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Highlights: 

• To design a solar tower power plant that ensures uninterrupted electricity production, allowing for 

continuous generation even during nighttime hours. 

• To simulate and numerically evaluate the thermal analysis of a hybrid solar chimney system using an 

auxiliary heat source. 

• To enhance the performance of hybrid solar tower power plants for clean energy generation. 

  

Abstract: The solar tower power plant represents a cutting-edge solar thermal system designed to 

harness clean solar energy for electricity generation. Due to its abundant availability and cost-

effectiveness, this technology has garnered significant interest recently. Solar power, as one of 

the most promising renewable energy sources, offers a sustainable alternative to fossil fuels, 

contributing to a reduction in greenhouse gas emissions and dependence on non-renewable 

energy resources. However, a major challenge lies in the plant's low efficiency and its inability to 

generate electricity during nighttime, cloudy weather, or rainfall. To tackle this challenge, our 

approach involves designing a solar tower power plant that integrates an external heat source to 

complement solar energy and ensure uninterrupted electricity production. This integration not 

only enhances the reliability of the power supply but also maximizes the utilization of renewable 

energy resources. The collector, a crucial component of the solar tower power plant, accounts for 

a significant portion of both construction costs and energy loss. Improving the collector's 

performance is therefore essential for enhancing the overall efficiency and economic viability of 

the plant. In this project, a novel collector design is proposed that not only heats the air under the 

collector through solar radiation but also utilizes an auxiliary heat source to further raise the air 
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temperature. This increase in temperature accelerates air flow, which in turn enhances turbine 

rotation and consequently boosts electricity generation.  

Keywords: solar tower power plant; renewable energy; thermal systems; solar collector; heat and 

mass transfer 

______________________________________________________________________________ 

1.  Introduction 

Solar chimney power plants are systems that harness solar energy to generate electricity. These 

systems consist of three main components: the solar air collector, the chimney, and the power 

generation unit, which includes a wind turbine and generator. The solar air collector is generally 

circular and consists of a transparent canopy and an absorber medium (usually natural ground). 

The gap between the canopy and the ground facilitates air movement. The chimney is installed at 

the center of the collector, and wind turbines are located at the base of the chimney. Solar rays 

penetrate through the canopy and are absorbed by the ground, which in turn heats the air. Due to 

the density difference, warm air flows into the chimney and rotates the turbine, generating 

electricity through the generator. Despite their advantages, such as low maintenance costs, high 

reliability, and minimal environmental impact, solar chimney power plants have drawbacks, 

including low efficiency and interruptions during nighttime and cloudy conditions. Improving the 

collector, which constitutes a significant portion of the system's investment and losses, can make 

these power plants more cost-effective and competitive. Extensive research has focused on 

improving collector performance and integrating solar chimneys with other technologies such as 

photovoltaic panels, geothermal heat, and wind farms to increase electricity generation. However, 

achieving uninterrupted electricity production during nights, rainy, and cloudy hours remain a 

significant challenge for solar chimneys. In this study, the objective is to enhance the design of 

solar chimney collectors to significantly increase the efficiency of solar chimneys compared to 

conventional designs. Furthermore, we aim to harness stored thermal energy within the collector 

to ensure uninterrupted electricity generation during nighttime, cloudy, and rainy conditions. 

Figure 1 shows the schematic of a solar chimney power plant. 
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Figure 1. Schematic of a solar chimney power plant 

By researching and improving the material and slope of the canopy, configuring and enhancing the 

collector, the efficiency of these systems can be increased, making investment in them more 

attractive. To address this challenge, we have decided to enhance the performance of solar 

collectors for their superior performance among conventional collectors. This involves studying 

the effects of various parameters on the collector’s performance and exploring innovative designs 

and configurations. 

The primary component of a solar chimney power plant is the solar collector, composed of an 

absorber and a transparent canopy. Numerous parameters significantly influence the collector's 

performance. Regarding the design of a new counterflow collector, results indicate that air flow 

velocity and pressure drop at the chimney inlet have the most substantial impact on efficiency 

(Nasraoui et al., 2020). Al-Kayiem et al. (2019) investigated a simple solar chimney with hot gas 

channels, focusing on improving collector performance through material selection, geometry 

considerations, plant location, collector slope, environmental conditions, and solar irradiance 

access. They stated that the collector accounts for approximately 50% of solar power plant 

investment and system losses. Enhancing this component can make solar chimney investments 

cost-effective, attractive, and competitive. Ismaili et al. conducted research on strengthening the 

collector's canopy, slope, and configuration, also introducing a new collector design with branching 

gears to reduce airflow friction losses inside the collector (Esmaili et al., 2022). Hussam et al. 

(2022) also proposed upgrading the power plant's collector by adding a secondary roof or canopy 

and dividing the collector into upper and lower sections. The proposed collector regulating 

mechanism-controlled energy conservation by closing the lower section when less power was 

required, thereby storing thermal energy in the ground collector. When more power was needed, 

the lower section opened, allowing airflow under the secondary roof, where it heated up due to 

ground heat, thereby increasing power generation. 

Chimney 

Turbine Collector 
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The second component of the solar chimney collector is the ground. This part serves as the average 

absorber for solar radiation and heat storage. Some researchers have endeavored to enhance the 

performance efficiency by utilizing the ground as a heat storage medium without phase change. 

Kazemi et al. (2022) studied the unstable behavior of the collector using multi-layer energy storage. 

Rahdan et al. (2021) investigated the impact of ground temperature on solar chimney performance. 

Cao et al. (2021) examined the influence of air temperature on collector arrangement with the 

ground, while Huang et al. (2020) studied and reported upgraded collector data using multi-layer 

asphalt coating. Additionally, Mehranfar et al. (2022) proposed using water bags in the ground 

collector. Tawalbeh et al. (2023) also examined the adverse effects of wind on solar collectors. 

Pascual-Muñoz et al. (2013) suggested integrating a conventional solar chimney technique with 

another source that may maintain energy input in the absence of solar sources, also investigating a 

new power plant design using a solar chimney with solid oxide fuel cells. Hafizh et al. (2020) 

developed an integrated mathematical model to simulate the updraft velocity and temperature of 

airflow inside a small-scale solar updraft power generator. Meanwhile, Yazdi et al. (2021) studied 

a hybrid solar chimney system, applying the turbine effect during different daytime hours and with 

various heat sources at night. 

As observed, extensive research has focused on improving collector performance and integrating 

solar chimneys with technologies such as photovoltaic panels, geothermal heat, and wind farms to 

increase electricity generation. However, achieving uninterrupted electricity production during 

nights, rainy, and cloudy hours remain a significant challenge for solar chimneys. To address this, 

the study aims to enhance the performance of solar collectors for their superior performance among 

conventional collectors. 

 

2.  Materials and Methods 

2.1.  Governing Equations 

The flow inside the solar chimney is described by the Navier-Stokes equations, including 

continuity, momentum, and energy transfer equations, written as follows: 

2.1.1. Continuity Equation  
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𝜕𝜌

𝜕𝑡
+ 𝛻. (𝜌�⃗� ) = 0 

(1) 

 

Here, ρ represents density and �⃗�  represents velocity. 

 

 

2.1.2. Momentum Equation 

𝜕𝜌�⃗� 

𝜕𝑡
+ 𝛻. (𝜌𝑉.⃗⃗  ⃗ 𝑉)⃗⃗⃗⃗ = 𝛻. (𝜏) − 𝛻. (𝑃) + 𝜌𝛽(𝑇 − 𝑇𝑟𝑒𝑓)𝑔  

(2) 

 

In these equations, we use the Boussinesq approximation where P is the static pressure, I is the unit 

tensor, and 𝑇𝑟𝑒𝑓 is the reference temperature. The stress tensor T is calculated from the formula: 

𝜏̿ = 𝜇(𝛻. �⃗� + (𝛻. �⃗� )𝑡) −
2

3
(𝛻. �⃗� )𝐼 

(3) 

2.1.3. Energy Equation 

𝜕𝜌𝐸

𝜕𝑡
+ 𝛻. (𝜌(𝐸 + 𝑃)�⃗� ) = 𝛻.  (𝜆𝑒𝑓𝑓𝛻𝑇 − ∑ℎ𝑗 𝐽𝑗⃗⃗ + 𝜏�⃗� ) + 𝑆 

(4) 

 

Here, E represents the total energy, λ is the effective thermal conductivity, ℎ𝑗  denotes various flow 

terms, and S is the heat source. The Solar Load model, available in Fluent software, is used to 

determine these parameters. 

2.1.4. Discrete Ordinates (DO) Model 

The Discrete Ordinates model is used to calculate the solar radiation incident on the semi -

transparent collector walls of the solar chimney. The DO model considers the transparency of the 

collector material and is suitable for calculating heat transfer in solar chimneys. It is expressed as: 

𝛻. (𝐼𝜆(𝑟 , 𝑠 )𝑠 ) + (𝑎𝜆, 𝜎𝑠)𝐼𝜆(𝑟 , 𝑠 ) = 𝑎𝜆𝑛
2𝐼𝑏𝜆 +

𝜎𝑠

4𝜋
∫ 𝐼𝜆(𝑟 , 𝑠 

′)𝜙(𝑠 , 𝑠 ′)𝑑𝜙′4𝜋

0
  (5) 
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where ∇ is the operator indicating divergence, 𝐼𝜆(𝑟 , 𝑠 ) is the spectral intensity at wavelength λ as a 

function of position r and direction s, s is the direction vector, 𝑎𝜆 is the spectral absorption 

coefficient, 𝜎𝑠 is the scattering coefficient, n is the refractive index, 𝐼𝑏𝜆 is the black body emissivity 

at wavelength λ, ϕ(s,s′) is the phase function describing the probability of scattering from direction 

s′ to s, and dϕ′ is the differential solid angle. 

The total intensity in the direction of 𝑠  is equal to the spectral intensity at the wavelength, which 

is: 

 𝐼(𝑟 , 𝑠 ) = ∑𝐼𝜆𝑘

𝑘

(𝑟 , 𝑠 )𝛥𝜆𝑘 

 

(6) 

The equation 𝐼(𝑟 , 𝑠 ) represents the total intensity I at a given position r and direction s as the sum 

of the spectral intensities 𝐼𝜆𝑘
 over discrete wavelength intervals 𝛥𝜆𝑘. 

2.1.5. Total Efficiency of the Collector 

The overall efficiency of the collector is commonly approximated by the formula: 

𝜂𝑐 =
�̇�𝑐𝑝𝛥𝑇

𝐺𝜋(𝑅𝑐
2 − 𝑅𝑐ℎ

2 )
 

(7) 

Here, �̇� is the mass flow rate of the air, 𝑐𝑝 is the specific heat capacity of the air at constant 

pressure, ΔT is the temperature difference of the air as it passes through the collector, G is the solar 

radiation flux, 𝑅𝑐 is the outer radius of the solar collector, and 𝑅𝑐ℎ is the inner radius of the solar 

collector. 

These equations and models form the basis for analyzing and optimizing the performance of solar 

chimneys in generating electricity efficiently under various environmental conditions. 

2.2.  Validation  

Figure 2 shows the counterflow solar chimney collector by Nasraoui et al. (2020). In the 

counterflow collector, the air initially flows over the top part of the collector and then changes 

direction upon reaching the curved section, entering the lower part and moving in the opposite 

direction towards the collector's outlet. 
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Figure 2. Counterflow solar chimney collector 

Figure 3 illustrates the schematic of the counterflow collector. The heights of the upper and lower 

roofs are considered equal. The dimensions of the collector's inlet, collector radius, chimney radius, 

upper roof height, and lower roof height are provided in Table 1. 

 

Figure 3. 2D geometry of the counterflow collector 

 

Table 1. Dimensions of the counterflow collector 

Inlet 

Size 

Collector 

Radius 

Chimney 

Radius 

Upper Roof 

Height 

Lower Roof 

Heit 

Unit 

0.08 1.85 0.36 0.1 0.05 m 

 

As shown in Figure 4, an unstructured grid was used for meshing the chimney model for validation, 

while a structured grid was used inside the pipes to increase the accuracy of the calculations. Due 
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to the complex geometry, the number of elements reached 4,184,795 to ensure both grid 

independence and high meshing accuracy. The quality of the grid was 0.15, which is considered 

satisfactory. 

 

 

 

 

 

 

 

Figure 4. Solar chimney modeling (validation model) 

For validation, the results from Nasraoui et al. (2020) were used. Figure 5 shows the validation 

values of velocity changes along the solar chimney. The velocity values at the collector outlet were 

obtained as 2.83 m/s, which compared to the actual value of 2.8 m/s, shows an error of 1.06%, 

indicating the high accuracy of the calculations performed. 

 

 

Figure 5. Velocity along the chimney 

2.3.  Simulation 
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After simulating the counter-flow solar chimney collector, we introduce an innovation. To this end, 

we embedded pipes with a diameter of 0.03 m containing steam at 116°C in a quarter-circle 

arrangement within the collector. This setup is intended to serve as an additional heat source to 

warm the air inside the collector. As shown in Figures 6 and 7, the new collector geometry, with 

two inlets and two outlets for hot steam, heats the air more effectively than solar radiation alone 

and acts as an additional heat source. 

 

Figure 6. Solar chimney modeled with additional heat source 

 

3.  Results and Discussion 

Figure 7 illustrates the velocity distribution at three different times (08:00, 13:00, and 21:00) in a 

collector with and without an additional heat source. A detailed analysis of these graphs highlights 

the following points: 

At all times (08:00, 13:00, and 21:00), the presence of an additional heat source (represented by 

red curves) leads to an increase in the fluid velocity at various points within the collector compared 

to the state without an additional heat source (represented by blue curves). This velocity increase 

is due to the rise in the kinetic energy of the fluid influenced by the additional heat source. The 

additional heat source transfers more heat to the fluid, increasing its temperature and consequently 

reducing its density. This results in increased fluid flow due to pressure and temperature 

differences. 
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At all three times examined, it is observed that the fluid velocity increases as it moves towards the 

collector's outlet after entering. This increase in velocity indicates the acceleration of the fluid flow 

due to the reduction in cross-sectional area and the increase in kinetic energy caused by heating. 

Around a radius of approximately 1.8 m, where the hot gas pipes are located, a momentary increase 

in velocity is observed. This momentary increase is due to the higher heat transfer from the hot gas 

pipes to the fluid, which results in increased kinetic energy and, consequently, higher velocity. 

In all three times examined, it is observed that the fluid velocity increases as it approaches the 

chimney's inlet and reaches its maximum at the chimney's inlet. This increase in velocity indicates 

the enhanced fluid flow due to pressure and temperature differences near the chimney's inlet. The 

maximum velocity at the chimney's inlet is due to the convergence of the fluid flow at this point 

and the pressure changes caused by temperature and velocity differences along the collector. 

The presented graphs show that the additional heat source has a significant impact on increasing 

the fluid velocity along the collector, and this effect varies at different points within the collector. 

The increase in fluid velocity is due to the rise in kinetic energy resulting from the higher heat 

transfer to the fluid. Additionally, the velocity distribution along the collector indicates an increase 

in velocity as it approaches the chimney's inlet, reflecting the pressure and temperature changes 

along the collector. 
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Figure 7. Velocity along the collector 

Figure 8 illustrates the fluid velocity distribution along the collector at three different times (08:00, 

13:00, and 21:00) with an additional heat source. The curves show that the velocity distribution 

follows a similar pattern at all three times but with different velocity magnitudes. 

At 13:00 (red curve), the fluid velocity reaches its maximum value, indicating the significant 

impact of the external heat source in increasing fluid speed. This increase is due to the maximum 

solar radiation at this time, which raises the fluid temperature and decreases its density, resulting 

in higher fluid velocity. Conversely, at 21:00 (green curve), the fluid velocity is at its lowest, 

reflecting the reduced impact of the external heat source. With decreased solar radiation, the fluid 

temperature is lower than at other times, leading to a lower velocity. At 08:00 (blue curve), the 

fluid velocity is between the values observed at 13:00 and 21:00, indicating a moderate impact of 

the external heat source. This time of day marks the beginning of increasing solar radiation. 

At all three times, the fluid velocity increases after entering the collector and moving towards the 

outlet. This acceleration is due to the reduction in cross-sectional area and the increase in kinetic 

energy caused by heating. Around a radius of approximately 1.8 m, where the hot gas pipes are 
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located, a momentary increase in velocity is observed. This increase is due to the higher heat 

transfer from the hot gas pipes to the fluid, which raises the kinetic energy and, consequently, the 

velocity. 

As the fluid approaches the chimney inlet, its velocity increases and reaches a maximum. This 

acceleration is due to the enhanced fluid flow resulting from pressure and temperature differences 

near the chimney inlet. The maximum velocity at the chimney inlet is due to the convergence of 

the fluid flow at this point and the pressure changes caused by temperature and velocity differences 

along the collector. 

The highest fluid velocity is observed at 13:00, indicating the significant impact of the heat source 

at this time, likely due to increased solar radiation. At 08:00, the fluid velocity is relatively high 

but less than at 13:00, marking the start of increased solar radiation. At 21:00, the fluid velocity is 

significantly lower than at the other times, likely due to decreased solar radiation and lower fluid 

temperatures. 

These results demonstrate that the impact of the external heat source on increasing fluid velocity 

along the collector is highly time-dependent, with the maximum effect occurring when the sun is 

at its peak (13:00). The additional heat source significantly enhances the kinetic energy of the fluid, 

resulting in higher velocities and improved performance of the solar chimney system. 

 

 

Figure 8. Velocity along the collector axis for every 3 hours 

To determine the efficiency of the solar chimney, we use formula (7), and the results are presented 

in Table 2. As seen in Table 2, the efficiency with an additional heat source shows a significant 

increase compared to the case without an additional heat source. There is an approximately 10.9% 
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increase at 8 AM and a 32% increase at 1 PM. Comparing the efficiency at 8 AM and 1 PM, we 

observe a 40% difference with the additional heat source and an 18% difference without it. This 

can be attributed to both the intensity and direction of solar radiation. When comparing the solar 

radiation intensity at 8 AM and 1 PM, the difference in intensity is relatively small compared to 

the difference in efficiency, highlighting the importance of the direction of sunlight. At 1 PM, the 

sun directly hits the collector's roof, heating the air inside the collector more effectively. At 9 PM, 

without an additional heat source, the efficiency is zero due to the absence of solar radiation. By 

adding an external heat source to the solar chimney, the flow speed within the system increases 

significantly, enhancing overall efficiency. The highest efficiency is observed at noon due to 

optimal sunlight direction and intensity. This method enables continuous electricity production, 

even at night, transforming the solar chimney into a more reliable and efficient power generation 

system. 

Table 2. Collector efficiency for different hours 

Hour Solar Radiation 

Intensity 

(W/𝒎𝟐) 

Collector Efficiency 

without Heat Source 

(%) 

Collector Efficiency          

with Heat Source (%) 

8 716.91 0.181492 11.0165 

13 880 18.2991 51.2513 

21 0 - - 

 

4.  Conclusion 

In this study, a novel collector design is proposed that not only heats the air under the collector 

through solar radiation but also utilizes an auxiliary heat source to further raise the air temperature. 

This temperature increase accelerates the airflow, which subsequently enhances turbine rotation 

and consequently boosts electricity generation. The results of this study demonstrate that 

incorporating an external heat source into the chimney significantly increases the flow speed within 

the system. The air accelerates more rapidly towards the collector's outlet, entering the chimney at 



Yazdi et al.  JETA 2024, 9 (1) 75 - 89 

88 

 

a higher speed, which in turn enhances electricity production by increasing the rotation of the wind 

turbine through the generator. This method allows for continuous electricity production, even 

during nighttime hours. For the future work, the concept of a photovoltaic solar chimney (PV/SC) 

can be used to enhance the efficiency of our hybrid solar system. As air moves up and down the 

solar cells, it cools the panels, resulting in increased photovoltaic (PV) electrical efficiency. 
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