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Abstract: A solar chimney power plant is a type of solar thermal technology that utilizes the heat generated by a solar 
collector to convert solar energy into electrical power. A steady state CFD investigation through a solar chimney power plant 
system was conducted. A power plant with the geometry parameters of a Spanish prototype was modeled. The k-ε turbulence 
and the radiative transfer equations were solved. To simulate radiation effects from the sun’s rays, a solar load model was 
employed. The fluid flow and heat transfer characteristics through the prototype power plant were examined in two different 
conditions; corresponding to no-load condition and during turbine operation. 
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I. INTRODUCTION 
 
Sensible technology for the widespread use of 
renewable energy must be simple, reliable, and 
accessible to less technologically developed countries 
with sunny climes and often-limited raw materials. It 
should not need cooling water and should be based on 
environmentally sound production from renewable or 
recyclable materials. The SCPP consists of four 
simple components: a solar collector, a tower built in 
the center of the solar collector called chimney, 
energy storage media and a wind turbine. Figure 1 
shows a schematic of the SCPP system. In this 
system, the ground surface is heated by utilizing 
thermal solar energy. Consequently, the air inside the 
collector is heated under a transparent collector roof 
due to convection from the ground and greenhouse 
effect. The airflow heated through the collector is 
lighter than the cold air inside the tower and hence, 
an upward buoyancy-driven flow is created through 
the chimney. Due to the suction from the chimney 
warmer, air is drawn from the solar collector and 
therefore ambient air enters the system from the 
collector inlet. Thus, upward buoyancy force inside 
the chimney creates a continuous updraft. Finally, the 
energy in the updraft runs a pressure-staged wind 
turbine installed at the chimney base and mechanical 
energy is converted into electricity using a generator 
[1]. 
In 1982, the first pilot SCPP was built in Manzanares, 
Spain. This system comprised a solar collector with a 
radius of 122 m, and a chimney with a height and 
diameter of 194.6 m and 10 m, respectively. The 
average height of the solar collector was 1.85 m. This 
power plant was designed to produce a 50-kW 
electrical power output. The principles for the solar 
chimney system were presented by Haaf et al. [2]. 
Then, for the first time, Haaf [3] published the 
preliminary test results of the Spanish SCPP. Schlaich 
published a book on solar  chimneys in 1995 [4]. 
Theoretical modeling and experimental data of a built 
SCPP were presented by Pasumarthi and Sherif [5]. 
Further, Padki and Sherif [6] and Gannon and von  

 
Backström [7] used simple mathematical models to 
predict the performance of  the SCPP. An 
investigation on analytical and numerical models that 
consider the influence of ambient conditions and 
structural parameters on the power output was 
performed by Bernardes et al. [8]. Ming et al. [9] 
performed numerical analyses to study the effect of 
geometric variations on the performance of the 
Spanish SCPP. Pretorius and Kröger [10] studied the 
convective heat transfer and momentum relations of 
an SCPP. Convective heat transfer coefficients in the 
collector, which were reported in the earlier 
investigations [8,10], were compared in [11]. The 
feasibility of SCPP systems was considered by 
Nizetic et al. [12].  Pretorius and Kröger [13] 
presented an approximate thermo-economic model 
for optimizing an SCPP system. The main parts of the 
SCPP, including the collector, wind turbine, and 
chimney were modeled theoretically, and the 
equations were solved numerically by Koonsrisuk 
and Chitsomboon [14]. Gholamalizadeh and 
Mansouri [15] developed a comprehensive 
mathematical model to calculate the performance and 
total expenditure of an SCPP. Moreover, in several 
investigations, a coupled set of conservation 
equations of mass, momentum, and energy have been 
solved using computational fluid dynamics (CFD). 
Bernardes et al. [16] developed a steady-state Navier–
Stokes solution and energy equations for the natural 
laminar convection using the finite volume method 
(FVM). A two-dimensional (2D) steady-state CFD 
simulation of the SCPP system was carried out by 
Pastohr et al. [17]. Koonsrisuk and Chitsomboon [18] 
solved the conservation equations of mass, 
momentum, and energy in an SCPP using the FVM. 
Chergui et al. [19] solved steady-state Navier–Stokes 
equations, as well as continuity and energy equations 
for a natural laminar convection in an axisymmetric 
system. Xu et al. [20] studied the effects of the solar 
irradiation and pressure drop across the turbine in an 
SCPP using steady-state numerical simulations. 
Koonsrisuk and Chitsomboon [21] used CFD to study 
the changes in the flow properties due to the 
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variations in the flow area. Guo et al. [22] presented a 
comprehensive theoretical model to accurately 
predict the annual performance of the SCPP by 
considering the hourly variation of the solar 
irradiation. Okoye et al. [23] investigated the 
performance and feasibility of an SCPP for different 
values of the geometric parameters. Li et al. [24] 
developed an economic model to analyze the 
reinforced concrete SCPP. Patel et al. [25] carried out 
CFD simulations to study the effects of the 
constructural parameters on the performance of the 
SCPP to improve the flow characteristics of the 
system. Gholamalizadeh and Kim [26] considered the 
role of the greenhouse effect on the buoyancy-driven 
flow and heat transfer through the SCPP by 
employing an unsteady 3D turbulent model using 
CFD. Guo et al. [27] conducted a numerical approach 
considering the radiation model, solar load model, 
and the turbine. In this study presents a steady CFD 
analysis to model the fluid flow and heat transfer 
inside a solar chimney power plant is conducted. The 
turbulent flow using the k-ε model together with the 
convective and discrete ordinates (DO) radiative 
transfer equations are simultaneously solved. A non-
gray radiation model is implemented using a two-
band radiation. 

 
II. MATHEMATICAL MODELING 
 
2.1. Natural convection and buoyancy-driven flow 
When heat is added to a fluid and the fluid density 
varies with temperature, a flow can be induced due to 
the force of gravity acting on the density variations. 
Such buoyancy-driven flows are termed natural-
convection flows. In natural convection, the strength 
of the buoyancy-induced flow is measured by the 
Rayleigh number as follows: 

3g TL 
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where ΔT and L are the maximum temperature 
difference of the airflow in the system and mean 
collector height. Rayleigh numbers less than 108 
indicate a buoyancy-induced laminar flow, with 
transition to turbulence occurring over the range of 
108< Ra < 1010. In this work to model the flow a 
steady state calculation is performed. As changes in 
the temperature through the domain is small, the 
Boussinesq approximation model for modelling 
buoyancy-driven flow is employed. The conservation 
equations for mass and momentum in an inertial 
reference frame can be described as follows [19]: 
Continuity equation: 
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2.2. Modeling heat transfer 
2.2.1. Energy equation  
The energy equation is solved in the following form: 
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where keff is the effective conductivity and Jj is the 
diffusion flux of species j. Sh includes the heat source 
due to incident solar radiation.  
 
2.2.2. Modeling radiation  
The DO radiation model solves the radiative transfer 
equation for a finite number of discrete solid angles, 
each associated with a vector direction fixed in the 
global Cartesian system (x; y; z). This model spans 
the entire range of optical thicknesses, solves 
problems ranging from surface-to-surface radiation 
and allows the solution of radiation for semi-
transparent materials with a banded behavior (e.g. 
glass). Modeling of non-gray radiation using a gray-
band model at position r in the direction s, the 
radiative transfer equation for the spectral intensity Iλ 
can be written as [19]: 
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where aλ is the spectral absorption coefficient; Ibλ is 
the black body intensity given by the Planck function. 
The refractive index n is important when considering 
radiation in semi-transparent media. The radiative 
transfer equation can be integrated over each 
wavelength interval, resulting in transport equations 
for the quantity IλΔλ, the radiant energy contained in 
the wavelength band Δλ. The behavior in each band 
is assumed gray.   Commercial CFD software Fluent 
6.3 was used to numerically solve the above-
mentioned equations using the finite volume method. 
2.2.3. Solar load model 
FLUENT provides a solar load model that can be 
used to calculate radiation effects from the sun’s rays 
that enter a computational domain [19]. In the present 
work, the solar load model’s ray tracing algorithm is 
used to predict the direct illumination energy source 
that results from incident solar radiation. The ray 
tracing approach is a highly efficient and practical 
means of applying solar loads as a heat source term in 
the energy equation. Solar load is available in the 
three-dimensional solver only, and can be used to 
model steady and unsteady flows. All wall and 
inlet/outlet boundary zones and interior walls 
participate in the radiation heat transfer, and the heat 
flux on the boundary faces that results from the 
incident radiation is computed. The resulting heat 
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flux that is computed by the solar ray tracing 
algorithm is coupled to the calculation via a source 
term in the energy equation. Solar energy received at 
the ground is substantially in the range of 0.29-2.5 
mm [20]. The semi-transparent cover of the collector 
has high transmittance at visible solar radiation and 
low infrared transmittance. A two-band spectral 
model is used for direct solar illumination and 
accounts for separate the cover properties (e.g. 
absorptivity and transmissivity) in the visible (0.38 < 
l < 0.78 mm) and infrared (l > 0.78 mm) bands. 
 
2.3. Boundary conditions 
In order to analyze the buoyancy-driven flow and 
heat transfer in a SCPP, a system by the geometry 
parameters of the Spanish power plant is considered. 
The chimney of this prototype power plant has a 
height and diameter of 195m and 10m, respectively. 
The radius of the collector is 122m and its average 
height is 1.85m.  The ground thickness in the 
computational domain is considered to be 5 m. The 
bottom of the ground and ambient temperature both 
are set as 300 K. Glass as a semi-transparent zone 
with convection and solar irradiation are modeled as 
the boundary condition of the roof of the collector. 
The solar irradiation which enters through the 
collector roof into the computational domain is set to 
900 W/m2. In addition, the chimney is considered as 
an adiabatic wall. For the collector inlet and chimney 
outlet, the pressure inlet and pressure outlet boundary 
conditions are each set. To simulate the turbine, the 
pressure jump across the turbine section is modeled. 
The pressure-based solver with the coupled algorithm 
is selected as the pressure–velocity coupling scheme, 
and the body-force-weighted algorithm is used as the 
spatial discretization method for pressure. 3D 
structured grids were adopted inside the 
computational domain with refined grids near the 
walls. In the approach presented here, as explained 
earlier above, solar load is simulated as a heat source 
in the energy equation that results from incident solar 
radiation. In the SCPP a pressure-staged wind turbine 
at the base of the chimney is installed, in which air 
velocity before and after the turbine is about the same 
[6]. Therefore, to model the turbine in the numerical 
model a pressure jump across the turbine can be 
simulated. Pressure difference produced between the 
chimney base and the ambient can be subdivided into 
a static and a dynamic component and losses due to 
friction and losses in the turbine section. The output 
achieved by a SCPP is maximized if the pressure 
drop at the turbine is 80% of the total pressure 
differential available [6]. Based on this approach, to 
obtain the pressure jump across the turbine an 
iterative process was performed. 
 
III. RESULTS AND DISCUSSION 
 
According to the measured data of the Spanish power 
plant, the air velocity at the chimney inlet was about 

8.8 m/s and the air temperature rise inside the 
collector was about 17.5 [3]. To validate the 
simulations, a calculation was conducted, and the 
results were compared to the measured data of the 
Spanish power plant. The CFD model predicted the 
air velocity of about 8.9 m/s at the chimney base and 
the air temperature rise of about 16 K inside the 
collector, which have satisfactory agreements with 
the measured data.  
 
3.1. Velocity distribution 
The effects of the turbine pressure drop on the 
velocity distribution through the system is illustrated 
in Fig. 1. The velocity at the chimney base reaches its 
maximum value. Moreover, comparing Figs. 1a and 
1b shows that the turbine pressure drop causes the 
velocity through the chimney decreases, significantly. 
The main reason is that the turbine produces a drag 
force against the airflow. It is seen that during turbine 
operation the mean velocity of the chimney base is 
about 9 m/s which, in comparison with no-load 
condition, is about 25% lower. 
 
3.2. Temperature distribution 
Figs. 2a and 2b show the influence of the solar 
radiation on the airflow temperature and also energy 
storage medium temperature for two conditions, 
corresponding to no-load condition and during 
turbine operation, respectively. To consider the 
effects of the turbine pressure drop on the 
temperature distribution through the system, Figs. 2a 
and 2b are compared. According to the contours, 
pressure drop across the turbine causes to increase the 
variation of the air temperature through the collector. 
It is seen that, in no-load condition, mean airflow 
temperature rise through the collector reaches 14 K, 
while, during the turbine operation, this value is about 
16 K. The main reason for that is, during turbine 
operation, velocity through the system decreases and 
thus, the time that the air flows through the collector 
increases. 
 

 
(a) 
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(b) 

Fig. 1.  Distributions of the velocity (m/s) in (a) no load 
condition, (b) during turbine operation 

 
(a) 

 
(b) 

Fig. 2.  Distributions of the temperature (K) in (a) no load 
condition, (b) during turbine operation 

 
CONCLUSIONS 
 
This study presents a numerical investigation on the 
solar chimney power plant. A steady state 3-D model 

which uses the k−ε turbulence closure is simulated. 
The discrete ordinates radiation model is used to 
solve the radiative-transfer equation. To simulate the 
solar radiation, the solar load model is employed. The 
model showed good agreement with experimental 
data of the Spanish power plant. The velocity and the 
temperature distributions inside the Spanish power 
plant are examined in detail in two different 
conditions; corresponding to no-load condition and 
during turbine operation. 

 
REFERENCES 
 
[1] J. Schlaich, R. Bergermann, W. Schiel, G. Weinrebe, Design 

of Commercial Solar Updraft Tower Systems—Utilization of 
Solar Induced Convective Flows for Power Generation, 
Journal of Solar Energy Engineering 127(1) (2005) 117-124. 

[2] W.F. Haaf, K. Mayr, G. Schlaich, J., Solar Chimneys Part I: 
Principle and Construction of the Pilot Plant in Manzanares, 
International Journal of Solar Energy 2(1) (1983) 3-20. 

[3] W. Haaf, Solar Chimneys: Part II: Preliminary Test Results 
from the Manzanares Pilot Plant, International Journal of 
Solar Energy 2(2) (1984) 141-161. 

[4] J. Schlaich, The solar chimney: electricity from the sun, 
Edition Axel. Menges, Stuttgart, Germany, 1995. 

[5] N. Pasumarthi, S.A. Sherif, Experimental and theoretical 
performance of a demonstration solar chimney model—Part 
I: mathematical model development, International Journal of 
Energy Research 22(3) (1998) 277-288. 

[6] M.M. Padki, S.A. Sherif, On a simple analytical model for 
solar chimneys, International Journal of Energy Research 
23(4) (1999) 345-349. 

[7] A.J. Gannon, T.W. von Backström, Solar Chimney Cycle 
Analysis With System Loss and Solar Collector Performance, 
Journal of Solar Energy Engineering 122(3) (2000) 133-137. 

[8] M. Aurélio dos Santos Bernardes, A. Voß, G. Weinrebe, 
Thermal and technical analyses of solar chimneys, Solar 
Energy 75(6) (2003) 511-524. 

[9] M. Tingzhen, L. Wei, X. Guoliang, Analytical and numerical 
investigation of the solar chimney power plant systems, 
International Journal of Energy Research 30(11) (2006) 861-
873. 

[10] J.P. Pretorius, D.G. Kröger, Solar Chimney Power Plant 
Performance, Journal of Solar Energy Engineering 128(3) 
(2006) 302-311. 

[11] M. Aurélio dos Santos Bernardes, T.W. Von Backström, 
D.G. Kröger, Analysis of some available heat transfer 
coefficients applicable to solar chimney power plant 
collectors, Solar Energy 83(2) (2009) 264-275. 

[12] S. Nizetic, N. Ninic, B. Klarin, Analysis and feasibility of 
implementing solar chimney power plants in the 
Mediterranean region, Energy 33(11) (2008) 1680-1690. 

[13] J.P. Pretorius, D.G. Kröger, Thermoeconomic Optimization 
of a Solar Chimney Power Plant, Journal of Solar Energy 
Engineering 130(2) (2008) 021015-021015. 

[14] Koonsrisuk, T. Chitsomboon, Mathematical modeling of 
solar chimney power plants, Energy 51(0) (2013) 314-322. 

[15] E. Gholamalizadeh, S.H. Mansouri, A comprehensive 
approach to design and improve a solar chimney power plant: 
A special case – Kerman project, Applied Energy 102(0) 
(2013) 975-982. 

[16] M. Aurélio dos Santos Bernardes, R. Molina Valle, M.F.-B. 
Cortez, Numerical analysis of natural laminar convection in a 
radial solar heater, International Journal of Thermal Sciences 
38(1) (1999) 42-50. 

[17] H. Pastohr, O. Kornadt, K. Gürlebeck, Numerical and 
analytical calculations of the temperature and flow field in 
the upwind power plant, International Journal of Energy 
Research 28(6) (2004) 495-510. 

[18] Koonsrisuk, T. Chitsomboon, Dynamic similarity in solar 
chimney modeling, Solar Energy 81(12) (2007) 1439-1446. 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 6, Issue-4, Apr.-2018, http://iraj.in 

CFD Simulation of a Solar Chimney Power Plant 
 
5 

[19] T. Chergui, S. Larbi, A. Bouhdjar, Thermo-hydrodynamic 
aspect analysis of flows in solar chimney power plants—A 
case study, Renewable and Sustainable Energy Reviews 
14(5) (2010) 1410-1418. 

[20] G. Xu, T. Ming, Y. Pan, F. Meng, C. Zhou, Numerical 
analysis on the performance of solar chimney power plant 
system, Energy Conversion and Management 52(2) (2011) 
876-883. 

[21] Koonsrisuk, T. Chitsomboon, Effects of flow area changes on 
the potential of solar chimney power plants, Energy 51(0) 
(2013) 400-406. 

[22] P.-h. Guo, J.-y. Li, Y. Wang, Annual performance analysis of 
the solar chimney power plant in Sinkiang, China, Energy 
Conversion and Management 87(0) (2014) 392-399. 

[23] C.O. Okoye, U. Atikol, A parametric study on the feasibility 
of solar chimney power plants in North Cyprus conditions, 
Energy Conversion and Management 80(0) (2014) 178-187. 

[24] W. Li, P. Wei, X. Zhou, A cost-benefit analysis of power 
generation from commercial reinforced concrete solar 
chimney power plant, Energy Conversion and Management 
79(0) (2014) 104-113. 

[25] S.K. Patel, D. Prasad, M.R. Ahmed, Computational studies 
on the effect of geometric parameters on the performance of a 
solar chimney power plant, Energy Conversion and 
Management 77(0) (2014) 424-431. 

[26] E. Gholamalizadeh, M.-H. Kim, Three-dimensional CFD 
analysis for simulating the greenhouse effect in solar chimney 
power plants using a two-band radiation model, Renewable 
Energy 63(0) (2014) 498-506. 

[27] [E. Gholamalizadeh, M.-H. Kim, CFD (computational fluid 
dynamics) analysis of a solar-chimney power plant with 
inclined collector roof, Energy 107 (2016) 661-667. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 


