

[image: image1]
Physics-Based Digital Twin Identifies Trade-Offs Between Drying Time, Fruit Quality, and Energy Use for Solar Drying
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Solar drying is regarded as a less reliable process compared to continuous hot-air drying due to the intermittency of solar radiation. This problem is mitigated by equipping solar dryers with thermal storage, dehumidifier units, or auxiliary heating that enhances drying continuity during night time. In this study, we combine a mechanistic fruit drying model, quality models (vitamin C decay and browning reaction) and weather data to evaluate the drying characteristics and quality evolution of apple fruit with and without the aforementioned improvement strategies. By coupling to measured weather conditions, a digital twin of the drying fruit is established. The twin outputs drying times and final product quality for a specific fruit type and size, a particular dryer configuration, and specific weather conditions. The trade-offs between drying time, final product quality and energy use for the different improvement strategies of solar drying are documented. We found that solar drying may benefit from the slower drying due to the improvement of product quality. Compared to the other improvement strategies, dehumidification of the drying air is shown to be superior in retaining the vitamin C content and prohibiting the browning reaction. However, in general, drying with auxiliary heating is found to balance the trade-offs between drying time, final product quality and energy use since the weather-dependency of the process is mitigated. Additionally, we quantified the impact of a pre-treatment process that modifies the permeability of the fruit tissue by breaking the cell membrane. We found that inducing such lysis is more effective in decreasing the drying time when drying is conducted at low (room) temperature. This study shows that using the developed digital twin, future drying process and control strategies could be optimized in real-time for every single drying run.

Keywords: solar drying, multiphysics modeling and simulation, weather data, fruit quality, energy consumption


INTRODUCTION

Solar drying offers a sustainable way for food preservation. However, solar drying usually needs longer drying times compared to conventional convective drying methods, e.g., forced-convective hot-air drying. The process relies on the amount of solar radiation availability and the daily variations of air temperature and humidity (Dina et al., 2015). Weather condition variations thereby cause differences in drying time and final product quality for each drying run (e.g., vitamin content; Ratti and Mujumdar, 2004). Such differences challenge dryer operators to identify when a product is sufficiently dry and also require frequent checking to avoid over-drying. The research on solar drying strives to achieve a fast drying process, with the highest possible quality and least potential variability in quality between individual drying runs. Improvements in solar drying technologies mainly focused on trying to maintain an elevated supply air temperature and/or low humidity level during nighttime. Three main strategies are commonly applied: integration of thermal energy storage systems, air dehumidification or auxiliary heating in the drying system. Thermal storage implies that a part of the solar energy is stored during day time and is released to the system during nighttime (Aboul-Enein et al., 2000; Bal et al., 2010; Arun et al., 2020). The solar energy can be stored in the form of sensible heat (Ayyappan et al., 2016) or latent heat (Jain and Tewari, 2015; Ayyappan et al., 2016; Reyes et al., 2019; Salih et al., 2019; Babar et al., 2020). Another strategy is to decrease the humidity level of the incoming air by employing passive dehumidification. Solid desiccants, such as silica gel and activated alumina are preferred to liquid desiccant, due to their lower cost and simplicity (Hodali and Bougard, 2001; Kabeel, 2009). External auxiliary heating of the air is also applied to dry during the off-sun period. This system requires electricity (Ouaabou et al., 2020) or heat provided by the combustion of fossil fuels (Smitabhindu et al., 2008; Murali et al., 2020) or biomass (Ait Hammou and Lacroix, 2006; Madhlopa and Ngwalo, 2007; Kiburi et al., 2020; Manrique et al., 2020). The analysis and control of the solar drying process are mainly based on the evaluation of drying kinetics, i.e., the mass loss over time and the remaining water activity of the product (Mustapha et al., 2014; Li et al., 2017). Limited information is found on how the drying strategies are controlled based on the current weather conditions. This is surprising since the weather conditions have a key influence on the drying kinetics, the dehydration-rehydration cycles, and the quality evolution of the product. Here, the drying time should be sufficient to reach a water activity, which enables safe, long-term storage of the dried product. On the other hand, over-drying should be avoided, particularly concerning the final product quality. An optimized drying time and temperature could help to retain micronutrients and bioactive compounds (Stamenković et al., 2020), which improves the quality of the diet.

To better control the solar drying for every drying run, we need to know or predict the drying kinetics and product quality in real-time. For this purpose, numerical modeling and simulation can be used. Most modeling works have been focused on the optimization of drying operational conditions, dryer design and drying time (Tarigan, 2018; Purusothaman and Valarmathi, 2019; Román-Roldán et al., 2019). Comprehensive solar drying modeling that also includes weather factors, such as in Simo-Tagne and Bennamoun (2018) and product quality factor is scarce. In the context of quality modeling, kinetic of nutritional degradation and browning reactions due to the temperature-driven biochemical reactions (Link et al., 2017) have been investigated to predict the evolution of these quality attributes as a function of drying time, product temperature and moisture content (Van Boekel, 2008; Devahastin and Niamnuy, 2010). These quality models ideally receive input on product temperatures and moisture contents from reliable drying simulations to accurately assess the quality during the drying process at given conditions. Drying of soft cellular material, like fruits or vegetables, is however a complex process, involving heat and mass transfer as well as large deformation of the cellular structure. These microstructural changes, in turn, affect the water transport in the tissue. Accurately simulating these coupled processes is therefore challenging, involving precise material properties (effective permeability or diffusivity), but is essential to simulate the resulting dehydration process and quality evolution reliably. Often, however, solar drying simulations use simplified empirical thin-layer drying models (Togrul and Pehlivan, 2004; Atalay et al., 2017; Rodríguez-Ramos et al., 2020). Such model output lacks a spatial and temporal resolution of the governing variables, i.e., moisture content and temperature, and only capture gradients in the lateral direction of the product. There are advanced mechanistic models available that are based on the fundamental physical processes that occur during drying, including heat and mass transport and structural deformation (Datta et al., 2012; Gulati et al., 2016; Defraeye and Radu, 2018). Recently, a multiscale model was presented, where fruit drying was modeled from the cellular scale up to the entire product by upscaling method (Prawiranto et al., 2020). This physics-based model can capture the complex drying kinetics during a solar drying process as well, including the impact of dehydration-rehydration cycles, but has not been applied in the modeling of solar drying to our best knowledge.

This paper presents an upscaling-based mechanistic drying model that is combined with quality decay models and measured weather data. By such a coupling of the virtual representation of fresh horticultural produce with the real-world process, a digital twin of the drying fruit is established. This twin is linked to the real-world product by sensors supplying data of the environmental conditions near the target fruit or vegetable. In this study, it is used to assess how different improvement strategies of solar drying and variations in weather conditions change the material drying kinetics, such as the dehydration-rehydration cycles, and the quality evolution. Additionally, the need for an additional pre-treatment process that promotes changes in material moisture permeability is analyzed. In the subsequent section, solar dryer configurations without and with improvement strategies (heat storage, dehumidification, and auxiliary heating) are built up. Next, different weather conditions are taken for running solar drying simulations. The summer weather conditions in Henan Province of China, a major apple-producing region, are selected as testing drying conditions. China is the biggest producer of apple fruit in the world (Damos et al., 2015) and is rich in solar energy resources with total annual radiation of 5,000 MJ/m2 (Zhang et al., 2011). Therefore, that region is interesting for solar dryer development.



MATERIALS AND METHODS

A basic solar dryer consists of a solar collector and a drying chamber. The conditions of the inlet drying air in the drying chamber depend on the weather and are determined by solving the heat and mass balance in the solar collector. Given these calculated drying conditions, the fruit drying process and quality evolution (vitamin C and browning) are simulated based on the validated drying model of Defraeye and Verboven (2017). The water transport properties of the drying model are taken from Prawiranto et al. (2020), in which they are calculated from microscale drying modeling and agree well to the values from experimental studies.


Solar Dryer Configuration

The basic solar dryer that is used for modeling is presented in Figure 1A. It is based on the solar dryer developed by Reyes et al. (2013) and Vásquez et al. (2019). The solar dryer has a single-pass flat plate collector, which is 1.2 m wide and 2.9 m long. The detailed configuration can be found in Supplementary Material. The collector consists of a glass cover, an air channel, an absorber plate, and an insulator. The absorber plate is made of black-painted zinc, which is often used as an absorber material since it has high solar radiation absorption and thermal conductivity (Mujumdar, 2014). For model simplification, the zinc plate is assumed flat without fins. The glass cover and the zinc plate have a thickness of 0.007 m, while the air channel has a height of 0.07 m. To minimize the heat loss from the absorber, an insulator made of mineral wool is placed under the absorber. The insulator has a thickness of 0.05 m. The food drying chamber is 1.9 m wide, 0.55 m long, and 0.46 m high. The airflow is induced by a fan. Different modes of heat transfer take place in the solar collector (Reyes et al., 2013; Vásquez et al., 2019): (1) convective heat transfer between the glass cover and inside air, glass cover and ambient air and between the absorber and inside air, (2) radiative heat transfer between the glass cover surface and absorber plate surface, (3) radiative heat absorption by the glass and absorber plate, (4) conductive heat transfer between the absorber and insulator, and (5) convective heat transfer between the insulator and the ambient air.


[image: Figure 1]
FIGURE 1. Solar dryer configuration used in the modeling: (A) the basic configuration, (B) solar collector with thermal storage made of sand bed, (C) solar dryer equipped with a dehumidifier unit consisting of silica gel, and (D) solar dryer equipped with an auxiliary heating unit (air heater). The basic configuration is based on the solar dryer developed by Reyes et al. (2013) and Vásquez et al. (2019).


Based on the base case, improved drying strategies for the solar dryer are proposed. The first improvement is a solar dryer that is equipped with thermal storage that is installed under the absorber plate (Figure 1B). This configuration is based on the study of Aboul-Enein et al. (2000). The storage is made of a sand bed and utilizes the sensible heat transport into the sand to store partially the energy received from the sun. The stored energy is then automatically released during the nighttime to increase the drying air temperature. This release is driven by convection since the air temperature in the solar collector falls below that of the thermal storage, which induces convective heating of the air. The thermal storage is 1.2 m wide and 2.9 m long. The effect of sand bed thickness on the dryer performance is explored further in section Geometry and Boundary Conditions. This drying strategy only affects the temperature and does not affect the absolute humidity of the drying air. The second drying strategy adds a dehumidifier unit to the dryer, by placing it in front of the solar collector to reduce the humidity of the intake air (Figure 1C). This configuration is based on the work of Hodali and Bougard (2001) and Kabeel (2009). The humidifier is filled with silica gel as the desiccant. The third drying strategy employs an auxiliary heating unit that is placed downstream of the solar collector and is used to supply additional heat during nighttime (Figure 1D). The system mimics a fuel or biomass burner that can generate a constant heat flux (Madhlopa and Ngwalo, 2007). This configuration does not affect the absolute humidity of the drying air, but only the supply air temperature.

Given the inlet temperature, inlet humidity, and incoming solar radiation, the temperature and humidity of the air leaving the solar collector and entering in the drying chamber (T2 and RH2) are computed by solving the energy and mass balance in the solar collector for the basic and improved drying strategies. The detailed modeling approaches are presented in the Supplementary Material.



Modeling of Fruit Dehydration
 
Drying Modeling

The drying model is adopted on the macroscale drying model of Prawiranto et al. (2020). The drying model gives 7% differences (on average) in the mass loss for water content between 5.5 until 1 (dry base) when it is validated with experimental data. The model is used to calculate the heat and moisture transfer in fruit tissue during drying. The following conservation equations for moisture and energy are solved simultaneously:
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The water capacity and effective permeability are linked with effective diffusivity and dry matter density as:

[image: image]

In contrast to most drying research, which uses an empirically determined Keff or Deff (Castro et al., 2019; Onwude et al., 2019), Keff and CΨ (Figure 2) are taken from the microscale simulation Prawiranto et al. (2020). By doing so, the drying model in this study also incorporates the information about the dependency of water transport properties on the dehydration state and shrinkage of the cellular structure. Here, Keff decreases at lower water activity and increases at a higher temperature. The water potential is related to water activity by:

[image: image]

The airflow field around the fruit is not modeled explicitly, but it is modeled by convective transfer coefficients: the convective mass transfer coefficient, CTMC, and the convective heat transfer coefficient, CHTC. With regard to the geometry set-up in section Geometry and Boundary Conditions, the CHTC was calculated based on the assumption of a cylinder placed in a turbulent flow parallel to the length of the cylinder (Wiberg and Lior, 2005):

[image: image]

l(t) is the difference between the outer and inner radius of the ring as a function of time t [m]. Reynolds number is a dimensionless number that indicates the ratio of inertial forces to viscous forces and describes the types of flow, e.g., laminar or turbulent flow. It is calculated as:

[image: image]

The CMTC was calculated from CHTC using the heat and mass transfer analogy (Chilton and Colburn, 1934; Defraeye et al., 2012). The following boundary conditions are specified at the air-tissue interface, implying the continuity of moisture and heat fluxes:
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The enthalpies of water vapor and liquid water are calculated as:
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The specific latent heat, Lv is set constant at 2,260 kJ/kg, reflecting evaporation at a standard pressure of 1 atm.


[image: Figure 2]
FIGURE 2. (A) Effective permeability and (B) water capacity used in the drying simulations taking into account the effect of microstructural changes (free shrinkage) on the tissue water transport properties (Prawiranto et al., 2020)—Reproduced by permission of The Royal Society of Chemistry.




Dehydration-Driven Deformation Modeling

For the deformation simulation, the linear momentum balance for the material is solved (Bonet and Wood, 2008):
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The second Piola Kirchhoff stress tensor is defined as a function of the strain energy density:
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The elastic Green-Lagrange strain tensor is described as:
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The neo-Hookean constitutive model is chosen to account for the large material deformation occurring due to moisture loss (Gulati and Datta, 2015), and the deformation is assumed to be isotropic. Here, the strain energy density function is:
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K and G are determined from the elastic Young modulus and the Poisson's ratio:

[image: image]

[image: image]

The elastic Jacobian is obtained as the ratio of total Jacobian and volume changes due to moisture effects:
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During drying, Vt is assumed to be equal to the volume of the water removed from the tissue. It is formulated as follow:

[image: image]

The shrinkage coefficient is then can be calculated as:
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The material properties of the fruit tissue are presented in Table 1.


Table 1. Material properties of fruit tissue for the drying simulation.

[image: Table 1]



Quality Evolution Model

In this study, the fruit color and vitamin C content are used to represent the quality degradation of apple fruit during drying. The color degradation during drying affects visual appearance, which is important for consumer acceptability. Although the actual chemical reactions that induce a color change are rather complex to model, the color degradation due to non-enzymatic browning (Maillard) reaction can be simply modeled with sufficient accuracy using a zero-order kinetic rate law (Van Boekel, 2008). The formation of brown pigment in the product can be measured based on the product's absorbance at a wavelength of 420 nm, in which the extent of the browning can be modeled as Vaikousi et al. (2008):
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kb is a function of temperature and evaluated by using a modified Arrhenius equation:

[image: image]

The Arrhenius model gives 5% error relative to the observed experimental data (Vaikousi et al., 2008). The retention of vitamin C is used as an indicator of the preservation of the nutritional content, as it is the least stable compound and is rapidly destroyed during drying at elevated temperatures (Maeda and Salunkhe, 1981). The vitamin C decay is assumed to follow a monomolecular degradation reaction (Timoumi et al., 2007) in which the kinetic is modeled using first-order rate law (Villota and Hawkes, 2018):

[image: image]

where Cc is the ascorbic acid concentration at time t, and kc is the reaction rate constant of ascorbic acid decay. The relationship between the reaction rate and the temperature is described by the Arrhenius relationship:

[image: image]

The values of the model parameters are obtained from Timoumi et al. (2007) and valid for a temperature range of 30–60°C. The model parameters for quality modeling are presented in Table 2.


Table 2. Model parameters for the quality model.

[image: Table 2]



Geometry and Boundary Conditions

An apple ring is used as the geometry representative for the apple fruit inside the dryer. The geometry is chosen as it is often used for commercial dried apple chips. In industrial drying ovens, the apple rings are usually placed on meshes that allow convective moisture and heat transport from all sides of the ring. To mimic this setting, a ring with an outer radius of 5 cm, an inner radius of 0.75 cm, and a height of 0.5 cm is used (Figure 3A). Due to symmetry, only one-eighth of the geometry is modeled (Figure 3B). Zero-flux boundary conditions and zero normal displacements are imposed on the symmetry planes. The boundary and initial conditions for the drying simulation are detailed in Table 3.


[image: Figure 3]
FIGURE 3. (A) Apple ring used for drying simulation. Due to symmetry, only one-eighth of the ring is modeled (highlighted in green). (B) The boundary conditions imposed on the computational domain.



Table 3. Boundary and initial conditions.

[image: Table 3]



Model Configurations

Several model variations are simulated to evaluate and compare the drying characteristics and final product quality of apple tissue for the different solar drying strategies and weather conditions.

• Comparison of hot-air and solar drying

Solar drying using the dryer configuration in Figure 1 is taken as the base case. Here, typical summer weather conditions in Henan Province of China, a major apple-producing region, are selected as drying conditions. The weather data of June 4th 2019 is used. The drying day is cloud-clear and has an average temperature around 27°C during the day and night, which likely provides ideal drying conditions during summertime. The data are obtained from www.meteoblue.com (Meteoblue AG, Switzerland). The inlet temperature, relative humidity, and solar radiation are shown in Figures 4A,B. The outlet temperature and relative humidity of the air leaving the solar collector are given in Figures 4C,D (black lines), respectively. The drying process is assumed to start at 08.00 a.m. and runs for 72 h (3 days) by repeatedly simulating with the obtained outlet temperature and relative humidity. The base case simulation is compared with a drying simulation of hot-air drying at a constant temperature of 60°C. The latter mimics the common drying conditions in an industrial dryer. In this case, it is assumed that the temperature is regulated at 60°C (Figure 4C). The inlet absolute humidity, i.e., the total mass of water vapor present in a given volume of air, follows the fluctuation of the ambient humidity specified in the base case. The resulting relative humidity of the drying air is plotted in Figure 4D (red line).


[image: Figure 4]
FIGURE 4. (A) Inlet temperature (black line) and relative humidity (red line) and (B) solar irradiation obtained from the weather data. (C) Temperature and (D) relative humidity of the drying air at the outlet of the solar collector (black lines) compared to the temperature and relative humidity (red lines) for the modeling of constant hot-air temperature drying.


• Comparison of improved solar drying strategies

The different improved solar drying strategies are simulated, and their performance is compared to the base case. Different dryer configurations, as explained in section Solar Dryer Configuration, are simulated. For a solar dryer with thermal storage, two sand bed heights of 5 cm and 10 cm are simulated. For a solar dryer with a dehumidifier unit, desiccant volumes of 0.5 and 1 m3 are simulated. In a solar dryer with auxiliary heating, two-burner systems with a power of 50 W and 100 W are modeled. The resulting outlet air temperature and relative humidity at the collector outlet (T2, RH2), i.e., at the inlet of the drying chamber, for each drying strategy are presented in Figure 5. Figure 5A shows that thermal storage dampens the fluctuations in temperature and RH during the day and nighttime. The temperature and RH fluctuation is milder when the storage height is increased, due to a larger heat capacity. In a solar dryer with a dehumidifier unit (Figure 5B), the temperature remains similar to the temperature in the base case as the solar collector has the same design. It is assumed that there is no latent heat effect. A larger volume of desiccant results in more effective moisture removal from the inlet air, thus lower air humidity levels. Note that the desiccant regeneration process is not considered in the modeling of the dehumidifier unit, and the desiccant can become less effective after some time due to saturation. However, it is found that in the two dehumidification cases with 0.5 m3 and 1 m3, a saturation of the desiccant is not attained within the simulated drying period. In a solar dryer with auxiliary heating (Figure 5C), a larger heating power will obviously yield a higher drying air temperature as the air volumetric rate that is passed through the heating system is kept the same in both cases. As a consequence, also lower values in relative humidity are attained (Figure 5C).


[image: Figure 5]
FIGURE 5. Solar collector air outlet temperature T2 and relative humidity RH2 for solar drying equipped with (A) thermal storage, (B) dehumidifier unit, and (C) auxiliary heating.


• Comparison of solar drying under various weather conditions and cellular dehydration mechanisms

Solar drying under different cellular dehydration conditions is simulated to investigate its impact on the drying time and final quality in a solar drying process. Here, four cases are considered:

- Solar drying using the base case configuration where the free shrinkage cellular dehydration mechanism is assumed (BC). Free shrinkage means that the fruit cells only shrink when they are being dehydrated.

- Solar drying using the base case configuration with a pretreatment process that induces lysis (LY). Lysis means that the fruit cells shrink and their membrane breaks when they are being dehydrated. The membrane breakage implies an easy path of water transport due to the removal of membrane resistance.

- Solar drying using an auxiliary heater with free shrinkage assumption (AX).

- Solar drying using an auxiliary heater with a pretreatment process that induces lysis (AXLY).

Solar drying under different weather conditions is simulated to investigate the variability of the drying time and final quality attributes between different drying runs. For all of the drying cases, three 3-day periods in June 2019 are selected and categorized as:

- Cloudy, which is the 3-day period when the total cloud cover is the highest (June 24th−26th, 2019).

- Sunny, which is the period when the total cloud cover is the least (June 1st−3rd, 2019)

- Rainy, which is the period when the total precipitation is the highest (June 6th−8th, 2019).

The weather conditions for these periods (inlet temperature, inlet RH and absolute humidity, incoming solar radiation) are plotted in Figure 6. The sunny period is characterized by high temperature, high solar irradiation, and mild (absolute) humidity. In the rainy period, the temperature is observed to be high, which is combined with low solar radiation and high humidity. During the cloudy period, all three variables are lower. The drying processes are simulated for 3 days (72 h). The outlet drying temperature (T2) and relative humidity (RH2) for each drying period, both for drying with base case configuration and auxiliary heating, are detailed in the Supplementary Material.


[image: Figure 6]
FIGURE 6. (A) Temperature, (B) relative humidity, (C) absolute humidity, and (D) solar irradiation for different periods of drying: cloudy, sunny, and rainy period.




Performance Metrics

The drying process is evaluated based on four metrics:

• Minimum drying time, which indicates the earliest time that the drying process can be stopped. It is defined as the time required to decrease the average tissue water activity to a value of 0.6. This is the maximum water activity that a product can have to be safely stored after drying (Perera, 2005; Labuza and Altunakar, 2008; Bonazzi and Dumoulin, 2014). Below this value, the risk of growth of molds and pathogenic microorganisms is strongly reduced. While the water distribution may not be uniform at the time the drying is stopped, the moisture will eventually redistribute and equilibrate during storage or within the packaging, where the relative humidity is typically below 60% (Miranda et al., 2019).

• Preserved vitamin C, as an indicator of final quality, at the minimum drying time indicated in point (a).

• Color changes due to the browning reaction, which is reflected by the absorbance value at the minimum drying time indicated in point (a).

• Energy consumption, which is the energy used during the drying process (in kWh), if any. It is calculated from the start of the drying process until the minimum drying time for each case is attained. Here, the calculated energy consumption is the net energy required to heat the drying air, without taking into account the efficiency of the heating system.




Numerical Simulations

The simulations are performed using the finite element method in COMSOL Multiphysics version 5.4. Based on a mesh sensitivity analysis, the fruit tissue domain is meshed into 8,600 hexahedral elements. The governing equations of moisture and heat transport were implemented in the coefficient form PDE interface. The Structural Mechanics and Non-linear Structural Materials modules of COMSOL are used to model the structural deformation. A direct MUMPS solver was adopted to solve the resulting systems of equations. The dependent variables are solved by using a segregated solver, in which the heat and water transport are solved first after which the deformation is solved. Based on sensitivity analysis, the relative tolerances for convergence are set at 104 for all solved variables. Based on a temporal sensitivity analysis, a maximal time step of 300 s is set using adaptive time stepping. The 3-day drying simulation, for each case, takes approximately 20 h on a 2.50 GHz 8-core Intel Core i7 processor with 32 GB RAM.




RESULTS


Drying Characteristics During Solar Drying

The effectiveness of a solar drying process is assessed by comparing the drying curve with the one from a forced convective, hot-air drying process at a constant elevated temperature, namely 60°C in this study. The latter is common practice in large-scale industrial drying processes. The comparison of the water content and drying rate of solar drying (base case) and constant-temperature drying are presented in Figure 7. For drying at 60°C, the water content in the fruit is steadily decreasing. During solar drying, however, several distinguishable drying periods are observed from the water content, drying rate, and Kircher's curve shown in Figure 7. The corresponding water content and permeability profile within the fruit are presented in Figure 8. From point A to B, during the first 6 h of the drying process, the drying rate is increasing as the water content decrease (Figures 7A–C, 8a, point A to B). Drying starts at 8.00 a.m., in which the outlet temperature increases and the absolute humidity decreases progressively until noon (see Figures 4C,D). Both result in an increase in vapor pressure deficit leading to an increase in drying rate. The drying rate is also high due to the higher water permeability of the fruit at the high water content of the fruit tissue (Figure 8b, point A to B). Such high permeability allows faster moisture migration from the inner tissue to the surface. The high drying rate results in a high gradient of water content inside the tissue (Figure 8a, point B). In this period, water is removed at an almost equal rate from all surfaces. From point B to C, the drying rate is decreasing during the afternoon because of the decreasing temperature. An additional reason is that the effective permeability of the fruit tissue decreases, which implies a lower flux for a similar driving gradient. Water removal occurs preferentially from the upper (and lower) part of the apple ring. The reason is that dried tissue with a lower permeability is formed close to the lateral surface of the inner radius, with a permeability that is almost half of that of the upper surface (Figure 8b). From point C to D, the drying rate becomes very low (almost zero). This period occurs during the first night because the vapor pressure in the drying air and at the tissue surface have values that are very close to one another. This period allows the water to redistribute within the tissue (Figure 8a, point C to D), which makes the water content profile more uniform. From point E to F, the drying rate becomes negative, which implies that rehydration takes place. During this period, the vapor pressure at the tissue surface is lower than the vapor pressure of the drying air, driving moisture from the air to the sample. The tissue thereby absorbs water vapor from the air and partially rehydrates (Figures 7B,C). Rehydration only occurs during the second night because the tissue has been already severely dehydrated. Drying with a constant temperature of 60°C shows no rehydration, with a water content that is constantly decreasing from point A to D. From the Kircher's curve in Figure 7C, it can be seen that there is a quasi-constant drying period when the water content is around 5 until 2 kg/kgdm, before the drying rate falls afterward.


[image: Figure 7]
FIGURE 7. Comparison of (A) water content, (B) drying rate, and (C) Kircher's curve during solar drying and drying at a constant temperature of 60°C. Point A represents the initial condition. The gray zones indicate the night periods.



[image: Figure 8]
FIGURE 8. (a) Base case water content and (b) permeability profiles in the deformed apple slice at different point of drying time. Every drying point (A–F) corresponds to the point in Figure 7.




Changes in Fruit Quality During the Solar Drying Process

Figure 9 shows the time evolution of the volume-averaged water activity and temperature as well as the vitamin C decay and browning formation for both solar drying and drying at 60°C. The drying process is stopped at a water activity (aw) threshold value of 0.6 (end of the solid line in Figure 9). The square dots show the final value of each parameter at the end of the drying process. The drying time for solar drying is 10 h longer than for drying at 60°C (Figure 9A). Figure 9B shows that at the beginning of the drying process, the product temperature decreases for hot-air drying for about the first 7 h due to the evaporative cooling effect, after an initial transition period where the sample heats up (Figure 9B). Afterward, the temperature increases again since the mass flux from the sample reduced significantly (Figure 7B), so also the evaporative cooling effect.


[image: Figure 9]
FIGURE 9. Comparison of volume-averaged (A) water activity and (B) temperature between solar drying and constant-temperature drying at 60°. Water activity and temperature are used to predict (C) the vitamin C decay and (D) the enzymatic browning absorbance of the apple tissue. Solid lines depict the progression of each parameter before the critical drying time is reached, at a water activity value of 0.6. The square dots show the final value of each parameter at the end of drying processes.


In general, we expect that a longer drying time has a negative impact on both quality attributes. Due to the lower drying temperature in solar drying, however, the vitamin C decay is slower during solar drying than during hot-air drying. The vitamin C retention of the final dried product is slightly worse for solar drying (30%) compared to constant-temperature drying (38%) due to the significantly longer drying time (Figure 9C). On the other hand, solar drying performs better in limiting color change, so the browning reaction. Solar drying shows half of the absorbance predicted in the constant-temperature drying (Figure 9D). Here, we can see that during the night, the progression of the browning reaction is lower due to the decreased tissue temperature, as indicated by Equation (21).



Impact of Improvement Strategies on the Drying Characteristic and Product Quality

In this section, we evaluate the performance of improved solar drying strategies in terms of enhanced drying rates and final product quality. Figure 10 compares the water loss and drying rate between the solar drying (base case configuration) and solar dryers equipped with thermal storage, a dehumidifier unit or auxiliary heating. To better assess the performance of each of these drying strategies, a radar chart in Figure 11 is used to compare different performance metrics. There are four performance metrics to quantitatively assess the ability of each strategy to (1) conserve energy, (2) shorten the drying time, (3) preserve the vitamin C, and (4) prevent the browning reaction.


[image: Figure 10]
FIGURE 10. Comparison of water loss and drying rate between the solar drying in base case configuration and solar dryer equipped with (A) thermal storage, (B) dehumidifier unit, and (C) auxiliary heating. The dots represent the water content and surface mass flux at the end of the drying time.
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FIGURE 11. Comparison of the performance of different solar drying strategies assessed by their abilities to conserve energy, shorten the drying time, preserve the vitamin C, and prevent the browning reaction. The value in each category is obtained by normalizing it against the worst (0) and best (1) performance. The number in the bracket is the total score in each drying case. Drying with 1 m3 desiccant has the highest total score of 3.6. These data are only valid for the weather conditions specified in Figure 4.


The scoring of performance metrics is done by normalizing the result against the best and worst-performing case in each metric.

[image: image]

where pmb and pmw are the best and the worst results in each performance metric, respectively. To evaluate the effectiveness of improvement strategies, the total performance score of each drying case is compared to the one of the base case (1.2).


Drying With Thermal Storage

The addition of heat storage aims to make the drying system more independent of the weather conditions. As explained in section Geometry and Boundary Conditions, thermal storage dampens the drying-air temperature and RH fluctuations between the day and night. Compared to the base case, the drying rate is reduced during the daytime, as heat is also used for thermal storage and not only to heat up the air. The drying rate is higher during the nighttime as the stored heat is released again. The product can, therefore, still effectively dry during nighttime (Figure 10A). In this case, drying proceeds more continuously until the product is sufficiently dried to a water activity aw of 0.6. Regarding the drying time, drying with thermal storage shows to prolong the drying by 1 and 2 h for the 5 and 10 cm of the storage height, respectively. The higher drying rate during the night does not compensate for the lower drying rate during the daytime. The reason is that too much heat is used to load the storage unit during the daytime for the case that was considered in this study. One way to mitigate this problem in part is to load the thermal storage unit already with heat the day before starting the drying process. The fruit quality prediction suggests that there is no significant difference in the vitamin C decay and the progress of browning reaction between the thermal storage and the base case (Figure 11). Drying with heat storage gives the total performance scores of 1.2 and 1.0 for the 10 cm case and 5 cm case, respectively. No improvement or even a lower score is found compared to the base case. Note that this conclusion is based on sand as thermal storage. Other material might give different results due to their thermo-physical characteristics. Water can be considered as practical storage material due to its availability, low cost, and good heat capacity (Bennamoun, 2013).



Drying With Dehumidifier

The reduction of drying air humidity using a dehumidifier is found to effectively increase the drying rate during the day and allows also to dry more effectively during the night, compared to the base case (Figure 10B). Drying with a 0.5 and 1 m3 volume of desiccant dry both faster than the base case, up to a difference of 17% with the base case drying time. Another benefit of drying with a desiccant is that the drying temperature can be kept lower, similar to the base case. The combination of short drying time and low-temperature drying makes this drying strategy superior to the others in three categories: the best energy conservation, the best vitamin C retention (43% better than the base case) and reduced browning (50% lower absorbance than the base case) (Figure 10). Consequently, the total performance scores (3.6 for 1 m3 case and 2.9 for 0.5 m3) are superior compared to the base case's.

It should be noted that the performance of solar drying using a dehumidifier depends on the amount of desiccant. Dehumidification has been associated with a high cost and leading to a complicated system especially when desiccant regeneration is required. In this study, the desiccant is only used for one 3-day drying run, thus without regeneration. It justifies the assumption of no-energy consumption for solar drying using the humidifier unit (Figure 11). However, if the desiccant needs to be reused in the subsequent drying process, the regeneration must be done and energy is required to dry the desiccant. A study by Chramsa-ard et al. (2013) shows that by the integration of regeneration system in the dryer, as such that the desiccant is regenerated by using only solar energy, the solar collector efficiency is decreased by 3% because part of the collected heat from solar radiation is used for desiccant regeneration.



Drying With Auxiliary Heating

The usage of auxiliary heating during the nighttime ensures the continuity of the drying process by increasing the air temperature up to 20°C (Figure 5C), inducing a short drying time (Figure 10C). Drying with an additional power of 100 W decreased the drying time by 33%, the fastest compared to other improvement strategies. It even gives a comparable drying time as drying at a constant temperature of 60°C, although the drying temperature never reaches 60°C during nighttime. In fact, the drying rate during the first night is higher in the 100 W case (compare Figure 7B and Figure 10C). The preceding low drying rate period at the late daytime (in this drying case, from 6 to 11 h, where 0 h refers to the start of the drying at 8 am) results in a smaller gradient of water content between the core and surface of the tissue. As a consequence, the surface water activity in the 100 W case is higher compared to the drying at 60°C, thus higher drying rate. While a short drying time is preferable for vitamin C retention, an increase in temperature at nighttime accelerates the browning reaction. Yet, in the 100 W case, the final browning is 19% less than in the base case (Figure 11) due to the shorter drying time. The 100 W case is the worst performer for energy conservation with 0 score, as it consumes the most energy at the end of the drying (0.92 kWh). The 50 W case consumes 0.55 kWh of energy and gets a score of 0.37 for energy conservation. The total score for the 100 W case is 2.3, which is better than the base case. The total score for the 50 W case (1.2) is similar to the base case.

The simulated case of drying with 100 W auxiliary heating is found to be the best option when it comes in reducing the drying time, compared to the other simulated cases. However, care has to be taken that the additional heat does not result in a drastic temperature increase, which can result in an acceleration of quality degradation. In this case, temperature control must be added to limit the maximum temperature of the drying air. Moreover, the additional energy needed for the heating comes at an additional cost. An innovative method is, e.g., photovoltaic- integrated solar drying, where the energy in the form of electricity is obtained in a cheap, clean and sustainable way (Kumar et al., 2016).




Toward a Physics-Based Digital Twin to Control the Solar Drying Process

Solar drying is a strongly weather-dependent process. Therefore, every drying run is different thus unique. In comparison to conventional hot-air convective drying at a constant temperature, it is much more challenging to determine when a solar drying process is finished, so when the water activity drops below the safety threshold. The physics-based model presented in this paper can be used to predict when the drying process is completed to avoid over- or under drying of the produce for every single drying run. Information on the dehydration state of the product would help operators to decide when to stop drying. To do so, the physics-based modeling needs to be coupled in real-time to the real-world drying process. Note that the modeling should be fast enough to be able to do it in real-time.

By coupling a physics-based model with the real world, a digital twin of the dried product is created. A digital twin is defined as a virtual representation of the product to be dried. The advantage of a digital twin is that it can predict real-time when drying can be stopped, based on the prediction of reaching the threshold for water activity of the tissue. This information will complement the direct water activity measurement of the product during drying. A digital twin contains all essential elements to capture the relevant kinetics of the heat and mass transfer processes inside and around the product and the associated food quality degradation processes. The twin is linked to the real fruit that is dried by relying on sensor data of the measured environmental conditions in its proximity as an input, for example, the weather data. This way, an over-dried product, as well as the rehydration of a dried product leading to a prolongation of the drying process, can be avoided.

In this study, the first step toward such a digital twin is built, by feeding the physics-based model with different weather data. This digital twin is used to identify the variations in drying time and the final quality of the solar drying process due to weather variations. The drying process using the normal solar dryer (basic configuration) and with auxiliary heating is simulated for three different weather conditions, namely 3-day periods of cloudy, sunny, and rainy days. The drying time, vitamin C retention and color change are tabulated in Table 4. The shortest drying time using the normal solar dryer (30 h) is achieved during sunny weather conditions. This period also gives the maximum vitamin C retention (34%) and the least browning (1.7 Au). In the rainy period, the drying was not finished in 3 days as the average water activity of the tissue was still above the critical value of 0.6. The vitamin C retention is at 5% and still decreased further when continuing the drying process. The same applies to the browning reaction that still increased after 3 days of drying. Drying with auxiliary heating results in a drying time from 22 h (sunny days) to 32 h (rainy days). More importantly, the variation in quality attributes due to weather conditions can be reduced, when compared to the base case. The vitamin C retention varies between 26% (rainy days) to 34% (cloudy days), while browning absorbance lies between 1.8 (cloudy days) and 2.8 (rainy days).


Table 4. Drying time, vitamin C, and browning reaction for different solar drying improvement strategies* and weather conditions.

[image: Table 4]

The coupling of the physics-based model with weather data, so building a digital twin, enabled to indicate differences in drying time and final product quality between different drying runs. In the future, such a digital twin can be used in real-time to control a solar dryer for every drying run, if the physics-based model is fed by real-time weather data. In addition, weather forecast data can also be used by the digital twin to make predictions of the future progression of the drying process. For example, in a solar dryer with auxiliary heating, the digital twin will determine when it is the right time to turn on the heater and how much power the system needs. The aim is to achieve an optimum trade-off between drying time and product quality based on the simulated moisture content and temperature. The solar drying models can be refined to accurately model the solar dryer. The dryer model (Supplementary Material) can be further improved to account for the inclination factor of the solar collector. The inclination factor depends on the time and geographical coordinate where the dryer is located. In case a solar tracker is used to find the optimum inclination angle, its energy consumption should also be considered in energy assessment of the whole system. Future study for validation of the proposed physics-based model is also suggested.




CONCLUSION

This study shows a mechanistic drying model that is coupled with fruit quality decay models and weather data to create a digital twin of an apple fruit undergoing a solar drying process. The model predicts the drying time and quality attributes during various drying conditions, and provides spatial and temporal details of the governing drying variables such as moisture content and temperature distribution within the fruit. The modeling complements the information obtained from the direct measurement in the dryer, such as drying air conditions and water activity of the product. It is demonstrated that although solar drying is known to have a longer drying time than conventional hot-air drying due to the intermittency of solar radiation, it may result in drying conditions that are more beneficial for quality improvement (vitamin C retention or product browning). This is because generally, the product is exposed to lower temperatures compared to hot-air drying that is normally used in the drying industry. In the specified dryer configuration, additional thermal storage is not effective in reducing the drying time and improving product quality. In this case, dehumidification of drying air gives a significantly higher total performance score among the other improvement strategies. Dehumidification is superior in retaining the vitamin C content and prohibiting the browning reaction. The drying time is also reduced by 17%, compared to the drying without improvement strategy. On the other hand, the use of auxiliary heating is the best strategy to decrease the drying time (up to 33%). Drying with auxiliary heating is also found to be effective in narrowing down the variation of drying time, vitamin C retention, and browning reaction when the weather conditions vary, thus can be perceived as an all-round solution to improve the solar drying process. This study also shows that inducing cell membrane breakage (lysis) before drying via pretreatment is less effective in decreasing the drying time when drying is conducted at high temperatures. As such, it is not that effective for the solar drying process, where the normal daytime air temperature is in the range of 40–60°C.
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