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Thermal effects of block-scale roof greening and their relationships with urban

geometry
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1 School of Architecture, Nanjing Tech University, Nanjing 211816, China
2 Laboratory of Green Building and Eco—city, Nanjing Tech University, Nanjing 211816, China

Abstract: Many studies reported that green roofs can notably alleviate roof-level surface and air temperatures, cutting
building cooling loads and energy consumption. However, few studies have explored how large-scale roof greening affects the
three-dimensional thermal environment of the urban canopy layer and how green-roof thermal performance correlates with
urban geometry. This research investigated the block-scale green-roof thermal performance and its relationships with urban
geometry factors by applying the three-dimensional microclimate model ENVI-met 4.2 in Nanjing City. Eight study plots with
distinguished urban forms in conjunction with two orientations and three roof greening options generated a total of 48
scenarios for ENVI-met modeling and analysis. Results suggested that block-scale roof greening not only cooled the roof-level
ambient atmosphere, but could ameliorate the ground-level microclimate. At 14;00 during the day, the air temperature

reduction at 1.5 m height above the roof surface could reach 0.64 °C with an average reduction of 0.44 °C. The maximum
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and average air temperature reductions at 1.5 m height above the ground were 0.55 °C and 0.25 °C, respectively. Building
height, height-to-width ratio, and floor area ratio had significant negative correlations with both the roof and ground level
thermal effects. Building density was positively related with roof-level thermal effects, but had no significant correlation with
ground-level thermal effects. Overall, compact low-rise and open low-rise building areas exhibited much higher cooling
effects than compact and open high-rise building areas. Study sites with S-N orientation had better thermal performance than
SW-NE orientated sites. These findings can deepen our understanding of building-vegetation-climate interactions in urban

areas and provide a reference for roof greening practice in humid subtropical cities.

Key Words: green roof; thermal effects; urban geometry; local climate zone

WL S R AR AUE AR, 205 BN A e BAR M A S IR B ) — 2 9l 4 b 1ok
S ) 2R R R AR L v 157 SR B A B RO, AR T A B T (A RGR AR L R I
R NI s AR A B A A 7, Sl T B o 5 A ke, T A T ARBOK B /D kA = TR 58 43 R
Ja T PR B 2 R R 2, A 200k et T 2 A AN A2, 35 IR v A A B 50

Ja T2 A FRAI N = 0 5 3 Dl 2 B 2 0 2 M PR AR S B . A | S RS A ) 2 SR A5 T A
RSSO T T BE , 100 e AT ST PN T ) A e B s 9 v R BE 5 O, A4 B - 3 b oK 23 1Y
7RI RIS A B A IR R CIRLE | G Tt R e 8, i 2 T A B B 5 5 96 e PRy 7 2 2
FLAG 4 ANT5T : (1) A RIS LN S, At S S S REAE A5 IOV HE A A S A 2 3 J T 2 ) Y 22
5, 4R B TS A RON B B2 5 (2) B TR ) 8 W 50 Hig , o 5t AT A0 AR, - 4 5 B PR X A
BOBERASENE O (3) BN B P AR A 2 R - R T A - I R AR A T R R PN
DRI F B VR FHALER 20 5 (4) i B A SURBFER B sl 25 v RUBE A ABABE Y | T 284 s 2 K T AR J TOU 2t A X 3 7 i
VRIS FE LA R A 2 RO A s/ 22

DA S R AR T HE 552 8 T A il A AN [R] M A 0 T A PR L 1 RE RSO , DA TAT A 3ok T A ER 5
ORI, KR BRI A T A S 91 08 2 390 o T TR A0 8 PR ) R I, TG 12 4 T S il i e J 2 =
22 A FRERIE AR LR 0 o Sl TiT RUBE ARSI S A AR N SR R IE R A T SR AL BE AN RESE 73075 i ih T 50
PRI 25 5 S BN RO 25 18] 70 5, JCRE IR AR IR T A5 S5 A0 BSOS ) T RERZ IR 22 THU A 14 A 55 19 A
J T 2 T A BB AR Y s ) AR ST A A M TN (R SR B R ) ) SR i BB 45 (1]
A7 HAT R SRR IE A TT DX I s T A R i R P2 A HE IR 7 22 [l 25 ik 26 ), iU AT T
SRS =2 1) g DR R TR A RO 5

T B AT PR AN RDE S SR RHIE A AL DX, SR /NS T ENVI-met 4.2 , DL A7 7 XU S T
LRALIY = A SOV, A BRI T 25 A e RS A 52 0, U3 R T e AR 5 R T A A 2R Y
PR 205 R T AR o SV A 3l T i DX A SR - R AR B DG 2R S VR FIAILB TR AT, 5 A J=8 T e £ 2 G 4 1
Ei=h i

1 HREXHLR

1.1 EE AR

ML T 31.2—32.3°E, 118.4—119.2°N, J& ¥ HHy Wi i 2 KU, DU 2 3B, 408 AR 2 4F H PR3 RR
28.6°C , 7= H ¥ 32.0°C , A7 XU A Z RN ZAR R XL, P 4 = A b DX 8y oo 3l iy, A5 AN E 824 7
PRI B B K, o R SR 2, S 00 I, KR A 40 AR G2l W 2 R4 BT S 7 B B T S A 0 1 B
0.5°C , fefm ik 6.0C
1.2 WFEFE Xk

S 2% Ry S 553 IXAK & (Local Climate Zone , LCZ) SE£FE X 271 LCZ SR R SR A A LA SR A A

http ; //www.ecologica.cn



19 3 LR AR A KN R TR AR B ST I A S5 Z [ 1 56 2 3

SEONFERMA IR R B FEARYE T H3 i X A ERBE 5 Wi 0 B8 ) EAT 40 DX R 5 250 g BT — R 9 A X3,
(HARZY 1 km) WY HESF S B RSB BRI L K28 I 2R B L R 5 HE S5 IR R 40 10 28 =3
A ARKHET R LCZ1—LCZ10, A58 % B R T4k A @tk S N 2, A0 LCZ7 (R FARJZ 571X ) AN
LCZ10( Tolk ) B3 X)) B Fh 2870 Ak | 28 B 5 S b 7 56 R O T sl P T4 o) i) S B4R b, IR bt — %
(£,

F1 8T LCZ XEMHFE IRERI A RHERNEXSE

Table 1 Spatial and design characteristics and criteria of the 8 local climate zones and associated study sites for simulation

LCZ 257 FHAE FEX TR E TEPR AR FEXFEARIE LCZ 53 25hrif
LCZ Type Characteristics Images of study sites Indicators Site value Standard value
L BH/m 322 >25
N 33.6" 40—
g s ALK IR A R e o "
Compact high-rise Eﬁ (10 BUL) ;L SVF 0.49° 0.2—0.4
??ﬁfﬁ%ﬁ, DIAN 375 7K Hi W g 5
] s FAR 3.29 —
GCR/ % 18.8 —
BH/m 18.1 10—25
1.c72 . BD/ % 35.5° 40—70
FHERIRG AR
2 R X PSF/% 12.3 <20
ifpi{;rﬁﬁns[e BR(3—9 2); LF SVF 0.54 0.3—0.6
%#E%&,LJK@K&E ww 0.95 0.75—2
ﬁ HE FAR 2.03 —
GCR/% 12.7 —
BH/m 6.8 3—10
LCZ3 A T A . BD/% 46.2 40—70
Rl gﬁ'z g f%ﬁ {(tblu—?\g )E@}EEE PSF/% 11.9 <30
Compact low-rise TR, U3 7K My T e o o
PE FAR 1.13 —
GCR/% 12.0 —
BH/m 28.8 >25
LCZ4 . o BD/% 28.6 20—40
MR 2 X ot 'Jﬁfj\ﬁ Hy 7 2= 2 5 PSE/% 30.9 30—40
Open high-rise (0RBLL); HUE SVF 0.59 0.5-0.7
| R, WEKAE H/W 1.21 0.75—1.25
jﬂ' HE FAR 2.67 —
GCR/% 32.6 —
BH/m 14.7 10—25
LCZ5 . BD/% 29.2 20—40
FEu bR EES X H oA H Egﬁ PSE/% 32.3 20—40
Open mid-rise (3—9 J2) ; HL Bl Bl i SVF 0.63 0.5—0.8
¥/ ‘;0‘ y& A, Bk S T H/W 0.72 0.3—0.75
-i HE FAR 1.68 —
GCR/% 33.2 —
BH/m 12.1° 3—10
1.CZ6 BD/% 30.2 20—40
FF UG JZ EE S X FF A3 AT AR B PSF/% 35.3 30—60
Open low-rise (1=3 2); M SVF 0.67 0.6—0.9
iia‘-;ﬁ R, LGE K 3 H/W 0.71 0.3—0.75
LA FAR 1.24 —
GCR/% 35.8 —
BH/m 9.0 3—10
LCZ8 s o 55 Al 0 1 1 BD/% 45.7 30—50
j@ﬁ%ﬁfﬁ& ig%g?f ?g? PSF/% 5.2 <20
large gwjrlsé LT JH B LRk SVF 0.93 >0.7
2~ L H/W 0.33° 0.1—0.3
7, = SemTh & FAR 1.38 —
GCR/% 5.9 —
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LCZ 267 FHIE FEIX T AR A fabnsa Fi FEXHEAR{E LCZ 73 ebrife
LCZ Type Characteristics Images of study sites Indicators Site value Standard value
BH/m 11.8¢ 3—10
LCZ9 BD/ % 16.2 10—20
FREHIX AR PR 358 & 4 A PSF/% 68.5 60—80
Sparsely built R rf N S e B SVF 0.96 >0.8
P a._, SUMERCN £ H/W 0.23 0.1—0.25
[ o FAR 0.64 —
GCR/ % 68.5 —
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ratio;a . ZEUEH 5 SF A A “—" R LCZ 5 2K R b AR HE A5

HET QuickBird TSRS A REAT ML, TR UM XA Ry JLADEZS ST TR ik {3
i AL 2554 LCZ SR E SCHIRARH, 4% T 8 A S RUAE DXCHEAT BRSO AL, (P 1), SR AreGIS
10.2 X HIBR RIS THEIR (£ 1) .

H T

1 6 12km

1 8 M HARERMZES T
Fig.1 Location and spatial distribution of the 8 study plots
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Table 2 Bio-physical parameters of the three user-customized plant species in the model areas

. . . . I T AR B
b s SR T R R . -
N . . . o Leaf area density/
Species Height/m Canopy width/m Trunk height/m Reflectivity ) 3

(m*/m’)

Pt Cinnamomum camphora 8.0 5.0 2.0 0.2 2.0
FEAE Osmanthus fragrans 4.0 5.0 1.0 0.2 2.0
B Grass 0.5 — — 0.2 0.3

" SRRV R 35 8
2.3 MMEASR
ENVI-met 4.2 B0 525 R WFFE XU R XGHE  AC FH 8 S5 928 Pk 3 A B AN ) TR 2 ) - el 1 B2 45
R 390 TR ) T2 A SR RIR R

% 3 ENVI-met 4.2 RGNS H K BE

Table 3 Input parameters for ENVI-met simulation

i AZ%L Input parameters HUH Value

R 11 B i) Modeling duration 2016.07.31—08.01 (FEA48L 48 h, BUF 24 h BBEE ST 504T)
K PFHAE S} Solar radiation/ ( W/m?) TR X254 DL M= A sh Al

KA Air temperature/°C FI Bl G S AR 24 H B RS

AHXHEE Relative humidity/ % EEa® S IE R GE E R DN w1

KU (10 m 4&) Wind speed at 10m height/ (m/s) 3CAT [ BTG LI 4 b TP 35 R A (F A5 3 )

AU Wind direction/® 90 (3 3 T b T A S BTS2 B H 5 KU )

ZiAt Cloudiness/octas Rz 1P a LS LR i SR 50 )

H IR IE Soil wetness/% )2 50,712 60, T2 60(BRIUHIHARTE )

IR Soil initial temperature/°C 2 20 H1)Z 20 )2 20 (BEAIRI LG ME)

2.4 BIRIEGUE

TR T B AU T AR T A4 56 7R [ P B 35 MU Pl IX (ZDICP ) JF B A Sl 15 R ik, ZDICP 7 LCZ 3
KRR TR TIECD)Z RS (LCZS) , KN 10 FRIp A8, 4 FRes L5t 72 S8R sk, A3 6
MroR ] 2y RAGR AL S T (1 2) o FEREIX PN &R S 0 T 27 7 2 A 15 8 U= R o 6 A, G046 52 5 B & A = Tt
(R1) [fi 5 BRI R2) JKTHI(G1) FZEHBTE (G2) WIAR(G3) MR 375 (G4) o EEA Mol o 22 2 R
JEIL AL (HOBO U23) 5 KU KU 2 5 ( Kestrel NK 5500) , il 5105 1.5 m =& Ab KAHE AHXREE K
PR S . FEREIX XU T R AL 22235 F 3 420k (HOBO U30) |, #R B BHER 5T R IRIEEE XU | 3R
VB R S SRR BT B A o RG] AT S TBD B R 1 min/ AR, AR SR i S RIBE R 15 min/IK
TIN5 H 8 A 0 si 1 W0 A JR S A R AR B AR T AR Sef i v B A AR A R A R Y i A

T AL B 8] A 2016 4E 8 A 1 H 0:00 BFZ 2 H 1200 B3 36 h, BURT 24 h 59 K I3 WL 5 55 455401
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{EXTHE A4 7 M 1% 22 ( Root mean square error, RMSE ) IAS B AR fUURE BE (1] 2) . 45 R R, AKX (6:00—
14 ; 00 ) A5 L8738 v T~ S I A, 1707 13 Fof BB PP 8 W) 5 BE A v, 6 A Ml 42 K ) RMSE 78 0.33—0.71°C
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Fig.2 Monitoring spots and measuring equipment for validation of ENVI-met 4.2
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Fig.4 Horizontal distribution of air temperature reduction at 1.5 m height above the ground at 14:00
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Table 4 Correlation between green-roof thermal performance and urban geometry factors

PN FEHR Thermal-effect indicators BH BD SVF H/W FAR GCR
J2 TR TR R -0.801 ** 0.528* 0.373 -0.603 * -0.624** -0.309

Air temperature reduction at 1.5 m height

0.000 0.035 0.155 0.013 0.010 0.243
above the roof
b T Ve T B -0.850 " 0.470 0.254 -0.598 -0.687 ** -0.230
Air tempe > reducti 1. heigh
1r temperature reduction at 5 m height 0.000 0.066 0.343 0.014 0.003 0.391

above the ground
sk FoREE K P<0.01, * Frm B EKF 0.01<P<0.05; BH. 55 & , Building height; BD ; #5% % , Building density ; SVF; K25 fil38 R
%, Sky view factor; H/W = Height-to-width ratio; FAR . 2T Floor area ratio; GCR ; Z¢L 7 35 % , Green coverage ratio
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Table 5 Ranking of green-roof thermal performance of the 8 study sites (local climate zones)

PN FE IR 14 .00 IR IR 58 B HEF Ranking of air temperature reduction at 14:00 h/°C

Thermal effect indicators 1 2 3 4 5 6 7 8

J& T Fg-dt LCZ8 LCZ3 LCZ6 LCZ5 LCZ2 LCZ9 LCZ4 LCZ1
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PYR-ZRAb LCZ8 LCZ3 LCZ6 LCZ5 LCZ2 LCZ9 LCZ4 LCZ1
SW-NE (0.44) (0.34) (0.33) (0.29) (0.26) (0.20) (0.11) (0.09)

Hb A g -k LCZ6 LCZ3 LCZ8 LCZ5 LCZ2 LCZ9 LCZ4 LCZ1

Ground S-N (0.22) (0.21) (0.19) (0.16) (0.15) (0.12) (0.07) (0.06)
VYR -ARAb LCZ6 LCZ3 LCZ5 LCZ2 LCZ8 LCZ9 LCZ4 LCZ1
SW-NE (0.25) (0.24) (0.22) (0.21) (0.21) (0.15) (0.10) (0.08)
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