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Abstract— Natural ventilation creates 
comfortable and healthy indoor environments 
without consuming energy. However, 
maintaining adequate natural ventilation is 
arduous because several factors control its 
performance, including ambient wind speed 
and direction, opening configurations, and 
nearby objects such as vegetation. Among them, 
the effects of vegetation on natural ventilation 
are least understood. This study investigated 
how tree plantation location and crown shape 
affect the cross-ventilation of a generic building 
with two openings using Computational Fluid 
Dynamics (CFD) simulation. The CFD 
simulations are based on the Reynolds-
Averaged Navier-Stokes (RANS) equations and 
use source terms for momentum, turbulent 
kinetic energy, and turbulent kinetic energy 
dissipation rate to model the effects of trees on 
the wind field. The results show a 23% 
reduction in ventilation rate for trees at a 2H 
distance upstream of the building (H is the 
building height) compared to the ventilation 
rate of a building without trees in its 
surrounding. Beyond this distance, the 
ventilation rate deficiency steadily decreases 
with tree plantation distance and has no 
reduction for trees planted at 15H upstream of 
the building. The cuboid-shaped crown causes 
the highest ventilation rate reduction of 23% 
compared to the V-shaped (18%), oval (16%), 
and conical (10%) crowns. This study 
recommends no trees with cuboidal crowns 
planting between 1.5H to 2.5H distances 
upstream of the building and maintaining 
aerodynamic tree crowns to minimize the 
adverse effects of trees on the natural 
ventilation of buildings. 

Keywords— Trees, CFD simulation, Cross-
ventilation, Tree crown shape, Tree plantation 
location 

I. INTRODUCTION  
Buildings can be ventilated naturally or 

mechanically to remove stale air from indoors and 
replace it with fresh air to create a healthy living 
environment [1]. While mechanical ventilation uses 
fans and other devices, natural ventilation uses the 
pressure difference between indoors and outdoors. 
Natural ventilation is cost-effective and 
environmental friendly because it does not require 
any fuel to operate [2]. Natural ventilation is driven 
by wind, buoyancy, or a combination of both [1]. 
Wind-driven natural ventilation is divided into two 
categories: single-sided ventilation and cross-
ventilation. In single-sided ventilation, wind enters 
and leaves through the same opening, while cross-
ventilation occurs when two or more openings are 
in opposite or adjacent walls [3]. Cross-ventilation 
is more effective in creating strong indoor wind 
circulation and maintaining adequate ventilation 
rates than single-sided ventilation. However, cross-
ventilation depends on many environmental factors 
and building features such as ambient wind speed, 
wind direction, turbulence intensity [5], internal 
and external opening configurations, and objects in 
the surroundings such as vegetation. Although 
many studies have explored the ways to utilize wind 
flow properties and optimize opening 
configurations [2] [7] to maximize natural 
ventilation, according to the authors’ best 
knowledge, no research has investigated the effects 
of vegetation, particularly trees, on the natural 
ventilation of buildings. 

A common practice is to plant vegetation near 
buildings as they provide shade, cool the 
surrounding area, and act as a windbreak. As a 
windbreak, trees slow down wind speed and thus, 
can significantly reduce the natural ventilation of 
buildings [6]. Such reduction in ventilation is not 
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desirable because poor ventilation degrades indoor 
air quality and creates favorable conditions for 
viruses and bacteria to grow indoors. Stale air under 
poor ventilation causes various health problems 
such as dry throat and eyes, concentration disorders, 
headaches, shortness of breath, poor sleep, and 
drowsiness [7]. Therefore, it is essential to 
understand how vegetation impacts natural 
ventilation and provide guidelines for planting 
vegetation near buildings to minimize their adverse 
effects on building ventilation. 

The effects of vegetation on wind and, 
consequently, natural ventilation of buildings vary 
with three factors: what type of vegetation (trees, 
bushes, etc.), where vegetation is located, and how 
much vegetation exist near buildings [8]. This study 
investigates the effects of plantation location and 
tree crown shape on the natural ventilation of 
buildings using Computational Fluid Dynamics 
(CFD) simulation. In CFD simulation, natural 
ventilation is modeled as cross-ventilation in a 
generic building and vegetation as trees. It is 
assumed that trees are located at various upstream 
distances from the building, and their foliage has 
different crown shapes. The effect of trees on 
natural ventilation is estimated as a percentage 
reduction in ventilation rates compared to the case 
without trees in the surrounding. 
A. CFD simulation 

This study simulated a cubic shape building with 
the dimensions of 5 m × 5 m × 5 m (height (H) × 
length (L) × width (W)) with two openings on the 
windward and leeward walls. The width and the 
height of each opening are 1.68 m × 2.5 m, and the 
wall thickness is 120 mm. This full-scale building 
represents the 1:20 scaled-down model tested in a 
boundary layer wind tunnel by Jiang et al. [9]. The 
building is placed 5H distance from the inlet of a 
computational domain with the dimensions of 26H 
× 11H × 5H [10]. The computational domain has 
the following boundary conditions: velocity inlet at 
the domain’s inlet, outflow at the outlet, symmetry 
boundary condition at the lateral sides, velocity 
inlet at the top, and rough wall at the bottom [11]. 
Trees with different crown shapes are at various 
upstream distances from the building (Figure 1). 

The computational domain, the building indoor, 
and tree foliage were discretized into hexahedral 
cells. The computational grid has small-sized cells 
near the building walls and inside the building, and 
larger-sized cells near the computational domain's 
boundaries. The first cell height near the walls is 0.3 

m. The bottom of the computational domain is 
modeled as a rough wall with the standard wall 
function, while the building walls are smooth. The 
CFD simulations in this study were conducted 
using a commercial CFD software package: Ansys 
Fluent v.19.2 as the Reynolds-Averaged Navier-
Stokes (RANS) equation-based simulations with k-
ε turbulence models. The SIMPLE algorithm was 
chosen for the pressure-velocity coupling, and 
pressure interpolation is of second order. A second-
order discretization scheme was used to solve 
convective and viscous terms in the governing 
equations. The simulation convergence was 
assumed when the scaled residuals reach the 
minimum value ( 10−6 ) and showed no further 
reduction with the number of iterations [11]. 

 
Fig. 1. Grid configuration near the building and 

vegetation at x distance upstream of the building. 
h- height of the tree, t- thickness of the tree, and 

w-width of the tree 

1) Boundary conditions 
Inflow boundary conditions for the CFD 

simulations were derived using the wind tunnel test 
data from Jiang et al. [9]. They consist of the 
profiles of mean velocity (U), turbulent kinetic 
energy (k), its dissipation rate (ε), and turbulence 
dissipation Prandtl number (σε) as proposed by 
Gorle et al. [12]. 

𝑈𝑈(𝑧𝑧) =  𝑢𝑢∗ 
𝜅𝜅 𝑙𝑙𝑙𝑙(𝑧𝑧+𝑧𝑧0

𝑧𝑧0
)                                   (1) 

𝑘𝑘(𝑧𝑧) =  √𝐴𝐴(𝐼𝐼𝑙𝑙(𝑧𝑧+𝑧𝑧0) + 𝐵𝐵                      (2) 

𝜀𝜀(𝑧𝑧)  = √𝐶𝐶µ 𝑢𝑢∗
𝜅𝜅(𝑧𝑧+𝑧𝑧0) √𝐴𝐴𝐼𝐼𝑙𝑙(𝑧𝑧+𝑧𝑧0) + 𝐵𝐵             (3) 

𝜎𝜎𝜀𝜀(𝑧𝑧) = 𝜅𝜅2(−𝐴𝐴 2⁄ +𝑘𝑘(𝑧𝑧)2)
(𝑢𝑢∗)2(𝑐𝑐2−𝑐𝑐1)𝑘𝑘(𝑧𝑧)[1−𝐸𝐸(𝑧𝑧+𝑧𝑧0)]             (4) 

In Eqs. (1)-(4), z is height, u* is friction velocity 
(= 0.897 m/s), zo is roughness height (= 0.00436 m), 
κ is the von Kármán constant (0.4187), E is equal to 
0, Cμ is a constant equal to 0.09, A and B are 
constants, which are found from curve fitting to the 
wind tunnel test data, c1, and c2 are 1.44 and1.92. 

Wind  
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Trees are not explicitly modeled in CFD 
simulations. Instead, the effects of trees infused to 
the wind field by using source terms added to the 
transportation equations of momentum (Eq. (5)), 
turbulence kinetic energy (Eq. (6)), and turbulence 
dissipation rate (Eq. (7)) as proposed by Mochida et 
al. [12]. 

𝑆𝑆𝑢𝑢𝑢𝑢 = −𝜂𝜂𝜂𝜂𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑢𝑢                                         (5) 
𝑆𝑆𝑘𝑘 = 𝐿𝐿𝑢𝑢𝑆𝑆𝑢𝑢𝑢𝑢 − 4𝜂𝜂𝜂𝜂𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿                                 (6) 

𝑆𝑆𝜀𝜀 =  𝜀𝜀
𝑘𝑘 (𝜂𝜂𝑝𝑝𝜀𝜀1(𝐿𝐿𝑢𝑢𝑆𝑆𝑢𝑢𝑢𝑢 ) ‐ 𝜂𝜂𝑝𝑝𝜀𝜀2(4𝜂𝜂𝜂𝜂𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿))   (7) 

where Cd is the leaf drag coefficient, k is 
turbulence kinetic energy, LAD is the leaf area 
density, U is velocity magnitude, Ui is the velocity 
component in i = x, y, z-direction, η is a fraction of 
the area covered with trees, and Cpε1, Cpε2 are two 
empirical coefficients. 
B. Accuracy of CFD simulations 

Before investigating the effects of trees on cross-
ventilation, this study conducted separate grid 
sensitivity and validation tests for CFD simulation 
of cross-ventilation and wind flow through 
vegetation to ensure the accuracy of the simulation 
technique. The details of grid sensitivity and 
validation tests are shown below. 

1) Cross-ventilation of buildings 
The accuracy of CFD simulation of cross-

ventilation of a generic building is estimated by 
comparing CFD simulation data and the wind 
tunnel test data from Jiang et al. [9] for a scaled-
down building model (1:20 scale) (Figure 2). This 
study employed three computational grids: Coarse, 
Basic, and Fine and calculated the grid convergence 
index (GCI) [16] to estimate the grid independent 
CFD simulation results. 

The validation test compared the vertical 
profiles of wind speed components in x- and z-
directions in the vertical center plane of the building 
at three different locations: x = -H/4, 0, and H/4. 
The CFD simulations were first conducted using 
standard, realizable, and renormalization group k-ε 
turbulence models to choose the best turbulence 
model for this study. A qualitative comparison 
showed similar agreements between the wind 
tunnel test data and CFD simulation with all three 
turbulence models. A quantitative evaluation using 
four metrics: hit-rate, fractional bias, factor-of-2 
observations, and normalized mean squared error 
revealed the superior performance of the 
renormalized group k-ε turbulence model (RNG). 

Therefore, RNG was used as the turbulence model 
for the CFD simulations of this study. 

2) Tree canopy model 
The AIJ tree canopy model was used for the 

validation test of the CFD simulation of trees. The 
tree model is 7 m in height (h) and 2 m in width (w) 
with 5.8 m tall foliage (Figure 2(b)). Two tree 
models were created, one with a 1.2 m height and 
0.5 m thick continuous tree trunk and another 
without a tree trunk. A uniform drag coefficient, Cd 
= 0.6 and leaf area density LAD = 0.85 m2/m3 were 
assumed for the tree [6]. The tree was exposed to a 
boundary layer wind flow with 5.6 ms-1 wind speed 
at a 9 m height. The effects of the tree were modeled 
by using Eqs. (5)-(7) with η = 1 and two sets of Cpε1 
and Cpε2 parameters: {Cpε1 = 1.5, Cpε2 = 0.6} and 
{Cpε1 = 1.8, Cpε2 = 1.5}. All these models were 
modeled in CFD simulation, and the models’ 
accuracy was estimated by comparing CFD 
simulation data with wind tunnel test data. In 
addition, the same evaluation metrics were 
calculated to evaluate the best-performing tree 
canopy model. The comparison showed the tree 
model without a trunk, and Cpε1 = 1.5 and Cpε2 = 0.6 
resulted in the best agreement with the wind tunnel 
test data. Therefore, this setup was used for the rest 
of the CFD simulations in this study. 

 
Fig. 2. Dimensions of (a) the 1:20 scale-down 

building model, and (b) the AIJ tree canopy model 
(Cd =0.6 and LAD = 0.85 m2/m3) 

C. Results and Discussion 
The following subsections compare the cross-

ventilation rates of the building with the effect of 
trees with different crown shapes planted at various 
upstream locations and without trees in the 
surrounding. 

1) Trees at different locations 
Trees with a 2.5 m height (h), 1 m thickness (t), 

and 9 m width (w) cuboidal foliage were modeled 
in CFD simulations. The foliage is characterized by 
Cd = 0.6, LAD = 0.85 m2/m3 and η = 1. The trees 
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were assumed to plant at 0.5H, 1H, 1.5H, 2H, 2.5H, 
3.5H, 5H, 10H, and 15H upstream of the building. 

Figure 3 shows how the ventilation rate (VR) 
decreases with tree plantation location. Here, 
ventilation rate reduction (VRR) is calculated as: 

𝑉𝑉𝑉𝑉𝑉𝑉 = (𝑉𝑉𝑉𝑉 𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑤𝑤 𝑤𝑤𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡−𝑉𝑉𝑉𝑉 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑤𝑤𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 )
𝑉𝑉𝑉𝑉 𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑤𝑤 𝑤𝑤𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 × 100%       (8) 

When trees are at a 0.5H distance to the building, 
the ventilation rate decreases by 10% compared to 
the ventilation rate without being affected by 
vegetation. The ventilation rate further decreases to 
19% and 22% for trees at 1H and 1.5H upstream of 
the building. A maximum VRR of 23% is observed 
for trees at 2H upstream of the building. Beyond 
this distance, the ventilation rate gradually 
increases with tree plantation distance. With trees at 
2.5H upstream, the ventilation rate slightly 
increases by 2% showing 20% of VRR. VRR 
further reduces to 20%, 14%, and 3% for trees at 
2.5H, 5H, and 10H upstream distances and shows 
no reduction for a 15H upstream distance.  

  
Fig. 3. Tree induced VRR with different 

plantation locations 

Figure 4 illustrates the effect of plantation 
location using wind speed deceleration (WSD) in 

the building's center plane compared to the case 
where there is no tree. WSD is calculated as: 

𝑊𝑊𝑊𝑊𝑊𝑊 =  (𝑜𝑜𝑖𝑖,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡−𝑜𝑜𝑖𝑖,𝑛𝑛𝑛𝑛_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)
𝑜𝑜𝑖𝑖,𝑛𝑛𝑛𝑛_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

                                     (9) 

where ui,tree, and ui,no_tree are wind speed 
components in the x-direction at location i with and 
without trees. Downstream of the trees at a 0.5H 
upstream distance, WSD varies from 0 to -0.2, 
resulting in a minor decrease in ventilation rate 
(Figure 4(a)). However, when trees are at 1H 
upstream, a large region with a high WSD from 0 
to -0.6 forms near the windward opening (Figure 
4(b)). With a further increase in plantation distance, 
the low wind speed area extends to a 2H upstream 
distance (Figure 4(c)). The largest WSD of -1.8 is 
observed in front of the building when trees are 
planted 2H upstream. Extremely low wind speed 
near the windward opening for this setting may be 
a reason for its maximum VRR. Furthermore, a 
larger area with significantly lower wind speeds 
(WSD < -2) formed above the opening of the 
building. A smaller wind speed reduction can be 
observed for a further increase in plantation 
distance to 5H (Figure 4(d)). Noticeably, the height 
of this low wind speed area is approximately equal 
to the windward opening’s height and remains 
constant throughout the separation distance 
between the building and the trees. No area with 
low wind speed is formed for trees at a 15H 
upstream distance because wind speed has regained 
momentum to the level of the no-tree case while 
traversing a long distance between the trees and the 
building (the result is not shown here). Therefore, 
trees at 15H upstream of the building cause no 
ventilation rate reduction or weaken wind 
circulation indoors.

             

Fig. 4. WSD in the vertical center plane of the building 
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2) Trees with various crown shapes 
Four simplified crown shapes: cuboidal, oval, 

conical, and V-shape, were used for estimating the 
effects of tree shape on the ventilation rate of 
buildings. All trees are 2.5 m in height, 9 m in 
width, and 1 m in depth at their thickest point and 
are planted at a 2H distance upstream of the 
building. The tree foliage is modelled with LAD = 
0.85 m2/m3 and Cd = 0.6. 

Figure 5 shows how VRR varies with trees with 
four crown shapes. The largest and smallest VRR 
are for trees with cuboidal (23%) and conical (10%) 
crowns. However, the tree with a V-shaped crown, 
which can be considered as an inverted conical 
shape, causes an 18% decrease in ventilation rates. 
The tree with an oval crown reduces ventilation by 
16% compared to the ventilation rate of the building 
without no trees in its surrounding.  

Figure 6 shows the distribution of WSD near 
trees with different crown shapes to illuminate how 
tree shape affects wind speeds. Figure 6(a) shows 

that WSD varies from 0 to -0.6 near the windward 
opening for trees with conical crowns. Compared to 
the conical crown, the oval crown creates a 
comparatively large low wind speed area, with a 
maximum WSD of about -1.4 (Figure 6(b)). This 
low wind speed area spreads from the tree to the 
windward opening and extends up to half the 
opening height. These modifications cause a higher 
VRR compared to the conical shape crown. Wind 
speeds slightly increase downstream of the trees 
with a V-shape crown (Figure 6(c)) but still cause 
about 2% more VRR than the tree with an oval 
crown. A possible explanation is that despite 
increased wind speed outdoor, the V-shape crown 
does not improve indoor wind circulation, as seen 
from the WSD pattern indoors, which is quite 
similar to that for cuboidal and oval crown shapes. 
The largest low wind speed area with the maximum 
WSD of -1.8 extends from the tree with the cubical 
crown to the windward opening resulting in the 
highest VRR (Figure 6(d)).  

Figure 7 illustrates the WSD distribution in the 
vertical center plane of the building for a tree with 
a cuboidal crown planted at a 2H upstream distance 
of the building. A significant decrease in wind 
speed is observed near the left top corner of the 
building, indicating possible stagnation of aged air. 
Moreover, wind speeds in the wind jet that carries 
fresh air into the building, suffer a 0.2 – 0.6 times 
reduction compared to the no-tree case. These facts 
point out that trees planted near the buildings 
significantly affect ventilation rates and indoor air 
circulation. 

 

      

Fig. 6. WSD in the vertical center plane of the building 
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Fig.7. Distribution in WSD for the tree with a 
cuboidal crown at a 2H distance upstream of the 

building. 

D. Conclusion 
This study used CFD simulations to investigate 

the effects of tree plantation location and crown 
shape on the cross-ventilation rate of a generic 
building. The following findings of this study are 
essential for choosing tree plantation locations and 
maintaining crown shapes to minimize the 
ventilation rate reduction of buildings. 

• The magnitude of wind speed decreases 
downstream of trees. The largest decrease in 
wind speeds occurs at 1.5H to 2.5H 
downstream distances of trees. Therefore, trees 
should not be planted at 1.5H to 2.5H distances 
upstream of ventilation openings.  
 

• Trees with smaller cross-section areas at the top 
of the foliage, such as conical and oval crowns, 
cause the minimum reduction in ventilation 
rates. In contrast, trees with cuboidal crowns 
can reduce ventilation rates by 25%. 
Therefore, it is advisable to maintain 
aerodynamical crown shapes such as conical or 
oval for trees planted closer to buildings.  

• Trees upstream of buildings cause air 
stagnation near the windward top corner of the 
space prompting some visible effects such as 
mold growth. In addition, one can detect a 
noticeable slowdown of wind speed at the 
windward opening. If such evidence has been 
found, one should take necessary actions to 
minimize the adverse effects of trees on 
ventilation rates and indoor air circulation. 
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