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Abstract

:

Date fruit drying is a process that consumes a significant amount of energy due to the long duration required for drying. To better understand how moisture flows through the fruit during drying and to speed up this process, drying studies must be conducted in conjunction with mathematical modeling, energy analysis, and environmental economic analysis. In this study, twelve thin-layer mathematical models were designed utilizing experimental data for three different date fruit varieties (Sakkoti, Malkabii, and Gondaila) and two solar drying systems (automated solar dryer and open-air dryer). These models were then validated using statistical analysis. The drying period for the date fruit varieties varied between 9 and 10 days for the automated solar dryer and 14 to 15 days for open-air drying. The moisture diffusivity coefficient values, determined using Fick’s second law of diffusion model, ranged from 7.14 × 10−12 m2/s to 2.17 × 10−11 m2/s. Among the twelve thin-layer mathematical models, we chose the best thin drying model based on a higher R2 and lower χ2 and RMSE. The Two-term and Modified Page III models delivered the best moisture ratio projections for date fruit dried in an open-air dryer. For date fruit dried in an automated solar dryer, the Two-term Exponential, Newton (Lewis), Approximation diffusion or Diffusion Method, and Two-term Exponential modeling provided the best moisture ratio projections. The energy and environmental study found that the particular amount of energy used varied from 17.936 to 22.746 kWh/kg, the energy payback time was 7.54 to 7.71 years, and the net CO2 mitigation throughout the lifespan ranged from 8.55 to 8.80 tons. Furthermore, economic research showed that the automated solar dryer’s payback period would be 2.476 years.
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1. Introduction


Drying date fruits in Egypt presents several challenges. Every year, a large quantity of date fruits is harvested. While only a small portion of the annual harvest is consumed fresh locally, the farmers frequently dry the fruits to sell them throughout the year, especially during Ramadan [1]. Drying is a well-known food preservation technique that is widely utilized in the processing of a variety of industrial and agricultural goods [2,3,4,5]. It is critical to eliminate moisture from the product using heat to ensure safe storage, avoid marketing degradation within a set duration, ease processing, and permit product transportation [2,6]. Sun drying is the traditional way of drying agricultural goods in many developing countries, including Egypt, and entails spreading the produce on an open floor or field under the sun for a certain period until the required moisture content is obtained [7,8,9]. However, this approach is prone to contamination by dust, dirt, sand particles, and insects [10,11]. Furthermore, sun drying is labor- and time-intensive, and it frequently results in nutritional deterioration, flavor and color alterations, and diminished functionality in dried fruits [12,13]. Dryers offer a suitable alternative to open sun drying for agricultural products, addressing the associated problems [14,15]. These dryers can be categorized as conventional or non-conventional, depending on the type of energy they use. Conventional dryers rely on electricity and fossil fuels, resulting in high operating costs and environmental pollution. Non-conventional dryers, on the other hand, use solar energy to minimize drying costs, pollution, and the consumption of energy [16,17]. By employing solar drying methods, agricultural products can be dried in enclosed structures, overcoming the issues associated with traditional sun drying [18]. The use of solar energy in the drying process reduces dependency on fossil fuels (such as coal, gas, and oil), resulting in lower pollutant emissions [19,20]. Solar drying is seen as a potential method of food preservation since it efficiently uses solar energy [21]. When compared to typical sun drying methods, solar dryers considerably shorten the drying time, eliminate product losses, and improve product quality. Egypt, with a high yearly daily average solar radiation on a horizontal plane (8 kW/m2·day) and average daily sunlight duration (about 11 h), offers enormous potential for using solar energy as an efficient energy source for food drying [7,22]. Drying is an energy-intensive process, with estimates indicating that drying operations account for 10–15% of overall energy needs in industrialized nations’ food sectors [23,24,25].



The precise mathematical modeling of drying data constitutes a vital factor in determining the optimal drying settings, equipment design, optimization, and improvement of food quality. As such, the acquisition of accurate, reliable, and representative data on the drying process plays a central role in the advancement of drying technology and its applications in various industries [24,25]. Mathematical modeling, especially thin-layer modeling, is critical for both summarizing experimental data and improving the drying process. Moreover, this can reduce the total energy requirements of the process [25]. Thin-layer drying is a commonly used method for prolonging the shelf life of agricultural goods. Thin-layer drying models are highly popular owing to their simplicity and convenience of usage. Unlike more sophisticated models, thin-layer models do not need the estimate of many parameters [26]. In thin-layer drying, the words “thin layer” indicate a layer of material with a sufficiently thin thickness so that the air properties inside the layer may be deemed uniform. Thin-layer drying is the process of removing moisture from a porous material via evaporation while passing excess drying air over a thin layer of the material until it achieves an equilibrium moisture content [27,28]. Individual particles or grains of the material are dried by fully exposing them to the drying air. The thin-layer drying process is generally divided into two phases, which are the constant drying rate phase and the decreasing drying rate phase [29]. The drying constant is a mixture of different drying transport parameters, including moisture diffuseness, specific heat, interface heat, thermal conductivity, density, and mass coefficients [30]. The kinetics of thin-layer drying have been studied on a variety of agricultural goods, including seeds, grains, fruit, and commercially significant plant species [31]. The mathematical modeling of the drying process under various operating circumstances is critical for creating models that may be used to regulate commercial-scale drying plants and improve the overall product quality [32]. Several mathematical models have been developed to study the drying properties of various products, for example, garlic slices [33], pearl millet [34], tomato [35,36,37,38,39,40], pumpkin slices [41], potato cubes [42], maize seeds [43], galangal [32], paddy grains [44], mint [7,45], onion [46], unbleached kraft pulpboard [47], apple [48], moringa oleifera leaves [2], kodo millet grains and fenugreek seeds [49], sorghum seeds [50], olive [51], black tea [52], and date fruit [53,54,55,56]. When evaluating the applicability of a mathematical model, higher values of R2 and lower values of χ 2, RMSE, and E% are generally considered more favorable [57,58,59].



The deployment of solar dryers has emerged as a viable solution to address the issue of over-reliance on conventional sources of energy, particularly fossil fuels [1]. By harnessing solar energy, these dryers effectively reduce the emission of carbon dioxide gas, which is the primary cause of global warming, and, as such, can be viewed as a valuable tool in the endeavor to safeguard the environment. The adoption of solar dryers offers numerous benefits, including the conservation of natural resources, reduction in energy costs, and the promotion of sustainable development goals. Furthermore, the deployment of solar dryers presents an opportunity to mitigate the effects of climate change and environmental degradation, which continue to pose significant challenges for industries worldwide. As such, the use of solar dryers represents a significant step towards achieving a cleaner, more sustainable future [60]. According to Sodha et al. [61], unconventional dryers have a 10-year lifespan and surpass conventional dryers powered by fossil fuels. Dryers’ economic viability and sustainability must be assessed using a variety of economic indicators, ecological factors, and energy attributes [62,63]. With growing fossil fuel costs and rising power consumption, as well as the environmental consequences of fossil fuel use, it is critical to conduct a complete examination into dryers’ economical, energy, and environmental repercussions [64], where economic considerations include calculating the payback period, greenhouse dryer cost, and product drying cost. The energy parameters require evaluating the dryer’s embodied energy and specific energy usage.



Currently, there is a scarcity of research on drying kinetics-based analyses of the Aswan date fruit varieties. Given these considerations, the current study aims to investigate the mathematical modeling and diffusivity of the drying process, as well as studying the energy required for drying Aswan date fruit varieties using both open-air and solar dryers. This study also identifies the best appropriate mathematical model by fitting the drying curves of the current study to previous drying models. In addition, it aims to study the impact of using a solar dryer to dry date fruits on the environmental impact (climate change or global warming). Finally, an economic study is undertaken to determine the solar dryer’s operation costs and payback time.




2. Materials and Methods


2.1. Sample Preparation


Prior to the dehydration process, three date fruit varieties from Aswan city, Egypt, were kept in bags made of polyethylene in a refrigerator at 4 ± 1 °C. To enable the date fruit samples to acclimate to the ambient temperature, they were removed from the refrigerator about an hour before the field experiment. Then, the first part of the date fruit samples (2500 g of each variety) was spread uniformly on the automated solar dryer (ASD) where each date fruit variety was spread on a separate drying tray; the second part of the date fruit samples (2500 g of each variety) was distributed uniformly on the open-air drying system, as demonstrated in Figure 1 and Figure 2 according to [1].



The initial moisture contents of several date fruit samples (% wb and % db) were determined using the usual approach [65,66] by drying the date fruit varieties on an electrical oven at 105 °C until a constant weight (equilibrium moisture content (EMC)) was obtained at the Food Science and Technology Lab, Faculty of Agriculture, Aswan University. The moisture content (MC) was estimated using Equations (1) and (2).


  M C ,    %      d b   =      W w  −  W d     W d      × 100  



(1)






  M C ,    %      w b   =      W w  −  W d     W w      × 100  



(2)




where Ww and Wd represent the wet and dry weight of the date fruit samples, respectively, and db and wb denote the moisture content on a dry basis and wet basis, respectively.



Meanwhile, the daily moisture content was calculated by calculating the amount of evaporated water (daily loss in date weight) relative to the total weight using a sensitive balance. In addition, the EMC for each treatment was calculated by continuing the drying process until a consistent weight was observed in the repeated measurements of date fruits.




2.2. Description of ASD


For the current study, an automated solar dryer (ASD) designed by Elwakeel et al. [1] was utilized. The ASD includes several components:




	
Solar Collector: The solar collector is made of angle steel (L) measuring 3 × 3 cm, with dimensions of 300 cm in length and 100 cm in breadth. The solar absorber’s surface comprises galvanized corrugated sheets that are 1.0 mm thick. The surface is coated matte black to optimize sunlight absorption. Sawdust is used as thermal insulation in between the main frame and the adsorbent surface to reduce heat loss.



	
Drying Room and Trays: The primary structure of the drying room is built using square metal bars measuring 3.0 × 3.0 cm. The dimensions of the drying room are 45 cm in width, 100 cm in length, and 98 cm in height. The drying room’s sides are clad in two layers of galvanized sheets, each 1.00 mm thick. Sawdust is sandwiched between the layers to prevent heat loss via the sidewalls. Trays are used for placing the date fruit samples within the drying room.



	
Automatic Controller: The automatic controller consists of various components, including a channel relay model, an Arduino Uno (ATmega328P, Microchip Technology Inc., Chandler, AZ, USA), a light intensity sensor (model: GL5506, Generic, Chaina), and a weather sensor (model: BME280, Bosch, Gerlingen, Germany). These components help in monitoring and controlling the drying process based on environmental conditions.



	
Photovoltaic Solar Panel: A 100 W photovoltaic solar panel is utilized to generate electricity for powering the ASD.



	
AC Suction Fan: A 50 W AC suction fan is employed to facilitate air circulation within the drying room, aiding in the drying process.



	
Measuring Unit: A DHT-22 measuring unit is used to determine both humidity and air temperature in the drying chamber.









2.3. Experimental Procedure


All tests associated with the drying process were carried out at Aswan University, during October 2023. The drying process and data collection began at 7 a.m. and finished at 5 p.m. for 10 h each day. Every day at 12 p.m., the relative humidity and temperature were measured. Every day at 5 p.m., the sample weight for each variety was measured and recorded.




2.4. Calculations and Measurements


2.4.1. Drying Rate


The drying rate was determined using Equation (3), as reported by [2,67].


  D R =    M    t + d t     −  M t     d t     



(3)




where Mt denotes the moisture content at time ‘t’, while    M    t + d t       denotes the moisture content at     t + d t    , and dt is the time variation between two subsequent drying period of times.




2.4.2. Moisture Ratio


The moisture ratio (MR) was calculated during the drying tests using the moisture content information collected from the samples at various drying temperatures and time intervals. The following procedure was used to calculate the MR using Equation (4), which is described by Rabha et al. [12],


  M R =    M t  −  M e     M 0  −  M e       



(4)




where ‘t’ is the drying time (day), MR is the moisture ratio, and M0, Me, and Mt are the starting, equilibrium, and moisture content at ‘t’, respectively. Using appropriate mathematical models, the moisture ratio was utilized to investigate the kinetics of date fruit drying. The value of Me can be disregarded, because it is comparatively minor to the values of Mt and M0. Thus, according to Kadam et al. [26], the moisture ratio of dates may be written as


  M R =  M   M 0     



(5)








2.4.3. Effective Moisture Diffusivity (EMD)


The knowledge of effective moisture diffusivity is imperative in the design and modeling of mass transfer processes, such as the dehydration, adsorption, and desorption of moisture during storage. The Regular Regime approach is commonly used to determine the moisture-dependent diffusivity of food products that contain sugars. This approach considers the negligible influence of initial drying conditions on the drying process, and the concentration at the center of the drying sample changes with time. Desorption (time–weight change) curves are utilized to determine the concentration-dependent effective diffusivity using several methods [68]. Fick’s diffusion equation can be used to characterize the drying properties of biological products during the falling rate period [69]. The sample has been assumed to be initially uniformly distributed with moisture, to have constant thermo-physical properties, to shrink or deform minimally during drying, to have a cylindrical shape, to have negligible resistance to transfer in the medium surrounding the cylinder, to generate negligibly little heat inside the moist sample, and to have negligible radiation effects. The general equation for mass transfer for a cylinder shape is illustrated in Equation (6):


   M   M 0    =  6   π 2      ∑   n = 0  ∞     1   n 2    e x p   −    D  e f f   ×  n 2  ×  π 2  × t    R 2         



(6)








2.4.4. Drying Constant (k) (Coefficient)


A mixture of many drying transport parameters, such as moisture diffusivity, thermal conductivity, density, specific heat, interface heat, and mass coefficients, are represented by the drying constant in the context of thin-layer drying [30]. Therefore, applying any transport equation requires an understanding of these material and transport features [70]. The drying time and moisture ratio were found to have an exponential connection, which yielded the drying constant, also known as the coefficient. Furthermore, the determination coefficient was derived from the identical connection for two drying techniques and three distinct date varieties. Thus, drying constants are necessary to completely characterize the dynamics of material drying [71,72], and it was calculated according to [73,74,75]. The drying constant (k) can be calculated using Equation (7).


  M R = exp   − k × t    



(7)








2.4.5. Mathematical Modeling of Date Drying


The present study aims to evaluate the effectiveness of selected thin-layer drying models in the context of drying data analysis. The models are assessed based on their ability to accurately and efficiently predict the drying behavior of various products. The study conducted by Buzrul [76] identifies certain thin-layer drying models that are deemed inadequate for this purpose and provides reasons for such eliminations. Specifically, the arbitrary use of thin-layer drying models is discouraged, and it is recommended that models with two adjustable parameters be utilized for drying data analysis. Additionally, the study concludes that complex models often result in insignificant parameters and should, therefore, be avoided. Finally, the use of logarithmic transformation in generating heteroscedastic data is found to be inappropriate and, hence, must be avoided. These findings demonstrate the importance of selecting appropriate models for thin-layer drying data analysis, which can help ensure the accuracy and efficiency of the predictions.



Table 1 shows numerous thin-layer drying models used to analyze and describe the experimental data gathered during the drying process. These models were fitted to the experimental data for each drying process. The coefficients of the models were obtained using non-linear regression analysis in Microsoft Excel. The most effective model was chosen using parameters like the lowest chi-square (χ2), RMSE (root-mean-square error), and the highest R2 (coefficient of determination). The model that best matches the experimental data was identified using the previously indicated criteria [57,58,59].



Equations (8)–(10) can be used to compute these parameters in accordance with [12,77,78,79,80,81],


   R 2  = 1 −     ∑   i = 1  N    ( M  R  p r e ,   i   − M  R  o b s ,   i   )  2      ∑   i = 1  N    (  M ¯   R  p r e   − M  R  o b s ,   i   )  2       



(8)






   χ 2  = 1 −     ∑   i = 1  N    ( M  R  p r e ,   i   − M  R  o b s ,   i   )  2    N − n    



(9)






  R M S E =    1 N    ∑   i = 1  N    ( M  R  p r e ,   i   − M  R  o b s ,   i   )  2     



(10)







The ith experimental and expected values are represented by   M  R  o b s ,   i     and   M  R  p r e ,   i    , respectively, whereas    M ¯   R  p r e      represents the average predicted value. Wang et al. [82] defined N as the number of observations and n as the number of constants in a model.





 





Table 1. Selected mathematical modeling to demonstrate the drying process of dates.






Table 1. Selected mathematical modeling to demonstrate the drying process of dates.





	No.
	Model Name
	Model Equation *
	References





	1
	Newton (Lewis)
	   M R = e x p   − k t     
	[83]



	2
	Page
	   M R = e x p   − k  t n      
	[84,85]



	3
	Modified Page III
	   M R = k   exp     −  t   d 2       n    
	[29]



	4
	Henderson and Pabis
	   M R = a   exp   − k t     
	[59,86]



	5
	Modified Henderson and Pabis
	   M R = a exp   − k t   + b   e x p   − g t   + c   e x p   − h t     
	[70]



	6
	Two-term
	   M R = a exp   −  k 0  t   + b   e x p   −  k 1  t     
	[87]



	7
	Two-term Exponential
	   M R = a exp   − k t   +   1 − a   e x p   k a t     
	[57,88]



	8
	Approximation diffusion or Diffusion Approach
	   M R = a exp   − k t   +   1 − a   e x p   − k b t     
	[89,90]



	9
	Logarithmic
	   M R = a exp   − k t   + c   
	[91]



	10
	Combined Two-term and Page
	   M R = a   e x p   − k  t n    + b   e x p   − h  t n      
	[92]



	11
	Simplified Fick’s Diffusion
	   M R = a exp   − c    t   L 2          
	[93]



	12
	Logistics
	   M R =  b  1 + a exp   k t         
	[94]







* MR is the moisture ratio (dimensionless); L is the slab thickness (m); the drying constants are k, k0, and k1 (day−1); the model constants are a, b, c, d, g, h, and n (dimensionless); the drying time is t (day).













2.5. Economic Analysis


From the standpoint of commercial viability, the economic analysis of the ASD was carried out, and the commercial sustainability was computed. The estimation of the economic performance criteria is based on the Egyptian financial climate. ELkhadraoui et al. [95], Mohammed and Al Dulaimi [96], and Singh and Gaur [97] identified the annualized cost of drying, payback time, and net present value as the major performance indicator criteria that determine economic performance. The parameters given in Equation (11) were used to compute the ASD annualized investment cost (Ca).


   C a  =  C  a c   +  C m  −  V a   



(11)




where Cac represents the yearly capital cost, Va represents the salvage value of the ASD, and Cm represents maintenance expenses, which are deducted 8% of the annual capital cost.


   C  a c   =  C  c c   ×  F c   



(12)






   F c  =   d     1 + d    n        1 + d    n  − 1      



(13)




whereby the operational life is considered to be equal to 10 years for the ASD and 20 years for the PV system, and Ccc is the ASD total capital cost. Fc is the capital recovery factor, and d is the interest rate (equal to 20%).



According to [1,95,96,97,98,99], and other sources, the drying cost per kg of date fruit within the ASD (CS) is computed as


   C s  =    C a     M y         



(14)







The annual quantity (My) of dried date fruit inside the ASD is computed as


   M y  =    M d  × D    D d       



(15)




where D is the number of days the ASD is open each year, Md is the amount of date fruit dried within the ASD every batch, and Dd is the drying time per batch.



According to [95,96,97], the price of one kilogram of the dried date fruit product is as follows:


   C  d s   =  C  d p   +  C s   



(16)




where Cdp is the price of fresh date fruit per kilogram of dried product.


   C  d p   =  C  f d   ×    M f     M d       



(17)




where Mf is the quantity of fresh date fruit placed into the ASD, and Cfd is the fresh date fruit cost.



The savings made on one kilogram of dried date fruit (Skg) are represented by Equation (18),


   S  k g   = S  P c  −  C  d s    



(18)







The selling price of dried date fruit per kilogram is denoted as SPc.



The amount saved by ASD application for each batch of date fruit drying (Sb) is denoted by Equation (19),


   S b  =  S  k g   ×  M d     



(19)







However, the daily savings (Sd) derived from the ASD can be obtained by Equation (20),


   S d  =    S b   D     



(20)







The savings from the ASD following j years is obtained by Equation (21),


   S j  =  S d  × D ×     1 + j     j − 1      



(21)







The payback time (N) for the ASD is obtained according to the recommendation by [95,96,97,100],


  N =   l n   1 −    C  c c      S 1      d − i       ln     1 + i   1 + d          



(22)




where i represents the inflation rate (which is equal to 39.7%), and S1 is the ASD savings after the very first year.




2.6. Environmental Analysis


2.6.1. Specific Energy Consumed (SEC)


The SEC for drying the different date fruit varieties is obtained by the following Equation (23), according to [101].


  S E C =    E  i n      M  o u t        



(23)




where Ein is the input energy to the drying chamber, and Mout is the moisture removed from the date fruit varieties.




2.6.2. Energy Analysis


The solar collector’s energy input (   E  i n . c     i n   J  ) is stated in the approach given by [102,103],


   E  i n . c   =  A c    ∫  0 t  I n  s c   t  d t    



(24)







The following is the energy output (   E  o u t . c     i n   J  ) from the solar air collector according to [102,103],


   E  o u t . c   =   ∫  0 t   m ˙   t  ×  C  p a      T c  −  T  i n       d t    



(25)




where Ac is the solar collector’s surface area, measured in m2,   I n  s c    is the solar intensity, expressed in W/m2, m is the mass air flow rate, expressed in kg/s, Cpa is the air’s specific energy, expressed in kJ/kg·k, and    T c  −  T  i n     is the temperature differential, expressed in k.





2.7. Embodied Energy


Table 2 shows the embodied energy of several materials utilized in the tunnel drying system. Embodied energy is the whole amount of energy necessary to produce an object, good, or service. The table shows the embodied energy values for various materials used in the tunnel drying system.



2.7.1. Time of Energy Payback (Ep)


The time of energy payback is defined as the time needed to repay the embodied energy of the developed ASD and computed using Equation (26) [105]:


   E p  =    E m     E  a o      



(26)




where Em denotes the embodied energy, and it was listed in Table 2, kW·h, and Eao is the yearly energy output, kW·h.




2.7.2. CO2 Emission


The emission of the CO2/year (   E  C O 2    ) can be determined as described by [105]:


   E  CO 2   =    E m  × 0.98    n  s y s .        



(27)




where    n  s y s .      is the ASD lifetime, where it was assumed to be 10 years.




2.7.3. Carbon Mitigation


In this study, to lessen CO2 emissions and reduce the carbon footprint, the ASD was powered by a photovoltaic (PV) system. The ASD runs entirely on solar power and does not need any other energy sources to function. It is non-polluting and ecologically benign because of its features. The knowledge of the yearly CO2 emissions related to ASD development is crucial for evaluating its environmental effect. The embodied energy required to manufacture a solar collector, a drying chamber, and a PV system, among other ASD components, is listed in Table 2. The potential for climate change is gauged by CO2 mitigation. In comparison to conventional fuel systems utilized for air heating and electricity production, CO2 emissions are considerably reduced by using solar thermal energy and a photovoltaic system to power the ASD. Cumulative CO2 mitigations are documented per kilowatt-hour in comparison with alternative power generating systems. When a customer uses a unit of electricity and the losses from the subpar household equipment are La (taken as 10%), the amount of power delivered is equal to    1  1 −  L a      units. Assuming 45% losses in both distribution and transmission (Ltd), the power plant generates electricity in units of    1  1 −  L a    ×  1  1 −  L  t d      . An average CO2 equivalent intensity of 0.98 kg/kWh is demonstrated when coal is used to generate electricity at the source.



Thus, for the unit electricity consumption by a user utilizing a PV system,


  T h e   C  O 2    m i t i g a t i o n   p e r   k W h   o f   t h e   d r y e r =  1  1 −  L a    ×  1  1 −  L  t d     × 0.98    



(28)







According to Nayak et al. [107], the CO2 mitigation throughout the system lifespan is as follows:


  T h e   C  O 2    m i t i g a t i o n   o v e r   t h e   s y s t e m   l i f e t i m e     k g   =  E  i n   ×  1  1 −  L a    ×  1  1 −  L  t d     × 0.98  



(29)







The difference between the total CO2 emissions included in the dryer and the total CO2 emissions’ mitigation potential was used to calculate the net reduction in CO2 emissions during the solar dryer’s lifetime.


Net mitigation over the lifetime (kg) = Total CO2 mitigation—Total CO2 emission



(30)






  Net   mitigation   over   the   lifetime   ( kg ) =    E  o u t   ×  n  s y s .     ×  1  1 −  L a    ×  1  1 −  L  t d     × 0.98 −  E  i n      



(31)




where Eout is the dryer’s annual thermal output (kWh), nsys is the system lifespan (considered as 20 years for a PV system and 10 years for an ASD), and Ein is an input of the embodied energy (kWh) for the PV-powered ASD (Table 2).





2.8. Annual Thermal Outputs


An integrated solar dryer’s annual energy production is calculated by adding the net electricity produced by PV panels and the thermal output produced by the dryer [107]. This is where Equations (32) and (33) of [108] may be used to determine the net daily average electrical output (PDN) and the net annual average electrical output (PNA) from a PV panel.


    P  N D     =  P  P V ,   o u t   −  P  l o a d ,   o n     



(32)






    P  N D   =   F F ×  I  S C   ×  V  O C     −   (  I L  ×  V L  )   =   26.4   W   








where    P  P V ,   o u t     is the output power from the PV system, W, and    P  l o a d ,   o n     is the power consumed by the air suction fan, W.


    P  N A   =  P  N D   ×  N  d y   ×  d  p s   ×   10   − 3        = 26.4 × 300 × 8 ×   10   − 3      =   63.36   kW · h / year  



(33)




where Ndy is the annual number of days with sunlight, day/year, and dps is the daily peak sunshine hours, h/day, and the daily peak sunlight hours (h/day) are represented by dps.



As stated by Eltawil et al. [108], the following equation can be used to obtain the net average equivalent thermal output per year (   P  N A ,   a v e    ),


   P  N A ,   a v e   =    P  N A     0.38   =   63.36    kW  · h / year   0.38   = 166.74   k W · h / year  











The thermal output of the ASD per day (Eth,D) was calculated as stated by Eltawil et al. [108].


   E  t h , D   =    M  e v .   ×  h L    3.6 ×   10  6     



(34)




where hL is the latent heat, expressed in terms of J/kg, and Mev is the moisture evaporated, expressed in kilograms.



The ASD’s annual thermal output (Eth,y) was determined as recommended by Eltawil et al. [108].


   E  t h , y   =  E  t h , D   ×  N  d y      



(35)







Therefore, the ASD’s annual thermal output (Eth,y) can be estimated by Equation (36).


  E  T  t h , y   =  P  N A ,   a v e   +  E  t h , y      



(36)









3. Results and Discussion


3.1. Moisture Content


The preliminary MC in different date fruit varieties used in the current study was estimated under laboratory conditions at the Food Science and Technology Lab, Aswan University. The initial moisture content in dry basis in Sakkoti, Malikabii, and Gondila prior to the drying process was 17.64%, 14.89%, and 15.68%, respectively, while the final moisture content was 6.06%, 5.56%, and 6.58% in dry basis in Sakkoti, Malikabii, and Gondila, respectively, as shown in Figure 3. Elghazali et al. [109,110] stated that the MC (d.b.) of fresh and dried date varieties Sakkoti, Bartamuda, Gondaila, Malikabii, and Shamia was 18.28% and 4.16%, 19.49% and 3.25%, 14.38% and 3.35%, 13.47% and 3.48%, and 17.20% and 4.93%, respectively.



Based on the average weight of the date fruit samples, the moisture rate was computed and plotted against time, as Figure 1 illustrates. The other samples, which dried in the open, had a lower moisture rate than the ASD-dried date fruit samples. In contrast to the varied date samples that dried in the ASD for 9 days, the drying process in the open-air samples took up to 15 days to achieve EMC. According to Sengkhamparn et al. [111], Deng et al. [112], and Kamal et al. [113] the lowest moisture rate aided in hastening the drying process, making it simpler to remove moisture and reducing the drying period. Furthermore, drying time curves demonstrated a substantially quicker reduction in the MR during the first drying phase and a slower decline subsequently, according to Ambawat et al. [2]. Table 3 lists the drying coefficient (k) and determination coefficient (R2) for the Sakkoti, Malkabii, and Gondaila date fruit varieties along with their corresponding drying techniques. Compared to OAD, the drying coefficient (k) increases, as the drying air temperature within the ASD rises. These findings conformed well to the comparable pattern observed in the drying rate data. Doymaz [114], Kaleta et al. [115], and Meziane [116] had similar observations.




3.2. Drying Rate


The data on the moisture content of date fruits over time were transformed into a dimensionless metric known as the moisture ratio against time to standardize the drying curves. Figure 4 shows the differences in the drying rate for different types of date fruits as a function of drying time. The results are consistent with those of He et al. [117], who found that drying rates often decreased as the moisture content dropped. Figure 4 demonstrates that a significant amount of moisture was lost during the decreasing rate phase, which is consistent with other studies [25,38,65,117,118,119,120,121,122,123,124,125,126,127].



The plotted data in Figure 4 show that the solar-dried date fruit samples had the highest drying rate in comparison with the date fruit samples dried in the open air. In this experiment, the highest drying rate was approximately 3.0 gwater/gdry matter.day in the solar-dried Sakkoti variety, followed by the Malkabii variety, while the lowest drying rate of the solar-dried date fruit samples was 2.4 gwater/gdry matter.day with the Gondaila variety. This phenomenon is due to the fact that the increase in temperature in the solar dryer compared to drying in the open air increases the drying rate, and this result is consistent with [2,7,117,128].




3.3. Effective Moisture Diffusivity (EMD)


Figure 5 shows the EMD of many date fruit varieties, including Sakkoti, Malkabii, and Gondaila, during OAD and SD. According to Touil et al. [129], the EMD value is affected by the shorter distance that the moisture must travel before evaporating into the surrounding atmosphere. Moisture gradients that are formed inside the food during the drying process cause strains to develop in the cellular structure. As noted by Mayor and Sereno [130], this may lead to the collapse of the structure, resulting in physical changes such as modifications to the material’s volume, form, or dimensions. The period of time that moisture diffuses from the food’s inside to its outside is impacted by the rupture of cell walls. (Figure 6). As indicated by Touil et al. [129], this feature should be included in mathematical models to guarantee precise forecasts of the sample moisture content during drying or to ascertain the appropriate EMD. Numerous parameters, including the pre-treatment solution, AT, and the characteristics of the dried materials, had an impact on the EMD [15,131]. Due to the greater air temperature within the ASD, the largest EMD was discovered in the current study when comparing the dry date fruit samples outside with the SD date fruit samples.



In addition, the EMD values for different date fruit varieties had a similar value for both drying systems, where the EMD was 7.14 × 10−12 m2/s and 2.17 × 10−11 m2/s for different dried date fruit varieties by ASD and OAD, respectively. (Table 4).




3.4. Evaluation of Drying Models


The comprehension of the fundamental transport mechanism involved in the thin-layer drying of materials is an essential prerequisite to simulate and scale up the entire process for optimizing or controlling the operating conditions. Empirical drying practices without due consideration of the mathematical aspects of the drying kinetics can significantly impair dryer efficiency, escalate production costs, and diminish the quality of the dried product. To ensure effective process design, optimization, energy integration, and control, it is imperative to have an efficient model. The use of mathematical models to determine the drying kinetics of agricultural products is indispensable [138].



Standard computations and methods were used for the moisture content data collected for several date fruit varieties. After that, the moisture content was converted into the moisture ratio expression, and twenty various drying models were used to compute curve fitting. The findings of the statistical analysis show that all the drying models had an overall high correlation coefficient (R2) (Table 5). The selection of a suitable model or models is crucial for accurately predicting the drying behavior of various products. When working with empirical models, it is essential to have a thorough understanding of the parameters and their effects on the shape of the curve. Once a suitable model has been identified, attention can be focused on finding secondary models that can lead to the prediction of drying curves under non-isothermal conditions. However, the selection of the most appropriate model for describing the drying behavior of fruits and vegetables cannot be based solely on the number of constants. The selection process should instead be guided by various statistical indicators that have been used successfully in selecting the most suitable drying models, as reported in the literature. Therefore, it is essential to carefully consider these statistical indicators when selecting a model, ensuring that the choice of the model is well informed and backed by empirical evidence, where R2, a reduced χ2, and RMSE are examples of statistical measures that were used to assess the quality of the fitted models. Prior research [57,58,59] demonstrated that the model most suited for defining the thin-layer drying of date fruits was the one with the greatest R2 and the lowest χ2 and RMSE values. A number of models were found to exhibit good fit to the experimental data of various date fruit varieties dried using ASD and OAD methods. These models included Newton (Lewis), Page, Modified Page III, Henderson and Pabis, Logarithmic, Two-term, Two-term Exponential, Approximation diffusion or Diffusion Approach, Modified Henderson and Pabis, Combined Two-term and Page, Simplified Fick’s Diffusion, and Logistics models. These findings were based on recorded observations. These models’ R2 values varied from 0.99020 to 0.99967.



Table 6 indicates that, out of all the tested models on the OAD system, the Two-term model was the most appropriate for Sakkoti and Malkabii varieties, and the Modified Page III model was the most appropriate for the Gondaila variety. The Newton (Lewis) model, Page and Combined Two-term and Page model, and Combined Two-term and Page model were the next most appropriate models for Sakkoti, Malkabii, and Gondaila varieties, respectively. By using the ASD, we discovered that the Two-term Exponential model was the best fit to describe the drying system for the Sakkoti variety, followed by the Logarithmic model. Similarly, for the Malkabii variety, the Newton (Lewis) and Approximation diffusion models (Diffusion Approach model) were the most appropriate, with the highest R2 and the lowest reduced χ2 and RMSE, followed by the Logistics model. Furthermore, according to the tabulated data in the same table, the Two-term Exponential model was the best drying model for the Gondaila variety, followed by the Logarithmic model.



Figure 7, Figure 8, Figure 9 and Figure 10 represent the comparison between the observed moisture ratio (MR) and the predicted MR obtained from the first and second appropriate drying models for different varieties of date fruits dried under OAD and ASD conditions. The clustering of data points around the 45 °C straight lines indicate a remarkable agreement between the observed and projected MR values. This shows that the chosen models successfully represent how various types of date fruits dry. The high coefficient of determination (nearly 1) obtained at different drying periods indicates that the experimental and predicted MR values successfully matched. Table 5 contains the statistical analysis findings and the coefficient of determination. A strong match to the data was indicated by R2 values above 0.99 for most of the mathematical models. However, the adjusted Page and Newton (Lewis) models exhibited lower R2 values of 0.9828 and 0.9854, respectively, for the Gondaila variety drying under OAD.




3.5. Economic Analysis


The principal aim of the economic analysis carried out in this study was to evaluate the feasibility of integrating the ASD with a photovoltaic system for financially advantageous functioning. Equations (11)–(22) were used in this study, which considered the life cycle savings strategy and the simple payback methodology. Important factors were taken into account, as shown in Table 7 and Table 8, while also considering the current status of the Egyptian economy and the expected cost of the ASD components. The findings show that, when used for drying date fruits, the ASD has the potential to produce significant savings, a total of USD 6.3622 per day and USD 229.04 per year. Notable is that these savings were made in just 34 days, and the ASD may be used all year long to dry different crops, which would add to the total savings. The study also shows that the ASD is appropriate for the industrial production of dried date fruits. USD 57.26 was determined to be the cost of utilizing the ASD to dry a batch of date fruits. It was found that the payback period (Pb), which stands for the amount of time needed to recoup the initial expenditure, was 2.476 years. In comparison to the anticipated 10-year lifespan of the dryer and the anticipated 20-year lifespan of the PV system, this figure is rather low. This suggests that, barring any unforeseen risks, the dryer would recover its initial capital cost of USD 531.25 in around 2.476 years, or less than three years, and proves to be cost-effective. The economic characteristics that are dependent on the dried date fruits inside the ASD are shown in Table 8. The initial cost of the integrated system and the yearly savings from the ASD impact the payback period of the ASD integrated with the PV system.




3.6. Environmental Analysis


This study performed six different energy assessments of the ASD using energy analysis. Table 9 shows the energy density of the materials utilized in the ASD construction along with other pertinent information. Sakkoti, Malkabii, and Gondaila are the three date fruit types for which the specific energy consumption, or energy consumed per unit of product, was assessed. The results showed that the three date fruit varieties had respective specific energy consumptions of 17.936 kWh/kg, 22.746 kWh/kg, and 21.264 kWh/kg. Additionally, calculations were made to determine the combined yearly thermal output of the ASD and PV system, as well as their annual thermal output. The total yearly thermal output of the ASD and PV system ranged from 388.72 kW·h to 397.16 kW·h. The annual thermal output varied from 96.719 kW·h. to 105.16 kW·h. These figures demonstrate the ASD and the combined ASD-PV system’s energy production and efficiency.



For the three types of date fruit—Sakkoti, Malkabii, and Gondaila—the energy payback period was determined. Based on the data, the energy payback times for these kinds are 7.71 years, 7.58 years, and 7.54 years, respectively. The time required by the ASD to recoup the energy used during operation is estimated by this statistic. As a gauge of the PV power system’s capacity to mitigate climate change, it helps to reduce CO2 emissions. Per kilowatt-hour, the total CO2 mitigations were calculated. For the Sakkoti, Malkabii, and Gondaila date fruit varieties, the corresponding net CO2 mitigation throughout the ASD’s lifespan was 8.80 tons, 8.55 tons, and 8.75 tons. These findings align with the previous studies conducted by the authors of [108,139]. A wider range of sun drying system designs, especially those aimed at commercial operations, can benefit from the methodologies and insights explored in this work [108,140].





4. Conclusions and Future Work


This research was conducted to examine the drying behavior of three date fruit varieties dried in the ASD and OAD. The regression study findings showed that the Two-term and Modified Page III models, out of twelve thin-layer drying models, provide the best prediction of the moisture ratio for date fruit varieties dried by OAD. However, for date fruit varieties dried by the ASD, Two-term Exponential, Newton (Lewis), Approximation diffusion or Diffusion Approach, and Two-term Exponential give the best prediction of the moisture ratio. The effective moisture diffusivity (Deff) values of the date fruit samples dried in the ASD were greater than those of the date fruit samples dried in OAD. The effective moisture diffusivity coefficient values, as determined by Fick’s second law of diffusion model, ranged from 7.14 × 10−12 m2/s to 2.17 × 10−11 m2/s. A particular energy consumption, energy payback period, and net CO2 mitigation during the lifespan ranged between 17.936 and 22.746 kWh.kg, 7.54 and 7.71 years, and 8.55 and 8.80 tons, according to the energy and environmental study. Furthermore, the economic research revealed that the ASD had a 2.476-year payback period.



Design engineers must have a comprehensive understanding of the material to be dried, along with its drying kinetics, to create an efficient drying system. By utilizing this information, engineers can select the appropriate kinetic model equations and process parameters to design drying chambers and equipment. The use of drying kinetic models is crucial for achieving significant cost and time savings. Engineers can predict and optimize drying processes, eliminating the need for costly experimentation and pilot plants to study drying systems. This leads to a much more efficient design and development process. Furthermore, the use of drying kinetic models can significantly aid in developing highly effective drying systems for the food industry. These models allow for the design of optimal and energy-efficient drying systems by predicting the moisture content at any given moment during the drying process under different conditions.



In conclusion, design engineers must utilize drying kinetic models to save time and money, improve drying procedures, and develop effective drying systems for various industries, particularly the food industry. Failure to do so could lead to inefficient and costly designs, which may negatively impact the industry as a whole.
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Figure 1. Different date fruit varieties inside the ASD, (a) Sakkoti, (b) Malkabii, and (c) Gondaila [1]. 
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Figure 2. Different date fruit varieties during OSD, (a) Sakkoti, (b) Gondaila, and (c) Malkabii [1]. 
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Figure 3. Moisture rate of different date fruit samples for open-air drying (OAD) and solar drying (SD), for (a) Sakkoti, (b) Malkabii, and (c) Gondaila. 
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Figure 4. Drying time of different date fruit samples for open-air drying (OAD) and solar drying (SD), for (a) Sakkoti, (b) Malkabii, and (c) Gondaila. 
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Figure 5. EMD of different date fruit samples for OAD and SD. 
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Figure 6. Effective moisture diffusivity of different date fruits for OAD and ASD, for (a) Sakkoti, (b) Malkabii, and (c) Gondaila. 
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Figure 7. Predicted and observed moisture rate of different date fruits for open-air drying, for (a) Sakkoti (using Two-term mathematical model), (b) Malkabii (using Two-term mathematical model), and (c) Gondaila (using Modified Page mathematical model). 
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Figure 8. Predicted and observed moisture rate of different date fruits for solar drying, for (a) Sakkoti (using Two-term mathematical model), (b) Malkabii (using Newton (Lewis) mathematical model), and (c) Gondaila (using Two-term mathematical model). 
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Figure 9. Predicted and observed moisture rate of different date fruits for open-air drying, for (a) Sakkoti (using Two-term and Page mathematical model), (b) Malkabii (using Page mathematical model), and (c) Gondaila (using Newton (Lewis) mathematical model). 
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Figure 10. Predicted and observed moisture rate of different date fruits for solar drying, for (a) Sakkoti (using Logarithmic mathematical model), (b) Malkabii (using Logistics mathematical model), and (c) Gondaila (using Logarithmic mathematical model). 
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Table 2. Embodied energy calculation data for ASD manufacturing.
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No.

	
Materials

	
Embodied Energy

	
Weight

	
Embodied Energy (kW·h)

	
References






	
Solar collector




	
1

	
Metal frame

	
55.28 (kW·h/kg)

	
20.0 (kg)

	
1105.6

	
[104,105]




	
2

	
Glass cover

	
7.28 (kW·h/kg)

	
10 (kg)

	
72.8

	
[106]




	
3

	
Wood dust

	
2.0 (kW·h/kg)

	
2.0 (kg)

	
4.0




	
4

	
Paint

	
25.11(kW·h/kg)

	
1.0 (kg)

	
25.11




	
5

	
Absorber plate

	
9.636 (kW·h/kg)

	
10.5 (kg)

	
101.18




	
Drying room




	
1

	
Metal frame

	
55.28 (kW·h/kg)

	
25 (kg)

	
1382

	
[104,105]




	
2

	
Wood dust

	
2.0 (kW·h/kg)

	
2.0 (kg)

	
4.0

	
[106]




	
3

	
Paint

	
25.11 (kW·h/kg)

	
1.0 (kg)

	
25.11




	
4

	
Hinges

	
55.28 (kW·h/kg)

	
0.05 (kg)

	
2.764

	
[104,105]




	

	
Handel

	
55.28 (kW·h/kg)

	
0.05 (kg)

	
2.764




	
5

	
Suction fan 1. Plastic parts2. Motor and cooper wires

	
19.44 (kW·h/kg)19.61(kW·h/kg)

	
0.20 (kg)0.20 (kg)

	
3.8883.922




	
6

	
Drying trays 1. Wire mesh 2. Metal frame

	
9.67 (kW·h/kg)55.28 (kW·h/kg)

	
3 (kg)5 (kg)

	
29.01276.4




	
Total embodied energy for ASD (solar collector + drying room) (kWh)

	
1932.95

	




	
PV system




	
1

	
Metal frame

	
55.28 (kW·h/kg)

	
4.5 (kg)

	
248.76

	
[104,105]




	
2

	
PV system

	
1130.6 kW·h/m2

	
0.65 m2

	
734.89




	
3

	
Battery

	
148.4515

	
--

	
46.00




	
4

	
Battery charger

	
--

	
--

	
33.00




	
Total embodied energy for PV system (kWh)

	
1062.65

	











 





Table 3. Drying coefficient (k) and determination coefficient (R2) for different date fruit varieties and drying methods.
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Date Fruit Variety

	
OAD

	
ASD




	
k

	
R2

	
k

	
R2






	
Sakkoti

	
0.079

	
0.9963

	
0.133

	
0.9775




	
Malkabii

	
0.078

	
0.9902

	
0.155

	
0.9858




	
Gondaila

	
0.069

	
0.986

	
0.136

	
0.9769











 





Table 4. Previous studies of EMD of dried product.






Table 4. Previous studies of EMD of dried product.





	Reference
	Dried Product
	EMD, m2/s





	Ambawat et al. [2]
	Moringa oleifera leaves
	3.59 × 10−10–2.92 × 10−10



	Quality [35]
	Tomato
	1.01 × 10−9–1.53 × 10−9



	Sandeepa and Rao [50]
	Sorghum Seeds
	3.01 × 10−10–5.50 × 10−10



	Akpinar and Bicer [58]
	Strawberry
	4.52 × 10−10–9.63 × 10−10



	Pahlavanzadeh et al. [74]
	Grapes
	2.4 × 10−10–6.22 × 10−10



	Lee and Hsieh [132]
	Strawberry
	2.4 × 10−9–12.1 × 10−9



	Kaya et al. [133]
	Quince
	0.65 × 10−10–6.92 × 10−10



	Doymaz [134]
	Apricot
	6.76 × 10−10–12.6 × 10−10



	Aghbashlo and Samimi-Akhijahani [135]
	Berberis
	3.32 × 10−10–90 × 10−10



	Ruiz-Cabrera et al. [136]
	Cactus pears
	1.51 × 10−10–5.32 × 10−10



	TİREKİ [137]
	Date fruit
	1.53 × 10−9–1.74 × 10−9



	Current study
	Date fruit
	7.14 × 10−12–2.17 × 10−11










 





Table 5. Statistical analysis of different mathematical thin-layer models for different date fruit varieties and drying methods.






Table 5. Statistical analysis of different mathematical thin-layer models for different date fruit varieties and drying methods.





	
Drying Type

	

	
OAD

	
ASD




	
Model

No.

	
Model Name

	
Date Fruit Varity

	
Model Constant *

	
R2

	
     χ 2     

	
RSME

	
Model Constant

	
R2

	
     χ 2     

	
RSME






	
1.

	
Newton (Lewis)

	
Sakkoti

	
k = 0.08641

	
0.99285

	
0.00036

	
0.01826

	
k = 0.14759

	
0.99020

	
0.00067

	
0.02458




	
Malkabii

	
k = 0.08497

	
0.98663

	
0.00065

	
0.02457

	
k = 0.16634

	
0.99496

	
0.00039

	
0.01862




	
Gondaila

	
k = 0.07877

	
0.99632

	
0.00142

	
0.03635

	
k = 0.14420

	
0.99209

	
0.00056

	
0.02228




	
2.

	
Page

	
Sakkoti

	
k = 0.11193

n = 0.88133

	
0.99970

	
0.00002

	
0.00379

	
k = 0.17392

n = 0.90575

	
0.99403

	
0.00047

	
0.01942




	
Malkabii

	
k = 0.11294

n = 0.86684

	
0.99473

	
0.00027

	
0.01534

	
k = 0.18233

n = 0.94401

	
0.99608

	
0.00035

	
0.01640




	
Gondaila

	
k = 0.13018

n = 0.76603

	
0.99438

	
0.00024

	
0.01441

	
k = 0.15348

n = 0.96291

	
0.99257

	
0.00060

	
0.02158




	
3.

	
Modified Page III

	
Sakkoti

	
k = 0.97113

d = 2.33661

n = 0.45109

	
0.99617

	
0.00023

	
0.01356

	
k = 0.98502

d = 2.01894

n = 0.58914

	
0.99112

	
0.00080

	
0.02370




	
Malkabii

	
k = 0.96601

d = 2.24414

n = 0.40458

	
0.99137

	
0.00045

	
0.01962

	
k = 0.99207

d = 1.80709

n = 0.53739

	
0.99513

	
0.00050

	
0.01829




	
Gondaila

	
k = 0.93937

d = 2.37609

n = 0.39832

	
0.99831

	
0.00077

	
0.02461

	
k = 0.99821

d = 1.90394

n = 0.52134

	
0.99210

	
0.00074

	
0.02227




	
4.

	
Henderson and Pabis

	
Sakkoti

	
k = 0.08262

a = 0.97113

	
0.99617

	
0.00021

	
0.01356

	
k = 0.14454

a = 0.98502

	
0.99112

	
0.00070

	
0.02370




	
Malkabii

	
k = 0.08034

a = 0.96601

	
0.99137

	
0.00045

	
0.01962

	
k = 0.16456

a = 0.99207

	
0.99513

	
0.00043

	
0.01829




	
Gondaila

	
k = 0.07055

a = 0.93938

	
0.98355

	
0.00071

	
0.02461

	
k = 0.14382

a = 0.99821

	
0.99210

	
0.00064

	
0.02227




	
5.

	
Logarithmic

	
Sakkoti

	
k = 0.11357

a = 0.84061

c = 0.15245

	
0.99961

	
0.00002

	
0.00431

	
k = 0.20565

a = 0.85583

c = 0.15644

	
0.99762

	
0.00022

	
0.01228




	
Malkabii

	
k = 0.10644

a = 0.84005

c = 0.14246

	
0.99352

	
0.00037

	
0.01701

	
k = 0.20680

a = 0.90099

c = 0.10759

	
0.99767

	
0.00024

	
0.01265




	
Gondaila

	
k = 0.12380

a = 0.71555

c = 0.25526

	
0.99230

	
0.00036

	
0.01686

	
k = 0.18640

a = 0.88519

c = 0.12941

	
0.99479

	
0.00049

	
0.01810




	
6.

	
Two-term

	
Sakkoti

	
ko = 0.05115

k1 = 0.16597

a = 0.57410

b = 0.42183

	
0.99979

	
0.00001

	
0.00319

	
ko = 0.0000

k1 = 0.20565

a = 0.15644

b = 0.85583

	
0.99762

	
0.00025

	
0.01228




	
Malkabii

	
ko = 0.08034

k1 = 0.08034

a = 0.48300

b = 0.48300

	
0.99137

	
0.00054

	
0.01962

	
ko = 0.16456

k1 = 0.16456

a = 0.49603

b = 0.49603

	
0.99513

	
0.00060

	
0.01829




	
Gondaila

	
ko = 0.07055

k1 = 0.07055

a = 0.46969

b = 0.46969

	
0.98355

	
0.00085

	
0.02461

	
ko = 0.14382

k1 = 0.14382

a = 0.49911

b = 0.49911

	
0.99210

	
0.00089

	
0.02227




	
7.

	
Two-term Exponential

	
Sakkoti

	
k = 0.09870

a = 0.97971

	
0.99898

	
0.00006

	
0.00703

	
k = 0.17033

a = 0.98201

	
0.99856

	
0.00011

	
0.00956




	
Malkabii

	
k = 0.08497

a = 1.00000

	
0.99859

	
0.00070

	
0.02457

	
k = 0.18296

a = 0.98758

	
0.99967

	
0.00016

	
0.01118




	
Gondaila

	
k = 0.10231

a = 0.95862

	
0.98730

	
0.00066

	
0.02178

	
k = 0.16081

a = 0.98329

	
0.99523

	
0.00038

	
0.01727




	
8.

	
Approximation diffusion or Diffusion Approach

	
Sakkoti

	
k = 0.08641

a = 1.00000

b = 1.00000

	
0.99312

	
0.00042

	
0.01826

	
k = 0.14759

a = 1.00000

b = 1.00000

	
0.99049

	
0.00086

	
0.02458




	
Malkabii

	
k = 0.08497

a = 1.00000

b = 1.00000

	
0.98663

	
0.00077

	
0.02457

	
k = 0.16634

a = 1.00000

b = 1.00000

	
0.99496

	
0.00052

	
0.01862




	
Gondaila

	
k = 0.07877

a = 1.00000

b = 1.00000

	
0.96514

	
0.00168

	
0.03635

	
k = 0.14420

a = 1.00000

b = 1.00000

	
0.99209

	
0.00074

	
0.02228




	
9.

	
Modified Henderson and Pabis

	
Sakkoti

	
k = 0.02618

a = 0.29215

b = 0.34879

c = 0.35322

g = 0.14614

h = 0.10983

	
0.99971

	
0.00002

	
0.00373

	
k = 0.14454

a = 0.32834

b = 0.32834

c = 0.32834

g = 0.14454

h = 0.14454

	
0.99112

	
0.00080

	
0.02370




	
Malkabii

	
k = 0.08034

a = 0.32200

b = 0.32200

c = 0.32200

g = 0.08034

h = 0.08034

	
0.99137

	
0.00067

	
0.01962

	
k = 0.16456

a = 0.33069

b = 0.33069

c = 0.33069

g = 0.16456

h = 0.16456

	
0.99513

	
0.00100

	
0.01829




	
Gondaila

	
k = 0.07055

a = 0.31312

b = 0.31312

c = 0.31312

g = 0.07055

h = 0.07055

	
0.98355

	
0.00106

	
0.02461

	
k = 0.14382

a = 0.33274

b = 0.33274

c = 0.33274

g = 0.14382

h = 0.14382

	
0.99210

	
0.00149

	
0.02227




	
10.

	
Combined Two-term and Page

	
Sakkoti

	
k = 0.11429

a = 1.00391

b = 0.00000

h = 0.82522

n = 0.87436

	
0.99973

	
0.00002

	
0.00362

	
k = 0.18152

a = 1.01091

b = 0.00000

h = 0.78848

n = 0.88943

	
0.99426

	
0.00073

	
0.01907




	
Malkabii

	
k = 0.11343

a = 0.99892

b = 0.00077

h = 0.77768

n = 0.86410

	
0.99473

	
0.00041

	
0.01534

	
k = 0.18902

a = 1.00368

b = 0.00000

h = 0.72906

n = 0.92519

	
0.99608

	
0.00061

	
0.01641




	
Gondaila

	
k = 0.12499

a = 0.99237

b = 0.00000

h = 0.78021

n = 0.77924

	
0.99452

	
0.00031

	
0.01423

	
k = 0.15986

a = 1.00925

b = 0.00000

h = 0.74414

n = 0.94662

	
0.99276

	
0.00102

	
0.02133




	
11.

	
Simplified Fick’s Diffusion

	
Sakkoti

	
a = 0.97113

c = 0.45109

L = 2.33661

	
0.99617

	
0.00023

	
0.01356

	
a = 0.98502

c = 0.45737

L = 1.77887

	
0.99112

	
0.00080

	
0.02370

	




	
Malkabii

	
a = 0.96601

c = 0.40458

L = 2.24414

	
0.99137

	
0.00049

	
0.01962

	
a = 0.99207

c = 0.53739

L = 1.80709

	
0.99513

	
0.00050

	
0.01829

	




	
Gondaila

	
a = 0.93937

c = 0.39832

L = 2.37609

	
0.98355

	
0.00077

	
0.02461

	
a = 0.99821

c = 0.52134

L = 1.90394

	
0.99210

	
0.00074

	
0.02227

	




	
12.

	
Logistics

	
Sakkoti

	
k = 0.08251

a = 154.858

b = 151.019

	
0.99608

	
0.00024

	
0.01373

	
k = 0.14519

a = 2434.74

b = 2407.56

	
0.99109

	
0.00081

	
0.02375

	




	
Malkabii

	
k = 0.08097

a = 43.0337

b = 42.4148

	
0.99113

	
0.00050

	
0.01991

	
k = 0.16610

a = 207.685

b = 208.129

	
0.99501

	
0.00051

	
0.01853

	




	
Gondaila

	
k = 0.07148

a = 332.550

b = 314.967

	
0.98339

	
0.00078

	
0.02475

	
k = 0.145594

a = 86.73296

b = 87.99771

	
0.99194

	
0.00076

	
0.02253

	








* MR is the moisture ratio (dimensionless); L is the slab thickness (m); k, k0, and k1 are the drying constants (day-1); a, b, c, d, g, h, and n are the model constants (dimensionless); t is the drying time (day).













 





Table 6. The first and the second recommended mathematical models for different date fruit varieties and drying methods (the highest R2 and lowest    χ 2   






Table 6. The first and the second recommended mathematical models for different date fruit varieties and drying methods (the highest R2 and lowest    χ 2   





	
Date Variety

	
OAD

	
ASD




	
The First

	
The Second

	
The First

	
The Second






	
Sakkoti

	
Two-term

	
Combined Two-term and Page

	
Two-term Exponential

	
Logarithmic




	
Malkabii

	
Two-term

	
Page and Combined Two-term and Page

	
Newton (Lewis)/Approximation or diffusion or Diffusion Approach

	
Logistics




	
Gondaila

	
Modified Page III

	
Newton (Lewis)

	
Two-term Exponential

	
Logarithmic











 





Table 7. Various costs related to the ASD and PV system.
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Cost Parameters

	
ASD

	
PV System






	
Capital cost, USD

	
468.75

	
62.5




	
Lifespan, years

	
10

	
20




	
Annual capital cost, USD

	
112.03

	
12.83




	
Annual maintenance cost, USD

	
3.369

	
0.385




	
Annual salvage value, USD

	
8.984

	
1.027




	
Annualized investment cost, USD

	
106.42

	
12.188




	
The annual cost of the ASD integrated PV system, USD

	
118.61











 





Table 8. Economic analysis of ASD integrated with PV system.






Table 8. Economic analysis of ASD integrated with PV system.





	Economic Parameters
	ASD Integrated with PV System





	Mass of date fruit dried per batch, kg
	35



	Quantity of dried date fruit annually, kg
	175



	Drying cost per kg of date fruit, USD
	0.677



	Cost of 1 kg fresh date fruit, USD
	0.625



	Mass of fresh date fruit per batch, kg
	38.5



	Cost of fresh date fruit per kg of dried product, USD
	0.687



	Cost of 1 kg of crop dried date fruit inside dryer, USD
	1.364



	Selling price per kg of date fruit, USD
	3.0



	Saving per Kg of date fruit, USD
	1.636



	Saving per batch, USD
	57.26



	Saving per day, USD
	6.3622



	Saving after 1 year, USD
	229.04



	Payback time, years
	2.476










 





Table 9. Analysis of different environmental parameters.






Table 9. Analysis of different environmental parameters.





	Date Fruit Variety
	Sakkoti
	Malkabii
	Gondaila





	Specific energy consumed, kW·h/kg
	17.936
	22.746
	21.264



	Embodied energy, kW·h
	2995.6
	2995.6
	2995.6



	Annual thermal output, kW·h
	105.16
	96.719
	103.458



	Total annual thermal output, kW·h
	397.16
	388.72
	395.46



	Energy payback time, year
	7.54
	7.71
	7.58



	Net CO2 mitigation over the lifetime, tons
	8.80
	8.55
	8.75



	CO2 emission
	241.5
	241.5
	241.5
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