Agronomy Research 18(3), 2166-2184, 2020
https://doi.org/10.15159/AR.20.164

Thermal performance of a solar hybrid dryer for Conilon coffee
(Coffea canephora)

JL. Paes'’, B.C. Vargast, JP.B. Cunhat, D.S.C. Silval, G.A.S. Ferraz?,
M.R.S. Braz}, P.F.P. Ferraz? L. Conti® and G. Rossi®

!Rural Federa University of Rio de Janeiro, Engineering Department, Campus
Seropédica, ZIP Code BR23890000, Seropédica, Rio de Janeiro, Brazil

2Federal University of Lavras, Agricultural Engineering Department, ZIP Code
BR37200000, Lavras, Minas Gerais, Brazil

SUniversity of Florence, Department of Agricultural, Food, Environment and Forestry
(DAGRI), Via San Bonaventura, 13, IT50145, Florence, Italy

"Correspondence: juliana.lobop@gmail.com

Abstract. The study was aimed at design and development of an energy efficient hybrid solar
dryer suitable for drying of organic Conilon coffee placed in the town of Seropédica, Rio de
Janeiro, Brazil. The energy efficiency and the drying efficiency were the evaluation criteria for
thermal performance of the hybrid solar dryer during the coffee drying. Temperature and relative
humidity (RH) of the drying and ambient air, solar radiation intensity and coffee weight losswere
monitored during the drying process. The process occurred over six consecutive days, the drying
time was from 07:00 to 17:00 h, totalling 120 h of operation with an intermittent period (at night)
of 14 h. During intermittence, the exhaust system kept off and solar collector and drying chamber
sealed. The effective drying period took 60 h, with temperature and RH, respectively, of 38.3 °C
and 60.6% outlet of the solar collector, 32.7 °C and 72.2% outlet drying chamber and 27.8 °C
and 74.5% ambient air. The maximum temperature in the solar collector and drying chamber
reached 54 and 47.7 °C, respectively, with an ambient air temperature of 32 °C at 12:00 h. These
values showing temperature increase 22.2 °C in solar collector and 10 °C drying chamber. The
mean variation for the reduction in RH between the drying air inside the solar collector and the
ambient air was 28%, while in the chamber obtained in a range of 10.5% at 13:00 h. The solar
collector and dryer chamber efficiency were 29.1 and 40.8%, respectively, whilethe overall dryer
efficiency 39.7%.

K ey words: organic Conilon coffee, drying, sustainable processing, energy efficiency.

INTRODUCTION

In the processing of coffee fruits there are different methods to obtain sensory
characteristics to be consumed as a beverage. Among the methods, those that make up
the post-harvest processing can be highlighted. The first stage can be divided into dry
pre-processing to obtain natural grain and washing pre-processing generating peeled,
pulped and mucilage-free coffee (Lima Filho et a., 2015). These stages is followed by
drying of the coffee fruit, in which there is a reduction in their moisture content, thus
leading to reductions in chemical reactions and in the proliferation of microorganisms
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that often deteriorate the final product (Borém et al., 2013, Nakayama et al., 2020).
Coffee is one of the products with highest costs in the drying process, not only due to
the high initial moisture content but also because the structural characteristics of fruits
and grains are susceptible to damage that can depreciate the quality of the dry product,
decreasing its commercial value (Palacin et al., 2009).

Specifically, conventional methods of drying coffee can be on the ground (earth
and concrete) and in mechanical dryers. The sun drying and air natura stages at the
ground is possible in environments with low relative humidity and little cloudiness,
having as main advantage the saving of energy. However, this type of drying is a
relatively slow process that can lead to considerable losses of product quality, besides
requiring extensive areas and long drying time (Deeto et al., 2018). On the other hand,
dryers that use energy sources through electricity, firewood or fossil fuels avoid the
problems of ground terraces, but they are equipment that increase production costs,
harmful to the environment and generate energy dependence for producers (Moreira et
al., 2019).

Nowadays, sustainable food processing is becoming an increasingly important
issue in developing countries. Within this concept, solar drying is able to meet the
growing demand for healthy and low-cost natural foods (Azoumaet a., 2019). In view
of energy issues, an dternative to the drying process is the use of solar dryers because it
isaprocessthat uses renewable and non-polluting energy sources (Altobelli et al., 2014,
Azouma et d., 2019). Solar dryers for agricultural products are the most useful device
from the point of view of energy conservation that not only saves energy, but also drying
time, occupying less area, improving product quality and the employee’s lives (Kant et
a., 2016; Cameloet d., 2019; Moreiraet a., 2019). In Brazil, solar drying of agricultural
products becomes a promising methodology due to the use of the abundance of solar
radiation (Alveset a., 2019). With thisit is possible to convert solar energy into thermal
energy in the solar collector coupled to the dryer and to heat the ambient air (Camelo et
a., 2019). Therefore, solar dryers are an dternative to current conventional drying
methods for coffee (Moreiraet a., 2019).

Solar drying is based on the use of direct and indirect dryers with natural or forced
convection, making it possible to control the drying rate (Kumar et al., 2016; Lingayat
et a., 20209). Inthefirst dryer, the solar collector and drying chamber perform the same
function with the incidence of radiation directly on the agricultural product (Almeida et
al., 2016). These dryers have advantages such as simple construction and low cost, but
they present greater product deterioration, slower drying and loss of efficiency due to
decreased transmittivity of the glasslid from condensation and moisture (Sanddli et al.,
2019; Lingayat et a., 2020b). In contrast, in the indirect dryer, the radiation does not act
directly on the agricultural product, which results in quaity improvements, besides
reducing drying time and contaminants, ideal characteristicsfor coffee drying (Lingayat
etd., 2017).

Furthermore, solar dryers can be classified as hybrids in terms of how they are
activated by means of energy. In other words, hybrids can be mentioned, in which
different forms of generation obtain the same type of energy, whether electrical or
thermal (Montero et a., 2010; Oliveira et a., 2019). In addition, hybrid active mode
enabled a considerable reduction in drying time, being an aspect to take into account for
its use during low solar radiation or at night time (Montero et al., 2015). Hybrid dryers
are aviable option as they can make use of solar thermal energy, in heating the drying
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air, and eectrical energy by conventional source or photovoltaic plates, to activate the
exhaust system, making that this system is more flexible and economical than the
conventional one (Oliveiraet al., 2019). Different design and performance eval uation of
hybrid dryer has been studies. Solar energy during peak sunshine hours and liquefied
petroleum gas (LPG) water heater as auxiliary heat source during low sunshine hours
was evaluated to drying of shrimps. In this hybrid dryer, solar system supplied 73.93%
of the energy requirement of the solar-LPG hybrid dryer for shrimp drying (Murali et
al., 2019).

In associ ation with the construction, design and performance eval uation of different
types of dryers, one must take into account the efficiency of these technologies when
drying agricultura products. In a study for the development and technical-economic
evaluation of an electric hybrid solar dryer for tomato cultivation, Boughali et al. (2009)
verified the influence of the increase in air flow on the efficiency of the dryer, thus
obtaining efficiency of up to 47.5% for aflow of 2 m s. The authors also conclude that
under the conditions evaluated, the return on investment was 1.27 years compared to the
estimated dryer life of 15 years, indicating that it isaviable option for drying agricultural
products.

Currently, several studies are being developed to improve and increase the
efficiency of solar dryersthrough the search for materialsthat allow greater transfer and
conduction of heat. However, complex material combinations make these dryer designs
less sustainable and more economical. Khanlari et a. (2020a) mention that when drying
agricultural products, temperature is a limiting factor. Thus, evaluating a tube-type air
heater associated with the greenhouse dryer, showed a maximum efficiency of 56.77%
for an air flow of 0.015 kg s and reducing the drying time by 30%.

Evaluating the solar drying of cucumber fruits (Solanum muricatumL.), two dryers
were developed, anindirect double-passdryer (DIPSD) and another indirect double-pass
dryer with modification of the mesh absorber (DPISDMA). The solar dryer showed an
average efficiency of the collector between 70 and 80%, and the addition of the mesh
with athickness of 5 mm improved the thermal performance of the collector, alowing a
better quality drying of the cucumber fruits (Giiler et al. 2020). By studying the drying
behavior of celery (ApiumGraveolensL.) in a paralel pass solar dryer (PPSC),
deflectors were added to the dryer in order to improve thermal performance. The dryer
during the evauation presented instantaneous efficiency of 84.3% for higher flow and
higher thermal efficiency as more deflectors are added (Khanlari et al., 2020b).

The drying process and the dynamics of the internal mass transfer mechanisms are
specific to each product (Dermirpolate, 2019). There are still few studies on the behavior
of coffee drying in such dryers, so in genera there is the need for technica and
operational information, such as knowledge on the intermittence of the process and on
the performance of these dryers (Amunugodaet al., 2013; Shalaby & Bek, 2014; Camelo
et a., 2019, Montero et a., 2019). Thus, the objective wasto developing a hybrid solar-
electric dryer (HSED) for effective use on coffee drying applications. For that purpose,
it was studied the thermal efficiency of the solar collector and of the drying chamber,
and, subsequently, the overdl thermal efficiency of the hybrid solar-electric dryer
(HSED) during the drying of conilon coffee.
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MATHERIAL AND METHODS

The experiment was conducted at the Laboratory of Rural Electrification and
Alternative Energies and at the Laboratory of Storage of Agricultural Products of the
Institute of Technology (IT)/Department of Engineering (DE) of the Federal Rural
University of Rio de Janeiro (UFRRJ), Campus of Seropédica - Rio de Janeiro, Brazil.
The climate of the region is classified as Aw according to Képpen’s classification, with
average annua temperature of 24.5 °C (Carvalho et al., 2006).

Emcapa 8121 clona variety of Conilon coffee (Coffea canephora Pierre ex
Froehner) harvested from organic production systems was used in the experiment. Fruits
were harvested manually coming from the Agroecological Farm km 49, located in the
municipality of Seropédica, state of Rio de Janeiro. Two types of coffee preparation were
analyzed: washed cherry, where the skin and part of the mucilage were removed before
they were dried at the HSED and natural coffee, where the fruits were harvested at the
green, beginning maturation, and mature stages and taken to the drying at the HSED.
The performance of the developed hybrid solar dryer was evaluated using natural
(0.88 + 1 wb, decimal wet base) and washed organic Conilon coffee (0.83 + 1 wh), until
the coffee reached 0.09 + 1 wb.

The HSED consists of solar collector, drying chamber, exhaust system and
photovoltaic panel with solar tracker. In order to make greater use of the incidence of
solar radiation for amaximum period of 12 h, the face of the solar collector wasinstalled
pointing North with a tilting angle equal to the latitude of the municipality of
Seropédica - RJ (23°), plus 15° (Fig. 1).

Figure 1. Hybrid solar-electric dryer (HSED) a) Solar collector, drying chamber, photovoltaic
panel and b) Conductive air channels of solar collector drying.

The solar collector consists of a rectangular aluminum plate, with dimensions of
0.68%x3.00x0.14 m (width x length x height). The adopted solar collector was sized so
that an area of 8 m? of solar collector is required for each cubic meter of the drying
chamber, forming the ratio of 1 m®:8 m?, as adopted by Oliveiraet a. (2019). The solar
radiation-absorbing surface consists of a corrugated aluminum structure in a triangular
profile with dimensions of 0.10x0.08 m (base x height) and thickness of the 0.01 m,
painted matte black. The surface areaexposed to solar radiation consists of atransparent,
flat glass plate (0.004 m thick) with area of 2.04 m2. The absorpsivity and transmissivity
of the flat glass plate was 0.07 and 0.85, respectively. The ambient air travels in the
thermal fluid circuit in the solar collector through the six lower channels of the absorbing
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surface to receive thermal energy to the drying chamber. The upper channels of the
absorbing surface are sealed so that the ambient air passes only through the lower
triangular section. The cross-section area of the solar collector was determined as a
function of the quantity and triangular area of the six drying air-conducting channels,
being equal to 0.024 m?.

The drying chamber was made of metal, lined with a glass wool (thermal
conductivity - 0.04 W (mK)?), and had dimensions of 1.79x1.01x0.85 m (width x
height x depth), which resulted in an area of 1.80 m? and a volume of 1.54 m>. Inside it
there are three trays containing nine removable metal basket with oblong holes to hold
agricultural products, equaly distanced from each other. The baskets have a screened
bottom to allow the passage of the drying air, through the sample.

Thereisarectangular entrance at the bottom of the drying chamber with dimensions
of 0.815x0.185 m to fit a connection duct between the solar collector. In the upper part
of the chamber, an exhaust fan was installed, with a power of 144 W, in order to
guarantee the forced convection of the drying air inside. The exhaust fan accompanies a
Dimmer intheform of apotentiometer (Speed Control) that allowsto control the rotation
of the device.

In order to generate electrical energy to drive the exhaust fan, the photovoltaic
system with a 500 W solar tracker was installed. In addition to these electrica energy
generating components, the hybrid system consists of a charge controller, batteries and
a sinusoidal inverter. The energy storage in batteries guarantees the reliability of the
system, as they allow to consume this energy in seasons when no wind is verified. The
charge controller manages and controls the charging and discharging process of the
battery bank. This controller allows the batteries to be fully charged and prevents them
from being discharged below a safe value.

Monitoring of drying air and ambient air parameters

Throughout the drying process, the solar collector and drying chamber of the HSED
were monitored for temperature (Tair ary), relative humidity (RHar ary) and drying air
velocity (Vairay). Ambient air was monitored for temperature (T air amb), relative humidity
(RHair amb), light intensity and solar radiation. The parameters were obtained at regular
periods every hour. Thermocouples connected to a millivoltmeter with accuracy of
+ 0.1 °C were used to monitor Tar ary @d Tair amb. RHair ary @Nd RHair amb Were measured
using an MTH-1380 thermo-hygrometer. V4 oy Was monitored with a Minipa MDA 1
digital thermo-anemometer every hour throughout the effective drying period, in order
to keep it fixed at 0.98 m s. In case of variation, the adjustment of the drying air speed
was carried out with the Dimmer attached to the exhaust fan. This value of the present
study has been used by Mirzaee et a. (2010), who satisfactorily described the apricot
drying curve through alogarithmic model, and by Kant et al. (2016) for theindirect solar
drying of potatoes.

Solar radiation data along the solar drying period were obtained from the National
Institute of Meteorology (INMET), coming from the automatic weather station of
Agricultural Ecology, located in the municipality of Seropédica, Rio de Janeiro, Brazil.
This weather station is situated 2.73 km away from the IT of UFRRJ.
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Adopted procedurefor coffeedrying

Initially, the removable basket of each tray were filled with coffee fruits, forming
athin layer of 0.03 m. Then, the trays were arranged in the drying chamber to start the
process. The baskets were periodically removed every hour to be weighed during the
drying process. The condition of hygroscopic equilibrium was considered so that the
variation in the mass of the baskets with coffee did not exceed 0.01 g for three times
consecutive weighing procedures, where a final water content of 0.09 + 1% wb was
reached.

The solar drying of the sampleswas carried out in six consecutive days, being from
07:00 to 17:00 h, totaling 120 h of operation. At night, when the exhaust system was
turned off and the solar collector and drying chamber were sealed in order to avoid
external interference in the internal microclimate, it was considered an intermittence of
14 h (between 17:00 and 7:00 h). The effective drying time of the coffee, without
considering the intermittence period, was 60 h.

Thermal performance of the HSED
After collecting the drying parameters, the thermal efficiency of the solar collector,
drying chamber and the overall thermal efficiency of the HSED were evaluated.

Thermal efficiency of the solar collector
The thermal efficiency of the solar collector was determined according to the ratio
between the useful energy supplied and the incident solar energy aong the drying
period (Eq. 1).
_ E, _IPucoldt_Pucol _ n"lXCp X (TO_Ti)
TR T A Lde . P LxAg @)
where 5. — Thermal efficiency of the collector; E, — Useful energy supplied by the solar
collector along the drying period t; E; — Incident solar energy on the solar collector along
the drying period t; P, .,; — Useful energy gain of the collector, W; Aq— Surface area of
the solar collector exposed to solar radiation, m?; | — Solar radiation on thetilted surface,
W m?; P, — Potential related to solar energy, W; 7z — Mass flow rate of the air, kg s?;
Cp — Specific heat of the air, J (kg °C)%; To — Outlet temperature of the collector, °C and
Ti — Inlet temperature of the collector, °C.
Eq. 2 was adopted to calculate m (Montero et a., 2010).
m= p XA, Xvy, 2
where p— Specific mass of the incoming air of the solar collector, kg m?
Ac — Transverse area of the solar collector, m? and Vm — Average air velocity at the inlet
of the solar collector, m s*.
The p was determined as a function of the inlet temperature of the solar collector,
according to Eqg. 3 (Montero et al., 2010).
_ 35344
P =T +273.15 (3)
According to the study conducted by Silveira (2016), the efficiency of the solar
collector was evaluated considering the insulation of the system does not alow air
leakage. The air inside the solar collector behaves as an ideal gas at constant pressure,
and the transmittance-absorbance between the glass and the absorbing plateis negligible.
The radiation measured on a flat surface (weather station) is the same for the tilted
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surface. A value of 1,006 J (kg °C)* was adopted for the specific heat of the air to
calculate the efficiency of the collector (Silveira, 2016).

Thermal efficiency of the drying chamber

The thermal efficiency of the HSED drying chamber was determined considering
the useful energy gain obtained, potential related to solar energy and to the power
required by the exhaust (Eq. 4).

Pu chm n.ﬂlw X lv
Nt Pucol+ Pe Pucol+ Pe (4)
wheren ., — Thermal efficiency of the drying chamber; P,, ..., — Useful energy gain of
the drying chamber, W; P, — Exhaust power, W; m,, — Water evaporation rate in the
grains, kgs! and |,—Latent heat of water evaporation at the air saturation
temperature, Jkg™.

To calculate the thermal efficiency of the drying chamber, a value of 2,256 Jkg*
was adopted for the latent heat of water evaporation at the air saturation temperature.
Eq. 5 was used to determine m,,,.

my, = Mepy, X (AM, — AM;) (5)
where m,;,,,, — Mass flow rate of the air in the drying chamber, kg s?; AM, — Outlet
absolute moisture of the drying chamber, decimal and AM; — Inlet absolute moisture
of the drying chamber, decimal.

Equal 6 was used to determine m .y, .

Mepm = Pehm X Vm chm X Achm (6)
where p.nm — Specific mass of moist air for the drying chamber, kg m?
Vi chm — Average air velocity in the drying chamber, m s and 4.y, — Area of the
drying chamber, m?.

The p.pm Was determined as a function of Ticnm according to Eq. 7 (Montero et al.,
2010).

_ 353.44 ,
Perm = ¥ 273.15 (1)

Overall thermal efficiency of the HSED

The overdl thermal efficiency of the hybrid solar-electric dryer was determined
considering the useful energy gain of the drying chamber, the potential related to solar
energy and the power of the exhaust (Eg. 8).

_ Puchm
"9 = b ¥p, ®

RESULTSAND DISCUSSION

It was observed that during the solar drying of conilon coffee, the ambient
temperature did not vary along the six days of process, averaging 27.8 °C. The average
minimum temperature reached was 20.0 °C, at 7:00 h, and the average maximum was
31.6 °C, from 12:00 to 14:00 h. From 14:00 h the ambient temperature decreased until
reaching 25.3 °C at 17:00 h (Fig. 2).
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Figure 2. Temperature (°C), relative humidity (%) and global solar radiation (W m?) over the
drying period: T — Temperature; RH, — Relative humidity; 1, — Solar radiation; n — drying day.

Regarding the relative humidity, it can be observed that this drying indicator
showed the same behavior over the six days of the process, with an average of 74.5%.
The highest values of relative humidity occurred was 94.0% at 07:00 h, and the minimum
was 53.8% at 13:00 h.

The average global solar radiation obtained during the drying period of coffee in
the HSED was approximately 306.9 W m2, with peaked was 662.3 W m? at 16:00 h.
The period of maximum average value of globa radiation does not coincide with that
achieved by thetemperature. Furthermore, it can be observed that in the daytime between
07:00 and 10:00 h there was low availability of radiant energy, with an average of
0.5W m=. In the period of availability of solar energy (11:00 to 17:00 h), the average
global solar radiation was 482.0 W m? (Fig. 2). Lingayat et a. (2017) when using
indirect solar dryer (solar flat plate air collector with V-corrugated absorption plates,
insulated drying chamber, and chimney for exhaust air) for banana drying in India
obtained maximum and average incident solar radiation values of 1,219.1 and
897.4 W m?, respectively.

It was verified that environmental conditions are favorabl e to coffee drying, since
the period of higher temperature coincides with lower value of relative humidity and
higher availability of solar energy. Additionally, on the fourth day of drying, there was
alow incidence of rain, leading to lower temperatures from 12:00 h. In the evaluation of
the solar dryer thermal efficiency low incidence of rain, including collector and drying
chamber, it is essential to take into account the environmental conditions, such as
temperature, relative humidity and radiation, as well as the geographical location
(Altobelli et a., 2014).

In specific case of coffee drying, in Brazil, its harvest occursin the months between
May and August (autumn/winter season), so there are excellent environmental
conditions such as high level of solar radiation and low level of rainfall. In order to
maintain its quality for processing and, subsequently, marketing at any period of the
year, coffeeisimmediately dried. Thus, the drying period of the different lots of conilon

2173



coffee are consistent with the Brazilian reality in any season for the metropolitan region
of Rio de Janeiro, Brazil.

Thermal efficiency of the solar collector

The thermal efficiency of the solar collector can be influenced by its size, mode of
operation, geographical location, mass flow rate, temperature, relative humidity and
local radiation (Montero et al., 2010; Lingayat et a., 2017). Fig. 3 shows the curve of
drying air temperature (inlet, middle and outlet of the solar collector) along the drying
period.

The ambient air temperature and solar collector’s inlet temperature did not show
great variations among themselves during the coffee drying period, being the average of
27.9+ 0.02 °C. In contrast, the average temperature in the middle and at the outlet of the
solar collector were respectively 10 and 27% higher than that of theinlet.
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Figure 3. Temperature (°C) as function of effective drying period in the solar collector:
Tn— Temperature; i —inlet; m— middle; o — outlet; n— drying day.

The highest average temperatures were recorded at noon, being equal to 32 °C for
ambient temperature and at theinlet, to 39 °C in the middle and to 54 °C at the outlet of
the solar collector. At thismoment, anincrease of 21.1 °C was observed in the collector’s
outlet temperature compared to the inlet temperature. Then, there was areduction in the
temperatures, regardless of the data collection position, equal to 25°C at 17:00 h
(Fig. 3). Shuck et al. (2014) evaluated the efficiency of flat solar collector for tobacco
drying and considered the inlet temperature of the solar collector as the ambient
temperature itself, because there was no significant difference between the two.

In addition to the increase in drying air temperature and global solar radiation, the
reduction of relative humidity is afactor that proves the efficiency of the solar collector.
Combined with this, indicators such as temperature and relative humidity are toolsto be
considered when there are variables other than solar radiation taken as energy sources
(Altobelli et a., 2014).
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Therefore, in Fig. 4 presentsthe relative humidity recorded at the outlet of the solar
collector, which decreased by 33% at 12:00 h, compared to air at the inlet (Fig. 2). In
general, the relative humidity of the ambient air and at the inlet of the solar collector
showed a difference of no more than 5% at 09:00 and 11:00 h.
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Figure 4. Relative humidity (%) as function of effective drying period in the solar collector:
RH;, — Relative humidity; i — inlet; m— middle; o — outlet; n— drying day.

In terms of instantaneous thermal efficiency of the solar collector, at the beginning
of the daytime there were average values higher than 100%, equa to 1,201% at 07:00 h,
490% at 08:00 h, -6,187% at 09:00 h and 2,421% at 10:00 h. The high values of
instantaneous thermal efficiency of the solar collector in the coffee drying period from
07:00 to 10:00 h can bejustified by the combination between low global solar radiation
and temperature, as observed in Fig. 2. When determining the thermal efficiency of the
solar collector of continuous solar dryer integrated with desiccant thermal storage for
drying cocoa beans, Dina et a. (2015) did not adopt the day time due to the low
availability of solar energy.

In particular at 11:00 h, there was an increase in global solar radiation, which,
together with the variation of temperature (Fig. 2), reduced the efficiency of the solar
collector (Fig. 5). However, when considering the six days of coffee drying, the average
instantaneous thermal efficiency of the solar collector was 120%, that is, higher than
100%. Thus, for 11:00 h the average instantaneous thermal efficiency was calculated
only with daily values below 100%.

Altobdlli et a. (2014) evaluated the instantaneous thermal efficiency of the flat
solar collector coupled to a dryer in Argentina, considering only values below 100%,
since they obtained higher values in the afternoon, as the intensity of solar radiation
decreases. These authors aso observed a similar behavior with the performance of the
system, solar collector and drying chamber, because at the beginning they observed
values similar to the total performance, but reached values beyond possible when
radiation was zero. Dueto the dependence only on solar radiation, the authors considered
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that the thermal efficiency of the solar collector alone does not adequately describe the
behavior of the solar dryer, so the system needsto be considered as awhole to determine
the thermal efficiency.
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Figure 5. Thermal, instantaneous and global average efficiency of the solar collector throughout
the drying period: nsn — Solar collector efficiency; n — drying day; | — Instantaneous; G — Global.

In the drying period from 11:00 to 17:00 h, there was a reduction in the
instantaneous thermal efficiency, regardless of the drying day. In calculating the average
thermal efficiency of the solar collector at 11:00 am, only the fourth (95%), fifth (89%)
and sixth (94%) day of coffee drying was taken into account (Fig. 5). From 12:00 h, the
second day showed higher values of instantaneous thermal efficiency. The increase in
instantaneous thermal efficiency at 15:00 h, followed by reduction, confirms the
interference of the drying indicators, that is, temperature variation associated with higher
values of global solar radiation (Fig. 2).

Similar behavior was reported by Kareem et a. (2017), according to whom the
instantaneous thermal efficiency of the multi-pass solar air heating collector system for
drying of screw-pine leaf (Pandanus tectorius) reduced as a function of the drying
period, showing 50% efficiency at 09:00 h with solar irradiation close to zero Watts per
square meter and temperature (ambient and outlet of the collector) of 20 °C. Demirpolat
(2019) analyzed the behavior of apple drying in a convective indirect solar dryer and
found that the maximum thermal efficiency of the collector occurred between 12:00 and
13:30 h, with 65% thermal efficiency in the collector.

Oliveira et a. (2019), performing the drying of mangoes in a convective indirect
solar dryer, reported that the peak of maximum instantaneous thermal efficiency of solar
collector was approximately 60% at 14:00 h at four days of drying, with globa solar
radiation and ambient temperature ranging from 400 to 600 W m2 and from 35 to 60 °C,
respectively. Gulcimen et al. (2016), during the drying of sweet basil in a convective
indirect solar dryer, abtained maximum instantaneous efficiency of solar collector of
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42% at 13:00 h, with globa solar radiation between 720 and 750 W m2 and mass flow
rate of 0.012 kg s™.

The average thermal efficiency of the solar collector of 29% is higher than that
found in the literature by Oliveira et a. (2019), who obtained 26% during solar drying,
under conditions of average solar radiation of 361 W m2. Thisvalueis aso higher than
those found by Fudholi et al. (2015), equa to 28%, in the back-passV-groove solar
collector coupled in solar drying of red pepper, and by Altobelli et a. (2014), equal to
27%, evaluating drying indicators in northwestern Argentina. On the other hand,
Lingayat et a. (2017) evaluated the performance of indirect solar dryer for bananadrying
obtained average overall efficiency of 31%. The authors conducted the experiment under
conditions of average incident radiation of 724 W m?, more than twice the one
mentioned in the present study (306.9 W m ).

Thermal efficiency values higher than that found in the present study were reported
by Hedge et al. (2015), 36% higher. However, these authors adopted thermal systemsto
maintain the temperature high inside the flat plate solar collector during the period of
low solar energy availability and ambient temperature.

Thermal efficiency of the drying chamber

During the solar drying of coffee, it was observed that both the temperature and
relative humidity of the drying air show differences when compared at the inlet and
outlet of thedrying chamber (Fig. 6). The average differencesin temperature and relative
humidity between drying air at the inlet and at the outlet were 5.7 °C and 1.7%,

respectively.
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Figure 6. Temperature of the drying air in the SHSE chamber over the drying period:
Tn— Temperature; i — inlet; o — outlet; n— drying day.

Furthermore, it can be observed that the highest temperatures and lowest values of
relative humidity occurred inside the drying chamber when compared to the air ambient.
The highest temperatures at the inlet and outlet of the drying chamber occurred from
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11:00 to 13:00 h, while the lowest ones occurred during the early morning and late
afternoon (Fig. 6). On the other hand, the minimum relative humidity at the inlet and
outlet of the drying chamber occurred at 13:00 h and the maximum values occurred at
07:00 and 17:00 h (Fig. 7).
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Figure 7. Relative humidity of the drying air in the SHSE chamber over the drying period:
RH, — Relative humidity; i —inlet; o — outlet; n— drying day.

The average value of drying air temperature and UR inside the SHSE chamber was
35.5 °C and 66.4%, respectively. The average maximum temperature reached inside the
drying chamber was 47.7 °C at 12:00 h. At that same time, the ambient air had a
temperature of 31.6 °C, that is, an increase of 16.1 °C. Regarding the average minimum
relative humidity reached in the drying chamber was 39.7% at 13:00 h, with 53.2% in
the ambient air, a reduction of 13.5%. The average variation in the temperature
increment and the reduction of relative humidity between the drying air inside the
chamber and the ambient air was 7.7 °C and 5.5%, respectively. The higher temperature
and lower relative humidity inside the drying chamber when compared to the ambient
meteorological conditionsindicate the capacity of the drying chamber to not |ose heat to
the environment.

It was found that the relative humidity decreases with the increase of temperature,
as evidenced by the air exiting the solar collector and entering the drying chamber. High
relative humidity was observed at the outlet of the drying chamber, compared to theinlet,
and this can be attributed to the variation in the drying rate of the material asthe moisture
content decreases.

Dinaet a. (2015) eval uated the continuous solar drying of cocoa seeds using aflat-
plate solar collector and obtained lower results of thermal variation than those of the
present experiment. The authors obtained an increase of 12 °C in the air temperature
inside the drying chamber comparison to the ambient. In addition, the increase obtai ned
was aso higher than that reported by Shalaby & Bek (2014), who evauated the
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performance of an indirect solar dryer and found an increase of 7.5 °C between drying
air temperature and ambient temperature.

For the study of the thermal efficiency of the drying chamber for conilon coffee,
the average values of temperature, relative humidity, drying air velocity were 38.9 °C,
53.6% and 0.98 m s, respectively. As adopted for the solar collector, only the fourth,
fifth and sixth day were considered for calculating the average values of the thermal
efficiency of the drying chamber at 11:00 h. As expected, the highest average values of
instantaneous thermal efficiency occurred at 11:00 and 12:00 h (66.3%), while the
lowest at 17 h (17.6%). Considering the six days of coffee drying, the average
instantaneous thermal efficiency of the drying chamber was 40.8%.
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Figure 8. Thermal efficiency of the drying chamber of the hybrid solar-electric dryer over the
drying period: npocn — Dryer chamber efficiency; n — drying day; | — Instantaneous; G — Global.

The maximum and minimum val ue of instantaneous thermal efficiency reached was
89.8% at 11:00 h on the fourth day and 9.7% at 17:00 h on the six day, respectively
(Fig. 8). The high values of instantaneousthermal efficiency inthe drying chamber along
the coffee drying period from 11:00 to 13:00 h can be justified by the combination
between high temperature (Fig. 6) and the reduction in relative humidity (Fig. 7).

In the drying period from 13:00 to 17:00 h, there was a reduction in the
instantaneous thermal efficiency, regardless of the drying day. The relative humidity of
the air entering the drying chamber was more stable until 10:00 h, while that of the air
inside the drying chamber continuously decreases until about 13:00 h (Fig. 7). Such
behavior may be an indication that most of the moisture in the product had already
evaporated at that time, although solar radiation has increased at the same time, leading
to areduction in the thermal efficiency of the drying chamber (Fig. 8). Musembi et al.
(2016), when analyzing an indirect solar dryer by natural convection for medium
latitudes, obtained similar results. The authors observed stability in the inlet relative
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humidity during the first 40 min of the drying days, noting that the value in the air of the
drying chamber decreases until 15:00 h. The average overall therma efficiency of the
drying chamber was 48.8% for the six days of drying, value that is within the range
obtained by Hao et a. (2020), evaluating a hybrid dryer for lemon drying.

Overall thermal efficiency of the HSED

Regarding the overall thermal efficiency, the same profile shown by the drying
chamber can be observed (Fig. 8). The highest values of globa thermal efficiency
occurred at 11:00 am from the fourth day of solar drying. For this period of solar drying,
the average global efficiency was 64.1%. Considering the six days of coffee drying, the
average overall thermal efficiency of the drying chamber was 39.7% (Fig. 9).
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Figure9. Overall thermal efficiency of the hybrid solar-electric dryer over the drying period:
Noon— Overall dryer efficiency; n— drying day; | — Instantaneous; G — Global.

Lingayat et a. (2017) and Altobdlli et al. (2014) obtained val ues of 22.38 and 17%,
respectively, for the average overall thermal efficiency of their experiments. This
confirms that the local climatic conditions of Brazil are excellent for the use of indirect
solar drying, combining the drying indicators such as temperature, relative humidity and
solar radiation.

Massreduction in natural and pulped coffees

Fig. 10 shows the reduction in the mass of natural and pulped grains, respectively,
over the drying period. It should be noted that the initial mass of the natura grain
(Fig. 10, @) is lower than the pulped grain (Fig. 10, b), being 291.2 and 295.4 g,
respectively, at 7:00 am on the first day. However, it did not affect the solar drying
process. This difference in initia mass is justified due to the wet treatment used for

pulping.
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It is also observed that, during the drying of the conilon coffee, the period of
intermittence did not interfere with the mass loss of the product. However, greater mass
loss can be observed on the first two days in both pulped and natural grains. The highest
rate of water removal in the first two days is due to the initial elimination of free water
from the grain surface.

It can be observed that therewasareductionin grain massevery day of solar drying,
being more pronounced on the first day. Thus, it can beinferred that the rainy season did
not interfere in the coffee drying as commonly occurs in conventional processes. On
earth and suspended terraces in the rainy season, coffee drying is delayed, which leads
to anincreasein the period and aprobableinterferencein thefinal quality of the product.

It can also be verified that, from the third day, the mass of both lots of grains
remained constant along the drying period. Regarding the effect of the intermittence
period, the product did not absorb moisture, as reported by Camelo et a. (2019) in solar
drying of banana. The final masses of natural grains and pulped grains were 165.1 and
186.8 g, respectively. Thus, it can be considered that on the last day the product reached
the hygroscopic equilibrium with the environment, and the results are similar to those
obtained by Silviaet a. (2019) for the drying of conilon coffee fruitsin a hybrid dryer.

CONCLUSIONS

The studied electric solar hybrid dryer proved efficient in the drying process of
conillon coffee. Results show that the temperatureincreases 18.1 °C in the solar collector
and in the drying chamber of 21.3 °C, allowing the coffee to dry at acceptable and ideal
temperatures for the drying process. The average variation for the reduction of RH
between the drying air inside the solar collector and the ambient air was 10.8%, whilein
the chamber obtained in the range of 13.5% at 13:00 h. During the drying of conilon
coffee, the intermittence period did not interfere in the loss of mass of the product.
Regarding the values obtained for efficiency, the solar collector and dryer chamber
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efficiency were 27.1 and 45.3%, respectively, while the overall dryer efficiency 39.7%.
The drying of coffee is one of the processes with the greatest attention due to the direct
influence on the quality of the drink and marketing price. As most of the producers still
use conventional drying methods, the data obtained in the present study allow usto say
the hybrid solar-electric dryer proved to be an economically viable and economical tool
for processing a differentiated and gourmet coffeein small rural. It isseen that HSED is
promising in view of sustainability and this simple structure can be utilized as an
alternative to drying applications.
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