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ABSTRACT 

 

Solar drying of agricultural products is a practice that has become popular not only because 

it uses renewable energy as the main source of heat; in addition, because it can reduce the waste 

of products that have high water content and that, under normal circumstances, have a short shelf 

life. Solar drying in controlled environments is the safest and most effective way to dehydrate from 

being contaminated during the process by dust, insects, birds, rain, and other environmental 

factors, which reduce the quality of the final product and increase the time it takes to dry as open 

sun drying depends on the ambient environmental conditions. Other advantages of drying in 

controlled environments, for instance in a greenhouse, include the ability to use the greenhouse 

effect in favor, heating the air before introducing it into the drying chamber or directly in the drying 

chamber, reaching temperatures higher than those present in the outdoor environment; the capacity 

for precision control and the reduction of UV radiation, which can decompose and change the 

color of the products, produce dehydrated foods in less time and with better qualitative 

characteristics without losing vitamins or nutritional substances that are desirable to preserve. 

 

Solar drying of agricultural products is a practice that has become popular not only because 

it uses renewable energy as the main source of heat; in addition, because it can reduce the waste 

of products that have high water content and that, under normal circumstances, have a short shelf 

life. Solar drying in controlled environments is the safest and most effective way to dehydrate the 

tomato slices and prevent the products from being contaminated during the process by dust, 

insects, birds, rain, and other environmental factors, and reduce the quality of the final product and 

increase the time to dry because the open sun drying is highly dependent on the ambient 

environmental conditions. Other advantages of drying in controlled environments, for instance in 

a greenhouse, include: the ability to use the greenhouse effect heating the air; the ability to achieve 

air temperatures higher than those present in the outdoor environment; the capacity for precision 

control and the reduction of UV radiation, which can decompose and change the color of the 

products; produce dehydrated foods in less time and with better qualitative characteristics without 

losing vitamins or nutritional substances that are desirable to preserve. 

 

The mathematical modeling of greenhouse as solar dryers is of interest due to the 

complexity of the drying process. Since drying is a process that involves mass and heat exchanges, 

changes of state in the matter, and with different scales, the modeling approach can be diverse for 

various products with different geometries, coefficients, and physical characteristics, as well as the 

dryer’s physical attributes. The mathematical modeling of [greenhouse as] solar dryers is to the 

complexity of the drying process. Since drying is a process that involves mass and heat exchanges, 

changes of state in the matter, and with different scales, the modeling approach can be diverse for 

various products with different geometries, coefficients, and physical characteristics, as well as the 

dryer’s physical attributes.  

The thin-layer models have predominated over the modeling of mass and energy exchange 

between air and the product in the form of ordinary differential equations, partial equations, or 

finite-difference equations. The thin-layer approach is limited when the temperature at which the 

product is dehydrated is not constant, as well as if the thickness is greater than 5 mm.  

The models with differential equations, based on energy and mass balances, have an 

advantage over those of thin layers, because they contemplate more states and variables than just 

the drying time. However, one limitation is how the processes are modeled at the product level. If 
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the air inside a dryer is considered, the volume will be greater than the volume of the product and 

the change in the mass of water that is inside the product causes problems when trying to model it 

with two different size scales. These differential equations usually use the thin-layer 

approximation, thus achieving that the change in the moisture content of the product can be 

modeled once the thin-layer drying of the product has been studied. Other approaches for product 

modeling solve mass and energy balances, but only up to the product boundaries where the 

surrounding drying medium is not considered.  

Computational Fluid Dynamics (CFD) allows for understanding the airflow that is 

generated in the different dryers and to study the variation in temperature due to the design and 

even the position of the sun. Nevertheless, as with the ordinary differential equations approach, 

product modeling remains a challenge to overcome. The CFD is based on partial differential 

equations that can be approximated with algebraic equations when the volume of the dryer is 

discretized and a numerical model is used, that converts each node into an equation to be solved 

for each variable. The associated computational time and cost increase as the problem domain 

volume increases and simulations can take up to days. The greatest advantage of this approach is 

its ability to understand the process in three-dimensional form and visualize the air inside the dryer 

providing greater details about the flow field. In addition, it allows to evaluate various design ideas 

and what-if scenarios cost and time effectively and offer recommendations for improvements. 

 

Of all the types of dryers, the most common is the cabinet dryer, a small structure (<1 m2) 

where the air is preheated in sections where there is only air. Then, it is introduced to the drying 

chamber, where the product is located. The air remains until the desired temperature is reached, or 

the air is saturated with the moisture of the product. Finally, the air is extracted from the drying 

chamber through a chimney and the cycle is restarted with a renewal of preheated air. The 

generally small size of the drying chamber and preheating element make this type of dryer 

favorable for home production or supervised conditions. This type of dryer is not an option for 

scale-up to increase capacity. 

The greenhouse design has the drying chamber and the air preheating completed in the 

same area. They are usually larger and have a semi-transparent cover allowing sunlight to pass 

through and warms the air by solar heating. With its much larger size (>100 m2), a greater quantity 

of product can be dried, and the quality of the product can be monitored periodically without 

affecting the internal drying conditions of the greenhouse. However, increased size creates 

problems including poor and non-uniform air distribution, possibility of over drying the product if 

the temperature is not well controlled, and the need for more labor to manage the greenhouse in 

terms of product preparation, positioning, cleaning, and collecting. The design of the greenhouse, 

such as use of special covers with filters that can capture long-wave radiation and reduce the 

amount of UV light can also be considered in the design of these dryers. In addition, studies suggest 

the possibility of having greenhouses designed for a dual purpose of agricultural production and 

product drying. Even with the disadvantages of increasing the size, the less contamination, the 

possibility to control the environmental conditions and reduce the drying time is enough to 

consider greenhouses for drying.  

 

A greenhouse-type solar dryer was built and evaluated at the Universidad Autonoma 

Chaping (Mexico). The initial efforts focused on investigating sliced tomato product drying with 

data collection, and with 35 different thin-layer drying models that were evaluated for drying 

tomatoes to determine the best model for this type of drying system and the dried product. The 
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innovation and contribution of this work were the evaluation of semi-theoretical and empirical 

models, analyzing the number of parameters, the assumptions, and accuracy of the model 

predictions confirmed with the data sets available that was not used as part of the model calibration. 

The latter has not included in other thin layer model-based studies, as well as the identifying the 

models with less complexity and better prediction accuracies. The results indicate that the best 

empirical thin layer model was the Regression model with two parameters, an R2 of 0.994 and an 

RMSE of 0.059 when presented with new data (data not used during the calibration process). The 

best semi-theoretical model was the modified Page VI model with two parameters, an R2 of 0.993, 

and an RMSE of 0.06 with new experimental data.  

The Page VI model was recommended for this study since it is a theoretical model with 

only two parameters which reduces the complexity during model calibration. The study also 

concluded not to continue with development of thin-layer models since most of them have already 

been demonstrated with good performance, or to model with other approaches where more 

parameters and variables are involved as they remain under development. Although, it was 

concluded that the use of thin-layer models greatly simplifies the modeling of moisture content in 

agricultural products, they are still limited for detailed understanding of the driving mechanisms 

and phenomena behind solar drying. 

The second part of this dissertation research designed a controller based on black box 

models with the subspace state space system identification (N4SID) approach. The control 

simulation was performed using the methodology of the Model Predictive Controller (MPC), The 

results indicated that there was a reduction in the amount of fan operation required with the use of 

the MPC control when compared to a controller based on a setpoint and an ON/OFF strategy. The 

idea to use an MPC control was for its ability to use measurements and models to decide the 

optimal control strategy over time given the real system actuators limitations.   

The innovation presented with the MPC based control approach is the use of system 

identification to generate a model in state space for the greenhouse-type solar dryer system 

considering the product temperature, air temperature, air relative humidity, greenhouse soil, and 

cover temperatures. The ventilation rate was the input control variable while the air temperature, 

relative humidity, solar radiation outside the greenhouse were considered as disturbances. The 

MPC controllers usually require actuators with analog feedback; however, the fans used in this 

study, ran only at full capacity as soon as they were turned ON. This allowed the fans to be 

considered separate (being able to turn just one or both) and together (both activated at the same 

time) to define the ventilation rate required, which is a novelty used for this control approach. 

Another important feature of this control strategy was to consider the product temperature as the 

variable to make the control decision instead of the air temperature which is traditionally 

controlled. The study indicated that the air temperature can be at a value much higher than that 

required in tomato slices, something not previously studied. 

 

Finally, a CFD model was developed, validated, and used to study a greenhouse-type solar 

dryer. An extensive literature review was performed on the state of the art in CFD modeling for 

greenhouse-type solar dryers. The review revealed that the CFD modeling studies for greenhouse 

solar drying systems are still limited. The current study evaluated air temperature distribution in 

the internal volume of the dryer when the exhaust fans were not operating and there was a cloudy 

day. The dryer, by design, had its air inlets always open, so there could be an exchange between 

the external and internal conditions of the air. The model was evaluated along with measurements 

and once the model was validated, it was used to evaluate design alternatives in the dryer. An 
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alternative air distribution system design was proposed and evaluated that can enhance 

environmental uniformity and provide desired air temperatures especially at the drying product 

locations in the greenhouse solar dryer system. Due to the observed stratification in the air 

temperature inside the dryer, it was decided to test whether forcing the air from the greenhouse 

attic to flow under the drying tables improved the process conditions (air velocity and 

temperature). Various configurations, including cases with two different systems for moving the 

air from the greenhouse attic to below the benches, with two and three rows of tubing with holes 

distributed along their lengths were tested. The cases with three air distributing lines positioned 

under the drying benches improved the homogeneity of the air temperature both at the level of the 

drying benches and above it within the greenhouse. 

 

Keywords: Greenhouse, Modeling, Optimization, CFD, Thin-layer models, Solar Drying. 

 

 

 

 

  



18 

CHAPTER 1: INTRODUCTION 

 

1.1 BACKGROUND 

 

1.1.1 Drying  

 

Drying is the physical process by which, using heat, the moisture content of a product is extracted 

to a safe threshold at which microbial and fungal growth is stopped or retarded. To determine what 

the threshold is, the concept of water activity and moisture content in the product relative to dry 

weight can be used. Both concepts have their advantages and definitions that are mentioned below. 

 

The only issue with drying is its energy consumption nature. As a highly consuming process, most 

industrial dryers use natural gas, coal, or diesel/gasoline as the main fuel for heat production. The 

process of drying has been used in the humankind for food preservation as well as clothing drying, 

but even with all those years of experience there is a lack of understanding the process and 

optimization based on the food and health requirements.  

 

Drying can be done in several mediums as liquids and air, with the air drying as the most common. 

If the air is considered two main classifications can be done regarding the type of heat exchange 

that mostly dominates the process. There are convective dryers which based the process in the 

convection process between the air and the product to be dehydrated; there are also conductive 

dryers were the main heat exchange is due to convection between the solid benches and the 

product. 

 

1.1.2 Water activity 

 

The water activity criterion determines the thresholds for different agricultural products in which 

bacteria, fungi, and enzymes are present. The water contained within agricultural products is in 

equilibrium, given a temperature, with other elements such as proteins, sugars, enzymes, etc. The 

water activity can be calculated as the ratio between the partial pressure of pure water at saturation 

and the partial pressure of water vapor in the wet product at the same temperature (Eq. 1-1) 

(Babalis et al., 2017). 

 

𝑎𝑤 = (
𝑝𝑤

𝑝𝑤
∗
)

𝑇

 
(Eq. 1-1) 

 

where 𝑝𝑤 (Pa) is the water vapor partial pressure in the wet product, 𝑝𝑤
∗  (Pa) is the partial pressure 

of pure water at saturation, 𝑇 (°C) is the temperature at which the pressures of steam are calculated, 

𝑎𝑊 (dimensionless) is the water activity. The water activity values vary between 0 and 1. Closer 

to 0 value means a lower activity of enzymes, microbes, and bacteria (Labuza, 1977). The desired 

water activity values for drying range from 0.6 to 0.65 (Babalis et al., 2017), which would be 

equivalent to 15 to 20% final moisture content in the dehydrated product (Figure 1-1). 

 



19 

 
Figure 1-1. The reaction rate of the different microorganisms and processes in agricultural 

products as a function of water activity (Labuza, 1977). 

1.1.3 Moisture content and moisture ratio 

 

Moisture content is another significant variable for drying process. We can distinguish different 

moisture contents; for example, equilibrium moisture content refers to the point at which the vapor 

pressure exerted by the moisture content of the product is equal to the partial vapor pressure of the 

surrounding air. There are two formulations to determine moisture content depending on whether 

it is calculated on a wet or dry basis. On a wet basis, the moisture content is the weight of water 

contained per unit of wet material (Eq. 1-2). If, on the contrary, the formulation is used on a dry 

basis, it is the ratio of the moisture content concerning the weight of the dry material (Eq. 1-3) 

(Vijayan et al., 2017): 

 

𝑊 =
𝑚𝑤

𝑚𝑤 + 𝑚𝑑
       (𝑘𝑔 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑝𝑒𝑟 𝑘𝑔 𝑜𝑓 𝑤𝑒𝑡 𝑚𝑎𝑡𝑡𝑒𝑟) (Eq. 1-2) 

 

𝑋 =
𝑚𝑤

𝑚𝑑
       (𝑘𝑔 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑝𝑒𝑟 𝑘𝑔 𝑜𝑓 𝑑𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟) (Eq. 1-3) 

 

where 𝑚𝑤 is the mass of water and 𝑚𝑑 is the mass of the dry solid, 𝑊 is the moisture 

content on a wet basis, 𝑋 is the moisture content on a dry basis. The relationship between moisture 

content on a dry and wet basis can be understood from Eqs. 1-4 and 1-5. 

 

𝑋 =
𝑊

1 − 𝑊
       (𝑘𝑔) 

(Eq. 1-4) 

 

𝑊 =
𝑋

1 + 𝑋
     (𝑘𝑔) 

(Eq. 1-5) 

 

As there are two formulations, it is difficult to define in which case each one should be used, for 

example, it is common to find products expressed in moisture content on a wet basis for 

agricultural purposes, but for drying it is better to consider moisture on a dry basis. To facilitate 
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the decision, the moisture ratio is used instead. The moisture ratio is a dimensionless value where 

the initial moisture of the product, the moisture content in equilibrium, and the moisture content 

at time t are considered, where 𝑡 is the time in which sampling is carried out during drying, all of 

them in dry basis (Eq. 1-6). 

 

𝑀𝑅 =
𝑀𝑡 − 𝑀𝑒

𝑀0 − 𝑀𝑒
    (𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠) 

(Eq. 1-6) 

 

where 𝑀𝑡 is the moisture content at any time 𝑡 on a dry basis and can be determined by Eq. 1-7 

(El-Sebaii et al., 2002); 𝑀𝑒 is the equilibrium moisture content and can be determined when the 

moisture no longer changes over time after drying; 𝑀0 is the initial moisture content of the product 

on a dry basis, it is calculated with Eq. 1-3 and MR is the moisture ratio. 

 

𝑀𝑡 = [
(𝑀0 + 1)𝑊𝑡

𝑊0
− 1]     (𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠) 

(Eq. 1-7) 

 

where 𝑊𝑡 is the weight of the product at each time step 𝑡 (kg), 𝑊0 is the initial weight of the dry 

product (kg). 

 

1.1.4 Drying rate 

 

The drying rate is defined as the mass of water that has been removed per unit of time per unit 

mass or unit area. The drying rate depends on factors such as the type of product, its transport 

properties, size, and initial moisture content. That is why, for each product, the drying rate will be 

different. The drying rate has three well-defined phases, the first is known as stable or constant 

drying rate, where the product is saturated with water and the moisture content is extracted through 

the diffusion process at a constant rate. The second phase is known as falling, in which the product 

has run out of moisture on the surface and requires more energy to move the water from inside the 

product to the surface to later be evaporated. The drying rate drops continuously and can almost 

form a straight line. Finally, the third stage is known as the second fall, the product is almost dry, 

and the movement of the remaining water is carried out slowly since more energy is required. The 

moisture content at this stage continues to decrease until equilibrium has been reached and drying 

cannot continue (Vijayan et al., 2017). If heat is continuously applied at this point, then the product 

can be burnt. The drying rate can be defined with Eq. (1-8) 

 

𝐷𝑅 =
𝑀𝑡+𝑑𝑡 − 𝑀𝑡

𝑑𝑡
     (𝑘𝑔/ℎ𝑟) 

(Eq. 1-8) 

 

where 𝐷𝑅 is the drying rate, 𝑀𝑡+𝑑𝑡 is the moisture content at time 𝑡 + 𝑑𝑡 on a dry basis, 𝑑𝑡 is the 

time increment. 

 

1.1.5 Drying rate constant 

 

The kinetics of drying must be understood through the mass and heat transport equations that occur 

between the air and the product; however, a constant can be used that contains the combination of 

the transport properties of each material or product. That constant could then greatly simplify the 
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modeling of the drying process, leading to thin-layer models. Normal values for the drying 

constant range from 0 to 1 (Vijayan et al., 2017).  

 

1.1.6 Solar Drying 

 

Solar drying is one of the oldest practices of humanity used for products as diverse as meat, fruits, 

vegetables, clothing, and even construction materials such as wood and bricks (Belessiotis & 

Delyannis, 2011). Solar dryers are devices that can improve solar drying known as open sun drying 

This approach is more efficient in energy management and it also protects the product from the 

negative effects of the environment. The main factors limiting the full adoption of solar dryers 

have been the lack of cost-benefit, technical, and local practical experience information associated 

with solar dryers (Vijayavenkataraman et al., 2012). Solar dryers have different sizes, shapes, and 

types of covers. Depending on the type of material and shape, we can find solar dryers classified 

with different names, and, in general, up to 500 types of dryers can be found in the literature, and 

100 are commercially available (Mujumdar & Law, 2010). 

 

1.1.7 Types of Solar Dryers 

 

Considering the number of solar dryers reported by Mujumdar & Law (2010), the classification 

can be made based on certain distinctive characteristics in each dryer. Thus, the classification is 

based on temperature (Koyuncu, 2006) as high and low; by energy as direct, indirect, mixed, or 

hybrid (Patil & Gawande, 2016) by airflow as passive or active (Patil & Gawande, 2016) (Figure 

1-2). 

 

 
 

Figure 1-2. Classification of solar dryers by different criteria. 

Here, it is worth mentioning that traditional solar drying is not considered since it does not use a 

specific device or design. The product is placed in the sun on a table, floor, or hanging and some 

care is performed to prevent the damage in case of rain or contamination by animals. The 

classification by temperature is very intuitive and separates only the designs between those that 

reach temperatures exceeding the ambient temperature by 30°C or only by 10°C. Koyuncu (2006) 

differentiates between solar heaters that can be used to prepare the air before entering the drying 

chamber. The classification by airflow opens the possibility of natural convection, in the case of 

passive flow, or forced convection, in the case of active flow. In passive flow dryers, the heated 
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air is moved upwards by the buoyancy force of changing the density or by stack effect due to wind 

pressure on the heated air. In general, they have a solar air heater, a drying chamber, and a chimney. 

These are low-cost dryers which are used in regions without electricity, and they can greatly 

improve traditional solar drying. Active flow dryers require an element that produces a forced air 

flow, they can be fans that extract the volume of air inside the dryer or fans inside the dryer that 

produces convection without extracting the air. The classification by heat delivery to the product 

for solar dryers are direct, indirect, or mixed. Direct dryers have a drying chamber with transparent 

materials that allow the passage of solar radiation while indirect dryers on the other hand have 

only the solar collector with a transparent cover, but the drying chamber is covered with opaque 

materials. The mixed solar dryers are equipped with solar collector and drying chamber with 

transparent materials. 

 

Solar dryers today can extend to several classifications at once. For example, there are cabinet-

type solar dryers with mixed-type forced convection and low-temperature solar heaters. Srinivasan 

& Muthukumar (2021) mentioned other types of solar dryers, for instance considering the type of 

storage material such as those based on latent heat exchange using paraffin and calcium chloride 

and based on sensible heat exchange with rocks and concrete. 

 

1.1.8 Most common Solar Dryers 

 

1.1.8.1 Cabinet dryer 

 

These are one of the most common types of solar dryers consisting of a solar collector to preheat 

the air, a drying chamber, and a chimney. The drying chamber can function with direct, indirect, 

or mixed energy. They are among the oldest dryers that have been worked on and their redesigns 

and studies to improve their efficiency are very popular. However, the size limits their scalability 

and the possibility of using them outside of experimentation or family projects. Due to their design, 

most cabinet dryers have multiple layers of product to be dehydrated and arranged in trays. 

 

Janjai & Bala (2012) present some of the indirect cabinet-type dryers whose main working 

mechanism is based on convection, for instance natural if fans are not added and a chimney is used 

or forced convection if fans are used to extract the air (Figure 1-3). If cabinet dryers are of the 

direct type without a solar collector apart from the drying chamber, they are also known as box 

dryers (Figure 1-4). This type of dryer is also a greenhouse type solar dryer, but due to its size, it 

should be distinguished as cabinet or box only. Spall & Sethi (2020) developed a cabinet dryer and 

found that, with the reflective element, size and design it is possible to decrease drying time and 

especially for applications for altitudes between 40 to 50°N (Figure 1-4). 
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Figure 1-3. General characteristics of a 

cabinet dryer (Janjai & Bala 2012). 

 
Figure 1-4. Cabinet dryer without a solar 

concentrator separated (Spall & Sethi, 2020). 

 

Some dryers have more complex designs that have the solar concentrator separated from the drying 

chamber. The air is conditioned in a collector and piped to the drying chamber by forced flow 

(Figure 1-5). Alternatively, a fluid is used with a solar heater that elevates the fluid temperatures. 

Then, the higher temperature fluid is directed to a heat exchanger and is mixed with cold air in the 

drying chamber (Figure 1-6). 

 

 
Figure 1-5. Solar cabinet dryer with solar 

concentrator, mixed type, and forced airflow 

(Arun et al., 2019). 

 
Figure 1-6. Cabinet solar dryer, indirect 

type with a water heater with heater 

exchanger (Iranmanesh et al., 2020). 

 

1.1.8.2 Greenhouse-type dryers 

 

Greenhouse-type solar dryers are characterized by being larger than the cabinet type, with a solid 

structure to support the cover and to withstand the wind loads of the place where it will be built. 

Different types of materials can be used for the cover and this topic is still under development 

(Srinivasan & and Muthukumar, 2021). Likewise, different types of structures such as metal, 

wood, and bamboo, among others, can be used. In most cases, the height is sufficient for one 

person to enter the greenhouse to perform work or supervise the drying process. The large volume 

of air allows a large amount of product to enter and dry in less time than traditional drying, with 

better quality and less contamination. 

 

Various greenhouse designs with different geometries and temperature regimes have been 

developed over the years for solar drying (Srichat et al., 2019.; Verma, 2019). Among those 

studied, one of the most popular greenhouse designs is with parabolic roof shape. (Figure 1-7). 
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The main advantage of this design is the ability to reach high temperatures by concentrating the 

greatest number of sun rays in the geometric center of the parabola. Its design is mainly developed 

for tropical climates, and it can support high wind loads (Janjai et al., 2009). However, there are 

also other designs proposed, which are originally used to grow crops, for solar drying (Figure 1-

8). The air temperature and the addition of photovoltaic panels have also been evaluated for solar 

drying (Barnwal & Tiwari, 2008) while some focused on solar collectors to increase air 

temperature (Román-Roldán et al., 2019a) (Figure 1-9). 

 

 
Figure 1-7. Greenhouse-type solar dryer 

with a polycarbonate cover and parabolic 

roof (Janjai et al., 2009). 

 
Figure 1-8. Greenhouse-type solar dryer 

with plastic cover and Venlo geometry 

(Barnwal & Tiwari, 2008). 

 

Greenhouse-type dryers can also be found in the literature as tunnel type (Patil & Gawande, 2016) 

, although some authors separate them into two different categories with main difference being 

their height and length. The tunnels are smaller, but longer compared to greenhouses (Figure 1-

10). 

 

 
Figure 1-9. Greenhouse-type solar dryer 

with solar collector and plastic cover 

(Román-Roldán et al., 2019). 

 
Figure 1-10. Tunnel greenhouse solar 

dryer (Patil & and Gawande, 2016). 

 

1.1.8.3 In-house or Pilot plants 

 

Pilot plants or drying houses are buildings in which the drying chamber is protected into a building. 

They can use solar energy mixed with other types of energy sources such as electrical resistors, 

natural gas, coal, or radiated tubes. The new plants make use of alternative energies to reduce the 

impact of the large amount of energy needed for drying (Figure 1-11). Drying plants usually have 
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high-end sensors to measure the variables involved in drying. The advancement and study of these 

dryers are still under development; however, García-Valladares et al. (2020), have developed 

drying studies in a plant located in Morelos, Zacatecas (latitude 22° 53’ N, longitude 102° 39’ W) 

with a maximum temperature of 70.9 °C showing a thermal efficiency of 60.7%. 

 

 
 

Figure 1-11. Solar pilot plant for drying agricultural products (García-Valladares et al., 2020). 

 

1.2 LITERATURE REVIEW 

 

1.2.1 Thin-layer models for tomato drying 

 

It is very common for produce to be prepared for dehydration either by chemical pretreatment or 

volume reduction to reduce drying time, achieve better uniformity, and have better product 

handling after drying. Vast number of fruits are cut into thin slices; thus, this simple process means 

that mathematical approximations can be used to determine the kinetics of drying. 

 

One of the most common approaches is known as the thin layer. To consider that a layer is thin, it 

must be a maximum of 200 mm thick, which means that the conditions of the air around the slice 

in terms of mass and heat exchange are negligible (Patil & and Gawande, 2017). As the thickness 

in the slices is so small, usually around 5 mm, and considering a generally circular geometry, the 

moisture rate can be approximated using simplified solutions of Fick’s second law, also known as 

the law of Diffusion, law of Newton's cooling and empirically, to exponential equations. 

 

The thin-layer model equations have parameters that involve the drying constant. As described 

previously, the drying constant considers the information on the exchange of mass and energy of 

each product, so that, when obtained using experimental data, the variable related to the moisture 

ratio is the drying time. This approach can greatly simplify the mathematical modeling of drying, 

but since it only depends on the drying time, in the presence of variable temperature or humidity, 

unreliable results are obtained (Patil & and Gawande, 2017). 

 

Each product has its characteristics and heat and mass transfer coefficients. In this study, tomato 

of the Saladette variety was used for the experiments, so the review will focus solely on thin-layer 

modeling in tomatoes. Patil and Gawande (2017) provides a review of the models’ mathematical 

structure and the assumptions that lead to the thin layer models. 
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Azeez et al. (2019) used an oven-type vacuum dryer with temperatures of 50, 60, and 70 °C to 

investigate the antioxidant, polyphenolic, and carotene content activity, as well as the drying 

kinetics using the Page, Lewis, and Henderson and Pabis models, and identified that the Page 

model was the best to fit the conditions. Sadin et al., (2017) used an electric tray dryer that works 

with hot air at temperatures of 60, 70, and 80 °C to model the dehydration process (Figure 1-12). 

In the study, they used the Midilli-Kucuk, Logarithmic model, Henderson and Pabis, Binomial 

model, and Lewis models. They found that all the models predicted well but the Midilli-Kucuk 

model provided the most accuracy. 

 

Kocabiyik et al. (2016), investigated the properties of the dehydrated tomato with infrared 

radiation and used the Newton, Page, Henderson & Pabis, Logarithmic model, and Wang & Singh, 

models. They found that the best fit of the drying kinetics of tomatoes in an infrared radiation oven 

was with the Logarithmic model. 

 

Murugavelh et al. (2019), used a tunnel solar dryer (Figure 1-13) to investigate drying kinetics and 

perform an exergy analysis of the drying process. They fitted the Newton, Page, Modified Page, 

Henderson and Pabis, Logarithmic model, Two Term Exponential, Verma, Wang and Singh, 

Midilli-Kucuk, and Approximation of Diffusion. They found that the drying kinetics helped to 

understand the thermophysical parameters involved in the process, with the Midili-Kucuk model 

as the best model for their specific conditions evaluated.  

 

 
Figure 1-12. Infrared dryer used by Sadin et 

al. (2017). 
 

Figure 1-13. Small tunnel dryer used by 

Murugavelh et al. (2019). 

 

Hamdi and Kooli (2018) investigated a greenhouse-type solar dryer (Figure 1-14) and compared 

it to open-air drying. They adjusted the Page, Modified Page, Wang and Singh, and Midilli-Kucuk 

models, and found the best model for both scenarios, drying in open-air and covering, the Midilli-

Kucuk model. Kishk et al. (2019), proposed a solar dryer based on recyclable aluminum cans 

(Figure 1-15). The cans were used to build the solar collector and the drying process occur in a 

separate drying chamber. They evaluated Page, Henderson & Pabis, Newton, Logarithmic, Wang, 

and Singh, two terms, Two Terms Exponential, and Approximation of Diffusion models to fit the 

results with their proposed dryer. The study indicated that the model that best describes tomato 

drying in this tray dryer was the Wang and Singh model. 
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Figure 1-14. Greenhouse solar dryer used 

by Hamdi & and Kooli (2018). 

 
Figure 1-15. Recyclable can solar dryer used by 

Kishk et al. (2019). 

 

There is still great opportunity for research on solar dryers, where incident radiation dominates the 

behavior of the dryer. The variability in radiation due to other environmental disturbances such as 

rain, season, or hour of the day, makes the use of thin-layer models a challenge. It is important to 

investigate the drying process and performance under varying conditions and test models with 

different mathematical structures and parameters. Furthermore, the dimensions of most dryers 

allow conditions to be more homogeneous, however this still pose a problem for industrial scale-

up. Despite having a model that fits the data, there is no test stage using a case study for the models 

listed in each study reviewed. Finally, the best thin layer model in each research is not always the 

same. The Midilli Kucuk model has been demonstrated as the most common and the best model 

to describe the tomato drying kinetics.  

 

1.2.2 Control of Greenhouse-type solar Dryers 

 

The drying process in greenhouses is complex and the control involves the air characteristics inside 

the system. The interior conditions in a greenhouse are complex to model due to their non-linearity 

and the nature of the system with multiple inputs and multiple outputs, also known as MIMO 

system (Iddio et al., 2020). Greenhouse control can be divided into classical control, usually 

referred to as Proportional-Integral-Derivative (PID) algorithms, and advanced control, with 

model predictive control (MPC) algorithms, feedback/feedforward, adaptive and robust controls 

are implemented. 

 

The Model Predictive Control approach (MPC) uses a mathematical model of the system to predict 

the variables of interest in a specified time period. Then, based on the behavior, a set of control 

strategies are used to minimize a cost function subject to constraints. Because the optimization and 

prediction are calculated in every step, the MPC can lead to the unstable behavior of the system 

(Camacho & Bordons, 2007b; Ouammi, 2021). 

 

Linear MPCs have parameters that must be tuned for the controller to work properly. These 

parameters are the weights Q and R, which serve to penalize the objective function based on the 

variables considered in the controller (Eq. 1-9). The next parameter is the sampling period, the 

time interval in which the control actions remain constant. They depend on the time constant of 

the controlled system. The prediction period is the number of steps in time that, when multiplied 

by the sampling period, gives the length of the window in which the MPC calculates the model’s 

predictions. Finally, the control period represents the number of steps in time for which the MPC 
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calculates the optimal control actions that minimize the objective function (Eq 1-9) (Camacho & 

Bordons, 2007a; Drgoňa et al., 2020). 

 

𝐽∗(𝑥𝑘) = min
uk+j|k

∑ (||𝑥𝑘+𝑗|𝑘||
𝑄

2

+ ||𝑢𝑘+𝑗|𝑘||
𝑅

2
) + ||𝑥𝑘+𝑁|𝑘||

𝑄

2
𝑁−1

𝑗=0

 

(Eq. 1-9) 

 

Unlike the ON/OFF and Proportional Integral Derivative (PID) Controllers, the MPC can 

overcome important disturbances in solar drying systems due to unexpected outdoor weather, and 

then optimizes the response based on the specific greenhouse physical and technological 

constraints (Chen & You, 2020; Petersen et al., 2017). In addition, the possibility to add variables 

of economic impact in the cost function makes MPC a great option for a controller of greenhouse-

type solar dryers (Ciglera et al., 2013). Even with the high advantages of using an MPC to control 

the greenhouse for the process of drying, the complexity has not been addressed in other studies. 

The possibility to use the information about the product can lead to better control based on an MPC 

strategy. 

 

1.2.3 Greenhouse-type solar Dryers evaluated by Computational Fluid Dynamics  

 

Most of the models developed for greenhouse-type solar dryers are based on energy balances, 

using ordinary differential equations (ODEs) to model the humidity and temperature behavior of 

the air inside the dryer (Jain & and Tiwari, 2004; Janjai et al., 2011, 2014; Kumar & and Tiwari, 

2006). However, when the product is involved, the so-called “thin layer” models are the most 

widely used. Thin layer models are based on regressions over data taken from the dehydration 

process during certain days and fitted with exponential or algebraic expressions that are based on 

Newton’s law of cooling, diffusion, or exponential decay behavior approximations (Defraeye, 

2014; Verma, 2019). Both ODEs and Thin-layer models consider no spatial variation in the inner 

conditions of the greenhouse. Therefore, this assumption could be valid for small-volume 

greenhouses but not for volumes greater than 10 m3 since a greater heat and mass exchange occur 

inside the dryer at the same time as heat is collected from the sun radiation. Therefore, a different 

modeling approach is needed that can address the problem when variations in the air inside the 

greenhouse are considered.  

 

The behavior of fluid flow, heat transfer, and associated chemical reactions can be described by 

three fundamental principles: conservation of mass, conservation of momentum, and conservation 

of energy. Computational Fluid Dynamics (CFD) is a finite difference-based method solving 

Navier-Stokes equations numerically with computer simulations. The CFD approach replaces the 

governing equations with numbers and those approximations advance through time and space to 

find the final numerical description of the fluid field under study (Anderson, 2009). Some benefits 

of CFD simulations include the ability to simulate systems that are difficult to understand and that 

involve expensive or hazardous experiments; testing alternative designs in real systems; 

understanding the physics behind the fluid flow. A CFD code has three main modules i) Pre-

processing, ii) Solver, and iii) post-processing. These codes can be introduced in the same software 

or could need a specific computer program for each step. 
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A Scopus literature database search with (Spiroski, 2013) the keywords “drying” resulted 207,450 

papers published from 1826 to 2021 (Figure 1-16). There is an increasing trend in the articles 

published related to drying since the year 1971. However, this result contains not only drying 

articles in the food area but also Medicine, Health Sciences, Chemistry, and Materials. That is why 

it is necessary to apply another filter to the areas that correspond to Agronomic Sciences or 

Agriculture and discard those that do not correspond to the subject. 

Figure 1-17 shows the search results for literature with combined keywords "CFD, solar, 

greenhouse, drying." Among all drying studies, only 0.007% corresponds to CFD modeling of 

greenhouse-type solar dryers with 15 publications. This reveals that the literature still lacks 

research on CFD modeling for greenhouse solar dryers. 

 

 
Figure 1-16. The increasing trend in the number of drying papers per year (data, Scopus, 2019). 

 

 
Figure 1-17. Trends in publications on drying, CFD, and greenhouse-type solar dryers, (data 

Scopus, 2019). 

 

The applications of CFD for greenhouse aerodynamics have reach to a maturity (Aguilar-

Rodríguez et al., 2021; Fatnassi et al., 2021; Kim, Hong, et al., 2017; Kim, Lee, et al., 2017; Li et 

al., 2020; Piscia et al., 2012; Tong et al., 2018). Therefore, it is possible to implement some of the 

established methodologies and models for evaluating greenhouse solar dryers. New proposals in 

greenhouse-type dryers, as Kumar and Shrivastava (2017) point out, are focused on specifically 
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designing geometries and equipment that can produce a better energy conservation effect and a 

more homogeneous distribution of temperature and air-wind profiles with constant speeds. 

The main challenge when analyzing the macroscopic scale of the dryers is that even the simplest 

processes involved in drying are highly non-linear, and therefore, it is difficult to scale the results 

in small dryer experiments to dryers with scaled up structures (Strumiłło, 2007). Therefore, CFD 

can address to this issue effectively as it allows studying designs with their true sizes considered 

and help evaluating what-if scenarios. Furthermore, the CFD modeling can generate results with 

environmental variables in a detailed granularity for the whole problem domain offering a better 

understanding of the drying process (Bakker et al., 2001). 

 

Up to now, CFD studies have focused only on the moving air inside the greenhouse-type dryer. 

Krawczyk and Badyda (2011) studied the process of drying sludge from the waste inside a chapel-

type greenhouse with dimensions of 3 m high, and 3.12 m long, the width is not reported (Figure 

1-18). This two-dimensional CFD study simulated the behavior of humidity, the temperature of 

sludge, and air within the dryer using FLUENT software. They reported the difficulty of solving 

simultaneously the phenomena of transport and the use of fine mesh in the vicinity of the 

greenhouse walls. 

 

Lokeswaran and Eswaramoorthy (2013), analyzed a hemicylindrical greenhouse with a concrete 

floor with an area of 40 m2, transparent polyethylene covering 200 microns thick. They used 

FLUENT 6.3.26 with a mesh of 914,905 elements. They found that the behavior of the air inside 

the dryer is not homogeneous, and to improve it is necessary to add a fan so that temperatures do 

not vary so much. Somsila and Teeboonma (2014), evaluated the behavior of a greenhouse with a 

sloping roof for drying para rubber (Figure 1-19). The study revealed that the air speeds were 

almost constant throughout the dryer resulting in no temperature stratification. The temperature 

inside the dryer was between 55-60 °C, and the highest temperature was found in the ceiling. 

 

 
Figure 1-18. Greenhouse-type solar dryer 

used to dry sludge (Krawczyk & Badyda, 

2011). 
 

Figure 1-19. Air velocity distribution inside 

a greenhouse-type solar dryer studied by 

Somsila & Teeboonma (2014). 

 

Gupta et al. (2018) simulated the behavior of the air inside a chapel-type greenhouse with 

natural ventilation, produced by a small hole located in the opposite wall of the air inlet. They used 

ANSYS 15.0 software for simulation. The results showed that the air could circulate throughout 

the geometry at an almost constant speed; however, the temperature has significant differences, 

being higher in the side walls. Noh et al. (2018) studied an industrial-scale solar dryer that consists 

of evacuated tubes, a heat exchanger blower, and a drying chamber. The dimensions of the drying 
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chamber were 1.25 m in height, 1.7 m in width, and 17 m long. For simulation, five pallets were 

stacked up on top of each other, and three different ventilations were considered: the first being 

passive, passive with active combination, and passive with intermittent active ventilation. They 

found that the optimal condition was passive with intermittent active ventilation which produce 

the highest temperature inside the sericite mica.  

 

Using CFD simulations, Srichat et al. (2019) tested a hypothesis about dryer geometry. They 

compared a roof with sinusoidal geometry and the parabolic shape (Figure 1-20). The results 

showed that the sinusoidal shape had higher temperatures in any of the axes where the solution is 

simulated. Thus, this indicated that sinusoidal geometry would be an improved design of a solar 

greenhouse-type solar dryer, reducing drying time and increasing product quality. Román-Roldán 

et al. (2019) studied the behavior of a chapel-type greenhouse, with a plastic cover and a coupled 

air heater (Figure 1-21). They tested the number of elements in the mesh, going from 1 to 7 million, 

to determine the quality of the mesh in the geometry. The better results were with 6 million mesh. 

Furthermore, the study revealed that when the volume is reduced by 36.5%, the temperature 

distribution and the air speed inside the dryer were improved. 

 

 
Figure 1-20. Temperature distribution for parabolic 

and sinusoidal covers geometries (Srichat et al., 

2019). 

 
Figure 1-21. Greenhouse-type solar 

dryer used by (Román-Roldán et al., 

2019). 

 

Purusothaman et al. (2019) studied three different roof shapes in greenhouse dryers for free and 

forced convection. The research simulated the period from 10 am to noon. They found that the 

trapezoidal roof greenhouse achieves a higher temperature than the triangle or hemispherical roof 

greenhouses (Figure 1-22). Vivekanandan et al. (2021) researched six different small greenhouse 

dryers. The CFD predicted results were compared with experimental data of 7.5 hours for winter 

and summer sessions. They found that the Quonset shape was the ideal shape among others with 

order of best designs with Quonset, Tropical, Pyramid, Parabola, Modified Quonset, and Igloo. 
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Figure 1-22. Greenhouse geometries studied by Purusothaman et al. (2019) as solar dryers. 

 

Villagran et al. (2021) evaluated four different greenhouse dryer designs (Figure 1-23). Three of 

them had polyethylene covers and the last one uses insect-proof porous mesh inside the 

greenhouse. All greenhouses were placed in a computational domain around the greenhouse with 

the height of the domain being a minimum of 10 times the height of the greenhouse. A wind profile 

was used as an inlet, solar radiation was considered at the top, and as an outlet a pressure equal to 

the atmospheric pressure. The greenhouse with a double polyethylene film had the highest 

microclimate dynamics and thus the highest air temperature and lowest relative humidity. 

 

 
Figure 1-23. Greenhouses solar dryer types evaluated by Villagran et al. (2021). 

 

Finally, Román-Roldán et al. (2021) researched a new prototype for air recirculation of a chapel-

type greenhouse dryer with a polyethylene cover.  Six different configurations with fans were 

tested by the authors and compared to experimental results. The two main objectives were to study 

air distribution and air temperature in each configuration. They found that fans above 15 m/s are 

required to improve a better distribution of air, also if fan velocity was kept between 5 to 20 m/s 

the temperature of the drying chamber varies from 51 to 81°C. 
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There is still a greater need for further research which involves the kinetics of drying with the 

psychrometric kinetics of the humid air inside the greenhouse, with alternative air distribution 

system designs to improve the uniformity of the greenhouse air temperature and air current 

speeds especially at the product drying tables leading to improved drying process. Furthermore, a 

complete understanding of the drying process can lead to better system designs and strategies for 

controlling the quality of dried fruits. 

 

1.3 OBJECTIVES 

 

The objectives of this dissertation were 1) to model the drying kinetics of sliced tomato in a 

greenhouse-type solar dryer; 2) to model and control the indoor environment of a greenhouse-type 

solar dryer during the drying process; 3) to evaluate two alternative air distribution system designs 

to enhance the drying process. 

 

CHAPTER 2: PRESENT STUDY 

 

2.1 OVERALL SUMMARY  

 

2.1.1 Thin layer models for tomato  

 

The Greenhouse-type Solar Dryer used for this dissertation was located at the Universidad 

Autonoma Chapingo, Mexico (19°29’ N, 98°53 W, and 2250 m of altitude). The structure is of 

galvanized steel, the cover is a double wall polycarbonate of 6 mm thickness, and it has a parabolic 

shape roof. The floor is covered with a concrete layer of 0.15 m thickness (Figure 2-1). 

 
Figure 2-1. Dimensions of the greenhouse-type solar dryer. 

 

For this study, 35 thin-layer models were tested during an experiment with tomato slices of 5 mm 

thickness. The thin-layer models have a different number of parameters, mathematical structures, 

and are based on different types of approximations. The methodology followed was the following: 

1) two experiments were done with tomato slices in the greenhouse-type solar dryer at the 

Universidad Autonoma Chapingo (Figure 2-1) with 75 kg of tomato each (Saladette variety Roma-

type); 2) The Moisture ratio content was calculated as specified by Eq. 1-6; 3) the moisture ratio 

calculated with one experiment was used to calibrate the thin-layer models; 4) the moisture ratio 

calculated with the second experiment was used to test the performance of each calibrated model 

through the statistics root mean square error, mean square error, mean average error and model 
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efficiency; 5) the models were compared to find which one best describes the drying kinetics of 

tomato slices in the greenhouse-type solar dryers. 

 

2.1.2 Model Predictive Control for Greenhouse-Type Solar Dryers 

 

A new strategy for controlling the greenhouse-type solar dryer (Figure 2-1) air was developed. The 

new strategy is based on the product temperature instead of the air temperature. A thermocouple 

type T was inserted into the tomato slices. The air temperature, air humidity, floor temperature, 

cover temperature, and solar radiation were recorded and used with the model identification 

methodology N4SID (Dosiek et al., 2013) to find a state space model of the greenhouse dryer. 

With the model, an optimal linear Model Predictive Control was developed using the model to 

predict the product temperature, and the optimal strategy is calculated each time step. Two 

different strategies of using two exhaust fans separately or together were tested. The use of an 

MPC is completely new as many of the studies found in the literature are related to artificial neural 

networks, fuzzy logic, or PID controllers. 

 

2.1.3 Greenhouse-type Solar Dryer modeling with Computational Fluid dynamics review 

 

A literature review of the state of the art in modeling Greenhouse-type solar dryers using 

Computational Fluid Dynamics was done. The focus was to investigate the state-of-art with CFD 

modeling, the products studied, and identify the need for CFD modeling for greenhouse solar 

dryers. Some theories describing the physics and models that should be used specifically for drying 

were stated as part of the research. 

 

2.1.4 Alternative Designs to Greenhouse-type solar Dryer Air distribution 

 

One of the advantages of using modeling through Computational Fluid Dynamics (CFD) is the 

possibility of carrying out virtual experiments to determine the behavior of a fluid in each volume. 

Using the Greenhouse-type solar dryer geometry (Figure 2-1) a computational model was 

developed following the CFD methodology. The geometry was settled into a CAD 3D model and 

used to discretize the volume domain and approach the Navier-Stokes equations. The boundary 

conditions, mesh quality, and model structure was studied to get a trustworthy model. The 

experimental data obtained from previous greenhouse solar dryer study was used to validate the 

CFD model developed and compared with CFD predicted results. With the validated CFD model, 

three new strategies and system designs to distribute the air from the greenhouse attic directed 

below the product drying tables to the drying product were developed and virtually tested for 

environmental uniformity, air temperature and air velocities obtained. 

 

2.2 OVERALL CONCLUSIONS AND OUTLOOK 

 

2.2.1 Thin layer models for tomato  

 

The best model for the Moisture ratio of tomato slices in a greenhouse-type solar dryer was found 

to be the Page modified VI which is equivalent to the Overhults et al. model. The Page model is a 

Semi-theoretical model (based on the solution approximation of the Newton Law of Cooling) and 

is highly used and found in other research regarding drying, it has two parameters and the 
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calibrated parameters can be related to a physical constant of the drying process, different from 

other models with more parameters. Other authors have found the Midilli Kucuk as the best model 

for this kind of study (Sadin et al., 2017; Hamdi and Kooli, 2018). However, the Midilli model is 

much less accurate than the first five models (Regression, Haghi & Angiz IV, Overhults et al., 

Weibull III and Page modified VI) and compared to the Page models it has more parameters to 

calibrate. Although the recommendation is to use the Page model VI, the best five models during 

the test stage are suitable to be used for tomato slices in greenhouse-type solar dryers. The present 

study has shown that several models, at least 35, can be found in the literature to be used in thin-

layer modeling. However, no major discussions have been found on testing the models with new 

data. The study showed that the best models during calibration may not always be the best models 

with highest prediction accuracy. 

  

The variability of the conditions significantly affects the behavior of the models due to the high 

abstraction of the moisture ratio concept and the assumption of constant temperature during drying. 

Thin layer models only depend on time and not on temperature, an important parameter that would 

be considered within the drying constant. Other investigations with different products within 

greenhouse-type solar dryers should be established. Still, there is no need to add more models to 

the existing ones given their wide repertoire in the literature and the similarity between the 

mathematical structure reflected in the estimated values when calibrating the models using 

experimental data. 

 

2.2.2 Model Predictive Control for Greenhouse-Type Solar Dryers 

 

The Model Predictive Controller designed in this study simulated the behavior of the system within 

the set points considered. The main difference between both control strategies considered was the 

total operation time the fans were activated to achieve the product temperature. Model Predictive 

Control, based on product temperature, can improve control strategy with energy savings and 

enhanced dried product quality. System Identification can serve as a starting point for complex 

systems such as greenhouse-type solar dryers. The setpoint should be carefully considered as the 

uncertainty of the model can affect the behavior of the MPC. A model with better adjustment could 

be used to improve the Model Predictive Controller as it is essential for the optimization process. 

Perhaps, a Kalman Filter could be a better option if this controller is implemented in a real 

greenhouse with the data introduced to the Kalman filter. 

With analog actuators, the controller should be less restricted and thus, offering a better tool for 

controlled environments. The product temperature was successfully used to control a greenhouse-

type solar dryer rather than the air temperature. Future studies can also consider combining 

multiple inputs and multiple outputs into the Model Predictive Control. 

 

2.2.3 Greenhouse-type Solar Dryer modeling with Computational Fluid dynamics review 

 

The Greenhouse-type Solar Dryer is a complex system, and its study involves multiphase and 

multiscale phenomena that need to be considered when modeling. More research is needed on 

Computational Fluid Dynamics modeling in greenhouse-type solar dryers. The great variability of 

types of solar dryers is the result of a lack of knowledge in the general drying process. Due to the 

nature of drying, scaling the results obtained with small-volume greenhouses to high-volume 

dryers is not so easy, it is necessary to consider turbulence in the models and the behavior of the 
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indoor air to obtain better results. Using small greenhouses does not impact enough industrial-

scale drying research. The models developed so far are based on data, and few use theoretical and 

CFD models. Although alternatives have been proposed to solve the problem of simultaneous 

transfer processes, involving various phases and scales, so far, the behavior of the product and the 

air have not been modeled together. It is necessary to pay attention to the most wasted products, 

not only those that are of economic importance so drying can be used to preserve the most wasted 

products. 

 

2.2.4 Alternative Designs to Greenhouse-type solar Dryer Air distribution 

 

The numerical model was validated, and the following conclusions were obtained from the air 

recirculation proposals: The density of the original system varies concerning the volume, thus 

using the Boussinesq approximation could lead to an error during the simulation of greenhouse-

type solar dryers when it is not known if the temperature difference is greater than 15°C. For the 

greenhouse solar dryer system evaluated in this study, the temperature distribution inside the 

greenhouse is improved when a recirculation system with three lines is used with a fan that can 

provide a speed of 5 m s-1. If a system with two lines is used, better air distribution is observed 

compared to the original system, but there are still areas with temperature stratification. The 

temperature near the ground is lower than the one reached in the upper part at the height of the 

drying tables. It would be more desirable to introduce the product at dawn to use the solar radiation 

effectively. 

The average speed of the air in the three systems is 0.3 m s-1, which is desirable for a good quality 

product when drying. An improvement can be made to the system by reducing the size of the holes 

and changing the layout to three holes per tube. However, the factor of the tables and the product 

must be added to investigate the reduction in air velocity due to the obstruction of both. 
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ABSTRACT 

The objectives of this study were: 1) to evaluate 35 thin layer models in a greenhouse-

type solar dryer to determine which model best describes the tomato's drying kinetics 

and 2) to compare the accuracy of the model predictions against experimental data. 

The greenhouse-type solar dryer has dimensions of 9 (W) x 12 m (L) and 3.4 m (H) 

with a parabolic roof shape of 6 mm thick polycarbonate cover, a concrete floor, four 

inlets at the north wall, and two exhaust fans at the south wall. The thin-layer models 

were fitted and tested with data from sliced tomato drying experiments. The best five 

models for the calibration stage had an R2 over 0.999 whereas in the test stage is over 

0.993. From all the models in both stages, the recommended model was the Page 

modified VI as it is a semi-theoretical model with few parameters needed and an 

RMSE of 0.06 and an R2 of 0.993.  

Keywords: solar drying, black-box modeling, thin-layer models, greenhouse 

A-1 INTRODUCTION 

Tomato (Solanum Lycopersicum L.) is considered one of the most important crops in the world, 

not only because it is an integral part of the human diet (Kumar et al., 2015) but also, due to its 

high content of vitamin A (Djebli et al., 2019), lycopene, and antioxidant substances present in 

the fruits (Khama et al., 2016) (Khama et al., 2016). Globally, the tomato yield is 177 million 

tons in a total of 4.8 million hectares (Kishk et al., 2019), making it the second most cultivated 

vegetable. However, despite the importance of tomatoes, being a highly perishable product, 
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losses in developed countries range from 22 to 50% (Correia et al., 2015) mainly due to their 

high-mositure content.  

A way to preserve perishable foods is drying, through which the water content of the 

product is reduced to the point where microbial activity stops (Valta et al., 2019). Nevertheless, 

drying is one of the most intense processes in energy consumption in the food industry, especially 

in hot air dryers in which a large percentage of thermal energy is lost at the air outlets (Dorouzi et 

al., 2018). As a renewable energy source, solar energy, if abundant in a given region, can help 

reducing energy demand from fossil fuel-based sources lowering operating cost, and can be 

implemented in any area, especially in rural areas (Fterich et al., 2018; Mohsen et al., 2019). One 

of the main disadvantages of solar drying is the inconsistency of the drying process as it depends 

on dynamics of irradiance over time, for instance during cloud pass or nighttime drying, affecting 

the drying time and quality of the product. Also, if it is done in the open field, the drying product 

can be exposed to contamination by animals, bacteria, or fungi (Julián Molina Mosquera et al., 

2018; Samimi-Akhijahani & Arabhosseini, 2018). To avoid the issues and enhance energy 

conservation and usage, drying has been studied indoors with cabinets, greenhouses, or other 

structures that use solar drying as the main heat source. 

In drying, the relationship between the process used and the product quality achieved is a 

solid basis for improving the process (Jorge et al., 2014), yet it is known that different crops have 

different moisture content, specific heat capacity, latent heat of vaporization, and other parameters 

(Nwakuba et al., 2018) that difficult the understanding of drying and it is only through the insight 

of drying kinetics and modeling that such a complex process can be analyzed and optimized (das 

Purkayastha et al., 2013). Studies in drying kinetics are characterized by fitting measurements of 
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drying properties with empirical equations to predict drying parameters and behavior of the 

material under different conditions (López-Cerino et al., 2018). 

In the literature, considering the thin layer drying, the following studies are related to 

tomatoes and modeling: Azeez et al. (2019), used an oven-type vacuum dryer with temperatures 

of 50, 60, and 70 °C to investigate the antioxidant, polyphenolic, and carotene content activity, as 

well as the drying kinetics using the Page, Lewis, and Henderson and Pabis models, being the Page 

model the one that best fits the conditions. Sadin et al. (2017), used an electric tray dryer that works 

with hot air at temperatures of 60, 70, and 80 °C to model the dehydration process, they used the 

Midilli-Kucuk, Logarithmic model, Henderson & Pabis, Binomial model, and Lewis models. They 

found that all the models fitted well but the best was the Midilli-Kucuk model.  Kocabiyik et al. 

(2016), investigated the properties of the dehydrated tomato with infrared radiation and used the 

Newton, Page, Henderson & Pabis, Logarithmic model, and Wang & Singh, models. They found 

that the best fit of the drying kinetics of tomatoes in an infrared radiation oven was with the 

Logarithmic model. Murugavelh et al. (2019), used a tunnel solar dryer to investigate drying 

kinetics and perform an exergy analysis of the drying process. They fitted the Newton, Page, 

Modified Page, Henderson and Pabis, Logarithmic model, Two Term Exponential, Verma, Wang 

and Singh, Midilli-Kucuk, and Approximation of Diffusion. They found that the drying kinetics 

help to understand the thermophysical parameters involved in the process, with the Midili-Kucuk 

model as the best model for their specific conditions. Hamdi & Kooli (2018), investigated a 

greenhouse-type solar dryer and compared it to open-air drying. They adjusted the Page, Modified 

Page, Wang and Singh, and Midilli-Kucuk models, and found the best model for both scenarios, 

drying in open-air and covering, the Midilli-Kucuk model. Kishk et al. (2019), proposed a solar 

dryer based on recyclable aluminum cans. The cans were used to build the solar collector and the 
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drying process occur in a separate drying chamber. They evaluated Page, Henderson and Pabis, 

Newton, Logarithmic, Wang, and Singh, Two terms, Two Terms Exponential, and Approximation 

of Diffusion models to fit the results with their proposed dryer. The study indicated that the model 

that best describes tomato drying in this tray dryer was the Wang and Singh model. 

There is a significant opportunity for research on solar dryers, where incident radiation 

dominates the behavior of the dryer. The variability in radiation due to conditions such as rain, 

season, or hour of the day, makes it a problem for the use of thin-layer models. It is important to 

investigate the drying process and performance under varying conditions and test models with 

different mathematical structures and models with different parameters. Furthermore, the 

dimensions of most dryers allow conditions to be more homogeneous but pose a problem for 

industrial scale-up. Despite having a model that fits the data there is no test stage, using a case 

study, for the models listed in each study. Finally, the best thin layer model in each research is 

not always the same, the Midilli Kucuk model is identified to be the most common as it describes 

best the tomato drying kinetics.  

The objectives of this study were: 1) to evaluate 35 thin layer models in a greenhouse-

type solar dryer to determine which model best describes the tomato's drying kinetics and 2) to 

compare the accuracy of the model predictions against experimental data. 

 

A-2 MATERIALS AND METHODS 

 

 

A-2.1 The Greenhouse Solar Dryer 

The Greenhouse-type Solar Dryer is located at the Universidad Autonoma Chapingo, Mexico 

(19°29’ N, 98°53 W, and 2250 m of altitude). It is oriented in the North-South direction and has 

dimensions of 9 (W) x 12 m (L) and 3.4 m (H). It has a ground surface area of 108 m2 and an 
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approximate volume of 211 m3. The structure is of galvanized steel, the cover is a double wall 

polycarbonate of 6 mm thickness, and it has a parabolic shape roof. The floor is covered with a 

concrete layer of 0.15 m thickness (Figure A-1).  

The dryer has four air inlets of 1.23 m in width and 0.53 m in height, the door is 2 x 2 m, 

all with an anti-aphid mesh of 40 x 26 threads. In the south wall, there are two exhaust fans with 

a capacity of 9,435 m3 h-1 each, powered by single-phase motors of 0.5 HP and allowing renewal 

of air inside the dryer in approximately 40 s (measured).  

 

Figure A-1. Dimensions of the greenhouse-type solar dryer. 

A-2.2 Drying experiments and data collection 

 

Seventy kilograms of tomatoes (Saladette variety) were freshly purchased from the local market 

in Mexico City, Mexico. They were washed and sliced into a thickness of 5 mm. Two 

experiments were carried out in the greenhouse-type solar dryer. The first was conducted on 

December 4th, 2018 hereinafter called Dataset 1; the second was carried out on July 19th, 2019, 

hereinafter called Dataset 2. Both experiments began at 8:00 a.m., and the span of the 

experiments was different given the conditions of the weather; the first one lasted 11.5 hours and 

the tomato was withdrawn the same day, and the second lasted 16.25 hours and was withdrawn 
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the next day. Samples of tomato slices, randomly distributed in small trays inside the drying 

tables, were weighed at 15 minutes intervals, the weight loss was recorded by a digital balance 

(VELAB VE-1000, Velab Mexico, Mexico) of ± 0.1 g accuracy. Drying continued until the 

measured weight was constant for four consecutive measurements. When drying was completed, 

the samples were dried at 130 °C for 16 hours in an electric drying oven (Felisa fe-291ad series 

1507045) (Bala, 2016).  

To measure the air temperature inside the greenhouse, five CS215-L digital sensors 

(Campbell Scientific, Utah, USA, ± 2%, ± 0.4°C accuracies) were used and the measured values 

were averaged; for radiation measurements a pyranometer CMP3 was used (Kipp & Zonen 

102885, Sterling, USA, 5 𝜇V /W /m2 accuracy). For the external environment variables, the air 

temperature was measured with an HMP60 digital sensor (Vaisala, Vantaa, Finland, ± 3%, ± 0.6 

°C, accuracy), and solar radiation was measured with a pyranometer (Hukseflux LP02-L, 

Campbell Scientific, Utah, USA,15 μV /W /m2, accuracy).  

 

A.2.3 Mathematical modeling 

 

The moisture ratio curves of the second experiment (Dataset 2) were fitted with 35 empirical and 

semi-theoretical thin-layer drying models (Table A-1). These models were selected from a 

literature review of models used, so far, in thin layer drying of tomatoes and other models which 

has not been used before for this fruit. After fitting the adjusted models, they were tested with 

new data from the first experiment (Dataset 1). All models were fitted using the function non-

linear least squares (lsqnonlin) in Matlab, minimizing the sum of the squared difference between 

the predicted and measured moisture ratio, computed with Dataset 2.   
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Table A-1. Thin layer drying models. 

 Name Equation # of 

parameters 

Type Reference 

1 Newton 𝑀𝑅 = exp (−𝑘𝑡)  1 ST (Kesavan et al., 

2019)  

2 Page 𝑀𝑅 = exp (−𝑘𝑡𝑛) 2 ST (López-Cerino 

et al., 2019) 

3 Page modified 

VI 

𝑀𝑅 = exp (𝑘𝑡𝑛) 2 ST (Kurozawa et 

al., 2012) 

4 Overhults et al. 𝑀𝑅 = exp (−(𝑘𝑡)𝑛) 2 ST (Sonmete et al., 

2016)  

5 Page modified 𝑀𝑅 = exp ((−𝑘𝑡)𝑛) 2 ST (Kesavan et al., 

2019)  

6 Weibull 

Distribution III 
𝑀𝑅 = exp (− (

𝑡

𝑎
)

𝑛

) 
2 E (López-Cerino 

et al., 2019)  

7 Aghbashlo 

model 
𝑀𝑅 = exp −(

𝑘1𝑡

1 + 𝑘2𝑡
) 

2 E (Ezeanya et al., 

2018)  

8 Henderson & 

Pabis 

𝑀𝑅 = 𝑎 ∗ exp (−𝑘𝑡) 2 ST (Ezeanya et al., 

2018)  

9 Regression 𝑀𝑅 = exp (−(𝑎𝑡2 + 𝑏𝑡)) 2 E (Shi et al., 

2008) 

10 Vega-Galvez et 

al. 

𝑀𝑅 = 𝑛 + 𝑘√𝑡 2 E (Vega-Gálvez et 

al., 2008) 

11 Wang & Singh 𝑀𝑅 = 1 + 𝑎𝑡 + 𝑏𝑡2 2 E (Kesavan et al., 

2019)  

12 Two terms 

exponential 

𝑀𝑅 = 𝑎 ∗ exp(−𝑘𝑡) + (1
− 𝑎)exp (−𝑘𝑎𝑡) 

2 ST (Ezeanya et al., 

2018)  

13 Midilli 

modified III 

𝑀𝑅 = 𝑎 ∗ exp(−𝑘𝑡) + 𝑏𝑡 3 ST (Doymaz, 2009)  

14 Haghi & Angiz 

IV 
𝑀𝑅 = 𝑎 ∗ exp (

−(𝑡 − 𝑏)2

2𝑐2
) 

3 E (López-Cerino 

et al., 2019) 

15 Two terms 

modified III 

𝑀𝑅 = 𝑎 ∗ exp(−𝑘0𝑡) + 𝑎
∗ exp (−𝑘1𝑡) 

3 ST (Baini & 

Langrish, 2007) 

16 Page modified 

VII 
𝑀𝑅 = exp (−𝑘 (

𝑡

𝐿2
)

𝑛

) 
3 ST (Artnaseaw et 

al., 2010) 

17 Logistic 𝑀𝑅 = 𝑎0/[1 + 𝑎 ∗ exp(𝑘𝑡)] 3 E (López-Cerino 

et al., 2019)  

18 Verma et al. 𝑀𝑅 = 𝑎 ∗ exp(−𝑘0𝑡) + (1
− 𝑎)exp (−𝑘1𝑡) 

3 ST (Badaoui et al., 

2019)  

19 Midilli 

modified 

𝑀𝑅 = exp(−𝑘𝑡𝑛) + 𝑏𝑡 3 ST (López-Cerino 

et al., 2019)  

20 Approximation 

of Diffusion 

𝑀𝑅 = 𝑎 ∗ exp(−𝑘𝑡) + (1
− 𝑎)exp (−𝑘𝑏𝑡) 

3 ST (Ezeanya et al., 

2018)  

21 Logarithmic 

model  

𝑀𝑅 = 𝑎 ∗ exp(−𝑘𝑡) + 𝑏 3 ST (Kesavan et al., 

2019)  
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22 Khazaei & 

Daneshmandi 

𝑀𝑅 = 𝑎 + exp(−𝑏𝑡) − 𝑐𝑡 3 E (Khazaei & 

Danaeshmandi, 

2007) 

23 Henderson & 

Perry modified 

𝑀𝑅 = 𝑎 ∗ exp (−𝑘𝑡𝑛) 3 E (Corzo et al., 

2011)  

24 Demir et al. 𝑀𝑅 = 𝑎 ∗ exp((−𝑘𝑡)𝑛) + 𝑏 4 E (Demir et al., 

2007)  

25 Midilli-Kucuk 𝑀𝑅 = 𝑎 ∗ exp(−𝑘𝑡𝑛) + 𝑏𝑡 4 ST (Kesavan et al., 

2019) 

26 Two terms 𝑀𝑅 = 𝑎 ∗ exp(−𝑘0𝑡) + 𝑏
∗ exp (−𝑘1𝑡) 

4 ST (Kesavan et al., 

2019)  

27 Sripinyowanich 

& Noomhorn 

𝑀𝑅 = exp(−𝑘𝑡𝑛) + 𝑏𝑡 + 𝑐 4 E (López-Cerino 

et al., 2019) 

28 Wang et al. 

Two terms 

𝑀𝑅 = (1 − 𝑎) exp(𝑏𝑘𝑡) + 𝑎
∗ exp (𝑐𝑘𝑡) 

4 E (Wang et al., 

2007)  

29 Jena & Das 𝑀𝑅 = 𝑎 ∗ exp(−𝑘𝑡 + 𝑏√𝑡) + 𝑐 4 E (Jena & Das, 

2007)  

30 Two terms 

modified IV 

𝑀𝑅 = 𝑎 ∗ exp(−𝑘0𝑡
𝑛) + 𝑏

∗ exp (−𝑘1𝑡) 
5 ST (Tirawanichakul 

et al., 2008)  

31 Hii et al. 𝑀𝑅 = 𝑎 ∗ exp(−𝑘𝑡𝑛) + 𝑐
∗ exp(−𝑔𝑡𝑛) 

5 E (López-Cerino 

et al., 2019)  

32 Alibas model 𝑀𝑅 = 𝑎 ∗ exp((−𝑘𝑡𝑛) + 𝑏𝑡) + 𝑔 5 E (Ali̇baş, 2012) 

33 Henderson and 

Pabis modified  

𝑀𝑅 = 𝑎 ∗ exp(−𝑘𝑡) + 𝑏
∗ exp(−𝑔𝑡) + 𝑐
∗ exp (−ℎ𝑡) 

6 ST (Kesavan et al., 

2019)  

34 Wang et al. 

Three terms 

𝑀𝑅 = (1 − 𝑎 − 𝑏) exp(𝑐𝑘𝑡) + 𝑎
∗ exp(𝑑𝑘𝑡) + 𝑏
∗ exp(𝑓𝑘𝑡) 

6 E (Wang et al., 

2007)  

35 Henderson and 

Pabis modified 

II 

𝑀𝑅 = 𝑎 ∗ exp(−𝑘𝑡𝑛) + 𝑏
∗ exp(−𝑔𝑡) + 𝑐
∗ exp (−ℎ𝑡) 

7 ST (Ameri et al., 

2018)   

Where: a, b, c, d, f, g, h, k0, k1, k2, k, n = parameters. L = thickness 

A-3 THEORY AND CALCULATIONS 

The moisture ratio (MR, dimensionless) is defined as: 

𝑀𝑅 =
𝑀𝑡−𝑀𝑒

𝑀0−𝑀𝑒
                                                         (Eq- A-1) 

where 𝑀0 (decimal),𝑀𝑒(decimal) and 𝑀𝑡 (decimal) are initial moisture content, equilibrium 

moisture content, and moisture content at any time, respectively (Hasan et al., 2014). 

 Moisture ratio is the amount of water content that a product has in a dimensionless value based 

on the moisture of equilibrium. The drying rate is the change in the moisture content over time and 
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has three main phases. Phase I is defined by a constant rate of drying driven mainly by the diffusion 

of water vapor on the surface of the thin surface of the material. Phase II corresponds to the first 

falling rate period where the surface of the thin slice is no longer saturated with water and the 

humidity is transferred from the interior to the surface by the capillary forces; in this phase, the 

drying rate decreases over time. Finally, the Phase III, also known as the second falling rate period, 

the process depends on the properties of the material rather than the external conditions. The 

hygroscopic and porosity behaviour highly affect the drying time and moisture content. The 

process depends more on the heat transferred from the surrounding air as more energy is needed 

to move the water from inside to the surface of the product (Babalis et al., 2017).  

Models’ predictions were evaluated using Dataset 1, in terms of coefficients of 

determination (𝑅2), root mean square error (RMSE), mean absolute error (MAE), and modeling 

efficiency (EF), defined as (Patil & Gawande, 2017):  

𝑅2 =
(∑𝑀𝑜𝑏𝑠𝑀𝑝𝑟𝑒)

2

∑𝑀𝑜𝑏𝑠
2 ∑𝑀𝑝𝑟𝑒

2                                                    (Eq. A-2) 

𝑅𝑀𝑆𝐸 = √∑(𝑀𝑝𝑟𝑒−𝑀𝑜𝑏𝑠)
2

𝑁
                                               (Eq. A-3) 

𝑀𝐴𝐸 =
1

𝑁
∑|𝑀𝑅𝑝𝑟𝑒 − 𝑀𝑅𝑜𝑏𝑠|                                        (Eq. A-4) 

𝐸𝐹 = 1 −
∑(𝑀𝑅𝑜𝑏𝑠−𝑀𝑅𝑝𝑟𝑒)

2

∑(𝑀𝑅𝑜𝑏𝑠−𝑀𝑅)
2                                            (Eq. A-5) 

where 

𝑀𝑅 =
1

𝑁
∑𝑀𝑅𝑜𝑏𝑠                                                     (Eq. A-6) 

𝑀𝑅𝑜𝑏𝑠, is the moisture ratio observed (decimal), 𝑀𝑅𝑝𝑟𝑒, is the moisture ratio predicted (decimal), 

𝑁, is the quantity of data (an integer). 
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A-4 RESULTS 

 During both drying experiments, the outdoor air temperature ranged between 15 to 25°C 

whereas the inner temperature reached a maximum temperature of 55 °C, 30 to 35°C higher than 

outdoor temperatures. Radiation levels were very different for the two experiments and clouds 

play an important role in the amount of radiation that reaches the greenhouse (Figures A-2 and A-

3). The temperature distribution through time differs in both experiments due to the solar radiation 

variability. 

 

Figure A-2. Outside and inside conditions of Dataset 1. 

 

Figure A-3. Outside and inside conditions of Dataset 2. 
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The best five models for each stage were compared through the RMSE, R2, MAE, MSE, 

and EF values (Table A-2) the remaining models were not listed here but the worst model in the 

fit stage was the Vega-Gálvez et al., (2008) model with R2 = 0.945, an RMSE = 0.105, and an 

EF=91; the worst model in the test stage was Demir et al., (2007) with 𝑅2 = 0.942, an 𝑅𝑀𝑆𝐸 =

0.1452 and 𝐸𝐹 = 0.849; all other models are above in R2 and EF with fewer values of RMSE. 

Table A-2. Statistics for the best five models under fit and test stages. 

 

# 

Parameters R2 MSE RMSE MAE EF 

 Fit stage best models 

Henderson and 

Pabis modified II 

 

1.000 0.0001 0.008 0.018 0.999 

Wang three terms  1.000 0.0001 0.010 0.023 0.999 

Henderson and 

Pabis modified 

 

1.000 0.0001 0.010 0.024 0.999 

Hii et al.   0.999 0.0001 0.011 0.027 0.999 

Alibas  0.999 0.0001 0.011 0.023 0.999 

 Test stage best models 

Regression   0.994 0.003 0.059 0.045 0.975 

Haghi & Angiz IV  0.993 0.003 0.059 0.045 0.975 

Overhults et al.  0.993 0.004 0.060 0.047 0.974 

Weibull III  0.993 0.004 0.060 0.047 0.974 

Page modified VI  0.993 0.004 0.060 0.047 0.974 

 

The measurements and the fitted curves are shown for each stage in Figures A-3 and A-4. In 

general, all models sub estimates the moisture content during Phase II of the drying rate in the test 

scenario. In terms of the fit stage, all models follow exactly the behaviour of the data-calculated 

moisture ratio.   
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Figure A-4. Best five thin layer models during the fitting with measurements. 

 

Figure A-5. Comparison of measurements and the best five thin layer models with the new 

data.  

The parameter values for all the models are summarized in Table A.1 under the Appendices 

section of this paper.  
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A-5 DISCUSSION  

The best models at the fit stage are those with a higher number of parameters (Table A-2) but for 

the test stage, the best performance is achieved with models with less than 4 parameters. In general, 

it is desirable to use models with few parameters avoiding overfitting or complex models that can 

lead to parameters that cannot be physically explained. 

Semi-theoretical models are superior to empirical models as they have a physical meaning and can 

also be used regardless of the experiment. The use of empirical models is limited when the system 

changes, because new data are required to adjust the model or greater disparities may arise when 

using them. 

 

The drying rate depends highly on the characteristics of the product and the air temperature. The 

shape factor highly affects Phase II on the drying rate and the drying constant affects Phase III. In 

this study, some of the models have the same or close values as the structure could be similar or 

based on the same model. The five best models in the adjustment stage have very similar behaviour 

to the moisture ratio obtained from the data, that is, phases I and II are well captured by the model 

during the adjustment; however, in the test stage, it is observed that Phase II is underestimated. 

This may be due to the difference in temperature in the new data, it is observed that there is a 

fluctuation in temperature over the day (Figures A-2 and A-3) due to the large radiation variability. 

Phases I and III are well represented by the models but the time to reach the desired moisture will 

be overestimated by the difference in the wide drop in moisture ratio during Phase II. 

 

The semi-theoretical models, such as Henderson and Pabis derived from Fick’s Second Law of 

Diffusion, the Page and Overhults based on the Newton law of cooling, are models that have the 
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structure based on approximations to the solution of physical models. Thus, the parameters can be 

related to a physical understanding of the problem. The modifications for both kinds of models are 

not always related to the solution of the physical laws but still preserve some of the structure and 

could lead to conclusions related to the physics of drying.  

 

The main difference between the structure of the Newton and the Henderson and Pabis original 

models is the constant multiplying the exponential term. In general, 𝑘 is the drying constant (𝑠−1), 

𝑡 is the time (𝑠) and 𝐴 or 𝑎 is the shape factor (dimensionless). The drying constant is associated 

with the drying parameters such as heat and mass transfer, depends on temperature, and is 

simplified through the thin layer models. The values range from 0 to 1 for all models used in this 

study, as expected.  

 

A-6 CONCLUSIONS 

The best model to predict the moisture ratio of tomato slices in a greenhouse-type solar dryer was 

found to be the Page modified VI (Model 3, Table A-1). This model was also found to be 

equivalent to the Overhults et al. model. The Page model is a Semi-theoretical model and is highly 

used and found in other research regarding drying, it has two parameters and could be fit relatively 

without trouble. Other authors found the Midilli Kucuk as the best model but for this study, the 

Midilli model was not as accurate as the first five models (Regression, Haghi and Angiz IV, 

Overhults, Weibull II and Page modified VI models), and compared to the Page models it has more 

parameters to be fitted. Although the the Page model was identified to be the most accurate among 

others evaluated, the Regression, Haghi and Angiz IV, Overhults, Weibull II and Page modified 
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VI models are also suitable to predict moisture content of tomato slices dried in greenhouse-type 

solar dryers. 

The present study has shown that some of the models found in the literature identified to be ideal 

for use in thin-layer modeling. However, no major discussions have been found on testing the 

models with new data. This is recommended since, as observed in the results, the best-fitting 

models does not always mean that they would offer the most accurate predictions. The variability 

of the conditions significantly affects the behavior of the models due to the high abstraction of the 

moisture ratio concept and the assumption of constant temperature during drying.  

Thin layer models only depend on time and not on temperature, an important parameter that would 

be considered within the drying constant. Other investigations with different products within 

greenhouse-type solar dryers should be established. Still, more models should not be developed 

given their wide repertoire in the literature and the similarity between the mathematical structure 

reflected in the estimated values when adjusting the models with data. 

 

A-7 APPENDICES 

Table Ap.1 Parameter values for all 35 thin layer models tested in this study. 

 Model name Parameters 

1 Newton 𝑘 = 0.208 

2 Page 𝑘 = 0.043, 𝑛 = 1.930 

3 Page modified VI 𝑘 = −0.043, 𝑛 = 1.930 

4 Page modified 𝑘 = 0.197, 𝑛 = 1.930 

5 Page modified VII 𝑘 = 21.698, 𝑛 = 1.930 

6 Overhults et al. 𝑘 = 0.197, 𝑛 = 1.930 

7 Weibull Distribution III 𝑎 = 5.076, 𝑛 = 1.930 

8 Henderson & Pabis 𝑎 = 1.222, 𝑘 = 0.247 

9 Regression 𝑎 = 0.038, 𝑏 = 0.005 

10 Two terms exponential 𝑎 = 2.242, 𝑘 = 0.355 

11 Wang & Singh 𝑎 = −0.152, 𝑏 = 0.006 

12 Aghbashlo model 𝑘1 = 0.126, 𝑘2 = −0.062 

13 Vega-Galvez et al. 𝑛 = 1.181, 𝑘 = −0.335 
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14 

Henderson & Perry 

modified 𝑎 = 1.009, 𝑘 = 0.046, 𝑛 = 1.900 

15 Midilli modified 𝑘 = 0.041, 𝑛 = 1.980, 𝑏 = 0.001 

16 Midilli modified III 𝑎 = 1.186, 𝑘 = 0.216, 𝑏 = −0.005 

17 Logarithmic  𝑎 = 1.283, 𝑘 = 0.197, 𝑛 = −0.104 

18 Hagui & Angiz IV 𝑎 = 1.007, 𝑏 = −0.130, 𝑐 = 3.670 

19 Two terms modified 𝑎0 = 1.140, 𝑎 = 0.108, 𝑘 = 0.587 

20 Two terms modified III 𝑎 = 0.611, 𝑘0 = 0.247, 𝑘1 = 0.247 

21 Verma et al. 𝑎 = 32.084, 𝑘0 = 0.482, 𝑘1 = 0.502 

22 

Approximation of 

Diffusion 𝑎 = −45.659, 𝑘 = 0.499, 𝑏 = 0.972 

23 Khazaei & Daneshmandi 𝑎 = 0.150, 𝑏 = 0.236, 𝑐 = 0.015 

24 

Sripinyowanich & 

Noomhorn 𝑘 = 0.043, 𝑛 = 1.965, 𝑏 = 0.001, 𝑐 = 0.007 

25 Midilli-Kucuk 𝑎 = 1.003, 𝑘 = 0.042, 𝑛 = 1.967, 𝑏 = 0.001 

26 Two terms 𝑎 = 36.265, 𝑘0 = 0.495, 𝑏 = −35.325, 𝑘1 = 0.515 

27 Jena & Das 𝑎 = 0.899, 𝑘 = 0.416, 𝑏 = 0.561, 𝑐 = −0.027 

28 Wang et al. Two terms 𝑎 = 3.106, 𝑏 = 9.519, 𝑘 = −0.07, 𝑐 = 5.627 

29 Demir et al. 𝑎 = −15.950, 𝑘 = −0.0002,𝑛 = 0.435, 𝑏 = 17.202 

30 Two terms modified IV 𝑎 = −14.829, 𝑘0 = 0.301, 𝑛 = 0.955, 𝑏 = 15.738, 𝑘1 = 0.273 

31 Hii et al. 𝑎 = −0.440, 𝑘 = 0.435, 𝑛 = 1.458, 𝑐 = 1.424, 𝑔 = 0.129 

32 Alibas model 𝑎 = 0.965, 𝑘 = 0.079, 𝑏 = 0.067, 𝑛 = 1.759, 𝑔 = 0.015 

33 

Henderson and Pabis 

modified  𝑎 = 16.007, 𝑘 = 0.873, 𝑏 = 19.992, 𝑔 = 0.585, 𝑐 = −34.993, ℎ = 0.730 

34 Wang et al. Three terms 𝑎 = 11.029, 𝑏 = 1.626, 𝑐 = −1.741, 𝑘 = 0.384, 𝑑 = −1.385, 𝑓 = −3.329 

35 

Henderson and Pabis 

modified II 𝑎 = −0.324, 𝑘 = 0.189, 𝑛 = 2.631, 𝑏 = 17.751,𝑔 = 0.507, 𝑐 = −16.427, ℎ = 0.551 
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APPENDIX B: CONTROLLER DESIGN FOR A GREENHOUSE-TYPE SOLAR 

DRYER BASED ON PRODUCT TEMPERATURE MODEL  

 

FOR SUBMISSION TO APPLIED THERMAL ENGINEERING 

 

Valencia-Islas J. O., Kacira M., Lopez-Cruz I.L.*, Giacomelli G., Ruiz-Garcia A., Li P. 

 

ABSTRACT 

 

Greenhouse-type solar dryers provide dehydration of fruits with high quality and without 

contamination from external conditions. The renewable energy use has not only promoted their 

use in drying but also technology development and research.  However, problems still exist 

regarding optimization, control strategy, and the challenge of maintaining a desirable inner 

environment regardless of external disturbances. The control systems currently known are based 

on the local climate inside the greenhouse and assume that the product will have the same 

temperature as the air driving the drying process. However, the large amount of water content of 

the product (tomato) causes a significant difference between the air and the product temperature. 

Therefore, this study developed a model predictive controller with a focus on product temperature. 

The model was designed using system identification methods and with a model structure based on 

air temperature, relative humidity, floor temperature, cover temperature, and product temperature 

as state variables. Solar radiation, external air temperature, and relative humidity were model 

inputs. The accuracy of the model to predict product temperature was greater than 87%. The 

simulated product temperature was used to define the setpoint for the control strategy. Two control 

strategies were considered; 1) both greenhouse wall exhaust fans were activated with a single 

control signal, and 2) both fans were activated independently with two stages of ventilation. Both 

control strategies maintained the product temperature below 50°C during the drying process which 

is desired to preserve lycopene and vitamins in the tomato. The second strategy required 22% less 
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energy. This strategy successfully achieved an effective control to provide the desired product 

temperature.  

Keywords: Greenhouses, MPC, Mathematical modeling, Systems Identification, Solar Dryers.  

 

B-1 INTRODUCTION  

 

Greenhouse-type solar dryers have become popular due to the use of renewable energy, 

controllability, size, reduction in product contamination, and the possibility of use in remote 

locations (Patil & Gawande, 2016; Tiwari, 2016). However, there is a great variety of designs with 

unique environmental controls for greenhouse conditions (Janjai et al., 2009; Kaewkiew et al., 

2012). The best-dried product quality in less time can be achieved with a high level of ventilation 

and when the greenhouse's internal conditions are homogenous (Choab et al., 2019; Tham et al., 

2017; Verma, n.d.).  

The majority of control strategies for greenhouse-type solar dryers have been On/Off control with 

air temperature and relative humidity setpoints (Hamdi et al., 2018; Singh et al., 2022; 

Vengsungnle et al., 2020) and Pulse Width Modulation control with air temperature setpoint 

(Aprillia et al., 2022) controlling the exhaust fans speed. Even though both control strategies are 

less complex to implement in greenhouses, they lack optimal control abilities and energy savings 

when compared to Model Predictive Control (Achour et al., 2020).  

The Model Predictive Control approach (MPC) is a type of control that uses a mathematical model 

of the system to predict, in a specified time horizon, the variables of interest. Then, based on the 

behavior a set of control strategies are used to minimize a cost function subject to constraints. 

Because the optimization and prediction are calculated in every step, the MPC could lead to the 

unstable behavior of the system (Camacho & Bordons, 2007a; Ouammi, 2021).  
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Linear MPCs have parameters that must be tuned for the controller to work properly. These 

parameters are the weights Q and R, which serve to penalize the objective function based on the 

variables considered in the controller. The next parameter is the sampling period, the time interval 

in which the control actions remain constant. They depend on the time constant of the controlled 

system. The prediction horizon is the number of steps in time that, when multiplied by the sampling 

period, gives the length of the window in which the MPC calculates the model's predictions. 

Finally, the control horizon represents the number of steps in time for which the MPC will calculate 

the optimal control actions that minimize the objective function (Camacho & Bordons, 2007b; 

Drgoňa et al., 2020). 

Unlike the ON/OFF and Proportional Integral Derivative (PID) Controllers, the MPC can 

overcome important disturbances in solar drying systems due to unexpected outdoor weather, and 

then optimize the response based on the specific greenhouse physical and technological constraints 

(Chen & You, 2020; Petersen et al., 2017). In addition, the possibility to add variables of economic 

impact in the cost function makes MPC a great option for a controller of greenhouse-type solar 

dryers (Ciglera et al., 2013). There is a lack of research on applying MPC for greenhouse solar 

dryers. The objective of this study was to design a model predictive controller for a greenhouse-

type solar dryer based on product temperature rather than greenhouse air temperature, and then 

design the controller with the existing equipment in the greenhouse for the drying process and 

evaluate the energy usage. 

 

B-2 MATERIALS AND METHODS 

 

B-2.1 Greenhouse-type solar dryer 

 

The greenhouse used in this study has a 6 mm thick polycarbonate cover with a galvanized steel 

structure. It has a concrete floor with a thickness of 150 mm; two exhaust fans are located on the 
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south wall and serve to extract and renew the air inside the greenhouse, the ventilation rate of each 

fan is 2.6 m3 s−1. The greenhouse has four inlets of 0.65 m2 each, that are always open and located 

in the north wall at 0.85 and 1.4 m in height above the floor (Figure B-1). The greenhouse is located 

at the Universidad Autónoma Chapingo (19°29’ N, 98°53 W) in Texcoco, Mexico with an altitude 

of 2250 m above sea level. 

 

Figure B-1. Greenhouse solar dryer dimensions and orientation. 

B-2.2 Experiment 

 

The experiments of this study were completed from May 2nd to May 10th, 2021. The data was then 

split into Dataset1 for developing the model from May 2nd to May 6th and Dataset2 to develop the 

controller from May 6th to May 10th. The dried product was a sliced saladette tomato of 5 mm 

thickness. Since the control application considered the product temperature, the moisture content 

of the product was not considered, and thus, every day new tomato slices were introduced 

regardless of the moisture content of the previous tomato slices. To measure the tomato slice 

temperatures, thermocouples type T (HOBOware, Bourne, USA, ±0.6 °C accuracy, 0.02 °C 

resolution, and Range of -260° to 400 °C) were inserted into the product and the mean temperature 

was considered as the true temperature of the whole tomato. The temperature and relative humidity 
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outside the greenhouse were measured using an HMP60 digital sensor (Vaisala, Vantaa, Finland, 

± 3%, ± 0.6 °C, accuracy) and solar radiation with a Hukseflux pyranometer (LP02-L, Campbell 

Scientific, Utah, USA,15 μV /W /m2, accuracy). For the indoor variables, a CS215L (Campbell 

Scientific, Utah, USA, ± 2%, ± 0.4°C accuracies) and a CMP3 pyranometer (Kipp & Zonen 

102885, Sterling, USA, 5 𝜇V /W /m2 accuracy) were used for temperature, relative humidity, and 

solar radiation, respectively. The data were recorded each minute for indoor conditions and five 

minutes for outdoor conditions. During the experiment, an ON-OFF control was used to reduce 

the temperature inside the greenhouse based on the product temperature. Whenever the slice 

temperature exceeds 50°C both greenhouse exhaust fans were turned ON and OFF when the 

product temperature was below 45 °C.  

  

B-2.3 Greenhouse-type solar dryer prediction model  

 

A mathematical model for air and product temperature inside the greenhouse was developed. The 

state-space representation was selected as it contains information about past behavior inside the 

greenhouse. The model considers as control input the ventilation rate; as inputs (disturbances) 

outdoor temperature, relative humidity, and solar radiation; as outputs, air temperature, relative 

humidity, cover temperature, product temperature, and floor temperature.  

The linear subspace identification method NS4ID algorithm was used to identify the plant in a 

discrete-time state-space model. The linear discrete model is described by (Eq. B-1) without noise. 

[
�̂�(𝑡 + 1)

𝑦(𝑡)
] = [

𝐴 𝐵
𝐶 𝐷

] [
𝑥(𝑡)

𝑢(𝑡)
]   (Eq. B-1) 

Where �̂�(𝑡 + 1) is the one-step ahead state prediction,𝑥(𝑡) is the state at time t, 𝑦(𝑡) is the output 

vector, 𝐴, 𝐵, 𝐶 𝑎𝑛𝑑 𝐷 are the state space matrices representation and 𝑢(𝑡) is the input vector.  
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The best model was selected among several hundred models by selecting the one with the 

minimum Final prediction error (FPE) and the mean square error (MSE) statistics (Hamidane et 

al., 2021). 

From Dataset1, 60% were used to identify the model and the rest for model evaluation. The 

statistics Root Mean Squared Error (RMSE), Mean Absolute Error (MAE), and model Efficiency 

(EF) were used to measure the agreement between the model and the measurements of the real 

system. A detailed explanation of the statistics can be found in (Martínez-Ruiz et al., 2021). 

 

B-2.4 MPC problem statement  

 

Given the mathematical model of the greenhouse dryer, the controller relies only on the product 

temperature, so the other states inside the greenhouse are not considered and serve only as 

estimations of the greenhouse conditions.  

The constraints of the controller are given by (Eq. B-2) and (Eq. B-3) regarding the ventilation rate 

and the number of exhaust fans and the product temperature  

𝑞𝑚𝑖𝑛𝑛 ≤ 𝑞 ≤ 𝑞𝑚𝑎𝑥𝑛       𝑤𝑖𝑡ℎ 𝑛 = {0,1,2}, 𝑞𝑚𝑖𝑛 = 0, 𝑞𝑚𝑎𝑥 = 2.6   (Eq. B-2) 

𝑇𝑚𝑖𝑛 ≤ 𝑇 ≤ 𝑇𝑚𝑎𝑥,    𝑤𝑖𝑡ℎ 𝑇𝑚𝑖𝑛 = 𝑇𝑎𝑚𝑏 , 𝑇𝑚𝑎𝑥 = 70     (Eq. B-3) 

The maximum ventilation rate is considered as the maximum physical constraint given by the 

exhaust fans, then, the controller considers a maximum ventilation rate as 5.2 given by the two 

fans and the maximum ventilation rate of each fan.  

For the constraint over the product temperature, it is considered to vary within the boundaries of 

𝑇𝑎𝑚𝑏 and up to 70 °C, the idea is to observe the behavior of the controller without a rigid constraint, 

changing the boundaries with a small percentage around the setpoint will over-constrain the 



69 

optimization. The optimization is defined as (Eq. B-4) with cost function (Eq. B-5) and then 

becomes a linear quadratic optimization problem. 

𝑢𝑘
∗ = 𝑎𝑟𝑔𝑚𝑖𝑛 𝐽(𝑥𝑘, 𝑢𝑘)               (Eq. B-4) 

𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝐽 = ∑ 𝑥𝑘
′𝑁

𝑘=1 𝑄𝑥𝑘 + 𝑢𝑘
′ 𝑅𝑢𝑘  (Eq. B-5) 

The MPC and model were programmed into the MATLAB Simulink environment (Figure B-2) 

and the flow of information is shown in Figure (B-3) in a simplified version.  

 

Figure B-2. Matlab Simulink model of the greenhouse-type solar dryer with the MPC control. 

 

Figure B-3. Block diagram flow for the greenhouse-type solar dryer system. 
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B-2.5 Control strategies  

 

Two different scenarios were tested for the controller design. The first is to place the two fans 

activated at the same time, i.e., the controller will have the values of 0 or 5.2 𝑚3 𝑠−1, called MPC1. 

The second strategy is using the fans independently, then the possibilities are 0, 2.6 or 5.2 𝑚3 𝑠−1 

called MPC2. Both scenarios lead to different optimal strategies as both have different physical 

constraints. Although the actuators are ON/Off devices, it is important to notice that using the 

ventilation rate as a step variable with fixed values could be used to design a model predictive 

controller.  

The MPC used is tuned with different parameters and the best one is selected. The Sample time 

was found to be two, the prediction horizon is considered five and the control horizon is two. As 

the model was developed on a time scale of minutes, both, the control, and prediction horizons 

were considered in minutes. Values greater in all parameters either made the system become 

unstable or did not make any improvement to the controller.   

 

B-3 RESULTS 

 

B-3.1 Model simulations and evaluation 

 

The data used for model identification contained the outdoor relative humidity, temperature, and 

solar radiation (Figure B-4) and the indoor air temperature, relative humidity, product, floor, and 

cover temperatures (Figure B-5).  The identified model is represented by the A, B, C, and D 

matrices (Eq. B-6) with 5 outputs and 4 inputs (1 control signal and 3 disturbances).  

 

𝐴 =

[
 
 
 
 
−0.1789    0.0367 −0.2752    0.1820      0.0256
−0.0073    0.0098    0.0217     0.1075 −0.1395
−0.0245
−0.0067
0.0465

−0.0752
−0.0096
   0.0569

  
−0.1661 −0.0129 0.0856
−0.0102   0.0496 −0.1157
0.1726       0.0802 −0.2126]
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𝐵 =

[
 
 
 
 
−0.1774 −1.2907 −0.0088 2.1670
0.0159 −0.1982 0.0000 −0.5576

−0.0174
0.0268
0.0448

−0.0351
−0.0795
0.0845

0.0056 0.8999
  0.0000  −0.3815
−0.0023 1.5500 ]

 
 
 
 

 

 

𝐶 =

[
 
 
 
 

0.4305    0.6035      0.4614         0.2228  −0.0689
−0.2207    0.1406    −0.1914   −0.1380 −0.2749
−0.4123
−0.2335
−0.2368

−0.1619
0.1085
  0.0913

   
−0.3584    0.0045        0.5996
−0.1625      0.0548     −0.0871
  0.0788    0.3050      −0.1545 ]

 
 
 
 

 

 

𝐷 = [0] 

 

 

 

 

 

 

 

                 (Eq. B-6) 

The model sometimes overpredicted the floor and product temperature (Figures B-6 and B-7) but 

overall, the model predictions were good. The RMSE and MAE are less than 3 for product 

temperature and air temperature as both variables are important for the drying process. Model 

efficiency is greater than 0.87 for all the variables so the model is considered to be a good 

representation of the greenhouse (Figure B-8).   
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Figure B-4. Outdoor data is used for model identification and model validation. 

 

Figure B-5. Indoor data of the greenhouse for identification and validation. 
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Figure B-6. Relative humidity, product and air temperature inside the greenhouse, 

measurements, and model simulations. 

 

Figure B-7 Floor and cover temperature inside the greenhouse, model, and measurements.  
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Figure B-8. Model statistics between the measurements and the model simulations.  

B-3.2 MPC Simulations 

 

The state space model was used for the Model Predictive Controller. The difference between the 

setpoint and measurement of the product temperature was used as input in the MPC. The only 

output of the MPC was the ventilation rate ranging from 0 to 5.2 𝑚3 𝑠−1. The ventilation rate and 

the disturbances (relative humidity, air temperature, and solar radiation outside the greenhouse) 

were the inputs to the mathematical model. To simulate the real greenhouse operation, some noise 

was added to the model outputs as random variables, and a variation of 20% of temperatures and 

relative humidity was used to simulate the noise and was randomly summed or subtracted. The 

product temperature simulated as a measurement was subtracted from the setpoint and introduced 

again to the MPC.  

The MPC1 controller was considered as the one with the strategy of two fans working separately. 

The MPC2 was the controller with both fans activated simultaneously. Both controllers were 

enough to keep the product temperature below 50°C (Figures B-9 and B-11). The difference in the 
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strategies as well as the difference in the temperature due to the controller is small. The main 

difference was regarding the time and possible amount of energy used for controlling. There was 

a reduction in the air temperature, floor temperature, and increased relative humidity due to the 

MPC action (Figure B-10).  

 

Figure B-9. Controller strategies with the product and air temperature. 
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Figure B-10. Floor and cover temperature and relative humidity with the controllers. 

 

Figure B-11. Product temperature with the two MPC strategies. 
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B-4 DISCUSSION 

 

The two control strategies (both fans activated at the same time, MPC1, and using the fans 

independently, MPC2) differ in the constraints over the ventilation rate. The signals are treated as 

pulse signals which, helps using ON/OFF actuators to optimize the controller. Usually, MPC is 

designed for analog actuators as they offer a non-stiff optimization to achieve a better optimal 

trajectory. The MPC designed in this study was found to be a good controller for maintaining the 

desired product temperature with ON/OFF exhaust fan controls.  

The exhaust fans were activated before the setpoint is reached, as expected from a model predictive 

controller, these optimal strategies led to a smooth control instead of the dead bands showed by an 

on/off control. The ON/OFF control triggers the actuators when the setpoint is reached and thus, 

the tomato slice can be close to the undesirable temperature. With the MPC1 and MPC2 

controllers, the set point is never reached, thus the product is always kept below 50 °C which is 

desirable to ensure the vitamins and lycopene are conserved during drying. 

The change in the restrictions on the ventilation rate changes the optimal strategies as shown in 

Figure (B-11). The MPC2 activates the fans before the MPC1.   

 It is noticed that the two-stage control is a better strategy and can reduce the energy needed for 

controlling the product temperature (Figure B-11). To our knowledge, this is the first time the 

product temperature is used to control a dryer instead of the air temperature. According to the 

experimental data, the air temperature could be greater than 50°C before the product temperature 

reaches 50°C.  

The future study should implement MPC in a real greenhouse setting to determine the system's 

behavior under external noise and inputs. The RMSE of the model is 2°C and 3°C for air and 

product temperature, respectively. This means that the set point should be carefully considered as 
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the uncertainty of the model can affect the behavior of the MPC. If the set point is 50°C, then it is 

also expected that at some points product temperature greater than 50°C can be observed due to 

the model predictions.  

B-5 CONCLUSIONS 

 

The Model Predictive Controller designed in this study simulated the behavior of the system within 

the set points considered. The main difference between both control strategies considered was the 

total operation time the fans were activated to achieve the product temperature.  

Model Predictive Control, based on product temperature, can improve control strategy with energy 

savings and enhanced dried product quality. System Identification can serve as a starting point for 

complex systems such as greenhouse-type solar dryers. The setpoint should be carefully 

considered as the uncertainty of the model can affect the behavior of the MPC. A model with better 

adjustment could be used to improve the Model Predictive Controller as it is essential for the 

optimization process. Perhaps a Kalman Filter could be a better option if this controller is 

implemented in a real greenhouse with the data introduced to the Kalman filter.  

With analog actuators, the controller should be less restricted and thus, offering a better tool for 

controlled environments. The product temperature was successfully used to control a greenhouse-

type solar dryer rather than the air temperature. Future studies can also consider combining 

multiple inputs and multiple outputs. 
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ABSTRACT 

 

Solar drying systems are used to preserve perishable products, although the wide variability of 

solar dryers, the greenhouse type has significant benefits over other types of dryers and allows a 

high control of variables, opening the possibility to use them on an industrial scale. However, to 

enhance drying is necessary to use mathematical modeling techniques for understanding the 

phenomenon, optimize, improve designs, and propose new solutions that reduce time and gain 

drying quality. So far, the numerical approach of Computational Fluid Dynamics has been 

understudied, with advances in the sense of assessing the behavior of temperature, humidity, and 

wind speed within the dryer to determine if the conditions could produce good dehydration. 

Nevertheless, it is necessary to model the dryer with the product inside to have a complete 

understanding of what happens during the loss of water from the product. The objective of the 

present is to provide a review of the state of the art of modeling through CFD in solar greenhouse-

type dryers focusing on how to build the model and which processes need to be considered to 

address the drying problem. 

 

Keywords: CFD, greenhouses, drying, modeling, renewable energies. 

 

C-1. INTRODUCTION 

 

Food waste worldwide is a vital issue given the conditions of poverty in the world and the increase 

in population each year. Just in 2016, the total percentage of food loss in the world was around 

15% considering the stages after harvest until distribution, most of the percentage is distributed in 

Central and South Asia (>20%), North America, and Europe (>15%), and Sub-Saharan Africa 

(>14%) (FAO, 2019). Most agricultural products exhibit a waste of less or equal to 25% of what 

is harvested (Figure C-1), in Latin America, 127 million tons of food are wasted per year, which 

would be enough to feed 300 million people. The highest percentage of waste occurs in production 

and consumption with 28% of total production, followed by handling and storage with 22%. These 

losses generate a carbon footprint and water consumption, with cereals, meats, and vegetables 

being the main contributors to the percentage (FAO, 2015). 
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Figure C-1. Most wasted agricultural products after harvest and during distribution stages 

(Adapted from FAO, 2019). 

 

In Mexico, as an example, it is estimated that 925 thousand tons of tomatoes, 99 thousand tons of 

fish, and 41 thousand tons of pork are wasted, in total, 37% of what is produced in the country 

(Rivera, 2018). Among the most wasted foods in Mexico are those with short shelf life, these losses 

correspond to an approximate cost for Mexico of 25,000 million US dollars (Forbes, 2018), another 

example is the US where the food lost and wasted can feed more than 120 million people on a 

2000 kcal daily basis (Vittuari et al., 2020). 

 

Two ways to contribute reduce food waste are to minimize production by increasing the shelf life 

of perishable products (Mahapatra & Tripathy, 2019; Patel & Patel, 2014; Tham et al., 2017) and 

improving transportation. The dehydration process allows the elimination of water contained in 

food, increasing the time it takes to decompose and reducing its volume for transportation. Solar 

drying is one of the oldest techniques, however, when it is performed in outdoor conditions, there 

are problems such as the inability to control factors that affect drying, for example, duration of 

drying, uncertainty in weather conditions, and the contamination of the products with dust, 

bacteria, and fungi spores (Kooli et al., 2007). 

 

Several authors have carried out reviews on the types of solar dryers that exist today (El-Sebaii & 

Shalaby, 2012), some of them focus just on greenhouse-type dryers (Kumar & Shrivastava, 2017; 

Patil & Gawande, 2016; Verma, n.d.) and discuss the advantages and disadvantages of each design 

(Tiwari, 2016), as well as its possible applications. Nonetheless, no one considers if mathematical 

modeling is done for describing the drying process. 

 

Greenhouse solar dryers have become of great interest not only because it is possible to use them 

for a double purpose, that is, as a greenhouse for crop production in seasons in which temperatures 

and humidity are controllable in the optimum range for plants and as a dryer when temperatures 

outside the greenhouse are too high and it is very expensive to control these variables making crop 

production economically unfeasible (Condorí et al., 2001; Jain, 2005; Sethi & Dubey, 2011); It 

also has the benefits of requiring less space compared to other dryers, being a technology suitable 

for small and medium growers since no electricity or other type of fuel is needed (Tiwari, 2016); 

maintains the quality of dehydrated products; facilitates transport after having dehydrated the 
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product (Leon et al., 2002); the cover and structure protects the product from external 

contamination such as dust or animals and is economically viable (Condorí & Saravia, 1998; 

Koyuncu, 2006).  

 

Even though greenhouse solar dryers had been investigated and there is some research on their 

design, improvement, and operation (Prakash & Kumar, 2013), there is not a complete 

understanding of the behavior of the dehydration process under greenhouse conditions. Much of 

this lack of knowledge is the problem of modeling solar drying. The drying process is highly 

demanding in energy (Jamaleddine & Ray, 2010; Tanwanichkul et al., 2013) and simultaneous 

processes of mass and heat transfer are involved. In addition, it is a multi-scale process, where 

macro-metric variables describing the behavior of the air inside and outside the dryer considerably 

affect the microscopic conditions within the product to be dehydrated (Defraeye, 2014). This 

multi-scale and unbalanced behavior that involves simultaneous transfer processes makes the 

process of mathematical modeling complex (Kemp, 2007; Kooli et al., 2007). 

Most of the models developed for solar greenhouse-type dryers are based on energy balances, 

using ordinary differential equations (ODEs) to model the humidity and temperature behavior of 

the air inside the dryer (Jain & Tiwari, 2004; Janjai et al., 2011, 2014; Kumar & Tiwari, 2006); 

however, when the product is involved, the so-called “thin layer” models are the most widely used. 

Thin layer models are based on regressions over data taken from the dehydration process during 

certain days and fitted with exponential or algebraic expressions that are based on Newton's law 

of cooling, diffusion, or exponential decay behavior approximations (Defraeye, 2014; Verma, 

n.d.). Both approaches with ODEs and Thin-layer modeling are developed considering there is no 

spatial variation in the inner conditions of the greenhouse; this assumption could be valid for small-

volume greenhouses but for volumes greater than 10 m3 this assumption is not hold anymore as a 

great heat and mass exchange is occurring inside the dryer at the same time heat is collected from 

the sun radiation. Therefore, another type of modeling is needed to address the problem when 

spatial variations in the air inside the greenhouse are considered.  

 

The objective of this review is to present an overview of the state-of-art in Computational Fluid 

Dynamics (CFD) applied to solar greenhouse-type dryers, the limitations, and future research that 

is needed to understand and optimize these systems. 

 

C-2. PHYSICAL PHENOMENA THAT OCCUR IN GREENHOUSE-TYPE SOLAR 

DRYERS 

 

The solar drying problem is complex. Here we will first define a complex system and discuss how 

it is related to the Greenhouse-Type Solar Dryer System (called GTSDS hereafter).  

 

According to Holland & Torres (2004), complex systems have 4 properties and 3 mechanisms. 

The properties are 1) Aggregation, which is the basic characteristic of complex systems and is a 

standard way of simplifying complexity. For the GTSDS, each material inside the dryer itself 

creates the drying system, the tables, the floor, the product, and the gases (could be just humid air 

but some fruits produce other gases) all of them interacting during the drying process; 2) Non-

linearity, the drying behavior at different scales, as well as the multiphase interaction produces a 

highly non-linear behavior; 3) Flows, the movement of the fluids itself, the humidity inside the 

product that vaporizes to the dry air, the wind flow inside the dryer, and the heat by radiation of 
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the solids inside the GTSDS; 4) Diversity, although this property contemplates a more historical 

diversity of the appearance of each element of the system, within the GTSDS there is a mixture of 

gases in different proportions, together with the diversity of materials that get into for dehydration. 

The mechanisms of complex systems are 1) Labeling, which consists essentially to label the 

elements in the system that have the same likeness, although in the drying process each product 

behaves differently as it depends on the specific characteristics, they can be treated as the same if 

the dimensions are quite equal; 2) Internal models, "the structure from which we infer the 

environment also actively determines the behavior of its agent" (Holland & Torres, 2004), the air 

inside the greenhouse affects and interact with the product, this determines the drying of the 

product; 3) Building blocks, small blocks that can be combined to create a complex object or 

system. In the GTSDS there are products with different phases, dimensions, and scales that 

constitute a block when considered.  Then, the GTSDS could be understood as a complex system 

to model with accuracy given the non-linear interactions and diversity of its elements.  

 

Greenhouses are structures that trap short-wave solar radiation and store long-wave thermal 

radiation to create a favorable microclimate, mainly for growing crops (Morad et al., 2017); 

however, due to their climate control and heat retention capacity, their use as solar dryers have 

become widespread (Patil & Gawande, 2016; Verma, n.d.). The Greenhouse-Type Solar Dryer 

System consists of well-defined elements that act as an adiabatic system for heat and mass transfer 

simultaneously. Some of the elements that are generally found in GTSDS are 1) Support structure 

for the roof, depending on the dimensions it can be made of wood, galvanized steel, or aluminum; 

2) Cover material, it can be plastic, glass, or polycarbonate sheets; 3) Floor, made of heat absorbing 

material, it can be concrete or some plastic, the cover is used as a barrier so dust, soil or plants do 

not contaminate the product; 4) Air inlets and outlets, allow the entry of new air with lower 

humidity and temperature compared to the air inside the dryer; 5) Exhaust fans to cause forced 

airflow, renew the air and homogenize the internal conditions of the dryer. The number of fans 

depends on the size of the dryer and the capacity of each fan. Some GTSDS have used Photovoltaic 

panels for powering the fans. 6) Trays or beds for placing the product, depending on the space 

available inside, several materials could be used, but in general, they are fine meshing that allow 

the product to aerate mainly of stainless steel due to food safety requirements. 7) Drying chamber, 

is composed of the air inside the dryer that is heated as the sun rises. Depending on the volume of 

the dryer, this air mass could keep a temperature for some time even if the conditions outside 

change drastically, serving as a temperature buffer. Normally, the air has high temperature and 

low relative humidity which favor desorption. The product to be dried, here in after named just 

product, is placed inside the drying chamber over the trays or benches.  

 

The GTSDS can be operated actively or passively referring to the function of the fans, the active 

ones are good for products with high water content, reducing drying time and enhancing product 

quality. In those with the passive operation, the humidity from the air is extracted due to the 

thermosyphon effect through the outlet window, it presents an advantage over the active operation 

due to the low costs of operation and maintenance (Kumar et al., 2017). 

 

Within the GTSDS, physical processes occur that aid in the dehydration of products (Figure C-2). 

First, the roof receives solar radiation, some of this energy is absorbed by the covering material, 

and a certain percentage of the total radiation passes through the covering material while the rest 

is reflected into the atmosphere. The energy that is trapped inside the greenhouse is longwave 
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radiation, some absorbed by the soil, some reflected from the soil and absorbed by the cover, and 

then the cover reflects most of this energy inside, and finally the rest is lost to sky by the cover. 

This process, also known as the greenhouse effect, raises the air temperature above 20 °C 

compared to the outside air temperature. In addition, the cover, due to its shape, losses heat on the 

surface that is in contact with the wind. The ground, for example, concrete, absorbs heat from the 

surrounding air, working as a thermal mass for storing heat during the day and as a heat supplier 

during periods of low radiation, more specifically, at night. The increase in air temperature 

generates heat transfer by convection with the product, benches, and floor, moving the hot air to 

the top and the cold air to the ground. The tables, benches, or trays, absorb heat and release it by 

conduction to the mesh and by radiation to the product. The product begins to gain heat, energy 

makes the free water evaporate and the bounded water starts detaching from the molecules inside 

the product and moving to the surface of the product (Figure C-3). Usually, on both sides of the 

dryer’s door, there are air inlets, covered with anti-aphid mesh, which allow the renewal of air 

from the outside depending on the type of ventilation, the exhaust fans, and the inlets should be 

open at the same time, otherwise, the inlets could be closed to increase the heat collected inside 

the greenhouse. This flow of air could be laminar or turbulent, depending on the type of flow, 

drying and moisture content will be affected or benefited. 

 

All the energy used inside the dryer (lamps, as the dryer, usually is filled during no sunshine hours; 

exhaust fans, and sensors) needs to be considered. Some GTSDS uses photovoltaic systems to be 

off-grid and provide energy to all the dryer components.  

 

 
Figure C-2. Physical processes involved in drying within a Greenhouse-Type Solar Dryer 

System (GTSDS). 
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Figure C-3. A closer look at the heat and mass transfer in a product under drying.  

 

C-3. COMPUTATIONAL FLUID DYNAMICS  

 

Computational Fluid Dynamics (CFD) is a branch of fluid mechanics that uses computer based 

numerical analysis (using Navier-Stokes equations) and algorithms to simulate, analyze and solve 

problems related to behavior of fluid flow, heat transfer, and associated chemical reactions using 

conservation of mass, conservation of momentum, and conservation of energy. The CFD approach 

replaces the governing equations with numbers and those approximations advance through time 

and space to find the final numerical description of the fluid field under study (Anderson, 2009). 

Some benefits of CFD simulations are the ability to simulate systems that are difficult to 

understand and that involve expensive or hazardous experiments; test improvements and new 

designs in real systems; understand the physics behind the fluid flow. As CFD involves a 

computational simulation we can define then as CFD code. Different software is used to make the 

CFD code packages used as numerical algorithms in a user interface which help with the 

construction of a specific CFD code. In general, CFD codes have three main stages i) Pre-

processing, ii) Solver, and iii) post-processing all of them could be introduced in the same software 

or could need a specific computer program for each step.  

 

C-3.1 Pre-processing stage 

 

The pre-processing stage involves the statement of the problem, as a first step the CFD codes need 

a domain to solve the problem, in modern software, the domain is established by a geometric model 

of the real system. The following steps are the mesh of the geometric model, commonly known as 

grid generation as it sub-divides the volume into small sub-domains or cells; selection of the 

physics and chemics that drive the process, in other words, the mathematical models, physical and 

chemical laws and the assumptions needed to complete a mathematical definition of the problem; 

definition of the fluid properties; definition of the initial and boundary conditions in the domain.  

 

C-3.2 Solver 

 

After defining the problem, the next step is to solve them in the domain, thus, the first step involves 

the integration of the governing equations of the fluid flow; next, the discretization step consists 

of converting the integral equations into a system of algebraic equations; finally, the solution is 

found from the algebraic equations through an iterative method. All modern CFD software 

contains each step in a well-presented manner and the user interface helps to do them without too 



87 

much trouble. Some of the most used CFD codes are CFX, FLUENT, PHOENICS, STAR-CD, 

and Open FOAM. 

 

C-3.3 Post-processing  

 

The post-processing steps have been improved in modern software, and the availability of the 

computational capacity and new processors improve the tools to analyze and view the solutions of 

the governing equations in each cell at the system’s domain. The main steps include the mesh and 

geometry display; plots of the vector’s fields; Contour, 2D, 3D, and surface plots to visualize the 

data matrices, and manipulation tools to scale, rotate, rotate, and display the results. 

 

C-4 HOW TO BUILD A CFD MODEL FOR DRYING 

 

 The conservation equation has the general form (Versteeg & Malalasekera, 1996): 

 
𝜕𝜑

𝜕𝑡
+ �⃗⃗�  ∙ 𝜑�⃗� = �⃗⃗� ∙ (Γ𝜑�⃗⃗� 𝜑) + 𝑆𝜑 

(Eq. C-1) 

 

Where, 𝜌 is the fluid density, �⃗�  is the vectorial velocity, Γ𝜑 is the diffusion coefficient, and 𝑆𝜑 is 

the source term. The symbol 𝜑 represents the concentration of the property under study.  

In extended form, the conservation equations are: 

 

Conservation of mass or continuity equation 

 
𝜕𝜌

𝜕𝑡
+ ∇(𝜌𝑈) = 0 

(Eq. C-2) 

 

Momentum conservation 

 
𝜕

𝜕𝑡
(𝜌𝑈) + ∇(𝜌𝑈𝑈) = ∇𝑝 + 𝜇∇𝑈2 + 𝜌𝑔 + 𝑆ℎ 

(Eq. C-3) 

 

 

Energy conservation 

 

∇(−𝑘∇𝑇 + 𝜌𝐶𝑝𝑇𝑈) = 𝑆𝑇 

 

(Eq. C-4) 

 

Where 𝜕𝑡 is a partial derivative in terms of time, 𝑇 is the temperature, 𝑈 is the velocity vector, 𝑔 

is the gravity force, 𝑝 is the pressure, 𝐶𝑝 is the specific heat, 𝑘 is the thermal conductivity, 𝜇 is the 

dynamic viscosity, 𝑆ℎ and 𝑆𝑇 are the source terms for heat transfer and momentum. 

 

C-4.1 Radiation model 

 

Radiation is an important term for the Greenhouse-type Solar dryer, the energy conservation 

equation needs to be coupled with a source of radiation and of course, the high temperatures 
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involve radiative heat transfer. The CFD codes have different options to simulate the radiation of 

bodies but in general terms, the model needs to consider the option for semi-transparent boundaries 

as the greenhouses commonly use covers with those properties. The Discrete Ordinates (DO) 

Radiation Model is the only one that considers semi-transparent boundaries, scattering, specular 

reflection, and accounts for the exchange of radiation between gas and particles, all of their 

properties needed for modeling the drying process in greenhouses. Other models have some 

limitations and should be avoided if the properties listed above are considered for a simulation. 

The energy model coupled with the DO model when integrated into a control volume 𝑖, yield the 

discrete energy equation (ANSYS, 2011a): 

 

∑𝜇𝑗
𝑇𝑇𝑗

𝑁

𝑗=1

− 𝛽𝑖
𝑇𝑇𝑖 − 𝛼𝑖

𝑇 ∑ 𝐼𝑖
𝑘𝜔𝑘

𝐿

𝑘=1

− 𝑆𝑖
𝑇𝑆𝑖

ℎ 

(Eq. C-5) 

where, 

𝛼𝑖
𝑇 = 𝑘Δ𝑉𝑖, 𝛽𝑖

𝑇 = 16𝑘𝜎𝑇𝑖
∗3Δ𝑉𝑖, 𝑆𝑖

𝑇 = 12𝑘𝜎𝑇𝑖
∗4Δ𝑉𝑖. 

𝑘 = 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡, Δ𝑉 = 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 

The 𝜇𝑗
𝑇 coefficient and the source term 𝑆𝑖

ℎ are due to the discretization of the convection and 

diffusion terms. 

 

C-4.2 Species model 

 

The study of the air inside the greenhouse dryer is not enough to increase the knowledge of the 

drying problem, the multi-nature of the drying problem should be faced taking into account the 

product to be dried. The different gases and solids interacting during the process of drying involve 

the mixing and transport into the conservation equations, the species model is suitable to simulate 

those processes without any issues.  

 

The main advantage of this model is that it treats the air as a mixture of air and water vapor. Some 

other gases could be considered if needed. Humid air depends on pressure, temperature, and 

humidity so it is important to define the correct working pressure in the dryer and the initial or 

boundary conditions regarding temperature and mass fraction of water vapor.  

The species model predicts the local mass of each specie specified 𝑌𝑖, through the solution of a 

convection-diffusion equation for the -ith species. The conservation mass equation is then 

modified in general terms (ANSYS, 2011a): 

 
𝜕

𝜕𝑡
(𝜌𝑌𝑖) + ∇ ∙ (𝜌𝑈𝑌𝑖) = −∇ ∙ 𝐽𝑖 + 𝑅𝑖 + 𝑆𝑖 

(Eq. C-6) 

 

Where, 𝑅𝑖 is the net rate of production of species 𝑖 by chemical reaction, 𝑆𝑖 is the rate of creation 

by addition from the dispersed phase plus any user-defined sources, 𝐽𝑖 is the diffusion flux of 

species 𝑖, 𝑈 is the velocity vector and 𝑌𝑖 is the -ith species.  

 

C-4.3 Turbulence model 

 

The turbulence model completes the mathematical description of the system. In heated systems, 

the fluid flow will be of interest as the heat exchange depends on the turbulence and the properties 
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of the fluid. According to (Yadav & Bhagoria, 2013) for 2-Dimensional heat exchangers, the best 

model is the Renormalization-group 𝑘 − 𝜀 turbulence model as it predicts close to the experimental 

results. The Reynolds-Averaged Navier-Stokes (RANS) models are preferred to simulate the 

turbulence for greenhouse dryers, the governing equations are solved in an averaged form and 

include the dissipation rate and the turbulence kinetic energy. The 𝑘 − 𝜀 and 𝑘 − 𝜔 models are 

part of the RANS; thus, they are preferred for simulations but there are some considerations for 

picking a suitable model. 

 

According to (Rodriguez, 2019) The Standard 𝑘 − 𝜀 (SKE) is the most widely used model and is 

good for isotropic flows with high Reynolds numbers and simple flows, but it has some bad results 

with strongly curved surfaces, flow separation, and low-Re. The Renormalization group 𝑘 − 𝜀 

(RNG) improves the SKE model for low Re but is not as stable as the SKE. The Realizable 𝑘 − 𝜀 

(RKE) model differs from the standard as constraints only yield positive normal stresses allowing 

boundary flows, separated and swirling flows. The RKE is better than the RNG for separated flows 

and secondary flows. Finally, the 𝑘 − 𝜔 model is great for adverse pressure gradients, separated 

flows, turbulent heat transfer, and low Re, but it requires a fine mesh of the wall as it does not use 

wall functions. There is still further research needed in terms of turbulence modeling, but the most 

common model used for greenhouse-type solar dryers is the RKE, although, the RNG could be a 

good option as dryers involving heat exchange. 

 

C-4.4 Assumptions and Boundary conditions 

 

Some assumptions should be considered that are relevant to specific problems. A common 

assumption in CFD codes to reduce the complexity of the governing equations is the Boussinesq 

model. This model treats the density as constant in all solved equations, except for the buoyancy 

term in the momentum equation (ANSYS, 2011b): 

 
(𝜌 − 𝜌0)𝑔 ≈ −𝜌0 𝛽(𝑇 − 𝑇0)𝑔 (Eq. C-7) 

 

where, 𝜌0 is the constant density of the flow,𝛽 is the thermal expansion coefficient, and 𝑇0 is the 

operating temperature. 

 

In general, without the Boussinesq approximation, the density is treated as dependent on the 

temperature, and the larger the temperature differences in the domain, the greater the influence of 

the change in density over the physical process. In specific, for dryers, it is important to consider 

these big differences if the natural convection is the main heat transfer process and if the volume 

is big enough to allow a poor mixture of the air inside the dryer. Some well-known limitations of 

the Boussinesq equations are that cannot be used with species calculations, combustion, or reacting 

flows (ANSYS, 2011b) as well as if the temperature difference is bigger than 15°C (Ferziger & 

Perić, 2002). Then, the recommendation is to avoid the Boussinesq approximation for greenhouse-

type solar dryers. 

 

The boundary conditions depend on the geometry, materials, orientation of the greenhouse, and 

properties of the product, but some general conditions to be considered are the following: the 

atmospheric pressure is an important factor as humid air changes according to the pressure and 

temperature, thus, it is important to place the correct value; cover and floor properties, it is 
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important to have the coefficients of the covering material and the floor; For the inlet, air 

temperature and humidity are both parameters needed for the simulations; the density of air should 

be considered as an ideal gas with the pressure and temperature given.  

 

C-5. STATE-OF-ART WITH CFD APPLICATION IN SOLAR DRYING 

 

Scopus is one of the largest literature databases, has about 5,000 publishers, and has search, 

analysis, and visualization tools (Spiroski, 2013). It is possible to perform searches by title, 

keywords, author, journal, topic, or knowledge area. If a quest is carried on with the word “drying” 

and the filter to search in “Article title, abstract, keywords” for the whole range of years and focus 

on “Article or Review”, the result is 207,450 papers published from 1826 to 2021 (Figure C-4). 

There is an increasing trend in the publication of articles related to drying since the year 1971. 

However, this result contains not only drying articles in the food area but also Medicine, Health 

Sciences, Chemistry, and Materials. That is why it is necessary to apply another filter to the areas 

that correspond to Agronomic Sciences or Agriculture and discard those that do not correspond to 

the subject. 

 

When searching with more extensive filters and using words such as "CFD", "solar" and 

"greenhouse", with "drying", more precise and representative result are obtained on the number of 

items that correspond to solar drying in greenhouses and that use computational fluid dynamics 

modeling approach (Figure C-5). Of the total drying studies, only 0.007% corresponds to CFD 

modeling of greenhouse-type solar dryers, which means 15 items. Through this simple search, it 

is possible to get an idea of the lack of research in CFD modeling in greenhouse dryers. 

 

 
Figure C-4. Number of drying papers per year, data from Scopus, 2019. 
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Figure C-5. Paper growth publications per year in drying, CFD, and greenhouse-type solar 

dryers, data from Scopus, 2019. 

 

 

Although CFD has indeed been worked in greenhouses for crop growth, and it is possible to use 

this knowledge if the behavior of the air inside the dryer is analyzed without considering the 

product, or crops in the case of greenhouses with agronomic purposes, the special interactions in 

both processes differ mainly due the energy needed for heating and the air temperature safe values. 

New proposals in greenhouse-type dryers, as Kumar & Shrivastava (2017) point out, are focused 

on specifically designing geometries and equipment that can produce a better energy conservation 

effect and a more homogeneous distribution of temperature and air-wind profiles with constant 

speeds. 

 

C-5.1 Products studied in greenhouse-type solar dryers 

 

The selection of products for dehydration is based on the high moisture content they possess since 

they are susceptible to fungi and decomposition. In most cases, those that represent an economic 

income or that by their nature require this drying process to be consumed, such as coffee, are 

selected for drying (Janjai et al., 2011). 

 

Although various fruits, plants, and crops have been studied in drying around the world (Table C-

1), most studies were conducted in India and Thailand (31% and 15%, respectively); in Latin 

America, just Argentina and Brazil had research in drying. 
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Table C-1. Products dehydrated in greenhouse solar dryers around the world. 

 

Product Author Drying model Greenhouse 

type 

Country Volume 

(m3) 

Bamboo Ong (2007) - kiln type Malaysia 4.1  

Vanilla Abdullah & 

Mursalim, (2007) 

Henderson's 

equation 

Steel frame, 

polyethylene 

cover 

Indonesia 35.1  

Rice Rachmat & 

Horibe (1999) 

- Fiber 

Reinforced 

Plastic 

Drying House 

Japan 4.9  

Alfalfa Condorí & 

Saravia (1998)  

Condori & 

Saravia  

Greenhouse 

solar drier 

with forced 

ventilation, 

single and 

double 

chamber, 

plastic film 

cover.  

Argentina -- 

Beans Condorí & 

Saravia (1998) 

Condori & 

Saravia  

Greenhouse 

solar drier 

with forced 

ventilation, 

single and 

double 

chamber, 

plastic film 

cover.  

Argentina -- 

Grapes Condorí & 

Saravia (1998) 

Condori & 

Saravia  

Greenhouse 

solar drier 

with forced 

ventilation, 

single and 

double 

chamber, 

plastic film 

cover.  

Argentina -- 
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Oregano Condorí & 

Saravia (1998)  

Condori & 

Saravia  

Greenhouse 

solar drier 

with forced 

ventilation, 

single and 

double 

chamber, 

plastic film 

cover.  

Argentina -- 

Mustard Manohar & 

Chandra (2000) 

Page Model Greenhouse 

solar dryer 

with natural 

and forced 

ventilation 

India 2.5  

Garlic Condorí et al. 

(2001)  

Condori & 

Saravia  

Tunnel 

greenhouse 

Argentina 336.7  

Pineapple Bala et al. (2003) - Tunnel 

greenhouse 

Bangladesh -- 

Cabbage Jain & Tiwari 

(2004) 

Exponential 

curve fitting 

Roof type 

even span 

greenhouse 

with effective 

floor 

covering. 

India 0.6  

Casuarina 

(wood) 

Helwa et al. 

(2007)  

- Semi-

greenhouse 

solar dryer, 

steel frame 

structure 

covered by a 

galvanized 

iron sheet. 

Egypt 16.8  

Peas Jain & Tiwari 

(2004) 

Exponential 

curve fitting 

Roof type 

even span 

greenhouse 

with effective 

floor 

covering. 

India 0.6  

Grapes Fadhel et al. 

(2005)  

- Natural 

convection 

solar tunnel 

greenhouse 

Tunisia -- 

Onion Jain (2005) Lewis (1921) Greenhouse 

with packed 

India 60  
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bed thermal 

storage 

Bombay 

Duck fish 

Bala & Janjai, 

(2005)  

Single 

exponential 

equation 

Tunnel 

greenhouse 

Bangladesh --- 

Jaggery Kumar & Tiwari 

(2006) 

Thin layer based 

on a balance of 

energy 

Roof type 

even span 

greenhouse 

with effective 

floor 

covering. 

India 0.5  

Organic 

tomato 

Sacilik et al. 

(2006) 

Approximation 

of diffusion 

model 

Tunnel 

greenhouse 

Turkey 36  

Pepper Koyuncu (2006)  - Two 

greenhouses 

were 

designed by 

the author.  

Polyethylene 

glazing of 

0.15 mm 

thickness.  

Turquía 1  

Onion Kumar & Tiwari 

2007) 

Malik, Tiwari, 

Kumar & Sodha 

(1982) 

Roof type 

even span 

greenhouse 

with effective 

floor 

covering. 

India 0.5  

Red pepper Kooli et al. 

(2007) 

Kooli et al. 2007 Tunnel 

greenhouse 

with a 

polyethylene 

cover 

Tunisia 0.06  

Hot chili Hossain & Bala 

(2007) 

Regression 

equations 

Tunnel 

greenhouse 

Bangladesh -- 

Grapes Barnwal & 

Tiwari (2008) 

Linear and 

multilinear 

regressions. 

Photovoltaic-

thermal 

greenhouse 

drier (PV/T) 

roof type 

even span 

India 9.3  
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Mangoes Rankins et al. 

(2008) 

- Gable roofed 

and plastic-

covered 

structure 

supported by 

wooden 

Senegal 62  

Bitter gourd 

flakes 

Sethi & Arora 

(2009) 

- Greenhouse 

with inclined 

north wall 

reflection 

India 73.2  

Banana Janjai et al. 

(2011) 

Thin layer 

equation with 

coefficients from 

Smitabhindu et 

al. (2008) 

Greenhouse 

with 

polycarbonate 

cover, 

parabolic roof 

shape, and 

concrete 

floor.  

Thailand 349.7  

Chilli Janjai et al. 

(2011) 

Thin layer 

equation with 

coefficients from 

Hossain (2003) 

Greenhouse 

with 

polycarbonate 

cover, 

parabolic roof 

shape, and 

concrete 

floor.  

Thailand 349.7  

Coffee Janjai et al. 

(2011)  

Thin layer 

equation with 

coefficients from 

Berbert et al. 

(1995) 

Greenhouse 

with 

polycarbonate 

cover, 

parabolic roof 

shape, and 

concrete 

floor.  

Thailand 349.7  

Onion Kadam et al. 

(2011)  

Newton  Low-cost 

greenhouse, 

Quonset 

shape 

Bamboo 

structure 

India 32.8  

Chilli Kaewkiew et al. 

(2012) 

- Greenhouse 

with 

polycarbonate 

cover, 

parabolic roof 

Thailand 373.5  
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shape, and 

concrete floor  

Sludge Lima et al. (2012)  - Greenhouse 

meets the 

standard 

adopted by 

Comparni 

(2001), 150-

micron 

translucent 

plastic  

Brazil 180 

Rubber Tanwanichkul et 

al. (2013)  

Tanwanichkul, 

Thepa & 

Rordprapat 

(2013) 

Sandwich 

greenhouse 

Thailand 9.7 

Chamomile 

flowers 

Aghbashlo et al. 

(2015) 

Halsey's equation  Forced 

convection 

Deep-Bed 

Solar 

Greenhouse 

Serbia 120 

Pepper Akin et al. (2014) Lewis (Newton), 

Henderson and 

Pabis, 

Logarithmic, 

Two-term, Page, 

Modified Page, 

Two-Term 

Exponential, 

Wang and Sing, 

Modified 

Henderson and 

Pabis, Verma 

Solar tunnel 

dryer with 

forced 

convection 

Turkey 23.4 

Tomato Prakash & Kumar 

(2013) 

Newton, 

Henderson and 

Pabis, Page, 

Logarithmic, 

Two-Term, 

Wang and Singh, 

Modified 

Henderson and 

Pabis, Prakash 

and Kumar 

model. 

Even span 

roof-type 

modified 

greenhouse 

dryer under 

active mode 

India 1.07 
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Grapes  Tiwari et al. 

(2016) 

Thin layer based 

on a balance of 

energy 

Greenhouse 

mixed-mode 

solar dryer 

with the 

whole roof 

made by 

photovoltaic 

and extra 

glazing below 

the 

photovoltaic 

module.  

India 0.71 

Sludge Belloulid et al. 

(2017) 

- Tunnel-type 

open 

greenhouse 

with 

transparent 

polycarbonate 

sheet 

Morocco 0.62 

Wood chips 

of Pinus 

Pinaster 

(Perea-Moreno et 

al. (2016) 

Logarithmic and 

Exponential 

Tunnel 

greenhouse 

with a plastic 

film cover 

Spain 304.3 

Rubber Jitjack et al. 

(2016) 

Jitjack, Thepa, 

Sudaprasert & 

Namprakai 

Parabolic 

greenhouse 

with an 

additional 

area of 

enhanced 

panels 

Thailand 15.8 

Pepper Azaizia et al. 

(2017) 

Kooli et al. 2007 Flat plate 

solar air 

collector and 

chapel-

shaped 

greenhouse 

Tunisia 0.6 

Orthosiphon 

aristatus 

Tham et al. 

(2017) 

Thin layer 

equation 

Greenhouse 

with 

integrated 

heat pump 

Malaysia ----- 

Amla candy Patil & Gawande 

(2018) 

Newton, Page, 

Modified Page, 

Henderson & 

Pabis, Thompson 

Forced 

convection 

tunnel 

greenhouse 

dryer 

India 2.7  
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Bitter gourd 

flakes 

Chauhan et al. 

(2018) 

Lewis, Page, 

Henderson and 

Pabis, Two-term, 

Logarithmic, 

Wang and Singh, 

Two-term 

exponential, 

Approximation 

of diffusion, 

Midilli-Kucuk & 

Prakash and 

Kuma. 

Greenhouse 

with solar 

collector 

forced 

ventilation 

and north 

wall with iron 

laminate 

India 0.9  

Clinacanthus 

nutans  

Tham et al. 

(2017) 

Thin layer 

equation 

Greenhouse 

with 

integrated 

heat pump 

Malaysia ----- 

Coconut   Ayyappan 

(2018)  

- Natural 

convection 

solar 

greenhouse 

dryer with 

biomass 

backup heater 

India 70.6 

Organic 

fertilizer 

from olive 

mill 

wastewater 

Galliou et al. 

(2018) 

- Greenhouse 

with plastic 

cover film, 

metallic 

structure, and 

with a 

concrete 

chamber 

inside. 

Greece 1.5 

Litchi Toshing et al. 

(2018) 

Artificial Neural 

Network (ANN) 

Greenhouse 

with 

polycarbonate 

cover, 

parabolic roof 

shape, and 

concrete 

floor.  

Thailand 105 

Groundnuts Sahdev et al. 

(2018) 

Lewis, Page, 

Modified Page, 

Henderson, and 

Pabis. 

Even span 

roof-type 

greenhouse 

plastic pipe 

and 

Ultraviolet 

India 0.5 
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film cover of 

two hundred 

microns. 

Tomato 

slices 

Mahapatra & 

Tripathy (2019)  

CFD 2-D, Heat 

equation 

Kiln type India ---- 

Cayenne 

pepper 

Hempattarasuwan 

et al. (2019) 

Page, Newton, 

Henderson & 

Pabis, Midillo-

Kucuk 

Greenhouse 

with 

polycarbonate 

cover, 

parabolic roof 

shape, and 

concrete floor 

Thailand 106.5 

Eucalyptus 

delegatensis 

Phonetip et al. 

(2019) 

- Kiln type 

with 

polyethylene 

film  

Australia -- 

Red pepper Condorí et al. 

(2001); Condorí 

& Saravia (1998, 

2003)  

Condori & 

Saravia  

Greenhouse 

solar drier 

with forced 

ventilation, 

single and 

double 

chamber, 

plastic film 

cover 

Argentina -- 

 

There is high variability in the volume of greenhouses that have been used for research. Most of 

them are less than 50 m3 (Table C-1), and a few are studied in high-volume greenhouses (Figure 

C-6). The volume not only affects the heat stratification and variation in wind speed but also 

determines the drying capacity. If the volume is small, the influence of the geometry is not high in 

turbulence and infiltration.  
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Figure C-6. Volume of all greenhouses used in research, so far. 

 

Fifty-two products were studied in the range of years from 1996-2019, the principal product in the 

studies is pepper, followed by grapes, onions, tomatoes, chilies, wood, and medicinal plants. Most 

of the products under study were of high economic importance, e.g. for Mexico pepper is translated 

into 0.22 billion dollars of income due to exportation (Maálaga et al., 2001). If food loss and waste 

are considered, pepper does not appear among the main products wasted in Mexico, even for the 

products most wasted in Mexico, just mangoes and bananas appear in the list but with one study 

each (Table 1) (FAO, 2015). 

 

In most cases, semi-empiric models such as the Thin-layer models have been used (Ertekin & 

Firat, 2017). However, the scope of these models has limitations as they depend on the conditions 

from which are calibrated and are not extensible to other conditions, in each case, the parameters 

need to be recalculated and tested by statistics for the specific product to be dehydrated. Only one 

paper was found to use a CFD model approach in 2-D, to simulate the behavior of tomato slices 

during convection, radiation, and conduction heat transfer (Mahapatra & Tripathy, 2019). 

 

A limitation in the use of CFD models coupled with simultaneous heat and mass transfer during 

the drying process is the presence of turbulence flow, this approach does not allow an accurate 

solution. Furthermore, when modeled, the behavior of air there is observed as a reduction in the 

drying curve on the edges of dryers due to the behavior of fluids in the boundary layer. This 

phenomenon is hard to simulate and couple with the air-solid interface equations (Jamaleddine & 

Ray, 2010). Another important issue to consider is the mesh in the model, as it is a multi-scale 

process the dimensions of the product in comparison with the dryer differ in the order of 103, the 

software used for producing the mesh could make a smaller element mesh in the product and a 

bigger one for the air, these different elements could produce again, an inaccurate solution and will 

lead to a high computational cost (Norton & Sun, 2006). 

 

Alternatives have emerged that allow the modeling of the product with different scales so it can 

be coupled together with the macro-metric flow equations. One of the alternatives is the use of the 

so-called “Meshless methods”, capable of simulating the behavior of water within the product at a 

micrometric scale of pore size. Models such as Lattice-Boltzman, Dissipative Particle Dynamics, 
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and Pore Network, offer the advantages of obtaining an accurate three-dimensional image of the 

water inside the product and its movement to the air, as well as the possibility of predicting the 

behavior of water in a phase change or the presence of gas-liquid interfaces (Frank & Perré, 2010). 

With the increase in computing capacity, more models will likely be developed, or new techniques 

will be attempted that allow the simulation and estimation of the properties of agricultural products 

in the drying process as changes within them occur (Datta, 2007a, 2007b; Gulati & Datta, 2013). 

Another approach is to divide the behavior of the product by the function of the type of process 

studied, there is the case of a non-homogeneous porous material, convective drying, and storage 

in wet beds, among others. Through this type of modeling, the macroscopic or mesoscopic 

equations are adjusted to a particle level to allow the modeling and simulation of simultaneous 

multi-scale mass transfer (Datta, 2008; Perré, 2010). 

 

C-6. CFD MODELING OF GREENHOUSE SOLAR DRYERS 

 

The biggest problem when analyzing the macroscopic scale of the dryers is that even the simplest 

processes involved in drying are highly non-linear, and therefore, it is difficult to scale the results 

in small dryer experiments to dryers with larger dimensions (Strumiłło, 2007). Some of the 

advantages of using CFD in dryers is that it is possible to reduce this scaling problem since you 

can evaluate geometries and answer questions of the form, what would happen if? And the ability 

to get values of each point in the space so is possible to compare what is happening during a 

process (Bakker et al., 2001). Up to now, CFD models have been focused only on the moving air 

inside the greenhouse-type dryer is studied. Through the search in Scopus, only 12 works related 

to the words "CFD", "greenhouses", "drying" and "solar" were found, but only 11 are related to 

CFD simulations of greenhouse dryers (Table C-2). 

 

Krawczyk & Badyda (2011) studied the process of drying sludge from waste inside a chapel-type 

greenhouse with dimensions of 3 m high, and 3.12 m long, the width is not reported. The study 

was in two dimensions, and simulate the behavior of humidity, the temperature of sludge, and air 

within the dryer with FLUENT software. They reported the difficulty of solving simultaneously 

the phenomena of transport and the use of fine mesh in the vicinity of the greenhouse walls. 

Lokeswaran & Eswaramoorthy (2013), analyzed a hemicylindrical greenhouse with a concrete 

floor with an area of 40 m2, and transparent polyethylene covers of 200 microns thick. They used 

FLUENT 6.3.26 and a mesh of 914,905 elements. They found that the behavior of the air inside 

the dryer is not homogeneous, and to improve it is necessary to add a fan so that temperatures do 

not vary so much. Somsila & Teeboonma (2014), evaluated the behavior of a greenhouse with a 

sloping roof for drying para rubber. They found that the air had almost constant speeds throughout 

the dryer, which causes no temperature stratification. The temperature inside the dryer was 

between 55-60 °C, and the highest temperature was found in the ceiling. 

 

Gupta et al. (2018) simulated the behavior of the air inside a chapel-type greenhouse with natural 

ventilation, produced by a small hole located in the opposite wall of the air inlet. They used 

ANSYS 15.0 software for simulation. The results showed that the air could circulate throughout 

the geometry at an almost constant speed; however, the temperature has significant differences, 

being higher in the side walls. Noh et al. (2018) studied an industrial-scale solar dryer that consists 

of evacuated tubes, a heat exchanger blower, and a drying chamber. The dimensions of the drying 

chamber were 1.25 m in height, 1.7 m in width, and 17 m long. For simulation, five pallets were 
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stacked up on top of each other, and three different ventilations were considered: the first being 

passive, passive with active combination, and passive with intermittent active ventilation. They 

found that the optimal condition was passive with intermittent active ventilation which produce 

the highest temperature inside the sericite mica. 

 

Srichat et al. (2019) used the benefits offered by CFD modeling to test a hypothesis about dryer 

geometry. They tested a roof with sinusoidal geometry compared to the parabolic shape roof. They 

found that the sinusoidal shape had higher temperatures in any of the axes where the solution is 

simulated. This shows that sinusoidal geometry would be an improved design of a solar 

greenhouse-type solar dryer, reducing drying time and increasing product quality. Román-Roldán 

et al. (2019)  studied the behavior of a chapel-type greenhouse, with a plastic cover and a coupled 

air heater. They tested the number of elements in the mesh, going from 1 to 7 million, to determine 

the quality of the mesh in the geometry. 6 million mesh size provided better results. Also, it was 

found that if the volume is reduced by 36.5%, the temperature distribution and the air speed inside 

the dryer were improved. 

 

Purusothaman et al. (2019) studied three different roof shapes in greenhouse dryers for free and 

forced convection. The research simulated the period from 10 am to noon. They found that the 

trapezoidal roof greenhouse achieves a higher temperature than the triangle or hemispherical roof 

greenhouses. Vivekanandan et al. (2021) studied six different small greenhouse dryers, the CFD 

results were compared with experimental data of 7.5 hours for winter and summer sessions. They 

found that the Quonset shape is the ideal shape; from maximum to minimum, the shapes were 

found to be Quonset, Tropical, Pyramid, Parabola, Modified Quonset, and Igloo. 

 

Villagran et al. (2021) studied four different greenhouse dryer designs. Three of them had 

polyethylene covers and the last one uses insect-proof porous mesh inside the greenhouse. All 

greenhouses were placed in a computational domain around the greenhouse, it is a small box with 

a minimum of 10 times the height of the greenhouse. A wind profile was used as an inlet, solar 

radiation was considered at the top, and as an outlet a pressure equal to the atmospheric pressure. 

The results found by the researchers were that the greenhouse with a double polyethylene film has 

the highest microclimate dynamics and thus the highest temperature and lowest relative humidity. 

 

Finally, Román-Roldán et al. (2021) researched a new prototype for air recirculation of a chapel-

type greenhouse dryer with a polyethylene cover.  Six different configurations with fans were 

tested by the authors and compared to experimental results. The two main objectives were to study 

air distribution and air temperature in each configuration. They found that fans above 15 m/s are 

required to improve a better distribution of air, also if fan velocity was kept between 5 to 20 m/s 

the temperature of the drying chamber varies from 51 to 81°C.  

 

In Table C-2 there is a summary of the solver, boundary conditions, and possible assumptions used 

in each research with CFD.  
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Table C-2. CFD papers found in a literature review. 

Authors CFD code and 

methodology 

Product 

modeling 

Greenhouse Variables 

results 

(Krawczyk & 

Badyda, 2011) 
• Solver: Ansys 

Fluent, 2D. 

• Turbulence 

model: - 

• Radiation 

model: - 

• Inlet: Velocity 

• Outlet: Pressure 

 

• Sewage 

sludge 

• CFD 

through 

UDF 

• Chapel-type but 

considered a 

small part of it 

• Air/product 

temperature  

• Air/product 

relative 

humidity 

• Velocity  

 

(Lokeswaran & 

Eswaramoorthy, 

2013) 

• Solver: Ansys 

Fluent, 3D, 

steady state, 

SIMPLE 

algorithm. 

• Turbulence 

model: - 

• Radiation 

model: DO 

• Inlet: Air 

temperature and 

velocity 

• Outlet: Pressure 

• Boussinesq 

Approximation 

 

- • Hemi-cylindrical 

with polyethylene 

film 

• Solar 

insolation 

• Air 

temperature 

 

(Somsila & 

Teeboonma, 

2014) 

• Solver: Ansys, 

CFX, 3D. 

• Turbulence 

model: RNG k-

epsilon  

• Radiation 

model: DO 

• Inlet: Pressure 

• Outlet: Pressure 

• Para rubber 

but no 

modeling 

• Inclined roof type 

 

• Air 

temperature 

• Air velocity 

(Gupta et al., 

2018) 
• Solver: Ansys 

CFX 

• Turbulence 

model: SST 

• Radiation 

model: - 

• Tomato 

flakes but 

not 

specified if 

modeled 

• Even span roof • Air velocity 

• Air 

temperature 
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• Inlet: Air 

velocity 

• Outlet: Pressure 

(Noh et al., 

2018) 
• Solver: Ansys 

Fluent, 3D. 

• Turbulence 

model: k-

epsilon 

• Radiation 

model: 

ASHRAE 

Equation 

• Inlet: Air 

velocity 

• Outlet: Passive, 

active and 

combine 

ventilation 

• Sericite 

mica but 

modeled as 

an 

obstruction 

to air  

• Industrial scale 

dryer with 

polycarbonate 

sheet 

• Air velocity 

• Air 

temperature 

(Román-Roldán 

et al., 2019) 
• Solver: Ansys 

Fluent, 3D, 

SIMPLE 

algorithm. 

• Turbulence 

model: k-epsilon 

realizable 

• Radiation 

model: DO 

• Inlet: mass Flow 

rate and 

temperature 

• Outlet: Pressure  

- • Chapel-type with 

solar air heaters  

• Turbulence 

• Air 

temperature 

 

(Purusothaman 

et al., 2019) 
• Solver: Ansys 

Fluent, 3D. 

• Turbulence 

model: - 

• Radiation 

model: - 

• Inlet: mass flow 

rate 

• Outlet: - 

- • Hemispherical, 

triangular, and 

trapezoidal roof 

greenhouses 

• Air 

temperature 

(Srichat et al., 

2019) 
• Solver: Ansys 

Fluent, 3D, 

SIMPLE 

algorithm. 

- • Sinusoidal and 

parabolic roofs 

• Air 

temperature 
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• Turbulence 

model: Standard 

k-epsilon 

• Radiation 

model: - 

• Inlet: - 

• Outlet: -  

(Vivekanandan 

et al., 2021) 
• Solver: - 

• Turbulence 

model: - 

• Radiation 

model: - 

• Inlet: - 

• Outlet: - 

- • Modified quonset, 

quonset, pyramid, 

Igloo, tropical, 

parabola 

• Air 

temperature 

(Villagran et al., 

2021) 
• Solver: Ansys 

Fluent, 3D, 

steady state, 

SIMPLE 

algorithm. 

• Turbulence 

model: Standard 

k-epsilon 

• Radiation 

model: DO 

• Inlet: wind 

speed profile 

• Outlet Pressure 

• Boussinesq 

approximation 

• Species 

transport model 

• Computational 

domain around 

the dryer 

- • Dual-roof tunnel 

type, Tunnel type 

two-span, 

Chapel-type with 

a flat roof on two 

sides, and 

Tunnel-type roof 

structure with 

different heights, 

• Air velocity 

• Air 

temperature 

• Relative 

humidity 

 

(Román-Roldán 

et al., 2021) 
• Solver: Ansys 

Fluent, 3D, 

SIMPLE 

algorithm. 

• Turbulence 

model: Standard 

k-epsilon 

• Radiation model: 

DO 

- • Chapel-type 

polyethylene 

film with 

external air 

heater collectors 

• Air velocity 

• Solar heat 

flux 

• Air 

temperature 
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• Inlet: Mass flow 

rate and 

temperature 

• Outlet: Pressure 

(Duong et al., 

2021) 
• Solver: Ansys 

Fluent, 3D, 

transient state. 

• Turbulence 

model: k-epsilon 

Realizable 

• Radiation model: 

DO 

• Inlet: Velocity 

and mass 

fraction 

• Outlet: Pressure 

• Boussinesq 

approximation 

• Species transport 

model 

• Porous media 

as product as 

airflow 

resistant 

• Parabolic roof 

shape with 

polycarbonate 

sheet and 

concrete floor. 

• Air 

temperature 

• Air velocity  

• Air relative 

humidity 

 

Among the papers presented in the Table C-2, Lokeswaran and Eswaramoorthy (2013) modeled 

the behavior of air inside the greenhouse-type solar dryers with a product as a load of the system 

in 2D; Noh et al. (2018)and Duong et al. (2021) modeled the product but just as an obstruction for 

airflow. Apart from Lokeswaran and Eswaramoorthy (2013), the product was not modeled as a 

source of humidity or heat exchange. The list above contains information about the turbulence 

models used so far, given the discussion in the section “How to build a CFD model for drying,” 

the RANS models are identified as suitable for CFD codes for greenhouse solar dryers, and this 

was observed from all the studies reviewed with almost all the authors used k-epsilon models 

except one. The most commonly used k-epsilon model is the standard model and as mentioned it 

is recommended that the realizable or the RNG models are more suited for drying modeling 

compared to the standard k-epsilon model. Only one research deals with a transient state whereas 

all the other simulate a steady state, because of the drying complexity, it is recommended to study 

the transient behavior when the product is considered. The use of Boussinesq approximation is not 

recommended if the air temperature difference in the problem domain is high, but some of the 

papers reviewed used this assumption which should have been avoided. 

 

Most of the research found in literature have been focused on the air velocity and temperature 

inside the greenhouse for different roof shapes. However, it is not common to find the influence 

of the product on the relative humidity and air temperature in the greenhouse. Only few studies 

evaluated the flow pattern due to the product, thus there is need for further research. Evaluating 

alternative designs to improve airflow patterns, product interaction with air inside the greenhouse, 

and new roof and cover designs deserve future research in solar greenhouse dryers. 
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C-7. CONCLUSIONS 

 

Greenhouse-Type Solar Dryer System is a complex system, and its study involves multiphase and 

multiscale phenomena that need to be considered when modeling. Further research is needed on 

CFD modeling in greenhouse-type solar dryers. The great variability of types of solar dryers is the 

result of a lack of knowledge in the general drying process. Due to the nature of drying, scaling 

the results obtained with small-volume greenhouses to high-volume dryers is difficult, thus it is 

necessary to consider turbulence in the models and the behavior of the indoor air to obtain 

improved results. Using small greenhouses does not offer significant impact with research for the 

development of industrial scale drying. The models developed so far are based on data, and few 

use theoretical and CFD models. Although alternatives have been proposed to solve the problem 

of simultaneous transfer processes, involving various phases and scales, so far, the behavior of the 

product and the air have not been modeled together. It is necessary to consider the most wasted 

products, not only those that are of economic importance.  
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APPENDIX D: TWO NEW AIR DISTRIBUTION SYSTEMS DESIGN TO ENHANCE 

SOLAR DRYING IN GREENHOUSES 

 

FOR SUBMISSION TO BIOSYSTEMS ENGINEERING 

 

Valencia-Islas J. O., Kacira M.*, Lopez-Cruz I.L., Giacomelli G., Ruiz-Garcia A., Li P. 

 

ABSTRACT 

 

The drying of agricultural products in greenhouses is a practice that has gained momentum due to 

the improvement in the quality of the product, as well as the possibility of controlling the 

microenvironment inside the greenhouse system. The present study first validated a CFD model 

for greenhouse-type dryer and then evaluated various air distribution design that can enhance 

drying process. The greenhouse solar type dryer used for model validation was located at the 

Universidad Autonoma Chapingo (Mexico), with dimensions 9 x 12 x 3.4 m. The greenhouse has 

a 6 mm polycarbonate cover, a 15 cm thick concrete floor, and four air inlets. Two Cases for air 

distribution system designs were evaluated including a double tubing row and three tubing rows 

with holes distributed in their lengths. The results indicated that the air in the attic of the 

greenhouse has a higher air temperature. Both air distribution systems to force the air in the attic 

to flow under the drying tables tested provided satisfactory results in the homogeneity of the air 

temperature at the vertical level in the greenhouse. The mean air temperature in the experimental 

greenhouse is 45°C and with the newly designed systems it was further enhance to 52 °C. The air 

temperature and velocity in the greenhouse obtained from the new design were suitable for drying. 

The density and air distribution homogeneities were improved with the two new designs proposed, 

but the air distribution design with three tubes provided improved environmental uniformity and 

much improved air temperatures especially at the product tray levels. The study considers the case 

where no exhaust fans were activated as a first stage of control before evacuating the indoor air.  

 

Keywords: Optimization, CFD, solar drying, mathematical modeling 

 

 

D-1. INTRODUCTION 

 

Solar drying in greenhouses has been studied in recent years as an alternative to conventional solar 

drying systems and those whose natural convection is the driving force. Due to their size, 

greenhouse-type solar dryers need fans that can extract moist air and produce forced convection 

to improve temperature and humidity uniformity, which is linked to the quality of the product to 

be dried  (Deng et al., 2021; Noh et al., 2018). 

 

The development of greenhouse-type solar dryers with forced ventilation responds to the fact that 

natural convection dryers are not the best to be used for drying fish, fruits, and vegetables on a 

semi-industrial or industrial scale (Janjai & Bala, 2012). However, the modeling of forced 

convection with a special focus on the air temperature and velocity distribution inside the 

greenhouse becomes complex due to the number of variables involved in the process. Being able 

to describe how the air behaves inside the greenhouse volume can be used to improve the design 

and, therefore, the solar drying in these systems (Duong et al., 2021a; Román-Roldán et al., 2019). 
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The computational fluid dynamics approach can be very useful for the purposes to redesign and 

improve actual conditions (Rodriguez, 2019). However, much remains to be done to understand 

the dynamics of drying in greenhouse-type solar dryers, considering that each greenhouse has a 

different size, location, roof shape, and equipment (Srinivasan & Muthukumar, 2021). Krawczyk 

& Badyda (2011) focused on a 2D study on a greenhouse dryer for sludge. The air velocity was 

not studied just the air and product temperatures. The 2D studies lack velocity and turbulence 

reports and are not common for greenhouse-type dryers. 

 

On the other hand, some 3D studies have been carried out to evaluate the air distribution 

temperature (Duong et al., 2021a; Srichat et al., n.d.; Villagran et al., 2021), air velocity (Duong 

et al., 2021b; Román-Roldán et al., 2021; Villagran et al., 2021), geometry testing (Purusothaman 

et al., 2019; Villagran et al., 2021; Vivekanandan et al., 2021), and different materials in its 

construction (Deng et al., 2021; Srinivasan & Muthukumar, 2021). Not enough work has been 

done to report solar radiation (Lokeswaran & Eswaramoorthy, 2013; Román-Roldán et al., 2019; 

Somsila & Teeboonma, 2014) and turbulence, except for (Gupta et al., 2018; Román-Roldán et 

al., 2019; Somsila & Teeboonma, 2014); and the product to be dried in 3D. The only way to 

improve the drying process in greenhouses is to study all the variables at once. 

 

Therefore, the objectives of the present study were 1) to develop and validate a CFD model that is 

suitable for predicting the indoor environment in a greenhouse-type solar dryer; 2) to evaluate 

alternative air distribution system designs using the validated CFD model for improving the drying 

process and homogenizing the air temperature and velocity and air distributions in the greenhouse 

solar dryer system. 

 

D-2. MATERIAL AND METHODS 

 

D-2.1 Experimental setup 

 

The greenhouse is located at the Universidad Autonoma Chapingo, Mexico (2250 meters above 

sea level, 19°29’ N, 98°53 W). The city of Chapingo is in the center of the country with temperate 

weather. The greenhouse cover is made of polycarbonate and has a 6 mm thick parabolic shape, a 

15 cm thick concrete floor, four air inlets covered with anti-aphid mesh, and a double door to 

prevent heat from escaping when it is closed. The total volume of the greenhouse is 211 m3 and an 

area of 108 m2 (Figure D-1). The height of the two upper air inlets coincides with the height of the 

drying tables. The experiment from which the measurements were obtained was carried out on 

May 3rd, 2021, without a product inside the dryer.  

 

 

Figure D-1. Greenhouse-type solar dryer used for this study. Orientation and dimensions. 
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D-2.2 Instrumentation 

 

Measurements were made inside and outside the greenhouse and variables were recorded every 

five minutes. The variables measured inside the greenhouse were the air temperature and relative 

humidity, with a CS215L sensor (Campbell Sci, ± 2%, ± 0.4°C accuracies) in different locations 

inside the greenhouse (Figure D-2); solar radiation, with a CMP3 pyranometer (Kipp & Zonen, 5 

μV /W /m2 accuracy); wind speed was measured with a WINDSONIC4 sensor (Campbell Sci, 

±2% Accuracy) placed between one of the air inlets and the drying tables. To measure the 

temperature and relative humidity of the air outside the greenhouse, an HMP60 digital sensor 

(Vaisala, ± 3%, ± 0.6 °C, accuracy) was used, and a Hukseflux pyranometer (LP02-L, Campbell 

Sci.) was used for solar radiation. The sensors were placed in a location near the greenhouse but 

at a height higher than the greenhouse cover. The data time used for the comparison was with the 

solar radiation from 10 am, where the solar radiation started to raise the temperature, but the 

exhaust fans are not activated. 

 
Figure D-2. Sensor distribution in the greenhouse-type solar dryer. A) WINDSONIC4, B) 

CS215-L floor, C) North wall 0.95 m, D) South wall 0.95 m, E) Cs215-L 0.6m, F) CS215-L 0.95 

m, G) CS215-L 1.9m, H) CS215-L 2.65 m, I) CMP3 pyranometer and J) Sensors outside the 

greenhouse.  

 

D-2.3 Meshing and Simulations 

 

For the evaluation case, the greenhouse geometry was meshed with thetrahedral elements with 

good quality and some refinement on the top of the cover (Figure D-3). The element refinement 

was considered as the geometry of the greenhouse cover has a parabolic shape and the study of 

solar radiation as the main source of heat was an important part of the study. Compared to the 

next cases, the geometry was just the greenhouse with the cover and the inlets.  
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Figure D-3. Evaluation Case mesh.  

 

The geometric models used contemplate the greenhouse as a model for evaluation, called case A 

(Figure D-1); the greenhouse with a recirculation system with two lines and a single hole (Figure 

D-4), called case B; and the greenhouse with the recirculation system with three lines (Figure D-

5), called case C. Each geometric model has the same measurements of the greenhouse located at 

the Universidad Autonoma Chapingo and was only simplified by extracting the interior volume in 

ANSYS Workbench SpaceClaim. For this study, the geometry of the lines was selected as squares 

(Figure D-6). 

 

 
Figure D-4. First design proposal for air 

distribution system with 2 lines. Case B. 

 

 
Figure D-5. Second design proposal for air 

distribution system with 3 lines. Case C. 

The mesh was generated with the Fluent meshing software in each of the three geometries (Figure 

D-7) with a different number of nodes when the redistribution systems were added all of them with 

tetrahedral elements. According to ANSYS (2010), the acceptable ranges for each mesh quality 

statistic are as follows: the aspect ratio should be in general ≤ 5; the skewness range for excellent 

is from 0 to 0.25 and for good quality 0.25 to 0.5; for orthogonality, the acceptable range is from 

0.15 to 1.0, the close to 0 the worst. The meshes were analyzed and the values of the statistics were 

found within the favorable range in each case (Table D-1).  
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Figure D-6. Greenhouse mesh with the 

inlets (blue) done by the Fluent meshing 

program.   

 
Figure D-7. Dimensions of the B and C 

systems. The B system is located at the half 

of the greenhouse while the C is located at 

the south wall. 

 

For the simulations, a computer with the following specifications was used: CPU – Intel Xeon E5-

2630 v4@2.2GHz; 64GB RAM memory; NVIDIA Quadro M2000 36GB and SSD SanDisk 

12G1001. Each simulation of the Evaluation Case had a computational cost of 24 hours with the 

selected mesh. For geometries B and C, the PC took 48 hours and 52 hours, respectively. 

 

Table D-1. Mesh quality statistics for all Cases under study. 

 

Case Nodes Elements Aspect ratio Skewness Orthogonality 

A 570167 388816 <4.68 (𝜇 =1.88, 

𝜎 =0.356) 

0-0.39 (𝜇 = 0.26, 

𝜎 = 0.095) 

0.61-0.96 

(𝜇 =0.75,𝜎 =0.093) 

B 100980 489253 <3 (𝜇 =1.89, 

𝜎 =0.37) 

0-0.42 

(𝜇 =0.26,𝜎 = 

0.099) 

0.5-0.96 (𝜇 =0.74,𝜎 = 

0.097) 

C 212769 1072424 <2.4 (𝜇 =1.86, 

𝜎 =0.47) 

0.04-0.42 

(𝜇 =0.24,𝜎 = 

0.091) 

0.58-0.95 (𝜇 =0.76,𝜎 = 

0.090) 

 

The CFD model was first validated by comparing the model predictions against the experimental 

data. with the Case A shown above. The air temperature was the main variable for comparison for 

the evaluation due to its significant affect in the drying process (Duong et al., 2021). For testing 

the new designs, the fan velocity was calculated to be 5 m s-1 that ensured sufficient flow through 

the system and distributed the air effectively to the whole greenhouse volume.  

 

D-3. THEORY AND CALCULATIONS 

 

D-3.1 Mathematical models 

 

The solar dryer was considered as a system at steady state, with turbulence, in 3D, and with an 

atmospheric pressure of 77993 Pa (Chapingo, Mexico). It is important to mention that the change 

in pressure generates a change in the properties of humid air, which were calculated using the 

equations provided by ASHRAE in its manual (American Society of Heating, 1989). The equations 
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that represent the transport inside the greenhouse, better known as Navier Stokes, were the 

following (Versteeg & Malalasekera, 1996): 

 

Conservation of mass or continuity equation 

 
𝜕𝜌

𝜕𝑡
+ ∇(𝜌𝑈) = 0 

(Eq. D-1) 

 

 

Momentum conservation 

 
𝜕

𝜕𝑡
(𝜌𝑈) + ∇(𝜌𝑈𝑈) = ∇𝑝 + 𝜇∇𝑈2 + 𝜌𝑔 + 𝑆ℎ 

(Eq. D-2) 

 

 

Energy conservation 

 

∇(−𝑘∇𝑇 + 𝜌𝐶𝑝𝑇𝑈) = 𝑆𝑇 (Eq. D-3) 

 

 

 

Where 𝜕𝑡 is a partial derivative in terms of time, 𝑇 is the temperature, 𝑈 is the velocity vector, 𝑔 

is the gravity force, 𝑝 is the pressure, 𝐶𝑝 is the specific heat, 𝑘 is the thermal conductivity, 𝜇 is the 

dynamic viscosity, 𝑆ℎ and 𝑆𝑇 are the source terms for heat transfer and momentum. 

 

The effect of turbulence through the dryer inlets was modeled with the realizable k-ε model, based 

on the turbulent kinetic energy (k) and velocity (ε). Moist air was modeled with species transport 

as a mixture of air and water vapor at atmospheric pressure in Chapingo. The solar radiation model 

used was the discrete ordinates (DO) because it allows the use of semi-transparent boundary 

conditions. The radiation model can be used by coupling to the radiation transfer equation by 

equation (ANSYS, 2011): 

 

∑𝜇𝑗
𝑇𝑇𝑗

𝑁

𝑗=1

− 𝛽𝑖
𝑇𝑇𝑖 − 𝛼𝑖

𝑇 ∑ 𝐼𝑖
𝑘𝜔𝑘

𝐿

𝑘=1

− 𝑆𝑖
𝑇𝑆𝑖

ℎ 

(Eq. D-4) 

 

 

 

where, 𝛼𝑖
𝑇 = 𝑘Δ𝑉𝑖, 𝛽𝑖

𝑇 = 16𝑘𝜎𝑇𝑖
∗3Δ𝑉𝑖, 𝑆𝑖

𝑇 = 12𝑘𝜎𝑇𝑖
∗4Δ𝑉𝑖. 𝑘 = 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡, Δ𝑉 =

𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒.  

 

The 𝜇𝑗
𝑇 coefficient and the source term 𝑆𝑖

ℎ are due to the discretization of the convection and 

diffusion terms. 

 

D-3.2 Boundary conditions 

 

The boundary conditions included the solar radiation flux on the walls that correspond to the 

greenhouse cover; considered the ground as opaque; four air inlets with a constant speed during 

the simulation; natural convection inside the greenhouse and initial temperatures equal to ambient 



122 

temperature (Table D-2). The walls were considered stationary without a slip shear condition. The 

operating conditions are presented in Table D-3. The Boussinesq approximation was not 

considered as the density depends on the temperature (Ferziger & Perić, 2002), hence the 

assumption that density changes are negligible could be invalid at any time.  

  

Table D-2. Boundary conditions used for the simulations. 

Case Name Boundary 

conditions 

Material Parameter Value Source 

A Cover Wall (semi-

transparent) 

Polycarbonate Thickness (m) 0.006 User-

defined 

    Emissivity  0.9 (Román-

Roldán et 

al., 2019) 

    Density (kg m-3) 1200 (Zhang & 

Xu, 2019) 

    Heat transfer 

coeff. (W m-2K-

1) 

3.63 (Shultz, 

1999) 

    Specific heat (J 

kg-1 K-1) 

1200 (Shultz, 

1999) 

    Absoptivity 0.2  User-

defined 

    Transmissivity 0.8  (Serrano & 

Moreno, 

2020) 

 Floor Wall 

(opaque) 

Concrete Thickness (m) 0.15 User-

defined 

    Density (kg m-3) 2200 (Asadi et 

al., 2018) 

    Heat transfer 

coeff. (W m-2K-

1) 

2.25 (Asadi et 

al., 2018) 

    Specific heat (J 

kg-1 K-1) 

880 (Villagran 

et al., 

2021a) 

 Inlet -

greenhouse 

Velocity 

inlet 

Humid air Velocity (m s-1)  0.1 Measured 

    Temperature 

(°C) 

24 Measured 

    Specific mass 

(kg kg-1) 

0.0061 Computed 

 Ventilation 

inlet 

Velocity 

inlet 

Humid air Velocity (m s-1) 5 User-

defined 

    Specific mass 

(kg kg-1) 

0.0061 Computed 
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B 

and 

C 

Body vent Wall Polyethylene Thickness (mil) 6 User-

defined 

    Density (kg m-3) 920 (Villagran 

et al., 

2021a) 

    Thermal 

conductivity (W 

m-2K-1) 

0.30 (Villagran 

et al., 

2021a) 

    Specific heat (J 

kg-1 K-1) 

1900 (Villagran 

et al., 

2021a) 

 Outlet vent Pressure 

outlet 

- Pressure (Pa) 77993 User-

defined 

 

Table D-3. Operating conditions used for the simulations. 

Solver 3D simulation Coupled 

 Implicit formulation  

 Steady-state analysis  

 Pressure-based  

 Absolute formulation   

 Fluent Ansys 2021  

Models Energy equation activated 

 Viscous model  k-𝜀 Realizable, standard wall 

 Species transport H20 and air (ideal gas) 

 Radiation  Discrete Ordinate (DO) 

Pressure  77993 Pa Chapingo, Mexico 

Date May 3rd, 2021  

Gravity  -9.81 m s-1  

Outdoor Temperature 24°C  

 

 

D-4. RESULTS 

 

D-4.1 Evaluation 

 

The measurements and simulations were compared (Table D-4). In general, the results are below 

±3°C of uncertainty, which can be explained by the uncertainty associated with the sensors or 

because the metal drying tables were not modeled in Case A, however they were present when 

performing the measurements. Given the average temperature of 45 °C and the average density 

0.88 kg m-3, the average Enthalpy at product height was calculated as 12.95 kJ kg-1; whereas the 

average energy available for at the product height was 11.396 kJ m-3. 
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Table D-4. Evaluation points between measurements and simulations. 

Measurements Simulations Difference 

Sensor 

position 

Position 

(𝒙, 𝒚, 𝒛) 

Temperature 

(°C) 

Position Temperature 

(°C) 

(°C) 

B (0,0, −6) 40.69 (0,0, −6) 39.70 0.99 

E (0,0.6, −6) 45.66 (0,0.6, −6) 45.01 0.65 

F (0,1.9, −6) 49.62 (0,1.9, −6) 47.39 2.23 

G (0,2.65, −6) 47.64 (0,2.65, −6) 48.75 -1.11 

C (0,0.95, −1) 39.18 (0,0.95, −1) 41.20 -2.02 

D (0,0.95. −11) 43.88 (0,0.95. −11) 42.02 1.86 

 

D-4.2 Air temperature 

 

For the evaluation Case, the temperature distribution inside the greenhouse shows a vertical 

stratification with the data and simulations. The higher temperatures are in the attic of the 

greenhouse and at the south wall, at the far end of the dryer. The lowest temperatures are those 

found close to the inlets of the dryer as there is some mixing of the inside and outside air (Figure 

D-7a). The average temperature is 45 °C, but the disparity is noticeable both in the vertical and 

horizontal positions. 

 

In Case B, the average temperature is 52 °C, more than sufficient for drying. Compared with the 

evaluation Case (Figure D-8a), the increase in temperature at the level of the drying tables is noted, 

where the green color appears, to be specific (Figure D-8b). Also, temperature stratification in both 

directions is reduced. The highest temperatures occur in the recirculation system (79 °C) and the 

lowest are found near the floor of the greenhouse (40 °C). 

 

The air temperature with Case C showed better homogenization compared to both designs with 

two and three rows with holes. The average air temperature, at the height of the drying tables, was 

52 °C (Figure D-8c). By placing the air intake at the rear of the greenhouse, a space with a higher 

temperature concentrated near the south wall is observed, which did not occur with Case B.  

 

 

a) Evaluation case. Case A. 

 

b) Two lines design recirculation system. 

Case B.  
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c) Three lines design recirculation system. Case C. 

Figure D-8. Air temperature distribution inside the greenhouse-type solar dryer with the 

different designs tested.  

 

D-4.3 Air velocity 

 

The evaluation results showed that the highest speed occurred at the dryer inlet, more specifically 

at the lower inlets. The mixing of air due to the difference in densities caused a speed of 

approximately 0.3 m s-1 with places throughout the volume with lower speeds and stagnation of 

the air in the upper part of the greenhouse (Figure D-9a). If Case B is considered, a higher speed 

was observed in the air recirculation system, due to the fan. However, an average velocity of 0.4 

m s-1 can be found distributed in most of the volume with differences in some spots at the center, 

in the west cover (positive x-axis), and close to the back wall. This system takes the air from the 

central part and distributes it to the entire volume causing some differences. However, an 

improvement in the speed and distribution of the air at the level of the tables was observed (Figure 

D-9b). 

 

Finally, with Case C, satisfactory results are obtained when comparing them with the previous 

two. The average speed is 0.35 m s-1, distributed throughout the volume of the greenhouse. The 

highest velocities occur within the recirculation system. However, when compared to the previous 

case, the length and arrangement of the three lines caused air velocity to be higher in the center 

than at the edges, and the air velocities at the end of the system were reduced (Figure D-9c). 
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a) Evaluation Case. Case A.  

 

b) Two lines design recirculation system. 

Case B.  

 

c) Three lines design recirculation system. Case C.  

Figure D-9. Air velocity distribution inside the greenhouse-type solar dryer.  

D-4.4 Air Density 

 

The results for the air density are comparable to those of air temperature. Starting with Case A, 

the density ranges from 0.6 to 0.9 kg m-3. The greater values were found in the inlets of air as the 

outdoor temperature is lower than the indoor (Figure D-10a). There is a stratification of the density 

due to the natural convection process and follows the results from air temperature; this makes 

sense as density depends on temperature.  

 

For the Case B, the mean density value is 1.2 kg m-3. The greater values were found in the lower 

part of the volume due to the lower temperatures, but the stratification was reduced when forced 

the air to flow below the drying tables (Figure D-10b).  

 

With Case C, the density shows a more homogenous density with a mean value of 1.22 kg m-3. 

Again, the stratification is the same as the air temperature. The greater values were found close to 

the floor and in the inlets (Figure D-10c). 
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a) Evaluation case. Case A. 

 
b) Two lines design recirculation 

system. Case B.   

 
c) Three lines design recirculation system. Case C. 

 

Figure D-10. Air density distribution inside the greenhouse-type solar dryer.  

 

D-5. DISCUSSION 

 

D-5.1 Case A 

 

The results showed that the CFD model developed was sufficiently accurate to predict the air 

temperature based on comparisons with experimental data for the project greenhouse evaluated. 

The discrepancy in the obtained temperatures may be due to the same uncertainty and to the fact 

that in the real system there are materials that can absorb and emit heat during the day. An 

evaluation of the mesh was carried out in each case to determine that the results were reliable. 

Restrictions were placed on the maximum dimension of the elements in the mesh, considering the 

maximum as 0.1 m, achieving good results. 

 

The temperature stratification that is observed in the dryer is due to the entry of air, mixing and 

producing that, being of lower temperature, it moves downwards while when heated and changes 

its density, it rises to the top in the greenhouse. The density of air in Case A closely resembles the 

temperature distribution of air. This makes sense since density depends on temperature and 

pressure; however, as it is a system that exchanges air with the outside, the pressure does not 

change, with the temperature being one of the most important variables in the greenhouse-type 

dryer. On average, the density presents a value of 1.06 kg m-3, the cold air represents the lower 

part in the dryer and coincides with the air inlets, which physically happens in the real system. On 
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the other hand, the airspeed has an average of 0.3 m s-1 without considering the velocity at the 

dryer inlet. The velocity is higher in the lower part of the dryer due to the effect of natural 

convection, being the part near the cover the one with the lowest speed. Again, this corroborates 

that the air temperature is higher in the upper part due to the natural convection process generating 

temperature stratification. 

 

D-5.2 Case B 

 

Case B presents an improvement in air temperature distribution with less stratification from the 

height of the tables. On average, the temperature is 52 °C, sufficient for drying. In the actual 

handling of the greenhouse during tomato drying (just as an example), the temperature of the 

product mustn't exceed 50 °C to preserve the vitamins and lycopene (Khama et al., 2016). In 

addition, with the new system design, the necessary temperatures would be obtained in less time, 

greatly reducing the drying time (Janjai & Bala, 2012). The highest temperature was found in the 

recirculation system, the plastic during recirculation heated up and presented the highest 

temperatures on the scale. Materials that support this temperature should be considered to improve 

the design. Perhaps a smaller metal material can serve that purpose. 

 

In terms of air velocity, it is observed that there are smaller stagnation spaces, the average speed 

is 0.45 m s-1, and where higher speeds occur is in the redistribution system as expected. Something 

to note is that the length of the line is sufficient to keep the temperature homogeneous, but the 

speed is reduced at the end of the plastic channel, which should be considered for future designs. 

A lack of homogeneity is also observed, mainly in the center of the greenhouse. Concerning air 

density, a reduction in the stratification of values is observed both vertically and horizontally. The 

denser air continues to present itself at the inlets and concentrates at the bottom of the dryer. The 

average density is 1.2 kg m-3. 

 

D-5.3 Case C 

 

Finally, due to the lack of homogeneity in the center of the dryer, it was decided to improve the 

design with a tube in the middle and move the air intake to the back of the greenhouse. The 

temperature results showed that the same temperatures are reached on average as with Case B but 

with a better distribution over the entire volume of the greenhouse, reducing the temperature near 

the ground to 35 °C. Again, higher temperatures occur within the air recirculation system and must 

be considered for the correct selection of the material. Regarding the air velocities, it is observed 

that with this new geometry average speeds of 0.35 m s-1 are reached, the highest being found in 

the air recirculation system. About the system, it is observed that the tube in the middle is the one 

that presents higher speeds to those on the side and although the speed is reduced, the results in 

terms of air mixing were satisfactory. 

 

The density presented a more constant value throughout the dryer with an average value of 1.22 

kg m-3 in this new case, with a difference in the lower part of the dryer and of course in the inlets, 

which are exchanging air with the exterior. This result corroborates that the temperature is more 

homogeneous with this new system compared to Cases A and B. This system not only allows an 

optimal temperature to be reached for drying within the entire volume but also places where there 

is a lower temperature are below the drying tables. 
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D-5.4 Comparison between Cases 

 

If the real system is considered and comparing the three scenarios, with the same solar radiation 

on the same day and time, there is a higher temperature in the drying zone in both Cases B and C, 

with a better distribution in Case C. In both cases, the speed is also better distributed throughout 

the volume with acceptable values for the drying to produce good quality. 

 

The results obtained with Case A, without an air recirculation system, showed a similar vertical 

air temperature stratification when compared to results from Duong et al. (2021); Román-Roldán 

et al. (2019); Srichat et al. (n.d.); Villagran et al. (2021). Obviously, the longer the greenhouse, the 

greater stratification will appear on the horizontal axis; however, the exact value reached by air 

inside the dryer depends on various factors such as location, the day the experiments were carried 

out, cloud coverage, solar radiation, ambient temperature, altitude and, of course, the geometry of 

the dryer. However, it is important to reiterate that in the greenhouses reviewed from the studies 

in the literature, uniformity of the air temperature and air velocity was lacking. 

 

The drying process in greenhouses can be improved with systems that support forced convection. 

The best geometry for each design, materials, speeds, and control strategies for these systems must 

be considered and studied. The current study was carried out at a time when the exhaust fans were 

not activated since the average temperature was less than 50°C, established as the set point for 

tomato drying (just as an example). The use of exhaust fans in conjunction with this type of system 

should also be studied but forcing the air in the attic to move under the drying tables improves the 

internal conditions for solar drying in greenhouses. 

 

Many authors do not document the pressure at which the calculations of the properties of moist air 

were made, but it should be noted that ANSYS by default uses the atmospheric pressure at sea 

level and must be updated for the place where the study is being carried out. As the dryers become 

greater for fulfilling the needs of a solar dryer at an industrial scale, CFD stands as a powerful tool 

for improving the designs and reduce the costs of experimentation.  

 

D-6. CONCLUSIONS 

 

CFD simulation is a valuable engineering tool to study various designs and evaluate “what-if” 

scenarios. This study first validated a CFD model for greenhouse-type dryer and then evaluated 

various air distribution design that can enhance drying process. The distribution of air temperature 

and velocity was investigated in a 3D greenhouse-type solar dryer. The use of ANSYS fluent 

allowed the incorporation of solar radiation with the DO model and the realizable k-ε turbulence 

model. The density of the original system varies concerning the volume, so using the Boussinesq 

approximation could lead to an error during the simulation of greenhouse-type solar dryers when 

it is not known if the temperature difference is greater than 15°C. The temperature distribution 

inside the greenhouse is improved when a recirculation system with three lines is used with a fan 

that can provide a speed of 5 m s-1. If a system with two lines is used, better air distribution is 

observed compared to the original system, however there are still regions in the greenhouse with 

temperature stratification. The temperature near the ground is lower than the one reached in the 

upper part at the height of the drying tables, this would allow the addition of a monitoring system 
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inside the dryer without being affected or the installation of lights in the lower part of the dryer. 

Bearing in mind that if you want to make the most of solar radiation, it is a better option to 

introduce the product at dawn. 

The average speed of the air in the three systems is 0.3 m s-1, which is desirable for a good quality 

product when drying. An improvement can be made to the system by reducing the size of the holes 

and changing the layout to three holes per tube, which is an ongoing study by the authors. However, 

the factor of the tables and the product must be added to investigate the reduction in air velocity 

due to the obstruction of both. 
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