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ABSTRACT 
 

Drying is a critical stage that affect directly the quality, storability, and market value of 

Arabica coffee beans. The objective of this study was to investigate the performance of a 

solar drying chamber integrated with a thermal collector and phase change material 

(PCM), operated under a constant airflow velocity of 9.2 m/s. Arabica beans of 1500 g were 

dried over two observation days, with chamber temperatures ranging from 40 °C to 46.5 °C 

and peak solar radiation of 1122 W/m². The results showed that the system effectively 

maintained thermal stability and drying performance despite fluctuations in solar input. The 

analysis revealed at Day 2 achieved a higher and faster moisture reduction due to improved 

solar conditions and absorber efficiency, with drying rates peaking at over 42 g vapor per 

hour in the third hour. In contrast, at Day 1 the drying rate peaked in the third hour at 

approximately 22.45 g vapor/h. Day 1 exhibited a more stable but slower drying trend. 

Overall, the system successfully reduced the beans’ moisture content to below 12.8% in 

within under 14 hours, with Tray 2 delivering the most consistent results. These findings 

demonstrate that the integration of solar thermal energy, PCM, and forced convection 

application significantly improved drying efficiency and reliability, offering a sustainable 

alternative for post-harvest processing, especially in regions with variable weather 

conditions. 

1. INTRODUCTION 

Production represents a vital agricultural sector for many tropical countries, not only as a source of export revenue but 

also as a key livelihood for smallholder farmers (Bacsi et al., 2022; Jawo et al., 2023; Pancsira, 2022; Siles et al., 2022). 

Among the varieties cultivated, coffee arabica stands out for its superior flavor profile, acidity, and aroma qualities that 

are highly valued in the global specialty market (Abdelwahab et al., 2024; Baqueta et al., 2024; Freitas et al., 2024). 

These sensory characteristics, however, are highly sensitive to post harvest handling, particularly the drying phase 

(Coelho et al., 2024). Improper drying can compromise bean integrity, reduce shelf life, and lead to quality degradation 

that affects cupping scores and market value (Al-Ghamdi et al., 2024; Moon et al., 2024). 

In many producing regions, the drying process continues to rely heavily on open sun exposure, primarily due to its 

simplicity and low capital requirements (Al-Ghamdi et al., 2024; Septianissa & Chandrasari, 2025) While accessible, 

this method is labor-intensive, slow, and susceptible to unpredictable weather patterns. Furthermore, the prolonged 

drying time under uncontrolled conditions increases the risk of microbial contamination, uneven moisture distribution, 

and post-harvest losses (Girma, 2023; Martinius et al., 2022; Septianissa & Chandrasari, 2024; Vesković, 2025). These 

limitations have spurred interest in alternative drying technologies that can deliver consistent and efficient moisture 

removal while maintaining bean quality (Acar et al., 2022; Andrade et al., 2024; Soeswanto et al., 2021). 
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Solar assisted drying systems offer a promising intermediate solution between traditional sun drying and high cost 

mechanical dryers (Duque-Dussán et al., 2023; Kamarulzaman et al., 2021; Meja et al., 2025). By harnessing renewable 

solar energy and applying basic engineering controls, such systems can create more stable drying environments (Meja 

et al., 2025; Pandey et al., 2024). The addition of components such as air collectors and forced convection mechanisms 

has shown potential in significantly reducing drying time while improving the uniformity of moisture reduction across 

the bean mass (Soeswanto et al., 2021). These systems are especially appealing in rural areas with abundant sunlight 

and limited electricity infrastructure (Siagian et al., 2024a; Izuka et al., 2023). 

A key factor influencing the efficiency of solar drying systems is air velocity, which governs the rate of heat and 

mass transfer within the drying chamber (Daş et al., 2021). Higher air speeds can enhance moisture removal by reducing 

the boundary layer resistance on the bean surface, but excessive airflow may also lead to surface hardening and uneven 

internal drying (Alves et al., 2020; Duque-Dussán et al., 2023) Optimizing this parameter is therefore crucial to 

achieving both effective drying rates and desirable final moisture content. However, many existing studies focus on low-

to-moderate air velocities, leaving a gap in the literature concerning high-velocity airflow in solar drying contexts (Jha 

& Tripathy, 2024; Siagian et al., 2024a). 

This study seeks to investigate the drying behavior of Arabica beans in a solar drying chamber operating at a 

constant air velocity of 9.2 m/s. The research aims to evaluate how such airflow intensity, coupled with solar thermal 

input, affects the drying duration and final moisture content of the beans. By analyzing drying performance under these 

conditions, the results of this study are expected to contribute on valuable insights into the design and operational 

optimization of solar drying systems for, with implications for improving post-harvest quality and processing efficiency 

in resource-constrained environments. 

2. METHODS 

2.1. Materials 

Main material used in this study was Arabica coffee beans originated from Pangalengan, West Java. In general, Arabica 

beans are typically oval shaped with a curved central groove, and have an average length ranging from 8 to 10 mm. The 

beans were harvested at optimal ripe and had an initial moisture content of 28.5% (wet basis) prior to the drying process. 

The beans followed standard post-harvest treatment including de-pulping, thorough washing, and 7-h fermentation 

process aimed at mucilage removal before entering the drying phase. After fermentation, the beans were carefully rinsed 

and prepared for the drying phase. For drying consistency, the beans were distributed uniformly in a thin layer 

(approximately 0.5–1 cm thick) on drying trays. 

2.2. Equipment 

The system was equipped with a Phase Change Material (PCM) unit, which functions as a thermal energy storage 

component. The PCM absorbs excess heat during periods of high solar radiation and releases it gradually when solar 

input decreases, thereby maintaining thermal stability inside the drying chamber. This thermal buffering helps ensure a  

 

Figure 1. Arabica beans from Pangalengan, West Java 
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consistent drying environment, reduces temperature fluctuations, and allows the drying process to continue even during 

cloudy conditions or late afternoon periods when sunlight weakens. 

The drying setup featured a mobile solar-powered drying unit, designed to maximize heat transfer and enhance air 

circulation. The primary component of this system was drying chamber sizing of (900×800×1200) mm fabricated using 

aluminum sheets completed with glass wool insulation layer to minimize heat loss. The interior was lined with aluminum 

foil to maintain hygiene and avoid contamination. The drying chamber was equipped with 20 flexible trays that can be 

easily removed and reinstalled, allowing for adjustable drying capacity and easy cleaning. 

A single pane glass solar collector was used, featuring a black-painted metal absorber to optimize solar energy 

absorption. The collector measured (1000×800) mm and operated by allowing solar radiation to pass through the 

transparent glass surface, which was then absorbed by the black metal plate. This plate converted the incoming solar 

radiation into heat energy, which in turn heated the air flowing through the collector. The heated air was directed into 

the drying chamber and also circulated around the PCM housing. The PCM absorbed excess thermal energy during 

periods of high solar intensity and gradually released it when solar input decreased, thereby helping to maintain a 

relatively constant and stable drying temperature within the chamber. This collector supplied heated air directly to the 

drying chamber. Air circulation system was performed using an axial blower was employed to channel heated air from 

the collector into the drying chamber, maintaining an airflow velocity of 9.2 m/s. This setup enhanced the efficiency of 

convective drying and ensured even moisture reduction. 

Key environmental parameters including chamber temperature and relative humidity were monitored using 

thermocouples and sensor connected to a data logger. Solar radiation was tracked with a solar power meter, and the 

moisture content of the beans was measured periodically using a moisture tester. 

 

Figure 2. Coffee dryer based on forced convection  

 
Figure 3. Sensor thermocouple installation in the coffee dryer 
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Figure 4. Layout of components in the coffee solar drying system 

2.3. Experimental Procedure 

The drying system utilized solar energy absorbed by a black metal plate in the collector to heat the air. The heated air 

was then circulated into the drying chamber by a blower at a speed of 9.2 m/s to evenly evaporate moisture from the 

beans. The system was also equipped with PCM, which stores and gradually releases heat to maintain a stable 

temperature despite fluctuations by weather conditions. The drying experiment was conducted over two consecutive 

days to achieve the target final moisture content. 

The drying trials were performed from 08:00 a.m to 03:00 p.m, corresponding with periods of peak solar intensity 

with temperature at 46.5 ℃ in drying chamber. Each batch trial processed 1500 gram of Arabica beans, which was 

evenly distributed across 20 trays inside the drying chamber to ensure uniform drying and optimal air exposure. The 

beans remained in the drying chamber until achieving the target moisture content of approximately 12.8% wet basis, 

which is considered safe for storage and export. The moisture content was periodically measured using a moisture meter 

specifically designed for beans. 

Environmental and operational parameters, including chamber temperature (°C), relative humidity (%), solar 

radiation intensity (W/m²), and ambient conditions, were monitored using specific instruments. Thermocouples 

connected to a data logger were used to measure chamber temperature. Thermos hygrometer was employed to monitor 

relative humidity. Solar radiation intensity was measured using a solar power meter. All ambient parameters were 

recorded periodically at 15 min intervals to ensure thermal performance evaluation. The performance of the solar dryer 

was evaluated based on moisture reduction rate and drying duration. 

3. RESULTS AND DISCUSSION 

3.1. Thermal Performance of the Solar Drying Chamber 

The daily patterns of sun radiation had a significant impact on the thermal performance of solar drying chamber. Over 

the course of the five observation days, solar radiation followed a bell-shaped curve, with peak intensities taking place 

between 11:00 am and 12:30 pm, as seen in Figure 5a. Day 1 had the lowest radiation intensity values, while Day 4 had 

the highest, with 1122 W/m2. The thermal response of the drying components and, consequently, the drying process 

efficiency was directly impacted by is these variations. In addition to solar radiation, another critical factor influencing 

drying performance was the relative humidity (RH) of the air. During the drying period, the RH levels were measured 

using a a thermohygrometer and were observed to decrease significantly during peak solar hours—from around 70% in 

the morning to as low as 40% by midday. This reduction in RH enhanced the air’s capacity to absorb moisture from the 

beans, contributing to faster drying rates. 

Figure 5b illustrates the temperature distribution within the PCM storage chamber, which serves as a thermal energy 

buffer by absorbing and releasing latent heat during phase transitions. The use of PCM in solar drying systems has been 

proven effective in stabilizing temperature and extending drying duration, particularly under fluctuating solar radiation. 
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Temperatures in the PCM chamber gradually increased during daylight hours and remained relatively stable in the 

afternoon, particularly from Day 2 to Day 5. Peak PCM temperatures ranged between 60 °C and 72 °C, highlighting the 

effectiveness of PCM in storing and gradually releasing heat energy. This buffering capacity helps prevent significant 

temperature drops and extends the chamber’s thermal activity beyond peak sunlight hours.  

  

Figure 5. Condition during 5-day field testing for mobile solar dryer: (a) Daily solar radiation, (b) PCM Housing Temperature 

  

Figure 6. Performance of mobile solar dryer: (a) Aluminum absorber plate temperature, (b) Drying chamber temperature 

Similarly, Figure 6a demonstrates the performance of the aluminum absorber plate, which plays a critical role in 

converting solar radiation into heat. On Day 3, the absorber plate consistently exceeded 72 °C during midday, indicating 

high absorption efficiency. The substantial temperature difference between the absorber plate and the drying air 

facilitated efficient heat transfer into the drying chamber. The internal temperatures of the drying chamber, as shown in 

Figure 6b, ranged from 40 °C to 46.5 °C. This temperature range is considered ideal for drying Arabica coffee beans, 

promoting rapid moisture reduction while maintaining quality. Notably, from Day 3 to Day 5, the chamber maintained 

higher and more consistent temperatures than the first two days, corresponding to higher solar radiation and improved 

performance of the absorber and PCM. 

3.2. Drying Behavior and Process Efficiency 

The design of the solar collector, PCM integration, and forced air convection at a velocity of 9.2 m/s collectively 

contributed to efficient and uniform drying across all trays. The high airspeed enhanced heat and mass transfer within 

(a) (b) 

(a) (b) 
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the chamber, ensuring consistent exposure of beans to hot air and preventing uneven moisture loss. Among all the trays 

tested, tray 2 consistently produced beans with a final moisture content of 10%, with a final moisture content of 10%, 

starting from an initial moisture content of 28.5% wet basis, aligning with green storage standards. 

Despite receiving lower solar input on Day 1 and Day 2, the drying system was still able to maintain chamber 

temperatures above 40 °C, supported by thermal insulation and latent heat release from the PCM. This resilience 

demonstrates that the system remains operational under moderate environmental conditions, making it suitable for 

variable tropical climates. The experimental drying duration of 21 hours to achieve a 12.8% moisture content was 

significantly faster than traditional sun drying methods, which can take several days due to unpredictable weather. This 

reduction in drying time not only enhances processing efficiency but also minimizes the risk of contamination and 

quality degradation due to prolonged exposure. 

Overall, the results confirm that integrating solar energy with thermal storage and forced convection provides a 

reliable and energy-efficient solution for post-harvest processing. For future improvements, further research may explore 

optimizing PCM volume, adjusting airflow direction, or enhancing the collector's surface treatment to boost system 

performance and potentially enable nighttime drying cycles. 

 

 

Figure 7. Solar radiation and temperature of glass, collector, absorber plate, PCM housing: (a) Day 1, (b) Day 2  

3.3. Thermal Behavior of Solar Drying System Components 

The thermal response of the solar drying system components showed strong correlation with solar radiation intensity 

throughout the drying period (Figure 7). On both Day 1 and Day 2, the absorber plates (T-4 and T-5) reached the highest 

temperatures, exceeding 70 °C at peak solar radiation. These results confirm the effectiveness of absorber plates in 

capturing and converting solar energy into usable thermal energy, which is essential for heating the drying chamber. 
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The role of the PCM housing (T-6 and T-7) was evident in its gradual and sustained temperature increase throughout 

the day. The PCM absorbed excess thermal energy during peak radiation hours and gradually released it as radiation 

declined, maintaining consistent thermal conditions within the system. This thermal buffering effect helps ensure 

uninterrupted drying and protects the process from sudden temperature drops due to weather fluctuations. 

3.4. Temperature Dynamics and Drying Performance in the Drying Chamber 

Temperature monitoring inside the drying chamber revealed consistent heating patterns with operational temperatures 

ranging between 40 °C and 46 °C (Figure 8). These values align with the optimal drying temperature for Arabica, 

promoting effective moisture removal without compromising bean quality. The drying chamber maintained these 

temperatures despite changes in ambient solar input, supported by thermal storage and active airflow. 

Among the trays monitored, sensor T-15 showed the highest and most consistent temperatures, suggesting more 

favorable exposure to hot airflow or positioning near the heated air outlet. This indicates possible variations in airflow 

distribution within the chamber, which may influence drying rate uniformity across different trays. Temperature 

differences between trays were more pronounced on Day 1 but became more uniform by Day 2, suggesting improved 

heat distribution as the system stabilized. This could be attributed to fully charged PCM storage and consistent solar 

input on Day 3, resulting in smoother thermal conditions. 

Overall, the system successfully reduced drying time to approximately 14 h to reach a final moisture content below 

12%. This duration is significantly shorter than traditional sun drying methods, which may take up to two weeks under 

uncontrolled outdoor conditions. Such improvement in drying efficiency not only accelerates processing time but also 

reduces microbial risks and post-harvest losses. 

 

 

Figure 8. Temperature graph of drying chamber and trays: (a) Day 1, (b) Day 2 
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3.5. Moisture Content Profile and Drying Rate Analysis 

The drying process of Arabica coffee beans in the solar drying chamber exhibited significant differences in moisture 

reduction rate between Day 1 and Day 2. Drying performance was analyzed according to the following equation.  

Drying Rate = 
𝑀𝑡+1− 𝑀𝑡

𝑡𝑡+1− 𝑡𝑡
      (1) 

where 𝑀𝑡= material mass at time 𝑡, 𝑀𝑡+1= material mass at time 𝑡 + 1, t is time in hour. 

The difference in drying rates can be attributed to environmental and system conditions on each day. On Day 1, 

although solar radiation intensity was lower, the drying chamber temperature was maintained above 40 °C due to the 

thermal insulation and heat storage effect of the PCM. As a result, the drying process remained stable, albeit with a 

slower moisture reduction. In contrast, Day 2 experienced higher solar radiation, leading to a significant increase in 

collector and chamber temperatures. The absorber plate reached temperatures 72 °C during midday, enhancing heat 

transfer and resulting in faster moisture evaporation. This was reflected in the drying rate peaking during the third hour. 

Within two days, the final moisture content was successfully reduced to below 12.8% (Figure 9), in accordance with 

storage standards for green coffee beans. On both testing days, the moisture content was successfully reduced to below 

12.8%, which is still in line with the international green storage standard (10 until 12%) and the maximum limit set by 

SNI 01-2907-2008, which is 12.5%. This indicates that the final moisture content met both national and international 

quality standards. This demonstrates that the solar drying system, combined with PCM and high-speed constant airflow, 

can maintain effective performance under varying weather conditions. These findings also highlight the importance of 

temperature stability, airflow direction, and thermal storage capacity in determining drying effectiveness and efficiency. 

The differences in drying rate profiles between the two days provide valuable insights for further system optimization, 

including drying chamber design, PCM volume, and operational time settings. 

The graph in Figure 9 presents the moisture content reduction of Arabica beans over a drying period from 08:00 to 

15:00 on Day 1 and Day 2. The drying process was carried out in a solar drying chamber equipped with a thermal 

collector and forced convection system, operating at a constant airflow velocity of 9.2 m/s. These equations show that 

the drying rate on Day 2 (1.5381%/hour) was significantly higher than on Day 1 (0.875%/hour). This result aligns with 

the thermal data reported by Mbakouop et al. (2023), where Day 2 exhibited better solar radiation stability, higher 

chamber temperatures, and more effective thermal performance from the absorber plate and PCM system. 

On Day 1, despite lower solar radiation intensity, the system maintained drying temperatures above 40 °C due to the 

thermal insulation and heat storage effect of PCM, as stated by Abdissa et al. (2023) and Siagian et al. (2024b). However, 

the drying rate was slower, resulting in a more gradual decline in moisture content. On Day 2, the more rapid decrease 

in moisture content indicates a higher heat and mass transfer rate, likely due to improved solar radiation, better heat 

absorption by the aluminum absorber plate, and more consistent chamber conditions. These factors contributed to a 

faster and more efficient drying process. 

 

Figure 9. Drying rate profile of Arabica beans in the solar drying chamber on Day 1 and Day 2 (continuation of Day 1) 
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The final moisture content observed in both days approached the target level of below 12.8%, which is considered 

safe for green storage. The trend also reflects the chamber’s ability to perform under variable weather conditions –a key 

strength emphasized for this dryer.  

Overall, this analysis confirms the findings that the integration of solar thermal energy with high-velocity forced 

airflow and PCM storage significantly improves drying performance. Moreover, the difference between Day 1 and Day 

2 highlights the importance of consistent solar radiation in achieving optimal drying efficiency. 

Figure 10 illustrates the drying rate profile of Arabica beans over an 8-hour period for Day 1 and Day 2. The drying 

trials were conducted using a solar drying chamber operating at an airflow velocity of 9.2 m/s and an average chamber 

temperature of around 40–46.5 °C. On Day 1, the drying rate gradually increased during the early hours, peaking at 

10.00 after 2 h with drying rate 22.45 g vapor/h, followed by gradual decrease for the remainder of the drying session. 

This steady and controlled drying profile indicates consistent internal conditions within the drying chamber, despite the 

lower solar radiation as reported by (Kebede et al., 2025). The presence of thermal insulation and the heat retention 

capability of the PCM contributed to maintaining stable drying rates throughout the day. 

On Day 2, the drying rate profile was significantly more dynamic. A sharp spike occurred after 3 hour, with the 

drying rate reaching over 42 g vapor/h, indicating a burst of rapid moisture removal. This peak was influenced by optimal 

solar radiation and improved thermal efficiency of the system components. This sudden increase corresponds with the 

higher solar radiation and absorber plate temperatures for Day 2, which exceeded 72 °C. The peak was followed by a 

steep decline in drying rate, reaching near-zero after 7–8 h, suggesting that most free moisture had been evaporated 

early, and the drying entered the falling-rate phase dominated by bound moisture removal. 

The contrast between both days confirms the influence of solar radiation intensity and thermal buffer performance 

on drying kinetics. Day 2 experienced a higher, but less uniform drying rate, while Day 1 offered a steadier drying 

pattern. These observations are consistent with the findings of (Firdissa et al., 2022), which highlight that higher solar 

radiation improves drying speed but may cause less consistent moisture reduction if not evenly distributed. The findings 

suggest that peak drying efficiency is achieved in the early hours (especially after around 2–4 h), particularly when 

supported by strong solar input. This information can inform future system improvements, such as optimizing airflow 

direction and adjusting PCM volume to smooth out extreme peaks and dips in drying rate. 

 

Figure 10. Drying rate of Arabica beans using solar drying chamber with 9.2 m/s air velocity on day 1 and day 2 

4. CONCLUSION 

This study confirms the effectiveness of a solar drying chamber integrated with a thermal collector, phase change 

material (PCM), and high-velocity forced convection in accelerating the drying process of Arabica coffee beans. 

Operating under a consistent airflow velocity of 9.2 m/s and average chamber temperatures ranging from 40 °C to 46.5 
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°C, the system successfully reduced the beans’ moisture content to below 12.8% in less than 14 h —significantly faster 

than traditional open sun drying methods. The integration of solar thermal energy, thermal energy storage using PCM, 

and controlled airflow offers a sustainable, efficient, and weather-resilient solution for post-harvest processing. Future 

developments should explore airflow optimization, increased PCM capacity, and advanced collector materials to further 

improve system performance and enable extended or even continuous drying cycles. 
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