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ABSTRACT 
 

A mathematical model was developed to simulate the behavior of the airflow inside the solar chimney 

system. The model can estimate the power output and performance of solar chimney systems. The 

developed mathematical model was validated by the experimental data that was collected from a small 

scale prototype of a solar chimney. This solar chimney was designed and constructed at El-Beida city, 

Libya. The solar chimney prototype contains a solar collector of 2m diameter and a solar chimney of 

2m height. The chimney is polyvinyl chloride (PVC) tube with 11 cm in diameter. The measurements 

include the intensity of solar radiation; measurements of temperatures and velocities of air at positions 

were selected throughout the collector and temperature and speed of wind outside the collector. Good 

agreement was obtained between the experimental results and that from the mathematical model. The 

model can be used to analyze the solar chimney systems and to determine the power output and the 

efficiency of the system. 
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1. Introduction 
The concept of solar updraft tower was first introduced in 1903 by cabanyes [1], and then 

conceived in 1931 by Hanns Gunther and also experimented to prove its effectiveness in 

Manzanares, Spain in the early1980s[2]. The principle of this working project is to use the solar 

radiation to pass through a transparent collector to heat an absorber (like a closed bags of water or a 

layer of soil) and then the absorber release that heat to the air under the collector, then this air due 

to its density difference rises up through a chimney in the center of  the collector driving a turbine 

to generate electricity. The collector was about 244m diameter while the chimney was about 200m 

tall and 5.08m diameter[3]. The plant produced a power of about 50 kW[4]. Since then more 

researchers shows a big interesting in it to study the potential of the solar updraft tower around the 

world [5-9]. Pasumarthi and S. Sherif[5], built a demonstrated model of a solar chimney power 

plant in Florida and they put two enhancements to the system by extending the collector and put an 

absorber medium to increase the power output.  In 2000 Gannon and Backström[6] analyzed the 

solar chimney power plant as an ideal air cycle, the analysis includes chimney friction turbine and 

kinetic energy losses and made a mathematical model to predict the performance of a large scale 

plant, the model also variated by comparing it with a data of a small scale. Schlaich[7] described 

his practical experience and economy on the solar updraft tower and the data of building and  
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operating the solar updraft power plant in Spain was presented and discussed to design a similar 

system in Australia. In Aswan, Egypt 2017 [8] a solar chimney was built, the chimney height was 

20 m, its diameter was 1m and the collector was a four-sided pyramid, which had a side length of 

28.5 m. A mathematical model is used to predict its performance. The model shows that the plant 

can produce a maximum theoretical power of 2 kW. Abuashe 2018 [9] built an experimental small 

scale pilot in the city of Sebrata west Libya the collector surface has a circular shape with area of 

126m
2 

the solar chimney was a PVC tube with internal diameter of 0.2 m, and the total height of 

chimney was 9.8 m then collected data have been used to evaluate a mathematical model to predict 

the performance of the prototype. The previous work was concentrated on building a pilot and 

predict their performance, however, a reported data about the temperature distribution, and the 

solar radiation intensity has been taken intoconsideration. The study of solar updraft power stations 

in Libya has not been sufficiently addressed adequately. Moreover, together with each a 

mathematical model and experimental data measurement, this article offers an overview of this 

technology. 

2. Mathematical model 

A mathematical model based on the momentum, continuity and energy balance equations were 

developed to simulate the behavior of the airflow inside the solar chimney system. The model can 

estimate the power output and performance of solar chimney systems. The assumptions are taken 

into consideration: (1) incompressible flow (Steady state), (2) the  flowing air is regarded as an 

ideal gas, (3) the heat transfer is uniform through the collector, (4) the heat transfer is one-

dimensional in axial direction (Z-direction) and the fluid is moving in the airflow of the radius (r-

direction). (5) the collector is a transparent roof that receives direct and diffused solar radiation. 

The transparent roof allows the passage of short-wave radiation and reserves the long-wave 

radiation. 

 

Figure 1. Schematic of a solar chimney power plant[10] 

As shown in Figure 1, all parts of the solar updraft tower have been numbered. The increase in 

temperature can be calculated from the energy equation according to this equation: 

      (     )   
  

(  
    

 )

 
             (1) 

Due to the small impact of friction and the low Mach number, kinetic energy can be neglected 

       (     )                (2) 

The analytical power that can be obtained from the turbine can be determined by using the energy 

equation and the Gibbs equation from: 
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by using the developed model in [11], momentum, and energy of the flow under the collector: 
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A cording to [12]: 

        (     )        (5) 

And from equation (2):   
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By manipulating:  

 (     )  
   

(     )

     
    

        (7) 

 Where U=5w/m
2
 and  =0.76 According to [13]. 

The 2-3 process is regarded as an isentropic process: 
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)
   

         (7) 

By manipulating the momentum and continuity equation for the chimney's cross-sectional area, 

pressure P3 will be: 
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 Because of the negative gravitational force work, the chimney has a negative impact on pressure: 

                  (9) 

Therefore, heat is decreasing due to this effect: 

       
 

  
              (10) 

The air is assumed as an ideal gas and by replacing equation (18) in equation (17), P4 can be 

calculated by: 

         (  
 

       
      )

  

        (11) 

From equation (11) and by similarity:  

      
 

  
               (12) 

By using the equation of state: 

  
  

   
  

  

   
  

  

   
       (13) 

According to [14], the theoretical driving pressure varies between the cold air pressure at point (1) 

and the hot air pressure at point (3): 

                   (14) 
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1.1 Solution procedure: 

According to the formulation above, if the mass flow rate is known or assumed then the power 

output can be attained. The steps of calculating the plant power output are: 

1. Choose the mass flow rate. 

2. Calculate T2 using Eq. (7). 

3. Calculate Q using Eq. (6). 

4. Calculate P2 using Eq. (4). 

5.  Calculate  2 using Eq. (14). 

6. Calculate P4 using Eq. (12). 

7.  Guess P3, and then calculate T3,  3, T4,  4 using Eq. (8), Eq. (14), Eq. (13) and Eq. (14), 

respectively. Calculate P3 using Eq. (9), and then compare the new P3 to the former P3. Perform 

the iteration process until the difference between corresponding new and old P3 is less than an 

acceptable value. 

8. Calculate W Analytical using Eq. (3). 

9. Calculate ∆p tot using Eq. (15). 

3. Description and setup of the solar chimney prototype:  

In order to perform an investigation on the performance of a solar chimney system, a small scale 

solar chimney system was designed and installed on the ceiling of an Omar Al-Mukhtar University 

in El-Beida, Libya. A Photograph of the solar chimney prototype is shown in Figure 2.  

 

 

Figure 2. The setup of the solar updraft tower system 

The collector has a 2m diameter frame of a steel iron base with dimensions of (60X100 cm) to 

provide sufficient strength to withstand strong winds. A single sheet of transparent plastic was used 

to cover the framework to produce a greenhouse effect. A 10 m long plastic pipe of 2 cm diameter 

is filled with water and wrapped and then placed under the complex to contribute to the storage of 

heat in the collector. 

3.1 Measuring the temperature and velocity profile 

To evaluate air temperatures, an infrared thermometer was used. Six positions were selected 

throughout the collector and distributed regularly to cover the entire collector as shown in Figure 3. 

At each of the six positions, the temperature and velocity of the flowing air were measured. The 
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speed and temperature of the air outside the collector (ambient air) were also measured. A thermal 

anemometer with a precision of ±0.5°C ±0.01m/s is used to evaluate air flow velocity and 

temperature. 

 

Figure 3. The distribution of test points 

3.2 Measuring the Power output of the experimental model  

The experimental performance was calculated by using these equations: 

          
 

  
                                                                     (15) 

Where: 

      
       

       
                    (16) 

      
 ̇        

       
                (17) 

4 Results and discussion 

4.1 Experimental results 

The tests have been carried out in three days of July 2019 from 6:00 to 20:00, for each hour. In 

different conditions to test the performance of the solar power plant in terms of the outlet collector 

temperatures, chimney temperature as well as heat gain. In addition, comparisons 

between experimental work and theoretical results have been done. In Figure4, the solar radiation 

information collected for three days shows that the 3rd day of July had the highest amount in solar 

radiation of about 1000 W/m
2
, so the 3rd-day data is taken into consideration and discussed. 

 

Figure4. The solar radiation of three days 
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Figure 5 shows the distribution in air temperatures inside the solar collector. And some conclusions 

can be drawn as follows: (1) the variations of air temperatures in the northward and the southward 

collector are basically uniform. However, the air temperatures at points of 1–2 in the south are a 

little greater than those at points of 5–6 in the north because the setup is located in the Northern 

Hemisphere where the southward sloping surface of the solar collector will let solar radiation in 

with higher efficiency than northward sloping surface of the collector. Further, the temperatures 

usually increase from the periphery to the center. The temperatures at the point of 3 are usually the 

highest since the point of 3 is located in the south and near the center of the collector. In contrast, 

the results at point 6 are the lowest, because point 6 is located in the north and close to the collector 

opening.  (2) Air temperatures decrease with increase in height above ground level, which is 

induced by the greenhouse effect. Solar radiation firstly heats the absorber bed, and entering cool 

air obtains heat from the heated absorber bed mainly by convection. Taking the experimental 

results obtained on July 3rd, 2019 as an example, distributions of air velocity and temperature in 

the setup at different times of day from 07:00 to 17:00 were measured, and are shown in Figure 5 

and Figure 6. During a typical day, air temperatures in both collector and chimney increase from 

sunrise, reach a maximum at about 14:00 and then decrease with time as solar radiation becomes 

increasingly weak. This mainly depends on the fact that before dawn the ground has released 

almost all heat stored in it the day before and is first heated by solar radiation after sunrise and its 

temperature thereafter keeps increasing. In the afternoon, as solar radiation becomes weaker, the 

heated ground, storing a large quantity of heat, releases heat to the air by convection, resulting in 

the continuous reduction of its temperature with time. 

 

 

Figure 5.  Distributions of air temperatures in the solar collector at the different daytime from 07:00 to 17:00 

on a typical hot day (average ambient temperature: 27
 0
C, maximum updraft velocity in the chimney: 2.7 m/s). 
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Figure 6. Shows the air velocities were measured at the entrance of the chimney and that of ambient air 

during the day-time on July 3, 2019. 

As shown in Figure 6, the chimney air velocity distribution are not uniform due to the fluctuation 

of hot air accumulated under the chimney, the difference between chimney air velocity and ambient 

air velocity is reached about 4 m/s. at 1:00 pm. 

4.2 Comparison of theory with the experiment: 

The experimental data was compared to the mathematical model. Good agreement was 

obtained between the experimental results and that from the mathematical model. The comparisons 

between the results are illustrated in Figure 7 and Figure 8. 
 

 

Figure 7. Comparison between the results from the model and those from the experiment (the temperature at 

chimney entrance) 
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Figure 8. Comparison between the results from the model and those from the experiment (power output) 

5. Conclusion 
 

In this paper, we have discussed the design of a solar chimney system for the Omar Al-Mukhtar 

University campus in El-Bieda City using a small-scale experimental model. Experimental model 

and a mathematical model study are performed to study the efficiency of the solar chimney scheme 

to predict the energy production of the solar updraft tower. Following the Experimental model 

study, the team investigates the distribution of temperature. Also, this study provides the effect of 

daylight on the temperature field, the temperature distribution, and the greenhouse effect that the 

solar collector. The solar updraft tower will be able to provide approximately 0.6 kW 

(mathematical model) and 0.5 kW (experimental model) to the university campus per hour. In 

conclusion, the solar chimney system will reduce energy consumption, fossil fuel usage, and 

greenhouse gas (GHG) emissions at the Omar Al-Mukhtar University campus. The results of the 

present theoretical model were compared with the results of the experimental small-scale prototype 

work, and it shows a good agreement. 
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Nomenclature 
 

 

 A flow area, m
2
 

Acoll collector area, m
2
 

cp specific heat capacity at constant pressure, J/(kg K) 

g gravitational acceleration, m/s
2
 

hchim chimney height, m 

hcoll roof height above the ground, m 

I solar irradiation, W/m
2
 

m mass flow rate, kg/s 

p pressure, Pa 

          The electric power W 

Q insolation, W/m
2
 

R ideal gas constant, J/kg K 

rchim chimney radius, m 

rcoll roof radius, m 

T absolute temperature, K 

η
    

 Chimney efficiency 

      Collector efficiency 

U collector loss coefficient, W/m
2
 K 

V flow velocity, m/s 

Wanalytical power, W 

Greek symbols  

α collector absorption coefficient 

∆Ptot pressure drop, Pa 

γ specific heat ratio 

ρ density, kg/m
3
 

Subscripts  

1,2,3,4 position along solar updraft 

chim chimney 

tot total pressure component 

PVC polyvinylchloride 


