
   

  

   

   

 

   

   

 

   

   Int. J. xxxxxxxxx xxxxxxxxxxxxxms, Vol. X, No. Y, xxxx 1    
 

   Copyright © 201x Inderscience Enterprises Ltd. 

 

 

   

   

 

   

   

 

   

       
 

Energy and Exergy Analysis of Industrial Corn Dryer 
Operated by Two Different Fuels  

Fatih ÜNAL 

Department of Machinery and Metal Technology, 
Mardin Vocational School, 
Mardin Artuklu University, 
Mardin, 47100, Turkey 
Email: fatihunal@artuklu.edu.tr 

Abstract: 

Drying processes are among the most energy-consuming operations in 
industrial plants. Therefore, it is highly beneficial for drying facilities to have 
high energy efficiency and low emission values to the environment. 
Accordingly, in this study, the data obtained after converting an industrial 
horizontal type corn dryer that meets its drying air temperature from coal to 
natural gas was compared by thermodynamic analyses. Before starting the 
drying process, it was assumed that the corn type DKC6050 with 24-25% corn 
inlet humidity dries when it reaches approximately 14% corn outlet humidity, 
which is the storage condition after the drying process. Energy and exergy 
efficiencies, drying rates, unit drying costs, specific moisture extraction rate, 
and specific energy consumption values of the analyzed systems were 
determined using the data obtained from the experiments carried out at 90,100 
and 110ºC drying temperatures. According to the determined values, the exergy 
efficiency of the natural gas drying system compared to the coal system was 
approximately 1-3%, energy efficiency was about 6-7%, and the 
dehumidification rate was approximately 2-4 kgwater/h. On the other hand, it 
was also determined that the unit drying cost was approximately 0.1-0.45 €/kg 
and the specific energy consumption was less than approximately 1000-8000 
kJ/kgwater. Also, emission values released to the environment were calculated 
for both systems based on the amount of energy required for drying. 
Accordingly, it was found that the release of CO2 equivalent emission between 
680.20-836.01 kg to the environment can be prevented by the natural gas 
system in each drying process.  
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analysis; unit drying cost. 
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1 Introduction 

The increase in prices and environmental pollution, which occur in parallel with the 

gradual decrease in energy resources, makes it inevitable that energy systems existing in 

industrial sectors are used more efficiently, and that the new systems to be planned are 

designed at the highest possible values. Accordingly, it is known that significant energy 

consumption in the industry occurs in drying operations. In the drying process, different 

kinds of energy resources (e.g., natural gas, coal) provide the corresponding energy for 

maintaining the operation of the drying system. Inherent to this process, energy is wasted 

in the various devices involved due to the irreversibility of energy conversion (Li, 2018). 

For this reason, increasing the energy efficiency of industrial drying systems is at the 

forefront of today's engineering studies. The increasing energy need with the developing 

technology has increased the prices of gas and liquid fuels, whose resources have already 

decreased, and the use of solid fuels in order to reduce the energy cost has become 

unpractical due to the products to be dried and the negative effects it creates on the 

ambient air. In the literature, many types of research have been made on food drying 

systems with the aim of working more efficiently with the developed models and 

analyses. Some of the researches on this subject are described below. 

(Lee and Kim, 2009) compared the thin slices of red radish with a heat pump dryer 

and a hot air heater. They determined that although the drying time of the heat pump 

dryer is 1.5 times longer, the energy gain is about 3 times better. In another study, 

(Akpinar, 2004) conducted an energy and exergy analysis using data obtained from 

experiments carried out in the thin-layer drying of red pepper slices in three different 

drying temperatures and constant feed rate. (Aghbashio et al., 2009) studied the 

performance of a belt dryer by drying carrot slices in it. They carried out the experiments 

at three different drying air, airflow rates, and feed rates. With their energy and exergy 

analysis, they determined that the energy usage of the dryer varied between 3.78-25.57 

kJ/s and the exergy efficiency varied between 55.27-93.29%. (Fudholi et al., 2014) 

examined the energy and exergy analysis of drying red peppers in a solar dryer. As a 

result of their study, they determined that the specific energy consumption required for 

drying was 5.26 kWh/kg. (Yildiz et al., 1989) investigated the energy analysis of drying 

corn kernels at low temperatures. They stated that corn could be harvested at a relative 

humidity of 17-25% (wet base) and stored at a relative humidity of 11-13% (wet base). 

They also determined that the energy consumption of dryers operating at high 

temperatures for this purpose was 4000-5000 kJ/kgwater. (Nayak et al., 2011) designed a 

hybrid photovoltaic-thermal greenhouse type dryer to reduce the high costs of fossil 

drying processes. They found the efficiency of the dryer they designed to be 34.2% and 

determined the decrease of CO2 emission to be 140.97 tons. Lopez-(Lopez-Vidana et al., 

2013) investigated the efficiency of a hybrid drying system using solar energy and LPG. 

Observed drying efficiency values were 86% in the LPG study, 71% in the hybrid study, 

and 24% in the solar-powered study. The authors also stated that the hybrid dryer 

consumed 20% less fuel than the LPG dryer. (Helvaci et al., 2013) reported the drying 

behavior of olive leaves using a geothermal energy-sourced dryer with heat 

exchangeability, a design of their own. As a result of the experiments carried out at three 

different drying air temperatures and two different drying airspeeds, they found that the 

drying speed increased with increasing drying air temperature and speed, and the drying 

time decreased with increasing drying air temperature and speed. (Erbay and Hepbasli, 
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2014) analyzed the changes in exergy and energy efficiency in a dryer using a ground 

source heat pump, through modifications to system components such as condensers, 

evaporators, and compressors, with high exergy losses. As a result of the improvement, 

they determined that their energy and exergy efficiencies were 77.05% and 93.5%, 

respectively. (Dincer and Sahin, 2004) created a new model to be used for the 

determination of the exergy efficiency of drying processes. Through this model, they 

examined the effects of the thermodynamic properties of the dried product on efficiency. 

They also made an exemplary drying process to determine the suitability of the model. 

As a result of the study, it was concluded that the compatibility of the new model was 

high. (Aghbashlio et al., 2013) conducted an investigation for drying processes and 

operations. In their review study, they summarized the use of exergy analysis in drying 

operations and facilities, and presented its benefits and capabilities. (Beiji et al., 2017) 

studied the exergy analysis of the drying process in a convective dryer. They carried out 

drying experiments at different inlet drying air temperatures and flow rates, and 

investigated exergy loss, exergy destruction, exergy efficiency, improvement potential 

rate, and sustainability index. They determined the exergy efficiency of the drying 

process and the drying chamber to be between 5.10% - 29.41% and 32.64% - 67.75%, 

respectively. As a result, they noted that the application of higher drying air temperatures 

resulted in higher exergy efficiencies. (Folayan et al., 2018) investigated the drying 

process of onions at different drying air temperatures, drying periods and thicknesses in a 

cabinet dryer. In their research, exergy analyzes were carried out in terms of exergy loss, 

exergetic improvement potential, and exergetic sustainability index. (Li, et al., 2020) 

proposed a novel industrial corn drying system with a self-developed waste heat recovery 

function. They examined the energetic and exergetic performance of the drying system. 

Besides, they applied an exergoeconomic methodology to reveal the costs. 

As can be seen from the literature studies examined, research on drying behavior of 

drying systems at real operating conditions have revealed that energy and exergy 

efficiencies are insufficient. Also, nowadays, coal-fired dryers are still being used for 

corn drying. So, in this study, unlike others, a thermodynamic analysis was performed 

using the measurement values taken from an industrial corn dryer operated by two 

different fuels to analyze the drying processes, one of the energy-intensive processes. In 

addition, for the use of the existing industrial corn dryer with two different fuels, the 

heater efficiencies, drying system efficiencies, exergy losses in the drying chamber, 

exergy efficiencies of the drying chamber, unit drying costs, (specific) moisture 

extraction rates, and CO2 equivalent emission values were calculated and compared 

separately. The results are thought to provide useful information to the researchers 

interested in the conversion of coal-fired industrial dryers to natural gas. 

2 Materials and Methods 

This study was carried out in an industrial type horizontal corn dryer located in Mardin, 

Turkey, with 25 ton/h capacity, 13 section drying compartments, and 38 kW of installed 

power (Figure 1). The dryer consists of four parts: dryer, heater, drying, and 

transportation group. Drying air is first brought to the desired temperature in the heating 

group, using two different types of fuel, and then sent to the drying section. The products 

transferred to the drying part with the carrier part using the spiral system come into 
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contact with the drying air. With simultaneous heat-mass transfer, corn grains with 25-

26% [RH] moisture can be reduced to 14-15% [RH] moisture and the product can be 

stored without spoilage. The heating part of the dryer was first run with coal (Figure 1a) 

and after repeated tests were performed for four times at three different drying 

temperatures (90-100-110 ºC), the heater part was transformed into a natural gas system 

(Figure 1b) and 4 more experiments were done at different drying temperatures under the 

same conditions. The corn used in the experiments was DKC 6050 seed type corn grown 

in Mardin, which is suitable for the second crop. A cob of corn was in the length of 40-42 

cm and contained 16-18 grains in width. The drying process was carried out after 

separating the corn kernels. During the drying processes, 21425±10 kg of corn was dried 

on average. 

Seven points (Figure 2) were determined for the experimental data to be taken from 

the dryer and the temperature, drying airflow, and relative humidity values of the drying 

processes were reached. 

Figure 1  Horizontal type corn driers using (a) coal (b) with natural gas 
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Figure 2  Schematic representation of measuring locations 

 

 

 

Temperature, relative humidity, and drying airflow data were obtained through 

sensors (points 3-6 and 7) and measuring devices placed in the measuring points (Figure 

2) determined in the dryer. The measurement devices and their sensitivity used in the 

experiments are presented in Table 1. Also, the control panel of the dryer is used for the 

temperature value at the burner outlet, which cannot be measured. The measurement 

devices used during the experiments are given in Figure 3. 
 

Table 1   Measuring devices and their sensitivities 

 

Measuring Device Probe Function Sensitivity 

PT-100 
Thermocouples 

K type Temperature 
measurement 

±0.10 [ºC] 

KIMO AMI 300 
Thermo-
anemometer 

Velocity vane ø100mm 

Air velocity 0.1 [m/s] 

Ambient 
temperature 

0.1 [ºC] 

Thermo Hygro Humidity ±0.1% [RH] 

Kett PM-410 ------------------ Grain moisture 
tester 

±0.5% [RH] 

Kehao DT200-B K type, data logger Temperature 
measurement 

±0.2% [ºC] 

Desis THB 600 ----------------- Precision scales 0.01 [g] 

Transmitter K type Pressure 
measurement 

±0.03 [bar] 
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Figure 3  Measuring devices used in experiments; (a) thermocouples, (b) thermo - anemometer, 

(c) grain moisture tester, (d) data logger, and (e) precision scales 

 

 

2.1. Energy Analysis 

In calculations, it is assumed that the drying air is ideal gas, flow is continuous, and there 

are no kinetic or potential energy change. Reference environment properties are given in 

Table 2. 
 

Table 2 Reference environment properties 

 

(Cp)a Specific heat of the air 1.005 [kJ/kgºC] 

Ra Gas constant of air 0.287 [kJ/kgºC] 

To Environmental temperature 25 [ºC] 

Po Atmospheric pressure 101.3 [kPa] 

ωo Specific humidity(environmental conditions) 0.01174 [g/kg] 

 

First and second laws of thermodynamics were used in Energy and Exergy 

calculations. The formulas used are presented below. 

Mass conservation of drying air can be expressed as follows (Midilli and Küçük. 

2003); 

  , ,a i a om m      (1) 

where ,a im  is the mass flow rate (kg/s) of inlet air and ,a om is the mass flow rate 

(kg/s) of outlet air. Mass conservation of moisture can be written as (Akyol, et al., 2015); 
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, , ,( )w i m corn w om m m         (2) 

where ,w im  is the mass flow rate (kg/s) of inlet humid drying air, ,w om is the mass 

flow rate (kg/s) of outlet humid drying air and ,m cornm  is the mass flow rate (kg/s) of 

moist corn. Equation 2 can be written as;
 

, , ,( . ) .a i m corn a o oim m m         (3) 

where 
i  and 

o are the inlet and outlet specific humidity (kgwater/kgdry air), 

respectively. Energy conservation; 

          

2 2

( ) ( )
2 2

o i
o o i i

V V
Q W m h m h       (4) 

where Q  the heat energy flow (kJ/s), W is the work (kJ/s), 
ih  and 

oh  are the inlet 

and outlet air enthalpy (kJ/kg), respectively and 
iV  and 

oV  are the inlet and outlet 

velocity (m/s), respectively. Equations 5 and 6 below are used to determine the relative 

humidity and enthalpy of the drying air (Karagüzel, et. al., 2011) 

 
  @0.622 sat T

P

P








     (5) 

        
, @p da sat Th c T h    (6) 

where  is the relative humidity (%), @sat TP  is the saturated vapor pressure (kPa), 

,p dac  is the specific heat (kJ/kg°C) of drying air and @sat Th  is the enthalpy (kJ/kg) of the 

saturated air. Using the inlet and outlet temperatures of the drying air into the dryer, the 

beneficial energy gained from the heating group is calculated with the help of Equation 7 

(Karagüzel, et. al., 2011). 

          

 , , ,u da p da a i a oQ m c T T 

 

(7) 

where uQ  is the utility heat energy flow (kJ/s), 
dam  is the mass flow rate (kg/s) of 

drying air, ,a iT and ,a oT are the inlet and outlet air temperature (°C), respectively. The 

energy required for drying (evaporation) was calculated using the enthalpy values at the 

inlet and outlet of the dryer, assuming that the mass flow of the drying air does not 

change throughout the drying chamber. This can be seen in Equation 8 (Akyol, et al., 

2015). 
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 , @ , @dc da dc i T dc o TQ m h h 

 
(8) 

where dcQ  is the heat energy flow (kJ/s) of drying chamber, , @dc i Th  and , @dc o Th are 

the inlet and outlet enthalpy (kJ/kg) of the drying chamber, respectively. The energy 

efficiency of the heater is given in Equation 9 and the energy efficiency of the system is 

in Equation 10. 

     

 , , ,da p da a i a ou
heater

fuel fuel fuel

m c T TQ

Q m LHV



 

 
(9) 

       

dc
system

fuel

Q

Q
   (10) 

where fuelQ  is the heat energy flow (kJ/s) of fuel and fuelLHV is the lower heat 

value (kJ/kg) of the fuel.  

2.2. Exergy Analysis 

While determining the total exergy, the expression of total exergy is given in 

Equation 11 by assuming that there were no kinetic, potential, physical, or chemical 

exergy changes for the dead state and the specific heat change was constant (Akyol, et al., 

2015). 

           

 ,da p da

T
Ex m c T T T ln

T
 



 
   

 
   (11) 

where Ex  is the exergy rate (kJ/s), 
oT T  is the reference ambient air temperature 

(K) and ,p dac is the specific heat of drying air (kJ/kgK). Exergy rate of air at the inlet of 

the drying chamber is calculated as follows; 

          

  ,

, , ,

da i

dc i da p da da i

T
Ex m c T T T ln

T
 



 
   

 
    (12) 

where ,da iT is the inlet temperature (K) of drying air. Exergy rate of air at the outlet of 

the drying chamber is calculated as follows; 

          

  ,

, , ,

da o

dc o da p da da o

T
Ex m c T T T ln

T
 



 
   

 

    (13) 



   

 

   

   

 

   

   

 

   

   Energy and Exergy Analysis of  Industrial Corn Dryer Operated by Two Different Fuels    
 

 

    

 

 

   

   

 

   

   

 

   

       
 

where ,da oT  is the outlet temperature (K) of drying air. The exergy loss due to heat 

transfer is calculated with Equation 14 (Dinçer and Rosen, 2013). 

          

1loss u

s

T
Ex Q

T


 

  
 

    (14) 

where 
sT  is the average outer surface temperature (K) of the dryer. Depending on the 

measurement results, the average outer surface temperature and outlet temperature of the 

drying air were considered equal since they were very close to each other. In this 

instance, the exergy efficiency of the drying chamber was found with the help of 

Equation 15. 

           

loss

dc,i

Ex

Ex
η =1-

Ex
    (15) 

2.3   Determination of Specific Energy Efficiencies of the Drying Systems 

The energy cost required for drying the unit quantity product was calculated with 

Equation 16. 

         

 

 

Amount of Dried Product  kg
UDC

Energy Consumption  €
     (16) 

The amount of energy required to remove moisture from the unit amount of moist air 

is defined as SMER (Specific Moisture Extraction Rate) and was calculated with 

Equation 17 (Prasertsan and Saensaby, 1998; Chua, et al., 2002 and Baysal, et al., 2015).  

        

 

 
waterWater Evaporated from Product  kg

SMER=
Energy Input  kWh

    (17) 

The amount of moisture removed from the dryer per unit time is defined as the 

moisture extraction rate (MER) and was determined by Equation 18 (Prasertsan and 

Saensaby, 1998; Tosun, 2009 and Baysal, et al., 2015). 

 

 

 
waterWater Evaporated from Product  kg

MER=
Drying Time  h

     (18) 
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During the drying process, the amount of energy (SEC: Specific Energy 

Consumption) required to remove the amount of moisture from the products to be dried 

was calculated by Equation 19 (Jindarat, et al., 2011). 

 

 water

System Total Energy Input kJ
SEC=

Water Evaporated from Product  kg
     (19) 

2.4   Determination of CO2 Equivalent Emission Values of Dryers 

One of the important approaches to reduce CO2 emissions is to increase the energy 

efficiency of the systems (Akan and Akan, 2018). In calculating the amount of CO2 

emissions based on the use of energy resources, Equation 20 expressed in the 

Intergovernmental Panel on Climate Change (Akan and Akan, 2018 and IPCC 

Guidelines, 2020) was used.

  

       
     GHGEmissions   E  = Fuel Consumption  FC  x Emission Factor  EF

    (20)

 

where E is the emission of a given GHG (Greenhouse gas) by type of fuel (kgGHG), 

FC is the amount of fuel combusted (TJ) and EF is the default emission factor GHG by 

type of fuel (kggas/TJ) (Jindarat, et al., 2011). Also, the electrical energy emission factor 

consumed can be accepted as 1.0097 (kgCO2/kWh) (Brander, et al., 2020]. Additionally, 

the emission factor of natural gas was taken as 0.234 and the emission factor of coal as 

0.433 (kgCO2/kWh) (Sogut, et al., 2014). 

2.5   Error and Uncertainty Analysis 

The assumptions made while determining the experimental error analysis are given 

below: 

1- The experimental setup is a dryer installed in accordance with the standards and 

working under real production conditions. 

2- The measuring devices are calibrated correctly. 

3- There are no errors originated from the production of measuring devices. 

4- The error values determined include both fixed errors and random errors. 

Accordingly, the expression that gives the total error due to fixed, random, and 

manufacturing errors that may occur in the measurement of the experiments can be 

written as in Equation 21 (Akan and Ozkan, 2019) 

1 2
2 2 2

1 2

1 2

/

R n

x x xn

R R R
W w w w

        
        
         

     (21) 

where R, x1, x2…xn is a given function of the independent variables, w1, w2, … , wn is 

the uncertainty of the independent variables. Considering the independent variables that 
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may constitute the error element mentioned above, errors and values that can be made in 

drying experiments are given in Table 3. 

As can be seen from Table 3, the biggest uncertainty in the experiments was observed 

at ±0.32ºC in temperature measurements. Four experiments were carried out for each fuel 

type at three different drying air temperatures. The data obtained from the experiments 

are presented in Tables 4, 5, and 6, respectively. 

 

Table 3 Parameters that can cause errors 

 

Error constituents’ parameters Error Unit Uncertainty 
Errors due to temperature measurements    

Due to thermocouples ±0.10 ºC 

±0.32 ºC 
Due to connectors and their locations ±0.1 ºC 

Due to the measurements at the dryer inlet-outlet points ±0.25 ºC 

Due to ambient air temperature measurements ±0.1 ºC 

Due to the measurements of the temperature of corn ±0.1 ºC 

Errors due to time measurements    

Timer sourced ±0.1 s ±0.14 s 
Reader sourced ±0.1 s 

Errors due to mass measurements    

Precision scales sourced ±0.01 g 
±0.29 g Reader sourced ±0.01 g 

Corn structure sourced ±0.25 g 

Errors due to airspeed measurements    

Anemometer sourced ±0.1 m/s 
±0.29 m/s Drying air leakage sourced ±0.25 m/s 

Measuring points sourced ±0.1 m/s 

Errors due to relative humidity measurements    

Caused by thermo-hygrometer ±0.01 RH 
±0.17 %RH Caused by measuring locations ±0.1 RH 

Caused by the reader ±0.1 RH 

Other errors    

Due to reading physical properties ±0.1-
0.2 

% ±0.22 % 

Due to pressure measurements ±0.03 bar ±0.03 bar 
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Table 4 Experimental data taken at 90 ºC drying temperature 

 

 

Table 5 Experimental data taken at 100 ºC drying temperature 

 

MEASURED VALUE 
1. Experiment 2. Experiment 3. Experiment 4. Experiment 

NG COAL NG COAL NG COAL NG COAL 

Ambient temp.  (°C) 21.3 20.5 20.3 20.1 21.6 20.5 21.3 20.4 

Relative  
humidity  % [RH] 

24.2 25 23 24 23.4 25 20.3 23.5 

Corn inlet  humidity  
% [RH] 

25.6 28.1 26.2 26.6 23.3 27.5 23.1 25.5 

Corn outlet humidity  
% [RH] 

16.6 14.1 16.9 14.3 15.6 13.6 15.5 15.1 

Corn inlet temp.  (°C) 24.6 23.2 21.3 21.5 26.8 22.3 24.9 24.5 

Corn outlet temp. (°C) 52.3 55.3 53.2 53.5 55.3 54.7 52.7 54.3 

Airflow rate (m3/h) 36000 36000 36000 36000 36000 36000 36000 36000 

Drying air inlet 
temperature (°C) 

100 100 100 100 100 100 100 100 

Drying air outlet 
temperature (°C) 

35.5 35.8 35.8 35.5 36.1 36.2 35.6 36.2 

Fuel consumption  
(m3-kg) 

290 550 310 550 280 550 270 550 

Amount of dried 
product (kg) 

21300 22150 22450 22000 21550 22250 21150 22450 

Drying time (min) 135 156 140 148 130 160 126 164 

Weight loss (kg) 265 300 280 275 260 310 265 320 

Electric consumption 
(kW) 

184 212 190 200 177 220 172 225 

 

MEASURED VALUE 
1. Experiment 2. Experiment 3. Experiment 4. Experiment 

NG COAL NG COAL NG COAL NG COAL 

Ambient temp. (°C) 22.1 21.2 21 21.7 23.4 20.7 24.6 23.5 

Relative humidity 
%[RH] 

25 28 27 26 25.9 24 19.3 29 

Corn inlet Humidity 
%[RH] 

25.7 28.4 25.9 27.5 24.1 27.9 23.6 26.6 

Corn outlet 
humidity % [RH] 

16.2 15.7 16.8 15.3 15.4 14.5 15.2 15.5 

Corn inlet temp.(°C) 23.9 23.5 24.1 22.3 25.3 23.1 25.8 22.9 

Corn outlet temp. (°C) 53.1 55 55.2 53.7 54.9 54.2 56.2 55.4 

Airflow rate (m3/h) 36000 36000 36000 36000 36000 36000 36000 36000 

Drying air inlet 
temperature (°C) 

90 90 90 90 90 90 90 90 

Drying air outlet 
temperature (°C) 

31.2 33.8 30.8 32.5 33.1 32.8 34.6 32.6 

Fuel consumption  
(m3-kg) 

230 430 255 430 225 430 214 430 

Amount of dried product 
(kg) 

21700 20250 22650 20200 21600 20150 21840 20180 

Drying time (min) 134 149 150 150 126 153 122 155 

Weight loss (kg) 265 325 336 320 263 310 270 315 

Electric consumption 
(kW) 

176 185 188 187 144 190 164 195 
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Table 6 Experimental data taken at 110 ºC drying temperature 

 

 

3 Results and Discussions 

Using the experimental data presented in Tables 4, 5, and 6, the analysis values of the 

drying operations were calculated with the help of the related equations mentioned in 

Chapter 2 given in Table 7. 

 

Table 7 Analysis results of drying operations 

 

Drying air 
temperature 

90 ºC 100 ºC 110 ºC 

Fuel Type COAL NG COAL NG COAL NG 

Heater 
efficiency(%) 

77.23 82.73 73.05 77.84 68.77 75.70 

System 
efficiency(%) 

47.24 54.27 46.34 53.05 44.65 51.34 

SMER(kgwater/kWh) 0.003175 0.003558 0.002375 0.002675 0.002010 0.002522 

MER(kgwater /h) 125.58 127.77 115.04 120.97 117.73 129.30 

SEC (kJ/ kgwater) 31190.35 28274.25 42168.15 37851.10 48682.25 40126.12 

UDC (kg/€) 0.00485 0.00437 0.005525 0.005150 0.006321 0.005854 

Exergy inflow(kJ) 76.35 76.35 99.26 99.26 125.81 125.81 

Exergy loss (kJ) 22.16 20.13 34.64 33.67 50.63 46.96 

Exergy 
efficiency(%) 

71.3 73.77 65.1 66.03 59.77 62.76 

MEASURED VALUE 1. Experiment 2. Experiment 3. Experiment 4. Experiment 

NG COAL NG COAL NG COAL NG COAL 

Ambient temp.(°C) 21.2 21.8 21.3 20.5 21.4 19.7 22.6 22.3 

Relative humidity  
% [RH] 

27 28 27.6 28.2 26.3 28,3 27,3 26.9 

Corn inlet  humidity  
% [RH] 

25.9 29.4 25.9 27.1 25.1 28.2 25.6 26.1 

Corn outlet humidity  
% [RH] 

16.1 14.7 16.4 14.8 15.8 14 15.7 15.8 

Corn inlet  temp. (°C) 22.2 23.1 24.1 21.3 24.3 22.8 23.8 21.9 

Corn outlet temp.(°C) 54.5 54.1 54.2 52.6 53.9 53.7 54.2 54.4 

Airflow  rate (m3/h) 36000 36000 36000 36000 36000 36000 36000 36000 

Drying air inlet 
temperature (°C) 

110 110 110 110 110 110 110 110 

Drying air outlet 
temperature (°C) 

37.2 38.8 38.8 39.5 39.1 39.8 38.6 39.6 

Fuel consumption 
(m3-kg) 

330 650 360 650 315 650 335 650 

Amount of dried 
product (kg) 

20750 21150 22550 21050 21400 21100 21750 21300 

Drying time (min) 130 159 145 150 126 157 135 161 

Weight loss (kg) 270 310 320 300 280 305 285 315 

Electric consumption 
(kW) 

180 192 187 188 178 190 184 195  
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3.1  Energy Efficiency 

Figure 4 a) Heater efficiencies according to drying air temperatures 
        b) System efficiencies (heater + drying chamber) according to drying air temperatures 

 

When Figure 4a and 4b are examined, it can be seen that heater and system efficiency 

decrease with increasing drying temperature. It was also determined that the natural gas 

heater group was more efficient than the coal heater group for all three conditions at the 

same drying temperatures. In the coal system (Figure 1a), the results of heat losses due to 

the heater group being separate from the dryer and transferring the drying air to the 

drying part by a channel can be seen by comparing the heater and system efficiencies. 

Also, factors such as incomplete combustion in the coal system and latent heat discharged 

with flue gas are among the factors affecting the decrease in the efficiency of this heater 

group. 

3.2  Exergy Efficiency 

Figure 5  Exergy loss values and exergy efficiencies of dryers according to drying air 

temperatures 

 

When Figure 5 is examined, it can be noticed that exergy efficiency values are 

parallel to energy efficiency values. It can also be seen that the drying conditions with the 

lowest exergy loss and at the same time the highest exergy efficiency are realized at 90ºC 

drying temperature for both fuel types. Nevertheless, it can be concluded from the graphs 

that the irreversibility in the systems increases with increasing drying temperature. 
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3.3 Analysis of Specific Energy Efficiencies of the Drying Systems 

Figure 6 SMER and MER values according to drying air temperatures 

 

 

In Figure 6, SMER refers to the energy required to remove moisture from 1 kg of 

humid air, while MER refers to the moisture mass removed from the dryer per unit time. 

It can be understood that there is a decrease in SMER values compared to the temperature 

rise in drying operations as a result of increased evaporation at high temperatures. While 

MER values were expected to increase with increasing drying temperatures, it was 

determined that the dried product was not homogeneous and the dryer received high 

amounts of product as seen in Table 6. The MER value also indicates the drying speed of 

the system. It can be seen from Figure 6 that the fastest drying takes place at 110ºC using 

the natural gas dryer. 
 

Figure 7 SEC values according to drying air temperatures and energy cost values required to dry 

unit quantity product according to all conditions 

 

When figure 7 is examined, it is understood that natural gas drying at 90ºC is the 

most economical drying while coal drying at 110ºC is the most expensive. As can be seen 

from the graphs examined, the most suitable dryer for corn drying in terms of energy, 

exergy and cost efficiency should be a natural gas-operated dryer not run above 90ºC. 

3.4  Analysis of CO2 Equivalent Emission Values of Dryers 

The energy spent for each drying condition was converted to the same unit (kWh) by 

taking the arithmetic average of natural gas, coal, and electrical energy consumption 

values obtained from 4 experiments at the same drying temperature. For this, it is 

assumed that the energy of 1 m
3
 of natural gas is equal to 10.63 kWh and the energy of 1 



   

 

   

   

 

   

   

 

   

    Fatih ÜNAL    
 

    

 

 

   

   

 

   

   

 

   

       
 

kg of coal is equal to 7 kWh. The results obtained using the emission factors mentioned 

in Chapter 2.4 and Equation 20 are presented in Table 8. 
 

Table 8 CO2 equivalent emission values of drying operations 

 

Drying temperature 90 ⁰C 100 ⁰C 110 ⁰C 

Fuel type COAL NG COAL NG COAL NG 

CO2 equivalent 
emission kg(CO2) 

1786.62 950.61 1850.46 1119.68 1921.39 1241.19 

COAL - NG difference 836.01 730,78 680,20 

As seen in Table 8, when natural gas drying is preferred at the same drying 

temperatures, it is determined that the CO2 equivalent emission varying between 680.20 - 

836.01 kg can be prevented. When the drying temperatures increased, it was observed 

that the emission values increased more than the coal system and the emission difference 

between the coal system decreased due to the electrical energy consumed by the natural 

gas system in the burner. 

4 Conclusions 

Energy, exergy, unit cost, and CO2 equivalent emission analyses were performed 

using data obtained by operating the industrial type horizontal corn dryer first with coal 

and then with natural gas, and the results obtained in this study are compared and given 

respectively: 

1- System and heater efficiency decrease with the increase in drying temperature. 

When coal was used as fuel and the drying temperature was increased from 90°C to 

110°C, the system efficiency and heater efficiency decreased from 47.24% to 44.65% and 

from 77.23% to 68.77%, respectively. When natural gas was used as fuel and the drying 

temperature was increased from 90°C to 110°C, the system efficiency and heater 

efficiency decreased from 54.27% to 51.34% and from 82.73% to 75.70%, respectively. 

2- According to the results, when the drying temperature is increased from 90°C to 

110°C, the exergy loss of the dryer increases from 22.16 kj/s to 50.63 kj/s when using 

coal as fuel, and the exergy loss of the dryer increases from 22.16 kj/s to 50.63 kj/s when 

using natural gas as fuel. In addition, when the drying temperature increases from 90°C 

to 110°C, the exergy efficiency of the dryer decreases from 71.3% to 59.77% when using 

coal as fuel, and from 73.77% to 62.76% when using natural gas as fuel. In the literature, 

it has been stated that exergy loss will increase and exergy efficiency will decrease with 

increasing drying temperature (Dincer and Sahin, 2004, Aghbashio et al., 2009, 

Aghbashlio et al., 2013, Dinçer and Rosen, 2013, Beiji et al., 2017). In all drying 

conditions, the irreversibility in the systems rises with increased drying temperature. In 

addition, in all drying conditions, the natural gas system is more efficient than the coal 

system. 

3- In the analyses, it was determined that when the drying temperature was increased 

from 90°C to 110°C, the SMER value decreased from 0.003175 kgwater/kWh to 0.002010 

kgwater/kWh when using coal as fuel, and from 0.003558 kgwater/kWh to 0.002522 

kgwater/kWh when using natural gas as fuel. 
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4- When the results were evaluated, it was determined that the MER values obtained 

using natural gas as fuel in drying processes at the same temperature values were higher 

than the MER values obtained when using coal as fuel. 

5- The SEC rises with increasing drying temperature for all drying conditions. In the 

analyses, it was determined that when the drying temperature was increased from 90°C to 

110°C, the SEC value increased from 31190.35 kJ/kgwater to 48682.25 kJ/kgwater when 

using coal as fuel, and from 28274.25 kJ/kgwater to 4012612 kJ/kgwater  when using natural 

gas as fuel. 

6- The release of CO2 equivalent emission to the environment, ranging from 680.20 

to 836.01 kg, can be prevented by preferring a natural gas system compared to a coal 

system. 

7- Drying with natural gas at 90ºC temperature is the most suitable drying in terms of 

efficiency and emission values. 
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Nomenclature            

 Cp Specific heat, (kJ/kgK, kJ/kg⁰C) 

  Ex  Exergy rate (kJ/s) 

 h Specific enthalpy (kJ/kg) 

  Mass flow rate (kg/s) 

 P Pressure (kPa) 

 RH Relative humidity (%)  

 T Temperature (⁰C,K) 

 LHV Lower Heating Value(kJ/kg) 

 Subscripts  

 a Air 
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 b Bobbin 

 da Drying air 

 dc Drying chamber 

 h Heater 

 i Inlet 

 o Outlet 

 u Utility 

   

 

 

 


