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$%675$&7�
7KLV� VWXG\� IRUPXODWHV� D� PL[HG� LQWHJHU� OLQHDU�
SURJUDPPLQJ� �0,/3��PRGHO� WR� H[DPLQH� WKH� LPSDFW�
RI�GLVWULFW�KHDWLQJ�QHWZRUNV�RQ�WKH�GHOLYHU\�RI�RQ�VLWH�
FDUERQ� UHGXFWLRQ� WDUJHWV� IRU� QHZ� PL[HG�XVH�� PXOWL�
SKDVH� XUEDQ� GHYHORSPHQW� SURMHFWV� RYHU� WKHLU� HQWLUH�
FRQVWUXFWLRQ� F\FOH�� � 7KH� PRGHO� LV� IRUPXODWHG� WR�
GHVLJQ� GLVWULFW� HQHUJ\� V\VWHPV�� H�J�� WHFKQRORJ\�
VHOHFWLRQ�� XQLW� VL]LQJ�� DQG� GLVWULEXWLRQ� QHWZRUN�
FRQILJXUDWLRQ�� ZLWK� WKH� REMHFWLYH� RI� PLQLPLVLQJ�
HFRQRPLF� FRVW�� � $� QXPEHU� RI� IXHO� DQG� QHWZRUN�
FRQILJXUDWLRQ� VFHQDULRV� DUH� GHYHORSHG�� DQG� WKHLU�
UHODWLYH�FRVW�HIIHFWLYHQHVV� IRU� DFKLHYLQJ�]HUR�FDUERQ�
HPLVVLRQV�LV�DVVHVVHG���)XUWKHU�DQDO\VLV�LV�FDUULHG�RXW�
WR� GHWHUPLQH� LI� RII�VLWH� LQWHUYHQWLRQV�� L�H�� DOORZDEOH�
VROXWLRQV�� FDQ� EH� HPSOR\HG� WR� PHHW� HPLVVLRQ�
UHGXFWLRQ�VKRUWIDOOV��

,1752'8&7,21�
7KHUH�LV�DQ�RQ�JRLQJ�SDUDGLJP�VKLIW�LQ�XUEDQ�HQHUJ\�
V\VWHPV�� IURP� FHQWUDOLVHG� HQHUJ\� JHQHUDWLRQ� DQG�
ORQJ�UDQJH� WUDQVPLVVLRQ�� WRZDUGV� GHFHQWUDOLVHG�
JHQHUDWLRQ�DQG�WKH�LPSOHPHQWDWLRQ�RI�GLVWULFW�HQHUJ\�
V\VWHPV�DQG�ORFDO�GLVWULEXWLRQ�QHWZRUNV���7KHVH�ORFDO�
V\VWHPV�FDQ�LQFUHDVH�WKH�HIILFLHQF\�DQG�IOH[LELOLW\�RI�
HQHUJ\� GHOLYHU\� E\� PLQLPLVLQJ� WUDQVPLVVLRQ� DQG�
GLVWULEXWLRQ� ORVVHV�� UHXVLQJ� ZDVWH� HQHUJ\� �H�J��
FRPELQHG�KHDW�DQG�SRZHU�V\VWHPV���RU�XWLOLVLQJ�ORFDO�
VRXUFHV�RI�UHQHZDEOH�IXHO���+RZHYHU��WKH�ZLGHVSUHDG�
DGRSWLRQ� RI� ORFDO� HQHUJ\� V\VWHPV� DOVR� LQFUHDVHV� WKH�
FRPSOH[LW\� RI� HQHUJ\� SURYLVLRQ� DW� WKH� GLVWULFW� OHYHO��
7R� PDNH� WKHP� HIIHFWLYH�� LW� LV� HVVHQWLDO� WKDW� WKH�
VWUXFWXUH� DQG� RSHUDWLRQ� RI� GLVWULFW� V\VWHPV� DUH�
GHWHUPLQHG� LQ� D� ULJRURXV� PDQQHU� WKDW� WDNHV� LQWR�
DFFRXQW�WKH�WHPSRUDO�DQG�VSDWLDO�YDULDWLRQV�LQ�HQHUJ\�
GHPDQG�� LQ�DGGLWLRQ� WR� WKH�GULYHUV� �L�H��FRVW��FOLPDWH�
FKDQJH�PLWLJDWLRQ��DLU�TXDOLW\��HWF���WKDW�LQIOXHQFH�WKH�
HQHUJ\�SODQQLQJ�GHFLVLRQ�PDNLQJ�IUDPHZRUN��
�
$�QXPEHU�RI�RSWLPLVDWLRQ�WRROV�LQFOXGLQJ�0$5.$/�
�6HHEUHJWV� HW� DO�� ������� 02'(67� �+HQQLQJ� HW� DO��
������� DQG� '(5�&$0� �6LGGLTXL� HW� DO�� ������ KDYH�
EHHQ� GHYHORSHG� XVLQJ� WKH� PL[HG� LQWHJHU� OLQHDU�
SURJUDPPLQJ� �0,/3�� DSSURDFK� WR� GHWHUPLQH� WKH�
RSWLPDO� FRQILJXUDWLRQ� RI� GLVWULFW� HQHUJ\� V\VWHPV� DW�
YDULRXV� VSDWLDO� DQG� WHPSRUDO� VFDOHV�� �0RUH� UHFHQWO\��

.HLUVWHDG� HW� DO� �������� 0HKOHUL� HW� DO� ������� �������
DQG�:HEEHU�DQG�6KDK��������KDYH�GHYHORSHG�0,/3�
PRGHOV� WR� GHWHUPLQH� QRW� RQO\� WKH� VWUXFWXUH� DQG�
RSHUDWLRQ� RI� D� GLVWULFW� HQHUJ\� V\VWHP�� EXW� DOVR� WKH�
FRQILJXUDWLRQ�RI�WKH�GLVWULEXWLRQ�QHWZRUNV���
�
7KH� 'LVWULEXWHG� (QHUJ\� 1HWZRUN� 2SWLPLVDWLRQ�
�'(12��PRGHO��SUHVHQWHG�LQ� WKLV�VWXG\��EXLOGV�XSRQ�
WKLV�RQ�JRLQJ�ZRUN���7KH�SULPDU\�DLP�RI�'(12�LV�WR�
GHWHUPLQH� WKH� RSWLPDO� GHVLJQ� DQG� RSHUDWLRQ� RI� D�
GLVWULFW� HQHUJ\� V\VWHP�� ,W� GRHV� VR� E\� VHOHFWLQJ� WKH�
RSWLPDO� FRPELQDWLRQ� RI� HOHFWULFLW\� DQG� WKHUPDO�
JHQHUDWLRQ� WHFKQRORJLHV� WR� LQVWDOO�� ZKLOH� DOVR�
GHWHUPLQLQJ� ZKHQ� WR� LQVWDOO� WKHP� GXULQJ� D� PXOWL�
SKDVH� GHYHORSPHQW� VFKHGXOH�� ZKHUH� WR� ORFDWH� HDFK�
WHFKQRORJ\��DQG�KRZ�EHVW�WR�GLVWULEXWH�WKH�JHQHUDWHG�
HQHUJ\�DPRQJ�WKH�EXLOGLQJV�WKURXJK�WKH�GHVLJQ�RI�WKH�
GLVWULFW�KHDWLQJ�DQG�FRROLQJ�QHWZRUN���
�
:LWKLQ� WKH� PRGHO� IRUPXODWLRQ�� QRGHV� GHILQH� WKH�
ORFDWLRQV� RI� HQHUJ\� JHQHUDWLRQ� DQG� FRQVXPSWLRQ���
$UFV�� ZKLFK� OLQN� WKH� QRGHV�� UHSUHVHQW� WKH� SRVVLEOH�
GLVWULEXWLRQ� RI� HQHUJ\� EHWZHHQ� JHQHUDWLRQ� DQG�
FRQVXPSWLRQ�QRGHV�YLD�WKH�GLVWULEXWLRQ�QHWZRUN���7KH�
PRGHO�LV�IRUPXODWHG�WR�PLQLPL]H�RSHUDWLRQDO�FRVW�E\�
LGHQWLI\LQJ� WKH� VHW� RI� JHQHUDWLRQ� QRGHV� DQG� WKHLU�
FKDUDFWHULVWLFV� �L�H�� WHFKQRORJLHV� LQVWDOOHG��XQLW�VL]HV��
KRXUO\� RSHUDWLRQ�� HWF���� DV� ZHOO� DV� WKH� VHW� RI� DFWLYH�
DUFV� DQG� WKH� DPRXQW� RI� HQHUJ\� WKDW� WKH\� GLVWULEXWH�
GXULQJ� HDFK� WLPH�LQWHUYDO�� '(12¶V� GHIDXOW� WLPH�
LQWHUYDO� LV� �� KRXU�� WZHQW\�IRXU� RI� ZKLFK� DUH�
DJJUHJDWHG�WR�IRUP�D�VLQJOH�GD\���)RXU�RI�WKHVH�GD\V��
RQH�IRU�HDFK�VHDVRQ��GHILQH�RQH�GHVLJQ�\HDU��DQG�HDFK�
FRQVWUXFWLRQ� SKDVH� LV� UHSUHVHQWHG� E\� RQH� W\SLFDO�
GHVLJQ�\HDU��
�
/DUJH� XUEDQ� GHYHORSPHQWV� DUH� W\SLFDOO\� FRQVWUXFWHG�
LQ� PXOWLSOH� SKDVHV�� OHDGLQJ� WR� VLJQLILFDQW� YDULDWLRQV�
LQ� WKH� PDJQLWXGH� DQG� ORFDWLRQ� RI� HQHUJ\� GHPDQG�
EHWZHHQ� WKH� SKDVHV� RI� FRQVWUXFWLRQ�� � 7KLV� KDV� DQ�
LPSDFW� RQ� WKH� RSWLPDO� ORFDWLRQ� RI� JHQHUDWLRQ�
WHFKQRORJLHV�� DQG� RQ� WKH� LGHDO� VFKHGXOH� IRU�
WHFKQRORJ\� LQVWDOODWLRQ� DQG� XQLW� VL]LQJ�� � � ,QFOXGLQJ�
FRQVWUXFWLRQ�SKDVHV�ZLWKLQ� WKH�PRGHO�DOORZV� IRU� WKH�
LQWHUPHGLDWH� LQVWDOODWLRQ� RI� WHFKQRORJLHV� DW� WKH� VWDUW�
RI� HDFK�SKDVH�� �7KLV�PHDQV� WKDW� HQHUJ\� V\VWHPV� DUH�
QRW�GHVLJQHG�VROHO\� IRU� WKH�GHYHORSPHQW¶V� IXOO�EXLOG�
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HQHUJ\� GHPDQG�� ZKLFK� FDQ� OHDG� WR� XQLWV� WKDW� DUH�
XQGHUXWLOLVHG� XQWLO� GHYHORSPHQW¶V� FRQVWUXFWLRQ�
UHDFKHV� FRPSOHWLRQ�� � ,QVWHDG�� WKH� V\VWHPV� DUH�
GHVLJQHG� WR� H[SDQG� PRGXODUO\�� LQ� SDUDOOHO� ZLWK�
EXLOGLQJ� FRQVWUXFWLRQ� DQG� WKH� JURZWK� LQ� HQHUJ\�
GHPDQG���
�
)XOO�GHWDLOV�RI�WKH�PRGHO�IRUPXODWLRQ�DUH�GHVFULEHG�LQ�
�2PX� HW� DO�� ������� ZKLFK� GHPRQVWUDWHV� WKH�
DSSOLFDWLRQ� RI� '(12� RQ� DQ� XUEDQ� GHYHORSPHQW�
SURMHFW� LQ� 6RXWK� (DVW� (QJODQG� E\� H[DPLQLQJ� KRZ�
HQHUJ\� VXEVLGLHV�� VXFK� DV� WKH� )HHG� LQ� 7DUULIV� DQG�
5HQHZDEOH� +HDW� ,QFHQWLYH�� LQIOXHQFH� WHFKQRORJ\�
VHOHFWLRQ�IRU�GLVWULFW�HQHUJ\�V\VWHPV��
�
$QRWKHU� LQWHUHVWLQJ�DSSOLFDWLRQ�RI� WKH�'(12�PRGHO�
LV�DQ�DVVHVVPHQW�RI�KRZ�GHYHORSPHQW�OHYHO�GHFLVLRQV�
DERXW�GLVWULFW�KHDWLQJ�QHWZRUN�VWUXFWXUH�DQG�IXHO�XVH�
FDQ�LQIOXHQFH�WKH�DELOLW\�IRU�EXLOGLQJV�WR�PHHW�IXWXUH�
]HUR� FDUERQ� HPLVVLRQV� WDUJHWV� LQ� QHZ� PL[HG�XVH��
PXOWL�SKDVH�XUEDQ�GHYHORSPHQW�SURMHFWV��
�

Case Study: Queen Elizabeth Olympic Park 
 

,Q� ������ FRQVWUXFWLRQ� RI� WKH� 2O\PSLF� 3DUN� ZDV�
FRPSOHWHG�LQ�6WUDWIRUG��(DVW�/RQGRQ��LQ�RUGHU�WR�KRVW�
WKH� ����� 2O\PSLF� *DPHV�� � 7KH� GHYHORSPHQW� DUHD�
ZDV� VXEGLYLGHG� LQWR� D� QXPEHU� RI� GLVWULFWV� FDOOHG�
SODQQLQJ�GHOLYHU\�]RQHV��3'=V���&XUUHQWO\�� WKH�RQO\�
EXLOGLQJV� WKDW� DUH� VWDQGLQJ� RQ� WKH� SDUN� DUH� WKH�
2O\PSLF� YHQXHV� �PDLQ� VWDGLXP�� DTXDWLF� FHQWUH��
YHORGURPH�� LQGRRU� DUHQD�� HWF���� WKH� 0HGLD� 3UHVV�
&HQWUH�� WKH� ,QWHUQDWLRQDO� %URDGFDVWLQJ� &HQWUH�� WKH�
$WKOHWH¶V�9LOODJH��DQG�WKH�HQHUJ\�FHQWUH���7KH�UHVW�RI�
WKH� ODQG� ZLOO� EH� GHYHORSHG� LQWR� UHVLGHQWLDO� DQG�
FRPPHUFLDO�QHLJKERXUKRRGV�RYHU�WKH�QH[W����\HDUV��
������� �
8VLQJ� HQHUJ\� HIILFLHQW� GHVLJQ�� HIILFLHQW� HQHUJ\�
VXSSO\�� DQG� RQ�VLWH� UHQHZDEOHV�� WKH� 2O\PSLF�
'HOLYHU\� $JHQF\� �2'$�� VHW� D� WDUJHW� WR� UHGXFH� WKH�
SDUN¶V� LPPHGLDWH� OHJDF\� �XQWLO� ������ HPLVVLRQV� E\�
���� DJDLQVW� D� ����� EDVHOLQH�� ZLWK� ���� RI� WKLV�
UHGXFWLRQ� WR� EH� IURP� HIILFLHQW� HQHUJ\� VXSSO\� DQG�
���� IURP� WKH� XVH� RI� RQ�VLWH� UHQHZDEOH� JHQHUDWLRQ�
�2'$�� ������� � 7R� DFKLHYH� WKHVH� WDUJHWV� DQ� HQHUJ\�
VWUDWHJ\�ZDV�GHYHORSHG�E\�WKH�2'$��LQ�FROODERUDWLRQ�
ZLWK� %XUR� +DSSROG�� DQG� DQ� HQHUJ\� FHQWUH� ZDV�
FRQVWUXFWHG� DW� WKH� .LQJV�<DUG� VLWH� LQ� 3'=� ��� � 7KH�
HQHUJ\� FHQWUH� KRXVHV� D� ���� 0:H� QDWXUDO� JDV� ILUHG�
FRPELQHG�KHDW�DQG�SRZHU�SODQW��&+3���D���0:�/L%U�
DEVRUSWLRQ�FKLOOHU��WKUHH���0:�DPPRQLD�FKLOOHUV��D���
0:WK�ELRPDVV�ERLOHU�� DQG� WZR����0:WK�QDWXUDO�JDV�
ERLOHUV� WKDW�PHHW� WKH� HQHUJ\� GHPDQGV�RI� WKH� VLWH� E\�
GLVWULEXWLQJ�HQHUJ\�WKURXJK�D�GLVWULFW�KHDWLQJ�QHWZRUN�
�23/&���������7KH�&+3�SUHVHQWO\�SURYLGHV�����RI�
WKH�KHDW�LQ�WKH�QHWZRUN��ZLWK�WKH�ELRPDVV�DQG�QDWXUDO�
JDV� ERLOHUV� SURYLGLQJ� WKH� UHPDLQLQJ� ���� DQG� �����
UHVSHFWLYHO\��23/&����������$GGLWLRQDOO\�WKHUH�DUH���
VPDOO� KHOLFDO� ZLQG� WXUELQHV� DQG� ���� 39� SDQHOV�
PRXQWHG�DURXQG� WKH�SDUN�� �7KH�HQWLUH�2O\PSLF�3DUN�
HQHUJ\� V\VWHP� UHVXOWV� LQ� D� SDUN�ZLGH� HPLVVLRQV�

UHGXFWLRQ� RI� ���� GXH� WR� HQHUJ\� HIILFLHQF\� RI� WKH�
&&+3��EXW�RQO\������IURP�UHQHZDEOHV��DURXQG������
WRQQHV�\HDU� VKRUW� RI� WKH� RULJLQDO� ���� UHQHZDEOHV�
HPLVVLRQV� UHGXFWLRQ� WDUJHW�� � 7KLV� VKRUWIDOO� KDV� EHHQ�
FRYHUHG� WKURXJK� WKH� LQYHVWPHQW� LQ� RII�VLWH� HQHUJ\�
HIILFLHQW� UHWURILW� SURMHFWV� LQ� WKH� VXUURXQGLQJ�
ERURXJKV�� VR� FDOOHG� ³DOORZDEOH� VROXWLRQV´� �2'$��
�������
�
7KH� KHDWLQJ� QHWZRUN� LQIUDVWUXFWXUH� LV� DOUHDG\�
LQVWDOOHG�IRU�DOO�3'=V�H[FHSW�IRU�3'=���DQG�3'=�����
ZLWK�D�SODQ� WR�H[SDQG� WKH�QHWZRUN� WR� WKHVH�DUHDV� LQ�
WKH�IXWXUH���,I�WKH�GLVWULFW�KHDWLQJ�QHWZRUN�LV�LQVWDOOHG�
LQ� D� 3'=�� WKHQ� DOO� EXLOGLQJV� LQ� WKDW� DUHD� DUH�
FRQWUDFWXDOO\�UHTXLUHG�WR�FRQQHFW�WR�WKH�QHWZRUN��DQG�
DUH�XQDEOH�WR�LQVWDOO�UHQHZDEOH�EXLOGLQJ�VFDOH�KHDWLQJ�
WHFKQRORJLHV� VXFK� DV� VRODU� WKHUPDO� FROOHFWRUV� RU�
JURXQG�VRXUFH�KHDW�SXPSV��23/&���������� ������
�
)URP� ������ WKH� HQWLUH� 2O\PSLF� 3DUN� VLWH� ZLOO� EH�
WUDQVIRUPHG� LQWR� LWV� OHJDF\� IRUP�� WKH� 4XHHQ�
(OL]DEHWK� 2O\PSLF� 3DUN�� ZKLFK� ZLOO� EH� PL[HG�XVH�
�DERXW�����UHVLGHQWLDO�RYHUDOO��GHYHORSPHQW�WKDW�ZLOO�
EH� FRQVWUXFWHG� IURP� ����� WR� ����� �23/&�� ��������
(DFK�3'=�FRQWDLQV�PL[HV�RI�GLIIHUHQW�EXLOGLQJ�XVHV�
LQFOXGLQJ� UHVLGHQWLDO�� RIILFH�� UHWDLO�� FXOWXUH�� DQG�
OHLVXUH�� � 7DEOH� �� VXPPDULVHV� WKH� IORRU� DUHDV� DQG�
EXLOGLQJ�XVH�PL[HV� IRU�HDFK�SODQQLQJ�GHOLYHU\�]RQH��
DQG�KLJKOLJKWV�DQ\�QRWDEOH�EXLOGLQJV��
�
7DEOH����&KDUDFWHULVWLFV�RI�HDFK�3ODQQLQJ�'HOLYHU\�=RQH�

�

PDZ Total Floor Area (m2) Residential 
(%) 

Notable 
Buildings Current Phase 1 Full Build 

�� ������� �������� �������� ���� $TXDWLF�
&HQWUH�

�� �� �� ������� ���� �

�� ������� ������� ������� ��� 2O\PSLF�
6WDGLXP�

�� �� ������� ������� ����

.LQJ¶V�
<DUG�
(QHUJ\�
&HQWUH�

�� �������� �������� �������� ���� ,QGRRU�
$UHQD�

�� �� �������� �������� ���� 9HORGURPH�
�� �� �� �������� ���� �

�� �������� �������� �������� ���� $WKOHWH¶V�
9LOODJH�

��� �� �� ������� ���� �

�
7KH� DLP� RI� WKH� HQHUJ\� SODQ� IRU� WKH� OHJDF\�
GHYHORSPHQW�LV�WR�XWLOLVH�WKH�HQHUJ\�V\VWHP�WKDW�ZDV�
LQVWDOOHG� IRU� WKH� ����� 2O\PSLFV� ZKLOH� WUDQVLWLRQLQJ�
DQG� H[SDQGLQJ� WKH� V\VWHP� WR� PHHW� WKH� JURZLQJ�
HQHUJ\� GHPDQGV� RI� WKH� OHJDF\� GHYHORSPHQW���
)XUWKHUPRUH��DV�EXLOGLQJV�ZLOO�EH�FRQVWUXFWHG�RYHU�DQ�
���\HDU�WLPH�SHULRG��WKH�HQHUJ\�V\VWHP�WKDW�LV�SXW�LQ�
SODFH� PXVW� DGKHUH� WR� LQFUHDVLQJO\� VWULQJHQW� FDUERQ�
UHGXFWLRQ�WDUJHWV��LQFOXGLQJ�D�]HUR�FDUERQ�SROLF\�WKDW�
ZLOO� OLNHO\� EH� LQWURGXFHG� LQ� ������ IRU� GRPHVWLF�
EXLOGLQJ�� DQG� ������ IRU� QRQ�GRPHVWLF� EXLOGLQJV�
�23/&���������
������� �
,Q� RUGHU� WR� DVVHVV� WKH� ORQJ�WHUP� LPSOLFDWLRQV� RI� WKH�
2O\PSLF�3DUN¶V�GLVWULFW�KHDWLQJ�QHWZRUN�� WKH�'(12�
PRGHO� LV� HPSOR\HG� WR� GHVLJQ� WKH� H[SDQVLRQ� RI� WKH�
FXUUHQW�GLVWULFW�HQHUJ\�V\VWHP�RYHU�WKH�FRXUVH�RI�WKH�
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WZR�FRQVWUXFWLRQ�SKDVHV���7KH�PRGHO�DLPV�WR�QRW�RQO\�
GHWHUPLQH�WKH�RSWLPDO�WHFKQRORJ\�DQG�IXHO�VHOHFWLRQ��
EXW� DOVR� WR� GHFLGH� KRZ� EHVW� WR� LQFUHDVH� JHQHUDWLRQ�
FDSDFLW\�DV�GHPDQG�JURZV��
������� �
$V� WKLV�DQDO\VLV� LV�FDUULHG�RXW�DJDLQVW�D�EDFNGURS�RI�
SURJUHVVLYHO\� PRUH� VWULQJHQW� &2�� HPLVVLRQV�
OHJLVODWLRQ�� WZR� NH\� TXHVWLRQV� DUH� DVVHVVHG� XVLQJ� D�
VHULHV� RI� VFHQDULR� DQDO\VHV�� � )LUVWO\�� ZKDW� LV� WKH�
LPSDFW� RI� GLIIHUHQW� GLVWULFW� KHDWLQJ� QHWZRUN� IXHO�
PL[HV"��,Q�RWKHU�ZRUGV��FDQ�D�QDWXUDO�JDV�RU�ELRPDVV�
IXHOOHG�V\VWHP�DFKLHYH�WKH�]HUR�FDUERQ�VWDQGDUGV��RU�
LV� D�PRYH� WRZDUGV�ELRJDV� UHTXLUHG"� 6HFRQGO\��ZKDW�
LV� WKH� RYHUDOO� LPSDFW� RI� QRW� H[SDQGLQJ� WKH� GLVWULFW�
KHDWLQJ� QHWZRUN� WR� 3'=� �� DQG� 3'=� ��"� 1RW�
H[SDQGLQJ� WKH� QHWZRUN� ZRXOG� DOORZ� EXLOGLQJV� LQ�
WKHVH� 3'=� WR� LQVWDOO� EXLOGLQJ� VFDOH� UHQHZDEOHV��
ZKLFK� PD\� LQIOXHQFH� WKH� FRVW�HIIHFWLYHQHVV� RI� WKH�
FDUERQ�HPLVVLRQV�UHGXFWLRQ�PHDVXUHV��
�������
7KH� RXWSXWV� �L�H�� DQQXDO� FRVW� DQG� DQQXDO� &2��
HPLVVLRQV�UHGXFWLRQV��RI�HDFK�VFHQDULR�DUH�FRPSDUHG�
WR�GHWHUPLQH�WKH�GHJUHH�WR�ZKLFK�IXWXUH�EXLOGLQJV�RQ�
WKH� VLWH� ZLOO� EH� DEOH� WR� PHHW� ORQJ�WHUP� HPLVVLRQ�
UHGXFWLRQ�WDUJHWV�VHW�E\�WKH�%XLOGLQJ�5HJXODWLRQV�DQG�
=HUR�&DUERQ�3ROLF\�� �7KLV� VWXG\� DOVR� KLJKOLJKWV� WKH�
FRPSDUDWLYH� DQQXDO� FRVW�HIIHFWLYHQHVV� ���WRQQH� &2��
UHGXFHG�� RI� HDFK� VFHQDULR�� DQG� GHWHUPLQHV� WKH�
DGGLWLRQDO� FRVW� RI� PHHWLQJ� DQ\� HPLVVLRQV� UHGXFWLRQ�
VKRUWIDOOV�WKURXJK�³DOORZDEOH�VROXWLRQV´��

02'(/�)2508/$7,21�
7KH� '(12� PRGHO� FRQWDLQV� WKUHH� LQWHJHU� GHFLVLRQ�
YDULDEOHV�� WKH� QXPEHU� RI� XQLWV� RI� WHFKQRORJ\� L�
SXUFKDVHG� DW� QRGH� Q� GXULQJ� SKDVH� K� �8Q�L�K��� WKH�
QXPEHU�RI�XQLWV�RI� WHFKQRORJ\� L�RSHUDWLQJ�DW�QRGH�Q�
GXULQJ�SHULRG�S�RI�VHDVRQ�V�RI�SKDVH�K��2S�V�K�Q�L���DQG�
WKH�DFWLYH�LQDFWLYH�VWDWXV�RI�WKH�DUF�EHWZHHQ�QRGHV�Q�
DQG�Q¶�IRU�HDFK�HQHUJ\�HQG�XVH�X��/Q�Q¶�X����
� � �
7KH� FRQWLQXRXV� YDULDEOHV� LQ� WKH� PRGHO� DUH� WKH�
DPRXQW�RI�HQG�XVH�HQHUJ\�X�JHQHUDWHG�E\�WHFKQRORJ\�
L� DW� QRGH� Q� GXULQJ� SHULRG� S� RI� VHDVRQ� V� RI� SKDVH� K�
�*S�V�K�Q�L�X��� WKH� TXDQWLW\� RI� HQG� XVH� HQHUJ\� X�
GLVWULEXWHG�IURP�QRGH�Q�WR�QRGH�Q¶�GXULQJ�SHULRG�S�RI�
VHDVRQ� V� RI� SKDVH� K� �'S�V�K�Q�Q¶�X��� DQG� � WKH� HOHFWULFLW\�
WKDW�HDFK�QRGH�Q�SXUFKDVHV�GXULQJ�SHULRG�S�RI�VHDVRQ�
V�RI�SKDVH�K��(3S�V�K�Q���
� �
7KHUH� DUH� WKUHH� HQHUJ\� HQG� XVHV�� KHDWLQJ� �KHDW���
ZKLFK� LQFOXGHV� ERWK� VSDFH� KHDWLQJ� DQG� KRW� ZDWHU��
FRROLQJ� �FRRO��� DQG� HOHFWULFLW\� �HOHF��� HDFK� 3'=� LV�
GHILQHG�DV�D�QRGH� �Q��� DQG� WKH�PRGHO�SKDVHV� �K��DUH�
GHILQHG�E\�WKH�WZR�GHYHORSPHQW�FRQVWUXFWLRQ�SKDVHV�
�23/&���������

�
 3KDVH� �� ������������� &RQVWUXFWLRQ� RI� XS� WR�

��������P��RI�IORRU�VSDFH�������RI�HQWLUH�VLWH��
 3KDVH� �� ������������� &RQVWUXFWLRQ� RI� XS� WR�

��������P��RI�IORRU�VSDFH��

Objective Function 
 

7KH�REMHFWLYH�RI�WKH�PRGHO�LV�WR�PLQLPLVH�HFRQRPLF�
FRVW� RI� WKH� HQHUJ\� V\VWHP�� ZKLFK� LV� WKH� VXP� RI� WKH�
HOHFWULFLW\�DQG�IXHO�FRVWV��&HOHF�DQG�&IXHO���RSHUDWLRQDO�
DQG� PDLQWHQDQFH� FRVWV� �&RP��� WHFKQRORJLFDO� FDSLWDO�
DQG� LQVWDOODWLRQ� FRVWV� �&FDSLWDO��� DQG� DPRUWLVHG�
QHWZRUN�FRVW��&QHWZRUN���
�

𝐦𝐢𝐧    𝐶 + 𝐶 + 𝐶 +  𝐶 + 𝐶 �
����

7KH�IXHO�FRVW�IRU�WKH�'(5�V\VWHP�LV�H[SUHVVHG�DV�WKH�
DQQXDO� HQHUJ\� JHQHUDWLRQ� RI� HDFK� SXUFKDVHG�
WHFKQRORJ\� GLYLGHG� E\� WKH� WHFKQRORJ\¶V� HIILFLHQF\��
PXOWLSOLHG� E\� WKH� SULFH� RI� WKH� DSSURSULDWH� IXHO��
VXPPHG�RYHU�WKH�HQWLUH�WLPH�KRUL]RQ��

�
𝐶 = 𝑁ℎ ∙ 𝑁 ∙ 𝑃𝑟𝑖𝑐𝑒 ∙ 𝐺 , ,ℎ, , ,

𝜂
ℎ

  �

����
7KH�HOHFWULFLW\�FRVW�LV�HTXDO�WR�WKH�VXP�RI�WKH�DPRXQW�
RI� HOHFWULFLW\� SXUFKDVHG�PXOWLSOLHG�E\� WKH� HOHFWULFLW\�
WDULII��

𝐶 = 𝑁ℎ ∙ 𝑁 ∙ 𝐸𝑃𝑟𝑖𝑐𝑒 ∙ 𝐸𝑃 , ,ℎ,
ℎ

�

����������
7KH�RSHUDWLRQ�DQG�PDLQWHQDQFH�FRVW� LV�PDGH�XS�RI�D�
IL[HG�FRVW��ZKLFK�LV�D�IXQFWLRQ�RI�WKH�FDSDFLW\�RI�WKH�
XQLW�� DQG� D� YDULDEOH� FRVW��ZKLFK� LV� D� IXQFWLRQ�RI� WKH�
DQQXDO�JHQHUDWLRQ�RI�WKH�XQLW��

�

𝐶 = 𝑂 ∙ 𝑀𝑎𝑥𝐶𝑎𝑝 ∙ 𝑈 , ,ℎ

+   𝑁ℎ ∙ 𝑁 ∙ 𝑂 ∙ 𝐺 , ,ℎ,, , ,
ℎ

  �

� � � � � ����������
7KH� FDSLWDO� FRVW� LV� GHWHUPLQHG� E\� PXOWLSO\LQJ� WKH�
QXPEHU� RI� XQLWV� RI� D� WHFKQRORJ\� WKDW� DUH� SXUFKDVHG�
E\�WKH�FDSDFLW\�RI�WKH�WHFKQRORJ\�DQG�WKH�XQLW�FRVW�RI�
WKH�WHFKQRORJ\��

�

𝐶 = 𝑀𝑎𝑥𝐶𝑎𝑝 ∙ 𝑈 , ,ℎ ∙ 𝐶𝑎𝑝𝐶  
ℎ

�

����������
7KH�QHWZRUN�FRVW�H[SUHVVHV� WKH�FRVW�RI�FRQVWUXFWLQJ�
WKH� RSWLPDO� GLVWULEXWLRQ� QHWZRUNV�� � 7KLV� FRVW� LV�
FDOFXODWHG� E\� PXOWLSO\LQJ� WKH� DFWLYH� DUFV� E\� WKH�
GLVWDQFH� EHWZHHQ� WKH� FRQQHFWHG� EXLOGLQJV� DQG� WKH�
XQLW� FRVW� RI� WKH� QHWZRUN� SLSH� RU� ZLULQJ�� WKHQ�
DPRUWLVLQJ� RYHU� WKH� OLIHWLPH� RI� WKH� QHWZRUN�
FRPSRQHQWV�� DQG� VXPPLQJ� RYHU� WKH� HQWLUH� WLPH�
KRUL]RQ��

�

𝐶 = 𝑁ℎ ∙ 𝐷𝑖𝑠𝑡 , ∙ 𝐿 . , ∙ 𝑃𝐶𝑜𝑠𝑡 ∙ 𝐴𝑛𝑃 �

����������
𝐴𝑛𝑃 =   𝐼𝑅  

1   −   ( )   
    �

����������
�
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Main Constraints 
 

7KH� IROORZLQJ� FRQVWUDLQWV� OLPLW� WKH� KRXUO\� HQHUJ\�
JHQHUDWLRQ� RI� HDFK� XQLW�� )RU� DOO� QRQ�VRODU�
WHFKQRORJLHV�� WKH� KRXUO\� HQHUJ\� JHQHUDWLRQ� RI� HDFK�
XQLW� PXVW� EH� EHWZHHQ� WKH� XQLW¶V� PD[LPXP� DQG�
PLQLPXP�FDSDFLWLHV��7KH�PD[LPXP�FDSDFLW\�RI�HDFK�
XQLW�LV�GHWHUPLQHG�E\�WKH�QXPEHU�RI�XQLWV�RI�D�JLYHQ�
WHFKQRORJ\� WKDW� DUH� RSHUDWLRQDO� GXULQJ� HDFK� WLPH�
LQWHUYDO� �2S�V�K�Q�L�� DQG� WKH� UDWHG� SRZHU� RI� HDFK� RI�
WHFKQRORJ\� �0D[&DSL���ZKLOH� WKH�PLQLPXP�FDSDFLW\�
LV�VHW�E\�HDFK�WHFKQRORJ\¶V�PLQLPXP�DOORZDEOH�DSDUW�
ORDG���0LQ/RDGL������

�
𝑂 , ,ℎ, , ∙ 𝑀𝑎𝑥𝐶𝑎𝑝    ∙   𝑀𝑖𝑛𝐿𝑜𝑎𝑑   ≤ 𝐺 , ,ℎ, , ,

≤ 𝑂 , ,ℎ, , ∙ 𝑀𝑎𝑥𝐶𝑎𝑝 �
∀    𝑝, 𝑑, 𝑠, 𝑛, 𝑖, 𝑢�

����
)RU�VRODU�WHFKQRORJLHV�� WKH�KRXUO\�HQHUJ\�JHQHUDWLRQ�
GHSHQGV� RQ� WKH� DPRXQW� RI� DYDLODEOH� VRODU� UDGLDWLRQ��
WKH� VXUIDFH� DUHD� RI� WKH� VRODU� SDQHOV�� DQG� WKHLU�
RULHQWDWLRQ�DQG�PRGXODU�HIILFLHQFLHV���7KH�URRI�VSDFH�
DW�HDFK�QRGH�OLPLWV�WKH�PD[LPXP�SDQHO�DUHD��

�
𝐺 , ,ℎ, , , ≤ 𝑂 , ,ℎ, , ∙ 𝐴𝑟𝑒𝑎 ∙ 𝑆𝑜𝑙𝑎𝑟 , ,ℎ ∙ 𝑂𝑟𝑖𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 ∙ 𝜂

∙ 𝜂 ∙ 𝜂 ∙ 𝜂 �
����

𝑈 , ,ℎ ∙ 𝐴𝑟𝑒𝑎 ≤ 𝑀𝑎𝑥𝑅𝑜𝑜𝑓 �
�����

7KH�QH[W�VHW�RI�FRQVWUDLQWV�HQVXUH�WKDW�WKH�VXSSO\�DQG�
GHPDQG�RI�HQHUJ\� LV�EDODQFHG�DW�HYHU\�FRQVXPSWLRQ�
QRGH�� �)LUVWO\�� WKH�HOHFWULFLW\�GHPDQG�DW� HYHU\�QRGH��
LQFOXGLQJ� DQ\� DGGLWLRQDO� ORDGV� IURP� '(5�
WHFKQRORJLHV� WKDW� FRQVXPH� HOHFWULFLW\� �H�J�� KHDW�
SXPSV�� HOHFWULF� FKLOOHUV��� PXVW� EH� VDWLVILHG� E\�
HOHFWULFLW\� WKDW� LV�JHQHUDWHG�E\� WKDW�QRGH��GLVWULEXWHG�
IURP� RWKHU� QRGHV�� RU� SXUFKDVHG� IURP� WKH� QDWLRQDO�
JULG��

𝐷 , ,ℎ, , , + 𝐸𝑃 , ,ℎ,

≥ 𝐷𝑒𝑚 , ,ℎ, ,       
+ 𝐺 , ,ℎ, , ,{ℎ }

𝐶𝑂𝑃 ∗ 𝐶𝑜𝑟𝑟
∈{ , }

+ 𝐺 , ,ℎ, , ,{ }
𝐶𝑂𝑃

∈{ }

+ 𝐺 , ,ℎ, , ,{ℎ } ∙ 𝑃𝑢𝑚𝑝
∈{ }

 

�
∀𝑝, 𝑠,ℎ, 𝑛, 𝑛�, 𝑢{𝑒𝑙𝑒𝑐}�

����������
6LPLODUO\�� WKH�KHDWLQJ�DQG�FRROLQJ�GHPDQGV�DW�HYHU\�
QRGH� PXVW� EH� VDWLVILHG� E\� HQHUJ\� WKDW� LV� JHQHUDWHG�
LQWHUQDOO\�RU�GLVWULEXWHG�IURP�RWKHU�QRGHV��

�

𝐷 , ,ℎ, , �, ≥ 𝐷𝑒𝑚 , ,ℎ, , �   +
𝐺 , ,ℎ, , ,{ }

𝐶𝑂𝑃
∈{ }

    �

∀𝑝, 𝑠, 𝑛, 𝑛�, 𝑢{ℎ𝑒𝑎𝑡}�
����������

�
�

𝐷 , ,ℎ, , �, ≥ 𝐷𝑒𝑚 , ,ℎ, , �    �

∀𝑝, 𝑠, 𝑛, 𝑛�, 𝑢{𝑐𝑜𝑜𝑙}�
����������

+HDW� JHQHUDWLRQ� IURP� &+3� XQLWV� LV� LQ� WKH� IRUP� RI�
KHDW� UHFRYHUHG� IURP� WKH� JHQHUDWLRQ�RI� HOHFWULFLW\�E\�
WKH�&+3�� � 7KHUHIRUH�� WKH� KHDW� UHFRYHUHG� IURP�&+3�
XQLWV� �𝐺 , ,ℎ, , , ∈{ℎ })�� SOXV� DQ\� KHDW� WKDW� LV� GXPSHG�
�𝑄 , , ��� PXVW� HTXDO� WKH� HOHFWULFLW\� JHQHUDWLRQ� RI�
WKH�XQLW��𝐺 , ,ℎ, , , ∈{ }��PXOWLSOLHG�E\�WKH�XQLW¶V�KHDW�WR�
SRZHU�UDWLR��Ȝ���
�

𝐺 , ,ℎ, , , ∈{ℎ } +   𝑄 , , = 𝜆 ∙ 𝐺 , ,ℎ, , , ∈{ }�
��������������������������������������������������������������

∀𝑝, 𝑠, 𝑛, 𝑖 ∈ {𝑅𝐸, 𝐵𝐶𝐻𝑃, 𝑆𝐶𝐻𝑃}�
�����

7KHUH� DUH� D� QXPEHU� RI� FRQVWUDLQWV� WKDW� PDQDJH� WKH�
ZD\� LQ� ZKLFK� HQHUJ\� LV� GLVWULEXWHG� EHWZHHQ� QRGHV���
)RU� DOO� HQHUJ\� HQG� XVHV�� HQHUJ\� WKDW� LV� GLVWULEXWHG�
IURP�D�QRGH�WR�DOO�FRQQHFWHG�QRGHV�GXULQJ�HYHU\�WLPH�
LQWHUYDO�PXVW� HTXDO� WR� WKH� DPRXQW� RI� HQHUJ\� WKDW� LV�
JHQHUDWHG�DW�WKDW�QRGH��GLYLGHG�E\�D�GLVWULEXWLRQ�ORVV�
IDFWRU�WKDW�LQGLFDWHV�WKH�SHUFHQWDJH�RI�WKH�HQHUJ\�WKDW�
LV�ORVW�GXULQJ�HQHUJ\�GLVWULEXWLRQ��

�

𝐷 , ,ℎ, , �,
�

= ∑ 𝐺 , ,ℎ, , ,
𝐷𝐿𝑜𝑠𝑠 �

∀𝑝, 𝑠,ℎ, 𝑛, 𝑛�, 𝑢�
�����

)LQDOO\��QRGHV�FDQ�RQO\�EH�FRQQHFWHG�LI�WKH\�DUH�SDUW�
RI� WKH� SUH�GHWHUPLQHG� VHW� RI� DOORZDEOH� FRQQHFWLRQV�
�1HWQ�Q¶�X�� ZKLFK� LV� D� ELQDU\� PDWUL[�� � )RU� D� IXOO\�
IOH[LEOH� GLVWULEXWLRQ� SUREOHP�� DOO� WKH� YDOXHV� LQ� WKLV�
PDWUL[�FDQ�EH�VHW�WR�����7KLV�ZRXOG�DOORZ�DOO�QRGHV�WR�
GLVWULEXWH� HQHUJ\� WR� HDFK� RWKHU�� DV� ORQJ� DV� DOO� RWKHU�
FRQVWUDLQWV� DUH� VDWLVILHG�� � $OWHUQDWLYHO\�� FHUWDLQ�
HQWULHV�LQ�WKLV�PDWUL[�FDQ�EH�VHW�WR���LQ�RUGHU�WR�OLPLW�
WKH� QXPEHU� RI� ORFDWLRQV� ZKHUH� '(5� LQVWDOODWLRQ� LV�
DOORZHG����

�
𝐿 , �, ≤ 𝑁𝑒𝑡 , �, �

∀𝑛, 𝑛�, 𝑢�
�����

�

Solution Algorithm 
 

7KH� 0,/3� PRGHO� LV� VROYHG� XVLQJ� WKH� ,%0� ,/2*�
&3/(;� 2SWLPLVDWLRQ� 6WXGLR�� ZKLFK� LV� DQ�
RSWLPLVDWLRQ�VRIWZDUH�SURJUDP�WKDW�XVHV�WKH�&3/(;�
VROYHU���&3/(;�HPSOR\V�D�EUDQFK�DQG�FXW�DOJRULWKP�
WR�VROYH�WKH�0,/3�PRGHO��,%0���������
 
Energy Demands 
 

7KH�HOHFWULFLW\��KHDWLQJ��DQG�FRROLQJ�GHPDQGV�ZKHUH�
FDOFXODWHG�XVLQJ� WKH�PHWKRGRORJ\� WKDW� LV�RXWOLQHG� LQ�
/HJDF\� &RPPXQLWLHV� 6FKHPH� 5HYLVHG� (QHUJ\�
6WDWHPHQW� �23/&���������ZKLFK� LV�EDVHG�RQ� WKH�XVH�
RI� HQHUJ\� FRQVXPSWLRQ� EHQFKPDUNV� �&,%6(�70����
(&21�����HWF����$�VXPPDU\�RI�WKH�DQQXDO�HOHFWULFLW\��
KHDWLQJ�� DQG� FRROLQJ� GHPDQGV� IRU� HDFK� 3'=��
SUHVHQWHG�LQ�)LJXUH����VKRZV�WKDW�WKH�HQHUJ\�GHPDQG�
RI�WKH�HQWLUH�GHYHORSPHQW�LV�GRPLQDWHG�E\�3'=V�������
��� ��� DQG� ��� � $GGLWLRQDOO\�� LQ� DOO� 3'=V� WKH� KHDW�
GHPDQG�LV�KLJKHU�WKDQ�WKH�HOHFWULFLW\�GHPDQG��ZKLFK�
PHDQV� WKDW� DGGLWLRQDO� &+3� XQLWV� PD\� EH� D� YLDEOH�
RSWLRQ�� )LQDOO\�� 3'=� �� LV� WKH� RQO\� DUHD� WKDW� KDV� D�
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VLJQLILFDQW�GHPDQG�IRU�FRROLQJ��VR�FRROLQJ�XQLWV�ZLOO�
QRW�QHHG�WR�EH�H[SDQGHG�EH\RQG�FXUUHQW�FDSDFLW\�����
�

�
)LJXUH����$QQXDO�(QHUJ\�'HPDQGV�IRU�HDFK�3'= 

7KH� DQQXDO� HQG� XVH� HQHUJ\� GHPDQGV� ZKHUH� WKHQ�
DSSOLHG�WR�UHIHUHQFH�SURILOHV�IRU�HDFK�EXLOGLQJ�XVH�LQ�
RUGHU� WR�JHQHUDWH�KRXUO\�HQHUJ\�GHPDQG�SURILOHV� IRU�
HYHU\�EXLOGLQJ�XVH�LQ�HDFK�3'=���7KH�KRXUO\�HQHUJ\�
GHPDQGV�RI�DOO�WKH�EXLOGLQJ�XVHV�LQ�HDFK�3'=�ZKHUH�
WKHQ� DJJUHJDWHG� WR� JLYH� WKH� RYHUDOO� KRXUO\� HQHUJ\�
GHPDQG� SURILOH� IRU� HDFK� 3'=�� ZKLFK� ZHUH� XVHG� DV�
WKH� HQHUJ\� GHPDQG� SURILOH� IRU� HDFK� FRQVXPSWLRQ�
QRGH� IRU� HDFK� VHDVRQ�� � )LJXUH� �� VKRZV� WKH� WRWDO�
VHDVRQDO�HOHFWULFLW\�DQG� KHDWLQJ�GHPDQGV� VHJPHQWHG�
E\� SODQQLQJ� GHOLYHU\� ]RQH�� $V� H[SHFWHG�� ZKLOH�
HOHFWULFLW\� GHPDQG� LV� UHODWLYHO\� FRQVWDQW� WKURXJKRXW�
WKH� VHDVRQV�� WKH� KHDWLQJ� GHPDQG� LV� ORZHVW� LQ� WKH�
VXPPHU�DQG�KLJKHVW�LQ�WKH�ZLQWHU���
��

�
)LJXUH����6HDVRQDO�KHDWLQJ�GHPDQG�EURNHQ�GRZQ�E\�

3'=� 

Technology Set 
 

$� VXPPDU\� RI� WKH� WHFKQRORJ\� SHUIRUPDQFH�
FKDUDFWHULVWLFV� LV� JLYHQ� LQ� 7DEOH� �� �1(5$�� ������
32<5<��������23/&���������
 
 
 

�

7DEOH����6XPPDU\�RI�'(5�7HFKQRORJ\�6HW�
�

Technology Capacity 
(kW) 

Capital 
Cost 
(£/kW) 

Efficiency/COP 
Heat to 
Power 
Ratio 

1DWXUDO�*DV�
%RLOHU�� ����� ��� ���� 1$�

1DWXUDO�*DV�
&+3�� ����� ���� ������ �����

6RODU�
7KHUPDO� �� ����� ���� 1$�

3KRWRYROWDLF�� �� ���� ���� 1$�
%LRPDVV�
&+3� ����� ����� ���� ����

%LRJDV�&+3�� ����� ����� ������ �����
%LRPDVV�
%RLOHU� ����� ���� ���� 1$�

*URXQG�
6RXUFH�+HDW�
3XPS��

���� ����� ���� 1$�

$LU�6RXUFH�
+HDW�3XPS�� ���� ���� ���� 1$�

$EVRUSWLRQ�
&KLOOHU� ����� ���� ���� 1$�

(OHFWULF�
&KLOOHU� ����� ���� ���� 1$�

 
 

Electricity and Fuel Tariffs 
 

6WDQGDUG� 8.� HOHFWULFLW\� DQG� IXHO� WDULII� UDWHV� DUH�
HPSOR\HG� LQ� WKLV� DQDO\VLV�� 7KH� SULFH� RI� HOHFWULFLW\�
ERXJKW� IURP� WKH� JULG� LV� ����� ��N:K�� ZKLOH� QDWXUDO�
JDV�� ELRPDVV� SULFH�� DQG� ELRJDV� SULFH� DUH� ������
��N:K���������N:K���������N:K�UHVSHFWLYHO\��(67��
������'(&&�����������
 
Legislative Targets 
 

)URP������DOO� QHZ�KRPHV�ZLOO� EH� ]HUR� FDUERQ�� DQG�
IURP� ����� DOO� QHZ� QRQ�GRPHVWLF� EXLOGLQJV� ZLOO� EH�
]HUR�FDUERQ��ZKLFK� LV�GHILQHG�DV������UHGXFWLRQ� LQ�
UHJXODWHG� HPLVVLRQV�� � 5HJXODWHG� HPLVVLRQV� DUH� &2��
HPLVVLRQV� WKDW� UHVXOW� IURP� HQHUJ\� XVHV� WKDW� DUH�
FXUUHQWO\�UHJXODWHG�E\�3DUW�/�$�RI�/�$�RI�%XLOGLQJ�
5HJXODWLRQV�� � 7KHVH� LQFOXGH� HPLVVLRQV� WKDW� UHVXOW�
IURP� VSDFH� KHDWLQJ�� VSDFH� FRROLQJ�� ZDWHU� KHDWLQJ��
IL[HG� OLJKWLQJ�� DQG� DX[LOLDU\� HQHUJ\� IRU� SXPSV� DQG�
IDQV���7KH\�GR�QRW�LQFOXGH�HPLVVLRQV�WKDW�UHVXOW�IURP�
GRPHVWLF� DSSOLDQFHV�� GHFRUDWLYH� OLJKWLQJ�� RU�
HTXLSPHQW��23/&�����������
�

Validation 
 

,Q� WKH� /HJDF\� &RPPXQLWLHV� (QHUJ\� 6WDWHPHQW�� WKH�
2O\PSLF� 3DUN� /HJDF\�&RPPLWWHH� �23/&�� FDOFXODWH�
WKH�DQQXDO� UHJXODWHG�&2�� IRU�D�QXPEHU�RI� VFHQDULRV�
LQFOXGLQJ�� ��� ����� %DVHOLQH�� ��� 2QO\� GHPDQG�
UHGXFWLRQ� PHDVXUHV�� ��� ,QVWDOODWLRQ� RI� 2QO\� *DV�
&+3V�� DQG� ��� ,QVWDOODWLRQ� RI� RQO\� ELRPDVV� ERLOHUV���
6FHQDULRV���DQG���LQFOXGH�WKH�LQVWDOODWLRQ�RI�EDFN�XS�
QDWXUDO� JDV� ERLOHUV�� � $� FRPSDULVRQ� RI� WKH� '(12�
PRGHOOHG� RXWSXW� HPLVVLRQV� ZLWK� WKH� 23/&�
FDOFXODWLRQV�� SUHVHQWHG� LQ� )LJXUH� ��� VKRZV� WKDW� WKH�
PRGHO� LV� DEOH� WR� RXWSXW� HPLVVLRQ� YDOXHV� WKDW� DUH�
FRQVLVWHQW�ZLWK�WKH�23/&�FDOFXODWLRQV��
�
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�
)LJXUH����&RPSDULVRQ�RI�HPLVVLRQV�RXWSXWV�IURP�
'(12�PRGHO�ZLWK�23/&�FDOFXODWHG�YDOXHV��

Scenarios 
 

,Q�WKLV�VWXG\�'(12�LV�XVHG�WR�DQDO\VH�KRZ�GHFLVLRQV�
PDGH� DW� WKH� GHYHORSPHQW�ZLGH� VFDOH� LQIOXHQFH� WKH�
DELOLW\�IRU�EXLOGLQJ�OHYHO�&2��HPLVVLRQV�WDUJHWV�WR�EH�
DFKLHYHG�� � 7R� GR� VR�� WZR� TXHVWLRQV� DUH� DGGUHVVHG���
)LUVWO\��ZKDW�LV�WKH�LPSDFW�RI�WKH�GLVWULFW�KHDWLQJ�IXHO�
PL["�7R�XQGHUVWDQG�WKH�H[WHQW�RI�WKLV�LQIOXHQFH��WKUHH�
VFHQDULRV� DUH� IRUPXODWHG� LQ� ZKLFK� GLIIHUHQW� IXHOV��
QDWXUDO� JDV�� ELRPDVV�� DQG� ELRJDV�� DUH� DYDLODEOH� IRU�
FRPEXVWLRQ�� �)RU� WKLV�DQDO\VLV� LW� LV�DVVXPHG� WKDW�DOO�
EXLOGLQJV��LQFOXGLQJ�WKRVH�LQ�3'=���DQG�3'=�����ZLOO�
EH�IRUFHG�WR�FRQQHFW�WR�WKH�GLVWULFW�KHDWLQJ�QHWZRUN��
��
 BAU:�$OO�FXUUHQW�DQG� IXWXUH�GHPDQG� LV�PHW�E\�

WKH� GLVWULFW� KHDWLQJ� QHWZRUN� ZLWK� QR� FKDQJH� LQ�
IXHO�PL[�
�

 Biomass��$OO�FXUUHQW�DQG� IXWXUH�GHPDQG� LV�PHW�
E\� WKH� GLVWULFW� KHDWLQJ� QHWZRUN� ZLWK� WKH�
XWLOLVDWLRQ�RI�PRUH�ELRPDVV�LQ�WKH�IXWXUH�WKURXJK�
WKH�LQVWDOODWLRQ�RI�D�ELRPDVV�&+3�
�

 Biogas��$OO�FXUUHQW�DQG�IXWXUH�GHPDQG�LV�PHW�E\�
WKH�GLVWULFW�KHDWLQJ�QHWZRUN�ZLWK� � WKH�XWLOLVDWLRQ�
RI�ELRJDV�LQ�WKH�IXWXUH�WKURXJK�WKH�LQVWDOODWLRQ�RI�
D�ELRJDV�&+3�

�
7KH� VHFRQG� TXHVWLRQ� UHYROYHV� WKH� LPSDFW� RI� QRW�
H[SDQGLQJ� WKH� GLVWULFW� KHDWLQJ� QHWZRUN� WR� WKH� WZR�
3'=V�WKDW�DUH�FXUUHQWO\�QRW�FRQQHFWHG��WKXV�DOORZLQJ�
IRU� WKH� LQVWDOODWLRQ� RI� EXLOGLQJ� VFDOH� UHQHZDEOH� KHDW�
WHFKQRORJLHV�� 7R� XQGHUVWDQG� WKLV� WUDGH�RII� WKH�
IROORZLQJ�VFHQDULRV�DUH�FRPSDUHG��
�
 BAU��$OO� FXUUHQW� DQG� IXWXUH� GHPDQG� LV�PHW� E\�

WKH� GLVWULFW� KHDWLQJ� QHWZRUN� ZLWK� QR� FKDQJH� LQ�
IXHO�PL[�

�
 No Expansion�� 7KH� GLVWULFW� KHDWLQJ� QHWZRUN�

PHHWV�DOO�FXUUHQW�GHPDQG��EXW�WKH�QHWZRUN�LV�QRW�
H[WHQGHG� WR�3'=��� DQG�3'=����� �$GGLWLRQDOO\��
WKHUH�LV�QR�OLPLWDWLRQ�RQ�WKH�FRPEXVWLRQ�IXHO��
�

',6&866,21�$1'�5(68/76�
�

District Heating Network Fuel Analysis 
�

,W� VKRXOG� EH� QRWHG� WKDW� LQ� DOO� VFHQDULRV� VWXGLHG� WKH�
XQLWV� WKDW� DUH� FXUUHQWO\� LQVWDOOHG� DW�.LQJV�<DUG� �L�H��

����0:H�JDV�&+3����0:�DEVRUSWLRQ�FKLOOHU�����0:�
RI�DPPRQLD�FKLOOHUV����0:WK�ELRPDVV�ERLOHU��DQG����
0:WK� RI� QDWXUDO� JDV� ERLOHUV�� DUH� UHWDLQHG�� � $Q\�
DGGLWLRQDO� FDSDFLW\� EH\RQG� WKLV� LQGLFDWHV� WKH� XQLWV�
WKDW�QHHG�WR�EH�LQVWDOOHG�LQ�WKH�IXWXUH��
�
7DEOH� ��RXWOLQHV� WKH� WHFKQRORJ\� DQG� GLVWULFW� KHDWLQJ�
QHWZRUN� �'+1�� IXHO� PL[� RXWSXWV� IRU� WKH� WKUHH� IXHO�
VFHQDULRV�� � $V� WKH� GLVWULFW� V\VWHP� PRYHV� WRZDUGV�
ELRPDVV�DQG�ELRJDV��WKH�VKDUH�RI�HQHUJ\�SURYLGHG�E\�
WKH� JDV� &+3� UHGXFHV�� ZKLFK� VKRXOG� OHDG� WR� OHVV�
FDUERQ�LQWHQVLYH�KHDW�IRU�WKH�EXLOGLQJV�RQ�WKH�VLWH���
7DEOH����,QVWDOOHG�WHFKQRORJ\�FDSDFLWLHV�DQG�'+1�

IXHO�PL[�
�

Scenario� Final Installed Capacity [Installed 
Capacity at end of Phase 1]�

District 
Heating 
Network Fuel 
Mix�

%$8�

*DV�%RLOHUV�����0:�>���0:@�
%LRPDVV�%RLOHUV����0:�>��0:@�
*DV�&+3������0:�>����0:@�
$EVRUSWLRQ�&KLOOHU����0:�>��0:@�
$PPRQLD�&KLOOHU�����0:�>���0:@�
39����������P���>�������P�@�

����*DV�&+3�
����*DV�
%RLOHU�
����%LRPDVV�
%RLOHU�

%LRPDVV�

*DV�%RLOHUV�����0:�>���0:@�
%LRPDVV�%RLOHUV����0:�>��0:@�
*DV�&+3�������0:�>����0:@�
%LRJDV�&+3������0:�>����0:@�
$EVRUSWLRQ�&KLOOHUV����0:�>��0:@�
$PPRQLD�&KLOOHUV�����0:�>���
0:@�
39����������P���>�������P�@�

����%LRPDVV�
&+3�
����*DV�&+3�
����%LRPDVV�
%RLOHU�
����*DV�
%RLOHU�

%LRJDV�

*DV�%RLOHUV�����0:�>���0:@�
%LRPDVV�%RLOHUV����0:�>��0:@�
*DV�&+3������0:�>����0:@�
%LRJDV�&+3����0:�>��0:@�
$EVRUSWLRQ�&KLOOHUV����0:�>��0:@�
$PPRQLD�&KLOOHUV�����0:�>���
0:@�
39����������P���>�������P�@�

����%LRJDV�
&+3�
����%LRPDVV�
%RLOHU�
����*DV�
%RLOHU�
���*DV�&+3�

�
$QDO\VLQJ� WKH� HFRQRPLF� DQG� HPLVVLRQV� RXWSXWV� LQ�
7DEOH����WKH�%LRJDV�VFHQDULR�LV�WKH�RQO\�VFHQDULR�WKDW�
FDQ�UHDFK�WKH������UHGXFWLRQ�LQ�UHJXODWHG�HPLVVLRQV�
WKURXJK� RQ�VLWH� JHQHUDWLRQ�� � 7KH� RULJLQDO� SURSRVDO�
ZDV�IRU�DQ�DGYDQFHG�WKHUPDO�WUHDWPHQW�IDFLOLW\�DW�WKH�
QHDUE\� )LVK� ,VODQG� VLWH�� ZLWK� D� JDV� GLVWULEXWLRQ�
QHWZRUN�EHWZHHQ�)LVK�,VODQG�DQG�.LQJV�<DUG�HQHUJ\�
FHQWUH� �23/&��������� �+RZHYHU�� DIWHU� DQ� DGGLWLRQDO�
IHDVLELOLW\�DVVHVVPHQW��WKH�SUHIHUUHG�VLWH�ZDV�IRXQG�WR�
EH� SURKLELWLYHO\� H[SHQVLYH�� WKHUHIRUH� ELRJDV� IXHOOHG�
&+3� LV� QRW� D� YLDEOH� RSWLRQ� IRU� WKLV� GHYHORSPHQW�
�23/&����������&RQVHTXHQWO\��WKH�]HUR�FDUERQ�SROLF\�
FDQQRW� EH�PHW� WKURXJK� RQ�VLWH� HPLVVLRQV� UHGXFWLRQV�
DORQH��
�
7DEOH����(FRQRPLF�DQG�HPLVVLRQV�RXWSXWV�RI�IXHO�FKDQJH�

DQDO\VLV�
�

Scenario�
Capital 
Cost 
(�million)�

Annual 
CO2 
Emissions 
Reduction 
(tonnes)�

Regulated 
Emissions 
Reduction 

Annual Cost 
Effectiveness 
(£/tonnes 
CO2 saved)�

%$8� ������� ������ ���� ������
%LRPDVV� ����� ������� ���� ������
%LRJDV� ����� ������� ����� ������

 
 
 

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

- 117 -



District Heating Network Expansion Analysis  
 

7KH� PDLQ� EHQHILW� RI� QRW� H[SDQGLQJ� WKH� GLVWULFW�
QHWZRUN� WR�3'=���DQG�3'=���� LV� WKDW� WKH�KRXVHV� LQ�
WKRVH� DUHDV� DUH� DEOH� WR� LQVWDOO� EXLOGLQJ� UHQHZDEOH�
VFDOH� WHFKQRORJLHV�� VXFK� DV� KHDW� SXPSV� DQG� VRODU�
WKHUPDO���/RRNLQJ�DW�WKH�WHFKQRORJ\�RXWSXWV��JLYHQ�LQ�
7DEOH���� WKLV� LV� VKRZQ�WR�EH� WKH�FDVH� IRU�3'=���� LQ�
ZKLFK�����N:�RI�*6+3�LV�LQVWDOOHG��:KHUHDV�3'=���
ZRXOG�UHTXLUH�LWV�RZQ�VPDOO�HQHUJ\�FHQWUH�ZLWK�D�����
0:� JDV� &+3�� D� �� 0:� JDV� ERLOHU�� DQG� D� �� 0:�
ELRPDVV�ERLOHU��
�
7DEOH����,QVWDOOHG�FDSDFLWLHV�IRU�H[SDQVLRQ�VFHQDULRV�
�

Scenario� Final Installed Capacity [Installed Capacity at 
end of Phase 1]�

%$8�

*DV�%RLOHUV�����0:�>���0:@�
%LRPDVV�%RLOHUV����0:�>��0:@�
*DV�&+3������0:�>����0:@�
$EVRUSWLRQ�&KLOOHUV����0:�>��0:@�
$PPRQLD�&KLOOHUV�����0:�>���0:@�
39����������P���>�������P�@�

1R�([SDQVLRQ�

DHN:�
*DV�%RLOHUV�����0:�>���0:@�
%LRPDVV�%RLOHUV����0:�>��0:@�
*DV�&+3������0:�>����0:@�
%LRPDVV�&+3������0:�>����0:@�
$EVRUSWLRQ�&KLOOHU����0:�>��0:@�
$PPRQLD�&KLOOHU�����0:�>���0:@�
39��3'=������������������P���>�������P�@�
 
PDZ 8:�
��0:�*DV�%RLOHU�>��0:@�
��0:�%LRPDVV�%RLOHU�>��0:@�
����0:�*DV�&+3�>��0:@�
39���������P��>��P�@�
 
PDZ 12:�
��0:�*DV�%RLOHU�>��0:@�
��0:�%LRPDVV�%RLOHU�>��0:@�
����N:�*6+3�>��0:@�
39���������P��>��P�@�

�
([DPLQLQJ� WKH� HFRQRPLF� DQG� HPLVVLRQV� RXWSXWV� LQ�
7DEOH����WKH�FDSLWDO�FRVW�RI�WKH�1R�([SDQVLRQ�FDVH�LV�
DERXW� ��� KLJKHU� WKDQ� WKH� %$8� FDVH�� KRZHYHU� WKH�
DQQXDO� HPLVVLRQV� UHGXFWLRQ� LV� ����KLJKHU�� UHVXOWLQJ�
LQ� D� ORZHU� FRVW� HIIHFWLYHQHVV� YDOXH� RI� ������� SHU�
WRQQHV�RI�&2��VDYHG��
�
7DEOH����(FRQRPLF�DQG�HPLVVLRQV�RXWSXWV�IRU�WKH�

H[SDQVLRQ�DQDO\VLV�
�

Scenario�
Capital 
Cost 
(�mill)�

Annual 
CO2 
Emissions 
Reduction 
(tonnes)�

Regulated 
Emissions  
Reduction�

Annual Cost 
Effectiveness 
(£/tonnes 
CO2 saved)�

%$8� ������� ������ ���� ������

1R�
([SDQVLRQ� ������ ������� ���� ������

�
Allowable Solutions 
�

$OORZDEOH� VROXWLRQV� DUH� LQYHVWPHQWV� LQ� RII�VLWH�
FDUERQ�HPLVVLRQV�UHGXFWLRQV�WKDW�FDQ�EH�XVHG�WR�PHHW�
HPLVVLRQV� UHGXFWLRQ� WDUJHWV�� 7KH\� FRVW� DURXQG�
�������WRQQH� &2�� VDYHG� �23/&�� ������� �:KHQ� WKH�
FDUERQ�VKRUWIDOO��L�H��UHVLGXDO�&2��HPLVVLRQ�UHGXFWLRQ�
QHHGHG�WR�UHDFK�]HUR�FDUERQ�WDUJHWV��LV�FDOFXODWHG��WKH�
FRVW� RI� VDWLVI\LQJ� WKDW� H[FHVV� WKURXJK� DOORZDEOH�
VROXWLRQV�FDQ�DOVR�EH�GHWHUPLQHG����

7DEOH���VKRZV�WKDW�DOWKRXJK�WKH�%LRJDV�VFHQDULR�ZDV�
WKH�RQO\�VFHQDULR�LQ�ZKLFK�WKH�]HUR�FDUERQ�WDUJHW�ZDV�
DFKLHYHG� WKURXJK� RQ�VLWH� UHGXFWLRQV�� LW� LV� WKH� PRVW�
H[SHQVLYH� VROXWLRQ� RQFH� DOORZDEOH� VROXWLRQV� DUH�
WDNHQ� LQWR� DFFRXQW�� � ,Q� IDFW�� WKH� 1R� ([SDQVLRQ�
VFHQDULR� LV� DFWXDOO\� WKH� EHWWHU� RSWLRQ� EHFDXVH� WKH�
DQQXDO� FRVW� LV� UHODWLYHO\� ORZ�� DQG� WKH� HPLVVLRQV�
VKRUWIDOO� LV� VPDOO�� VR� WKH� FRVW� RI� DOORZDEOH� VROXWLRQV�
QHHGHG�WR�ILOO�WKH�JDS�LV�VPDOO��UHVXOWLQJ�LQ�WKH�ORZHVW�
WRWDO�DQQXDO�FRVW���
�
7DEOH����$QQXDO�FRVWV�LQFOXGLQJ�DOORZDEOH�VROXWLRQV�
�

Scenario�
Annual 
Cost  
(�million)�

Emission 
reduction 
shortfall 
(tonnes)�

Allowable 
Solutions  
(�million) �

Total 
Annual Cost 
Including 
Allowable 
Solutions 
(�million) �

%$8�� ������� ����� ������ �������
%LRPDVV� ������ ����� ������ �������
%LRJDV� ������ �� �� ������
1R�
([SDQVLRQ� ������ ���� ������ �������

�
$�NH\� UHVXOW�KHUH� LV� WKDW� WKH� VFHQDULR� WKDW�PHHWV� WKH�
RQ�VLWH�HPLVVLRQV�UHGXFWLRQV�WDUJHW�LV�QRW�QHFHVVDULO\�
DOZD\V� WKH� EHVW� VROXWLRQ�� HVSHFLDOO\� ZKHQ� LW� LV�
SRVVLEOH�WR�RIIVHW�DQ\�HPLVVLRQ�VKRUWIDOOV�WKURXJK�WKH�
LQYHVWPHQW�LQ�RII�VLWH�HPLVVLRQV�UHGXFWLRQV���

&21&/86,21�
,Q� WKLV� VWXG\�� WKH� 'LVWULEXWHG� (QHUJ\� 1HWZRUN�
2SWLPLVDWLRQ� �'(12�� PRGHO� ZDV� HPSOR\HG� WR�
GHWHUPLQH� KRZ� WRS�OHYHO� GHFLVLRQ� DERXW� GLVWULFW�
KHDWLQJ�QHWZRUN�VWUXFWXUH�DQG�IXHO�FDQ�LQIOXHQFH�WKH�
DELOLW\� IRU� ]HUR� FDUERQ� HPLVVLRQV� WDUJHWV� WR� EH�
DFKLHYHG� DW� WKH� EXLOGLQJ� OHYHO�� � 7KH� DQDO\VLV�
GHWHUPLQHG�WKDW�GXH�WR�WKH�LQVWDOODWLRQ�RI� WKH�GLVWULFW�
KHDWLQJ� QHWZRUN� DQG�WKH� FRQWUDFWXDO� REOLJDWLRQ� RI�
IXWXUH� EXLOGLQJV� WR� FRQQHFW� WR� WKH� QHWZRUN�� LW� LV� QRW�
SRVVLEOH� IRU� WKHVH� EXLOGLQJV� WR� EH� ]HUR� FDUERQ�
WKURXJK�RQ�VLWH�PHDVXUHV�DORQH��XQOHVV�WKH�PDLQ�IXHO�
XVHG� LQ� WKH� HQHUJ\� FHQWUH� LV� ELRJDV���$V�ELRJDV�ZDV�
IRXQG�WR�EH�LQIHDVLEOH�IRU�WKH�VLWH��WKH�GHYHORSHUV�ZLOO�
QHHG� WR� LQYHVW� LQ�RII�VLWH�FDUERQ� UHGXFWLRQ�PHDVXUHV�
�L�H�� DOORZDEOH� VROXWLRQV�� LQ� RUGHU� WR� DFKLHYH� WKHLU�
WDUJHW�HPLVVLRQV�UHGXFWLRQV����
�
,Q�IDFW��WKH�FDOFXODWLRQ�RI�WKH�HPLVVLRQ�VKRUWIDOOV�DQG�
WKH� UHTXLUHG� DOORZDEOH� VROXWLRQV� VKRZV� WKDW� LW� LV�
DFWXDOO\� PRUH� FRVW�HIIHFWLYH� IRU� GHYHORSHUV� WR� QRW�
DWWHPSW�WR�PHHW�WKH�HPLVVLRQV�WDUJHWV�VROHO\�WKURXJK�
RQ�VLWH� PHDVXUHV�� � ,QVWHDG�� D� ELRPDVV� EDVHG� GLVWULFW�
KHDWLQJ�QHWZRUN��ZLWK�WKH�LQVWDOODWLRQ�RI�RQH�����0:�
ELRPDVV� &+3��� FRXSOHG� ZLWK� DOORZDEOH� VROXWLRQV�
OHDGV� WR� WKH� OHDVW� H[SHQVLYH� RSWLRQ� IRU� VFHQDULRV� LQ�
ZKLFK� WKH� GLVWULFW� KHDWLQJ� QHWZRUN� LV� H[SDQGHG� WR�
LQFOXGH�DOO�SODQQLQJ�GHOLYHU\�]RQHV��3'=V�����
�
:KHQ�WKH�VWUXFWXUH�RI�WKH�GLVWULFW�KHDWLQJ�QHWZRUN�LV�
FRQVLGHUHG�� QRW� H[SDQGLQJ� LQWR� 3'=� �� DQG� 3'=� ���
FDQ� OHDG� WR� D� PDUJLQDOO\� FKHDSHU� DQG� PRUH� FRVW�
HIIHFWLYH�VROXWLRQ�DV�LW�DOORZV�IRU�WKH�LQVWDOODWLRQ�RI�D�

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

- 118 -



VPDOO� DPRXQW� RI� *6+3� LQ� 3'=� ���� ,Q� WKLV� FDVH� DV�
ZHOO��D�ELRPDVV�EDVHG�GLVWULFW�KHDWLQJ�QHWZRUN�IRU�WKH�
UHVW�RI�WKH�VLWH�LV�DOVR�UHTXLUHG���

$&.12:/('*(0(176�
7KH�PDLQ�DXWKRU�LV�LQGHEWHG�WR�VWDII�DW�%XUR�+DSSROG�
&RQVXOWLQJ� (QJLQHHUV� IRU� GLVFXVVLQJ� WKH� FRQWHQW� RI�
WKH�HQHUJ\�VWUDWHJLHV� IRU�ERWK� WKH�2O\PSLF�3DUN�DQG�
2O\PSLF� /HJDF\� PDVWHUSODQ�� DV� ZHOO� DV� H[SODLQLQJ�
KRZ�WKH�HQHUJ\�VWUDWHJLHV�ZHUH�GHYHORSHG��
�
120(1&/$785(�
I�  )XHO�
K�  3KDVH�
L��  7HFKQRORJLHV�
Q�  *HQHUDWLRQ�QRGH�
Q¶��  'HPDQG�QRGH�
S��  3HULRG�RI�WKH�GD\�
V��  6HDVRQ�
X��  (QHUJ\�HQG�XVH�
\�  <HDU�
$Q3�  $QQXLW\�RI�WKH�GLVWULEXWLRQ�QHWZRUN�SLSHV�
$UHD�  6RODU�SDQHO�VXUIDFH�DUHD��0���
&DS&�  &DSLWDO�FRVW����N:��
&23�  &RHIILFLHQW�RI�SHUIRUPDQFH�
&RUU�  &23�VHDVRQDO�FRUUHFWLRQ�IDFWRU�
'HP���  (QHUJ\�'HPDQG��N:��
'LVW�  'LVWDQFH�EHWZHHQ�QRGHV��0��
'/RVV��  (QHUJ\�ORVW�LQ�GLVWULEXWLRQ�����
(SULFH�  3ULFH�RI�HOHFWULFLW\����SHU�N:K��
,5�  ,QWHUHVW�5DWH�IRU�LQYHVWPHQW������
.:S�  3HDN�SRZHU�RXWSXW��N:��
/LIH�  'LVWULEXWLRQ�QHWZRUN�OLIHWLPH��\HDUV��
0D[&DS� 0D[LPXP�XQLW�FDSDFLW\��N:��
0D[5RRI 0D[LPXP�DYDLODEOH�URRI�DUHD��P���
0LQ/RDG 0LQLPXP�ORDG�RI�WHFKQRORJ\�
1HW�  $OORZDEOH�QHWZRUN�&RQQHFWLRQV�
1S�  <HDUV�LQ�HDFK�SKDVH�
1V�  'D\V�LQ�HDFK�6HDVRQ�
2)�  )L[HG�2	0�FRVW����N:��
2ULHQWDWLRQ 2ULHQWDWLRQ�HIILFLHQF\�IDFWRU�����
29�  9DULDEOH�2	0�FRVW�����N:��
3&RVW�  3ULFH�RI�QHWZRUN�FRQQHFWLRQ����SHU�P��
3S�  +RXUV�LQ�HDFK�WLPH�3HULRG�
3ULFHI�  3ULFH�RI�IXHO����N:K���
3XPS�  3XPSLQJ�HOHFWULFLW\�'HPDQG��N:K��
4ZDVWH�� :DVWH�KHDW�IURP�&+3��N:K���
6RODU�  6RODU�,UUDGLDWLRQ��N:��
𝜂�  (IILFLHQF\�
𝜆�  +HDW�WR�SRZHU�UDWLR�
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0RGHOOLQJ�DQG�RSWLPLVDWLRQ�RI�HOHFWULFLW\��VWHDP��
DQG� GLVWULFW� KHDWLQJ� SURGXFWLRQ� IRU� D� ORFDO�
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:HEHU�� &��� 6KDK�� 1��� ������ 2SWLPLVDWLRQ� EDVHG�
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