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$%675$&7�
8WLOLW\� GDWD� LV� FRPSDUHG� WR� PRGHOHG� SUH�� DQG� SRVW�
UHWURILW� HQHUJ\� DQG�ZDWHU� FRQVXPSWLRQ� WR� DVVHVV� WKH�
DELOLW\� RI� D� VLPXODWLRQ� PRGHO� WR� DFFXUDWHO\� SUHGLFW�
SHUIRUPDQFH� LQ� D� UHWURILW� SURJUDP�� 7KH� SURJUDP�
UHSODFHG� WDQN� W\SH�ZDWHU�KHDWHUV�ZLWK� WDQNOHVV�ZDWHU�
KHDWHUV� LQ� ���� SXEOLF� KRXVLQJ� XQLWV�� � %(RSW� YHUVLRQ�
���� HQHUJ\� VLPXODWLRQ� VRIWZDUH�ZDV�XVHG� WR�GHYHORS�
WKH� HVWLPDWHV�� � 'LIIHUHQFHV� EHWZHHQ� WKH� XWLOLW\� DQG�
VLPXODWHG� UHVXOWV� DUH� XVHG� WR� H[DPLQH� WKH�
SHUIRUPDQFH� SUHGLFWLRQV� DQG� UHVXOWLQJ� HVWLPDWHV� RI�
WKH�HFRQRPLF�IHDVDELOLW\�RI�WKH�ZDWHU�KHDWHU�UHWURILWV���
7KH� VWDWLVWLFDO� DQDO\VHV� RI� WKH� XWLOLW\� GDWD� VKRZHG� D�
VWDWLVWLFDOO\�VLJQLILFDQW�GHFUHDVH�LQ�DYHUDJH�JDV�XVH�RI�
���� �PLQLPXP�  � ����� PD[LPXP�  � ����� ZKHQ�
FRPSDULQJ� WKH� WKHUPV� RI� JDV� XVHG� LQ� WKH� SUH�� DQG�
SRVW�UHWURILW�VWXG\�SHULRGV���7KH�VLPXODWLRQ�HVWLPDWHG�
HQHUJ\� VDYLQJV� RI� ����� � $OWKRXJK� WKH� XWLOLW\� DQG�
VLPXODWLRQ� HQHUJ\� VDYLQJV� SHUFHQWDJHV� DUH� VLPLODU��
WKH� HFRQRPLF� DQDO\VHV� DUH� QRW�� 3UHVHQW� YDOXH� QHW�
VDYLQJV�DQG� OLIH�F\FOH�FRVW�DQDO\VHV� LQGLFDWH� WKDW� WKH�
WDQN� W\SH� ZDWHU� KHDWHU� LV� SUHIHUUHG� ZKHQ� XVLQJ� WKH�
VLPXODWLRQ� HQHUJ\� HVWLPDWHV� DQG� WKH� WDQNOHVV� ZDWHU�
KHDWHU� LV� SUHIHUUHG� ZKHQ� XVLQJ� WKH� XWLOLW\� HVWLPDWHV��
7KLV�LV�EHFDXVH�DFWXDO�DYHUDJH�JDV�FRQVXPSWLRQ�ZDV�
EHWZHHQ� ���� DQG� �� WLPHV� WKH� VLPXODWHG� HVWLPDWHV��
6LPXODWHG� KRW� ZDWHU� FRQVXPSWLRQ� ZDV� ����� JDOORQV�
SHU�GD\��ZKLFK�UHSUHVHQWV�����RI�WKH�DFWXDO�DYHUDJH�
WRWDO�ZDWHU�FRQVXPSWLRQ��7KLV�LV�LQ�OLQH�ZLWK�D�VWXG\�
RI� ������ KRPHV� WKDW� IRXQG� WKDW� KRW� ZDWHU�
FRQVXPSWLRQ� UHSUHVHQWHG� ������ RI� WRWDO� ZDWHU�
FRQVXPSWLRQ��

,1752'8&7,21�
5HVLGHQWLDO� ZDWHU� KHDWLQJ� UHSUHVHQWV� DERXW� ���� RI�
WRWDO� UHVLGHQWLDO� HQHUJ\� FRQVXPSWLRQ� �(,$� ������
:HQ]HO�HW�DO��������DQG�WKHUHIRUH�WHFKQRORJ\�WKDW�FDQ�
UHGXFH�UHVLGHQWLDO�ZDWHU�KHDWLQJ�HQHUJ\�XVH�VKRXOG�EH�
WKRURXJKO\� HYDOXDWHG�� � $� SRWHQWLDO� DSSURDFK� WR�
UHGXFLQJ�ZDWHU�KHDWLQJ�HQHUJ\�XVH�LV�XSJUDGLQJ�IURP�
D�WDQN�W\SH�WR�D�WDQNOHVV�ZDWHU�KHDWHU���7DQNOHVV�ZDWHU�
KHDWHUV�KDYH�KLJKHU� UDWHG�HIILFLHQFLHV� WKDQ� WDQN� W\SH�
V\VWHPV�� EXW� DOVR� KDYH� D� KLJKHU� LQVWDOOHG� FRVW�� � ,Q�
DGGLWLRQ�� WDQNOHVV� ZDWHU� KHDWHUV� SURYLGH� D� VXSSO\� RI�
KRW� ZDWHU� QRW� OLPLWHG� E\� WKH� WDQN� FDSDFLW\�� ZKLFK�
PD\�LQFUHDVH�ZDWHU�XVDJH�� �7KLV�UHSRUW�GHVFULEHV�WKH�

PHWKRGRORJ\�� DQDO\VLV�� DQG� ILQGLQJV� IURP� D� FDVH�
VWXG\� RI� D� ���� XQLW� UHWURILW� RI� JDV� WDQNOHVV� ZDWHU�
KHDWHUV� LQ� D� KRW�KXPLG� FOLPDWH� LQ� $ODFKXD� &RXQW\��
)ORULGD��
7KH� SURSHUWLHV� DQG� SHUIRUPDQFH� FKDUDFWHULVWLFV� RI�
ERWK� WDQN� W\SH� DQG� WDQNOHVV� ZDWHU� KHDWHUV� DUH�
JHQHUDOO\� ZHOO� HVWDEOLVKHG� DQG� DYDLODEOH�� � +RZHYHU��
SHUIRUPDQFH� SUHGLFWLRQV� GR� QRW� DOZD\V� DFFXUDWHO\�
UHSUHVHQW�KRZ�HTXLSPHQW�ZLOO�SHUIRUP� LQ� UHDO�ZRUOG�
FRQGLWLRQV�� � 7KHUHIRUH�� WKLV� VWXG\� XVHG� ORQJLWXGLQDO�
HPSLULFDO� XWLOLW\� GDWD� DQDO\VLV� WR� SURYLGH� D� SRLQW� RI�
FRPSDULVRQ� WR� WKH� VLPXODWHG� SUH�� DQG� SRVW�UHWURILW�
SHUIRUPDQFH�HVWLPDWHV�RI�D�UHWURILW�RI�WDQN�W\SH�ZDWHU�
KHDWLQJ�ZLWK�WDQNOHVV�ZDWHU�KHDWLQJ�LQ�SXEOLF�KRXVLQJ�
XQLWV����
$VVHVVLQJ� WKH� HQHUJ\� UHGXFWLRQ� SRWHQWLDO� RI� V\VWHP�
XSJUDGHV� VXFK� DV� WDQNOHVV� ZDWHU� KHDWHUV� HPSLULFDOO\�
DQG� WKHQ� FRPSDULQJ� WKHP� WR� PRGHO� HVWLPDWHV� LV�
LPSRUWDQW���0RGHOV�WKDW�DUH�JRRG�SUHGLFWRUV�RI�HQHUJ\�
UHGXFWLRQ�DQG�FRVW� VDYLQJV�DUH� LPSRUWDQW� IRU�PDNLQJ�
GHFLVLRQV�WKDW�ZLOO�ORZHU�HQHUJ\�XVH�DQG�HQHUJ\�FRVWV��
ZKLFK�EHQHILW�WHQDQWV�DQG�RZQHUV�DQG�DOVR�ORZHU�WKH�
HQYLURQPHQWDO� LPSDFW� RI� RSHUDWLQJ� EXLOGLQJV���
6WXG\LQJ� WKH� FRUUHVSRQGHQFH� RI� SUHGLFWHG� DQG�
HPSLULFDO�HQHUJ\�VDYLQJV�FRXOG�LPSURYH�WKH�HVWLPDWHV�
RI�WKH�HQHUJ\�EHQHILWV�RI�V\VWHP�XSJUDGHV��
,Q� 'HFHPEHU� ������ WKH� $ODFKXD� &RXQW\� +RXVLQJ�
$XWKRULW\�LQ�*DLQHVYLOOH��)/��86$�LQLWLDWHG�D�UHWURILW�
SURJUDP� LQ� ���� SXEOLF� KRXVLQJ� XQLWV�� 7KH� KRXVLQJ�
XQLWV� KDG� WKHLU� JDV�ILUHG� WDQN� W\SH� ZDWHU� KHDWHUV�
UHSODFHG�ZLWK�JDV�ILUHG�WDQNOHVV�ZDWHU�KHDWHUV�DV�SDUW�
RI�D�IHGHUDO�SURJUDP�WKDW�WDUJHWHG�UHGXFHG�HQHUJ\�XVH�
LQ� SXEOLF� KRXVLQJ�� � 7KH� XQLWV� DUH� VLQJOH� IDPLO\�
GHWDFKHG� RU� VHPL�GHWDFKHG� DQG� KDYH� LQGLYLGXDO�
PHWHULQJ�IRU�XWLOLWLHV�� L�H���HOHFWULFLW\��JDV��DQG�ZDWHU���
7KH�XQLWV�DUH�ORFDWHG�LQ�WKUHH�JURXSV��7HQ�XQLWV�DUH�LQ�
RQH�KRXVLQJ�GHYHORSPHQW� LQ� WKH� FLW\�RI�*DLQHVYLOOH��
)/��WHQ�DUH�LQ�:DOGR��)/��DQG�QLQHW\�DUH�LQ�WKH�FLW\�RI�
$ODFKXD��)/���7KH�XQLWV�ZHUH�EXLOW�LQ�VWDJHV�DQG�HDFK�
VWDJH� FRQVLVWV� RI�PXOWLSOH� LGHQWLFDO� XQLWV�� �$� XQLTXH�
DGYDQWDJH�RI�XVLQJ�SXEOLF�KRXVLQJ�LQ�D�VWXG\�VXFK�DV�
WKLV� LV� WKDW� WKH� GDWD� LV� IURP� D� VHW� RI� VLPLODU� VL]HG�
KRXVLQJ� XQLWV� WKDW� ZHUH� XSJUDGHG� DV� D� JURXS� IURP�
WDQN� W\SH� ZDWHU� KHDWHUV� WR� LGHQWLFDO� WDQNOHVV� ZDWHU�
KHDWHUV����
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,Q� WKLV� VWXG\�� WZR� VWUDWHJLHV� DUH� XVHG� WR� HVWLPDWH�
HQHUJ\�DQG�ZDWHU�FRQVXPSWLRQ�SUH��DQG�SRVW�UHWURILW���

�� 8WLOLW\� ELOO� DQDO\VLV�� VWDWLVWLFDO� DQDO\VLV� RI�
HQHUJ\� DQG� ZDWHU� FRQVXPSWLRQ� IURP� WKH�
PHWHU� UHDGLQJV� LQ� WKH� SUH�� DQG� SRVW�UHWURILW�
VWXG\�SHULRGV�DV�UHFRUGHG�LQ�WKH�XWLOLW\�ELOOV�
IRU�QDWXUDO�JDV��SURSDQH��DQG�SRWDEOH�ZDWHU��

�� 6LPXODWLRQ�� HQHUJ\� DQG� ZDWHU� FRQVXPSWLRQ�
HVWLPDWHG�XVLQJ�VLPXODWLRQ����

/,7(5$785(�5(9,(:��
%(RSW� �%XLOGLQJ� (QHUJ\� RSWLPL]DWLRQ�� ZDV�
GHYHORSHG� E\� 15(/� �1DWLRQDO� 5HQHZDEOH� (QHUJ\�
/DERUDWRU\�� WR� HYDOXDWH� WKH� GHVLJQ� RI� UHVLGHQWLDO�
EXLOGLQJV� ZLWK� UHJDUGV� WR� OLIH� F\FOH� FRVWV� �/&&���
%(RSW� SURYLGHV� D� JUDSKLFDO� LQWHUIDFH� WR� GUDZ� EDVLF�
EXLOGLQJ�PRGHOV� DQG� VSHFLI\� SURMHFW� FRQGLWLRQV� VXFK�
DV� EXLOGLQJ� HQYHORSH�� DSSOLDQFH� HIILFLHQFLHV�� DQG�
SURMHFW�ORFDWLRQ���%(RSW�XVHV�7\SLFDO�0HWHRURORJLFDO�
<HDU����70<���ZHDWKHU�GDWD���%(RSW�JHQHUDWHV�LQSXW�
ILOHV�IRU�HQHUJ\�VLPXODWLRQ��UXQV�WKH�VLPXODWLRQV��DQG�
FROOHFWV� WKH� UHVXOWV� IRU� IXUWKHU� DQDO\VLV�� � +HDW� ORVV�
FDOFXODWLRQV�DQG�+9$&�V\VWHP�VLPXODWLRQ�XVH�HLWKHU�
'2(���RU�(QHUJ\3OXV��3ROO\�HW�DO���������+RW�ZDWHU�
HYHQWV� DQG� VLPXODWLRQV� XVH� 7516<6�� VHH� )LJXUH� ��
�&KULVWHQVHQ� ������ %DFNPDQ� HW� DO�� �������7516<6�
DOORZV� XVHUV� WR� PRGLI\� WKH� PDWKHPDWLFDO� PRGHOV� LQ�
WKH� VLPXODWLRQ� URXWLQH� �.OHLQ� HW� DO�� ������ 0DOKRWUD�
�������

�
Figure 1.  BEopt Simulation Process: Using TRNSYS 
and DOE 2 
�
7516<6� ZDV� GHYHORSHG� E\� WKH� 8QLYHUVLW\� RI�
:LVFRQVLQ��0DGLVRQ¶V� 6RODU� (QHUJ\� /DERUDWRU\� DQG�
WKH�8QLYHUVLW\�RI�&RORUDGR��,W�KDV�EHHQ�FRPPHUFLDOO\�
DYDLODEOH� VLQFH� ����� �%UDGOH\� ������� � %(RSW� XVHV�
7516<6� WR� VLPXODWH� KRW� ZDWHU� XVDJH� SDWWHUQV�
WKRXJKRXW� WKH� \HDU� VR� WKDW� WKH� KRXUO\� FRQVXPSWLRQ�
IRU� KRW� ZDWHU� FDQ� EH� HVWLPDWHG� DORQJ� ZLWK� V\VWHP�
HQHUJ\�FRQVXPSWLRQ��%(RSW�FDQ�DOVR�XVH�7516<6�WR�
VLPXODWH� VRODU�ZDWHU�KHDWHU� KHDWLQJ�DQG�SKRWRYROWDLF�
V\VWHPV� �&KULVWHQVHQ� ������ *LOO� ������ 0DOKRWUD�
��������
,QSXWV� LQWR� 7516<6� DOORZ� WKH� XVHU� WR� VSHFLI\� WKH�
QXPEHU� RI� KRW� ZDWHU� DSSOLDQFHV�� IORZ� UDWHV� IRU�
IL[WXUHV�� RFFXSDQF\� VFKHGXOHV�� ZDWHU� KHDWHU�
SDUDPHWHUV�� DQG�GLVWULEXWLRQ� V\VWHP�SDUDPHWHUV��7KH�
LQFRPLQJ�ZDWHU�PDLQ�WHPSHUDWXUH�LV�HVWLPDWHG�HLWKHU�
E\� '2(��� RU� (QHUJ\3OXV�� 7KHVH� LQSXW� SDUDPHWHUV�
ZHUH� VHW� XVLQJ� DFWXDO� SURMHFW� FRQGLWLRQV� ZLWK� WKH�
H[FHSWLRQ� RI� XVDJH� SDWWHUQV�� 7KHVH� ZHUH� VHW�

DFFRUGLQJ�WR�WKH�%XLOGLQJ�$PHULFD�+RXVH�6LPXODWLRQ�
3URWRFROV�IURP�+HQGURQ�HW�DO����������
$� VWXG\� E\� :LHKDJHQ� ������� XVHG� 7516<6� WR�
PRGHO�ZDWHU�KHDWHU�SHUIRUPDQFH�IRU�HOHFWULF�WDQN�W\SH�
DQG� WDQNOHVV�ZDWHU�KHDWHUV�� �7KH�VWXG\�PRGHOHG� WZR�
W\SHV�RI�SLSLQJ�V\VWHPV�EDVHG�RQ�KRXUO\�DQG�ZHHNO\�
ZDWHU� GUDZ� GDWD�� DQG� IRXQG� WKDW� WDQNOHVV� ZDWHU�
KHDWHUV� LQSURYHG�HQHUJ\�HIILFLHQF\�E\���� WR������$�
VWXG\� FRQGXFWHG� E\� )ORULGD� 6RODU� (QHUJ\� &HQWHU�
�)6(&��IRXQG�WKDW�%(RSW�UHVXOWV�ZHUH�PRUH�DFFXUDWH�
WKDQ� (QHUJ\*DXJH86$� LQ� FHUWDLQ� DUHDV� �)6(&�
��������(QHUJ\*DXJH86$�LV�D�VRIWZDUH�GHYHORSHG�E\�
)6(&�IRU�KRPH�HQHUJ\�UDWLQJ�DQG�FRGH�FRPSOLDQFH��

0(7+2'2/2*<�
7KH� ���� XQLWV� DUH� LQ� WKUHH� DUHDV�� *DLQHVYLOOH��
$ODFKXD�� DQG� :DOGR�� )/�� ZLWK� HDFK� DUHD� KDYLQJ�
KRXVHV� RI� WKH� VDPH� FRQVWUXFWLRQ�� LQFOXGLQJ� VLPLODU�
DSSOLDQFHV� DQG� IL[WXUHV� SURYLGHG� DQG�PDLQWDLQHG� E\�
WKH� $ODFKXD� &RXQW\� +RXVLQJ� $XWKRULW\�� 7KH� ZDWHU�
KHDWHUV�ZHUH�UHSODFHG�IURP�-DQXDU\�WKURXJK�0DUFK�RI�
������1R�RWKHU�DSSOLDQFHV�RU�IL[WXUHV�ZHUH�XSJUDGHG�
RYHU�WKH�VWXG\�SHULRG���
2QO\�WKH�XQLWV�WKDW�ZHUH�FRQVLVWHQWO\�RFFXSLHG�E\�WKH�
VDPH� WHQDQWV� IURP� -DQXDU\� ����� WKURXJK�'HFHPEHU�
����� DQG� ZKHUH� GDWD� ZHUH� FRQVLVWHQWO\� DYDLODEOH�
ZHUH�XVHG�LQ�WKH�DQDO\VLV��6HYHQ�XQLWV�LQ�*DLQHVYLOOH�
DQG� WKLUW\� XQLWV� LQ� $ODFKXD� PHW� WKHVH� FULWHULD�� 7KH�
*DLQHVYLOOH�XQLWV�FRQVLVW�RI�IRXU�EXLOGLQJV�ZLWK�WKUHH�
GXSOH[HV�DQG�RQH�TXDGUDSOH[��DQG�DOO�XQLWV�KDYH�WZR�
EHGURRPV�� ,Q� WKH� $ODFKXD� GHYHORSPHQW�� WKHUH� DUH�
IRXU� FRQILJXUDWLRQV� UDQJLQJ� IURP� WZR� WR� ILYH�
EHGURRPV��7KH�*DLQHVYLOOH� XQLWV� XVH� QDWXUDO� JDV� IRU�
ZDWHU� KHDWLQJ� DQG� VSDFH� KHDWLQJ��7KH�$ODFKXD� XQLWV�
XVH� SURSDQH� IRU� ZDWHU� KHDWLQJ� DQG� FRRNLQJ� RQO\��
:DWHU�ZDV�QRW�XVHG�IRU�LUULJDWLRQ�LQ�DQ\�ORFDWLRQ��
7KH�VWXG\�SHULRGV�DUH�0D\������WR�-XO\������IRU�WKH�
SUH�UHWURILW�SHULRG�DQG�0D\������WR�-XO\������IRU�WKH�
SRVW�UHWURILW� SHULRG��7KLV� WLPH� SHULRG�ZDV� FKRVHQ� WR�
DYRLG�DV�PXFK�QRQ�ZDWHU�KHDWLQJ�JDV�XVH�DV�SRVVLEOH��
7KH� SURMHFW� VWXG\� SHULRG� IURP� 0D\� WKURXJK� -XO\�
�����IRU�SUH�UHWURILW�DQG�0D\�WKURXJK�-XO\������IRU�
SRVW�UHWURILW� HOLPLQDWHV� JDV� FRQVXPSWLRQ� IRU� VSDFH�
KHDWLQJ�LQ�WKH�*DLQHVYLOOH�XQLWV��+RZHYHU�� WKH�XWLOLW\�
GDWD� IRU� WKH� $ODFKXD� XQLWV� LQFOXGH� JDV� FRQVXPSWLRQ�
IRU� FRRNLQJ�� 7KH� XWLOLW\� GDWD� ZHUH� REWDLQHG� IURP�
*DLQHVYLOOH�5HJLRQDO�8WLOLWLHV��*58���$ODFKXD�:DWHU�
$XWKRULW\��DQG�'DYLV�*DV�&RPSDQ\����
$V�VWDWHG�HDUOLHU��WKH�XWLOLW\�EDVHG�VWDWLVWLFDO�DQDO\VHV�
XVH� GDWD� IURP� XQLWV� WKDW� KDG� WKH� VDPH� RFFXSDQWV�
GXULQJ� WKH�SUH�� DQG�SRVW�UHWURILW� VWXG\��8VLQJ�SDLUHG�
DQDO\VLV�RI�WKH�VDPH�XQLWV�EHIRUH�DQG�DIWHU�WKH�FKDQJH�
LQ� ZDWHU� KHDWHUV� ZLOO� UHGXFH�� EXW� QRW� HOLPLQDWH��
SRWHQWLDO�VRXUFHV�RI�YDULDELOLW\�EHWZHHQ�WKH�XQLWV��7KH�
VWDWLVWLFDO� DQDO\VLV� RI� XWLOLW\� GDWD� DQG� WKH� VLPXODWHG�
HVWLPDWHV�DUH�FRPSDUHG�WR�DVVHVV�WKH�SUHGLFWLRQV�IURP�
WKH� HQHUJ\� VLPXODWLRQ� DQG� XVHG� WR� FDOFXODWH� WKH�
HFRQRPLF� IHDVLELOLW\� RI� WKH� WDQNOHVV� ZDWHU� KHDWLQJ�
V\VWHP�UHWURILW��7KH�UHVXOWV�IURP�WKH�WZR�PRGHOV�ZHUH�
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DOVR� FRPSDUHG� WR� GHWHUPLQH� LI� DQ\� REYLRXV�
GLIIHUHQFHV�FRXOG�EH�IRXQG��

87,/,7<�(1(5*<�$1'�:$7(5�
&2168037,21�
7KHUH� ZHUH� VHYHQ� *DLQHVYLOOH� XQLWV� DQG� WKLUW\�
$ODFKXD� XQLWV� WKDW� KDG� WKH� VDPH� WHQDQWV� WKURXJKRXW�
WKH� VWXG\� SHULRG�� 'XULQJ� WKH� VWXG\� SHULRG� RI� 0D\�
WKURXJK� $XJXVW�� WKH� RQO\� JDV� XVDJH� ZDV� IRU� ZDWHU�
KHDWLQJ� LQ�*DLQHVYLOOH� DQG�ZDWHU� KHDWLQJ� DORQJ�ZLWK�
FRRNLQJ�LQ�$ODFKXD��$V�JDV�IRU�FRRNLQJ�ZLOO�DOWHU�WKH�
UHVXOWV�� WKH� *DLQHVYLOOH� DQG� $ODFKXD� XQLWV� DUH�
DQDO\VHG�VHSDUDWHO\��
7DEOH� �� SUHVHQWV� WKH� VWXG\� SHULRG� JDV� DQG� ZDWHU�
FRQVXPSWLRQ�LQ�*DLQHVYLOOH��DQG�7DEOH���SUHVHQWV�WKH�
VWXG\�SHULRG�JDV�DQG�ZDWHU�FRQVXPSWLRQ�LQ�$ODFKXD��
7KH� WKHUPV�RI�JDV�FRQVXPSWLRQ�ZDV�FRPSXWHG� IURP�
WKH�XWLOLW\�PHWHU�GDWD����WKHUP� ������JLJDMRXOH���7KH�
ZDWHU� XWLOLW\�GDWD� LQ�*DLQHVYLOOH�ZDV� UHFRUGHG� WR� WKH�
QHDUHVW�������JDOORQV�E\�WKH�XWLOLW\����JDOORQ� �������
OLWHUV��� &RQVWUXFWLRQ� GHWDLOV� IRU� WKH� XQLWV� ZHUH�
REWDLQHG� WKURXJK�SXEOLF� UHFRUGV�� LQWHUYLHZV�ZLWK� WKH�
$ODFKXD�&RXQW\�+RXVLQJ�$XWKRULW\��DQG�VLWH�YLVLWV��

Table 1 
Data from the Study Period for the Gainesville Units 

�
[1] [2] [3] [4] [5] [6] [7] 
Case 

Number 
Bed 

Rooms 
Bath 

Rooms 

Gas 
(therms) 

Water 
(gal) 

Gas 
(therms) 

Water 
(gal) 

May-July 2010 May-July 2011 
�� �� �� ��� ������� ��� �������
�� �� �� ��� ������ ��� ������
�� �� ���� ��� ������� ��� �������
�� �� ���� ��� ������� ��� �������
�� �� ���� ��� ������� ��� �������
�� �� ���� ��� ������� ��� �������
�� �� ���� ��� ������ ��� �������

MEAN Gainesville 53 14,571 36 14,571 

�
Table 2 

Data from the Study Period for the Alachua Units 
�

[1] [2] [3] [4] [5] [6] [7] 
Case 

Number 
Bed 

Rooms 
Bath 

Rooms 

Gas 
(therms) 

Water 
(gal) 

Gas 
(therms) 

Water 
(gal) 

May-July 2010 May-July 2011 
�� �� �� ��� ������� ��� �������
�� �� �� ��� ������� ��� �������
��� �� �� ��� ������� ��� �������
��� �� �� ��� ������� ��� ������
��� �� �� ��� ������ ��� ������
��� �� ���� ��� ������� ��� �������
��� �� ���� ��� ������� ��� �������
��� �� �� ��� ������ ��� ������
��� �� ���� ��� ������� ��� �������
��� �� ���� ��� ������� ��� �������
��� �� �� ��� ������� ��� ������
��� �� ���� ��� ������ ��� �������
��� �� ���� ��� ������� ��� �������
��� �� ���� ��� ������� ��� �������
��� �� ���� ��� ������� ��� �������
��� �� �� ��� ������� ��� �������
��� �� ���� ��� ������� ��� �������
��� �� �� ��� ������ ��� ������
��� �� �� ��� ������ ��� ������
��� �� ���� ��� ������� ��� �������
��� �� �� ��� ������� ��� �������
��� �� �� ��� ������� ��� �������
��� �� �� ��� ������ ��� �������
��� �� ���� ��� ������� ��� �������
��� �� �� ��� ������� ��� �������
��� �� �� ��� ������� ��� �������
��� �� ���� ��� ������� ��� �������
��� �� ���� ��� ������� ��� �������
��� �� �� ��� ������ ��� �������

��� �� ���� ��� ������� ��� �������
Mean Alachua Units 45 19,334 35 18,554 

Mean All Units 46.5 18,433 35 17,792 

67$7,67,&$/�$1$/<6,6�
$� SDLUHG� W�WHVW� ZLWK� WZR� WDLOV� ZDV� XVHG� WR� DQDO\]H�
XWLOLW\�GDWD���7KH�SDLUHG�W�WHVW�FRPSDUHV�WKH�GLIIHUHQFH�
LQ� REVHUYDWLRQV� RI� WKH� VXEMHFWV� EHIRUH� DQG� DIWHU� D�
FKDQJH�� ZKLFK� SURYLGHV� DQ� RSSRUWXQLW\� WR� HYDOXDWH�
WKH�HIIHFWLYHQHVV�RI�WKH�FKDQJH���7KH�SDLUHG�W�WHVW�ZDV�
XVHG� LQ� WKLV�FDVH�EHFDXVH� LW� LV�HIIHFWLYH� LQ� UHPRYLQJ�
H[WUDQHRXV� VRXUFHV�RI� YDULDWLRQ�� VXFK� DV�YDULDWLRQ� LQ�
WKH� XQLWV� DQG� LQ� RFFXSDQW� EHKDYLRU�� �*HQHUDOO\�� WKLV�
LPSURYHV�WKH�OLNHOLKRRG�WKDW�WKH�GLIIHUHQFHV�EHWZHHQ�
WKH� SRSXODWLRQ� PHDQV� ZLOO� EH� GHWHFWHG� ZKHQ� VXFK�
GLIIHUHQFHV� H[LVW�� � 7KLV� WHVW� DVVXPHV� WKDW� WKH� GDWD� LV�
QRUPDOO\�GLVWULEXWHG��DQG�WKHUHIRUH��WKH�GDWD�ZDV�DOVR�
WHVWHG�IRU�QRUPDOLW\��
,Q� WKH�SDLUHG� W�WHVW�� WKH�PHDQ�GLIIHUHQFH��d��EHWZHHQ�
WKH� HQHUJ\� XVH� SUH�� DQG� SRVW�� UHWURILW� LV� FDOFXODWHG��
7KHQ�� WKH� VWDQGDUG� GHYLDWLRQ� �Sd��� VWDQGDUG� HUURU���������
� dSE ��� DQG� WKH� W�VWDWLVWLF� DUH� FDOFXODWHG�� $� ����
FRQILGHQFH� OHYHO� LV� XVHG� LQ� WKH� VWXG\�� � ,I� WKHUH� LV�
FRQILGHQFH� LQ� WKH� DOWHUQDWLYH� K\SRWKHVLV�� WKH�
FRQILGHQFH� LQWHUYDO� LV� GHWHUPLQHG� ZKLFK� LV� XVHG� WR�
FDOFXODWH� WKH� H[SHFWHG� UDQJH� RU� VSDQ� RI� WKH� UHVXOWV�
�VXFK�DV�WKH�JDV�VDYLQJV�SUH��DQG�SRVW�UHWURILW��DW�WKH�
����FRQILGHQFH�OHYHO��
$� RQH�WDLOHG� W�WHVW�� ZKLFK� LV� FDOFXODWHG� LQ� D� VLPLODU�
ZD\�� ZDV� XVHG� WR� GHWHUPLQH� LI� WKH� XWLOLW\� GDWD� JDV�
VDYLQJV� SHUFHQWDJH� SUH�� DQG� SRVW�UHWURILW� FDOFXODWHG�
IRU�WKH�XQLWV�ZDV�VWDWLVWLFDOO\�VLJQLILFDQW���

6,08/$7('�(1(5*<�$1'�:$7(5�
&2168037,21�
7KH�%(RSW�HQHUJ\�VLPXODWLRQ�SURWRFROV�DUH�EDVHG�RQ�
WKH� %XLOGLQJ� $PHULFD� +RXVH� 6LPXODWLRQ� 3URWRFROV�
IURP� +HQGURQ� HW� DO�� ������� ZLWK� WKH� SDUDPHWHUV�
DGMXVWHG�WR�UHIOHFW�DFWXDO�SURMHFW�FRQGLWLRQV��

Geometry screen tab 
)LJXUH���VKRZV�WKH�LQSXW�VFUHHQ�RI�%(RSW�IRU�FDVH����
ZKLFK� LV� D� ������ VTXDUH� IRRW� KRXVH� LQ� *DLQHVYLOOH��
6LQFH� WKH�UHVLGHQWLDO�KRXVH� LV�TXDGUXSOH[�� WKH�PRGHO�
ZDV� VHSDUDWHG� LQWR� IRXU� GLIIHUHQW� FDVHV�� � )LJXUH� ��
UHSUHVHQWV� WKH� KRXVH� DW� WKH� ZHVW� FRUQHU� RI� WKH�
TXDGUXSOH[�IRU�WKH�IRXQGDWLRQ��ILUVW�DQG�VHFRQG�IORRU�
JHRPHWU\��7KH�QXPEHU�RI� EHGURRPV��EDWKURRPV�DQG�
VWRULHV�DUH�DGGHG�WR�WKH�PRGHO��

 
�

 
 
 
 
 
 
 
 
 
 
 

Figure 2 Geometry screen in BEopt software 
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Options screen tab 
$V� WKLV� VWXG\� LV� FRQFHUQHG� ZLWK� ZDWHU� KHDWHU�
SHUIRUPDQFH�� GDWD� RQ� WKH� EXLOGLQJ� HQYHORSH� DQG�
+9$&� V\VWHP� ZHUH� QRW� XVHG�� 2QO\� YDOXHV� WKDW�
LPSDFW� WKH� ZDWHU� KHDWLQJ� VLPXODWLRQ� ZHUH� HQWHUHG��
DQG�DUH�VXPPDUL]HG�LQ�7DEOH����
7KH�%(RSW�VLPXODWLRQ�SURGXFHV�D�ZHDOWK�RI�GDWD� IRU�
DQDO\VLV�� )LJXUH� �� UHSUHVHQWV� WKH� VLWH� VRXUFH� HQHUJ\�
IRU� ZDWHU� KHDWLQJ�� DQG� LV� JUDSKHG� KRXUO\�� GDLO\��
PRQWKO\�� DQG� DQQXDOO\�� 7KLV� GDWD� LV� VXPPDUL]HG� LQ�
7DEOHV� �� �SUH�UHWURILW�� DQG� �� �SRVW�UHWURILW��� &ROXPQ�
>�@� UHSUHVHQWV� WKH� *DLQHVYLOOH� FDVH� LQ� ZKLFK� QDWXUDO�
JDV�LV�XVHG�DQG�FROXPQ�>�@�WKURXJK�>�@�UHSUHVHQW�WKH�
$ODFKXD� FDVHV� ZKHUH� SURSDQH� LV� XVHG� IRU� ZDWHU�
KHDWLQJ�DQG�FRRNLQJ� 

Table 3 
Option Screen Input Summary for both cases�

�
OPTION SCREEN INPUT SUMMARY 

Parameter Items 
Existing Building Post Retrofit 

*DLQHVYLOOH� $ODFKXD� *DLQHVYLOOH� $ODFKXD�

0LVFHOODQHRXV�
+RW�:DWHU�
/RDGV� � %HQFKPDUN�� %HQFKPDUN�� %HQFKPDUN�� %HQFKPDUN��

�

&RRNLQJ�
5DQJH� (OHFWULF� *DV� (OHFWULF� *DV�

'LVKZDVKHU� 1RQH� 1RQH� 1RQH� 1RQH�

&ORWKHV�
:DVKHU� 1RQH� 1RQH� 1RQH� 1RQH�

&ORWKHV�
'U\HU� 1RQH� 1RQH� 1RQH� 1RQH�

:DWHU�+HDWLQJ� :DWHU�
+HDWHU�

*DV�
6WDQGDUG�
���������R)��

*DV�
6WDQGDUG�
���������R)��

*DV�
7DQNOHVV�
���������R)��

*DV�
7DQNOHVV�
���������R)��

� 'LVWULEXWLRQ�
7UXQN�
%UDQFK�
&RSSHU��

7UXQN�
%UDQFK�
&RSSHU��

7UXQN�
%UDQFK�
&RSSHU��

7UXQN�
%UDQFK�
&RSSHU��

�
1RWH������5HIHU�WR�%XLOGLQJ�$PHULFD�+RXVH�6LPXODWLRQ�3URWRFROV�IRU�IL[WXUHV�LQSXW�
���������������(QHUJ\�)DFWRU�IRU�WDQN�W\SH�ZDWHU�KHDWHU�
�������������������(QHUJ\�)DFWRU�IRU�WDQNOHVV�ZDWHU�KHDWHU�
������������������7HPSHUDWXUH�LQSXW�LV�VHW�EDVHG�RQ�$ODFKXD�&RXQW\�+RXVLQJ�GDWD�

������7UXQN�%UDQFK�UHIHU�WR�SOXPELQJ�V\VWHP�ZKLFK�LQFOXGH�KHDGHU��WUXQN��DQG�
GLVWULEXWLRQ�SLSH��EUDQFK��PDGH�IURP�FRSSHU��

�

Simulated Gas Consumption 
�

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Output screen in BEopt software: Site 
energy for water heater (natural gas consumption) 
�

Table 4 
Monthly simulated energy use for tank type water 
heaters (pre-retrofit) for the three month study period 
for two, three, four, and five bedroom units 
�

[1] [2] [3] [4] [5] [6] 

Month 

Simulated Gas Consumption (therms) 
Natural 

Gas Propane 

2 Bed 2 Bed 3 Bed 4 Bed 5 Bed 
0D\� ����� ����� ������ ������ ������
-XQH� ����� ����� ����� ������ ������
-XO\� ����� ����� ����� ������ ������
TOTAL 27.36 26.34 29.55 32.73 35.94 

 
Table 5 

Monthly simulated energy use for tankless water 
heaters (post-retrofit) for the three month study 

period for two, three, four, and five bedroom units 
�

[1] [2] [3] [4] [5] [6] 

Month 

Simulated Gas Consumption (therms) 
Natural 

Gas Propane 

2 Bed 2 Bed 3 Bed 4 Bed 5 Bed 
0D\� ����� ����� ����� ����� �����
-XQH� ����� ����� ����� ����� �����
-XO\� ����� ����� ����� ����� �����
TOTAL 16.82 16.20 19.44 22.67 25.91 

Simulated Hot Water Consumption 
%(RSW¶V� \HDU�ORQJ� ZDWHU� XVDJH� HYHQW� VFKHGXOHV�
JHQHUDWHG� IURP� 7516<6� LQFOXGH� VWDUW� WLPH� DORQJ�
ZLWK�YDULDEOH�GXUDWLRQ�DQG�IORZ�UDWH� IRU�HDFK�IL[WXUH�
DORQJ� ZLWK� YDFDWLRQ� VFKHGXOHV� DQG� VHDVRQDO�
YDULDELOLW\�� 8VLQJ� WKLV� HYHQW� VFKHGXOH�� ERWK� KRW� DQG�
WRWDO�ZDWHU�XVDJH�FDQ�EH�VLPXODWHG��7KH�UHVXOWV�RI�WKH�
KRW�ZDWHU� VLPXODWLRQ� DUH� JLYHQ� LQ� 7DEOH� �� IRU� DOO� RI�
WKH�FDVHV��

Table 6 
Monthly-simulated hot water consumption for the 
three-month study period for two, three, four, and 

five bedroom units 
�

[1] [2] [3] [4] [5] 

Month Simulated Hot Water Consumption (gallons) 
2 Bed 3 Bed 4 Bed 5 Bed 

0D\� ������ ������ ������ ������
-XQH� ������ ������ ������ ������
-XO\� ������ ������ ������ ������
TOTAL 3,808 4,566 5,327 6,087 

5(68/76�
7KH� XWLOLW\� JDV� VDYLQJV� SHUFHQWDJH� IRU� WKH� VLPXODWHG�
DQG� XWLOLW\�EDVHG� JDV� FRQVXPSWLRQ� HVWLPDWHV� DUH�
VXPPDUL]HG� LQ� 7DEOH� �� IRU� *DLQHVYLOOH� XQLWV� DQG�
7DEOH���IRU�$ODFKXD�XQLWV���)RU�WKH�*DLQHVYLOOH�XQLWV��
WKH� PHDQ� JDV� VDYLQJV� SHUFHQWDJH� IRU� WKH� VLPXODWHG�
HVWLPDWHV�LV�����DQG�WKH�PHDQ�XWLOLW\�EDVHG�HVWLPDWH�
LV� ����ZLWK� D� ���� FRQILGHQFH� LQWHUYDO� RI� ��������
VHH�7DEOH����7KH�YDULDELOLW\�LQ�XWLOLW\�EDVHG�HVWLPDWHV�
UDQJHV�IURP�����WR�����JDV�FRQVXPSWLRQ�VDYLQJV����
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Table 7 
Simulated-, and utility-based gas saving percentages 

for Gainesville units 
�

Case Number of 
Bedrooms 

Saving Percentage = (Gasi pre-retrofit - 
Gasi post-retrofit) / Gasi pre-retrofit (%) 

Simulated Utility 

�� �� ���� ����
�� �� ���� ����
�� �� ���� ����
�� �� ���� ����
�� �� ���� ����
�� �� ���� ����
�� �� ���� ����
MEAN Gainesville 39% 33% 

�
)RU� WKH� $ODFKXD� XQLWV�� WKH� PHDQ� VLPXODWHG� JDV�
VDYLQJV� SHUFHQWDJH� LV� ���� DQG� WKH� XWLOLW\�EDVHG�
HVWLPDWH� LV� ���� ZLWK� D� ���� FRQILGHQFH� LQWHUYDO� RI�
��������7KH�VLPXODWHG�HVWLPDWHV�UDQJH�IURP�����WR�
�����DQG�WKH�XWLOLW\�EDVHG�HVWLPDWHV�UDQJH�IURP�����
WR� ����� � 7KH� $ODFKXD� XQLWV� KDYH� D� ORZHU� PHDQ�
VLPXODWLRQ�� DQG�XWLOLW\�EDVHG� JDV� VDYLQJV�SHUFHQWDJH�
FRPSDUHG� WR� WKH� *DLQHVYLOOH� XQLWV�� � 7KH� JUHDWHU�
YDULDELOLW\� LQ� WKH� $ODFKXD� XQLWV� FDQ� EH� VHHQ� E\�
FRPSDULQJ� WKH� XWLOLW\� JDV� VDYLQJV� SHUFHQWDJHV� LQ�
7DEOH���DQG�7DEOH����7KH�QHJDWLYH�YDOXHV�LQ�7DEOH���
LQGLFDWH�DQ�LQFUHDVH�LQ�SRVW�UHWURILW�JDV�XVH��

Table 8 
Simulated-, and utility-based gas saving percentages 

for Alachua units 

Case Number of 
Bedrooms 

Saving Percentage = (Gasi pre-retrofit - 
Gasi post-retrofit) / Gasi pre-retrofit (%) 

Simulated Utility 

�� �� ���� ����
�� �� ���� ����
��� �� ���� ���
��� �� ���� ����
��� �� ���� ����
��� �� ���� ����
��� �� ���� �����
��� �� ���� ����
��� �� ���� ����
��� �� ���� ����
��� �� ���� ����
��� �� ���� �����
��� �� ���� �����
��� �� ���� ����
��� �� ���� ����
��� �� ���� ����
��� �� ���� ����
��� �� ���� ����
��� �� ���� ���
��� �� ���� ����
��� �� ���� ����
��� �� ���� ����
��� �� ���� ����
��� �� ���� ����
��� �� ���� �����
��� �� ���� ����
��� �� ���� �����
��� �� ���� ����
��� �� ���� ���
��� �� ���� ����

MEAN Alachua 33% 22% 
�

&RPSDUHG� ZLWK� WKH� *DLQHVYLOOH� XQLWV�� WKH� $ODFKXD�
XWLOLW\�EDVHG� JDV� VDYLQJV� SHUFHQWDJHV� DUH� QRW� DV�
VLPLODU�WR�WKH�VLPXODWLRQ�EDVHG�HVWLPDWHV���
7DEOH� �� UHSUHVHQWV� WKH� VXPPDU\� RI� JDV� DQG� ZDWHU�
FRQVXPSWLRQ�IRU�ERWK�FDVHV��7KH�WRS�KDOI�RI�WKH�WDEOH�
VKRZV�WKH�UHVXOWV�IRU�WKH�JDV�VDYLQJV�ERWK�LQ�WHUPV�RI�
SHUFHQWDJH�VDYLQJV�DQG�LQ�WHUPV�RI�PHDQ�VDYLQJV���

Table 9 
Simulated-, and utility-based estimates of pre-retrofit 
and post-retrofit gas and water consumption in the 

pre- and post-retrofit study periods. 

Location 

Simulated Utility 95% CI 
Mean 
pre/post 
retrofit  

Mean 
savings  % 

Mean 
pre/post 
retrofit  

Mean 
savings  % Low High 

*DLQHVYLOOH�
*DV��
�WKHUPV��

������ ����� ��� ������ ����� ��� ���� ����

$ODFKXD�
*DV��WKHUPV�� ������ ����� ��� ������ ����� ��� ���� ����
$OO�XQLWV�
*DV��WKHUPV�� ������ ����� ��� ������ ����� ��� ���� ����

�
7KH� UHVXOWV� VKRZ� WKDW� WKH� VLPXODWLRQ� WHQGV� WR�
RYHUHVWLPDWH� WKH� JDV� VDYLQJV� SHUFHQWDJH�� +RZHYHU��
VLPXODWLRQ� DOVR� XQGHUHVWLPDWHV� WKH� PHDQ� VDYLQJV� LQ�
WKH�*DLQHVYLOOH�XQLWV����
7RWDO� ZDWHU� XVH� ZDV� FRPSDUHG� WR� D� VWXG\� RI�
UHVLGHQWLDO�ZDWHU�XVH�LQ�������KRPHV�E\�WKH�$PHULFDQ�
:DWHU� :RUNV� $VVRFLDWLRQ� �$::$�� �0D\HU� HW� DO��
������� � 7KH� DYHUDJH� ZDWHU� XVH� LQ� JDOORQV� SHU� GD\�
�JSG��IRXQG�LQ�WKLV�VWXG\�DUH�LQ�OLQH�ZLWK�WKH�$::$�
VWXG\��7DEOH������

Table 10 
Comparison of total water use in gallons per day 

compared with an American Water Works 
Association study of 1,188 homes. 

 Pre-Retrofit 
(gpd) 

Post-Retrofit 
(gpd) 

AWWA 
(gpd) 

Average ���� ���� ����

Standard 
deviation ���� ���� ���

Median ���� ���� ����

�
7KH� VLPXODWHG� KRW� ZDWHU� YDOXHV� DUH� EDVHG� RQ� WKH�
VLPXODWLRQ� SURWRFRO� GHYHORSHG� E\� WKH� %XLOGLQJ�
$PHULFD� SURJUDP� �+HQGURQ� ������� )URP� WKH�
VLPXODWLRQ�� WKH� DYHUDJH� KRW� ZDWHU� XVDJH� IRU� VLQNV��
VKRZHUV��DQG�EDWKV�ZDV�IRXQG�WR�EH������JSG��,Q�WKH�
$::$� VWXG\�� WKH� VLQN�� VKRZHU�� DQG� EDWK� ZDWHU�
FRQVXPSWLRQ�UHSUHVHQWHG�������RI�WRWDO�ZDWHU�XVDJH��
7KH�VLPXODWHG�KRW�ZDWHU�FRQVXPSWLRQ�UHSUHVHQWV�����
RI�WKH�DYHUDJH�ZDWHU�XVH�IURP�WKHH�SRVW�UHWURILW�XWLOLW\�
GDWD�� 7ZR� SRWHQWLDO� H[SODQDWLRQV� DUH�� ���� 7KH�
RFFXSDQWV�DUH�XVLQJ�D�KLJKHU�SURSRUWLRQ�RI�KRW�ZDWHU�
WR� WRWDO� ZDWHU�� DQG� ���� WKH�:+$0� PRGHO� GRHV� QRW�
VXIILFLHQWO\� UHSUHVHQW� WKH� HQHUJ\� XVH� UHODWHG� WR� WKH�
ZDWHU� XVH� SDWWHUQV� LQ� WKHVH� FDVHV�� $W� WKLV� WLPH�� WKH�
HPSLULFDO�GDWD�QHHGHG�WR�WHVW�WKHVH�K\SRWKHVHV� LV�QRW�
DYDLODEOH��
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)LJXUH� �� FRPSDUHV� WKH� UDWLR� RI� XWLOLW\� WKHUPV� WR� WKH�
VLPXODWHG� YDOXHV� IRU� WKH� *DLQHVYLOOH�� $ODFKXD�� DQG�
FRPELQHG� GDWD� VHWV�� 7KH� ���� FRQILQGHQFH� LQWHUYDOV�
DUH� VKRZQ� E\� WKH� HUURU� EDUV�� ,Q� VXPPDU\�� WKH�
*DLQHVYLOOH� XQLWV� FRQVXPHG� DERXW� WZLFH� WKH� WKHUPV�
SUHGLFWHG�E\�WKH�VLPXODWLRQ��,Q�WKH�$ODFKXD�XQLWV��JDV�
FRQVXPSWLRQ� ZDV� DERXW� RQH� DQG� RQH� KDOI� WLPHV� WKH�
VLPXODWHG�HVWLPDWHV�RQ�DYHUDJH���
�

�
Figure 3 Ratio of the pre- and post-retrofit utility to 

simulated gas use in therms. 
2FFXSDQF\� GDWD� ZDV� REWDLQHG� IURP� WKH� $ODFKXD�
&RXQW\�+RXVLQJ�$XWKRULW\��7KH�RFFXSDQF\�GDWD�ZDV�
DQDO\]HG� WR� GHWHUPLQH� LI� WKH� DFWXDO� RFFSDQF\� RI� WKH�
XQLWV�ZDV�ZLWKLQ� WKH� VLPXODWLRQ� SURWRFRO�� 7KH�%XLOG�
$PHULFD�KRXVLQJ�VLPXODWLRQ�SURWRFRO��+HQGURQ�HW�DO��
������HVWLPDWHV�RFFXSDQF\�DV��

2FFXSDQF\� ������[�1EU��������
�

ZKHUH�1EU� �1XPEHU�RI�EHGURRPV�
�
7DEOH� ��� VXPPDUL]HV� WKH� RFFXSDQF\� GDWD� IRU� WKH�
SURMHFW�� DQG� VKRZV� WKDW�� RQ� DYHUDJH�� WKH� VLPXODWLRQ�
SURWRFRO�XQGHUHVWLPDWHV�WKH�RFFXSDQF\�E\�D�IDFWRU�RI�
����� 7KLV� LV� D� OLNHO\� UHDVRQ� IRU� LQFUHDVHG� ZDWHU�
KHDWLQJ�HQHUJ\�XVH���
�

Table 11 
Occupancy Table�

Case 
No. of 
Bed 

Rooms 

Adult Teens Children Total 
Actual 

Occupants 
(0.59xNbr) 

+ 0.87 
M F 13-17 <13 

Gainesville 
�� �� � �� � �� �� �����
�� �� �� �� � � �� �����
�� �� �� �� �� �� �� �����
�� �� � �� �� � �� �����
�� �� �� �� � � �� �����
�� �� �� �� �� �� �� �����
�� �� �� �� �� �� �� �����

Alachua 
�� �� � �� �� �� �� �����
�� �� � �� � �� �� �����
��� �� � �� � �� �� �����
��� �� �� � � � �� �����
��� �� � �� � � �� �����
��� �� � �� � �� �� �����
��� �� �� �� �� �� �� �����
��� �� � �� � � �� �����

Case 
No. of 
Bed 

Rooms 

Adult Teens Children Total 
Actual 

Occupants 
(0.59xNbr) 

+ 0.87 
M F 13-17 <13 

��� �� � �� � �� �� �����
��� �� � �� � �� �� �����
��� �� � �� � � �� �����
��� �� � �� �� � �� �����
��� �� 1$� 1$� 1$� 1$� �� �����
��� �� �� � �� � �� �����
��� �� � �� � �� �� �����
��� �� � �� �� � �� �����
��� �� �� �� � �� �� �����
��� �� �� � � � �� �����
��� �� � �� � �� �� �����
��� �� �� �� �� �� �� �����
��� �� � �� � � �� �����
��� �� � �� � � �� �����
��� �� �� �� � � �� �����
��� �� � �� �� �� �� �����
��� �� �� � � �� �� �����
��� �� 1$� 1$� 1$� 1$� �� �����
��� �� � �� �� �� �� �����
��� �� �� �� � �� �� �����
��� �� � �� � �� �� �����
��� �� �� �� �� �� �� �����
� � � � � $YHUDJH� ����� �����

Impact on Underestimating Gas Consumption 
3UHGLFWLYH� PRGHOV� DUH� RIWHQ� XVHG� WR� GHWHUPLQH� WKH�
HFRQRPLF�IHDVDELOLW\�RI�SHUIRUPLQJ�HQHUJ\�XSJUDGHV��
7KH� 3UHVHQW� 9DOXH� /LIH� &\FOH� &RVW� �39/&&�� DQG�
3UHVHQW�9DOXH�1HW� 6DYLQJV� �3916��ZHUH� FDOFXODWHG�
IRU�WKH�VLPXODWHG�DQG�XWLOLW\�EDVHG�HVWLPDWHV��5LHV�HW�
DO��������� �7KH�DOWHUQDWLYH� LV� MXGJHG� IDYRUDEOH� LI� WKH�
LQGLFDWRUV�VDWLVI\�WKHVH�UHTXLUHPHQWV��
�,I�3916�!���WKH�DOWHUQDWLYH� WDQNOHVV�ZDWHU�KHDWHU�
�7:+�� LV� DFFHSWDEOH�� � +RZHYHU�� WKH� KLJKHU� WKH�
3916�WKH�PRUH�IDYRUDEOH�WKH�DOWHUQDWLYH����
� ,I� 39/&&� RI� WKH� WDQNOHVV� ZDWHU� KHDWHU� LV� ORZHU�
WKDQ� WKH� 39/&&� RI� WKH� WDQN� W\SH� ZDWHU� KHDWHU�
�77:+���WKH�WDQNOHVV�ZDWHU�KHDWHU�LV�SUHIHUUHG����
$OO�GDWD�ZHUH�EDVHG�RQ�WKH�DFWXDO�SURMHFW�HVWLPDWHV�LQ�
WKH�\HDU��������)RU�H[DPSOH��LQ�\HDU������WKH�QDWXUDO�
JDV�FRVW� IURP� WKH�XWLOLW\�ZDV�������WKHUP�� �7KH�FRVW�
EUHDNGRZQ� IRU� WKH� WDQNOHVV� V\VWHP� ZDV� EDVHG� RQ�
$ODFKXD�&RXQW\�3XEOLF�+RXVLQJ�FRQWUDFW�GRFXPHQWV���
7KH�HFRQRPLF�DQDO\VHV�ZHUH�FDOFXODWHG�IRU�D����\HDU�
VWXG\�SHULRG���7KH�HVWLPDWHG�UHSODFHPHQW�IRU�WKH�WDQN�
W\SH� ZDWHU� KHDWHU� LV� ��� \HDUV� DQG� ��� \HDUV� IRU� WKH�
WDQNOHVV�ZDWHU�KHDWHU��'2(��������0DLQWDQDQFH�FRVW�
IRU� WKH� WDQNOHVV� ZDWHU� KHDWHU� LV� ����\HDU� IRU� DQQXDO�
GHVFDOLQJ� EDVHG� RQ� ORFDO� FRVW�� � 7KUHH� SHUFHQW� ZDV�
XVHG�IRU�WKH�EDVH�GLVFRXQW�DQG�JHQHUDO�LQIODWLRQ�UDWHV�
DQG� IRXU� SHUFHQW� ZDV� XVHG� IRU� WKH� HQHUJ\� LQIODWLRQ�
UDWH�EDVH�EDVHG�RQ�WKH�OLNHO\�UDWH�IRU�)ORULGD��5XVKLQJ�
HW�DO����������6HQVLWLYLW\�DQDO\VHV�ZHUH�DOVR�FRQGXFHG�
IRU�D�UDQJH�RI�GLVFRXQW��JHQHUDO�LQIODWLRQ��DQG�HQHUJ\�
LQIODWLRQ�UDWHV��
7KH� HFRQRPLF� IHDVLELOLW\� DVVHVVPHQW� EDVHG� RQ� WKH�
VLPXODWLRQ� HQHUJ\� XVH� HVWLPDWHV� VKRZHG� WKDW� WKH�
WDQNOHVV� XSJUDGH� LV� � QRW� IDYRUDEOH�� ZKLOH� WKH� XWLOLW\�
GDWD� LQGLFDWHV� WKDW� WKH� WDQNOHVV� V\VWHP� LV� SUHIHUUHG�
�7DEOH� ����� 7KH� GLIIHUHQFH� LV� WKDW�� GHVSLWH� KDYLQJ�
VLPLODU� SUHGLFWLRQV� LQ� JDV� VDYLQJV� SHUFHQWDJH�� WKH�
VLPXODWLRQ� XQGHUHVWLPDWHV� JDV� FRQVXPSWLRQ�� � 7KH�
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XQGHUHVWLPDWH�UHGXFHV�WKH�FRVW�VDYLQJV�RI�WKH�WDQNOHVV�
ZDWHU�KHDWHU�WR�WKH�SRLQW�WKDW�WKH�OLIH�F\FOH�FRVW�RI�WKH�
WDQNOHVV�V\VWHP�LV�KLJKHU�WKDQ�WKH�WDQN�W\SH��

Table 12 
Life Cycle Costs of Simulated and Utility Estimates 

of Retrofitting to a Tankless Water Heater. 
[1] [2] [3] [4] [5] 

Economic 
analysis type 

Simulated Utility 
TTWH TWH TTWH TWH 

PVLCC ($) �������� �������� �������� ��������
PVNS ($) ��������� �������
� TTWH preferred TWH preferred 

&21&/86,216�
7KH� VWDWLVWLFDO� DQDO\VLV� RI� WKH�XWLOLW\�EDVHG� HVWLPDWHV�
VKRZHG�D�VWDWLVWLFDOO\�VLJQLILFDQW�UHGXFWLRQ�LQ�HQHUJ\�
XVH�DQG�QR�VWDWLVWLFDOO\�VLJQLILFDQW�GLIIHUHQFH�LQ�ZDWHU�
XVH� IURP� WKH� WDQNOHVV� UHWURILW� LQ� WKH� XQLWV� SUH�� DQG�
SRVW�UHWURILW�� 7KH� VLPXODWHG� UHVXOWV� SUHGLFW� D� KLJKHU�
SHUFHQWDJH�RI�HQHUJ\�VDYLQJV�FRPSDUHG�WR�WKH�XWLOLW\�
EDVHG� HVWLPDWHV�� +RZHYHU�� VLPXODWLRQ� DSSHDUV� WR�
XQGHUHVWLPDWH�JDV�XVDJH�DQG�WKHUHIRUH�XQGHUHVWLPDWHV�
WKH� PDJQLWXGH� RI� WKH� HQHUJ\� VDYHG� E\� WKH� UHWURILW��
ZKLFK� GRHV� LPSDFW� WKH� FRVW� HIIHFWLYHQHVV� RI� WKH�
UHWURILW���
7KH� VLPXODWLRQ� SURWRFRO� HVWLPDWHV� ZDWHU� KHDWHU�
SHUIRUPDQFH� XVLQJ� WKH� HQHUJ\� IDFWRU� �()��� ()� LV� D�
VWDQGDUG� UDWLQJ�PHWULF�SURYLGHG�E\� WKH�PDQXIDFWXUHU�
VR� WKDW� FRQVXPHUV� FDQ� PDNH� D� FRPSDULVRQ� EHWZHHQ�
WKH� HIILFLHQF\� RI� GLIIHUHQW� PRGHOV�� 7KH� ()� LV�
PHDVXUHG�XVLQJ�D�WHVW�WKDW�WDNHV�VL[�GUDZV�RI�RYHU�WHQ�
JDOORQV�HDFK�DW�RQH�KRXU� LQWHUYDOV�� IROORZHG�E\�D����
KRXU� VWDQGE\� SHULRG�� +RZHYHU�� WKLV� GUDZ� SDWWHUQ� LV�
QRW�W\SLFDO�RI�DFWXDO�XVDJH��,Q�D�VWXG\�E\�%RKDF�HW��DO�
��������DFWXDO�GUDZ�SDWWHUQV�ZHUH�IUHTXHQWO\�OHVV�WKDQ�
WHQ� JDOORQV� DQG� GDLO\� ZDWHU� FRQVXPSWLRQ� ZDV� OHVV�
WKDQ� ��� JDOORQV�� )XUWKHU�� WKH� VWXG\� IRXQG� WKDW� WKH�
DFWXDO� ()� ZDV� OHVV� WKDQ� WKH� SXEOLVKHG� ()�� ZLWK� WKH�
YDOXHV� DSSURDFKLQJ�SDULW\� DV� KRW�ZDWHU� FRQVXPSWLRQ�
LQFUHDVHV���
$V� VLPXODWLRQ� HVWLPDWHV� DUH� XVHG� WR� GHWHUPLQH� WKH�
IHDVDELOLW\�RI�HQHUJ\�UHWURILWV��IXUWKHU�LQYHVWLJDWLRQ�LV�
ZDUUDQWHG� WR� GHWHUPLQH� KRZ� EHVW� WR� LPSURYH�
HVWLPDWHV� UHODWLYH� WR� DFWXDO� SHUIRUPDQFH�� 7KHVH�
LQYHVWLJDWLRQV�VKRXOG�LQFOXGH�PRUH�UHDOLVWLF�KRW�ZDWHU�
GUDZ�SDWWHUQV� LQFOXGLQJ� YDULDELOLW\� LQ� ZDWHU� XVH� DQG�
LPSURYHG� RFFXSDQF\� HVWLPDWHV� FRXSOHG� ZLWK� DQ�
LPSURYHG�PRGHO�IRU�SUHGLFWLQJ�WKH�DFWXDO�()����
�
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%DFNPDQ�� &��� 'DNLQ�� %��� 	� 6SULQJHU�� '�� �������� $�
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%RKDF�� '��� 6FKRHQEDXHU�� %��� +HZHWW�� 0��� DQG�
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Performance of Natural Gas Tankless Water 
Heaters��0LQQHVRWD�2IILFH�RI�(QHUJ\�6HFXULW\��

%UDGOH\�� '��� 	� .XPPHUW��0�� ������� $XJXVW��� 1HZ�
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)HDWXUHV�� ,Q�Proceedings IBPSA (International 
Building Performance Simulation Association). 
World Conference��

&KULVWHQVHQ�� &��� $QGHUVRQ�� 5��� +RURZLW]�� 6���
&RXUWQH\�� $��� 	� 6SHQFHU�� -�� ��������BEopt 
software for building energy optimization: 
features and capabilities�� 1DWLRQDO� 5HQHZDEOH�
(QHUJ\�/DERUDWRU\.�

'2(� �������� (1(5*<� 67$5
��
5HVLGHQWLDO� :DWHU�

+HDWHUV�� )LQDO� &ULWHULD� $QDO\VLV��Department of 
Energy�� RQOLQH�
KWWS���ZZZ�HQHUJ\VWDU�JRY�LD�SDUWQHUV�SURGBGHYH
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DWHU+HDWHU$QDO\VLVB)LQDO�SGI�� $FFHVVHG�
1RYHPEHU����������
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BEopt building energy simulation programs���86�
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