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a b s t r a c t

This paper presents a thermodynamic analysis of the drying of bananas inside a small-scale prototype
solar updraft tower in Belo Horizonte, Brazil. A model based on the first and second laws of thermo-
dynamics was developed, using the ambient conditions and airflow parameters data obtained in the
experimental prototype. The exergy rates were determined, and it was concluded that the incident solar
radiation plays an important role on the drying process of bananas, the higher the solar radiation, the
higher the exergy rates. The exergetic efficiency was compared to that obtained without products inside
the solar updraft tower, and it was found that the exergetic efficiency increased from about 20% to 27%
with load.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

With the rapid consumption of fossil energy and changes to the
global climate, renewable energy technologies have become
important. Solar updraft towers represent a possible use of solar
energy to generate a solar induced convective airflow. The basic
idea of the device is to combine the greenhouse and the chimney
effects. It consists of three main components: a solar collector, a
tower, and wind turbines. The incident solar radiation heats the soil
under the collector, which heats the air. Through buoyancy forces,
the hot air rises and flows into the chimney. The air updraft can be
used to drive wind turbines connected to an electrical generator.

The first prototype was built in Manzanares in 1981/1982 and
proved to be reliable and technically viable [1]. Since Manzanares
project, several studies have been conducted, both experimentally
and theoretically. Several experimental prototypes were built in
Iran. Najmi et al. [2] evaluated the use of different materials at the
collector bottom in order to produce more power in a large-scale
power plant, and small-scale devices were studied by Ref. [3],
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�omez), janainajocs@hotmail.
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who studied a pilot scale 12 m high built in University of Zanjan,
and by Ref. [4], who described a 2 m high device in Tehran. Among
theoretical studies, analytical and numerical models were found in
literature. The first theoretical model to predict the efficiency of a
solar updraft tower is attributed to [5], who found a value of 1% for a
height of 1000 m, and concluded that the device should be used for
large scale power generation. Later, some analytical studies were
developed to predict the performance of the device, validating the
results by comparison with the Manzanares prototype [6]. evalu-
ated the effects of the collector radius and chimney height on the
power output [7]. estimated the power output and temperature
configuration of the collector with and without a water storage
system [8]. established a theoretical model for the diurnal behav-
iour of the incident solar radiation and the annual performance of a
100 MW solar chimney in Sinkiang, China [9]. evaluated the per-
formance of solar chimney power plants in selected locations in
Iran using a general and simplified mathematic model [10].
developed an analytical model to predict the exergetic losses and
the exergetic efficiency of a solar chimney, based on experimental
data from a small prototype built in Brazil [11]. developed a simple
mathematical model for the performance of a solar chimney, as
well as an economic analysis. The purpose was to investigate the
feasibility of the technology under North Cyprus conditions, for the
production of 30MW. Numerical models were developed to predict
the performance and main parameters of the airflow inside a solar
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updraft tower. The Manzanares project was used as a reference to
validate the numerical results in Refs. [12e15]. Small scale devices
were used as a reference in other works, such as [16e18]. Economic
analyses were developed, as cited by Refs. [6, 19 and 20].

The original project was modified to incorporate innovative
technologies. The solar updraft tower was used combined with
geothermal sources ([19, 21 and 22]) and cooling towers to increase
the thermal efficiency of a Rankine cycle ([23, 24]). The device was
also used integrated with sea water desalination [25]. A novel solar
updraft tower prototype was proposed by Ref. [26], consisting of a
transpired solar collector, which uses metal in place of the tradi-
tional glazing covers. Ambient air enters through millions of per-
forations along the entire surface of the collector, not from the open
perimeter.

Since the conversion efficiency of the solar energy into electric
energy is very low, large structures are required to generate power
at competitive prices [27]. Small devices can be used for other
purposes, such as drying agricultural products [28] or natural
ventilation [29]. Drying is the process of removing moisture from a
product that is an essential process in the conservation of agricul-
tural products and can be done in several ways. The use of solar
radiation for drying is one of the oldest applications of solar energy
[30]. Solar dryers used in agriculture for food and crop drying have
proved to be very useful devices from the energy conservation
point of view [31, 32]. present the state of various kinds of solar
dryers widely used nowadays and the related technologies that can
help improve existing solar dryers [28]. suggested the use of a
small-scale solar updraft tower to dry agricultural products. The
authors performed drying tests on coffee grains, bananas, and to-
matoes and concluded that the device was technically viable. The
drying of bananas, one of the major tropical fruits, is performed not
only for preservation purposes, but also for modification in taste,
flavour and texture to increase market value of the product [33]. In
the literature, several works can be found on the drying of bananas,
both experimental ([34e36]) and mathematical ([37, 38]).

According to [39], the use of energy as a parameter to identify
and measure the benefits of energy systems can be misleading and
confusing. Exergy analysis plays a vital rule in optimising drying
conditions and improving the performance of drying systems [40].
Exergy can provide more useful and meaningful information, since
it clearly identifies efficiency improvements and reductions in
thermodynamic losses. Using exergy analysis, based on the first and
second laws of thermodynamics, it is possible to infer the true
potential of different kinds of energies [41, 42]. state that the per-
formance of a drying system or drying process can be efficaciously
tested and losses occurred in the components of energy systems
can be separately evaluated through exergy analysis method. Most
of the recent works developed on dryers make use of energy and
exergy analysis ([43e47]). Also, the exergy analysis can be used to
reduce the environmental impact of drying systems [48]. It has
been shown [49] that an increase in exergy efficiency decreases the
environmental impact and increases sustainability and vice versa.

According to [50], about 40 worth-noting experimental studies
regarding solar updraft towers were developed, most related to
small-scale devices. Although large structures are required to
ensure high efficiencies, the studies were conducted to evaluate the
solar updraft for power generation. This paper deals with the use of
the airflow generated to dry agricultural products, which justifies
the small dimensions of the device. An analysis of the thermody-
namic behaviour of a solar updraft tower without load was per-
formed by Ref. [10]. The authors presented an energetic and
exergetic analysis of the airflow and concluded that the exergetic
efficiency was very low, because the airflow generated was not
used to drive a wind turbine or to dry agricultural products. In this
paper, an energetic and exergetic analysis of the drying of bananas
inside the same prototype solar updraft tower, located in Brazil, is
presented. The use of the solar updraft tower to dry agricultural
products is an innovative idea, as well as the exergetic analysis of
the airflow inside the device.

2. Experimental methodology

An energetic and exergetic analysis of the airflow during the
drying of bananas inside a solar updraft tower was performed.
Environmental conditions and airflow parameters were monitored
during four days of tests, in Brazil's spring. The bananas' drying was
performed inside an experimental set-up constructed at the Fed-
eral University of Minas Gerais, Belo Horizonte, Brazil. The city has
great solar energy potential due to its location (20�S latitude), with
a yearly average daily total radiation of 16 MJ/m2.day [51]. The
experimental set-up of the solar updraft tower studied is shown
schematically in Fig. 1, and there is a photograph of it in Fig. 2.

The total solar radiation incident on the solar updraft tower was
measured using an Eppley Black and White Pyranometer Model
8e48. The temperatures were measured using K-type thermocou-
ples, with the sensors positioned to measure ambient, ground, and
outlet temperatures. Relative humidities (ambient and at the
outlet) were measured using capacitive psychrometers, and the
velocity in the tower outlet was measured using a Homis propeller
anemometer. Measure points are illustrated in Fig. 3. After
installing the sensors, the systemwas left to operate under normal
weather conditions, and all measurements of the airflow were
taken once every 10 min.

In order to predict errors and uncertainties, an uncertainty
analysis was performed using the method described by Ref. [52].
The uncertainties of the sensors, based on the measured data, are
presented in Table 1 with a confidence interval of 95%.

Drying tests of whole bananas inside the solar updraft tower
were performed. Before beginning the drying tests, the products
received a pretreatment and were divided into three samples. The
first sample was used to assess the initial moisture content, the
second was submitted to natural sun drying and the third sample
was dried inside the device. The bananas were put to be dried on
trays under the solar collector. The initial moisture content was
372% in a dry basis (d.b.) (corresponding to 79% inwet basisew.b.).
The time required for the bananas to achieve the final desired
moisture content of 24% d.b. (corresponding to 20% in w.b.) was
139 h. Further details can be seen in Ref. [28].

3. Energy and exergy analyses

The science of thermodynamics is built primarily on the first
and the second laws of thermodynamics. The first law deals with
the quantity of energy and asserts that energy cannot be created or
destroyed. The second law deals with the quality of energy and is
concerned with the degradation of energy during a process, en-
tropy generation, and the lost opportunities to do work [53]. The
general energy and exergy analysis, developed according to the
literature models ([54], [55], [10]), are given below.

3.1. Energy analysis

The mass and energy balances for any control volume at steady
state can be expressed as follows:

_mai ¼ _mao (1)

where _mai and _mao represent the inlet and outlet mass flow rates,
respectively.

The mass conservation for the moisture can be rewritten in



Fig. 1. Schematic of the prototype.

Fig. 2. Photograph of the prototype solar updraft tower.

Fig. 3. Measure points.

Table 1
Uncertainty values associated with the measured values.

Global uncertainty

Solar radiation 5%
Temperature 1.1 �C
Relative humidity 6%
Velocity 6%
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terms of the mass flow of the moisture from the ground, _mmp, and
the inflow and outflow specific humidities, uai and uao, respec-
tively, as:

_maiuai þ _mmp ¼ _maouao (2)

The net heat rate, _Q ; can be determined through a general en-
ergy balance.
_Q ¼ _mao

 
hao þ V2

ao
2

!
� _mai

 
hai þ

V2
ai
2

!
(3)

The energy utilization rate is neglected, since there is no turbine
in the system. Vai and Vao represent the air velocity in the inlet and
outlet of the system, respectively. The specific enthalpies of the air
in the inlet and outlet, hai and hao, were determined using the
functions available in the EES (Engineering Equation Solver)
software.

The thermal efficiency for the solar collector can be determined
by Ref. [36].

h ¼ _macpðTao � TaiÞ
AcI

(4)

_ma is the mass flow rate of the dried air, Tai and Tao are the air
temperatures in the inlet and outlet, respectively. Cp is the specific
heat of the air, Ac is the collector area and I is the incident solar
radiation.
3.2. Exergy analysis

The general exergy balance can be written as follows:

X
_Exin �

X
_Exout ¼

X
_Exlost (5)

In equation (5), _Exin, _Exout , and _Exlost represent the exergy inflow,
outflow, and loss, respectively. This equation can be also expressed
as:

_Exheat � _Exwork þ _Exmass;in � _Exmass;out ¼ _Exlost (6)

With the exergy flow rate due to the heat transfer given by:

_Exheat ¼
�
1� To

Tk

�
_Q (7)

_Q is the heat transfer rate through the boundary at temperature Tk
at location k, and is the ground temperature. To represents the dead
state temperature. For the system considered, the exergy rate due
to work interactions _Exwork can be neglected.

The exergy inflow _Exmass;in is only due to the airflow entering
the system, and the exergy outflow _Exmass;out is due to the airflow
leaving the system and the water removed, _Exw.

_Exmass;in ¼ _maiJai (8)

_Exmass;out ¼ _maoJao þ _Exw (9)

where:



Fig. 4. Extraterrestrial radiation and incident solar radiation on the device.
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_Exw ¼ _mmpJwo (10)

Therefore, the exergy outflow is:

_Exmass;out ¼ _maoJao þ _mmpJwo (11)

The inlet and outlet specific flow exergies are calculated ac-
cording to [56]:

Jai ¼
�
Cp;ai þ uaiCp;v

�
To

�
Tai
To

� 1� ln
Tai
To

�

þ ð1þ 1:6078uaiÞRaTo ln
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�
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�
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(12)
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where Ra is the ideal air constant, Po is the dead state pressure, Pai
and Pao are the air pressure in the inlet and outlet, respectively, and
Tai and Tao are the air temperatures in the inlet and outlet,
respectively. Cp,v is the specific heat of the water vapour, and uo is
the specific humidity of the flow in dead state.

The outlet specific flow exergy of the water, considered as an
incompressible substance, assuming the air and water leave the
system at the same temperature, Tao, is given by:

Jwo ¼ C
�
Tao � To � To ln

Tao
To

�
(14)

In the previous equation, C is the specific heat of water.
Therefore, exergy loss is given by:

_Exlost ¼
�
1� To

Tk

�
_Q þ _maiJai � _maoJao � _mmpJwo (15)

The exergy efficiency ε is defined as the ratio of total exergy
output to total exergy input:

ε ¼
_Exout
_Exin

¼ 1�
_Exlost
_Exin

(16)

Exergy is always evaluated with respect to a reference envi-
ronment, the dead state. When a system is in thermodynamic
equilibriumwith the environment, the state of the system is called
the dead state due to the fact that the exergy is zero. According to
[54], dead state is an arbitrary reference state. When the dead state
conditions are variable, the reference state may be defined as
constant or variable. The analysis performed using the time-
varying environmental temperature as the dead state tempera-
ture provides more realistic exergy analysis results than using a
constant value [57].
4. Results and discussion

Fig. 4 presents the experimentally measured solar radiation
incident on the device (total and diffuse components). For com-
parison, the extraterrestrial radiation calculated for each day is
shown. It can be seen that the total and diffuse components of the
solar radiation presented significantly lower values than the
extraterrestrial radiation on the first and second days. Fig. 5 pre-
sents a comparison between data experimentally obtained in this
work and experimental values from the literature [59] for the city of
Belo Horizonte, Brazil, and it can be seen that both data sets have
similar values. Sinda (Integrated Environmental Data) is a system of
the Brazilian government that provides historical environmental
data for several cities.

The air enters the system at ambient temperature. The inlet and
airflow temperatures are directly related to the incident total solar
radiation on the device, as can be seen in Figs. 4 and 6. On the first
and second days, lower temperatureswere recorded, since the solar
radiation was lower. As expected, higher temperatures were found
during the middle of the day, when the solar radiation is highest.
Also, the ground surface temperature is higher than the outlet
temperature, which is higher than inlet temperature.

When products are placed to be dried inside the solar updraft
tower, it is important to monitor the relative humidity, since the
amount of water removed from the products is affected by the
ambient relative humidity: the lower the relative humidity, the
higher the amount of water removed. Fig. 7 presents the ambient
relative humidity for the drying tests, as well as ambient temper-
ature. As expected, it can be seen that they behaved inversely;
when the ambient temperature increased, relative humidity
decreased. Furthermore, it can be seen that the solar radiation plays
an important role on the behaviour of the relative humidity. Higher
solar radiation levels result in lower relative humidity.

When drying processes are being studied, evaluating the
behaviour of absolute humidity is important. Fig. 8 presents the
absolute humidity at the inlet and outlet of the solar updraft tower.
It can be seen that the outlet humidity is always higher than the
inlet humidity, which indicates the device was able to remove
water from the products. Fig. 8 also shows the difference between
outlet and inlet humidities, which indicates the efficiency of the
tower. By comparing Figs. 6 and 8, it can be seen water removal is
higher when the airflow temperature is higher.

The airflow is generated by buoyancy forces caused by tem-
perature gradients. Therefore, higher velocities andmass flow rates
are obtainedwhen higher solar radiation is available. Fig. 9 presents
themass flow rate inside the solar updraft tower. It can be seen that



Fig. 5. Comparison between experimental data and literature data.

Fig. 6. Inlet, outlet, and ground surface temperatures.

Fig. 7. Ambient temperature and relative humidity.

Fig. 8. Inlet and outlet specific humidity.

Fig. 9. Mass flow rate of the airflow in the chimney.

Fig. 10. Heat transfer rate absorbed by the airflow.
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the higher values are found for the third and fourth days, when
solar radiation and temperatures are higher. Moreover, it is worth
noting that the solar updraft tower is able to generate a hot airflow
even at night, when there is no incidence of solar radiation incident.
When the temperature of the airflow is higher than the tempera-
ture of the deeper layers of the ground, the heat is transferred to the
ground, and stored. At night, when the temperature of the airflow is
lower, the heat is transferred in the opposite way [27]. Therefore,
the airflow temperature is higher than ambient temperature (Fig. 6)
and there is an uninterrupted functioning of the device.

Based on experimental data, it was possible to determine the
total heat absorbed by the airflow (Eq. (3)), which is presented in
Fig. 10. This heat followed the same general behaviour as the other
parameters, higher when there is a higher incidence of solar
radiation.

Bananas were put inside the solar updraft tower to be dried. The
bananas required approximately 139 h to reduce the initial mois-
ture content from 372% to 24% (dry basis). During the drying period,
the daily ambient air temperature and relative humidity averages
were (24.5 ± 1.1)�C and (61 ± 4)%, respectively, and the average
solar radiation was (459 ± 23) W/m2 at a mass flow rate of
(1.4 ± 0.1) kg/s, as shown in Figs. 4, 6 and 7. A plot showing the
drying of the bananas is shown in Fig. 11 along with one for natural



Fig. 12. Exergy rates as a function of drying time.

Fig. 13. Exergy losses by the airflow as a function of drying time.
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sun drying. It is observed that the products exposed directly to the
sun required 178 h to achieve the same final moisture content of
24% (d.b.).

The collector efficiency was about 12%, for an average solar ra-
diation of (459 ± 23) W/m2, and average inlet and outlet temper-
atures of (24.5 ± 1.1)�C and (29.1 ± 1.1)�C, respectively [36]. used an
indirect type solar dryer for banana drying, and reported a collector
efficiency of 31.50%, for an average solar radiation of 724W/m2, and
average inlet and outlet temperatures of 42 �C and 62 �C, respec-
tively. The smaller value obtained in the solar updraft tower can be
attributed to the larger collector area used in the efficiency equa-
tion and to the lower values obtained for incident solar radiation
and, therefore, airflow temperature [33]. used a PV-ventilated solar
greenhouse dryer to dry bananas. The bananas took 4 days to
reduce the relative humidity (wet basis) from 70% to 24%, with solar
radiation levels varying from 198W/m2 to 1080W/m2. Considering
that this dryer used three DC fans operated by a 50 W PV module,
and the airflow in the solar updraft tower was generated only by
natural convection, the solar updraft tower presented good results.
In this device, the bananas required 139 h to reduce the relative
humidity (wet basis) from 79% to 20%.

The exergy rates over the time can be seen in Fig. 12. The
behaviour of the exergy rates was a consequence of the changes in
the incident solar radiation and the resulting heat transfer rates. For
the first and second days, the incident solar radiation was very low,
resulting in lower exergy rates. It can be also noticed that the most
significant term is the exergy rate due to the heat transfer. The
water removed from the bananas was small, resulting in low values
for the exergy rate due to the water removed, not representative
when compared to _Exheat . and _Exout . Since the dead state temper-
ature is the inlet (ambient) temperature, the exergy inflow is al-
ways null.

The lost exergy is the difference between inlet and outlet exergy
flows. As can be seen in Fig. 13, the general behaviour is similar to
that of the exergy rates, with lower values for the first and second
days.

According to [30], during the drying of any product, the drying
rate usually has three different phases: an initial constant-rate
period, a falling rate period, and the second part of falling rate
period. In the second and third parts, the drying rate decreases and
a lower amount of energy is used to dry the products. In the third
and fourth days, most of the water had already been removed, and
the drying rate was decreasing. Since less energy was used, the
exergy lost increased.

Exergy efficiency is an indicator of the quality level of the con-
verted energy. According to [58], this parameter for solar systems is
Fig. 11. Comparison of drying curves of bananas dried inside the solar updraft tower
and natural sun drying.
highly dependent on the daily solar radiation and the radiation
intensity. Fig. 14 presents the exergy efficiency of the drying pro-
cess. It can be seen that the efficiency is higher for the first and
second days, when the solar radiationwas lower. It should be noted
that this happened evenwhen the solar radiationwas higher on the
last two days.

The efficiencies obtained for the drying of bananas inside the
solar updraft tower can be compared to the efficiencies obtained
without any load inside the device, presented in Ref. [10]. In the
first work, an average efficiency value of 20% was found for an
average total solar radiation value of (17.5 ± 0.9) MJ/m2.day. In the
present work, an average value of 27.3% was found for an average
Fig. 14. Exergy efficiency of the drying process as a function of drying time.
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total solar radiation value of (20.1 ± 1.0) MJ/m2.day. When the solar
updraft tower is operating with no load, the hot airflow generated
was not used to dry any products or to drive a turbine, thus it was
lost, reducing the exergy efficiency. When the bananas were put
inside the device, part of the energy was used to dry the products,
reducing the exergy losses and increasing the exergy efficiency.

5. Conclusions

An energetic and exergetic evaluation of the drying of bananas
inside a solar updraft tower was performed. Ambient parameters
were evaluated in order to determine their influence on the exergy
rates, exergetic efficiency and on the drying and the heat trans-
ferred to the airflow. The incident solar radiation plays an impor-
tant role in the process, since it is the driving force in generating the
hot airflow. The higher the solar radiation, the higher the airflow
temperatures and mass flow rates, and the higher the heat transfer
rates and the water removed by the solar updraft tower.

The performance of the solar updraft tower as a dryer was
compared to other dryers. It was found that the collector efficiency
presented lower values, attributed to the lower levels of solar ra-
diation incident during the tests and to the larger collector area,
when compared to usual dryers. Furthermore, the drying time was
compatible to dryers assisted by PV modules.

The average exergetic efficiency was 27% at an average solar
radiation level of about 450 W/m2 and an ambient temperature of
24.5 �C. The average airflow temperature and mass flow rate were
29 �C and 1.4 kg/s, respectively. The airflow temperature reached a
maximum of 51 �C. It was compared the exergetic efficiency of the
drying process with the exergetic efficiency of the solar updraft
tower operating without load, and it was observed a significant
increase in the exergetic efficiency, from 20% to 27%.
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