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A B S T R A C T

This study focuses on enhancing the heat collection performance of solar chimney systems (SCS). 
The effect of various sizing parameters on the square SCS with a single side inlet is investigated 
through experimental and numerical simulations for optimization. The experimental results 
demonstrate significant variation in temperature uniformity among absorbers made from 
different materials. The composite absorber consisting of bamboo glue board, aluminum, sand, 
and black high-density polyethylene foam board exhibits excellent temperature uniformity. 
Optimization is performed with heat collection efficiency and chimney inlet fluid velocity as 
objective functions. The results indicate that adjusting the transparent cover inclination angle and 
chimney dispersion angle significantly enhances heat collection efficiency. Specifically, the SCS 
achieves a heat collection efficiency of 42.54 % when the inclination angle is set to 10◦ and the 
chimney dispersion angle is set to 1◦. The chimney inlet fluid velocity of the SCS varies with 
different chimney dispersion angles at the same transparent cover inclination. At a dispersion 
angle of 2◦, the velocity reaches a maximum of 2.090 m/s. Due to the large transparent cover area 
of the SCS, it is recommended to integrate the SCS with buildings and agriculture to achieve zero 
energy consumption and promote sustainable agriculture.

1. Introduction

In the context of global climate change, solar energy utilization technologies play an important role in helping to reduce carbon 
emissions. Solar energy technology reduces reliance on fossil fuels by utilizing solar energy to generate electricity and heat, resulting in 
lower greenhouse gas emissions. Solar chimney system (SCS) is one kind of environmentally friendly solar energy utilization tech
nology. It can convert solar energy into internal air energy, then internal energy into kinetic energy, and finally into electrical energy. 
The research and application of the SCS can improve the efficiency of energy use and promote the development of new energy 
technologies. The concept of the SCS was proposed as early as 1903 and gradually attracted the interest of researchers in the following 
decades. It was not until 1978, when Schlaich [1] founded an entity in Germany and successfully operated it, that it attracted the 
extensive attention of researchers.

The SCS integrates the effects of a greenhouse, chimney, and turbine to facilitate heat and mass transport processes within the 
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system [2]. The SCS has the advantages of pure energy and simple construction principles. The commercial application of the SCS has 
not yet been materialized due to the instability of solar radiation, nighttime discontinuities, and inadequate heat collection capacity. 
Recently, research on SCS has shifted towards structural optimization and integrated feature analysis, resulting in improved efficiency. 
Simple laboratory environments cannot accurately predict the performance of the SCS in natural settings. Therefore, some researchers 
have established outdoor SCS experimental systems to investigate their performance. A miniature outdoor experimental setup for the 
SCS is designed to evaluate its performance parameters [3]. The study found that different structural parameters affect the SCS, with 
the highest uniformity in the absorber temperature and the Gr number at the outlet of the transparent cover achieved with a 10◦

inclination angle of the cover [4]. The researchers work on optimizing the components of the internal SCS experimentation setup. The 
results show that different geometries affect the system’s performance. For example, adjusting the chimney structure has a specific 
impact. It can improve the fluid velocity at the chimney inlet. Similarly, altering the geometry of the transparent cover brings another 
benefit. Furthermore, modifying the physical parameters of the absorber plays a role too. It boosts the absorber’s capacity. Addi
tionally, evolving the turbine mechanism also contributes positively. It improves the electrical performance of the system. These 
studies are less concerned with the relevant component interactions and the matching of the optimum values of the different parts of 
the structure. Therefore, this paper proposes to carry out a fitness study of the various structures of the SCS to select the appropriate 
structure and geometry.

The experimental study can directly allow people to observe the actual operation of the SCS and monitor the performance pa
rameters such as internal temperature field, velocity field, and mass flow rate. During the experimental study, several key findings 
emerge. It is discovered that the environmental parameters of experimental weather are unpredictable and uncontrollable. This 
unpredictability has a significant impact on the results. Specifically, the ambient crosswind has a notable effect on the internal 
temperature field of the SCS. This crosswind also influenced the fluid velocity at the chimney inlet, as noted in Ref. [5]. However, it is 
impossible to directly observe the vortex motion inside the system due to the influence of the environmental conditions and the 
limitations of the experimental equipment. Considering these challenges, the researchers proposed a complex solution and suggested 
utilizing computational fluid dynamics software, which is capable of simulating and monitoring the effects of environmental cross
winds on the system. By creating an air domain within the simulation, researchers can observe how ambient crosswinds behave. 
Importantly, these crosswinds have been found to increase heat loss inside the system. Consequently, crosswinds contribute to a 
reduction in the thermal efficiency of the system, as reported in Ref. [6]. Addressing the impact of ambient crosswinds on the SCS is 
crucial. This paper introduces a targeted approach to mitigate this effect. It proposes reducing the windward surface area of the system, 
and it advocates designing the inlet as a single-side inlet. These design changes aim to achieve thermal insulation for the system. By 
implementing these strategies, the overall thermal efficiency of the SCS can be significantly improved.

Understanding the flow dynamics inside the SCS is essential. The primary flow mode within the system is natural convection. When 
airflow enters the interior of the SCS, an important observation can be made that the energy of the fluid at this point is insufficient to 
maintain its flow from the inlet to the outlet. This phenomenon, known as fluid reflux, occurs, and this reflux is characterized as a 
secondary flow within the system. The behavior of the secondary flow within the system deserves careful attention. This flow will 
naturally move from regions of high energy to those of low energy. Such movement has significant implications for the fluid dynamics 
within the SCS. It can exert an obstructive influence on the fluid flow in other parts of the system. This obstruction can disrupt the fluid 
flow and compromise the stability of the flow field within the SCS. The importance of the geometrical characteristics of the transparent 
cover in the SCS design has been highlighted by several researchers. These characteristics play a crucial role in heat transfer and fluid 
flow within the internal flow field of the SCS, as noted in Ref. [7]. To address certain challenges, researchers have proposed a specific 
design modification and suggested altering the structure of the transparent cover to a rectangular shape. This change, as reported in 
Ref. [8], has the potential to mitigate the negative effects associated with secondary flow. The SCS experimental setup has been 
modified to minimize heat loss and increase power output [9]. While increasing the diffusion angle of the chimney affects swirl and 
recirculation [10], increasing the inclination of the transparent cover and changing the radius of the transparent cover affects system 
performance [11]. When the radius of the transparent cover reaches a critical value, its contribution to the overall system is no longer 
significant [12]. The effect of heat storage materials on the heat collection performance of the SCS can be analyzed to select suitable 
materials that meet the heat storage requirements [13]. Currently, there is a notable gap in research regarding the comprehensive 
analysis of various factors affecting SCS performance. There is a lack of studies that simultaneously consider the dispersion angle of the 
chimney, the inclination angle of the transparent cover, and the absorber materials through both experimental and numerical sim
ulations. To address this issue, this paper aims to contribute by filling this research gap. By providing detailed insights, it offers 
valuable research ideas for improving the efficiency of the heat collection system.

To reduce the negative impact of secondary flow, it is proposed above that the circular transparent cover of the SCS be modified to a 
square transparent cover to achieve this purpose. The SCS exhibits superior heat collection capabilities and advantageous structural 
characteristics. These attributes can be leveraged in practical applications. The SCS can integrate more heat-consuming systems. The 
overall thermal efficiency of the equipment can be significantly improved. Researchers have also proposed the integration of the SCS 
with various system structures such as desalination [14], photovoltaic systems [15], as well as methane removal structures [16], and 
facility-based agricultural systems [17], demonstrating the good compatibility of the SCS. This paper also proposes the integration of 
the SCS with square transparent covers with facility agriculture, considering the possibility of integration with buildings.

A review and analysis of existing literature on the SCS studies has been conducted. Altering the shape of the transparent cover has a 
notable impact on the characteristics of the transparent cover. Similarly, modifying the geometry of the transparent cover inlet also 
significantly influences these characteristics. These changes, in turn, affect the stability of the field flow within the SCS. There are 
several limitations associated with the circular structure of the traditional SCSs. This structure is not easily integrated with other heat 
collection systems. The circumferential inlet is prone to interference from ambient crosswinds, as noted in Ref. [18]. The chimney can 
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obscure part of the transparent cover surface, as reported in Ref. [19]. To address these issues, an analysis of the flow field charac
teristics inside the device was conducted. Based on this analysis, the traditional SCS parameters are optimized and improved. A 
theoretical foundation is established for enhancing and comprehensively characterizing the SCS structure.

The focus of this paper is to assess the optimization and enhancement of the SCS parameters. This study employs two pivotal 
metrics: optimal transparency cover efficiency and chimney inlet velocity, which serve as objective functions for evaluation. Through 
this rigorous analysis, the paper furnishes a robust theoretical foundation for advancing the SCS structure and enhances the 
comprehensive characterization of the SCS. In the ongoing research, several crucial decisions are being made regarding the design and 
materials used in the SCS. Firstly, the SCS system is designed, and preparations are made to build the experimental system. Secondly, 
the transparent glass cover material and appropriate heat storage material are carefully selected as the absorber. In addition, various 
materials and mounting methods for the absorber are being explored. Thirdly, the transparent cover design is optimized, especially 
considering different angles. Finally, numerical simulation studies are conducted on the SCS obtained from the above designs. Based on 
the study’s results, a rectangular transparent cover closed on three sides is finally selected, aiming to minimize the effect of secondary 
flow and reduce heat loss.

2. Methodology

2.1. Operating principle

The traditional SCS inlet method is a round type. If the ambiance crosswind is violent, it penetrates the entire system. This 
penetration results in heat loss from within the system, thereby reducing its efficiency. Researchers have demonstrated that when solar 
radiation traverses the atmosphere and reaches the surface of the transparent cover, it initially heats the internal air and absorber. 
Additionally, the thermal response of the transparent cover is relatively slower. When fluid enters the SCS, it acquires energy through 
heat exchange. Some of this fluid comes into close contact with the inner surface of the transparent cover. Heat is lost from this fluid. 
This leads to idling and dissipation before the fluid reaches the chimney position. The circulation of the mainstream fluid, which is 
directed towards the chimney, is impeded. The energy of the fluid is weakened. This fluid is defined as secondary flow, which has the 
following main negative effects: 1) Increased heat loss from the transparent cover. 2) Instability of the flow field at the inlet of system. 
3) Turbulent flow inside system. 4) Weakened the energy of the fluid at the inlet of the chimney. 5) Increased frictional resistance of the 
internal fluid.

Secondary flow has many negative effects on the SCS; therefore, this paper optimizes the SCS to reduce these effects. When 
developing new systems, this research considers the possibility of integrating them with agricultural cultivation to achieve synergistic 
development of multi-energy systems. Based on the structure of the local agricultural facilities, it is proposed to modify the transparent 
cover to achieve the purpose of matching each other. Therefore, the transparent cover is designed as a rectangle, which has been shown 
to reduce the negative impact of secondary flow, demonstrating the feasibility of this approach. To reduce the effect of ambient 
crosswinds, the round type of inlet is replaced by a single-side inlet, and the remaining three sides are designed as insulated walls. The 
use of a single-side inlet SCS increases the heat transfer efficiency of the system by preventing the overflow of hot fluid and reducing 
eddy currents at the junction of the side and back walls. The chimney location is also moved from the inlet to the north side, 
considering the sunlight angle, with the chimney adjacent to the rear side wall. The SCS is oriented towards the south side. This 
orientation aims to mitigate the negative impact of chimney shading on system performance. Additionally, it ensures that there is no 
shadow cast on the surface of the transparent cover during the peak radiation hours of the day. The SCS is divided into three parts: the 
chimney, the turbine, and the heat-collecting system, which consists of a transparent cover and an absorber [20]. Fig. 1 of this paper 
shows the modified SCS. The transparent cover is the basic structure for optical heat transfer and the absorber is the key heat storage 

Fig. 1. Schematic diagram of the SCS.
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component.
The air inlet has been modified to be single side to improve the heat transfer efficiency. The main purpose of this modification is to 

reduce energy loss and enhance heat transfer within the solar chimney system by optimizing the airflow path. (1) The air flow velocity 
changes significantly within the solar chimney system. Airflow enters the system through the inlet and is drawn into the chimney by 
the suction effect of the chimney. The large geometrical difference between the chimney diameter and the transparent cover creates a 
nozzle effect on the chimney inlet, amplifying the flow rate. The single-side air inlet design concentrates the airflow, increasing the 
temperature gradient inside the system and facilitating efficient thermal energy conversion. This configuration leads to an increase in 
airflow velocity at the chimney inlet. The increased velocity enhances the impact on the turbine blades, resulting in increased turbine 
output. (2) The single-side inlet configuration increases the temperature gradient within the system. As a result, the temperature of the 
airflow at the turbine inlet rises. A higher inlet temperature may lead to improved thermal energy conversion efficiency, potentially 
enhancing the turbine’s overall efficiency. (3) The single-side inlet configuration may alter the distribution of flow resistance within 
the system. This change can reduce overall flow resistance and improve system efficiency. In summary, the single-side air inlet 
configuration impacts both heat transfer efficiency and turbine efficiency in the solar chimney system.

2.2. Experimental investigation

2.2.1. Experimental site
The experiment is conducted in Linhe District, which is in Bayannur City, Inner Mongolia Autonomous Region. Bayannur City is 

situated in the western part of the Inner Mongolia Autonomous Region. Specifically, Linhe District lies in the hinterland of the Hetao 
Plain. The experimental site falls within the longitude range of 107◦ 6′ to 107◦ 44′ and the latitude range of 40◦ 34′ to 44◦ 17′ [21]. The 
Linhe region has a temperate semi-arid continental climate. The average annual temperature is 6.8 ◦C. The average frost-free period is 
127 days. The total annual radiation is about 6189.27 MJ/m2. The number of hours of sunshine is 3254 h. Linhe District is a large 
agricultural city. The flourishing development of agriculture facilities is conducive to the combination of SCS and agricultural pro
duction, providing more favorable conditions for the comprehensive development of local multi-industry.

2.2.2. Experiment setup
According to the research conclusions of Golzardi et al. [16] and the similarity theory, the temperature field of the secondary flow 

SCS heat-collecting system is considered to reduce adverse effects. The shape of the transparent cover changes from a circular to 
rectangular aspect ratio of about 1:3. The transparent cover inlet is set with a unilateral rectangular channel, and the transparent cover 
surface area is about 2 m2. Fig. 2 shows a schematic of the structure of the solar chimney system. Table 1 shows the dimensions of the 
SCS structure used in this paper. The transparent cover inclination angle as well as the chimney dispersion angle influence the 
transparent cover efficiency [22–28], so the parameter range of the SCS is chosen. The transparent cover inclination angle is 0◦, 5◦, 10◦, 
15◦ and 20◦. The chimney divergence angle is 0◦, 1◦, 2◦, and 3◦. The inclination angle of the transparent cover influences the 
transparent cover outlet height.

The integral bracket of the SCS construction is made up of 4 cm × 4 cm angle steel, which is cut and polished by a grinding wheel. 
The height of the intake port at the bottom of the transparent cover bracket is adjustable. The upper and lower intake ports are 
supported by a combination structure consisting of a screw, spring, and universal wheel. The greenhouse’s top is coated with glass that 
has an 85 % transmittance. This glass is 5 mm in thickness and exhibits excellent flame retardation properties. Additionally, it offers 
superior perspective and illumination transmission. The glass of the transparent cover and its holder are designed to be non-fastened, 
making them detachable. This feature facilitates easy construction and replacement, while also preventing adverse weather conditions 
from damaging the SCS experimentation system platform. The chimney is constructed of an aluminum plate with a thickness of 0.6 
mm. The chimney is cylindrical with a diameter of 80 mm and a height of 1300 mm. The outlet section of the chimney (approximately 
1/4 of the chimney’s total height) is designed as a cylinder (the chimney divergence angle is 0◦) and the round table type with distinct 
divergence angles (the chimney divergence angle is 1◦, 2◦ and 3◦). The four chimney configurations, as well as those for fixing the 

Fig. 2. Schematic diagram of the SCS.
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chimney and adjusting the distance between the chimney and the ground, are shown in Fig. 3. Aluminum is selected as the metallic 
thermal conductive layer for the SCS absorber due to its density, thermal conductivity, and tensile reflection properties. Bamboo glue 
plates, sand, a dark film, and black high-density polyethylene foam plates are laid on the bottom of the entire system. The remaining 
three exterior wall materials are constructed from polystyrene foam board, which offers superior thermal insulation effects. Fig. 3
shows the layout of the adjustment structure applied to adjust the height of the transparent cover and the chimney. The sealant 
condition of the system is considered when the experimentation bed is built, and thick edges are set on three sides of the transparent 
cover to fit closely with the side walls.

2.2.3. Measurement and control system
As shown in Fig. 3, the SCS data acquisition system employs thermocouples for temperature measurement. These thermocouples 

measure the fluid temperature on the absorber surface, the inner transparent cover surface, the transparent cover inlet, and the 
chimney inlet. A thermocouple is arranged along the X direction on both the inner transparent cover surface and the absorber surface, 
enabling effective heat transport measurement. The KSE28B0R desktop multichannel temperature tester collects and outputs the 
temperature data. Anemometer 1 measures the velocity of the working fluid at the chimney inlet, while anemometer 2 is positioned 
outside the heat sink to monitor the ambient crosswind velocity.

The temperature field is monitored at specific temperature measurement points arranged within the SCS experimentation system. 
The arrangement of these temperature measurement points is depicted in Fig. 4. On the test platform, there are a total of 28 mea
surement points. The test platform is divided into two parts: the interior transparent cover surface and the absorber surface, together 
comprising 24 measurement points, as shown in Fig. 4(a). Additionally, one measuring point is positioned 10 cm from the chimney 
inlet, another is placed directly below the chimney’s center on the absorber surface, and two more are arranged at the inlet of the 
transparent cover, as shown in Fig. 4(b). Each temperature test point is equipped with a PT100 adhesive platinum resistor, specifically 
type B. These resistors have a measurement range of − 50 ◦C–200 ◦C and a precision of 0.1 ◦C. For collecting temperature field data, a 
PT100 adhesive platinum resistive temperature sensor and a KSE28B0R desktop multichannel temperature tester are used, with data 
collection occurring every 60 s. To measure the fluid velocity at the chimney inlet, an AS856S impeller high-precision split 

Table 1 
Structural dimensions of the SCS.

Structure Value

Chimney height 1.3 m
Transparent cover inlet height 0.1 m
Chimney radius 0.04 m
Transparent cover area 2 m2

Transparent cover inclination angle 0◦, 5◦, 10◦, 15◦and 20◦

Chimney divergence angle 0◦, 1◦, 2◦and 3◦

Fig. 3. An experimental bench and test apparatus for the SCS is developed in Bayan Nur City, China.
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anemometer is employed. This anemometer is connected to the laptop’s USB interface for data storage and retrieval functions.

2.2.4. Uncertainty analysis
In the process of testing and measurement, the error generated by the measuring instrument will affect the accuracy of the test. This 

article selects fluid velocity, temperature, and other parameters for uncertainty analysis. Based on the principle of the statistical 
analysis method, equations (1) and (2) are applied to compute random uncertainty and system uncertainty [29]. 

σi =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(xi − x)2

n − 1

√
√
√
√
√

(1) 

μi =
ei
̅̅̅
3

√ (2) 

Use equation (2) to combine random and system uncertainty [30]. 

u=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑m1

i=1
σ2

i +
∑m2

i=1
μ2

i

√

(3) 

The uncertainty is computed using equations (1)–(3); the result is shown in Table 2.

2.3. Numerical simulation

2.3.1. Numerical model
The SCS experimental setup is detailed in Section 2.2 above. During testing, additional expenses are identified, including the cost of 

constructing the testbed, testing time, and workforce. Furthermore, it is found that internal turbulence within the system is not easily 
observable during testing. To address these limitations, numerical simulation is employed to complement the experimental work. 
Numerical simulation studies are conducted on the SCS testbed. The model size used in the numerical simulations matches the size of 
the experimental model. In experimental setups, various transparent cover inclination angles are selected for testing. However, the 
numerical simulation focuses solely on the SCS system with different chimney divergence angles, all under a fixed inclination angle of 
10◦, which corresponds to the desired inclination angle of the Spanish Manzanares the SCS prototype. The specific models studied 
include the 0◦ transparent cover inclination angle with 0◦ chimney divergence angle (0-0 SCS), the 10◦ transparent cover inclination 
angle with 0◦ chimney divergence angle (10-0 SCS), the 10◦ transparent cover inclination angle with 1◦ chimney divergence angle (10- 
1 SCS), the 10◦ transparent cover inclination angle with 2◦ chimney divergence angle (10-2 SCS), and the 10◦ transparent cover 
inclination angle with 3◦ chimney divergence angle (10-3 SCS).

2.3.2. Mathematical model
The SCS theoretical model is analyzed as follows. Firstly, it is assumed that the solar chimney system operates under steady-state 

flow conditions. Secondly, it is assumed that the internal air within the system behaves as an incompressible ideal gas. Furthermore, it 
is assumed that the temperature of the air entering the transparent cover remains constant. In the construction of the mathematical 
model in this paper, the following assumptions are made: 

Fig. 4. The SCS thermocouple measurement arrangement method.

Table 2 
Uncertainty of experimental parameters.

Parameters Value/%

Temperature, K. 5.89
Velocity, m/s. 7.46
Heat collection efficiency, %. 6.83
Mass flow, kg/s. 3.51
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(1) There is no heat source in the heat-collecting system.
(2) Assume that the state of the environment is stable.
(3) The buoyancy-driven flow is calculated using the Boussinesq approximation.

The simulation process is carried out by solving the steady state-governing equations by using the Finite Volume Method. This 
includes the continuity equation, momentum equation, energy equation [30], RNG K-ε model and DO radiation model.

Continuous equation: 

∂ρ
∂t

+∇ • ρ v→=0 (4) 

Momentum conservation equation: 

∇ • (ρ v→ v→)= − ∇p+∇ •

(

μ
[(

∇ v→+∇ v→T
)
−

2
3
∇ • v→I

])

+ ρ g→ (5) 

Energy conservation equation: 

∇· ( v→(ρE+ p))=∇ ·

(

keff∇T − hf j
→

+

(

μ
[

(∇ v→+∇ v→T
) −

2
3
∇ · v→I

]

· v→
))

+ Sh (6) 

The RNG K-ε model is used to describe the turbulent conditions in the computational domain [30]: 

∂(ρk)
∂t

+
∂

∂xi
(ρkui)=

∂
∂xj

[(

μ+
μt

σk

)
∂k
∂xj

]

+Gk +Gb − ρε − YM + Sk (7) 

∂(ρε)
∂t

+
∂

∂xi
(ρεui)=

∂
∂xj

[(

μ+
μt

σε

)
∂ε
∂xj

]

+C1ε
ε
k
(Gk +C2εGb) − C2ερ

ε2

k
− Rε + Sϵ (8) 

where Gk is the turbulent kinetic energy generated by the mean velocity gradient; Gb is the turbulent kinetic energy generated by the 
influence of buoyancy; YM is the influence of compressible turbulent pulsation expansion on the total dissipation rate; σk , σε is the 
turbulent kinetic energy and the turbulent Pr number; C1ε , C2ε is the dissipation rate, C1ε = 1.42, C2ε = 1.68.

DO radiation modeling is very general in solving the problem of internal radiative heat transfer in solar chimney systems [29,30], it 
converts the radiation transport equation into the transport equation for radiation in spatial coordinates (x, y, z), discretizes the ra
diation direction change, and solves the radiation transport equation covering the entire 4π space angles in the discrete direction. The 
radiative transfer equation for the absorbing, emitting, and scattering medium at position r→ in the direction of s→ is: 

∇(I( r→, s→) s→)+ (a+ σs)I( r→, s→)= an2σT4

π +
σs

4π

∫4π

0

I( r→, s→ʹ
)Φ( s→, s→)dΩʹ (9) 

2.3.3. Boundary conditions
The 3D steady-state numerical simulations of the SCS with the boundary conditions depicted in Table 3 are performed using ANSYS 

finite component software. Experimental meteorological data for the Linhe District of Bayannur City are selected for the period from 
June to September. The ambient temperature of 300.15 K is taken as the mean value for the test site. The ambient crosswind velocity of 
0 m/s is also considered the average for the test site. These values are utilized as the original boundary conditions for numerical 
simulation. For this reason, air property values near the ground are used in this research; the inlet and outlet pressures are atmospheric, 
and the ambient temperature is 300.15 K.

2.3.4. The verification of mesh independence
In this paper, the polyhedron mesh is used to mesh the SCS. For example, Fig. 5 is a 10-1 SCS meshing diagram with different 

models that utilize the identical method. The grids are 1, 2, 2.5, 3.5, 4, and 5.7 million to determine the independence of the results 
computed from the grid. The variation in the velocity and temperature of the chimney inlet fluid for different grid numbers is shown in 
Fig. 6, and the grid independence of the additional models is verified identically. If the grid size of the structure is large, the grid 
number is small, the calculation results are not accurate enough, and the deviation from the test is too large, there is no reference value. 
To some extent, the calculation accuracy can be increased by increasing the number of grids and decreasing the size of the mesh. 

Table 3 
Boundary conditions for the SCS.

Boundary condition Value

Inlet/Outlet Pressure inlet/Pressure outlet ΔP0 = 0 Pa, T0 = 300.15 K.
Chimney Wall (opaque) Adiabatic; Wall thickness = 0.01 m.
Transparent cover Wall (semi-transparent) h = 3.87 W/m2 ·K; Wall thickness = 0.007 m.
Absorber Wall (opaque) Constant heat flux; Wall thickness = 0.14 m.
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However, a vast mesh will also require additional computational resources that are not proportional to the increase in computational 
precision. In the SCS mesh partitioning, it has been found that an excessive number of meshes is generated during mesh reconstruction, 
which prolongs the computation time.

Several sets of calculations are conducted to verify the independence and representativeness of the data, as shown in Fig. 6. The 
number of grids significantly impacts the fluid temperature at the chimney inlet. Specifically, grid counts of 1 million, 2 million, and 
2.5 million exhibit notable effects on the chimney inlet fluid temperature. However, grid numbers of 3.5 million, 4 million, and 5.7 
million have a minimal influence on this temperature. The range of grid numbers varies from 1 million to 5.7 million, with a tem
perature variation percentage of 10 %. By comparing six different grid numbers, changes in fluid velocity at the chimney inlet can be 
observed. Specifically, after each increase in grid number, the fluid velocity changes by 6.35 %, 7.65 %, 2.55 %, 0.34 %, and 0.18 %, 
respectively. Notably, the amplitude of these changes decreases significantly after the third increase in grid numbers. Therefore, to 
save computing resources and reduce computing time without compromising calculation accuracy, 3.5 million grids are selected for 
the calculations.

2.3.5. The verification of numerical simulation
The experimental data from June to September are selected and compared with the simulation results of the SCS under the same 

boundary conditions. Temperature values are taken from the second thermocouple on the surface of the SCS absorber. These values are 
compared with the temperatures calculated by different numerical simulations, as illustrated in Fig. 7(a). The figure indicates that the 

Fig. 5. Grid division model of 10-1 SCS.

Fig. 6. Mesh independence verification based on chimney inlet velocity and temperature.
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changing trend of the five SCS numerical simulation results aligns with the test values. The temperature difference between the data 
points is minimal, suggesting that the numerical simulation results are reliable. The numerical simulation method is precise, as evi
denced by the consistency between the simulated and tested temperatures. The relative error of the calculation, which is determined by 
taking the mean value of the surface temperature from each SCS numerical simulation and comparing it with the test results in Fig. 7
(a), is presented in Table 4. The maximum error value is less than 2 %. This demonstrates that the numerical simulation method 
effectively predicts changes within the internal calculation domain.

The results of the 10-0 SCS test and numerical simulation at 13: 00 are compared with the results of Wang et al. [20] at the same 
time. The comparison results are shown in Fig. 7 (b). The results reveal that the relative error of the numerical simulation results is 0.2 
%, and the relative error of the test results is 1.9 %. The comparison between experiment and simulation confirms the precise method 
used for the numerical simulation of the SCS. It ensures the selection of a more suitable computational method for the numerical 
simulation study during the calculation, which lays the theoretical foundation for the subsequent numerical simulation study of the 
SCS.

2.3.6. Analysis of error
The errors induced by the numerical simulation of the absorber surface temperature and the test data in Fig. 7 (a) above are 

analyzed as follows: 1) The error of the test data is generated by the error of the test instrument in the measurement process, and the 
test uncertainty is calculated in 2.3.4. 2) Artificial error: during the test, the experiment inlet is required to measure the operating 
parameters of the SCS in different periods, and there is a deviation between each measurement process and the last measurement 
process. 3) In this paper, the ray tracking model is used to compute the solar radiation value received by the SCS [31], ensuring that the 
carrying trend is consistent with that of the numerical simulation. Although the entire system is in a sunny area during the experi
mental measurements, the sidewalls will have created shades and projections onto the absorber surface because of the effect of the 
solar altitude angle, resulting in different absorption of solar radiation by the absorber. 4) The ambient temperature changes promptly 
during the test, which is not a wind-free condition, which affects the measured values of the SCS test; 5) The absorber framework in the 
test platform is made of angle steel welded and supported by 0.1m tall angle steel at the inlet, and the heat absorption rate of the steel is 
higher than that of rubber-plastic sponge material.

The errors generated by the numerical simulation and the experimental data of the absorber surface temperature in Fig. 7 (b) above 
are analyzed. The reasons for the mistakes are as follows: 1) During the numerical simulation, the absorber area of the model adopted 
by Wang et al. [20] is about six times that of the model used in this paper, so Wang et al. [20] can store more heat in the absence of 
ambient crosswind. 2) During the test, the position of the test bench of Wang et al. [20] is different from that constructed in this paper. 
Hohhot has a continental climate characteristic of the Mongolian plateau. Linhe district, on the other hand, features a semi-temperate 
and semi-arid continental climate. Hohhot is situated near the Yinshan Mountains. Due to its proximity to these mountains, the winds 
in Hohhot are stronger. Ambient crosswinds affect the SCS, and heat loss is significant. 3) The model used in this paper is the unilateral 
inlet, and the other three sides are made of thermal insulation material, so the test result of this paper is higher than that of Wang et al. 
[20]. The errors between the calculated values of the computational trials and the numerical simulations are less than 5 %, and the 
results are valid within reasonable mistakes.

3. Results and discussion

3.1. Experimental data analysis

3.1.1. Meteorological data analysis
Experimental data are analyzed during the period from July to September. Measurements are taken from 7:30 to 18:30 on days with 

Fig. 7. Comparison of numerical simulation and experiment.
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clear, cloudless weather. Fig. 8 illustrates the typical daily variations in environmental conditions. Comparisons with results from both 
domestic and international researchers indicate that several factors significantly impact the heat harvesting performance of the SCS. 
These factors include air temperature, relative humidity of the air, zonal wind velocity, and solar irradiance. Thus, changes in air 
temperature, air relative moisture, zonal wind velocity, and solar irradiance on an average day are analyzed. The trends in air tem
perature display a gradual rise in temperature before 12:00. The temperature remains stable between 13:00 and 17:00. It decreases 
after 17:00. The relative moisture of the air maintains a gradual downward trend, which is influenced by solar irradiance and air 
temperature. When the temperature reaches its maximum, the water molecules evaporate more rapidly, resulting in lower relative air 
moisture. The ambient crosswind velocity remains between 0 and 2 m/s, implying a zonal wind velocity, with negative values indi
cating the opposite direction. The solar irradiance is unimodal and reaches its maximum at 13:00.

3.1.2. Optimum selection of absorber structure
To analyze the influence of different absorber materials on the thermal characteristics of the SCS, the experimental measurement of 

the SCS with varying absorber materials is carried out. Fig. 9 shows the surface temperature carried by the SCS absorber with various 
regenerative materials from 07:00 to 18:00. The regenerative surface temperature is divided into three layers; one layer is 25 cm away 
from the greenhouse inlet, and each layer is separated by 25 cm.

When comparing the surface temperature changes of five types of SCS absorbers with varying thermal storage materials, a pattern 
emerges. As the distance from the chimney decreases, the surface temperature of the absorber increases. Among these absorbers, a 
specific configuration stands out. This configuration features an absorber surface composed of three layers: bamboo glue board, 
aluminum, and black film. The temperature recorded at the temperature measuring point on this surface is the highest. It is found that 
the heat absorption effect of the black membranes is perfect, and the thermal conductivity of the aluminum plate is better. As a result, 
the absorber temperature is too high, and the maximum temperature is close to the melting point of the dark film (melting point: 
105 ◦C–115 ◦C). The black membranes cannot conceal the aluminum plate and cannot be used continuously. It is less economical and is 
not friendly to the environment. The temperature field of a regenerated layer made of bamboo plywood, aluminum, sand, and black 
high-density foam board exhibits greater uniformity and stability than those of four other types of regenerated layer materials. After 
12:00 noon, temperature measuring points on the four-layer absorber surface indicate minimal temperature gradients. The absorber 
surface maintains a high-temperature level throughout. These results demonstrate that an alloy absorber composed of bamboo glue 
board, aluminum, sand, and black high-density polyethylene foam board possesses excellent absorber performance. This absorber can 
provide constant and continuous heat to the SCS system. When compared to the experimental results of Das et al. [31], the absorber 
surface temperature field shows a similar trend, confirming the reliability of the research findings presented in this paper.

Fig. 10 illustrates the temperature difference between the absorber surface directly beneath the center of the SCS chimney, utilizing 
various materials, and a temperature measuring point located 10 cm at the chimney inlet. Specifically, the SCS absorber material made 
of bamboo rubber sheet + aluminum + black membrane exhibits a higher temperature value. In contrast, the SCS absorber materials 
composed of bamboo rubber sheets with aluminum and bamboo rubber sheets with aluminum and sand show lower temperature 
values, with these differences being insignificant. The temperature of the SCS absorber using bamboo plywood + aluminum + black 
high-density polyethylene foam board is 13.2 % lower than that of the absorber made with bamboo plywood + aluminum + black 

Table 4 
Errors between numerical simulations and experimental results for the SCS.

Data source of absorber surface temperature Error

0-0 SCS 10-0 SCS 10-1 SCS 10-2 SCS 10-3 SCS

Simulation − Experimental
Experimental

1.06 % 1.21 % 0.96 % 1.12 % 1.18 %

Fig. 8. The environmental parameters varied over time in the months of July and in August.
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membrane. However, it is still higher than the temperatures of other materials. The temperature difference between the absorber 
surface directly below the chimney center, using bamboo plywood + aluminum + black high-density polyethylene foam board, and the 
temperature measuring point 10 cm away from the chimney inlet is moderate. When analyzing the changes in Figs. 9 and 10 together, 
it is evident that the absorber capacity of the bamboo glue board + aluminum + black high-density polyethylene foam board material 
is satisfactory. Additionally, the temperature field associated with this material is uniform and stable.

3.1.3. Optimum selection of transparent cover inclination angles
The absorber material is selected through 3.1.2. In this section, the absorber material is bamboo glue board + aluminum + black 

Fig. 9. Temperature profiles measured experimentally for different absorber materials: (a) Aluminum, (b) Bamboo glue board + aluminum, (c) 
Bamboo plank + aluminum + black membranes, (d) Bamboo plywood + aluminum + sand and (e) Bamboo glue board + aluminum + black high- 
density polyethylene foam board.
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high-density polyethylene foam board. Fig. 11 shows the changes in the SCS absorber surface temperature with different transparent 
cover inclination angles from 07:30 to 18:30. The 0 scale is defined as 40 ◦C, and if the scale is more significant than zero, the 
temperature is greater than 40 ◦C, it is low. When comparing the variations in absorber surface temperatures across five different 
inclination angles of the greenhouse, a consistent pattern emerges. From 07:30 to 18:30, the absorber surface temperature initially 
rises and then decreases. Prior to 11:00, the surface temperature of all five SCS absorbers remains below 40 ◦C. After 11:00, the 
temperature consistently stays above 40 ◦C. Notably, when the inclination angle of the transparent cover is set at 10◦, the absorber 
surface temperature is higher than that of the other systems. During the entire trial period, this temperature remains at a high level.

3.1.4. Optimum selection of chimney divergence angle
To minimize heat loss from the surrounding air and the transparent cover surface, temperature measuring points are strategically 

placed on the interior surface of the transparent cover. This surface is divided into three layers, with an equal distance between each 
layer. The average temperature fluctuations on the intermediate layer of the transparent cover surface are depicted in Fig. 12. Spe
cifically, Fig. 12 (a) illustrates how the transparent cover surface temperature varies with a chimney divergence angle of 0◦. From the 
diagram, it can be found that the temperature of the transparent cover surface is unimodal. At a chimney divergence angle of 0◦ and 3◦, 
the transparent cover surface temperature is notably higher. The temperature change remains stable under these conditions. When the 
chimney divergence angle is set to 1◦ and 2◦, the transparent cover surface temperature exhibits significant fluctuations. The tem
perature field becomes uneven under these circumstances.

Fig. 12 (b) shows the change in the temperature of the SCS transparent cover surface with different chimney divergence angles of 
5◦. The diagram indicates that the transparent cover surface temperature exhibits a unimodal pattern when the chimney divergence 

Fig. 10. The temperature difference between the chimney inlet and the absorber surface directly below the chimney: 1. Aluminum, 2. Bamboo glue 
board + aluminum, 3. Bamboo plank + aluminum + black membrane, 4. Bamboo plywood + aluminum + sand and 5. Bamboo glue board +
aluminum + black high-density polyethylene foam board.

Fig. 11. Surface temperature variation of the SCS absorber at different transparent cover inclination angle.
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angle is 0◦ and 2◦, with peak temperatures occurring between 12:00 and 14:00. At chimney divergence angles of 1◦ and 3◦, the 
transparent cover surface temperature fluctuates, resulting in a volatile system temperature field. Fig. 12(c) displays the changes in 
surface temperature for a 10◦ transparent cover with varying divergence angles of the SCS chimney. When comparing the trends 
among the four figures, it is evident that, at chimney divergence angles of 0◦ and 1◦, the transparent cover surface temperature shows a 
distinct pattern, with minor differences in the maximum temperature values. Specifically, when the SCS chimney divergence angle is 
1◦, the temperature curve of the transparent cover surface declines gradually during the descending phase. At chimney divergence 
angles of 2◦ and 3◦, the transparent cover surface temperature experiences fluctuations, and the temperature drops rapidly after 16:00.

Fig. 12. Surface temperature variation of the SCS absorbers at different chimney divergence angles.

Fig. 13. Surface temperature variations for different SCS absorbers at 13:00.
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Based on similarity theory, a test bench for the solar chimney system is set up in the Lin-he District of Bayannur City, Inner 
Mongolia, and the SCS test data is analyzed. The optimal inclination angle of the transparent cover is determined by optimizing various 
factors, including the angles of the SCS transparent cover, the chimney divergence angle, and the absorber material in the ring. 
Analysis of test data related to the temperature and velocity fields of the SCS transparent cover system leads to several conclusions. At a 
10◦ inclination angle, the absorber temperature field demonstrates good uniformity. The fluid temperature field at the chimney inlet 
also shows favorable distribution characteristics at this angle. The stability of both the flow field and surface temperature field of the 
SCS transparent cover system is excellent at a 10◦ inclination angle. When the transparent cover inclination angle is set to 10◦, the SCS 
with a 1◦ chimney divergence angle exhibits superior heat collection performance. However, the SCS test system has limitations in fully 
detecting the internal fluid temperature field, intensity distribution, and other relevant parameters. The system is unable to predict the 
fluid behavior within the SCS internal flow field after it passes through the chimney inlet section. A numerical simulation study of the 
SCS test system provides a solid foundation for future research.

3.2. Analysis of simulation results

3.2.1. Temperature field
To investigate the absorber characteristics of various materials, the effects of the angle of inclination of the transparent cover and 

the angle of dispersion of the chimney on the SCS absorber are analyzed. Absorber systems are selected to complement and validate the 
test conclusions. Fig. 13 depicts the surface temperature profile of the absorber located directly beneath the chimney for different SCS 
configurations, including 0-0 SCS, 10-0 SCS, 10-1 SCS, 10-2 SCS, and 10-3 SCS, all measured at 13:00. This figure directly illustrates the 
temperature variations on the SCS absorber surface. By comparing the surface temperature of the absorber, it is found that the 
temperature rises by about 3 % when the inclination of the transparent cover is changed from 0◦ to 10◦. When the transparent cover 
inclination angle remains at 10◦ and the chimney divergence angle varies from 0◦ to 3◦, the maximum absorber surface temperature 
decreases progressively. Among these configurations, the maximum temperature of the middle layer in the 10-0 SCS is notably the 
highest. Conversely, the temperature range in the 10-1 SCS is relatively narrow.

Fig. 14 displays a cloud map of the fluid temperature distribution at 13:00 in the symmetry planes of the 0-0 SCS, 10-0 SCS 10-1 
SCS, 10-2 SCS, and 10-3 SCS. The temperature scale displays the maximum temperature of the Y-Z symmetric surface. When comparing 
the Y-Z symmetric surface fluid distribution cloud pictures of the five SCS configurations, the 10-0 SCS exhibits the highest fluid 
temperature. The cloud maps indicate that the higher temperature fluid is distributed across most of the 10-0 SCS system. The fluid 
temperatures on the Y-Z symmetric surface of the 10-1 SCS are also significant, but the higher temperature values are concentrated on 
the transparent cover surface. As this fluid is transported from the greenhouse to the absorber, it undergoes heat loss. Upon examining 

Fig. 14. Cloud-temperature maps of the Y-Z symmetry plane for different SCS at 13:00.
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Fig. 14, it becomes evident that an increase in the transparent cover’s inclination angle from 0◦ to 10◦ leads to an enlargement of the 
transparent cover outlet and an expansion of the system space below the chimney inlet. This expansion allows for the storage of more 
thermal fluid. The energy needed to facilitate smooth fluid flow from the chimney inlet to the outlet is also observed. Notably, at the 
transparent cover inlet of the 10-1 SCS, the fluid’s pathway into the system is longer compared to that of the 10-0 SCS. As the 
inclination angle of the transparent cover in the 10-0 SCS increases, the volume of the cavity beneath it also expands.

When the inclination angle of the transparent cover remains constant, an increase in the chimney divergence angle enhances the 
chimney’s suction effect. This leads to an increased path distance for the suction of cold air under the chimney. Consequently, the 
internal heat loss of the system rises. In both the 10-2 SCS and 10-3 SCS, a clearer backflow of ambient cold fluid into the SCS at the 
chimney outlet can be observed. Upon comparing the results of the above SCS numerical simulations of the temperature field with 
experimental data, it is found that the 10-1 SCS demonstrates superior absorber performance. Therefore, the 10-1 SCS serves as a 
reference for further optimization of solar chimney systems.

Fig. 15 displays the fluid temperature variation at the chimney inlet for different regimes from 07:30 to 18:30. The temperature 
value corresponding to the zero scale is 315 K. The figure shows that the initial temperature of the fluid in the 0-0 SCS is the highest. 
During continuous operation of the fluid system, the temperature at the 10-0 SCS chimney inlet increases rapidly. At noon, the highest 
temperature is observed at the 10-0 SCS chimney inlet, indicating that additional heat is present at the chimney inlet of the system. In 
this paper, the operation of the SCS under actual weather conditions at different times of the day is simulated using the DO radiation 
model and ray tracing model. These numerical simulation calculations mimic the solar radiation depicted in Fig. 8. Consequently, the 
solar irradiance and ambient temperature peak at 13:00. Simultaneously, the fluid temperature at the chimney inlet responds rapidly 
and attains its maximum value.

3.2.2. Velocity field
Fig. 16 shows the variation of the fluid velocity at the chimney inlet for different regimes from 07:30 to 18:30. Both pressure ingress 

and pressure egress boundary conditions are applied in numerical simulations, which do not possess an air domain and do not consider 
the effect of ambient crosswinds. The variation of the fluid velocity at the different SCS chimney inlets is compared, and it is found that 
the fluid velocity at the 10-2 SCS chimney inlet remains stable, with a maximum value close to 1.6 m/s. When compared to the fluid 
variation at the chimney inlet, it is observed that the maximum fluid velocity occurs at the chimney inlet of the SCS with a 2◦ chimney 
divergence angle at 12:30. This velocity is higher than that of other systems at the same time. The fluid velocity at the chimney inlet 
serves as a criterion for selecting the chimney divergence angle. The heat collection performance of the SCS is optimal when the 
chimney divergence angle is 2◦. The movement trend of the fluid at the chimney inlet aligns with the findings of Praveen et al. [32]. 
Friction has a significant impact on the velocity of the fluid near the chimney wall.

Fig. 17 displays a cloud map of the fluid temperature change at the chimney inlet at 13:00 for various systems. During numerical 
simulations, the environment is set to be wind-free. The 0-0 SCS, 10-0 SCS, 10-1 SCS, 10-2 SCS, and 10-3 SCS are located along different 
sections along the chimney direction, ranging from the chimney inlet to the outlet. When compared to the other five solar chimney 
systems, the trend of fluid velocity changes along the symmetry axis of the chimney, specifically at the 3/4 point, is generally similar. 
The position where the fluid velocity peaks is not at the chimney inlet. Instead, the fluid velocity continues to increase before reaching 
the chimney inlet due to the nozzle effect. This effect causes the fluid to be influenced in such a way that most of the heat energy it 
carries is converted into kinetic energy. A small portion of the heat is lost due to frictional resistance. After reaching its maximum 
value, the fluid experiences a slight decrease in velocity, allowing it to maintain a consistent speed at the middle and end sections of the 
chimney.

The 0-0 SCS transparent cover outlet height is the same as its inlet height. Between 0 and 0.1 m (upon reaching the chimney inlet), 
the fluid velocity increases to approximately 1.3 m/s and remains above 1.25 m/s once inside the chimney. When the inclination angle 
of the transparent cover is adjusted, the outlet height of the transparent cover increases. For the 10-0 SCS, 10-1 SCS, 10-2 SCS, and 10-3 
SCS, the outlet height is uniformly set at 0.256 m. The 10-0 SCS fluid exhibits a similar velocity change trend upon entering the 
chimney as the 0-0 SCS fluid. The maximum fluid velocity at the chimney inlet of the 10-0 SCS is 22.3 % higher than that of the 0-0 SCS. 

Fig. 15. Comparison of fluid temperatures at the chimney inlet for different SCS from 07:30 to 13:00.
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The chimney divergence angles for the 10-1 SCS, 10-2 SCS, and 10-3 SCS are 1◦, 2◦, and 3◦, respectively. Upon comparing the fluid 
velocity variations of these three systems in Fig. 17, it is found that the 10-1 SCS has the highest fluid velocity at the chimney inlet. As 
the divergence angle increases, the decrease in fluid velocity is less significant. The fluid velocity trend of the 10-2 SCS closely re
sembles that of the 10-1 SCS but with a lower maximum fluid velocity. The velocity field of the 10-3 SCS fluctuates, indicating poor 
stability.

3.2.3. Pressure field
The changes of hydrodynamic pressure on the chimney central axes of 0-0 SCS, 10-0 SCS, 10-1 SCS, 10-2 SCS, and 10-3 SCS from 

07:30 to 18:30 are shown in Fig. 18. As the dynamic pressure on the absorber surface is 0 Pa and moves along the chimney’s central 
axis towards the outlet, the hydrodynamic pressure of the five SCS systems initially rises, then decreases, and subsequently increases. 
Among these, the hydrodynamic pressure at the chimney inlet of the SCS with a 10◦ inclination angle transparent cover experiences the 
most significant variation. The pressure difference here serves as a crucial pressure guarantee for hot air to push the turbine blade and 
perform work. The divergence angle has a significant impact on the fluid pressure within the SCS chimney. Therefore, choosing the 
right design and configuration is essential for enhancing the performance of the SCS systems. Nasraoui et al. [33] have observed that 
the Venturi effect can account for the rapid acceleration of fluid at the chimney inlet. Furthermore, the pressure at the chimney inlet 

Fig. 16. Comparison of fluid velocity at the chimney inlet for different SCS between 07:30 and 18:30.

Fig. 17. Comparison of fluid velocity in different sections of the SCS chimney at 13:00.
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undergoes notable changes along the central axis of the chimney.

3.2.4. Nusselt Number
The Nusselt number (Nu) denotes the intensity of convective heat transfer [34], and the calculation formula is as follows: 

Nu=
hl
k

(10) 

h=3.87 + 0.0022

(
u0ρ0Cp

pr
2
3

)

(11) 

Fig. 18. Comparison of the hydrodynamic pressure on the chimney symmetry axis for different SCS from 08:00 to 13:00.
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Pr=
μCp
k

(12) 

where l is the characteristic length, m; k is the thermal conductivity of the fluid, W/m ·K; h is the convective heat transfer coefficient of 
the fluid [41], W/m2 ·K, the calculation formula is (11); u0 is the ambient crosswind velocity, m/s; μ is the fluid viscosity, Pa · s; Cp is 
the specific heat capacity, J/kg ·K; Pr is the Prandtl number, the calculation formula is (12).

When the boundary conditions are determined in the numerical simulations, the transparent cover inlet is the pressure inlet, and 
the ambient temperature is 300.15 K. The interior fluid domain of the SCS is calculated, but the peripheral fluid is not selected, so the 
thermal conductivity of the fluid is chosen according to the boundary conditions. The relevant parameters for the fluid on the absorber 
surface the transparent cover surface, and the chimney outlet are given in Table 5. By calculating the local Nusselt numbers of the five 
SCS at 13:00, the Nusselt numbers of the five SCS transparent cover inlets are identical, all 15.09. The Nusselt numbers for the five 
absorber surfaces are 117.04, 115.95, 115.98, 116.96, and 117.12. The Nusselt numbers for the five transparent cover surfaces are 
115.56, 111.74, 111.99, 112.25, and 112.07, respectively. The Nusselt numbers for the five chimney outlets are 12.21, 12.47, 18.21, 
27.39, and 34.00, and the convective heat transfer coefficients for the five chimney outlets in the system are 4.30, 4.37, 4.26, 4.26, and 
4.32. When the regional Nusselt numbers are at different locations, it is found that varying geometry affects the fluid velocity and 
temperature in the system, resulting in a natural improvement of the flow rate and a shift in the local Nusselt number.

3.2.5. Heat collection efficiency
The effectiveness of heat harvesting is the most influential assessment metric for heat harvesting performance. A suitable system is 

selected by comparing heat harvesting efficiency. The formulation of heat harvesting efficiency η is as follows: 

η= ρcollvoutAchCpΔT
IAcoll

(13) 

Where ρcoll is the air density at the opening temperature of the transparent cover, kg/m3; vout is the air velocity at the opening 
temperature of the transparent cover, m/s; Ach is the cross-sectional area of chimney, Ach =

(
πD2

ch
)
/4, Dch is the diameter of the 

chimney, m; Cp is the specific heat capacity, J/(Kg ·K); ΔT is the difference between the opening temperature of the transparent cover 
and the ambient temperature, K; I is the intensity of solar radiation intensity, W/m2; Acoll is the area of the transparent cover, m2; Ach is 
the cross-sectional area of the chimney, m2.

The heat harvesting efficiencies of 0-0 SCS, 10-0 SCS, 10-1 SCS, 10-2 SCS, and 10-3 SCS are shown in Fig. 19. The heat collection 
efficacy of the above five SCS is calculated by formula (13). The heat harvesting efficiency of 0-0 SCS, 10-0 SCS, 10-1 SCS, 10-2 SCS, 
and 10-3 SCS is 22.21 %, 35.63 %, 42.54 %, 29.99 %, and 30.40 %, respectively. Compared to the heat collection efficiency of the SCS, 
it is found that when the inclination angle of the transparent cover is raised to 10◦, the heat collection efficiency of the SCS increases by 
60.42 %. In the analysis of the preceding sections of this chapter, it is concluded that the performance of the 10-1 SCS is excellent, with 
the most incredible warm harvesting effectiveness, 91.54 %, 19.00 %, 41.85 %, and 39.93 % higher than the 0-0 SCS, 10-0 SCS, 10-2 
SCS and 10-3 SCS.

The increase in the inclination angle of the transparent cover increases the volume of the cavity below the transparent cover, 
enabling additional cold fluid to penetrate the SCS and more cold fluid to be stored in the SCS. The heat-harvesting efficiency of the SCS 
increases with the fluid volume flow rate and the temperature of the heat-harvesting system. Different chimney divergence angles and 
increased chimney effects affect the fluid inside the chimney, but expanding the chimney divergence angle harms the heat collection 
characteristics of the SCS. To some extent, the fluid pressure is reduced at the chimney outlet, allowing the ambient crosswind to inlet 
the chimney, directly leading to a reduction in the heat collection efficiency of the SCS.

4. Feasibility analysis of integration with other systems

The existence of secondary flows in the SCS system reduces the energy conversion rate. This negative impact is considered during 
the structural optimization process described in this paper. The important energy conversion structure is redesigned in this process. 
The development of local facility agriculture and the energy efficiency of urban buildings is considered. The zero-carbon emission solar 
chimney system works better when combined with both. As the global energy crisis intensifies, finding sustainable and environ
mentally friendly energy solutions becomes urgent. Combining SCS with agricultural greenhouses and sky gardens responds positively 
to this need. Urbanization accelerates, leading to a decrease in urban green space. This design approach saves energy, reduces 
emissions, and provides more green leisure space for urban residents. It also improves the quality of urban living. This integrated 
design allows for the development of efficient and sustainable agricultural greenhouses and sky garden systems. It offers new possi
bilities for modern agriculture and urban development [35].

4.1. Integration with agricultural greenhouses

SCSs integrate with agricultural greenhouses to create an innovative technology that combines renewable energy with modern 
agriculture. This integration aims to enhance energy efficiency and increase crop yields. SCS generates thermal energy by installing 
transparent materials on top of the greenhouse. These materials collect solar energy and heat the air, causing a natural convection 
current. The thermal energy provides necessary temperature regulation inside the greenhouse and can also be converted into 
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electricity through a cogeneration system, meeting the power needs of the greenhouse. Incorporating the SCS into agricultural 
greenhouses offers several benefits. It allows for dual land use, with the top of the greenhouse used for power generation and the 
interior for cultivation, thus improving land use efficiency. The SCS can also create a suitable microclimate and provide optimal 
growing conditions for crops by regulating light and temperature, making it ideal for growing high-value-added crops. Furthermore, 
the heat from the SCS can be utilized in the greenhouse’s temperature control system, reducing dependence on traditional energy 

Table 5 
Fluid-related parameters for heat sink, absorber, and outlet.

Viscosity, μ× 106 Specific heat capacity, Cp

Transparent cover surface 20.450 21.700 21.433 21.364 21.388 1.009 1.009 1.009 1.009 1.009

Absorber surface
20.690 20.855 20.840 20.700 20.675 1.009 1.009 1.009 1.009 1.009

Chimney outlet
19.500 19.400 19.450 19.375 19.388 1.005 1.005 1.005 1.005 1.005

​ thermal conductivity, k× 102 Density

Transparent cover surface 3.014 3.117 3.110 3.103 3.108 1.020 0.949 0.995 0.991 0.992

Absorber surface
2.976 3.004 3.003 2.978 2.974 1.005 1.014 1.0139 1.006 1.004

Chimney outlet
2.816 2.802 2.809 2.799 2.795 1.121 1.114 1.1175 1.112 1.111

Fig. 19. Heat collection efficiency of the SCS.

Fig. 20. The SCS integration with different system architectures.

J. Jia et al.                                                                                                                                                                                                              Case Studies in Thermal Engineering 66 (2025) 105714 

19 



sources and lowering operating costs. The key to integrating the SCS with agricultural greenhouses lies in technology integration. 
Various technologies, such as solar energy collection, thermal energy storage, and intelligent control systems, need to be combined into 
a single system for efficient energy management and environmental control. An intelligent control system can automatically adjust the 
operation of the SCS and optimize energy use efficiency based on the growth demands of crops and external climate conditions, see 
Fig. 20 (a).

4.2. Integration with sky garden

Active ventilation systems use mechanical equipment to manage airflow, which requires energy. Passive ventilation systems, on the 
other hand, use natural elements like wind and air convection caused by temperature differences to promote airflow, reducing the 
operating costs of a building over its lifetime. SCS is a type of passive ventilation technology that uses solar energy to create a ther
mopressor effect. This paper discusses integrating the SCS with rooftop sky gardens to achieve multiple levels of energy consumption 
reduction and savings. The chimney design is made of transparent or translucent materials, with the bottom connected to the 
building’s interior to allow hot air to rise and disperse, lowering the internal temperature and allowing fresh air to enter. During nights 
or cloudy days, the chimney’s natural convection can lower the interior temperature by opening windows or vents to expel hot air. A 
section of the chimney is attached to the sky garden frame, and the sizes of windows, vents, and chimney openings can be adjusted 
based on weather conditions and plant requirements. Integrating the SCS with rooftop sky gardens enhances the building’s ecological 
value and raises public awareness about sustainable living and environmental protection, see Fig. 20 (b).

5. Conclusion

The paper reduces the influence of secondary flow on the SCS by improving the system structure and considering optimizing the 
SCS in conjunction with facility agriculture applications. This SCS experimental setup is established in Linhe District, Bayannur City, 
Inner Mongolia Autonomous Region. Numerical simulation studies are added with the same working conditions as the experiment. The 
flow field characteristics inside the SCS are analyzed, and the SCS is optimized and improved using heat collection efficiency and 
chimney inlet fluid velocity as objective functions. This work’s results provide a theoretical basis for improving and fully character
izing the SCS structure. The conclusions are presented below: 

(1) An experimental study on the SCS is carried out. The results demonstrate that the uniformity of the temperature of the SCS 
absorber, the distribution characteristics, and stability of the fluid temperature field at the chimney inlet, and the temperature 
field on the transparent cover surface is excellent when the composite absorber made up of bamboo glue board + aluminum +
sand + black high-density polyethylene foam board is applied, and the transparent cover is at an inclination of 10◦.

(2) The optimum inclination angle and divergence angle of the SCS suitable for the area with an analogous geographical and 
meteorological environment in the Linhe District of Bayannur City are obtained. The heat collection performance of the SCS 
with a 10◦ transparent cover inclination angle and a 1◦ chimney divergence angle is better.

(3) Optimization is carried out with heat collection efficiency and chimney inlet fluid velocity as objective functions. The results 
show that changing the transparent cover inclination angle and chimney dispersion angle significantly improves the heat 
collection efficiency, where the SCS heat collection efficiency is as high as 42.54 % when the inclination angle is 10◦ and the 
chimney dispersion angle is 1◦. The chimney inlet fluid velocity of the SCS with different chimney dispersion angles at the same 
transparent cover inclination is different, with velocities as high as 2.090 m/s at 2◦.

To address the scarcity of experimental research on solar chimney systems SCS, numerical simulation techniques are utilized. These 
outcomes are then used to corroborate the numerical simulations, ensuring their accuracy. This method provides a theoretical 
framework for enhancing the structure, choosing materials, and integrating with various energy systems within the SCS. When 
combined with traditional facility-based agriculture, the SCS improves the stability and efficiency of agricultural activities, reduces 
carbon emissions, and promotes sustainable agriculture. Additionally, combining the SCS with aerial gardens reduces energy con
sumption and enhances environmental benefits.
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