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Abstract. An optimization study to maximize the exergy efficiency of a small-scale solar chimney was
carried out. Optimization variables include collector diameter (Dc ), collector height (Hc ), tower height
(Ht ), and tower diameter (Dt ). Models from the literature were used to predict environmental and
airflow parameters. Exergy efficiency and solar chimney efficiency were determined, on an hourly basis,
for a one-year period. The model was simulated using the EES software. Two methods of optimization
were used, the method of conjugate directions and the method of variable metric, both providing similar
results. Results were compared to the results from an experimental prototype, and it was found that
the energetic and exergetic efficiency were significantly improved. The analysis indicated that the
height and diameter of the chimney and collector are the most important physical variables in the
design of a solar chimney. For both methods, it was found that the maximum exergy efficiency was
obtained with a collector height of 0.5 m, a collector diameter of 30 m, a tower diameter of 1 m, and a
tower height of 17.8 – 18.8 m. The exergy efficiency was 44 %.
Keywords: Solar chimney, optimization, conjugate directions, variable metric.

1. Introduction
In the last few decades, global population and global
consumption of energy have increased significantly.
The rapid depletion of natural fuel resources, rising
fossil fuel costs and environmental damages have increased the search for renewable energy sources. Solar
energy arises as a non-pollutant, abundant and renewable source. Solar chimney (or solar updraft) power
plant is a device that uses solar radiation to drive air
for electricity generation. It consists mainly of a solar
collector, a tower and turbine generators. Solar radiation passes through the transparent solar collector and
reaches the ground, which works as an absorber. Part
of the heat is stored in the deeper layers of the ground,
and part is released to the air under the solar collector.
The buoyancy acts as the driving force. The air flows
toward the tower and drives the turbine. The main
use of the solar chimney is power generation [1, 2],
but it can also be used for food drying [3–5]. Recently,
some authors started to develop mathematical simulations to assess the viability of solar chimneys to be
used combined with desalination systems, to simultaneously generate power and produce freshwater [6–11],
as reviewed by [12, 13].
Geometric parameters play an important role in the
performance of solar chimneys. Several authors studied the influence of geometry on the performance of
the device. For fixed values of tower height and collector diameter, the collector inlet opening, the collector
outlet diameter and height, the tower inlet opening
and the chimney divergence angles were varied as an
attempt to improve the performance of small scale solar chimney power plants using Computational Fluid
Dynamics (CFD) [14, 15]. An experimental study of

the variation of the tower height, inlet collector height,
and collector materials was performed by [16, 17] for a
small solar chimney. The experimental prototype was
used in the validation of a CFD analysis to increase
the fluid velocity and the solar chimney efficiency,
varying the tower height, the collector diameter and
the collector entrance. A 3D numerical model incorporating a radiation model, a solar load model, and a
real turbine was developed by [18], using the commercial code Ansys Fluent. The Manzanares dimensions
were used as a reference. The influence of the tower
height, collector diameter, and area ratio of chimney
entrance over chimney exit was studied by [19] using the Ansys Fluent CFD code. The tower height
ranged from 100 m to 300 m and the collector diameter ranged from 5 m to 15 m. A CFD model based
on a finite volume method was also used by [20] to
evaluate the effect of geometric parameters on temperature, velocity, pressure distribution, efficiency and
output power in a solar chimney. The tower height
and collector radius ranged from 20 m to 500 m, using
prescribed values for the heat flux. According to the
literature, the tower height and the solar collector diameter are the parameters that affect the performance
the most [21, 22]. Numerical analyses were developed
by several researchers to describe the airflow parameters inside the solar chimney [23, 24], and to describe
the entropy generation inside the device [25]. The
influence of daily solar radiation and ambient temperature on the distribution of temperature, velocity and
pressure was evaluated by [26].
Optimization techniques have been used to determine the best geometry for a given purpose, such as
the highest efficiency, the highest power output, or
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the minimum expenditure. Global analysis models
and CFD were used to describe the airflow inside
the solar chimney. In [27], an energy balance was
developed, using meteorological data (solar radiation,
ambient air temperature, and wind velocity) and Manzanares dimensions as a reference. Subsequently, the
authors used the developed model to maximize the total output power. A multi-objective optimization was
performed by [28, 29]. The authors used the collector
diameter and the tower height and diameter as design
parameters and prescribed values of solar radiation to
maximize the power output and minimize the capital
cost of components [28] and minimize the expenditure
and maximize total efficiency and power output [29],
using a global analysis.
A finite-difference approximation was used by [30] to
solve the mathematical model of a solar chimney and
to minimize the plant expenditure, using Manzanares
dimensions as reference. A 2D numerical simulation
and a sensitivity analysis were developed by [31], using Finite Volume Method to maximize the power
output of a solar chimney, also using Manzanares as
reference. The maximization of the power output was
also described by [32]. The authors developed a 1D
asymptotic fluid dynamic model, with the differential
equations solved using Matlab.
CFD analyses were developed by [33] and [34]. In
both works, the Reynolds averaged Navier Stokes equations were solved using a constant heat flux as boundary condition and Manzanares dimensions as reference.
The objective function of [33] was the maximization of
the power density, while the objective function of [34]
were the performance parameters of the airflow temperature, pressure and velocity profiles. To extract
the maximum output from the wind, [35]performed
an optimization analysis of small scale wind turbine
blades for a solar chimney power plant, under various
wind velocity ranges.
Optimization techniques were also used in the solar chimney combined with other applications. A
combined solar chimney for desalination and power
generation was studied by [11]. The objective function was the ratio of the costs of the collector, tower
and desalination, and the prices of electricity and
freshwater production. A solar chimney power plant
integrated to Tehran’s waste-to-energy was studied
by [36], attempting to maximize the exergy efficiency
and minimize the total cost rate. An optimization of
a solar chimney power plant integrated with transparent photovoltaic cells and desalination was performed
by [37]. The objective function was to maximize the
utilization of solar energy, enhancing the overall plant
efficiency.
From the literature review, it can be seen that the
majority of works use Manzanares prototype as a
reference for the dimensions. It is well-known that
large structures are required to generate power with
competitive prices. The airflow generated in small
structures can be used to dry agricultural products.
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Most works from literature use yearly averaged values of temperature, solar radiation, and heat fluxes
to obtain the optimum dimensions that maximize the
efficiency or power output and/or minimize the total
cost. In our work, we use a mathematical model to
determine hourly solar radiation and ambient temperature and use these results to predict the airflow
parameters for a given geometry. The geometry is
then optimized to achieve maximum exergy efficiency.
The model is simulated for a small-scale solar chimney [38]. What makes our work original is that the
optimization was performed for one year, with a time
step of one hour.

2. Mathematical model
2.1. System description
A typical solar chimney consists of a solar collector and
a chimney (or tower). The geometry and schematics
of the solar chimney are represented in Fig. 1. Dc and
hc are the diameter and height of the collector, and
Dt and Ht are the diameter and height of the tower,
respectively. A reference geometry was established,
based on previous works from the authors ([3–5, 39]),
in which a prototype was built in Brazil. The smallscale pilot plant has a height and a diameter of 12.3 m
and 1.0 m, respectively. The diameter and height of
the solar collector are 25.0 m and 0.5 m, respectively.
The dimensions were based on the dimensions of Manzanares prototype, in a scale of 1 : 50, adapted to
have a minimum height from the ground.

2.2. Problem statement
Engineering Equation Solver (EES) was used to solve
the model equations due to its reliable thermodynamic
properties database and optimization techniques. The
model consists of modelling the ambient conditions
(ambient temperature and incident solar radiation)
and the airflow parameters (mass flow rate, ground
surface temperature, and outlet airflow temperature).
The variables were determined on an hourly basis for
the whole year. For each hour, steady-state conditions
were assumed. The model is fully described in [38].
2.2.1. Environmental analysis
The incident solar radiation and ambient temperature were predicted for Belo Horizonte city, Brazil
(Latitude: 19º55’15"S, Longitude: 43º56’16"W).
Incident solar radiation was predicted considering
an isotropic sky, and average values from the literature
for the clearness index to Belo Horizonte, Brazil [40],
also used in [41]. The absorbed solar radiation by the
ground S was considered to include beam radiation,
isotropic diffuse radiation, and solar radiation diffusely
reflected from the ground [42].
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Figure 1. Main geometric parameters.
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I represents the total solar radiation incident, given
as the sum of the beam (Ib ) and diffuse (Id ) components. The subscripts b, d, and ground refer to
direct, diffused, and reflected by the ground types of
radiation. ρground represents the ground reflectance.
β is the slope of the solar collector and (τ α) is the
transmittance-absorptance product. Rb is a geometric
factor, accounting for the ratio of beam radiation on
the tilted surface to that on a horizontal surface at
a given time. A detailed model for these parameters
can be found in [42].
Ambient temperature was determined according
to [43], in which the daily period is subdivided into
five intervals. The model assumes a correlation between the ambient temperature and the incident solar
radiation, requiring the daily maximum, minimum,
sunrise, and sunset temperatures, given by [43].
2.2.2. Airflow analysis
An energy balance between the heat fluxes in the collector was performed. Part of the solar radiation absorbed by the ground (S) is transferred to the deeper
ground layers. The remaining is transferred to the
airflow by convection, to the collector by radiation,
and to the external environment by radiation. The
heat fluxes were modelled using literature correlations,
described in [38].
The ground was assumed as a semi-infinite solid,
since it extends to infinity, and the temperature variations occur only near the surface, as suggested by [44].
Therefore, the initial temperature and the temperature at a point in a large distance from the surface
are constant and considered as the annual average
ambient temperature for the city of Belo Horizonte.

Koonsrisuk et al. [45] presented a model for the
mass flow rate and outlet temperature of the flow as a
function of the geometric parameters. For large solar
chimneys, it is assumed that Dt is significantly smaller
than Dc . However, for small solar chimneys, the crosssectional area of the chimney cannot be neglected.
Therefore, mass flow rate expression was modified to
take into account the cross-sectional area, and it is
represented by:
v
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β 0 is the volumetric expansion coefficient for real gases.
Fx and Fy represent the friction factors in the collector
and the tower, respectively [46].
The temperature of the airflow leaving the tower is
given by [45], assuming adiabatic conditions:
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ṁ is the mass flow rate.

2.3. Energy and exergy analysis
The energy balance is used to determine the net heat
rate (Q̇). The mechanical work rate Ẇ is neglected,
since there is no turbine in the system. Vai and Vao
represent the inlet and outlet air velocity of the system,
respectively. The specific enthalpies of the air in the
inlet are hai and outlet hao , respectively [47]
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According to [48], the solar chimney efficiency, neglecting the turbine, can be given by:
R
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Where cp is the specific heat of air at constant pressure, Acol is the area of the collector and HO is the
extraterrestrial solar energy on a horizontal surface.
The exergy analysis was performed based on the
mathematical model presented by [4]. The exergetic
balance can be represented by:
X
X
X
(Ėxheat +Ėxmass,in )−
Ėxmass,out =
Ėxlost
(6)
The first term represents the inlet exergy rate (Ėxin ),
due to heat (Ėxheat ) and to the air entering the system
(Ėxmass,in ). The second term is the outlet exergy rate
(Ėxout ) due to the air leaving the system (Ėxmass.out )
and the last term represent the destroyed exergy rate
(Ėxlost ) [49]. The exergy rates are presented in [38].
The exergy efficiency ε is defined as the ratio of
exergy outflow to exergy of inflow [50–52]:
ε = 1−

Ėxout
Ėxmass,out
Ėxlost
=
=
(7)
Ėxin
Ėxin
Ėxheat + Ėxmass,in

3. Optimization
Theoretical works about solar chimneys found in literature usually deal with only the analysis based on the
first law of thermodynamics. Growing attention has
been given to analyses using the second law of thermodynamics, which provide a more powerful tool for
engineering assessments [53]. The exergy analysis allows for identifying exergy losses due to irreversibilities
in the processes. The yearly average exergy efficiency
was chosen as the objective function to be maximized.
The environmental conditions and airflow parameters
used to determine the exergy efficiency were simulated
on an hourly basis for the 365 days of the year.
The most important geometric parameters were
considered as the optimization variables, and their
ranges are:
10 < Dc (m) < 100, 0.1 < hc (m) < 1.0,
0.8 < Dt (m) < 1.8, 5.0 < Ht (m) < 50
The constraints applied to the problem were defined after a previous study on the influence of the
geometry on the airflow parameters and exergy efficiency of small solar chimneys [54]. The parametric
analysis developed on [54] showed that that the collector height does not significantly influence the airflow
parameters, as long as it is kept at a minimum height
from the ground. An increase of the collector diameter increases the average velocity and temperature,
the tower diameter increases the mass airflow and the
tower height increases the velocity and decreases the
temperature.
There is no single optimization method that can be
effectively applied to all problems [55]. The chosen
method in a particular case depends on the characteristics of the objective function, the constraints on the
nature and the number of variables. Therefore, the
author recommends that more than one method is
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used in a comparative way. In this paper, the methods
of conjugate directions and variable metric were used.
Both methods are similar, but the conjugate directions
method uses first-order information, resulting in lower
computational efforts. The variable metric method
has been shown to be a very powerful technique in
non-linear optimization problems [56].

4. Results and discussion
The results are divided into two sections. In the first
section, optimization results are presented for two
optimization methods. The objective function was the
maximization of the yearly average exergy efficiency.
The optimization variables were the main geometric
parameters of the solar chimney. In the second section,
the airflow and performance parameters throughout
the year for the optimized and reference geometries
are presented.

4.1. Optimization results
Two optimization methods were used to evaluate the
geometry that provides a higher exergy efficiency: variable metric and conjugate directions. The optimum
dimensions found for both methods are presented in
Table 1. The results of mass flow rate, ground surface
temperature, outlet airflow temperature, solar chimney efficiency, and exergy efficiency are presented for
the optimum geometry for both models. The model
was simulated for the geometric parameters of the experimental prototype used as a reference. The results
are also presented in Table 1. The optimum geometry
is similar for both of the optimization models used.
The tower height was slightly different between the
models (a difference of approximately 5 %), causing
small differences in the airflow parameters. The differences between the models’ results can be attributed
to the model structure. The optimum geometry presented higher mass flow rate and temperatures, resulting in a significant increase in the yearly average
efficiencies.

4.2. Monthly average airflow
parameters
The airflow and performance parameters were evaluated on a monthly basis for the optimized geometry,
for the optimization methods used. The results are
presented in Figures 2 to 6, compared to the results
for the reference geometry.
Buoyancy forces generate the airflow inside the solar
chimney. The air under the solar collector is heated
by the ground surface, which is heated by the incident
solar radiation. Therefore, solar radiation significantly
affects the airflow parameters. The higher the levels
of solar radiation, the higher the mass flow rate and
temperatures. The monthly average mass flow rate
throughout the year is presented in Figure 2. The
general behaviour is the same as the solar radiation,
higher during the summer and lower during the winter.
Although it is expected that the mass flow rate varies
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Variables

Constraints

Reference geometry

Variable metric

Conjugate directions

Collector diameter [m]
Collector height [m]
Tower diameter [m]
Tower height [m]
η anual
εanual
Taianual
Tground anual l
ṁanual

10 < Dc < 100
0.1 < Hc < 1.0
0.8 < Dt < 1.8
5.0 < Ht < 50
-

25.0
0.5
1.0
12.3
0.0040
0.1545
28.80
28.44
1.33

30.0
0.5
1.0
17.9
0.1617
0.4416
29.22
31.01
1.57

30.0
0.5
1.0
18.8
0.1638
0.4409
29.21
31.00
1.59

Table 1. Comparison of the results of the optimization methods.

Figure 2. Variation of the mass flow rate throughout the year.

during the day, the monthly average values varied
about 12 % throughout the year for a defined geometry. It can be seen that the results obtained for the
optimization methods were very close, slightly higher
for the variable metric method. The mass flow rate
obtained for the reference geometry was lower than
the optimized geometry. This behaviour was already
expected, because when the collector diameter and
the tower height increase, the mass flow rate also
increases, as seen in the literature [17, 22, 57, 58].
The monthly average ground surface temperature
and outlet temperature are shown in Figures 3 and
4. The temperatures follow the same behaviour of
the mass flow rate and solar radiation, with higher
values in the summer and lower values in the winter.
There are no significant differences between optimized
and reference geometries since the ground surface
temperature has a little influence on the geometrical
parameters.

The outlet airflow temperature is more affected by
geometry than the ground surface temperature. Therefore, higher differences were found when comparing
the results from the optimized geometry to the results
from the reference geometry. Since the optimized geometry presented higher tower height and collector
diameter, higher airflow temperatures were obtained.
It is worth noting that, as expected, ground surface
temperatures are higher than airflow temperatures.
The monthly average solar chimney efficiency is
shown in Figure 5. Higher efficiencies were found during the winter. This behaviour can be explained by
the definition of the solar chimney’s efficiency. During
the winter, the incident solar radiation and ambient
temperature are lower, and the outlet temperature
is higher. Since the variations of solar radiation and
ambient temperature are more significant than the
variations of the outlet temperature, the solar chimney efficiency increases. Similar results were found for
both optimization models since the geometry is similar.
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Figure 3. Variation of the ground temperature throughout the year.

Figure 4. Variation of the air outlet temperature throughout the year.
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Figure 5. Variation of the solar chimney efficiency rate throughout the year.

Figure 6. Variation of the exergy efficiency throughout the year.
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The reference geometry presented very low efficiency,
ranging from 0.3 % to 0.5 %. The efficiency for the optimized geometry increased significantly, ranging from
12 % to 23 %. This difference can be attributed mainly
to the geometry. The chimney height has the greatest
influence on the solar chimney efficiency [48], and it
was significantly increased during the optimization
process.
The monthly average exergy efficiency is presented
in Figure 6. Higher values were found for the optimized geometry since the objective function used in
this paper was its maximization. The exergy efficiency
is defined as the ratio between the outlet and inlet exergy rates. During the summer, higher solar radiation
levels are found, increasing the outlet temperatures.
Therefore, both outlet and inlet exergy rates increase
during the winter, and the monthly average exergy
efficiency has small variations throughout the year.
Again, both optimization methods presented similar
results.

5. Conclusions
An unsteady theoretical model was used to determine
the airflow and performance parameters of a smallscale solar chimney. Results were obtained for a oneyear simulation, with a time-step of one hour. The
geometry of the solar chimney was optimized to ensure
the maximum yearly average exergy efficiency. Two
optimization methods were used and the results were
compared to those expected in a reference geometry,
based on an experimental prototype. Monthly average
values of the parameters were also evaluated. The
following conclusions can be drawn from the analysis.
• The mathematical model was able to appropriately

predict the parameters. The mass airflow equation
should be better investigated, since the results were
lower than experimental values;

• The solar chimney efficiency is higher in the winter

and lower in the summer;

• The exergy efficiency does not present significant

variations throughout the year;

• The optimum geometry showed great influence on

the airflow parameters and on the energetic and
exergetic efficiencies. The mass flow rate presented
an average increase of 20 % when compared to the
reference geometry, and the outlet temperature was
increased by about 1 °C.

• The energetic efficiency was stignificantly increased,

mainly due to the increase of the chimney height;

• The optimization process was able to significantly

increase the yearly average exergy efficiency when
compared to the reference geometry;

• The optimization methods presented similar results,

both for the geometry and the airflow and performance parameters. In future works, other optimization methods should be applied.
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List of symbols
Ac ol Area of the collector
Cp Air specific heat
Cpao Air specific heat at the tower outlet
Dc Collector diameter
Dt Tower diameter
Ėxheat Exergy rate due to heat
Ėxin Inlet exergy rate
Ėxlost Destroyed exergy rate
Ėxmass,in Exergy rate due to the air entering the system
Ėxmass,out Exergy rate due to the air leaving the system
Ėxout Outlet exergy rate
Fx Friction factor in the collector
Fy Friction factor in the tower
g Gravity acceleration
hai Specific enthalpy of the airflow at the collector inlet
hao Specific enthalpy of the airflow at the tower outlet
hc Collector height
H0 Extra-terrestrial solar energy on a horizontal surface
Ht Tower height
I Total solar radiation
Ib Beam component of the solar radiation
Id Diffuse component of the solar radiation
ṁ Mass flow rate
Q̇ Heat transfer rate
00
qconv,1
Convective heat transfer rate between the ground
and the airflow
Rb Geometric factor
S Solar radiation absorbed by the ground
Tai Temperature of the airflow at the collector inlet
Tao Temperature of the airflow at the tower outlet
Tground Ground surface temperature
Vai Velocity of the airflow at the collector inlet
Vao Velocity of the airflow at the tower outlet
Ẇ Mechanical work rate
β Slope of the solar collector
β 0 Volumetric expansion coefficient
ε Exergy efficiency
η Solar chimney efficiency
ρ Air density
ρground Ground reflectance
(τ α) Transmittance-absorptance product
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