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Abstract 

The use of fossil fuels for generating power has leaded to the reduction of fossil fuel resources and many adverse 

influences involving climate change and environmental pollution. Solar energy has a potential to provide eco-

friendly energy with a great energy supply for producing heat and electricity. Basic parts of the system are the 

collector, chimney and turbine. The collector is a vital component of the system and its geometrical features 

noticeably influence the power plant efficiency. In the current work, a three dimensional computational fluid 

dynamics (CFD) simulation of a SCPP based on the Manzanares prototype is performed to scrutinize the impact 

of collector entrance height (He) ranging from 0.75 m to 2 m on the solar chimney power output. Computational 

model is developed by employing RNG k-ε turbulence and discrete ordinates (DO) coupled with solar ray 

tracing models through ANSYS Fluent software. The model is validated using measured data published in the 

literature. The numerical results reveal that reducing He improves maximum velocity (Vmax), power output and 

pressure difference in the turbine at the expense of decreasing air mass flow rate. The highest velocity of 19.45 

m/s is achieved with He = 0.75 m and Vmax enhances by 36.20% compared to base model with He = 1.85 m at 

1000 W/m2. Besides this configuration provides the maximum power output of 66.51 kW and augments power 

output to 31.74% compared to the base case at 1000 W/m2. 
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1. Introduction 

 

Renewable energy is energy generated from abundant and continuously replenished natural resources including 

solar, wind, hydro, tidal, geothermal, biomass and wastes. It is a key to reduce the dependence on fossil fuels and 

thus to have a safer, cleaner, and sustainable world (Peake, 2018). Solar energy has a potentially critical role in 
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providing eco-friendly energy for generating electricity and heat (Tyagi et al., 2020). The solar chimney system 

is capable of producing the electric power from the solar energy with no greenhouse gases emission, especially 

in rural areas where solar chimney power plant (SCPP) technology offers freely available energy resources to 

augment access to electrical energy (Okoye & Taylan, 2017). SCPP is established on three technologies (the 

greenhouse, chimney and wind turbine) joined together to harness energy from the sun (Kasaeian et al., 2017).  

Major components of a solar chimney are chimney, collector and turbine. The collector whose roof made up of a 

semi-transparent material (plastic or glass) received the solar radiation into the system and then transmitted to 

the ground which leads to a rise in temperature here. Namely, the greenhouse effect is generated by the semi-

transparent collector surface through which the short wavelengths of visible light from the sun pass but the 

longer wavelengths of the solar radiation are unable to pass. This elevates the ground temperature under the 

collector. Thus, the heat transfer takes places between the heated ground surface and fresh air coming from the 

collector entrance. Temperature difference on the ground results in density gradient which produces a buoyancy 

force. Therefore the heated system air moves upwards and it is directed towards the outlet of the chimney. With 

a long tubular geometry, the chimney generates a pressure difference and augments the velocity of the system 

air. SCPP uses the buoyancy-induced convective flow which rotates the turbine installed close to the inlet of the 

chimney. The turbine converts the air kinetic energy to the rotational energy and eventually into electricity in a 

generator (Pradhan et al., 2021).  

 

Heat is stored in the natural soil but an additional absorber (energy storage) layer under the roof is needed to 

meet the requirement of SCPP system working during the night or cloudy days (Guoa et al., 2019). The absorber 

stores the thermal energy transferred by the collector and employs it to heat air during the absence of sun 

providing electricity production for 24 hours. The selection of a suitable absorber material is crucial to improve 

operational performance of the SCPP system. Aluminium, canvas, black and clear visqueen are used as absorber 

plate materials (Das & Parvathy, 2022). Besides, thermal storage capacity of SCPP is improved by introducing 

water filled black tubes laid on the ground to store heat during day. At night-time, the water in the tubes emits 

the heat while the air inside the collector beginning to cool (Zhou et al., 2010). 

 

Geometrical parameters of solar chimney components such as collector and chimney influence performance of 

SCPP systems (Cuce et al., 2022). Main geometric features of the system are the collector height, radius and 

slope and the chimney diameter and height. Besides divergent and convergent collector and chimney design 

impacts the efficiency of SCPP system.  

 

Researchers recently examined different collector geometries to enhance performance of SCPP systems. Hassan 

et al. (2018) accomplished computational research on changing the slope of the collector (4°-10°) and chimney 

divergent angle (1°-3°) with fixed other geometric parameters to intensify the system performance employing 

ANSY Fluent CFD codes. They pointed out that the chimney having 1° divergent angle leaded to remarkable 

increment in maximum airflow velocity and power output at smaller chimney height. Golzardi et al. (2021) 

conducted the experimental tests and a three dimensional (3D) CFD analysis to scrutinize the influences of 

collector entrance of square and circular collectors on airflow velocity and heat transfer characteristics inside the 

chimney. They observed that reducing collector entrance of square collector by one-half and that of circular 

collector by one-quarter augmented outlet velocity and thermal efficiency of the chimney. Cuce (2022) 

introduced a 3D model based on Manzanares pilot plant to explore the effect of the dimensionless parameter 

called collector radius rate (collector radius/ the pilot plant collector radius) on power output for the 90° model 

by ANSYS Fluent. Their results displayed that a rise in the collector radius rate enhanced power generated by 

the plant but at a certain collector size (upto one and a half times the collector radius) and then the efficiency 

diminished due to the high cost and an increase in the space occupied by the collector. 

 

According to the available literature review, the collector geometric characteristics significantly influence air 

flow and power production in the system. In the current work, new collector geometries are developed by 

varying the height of the collector entrance (He) from 0.75 m to 2 m for fixed collector length and chimney 

geometric parameters. The distance between the ground level and chimney inlet is also kept constant. Since the 

region between chimney inlet and collector outlet is altered by changing He for each configuration, the 

introduced solar chimney geometries in this work are different from previous CFD investigations [Cuce et al., 

2022a; Hassan et al., 2018; Golzardi et al., 2021; Cuce, 2022; Sen et al., 2021). The impacts of new produced 
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configurations on the solar chimney performance characteristics are analyzed and discussed by considering 

material and environmental features of the Manzanares pilot facility using ANSYS Fluent. 

 

2. Materials and methods 

 

In the present work, governing equations (continuity, momentum and energy) combined with the discrete 

ordinates (DO) radiation and turbulence models are solved in a coupled manner via ANSYS Fluent. Discrete 

ordinate (DO) radiation model is employed to stimulate solar rays passing through the semi-transparent (glass) 

collector. Ray tracing option in solar load model is selected to include impacts of incident solar radiation from 

the sun’s rays in the calculation. Assume that the flow in the SCPP system is turbulent, incompressible, 3D and 

steady-state.  Since the RNG k-ε turbulence model simulates the flow within the system well (Hassan et al., 

2018; Cuce, 2022; Sen et al., 2021; Hachicha et al., 2023), this model is utilized in this study. The kinetic energy 

(k) and dissipation rate (ε) equations in the model are (ANSYS Fluent, 2018): 
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The Boussinesq approximation is applied to determine air density change in the system as appropriate for 

modeling the buoyancy flow. 

 

( ) ( )a a ag T T   −  − −

                

                                (3) 

 

where ρa and Ta are air density and temperature. β and g present the thermal expansion coefficient and 

gravitational acceleration. 

Power output, Po of the SCPP system is determined by:  

 

o t v tP Q P= 

                         

                           (4) 

 

where ηt is the efficiency of turbine which is generally taken to be 0.8 (Abdelmohimen & Algarni, 2018; Cuce et 

al., 2020; Mebarki et al., 2022). Qv is the volume flow rate of air. ΔPt is pressure drop in the turbine. It is 

determined by calculating the average pressure difference (Pt) at the turbine considered to be located 9 m above 

ground level using the CFD simulation (Cuce et al., 2020). 

 

t t tP r P =

                         

                           (5) 

 

where rt is the turbine pressure drop ratio and rt = 2/3 (Mebarki et al., 2022). 

The 3D geometric model is built in the ANSYS DesignModeler. The geometric features of the developed model 

are determined with reference to the Manzanares solar chimney constructed dimensions in Table 1 (Haaf et al., 

1983). 

 

Table 1: Model dimensions based on the Spanish prototype 

 

 

 

 

 

 

The thicknesses of chimney and collector are 0.00125 m and 0.004 m. As illustrated in Figure 1(a), instead of 

simulating the full geometry, 15° CFD model of Manzanares prototype is improved to reduce the computational 

Geometric characteristics Value 

The radius and height of the collector 122 m - 1.85 m 

The radius and height of the chimney 5.08 m - 194.6 m 

The thickness of the ground  0.5 m 
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time. The model geometry is meshed with an unstructured tetrahedral grid using ANSYS Meshing as 

demonstrated in Figure 1(b). 

 

The boundary conditions adapted to CFD model are illustrated in Fig. 1(a). Pressure inlet and outlet boundary 

conditions are applied at the collector inlet and the chimney outlet respectively. The atmospheric pressure is 

specified at the inlet and outlet. Wall boundary conditions are assigned to surfaces of the ground, collector and 

chimney as demonstrated in Figure 1(a). The opaque and adiabatic wall boundary conditions are defined at the 

ground and chimney walls, respectively. Convection thermal boundary condition is employed for the collector 

and heat transfer coefficient is fixed to 10 W/m2K [20]. The collector is considered as semi-transparent. Ambient 

air temperature and density is 293.15 K and 1.2046 kg/m3. To reduce computational domain, symmetry 

boundary condition is applied on two symmetric planes as shown in Figure 1(a). 

 

In order to setup CFD simulation, the component’s thermophysical properties in Table 2 are defined in ANSYS 

Fluent. The equations are discretized using the finite volume approach. SIMPLE scheme is used for pressure-

velocity coupling. The pressure is interpolated using a PRESTO method while momentum, turbulence and 

energy terms were spatially discretized using the second-order upwind scheme. 

 

 
Figure 1: (a) Computational model and boundary conditions, (b) grid structure of the model 
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Table 2: Thermophysical features of the components employed in CFD simulation 

 

 

 

 

 

 

3. Results and discussions 

 

In the current study, the impact of distinct collector entrance configurations on fluid flow and performance 

characteristics is analyzed employing ANSYS Fluent based on finite volume method. Prior to carrying out CFD 

simulation, the grid-independent study is conducted for three different mesh sizes. Vmax values of three grid 

configurations are demonstrated in Table 3. For mesh number of 386041, percentage variation in Vmax is 

examined to be 0.92 at 1000 W/m2. Comparison of similar studies from literature indicates that this variation is 

well suited for the simulation and thus this element size is chosen for the rest of the research. 

 

Table 3: The results of grid independent test for CFD model 

 

 

 

 

 

 

The model is verified with the measured data of the Manzanares’s chimney (Rabehi et al., 2017) and compared 

with previous numerical studies in Figure 2. 

 

 
Figure 2: Comparison of maximum velocity values of the base CFD model with calculated and measured data 

available in literature 

 

In comparison to results from previous studies, computed maximum velocity values are in good agreement with 

the measured values at 800 and 1000 W/m2. Besides, it is consistent with Cuce et al.’s (2020) and Meberki et 

al.’s (2022) numerical studies at 600-1000 W/m2. 

 

Figure 3 demonstrates the variation of Vmax as a function of He ranging 0.75 m to 2 m at 800 and 1000 W/m2. 

 

Properties Chimney Collector Ground 

Thermal conductivity (W/mK) 202.4 1.15 1.83 

Density (kg/m3) 2719 2500 2160 

Specific heat (J/kgK) 871 750 710 

Number of cell Vmax (m/s) % change in Vmax 

192746 13.63 - 

268921 14.15 3.82 

348018 14.28 0.92 
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Figure 3: Variation of maximum velocity with collector entrance height 

 

It is obvious from Figure 3 that there is a nonlinear relationship between Vmax and He. A slight decrease in Vmax 

is observed from He = 2 m till He = 1.5 m and then Vmax is significantly enhanced with decreasing He. The 

highest air velocity of 19.45 m/s is obtained for He = 0.75 m compared the base model having Vmax = 14.28 m/s 

at 1000 W/m2. The reason behind this sharp increase is that the collector inlet area is reduced significantly with 

He = 0.75 m and this leads to notable enhancement in air velocity of the system. 

 

In Figure 4, the regions near the turbine located and collector outlet are examined in detail to understand the 

impact of He on the distribution of air velocity at 1000 W/m2.  

 

 
Figure 4: Air velocity distribution near the turbine installed and collector outlet for (a) He = 0.75 m, (b) He = 1 m, 

(c) He = 1.5 m and (d) He = 2 m at 1000 W/m2 
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As illustrated in Figure 4, the area between the chimney inlet and collector outlet is varied with reducing He 

owing to the distance between the ground and chimney entrance remaining same. This leads to the enhancement 

of velocity distribution around the collector outlet and chimney inlet. Although maximum air velocity is 

diminished slightly for reducing He from 2 m to 1.5 m in Figure 3, the local air velocity around the collector 

outlet is augmented significantly with this configuration in Figure 4 (c). It is confirmed the aforesaid result that 

the configuration with He = 0.75 m intensifies air velocity remarkably in the region where turbine placed. It is 

important owing to the increased kinetic energy of the system improving electricity production from the 

chimney. 

 

Air mass flow rate ( m ) and pressure drop around turbine are two important parameters that impact the solar 

chimney efficiency. That is, Po is strongly dependent the air volume flow rate and pressure difference across the 

turbine as seen in Equation 4.  

 

Figure 5 demonstrates the variation of  m  as a function of He ranging 0.75 m to 2 m at 800 and 1000 W/m2. As 

illustrated in Figure 5, a decreasing trend of m  is observed with a decrease in He. It is expected that m  values 

for He = 0.75 and 1 m should be elevated because of these configurations notably enhancing Vmax in Figure 3. 

But the collector entrance area is decreased with reducing He and this causes lower air mass flow rate within the 

chimney. m  is 728 kg/s for He = 0.75 m compared to the base case with m = 1062 kg/s. 

 

 
Figure 5: Variation of mass flow rate with collector entrance height 

 

Figure 6 shows the change of pressure difference in a turbine as a function of He ranging 0.75 m to 2 m at 800 

and 1000 W/m2. As seen in Figure 6, the lower collector entrance results in a larger pressure drop through the 

turbine. The highest pressure drop of 206.3 Pa is achieved for He = 0.75 m at 100 W/m2.  
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Figure 6: Variation of pressure drop in a turbine with collector entrance height 

 

Figure 7 demonstrates the change of Po of the SCPP system as a function of He ranging 0.75 m to 2 m at 800 and 

1000 W/m2. As shown in Figure 7, a reduction in He yields to enhancement in Po of the system at both 800 and 

1000 W/m2.  

 

It is noticed that pressure difference where the turbine placed plays a dominant role in augmenting Po of the solar 

chimney. Namely, the increased pressure drop with narrow collector entrance in Figure 6 leads to a significantly 

rise in Po of the chimney, especially at 1000 W/m2. It is concluded that decreasing air mass flow rate with a 

lower collector entrance is compensated by higher pressure drop gained near the turbine. Therefore for He = 

0.75, the maximum Po of 66.51 kW is achieved and this configuration improves Po to 31.74% in comparison to 

the base model at 1000 W/m2. 

 

 
Figure 7: Variation of power output of the system with collector entrance height 

 

4. Conclusions 

 

This paper examines numerically the impact of the entrance height of the collector on enhancement of power 

production in a solar chimney system by constructing a 3D model employing ANSYS Fluent CFD code based 

upon the finite volume discretization. The collector height is changed from 0.75 m to 2 m by other dimensions of 

the components and the distance between the ground and chimney entrance of the model keeping unchanged. 
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After grid independent test and verification of the model, performance characteristics are evaluated as a function 

of He. The main findings are summarized as follows: 

• The predicted Vmax values obtained with the present CFD model agree well with measured data 

compared to the results of the former numerical studies at 800 and 1000 W/m2. 

• He is an influential geometric parameter that affects Po of the system. 

• New proposed configurations obtained by altering collector entrance with a constant distance between 

the ground and chimney inlet is more efficient to improve Po of the plant for He = 0.75 and 1 m. 

• Reducing air mass flow rate with decreasing He is met with higher pressure drop gained close to the 

turbine. 

• The configuration with He = 0.75 m provides the highest Po of 66.51 kW, Vmax of 19.54 m/s and the 

maximum pressure drop of 206.3 Pa whereas this configuration reduces air mass flow rate by 31.39% 

compared to the base case at 1000 W/m2. 

• This study which provides key insights for determining appropriate collector entrance geometry to 

enhance the system’s power output will be helpful for further solar chimney numerical analysis and 

designs. 
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