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ABSTRACT

The intensification of climate change is destabilizing thermal conditions in high-density cities; however, most urban heat
island mitigation strategies continue to emphasize outdoor microclimates rather than outdoor-indoor interactions. This study
quantitatively evaluated how building form and multilayered greening strategies jointly affect indoor air temperature in a
typical Korean apartment complex. A parametric simulation framework was developed by coupling EnergyPlus with the
Python-based eppy library. A residential block was modelled on a 150 m x 150 m site, with building height and inter-building
spacing varied under identical conditions using Seoul-Sinyongsan TMY weather data. Ground greening scenarios combined
lawn and trees in perimeter, scattered, and clustered layouts, while building-integrated strategies compared green roofs, green
walls, and combined roof-wall greening. The results showed that geometric changes alone had limited thermal effects:
narrower gaps slightly reduced indoor temperatures through mutual shading, but the changes were small, remaining within
approximately 0.7 °C, and produced no energy savings. In contrast, ground greening with lawns and trees improved
free-floating thermal conditions, lowering summer indoor temperatures by up to 4.9 °C and increasing winter temperatures
through radiative buffering. However, these benefits did not reduce HVAC demand because shading decreased solar gains,
increased heating loads, and limited cooling savings. Green roofs and facade greening reduced summer temperatures while
lowering winter heating demand by enhancing insulation and thermal mass. Among all strategies, green roofs provided the
greatest benefit, reducing winter heating demand by up to 3,400 kWh. Overall, building-integrated greening was more effective

than geometric modification or ground greening for improving residential energy performance.
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Table 1. List of variables and their definitions
Thickness (m) Thermal Conductivity Density Specific Heat

Envelope (W/m-K) (kg/m®) (J/kg'K)

0.20 1.95 2200 900

Wall 0.1 0.04 30 1400

0.013 0.16 800 1090

Floor 0.30 1.40 2400 1000

Roof 0.30 1.40 2400 1000

Window - U=1.5 -
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Table 2. Descriptive statistics of variables
(a) Overall summary of temperature

Mean Std Min Ql Q3 Max
Dry Bulb Temperature (C) 12.74268 10.31279 -13 4.1 13.7 21.8
Relative Humidity (%) 60.34269 19.63434 10 46 61 77
Wind Speed (m/s) 2.561701 1.350558 0 1.6 2.4 34
Global Horizontal Radiation (Wh/m?) 141.4061 223.2788 0 0 0 222.75
Direct Normal Radiation (Wh/m?) 110.6581 222.0449 0 0 0 79
Diffuse Horizontal Radiation (Wh/m?) 76.60342 115.3384 0 0 0 136
Liquid Precipitation Depth (mm) 0.120753 0.808879 0 0 0 0
(b) Summertime summary of temperature

Mean Std Min Ql Q3 Max
Dry Bulb Temperature (C) 24.15938 3.299511 14.7 22 24.3 26.225
Relative Humidity (%) 71.67482 16.11272 22 60 75 85
Wind Speed (m/s) 2.487319 1.320667 0 1.6 23 3.225
Global Horizontal Radiation (Wh/m?) 165.9647 245.4277 0 0 22 261
Direct Normal Radiation (Wh/m?) 88.16712 187.9738 0 0 0 53
Diffuse Horizontal Radiation (Wh/m?) 101.8691 137.2304 0 0 19 187
Liquid Precipitation Depth (mm) 0.259466 1.323337 0 0 0 0
(c) Wintertime summary of temperature

Mean Std Min Ql Q3 Max
Dry Bulb Temperature (C) -0.09782 4.945273 -13 -3.8 -0.1 33
Relative Humidity (%) 54.35602 17.502 14 41 54 67
Wind Speed (m/s) 2.502824 1.339006 0 1.6 2.3 33
Global Horizontal Radiation (Wh/m?) 98.22546 170.0254 0 0 0 139
Direct Normal Radiation (Wh/m?) 119.5829 244.2601 0 0 0 62
Diffuse Horizontal Radiation (Wh/m?) 44.79028 74.80509 0 0 0 64
Liquid Precipitation Depth (mm) 0.027731 0.215483 0 0 0 0
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EPW (EnergyPlus Weather) TS &-&
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Input Data
Sinyongsan TMY EPW weather files
Base apartment complex model: 150 m x 150 m site, 3 x 3 building layout

i Building Geometry i

Scenario Design

| Greening

Height i

Fixed inter-building gap: 10 m T

Building height varied from 4 m
to 80 m at 4 m intervals

Ground Greening
Lawn + Trees
Perimeter/Scatter/Cluster

Gap [ Building Greening E
Fixed building height: 20 m / 40 m v Green Roof !
Gap varied at 5 m intervals Green Wall

20 m height: 5-25 m

i Green roof + green wall
40 m height: 5-40 m

Energy Plus Simulation
Zone Mean Temperature, Hourly output

Output Metrics

Energy (HVAC)
Cooling 26°C / Heating 20°C setpoint
Total cooling + heating load(kWh)

Thermal (free floating)
Summer (Jun-Aug) / Winter (Dec-Feb)
Period — average indoor temperature

U

Statistical Analysis
One way Anova, Tukey HSD post-hoc test

Fig. 1. Overall workflow of the parametric simulation

framework
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(c) Cluster (grass only)

(d) Perimeter + trees

(e) Scatter + trees

(f) Cluster + trees

Fig. 2. Green areas, vegetation layout
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(Kontoleon and Eumorfopoulou, 2010). 24=31E 100%
AT AS NE0R SANAL HE T HH S
Hmslg Tgeo] At BAL As

3. 21t
3.1. H= ¥4 ¥3

A& EolE 20mE T 24 AE HFE 5,
10, 15, 20, 25 m& WHIFA|7|H A& oldE FP5H3AT
(Table 3). A& 7tA0] W& o5& A=+ HVAC
9 free-floating 27 ZFoJA R[5t zfo]E EYot
(p<0.01). free-floating XA A= 5m (24.71 °C)<} 25 m
(25.39°C) 7t 9F 0.68 °C 2to]7} SR A} ALF-HY 2
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7 5me}t 10m 749 2ok 1 9] £ Aol &
95t }o)7} HolE HHA 15 mo|Are] 7oA {95t
Aol7F UEhHA] 8gtth ASd ditEshs 112 o] Hof
APE FY6HA A2 (p<0.01), free-floating 7=
2% A o] WE4E Eobith A AR
S AE 1140 WESE =oslth

A% £012 40mE AL THA] 2HAE 5, 10, 15,
20, 25, 30, 4022 1A AAGH AAE {oJu|gt X}
ol EAL(P<0.01) 7HHo] FEF W2 258 B
o = Al AR AZE 2k A WolRHA A
A AR AHEFE S5 ThH(Table 4).

SHH, AE9] 7HEE 15k =olo] HIE Htd
AEo] Eordol wet =7t Wol= AL RIS 5
Qltk(Table 5).

3.2. =3io| AN

Table 69|14 A|A}&35) vjx]of whE free-floating 70|
AE Al HjR] % OF 20.1 °CZE baseline (25.02 °C) thH]
oF 4.9°C 2A Yergth(p<0.01). 12y A FEF3)
+ perimeter (27,938 kWh), scatter (27,952 kWh), cluster
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Table 3. Simulation results under 20 m building height with varying gap distances

(a) Temperature Results (°C)

Overall temperature under free
Gap

Summer temperature under

Winter temperature under

floating free-floating free-floating

Sm 17.582 24.714 5.833

10 m 16.647 25.024 6.353
I5m 17.710 25.204 7.044

20 m 17.742 25.325 7.466
25m 17.758 25.391 7.784

(b) Energy Results (kWh)

Gap Overall total energy Summer total energy Winter total energy
5m 47819.607090 3034.296218 28449.539903
10 m 46623.419714 3175.143080 27902.844359
I15m 45746.209780 3256.573181 27367.592766
20 m 45243.521350 3321.800271 27021.363460
25m 44985.772349 3345.176292 26839.147571

Table 4. Simulation Results under 40 m Building Height with Varying Gap Distances

(a) Temperature Results (°C)

Overall temperature under free

Summer temperature under

Winter temperature

Gap floating free-floating under free-floating
5m 15.624 24.589 4.947
10 m 17.673 24.991 5.377
15m 16.534 25.218 5914
20 m 16.820 25.375 6.319
25m 17.027 25.481 6.680
30 m 17.182 25.568 6.967
40 m 17.346 25.683 7.226
(b) Energy Results (kWh)
Gap Overall total energy Summer total energy Winter total energy
5m 75822 3668 39295
10 m 74132 3387 38851
15m 72794 3223 38393
20m 71850 3113 38046
25m 71237 3040 37811
30m 70795 2981 37634
40 m 70235 2902 37395

(28,001 kWh) X5 baseline (27,903 kWh) tH] 57}t
o A A3 Al A 9 ol ol £ 9 A
< EYESE B0l FAZHCR [t Zol7} yEht
A ekokthp=0.03).

Table 704 AB=3}e] A9, 088 APLEL o4

¥ HHESRE et F9(19.914 °C), S453K20.110
°C), HH=3K20.112°C) c0 2 Rfom, HE {FF0|
baseline (25.024 °C) t¥] -2t ¥ 28 EIct
(p<0.01). A7 23} free-floating F 7oA S4t=3}
(20.110 °C)2}F B =3K20.112 °C)= {23+ Aol & Ho]
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Table 5. Simulation results under 10 m gap distances with varying building height

LRI - MR - o0ls2

Overall temperature under free

Summer temperature under

Winter temperature

Height floating (°C) free-floating (°C) under free-floating (°C)
4m 17.244 25.724 9.744
8m 16.954 25.678 8.352
12m 16.976 25.568 7.499
16 m 16.814 25.332 6.823
20 m 16.647 25.024 6.353
24 m 16.388 25.023 6.045
28 m 16.388 25.043 5.815
32m 17.674 25.032 5.632
40 m 17.676 24.991 5.377
80 m 17.664 24.727 4.776

Table 6. Simulation results under different greenery layouts

(a) Temperature Results (°C)

Variables

Overall temperature under free

Summer temperature under

Winter temperature under

floating free-floating free-floating
Baseline 16.647 25.024 6.353
Perimeter 17.623 20.116 14.744
Scatter 17.610 20.104 14.732
Cluster 17.624 20.116 14.745

(b) Energy Results (kWh)

Variables Overall total energy Summer total energy Winter total energy
Baseline 46623 3175 27903
Perimeter 46775 3202 27938
Scatter 46870 3225 27952
Cluster 47025 3245 28001

Table 7. Simulation results under different green roof and green wall configurations

(a) Temperature Results (°C)

Overall temperature under free

Summer temperature under

Winter temperature under

Variables floating free-floating free-floating
Baseline 16.647 25.024 6.353
Green Roof (100%) 17.659 20.110 15.255
Green Roof + Green Wall 17.657 19.914 15.052
Green Wall (100%) 17.597 20.112 14.706

(b) Energy Results (kWh)

Variables Overall total energy Summer total energy Winter total energy
Baseline 46623 3175 27903
Green Roof (100%) 40810 2303 24496
Green Roof + Green Wall 44068 2667 26414
Green Wall (100%) 45480 3005 25389
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