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ABSTRACT: The present work aimed to investigate the energy consumption and quality of tomato 

slices dried in an InfraRed-Assisted Reflectance Windowtm (IRARW) dryer. The response surface 

methodology was used to optimize the experimental factors, including water temperature, infrared 

(IR) power, and belt speed based on specific energy consumption, IR fraction, contents of ascorbic 

acid, total phenolic, and total lycopene and color indices (L*, a*, b*, and H°). All factors, except the 

belt speed in the range of 0.278 - 0.37 mm/s, had significant effects on the performance parameters. 

The maximum measured value of specific energy consumption, IR fraction, contents of ascorbic acid, 

total phenolic, and total lycopene were 1.76 kWh/kg, 60.4%, 302.2 mg/100g, 708.07 mg GAE/100g, 

and 38.61 mg/100g, respectively. Rising the IR power led to an increase in a* and a decrease  

in L* values of the color indices. The optimum drying condition was determined to be at the temperature 

of 70 °C and the IR power of 500 W. 
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INTRODUCTION 

Tomato is the second most produced vegetable in the 

world after potato, and it is a very perishable fruit. Drying 

is the most known technique for improving product shelf 

life and facilitating the storage of agricultural and food 

products [1]. The energy crisis, on the one hand, and 

growing demands for high-quality products, on the other 

hand, have increased the interest in developing novel 

methods of food drying. Spray and freeze dryers are 

recommended for high-quality product drying; however, 
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the former operates at relatively high temperatures  

and is time-consuming. These drawbacks cause unwanted 

structural changes in the product [2].  

InfraRed (IR) dryers which are preferred to the other 

common systems have such advantages as drying time 

reduction, product quality maintenance, and energy 

efficiency enhancement [3]. Regardless of the surface 

irregularities, the IR dryers can provide uniform heating 

and achieve high-quality products. Since the IR lamps 
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were easily attached to the other dryers, various combined 

IR drying systems were developed in the past decade. 

Water-bed drying is relatively a new technology in 

which hot water provides the required thermal energy  

for drying the product via radiation, conduction, and 

convection. This type of dryer, known as refractance 

windowTM dryer, was found to conserve energy 

consumption and reduce production costs compared to the 

spray and freeze dryers [3]. This technology can maintain 

the color, vitamins, and antioxidants of the final product 

due to the short time and low-temperature drying.  

By comparing the performance of a RWTM dryer for fruits 

and vegetable drying with that of the freeze-drying method, 

it was revealed that the quality and nutrients of the product are 

preserved at a high level with the RWTM dryer [3]. Physical 

properties of the yogurt powder produced by RWTM dryer, 

except the color indices, were better than that by freeze-

drying. RWTM drying was also recommended as an effective 

way for fast and quality drying of fish silage [2]. 

In RWTM dryers, once the product surface gets dried,  

it behaves like a closed window, and does not allow the IR 

radiation to penetrate the product. This, along with the low 

conduction heat transfer coefficient of the material, 

reduces the drying rate significantly and limits the dryer 

capacity [4, 5]. This also caused a non-uniformity in the 

product moisture content, especially when they are thick. 

A significant drawback of the RWTM dryers, however, is 

the low operating capacity due to the thin film drying [6].  

New drying technologies are innovative components of 

the conventional techniques that have emerged to meet the 

changing consumer and market needs [4]. To address the 

capacity problem of the RWTM dryers, the present study 

proposed an IR-Assisted RW (IRARW) dryer. The dryer 

was designed in such configuration to gain fast, energy-

efficient, and quality drying benefits of the RWTM and IR 

dryers. Therefore, the main objective of the study is to 

develop and evaluate the continuous infrared-assisted 

RWTM dryer. In this respect, the present work aimed to 

optimize the designed IRARW dryer based on the 

parameters of energy consumption and quality of dried 

tomatoes. Therefore, the effects of the experimental 

parameters, including water temperatures, power of IR 

radiation, and conveyor belt speeds on specific energy 

consumption, IR fraction, the contents of ascorbic acid, 

total phenolic, and total lycopene and color indices (L*, a*, 

b*, and H°) were investigated and optimized using  

the surface response methodology. 

THEORETICAL SECTION 

Description of the IRARW dryer 

In order to investigate the combined influence of  

the IR power and RWTM drying on the tomato slices,  

a prototype continuous IRARW dryer was designed and 

developed at Biosystems Engineering Department of 

Shahid Bahonar University of Kerman, Iran. The system 

includes a hot water bed, stainless steel duct, transparent 

polyester (Mylar) conveyor belt, electromotor belt driver, 

hot water pump, blower, IR lamps, and auxiliary tank 

equipped with an electrical water heater. Figure 1 shows 

a schematic of the dryer. 

The products are placed on the surface of the Mylar belt, 

which was tightly wrapped on the top of the hot water-bed 

in contact with the water surface. The selection of the Mylar 

film thickness was accomplished using the previous reports [7]. 

The electromotor moves the immersed Mylar film on the 

hot water. IR waves infiltrate into the product, resulting in 

a temperature difference between the inside and the surface, 

which in term, leads to an increase in the moisture flux and 

rapid saturation of the air surrounding the product surface. 

This results in moisture condensation inside the product 

and burns on the surface. For this reason, the IR dryers  

are usually supported with an airflow to move out the 

saturated air surrounding the product. To this end, a blower 

was installed on the duct to provide the required airflow 

throughout the process. Through the drying path,  

the product loses moisture and dries under the influence of 

the bottom hot water bed, the above IR lamps, and the 

airflow. The pump is employed to circulate the water 

between the hot water-bed and the tank, where the electric 

heater was installed. Technical properties of the dryer 

components are given in Table 1A and a photograph  

of the IRARW dryer is shown in Fig. 1.  

 

Experimental procedure 

Evaluation of the developed dryer was conducted at 

different water temperatures, IR powers, and belt speeds. 

In each test, fresh tomato slices (with the initial moisture 

content of 94.2 ± 0.6% wet basis) were placed on the belt 

to be dried. 

The dryer performance was investigated based on the 

parameters of IR Fraction (IRF), specific energy 

consumption, color indices, Ascorbic Acid Content (AAC), 

Total Phenolic Content (TPC), And Total Lycopene 

Content (TLC) of the final product. The dried samples 

after each test were placed in polyethylene bags. 
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Fig. 1. A: A schematic of the continuous IRARW dryer B: A photograph of the IRARW dryer 

 

The purpose of the experimental setup was to 

determine the conditions that will give the minimum SEC 

and the maximum IRF, AAC, TPC, and TLC values. To 

investigate the relationship between the dependent and the 

independent variables, the experiments were arranged 

based on the Response Surface Methodology (RSM). 

Central Composite Design (CCD), which was first 

described by [8] as the most popular experimental design 

method, was used for the RSM analysis. The independent 

variables, each of which came in five levels, were the 

water-bed temperature (60, 64, 70, 76, and 80 °C), belt 

speed (0.28, 0.29, 0.32, 0.35, and 0.37 mm/s), and IR lamp 

power (200, 280, 400, 520, and 600 W). The factors were 

chosen based on literature [9-14] and trials.  

SEC, IRF, color indices, AAC, TPC, and TLC of  

the dried tomatoes were considered as the objective functions. 

The independent variables of water temperature, IR power, 

and belt speed are intended as A, B, and C, respectively,  

as well as their corresponding coded values ranging from -1 

and +1. According to the CCD, the total number of experimental 

runs is determined as 20= 2k+2k+6, where k is the number 

of factors (k=3) and 6 is the number of replications  

at the design center to estimate the model error [15].  

Throughout the optimization process, the responses are 

attributed to the independent variables by a quadratic 

model. The quadratic model can be written as [1, 16]: 

𝜂 = 𝛽0 + ∑ 𝛽𝑗𝑋𝑗

𝑘
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(i=1 to k); βo is a constant coefficient, βj , βjj , and βij (i and 

j=1 to k) are interaction coefficients of the linear, the 

quadratic, and the second-order terms, respectively; and ei 

is the error. The experimental results have been evaluated 

by Design-Expert 7.0 to obtain the approximation 

functions of the dependent variables. The coefficients with 

the p-values higher than 0.05 were distinguished as 

non-significant, and therefore, omitted from the equation. 

Validation of the obtained models was carried out using 

the coefficient of determination (R2) criterion. 

 

Samples preparation 

Fresh tomatoes were purchased from a local fruit and 

vegetable market in Kerman, Iran, in June 2019. Tomatoes 

with similar properties (color, size, shape, and texture) 

were selected, washed in chlorinated water (50 mg Cl2/kg H2O), 

drained, and stored in a refrigerator (temperature of 4 ± 1 °C). 

Approximately two hours before every experiment, 2 kg  

of tomatoes were placed in room temperature. Then,  

the tomatoes were sliced transversely at the thicknesses  

of 5±1 mm. 

 

Parameters calculations 

The dryer performance was investigated using IR 

fraction, specific energy consumption, and quality 

characteristics of tomato drying. The performance 

parameters’ calculation was as follows: 

 

Determination of energy consumption 

The electrical energy needed for the auxiliary heater,  

the blower, the water pump, the electromotor, and the IR lamps 

counted for the total energy consumption of the system. 

IRF shows the fraction of the total energy consumed 

by the IR lamps. The parameter was obtained using  

the following expression [17]: 

𝐼𝑅𝐹 =
𝐸𝐼𝑅

𝐸𝑇

× 100                                                                 (1) 

Where, EIR is the energy consumed by the IR lamps (kWh) 

and ET is the total energy consumption (kWh). 

SEC, which describes the amount of energy spent  

to remove one kg of water from the product, was calculated 

using Eq. (3) [18]: 

𝑆𝐸𝐶 =
𝐸𝑇

𝑚𝑤𝑑

                                                                           (2) 

Where mwd stands for the mass of the evaporated moisture 

during the drying process (kg). 

Determination of quality characteristics 

The color indices of the tomato slices, a* for redness 

(green to red), L* for lightness (white to black or light to dark), 

and b* for yellowness (yellow to blue), were measured at each 

experiment using a colorimeter (TES 135A, TES Co., Taiwan). 

The hue angle was calculated as Ho= tan-1(b*/a*) [19]. 

To determine AAC, 25 mL of a 10 g/L metaphosphoric 

acid solution was mixed with 2.50 g tomato powder, stirred 

for two hours, and then filtered through Whatman filter 

paper. Finally, 0.5 mL of the filtered sample was titrated 

using the 2,6-dichloroindophenol sodium salt [20]. The results 

were given as milligrams per 100 g of dry matter. 

To determine the TPC, 5.0 g of dried slices were ground 

with a mortar and pestle and then 0.05 g of powder  

was mixed with 1 mL of methanol and vortexed for 30 min. 

The extract was filtered through Whatman filter paper.  

The TPC of the extract was measured by Folin-Ciocalteu 

as described by Santos-Sánchez et al. [20]. The results 

were represented as mg Gallic Acid Equivalents (GAE) 

per 100 g of dry matter. 

To determine of TLC, 5.0 g of dried tomato was mixed 

with 1 mL distilled water and ground in a mortar. The TLC 

was determined by the method developed by Fish, Perkins-

Veazie, and Collins as described by Santos-Sánchez et al. [20]. 

The results were presented as mg per 100 g of dm (dry 

matter). 

 

Instrumentation 

Water temperature, power consumption of the water 

heater, and flow rate of air were measured during  

the experiments. Two temperature sensors (SMT160) were 

located at the inlet and outlet of the hot water bed.  

A switched temperature controller (STC-100) was used  

to control the water temperature. A hot-wire anemometer 

(TES 1340, TES co., Taiwan) was used to measure the 

airflow rate. The energy consumption throughout the tests 

was determined using a wattmeter transmitter (TM-1510, 

Tika Co, Iran). 

The standard uncertainty for the measurement 

instrument has been calculated using Eq. (4) [21]: 

𝑢 =
𝑎

√3
                                                                                    (3) 

Where 𝑎 is the accuracy of the instrument. Technical 

specifications of the measurement instruments and the 

estimated uncertainties of the instrument are given in 

Table 1B. 
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Table 1: Technical specifications of the IRARW dryer (A) the measurement instrument and results of uncertainty analysis (B) 

A Dryer component Detail 

Hot water bed Dimensions: 0.4 m×1.95 m ×0.14 m 

Transparent polyester Material: Mylar; Dimensions: 7 m× 0.4 m ×0.025 m 

Stainless steel duct Dimensions: 0.52 m×0.7 m×3 m 

Hot water pump Nominal power: 46 W, Flow rate: 0.5 L/min 

Blower Nominal power: 40 W, Air flow rate: 0.05 m3/h 

Electromotor Nominal power:14 W; Rotational speed: 1 RPM 

Water heater Maximum power: 2000 W 

B Instrument (model) Measured parameter Accuracy Uncertainty 

Wattmeter (TM1510) Electrical power consumption ± 1 W 0.58 W 

Temperature sensor (SMT160) Water temperature ± 0.7 °C 0.4 °C 

Switched temperature controller (STC-100) Water temperature controller ± 1 °C 0.58 °C 

Hot-wire anemometer (TES-1341) Air flow rate ±3% 1.73% 

 

Table 2: Experimental conditions of the CCD runs and the corresponding results 

Run A B C SEC kWh/kg IRF (%) L* a* b* H° AAC (mg/100g) TPC (mg GAE/100g) TLC (mg/100g) 

1 3 3 3 1.06 41.88 32.20 37.13 18.23 26.15 261.90 565.41 31.05 

2 3 3 5 0.91 37.74 31.10 35.32 17.12 25.86 220.50 532.51 27.40 

3 2 4 2 0.99 45.19 33.40 40.12 19.14 25.50 234.90 598.94 29.80 

4 3 3 3 1.06 41.89 32.30 37.12 18.24 26.17 249.50 427.20 32.43 

5 5 3 3 1.29 18.90 30.71 34.81 17.29 26.41 226.50 651.60 34.20 

6 4 2 4 1.74 13.05 32.50 33.93 17.25 26.95 266.40 531.87 25.32 

7 2 4 4 0.95 60.40 31.80 38.28 17.98 25.16 212.50 602.31 26.53 

8 3 3 1 1.06 41.98 33.21 38.46 19.10 26.41 279.10 557.32 27.91 

9 3 3 3 0.91 37.74 32.30 37.45 18.20 25.92 251.20 570.03 33.90 

10 3 1 3 1.76 13.04 34.20 35.78 18.61 27.48 301.50 422.75 25.50 

11 4 4 4 1.32 28.58 28.80 35.52 18.00 26.87 202.45 701.52 35.21 

12 3 3 3 0.98 39.81 32.29 37.63 18.26 25.89 251.30 512.20 33.30 

13 3 5 3 0.99 39.88 30.40 38.47 17.91 24.97 209.80 708.07 36.53 

14 4 4 2 1.32 28.58 30.45 37.36 17.99 25.71 217.40 701.52 38.61 

15 4 2 2 1.20 24.33 33.45 35.77 18.41 27.24 298.30 531.87 26.98 

16 1 3 3 0.92 46.21 33.87 39.44 19.23 25.99 280.40 479.21 28.10 

17 3 3 3 0.92 37.74 32.29 37.58 18.27 25.93 249.00 565.41 33.12 

18 3 3 3 0.92 37.75 32.28 37.69 18.29 25.89 230.30 565.41 32.76 

19 2 2 4 1.09 38.50 33.34 36.69 18.40 26.64 293.50 429.30 27.56 

20 2 2 2 1.18 38.00 34.21 38.52 19.56 26.92 302.20 420.20 31.10 

 

RESULTS AND DISCUSSION 

Twenty runs were performed to illustrate the effects of 

water temperature, belt speed, and IR power on SEC, IRF, 

and quality indices of the dried tomatoes. The obtained 

results and the experimental conditions are given in Table 2. 

The findings of the accompanying RSM study are given  

in Table 3A. In all parameters, the largest to smallest ratio 

of the response, were lower than 10, and therefore,  

data transformation was not required. The belt speed  

did not have a significant effect on any parameters. 

Consequently, all the figures are shown at the constant 

belt speed of 0.32 mm/s. 
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Table 3: Design summary of RSM analysis (A) and optimization results of experimental conditions (B) 

A Response Name Units Minimum Maximum Ratio Model R2 

Y1 SEC kWh/kg  0.91 1.76 1.93 RQuadratic¹ 0.72 

Y2 IRF % 13.04 60.4 4.63 RLinear² 0.77 

Y3 L* Dimensionless 28.8 34.21 1.19 R2FI³ 0.85 

Y4 a* Dimensionless 33.93 40.12 1.18 RQuadratic 0.88 

Y5 b* Dimensionless 17.12 19.56 1.14 R2FI 0.79 

Y6 Ho Dimensionless 24.97 27.48 1.10 RLinear 0.76 

Y7 AAC mg/100g 202.45 302.20 1.49 RLinear 0.92 

Y8 TPC mg/100g 420.2 708.07 1.69 RLinear 0.86 

Y9 TLC mg/100g 25.32 38.61 1.52 R2FI 0.80 

¹Reduced Quadratic ²Reduced Linear ³Reduced 2FI 

B Water temp. (oC) IR (W) 
SEC (kWh/kg) IRF (%) AAC mg/100g TPC mg GAE/100g TLC mg/100g 

P E P E P E P E P E 

 70 500 0.99 1.01 42.98 44.32 240.55 243.01 616.50 622.01 32.50 34.30 

P: Predicted, E: Experimental 

 

Specific energy consumption 

By omitting the non-significant coefficients, the 

equation of SEC in terms of coded variables could be 

presented in the following way: 

SEC = +1.03 + 0.15 A − 0.14B + 0.15B2                    (5) 

The highest experimental SEC value (1.76 kWh/kg) 

occurred in run No.10 (water temperature of 70 °C, and IR 

power of 200 W). The lowest value of SEC (0.91 kWh/kg) 

was observed in run No.2 (water temperature of 70 °C, and 

IR power of 400 W). Investigation of a liquid desiccant-

assisted solar juice concentration system for barberry juice 

indicated the maximum and minimum SEC of 1.13 kWh/kg 

and 0.92 kWh/kg, respectively [22]. SEC values for potato 

drying using a microwave dryer are estimated to be 

between 1.17 kWh/kg and 2.93 kWh/kg [23]. The minimum 

SEC of 2.09 kWh/kg was reported for onions drying  

in a solar dryer equipped with the heat recovery system [24]. 

The influence of water temperature and IR power,  

at the constant belt speed of 0.32 mm/s, on the SEC  

was shown in Fig. 2. Clearly, SEC increased linearly  

with rising the water temperature. This is mainly due to  

the increment of the heat losses from the circulating water 

as a result of the raising the temperature difference 

between the water and the ambient. Furthermore, Fig. 2 

shows that the effect of the IR power on SEC is inverse 

and quadratic. Results of a study on biomass drying in  

an IR-assisted hot air dryer indicated an inverse relationship 

between the IR power and the SEC values [25]. It was shown 

that raising IR power caused an increase in the product 

temperature, which in turn increased the drying rate and 

caused a decrease in drying time [26]. 

 

Effect of drying condition on the infrared fraction  

The proposed RSM model for IRF was found to be 

linear as shown in Eq. (6): 

IRF = +35.56 − 9.77 A + 6.88 B                                    (6) 

The highest IRF value was 60.40% in run No.7 (water 

temperature of 64 °C, and IR power of 520 W), while  

the lowest IRF value (~ 13.04%) was observed in run 

No.10 (water temperature of 70 °C, and IR power of 200 W). 

Variation of IRF with water temperature and IR power at 

the belt speed of 0.32 mm/s is shown in Fig. 2. This figure 

demonstrates that the effects of water temperature and IR 

power on IRF are descending and ascending, 

respectively. Raising the water temperature increases  

the amount of energy consumed by the heater and thus 

reduces the IR fraction. On the other hand, the IR fraction 

increases with raising IR power. 

 

Ascorbic acid content 

The RSM model of the coded variables being proposed 

for AAC is linear and has been given as follows: 

AAC =+251.94-10.93 A-32.77 B-21                               (7) 

The minimum (202.45 mg/100g) and maximum 

(302.20 mg/100g) amounts of experimental AAC were observed 

respectively in run No.11 (water temperature of 76 °C, 
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and IR power of 520 W) and in run No. 20 (water 

temperature of 64 °C, and IR power of 280 W) [20]. 

reported that the AAC of fresh tomatoes was 360.70 

mg/100g, and the AAC of dried tomatoes was in the 

range of 215-262.60 mg/100g [20]. According to Fig. 2, 

AAC increased as a result of a decrease in water 

temperature as well as IR power. 

Similarly, an increment in temperature during tomatoes 

drying decreased the AAC content of dried samples [14]. 

Ascorbic acid is commonly considered as a heat and 

oxygen-sensitive compound. Heating and oxidation can 

accelerate the loss of ascorbic acid during the drying of 

agricultural products. As a result, the ascorbic acid level 

decreased slowly, following the rise in temperature [27]. 

However, the IR drying was a cost-effective and reliable 

way to preserve ascorbic acid among the drying processes, 

including sun drying, freeze-drying, hot-air drying, and 

vacuum drying [28]. 

 

Effect of drying conditions on the phenolic content  

The following RSM model of coded variables was proposed 

to describe variations of TPC values.  

TPC=+523.84+51.84 A+85.89 B                                     (8) 

This model is a response surface reduced linear model. 

The highest experimental TPC (708.07 mg GAE/100g) of 

the dried tomato slices was obtained in run No.13 (water 

temperature of 70 °C, and IR power of 600 W). Fig. 2 

shows the TPC of the dried tomato slices in the IRARW 

dryer at various IR power and water temperature. The TPC 

of dried samples increased with raising IR power. Infrared 

radiation not only improves the extraction of phenolic 

compounds through higher intermolecular interactions,  

but also accelerates the inter-conversion of undetectable 

compounds to detectable phenolic compounds [16]. It may 

also be due to the release of bound phenols with tomato 

matrix owing to the rupture of cell walls resulting from IR 

treatment along with the high temperatures used in drying-

which enhance the increase of TPC. 

 

Lycopene content 

The changes in lycopene content in dried tomatoes  

at different levels of water temperature and IR power  

are shown in Fig. 2. The following RSM model of coded 

variables explains the TLC in dried tomatoes. 

TLC =+30.87+1.57 A+2.76 B +2.98 AB                               (9) 

The TLC in dried tomatoes was in the range of 25.32  

to 38.61 mg/100g. The highest loss of experimental TLC 

occurred in run No. 6 (water temperature of 76 °C and IR 

power of 281 W). The maximum experimental TLC (38.61 

mg/100g) was observed in run No.14 (water temperature 

of 76 °C and IR power of 520 W). Fig. 2, showed the 

increasing trend of the TLC with raising water 

temperature. As shown in Fig. 2, the TLC of tomato 

increased at elevated levels of IR power, and this could be 

ascribed to an increase in lycopene extractability or 

accessibility [29]. In addition, thermal processes can break 

down cell walls and weaken the bonding forces between 

lycopene and tissue, and in turn, increase lycopene release 

from the food matrix [30]. 

 

Color evaluation 

The attractive red color of tomato products has  

a significant impact on consumer acceptance. However, 

processing methods may affect the lycopene pigments  

and decrease the color quality of the product [19]. Using  

the RSM method, the proposed models of coded variables 

for the color indicators are as follows: 

L*=+32.26 -0.94A -1.13 B -0.54 AB                             (10) 

a* =+37.15-1.38 A+0.80 B-0.089 A2-0.089 B2                  (11) 

b* =+18.27-0.49 A-0.12 B+0.15 AB                            (12) 

Ho=+26.20+0.24 A -0.64 B                                                   (13) 

The color index of L* is related to the brightness of  

the products. The lowest value of experimental L* was 

28.80 in run No. 11 (water temperature of 76 °C, and IR 

power of 520 W) and its highest value was 34.21 in run 

No. 20 (water temperature of 64 °C, and IR power of 280 W). 

According to Fig. 3, the L* values decreased when 

water temperature and IR power increased. The 

phenomenon results from an increase in browning 

reactions during the drying [19, 22]. This decreasing trend 

can be attributed to both reasons of polymerization  

of pigments and non-enzymatic browning reactions or the 

Maillard reaction at higher temperatures of the material 

during the drying process [31]. 

The red color of tomatoes and the color indice of a* 

depend on the presence of lycopene pigments [32]. The 

largest and smallest values of experimental  a* (40.12 

and 33.93) were obtained in run No.3 (water temperature 

of 64 °C, and IR power of 520 W) and in run No.6  
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Fig. 2: Effect of water temperature and IR power on the energy consumption (SEC and IRF) and the quality characteristics (AAC, 

TPC, and TLC) of the tomato slices. 

 

(water temperature of 76 °C, and IR power of 280 W), 

respectively. As shown in Fig. 3, the values of a* decrease 

with increasing water temperature. In general; increasing 

the temperature has a destructive effect on the lycopene 

content and leads to a decrease in the a* values. Oxidation 

and isomerization are the main reasons for the reduction of 

lycopene pigments during tomato processing [33]. In contrast, 

the increase in IR power led to an increase  

in the a* values - a phenomenon which may be due to  

the improved lycopene extractability or accessibility [29]. 

Moreover, thermal processes can affect the lycopene-

tissue bond by weakening their bonding forces, breaking 

down the cell walls in the food matrix, and releasing 

lycopene pigments from them [30]. 
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Fig. 3: Effect of water temperature and IR power on the color induces (L*, a*, b*, and Ho) of tomato slices 

 

The trend of changes in the b* (Fig. 3), which is similar 

to the L*, indicates that the yellowness of the tomato slices 

increases gradually. 

The hue angle (Ho) represents the level of changes  

of the product surface color during the process. The Ho values 

of 0, 90, 180, and 270 stand for pure red, pure yellow, pure 

green, and pure blue, respectively [34]. The maximum and 

minimum experimental Ho values (27.48 and 24.97) were 

obtained in runs No.10 (water temperature of 70 °C, and IR 

power of 200 W) and No.13 (water temperature of 70 °C, and 

IR power of 600 W), respectively. The Ho values increased 

with rising water temperature and decreasing IR power  

(Fig. 3). Similar results were obtained in a previous study [34]. 

 

Optimization of experimental conditions 

To determine the optimum operating condition of the 

designed dryer, AAC, TPC, and TLC values were supposed 

to be maximized and the SEC was kept minimized [35, 36]. 

The highest desirability was obtained at the water 

temperature of 70 °C and the IR power of 500 W. Table 3B 

shows the predicted and experimental values of the 

investigated parameters in the optimum condition of drying. 

 

CONCLUSIONS 

A continuous IR-assisted RWTM (IRARW) dryer  

was investigated in the present study. The dryer performance 

was analyzed in terms of energy consumption and final 

product quality. To model the variations of the responses with 

the independent variables, and optimize the drying condition, 

the RSM technique was used. The following were concluded: 

1. The SEC values increased linearly with raising  

the water temperature, whereas increasing the IR power 

caused a decrease in the SEC. The maximum values of IRF 

and SEC were 60.4% and 1.76 kWh/kg, respectively. 
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2. The effect of the IR power on IR fraction was 

quadratic and ascending. 

3. The increase in water temperature decreased the a* 

values. Raising the IR power increased the a* values and 

lycopene content. Whereas the L* values of tomatoes 

during the drying process declined with raising the water 

temperature and IR power. 

4. AAC increased with decreasing the water temperature 

and the IR power. The highest AAC (302.20 mg/100g) 

during the experiments was measured at the water 

temperature of 64 °C, and IR power of 280 W. 

5. The maximum experimental TPC of the dried 

tomatoes (708.07 mg GAE/100g) was measured at the water 

temperature of 70 °C, and IR power of 600 W. The TPC 

increased with raising the IR power as a linear function. 

6. The maximum experimental TLC (38.61 mg/100g) 

was observed at the water temperature of 76 °C, and IR 

power of 520 W. 

7. The optimum condition based on the lowest SEC and 

the highest IRF, AAC, TPC, and TLC values was achieved 

at the water temperature of 70 °C, and IR power of 500 W.  

By comparing the findings of the present study with 

those of the previous ones, which investigated tomato 

slices drying, it can be concluded that the current 

developed system was able to accomplish the drying 

process satisfactorily. Furthermore, due to the relatively 

low energy consumption of the system, it can be 

beneficially equipped with solar (photovoltaic or thermal) 

collectors to work even independently of fossil fuels. 
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Nomenclature 

a Accuracy of the instrument 

a* Redness (dimensionless) 

A Coded value of water temperature 

AAC Ascorbic acid content (mg/100g) 

B Coded value of IR power 

b* Yellowness (dimensionless) 

C Coded value of belt speed 

dm Dry matter 

ei Error 

EIR Energy consumed by the IR lamps (kWh) 

ET Total energy consumption (kJ) 

GAE Gallic acid equivalents 

H° Hue angle (dimensionless) 

IRF Infrared fraction (%) 

L* Lightness (dimensionless) 

mwd 
Mass of the evaporated moisture during the drying 

process (kg) 

SEC Specific energy consumption (kWh/kg) 

TPC Total phenolic content (mg GAE/100g) 

TLC Total lycopene content (mg/100g) 

u Standard uncertainty 

Xi Independent variables 

Xj Independent variables 

η Response 

βo Constant coefficient 

βij Interaction coefficients of the second-order term 

βj Interaction coefficients of the linear term 

βjj Interaction coefficients of the quadratic term 
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