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Abstract

:

The solar drying process is a critical postharvest stage for preserving coffee quality and is widely used in coffee-producing countries. A descriptive exploratory study was carried out in zones with different annual solar brightness to determine the climate variability influence on solar drying. Variables related to the evolution of drying, physical and sensory quality, and the physicochemical characteristics of the Castillo® coffee variety were analyzed. Coffee quality was assessed by means of SCA protocol. An automatic system was designed to record variables inside the dryers and mass loss. The drying rates were different by climatic zone above and below 0.52%∙h−1. Drying time was significantly longer in less solar brightness zones (Wilcoxon test). An inverse linear relationship between rewetting percentage and bean moisture was observed. Regarding coffee quality, the average scores were 81.37 and 80.93 SCA points for the climatic zones with the lowest and highest solar brightness, respectively. The bean color, water activity, acidity, and fat content did not vary between climatic zones. The coffee quality was not affected by solar drying in contrasting climatic conditions, despite the differences in drying time. Solar drying behaviors were identified that allow for the development of strategies for improving the process efficiency and management of coffee.
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1. Introduction


In the production of mild washed Arabica coffee, drying constitutes the main stage of conservation because wet parchment coffee is a product with high levels of moisture, on the order of 53% w.b. [1]. The wet process method consists mainly of removing different parts of the coffee fruit, such as the exocarp (pulp) and mesocarp (mucilage), until obtaining the endosperm (green bean), which is covered by the endocarp (parchment). The obtained beans are subjected to solar or mechanical drying. Mechanical drying in coffee consists of supplying hot air in the appropriate quantity and temperature to reduce coffee moisture without compromising the quality of the beans. The temperature should not exceed 50 °C, and the specific flow rate should be 0.1 m3∙min−1∙kg dry parchment coffee [1,2]. During drying, moisture is removed from the bean to reduce microbial activity and maintain stable green coffee bean physiology [3,4]. In this way, alterations in the safety and deterioration in quality attributes of coffee are avoided. The adequate moisture levels to facilitate commercialization and subsequent stages until consumption are between 10 and 12% w.b.; in this state, coffee is known as dry parchment coffee (dpc) [2]. To decrease coffee moisture, drying is a unit operation with high energy demand; therefore, one alternative is to take advantage of the air’s natural energy and that which solar radiation supplies. Although mechanical drying allows moisture to be removed from the coffee in less time and has operational advantages, it also presents some disadvantages compared to solar drying, such as high consumption of fuels, mainly fossil fuels [1], and effects on quality when not handled correctly [3,4]. Solar drying contributes to environmental protection, obtaining coffee with less energy requirements and in a sustainable way [5], and this technology is maintained in force for the coffee production process. It is also a method traditionally used by coffee growers during months of low production or during harvest times with low amounts of coffee [2]. In Colombia and other coffee-producing countries, the solar drying process is carried out under plastic covers or roofs that protect the coffee from the risks of drying in the open air, for example, contamination, animals, and/or unexpected rain [2,4,6]. This drying system is classified as passive because it uses the transfer of heat that occurs by natural convention, where the movement of air is caused by differences in density due to the thermal changes within the drying chamber, serving to increase temperature and avoid losses of convection from the wind [5,7,8,9].



Given the dependence of solar drying on radiation, whose availability is intermittent, there are different drying conditions that are difficult to control. With this method, the temperature and relative humidity of the environment influence the evolution of the process, affecting the rates of moisture extraction and drying time. In addition to the above, the production of this type of coffee is carried out at a wide range of altitudes and in different relief forms that provide sufficient climatic conditions for the agronomy of the crop [10,11], whose influence on bean quality has been studied. For example, less solar radiation in the productive stages of the crop generates a positive effect on the quality of the beverage [12,13]. Although the radiation requirements are sufficient for stages such as flowering or fruit formation [10], it is unknown whether variations in solar radiation during drying influence the characteristics associated with coffee quality.



Additionally, the use of solar drying to process coffee is desired by some buyers due to the relationship between higher drying temperatures with forced air and deterioration in quality [14,15]. It has been suggested that the extraction of moisture in a slow way is favorable for coffee quality [16]. However, in areas with low solar brightness, coffee drying is difficult, increasing the risk of affecting quality and the formation of defects, thus restricting the possibility of using this drying alternative under limiting climatic conditions.



The solar drying process implies having large drying areas; this fact is especially risky when there is a large harvest because there are not only greater volumes of coffee but also weather conditions, for example, increases in precipitation and relative humidity and decreases in sunlight and environmental temperature, to consider. Under these conditions, the drying time can be extended for several days without knowing the effect on the quality and characteristics of the resulting coffee. Because the processing method has great influence on coffee quality, it is necessary to determine the contribution of postharvest stages, in this case, drying, to satisfy quality standards and the demand of the consumer market. Therefore, the objective of this work was to evaluate the drying condition’s (level of solar brightness) effect on coffee’s physicochemical and sensory quality characteristics. Currently, there is no reported information about these variables’ effects on washed coffee quality; so, this research constitutes a starting point for understanding drying process factors that could represent changes in the beverage of coffee’s characteristics. The results of this research provide a basis for proposing alternatives for improving solar drying in areas with environmental limitations or with conditions that influence coffee quality.




2. Materials and Methods


The research was carried out in the Department of Quindío, Colombia. The information was collected during the harvests from November 2021 to March 2023. This descriptive exploratory research was conducted in the stages described below.



2.1. Description of the Climatic Zones


The drying processes were carried out in two climatic zones with different levels of solar brightness, i.e., low and adequate for the production of coffee [10,17], in the Department of Quindío, Colombia, located between 04°04′41″ and 04°43′18″ north latitude and between 75°23′41″ and 75°53′56″ west longitude (Figure 1). Zone 1, with less than 1400 h of average annual solar brightness, is located in the central mountain range. And zone 2, with 1400 and 1800 h of average annual solar brightness, corresponds to the flat western part of the department; these zones are classified as low and suitable, respectively, for coffee production, and these zones have daily average solar brightness values from less than 3.8 h to 4.9 h, respectively.



The climatic information of the farms in which the drying processes were carried out, i.e., annual mean values and estimated values based on reports from stations that are part of the department’s climatic network [17], are presented in Table 1.




2.2. Description of Solar Drying Systems and Recording of Environmental Conditions


In selected farms, the solar dryers were located, which were built using the same parameters (shape and volume) in order to guarantee the dry experimental conditions (Figure 2a). The dryers had a cylindrical shape with a dome-type cover, with a metallic structure, covered on the top and side with agricultural-use plastic recommended for the solar drying of coffee in Colombia [18,19]. The air volume above the tray was 3.52 ± 0.02 m3, and the drying area was 2 m2, capable of drying approximately 12 kg of dry parchment coffee (dpc). The tray that supported the coffee during drying was built of plastic mesh to facilitate water extraction. This tray was suspended and supported by a load cell to record loss of mass. A circular rake was added to facilitate the movement of the coffee mass during drying at least four times a day, in accordance with recommendations [20] (Figure 2b). A sensor (UT330B-USB, UNI-T, China) was used to record the humidity and environmental temperature conditions at the experimentation site [18].



The dryers were arranged in each of the farms of the study (Table 1) to carry out at least two solar drying batches in each one of them. Each dryer had an automatic system for registering and controlling variables for the solar drying of coffee. With this system, the temperature and relative humidity of the air inside the dryer were recorded, as was the mass of the coffee during the drying process. Additionally, with this information, the extraction of exhausted air from the inside of the dryer was programmed, and the completion of the solar drying process was determined automatically.



The automatic registration and control system comprised sensors, actuators, and electronic circuits:




	
Central processing unit—CPU (Mega 2560, Arduino, Ivrea, Italy);



	
SD data storage device (Data Logger Shield, Adafruit, New York, NY, USA) and real-time clock (PCF-8523, Adafruit, New York, NY, USA);



	
Temperature sensor (Dallas DS18B20, Maxim integrated, New York, NY, USA) (55 °C to +125 °C with ±0.5 °C accuracy) and relative humidity sensor (HIH-4030SF, Honeywell, Charlotte, NC, USA) (from 0% RH to 100% RH with an accuracy of ± 3.5%), with operating temperatures between −40 °C and 85 °C;



	
Reference S-type load cell (YZ101N, Vector Controls, Houston, TX, USA) (125 kg);



	
Humid air extractor (RQA120, Cheka, Bogotá, Colombia) from 21 W to 110 VAC;



	
End-of-drying indicator system with audible alarm and 10 W LED reflector (LD/1603, Watt, Ningbo, China); and



	
LCD display screen (20 × 4) (Vishay, Malvern, PA, USA) and real-time configuration buttons.








The control diagram used is shown in Figure 3.



Variable data were stored by the system; the sampling period was 5 min. Additionally, the extraction of humid air from the drying chamber was carried out by means of an extractor that operated automatically based on temperature and relative humidity data, the time of day, and the temperature and humidity inside the dryer. The extractor was activated from 7:00 a.m. to 5:00 p.m., when the temperature was greater than or equal to 45 °C, and/or when the relative humidity was greater than or equal to 70%. To deactivate the extraction system, lower temperature and relative humidity values were taken into account, i.e., 38 °C and 60%, respectively.



Additionally, the system had a sound and light alarm that indicated mass loss close to 12% w.b. (Mf), to stop the drying on time and remove the coffee from the dryer. The coffee moisture mass was estimated by the gravimetric method [21] based on the characteristics of wet parchment coffee, such as initial mass (    m   i    ), with an initial moisture content (Mi) of 53% w.b. (Equation (1)).


    m   f   =     m   i     1 −   M   i         1 − M   f      



(1)








2.3. Coffee Sampling and Processing


The obtained washed coffee (wet process method) from each farm was obtained from the manual harvesting of ripe coffee fruits (Coffea arabica L. variety Castillo®). Recommendations were followed to obtain good-quality coffee postharvest, e.g., the removal of fruits and beans of low quality, pulping, fermentation, and washing [22]. In this way, the coffee quality that entered the dryers was similar between drying cycles. Each drying batch consisted of placing the initial mass on the tray of each dryer, which was 24 kg of wet parchment coffee, with a bean layer height of 2 cm, to efficiently take advantage of solar radiation and facilitate drying. Drying was stopped to record the drying time (h) when the system registered a mass of coffee in the tray of 12.5 ± 0.5 kg, which indicated coffee moisture between 10 and 12% w.b. This moisture was verified in situ by measuring the capacitance of the sample using a grain moisture tester (PM-450, Kett, Tokyo, Japan). Samples of 2 kg of dpc were packed, labeled, and transported to the Cenicafé Postharvest Discipline laboratory to perform moisture determinations following International Organization for Standardization (ISO) 6673, 2003 [23]. Subsequently, the samples were stored in a room with controlled conditions (16 ± 1 °C and 65% RH) for later analysis.




2.4. Physical and Sensorial Analyses


To determine physical and sensory quality, threshing was carried out (C-250, Kaffemat, Bogotá, Colombia) to obtain green coffee beans. Granulometry analysis was carried out using 100 g samples of coffee beans to determine the size of the beans and physical defects, especially of brocaded beans, following the procedure established by the Specialty Coffee Association (SCA) [24].



The bulk density analysis of the green coffee beans was carried out in accordance with the procedure established in ISO 6669: 1995 [25]. Samples of green coffee beans were passed through a feeder tank with the dimensions indicated in the standard of a 1 L volumetric container, ensuring a distance of 76.2 ± 1.5 mm between them, allowing the mass to flow freely until overflowing; excess beans were removed by leveling the top of the container. The coffee mass was recorded after the procedure.



Regarding the sensory quality of the samples, a panel of experts accredited for coffee cupping [26] roasted and ground the beans and prepared the beverage and then rated the quality attributes through the use of the Specialty Coffee Association (SCA) protocol [27]. The evaluation protocol is internationally recognized, and it considers ten attributes for coffee beverage sensory profile, including fragrance/aroma, uniformity, cleanliness, sweetness, flavor, acidity, body, aftertaste, balance, and overall impression. Each attribute was evaluated on a scale of up to 10 points, and the sum of the values of these attributes generated each sample qualification; the higher the score, the better the beverage quality. This scale made it possible to identify alterations in the attributes that reveal unpleasant flavors, identified as quality defects, whose total cup scores are less than 60 points. The panel consisted of five Q-Grader tasters, and each taster evaluated each of the coffees’ attributes with five cups per sample.




2.5. Physicochemical Analysis


The analysis of the physical and chemical characteristics of the coffee in each climatic zone consisted of a description of color, water activity, acidity, fat, and ash content, using the procedures described below. All the determinations were carried out in triplicate.



The color of coffee beans was determined using a photocolorimeter (HunterLab ColorQuest XE, Reston, VA, USA) with a D65 illumination source at an observer angle of 10°. The sample holder of the equipment was filled with whole coffee beans until the bottom was completely covered and the color was determined via reflection on the grain surface. Tristimulus color coordinates were recorded in the CIELab color space, in which there are three readings: lightness (L*), which measures the intensity of the reflected color with values between 0 and 100, where 0 is black and 100 is white; variable a* measures the amount of green or red in an image, being negative for green and positive for red; and the variable b* measures the amount of blue and yellow in the image, being negative for blue and positive for yellow.



The water activity (aw) of the coffee beans was determined using a dew point hygrometer (LabMaster, Novasina, Lachen, Switzerland) at 25 °C. Whole bean coffee was used. The background of the measurement cell was completely covered with the sample to avoid deviations in the measured values. The aw is given by the following Equation (2):


    a   w   =     P   v       P   v   *      



(2)




where aw is the decimal water activity, Pv is the vapor pressure in the coffee beans, and     P   v   *     is the vapor pressure of pure water under the same temperature conditions.



The pH of the samples was determined via potentiometry using a pH meter (704, Metrohm, Herisau, Switzerland) following the methodology described by Cortés Macías et al., 2022 [28] with the following modifications. Samples (1 g) of ground coffee were diluted in 10 mL of distilled water, the homogenate was filtered, and the pH was measured.



The fat content of the dpc beans was measured using the crude fat method by Soxhlet (AOAC 920.39). For this, samples (1 g) of ground coffee obtained via cryogenic grinding were taken in a Soxhlet cellulose thimble. The extraction of the ether phase was carried out with petroleum ether in a Soxtec extractor (ST 243 Soxtec, Foss, Hillerod, Denmark), with a preheating stage at 90 °C for 10 min. The solvent recirculation process was carried out at 90 °C for 40 min. The fat content of the samples was expressed as a percentage (w.b.).



The ash content of the dpc was evaluated using the protocol described in AOAC 942.05. A muffle Thermolyne (FB1414M Thermos Scientific, Waltham, MA, USA) was employed. The organic matter was calcined at 550–600 °C. The ash content was expressed as a percentage (% w.b.).




2.6. Statistical Analysis


The average and interval were obtained with a 95% confidence interval. In addition, the standard deviation and median, minimum, and maximum sensory scores for each attribute were estimated for the coffee produced in each climatic zone. The same process was carried out for the physical and physicochemical characteristics of coffee. To evaluate differences in drying times and total SCA scores for the coffee samples from the two climatic zones, the Wilcoxon signed-rank test was performed because the samples did not follow a normal distribution. Additionally, the chi-square homogeneity test was performed to determine if there were differences between the distribution of the number of clean and defective cups. The statistical program SAS/STAT version 9.4 was used [29].





3. Results and Discussion


3.1. Description of Environmental Conditions during Solar Drying Processes


The humidity, environmental temperature, and solar brightness during solar drying were different between the climatic zones, corroborating said classification and allowing the generation of different conditions for drying. Zone 1, with the lowest average annual solar brightness (2.99 h, with a range between 0.38 and 6.99 h), presented a lower average temperature (19.82 °C, with a range between 14.70 and 30.25 °C) and higher relative humidity (85.00% with a range between 55.89 and 97.90%) during the drying tests. The average values of climatic zone 2 were 22.02 °C, minimum 15.90 °C, and maximum 32.69 °C, with a relative humidity of 84.84%, minimum 52.14%, maximum 98.40%, and with a solar brightness of 3.07 h, minimum 0.50 h, and maximum 6.38 h.



The thermal amplitude values were between 9.9 and 20.1 °C and between 12.8 and 21.4 for zones 1 and 2, respectively. The farms selected for the evaluations were framed within the previously defined and differentiated characteristics.



The sampling period and the control and recording system allowed for the estimation of daily trends, generating average values per hour. The main differences between the variables inside and outside the dryer were observed between 10:00 a.m. and 4:00 p.m., when climatic zone 2, with the highest number of hours of annual sunlight, had lower relative humidity than did climatic zone 1 (Figure 4b). This translates into a greater daily air drying capacity. Additionally, the mean temperature values were higher than those in zone 1 across 24 h (Figure 4a). The trends of these variables, for approximately 16 h, i.e., between 5:00 p.m. and 9:00 a.m., with a relative humidity close to 100% and a temperature of approximately 20 °C, made it difficult to reduce moisture in the beans.



The proper functioning of the control system was confirmed because the maximum average temperature inside the dryers was not higher than 46 °C (Figure 4a), per the programming criteria described in Section 2.2, activating the exhaust fan to renew the air when the temperature inside the dryer reached 45 °C. Using the control and recording system allowed for the identification of differences between the dryers’ internal and external temperature and relative humidity values. For temperature, the internal temperatures were higher than the external temperatures, with average values up to 3.9 °C and maximum values up to 13 °C (Figure 5a). The drying capacity of the air inside the dryers was higher than outside the dryer, as evidenced by the lower relative humidity, with differences up to 12.4% on average concerning the relative humidity of the environment outside the dryer (Figure 5b).



The automatic recording and control system allowed for monitoring and controlling the conditions inside the dryer. There was a record of the monitoring of mass loss for all of the coffee available in the dryer, with a continuous sampling time of 5 min, which allowed for determining the trend of the loss of moisture throughout the drying process using the gravimetric method. Other tests have been reported for small coffee samples, for drying in a thin layer and with the potential of telemonitoring control, with results that can be integrated into the system proposed herein [30]. The monitoring of temperature and relative humidity inside solar coffee dryers has been previously reported [31,32] under different production conditions. Although it is a challenge to control the variables inherent to solar drying, it can be a useful tool to understand the process under a given condition and estimate values for process optimization, as used for the forced-air drying of coffee. In this case, the instrumentation allowed for simulating the process and knowing in advance the time required for the amount of coffee [33,34]. Similar mass monitoring systems have been used for other agricultural products, in which the mass of a sample up to 1 kg can be recorded and alerts can be sent via text message to mobile devices [35,36]. This technology can be adapted to the monitoring of variables for the solar drying of coffee to determine the opportune moment to stop solar drying and avoid economic losses.




3.2. Coffee Drying Time and Moisture Trends


The moisture of the dpc obtained after the drying cycle was within the moisture range of hygroscopic equilibrium (10–12% w.b.) (Table 2). Therefore, the first physical and sensory quality criterion was met. The characteristics of the production areas can affect the moisture of coffee after drying, and the difference can be significant in some places depending on climatic variables [37]. This is not the case for the conditions evaluated in this investigation.



As seen in Table 2, the drying time to obtain the moisture value was significantly higher for climatic zone 1 (p = 0.0025, Wilcoxon test), and the variability between the different drying runs was greater. A total of 82.8% of the drying batches in zone 2 needed between 169 and 336 h to achieve the appropriate moisture level. To obtain coffee with a moisture close to 11% w.b., 40% of the batches in zone 1 required times greater than 336 h. Solar drying times have been compared among processing methods, i.e., dry, semidry, and wet; the differences reported are due to the initial moisture of the coffee, which depends on the state of the bean, either in fruit, mucilage, or wet parchment, respectively [28]. For solar drying, the process time depends on the type of dryer, the climatic conditions and the amount of coffee, among others. In a previous study, the time to reduce the moisture to 10% w.b. was 69 h, using a thin layer in a hemispherical solar drying system, with an average environmental temperature of 28 °C and without control of variables to avoid high temperatures [30]. Therefore, the information presented herein contains the first data values for two different climatic conditions under the same solar drying system for coffee using the wet method.



Using the solar brightness information collected from the climatic stations in the zones [17], the number of hours of average solar brightness accumulated to obtain the desired coffee moisture was calculated. The drying carried out in climatic zone 1 required a greater number of accumulated hours to reach the hygroscopic equilibrium moisture (45.58 h), which on average was 12.75 h longer than that required in zone 2 (32.83 h), a difference that represents between three and four more days of drying in zone 1.



Because the evolution of solar drying depends entirely on the environmental conditions in which the process takes place, each drying curve, that is, the relationship between the loss of moisture from the beans and drying time, has different behavior. Figure 6 presents a typical drying curve for each climatic zone, with differences in the process time, together with the humidity and temperature for the air inside the dryer during the batches. The moisture curves for coffee were not continuous lines because the air from the environment did not have drying capacity most of the time when the air temperature decreased at night. The drying times were 341 h and 195 h (Figure 6a,b) for zones 1 and 2, respectively; there were temperature peaks during the day higher than 40 °C in zone 2 (Figure 6d), conditions that were not observed in zone 1 (Figure 6c). In general, when there was an increase in the temperature and a decrease in the humidity of the air inside the dryer, there was a rapid decrease in coffee moisture. In zone 1 (Figure 6a), the coffee moisture stabilized near 20% w.b. between approximately 200 and 280 h, which coincided with relative humidity values higher than 60%. In zone 2, there was a greater drying capacity of the air, and the time with relative humidity levels lower than 60% was longer, as reflected in daily peaks of decreases in coffee moisture between 5.11 and 9.01% per day. For zone 1, this decrease was between 1.29 and 5.77% per day. The effective drying times were 172 h and 85 h for zones 1 and 2, respectively.



The drying rate was variable depending on the daily climatic condition, which was also different for the two climatic zones, i.e., greater than 0.52%/h for zone 2 and lower than that for zone 1 (Figure 7a). The same behavior was identified for obtaining natural coffee during drying at different air temperatures; higher temperatures lead to higher drying rates [38]. During the drying process, a moisture gain in the coffee was observed in the periods when the drying was stopped, known as rewetting, which presented an inverse linear behavior with the coffee moisture; the lower the coffee moisture, the greater the rewetting of the coffee beans due to the inverse relationship between the moisture of the beans and the humidity of the air (Figure 7b). Just as the drying rate is lower at lower coffee moisture, indicating that water reduction becomes difficult, the vapor pressure of the saturated air is higher than coffee beans’ vapor pressure, causing a gain of water due to the adsorption forces of the grain [39]. This behavior also depends on the psychrometric conditions in each area because atmospheric pressure varies with altitude. For example, the atmospheric pressure for the farms in Figure 7, located at an elevation of 1820 and 1210 m, was 81.2 kPa and 87.6 kPa (0.80 atm and 0.86 atm), respectively. For this case, with an air humidity of 100% at night, the temperature was above 20 °C for zone 2 and below 20 °C for zone 1. The air with the greatest drying capacity is in the zone with the lowest atmospheric pressure.



In zone 1, the drying rate was close to 0.02%/h when the moisture of the beans was 38.0% w.b., and in zone 2, the same drying rate was observed when the coffee had a moisture of 46.8% w.b. The moisture gain of the beans implied a greater demand for energy during drying to achieve the desired decrease in the beans, even more so when it was estimated that the total rewetting of the two processes was similar, i.e., 14.9% and 14.7% for zones 1 and 2, respectively.




3.3. Physical and Sensorial Analysis


The physical quality, described via bulk density and granulometry, were similar to those of the coffee obtained via solar drying in climatic zones with two different levels of solar brightness. Descriptively, the beans from zone 1 had a higher bulk density and a size between meshes 14 and 17, and the batches from zone 2 contained a higher proportion of larger beans and brocaded beans (Table 3); however, the differences were not significant for any of the physical variables evaluated concerning the two solar drying conditions evaluated.



Bulk density is a physical characteristic that varies by species. Beans of the Arabica species are more dense than beans of the Robusta species [40]. Different levels of crop elevation do not influence changes in this variable [41]. This variable can vary widely; therefore, differences in real density can be detected, for which measurements are made bean by bean [42]. Regarding size, most of the beans from the two climatic zones were greater than 18 mesh, indicating the characteristics of the variety used in the study. The size of the beans is a variable defined in the field, where appropriate fertilization practices improve this relationship. Crop nutrition, especially in sulfur and zinc levels, has been strongly correlated with better grain size [40].



Brocade grains are related to the temperature requirements of insects because the higher the temperature is, the shorter the life cycle of the insect; therefore, there are a greater number of generations [43]. However, the values for the two climatic zones did not exceed the thresholds of economic damage or the standards for quality [44,45]. Additionally, a large part of the brocaded fruits and grains was removed in the classification processes carried out during the postharvest process.



Regarding sensory qualities, Table 4 shows the values of the main attributes and the total score. For the two climatic zones, 77.8% of the samples were classified as specialty coffee. Uniformity, sweetness, and clean cup received scores of 10 points, consistent with the attributes of Colombian coffee. Although there were samples of coffee with defects, there were no significant differences between the climatic zones (p = 0.2014, chi-square test). In the samples that were not classified as clean cups, the earthy defect was the most predominant (69%), especially in climatic zone 2; however, there were no significant differences between the climatic zones (p = 0.2014, chi-square test). The median, average, and maximum values for the total score and the attributes were higher for zone 1 coffee.



The main variations in the sensory quality of coffee are related to the processing method, i.e., dry, semidry, or wet [28,46,47]. Coffee produced via the wet method is characterized by having greater acidity and aroma than coffee produced via the dry and semidry methods [28]. Differences have been observed in the chemical composition of coffee obtained via different drying methods; however, evaluations of different geographical locations in the same region [37] and drying methods [48] have indicated that there are no differences in the overall organoleptic quality. The main differences in drying have been observed with respect to the drying method, i.e., solar or mechanical. The quality of coffee obtained with a solar tunnel, in the open air, and with forced air was different only for the latter, with a taste rating lower than that for solar drying [3]. Therefore, solar drying under plastic covers, with short or long drying times, does not generate differences in overall quality or in the individual attributes of overall quality.




3.4. Physicochemical Analysis


The results of the basic physicochemical tests carried out on the coffee samples corroborated the physical and sensory quality information. For color, water activity, pH, acidity, ash, and total fat content, there were no significant differences between the evaluated drying conditions (Table 5), despite the differences in drying time. Additionally, the values obtained were within the reference ranges for each variable, being similar to those reported in other studies.



Solar drying causes the photodegradation of compounds, which leads to a change in color, which is further affected by long drying times. However, different ways of performing solar drying under plastic covers did not affect color. Species and processing method are factors that define the color of coffee beans, with Arabica coffee beans being greener than Robusta beans [40]. Additionally, beans obtained via the wet method are greener than those obtained via the dry and semidry methods [28,49].



Regarding water activity, the values obtained were related to the moisture content of the coffee and within the reference values for coffee processed with the wet method [28]. Different drying methods and temperatures did not affect water activity, with values close to 0.59 [48]. In addition, values below 0.62 are related to the best conditions for maintaining texture and color properties during storage [50].



Solar drying did not affect the total fat content. The variation reported has been associated with environmental factors or genotype, and high fat content is associated with better cup quality [51]. The total fat content showed low variability and was within the reference values reported for healthy Arabica coffee beans [40,52].



Although there are multiple factors that can affect the fat content in seeds, the drying method used does not represent a relevant condition for this parameter, being more associated with the variety of coffee. In this case, the drying conditions did not present statistically significant differences of the beans during drying, indicating that the temperature ranges reached are not strong enough to generate the degradation of the beans.





4. Conclusions


The solar drying process of coffee was conducted under two climatic conditions; there were differences in the drying time without affecting the physicochemical characteristics and physical and sensory quality.



The recording of information on the temperature and relative humidity of the air during drying allowed for the identification of differences in the evolution of the solar drying process under two climatic conditions with different levels of solar brightness. The results can be used to provide recommendations for the management of coffee in dryers and improve the efficiency of processing in each climatic zone to avoid beans with moisture problems or defects due to an excess or deficiency of drying. The automatization of the drying process variables constitutes an important factor for standardizing washed coffee production and its quality.



The continuous recording of bean mass inside the dryer was used to establish drying rates between 1.29 and 9.01% w.b/day, which varied depending on the climate of each climatic zone. Similarly, the percentage of rewetting was directly related to the coffee moisture, with the highest rates occurring in the final drying stages. This behavior was observed when the relative humidity of the air was saturated. As is well known, there are many factors that affect the physicochemical characteristics of dry parchment coffee. However, in the Department of Quindío (Colombia), the solar brightness levels in different zones of the department did not present important changes in the aw, fat, and ash content, representing a great homogeneity in the postharvest process and generating quality coffee with grades above 80 points in the SCA protocol. The differences in the solar drying time, generally between 253.3 h and 371 h, under the two climatic conditions did not influence the resulting coffee’s physical and sensory quality or physicochemical characteristics.



In the two climatic zones, classified by level of solar brightness, the solar drying of coffee was possible following the minimum recommendations for this process. In producing good-quality coffee, starting with ripe fruits and applying recommendations for good postharvest processing is crucial. Therefore, the solar drying of coffee contributes to the maintenance of quality characteristics intrinsically provided by the variety and species, the climatic conditions during fruit growth, and good agronomy practices.
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Figure 1. Geographic location of the study area, including the climatic zones and solar brightness (a) in the coffee-growing zone of Colombia (b). 
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Figure 2. Drying equipment used for solar coffee drying, external view (a). Drying equipment used for solar coffee drying, internal view (b). 
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Figure 3. Control system diagram. 
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Figure 4. Trends of the average environmental temperature (a) and relative humidity (b) during the day in the two climate conditions. 
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Figure 5. Environmental conditions in each climatic zone during solar drying processes: (a) air temperature (°C) and (b) relative humidity (%). 
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Figure 6. Moisture loss from coffee during solar drying under different levels of solar brightness (a,b) and temperature (orange line) and relative humidity (blue line) during drying (c,d). 
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Figure 7. Coffee drying rate (% w.b./h) (a) and rewetting rate (b) (% w.b./h) under two climate conditions. 
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Table 1. Average annual climatic conditions of the coffee farms sampled in each climatic zone.
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Climatic

Zone

	
Farm

	
Batches

(N°)

	
Elevation

(m)

	
Solar

Brightness

(h)

	
Rainfall

(mm)

	
Relative

Humidity

(%)

	
Temperature (°C)




	
Median

	
Max

	
Min






	
1

	
1

	
2

	
1816

	
1226

	
2571

	
83

	
18.1

	
23.1

	
14.0




	
2

	
5

	
1820

	
1235

	
2356

	
83

	
18.2

	
23.1

	
14.0




	
3

	
2

	
1781

	
1250

	
3299

	
82

	
18.0

	
23.3

	
14.1




	
4

	
3

	
1716

	
1283

	
2285

	
82

	
19.0

	
23.9

	
14.5




	
5

	
5

	
1583

	
1322

	
2671

	
80

	
19.6

	
24.8

	
15.2




	
6

	
4

	
1580

	
1373

	
3107

	
80

	
19.6

	
24.8

	
15.2




	
2

	
1

	
5

	
1489

	
1441

	
2924

	
79

	
20.2

	
25.6

	
15.7




	
2

	
5

	
1414

	
1509

	
2755

	
78

	
20.7

	
26.2

	
16.1




	
3

	
5

	
1322

	
1581

	
2488

	
77

	
21.2

	
27.0

	
16.5




	
4

	
5

	
1311

	
1654

	
2502

	
77

	
21.3

	
27.2

	
16.8




	
5

	
7

	
1210

	
1746

	
2210

	
77

	
21.9

	
28.0

	
17.3











 





Table 2. Average values, variation, and range for coffee moisture and solar drying time under two climatic conditions.
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Climatic Zone

	
Variable

	
Average

	
Standard Deviation

	
Minimum

	
Maximum

	
Relative Standard Deviation (%)






	
1

	
Coffee moisture (% w.b.)

	
10.77

	
0.63

	
9.90

	
11.70

	
5.8




	
Drying time (h)

	
371.4

	
189.5

	
125.2

	
865.7

	
51.0




	
2

	
Coffee moisture (% w.b.)

	
11.03

	
0.58

	
10.00

	
12.00

	
5.3




	
Drying time (h)

	
253.3

	
71.6

	
148.1

	
457.3

	
28.3











 





Table 3. Descriptive statistics for the physical characteristics of coffee obtained under two climate conditions during solar drying.
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Variable

	
Climatic

Zone

	
Minimum

	
Maximum

	
Median

	
Average

	
Lower

Bound

	
Upper

Bound

	
Standard

Deviation






	
Bulk density (g/L)

	
1

	
719.5

	
766.4

	
747.7

	
744.3

	
738.1

	
750.6

	
12.7




	
2

	
730.1

	
767.1

	
742.7

	
743.4

	
740.4

	
746.4

	
7.9




	
18 mesh

(%)

	
1

	
26.7

	
63.1

	
46.7

	
47.5

	
42.0

	
51.3

	
8.3




	
2

	
42.5

	
69.6

	
52.9

	
53.9

	
48.3

	
57.4

	
9.2




	
17 mesh

(%)

	
1

	
21.0

	
37.0

	
28.3

	
27.6

	
26.1

	
30.6

	
4.1




	
2

	
15.5

	
34.5

	
25.3

	
24.8

	
22.7

	
27.8

	
5.3




	
16 mesh

(%)

	
1

	
2.8

	
22.0

	
14.0

	
14.0

	
11.5

	
16.4

	
4.2




	
2

	
6.8

	
18.7

	
12.1

	
11.9

	
10.6

	
13.6

	
2.7




	
15 mesh

(%)

	
1

	
4.1

	
20.4

	
6.3

	
7.5

	
5.9

	
9.2

	
3.8




	
2

	
3.1

	
10.2

	
6.2

	
6.4

	
5.4

	
7.4

	
2.4




	
14 mesh

(%)

	
1

	
0.6

	
9.0

	
2.2

	
2.4

	
1.6

	
3.2

	
1.8




	
2

	
0.6

	
4.0

	
2.0

	
2.1

	
1.7

	
2.6

	
1.0




	
Brocade grain stage 1

(%)

	
1

	
0.0

	
3.8

	
0.6

	
1.1

	
0.4

	
0.8

	
1.1




	
2

	
0.0

	
9.1

	
1.4

	
2.1

	
1.3

	
2.9

	
2.1




	
Brocade grain stage 2

(%)

	
1

	
0.0

	
3.7

	
0.6

	
0.9

	
0.4

	
0.5

	
1.0




	
2

	
0.0

	
5.0

	
0.8

	
1.3

	
0.8

	
1.9

	
1.4











 





Table 4. Descriptive statistics of the sensory qualities (SCA points) of coffee obtained under two climate conditions during solar drying.
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Variable

	
Climatic

Zone

	
Minimum

	
Maximum

	
Median

	
Average

	
Lower Bound

	
Upper Bound

	
Standard

Deviation






	
Total score

	
1

	
78.75

	
85.25

	
81.20

	
81.37

	
80.69

	
82.06

	
1.51




	
2

	
79.00

	
84.00

	
80.75

	
80.93

	
80.26

	
81.60

	
1.35




	
Frag/aroma

	
1

	
6.81

	
8.00

	
7.50

	
7.50

	
7.39

	
7.61

	
0.27




	
2

	
6.75

	
7.75

	
7.38

	
7.31

	
7.23

	
7.40

	
0.21




	
Flavor

	
1

	
6.00

	
8.00

	
7.23

	
7.09

	
6.87

	
7.31

	
0.55




	
2

	
6.00

	
7.75

	
7.13

	
6.71

	
6.45

	
6.97

	
0.65




	
Aftertaste

	
1

	
6.00

	
8.00

	
7.10

	
7.01

	
6.80

	
7.22

	
0.53




	
2

	
6.00

	
7.50

	
7.00

	
6.63

	
6.40

	
6.87

	
0.58




	
Acidity

	
1

	
6.00

	
7.75

	
7.28

	
7.13

	
6.91

	
7.36

	
0.55




	
2

	
6.00

	
7.75

	
7.19

	
6.74

	
6.47

	
7.02

	
0.67




	
Body

	
1

	
7.00

	
7.75

	
7.35

	
7.32

	
7.24

	
7.40

	
0.20




	
2

	
7.00

	
7.50

	
7.25

	
7.21

	
7.13

	
7.29

	
0.20




	
Balance

	
1

	
6.00

	
7.75

	
7.19

	
7.07

	
6.86

	
7.28

	
0.52




	
2

	
6.00

	
7.50

	
7.13

	
6.70

	
6.45

	
6.96

	
0.62











 





Table 5. Descriptive statistics for the physicochemical variables of coffee obtained under two climate conditions during solar drying.
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Variable

	
Climatic

Zone

	
Minimum

	
Maximum

	
Median

	
Average

	
Lower

Bound

	
Upper

Bound

	
Standard

Deviation






	
L*

	
1

	
34.2000

	
74.3000

	
55.8000

	
56.0295

	
46.3128

	
65.7462

	
9.7167




	
2

	
34.1000

	
76.4000

	
57.9000

	
56.9325

	
48.4275

	
65.4375

	
8.5050




	
a*

	
1

	
1.2000

	
7.7000

	
4.0000

	
4.2564

	
2.9068

	
5.6060

	
1.3496




	
2

	
0.9000

	
10.5000

	
3.7000

	
3.9024

	
2.4774

	
5.3274

	
1.4250




	
b*

	
1

	
11.8000

	
26.6000

	
20.1500

	
19.4141

	
16.0790

	
22.7492

	
3.3351




	
2

	
13.5000

	
33.9000

	
19.0500

	
19.4714

	
15.9565

	
22.9863

	
3.5149




	
aw

	
1

	
0.5335

	
0.6867

	
0.6143

	
0.6065

	
0.57609

	
0.6370

	
0.0304




	
2

	
0.5361

	
0.7282

	
0.62085

	
0.6209

	
0.5853

	
0.6565

	
0.0356




	
pH

	
1

	
4.5600

	
6.6900

	
5.9100

	
5.7160

	
5.0566

	
6.3755

	
0.6595




	
2

	
4.5600

	
6.7300

	
5.7900

	
5.6099

	
4.8641

	
6.3556

	
0.7457




	
Ashes

(%)

	
1

	
2.69

	
11.86

	
3.94

	
5.17

	
2.52

	
7.82

	
2.65




	
2

	
2.94

	
17.67

	
4.07

	
5.80

	
2.47

	
9.12

	
3.32




	
Total fat

(g/100 g coffee)

	
1

	
5.92

	
11.31

	
8.99

	
8.92

	
7.59

	
10.26

	
1.34




	
2

	
6.46

	
10.98

	
9.51

	
9.31

	
8.32

	
10.30

	
0.99
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