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Abstract 
The objective of this current paper is to evaluate, in real production scale, the management of soybean batches in 
the storage unit of harvested grains that are submitted to drying processes with different technologies, such an 
evaluation can contribute to minimizing energy and qualitative losses, and to ensuring the grain quality and 
sustainability of the postharvest system. The experiment was realized in full-scale production and the treatments 
utilized were lots moist soybean crop (SUL), RR dry soybean (SSLRR), RR2 dry soybean (SSLRR2), dried 
soybean in continuous dryer (SSS1) (11.0%), dried soybean silo-dryer (SSS2) (12.5%), dried soybean in silo 
aerator (SSS3) (14.0%). Energy losses and grain quality as a function of drying management ranged from 2.5 to 
16.4% in energy, from 0.23 to 3.26% in crude protein and 0.15 to 3.05% in oil—the maximum yield of wet 
soybeans harvested from the crop (SUL) at 17% (w.b.). Considering the annual Brazilian soybean production, 
energy losses reach up to 162,282.50 m³ of firewood, approximately 2,116,963,470 kg of crude protein and 
810,616,800 liters of crude oil. This would ensure lower losses and higher grain quality, including better yield of 
protein and crude oil, specifically reducing energy impacts by increasing the efficiency of the drying system. The 
current study concluded that the SSS1 drying system reduces energy-environmental impacts by 80.23%, reduces 
crude protein losses by 94.73%, and crude oil by 95.08%.  
Keywords: energy, post-harvest, pre-processing, quality 

1. Introduction 
Soybeans (Glycine max (L.) Merrill) are the most widely cultivated oilseed in the world, and the grain produced 
is destined for the oil and meal extraction industries (CONAB, 2019; USDA, 2019). The soybean postharvest 
stages aim to conserve the quality of harvested grains until commercialization through proper grain management 
during receiving, pre-cleaning, drying and storage operations (Anderson & Westerlund, 2014; Babu et al., 2018). 

Drying the crop reduces grain water content for storage conditions (Helvacı & Akkurt, 2018; Reyes et al., 2016). 
Although drying is a fundamental operation, the thermal process must be gentle in terms of time and temperature, 
because in addition to removing water, drying can interfere with the physicochemical structure of the grains, 
causing cell tissue disruption and accelerating the process of grain deterioration. Consequently, this may increase 
the acidity index and reduce the oil and protein content (Alencar et al., 2009; Coradi et al., 2017; Hartmann et al., 
2016; Samadi et al., 2013).  

On the other hand, the heterogeneity of grain lots harvested from the beginning to the end of the harvesting 
period hinders the capacities of the dryers. This means it is necessary to closely monitor and manage water 
content in the grain mass, the drying air temperature to ensure process optimization regarding energy 
consumption and grain quality. Seed genetic diversity has emerged as a new parameter of variation for drying 
speed, energy consumption and postharvest grain quality (Amjad et al., 2015; Bowser et al., 2011; De Bonis & 
Ruocco, 2008; Li et al., 2007).  
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Optimization of grain dryers has two main objectives: minimizing energy costs and maximizing drying capacity. 
The energy used in drying comes from fuel burning, but especially biomass in the form of eucalyptus forests. 
This is owed to the lower cost when compared to other options, such as diesel oil and LPG. In this sense, there 
has been a recurring concern with the origin, maintenance, and reduction of consumption of this natural resource 
for energy. An alternative would be to explore the operating conditions of drying by improving temperature and 
air flow control (Boroze et al., 2014; Bowser et al., 2011; Coskun et al., 2009; Rabha et al., 2017). 

The most commonly used models for drying agricultural products are based on displacement of the heated 
airflow through the mass of the product (Prakash et al., 2014; Singh & Sethi, 2018). Some studies have evaluated 
variations in airflow and drying air temperature, such as Srzedinicki and Driscoll (2008) who stated that 
high-temperature grain drying is one of a number of techniques that reduce drying time. Ibrahim et al. (2013), 
Ibrahim et al. (2014) and Tajaddodi (2012), all studied the performance of dryers and verified the variation of 
airflow direction (which interferes with the energy consumption in the dryer) as an important means to increase 
drying capacity and grain quality. Brooker and Bakker-Arkena (1992), Devahastin and Pitaksuriyarat (2006), 
Mayor and Sereno (2004), and Mulet et al. (1999) each evaluated the energy consumption in the drying process 
and found average results of 60% furnace/dryer system efficiency, specific energy consumption of 1101 kcal kg-1, 
specific hourly energy consumption of 2,252.174 kcal h-1 and biomass consumption of 643 kg h-1. 

Given the surrounding environmental concerns and finite nature of fossil fuels, it is necessary to further reduce 
energy consumption in the food sector, which will also help to decouple food prices from unstable fossil fuel 
prices (Chen et al., 2010). Leveraging renewable energy is a desirable means of drying agricultural products; 
concurrently associating them with current drying technologies will also improve efficiency vastly. Accordingly, 
the objective of this work is to evaluate, in real production scale, the management of soybean batches in the 
storage unit of harvested grains, and particularly those submitted to drying processes with different technologies.  

2. Material and Methods 
2.1 Characterization of Experimental Units 

The experimental work was conducted in one hundred twenty one grains storages units located in the south and 
Midwest of the Brazil. The batch management was realized according to the water content ranges in the grain mass. 
The storage units evaluated presented different characteristics of preprocessing: a wet product line with receiving, 
pre-cleaning, drying, and storage system, and unit storage of dry product without a drying system. The unit 
storage of wet product with receiving, pre-cleaning, drying, and storage was characterized by receiving grain in a 
set of hoppers with capacity until 360 tons. Grains were moved from the hoppers to the vertical transport 
elevator via a conveyor belt at the bottom of the hopper with capacity until 120 ton h-1. For pre-cleaning were 
used machines until 250 ton h-1. For drying was used equipped with a continuous system that had a static 
capacity until 200 ton h-1. The storage system was composed of metal silos with a capacity of 20,000 bags. This 
was also equipped with aeration systems complete. The unit storage, received the dry product consisting of a single 
hopper until 100 tons, pre-cleaning machine with capacity until 250 ton h-1. There were also metal conical-bottom 
silos with a capacity of 100 tons with aeration system. The grain elevator had an automated grain storage 
management system that drives or disables grain handling systems (conveyor belts and mug lifts), pre-cleaning 
machines, dryer loading and unloading systems, and the temperature control drying air and dryer loading level. 
Moreover, the system indicates the volumes of grain stored in the silos, the loading levels of the silos, and controls 
and drives the aeration fan motors. It does all this according to weather conditions measured by a weather station, 
which it then uses to perform real-time measurements of ambient temperature and relative humidity. Finally, the 
automated system monitors leverages a thermometry system to monitor stored grain conditions using cables and 
thermocouple sensors.  

2.2 Experimental Scheme 

The current study evaluated the energy balance and quality of soybean drying for the different postharvest 
management of grain lots. The lots of soybeans under evaluation were divided into groups: dry soybeans and wet 
soybeans from the crop (cultivar RR and RR2), and dry soybeans in the drying unit. The following experimental 
treatments occurred: treatment 1—wet soybean crops (SUL), treatment 2—dry soybeans (SSLRR), treatment 
3—dry soybeans (SSLRR2), treatment 4—dry soybeans in continuous dryer (11%) (SSS1), treatment 5—dry 
soybeans in continuous dryer (12.5%)±silo-dryer (SSS2), treatment 6—dry soybeans in continuous dryer 
(14%)±aerator-silo (SSS3).  
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2.3 Sampling and Physical Analysis 

The grain receiving and storage unit consists of bulk storage structures. Trucks transport the soybean batches to the 
storage unit, when they are weighed in the entrance of the unit and subjected to composting samplers. The 
collected samples were sent to a quality control room where technicians analyze the contents of water, impurities, 
and foreign matter, and subject the soybeans to physical classification to determine healthy and damaged grains. 
To determine the percentage of impurities, the current study used a working sample of 375 grams. During the 
drying of the grains was monitored the air temperature using thermocouple sensor installed in the dryer itself and 
positioned in the transition space of the drying chamber (air-grain mixture) and cooling chamber. Measurement 
of the grain mass temperature occurred during drying, with sample collection at the dryer outlet and with the aid 
of a container. The sample was placed next to an iodine thermometer to obtain the temperature. A paddle 
anemometer measured the air velocity at the furnace inlet and cyclone.  

2.4 Physicochemical Analysis 

The water contents of grain samples during drying were measured indirectly, which correlates the electrical 
capacitance with product moisture content. The current study classified soybean batches according to Normative 
Instruction No. 11 of May 15, 2007, of the Ministry of Agriculture, Livestock, and Supply (Brazil, 2007).  

In a homogenized working soybean sample, the study determined group (I or II), class (yellow or mixed) and 
batch type based on the percentage of burnt and burnt, moldy, greenish, broken, broken and dented, foreign 
matter and impurities. The electrical conductivity test was performed on soybeans according to the methodology 
described by Vieira and Krzyzanowski (1999). Four repetitions of fifty grains were used for each repetition of 
each treatment. Researchers weighed the beans on a digital scale to two decimal places and placed them in 
plastic cups (200 mL), then added 75 mL of deionized water to each container (Brazil, 2007). 

The cups were placed in germination previously set at 25 °C for 24 hours. After this time, researchers removed 
the containers and gently shook them. For conducting the tests, the study incorporated an AK51 electric 
conductivity meter with automatic calibration and automatic temperature compensation. Results were expressed 
in µS cm-1 g-1 (Brazil, 2007). 

In order to determine the percentage of dry matter (DM) of the soybean samples, they were previously ground to 
millimeter size after placing the samples in a drying oven at 105 °C for eight hours (AOAC, 1984).  

The study calculated the percentage of dry matter of the sample using the initial and final weight difference. The 
protein content was determined by the Kjeldahl method (Method 984.13; AOAC, 1997), determining the 
nitrogen (N) content of the sample to be 0.20 g, placed in a digester block together with the catalyst and sulfuric 
acid at a temperature of 300 °C. After digestion, 10 mL of distilled water and 5 mL of ammonium borate was 
added. After distillation, titration with hydrochloric acid was performed. The process was repeated twice for each 
sample. For the conversion of N values to crude protein (CP), the correction factor of 6.25. It was nitrogen to 
protein transforming using ta factor considering 16% nitrogen (100/16 = 6.25).  

The determination of lipid contents (ether extract-EE) was determined by AOCS Method Am5-04 (2005), using 
ANKOM XT15 equipment and ANKOM XT4 filter bags. Petroleum ether was used as a solvent, adopting a 
temperature of 90 °C for 60 minutes of extraction. After the extraction period, researchers placed the beaker in 
an oven until all the solvent had evaporated, and then it went in the desiccator until it reached the constant 
temperature for weighing.  

2.5 Statistical Analysis 

To evaluate the results, the study performed analysis of variance and means tests through a Tukey test at 5% 
probability using Sisvar 5.6 software. 

2.6 Mass and Energy Balance of Drying Systems 

The initial water mass in the soybeans in the drying system was determined by Equation 1: 

Pti	=	PtUi                                               (1) 

where,  

Pti: initial water body in the product (kg); Pt: total product mass (kg); Ui: final product moisture (w.b.) (%). 

The final water mass in the soy beans in the drying system was determined by Equation 2: 

Ptf	=	PtUf                                                 (2) 

where,  
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Ptf: final mass of water in the product (kg); Pt: total product mass (kg); Uf : final product moisture (w.b.) (%).  

The mass of water evaporated in the soybeans in the drying system was determined by Equation 3: 

Wevap = W1 – W2                                            (3) 

where,  

Wevap: evaporated water mass (kg); W1: initial mass of water in the product (kg); W2: final water body in the 
product (kg).  

The final mass of soybeans after drying was determined by the Equation 4: 

Pf	= Pt –	Wevap                                            (4) 

where,  

Pf: final product mass (kg). 

The yield of the soybean drying system was determined by Equation 5:  

Rt	=	Wevap

Pti
                                                (5) 

where,  

Rt: drying yield (%). 

To determine the relative humidity of the air, Equation 6 was used: 

UR	=	 Pv

Pvs
 × 100                                            (6) 

where,  

UR: relative humidity (%); Pv: steam pressure (kPa); Pv: saturation vapor pressure (kPa).  

The actual vapor pressure was determined by Equation 7: 

Pv	=	Pvs	–	A·Patm(T	–	Tu)                                        (7) 

where,  

A: psychrometric constant (aspirated psychrometers = 6.7 × 10-4 °C-1); Patm: local atmospheric pressure (kPa); T: 
dry bulb temperature (ºC); Tu: wet bulb temperature (°C).  

Atmospheric pressure was determined by the Equation 8:  

 Patm	=	101.3	×	 ቂ൫293	– 0.0065	h൯
293

ቃ                                      (8) 

where,  

h: altitude (m).  

The saturation vapor pressure was determined by the Equation 9: 

Psat	=	6.1078 × 10ቂ 7.5T
237.3T

ቃ                                        (9) 

where,  

Psat: saturation vapor pressure (kPa). 

The global heat balance used in the drying system was determined by the Equation 10: 

Q = ൜W ቂቀ100 – Ui

100
ቁ cm± ቀ Ui

100
ቁ cH2Oቃ ൫ts	–	tm൯± ൤W(Ui –	Uf)

100 – Uf
൨ r±Pൠ                    (10) 

where,  

Q: amount of heat from the drying system (kcal kg-1); W: input weight of the product to be dried (kg); Ui: initial 
water content (w.b.) (%); Uf: final water content (w.b.) (%); Cm: specific heat of the product to be dried (grain  
0.47 kcalkg-1 °C-1); CH2O: specific heat of water (kcal kg-1 °C-1); r: latent heat of water vaporization (~ 568 kcal 
kg-1°C-1); ts: drying air temperature (°C); tm: grain mass temperature (°C); P: losses ( 30%).  

To calculate the mass flow rate of fuel consumed during drying operations, the equation was used 11: 

Vmc	=	Mc

to
                                                (11) 

where, 
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Vmc: mass fuel flow (kg h-1); Mc: fuel mass, considering eucalyptus firewood 450 kg m-³; to: operating time (h).  

The energy entering the dryer was calculated using the Equation 12: 

Ee	=	 Vmc

Qta
PCI                                            (12) 

where, 

Ee: dryer input power (kcal kg-1); Qta: amount of product (kg); PCI: can lower calorific (kcal kg-1).  

The output energy of the dryer from the dryer was calculated by the Equation 13: 

Es	= Ee	– Q                                             (13) 

where, 

Es: dryer output power (kcal kg-1).  

The thermal performance of the dryer was calculated using the Equation 14: 

Rs	=	 Q

Ee
 × 100                                           (14) 

where, 

Rs: thermal efficiency of the dryer (%).  

3. Results and Discussion 
The main objective of drying agricultural products is to reduce vegetable water activity to a level that slows 
microbial growth and reaction rate (less than 0.6). For this, there are two guiding principles: heat transfer to 
provide the necessary latent heat of vaporization and the movement of water or water vapor through a material. 
Soybean lots were harvested and submitted to drying management under the conditions presented in Table 1. 

 

Table 1. Conditions of ambient air and soybeans for drying 

Treatments 
Ambient air conditions Grain conditions 

RH (%) T ambiente air (°C)  Ui (%) Uf (%) 

SSS1 82.0±3.0 26.1±1.0  17±0.2 11.0±0.1 
SSS2 73.0±3.0 21.5±1.0  17±0.2 12.5±0.1 
SSS3 63.0±3.0 24.2±1.0  17±0.2 14.0±0.1 

Note. RH: relative humidity (%); T: ambient air temperature (°C); Ui: initial product moisture (w.b.) (%); Uf: 
final product moisture (w.b.) (%). 

 
At the beginning of drying, there was a significant reduction of grain moisture, distributed in the inner layers near 
the grain surface, influenced by the drying air temperature conditions. The researchers dried SSS1 soybean batches 
for 90 minutes to reduce water content from 17% to 11.0%, with grain mass temperature varying from 36 to 41 °C. 
SSS2 soybean batches had a 60-minute drying period, which reduced water contents from 17% to 12.5%, wherein 
grain mass temperature ranged from 39 to 42 °C. The SSS3 soybean lots dried for 60 minutes to reduce water 
content from 17% to 14.0%, with grain mass temperature ranging from 37 to 42 °C. According to Yassen and 
Al-Kayiem (2016), removing water from the product through drying results from the difference in the vapor 
pressure of the grain relative to the air, creating a gradient of vapor tension. This gradually transfers water from the 
interior of the grain to the periphery, due to capillary movements, moisture diffusion, and vapor pressure gradients. 
As for the physical quality of SUL, SSS1, SSS2, SSS3 SSLRR, and SSLRR2 soybean lots, the current study 
classified satisfactory results in Group I c, meeting the standard for soybeans destined for fresh consumption 
(Table 2) according to Normative Instruction No. 11 of May 15, 2007 and Normative Instruction No. 37 of July 
27, 2007, which establishes the Soy Technical Regulation. The Regulation defines official classification 
standards with the Intrinsic and Extrinsic Identity and Quality Requirements, Sampling and Marking or Labeling 
for soybeans from the species (Glycine max (L.) Merrill).  
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Table 2. Physical classification of soybeans from different lots after drying 

Treatments I (%) F (%) A (%) Q (%) IM (%) 

SUL 0.29 0.76 0.28 2.03 0.69 
SSS1 1.21 0.37 0.37 2.33 0.34 
SSS2 0.25 0.29 0.27 1.22 0.00 
SSS3 0.91 0.20 0.11 3.35 0.11 
SSLRR 0.41 0.29 0.06 3.31 0.23 
SSLRR2 0.20 0.26 0.06 3.39 0.17 

Note. I: Impurities; F: Fermented; A: Burned; Q: Broken; IM: Immature. 

 

Of the lots that went through the drying process, the dry lots and the wet lots did not differ in relation to the dry 
mass content, unit-specific mass, apparent specific mass and porosity (Table 3). This contradicted Botelho et al. 
(2015), who observed reduction of apparent specific mass and unit-specific mass of soybean linearly, the drying 
temperature having increased. Alencar et al. (2009) verified the maintenance of water contents of stored grains in 
environmental conditions of low temperatures and high relative humidity, reducing the losses of dry matter and 
the apparent specific mass of grains. These are generally intensified under warmer conditions.  

 

Table 3. Physical and physical-chemical quality of soybean grain lots handled in a receiving, drying and storage 
unit 

Analysis 
Treatments 

SUL SSLRR SSLRR2 SSS1 SSS2 SSS3 

U (%) 17.00 C 11.69 A 11.03 A 13.31 AB 15.85 B 16.20 B 
MS (%) 83.00 A 88.31 C 88.97 C 86.69 B 84.15 B 83.80 A 
PB (%) 42.87 D 38.50 A 38.91 A 42.64 D 42.02 D 39.61 B 
EE (%) 23.37 C 22.75 B 20.47 A 23.41 C 23.52 C 23.34 C 
ρun (kg m-3) 933.52 A 933.24 A 931.73 A 955.20 A 965.20 A 971.64 A 
ρap (kg m-3) 616.85 A 595.88 A 627.34 A 643.06 A 633.45 A 650.05 A 
ξ (%) 33.90 A 36.17 A 32.68 A 32.67 A 34.42 A 33.11 A 
EC (µS cm-1 g-1)  137.78 B 51.78 A 49.14 A 133.45 B 120.67 B 51.78 B 

Note. U: water content; MS: dry matter; PB: crude protein; EE: ethereal extract; ρun: specific unit mass; ρap: 
apparent specific mass; ξ: porosity; EC: electrical conductivity. 

 

However, improper handling of the grain or drying system can cause serious damage to the grains. Coradi et al. 
(2017) described how drying soybeans with water content above 19% and drying air temperature at 120 °C 
significantly increases the acidity and yield of crude oil and protein compared to drying at lower temperatures 
such as 75, 90 and 105 °C. Hartmann Filho et al. (2016) evaluated soybeans with water content of 23% (w.b.), 
having subjected them to drying at temperatures of 40, 50, 60, 70 and 80 ºC until the water content was 
12.5±0.7% (w.b.). Their study concluded that the quality of soybean and crude oil decreases as the drying air 
temperature increases. Tables 4, 5 and 6 show the results of the mass and energy balance of the drying system. 
The current study found that when the evaporated water mass in the drying process was increasingly smaller, the 
mass of dried product and the drying yield were increasingly lower (Table 4). Moreover, the lower the final 
water content of the grains, the higher the energy that the drying process consumed for a higher fuel mass flow 
and higher energy efficiency of the dryer. The results the current study obtained are favorable for a sustainable 
system, considering the growth in the use of heat sources based on sustainable biomass. This study presents a 
viable option for grain-producing regions experiencing high energy costs, allowing collaboration in the reduction 
of greenhouse gas emissions and carbon emissions associated with the use of fossil fuels—a global concern in 
reducing climate change trends. According to results that Tables 4, 5 and 6 present, there are significant 
differences between drying technologies in terms of developing more sustainable systems.  
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Table 4. Mass balance of soybeans in the drying 

Treatments Ts (°C) Pt (kg) Pti (kg) Ptf (kg) Wevap (kg) Pf (kg) Rt (%) 

SSS1 90±15 1 0.1700 0.1140 0.0560 0.9440 29.41 

SSS2 90±15 1 0.1700 0.1380 0.0320 0.9680 18.82 

SSS3 90±15 1 0.1700 0.1410 0.0290 0.9710 17.05 

Note. Ts: temperature air drying (°C); Pti: initial water mass in product (kg); Ptf: final water mass of the product; 
Wevap: evaporated water body (kg); Pf: final mass of product (kg); Rt: drying yield (%); Pt: total mass of product 
(kg). 

 

Table 5. Energy balance of the drying system 

Treatments W (kg) 
Ui 

(%) 
Cm 

(kcal kg-1 °C-1) 
CH2O 

(kcal kg-1 °C-1) 
Ts 

(°C)
Tm 

(°C)
Uf 

(%) 
r 
(kcal kg-1 °C-1) 

P 
(%) 

Q 
(kcal kg-1)

SSS1 1 17.0 0.47 1 90  41 11.0 568 30 82.34 

SSS2 1 17.0 0.47 1 90 40 12.5 568 30 63.82 

SSS3 1 17.0 0.47 1 90 37 14.0 568 30 63.51 

Note. Q: amount of heat from the drying system (kcal kg-1 of product); W: input weight of the product to be dried 
(kg); Ui: initial water content (w.b.) (%); Uf: final water content (w.b.) (%); Cm: specific heat of the product to be 
dried (grain  0,47 kcal kg-1 °C-1); CH2O: specific heat of water (kcal kg-1 °C-1); r: latent heat of water 
vaporization (~ 568 kcal kg-1 of water °C-1); Ts: drying air temperature (°C); Tm: grain mass temperature (°C); P: 
losses ( 30%).  

 

Table 6. Energy balance of the drying system—continued 

Treatments 
W 
(kg) 

1Wood 
(m³) 

Mc 

(kg) 
to 

(h) 
Vm 

(kg h-1) 
Vmc/Q 
(kg) 

PCI 
(kcal kg-1) 

Ee 

(kcal) 
Es 

(kcal kg-1) 
Rs 
(%) 

SSS1 1 2.5 1125 1.5 750 0.01875 4500 84.38 2.04 97.5 
SSS2 1 1.5 675 1.0 675 0.01687 4500 75.92 12.10 84.0 
SSS3 1 1.5 675 1.0 675 0.01687 4500 75.92 12.41 83.6 

Note. 1Total biomass used to dry 40 tonnes of grain; Vmc: mass fuel flow (kg h-1); Mc: fuel mass, considering 
specific mass of eucalyptus firewood from 450 kg m-³ (kg); to: operating time (h); Es: dryer output power (kcal 
kg-1 of product); PCI: lower calorific value (kcal kg-1); Rs: thermal efficiency of the dryer (%); Q: amount of heat 
from the drying system (kcal kg-1); Ee: energy entering the dryer (kcal kg-1 of product).  

 

According to Lisboa et al. (2018), when attempting to overcome the bottlenecks of traditional drying systems, 
although the use of sustainable energy is an alternative for drying agricultural products, choosing the drying 
method according to the conditions of soybean batches enhances the system itself. Making post-harvest systems 
more sustainable plays a significant role in reducing losses, as well as creating a qualitative and sustainable 
environment with concern to the operational aspects of production. The proper use of different technologies 
allows drying of agricultural products in a sustainable environment, especially considering the yield and thermal 
utilization of dryers, at the same time ensuring the quality of agricultural products, reducing physical losses and 
physical and chemical characteristics observed in Tables 2 and 3. During the drying process, the water 
withdrawal from the product occurs by the difference of the vapor pressure of the grain about the air. Drying of 
the grain occurs when there is a gradient of vapor tension from the grain to the air, gradually transferring water 
from the interior of the grain to the periphery due to capillary movements, moisture diffusion, and vapor pressure 
gradients. This means that the warmer the air, the more water it retains, the better the grain surface dries out 
(Taşeri et al., 2018). According to these concepts, the drying process may be faster or slower depending on the 
drying technology system and energy use. This study has observed that the continuous grain flow and faster 
drying predominated regarding energy utilization and grain quality. Table 7 presents the results of energy balance 
and grain quality as a function of drying management. 
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Table 7. Impacts in the energy balance and quality of soybeans in the differents drying systems at a production 
scale Brazilian 

T QtaEn (kcal) Biomass (kg) Rs (%) PE (%) RPB (%) PPB (%) ROB (%) POB (%)

SUL - - - - 42.87 0.00 23.52 0.00 
SSLRR - - - - 38.50 4.37 22.75 0.77 
SSLRR2 - - - - 38.91 3.96 20.47 3.05 
SSS1 3,530,120,000.000 784,471,111.11 97.5 2.5 42.64 0.23 23.41 0.15 
SSS2 2.053.888.000.000 456,419,555.55 84.0 16.0 42.02 0.85 23.37 0.15 
SSS3 1,861,336,000.000 413,630,222.22 83.6 16.4 39.61 3.26 23.34 0.18 

Note. QtaEn: amount of energy consumed in the soybean drying Brazilian; Rs: thermal yield; PE: loss of energy; 
RPB: crude protein yield; PPB: loss of crude protein; ROB: crude oil yield; POB: loss of crude oil.  

 

Significant losses in grain quality were observed in Table 7 due to the drying management of 0.23 to 3.26% 
crude protein and 0.15 to 3.05% crude oil, corresponding to approximately 2,116,963,470 kg of crude protein 
and 810,616,800 liters of crude oil. Similarly, losses for energy used in drying were from 2.5 to 16.4%, which 
translates to approximately 1.743.269.13 m³ of firewood when considering the annual Brazilian soybean 
production. On the other hand, the energy losses due to the drying system are only a fraction, corresponding to 
about 162,282.50 m³ of firewood.  
4. Conclusions 
Managing SSS1 soybean drying to the initial water content of 17% (w.b.) and final storage water content of 
11.0% (w.b.) is the best alternative that ensures lower losses and higher grain quality, as well as improving yield 
of protein and crude oil, thereby reducing energy impacts with increased efficiency of the drying system. This 
study concludes that the SSS1 drying system reduces energy-environmental impacts by 80.23%, losses with 
crude protein by 94.73%, and crude oil by 95.08% for a much more sustainable postharvest system. 

References 

Alencar, E. R., Faroni, L. R. D., Lacerda Filho, A. F., Peternelli, L. A., & Costa, A. R. (2009). Qualidade dos 
grãos de soja (Glycine max (L.) Merrill) armazenados em diferentes condições. Revista Brasileira de 
Engenharia Agrícola e Ambiental, 13, 606-613. https://doi.org/10.1590/S1415-43662009000500014 

American Oil Chemists Society. (2005). Oficial Procedure, Approved Procedure Am 5-04, rapi determination of 
oil/fat utilizing high temperature solvent extraction. Chicago, IL: American Oil Chemists Society. 

Amjad, W., Munir, A., Esper, A., & Hensel, O. (2015). Spatial homogeneity of drying in a batch type food dryer 
with diagonal air flow design. Journal Food Engineering, 144, 148-155. https://doi.org/10.1016/j.jfoodeng. 
2014.08.003 

Anderson, J. O., & Westerlund, L. (2014). Improved energy efficiency in sawmill drying system. Applied Energy, 
113, 891-901. https://doi.org/10.1016/j.apenergy.2013.08.041 

Association of Official Agricultural Chemists. (1984). Official methods of analysis (14th ed.). Washington, DC: 
Association of Official Agricultural Chemists.  

Association of Official Analytical Chemists. (1997). Official Methods of Analysis (16th ed.). Gaithersburg, MD: 
Association of Official Analytical Chemists. 

Babu, A. K., Kumaresan, G., Raj, V. A. A., & Velraj, R. (2018). Review of leaf drying: Mechanism and 
influencing parameters, drying methods, nutrient preservation, and mathematical models. Renew 
Sustainability Energy Journal, 90, 536-56. https://doi.org/10.1016/j.rser.2018.04.002 

Boroze, T., Desmorieux, H., Méot, J.-M., Marouzé, C., Azouma, Y., & Napo, K. (2014). Inventory and 
comparative characteristics of dryers used in the sub-Saharan zone: criteria influencing dryer choice. Renew 
Sustainabily Energy Journal, 40, 1240-1259. https://doi.org/10.1016/j.rser.2014.07.058 

Botelho, F. M., Granella, S. J., Campos, S. de C., & Garcia, T. R. B. (2015). Influência da temperatura de 
secagem sobre as propriedades físicas dos grãos de soja. Engenharia na Agricultura, 23, 212-219. 
https://doi.org/10.13083/1414-3984/reveng.v23n3p212-219 

Bowser, T. J., Frazier, R. S., & Kakarala, R. R. (2011). Improvement of efficiency and environmental impact of a 
low-cost food dehydrator. Open Food Science Journal, 5, 37-41. https://doi.org/10.2174/18742564011 
05010037 



jas.ccsenet.org Journal of Agricultural Science Vol. 12, No. 6; 2020 

117 

Brasil. (2007). Instrução Normativa nº 11, de 15/05/2007 e Instrução Normativa nº 37, de 27/07/2007. Altera o 
inciso IV, do art. 2º, do Capítulo I, do Anexo da Instrução Normativa nº 11, de 15 de maio de 2007, Diário 
Oficial [da] República Federativa do Brasil. Brasília, 30 Julho de 2007, Brazil. 

Brooker, D. B., Bakker-Arkena, F. W., & Hall, C. W. (1992). Drying and storage of grains and oil seeds. New 
York: AVI. 

Chen, S. T., Kuo, H. I., & Chen, C. C. (2010). Modeling the relationship between the oil price and global food 
prices. Applied Energy, 87, 2517-2525. https://doi.org/10.1016/j.apenergy.2010.02.020 

Companhia Brasileira de Abastecimento. (2019). Acompanhamento da Safra Brasileira de Grãos Safra. 
CONAB: Brasília, Brazil. 

Coradi, P. C., Souza, A. E. M., & Borges, M. C. R. Z. (2017). Yield and acidity indices of sunflower and 
soybean oils in function of grain drying and storage. Acta Scientiarum. Agronomy, 39, 255-266. 
https://doi.org/10.4025/actasciagron.v39i2.31121 

Coskun, C., Bayraktar, M., Oktay, Z., & Dincer, I. (2009). Energy and exergy analyses of an industrial wood 
chips drying process. International Journal Low-Carbon Technology, 4, 224-229. https://doi.org/10.1093/ 
ijlct/ctp024 

Darvishi, H., Khoshtaghaza, M. H., & Minaei, S. (2015). Effects of fluidized bed drying on the quality of 
soybean kernels. Journal of the Saudi Society of Agricultural Sciences, 14, 134-139. https://doi.org/10.1016/ 
j.jssas.2013.09.002 

De Bonis, M. V., & Ruocco, G. A. (2008). Generalized conjugate model for forced convection drying based on 
an evaporative kinetics. Journal Food Engineering, 89, 232-40. https://doi.org/10.1016/j.jfoodeng. 
2008.05.008 

Delarmelino-Ferraresi, L. M., Villela, F. A., & Aumonde, T. Z. (2014). Desempenho fisiológico e composição 
química de sementes de soja. Revista Brasileira de Ciências Agrárias, 9, 14-18. https://doi.org/10.5039/ 
agraria.v9i1a2864 

Devahastin, S., & Pitaksuriyarat, S. (2006). Use of latent heat storage to conserve energy during drying and its 
effect on drying kinetics of a food product. Applied Thermal Engineering, 26, 1705-1713. https://doi.org/ 
10.1016/j.applthermaleng.2005.11.007 

Hartmann Filho, C. S., Goneli, A. L. D., Masetto, T. E., Martins, E. A. S., Oba, G. C., & Siqueira, V. C. (2016). 
Quality of second season soybean submitted to drying and storage. Pesquisa Agropecuária Tropical, 46, 
267-275. https://doi.org/10.1590/1983-40632016v4641380 

Helvaci, H. U., & Akkurt, G. G. (2014). Thermodynamic performance evaluation of a geothermal drying system. 
In I. Dincer, A. Midilli, & H. Kucuk (Eds.), Progress in exergy, energy, and the environment (pp. 331-41). 
Cham: Springer International Publishing. https://doi.org/10.1007/978-3-319-04681-5_29 

Li, S., Stawczyk, J., & Zbicinski, I. (2007). CFD Model of apple atmospheric freeze drying at low temperature. 
Drying Technology, 25, 1331-1339. https://doi.org/10.1080/07373930701438907 

Lisboa, H. M., Duarte, M. E., & Cavalcanti-Mata, M. E. (2018). Modeling of food drying processes in industrial 
spray dryers. Food Bioproducts Process, 107, 49-60. https://doi.org/10.1016/j.fbp.2017.09.006 

Mayor, L., & Sereno, A. M. (2004). Modelling shrinkage during convective drying of food materials. Journal of 
Food Engineering, 61, 373-386. https://doi.org/10.1016/S0260-8774(03)00144-4 

Mulet, A., Garcia-Reverter, J., Sanjuán, R., & Bon, J. (1999). Sorption isosteric heat determination by thermal 
analysis and sorption isotherms. Journal of Food Science, 64, 64-68. https://doi.org/10.1111/j.1365-2621. 
1999.tb09862.x 

Prakash, O., & Kumar, A. (2014). Environomical analysis and mathematical modelling for tomato flakes drying 
in a modified greenhouse dryer under active mode. International Journal Food Engineering, 10, 669-681. 
https://doi.org/10.1515/ijfe-2013-0063 

Rabha, D. K., Muthukumar, P., & Somayaji, C. (2017). Energy and exergy analyses of the solar drying processes 
of ghost chilli pepper and ginger. Renew Energy, 105, 764-73. https://doi.org/10.1016/j.renene.2017.01.007 

Reyes, A., Mahn, A., Huenulaf, P., & González, T. (2014). Tomato dehydration in a hybrid-solar dryer. Journal 
Chemical Engineering Process Technology, 5, 196. Retrieved from https://www.longdom.org/open-access/ 
tomato-dehydration-in-a-hybridsolar-dryer-2157-7048.1000196.pdf 



jas.ccsenet.org Journal of Agricultural Science Vol. 12, No. 6; 2020 

118 

Samadi, S. H., Gbonbadian, B., & Najafi, G. (2013). Application of combined heat and power for drying 
agricultural products (apple slices) to save energy. International Journal of Natural and Engineering 
Sciences, 7, 86-92. Retrieved from https://www.researchgate.net/publication/320858493_Application_of_ 
Combined_Heat_and_Power_for_Drying_Agricultural_Products_apple_slices_to_Save_Energy 

Singh, M., & Sethi, V. P. (2018). On the design, modelling and analysis of multi-shelf inclined solar 
cooker-cum-dryer. Solar Energy, 162, 620-636. https://doi.org/10.1016/j.solener.2018.01.045 

Taşeri, L., Aktaş, M., Şevik, S., Gülcü, M., Uysal, Seçkin, G., & Aktekeli, B. (2018). Determination of drying 
kinetics and quality parameters of grape pomace dried with a heat pump dryer. Food Chemical, 260, 
152-159. https://doi.org/10.1016/j.foodchem.2018.03.122 

United States Department of Agriculture. (2019). World Agricultural Production.  

Vieira, R. D., & Krzyzanowski, F. C. (1999). Teste de condutividade elétrica. In: Krzyzanowski, F. C., Vieira, R. 
D., França Neto, J. B. (Eds). Vigor de sementes: conceitos e testes. Londrina: ABRATES.   

Wang, J., Chen, P., Wrang, D., Shannon, G.., Zeng, A., orazaly, M., & Wu, C. (2015). Identification and mapping 
of stable QTL for protein content in soybean seeds. Molecular Breeding, 35, 92. https://doi.org/ 
10.1007/s11032-015-0285-6 

Yassen, T. A., & Al-Kayiem, H. H. (2016). Experimental investigation and evaluation of hybrid solar/thermal 
dryer combined with supplementary recovery dryer. Solar Energy, 134, 284-293. https://doi.org/10.1016/ 
j.solener.2016.05.011 

 
Copyrights 
Copyright for this article is retained by the author(s), with first publication rights granted to the journal. 

This is an open-access article distributed under the terms and conditions of the Creative Commons Attribution 
license (http://creativecommons.org/licenses/by/4.0/). 


