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Abstract: Solar energy is one of the most accessible and environmentally friendly sources of renewable
energy, widely used in the drying of agricultural products. Compared to conventional methods, solar drying
offers significant advantages such as improved energy efficiency, low operating costs, minimal environmental
impact, and better preservation of the nutritional quality of food products.

This paper analyzes the performance of a mixed-type solar dryer, consisting of an air collector and a drying
chamber, used for the dehydration of fruits (apple, pear, and banana) under controlled theoretical conditions.
A detailed calculation was carried out to determine the volumetric airflow required to dry 1 kg of fresh fruit,
based on real moisture content data and standardized drying conditions. For instance, drying 1 kg of apple
(initial moisture 85%, final moisture 15%) at 50°C required approximately 32.1 m3/h of dry air, under ideal
operating conditions.

The results indicate that commonly cited values in the literature — estimating the need for 250 W and 62 m3/h
of air to dry 1 kg of fruit — can be significantly optimized through proper system design and precise control of
operational parameters. The study highlights the drying behavior differences between fruits and provides a
basis for the efficient sizing of solar dryers, especially for small-scale producers and farmers seeking
sustainable and low-cost food preservation solutions.

Keywords: Solar drying, renewable energy, fruit dehydration, agricultural sustainability, controlled drying
process

1. Introduction

The continuous growth of the global population and accelerated urbanization have led to an
increasing demand for fresh food, particularly fruits and vegetables. However, the lack of adequate
storage and preservation facilities often results in significant post-harvest losses, reducing the
availability of food products and contributing to price increases. Preserving these products is
essential for extending shelf life, maintaining nutritional value, and reducing food waste. Among
various preservation technologies, drying stands out for its simplicity and efficiency, being one of
the oldest food processing methods used for millennia [1].

Agro-food products can be dried using several methods, but one of the most sustainable solutions
is solar drying, which relies on a renewable, eco-friendly, and abundant energy source. The
conversion of solar energy into heat is a direct and efficient application in this context, allowing for
the reduction of moisture content in fruits and vegetables and consequently lowering their mass,
which facilitates packaging, storage, and transport [2]. Removing water from the product inhibits
microbiological and chemical processes that lead to food spoilage, thereby extending its shelf life
[3].

Although traditional sun drying continues to be widely used, it presents significant limitations: high
heat losses, exposure to contaminants, dependency on weather conditions, and lack of control
over the drying process. These drawbacks have led to the development of modern solar dryers,
in which drying takes place in a closed and controlled environment, with regulated temperature and
moisture, using solar energy either directly or indirectly. These systems are commonly classified as
direct, indirect, mixed, or hybrid dryers, and can operate in passive mode (natural convection) or
active mode (forced convection).

It is also important to note that traditional sun drying suffers from substantial thermal energy
losses, since only a fraction of the incident solar radiation is effectively used in the drying process.
Direct exposure also increases the risk of product degradation due to extreme weather conditions
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or contamination by foreign particles. Therefore, drying under controlled conditions is necessary for
improved product quality. The evolution of sun drying has led to the development of solar drying
systems, in which products are dried in enclosed environments, maintaining high internal
temperatures [4]. In this context, solar dryers offer practical solutions to the challenges of open sun
drying. They use solar energy as the primary heat source for drying, while also increasing thermal
efficiency compared to traditional sun drying methods.

These solar-powered drying systems have been developed in various designs, and a significant
portion of fossil fuel consumption can be reduced through their use [5]. All of these solar dryer
configurations rely on the same fundamental mechanism—evaporation of water molecules from
within the product. The method of heat transfer to the product depends on the system design and
can occur through convection or radiation [6].

According to the literature, general estimates suggest that drying 1 kg of fruit with approximately
80% moisture content requires around 250 W of thermal energy and an airflow rate of about 62
m3/h. However, the simulations conducted in this study, using a simplified solar dryer model
composed of a solar collector and a drying chamber, indicate optimized values. For example,
drying 1 kg of apples, with an initial moisture content of 85% and a final value of 15%, at a constant
temperature of 50°C and air relative moisture of 30%, required only 32.1 m3h of dry air and
resulted in 0.7 kg of water removed. This approach demonstrates that, through careful design
and rigorous control of operating parameters, the efficiency of the drying process can be
significantly improved compared to general theoretical estimates.

Therefore, the present study aims to analyze the drying behavior of fruits such as apples, pears,
and bananas, in the context of using a solar dryer under controlled parameters. It also seeks to
highlight the differences in drying time and air requirements based on the internal structure and
initial moisture content of each fruit. The results obtained may contribute to the optimization of
solar dryer design, particularly for small-scale producers or farmers, offering a sustainable, cost-
effective, and efficient alternative for agricultural product preservation.

2. Classification and operating principles of solar dryers

Numerous researchers have developed and evaluated various types of solar dryers with the aim of
improving operational efficiency and thermal performance. Solar dryers can be classified according
to several criteria, such as the movement of heated air, structural configuration, airflow direction,
exposure to solar radiation, or the inclusion of energy storage systems [7].

Based on their operating principles, the most common types of solar dryers include:

e direct solar dryers,

e indirect solar dryers,

e« mixed-mode dryers (combining direct and indirect heat input),

e dryers with thermal energy storage,

e passive solar dryers (with natural convection) and active ones (with forced convection) [7].
In direct-type solar dryers, the product is exposed directly to solar radiation and is covered by a
transparent cover that allows the passage of solar energy while protecting the product from
weather conditions and contaminants [8]. These systems are structurally simple but limited in
terms of temperature control and drying uniformity.
Indirect solar dryers use a solar air collector to heat the air, which is then directed into the drying
chamber. In this setup, the product is not exposed to direct sunlight, and heat transfer occurs
primarily through convection between the hot air and the product surface. This results in higher
thermal efficiency and better product quality [9].
Mixed-mode systems combine the advantages of both direct and indirect types by using both
direct solar radiation and heated air. This type of dryer offers superior thermal efficiency due to the
combined heat transfer mechanisms—radiation and convection [6,7].
Air circulation within solar dryers can be achieved either:

e naturally, via thermal buoyancy (in passive systems, also known as greenhouse-type

dryers) [10],
e or mechanically, using fans or blowers (in active systems) [11].
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A major challenge associated with solar drying is the variability of solar radiation. Cloudy or
rainy weather and night-time conditions significantly reduce system performance, increasing the
risk of poor product quality or spoilage [12].
To mitigate this issue, thermal energy storage solutions are integrated into solar dryers to
maintain adequate drying temperatures even in the absence of direct sunlight. Materials such as
stone, sand, cast steel, iron, bricks, and salt have been explored for storing excess solar heat,
which can then be released during periods of low radiation [13].
More recently, phase change materials (PCMs) have been used as latent heat storage units.
These materials have been successfully integrated into both direct and indirect solar dryers,
providing significant benefits such as reduced drying times, consistent temperature maintenance,
and enhanced thermal efficiency, even during unfavorable weather or night-time operation [14-17].
Therefore, the incorporation of thermal energy storage systems in solar dryers significantly
increases their thermal efficiency and shortens the drying time, improving overall system reliability.
In summary, solar dryers can be classified based on the following criteria:

e« method of air movement (natural or forced),

e solar exposure (direct, indirect, or mixed),

o airflow direction,

e internal configuration of the drying system,

e type of solar energy contribution (with or without energy storage).
From a functional perspective, solar drying systems are divided into two major categories:

e passive solar dryers (operating without external energy input),

e active solar dryers (using external energy sources to assist airflow).
These categories can be combined with the three main heat transfer modes—direct, indirect, and
mixed—resulting in a wide range of adaptable configurations, suitable for various user needs and
local climate conditions.

TYPE ACTIVE DRYERS PASSIVE DRYERS

INTEGRAL
(DIRECT)
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o
> Solar radiation ——» :Air flow

Fig. 1. Classification of solar-powered dryers
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Active dryers use external means, such as fans or blowers, to move the heated air from the solar
collector to the drying chamber. In contrast, passive dryers rely solely on the natural movement of
heated air. Passive dryers are best suited for drying small batches of fruits and vegetables.

Applications of the solar dryer:

* Drying of agricultural crops.

* Food processing industries for dehydrating fruits and vegetables.
* Drying of fish and meat.

* Dairy industry for powdered milk production.

* Treatment of wood and lumber.

* Textile industries for drying fabrics, etc.

3. Methodology

3.1 Construction principles

The double-chamber solar dryer consists of a solar collector, which can also be referred to as an
air heater, and a drying chamber that may, for example, contain three layers of trays on which the
fruits are placed for drying. The trays in the drying chamber can be loaded with fruits estimated to
weigh an average of 50 g per piece, with dimensions of 6 mm in length/width and 5 mm in
thickness.

To measure the temperature inside the dryer, a digital thermometer can be used, and moisture
loss is determined by weight loss, which is measured using an electronic scale.

For a double-chamber solar dryer, the basic principles are the greenhouse effect and natural
convection (draft). The dryer should be placed outdoors with the collector oriented toward the sun.
The collector is rigidly fixed to the dryer at an angle of 17.5° from the horizontal so that the beam of
solar rays is approximately perpendicular to it.

Air exnt

Drying chamber Trays =

var radiahon ’ Insulabon

Fan jOx

Fig. 2. Two-compartment dryer
3.2 Design principles

For the analysis of solar drying performance in the case of fruits, a simplified theoretical model was
proposed, based on a solar dryer consisting of two compartments: a solar air collector and a drying
chamber. The objective of the study was to estimate the volumetric airflow rate required to dry 1 kg
of fresh product under ideal conditions, without significant thermal energy losses. The fruits
analyzed in this study were: apple, pear, and banana.

3.2.1 Initial Data and Calculation Assumptions

A simplified example for calculating the volumetric airflow rate required to dry one kilogram of
apples in a two-compartment solar dryer (solar collector + drying chamber) assumes the following
data:
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* Dried fruit: apple

* Quantity: 1 kg fresh apple

* Initial moisture content (w,): ~85%

* Final moisture content (w,): ~15%

* Relative moisture of inlet air: 30%

* Drying air temperature: 50°C

* Air density at 50°C: ~1.09 kg/m?
For each fruit, the following experimental data were used:

* Apple: initial moisture 85%, final moisture 15%

* Pear: initial moisture 86%, final moisture 15%

« Banana: initial moisture 75%, final moisture 15%
It is assumed that the dry air enters the drying chamber (at 50°C) with a moisture content of
approximately 0.015 kg water/kg dry air, and at the outlet, the moisture content is ~0.035 kg
water/kg dry air. The system efficiency is considered ideal (no heat loss), and the reference
duration for complete drying is 1 hour.

3.2.2 Calculation of the amount of water to be removed
The amount of water that needs to be removed is determined by the difference between the initial
and final moisture contents, relative to the total mass of the fruit. The formula used is:
wW; — W,
Mapa = Meryct W
Where:
Miruet= 1 kg
Ww; = initial moisture content (%)
w_ = final moisture content (%)
Example for apple:
85 —15
100
3.2.3. Determination of the required dry air mass

Mapq =1 = 0.7 kg apa

Each kg of dry air can take in a quantity of water determined by the difference between the
moisture content at the outlet and at the inlet:
kg apa
Ax = Xiesire — Xintrare — 0.035 - 0.015 = OOZW
Therefore, the air mass required for complete drying is:

Myer = m = 35 kg aer uscat

3.2.4. Volumetric airflow calculation

With the air density at the drying temperature (~1.09 kg/m3), the required volumetric airflow is
determined by relating the air mass to the density:

= %i ~32.1 m_3
Paer 1.09 h

If this volume is needed for one hour of drying (the duration differs, but we use as an example):
Volumetric air flow = 32.1 m3/h for drying 1 kg of apple in one hour. Observations:
e If you have several layers in the drying room, the air must have sufficient speed and flow
rate to penetrate the lower layers as well.
o Depending on the actual drying time, the flow rate adjusts. For example, if drying takes 4
hours, you need a flow rate of:

32.1_8025m3
4 h

e These steps can be integrated into a solar dryer sizing, including solar collector sizing
(depending on the energy required to heat the air).
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3.2.5. Observations on the comparative behaviour of fruits

The differences in internal composition and cell structure between the 3 types of fruits significantly
influence the drying time and the efficiency of moisture transfer. We chose for example: apple,
pear and banana and we represented a graphic model (fig. 3) that shows how the moisture
decreases over time for apples, pears and bananas during drying in a solar dryer.

<& The apple starts with a higher moisture (~85%) and reaches 15% in about 10 hours.

<& The pear has a slightly slower pace, and

<& The banana starts from lower moisture and dries faster.

Moisture decrease over time for 3 types of fruit (solar dryer)

Apple
= Pear
=~ Banana

* ~ @x
(=3 = (=3

Residual moisture (%)
. wn
=) =)

30

20

0 2 R 6 ‘l’ 8 10
Drying time (hours)

Fig. 3. Moisture decrease

We can extend the model and see how the drying air temperature influences the rate of moisture
decrease for the 3 fruits, figure 4. Drying at three different temperatures is simulated: 400 C
(slower); 500 C (medium, optimal for many fruits); 600 C (faster, but with a risk of caramelization of
sugars).

Influence of temperature on apple drying
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Influence of temperature on pear drying
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Influence of temperature on banana drying
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Fig. 4. Influence of temperature on fruit drying

As can be seen, the air temperature influences the drying process of the fruits, so that at 400 C -
drying is slower after 10 hours, the moisture has not yet reached 15%; at 500 C — drying is
efficient, the target moisture of ~ 15% is reached in about 10 hours; at 600 C — drying is faster,
reaching the desired moisture even after 7-8 h, but with the risk of affecting the quality (oxidation,
caramelization).

What we can say is that higher temperatures accelerate drying, but a balance must be found
between drying speed and preserving fruit quality. Observing this, we must also analyze the
influence of air velocity on the drying process.

We will consider a constant temperature—specifically 50°C—since it is regarded as optimal for fruit
drying. We will focus only on apples and vary the drying air velocity, starting with 0.5 m/s, 1 m/s,
and 1.5 m/s.

From the following graph, Figure 5, we can observe how increasing air velocity influences moisture
transfer, accelerating the drying process. However, it should be noted that excessively high air
velocities can lead to changes in flavor or texture (especially in soft fruits).
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Influence of air velocity on apple drying (at 50° C)
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Fig. 5. The influence of air velocity on drying

3.2.6 Calculation of the thermal energy and the average power required for drying a
kilogram of fruit (apple, pear, banana)

Let us make some common assumptions:
a. Drying time:
For apple: 10 hours
For pear: 10 hours
For banana: 8 hours
b. Moisture to be removed [18,19]:
For apple: 0.7 kg of water (from 85% to 15%)
For pear: 0.68 kg of water (from 83% to 15%)
For banana: 0.6 kg of water (from 75% to 15%)
c. Latent heat of vaporization: LV = 2300 kJ/kg
d. Efficiency of the solar dryer: n = 50% [20]

Based on these common assumptions, we calculate the required energy (Q = m%“'h’) [21]

For apple Q = 2222%° = 3220k] ~ 0.894kWh
For pear Q = °'6f)'253°° = 3128KkJ ~ 0.869kWh
For banana Q = °'6;)2:°° = 2760k] ~ 0.767kWh

After this calculation of the energy we can estimate the average power that is given by the energy
divided by the duration of drying, thus we obtain:

10
For pear (10h): P =
0.767

For apple (10h): P = 222 = 0.0894kW = 89.4W
222 = 0.0869kW = 86.9W

For banana (8 h): P = 5 = 0.0959kW =959 W

As a summary of the estimate we have:

Fruits Water removed (kg) | Energy (kWh) Time (h) Medium power (W)
Apple 0.7 0.894 10 89.4
Pear 0.68 0.869 10 86.9
Banana 0.6 0.767 8 95.9
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Average power during drying (W)

Apple Pear Banana ‘ Apple Pear Banana

Fig. 6. Average power during drying

An interesting conclusion that results from these calculations and graphs is that bananas, although
they require less total energy, having a shorter drying time, need a higher average power during
drying

4. Conclusions

The use of solar drying for fruits, vegetables, and other crops holds considerable potential, not only
from the perspective of energy savings but also in terms of maintaining product quality. Two main
categories of solar dryers can be distinguished: passive dryers (with natural circulation) and those
with forced convection. These are further divided into four functional subtypes — direct, indirect,
mixed, and hybrid dryers — differentiated by the method of solar energy capture and use, as well as
by the architecture of the drying system.

A general estimate from the literature suggests that drying one kilogram of fruit with a moisture
content of approximately 80% would require around 250 W of thermal energy and an airflow rate of
about 62 m?3h. However, experimental data obtained using a simplified model of a two-
compartment solar dryer (collector + drying chamber) shows that these values can be significantly
optimized. In an idealized yet realistic scenario, drying 1 kg of apples with an initial moisture
content of 85% and a final moisture content of 15%, at a constant temperature of 50°C and an inlet
air relative moisture of 30%, required an airflow rate of only ~32.1 m3h and the removal of 0.7 kg
of water. The calculation assumed a hygrometric content of air ranging from 0.015 at the inlet to
0.035 kg water/kg dry air at the outlet. The air density used in the simulation was 1.09 kg/m3,
specific to the drying temperature.

These results demonstrate that, in an efficiently designed and well-insulated system, both the
energy and airflow requirements can be significantly reduced, contributing to the sustainability of
the process. Moreover, the drying behavior of fruits varies depending on their internal structure and
water content. In the experiments conducted, it was observed that apples (with a high water
content) required approximately 10 hours to reach the desired final moisture level, while bananas,
with a lower initial moisture content (~75%), dried more quickly. Pears showed a slower drying
rate, indicating higher diffusional resistance in the final stages of the process.

The performance of solar dryers can be significantly improved by reducing heat losses, optimizing
air circulation, and precisely controlling operating parameters (temperature, moisture, and airflow).
Integrating thermal storage systems and using real-time meteorological data would allow the dryer
to dynamically adapt to local climatic conditions. Thus, farmers or small-scale producers can
achieve a more efficient, predictable, and regionally adapted drying process, while also reducing
conventional energy consumption.
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