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Abstract: Freshly harvested corn contains high moisture content, thereby requiring a drying process
to prevent quality degradation. This research aimed to improve the conventional drying process by
adding an air dehumidification process with solid desiccant. Corn grains were dried at various
temperatures (40, 50, 60, and 70 °C) and two airflow rates (10 and 15 m/s) at a 20-25 kg capacity. As
indicators, the drying time required and energy consumption were evaluated. Research showed that air
dehumidification was able to shorten the drying time, thereby reducing energy consumption and carbon
emissions. At a low drying temperature (50 °C), air dehumidification showed a higher impact on
moisture removal and shortened the drying process. Furthermore, the techno-economic aspect was
evaluated. The research showed that the drying process with an adsorbent was most efficient at 40 °C
and an air velocity of 15 m/s. In this condition, the benefit-to-cost ratio (B/C ratio) was 1.23, and the
payback period was 1.41 years.
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1. Introduction

Corn (Zea mays) is a staple food that supplies 5% of the calorie source with a consumption of
more than 70 kg/capita/year in 2019 [1]. Also, it is used in other industries such as pharmaceuticals,
beverages, and chemicals. In Asia, corn production reaches over 360 million tons/year [1]. To prolong
storage life, corn is dried to reduce the moisture content to 15% or below [2]. Such low moisture
content inhibits the growth of microbes, bacteria, and mold, thus preserving corn quality. In Indonesia,
freshly harvested corn contains at least 28% moisture, indicating a need for a drying process to reduce
its moisture content [3].

A direct sun drying process for 15 hours is able to reduce the moisture content in corn to the
desired level (13%) [4]. Though being highly simple and affordable, using only an open tray or mat
drying, the aforementioned method is weather-dependent, requires a long drying time, and can lead to
product contamination. Besides requiring a long drying time, this method also needs a large area
corresponding to the large product capacity. To reduce the drying time, air with higher temperature and
velocity is required. The air can be heated through biomass combustion as a heat source [4]. The use
of a solar-biomass hybrid dryer can reduce the moisture content by 19%—13% after 5 hours of drying.
In this case, a higher initial moisture content, such as in freshly harvested corn (around 28% moisture)
requires a longer drying time and higher energy consumption.

A number of convective-drying processes have been applied to corn drying. Gautam et al.
performed a fluidized bed drying process [5] that could dry the product in only 60 minutes. They also
evaluated the effects of temperature, capacity, airflow rate, and drying time interactions on moisture
removal. The statistical analysis found an optimum condition using a fluidized bed dryer at 80 °C,
8 m/s, and 60 minutes of operation. This process still needs further assessments in terms of energy
efficiency and product quality. With an operational temperature above 70 °C, the active substance,
proteins, vitamins, and other ingredients in food or agricultural products might deteriorate. Besides,
the fluidized bed dryer requires more electric power to drive the grain flowing in the drying column;
hence, the total energy consumption becomes higher.

Another method is the tower-type grain drying with a grain capacity of up to 90 kg, in which the
dryer is operated at high drying temperatures of 90-110 °C [6]. Such high temperatures not only
increased the drying rate but also significantly degraded product quality. To retain the physical and
chemical quality of the product, corn grains can be processed using an intermittent process [7]. The
quality of corn grains can be observed for some rest periods of no heat exposure (0—16 hours). The
best quality is found at the longest rest period, so that the drying process can be longer than 24 hours.

Air dehumidification with solid water adsorbents such as zeolite or silica is a potential option for
corn drying. In this method, the relative humidity of ambient air as the drying medium is reduced using
zeolite or silica gel. The low relative humidity can enhance the drying driving force; by doing so,
drying can be conducted at low or medium temperatures, retaining vitamins, active components, and
corn ingredients. Moreover, the drying process can be faster and more efficient when compared with
the one without air dehumidification [8—10].

Previous studies have evaluated the effects of air dehumidification on the food drying process.
A’yuni et al. [11] found that air dehumidification accelerated moisture removal, improved heat
efficiency, and preserved the quality of onion bulbs. With air dehumidification, the browning process
and active substance deterioration in apples were reduced compared with those exposed to heat
convection drying without air dehumidification [12]. Furthermore, air dehumidification in a fluidized
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bed drying significantly enhanced the drying rate without compromising head rice yield [13].
Currently, the question remains of how air dehumidification can affect the process in terms of
economic value. This work discusses the enhancement of corn drying performance using air
dehumidification by evaluating drying time and energy consumption, as well as conducting an
economic feasibility analysis. The performance of drying with air dehumidification by natural zeolite
and silica gel is evaluated and compared with the normal drying process without air dehumidification.

2. Materials and methods
2.1. Corn samples

Corn grains (Zea mays var. indentata) were bought in September 2023 from a local shop in
Banyumanik, Semarang, Central Java. The moisture content of the corn grains was determined during
the drying process using a G-WON GMK 303RS grain moisture meter with an accuracy of + 0.5% and
resolution of + 0.1% (Seoul, Korea). The initial moisture content of corn grains was in the range of
20%—22%. Every drying process in this work used 20-25 kg of corn grains.

2.2. Solid water adsorbent (desiccant)
The process used zeolite and blue silica gel as desiccants that were provided by CV. Indrasari

(Stadion Selatan Street, Semarang, Central Java, Indonesia). The natural zeolite is a mordenite with
high silica zeolite with an Si/Al ratio of 6 (Figure 1), as presented in our previous study [14].
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Figure 1. (a) XRD and (b) XRF analysis of zeolite used in this study.
2.3. Drying experiment
The drying process was conducted by using a vertical screw dryer, already used in a previous

experiment [15]. The process began by putting 4 kg of desiccant into a drying column to dehumidify
the surrounding air. Wet corn grains were then put into a feeder and circulated by a screw conveyor.
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During the process, the circulated corn seeds periodically contacted with hot air at 40 °C and an air
velocity of 10 m/s, purposely to reduce the water in the corn by evaporation. Furthermore, several
thermocouple sensors were placed inside the drying column to observe the incremental temperature in
the column (Figure 2). As the heat source, the LPG fuel combustion at the burner was used. During the
drying process, temperature and relative humidity were measured by a temperature and humidity meter
(KRISBOW KW0600561, Krisbow®, West Jakarta, Indonesia), and moisture content in corn was
observed every 20 minutes. The process was terminated when the moisture content reached 15.5% or
below. The drying process was repeated under these conditions: with and without desiccants at the
temperatures of 50, 60, and 70 °C and airflows of 10 and 15 m/s. In the drying column (diameter of
0.75 m), the estimated airflow rates were 0.4 and 0.6 m/s for 10 and 15 m/s, respectively.
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Figure 2. Schematic diagram of corn drying using a vertical dryer.

The drying rate of corn (N, kg-kg!-min™') was calculated based on the rate of moisture removal,
as described by Eq (1).

_ (Mt+At - Mt)

N
At

6]
where M, and M;+a, are the moisture contents at sampling times ¢ and #+At.

2.4. Mathematical modeling

The moisture changes during the drying process were represented as a moisture ratio (MR,
dimensionless), determined using Eq (2).
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(Mt - Me)
MR = ——+— 2)

(MO - Me)
where My is the initial moisture content (kg-kg™'), and Me is the equilibrium moisture content
(kg'kg™!) that was calculated as a function of temperature (7, Kelvin) and relative humidity (RH, in

decimal) as expressed in Eq (3) [16].
M, = E — FIn[—(T + C)InRH] 3)

where E, F, and C were the grain constants of 0.34, 0.06, and 30.2, respectively. Eventually, the
relationship between moisture ratio and drying time was employed to establish a mathematical model,
as seen in Table 1. The models’ constants were calculated using the Microsoft Excel solver (Microsoft
Corp., USA).

Table 1. Mathematical models for corn drying kinetics.

Model Equation

Newton/Lewis MR = exp (—kt)

Page MR = exp (—kt™)

Modified-Page MR = exp(—kt)"

Henderson-Pabis MR = a exp (—kt)

Two-term MR = aexp(—kqt) + b exp(—k;,t)
Verma et al. MR = aexp(—kt) + (1 — a) exp(—gt)
Midilli et al. MR = aexp(—kt™) + bt

Diffusion approach MR = aexp(—kt) + (1 — a) exp(—kbt)

2.5. Energy consumption and energy efficiency

Specific energy consumption (SEC) was determined based on the total energy consumption for
each kilogram of water evaporated (M,). The total energy consumption consisted of heat consumption
(H) and electric consumption (£). Equation (4) defines specific energy consumption.

H+E
SEC = M—p. 4)
The electrical energy consumption was broken down into the power required for the blower (Ej)
and the motor (£,). During the drying process, the total amount of liquid petroleum gas (LPG) was
used to estimate heat consumption. A heat value of LPG (47,300 kJ/kg) was applied to measure the
conversion from the mass of fuel used to energy consumption. Energy efficiency () was also
determined by energy usage, as shown in Eq (5).

M2

-t 5
H+E,+E, )

n

A refers to the latent heat of water vaporization (2429.8 kJ/kg).
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2.6. Statistical analysis

Statistical analysis was used to determine the drying model parameters and the effect of three
factors (condition, temperature, and airflow rate) on energy efficiency. The drying model parameters,
sum of square errors (SSE), and coefficient of determination (R?) defined the variability of the data
based on several models. Those parameters were estimated using functions in Microsoft Excel
(Microsoft Corporation, USA). Particularly, three-way analysis of variance (ANOVA) was used to
evaluate the significance of different factors on energy efficiency. The analysis was estimated using
Minitab Statistical Software (Minitab, LLC., USA).

2.7. Carbon dioxide emissions
Energy usage from this experiment was considered as a contributor to greenhouse gas emissions.

To evaluate the optimum process for corn drying, this work estimated the carbon dioxide (CO»)
emission of several conditions using Eq (6) [17]

B (E - EFco,equiwn + H * EFco,eq/1p6)

M
co, M,

(6)

where Mco> is the CO> emissions (kg) produced per kg water evaporated, and EF¢o,eq/1kwn and
EFco,eq/Lpc are the emission factors of electricity and LPG in Indonesia, i.e., 2.1 % 10 kg COz-eq./k]
and 6.54 x 10~ kg CO»-eq./kJ.

2.8. Techno-economic analysis

This analysis was carried out from the perspective of the user (farmer). The following assumptions

were made:

a. The farmer cultivates a 10-Ha corn farm.

b. The corn is harvested at 6 tons/Ha three times a year.

c. The drying process is conducted under the conditions with the highest and lowest energy
efficiencies (based on the calculation).

The techno-economic analysis involved investment, maintenance, and operational costs for dry
corn production. The initial investment cost included the dryer cost, production area, supporting
equipment, and others. During the corn drying process, electricity and fuel costs were calculated based
on the reduction of the moisture content of the corn grains from 20.33% to 14.8%.

The techno-economic aspect was analyzed to evaluate the feasibility of the dryer by considering
the break-even point (BEP), the benefit-to-cost ratio (BCR), and the payback period (PBP). The BEP
was calculated using the fixed cost (Cy), product (dry corn) cost (Cpr), and C,p- (variable cost per
product) using Eq (7).

BEP = — L %

(Cproduct_cv).

The result of BEP indicated the minimum quantity of dry corn that must be sold to achieve
profitability. Meanwhile, business feasibility was evaluated with BCR, formulated as the ratio of total
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benefit and total cost of production (Cp) as in Eq (8).

_ Total benefit

Cp

®)

The business was considered feasible when the benefit was higher than the production cost
(BCR > 1). To determine recovery time in years of the initial investment (C;), the cash flow (S) below
was included as the factor to find the payback period (Eq (9)).

Ci
PBP = —. 9
S )

3. Results and discussion
3.1. Drying process
3.1.1.  Effect of temperature on moisture removal

Figure 3 depicts the effects of different temperatures on corn drying using a vertical dryer. It was
found that an increase in drying temperature accelerates moisture reduction. An increase by 10 °C
(from 40 to 50 °C) doubled the drying rate. This implies that the drying time could be reduced by half,
as the latent heat of water evaporation was lower at higher temperatures and the movement of water
from inside the corn tissue to the surface was faster. However, in some cases, the drying behavior did
not follow the expected trend. For example, in control (Figure 3a), drying at 60 °C was faster than at
70 °C. This may be attributed to the differences in initial moisture content. Another possible factor is
a higher free moisture content of corn at 60 °C, making it more easily evaporated from the corn surface.
At higher temperatures, the pores of the corn surface shrank due to quick water removal, which
hampered the next water transfer. Hence, the total moisture removal became slightly smaller.

Table 2. Rate of corn drying using a vertical dryer.

Airflow rate (m/s) Temperature (°C) Drying rate (kg-kg!-min™")
Control Natural zeolite Silica gel

10 40 0.021 0.026 0.020

50 0.025 0.030 0.036

60 0.039 0.040 0.037

70 0.030 0.039 0.036
15 40 0.022 0.031 0.028

50 0.036 0.034 0.033

60 0.021 0.026 0.032

70 0.038 0.043 0.038

Figure 3 also shows that moisture reduction with a desiccant was faster than without a desiccant.
During drying, the desiccant continuously adsorbed air moisture, and the relative air humidity was kept
low, thus enhancing the driving force for the mass transfer of water from corn to the air [18]. Yet, at
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temperatures above 60 °C, the effect of the desiccant was limited. Accordingly, in this experiment,
temperatures in the range of 50—-60 °C were considered optimum for corn drying, as confirmed in the
drying rate value in Table 2.

This result contrasted with previous studies, where the highest drying rate was obtained at the
highest drying temperature [19-21]. The temperature difference between the substance and the air
increased with the increasing temperature used. Consequently, the drying mechanism was different for
the different types of dryers and products.
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Figure 3. Moisture ratio during corn drying for (a) control, (b) natural zeolite, and (c) silica gel.

3.1.2.  Effect of airflow rate

This work observed the effect of airflow rate on corn moisture removal by conducting the process
at two different air velocities. Figure 4 represents the moisture ratio of corn grains during a 180-minute
drying process at airflow rates of 10 and 15 m/s at different temperatures without dehumidification.
Overall, higher airflow rates resulted in faster moisture reduction and increased air capacity for
bringing moisture; as a result, the product could be properly dried [19]. However, based on model
estimation (Figure 5), airflow rates above 11 m/s had a limited effect on moisture removal. This may
be attributed to the relatively low amount of moisture in corn compared to the airflow volume (high
ratio of air to product), consequently making the increase of water evaporation insignificant. A clear
difference is shown at 60 °C (Figure 4c¢), indicating a lower drying rate at a higher airflow rate. In this
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experiment, the initial moisture content of corn grains at 10 m/s was much higher than at 15 m/s.
Therefore, at 15 m/s, corn grains have lower free moisture and higher bonding moisture. This condition
limited moisture transfer from the corn surface to the surrounding air. Previous research also proved
that the effect of airflow rate fluctuated at the initial stage of the drying process, particularly in the first
2 hours [22]. According to Fterich et al. [23], the influence of airflow rates on moisture reduction was
lower than that of the drying temperature.

Reports on grape and rubberwood drying showed that increasing the airflow rate in the range of
1-2 m/s increased the drying rate and shortened drying time [24,25]. Authors stated that the external
mass transfer increased along with the increasing airflow rate. In addition, a report from an experiment
on udon drying came to the more precise conclusion that varying the airflow rate during the drying
process would be more effective than maintaining a constant velocity [26]. Then, it can be assumed
that the ideal airflow rate is 2 m/s during the first stage and 1 m/s during the main drying process.
Research by Yan et al. [27] also demonstrated that the effect of airflow rate on moisture removal
became weaker at a high airflow rate.
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Figure 4. Moisture ratio during corn drying at different airflow rates.
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Figure 5. Effect of airflow rate and temperature on the moisture ratio of corn during the
drying process.

3.1.3. Effect of air dehumidification

In this research, two solid desiccants were added to evaluate their impact on the drying process.
Table 2 represents the summary of the drying rates. Overall, drying rates were elevated with the
addition of air dehumidification. The objective of using air dehumidification in the drying process was
to decrease the relative humidity of the air as the drying medium. As the relative humidity decreases,
the pressure difference between the corn surface and the surrounding air decreases; hence, the external
moisture transfer becomes larger, and the drying process becomes faster [19,21]. This relationship is
shown in Figure 6, indicating that air dehumidification reduces relative humidity and thus decreases
the equilibrium moisture content of corn grains.

Figure 7 shows the curve of moisture reduction during the drying process under air
dehumidification. Zeolite showed a superior effect on moisture reduction at the operational
temperature of 40 °C. Zeolite and silica showed different phenomena in water affinity. Zeolite depicted
a Type I adsorption based upon IUPAC classification, while silica possessed a linear-type adsorption
(the higher the relative humidity, the higher the water-loading capacity). In this case, for a lower
relative humidity, the ability of zeolite to adsorb water was still high and stable. At a lower operational
temperature (40 °C), the evaporation rate of moisture from corn to air was slow, thus reducing the air
humidity in the drying chamber. The water adsorption to silica was also consequently reduced [28].
However, limited water vapor adsorption was also found at a high temperature (70 °C or higher) due
to the low relative air humidity. In such conditions, the existing desiccant was no longer required [29].

Based on several research works, desiccants can uptake approximately 0.07-0.14 g of H,O/g dry
zeolite and 0.03—0.30 g of H2O/g dry silica gel [30,31]. The decrease in relative humidity depends on
the adsorption capacity or water uptake of the desiccant. Once zeolite or silica gel adsorbs more water
vapor from the air, the surrounding moisture content is much lower, and the relative humidity is
significantly lower.
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3.1.4.

Mathematical models of the drying process

Moisture changes in the corn drying process under different conditions were examined by
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mathematical models of thin-layer drying. The parameters of the models are displayed in Table 3. More
detailed values, including models’ constants and parameters at different drying temperatures and
airflow rates, are summarized in the Supplementary Tables S1-S3. These models were used to describe
the drying kinetics at different temperatures and airflow rates with the use of different desiccants. The
most suitable model was selected based on the statistical parameters, namely the sum of squares error
(SSE) and coefficient of determination (R?). The model with the lowest SSE (closest to 0) and highest
R? (closest to 1) was then selected to predict moisture changes during the corn drying process.

As seen in Table 3, the two-term, Verma et al., and Midilli et al. models described the corn drying
kinetics using a vertical dryer better than the other models. In contrast, the Newton model was the least
suitable model, as shown by its low R? and largest SSE. Based on the most suitable model (Verma et
al.), the predicted moisture ratio was calculated and compared with the experimental data, as seen in
Figure 8. This is consistent with a corn drying experiment using a solar bubble dryer (SBD) [32].
That research explained that this model was developed from the two-term model, indicating a high
occurrence of liquid diffusion in the moisture transfer mechanism. In addition, the first and second
terms of the model represented the final and initial drying process, respectively [32]. Based on the
experiment and mathematical model, the drying mechanism is described in Figure 9. Other sources
found that the Midilli model was very suitable for demonstrating the corn drying process in a
laboratory-scale grain dryer [6], and the Page and Lewis model had a very good correlation with corn
drying in a mixed flow dryer [16].

Table 3. Calculated values of several models of corn drying.

Model Parameter Condition Average
Control Zeolite Silica gel
Newton R? 0.9587 0.9482 0.9511 0.9527
SSE 0.0041 0.0156 0.0077 0.0091
Page R? 0.9637 0.9414 0.9697 0.9583
SSE 0.0016 0.0026 0.0013 0.0018
Modified-Page R? 0.9582 0.9535 0.9525 0.9547
SSE 0.0042 0.0028 0.0048 0.0039
Henderson & Pabis R? 0.9629 0.9508 0.9483 0.9540
SSE 0.0022 0.0062 0.0055 0.0046
Two-term R? 0.9629 0.9656* 0.9726 0.9670
SSE 0.0012 0.0019 0.0010 0.0014
Verma et al. R? 0.9701 0.9652 0.9752* 0.9702
SSE 0.0007 0.0019 0.0008** 0.0011
Midilli et al. R? 0.9730%* 0.9530 0.9752 0.9671
SSE 0.0007** 0.0018** 0.0009 0.0011
Diffusion approach ~ R? 0.9717 0.9549 0.9711 0.9659
SSE 0.0007 0.0034 0.0017 0.0019

Note: *Highest R?, **Lowest SSE.

AIMS Agriculture and Food Volume 10, Issue 3, 638-661.



650

Predicted MR

Figure 8. Comparison of experimental and predicted moisture ratio (MR) of corn drying.

Figure 9. Mechanism of corn drying based on the experiment and mathematical model.
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The drying rate constant (k) was also determined from the model regression (Tables S1-S3). The
drying rate seemed to fluctuate with changes in temperature and airflow rate. However, most of the
drying constant rates of dehumidification were higher than those of the conventional drying process.
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For instance, at 70 °C and an airflow rate of 15 m/s, the drying rate constants were 0.0026, 0.0034, and
0.0037 for control, natural zeolite, and silica gel dehumidification drying, respectively. Furthermore,
the energy analysis confirmed the interaction between factors and responses, not only limited to the
drying rate.

3.2. Energy consumption

The drying process was conducted using a vertical dryer at different temperatures and airflow
rates. Total energy consumption was calculated according to heat and electricity consumption. Heat
consumption was measured with the total LPG mass used during the drying process, and electricity
was based on the power needed for the blower and screw motor. In this work, energy consumption is
represented as specific energy consumption (Figure 10) and energy efficiency (Figure 11). As seen in
Figure 10, energy consumption increased with increasing airflow rate. A similar result was also found
in potato processing using a convective dryer at several air velocities [33]. However, in the case of
temperature, energy consumption was not always higher at higher temperatures. It was found that
processing at 60 °C consumed more energy than at other temperatures, especially for the control and
natural zeolite dehumidification process. Such different effects of temperature were also found in
previous research [33-35]. Golpour et al. [33] reported that raising temperature and airflow rate had
increased the specific energy consumption of convective drying.

The additional heat and electricity requires a larger energy supply and causes an increase in energy
consumption. In contrast, El-Mesery [34] succeeded in decreasing energy consumption at higher
temperatures and lower airflow rates due to a short period of drying time. Meanwhile, research by
Macedo et al. [35] observed that between temperatures of 40 and 80 °C, the largest energy consumption
was found under 60 °C. In other words, specific energy consumption is determined by the moisture
removal as a result of the interaction of temperature, airflow rate, and drying time. In this work, the
insignificant impact of increasing temperature and airflow rate on moisture removal made the energy
consumption lower at low temperatures.

For all processes, the drying process without air dehumidification consumed more energy. Its
consumption was in the range of 37-103 MJ/kg water evaporated, with the highest occurring at 60 and
15 m/s. Using desiccants for air dehumidification, the maximum energy consumption was reduced by
50% to about 54 and 51 MJ/kg water evaporated for natural zeolite and silica gel, respectively. The
lowest specific energy consumption, 20 MJ/kg at 40 °C and 15 m/s, describes the minimum energy
required to evaporate 1 kg of moisture from the corn. Smaller energy consumption (1-8 MJ/kg) was
obtained when the corn was processed using an industrial horizontal dryer with natural gas as the heat
source [36]. Another study reported a higher energy consumption of corn drying powered by exhaust
waste heat, about 468-529 MlJ/kg [37]. In laboratory-scale potato drying, the specific energy
consumption was also higher (194-314 MJ/kg) at an airflow rate of 0.5-1.5 m/s and temperatures of
40-70 °C [33]. Energy consumption could be higher or lower depending on the heat source of the
drying process. To make it clearer, compared to an electric heater, the use of butane gas in a convective
drying process could save 75% more energy consumption [34]. Hence, changing the heat source can
also affect the CO; production from the drying process [38].

AIMS Agriculture and Food Volume 10, Issue 3, 638-661.



652

—
(Y]
—

—_
(=2
—

100 [ without dehumnidification Natural zeolite [ ] Silica gel | 120 | [EEEH Without dehumidification Natural zeolite [ ] Silica gel |

100 4
80

=]
o
1

Specific energy consumption (MJ/kg)
Specific energy consumption (MJ/kg)

50 60
Temperature (°C) Temperature (°C)

o 7
50 60 70

Figure 10. Specific energy consumption of the corn drying process under different
conditions at airflow rates of (a) 10 m/s and (b) 15 m/s.

Energy efficiency was evaluated based on a 3-hour drying process. It is important to note that
after the experiment, some corn was successfully dried, but others were not. Figure 11 shows the effect
of temperature, airflow rate, and dehumidification on energy efficiency. It can be seen that energy
efficiency was increased by increasing the airflow rate, with the highest at 40 °C and 15 m/s with
zeolite dehumidification. Also, dehumidification had a positive impact on energy efficiency due to the
shorter drying time and lower energy consumption. Otherwise, raising the temperature to above 50 °C
had a negative effect on energy efficiency.
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Figure 11. Energy efficiency of corn drying under different conditions at airflow rates of
(a) 10 m/s and (b) 15 m/s.
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This result showed that the maximum energy efficiency in this experiment was about 11%, lower
than previous research using a rotary dryer [38], mixed flow dryer [39], and convective tray dryer [40],
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and higher than solar indirect dryers [41,42]. An alternative method to increase energy efficiency is
loading more product into the drying process. Hence, more moisture will evaporate from the product
with an equal amount of input energy. Previously, it was proved that increasing the drying capacity
from 10 to 40 kg could raise energy efficiency two-fold [38]. The significance of the three variables
was evaluated by three-way ANOVA, as displayed in Table 4. All sources had a significant impact on
energy efficiency, except the airflow rate factor. This occurred due to the limitation of using only two
airflow rate values. For further analysis of the effect of the airflow rate, observations should include a
wider range of airflow rates.

Table 4. Three-way ANOVA of different factors in the corn drying process using a vertical dryer.

Sources DoF  Sum of Mean square F value P value™
squares

Dehumidification 2 0.0064 0.0032 54.82 <0.0001

Airflow rate 1 0.0001 0.0001 1.071 0.3058

Temperature 3 0.0086 0.0029 48.98 <0.0001

Dehumidification*Airflow rate 2 0.0009 0.0005 8.305 0.0008

Dehumidification*Temperature 6 0.0035 0.0006 9.841 <0.0001

Airflow rate* Temperature 3 0.0021 0.0007 12.06 <0.0001

Dehumidification*Airflow rate 6 0.0020 0.0003 5.568 0.0002

*Temperature

Dehumidification*Airflow rate 23 0.0237 0.0010 17.52 <0.0001

*Temperature

Error 48 0.0028 0.0001

Model 71 0.0265

Note: “*Significant at P value < 0.05.
3.3. Carbon dioxide emissions

The environmental emissions of corn drying were estimated based on the energy consumption
during the process. As presented in Figure 12, the highest CO2 emission was observed at the drying
process without air dehumidification, ranging from 4.0 to 12.8 kg CO»-eq./kg water vapor. This high
emission was associated with high drying temperatures and long drying times. In contrast, for air
dehumidification drying, increasing the airflow rate had no significant impact on CO; emissions, which
remained in the range of 2.7-5.0 kg CO»-eq./kg water vapor. This result showed that the application
of air dehumidification reduced greenhouse gas emissions by more than 70%. The significant reduction
in CO: emissions follows the specific energy consumption, as shown in Figure 12, confirming the
effectiveness of air dehumidification drying. A similar result was observed in rice drying using a rotary
dryer (without air dehumidification) that produced 0.9—6.0 kg CO»-eq./kg water vapor [38]. Much
higher emissions were found in green peas drying using various methods, particularly in convective
drying at 40 °C due to its low thermal efficiency [43].
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Figure 12. CO; emissions of the corn drying process at (a) 10 m/s and (b) 15 m/s.

Table 5. Indicators in the techno-economic analysis.

Zeolite, Control,
40 °C, 15 m/s 60 °C, 15 m/s
1. Initial investment (USD) 15,428.11 15,428.11
2. Loading capacity (kg/batch) 500 500
3. Dried corn production (kg/year) 168,317 168,380
4.  Interest (%) 3 3
5. Depreciation (%) 10 10
6.  Fuel cost (USD/dryer) 9.87 130.68
7. Labor cost (USD/dryer) 7.42 7.42
8.  Annual fixed cost (USD) 4675.39 4675.39
9.  Annual variable cost (USD) 45,860.01 89,545.63
10.  Selling price of dried corn (USD/kg) 0.37 0.59
11. BEP (kg) 47,225 73,680
12. BCR 1.23 1.06
13.  PBP (year) 1.41 3.14

3.4. Techno-economic analysis

Following the assumption that the drying process is conducted under the condition with the
highest and lowest energy efficiencies, this analysis was only examined for the dehumidification
drying using a natural zeolite desiccant at 40 °C and an airflow rate of 15 m/s, and the control at 60 °C
and an airflow rate of 15 m/s (Table 5). The initial investment included the dryer cost, area of
production, production cost, and other costs to support the dry corn production. The total annual
investment of the vertical dryer was USD 12,568.38, with a total production of more than 168,000 dry
corn/year. The significant difference between natural zeolite and control was in fuel consumption.
According to the experiment, using air dehumidification, fuel consumption can be reduced by 93%.
Therefore, the cost of dry corn is much lower after being processed with the assistance of natural
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zeolite (USD 0.37/kg). To recover the investment (PBP), it is necessary to operate the drying method
for 1.41 and 3.14 years for natural zeolite and control, respectively. Using natural zeolite, the PBP is
similar to a corn crossflow column drying with a drying charge of USD 0.007/kg [44]. A report
compared the economic aspects of low-temperature grain drying under several conditions and
capacities [45]. According to the estimation, the drying system was more feasible at a large capacity
and profitable when utilizing the grain residues as fuel. Also, the use of biomass such as rice husk
significantly decreased the carbon dioxide emissions of the drying process. The result of BCR indicated
that this business is feasible or flexible to carry out a net cash flow greater than the investment, as it
exceeds the value of 1.

4. Conclusions

The corn drying process with air dehumidification using silica gel and natural zeolite was studied.
This research also observed the effects of different temperatures and airflow rates. It was observed that
the optimum drying temperature was different under different conditions. For the control process
(without air dehumidification), the process with natural zeolite, and that with silica gel, the highest
moisture removal occurred at 70, 60, and 50 °C, respectively. At a higher temperature, moisture
reduction was highly determined by temperature rather than by air dehumidification. Based on the
results, it can be summarized that drying of 20-25 kg of corn requires a 2—3 hour drying process after
the addition of desiccant for air dehumidification. The model was also studied with suitable parameter
estimation. Based upon the total energy consumption and carbon emissions during the drying process,
it was estimated that air dehumidification decreased the specific energy consumption, increased energy
efficiency, and reduced carbon emissions. The techno-economic evaluation indicates that this
experiment is feasible to adopt.
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Supplementary Data

Table S1. Calculated values of several models of corn drying without desiccant.

Model 15 m/s 10 m/s Average
40°C 50°C 60°C 70°C 40°C 50°C 60°C 70°C
Newton k 0.0011 0.0012 0.0009 0.0011 0.0025 0.0019 0.0031 0.0023
R? 0.9745 0.9877 0.9750 0.9524 0.9806 0.9331 0.9699 0.8965 0.9587
SSE  0.0020 0.0086 0.0018 0.0127 0.0005 0.0030 0.0020 0.0025 0.0041
Page k 0.0003 0.0003 0.0002 0.0003 0.0015 0.0017 0.0017 0.0033
n 1.1952 1.4751 13174 1.3862 1.1118 1.0489 1.1395 0.9277
R? 0.9821 0.9794 0.9779 0.9935 0.9725 0.9270 0.9668 0.9105 0.9637
SSE  0.0038 0.0003 0.0016 0.0014 0.0007 0.0020 0.0012 0.0019 0.0016
Modified- k 0.0010 0.0014 0.0011 0.0010 0.0013 0.0014 0.0018 0.0015
Page n 1.0417 1.4192 1.0977 1.0274 1.3000 1.3901 1.7539 1.5101
R? 0.9745 0.9870 0.9741 0.9524 0.9784 0.9331 0.9699 0.8965 0.9582
SSE  0.0020 0.0019 0.0003 0.0159 0.0059 0.0030 0.0020 0.0025 0.0042
Henderson & k& 0.0014 0.0020 0.0012 0.0029 0.0024 0.0014 0.0031 0.0021
Pabis a 0.9864 1.0118 1.000 0.9489 0.9376 0.9775 1.000 0.9739
R? 0.9730 0.9870 0.9741 0.9969 0.9803 0.9275 0.9699 0.8947 0.9629
SSE  0.0004 0.0025 0.0003 0.0036 0.0009 0.0062 0.0020 0.0018 0.0022
Two-term ki 0.0016 0.0029 0.0014 0.0028 0.0025 0.0019 0.0031 0.1498
k> 0.0016 0.0029 0.0014 0.0028 0.0025 0.0019 0.0031 0.0021
a 0.5040 0.5298 0.5677 0.4864 0.5000 0.4494 0.5340 0.0277
b 0.5038 0.4702 0.4323 0.5687 0.5000 0.5506 0.4660 0.9723
R? 0.9716 0.9859 0.9734 0.9770 0.9806 0.9331 0.9699 0.9121 0.9629
SSE  0.0002 0.0003 0.0005 0.0014 0.0005 0.0030 0.0020 0.0017 0.0012
Verma k 0.0016 0.0032 0.0015 0.0026 0.0021 0.0018 0.0031 0.0021
g 0.5045 0.0925 0.0651 0.0562 0.0249 0.0579 0.0031 0.1498
a 0.9920 1.0487 1.0388 1.0487 0.8930 0.9017 0.6921 0.9723
R? 0.9690 0.9946 0.9861 0.9781 0.9838 0.9673 0.9699 0.9121 0.9701
SSE  0.0004 0.0001 0.0002 0.0010 0.0005 0.0005 0.0020 0.0017 0.0007
Midilli k 0.0027 0.0013 0.0002 0.0008 0.0063 0.0134 0.0003 0.0034
09128 1.3562 1.4552 1.3291 0.8072 0.6905 1.6836 1.1150
a 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
b 0.0000 0.0025 0.0008 0.0011 0.0000 0.0002 0.0024 0.0020
R? 0.9628 0.9968 0.9706 0.9793 0.9863 0.9716 0.9666 0.9498 0.9730
SSE  0.0006 0.0001 0.0003 0.0009 0.0003 0.0004 0.0017 0.0009 0.0007
Diffusion 0.0014 0.0029 0.0014 0.0029 0.0249 0.0078 0.0031 0.0065
approach a 1.6588 0.9225 0.5250 0.8824 0.1070 0.4260 0.5179 0.4769
b 0.7634 0.9994 1.0001 1.0001 0.0826 0.000 1.0016 0.000
R? 0.9717 0.9858 0.9734 0.9772 0.9838 0.9740 0.9699 0.9380 0.9717
SSE  0.0003 0.0003 0.0005 0.0008 0.0005 0.0004 0.0020 0.0012 0.0007
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Table S2. Calculated values of several models of corn drying with natural zeolite.

Model 15 m/s 10 m/s Average
40°C 50°C 60°C 70°C 40°C 50°C  60°C 70°C
Newton k 0.0030 0.0011 0.0010 0.0010 0.0025 0.0035 0.0028 0.0028
R? 0.9779 0.8695 0.9838 0.9704 0.8635 0.9827 0.9580 0.9795 0.9482
SSE  0.0014 0.0674 0.0068 0.0370 0.0033 0.0004 0.0067 0.0021 0.0156
Page k 0.0068 0.0270 0.0050 0.0009 0.0046 0.0473 0.0012 0.0024
n 0.8324 0.6472 0.8237 1.2482 0.8747 0.4882 1.2147 1.0418
R? 0.9827 0.9350 0.9623 0.9654 0.8847 0.8849 0.9383 0.9780 0.9414
SSE  0.0012 0.0029 0.0011 0.0021 0.0024 0.0062 0.0034 0.0012 0.0026
Modified- k 0.0017 0.0019 0.0011 0.0018 0.0016 0.0016 0.0019 0.0018
Page n 1.7436 19433 1.1384 1.7550 1.5688 1.5641 1.8561 1.8358
R? 0.9779 0.9036 0.9836 0.9763 0.8635 0.9800 0.9607 0.9823 0.9535
SSE  0.0014 0.0052 0.0038 0.0011 0.0033 0.0055 0.0020 0.0004 0.0028
Henderson & 0.0018 0.0027 0.0011 0.0040 0.0025 0.0021 0.0030 0.0028
& Pabis a 0.9827 0.9603 1.0000 0.9996 1.0000 1.0003 0.9538 0.9987
R? 0.9743 0.8910 0.9838 0.9770 0.8635 0.9788 0.9589 0.9795 0.9508
SSE  0.0128 0.0118 0.0057 0.0019 0.0032 0.0101 0.0018 0.0021 0.0062
Two-term ki 0.0902 0.0153 0.0018 0.0060 0.00010 0.0024 0.0034 0.0028
) 0.0026 0.000 0.0018 0.000 0.0108 0.0024 0.0034 0.0028
a 0.0502 0.4962 0.5676 0.6287 0.7363  0.4094 0.5341 0.7089
b 0.9498 0.5038 0.4324 0.3713 0.2637 0.5906 0.4659 0.2911
R? 0.9845 0.9584 0.9825 0.9749 0.9039 0.9800 0.9607 0.9795 0.9656
SSE  0.0011 0.0016 0.0004 0.0009 0.0018 0.0055 0.0020 0.0021 0.0019
Vermaetal. & 0.0010 0.0021 0.0020 0.0034 0.0015 0.0030 0.0034 0.0034
g 0.0049 0.0276 0.0050 0.0500 0.0489 0.0342 0.0034 0.0761
a 0.0377 0.7022 1.0022 1.0542 0.8400 0.9645 0.6956 1.0258
R? 0.9799 0.9516 0.9821 0.9729 09130 0.9823 0.9607 0.9794 0.9652
SSE  0.0065 0.0021 0.0004 0.0017 0.0015 0.0006 0.0020 0.0006 0.0019
Midilli et al. 0.0068 0.0006 0.0004 0.0009 0.0384 0.0042 0.0025 0.0025
0.8324 1.5971 13957 1.4481 0.5413 0.9904 1.0716 1.0366
a 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
b 0.0000 0.0027 0.0009 0.0024 0.0008 0.0005 0.0001 0.0001
R? 0.9827 0.9157 0.9853 0.9750 0.8490 0.9841 0.9541 0.9783 0.9530
SSE  0.0012 0.0045 0.0003 0.0011 0.0028 0.0007 0.0021 0.0012 0.0018
Diffusion 0.0030 0.0038 0.0018 0.0022 0.0025 0.0024 0.0651 0.0028
approach a 1.4709 1.0000 0.5251 0.7449 1.0000 1.0000 0.0831 0.5326
b 1.0000 1.0000 1.0000 0.9995 1.0000 1.0000 0.0448 1.0001
R? 0.9779 0.9036 0.9825 0.9744 0.8635 0.9800 0.9775 0.9795 0.9549
SSE  0.0014 0.0052 0.0004 0.0086 0.0032 0.0055 0.0006 0.0021 0.0034
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Table S3. Calculated values of several models of corn drying with silica gel.

Model 15 m/s 10 m/s Average
40°C 50°C 60°C 70°C 40°C 50°C 60°C 70°C
Newton k 0.0021 0.0024 0.0035 0.0017 0.0009 0.0039 0.0034 0.0023

R? 0.9721 0.9861 0.8423 0.9102 0.9677 0.9736 0.9700 0.9869 0.9511
SSE  0.0124 0.0027 0.0069 0.0256 0.0069 0.0017 0.0019 0.0040 0.0077
Page k 0.0011 0.0007 0.0605 0.0098 0.0001 0.0301 0.0109 0.0017
n 1.2027 1.2841 0.4583 0.7827 1.6379 0.6074 0.7709 1.1032
R? 0.9614 0.9783 0.9519 0.9504 0.9678 0.9755 0.9886 0.9838 0.9697
SSE  0.0024 0.0013 0.0016 0.0016 0.0008 0.0011 0.0004 0.0009 0.0013
Modified- k 0.0014 0.0017 0.0017 0.0018 0.0010 0.0020 0.0018 0.0017
Page n 1.4416 1.7067 1.7000 1.8330 0.9572 1.9675 1.8420 1.6679
R? 0.9721 0.9865 0.8323 0.9286 0.9677 0.9736 0.9700 0.9889 0.9525
SSE  0.0124 0.0005 0.0118 0.0026 0.0069 0.0017 0.0019 0.0005 0.0048
Henderson & & 0.0021 0.0028 0.0022 0.0029 0.0014 0.0026 0.0028 0.0028
Pabis a 0.9955 0.9832 1.0000 0.9428 1.0000 0.8936 0.9174 1.0000
R? 0.9721 0.9808 0.8199 0.9242 0.9659 0.9675 0.9670 0.9889 0.9483
SSE  0.0117 0.0006 0.0229 0.0024 0.0018 0.0030 0.0010 0.0005 0.0055

Two-term ki 0.0052 0.0182 0.0126 0.0149 0.0021 0.0025 0.0219 0.0036
k> 0.0001 0.0018 0.0001 0.0001 0.0021 0.0391 0.0030 0.0001
a 0.7296 0.1513 0.5373 0.4896 0.1201 0.7765 0.0848 0.9436
b 0.2704 0.8487 0.4627 0.5104 0.8799 0.2235 0.9152 0.0564

R? 0.9851 0.9704 0.9556 0.9667 0.9629 0.9685 0.9813 0.9906 0.9726
SSE  0.0005 0.0012 0.0012 0.0018 0.0012 0.0013 0.0007 0.0004 0.0010

Verma et al. k 0.0010 0.0032 0.0020 0.0037 0.0022 0.0035 0.0023 0.0033
0.0049 0.0562 0.0479 1.3000 0.0800 0.0596 0.0415 1.3000
a 0.2269 1.0506 0.7384 0.9710 1.0390 0.9374 0.0808 0.9952

R? 0.9835 0.9874 0.9632 0.9356 0.9797 0.9856 0.9766 0.9899 0.9752
SSE  0.0006 0.0005 0.0014 0.0016 0.0003 0.0006 0.0010 0.0004 0.0008

Midillietal. & 0.0015 0.0012 0.0050 0.0012 0.0011 0.0074 0.0067 0.0024
1.2916 1.4035 1.1570 1.4923 1.3462 0.8720 0.8760 1.0446

a 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

b 0.0015 0.0023 0.0025 0.0035 0.0023 0.0001 0.0001 0.0001

R? 0.9875 0.9839 0.9728 0.9299 0.9735 0.9833 0.9827 0.9878 0.9752
SSE  0.0006 0.0006 0.0008 0.0028 0.0006 0.0008 0.0006 0.0003 0.0009

Diffusion k 0.0032 0.0034 0.0160 0.0034 0.0021 0.0039 0.0415 0.0023
approach a 1.4690 1.0000 0.4361 0.7557 1.0000 1.0000 0.1992 1.0000
b 1.0000 1.0000 0.0001 1.0001 1.0000 1.0000 0.0548 1.0000

R? 0.9786 0.9864 0.9750 0.9286 0.9629 0.9736 0.9766 0.9870 0.9711
SSE  0.0010 0.0008 0.0013 0.0026 0.0012 0.0017 0.0010 0.0040 0.0017
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