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Abstract

:

About 70% of the harvested coffee is exported to the industrialized nations for value addition due to lack of processing and logistic facilities in developing coffee producer countries, thus leaving behind a marginal economic return for the growers. This research was conducted to investigate the roasting capacity of an innovatively developed batch-type directly solar radiated roasting system for the decentralized processing of coffee using solar energy. Central composite rotatable design (CCRD) was employed to design the experiments to optimize the coffee roasting process. Experimental results revealed that with an average solar direct normal irradiance (DNI) of 800 W/m2, the roaster was capable of roasting a batch of 2 kg coffee beans in 20, 23, and 25 min subjected to light roasts, medium roasts, and dark roasts, respectively at a drum speed of two revolutions per minute (rpm). The batch-type solar roaster has the capacity to roast 28.8–36 kg of coffee beans depending on dark to light roasting conditions on a clear sunny day with DNI ranging from 650 to 850 W/m2. The system thermal efficiency during coffee roasting was determined to be 62.2%, whereas the roasting efficiency at a corresponding light roast, medium roast, and dark roast was found to be 97.5%, 95.2%, and 91.3%, respectively. The payback period of the solar roaster unit was estimated to be 1038 working sunshine hours, making it viable for commercialization.
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1. Introduction


Coffee (Coffea spp.) is widely cultivated throughout the tropical regions comprising more than 70 species, all of them originating from Africa. Among them, Arabica (Coffea arabica, 64% of world production) and Robusta (Coffea canephora, var. Robusta, 35%) are economically important varieties that are being grown worldwide on an estimated area of 10.3 million hectares and represent the sole economic income for more than 25 million families of the developing world [1,2]. In 2021, about 11.08 million US tons (MT) of coffee were being produced, but a majority of this produce (7.75 MT) was imported by the industrialized countries in perishable bean form for value additions due to the lack of processing and logistic facilities in developing coffee producer countries who were able to export only 1.45 MT processed coffee (roasted and ground, and soluble) form, offering a very marginal economic benefit to them [3]. The escalating fossil fuel prices further burden up the cost of processing for existing facilities in producer countries, especially in those rural and far-flung farm areas where centralized grid connections are not available and even if available, only the populated areas are connected to the transmission lines for meeting only the domestic needs, while the majority of the agricultural processing operations are carried out at farmlands away from residential areas of the villages [4]. The individual villages are small socioeconomic units but often underappreciated in centralized energy planning models due to the higher cost of infrastructure and transmission lines for scattered populations, which ultimately uplift the overall consumption of carbon-based fuels and lead to environmental degradation. This whole scenario overburdens the deprived farmers and indirectly enforces them to sell their perishable agricultural produce in the local markets without adding any remarkable value, thus returning them a meagre profit [4,5]. Therefore, there is a dire need to devise sustainable solutions for the coffee growers that simultaneously can address their energy-deficient scenario and upsurges decentralized coffee processing facilities in a scientific manner using their local renewable resources, i.e., solar.



With the development of state-of-the-art technologies, immensely available solar power can be utilized for adding value to green coffee beans [6]. In adding value to the coffee, roasting is an energy-intensive unit operation in which green coffee beans are exposed to heat treatment at high temperatures over 200 °C for a specific time to attain color, aroma, and taste [7]. The roasting process is comprised of three main phases viz., drying, roasting, and cooling during which heat and mass transfer occur inside the coffee beans by means of convection and conduction mechanisms. Consequently, with the increase in temperature, various physical and chemical changes take place inside the beans including exothermic reactions and water evaporation that results in the development of color, aroma, and taste characteristics of the coffee [8,9]. The heat energy is used to evaporate the water in the early stages of the roasting process [10]. The rate of evaporation is high in the beginning and then slows down gradually toward the end of the roasting process. Several investigations have been made to determine the heat transfer properties in coffee during roasting. The specific heat of Green Arabica’s was determined and reported as 1.85 Jg−1 °C−1 in beans with 7.5% humidity, which is slightly higher than the specific heat of Robusta’s (1.46 Jg−1 °C−1) containing 4.5% humidity whereas, in the roasted coffee bean, it was also 1.46 Jg−1 °C−1 at 2.5% humidity [11,12]. The degrees of roasting are controlled by roasting time and temperature, which are necessary for the required chemical reactions without burning the beans and compromising the flavor of the beverage [13] and were qualitatively assessed for color and classified as a light, medium, or dark roast [14,15]. Achieving an ideal roast is a goal that is complicated, since coffee beans behave differently and produce distinct results in physical properties, chemical composition, and biological activities when roasted under different conditions [16].



Traditional methods for roasting coffee beans use large iron pans that were exposed to fire by burning coals. The slender spoon was used for the mixing of coffee beans during roasting [17]. These conventional coffee roasting techniques are uncontrolled, energy-wasting, inefficient, and time consuming. Technological efforts have been increasingly made in recent years for developing sophisticated technologies for coffee roasting to produce coffee of the same quality as coffee using the manual roasting method [18]. Considering coffee roasting methods, generally, the batch or continuous roasting systems have employed that transfer the heat to the beans by direct contact with hot metal surfaces (conduction) or through hot air streaming media (convection), or by radiation [19]. Drum-type roasters comprising a rotating cylinder design are widely used roasting systems in which heat is provided through hot air to the coffee beans inside the cylinder through the perforated wall or from the center of the cylinder to ensure homogeneity of the roast. One of the recent developments in coffee roasting technology is fluidized bed roasting [20] in which high-velocity hot gas is directed toward the beans, usually from the bottom of the roasting machine, so that the gases heat and move the floating beans simultaneously. Industrial coffee roasters either use a gas-fired revolving oven, in batch type or continuous roasters for controlling the temperature, feeding rate, and time during the roasting process to achieve uniformly roasted coffee. However, all these large-scale roasters are not economically affordable by small and medium-level coffee farmers, rising costs for fossil fuel further increases roasting costs that turned the mindset to think out of the box for exploring the sustainable ideas of energy production.



Although the potential of solar thermal energy is vast in tropical regions that provide the most favorable conditions to address the high-temperature post-harvest processing facilities, unfortunately, the utilization of this extensive potential is mainly limited to low-temperature processing operations such as the drying of agricultural products [21,22]. Beyond the low-temperature applications, the roasting of different agricultural products is a promising field in the developing countries of tropical regions. The daily average DNI ranging from 5.5 to 7.5 kWh/m2 with yearly sunshine of more than 300 days [23] provides an excellent opportunity for the development of innovative technologies to meet this challenging and need-based assignment. Up to now, there has been very little work on the value addition of post-harvest using solar thermal energy moving toward medium to the high-temperature range for the processing of perishable agricultural products [24] and roasting of nuts and beans [6,25,26]. This massive solar potential can be utilized through decentralized applications of solar thermal energy especially in rural areas through the development of innovative solar technologies for decentralized applications in coffee processing, which can scale up the farm-gate processing facilities for coffee growers of tropics.



In recent years, many innovative solar heat tapping devices such as parabolic trough (line focus), linear Fresnel (line focus), parabolic dish (point focus), and heliostat field (point focus) were introduced, but they are rarely applied for industrial purposes. There are also fixed focus and tracking problems present in them [27]. Among the available solar concentrating technologies, the Scheffler fixed-focus concentrator is the best suitable option for generating heat energy in medium to the high-temperature range with a variety of reflector sizes ranging from 2 to 60 m2 [28,29,30]. The versatility of the Scheffler reflector is the fixed focus at the targeted position by automatically tracking the sun, which provides a uniform temperature distribution on the focus point throughout the day. At the focus point, a temperature up to 700 °C is achievable depending on the size of the Scheffler reflector [21,31]. The development and coupling of innovative solar concentrating devices in the medium to high-temperature range had opened new landmarks for decentralized processing of agricultural products such as roasting coffee.



Acknowledging all the above-cited literature, this research initiative has been taken to develop an on-farm coffee roasting system that is capable of roasting coffee of 1–3 kg batch capacity by using a Scheffler solar concentrator (8 m2) that focuses on direct normal irradiance (DNI) throughout the day by a photovoltaic-driven gear motor-tracking mechanism to achieve maximum available temperature on the roasting drum. The extensively used tool for the optimization of food processes is Response Surface Methodology (RSM), which has been incorporated in research methodology for investigating roaster optimum operational parameters i.e., roasting time, drum rotational speed, and feeding capacity for achieving a light, medium, and dark-roasted coffee in comparison with industrial roasters coffee quality. The developed roaster had probed into the possibility of shifting the roasting process to solar thermal energy, thereby providing a decentralized cost-effective solution by negating the environmental impact. Alternative resources of non-carbon-based energies are the only futuristic, viable, and long-lasting alternatives. Coffee roasting using an unlimited vast source of solar energy would be the most simplistic tool for the efficacious on-farm roasting, which is easily operable by the unschooled coffee farmers for greater socio-economic benefit.




2. Materials and Methods


2.1. Experimental Setup and Data Acquisition


The solar batch-type roasting machine was equipped with a pyranometer and thermocouples (K-types) via a data logger attached to the computer. The data were recorded in 10 s time intervals during roasting experiments. Thermocouples were connected with the roaster drum to measure the focus temperature, drum air temperature, and coffee beans temperature throughout the roasting experiments. The pyranometer was fixed at the Scheffler reflector for continuously facing the sun through a black pipe of length 100 mm fixed on it for only allowing to record the direct normal irradiance (DNI). The Scheffler concentrator was mounted with a daily tracking mechanism working on an automatic photovoltaic (PV) sun tracking system comprised of a PV-powered direct current (DC) gear motor and for the seasonal adjustments due to the sun declination angle throughout a year, the manually adjusted telescopic clamps were installed to precisely focus the DNI onto the roasting drum. Moisture content (MC) was determined at various stages of roasting by evaluating samples (100 g each) collected in an airtight container to prevent moisture and foreign contamination. The process for determining the MC of roasted and green beans was in accordance with the method (925.09) specified in the Official Methods by Analytical Chemists (AOAC) [32]. To determine the color parameters of green, light roast, medium roast, and dark roast coffee beans (Coffea arabica L.), a colorimeter Konica Minolta CR400 (Osaka, Japan) was used. The colorimeter has been calibrated before every single measurement by standard tile (i.e., white). The measured values per coffee beans sample were averaged to describe the color parameters of coffee beans within the CIELab color space. The coordinates of the experimental site for roasting were 51°20′45.76″ N (latitude), 9°51′52.08″ E (longitude) from a mean sea level elevation of 137 m. Figure 1 illustrates a solar coffee roasting system.




2.2. Description and Working Mechanism of Solar Batch-Type Roaster


The development work of the batch-type solar roasting machine consists of a technical drawing for designing a roaster, development of various roaster components, material selection for various components of the roaster, and experimental test on the newly constructed roaster. The whole roasting unit was fabricated using stainless steel material. The size (diameter × length) of the roasting cylinder was set at 400 mm × 400 mm. A gear motor was installed for rotating the drum during the process. The rotating drum brings the conduction process quite high during roasting. The solar roasting machine uses the most efficient heat transfer conduction process for coffee beans roasting by the drum rotating technique. In this type, the coffee beans are fetched into the cylindrical-shaped chamber called a roasting drum. As the drum rotates, it mechanically fluidizes the coffee beans mass by turning horizontally, and the blades were fixed inside the rotating drum to axially mix the coffee beans during roasting. The drum blades inside drag the coffee beans forward in the drum, and the inclined drum surface brings the coffee beans back. So, in this way, a single coffee bean passed through every point of the drum during rotation absorbs uniform thermal energy from the drum surface by conduction. The solar roaster’s main components are the rotating drum, electric motor, cooling tray with fan blower, and the heat source i.e., solar concentrator.



The basic criterion for the selection of solar concentrators was to perform roasting experiments. From the various studies on different solar reflectors [33], it has been extracted that the Scheffler solar concentrator would be the most appropriate for roasting experiments. In traditional parabolic concentrators design, the challenge was to perform continuous tracking on two axes with a fixed receiver as an integral part of the reflector on its focal point. Moreover, the focus position was in the path of incoming direct normal irradiance. The high temperature could be achieved by these types of concentrators, but for conducting roasting experiments, a concentrator with frequently changing focus was not suitable due to inadequate handling during roasting. However, this issue is resolved by using a fixed focus Scheffler solar concentrator that enables precise automatic tracking and keeps the path of incoming direct normal irradiance away from the focus. Furthermore, its fabrication work could be carried out in a simple workshop with minimum tools, hence providing a cheaper solution that is easily adoptable for small-scale applications in the food and agro-industry. Therefore, the Scheffler concentrator reflector with a surface area of 8 m2 was used as a solar thermal energy source to conduct roasting experiments. The main components of the Scheffler reflector are an elliptical reflector frame, rotating support, tracking channel, reflector stand, and tracking devices for both daily and seasonal variations in the sun angle. The crossbars are designed precisely to form the required paraboloid section in the elliptical frame of the Scheffler reflector. The rotating support is fabricated (steel pipe material) as a reflector integral part to provide an axis of rotation and a tracking channel. The operating principle of the daily tracking system is to counterbalance the earth rotation effect with an angular velocity of one revolution per day by tracking the sun along an axis parallel to the polar axis of the earth. The tracking system is comprised of a photovoltaic panel, a solar sensor, and a geared motor. For the seasonal adjustments, manually operated telescopic clamps were used to acquire the required paraboloid reflector shape for precisely targeted fixed focus throughout the year. The Scheffler solar concentrator reflects the incoming direct normal irradiance from its 8 m2 surface area onto a solar roaster drum having a diameter of 400 mm. The Scheffler reflector design of the paraboloid lateral part that is inclined at an angle of (43.23 ± α/2), so the reflector’s actual area of aperture (Ac) is calculated as Ac × cos(43.23 ± α/2). For measuring the total available energy (Qa), the direct normal irradiance (EDNI) is multiplied by the fraction of the actual aperture area as equated below [34],


   Q a  =  E  D N I    A c  cos   43.23 ±  α 2    ,  



(1)




where α = angle of solar declination that can be equated as under [35]:


  α =   180 / π   [ 0.006918 − 0.399912 cos   n − 2   2 π / 365 + 0.070257 sin   n − 1   2 π / 365 −  0.006758 cos 2   n − 1   2 π / 365 + 0.000907 sin 2   n − 1   2 π / 365 − 0.002679 cos 3   n −  1   2 π / 365 + 0.00148 sin 3   n − 1   2 π / 365 ] ,  



(2)




where n = day of the year.



Furthermore, the available energy is divided in terms of absorbed (Qap) and reflected (Qpr) radiations. The absorbed energy radiant (Qap) is estimated that is depending on the material reflectance (reflective aluminum > 88%). The energy available after the concentrator (Qpr) is given in Equation (3) [34]:


   Q  p r   =  R p   Q a   



(3)




where Rp = reflectance of the reflector surface material.



From the total radiations striking at the concentrator surface, some of the radiations were reflected out of focus. This happens due to imperfection in concentrator profiles, dust particles on the surface of the concentrator, and inadequate tracking of daily and seasonal variations. The part of the available quotient reaching targeted focus (Ff) was assumed to be 0.88 in the overall calculation. The energy received at the solar roaster (Qrcv) is calculated as [24]:


   Q  r c v   =  Q  p r    F f  .  



(4)







To measure the energy available at the roaster drum (Qrcv), the roaster cylindrical drum was fabricated with a stainless-steel (S.S) food-grade material and insulated by polyurethane with 60 mm insulation thickness. The roaster drum absorbs thermal energy and desorbs through conduction to beans in contact with the drum surface. After the coffee beans were inserted inside the roasting drum through the feeding hopper, the tilted position of the roasting drum slides the coffee beans toward the discharge chute, allowing heat transfer through conduction from every point of the drum surface to the beans effectively. The energy absorbed by the coffee beans during the roasting process can be measured as [36]:


   Q u  =   m c Δ T  t  ,  



(5)




where Qu = energy absorbed by coffee beans, m = mass of beans, c = specific heat capacity of the coffee beans, ∆T = change in temperature of coffee beans, and t = roasting time.




2.3. Efficiency of Solar Roaster


The roaster thermal efficiency (ηth) is calculated by dividing the energy absorbed by the coffee beans with the total energy available, as given in Equation (6) [36]:


   η  t h   =    Q u     Q a    × 100 .  



(6)







The roasting efficiency is calculated by dividing the mass of undamaged roasted coffee beans by the total mass of roasted coffee beans, as expressed in Equation (7) [36]:


   η  p r   =    m r  −  m  dr      m r    × 100 ,  



(7)




where ηpr = roasting efficiency of the solar roaster, mr = total mass of roasted coffee beans, and mdr = mass of damaged (broken or burnt) coffee beans after roasting.



The roasting performance was also determined at varying rotational speeds (2, 3, and 4 rpm) of the roasting drum.




2.4. Optimal Operating Parameters for Roasting Coffee in Solar Batch-Type Roaster


The operating parameters (roasting time, drum rotation, and beans quantity) were selected for controlling the roasting temperature, feeding rate, and degree of roasting. These parameters have a substantial effect on the coffee roasting process. The central composite rotatable design (CCRD) technique by using Design-Expert software was employed to design the experiments, which was initially established by Box and Hunter [37] and improved by Box and Wilson [38]. The experiments were conducted by setting operating parameters (roasting time, drum rotation, and beans quantity) ranges at 15–25 min, 2–4 rpm, and 1.5–2.5 kg, respectively, to predict their optimal values using Design-Expert software. The operating parameters impact on the moisture content and colorimeter value of lightness factor (L* = 0 represent black and L* = 100 represents diffuse white) were recorded after two replications of the predicted values, and the average value for each response was examined during roasting experiments. The roasting experimental findings were assessed by applying the CCRD technique and second-order quadratic equation fitted for moisture content (MC) and colorimeter value of lightness factor (L*) by incorporating second-order multiple regression analysis. For each predicted response, the generalized model is given as:


  Y =  β o  +   ∑   i − 1  3   β i   x i  +   ∑   i − 1  3   β  i i    x i  +   ∑   i < j − 1  3   β  i j    x i   x j  + e  



(8)




where  Y  = response variable, βo, βi, βii and βij = regression coefficients for the model intercept, linear, quadratic, and interaction terms, xi, xj = independent variables, and e = random error [39].



The results from roasting experiments were compared with the model predicted values, and the sufficiency of the designed model was validated for each response by applying the analysis of variance (ANOVA). If the p-value will be less than 0.05 at the level of significance of a 95% confidence interval (C.I), then the model is considered acceptable, and for the coefficients of variation (CV) less than 10%, the lack of fit for the model is non-significant.



From the ANOVA results, a probability to consider the observed Fisher’s F statistic value and a p-value less than 0.05 at 95% C.I verifies a significant impact of the parameters on the responses.




2.5. Optimization of Roasting Parameters Using Desirability Function Technique


The roasting parameters optimization procedure was carried out in the Design-Expert software using a desirability function. In this approach, a multivariable problem through applying mathematical methods is converted to a single response problem [40]. The aim for optimization was to achieve maximum roasting capacity by employing the maximum available solar thermal energy to roast coffee beans. Therefore, the optimal drum rotation was set to examine the optimal roasting time to reach standardized color lightness values of L* 41.5 + 1, 39.2 + 1, and 37.5 + 1 at corresponding light roast, medium roast, and dark roast coffee beans. The optimization process of each operating parameter and for responses with their set goals are given in Table 1.





3. Results and Discussion


3.1. Roaster Thermal Energy Distribution


The DNI was recorded from 09:00 to 17:00 on 14 June 2021, and the corresponding temperature at the focus and drum air was recorded. The data were recorded every 10 min using a solar pyranometer and k-type thermocouples, respectively. The results of the experiment recorded are graphically illustrated in Figure 2.



It can be noticed from the roaster drum air temperature line in Figure 2 that the roasting cylinder air temperature of 200–250 °C was attained from 10 am to 4 pm, which is the most appropriate time for performing the roasting of coffee beans. This full-day experiment aims to record a suitable time to achieve the required temperature for roasting coffee beans. Based on the data collected, the available temperature (≥200 °C) that was desired for roasting could be achieved for 6 sunshine hours on a clear sunny day at a corresponding DNI value ranging from 650 to 850 W/m2. The maximum and minimum temperature at the focus was recorded 456–173 °C, with DNI at site ranging from 835 to 455 W/m2, respectively. The time required to roast 2 kg batch size coffee beans at the light, medium, and dark roasting conditions was 20 ± 0.1, 23 ± 0.1, and 25 ± 0.1 min, respectively. From the results of the roasting experiment, it can be derived that a solar roaster has a roasting capacity of 36, 31.3, and 28.8 kg of coffee beans per day subjected to light roasts, medium roasts, and dark roasts, respectively with average DNI ranging from 800 to 850 W/m2.



Thermal Efficiency of Solar Roasting System


The roasting experiment was performed on clear sunny weather conditions with an average DNI value of 800 W/m2 recorded at a concentrator surface area of 8 m2, and the total energy available was calculated to be 6400 W. The optical losses of the Scheffler reflector were estimated by considering the actual useable aperture area (4.6 m2) of the reflector; the reflectance (aluminum > 88%) from the reflective surface and out of focus radiations were estimated to be 10%, which could be due to the inadequate geometric accuracy of reflector profiles or imprecise tracking. The thermal losses from the roaster unit were estimated by considering the losses from the aluminum receiver (10%) and the calculations of thermal losses due to convection, conduction, and radiation from the roaster drum were made.



The energy distribution from the reflector surface to the roasting drum containing coffee beans was estimated to optimize the roasting system and to calculate how much energy in terms of power is available for the system under study. The power available at the Scheffler reflector, the power available after the reflector, the power available at the solar receiver, and finally the power available for roasting coffee were calculated using the respective equations as described before. Figure 3 illustrates that the power of 6400 W was available at 8 m2 area; out of this, 3680 W of power was available at the Scheffler actual aperture area of 4.6 m2, out of which 2870 W of power was available at the receiver. This power is further transferred to the drum for the roasting process; the power available inside the roasting drum was 2583 W and the final power available for roasting coffee beans was 2291 W. Furthermore, to achieve a uniform roasted product, roasting drum rotation is the main factor. It is obvious from both simulation and experimental results that temperature is quite uniformly distributed inside the roasting chamber. The power difference between the Scheffler reflector and the receiver is due to energy losses from different components of the roasting units. These losses include the reflectivity of the aluminum surface, due to incomplete absorbance and heat losses from different parts of a solar roaster, i.e., through conduction, convection, and radiations. Therefore, 2291 W power was utilized for coffee beans roasting out of the total 3680 W power available at Scheffler; from Equation (6), the thermal efficacy of the solar roasting system was 62.2%.





3.2. Roasting Efficiency of a Solar Roaster


The experiments were conducted for roaster performance evaluation by measuring the weight of roasted and damaged (broken or burnt) coffee beans, and the results at different degrees of roasting are illustrated in Figure 4. The results of solar roasting machine performance were 97.5 ± 1.0%, 95.2 ± 1.0%, and 91.3 ± 1.0% at light roasts, medium roasts, and dark roasts at lower rotational speed (2 rpm) of the roasting drum. Moreover, at higher rotational speed (4 rpm), the roasting efficiency of the solar roaster was 96.5 ± 1.0%, 92.5 ± 1.0%, and 87.8 ± 1.0% for light roasts, medium roasts, and dark roasts, respectively. It can be depicted from the findings that the highest roasting efficiency was achieved during light roast as compared to dark roast, which could be explained by the fact that at higher temperature, dark roasted coffee beans are damaged more readily because of their brittle nature as compared to light roasted coffee beans, which were less prone to damages. Moreover, the roasting efficiency was slightly higher at a lower rotational speed of the roasting as compared to a higher drum speed because the beans have the potential to break apart. However, the speed of the drum should not be very much lower, because the beans could scorch. The findings were in good relation to the various studies conducted on roasting efficiencies [41,42,43].




3.3. Operating Parameters Impact on Responses


The results from both predicted design values and the findings of roasting experiments for each response (MC and L*) are presented in Table 2. From experimental findings, the ranges for MC and L* values were observed as 0.76 to 2.95% and 25.68 to 53.90, respectively. Equations for the MC and L* in terms of coded factors are given below:


  MC = 2.38 − 0.2 A + 0.29 B + 0.55 C − 0.16 AB + 0.14 AC − 0.18 BC − 0.11  A 2  − 0.21  B 2  − 0.068  C 2  ,  



(9)






   L *  = 47.03 − 2.99 A + 3.86 B + 7.05 C − 2.04 AB + 1.62 AC − 2.38 BC − 1.71  A 2  − 2.51  B 2  − 1.53  C 2  ,  



(10)




where coded values A, B, and C represent the roasting time, drum rotation, and coffee beans quantity, respectively, whereas the statistical significance of the above equations is given in ANOVA in Table 2 and Table 3, respectively.



The model F-value = 95.71, as illustrated in Table 3, indicates that the model was significant. There is only a 0.01% chance that noise can cause these large F-values. The p-value less than 0.05 implies significant model terms. The significant model terms are A, B, C, AB, AC, BC, A2, B2, and C2. The values above 0.1000 imply that the model terms are not significant. The Lack of Fit F-value of 2.44 means that relative to pure error, the Lack of Fit was non-significant. There is a 17.47% chance that this high Lack of Fit F-value could be due to noise. The Predicted R2 agrees reasonably with the adjusted R2 and validates the model.



The model F-value = 414.67, as illustrated in Table 4, indicates that the model was significant. There is only a 0.01% chance that noise can cause these large F-values. The p-value less than 0.05 implies significant model terms. The significant terms of the model are A, B, C, AB, AC, BC, A2, B2, and C2. The values above 0.1000 imply that the model terms are not significant. The Lack of Fit F-value of 2.04 means that relative to pure error, the Lack of Fit was non-significant. There is a 22.58% chance that this high Lack of Fit F-value could be due to noise. The predicted R2 agrees reasonably with the adjusted R2 and validates the model.



Analysis of variance showed that the models related to MC and L* have a minor difference of values in each system (predicted and observed). Hence, it signifies the correlation of both models between operating parameters and their responses. Furthermore, these findings were confirmed by comparative analysis of both the actual results of roasting experiments and the model predicted values, as plotted in Figure 5a,b.



3.3.1. Impact of Operating Parameters on the Responses


The p-value is less than 0.05 for each single coded factor (A, B, and C) on both of the responses (MC and L*), as illustrated in Table 3 and Table 4. It confirmed the significant effect of the roasting time, drum rotational speed, and batch quantity on the responses. From Equations (9) and (10), the negative value of coefficient factor A represents a negative effect, and the positive value of corresponding coefficients B and C define the positive effects on both responses (MC and L*). Hence, it can be derived that increasing the roasting time eventually decreases the moisture from the beans and vice versa. On the other hand, decreasing the roasting drum rotational speed rpm and lowering batch quantities will release more moisture from beans during roasting and vice versa [44].



It can be derived from the results presented in Table 3 that the highest F-value (493.34) of batch capacity has the most significant effect on the moisture content compared to drum rotation and roasting time. From these values, it can be narrated that by varying the values of operating parameters within the given experimental ranges, the most substantial changes in the bean moisture content were observed by varying batch capacity. The quantity of beans inside the drum absorbed the heat through conduction, as they are in direct contact with the drum surface, which further increases with fewer beans, hence giving every bean more opportunity to absorb more heat from the drum, and by increasing the quantity of beans, the moisture removal rate tends to be slower. Therefore, the lowest value of moisture content was noted with minimum batch quantities. Furthermore, the comparatively quiet moderate impact of the drum rotational speed was also observed on the moisture content, which can be explained. Rotating the drum at higher speed rpm reduces the contact time of the bean-roasting drum, resulting in the lower temperature of the beans and hence higher moisture levels as compared to lowering the drum speed, which enhances the contact time of the bean–drum surface to absorb more heat, resulting in a lower value of moisture content. The roasting time has a comparatively lower impact on the bean moisture content. Increasing the time for roasting decreases the moisture value, which was because the more time the beans spend in the roasting cylinder continuously raises the temperature of the beans, resulting in more moisture removal from the coffee beans [44].



For the response L* (see Table 4), it can be depicted that the batch size has the most significant impact with the highest F-value (2035.63) as compared with the impacts of the drum rotational speed and roasting time. Roasting experiments at minimal quantities tend to quickly increase the bean temperature with significantly reducing moisture, which will restructure the beans accompanied by several chemical changes. The browning effect occurs due to the Maillard and caramelization process that tends to raise at higher temperatures of beans. At a lower drum rotational speed, it tends to darken the beans more readily, resulting in a lower L* value by increasing the temperature of beans through increasing the conduction process between the drum surface and bean. The roasting time impacts the L* by giving more time for chemical reactions to occur within the beans at higher temperatures by increasing the time span that beans spend in the high-temperature roasting chamber [45].




3.3.2. Interactive Impact of Parameters on MC


The roasting time and drum rotational speed have an interactive impact on the moisture content of coffee beans in a 2 kg batch size, which is presented in Figure 6a,b. It can be depicted from the observed impact on MC value from both the drum rotational speed and roasting time that the drum rotational speed has a more significant impact on moisture contact as compared to roasting time because it regulates the contact time between the bean and drum surface, which eventually decide the conductance time between the drum and beans. It can be described from a 3D surface plot that at higher drum speed, the higher the percentage of MC, and the lower drum speed resulted in a lower percentage of moisture content. The reason is at lower drum rotation, the beans’ temperature rises quickly due to more time in contact with the drum surface and vice versa [46].



Figure 6c,d illustrate the 3D surface and contour plots of the interactive impact of bean quantity and roasting time on MC by maintaining the drum rotational speed at 3 rpm. From the graph, it can be seen clearly that batch capacity has the most significant effect on the moisture content of beans during roasting. The lowest batch capacity tends to increase the temperature more rapidly, resulting in a lower percentage of moisture content of beans during roasting. The increase in roasting time removes more moisture from beans as it tends to further increase the temperature of beans and lower the coffee beans’ moisture level during roasting [47].



Figure 6e,f illustrate the 3D surface and contour plots of the interactive impact of bean quantity and roasting drum rotational speed on MC. A positive impact on the moisture content has been recorded by the impact of both batch capacity and drum rotational speed. However, batch capacity has a more significant effect on moisture content, as it tends to raise the temperature of beans more rapidly by allowing beans to have more surface to absorb heat from the drum as compared to higher beans volume that reduces the temperature of beans. At a lower drum rotational speed, it allows a greater rise in temperature that will add more heat energy to beans for moisture removal, resulting in a lower percentage of moisture contents [46].




3.3.3. Interactive Impact of Parameters on Colorimeter Value (L*)


The roasting time and drum rotational speed interactive impact on the color L* of coffee beans having a batch size of 2 kg is illustrated in Figure 7a,b. It can be seen from the observed effect on L* by both drum rotational speed and roasting time that the drum rotational speed has a more significant impact on L* because it regulates the contact time between the bean and drum surface that eventually determine the conductance time between the drum and beans. It can be seen from the 3D surface plot below that at a higher drum rotational speed, the higher value of color L* was observed due to less heat transfer through the drum surface and giving less browning color to the coffee beans and vice versa. The reason for the lower value for L* at lower drum rotation was due to the temperature of the coffee beans, which abruptly rises by allowing more time to contact with the hot drum surface, resulting in higher conduction and vice versa [45].



Figure 7c,d illustrate the 3D surface and contour plots of the interactive impact of beans quantity and roasting time on L* by maintaining the drum rotational speed at 3 rpm. From the graph, it can be seen clearly that batch capacity has the most significant effect on the L* of beans during roasting. The lowest batch capacity tends to increase the temperature more rapidly, resulting in a lower L* of beans during roasting. The increase in roasting time removes more moisture from beans as it tends to raise the temperature of beans and lower the value L* during roasting [45].



Figure 7e,f illustrate the 3D surface and contour plots of the interactive impact of beans quantity and roasting drum rotational speed on L* by maintaining the roasting time at 20 min. A positive impact on the L* has been recorded by the impact of both batch capacity and drum rotational speed. However, batch capacity has a more significant effect on L*, as it tends to raise the temperature of beans more rapidly by allowing beans to have more surface to absorb heat from the drum as compared to higher beans volume, which reduces the temperature of the beans. At a lower rotational speed of a rotating drum, it allows a greater rise in temperature that will add more heat energy to beans, resulting in a lower value of L* [47].





3.4. Optimal Operating Parameters of Solar Roaster


Taking the optimization criteria into account, several solutions for the color response parameters L* at the light, medium, and dark roasting degree were available at their corresponding moisture content values. Among the different available solutions, only the most desirable solutions were considered. The optimal feeding capacity of 2 kg was suggested by the quadratic response surface model at a drum rotational speed of 2 rpm for all three responses, while the optimal roasting times were predicted to be 20, 23, and 25 min for a light roast, medium roast, and dark roast degree, respectively. The optimal moisture contents were predicted to be 1.88, 1.82, and 1.74% at corresponding L* values of 40.66, 39.47, and 37.99 compared to the selected solutions.



Coffee Roasting


The model’s predictability was verified by coffee roasting experiments under optimal conditions. The experiments were repeated three times, and the average value of MC and L* were measured for each experiment. The average MC values are 1.89, 1.83, and 1.75%, resulting in L* values of 40.75, 39.64, and 38.21 for light roasts, medium roasts, and dark roasts, respectively. The values for MC and L* both from experiments and predicted have indicated a very slight difference among them, as given in Table 5. For each response, the relative error of less than 1% is recorded; hence, these slight differences from the prediction results validate the model. The recorded time using a stopwatch during light roasts, medium roasts, and dark roasts was observed to be 20, 23, and 25 min, respectively. From the roasting experiments optimal time, it can be revealed that the roasting capacity of a solar roaster was 6, 5.2, and 4.8 kg of coffee beans per hour at corresponding light roasts, medium roasts, and dark roasts conditions, respectively.





3.5. Economic Analysis


The cost analysis study has been performed on an annual basis on a solar-based roasting machine to finally find out the cost-effectiveness of the system for its commercialization purpose. The useful working hour of the solar coffee roasting machine is subjected to sunshine hours for conducting coffee roasting. The long-term average sunshine hours are peak hours of sunshine. The total investment cost for the material and fabrication of a complete roasting system (Scheffler reflector, Roaster drum, Coolant tray) was 3000 USD. The expenses and revenue of the roasting unit were analyzed to calculate the break-even point as follows:


TR = TC,










P × X = TFC + V × X,










  X =   TFC   P − V    










  X =   384   25 − 24.63    










X = 1037.8 h or 173 days,








where TR = total revenue, TC = total cost of the roasting unit, P = revenue per hour, V = variable cost that includes routine maintenance and labor cost, TFC = total fixed cost that comprises the labor benefits and interest on financing, and X = operating time in hours. In this study, a batch size of 2 kg green coffee beans (Coffea arabica) was roasted in 20 min. On a typical summer day, the system was capable of roasting 36–28.8 kg of light–dark roasted coffee. For cost analysis, an estimated price of 1 kg green coffee beans is taken as $3.32, and the roasted coffee is worth $5.00 [48]. From this estimation, the average revenue of about $25 can be generated per useful working sunshine hour. The number of sunny days in most of the coffee growing countries is more than 200 days per year [23]. From the break-even analysis, it is assessed that the cost of the complete system will be recovered after 173 days; i.e., around 6 months. Assuming a roaster life of 10 years, a great revenue can be generated by coffee farmers using solar roasters. It is worth mentioning that the cost will be even more quickly recovered in the countries receiving more sunshine hours to operate the roaster.



In summary, it can be depicted from the Figure 8 break-even analysis that the payback period in terms of cost is estimated to be half a year, and the revenue obtained will exceed its total cost. Furthermore, a solar roaster state-of-art design requires no gas or electricity connection, hence saving an additional amount as compared to other traditional roasters that require an additional cost of energy supplies transmission for roasting.





4. Conclusions


This study was conducted to investigate a solar roaster capacity as a decentralized coffee roasting approach. A standing 8 m2 Scheffler reflector was used to concentrate the incoming DNI to the roaster drum focus. The system was completely independent of grid connections, and both thermal as well as electrical power was generated using solar energy. Experimental data show that the optimal times for roasting light, medium, and dark coffee at a drum temperature of 250 °C was 20 ± 0.1, 23 ± 0.1, and 25 ± 0.1 min, respectively. On a sunny day with a DNI of 650–850 W/m2, the solar roaster was able to roast 28.8 kg, 31.3 kg, and 36 kg coffee beans with roasting efficiency of 97.5%, 95.2%, and 91.3% at the corresponding light roast, medium roast, and dark roast, respectively. The roasted coffee beans’ final moisture content was 1.89, 1.83, and 1.75% at corresponding L* values for a light roast, medium roast, and dark roast of 40.75, 39.64, and 38.21, respectively. The power distribution shows that out of the 3680 watts of total available energy at the Scheffler reflector, approximately 2291 watts were ultimately consumed by the coffee beans during roasting with a total thermal efficiency of 62.2%. Total investments on solar roasters were expected to return after 1038 useful working sunshine hours. Thus, the enormous potential of solar thermal energy can be used to meet globally faced rising energy demands in processing, particularly at the farm-gate as a decentralized approach for coffee beans roasting.
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Figure 1. Solar roasting system. (Legends: A: 8 m2 Scheffler concentrator; A1: Sun tracking sensor; A2: Scheffler concentrator reflector; B: Roasting unit; B1: Feeding hopper; B2: Discharge chute handle; B3: Wooden handle sampler; B4: Gear motor for rotating drum; B5: Glass window; B6: Roasted product coolant tray; B7: Control panel). 
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Figure 2. DNI, focus temperature, and drum air temperature. 
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Figure 3. Power distribution at solar roasting system. 
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Figure 4. Roasting performance of a solar roaster. 
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Figure 5. Predicted vs. observed values of (a) MC; (b) L*. 
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Figure 6. The 3D response surface and 2D contour plots depict the interactive impact of the roasting drum rotational speed, roasting time, and beans quantity on MC. (a,b) Roasting drum rotational speed interaction with roasting time; (c,d) Beans quantity interaction with roasting time; (e,f) Beans quantity interaction with roasting drum rotational speed. 
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Figure 7. The 3D response surface and 2D contour plots depict the interactive impact of the roasting drum rotational speed, roasting time, and beans quantity on L*. (a,b) Roasting drum rotational speed interaction with roasting time; (c,d) Beans quantity interaction with roasting time; (e,f) Beans quantity interaction with roasting drum rotational speed. 
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Figure 8. Break-even analysis (1 day = 6 h). 
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Table 1. Optimization criteria of operating parameters.
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Parameter

	
Goal






	
Independent variables

	
Roasting time (min)

	
In range




	
Drum rotational speed (rpm)

	
Minimum




	
Coffee beans Quantity (kg)

	
Maximize




	
Responses

	
MC (%)

	
Minimize




	
L* (light)

	
Target → 41.5




	
L* (medium)

	
Target → 39.2




	
L* (dark)

	
Target → 37.5








L*: lightness factor, MC: Moisture content.
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Table 2. Central composite response design (CCRD) of an experiment for quadratic response surface analysis on moisture content and colorimetric lightness value (L*).
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Actual Level of Factor

	
Predicted Responses

	
Observed Responses




	
Design Points

	
Roasting Time (min)

	
Drum Rotational Speed

(rpm)

	
Batch Capacity

(kg)

	
Moisture Contents

(%)

	
L*

	
Moisture Contents

(%)

	
L*






	
1

	
20

	
3

	
2

	
2.38

	
47.03

	
2.32

	
46.78




	
2

	
25

	
4

	
1.5

	
1.41

	
33.42

	
1.47

	
33.76




	
3

	
20

	
4.68

	
2

	
2.26

	
46.43

	
2.14

	
45.93




	
4

	
11.59

	
3

	
2

	
2.41

	
47.23

	
2.3

	
46.69




	
5

	
20

	
3

	
2

	
2.38

	
47.03

	
2.31

	
46.76




	
6

	
20

	
3

	
2

	
2.38

	
47.03

	
2.49

	
47.99




	
7

	
15

	
4

	
1.5

	
2.42

	
47.11

	
2.51

	
47.59




	
8

	
20

	
3

	
2

	
2.38

	
47.03

	
2.43

	
46.99




	
9

	
20

	
3

	
2

	
2.38

	
47.03

	
2.4

	
46.94




	
10

	
15

	
4

	
2.5

	
2.86

	
53.23

	
2.95

	
53.52




	
11

	
28.41

	
3

	
2

	
1.74

	
37.17

	
1.76

	
36.93




	
12

	
20

	
3

	
2

	
2.38

	
47.03

	
2.35

	
46.85




	
13

	
20

	
1.32

	
2

	
1.3

	
33.44

	
1.34

	
33.16




	
14

	
25

	
4

	
2.5

	
2.43

	
46.42

	
2.44

	
47.00




	
15

	
20

	
3

	
2.84

	
3.11

	
54.56

	
3.1

	
53.9




	
16

	
15

	
2

	
1.5

	
1.15

	
30.57

	
1.2

	
30.54




	
17

	
25

	
2

	
2.5

	
2.54

	
47.51

	
2.51

	
47.59




	
18

	
20

	
3

	
1.16

	
1.26

	
30.84

	
1.19

	
30.73




	
19

	
25

	
2

	
1.5

	
0.79

	
25.42

	
0.76

	
25.68




	
20

	
15

	
2

	
2.5

	
2.34

	
46.18

	
2.34

	
46.8
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Table 3. Analysis of variance for quadratic response surface model on moisture content.






Table 3. Analysis of variance for quadratic response surface model on moisture content.














	Source
	Sum of Squares
	df
	Mean Square
	F-Value
	p-Value
	





	Model
	7.21
	9
	0.80
	95.71
	<0.0001
	significant



	A
	0.54
	1
	0.54
	65.07
	<0.0001
	



	B
	1.12
	1
	1.12
	133.34
	<0.0001
	



	C
	4.13
	1
	4.13
	493.34
	<0.0001
	



	AB
	0.20
	1
	0.20
	24.45
	0.0006
	



	AC
	0.16
	1
	0.16
	19.39
	0.0013
	



	BC
	0.27
	1
	0.27
	32.69
	0.0002
	



	A2
	0.17
	1
	0.17
	20.41
	0.0011
	



	B2
	0.64
	1
	0.64
	76.93
	<0.0001
	



	C2
	0.067
	1
	0.067
	8.02
	0.0178
	



	Residual
	0.084
	10
	0.0083
	
	
	



	Lack of Fit
	0.059
	5
	0.012
	2.44
	0.1747
	Non-significant



	Pure Error
	0.024
	5
	0.0049
	
	
	



	Cor Total
	7.30
	19
	
	
	
	







R2 = 0.9885, Adjusted R2 = 0.9782, Predicted R2 = 0.9333, C.V. = 4.33%, df: degree of freedom.
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Table 4. Analysis of variance for quadratic response surface model on color lightness value L*.






Table 4. Analysis of variance for quadratic response surface model on color lightness value L*.














	Source
	Sum of Squares
	df
	Mean Square
	F-Value
	p-Value
	





	Model
	1245.12
	9
	138.35
	414.67
	<0.0001
	Significant



	A
	122.10
	1
	122.10
	365.96
	<0.0001
	



	B
	203.64
	1
	203.64
	610.38
	<0.0001
	



	C
	679.15
	1
	679.15
	2035.63
	<0.0001
	



	AB
	33.13
	1
	33.13
	99.30
	<0.0001
	



	AC
	21.00
	1
	21.00
	62.93
	<0.0001
	



	BC
	45.13
	1
	45.13
	135.25
	<0.0001
	



	A2
	42.02
	1
	42.02
	125.95
	<0.0001
	



	B2
	90.67
	1
	90.67
	271.78
	<0.0001
	



	C2
	33.69
	1
	33.69
	100.99
	<0.0001
	



	Residual
	3.34
	10
	0.33
	
	
	



	Lack of Fit
	2.24
	5
	0.45
	2.04
	0.2258
	Non-significant



	Pure Error
	1.10
	5
	0.22
	
	
	



	Cor Total
	1248.46
	19
	
	
	
	







R2 = 0.9973, Adjusted R2 = 0.9949, Predicted R2 = 0.9847, C.V. = 1.34%.
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Table 5. Predicted and observed responses.






Table 5. Predicted and observed responses.





	
Roasting Degree

	
Response

	
Predicted Value

	
Roasting Condition

	
Average Value

	
Error (%)




	
Run 1

	
Run 2

	
Run 3






	
Light

	
MC (%)

	
1.88

	
1.89

	
1.86

	
1.92

	
1.89

	
0.53




	
L*

	
40.66

	
40.72

	
40.63

	
40.89

	
40.75

	
0.21




	
Medium

	
MC (%)

	
1.82

	
1.83

	
1.81

	
1.84

	
1.83

	
0.36




	
L*

	
39.47

	
39.65

	
39.41

	
39.86

	
39.64

	
0.43




	
Dark

	
MC (%)

	
1.74

	
1.77

	
1.73

	
1.74

	
1.75

	
0.38




	
L*

	
37.99

	
38.77

	
37.86

	
38.01

	
38.21

	
0.58
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