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Abstract 

 

This research focuses on the development of an agricultural drying house with multi-zone airflow management using Computational 

Fluid Dynamics (CFD) combined with Genetic Algorithm (GA) to enhance drying efficiency. The experiment compared the results of 

a conventional drying house with the improved version by analyzing drying time, energy consumption, average product moisture 

content, and drying uniformity. The results demonstrated that the drying house utilizing CFD and GA techniques reduced drying time 

by an average of 30.0 ± 2.6%, decreased energy consumption by 25.0 ± 2.0%, reduced the average product moisture content from 15.5 

± 1.0% to 10.5 ± 0.6%, and increased drying uniformity from 70.0 ± 3.5% to 90.1 ± 2.4%, all with statistical significance. These 

findings reflect the capability of CFD and GA technologies to improve efficiency, reduce production costs, and enhance the quality of 

products sustainably. This technology holds significant potential for advancing drying processes in agriculture and the food industry 

in the future. 
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1. Introduction 

 

Drying is one of the most important technologies in the agriculture and food industry, playing a key role in extending the shelf life 

of produce, reducing transportation losses, and adding value to products [1-2]. The global agricultural drying market is currently valued 

at around USD 1.2 billion by 2023 and is expected to grow at a CAGR of 6.5% during 2023-2030 [3]. Over 1.8 billion tons of 

agricultural produce are used in drying processes, accounting for 20% of the total global agricultural production [4-5]. However, current 

drying systems often suffer from airflow inconsistency, moisture retention, and high energy consumption. Conventional drying systems 

typically consume 12-25% of the total energy consumed in food processing [6], which results in higher production costs. Furthermore, 

studies have shown that quality losses due to improper drying account for as much as 30-40% of all produce in some areas [7], which 

poses a significant challenge for value addition and long-term management of agricultural resources. 

Air flow management in drying houses is one of the key factors that directly affect the drying process efficiency and quality of 

produce. Proper air flow enables efficient heat and moisture transfer from produce, reduces moisture retention in produce and reduces 

drying time. It also affects the uniformity of the drying process, which reduces the problem of drying non-uniformity, which is a major 

problem in traditional drying plants. In addition, improper air flow can also cause hot spots that adversely affect produce quality, such 

as loss of natural color, reduced nutritional value, or even partial deterioration of produce. One of the most effective ways to manage 

airflow in drying houses is through the design and optimization of airflow distribution systems. Researchers have developed various 

methods to ensure uniform airflow, including the use of air barriers, spoilers, and guide vanes. For instance, the integration of trapeze 

and straight air barriers in tunnel-type dryers has been shown to reduce drying time by 4 5 % and 2 0 % , respectively, while achieving 

significant energy savings [8].  Similarly, the strategic placement of spoilers in drying chambers, based on Computational fluid 

dynamics (CFD) simulations, has improved airflow uniformity, reducing the average velocity deviation ratio from 0.5124 - 0.2565% 

[9]. In the past, the design of air flow systems in drying plants often used the traditional trial-and-error approach, where designers had 

to build real prototypes to experiment and adjust the structure or settings of the system based on the results. This method is time-

consuming and resource-intensive. There are also limitations in terms of improving the system at a complex level, such as designing a 
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multi-zone airflow system, which requires a deep understanding of fluid dynamics and heat transfer. Currently, the application of 

modern technologies such as CFD allows for accurate simulation of airflow and heat distribution processes in a drying house in three 

dimensions. CFD reduces the need for initial prototype construction, allowing for rapid and cost-effective system analysis and 

improvement. Examples of CFD applications include the analysis of air velocity, temperature distribution, and moisture transfer in a 

drying house, which allows for clear identification of areas for improvement. Furthermore, the use of Genetic algorithm (GA) as the 

optimization method in this research was strategically selected due to its robustness in exploring complex solution spaces and its 

independence from derivative-based formulations. GA is particularly effective for multi-objective optimization, such as balancing 

airflow uniformity and temperature consistency in a multi-zone drying house. Its population-based search strategy enables efficient 

convergence to global optima, especially when coupled with CFD simulations, where the objective function is computationally 

expensive and non-linear. Compared to methods like PSO, ANN, or gradient-based techniques, GA offers superior flexibility, 

interpretability, and integration with simulation-based workflows, making it well-suited for solving the engineering challenges 

addressed in this study. 

In addition, the use of GA in conjunction with CFD can enhance the potential of drying system design. GA is an evolutionary 

algorithm that mimics natural processes such as selection, breeding, and mutation to find the optimal solution in a highly complex 

system. An example of GA application is the optimization of the position of fans and vents to reduce drying time and energy 

consumption. Combining these two technologies allows for a more accurate and efficient design of airflow systems in a drying house. 

As a result, the drying house can meet the requirements of energy cost reduction, product quality improvement, and sustainability 

development in the agricultural sector. The use of CFD and GA technologies also opens up opportunities for "predictive design" 

systems, which can use simulation data to analyze air flow characteristics under different environmental conditions, such as changes 

in temperature or humidity outside the greenhouse. These technologies not only help in the design process, but also help in the 

development of smart drying systems that can automatically adjust their operation according to the actual conditions in the greenhouse. 

Therefore, the application of such modern technologies is an important step in elevating the design and development of agricultural 

drying houses to meet the current demands for efficiency, cost-effectiveness, and sustainability in the agricultural production process. 

This research focuses on the development of a multi-zone agricultural drying house with appropriate air flow management, using CFD 

to simulate air flow and GA to increase design efficiency. The system's functionality will be evaluated based on drying consistency, 

energy consumption, and product quality. The innovations resulting from this research will help increase drying efficiency, reduce 

costs, and improve product quality in the agricultural sector sustainably. 

 

 

2. Methodology 

 

2.1 Drying of agricultural products 

 

Drying is an important process used in the processing and preservation of agricultural products to extend their shelf life, reduce 

post-harvest losses, and add value to the products. The drying process focuses on reducing the water content of the products to a safe 

level, which inhibits the growth of microorganisms such as bacteria, mold, and yeast, as well as inhibiting biochemical reactions that 

cause deterioration. Drying also reduces the weight and volume of the products, making them easier to transport and store. Examples 

of products that are popularly processed include fruits (e.g. mangoes, bananas, and longans), vegetables (e.g. lemongrass and chilies), 

grains (e.g. rice and beans), and herbs (e.g. kaffir lime leaves and ginger). The drying methods can be divided into two main types: 

natural drying and mechanical drying or active drying [1, 10]. In the natural drying process, sunlight and natural wind are often used 

as energy sources. This process is simple, economical, and suitable for small-scale farmers, but has limitations such as uncontrollable 

weather conditions, contamination from dust and insects. Including the uniformity of drying that is lower than other methods. In 

contrast, drying with machinery or supplementary energy, such as using hot air ovens or solar dryers, allows for efficient control of 

temperature, humidity, and drying time, resulting in higher quality and more consistent produce. However, this type of drying is 

expensive and requires appropriate technology. The choice of drying method depends on the type of produce, production scale, and 

available resources. This process is also important for creating food security in the community and the country, as well as promoting 

the development of agricultural products that can compete sustainably in the global market. This model will be a greenhouse with 

dimensions W x L x H of 3.00 m x 3.00 m x 2.90 m, as shown in Figure 1. 

 

2.2 Statistical data analysis 

 

Statistical data analysis is an important process in managing data to gain insights, patterns, or relationships in the data. This process 

involves collecting data, summarizing the data in numbers (such as mean, median, or standard deviation), and displaying the data in an 

easy-to-understand format such as graphs, tables, or charts. Statistical data analysis plays an important role in many fields, such as 

science, medicine, marketing, economics, and agriculture. Especially in the era of big data being created every day, the use of statistics 

as a tool to help synthesize data has become increasingly important. Statistical data analysis has various purposes, such as understanding 

the basic characteristics of the data, predicting future behavior, testing hypotheses, and making strategic decisions. The process of 

statistical data analysis often begins with preliminary data exploration (Exploratory data analysis: EDA) to understand the data, such 

as examining the frequency distribution of the data, finding patterns or basic relationships in the data, and identifying outliers. The next 

step is to use appropriate analysis techniques, such as descriptive statistics, to summarize the data in a concise and easy-to-understand 

format. And inferential statistics such as hypothesis testing or ANOVA to understand the relationship or difference in the data. In 

addition, statistical data analysis also covers the use of mathematical models such as linear regression or cluster analysis to assist in 

forecasting or segmenting data. Effective statistical data analysis enables users to make accurate decisions and provide clear supporting 

data for solving problems or developing strategies in various aspects of research or business. This research will analyze the mean and 

standard deviation as in Equations (1) and (2), respectively, to examine the results of the product drying experiment to see how much 

they differ. 
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Figure 1 Greenhouse 3D Model 
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2.3 Computational fluid dynamics 

 

Computational fluid dynamics (CFD) is a branch of engineering that uses computational techniques to analyze the flow of fluids 

(both liquids and gases) and energy transfer in complex systems. CFD uses mathematical equations that represent the laws of physics, 

such as the Navier-Stokes equations, which are fundamental equations that describe the flow, motion, and behavior of fluids. Using 

CFD, complex phenomena such as turbulent flow, laminar flow, heat transfer, and mass transfer can be studied without the need for 

expensive laboratory experiments. CFD has important steps that enable efficient system simulation and analysis, including: Geometry 

modeling, using CAD software to design the fluid flow domain in the system to be studied; Meshing, which divides the domain into 

smaller units, such as structured or unstructured meshes, to prepare the data for calculation. The next step is: Setting up simulation 

parameters (Simulation Setup) such as defining boundary conditions and related equations. Finally, the analysis of the results (Post-

processing) is a graphical display, such as showing streamlines or pressure and temperature distributions, to understand the behavior 

of the fluid in the studied system. In this research, the equations used in the study start from the analysis of the continuity equation or 

the mass conservation equation (Continuity equation) is one of the basic equations in fluid dynamics that describes the conservation of 

mass (Mass conservation) of fluids, whether liquids or gases. This equation states that in a closed system or any area, the mass of the 

fluid will not increase or decrease as in Equation (3). Then it will be the momentum conservation equation (Momentum conservation 

equation), which is an important equation in fluid dynamics and is part of the Navier-stokes equations that describes the change of 

momentum in a fluid system under various forces acting on the fluid. This equation comes from Newton's second law of motion (F = 

ma) and is used in the context of fluids as Equation (4). The last equation is the Energy conservation equation, which in the context of 

CFD considers the total energy in the system, which includes kinetic, potential and internal energy. The energy equation can be written 

in conservative form as Equation (5). 
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Computational fluid dynamics is used in a variety of industries, such as aircraft design, engine development, building environmental 

control, and energy production system design, as well as agricultural systems development, such as agricultural drying facilities or 

greenhouse airflow management. CFD also plays an important role in environmental research, such as predicting the spread of air 

pollution or simulating changes in aquatic ecosystems. This technology enables researchers and engineers to understand fluid behavior 

in complex systems and improve designs for efficiency and sustainability. 

 

2.4. Genetic algorithm 

 

Genetic algorithm (GA) is an evolutionary computing technique developed from the natural processes of natural selection and 

genetics. This algorithm is used to solve optimization problems by finding the most suitable solution in a highly complex problem. GA 

works by creating an initial set of solutions called a population, where each solution in the population is called an individual member 

or chromosome. These members are evaluated according to an objective function to measure the efficiency or fitness of each solution. 

The GA procedure through the following main steps (Figure 2): Selection of members with the highest fitness to act as parents to create 

new solutions, crossover or mixing data between two parents to create new members (offspring) with dominant characteristics from 

both parents, mutation or random modification of values in the chromosomes of some members to increase the diversity in the 

population and prevent the algorithm from being stuck in the most inappropriate solution (Local optimum), and then creating a new 

population (Generation). The new members are combined with the old population. And this process will continue until a certain 

criterion is reached, such as a specified number of iterations or when no improvement in fitness is found. The application of GA is 

diverse, for example, design improvement in engineering, logistics planning, financial model development, resource management, or 

even machine learning to find the most suitable parameter values. The advantage of GA is that it can work well with problems with 

large and complex answer spaces without having to know the structure of the target function in advance. However, GA requires careful 

parameter settings, such as the mutation rate and crossover rate, to make the algorithm work efficiently. In research and industry, GA 

has been used in conjunction with other techniques, such as CFD, to improve engineering systems, such as designing air flow in drying 

houses or modifying building structures to increase cooling efficiency and energy use. GA is therefore an important tool to help solve 

problems in highly complex tasks that require the most suitable answers in multiple dimensions. In this research, GA is used to increase 

temperature uniformity and reduce the occurrence of hot spots and dead zones by checking the wind speed at each point to be consistent 

throughout the greenhouse. The function used for checking can be shown as Equations (6) and (7). 
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The two targets are combined using weighting to balance temperature and air flow, where w1, w2 = the weights, initially set to 0.5 

for both, as shown in Equation 8. In this study, three primary design variables were selected for optimization: the height of the air inlet, 

the height of the air outlet, and the airflow rate governed by the exhaust fan. To ensure that all solutions generated by the Genetic 

algorithm were physically feasible and applicable within the greenhouse configuration, appropriate boundary constraints were defined 

for each variable. Specifically, the inlet height was restricted to a range between 0.3 and 1.5 m, while the outlet height was allowed to 

vary between 0.3 and 2.4 m. The fan-controlled airflow rate was constrained within a range of 60 - 80 cfm. These boundaries were 

imposed throughout the GA optimization process to maintain structural compatibility, promote thermal efficiency, and ensure the 

practicality of the design outcomes. 
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Figure 2 Genetic algorithm procedure 

 

The three graphs in Figure 3 show the relationship between the main parameters, outlet height, inlet height, and fan flow rate, and 

the fitness function value, which is an indicator of the fitness of the system designed by the GA to reduce the variability of temperature 

and air flow in the drying plant. The first graph shows that the outlet height tends to have a clear effect on fitness in 2.150 m, with 

fitness near the minimum in this area, meaning that the height of the outlet port plays an important role in determining the balance of 

the air flow system. The second graph shows the inlet height, with fitness near the minimum in the range of approximately 1.25 m, 

indicating that at this level, the air entering the system is evenly distributed and has good variability. Considering the last graph, fan 

flow rate, which 77 cfm, the fitness value is stable and the lowest in this range. It indicates that the optimal fan flow rate enhances heat 

transfer and reduces dead zones in the system. Overall, all three graphs show the point where all parameters result in the lowest Fitness, 

reflecting the optimum value for the system design. The outlet height should be approximately 2.15 m, the inlet height is 1.25 m, and 

the fan flow rate is close to 77 cfm. This combination of parameters provides the most balanced temperature and airflow distribution 

in the system. Furthermore, the variation in fitness in each graph reflects the effectiveness of the GA in finding the optimal solution, 

highlighting its sensitivity to changes in outlet height and fan flow rate rather than inlet height. 

 

 
 

Figure 3 Relationship between physical parameters and fitness value in airflow and temperature optimization 

 

From the analysis of the two graphs obtained from the operation of the GA in Figure 4, it can be concluded that the algorithm is 

effective in finding the most suitable answer in the early stage. The best fitness and mean fitness values decrease rapidly in the first 10 

generations, reflecting the ability of GA to improve the parameter values in the early stage. However, after the 30th generation onwards, 

the two values begin to stabilize and do not improve further, indicating that the most suitable answer has been found. It is important to 
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stability of the obtained answers. However, the stability of the Fitness values after the 30th generation may be a limitation of the 

algorithm or a factor in the objective function that prevents the algorithm from finding a better answer. In addition, the Score histogram 

start 

Initial Population 

Fitness Evaluation 

Criteria 

Fit Parents Selection 

Crossover 

Mutation 

Offspring 

Yes 

No 

Stop 



78                                                                                                                                                              Agricultural and Biological Engineering 2025;2(3) 

graph indicates that the fitness values are distributed in a very narrow range, indicating the clustering of close populations at the most 

suitable value. This is a good result because it shows the accuracy of GA in adjusting the parameters. 

 

 
 

Figure 4 Fitness convergence and score distribution in genetic algorithm optimization 

 

After determining the optimal parameters using the GA, the derived configuration was physically implemented in the experimental 

greenhouse. The same data collection procedure was applied to this optimized system, and the resulting performance indicators were 

compared against those of a conventional greenhouse. This comparative analysis allowed for a direct evaluation of the improvements 

achieved through the integration of CFD modeling and GA-based optimization. To support the optimization and validation processes, 

environmental data—including air temperature and humidity—were continuously collected using THS01 sensors manufactured by 

Sonoff. These sensors were strategically installed at three vertical positions within the greenhouse: 20 cm, 100 cm, and 150 cm above 

ground level, in order to capture stratified variations in microclimatic conditions. Data logging was performed at one-hour intervals 

throughout the test period. The collected data were subsequently used to calculate four key performance indicators (KPIs) for evaluating 

the system’s effectiveness: drying time (h), power consumption (kWh/batch), final product moisture content (% wb), and uniformity 

of drying (%). These indicators provided a quantitative basis for comparing the optimized system with the conventional setup and for 

assessing the accuracy of the simulation-based optimization process. 

 

3. Results and discussion 

 

The results of the computational fluid dynamics analysis are presented in the form of temperature color shades with the observed 

planes XY Z = 1.5 m, YZ X = 1.5 m, and XZ Y = 1.0 m as shown in Figure 5. 

 

 
 

Figure 5 Plane reference 
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Computational fluid dynamics analysis of the temperature distribution characteristics inside the greenhouse and air flow can model 

the temperature distribution and air displacement direction. The plane XY Z = 1.5 m in Figure 6 shows that the air will circulate at the 

area offset from the top of the greenhouse or at a level Y = 1.8 m from the greenhouse layout. The warmer air will accumulate on the 

top, with some of it flowing out of the greenhouse through the ventilation fan vents. 

 

 
 

Figure 6 Temperature contour of the XY Z= 1.5 m plane 

 

When considering the side of the greenhouse at plane YZ X = 1.5 m, a similar trend is observed as in the front plane where the air 

vortex in the center of the greenhouse is seen towards the top or at a distance Y = 1.8 m. The air flows from the bottom to the top and 

some of it exits through the exhaust fan. The analysis also shows that heat is accumulated at the side of the greenhouse while the bottom 

tends to have a lower temperature as shown in Figure 7. 

 

 
 

Figure 7 Temperature contour of the YZ X= 1.5 m plane  

 

 

If we consider the XZ plane Y = 1.0 m, it can be seen that it is uniform because the temperature distribution at different heights Y 

is approximately the same due to the gravity of the earth. The temperature distribution can be shown as in Figure 8. 

By using sensors to collect data on average temperature values throughout the test period, it was found that the greenhouses that 

used multi-zone air flow management with CFD techniques combined with GA had higher average temperatures throughout the test 

period than the normal type and were also able to reduce humidity in the air more than the normal type, resulting in the drying results 

in the said greenhouses being more efficient than the normal greenhouses. An example of data collection can be shown in Figure 9. In 

addition to the air temperature data, humidity levels were also continuously recorded using sensors installed in both greenhouse models, 

as well as the ambient air humidity outside the structures. Figure 10 illustrates the experimental results of air humidity measurements 

during the same test period. The data illustrate that Greenhouse 2  achieved a consistently lower humidity level during peak drying 

periods, particularly between 09:00 and 15:00, indicating more efficient moisture removal due to optimized airflow distribution. This 

supports the conclusion that the developed system enhances drying efficiency not only through improved temperature control but also 

through effective humidity management, which contributes to higher overall performance in agricultural drying applications. 
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Figure 8 Temperature contour of the XZ Y= 1.0 m plane 

 

 
 

Figure 9 Experimental air temperature 
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Figure 10 Experimental air humidity 

 

Under optimal operating conditions, the greenhouse system was experimentally validated and benchmarked against a conventional 

drying setup. The results revealed that the integration of CFD and GA significantly enhanced the overall drying performance. 

Specifically, the optimized system achieved a reduction in drying time by 30.0 ± 2.6%, a decrease in energy consumption by 

25.0 ± 2.0%, and a reduction in average product moisture content from 15.5 ± 1.0% to 10.5 ± 0.6%, all of which satisfied standard 

quality criteria. Moreover, drying uniformity improved markedly from 70.0 ± 3.5% to 90.1 ± 2.4%, indicating superior heat and airflow 

distribution across the drying zones. All reported values include standard deviations, and statistical analyses were performed using a 

95% confidence level to ensure the robustness and significance of the results. These findings underscore the practical value and 

technical efficacy of applying CFD and GA techniques in advancing the design and performance of agricultural drying systems. 

 

 

Table 1 Comparison of greenhouses using GA for analysis 

 
Topic Traditional drying house Drying house developed with CFD+GA % Improvement 

Drying time (h) 10.0 ± 0.5 7.0 ± 0.3 decrease 30.0 ± 2.6% 

Power consumption (kWh/batch) 500.0 ± 10.0 375.0 ± 8.0 decrease 25.0 ± 2.0% 

Moisture content (%wb) 15.5 ± 1.0 10.5 ± 0.6 decrease 32.3 ± 4.5% 

uniformity of drying (%) 70.0 ± 3.5 90.1 ± 2.4 increase 28.7 ± 4.9% 

 

4. Conclusions 

 

The drying process is an important step in the agricultural and food industries, aiming to remove moisture from products to an 

appropriate level. However, inefficient drying process may cause energy consumption, long processing time, and affect the quality of 

the resulting products, such as moisture retention, inconsistency in drying, or product damage. To solve these problems, this research 

developed a drying house using multi-zone airflow management with Computational Fluid Dynamics technique and parameter tuning 

with GA, which is a technology that helps to increase the accuracy and efficiency of the drying process. The experiment compared the 

results between the conventional and the improved greenhouses by analyzing the main indicators: drying time, energy consumption, 

average product moisture, and drying uniformity to evaluate the efficiency of the developed technology. The results of this research 

can be summarized as follows: 

1. Drying time The CFD + GA greenhouse reduced the drying time by an average of 30.0 ± 2.6% from the conventional system 

(10.0 ± 0.5 h to 7.0 ± 0.3 h), resulting in increased production efficiency and reduced working time. 

2. Energy used for drying energy consumption was reduced by an average of 25.0 ± 2.0% compared to the original system (500.0 

± 10.0 kWh/cycle to only 375.0 ± 8.0 kWh/cycle), reducing costs and increasing sustainability in the process. 

3. Product moisture the average product moisture content was reduced by 32.3 ± 4.5%wb from 15.5 ± 1.0%wb to 10.5 ± 0.6%wb, 

which is in line with the clearly defined quality criteria. 

4. Drying uniformity the drying uniformity was increased by 28.7 ± 4.9% (from 70.0 ± 3.5% in the original greenhouse to 90.1 ± 

2.4% in the CFD + GA greenhouse), resulting in consistent product quality and reduced damage. 
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