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Solar chimneys are popular systems for their simple structures
and clean energy generation. Thanks to its semi-permeable
structure, the collector, one of the system’s basic elements,
transfers solar radiation to the system. As a result of the heat-
ing of the system air under the collector by the solar radiation
passing through the collector, it is directed to the high chim-
ney in the collector centre. During the upward movement of
the system air, it converts its energy into electricity via a tur-
bine. Due to its large structure, estimating the amount of ener-
gy entering the collector system creates a great cost. The ideal
size for the collector is therefore important. This study offers
arecommendation for the ideal collector size for the pilot plant
in Manzanares in terms of collector size and power output.
While 59 kW power output is obtained with the system with
a collector radius of 122 m in the reference case, it is observed
that the power output increases by 78% when the collector ra-
dius is increased to 170 m and the collector area is doubled.
The ratio of the ideal collector radius to the reference size for
the pilot plant should be in the range of 1-1.5.

Keywords: solar chimney, solar chimney collector, ideal col-
lector size

INTRODUCTION

water heating with traditional methods. Solar
cookers, fruit dryers, and natural ventilation are

The global need for energy is rising day by day
depending on the human population. The use of
fossil fuels is growing due to the increasing ener-
gy demand. This situation causes environmental
pollution. The use of alternative energy sources
is inevitable in order to minimise environmental
pollution. One of the alternative energy sources is
the sun, which can potentially be an alternative to
fossil fuels. Solar energy can be used for different
purposes and has been used by people since an-
cient times. Today, the areas of solar energy usage
are constantly expanding. Researchers use the sun
effectively outside of the purpose of indoor and

some of these uses [1-3]. In the mentioned me-
thods, solar energy is used by absorbing directly.
Apart from these, solar energy can be used to gen-
erate electricity directly or indirectly. Photovoltaic
(PV) systems are popular systems that can pro-
duce electricity directly from the sun. PV systems,
in which the incoming solar radiation is directly
converted into electrical energy with the special
materials they contain, have been widely used
in recent years [4]. Systems that use solar ener-
gy indirectly are quite different from PV systems.
Such systems are those that generate electricity
on the condition of transferring solar energy to
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air or a working fluid [5-6]. One of the systems
working in this way is solar chimney power plants
(SCPP). SCPP are systems with a simple structure
and three basic elements: a turbine, a collector,
and a chimney [7]. The solar radiation falling
on the collector reaches the ground thanks to
the translucency of the collector. At this moment,
some of the solar radiation passes into the sys-
tem air. Solar radiation reaching the ground also
causes an increase in temperature on the ground.
As the temperature of the system air increas-
es, so does its speed. At the centre of the system
collector is the high chimney. Due to its height,
the chimney creates a continuous pressure differ-
ence and creates a vacuum effect at its entrance.
The system air, whose temperature increases un-
der the collector with the vacuum eftect, is drawn
upwards from the chimney inlet. In the mean-
time, the kinetic energy of the system air, whose
temperature and speed increases with the turbine
inside the chimney, is converted into electricity.
Although the theoretical infrastructure of this
simple system dates back to ancient times, it was
first applied in the 1980s. The first plant with
a chimney height of 194.6 m and a collector with
a radius of 122 m is established in Manzanares,
Spain [8]. The experimental measurements made
at the facility in September, state that a power
output of 50 kW is obtained at noon [9]. After
the first facility, studies on the system increase

and researchers show great interest. Thanks to
the high chimney in the SCPP structure, it can
generate electricity by creating a continuous pres-
sure difference [10]. In this way, it is an attrac-
tive system that can provide power output even
when there is no sun. When the studies made
after the first prototype were examined, the ef-
fect of the change in the geometric parameters
of the system on the power output and efficiency
were interpreted. In the following years, the re-
searchers also analysed the effect of design para-
meters on the system performance. Today, when
the studies on the system are examined, hybrid
systems are emphasised. Hybrid systems focus on
an SCPP to improve performance by integrating
other renewable energy sources or waste energy.
There are many geometric and design factors that
affect the performance of the system. These are
given in Table 1.

SCPP systems are disadvantageous compared
to other systems due to their efficiency. However,
the performance of these systems can be increa-
sed with some applications suggested by resear-
chers in recent years. Designs such as the use of
energy storage units on the ground, performan-
ce enhancement with waste heat or geothermal
energy reinforcement, and additional power out-
put with PV module integration have been popu-
lar in recent years. Some of the studies are given
in Table 2.

Table 1. Effect of geometric, climatic, and design parameters on the system

References | The influence of climatic and geometric parameters | References Design effects
. . . . It is effective in the performance of
Increasing the height of the chimney, which P
. . . the system on the ground such as
is the driving force of the system, positively . .
chimney and collector. Raising the floor
[11-13] affects the performance of the system. [16-17] . .
. . . towards the chimney inlet for
The chimney is the main element .
the reference system increases
of the system.
the power output by 17%.
Energy enters the system through the collec-
tor. For this reason, the increase in collector A certain collector slope has a positive
(14, 6] size directly increases the energy entering [18-19] effect on the performance of
' the system and contributes to the increase in the system. After a point, this effect
performance. However, this situation comes turns negative.
to an end at some point.
Initial temperature and solar radiation Divergent chimney design increases
intensity are effective on the system. While the performance of the system, so
[7,15] solar radiation intensity has a positive effect ~ [19-21] much so that the power output for

on performance, the opposite is true for an
increase in the starting temperature.

the pilot plant can exceed two times
with the ideal divergence angle.




Collector factor in a solar chimney power plant: CED analysis for the pilot plant in Manzanares 35

Table 2. Effect of the energy storage unit and hybrid systems on SCPP

References Energy storage unit References Hybrid systems
SCPP systems are large-scale. Adding PV modules
The use of soil or different materials to certain parts of the system can allow more
on the ground for the purpose power output. In addition, thanks to the airflow
[22-23] of energy storage allows power [26-27] in the system, the PV modules can be cooled and
output outside the sun hours. their efficiency can be increased. Efficiency can
reach ideal levels with the hybrid system designed
in this way.
st(\:\::;(z é?,::f;:::n? :I?Ec:?};h SCPP systems can be u.sed for m.any different
[24-25] this reduces the power output [28-30] purposes. One of them is to obtain clean water

during daylight hours, it can allow
for 24-hour power output.

from seawater. More power output is claimed with
this hybrid design.

Researchers have conducted different stu-
dies on SCPP systems. Although many para-
meters have been studied many times, there are
many points that are not clear enough. Unlike
traditional solar energy systems, SCPP systems
can also output power during the hours when
the sun is not present. This aspect differs from
other systems. This study deals with the collec-
tor, which is one of the basic elements of the sys-
tem. The size of the collector where the energy is
transferred to the system is the focus of the stu-
dy. First, the effect of the change in the collector
size on the system for the pilot plant is evaluated.

A cost-optimal point is then sought for the col-
lector size.

METHODS

In this study, the effect of the collector size in
SCPP systems is analysed. While performing
the analysis, the pilot plant dimensions are taken
as a basis. The general view of the semi-transpar-
ent collector, where the solar energy is transferred
to the system, the turbine that converts the kinet-
ic energy of the air into electricity, and the system
is given in Fig. 1.

Fig. 1. An overview of the pilot plant in Manzanares, Spain (a); collector (b), and turbine (c) [8]
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The data of the dimensions of the pilot
plant and the geometric details of the compu-
tational fluid dynamics (CFD) model are given
in Table 3. During the study, the diameter of
the chimney outlet is 10.16 m and the collector
radius is 122 m as a reference. Then, the col-
lector radius is changed from 24.4 to 220 m
in order to interpret the effect of the change
of the collector area on the system. Although
the solar radiation coming to the system rea-
ches the ground, the experimental data shows
that the temperature remains constant from
0.5 m below the ground [9]. In the light of
the experimental data, 0.5 m soil thickness is
considered ideal for the study. The student ver-
sion of ANSYS engineering software was used
in the study for CFD modelling and analysis.
The model, the mesh image, and the system
diagram for different collector sizes are given
in Fig. 2. In the study, 90° symmetrical model

Table 3. Details of the geometric data of the study [8]

Geometric parameter Value (m)
Chimney height 194.6
Chimney radius 10.16
Collector radius 122

Collector radius variation range 24.4-220
Collector height 1.85
Energy storage unit thickness 2

was used in terms of economy. In the analy-
sis, the reference geometry was followed first.
Then, only the collector radius was changed,
keeping the climatic and geometric parameters
constant.

The flow in the system is considered con-
tinuous and constant throughout the analysis.
Climatic conditions remain unchanged in all
analyses. Continuity, momentum and energy
equations given below are solved coupled [5]:

25.00

Collector roof

100,00 (m)
75.00

Pressure outlet
t

Chimney wall

\\\ Ad1abat1c

(Convection)

\urblne /

—

I
i

Pressure inlet \Ground (wall)

Fig. 2. Visuals of 3D CFD model, mesh, and boundary conditions
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Boundary conditions are important in analy-
sis. Details are given in Fig. 2. For flow charac-
teristics, turbulence is applied based on the lit-
erature [21]. The Boussinesq approximation for
density is adopted as the buoyancy effects are
significant. The power calculation of SCPP has

Table 4. Materials used in CFD and their properties [31]

been done in different ways in the literature. In
this study, the power output is calculated from
the volumetric flow Q, turbine efficiency n s and
turbine pressure drop AP, by the following equa-
tion [5]:

P =Qxn,xAP, (4)

The turbine pressure drop can be calculated
from the mean pressure difference at the turbine
location as follows:

AP =§2xP. (5)

In the equation, P, represents the average
pressure difference at the turbine position and is
obtained from the CFD results. The coefficient
of 2/3 is taken according to the results obtained
from the experimental data in the literature [9].
The study is based on the local latitude and longi-
tude degrees of the pilot plant. In addition, solar
ray tracing algorithm is used as a radiation model
to evaluate real climatic conditions. The flow in
the system is considered turbulent, and the RNG
k-g¢ turbulence model is applied to the mod-
el [21]. The convergence criterion is taken as 10°°.
The properties and details of the materials used in
the CFD study are given in Table 4.

RESULTS

Network-independent solution is extremely
important in CFD studies. For this reason, in
the study carried out, a network-independent so-
lution is obtained first. When examined in detail
in Table 5, the number of cells 379420 is consi-
dered suitable for the solution.

Materials and properties Chimney Glass Ground
Density (kg/m?) 2100 2700 1900
Specific heat capacity (J/kg-K) 880 840 2200
Thermal conductivity (W/m-K) 1.4 0.78 0.8
Table 5. Mesh independence study
Cell count Viax (M/S) P, (kW) % change V,,,, % change power
254761 15.31 62.27 - -
379420 15.28 59 0.19 5.25
425853 15.32 59.35 0.26 0.59
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Fig. 4. Temperature distribution at the collector outlet: (A) 24.4 m collector radius, (B) 220 m collector radius, and (C) reference
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Another criterion for the usability of the mo-
del is the experimental data. In the literatu-
re, the experimental data of the pilot plant and
the results obtained from the study are com-
pared. The results obtained from the model
and the experimental data are consistent [32].
The graph of the comparison with the literatu-
re data and experimental data is given in Fig. 3.
The maximum airflow velocity in CFD results
for 1000 W/m?* constant irradiation intensity
and 290 K ambient temperature is 15.28 m/s. In
the same climatic conditions, the experimental
data show that the air flow rate is 15 m/s and is
consistent with the study [9].

Increasing the collector radius directly incre-
ases the collector size. This means more energy
transferred to the system. As a result, an increa-
se in the performance of the system is expected.
The reason for this is the expectation of a great-
er temperature difference and speed increase in
the system air beneath the collector. Similarly, so-
lar radiation reaches the ground through the se-
mi-transparent collector and causes a temperatu-
re rise there as well. This temperature increases
on the ground and the stored energy pass into
the system air during the hours when the sun is
absent or insufficient, resulting in an increase in
performance [33-34]. The temperature distribu-
tions at the collector output for different collector
radius are given in Fig. 4.

Xcoll 1 is taken for the collector radius 122 m
in the reference case. The power outputs are then
calculated for the collector radius from 24.4 to
220 m. The power output increases with incre-
asing X, but tends to converge after a certain
point. Details are given in Fig. 5. Increasing
the collector radius increases the power output
while increasing the cost. In this case, the maxi-
mum power to be obtained from the system in
optimum dimensions for the ideal collector ra-
dius becomes important. It can be seen from
the graph that the power output for the pilot
plant in Manzanares increases continuously for
the 146.6-183 m range of the collector radius.
Increasing the collector radius beyond 183 m in-
creases the power output of the system less than
expected. Therefore, the 1-1.5 range can be taken
as the ideal range for X_ .

CONCLUSIONS

SCPP systems can also generate power during
non-sun hours. In this respect, they differ from
other solar energy systems. This study presents
the range where the collector radius is optimal for
the reference geometry for the pilot plant in Man-
zanares. RNG k-e turbulence model and sun ray
tracing algorithm are used in the analysis made
with the 3D CFD model. New solutions are tak-
en with the model validated by experimental data
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and the literature. The ideal power output range is
determined by changing the collector radius be-
tween 24.4 and 220 m. The results obtained from
the study can be given as follows:

The solar ray tracing algorithm for modelling
solar radiation is suitable for SCPP systems.
In addition, the RNG k-e model is suitable for
modelling turbulence in the system.
Increasing the collector radius improves sys-
tem performance.

Increasing the collector radius causes a greater

temperature rise in the system air.

o With 1000 W/m? solar radiation and 290 K

ambient temperature, the pilot plant system
yields a power output of 59 kW.

The air flow rate, which is 15 m/s in experi-
mental measurements, is found as 1 000 W/m?*
solar radiation and 15.28 m/s at 290 K.

The power output increases by 78% when
the collector area is doubled. This indicates
that the rate of increase in the power output is
not proportional to the collector area.

The ideal collector radius ratio for the pilot
plant is 1-1.5. Above this value, the increase in
the power output continues to decrease.

The study shows that the collector size is crit-
ical to the system. For this reason, the collec-
tor size should be determined depending on
the height of the chimney for the system to be
installed.
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SAULES KAMINO ELEKTRINES KOLEKTORIAUS KOEFICIENTAS: MANSANARESO
BANDOMOSIOS JEGAINES SKAICIUOJAMOSIOS SKYSCIU DINAMIKOS (CFD) ANALIZE



