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products will not reabsorb water from the airflow, by keeping the airflow temperayure
always higher than ambient temperature. A sustainable drying was accomplished with
the use of a the PV system to feed the fans and the electrical heater. The corn grains
were dried from a moisture content of 23% to 13% in 8.5 h, with average thermal and
drying efficiencies of 27% and 6%, respectively.
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1. Introduction

Cereal grains are able to provide more energy to humankind than other crops [1]. Among the
cereal grains, maize or corn is the leading cereal crop in terms of worldwide production and
consumption [2-3]. Much of it becomes livestock feed (human or animal), biofuel or other value-
added industrial products. World grain production is led by the United States, China, and Brazil. The
crops need to be harvest as soon as they reach maturity because they lose quality if left un-harvested.
In spite of massive production, postharvest losses during storage remain a significant challenge [4].
One of the most critical physiological factors to grain storage is its moisture content. Moisture
content in the growing crop is naturally high and starts to decrease as the crop reaches maturity.

Drying is the process of moisture removal, reducing water activity from a product and assuring
the microbial stability and guarantying the expected shelf-life of the product. The removal of
moisture allows the product to be stored for a long time without deterioration. Furthermore, the
processing of some products requires the reduction of the moisture content to lower values.
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When the corn reaches physiological maturity, its moisture content ranges from 30-38%.
According to Magalhdes and Durdes [5], harvesting should occur when corn reaches a moisture
content between 18 and 25%, if corn is submitted to drying processes before storage. The ideal
moisture content for corn storage should be less than 13.5% to interrupt the fungal growth, which
can cause deterioration of the grain, reduces the weight of grain, produces off-flavors and several
mycotoxins [4].

Open sun drying is an economical method used for drying and preservation of agricultural
products [6], but it has several limitations like the exposure of the products to rain, wind, moisture,
and dust; loss of productivity due to birds and animals and deterioration due to insect attacks and
fungi [7]. Dryers arise as an interesting alternative to reduce the drawbacks of open sun drying and
are classified into solar, artificial and hybrid dryers. The use of renewable energy sources to dry
agricultural products is a good approach. Most rural areas lack access to modern energy and are
either too far from the main cities or not connected to the centralized national grid [8]. Also, for many
farmers, it is too expensive to use electricity or fossil fuel to make crop drying in rural areas [9].
Among renewable sources, solar energy is a clean, cheap, effective and inexhaustible source [6],
becoming increasingly attractive to dry agricultural products [10].

Solar dryers use only the energy from the sun to perform drying, and the final quality of dried
products can be affected by the intermittence of climatic conditions, like solar radiation,
temperature, and relative humidity. The use of solar energy is important to reduce the consumption
of fossil fuels and has been studied by several researchers [11-13]. . Solar dryers are extensively
studied in the literature [14-23]. In artificial dryers, the drying airflow conditions can be controlled,
ensuring high final quality. Nevertheless, since drying is an energy-intensive process, the costs might
be unfeasible. Some artificial dryers are described by perious works [24-26].

According to Lamidi et al., [8], sustainable drying refers to the drying of an agricultural product
with little or no fossil. Hybrid dryers combine solar energy with a conventional or some auxiliary
source of energy as electricity, biomass or other fuel [6] to overcome the drawbacks of solar and
artificial dryers. Photovoltaic thermal systems were used [27-29], biomass was used [9], [30] and LPG
was used [31]. To the best knowledge of the authors, hybrid dryers using a PV system to generate
electric power to dry corn grains were not studied. The drying of corn was studied by a few authors,
but under different conditions than presented in this paper. In Rahmanian-Koushkaki et al., [32], a
hot air-infrared dryer was used to evaluate the grain moisture variation, for different inlet air
temperatures, infrared radiation intensities and modes of drying bed. Shelled corn was dried in a plug
flow fluidized bed dryer by Khanali et al., [33] at different dry solid mass flow rates, drying air
temperatures and weir heights, in order to use experimental data to validate a differential model of
the dryer. Corn kernel was dried using hot air by Wei et al., [34] to obtain experimental data to
validate three-dimensional drying models to describe the temperature and moisture distribution in
the germ and endosperm. Details about the dryer were not given by the authors. In this paper, it was
evaluated the drying of corn in a sustainable forced-ventilation solar cabin hybrid dryer. A solar
photovoltaic (PV) system was combined with the solar thermal collector to offset the shortcoming of
the solar system. A PV system feeds the forced ventilation fans and an electrical heater. Also, the PV
system was used to preheat the drying air before it reaches the solar collector, which was not
described in any paper. The thermal efficiency of the dryer was evaluated for the drying of corn
grains.
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2. Methodology
2.1 Material

The corn grains used in this study were obtained from Embrapa (Brazilian Agricultural Research
Corporation), cultivated in a farm in Sete Lagoas (75 km from Belo Horizonte), Brazil. The initial
moisture content of the grains was determined by placing a sample inside a stove (NI 1512 Nova
Instrument) for 24 hours, at 105°C, and measuring its initial and final weight using a digital balance,
as recommend by REEB and MILOTA [35]. The average initial moisture content was obtained to be
23% w.b. 16 kg of hybrid corn, hard type, in grains, were used in the experiment.

2.2 Experimental Prototype

The system is classified as a forced convection type. A schematic diagram is shown in Figure 1. It
consists of a solar collector, a drying chamber, fans, an electrical heater, and a PV system.

The dryer is 1800 mm long, 1000 mm wide and 500 mm high. It is structured in wood with a metal
housing of galvanized steel.

Drying chamber

Electrical heater

Solar collector or
absorber plate

Charge
controller

Photovoltaic module

Fans

Batteries

Fig. 1. Schematics of the dryer

The solar collector is positioned at the lower inner part of the structure, painted in black to
maximize the absorption of the incident solar radiation. The air is forced into the dryer by two fans
(of 5 W each) located at the dryer outlet. In order to ensure the system functioning during periods of
a low incidence of solar radiation or at night, an electrical heater was installed inside the dryer, below
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the trays. A system comprised a PV system, a charge controller and two batteries to feed the fans
and the electrical heater, allowing the system to operate without any input of external electricity.

The airflow is forced by the fans and the air enters the dryer through a rectangular screened
opening. An electrical heater of 60 W was installed at the end of the plate, under the lower trays. It
operates only to avoid moisture reabsorption by the corn. When there is little or no solar incidence,
and the airflow temperature decreases below ambient temperature, the electrical heater is triggered
and heats the drying airflow. The grains are placed in trays inside the drying chamber. After passing
over the drying chamber, wet air leaves the system through a circular tube.

2.3 Experimental Procedure

The solar drying system was installed at CEFET-MG, Belo Horizonte (20°S latitude and 44°W
longitude). The city has great solar energy potential, with an annual mean temperature between 20-
22°C [36] and a yearly average daily total radiation of 16 MJ/m? day [37]. The drying system was
housed on the roof of a building of CEFET-MG, in a flat and unshaded surface, and supported by a
metallic structure, which prevents its contact with the floor humidity. The solar collector surface was
tilted 20° (equals local latitude) and faced north, to maximize the incident irradiation throughout the
year [38]. The experiments were performed on September 26, 2018, corresponding to the spring
equinox in the southern hemisphere, starting at 7:30 AM and lasting 24 hours. The electrical heater
operated only from 5:30 PM to 7:30 AM, when the incidence of solar radiation was low. 16 kg of corn
grains were dried during the experiment. For comparison, open sun drying was performed at the
same time. The temperature of the air in different locations of the drying system was measured with
K-type thermocouples during the experiments. The relative humidity of air at the inlet and outlet of
the dryer was measured with a thermo-psychrometer (AKSO, AK174 model). The velocity of air at the
outlet was measured with an anemometer (ICEL, NA-4870 model). The incident solar radiation was
measured with a pyranometer (Hukseffux thermal sensor, SR05, DA2 model). The samples of corn
were weighted with a digital electronic balance (Toledo, 9094 model, 6 kg of capacity and 1g of
accuracy). The uncertainty analyses were performed based on the following equations, according to
researchers [39], and also described by references [40-41].

The arithmetic mean of the measurements Xn is given by

Xm =<2 X; (1)

N is the number of measurements, X; is the ith measurement of the parameter.
The standard deviation s is given by

s= |y 27 —X2) (2)

The sensitivity a is given by

1
a= (3)

The uncertainty U is given by:

U=YR a? s? (4)
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2.4 Mathematical Model

The energy analysis of the drying system was accomplished based on mass and energy
conservation equations [42]. The basic data requirements were given by experimental data. The mass
conservation equation can be expressed as

(mda)in = (mda)out = Mgq (5)

(mstHzo)in + (mStHZO)p = (mStHZO)Out or WipnMgq + (mstyzo)p = WoutMgq (6)

where Mayq , (mda)in ’ (mda)out ’ (mstHzo), ’ (mstHzo)
in out

the mass flow rate of the dry air, of the dry air at the inlet and outlet of the drying system, of the
humidity at the inlet and outlet of drying system inlet, and of the humidity of the product [kg/s]. w;,
and w,,,; represent the air absolute humidity at the inlet and outlet of the drying system, respectively
[kg of water/kg of dry air].

Neglecting the mechanical work in the process, the first law of thermodynamics can be expressed
as:

and (mstHzo)prepresent, respectively,

O=Q+Zinrh(h+%v2+gz)—20utm(h+%v2+gz) (7)

where Q is the heat transfer [W], m is the air mass flow rate [kg/s], h is the specific enthalpy [J/kg],
%vz the specific kinetic energy [m?/s2] and gz the specific potential energy [m?/s?]. It is worth noting

that, although some authors [42-43] neglect the effects of kinetic and potential energies on their
analyses, in this study they were not neglected.

The heat transfer inflow refers to the solar radiation transferred to the system by (a) the PV
system (b) the absorber plate and (c) the top surface of the drying chamber.

The thermal efficiency is the ratio of the energy expended to the energy supplied and is given by

) 1 ) 1
_ Zoutm(h+5v2+gz)—2inm(h+5vz+gz)
M= (Am+Aq+Ac)G

x 100% (8)

where A,,,, A, and A, represent, respectively, the areas of the PV system top surface, the glass top
surface of the absorber plate and the glass top surface of the drying chamber [m?] and G is the solar
irradiation [kW/m?]. The energy supplied refers to the solar radiation on the PV system, absorber
plate and drying chamber.

The drying efficiency is the ratio of the energy used to evaporate the product moisture to the
energy supplied, given by Fudholi et al., [20]

_ MHy20L 0
M = [(Am+Aq+Ac) G dt X 100% (9)

where my,, is the water mass removed from the product [kg] and L is the water vaporization latent
heat [kJ/kg].
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The initial wet basis moisture content of the corn can be expressed as [44]

_ (msp)—(msp), v

W,
P (msp) i

100 (10)

where (msp)i and (msp)e represent, respectively, the initial and final mass of the sample placed in

the oven [kg].
The instantaneous wet basis moisture content is given by Ferreira et al., [25]

(mp)i

(mp) x

W, = 100 — (100 - Wsp)] (11)
where (mp)i and (mp)x are, respectively, the initial and the instantaneous product mass [kg].

The specific moisture extraction rate (SMER) is given by Stawreberg and L. Nilsson [45] and
Darvishi et al., [46].

SMER = TwiTwo (12)

Qtot

where mwi and mwo represent, respectively, the mass of the product in the beginning and end of ghe
drying process and Qiot represent the total energy supply.

3. Results

The drying experiments were performed during the Spring equinox (September 26th). The
variations in solar radiation and ambient temperature are shown in Figure 2. The maximum solar
radiation recorded was (1020 +11) W/m?, recorded at 12:00, and the average solar irradiance was
680 W/m? . The ambient temperature ranged from 27-33°C, with an average value of 30°C.

1200 40

—8—Solar Radiation

1000 - O—Ambient temperature L 35

800 - r 30

r 25

r 20

Solar Radiation (W/m?)
Temperature (°C)

F 15

T T T T T T 10
7:30 9:00 10:30 12:00 13:30 15:00 16:30

Solar hour
Fig. 2. Solar radiation and ambient air temperature variation with time
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Figure 3 and 4 present the inlet and outlet temperature and relative humidity variations during
the experimental tests. The outlet air temperature varies in accordance with the variation of ambient
temperature and solar radiation, and, as expected, temperature and relative humidity showed
opposite trends. It was observed that the temperatures increased continuously until approximately
2:30 PM. The maximum temperature difference between outlet and inlet (ambient) temperature was
26°C. Until 5:30 PM, the increase in the outlet air temperature was provided only by the solar
radiation incident on the absorber plate and on the drying chamber. After 5:30 PM, the electrical
heater was on, and if the airflow temperature drops below ambient temperature, it heats the airflow,
ensuring that the airflow relative humidity is always lower than ambient relative humidity and that
the corn does not reabsorbs water. At night, when there is no incidence of solar radiation, the
ambient and airflow temperatures decrease and the relative humidities increase.

70

a— Ambient air temperature
60

—e—Qutlet air temperature

w
=]

.
S

Temperature (°C)

07:30
09:30
11:30
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15:30
17:30
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03:30
05:30
07:30

Solar hour

Fig. 3. Inlet and outlet air temperatures variation with time

100

—e— Ambient air rel ative humidity

O Outlet air relative humidity

80

o
DDDDDDDDDDDDD
g8 =]

Relative humidity (%)

0 T T T T T T T T T T T
07:30 09:30 11:30 13:30 15:30 17:30 19:30 21:30 23:30 01:30 03:30 05:30 07:30

Solar hour
Fig.4. Inlet and outlet air relative humidity variation with time
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The drying experiment with corn was carried out by drying 16 kg of corn grains. The corn was
dried in 8.5 h from the initial moisture content of 23.0% (w.b.) to the final desired moisture content
of 13% (w.b.), as seen in Figure 5. The final moisture content represents equilibrium moisture
between the corn and the drying air, beyond which any changes in the mass of corn could not occur
[22]. It can be seen that the sample exposed to natural sun drying was not able to reach the desired
moisture content of 12.6% in 24 h of tests. The shorter drying time in the dryer occurred as a result
of increased heat supply to the product, which got energy from the PV module, the collector and
incident solar radiation, while the samples exposed to natural sun drying got energy only from the
incident solar radiation. The drying rate of the natural sun drying decreased when the moisture
content reached 16% (w.b.), because the corn presented reduced humidity, requiring a higher
thermal input to remove more water from the products.

—+—Solar dryer

Natural drying

19

16

13

Moisture Content - wet basis (%0)

10
0 1 2 3 4 5 6 7 8 9 10 24

Drying time (h)
Fig. 5. Drying curves

Time-dependent change of thermal efficiency of the system is shown in Figure 6, together with
the incident solar radiation. Since the experiment was performed on a clear day, solar radiation and
thermal efficiency did not present significant fluctuations. Thermal efficiency varied in accordance
with incident solar radiation and airflow temperature, since, for a constant airflow velocity, higher
air temperature results in higher thermal efficiency [47]. It can be noticed a sudden increase on the
thermal efficiency at the end of the day, due to the resuction of incidentsolar radiation. According to
Eq. (7), thermal efficieny is affected both by the enthalpy difference between outlet and inlet air and
incident solar radiation.At the end of the day, the incident solar radiation decreased, but the thermal
inertia of the system enabled the airflow to remain heated, still creating a high enthalpy difference.
Combining high enthalpy differences to low solar radiation, high efficiency is found.
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Fig. 6. Thermal efficiency variation with time

The minimum thermal efficiency was (10.6 + 0.6) % and the maximum thermal efficiency was (92
+ 6)%, with an average value of 26.8%. The average drying efficiency was (6.1 + 0.1) % when the
moisture content was reduced from (23.0 + 0.5) % to (12.6 £ 0.1) %. The specific moisture extraction
rate was 1.3 kg/kWh. This value is consistent with experimental data reported in the literature. No
information was found for this SMER for corn drying, but values ranging from 0.12 to 1.28 kg/kWh
were found for general hot-air drying, 0.72-1.2 for vaccum drying and 1.0-4.0 for heat pump drying
[48]. Also, SMER ranging from 0.65 to 1,75 were found for drying of apple, guava and potato [49].
Higher SMER values indicate an efficient drying process with low energy losses. Increasing the air
velocity and the amount of products inside the dryer can improve the SMER [50].

4. Conclusions

In this study, we evaluated a sustainable forced-ventilation solar-cabin hybrid dryer. Corn grains
were dried successfully in the dryer, and energy analysis of the drying process was performed. The
experimental results indicated that:

i.  The solar dryer was able to operate continuously without any external power input. The

PV system fed fans and, when needed, the electrical heater.

ii.  The average thermal and drying efficiencies were about 27% and 6%, respectively, at the
average solar radiation of about 680 W/m? and average ambient temperature of 30°C.

iii.  There was observed a high thermal efficiency at the end of the day, caused by the thermal
inertia of the system, which kept the airflow with a higher temperature difference related
to inlet temperature, when the incident solar radiation decreased.

iv.  The maximum temperature increased in the system was 27°C.

v.  The results of the study showed that the dryer can be used in small farms, located away
from the electricity grid.
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