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Abstract: A combined solar chimney is proposed in this paper that integrates an inclined-roof solar
chimney with a traditional Trombe wall. The ventilation performance of the combined solar chimney
is analyzed numerically and then compared with the Trombe wall and the inclined-roof solar chimney.
The feasibility of different operation modes and the ventilation effect under different environment
conditions are also discussed. The results show that when the ambient temperature ranges from 298
to 303 K in the summer, a natural ventilation mode is appropriate. Otherwise, an anti-overheating
mode is recommended. When the ambient temperature is lower than 273 K in the winter, a space
heating mode has a better heating effect. A preheating mode can be employed to improve the indoor
air quality when the ambient temperature is higher than 278 K. The simulation results indicates that
the ventilation effect of the combined solar chimney is better than that of the Trombe wall and the
inclined-roof solar chimney, and the problem of overheating can be avoided. The study provides
guidance for the optimal operation of a combined solar chimney.

Keywords: ventilation; solar chimney; overheating; temperature distribution; simulation

1. Introduction

With rapid economic growth and continuous urbanization, the world’s energy con-
sumption is increasing rapidly. The CO2 emissions in 2019 in China—the world’s largest
energy consumer—were approximately 9.825 billion tons, accounting for nearly one third of
the world’s total emissions [1]. Building energy consumption accounts for 30% of the total
energy consumption, mainly for building heating, ventilation, and air-conditioning [2–5].
Therefore, measures of using renewable energy to reduce the energy consumption and
carbon emissions of buildings have been promoted to realize the goal of an emissions peak
by 2030 and to be carbon neutral by 2060.

At present, solar energy is one of the most commonly used renewable energy sources.
A solar chimney is an efficient technology combining chimney technology with solar
thermal utilization technology to enhance the natural ventilation of a building [6]. The
solar chimney has a simple structure and is mainly composed of a glass cover, an inlet
and outlet, and a storage wall. According to the combination of a solar chimney and a
building, there are three main structural types: an inclined-roof solar chimney, a vertical
solar chimney, and a Trombe wall solar chimney [7–9]. A vertical solar chimney and an
inclined-roof solar chimney have a better ventilation effect in the summer but they are not
suitable for winter heating. A Trombe wall can be used for both summer ventilation and
winter heating. However, when it is used in the summer, the ventilation flow rate is usually
restricted and overheating is inevitable [10–13].

The ventilation performance of a solar chimney is mainly affected by structural factors
and environmental conditions, for example [14]. Studies indicate that the daily average
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air-conditioning energy consumption of houses with solar chimneys can reduce by approx-
imately 10% to 20% compared with ordinary rooms. If the operation mode is suitable, it
can save 30% of operating costs [15]. Hosien [16] found that when the air gap of a vertical
solar chimney is 0.1–0.5 m, the corresponding mass flow rate is 0.04–0.18 kg/s. The mass
flow rate increase can reach up to 4.5 kg/s·m, which is 900 times higher than that of a
chimney height in the range of 2–8 m. Bassiouny [17] compared the indoor air distribution
of an inclined solar chimney at different inclination angles. It was found that when the
inclination angle was below 30◦, the flow resistance at the inlet of the chimney was higher
due to a worse penetration depth and a streamlined distribution of the air flow. In addition,
it was pointed out that when the latitude was 28.4◦ N, the optimal inclination angle ranged
from 45◦ to 70◦. Harris [18] conducted a comparative simulation analysis of a vertical
solar chimney and an inclined solar chimney at a latitude of 52◦ in the Edinburgh area of
Scotland. The simulation results showed that the air flow rate was the largest when the
inclination angle was 67.5◦. Compared with a vertical solar chimney, the air flow rate of an
inclined solar chimney increased by 11%. Jing [19] conducted an experiment on an inclined
solar chimney with a thickness-to-height ratio between 0.2 and 0.6. The results showed that
the air flow rate could be maximized when the height was 2 m and the air gap was 1 m.
The optimum thickness-to-height ratio was approximately 0.5.

In order to improve the performance of a solar chimney, structurally improved sys-
tems have been proposed and studied by researchers. Du [20] studied the ventilation
performance of a combined solar chimney (CSC) with a two-story house. It indicated that
the optimal length-to-width ratio was 12:1 and the ratio of the length of the vertical part to
the inclined part was 1.175. Aboulnaga [21] compared a combined solar chimney with an
inclined solar chimney. It was indicated that when the solar radiation was 850 W/m2, the
air flow rate of the inclined solar chimney and the combined solar chimney were 0.81 m3/s
and 2.3 m3/s, respectively. The results showed that the combined solar chimney had a
better ventilation effect than that of an inclined solar chimney. Zhang [22] established a
mathematical model of a combined solar chimney by an energy balance method. It was
found that the ventilation performance was improved with the increase of the width and
height of the chimney but an excessive air gap reduced the air flow rate. The optimal air
gap was 0.1 m and the optimum inclination angle could be controlled between 30◦ and 60◦

depending on the situation.
A combined solar chimney (CSC) can be utilized for both summer ventilation and

winter heating. However, the influence of structural parameters on the ventilation per-
formance of a combined solar chimney is different from that of a single-structured solar
chimney. At present, research has mostly focused on the thermal and ventilation properties
of a solar chimney as well as the influences of structural and environmental factors on the
ventilation effect, especially in a single-structured solar chimney. Few studies have focused
on the operation modes and their applicability in different environmental conditions [23].

In this study, numerical models of a combined solar chimney (CSC) were established
to research the natural ventilation and space heating effect of four different operation
modes; that is, natural ventilation modes in summer, an anti-overheating mode in summer,
a space heating mode in winter, and a preheating mode in winter. In order to verify the
improvement of the ventilation performance, an inclined-roof solar chimney (IRSC) and a
Trombe wall (TW) system were also discussed for comparison.

The novelty of this paper lies in the comparative analysis on the ventilation perfor-
mance of three different structural solar chimneys under particular operation modes that
focuses on the ventilation effect and overheating prevention in the summer. The feasibility
and applicability of different operating modes under different environment conditions
are discussed as an emphasis. The study is significant for promoting the application of
a combined solar chimney in practical engineering, providing guidance for the optimal
operation of a solar chimney.
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2. Materials and Methods
2.1. Physical Models

The schematic of the combined solar chimney (CSC) is shown in Figure 1. The structure
was composed of a Trombe wall and an inclined-roof solar chimney, which consisted of
an external glass cover and an internal storage wall both in the vertical and inclined part.
An air channel was formed between the external glass cover and the internal storage wall.
There were four operation modes for the combined solar chimney: a natural ventilation
mode for the summer, an anti-overheating mode for the summer, a space heating mode for
the winter, and a preheating mode for the winter. The changing of the operation modes
could be realized by the switching of the air vents. The natural ventilation mode in the
summer (S1) was to open the indoor air outlet, the roof air outlet, and the north air inlet; all
other vents were closed, as shown in Figure 1. The anti-overheating mode in the summer
(S2) was to open the outdoor air inlet and the roof air outlet; all other vents were closed.
The baffle in the above both modes was open. The space heating mode in the winter (W1)
was to open the indoor air inlet and the indoor air outlet; all other vents were closed. The
preheating mode in the winter (W2) was to open the outdoor air inlet and indoor air inlet;
all other vents were closed. The baffle in the above both modes was closed.

Figure 1. Schematic diagram of a combined solar chimney: (a) summer natural ventilation mode
(S1); (b) summer anti-overheating mode (S2); (c) winter space heating mode (W1); and (d) winter
preheating mode (W2).
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In order to simplify the expression, the CSC summer operation mode 1 (natural
ventilation mode) and summer operation mode 2 (anti-overheating mode) were referred to
as S1CSC and S2CSC, respectively. By this analogy, the operation modes of the Trombe wall
in the summer and winter were written as S1TW, S2TW, W1TW, and W2TW for short. There
was only a natural ventilation mode for the inclined-roof solar chimney (IRSC) so only the
performance in the summer was considered. For the CSC, the top outlet of the inclined
part was closed in the winter and its operations were the same as those of the Trombe wall.
Therefore, only the performance of the space heating mode and the preheating mode of the
Trombe wall in winter conditions were analyzed in this paper.

The physical model of the CSC in different modes as well as the contrastive structures
of the TW and IRSC are presented in Figure 2. The geometric parameters of the chimney
were determined according to the real size of a rural house in China (with a floor height of
over 3.0 m). The dimensions of the different models are listed in Table 1.

Figure 2. Models of a solar chimney with different structures: (a) CSC; (b) TW; and (c) IRSC.

Table 1. Geometrical parameters of the different models of a solar chimney.

Model H (m) h (m) W (m) d (m) θ (◦) Size of Air
Vent (m2)

CSC 2.5 1 1.5 0.5 45◦ 0.5 × 0.3
TW 2.5 – 1.5 0.5 – 0.5 × 0.3

IRSC – 1 1.5 0.5 45◦ 0.5 × 0.3

2.2. Mathematical Description

The heat transfer process inside a combined solar chimney is a complex dynamic
process involving heat convection and radiation. To simplify the theoretical analysis and
numerical calculations, assumptions were made as follows:

1. The air inside the chimney was an incompressible Newtonian fluid;
2. The heat transfer was in a steady-state [16]. Both the solar irradiation and the outdoor

ambient temperature were constant;
3. All relevant physical properties of the chimney material were independent of the

temperature [20];
4. Air penetration was ignored. Heat storage on the storage wall was also ignored to

simplify the heat transfer process;
5. This simulation only considered the ventilation performance of a solar chimney under

hot-pressing [18].

Three-dimensional steady-state turbulence control equations [24,25]:
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Continuity equation:
∂vi
∂xi

= 0. (1)

Momentum equation:

∂
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Turbulent kinetic energy:
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where vi is the average velocity component in the xi direction, m/s; xi is the coordinate;
ρ refers to the air density, kg/m3; P is the pressure, Pa; υt and υ are the turbulent viscous
coefficient and laminar viscous coefficient, respectively; gi is the gravitational acceleration
in the i direction, m/s2; β is the air thermal expansion coefficient, L/K; T and T∞ are the
average temperature and reference point temperature, respectively, K; Γ is the generalized
diffusion coefficient; k is the turbulent kinetic energy; ε refers to the dissipation of kinetic
energy; Gk refers to the generation of turbulence kinetic energy; Pr is the Prandtl number;
and σk, σε, σt, c1, and c2 are empirical values of 1.0, 1.2, 0.9, 1.44, and 1.9, respectively [26,27].

The flowing fluid in the model was air, conforming to the Boussinesq hypothesis [28].
The physical parameter of the main materials and air are listed in Tables 2 and 3.

Table 2. The physical parameters of the main materials.

Material Density kg/m3 Specific Heat
Capacity J/(kg · K)

Heat Conductivity
Coefficient W/(m · K)

Absorptivity
α

Transmissivity
τ

Glass cover 2500 837.4 0.75 0.08 0.82
Storage wall 2500 920 1.74 0.95 –

Insulation 100 1380 0.047 0.6 –

Table 3. The physical parameters of air.

Density kg/m3 Specific Heat
Capacity J/(kg · K)

Heat Conductivity
Coefficient W/(m · K)

Viscous Coefficient
kg/(m · s)

Thermal Expansion
Coefficient K−1

1.205 1005.43 0.0259 1.81 × 10−5 0.0034
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2.3. Boundary Conditions

The simulation used the realizable k-ε model and the enhanced wall function method.
The finite volume method was used to solve the above governing equations. The SIMPLE
algorithm was used to calculate the coupling between the velocity and pressure. The dis-
crete format of the convection term adopted the second-order upwind style. The radiation
model used the DO (discrete ordinates) radiation model [29], in which the incident angle of
the solar radiation was calculated according to the solar calculator. The solar irradiation
was 800 W/m2. The outdoor ambient temperature was 300 K and the operating pressure
was 101,325 Pa. The air inlet and outlet were set as the pressure inlet and pressure outlet,
respectively. The air temperature at the inlet can be seen in Tables 4 and 5, according to the
seasonal average temperature of Nanjing.

Table 4. The air temperature at the inlet under different operation modes in Nanjing in the summer.

Operation Mode Ta = 298 K Ta = 303 K Ta = 308 K Ta = 311 K

S1CSC 300 300 300 300
2CSC 298 303 308 311
S1TW 300 300 300 300
S2TW 298 303 308 311
IRSC 300 300 300 300

Table 5. The air temperature at the inlet under different ventilation modes in Nanjing in the winter.

Operation Mode Ta = 268 K Ta = 273 K Ta = 278 K Ta = 283 K

W1TW 291 291 291 291
W2TW 268 273 278 283

3. Validation
3.1. Mesh Independence Verification

The accuracy of the simulation results and the calculation time depended on the
division of the model mesh in the CFD simulation. In this paper, the structured mesh
in the ICEM (Integrated Computer Engineering and Manufacturing code) was used for
the chimney model and the natural ventilation mode was selected for the verification.
The specific structural dimensions and parameter settings of the model are shown in the
aforementioned tables. The results showed that the optimal mesh numbers of the IRSC,
S1TW, and S1CSC were 158276, 213948, and 357440, respectively. The minimum mesh size
was 0.02 m × 0.015 m × 0.025 m and the maximum was 0.04 m × 0.015 m × 0.025 m. More
than 95% of the meshes had a mesh quality of 1, indicating that the mesh quality was good
and could be used for the simulation.

3.2. Validation of the Simulation Method

The structure of a combined solar chimney can be considered to be the composition of
a Trombe wall and an inclined-roof solar chimney. Therefore, it is feasible to validate the
reliability of the two simple structures of a Trombe wall and an inclined-roof solar chimney.
In this paper, the experimental results of the natural ventilation of the Trombe wall and
the inclined solar chimney in [14,30] were selected for the simulation verification of the
numerical simulation method and model. The same sized models as mentioned in these
references were established and the simulation method described in this paper was used for
the simulation comparison and verification. The comparison of the numerical simulation
results and the experimental results is shown in Figure 3. The relative error was calculated
as follows:

E =
X exp, i − Xsim, i

X exp, i
× 100% (8)

where E is the relative error, Xexp,i is the experimental value, and Xsim,i is the simulation value.
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Figure 3. The comparison of the simulation data and the experimental data: (a) a Trombe wall [30]
and (b) an inclined solar chimney at 45◦ [14].

As the wind pressure and other factors were not considered in the simulation, there
was a certain relative error between the simulation value and the experimental value.
However, it can be seen from Figure 3 that the simulation results were basically consistent
with the experimental results and the relative error between the two was less than 7%. The
numerical simulation results showed that the flow rate of the solar chimney increased with
the increase in the heat flux, which was consistent with the change trend in the experiment.
The comparison of the simulation and experimental results showed that the numerical
simulation method and models used in this paper had a certain validity and reliability and
could be used for subsequent research.

4. Results and Discussion

The same sections of the Y-axis of a section in the solar chimney were selected for a
comparative analysis. Due to the difference of the coordinate system, the relative positions
for the IRSC were Y = 0.1 m, Y = 0.5 m, and Y = 1 m, respectively. The relative positions for
the TW were Y = 0.3 m, Y = 1.25 m, and Y = 2.5 m, respectively. There were five sections of
the Y-axis for the CSC; Y = 0.3 m, Y = 1.25 m, Y = 2.5 m, Y = 3 m, and Y = 3.5 m, respectively.
The section at Z = 0.75 m was conducted to compare the temperature distribution.

4.1. Temperature Distributions

The temperature distributions of the three structural solar chimneys are shown in
Figure 4. For the combined solar chimney in the natural ventilation mode (S1CSC), the
temperature distribution of the air in the hot channel was lower and uniform at a given
air temperature of 298 K. At this time, the inlet temperature of S1CSC was 300 K and
the air temperature in the hot channel was lower than that of S2CSC. When the ambient
temperature was 303 K, the temperature close to the inclined storage wall began to rise. The
temperature distribution was also uniform with a modicum of an increase both for S1CSC
and S2CSC. However, when the ambient temperature was 308 K, the near-wall temperature
at the inclined part of S1CSC increased significantly, which was much higher than that
of S2CSC. The temperature at the outlet could reach up to 320.4 K. The temperature in
the air channel was relatively evenly distributed for S2CSC with little difference from the
ambient temperature. There was obvious overheating in the air channel when the ambient
air temperature was 313 K. As the inlet temperature of S1CSC was constant and lower than
that of S2CSC (equal to the ambient temperature), the air temperature of the hot channel
was relatively low when the ambient temperature was 308 K or 313 K. However, the cooling
load of the room increased if operated in S1CSC.
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Figure 4. Temperature distributions and the mass flow rate under different ambient temperatures in
the summer: (a) Ta = 298 K; (b) Ta = 303 K; (c) Ta = 308 K; and (d) Ta = 313 K. (For all heat maps, the
left boundary is the glass cover and the right boundary is the wall).
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Figure 5 shows the changing of the average air temperature in the channel and the
temperature of the internal walls with the outdoor ambient temperature. It could be
concluded that the temperature of the CSC was lower whereas that of the Trombe wall and
the IRSC was relatively higher in the same ambient temperature condition. Owing to the
structure composition, the hot air of the CSC was mainly located in the inclined part. It
had little influence on the internal wall temperature and the indoor temperature and the
problem of overheating could be alleviated to an extent. In contrast, the temperature near
the wall of the Trombe wall and the inclined-roof solar chimney was higher, which had an
influence on the indoor thermal environment. In addition, the overheating phenomenon
was more obvious at a higher ambient temperature.

Figure 5. The temperatures of the thermal gap and interior wall at different ambient temperatures:
(a) average temperature of the air channel and (b) the temperature of the internal wall.

As shown in Figure 5, the average air temperature in the channel and the storage wall
of S1CSC were at the lowest values of 300.8 K and 304.6 K when the ambient temperature
was 298 K. These values were 316.2 K and 320.4 K, respectively, for S2CSC when the ambient
temperature was 313 K. By comparing the temperature distribution of different structures,
it could be indicated that the average air temperature in the channel and the internal wall
temperature of S1TW and S2TW were always higher than those of S1CSC, S2CSC, and
the IRSC. The Trombe wall structure was more likely to cause indoor overheating in the
summer whereas the combined solar chimney structure had the lowest temperature in the
air channel and storage wall, which could effectively alleviate overheating in the summer.

4.2. Ventilation Performance

The variation of the ventilation mass flow rate with sections of the Y-axis for different
structures is demonstrated in Figure 4. When the ambient temperature was 298 K and
303 K, the mass flow rate of S1CSC was the maximum and that of S2TW was the minimum.
The mass flow rate was the maximum for S2CSC and the minimum for S1TW when the
ambient temperature varied from 308 K to 313 K. It increased from 0.096 kg/s to 0.128 kg/s
for S1CSC with a growth rate of 33.3% at an ambient temperature of 298 K. With the
variation of the ambient temperature from 298 K to 313 K, the mass flow rate of S1CSC with
sections of the Y-axis increased by 33.3%, 31.2%, 29.4%, and 28.6%, respectively. The growth
rate of the S2CSC mass flow rate with sections of the Y-axis were 27.8%, 29.4%, 31.7%,
and 32.3%, respectively. The mass flow rate of S1CSC decreased with an increase in the
growth rate, which was the reverse for S2CSC. The results illustrated that the ventilation
performance of S2CSC gradually improved with the increase in the ambient temperature
compared with that of S1CSC. The mass flow rate of the IRSC had no significant changes
with the increase in the ambient temperature and ranged from 0.7 to 0.8 kg/s. With the
changing of the ambient temperature from 298 K to 313 K, the average mass flow rate of
S1CSC decreased from 0.112 kg/s to 0.095 kg/s with a reduction rate of 15.2%. Similarly,
the variations of the mass flow rates for S2CSC, S1TW, and S2TW were 0.089~0.113 kg/s,
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0.076~0.058 kg/s, and 0.057~0.073 kg/s, respectively. Consequently, the mass flow rate of
S1CSC and S1TW decreased gradually whereas that of S2CSC and S2TW increased with
the increase in ambient temperature.

In brief, when the ambient temperature was 298 K or 303 K, the average air temperature
and the internal wall temperature of S1CSC were the lowest and the mass flow rate was the
maximum. In this situation, the natural ventilation mode of the combined solar chimney
(S1CSC) in the summer was more suitable without overheating. However, when the ambient
temperature reached 308 K or above, the average air temperature in the channel and the
internal wall temperature began to rise and the mass flow rate decreased gradually. In this
case, the anti-overheating mode (S2CSC) was more suitable. The selection of a suitable
operation mode can effectively solve the indoor overheating problem in the summer.

4.3. Thermal Performance in Winter Conditions

The temperature distributions in the hot channel of W1TW and W2TW are presented
in Figure 6. The right boundary is the wall and the left boundary is the glass in each heat
map. The temperature in the hot channel increased obviously along with an increase in
the sections of the Y-axis, which had similar regulations to the summer conditions. The
temperature difference along the thickness direction was approximately 8.6 K. The results
demonstrated that the temperature in the hot channel was much higher in WITW than in
W2TW. However, the temperature difference between the different modes declined with an
increase in the ambient temperature.

Figure 6. The temperature distributions in the winter: (a) Ta = 268 K; (b) Ta = 273 K; (c) Ta = 278 K;
and (d) Ta = 283 K. (For all heat maps, the left boundary is the glass cover and the right boundary is
the wall).
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The outlet air temperature increased with an increase in the ambient temperature for
both W1TW and W2TW, as plotted in Figure 7. As the inlet temperature was constant
with a value of 291 K, the outlet temperature of W1TW was definite and the temperature
rose approximately 8 K. Comparatively, the inlet temperature of W2TW was the same as
the ambient temperature and the temperature difference between the outlet and inlet was
11 K. When the ambient temperature was 268 K and 273 K, the outlet temperatures of
W1TW were 297.9 K and 198.6 K, respectively, which were much higher than that of W2TW.
Therefore, the space heating effect was prominent and applicable in this condition. With
an increase in the ambient temperature, the outlet temperature of W2TW raised and the
temperature difference between the different modes ranged from 6–9 ◦C. In this case, the
heating effect was approximately identical and W2TW was recommended to preheat fresh
air to indoors.
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Figure 7. The changing of the outlet air temperature with the ambient temperature.

5. Conclusions

The natural ventilation and space heating performance of a combined solar chimney
was studied comparatively in this paper. A combined solar chimney has a fine ventilation
and space heating effect, which can be utilized in hot summer and cold winter areas. The
key findings of the study are summarized below:

1. The ventilation effect of a combined solar chimney was better than that of a Trombe
wall and an inclined-roof solar chimney in the summer. The benefit from the structure
and the reasonability of the operation mode suggested that the problem of overheating
was negligible for a combined solar chimney.

2. In the summer, the natural ventilation mode of a combined solar chimney (S1CSC)
was appropriate when the ambient temperature ranged from 298 K to 303 K; the anti-
overheating mode was feasible when the ambient temperature was higher than 308 K.

3. When the ambient temperature was lower than 273 K, the operation mode of space
heating in winter (W1TW) was suitable with a better heating effect. A preheating mode
could be employed to improve the indoor air quality when the ambient temperature
was higher than 278 K.
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