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Solar chimney power plant (SCPP) are used to harness solar energy and generate power, 

but their low conversion efficiency motivates strategies to improve output, such as 

integrating the collector with photovoltaic (PV) cells. This study presents an experimental 

and numerical investigation of a hybrid PV/SCPP, in which part of the glass collector is 

replaced by PV panels while hot-water pipes on the collector floor supply additional 

thermal gain, and compares its performance with a traditional (glass-covered) solar 

chimney model under the same conditions. Both configurations were built and tested 

outdoors in Karbala, Iraq, and the results were compared with a 3D ANSYS FLUENT 

computational fluid dynamics (CFD) model of the same geometry. The maximum air 

velocity at the chimney outlet reached 3.33 m/s (hybrid case) and 3.388 m/s (traditional 

case) in the numerical results, while the overall maximum collector air temperature reached 

321.5 K and 326.8 K, respectively; CFD predictions agreed with experimental 

measurements to within an average absolute error of 0.74%. The results show that covering 

part of the collector with PV panels reduces the thermal gain available to drive the airflow, 

and therefore the kinetic power available at the turbine location, compared with the glass-

covered case. However, the PV panels' direct electrical output substantially exceeds this 

kinetic-power reduction, so the hybrid configuration's total power output (kinetic plus PV) 

is higher than the traditional configuration over the tested period (peaking near 24.4 W at 

13:00). This trade-off between reduced thermal/kinetic gain and increased PV electrical 

output, observed here for a single PV coverage ratio, motivates further study of alternative 

coverage ratios in future work. 
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1. INTRODUCTION

The transition toward clean and sustainable energy sources 

offers substantial benefits, including reduced environmental 

pollution, mitigation of climate change, and decreased 

dependence on fossil fuels and their associated economic 

volatility. Consequently, considerable research effort has been 

directed toward advancing renewable energy technologies 

across multiple sectors. Wind energy, for example, has 

received particular attention, with recent studies exploring 

improved energy extraction at low wind speeds and novel 

turbine concepts such as Magnus-based wind turbines [1]. 

Notwithstanding these advances, solar energy remains 

among the most promising and technically feasible renewable 

resources, particularly in regions of high solar irradiance such 

as Iraq. Previous studies have consistently identified solar 

energy as a principal solution to the global energy crisis, owing 

to its wide availability, accessibility, and sustainability [2, 3]. 

Solar energy is also cost-effective and can be harnessed 

without highly specialized equipment; however, its 

intermittent availability necessitates complementary storage 

or heat-retention strategies [4]. Photovoltaic (PV) cells, solar 

chimneys, and solar ponds are among the principal 

technologies used to convert solar energy into electricity [5]. 

A solar chimney power plant (SCPP) converts solar energy 

into electricity by combining three main components: a solar 

collector, a vertical chimney, and a turbine-generator system, 

an arrangement valued for its structural simplicity and its 

capacity for economical, reliable power generation [6]. In a 

typical SCPP, a circular glass collector is positioned above a 

black-coated absorbing ground surface; solar radiation heats 

the enclosed air, reducing its density and driving it toward a 

central chimney, where turbines convert the resulting airflow 

into mechanical and then electrical energy. The first large-

scale SCPP prototype was built in 1982 at Manzanares, Spain 

(Figure 1), with a 195-meter chimney of 5-meter radius and a 

244-meter-diameter collector [7]. Despite this early

demonstration, the inherently low conversion efficiency of

SCPP remains their principal limitation, motivating ongoing

research to improve their performance [8].

Numerous studies have sought to improve SCPP efficiency 

by combining the basic configuration with complementary 
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technologies [9]. For example, a solar chimney has been 

coupled with seawater desalination and wind-assisted 

supercharging to enable combined power and freshwater 

production [10]. Elsewhere, a transpired solar chimney was 

proposed, in which the conventional glass cover was replaced 

by a metal sheet admitting air through its upper surface rather 

than the perimeter; a prototype tested at Trakya University 

(Edirne, Turkey) achieved roughly three times the efficiency 

of a conventional solar chimney [11]. Building on this concept, 

a hybrid transpired solar chimney combining PV panels with 

transpired collectors was introduced, covering 42% of the 

collector area with PV panels and achieving efficiencies of 16-

18% [12]. 

These studies demonstrate that hybridizing solar chimneys 

with PV panels, desalination units, or transpired-collector 

designs can meaningfully improve performance. However, 

most reported hybrid PV/solar-chimney designs rely solely on 

solar radiation as the thermal input, and few studies directly 

compare a PV-integrated configuration against an otherwise 

identical, non-PV baseline under matched outdoor conditions 

with parallel computational fluid dynamics (CFD) validation. 

The present study addresses this gap by developing and testing 

two configurations of a small-scale solar chimney prototype – 

a hybrid PV/glass collector and a conventional glass collector 

– both additionally assisted by hot-water pipes at the collector 

floor to supplement the thermal gain from solar radiation. The 

specific contribution of this work is threefold: (i) a direct, 

matched-condition experimental comparison of the hybrid and 

traditional configurations; (ii) a 3D CFD model of the same 

geometry, validated against the experimental measurements; 

and (iii) a quantification of the trade-off between the reduced 

thermal/kinetic gain and the additional electrical output 

introduced by covering part of the collector with PV panels. 

 

 
 

Figure 1. The solar chimney in Spain [7] 

 

 

2. METHODOLOGY 

 

Based on the preceding studies, it is reasonable to conclude 

that the solar chimney exhibits inadequate power conversion 

efficiency, thereby motivating researchers to improve its 

efficiency [9]. From this vantage point, the solar chimney 

technology and solar cells will be combined. A hybrid 

PV/solar chimney will be employed in this investigation, as 

illustrated in Figure 2.  

This method uses PV panels to cover the lower portion of 

the chimney. These panels generate electrical power and serve 

as energy-absorbing surfaces. The radiant energy emitted from 

the rear surface warms the air in this configuration, and the 

hot-water net pipes mounted on the collector's ground provide 

the heat. By employing a turbine, the kinetic energy of the 

moving air can, in principle, be converted into mechanical and 

then electrical power. Tests will also be conducted to 

determine how air entrainment with these tubes affects solar 

panel efficiency and electricity output.  

In this study, a hybrid solar chimney approach is presented, 

where the collector cover is partially replaced with PV panels 

and a hot-water pipe network is integrated at the collector floor 

to enhance thermal heat gain and airflow kinetic energy. 

There are two cases in the study: 

1. Case 1 (Hybrid / with PV): PV collector + hot water 

pipes. 

2. Case 2 (Traditional / without PV): Glass collector + hot 

water pipes. 

 

 
 

Figure 2. Hybrid photovoltaic (PV)/solar chimney [13] 

 

2.1 Theoretical model 

 

The thermal efficiency of a thermal system is:  

 

𝜂𝑡ℎ =
𝑄𝑔𝑎𝑖𝑛

𝑄𝑖𝑛
  (1) 

 

It is possible to calculate the solar chimney's thermal 

efficiency [14]: 

 

𝜂𝑡ℎ =
𝑄𝑢

𝐴𝑐𝑜𝑙𝐼𝑡
  (2) 

 

where, 

𝑄𝑢: Useful heat gain by the solar chimney (W), 

𝐼𝑡: Total solar radiation on a horizontal surface (W/m2), 
Acol: Total collector area (m2). 
The heat gain by solar chimney can be determined as [15]:  

  

𝑄𝑢 = 𝑚̇ 𝑎𝑖𝑟  𝐶𝑝𝑎𝑖𝑟(𝑇𝑜 𝑎𝑖𝑟 –𝑇𝑎)  (3) 

 

where, 

𝑚̇ 𝑎𝑖𝑟: Air mass flow rate (kg/s), 

𝐶𝑝,𝑎𝑖𝑟: Specific heat capacity of air (J/kg·K), 

𝑇𝑜: The outlet air temperature (K), 

𝑇𝑎: The ambient air temperature (K). 

The following equation can be used to determine the mass 
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flow rate in the air [15]: 

 

𝑚̇ 𝑎𝑖𝑟 = 𝜌𝑎𝑖𝑟 . 𝑉𝑎𝑖𝑟 . 𝐴𝑐ℎ𝑖𝑚. (4) 

 

where, 

𝑉𝑎𝑖𝑟: Average velocity of the outlet air, 

𝜌𝑎𝑖𝑟: The density of the air which can be calculated [16, 17]. 

 

𝜌𝑎𝑖𝑟 = 1.1614 − 0.00353 (Toair − 300) (5) 

 

While the air-specific heat can be evaluated as [18]: 

 

𝐶𝑝,𝑎𝑖𝑟 = [1.007 + 0.00004(Toair − 300)] ∗ 103  (6) 

 

The electric efficiency of the recently developed solar 

chimney was assessed as [19]: 

 

𝜂𝑒𝑙𝑒 =
𝑃𝑝𝑣+𝑃𝑘

𝐼𝑡𝐴𝑐𝑜
  (7) 

 

where, 𝑃𝑝𝑣: The electricity that the solar cells produce, 𝑃𝑡: The 

turbine's electrical power output (denoted Pk in Eq. (7) above 

and in the Results section; Pt and Pk refer to the same estimated 

turbine/kinetic power output, obtained equivalently from Eq. 

(8) or Eq. (11)).  

The electrical energy that is produced by the turbine which 

is placed at the base of the chimney can be determined from 

the relation with kinetic power [13]: 

 

𝑃𝑘 = 𝜂𝑡 . 𝑃𝑤 (8) 

 

where, 𝜂𝑡  is the wind turbine's efficiency, which varies (from 

50%–90%) [20]. The value of this efficiency will be 

represented as 85% [21]. 

The airflow velocity at the entrance of the chimney can be 

expressed as [10, 20]: 

 

𝑉𝑎𝑖𝑟 = √2𝑔𝐻
∆𝑇

𝑇𝑜𝑢𝑡
  (9) 

 

where, 

H: is the chimney height, 

∆T: is the temperature difference between the out 

temperature and the temperature at the base chimney. 

The kinetic energy can be based on the equation that follows 

[22]: 

 

𝑃𝑤 =
1

2
(𝑚̇𝑎𝑖𝑟

. )𝑉𝑎𝑖𝑟
2    (10) 

 

The turbine converts this kinetic energy to mechanical 

energy as below [20]: 

 

𝑃𝑡 = 𝜂𝑡
1

2
𝑚̇𝑎𝑖𝑟

. 𝑉𝑎𝑖𝑟
2   (11) 

 

Eq. (7) above expresses the electrical efficiency relative to 

the solar input alone. In our study, since the collector also 

receives heat from the hot-water pipes, the system's overall 

efficiency (combining both the solar and hot-water thermal 

inputs in the denominator) can be expressed as: 

 

𝜂𝑒𝑙𝑒 =
𝑃𝑝𝑣+𝑃𝑘

𝑄𝑖𝑛+𝐼𝑡𝐴𝑐
  (12) 

 

where, 𝑄𝑖𝑛 is the heat supplied by the hot water pipe to the air 

under the collector roof [23].  

 

𝑄𝑖𝑛 = 𝑚̇𝑤𝑎
. . 𝐶𝑤. ∆𝑇𝑤 (13) 

 

where, 𝐶𝑤 is the specific heat of water. 

While the amount of electricity generated by the solar 

panels can be calculated as [19]: 

 

𝑃𝑝𝑣 = 𝐼. 𝑉 (14) 

 

where, I and V are the current and voltage of the solar panels. 

 

2.2 The experimental work  

 

The experimental device was constructed and tested in Iraq 

in Karbala city (Lat. 32.61389𝑜N and long 44.0250𝑜E) at 

thirty-two meters above sea level. The experimental model 

consisted of a collector and a chimney. The differences 

between the current model and the conventional solar chimney 

lie in the fact that the glass of the collector is replaced by a PV 

panels in the present model, as shown in Figure 3.  

 

 
(a) 3D model 

 
(b) Schematic diagram 

 

Figure 3. The computer-aided design (CAD) model of the 

experimental hybrid solar chimney power plant (SCPP ( 

 

Our system includes the following primary components: 1. 
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Wooden structure 2. Chimney 3. Two PV panels 4. Net of 

copper pipes for hot water 5. Measuring devices. The tests 

were conducted in outdoor conditions. Figure 4 displays the 

experimental model device of our work.  

 

 
 

Figure 4. The experimental model of the hybrid solar 

chimney power plant (SCPP) 

 

The solar energy that enters the collector, which is covered 

by the solar cells, heats the air inside the current model. The 

PV panels generate electricity by absorbing the majority of the 

solar radiation, and the other part of the radiation reaches the 

air under the cells, which plays a role in heating it. But in this 

model, the main part of heating the air is caused by the effect 

of the hot water pipes. Because the hot-water supply is 

decoupled from direct solar radiation, this heating mechanism 

could, in principle, allow operation outside daylight hours; 

however, all measurements reported in this study were taken 

between 09:00 and 16:00, so this potential is noted here as a 

direction for future testing rather than a validated finding of 

the present work. The decrease in air density results in an 

upward movement of the air towards the tip of the chimney. 

This air motion serves to lower the solar cell's temperature, 

thereby enhancing its efficiency. The system consists of the 

PV panel collector as an absorber with dimensions (138 cm 

long) and (50 cm wide) with an emissivity of (Ɛ = 0.95) [9]. 

The base of the collector is made of a wooden panel. The net 

of black pipes was fixed on the ground of the collector. These 

pipes were used for the hot water to heat the air passing under 

the PV absorber panel. In our study, the hot water that is used 

comes from solar collector devices. It uses a thermal insulator 

(glass wool) with a thermal conductivity of k = 0.46 W/m·K 

[9]. Table 1 reports the mean solar radiation intensity and wind 

speed recorded over the test days and used as representative 

boundary conditions for the CFD simulations; the 

corresponding instantaneous, time-varying experimental 

values are presented later. Table 2 lists the experimental model 

parameters. 

 

Table 1. Experimental data 

 

 Without PV Hybrid with PV 

Water temperature range 

(℃) 
56–65 58–65 

Water flow rate (L/min) 2 2 

Solar radiation intensity 

(W/m²) 
600 600 

Wind speed (m/s) 1.15 1.15 
Note: PV = photovoltaic. 

Table 2. The experimental model parameters 

 
Component Parameter Value Unit 

Chimney 

Height (H) 2.00 m 

Inner diameter  

(Dc) 
0.10 m 

Wall thickness 0.005 m 

Material Plastic - 

Collector 

Length (L) 1.38 m 

Width (W) 0.50 m 

Air gap height (Hg) – 

distance between 

PV/glass and ground 

0.08 m 

Floor material 

Wooden panel 

with black 

coating 

- 

Thermal insulator 

(glass wool) thickness 
0.03 m 

Hot water 

pipes 

Material Copper - 

Outer diameter 0.010 m 

Inner diameter 0.008 m 

Spacing (pitch) 0.050 m 

Air flow 

path 

Inlet area (perimeter 

gap) 
0.3008 m² 

Chimney cross-

sectional area 
0.00785 m² 

 

Ten temperature sensors were used in the model. The first 

one was fixed in the air inlet to the model (The collector's inlet) 

to gauge the air's temperature. Three sensors were fixed in the 

collector to display the difference in the air's temperature 

through the collector zone. Two of the sensors were fixed on 

the PV panels to measure the panel. One sensor was placed in 

the duct before the entrance of the chimney. In the chimney, 

three sensors were put in the specified positions, for 

temperature measuring used a multi-channel temperature data 

logger (Model: PCE-T 1200).  

To measure the air velocity, a hot wire device (Model: 

R4500SD) was used. Two types of multi-meters (SM-20) were 

employed to gauge the PV solar cells' electric current and 

voltage output. In the model, the solar cells are connected in 

series. The above electrical circuit, it was used batteries to 

store the power produced and a load to meet the maximum cell 

load. Table 3 displays the PV solar cell specifications of the 

panels that are used in this work. 

 

Table 3. Solar cell photovoltaic (PV) specifications  

 
Parameter (Symbol) Rated Value 

Maximum power (Pmax) 50 W 
Maximum voltage (Vmax) 18.6 V 
Maximum current (Imax) 2.69 A 

Open voltage (Voc) 22.6 V 
Type of the solar cell Polycrystalline Silicon 

Short circuit current (Isc) 2.92 A 
Dimensions 470 × 670 × 30 mm 

 

To determine whether a new solar chimney is viable for 

electricity generation, error analysis is essential. The 

imprecision of the instruments used in the experimental 

procedures is shown in Table 4. The following Eq. (15) is then 

used to assess the imprecision of the results obtained [24].  

 

ω𝑅 = √(
𝜕𝜑

𝜕𝑥1
× 𝜓1)

2 + (
𝜕𝜑

𝜕𝑥2
× 𝜓2)

2 +⋯(
𝜕𝜑

𝜕𝑥𝑛
× 𝜓𝑛)

2  (15) 
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Table 4. Details of the measuring devices 

 
Device Measuring Error 

Hot-wire anemometer Wind velocity ±5% 
Digital thermometer 

(Multi-channel temperature 

data logger) 
Temperature ±0.4% 

Multi-meter 
Direct current (DC) 

current 
±0.8% 

Multi-meter DC voltage ±0.5% 

 

Table 5. Computational fluid dynamics (CFD) numerical 

setup specifications 

 

Parameter Specification 

Solver type Pressure-based 

Time formulation Steady-state 

Gravity 9.81 m/s² 

Air density model 
Boussinesq  approximation 

(reference temperature: 300 K) 

Turbulence model 
Realizable k-ε with Enhanced 

Wall Treatment 

Radiation model 
Discrete Ordinates (DO) with 5 

× 5 pixel divisions 

Solar load model Solar Ray Tracing (activated) 

Pressure-velocity coupling SIMPLE 

Spatial discretization - 

momentum 
Second Order Upwind 

Spatial discretization - energy Second Order Upwind 

Spatial discretization - k 

(turbulent kinetic energy) 
Second Order Upwind 

Spatial discretization - ε 

(turbulent dissipation rate) 
Second Order Upwind 

Spatial discretization - DO 

radiation intensity 
First Order Upwind 

Under-relaxation factors - 

pressure 
0.3 

Under-relaxation factors - 

momentum 
0.7 

Under-relaxation factors - 

energy 
1.0 

Under-relaxation factors - k 

(turbulent kinetic energy) 
0.8 

Under-relaxation factors - ε 

(turbulent dissipation rate) 
0.8 

Under-relaxation factors - DO 

radiation 
1.0 

Convergence criterion - 

energy equation 
1 × 10⁻⁶ 

Convergence criterion - 

continuity equation 
1 × 10⁻⁴ 

Convergence criterion - 

momentum equations (x, y, z) 
1 × 10⁻⁴ 

Convergence criterion - k 

(turbulent kinetic energy) 
1 × 10⁻⁴ 

Note: SIMPLE = Semi-Implicit Method for Pressure-Linked Equations. 

 

2.3 Computational fluid dynamics work 

 

In this study, the numerical method was used to enhance and 

compare the results that will be obtained with the experimental 

results reached in this study. A 3D CFD model created to 

replicate the SCPP model was employed in the numerical 

procedure. The ANSYS FLUENT program was utilized for the 

simulation work in our investigation. The ANSYS FLUENT 

software facilitates the use of the finite volume method to 

model the natural convection that occurs in the SCPP and the 

flow of a continuous medium. The employment of the finite 

volume approach by ANSYS FLUENT is considered to be an 

optimum technique for resolving the governing equations. The 

prototype's geometry was built utilizing ANSYS FLUENT 

CFD. The dimensions of this geometry correspond to those of 

the experimental design as shown in Figure 5. Table 5 

summarizes the CFD numerical setup. 

 

 
 

Figure 5. 3D geometrical simulation for the experimental 

model of the hybrid solar chimney power plant (SCPP) 

 

 

 
 

Figure 6. The mesh generation of the models 

 

The generation of the mesh is a pivotal and fundamental 

step in the simulation process, as it directly influences the 

accuracy of the analysis and the convergence of the model, as 

shown in Figure 6. The accuracy of the numerical results is 

closely linked to the choice of a suitable mesh. The quantity of 

mesh elements utilized in this investigation is equal to 797163 

elements. The structure of the computational grids is 

Tetrahedral. Five tetrahedral meshes were generated with 

element counts of 200,000, 400,000, 600,000, 797,163, and 
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1,200,000. The chimney outlet air velocity was monitored for 

each mesh. The difference in outlet velocity between the 

797,163-element mesh and the 1,200,000-element mesh was 

less than 2%, confirming mesh independence. Therefore, the 

fine mesh with 797,163 tetrahedral elements was selected for 

all simulations. 

 

 

3. RESULTS AND DISCUSSION 

 

The results of the numerical simulation of the prototype 

were displayed in two representations: the first 2D and the 

second 3D. In the 2D numerical results, the velocity and 

temperature are displayed in the central plane of the SCPP 

prototype, as shown in Figure 7. Figure 8 shows the airflow 

pattern in the hybrid SCPP model. This figure shows the 

airflow’s 2D and 3D results. As shown in the figure, the 

maximum air velocity is 3.33 m/s. The hot air reaches this 

velocity value in the chimney. 

 

 
 

Figure 7. The plane of 2D numerical results 

 

  
2D results 3D results 

 
3D results 

 

Figure 8. The velocity distribution of the numerical 

simulation for the prototype 

Figure 9 shows the temperature distribution in the numerical 

model of the laboratory solar chimney. The laboratory model 

was simulated using CFD, showing 2D and 3D temperature 

distributions. From the figure, we see that the temperature 

begins to rise gradually within the model. We can also notice 

that the temperature peaks near the floor in the collector due 

to heat transfer from floor-mounted hot-water pipes. Solar 

radiation also heats the air. We note that the maximum 

temperature reached is 321.5 K. 

 

  
2D results 3D results 

 
3D results 

 

Figure 9. The temperature distribution of the numerical 

simulation for the prototype 

 

 
 

Figure 10. The lines of the studied relations 

 

In Figure 10, the plane in which the distribution of 

temperature and velocity properties was studied is evident, as 

it represents the rest of the field due to its symmetry. In the 

practical aspect of this study, the same level was adopted to 

study the distribution of properties across it. In the figure, three 

axes are shown: AA, BB, and CC. 
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Figure 11 shows a comparison of the experimental and 

theoretical temperatures as a function of distance along the AA 

axis. It is evident from the figure that it increases with distance 

along this axis due to heat gained from the air around the hot 

water pipes and from solar radiation through the hybrid solar 

chimney model. 

Figure 12 shows the relationship between the theoretical 

and experimental temperature over the distance through the 

BB axis. From the figure, it was observed that the temperature 

in both curves (theoretical and practical) increased with 

distance and was directly proportional to it. It was also 

observed that the measured temperature is lower than the 

theoretical temperature (from the simulation) due to the 

accuracy of the measuring devices. From the figure, we can 

see that the temperature along axis BB is lower than that along 

axis AA, as shown in Figure 10. This is because axis AA is 

closer to the floor of the model, and thus the effect of the heat 

transferred from the hot water pipes is greater in this axis than 

in the axis BB. Figure 13 compares the theoretical temperature 

distributions along axes AA and BB. From the figure, we 

observe that temperatures along the AA axis are highest due to 

heat transfer from the hybrid solar chimney model’s floor. 

Figure 14 displays the relationship between the theoretical 

temperature and the vertical distance through the chimney (CC 

axis). The CC axis was chosen to study the properties along it 

because the chimney is symmetrical, so properties can be 

studied along this axis and considered representative of the 

entire field. From the figure above, it can be seen that the 

temperature distribution decreases rapidly as it moves away 

from the model floor, then stabilizes after entering the 

chimney at approximately 312 K. It continues to decrease in 

the last part of the chimney .

 

  
  

Figure 11. The relation between the temperature values 

and the distance through the AA axis 

Figure 12. The relation between the temperature values 

and the distance through the BB axis 

  

  
  

Figure 13. The theoretical temperature values and the 

distance through the AA and BB axis 

Figure 14. The relation between the theoretical 

temperature and the distance through the CC axis 

  

  
  

Figure 15. The relation between the theoretical velocity 

and the distance through the AA axis 

Figure 16. The relation between the velocity and the 

distance through the BB axis 
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Figure 15 shows the relationship between theoretical and 

practical velocity with distance through the AA axis. From the 

figure, it was found that the air velocity decreases with 

increasing distance along this collector. This decrease in air 

velocity is a result of the model's shape and the collector’s 

inclined surface, as the transverse surface area of the flow 

section increases with distance. From the figure, it can be seen 

that the theoretical velocity is higher than the experimental 

values. 

Figure 16 displays the relationship between the practical 

and theoretical velocities and the distance along the BB axis. 

From the figure, it can be seen that air velocity decreases with 

distance, and the practical values are higher than the 

theoretical values. Figure 17 shows the air-velocity 

distribution along the vertical (CC) axis. From the curve 

shown, it is evident that the air velocity along the CC axis is 

highest near the collector floor and decreases with height 

through the chimney. 

 

  
  

Figure 17. The relation between the velocity and the 

distance through the CC axis 

Figure 18. The relation of the experimental temperature 

values with time in the AA axis 

  

  
  

Figure 19. The relation of the experimental temperature 

values with time in the BB axis 

Figure 20. The relation of the experimental velocity values 

with time in the AA axis 

 

Figure 18 shows the changes in air inlet and outlet 

temperatures along the AA axis over time during the 

experiment. From observing the curves, it was found that the 

air temperature during inlet and outlet changes with time, as it 

was found to rise until it reaches its peak at approximately 1:00 

PM (13:00), as the solar radiation begins to rise and reaches its 

peak at approximately this time; then the temperature 

decreases because of the rise in heat loss and the decline in 

solar radiation. Additionally, the curves illustrate how outdoor 

air temperature changes during the day in response to 

variations in solar energy. Figure 19 shows the variation in air 

inlet and outlet temperatures along the BB axis over time. The 

figure shows that the air temperature at the inlet and outlet 

fluctuates over time, rising to a peak, and that the largest 

difference between the inlet and outlet temperatures is 

approximately 12 degrees. 

In Figure 20, the change in air velocity between the entrance 

and exit of air at the AA axis is visible. The picture depicts the 

change in airspeed as solar radiation peaks at midday, then 

declines as solar energy diminishes in the afternoon. It is 

observed that the highest velocity is the speed of air exiting 

from the sun. The collector is located where the solar collector 

links to the chimney. Figure 21 depicts how the experimental 

air velocity measurements vary over time along the BB axis. 

In this relationship, the velocity rises to its peak between 13:00 

and 14:00 . 

 

 
 

Figure 21. The relation of the experimental velocity values 

with time in the BB axis 
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From Figure 22, the 2D and 3D distributions of air velocity 

in the numerical simulation of the traditional (glass-covered, 

without PV) SCPP model are shown, obtained with a glass 

sheet used as the collector cover instead of PV panels. The air 

velocity, which ranges from 0 to 3.388 m/s, can be seen. The 

velocity at the base of the chimney (the turbine position) is 

about 0.75 m/s. In this case, the air velocity differs from the 

first case (using the PV panels), where the maximum air 

velocity is 3.33 m/s. This difference between the two air-

velocity values is because the heat gained through the glass 

exceeds that gained through the solar panels. This means that 

the turbine will produce higher kinetic energy in the plant. The 

temperature distribution for the traditional (glass-covered, 

without-PV) SCPP prototype is shown in Figure 23. The 

maximum temperature reaches 326.8 K. The range of 

temperature increase in this case is higher than in the first case 

(with PV panels). 

Figure 24 displays the temperature variations along the AA 

and BB axes. As shown in the figure, the overall temperature 

reaches a peak of 322 K. Furthermore, Figure 25 illustrates the 

relationship between temperature and distance along the CC 

axis. From this figure, it can be observed that the maximum 

temperature occurs near the ground floor, after which it 

gradually decreases and remains nearly constant throughout 

the chimney (CC axis). Figure 26 and Figure 27 show the 

fluctuation of air velocity using the solar chimney simulation 

prototype (Case two). Figure 26 shows the air velocity 

distribution through the AA and BB axis. Meanwhile, Figure 

27 displays the same distribution through the CC axis.  

Figure 28 illustrates how the experimental air-velocity 

values at the chimney base changed over time for two 

scenarios: one with and one without PV panels. From the 

figure, it can be seen that the air velocity values increase over 

time in both cases. The maximum velocity value for the first 

case (using PV panels) is 2.12 m/s at 13:00. In comparison, the 

same value for the second case (without PV panels) reaches 

2.33 m/s at 14:00. The figure shows that there is a gap between 

the air velocity values of the two cases, reaching 0.21 m/s. This 

gap arises because the glass-covered (without-PV) collector 

transmits more solar radiation to the airflow than the PV-

covered collector, giving it a higher heat gain and 

correspondingly higher air velocity, consistent with the CFD 

comparison discussed for Figures 22–23. In Figure 29, the 

relationship between kinetic power and the cases is shown. 

From the above, it can be seen that the kinetic power without 

PV panels is higher than with them.  

From the above, it was noted that there are two cases, or 

system arrangements: the first is the hybrid model of SCPP, 

and the second is the conventional model. In the hybrid SCPP 

model, the produced power is of two types: electrical power, 

generated by the PV panels (solar cells), and kinetic power. 

The hot air produced by heat gain passes through the collector 

area toward the chimney base, where the available kinetic 

power is estimated from the measured air velocity using Eqs. 

(8)–(11), assuming a turbine efficiency of 85% (a 

representative value from the literature, since no physical 

turbine-generator unit was instrumented in the present 

prototype). In the second system, the estimated power is only 

this kinetic power. From the above, the estimated total power 

in the first system is higher than that of the conventional model 

due to the use of PV panels. 

The values of the electricity types generated in the hybrid 

SCPP are displayed in Table 6. 

 

  
2D results 3D results 

 
3D results 

 

Figure 22. The velocity distribution of the numerical 

simulation for the prototype 

 

  
2D results 3D results 

 
3D results 

 

Figure 23. The temperature distribution of the numerical 

simulation for the prototype 
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Figure 24. The relation between the temperature values 

and the distance through the AA and BB lines 

Figure 25. The relation between the temperature values 

and the distance through the CC line 

  

  
  

Figure 26. The relation between the velocity values and 

the distance through the AA and BB lines 

Figure 27. The relation between the velocity values and 

the distance through the CC line 

  

  
  

Figure 28. Air velocity values at the chimney base in 

two cases 
Figure 29. The kinetic power in two cases 

 

Reliability of results:  

a. Computational fluid dynamics (CFD) validation: The 

CFD model predictions were compared with experimental 

measurements at key locations. Table 7 summarizes the 

comparison. The maximum temperature predicted by CFD 

was 321.5 K compared to 318.5 K experimentally, an error of 

0.94%. The air velocity at the chimney base was 2.10 m/s 

(CFD) vs. 2.12 m/s (experimental), an error of 0.94%. The 

average absolute error across all parameters was only 0.74%, 

indicating excellent agreement between the numerical model 

and experimental measurements. 

 

Table 6. The electrical and kinetic power in the hybrid solar 

chimney power plant (SCPP) (first system) 

 
Time 

(Hour) 

Pelectrical 

(W) 

Pkinetic with PV 

(W) 

Total Power 

(W) 

9 6.1 0.0382 6.1382 

10 12.3 0.039 12.339 

11 15.15 0.043 15.193 

12 19.51 0.0442 19.5542 

13 24.32 0.04487 24.36487 

14 23.9 0.04487 23.94487 

15 20.93 0.0442 20.9742 

16 7.23 0.043 7.276 
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b. Uncertainty propagation: Using the instrument errors 

reported in Table 8 and applying Eq. (15), the uncertainties in 

the final calculated parameters were determined. Table 8 

presents the uncertainty for each key output at different times 

of day. 

 

Table 7. Computational fluid dynamics (CFD) validation against experimental measurements 

 
Parameter Experimental Value CFD Value Error Error (%) 

Max air temperature in collector (K) 318.5 321.5 3.0 0.94% 

Air velocity at chimney base (m/s) 2.12 2.10 0.02 0.94% 

Air velocity at chimney outlet (m/s) 3.30 3.33 0.03 0.91% 

Outlet air temperature (K) 312.0 312.5 0.5 0.16% 
Note: Average absolute error = 0.74 % 

 

Table 8. Uncertainty propagation for final calculated parameters (Hybrid photovoltaic (PV) case) 

 
Time Pk (W) Uncertainty Pk Ppv (W) Uncertainty Ppv Total Power (W) Uncertainty Total 

9:00 0.0382 ±8.2% 6.1 ±1.3% 6.1382 ±4.5% 

10:00 0.0390 ±8.2% 12.3 ±1.3% 12.339 ±3.8% 

11:00 0.0430 ±8.2% 15.15 ±1.3% 15.193 ±3.5% 

12:00 0.0442 ±8.2% 19.51 ±1.3% 19.5542 ±3.2% 

13:00 0.04487 ±8.2% 24.32 ±1.3% 24.36487 ±3.0% 

14:00 0.04487 ±8.2 % 23.9 ±1.3% 23.94487 ±3.0% 

15:00 0.0442 ±8.2% 20.93 ±1.3% 20.9742 ±3.2% 

16:00 0.0430 ±8.2% 7.23 ±1.3% 7.276 ±4.0% 

 

 

4. CONCLUSIONS 

 

In this paper, a hybrid PV/ SCPP was studied 

experimentally and numerically. A practical prototype of the 

hybrid configuration (PV collector plus hot-water pipes) was 

built and tested outdoors, alongside a traditional configuration 

(glass collector plus hot-water pipes), and both were compared 

with a 3D ANSYS FLUENT CFD model of the same 

geometry, which agreed with the experimental measurements 

to within an average absolute error of 0.74%. Replacing part 

of the glass collector with PV panels reduced the thermal gain 

driving the airflow, lowering the estimated kinetic power at the 

chimney base relative to the traditional configuration. 

However, the PV panels' direct electrical output substantially 

exceeded this reduction, so the hybrid configuration's total 

estimated power output was higher throughout the tested 

period. Because only one PV coverage ratio and prototype 

arrangement were tested, we do not conclude that reducing the 

PV-covered area would improve performance; we instead 

propose testing multiple coverage ratios in future work. These 

findings are based on a small-scale prototype operated under 

the specific outdoor conditions of Karbala, Iraq, during 

daytime hours (09:00-16:00); extending the comparison to 

larger-scale systems, other climates, and after-sunset operation 

using the hot-water pipes remains for future study. 
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