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Abstract

:

A considerable part of food is wasted, causing investment capital loss as well as environmental pollution and health problems in humans. Indirect solar drying was applied to test the potential of drying and reusing this waste as a component of animal feed. The effect of weather changes on drying kinetics and the effective diffusion coefficient, dried feed nutritional composition, and microbiological analysis of the dried product were investigated. A convective laboratory dryer was used as a reference method. Weather conditions have a crucial effect on the use of solar drying; one sunny day with appropriate conditions can reduce the water activity of food waste to below 0.3 and moisture content to below 6%. Much better fitting of experimental and model drying curves was achieved considering sample shrinkage, applying a more complex solution of Fick’s second law combined with an optimization procedure. The studied food waste had a good combination of nutrients, such as protein, fat, and carbohydrates; however, the amount of protein in the dried food waste was found to be lower than that in regular feed, and therefore, adding a protein source is recommended. Autoclaving of fresh samples reduced the total microbial counts of dried samples by more than 50%.
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1. Introduction


Generation and disposal of food waste (FW) is one of the most severe environmental problems around the world [1]. The increase in FW production is directly related to the improved living standards and population growth [2]. However, as the world’s population grows, the need for natural food sources increases. According to the World Food and Agriculture Organization (FAO) of the United Nations, one-third of the world’s food production, which is equivalent to 1.3 billion metric tons of these products, ends up as solid waste [3,4]. FW is a major cause of social, health, environmental, and economic problems worldwide [5,6]. It also presents investment capital loss in the cultivation, production, and processing stages. In many countries, FW is collected as a part of municipal solid waste (MSW), and it is then landfilled, producing large amounts of greenhouse gases, thus increasing the environmental impact associated with food production. However, due to its proteins, fats, vitamins, minerals, fiber, and carbohydrates content, it is a valuable source of these components. To avoid wasting these valuable products, and to create a healthy environment while reducing greenhouse gases, reuse and recycling of FW are matters of high importance [7]. Additionally, any reuse or recycling technology applied has to meet the criteria of sustainability and the circular economy to prevent further environmental damage.



Many studies on FW reuse have been published in recent years, presenting various methods of effective use of FW to produce useful products, including direct use of these raw materials in an unprocessed form as animals feed [8], biogas and biofuels [9,10,11], biomethane [12], solid fuel [13], biohythane [14], bioplastics [15], biohydrogen [16], etc. According to the Environmental Protection Agency (EPA) food recovery hierarchy [17], using food waste for feeding animals is recommended right after reducing sources and feeding people.



The shelf life of FW, similarly to that of food products, is very short. All processed (cooked) or unprocessed (fresh fruits and vegetables) FWs have a high moisture content, resulting in high water activity. Water activity is the ratio of the vapor pressure of water in the food in equilibrium with surrounding air media to the vapor pressure of distilled water under identical conditions. Higher water activity favors higher activity of microorganisms. Water activity values of 0.8–0.9 are suitable for bacteria growth; however, fungi can grow at lower water activities of 0.5–0.6 [18]; therefore, the critical water activity value is 0.5 as the activity of microorganisms is negligible below this value. FW contains not only non-pathogenic but also pathogenic microorganisms, causing problems during its harvesting, processing, transmission, and storage [19]. Therefore, to increase the shelf life of these valuable materials and their reuse as animal feed, they have to be processed by freezing, canning, or drying; however, freezing and canning are expensive methods [20].



The drying of FW is a suitable method for storing and prolonging its shelf life. Other advantages of drying include: easy and cheap transportation and packaging of dried FW, smaller storage space than for other processed FW, lower environmental load, and greenhouse gas reduction [21]. The relative humidity of ambient air plays an essential role in the shelf life of processed and unprocessed food products and FW. High ambient relative humidity causes early spoilage of crops [20]; low ambient relative humidity in geographical locations with dry climates ensures a longer shelf life of food waste, providing more time for FW processing before its spoilage.



Water content is the most important parameter as it causes food and agricultural product to spoil. Most of these products are seasonal, and thus they must be processed to be stored and to meet the needs of consumers during other seasons of the year. By drying, the amount of water in the products is reduced by the evaporation process and the water activity of the products decreases, thereby reducing spoilage [22].



Various drying methods, such as solar drying [23], convection drying [24], microwave drying [25], spray drying [26], vacuum drying [27], ultrasound drying [28], and fluidized bed drying [29], are used for agricultural products [30], medicinal plants [31], meat products [32], and FW [33]. However, some drying techniques are not suitable or economically beneficial for food waste drying. Among the drying methods, radiative–convective drying seems to be the most effective method for food waste drying, but because of their high energy requirements, convective dryers have to be connected to a cheap energy source, such as solar energy, for the drying process to be economically and environmentally acceptable and to meet the criteria of sustainability.



Research in the field of FW drying has mostly focused on the drying of single-source wastes, for example, treated sardine waste [34], tomato pomace waste [35], mango waste [36], olive pomace waste [37], etc. Research on mixed FW drying and evaluation of dried products as potential animal feed are limited. In [36], a solar boiler dryer and a radiative–convective solar dryer for FW drying were designed and tested. The effect of temperature on the nutritional value reduction of dried FW was also evaluated, showing that products dried by the solar boiler dryer have a better quality than those produced by the radiative–convective dryer. No research data on the effect of weather conditions, such as air relative humidity and solar drying process conditions, on the nutritional and microbial characteristics of dried FW are available. However, the efficiency of active (forced) indirect solar dryers (AISD) in reducing the microbial load of dried crops and nutritional value preservation in agricultural and food products has already been studied [38,39,40,41,42,43]. The AISD system was tested in our previous works on drying tomato slices and mint leaves [44,45].



Ambient air relative humidity is one of the most important parameters affecting the survival of pathogenic microorganisms in FW during transportation and processing. Air relative humidity affects the FW water activity. The time between waste generation and its processing is another important parameter affecting waste contamination. Waste can also be spoiled during the drying process if the drying time is too long and/or if the drying conditions are not appropriate. Therefore, information on drying kinetics is crucial. Effective moisture diffusivity is a parameter enabling the calculation of drying time. In the case of solar drying, its value can be affected by the weather conditions. The local climate of the FW solar drying installation is very important; in locations with non-appropriate climate conditions, FW can be spoiled before drying and cause health and odor problems. The location where this research was carried out (Kabul, Afghanistan) is characterized by low air relative humidity (10–30% in summer, 20–50% in winter) and many sunny days per year (300 days/year). Large amounts of FW, not mixed with other waste, is generated by a high number of wedding halls, providing ideal conditions for FW reuse as animal food components using solar energy.



The objective of this work was to determine (i) the potential of food waste from Kabul wedding halls to be processed by a sustainable method to animal feed using solar energy in a convective solar drying system, (ii) the effect of changes in weather conditions on the process kinetics and product water activity, and (iii) the nutritional value and microbiological safety of the dried food waste.




2. Materials and Methods


2.1. Food Waste Source Identification


Wedding halls are the biggest source of FW produced in Afghanistan. According to our survey carried out in September 2020 and the information provided by the Kabul municipality and the Kabul association of hoteliers, there are 121 registered wedding halls in Kabul alone (capital of Afghanistan). All surveyed halls have different capacities, from 500 to 6000 people. On average, each hall hosts 120 weddings, engagements, Quran recitations, circumcisions, and birthday parties per year. The average number of participants (guests) in each party is 1000 persons. For medium food menus, 1.5 kg of food (appetizer, complimentary food, salad, fruit, and dessert) for each person is considered. On average, 33% of the total amount of food is wasted, which includes 4% raw (unprocessed) FW and 29% cooked FW (leftover after food consumption). Around 5% of the total FW is re-used as food by hall staff. Thus, around 18.7 metric tons of food is wasted by all 121 wedding halls every night, which sums up to more than 6825 metric tons per year of FW. Since there is no standard waste management, this waste is not disposed of by standard disposal methods but is dumped in wild landfills and can cause health, environmental, and economic problems for the society. A sustainable recycling method for this waste could prevent environmental and health damage as well as resource loss.




2.2. Sample Preparation


First, all kinds of FW from plate leftovers, tablecloths, and kitchen waste, including cooked food (rice, bread, noodles, meat, spaghetti, beans, mung bean, and peas), vegetables or uncooked FW (onion peels, potato peels, coriander stems, mint stems, green peppers, tomatoes, eggplant peels, cucumber peels), and fruit waste (melon peel, watermelon peel, apples, apricots, etc.) were collected. The waste was collected from three different halls, and it included the main parts of the food menus from all wedding halls. Since menus of all events organized in the wedding halls are very similar, the mixed collected sample was considered as a representative sample of FW produced by wedding halls. During the collection, the materials were kept in a refrigerator to prevent them from spoiling. Then, the waste was ground with an ordinary meat grinder and homogenized by mixing. For the first series of experiments, the waste was not autoclaved; for the second series of experiments, the samples were autoclaved for 20 min using an autoclave LABOKLAV 55-195 (SHP Scientific Ltd., Cambridge, UK) at 121 °C and 120 kPa. Non-autoclaved and autoclaved samples were extruded using a hand-operated extruder with holes with a diameter of 5 mm. Finally, the samples were weighed on a digital balance with the capacity ranging from 0.01 up to 500 g and ±0.01 g precision.




2.3. Solar Drying System


An energy-independent active indirect solar drying (AISD) system was used for FW drying. The drying system consisted of three basic parts (Figure 1): rectangular drying chamber, flat solar collector, and photovoltaic (PV) solar system for air blower and exhaust fan power supply. Dimensions of the drying chamber were 1200 × 600 × 400 mm; for the flat solar collector, they were 1500 × 600 × 100 mm; and surface area was 0.9 m2. A 240-watt photovoltaic (PV) solar panel provided power for collector inlet direct current (DC) centrifugal air blower, and chamber outlet DC exhaust fan. The drying chamber included four metal mesh wooden framed trays placed 15 cm from each other. The chamber had a capacity of 500 g of ground FW in each run. A 10.5 m-long aluminum pipe with a rectangular cross-section of 55 × 35 mm constituted the main part of the flat solar collector. The pipe surface was coated with a sun-absorbing layer. Air flow rate into the dryer was obtained and controlled by a DC centrifugal air blower and a DC exhaust fan. The air flow rate was estimated based on air velocity measured inside the aluminum pipe. Air flow in the chamber due to leakage was not considered. Temperatures at the collector inlet and outlet and chamber inlet and outlet were measured using J-type thermocouples. Air relative humidity was measured by psychrometric measurement of dry- and wet-bulb temperatures.




2.4. Convective Batch Drying System


The conventional convective batch laboratory tray dryer (Figure 2) consisted of a horizontal rectangular stainless-steel tunnel (2000 × 450 × 400 mm), four drying trays, axial fan with maximum frequency of 2500 rpm, airflow sensor range of up to 150 L s−1, continuous weight balance with the maximum range of 5 kg, 3 kW heating elements, controlling system, and temperature and pressure monitoring system. The drying chamber was made of a stainless-steel layer covered with aluminum sheets. To obtain the required air velocity, an axial-flow fan was installed in the inlet of the drying tunnel. The dryer was equipped with pressure, temperature, air humidity, air velocity, and fan frequency sensors. Temperature was measured in different positions (tunnel inlet, behind the heater, in front of the drying chamber, behind the drying chamber). All sensors were connected to a computer, and the data were recorded for each time interval.




2.5. Experimental Procedure


At the beginning of each experiment, the devices were thoroughly cleaned. Solar dryer chamber, trays, collector surface, and photovoltaic solar panel surface were washed with tap water. Drying chamber and trays of the convective batch dryer were cleaned and prepared for loading. The initial moisture content and water activity (aw) of ground samples of FW were also measured using an analytical moisture analyzer (capacity: 0.001–160 g, VWR, Milan, Italy) and an aw analyzer (LABTOUCH-aw SET ADVANCED, Novasina AG, Lachen, Switzerland), respectively.



The first sample was weighed and placed in the AISD system while the second sample was placed in the laboratory batch convective dryer. By turning on the devices, the drying process started.



For the solar dryer: Experiments were carried out on three consecutive days from September 9 to 12, 2020, in Kabul, Afghanistan, from 09:00 AM to 03 or 05 PM when equilibrium moisture content of dried FW was reached. Ambient temperature varied between 28 and 37 °C, atmospheric pressure was around 82 kPa, air relative humidity varied from 12 to 35%, and sun radiation from 50 to 1100 W·m−2. All parameters, such as temperature (ambient, collector outlet, chamber outlet), pressure (ambient), air humidity (ambient, collector outlet, chamber outlet), air flow rate, sample weight, aw, and moisture content, were recorded every hour from the beginning to the end of the drying process. For the second series of experiments (autoclaved samples), to save time, these parameters were not monitored every hour. Dried autoclaved samples were used for microbial analysis only.



To test the reproducibility of solar drying experiments, one more experiment was performed for a different time period and under similar weather conditions as in the second experiment using a similar waste mix with the same initial moisture content. Differences in air temperature, air relative humidity, final product moisture content, and final product activity were analyzed, and relative standard deviations (RSD) were calculated using Equations (1) and (2):


  S =    1  n − 1            ∑  i = 1  n     (   x i  −  x  m e a n    )   2     



(1)






  RSD =  S   x  m e a n       100  



(2)




where n is the number of experimental points, S is standard deviation, xi is the value of measured parameter for experiment i, and xmean is the arithmetic mean of all experimental points.



For the batch convective dryer: A reference experiment was carried out at the same time in a conventional convective batch laboratory tray dryer. The dryer temperature was set to 55 °C, air flow rate was 25 L s−1, and initial material layer thickness was the same as in the solar dryer (5 mm). The dryer was first run without the sample for about 10–15 min to set the desired conditions. After achieving optimum drying conditions, the sample was placed inside the tunnel of the dryer, and the drying process was started. During the drying process, temperature at different positions of the tunnel, air flow rate, air relative humidity, sample weight, and ambient parameters such as temperature, pressure, and air humidity were recorded every 2 min. Water activity and moisture content of dried product were not determined during the experiment.




2.6. Dried Product Analysis


2.6.1. Protein Determination


Protein determination was carried out using the Kjeldahl method. In the first step, the amount of nitrogen in the sample was determined with 0.5 g of powdered dry food waste digested in a Kjeldahl flask in the presence of 20 mL of concentrated H2SO4 and 0.2 g of catalyst (CuSO4). By placing the digester tube in the VELP Scientifica™ DK Series Kjeldahl Digestion Unit (Velp Scientifica™ F30100188, Usmate Velate, Italy), the digestion process was started. Digestion temperature was set to 420 °C, and the samples were boiled for 220 min until a clear light-green solution was obtained. After the digestion, the digested sample was cooled at room temperature and distilled in the VELP Scientifica™ UDK 149 Automatic Kjeldahl Distillation Unit (Velp Scientifica™ F30200140, Italy). The distillate solution containing Tashiro’s PH indicator was titrated with 0.1 mol L−1 HCl, and the titration volume was corrected by back titration using a 0.1 mol L−1 solution.



Using the Kjeldahl method, nitrogen content was determined primarily, and then it was multiplied by a conversion factor that showed the ratio of protein to nitrogen in the food. For mixed food, the value of conversion factor was 6.25 [46].




2.6.2. Fat Determination


Fat (lipid) content of dry FW was determined by the Twisselmann extraction method [46], which is a continuous method that uses extraction of food lipids from the food to an organic solvent at high temperatures. Here, 3 g of each powdered dry sample was weighed on an analytical digital balance and put into fat-free thimbles. The thimbles were plugged with cotton wool, and the samples were placed inside the extractor thimble flask of the serial extraction apparatus behrotest® for Soxhlet-Fat-Extraction (Model: 804880034, R 256 S, extraction unit with six in-line sample positions, 250 mL, Behr Labor-Technik GmbH, Düsseldorf, Germany) extraction systems with linear sample configuration. Petroleum ether with a boiling point of 60–80 °C was used as an extractor solvent, and it was poured into the oil flasks. The extractor temperature was set to 70 °C for the whole 7 h of extraction. At the end of the experiment, petroleum ether was collected in the upper condenser chamber of the extractor. Subsequently, the oil flasks with extracted fat were transferred to a specific conical heater (100 °C) for residual ether evaporation. After the oil flasks were cooled in desiccators, they were weighed, and the percentage of fat was calculated.




2.6.3. Ash Determination


To determine the ash content of FW, 4 g of each dried sample was weighed in a metal crucible and made smoke-free and charred using a gas burner in a ventilated chamber. The crucibles were then placed in a muffle furnace (Nabertherm LE 1/11 Muffle furnace, Model: 04747, Lilienthal, Germany) and heated at 550 °C for 7 h until the sample was converted into light-gray ash. After burning of the samples, the crucibles were transferred to desiccators for cooling to room temperature. Subsequently, the weight of the cooled crucibles containing ash was recorded, and the percentage of ash based on original sample was calculated.




2.6.4. Moisture Determination


Moisture content of dry FW was determined using an analytical moisture analyzer (VWR MBT160 moisture analyzer, VWR International, Italy, capacity: 0.001–160 g), weighting 3 g of each sample in a disposable aluminum weighing pan. The analyzer temperature was set to 130 °C for 2 h for moisture analysis, and the moisture content was determined as a ratio of the weight of evaporated water to that of the original sample.




2.6.5. Carbohydrate Determination


Carbohydrate content was estimated by the difference using Equation (3):


   Carbohydrate     ( % )  = 100 − ( moisture    ( % )  + protein    ( % )  +    fat     ( % )  +  ash     ( % )   



(3)







All composition analyses were carried out at least three times to ensure the repeatability of the measurement and to estimate the measurement error.





2.7. Microbial Analysis


From each series of experiments (non-autoclaved and autoclaved), two samples were taken for microbial analysis. The samples were placed in sterilized bottles, which were hermetically sealed and kept in dark and dry environment until the microbiological determination. From each sample, 5 g was aseptically taken and examined by the microbiological cultivation method using ten-fold dilution in peptone saline solution according to [47]. Counts of selected microbial groups were determined on specific media and at defined incubation conditions. The total microbial counts (TMC) were determined on Total Counts Agar (TCA; Merck, Darmstadt, Germany) with incubation at 30 ± 1 °C for 72 h according to [48]. Counts of total coliforms and E. coli were determined on Chromogenic Chromocult coliform agar (Merck, Darmstadt, Germany) with aerobic incubation at 37 ± 1 °C for 24 h according to [49]. Presumptive counts of S. aureus were determined on Baird-Parker medium (Merck, Darmstadt, Germany) incubated aerobically at 37 ± 1 °C for 48 h according to [50]. Numbers of microscopic fungi (Yeasts and molds) were determined on Yeast Glucose Chloramphenicol (YGC) agar (Merck, Darmstadt, Germany), and the incubation was carried out aerobically at 25 ± 1 °C for 72–120 h according to [51]. Total counts of spores were determined after deactivation of vegetative microbial cells at 80 °C for 10 min, and the counts of spores were determined on TCA agar with incubation at 30 ± 1 °C for 72–96 h according to [48].



The analyses were performed in duplicate, and the results are expressed as colony-forming units (CFU) per gram of sample.




2.8. Effective Diffusion Coefficient Determination


A simplification of Fick’s second law equation to a one-dimensional moisture diffusion equation in a thin layer of material with initial and boundary conditions, as follows:


   X t   (  t = 0 ,   0 ≤ l ≤  l 0   )  =  X 0    ;    X t   (  t > 0 ,   l =  l 0   )  =  X  e q     ;   ( t > 0 ,   l = 0 )     ∂ X   ∂ l   = 0  








can be applied to determine the effective diffusion coefficient (Deff) of water in this layer [52,53,54], as in Equation (4).


  M R =   ∑   n = 0  ∞   8     (  2 n + 1  )   2   π 2      E x p    (  −      (  2 n + 1  )   2   π 2   D  e f f   t   4    l 2     )   



(4)




where MR is the moisture ratio defined by Equation (5), t is time, and l is half of the layer thickness; Xt, X0, and Xeq represent the dry basis moisture content (kg water/kg dry solid) at any time, initial and equilibrium, respectively.


  M R =    (   X t  −  X  e q    )     (   X 0  −  X  e q    )     



(5)







For a long drying time, only one term of Equation (4) can be considered:


  M R =  8   π 2      E x p    (  −    π 2   D  e f f   t   4    l 2     )   



(6)







After linearization of Equation (6), the effective diffusion coefficient (Deff) can be determined from the slope of the linear dependence of ln(MR) versus time, as seen in Equation (7), using experimental data.


  ln  (  M R  )  = l n  8   π 2    +  (  −    π 2   D  e f f       4    l 2     )  t  



(7)









3. Results


3.1. Effect of Drying Conditions on Drying Rate and Product Water Activity


Time between waste generation and decrease in FW aw to an acceptable level (below 0.5) by drying is a crucial parameter for FW’s use as a potential component of animal feed, drying time being the most important parameter. In the case that solar drying systems are used, the process conditions, such as temperature, pressure, air relative humidity, and flow rate, are affected by weather. Therefore, solar experiments were carried out over three consecutive days with different weather. The reference convective dryer experiment was performed at constant process conditions.



Figure 3 shows the rate of the sample mass loss in all three solar experiments compared to the reference laboratory batch experiment, as well as the sample moisture content and aw behavior during the solar drying process. This analysis was carried out with non-autoclaved samples. Compared to the laboratory batch dryer, the mass loss curves (Figure 3a) in the solar dryer were not smooth as they showed fluctuations caused by the change in weather during the day. In solar dryer experiments, the initial drying rate was higher than in the laboratory batch experiment; however, it dropped more rapidly and reached lower values after 2 h (Figure 3b). Differences were also visible between the experimental days. The slowest mass loss and highest equilibrium moisture content were recorded on the first experimental day, while the most rapid mass loss and lowest equilibrium moisture content were measured on the third experimental day. The effect of weather changes during the day and between the experimental days is easily visible in Figure 3c, where the product moisture content is presented, and in Figure 3d, which shows product aw. On the first experimental day (Day 1), the final aw and final moisture content were reached ca 2 h later than on the last experimental day (Day 3). Unfortunately, the convective laboratory batch experimental device did not enable sampling for moisture content and aw measurement during the experimental run. However, measured aw at the end of the experiment was in the same range as that for solar drying experiments.



The decrease in sun radiation (Figure 4c) caused a rapid decrease in the ambient air temperature (Figure 4b), collector outlet temperature (Figure 4e), and air flow rate (Figure 4g). Consequently, the drying chamber outlet temperature (Figure 4f) decreased, and ambient air humidity (Figure 4a) and chamber outlet air humidity (Figure 4h) increased. A similar scenario with smaller fluctuations was repeated on Day 2. However, no clouds appeared, and the sunshine reached its maximum at 2 PM on Day 3. The air relative humidity was the lowest and the ambient air temperature, collector outlet temperature, chamber outlet temperature, and air flow rate were the highest of all three days. These favorable conditions led to drying time shortening by 2 h. As seen in Figure 4d, changes in ambient pressure during the experimental day were not significant; however, due to the high altitude of the geographical location, the atmospheric pressure was between 81 and 82 kPa.



The results of this work show that at similar climate conditions, one sunny day is enough to produce a dried product from FW with an aw below 0.3, which is completely safe considering microbial growth. This claim was also confirmed by measuring the final product water activity of autoclaved samples.



Reproducibility Test (R-Test) of Solar Drying Experiments


Generally, reproducibility of the results of solar drying experiments is a challenge. Process conditions are dependent on weather conditions; changes in weather conditions such as sun radiation, ambient temperature, and air relative humidity influence the drying process behavior. To estimate the level of reproducibility of results achieved by solar drying experiments in this work, an additional experiment under weather conditions similar to those of Day 2 but at a different time of the day and for a different waste mix with the same initial moisture content was performed. In Table 1, the most important process conditions are listed; ambient temperature, collector outlet temperature, ambient air relative humidity, and chamber outlet air relative humidity for both experimental runs were compared, and differences between them were calculated. In the same table, differences in the final product moisture content and product water activity between both experimental runs are shown. All parameters, as well as relative standard deviation (RSD), for all experimental points and their average values were calculated. As seen in Table 1, for process conditions, the average ambient temperature was 3.23 °C higher for the R-test than for the Day 2 experiment (average RSD 5.43%); this resulted in an average collector outlet temperature increase of 4.08 °C (average RDS 5.0%). The average air relative humidity for the R-test was 4.05% lower (average RSD 5.53%), and the average difference in chamber outlet air relative humidity was −2.43% (average RDS 8.37%) between the R-test and Day 2 experiment. Considering the product properties, the average difference between the R-test and Day 2 measurements in product moisture content was −2.16% (average RDS 1.24%). However, the final product moisture content was slightly higher for the R-test than for the Day 2 experiment. The average difference in water activity between the R-test and Day 2 experiment was 0.06 (average RDS 9.04%). The final product water activity was significantly higher for the R-test than for the Day 2 experiment, probably due to the more intensive rehydration of the R-test sample before aw measurement. However, the value of the reached water activity was below 0.21 in both cases, which is significantly lower than the critical value (0.5). Based on the reproducibility test results, it can be concluded that solar drying experiments are reproducible under similar weather conditions.





3.2. Effective Diffusion Coefficient


The kinetics of drying is often limited by moisture diffusion to the material’s surface. The effective diffusion coefficient estimated using the simplified Fick’s second law equation (Equation (4)) provides a general overview of process kinetics, and it can be used to predict the required drying time. However, the value of Deff also depends on process conditions and can be influenced by weather changes during the day.



As a first estimate, the effective diffusion coefficient was determined from the slope of the linear equation (Equation (6)) for both solar and laboratory batch experiments. These values are marked in Table 2 as non-optimized. In the case of the solar dryer, the values of Deff varied between 6.1 × 10−10 and 8.9 × 10−10 m2 s−1, while for laboratory convective batch dryer, it was 3.1 × 10−10 m2 s−1. The determined values of Deff were used in Equation (4), applying n = 10 to calculate moisture ratio (MRcal). Significant differences were found when comparing MRcal with experimental moisture ratios (MRexp) (Figure 5) for non-optimized Deff due to the use of only one member of the infinite series (n = 0) in Equation (4) for Deff estimation. To obtain a better fit of the calculated MRcal to MRexp, Deff was optimized by minimizing the sum of deviation squares between experimental and calculated values using Equation (4). The obtained results are shown in Table 1 as “Optimized shrinkage not considered”. As shown in Figure 5, these values provide a much better description of the experimental data; however, the deviation between MRcal and MRexp is not negligible.



Another factor affecting the calculated Deff is the assumption of constant layer thickness in Equation (4). As the initial layer thickness, the diameter of cylindrical particles of extruded FW put next to each other on the dryer tray was considered. However, layer shrinkage occurred during drying, and the layer thickness decreased from the initial 5 mm to a final 3 mm. The linear decrease of half of the layer thickness (l(mm) = 2.5 − 3.47 × 10−5 t(s)) was considered, and it was incorporated into Equation (4). After applying the same optimization procedure as in the previous case, the new values of Deff were estimated and are provided in Table 1 as “Optimized shrinkage considered”. As seen in Figure 5, these Deff values provide the best fit between experimental and calculated moisture ratios.



The optimized values of Deff are in agreement with the drying rate curves shown in Figure 3b, while non-optimized Deff values do not follow the same trend. In the case of solar dryer experiments, the highest Deff was determined for Day 3, when the most rapid drying was recorded, while the lowest Deff was determined for Day 1, which is in agreement with the slowest drying behavior. Similar values of Deff were reported for different fruit and vegetable products [29,30,55]. The effective diffusion coefficient is not only a material property parameter, it is affected also by process conditions; this is the reason why different values of Deff were determined for the same material. At higher temperatures, lower air relative humidity and a higher air flow rate as well as more intensive water diffusion occurred, and the Deff value increased.



Using Equation (4) with n = 10 and “optimized shrinkage considered” Deff from Table 1, the moisture ratio (MR) was calculated for all solar and laboratory convective batch experiments. As seen in Figure 6, the decrease in Deff from 2.81 × 10−10 m2 s−1 to 2.33 × 10−10 m2 s−1 in the solar dryer led to the prolongation of drying time by more than one hour. The decrease in Deff was caused by the change in ambient conditions (increased air relative humidity, decreased temperature and air flow rate).




3.3. Nutritional and Microbial Analysis


Sources of fat, protein, and carbohydrates supply animals and humans with required energy [56,57,58]. The average content of nutrients in dried FW measured in this work is provided in Table 3. Protein content was 5.18 ± 0.60 wt%, which is lower than values reported in [59] for different animal and bird feeds (10–20 wt%). The lower protein content of studied samples indicates that at least this studied mixed FW product alone cannot provide the dietary protein required by animals and birds, and a protein source, e.g., soybean meal [60,61,62], corn [63], or insects [64,65,66], must be added. The fat and ash content in FW are comparable with that in animal feed reported in the literature.



Microbiological safety is one of the most important concerns not only in food but also in food by-products; however, it has rarely been studied in valorized by-products and FW. One of the main problems is finding reference values that allow for determining the suitability of the obtained by-products since no legislation has been specifically established in this regard [67].



In our case, the total microbial count was significantly higher in non-autoclaved samples, and their aw values were lower compared to the autoclaved ones (Table 4). Interestingly, the highest aw value of 0.428 together with one of the lowest total microbial counts of 2.3 × 104 CFU g−1 were detected in the solar-dried autoclaved sample, which is in contrast with our presumption of microbial inhibition by an aw of <0.3. However, in both cases, autoclaved and non-autoclaved, in both drying systems, the solar and convective batch, the used air was unfiltered. The autoclaving process was supposed to ensure total microbial inhibition, but subsequent technological treatment of the samples probably resulted in their recontamination. This fact emphasized the need to ensure high-quality air conditioning to minimize product recontamination. Moreover, spore-forming bacteria dominated in all samples, with higher counts in solar-dried samples. As their reservoir in the environment includes dust, water, soil, etc., it is not surprising that their higher numbers were detected in solar-dried samples. It is also consistent with the results presented in [68,69], where phylum Firmicutes (including spore-forming classes) was detected as dominant, and a change in microbial composition due to the change in operating conditions was indicated. A standard commercially available air-filtering device installed at the collector outlet (chamber inlet) was used to remove solid particles carrying spore-forming microorganisms.



Autoclaving led to total inhibition of E. coli, S. aureus, yeasts, and molds in solar-dried samples. Considering their possible pathogenic properties, these results are promising and consistent with the results of [70]. The presence of mycobiota was eliminated in laboratory-dried autoclaved samples, while E. coli and S. aureus were not detected in solar-dried non-autoclaved samples. The concentration of E. coli and S. aureus below 10 CFU g−1 complies with the guidelines for dried foodstuff in Canada (2021).




3.4. Potential Impact of the Study Results on Sustainable Food Waste Management and Circular Economy in the Region


This work has proven that the climate conditions of the region where the experiments were carried out are suitable for reprocessing food waste to animal feed using solar energy. A detailed assessment of the sustainability of this process requires a life cycle assessment, which is out of the scope of this work; however, an LCA carried out by other researchers determined the high environmental, economic, and social sustainability of reusing food waste as animal feed. San Martin, et al. [71] provided an LCA of different FW management methods and reported a significant reduction in the environmental impact of reusing vegetable FW as animal feed compared to anerobic digestion, landfilling, incineration, and composting. The largest share of the environmental impact (80%) was due to FW drying, but no solar energy was used. The use of solar energy can significantly reduce the environmental impact of reprocessing FW to animal feed by drying. Kim and Kim [72] reported emissions of 200 kg of CO2-eq per ton of food waste with dry-based treatment and 61 kg of CO2-eq with wet-based treatment as animal feed compared to 1010 kg of CO2-eq with composting. When a solar dryer is used, a similar amount of greenhouse gas emissions for dry-based treatment and wet-based treatment can be expected. In general, LCA analysis of FW disposal methods resulted in food waste hierarchy [17,73], where reuse of FW as animal feed is listed immediately after its reduction and reuse as human food.



Around 6.8 thousand metric tons of FW produced by the studied wedding halls could be reprocessed to 2.0 thousand metric tons of animal feed. This amount of food waste would be returned back to the food chain, saving a significant amount of food. Considering the dryer efficiency of 30%, drying this amount of FW requires 10.5 GWh of energy (energy for transportation of FW is not included). By generating this amount of energy from a solar source, more than 7.0 thousand tons of CO (eq) emissions per year can be saved compared to its generation from coal. A detailed study of environmental, economic, and social impacts of the process and its extrapolation to the regional and national levels will be carried out in the future to assess all aspects of the process’s sustainability.





4. Conclusions


FW produced in 121 wedding halls in Kabul, which amounts to approximately 7000 tons/year, has a huge potential to be processed by drying and reused as an animal feed component. Weather conditions have a crucial effect on the use of solar drying before the material spoils. Ambient air relative humidity, temperature, and sun radiation intensity significantly affect drying kinetics. According to the solar drying results, one sunny day with an ambient relative humidity of 15–30%, temperature of 30–36 °C, and sun radiation intensity of 500–1100 w m−2 is enough to dry a 5 mm layer of ground FW, decreasing its aw below 0.3 and moisture content below 8%.



Using simplified Fick’s second law, the effective diffusion coefficient of water in FW was determined. The improvement in the simple one-member (of the infinite series) solution to a ten-member solution accompanied with optimization (rather with shrinkage) resulted in a much better estimation of Deff with a better fit of experimental data.



The studied FW had a good combination of nutrients, such as proteins, fat, carbohydrates, and ash; however, the amount of protein in the dried FW was lower than in regular feed. This deficiency can be eliminated by adding protein materials such as soybean meal.



Microbiological analysis of non-autoclaved dried samples showed a total microbial count of 4.4 × 105 CFU g−1 for laboratory batch experiments and 2.1 × 107 CFU g−1 for solar drying experiments. Significant counts of aerobic scores, coliforms, E. coli, S. aureus, yeast, and molds were found in non-autoclaved dried samples. The autoclaving of fresh samples reduced the total microbial count of dried samples to 1.2 × 104 CFU g−1 and 2.3 × 104 CFU g−1 for the laboratory batch and solar drying experiments, respectively. E. coli and S. aureus were not detected in solar-dried samples. To minimize product recontamination, high-quality air conditioning is required.



Based on results found in this work, it can be concluded that solar drying as a sustainable technology has significant potential use in converting food waste to animal feed, especially in geographical locations with a dry climate. However, further research is required to solve all technical, logistic, and social aspects of this problem and reach full commercialization of reusing dried FW as animal feed. The effect of air filtration on microbial counts, influence of adding specific ingredients on product nutritional composition, and feeding animals with the resulting product create a subject for future research.
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Figure 1. Schematic description of solar dryer: 1—drying chamber, 2—drying trays, 3—air distributor, 4—DC exhaust fan, 5—collector, 6—DC centrifugal blower, and 7—PV solar panel. 
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Figure 2. Convective batch laboratory tray dryer scheme: 1—air inlet, 2—centrifugal blower, 3—heater, 4—drying trays, 5—sensors, 6—air outlet, 7—balance load cell force, and 8—drying chamber. 
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Figure 3. Drying curves, product moisture content, and aw behavior: (a) sample mass loss, (b) drying rate in (% of mass h−1), (c) product moisture content, (d) aw of the product. 
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Figure 4. Ambient and dryer conditions during the drying process: (a) ambient air humidity, (b) ambient air temperature, (c) sun radiation, (d) ambient air pressure, (e) collector outlet temperature, (f) chamber outlet temperature, (g) air velocity in the collector, (h) chamber outlet air humidity. 
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Figure 5. Comparison of experimental (MRexp) and calculated (MRcal) moisture ratios for solar dryer experiment (Day 3). 
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Figure 6. Moisture ratios calculated by Equation (6) with n = 10 and “optimized shrinkage considered” Deff. 
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Table 1. Reproducibility test of solar drying experiments.






Table 1. Reproducibility test of solar drying experiments.





	
Time/h

	
Ambient Temperature (°C)

	
Collector Outlet Temperature (°C)




	

	
R-test

	
Day 2

	
Difference

	
RSD

(%)

	
R-test

	
Day 2

	
Difference

	
RSD

(%)




	
0

	
35.5

	
32.5

	
3.00

	
4.41

	
52.2

	
50.4

	
1.80

	
1.75




	
1

	
37.5

	
32.8

	
4.70

	
6.69

	
60.9

	
59.2

	
1.70

	
1.42




	
2

	
37.1

	
34.7

	
2.40

	
3.34

	
61.1

	
63.7

	
−2.60

	
2.08




	
3

	
34.2

	
36.2

	
−2.00

	
2.84

	
63.2

	
66.5

	
−3.30

	
2.54




	
4

	
37.2

	
33.2

	
4.00

	
5.68

	
69.8

	
59.2

	
10.60

	
8.22




	
5

	
38.4

	
37.4

	
1.00

	
1.32

	
66.9

	
61.9

	
5.00

	
3.88




	
6

	
37.7

	
30.8

	
6.90

	
10.07

	
62.4

	
59.6

	
2.80

	
2.30




	
7

	
34.8

	
29

	
5.80

	
9.09

	
53.8

	
37.2

	
16.60

	
18.24




	
Average

	

	

	
3.23

	
5.43

	

	

	
4.08

	
5.05




	
Time/h

	
Ambient Air Relative Humidity (%)

	
Chamber Outlet Air Relative Humidity (%)




	

	
R-test

	
Day2

	
Difference

	
RSD

(%)

	
R-test

	
Day2

	
Difference

	
RSD

(%)




	
0

	
22.5

	
26.6

	
−4.10

	
4.18

	
26.8

	
29.8

	
−3.00

	
5.30




	
1

	
19.1

	
26.5

	
−7.40

	
8.11

	
20.5

	
22.7

	
−2.20

	
5.09




	
2

	
15.4

	
20.4

	
−5.00

	
6.98

	
15.6

	
16.8

	
−1.20

	
3.70




	
3

	
14.5

	
19.1

	
−4.60

	
6.85

	
10.7

	
14.2

	
−3.50

	
14.06




	
4

	
12.9

	
17.4

	
−4.50

	
7.43

	
9.4

	
11.7

	
−2.30

	
10.90




	
5

	
13.4

	
15.8

	
−2.40

	
4.11

	
10.1

	
11.2

	
−1.10

	
5.16




	
6

	
13.8

	
14.9

	
−1.10

	
1.92

	
10.4

	
11.5

	
−1.10

	
5.02




	
7

	
16

	
19.3

	
−3.30

	
4.67

	
11.6

	
16.6

	
−5.00

	
17.73




	
Average

	

	

	
−4.05

	
5.53

	

	

	
−2.43

	
8.37




	
Time/h

	
Moisture Content (%)

	
Product Water Activity (aw)




	

	
R-test

	
Day 2

	
Difference

	
RSD

(%)

	
R-test

	
Day 2

	
Difference

	
RSD

(%)




	
0

	
68.11

	
68.94

	
−0.83

	
0.30

	
0.951

	
0.96

	
−0.01

	
0.47




	
1

	
54.37

	
59.3

	
−4.93

	
2.17

	
0.935

	
0.944

	
−0.01

	
0.48




	
2

	
42.93

	
49.26

	
−6.33

	
3.43

	
0.911

	
0.916

	
−0.01

	
0.27




	
3

	
24.45

	
28.74

	
−4.29

	
4.03

	
0.877

	
0.78

	
0.10

	
5.85




	
4

	
13.2

	
15.27

	
−2.07

	
3.64

	
0.797

	
0.599

	
0.20

	
14.18




	
5

	
8.86

	
8.68

	
0.18

	
−0.51

	
0.225

	
0.226

	
0.00

	
0.22




	
6

	
8.29

	
7.64

	
0.65

	
−2.04

	
0.216

	
0.129

	
0.09

	
25.22




	
7

	
7.85

	
7.52

	
0.33

	
−1.07

	
0.208

	
0.123

	
0.09

	
25.68




	
Average

	

	

	
−2.16

	
1.24

	

	

	
0.06

	
9.04
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Table 2. Effective diffusion coefficient.






Table 2. Effective diffusion coefficient.





	Deff (m2 s−1)
	Non-Optimized
	Optimized Shrinkage Not Considered
	Optimized Shrinkage Considered





	Day 1
	6.10 × 10−10
	3.30 × 10−10
	2.33 × 10−10



	Day 2
	8.92 × 10−10
	3.75 × 10−10
	2.56 × 10−10



	Day 3
	7.20 × 10−10
	4.12 × 10−10
	2.81 × 10−10



	Lab. Batch
	5.69 × 10−10
	2.93 × 10−10
	1.88 × 10−10
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Table 3. Nutritional compound analysis of dry FW.






Table 3. Nutritional compound analysis of dry FW.





	
Components

	
Research Data

	
Literature Data

(for Poultry)

	
Reference




	

	
Value [g/kg]

	
Value [g/kg]






	
Protein

	
51.76 ± 6.0

	
153.4

	
[59]




	
Fat

	
45.26 ± 0.9

	
50.09




	
Ash

	
39.90 ± 0.6

	
46.5




	
Moisture

	
81.15 ± 5.9

	
-




	
Carbohydrates

	
781.19 ± 13.14

	
668.86
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Table 4. Microbial composition of FW samples in relation to the method of preparation and drying.






Table 4. Microbial composition of FW samples in relation to the method of preparation and drying.





	

	
Non-Autoclaved

	
Autoclaved




	

	
Lab. Batch

	
Solar

	
Lab. Batch

	
Solar




	

	
CFU g−1

	
CFU g−1

	
CFU g−1

	
CFU g−1






	
Total counts

	
4.40 × 105

	
2.10 × 107

	
1.20 × 104

	
2.30 × 104




	
Total aerobic spores

	
1.40 × 105

	
1.90 × 106

	
9.50 × 103

	
2.20 × 104




	
Coliforms

	
8.00 × 102

	
2.60 × 103

	
2.50 × 101

	
1.00 × 101




	
E. coli

	
7.50 × 102

	
<10

	
2.50 × 101

	
<10




	
S. aureus

	
3.00 × 102

	
<10

	
7.50 × 102

	
<10




	
Yeast

	
3.50 × 101

	
1.50 × 101

	
<10

	
<10




	
Molds

	
7.50 × 101

	
1.30 × 102

	
<10

	
<10




	
Water activity

	
0.303

	
0.336

	
0.314

	
0.428
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