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Abstract: Backyard agricultural systems are frequently used for food production in rural tropical
regions all over the world. The implementation of these systems has been used as a strategy to
increase food security, to preserve the phyto and zoo diversity and to provide an alternative income
for poorer rural families. Nevertheless, the absence of appropriate preservation mechanisms and
nonrenewable energies can lead to significant production losses that could be prevented by the
implementation of solar drying devices. The objective of this project was to design, build and validate
a double collector solar device for improved drying performance. To evaluate the double collector
solar device, four backyard products frequently used in the Mexico Southwest regional diet were
used: carrots, chayote squash, tomatoes, and oyster mushrooms. The results showed that the solar
device achieved drying efficiencies between 22.8 and 37.9% by reaching moisture values below the
12.30% threshold, which according to the international standards is considered as “Low Moisture
Food”. The evaluation of the double collector solar drier is demonstrated to be an easy-to-apply and
environmentally friendly method for food preservation in tropical rural regions by taking advantage
of domestic renewable energy resources.

Keywords: solar drying; backyard food production; chayote squash; oyster mushroom; tomato; carrot

1. Introduction

Tropical countries located in Asia, Africa, and Latin America share climate and demographic
conditions with similar food production systems. In these regions, the soil fertility and water abundance
favor primary activities such as agriculture and fishing. Therefore, the rural economy is typically
organized in family farms which rely on self-consumption and the selling of production surpluses as a
source of alternative income [1-5].

Despite the richness and resources abundance, those regions share low Human Development
Index (HDI) values. The United Nations Development Programme (UNDP), reports HDI values
ranging from 0.5 in Africa to 0.7 in Latin America and Asia. Several reasons for this low development
include lack of opportunities, gender and age inequalities particularly in remunerated work, hazardous
working conditions and the prevalence of economical non sustainable activities that tend to deplete
the resources and to deteriorate the environment [6].
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In the tropical region of Chiapas, Mexico, a number of initiatives promoted by Governmental
and Non Governmental Organizations (NGO) have been implemented to improve quality of life.
Those strategies have been oriented to the Millennium Development Goals (MDG), in particular to
the following: i. Eradicate extreme poverty and hunger, ii. Promote gender equality and empower
women, iii. Reduce child mortality and iv. Ensure environmental sustainability [7].

Nevertheless, the implemented programs have faced different challenges related to the high
population dispersion and complicated orography in the region, with the consequent unavailability
of electricity, fuel, supplies and insufficient roads and routes to commercialization. Considering the
latter, the backyard agriculture systems of mushrooms and vegetables have been recognized as an
adequate strategy to increase the levels of food security and to mitigate conflicts between biodiversity
conservation and agricultural production [8-11]. In Chiapas, the food production based on backyard
agriculture has become an activity with relevant importance. Under these systems, native plants and
commercial vegetables included on the basis of the traditional local diet are cultivated, promoting the
self-sustainability of the region [12].

From the biologic point of view, the backyard agricultural systems allow the in situ conservation
of phyto and zoogenetic resources, as well as the natural selection of germplasm of different plant
varieties [13-15]. In economic terms, the backyard agricultural systems contribute to food production,
providing energy and protein at low cost. In addition, the production surpluses are an important income
source to improve the local economy, which is particularly true for the most vulnerable populations [16].
Unfortunately, the absence of appropriate preservation mechanisms leads to significant losses and it
is estimated that in developing countries, nearly 37.26% of the vegetables produced by small family
farms are lost because of a lack of preservation processes [17].

The same scenario is found over tropical regions of the world, where it is very common to have
an overproduction of fruits and vegetables in a short harvest period and due to their isolation from
the electrical grid and the lack of fossil fuels, traditional preservation methods become unavailable or
unaffordable. A renewable and sustainable alternative with the potential to contribute to the MDG by
increasing the shelf life and profitability of food products in backyard agricultural systems is the use of
solar drying devices. Previous authors have evaluated a number of types of solar equipment in order
to increase the shelf life of mushrooms and vegetables. In general, these solar dryers are classified
according to the mechanism of airflow, as natural or forced convection driers and into indirect or
direct driers if the product receives or not direct solar radiation. Some of the best results in terms
of efficiency have been reported with devices that use blowers to induce a flow from the heating
plate in the collector to the chamber where the products are dried [18-23]. Also, the drying time has
been reduced by the addition of heat storage systems which allow continuing the drying process
during the night [24,25]. In other cases, some devices were coupled with additional heat sources,
such as burners or electric heaters which were powered by photovoltaic or connected to the grid
where available [26-28]. Despite the performance of the driers in all these cases being improved,
the increase of final cost and their complexity makes them financially unaffordable or sometimes
unpractical from the operational and maintenance point of view. For successful solar drier operation
in rural environments, the design should be kept as simple and cheap as possible, as well as requiring
the minimum investment and maintenance.

Under those conditions, the natural airflow solar devices have become the most attractive
alternative. These devices have been successfully tested in the drying of a number of products such
as tomato, carrots, medicinal plants, bananas and others [29-32]. Two variations of these devices
are used, the indirect and direct driers, depending if the product is receiving direct or indirect solar
radiation. According to previous work, the exposure of the products to direct solar radiation produces
undesirable changes in the organoleptic properties [24,33], causing rejection from the consumer. On the
other hand, the indirect, natural flow solar drying combines the simplicity, low cost, and independent
operation from any traditional fuel or source of energy, to produce the best results in terms of color,
odor, and taste.
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In this work, a novel natural airflow solar drier was designed; it involves two separate collectors.
The first one is a traditional flat-plate greenhouse effect collector, where solar radiation is used to heat
the air and a metal plate inside the collection chamber, to produce a natural convection airflow through
the drying products. Nevertheless, in these designs the airflow tends to cool down while extracting
moisture from the product, causing different drying rates in the chamber, which leads to a decrease in
quality in the characteristics of the final product. To prevent this effect, this solar dryer is equipped
with a second solar collector coupled to the roof of the device to provide an extra thermal source, which
indirectly transfers heat to the drying chamber through a metal plate. By the incorporation of the
second solar collector, the loss of thermal energy in the chamber is compensated, homogenizing the
drying process and reducing the drying time while avoiding changes in color and flavor due to direct
solar radiation exposure.

2. Materials and Methods

2.1. Description fo the Double Collector Solar Dryer

A double collector solar device was designed and implemented in the city of Tuxtla Gutierrez,
Mexico (16°44’57.7” N, 93°05'54.9” W) during the days from 29 July to 3 August 2013. This device was
built with galvanized steel and has two flat solar collectors (primary and secondary collectors) and a
drying cabinet with three drying racks (Figure 1a). The air enters at the bottom of the first collector
through a metallic grid to avoid contamination, and flows towards the drying chamber and second
solar collector through the airflow channel until it reaches the chimney (Figure 1b).
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Figure 1. Schematic views of the double collector solar device. (a) Front view; (b) Back view.

The primary collector is a single pass air-heater with a top glass cover of 1 cm thick and it is
located on the lower part of the device. The dimensions of this first collector are 1 x 1 m (L1 X w)
and the inclination angle is 16 degrees according to the latitude of the zone (Figure 2a). The collector
is coupled with the drying chamber through an air channel of 23 cm wide (c) and 15 cm high (s)
(Figure 2a). The drying cabinet has a rectangular shape and houses three drying racks with a calculated
capacity of 7 kg, but for the evaluation, only 3 kg of wet product were used. The dimensions of the
cabinet are 122 cm high (h), 100 cm long (L) and 70 cm wide (w). The drying racks are made with
304 stainless steel mesh (#6 mesh, with 3 mm aperture and 1.2 mm wire diameter) and are stacked
inside the drying chamber separated 10 cm from each other, their dimensions are 96 cm long and 66 cm
wide (Figure 2b). According to this disposition, the heated air coming from the first solar collector
passes through the first rack exchanging heat and removing water from the drying products. As the
process continues in superior racks, the drying effect is reduced due to the increase of moisture and
cooling of the airflow, leading to undesirable differences in water content and appearance in the final
product. In order to prevent the temperature in the drying chamber from dropping, the roof of the
drying chamber was designed as a second greenhouse effect heat collector with the same angle and
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characteristics of the first one, but to avoid the disadvantages of the direct solar exposure of the drying
products, the solar energy gained by the second collector is used to heat a metal plate that acts as the
roof of the drying chamber, transferring heat indirectly to the drying products. In this way, this design
is intended to take advantage of any additional heat gain to keep the air temperature inside the drying
chamber as high and homogeneous as possible, but avoiding the undesirable effects of the solar direct
exposure of the drying products. The temperature in each rack was monitored via three temperature
sensors TS18B20 (1.5% maximum error) coupled to an Arduino card (Figure 2c).

Chimmey

Drying chamber
| A,

| e |

a b c

Figure 2. Double collector solar device. (a) Lateral view; (b) Drying chamber; (c) Schematic diagram of
temperature sensors TS18B20 connected to the Arduino platform in the double collector solar drier.

2.2. Crop Characteristics

In this project, four agricultural products were selected due their frequent utilization in the local
diet: carrot (Daucus carota), chayote squash (Scheium edule), tomato (Solanum lycopersicum) and oyster
mushroom (Pleurotus ostreatus). The maturity stage selected was determined according with the scale
applicable to each product, using Red stage for tomatoes [34], Light Green, Thin-Skinned Pear-Shaped
for Chayote squash [35], Long Orange for Carrot [36] and Fully Developed Basidiocarp for Oyster
mushroom [37]. The products were cut in three different shapes in order to determine the relationship
between their size and geometry and the drying kinetics. The cuts analyzed were shredded (10 mm
thick X 10 mm width by 50 mm long), chopped (cubes of 10 mm by side) and sliced (10 mm thick).
Opyster mushroom was dried only in sliced cut due to the morphological characteristics of the product.
The drying process was performed for each product separately. Before the evaluation, all products were
visually inspected to ensure uniform maturity and color and the different cuts were carefully disposed
over the trays to prevent overlapping, forming a single-layer of fresh product. All the procedures were
performed in agreement with Codex Alimentarius CRC/RCP 5-1971 [38]. The initial and final moisture
was determined by taking a 10 g sample for each evaluation, in a thermobalance (Ohaus ® MB45
moisture analyzer) according to the standard NMX-F-428-1982 [39]. Also the percentage of water was
calculated during the drying process by assessing the water loss in three different 40 g samples every
80 min until a moisture content of 12% or less was determined, to accomplish the “Low Moisture Food”
definition in accordance with the CODEX STAN CAC/RCP 75-2015 [40] code applicable to dried fruits
and vegetables and to the CODEX STAN 39-1981 [41] for dried edible fungi. The drying evaluation
was carried out during March of 2013. The outside temperature was recorded with a humidity and
temperature sensor DHT11 (Keyes) coupled with an Arduino card and the insolation determined with
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a Vaisala Pyranometer model QMS101 (Hukseflux ®) in order to validate the results. All measurements
were performed in triplicate.

2.3. Drying Curves

The moisture ratio (MR) was calculated according Equation (1) [42]

M_Mg

MR = ————
MO_Mg

¢y
where, M, is the moisture content wet basis at time (t), M, (g), is the equilibrium moisture content,
My (g) is the initial moisture content.

The moisture content wet basis was calculated according [43]

W(t) —d
M = +100% )
wo

where, W), is the mass of the wet material at instant ¢, d, is the mass of dry materials and wy, is the
initial mass.
Whereas, the equilibrium moisture was calculated according to [44].

M.

B 1800{ KU, ( Kot KUy + 2Ko1 Koo K2U2 ]] )

s |1=KUr " (14 Kot KU, + Kogt Kego KL

where, Uy, is the relative humidity, and, s, K, Kep1,Kepz are coefficients calculated according to
Equations (4)—(7)

s =330 + 0.452T}; + 0.00415T, 4)

K =0.791 + 0.000463T;; — 0.000000844 Tp, (5)
Kept = 6.34 + 0.000775T; — 0.0000935 T, (6)
Kepp = 1.09 + 0.0284T; — 0.0000904T7 7)

where T, is the dry bulb temperature calculated by psychrometric tables from the temperature inside
the device cabinet.

2.4. Drying Efficiency

The collecting area and the insolation were used to calculate the available energy to perform the
drying process in the solar device. This parameter, together with the water loss and the latent heat
of evaporation of water, were used to determine the drying efficiency, 1; Equation (8). This value
differentiates from the thermal efficiency, because in the first case, not only is the capacity of the dryer
to increase the air temperature assessed but also the capacity to effectively remove water from the
products, providing more relevant information about the device performance.

Myl

where, 1, is the drying efficiency, My (kg) is the mass of water lost, Lt(%) is the latent heat of

evaporation of water, It(%) the incident solar radiation; AT(m2) is the total exposed area for both
collectors, t the time in seconds that it took the solar device to accomplish the drying process and 7 is
the drying efficiency (%).
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2.5. Drying Rate

The drying rate, N (%) was determined according to Equation (9), where the water mass

removed per unit of time was calculated for each assessed product.

-WiAMy,
N=——7—7#—+ 9
At )

where, —Wj; is the dry product weight (kg), AM, is the moisture reduction (%), As, the drying area
(m?) and At is the drying time (s).

3. Results and Discussion

3.1. Drying Conditions

The drying process of carrots, chayote squash, tomato, and oyster mushrooms was performed
independently in triplicate in three different cuts. The measured drying conditions are shown in
Table 1.

Table 1. Drying conditions and results.

Parameter Carrot  Chayote Squash  Tomato  Oyster Mushroom
Mean ambient temperature (°C) 26 29.8 30.25 33.48
Ambient relative humidity (%) 79.75 74.9 68.5 74.82
Average insolation (W/m?2) 565.0 641.1 723.48 600.14
Drying time (h) 5.33 8 6.66 533
Average product temperature (°C) 32 37.35 41.43 34.62
Initial moisture content (%) 81 93 93 89
Final moisture content (%) 12.26 12.30 12.04 9.58
Average drying kinetics (kg w/kg dry s) 0.0109 0.0097 0.0197 0.0177
Drying efficiency (14) (%) 379 22.8 36.3

The initial water content of all the four evaluated products ranged between 81%-93% and all
products were dried in the double collector solar device until the water content was measured between
9.58 and 12.30% wt. These values are considered “Dehydrated” by the CAC/RCP 75-2015 [40] and the
CODEX STAN 39-1981 [41].

From Table 1, a relation between the drying time and the initial moisture content was observed.
Since the best efficiency was obtained for carrots, 37.90%, which had also the lowest initial moisture
content (81%), followed by mushrooms with an initial 89% of water and a drying efficiency of 36.30%,
then tomato and chayote, both with 93% of water but different drying efficiencies, 25.90% for tomato
and 22.80% for chayote. This difference is attributed to the mucilaginous nature of the chayote’s
sap [45], which decreases the free water content and reduces the water removing process. The latter
can be validated by analyzing the drying efficiency behavior also shown in Table 1. According to these
values, the products with highest initial water content showed a higher drying efficiency (tomato
and mushrooms) with the exception of chayote, that had high initial moisture but the lowest drying
kinetics because of the aforementioned reason.

Figure 3 shows the measured air temperatures at the inlet and in the three racks of the drying
chamber, placed in the chamber as described in materials and methods. As expected, the highest
temperatures were reached at the bottom rack because the effect of the first solar collector. After
losing temperature, the air continues ascending to the chimney and diminishing its drying capacity,
nevertheless, thanks to the second collector contribution, the temperatures in the upper and middle
racks are kept very similar, maintaining the homogeneity of the process and the quality of the
final product.
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Figure 3. Temperature profiles when entering the device and during its flow through the drying chamber.

3.2. Drying Curves

7 of 13

Figure 4 shows the drying curves for four products in the solar drier. The experiment was carried
out per batch of one product; the moisture ratio corresponds to the total mass loss of all types of cuts
until the equilibrium moisture is reached. Tmin corresponds to the lower temperature registered by
any of the three sensors. Tmax corresponds to the highest temperature record by any of the three
sensors. Tavg corresponds to the average of the temperature recorded by all three sensors during
the process; this temperature was used to calculate the data plotted in the drying curves (Table 2).
Each plot represents the moisture lost during the drying time, from the initial fresh product, until
reaching the equilibrium moisture in order to analyze the water loss differences for each product.

Table 2. Temperature in the drying cabinet for the drying curves determination (Figure 4).

Product Tmin CO) Tmax (°C) Tavg (°C)
Carrot 29 41.5 32
Chayote squash 29.7 45.8 37
Tomato 34 45 41
Oyster mushroom 24.1 48.1 33.9
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Figure 4. Drying curves. (a) Carrot; (b) Chayote squash; (c) Tomato and (d) Oyster mushroom.

The drying curves (Figure 4) show that carrots, chayote and tomatoes lose between 30% and 40%
of their moisture during the first hour of drying, while oyster mushroom only loses 20% during the
same time. However, oyster mushroom reached equilibrium moisture faster (2 h, compared with
3 and 4 h for the rest of the products). Considering that chayote and tomatoes were dried under
slightly higher temperatures (from Table 2, average drying temperatures of 37 and 41 °C respectively),
this indicated that the drying time is a relation between the drying temperature and the nature of
the product.

3.3. Drying Efficiency

Figure 5 shows the drying kinetics for all the four products and the 3 different cuts evaluated
in the solar drier. According to Figure 5, the drying kinetics decrease exponentially with respect to
the moisture content. This behavior is typical for vegetables in any dryer and is related to an initial
accelerated moisture decrease related to the “Free Water” content [46]. During this stage, most of the
moisture removed is water with a high vapor pressure due to the weak bonding to the dry base product.
The rapid initial drying rate is followed by a much slower water-removing stage, starting around the
160 min for mushrooms and at 240 min for the other products, until the end of the drying process.

Figure 5 also shows that there is not a concluding relation between the shape and the drying rate.
From the products and cuts evaluated, carrots were dried slightly better when prepared in slices, while
tomato and chayote dried practically at the same time independently of the cut. This behavior seems to
contradict previous results where preparation cuts with the increased area improved the drying process
with tomatoes [47], and for chayote squash [48]. Nevertheless, in this case, the effect of the double solar
collector helps to homogenize the temperature in the drying chamber. Figure 3 shows the measured
air temperatures at the inlet and in the three racks of the drying chamber, placed in the bottom, middle



Sustainability 2019, 11, 2920 90of 13

and top part of the chamber. As expected, the highest temperatures were reached at the bottom rack
because the effect of the first solar collector. After losing temperature, the air continues ascending to the
chimney and diminishing its drying capacity, nevertheless, thanks to the second collector contribution,
the temperatures in the upper and middle racks are kept very similar, maintaining the homogeneity
of the process. As a result, the drying process is not only dependent on the airflow in contact with
the exposed surface related to the product shape, but also on the air temperature increased by the
additional contribution of the second collector.
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Figure 5. Variation of drying rate with drying time: (a) Carrots; (b) Chayote squash; (c) Tomato and (d)
Oyster mushroom. For (a)—(c) shredded (solid circles), chopped (thombuses), slices (asterisks).

3.4. Dried Products

Figure 6 shows the drying results for all four products. Despite the changes in appearance due
the lost of moisture, all the products kept their characteristic color, odor, and flavor. Also, the drying
temperature during the process was found to be in the optimum range where the organoleptic
properties as well as the bioactive compounds such as lycopene, beta-carotene, starch, dietary fiber
and antioxidants of the dried products are preserved and in some cases enhanced [49].
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(b)

(d)

Figure 6. Drying products in double collector solar device: (a) Chayote squash; (b) Carrot; (c) Tomato;

(d) Oyster mushroom. From fresh (left) to dry (right).

4. Conclusions

Drying is an ancient technique that has been used to preserve agricultural products. Solar drying
in particular involves a number of challenges because of the variations in the drying conditions and
to the changes in the cellular structure and the organoleptic properties during the process, causing
rejection by the consumer. The incorporation of a second solar collector in the evaluated device was
demonstrated to be an appropriate strategy to improve the drying process, keeping the system simple
and inexpensive without the need of nonrenewable energies.

The obtained results proved that the solar drying can be an economic, low energy consumption
and environmentally friendly alternative for rural communities to help reduce the postharvest losses
of backyard products. The use of this food system not only helps to provide a source of alternative
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income for low income families but also can increase the consumption availability of the products,
improving food security and favoring biodiversity conservation.
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