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Abstract. The phenomenon of an unstoppable force of urbanization
decreases the quantities of natural vegetation, replacing them with concrete
buildings and low albedo surfaces. The innovative design of building
envelopes has been considered one of the leading solutions for decreasing
environmental load, especially in design and construction as a passive design
strategy. On the other hand, the use of vegetation on the vertical surface of
buildings is rising. Through this study, a numerical analysis using
Computational Fluid Dynamic (CFD) model of vertical greening system as
a natural shading device was conducted. Several scenarios were conducted
with distance as the principal parameter. The aim was to prove the
contribution of green technology to improve the cooling performance of the
building.

1 Introduction

Increasing temperatures in urban areas create significant challenges for human health and
comfort, particularly in regions where natural shading devices are difficult to apply. On the
other hand, shading, whether from natural or artificial elements, is an important component
to reduce heat stress from the outdoor environment to the indoor building environment.
Applying natural elements, such as tree canopies and artificial elements, for example,
awnings, shade sails, blinds, canopies, and overhangs, is essential to reduce the direct
exposure from short-wave radiation. Therefore, shading elements stand as a fundamental and
cost-effective solution to reduce health risk related to heat in the indoor environment.

On the other hand, the use of vegetation on the vertical surface of buildings is rising.
Compared with green roofs, greenery systems on the building facade are considered more
suitable in dense areas since walls offer a larger surface area than roofs [1]. It is not only to
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improve the building aesthetic but also to consider an intelligent way to mitigate Urban Heat
Island (UHI) and improve the quality of the urban environment. The benefit of a passive
design strategy is also promising. It increases energy efficiency in the building through a
solar shading barrier, reducing the heat on the building envelope, especially during the
daytime [2][3].

Vertical greening is a term for all forms of vegetated wall surfaces, either rooted into the
ground, in the wall itself, or modular panels attached to the fagade [4]. The effect of shading
and evapotranspiration by vertical greening can reduce cooling energy consumption [5]. A
study conducted by Perini et al. [6] presented that a green layer can enhance the thermal
properties of the facade and provide protection from heavy winds. An extra stagnant air layer
can be created inside the foliage so that when the wind speed outside is the same as inside,
and the exterior surface resistance (Re) can be equalized to interior surface resistance (Ri),
which is the thermal resistance of the building increases by 0.09 m?-K-W~'.

In 2011, Sunakorn and Yimprayoon [7] compared two rooms with and without a bio
facade as a shading device. Natural ventilation is also added to rooms. The experiment results
showed that a reduction of up to 9.93°C occurred in the indoor temperature in the daytime,
and when air velocity was low, the temperature reduction was only up to 6.72°C.
Observations during nighttime also found that the temperature on the bio fagade was slightly
higher than in the control room. The interesting point of this study was an analysis of air
velocity as a parameter to decrease indoor temperature.

Experiments conducted by Ip et al. [8] also presented green fagades can reduce indoor
temperature up to 5.6°C in the daytime and 3.5°C in the summer night. However, higher
relative humidity was also found in the room with a double skin green fagade by 4.7% and
13.7%. The air and radiant temperature around plant leaves are also lower than the areas
around metallic and masonry shading devices.

The previous studies were carried out to broaden knowledge on the effects of greening
urban areas, but more studies could be carried out to document new applications for green
facilities. Thorough research is needed to quantify and gain more insight into the benefits of
vertical greening.

In response to this issue, a simulation study of vertical greening as the natural shading
device was initiated. The study was focused on the temperature reduction provided by vertical
greening. The result can be taken into account as the preliminary to design an experimental
study of vertical greening.

2 The CFD Simulation Methods

In this study, the CFD simulation was conducted to simulate the thermal effect of the vertical
greenery system. The building model's physical properties were reflected in the calculation
of thermal performance in the CFD simulation. It included the specific heat capacity (Cp),
the thermal conductivity (k), and the density of materials (p). The software for CFD
simulation was ANSYS Fluid Fluent (ANSYS 2024R2) to present the temperature
distribution between the wall with and without vertical greening.

In the simulation, the structure of the model refers to the real building. The properties of
the model, vertical greening, and fluid were input to create the boundary condition. Table 1
presents the boundary conditions that used in the simulation. The material of the modelling
wall is brick and plants for vertical greening. The thickness of the wall is 0.15 m. Meanwhile,
the fluid inside the room was identified as air. The density of each material is 533.28 kg/m?
(modelling room), 700 kg/m* (vertical greening), and 1.225 kg/m?® (fluid). The specific heat
capacities are 800 J/kgK (modelling room), 2310 J/kgK (vertical greening), and 1006.43
J/kgK (fluid). The wall of the modelling room was set up with the highest thermal
conductivity of 0.73 W/mK. Meanwhile, the vertical greening and the fluid were of 0.173
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W/mK and 0.0242 W/mK. The viscosity laminar only set for fluid by 1.7894 x 107, The
emissivity of each material is 0.75 (modelling room), 0.983 (vertical greening), and 0.9
(fluid). The setup for the weather conditions for the simulation was real-time, following the
database from ANSYS. The simulation was run in a steady-state condition and used k — ¢
turbulence standard model for fluid flow. The constant velocity magnitude (v) was set up as
1.0 m/s, which represents the normal air velocity condition inside the closed room. Air
pressure for the inlet and outlet was 101325 pascals.

Table 1. The boundary condition [10]

Properties Fluid Building wall Vertical greenery system
Materials Air Brick Plants
Thickness [m] - 0.15 0.15
Density of material [kg/m?] | 1.225 533.28 700
Specific heat capacity | 1006.43 800 2310
[I/kgK]

Thermal conductivity | 0.0242 0.73 0.173
[W/mK]

Viscosity 1.7894 x 107 - -
Emissivity [€] 0.9 0.75 0.983
Temperature of model | - 25.1-419 25.1-419
without vertical greening

[°C]

Temperature of model with | - 25.1-419 25.1-313
vertical greening [°C]

Solar radiation [W/m?] 1318

The CFD simulation time is highly dependent on the number of mesh nodes. Thus,
considering the computer performance and the simulation time, the model grid was generated
using the number of divisions of 250 and the grid size of 0.02 m. Figure 1 shows the mesh
generation and grid sensitivity test.

Meanwhile, the process of CFD simulation can be seen in Figure 2. The simulation
proved that the existence of vertical greening acted as a shading device to the wall. As the
comparison for the result of the CFD simulation, the author used the result from the previous
experimental study conducted by Widiastuti et al. [9].
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(b)

Fig. 1. Grid independence test of CFD simulations (a) Number of divisions at 250 and (b) Meshing
with grid size at 0.025 m

Fig. 2. The CFD simulation of the model with vertical greening

3 Result and Discussion

The simulation was validated using the results from the experimental study conducted by
Widiastuti et al. [9]. The outdoor environment temperature from the local weather station
was utilized as the control parameter. There were two main CFD simulations i.e. indoor air
simulation and wall surface simulation.

Figure 3 shows the result of the CFD simulation for the indoor air temperature of the
model with vertical greening. Validation with the indoor air profile of the previous
experimental study was integrated. The air temperature range was from 27.7°C to 31.5°C
(CFD simulation) and 27.6°C to 30.0°C [9]. In comparison, the outdoor ambient temperature
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is between 25.1°C and 31.2°C. The absolute error between the CFD simulation and the
previous experimental study [9] was 0.1°C — 1.5°C with a relative error of 0.2% — 2.4%. On
the other hand, the difference between the CFD simulation (Tj, cpp) and outdoor air
temperature (Tyytdoor) Was 0.3°C — 2.6°C or higher by 0.7°C — 1.0°C than the difference
between the experimental (T experimentar) Te€sult and outdoor air (Toytgoor)-
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Fig. 3. Validation of the results of the indoor air temperature of CFD simulation with experimental
results. Note: T;, — CFD: Indoor air temperature according to numerical simulation; Tj, —
Experimental: Indoor air temperature of the room with vertical greening from the previous
experimental study; Outdoor: Local ambient temperature

Figure 4 presents the result of the CFD simulation for the wall temperature of the model
with vertical greening. Validation with the general wall surface temperature variation from
the previous experimental study [9] was integrated. The surface temperature range was
26.0°C to 31.0°C for the experimental study [9] and 27.0°C to 31.9°C for CFD simulation.
The absolute error between the CFD simulation and the experimental result [9] was 0.7°C —
0.9°C with a relative error of 1.2% - 1.5%. While the difference between the numerical
simulation (Ts, cpr) and outdoor air temperature (T,y¢q00,-) Was 0.7°C — 1.9°C. The result
was higher by 0.5°C — 0.7°C than the difference between the experimental study
(Tse_experimentar) and outdoor air temperature (Toy¢qo0r)- It can be seen that the trend of
temperature change for Ts, cpr following the change of Ty g0, Compare with the CFD
simulation of a corridor section with a green fagade system conducted by Lin et al. [10-15],
the absolute error in this study is minor by 0.6% - 2.0%. The deviation between the simulation
and the experimental study might be due to the boundary condition of the model and the solar
radiation effect.
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Fig. 4. Validation of the results of the wall surface temperature of CFD simulation with experimental
results. Note: Ts, — CFD: Exterior wall surface temperature according to numerical simulation; Ts, —
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Experimental: Exterior wall surface temperature with vertical greening from the previous
experimental study; Outdoor: Local ambient temperature

Figure 5 and Figure 6 tried to validate the cooling performance on the indoor air and the
wall surface of the model with vertical greening. Validation was conducted through the
comparison with the temperature decrease from the previous experimental study [9]. It can
be seen that, after vertical greening was installed, the temperature decrease in the indoor room
was up to 2.5°C. A higher temperature decrease was achieved on the external wall surface
temperature by 4.4°C. The results show that with vertical greening, the temperature of air
near the plants was significantly reduced, and the indoor temperature was also decreased.
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Fig. 5. Validates the room temperature of the CFD simulation with experimental results and the
temperature decrease. Note: T;, — CFD: Indoor temperature according to numerical simulation; Tj, —
Experimental: Indoor air temperature of the room with vertical greening from the previous
experimental study; AT: Daily temperature reduction
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Fig. 6. Validates the wall surface temperature of the CFD simulation with experimental results and
the temperature decrease. Note: Tg, — CFD: Indoor temperature according to numerical simulation;
Tse — Experimental: Exterior wall surface temperature with vertical greening from the previous
experimental study; AT: Daily temperature reduction

4 Conclusion

There are huge concerns about reducing the heat gain through the building envelope as an
action to manage the indoor temperature. The innovative design of building envelopes has
been considered one of the leading solutions for decreasing environmental load, especially
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in design and construction as a passive design strategy. As a new emergence of design trends,
vertical greening is being considered as the natural shading device. Thus, a study to examine
the sustainability aspect of the cooling effect of vertical greening as natural shading device
was conducted to better understand the thermal insulating ability.

On the other hand, very few studies on the CFD simulation methods have been explored
to evaluate the cooling effect of vertical greening in buildings. Therefore, a simulation study
of vertical greening as the natural shading device was initiated. The study was focused on the
temperature reduction provided by vertical greening.

The findings from this study, according to the CFD simulations, show that vertical
greening reduced the heat on the model and created lower indoor air temperature up to 2.5°C.
A higher temperature decrease was achieved on the external wall surface temperature by
4.4°C. The trend of temperature change for Ts, cpr following the change of Tyyrq00r. The
deviation between the simulation and the experimental study might be due to the boundary
condition of the model and the solar radiation effect.
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