ�WKH�WRWDO�V\VWHP��EXW�GR�QRW�TXDQWLI\�
WKH� DPRXQW� QRU� FRVW� RI� WKH� IOH[LELOLW\� RI� UHDO�
EXLOGLQJV�� )LQDOO\�� WKH� DQDORJ\� EHWZHHQ� PXOWLSOH�
EXLOGLQJV� DQG� YLUWXDO� SRZHU� SODQWV� �933¶V�� FDQ� EH�
PDGH���7KH�IOH[LELOLW\�VHUYLFH�WKDW�D�933�FDQ�RIIHU�LV�
GHVFULEHG� E\� GLIIHUHQW� DXWKRUV� �%UDXQ� DQG� 6WUDXVV�
������3XGMLDQWR��5DPVD\��DQG�6WUEDF�������%HO�HW�DO��
��������
$� FDOFXODWLRQ� PHWKRG� WR� TXDQWLI\� WKH� IOH[LELOLW\�
VHUYLFH� WKDW� D� VSHFLILF� VLQJOH� EXLOGLQJ�� JURXS� RI�
EXLOGLQJV��933�RU�D�'(5�V\VWHP�FDQ�RIIHU��ZDV�QRW�
IRXQG� LQ� WKH� VFLHQWLILF� OLWHUDWXUH�� 7KLV� SDSHU�
HODERUDWHV�D�JHQHULF�PHWKRG�WKDW�HQDEOHV�DJJUHJDWLRQ�
RI� WKH� IOH[LELOLW\� RI� GLIIHUHQW� '(5� V\VWHPV� DQG�
DSSOLHV� LW� WR� D� VSHFLILF� FDVH� RI� FRROLQJ� LQ� DQ� RIILFH�
EXLOGLQJ��
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Definitions 
,Q� WKH� FRQVXOWHG� VFLHQWLILF� OLWHUDWXUH�� IOH[LELOLW\� LV�
UHIHUUHG� WR� DV� WKH� SRVVLELOLW\� WR� µFKDQJH¶� �PRUH�
VSHFLILF�� DGDSW�� GHYLDWH�� VKLIW�� WKH� HOHFWULFLW\�
FRQVXPSWLRQ� SURILOH�� 7KLV� LQGLFDWHV� WKH� QHHG� IRU� D�
UHIHUHQFH�VFHQDULR�� �:H�FDOO� WKH� UHIHUHQFH�HOHFWULFLW\�
FRQVXPSWLRQ�WKH�µEXVLQHVV�DV�XVXDO¶��%$8��VFHQDULR���
7R� JHQHUDOLVH� WKH� PHWKRGRORJ\�� ZH� ZLOO� VSHDN� RI� D�
'(5�V\VWHP�RU�VLPSO\�V\VWHP�LQVWHDG�RI�EXLOGLQJ��
:H� VXSSRVH� WKDW� WKH� IOH[LELOLW\� RI� D� V\VWHP� LV� D�
IXQFWLRQ� RI� WLPH�� � $� JLYHQ� V\VWHP� PD\� DOORZ� ORDG�
VKLIWLQJ� DW� VRPH� WLPHV� ZKLOH� QRW� DOORZLQJ� DQ\�

GHYLDWLRQV� IURP� WKH� %$8� VFHQDULR� DW� RWKHU� WLPHV���
)OH[LELOLW\� FDQ� WKHQ� EH� GHILQHG� DV� WKH� SRVVLELOLW\� WR�
GHYLDWH� WKH� HOHFWULFLW\� FRQVXPSWLRQ� IURP� WKH� %$8�
FRQVXPSWLRQ� DW� D� FHUWDLQ�SRLQW� LQ� WLPH�DQG�GXULQJ� D�
FHUWDLQ�WLPH�VSDQ��)OH[LELOLW\�FDQ�EH�GHWHUPLQHG�DW�WKH�
OHYHO� RI� D� '(5� V\VWHP� RU� DW� WKH� OHYHO� RI� D� 933�
�FRQVLVWLQJ�RI�GLIIHUHQW�'(5�V\VWHPV��� �)XUWKHUPRUH��
ZH� VXSSRVH� WKDW� WKH� %$8� VFHQDULR� UHSUHVHQWV� D�
FRQWURO� VWUDWHJ\� WKDW� PLQLPL]HV� WKH� RSHUDWLRQDO� FRVW�
IRU� WKH� V\VWHP� RZQHU�� � )RU� VLPSOLFLW\�� ZH� ZLOO�
FRQVLGHU� WKDW� WKH� RSHUDWLRQDO� FRVW� LV� EDVHG� RQO\� RQ�
HOHFWULFLW\� FRQVXPSWLRQ� RU� SURGXFWLRQ� DQG� D� WLPH�
GHSHQGHQW� HOHFWULFLW\� WDULII�� � 7KLV� PHDQV� WKDW� DOO�
GHYLDWLRQV� IURP� WKH�%$8� VFHQDULR� ZLOO� LQFUHDVH� WKH�
RSHUDWLRQDO� FRVW�� � 7KH� GLIIHUHQFH� LQ� FRVW� ZLWK� WKH�
%$8�VFHQDULR� LV� WKH�FRUUHVSRQGLQJ�FRVW� IRU�RIIHULQJ�
WKH�IOH[LELOLW\�VHUYLFH���

Approach 
7KH�ILUVW�VWHS�LQ�WKH�TXDQWLILFDWLRQ�SURFHVV�LV�WR�FUHDWH�
DQ� DSSURSULDWH� V\VWHP� PRGHO�� 7KLV� V\VWHP� PRGHO�
VKRXOG� EH� DV� VLPSOH� DV� SRVVLEOH� DOWKRXJK� VWLOO�
DFFXUDWH�LQ�SUHGLFWLQJ�WKH�V\VWHP¶V�EHKDYLRXU���
0DNLQJ� XVH� RI� WKLV� V\VWHP� PRGHO�� DW� OHDVW� WKUHH�
RSWLPDO�FRQWURO�SUREOHPV��2&3¶V��QHHG�WR�EH�VROYHG�
WR�GHWHUPLQH� WKH� IOH[LELOLW\�DW�D�FHUWDLQ�SRLQW� LQ� WLPH�
DQG�GXULQJ�D�FHUWDLQ�WLPH�VSDQ�����
)LUVWO\��WKH�%$8�2&3�LV�VROYHG�LQ�RUGHU�WR�PLQLPL]H�
WRWDO�FRVWV�RYHU�D�KRUL]RQ�RI�H�J�����KRXUV�� �7KHUPDO�
FRPIRUW�UHTXLUHPHQWV�DUH�VHW�DV�LQHTXDOLW\�FRQVWUDLQWV�
�KDUG� FRQVWUDLQWV��� 6HFRQGO\�� LQ� D� VLPLODU� 2&3� D�
GLIIHUHQW� REMHFWLYH� IXQFWLRQ� LV� GHILQHG�� IRUFLQJ� WKH�
VROYHU� WR� GHYLDWH� IURP� WKH� ORZHVW� FRVW� VROXWLRQ� E\�
XVLQJ� WKH� DYDLODEOH� IOH[LELOLW\� LQ� WKH� V\VWHP� LQ�RUGHU�
WR� PLQLPL]H� WKH� HOHFWULFLW\� FRQVXPSWLRQ� GXULQJ� WKH�
VSHFLILHG�WLPH�VSDQ���7KH�VROXWLRQ�RI�WKLV�2&3�ZLOO�RQ�
WKH�RQH�KDQG�UHWXUQ�WKH�DPRXQW�RI�HOHFWULFLW\�WKDW�FDQ�
EH�VKLIWHG�RXW�RI�WKH�FRQVLGHUHG�WLPH�VSDQ�DQG�RQ�WKH�
RWKHU� KDQG� WKH� FRVW� WKDW� IROORZV� IURP� WKLV� ORDG�
VKLIWLQJ�� � 7KLV� SURFHVV� LV� UHSHDWHG� ZLWK� D�
PD[LPL]DWLRQ� RI� WKH� HOHFWULFLW\� FRQVXPSWLRQ� GXULQJ�
WKH� VSHFLILHG� WLPH� VSDQ� LQ� RUGHU� WR� HVWLPDWH� KRZ�
PXFK� HOHFWULFLW\� FRXOG� EH� FRQVXPHG� DGGLWLRQDOO\�
GXULQJ� WKH� WLPH� VSDQ� DQG� DW�ZKLFK� FRVW��7KHVH� WKUHH�
RSWLPL]DWLRQV�FDQ�EH�XVHG�WR�EXLOG�XS�D�FRVW�FXUYH�DV�
LOOXVWUDWHG� LQ� � )LJXUH� ��� � )LQDOO\� �DQG� RSWLRQDOO\���
LQWHUPHGLDWH�SRLQWV�RQ�WKH�FRVW�FXUYH�FDQ�EH�REWDLQHG�
E\�VROYLQJ�DGGLWLRQDO�2&3¶V�WKDW�IRUFH�WKH�VROXWLRQ�WR�
LQWHUPHGLDWH�SRZHU�OHYHOV���7KH�IROORZLQJ�SDUDJUDSKV�
HODERUDWH�WKH�DSSURDFK�LQ�PRUH�GHWDLO��

BAU scenario 
7KH�DLP�RI�WKH�%$8�2&3�IRUPXODWLRQ�LV�WR�RSWLPL]H�
WKH� V\VWHP� RSHUDWLRQ� ZLWK� UHVSHFW� WR� WKH� HOHFWULFLW\�
FRVW��7KH�2&3�IRUPXODWLRQ��UHSUHVHQWHG�E\��HTXDWLRQ�
����� LV� HYDOXDWHG� LQ� WKH� RSWLPL]DWLRQ� LQWHUYDO�
>𝑡 �  𝑡   @���,Q�WKLV�VWXG\��ZH�FRQVLGHU�DQ�RSWLPLVDWLRQ�
LQWHUYDO�RI����KRXUV���
�

Proceedings of BS2013: 
13th Conference of International Building Performance Simulation Association, Chambéry, France, August 26-28

- 3251 -



min  
( )

𝑐 (𝑡) 𝑃 (𝑡)𝑑𝑡          �

subject  to        𝑔(𝑥) = 0�
                ℎ(𝑥) ≥ 0                                              (1)�

�
,Q� WKLV� HTXDWLRQ� 𝑐   [€/𝐽]� LV� WKH� �WLPH� GHSHQGHQW��
HOHFWULFLW\� WDULII� DQG� 𝑃   [𝑊]� LV� WKH� SRZHU�
FRQVXPSWLRQ�� 6\VWHP� HTXDWLRQV� DQG� FRQVWUDLQWV� J�[��
DQG�K�[��KDYH�WR�EH�DGGHG�WR�IRUPXODWH�WKH�IXOO�2&3���
,Q� WKH�UHPDLQGHU�RI� WKLV� VWXG\� WKH\�DUH� LGHQWLFDO�DQG�
DUH�RPLWWHG�IURP�WKH�HTXDWLRQV���7KH�RQO\�GLIIHUHQFH�
EHWZHHQ� WKH� 2&3¶V� GLVFXVVHG� LV� WKH� REMHFWLYH�
IXQFWLRQ���
7KH� VROXWLRQ� RI� WKLV� 2&3� LV� WKH� DSSURSULDWH� WLPH�
YDU\LQJ� FRQWURO� YDULDEOH� 𝑢(𝑡)� WKDW� PLQLPL]HV� WKH�
HOHFWULFLW\�FRVW�RYHU�WKH�QH[W����KRXUV���

Flexibility range  
:H�ZDQW�WR�NQRZ�WKH�IOH[LELOLW\�RI�WKH�V\VWHP�GXULQJ�
WKH� WLPH� VSDQ� 𝑡 , 𝑡 .� 7KLV� IOH[LELOLW\� LV�
FKDUDFWHUL]HG�E\�WZR�YDOXHV�WKDW�GHWHUPLQH�WKH�OLPLWV�
RI�WKH�IOH[LELOLW\�UDQJH��WKH�PD[LPDO�GHFUHDVH�DQG�WKH�
PD[LPDO� LQFUHDVH� LQ� HOHFWULFLW\� FRQVXPSWLRQ�
FRPSDUHG� WR� WKH� %$8� VFHQDULR� GXULQJ� WKH�
LQYHVWLJDWHG� WLPH� VSDQ�� 7ZR� 2&3� IRUPXODWLRQV��
UHSUHVHQWHG� E\� HTXDWLRQV� ���� DQG� ����� GHWHUPLQH� WKH�
PLQLPDO� UHVSHFWLYHO\� PD[LPDO� HOHFWULFLW\�
FRQVXPSWLRQ�GXULQJ�WKH�WLPH�VSDQ� 𝑡 , 𝑡 �ZKLOH�
PDLQWDLQLQJ� WKH� DLP� WR�PLQLPL]H� WKH� HOHFWULFLW\� FRVW�
GXULQJ�WKH�ZKROH�RSWLPL]DWLRQ�LQWHUYDO�[𝑡 , 𝑡   ]���
 

min
( )

⎣
⎢
⎢
⎡
(1 − 𝐾) 𝑐 (𝑡)𝑃 (𝑡)𝑑𝑡 + 𝐾 𝑃 (𝑡)𝑑𝑡

⎦
⎥
⎥
⎤
          (2)�

�

min
( )

⎣
⎢
⎢
⎡
(1 − 𝐾) 𝑐 (𝑡)𝑃 (𝑡)𝑑𝑡 − 𝐾 𝑃 (𝑡)𝑑𝑡

⎦
⎥
⎥
⎤
          (3)�

�
7KH� REMHFWLYH� IXQFWLRQ� LQ� HTXDWLRQV� ���� DQG� ����
UHSUHVHQWV� D� ZHLJKWHG� VXP� RI� WZR� FRQIOLFWLQJ�
REMHFWLYHV�� FRQVHTXHQWO\�D�ZHLJKWLQJ� IDFWRU�𝐾  [−]� LV�
LQWURGXFHG���
)URP� WKH� VROXWLRQ� RI� HDFK� RI� WKHVH� WKUHH� 2&3�
IRUPXODWLRQV�WKH�YDOXH�RI�WKH�HOHFWULFLW\�FRQVXPSWLRQ�
𝐸 � GXULQJ� WKH� IOH[LELOLW\� LQWHUYDO� FDQ� EH� UHWULHYHG�
XVLQJ� HTXDWLRQ� ����� ,Q� WKH� IROORZLQJ�� WKH� VXEVFULSWV�
µ%$8¶�� µPLQ¶� DQG� µPD[¶� DUH� XVHG� WR� GHQRWH�
UHVSHFWLYHO\�WKH�UHVXOWV�RI�HTXDWLRQV����������DQG�������
�

𝐸 =   𝑃 (𝑡)𝑑𝑡                                                            (4)�

�
7KH�IOH[LELOLW\�UDQJH�LV�FKDUDFWHUL]HG�E\�WKH�PD[LPDO�
GHFUHDVH� ∆𝐸↓  [𝑘𝑊ℎ]� DQG� WKH� PD[LPDO� LQFUHDVH�
∆𝐸↑  [𝑘𝑊ℎ]� LQ� HOHFWULFLW\� FRQVXPSWLRQ� FRPSDUHG� WR�
WKH� %$8� FRQVXPSWLRQ� LQ� WKH� IOH[LELOLW\� LQWHUYDO� DV�
JLYHQ�LQ�HTXDWLRQV�����DQG������
�

∆𝐸↓ = 𝐸 , − 𝐸 ,   ≤ 0                                                              (5)�
�

∆𝐸↑ = 𝐸 , − 𝐸 ,   ≥ 0                                                            (6)�
�
%\�FRQYHQWLRQ��ZLWK�SRVLWLYH�IOH[LELOLW\�ZH�GHVLJQDWH�
DQ� LQFUHDVH� LQ� FRQVXPSWLRQ� FRPSDUHG� WR� %$8��
QHJDWLYH�IOH[LELOLW\�GHVLJQDWHV�D�GHFUHDVH��
6LPLODUO\�� ZH� FDQ� REWDLQ� WKH� UHVXOWLQJ� FRVW� 𝐶   [€]�
DQG�FRPSXWH�WKH�GLIIHUHQFH�ZLWK�WKH�%$8�VFHQDULR�DV�
VKRZQ�LQ�HTXDWLRQV�����±�������7KH�FRVW�IRU�XVLQJ�WKH�
IOH[LELOLW\�ZLOO�DOZD\V�EH�KLJKHU�WKDQ�WKH�%$8�FRVW������

𝐶 =      𝑐 (𝑡)𝑃 (𝑡)𝑑𝑡                                                         (7)�

�
∆𝐶∆ ↓ = 𝐶 , −  𝐶 ,                                                                   (8)�

�
∆𝐶∆ ↑ = 𝐶 , −   𝐶 ,                                                                 (9)�

�

Cost function 
7KH� IOH[LELOLW\� UDQJH� FDQ� EH� JUDSKLFDOO\� UHSUHVHQWHG�
LQ� D� FRVW� IXQFWLRQ�� VKRZQ� LQ� )LJXUH� ��� 7KH� FRVWV�
IXQFWLRQ� VKRZV� WKH� IOH[LELOLW\� LQ� WKH� HOHFWULFLW\�
FRQVXPSWLRQ� ∆𝐸  [𝑘𝑊ℎ]� RQ� WKH� KRUL]RQWDO� D[LV� DQG�

�
�)LJXUH�����&RVW�IXQFWLRQ�RI�D�'(5�V\VWHP��
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WKH� FRUUHVSRQGLQJ� DGGLWLRQDO� FRVW�∆𝐶∆ � �DEVROXWH� DV�
ZHOO� DV� UHODWLYH� FRPSDUHG� WR� WKH� %$8� FRVW�� RQ� WKH�
YHUWLFDO� D[LV�� 7KH� SRLQW� DVVRFLDWHG� ZLWK� WKH� %$8�
FRQWURO� VWUDWHJ\� LV� ORFDWHG� LQ� WKH� RULJLQ�� 7KH� WZR�
SRLQWV��∆𝐸↓�  ∆𝐶∆ ↓��DQG��∆𝐸↑�  ∆𝐶∆ ↑��VKRZ�KRZ�PXFK�
WKH�HOHFWULFLW\�FRQVXPSWLRQ�FDQ�GHFUHDVH�UHVSHFWLYHO\�
LQFUHDVH�FRPSDUHG�WR�%$8��DQG�DW�ZKLFK�FRVW���
,W� FDQ� EH� DQWLFLSDWHG� WKDW� LQWHUPHGLDWH� GHYLDWLRQV�
IURP�WKH�%$8�VFHQDULR�ZLOO�QRW�OLH�RQ�D�VWUDLJKW�OLQH�
EHWZHHQ�WKH�RULJLQ�DQG�WKH�H[WUHPHV���0RUHRYHU��LW�LV�
OLNHO\� WKDW� WKHUH� DUH� FRQVXPSWLRQ� GHYLDWLRQV� ∆𝐸↓� RU�
∆𝐸↑� WKDW� FDQQRW� EH� UHDFKHG� GXH� WR� GLVFUHWH� SRZHU�
OHYHOV� LQ� WKH� FRQWURO� �OLNH� RQ�RII� LQVWHDG� RI�
PRGXODWLRQ��� � 7KHUHIRUH�� LW� PD\� EH� XVHIXO� WR�
LQYHVWLJDWH� LQWHUPHGLDWH� IOH[LELOLW\� SRLQWV� LQVLGH� WKH�
UDQJH� RI� >∆𝐸↓�� ∆𝐸↑@�� � 7KH\� FDQ� EH� LGHQWLILHG� E\�
VROYLQJ�WKH�2&3�IRUPXODWLRQ�UHSUHVHQWHG�E\�HTXDWLRQ�
�������
�

  min
( )

(1 − 𝐾) 𝑐 (𝑡)𝑃 (𝑡)  �       +          �

    �𝐾 𝑃 (𝑡)𝑑𝑡 −𝐸 ,
∗

⎦
⎥
⎥
⎥
⎤
                            (10)�

,Q� WKLV� HTXDWLRQ�𝐸 ,
∗   [  𝐽]� LV� WKH� GHVLUHG� YDOXH� RI�

WKH�HOHFWULFLW\�FRQVXPSWLRQ��7KH�REMHFWLYH�IXQFWLRQ�LQ�
HTXDWLRQ� ����� UHSUHVHQWV� D� ZHLJKWHG� VXP� RI� WZR�
FRQIOLFWLQJ�REMHFWLYHV��7KH�DLP�RI� WKH� ILUVW�REMHFWLYH�
LV� WR� PLQLPL]H� WKH� HOHFWULFLW\� FRVW� GXULQJ� WKH� HQWLUH�
RSWLPL]DWLRQ� LQWHUYDO�� 7KH� DLP� RI� WKH� VHFRQG�
REMHFWLYH� LV� WR� IRUFH� WKH� DFWXDO� HOHFWULFLW\�
FRQVXPSWLRQ� GXULQJ� WKH� IOH[LELOLW\� LQWHUYDO� WR� D�
GHVLUHG�YDOXH�RI�WKH�HOHFWULFLW\�FRQVXPSWLRQ�𝐸 ,

∗ ��
7R� UHDFK� WKLV� VHFRQG� REMHFWLYH� WKH� VTXDUH� RI� WKH�
GLIIHUHQFH� EHWZHHQ� WKH� DFWXDO� DQG� WKH� GHVLUHG�
HOHFWULFLW\�FRQVXPSWLRQ�LV�XVHG��7KH�VXEVFULSW�µWUDFN¶�
GHQRWHV�WKH�UHVXOWV�RI�HTXDWLRQ��������

Aggregation 
&RVWV�IXQFWLRQV�KDYH�WKH�SURSHUW\�WKDW�WKH\�UHSUHVHQW�
WKH� DPRXQW� RI� IOH[LELOLW\� DQG� DVVRFLDWHG� FRVWV� LQ� D�
FOHDU�ZD\�� �$Q�DGGLWLRQDO�EHQHILW� LV� WKDW� WKH\�FDQ�EH�
HDVLO\� DJJUHJDWHG� WR� UHSUHVHQW� WKH� IOH[LELOLW\� RI� D�
V\VWHP�WKDW�LV�FRPSRVHG�RI�GLIIHUHQW�VXEV\VWHPV��OLNH�
D� 933�� � $V� DQ� H[DPSOH�� WKH� DJJUHJDWLRQ� RI� WZR�
GLIIHUHQW�FRVW�IXQFWLRQV�LV�VKRZQ�LQ�)LJXUH������$V�FDQ�
EH�VHHQ�IURP�WKH�ILJXUH��WKH�DJJUHJDWLRQ�LV�EDVHG�RQ�D�
SLHFHZLVH�VXP�RI� OLQH� VHJPHQWV�� VRUWHG�DFFRUGLQJ� WR�
WKHLU� VORSH�� � 7KLV�PHWKRGRORJ\� FDQ� HDVLO\� EH� VFDOHG�
XS� WR� DJJUHJDWLRQ� RI� PXOWLSOH� FRVW� FXUYHV�� DQG� LQ�
GLIIHUHQW�OHYHOV�� ,W� LV�FOHDU�WKDW�DQ�DJJUHJDWHG�V\VWHP�
FDQ� SURYLGH� PRUH� IOH[LELOLW\� WKDQ� D� VLQJOH� V\VWHP��
$OVR�� E\� DJJUHJDWLQJ� FRVWV� IXQFWLRQV� LW� LV� RIWHQ�
SRVVLEOH� WKDW� D� FHUWDLQ� DPRXQW� RI� IOH[LELOLW\� FDQ� EH�
RIIHUHG� DW� D� ORZHU� FRVW� WKDQ� DQ\� RI� WKH� VXEV\VWHPV�
FRXOG�RIIHU��

&$6(�678'<�
Models 
7KH� FRVW� IXQFWLRQV� IRU� D� FRROHG� RIILFH� EXLOGLQJ� DUH�
FRPSXWHG� IRU� WZR� GLIIHUHQW� FROG� HPLVVLRQ� V\VWHPV��
FRQFUHWH�FRUH�DFWLYDWLRQ��&&$��DQG�D�FKLOOHG�FHLOLQJ�
�&&����,Q�D�ILUVW�VWHS��WKH�PRGHOV�DUH� LPSOHPHQWHG�LQ�
0RGHOLFD�� �7KH\�DUH� LGHQWLFDO� IRU�ERWK�FDVHV�� H[FHSW�
IRU� WKH� FROG� HPLVVLRQ� V\VWHP�� � 7KH� EXLOGLQJ� LV� D�
VLPSOH� VLQJOH� VWDWH� PRGHO� ZLWK� KHDW� ORVVHV� WR� WKH�
VXUURXQGLQJV�� LQWHUQDO� JDLQV� DFFRUGLQJ� WR� D� IL[HG�
SURILOH� DQG� DQ� LQSXW� IRU� WKH� FRROLQJ� SRZHU�� � 7KLV�
LQSXW�LV�FRXSOHG�WR�WKH�FROG�HPLVVLRQ�V\VWHP�DQG�LV�DQ�
LQGLUHFW�FRQVHTXHQFH�RI�WKH�RSHUDWLRQ�RI�WKH�FKLOOHU�WR�
EH�RSWLPL]HG��X�W���,Q�FDVH�RI�WKH�&&$��WKH�HPEHGGHG�
SLSH�PRGHO�RI�.RVFKHQ]�DQG�/HKPDQQ��������LV�XVHG�
LQ�FRPELQDWLRQ�ZLWK�D���VWDWH�5&�PRGHO�RI�WKH�IORRU���
%RWK� WKH� XSSHU�� DQG� ORZHU� VLGH� RI� WKH� &&$� DUH�
FRQQHFWHG�WR�WKH�URRP�PRGHO���,Q�FDVH�RI�WKH�&&��WKH�
HPEHGGHG� SLSH�PRGHO� LV� FRQQHFWHG� WR� D� VLQJOH� VWDWH�
5&� PRGHO� RI� WKH� FHLOLQJ� ZKLFK� LV� FRQQHFWHG� WR� WKH�
URRP�PRGHO��&ROG�LV�SURGXFHG�LQ�D�PRGXODWLQJ�FKLOOHU�
ZLWK� D� IL[HG� ((5� RI� ����� � 7KH� FKLOOHU� DQG� WKH�
HPEHGGHG� SLSH� LQ� WKH� FROG� HPLVVLRQ� V\VWHP� KDYH� D�
G\QDPLF� SLSH� PRGHO� UHSUHVHQWLQJ� WKHLU� WKHUPDO�
FDSDFLW\�DQG�DVVRFLDWHG�WKHUPDO�LQHUWLD��%RWK�D�ILFWLYH�
VLQXVRLGDO� HOHFWULFLW\� SULFH� DQG� DPELHQW� WHPSHUDWXUH�
DUH�DVVXPHG����
7KH� 2&3¶V� DUH� IRUPXODWHG� E\� XVH� RI� 2SWLPLFD�� D�
0RGHOLFD� ODQJXDJH� H[WHQVLRQ� WKDW� LV� HPEHGGHG� LQ�
-0RGHOLFD� �cNHVVRQ� HW� DO�� ������� 7KH� 0RGHOLFD�
PRGHO� LV� FRQYHUWHG� LQ� HTXDOLW\� FRQVWUDLQWV� IRU� WKH�
RSWLPDO� FRQWURO� SUREOHP� E\� WKH� 2SWLPLFD� FRPSLOHU���
$GGLWLRQDO� LQHTXDOLW\� FRQVWUDLQWV� DUH� DGGHG� WR� IRUFH�
WKH� URRP� WHPSHUDWXUH� 7]� WR� OLH� ZLWKLQ� WKH� FRPIRUW�
ERXQGDULHV� 23.5  °𝐶 ≤ 𝑇 ≤ 25.5  °𝐶  �� � 7KH� 2&3�
FDOFXODWHV�WKH�PRGXODWLQJ�RSHUDWLRQ�RI�WKH�FKLOOHU�X�W��
LQ� RUGHU� WR� VDWLVI\� WKH� FRPIRUW� ERXQGDULHV� ZKLOH�
PLQLPL]LQJ� WKH� REMHFWLYH� IXQFWLRQ�� 7KH� 2&3¶V� DUH�
VROYHG� ZLWK� WKH� FROORFDWLRQ� PHWKRG� DQG� ���
FROORFDWLRQ� HOHPHQWV� �HDFK�ZLWK� D� VLQJOH� FROORFDWLRQ�

�
)LJXUH�����$JJUHJDWLRQ�RI�WZR�FRVWV�IXQFWLRQV��
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SRLQW�� LQ� RUGHU� WR� REWDLQ� D� GLVFUHWH� WLPH� VWHS� RI� ����
KRXU���

Results 
7R�XQGHUVWDQG�WKH�V\VWHP�DQG�IOH[LELOLW\�VHUYLFH�WKDW�
FDQ�EH�RIIHUHG�E\�HDFK�RI�WKHVH�FDVHV�ZH�ILUVW�DQDO\VH�
WKH�%$8�VFHQDULR�� � �)LJXUH���DQG�)LJXUH���VKRZ�WKH�
URRP�DQG�FROG�HPLVVLRQ�WHPSHUDWXUHV�DQG�WKH�FKLOOHU�
ORDG� IRU� UHVSHFWLYHO\� WKH� &&$� DQG� &&� FDVH� IRU� D�
SHULRG�RI�RQH�GD\��:H�VHH�WKDW�WKH�URRP�WHPSHUDWXUH�
VWD\V� ZLWKLQ� WKH� LPSRVHG� ERXQGDULHV� DQG� WKDW� WKH�
V\VWHP�WULHV�WR�RSHUDWH�WKH�FKLOOHU�DV�PXFK�DV�SRVVLEOH�
GXULQJ� SHULRGV� RI� FKHDS� HOHFWULFLW\�� � :H� FDQ� DOVR�
FOHDUO\� VHH� WKH�GLIIHUHQFH� LQ� WKHUPDO� LQHUWLD�EHWZHHQ�
WKH�WZR�FDVHV���
1H[W��ZH�TXDQWLI\� WKH� IOH[LELOLW\� WKDW� FDQ�EH�RIIHUHG�
IRU� GLIIHUHQW� WLPH� VSDQV� VWDUWLQJ� DW� �K��� DQG� ZLWK�
GXUDWLRQV�RI������DQG���KRXUV��7KH�UHVXOWV�DUH�VKRZQ�
LQ�)LJXUH������

',6&866,21�
Cost curves 
)URP� WKH� FRVW� FXUYHV� SUHVHQWHG� LQ� )LJXUH� ���ZH� FDQ�
REVHUYH� GLIIHUHQW� WUHQGV�� � )LUVWO\�� ERWK� V\VWHPV� FDQ�
RIIHU� IOH[LELOLW\� E\� VKLIWLQJ� WKH� RSHUDWLRQ� RI� WKH�
FKLOOHU�� � 'HSHQGLQJ� RQ� WKH� %$8� RSHUDWLRQ� RI� WKH�
FKLOOHU� GXULQJ� WKH� LQYHVWLJDWHG� WLPH� VSDQ�� WKLV�
IOH[LELOLW\�FDQ�EH�SRVLWLYH��QHJDWLYH�RU�ERWK���7KH�FRVW�
RI� WKH� IOH[LELOLW\� LV� LQ� WKH� VDPH� RUGHU� RI�PDJQLWXGH�
IRU� ERWK� V\VWHPV�� 7KLV� LV� ORJLFDO� DV� WKH� FDVHV� DUH�
LGHQWLFDO�� H[FHSW� IRU� WKH� FROG� HPLVVLRQ� V\VWHP���
6HFRQGO\�� WKH� IOH[LELOLW\� UDQJH� �WKH� GLIIHUHQFH�
EHWZHHQ� WKH� PD[LPXP� SRVLWLYH� DQG� PLQLPXP�
QHJDWLYH� IOH[LELOLW\�� LV� OLPLWHG� E\� WKHUPDO� FRPIRUW�
FRQVWUDLQWV� LQ� WKH� EXLOGLQJ�� � )RU� H[DPSOH� IRU� WKH�
ORQJHU� WLPH� VSDQ� RI� �� KRXUV�� WKH� FKLOOHG� FHLOLQJ�
V\VWHP� LV� XQDEOH� WR� UHGXFH� WKH� HOHFWULFLW\�
FRQVXPSWLRQ�DV�PXFK�DV�WKH�FRQFUHWH�FRUH�DFWLYDWLRQ�
EHFDXVH�RI�WKH�ORZHU�WKHUPDO�LQHUWLD���

Specific cost of flexibility and price elasticity  
)RU�HYHU\�SRLQW�RQ� WKH�FRVW�FXUYH�ZH�FDQ�REWDLQ� WKH�
VSHFLILF� FRVW� RI� WKH� IOH[LELOLW\� DV��

𝑐 =
∆𝐶
|∆𝐸|

                                                                                              (11)�

7KH�VSHFLILF�FRVW�FVS�FRXOG�IRU�LQVWDQFH�EH�H[SUHVVHG�
LQ� F¼�N:K� DQG� FDQ� EH� FRPSDUHG� WR� W\SLFDO�
DOWHUQDWLYHV� IRU� WKH� IOH[LELOLW\� VHUYLFH� RI� WKH� '(5�
V\VWHP�� OLNH� EDWWHU\� VWRUDJH� RU� WKH� RSHUDWLRQ� RI�
XSZDUG�UHVHUYHV��LQ�FDVH�RI�QHJDWLYH�IOH[LELOLW\����)RU�
WKH�VWXGLHG�FDVH��WKH�VSHFLILF�IOH[LELOLW\�FRVW�LV�LQ�WKH�
UDQJH�RI�����±���F¼�N:K��
7KH�LQYHUVH�RI�WKH�VSHFLILF�FRVW�FVS��FDQ�EH�QRUPDOLVHG�
DQG� WKXV� EH� LQWHUSUHWHG� DV� WKH� PDUJLQDO� SULFH�
HODVWLFLW\� � RI� WKH� V\VWHP�� � 7KLV� LQGLFDWRU� H[SUHVVHV�
WKH� FKDQJH� LQ� ORDG� WKDW� ZRXOG� RFFXU� IROORZLQJ� D�
FKDQJH� LQ� HOHFWULFLW\� SULFH�� � &RQVHTXHQWO\�� WKH�
SURSRVHG� PHWKRG� FDQ� EH� XVHG� LQ� FRPELQDWLRQ� ZLWK�
XQLW�FRPPLWPHQW�SUREOHP�IRUPXODWLRQV�IRU�ZKLFK�WKH�
GHPDQG�VLGH�LV�RIWHQ�PRGHOOHG�DV�D�IL[HG�SURILOH�ZLWK�

D�FHUWDLQ�SULFH�HODVWLFLW\���2IWHQ��JHQHUDO�DVVXPSWLRQV�
DERXW� WKH� SULFH� HODVWLFLW\� DUH� PDGH�� ZKLOH� WKH�
VHQVLWLYLW\�RI�WKH�UHVXOWV�WR�WKHVH�DVVXPSWLRQV�FDQ¶W�EH�
QHJOHFWHG��'H�-RQJKH����������

Models 
7KH�FRPSXWDWLRQ�RI�WKH�FRVW�FXUYHV�UHTXLUHV�D�PRGHO�
RI�WKH�'(5�V\VWHP���7KLV�UHTXLUHPHQW�PD\�EH�VHHQ�DV�
D�YHU\�VHYHUH�FRQVWUDLQW�WR�WKH�SUDFWLFDO�DSSOLFDWLRQ�RI�
WKH�SURSRVHG�PHWKRGRORJ\����
+RZHYHU�� WKH� UHTXLUHG�PRGHO�PD\� EH� REWDLQHG� DV� D�
JUH\� ER[� PRGHO� IURP� D� V\VWHP� LGHQWLILFDWLRQ�
SURFHGXUH�EDVHG�RQ�PRQLWRULQJ�GDWD�RI�WKH�FRQVLGHUHG�
'(5�V\VWHP���0RUHRYHU��WKH�VDPH�PRGHO�FDQ�EH�XVHG�
IRU�RSHUDWLRQDO�SXUSRVHV���)RU�H[DPSOH��LQ�WKH�FKLOOHG�
FHLOLQJ� FDVH� GLVFXVVHG� DERYH�� UHSODFLQJ� WKH� LQLWLDO�
UXOH�EDVHG� FRQWURO� RI� WKH� FKLOOHU� E\� WKH� FRVW�RSWLPDO�
%$8�VFHQDULR�UHVXOWV�LQ�FRVW�VDYLQJV�RI������7KLV�LV�
EHFDXVH�WKH�%$8�VFHQDULR�DOUHDG\�LPSOLFLWO\�XVHV�WKH�
DYDLODEOH� IOH[LELOLW\� LQ� WKH� V\VWHP� LQ� RUGHU� WR� WDNH�
SURILW�RI�WKH�YDULDEOH�HOHFWULFLW\�SULFH�WKURXJK�WKH�GD\���
)LQDOO\��WKH�VDPH�PRGHOV�FDQ�EH�XVHG�IRU�RSHUDWLRQDO�
SXUSRVHV�LQ�D�VPDUW�JULG�FRQWH[W���7KLV�ZLOO�SUREDEO\�
QRW�EH�EDVHG�RQ�WKH�SURSRVHG�FRVW�FXUYHV���$OWKRXJK�
WKH� HIIHFW� RI� ORDG� GLVWULEXWLRQ� �HIIHFW� RI� DFWLRQ� RQ�
WLPH� W� ZLOO� FKDQJH� WKH� ORDG� RQ� RWKHU� WLPH� VWHSV�� LV�
WDNHQ� LQWR� DFFRXQW� LQ� WKH� FRVW�� WKH� UHVXOWLQJ� ORDG�
RXWVLGH�WKH�LQYHVWLJDWHG�WLPH�VSDQ�LV�QRW�YLVLEOH�LQ�WKH�
FRVW� FXUYH�� $� UHDO� RSHUDWLRQDO� VPDUW� JULG� WKHUHIRUH�
QHHGV�WR�XVH�RWKHU�WHFKQLTXHV�LQ�RUGHU�WR�RSWLPLVH�WKH�
ORDGV� LQ� D� 933�� OLNH� GXDO� GHFRPSRVLWLRQ� DQG�
GHFHQWUDOLVHG� RSWLPLVDWLRQ� �0F$UWKXU� HW� DO�� ������
.RN� HW� DO�� ������ =KRX�� &KDQ�� DQG� &KRZ� ��������
7KHVH� WHFKQLTXHV� UHTXLUH� D� � ORFDO� PRGHO� IRU�
RSWLPLVDWLRQ� RI� WKH� ORFDO� '(5� V\VWHP� EDVHG� RQ�
�ILFWLYH�� SULFH� OHYHOV� FRPPXQLFDWHG� E\� WKH�
DJJUHJDWRU���7KHVH�RSWLPLVDWLRQV�DUH�DOPRVW�LGHQWLFDO�
WR�WKH�2&3¶V�UHTXLUHG�WR�REWDLQ�WKH�FRVW�FXUYHV�LQ�WKH�
FXUUHQW�VWXG\��
�
��
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&21&/86,21�
7KLV� SDSHU� SUHVHQWV� D� PHWKRGRORJ\� WR� DVVHVV� WKH�
DPRXQW�RI�IOH[LELOLW\�DQG�WKH�FRUUHVSRQGLQJ�FRVW�IRU�D�
'(5�V\VWHP���7KH�PHWKRG�LV�DSSOLHG�WR�D�FDVH�VWXG\�
RI� RIILFH� FRROLQJ� ZLWK� FRQFUHWH� FRUH� DFWLYDWLRQ� DQG�
FKLOOHG�FHLOLQJV����
)OH[LELOLW\�LV�GHILQHG�DV�WKH�SRVVLELOLW\�WR�GHYLDWH�WKH�
HOHFWULFLW\� FRQVXPSWLRQ� IURP� WKH� EXVLQHVV� DV� XVXDO�
�%$8�� FRQVXPSWLRQ� DW� D� FHUWDLQ� SRLQW� LQ� WLPH� DQG�
GXULQJ� D� FHUWDLQ� WLPH� VSDQ�� 7KH� %$8� VFHQDULR�
FRUUHVSRQGV� WR� D� FRQWURO� VWUDWHJ\� WKDW�PLQLPL]HV� WKH�
HOHFWULFLW\�FRVW���
7KH�PHWKRG�LV�EDVHG�RQ�WKH�VROXWLRQ�RI�DW�OHDVW� WKUHH�
RSWLPDO� FRQWURO� SUREOHPV� �2&3¶V�� ZLWK� DQ�
DSSURSULDWH�V\VWHP�PRGHO��7KLV�UHVXOWV�LQ�WZR�YDOXHV�
FKDUDFWHUL]LQJ� WKH� IOH[LELOLW\� UDQJH� RI� WKH� '(5�
V\VWHP�� L�H�� WKH� PD[LPDO� GHFUHDVH� ∆E↓  � DQG� WKH�
PD[LPDO� LQFUHDVH� ∆E↑  LQ� HOHFWULFLW\� FRQVXPSWLRQ�
IURP�WKH�%$8�FRQVXPSWLRQ�LQ�WKH�IOH[LELOLW\�LQWHUYDO��
6LPXOWDQHRXVO\�� WKH� FRUUHVSRQGLQJ� FRVW� RI� WKH� ORDG�
VKLIWLQJ�LV�REWDLQHG��7KH�UHVXOWV�DUH�UHSUHVHQWHG�E\�D�
FRVWV�IXQFWLRQ����
$JJUHJDWLRQ� RI� WKH� IOH[LELOLW\� RI� GLIIHUHQW� '(5�
V\VWHPV� WKDW�DUH�JURXSHG�E\�DQ�DJJUHJDWRU� �H�J�� LQ� D�
933��� UHVXOWV� LQ� WKH� WRWDO� IOH[LELOLW\� DQG� FRVW� IRU� WKH�
DJJUHJDWRU� DW� D� FHUWDLQ� SRLQW� LQ� WLPH� DQG� GXULQJ� D�
FHUWDLQ�WLPH�VSDQ��7KLV�DJJUHJDWLRQ�KDV�DQ�LPSRUWDQW�
DGYDQWDJH��D�933�FDQ�SURYLGH�PRUH�IOH[LELOLW\�WKDQ�D�
VLQJOH�'(5�V\VWHP��DW�D�ORZHU�RU�HTXDO�FRVW���
7KH�FRVW�FXUYHV�FDQ�EH�XVHG�WR�DVVHVV�KRZ�PXFK�ORDG�
VKLIWLQJ� UHDOO\� FRVWV�� 7KLV� HQDEOHV� FRPSDULQJ� '60�
VROXWLRQV� ZLWK� RWKHU� WHFKQRORJLHV� OLNH� HOHFWULFDO�
HQHUJ\� VWRUDJH� RU� SHDN� SRZHU� JHQHUDWLRQ�� )URP� WKH�
VSHFLILF� FRVW�� DQ� HTXLYDOHQW� SULFH� HODVWLFLW\� FDQ� EH�
GHULYHG� ZKLFK� FDQ� EH� XVHG� DV� LQSXW� LQ� XQLW�
FRPPLWPHQW� SUREOHPV�� +RZHYHU�� DV� %UXQLQ[� HW� DO��
������� VKRZ�� SULFH� HODVWLFLW\� PD\� QRW� EH� WKH� ULJKW�
FRQFHSW� IRU� TXDQWLI\LQJ� IOH[LELOLW\� LQ� WKHUPDO�
V\VWHPV�� VR� WKLV� DSSURDFK� KDV� WR� EH� XVHG�ZLWK� FDUH��
7KH�PHWKRG�FDQ�DOVR�EH�XVHG�GXULQJ�WKH�GHVLJQ�RI�H�J�
D� EXLOGLQJ� LQ� RUGHU� WR� WDNH� LQWR� DFFRXQW� SRVVLEOH�
IOH[LELOLW\� VHUYLFHV� WKDW� WKH� EXLOGLQJ� FRXOG� RIIHU� RQ�
WKH� HQHUJ\� PDUNHWV�� � )RU� RSHUDWLRQDO� GHFLVLRQ�
PDNLQJ�� WKH� FRVW� FXUYHV� DUH� QRW� VXIILFLHQW�� EXW� WKH�
XQGHUO\LQJ� PRGHOV� ZLOO� VHUYH� LQ� D� PXOWL�DJHQW�
IUDPHZRUN���
�

$&.12:/('*0(17�
7KH� DXWKRUV� JUDWHIXOO\� DFNQRZOHGJH� WKH� IROORZLQJ�
SURMHFWV�IRU�WKHLU�VXSSRUW�UHJDUGLQJ�WKLV�UHVHDUFK��

� (QHUJ\�1HWZRUNV�IRU�%XLOGLQJV��(QHUJ\�
,QVWLWXWH�/HXYHQ��

� 3HUIRUPDQFH3OXV��(8�)3���
�

5()(5(1&(6�
%HO��,YDQ��$UQDXG�9DOHQWL��-RVHSK�0DLUH��-0�&RUHUD��

DQG� 3HWHU� /DQJ�� ������ ³,QQRYDWLYH� 2SHUDWLRQ�
ZLWK� $JJUHJDWHG� 'LVWULEXWHG� *HQHUDWLRQ�´� ,Q�
3URFHHGLQJV� RI� WKH� ��WK� &RQIHUHQFH� RQ�
(OHFWULFLW\� 'LVWULEXWLRQ� �&,5('��� ��±����
9LHQQD��

%HOKRPPH�� 5��� DQG� HW� DO�� ������ ³$''5(66�
7HFKQLFDO� DQG� &RPPHUFLDO� &RQFHSWXDO�
$UFKLWHFWXUHV�´�,Q�'HOLYHUDEOH����������

%UDXQ��0DUWLQ��DQG�3KLOLSS�6WUDXVV��������³$�5HYLHZ�
RQ� $JJUHJDWLRQ� $SSURDFKHV� RI� &RQWUROODEOH�
'LVWULEXWHG� (QHUJ\� 8QLWV� LQ� (OHFWULFDO� 3RZHU�
6\VWHPV�´� ,QWHUQDWLRQDO� -RXUQDO� RI� 'LVWULEXWHG�
(QHUJ\�5HVRXUFHV�����������±�����

%UXQLQ[�� .HQQHWK�� 'LHWHU� 3DWWHHXZ�� (ULN� 'HODUXH��
/LHYH� +HOVHQ�� DQG� :LOOLDP� '¶KDHVHOHHU�� ������
³6KRUW�WHUP� 'HPDQG� 5HVSRQVH� RI� )OH[LEOH�
(OHFWULF� +HDWLQJ� 6\VWHPV  �� WKH� 1HHG� IRU�
,QWHJUDWHG� 6LPXODWLRQV�´� ,Q� ,QWHUQDWLRQDO�
&RQIHUHQFH� RQ� WKH� (XURSHDQ� (QHUJ\� 0DUNHW��
6WRFNKROP��6ZHGHQ��

&DOODZD\�� '� 6�� DQG� ,� D� +LVNHQV�� ������ ³$FKLHYLQJ�
&RQWUROODELOLW\� RI� (OHFWULF� /RDGV�´� 3URFHHGLQJV�
RI�WKH�,(((���������-DQXDU\������±�����

&KLFFR��*LDQIUDQFR�� DQG�3LHUOXLJL�0DQFDUHOOD��������
³'LVWULEXWHG� 0XOWL�JHQHUDWLRQ�� $�
&RPSUHKHQVLYH� 9LHZ�´� 5HQHZDEOH� DQG�
6XVWDLQDEOH�(QHUJ\�5HYLHZV������������±�����

*HOOLQJV�� &:�� ������ ³7KH�&RQFHSW� RI�'HPDQG�VLGH�
0DQDJHPHQW�IRU�(OHFWULF�8WLOLWLHV�´�3URFHHGLQJV�
RI�WKH�,(((��������������±������

'H� -RQJKH�� &HGULF�� ������ ³6KRUW�WHUP� 'HPDQG�
5HVSRQVH�LQ�(OHFWULFLW\�*HQHUDWLRQ�3ODQQLQJ�DQG�
6FKHGXOLQJ´��.8�/HXYHQ��

.LUVFKHQ�� 'DQLHO� 6�� ������ ³'HPDQG�VLGH� 9LHZ� RI�
(OHFWULFLW\� 0DUNHWV�´� ,(((� 7UDQVDFWLRQV� RQ�
3RZHU�6\VWHPV������������±�����

.RN�� .RHQ�� =VRILD� 'HU]VL�� -DDS� *RUGLMQ�� 0DDUWHQ�
+RPPHOEHUJ��&RU�:DUPHU��5HQH�.DPSKXLV��DQG�
+DQV� $NNHUPDQV�� ������ ³$JHQW�%DVHG�
(OHFWULFLW\� %DODQFLQJ� ZLWK� 'LVWULEXWHG� (QHUJ\�
5HVRXUFHV��� $� 0XOWLSHUVSHFWLYH� &DVH� 6WXG\�´�
3URFHHGLQJV� RI� WKH� ��VW� $QQXDO� +DZDLL�
,QWHUQDWLRQDO� &RQIHUHQFH� RQ� 6\VWHP� 6FLHQFHV�
�+,&66��������-DQXDU\������±�����

.RVFKHQ]�� 0DUNXV�� DQG� %HDW� /HKPDQQ�� ������
7KHUPRDNWLYH�%DXWHLOV\VWHPH���7DEV��'�EHQGRUI��
(03$�'�EHQGRUI��

0F$UWKXU��6�'�-��(�0�'DYLGVRQ��9�0�&DWWHUVRQ��$�/�
'LPHDV�� 1� '� +DW]LDUJ\ULRX�� )� 3RQFL�� DQG� 7�
)XQDEDVKL�� ������ ³0XOWL�DJHQW� 6\VWHPV� IRU�
3RZHU� (QJLQHHULQJ� $SSOLFDWLRQV� �� 3DUW� �  ��
&RQFHSWV�� $SSURDFKHV� DQG� 7HFKQLFDO�
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&KDOOHQJHV�´� ,(((� 7UDQVDFWLRQV� RQ� 3RZHU�
6\VWHPV�������������±������

3XGMLDQWR�� '�� &� 5DPVD\�� DQG� *� 6WUEDF�� ������
³9LUWXDO�3RZHU�3ODQW� DQG�6\VWHP� ,QWHJUDWLRQ�RI�
'LVWULEXWHG� (QHUJ\� 5HVRXUFHV�´� 5HQHZDEOH�
3RZHU�«��������±����

6L[��'DDQ��-RKDQ�'HVPHGW��-RKDQ�9�$�1�%DHO��'LUN�
9DQKRXGW�� DQG� -RKDQ� 9DQ� %DHO�� ������
³([SORULQJ� WKH� )OH[LELOLW\� 3RWHQWLDO� RI�
5HVLGHQWLDO�+HDW�3XPSV�&RPELQHG�ZLWK�7KHUPDO�
(QHUJ\� 6WRUDJH� IRU� 6PDUW� *ULGV�´� ,Q� ��VW�
,QWHUQDWLRQDO� &RQIHUHQFH� RQ� (OHFWULFLW\�
'LVWULEXWLRQ���±���)UDQNIXUW��

6WUEDF�� *�� ������ ³'HPDQG� 6LGH� 0DQDJHPHQW��
%HQHILWV� DQG� &KDOOHQJHV☆�´� (QHUJ\� 3ROLF\� ���
������'HFHPEHU�������±������

=KRX��=KL��:DL�.LQ��9LFWRU��&KDQ��DQG�-RH�+��&KRZ��
������ ³$JHQW�EDVHG� 6LPXODWLRQ� RI� (OHFWULFLW\�
0DUNHWV�� D� 6XUYH\� RI� 7RROV�´� $UWLILFLDO�
,QWHOOLJHQFH�5HYLHZ���������-XO\���������±�����

cNHVVRQ�� -��� .��(�� cU]pQ��0�� *lIYHUW�� 7�� %HUJGDKO��
DQG� +�� 7XPPHVFKHLW�� ������ ³0RGHOLQJ� DQG�
2SWLPL]DWLRQ� ZLWK� 2SWLPLFD� DQG�
-0RGHOLFD�RUJ²/DQJXDJHV� DQG� 7RROV� IRU�
6ROYLQJ� /DUJH�VFDOH� '\QDPLF� 2SWLPL]DWLRQ�
3UREOHPV�´�&RPSXWHUV�	�&KHPLFDO�(QJLQHHULQJ�
�1RYHPEHU���
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