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 14 

Abstract: The energy and exergy analysis of thin-layer drying of mint leaves was performed in a 15 

forced convective solar dryer with new design solar collector. The effects of inlet airflow rates on the 16 

energy utilization ratio (EUR), energy generated by the solar air collector, exergy losses, exergy 17 

efficiency, and kinetics of drying were determined. The EUR varied between 7.45 to 87.1% and it 18 

increased when the flow rate decreased. The average exergy loss for the air with mass flow rates of 19 

0.012, 0.026, and 0.033 kg/s was calculated as 16.2 W, 8.2 W, and 6.88 W, respectively. Unlike other 20 

studies, exergy and EUR data obtained from experimental data were modeled with an artificial neural 21 

network (ANN). The experimental data were modeled by an artificial neural network (ANN) via a 22 

feed-forward back-propagation network. The values obtained from ANN modeling were significantly 23 

closed to the experimental values. In both experimental and ANN models, EUR and exergy loss 24 

decreased with increasing airflow rate. The importance of airflow rates was promising to modify EUR 25 

and exergy losses.  26 

Key words: Exergy analysis, Energy analysis, Solar drying, Artificial neural network, Kinetics of drying, 27 

Mint. 28 

 29 

Nomenclature 30 

A  area, m2 31 

Cp  specific heat, kj/ kg K 32 

E  emissive power 33 

EUR  energy utilization ratio, % 34 

Ex  exergy rate, kW 35 

F  shape factor 36 

g  gravitational acceleration, m/s2 37 

gc  constant in Newton’s law 38 

h  enthalpy, kj/kg 39 

I  solar radiation, W/m2 40 

J  joule constant 41 𝑚̇  mass flow rate, kg/s 42 

N  number of species 43 

P   pressure, kPa 44 

Q  net heat rate, W 45 

s  spesific entropy, kj/kg K 46 

t  time, minute 47 

T  temperature, °C 48 

U  specific internal energy 49 

ν  spesific volume, m3/kg 50 

V  velocity, m/s 51 

w  specific humidity, g/g 52 

z  altitude coordinate, m 53 

Subscripts 54 
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a   air 1 

c  chemical 2 

col  collector 3 

cp  connection pipe 4 

da  drying air 5 

f  fan 6 

i  inlet 7 

dc  drying chamber 8 

L  loss 9 

mp   moisture of product 10 

o  outlet 11 

sat  saturated 12 ∞  surrounding or ambient 13 

Greek letters  14 ∅  relative humidity, % 15 

ηex  exergy efficiency, % 16 

μ  chemical potential, kj/kg  17 

 18 

1.Introduction 19 

Since the harvest periods of medicinal and aromatic plants vary depending on their intended use, the best 20 

preservation method is drying. Medicinal and aromatic plants such as mint cannot be kept fresh for a long 21 

time due to the active substances they contain. By drying, the water content of the plant is reduced to a 22 

certain value, and its enzymatic and microbiological activities are slowed down or stopped. Thus, the 23 

storage period of the product is extended. At the same time, the aroma, color and many quality criteria of 24 

the plant are preserved. Today, one of the most important post-harvest processes that affects the active 25 

ingredients in medicinal and aromatic plants is drying. The therapeutic properties of dried medicinal plants 26 

last for about a year [1]. 27 

Drying mint leaves and other leafy products in the sun is different from drying other agricultural products 28 

due to their characteristics such as Drying Speed and Time, Fragrance and Essential Oils, Color and 29 

Appearance, Adhesion and Dispersion, Medicinal and Cosmetic Uses, etc. These differences are based on 30 

the characteristics of the plant, its intended uses and the specific requirements(appropriate temperature 31 

values, drying method, protection from external influences, etc.) of the drying process, which must be 32 

carefully managed. 33 

Mint is an aromatic plant from the genus Mentha (Mentha L.) which due to its unique aroma and bio-34 

components, is widely used in different industries such as food, beverage, and cosmetics [2]. Mint contains 35 

75-85% water which makes it vulnerable to storage [3]. Drying of agriculture products is an ancient method 36 

that can protect them from chemical deterioration, enzymatic degradation, and microbial spoilage and it 37 

can decrease the packaging and storage costs by removal of moisture from the foods [4]. Open sun drying 38 

which is generally used to dry agriculture products under direct sunlight can produce dried products rich in 39 

color [5], but it leads to the growth of harmful microorganisms, produce toxic compounds by fungi [6], and 40 

contamination of food by environmental pollutants (such as dust, dirt, and insects)[5].In contrast, solar 41 

drying as an environmentally friendly and green technology [7] can improve the quality parameters of food 42 

and decrease the risk of microbial, chemical, and environmental contamination [8]. Solar drying of various 43 

agriculture products has been studied by different authors [7,9-16]. 44 

Exergy and energy analysis is an important tool to evaluate the performance of solar drying systems. These 45 

analyzes are used to understand and optimize energy flows in the system. Solar drying systems are designed 46 

to dry agricultural products using solar energy, and exergy and energy analysis provides benefits such as 47 

efficiency evaluation, optimization possibility, saving of energy resources, estimation of system 48 

performance, reduction of environmental impacts, etc. to increase the efficiency of these systems. For these 49 

reasons, solar energy It is important to use exergy and energy analyzes in the design, development and 50 

operation of drying systems. These analyzes help systems become more efficient, economical and 51 

environmentally friendly. The thermodynamic analysis, particularly the analysis of the exergy helps to 52 

improve the performance and decrease the loss of energy in the dryer via optimization of the usage energy 53 

[17]. The energy analysis which is determined according to the 1st law of thermodynamics represented the 54 

fundamental of the conservation of energy, but it gives no data concerning the irreversibility. As the energy 55 
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analysis can't identify the different qualities of energy, a powerful tool is preferred along with energy 1 

analysis at the engineering evaluation which named exergy analysis. The exergy is the highest value of 2 

work that produced from a flow of substance, heat, or work when system reaches a thermodynamic 3 

equilibrium with a reference surroundings. Increases in the irreversibilities of thermal processes can destroy 4 

the exergy, thus to increase the exergy of a dryer, the irreversibilities need to be decreased [18]. Researchers 5 

examined how the design of the absorber plate affects an indirect solar dryer's thermal performance while 6 

taking temperature dependence into account [19].The exergy analysis is used to find the origins of 7 

inefficiency, to identify the quality of energy utilization, and to provide information for optimization of 8 

drying conditions to reduce the environmental problems which produce by the dryers [20]. Researchers 9 

aimed to increase system efficiency by using energy and exergy analysis in drying food products. [21-25]. 10 

Artificial neural networks (ANN), a machine learning method that has found wide use in recent years, are 11 

used to solve complex problems in various tasks, from parameter and function estimation to classification. 12 

ANNs have been reported to be useful for tasks involving partial data sets, ambiguous and insufficient 13 

information. Networks are capable of using different inputs to predict multiple output variables, even 14 

without prior knowledge of process relationships [26] . Unlike many machine learning methods, the basis 15 

on which ANN is based is to consider the hidden relationships between the attributes (variables) that 16 

constitute the data. ANNs learn by using a set of parameters or classification categories that can be observed 17 

before or whose actual answer is known, and accordingly, the data that the ANN model has not seen before 18 

can be predicted with the hidden network structure created as a result of learning. With this approach, ANN 19 

imitates the biological nervous system. Layers consisting of neurons constitute the ANN. The input layer 20 

contains as many neurons as the number of features in the training data. Target output values are represented 21 

by one neuron in the output layer. Hidden layers are located between the input and output layers. Neurons 22 

collect the information that reaches them through activation or transfer functions and transmit it to the next 23 

neurons they are connected to [27]. Thus, in each training iteration that provides this information flow, 24 

neuron weights are updated according to a rule and a hidden relationship order is formed within the network. 25 

Since drying is a complex process, there are many approaches that model the drying rate and product 26 

moisture ratio according to the drying process under various drying conditions [28-29]. Due to the 27 

mentioned advantages, artificial neural networks have also been used by different researchers in studies on 28 

drying agricultural products. Modeling of drying processes by the artificial neural network (ANN) can solve 29 

nonlinear and complex equations [30].  Various authors applied ANN for modeling the drying process of 30 

fruits and vegetables: solar drying of potato [31], convective infrared drying of kiwi fruit [32], convective 31 

drying of apple [33], microwave drying of orange slices [34], and infrared drying of carrot [35]. Azadbakht 32 

et al. studied the energy/exergy analysis of fluidized bed drying of potato by ANN methods [36]. The results 33 

revealed that energy utilization, and EUR had a positive correlation with the velocity of dry air and depth 34 

of the bed. Furthermore, increases in the air velocity, temperature, and depth of the bed caused an 35 

improvement in the exergy loss and efficiency. Özdemir et al. used convective-infrared drying at different 36 

temperatures (40-55°C) for drying kiwi fruit. The energy efficiency was between 2.85% and 32.17% and 37 

the ANN method was successful in the estimation of the values of energy consumption and optimization of 38 

drying conditions [32]. 39 

Solar drying of mint leaves was studied by some authors but the ANN modeling was not used in their 40 

research [12,37,38]. The most important feature that distinguishes this research from the before studies are 41 

modeling of energy/exergy by the ANN method. This research aims to predict and simulate the 42 

energy/exergy parameters and thermodynamic aspects of solar drying of mint leaves by ANN modeling. 43 

The effect of different mass flow rates and solar radiations on the energy analysis of new designed collector 44 

and drying chamber, the EUR, the exergy loss, exergy efficiency and drying kinetics were investigated. 45 

Also, the ANN was used to verify the accuracy of experimental data of the solar dryer. 46 

 47 

2.Materials and Methods 48 

2.1. Materials 49 

The fresh mint leaves were provided from a local market (Elazığ, Turkey) and then washed with water. A 50 

filter paper was used to remove excess water from the surface of mint leaves. 51 

 52 

 53 
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2.2. Experimental set-up 1 

Drying experiments were performed from 9:00 AM-5:00 PM in Firat University, Technical Education 2 

Faculty, Elazig, Turkey. The solar cabinet dryer (“Fig. 1A”) has been used in this study.  3 

In the first stage of this study, collector efficiency experiments were carried out in order to increase the 4 

performance of solar air collectors. Manufactured from standard collector cases, collectors with dimensions 5 

of 0.93x1.93 m² were produced by modifying the flow channel (“Fig. 1C”) . Fins were added to the flow 6 

channel, positioned at different angles: 30°, 45° and 60°. The effect of these fins on collector efficiency 7 

was primarily examined. Based on the results of the experiments, the most effective collector type was 8 

determined and used in drying experiments. 9 

The inner chamber of the dryer unit was produced using a 0.8 mm thick stainless steel sheet in the 10 

dimensions of 1.2 × 0.74 × 0.74 m, which was respectively enclosed in an outer chamber (stainless steel) 11 

in the dimensions of 1.5 × 0.75 × 0.75 m. Polystyrene insulating materials were filled in the space between 12 

the two chambers for insulating. A centrifugal fan was utilized for blowing air into the collector via an 13 

aluminum duct (with a diameter of 82 mm) and an AC-type hertz converter was used for controlling the 14 

airflow. The air passed through the chimney with the dimensions of 0.3 × 0.2 × 0.2 m leaving the heating 15 

chamber, and this process ensured the mixing and having a uniform temperature distribution before going 16 

into the drying area(“Fig 1B”).  17 

The data about air temperature, inlet and outlet temperatures of both solar collector and drying chamber, 18 

the temperature of mint (the central point of mint) during drying, and relative humidity of the air inside the 19 

drying chamber (right about the surface of mint) were recorded every 5 minutes. The below elements were 20 

used for measuring the different variables:1) Temperatures (accuracy ± 0.1ºC): a combination of the 21 

thermocouples of copper-constant T Type, ZA9000FST connector element, 5990-0 Almemo digital data 22 

logger. 2) Air speed (0.1-15 m/s): the thermo anemometer (FVA645TH3). 3) The pressure change within 23 

the collector: FDA612MR pressure module. 4) Weigh loss of mint (accuracy ± 0.1 kN): the strain strength 24 

FKA0251 within 0.02-10 kN range. 5) Solar radiation: Kipp and Zonen solarimeter. 6) Collection of all 25 

data: By interfacing data logger Almemo 5990-0 to a PC.   26 

 27 

 28 

 29 

A 30 
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B 2 

 3 

C 4 

Figure 1. A. Experimental set up (schematic) 5 

         B. Experimental set up (photo) 6 

        C. Collector stream line . 7 

 8 

3. Analysis 9 

3.1. Energy analysis  10 

 11 

An energy analysis has been selected within the context of the 1st law of thermodynamics. The drying is 12 

considered as the steady flow operations, thus general equations of mass conservation (dry and moist air), 13 

and energy conservation in a steady flow state [9] were defined by the “Eqs. (1-3)”.  14 

Mass conservation of drying air is calculated using “Eq. (1)”: 15  ∑ 𝑚̇𝑑𝑎,𝑖 = ∑ 𝑚̇𝑑𝑎,𝑜                  (1)  16 

Moisture balance is determined by using “Eq. (2)” [21]: 17 ∑(𝑚̇𝑑𝑎,𝑖  ∙ 𝑤𝑖 + 𝑚̇𝑚𝑝) = ∑ 𝑚̇𝑑𝑎,𝑜 ∙ 𝑤𝑜         (2) 18 

 19 
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Energy conservation is calculated by “Eq. (3)”: 1 

   𝑄̇ − 𝑊̇ =  ∑ 𝑚̇𝑑𝑎,𝑜 (ℎ𝑜 + 𝑉𝑜22 ) − ∑ 𝑚̇𝑑𝑎,𝑖 (ℎ𝑖 + 𝑉𝑖22 )     (3) 2 

The kinetic and potential energy in the drying system were omitted except for the kinetic energy of the fan 3 

[9]. Also, the mass flow rate is considered constant during drying and any change in it is negligible (“Eq. 4 

(4)”)[39]. 5 

 𝑚̇𝑑𝑎,𝑜 = 𝑚̇𝑑𝑎,𝑖 = 𝑚̇𝑑𝑎        (4) 6 

3.1.1. Properties of air 7 

The relative humidity (∅) and enthalpy (ℎ) of drying air for energy and exergy analysis were determined 8 

by “Eq. (5)”, and “Eq. (6)”, respectively. 9 ∅ = wP(0.622+w)Psat@T        (5) 10 ℎ =  𝐶𝑃𝑑𝑎𝑇𝑑𝑎 +𝑤ℎ𝑠𝑎𝑡@𝑇         (6) 11 

Where P, 𝑃𝑠𝑎𝑡@𝑇  and 𝑤 are the atmospheric pressure, the saturated vapor pressure and specific humidity of 12 

drying air. Also, 𝐶𝑃𝑑𝑎 , ℎ𝑠𝑎𝑡@𝑇 , and 𝑇𝑑𝑎 represent the specific heat of drying air, enthalpy of the saturated 13 

vapor, and temperature of drying air, respectively [9,21]. 14 

3.1.2. Solar air collector 15 

It was presumed that there was no heat loss in the pipes which are used for the connection of the solar 16 

collector and the fan. Thus, the specific humidity, temperature, and relative humidity of air exit from the 17 

fan were equal to the inlet condition of the solar collector which was shown by “Eq. (7)” [9]. 18 𝑤𝑐𝑜𝑙,𝑖  = 𝑤𝑓𝑜,     𝑇𝑐𝑜𝑙,𝑖 =  𝑇𝑓𝑜,    ∅𝑐𝑜𝑙,𝑖 = ∅𝑓𝑜,    ℎ𝑐𝑜𝑙,𝑖 = ℎ𝑓𝑜     (7) 19 

The energy gained from the collector was determined according to the “Eq. (8)”: 20 𝑄𝑐𝑜𝑙 = 𝑚̇𝑑𝑎  ∙  𝐶𝑃𝑑𝑎 (𝑇𝑐𝑜𝑙,𝑜 − 𝑇𝑐𝑜𝑙,𝑖)        (8) 21 

However, according to the temperature measurement, certain losses of heat were observed between the 22 

collector outlet and drying chamber inlet which is connected by the connection pipe. Therefore, the heat 23 

losses throughout this pipe are calculated by “Eq. (9)”: 24 𝑄𝐿,𝑐𝑝 = 𝑚̇𝑑𝑎  ∙  𝐶𝑃𝑎  ∙  (𝑇𝑐𝑜𝑙,𝑜  − 𝑇𝑑𝑐,𝑖)       (9) 25 

3.1.3. Drying chamber 26 

The heat used for drying mint samples at the solar drying chamber was determined by “Eq. (10)”. 27 Qdc = ṁda ∙  (hdci- hdco)        (10) 28 

The EUR is the ratio of energy utilization in the drying chamber to the provided energy by a collector which 29 

was calculated by “Eq. (11)”[40]: 30 𝐸𝑈𝑅 =  𝑚̇𝑑𝑎 (ℎ𝑑𝑐,𝑖− ℎ𝑑𝑐,𝑜)𝑚̇𝑑𝑎 ∙ 𝐶𝑝𝑎 (𝑇𝑐𝑜𝑙,𝑜− 𝑇𝑐𝑜𝑙,𝑖)       (11) 31 

 32 

3.2. Exergy analysis  33 

Some amount of exergy which enters the drying chamber can be destroyed due to irreversibility [10]. 34 

Therefore, the overall inlet, outlet, and loss exergy were predicted according to the 2nd law of 35 

thermodynamics at the steady-state points. The general equation of exergy (“Eq. (12)”) in a steady-state 36 

system can be defined according to the energy balance as follows [6]: 37 
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𝐸𝑥𝑒𝑟𝑔𝑦 =  ( 𝑢 − 𝑢∞⏟    𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦) − 𝑇𝑜  (𝑠 − 𝑠∞⏟  𝑒𝑛𝑡𝑟𝑜𝑝𝑦 ) + 𝑃𝑜𝐽  (𝑣 − 𝑣∞⏟    𝑤𝑜𝑟𝑘 ) + 𝑉22𝑔𝐽⏟𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 + (𝑧 − 𝑧∞⏟    𝑔𝑟𝑎𝑣𝑖𝑡𝑦 ) 𝑔𝑔𝑐 𝐽 +1 

  ∑ (𝜇𝑐 − 𝜇∞⏟      𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙  )𝑐  𝑁𝑐 + 𝐸𝑔𝐴𝑔𝐹𝑔 (3𝑇4 − 𝑇∞4 − 4𝑇∞𝑇3⏟            𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 )+.….                  2 

          (12) 3 

Where the reference conditions are denoted by the subscript ∞. “Eq. (12)” can be used as a general equation 4 

for the determination of the exergy of various systems. However, for solar drying systems, some values in 5 

the “Eq. (12)” such as momentum (kinetic energy), gravitation term (potential energy), chemical energy, 6 

and radiation emission can be neglected [10]. Also, the alterations in the pressure values within the system 7 

should be neglected because of   𝑣 = 𝑣∞. Furthermore, for solar drying systems with steady-state flow, 8 

enthalpy can be used instead of internal energy and flow works (mechanical energy)[12,13]. Therefore, for 9 

solar dryer “Eq. (12)” is simplified as “Eq. (13)”[10,24]. 10 𝐸𝑥𝑒𝑟𝑔𝑦 =  𝑚̇𝑑𝑎𝑐𝑝𝑑𝑎 [(𝑇 − 𝑇∞) − 𝑇∞𝑙𝑛 𝑇𝑇∞]     (13) 11 

3.2.1. Exergy losses 12 

The exergy losses (𝐸𝑥𝐿) is calculated by the “Eq. (14)”: 13 ∑𝐸𝑥𝐿 = ∑𝐸𝑥İ − ∑𝐸𝑥𝑂         (14) 14 

Where 𝐸𝑥İ  and 𝐸𝑥𝑂 represent the inlet and outlet exergy, respectively. 15 

Both the inlet and outlet exergy of dryer is determined based on the inlet and outlet temperature of the 16 

dryer by using “Eq. (15)”, and “Eq. (16)”, respectively [6]. 17 𝐸𝑥𝑑𝑐𝑖 = 𝑚̇𝑑𝑎𝑐𝑝𝑑𝑎 [(𝑇𝑑𝑐𝑖 − 𝑇∞) − 𝑇∞𝑙𝑛 𝑇𝑑𝑐𝑖𝑇∞ ]     (15) 18 𝐸𝑥𝑑𝑐𝑜 = 𝑚̇𝑑𝑎𝑐𝑝𝑑𝑎 [(𝑇𝑑𝑐𝑜 − 𝑇∞) −  𝑇∞𝑙𝑛 𝑇𝑑𝑐𝑜𝑇∞ ]                  (16) 19 

Where cpda represent the average specific heat capacity of drying air [12]. 20 

3.2.2. Exergy efficiency 21 

The exergy efficiency (𝜂𝐸𝑥) of the solar dryer is the ratio of the outlet exergy to the inlet exergy of the 22 

drying chamber which is shown by “Eq. (17)” [13]: 23 𝜂𝐸𝑥 = 𝐸𝑥𝑖− 𝐸𝑥𝐿𝐸𝑥𝑖 = 1 − 𝐸𝑥𝐿𝐸𝑥𝑖                       (17) 24 

 25 

3.3. The analysis of ANN 26 

ANN, a powerful computational system, is based on the structure and learning characteristics of the 27 

biological neuron cell [41]; it also is a highly powerful classifier in pattern recognition. We can define ANN 28 

as a parallel processing structure by the following features [30]: 29 

1) It explains a mathematical model that is inspired by a biological neuron. 30 

2) It consists of many interdependent process elements. 31 

3) Information is kept with connection weights. 32 

4) There is a processing element that dynamically reacts to the input warnings while the response is entirely 33 

dependent on local information (respective processing element affected by link weights and an input signal 34 

through the connections). 35 

5) It also consists of the ability to learn, remember, and generalize regarding the use of the connection 36 

weights specified by the training data. The talent to solve complex problems in artificial neural networks is 37 

guaranteed by these relevant outstanding characteristics.  38 

“Figure 2.” shows ANN model of the processing element inspired by the biological neuron [42]. “Figure 39 

2A.” represents a simple ANN model. In this model, the output of the i. processing element is given in “Eq. 40 

(18)”. 41 
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      (18) 1 

where; α(.) represents the activation function while θi is the threshold value of the i. processing element. 2 

There can be talked about two parts as input and output composing the information processing of the process 3 

elements. A net value is produced by a processing element by combining the xj input information that is 4 

obtained from the wij weights to which they are linked “Eq. (19)” computes the net value of the i. processing 5 

element 6 

                         (19) 7 

Each processing element performs the second process to find the output value by passing its net value 8 

through an α (.) activation function. A wide range of the output of the processing elements is dragged by 9 

activation functions to certain intervals. In this manner, the word, soft, can be used for the response of each 10 

processing element while the values are smaller. Consequently, error change is prevented from diverging, 11 

and stability is assured.  12 

  13 

 14 

 15 

Figure 2.  A) Model of a neuron cell [42], B) The structure of ANN Model 16 

 17 

“Figure 2B” is the structure of the created ANN model. The model was created in the Matlab program and 18 

consists of 3 layers. These are the input hidden and output layers. The input layer consists of 3 parameters: 19 

instantaneous solar radiation, drying time and flow rate, and the output layer consists of 5 parameters: 20 

collector heat gain, dryer cabin heat gain, energy use rate, exergy efficiency, exergy loss. The hidden layer 21 

consists of 10 layers. Different functions and neurons were tried for the properties of the network, and the 22 

best results were obtained when the network type was feed-forward backgrop, the training function was 23 

train LM, the adapt learning function was LearnGDM, the performance function was MSE and the transfer 24 

function was TANSİG. And the processing was done according to these functions and neurons. Initially, 25 

the system selected the weights randomly. And the network has started to be trained. 80% of the 26 

experimental parameters were trained and 20% were used for testing. Training continued until the number 27 

of iterations was fixed. And the results were achieved by optimizing the initially randomly determined 28 

weights. 29 

 30 

3.4. Kinetics of drying 31 

3.4.1. Drying rate (DR) and Moisture ratio (MR) 32 

The drying rate and moisture ratio of mint leaves were computed by “Eq. (20)” and “Eq. (21)”, 33 

respectively. 34 𝐷𝑅 = 𝑀𝑡2−𝑀𝑡1𝑡2−𝑡1             (20) 35 
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𝑀𝑅 = 𝑀̅−𝑀𝑒𝑀0−𝑀𝑒            (21) 1 

where DR, 𝑀𝑡2 and 𝑀𝑡1, are drying rate (kg water/kg dey solid. min), the moisture contents of mint samples 2 

at the time of 𝑡2 and 𝑡1 (min), respectively. Also, MR, 𝑀̅ , 𝑀𝑒, and 𝑀0 are moisture ratio (dimensionless), 3 

average, equilibrium, and initial moisture contents (kg water/kg dry solid), respectively [43]. 4 

 5 

3.4.2. Diffussion coefficient (Deff) 6 

The diffusion coefficient of mint samples was determined according to the Fick’s second law of diffusion 7 

for plate shape by “Eq. (22)”. 8 𝑀𝑅 = 8𝜋2∑ 1(2𝑛+1)2 exp {− (2𝑛+1)2 4  𝜋2𝐷𝑒𝑓𝑓 𝑡𝑥12 }͚0        (22) 9 

where, 𝐷𝑒𝑓𝑓 is diffusion coefficient (m/s²), n, is a positive integer, t represents the time (s) and 𝑥1 is the 10 

thickness of the sample (m), respectively [4]. 11 

 12 

4. Results 13 

On the days of the experiment, the temperature values in the Elazığ region were approximately 450 W/m2 14 

in the morning, reaching its maximum value between 12-14 o'clock and reaching approximately 760 W/m2, 15 

and after 16 o'clock the temperature values decreased rapidly and reached 200 W/m2 at 18 o'clock. 16 

measured. Based on the data obtained as a result of the collector experiments, it was determined that the 17 

most efficient collector type was the air collector with a 30° wing angle and was used in the drying 18 

experiments. Drying parameters for mint were examined under different mass flow rates. This process was 19 

carried out as part of research aimed at optimizing both the collectors and the drying process. 20 

Depending on the temperature values, the collector efficiency for 𝑚̇ =0.012kg/s is 29% at 9 o'clock, while 21 

it rises to 42% at 13 o'clock. This maximum efficiency achieved for 𝑚̇=0.012 kg/s. The value is 51% for 22 𝑚̇=0.026 kg/s and 63% for 𝑚̇=0.033 kg/s. From the data obtained, it can be said that the air flow rate and 23 

collector efficiency are directly proportional. Considering that the efficiency values of classical flat surface 24 

solar collectors vary between 20-25%, it is seen that the efficiency values obtained for the collectors we 25 

developed have increased significantly. The change graph of the efficiency, average radiation and collector 26 

temperature values of the most efficient collector depending on the flow rate of 𝑚̇=0.033 kg/s over time is 27 

given in “Fig. 3.”. 28 

 29 

Figure 3. Change of efficiency, solar radiation and temperature values over time 30 

(for α =30°and 𝑚̇ =0.033kg /s ) 31 

 32 

As mentioned above, as the mass flow rate of the air increases, the energy received from the system 33 

increases. In the light of the obtained data and formulas, there is an inverse proportion between the energy 34 

gain from the system and the collector surface temperature. That is, as the heat gain increases, the collector 35 

surface temperature decreases. This is valid for approximately equal heating values. However, there is a 36 

direct proportion between the heat gain and the collector inlet-outlet temperature difference (ΔT). However, 37 

the weather It can be said that there is an inverse proportion between mass flow rate and collector inlet-38 
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outlet temperature difference. For an air collector with a 30° blade angle and a flow rate of 𝑚̇= 0.033kg/s  1 

the collector inlet temperature (Ti) is in the range of 24.5 ֩C-35.6 ֩C, the collector outlet temperature (To) is 2 

in the range of 37.6 ֩C-59.5 ֩C, the collector surface temperature (Ts) is 47  ֩C-75 ֩C  measured in the range 3 

(“Fig. 3.”). The collector inlet-outlet temperature difference was determined as maximum 26.5 ֩C.  4 

 5 

4.1. ANN  6 

ANN model was created according to the data obtained from the experimental study. Calculations were 7 

also made by using energy and exergy formulas. ANN and experimental results were compared. The 8 

regression graph produced by the ANN model for actual and estimated values is given in “Fig. 4.”. which 9 

shows that actual and estimated values were achieved very close to one another. The parameters obtained 10 

from experimental studies and ANN are given in “Table 1.”.  11 

 12 

Figure 4. Regression curves of drying parameters. 13 

Table 1. Real and estimated values depending on drying parameters. 14 

Parameters Real (Experimental) Values Estimated Values 
t(min) I(Wm-2) 𝑚̇ (kg s-1) Qcol Qdc EUR ExL Ηex Qcol Qdc EUR ExL Ηex 
45 545 0.012 275.805 258.404 35 9.6 75.97 265.447 255.346 29.208 7.652 75.780 
120 650 0.012 364.283 357.807 57 11.9 53.72 362.950 344.455 62.939 12.00 51.801 
195 720 0.012 420.560 406.412 81 15.5 38.95 421.416 390.673 76.263 14.228 42.713 
270 710 0.012 435.450 422.7346 83 15.99 34.67 432.077 406,138 79.392 14.386 40.853 
345 625 0.012 414.948 390.869 67 11.23 47.334 403.679 374.892 66.410 12.203 48.072 
420 490 0.012 290.379 283.854 35 5.6 68.665 315.485 311.892 31.450 6.715 69.348 
0 450 0.026 260.919 217.004 9.9 3.1 71.22 304.260 246.243 11.472 4.415 76.620 
75 600 0.026 417.079 407.653 34.23 5.123 65.22 415.554 358.566 33.519 5.166 68.209 
150 690 0.026 501.909 508.978 57.5 7.1 55.46 525.912 490.124 54.550 6.215 53.382 
225 725 0.026 565.531 549.035 65.44 7.99 49.44 562.521 530.164 65.093 7.364 50.048 
300 700 0.026 539.611 523.116 61.5 6.86 54.65 539.504 500.142 63.245 8.425 52.879 
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375 570 0.026 398.228 360.526 36.45 4.55 74.77 412.574 349.453 34.465 6.826 73.661 
45 545 0.033 470.154 443.174 15.77 4.3 55.33 470.542 432.188 13.630 5.022 50.116 
120 650 0.033 617.931 526.655 23.33 5.8 47.25 610.100 517.236 35.169 5.769 49.602 
195 720 0.033 680.864 629.903 30.33 7.28 44.66 681.358 620.455 29.849 6.329 46.770 
270 710 0.033 693.863 663.955 32.22 7.28 46.26 680.155 631.348 32.236 8.149 42.855 

 1 

4.1. Analysis of energy  2 

The results of energy analysis is shown in “Fig. 5.”. The maximum experimental value of the Qcol was 3 

445.6 W for a flow rate of 0.012 kg/s during the 480 min experiment procedure (“Eq. 8”). Under the same 4 

conditions for ANN, the highest value of the Qcol was 436.2 W which was shown in “Fig. 5A”. Also, at a 5 

flow rate of 0.026 kg/s, the experimental and ANN values of Qcol were 573.5, and 565.4 W, respectively 6 

during 390 min experiments. Increased in the flow rate increased the Qcol values and at the flow rate of 7 

0.033 kg/s, the highest experimental and ANN values were obtained as 705.8 and 682.8 W, respectively 8 

during 300 min experiments (“Fig. 5A”). As the mas flow rate increased, the energy provided by the solar 9 

collector increased, and a reduction was observed also in the experiment duration. Our results are in 10 

consistency with Akbulut [9] study which reported that in the solar drying of mulberry as the air flow rate 11 

increased, the Qcol increased. However, in our investigation, Qcol at a mass flow rate of 0.033 kg/s was 12 

705.8W which was higher than their results (Qcol=525.62 W at a flow rate of 0.036 kg/s), which may be 13 

related to the difference in the magnitude of solar radiation. 14 

The energy analysis of the drying chamber was shown in “Fig. 5B”.  At the flow rate of 0.012 kg/s the 15 

maximum Qdc values from experimental and ANN modeling were 422.6, and 408.7 W, respectively (480-16 

min). While Qdc increased to 560.8 and 530.1 W, for experimental and ANN, respectively (0.026 kg/s, 390 17 

min) and further increased to the 655.0 and 633.5 W, for experimental and ANN, respectively at the flow 18 

rate of 0.033 kg/s at the 300 min. “Figure 5B” exhibited that as the flow rate increased, the Qdc increased 19 

which agrees with another study [9]. 20 

 21 

 22 

Figure 5. Energy values against drying time in the A) solar collector, B) drying chamber. 23 

“Fig. 6.” showed the alterations in the EUR during the drying process. The EUR was varied from 10.4 to 24 

87.1% (at 0.012 kg/s), 13.66 to 66.75% (at 0.026 kg/s), and 7.45 to 33.66% (at 0.033 kg/s). It is revealed 25 

that as the flow rate decreased, the EUR increased. The EUR of the solar dryer reached a maximum in the 26 

low mass flow rate and in contrast it was at the minimum level when air with a high flow rate was applied 27 

to dry the mint leaves. The EUR as an important parameter in the energy analysis is also related to the 28 

microstructure and moisture content of mint. 29 
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 1 

Figure 6. The energy utilization ratio of solar dryer. 2 

 3 

4.2. Analysis of exergy  4 

The results of analysis of the exergy production during the drying were shown in “Figure 7.”. The results 5 

revealed that for all flow rates exergy losses increased during the first 300 min, and after that it was 6 

decreased which can be related to the variation in the solar radiation (“Fig. 7A”). The averages of the exergy 7 

loss for the air with flow rates of 0.012, 0.026 and 0.033 kg/s were calculated as 16.2 W, 8.2 W, 6.88 W, 8 

respectively. Under the same conditions for ANN, the averages of the exergy loss for the flow rates of 9 

0.012, 0.026 and 0.033 kg/s were 14.5 W, 8.5 W, 7.7 W, respectively (“Fig. 7A”). The maximum and 10 

minimum exergy losses were determined at the time that the flow rates were 0.012 kg/s and 0.033 kg/s, 11 

respectively. The results revealed that as the flow rate increased, the exergy losses decreased. Also, the 12 

amount of the change in the radiation has influenced the exergy loss.  13 

The exergy efficiency values of the drying chamber for all mass flow rates were shown in “Fig. 7B”. The 14 𝜂𝐸𝑥values ranged from 33.99 to 85.76 % for the flow rate of 0.012 kg/s, 46.44 to 78.88% for the flow rate 15 

of 0.026 kg/s, and 40.1to 58% for the flow rate of 0.033 kg/s. Under the same conditions for ANN, the 𝜂𝐸𝑥 16 

values were determined to be between 40.33 to 84.10% (at 0.012 kg/s), 49.17 to 76.65% (at 0.026 kg/s), 17 

and 41.38 to 60.73 % (at 0.033 kg/s).As, the difference between the temperatures of air that entered the 18 

drying chamber and the air which existed from the chamber decreased (means when inlet and outlet 19 

temperature was near together), the 𝜂𝐸𝑥 increased. The results revealed that the 𝜂𝐸𝑥  of the drying chamber 20 

reduced while the energy gained from the solar collector was productively used. Also, our results showed 21 

the ANN modeling is suitable for estimating the energy and exergy parameters in the drying operations. 22 

This agrees with the study conducted by different authors such as Özdemir et al. [32] on the drying of kiwi 23 

fruits in the convective-infrared drying, and Azadbakht et al. [36] on the fluidized bed drying of potato 24 

cubes. 25 

 26 

 27 

Figure 7.  A) Exergy loss, B) Exergy efficiency. 28 
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4.3. Drying kinetics 1 

Since the main purpose of the drying process is to remove the moisture in the agricultural product, it is 2 

necessary to know the amount of moisture in the mint leaf, which is the agricultural product to be dried. 3 

Considering previous studies, the equilibrium moisture in mint leaves was determined to be approximately 4 

11% using the ETUV method [44]. In our experimental study, the moisture content of mint leaves was 5 

calculated by looking at the dry mass of the dried samples at the moment when their mass changes almost 6 

stopped. As a result of our calculations, it was determined that the humidity rate we obtained was 7 

compatible with the humidity amounts in the literature. 8 

Before starting drying process with the help of solar air collectors, drying was done in a natural environment 9 

to determine the equilibrium moisture of the mint. Mint dries in a natural environment in approximately 2 10 

days. During the natural drying process, the mint was left inside the conditioning room by closing its 11 

entrance and exit channels during hours when there was no solar radiation. Thus, the next day, the initial 12 

values were approximately the same as the values of the previous day. It has been determined that the mass 13 

change of mint dried in a natural environment approaches zero after approximately the 930th minute. As it 14 

is known, the amount of water in the product is never zero at the end of the drying process. Depending on 15 

the internal structure and physical properties of each product, this moisture content is reduced to a 16 

"reasonable rate" during the drying process. This “reasonable rate” has a different value for each product. 17 

That is, at the end of the drying process, a certain amount of water remains in the product. In the study, it 18 

was determined that this reasonable rate for mint was between 10-12%. 19 

By drying 200 grams of mint, 45 grams of dry product is obtained. In other words, approximately 77% 20 

water content of mint is eliminated from the product in 300-480 minutes, depending on the mass flow rate 21 

of the air. The change in moisture content according to drying time, obtained from the drying experiments 22 

for mint, is given in “Figure 7A”. Here, for the moisture content of the product; The maximum moisture 23 

content for mint is 3.55. In other words; Fresh mint contains 3.55 times more water than dried mint. 24 

The drying kinetics of mint samples dried by air with different flow rates (0.012, 0.026, and 0.033 kg/s) 25 

were shown in “Fig. 8.”. For all samples as drying time increased, the moisture content exponentially 26 

decreased. Furthermore, increases in the flow rate of air caused a significant reduction in the drying time 27 

(“Fig. 8A”). The constant rate period was not observed, and drying rates of all samples were started from 28 

the falling rate period (“Fig. 8B”). As the flow rate of air increased, the drying rate increased, and faster 29 

drying decreased the drying time of samples. Also, a reduction in the moisture ratio during drying was 30 

observed (“Fig.8C”). The slope of LnMR vs. drying time (“Fig. 8D”) was used for calculation of diffusion 31 

coefficient (Deff) which was found to be 0.65 × 10-9, 0.84 ×10-9, and 1.15 × 10-9 m2/s for flow rates of 32 

0.012, 0.026, and 0.033 kg/s, respectively, which was in the normal range of 10-12 to 10-8 for foodstuff [43]. 33 

An increase in the flow rate increased the removal of moisture from the surface of mint, therefore it can 34 

help to increase the driving force (due to differences in the concentration of moisture in the surface and 35 

inside the sample) for removal of moisture, resulting in an increase in the diffusion coefficient. 36 

 37 
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 1 

Figure 8. Changes in the different parameters during drying of mint samples by air at different flow rates  2 

A) Moisture content, B) Drying rate, C) Moisture ratio, D) LnMR. 3 

5. Conclusions 4 

The solar dryer under 125 W/m2-750 W/m2 solar radiation and 0.012 to 0.033 kg/s flow rates was 5 

successfully used for drying of mint leaves. As flow rates of air increased, the drying time and exergy loss 6 

decreased while the moisture diffusion coefficients and energy obtained from the collector increased. The 7 

necessary drying time to reach the final moisture content was 480, 390, and 300 min for air with flow rates 8 

of 0.012, 0.026, and 0.033 kg/s, respectively. The provided energy by the collector was used efficiently for 9 

the drying chamber at the time that the EUR was accelerated. The EUR is an important factor to analysis 10 

the usage of energy in the drying of mint. Moreover, the amount of radiation influenced the loss of the 11 

exergy. The highest exergy loss was observed at 0.012 kg/s flow rate. To improve the energy utilization 12 

using a different barrier in the airflow duct should be taken into consideration to increase the heat transfer 13 

area. The results of ANN were consistent with the experimental outcomes which showed that ANN can be 14 

used as a quick and practiced way for modeling drying processes. 15 
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Figure captions: 37 

Figure 1. A. Experimental set up (schematic) 38 

                B. Experimental set up (photo)[9,45] 39 

  C. Collector stream line [45]. 40 

Figure 2. A) Model of a neuron cell [42], B) The structure of ANN Model. 41 

Figure 3. Change of efficiency, solar radiation and temperature values over time 42 

(for α =30°and 𝑚̇ =0.033kg /s ). 43 

Figure 4. Regression curves of drying parameters. 44 

Figure 5. Energy values against drying time in the A) solar collector, B) drying chamber. 45 

Figure 6. The energy utilization ratio of solar dryer. 46 

Figure 7. A) Exergy loss, B) Exergy efficiency. 47 

Figure 8. Changes in the different parameters during drying of mint samples by air at different flow rates 48 

A) Moisture content, B) Drying rate, C) Moisture ratio, D) LnMR. 49 
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Table captions 51 

Table 1. Real and estimated values depending on drying parameters. 52 
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