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Abstract: Recently, climate governance has entered a new phase of accelerating decarbonization. In
order to achieve low-carbon buildings, natural ventilation has been widely used as it requires no
fan power. However, there are great challenges for achieving effective natural ventilation in large-
space public buildings especially in areas characterized by hot-summer and cold-winter climatic
regions, due to empirically unsuitable ambient temperatures and theoretically complex joint effect
of wind pressure and thermal buoyancy. Therefore, this numerical study was conducted on the
performance of a natural ventilation strategy in a large-space public building in a hot-summer
and cold-winter region by using computational fluid dynamics (CFD) methods. Simulations were
performed by applying FLUENT software for obtaining airflow distributions within and around
a typical low-carbon public building. The temperature distribution in the atrium of the building
was simulated particularly for analyzing the natural ventilation performance in a large-space area.
Results demonstrated that thermal pressure was dominant for the large-space building in the case
study. The average indoor airflow velocities on different floors ranged from 0.43 m/s to 0.47 m/s on
the windward side which met indoor ventilation requirements. Most areas of wind velocities could
meet ventilation requirements. The natural ventilation performance could be improved by increasing
the relative height difference between the air inlets and air outlets. These findings could help provide
references and solutions for realizing natural ventilation in low-carbon large-space public buildings
in hot-summer and cold-winter regions.

Keywords: natural ventilation; low-carbon building; CFD; air distribution

1. Introduction

Global climate change has a significant impact on both natural environment and hu-
man society. To prevent the severe hazards caused by global warming, organizations have
proposed limiting the global temperature increase to 1.5 ◦C and advocated for achieving
global carbon neutrality by approximately 2050 [1]. China has suggested a dual carbon
national goal with the aim of reaching a carbon peak before 2030 and achieving carbon
neutrality before 2060. In China, the building sector accounts for 45% of the total energy
consumption, and 50.6% of the total carbon emission [2]. In order to reduce both energy
consumption and carbon emission in buildings, the Ministry of Housing and Urban-Rural
Development has established the 14th Five-Year Plan for the Development and Planning
of Energy Conservation in Building and Green Buildings, demanding the compulsory
implementation of a national standard for green buildings in new constructions, and
the construction of ultralow and near-zero-energy-consumption building demonstration
projects will exceed 50,000,000 m2 by 2025 [3].
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Among different types of buildings, public buildings are essential for modern so-
ciety, while contributing significantly to energy consumption and carbon emissions [4].
Particularly, large-space public buildings symbolize urban modernization with their spa-
cious layouts, complex designs, and diverse functions [5], with a concern for large energy
consumption. Recently, natural ventilation has been regarded as a preferable ventilation
method in large-space public buildings [6] for maintaining excellent air quality and thermal
comfort in indoor environment and contributing to energy efficiency and human health [7].
Natural ventilation, which results from the joint effect of thermal buoyancy and wind
pressure, may be divided into three categories: wind-driven ventilation, buoyancy-driven
ventilation, and ventilation caused by the interaction of wind and buoyancy [8]. Natural
ventilation is a sustainable solution by reducing cooling energy consumption [9]. Previous
research also indicated that excessive heat and humidity can be removed by permitting
natural ventilation in large-space public buildings [10], providing the inhabitants with a
high-quality living environment [11]. Therefore, natural ventilation has proved to be a
promising low-carbon solution to public buildings with its impact on energy conservation
and cost reduction.

The Yangtze River Delta, with a typical hot-summer and cold-winter climate, is
taking actions to attain carbon emission reduction while maintaining its economic
growth objectives. It is distinguished by a significant number of large-space public
buildings [12] and thus require effective low-carbon designs such as natural ventilation.
However, the ambient temperature in this region is often above 28 ◦C in summer and
below 10 ◦C in winter [13], which bring great challenges in applying proper natural
ventilation strategies in buildings of this region. On the other hand, it is crucial to
understanding the driving forces and principles of natural ventilation in large-space
public buildings. Previous researchers and practitioners have put a great effort in
solving these problems.

As a strategy for improving natural ventilation, atriums are often applied in large-
space public buildings and have proved to be capable of providing satisfactory indoor
thermal environment with a semienclosed form [14–16]. Hussain et al. [17] conducted
a numerical study on a three-story atrium building and analyzed the influence of
sunshine duration and solar intensity at different geographical locations on the air-
flow velocity and temperature distribution of the buoyancy-driven natural ventilation.
Zhang et al. [18] performed simulations on a simplified low-rise atrium building in
Shanghai and found that the atrium had a favorable thermal environment, and that
fully open external windows of the atrium could significantly improve the subjective
evaluation of the indoor environment by the occupants. Cheng [19] used steady-state
CFD method to simulate the airflow distribution and airflow velocity at various posi-
tions in a simplified sports stadium and found that the coordination between thermal
pressure and wind pressure dynamics resulted in good ventilation performance in the
main functional spaces in the stadium. Nevertheless, previous research on atriums has
mostly concentrated on conventional atriums with a uniform shape which occupies
several floors. Atriums with a unique shape and special spatial arrangements with
irregular floor layouts, however, are seldom investigated. For complex atrium space
forms, Xu [20] proposed the atrium body shape coefficients related to the design and
verified the influence of geometric design parameters on energy consumption of near-
zero-energy office buildings in cold regions. However, that study was in cold regions,
and the climatic conditions are very different from the cold-winter and hot-summer
regions in which our study is located. Further explorations are needed to analyze the
performance of natural ventilation in atriums in these regions.

In order to gain a better understanding of natural ventilation in large-space buildings,
Lu et al. [21] developed a vertical temperature node model to predict thermal stratification
based on the airflow pattern of a low-level wall supply and studied the heat transfer
process in large-scale spaces. They revealed that vertical temperature stratification is a key
factor for implementing natural ventilation in large-scale buildings. Tan [22] investigated
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the influence of outdoor wind environment on natural ventilation in large-space public
buildings from the perspectives of the building layout, environmental factors, and boundary
conditions. They used CFD simulation to identify controllable factors for improving
the outdoor wind environment and summarized site design principles favorable for a
natural ventilation design. Guo et al. [23] combined building energy modeling (BEM)
with CFD to assess the influence of climate conditions and building form on natural
ventilation in a medium-sized subtropical sports stadium and demonstrated that thermal
buoyancy played a positive role in the air change rate (ACH) and wind velocity conditions.
Kong [24] conducted research on the wind and thermal environment in a large football
stadium in Xi’an, which indicated that the wind environment had a greater impact than
the thermal environment. For the spectator area of large buildings, the wind comfort
should be emphasized. Li [25] proposed a natural-ventilation strategy (Strategy NV),
which combined the two thermal comfort models with the airflow network model and
applied it to a case study based on a seven-floor office building located in hot-summer
and cold- winter regions. Building energy consumption was significantly reduced by
the Strategy NV. However, the specific impact of the interaction of wind and buoyancy
on an indoor ventilation environment, especially under natural ventilation, has not been
further revealed.

Despite the extant literature, important gaps could be found in these works. Firstly, the
joint effect of wind pressure and thermal buoyancy has not been studied thoroughly in low-
carbon public buildings with complex structures in hot-summer and cold-winter regions.
Secondly, little information can be found on the natural ventilation performance of atriums
with special spatial arrangements and irregular floor layouts. The present work addresses
these issues and focuses on the simulation of natural ventilation in a typical large-space
public building during midseason, considering the joint effect of wind pressure and thermal
pressure. In view of the existing problems and deficiencies, the objective of this study is to
discuss the effectiveness of natural ventilation in low-carbon large-space buildings from the
perspectives of wind pressure and thermal pressure. Simulations were performed by using
FLUENT to obtain airflow distributions within and around the building. The temperature
distribution in the atrium of the building was simulated particularly for analyzing the
natural ventilation performance in a large-space area. A case study of an office building
located in a hot-summer and cold-winter region is given. The main findings in this study
could help provide references and solutions for realizing natural ventilation in low-carbon
large-space public buildings.

2. Materials and Methods
2.1. Description of the Low-Carbon Building

The structural diagram of the building is shown in Figure 1. The low-carbon
building for the case study was located in Shanghai and was a 23.7 m high office
building consisting of seven floors (with two floors underground and five floors above-
ground), and the five floors above the ground were simulated in this study. The total
area of the building was 11,782 m2. Each side of the building glazing facade had several
operable openings which measured 2000 mm × 750 mm. There was an atrium in the
eastern part of the building (Figure 1b), which was directly connected to the entrance,
while the rest area of the building was occupied by rooms of varied areas. As shown
in Figure 1c, the building was separated into two sections according to their structure
and functions. Section M had four floors, and the height was 7.15 m for floors M1-2,
and 4.5 m for floors M3-4. Section F had five floors, with F1 being the highest with
a height of 4.9 m and the remaining floors had a height of 4.5 m. Since the atrium
enabled the joint effect of wind and thermal pressure between the M and F sections, it
was investigated separately in this study.
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Figure 1. (a) Section view of the case study building. (b) Atrium in the building; (c) schematic dia-
gram of sections. 

Figure 1. (a) Section view of the case study building. (b) Atrium in the building; (c) schematic
diagram of sections.
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2.2. CFD Model

CFD (computational fluid dynamics) is a commonly used method for evaluating
the natural ventilation performance of buildings since it can provide more detailed and
accurate information than physical experiments, especially in complex flow systems [26,27].
In this study, a series of simulations with CFD methods were carried out by using FLUENT
software to reveal the conditions of airflow fields or temperature distributions in outdoor
and indoor environments. A two-stage simulation was conducted including stage 1, the
airflow velocity and static pressure around the building for the outdoor environment; and
stage 2, the airflow velocity and temperature distributions of selected floors for the indoor
environment. For the outdoor flow field simulation, the building was regarded as an
enclosure with the external openings (windows and doors) on the building envelopes kept
open as velocity inlets in order to calculate the airflow velocities at the inlets and outflow,
which were employed in the boundary conditions’ setup for the indoor environment
simulation. The flow chart of the two-stage simulation is shown in Figure 2.
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The airflow distributions in this study were nonstationary three-dimensional incom-
pressible turbulent flow, and the buoyancy force term in the indoor flow was calculated
using the Boussinesq assumption [28]. The dynamical component was constant, and the
influence of the buoyancy force on the airflow was caused by the air density and pressure
gradient. The airflow in the turbulent viscous model satisfied the continuity equation,
while the momentum equation was represented by the Navier–Stokes equations [29]:

∂ui
∂xi

= 0 (1)
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The momentum equation was:

∂ρui
∂t

+
∂ρuiuj

∂xj
= − ∂p

∂xi

[
µe f f

(
∂ui
∂uj

+
∂uj

∂xi

)]
+ ρβ(T0 − T)gi (2)

The energy conservation equation was:

∂ρT
∂t

+
∂ρvjT

∂xj
=

∂

∂xj

[
ΓT,s f f

∂T
∂xj

]
+

q
Cp

(3)

where ΓT,e f f is the effective turbulent diffusion coefficient of the temperature.

ΓT,e f f =
µe f f

pre f f
= 0 (4)

where pre f f is the effective Prandtl number, with a value of 0.9.
Each of the above equations were expressed in terms of the following generic equation:

div[ρVϕ] = div
[
Γφgradϕ

]
+ sφ (5)

where Γφ is the diffusion coefficient, sφ is the source term of the generic equation, where ϕ
is a distinct physical quantity; the general equation transforms into the physical quantity
control equation.

Both the momentum equation and the energy equation were expressed uniformly in a
right-angle coordinate system as follows:

∂

∂x

(
ρuφ− Γφ

∂φ

∂x

)
+

∂

∂y

(
ρvφ− Γφ

∂φ

∂y

)
+

∂

∂z

(
ρwφ− Γφ

∂φ

∂z

)
= sφ (6)

where ϕ can represent u, v, w, or T. To facilitate numerical calculations, the control volume
integration approach was used to discretize the differential control equations.

The pressure–velocity coupled SIMPLEC technique was used as the solution for the
simulations. To increase the simulation accuracy and ensure the authenticity of the physical
results, each governing equation was discretized using a second-order upwind approach.
The convergence criteria for the residual values were set to less than 10−6.

A steady-state simulation was conducted in this study. The Reynolds averaged Navier–
Stokes (RANS) equations were adopted since it offers a faster computational speed as
compared to a large-eddy simulation (LES). For the turbulence model, RANS methods
provide different models such as the standard k-ε model, RNG k-ε model, and realizable
k-ε model. The realizable k-ε model was selected since the fluid flow was assumed to be
incompressible fluid, and the realizable k-ε model offers a better computational accuracy
and convergence velocity in both external and internal ventilation of buildings compared
to the standard k-ε model. Mayank et al. [30] verified the accuracy of the model by using
the realizable k-ε model to perform two-dimensional numerical simulations of a specially
designed turbulent channel. Ami et al. [31] used the realizable k-ε model to simulate
constrained buoyant turbulent jets, where the accuracy of the model was verified by
comparing the results of experiments and simulations. Stavrakaki et al. [32] used the
realizable k-ε model in an experimental study which validated the model.

In the realizable k-ε model, the transport equations for k and ε can be expressed in a
general form as follows [23]:

∂(ρk)
∂t

+
∂(ρkui)

∂xi
=

∂

∂xj

[(
u +

ut

σk

)
∂k
∂xj

]
+ Gk − ρε (7)
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∂(ρε)

∂t
+

∂(ρεui)

∂xi
=

∂

∂xj

[
(u +

ut

σε
)

∂ε

∂xj

]
+ ρC1Eε− ρC2

ε2

k +
√

νε
(8)

where ρ is the density, u is the dynamic viscosity, k is the thermal conductivity, ε is the
dissipation rate of the turbulent kinetic energy, ν is the kinematic viscosity, η is the turbulent
viscosity, and E is the turbulent kinetic energy.

Moreover,
σk = 1.0, σε = 1.2, C2 = 1.9

C1 = max(0.43,
η

η + 5
) (9)

η = (2Eij·Eii)
1
2

k
ε

(10)

Eij =
1
2

(
∂ui
∂xj

+
∂uj

∂xi

)
(11)

2.3. Boundary Conditions

The setups of the boundary conditions in this study are presented in Table 1. According
to the Technical Code for Numerical Simulation of Building Environment (DB31/T 922-
2015) [33] of Shanghai, the simulation date was 20 March, with a predominant southeast
wind direction and an average outside wind velocity of 3.8 m/s. The average wind
velocity in the predominant wind direction was 3.51 m/s when the wind direction was set
perpendicular to the building. According to the Chinese Standard Weather Data (CSWD),
the average outdoor temperature in Shanghai during the transitional season (May) is 24 ◦C.
The temperature of the first floor was 22 ◦C, with a 0.4 ◦C gradient as the temperature rose
up the height of the building. Equation (12) is used to compute the wind velocity at the air
inlet using the urban gradient wind model

−
u
u0

= (
z
z0
)a (12)

where
−
u is the wind velocity of the height h (m/s), u0 is the wind velocity of the reference

height (in m/s, the value was 3.8 m/s), z0 is reference height (in m, the value was 10 m),
a is the local sub-bedding surface roughness coefficient (the value was 0.3). These values
were compiled into a user-defined function (UDF) file to be used as the gradient wind
parameters for the inlet boundary:

I = 0.1(
z
zg

)−0.25 (13)

k = 0.5(
−
u·I)2 (14)

ε = 0.09
3
4 · k

3
2

l
(15)

where I is the turbulence intensity at the entrance, zg is the gradient wind height (450 m). k
is the turbulent kinetic energy, ε is the dissipation rate of the turbulent kinetic energy, and l
is the turbulence scale.
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Table 1. Boundary conditions of the study.

Type Value

Air inlets 1, 2, 3, 4 Velocity inlet
Rated value: 3.51 m/s,

varying according to Equation (12)
Gradient temperature: 18 ◦C

Air outlets 1, 2, 3, 4 pressure outlet 0 Pa

Air outdoor Temperature 24 ◦C

Walls F1, F2, F3, F4, F5 Temperature F1:22 ◦C, F1~F5 according to
0.4 ◦C/floor increment

Walls M2, M3 Temperature M2: 22.6 ◦C
M3: 23 ◦C

Ground Temperature Adiabatic

Roof Temperature 26 ◦C

Several assumptions were made as follows [34–36]:

• The airflow within the building was continuous and was treated as an incompressible fluid.
• Only steady-state ventilation was considered, with the environmental impact on the

airflow field ignored.
• Direct solar radiation that entered the inside through windows was ignored.
• The roof temperature was supposed to be extremely high and comparable to the

external temperature due to the direct and dispersed solar radiation.

2.4. Computational Domain and Grid Generation

The computational domain was divided into outdoor and indoor models for the
two-stage simulation, which could achieve accurate simulation results while reducing com-
puting time. For the indoor environment simulation, the M2, F1, and F5 floors were chosen
as representative since the crowd was more concentrated on the M2 and F1 floors, and we
explored whether the temperature of the F5 floor met the requirements. The floor partitions
and the main openings are shown in Figure 3. As shown in Figure 4, the dimensions of
the computational domain in this study were determined as 366.4 m × 251.9 m × 137.4 m
(length × width × height). Using the building height (H) as a reference, the distance
between the inlet of the computational domain and the building was 5H, while the distance
between the outlet and the building was 10H. The distance from the sidewalls and the top
of the computational domain to the building surface was 5H.
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2.5. Mesh Dependency Test

An unstructured hexahedral mesh was generated in the computational domain with
refined meshes close to the building and the openings on the envelope. The grid size of the
openings in this study was less than 0.4 m. At least five boundary layers were generated
at pedestrian heights (1.5 m) near the surfaces of the building and the ground. In order to
validate the accuracy of the internal model, the mesh dependency test [37] was conducted
to create three different mesh models: a coarse mesh model (mesh number: 597,709), a
medium mesh model (mesh number: 1,206,857), and a fine grid model (mesh number:
2,421,152), where U is the relative value of the position coordinate and the length of the
measuring axis. Figure 5 shows the velocity variation at the outlet reference point. It can be
seen that among these mesh models, the medium mesh model presents a certain level of
accuracy, as compared to the coarse mesh model. Therefore, the medium mesh model was
selected, and the mesh model is presented in Figure 6.
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3. Results and Discussion
3.1. Validation of CFD Model

The CFD model used in this study was validated in recent studies, i.e., see Refs. [38–40].
Figure 7 shows the realizable k-ε model to simulate the airflow distribution of natural
ventilated building with the air-inlet velocity (UH = 2.2 m/s) [41]. A comparison of a wind
tunnel test [42] and simulated values of u/UH at different points in the building are shown
in Figure 7, where u is the velocity at the measured point, u/UH is the relative velocity at
the measured point against UH, z is the height of the measured point, H is the height of
building, and z/H is the relative height of the measured point against the building. The
results indicate that the simulated indoor flow field of the building and the experimental
test results are consistent with each other when UH is 2.2 m/s. Therefore, the validation
results prove that the CFD models is reliable to evaluate the natural ventilation performance
in this case study.
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3.2. Results of Outdoor Flow Field

The contour and vector plot of the outdoor wind velocity in the Y-direction (building
width direction) at the center of the building are shown in Figure 8. Figure 9 shows the
results of different section views along the Z-direction at a distance of 1.5 m above the
ground level. The results indicate that the airflow runs from east to west along the eastern
wall due to the impact of the southeast wind. Indoor wind velocity variations range from
0 m/s (lowest) to 4.88 m/s (highest). The upstream airflow in the indoor area has a higher
velocity, allowing air to flow smoothly from outdoor to indoor environments through
the skylight, resulting in a natural ventilation in the atrium. Due to barrier effect of the
building’s east wall, the airflow downstream progressively becomes a horizontal flow with
an approximate angle of 0 degrees to the wall surface. The variable wind directions and the
small pressure difference between indoor and outdoor environment result in inadequate
external conditions for natural ventilation at the east windows in the downstream area.
Meanwhile, the wind velocities of the areas farther from ventilation openings are lower.
The effects of natural ventilation are better on floors that are nearer the skylight, while the
F1 floor is least influenced. In order to improve indoor air quality during the midseason,
it is recommended to increase the opening area on the F1 floor or open more windows to
introduce fresh air. As presented in Figure 10, it can be observed that the wind velocity is
higher at the south and north exit positions of the building, which may have an impact on
pedestrians in the office area. The outdoor wind is obstructed by the building, resulting
in airflow vortices forming around the south and north exits and the leeward side of the
building’s eastern wall.
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The distribution of positive and negative pressure zones around the building is shown
in Figure 11. The maximum static pressure on the windward side is 5.87 Pa, while on the
leeward side, it is −0.53 Pa. The pressure difference between the front and back of the
building is 5.31 Pa, which exceeds 5 Pa. The building’s front and rear are under different
pressures, which promotes air circulation and improves the efficiency of natural ventilation.
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The wind velocities at each window on the building envelopes were determined by
the simulation results of the outdoor wind velocity and were used to set up the boundary
conditions for the indoor environment simulation.

3.3. Results of Indoor Flow Field

Based on the complex design of the building with a central atrium, three different
heights of the simulated office building were selected for the analysis: F1 floor (4.9 m), M3
floor (11.65 m), and F5 floor (22.9 m). All windows and the doors of functional rooms on
each floor were open. Due to the complexity of the structure and floor layout, the atrium
was simulated separately to obtain detailed velocity and temperature distribution results.

3.3.1. Indoor Airflow Distribution on Each Floor

According to the outdoor simulation results, the wind velocities at various windows
on each floor were obtained, and the inlet air velocity was set up as shown in Table 2. The
distribution of the air velocity for each floor is shown in Figure 12. The results show that
the average wind velocities on the F1 floor, M3 floor, and F5 floor is 0.43 m/s, 0.44 m/s,
and 0.47 m/s, respectively, and the average wind velocities of all floors are in the comfort
zone. These wind velocity values are within the acceptable and observable wind velocity
range from 0.25 m/s to 0.5 m/s [43]; the evaluation of the indoor air velocity is shown in
Table 3. The highest wind velocity is 4.68 m/s, occurring at the entrances and exits, which
can meet the basic comfort requirement defined by GB 50189-2015 [44].

Table 2. Simulation results of the wind velocity of the target external windows on each floor.

Floor Location Velocity (m/s)

F1 Inlet 1 1.79
M3 Inlet 2 3.27
F5 Inlet 3 4.11
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Table 3. Simulation results of the wind velocity of the target external windows on each floor [40].

Indoor Wind Velocity (m/s) Comfortable Level

≤0.25 No blowing feeling
0.25–0.50 Comfortable
0.50–1.00 Slightly comfortable
1.00–1.50 Slightly uncomfortable

>1.50 Uncomfortable



Buildings 2023, 13, 2263 15 of 22

From the wind velocity distribution, the results show that the entrance areas of the
rooms on the F1 floor have higher wind velocities as compared to other areas of the floor.

The airflow at the entrance accelerates as it passes through narrow passages, creating
accelerated air channels. This problem can be remedied by closing the doors, and it has no
substantial impact on occupants’ comfort. The wind velocity uniformity on the F1 floor is
low, and the region around the auditorium has a huge stagnant zone and dead zones for
ventilation, requiring forced ventilation to achieve optimal comfort. A higher suction force
can be caused by the combined impact of wind and temperature pressure on the F1 floor
when the skylights are open.

According to the results from the wind velocity distribution, it can be seen that on
the M3 floor, the south corridor and the northeast long corridor form an accelerated air
channel with a maximum wind velocity of 4.3 m/s. This area corresponds to the restrooms
on the leeward side, which has worse air quality. Great interior air quality is ensured by the
fast airflow in this space, which may swiftly remove contaminants and stop their diffusion.
The airflow distribution on the F5 floor is found to be rather consistent according to the
wind velocity distribution, and there is noticeable air movement in all the rooms. Due to
its proximity to the skylight exhaust, there are hardly any large stagnant zones or dead
zones for ventilation. Additionally, the southeast openings offer beneficial ventilation to
the primary functioning public spaces. Due to the blockage of the structure, some external
wind rushes around the building and enters the floors through the south-facing apertures.
Meanwhile, the west and north functional areas are improved by the internal circular
corridor, and the east and south functional spaces display considerable air movement,
leading to better natural ventilation.

3.3.2. Indoor Temperature Distribution on Each Floor

The temperature distribution contours for each floor are shown in Figure 13. When
the skylights are open, the average temperature on each floor varies from 19.8 to 23.6 ◦C,
which can meet the basic comfort requirement defined by ASHRAE Standard 55-2004
(namely, 18−24 ◦C) [45]. The F1 floor has a maximum temperature of 22 ◦C, the M3 floor of
26 ◦C, and the F5 floor of 27 ◦C. Higher temperatures are found in places distant from the
occupied zones on the lower floors where external air enters, with a temperature differential
of roughly 5 ◦C from the entrance. However, a sufficient walking distance can alleviate the
discomfort caused by the temperature difference. The temperature differential between
the F5 floor and the outside air exceeds 6.7 ◦C as a result of the vertical temperature strati-
fication. Although temperatures in high-rise zones without external air introduction are
greater, temperature changes within the same floor are modest, resulting in no substantial
discomfort for walkers. The horizontal and indoor–outdoor temperature differences are
unusually large on the west side of the M3 floor, where there are no windows connecting
to the outdoors. The east-side research area has adequate air circulation and a comfortable
temperature sense of roughly 20 ◦C. The average temperature in the indoor high-rise floors
is nearly 21.7 ◦C, suggesting a high degree of comfort and meet the low-carbon building
evaluation standards [46].

3.4. Results of Flow Field in the Atrium
3.4.1. Velocity Distribution

The velocity distribution at the 1.5 m pedestrian level in the central atrium of the
building is shown in Figure 14. According to Figure 14a, the vertical upward airflow is
consistent and well-organized when the skylights are open. The upward airflow increases
the wind velocities around the atrium. As the building height increases, the wind velocity
on each floor also increases. From the results given in Figure 14a, the wind velocity
distribution in the interior central atrium region is unequal. The high-velocity zones are
mostly centered along the eastern border of the F1 floor’s central atrium and the middle
section of the F5 floor’s central atrium. The maximum wind velocity on the F1 floor is
found on the southern side of the eastern central atrium, reaching 1.87 m/s. On the F5 floor,
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the maximum wind velocity is observed in the eastern central atrium, reaching 3.12 m/s.
The low-velocity regions are concentrated in the rest areas on the north and south sides,
with an average wind velocity close to 0.5 m/s. This satisfies the criteria for occupant
comfort during activities by giving the occupants a cozy atmosphere without creating a
drafty feeling.
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From Figure 14b,c, it can be seen that the average wind velocity in the central atrium
area on the F1 floor is roughly 0.86 m/s, while the total wind velocity on the F2 floor
is approximately 0.58 m/s. The central atrium area on the F5 floor has a higher total
wind velocity than that of the F2 floor, with an average of roughly 1.09 m/s. The central
atrium area is influenced by the chimney effect, resulting in higher wind velocities, with a
maximum velocity of approximately 4.32 m/s. Higher wind velocities are experienced on
the windward side of the central atrium space, which is connected to the outside world,
suggesting effective ventilation. The wind velocities are significantly lower on the leeward
side due to coupled wind and thermal effects, although they rise near corridors and small
tunnels. In general, the influence of external airflow on indoor room wind velocities is
minor when compared to the effect on the central atrium area. Figure 14d shows the wind
velocity of the central atrium in the Y-direction (along its width) varies from 0.40 m/s to
1.65 m/s. Lower wind velocities are found in the middle area of atrium, while higher wind
velocities are seen in the vertically linked portions on both sides and near the top exhaust
vents, reaching a maximum velocity of roughly 4.3 m/s. Significant vortices are also visible
close to the top exhaust vents. The wind velocity varies in the depth direction (along the
length) from 0.42 m/s to 1.73 m/s, as shown in Figure 14e. The results show that thermal
pressure leads to a noticeable chimney effect for the atrium, which causes more air to travel
vertically upward along the height of the building and helps improve natural ventilation in
the atrium.

3.4.2. Temperature Distribution

The temperature distribution analysis focused on the thermal environment changes in
the central atrium and its connected spaces. The temperature distribution at a height of
1.5 m above the floor in each cross section of the central atrium is shown in Figure 15.

From the analysis, it is observed that the temperature increases noticeably from the F3
to F5 floors in the central atrium space. Figure 15a shows the temperature distribution on the
F3 floor is relatively uniform, with an average temperature of approximately 21.4 ◦C. The
temperature distribution becomes less uniform on the F5 floor, with temperatures steadily
increasing from the peripheral towards the center, reaching a maximum temperature of
almost 27.8 ◦C. The lowest temperature on the F5 floor is found on the windward side
of the atrium, at around 21.2 ◦C, which is influenced by the chimney effect created by
the airflow within the atrium. The results show that the air temperature at the ceiling
level is higher than at the floor level due to the driving force of thermal pressure. The
average air temperature is significantly higher on higher floors compared to lower floors.
A better temperature uniformity and lower temperatures are exhibited in the F1 floor
than the F5 floor. The temperatures on lower floors are more pleasant and have a better
thermal stability. From Figure 15b,c, it can be seen that lower floors have a higher thermal
stability and more suitable temperature perception in the case of coupled wind and heat
effects. Thermal pressure may be used to efficiently regulate the temperature in the primary
operating sections of green buildings. From Figure 15d, it can be found that the inside
airflow caused by thermal pressure efficiently serves the rest areas on the north and south
sides of the building that are on the windward side when thermal buoyancy is present,
resulting in a more pleasant feeling of temperature there. Due to the internal stairs and
resting platforms in the atrium, there is a notable vertical temperature stratification from
the F3 to F5 floors. There is an approximate 3 ◦C change in temperature on each floor.

These results show that thermal pressure is the dominant effect for natural ventilation
in the atrium as compared with the wind pressure. Natural ventilation can achieve a
favorable indoor thermal environment for the central atrium when the outside temperature
is between 17 and 25 ◦C. Using thermal buoyancy effectively may be the key to optimizing
the natural ventilation environment of a complicated atrium architecture.



Buildings 2023, 13, 2263 19 of 22Buildings 2023, 13, x FOR PEER REVIEW 20 of 23 
 

 
(a) 

  
(b) (c) 

  
(d) (e) 

Figure 15. (a) Summary of temperature contours at each floor of the atrium. (b) F1 floor. (c) F5 floor. 
(d) The center of the atrium in the width direction. (e) The center of the atrium in the depth direction. 

4. Conclusions 
This study used computational fluid dynamics (CFD) methods to evaluate the natu-

ral ventilation performance in a low-carbon large-space building in hot-summer and cold-
winter regions. The impact of outdoor airflow on various indoor spaces was investigated, 
and the influence of the joint wind and thermal pressure on the natural ventilation in the 
building for the case study was analyzed. The main conclusions of this study are as fol-
lows: 
• With fully open windows, horizontal airflow created by thermal pressure is domi-

nant in the building. The opening at the top of the atrium has a major effect on the 
temperature distribution of higher rooms. 

Figure 15. (a) Summary of temperature contours at each floor of the atrium. (b) F1 floor. (c) F5 floor.
(d) The center of the atrium in the width direction. (e) The center of the atrium in the depth direction.

4. Conclusions

This study used computational fluid dynamics (CFD) methods to evaluate the natural
ventilation performance in a low-carbon large-space building in hot-summer and cold-
winter regions. The impact of outdoor airflow on various indoor spaces was investigated,
and the influence of the joint wind and thermal pressure on the natural ventilation in the
building for the case study was analyzed. The main conclusions of this study are as follows:

• With fully open windows, horizontal airflow created by thermal pressure is dominant
in the building. The opening at the top of the atrium has a major effect on the
temperature distribution of higher rooms.
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• The average indoor airflow velocities on different floors ranges from 0.43 m/s to
0.47 m/s on the windward side which can meet indoor ventilation requirements.

• Natural ventilation can achieve a favorable indoor thermal environment for the cen-
tral atrium when the outside temperature is between 17 and 25 ◦C. The ventilation
performance is improved by a larger relative height difference between the air inlets
and air outlets.

However, certain limitations still exist and potential areas for further investigations
are recommended as follows:

• The impacts of various types of ventilation openings on the internal airflow environ-
ment of the building could be investigated.

• Simulations under summer and winter conditions with hybrid ventilation should be
conducted to analyze the potential of natural ventilation throughout the year.
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