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Abstract: Cost-effective biomass drying is a key challenge for energy recovery from biomass by
direct combustion, gasification, and pyrolysis. The aim of the present study was to optimize the
process of biomass drying using hot air convection (HA), infrared (IR), and combined drying systems
(IR-HA). The specific energy consumption (SEC) decreased significantly by increasing the drying
temperature using convective drying, but higher air velocities increased the SEC. Similarly, increasing
air velocity in the infrared dryer resulted in a significant increase in SEC. The lowest SEC was recorded
at 7.8 MJ/kg at an air velocity of 0.5 m/s and an IR intensity of 0.30 W/cm2, while a maximum SEC
(20.7 MJ/kg) was observed at 1.0 m/s and 0.15 W/cm2. However, a significant reduction in the SEC
was noticed in the combined drying system. A minimum SEC of 3.8 MJ/kg was recorded using the
combined infrared-hot air convection (IR-HA) drying system, which was 91.7% and 51.7% lower than
convective and IR dryers, respectively. The present study suggested a combination of IR and hot air
convection at 60 ◦C, 0.3 W/cm2 and 0.5 m/s as optimum conditions for efficient drying of biomass
with a high water content.
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1. Introduction

The utilization of bio-resources has been widely discussed to replace non-renewable resources such
as fossil fuel, which is limited and results in undesirable emissions that largely contribute to climate
change and global warming [1]. Waste biomasses have been discussed as a sustainable feedstock for
chemicals and energy production. For example, polyhydroxyalkanoates (PHAs) is a biodegradable
bio-polyester that can be accumulated by different bacterial cells grown on agro-industrial wastes [2–4].
In addition, the contribution of biomass, as one of the world’s major sustainable energy sources [5],
in global energy consumption was estimated to reach up to 50% by the year 2050 [6,7]. Biomass can be
converted into different types of biofuels through various conversion routes, such as the production of
biogas through anaerobic digestion of biomass [8–10], the conversion of algal lipids to biodiesel [11,12],
the production of bioethanol through the fermentation of carbohydrates and amino acids [13,14],
and crude bio-oil through the thermochemical conversion of the whole biomass [15]. Wang et al. [16]
reported that the thermochemical conversion of biomass was a favorable route because it allowed for
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the conversion of the whole biomass in a single step. Among different thermochemical conversion
methods, fast pyrolysis was reported as a more efficient method due to its relatively higher productivity
of crude bio-oil, despite a higher capital investment [17]. One reason for the high cost of pyrolysis and
PHAs production is the need for biomass drying before conversion. In addition, the thermal drying of
biomass with high moisture content is a critical step for further efficient utilization in direct combustion
and gasification [18–20]. Thus, one aspect to enhance the economics of biomass conversion is the
application of cost-effective drying as it can significantly reduce the costs associated with handling,
transportation, and the conversion process. Drying, or the removal of moisture from biomass, is widely
used in agriculture to reduce water activity and slow down the microbial spoilage and deterioration of
the product [21–23]. However, drying also significantly concentrates the dry matter and the energy
content of the biomass as a mild torrefaction step. The moisture content of the biomass plays a vital role
in the stability of the produced bio-oil [24]. The high water content of the crude bio-oil results in phase
separation, which is a handicap for fuel applications [25]. Therefore, reducing the water content to
below 10% was reported as a crucial factor in achieving a higher conversion rate and bio-oil yield [17].

Cost-effective biomass drying with minimum energy consumption is receiving increasing attention.
In recent years, many drying methods have been discussed, from conventional sun drying to modern
dryer technologies. Sun drying is a traditional method that is still used as a freely available and
cheap method for food drying in most developing countries [26]. However, biomass undergoes a long
uncontrolled drying period that affects the biomass composition and the process economy [27]. In recent
years, modern fast dryers providing controlled conditions have been used instead of traditional drying.
However, such systems are highly energy intensive and often expensive [28], limiting their application
in the biofuel industry.

Due to the aforementioned environmental concerns and limited fossil fuel reserves, it is crucial
to reduce the total energy consumption in the drying process for cost-effective biomass conversion.
Thus, saving the available energy sources by deploying new drying systems with the lowest energy
consumption is a challenge [23]. The high energy consumption of hot air convection (HA) systems
directed the research towards exploring and designing new drying technologies such as the microwave,
infrared (IR), freezing, and vacuum drying, individually or in combination. Heating by means of IR
radiation is gaining more popularity than conventional heating methods as it heats products more
uniformly, it transfers heat quickly and efficiently, and there are lower processing costs involved [29].
In this context, Onwude et al. [30] reported that the combination of hot air and IR radiation resulted in
a synergistic effect, leading to more efficient drying than either individual convective or IR drying.

Different investigations have been conducted to study the conversion efficiency and energy yield
of different biomasses [31–35]. However, the literature is still limited to the selection of energy-efficient
drying methods based on the specific energy consumption (SEC) and optimization of an energy-efficient
dryer for watery biomass feedstock. The main objective of this study was to evaluate and compare
three drying technologies using a model watery biomass in order to reduce the drying time and energy
consumption. Drying using HA and IR, individually and combined, was investigated. For each
system, the drying time and SEC were calculated, and the results were modeled. Finally, a preliminary
suggestion for an efficient drying method was made.

2. Experimental System and Methods

2.1. Biomass Feedstock and Experimental System

In the present study, fresh tomato slices were used as a model high water content biomass.
Tomato fruits were sliced with a mechanical slicing machine (55600-1, NEMCO Easy Tomato Slicer,
Ohio, United States) into slices of 5 ± 0.2 mm thickness. Three measurements using a Vernier caliper
were made on each slice to confirm the thickness. The average initial moisture content of the tomato
slices was 94.4 ± 1.13 %wt.
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Figure 1 shows a schematic diagram of the drying equipment used. A tube type IR heater
was installed in the drying chamber of a convection hot-air dryer. Air was blown into the drying
chamber using a fan placed opposite two spiral-type electrical heaters, each with a heating capacity of
1.5 kW and connected to an air controller that regulates the air velocity measured (as m/s) using an
anemometer (Testo 405 V1, Lenzkirch, Germany) above the tray surface. To measure the air temperature,
T-type thermocouples (Testo 925) with an accuracy of ±1 ◦C was connected to a data logger.
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Figure 1. Schematic diagram showing that the drying system used in the present study consisted of
a convection hot-air dryer and an infrared radiation dryer.

2.2. Drying Procedure

The dryer was operated at different air velocities of 0.5 m/s, 0.7 m/s, and 1.0 m/s and air temperatures
of 50 ◦C, 60 ◦C, and 70 ◦C for convection hot air drying. For IR radiation drying, three intensities
(0.15, 0.20, and 0.30 W/cm2) were studied at 25 ± 1 ◦C, and the three above mentioned air velocities.
The combined IR/hot air convection drying was performed by a combination of the aforementioned
conditions of radiation intensity, air temperatures, and air velocities. For each experiment, 15 slices
weighing between 200–220 g were dried using the three drying methods. A built-in precision balance
was used to measure the weight reduction of the samples (Figure 1) with a final moisture content of 5%.

2.3. Specific Energy Consumption

The electrical energy consumed was measured as the total energy consumption (ET, MJ),
including the energy consumed by the IR heaters, the fan, and the electric heater (Equation (1)).
By applying the IR dryer, the ET was defined as the sum of energy consumed by the ventilator fan and
the IR heater. Using the combined drying method, ET was calculated from Equation (1):

ET = EIR + EF + EH (1)

where ET, EIR, EF, and EH represent (in MJ) the total energy consumption, energy consumed by the IR
heaters, the fan, and the electric heater, respectively.
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The values of ET were used to calculate the specific energy consumption (SEC, as MJ/kg of water
evaporated) as shown in Equation (2):

SEC =
ET

Weight loss (kg)
(2)

2.4. Statistical Analysis

All experiments were repeated three times and the values were represented as the mean± standard
deviation (SD). SPSS® (IBM, v. 20) was used to carry out the statistical analysis by a one-way ANOVA
followed by a least significant difference (LSD) test at a probability level of (P) ≤ 0.05. TableCurve
3D V4.0 (SYSTAT Software Inc., San Jose, USA) software was applied to obtain fitting surfaces and
prediction equations. More than 25,000 built-in equations based on linear and nonlinear models
(e.g., polynomial functions, linear equations, and logarithmic functions) were fitted. TableCurve 3D
combines an influential surface fitter with the ability to find the perfect equation to describe the 3D
experimental data based on coefficient of determination (R2), the adjusted determination coefficient
(adj R2) and the fit standard error (Fit Std Err). The finalized design equation with a high determination
coefficient was chosen for each experiment.

3. Results and Discussion

One of the main goals in constructing and optimizing an industrial drying process is to determine
the shortest time in which the maximum reduction of moisture content in the biomass can be achieved.
Therefore, energy consumption, as well as heat and mass transfer, should be inspected during the
drying process. The SEC is defined as the energy consumed to evaporate 1 kg of moisture from the
biomass [36]. Hence, the optimization of air velocity and air temperature are key parameters for
cost-effective drying.

3.1. Hot Air Convection Drying

The drying time required by the hot air convection dryer to reach the target final moisture content
of biomass feedstock is represented in Figure 2A which shows that the increase in hot air temperature
and air velocity resulted in a significant reduction in drying time. The increasing temperature from
40 to 60 ◦C resulted in a reduction of the drying time by 22.2%, 21.7%, and 20.8% at 0.5, 0.7, and 1.0 m/s,
respectively. Based on the drying temperature (T, ◦C) and air velocity (V, m/s), the multiple regression
analysis of the drying time can be represented by Equation (3) (R2 = 0.998; Adj R2 = 0.987 and Fit Std
Err = 9.48) from the 3-D analysis (Supplementary Data, Figure S1).

Drying time =
632.05− 314.95 ln T + 39.24(ln T)2 + 0.32V

1− 0.49 ln T + 0.06(ln T)2 + 0.002V
(3)

The reduction in drying time due to the increase in temperature or air velocity is attributed to the
enhancement of the evaporation rate [37,38]. The maximum rate of reduction in the drying time was
recorded at 50 ◦C with 0.7 m/s (−10.5 min/C), while air velocity showed much higher impact on the
rate of reduction in the drying time and showed its maximum value of −600 min/unit velocity at 50 C
and 0.7 m/s (Supplementary Data, Figure S2). This resulted in a significant reduction in the SEC by
increasing the temperature at the same air velocity, while the SEC increased at the same temperature
by increasing the air velocity (Figure 2B). The minimum value of the SEC was 45.24 MJ/kg at 60 ◦C and
0.5 m/s, while, a maximum SEC value of 86.97 MJ/kg was recorded at 50 ◦C and 1.0 m/s. Therefore,
the application of high air velocities during the drying process resulted in higher energy consumption,
while increasing air temperature resulted in lower total energy consumption due to the reduced drying
time. From a multiple regression analysis (Supplementary Data, Figure S3), the polynomial regression
equation (Equation (4)) showed an associated coefficient (R2) of 0.991.
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SEC =
109.7− 1.7 T + 18.9 V − 38.8 V2

1 + 0.01 T − 0.0003 T2
− 0.7 V

(4)
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Figure 2. The impact of air velocity and temperature on drying time (A) and specific energy consumption
(SEC, B) using a hot air convection dryer. The different capital letters at the same temperature showed
significant differences, while different lowercase letters of the same series showed significant differences
(at P≤ 0.05). The equation 5 model was found to fit the experimental data with an adjusted determination
coefficient (Adj R2) of 0.987, correlation coefficient (R2) of 0.998 and the fit standard error (Fit Std Err)
of 5.68, indicating that the fitness of the selected model is good.

3.2. Infrared Radiation Drying

Throughout the IR drying process, radiation energy is transferred directly to the surface of the
biomass without affecting the ambient temperature, which increases the sample temperature, causing
the moisture to evaporate [39]. Generally, the drying time increased by increasing the air velocity, while
it was decreased by increasing the IR intensity (Figure 3A). The shortest drying time was recorded
at 320 min at 0.3 W/cm2 IR intensity and 0.5 m/s air velocity. However, increasing the air velocity to
0.7 and 1.0 m/s at the same IR intensity (0.30 W/cm2) resulted in a significant increase in the drying
time by 21.9% and 39.1%, respectively, over that at 0.5 m/s. A maximum drying time of 560 min was
recorded at the lowest studied IR intensity (0.15 W/cm2) and the highest air velocity (1.0 m/s). This
might be ascribed to the cooling effect on the biomass surface by increasing the air velocity [40,41].
However, increasing IR intensity resulted in a significant increase in the temperature of the biomass and
the rate of evaporation, leading to a shorter drying time. In this context, previous studies confirmed
the increase in the rate of heating and moisture removal of biomass using IR radiation compared to
convective drying [42]. In accordance with the present results, Das et al. [43] used IR drying for high
moisture paddy and reported that efficient drying occurred in the radiation range of 0.15–0.55 W/m2

for four levels of grain bed depths. The higher efficiency of IR drying can be attributed to the high heat
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transfer of the biomass, which was reported to be limited in the case of convective drying due to lower
thermal conductivity [44]. In addition, Fasina et al. [45] concluded that IR heating could improve the
water hydration capacity and functional properties of the biomass. From the results of the multiple
regression analyses (Supplementary Data, Figure S4), drying time can be calculated using Equation (5)
(R2 = 0.998) based on the air velocity (V, m/s) and intensity of IR radiation (I, W/cm2).
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Figure 3. The effect of infrared radiation at different air velocities on the drying time (A) and specific
energy consumption (SEC, B). The different capital letters at the same infrared intensity showed
significant differences, while different lowercase letters of the same series showed significant differences
(at P ≤ 0.05).

Drying time =
677.8 + 146.3 ln V + 202.5 ln V + 0.32 I

1 + 0.27 ln V − 0.2(ln V)2 + 1.01 I + 0.4(ln I)2 (5)

Figure 3B shows the SEC using the IR dryer at different air velocities and IR radiation intensities.
A minimum SEC of 7.81 MJ/kg was recorded at 0.5 m/s and 0.30 W/cm2, while a maximum SEC of
20.73 MJ/kg was noted at 1.0 m/s and 0.15 W/cm2. Therefore, increasing radiation intensity with lower
air velocity resulted in a significant reduction in the SEC. Since IR has no impact on the surrounding
air temperature, the recorded increase in the energy consumption by increasing the air velocity is
attributed to the accompanied cooling effect of the applied air to the surface of the biomass which
increased the drying time. The multiple regression analysis (Supplementary Data, Figure S5) of the
SEC, IR intensity, and air velocity can be represented by Equation (6) with R2 = 0.999 (Adj R2 = 0.992
and Fit Std Err = 0.249).

SEC =
15.87− 3.2 V − 73.6 I + 114.1 I2

1− 0.94 V + 0.28 V2 − 0.93 I
(6)
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3.3. Combined Infrared/Hot Air Convection

The results of applying a combination of IR and hot air convection (IR-HA) methods for biomass
drying are shown in Figures 4 and 5. At various studied temperatures, the required drying time
showed the same pattern where increasing the air velocity led to a significant increase in the drying
time and increasing the IR intensity significantly reduced the drying time (Figure 4). In addition,
an increase in temperature led to a significant reduction in the required drying time. Overall, the lowest
drying time was recorded at 225 min at the highest applied temperature (60 ◦C), highest IR intensity
(0.30 W/cm2), and lowest air velocity (0.5 m/s) (Figure 4C). This is due to an increase in the temperature
of the inner slices by increasing the radiation intensity, which increased the temperature gradient of the
surface layer of the biomass and reduced the drying time [46]. The increase in air temperature results in
a gradual increase in the temperature of the biomass from the surface to the inside, which enhances the
drying efficiency [47–49]. Hence, the internally generated heat by the IR and the hot air flow resulted
in a rapid reduction of moisture content due to the diffusion of water to the surface of the biomass,
followed by its evaporation [42,50]. The reduction in drying time resulted in a significant reduction
in the SEC (Figure 5). The increase of IR intensity and applied temperature led to a reduction of the
SEC. With an air velocity of 0.5 m/s at 40 ◦C, the SEC decreased significantly from 9.53 to 7.01 MJ/kg,
while it decreased from 18.95 to 12.91 MJ/kg at 1.0 m/s by increasing the intensity of the IR radiation
from 0.15 to 0.3 W/cm2 (Figure 5A). In addition, SEC increased when the air velocity was increased at
all temperatures and IR intensities studied, which is consistent with the drying time behavior.

The multiple regression analysis for the interaction effect of air velocity and IR intensity on the
drying time at different drying temperatures using a combined dryer (IR-HA, Supplementary Data,
Figure S6) can be represented by Equations (7)–(9). In addition, the multiple regression analysis of
the SEC (Supplementary Data, Figure S7) can be represented by Equations (10)–(12). In addition,
the residual plot of minimum drying time and corresponding SEC using the generated equations
for the three studied drying systems (Figure 6) showed low residual values, which confirms that the
predicted values are in high correlation with the experimental values.

At 40 ◦C, Drying time =
301.2 + 425.8 ln V + 494.7(ln V)2

− 0.32 ln I

1 + 0.88 ln V − 1.7(ln V)2 + 0.18 ln I
R2 = 0.998 (7)

R2 = 0.998; AdjR2 = 0.987; Fit Std Err = 4.137

At 50 ◦C, Drying time =
247.3 + 191.1 ln V + 14.2 ln I − 51.8(ln I)2

1 + 0.76 ln V − 1.4(ln V)2 + 1.45(ln V)3 + 0.48 ln I
R2 = 0.998 (8)

R2 = 0.998; AdjR2 = 0.970; Fit Std Err = 4.632

At 60 ◦C, Drying time =
527.9− 397.6 ln V − 651.8(ln V)2

− 830 I

1− 1.6 ln V − 2.07(ln V)2
− 0.22 I

R2 = 0.998 (9)

R2 = 0.998; AdjR2 = 0.989; Fit Std Err = 4.155

At 40 ◦C, SEC = 18.2 + 3.5/I − 18.7/V − 0.05/I2 + 5.56/V2
− 1.07/(IV) R2 = 0.991 (10)

R2 = 0.996; AdjR2 = 0987; Fit Std Err = 0.363

At 50 ◦C, SEC = 22.2 + 3.9/I − 25.9/V − 0.11/I2 + 7.99/V2
− 1.17/(IV) R2 = 0.991 (11)

R2 = 0.991; AdjR2 = 0.966; Fit Std Err = 0.584

At 60 ◦C, SEC = 30.65 + 2.07/I − 34.59/V − 0.03/I2 + 10.13/V2
− 0.68/(IV) R2 = 0.992 (12)

R2 = 0.992; AdjR2 = 0.969; Fit Std Err = 0.523



Energies 2019, 12, 2818 8 of 15

Energies 2019, 11, x FOR PEER REVIEW 7 of 15 

 

time showed the same pattern where increasing the air velocity led to a significant increase in the 
drying time and increasing the IR intensity significantly reduced the drying time (Figure 4). In 
addition, an increase in temperature led to a significant reduction in the required drying time. 
Overall, the lowest drying time was recorded at 225 min at the highest applied temperature (60 °C), 
highest IR intensity (0.30 W/cm2), and lowest air velocity (0.5 m/s) (Figure 4C). This is due to an 
increase in the temperature of the inner slices by increasing the radiation intensity, which increased 
the temperature gradient of the surface layer of the biomass and reduced the drying time [46]. The 
increase in air temperature results in a gradual increase in the temperature of the biomass from the 
surface to the inside, which enhances the drying efficiency [47–49]. Hence, the internally generated 
heat by the IR and the hot air flow resulted in a rapid reduction of moisture content due to the 
diffusion of water to the surface of the biomass, followed by its evaporation [42,50]. The reduction in 
drying time resulted in a significant reduction in the SEC (Figure 5). The increase of IR intensity and 
applied temperature led to a reduction of the SEC. With an air velocity of 0.5 m/s at 40 °C, the SEC 
decreased significantly from 9.53 to 7.01 MJ/kg, while it decreased from 18.95 to 12.91 MJ/kg at 1.0 
m/s by increasing the intensity of the IR radiation from 0.15 to 0.3 W/cm2 (Figure 5A). In addition, 
SEC increased when the air velocity was increased at all temperatures and IR intensities studied, 
which is consistent with the drying time behavior. 

 

 

 

Aa Aa
Ab

Ba
Bb

ABc

Ba
Bb

Bc

0

100

200

300

400

500

600

0.15 0.20 0.30

D
ry

in
g 

tim
e 

(m
in

)

Infrared intensity (W/cm2)

0.5 m/s 0.7 m/s 1.0 m/sA

Aa Ab
Ac

Ba Ba
Bb

Ba Ba
Bb

0

100

200

300

400

500

600

0.15 0.20 0.30

D
ry

in
g 

tim
e 

(m
in

)

Infrared intensity (W/cm2)

0.5 m/s 0.7 m/s 1.0 m/sB

Aa Ab
Ac

Ba Bb
Bc

Ca
Cb

Bc

0

100

200

300

400

500

600

0.15 0.20 0.30

D
ry

in
g 

tim
e 

(m
in

)

Infrared intensity (W/cm2)

0.5 m/s 0.7 m/s 1.0 m/sC

Figure 4. The effect of infrared radiation intensity at different air velocities on the drying time using
a combined dryer at 40 ◦C (A), 50 ◦C (B) and 60 ◦C (C). The different capital letters at the same infrared
intensity showed significant differences, while different lowercase letters of the same series showed
significant differences (at P ≤ 0.05).



Energies 2019, 12, 2818 9 of 15

Energies 2019, 11, x FOR PEER REVIEW 8 of 15 

 

Figure 4. The effect of infrared radiation intensity at different air velocities on the drying time using a 
combined dryer at 40 °C (A), 50 °C (B) and 60 °C (C). The different capital letters at the same infrared 
intensity showed significant differences, while different lowercase letters of the same series showed 
significant differences (at P ≤ 0.05). 

The multiple regression analysis for the interaction effect of air velocity and IR intensity on the 
drying time at different drying temperatures using a combined dryer (IR-HA, supplementary data, 
Figure S6) can be represented by Equations (7)–(9). In addition, the multiple regression analysis of 
the SEC (supplementary data, Figure S7) can be represented by Equations (10)–(12). In addition, the 
residual plot of minimum drying time and corresponding SEC using the generated equations for the 
three studied drying systems (Figure 6) showed low residual values, which confirms that the 
predicted values are in high correlation with the experimental values. 

At 40 °C, Drying time = . . . ( ) .  . . ( ) .    𝑅 = 0.998 (7) 𝑅 = 0.998; Adj𝑅 = 0.987; Fit Std Err = 4.137  

At 50 °C, Drying time = . . .  . ( ). . ( ) . ( ) .    𝑅 = 0.998 (8) 𝑅 = 0.998; Adj𝑅 = 0.970; Fit Std Err = 4.632 
At 60 °C, Drying time = . . . ( )   . . ( ) .   𝑅 = 0.998 (9) 

𝑅 = 0.998; Adj𝑅 = 0.989; Fit Std Err = 4.155  

At 40 °C, SEC = 18.2 + 3.5 𝐼 − 18.7 𝑉 − 0.05 𝐼  ⁄⁄⁄ + 5.56 𝑉⁄ − 1.07 (𝐼𝑉)⁄  𝑅 =0.991 
(10) 𝑅 = 0.996; Adj𝑅 = 0987; Fit Std Err = 0.363  

At 50 °C, SEC = 22.2 + 3.9 𝐼 − 25.9 𝑉 − 0.11 𝐼  ⁄⁄⁄ + 7.99 𝑉⁄ − 1.17 (𝐼𝑉)⁄  𝑅 =0.991 
(11) 𝑅 = 0.991; Adj𝑅 = 0.966; Fit Std Err = 0.584  

At 60 °C, SEC = 30.65 + 2.07 𝐼 − 34.59 𝑉 − 0.03 𝐼  ⁄⁄⁄ + 10.13 𝑉⁄ −0.68 (𝐼𝑉)⁄  𝑅 = 0.992 𝑅 = 0.992; Adj𝑅 = 0.969; Fit Std Err = 0.523 
(12) 

 

 

Aa Aa
Ab

Ba
Bb

Bc

Ca
Cb

Cc

0

5

10

15

20

25

0.15 0.20 0.30

SE
C

 (M
J 

kg
−1

)

Infrared intensity (W/cm2)

0.5 m/s 0.7 m/s 1.0 m/sA

Energies 2019, 11, x FOR PEER REVIEW 9 of 15 

 

 

 
Figure 5. The effect of infrared intensity at different air velocities on the specific energy consumption 
(SEC) using a combined dryer at 40 °C (A), 50 °C (B) and 60 °C (C). The different capital letters at the 
same infrared intensity showed significant differences, while different lowercase letters of the same 
series showed significant differences (at P ≤ 0.05). 

 

Figure 6. The residual plot of minimum drying time and corresponding specific energy consumption 
(SEC) using the generated equations using the studied drying systems; hot air convection drying 
(HA) at 60 °C and 1.0 m/s, infrared radiation drying (IR) at 0.3 W/cm2, and 0.5 m/s and combined 
infrared-hot air convection (IR-HA) at 60 °C, 0.3 W/cm2, and 0.5 m/s. 

3.4. Overall Comparison 

The lowest drying time using each of the three systems studied, where combined drying 
(IR-HA) showed the lowest significant drying time of 225 min at 60 °C, 0.3 W/cm2, and 0.5 m/s, 

Aa Ab Ac

Ba Ba
Bb

Ca
Cb

Cc

0

5

10

15

20

25

0.15 0.20 0.30

SE
C

 (M
J 

kg
−1

)

Infrared intensity (W/cm2)

0.5 m/s 0.7 m/s 1.0 m/sB

Aa Aa
Ab

Ba Bb
Bc

Ca
Cb

Cc

0

5

10

15

20

0.15 0.20 0.30

SE
C

 (M
J 

kg
−1

)

Infrared intensity (W/cm2)

0.5 m/s 0.7 m/s 1.0 m/sC

-120

-80

-40

0

40

80

120

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

HA IR IR-HA

R
es

du
al

s 
(m

in
)

R
es

id
ua

ls
 (M

J 
kg

-1
)

Drying method

SEC

HA IR IR-HA

Figure 5. The effect of infrared intensity at different air velocities on the specific energy consumption
(SEC) using a combined dryer at 40 ◦C (A), 50 ◦C (B) and 60 ◦C (C). The different capital letters at the
same infrared intensity showed significant differences, while different lowercase letters of the same
series showed significant differences (at P ≤ 0.05).
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Figure 6. The residual plot of minimum drying time and corresponding specific energy consumption
(SEC) using the generated equations using the studied drying systems; hot air convection drying (HA)
at 60 ◦C and 1.0 m/s, infrared radiation drying (IR) at 0.3 W/cm2, and 0.5 m/s and combined infrared-hot
air convection (IR-HA) at 60 ◦C, 0.3 W/cm2, and 0.5 m/s.

3.4. Overall Comparison

The lowest drying time using each of the three systems studied, where combined drying (IR-HA)
showed the lowest significant drying time of 225 min at 60 ◦C, 0.3 W/cm2, and 0.5 m/s, which was
40.8% and 29.7% lower than hot air convection and IR, respectively (Figure 7A). However, IR showed
a significant reduction of 15.8% in drying time with respect to hot air convection. The lowest recorded
SEC values for biomass dried using different systems are presented in Figure 7B. A minimum SEC of
3.77 MJ/kg was recorded using combined IR-hot air convection drying, which was 91.7% and 51.7%
lower than the hot air convection and IR, respectively. The observed energy consumption using the
combined dryer in the present study showed lower values in comparison to previous studies by other
researchers (Table 1). For example, the SEC in the present study was 91.3% lower than that of hot air
convection drying of onion [51], and 93.9% lower than combined microwave and hot air convection
drying of garlic cloves [52]. Thus, the present study suggested a combined IR and hot air convection
drying at 60 ◦C, 0.3 W/cm2, and 0.5 m/s as optimum conditions for efficient drying of biomass with
high water content.

Although derived from composting, the drying of bio-wastes has been extensively studied for many
purposes, such as energy recovery, bio-chemicals, and bio-fertilizer production [53]. Composting aims
at producing a stabilized, safe and nutrient-enriched soil fertilizer with humic substance formation
during microbial metabolism [54]. However, removing the excess water from bio-wastes is the principal
target of drying, by which a solid biomass with high energy content or powdered biomass can be
obtained [55]. The composting process depends mainly on the growth of microbes which is affected
by environmental conditions. On the other hand, drying is much faster compared to composting
which makes it more practical for large scale applications. Therefore, drying is a prospective and
profitable technique for biomass treatment. The economic costs of drying can be calculated as both
operating and ownership costs, while the energy cost is the main aspect of the present study. The three
studied drying systems use electricity to power fans, light the IR and to provide heat. In the present
study, moisture decreased from approximately 95% to 5%, i.e., an average electricity usage of 0.14,
0.02 and 0.01 kWh per point of moisture removed using HA, IR and the combined system, respectively.
Shouse et al. [56] estimated an average electricity usage of 0.01 kWh per point of moisture removed
per bushel for high-temperature systems, and up to 0.40 kWh per point removed for natural air-drying
systems which use only electricity. Thus, using the combined system in the present study showed high
drying efficiency. According to the US Energy Information Administration [57], the current electricity
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price is US$ 0.13 /kWh. Based on the SEC, the estimated cost for drying 1 ton could be calculated as
US$ 2.51, 0.28 and 0.14 for HA, IR, and the combined system, respectively (Figure 7B). Further, for per
point of moisture removed, the estimated cost could be 2.79, 0.31 and 0.15 cents for the three studied
systems, respectively. These results confirm the efficiency of the combined system in a large scale
application of biomass drying. However, further comparable studies using the suggested conditions
on different biomass feedstock is of great importance.
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Figure 7. The minimum drying time (A) and corresponding specific energy consumption (SEC, B)
recorded using different studied drying systems; hot air convection drying (HA) at 60 ◦C and 1.0 m/s,
infrared radiation drying (IR) at 0.3 W/cm2, and 0.5 m/s and combined infrared-hot air convection
(IR-HA) at 60 ◦C, 0.3 W/cm2, and 0.5 m/s. The columns with the same letter showed insignificant
differences (at P ≤ 0.05).
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Table 1. A comparison between the results obtained in this study and that from the literature when
considering the minimum required time (MRT) and specific energy consumption (SEC) for drying
different biomasses when applying the combined infrared-hot air convection drying system.

Agricultural
Products

Drying
Method Drying Conditions MRT

(hours) SEC Final Moisture
Content (%) References

Garlic cloves
HA T = 70, V = 2 6.5 85.45 MJ/kg 6

6
[52]

MW-HA T = 70, V = 2, W = 40 1 62.02 MJ/kg
Carrot slices MW-VA W = 2.4 VA = 5 1.6 50 KJ/kg 8 [58]
Red pepper HA T = 70 V = 1.5 2.66 4.45 KJ/kg 10 [59]

Jujube HA T = 70 V = 1.5 16.6 203.59 KWh/kg 12 [60]

Apple HA T= 150 V = 1 1.18 500 KWh/kg 12 [61]
IR IR = 0.49 V = 1 1 70 KWh/kg 12

Apple
HA T = 60, V = 0.6 5.6 24 MJ/kg 11

11
11

[62]IR IR = 2000, V = 0.6 4 7 MJ/kg
IR-HA T = 60, V = 0.6, IR = 2000 2.5 5 MJ/kg

Onion HA T = 70, V = 2 9.2 43.34 MJ/kg 10
10 [51]

Tomato slices IR-HA T = 60, V = 0.3, IR = 300 3.75 3.77 MJ/kg 5 This study

HA = hot air convection; MW = Microwave drying; IR = Infrared; MW-HA = combination of microwave and
convection hot air; IR-HA = combination of infrared and conviction hot air; T = air temperature (◦C); V = air velocity
(m/s); VA = the vacuum pressure (KPa); W = Microwave power; IR = Infrared intensity (W/m2).

4. Conclusions

The present study evaluated three drying systems, namely hot air convection, IR, and a combined
IR-HA for the drying of tomato slices as a model high water content biomass. The results showed that
the highest drying time was recorded using the hot air convection system, while the combined system
showed the lowest drying time and, consequently, the lowest SEC. The higher temperatures and/or IR
radiation played a significant role in reducing the drying time and the SEC. However, increasing the air
velocity negatively increased the drying time and the SEC in all the studied systems. To minimize the
energy consumption and the duration of the drying process, the present study suggested IR radiation
combined with hot air at a low air velocity. Further studies on the economic feasibility of the application
of such a system for biomass drying, as well as the impact of drying on the thermal behaviors of the
biomass, need additional investigation.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/12/14/2818/s1,
Figure S1: Variation of drying time due to change in the drying temperature and drying air velocity using a hot air
convection dryer, Figure S2. The rate of reduction in the drying time at different temperatures (A, compared to
the drying time at 40 ◦C) and at different air velocities (B, compared to the drying time at 0.5 m/s), Figure S3:
Interaction effect of temperature and air velocity on specific energy consumption using a hot air convection
dryer, Figure S4: Variation of drying time due to change in the drying temperature and drying air velocity using
an infrared dryer, Figure S5: Interaction effect of infrared intensity and air velocity on specific energy consumption
using infrared drying, Figure S6: Variation of drying time due to changes in infrared radiation intensity at different
air velocities using a combined infrared/hot air convection dryer at 40 ◦C (A), 50 ◦C (B) and 60 ◦C (C), Figure S7:
Variation of specific energy consumption due to changes in infrared radiation intensity at different air velocities
using a combined infrared/hot air convection dryer at 40 ◦C (A), 50 ◦C (B) and 60 ◦C (C).
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