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a b s t r a c t

In recent decades, the world is facing significant global population growth, leading to an energy use
intensification. Due to the depletion of global energy resources, renewable sources can be used to replace
or enhance conventional sources. Solar energy is a non-polluting and inexhaustible energy source. The
solar chimney uses solar energy to heat the air and generate an updraft airflow, which can be used for
electricity generation or agricultural drying. Most models from the literature predict the steady-state
airflow parameters using fixed values for ambient temperature and solar radiation, or unsteady anal-
ysis using experimental data. In this paper, a comprehensive assessment of the unsteady airflow inside a
small-scale prototype is presented. A mathematical model is used to predict the mass flowrate and the
temperatures of the airflow throughout a year, on an hourly basis, and the results showed a good
agreement with experimental data obtained in a small prototype. The performance of the system was
evaluated, with a maximum exergy efficiency of 11%. The low energy and exergy efficiencies were mainly
attributed to the small dimensions of the prototype.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Brazil has extensive regions with high levels of incident solar
radiation and substantial land areas available for solar thermal
applications. Also, it has a strong tradition on the use of renewable
energy sources, accounting for 2.9% of total global renewable en-
ergy capacity investment in 2020, growing 23%, the seventh
consecutive year of growth. In 2020, Brazil ranked third globally in
terms of cumulative renewable energy capacity, with 150 GW [1].
Since 2012, the Brazilian government has been giving encouraging
the development of several renewable energy sources [2], but 62%
of the operational power capacity of Brazil is due to hydropower
[1]. It is important, therefore, to develop other uses of solar energy.
The solar chimney is a power plant that generates electricity from
solar energy at a low temperature [3]. It consists of a translucid
collector, a central tower, and one or more turbines [4]. The ground
surface is heated by the incident solar radiation, and it heats the air
under the solar collector. Buoyancy forces generate an airflow to-
ward the chimney. The hot air updraft is used to drive a turbine and
generate electricity.

The first solar chimney was constructed in Manzanares in
.

1982e1983, able to produce 50 kW. The plant, with a 195 m high
tower and a solar collector of 250 m in diameter [5], produced
electricity for seven years and proved the system successful [6].
Based on the reliability of the technology, the Manzanares plant
was used as a reference for most of the simulation studies of solar
chimneys developed so far [7]. Nevertheless, given the low effi-
ciency of conversion of solar to electric energy, large structures are
required to ensure competitive generation prices. Small-scale de-
vices can be used to dry agricultural products or to provide natural
ventilation [8]. Although most of the studies in literature concern
large structures, a few studies are found on small-scale solar
chimneys.

The feasibility of a small solar chimney to dry agricultural
products was evaluated in Brazil [9]. Coffee beans, bananas, and
tomatoes were dried inside a 12.3 m tall prototype, and the drying
capacity was estimated in 440 kg of products or 320 kg of product
per m3/s of airflow, based on the yearly average mass flow rate and
data from the literature [10]. The time required to dry the products
depends on the product type and mass. The coffee beans, bananas,
and tomatoes required, respectively, 76 h, 139 h, and 130 h to reach
the final desired moisture content. The average efficiency of the
device was estimated at 7%. In a subsequent work [8], the authors
performed a CFD analysis to assess the effect of the geometric pa-
rameters on the airflow characteristics. In 2010, a 12 m high solar
chimney was built at the University of Zanjan, Iran. The
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experimental analysis allowed the assessment of different tem-
peratures and air velocities on the airflow parameters [11]. A
similar study was developed for a 2 m high solar chimney built at
the University of Tehran, Iran [12]. The same authors presented an
analytical model to evaluate the influence of geometric parameters
and materials on the airflow, validating the model with experi-
mental data from a 3 m high solar chimney [13]. The performance
of a solar chimney 3 m high and with a 3 m collector diameter was
experimentally evaluated by Fadaei et al. [14] on the campus of the
University of Tehran. The solar chimney performance was evalu-
ated by measuring the solar radiation, PCM temperature, absorber
surface temperature, and airflow velocity, for one day, with and
without a PCM material. An experimental investigation of water
condensate on the surfaces of the canopy and its influence on the
solar chimney performancewas carried out by Al-Kayeim et al. [15].
The experiments were performed in a prototype with 7 m of
diameter and 6.5 m height, in Malaysia (latitude 4�N). A mathe-
matical model of a 7 m high solar chimney was developed by
Ref. [16]. The authors performed a comprehensive analysis,
including a design calculation for the turbine, the prediction of
pressure and heat losses, and the selection of materials for the
collector, the absorber plate, the chimney, and for a thermal energy
storage system. A CFD analysis of a solar chimney with a tower
diameter of 0.6 mwas performed by Ref. [17]. The tower height was
varied between 3 and 8 m, and the effect of the absorber plate
diameter and the collector plate angle on the performance of the
systemwas also evaluated. The same authors evaluated the effect of
divergence angle of the chimney, ambient temperature, solar irra-
diance, and turbine efficiency on the performance of a divergent
solar chimney [18]. In a subsequent work, the same authors pre-
sented experimental results of a 6 m high solar chimneywith an in-
built thermal energy storage system [19].

There are a few studies considering energy and exergy analysis
of solar chimneys, but most of them concern large structures. The
exergy efficiency of a 1000 m high solar chimney was predicted
based on a simplified analytical model [20]. An exergy analysis of a
solar chimney for desalination and power production was devel-
oped by Ref. [21], considering a prototypewith a diameter of 244m.
Aligholami et al. [22] employed exergy analysis to evaluate the
effect of geometrical parameters on the turbine, for tower heights
of 2, 3, and 4m. Themain objectivewas, therefore, to use the exergy
analysis on turbine generation power. Themathematical model was
validated by a comparison of the results of the mathematical model
with the Manzanares plant. In previous works of the authors of the
present paper, an energy and exergy analysis of the airflow inside a
small-scale solar chimney was developed based on experimental
results of a 12.3 m high solar chimney, with [23] and without [24]
the drying of bananas.

Many works from the literature describe mathematical models
to assess the airflow characteristics in solar chimneys. CFD models
predict a detailed description of the airflow velocity and temper-
atures. A steady-state analysis of the airflow inside a sloped solar
chimney power plant (SCPP) was proposed by Koonsrisuk [25] for a
fixed value of solar irradiation. The influence of the collector roof
height on the performance of a small-scale solar chimney was
numerically assessed by Ayadi et al. [26,27] using a CFD analysis.
The computational results were validated with experimental
measurements performed on a 3 m height prototype built in the
South East of Tunisia, North Africa. The results were obtained for a
fixed value of incident solar radiation of 800 W/m2 and fixed
temperature values for the collector inlet and chimney outlet. The
power generated by a 194 m SCPP in six cities of Saudi Arabia was
predicted by Abdelmohimen and Algarni [28], using a steady-state
analysis. Monthly average temperatures and solar irradiation were
used as input data, using values from the last 22 years obtained by
36
NASA. A steady-state analysis of the influence of the collector
radius, incident solar radiation, and turbine pressure drop on the
performance of a SCPP was developed by Rabehi et al. [29]. Fixed
values for the collector inlet temperature, convective heat transfer,
pressure drop, and incident solar radiation were used as boundary
conditions. The numerical simulation results were compared with
Manzanares experimental data from the literature. An analysis of a
195 m high SCPP was developed by Torabi et al. [30], assessing the
effect on the system performance of the collector radius, the
divergent angle of the chimney, and the incident solar radiation,
ranging from 200 to 800 W/m2. A sloped collector solar chimney
was investigated by Weli et al. [31], using fixed values for the col-
lector inlet, collector surface, and ground surface temperatures, on
monthly basis. The solar irradiation was predicted on monthly
basis. Attig-Bahar et al. [32] presented an analysis of the steady flow
inside a 1 MW SCPP in Tunisia, using fixed solar irradiation and
ambient temperature for July as reference. A CFD analysis of a 9 m
high sloped SCPP was carried out by Fallah and Valipour [33],
varying the incident solar radiation between 100 and 800 W/m2.
Krumar Mandal et al. [34] presented an experimental and numer-
ical analysis of the airflow inside a small-scale prototype of a solar
chimney, with a tower height of 6 m, on Kolaghat, India (latitude
22.4�). The numerical analysis was developed using CFD tech-
niques, for steady-state conditions. It was adopted a prescribed
heat flux at the ground surface of 600 W/m2, and a convective heat
transfer in the collector. Radiative heat transfer rates were
disregarded.

Analytical models predict global airflow parameters, such as
outlet temperature and power generated. A steady-state analytical
model for large-scale commercial solar chimneys was developed by
Koonsrisuk and Chitsomboon [35]. A mathematical model for a
SCPP with an external heat source to ensure uninterrupted power
generation was developed by Aurybi et al. [36], using steady-state
conditions and fixed solar radiation of 1000 W/m2. A thermody-
namic model for the power generation by large-scale SCPP was
carried out [37], using as input data a range of environmental
conditions, varying both ambient temperature and solar irradia-
tion. A mathematical model was developed to study the effect of
geometry on the performance of a SCPP [38]. The steady-state
analysis was developed for a constant value of solar irradiation.

Some studies are found for unsteady-state conditions. A ther-
modynamic analysis of a SCPPwith soil heat storagewas developed
[39]. The analysis was presented for 24 h of simulation, for a known
distribution of solar radiation. A transient analysis of the perfor-
mance of solar chimneys was developed [40,41]. The results were
obtained for large-scale prototypes, with ambient conditions (solar
radiation and ambient temperature) obtained from the TRNSYS
database.

Most previous research has presented a steady-state analysis to
investigate the airflow inside a solar chimney, using fixed values for
solar radiation and ambient temperature. A small number of
studies present an unsteady analysis, using a known distribution of
the ambient conditions. Also, it was not found a mathematical
model to predict the performance of a solar chimney in Brazil.

The novelty of the present paper is the development of a ther-
modynamic model of the airflow inside a 2.5 m high solar chimney,
based on results for a 1-h interval for a whole year. A mathematical
model was developed for the weather conditions (ambient tem-
perature and solar radiation), which was used as input to obtain the
airflow parameters (mass flowrate, ground surface, and outlet
airflow temperatures) and energy and exergy efficiency of the
airflow. The numerical results were compared to experimental data
measured on a prototype designed and built in Belo Horizonte,
Brazil.
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2. Mathematical model

Fig. 1 represents the schematic and physical diagram of the solar
chimney. Dc and Dt represent the diameter of the collector and
tower, respectively. hc and Ht represent the height of the collector
and tower, respectively. A prototype built in Belo Horizonte, Brazil
(Latitude: 19�5501500S, Longitude: 43�5601600W) was selected as the
reference for the model configuration, which consisted of a device
with Dc ¼ 5.0 m, hc ¼ 0.1 m, Dt ¼ 0.2 m and Ht ¼ 2.5 m.

The mathematical model consists of the determination of the
outlet airflow temperature, the mass flowrate, and the energy and
exergy efficiencies of the system. The airflow parameters depend
on the ambient temperature and the incident solar radiation. The
energy and exergy efficiencies depend on an energy balance that
considers the convective and radiative heat transfer rates between
the system and the environment.

The total solar radiation incident I on a surface is given by the
sum of three components: the direct radiation Ib, the diffuse radi-
ation Id, and the reflected radiation by the ground and environment
neighbors to the system. Using an isotropic skymodel, the radiation
absorbed by the ground is given by Ref. [42]:

S¼ IbRbðtaÞb þ IdðtaÞd
�
1þ cos b

2

�
þ rgroundIðtaÞg

�
1� cos b

2

�
(1)

ðtaÞ is the transmittance-absorptance product, evaluated for the
direct (subscript b), diffuse (subscript d), and ground reflected
(subscript g) radiation components. b represents the angle between
the collector and a horizontal surface and rground is the ground
reflectance. The mathematical model was implemented to envi-
ronmental conditions of the city of Belo Horizonte, Brazil. The
incident solar radiation is determined on an hourly basis, based on
the daily values for the incident solar radiation and the clearness
index obtained on the typical meteorological year for Belo Hori-
zonte [43], as suggested by Ref. [42]. The results are presented for a
1-h interval, for the 365 days of the year.

The hourly ambient temperature was predicted based on [44]
and uses the maximum, minimum, sunrise, and sunset tempera-
tures, obtained using available data from the Brazilian System of
Data Collection [45].

An energy balance was developed for the heat transfer rates of
Fig. 1. Main geomet
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the solar collector, shown in Fig. 2. The convective heat transfer rate
between the solar collector and the airflow inside the system is
q}conv;3 and the radiative heat transfer rate between the solar col-
lector and the ground is q}rad;1. The collector loses heat to the
environment by convection (q}conv;2) and radiation (q}rad;2).

The heat conducted to the deeper ground layers (q}cond;0) is
determined through a heat balance in the ground as the difference
between the solar radiation absorbed by the ground (S, given in Eq.
(1)) and the heat leaving the ground surface. In this case, the energy
leaving the ground surface is the heat transferred to the ground by
convection (q}conv;1), to the collector by radiation (q}rad;1) and to
the external environment by radiation (q}rad;3), as given by:

S� q}conv;1 � q}rad;1 � q}rad;3 ¼ q}cond;0 (2)

The radiative heat transfer between the ground surface and the
solar collector can be assumed as the radiation between two
infinite flat plates, as presented by Ref. [42]. The net radiation flux
exchanged with the collector is given by:

q}rad;1 ¼
s
�
Tground

4 � Tcoll
4
�

1
εcoll

þ 1
εground

� 1
(3)

where εcoll and εground represent the collector and ground emit-
tance, respectively. Tground and Tcoll represent the ground surface
and collector temperatures, respectively.

The convective heat flow rate between the collector and the
external airflow is given by:

q}conv;2 ¼hcoll; ambðTcoll � TaiÞ (4)

where the convective heat transfer coefficient hcoll; amb can be
estimated by Refs. [46e48]:

hcoll; amb ¼
0:2106þ 0:0026 Vamb

�
rTm
mgDT

�1
3

 
mTm

gDTCpk2r2

!1
3

(5)

Tm is the average between the collector surface temperature and
the ambient temperature. DT is the temperature difference
ric parameters.
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between the airflow in the collector and the environment. r, m, Cp
and k stand for density, dynamic viscosity, specific heat at constant
pressure, and thermal conductivity of air, respectively. Vamb is the
wind velocity.

The radiative heat transfer rate between the collector surface
and the sky can be assumed as the heat transfer by radiation from a
small object enclosed by a large surface [42]:

q}rad;2 ¼ sεcoll

�
Tcoll

4 � Tsky
4
�

(6)

where Tsky is the effective sky temperature.
The convective heat transfer between the ground and the

airflow inside the collector is given by:

q}conv;1 ¼hground; esc
�
Tground � Tao

�
(7)

where Tao is the average temperature of the air inside the collector.
The convective heat transfer coefficient between the ground sur-
face and the flow is given by Ref. [48]:

hground; esc ¼3:87þ 0;0022
�
VrCp
Pr

2
3

�
(8)

where Pr is the Prandtl number of the air inside the collector. V is
the average airflow velocity.

The radiative heat transfer rate between the ground and the
environment can be estimated by,

q}rad;3 ¼ tcoll sεground

�
Tground

4 � Tsky
4
�

(9)

tcoll is the infrared transmittance of the collector.
The temperature in a specific depth of the ground can be

determined by the solution of the one-dimensional unsteady en-
ergy conservation equation. Assuming the ground as a semi-infinite
solid [49], the temperature of the ground surface is given by
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Ref. [50]:

TgroundðtÞ¼ Tai þ
2ffiffiffi
p

p a0

kground

ðt
t0¼0

q}cond;0ðt0Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4a0ðt � t0Þp dt0 (10)

a0 is the thermal diffusivity of the ground.
The conductive heat transfer to the ground is given by

q}cond;0 ¼�kground
vTground

vx

����
x¼0

(11)

The convective heat transfer between the collector and the in-
ternal flow is given by:

q}conv;3 ¼hcoll; escðTcoll � TaoÞ (12)

where the convective coefficient between the collector and the
airflow hcoll; esc is given by Refs. [46e48]:

hcoll; esc ¼

�
f
8

�
ðRex � 1000ÞPr

1þ 12:7
�

f
8

�1
2�
Pr

2
3 � 1

�
�
k
dh

�
(13)

Rex is the Reynolds number in the collector and dh is the hy-
draulic diameter. Pr and k represent the Prandtl number and the
thermal conductivity of air, respectively. The Darcy friction factor f
is [51]:

f ¼ð1:82 log 10 Rex � 1:64Þ�2 Rex <3:4 x 106 (14)

The average temperature of the airflow at the system outlet is
given by [12].

Tao ¼
q}conv;1p

_m Cp

"
Rc2 �

�
Dt

2

�2
#
þ Tai (15)
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The mass flowrate is determined by adapting the model of [52]
for small solar chimneys [53].

_m¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2b

0gq}conv;1p3

8Cpao
Ht

"
Rc2 �

�
Dt
2

�2
#

4FyHt

Dt
5 þ

Fx
64

Rchc
3 þ 1

Dt
4

3

vuuuuuut (16)

b0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p
is the volumetric expansion coefficient. Fx repre-

sents the friction factor in the collector [51].

Fx ¼0:046 Rex�
1
5 (17)

Fy represents the friction factor in the tower

1ffiffiffiffiffi
Fy

p ¼1:5635 ln
�
Rex
7

�
(18)

The energy efficiency of solar chimneys, neglecting the turbine
efficiency, is given by [54].

hSP ¼
�ð _mCpðTao � TaiÞdt

AcolHo

	 �
Htg
CpTai

	
(19)

Acol represents the collector area, g is the gravity acceleration
and Ho is the extraterrestrial radiation on a horizontal surface.

The exergy efficiency is defined by the ratio of total exergy
output _Exout and input _Exin [23,24,55].

ε¼
_Exout
_Exin

(20)

The exergy input concerns the exergy flow rate due to the heat
transfer and to the airflow entering the system, and the exergy
output concerns the airflow leaving the system.

_Exin ¼
 
1� To

Tground

!
_Q þ _maijai (21)

_Exout ¼ _maojao (22)

_Q is the heat transfer rate through the ground, given by the First
Law of Thermodynamics, neglecting the energy utilization rate:

_Q ¼ _mao

" 
hao þV2

ao
2

!
�
 
hai þ

V2
ai
2

! #
(23)

To is the dead state temperature. jai and jao represent the outlet
specific flow exergy. hao and hai represent the specific enthalpies of
the airflow at the system outlet and inlet, respectively, and Vao and
Vai represent the airflow velocities at the system outlet and inlet,
respectively.

The inlet and outlet specific exergy flows are determined by
Ref. [56]:
39
jai ¼


Cp;ai þuaiCp;v

�
To

�
Tai
To

�1� ln
Tai
To

�

þ ð1þ1:6078uaiÞRaTo ln
Pai
Po

þ RaTo

�

�ð1þ1:6078uaiÞln
�
1þ 1:6078u0

1þ 1:6078uai

�
þ1:6078uai ln

�
uai

u0

�

�
	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b2 � 4ac
p

(24)

jao ¼


Cp;ao þuaoCp;v

�
To

�
Tao
To

�1� ln
Tao
To

�

þð1þ1:6078uaoÞRaTo ln Pao
Po

þ

þ RaTo

�
ð1þ1:6078uaoÞln

�
1þ 1:6078u0

1þ 1:6078uao

�

þ1:6078uao ln
�
uao

u0

�	
(25)

where Ra is the air constant, Po is the pressure in dead state, Pai and
Pao are the air pressure in the inlet and outlet, respectively. Cp,v is
the specific heat of the water vapor, and u0 is the specific humidity
of the flow in dead state.

3. Experimental setup

An experimental solar chimney system was installed and oper-
ated in Belo Horizonte, Brazil. Belo Horizonte has an Aw (Equatorial
savannah with dry winter) climate [57,58]. The dimensions of the
prototype were based on the device described by Refs. [9,24,59], on
a 1:5 scale. The experimental results from the prototype were used
to validate the mathematical model.

The tower was made with PVC tubes, to ensure a light and
resistant structure. To avoid thermal losses for the environment, it
was covered by an insulating material. The collector was made
using a thermodiffuser film, normally used in greenhouses. The
collector was kept elevated using vertical steel rods, with a diam-
eter of 3/8”. Since the diameter of the rods is small compared to the
airflow cross-sectional area, it was assumed that the interference of
the rods on the airflow is minimum.

The prototype was positioned on a blackened surface, to in-
crease the energy absorbed and increase the air temperature. The
absorptance of the ground surface was estimated at 97%. The
ground surfacewas treated to avoid themigration of humidity from
the ground to the airflow. Fig. 3 shows the system under con-
struction, in which the blackened ground surface, the tower
without thermal insulation, and the steel rods (before being cut)
can be seen. Fig. 4 shows the experimental prototype when ready.

The ambient conditions were monitored using data from a
meteorological station of GREEN PUC Minas, the research labora-
tory in which the system was installed. The evaluated parameters
are total and diffuse components of solar radiation, wind speed,
precipitation, humidity, and ambient temperature, using a Camp-
bell datalogger, CR1000 model, a Kipp & Zonen pyranometer CM
6 B model, an Eppley pyrheliometer Nip model, and a Vaisala
thermohygrometer, HMP45AC model. Solar radiation and ambient
temperature were measured outside the prototype. The outlet
airflow temperature was measured with a K-type thermocouple
positioned at the center of the system outlet, with an accuracy of
0.58 �C. The relative humidity was measured with two thermo-
hygrometers model HTR-157 (Instrutherm), with an accuracy of
0.1%. The first was positioned at the system inlet and the other, at



Fig. 3. Experimental prototype under construction.

Fig. 4. Experimental prototype.
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the system outlet, to ensure that the airflow was not absorbing
humidity from the ground. A schematic layout of the sensors is
shown in Fig. 5. An uncertainty analysis was carried out using the
methodology recommended by Moffat [60].
4. Results and discussion

The mathematical model was used to predict the hourly inci-
dent solar radiation and ambient temperature for each day of the
year, for the city of Belo Horizonte, Brazil. Based on these results,
the outlet temperature, the hourly ground surface temperature,
and the mass flowrate were predicted for a device with the same
geometry as the experimental prototype. Then, a thermodynamic
analysis was performed and the hourly exergy and energy effi-
ciencies were determined. The results of the airflow parameters
were compared to experimental data, and the results are shown for
one day at the beginning of Spring. Monthly average values are
shown for ambient and airflow parameters.
4.1. Model validation

To ensure the consistency of themodel, the experimental results
obtained in the built prototype are compared with the numerical
predictions of the ambient and airflow parameters obtained from
the developed model. The comparison of the numerical and
experimental ambient temperature is shown in Fig. 6, with the
incident solar radiation. Due to the high levels of solar radiation,
ambient temperature is high, reaching 33.5 �C (experimental data).
As expected, there is a discrepancy between numerical and
experimental data, attributed to the variation of the ambient con-
ditions fromyear to year. For this reason, the Typical Meteorological
Year (TMY) hourly ambient temperature for the day of the test is
also shown in Fig. 6. The general behavior obtained is similar to the
experimental results and the values are close, leading to the
conclusion that the model results can represent the expected
ambient temperature.

The ground surface is heated by the incident solar radiation, and
it heats the air under the solar collector, which creates buoyancy
forces that generate the airflow. Therefore, the ground surface
temperature is an important parameter of the airflow, and it is
presented in Fig. 7. The minimum and maximum differences
observed between numerical and experimental values were 0.4 and
8.3 �C, respectively, with an average value of 4.7 �C. Considering
that the ground surface temperature depends on the predicted
solar radiation and the ambient temperature, it can be assumed
that the ground surface temperature can be predicted by the pro-
posed model.

The heated air under the solar collector accelerates through the
Fig. 5. Schematic layo
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bottom of the tower, leaving the systems through the top of the
tower. The average outlet airflow temperature is higher than the
inlet temperature but lower than the ground surface temperature,
as can be seen in Fig. 8. The outlet airflow temperature behavior is
similar to the ground surface temperature. The model predicted
lower values for the airflow temperature compared to experi-
mental results, following the lower values predicted for the ground
surface temperature (Fig. 7). The numerical results from the airflow
temperature showed greater agreement to the experimental data
when compared to the ones for the ground surface temperature,
with minimum, maximum and average differences of, respectively,
0.3, 5.0, and 1.8 �C.
4.2. Ambient and airflow parameters

The ambient, ground surface and outlet temperatures obtained
were comparedwith experimental data for a specific day in October
(Figs. 6e8). The results for one year of simulation, on an hourly
basis, are shown in Figs. 9e11. It is observed a significant variation
of the temperatures during the day.

Fig. 9 presents the ambient temperature distribution
throughout the year. The yearly average was 23.9 �C, with mini-
mum and maximum values of, respectively, 13.0 �C and 35.1 �C.
During one day, it was observed a maximum variation of 15.7 �C.
Fig. 10 presents the outlet airflow temperature. The yearly average
was 27.4 �C, with minimum and maximum values of, respectively,
15.0 �C and 46.7 �C. During one day, it was observed a maximum
variation of 27.8 �C.

Fig. 11 presents the ground surface temperature distribution,
with a yearly average of 30.8 �C, and minimum and maximum
values of, respectively, 15.0 �C and 59.4 �C. The maximum variation
observed in one day was 40.8 �C. It is worth mentioning that the
temperatures were obtained considering also the night period.

The incident solar radiation is considered the fundamental
element of the solar chimney because it supplies the energy
required to drive the airflow. Only a portion of this energy is
absorbed by the ground surface and heats the airflow. Fig. 12 shows
the solar radiation absorbed by the ground surface (S) and the
ambient temperature, on a monthly average, based on the hourly
data obtained for a year. The absorbed solar radiation and the
ambient temperature are lower during the months from March to
August, which correspond to the autumn and winter months in the
southern hemisphere.

To allow better visualization, Fig. 13 shows the solar radiation
absorbed by the ground surface and the ambient temperature
variation during a specific day in October. The maximum value
observed was 647 W/m2. It is worth mentioning that the absorbed
solar radiation shown in Fig. 12 is lower than the peak of the
ut of the sensors.



Fig. 6. Validation of the ambient temperature.

Fig. 7. Validation of the ground surface temperature.
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incident solar radiation shown in Fig. 13 because it represents an
average value.

Fig. 14 presents the monthly average ambient, outlet airflow,
and ground surface temperatures. The inlet airflow temperature
equals ambient temperature. As expected, the ground surface
temperature is higher than the outlet airflow temperature, which is
higher than the ambient temperature. On average, the ground
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surface temperature surpluses the outlet airflow temperature in
3.4 �C, which surpluses ambient temperature in 3.5 �C. The ob-
tained values are lower than the maximum values in one day
because they represent an average of the values. As can be seen in
Figs. 6e8, for a specific day in October, theminimum andmaximum
ambient temperatures were 18.0 and 31.1 �C, the minimum and
maximum outlet airflow temperatures were 18.8 and 45.8 �C, and



Fig. 8. Validation of the outlet airflow temperature.

Fig. 9. Ambient temperature.
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the minimum and maximum ground surface temperatures were
18.9 and 55.4 �C, resulting in average temperatures of 26.2, 31.5,
and 34.4 �C, respectively, which are consistent with data from
Fig. 14. For the same day, on average, the ground surface temper-
ature surpluses the outlet airflow temperature in 7.1 �C, with a
43
maximum of 15.6 �C, and the outlet airflow temperature surpluses
ambient temperature in an average of 5.2 �C, with a maximum of
16.4 �C. The values are not equal, because data from Figs. 6e8 were
obtained for a single day, and data from Fig. 14 represent the
monthly average. Also, it is important to highlight that the behavior



Fig. 10. Outlet airflow temperature.

Fig. 11. Ground surface temperature.
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Fig. 12. Monthly averaged absorbed solar radiation and ambient temperature.

Fig. 13. Daily absorbed solar radiation and ambient temperature.
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of the temperatures is similar to the absorbed solar radiation, as
seen in Fig. 12.

The mass flowrate is an important parameter of the airflow
because it represents the potential power production or drying
rate. The airflow is generated by buoyancy forces, whichmeans that
the mass flowrate and the airflow velocity depend on the incident
solar radiation and the ground surface temperature. For a fixed
geometry, the higher themass flowrate, the higher the velocity. The
45
airflow velocity is highly dependent on the tower height, increasing
with the tower height.

The heat transferred to the airflow also depends on the incident
solar radiation and the ground surface temperature. The higher the
incident solar radiation, the higher the ground surface temperature
and the higher the heat absorbed by the airflow. Fig. 15 shows the
daily numerical results for the mass flowrate and heat transfer rate
for the same day of Figs. 6e8. It can be seen that the solar chimney



Fig. 14. Monthly averaged ambient and airflow temperatures.

Fig. 15. Daily heat transfer rate and mass flowrate.
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can generate a hot airflow even when there is no incidence of solar
radiation because part of the heat absorbed by the deeper layers of
the ground is released to the airflow during the night, ensuring a
continuous functioning of the system.

Although the velocity and the mass flowrate vary during the
day, the monthly average values did not suffer significant variations
through the year, as can be seen in Fig. 16, with a maximum
46
variation near 10%. The yearly average mass flowrate corresponds
to a velocity of 0.76m/s and a Reynolds of 1.1� 105, characteristic of
turbulent flow. Fig. 16 also shows the heat transfer rate received by
the airflow. The minimum values were obtained in May, when the
absorbed solar radiation is minimum, and the ambient temperature
is low, resulting in high thermal losses to the environment.



Fig. 16. Monthly averaged heat transfer rate and mass flowrate.

Fig. 17. Energy and exergy efficiency.
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4.3. Thermodynamic analysis

The energy and exergy analysis of the system requires the
knowledge of incident solar radiation, ambient, ground surface, and
outlet airflow temperatures. These values were obtained from the
mathematical model. Fig. 17 presents the monthly average energy
and exergy efficiency of the system. The energy efficiency was very
low, below 0.01%. This low value can be attributed to the small
47
dimensions of the prototype. The maximum expected energy effi-
ciency is 1% for devices up to 300 m [61], and the height of the
prototype is only 2.5 m. It was found an average exergy efficiency of
11%. This prototype was built in a 1:5 scale to the prototype of
[23,24]. For this system, the average exergy efficiency was about
20% when operated without load [24], and 27% when operated
drying bananas [23]. It is known that the exergy efficiency increases
with the chimney height [20], which can explain the lower values



Fig. 18. Energy rates.

Fig. 19. Exergy rates.
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found for the present paper. Also, when the system is operating
with no load and no turbines, the hot airflow generated is lost,
increasing the exergy losses and reducing the exergy efficiency.

To establish a correlation between the efficiency and the energy
and exergy losses, Figs. 18 and 19 present the energy and exergy
distribution. Fig.18 shows that the incident energy (100%) is used to
heat the ground (about 60%), heat losses (28%), and only 12% is used
48
to heat the airflow, which justifies the lower energy efficiency.
Fig. 19 shows that only about 13% of the exergy inlet is used by the
airflow. Since the airflow is not used to run a turbine or to dry any
products, most of the exergy is lost, and the exergy efficiency is also
low. These results show that there is a great improvement potential
in the system.
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5. Conclusions

In this study, a mathematical model of a small-scale solar
chimney is presented. The results were obtained for a full year of
simulation, on an hourly basis. It was possible to evaluate the daily
behavior of weather and airflow parameters, as well as monthly
averaged values of the same parameters.

Numerical predictions from the mathematical model were
compared to experimental results from a prototype designed and
built in Belo Horizonte, Brazil. The performance of the solar chim-
ney was assessed based on a thermodynamic analysis. In general, it
was concluded that the results of the mathematical model can
represent the parameters of the airflow, with the differences
attributed also to expected variations of the weather parameters.
The airflow parameters are strongly dependent on the weather
conditions. The absorbed solar radiation and the ground surface
temperature increase with the incident solar radiation. Since the
airflow is heated by the ground and generated by the buoyancy
forces, the outlet airflow temperature and the mass flowrate in-
crease with the solar radiation. The energy and exergy efficiencies
were low, but consistent with the dimensions of the prototype. The
energy efficiency is highly dependent on the tower height, and the
maximum expected value is 1%, for a solar chimney 300mhigh. The
exergy efficiency increases with the tower height, but the low value
can be also attributed to the fact that the hot airflow generated was
not used to drive a turbine or to dry agricultural products,
increasing the exergy losses.
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