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Abstract
Objectives: In sunny regions, chimney solar power plants are a promising
technology because they depend mainly on solar energy. However, chimney
solar power plants require an optimal design of the power plant components
to improve its reliability and scalability. As the collector is one of the
essential components of the solar chimney power plant, this study presents an
experimental study that aims to improve the thermo-aerodynamic parameters
of the airflow involved. Methods: We used mini hemispherical concentrators
in the collector as an innovation and the experimental conditions are those
of a dry tropical zone during the dry season. Temperature and velocity were
measured during a measurement campaign. Findings: The analysis of the
results showed an improvement of the thermo-aerodynamic parameters, in
particular the air temperature in the collector and its velocity in the chimney,
with maximum values reaching 78.35 ◦C and 2.87 m/s respectively. We also
note an improvement of the thermal field of 24.4 % and the dynamic field
of 58.6% compared to a conventional solar chimney model of the same
dimensions. A thermal efficiency of 68.88 % was achieved. These values
highlight the innovation relevance and the performance improvement of the
solar chimney prototype.
Keywords: Experimentation; Airflow; Natural Convection; Solar Chimney
Power Plant; Hemispherical Reflector

1 Introduction
Solar energy is the most available and accessible renewable energy in the very long
term, B. Bendaoud et al. (1) and A. Rishak et al. in (2). This energy is exploited for
various purposes, themost common use of which in practice is in thermal and electrical
domain. Thermal systems, through solar collectors, convert solar rays into heat which
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is transmitted directly or indirectly to a heat transfer fluid (3). On the one hand, electrical systems refer to the direct conversion
of solar radiation into electrical energy, through photovoltaic cells (4). On the other hand, there are technologies that use the
operating principle of thermal systems to produce electricity. One of them being the Solar Chimney Power Plants (SCPP)
which is the subject of this study. In fact the first solar chimney power plant prototype was built in Manzanares (Spain) in 1982
with a nominal power of 50 kW and operated successfully for seven years, from 1982 to 1989 (5). This technology is mainly
composed of a collector, a chimney and a turbine, with an operating principle based on the force of an ascending air stream (6).
Studies conducted on the operation of the pilot plant have shown the feasibility of this technology but also a low efficiency in
operation (7).The results have sparked a research craze for this technology and a particular interest in improving its performance.
To ensure the continuity of the SCPP’s production at night and in intermittent periods, Kreetz (5), proposed to fix water-filled
black tubes side by side on the ground absorbing’s the radiation under the collector. As for Omar et al. (6), they integrated
geothermal water in coils on the ground under the collector. These proposals resulted, on one hand, in the improvement of the
SCPP’s performance in the solar radiation presence, and on the other hand, in the production continuity.

Results of experimental (7–9) and theoretical (10–12) studies carried out on SCPP prototypes have shown that the most
influential parameters are the diameter of the collector, the height and the diameter of the chimney and the solar radiation.
The results of a study conducted by Mehdipour et al. (13) showed that the higher these parameters are, the higher the SCPP
performance get. Thus, it is apparent that the SCPP is technically cost-effective only on a large scale.

Authors such as Ayadi et al. (14), Ghalamchi et al. (15), Setareh et al. (16) demonstrated that the inclination of the collector roof
is a parameter that has an impact on the air flow in the system. However, positive and negative tilts do not have the same impact.
The well-discussed results ofMehdipour et al. (17) showed that a positive manifold tilt angle controls the formation of secondary
flows. Moreover, this slope facilitates the cleaning of the roof and avoids the accumulation of rainwater. The inlet cross-section
of the collector should be optimized to mitigate the effect of wind speed on the transfer coefficients in the collector (18,19). A
geometry of a solar chimney was proposed by Arzpeyma et al. (20), to minimize the negative effects of wind at the collector inlet
and at the chimney outlet.

Wang et al. (21) showed that when the thermal efficiency of the collector is high, the SCPP performance is better. It was found
that under windy conditions, tilted or floating solar chimneys have better flow and resistance performance compared to the
fixed chimneys (22,23).

Some authors have also focused on the turbine, which is also one of the main components to operate the SCPP. The turbine
is regulated according to the pressure drop and not according to the speed like a wind turbine. Koonsrisuk et al. (24), Kirstein et
al. (25), Gannon et al. (26) have shown that for a constant heat flow, the power of the flow is at the maximum level in the turbine
when the pressure drop is higher.

Technical and economic analyses have been carried out by Saleheen et al. (27) and Zuo et al. (28) on the SCPP. It stemmed from
this analysis that this technology is only economically viable on a large scale and therefore needs a significant subsidy to make
it competitive. To address this concern, Ali et al. (29) proposed economical models of solar chimneys under favorable climatic
conditions. These models relate the geometrical dimensions to the production capacity. The data of the models are as follows
Table 1.

Table 1. Solar tower dimensions as a function of production capacity (29)

Capacity (MW) 5 30 100 200
Hch (m) 550 750 1000 1000
Dch (m) 45 70 110 120
Dc (m) 1250 2900 4300 7000

Analyzing the partial results obtained in the literature, the hypothesis put forward by Liu et al. (30) remains a reality. According
to the same authors, the energy production capacity improvement of the SCPP would be shrewd, if it didn’t increase the height
of the chimney and the collector surface. In this perspective, our work consists in improving the collector performance. Our
previous studies allowed us to develop a model of collector with satisfactory thermal performances (31,32). This article is a
continuation of our previous work, we will experimentally analyze the thermo-aerodynamic behavior of the air flow in our
prototype as well as the relevance of this innovation. For so doing, we will measure the temperature and velocity in the system.
And then, we will analyze and discuss the relevance of the study in the SCPP’s field.
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2 Materials and methods

2.1 Description of the prototype

The experimental model was designed at the Thermal Renewable Energies Laboratory (L.E.T.RE) of Université Joseph KI-
ZERBO of Ouagadougou, Burkina Faso. We used Autocad 2018 software to represent the 3D sketch of the model before its
physical design.The sketch diagram is shown in Figure 1, where fixed mini hemispheric concentrators are housed in the model
manifold and an absorber occupies the interstitial space between the hemispheres.

Fig 1.Model schematic of the solar chimney prototype.

Truncations weremade on the glass tomake the hemispheric concentrators, the absorber and the diffuser visible.The picture
of the experimental device is shown in Figure 2.

Fig 2. Picture of the experimental model

The chimney is made of 3 mm thick mild steel and insulated with TRAPALU-40, which minimizes the possible loss of the
captured heat flows by convection and radiation. The collector, housing hemispherical concentrators of 28 cm diameter for
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each hemisphere, is made of a 5 mm thick transparent soda-lime glass roof. The square collector has a side of 2 m, which is
a collection surface of 4 m2. In the following we will use the term “radius” the value of which is 1.13 m than the side, for the
same surface of the collector. The pane is positively inclined at an angle of 9◦ along a radius from the periphery to the center.
Mehdipour et al (17) proposed a positive tilt of the roof in the range of 0◦ to 14◦ to reduce heat loss. The hemispheres of our
system are a reuse of IKEA BLANDABLANK salad bowls of 280mmdiameter.These bowls aremade of stainless steel and have
a reflective chrome interior surface. As stated above, this work is a continuity and the modifications made on the prototype are
the inclination of the roof, the presence of the diffuser and the reduction of the air inlet section in the collector.

Inside each hemisphere, a hot spot is formed whose existence depends on the sunshine. The hot spot is the image of the sun
at the focal point of the hemisphere. The picture of a hemisphere and the principle of the hot spot in the hemisphere are shown
in Figure 3.

The advantage of using hemispheric concentrators is that they always concentrate the solar radiation inside hemisphere at
any time (33). This minimizes the costs associated with the system maintenance.

Fig 3. Picture of a hemisphere and the hot spot principle inside the hemisphere.

Table 2 shows the geometric dimensions of the solar chimney prototype.

Table 2. Geometric parameters of the solar chimney prototype
Collector Chimney

Parameters
c(m) hc(m) h(m) α(◦)

Hemisphere
H(m) D(m)

r(m)
2 0.2 0.05 9◦ 0.14 2 0.2

2.2 Experimental protocol

We carried out an experimental campaign at the Central MaintenanceWorkshop (ACM) of Université Joseph KI-ZERBO.This
campaign consisted in measuring:

•The temperature of the absorber and of the air in the collector as well as in the chimney;
•The air velocity in the stack; and
•The global solar radiation on a horizontal plane.
For this purpose, the equipment and measurement methods used are listed below:
• Type K thermocouples with external shielding for temperature measurement,
• A Hukseflux SR03-05 pyranometer to measure global irradiation,
• Two GRAPHTEC Midi LOGGER GL200A data loggers programmed with the pyranometer and thermocouples, three

hot-wire anemometers (testo 480 automatic logger, testo 425 and HVACR Datalogger DO2003 manual logger). Technical
description of the measuring instruments is given in Table 3.

The average air temperature at a point on the collector is obtained by averaging the temperatures measured by two
thermocouples that are distinctly placed in the vertical of the point. Let bi and hi be the points on the same vertical; i=0; 1;
2; 3, the average air temperature at a point is given by equation 1. These thermocouples are not in contact with the glass or the
absorber.

Ti =
Thi +Tbi

2
(1)
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Table 3. Measuring range and accuracy of measuring equipment
Instrument Measuring range Accuracy
Thermocouples of K type -100◦C – 370◦C ± (0.1% of reading +

0.3◦C)
A pyranometer SR03-05 of Hukse flux brand sensibility=9.58 µV (W.m-2) 0 – 2000 W/m2 ± 15 W/m2

A hot wire anemometer
Model Testo 425 (manual)

0– 20 m/s ± (0.03 m/s + 5 % v.m.)
Model Testo 480 (Automatic)

Anemometer HVACR Datalogger DO2003((manual) 0.25 – 20 m/s ±0.2 m/s (0.25 - 19.99
m/s)

Fig 4. Location of thermocouples and velocity probes.

The temperature of the absorber at a point is measured by placing the thermocouple in contact with the absorber. The
measurements on the absorber concerned the points 1; 2 and 3 in Figure 4.

Data are saved in CSV file format and then imported into matlab 2018.a software for curve plotting.
This campaign took place in the months of April, May and June of 2020, according to the days listed in Table 4.

Table 4. Measurement period
Month Measurement day
April 07 ; 15 ; 17
May 07 ; 15 ; 17
June 05 ; 08 ; 11

3 Results and discussion
The maximum values of some parameters from four (4) measurement days are given in Table 5. In this table G is the solar
radiation, ∆T is the temperature difference of the air in the collector (∆T =T0-T4) and Vech is the air velocity at the stack inlet.

A comprehensive analysis of these values shows that the higher the temperature difference (∆T) and radiation, the higher
the air speed. This has already been established in the literature.

In order to analyze our results in detail, on the data of June 11, 2020 will be presented.
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Table 5. Maximum values of several parameters
Day G(W/m2) ∆T (◦C) Vech (m/s)
April 07, 2020 957 41.2 1.98
April 14, 2020 908 38 1.75
May 07, 2020 973.3 41.3 2.80
June 11, 2020 941.8 43.5 2.87

3.1 Evolution of temperature and global radiation

Figure 5 shows the evolution of the global solar radiation and the ambient temperature at the measurement site. The solar
radiation curves have a parabolic evolution and reach their maximum values of 941.8W/m2 at 11:44 am.The evolution of solar
radiation and ambient temperature show jumps in values caused by load shedding at the measurement site.

The ambient temperature reaches its maximum value of 37.8 ◦C at 3:12 pm.

Fig 5. Temporal evolution of global radiation and ambienttemperature

Figures 6 and 7 shows the temporal and spatial evolution of the temperature at the different measurement points inside the
prototype.

The temporal evolution of the temperature represented in Figure 6.a), b) and c), shows maximum values 91.7 ◦C at 12:20
pm; 78.35 ◦C at 12:46 pm and 64.5 ◦C 12:48 reached respectively by the absorber, the air inside the collector and the chimney
outlet. These curves show similar patterns as the solar radiation. The time difference between the different peaks reflects the
time needed to reach thermal equilibrium in the collector, which depends on the thermal inertia of the collector materials.

Compared to the average air temperature of 56◦C obtained in our previous study (31), the average air temperature obtained
in this study has been improved to 62 ◦C.The reduction of the air inlet section in the collector has contributed to reducing the
heat losses in the proximity of this section.

We found out that as the solar radiation curve decreases, the temperature in the prototype decreases too. Nouar et al. (34)
have established the same observation by studying the effects of climate on the performance of solar chimney power plants.

Figure 7 is obtained by taking for each measurement point, three temperature values at different times.
In space of the collector, the temperatures of the absorber (Figure 7a) and the air (Figure 7b) increase from the periphery

(point 4) to the center (point 1) of the collector. At measuring point 1 the temperatures are higher. We also see a drop in air
temperature at the chimney entrance, point 0. Indeed, at the chimney entrance, the widening of the cross-section due to the
roof slope increases the volume of air to be heated. In addition, the thermal energy acquired by the air is converted into kinetic
energy. The temperature of the air in the chimney (Figure 7c) decreases from the inlet to the outlet, which proves that the
insulation of the chimney prevents the heat exchange of the external environment with the walls. All these observations have
been established by many authors (35).
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Fig 6. Temporal evolution of temperature a) of the absorber, b) of the air in collector and c) of the air in the chimney

Fig 7. Temporal evolution of temperature a) of theabsorber, b) of the air in collector and c) of the air in the chimney.

3.2 Evolution of air velocity

The evolution of air velocities at the inlet of the collector, at the inlet and at the outlet of the 2m high chimney and of the thermal
efficiency is represented by Figure 8. The curves show the important fluctuations in the measurement period with respective
maximum values of 0.8 m/s, 2.87 m/s, 1.6 m/s and 0.6888 or 68.88 %.The evolution of the air velocity at the entrance as well as
at the exit of the stack is more important between 9 am and 2.30 pm and the velocity is higher at the entrance than at the exit.

As the temperature difference increases, the air density difference also increases, inducing a significant thermosiphon effect.
This effect is more significant towards the outlet of the collector where the air temperatures are higher. The air in this area is
also subject to the suction effect of the stack.
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The coupling of the thermosyphon effect and the stack aspiration effect explains the large value of the velocity at the stack
inlet. M. Ousmane et al. (36) showed by theoretical analysis that the air velocity is higher in the stack in the area near its entrance.

Fig 8. Temporal evolution of air velocity and thermalefficiency.

Using the Boussinesq approximation, Haaf et al. (37) established the equations for the theoretical air velocity in the stack
under natural convection and for the collector efficiency:

V =

√
2gHch

∆θ
θamb

(2)

η =
ṁCp∆θ

AcG
(3)

m = ρAchVch (4)

The average efficiency value is estimated at 44.5%, which is higher than the maximum efficiency of 40 % that a flat plate solar
collector with fixed air could achieve (38). From the equations established by Haaf et al. (37) and the above observation, it follows
that the higher the temperature difference, the greater the air velocity in the system. Our results are in agreement with these
theoretical predictions. The modifications in the collector have thus contributed to the improvement of the collector thermal
efficiency.

Some results from studies performed on the collector performance improvement of solar tower prototypes are mentioned
in Table 6. A comparative analysis of this table will allow to locate the relevance of our work.

Table 6. Comparison with some works
Authors Solar intensity enhancement

method
Dc
(m)

Hch
(m)

Tmax(◦C) vmax
(m/s)

G(W/m2)

Khidhir et al. (Iraq) (39) Tracking reflector mirror 9 7.35 54 2.4 616
A.Shahreza et al. (Iran) (40) Tracking reflector mirror 0 .92 1.5 72 5.2 600
Balijepalli et al. (India) (7) Improved flat absorber 3.5 6 67.5 5.5 894
Al-Kayiem et al. (41) (Malaysia) Hybrid system 6 6.65 55 1.9 1086
Mehdipour et al. (Iran) (13) Improved flat absorber 2.26 3 69.45 1.63 1000
Ouédraogo et al.
(Burkina-Faso) (42)

Flat absorber 2.26 2 63 1.81 967

Present work Stationary hemispherical reflector 2.26 2 78.35 2.87 941.75

The velocity and temperature values recorded in Table 6 show an improvement in thermal performance as a result of the
different investigations.The values of the air velocity in the system are improved, certainly with the improvement of the thermal
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performance, but particularly because of the prototype dimensions. The value of the temperature reached by the air in the
collector of our prototype, compared to the other values in the table highlights the relevance of the use of hemispherical reflectors
in the collector of the prototype.

For the same dimensions, we recorded maximum values of temperature and velocity of 63◦C; 1.81 m/s for a solar radiation
of 967 W/m2 with a conventional solar chimney prototype and 78.35◦C; 2.87 m/s for a solar radiation of 941.75 W/m2 with
our prototype. We note an improvement of the thermal field of 24.4% and the dynamic field of 58.6%. These values highlight
the relevance of the innovation and the improvement of the performances of the solar chimney prototype.

4 Conclusion
This study allowed us to take into account the velocity evolution for amore global analysis of the airflow in the system compared
to our previous study. In addition, the decrease of the air inlet cross-section and the inclination of the collector roof (9◦)
were considered as major modifications. These modifications have contributed to reducing the heat backflow near the inlet
section. The results of this study are generally in agreement with those obtained in the literature. The air in the system reached
a maximum temperature difference between the outlet and the inlet of the collector of 43.5 ◦C and a maximum velocity of 2.87
m/s for a solar radiation of 941.75 W/m2. We also note an improvement of the thermal field of 24.4% and the dynamic field
of 58.6% compared to the conventional solar chimney model. In sum, we can say that the use of hemispherical concentrators
is a way to improve the thermos-aerodynamic parameters, especially the temperature and air velocity in natural flow in solar
chimney power plants.

It is clear to us that this innovation allows a higher and more direct control of the thermal field via the temperature of the
flowing air stream than the dynamic field characterized by the air velocity.

5 Nomenclature
• A: area (m2)
• T or θ : temperature (◦C or (K)
• ∆T or ∆Θ: temperature difference (◦C) or (K)
• v: air speed (m/s)
• g: gravity (m/s2)
• Cp: heat capacity at constant pressure (J/ (K.kg))
• G: global radiation (W/m2)
• H: height of chimney (m)
• D: Diameter of chimney (m)
• h: Inlet height of the collector (m)
• hc: height of the collector (m)
• c: Side of the collector (m)
• η : thermal efficiency of the collector
• ρ : air density (kg/m3)
• r: radius of the hemisphere (m)
• α : tilt angle of the collector (◦)
• amb: ambient
• ab: absorber
• c: collector
• max: maximum
• ch: chimney
• ech: chimney inlet
• sch: chimney outlet
• sc: collector outlet
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