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$%675$&7�
7KLV�VWXG\�H[SORUHV�HIIHFWV�RI�JUHHQ�URRI�PDWHULDOV�RQ�
JUHHQ� URRI� WKHUPDO� SHUIRUPDQFH� EDVHG� RQ� VLPXODWHG�
KHDW� WUDQVIHU� WKURXJK� D� URRI� DVVHPEO\��$� FDVH� VWXG\�
IRU�D�FRPPHUFLDO�EXLOGLQJ�ZLWK�D� JUHHQ� URRI� ORFDWHG�
LQ�&KLFDJR��,/�FRPSDUHV�KHDW�IOX[HV�DQG�QHW�UDGLDWLRQ�
IRU� GLIIHUHQW� SODQW� DQG� VXEVWUDWH� PDWHULDOV�� 7KH�
LQYHVWLJDWLRQ� LQFOXGHG� D� WRWDO� RI� ��� FDVHV� EDVHG� RQ�
FRPELQDWLRQV�RI�VHYHQ�W\SHV�RI�SODQWV�DQG�ILYH�W\SHV�
RI�VXEVWUDWHV�XVHG�LQ�H[WHQVLYH�JUHHQ�URRIV��7KH�JUHHQ�
URRI� SHUIRUPDQFH� GXULQJ� RQH� ZHHN� LQ� -XO\� ZDV�
VLPXODWHG� HPSOR\LQJ� D� YDOLGDWHG� JUHHQ� URRI� PRGHO��
$129$� VWDWLVWLFDO� DQDO\VHV� SURYLGH� GLUHFW�
FRPSDULVRQ�RI�VLPXODWHG�KHDW�IOX[HV�DQG�QHW�UDGLWLRQ�
ZLWK� GLIIHUHQW� SODQW� DQG� VXEVWUDWH� W\SHV�� 7KH� UHVXOWV�
VKRZ� WKDW� ERWK� SODQW� DQG� VXEVWUDWH� W\SHV� DUH�
VWDWLVWLFDOO\� LPSRUWDQW� WR� WKH� WRWDO� KHDW� IOX[HV�� ZKLOH�
RQO\� SODQW� W\SHV� DIIHFW� WKH� VLPXODWHG� QHW� UDGLDWLRQ��
7KH� LQWHUDWLRQ� HIIHFW� RI� SODQW� DQG� VXEVWUDWH� W\SHV� LV�
QRW� VWDWLVWLFDOO\� LPSRUWDQW�� 6SHFLILFDOO\�� WKH�
FRPELQDWLRQ� RI� D� SODQW� DQG� D� VXEVWUDWH� ZLWK� WKH�
KLJKHVW� DOEHGR� ZDV� FKRVHQ� DV� WKH� EDVH� FDVH�� DQG�
FRPSDUDWLYH� DQDO\VHV� ZHUH� FRQGXFWHG� EHWZHHQ� WKH�
EDVH� FDVH� DQG� RWKHU� FDVHV�� 7KH� EDVH� FDVH� VKRZV� WKH�
EHVW� WKHUPDO� SHUIRUPDQFH� LQ� PRVW� VLPXODWHG�
FRQGLWLRQV�� 7KHUHIRUH�� LQ� WKLV� FDVH� VWXG\� LW� ZDV�
VXIILFHQW� WR� PHDVXUH� WKH� WKHUPDO� SURSHUWLHV� RI�
VHOHFWHG�JUHHQ�URRI�SODQWV�DQG�VXEVWUDWHV�WR�GHWHUPLQH�
WKH�DVVHPEO\�ZLWK�EHVW�H[SHFWHG�WKHUPDO�SHUIRPDQFH��

,1752'8&7,21�
*UHHQ�URRIV�KDYH�EHHQ�JDLQLQJ�SRSXODULW\�LQ�EXLOGLQJ�
FRQVWUXFWLRQV� GXH� WR� D� YDULHW\� RI� EHQHILWV�� ����
H[WHQGHG�URRI�OLIHVSDQ�E\�SURWHFWLQJ�WKH�URRI��6DL]�HW��
DO� ������� ���� JUHHQ� URRIV� FUHDWH� SOHDVDQW� OLYLQJ�
HQYLURQPHQWV� DQG� UHGXFH� WKH� VWRUP� ZDWHU� UXQRII�
�9DQ:RHUW� HW�� DO� ������� ���� LPSURYH� WKH� WKHUPDO�
SHUIRUPDQFH� RI� URRILQJ� V\VWHPV� ERWK� VXPPHU� DQG�
ZLQWHU��7DEDUHV�9HODVFR�DQG�6UHEULF�������=KDR�DQG�
6UHEULF� ������� DQG� ���� UHGXFH� WKH� XUEDQ� KHDW� LVODQG�
E\� DIIHFWLQJ� WKH� PLFURFOLPDWH�� DGRSWLRQ� RI� ZKHQ�
DGRSWHG�LQ�D�ODUJHU�VFDOH��:RQJ�HW��DO���������
7KH�GHVLJQ�DQG�VHOHFWLRQ�RI�JUHHQ�URRI�PDWHULDOV�FDQ�
LPSDFW�SRWHQWLDO�EXLOGLQJ�HQHUJ\�VDYLQJV��&HOLN�HW��DO�
������ -LP� DQG� +H� ������ *HWWHU� HW�� DO� ������� *UHHQ�
URRI� W\SLFDOO\�FRQVLVWV�RI�VHYHUDO� OD\HUV�IURP�ERWWRP�
WR� WRS�� UHJXODU� URRI� OD\HU�� GUDLQDJH� OD\HU�� VXEVWUDWH�

OD\HU� �HQJLQHHULQJ� VRLO��� DQG� D� YHJHWDWLRQ� OD\HU��
6SHFLILFDOO\�� WKH� SODQW� DQG� VXEVWUDWH� OD\HUV� SOD\� DQ�
LPSRUWDQW�UROH�LQ�WKH�JUHHQ�URRI�WKHUPDO�SHUIRUPDQFH��
'LIIHUHQW� SODQW� VSHFLHV� KDYH� GLIIHUHQW� SK\VLRORJLFDO�
SURSHUWLHV��VXFK�DV�OHDI�DUHD�LQGH[��/$,��DQG�IROLDJH�
KHLJKW��7KHUHIRUH��WKH�VHOHFWLRQ�RI�SODQWV�FRXOG�DIIHFW�
WKH� JUHHQ� URRI� SHUIRUPDQFH� E\� ERWK� VKDGLQJ� DQG�
HYDSRWUDQVSLUDWLRQ� �7DEDUHV�9HODVFR� DQG� 6UHEULF�
������� 7KH� WKHUPDO� SURSHUWLHV� RI� YDULRXV� VXEVWUDWHV�
DUH� GLIIHUHQW� GXH� WR� WKH� GLIIHUHQFHV� LQ� PLQHUDO�
FRPSRVLWLRQ��WH[WXUH�DQG�VKDSH�RI�WKH�VRLO� �&{Wp�DQG�
.RQUDG� ������� 'LIIHUHQFHV� LQ� VXEVWUDWH� SURSHUWLHV�
VXFK�DV�WKHUPDO�GLIIXVLYLW\�DQG�UHIOHFWLYLW\�FDQ�DIIHFW�
WKH�KHDW�WUDQVIHU�WKURXJK�D�JUHHQ�URRI�DVVHPEO\���
$� IHZ� SUHYLRXV� VWXGLHV� KDYH� LQYHVWLJDWHG� GLIIHUHQW�
SURSHUWLHV� RI� JUHHQ� URRI� PDWHULDOV�� )RU� H[DPSOH�� D�
VWXG\� FRPSDUHG� GLIIHUHQW� VXEVWUDWH� DQG� SODQW�
FRPELQDWLRQV�LQ�JUHHQ�URRIV�EDVHG�RQ�OLIH�F\FOH�&2��
DQG� OLIH� F\FOH� FRVW� DQDO\VHV� �.LP� HW�� DO� �������
$QRWKHU� VWXG\�H[DPLQHG� WKHUPDO�SURSHUWLHV�RI�JUHHQ�
URRIV� EDVHG� RQ� SDUDPHWULF� DQDO\VHV�� DQG� FRQFOXGHG�
WKDW�FRPSDUHG�WR�VSDUVH�UHG�SODQWV��GDUN�JUHHQ�SODQWV�
W\SLFDOO\� PDLQWDLQHG� ORZHU� VXUIDFH� WHPSHUDWXUHV�
�1LDFKRX� HW�� DO� ������� 2WKHU� VWXGLHV� PHDVXUHG� WKH�
WKHUPDO�SURSHUWLHV�RI�GLIIHUHQW�VXEVWUDWHV��6DLORU�HW��DO�
�����DQG�6DLORU�HW��DO�������RU�DVVHVVHG�WKH�HIIHFWV�RI�
SODQW� W\SHV� RQ� FDQRS\� DLU� WHPSHUDWXUHV� DQG�
SHQHWUDWLQJ� KHDW� IOX[HV� �.XPDU� DQG�.DXVKLN� �������
,Q� DGGLWLRQ�� DQ� H[SHULPHQWDO� VWXG\� PHDVXUHG� WKH�
LQVXODWLQJ� HIIHFWV� RI� JUHHQ� URRIV� XVLQJ� GLIIHUHQW�
VXEVWUDWH�DQG�SODQW�W\SHV��&HOLN�HW��DO��������,Q�WRWDO��
WKLV�H[SHULPHQWDO�VWXG\�H[DPLQHG�QLQH�FRPELQDWLRQV�
RI� GLIIHUHQW� JUHHQ� URRI� DVVHPEOLHV� DQG�PHDVXUHG� WKH�
GDLO\�WHPSHUDWXUH�GLIIHUHQFHV�EHWZHHQ�WKH�JUHHQ�URRI�
VXEVWUDWHV� DQG� LQGRRU� DLU�� 7KH� UHVXOWV� VKRZHG� WKDW�
SODQW� VHOHFWLRQ� FRXOG� DIIHFW� WKH� EXLOGLQJ� HQHUJ\�
FRQVXPSWLRQ� IURP� JUHHQ� URRI� DVVHPEOLHV�� 7KXV��
SUHYLRXV� VWXGLHV� KDYH� VKRZQ� WKDW� WKH� VHOHFWLRQ� RI�
JUHHQ� URRI� PDWHULDOV� FDQ� DIIHFW� WKH� JUHHQ� URRI�
SHUIRUPDQFH�� +RZHYHU�� RQO\� D� IHZ� VWXGLHV�
LQYHVWLJDWHG� ZKHWKHU� WKH� HIIHFW� RI� JUHHQ� URRI�
PDWHULDOV� RQ� WKHUPDO� SHUIRUPDQFH� IRU� DFWXDO�
EXLOGLQJV� LV� VWDWLVWLFDOO\� VLJQLILFDQW�� 7KHUHIRUH�� WKHUH�
LV� D� QHHG� IRU� DQDO\VLV� WR� FRPSDUH� WKH� JUHHQ� URRI�
PDWHULDO� SURSHUWLHV� WKDW� DUH� QHHGHG� IRU� DGHTXDWH�
VLPXODWLRQ�RI�JUHHQ�URRIV��
7KH� SUHVHQW� VWXG\� FRPSDUHV� GLIIHUHQW� JUHHQ� URRI�
PDWHULDOV� E\� VLPXODWLQJ� KHDW� WUDQVIHU� LQ� JUHHQ� URRIV�
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ZLWK�GLIIHUHQW�FRPELQDWLRQV�RI�SODQWV�DQG�VXEVWUDWHV��
)LJXUH���VKRZV�D�IORZFKDUW�RI�WKLV�VWXG\��

�
Figure 1 Research methodology flow chart 

 

7KH�ILUVW�VWDJH�RI�WKLV�VWXG\�ZDV�WR�FROOHFW�LQSXW�GDWD�
IRU� WKH� JUHHQ� URRI� PRGHO�� $Q� H[LVWLQJ� JUHHQ� URRI�
DVVHPEO\� RQ� D� FRPPHUFLDO� EXLOGLQJ� SURYLGHG�
YDOLGDWLRQ�RI� WKH�JUHHQ�URRI�PRGHO� �7DEDUHV�9HODVFR�
HW� DO�� ������� $QRWKHU� VRXUFH� RI� PRGHO� LQSXWV� LV� WKH�
PHDVXUHG� SURSHUWLHV� RI� FRPPRQO\� XVHG� JUHHQ� URRI�
PDWHULDOV�� LQFOXGLQJ� VHYHQ� SODQW� W\SHV� DQG� ILYH�
VXEVWUDWH� W\SHV�� ,Q� WKH� VHFRQG� VWDJH�� WKH� YDOLGDWHG�
JUHHQ�URRI�PRGHO�HQDEOHG�KHDW�IOX[�SUHGLFWLRQV�IRU����
FRPELQDWLRQV�RI�VHOHFWHG�SODQWV�DQG�VXEVWUDWHV�LQ�WKH�
VDPH�JHRJUDSKLF�ORFDWLRQ��7KH�UHVXOWV�DQDO\VHV�VWDJH�
LQFOXGHV� VWDWLVWLFDO� DQG� FRPSDUDWLYH� DQDO\VHV�� 7KH�
VWDWLVWLFDO�DQDO\VHV�H[SORUHG�WKH�HIIHFWV�RI�JUHHQ�URRI�
PDWHULDO� VHOHFWLRQ� RQ� JUHHQ� URRI� WKHUPDO�
SHUIRUPDQFH��)XUWKHUPRUH��E\� FRPSDUDWLYH�DQDO\VHV��
WKH� VLPXODWLRQ� UHVXOWV� SURYLGHG� D� FULWHULRQ� IRU�
VHOHFWLRQ� RI� JUHHQ� URRI�PDWHULDOV� WR� LPSURYH� RYHUDOO�
WKHUPDO�SHUIRUPDQFH��

(;3(5,0(176�$1'�0($685(0(176�
Description of experimental green roof 
7KH� VWXGLHG� JUHHQ� URRI� UHVLGHV� RQ� D� FRPPHUFLDO�
EXLOGLQJ�ORFDWHG�LQ�&KLFDJR��,/��)URP�WRS�WR�ERWWRP��
WKLV� JUHHQ� URRI� FRQVLVWV� RI� WKH� IROORZLQJ� PDWHULDO�
OD\HUV������D�SODQW�OD\HU������D�����FP�VXEVWUDWH�OD\HU��
���� WZR� OD\HUV�RI�SRO\SURS\OHQH� IDEULF�� ���� D�����FP�
RI� WKLFN� IRDP� GUDLQDJH�SURWHFWLRQ� ERDUG� PDGH� IURP�
FKXQNV� RI� UHF\FOHG� FORVHG� FHOO� SRO\VW\UHQH�� DQG� ����
���� FP� 39&� ZDWHUSURRI� PHPEUDQH� OD\HU�� 7KH� GDWD�
DTXLVLWLRQ�V\VWHP�LQVWDOOHG�RQ�WKLV�JUHHQ�URRI�LQFOXGHV��
����D�ZHDWKHU�VWDWLRQ�WR�UHFRUG�WKH�PHWHURORJLFDO�GDWD��
���� D� YDULHW\� RI� VHQVRUV� WR� PHDVXUH� WHPSHUDWXUHV� RI�
GLIIHUHQW� JUHHQ� URRI� OD\HUV�� KHDW� IOX[HV� WKURXJK� WKH�
JUHHQ� URRI�� DQG� ZDWHU� FRQWHQWV�� 7KH� PHDVXUHG� GDWD�
ZHUH� FROOHFWHG� HYHU\�PLQXWH� DQG� DYHUDJHG� HYHU\� ���
PLQXWHV�� )LJXUH� �� VKRZV� WKH� YHUWLFDO� FURVV�VHFWLRQ�
GHWDLOV�RI�WKH�JUHHQ�URRI�DQG�GDWD�DFTXLVLWLRQ�V\VWHP���
�

�
Figure 2 Sketch of green roof system data acquisition 

system 
 

Description of green roof components 
7DEOH� �� VKRZV� WKH� WKHUPDO� SURSHUWLHV� DQG� PLQHUDO�
FRPSRVLWLRQ� IRU� WKH� VHOHFWHG� VXEVWUDWHV�� 7KH� YDOXHV�
VKRZQ� IRU� WKH� VXEVWUDWH� DUH� DYHUDJHV� RI� GU\� DQG�
VDWXUDWHG� FRQGLWLRQV�� 7DEOH� �� VKRZV� WKH� SODQW� W\SHV�
DQG� PHDVXUHG� DOEHGR�� 7KH� DOEHGR� ZHUH� DVVXPHG�
FRQVWDQW� DQG� GLG� QRW� FKDQJH� ZLWK� YROXPH� ZDWHU�
FRQWHQW�GXULQJ�WKH�VLPXODWLRQ���
7KHUPDO� SURSHUWLHV� RI� WKH� VXEVWUDWHV� ZHUH�PHDVXUHG�
XVLQJ� D� FRPPHUFLDO� WUDQVLHQW� KHDW� IORZ� SUREH�
�'HFDJRQ� .'�� 3UR�� ZLWK� DQ� DFFXUDF\� RI� �����
�'HFDJRQ� ������� 5HIOHFWLYLWLHV� RI� VXEVWUDWHV� DQG�
SODQWV� ZHUH� FDOFXODWHG� IURP� VSHFWUDO� UHIOHFWLYLW\�
PHDVXUHPHQWV� XVLQJ� D� SRUWDEOH� VSHFWURPHWHU� WKDW�
PHDVXUHG�WKH�VSHFWUDO�UHIOHFWLYLW\�ZLWKLQ�WKH�UDQJH�RI�
��������QP��
�

 Table 1 
Properties and mineral composition of analysed 

substrates 
 

SUBSTRATE PROPERTIES MINERALS 
COMPOSITION 

����$YRQGDOH�

$OEHGR������� 0DLQO\�TXDUW]��
6L2���VDQG���WUDFH�
OHXFLWH��WUDFH�

GRORPLWH��&D�0J�
FDUERQDWH��

1R�GLVWLQFW�FOD\�
SHDNV��

'HQVLW\������NJ�P��
7KHUPDO�FRQGXFWLYLW\�������

:��P�.��

6SHFLILF�KHDW�������-��NJ�.��

����3HUOLWH�

$OEHGR������� 0DLQO\�TXDUW]��
6L2���VDQG���WUDFH�
GRORPLWH��&D�0J�
FDUERQDWH���WUDFH�
IHOGVSDU��WUDFH�
FULVWREDOLWH��

DQRWKHU�W\SH�RI�
6L2���

7KLV�LV�SUREDEO\�
KHDWHG�YROFDQLF�
JODVV�PDWHULDO�

PL[HG�ZLWK�VDQG��
�

'HQVLW\������NJ�P��
7KHUPDO�FRQGXFWLYLW\�������

:��P�.��

6SHFLILF�KHDW�������-��NJ�.��

����&OD\�

$OEHGR������� 0DLQO\�TXDUW]��
6L2���VDQG���WUDFH�'HQVLW\������NJ�P��

Substrate Layer

Roof Assembly

Plant Layer

Filter/Drainage Layer

= Heat Flux Meter= Thermocouple = Soil Moisture Sensor

Waterproof layer

Substrate Layer

Roof Assembly

Plant LayerPlant Layer

Filter/Drainage Layer

= Heat Flux Meter= Heat Flux Meter= Thermocouple= Thermocouple = Soil Moisture Sensor= Soil Moisture Sensor

Waterproof layer
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7KHUPDO�FRQGXFWLYLW\�������
:��P�.��

OHXFLWH��WUDFH�
GRORPLWH��&D�0J�

FDUERQDWH��
1R�GLVWLQFW�FOD\�
SHDNV�SUREDEO\�
EHFDXVH�RI�

DPRUSKL]DWLRQ�E\�
KHDWLQJ��

6SHFLILF�KHDW�������-��NJ�.��

����&HOODU�

$OEHGR������� 0DLQO\�TXDUW]��
6L2���VDQG���
PRGHUDWH�

GRORPLWH��&D�0J�
FDUERQDWH���
PRGHUDWH�

NDROLQLWH�FOD\��
VOLJKW�PLFD�FOD\�
DQG�VOLJKW�FKORULWH�

FOD\��
7KLV�LV�WKH�RQO\�
VDPSOH�WKDW�

GHILQLWHO\�VKRZV�
FOD\V��

'HQVLW\�������NJ�P��
7KHUPDO�FRQGXFWLYLW\�������

:��P�.��

6SHFLILF�KHDW�������
-��NJ�.��

����1RUOLWH�

$OEHGR������� 0DLQO\�TXDUW]��
6L2���VDQG���WUDFH�
IHOGVSDU��WUDFH�

GRORPLWH��&D�0J�
FDUERQDWH���WUDFH�

OHXFLWH��1R�
GLVWLQFW�FOD\�

SHDNV��
7KLV�SRURXV�
PDWHULDO�LV�
SUREDEO\�

SURGXFHG�E\�
YLWULI\LQJ�VKDOH�
URFN�LQ�D�NLOQ��

'HQVLW\������NJ�P��

7KHUPDO�FRQGXFWLYLW\��������
:��P�.��

6SHFLILF�KHDW�������-��NJ�.��

�
�

Table 2 
Albedo of plants analysed 

 

PLANT SPECIE MEASURED PLANT 
ALBEDO 

����6HGXP�$OEXP� �����

����6HGXP�6H[DQJXODU� �����

����6HGXP�+LVSDQLFXP� �����

����6HGXP�5HIOH[XP� �����

����6HGXP�6SXULXP�'� �����

����6HGXP�6SXULXP�2� �����

����0L[HG�VHGXP�VSHFLILHV� �����
�

6,08/$7,21�2)�*5((1�522)6�
Description of green roof model 
7KLV� VWXG\� XVHG� D� YDOLGDWHG� JUHHQ� URRI� PRGHO� WKDW�
FDOFXODWHV� WKH� FRPELQHG� KHDW� DQG� PDVV� WUDQVIHU�
SURFHVVHV� EHWZHHQ� WKH� VN\�� SODQWV�� DQG� VXEVWUDWHV� WR�
REWDLQ� WKH� JUHHQ� URRI¶V� WKHUUPDO� SHUIRUPDQFH�
�7DEDUHV�9HODVFR� HW� DO�� ������� 7KH� PRGHO� DOVR�
FRQVLGHUV� WKH� SODQWV¶� SK\VLRORJLFDO� FKDQJHV� WKDW�

DIIHFW� WUDQVSLUDWLRQ� UHVXOWHG� IURP� HQYLURQHPWDQO�
SURSHUWLHV� VXFK� DV� KXPLGLW\�� VRODU� UDGLDWLRQ�� ZLQG�
VSHHG� DQG� VXEVWUDWH� ZDWHU� FRQWHQW�� 7KH� PRGHO� ZDV�
SUHYLRXVO\�YDOLGDWHG�ZLWK�ERWK�TXDVL�VWHDG\�VWDWH�GDWD�
FROOHFWHG� LQ� D� ³&ROG� 3ODWH´� DSSDUDWXV� XQGHU�
ODERUDWRU\� FRQGLWLRQV� DQG� ILHOG� GDWD� PHDVXUHG� IURP�
DQ�H[LVWLQJ�JUHHQ�URRI�RQ�D�EXLOGLQJ���
7KH� PRGHO� UHSUHVHQWV� WKH� SODQW� OD\HU� DV� D� SRURXV�
PHGLD� IRU� FRQYHFWLRQ� KHDW� DQG� PDVV� WUDQVIHU�
SURFHVVHV��7KHUHIRUH��WKH�HTXDWLRQV�RI�HQHUJ\�EDODQFH�
IRU�D�JUHHQ�URRI�DVVHPEO\�FRXOG�EH�H[SUHVVHG�DV��

𝑅 , , = 𝑄 , + 𝑄  ����

𝑅 , , = −𝑄 + 𝑄 + 𝑄
+ 𝑄 , + 𝑄  

����

(TXDWLRQ���GHVFULEHV�WKH�HQHUJ\�EDODQFH�IRU�WKH�SODQW�
OD\HU��ZKHUH�5VK�DEV�SODQWV�LV�WKH�DEVRUEHG�VRODU�UDGLDWLRQ�
E\� WKH� SODQWV�� 4,5� LV� WKH� UDGLDWLYH� KHDW� WUDQVIHU�
EHWZHHQ� WKH� SODQW� OD\HU� DQG� WKH� WRS� VXEVWUDWH� OD\HU��
DQG� 4ILOP�SODQWV� UHSUHVHQWV� WKH� KHDW� WUDQVIHU� EHWZHHQ�
SODQWV�DQG�WKH�VXUURXQGLQJ�HQYLURQPHQW�E\�PHDQV�RI�
ODWHQW� �WUDQVSLUDWLRQ�� KHDW� IOX[HV�� FRQYHFWLYH� DQG�
UDGLDWLYH�KHDW� WUDQVIHU��(TXDWLRQ��� VKRZV� WKH�HQHUJ\�
EDODQFH� RI� WKH� VXEVWUDWH� EHORZ� WKH� SODQWV�� ZKHUH�
5VK�DEV�VXEVWUDWH� LV� WKH� DEVRUEHG� VRODU� UDGLDWLRQ� E\�
VXEVWUDWH�XQGHUQHDWK�WKH�SODQWV��4,5�LV�WKH�ORQJ�ZDYH�
UDGLDWLRQ� EHWZHHQ� WKH� SODQW� DQG� WKH� WRS� VXEVWUDWH�
OD\HU��46�LV�WKH�FRQYHFWLYH�KHDW�WUDQVIHU�EHWZHHQ�WKH�
WRS�VXEVWUDWH�OD\HU�DQG�WKH�VXUURXQGLQJ�DLU��4VXEVWUDWH�LV�
WKH�FRQGXFWLYH�KHDW�IOX[�WKURXJK�JUHHQ�URRI�VXEVWUDWH��
DQG� 4,5�VN\� LV� WKH� ORQJ� ZDYH� UDGLDWLRQ� H[FKDQJHG�
EHWZHHQ� WKH� VXEVWUDWH� DQG� VN\��$GGLWLRQDO� HTXDWLRQV�
IRU� HDFK� RI� WKH� PRGHO� FRPSRQHQWV� FDQ� EH� IRXQG� LQ�
WKH�OLWHUDWXUH��7DEDUHV�9HODVFR�DQG�6UHEULF��������
Green roof model inputs  
7KH�PDLQ�LQSXWV�WR�WKH�JUHHQ�URRI�PRGHO�LQFOXGH� WKH�
IROORZLQJ�IRXU�JURXSV�RI�SDUDPHWHUV��

����2XWGRRU�ZHDWKHU�FRQGLWLRQV�
7KH�PHWHRURORJLFDO�GDWD�ZHUH�PHDVXUHG�RQVLWH�IRU�WKH�
H[SHULPHQWDO�EXLOGLQJ�DQG�LQFOXGHG�RXWGRRU�GU\�EXOE�
WHPSHUDWXUH�� ZLQG� VSHHG�� UHODWLYH� KXPLGLW\�� VRODU�
UDGLDWLRQ��DV�ZHOO�DV�GRZQZDUG� ORQJ�ZDYH�UDGLDWLRQ��
7KH� ZHDWKHU� FRQGLWLRQV� ZHUH� WKH� VDPH� IRU� DOO� WKH�
VLPXODWHG�JUHHQ�URRI�DVVHPEOLHV��

����&RQGXFWLRQ�WUDQVIHU�IXQFWLRQV��&7)���
$GGLQJ� WKH� FRQGXFWLRQ� WUDQVIHU� IXQFWLRQV� �&7)�� LV�
LPSRUWDQW� WR� VLPXODWH� WKH� WKHUPDO� PDVV� RI� WKH�
VXEVWUDWHV��&7)V� OLQN�FXUUHQW� FRQGXFWLRQ�KHDW� IOX[HV�
WR� FXUUHQW� DQG� SDVW� VXUIDFH� WHPSHUDWXUHV� DV� ZHOO� DV�
WKH� SDVW� KHDW� IOX[HV� E\� &7)� FRHIILFLHQWV� GHSHQGHQW�
RQ�WKH�ZDOO�RU�VXUIDFH�SURSHUWLHV�DQG�WLPH�VWHSV�XVHG�
LQ� WKH� KHDW� IOX[� FDOFXODWLRQV� �$6+5$(� ������� 7KLV�
PHWKRG� LV�ZLGHO\� XVHG� LQ� HQHUJ\� VLPXODWLRQV� IRU� LWV�
VLPSOLFLW\� DQG� DFFXUDF\�� (QHUJ\3OXV� �8�6��
'HSDUWPHQW� RI� (QHUJ\�� SURJUDP� SURYLGHG� WKH� &7)V�
IRU� HDFK� VXEVWUDWH� W\SH� ZLWK� D� WLPH� VWHS� RI� ���
PLQXWHV�� 7KH� SUHVHQW� VWXG\� XVHG� WKH� DYHUDJH�
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SURSHUWLHV� RI� GU\� DQG� VDWXUDWHG� VXEVWUDWHV�� VLQFH� WKH�
&7)� PHWKRG� RQO\� DOORZV� WKH� XVH� RI� FRQVWDQW�
SK\VLFDO�WKHUPDO� SURSHUWLHV�� FKDQJHV� RI� VXEVWUDWHV¶�
WKHUPDO� SURSHUWLHV� LQ� UHVSRQVH� WR� ZDWHU� FRQWHQW�
FKDQJH� ZHUH� QHJOHFWHG�� +RZHYHU�� LW� LV� LPSRUWDQW� WR�
PHQWLRQ�WKDW�SUHYLRXV�VWXGLHV�KDYH�VKRZQ�WKH�HIIHFWV�
RI� YDULDEOH� WKHUPDO� FRQGXFWLYLW\� RQ� WKH� RYHUDOO�
WKHUPDO� SHUIRUPDQFH� RI� D� JUHHQ� URRI� DVVHPEO\� LV�
VPDOO�� ZKHQ� FRPSDULQJ� WR� WKH� VHDVRQDO� DQG� KRXUO\�
YDULDWLRQ� RI� HYDSRWUDQVSLUDWLRQ� DQG� UDGLDWLRQ�
�7DEDUHV�9HODVFR�DQG�6UHEULF�������7DEDUHV�9HODVFR�
DQG�6UHEULF��������

����6XEVWUDWHV¶�9ROXPH�:DWHU�&RQWHQW��9:&���
$FWXDO�ILHOG�PHDVXUHPHQW�RQ�WKH�JUHHQ�URRI�EXLOGLQJ�
LQFOXGHG� VRLO� PRLVWXUH� VHQVRUV�� +RZHYHU�� WKLV� GDWD�
ZDV� QRW� XVHG� LQ� WKLV� QXPHULFDO� ZRUN�� EHFDXVH� WKH�
YDULDWLRQ� RI� SODQW� DQG� VXEVWUDWH� W\SHV� \LHOGHG�
GLIIHUHQFHV� RI� YROXPHWULF�ZDWHU� FRQWHQW� �9:&�� GXH�
WR� WKH� YDULHG� WKHUPDO� DQG� K\GURWKHUPDO� SURSHUWLHV��
7KHUHIRUH�� 9:&� XVHG� IRU� HDFK� VLQJOH� FDVH� ZDV�
FDOFXODWHG� ZLWK� D� SK\VLFDOO\�EDVHG� HQHUJ\� EDODQFH�
VLPXODWLRQ� PRGXOH� �6DLORU� ������ LQ� (QHUJ\3OXV�� E\�
DVVXPLQJ� QR� LUULJDWLRQ� GXULQJ� WKH� VLPXODWHG� SHULRG�
ZLWK� DSSURSULDWH� PHDVXUHG� SURSHUWLHV� IRU� HDFK�
VXEVWUDWH��

����2WKHU�LQSXWV�
$GGLWLRQDO� PRGHO� LQSXWV� XVHG� LQ� WKLV� VWXG\� DUH�� �D��
VXEVWUDWH� WKLFNQHVV� HTXDOV� WR� �����P�� �E�� WKH� LQGRRU�
DLU� WHPSHUDWXUH� ZDV� VHW� WR� ���&�� �F�� WKH� OHDI� DUHD�
LQGH[��/$,��ZDV�������G��PLQLPXP�UHVLVWDQFH�WR�SODQW�
WUDQVSLUDWLRQ� �VWRPDWDO� UHVLVWDQFH��ZDV�KHOG� FRQVWDQW�
IRU� DOO� SODQW� W\SHV� WR� D� YDOXH� RI� ���� V�P�� �H�� WKH�
PHDVXUHG� SURSHUWLHV� RI� SODQWV� DQG� VXEVWUDWHV� DUH�
VKRZQ�LQ�7DEOH���DQG����/$,�DQG�VWRPDWDO�UHVLVWDQFH�
ZHUH� EDVHG� RQ� D� SUHYLRXV� VWXG\� IRU� Sedum spurium�
�7DEDUHV�9HODVFR�DQG�6UHEULF�������+RZHYHU��DFWXDO�
SODQW� VSHFLHV� PLJKW� KDYH� D� GLIIHUHQW� VWRPDWDO�
UHVLVWDQFH� VLQFH� VWRPDWDO� UHVLVWDQFH� RI� VXFFXOHQW�
SODQWV�UDQJHV�IURP�����WR������V�P��-RQHV��������,Q�
DGGLWLRQ��WKLV�VWXG\�RQO\�XVHV�WKH�JUHHQ�URRI�PRGHO�WR�
FDOFXODWH� WKH� KHDW� DQG� PDVV� WUDQVIHU� EHWZHHQ� WKH�
JUHHQ�URRI�DQG�WKH�RXWGRRU�HQYLURQPHQW�DV�VKRZQ�LQ�
(TXDWLRQ� �� DQG� ��� DQG� GRHV� QRW� HVWLPDWH� WKH�
LQWHUDFWLRQ� ZLWK� LQGRRU� HQYLURQPHQW� DQG�RU� RYHUDOO�
EXLOGLQJ�HQHUJ\�FRQVXPSWLRQ��7KH�VFRSH�RI�WKLV�VWXG\�
LV� OLPLWHG� WR� KHDW� IOX[� DQG� QHW� UDGLDWLRQ� GXH� WR� WKH�
SDSHU�VSDFH�FRQVWUDLQV��

',6&866,21�$1'�5(68/7�$1$/<6,6�
7KH� VWXG\� VLPXODWHG� WKH� JUHHQ� URRI� SHUIRUPDQFH� RI�
��� FDVHV� ZLWK� GLIIHUHQW� FRPELQDWLRQV� RI� SODQWV� DQG�
VXEVWUDWHV� IRU� RQH� ZHHN� ZLWK� ���PLQXWH� LQWHUYDOV��
$PRQJ� WKH� VLPXODWHG� UHVXOWV�� KHDW� IOX[HV� DQG� QHW�
UDGLDWLRQ� ZHUH� FKRVHQ� DV� LQGLFDWRUV� WR� UHSUHVHQW� WKH�
JUHHQ� URRI¶V� WKHUPDO� SHUIRUPDQFH� IRU� WKH� IROORZLQJ�
UHDVRQV��RQH�RI� WKH�PDMRU�DGYDQWDJHV�RI� JUHHQ� URRIV�
LV� WKDW� WKH\� UHGXFH� EXLOGLQJ� WKHUPDO� ORDGV� E\�

GHFUHDVLQJ� WKH� KHDW� WUDQVIHUUHG� WKURXJK� WKH� URRIV��
ZKLFK� LV� UHSUHVHQWHG� E\� KHDW� IOX[HV�� ZKLOH� QHW�
UDGLDWLRQ�LQGLFDWHV�PDMRU�LQFRPLQJ�KHDW�IOX[�WRZDUGV�
WKH�JUHHQ�URRI��,Q�DGGLWLRQ�� WKLV�VWXG\�XVHG�VWDWLVWLFDO�
PHWKRGV� WR� WHVW� ZKHWKHU� WKH� VHOHFWLRQ� RI� JUHHQ� URRI�
PDWHULDOV� ZDV� VWDWLVWLFDOO\� LPSRUWDQW� WR� WKH� RYHUDOO�
JUHHQ� URRI¶V� WKHUPDO� SHUIRUPDQFH� LQ� WHUPV� RI� KHDW�
IOX[HV� DQG� QHW� UDGLDWLRQ�� ,GHDOO\�� WKH� FRPSDULVRQ�
ZRXOG� EH� GRQH� E\� KDYLQJ� ��� GLIIHUHQW� JUHHQ� URRI�
VDPSOHV�� +RZHYHU�� WKLV� UHSUHVHQW� DQ� H[WHQVLYH� WDVN�
WKDW� ZRXOG� UHTXLUH� WHVWLQJ� IRU� VHYHUDO� PRQWKV� DQG�
VLJQLILFDQW�UHVRXUFHV��7KXV�WKH�VWDWLVWLFDO\�DQVO\VLV�LV�
PRUH�VXLWDEOH�IRU�FRPSDULQJ�WKH�LPSDFWV�RI�WKH�SODQW�
DQG�VXEVWUDWH�SURSHUWLHV�RQ�JUHHQURRI�SHUIRUPDQFH��

Statistical analysis 
%DVHG�RQ�D�����OHYHO�RI�VLJQLILFDQFH��WKH�DQDO\VHV�RI�
YDULDQFH� �$129$�� ZHUH� SHUIRUPHG� RQ� HDFK�
UHVSRQVH� YDULDEOH� �KHDW� IOX[HV� DQG� QHW� UDGLDWLRQ�� WR�
WHVW�ZKHWKHU�SODQW�DQG�VXEVWUDWH�W\SHV��DV�ZHOO�DV�WKHLU�
LQWHUDFWLRQ�LV�VWDWLVWLFDOO\�LPSRUWDQW�WR�WKH�JUHHQ�URRI�
SHUIRUPDQFH�� 7DEOH� �� VKRZV� WKH� UHVSRQVH� YDULDEOHV�
DQG� WKH� LQGHSHQGHQW� YDULDEOHV�� 7KH� LQWHUDFWLRQ��
UHSUHVHQWHG�DV�³SODQWVXEVWUDWH´�LQ�7DEOH����GHVFULEHV�
SRVVLEOH� VLPXOWDQHRXV� LQIOXHQFHV� RI� SODQW� DQG�
VXEVWUDWH� W\SHV� RQ� WKH� UHVSRQVH� YDULDEOHV�� /HYHO�
LQGLFDWHV� WKH� QXPEHU� RI� JURXSV� IRU� WKH� LQGHSHQGHQW�
YDULDEOHV� �IRU� H[DPSOH�� WKH� OHYHO� LV� WKH� QXPEHU� RI�
SODQW� W\SHV� IRU� WKH� ILUVW� LQGHSHQGHQW� YDULDEOH�� DQG�
W\SH� LPSOLFDWHV� ZKHWKHU� WKH� PDLQ� HIIHFW� RI� DQ�
LQGHSHQGHQW�YDULDEOH�FDQ�EH�FRQVLGHUHG�UDQGRP��
�

Table 3 
Response and independent variables in ANOVA  

�

RESPONSE 
VARIABLES INDEPENDENT VARIABLES 

+HDW�IOX[HV�

1DPH� 7\SH� /HYHO�

SODQW�W\SHV� IL[HG� ��

VXEVWUDWH�W\SHV� IL[HG� ��

1HW�UDGLDWLRQ�
SODQW�VXEVWUDWH�� IL[HG� Q�D�

7LPH� UDQGRP� ����
�

$129$�DQDO\VLV�RI�KHDW�IOX[�DV�D�UHVSRQVH�YDULDEOH�
LQGLFDWHV� WKDW� ERWK� SODQW� DQG� VXEVWUDWH� W\SHV� KDYH�
VWDWLVWLFDOO\� VLJQLILFDQW� HIIHFWV� RQ� KHDW� IOX[HV�� VLQFH�
WKHLU� FRUUHVSRQGLQJ� S�YDOXHV� DUH� VPDOOHU� WKDQ� ������
+RZHYHU�� LQ� WKH� FDVH� RI� QHW� UDGLDWLRQ�� RQO\� SODQW�
W\SHV�KDYH�D�VLJQLILFDQW�HIIHFW�ZLWK�D�S�YDOXH�FORVH�WR�
���ZKLOH�WKH�S�YDOXH�RI�VXEVWUDWH�W\SHV�DUH�ODUJHU�WKDQ�
������ 7KLV� LV� SUREDEO\� GXH� WR� WKH� ODUJH� /$,� ������
ZKLFK�LQGLFDWHV�ODUJH�OHDI�DUHD�RYHU�WKH�VXEVWUDWH��DQG�
WKH�OHDYHV�EORFN�WKH�LQWHUDFWLRQ�EHWZHHQ�WKH�VXEVWUDWH��
VN\�DQG�WKH�VXQ��
$129$� DQDO\VHV� RI� KHDW� IOX[HV� DQG� QHW� UDGLDWLRQ�
VKRZ� WKDW� ERWK�S�YDOXHV�RI� WKH� LQWHUDFWLRQ� HIIHFWV� RI�
WKH� WZR� LQGHSHQGHQW� YDULDEOHV� �L�H�� SODQW� W\SHV� DQG�
VXEVWUDWH� W\SHV��DUH� ODUJHU� WKDQ������� VXJJHVWLQJ� WKDW�
WKH� LQWHUDFWLRQ� HIIHFWV� DUH� QRW� VLJQLILFDQW� IRU� HLWKHU�
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UHVSRQVH�YDULDEOH��L�H��KHDW� IOX[HV�DQG�QHW�UDGLDWLRQ���
7R� IXUWKHU� LQYHVWLJDWH� HIIHFWV� RI� VSHFLILF� JUHHQ� URRI�
PDWHULDOV��DQDO\VHV�ZHUH�FRQGXFWHG�IRU�ERWK�UHVSRQVH�
YDULDEOHV�DV�IROORZV��

Effects of green roof materials on heat fluxes 
,Q�WKH�IROORZLQJ�DQDO\VHV��WKH�EDVH�FDVH�FRQVLVWV�RI�D�
JUHHQ� URRI� FRQWDLQLQJ� SODQW� ���� DQG� VXEVWUDWH� ����
ZKLFK� UHSUHVHQWV� D� FRPELQDWLRQ� ZLWK� WKH� KLJKHVW�
DOEHGR� �S. album� DQG� DYRQGDOH� VXEVWUDWH� VKRZQ� LQ�
7DEOH���DQG�����
)LJXUH� �� VKRZV� WKH� FDOFXODWHG� FRQGXFWLYH� KHDW� IOX[�
GLIIHUHQFHV�EHWZHHQ�WKH�EDVH�FDVH��VXEVWUDWH������DQG�
DOO� RWKHU� FDVHV��$OO� VLPXODWHG� JUHHQ� URRI� FDVHV� XVHG�
WKH�VDPH�SODQW� W\SH��SODQW� ������1HJDWLYH�KHDW� IOX[HV�
LQGLFDWH�RXWZDUG�KHDW�IOX[HV�IURP�WKH�EXLOGLQJ��ZKLOH�
SRVLWLYH� YDOXHV� LQGLFDWH� LQZDUG� KHDW� IOX[HV� LQWR� WKH�
EXLOGLQJ� WKURXJK� WKH� URRI� DVVPEOLHV�� )LJXUH� ��
LQFOXGHV� VLPXODWLRQ� UHVXOWV� ZLWKLQ� D� SHULRG� RI� ���
KRXUV�UDWKHU�WKDQ�D�ZHHN�WR�DYRLG�FURZGHG�OLQHV��$V�
VKRZQ�LQ�)LJXUH���� WKH�VLPXODWHG�KHDW�IOX[HV�YDU\�LQ�
DFFRUGDQFH�ZLWK�WKH�FKDQJHV�RI�VRODU�UDGLDWLRQ��4VXQ��
ZLWK�D�WLPH�K\VWHUHVLV��ZKLFK�LV�GXH�WR�DEVRUEHG�VRODU�
UDGLDWLRQ� DQG� KHDW� VWRUDJH�E\� VXEVWUDWHV��6LQFH� VRODU�
UDGLDWLRQ� LV� WKH�PDMRU�KHDW� GULYH�GXULQJ� WKH�GD\�� WKH�
GLIIHUHQFHV� RI� KHDW� IOX[HV� FDXVHG� E\� VXEVWUDWHV� DUH�
VWURQJHU� DQG�PRVWO\� SRVLWLYH��+RZHYHU�� DW� QLJKW� WKH�
GLIIHUHQFHV� GHFUHDVH� WR� QHJDWLYH� YDOXHV�� VXJJHVWLQJ�
WKDW� WKH� GLIIHUHQFHV� RI� KHDW� IOX[HV� DPRQJ� YDULRXV�
VXEVWUDWH� W\SHV� ILUVW� HOLPLQDWH�� WKHQ� EHFRPH� ODUJH�
DJDLQ��
 

 
Figure 3 Comparison of solar radiation (Qsun) and 
simulated heat fluxes with varied substrate types 
during 24 hours in July (all cases use plant (1))��

�

7R� IXUWKHU� LQYHVWLJDWH� ZKLFK� VXEVWUDWH� W\SH� HQDEOHV�
EHWWHU� JUHHQ� URRI� WKHUPDO� SHUIRUPDQFH� GXULQJ� WKH�
ZKROH� VLPXODWLRQ� SHULRG�� )LJXUH� �� FRPSDUHV� KHDW�
IOX[HV� RI� VXEVWUDWH� ���� DQG� ����� 7KHVH� WZR� ZHUH�
VHOHFWHG� VLQFH� )LJXUH� �� VKRZV� WKDW� WKH� ODUJHVW�
GLIIHUHQFH� H[LVWV� EHWZHHQ� WKHVH� WZR� VXEVWUDWH� W\SHV��
7KH� UHVXOWV� VKRZ� WKDW� VXEVWUDWH� ���� KDV� WKH� VPDOOHVW�
KHDW� IOX[HV� GXULQJ� WKH� VLPXODWHG� SHULRG�� DQG� WKH�
ODUJHVW� KHDW� IOX[� GLIIHUHQFH� EHWZHHQ� ���� DQG� ���� LV�
DERXW������DV�VHHQ�LQ�)LJXUH���DQG����

�
Figure 4 Comparison of simulated heat fluxes for 
substrate (1) and (3) during 1 week in July (both 

cases use plant (1)) 
�

)LJXUH� �� VKRZV� VLPXODWHG� KHDW� IOX[� GLIIHUHQFHV� RI�
GLIIHUHQW� SODQW� W\SHV� ZLWK� LGHQWLFDO� VXEVWUDWH� W\SHV�
�VXEVWUDWH�������7KH�UHVXOWV�LQGLFDWH�WKDW�GLIIHUHQFHV�RI�
KHDW� IOX[HV� LQFUHDVH� ZKLOH� WKH� GLIIHUHQFHV� RI� SODQWV¶�
DOEHGR� GHFUHDVH�� SODQW� ���� DQG� ���� KDYH� WKH� ODUJHVW�
GLIIHUHQFHV� RI� KHDW� IOX[HV� DV� WKHUH� LV� WKH� ODUJHVW�
GLIIHUHQFH� EHWZHHQ� WKHLU� DOEHGR� ������ RI� SODQW� ����
FRPSDUHG� WR� ����� RI� SODQW� ������ ZKLOH� KHDW� IOX[�
GLIIHUHQFHV� EHWZHHQ� SODQW� ���� DQG� ���� LV� TXLWH� VPDOO�
ZLWK� PLQLPDO� DOEHGR� GLIIHUHQFH� EHWZHHQ� WKHVH� WZR�
SODQWV� ������ RI� SODQW� ���� FRPSDUHG� WR� ����� RI� SODQW�
������7KH� WLPH�K\VWHUHVLV�EHWZHHQ� WKH� VRODU� UDGLDWLRQ�
DQG� WKH� GLIIHUHQFHV� RI� KHDW� IOX[HV� LV� DOVR� VKRZQ�
GXULQJ� WKH� GD\�� 7KH� GLIIHUHQFHV� RI� KHDW� IOX[HV�
EHFRPH���DW�QLJKW��LQGLFDWLQJ�WKDW�WKH�HIIHFWV�RI�SODQW�
W\SHV�RQ�KHDW�IOX[HV�DUH�QHJOLJLEOH�DW�QLJKW��
 

Figure 5 Comparison of solar radiation (Qsun) and 
simulated heat fluxes through green roof with varied 

plant types during 24 hours in July (all cases use 
substrate (1)) 

 

)LJXUH���VKRZV�VLPXODWHG�KHDW�IOX[HV�RI�SODQW�����DQG�
SODQW������ZKHQ�WKH�KHDW�IOX[HV�DUH�SRVLWLYH��SODQW�����
KDV�WKH�VPDOOHVW�KHDW�IOX[�DQG�WKXV�WKH�EHVW�JUHHQ�URRI�
SHUIRUPDQFH��KRZHYHU��ZKHQ�WKH�KHDW�IOX[HV�EHFRPH�
QHJDWLYH�� SODQW� ���� KDV� WKH� EHVW� JUHHQ� URRI�
SHUIRPDQFH�ZKLOH�SODQW�����KDV�WKH�ZRUVW��7KH�ODUJHVW�
KHDW� IOX[� GLIIHUHQFH� EHWZHHQ� WKH� WZR� FDVHV� LV� DERXW�
����DV�IURP�)LJXUH���DQG����
�
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�
Figure 6 Comparison of simulated heat fluxes for 
plant (1) and (7) during 1 week in July�(both cases 

use substrate (1))�
�

)URP� )LJXUH� �� WR� ��� LW� FDQ� DOVR� EH� FRQFOXGHG� WKDW�
VXEVWUDWH� W\SHV� KDYH� PRUH� VLJQLILFDQW� LQIOXHQFHV� RQ�
KHDW�IOX[HV�WKDQ�WKDW�RI�SODQW�W\SHV��EHFDXVH�WKH�UDQJH�
RI� KHDW� IOX[� GLIIHUHQFHV� VKRZQ� LQ� )LJXUH� �� LV� ODUJHU�
WKDQ�WKDW�LQ�)LJXUH�����

Effects of green roof materials on net radiation 
1HW� UDGLDWLRQ� ZDV� WKH� RWKHU� UHVSRQVH� YDULDEOH� WR�
UHSUHVHQW� WKH� JUHHQ� URRI� SHUIRUPDQFH� LQ� WKLV� SDSHU��
6LQFH� VWDWLVWLFDO� DQDO\VHV� KDYH� SURYHG� WKDW� RQO\� WKH�
SODQW� W\SHV� DUH� VLJQLILFDQWO\� LPSRUWDQW� WR� QHW�
UDGLDWLRQ�� WKH� IROORZLQJ� DQDO\VHV� RQO\� HPSOR\� SODQW�
W\SHV�DV�WKH�YDULDEOH�LQWHUHVWHG��
)LJXUH� �� SUHVHQWV� WKH� VLPXODWHG� QHW� UDGLDWLRQ�
GLIIHUHQFHV� EHWZHHQ� WKH� EDVH� FDVH� DQG� RWKHU� FDVHV��
)URP� WKHVH� UHVXOWV�� RQH� FDQ� FRQFOXGH� WKDW� WKH�
GLIIHUHQFHV�LQ�SODQW�DOEHGR�DUH�SURSRUWLRQDO�WR�WKH�QHW�
UDGLDWLRQ� GLIIHUHQFHV�� 1HW� UDGLDWLRQ� GLIIHUHQFHV�
EHWZHHQ� SODQW� ���� DQG� SODQW� ���� LV� WKH� ODUJHVW� VLQFH�
DOEHGR� GLIIHUHQFH� RI� SODQW� ���� DQG� ���� LV� WKH� ODUJHVW�
DPRQJ�DOO�SODQW� W\SHV��)LJXUH���VKRZV� WKH�VLPXODWHG�
UHVXOWV�RI�SODQW�����DQG������ZKHQ�WKH�QHW�UDGLDWLRQ�LV�
SRVLWLYH��SODQW�����KDV�WKH�ODUJHVW�QHW�UDGLDWLRQ�GXULQJ�
WKH� GD\�� +RZHYHU�� SODQW� W\SHV� PDNH� QHJOLJLEOH�
GLIIHUHQFH� EHWZHHQ� FDVHV� GXULQJ� WKH� QLJKW�� DQG� WKH�
ODUJHVW�QHW�UDGLDWLRQ�GLIIHUHQFH�EHWZHHQ�����DQG�����LV�
DERXW������DV�IURP�)LJXUH���DQG����
�
 

 
Figure 7 Comparison of solar radiation (Qsun) and 

simulated net radiation with varied plant types 
during 24 hours in July (all cases use substrate (1)) 

 

�
Figure 8 Comparison of net radiation for plant 
(1)and (7) during 1 week in July (both cases use 

substrate (1))�
 

&21&/86,21�
7KLV� SDSHU� SUHVHQWV� D� VLPXODWLRQ� VWXG\� RI� GLIIHUHQW�
SODQW� DQG� VXEVWUDWH� W\SHV� FRPPRQO\� XVHG� LQ� JUHHQ�
URRI�DVVHPEOLHV��7KH�DQDO\VHV�RI�YDULDQFH�VKRZ� WKDW�
ERWK� SODQW� DQG� VXEVWUDWH� W\SHV� FRXOG� VLJQLILFDQWO\�
DIIHFW� WKH� WRWDO� KHDW� IOX[HV� WKURXJK� WKH� JUHHQ� URRI��
+RZHYHU�� RQO\� WKH�SODQW� W\SHV� VWDWLVWLFDOO\� LQIOXHQFH�
WKH� VLPXODWHG� QHW� UDGLDWLRQ�� ,Q� DGGLWLRQ�� WKH�
LQWHUDFWLRQ� HIIHFW� RI� SODQW� DQG� VXEVWUDWH� W\SH� LV� QRW�
VLJQLILFDQW�IRU�HLWKHU�UHVSRQVH�YDULDEOH��%\�WDNLQJ�WKH�
FRPELQDWLRQ�RI�SODQW�����DQG�VXEVWUDWH�����DV�WKH�EDVH�
FDVH��WKH�DQDO\VHV�IRFXV�RQ�WKH�FRPSDULVRQV�EHWZHHQ�
WKH� EDVH� FDVH� DQG� RWKHU� FDVHV�� %RWK� WKH� KHDW� IOX[HV�
DQG�QHW�UDGLDWLRQ�FKDQJH�LQ�DFFRUGDQFH�ZLWK�WKH�VRODU�
UDGLDWLRQ�� ZKLOH� WKH� KHDW� IOX[HV� FKDQJH� ZLWK� D� WLPH�
K\VWHUHVLV� GXH� WR� KHDW� VWRUDJH� RI� VXEVWUDWHV�� 7DEOH� ��
SUHVHQWV� WKH� FRPSDULVRQ� UHVXOWV� RI� GLIIHUHQW� JUHHQ�
URRI�DVVHPEOLHV�� DQG� WKH� WKHUPDO�SHUIRUPDQFH�RI� WKH�
EDVH�FDVH�LV�WKH�EHVW�XQGHU�GLIIHUHQW�FRQGLWLRQV���
�

Table 4 
Comparison of green roof materials under different 

Conditions 
PLANT 
TYPE 

SUBSTRATE 
TYPE 

LOWEST 
HEAT FLUX 

LOWEST 
NET 

RADIATION 

9DULHG� ,GHQWLFDO� 3ODQW�����	�
6XEVWUDWH�����

3ODQW�����	�
6XEVWUDWH�����

,GHQWLFDO� 9DULHG� 3ODQW�����	�
6XEVWUDWH�����

1HJOLJLEOH�
GLIIHUHQFH�

EHWZHHQ�FDVHV�
�

,Q�DGGLWLRQ��WKH�DQDO\VHV�VKRZ�WKDW�WKH�VXEVWUDWH�W\SHV�
FRQWULEXWH�PRUH� WR� WKH�GLIIHUHQFHV� RI� VLPXODWHG�KHDW�
IOX[HV�EHWZHHQ�FDVHV��ZKLOH�RQO\�WKH�SODQW�W\SHV�SOD\�
DQ� LPSRUWDQW� UROH� LQ� WKH�GLIIHUHQFHV�RI�VLPXODWHG�QHW�
UDGLDWLRQ��7KLV� ILQGLQJ�KLJKOLJKWV� WKH� VLJQLILFDQFH�RI�
WKHUPDO�VWRUDJH�IRU�VXEVWUDWHV�DQG�VKDGLQJ�IRU�SODQWV�
LQ� WKH�RYHUDOO� WKHUPDO�SHUIRPDQFH�RI�JUHHQ�URRIV�� ,Q�
VXPPDU\��WKH�VHOHFWLRQ�RI�JUHHQ�URRI�PDWHULDOV�FRXOG�
DIIHFW�WKH�JUHHQ�URRI�WKHUPDO�SHUIRUPDQFH�DV�KLJK�DV�
����� +RZHYHU�� PRUH� FRPSUHKHQVLYH� VWXGLHV�
FRQVLGHULQJ� GLIIHUHQW� OHDI� DUHD� LQGH[HV� DQG� SODQW�
VWRPDWDO�UHVLVWDQFHV�DUH�QHHGHG��
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7KH� DXWKRUV� DFNQRZOHGJH� WHFKQLFDO� DVVLVWDQFH� IURP�
3URIHVVRU� 5REHUW� %HUJDKJH� DQG� 5REHUW� &DPHURQ� DW�
WKH�3HQQV\OYDQLD�6WDWH�8QLYHUVLW\��
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(QHUJ\�&RQVHUYDWLRQ�$QDO\VLV�RI�9DULRXV�*UHHQ�
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&{Wp��-��DQG�.RQUDG��-��������$�*HQHUDOL]HG�7KHUPDO�
&RQGXFWLYLW\� 0RGHO� IRU� 6RLOV� DQG� &RQVWUXFWLRQ�
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'HFDJRQ����������.'���3UR�6SHFLILFDWLRQV��
*HWWHU�� .�� /��� 5RZH�� '�� %��� $QGUHVHQ�� -�� $��� DQG�

:LFKPDQ�� ,�� 6�� ������ 6HDVRQDO� +HDW� )OX[�
3URSHUWLHV� RI� DQ� ([WHQVLYH� *UHHQ� 5RRI� LQ� D�
0LGZHVWHUQ�8�6��&OLPDWH��(QHUJ\�DQG�%XLOGLQJV�
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-LP�� &�� <�� DQG� +H�� +�� ������ &RXSOLQJ� +HDW� )OX[�
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(QYLURQPHQWDO� (YDOXDWLRQ� 0RGHO� IRU� 6HOHFWLQJ�
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.XPDU�� 5�� DQG� .DXVKLN�� 6�� &�� ������ 3HUIRUPDQFH�
(YDOXDWLRQ� RI� *UHHQ� 5RRI� DQG� 6KDGLQJ� IRU�
7KHUPDO� 3URWHFWLRQ� RI� %XLOGLQJV�� %XLOGLQJ� DQG�
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1LDFKRX��$���3DSDNRQVWDQWLQRX��.���6DQWDPRXULV��0���
7VDQJUDVVRXOLV�� $��� DQG� 0LKDODNDNRX�� *�� ������
$QDO\VLV� RI� WKH�*UHHQ�5RRI� 7KHUPDO� 3URSHUWLHV�
DQG� ,QYHVWLJDWLRQ� RI� LWV� (QHUJ\� 3HUIRUPDQFH��
(QHUJ\�DQG�%XLOGLQJV�����������������
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$6+5$(�7UDQVDFWLRQV���������������������

7KHRGRVLRX��7��*��������6XPPHU�3HULRG�$QDO\VLV�RI�
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