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Abstract 

This research aimed to provide a comprehensive set of tools to understand, 

simulate, predict and control the coffee drying process in different scenarios: Natural 

convection, forced convection and mixed. In different coffee-producing countries, the 

drying process poses a challenge to the coffee growers due to the complex phenomenon, 

considering that large amounts of water should be removed from the grain to protect it 

from bacteria, fungi and filamentous fungi development. However, the process must be 

thoroughly controlled to preserve the quality of the beans; this stands as an issue to the 

growers that are usually considered small because of their plot size and socio-economic 

conditions. In Colombia, around 96% of the 540000 coffee-growing families are 

considered small-scale farmers; this percentage relies mainly on sun-drying techniques 

to process their coffee. Nevertheless, the dependence of sun drying on the weather 

conditions is an issue since the harvesting times usually coincide with the rainy seasons, 

which are not the optimal conditions to dry coffee through natural convection due to the 

high ambient relative humidity and low temperatures. Therefore, mechanical dryers 

appeared as a solution seeing that the drying times are drastically reduced. Nonetheless, 

their elevated price and running costs prevent small-sized growers from acquiring these 

technologies. Therefore, wet coffee commercialization emerged as an answer, though 

the growers’ selling prices dropped drastically. Hence, a solution for the coffee growers 

seemed to be in place, integrating the product quality of sun-dried coffee and the 

technologies already existing in the farms (solar parabolic and tunnel dryers) with the 

rapid drying dynamics of mechanical dryers: a hybrid solar dryer. However, to achieve 

a proper design, independent studies were carried out on natural and forced convection 

drying of a coffee seed to provide predictive models to stochastic processes through 

Finite Element Methods (FEM) on mechanical drying to obtain mathematical models 

that simulate and characterize deep and thin bed drying of coffee and also, the thermal 

and physical properties of parchment coffee of new Colombian varieties were calculated 

not only to sharpen the mathematical and FEM and computational fluid dynamics 

models but also to update the literature. With this information, a hybrid solar drying unit 

was designed that provides a solution to coffee growers. 

Keywords: Computational fluid dynamics; Hybrid solar dryer; Parchment coffee; Solar 

drying; Mathematical modelling; Mechanical Drying. 
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Introduction 

 Drying coffee is a complex process considering the amount of water removed 

from the grains. The process has been traditionally carried out using open sun drying; 

despite its sanitary disadvantages, its easy working principles are attractive to coffee 

growers. Solar dryers emerged to mitigate the issues posed by open sun drying; 

however, their dependence on climate conditions limits the coffee processing dynamics. 

Hence, mechanical dryers appeared as a solution due to their rapid processing capacity. 

However, their reliance on fossil fuels, risk of overheating the grain and high running 

costs is still a reason to consider when drying coffee. 

 Smallholders are the leading affected group of people due to their economic 

limitations; therefore, this research aimed to perform a comprehensive study of different 

drying processes and properties affecting it in order to provide the best available design 

of a hybrid solar dryer for coffee, integrating mechanical and solar drying in one unit, 

aiming to provide the grower with more flexibility and control to foresee the drying 

process to ensure the product’s quality while dynamizing the moisture removal. 

Solar drying technologies display a promising future for food processing and 

drying due to their use and transformation of sun energy, especially nowadays, with 

rising global warming. Efficient technologies are needed to address different 

postharvest processes; the transition from fossil fuels to sustainable technologies that 

work on a renewable energy basis is also relevant. It is also important to mention that 

using biomass and carbon-neutral biofuels is relevant in the above-mentioned energetic 

shift; therefore, the integration of both drying principles seemed to be in place, not only 

to help the coffee grower to increase the drying efficiency but also to offer the coffee 

drying technologies a carbon neutral hybrid solar drying unit which provides the tools to 

perform environmentally sustainable. 
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1. Literature Review 

Sun drying has been utilized for generations, as a means to preserve food (Silva 

et al. 2021). This traditional method involves exposing food items to the warmth of the 

sun and the surrounding air effectively removing moisture and preventing spoilage 

(Guiné 2018). It is an employed technique for preserving foods such as fruits, 

vegetables, meats and even coffee beans (Hicks 2002). 

Within the coffee industry sun drying is a method among coffee growers. The 

process begins by spreading out harvested coffee beans in layers on drying beds or 

patios as illustrated in Figure 1. These beans are left to bask in the sunlight for days 

until they reach the desired moisture level of around 10 12% (wb). One notable 

advantage of sun drying is its simplicity and cost effectiveness. Unlike methods that 

rely on machinery or specialized equipment sun drying harnesses the power of energy 

allowing small scale farmers to access it and reducing production costs. Besides, sun 

drying exhibits environmental friendliness as it relies solely on resources without the 

need, for fossil fuels or electricity. 

 

Figure 1. Traditional coffee open sun drying patio (Ghosh & Venkatachalapathy 2014). 

Another benefit of sun drying is its ability to enhance the flavour and aroma of 

coffee (Sandeep et al. 2021), since the gradual drying method allows the coffee beans to 

preserve their qualities resulting in an intricate and rich flavour profile (Kulapichitr et 

al. 2019), also, the exposure to sunlight can also add fruity or floral hints to the coffee 

making each cup unique and full of character (Siagian et al. 2017). Coffee enthusiasts 
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particularly value the attributes that come from sun-dried beans during the brewing 

process because of their taste (Hicks 2002). 

Sun drying also grants physical control over the drying procedure, the farmers 

can adjust the drying duration and conditions based on their expertise and the specific 

characteristics of the growing coffee variety (Wahyuni et al. 2020). This adaptability 

allows them to achieve desired outcomes and produce high-quality coffee beans that 

meet the market's demands (Rueda et al. 2014). Likewise, sun drying allows farmers to 

monitor and sort the beans during drying ensuring quality throughout the process. 

Nevertheless, sun drying does have its challenges and drawbacks, one notable 

downside is its reliance on weather conditions (García et al. 2014). Sun drying heavily 

depends on sunlight, so rainy days can significantly prolong the drying time, increasing 

the risk of spoilage or filamentous fungi growth (Culliao & Barcelo 2015); this poses a 

threat to the coffee crop in regions with weather patterns. Additionally, prolonged 

exposure to sunlight during the drying process can result in over drying or uneven 

drying of the coffee beans (Doymaz & Pala 2003), causing inconsistencies in the 

product, impacting its quality and flavour (Fadai et al. 2017). Coffee farmers must 

monitor and pay attention to ensure the beans are adequately dried without heat or 

prolonged exposure and avoiding crossed contamination (Rodríguez-Robles & 

Monroig-Saltar 2014).  

Another drawback of sun drying is its susceptibility to contamination or damage 

from pests, insects or birds (Avelino et al. 2015; Kath et al. 2021). Without measures 

like nets or coverings, coffee beans become vulnerable to infestation or theft, leading to 

crop loss; this requires labour and resources to protect the drying coffee from threats 

resulting in increased production costs. Also, sun drying often takes longer than other 

drying methods due to their dependance on weather conditions as above mentioned 

(Sanghi et al. 2018; Kath et al. 2021), postharvest process and moisture content, the 

coffee beans can take days to weeks (Mwithiga & Kigo 2006; Duque-Dussán et al. 

2022) to achieve the desired moisture content. The extended drying period impacts the 

production timeline, limiting the drying process and deriving the need to increase the 

drying area for drying beds or patios and its prediction is non reliable due to its 

stochastic behaviour (Richardson 1981). 
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Sun drying remains an adopted and spread technique for preserving food 

products, including coffee beans. There are benefits to sun-drying coffee, including its 

simplicity, cost-effectiveness, ability to enhance flavour and the physical control it 

allows over the drying process (Philip et al. 2022). However, there are also challenges 

associated with this method as susceptibility to pests, microorganism, and mycotoxin 

development (Culliao & Barcelo 2015), as well as longer drying times. Despite these 

drawbacks, sun drying continues to be a choice for coffee farmers because of its easy 

working setups, and quality coffee if done properly. 

Due to the issues posed by open sun drying, solar drying technologies for food 

products emerged as a solution to the challenges displayed by drying food under the sun 

(Silva et al. 2021). This method uses solar energy to dry and preserve food items like 

fruits, vegetables, meats and coffee beans. The rise of this drying technologies is a 

response to the downsides associated with sun drying, although sun drying has been 

widely used, its effectiveness heavily relies on weather conditions as mentioned above. 

Solar drying involves collectors, panels, or materials concentrating, capturing, and 

converting solar energy into heat (Briceño-Martínez et al. 2020), which creates a proper 

drying environment for food products. The design of dryers allows for regulating 

temperature, airflow, and humidity, resulting in a more precise and efficient drying 

process than traditional sun drying (Silva et al. 2021; Firdissa et al. 2022). 

In the context of coffee drying, solar drying brings several advantages (Duque-

Dussán et al. 2022), one noteworthy benefit is the enhanced consistency and quality of 

the dried coffee beans since maintaining a temperature and airflow within a controlled 

drying environment is crucial (Banout et al. 2011). It ensures even product drying 

without the risk of over drying or under-drying (Tun et al. 2020; Benlioğlu et al. 2023). 

The most common solar dryers for coffee in Colombia are the parabolic and the tunnel 

dryer (Figure 2 and 3), they offer protection against elements like rain, dust, pests and 

insects (Oliveros-Tascón et al. 2006, 2008). Using enclosed dryers or covered drying 

racks shields the coffee beans from contamination, reduces the chances of spoilage and 

crop loss, enhancing significantly the quality and value of the dried coffee beans 

(Briceño-Martínez et al. 2020). Additionally, solar drying technologies gives coffee 

farmers to better predict the drying process even though it is still climate-dependent 

(Diamante & Munro 1993; Liu & Bakker-Arkema 2001), allowing them to adapt the 
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drying conditions according to the needs of coffee varieties and foresee an approximate 

drying time and quality, by adjusting factors such as drying temperature and airflow, 

farmers can achieve desired outcomes (Prakash & Siebenmorgen 2018; Silva et al. 

2021). 

 

Figure 2. Parabolic type dryer for coffee. (Restrepo Victoria & Burbano Jaramillo 2005). 

 

 

Figure 3. Tunnel type dryer for coffee. (Oliveros-Tascón et al. 2006). 

Energy efficiency is another advantage of solar drying; this method reduces 

dependence on energy sources like electricity or fossil fuels (Simate 2003; Udomkun et 

al. 2020). As a result, operating costs are minimized while decreasing the impact 

associated with energy consumption, also, the solar drying technologies are often built 

with materials that can be found on the farm (wooden) (Ramirez-Gómez et al. 2002), 

hence, the construction costs are reduced, aligning perfectly with practices making it a 

greener and environmentally friendly approach to coffee production. Nonetheless, solar 

drying technologies also present different downsides and challenges associated with 

drying. Firstly, setting up drying systems can require an upfront investment as the cost 
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of collectors or panels, along with the infrastructure for the dryer, may present a 

financial hurdle for small-scale farmers or producers with limited resources (Oliveros-

Tascón et al. 2017). Additionally, the effectiveness of drying still largely relies on the 

availability of sunlight and other factors as air temperature and relative humidity 

(Duque-Dussán et al. 2022); cloudy or overcast weather impact negatively the drying 

efficiency, prolonging the drying time. Therefore, planning and considering climate 

conditions is crucial when implementing solar drying systems (Duque-Dussán et al. 

2023). 

Additionally, solar drying requires thorough monitoring and management, 

hence, farmers must understand the working principles of the technology as well as 

characteristics of the drying process, such as drying times, mixing patterns, moisture 

level tracking and storage requirements (Duque-Dussán et al. 2023), to ensure the 

production of high-quality coffee beans (Luna González et al. 2019). Solar drying 

technologies allow coffee producers to improve the drying processes and deliver top-

notch coffee beans that meet market demands while embracing new practices. 

Seeing the necessity to dry coffee faster, mechanical and forced convection 

drying occurred (Parra-Coronado et al. 2008a) and the need for a reliable and efficient 

drying process drove the development of machine drying technology, its use has been 

rising to process different agricultural products and foods (Hung et al. 2019; Gu et al. 

2022). These methods provide controlled alternatives to sun and solar drying methods 

addressing the challenges and limitations of natural drying techniques (Philip et al. 

2022). Even though mechanical drying has proven to process large amounts of coffee, 

offer different capacities, setups and allows for a better process control (Duque‐Dussán 

& Banout 2022) it also presents different disadvantages in coffee drying. Mechanical 

drying involves using equipment such as drying chambers, conveyor dryers or fluidized 

bed dryers to remove moisture from food products and grains (Bakker-Arkema et al. 

1974; Brooker et al. 1992; Liu & Bakker-Arkema 2001). These machines employ hot 

air, microwave radiation or vacuum principles to accelerate drying (Guiné 2018); unlike 

natural convection drying methods, mechanical drying allows for total control over 

drying air temperature, airflow and humidity, often including instrumentation 

(Banaszkiewicz et al. 1997; Oliveros-Tascón et al. 2010) leading to more efficient and 

predictable outcomes seeing that the mechanical drying is often considered a 
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deterministic process (Midilli et al. 2002; Hii et al. 2009; Prakash & Siebenmorgen 

2018; Duque‐Dussán & Banout 2022). 

In the case of coffee drying, mechanical drying brings different advantages, one 

significant benefit is the reduction in drying time which helps expedite the process, 

reducing the drying time from 10-18 days (natural convection) (Mwithiga & Kigo 2006; 

Duque-Dussán et al. 2023) to few hours (Parra-Coronado et al. 2008b; Duque‐Dussán & 

Banout 2022), boosting productivity, minimizing spoilage risk, and optimizing resource 

utilization. These technologies emulate the industrial coffee dryers at a smaller scale 

under the same working principles (Parra-Coronado et al. 2008a; Sandeep et al. 2021). 

The grain is usually located as a deep bed, allowing it to process a more significant 

amount of product. Usually, a 3-tray static vertical mechanical dryer with a capacity of 

7.5 arrobas (Figure 4) processes 31.25 kg of DPC in 20-21 hours (Parra-Coronado et al. 

2008a; Oliveros-Tascón et al. 2010; Coradi et al. 2014; Duque-Dussán et al. 2022); 

hence, in approximately 85 hours, a low-capacity mechanical dryer processes the same 

as one 10 m2 tunnel dryer processes in 15 days. 

 

Figure 4. Penagos SC Silo static mechanical coffee dryer. 

Nevertheless, not only static coffee dryers are available; rotating drum and 

dynamic dryers are also common worldwide, however they tend to be more in the 

industrial because of their size, running costs and area requirements locates to be more 

industrial (Perazzini et al. 2021). Mechanical drying improves consistency and control 
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over the drying process by ensuring heat and airflow uniform distribution (Renaudo et 

al. 2019; Duque‐Dussán & Banout 2022), preventing uneven drying. Additionally, 

mechanical drying protects the product to external factors that threatens its quality, 

reducing crop losses and guaranteeing a product of high quality (Hung et al. 2019).  

Furthermore, mechanical drying enables coffee farmers to control and set the 

drying parameters to suit different coffee varieties, this flexibility creates opportunities 

for experimentation and fine-tuning, ultimately producing coffee beans with different 

flavour profiles and characteristics (Budiyanto et al. 2021; Tesfaye et al. 2022). 

Conversely, the disadvantages of mechanical drying also pose serious threats not only to 

the coffee grower, but also to the coffee. One significant weakness is the cost involved, 

drying equipment and machinery required for drying can be expensive, which might 

pose a barrier for small-scale coffee farmers or those with limited resources (Duque-

Orrego et al. 2001; Hung et al. 2019; Duque‐Dussán & Banout 2022). Additionally, it is 

vital to consider the maintenance expenses associated with these machines when 

evaluating the feasibility of mechanical drying; running costs are also a negative remark 

on mechanical drying, seeing that electricity and fuel is required to perform the process, 

not ideal for an isolated household (Hicks 2002). Also, using fossil usage (liquid 

petroleum gas) is not fully recommended from the environmental point of view. 

Another challenge is the need for expertise and ongoing monitoring during the drying 

process.  

Additionally, it is worth noting that mechanical drying could impact the flavour 

profile of coffee beans, when employing mechanical drying, the air’s temperature 

should not surpass 50°C (Borém et al. 2008; Duque‐Dussán & Banout 2022), if 

exceeded, there is a high chance that the embryo of the seed will die, leading to a rapid 

internal structure deterioration, liberating undesired compounds that compromise the 

coffee quality (Tarzia et al. 2010). The accelerated drying process can alter the coffee's 

chemical composition and aroma, resulting in an lower quality  compared to beans dried 

using natural methods (Puerta 1999; Osorio Hernandez et al. 2018).  

In summary, mechanical and machine drying technology provides controlled 

alternatives to drying methods for food products and grains, including coffee; they 

reduce the drying times, increase the processing amounts, and allow for better process 
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control. Nevertheless, investment cost, energy and fuel requirements and thorough 

process control should be considered. 

Seeing the benefits of solar drying and mechanical drying Hybrid 

drying appeared as an approach that combines different drying technologies (Al-Kayiem 

2016; Deeto et al. 2018), including sun, solar and mechanical drying, to enhance the 

drying process for food products and grains (Udomkun et al. 2020). This method has 

gained attention as a solution to overcome the limitations and challenges associated 

with drying techniques (Simate 2003; Natesan et al. 2020). The origin of hybrid drying 

technology derives from the realization that more than relying on one single drying 

method may be required to address the complexities and demands of the drying process 

(Duque-Dussán et al. 2023). Sun drying, although cost-effective, is heavily reliant on 

weather conditions and lacks control. Even though Solar drying improves control to 

some extent, it can be affected by days or limited sunlight. On the other hand, 

mechanical drying offers drying but may pose challenges regarding initial investment 

and potential flavour alterations. 

Hybrid drying aims to optimize drying efficiency, quality and productivity by 

harnessing the strengths of the abovementioned drying techniques (Weigler et al. 2012; 

Muñoz-Neira et al. 2020). In the context of coffee drying, it displays several advantages 

as is the flexibility to customize the drying process according to requirements and 

environmental conditions (Manrique et al. 2020). Coffee farmers can utilize the 

advantages of sun drying during periods while incorporating mechanical drying 

methods during unfavorable weather conditions (Duque-Dussán et al. 2023).  

Furthermore, hybrid drying improves the efficiency of the drying process; using these 

technologies reduces the reliance on one single drying method energy, also lays a bridge 

between passive and active drying (Udomkun et al. 2020). Using the sun and drying 

taps into energy, lowering energy consumption and operational costs, mechanical 

drying can be employed when solar or sun drying is not feasible (nighttime), increasing 

productivity and reducing drying time. 
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Figure 5. Hybrid dryer schematics. (Manrique et al. 2020). 

In addition, hybrid drying helps minimize risks caused by different factors as do 

solar and mechanical dryers, but the process control allows to enhance the product’s 

market value (Hamdani et al. 2018). One significant disadvantage of the hybrid drying 

is the complexity involved in implementing and managing drying systems (Kong et al. 

2022), it requires an understanding of drying technologies and optimizing their use 

effectively. Coffee farmers or producers may need training, resources and expertise to 

ensure implementation (Elavarasan et al. 2017). Another issue to consider is the 

possibility of requiring funds for investment since hybrid drying systems involve 

integrating drying technologies and equipment, which can lead to high initial costs 

(Manrique et al. 2020; Duque-Dussán et al. 2023). Moreover, maintaining and operating 

hybrid drying systems can be more complex, requiring monitoring and adjustments to 

ensure performance. 

It is crucial to consider the impact of hybrid drying on the flavour of coffee 

beans. The combination of drying methods and variations in drying conditions could 

affect the taste and aroma of the coffee product, however, in the literature there is no 

record on negative impact (Deeto et al. 2018; Manrique et al. 2020). Monitoring and 

implementing quality control measures are necessary to maintain the desired flavour 

profile consistently. Hybrid drying technologies offer an adaptable approach to drying 

food products and grains, it combines the strengths of drying methods to optimize 

efficiency, quality and productivity (Simate 2003). The benefits of hybrid drying 

include customized drying parameters, improved efficiency, risk reduction and 
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enhanced control (Benlioğlu et al. 2023), however, its displayed challenges must be 

duly addressed in order to attain its benefits. Overall hybrid drying provides an 

opportunity for coffee producers to achieve quality, reduce reliance on factors and 

optimize the drying process according to specific needs and conditions (Deeto et al. 

2018; Manrique et al. 2020; Duque-Dussán et al. 2023). 

Using biomass, such as coffee husks and trunks, in coffee drying processes 

(mechanical and hybrid) holds significant importance and benefits for coffee production 

(Sonthikun et al. 2016). These biomass materials provide valuable energy sources, 

contribute to sustainability, and offer coffee farmers and processors economic 

opportunities. Understanding their importance can shed light on the efficient and eco-

friendly practices within the coffee industry, also it must be considered that the calorific 

value of these materials is high 16-20 kJ kg-1 (Duque-Dussán et al. 2023). Coffee husks, 

dry pulp, are a side product generated during coffee processing, often considered waste, 

discarded or left to decompose (Rodríguez Valencia et al. 2010). However, nowadays 

their potential as a biomass resource is recognized and used mainly in industrial dryers 

(Tesfaye et al. 2022).  

There are advantages to using coffee husks as a biomass fuel source for drying. 

Firstly, they offer a renewable energy supply, they are a byproduct of coffee production, 

they are easily accessible (Duque-Dussán et al. 2023). It can be obtained at no cost, 

reducing the dependence on fuels like wood or coal for drying coffee beans (Tesfaye et 

al. 2022). Utilizing coffee husks as biomass helps minimize environmental impact by 

diverting these husks from landfills or burning them openly, coffee farmers contribute 

to waste reduction and to decrease air pollution (Aristizábal-Marulanda et al. 2022). The 

controlled combustion of coffee husks results in emissions of greenhouse gases 

compared to fossil fuel sources, thereby reducing the carbon footprint associated with 

coffee drying, as well as using carbon neutral fuels (Duque-Dussán et al. 2023). 

Another type of biomass material called coffee trunks can also be repurposed of 

being discarded or burned. These trunks are obtained from pruning or removing 

branches during the maintenance or rejuvenation of coffee trees (Rendón 2021; Aguirre 

Cuellar et al. 2022). They can serve as a source of biomass energy. Coffee logs offer 

benefits to coffee husks providing a readily accessible fuel source for drying coffee. 
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Using biomass like coffee husks and logs also brings advantages not only to the 

drying process, coffee farmers and processors can generate income by selling or 

exchanging these biomass materials, creating revenue streams (Oliveira & Franca 2015; 

Tesfaye et al. 2022), improving the economic viability of coffee production, especially 

for small-scale farmers due to their financial limitations, and,  utilizing biomass reduces 

the reliance on fossil fuels resulting in cost savings for coffee processors. At the same 

time, using biomass in coffee drying and maximizing the utilization of coffee husks and 

logs, the coffee industry promotes the principles of establishing an economical closed-

loop system where waste materials are reused (Hamdani et al. 2018), minimizing waste 

generation and enhancing resource efficiency; contributing to the overall sustainability 

of the coffee sector. 

 

Figure 6. Coffee trunks after pruning. Picture taken by Andrés Acosta.  

An evaluated disadvantage of the biomass utilization for coffee drying is that the 

availability and accessibility of biomass materials may vary depending on the region 

where coffee is grown (Aguirre Cuellar et al. 2022), some areas may need more access 

to coffee husks or logs, meaning that supply of biomass materials may be required, 

including collection, storage and distribution infrastructure (Aristizábal-Marulanda et al. 

2022). Besides, it is crucial to ensure that the equipment used for biomass combustion 

during drying processes is efficient and well maintained, if poorly designed or operated, 

biomass combustion systems can lead to burning, excessive smoke emissions and 
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inefficient energy usage (Hamdani et al. 2018; Manrique et al. 2020; Duque-Dussán et 

al. 2023). Another factor to consider is the competition for biomass resources within the 

community.  

 

Figure 7. Wet processed coffee husk. 

Drying coffee is extremely important for small-scale coffee farmers as it 

dramatically affects the quality and price and value of their product. It is a complex 

process, when processing coffee through the wet method (harvesting, classification, 

pulping, fermenting, washing, and drying), the coffee seeds hold an initial moisture 

content of 53% (wb) right after washing that must be reduced to the commercialization 

levels (equilibrium moisture content) of 10-12% (wb) (Duque‐Dussán et al. 2023). The 

problems related to coffee drying affect many coffee growers, for instance out of the 

540000 coffee growing families, 96% are classified as small-sized farmers, meaning 

that their plot is not bigger than 5 ha (Bravo-Monroy 2019), being 1.5 ha the average 

plot size (Barjolle et al. 2017). Small-sized coffee farmers rely on sun and solar drying 

as their primary choice to dry their coffee. However, in Colombia, the harvest peaks 

come together with the rain season (García et al. 2014); therefore, employing solar 

energy to dry coffee during this time of the year is complex due to high precipitation, 

high relative humidity, and cloudiness. Hence, the importance of the description of the 

different drying processes presented in this chapter. 
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In addition to preserving quality, coffee drying also plays a role in determining 

the value of the beans (Berhanu et al. 2014; Pires et al. 2021). The better the beans are 

dried, then the market price be better; the issues posed by the discussed drying 

techniques (mechanical, solar and hybrid) facilitated the increase of wet coffee 

commercialization, where the coffee grower sells its product for a significantly reduced 

amount of money as soon as it is washed to someone who runs a mechanical drying 

facility. Even though the selling price is lower, the cash flow is higher, and in rural 

places, this is usually weighs in more (Duque-Orrego et al. 2001). With appropriate 

dried coffee beans, small-scale farmers have the opportunity to sell their produce at 

prices leading to improved income and livelihoods. An appropriate drying process 

offers farmers the flexibility to handle their harvest and store their crops until they can 

sell them at the time (Trejos et al. 1989; Hicks 2002) in the market. This permits small-

scale farmers to participate in the coffee industry without depending on intermediaries, 

potentially increasing their profits (Bravo-Monroy 2019). 

By implementing drying techniques, farmers can enhance the unique qualities of 

their coffee beans as specialty coffee (Barrios-Rodríguez et al. 2021), known for its 

flavours and high-quality features, often leads prices in the market, improving their 

economic outlook. 

It is crucial to prioritize the development of technology that smallholder farmers 

can easily access; this is essential for promoting inclusivity, increasing productivity and 

enhancing farmers' livelihoods in developing regions (Osorio-Arias et al. 2020; 

Udomkun et al. 2020). Smallholders play a role in food production and providing them 

with affordable and appropriate technology can have wide-ranging positive effects. 

Affordability is a factor in ensuring technology is accessible to smallholders and 

improve their acceptation (Kamal et al. 2008; Briceño-Martínez et al. 2020; Udomkun 

et al. 2020; Atalay et al. 2022). These farmers often need more support, limited credit 

options and low-profit margins. Therefore, it is vital to focus on developing cost 

technology within their means, seeing that making technology affordable, smallholders 

can embrace practices to enhance productivity and improve the quality of their products. 

Accessible technology also addresses labour tasks and operational challenges 

faced by smallholder farmers, manual labour is often the means for activities, which can 

be time-consuming, physically demanding and less efficient (Avelino et al. 2015). 
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Smallholders can save time and effort by introducing technology that simplifies tasks 

like seed planting, drying, irrigation, or harvesting; this enables them to concentrate on 

aspects of farming and ultimately enhances productivity (Tarzia et al. 2010; Fagundes et 

al. 2020). Likewise, deploying technology can play a role in mitigating postharvest 

losses, small-scale farmers frequently need assistance storing and preserving their 

produce, leading to losses and diminished income. By introducing solutions such as 

dryers, improved storage facilities or innovative processing methods, farmers can 

extend the shelf life of their produce (Gutiérrez-Flórez & Copete-López 2009; Coradi et 

al. 2014; Oliveira & Franca 2015; Cardona et al. 2022). 
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2. Objectives 

2.1. Main objective 

Design a hybrid solar coffee drying unit for house-farm coffee growers in 

Colombia. The novel hybrid solar coffee dryer is expected to increase the drying 

efficiency compared to traditional coffee drying techniques. 

2.2. Specific objectives 

1. Perform a Finite Element Model that predicts natural and forced convection 

drying of coffee. 

2. Design Computational Fluid Dynamics models that simulate the airflow 

distribution and behaviour of drying air in different mechanical drying 

applications. 

3. To calculate the thermal and physical properties of newly developed coffee 

varieties to update not only the literature but also the thin layer and deep bed 

drying mathematical models. 
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3. Modelling of Forced and Natural Convection Drying 

Process of a Coffee Seed. 

Adapted from: Duque-Dussán E, Villada-Dussán A, Roubík H, Banout J. Modeling of 

Forced and Natural Convection Drying Process of a Coffee Seed. J ASABE. 2022;65: 

1061–1070. doi:10.13031/ja.15156 

Abstract 

Different coffee drying technologies face complex tasks in ensuring an 

acceptable final seed moisture content. This research performed a Finite Element 

Analysis (FEA) study, simulating a single coffee bean's drying process as a transient 

mass diffusion model under mechanical and natural convection conditions so the drying 

behavior and data of both case scenarios can be foreseen and controlled by a predictive 

Finite Element Model (FEM). A wet bean was 3D-scanned and digitized as the FEA 

simulation geometry; the water diffusion between the grain and the atmosphere was 

defined by a diffusion coefficient subject to the drying air temperature and the grain's 

moisture content. Three cases were studied: mechanical grain drying at three different 

temperatures (50, 45 and 40°C) in a forced convection environment, variable natural 

convection drying under environmental conditions (wet and dry season), and constant 

natural convection (wet and dry season) including the variation in day/night temperature 

and relative humidity. The results agree well with the data found in the literature, 

obtaining the graphical moisture distribution of the phenomena, predictive drying 

curves, diffusion coefficients and isotherms. Both simulated drying scenarios provide 

essential information for coffee growers to improve and control their drying processes, 

thus obtaining high-quality grains, reducing contamination by microorganisms, and 

ensuring their products' integrity. 

Keywords: Coffee Drying; Coffea arabica; Coffee Seed; Finite Element Model; 

Moisture Diffusion. 
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3.1. Introduction 

Drying is one of the most critical steps in the post-harvesting stages when 

processing coffee using the wet method. Once the berry has been pulped, 

demucilaginated and washed, it usually has a moisture content between 60-50% (wb) 

[1,2] and must be dried until it reaches 10-12% (wb) [3,4]. After washing, due to its 

high water content, the coffee grain is host to an elevated biological activity. Hence, the 

drying process should be performed as quickly as possible in order to reduce the 

probabilities of spoilage and to inhibit the development of microorganisms, bacteria, 

and mycotoxins within the grain [5]. As well as to preserve its characteristics so that 

high-quality dry parchment coffee is obtained at the end of the process [6] that meets 

the proper commercialization and storage requirements. 

To achieve proper grain dryness, the coffee growers usually select between 

mechanical or sun drying methods to process their product [7]. The decision is based on 

the amount of coffee to be dried, the climate conditions and their economic situation. 

Sun drying methods are quite helpful for a reduced amount of grain to dry since it is a 

rather time-intensive process [8]. Therefore, several technologies have been developed 

to accelerate it, ranging from open sun dryers, parabolic and tunnel sun-drying 

technologies [9], as well as hybrid systems [3,8,10]. Sun drying also provides a cheap 

and environmentally friendly solution, being an attractive option for smallholders, such 

as the case of the 563000 Colombian coffee farming families, where 95% of them have 

a plot smaller than 5 ha [11]. Despite their advantages, sun drying technologies, often 

considered a stochastic process, face many complications due to their direct dependence 

on climate conditions [12] that can rapidly change over time, limiting the drying 

behavior predictions and control. For example, in Colombia, the harvest peak periods 

overlap with the wet seasons [13], depicted by high cloudiness, pluviosity, and air 

dampness; evidently not the best terms for sun-drying coffee. 

In contrast, mechanical drying is not entirely dependent on weather conditions. 

Once the applied heat defines the drying air psychrometric properties to reach specific 

air temperature and moisture characteristics, the grain drying can be accurately 

predicted. Thus, mechanical coffee drying is usually defined as a deterministic process 

[14], and its working principles allow it to dry higher amounts of grain at a faster rate 
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[1,15]. Nevertheless, mechanical drying processes usually require large equipment and 

more complicated working setups compared to sun drying technologies [16]. Moreover, 

even though reduced versions of the drying silos and general mechanical dryers are 

available, there is still a considerable energy demand and fuel consumption to heat and 

blow air into the dryer. At the same time, the literature indicates that sun-dried coffee 

holds higher quality values than mechanical-dried one [17,18]. Therefore, a balance 

between drying efficiency, product quality, and energy requirements of the system 

should be considered before performing the process itself. 

Many studies have been carried out to describe, predict, and simulate the drying 

process of coffee, corn, soybean, and other types of seeds using numerical methods 

[12,19–21]. Still, most simulation models aim to approximate the drying solution for a 

thin or deep bed of the product [22–24]. There are also records in the literature on the 

simulation of single grain and food using finite element methods [25–27], which allow 

for control over the occurring heat and mass transfer phenomena and predict the change 

in moisture and temperature over time within the geometry boundaries [28,29]. There 

are, however, no finite element models that include the temperature and moisture profile 

variation in time along with the diffusion of water behavior in a single coffee grain. 

In order to preserve the quality of coffee seeds during drying, it is essential to 

consider the perishable nature of the coffee grain after harvesting. Identifying and 

understanding how moisture and temperature change within the grain structure during 

heat and mass transfer throughout the drying process is necessary; this is so the overall 

process can be clearly described. Therefore, the primary purpose of this study was to 

perform a set of Finite Element Method (FEM) simulations based on an actual 3D body 

model of a single coffee grain under mechanical and sun-drying conditions, from an 

initial grain moisture content of 53% (wb) until reaching 12% (wb), intending to supply 

both drying methods their correspondent prediction of the internal drying process of the 

grain under different circumstances where microorganisms and mycotoxins can grow. 

Thus, control measures can be applied, especially when the drying predictions are 

unfavorable, allowing the coffee grower to plan the drying procedures to keep the 

product safe, moving from a stochastic scenario to a deterministic one. 

 



20 

 

3.2. Methodology 

The drying process of the coffee bean was simulated using Abaqus Finite 

Element Analysis (FEA) software (Dassault Systemes) as a transient mass diffusion 

model. While wet, a real coffee grain (Coffea arabica L.) was 3-D scanned and 

digitized. The resulting CAD file was used as the basis for the Finite Element Model 

(FEM), the orthogonal dimensions (length L = 0.0117 m, width W = 0.0081 m and 

thickness S = 0.0050 m) of the grain agree accurately with those previously calculated 

and published in the literature for such specie [30,31]. 

The diffusion of water molecules through the coffee bean and into the 

environment was incorporated into the FEM by defining the drying coffee bean's 

temperature and humidity-dependent diffusion coefficient. Beginning with a definition 

for normalized mass concentration of water M: 

 

(1) 

where c is the mass concentration and s is the solubility. A mass balance to 

steady state yields the chemical potential equation: 

 

  (2) 

where J is the concentration flux vector, D is the diffusivity vector, ks is a 

temperature-dependent diffusion constant, kp is a pressure-dependent diffusion constant, 

T is the temperature (z denotes the temperature at absolute zero), and p is the pressure 

stress, which is defined as one third of the negative trace of the normal stresses. The 

relationship between concentration flux and diffusion is also conveniently provided by 

Fick’s first law of diffusion [22,32]: 

 

    (3) 
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where c is the mass concentration. Putting together equations (1), (2) and (3), 

and making the generalized assumption that solubility is equal to unity and that the 

material is isotropic, having the same boundary conditions in all directions, yields a 

specific case of the diffusion equation for a grain of coffee with an initial moisture less 

than or equal to ~50% (wb) [1,33] defined as: 

 

 

   (4) 

The evolution of the water diffusion process in the FEM is thus simplified to be 

a function of the temperature and mass concentration of water throughout the body of 

the coffee bean as indicated by [34], it is assumed that they are initially homogeneously 

distributed. This diffusion relationship was defined as a heat transfer material property 

for the coffee bean, along with its density, which is also a factor of the mass 

concentration of water M and provided by [1] and [33] as: 

 

                                          (5) 

To simplify the analysis, the volumetric shrinking of the coffee bean as it loses 

water content was not considered. The initial temperature was based on the different 

analysis cases, and the initial mass concentration of water was defined as 53% (wb) (but 

input into Abaqus as parts per million). Boundary conditions were defined solely as 

temperature-dependent convective heat transfer, with a general grain heat transfer 

coefficient based on [14] defined as follows: 

 

   (6) 

Where A = 0.2755, B = -0.34, C = 0.06175, D = 0.000165 are constants that 

were fitted to the grain drying models; Ca is the specific heat of air, defined as 

approximately 1005 J kg-1 K-1 for the temperature range of interest; Ga is the mass 
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transfer per unit area per time, set as 0.63 kg s-1 m-2; and r0 is the longest dimension of 

the wet coffee bean, simplified as 0.02 m. This empirical equation (6) for the heat 

transfer coefficient of forced convection was created using nonlinear regressions to fit 

experimental data and corresponds to an air velocity of 10 m s-1. The natural convection 

heat transfer coefficient corresponds to air velocities of 1 m s-1. For all cases, the coffee 

seed was assumed to be exposed to equal convective boundary conditions on all 

surfaces as if resting on a fine mesh surface, diffusing homogeneously in all directions. 

For the idealized case of a single seed drying, this restriction allows for a study of the 

direct effects of air temperature, surrounding humidity, and solar radiation without the 

introduction of such variables as the packed location of the coffee bean among others or 

the temperature and material properties of the surface on which the seed lies. The heat 

transfer coefficient values used for the study are shown in Table 1. 

Table 1. Convective heat transfer coefficients and air temperature. DS: Dry season, WS: Wet 

season. 

Case 
Convective heat transfer coefficient 

[W m-2 K-1] 

Air Temperature 

[°C] 

Forced convection 

292.33 50 

291.62 45 

290.90 40 

Natural convection 

(fluctuating) 

DS (day) 218.90 21.5 

DS (night) 18.50 18.5 

WS (day) 220.02 20 

WS (night) 16.00 16 

Natural convection 

(constant) 

DS 120.11 21.5 

WS 119.68 20 

 

Mechanical drying simulations were performed at three different air 

temperatures 50, 45, and 40°C with a relative humidity of 16.88, 21.75 and 28.28% 

respectively in a forced convection scenario. The weather data was taken from the 

records of the municipality of Chinchiná, Caldas Colombia (4.9827° N, 75.6053° W; 

1382 m.a.s.l.), considering that it is located in the coffee producing region of Colombia, 

the so-called coffee axis, and its meteorological conditions are registered in full by the 

Colombian National Coffee Research Centre. In the case of evolving day and night 
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cycles, the heat transfer coefficient and temperature were alternated using a simplified 

step-shaped amplitude between their respective values every 12 hours. 

To simulate the outdoor sun-drying process, which is still very prevalent in 

coffee-growing regions, the effects of sunlight and relative ambient humidity have been 

included into the model to understand their effect on the time it takes the coffee bean to 

reach the required internal moisture. A time-dependent natural convection heat transfer 

coefficient was used instead of a constant forced convection coefficient in order to 

model the effect of sunlight throughout the 12-hour day and 12-hour night cycle. The 

equation for the altered heat transfer coefficient was the same as in (6) but also included 

a constant solar radiation term indicating the average flux of radiation from the Sun that 

reaches the Earth [35]: 

 

(7) 

The radiation heat transfer of the coffee bean itself and of whatever surface it 

may be drying upon are important factors to consider for applications of this model to 

coffee drying techniques in the field, but these variables were not included in this model 

in order to focus on the effects of introducing the sun-drying process. For the relatively 

low temperatures and wind speeds being studied in this scenario, the heat transfer 

radiation from the Sun was modeled to be the primary mode of energy transfer. 

The scanned coffee bean was meshed into approximately 340000 tetrahedral 

elements throughout its entire volume, following the resolution dimensions of the 3D 

scan, and is shown in Figure 1. Because the FEA elements had a pre-existing 

geometrical relationship with the scanned model, the skewness of the mesh was on the 

order of 0.2 with negligible non-orthogonality. The elements were defined as standard 

linear heat transfer elements for the simulation. 
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Figure 1. Digitized geometry of the 3D scanned wet coffee grain. 

3.3. Results and Discussion 

The primary range of moisture that was studied was the average percentage of 

water content of coffee beans after washing and draining approximately 53% (wb) to 

the requisite moisture content of the beans to be hulled, shipped, and roasted just about 

12% (wb). The effects of forced convection at specific temperatures in a mechanical 

process dryer were compared, as well as the effects of temperature and environmental 

humidity for outdoor drying. The temperature profile of a coffee bean as it dries can 

also be extracted from the simulation’s results. The effects of sunlight and 

environmental humidity were incorporated into the model by altering the heat transfer 

convection coefficient, and the effects of temperature and the internal moisture content 

of the coffee bean were incorporated by altering the bulk diffusivity of the material [36]. 

The effect of drying the coffee bean isothermally is shown as the moisture 

concentration in the center of the bean over time in Figure 2a for three optimized 

mechanical drying temperatures: 40, 45, and 50°C. A constant heat transfer convection 

coefficient was used to model the forced drying process, meaning that the effects of 

wind and sunlight are not factored into the time it takes the coffee bean to reach an 

adequate level of internal moisture for shipping and roasting. At a constant 40°C, it 
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takes about 29 hours for the bean to reach ~12% (wb) moisture, beginning at 53% (wb). 

This same process takes approximately 26 hours at 45°C and nearly 23 hours at 50°C, 

however, it is important to mention that drying at 50°C and above could damage the 

seed’s endosperm, threatening its structure during the storage period [37]. The results of 

the various simulations agree well with the experimental values found in the literature. 

The evaluated behavior of the mechanical drying time at the three different 

temperatures displayed a substantial similarity to the data published [26,38]; a few 

minutes differ from the findings at the same temperatures. However, it is essential to 

mention that the simulation conditions are idealized, and although the process can be 

considered deterministic, the initial conditions, such as relative humidity, height above 

sea level, and others, as explained by [39], play a relevant role in the drying process, as 

well as the airflow and air resistance of the parchment [40]. For the given temperatures, 

[2,8,41] also achieved similar drying times; nevertheless, the available records are 

generally for a thin layer or a deep grain bed. 

 

Figure 2. The effect of drying the coffee bean isothermally, as in a mechanical drying process scenario. 

(a) Moisture content over time in the center of the bean for three optimized mechanical drying 

temperatures: 40°C, 45°C, and 50°C. (b) The evolution of the diffusion coefficient as the moisture content 

was lost over time for the three isothermal cases. (c) The internal temperature at the center of the coffee 

bean. 



26 

 

The evolution of the diffusion coefficient as moisture was lost over time for 

these three isothermal cases is shown in Figure 2b, after 13 hours of drying, the lines 

overlap and change positions, reflecting that water is being removed, and seeing that the 

diffusion coefficient depends on the moisture content of the grain and drying air 

temperature (Equation 4), a higher diffusion coefficient is expected at high drying 

temperatures. However, the rapid diffusion of water will also lower the diffusion 

coefficient tending to steadiness which happens after 15 hours; therefore, the recorded 

depiction is logical and expected, sharing a similar behavior with the results pronounced 

by [26]. The internal temperature in the center of the coffee bean reached the drying 

temperature in less than three hours for the isothermal models, as shown in Figure 2c. 

The cross-sections of the coffee bean model depict the moisture concentration in parts 

per million of water throughout the isothermal drying process shown in Figure 3. 

Although a similar moisture distribution is observed, it is evident that moisture diffusion 

occurs faster at higher temperatures. Water removal occurs radially, considering that the 

bean has an approximate ellipsoidal shape. Nevertheless, it is not a regular geometry; 

hence, an asymmetric moisture distribution is seen when drying at lower temperatures 

(40°C) for 5 h. 

 

Figure 3. Cross sections of the coffee bean model showing the moisture concentration along the center 

throughout the isothermal drying process for three optimized mechanical drying temperatures: 50°C, 

45°C, and 40°C. 
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Figure 4a shows the drying process of the coffee bean under forced conditions, 

again with an initial humidity of 53% (wb), for a "dry season" scenario, during which 

the ambient temperature was assumed to be constant at 21.5°C during the day and 

18.5°C at night, with relative humidity during the day and during the night of 74.5% 

and 76%, respectively. The same situation occurred for the "wet season" scenario during 

which the ambient temperature was assumed to be constant at 20°C during the day and 

16°C at night, with relative humidity during the day and night of 80.5% and 83%, 

respectively. The natural convection coefficient also changed according to the average 

number of daylight hours during this region's wet and dry seasons, simplified as 12 

hours of daytime and 12 hours of night-time for both cases as the region in question lies 

near the Earth's equator. 

 

Figure 4. Results of a time-dependent natural convection phenomenon. (a) The moisture content in the 

center of the coffee bean for the dry season and wet season scenarios, where the initial moisture content 

of the coffee bean was again set as 53% (wb). (b) The evolution of the diffusion coefficient as the 

moisture content was lost over time for the two cases. (c) The internal temperature in the center of the 

coffee bean. 
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When including the fluctuation between day and night convection, temperature, 

and relative humidity for both dry and wet seasons, it is seen that humidification occurs 

during the night due to the temperature and relative humidity change, such as in Figure 

4a. This phenomenon is explained by [42], yet it should occur at a lower rate in the 

field, seeing that the simulation conditions are ideal and the seed hardening that occurs 

when drying, as described by [43], is not considered. Given that the weather 

fluctuations variate enormously over time, obtaining a general predictive model for 

every natural convection case is nearly impossible [44]. However, the obtained drying 

time (Figure 4a) is within the standard drying time for natural convection and open-sun 

coffee drying as reported by [45], validating the accuracy of the model. 

 

Figure 5. Cross-sections of the coffee bean model showing the concentration of moisture content along 

the center throughout the natural outdoor drying process for wet season and dry season scenarios. 

The change of the diffusion coefficient throughout this cycle is shown in Figure 

4b which displays a more complicated behavior, the valley-peak conduct occurs due to 

the fluctuation of temperature and humidity included in the model. It is also seen that 

after 84 hours of drying, the lines shift their position as expected due to the decrease in 

moisture within the grain domain as explained in Figure 2b. The humidification 
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happening during night-time also momentarily raises the diffusion coefficient because 

of its dependence on moisture content. The internal temperature change at the center of 

the coffee bean is exhibited in Figure 4c is also marked by the fluctuation. The cross 

sections of the coffee bean model depict the moisture concentration in parts per million 

of water throughout the outdoor drying process in 12-hour cycles in Figure 5, the 

moisture removal is shown to occur similarly to the one displayed in Figure 3, but it 

happens slower due to the lower drying temperatures and their oscillation along with the 

relative humidity. This process is shown to be far more time-intensive than its forced 

convection counterpart due to a fluctuating humidity gain during the night-time hours. 

On average, it takes a coffee bean approximately 7 days to reach the desired humidity 

during the dry season and 8 days during the more humid wet season under the described 

conditions. 

 

Figure 6. The loss of water content and related variable behavior in the coffee bean as a result of constant 

natural convection. (a) The moisture content at the center of the coffee bean for the dry season and wet 

season scenarios, where the initial moisture content of the coffee bean was again set as 53% (wb). (b) The 

evolution of the diffusion coefficient as the moisture content was lost over time for the two cases. (c) The 

internal temperature in the center of the coffee bean. 
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The loss of water content throughout the coffee bean due to constant natural 

convection is shown in Figure 6a. The aforementioned wet or dry season ambient 

humidity and temperature are implemented throughout the drying process in this 

scenario, but all other factors are neglected. The evolution of the diffusion coefficient 

during this process is illustrated in Figure 6b, unsurprisingly, the constant natural 

convection affects the diffusion coefficient, as seen, noticing that the line is smoother 

than when the effects of the sun and rain are introduced. 26 hours after starting the 

process, the line overlapping occurs, following each other closely until the end of the 

process. The internal temperature change in the center of the coffee bean is shown in 

Figure 6c. 

The cross sections of the coffee bean model display the moisture concentration 

in parts per million of water throughout the simplified outdoor drying process in Figure 

7, where a similar situation to the one shown in Figure 3 and Figure 5 is seen, uneven 

moisture removal happens but still keeping a dependence on the shape of the grain. This 

situation would relate, for example, to drying the coffee beans outdoors but covered 

from the effects of both rain and sunshine with a tarp. This is another common means 

through which people in coffee-growing regions dry their product; also, the so-called 

hybrid solar dryers could be described likewise since they can operate at certain 

constant temperatures [3,8]. As shown in the figures, this approach to drying coffee is 

less efficient than mechanically drying the grain but can be significantly faster than 

allowing the beans to be fully exposed to the elements. For this model, a bean could 

reach a moisture content of 12% (wb) in 31 hours during the dry season and 34 hours 

when it would rain more. 
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Figure 7. Cross-sections of the coffee bean model showing the concentration of moisture content along 

the center throughout the simplified outdoor drying process for wet season and dry season scenarios. 

Figures 3, 5 and 7 illustrate the water distribution inside the coffee grain during 

the drying process at different moments. The moisture concentration is represented by 

the different colors shown in the figures. The kernel initially has a moisture content of 

53% (wb) throughout all its domain, and it is pictured how the distribution changes over 

time as a result of the water diffusion. These images provide relevant information about 

the problematic points inside the grain, from which the water is more difficult to 

remove, generating zones vulnerable to contamination [46]. Once revealed and 

established, these can be further analyzed to ensure a proper grain moisture content. The 

change over time in the moisture distribution is similar in all simulations; still, when 

drying by natural convection, the moisture profiles denote higher contours, which 

means that the moisture removal occurs slower, hence, extra care should be taken when 

using these drying methods to preserve the grain quality. 

Although the diffusion coefficient curves were quite different between the 

simulations performed due to the different model parameters, the interval of values 

obtained varying between 1.20×10-7 to 1.0×10-9 m2 s-1 match adequately with the results 

achieved by [24]. Additionally, the diffusion coefficients at the desired moisture 
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contents fit within the diffusivity values of different crops [47]. Also, the diffusion 

coefficient of all simulations is greatly affected by the material assumptions and inner 

structure definitions [27,48], nevertheless all the simulations showed a similar 

behaviour occurring at different rates. 

The temperature in the centre of the grain widely varied depending on the 

temperature of the drying air and the simulation boundary conditions. A homogeneous 

internal grain temperature is reached 3 hours after starting the process during 

mechanical drying. The internal temperature at the drying air temperature is maintained 

afterwards for all the three evaluated temperatures until the end of the drying process, as 

seen in Figure 2c. [27] shared analogous results when simulating the drying process of a 

corn kernel. For these simplified cases, it was assumed that the grain had isotropic 

material properties, so, in reality, a slightly different behaviour should occur [49,50]. 

Figure 4c exhibits the same behaviour, but the process includes the relative humidity 

and temperature fluctuation, as well as the convection boundary condition, which 

changes throughout the day and night, resulting in a steady-decrease and steady-rise 

curve description. The inner temperature of the grain is held during the day and the 

night for 10 hours, and the escalation or decrease of the temperature occurs in 2 hours. 

Examining the drying simulations at constant natural convection without 

including any convection fluctuation shows a drying rate that is faster than expected. 

Even as the internal temperature oscillates slightly, the effects due to the convection 

boundary conditions dominate the drying process, as was seen for the other results. The 

drying time performance shows a similarity to the conduct shared by [1]. However, the 

situation above-mentioned applies again; under the given conditions, the simulation 

displayed reliable results, yet it must be highlighted that natural convection drying 

usually operates with varying conditions. Consequently, a slight difference would be 

expected in reality. 

Although the model agrees with previous experimental and numerical 

measurements, the use of idealized boundary conditions and the omission of volumetric 

shrinkage [26,51,52] due to water loss limit the application of the model in certain 

circumstances. The most significant factor that contributes to variability is the heat 
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transfer convection coefficient at the edge of the coffee bean, which is highly dependent 

on environmental conditions. 

3.4. Conclusions 

Much of the world’s coffee is grown on small farms by people with limited 

means, so the approach of using natural convection to dry coffee beans remains 

relevant. A model that depicts and predicts this process can be used to help optimize it. 

The finite element model from this work can be used to simulate the drying 

characteristics of parchment coffee and for the optimal design of parchment coffee 

dryers. Furthermore, the model provides a better understanding of the transport 

processes in the different components of the parchment coffee and the areas of moisture 

concentration where the growth of microorganisms, mycotoxins, bacteria, or moulds is 

a concern. Studying the phenomenon at the level of a single grain provides new insight 

into the specific processes and effects of forced and natural convection drying methods 

and even estimate the lead times on production from harvesting to shipping. 

It is evident from the results that the convection and the radiation heat transfer 

boundary condition is the most critical determinant of how long the coffee will take to 

dry, thus putting its optimization (through increasing airflow and surface area) at the 

forefront of maximizing efficiency. Variables such as the proximity between beans, the 

amount and intensity of sunshine or wind, and the humidification effects of rain will 

play a significant role in the drying process and continue to be a concern for small-scale 

growers. The trade-off between pre-emptively covering the beans from the rain and the 

resulting loss of direct sunshine, for example, would have to be modelled on a case-by-

case basis. 

Prospective simulations could also introduce more minor scale fluctuations in 

the heat transfer coefficient to model these phenomena, but these would necessarily be 

averaged local experimental values at best and beyond the scope of this study. Future 

iterations of the model could incorporate multiple coffee beans in different stacked 

patterns to predict shelf time as a factor of coffee volume and have broader applications 

for real-world drying processes or even adapted to another food materials. 
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Symbol/Abbreviation Meaning Unit 

Ca Air specific heat J kg-1 K-1 

D Diffusivity m2 s-1 

FEA Finite Element Analysis - 

FEM Finite Element Method - 

Ga Mass transfer per unit area per time kg s-1 m-2 

h Convective heat transfer coefficient W m-2 K-1 

hradiation solar radiation term W m-2 K-1 

L Grain length m 

m.a.s.l Meters above sea level m 

R0 Largest grain orthogonal dimension m 

ρ Kernel density kg m3 

S Grain thickness m 

T Temperature °C 

W Grain width m 

(wb) Wet basis moisture content % 
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4. Improving the Drying Performance of Parchment Coffee 

Due to the Newly Redesigned Drying Chamber. 

Adapted from: Duque‐Dussán E, Banout J. Improving the drying performance of 

parchment coffee due to the newly redesigned drying chamber. J Food Process Eng. 

2022;45. doi:10.1111/jfpe.14161 

Abstract 

The Colombian coffee growers face many complications when using traditional 

open-sun drying techniques such as post-harvest processes delays or incomplete grain 

dryness because of climate conditions. Therefore, local workshops began fabricating 

low-capacity dryers simulating the industrial equipment working principles. One of the 

most commercialized units is a triple tray rectangular-shaped dryer with a 31.25kg 

capacity of dry parchment coffee per batch, providing the issue with an acceptable 

solution. However, it was redesigned into a circular shape holding a lower grain bed 

thickness and a vertical air inlet with a diffusive tray. Both units were simulated using 

the Thompson and the MSU grain drying mathematical models to obtain their 

theoretical drying time. Then, a computational fluid dynamics simulation was 

conducted, attaining the unit's drying air behaviour, the circular dryer exhibited notable 

drying times reduction and even air distribution, optimizing the dryer's performance, 

representing a benefit for the coffee-growing farmers. 

Keywords: CFD Simulation; Coffea arabica; Deep bed dryer; Mechanical dryer; 

Moisture removal. 

Practical applications 

A cylindrical arranged coffee dryer with a vertical air inlet reduces the drying 

time of the grain, allowing a better rentability of the grower and improves the air 

distribution inside the equipment, meaning that the moisture removal will occur 

uniformly, safeguarding that the product’s final moisture content meets the required 

conditions for a safe storage.   
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4.1. Introduction 

One of the reasons why Colombia has one of the top-quality coffees in the world 

is due to its post-harvest wet processing technique. The coffee processing consists of a 

set of operations to transform the coffee fruits into high physical quality parchment 

coffee [1]. By doing so, the dry grains will hold up their physical quality, organoleptic 

properties, nutrition contents and preserve the safety and innocuousness of the grains 

[2]. The process is further divided into the following stages: pulping (removal of the 

pulp), removal of the mucilage (by natural fermentation or mechanical means), washing 

and drying [3]. After harvesting, the coffee fruit has around 65% of its weight 

represented by water, having a strong physiological activity which can be translated as a 

threat for the grain, which, in this point, is already considered as a perishable product 

[4]. This is why the grain’s transformation process occurs typically in the farm facilities 

right after picking the beans. During the wet process, the drying stage is probably one of 

the most delicate and essential step to ensure top quality and safe coffee production. 

After washing and draining the coffee, it usually has a 52-53% moisture content on a 

wet basis (wb), and it must be dried until reaching a moisture content between 10-12% 

(wb) [5,6]. The rules for commercialization of coffee demand that the final moisture fits 

in the range to inhibit the development of microorganisms, mycotoxins and/or fungi 

[7,8]. 

In Colombia, 563000 families depend on this crop as their primary source of 

income, from which 95% are considered small coffee growers, having less than five 

hectares (ha) sown in coffee [9], being 1.6 ha the average plot size [10]. These coffee 

growers face two big problems when it comes to dry their goods. The first one is related 

to the harvest peak since it comes twice per year in most of all the country, in April-

May and November-October [11]; since they are coincident with the wet seasons, and 

these meteorological conditions come accompanied by high cloudiness and low direct 

sun radiation [12]. Hence, the open-sun drying technologies face an overly complex 

affair, and usually, because of the small farm owner's socioeconomic condition, they 

tend to open-sun dry their harvest because it is an economical and environmentally 

friendly method [13]. This issue will lead the growers to sell their coffee wet for less 

price or pay somebody who owns a mechanical dryer to dry their stock to avoid its 
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spoilage [14]. In any of the options, the producer is at an economic disadvantage 

regarding its profit. 

The second problem follows the lack of infrastructure for drying even in the dry 

season. The traditional open air drying has a limited capacity due to the importance of 

reaching the final moisture requirement. To achieve a decent drying time and final 

product moisture to avoid spoilage, the literature suggests keeping a coffee layer height 

between 20 mm and 30 mm [15]. If this condition is kept, one square meter may well 

hold up to 14 kg of wet coffee, obtaining at the end of the process approximately 7.25 

kg of dry parchment coffee (DPC) according to the wet/dry coffee ratio of 1.93 [16]. 

Considering that the open-air drying is rather a time-demanding process, acquiring the 

final moisture will take 5-7 days [17]. The mass coffee flow within the dryer is 

relatively static since the beans are still harvested on the field, but they must wait for the 

dry batches to leave the dryer, happening after five days in the best-case scenario. 

Responding to the needs derived from the problems related to the open-air coffee 

drying, local manufacturers began to produce a reduced version of the mechanical 

coffee dryers, trying to recreate their operating settings, seeking to reduce drying times 

and increase the speed of the drying process while maintaining the required moisture 

conditions [18]. The most common dryer that fulfils these needs is a vertical 

rectangular-shaped silo type convective dryer manually operated, with a net capacity of 

93.75 kg – 7.5 a (3 batches), its commercialization grew rapidly between the farmers 

since the drying time was reduced to 21 h per batch representing a mass of 31.25 kg of 

DPC with an acceptable final product’s quality. However, there are no studies in the 

scientific literature investigating the drying kinetics and modelling of the drying process 

including the computational simulations of the above-mentioned coffee dryer nor using 

different geometries or working principles to make the process more efficient, as is the 

case of the spouted beds, where a conical bottom gas inlet is used to avoid dead zones in 

different drying applications with high efficiencies and working versatility [19,20]. 

Considering that it is essential to understand the transport processes occurring 

during the drying stage since they play a critical role in the conservation of the 

product’s quality, and at the same time, foreseeing and controlling the drying behaviour 

is also likewise significant in setting an improved system for the drying phase, it is 

mandatory to obtain a precise description of the occurring phenomena [21]. Therefore, 
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the main objective of this study was to design an efficient drying unit for coffee beans 

with improved drying capacity based on an existing technology, afterwards the 

mathematical and computational fluid dynamics simulation were performed in order to 

compare both processes to obtain relevant information about the occurring 

phenomenona in both units. 

4.2. Materials and Methods 

4.2.1. Drying facilities 

The dryer to improve is designed keeping in mind a simple manufacturing 

process, foreseeing low construction costs. It has a rectangular-shaped body divided into 

three chambers I, II and III (Figure 1), by three perforated trays, which support the 

coffee and, at the same time, allow the drying air to flow through the product; the trays I 

and II have a small gate (also perforated) in the centre of its surface to allow the coffee 

grain transition between the compartments I-II and II-III that should be done by the 

operator of the dryer. The drying air is vented into the system through the right-side 

bottom of the equipment, flowing upwards after being heated directly by a liquefied 

petroleum gas (LPG) flame.  

 

Figure 1. General dimensions of the 7.5a rectangular-shaped coffee dryer. 
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The drying process is started by fully loading the chamber I with washed coffee 

(A) with an average moisture of 53% (wb). The chamber I holds a capacity of VIR = 

0.657 m × 0.266 m × 0.495 m = 0.0865 m3 and a cross-sectional area of AR = 0.325 m2. 

The full load of this chamber aims to obtain approximately 2.5 a (31.25 kg) of DPC at 

the end of the drying process; this statement was verified considering the bulk density 

of the wet parchment is ρb ≈ 687.17 kg m-3 [22]. Considering that the chamber I holds 

up to 58.67 kg of wet coffee, a theoretical output of 30.40 kg of DPC is expected given 

the wet/dry parchment correlation of 1.93. 

After loading, the fan is turned on together with the LPG burner; the drying air 

enters the apparatus at an un-exceedable temperature T = 50°C, travelling with an initial 

velocity u = 1. 3m s-1 at a rate of Q ≈ 0.163 m3 s-1, the airflow rate was verified 

multiplying the air velocity after the fan, determined with a testo 425 thermal 

anemometer times the cross-sectional area (400 × 310 mm). The LPG burner had a 

diameter of 40 mm and a mean gas consumption of 0.19 m3 h-1, located perpendicularly 

to the fan (0.249 kW) (Figure 2), the air temperature control is done by a high precision 

testo 905-T2 surface thermometer located in the fan exhaust and by flame regulation, 

setting a uniform and stable blue flame. The process was also studied at 45°C and 40°C 

to provide a wider prediction of the occurring phenomenon in the event that the operator 

would like to dry below the 50°C temperature as recommended [23]. 

 

Figure 2. Rectangular dryer working set-up. 
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When starting the process, the chambers II and III are empty, however, after 7 

hours, the initial coffee load A is moved to the chamber II, and a new batch of wet 

coffee (B) is placed in the chamber number I, consequently, 14 hours after starting the 

process, the initial load A is moved from the chamber II to the chamber III, the second 

load B from the chamber I to the chamber II and fresh washed coffee (C) is loaded into 

the compartment I (Figure 5). Finally, after 21 hours, the first batch can be removed 

since it must have acquired the necessary moisture content of 10-12% (wb). From this 

moment on, every 7 hours, a 2.5 a DPC batch is withdrawn from the equipment, having 

reached a continuous process. Each batch undergoes a net drying time of 21 hours, three 

replications of the drying process were done to find the average experimental drying 

time (DTE) and to verify the 21 h value given by the manufacturer, where DTE1: 

21.083 h; DTE2: 21.016 h and DTE3: 21.05 h. DTEaverage: 21.049 h; if compared with 

the open-air drying behaviour tendencies, it can be seen that this dryer significantly 

reduces the drying time in addition to having a capacity greater than four times than the 

one offered by an open-air dryer per square meter. A few details regarding the dryer’s 

geometry and general working principles can be mentioned. In the first place, it was 

foreseen that achieving a homogeneous drying air distribution over the unit’s geometry 

might be difficult since the location of the air inlet is not aligned with the vertical axis 

of the equipment [24]. At the same time the inlet geometry includes a sudden 

geometrical step between the fan and the bottom of the drying chamber III (Figure 1), 

this will perhaps reduce the air velocity, and taking into account that the rectangular 

nature of the dryer contains corners, it is uncertain if a low-velocity air will run properly 

through them or possibly filled with air gaps or undesired vortexes [25], diminishing the 

drying efficiency. 

To improve the drying performance, the rectangular-shaped coffee dryer was re-

designed into a circular shaped unit with a conical configured air inlet as in the spouted 

bed operations to improve the air transit into the dryer and its interaction with the 

particles as suggested by [26–28]. The overall height of drying chamber did not exceed 

1.6 m for easy access during the dryer loading. The volume of the chamber I needed to 

be approximately the same as the one in the rectangular-shaped dryer to obtain the same 

amount of DPC at the end of the process when fully loaded VIR ≈ VIC. Easy verifiable 

with the dimensions of the circular shaped dryer (Figure 3), it had a diameter ∅ = 0.74 
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m, and the chamber I height was 0.2 m. It is also important to mention that the new 

design kept an easy manufacturing process to maintain a low construction cost. The new 

design had a grain layer 0.066 m lower than the previous one; this fact is quite relevant 

since both drying models perform the simulation with reduced increments in the layer. 

Therefore, a direct relationship between the layer thickness, the drying time, drying air 

temperature and moisture removal was expected. Searching to ensure a homogeneous 

air velocity and distribution across the dryer’s geometry, an extra diffusive tray was 

located between the air inlet and the tray number 3. The cross-section area of the 

circular dryer was AC = 0.43 m2, evidently larger than the rectangular one. 

 

Figure 3. General dimensions of the 7.5a circular-shaped dryer. 

4.2.2. Mathematical description 

The phenomena occurring in the dryer was simulated by using a non-

equilibrium, equilibrium, or logarithmic model [29]. There are plenty of models which 

estimate the behaviour of grain drying; however, during the coffee drying process, the 

semiempirical equilibrium Thompson model [30] and the theoretical non-equilibrium 

Michigan State University MSU model [31] seemed to be the most used since they 
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provide flexible and accurate equations based on deep mass and heat balance 

foundations [32]. 

4.2.2.1. Thompson Model 

This model considers several thin grain layers, one placed on top of another [33], 

in this case each with a thickness of 0.025 m. The simulation calculates the first layer 

drying process, and afterwards, through an iterative process, the calculation is protracted 

to the other layers until the total layer height of the product of interest is reached. 

The Thompson model suggests performing a sensible heat balance prior to the 

start of the process (Figure 4), by doing so, the Te between the grain and the air can be 

estimated from the drying air’s humidity H and temperature T, and the grain’s specific 

heat capacity cp and temperature Tg, as reads Equation 1. 

 

(1) 

The first layer drying simulation ran through a time interval Δt; afterwards, the 

final grain and air temperature were calculated as an output of the after-drying heat 

balance. For this effect, the latent heat of vaporization L was considered since there is 

still water within the grain.  

 

Figure 4. Schematic of Thompson, Peart, and Foster (1968) thin film drying simulation model. 
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Also, the air had an increased humidity ratio since it removed a fraction of the 

moisture contained in the grain, hence the removed moisture from the grain raised the 

air’s humidity ratio from an initial state H0 to a final state Hf. 

 

(2) 

The Thompson model provided an adjustable solution during the calculation of 

the exhaust air temperature and humidity stage data [34], the constants displayed are 

fully explained by [30]. 

4.2.2.2. Michigan State University MSU Model 

The MSU model bears a similar structure as the Thompson model; the drying 

process simulation is divided into reduced increments of time and thin grain 

thicknesses, adopting the output drying air conditions from one layer as the input 

conditions for the following one [35]. It is a theoretical non-equilibrium model rigidly 

based on the heat and mass transfer laws; therefore, a precise and exact result was 

expected [36]. 

This model was developed by [31], where a mass and energy balance is 

performed upon a differential volume S dx, located at a random location within the grain 

bed divided into several thin layers [37]. The system has unknown variables as the 

moisture content, the grain layer temperature, the drying air humidity ratio, and the 

temperature. These balances originate a set of four partial differential equations which 

must be solved together by numerical integration [38], using in our case finite 

differences as performed by [36], having defined the initial and boundary conditions in 

section 2.4 as starting point. The equations describing the fixed bed drying phenomena 

proposed [31], are further explained as follow: 

− The energy leaving the layer equals the incoming energy minus the energy 

transferred by convection (balance for the enthalpy of the air): 
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(3) 

− The grain’s enthalpy balance is stated as the internal energy change of the product 

minus the evaporation energy: 

 

(4) 

− The air humidity ratio balance is defined as the entering humidity minus the leaving 

humidity: 

 

 

(5) 

− The product’s moisture content can be expressed as a function of a suitable thin 

layer drying equation: 

 

(6) 

These equations establish the simulation set for the static layer drying. 

Nevertheless, there is no analytical solution for the system; hence, an approximate 

method must be used to provide a solution to the problem [39]. 

4.2.3. Coffee parameters for simulation 

To obtain an accurate and precise drying simulation, the grain's physical 

properties and the drying air attributes were carefully considered. Therefore, the 

equations describing the required grain properties and parameters are explained in the 

following section, these characteristics were mostly determined over the time by the 

National Coffee Research Center of Colombia (Cenicafe) in different research activities. 
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4.2.3.1. Grain-Air convective heat transfer coefficient 

The convective heat transfer coefficient in grains was estimated as shown in 

Equation 7. This equation and its constants A=0.2755, B=-0.34, C=0.006175 and 

D=0.000165 were defined by [38]. 

 

(7) 

4.2.3.2. Parchment coffee specific heat capacity 

The parchment coffee specific heat capacity estimating equation for grain with 

moisture within 11% - 45% (wb) was obtained by the method of mixtures [40], where 

M is the dry basis (db) moisture content in decimal notation: 

 

 

(8) 

4.2.3.3. Parchment coffee equilibrium moisture content  

The balance moisture content of parchment coffee Me was achieved using 

Equation 9, adapted from the dynamic method [41]. It considers the relative humidity of 

the air HR in decimal units, the air temperature T, and the constants: P1 = 61.0309, P2 = -

108.3714, P3 = 74.4611, Q1 = -0.03049, Q2 = 0.070114, and Q3 = -0.035177. 

 

(9) 

4.2.3.4. Parchment coffee latent heat of vaporization 

[42] described the coffee parchment’s latent heat of vaporization L as reads the 

Equation 10, where M should be considered in decimal notation (db). L was defined as a 

function of the latent heat of free water vaporization, verified by [43,44] when attaining 

the coffee isotherms.   
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(10) 

4.2.3.5. Thin-layer drying equation 

[45] established the thin layer drying formula, Equation 11, and its parameters m 

= 0.0143, n = 0.87898 and q = 1.06439. Valid for moisture content and temperature 

between 5-55% (db) and 10:70°C. The equilibrium moisture Me and the grain’s 

moisture M must be considered in decimal notation and dry basis (db). 

 

 

(11) 

Equation 11 has relevant importance since it involves the saturation vapour 

pressure Pvs and the partial vapour pressure Pv, improving the accuracy of the model 

[46]. 

4.2.3.6. Humidity diffusion coefficient 

The humidity diffusion coefficient is expressed as a function of the grain’s 

temperature and dry basis moisture in decimal notation [40]. 

 

(12) 

4.2.3.7. Bulk density 

The coffee's bulk density can change since the grain shrinks depending on the 

drying stage [47]. However, an estimated value was calculated from Equation 13, 

defining the bulk density in function of the moisture content in dry basis [40]. 

 

(13) 
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4.2.4. Mathematical Simulation 

The numerical simulation was done in MATLAB based on the Thompson and 

MSU models for grain drying; the coffee parameters were also included in the solution 

scheme. Numerical discretization was established by dividing the grain bed into 

individual control volumes with dimensions S × 0.025 m, put upon one another until 

reaching the total coffee layer height. Each coffee bed was treated independently and 

subjected to two consecutive iteration processes. The first iteration starts on the first 

control volume for which the initial drying air temperature, humidity and the grain 

moisture are known, the program iterates until convergence is reached. 

The obtained outputs ∆T and ∆H defined the following control element's initial 

values, running likewise until the final load height has been simulated. Consequently, 

the final temperature and humidity values of the last control element of the first load set 

the initial conditions for the first control element of the following grain bed (Figure 5). 

This process was repeated across the entire domain until the drying simulation was 

completed. The second iterative process calculated the grain moisture over certain 

elapsed time (drying time) for each drying stage. The first phase is described in red 

(Figure 5), where only the I tray is loaded with coffee (A), after seven hours this load 

was transferred to the tray II and a wet coffee batch was loaded into the tray I (B), 

described in the Figure 5 as the blue box (second phase). Seven hours after the load in 

tray II was moved to tray III, the batch in the tray I was changed to the tray II and the 

final wet batch (C) was loaded into the dryer, this last phase is represented in pink in the 

Figure 5. After the dryer is completely loaded the air between the coffee batches relate 

to the drying stage air, where T1 = 40, 45 and 50°C, and T2, T3 and T4 were to be 

calculated. T4 represents the air when leaving the dryer to the atmosphere, the stage 

drying air’s temperature behaviour was predicted as T1>T2>T3>T4. 
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Figure 5. Box diagram of the simulation considerations. 

The boundary conditions for the simulations were defined as: T (0, t) = T0, Tg (x, 

0) = Tg0, H (0, t) = H0, M (x,0) = M0. Considering that, the initial grain temperature and 

moisture content must be known along with the initial drying air temperature and 

humidity at the start of the drying stage. The initial conditions for the simulation were: 

Drying air temperature at the inlet: T0 = 50°C, air humidity ratio H0 = 0.015 kg kg-1, 

relative air humidity HR = 0.17, air flow Q = 0.163 m3 s-1, air velocity u = 1.3 m s-1, 

initial grain moisture M0 = 53% (wb) and grain temperature Tg0 = 21°C. All dependent 

variables were evaluated at the time t + Δt. The simulation assumptions follow those 

proposed by [31] for static bed dryers: i) The grain-volume shrinkage occurring during 

the drying simulation was assumed to be negligible since it can represent a reduction in 

the grain bed height. ii) Temperature gradients between particles are non-existent. iii) 

Particle to particle conduction is neglected. iv) Air and grain flow is plug type. v) The 

dryer’s walls are adiabatic holding a negligible heat capacity. 

4.2.5. Computational Fluid Dynamics Simulation 

Both dryers were simulated in ANSYS Fluent 16.0 to observe how the 

geometrical arrangement affected the air distribution, flow, and velocity inside them. It 

was intended as well to compare both air behaviours to prove if the circular-shaped 

dryer described a better airflow across its domain. The simulations were performed with 

the drying units fully loaded; considering this, the coffee volumes and the holding trays 

were defined as fluid volumes with a certain porosity.  
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4.2.5.1.  Porosity calculation 

The porosity ε was calculated according to Equation 18 [48], where the Vvoid 

represents the air volume within the coffee mass, and the Vtotal stands for the total 

volume occupied by the grain. In this simulation, the porosity of each grain bed was 

calculated since the coffee undergoes a dimension shrinkage of approximately 7% after 

drying [47]. Therefore, the porosity values varied depending on the drying stage [49]. 

 

(18) 

1 kg of Coffea Arabica DPC contains roughly 4540 coffee seeds since one seed 

of DPC has a mass of 2.2×10-4 kg [16]. Therefore, the 31.25 kg of DPC per dried batch 

provided by the dryers contains approximately 141875 seeds.  

The average arabica coffee seed dimensions (Figure 6), D1=1.15×10-2 m, 

D2=8×10-3 m and D3=5×10-3 m [50].  

 

Figure 6. General average coffee seed dimensions. 

Now, to simplify the calculations, two seeds were put on top of each other 

forming an ellipsoid with volume Vseed = 4.82×10-7 m3, times the number of seeds 

halved due to the geometrical assumption, the total volume occupied by the seeds is 

VT_Seeds = 0.0345m3. 

Hence, the air volume located in-between the coffee bed in the chamber III was 

expressed as the total volume occupied by the coffee minus the volume occupied by the 

seeds and applying the seed shrinkage factor, calculated as Vvoid_III = ((0.93) × 
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0.0865m3) – 0.0345m3) = 0.0459m3. Now, applying Equation 18, the porosity of the 

grain bed in the chamber III was: 

 

Table 1. Coffee porosities for the different chambers. 

Chamber Vvoid [m3] Vtotal [m3] ε 

I 0.0445 0.0865 0.514 

II 0.0456 0.0835 0.546 

III 0.0459 0.0804 0.571 

A similar procedure was performed with the trays; their interaction with the 

drying air was described by defining their volume with a certain porosity; the void 

volume of the tray was represented by the volume of the perforations, which, divided by 

the total volume of the sheet (considering the void volume) gave as a result, the tray 

porosity. The tray’s thickness was 0.003 m, and the perforations had a 0.005 m 

diameter, diagonally squared arranged.  

Table 2. Tray porosities. 

Tray Rectangular Circular 

No. of perforations 6370 8480 

Vsheet 9.756E-4m3 1.290E-3m3 

Vholes 3.752E-4m3 4.995E-4m3 

ε 0.3844 0.3872 

 

4.2.5.2. Mesh setup 

The mesh geometry was described with a hard behaviour, high smoothing, and 

slow transition 8 mm sized elements; considering that the flow from volume to volume 

plays a critical role, a high a high node match was established in the contact regions 

between bodies so the volumes, 8 contact regions were defined:  

a) Between the inlet air and the tray 3.  
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b) Between tray 3 and the coffee in chamber 3.  

c) Between the coffee in chamber 3 and the air above it.  

d) Between the air above the coffee in chamber 3 and tray 2.  

e) Between tray 2 and the coffee in chamber 2.  

f) Between the coffee in chamber 2 and the air above it.  

g) Between the air above the coffee in chamber 2 and tray 1.  

h) Between tray 1 and the coffee in chamber 1.  

In this step, the walls, inlet, and outlet were also indicated. The final mesh was 

specified by 9 volumes corresponding to 3 volumes of air, 3 of coffee and 3 of trays.   

Table 3. Mesh metrics for both geometries. 

Property Rectangular Circular 

No. Elements 1801651 1894049 

No. Nodes 1937259 2023310 

Orthogonal 

Quality 

Min 0.9998 0.3544 

Avg 1 0.9538 

Max 1 0.9999 

Skewness 

Min 1.31E-10 5.1E-4 

Avg 7E-4 0.1291 

Max 3.20E-3 0.841 

 

4.2.5.3. Simulation definition 

Once the mesh was properly defined (Table 3) a steady double-

precision/pressure-based study was specified along with an absolute velocity 

formulation. A standard k-epsilon model was chosen for the simulation considering the 

air’s turbulent flow conditions in the drying stages, verified by calculating the Reynolds 

number in such. The near-wall treatment followed the standard wall functions, and the 

air was selected as the simulation material. The porosity of the coffee was defined in the 
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cell zone conditions panel; simultaneously, the inertial and viscous resistances were 

filled in this section for each porous bed calculated from Ergun’s Equation [51]. In the 

air inlet section, its velocity and direction were settled along with the static (gauge) 

pressure outlet. The spatial discretization was selected as pressure-velocity coupling. 

The convergence boxes in the residual sections were unselected since the simulation 

was carried out rather on iterations, the hybrid initialization was executed successfully, 

and 2000 iterations were settled before running the simulation. 

4.3. Results and Discussion 

4.3.1. Drying time 

The drying time calculation stopped when attaining a grain moisture content 

under 12% (wb). After 21.3 hours of drying at 50°C, the rectangular-shaped dryer 

reached a grain moisture content of 11.87% (wb), which seems logical and accurate 

when comparing it against the process parameters where 21 hours of drying are 

expected. A possible explanation for the 0.3 h difference might be due to the limitations 

of the model because as the assumptions made and the simplification of the simulation 

parameters, might not precisely describe the experimental conditions. Although these 

variables cannot be fully described in this simulation, the obtained results fulfil the 

process description.  

 

Figure 7. Rectangular unit comparative drying time plot at different drying air temperatures. 
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As shown in Figure 7, the drying curves at different temperatures describe 

logical behaviour and values. These findings are consistent with those published by 

[52]. The moisture remotion occurs fast in the first half of the process, afterwards, it is 

slower since the diffusion of the water in the grain's inner geometry is more difficult to 

happen as explained by [53]. Even though the process parameters require an air 

temperature of 50°C to obtain a faster drying, the literature recommends drying slightly 

under this temperature because if exceeded, the embryo might be damaged as 

mentioned by [23], negatively affecting the grain’s structure leading to an undesired 

decomposition of the seed [54,55].  

When drying at 45°C the required moisture will be reached after 27.6 hours. If 

the process is executed at 40°C the mandatory moisture was reached after 32.5 hours, 

which is in agreement with similar drying times as those attained by [47] under similar 

drying temperature conditions. 

The circular-shaped dryer depicted a similar drying curve to the rectangular-

shaped one, however, it reached grain moisture of 11.93% (wb) after 17.4 hours when 

drying at 50°C. Hence, the drying time compared with the rectangular-shaped dryer was 

shortened by 3.9 hours, meaning that the coffee will be dried faster, ensuring its 

preservation against biological threats. The gas utilization was therefore reduced by 

0.74 m3, represented as approximately 1.39 kg in the liquid phase. Also, the fan's energy 

consumption decreased by approximately 1 kWh, representing an extra economical 

advantage. 

When drying at 45°C and 40°C, the circular-shaped dryer takes 23.6 and 28.5 

hours, respectively, to reach 11.97% (wb) moisture content (Figure 8). Hence, 

disregarding the drying air temperature, the circular unit displays an improved drying 

capability than the rectangular one, providing a higher efficiency deriving in a general 

upgrade of the drying facilities and infrastructure. 
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Figure 8. Circular unit comparative drying time plot at different drying air temperatures. 

Even though both units displayed similar drying-curve behaviour, the improved 

performance exhibited by the circular dryer may be explained by the relationship 

between the stage temperature and the layer thickness stated in Equation 3, this also 

accords with the observations showed by [56], when setting a thinner layer of coffee, 

the temperature change between stages T1, T2, T3 and T4 (Figure 5 and Figure 9) will 

be lower, hence the moisture removal will occur faster. At the same time, the change of 

temperature with respect to the time (Equation 4) is expressed as a function of the grain-

air convective heat transfer coefficient, which is stated as a function of the air mass flow 

per unit area (cross-section area), contemplating that the circular dryer holds a cross-

sectional area larger in 0.105m2 it is expected a reduction in the drying time as a higher 

airflow is transiting through the geometry of the unit. This finding is supported by the 

evidence found by [35], where a direct relationship between the drying time and the 

cross-sectional airflow was proven. The drying time at 50°C, 45°C and 40°C was 

reduced theoretically by 18.3%, 14.5% and 12.3% respectively. 
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Figure 9. Comparative stage temperature profile plot at 50°C. 

4.3.2. Diffusion coefficient 

The coffee diffusion coefficient can be calculated at any time of the procedure 

according to Equation 12; after stabilizing the process, the diffusion coefficient of the 

incoming fresh batch of coffee was traced throughout the entire operation in both 

dryers, considering the stage change as well (Figure 10). During the first hour, the 

circular unit’s diffusion coefficient was evidently higher than the described by the 

rectangular dryer since the air temperature is slightly higher in the circular unit, 

reflecting that the air undergoes fewer velocity losses, keeping a higher stage 

temperature; consequently, a high moisture removal occurs during this time frame. 

After one hour, the circular-shaped dryer’s diffusion coefficient became slightly lower 

than its counterpart, thus describing a similar curve; this is because the moisture 

removal happened faster in the circular dryer, henceforward a rapid moisture decrease 

followed, consequently reducing the diffusion coefficient values considering the direct 

association between the moisture content and the diffusion coefficient. 
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Figure 10. Comparative diffusion coefficient behaviour at 50°C. 

It is also seen two steps in each curve, representing the coffee’s chamber change 

into the new drying stage. When the chamber transfer occurred, a momentary rise in the 

diffusion coefficient can be seen, this is because the temperature is higher in the 

following stage (Figure 9). As reported by [57], the diffusion coefficient values are 

strongly influenced by the model used, it also depends on the material and inner 

structure assumptions as shown by [53], however the obtained results ranging from 

1.101×10-6 to 2.104×10-9 m2 s-1 share similarity with those found by [46]. The diffusion 

coefficient when the coffee reaches its required moisture is also within the range of 

diffusivities for different crops [58]. 

4.3.3. Specific heat capacity 

Contemplating that the moisture removal happens faster in the circular shaped 

dryer, the specific heat change will also occur at a quicker rate in this unit seeing that 

the specific heat is expressed as a function of the moisture (Equation 8). The specific 

heat changed in both cases from cp at 53% (wb) ≈ 7.8 kJ kg-1 K-1 to cp at 12% (wb) ≈ 2.1 

kJ kg-1 K-1. However, the faster drop of the specific heat in the circular dryer also 

represents that less energy is required for increasing its temperature, meaning that less 

water is contained in the seed (Figure 11). 
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Figure 11. Comparative specific heat capacity change at 50°C. 

The specific heat values seem to be in accordance with those found by [59,60], 

however, the results can also be affected by the calculation model since the regression 

terms can change [61]. 

4.3.4. Air Distribution and Velocity Profiles 

Both simulations reached a steady scaled-residual convergence stabilization at 

an adequate number of iterations; the rectangular-shaped dryer converged slightly faster 

than the circular-shaped unit, keeping in mind that the simulation configuration had 

2000 iterations, the latest convergence was obtained by the circular dryer’s epsilon 

residual at 1670 iterations. The circular dryer scaled-residual convergence occurred at 

higher values, possibly explained by the fact that the circular dryer displays a less 

complicated geometry.  

An XY midplane was inserted longitudinally across the rectangular dryer’s 

geometry to display its velocity contours. As shown in Figure 12A, the sudden 

geometrical change after the inlet originates a local velocity increase, nevertheless, it is 

not afterwards maintained where a rapid loss in the velocity magnitude occurs. This 

singularity might be related to the air inlet geometry distribution, the chamber 

connecting the inlet with the drying unit generates a complex vortex system after the air 

collides against the dryer’s body, illustrated in Figure 12B, causing not only a negative 
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impact to the air’s velocity but also generating important air covering issues across the 

dryer’s domain, directly affecting the air transit through the coffee beds, hence affecting 

the drying process uniformity. 

 

Figure 12. A. Rectangular-shaped unit velocity contours, B. Rectangular-shaped unit velocity 

streamlines top view. 

Simultaneously, the contour plot displays an air velocity loss when passing 

through the coffee layers; nevertheless, this behaviour is expected and logical since a 

porous bed flow is considered and the air will undergo certain resistance as found by 

[51]. The air describes a low velocity in the grain beds, which could be improved if the 

initial velocity loss did not occur. 

Figure 12B displays the top-streamline plot view, granting a visual illustration of 

the air circulation across the unit's geometry. After plotting 1000 points, an erratic and 

non-homogenous behaviour inside the dryer is seen; although the air distribution is 

symmetric, there are some sections without drying air presence. Hence, the drying in 

such zones will be incomplete or insufficient. 
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Figure 13. A. Circular-shaped unit velocity contours. B. Circular-shaped unit velocity 

streamlines top view. 

Several findings were obtained after plotting the circular dryer simulation 

results, the velocity contour plot was also generated in the midplane of the unit. Figure 

13A presents the velocity values across the dryer's geometry; it is seen that they are 

significantly higher than the obtained in the rectangular dryer analysis. At the entrance, 

the diffusor reduces the air velocity, however, the air inlet's vertical configuration, 

aligned with the equipment's vertical axis, ensures lower velocity losses than the 

reported by the rectangular unit; after generating a midplane in both geometries it was 

seen that the circular dryer provides an enhanced average air velocity higher in 29% 

than the rectangular one. 

The air velocity in each stage of the circular dryer is higher than the described by 

the rectangular dryer, this means that the air is transiting faster through the circular 

dryer domains. [62] found that at larger drying air velocities the average air temperature 

flowing through the product will be also higher, hence, the drying time will be reduced. 

Consequently, Figure 13A outlines relevant information describing the stage velocity as 

another factor implied in the reduction of the drying time described by the circular 

shaped dryer. Although the diffusive tray generates extra resistance it helps to distribute 

the air evenly across the dryer’s volume, the velocity values are pretty acceptable and 

higher than expected, dynamizing the drying kinetics and improving the drying ratio 

between the air velocity and moisture removal. 
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It is seen in Figure 13B that the air streamlines are rather homogeneous, 

uniform, and symmetrical, covering most of all the dryer's transversal section. The 

improved distribution of the air will ensure an even drying coverage, throughout the 

grain bed, taking full advantage of the hot air’s drying potential. Overall, these results 

indicate that the geometrical rearrangement of the drying unit offered several benefits 

and advantages, improving the drying process while enhancing the drying capacity and 

efficiency. Taken together, these results also provide important insights for further grain 

drying research, since they indicate a relevant relationship between the drying time as a 

function of the air velocity, temperature, bed height and airflow. 

4.4. Conclusions 

Two convective coffee dryers displaying two different drying chamber shapes 

have been investigated in this study. The drying capacity and drying air kinetics were of 

main interest to describe the drying process.  The newly designed circular dryer 

exhibited a theoretical reduction in the drying time by 3.9 hours, representing an 18.3% 

drying time decrease as compared to the rectangular unit while reaching the required 

moisture content of 12% (wb). Hence the drying capacity is enhanced resulting in an 

increased capability to process wet coffee, accompanied by an expected lower energy 

and gas consumption while dynamizing the commercialization of the product 

potentially increasing the grower’s profitability. 

The computational fluid dynamics analysis confirmed that the drying air usage 

would be improved by changing the unit's geometry. When using a circular-shaped unit, 

the velocity was higher throughout the process, and the air distribution across the dryers' 

volumes displayed a more homogeneous behaviour, ensuring a uniform moisture 

removal in the product, improving its quality, innocuousness and potentially reducing 

its spoilage risk. Considering that the equipment is intended to improve the small farm 

coffee drying conditions, an easy re-design was arranged to maintain low manufacturing 

costs and simple operating processes. The extra elements such as the ventilator, motor 

and gas burner did not change in order to adapt the new dryer to the actual working 

conditions. 



67 

 

The results of this study clearly demonstrate that the newly designed cylindrical 

drying chamber shape can significantly improve the drying performance of coffee 

processed through the wet process. This might result in increased processing capacity 

and final coffee bean quality with a positive effect on the final income for the small-

scale coffee producers not only in Colombia, but also in other regions where coffee is 

produced. 
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Nomenclature 

: Arroba ≈ 12.5kg : Balance moisture content, decimal. 

 Surface area of particles per unit volume [m2 m-3] : Equivalent radius of the grain, [m] 

: Specific heat capacity of air, [kJ kg-1 K-1]  : Bulk density, [kg m-3] 

: Specific heat capacity of the grain, [kJ kg-1 K-1] : Dry weight density, [kg m-3] 

: Specific steam heat capacity, [kJ kg-1 K-1] : Saturation vapor pressure, [kPa] 

: Specific heat capacity of water, [kJ kg-1 K-1] : Partial vapor pressure, [kPa] 



68 

 

: Humidity diffusion coefficient, [m2 min-1]  : Volumetric rate, [m3 min-1] 

: Porosity [-] : Cross-section area perpendicular to airflow, 

[m2] 

: Air mass flow per unit area, [kg m-2] : Drying air temperature, [°C] 

: Convective heat transfer coefficient, [kJ m-2 K-1]  : Drying air- grain equilibrium temperature 

[°C] 

: Convective grain heat transfer coefficient, [W m-2 

K-1] 

: Air temperature after drying, [°C] 

: Air humidity ratio, [kgsteam kgdry air
-1] : Grain temperature, [°C] 

: Initial grain layer air humidity ratio, [kgsteam kgdry 

air
-1] 

: Time, [h] 

: Final grain layer air humidity ratio, [kgsteam kgdry 

air
-1] 

: Time interval, [h] 

: Air relative humidity, decimal notation. : Velocity, [m s-1] 

: Removed moisture by drying air, [kgwater h-1] : Volume, [m3] 

: Water latent heat of vaporization, [kJ kg-1 ] CFD: Computational Fluid Dynamics 

: Moisture content of the grain, decimal. DPC: Dry Parchment Coffee 
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5. Thermophysical Properties of Parchment Coffee: New 

Colombian Varieties. 

Adapted from: Duque‐Dussán E, Sanz‐Uribe JR, Dussán‐Lubert C, Banout J. 

Thermophysical properties of parchment coffee: New Colombian varieties. J Food 

Process Eng. 2023; 1–13. doi:10.1111/jfpe.14300 

Abstract 

The thermophysical properties of coffee have a special partaking during the 

drying process since a material-depending heat and mass transfer occurs between the 

bean and the drying air. Conditional to the thermophysical properties of the parchment 

coffee, the drying can be more or less efficient, affecting the final quality and seed 

safety. Several coffee varieties have been studied; however, the National Coffee 

Research Center of Colombia has developed new highly productive coffee varieties 

resistant to different diseases: Cenicafé 1 and Castillo®. Nevertheless, the 

thermophysical properties of these specific varieties were not yet investigated; 

moreover, the availability of information related to these properties of different coffee 

varieties in the literature is relatively scarce. Thus, this study targeted to determine the 

parchment coffee thermophysical properties of these new varieties at five different 

moisture contents % (wb): 53, 42, 32, 22 and 11%, using optimized techniques and 

methods to ensure high accuracy and exactness. It was found that the new varieties have 

larger, heavier, and denser beans; it was also seen that the bulk thermal conductivity and 

the bulk-specific heat are higher in these varieties than in the older ones. It was also 

revealed that the length, width, thickness, and surface area did not change as the 

moisture was removed, whereas the bulk density, kernel density, mass, bulk-specific 

heat, and bulk thermal conductivity decreased as the moisture was reduced. Displaying 

better thermophysical properties will improve the drying and roasting processes; hence, 

a better final product can be expected from these varieties. 

Keywords: Coffee bean; Drying; Parchment coffee; Image analysis; Thermal and 

physical properties. 
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Practical applications 

Knowing the thermal and physical properties of these new varieties will allow 

the growers and coffee processing facilities to predict, simulate and control different 

post-harvesting processes such as pulping, fermentation, drying, storing, and roasting. 

Also, the already developed mathematical models to estimate coffee drying times can be 

updated, improving the accuracy of the predictions, bed porosities, mass, and heat 

transfer in order to safeguard the innocuousness of the product. 
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5.1. Introduction 

When coffee is processed using the wet method, it undergoes several steps until 

its final stage before being exported. It is picked, pulped, fermented, washed, and dried 

[1]. After washing and draining, the beans hold a moisture content of approximately 

53% (wb), and they must be dried until reaching 10-12% (wb) [2]. Seeing that coffee 

has a very high moisture content, it becomes a suitable host for developing 

microorganisms, fungi, and molds [3]. That is why the drying process should occur as 

soon as possible, and it must be duly controlled until the final moisture content is 

reached. Leading to one issue that the coffee growers face when drying their product 

since the harvest peaks might overlap with the rainy seasons [4]; therefore, the drying 

process during this time is rather complicated, especially since they tend to sun-dry the 

coffee [5] and the temperature inside the drying facilities highly fluctuate. 

One of the most important characteristics of grains and agricultural materials is 

the thermal and physical properties [6–8]; thanks to these attributes, the mass and heat 

transfer, resistance, storage information and quality standards can be predicted or 

calculated. These properties mainly affect the drying process [9], contemplating that the 

distribution in the drying bed depends on the material’s size, mass, density (bulk and 

real), shape and other physical properties, while the drying time, efficiency, heat, and 

mass transfer, among others, depend on the thermal properties of the product. 

The National Coffee Research Center of Colombia, seeking to provide 

Colombian coffee growers with coffee plants with high yield, good structure, and 

resistance to different diseases such as coffee rust or coffee berry disease (CBD), have 

developed new varieties that fulfil the previous requirements: Cenicafe 1 [10] and 

Castillo® [11]. Although these varieties have proved to provide high yields and disease 

resistance, the physical and thermal properties of the beans have not yet been calculated; 

on the other hand, the literature offers properties of older coffee varieties [12,13]. 

Considering the importance of the physical and thermal properties of coffee 

beans at different postharvest stages and seeing the lack of information from these high-

value coffee varieties, the objective of this study was to determine the thermophysical 

properties (orthogonal dimensions, surface area, mass, bulk density, kernel density, bulk 



79 

 

thermal conductivity, and bulk-specific heat) of the new coffee varieties at five different 

moisture content values. It aims to gather accurate and relevant information about the 

changes in these properties as the grain dries. This will enable a deeper understanding of 

the transport processes that play an essential role in preserving grain quality. 

5.2. Materials and Methods 

This research was conducted at the National Coffee Research Center of 

Colombia (Cenicafé) in the postharvest discipline laboratories and facilities in the 

municipality of Manizales, Caldas (4°59'30.8"N 75°35'49.7"W; elevation of 1306 

m.a.s.l). In this study, two varieties of Coffea arabica L. were studied: var. Cenicafé 1 

(C1) and var. Castillo® (RC), both developed and bred by Cenicafé. 

The physical and thermal characteristics of the parchment coffee were evaluated 

at five different moisture contents (% wb). A bifactorial experimental design in blocks 

was considered with three replications per variety; the first factor was the variety (C1 

and RC), while the second factor was the moisture content (% wb): 53 %, 42%, 32%, 

22% and 11% with a ±1% error margin. The block was defined as the experimental unit: 

the coffee load, 3 per variety, each composed of 50 kg of coffee berries at ripe stages 4, 

5 and 6 [14]. 

The response variables were the grain’s length (mm), width (mm), thickness 

(mm), surface area of the endocarp (mm2), mass of the grain (g), kernel density (kg m-

3), bulk density (kg m-3), bulk-specific heat (kJ kg-1 K-1) and bulk thermal conductivity 

(W m-1 K-1). 

5.2.1. Sample preparation 

After receiving and cleaning the berries, they were pulped, demucilaginated, 

washed, and dried; the washed and drained wet parchment coffee mass, weighing 

approximately 20 kg at 53% (wb), was first divided into five samples of 4 kg each 

before being placed in a forced convection mechanical dryer at 50°C to achieve the 

required moisture content.  
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To determine the initial moisture content of the parchment coffee mass, three 10 

g samples of wet coffee were placed in a laboratory oven at 105°C for 16 hours to 

achieve complete grain dryness as specified in the international standard ISO6673:2003. 

The initial moisture content was determined by using the gravimetric ratio shown in 

Equation 1. 

 

(1) 

The initial and final mass values (g) are given by mi and mf, while Mi and Mf 

correspond to the sample’s initial and final moisture contents (% (wb)). After 

identifying the initial moisture content, knowing the initial mass value and the desired 

final moisture content, equation 1 was used to calculate the final mass of coffee in each 

tray that met the final moisture conditions, and then it was monitored until the target 

was reached.   

As soon as the samples reached the desired moisture content, they were removed 

from the dryer, tagged, and sealed in airtight plastic bags to prevent moisture loss or 

gain, and were stored in a temperature and humidity-controlled storage room for further 

analysis. 

5.2.2. Physical properties 

At the established moistures, the orthogonal dimensions (mm) of the grain 

(length, width, and thickness), the surface area (mm2) of the parchment (endocarp), 

mass (g), kernel density (kg m-3), and bulk density (kg m-3) were calculated. Per 

replication, 60 grains were randomly chosen based on moisture levels. Of these, 30 

were used for mass calculations and kernel densities and the other 30 for endocarp area 

and geometric values measurement, in contrast, the additional properties were 

calculated in bulk. 
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5.2.2.1. Dimensions 

The length (l), the width (w) and the thickness (t) of each grain in the sample 

were measured (mm) with a digital micrometer with a precision of 0.001 mm. Each of 

these three values was taken between the most distant points in the 3-dimensional space 

(Figure 1). All the beans were coded to ensure their traceability. 

 

Figure 1. Length, width, and thickness of the grain. 

5.2.2.2. Parchment (endocarp) surface area 

In order to provide better contrast, the endocarp from each of the measured and 

traced beans was carefully removed, flattened, and placed on a blue RGB (53, 90, 255) 

surface, which depicted the highest contrast with the endocarp colors according to [15]. 

A picture of the endocarp parts was taken with a high-resolution camera at a constant 

height after capturing a 10 mm quartz pattern to analyze the image further. The samples 

were illuminated with two 12 W, 50-70 lm W-1 LED lights (bottom-top) with a color 

index of 70 to highlight the area of interest and reduce the brightness for a sharper 

capture. The complete setup is shown in Figure 2. 

Images were imported into ImageJ (Fiji) software and scaled according to the 10 

mm quartz pattern after being taken. A macro was developed so all the images could be 
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examined at once following the code protocol; after opening the picture, the program 

splits the RGB color matrix into three channels: Red, Green, and Blue. The Red channel 

was chosen since it provided the highest contrast between the blue background and the 

tan endocarp. 

Afterwards, a threshold of 90/254 intensity was used to create a binary image 

out of the red intensity matrix (grayscale of the red channel). Where 1 indicated the 

target area and 0 the background. The resulting image was then analyzed considering 

areas larger than 0.2 mm2, an overlay was also added to identify both the borders and 

the included areas.  The analysis outputwas the total surface area of the endocarp of 

each bean in mm2, attained by the software multiplying the number of pixels set times 

the resolution. Figure 3 displays the stages of the image during its study. 

 

Figure 2. Coffee endocarp photographing setup. 
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Figure 3. Image analysis process. 

The resolution of the analysis when setting the scale with the pattern was 

0.0002293 mm2 pixel-1; establishing a relationship between the orthogonal dimensions, 

and the surface area is one of the expected outputs. 

5.2.2.3. Mass 

The mass (g) of the 30 grains per moisture content was determined by using an 

analytical balance (Mettler Toledo ML204 NewClassic MF) with a capacity of 220 g 

and readability and resolution of 0.1mg. The grains were numbered to track them. 

5.2.2.4. Kernel Density 

The kernel density (kg m-3) was calculated using the paraffin method [7,8], each 

of the grains numbered in section 1.2.3 was covered with paraffin, and the process was 

performed. The density of paraffin was calculated by pouring liquid paraffin into a 

known volume, weighing it after solidification, and calculating the mass/volume ratio. 

5.2.2.5. Bulk density 

The bulk density (kg m-3) of the coffee was determined by filling a cylinder with 

a calibrated volume of 1 liter with free-falling coffee beans in accordance with the 

procedure outlined in ISO 6669:1995. Excess grains on top of the cylinder were 

removed by sliding a stainless-steel rectified ruler lengthwise along the cylinder's 

border. Once the grain mass in the cylinder was weighed, its mass divided by the 
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volume of the cylinder yielded the bulk density. Four replications were performed per 

moisture content per variety. 

5.2.3. Thermal properties 

In the moisture content range of interest, the bulk-specific heat capacity and the 

bulk thermal conductivity of parchment coffee were calculated.  

5.2.3.1. Bulk-specific heat capacity Cp  

To determine the bulk-specific heat capacity (kJ kg-1 K-1) of the coffee (Cpcoffee), 

the method of mixtures [16,17] was used. A 100 g sample of coffee was heated 

indirectly in a water bath; a thermocouple temperature sensor controlled the grain 

temperature. To ensure a homogeneous temperature profile throughout all samples, the 

system was stabilized once the coffee mass reached 80°C (Ticoffee) for 10 minutes. It was 

then dropped into a calorimeter containing 500 g of water (mwater) at ambient 

temperature (Tiwater) previously measured by a DS18B20 digital temperature sensor 

mounted on top of the calorimeter, and the system was then gently stirred. As the 

temperature rose, the system reached equilibrium temperature (Teq) and considering that 

the water gains (Qwater) the heat lost by the coffee (Qcoffee) and the specific heat capacity 

of the water is known (Cpwater), the following balance was obtained. 

 

Where: 

 

 

Hence, the bulk-specific heat capacity can be calculated as shown in equation 2: 

 

(2) 



85 

 

The bulk-specific heat capacity of the coffee measurement was replicated three 

times at each moisture content level per variety to decrease the error. The temperature 

change was measured by a DS18B20 digital temperature sensor and registered on an 

Arduino-based data logger. 

5.2.3.2. Bulk thermal conductivity K 

The conductometer shown in Figure 4 was designed and built to measure the 

bulk thermal conductivity (W m-1 K-1) of parchment coffee. Its working principle relies 

on the line heat source method [18–20], where a constant heat source within a material 

rises the temperature of such medium. The linear temperature change in the material can 

be estimated and depending on the time it takes the temperature to travel through a 

certain length, the conductivity of the material can be determined. 

 

Figure 4. Conductometer setup. 

In this case, a 20-gauge stainless steel wire, with a resistivity of 1.4 Ω m-1 was 

connected through a 14-gauge copper cable to a D.C. power supply. The power supply 

was set to deliver 1.2 V with a current of 4.33 A, raising the wire's temperature to 86°C. 

The inner cylinder of the apparatus was made out of a 110 mm PVC pipe with a length 

of 20 cm; the outer cylinder was constructed with a 160 mm PVC pipe, allowing a gap 
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between cylinders of 22.9 mm where polyurethane foam was applied as thermal 

insulation.  

A set of five NTC100 thermistors were parallelly located to the wire 1 cm apart, 

starting from the central axis of the device towards the wall. Once the wire was heated, 

each thermistor registered the temperature change linearly for 45 min with intervals of 

0.5s. The data was directly saved in an Arduino-based data logger with a mega ADK 

microcontroller board with a real-time clock, adjusted with a signal conditioning circuit 

and an SD storage module. 

The process was repeated three times per moisture content; the obtained data 

was then used to calculate the bulk thermal conductivity using equation (3) [21]. Which 

involves the voltage (V), electrical current (I), distance from the central axis (L), time 

(t*) and temperature (T). 

 

(3) 

5.3. Results and Discussion 

As shown in Table 1, both varieties exhibited similar physical and thermal 

properties; however, the RC variety had higher values in terms of length, width, and 

thickness. With the RC seed being longer, wider, and thicker, it makes sense that its 

surface area is also higher than the C1. However, it is also noted that the surface area 

and orthogonal dimensions do not change substantially when the moisture is removed, 

indicating that they may not be entirely dependent on the moisture content, as suggested 

by [12]. Both C1 and RC parchment coffees are larger than other varieties [12,22,23] or 

mutations such as Caturra [24]. 
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Table 1. Mean, standard deviation and 95% confidence interval for the evaluated variables. 

Variable Variety 

Moisture 

content % 

(wb) 

Mean 
Standard 

deviation 

Confidence Interval 

Lower 

bound 

Upper 

bound 

Length 

(mm) 

C1 

53 13.06 0.94 12.71 13.41 

42 12.80 0.62 12.57 13.03 

32 12.56 0.81 12.26 12.87 

22 12.39 0.82 12.08 12.69 

12 12.41 0.88 12.08 12.73 

RC 

53 13.42 0.74 13.14 13.69 

42 13.27 0.76 12.99 13.56 

32 13.02 0.67 12.77 13.27 

22 13.26 0.73 12.99 13.53 

12 12.69 0.70 12.43 12.95 

Width 

(mm) 

C1 

53 9.36 0.48 9.18 9.54 

42 8.93 0.55 8.3 9.4 

32 9.08 0.39 8.94 9.23 

22 9.09 0.42 8.93 9.24 

12 9.12 0.65 8.87 9.36 

RC 

53 9.46 0.43 9.30 9.62 

42 9.38 0.75 9.10 9.66 

32 9.13 0.48 8.95 9.31 

22 9.32 0.49 9.14 9.50 

12 9.22 0.61 9.00 9.45 

Thickness 

(mm) 
C1 

53 5.68 0.33 5.56 5.80 

42 5.45 0.29 5.34 5.56 

32 5.57 0.32 5.45 5.69 

22 5.47 0.39 5.32 5.61 
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12 5.68 0.33 5.56 5.80 

RC 

53 5.45 0.29 5.34 5.56 

42 5.57 0.32 5.45 5.69 

32 5.47 0.39 5.32 5.61 

22 5.68 0.33 5.56 5.80 

12 5.45 0.29 5.34 5.56 

Surface 

area 

(mm2) 

C1 

53 315.95 58.40 294.14 337.76 

42 275.71 24.60 266.53 284.90 

32 279.34 20.35 271.74 286.94 

22 277.65 27.69 267.31 287.99 

12 289.35 31.71 277.51 301.19 

RC 

53 286.73 23.39 277.99 295.46 

42 303.05 25.71 293.45 312.65 

32 288.37 23.76 279.50 297.24 

22 295.35 27.05 285.25 305.46 

12 293.05 22.65 284.59 301.51 

Bulk 

density 

(kg m-3) 

C1 

53 702 0.002 700 710 

42 566 0.03 501 631 

32 486 0.01 451 520 

22 418 0.02 360 471 

12 388 0.002 381 390 

RC 

53 696 0.003 695 701 

42 575 0.01 561 591 

32 491 0.01 472 512 

22 428 0.01 403 461 

12 393 0.01 373 421 

 

 

C1 

53 959 0.00001 958 961 

42 897 0.00005 896 902 
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Kernel 

density 

(kg m-3) 

32 839 0.00018 837 842 

22 781 0.00010 781 781 

12 722 0.00017 721 723 

RC 

53 954 0.00004 952 955 

42 891 0.00011 891 891 

32 834 0.00010 832 835 

22 777 0.03341 775 801 

12 719 0.00007 718 720 

Mass 

(g) 

C1 

53 0.4975 0.01042 0.47 0.52 

42 0.4297 0.06302 0.27 0.59 

32 0.3430 0.01434 0.31 0.38 

22 0.3036 0.00514 0.29 0.32 

12 0.3096 0.06393 0.15 0.47 

RC 

53 0.4696 0.01865 0.42 0.52 

42 0.3787 0.02644 0.31 0.44 

32 0.3214 0.00433 0.31 0.33 

22 0.3083 0.01264 0.28 0.34 

12 0.2651 0.00652 0.25 0.28 

Cp 

(kJ kg-1 

K-1) 

C1 

53 4.722 0.002 4.717 4.728 

42 4.127 0.007 4.110 4.145 

32 3.572 0.004 3.563 3.581 

22 3.043 0.003 3.036 3.050 

12 2.502 0.002 2.496 2.508 

RC 

53 4.652 0.003 4.644 4.659 

42 4.065 0.000 4.064 4.065 

32 3.507 0.009 3.485 3.529 

22 2.974 0.004 2.963 2.985 

12 2.443 0.013 2.411 2.475 
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K 

(W m-1 

K-1) 

C1 

53 0.023 0.00011 0.023 0.023 

42 0.021 0.00018 0.020 0.021 

32 0.018 0.00003 0.018 0.018 

22 0.015 0.00016 0.015 0.016 

12 0.013 0.00023 0.013 0.014 

RC 

53 0.022 0.00002 0.022 0.022 

42 0.019 0.00012 0.019 0.020 

32 0.017 0.00005 0.017 0.017 

22 0.014 0.00028 0.014 0.015 

12 0.012 0.00023 0.012 0.013 

 

As Figure 5 shows, during drying, there was a significant shrinkage ratio of ~7% 

[25] for the endosperm (seed) than the one for the endocarp [26–28]. This generates an 

air chamber that restricts the moisture flow from the inner part to the surface, making 

the coffee drying process more energy-demanding than other grains [29]. However, the 

grain’s outer orthogonal dimensions did not change significantly. 

 

Figure 5. Parchment coffee cross-sections at different moisture contents M. 

In contrast, there was a notable reduction in other properties with moisture 

removal. The bulk density of C1 and RC exhibited similar behavior, with RC's density 

slightly higher than C1's. Despite C1's higher kernel density at all moisture stages, C1 

and RC had higher kernel density values than other varieties [12,24].  

Some authors stated that the denser the seed, the better the quality of the coffee, 

arguing that the roasting process can be done evenly across the volume of the beans 
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[27,30,31], hence, the greater kernel density makes the two evaluated varieties more 

attractive to customers. According to table 1, the C1 bean mass was larger than its 

counterpart RC, which is indicative of a higher kernel density. This property showed 

that while RC grain is overall bigger than C1, it is also less dense and lighter; still, both 

RC and C1 produce heavier grains than other varieties (Figure7). 

Likewise, the thermal properties of the bean change significantly according to 

the moisture content. The water held in the bean's inner structure strongly influences 

both the Cp and the K; C1 presented higher values than RC in both variables. Despite 

this, C1 and RC shared similar values, which were higher than those documented for 

Caturra by [24] and other varieties [12]. 

These results were positive as the evaluated properties affect the quality of the 

coffee and several postharvest processes, mainly the drying stage. When the new 

varieties are packed on the drying bed, the grains will have a larger surface area and a 

more extensive contact zone, intensifying the heat and mass transfer. Moreover, when 

presenting better bulk-thermal conductivity and bulk-specific heat, the drying process 

could be faster for such varieties, and their preservation, storage, and quality will be 

easier to attain. 

Table 2 shows an averaged result for each variable per variety without 

considering the moisture content, with a 95% confidence interval. 

Table 2. Mean, standard deviation and 95% confidence interval for the evaluated variables, 

averaged values. 

Variable Variety Mean 
Standard 

deviation 

Confidence interval 

Lower bound Upper bound 

Length 

(mm) 

C1 12.64 0.85 12.51 12.78 

RC 13.13 0.76 13.01 13.25 

Width 

(mm) 

C1 9.12 0.52 9.03 9.20 

RC 9.30 0.57 9.21 9.39 

Thickness 

(mm) 

C1 5.53 0.35 5.48 5.59 

RC 5.56 0.28 5.52 5.61 
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Surface area 

(mm2) 

C1 287.60 37.84 281.50 293.71 

RC 293.31 24.92 289.29 297.33 

Bulk density 

(kg m-3) 

C1 515 0.13 361 672 

RC 520 0.12 372 671 

Kernel 

density 

(kg m-3) 

C1 840 0.093 724 955 

RC 839 0.090 727 950 

Mass 

(g) 

C1 0.377 0.084 0.272 0.481 

RC 0.349 0.079 0.251 0.447 

Cp 

(kJ kg-1 K-1) 

C1 3.593 0.874 2.508 4.678 

RC 3.528 0.871 2.446 4.610 

K 

(W m-1 K-1) 

C1 0.018 0.004 0.012 0.022 

RC 0.017 0.004 0.013 0.023 

 

The averaged variable value per variety, disregarding the moisture, confirmed 

the information displayed in Table 1. RC held higher orthogonal dimensions, surface 

area, and bulk density, whereas C1 had higher kernel density, mass, bulk-specific heat, 

and bulk thermal conductivity values. 

To find how the factors affected the response variables, an ANOVA table 

followed by a Tukey test is displayed in Table 3. The p-values and the test indicated no 

interaction between the moisture content and the variety for the length, but they did 

interact independently. The mean of the bean’s width was higher in RC independently 

from the moisture content; there was no interaction between the variety and the 

moisture content, and they did not separately influence the thickness or the surface area. 

Table 3. ANOVA analysis (p-values) and Tukey test (observation). V: Variety. M: Moisture 

content. 

Variable Variation source p-value Observation 

Length V <0.0001 
RC grain’s length was in average larger 

independently from the moisture content. 
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(mm) M 0.12 The moisture content did not affect the length. 

V*M 0.516 
There was no interaction between the variety 

and the moisture content over the length. 

Width 

(mm) 

V 0.023 
RC bean’s width was in average larger 

independently from the moisture content. 

M 0.136 The moisture content did not affect the width. 

V*M 0.475 
There was no interaction between the variety 

and the moisture content over the width. 

Thickness 

(mm) 

V 0.513 The variety did not influence the thickness. 

M 0.069 
The moisture content did not influence the 

thickness of the grain 

V*M 0.652 
There was no interaction between the variety 

and the moisture content over the thickness. 

Surface area 

(mm2) 

V 0.478 The variety did not influence the surface area. 

M 0.682 Moisture content did not influence surface area 

V*M 0.247 
There was no interaction between the variety 

and the moisture content over the surface area. 

Bulk density 

(kg m-3) 

V 0.346 Variety did not influence bulk density 

M <0.0001 

The average bulk density was higher when the 

moisture content of the grain is 53% and 

decreases as the humidity decreases. 

V*M 0.808 
There was no interaction between variety and 

moisture content over bulk density 

Kernel 

density 

(kg m-3) 

V 0.804 The variety did not influence the kernel density. 

M <0.0001 

The average kernel density of the grain was 

different for each moisture, decreasing when the 

moisture content decreases. 

V*M 0.445 
There was no interaction between variety and 

moisture content over kernel density. 

Mass V 0.026 
Regardless of the moisture content, C1 had a 

higher average mass than the RC 
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(g) 

M <0.0001 

The average mass of the grain was different for 

each moisture, decreasing when the moisture 

content decreases. 

V*M 0.590 
There was no interaction between the variety 

and the moisture content on the mass. 

Cp 

(kJ kg-1 K-1) 

V <0.0001 
The average Cp value was higher in C1, 

regardless the moisture content. 

M <0.0001 

The average Cp value was different for each 

moisture content, the highest being at 53% (wb), 

regardless of variety. 

V*M 0.462 
There was no interaction between the variety 

and the moisture content on the Cp value. 

K 

(W m-1 K-1) 

V <0.0001 
The average k value was higher in C1, 

regardless the moisture content. 

M <0.0001 

The average K value was different for each 

moisture content, the highest being at 53% (wb), 

regardless of variety. 

V*M 0.370 
There was no interaction between the variety 

and the moisture content on the value of K 

 

A statistically different bulk density was found for each moisture level, and the 

higher the grain moisture, the higher the bulk density. The average Cp value was higher 

in C1, regardless of the moisture content. The average Cp value differed for each 

moisture, the highest being at the value of 53%, irrespective of the variety. There was 

no interaction between the variety and the moisture content on the Cp value; the same 

phenomenon was seen in the bulk thermal conductivity K. 

Because of the importance of the bulk density, kernel density, bulk-specific heat 

and thermal conductivity and their dependence on the moisture content, they were 

further compared (Figures 6, 7 8 and 9) with the values obtained for the same variables 

for the Caturra mutation published by [24]. 

As seen in Figure 6, both C1 and RC have higher bulk density (kg m-3) values; 

the linear regressions for C1 and RC are: 
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(4) 

 

(5) 

 

Figure 6. Comparative bulk densities as a function of the moisture content. 

As seen in Figure 6, the bulk density values for Caturra were considerably lower 

than RC and C1. This property could impact storage and drying matters; since the bulk 

density is high, its porosity will be lower [32]. Hence, when drying, the air will be 

forced through the grain bed, performing a homogeneous moisture removal [33,34]. 
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Figure 7. Comparative kernel densities as a function of the moisture content. 

In Figure 7, the behavior of the kernel density (kg m-3), as mentioned before, 

was highly affected by the moisture content. The three lines were closely related, yet, 

both C1 and RC were higher than Caturra. Their linear regression equations as a 

function of the moisture content were found to be: 

 

(6) 

 

(7) 
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Figure 8. Comparative bulk-specific heats as a function of the moisture content. 

C1 and RC had a higher bulk-specific heat than Caturra (Figure 8), meaning that 

the grains need more energy to raise their temperature. Nonetheless, it also means that 

they will hold the heat during a more extended period than their counterpart Caturra; 

this characteristic could have a positive impact on reducing drying times, allowing even 

moisture removal across the bean’s volume [35,36]. Relevant outcomes when sun 

drying, for example, where the temperature fluctuations occur rapidly in time [37–39]. 

The bulk-specific heat (kJ kg-1 K-1) linear regression equations for C1 and RC 

are shared as following: 

 

(8) 

 

(9) 

Even though the bulk thermal conductivity values were low when compared to 

different agricultural products [40–42], both evaluated varieties presented higher bulk 

thermal conductivity values than the Caturra mutation and other varieties [12,23,24], 

implying that they are able to transfer heat faster than other ones (Figure 9). Suppose 

this property is combined with the fact that they also displayed higher Cp values, then, 

for such varieties, the heat will travel faster across the grain bed thanks to the bulk 
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thermal conductivity and will also remain for a more extended time due to the Cp. 

Processes such as drying and fermentation using the wet method [43,44] could be 

improved. 

 

Figure 9. Comparative bulk thermal conductivities as a function of the moisture content. 

The bulk thermal conductivity (W m-1 K-1) linear regression equations for C1 

and RC are presented as: 

 

(10) 

 

(11) 

As seen in Figure 9, the bulk thermal conductivity values decreased as the 

moisture content decreased; nonetheless, a significant difference was noted between the 

evaluated varieties once the grain reached the desired moisture content. 

 



99 

 

5.4. Conclusions 

The new parchment coffee beans of the new varieties developed by Cenicafé 

have different thermal and physical properties than the traditional varieties, so those 

processes that depend on them can be improved and optimized. The results of this study 

will help to understand the heat and mass transfer singularities during the drying process 

of the two studied varieties. They can also be used to design coffee dryers and update 

the drying simulation models to predict the coffee drying curves accurately. 

Furthermore, they allow for estimating the roast quality values and controlling possible 

storage damage. 

There is no relationship between the moisture content of the parchment coffee 

and its geometric properties: length, width, thickness, and surface area. While the other 

physical properties studied: mass, bulk density, and kernel density, are dependent on 

moisture content, meaning that reducing moisture content will decrease their value and 

vice versa. Additionally, the study revealed that the bean's moisture content has a direct 

proportionality to the thermal properties such as bulk-specific heat and bulk thermal 

conductivity, both decreasing as moisture decreases and increasing as moisture rises. 
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6. Design and Evaluation of a Hybrid Solar Dryer for 

Postharvesting Processing of Parchment Coffee. 

Adapted from: Duque-Dussán E, Sanz-Uribe JR, Banout J. Design and evaluation of a 

hybrid solar dryer for postharvesting processing of parchment coffee. Renewable 

Energy. 2023;215: 118961. doi:10.1016/j.renene.2023.118961 

Abstract 

Due to the extended drying time open-sun and solar drying of coffee procedures 

undergo, the development of microorganisms, mycotoxins and molds threaten the 

product. Alternatives such as mechanical dryers are available, nevertheless, their 

running costs and setups are usually expensive and unaffordable for small-scale coffee 

growers. Therefore, this research aimed to design, build and evaluate a hybrid solar 

dryer which mixes solar and mechanical drying principles. It uses a traditional solar 

tunnel-type dryer as a base featuring a biomass burner which uses coffee trunks left 

from the yearly crop renovation as biofuel. A heat exchanger heats the drying air, 

afterwards blown into a plenum chamber that homogenizes the air's static pressure 

before crossing the coffee bed, ensuring an even moisture removal. Also, the hybrid unit 

includes a photovoltaic system to obtain a fully self-sufficient drying unit. The newly 

developed dryer was tested under three different configurations: Solar and mechanical 

day and night (C1), solar during the day and mechanical during the night (C2) and fully 

solar with non-mechanical aid (C3). The results displayed a notable drying time 

reduction in the three evaluated configurations: C1 reduced the drying time by 70.47%, 

C2 by 45.75% and C3 by 21.5%. Also, the predictive model for different plenum 

chamber heights was obtained through computational fluid dynamics simulations, 

where the ideal height was 0.25 m. A biomass consumption of 1.9 kg h-1 was registered. 

Also improved temperature and relative humidity profiles were achieved. Its design 

easily adapts to the existing tunnel and parabolic-type solar dryers. 

Keywords: Biomass; Coffee; Coffee Drying; Hybrid Dryer; Tunnel Dryer, Mechanical 

Drying. 
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6.1. Introduction 

It is widely recognized that wet coffee processing preserves the grain's natural 

flavours and organoleptic properties while providing a better-quality coffee [1]. Farmer 

to farmer, the process differs; still, the stages are generally as follows: ripe berry 

detachment (selective harvest), pulping the berry to remove the fruit flesh (Mesocarp) 

and outer skin (Exocarp), removing the seed-covering mucilage by natural or enzyme 

accelerated degradation (fermentation) or mechanical principles, washing and drying 

[2]. As the wet parchment coffee usually holds an average moisture content of 53-55% 

(wb) after washing [3], drying is usually the most challenging step since it must be 

lowered to 10-12% (wb) in order to meet storage and commercialization requirements 

while avoiding growth of microorganisms, fungi or mycotoxins, preserving the grain's 

quality and safety [4,5]. 

The most common ways to dry coffee are sun-drying and mechanical drying [6–

8]. Sun energy can be used in two main ways. To begin with, there is open sun-drying, 

when the coffee producer spreads the beans out on an open surface and lets the sun and 

natural air convection remove the excess moisture. This configuration is also seen in 

fruit, meat, and vegetable drying [9]. 

This setup, however, is not recommended due to the high number of factors that 

could threaten the product: animals, pests, rain, and a low level of process control. Thus, 

solar dryers emerged as the second form of solar energy use. Solar-drying methods 

include direct, indirect, mixed [10], and hybrid drying [11,12]; parabolic and tunnel 

dryers are the most common [13,14]. By using these dryers, the product can be dried 

more efficiently while mitigating the threats mentioned above. Nonetheless, these 

dryers are still weather-dependent and can pose an issue. As an example, in many Latin-

American countries, the peak coffee harvest coincides with the rainy season [15], 

making coffee drying more difficult. 

Employing solar energy to dry coffee brings along several benefits, for instance, 

the final grain quality is higher seeing that the drying process temperatures rarely 

surpass the 50°C, this temperature, if exceeded could kill the embryo of the bean, 

leading to a rapid seed structure deterioration affecting the quality [16]. It is also 
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considered as an environmentally friendly practice with low implementation and 

operation costs [17]. However, these drying alternatives also hold various issues, sun 

and solar drying of coffee are usually passive processes which require large areas, 

therefore low drying rates are expected limiting the drying capacity in the farm, not only 

representing a bottleneck in the process where drying a single batch can take up to 10-

14 days with a thin layer thickness of 0.02-0.03 m [18–20] but also it endangers the 

innocuousness of the seed as stated above; these issues affect mainly the smallholders 

seeing that using solar energy to dry their goods is a common practice due to their social 

and economic conditions. Simultaneously the share of coffee smallholders is quite large, 

as an example, approximately the 95% of the 563000 coffee growing families in 

Colombia are considered as smallholders, having less than 5 ha [21] sown in coffee 

being 1.5 ha the average plot size [22,23]. 

By contrast, mechanical dryers allow moisture to be removed faster, which 

significantly reduces drying times [8,24–26]. Additionally, these dryers have a greater 

grain capacity, resulting in faster drying and more dry coffee per batch than solar dryers. 

In comparison, 10 m2 of a solar dryer will process 125 kg of dry parchment coffee when 

maintaining a 0.03 m layer thickness in the above time frame, while a mechanical dryer 

can process the same amount of time in 20-25 h [3,8]. There are, however, some 

disadvantages to mechanical drying; equipment, operation, and running costs can reduce 

acquisition interest. Despite the availability of some small grower-designed mechanical 

dryers, their elevated fuel consumption, mainly fossil fuels such as liquefied petroleum 

gas (LPG) or natural gas, and the high energy requirement of the fan discourage their 

purchase, especially by growers who live in isolated regions.  

Furthermore, if strict control is not carried out, the temperature of the drying air 

can easily exceed the recommended maximum drying temperature of 50°C, leading to 

the rapid decomposition of the seed due to the embryo’s demise [27,28]. Besides 

affecting the taste and quality of the grain, this will also affect its storage and 

microbiological activity [5,27]. 

In order to keep the coffee plantations young and productive, the literature 

suggests the coffee growers to renew 1/5 of their plantation per year [29,30], this 

process generates an average yield of 32 tons of dry coffee trunks per hectare [31], 
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meaning that a smallholder with 1.2 ha plot has a biomass availability of 7.68 tons per 

year. This biomass holds a calorific value of 19.75 MJ kg-1 [32], and despite this, most 

of the trunks are left on the field with occasional use as firewood for household 

applications. 

Consequently, the aim of this study sought to design and evaluate a hybrid solar 

dryer for parchment coffee for small-scale and family-farm coffee growers. The newly 

designed hybrid dryer combines the benefits of both solar and mechanical drying while 

minimizing the drawbacks of both techniques. In addition, the new hybrid solar dryer 

was designed emphasizing the maximum use of residual biomass from coffee growing 

and pruning as a secondary source of energy for drying. 

6.2. Materials and Methods 

The hybrid solar dryer comprised a solar segment defined as a standard solar 

tunnel dryer, so existing technologies could be adapted to the newly designed 

modifications; and a mechanical part consisting of a biomass burner where coffee trunks 

were used as biofuel. The mechanical segment contained a heat exchanger that warmed 

the drying air, which was then blown into an airtight plenum chamber placed under the 

solar segment to ensure static air pressure homogenization prior to crossing the coffee 

bed. In addition, the apparatus also included a photovoltaic (PV) system and a charge 

controller so energy could be stored in a battery, allowing the fan to perform 24 hours a 

day with energetic independence.   

6.2.1. Design of the Hybrid Solar Dryer 

The dryer design was done under the design for economic manufacture (DEM) 

principles [33]. Three main design specification were defined as:  

• To reduce the drying time of the coffee by at least 40% compared with the 

traditional tunnel dryer.  

• To provide a simple and robust design that could be easily adapted to existing 

tunnel dryers.  

• Minimum maintenance routine needed. 
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Figure 1. Concepts generated. A. Air manifold concept. B. Heat exchanger and negative 

pressure chamber concept. C. Positive pressure plenum chamber concept with an initial 0.25 m height. 

Once these requirements were established 3 different concepts that could solve 

the issues were proposed (Figure 1), each one of them was then evaluated by 

computational fluid dynamics (CFD) simulations in order to verify the air distribution 

inside the dryer to ensure uniform moisture removal, as well as their compliance with 

the design conditions. 

Since the newly developed technology had to be adaptable to existing 

technologies, the drying area and general setup complied with the most common solar 

tunnel used in Colombia by smallholders [34,35] with a drying area of 10 m2 (L = 5 m, 

W = 2 m). The fluid geometries for the CFD simulations were specified as air volumes 

and a porous bed to represent the coffee layer. Porosity varies as a function of bulk and 

kernel density; in addition, inertial and viscous flow resistances change as the bean dries 

[36]. 

Considering that the suggested airflow when mechanically drying coffee is 0.1 

kg min-1 per kg of dry parchment coffee (DPC) and 10 m2 of drying area provides 90 kg 

of DPC when using a 0.02 m thick coffee layer [37,38], leads to the ideal airflow Q̇ideal 

= 9 m3 min-1. The CFD simulations evaluated each concept in three different scenarios: 

using its ideal air velocity Videal and using its Videal ± 0.5 m s-1 to provide a wider range 

of results. The Videal was calculated from the Q̇ideal and the cross-sectional area of each 

concept air inlet/outlet. After performing the CFD simulations and verifying the 

concept's accuracy with the design specifications, concept C was selected. The CFD 

simulations were defined using a K-ε turbulence model, as initial conditions the air 

velocity and the atmospheric pressure were used. In all the simulations the coffee was 

defined as a porous medium, with a variating porosity as a function of the moisture 
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content as defined by [39]. The contact regions were thoroughly controlled by mesh 

match. Fine mesh was considered with a controlled orthogonal quality and skewness for 

high precision (min=0.9889 and max=0.089 respectively). Also, to reduce wall friction 

factors, an inflation of 3 layers was used in the edges. 

Figure 1 illustrates how the concept was initially evaluated at a height of 0.25 m 

for the plenum chamber. After selecting the model C, CFD was used to study four 

different chamber heights (0.15, 0.25, 0.35, and 0.45 m), to find the minimum chamber 

height that homogenizes air pressure. Each height was examined at three different 

velocities, at its Videal and at its Videal ± 0.5 m s-1. The simulations provided not only the 

air pressure and velocity profiles but also the pressure histograms, which were further 

analysed looking to generate a model to select the appropriate chamber height 

evaluating the pressure’s coefficient of variation (Cv), being Cv<10% the ideal value. 

6.2.1.1. Drying Chamber 

In the newly developed hybrid solar dryer, the solar segment has been defined as 

a traditional solar tunnel dryer, in accordance with the recommended materials and 

construction methods for this type of dryer [35]. With a length of 5 m and width of 2 m, 

the unit had a total drying area of 10 m2, where the coffee was laid on 85% thick (15% 

opening) black mesh. Double laminate PROSOLAR plastic fabric was used to cover the 

drying area in a parabolic shaped 0.025 m tubes to concentrate the sun's rays on the 

product. The dryer stood 1.8 m high, and the height from ground level to the drying area 

was 0.9 m, also a 0.05 m angle profile steel structure was added underneath the drying 

area to hold the plenum chamber and avoid unwanted deformities. 

 

Figure 2. General dimensions (mm) of the hybrid solar dryer. 
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The plenum chamber material was chosen to be a 0.02 m thick high-density 

polyethylene (HDPE) geomembrane. Hot ambient air, previously heated by a heat 

exchanger, is then blown into the plenum chamber, where the static pressure of drying 

air is homogenized before exiting through the coffee layer. A control dryer was also 

built using the same dimensions (5×2 m), mesh, plastic cover, and capacity as a normal 

solar tunnel dryer; this was done to compare the behaviour of the newly designed unit 

with that of the conventional drying process when carrying out the tests under the same 

climate conditions as seen in Figure 3. Both units were lengthwise north-south oriented, 

in order to take higher advantage of the solar radiation. The curtains were open during 

the day (if dry) and closed during the nights to avoid remoisturizing. 

 

Figure 3. 10 m2 Control dryer. 

 

6.2.1.2. Biomass Burner 

The biomass burner was designed to maintain easy trunk manipulation by 

considering the size of the solid biofuel. The ideal biomass size was determined as 0.2-

0.3 m long dry coffee trunks; hence the combustion chamber of the burner had the 

dimensions of L=0.53, W=0.43, and H=0.25 m to provide the required air heat elevation 

keeping a reduced combustion zone where the biomass fits properly with low 

pretreatment required. Additionally, the burner was insulated with a 0.035 m refractory 

concrete wall to prevent heat loss. From the burner, combustion and exhaust gases exit 
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vertically through the chimney. However, between the chimney and the burner was the 

heat transfer area, which allowed atmospheric air to be heated before being blown into 

the plenum chamber as shown in Figure 4. 

All the segment was entirely constructed from gauge 14 A36 steel sheet metal, 

ER70S-6 wire was used for high penetration MIG welding in areas with high thermal 

stresses, and E6013 and E7018 welding rods in areas with low thermal stresses. The 

entire section was then coated with CORROTEC ECP100 anti-corrosive and then with a 

CORROTEC 905 high temperature resistant aluminum finish paint, resistant to 232-

590°C. 

The heat exchanger was designed based on the Tubular Exchanger 

Manufacturers Association (TEMA) standards for double-pipe heat exchangers, where 

based on the temperature elevation the energy requirement was established, then, the 

logarithmic mean temperature difference was calculated and finally, the Number of 

Transfer Units (NTU method) could be applied for a cross flow to calculate the heat 

transfer area required. In addition to the biomass calorific value and combustion 

properties, the steel properties, the ambient air temperature values, the chimney flue, the 

fan flow, were analysed to obtain a desired drying air temperature ranging between 40 

to 48°C. Ideally, the heat transfer area should have been 0.5 m2, however, the fins added 

0.05 m2, resulting in a total heat transfer area of 0.55 m2. 

The theoretical biomass consumption was calculated from Equation 2, obtained 

from Equation 1 provided by [40] which yields the theoretical efficiency of the heat 

exchanger as: 

 

(1) 

 

(2) 

Where ηHX is the heat exchanger theoretical efficiency, assumed as 35%; ṁa 

represents the air flow rate, afterwards expressed as the fan’s flow Qa (550 m3 h-1) times 
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the air density ρa (1.09 kg m-3); CPa is the specific heat capacity of the air; ΔT is the 

difference between the outlet air and the ambient air temperatures; ṁf is the fuel 

consumption, and hB is the heat combustion of the biomass. The theoretical biomass 

consumption was ṁf =2.25 kg h-1. However, a flue controller was installed in the 

chimney to regulate biomass combustion as well as to control drying air temperature by 

limiting airflow. 

 

Figure 4. Biomass burner setup. 

6.2.1.3. Forced Convection and PV Module Systems  

An 88 W 110 V/60 Hz 4-blade axial Sinowell 0.177 m in-duct steel fan with a 

diameter of 0.15 m was installed right after the drying air outlet from the heat 

exchanger. Its airflow of 550 m3 h-1 ensured the ideal flow for the amount of coffee to 

be processed. An ASHRAE-standard 15° round to rectangular transition was placed 

after the fan to reduce the air velocity and stretch the air evenly into the plenum 

chamber. Under the transition, a hinged gate was added to allow ambient air to enter the 

dryer through the plenum chamber when solar drying was fully operational. 

The hybrid solar dryer was designed to take advantage of the 12 night-time 

hours when solar drying does not occur. As air heating is accomplished by using the 
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thermal energy contained in biomass through the heat exchanger, the only energy-

demanding element in the design was the fan. Because of this, a photovoltaic system 

was designed to generate and store electric energy in a battery so the apparatus could 

function when the sun was not shining or with very low radiation, such as during the 

rainy season. This allowed the dryer to be totally energy independent, ideal for rural and 

isolated locations. 

Because the fan had an electric power demand of 88 W, 2 solar panels of 265 

Wh each were chosen to drive the PV system [41]. Calculations were performed using 

4.8 peak solar hours, the average of the coffee-producing region in Colombia as 

registered by the National Coffee Research Center. 

 

Figure 5. PV System setup. 

As seen in Figure 5, an MPT Powersave SR-ML4860 Solar charge controller 

was located following the solar panels, in order to regulate and divide the electric flow 

so that the battery could be charged while the fan was running. With the aim of storing 

enough electricity for night-time blowing, a 12 V 200 A battery with a capacity of 2400 

Wh was used. The DC coming from the battery was converted to AC needed by the fan 

using an HP-600 modified sine wave DC-AC power inverter integrated with a 

microcontroller. 
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6.2.2. Hybrid Coffee Solar Dryer Performance 

6.2.2.1. Experimental Procedure 

The dryer was tested under three different configurations at the National Coffee 

Research Center of Colombia (Cenicafé) in the postharvest discipline facilities in the 

municipality of Manizales, Caldas (4.991889, -75.597139; elevation of 1306 m.a.s.l). 

The experiments were performed between September and November 2022 to test the 

dryer under the worst-case weather scenario; for the location, during this time of the 

year, the second-semester rain season is at its maximum, and it also coincides with the 

second-semester harvest peak. Coffea arabica L. var. Cenicafé 1 was used during all the 

experiments. 

During the first configuration (C1), traditional solar drying was combined with 

mechanical drying (24/7), in which the biomass burner and fan worked throughout the 

drying process until the bean reached a final moisture content Mf of 11% (wb). For the 

second configuration (C2), solar drying was used during the day, but the biomass burner 

and fan were used at night to aid the drying. 

In the last configuration (C3), solar drying was performed without the assistance 

of the biomass burner. This configuration was intended to demonstrate that the plenum 

chamber located under the coffee bed restricts ambient air from coming into contact 

with the coffee bed (with the hinged door closed). As a result of the high relative 

humidity (RH) of the air at night, it was expected that this would positively affect the 

coffee mass in that it tends to gain moisture, especially when it is reaching its 

equilibrium moisture content [3]. 



116 

 

 

Figure 6. Hybrid solar tunnel dryer setup. 

The configurations were replicated three times each. All replications were 

conducted with the same amount of coffee loaded into the control dryer, so the hybrid 

solar dryer's behavior could be compared to the conventional solar tunnel dryer's. In 

each replication, 328 kg of wet parchment coffee was used at an initial moisture content 

Mo of 53% (wb). One-half of the load was to be dried in the hybrid dryer and the other 

half in the control dryer; the coffee berries were picked at ripe stages 4, 5 and 6 [42] at 

Naranjal Central Station (4.972279, -75.652530), one of Cenicafe’s experimental fields. 

The berries were then pulped, fermented, and washed at the research centre’s post-

harvest seed processing facility. 

6.2.2.2. Instrumentation 

Once the hybrid and the control dryer were loaded, three baskets were placed per 

dryer longitudinally across the drying area to control the moisture content through 

gravimetric principles [43]. Each basket was loaded with 200 g of wet parchment 

coffee; once the coffee mass reached 104-105 g, the equilibrium moisture content of 10-

12% (wb) was reached. However, once the coffee exhibited a moisture content below 

18% (wb), a Kett PM450 moisture meter for grains was used for better control and 

accuracy. The mass/moisture content of coffee was registered every hour until attaining 

the desired moisture level. 
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Both the hybrid and the control dryer featured UT330C/IP67 UNI-T 

humidity/temperature/pressure dataloggers registering data every 10 minutes located at 

0.8 m from the coffee bed, so the temperature and relative humidity in the drying 

chamber could be traced during the entire drying process. In contrast, a TBM50040B9 

Stainless Steel Winters Bi-metal Thermometer controlled the drying air temperature 

[44]. The coffee bed was mixed with a coffee mixing rake four times a day to ensure 

even moisture removal. 

During C1 and C2, each coffee trunk fed to the biomass burner was weighed 

using a XPE505C Comparator with a readability of 0.01 mg, and its mass was recorded 

to calculate the real biomass consumption. Before being burned, the trunks were placed 

in a basket on top of the heat exchanger’s casing to use the emitted heat from the 

apparatus to dry some still-wet trunks lowering their moisture content until ~13% (wb). 

6.2.2.3. Performance and Data Analyses 

In order to obtain relevant information about the efficiency and the drying 

phenomenon as such, the diffusion coefficient D (m2 s-1) of the coffee in each 

configuration was calculated from Equation (3), provided by [22] and [45]. 

 

(3) 

Where Tg is the grain’s temperature and M is the moisture content of the grain 

expressed in decimal notation and in dry basis (db). The temperature control was done 

by a set of parallelly arranged HH912T Omega thermocouples which registered Tg in a 

datalogger. 

The recorded moisture content of the parchment coffee permitted to also 

calculate the bulk specific heat capacity Cp (kJ kg-1 K-1) (Equation 4) and the bulk 

thermal conductivity K (W m-1 K-1) (Equation 5) of the coffee using the models 

provided by [39]. 

 

(4) 
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(5) 

In terms of system efficiency, the methodology shared by [46] was followed, 

where the natural convection scenario (ηc) can be depicted by the Equation (6) and the 

forced convection case (ηf) by Equation (7). 

 

(6) 

 

(7) 

Where W is the mass of evaporated water from the product (kg) per unit of time, 

ΔH represents the latent heat of vaporization of the water (kJ kg-1), I stands for the solar 

radiation (W m-2) on the surface measured with a KIMO SL-200 Solarimeter, A is the 

area of the dryer (m2), t denotes the drying time (s) and Ef signifies the energy 

consumption of the fan (kW h). 

The drying rates (DR) and pickup efficiency (ηp) of each configuration was 

assessed following the procedure shared by [47], where: 

 

 

(8) 

 

(9) 

Where Mo and Mf are the initial and final moisture content of the sample 

respectively, then ho and hi stand for the absolute humidity of the air leaving and 
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entering the drying chamber (%), whereas has stand for the absolute humidity of the air 

entering the drier at the point of adiabatic saturation (%). 

6.2.2.4. Cost Analysis 

The dryer cost is estimated as the total sum of construction materials and labor 

expenses. The cost of drying Dc can be estimated as explained by [47] as the ratio of 

annual cost (Ac) and amount of dried product per year (Dq), Dq was calculated taking 

into consideration that the average farm size in Colombia is 1.5 ha [23], and the average 

production of DPC per hectare per year is reported to be 1500 kg [48], therefore a 

farmer with an average sized plot could produce 2250 kg of DPC per year. 

 

(10) 

Also, as shared by [10], the annual costs of the dryer were calculated using 

Equation 11. 

 

(11) 

Where Tc stands for the dryer cost in USD, L its life (15 years), mi depicts the 

maintenance costs in USD (assumed to be the 2% of the total dryer cost), and ω 

represents the ratio 100+inflation rate/100+interest rate. 

It was of interest to calculate the payback period, for this, Equation 12 [49] was 

used. 

 

(12) 
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Where Pb represents the payback period, S dryer annual savings (USD), d 

describes the rate of interest and f the rate of inflation. 

6.3. Results and Discussion 

6.3.1. Theoretical Design and CFD simulations 

There were several issues with the air distribution within the pipes in Model A, 

as seen in Figure 7 both the air pressure and flow were heterogeneous, the airflow 

transited mainly through the central pipe. As a result, moisture may be removed 

unevenly, or the heated air may escape to the atmosphere which is counterproductive. 

Additionally, the construction of this concept seemed complicated, conflicting with the 

design specifications. On the other hand, concept B exhibited homogeneous air 

circulation within the dryer premises, even pressure was also attained through the coffee 

layer, nonetheless, concept B also revealed a complicated water circulation system that 

required a pump and regular maintenance, in addition, seeing that this concept intended 

to heat air when crossing the pipe system, the climatic conditions could be an issue [50]. 

Further, the drying chamber would need to ensure complete hermeticity to force the 

atmospheric air through the coffee layer, a challenging condition to fulfil since the 

coffee mass should be mixed regularly during drying [51,52]. 

When evaluating Concept C, the pressure was even across the plenum chamber's 

volume, and even though there are pressure variations, the difference is not 

representative (Table 1). In addition to being simple and robust, this setup requires 

minimal maintenance so that the dryer can provide appropriate performance on the farm 

meeting the design specifications. Furthermore, its plenum chamber can be easily 

adapted to existing tunnel dryers, and the geomembrane is widely available for the 

farmers in agricultural supplies shops, hence it was selected. 
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Figure 7. Results of the CFD simulations, pressure volume rendering at the Videal. A. Concept A top view. 

B. Concept B top view. C. Concept C isometric view. 

The CFD simulations of the plenum chamber concept evaluated at four different 

heights at their respective Videal ± 0.5 m s-1 results are shared in Table 1. 

Table 1. CFD plenum chambers analysis results. 

Plenum 

Chamber 

Height (m) 

Velocity 

(m s-1) 

Pmax 

(Pa) 

Pmin 

(Pa) 

ΔP 

(Pa) 

Mode 

(Pa) 

Cv 

(%) 

Mean 

(Pa) 
Variance 

0.15 

14.5 18.11 3.0787 15.031 7.25 39.36 6.84 2.69 

15 18.9 3.36 15.54 7.25 34.85 8.19 2.85 

15.5 16.56 2.34 14.22 5 40.89 7.9 3.23 

0.25 

3 13.7 10.38 3.32 11.9 5.71 11.48 0.65 

3.5 16.90 13.78 3.12 15.7 5.31 15.26 0.81 

4 23.4 17.9 5.5 20.4 5.33 19.79 1.05 

0.35 1 2.9 2.6 0.3 2.76 2.62 2.75 0.07 
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1.5 7 4.78 2.22 6.35 7.62 6.1 0.46 

2 10.9 9.2 1.7 10.1 3.16 9.98 0.32 

0.45 

0.5 2.345 2.258 0.087 2.28 0.82 2.28 0.02 

1 8.500 8.038 0.462 8.2 0.99 8.16 0.080 

1.5 18.627 17.505 1.122 17.9 1.09 17.89 0.19 

 

The velocity values variation is due to the inlet’s cross-section change depending 

on the height; a circular inlet was used in all the simulations with a diameter of 0.1, 0.2, 

0.3 and 0.4 m, respectively [53]. Although the selection criteria relied on the coefficient 

of variation (Cv<10%) and the design specifications, it was also essential to consider the 

air pressure in the chamber’s domain. Table 1 shows that the 0.25 m height not only 

complies with the coefficient of variation condition but also displays high-pressure 

values, and its material requirements are less than larger plenum chambers. Also, higher 

pressures will allow the air to break through the coffee’s viscous and inertial resistances 

and exit easier the porous bed as shared by [36] and [54]. 

 

Figure 8. Coefficient of variation model. 

The predictive model for the coefficient of variation generated from the CFD 

simulations is shown in Figure 8, even though the 0.25 m plenum chamber height was 

chosen in this study. If another plenum chamber for a similar hybrid solar dryer was to 
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be built or the chamber needed to be changed, the model would provide a predictive 

coefficient of variation for the pressure [38,55]. 

Even though it is seen that the plenum chamber homogenizes the static air 

pressure across its volume [56] it was also relevant to calculate the temperature change 

in the air domain. After, an integrated CFD-heat loss simulation and a linear heat 

analysis, it was seen that the temperature difference between the air inlet and the back of 

the plenum chamber was ΔTp=-1.3°C. The value, however, was insignificant since the 

temperature is well preserved mainly because of the chamber’s material and the heat 

losses to the atmosphere were negligible. 

6.3.2. Thermal Properties and Efficiencies 

The diffusion coefficient variation D changed from 2.97E-6 to 1.18E-9 m2 s-1, 

these values agree with those shared in the literature for parchment coffee [3,18,22], 

also the obtained data fit in the range of the diffusion coefficients of different 

agricultural products and foodstuffs as shared by [57]. Nevertheless, the behaviour of 

the diffusion coefficient was different for each configuration evaluated. 

 

Figure 9. Diffusion coefficient variation in time. 
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As displayed in Figure 9, the Hybrid C1’s diffusion coefficient dropped rapidly 

when compared with the others, seeing that the diffusion coefficient is defined as a 

function of the moisture content and the grain temperature, is logical that the Hybrid C1 

depicted such curve. The grain temperature was higher, hence the first D value, then, 

due to its 24/7 setup, a rapid moisture removal occurred, promptly lowering the 

diffusion coefficient values because of its moisture content dependance. By the end of 

this curve, it is also seen that a steadier diffusion coefficient change occurred since the 

equilibrium moisture content was being achieved and the water removal in such stage 

happens at a slower rate [58]. 

The Hybrid C2’s D follows a valley-peak performance due to the temperature 

fluctuation inside the dryer considering that during the night, the biomass burner 

supplied hot air, significantly increasing the grain temperature and moisture removal as 

also recorded by [3]. The Hybrid C3 and the Control C1 and C3 showed a similar 

behavior between them considering that the drying was set as full natural convection, 

nevertheless, the Hybrid C3 lowered the diffusion coefficient after 120 hours of drying 

significantly due to the non-moisture gain when attaining the equilibrium moisture 

content (see section 3.3.3), whereas the Control C2 had a steady change in the diffusion 

coefficient, during the experiments, it is possible that that specific configuration 

presented less variation in grain temperature and  moisture removal. 

The values of the bulk specific heat capacity Cp varied from 4.42 kJ kg-1 K-1 

when the samples were loaded into the dryer with an average moisture content of 53% 

(wb) to 1.99±0.04 kJ kg-1 K-1 when the sample reached its desired moisture content of 

11% (wb). The bulk thermal conductivity values ranged from 0.023 W m-1 K-1 when the 

coffee was wet, to 0.013 W m-1 K-1 once it was dry. Both the Cp and the K values 

concurred with those published in the literature for the Cenicafé 1 variety [39]. 

Moreover, as shared by [39] this specific variety holds higher thermal properties, 

meaning that higher values of K will allow the heat to travel through the grain’s domain 

and a higher Cp holds the heat for a longer period, therefore, the drying process can 

happen faster when using Cenicafé 1 variety. The drying rate DR and efficiency values 

are shared in Table 2. 

 



125 

 

Table 2. Drying rate and efficiencies per configuration. 

Configuration DR  (%M h-1) System Efficiency η (%) Pick up Efficiency ηp (%) 

Hybrid C1 0.56 36.7 40.1 

Hybrid C2 0.31 28.9 31.7 

Hybrid C3 0.21 23.4 25.3 

Control C1 0.16 18.6 21.5 

Control C2 0.17 19.1 22.6 

Control C3 0.16 18.4 21.1 

 

As shared in Table 2, it is seen that the hybrid configurations portrayed higher 

drying rates and efficiencies. The Hybrid C1 efficiencies double those attained by its 

control unit, and in terms of drying rate, the 24/7 configuration displayed an elevated 

moisture removal in time due to the combination of both mechanical and solar drying 

processes [20,59]. The Hybrid C2 arrangement had the ability to work mechanically 

during the nights, permitting to remove moisture for twelve more hours, deriving in an 

improved drying rate and higher efficiencies [9,60]. Even the Hybrid C3, which 

operation was fully through natural convection displayed higher values than the three 

control units, this situation derived from the fact that the plenum chamber forbids the 

humid air to cross the coffee layer during the nighttime, avoiding moisture gain as 

described by [61]. 

The pick-up efficiency of the Hybrid C1 and C2 were slightly higher than the 

others since the mechanical condition rises the air’s temperature while reducing its 

relative humidity, therefore the capacity of the air to remove moisture is increased 

[46,62]. 

6.3.3. Evaluation of the Drying Configurations 

The replication results were averaged so that a general drying behaviour could 

be achieved. Nevertheless, the hybrid dryer’s behaviour was relatively constant during 

the three configurations. The climate conditions were also even during the tests, with 
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low solar radiation, high cloudiness, and light rain during the day and heavy rain at 

night. 

6.3.3.1. Configuration 1 

The results of C1 displayed a high moisture removal during the daytime and a 

slower one during the night-time but still higher than its counterpart, as seen in Figure 

10. On average, the hybrid solar dryer finished the process after 75 hours, whereas the 

control dryer took 254 hours to dry the same amount of coffee. The drying times for the 

control dryer are in accordance with those already shared in the literature for such 

drying types and conditions [3,8,22,24]. It is relevant, however, to state that in 254 h, 

the hybrid solar dryer would process 3.39 of the identical coffee batches; therefore, a 

significant time reduction was seen when comparing both dryers, especially because 

drying time was reduced by 70.47%. 

It is essential to mention that the control dryer displays no moisture removal 

during the night due to its solar-dependent condition. Also, as explained by [63], the 

coffee in the control dryer experienced high moisture regain after crossing the 25% 

(wb). This phenomenon is not present in the hybrid-type dryer because of its availability 

to perform during the night. Even though the hybrid unit displayed a notable slope 

change during the night, moisture removal is still happening. This allows not only the 

process to occur faster but also to keep the product safe, seeing that moisture regain can 

pose a threat to the grain’s quality and innocuousness as described by [64]. 
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Figure 10. Configuration 1 comparative drying times. 

The hybrid’s slope during the daytime is rather marked; this means that the solar 

component is a high partaker during the hybrid drying. A similar situation is shared in 

the literature when drying other food materials [59,60,62]. Also, the daytime ambient 

temperature and relative humidity account for it, seeing that at night, the relative 

humidity of the air reached up to 99.9% between 2-4 am. 

 

Figure 11. Drying chamber's temperature and relative humidity: Configuration 1. 

Figure 11 displays the hybrid and control dryer's temperature and relative 

humidity behaviour. When observing the temperature profiles, it is seen that the hybrid 
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unit's temperature was higher than its counterpart, not only in the high-temperature 

phases but also in the low-temperature phase, the hybrid unit was up to 5°C higher. It is 

also seen that the control dryer takes more time to raise its temperature, allowing the 

hybrid dryer to overpass the high-low temperature cycle. The low temperatures in the 

hybrid unit are less uniform than those portrayed by the control, this along with the 

higher temperature values happened thanks to the heated air coming through the plenum 

chamber, which, during the whole process, had an average temperature of 42°C, a night 

an average temperature of 38°C was recorded. In contrast, an average drying 

temperature of 46°C was logged during the day. The average real biomass consumption 

was 1.931 kg h-1, evidently lower than the theoretical one, meaning that the heat 

exchanger was more efficient than assumed. The biomass consumption values were also 

lower than the consumption of coffee husk [59,65] or chipped coffee trunks [32,59,66], 

also used as biofuel when mechanically drying coffee due to the denser structure of the 

solid trunks. 

The relative humidity also displayed higher values in the control dryer, reaching 

up to 99.9%, common values as attained by [60] and [67]. At the same time, the hybrid 

unit held values significantly lower than the control dryer in the high RH region and low 

RH region, where up to 20% differences were seen; this is a normal phenomenon when 

evaluating mechanical drying against solar/sun drying [8,67,68]. This, combined with 

the temperature profiles and the mixed forced convection drying scenario, explains why 

the hybrid unit dried the batches faster [69]. 

6.3.3.2. Configuration 2 

When using the mechanical segment (burner and fan) just during the night-time, 

the drying time was reduced by 113 h, meaning that the hybrid dryer processed the 

coffee batch 45.75% faster than the control dryer. The control drying curves are similar 

to those illustrated in Figure 12, indicating that there was no moisture removal during 

the night, furthermore, the moisture increase phenomena was recorded again. Also, the 

total drying time (247 h) was analogous with the one obtained by the control unit in C1. 

While the control drying curves expressed no novelty, the hybrid-type dryer 

displayed an almost constant slope behaviour, as seen in Figure 12. This is a very 

relevant fact since an almost constant moisture removal was achieved by matching the 
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natural convection one with the forced convection one, meaning that the drying process 

when using the hybrid solar dryer in configuration two could be predicted. Moving from 

a stochastic scenario, usually portrayed by fully solar drying [70,71], towards a 

deterministic one, characteristic of mechanical drying [72]. This effect could be 

beneficial for coffee growers to foresee and control their drying process and schedule 

the harvest, fermentation, washing and selling steps to dynamize the entire postharvest 

stage. 

 

Figure 12. Configuration 2 comparative drying times. 

This finding could change during the dry season; nevertheless, as stated in the 

literature, the harvest peaks coincide with the rainy season across all of Colombia 

[15,73,74]. Therefore, the available coffee during the dry period will dry faster, 

avoiding bottleneck generation, evading microorganism development and other types of 

threats [75]. 

The recorded temperature profile in the drying chamber in C2 shared similar 

results with the one attained in C1. However, C2’s control dryer had significantly lower 

temperatures when compared to the hybrid ones. For instance, after 62 hours of drying, 

the high region control’s temperature matches the low region’s hybrid temperature; 

during the entire process, the hybrid dryer displayed higher temperatures as Figure 13 

displays. It also takes C2 more time to raise the temperatures, and the low temperatures 
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are held during a more extended period. The hybrid dryer varied easier, suggesting that 

its behaviour is more dynamic and uses the available energy more efficiently. 

 

Figure 13. Drying chamber's temperature and relative humidity: Configuration 2. 

In terms of relative humidity, the air in the control unit was more humid than the 

hybrid unit throughout the process. When looking at the hybrid’s RH crests, it was seen 

that their values fluctuated more than those depicted by the control dryer. This 

represents that the air is not yet saturated, and its moisture removal capacity is still 

present [76,77], differing from its counterpart where an even 95-99% was recorded. 

The average biomass consumption during C2 was 1.984 kg h-1, slightly higher 

than the one recorded during the first configuration; however, it is still lower than the 

theoretical one. Also, seeing that the biomass burner worked just during the nights, from 

134 h, roughly 67 h were night-time, similar to the 75 h recorded in C1. Also, the 

night’s ambient temperature is lower; therefore, more heat is necessary to warm up the 

transfer area and to maintain it throughout all night. The average drying air temperature 

was 38°C, the same as C1’s. 

6.3.3.3. Configuration 3 

The role of the plenum chamber under the coffee-holding mesh when 

performing C3 was positively relevant, seeing that the plenum chamber kept the coffee 
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mass isolated from the cold and moist night air. Even when using the hybrid unit 

without any mechanical help, it managed to dry the coffee mass in 200 hours, 55 hours 

less than the control dryer under the same operating conditions. 

 

Figure 14. Configuration 3 comparative drying times. 

It was seen that between 120 and 130 hours, a large amount of moisture is 

removed by the hybrid dryer, whereas this effect was partially seen in the control unit at 

the same time range as Figure 14 portrays. Also, the horizontal segments in the drying 

curves represent the night-time when moisture was not removed. It was noticed then 

that the control dryer displayed high moisture gain when surpassing the 25% (wb) 

moisture content, especially at 190 and 215 hours; this remoisturizing effect [3] is not 

visible in the hybrid unit. Therefore, avoiding contact between the product and the night 

air derives in moisture content homogenization as the diffusion process inside the seed 

occurs from its inner towards its outer domain [27,68,78]. Hence, when the daytime 

arrived, the drying process resumed and finished faster because the moisture content 

was naturally displaced and evened in the seed throughout the night. Due to this factor, 

and the natural coffee seed’s anatomy, the seed hardening could eventually occur 

quicker, lowering undesired moisture gain from the atmospheric air as shared by [61].   

 

 



132 

 

6.3.4. Economic Evaluation 

Considering that the evaluated area of 10 m2 processes 90 kg of DPC in 75, 134 

and 200 hours (C1, C2 and C3, respectively), it was calculated then how long it would 

take to dry the 2250 kg produced by the small coffee grower in each configuration. It is 

also important to mention that when carrying on this research, the price of 125 kg 

oscillated around 450 USD, and if 200 USD are destined for paying for the equipment, 

the direct payback period would be 24.1 months seeing that the apparatus’ total cost was 

2470 USD. However, it is shared in Table 3 the results of the analysis shared in section 

2.2.4 compared to the standard tunnel-type dryer, which has a construction cost of 300 

USD [34]. 

Table 3. Economic evaluation of the hybrid dryer and its comparison to a traditional solar 

tunnel dryer. 

Parameter Hybrid Solar Dryer Tunnel Solar Dryer 

Total dryer cost (USD) 2470 300 

Annual cost (USD) 70 25 

Total drying time (h) (Dq = 2250 kg) C1:2057; C2:3676; C3:5487 6914 

Drying capacity (kg year -1) C1:9577; C2:5360; C3:3588 2850 

Payback period (years) C1:2.3; C2:4.2; C3:5.8 1.8 

 

As shared in Table 3, the annual cost and the total dryer cost are more elevated 

for the hybrid solar dryer, mainly because of the steelwork; it is essential to mention 

that the constructed prototype was done with high thicknesses and detailed finishes; 

therefore, a commercial version would be expected to be cheaper. Also, it should be 

noted that the construction material price varies widely depending on availability and 

the region. Despite its price, due to the amount of coffee that can be processed, the 

hybrid unit displays an acceptable payback period, similar to the solar tunnel dryer's 

(C1). Considering the lifetime of the dryer (15 years), the hybrid solar dryer would be 

drying free of cost during the 85 (C1), 72 (C1) and 61% (C3) of its life period. 

It should be recorded that the drying capacity of the solar tunnel dryer is 2850 kg 

per year (assuming coffee production all year long), just 600 kg above the average 
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output of a smallholder (2250 kg) owning to an average size plot, therefore, a 10 m2 

tunnel solar dryer would not be enough for a farmer with a slightly larger farm. In 

contrast, the drying capacity of the hybrid solar dryer could be up to three times higher 

than the tunnel.  

Due to these factors, it is expected acceptance from part of the coffee growers, 

considering that a mechanical dryer of a similar capacity could cost up to 2000 USD 

[59] and the maintenance, fuel and energy costs would considerably extend its payback 

period. Also, traditionally in Latin America, parabolic or tunnel dryers are common to 

find in farms [14,79,80]. Hence, their adaptation into a hybrid system would be more 

accessible. From another perspective, the apparatus could be attractive because of its 

energy independence and carbon-neutral print and greenhouse gas emission reduction, 

seeing that a regular mechanical dryer could consume 1 liter of propane per hour, 

liberating in just one day 54 kg of CO2 [81] and still would need grid energy to power 

the fan. Even though the burner holds a carbon-neutral fuel, the particulate matter (PM) 

from the combustion could eventually seem like an issue; however, this could be 

controlled by thoroughly using dry biomass and oxygen control, ensuring that complete 

combustion happens; finally, filters could also be used to reduce the PM discharge 

[82,83]. 

6.4. Conclusions 

During the three evaluated working configurations, the hybrid tunnel solar dryer 

processed the coffee faster than the control dryer. This fact not only helps to improve 

the postharvest process delays due to the drying stage, but it also allows to lower the 

microorganism, mycotoxins, and mold development threats to the product. Although the 

hybrid’s drying time is longer when compared to fully mechanical drying, its flexibility 

allows the coffee grower to improve the post-harvesting planning without the need to 

sell the coffee wet. Furthermore, the product holds better seed quality and structure 

since moisture gain is avoided. 

Not only the already existing solar tunnel dryers can be easily upgraded to the 

newly developed hybrid tunnel dryer, but also, the short payback period and the coffee 

drying capacity of the hybrid unit could be an essential factor for the smallholders to 
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adopt and transfer this technology. Apart from its benefits to the drying process, it 

works with sustainable and renewable energy sources, which is ideal for isolated places. 

Similarly, it helps to solve the issues generated due to the large number of coffee trunks 

generated in the farms.  

Although the construction and experiments were carried out in Colombia, this 

unit could be implemented in any of the coffee-producing countries, expanding the 

impact of the dryer towards a sustainable-processed coffee while improving the 

grower’s conditions. If the coffee is dried faster, it could also be sold faster for better 

prices, improving the economic dimension of the grower, which will improve its social 

conditions. In addition, using renewable energy sources meets the environmental 

sustainability requirements, finding a balance between the three most essential pillars of 

sustainable development. 
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Conclusions 

This thesis provides a comprehensive and in-depth analysis of coffee drying and 

the different challenges to address to keep the product safe and improve the bottleneck 

generated due to the drying process aiming to improve the smallholders' living 

standards sustainably while providing a deeper understanding of the coffee drying 

process under different conditions. 

The Finite Element Method that depicted the process prediction can be used not 

only to simulate the drying process of the coffee in different scenarios but also to 

provide relevant information on the transport phenomenon, moisture profile distribution 

and its change in time, allowing future research to focus on these places and control 

microorganism and fungi development. Reducing the gap of the stochastic nature of 

natural convection drying towards a more deterministic one permits decision-making 

regarding the ideal drying method at a specific moment of the year, depending on the 

climate conditions. 

Furthermore, understanding the air distribution and dynamics inside mechanical 

dryers widens the design considerations, focusing on attaining better moisture removal 

and air distribution for effective water removal, increasing the dryer's efficiency and 

reducing energy and fuel consumption, considering not only the forced air inlet but also 

thinking on the optimal shape of the dryer. Likewise, finetuning the mathematical 

models that describe the drying process and moisture diffusion will enhance the 

accuracy of the mechanical drying predictions. Therefore, the drying programs can be 

reliable and improve the cash flow on site. 

Parchment coffee's improved thermal and physical properties play a relevant role 

in updating the mathematical models for precise simulations. Also, depicting better 

thermal and physical properties improves the drying process in general. If the surface 

area is larger, the contact region between grains will also be more significant, and the 

porosity will change, allowing air to flow better through the layer. Correspondingly, 

seeing that the thermal conductivity is higher in the new varieties, the heat transfer 

happens faster between grain and grain, and this heat will remain for more time inside 

the grain due to the higher specific heat values. 
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Finally, the novel hybrid solar dryer allows the coffee grower to dry more 

flexibly, faster, and with components that can easily adapt to the existing solar drying 

technologies. Also, its energetical independence could be an ideal solution for isolated 

household farms, allowing not only to solve the coffee drying issues but also to help to 

sort out the residual biomass by-product of the coffee renewal process and other 

agricultural waste. Its cutting-edge design and fabrication ensure a quality coffee output 

and optimal working and drying performance, likewise, the hybrid solar dryer’s use can 

be applied in all the coffee producing countries, disregarding if they produce coffee 

through the wet, natural or honey process, moreover, the dryer could be also used to dry 

different grains and foodstuffs, widening its applications. 
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execution, and control of projects. 

● Advise, inspect, and verify the installation and maintenance of 

equipment for civil construction in the construction of the building 

"Portal de Campo Hermoso". 
 

Education 

PhD Sustainable Technologies, Czech University of Life Sciences, Prague 
S E P T E M B E R  2 0 2 0  —  N O V E M B E R  2 0 2 3  

Thesis: Design and Evaluation of a Hybrid Solar Tunnel Dryer for Parchment 

Coffee in Colombia 
 

MBA, ESNECA Business School, Madrid 
J A N U A R Y  2 0 2 0  —  O C T O B E R  2 0 2 1  
 

MSc Process Engineering, Czech Technical University, Prague 
S E P T E M B E R  2 0 1 7  —  J U N E  2 0 1 9  

Thesis: Coffee Beans Dryer for Decentralized Purposes 
 

Mechanical Engineer, Universidad Autónoma de Manizales, Manizales 
J U L Y  2 0 1 0  —  J U N E  2 0 1 6  

Thesis: Energy Efficiency Evaluation of the Manufacturing Companies from 

Central-Southern Caldas. 
 

Certifications 
● Mechanical Design Professional (CSWP)- Solidworks. 

● Professional: Advanced Surfaces, Weldments, Drawing Tools, Sheet 

Metal  - Solidworks. 

● Project Management - International Business Management Institute, 

Berlin. 
 

Scientific Activities 

Publications 

Duque - Dussán, E., Figueroa-Varela, P.A., & Sanz-Uribe, J. R. (2023). Peaberry 

Shape and Size Influence on Different Coffee Postharvest Processes. Journal of 

Food Process Engineering, Accepted on 10.09.2023: in press. 

Duque - Dussán, E., Sanz-Uribe, J. R., & Banout, J. (2023). Design and 

evaluation of a hybrid solar dryer for postharvesting processing of parchment 

coffee. Renewable Energy, 215(March), 118961. 

https://doi.org/10.1016/j.renene.2023.118961 
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Duque - Dussán, E., Sanz‐Uribe, J. R., Dussán‐Lubert, C., & Banout, J. (2023). 

Thermophysical properties of parchment coffee: New Colombian varieties. 

Journal of Food Process Engineering, December 2022, 1–13. 

https://doi.org/10.1111/jfpe.14300 

Duque - Dussán, E., & Banout, J. (2022). Improving the drying performance of 

parchment coffee due to the newly redesigned drying chamber. Journal of 

Food Process Engineering, 45(12). https://doi.org/10.1111/jfpe.14161 

Duque - Dussán, E., Villada-Dussán, A., Roubík, H., & Banout, J. (2022). 

Modeling of Forced and Natural Convection Drying Process of a Coffee Seed. 

Journal of the ASABE, 65(5), 1061–1070. https://doi.org/10.13031/ja.15156 

Cardona, C. I., Tinoco, H. A., Perdomo-Hurtado, L., Duque - Dussan, E., & 

Banout, J. (2022). Computational Fluid Dynamics Modeling of a Pneumatic Air 

Jet Nozzle for an application in Coffee Fruit Harvesting. 2022 International 

Conference on Electrical, Computer and Energy Technologies (ICECET), July, 1–

7. https://doi.org/10.1109/ICECET55527.2022.9872877 
 

Conferences 

Thermophysical properties of Coffee: New Colombian Varieties. Scientific 

Seminars, National Coffee Research Center of Colombia (Cenicafé). April 24, 

2023, Manizales, Colombia. 

Using Image Analysis and Finite Element Methods to Study the Linear Heat 

Transfer in Parchment Coffee Drying. ELLS Conference. Sept 2022. Prague, 

Czech Republic. 

Coffee Bean Drying Shrinkage Comparison by Finite Element Simulations and 

Real Image Processing. Tropentag Conference September 22, 2022. Prague, 

Czech Republic. 

Computational Fluid Dynamics Modeling of a Pneumatic Air Jet Nozzle for an 

Application in Coffee Fruit Harvesting. International Conference on Electrical, 

Computer and Energy. 20-22 July 2022, Prague, Czech Republic. 

Using Vetiver Grass Wetlands for Improved Coffee Wet Processing 

Wastewater Treatment. International Scientific and Advanced Conference: 

“PROSPECTS OF BIOENERGY CROPS FEEDSTOCK PRODUCTION ON RECLAIMED 

MINE LANDS” 23-24 June 2022, Dnipro, Ukraine. 

Drying Process Improvement of a Cacao Beans Hybrid Solar Dryer. CASEE 

Conference “Sustainable agriculture in the context of climate change and 

digitalization” 22-24 June 2022, Prague, Czech Republic. 

Effects of Different Drying Methods on Organoleptic Properties of Traditional 

Vietnemese Beef and Buffalo Jerky. 2nd MULTIDISCIPLINARY CONFERENCE 

“Sustainable Development Trends and Challenges under COVID-19” 29-30 

November 2021, Sumy, Ukraine. 

Coffee Seed Drying Predictive Finite Element Model. 2nd MULTIDISCIPLINARY 

CONFERENCE “Sustainable Development Trends and Challenges under COVID-

19” 29-30 November 2021, Sumy, Ukraine. 

Solar Drying Applications in Conventional Vietnamese Beef Jerky Preparation. 

Green (r)evolution: from molecules to ecosystems. ELLS Conference 2021. 19-

20 November 2021, Warsaw, Poland. 

A Review about Induced Polyploidization in the Medicinal Species of the 

Lamiaceae Family. IX COLAPLAMED Latin American Congress of Medicinal 

Plants. 13-15 October 2021, Quito, Ecuador. 

Operational Improvement of a Convective Coffee Dryer by Numerical Methods 

and Computational Fluid Dynamics. Tropentag 2021 Conference. 15-17 

September 2021, Hohenheim, Germany. 
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Development Projects 

Novel Systemic Advisory Tool to Reduce Food Loss and Waste in Cambodia 

(NOSATOR-FLOW). Target country: Cambodia. Responsibilities: Machine 

design for food processing, chemical engineering expert, project manager. 

Higher Himalaya. Target country: Nepal. Responsibilities: YCRAC Scientific 

Mentor, IAAS – FAO. 

Through Biogas Technology towards Higher Resilience of Communities in 

Western Province of Zambia. Target country: Zambia. Responsibilities: 

Mechanical design and chemical engineering expert. 

Strengthening scientific capacities and cooperation of Ukrainian universities 

in AgriSciences. Target country: Ukraine. Website www.agrisci-ua.com. 

Responsibilities: Mechanical design and chemical engineering expert. 
 

Research Groups 

Biogas Research Team – Faculty of Tropical AgriSciences, Czech University of 

Life Sciences. 

Food Security - Faculty of Tropical AgriSciences, Czech University of Life 

Sciences. 

Postharvest Technologies – National Coffee Research Centre (Cenicafé), 

Colombia. 
 

 


