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ABSTRACT

Recently, analyzing the thermal environment of cities using computer
simulations is starting in the world. The research aims are to analyze the
thermal environment of the people in apartments among urban housing types
in Korea and to find a landscaping plan and design method to create a
pleasant environment. At first, we measured micro-climatic data (air
temperature, relative humidity, wind speed, solar and terrestrial radiation in
apartments located in Magok—dong, Seoul, and compared them with computer
simulation results. The results showed the biggest difference in mean radiant
temperature and the human energy balance model PET among comparison
factors, and the lowest difference in mean radiant temperature in the open
space and the playground. After finding the correction method, a total of 10
additional scenarios were created based on the design drawings of apartment
planning sites located in Goduck-dong, Gangdong-gu, Seoul and simulated
them for 24 hours. Scenarios 2 and 3 (S.2, 3) reduced and eliminated the
green areas, and scenario 4 (S.4) applied to multi-layered plants in the
apartment complex, scenario 5 (S.5) applied to cool roof on the buildings,
scenario 6 (S.6) applied to cool pavement on the road and sidewalk, scenario
7 (S.7) replaced the existing gardens with rainwater gardens, and scenario 8
(S.8) applied to rooftop garden on the buildings. Scenario 9 (S.9) applied to a
vertical garden on the building walls, scenario 10 (S.10) altered the apartment
form from a flat to a tower, and scenario 4_final (S.4_final) applied to all
elements S4, 5 6, 7, 8 and 9. Comparing the criteria scenario 1 (S.1) with
the remaining 10 scenarios, there were a little differences in air temperature,
relative humidity, and wind speed. A comparison of the hottest 15:00 mean
radiant temperature results showed the best thermal reduction effect for

scenario 4 (S.4) (mean 51.6°C) using multi-layer plants in the complex. S.6, 8,

_IV_



and 10 showed slightly mean radiant temperature reduction. However, each of
the S5 and 9 increased mean 058 and 0.5°C. Additionally, S.2 and 3 showed
the highest thermal environment above mean 56°C. In the comparison of the
human energy balance model PET, S.4 showed a mean reduction of 1.1°C
(mean 39.3°C). S.7 changed to rainwater gardens and S.4_final applied to all
landscape elements, showed the second highest PET reduction with mean
0.8°C (mean 39.6°C). However, the S5 and 9 increased mean of PET 0.2°C
(mean 40.6°C), and S.2 and 3 showed the highest thermal environment with
mean of PET 41°C or higher.

Therefore, the method of planting trees was found to have a great effect
on heat reduction. Also, it is an effective way of a rainwater garden, a green
roof, and a vertical garden. A Cool roof and a cool pavement with high

reflectivity would create a more pleasant environment if applied to the

building roof.
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Figure 1. Study sites for micro-climatic data measurement in the Magok



Table 1. Instruments for micro-climatic data measurement

Instruments

Data Name Accuracy Manufacture
Radiation CNM Net < 1% (-40-80 C) Kipp & Zonen Inc.
Radiometer
. . - Air temp.: 0.3 T (-80-60 )
Air temp. and Relative HMPI55A - Relative humidity: 2 % (0-90 %)

hurnidity 3 % (90-100 %)

- Wind speed: 01 ms™ (< 101 ms™)
+11 % (> 101 ms?)

- Wind direction: + 4°

Data storage (Datalogger) CR1000 0,06 % (0-40 )

Campbell Scientific
Met one 034B-L Inc.

Wind speed and direction Windset

2. HFAT R IYFAAT AFH ABAoE 2

TAle] d3A S WS G R 2AE] sl A AAH R Fol AMEEta
A+ ENVI-met 4. 3. 1 Winterl718 versions ©]-&3F . vF=A 5 ENVI-met
area input fileZ} configuration file=> v}l e] 6% olFHEE FHo=Z WM&

A} (Figure 2). Model domaine XxYxZHske] A 375 3mx3mxIm= =

A A A S 750m=x660mx10om= WHERAL, AlEHeld e s dLdstA s

.

98] Nesting area 55 F7}3dth. ENVI-met 4.0 version FE+ simple forcing
NS Sl AT 7123 AdEFEE 498 T 5 Qo oJFH (2018 7€ 18
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http://www.weather.go.kr/weather/climate/avetage_
30years.jspoll A Frarstgd o, F3A8E  http://datakma.go.kr/data/grndel A
ZFa1 3t (Table 3).

Start Simulation at Day (DD_MM.YYYY): =18.07.201%
Start Simulation at Time (HH:MM:SS):- =05:00:00
Total Simalation Time in Hours: =24

Wind Speed in 10 m ab. Ground [m/s] =0.1

Wind Direction (0:N__S0:E__180:§5. _2T70:W._.) =215.2
Roughness Length =0 at Reference Point [m] =0.0L
Initial Temperature Rtmosphere [K] =200.380
Specific Humidity im 2500 m [g Water/kg air]l =7.0
Relative Humidity in 2m [%] =89

(d) a configuration file

) 2D area file (c) 3D area file
Figure 2. Area input files and a configuration file for ENVI-met computer simulation in the
Magok area: (a) aerial photograph, (b) 2D area file, (¢) 3D area file and (d) a

configuration file



Table 2. Simple forcing data for ENVI-met configuration files in the Magok area from

measured micro-climatic data and two weather station data

Summer (July 18)

Time Air temperature Relative humidity Wind speed
(C) (%) (ms™)
. 01

50 226 890 (wind direction: 215.2)
6:00 229 90.0

7:00 232 89.0

8:00 249 87.0

9:00 271 746

10:00 282 633

11:00 29.0 65.0

12:00 29.7 624

13:00 30.9 53.0

14:00 317 532

15:00 32.0 50.8

16:00 317 52.2

17:00 313 55.6

18:00 30.7 57.3

19:00 29.6 60.0

20:00 282 70.0

21:00 271 75.0

22:00 26.1 81.0

23:00 2.7 83.0

0:00 24.7 84.0

1:00 25.0 86.0

2:00 244 87.0

3:00 232 83.0

4:00 22.6 89.0




Figure 3. The Goduck-gangil area master plan from the Seoul housing and communities

corporation

Stact Simulstion st Day (DDOMM.YYYY): =15.08.2017
Start Similation at Time (HH:MM:85): =05:00:00
Time i =24

=2.1
=225
Roughness Lengsh z0 at Reference Point [m]  =0.01
Initial Temperature Atmosphere [K] =255.350
Specific Humidity in 2500 m [g Water/kg air] =7.0
Relative Humidity in 2m [%] =3¢

(d) a configuration file

(a) the master plan from SH corporation

(c) 3D area file

(b) 2D area file

Figure 4. Area input files and a configuration file for ENVI-met computer simulation in the
Goduck-gangil area: (a) the master plan from the Seoul housing and communities

corporation, (b) 2D area file, (¢) 3D area file and (d) a configuration file



Table 3. Simple forcing data for ENVI-met configuration files in the Goduck-gangil area

from Seoul weather station data

Summer (Aug. 18, 2017)

_ Air Relative humidity Wind speed
Time temperature 1
. (%) (ms™)
(C)
21

50 2k 8 (wind direction: 225)
6:00 239 86

7:00 240 85

8:00 244 85

9:00 26 82

10:00 %2 79

11:00 26 70

12:00 273 66

13:00 285 60

14:00 284 66

15:00 294 62

16:00 300 59

17:00 305 57

18:00 293 62

19:00 284 60

20:00 273 68

21:00 23 77

22:00 254 83

23:00 %2 83

0:00 29 84

1:00 2%3 87

2:00 240 87

3:00 236 86

4:00 234 85
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T 2wA o oltE WA g FAOR UE
o]z ENVI-met area input fileo] Yeld 22 THAHAAES 23817 98] Adobe
Photoshop CC 2018% AF&3ttHTable 5). 712 S.1 ZTAAEE AAE o]

358%, ShABESL FAET} 93%% PR WAL AAsn ATk FEA
A 71E S1 AdEledA 10258m? S4olAE S1Et 450m* F7HE
10708m*% AA ST A4 T4 200m Eole ), Im ol B thrd
wolo] mEow FAHC vk TZAREC i delHuels 9 a9l

B &AL 4 A HEALS-(albedo) T Al FE-AFo| A WAL & (emissivity)oll o gk =;

2 A2A8E Fuste] F438H% tHTable 6).



Table 4. Computer simulation scenarios for the Goduck-gangil area

Scenario

Basic Design of Apartment Complex.
- Application of Site Layout in Apartment Complex.

( Criiria) - Application of the planning technique applied to the design of the complex.
Application of basic plan for green fields within the complex (existing apartment plant area + general green
area pattern) and outside of the complex (buffer green area + link green).
S2 Without default greenfield planning in S.1.
S3 Not applied to basic and external green areas (buffer green + link green) plan in S.1.
The road side and the outside of the complex are changed to conifer trees, and the green space within the
complex is changed to a multilayered plant pattern.
4 -In the link green area (outside of northeast), the broadleaf trees (8m width and 6m height) are planted
(M ultiilayere (3304m’, 6.4% of the total site area, and about 401 trees). . ‘
d planting) -In thelbuffer green area (gut31de of southeast), the needle leaf trees (4m width and 6m height) are planted
(2.908m? 5.6% of the total site area, and about 444).
-In the complex area, multi-layered plants are planted (4979m? 9.6% of the total site area, and about 582
trees).
S5 Cool roof is installed on all roofs of the buildings inside the complex (including apartments, all buildings with
( Coollroof) weak .roo1.‘ structure, etc.). N 3
* Application of cool roof albedo to 0.65 (based on "Support for Building Energy Efficiency” albedo).
S6 Apply the heat exchanging paint to all roads and sidewalks in the complex, and cork for playground flooring in
(Cool the complex.
pavement) * Application of albedo (0.35) and emissivity (0.575) of heat exchanging paint.
ST Alteration of the existing garden into rainwater garden in the complex, and plant trees considering the sun's
(Rainwater elevation and azimuth angles near the playground (three trees of 11lm width and 18m height are planted near
garden) the playground).
S8
(Rooftop Apply rooftop garden to all building roofs in the complex.
garden)
S9
(Vertical Apply a vertical garden to building walls (vertical garden of size 20x10m?).
garden)
S.10

(Tower type)

Alter the apartment form from a flat to a tower (concrete floor area including buildings is reduced 930m?).

S4_ final

-The road side and the outside of the complex are changed to conifer trees, and the

Green area green space within the complex is changed to a multi-layered plant pattern.

-Apply cool roof to the half of roofs area (2,615m?).

Apartment roof ) ) oftop garden fo the other half of roofs area (2615m),

Facility roof -Apply cool roof to the facility roofs.

-Apply the heat exchanging paint to the pervious pavement (8,063m?).

Road / Sidevialk * Application of albedo (0.35) and emissivity (0.575) of heat exchanger paint.

Playground - Alteration of the playground flooring into cork (344m?).

Garden - Alteration of the existing garden into the rainwater garden (678my).

Modification of

. -Plant three trees considering the sun’s elevation and azimuth angles near the playground.
tree height

-Apply vertical garden to building walls (each size of a building, 20x10m’: total,

Apartment wall 1600rD).

_‘IO_



Table 5. Surface types in ENVI-met area input files for the Goduck-gangil area

Type Area (m?’) Percentage (%)
Vegetation
- S1: 10684m’ (20.6%)
. - S4: 11,207m’ (21.6%)
- . .
Soll 18,562 o8 - 870 11092m” (21.4%)
- S9 (vertical garden):
8x20x10m*=1,600m’ (3.1%)
Pedestrian street inside the apartment 6245 120
area
- S8 (Green roof): 5229m* (101%)
-
Concrete 13326 o - S10: 12:39%6m” (23.9%)
Inside the apartment area:
Asphalt 12.236 236 18187 (35%)
Pedestrian street outside the apartment 682 13
area
- S.7: inside the apartment area
.
Water 261 05 678m’ (13%)
Polyurethane 344 0.7
Wood plank 228 04
Total 51,884 100.0

Table 6. Albedos and emissivities of surface materials

Materials Albedo Emissivity
Asphalt 0.08 097
Concrete 0.18 0.96
Pervious pavement 018 0.9
Polyurethane 0.112 0.99
Cool pavement 0.35 0.575
Cork court 0.17 0.79

_’I’I_
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Figure 5. Micro—climatic factors of the Magok area in summer
Table 7. The levels of physiological equivalent temperature (PET) and universal thermal
climate index (UTCI)

Thermal perception PET () UTCI (C) Grade of physiological stress
very cold D > =40 extreme cold stress
=40 ~ -27 very strong cold stress
cold 4 ~38 =21 ~ -13 strong cold stress
cool 8~ 13 -13~0 moderate heat stress
Slightly cool 13 ~ 18 0~9 Slight cold stress
neutral 18 ~ 23 9~ 26 no thermal stress
slightly warm 23 ~ 29 slight heat stress
warm 29 ~3H 26 ~ 32 moderate heat stress
hot 35~ 41 332~ 38 strong heat stress
38 ~ 46 very strong heat stress
very hot >4 il &
> 46 extreme heat stress
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o7 Ags FATH

T, new=T,_0ld-0.0045-t*+0.0647-t*+0.8051 -t-9.2086 (Eq. 1)
RH_new=RH_old+0.0089-t*+0.1486-t*~9.2321 -t+68.125 (Eq. 2)
U_new=U_old-0.0025-t*+0.1059-t°~1.4056-t+6.812 (Eq. 3)
Tore_new=Tn_old+1.107-(0.1035-t*-4.3537-t*+58.816-t-254.51)+4.173-SVF-3.12
2 (Eq. 4)
el AeA, T, RH, U, Tye= ZH7 712, Bulss, 35, d5ASES

et te NS, SVFE A AASE mat),

Table 8 The mean difference between measured micro—climatic data and ENVI-met
simulation results. T, RH, U and T, mean air temperature, relative humidity, wind

speed and mean radiant temperature, respectively

Difference = Micro-climatic data - ENVI-met_ results

Location Season T, (C) RH (%) U (ms?) Tt (T) PET (C)
Playground ~ B B
(polywrethane) Summer 18 3.6 0.3 0.3 4.9
Ground(grass) Summer 12 28 11 -16 -71
A tree-lined-road Summer 1.2 2.7 09 52 2.7
APT-center Summer 1.3 -38 11 115 1.0

Table 9. Correction values of micro—climatic factors by times

Time T, (T) RH (%) U (ms")
9 0.00 36 0.67
10 0.81 -04 1.22
1 149 -36 1.29
12 1.99 -59 042
13 2.31 -12 0.84
14 2.40 =76 147
15 224 -6.9 1.04
16 1.80 -5.1 158
17 1.07 2.1 1.00
18 0.00 2.0 1.38
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Wind speed (ms") Relative humidty (%) Airtemperature (°C)

Mean radiant temperature ("C)

PET ("C)
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Figure 6. Linear regression analysis between times and differences of measured

micro—climatic data and ENVI-met results
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Table 10. Mean values of air temperature, relative humidity, wind speed, mean radiant temperature and PET of scenarios

Air temperature (C)

ScenarioTlme 6 7 8 9 0 | 1|12 | 13 4| 15|16 | 17| 18|19 |2 | al| 2| B 0 1 2 3 4
Sl 240 | 241 | 247 | 255 | 274 | 292 | 305 | 316 | 321 | 324 | 322 | 315 | 207 | 286 | 278 | 270 | 263 | 259 | 256 | 251 | 248 | 245 | 242
S2 240 | 241 | 247 | 255 | 273 | 291 | 304 | 316 | 321 | 323 | 322 | 315 [ 207 | 86 | 278 | 270 | 63 | 29 | 256 | m2 | us | 25 | u2
S3 240 | 241 | 247 | 255 | 273 | 291 | 304 | 315 | 321 | 324 | 322 | 315 [ 207 | 87 | 28 | 270 | 263 | 29 | 256 | 52 | 48 | u5 | u2
S4 239 | 240 | 246 | 254 | 273 | 291 | 304 | 316 | 321 | 323 | 321 | 314 | 205 | 285 | 276 | 268 | 261 | 57 | 254 | 250 | 7 | 23 | 21
S5 239 | 240 | 246 | 255 | 273 | 202 | 305 | 316 | 321 | 324 | 322 | 314 | 206 | 285 | 277 | 268 | 261 | 257 | 254 | 250 | 26 | 243 | 241
S6 29 | 240 | 246 | 253 | 270 | 288 | 301 | 312 | 317 | 320 | 319 | 312 | 204 | 283 | 275 | 267 | 260 | 57 | 254 | 249 | 26 | 243 | 240
S7 239 | 240 | 246 | 254 | 273 | 291 | 305 | 316 | 321 | 324 | 322 | 314 | 205 | 85 | 276 | 268 | 61 | 257 | 254 | 250 | 47 | 23 | 20
S8 239 | 240 | 246 | 254 | 273 | 291 | 305 | 316 | 321 | 323 | 322 | 314 | 205 | 285 | 276 | 268 | 261 | 257 | 254 | 250 | 27 | 23 | a1
S9 239 | 240 | 246 | 255 | 274 | 202 | 305 | 316 | 321 | 324 | 322 [ 314 [ 206 | 285 | 277 | 8 | %1 | 57 | 54 | 50 | 26 | 243 | 241
S10 29 | 240 | 246 | 254 | 273 | 291 | 305 | 316 | 321 | 323 | 321 | 314 | 205 | 85 | 276 | 268 | 261 | %57 | 254 | 249 | u6 | 23 | 20

Sd_final | 240 | 241 | 248 | 256 | 275 | 203 | 306 | 318 | 323 | 325 | 323 | 316 | 207 | 27 [ 279 | 271 | 264 | 260 | 257 | 53 | 29 | 26 | 23
Relative humidity (%)

ScenarioTlme 6 7 8 9 0 | 1|12 | 13 4| 15| 6 | 17|19 | 2 | al| 2| B 0 1 2 3 4
Sl 802 | 796 | 786 | 786 | 706 | 607 | 538 | 483 | 486 | 479 | 481 | 505 | 573 | 561 | 605 | 662 | 707 | 720 | 731 | 751 | 758 | 756 | 752
S2 800 | 794 | 784 | 5 | 05 | 607 | 538 | 484 | 487 | 480 | 481 | 503 | 571 | 560 | 603 | 661 | 705 | 718 | 730 | 79 | w6 | 54 | w1
S3 799 | 793 | 783 | 784 | 705 | 606 | 536 | 481 | 484 | 477 | 478 | 502 | 569 | 559 | 603 | 660 | 704 | 707 | 729 | 48 | 5 | %3 | 750
S4 805 | 800 | 790 | 791 | 710 | 609 | 539 | 484 | 488 | 483 | 486 | 500 | 579 | 566 | 611 | 669 | 714 | 727 | w8 | 57 | w4 | w1 | 58
S5 805 | 800 | 790 | 790 | 708 | 608 | 539 | 484 | 487 | 481 | 483 | 507 | 576 | 564 | 610 | 669 | 714 | 727 | 738 | 8 | 764 | 762 | 759
S6 804 | 799 | 792 | 800 | 727 | 630 | 561 | 503 | 505 | 496 | 495 | 516 | 583 | 571 | 615 | 672 | 716 | 729 | 739 | m9 | %65 | 763 | 764
S7 806 | 801 | 791 | 792 | 711 | 610 | 541 | 485 | 489 | 483 | 485 | 509 | 578 | 566 | 612 | 672 | 716 | 728 | 738 | 758 | 74 | 1 | 763
S8 807 | 801 | 791 | 791 | 710 | 609 | 539 | 484 | 488 | 482 | 484 | 508 | 577 | 565 | 610 | 668 | 713 | 725 | 736 | 6 | 762 | 760 | 757
S9 805 | 800 | 789 | 789 | 708 | 607 | 538 | 483 | 487 | 481 | 483 | 507 | 576 | 564 | 610 | 669 | 714 | 727 | 738 | w8 | w64 | %2 | 759
S10 806 | 801 | 791 | 791 | 7L1 | 610 | 541 | 486 | 490 | 484 | 486 | 509 | 578 | 566 | 612 | 671 | 716 | 729 | 740 | 760 | 766 | 764 | 760

S4_final | 805 | 797 | 786 | 785 | 704 | 604 | 535 | 481 | 485 | 479 | 482 | 507 | 574 | 559 | 603 | 661 | 705 | 718 | 729 | 19 | 55 | 53 | 50




Wind speed (ms™)

ScenarioTlme 6 7 8 9 0 | 1|12 | 13 4| 15| 6 | 17| 18|19 |2 | al| 2| B 0 1 2 3 4
Sl w0 |17 22 22 ] 14 18] 24 19 25 [ 1922090808 ] 08/ 08] 08| 08| 08 | 08 | 08
S2 1w || |23 | 23 14| 18] 24 |20 | 25 | 19 23] 09 ] 09| 09| 09| 09 ] 09| 09| 09| 09 | 09
S3 ol w23 | 23 15| w925 | 20 | 26 | 20| 23] 09 ] 09| 09| 09| 09 ] 09| 09| 09| 09 | 09
sS4 0 | w0 || w6 |22 22 ] 1317 ] 23] 19 24| 18|20 [ 08] 08|08 ] 08| 08/ 08| 08| 08| 08| 08
S5 ol w722 23] 14| 18] 24| 1925 19 2209 09| 09| 09| 09 ] 09| 09| 09| 09 | 09
S6 11w o | w7 |22 |22 14| 18] 24 1925 | 192209 09| 09| 09| 09 ] 09| 09| 09| 09 | 09
S7 10 | 10| 0| 16| 2222 ] 13 18] 242 |2 | 19725 0909 |09 | 09 ] 09/ 09| 09| 09| 09 | 08
S8 09 [ 09 [ 09 | 15 | 2t [ 21 | 12 ] 16 |23 | 18| 24 ] 18] 21| 08 ] 08 | 08| 08| 08| 08| 08 | 08 | 08 | 08
S9 10 | 10| 10| 17 | 22 ] 23| 14| 18| 24| 19 |25 | 19|22 ] 09|09 |09 | 09| 09 ] 09 | 09| 09 | 09 | 09
S10 ol w22 23 ] 1a | 1824 [ 20 |25 1o 23 ] 09 [ 0909 [ 09| 09 09 | 09 | 09 | 09 | 09

Sd finl | 10 | 10 | w0 ] 16 | 22 | 22| 3] 17| 23| 19| 24 182208 08|08 | 08| 08| 08| 08| 08| 08| 08
Mean radiant temperature (C)

ScemoTlme 6 7 8 9 0 | 1|12 | 13 4| 15| w6 | 17| 18|19 | 2 | al| 2| B 0 1 2 3 4
Sl 152 | 201 | 323 | 378 | 481 | 537 | 555 | 561 | 565 | 544 | 497 | 430 | 330 | 234 | 219 | 208 | 199 | 193 | 188 | 183 | 178 | 174 | 171
S2 147 | 204 | 333 | 391 | 494 | 549 | 567 | 575 | 581 | 561 | 515 | 450 | 348 | 232 | 216 | 205 | 195 | 189 | 184 | 179 | 174 | 170 | 166
S3 143 | 231 | 36 | 404 | 504 | 559 | 578 | 586 | 592 | 572 | 525 | 458 | 354 | 231 | 215 | 203 | 192 | 186 | 182 | 176 | 171 | 167 | 163
sS4 155 | 188 | 295 | 347 | 459 | 518 | 534 | 538 | 539 | 516 | 470 | 407 | 311 | 231 | 217 | 206 | 197 | 192 | 187 | 182 | 178 | 174 | 170
S5 149 | 198 | 331 | 387 | 493 | 545 | 560 | 566 | 569 | 550 | 502 | 432 | 331 | 29 | 213 | 202 | 192 | 186 | 182 | 176 | 172 | 167 | 163
S6 149 | 198 | 320 | 375 | 477 | 531 | 549 | 555 | 559 | 539 | 491 | 424 | 323 | 225 | 210 | 199 | 190 | 185 | 180 | 175 | 171 | 167 | 163
S7 152 | 196 | 313 | 366 | 470 | 523 | 539 | 543 | 546 | 525 | 483 | 416 | 322 | 29 | 214 | 203 | 194 | 188 | 184 | 179 | 174 | 170 | 166
S8 150 | 199 | 317 | 371 | 472 | 527 | 545 | 553 | 557 | 535 | 488 | 423 | 323 | 228 | 213 | 202 | 192 | 187 | 182 | 177 | 173 | 168 | 165
S9 149 | 198 | 330 | 386 | 492 | 545 | 560 | 566 | 567 | 549 | 501 | 431 | 330 | 229 | 214 | 202 | 192 | 187 | 182 | 177 | 172 | 168 | 164
S.10 152 | 201 | 329 | 382 | 495 | 552 | 564 | 563 | 556 | 535 | 486 | 417 | 319 | 225 | 211 | 200 | 190 | 185 | 181 | 176 | 172 | 167 | 164

Sd_final | 160 | 192 | 302 | 354 | 468 | 524 | 539 | 542 | 540 | 519 | 474 | 08 | 316 | 27 | 23 | 212 [ 203 | 198 | 194 | 189 | 184 | 180 | 177
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PET (T)

ScenarioTlme 6 7 8 9 0 | 1|12 | 13| | 15|16 | 17| 18|19 |2 |al| 2| s 0 1 2 3 4
Sl 187 | 204 | 258 | 281 | 330 | 368 | 403 | 406 | 404 | 404 | 379 | 353 | 294 | 250 | 238 | 229 | 221 | 216 | 212 | 207 | 204 | 200 | 197
S2 185 | 205 | 260 | 285 | 334 | 370 | 07 | 410 | 408 | 400 | 385 | 360 | 300 | 248 | 236 | 27 | 209 | 214 | 200 | 205 | 202 | 198 | 195
S3 185 | 213 | 271 | 290 | 337 | 375 | 411 | 415 | 43 | 414 | 389 | 363 | 303 | 248 | 236 | 26 | 28 | 203 | 209 | 204 | 200 | 196 | 193
sS4 188 | 200 | 245 | 268 | 321 | 360 | 304 | 307 | 303 | 303 | %8 | 343 | 286 | 248 | 236 | 27 | 209 | 205 | 201 | 206 | 202 | 199 | 196
S5 186 | 202 | 260 | 284 | 334 | 371 | 405 | 408 | 405 | 406 | 380 | 32 | 294 | 246 | 234 | 25 | 27 | 212 | 209 | 204 | 200 | 196 | 193
S6 186 | 203 | 256 | 278 | 326 | 362 | 307 | 400 | 308 | 309 | 374 [ 347 | 289 | 244 | 233 | 24 | 206 | 212 | 208 | 203 | 199 | 195 | 192
S7 187 | 203 | 254 | 277 | 325 | 362 | 306 | 309 | 306 | 306 | 373 | 346 | 290 | 246 | 234 | 25 | 207 | 23 | 209 [ 205 | 201 | 197 | 194
S8 187 | 205 | 57 | 280 | 328 | 365 | 401 | 405 | 402 | 401 | 376 | 350 | 290 | 248 | 236 | 27 | 28 | 214 | 210 [ 205 | 201 | 197 | 194
S9 186 | 202 | 260 | 284 | 334 | 371 | 06 | 408 | 405 | 406 | 380 | w2 | 293 | 247 | 235 | 25 | 27 | 23 | 209 | 204 | 200 | 196 | 193
S10 186 | 202 | 257 | 282 | 334 | 373 | 406 | 406 | 309 | 309 | 373 | 346 | 289 | 243 | 232 | 23 | 25 | 2u1 | 207 | 202 | 199 | 195 | 192

Sd_final | 190 | 201 | 248 | 273 | 326 | 364 | 208 | 400 | 396 | 396 | 372 | 345 | 200 | 22 | 20 | 21 | 23 | 219 | 25 | 210 | 207 | 203 | 200
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Table 11. The ENVI-met results of pervious surface, cool pavement (SD means standard

deviation)
S1 S6
Time (%) ﬁ/i U (ms™) | Tue (C) | PET (C) (%) (i/i U (ms™) | T (C) | PET (C)
6 241 789 08 154 190 241 79.1 08 151 188
7 242 785 08 173 196 241 788 08 169 195
8 247 777 08 236 22 246 782 08 232 220
9 254 784 14 249 231 252 795 14 24.4 28
10 271 707 20 35 275 269 727 20 339 271
11 290 609 20 64.3 413 286 638 20 638 406
12 303 540 11 634 444 2938 570 11 6238 437
13 314 487 15 63.0 440 309 513 15 624 432
14 319 488 22 637 433 314 513 2.2 63.1 427
15 322 483 17 639 46 318 50.3 17 634 440
16 320 486 2.3 3.7 32.1 316 503 2.3 340 315
17 313 508 17 573 409 309 521 17 56.8 404
18 296 572 20 376 310 292 585 20 369 303
19 286 559 0.7 237 25.2 282 571 07 27 245
20 2738 59.8 0.7 222 240 215 609 0.7 21.2 234
21 270 65.1 0.7 211 231 268 66.1 0.7 201 25
) 2.3 69.3 07 201 23 261 703 0.7 192 2138
23 26.0 706 0.7 195 218 25.7 715 0.7 187 213
0 257 7.7 0.7 191 214 254 726 0.7 182 210
1 252 736 06 185 210 25.0 744 0.7 177 205
2 249 743 06 181 206 24.7 75.0 07 173 20.1
3 246 741 06 17.7 202 244 748 0.7 168 198
4 243 738 06 173 199 241 75.0 06 165 194
Min 241 529 06 154 190 241 542 06 151 188
Max 302 789 08 682 480 299 79.1 08 67.7 176
Mean 269 66.2 0.7 341 292 26.7 676 0.7 334 287
SD 21 91 00 195 105 20 8.6 00 196 104
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Table 12. The ENVI-met results of concrete roof (S.1) (SD means standard deviation)

S.1

36 m height building 48 m height building 54 m height building

T. RH U Tot | PET | T RH U Tow: | PET | Ta RH [§] Twt | PET

Time () | (%) | msH | () | (O) | (O) | (%) [msH| (C) | (O) | (O | (%) [(mshH| (C) | ()

6 249 | 714 2.1 121 | 180 | 250 | 702 | 23 122 | 180 | 251 | 695 | 23 124 | 182

7 249 | 712 | 21 306 | 226 | 250 | 701 23 | 307 | 224 | 250 | 695 | 23 | 303 | 224

8 251 | 711 2.1 505 | 303 | 251 | 700 2.3 505 | 298 | 251 | 694 2.3 506 | 299

9 253 | 701 2.1 569 | 335 | 253 | 69.2 2.3 570 | 329 | 253 | 637 2.3 571 | 330

10 256 | 686 2.0 584 | 345 | 256 | 678 23 585 | 339 | 256 | 674 2.3 586 | 340

11 263 | 65.7 2.0 575 | 48 | 262 | 654 23 576 | 342 | 262 | 653 2.3 579 | 343

12 268 | 622 20 554 | 345 | 268 | 620 23 556 | 339 | 267 | 620 2.2 56.0 | 341

13 216 | 987 20 56,0 | 355 | 2715 | 587 2.3 563 | 350 | 274 | 587 2.2 96.7 | 351

14 279 | 59.3 20 990 | 372 | 2718 | 590 2.3 592 | 366 | 277 | 583 2.3 596 | 363

15 284 | 582 2.0 625 | 394 | 283 | 579 23 627 | 388 | 282 | 578 23 631 | 389

16 289 | 561 20 | 640 | 406 | 288 | 560 | 23 | 641 | 399 | 287 | 559 | 23 | 643 | 399

17 292 | 546 20 607 | 394 | 291 | 545 2.3 60.7 | 387 | 290 | 544 2.3 609 | 387

18 288 | 857 2.0 468 | 329 | 288 | 554 23 468 | 323 | 287 | 553 2.3 469 | 323

19 283 | 855 | 20 | 200 | 226 | 282 | 552 | 23 | 201 | 224 | 282 | 551 23 | 203 | 224

20 217 | 570 20 185 | 218 | 217 | 564 2.3 185 | 216 | 217 | 561 2.3 187 | 213

21 212 | 600 20 172 | 210 | 2712 | 590 23 173 | 210 | 213 | 584 23 175 | 210

22 26,7 | 627 20 162 | 204 | 268 | 615 2.3 162 | 204 | 268 | 608 24 164 | 204

23 264 | 639 20 167 | 200 | 265 | 626 2.3 168 | 200 | 265 | 619 24 159 | 200

261 | 646 2.1 163 | 196 | 262 | 633 23 163 | 196 | 263 | 626 24 155 | 198

258 | 65.3 2.1 146 | 192 | 259 | 644 2.3 146 | 192 | 260 | 636 24 148 | 194

253 | 665 | 21 137 | 186 | 254 | 651 23 137 | 186 | 254 | 644 | 24 139 | 188

0
1
2 255 | 664 2.1 141 | 190 | 256 | 650 2.3 142 | 190 | 257 | 642 24 144 | 190
3
4

250 | 664 | 21 133 | 184 | 251 | 651 24 134 | 184 | 252 | 644 | 24 135 | 184

Min | 249 | 546 20 121 | 180 | 250 | 545 2.3 122 | 180 | 250 | 544 22 124 | 182

Max | 292 | 714 2.1 640 | 406 | 291 | 702 24 641 | 399 | 290 | 695 24 643 | 399

Mean | 267 | 631 20 360 | 276 | 267 | 623 2.3 361 | 272 | 267 | 619 2.3 363 | 273

SD 14 55 0.0 21.1 8.3 1.3 5.2 0.0 212 8.0 13 5.0 0.1 212 8.0
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Table 13. The ENVI-met results of cool roof (S.5) (SD means standard deviation)

S5
36 m height building 48 m height building 54 m height building

Time Ta RH U, Tt | PET | Ta RH U, Tue | PET | T RH Uﬁ Twt | PET
(0) | (%) |(mshH | (O | (O [ (O) | (%) [mshH| (C) | (C) | (O) | (%) |[(msH]| (C) | (0

6 249 | 712 24 128 | 181 | 250 | 699 26 127 | 182 | 251 | 692 2.7 130 | 182
7 249 | 711 24 311 | 222 | 250 | 699 26 310 | 222 | 250 | 693 2.7 312 | 222
3 250 | 713 24 508 | 296 | 251 | 700 26 508 | 292 | 251 | 694 2.7 509 | 292
9 252 | 706 24 575 | 327 | 252 | 695 26 574 | 322 | 252 | 690 2.7 576 | 322
10 255 | 692 24 592 | 338 | 255 | 632 26 591 | 333 | 255 | 677 26 593 | 333
11 261 | 66.3 24 588 | 344 | 261 | 659 26 586 | 338 | 261 | 657 26 590 | 338
12 267 | 628 24 574 | 344 | 266 | 625 26 571 | 338 | 266 | 624 26 576 | 338
13 274 | 592 2.3 583 | B7 | 2713 | 591 26 580 | 360 | 273 | 59.1 26 586 | 31
14 277 | 599 2.3 611 | 373 | 276 | 594 25 608 | 366 | 276 | 59.2 26 614 | 36.7
15 282 | 586 2.3 643 | 394 | 281 | 583 25 640 | 387 | 281 | 582 26 645 | 386
16 287 | 965 2.3 651 | 404 | 286 | 564 25 649 | 396 | 285 | 563 2.6 653 | 395
17 291 | 55.0 2.3 614 | 390 | 289 | 548 25 612 | 383 | 289 | 548 26 614 | 382
18 287 | 561 2.3 471 | 324 | 287 | 557 25 470 | 320 | 286 | 555 2.6 471 | 318
19 282 | 956 2.3 206 | 226 | 282 | 553 25 205 | 224 | 282 | 551 2.6 207 | 224
20 217 | 571 2.3 189 | 218 | 277 | 564 25 189 | 216 | 277 | 560 2.6 191 | 218
21 212 | 600 2.3 177 ] 210 | 272 | 589 25 176 | 210 | 272 | 583 26 178 | 210
22 267 | 627 2.3 166 | 204 | 267 | 613 25 165 | 204 | 268 | 606 2.6 167 | 204
23 264 | 633 2.3 161 | 200 | 264 | 624 25 160 | 200 | 265 | 6L7 2.6 162 | 200
0 261 | 645 2.3 156 | 196 | 262 | 631 26 156 | 196 | 262 | 623 2.6 158 | 198
1 258 | 656 24 150 | 192 | 259 | 641 26 149 | 192 | 260 | 632 2.7 151 | 194
2 255 | 662 24 145 | 190 | 256 | 647 26 144 | 190 | 257 | 638 2.7 146 | 190
3 252 | 662 24 140 | 186 | 254 | 647 26 139 | 186 | 254 | 639 2.7 142 | 188
4 250 | 661 24 137 | 184 | 252 | 647 26 136 | 184 | 252 | 64.0 2.7 138 | 186
Min | 249 | 55.0 2.3 128 | 181 | 250 | 548 25 127 | 182 | 250 | ™48 26 130 | 182
Max | 291 | 713 24 651 | 404 | 289 | 700 2.6 649 | 396 | 289 | 694 2.7 653 | 395
Mean | 266 | 633 2.3 368 | 274 | 266 | 624 26 367 | 271 | 266 | 619 26 370 | 271
SD 14 5.4 0.0 216 82 13 51 0.0 215 79 1.3 49 0.0 216 78
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Table 14. The ENVI-met results of rooftop garden (S.8) (SD means standard deviation)

S8
36 m height building 48 m height building 54 m height building

Time Ta RH U, Tt | PET | Ta RH U, Tue | PET | T RH Uﬁ Twt | PET
(0) | (%) |(mshH | (O | (O [ (O) | (%) [mshH| (C) | (C) | (O) | (%) |[(msH]| (C) | (0

6 248 | 716 15 162 | 191 | 249 | 704 17 168 | 192 | 250 | 697 19 141 | 186
7 248 | 716 15 208 | 203 | 249 | 704 17 204 | 201 | 249 | 699 19 308 | 228
3 250 | 717 15 35 | 262 | 250 | 705 17 333 | 240 | 252 | 696 19 485 | 300
9 252 | 707 15 438 | 295 | 253 | 698 17 423 | 279 | 254 | 689 18 537 | 326
10 256 | 691 15 481 | 314 | 256 | 633 16 465 | 301 | 267 | 676 18 542 | 332
11 263 | 661 14 501 | 330 | 262 | 658 16 482 | 316 | 263 | 654 18 5.7 | 332
12 269 | 626 14 500 | 335 | 268 | 624 16 479 | 320 | 268 | 622 18 504 | 327
13 216 | 591 14 505 | 344 | 275 | 591 16 484 | 328 | 274 | 589 18 510 | 336
14 279 | 597 15 513 | 360 | 278 | 594 16 495 | 337 | 278 | 59.1 18 539 | 362
15 284 | 586 15 532 | 364 | 282 | 584 16 515 | B0 | 282 | 581 18 578 | 375
16 288 | 96.6 15 520 | 362 | 287 | 566 16 492 | 344 | 287 | 563 18 596 | 388
17 291 | 552 15 454 | 335 | 290 | 552 17 426 | 318 | 290 | 549 18 570 | 378
18 287 | 564 15 M43 | 284 | 286 | 561 17 309 | 267 | 286 | 558 18 444 1 319
19 282 | 957 15 225 | 234 | 281 | 554 17 228 | 234 | 281 | 553 18 207 | 227
20 216 | 572 15 213 | 226 | 276 | 566 17 216 | 226 | 276 | 563 18 193 | 220
21 211 | 602 15 202 | 220 | 272 | 592 17 206 | 220 | 272 | 587 18 181 | 212
22 266 | 629 15 194 | 214 | 267 | 617 1.7 198 | 214 | 267 | 610 18 171 | 206
23 263 | 640 15 190 | 210 | 264 | 627 17 193 | 210 | 264 | 620 18 167 | 204
0 260 | 647 15 186 | 207 | 261 | 634 17 190 | 208 | 262 | 627 18 163 | 200
1 257 | 653 15 180 | 203 | 258 | 644 17 184 | 204 | 259 | 637 18 156 | 196
2 254 | 664 15 176 | 200 | 256 | 650 17 181 | 200 | 256 | 643 18 152 | 192
3 252 | 665 15 172 | 196 | 253 | 651 17 176 | 198 | 254 | 644 19 148 | 190
4 250 | 664 15 169 | 194 | 251 | 651 17 173 | 194 | 251 | 644 19 144 | 188
Min | 248 | 55.2 14 162 | 191 | 249 | 52 16 168 | 192 | 249 | ™9 18 141 | 186
Max | 291 | 717 15 532 | 364 | 290 | 705 17 515 | 350 | 290 | 689 19 596 | 338
Mean | 266 | 634 15 23 | 264 | 266 | 627 17 314 | 257 | 267 | 621 18 346 | 270
SD 14 9.5 0.0 149 6.4 13 51 0.0 137 5.7 1.3 49 0.0 185 74
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Table 15. The ENVI-met results of concrete walls (S.1) (SD means standard deviation)

S1
Location 1 Location 2
(on the front of 36m height building) (on the front of 48m height building)

Time (%) (RO/T) U (ms?) | Tat (C) | PET () <%> (R;/Ij) U (ms?) | Tt (C) | PET (C)
6 239 81.6 05 14.3 1838 24.0 80.3 14 139 181
7 24.0 81.0 05 164 19.7 24.1 79.7 13 158 186
8 248 80.2 05 519 36.8 247 78.8 13 22.6 21.0
9 256 80.6 14 545 354 254 791 2.1 235 22.0
10 274 731 19 61.3 38.7 212 70.7 2.6 330 265
11 29.1 629 2.0 62.7 40.7 29.3 59.7 2.6 624 395
12 30.4 56.1 11 59.0 423 30.7 52.6 1.7 60.8 419
13 316 50.1 15 58.2 419 318 473 2.1 599 418
14 32.1 508 2.1 61.0 426 32.3 478 2.6 609 42.0
15 324 494 17 61.7 439 325 473 2.2 61.6 430
16 323 492 2.2 60.7 425 324 476 2.7 60.7 418
17 315 517 16 289 299 316 50.2 2.1 289 299
18 29.5 5.1 2.0 250 26.6 297 573 2.5 25.0 26.6
19 285 573 04 227 250 287 56.0 1.0 22.6 244
20 216 62.3 04 212 238 218 60.6 1.0 211 232
21 26.8 68.5 0.4 20.1 229 270 66.5 1.0 20.0 22.2
22 26.0 73.2 04 191 22.1 26.3 711 1.0 191 214
23 25.7 743 04 186 217 259 724 1.0 185 21.0
0 254 754 04 181 21.3 25.6 735 11 18.0 20.6
1 249 775 04 176 208 251 755 11 175 201
2 246 78.1 04 172 204 24.8 76.2 11 171 19.7
3 24.3 717 04 163 20.0 24.5 759 11 16.7 193
4 240 773 04 164 19.7 24.2 756 11 16.3 190

Min 239 537 04 14.3 183 24.0 52.2 1.0 139 181

Max 305 816 0.5 67.0 488 30.6 80.3 14 67.2 46.7

Mean 269 68.7 0.5 359 309 270 66.7 11 323 217
SD 2.3 98 0.0 20.6 111 2.3 10.1 0.1 194 100
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Table 16. The ENVI-met results of vertical garden (S.9) (SD means standard deviation)

S9
Location 1 Location 2
(on the front of 36m height building) (on the front of 48m height building)

Time (%) (RO/E) U (ms?) | Ta () | PET (T) <%> (E/Ij) U (ms?) | T (C) | PET (C)
6 238 82.0 05 149 191 239 80.8 13 145 182
7 239 81.4 05 16.8 198 24.0 80.3 13 16.2 186
8 247 80.6 05 34.2 218 24.6 79.4 13 22.8 21.0
9 255 8L.0 13 459 318 253 795 2.1 235 219
10 274 733 138 56.4 36.7 273 709 2.6 32.6 265
11 29.2 62.8 19 58.7 39.2 294 594 2.6 58.4 38.0
12 30.5 56.0 1.0 55.9 41.0 30.8 524 1.7 574 405
13 316 50.0 15 55.1 40.7 319 471 2.1 5.5 405
14 32.1 509 2.1 570 409 324 477 2.7 56.9 404
15 324 496 16 55.0 41.0 326 472 2.2 56.8 41.1
16 322 495 2.2 446 36.0 324 476 2.7 536 39.0
17 314 52.0 16 282 29.6 316 50.4 21 282 29.6
18 29.4 59.6 2.0 244 26.3 29.6 575 25 244 26.4
19 28.3 576 04 227 250 28.6 56.4 1.0 226 24.2
20 215 62.8 04 212 238 217 61.2 1.0 211 230
21 26.6 69.2 0.4 20.1 229 26.9 67.3 1.0 20.0 22.1
22 25.9 739 04 192 22.1 26.1 719 10 191 21.3
23 25.6 75.0 04 187 217 258 73.1 11 185 20.8
0 25.3 76.0 04 18.3 214 254 4.3 11 181 205
1 24.8 782 04 1738 208 250 764 11 175 20.0
2 24.5 787 04 173 205 24.6 770 11 171 196
3 24.1 783 04 169 20.1 24.3 76.7 11 16.7 192
4 239 779 04 16.6 198 24.0 76.3 11 16.3 192

Min 238 5.1 04 149 191 239 524 1.0 145 182

Max 304 82.0 0.5 594 444 30.6 80.8 1.3 61.5 434

Mean 268 69.1 04 329 293 270 67.1 11 311 270
SD 2.3 10.0 0.0 171 9.3 24 104 0.1 174 9.0
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