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A B S T R A C T   

Solar energy systems operate directly connected to the sun. Solar chimney power plants are 
privileged systems that can provide power output even in cloudy weather and during hours when 
there is no sun. The design and sizing of this system, which researchers focused on after its first 
application in the 1980s, is very effective on its performance. In this study, the collector slope and 
chimney slope that give maximum power output for the Manzanares pilot plant are investigated 
with a 3D CFD model. Simulations made using the RNG k-e turbulence model and the DO 
(discrete ordinates) solar ray tracing algorithm provide results that are in high compatibility with 
experimental data and literature. It is understood that the system provides maximum power at 
0.6◦ collector slope and 1.5◦ chimney divergence angle. It is seen that the system, which gives a 
power output of approximately 46 kW in the reference case, exceeds the power output by 4.5 
times and reaches 216.853 kW in the design that includes the collector and chimney slope. The 
effects of the main elements of the system on the performance are also included by changing the 
collector radius and chimney height while preserving these inclination angles. More than the 
power output in the reference case, 49.233 kW, can be achieved with the inclined design, with a 
collector radius of 73.2 m and a chimney height of 155.68 m. Although the effect of increasing the 
chimney height on power output continues after 1.2 floors, its effect decreases. In the study, it is 
seen that increasing the chimney height and changing the collector radius provide a greater in
crease in power output. Furthermore, the scope extends to the incorporation of an Artificial 
Neural Network (ANN) model, presenting a novel approach to predicting SCPP system perfor
mance. The findings ascertain the utilisation of 9 neurons in the hidden layer of the ANN, 
demonstrating a precise alignment with the study data.   

1. Introduction 

The habit of collective living and urbanization brought about by globalization has caused the human population to concentrate in 
certain regions. This situation increases the importance of critical elements such as food, energy and cleaning day by day. In particular, 
the increase in energy needs day by day with the advancements of technology reveals the energy problem all over the world. Obtaining 
energy needs mostly from primary energy sources (fossil fuels) due to economic growth poses a great threat in terms of greenhouse gas 
emissions and global warming [1]. On the other hand, there are serious plans to control this situation and move towards renewable 
energy sources in the next 50–80 years through international cooperation and agreements [2]. In previous similar studies, serious 
targets were set regarding the rate of renewable energy use [3]. Although it has not yet reached the desired level, the use of renewable 
energy resources is being encouraged more and more every day and research on the subject is accelerating. So much so that in 2017, a 
quarter of the energy production in the world was obtained from renewable energy sources [4]. Renewable energy sources do not have 
high CO2 emissions during use, like fossil fuels, and are environmentally friendly sources [5]. Although renewable energy sources are 
diverse, the main ones are solar energy, wind energy, bioenergy, geothermal energy, and hydropower [6]. Renewable energy sources 
are mostly used to generate electricity, but solar differs in the diversity of its usage areas. While the sun provides the opportunity to 
produce electricity directly or indirectly [7], its energy can also be used thermally for different purposes. By utilizing the thermal 
energy of the sun, solar cookers, solar dryers, solar pond, solar air condition, solar stills etc. systems can be used for different purposes 
[8]. On the other hand, it is possible to obtain electricity with solar chimney power plants (SCPP) by using the thermal energy of the 
sun [9]. These systems, also known as solar updraft tower (SUT), are designed to generate electricity by thermally utilizing solar energy 
[10]. The SCPP system consists of a collector, chimney, and turbine and operates according to basic physical laws. The sun is 
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transferred to the system through a semi-permeable collector. The collector both allows the sun to enter the system and retains the 
system air. Solar radiation transferred to the system air causes the temperature of the system air to increase. In addition, solar radiation 
reaches the ground and is thermally stored there. There is also an increase in temperature on the ground. The temperature increase on 
the floor creates convection heat transfer due to the temperature difference between the system air and the ground. The temperature of 
the system air, which is exposed to both direct radiation from the sun and heat transfer from the ground, increases. The system air, 
whose temperature increases, begins to move upwards with buoyancy effects depending on the density difference. The chimney 
collector, which is the second basic element of the system, is positioned in the centre. Due to its height, the density of the air at the 
entrance and exit is different, which creates a continuous upward movement effect at the entrance of the chimney. This effect, called 
the vacuum effect, forces the system air, which is exposed to buoyancy effects under the collector, to accelerate upwards from the 
chimney entrance. With this effect, system air is constantly drawn upwards in the chimney. Meanwhile, the turbine generator system 
located at a certain height produces electricity from the movement of the system air. The schematic view of the system is given in Fig. 1. 

The history of SCPP is old in theory, but its implementation took place in the 1980s [11]. A team led by Professor Schlaich 
implemented the first prototype in the Manzanares region of Spain [12]. The first prototype, Manzanares SCPP, with its 194.6 m high 
chimney, 244 m diameter and 1.85 m high collector, continues to produce electricity for 7 years [13]. Theoretical calculations were 
confirmed in the experimental measurements obtained from the system, and 50 kW power output was obtained from the system in the 
middle of the day on 2 September 1982 [14]. After the Manzanares prototype, numerous studies were carried out on the performance 
and development of the system. When the studies are examined, it is seen that the majority of them are theoretical studies based on 
thermodynamics and heat transfer, small-scale experimental studies, and computer-based studies. The small scale of experimental 
studies is one of the difficulties in measuring the performance of the system due to cost. In particular, the experimental setup must be 
constantly updated to test the effect of dimensional changes on system performance. This situation creates difficulty. In addition, 
testing in the same climatic conditions has different difficulties. For this reason, theoretical and computer-supported studies are in 
majority. Initial theoretical studies are based on the Manzanares prototype, and researchers predict the performance of systems to be 
installed in different sizes [15–17]. SCPP differs from other solar energy systems. 24-hour power output can be obtained with the 
energy storage unit applied to the ground of the system [18]. With natural storage materials applied on the ground, continuous power 
output can be obtained while reducing costs [19]. 

2. Parameters affecting SCPP performance 

SCPP is a solar energy system, although it can provide power output even when there is no sun. Naturally, it is affected by the 
intensity of solar radiation. Parameters called climatic parameters, which can vary depending on the region where the system is 
installed, are independent of the system. Since solar radiation intensity will directly increase the amount of energy entering the system, 
it is expected to increase the performance of the system. Test results obtained at the Manzanares pilot facility show that the system 
shows maximum performance in the middle of the day when solar radiation intensity is high [14]. Researchers evaluate the effect of 
solar radiation intensity on system performance by building prototypes of different sizes. They confirm that solar radiation intensity 
increases the performance of the system [20,21]. A comparison of the theoretical and CFD studies of the researchers for the Man
zanares pilot plant and the effect of solar radiation intensity on system performance is given in Table 1. The results in the studies 
confirm that solar radiation intensity increases the performance of the system. Differences in results may be due to environmental 
temperature and some design differences. Experimental data are added to the table by averaging the data obtained from the pilot 
facility at different solar radiation intensities. Like solar radiation intensity, environmental temperature is one of the climatic pa
rameters that affects the performance of the system. The increase in environmental temperature reduces the performance of the system 
under the same conditions. Researchers suggest that the Manzanares pilot plant will produce lower power output with increasing 
ambient temperature under the same conditions [22–24]. 

Fig. 1. Solar chimney power plant system (SCPP) or other name solar updraft tower (SUT) systems.  
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Climatic parameters depend on the location of the system and cannot be intervened later. Performance prediction can be made by 
analysing geometric and design parameters before the system is installed. Chimney height and collector diameter as geometric pa
rameters are studied intensively by researchers. The chimney is the driving force of the system and increasing the height of the chimney 
provides a direct increase in performance. If the chimney height of the Manzanares pilot plant is made 500 m, the power output 
increases to 134 kW [28]. Some researchers claim that the performance of the system will constantly increase with the height of the 
chimney [29] while others claim that it is the maximum power output point [30,31]. Since the collector transfers solar radiation to the 
system, an increase in its size is expected to improve system performance. The pilot plant Manzanares consists of the collector with an 
area of 40,000 m2 of glass and 6000 m2 of plastic membrane [27]. It is widely accepted in the literature by researchers that increasing 
the collector size of the pilot plant will give more power output when other parameters are kept constant [8,32,33]. Karimipour-Fard, 
and Beheshti [34] claim that increasing the collector radius of the Manzanares pilot plant will increase the power output of the system 
exponentially, such that the power output of 42.5 kW in the reference case will exceed 4 times to 184.46 kW if the collector radius is 
made 300 m similarly, different researchers also express similar views [35]. There are also researchers who argue that there is a 
limitation for the collector size when other parameters are kept constant for the pilot plant, and that constantly increasing the collector 
radius will not increase the power output of the system after a point [30,36]. Apart from chimney height and collector radius, chimney 
diameter and collector height also affect system performance. In their studies based on the Manzanares pilot plant, researchers 
emphasize that there is a maximum size for the chimney diameter and after this point the power output will decrease [34,37]. Re
searchers emphasize that increasing the collector height will negatively affect the performance of the Manzanares pilot plant [34,37, 
38]. The effect of geometric parameters on the system are direct performance enhancing effects for collector radius and chimney 
height. The reason for this is that more pressure difference occurs with the increase in chimney height, and more energy enters the 
system as the collector radius increases. Increasing the diameter of the chimney allows more air to be discharged from the system, but 
there is a limitation in this situation. Increasing the collector height allows more air to be included in the system, but negatively affects 
the temperature increase under the collector. In addition to all these effects, effects arising from system design are also decisive in 
system performance. Collector slope or profile is an important parameter because it affects the movement of system air. Linear, 
parabolic, and cascade of the collector have significant impact on power output [39]. With a small-scale experimental prototype, 
researchers argue that when the collector outlet is kept at a constant height and the height of the collector inlet is increased, the air flow 
rate at the chimney entrance decreases [40,41]. The Manzanares pilot plant collector is horizontal in the reference case [15]. Studies 
based on the pilot plant claim that collector tilt improves the performance of the system but will have a negative effect after a point [42, 
43]. Like collector design, chimney design is also important for the system. It is seen in the literature that the chimney design is defined 
as the divergent and convergent chimney angle and the ratio of the chimney exit area to the chimney entrance area (AR) [8]. Increasing 
the chimney outlet diameter while keeping the chimney inlet diameter constant is called divergent chimney design and causes more air 
to be discharged from the system. In this case, the performance of the system is expected to increase. On the contrary, keeping the 
chimney inlet diameter constant and reducing the chimney exit area is called convergent chimney design and air discharge from the 
system is expected to decrease. In both cases, the chimney rises linearly. SCPP performance is evaluated not only with linear but also 
with parabolic chimney designs [44]. Researchers evaluate the effects of different chimney designs on SCPP performance through 
small-scale prototypes, theoretical, and CFD studies [45–47]. For the Manzanares pilot plant, researchers make evaluations based on 
convergent divergent chimney angle and AR, and their details are given in Table 2. Values are presented based on the maximum power 
output point for the pilot plant. 

As can be seen from the table, there are different evaluations in the literature on divergent chimney design for the Manzanares pilot 
plant. These differences may be due to differences in climatic parameters. In the literature, the common point reached by researchers 
for both pilot plants and SCPPs of different sizes is that the chimney divergence angle for maximum system performance is in the range 
of 1–2◦ [49,52,53]. The AR value of this range is 2.8–5.5 for the Manzanares pilot plant. 

In their groundbreaking study, Behara et al. [54]. conduct pioneering modelling and analysis to determine the optimal sizing of 
SCPP in real-world scenarios, considering the dispersed and irregular nature of solar energy. Unlike previous research, they examine 
various factors including storage thickness, air temperature variations, chimney inlet velocities, and mass flow rates. Their results 
indicate that increasing storage thickness leads to changes in these parameters. Additionally, they propose an approach for selecting 
the optimal combination from the sizing curve options, aiming to minimise costs. 

In another investigation, Behara et al. [55] explore the impact of collector radius, chimney height, and storage thickness on optimal 
generator power. Their study identifies the optimal combination of these variables to be 100 m for collector radius, 300 m for chimney 
height, and 0.2 m for storage thickness, resulting in a power output of 7 kW. Furthermore, they record the maximum daily energy 
production at 112 kWh. 

Table 1 
Performance of the Manzanares pilot plant depending on solar radiation intensity.  

Solar radiation (W/m2)/Reference Cuce et al., [22] Guo et al., [25] Hoseini and Mehdipour [26] Experimental data [27] 

200 7.7 kW 3.87 kW – 9.6 kW 
400 17.24 kW 14.9 kW 21.22 kW 17.8 kW 
600 27.3 kW 26.32 kW 32.54 kW 26.2 kW 
800 34.9 kW 37.55 kW 43.86 kW 34.4 kW 
1000 49.06 kW 48.36 kW 56.6 kW 47.3 kW  
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3. Purpose and objective of the study 

There are many studies in the literature that analyse performance for the Manzanares pilot plant. Researchers reach similar results 
for the effects of climatic parameters on system. A similar situation applies to collector and chimney sizing. Geometric dimensioning 
has been interpreted many times by different researchers through experimental, theoretical, and CFD studies. Although there are a 
certain number of studies in the literature for chimney and collector design, the results are controversial. In this study, firstly, the ideal 
angle values for the collector and chimney slope are found for the Manzanares pilot plant. After the ideal angle values are found, the 
system performance is analysed in different configurations by changing the chimney height and collector size. An attempt is made to 
guide future studies by comparing the results with the literature. The schematic view of the work carried out is given in Fig. 2. Using 
the dimensions established for the Manzanares pilot plant, we have demonstrated that multiplying the value by a factor less than 1 
leads to have convergent angle, whilst multiplication by a factor greater than 1 brings about having divergent chimney angle. In this 
investigation, we favoured the divergent angle chimney value based on performance data from existing literature. Additionally, 
Table 3 illustrates the parametric data regarding the alterations in power output resulting from adjustments made to the collector 
radius, divergent angle, and chimney height, as investigated in the study. 

4. Mathematical model and CFD details 

This study aims to interpret the optimum design parameters for maximum performance of the Manzanares pilot plant. Moving away 
from the traditional approach, an attempt is made to evaluate the collector size and chimney height with different designs. First, the 
optimum chimney divergence angle for the pilot plant is obtained. Then, considering the collector slope, the outputs of the system are 
evaluated with the divergent chimney inclined collector combination. By keeping the divergent chimney angle and collector slope 
constant, performance analysis is performed for different values of chimney height and collector radius. First, a 3D CFD model is 
created with the ANSYS FLUENT engineering commercial software student version. The 90◦ model is preferred for faster and more 
economical analysis. The model contains two symmetry planes, XZ and YZ. The created model, mesh image, and critical details are 
given in Fig. 3. Geometric dimensions belong to the Manzanares pilot facility, and since there is no temperature change after 1 m below 
the ground, the ground thickness is taken as 1 m [14]. 

The governing equations are solved simultaneously via FLUENT. The equations of continuity, momentum, and energy can be given 
as follows [56]: 

Table 2 
Details of divergent chimney design studies for the Manzanares pilot plant.  

Standard power output, Po (kW) Divergent chimney degree, λ (◦) Area ratio (AR) Power output with divergent chimney, Po (kW) Ref. 

54.3 1.5 4.1 168.5 [48] 
51.59 0.75 2.25 75.91 [49] 
39.5 2.91 8.7 231.7 [50] 
50.37 3.2 10 680 [51] 
33.7 1 1.668 70.1 [52]  

Fig. 2. SCPP schematic view of the working detail.  
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Table 3 
Data parameters investigated in the study.  

Dependency Collector inlet, hi Rc γ hc λ Po (kW) 

Variations in Po corresponding to alterations in collector diameter 1.85 24.4 0 194.6 0 2.689676 
48.8 8.645723 
73.2 18.69576 
97.6 30.9754 
122 46.47228 
146 62.60344 
171 80.96169 
195 100.8881 

Changes in Po corresponding to variations in divergence angle 1.85 122 0 194.6 0.5 103.5238 
1 149.7841 
1.5 174.6959 
2 169.8436 
2.5 154.4866 
3 150.1495 

Alterations in Po corresponding to changes in chimney height 1.85 122 0 116.76 0 27.58896 
155.68 38.22506 
194.6 46.47228 
233.53 56.23583 
272.44 68.57303 
311.36 72.8178 
350.28 82.78565 
389.2 93.19116 
428.12 97.97282  

Fig. 3. a) 3D CFD view, geometrical dimensions, 90◦ CFD model, and mesh view, b) 3D view of 1.5◦ divergent chimney angle.  
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v→∇
→T= af ∇

→2T (3) 

It is represented by af =
kf
ρcp 

in the equation. The density of the system air, whose temperature increases under the SCPP collector, 
decreases and begins to move upward. With the Boussinesq approach, the density of the system air depends on its temperature and the 
coefficient of thermal expansion (β) can be expressed as: 

β= −
1
ρ

(
∂ρ
∂T

)

P
(3) 

As can be seen from Equation (3), fluid density varies depending on temperature. In experimental data, the temperature change of 
the system air in the SCPP is low [14]. In this regard, the use of the Boussinesq approach is appropriate and the density of the system air 
can be presented with the following equation: 

(ρ − ρo) ≈ − ρoβ(T − To) (4) 

It uses FLUENT equation (4) to estimate the density of the air in relation to the buoyancy force term in the momentum equation. 
One of the most important points to consider when evaluating SCPP performance is the characteristics of the system air. The flow 
characteristics of the system air must be interpreted before simulations are performed. The flow characteristic is important for the 
selection of the turbulence model in the FLUENT environment. Since heat transfer in SCPP occurs by natural convection, Rayleigh 
number (Ra) is taken as basis. Ra is given by the equation: 

Ra=Gr Pr =
gβΔTL3

av
(5)  

β presented in the equation is the thermal expansion coefficient and is calculated with 1
Tmax

. ΔT represents the amount of increase in the 
temperature of the system air under the collector, L represents the characteristic length, α represents the thermal dissipation and is 
equal to the ratio k

ρcp
. Finally, ν is the kinematic viscosity. Gr and Pr represent Grashof and Prandtl numbers, respectively. Ra calculation 

details for the Manzanares pilot plant are given in Table 4. 
After the value of 109 for the Ra number, the air flow in the system can be considered turbulent [49]. There are 3 different tur

bulence models in the FLUENT solver. There are researchers using these in the literature [8]. In this study, the RNG k-ε turbulence 
model, which gives better results in vortex and rotating flows, is preferred [52]. The equations and details of the model are as follows 
[49,57]: 

∂
∂xi

(ρkui)=
∂

∂xj

[

αkμeff
∂k
∂xj

]

+Gk +Gb + ρε − YM + Sk (6)  

∂
∂xi

(ρεui)=
∂

∂xj

[

αεμeff
∂ε
∂xj

]

+C1ε

ε
k
(Gk +C3εGb) − C2ερ

ε2

k
− Re + Sε (7) 

Turbulent kinetic energy production due to average velocity gradient in equation number 4, 

Gk = − ρuiuj
∂ui

∂uj
(8) 

Turbulent kinetic energy production due to buoyancy force, 

Gb = βgi
μt

Prt

∂t

∂xi
(9) 

The rate of dissipation due to fluctuating dilatation in compressible turbulence is 

Table 4 
Calculation of Rayleigh number for Manzanares SCPP [8].  

Gravitational acceleration, g (m/s2) 9.81 

Thermal expansion coefficient, β (1/K) 0.003125 
Temperature different, ΔT 20 
Characteristic length, L (m) 1.85 
Thermal diffusivity coefficient, a (m2/s) 0.000021 
Kinematic viscosity, v (m2/s) 0.0000148 
Rayleigh Number, Ra 1.249 × 1010  
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YM =2ρεMt
2 (10) 

It is presented with. Mt in Equation (9) represents the Mach number for turbulent flow. 
In addition, unlike the RNG k-ε standard turbulence model, the additional condition in this model is 

Rε =

cpρη3
(

1 − η
ηo

)

1 + βη3
ε2

k
(11)  

in equation ηo 4.38, β 0.012, and η = Sk
ε [58]. 

SCPP absorbs direct and indirect solar radiation and transfers thermal energy to the system air. Modelling solar radiation is 
extremely important when performing system simulation. Discrete Ordinate (DO) radiation model is applied to the conducted study 
with the solar ray tracing algorithm. The heat transfer equation for the selected model is presented as follows [59]: 

∇.
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in the equation, s→ʹ is the scattering direction vector, α is the absorption coefficient, n is the refractive index, and σs is the scattering 
coefficient. Additionally, ϖ represents pase function, Ωʹ solid angle, and G represents solar radiation and has the unit W/m2. 

After the flow characteristics of the system, governing equations, and solar radiation modelling are presented, boundary conditions 
are introduced. It absorbs solar radiation with the SCPP collector. What makes this possible is that the collector is semi-permeable. In 
addition, it is assumed that the chimney is adiabatic and there is no pressure difference between the collector inlet and the chimney 
outlet. Additionally, heat transfer from the collector and the ground via convection is added to the model. Finally, in experimental 
data, it is seen that the temperature is constant at 305 K starting from 1 m below the ground [14]. For this reason, a temperature 
boundary condition is entered 1 m below the ground. Boundary conditions of the system are given in Table 5. 

In the CFD model, glass is used as the collector material, steel construction is used as the chimney material based on the Manzanares 
pilot plant, and sand-gravel mixture is used as the ground. The physical properties of the materials used are given in Table 6. The 
collector in the system is semi-permeable and the chimney and floor are opaque. The system transfers 90 % of the solar radiation falling 
on the collector material. In addition, the thickness of the chimney material is 0.00125 m and the absorbency of the ground material is 
0.9. RNG k-ε turbulence model is preferred as the turbulence model. Essentially, the error percentage resulting from the use of tur
bulence models is low. Fig. 4 shows the change of velocity values at the collector outlet and chimney entrance of the k-ε and k-ω 
turbulence models given in two equations, according to the chimney radius. When the graph is examined, it is understood that the 
effect of using different turbulence models is low. Therefore, the RNG k-ε turbulence model is adopted in this study because it is much 
more suitable for turbulent flows with high vorticity and its effects. As a solution method, the SIMPLE algorithm is executed for the 
relationship between air, velocity and pressure. Pressure interpolation is solved with the PRESTO technique. To model solar radiation, 
the solar ray tracing algorithm DO (discrete coordinates) is included in the simulation. For discretization, quadratic UPWIND is 
preferred. For the density of the system air, the Boussinesq approach is applied to the model. 10− 6 is chosen for the convergence 
criterion. Climatic parameters and CFD details are given in Table 7. 

There are different uses in the literature for power output calculation. In the study carried out, the calculations are made on the 
basis of the turbine pressure drop in the calculations made on the Manzanares pilot plant. For the pilot plant, the turbine pressure drop 
ratio is taken as 2/3. Power output (Po) calculation is made by following the following equation [33]: 

Po =
2
3
Qvηtur− genΔPtur (13)  

Qv presented in the equation represents the volumetric flow rate of the system and ntur− gen represents the turbine generator efficiency. 
ΔPtur It represents the average pressure difference at the turbine location and is derived from CFD results at a height of 9 m inside the 
chimney, based on the turbine location of the pilot plant. The widely accepted value in the literature for turbine generator efficiency is 
0.8, which is the same for the power output used in the initial data from the Manzanares pilot plant [8]. 

5. Mesh independence study and model validation 

In this study, detailed analysis is made on the inclination angle of the SCPP collector and chimney. Based on the data, the optimum 

Table 5 
Boundary conditions for 3D CFD model [8].  

Collector roof Mixed (both radiation and convection), h = 10 W/m2 

Collector inlet Pressure inlet, Tamb = 300 K and Pgauge = 0 Pa 
Chimney outlet Pressure outlet, Pgauge = 0 Pa 
SCPP ground Convection 
Ground bottom T = 305 K [14] 
Chimney Adiabatic (heat flux = 0)  
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Table 6 
SCPP materials and properties [8,14].  

Property/Material Chimney Collector Ground 

Density (kg/m3) 2100 2500 2160 
Specific heat cap. (J/kg.K) 880 750 710 
Thermal conductivity (W/m.K) 1.4 1.15 1.84  

Fig. 4. Graph of velocity change depending on radius at the turbine location, according to turbulence models presented with two equations.  

Table 7 
CFD details and system air properties.  

Solar radiation (W/(m2) 1000 

Ambient temperature (K) 300 
Atmospheric pressure (Pa) 92,930 
Air density (kg/m3) 1.176 (Boussinesq) 
Air conductivity (W/m.K) 0.0242 
Kinematic viscosity (m2/s) 1.52 × 10− 5 

Stefan-Boltzmann constant (W/m2.K4) 5.67 × 10− 8 

Thermal expansion coefficient (K− 1) 0.0033  

Fig. 5. Ground temperature chart according to collector inlet distance for different mesh sizes.  
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collector and chimney network of the Manzanares pilot plant is obtained. Then, the performance of the system is evaluated by 
changing the chimney height and collector size while maintaining the collector and chimney slope. First, it is tested that the results 
obtained from the 3D CFD model are independent of the number of cells. For this purpose, the temperature change on the ground is 
examined by changing the cell size within the range of 0.6–1 m. The detailed graph is given in Fig. 5. When the graph is examined, it is 
noticed that although the temperature change is remarkable up to a mesh size of 0.8 m, there is not much change for smaller mesh sizes. 
In this regard, a mesh size of 0.8 m is deemed sufficient for the model. Numerical data regarding mesh independent solution details are 
presented in Table 8. For the CFD model, it is understood that the temperature difference on the ground is evident until the mesh size is 
set to 0.8 m, but if the mesh size is further reduced, this difference is negligible. Additionally, when the performance outputs of the 
system are compared for different cell numbers, it is seen that the change after 0.8 m is negligible. Since it would not be economical to 
reduce the mesh size further, it is healthier to choose this mesh size. 

After the mesh independent solution is obtained, the model is verified through experimental data and literature. In order to obtain 
reliable CFD results, the model used in the study is verified by using not only experimental data but also studies in the literature. The 
validation process relies on modelling with certain limitations. As illustrated in Table 9, environmental temperatures are set at 300 K 
and 293 K, while the solar radiation intensity is fixed at 1000 W/m2. Nevertheless, for verification, experimental data is first consulted. 
In experimental data obtained from the pilot plant Manzanares, it is reported that the maximum air flow rate in the system is 15 m/s in 
no-load condition. Moreover, in experimental data, the maximum temperature on the ground is reported to exceed 70 ◦C. It is also 
stated in the same report that 48 kW power output was obtained from the system in the middle of the day. Table 9 presents the 
comparison of CFD results and experimental results. After the experimental data, the CFD model is compared with studies in the 
literature. Accordingly, temperature data on the ground are compared with the values in the researchers’ studies. The relevant 
comparison is given in Fig. 6. 

When the temperature distribution on the ground in CFD studies of different researchers is compared with the current study, 
differences are seen. For the conducted study, results are given for 293 and 300 K environmental temperatures and 1000 W/m2 solar 
radiation intensity. Ming et al. [60] for an environmental temperature of 293.15 K at a solar radiation intensity of 800 W/m2, Gho
lamalizadeh and Kim [61] 800 W/m2, Pasumarthi and Sherif [62]. They present their results for midday climatic conditions of a typical 
summer day. From the graph, it can be seen that the researchers reached similar results with the study conducted, but there are some 
differences. It is understood that some researchers, in particular, obtained very high values for temperature and deviated from the 
experimental data. It is also known from experimental data that the temperature of the system air under the collector increases by 20 K. 
In this regard, lower temperatures are expected, especially towards the chimney entrance. The fact that the values obtained at both 
temperatures at the chimney entrance in the study was close to 320 K shows that the CFD results are sufficiently compatible with the 
experimental data. 

6. Results and discussion 

In this study, where the effects of collector slope and chimney slope on the system performance in SCPP are evaluated in detail, the 
optimum angle value is investigated. Since the studies in the literature are carried out under different conditions and with different 
definitions, there is space for studies detailing the collector slope and chimney slope for the Manzanares pilot plant. For this reason, the 
effect of the collector slope on the system is evaluated based on the pilot plant measurements. This effect is repeated for both higher 
and lower values of the collector inlet height, keeping the collector exit height constant at 1.85 m. When the collector inlet height is 
more than 1.85 m, the collector slope is evaluated as negative “-”, and when the collector inlet height is less than 1.85 m, the collector 
slope is evaluated as positive “+”. The power output plot of the system for a wide enough range of different values of the collector slope 
is given in Fig. 7. Note that for negative collector slope, the power output first increases slightly and then decreases. Therefore, the 
chart is terminated at this value. In addition, making the collector inlet height lower than 0.6◦ will reduce the performance of the 
system by causing reverse flows since the air entry into the system is blocked. Therefore, the graph is terminated at 0.6◦, where the 
maximum power output is obtained. Collector slope is very important for the system. The agility of the collector, where solar energy is 
received directly into the system, supports upward movements within the system. It can be interpreted as normal that it gives more 
power output, especially since the positive slope collector provides this. The power output, which is 46.472 kW in the reference case, 
increases by 15.46 % and reaches 53.685 kW when the collector slope is 0.6. In particular, without changing the collector radius, the 
collector area becomes 52,368 m2 in the reference case and 52,372 m2 when the collector slope is 0.6◦. The 4 m2 collector area increase 
is negligible. In this regard, the performance increase achieved can provide serious cost reduction. For the given graph, the following 
equation can be used with 99.3 % accuracy by using the 5-parameter modified gaussian equation for the power output of the collector 
slope at different values: 

Table 8 
Mesh independent study for 3D CFD model.  

Mesh size (m) Elements number Power output (kW) % change Power output Mass flow rate (kg/s) % change mass flow rate 

1 293,991 50.672 – 1104.848 – 
0.9 399,302 45.816 − 9.58 1074.392 − 2.75 
0.8 539,650 46.472 1.43 1079.696 0.49 
0.6 947,888 45.951 − 1.12 1080.856 0.107  
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Po =70.3041 − 24.2358 e

[

− 0.5

(
|γ+0.7494|

1.4152

)5.991]

(14) 

There is general acceptance in the literature for the effect of chimney slope on SCPP performance. Researchers agree that divergent 
chimney design will have a positive impact on system performance. While evaluating the chimney angle values in the study, first the 
convergent and divergent chimney performance is compared. For this purpose, results are obtained by keeping the chimney entrance 

Table 9 
CFD model results comparison with experimental results.  

Results Max. air velocity (m/s) Temperature rise in collector (K) Power output (kW) 

Experimental [14] 15 20 48 
CFD results for 300 K 14.003 18.238 46.472 
% difference 6.66 8.81 3.18 
CFD results for 293 K 14.219 18.958 48.812 
% difference 5.206 5.21 − 1.69  

Fig. 6. Comparison of CFD results with studies in the literature on ground temperature.  

Fig. 7. Power output for different collector slope degree.  

Table 10 
Comparison table of divergent and convergent chimney results.  

Chimney angle Max. air velocity (m/s) Power output (kW) Mass flow rate (kg/s) 

− 0.25◦ (Convergent chimney) 15.215 23.802 872.356 
0.25◦ (Divergent chimney) 15.95 75.437 1268  
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area constant and changing the chimney exit area. Table 10 presents these results. 
Decreasing the cross-sectional area at the chimney outlet means less air is discharged from the system. So much so that the mass 

flow rate, which is approximately 1080 kg/s in the reference case, decreases by approximately 20 % at − 0.25◦ in the convergent 
chimney design. This situation is directly reflected in the power output. Although increasing the maximum air speed may cause error, it 
represents the maximum speed in the system. There is an increase in the maximum air flow rate due to the narrowing of the chimney 
exit area. Similarly, power output is low in the convergent chimney design. When all performance data are examined, it is clear that the 
divergent chimney design gives better performance, as is widely accepted in the literature. After this comparison, the performance of 
the system is examined against increasing values of the chimney divergence angle. Fig. 8 presents a graph of power output versus 
increasing chimney divergence angle. As can be seen from the graph, when the chimney inlet radius for the Manzanares pilot plant is 
kept constant at 5.08 m and the chimney divergence angle is increased, the maximum power output is obtained at 1.5◦. After this point, 
the increase in the chimney divergence angle reduces the power output of the system. Compared to the reference case, with a flue 
divergence angle of 1.5◦, the power output increases by 2.76 times, reaching 174.696 kW. The power output of the system for different 
chimney divergence angles in the given range can be calculated with the 4-parameter Log normal equation and the following equation: 

Po =46.7755 +
318.6185

λ
e

⎡

⎢
⎢
⎣− 0.5

⎛

⎜
⎝

ln λ
3.9876

0.9382

⎞

⎟
⎠

2⎤

⎥
⎥
⎦

(15) 

After obtaining maximum performance values for collector slope and chimney slope, a model combining both situations are 
created, and its performance is examined. Comparison of the SCPP model with 1.5◦ chimney divergence angle and 0.6◦ collector slope 
with models containing only collector slope and only chimney slope is presented in Table 11. 

When the results are compared, it is seen that the power output for the model including both slopes increased by 3.6 times 
compared to the reference case, reaching 216.853 kW. It is clear that the performance of the system increases further with the 
combined effect of both the chimney slope and the collector slope. Based on the maximum slope data obtained for the chimney and 
collector, the effect of changing the chimney height and collector size on the system is also evaluated while preserving these slope 
values. So much so that the chimney height is increased to 2.4 times for the Manzanares pilot plant while maintaining the chimney 
divergence angle at 1.5◦. The power output graph for dimensionless chimney heights is given in Fig. 9. 

When the graph is examined, it is seen that increasing the height of the chimney first increases the power output of the system 
exponentially, and then this increase decreases. In particular, it is seen that increasing the chimney height to 1.2 times the reference 
height is limiting for the exponential increase. According to the reference case, it is seen that using a chimney at this height will 
increase the power output by 1.4 times (303.269 kW). It can also be inferred from the graph that the chimney height will not lead to a 
continuous increase and is trending towards a convergence trend. For the data graph, the power output at different dimensionless 
chimney heights can be calculated with the following equation: 

Po = − 13.81 + 75.5818 H∗ + 200.4163 H∗2
− 45.4197 H∗3 (16) 

The chimney is the driving force of the system and has a direct effect on increasing power output. A similar situation applies to the 
collector. Increasing the collector size will allow more solar energy to be included in the system, thus increasing the power output. The 
Manzanares pilot plant has a collector radius of 122 m. In this section, the collector size is changed by 0.2–1.2 times based on the pilot 
plant and its effect on power output is interpreted. Additionally, solutions for different chimney heights are repeated and changes in 
power output are compared. The power output graph according to the dimensionless collector radius for 3 different chimney heights is 
given in Fig. 10. It is seen that changing the collector radius has a more significant effect on the power output as the chimney height 

Fig. 8. Power output for different divergent chimney angle.  
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increases. When the chimney height is kept at the reference size, increasing the collector size by 1.2 times increases the power output 
by 52.46 %, reaching 330 kW. When the chimney height is reduced to 80 % of the reference size, increasing the collector radius by 1.2 
times from the reference case increases the power output by 59.5 %–231.584 kW. When the chimney height is reduced to 60 % 
compared to the reference state, increasing the collector radius to 1.2 times the reference state increases the power output by 48.84 %– 
130.26 kW. It is understood from these results that increasing the collector radius increases the power output more at larger chimney 
heights. Power output values according to the dimensionless collector radius for 3 different chimney heights respectively can be found 
with the following equations: 

For Hch =194.6∗1 Po = 4.202 − 3.5229 Rcoll
∗ + 165.05 Rcoll

∗2
+ 53.4479 Rcoll

∗3 (17)  

For Hch =194.6∗0.8 Po = − 8.584 + 75.5722 Rcoll
∗ − 36.2521 Rcoll

∗2
+ 118.559 Rcoll

∗3 (18)  

For Hch =194.6∗0.6 Po = − 1.1233 + 7.4244 Rcoll
∗ + 61.1239 Rcoll

∗2
+ 19.9387 Rcoll

∗3 (19) 

The results confirm the results in the literature and are explanatory, especially for collector slope and chimney slope. In addition, in 
order to better interpret the effect of the change in collector radius, it is necessary to make separate analysis for each case by evaluating 

Table 11 
Comparison of the results including only the collector slope and only the chimney slope with the model results including both slopes.  

Model Max. air velocity (m/s) Power output (kW) Mass flow rate (kg/s) 

References model 14.003 46.472 1079.696 
0.6◦ only collector slope 14.6 56.359 1145.752 
1.5◦ only chimney slope 20.942 174.696 1688.3 
Both collector and chimney slope 22.142 216.853 1818.188  

Fig. 9. Power output for different dimensionless chimney heights.  

Fig. 10. Power output graph for dimensionless collector radius at different chimney heights.  
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the system at different chimney heights. In future studies, we will focus on sizing the ideal power output by making cost analysis. 

7. Exploring output estimation with neural networks 

Artificial neural networks, or ANNs, are undergoing a paradigm change as they emerge from the limitations of conventional ap
proaches. In contrast to traditional methods, ANNs benefit from large amounts of input/output data and do not require particular 
structural requirements. These networks show remarkable ability to identify both linear and nonlinear correlations in input-output 
data after careful training [63–69]. Their ability to adjust to new knowledge is a result of ongoing retraining. Utilizing 
input-output data is the first step in creating an effective ANN algorithm. This flexibility, enabled by ANNs, opens up new possibilities 
for comprehending intricate data patterns and improves problem-solving abilities. Because of their adaptability, ANNs are significant 
resources in a variety of fields. Notably, they have gained prominence in recent times, particularly within various initiatives in solar 
energy systems. Ongoing research underscores the significance of ANNs in predicting system performance [70,71]. In the present 
study, employing ANN to estimate the power output data of SCPP—an innovative and invaluable power generation system leveraging 
solar energy—is planned. 

In present study, as shown in Fig. 11, neural network designs typically consist of three layers: the input layer, the output layer, and 
one or more hidden layers. The system’s inputs are represented by five neurons in the input layer, which stand for the collector intake 
(hi), collector radius (Rc), collector slope (γ), chimney height (hc), and divergence angle (λ). In the meantime, one neuron representing 
power (PO [kW]) is present in the output layer. 

The training dataset, validation dataset, and testing dataset are the three main parts of dataset segmentation. By modifying the 
network in response to mistakes made, the training dataset makes neural network training easier. Next, the validation dataset eval
uates the generalization of the network and determines when to stop training if generalization is not improving. Lastly, network 
performance is assessed both during and after training using the testing dataset. This specific architecture sets aside 85 % of the entire 
dataset for training, 10 % for testing, and the remaining percentage for evaluating network performance. The complexity and flexi
bility of this design highlight the increasing significance of ANNs in transforming methods for problem-solving and data analysis. 

To determine the ideal number of hidden layer neurons in our Artificial Neural Network (ANN), we used Root Mean Square Error 
(RMSE) as a key parameter. Computed as 

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

k=1

(
ypr − yta

)2
√

(20)  

where ‘n’ denotes the total size of the dataset, ‘yta’ represents the actual (target) output, and ‘ypr’ represents the expected output 
produced by the trained ANN. We measured the network’s prediction accuracy (RMSE) to determine the most successful design. This 
strategy allowed us to fine-tune the ANN’s design, improving its capacity to detect complicated patterns and correlations in the data. 
Ultimately, our goal was to enhance the network’s performance in accurately predicting outputs, contributing to its effectiveness in 
various applications. A lower RMSE shows that the ANN can better predict the actual results. In this case, the procedure is directed by a 
precisely created flowchart, as shown in Fig. 12. This flowchart provides a methodical framework for determining the optimal 
configuration for hidden neurons, which have a substantial impact on the network’s performance. 

Now we systematically varied the number of hidden layer neurons and displayed the resulting RMSE trends, as shown in Fig. 13. 
The horizontal axis is denoted as “No. of neurons,” while the vertical axis is labeled “RMSE,” representing Root Mean Square Error. 
RMSE serves as a standard measure to evaluate the alignment between a machine learning model’s predictions and the actual out
comes. Within the plot, RMSE values range from 0.4 to 0.1 on the y-axis, while the x-axis spans from 2 to 20 neurons. Notably, there is 
an observable trend where RMSE tends to decrease/increase as the number of neurons rises. This pattern suggests that lower RMSE 
values are associated with a higher number of neurons in the model, indicating improved prediction accuracy with increased neural 
network complexity. Fig. 13 illustrates that using 9 neurons in the hidden layer results in the ideal RMSE of 0.0054. This approach is 
consistent with the goal of reducing the average squared gap between predicted and target values, highlighting the neural network 
model’s accuracy. 

Moving on to Fig. 14, we observe the fluctuations in Mean Squared Error (MSE) across different epochs for the training, validation, 
and testing datasets. Notably, at epoch 141, the MSE stands at 0.0010251, indicating optimal validation performance. However, 
proceeding beyond this point leads to an escalation in errors attributed to repetitive iterations. Consequently, a decision is made to halt 
further training to mitigate error propagation. The meticulous assessment of MSE trends throughout epochs ensures the identification 
of the epoch where the neural network achieves its best performance on the validation set, serving as a crucial determinant for 
concluding the training process. This careful approach ensures that the neural network is trained effectively, balancing between 
achieving high performance and preventing over fitting. 

Thus, our artificial neural network’s hidden layer has 9 neurons. The linear regression value is calculated based on the correlation 
between results and goals. A score of 1 suggests a high association, whereas 0 implies otherwise. Fig. 15 shows regression for several 
datasets. The illustrations show that the regression factor approaches one, demonstrating a strong relationship between the input and 
modelled datasets inside this neural network. 

Using the trained network, we calculated predicted output values for many datasets. Fig. 15 depicts the distribution of goal and 
projected values at the output (PO) across many datasets. 

In this bar plot (Fig. 16), each bar corresponds to the output of original and predicted values for specific parameter sets: 
The corresponding values from a1 to a13 are described in Table 12. Fig. 15 shows that our neural network of nine neurons 
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Fig. 11. The organized structure of a three-layer neural network.  

Fig. 12. A Flowchart guiding CFD and the determination of neuron count in the hidden layer.  

Fig. 13. The variation between the RMSE and the number of neurons in the hidden layer.  
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Fig. 14. Depicts the variations in MSE across epochs for the various data sets.  

Fig. 15. Depicts the linear regression fitted to the input data alongside the modelled data which is shown as four types of datasets: a) training, b) validation, c) testing, 
and d) overall. 

Fig. 16. Showcases a bar plot illustrating the different values of the dataset for both actual output and predicted output.  
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appropriately predicts the output values. As a result, we can predict output values for an unknown dataset using this trained neural 
network. 

8. Conclusion 

SCPP is one of the large-scale systems that can provide power output with the solar energy it absorbs thanks to its collector and the 
continuous pressure difference provided by its high chimney. In this study, optimum values for collector slope and chimney slope are 
presented based on the Manzanares SCPP pilot plant measurements. Additionally, the effect of the change in chimney height and 
collector radius on the system power output is included. The study is carried out with a 3D CFD model and new results are obtained in 
the light of experimental data and validation from the literature. However, the inquiry does not finish its mission with these validations 
and results. Following these assessments, the study introduces a novel perspective by employing the ANN method to gauge SCPP 
system performance. Critical findings from the study are as follows:  

• For SCPP modelling, the 3D CFD model gives consistent results. So much so that CFD results are quite compatible with experimental 
data and literature.  

• At 1000 W/m2 solar radiation intensity and 300 K environmental temperature, 46.472 kW power output is obtained from CFD. This 
value is 48 kW in experimental data.  

• Starting temperature has a significant impact on power output. In fact, the power output of the system, which gives a power output 
of 46.472 kW at 300 K, increases by 5 %–48,812 kW at 293 K ambient temperature.  

• For the Manzanares pilot plant, the divergent stack design yields greater power output than the convergent stack design.  
• The optimum value of the divergent chimney angle in the reference measurements for the Manzanares pilot plant is 1.5◦. At this 

angle value, the power output of the system is 174.696 kW. Increasing this angle value decreases the power output.  
• The slope value that gives the maximum power output for the collector is 0.6◦. When the collector outlet height is kept constant and 

the collector inlet height is reduced to 0.57 m, the system gives maximum power output (53.658 kW). This power output is 15.46 % 
higher than the power output of the horizontal collector in the reference case.  

• If the chimney divergence angle of the Manzanares pilot plant is made 1.5◦ and the collector slope is 0.6◦ without changing the 
chimney height and collector radius, the system gives 216.853 kW power output at 1000 W/m2 solar radiation intensity and 300 K 
environmental temperature. This value is 3.66 times higher than the reference case of 46.472 kW.  

• Increasing the chimney height of a system with a sloped collector and chimney increases the power output exponentially up to a 
point. Increasing the chimney height by 20 % compared to the reference case increases the power output by 39.85 %–303.269 kW. 
After this point, increasing the chimney height increases the power output, but a convergence trend appears to begin.  

• Increasing the collector size at different chimney heights has different effects on the system. As the chimney height increases, the 
effect of the change in collector size on the power output is more evident.  

• The validation process confirms the accuracy of the predictions generated using the ANN method, with the chosen 9 neurons in the 
hidden layer demonstrating impeccable alignment with the study data. 
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Table 12 
Details of different sets of SCPP.  

set hi Rc γ hc λ 

a1 1.85 122 0 116.76 0 
a2 1.85 122 0 350.28 0 
a3 1.85 122 0 428.12 0 
a4 1.85 146 0 194.6 0 
a5 1.85 195 0 194.6 0 
a6 3.55 122 0 194.6 0 
a7 1.85 122 0.8 194.6 0.5 
a8 1.85 122 0 194.6 1 
a9 1.85 122 0 194.6 1.5 
a10 1.85 122 0 194.6 2.5 
a11 0.57 122 0.6 233.52 1.5 
a12 0.57 122 0.6 233.52 1.5 
a13 0.313 146.4 0.6 194.6 1.5  
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influence the work reported in this paper. 
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Nomenclature  

α Thermal dissipation 
ν Kinematic viscosity (m2/s) 
λ Divergent chimney angle (◦) 
γ Collector angle (◦) 
β Thermal expansion coefficient (1/K) 
ρ Density (kg/m3) 
ρo Ambient density (kg/m3) 
g Gravitational acceleration (m/s2) 
η Efficiency 
ΔT Temperature difference (K) 
L Characteristic length (m) 
k Thermal conductivity (W/mK) 
cp Heat capacity (J/gK) 
R Radius (m) 
D Diameter (m) 
T Temperature (K) 
P Pressure (Pa) 
Po Power output (kW) 
Gr Grashof number 
Ra Rayleigh number 
Ch Chimney 
Coll Collector 
CFD Computational fluid dynamics 
AR Area ratio 
SCPP Solar chimney power plant 
SUT Solar updraft tower 
Man Manzanares 
H* Dimensionless height 
R* Dimensionless radius 

References 

[1] A.T. Doppalapudi, A.K. Azad, M.M.K. Khan, Advanced strategies to reduce harmful nitrogen-oxide emissions from biodiesel fueled engine, Renew. Sustain. 
Energy Rev. 174 (Mar. 2023) 113123, https://doi.org/10.1016/j.rser.2022.113123. 

[2] M.P. Pablo-Romero, A. Sánchez-Braza, A. Galyan, Renewable energy use for electricity generation in transition economies: evolution, targets and promotion 
policies, Renew. Sustain. Energy Rev. 138 (Mar. 2021) 110481, https://doi.org/10.1016/j.rser.2020.110481. 

[3] K. Verhaegen, L. Meeus, B. Delvaux, R. Belmans, Electricity produced from renewable energy sources-What target are we aiming for? Energy Pol. 35 (11) (2007) 
https://doi.org/10.1016/j.enpol.2007.06.004. 

[4] A. Qazi, et al., Towards sustainable energy: a systematic review of renewable energy sources, technologies, and public opinions, IEEE Access 7 (2019) 
63837–63851, https://doi.org/10.1109/ACCESS.2019.2906402. 

[5] P.A. Owusu, S. Asumadu-Sarkodie, A review of renewable energy sources, sustainability issues and climate change mitigation, Cogent Eng. 3 (1) (Dec. 2016) 
1167990, https://doi.org/10.1080/23311916.2016.1167990. 

[6] G.E. Halkos, E.-C. Gkampoura, Reviewing usage, potentials, and limitations of renewable energy sources, Energies 13 (11) (Jun. 2020) 2906, https://doi.org/ 
10.3390/en13112906. 

[7] E. Cuce, P.M. Cuce, H. Sen, Numerical Analysis of the Effect of Collector Height in Solar Chimney Power Plants, in: ISPEC 15th International Conference on 
Engineering and Natural Sciences, 04-06 March 2023. Muş, Turkey. 
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