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Abstract

This thesis investigates the renovation and performance improvement of two clay-based solar
dryers a direct configuration and an indirect configuration for drying medicinal and aromatic plants
(MAPs) in the arid climatic conditions of Ghardaia, Algeria. Although Clay-based dryers are low-
cost, locally manufactured systems with favorable thermal mass properties, but existing designs
suffer from several shortcomings including degraded polycarbonate covers, uneven heat
distribution, dust infiltration, and difficult product loading.

Two experimental campaigns were conducted at the URAER research unit: a pre-renovation
campaign in February 2026 and a post-renovation campaign in May 2026. Five targeted upgrades
were implemented: replacement of degraded polycarbonate panels with 5 mm glass panes,
installed of black floor tiles to improve heat absorption and ease of loading, application of air
filtration screens to prevent dust ingress, installation of a one-piece matte black aluminum solar
collector panel, and structural repair of the clay walls using clay & limestone paint.

The results show that post-renovation, the indirect dryer achieved peak internal temperatures up
to 11 °C higher than before renovation, with improved temperature uniformity between the
sensors. Both dryers exhibited better alignment between their internal temperature profiles and
solar irradiation patterns, confirming an enhanced thermal performance. The study also evaluated
the drying kinetics of Asphodelus tenuifolius and mint (Menthe sp.) as test plants, validating the
superior moisture-extraction capability of the renovated systems compared to open sun drying.

The findings confirm that simple, cost-effective, locally available material upgrades can transform
underperforming clay dryers into efficient, sustainable tools for preserving medicinal and aromatic

plants while reducing post-harvest losses for small-scale farmers in arid regions.

Keywords: Solar drying; Clay dryer; Medicinal and aromatic plants; Renovation; Thermal
performance; Ghardaia; Renewable energy; Drying kinetics; Post-harvest losses.
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General Introduction

Drying is one of the oldest and most fundamental preservation techniques known to humanity.
From the sun-drying of fruits in ancient civilizations to modern controlled-atmosphere systems,
the core objective remains the same: removing moisture from plant materials to inhibit microbial
growth and slow down chemical deterioration. This apparently simple process is, however,
remarkably complex, involving simultaneous heat and mass transfer phenomena that determine
the final product quality and shelf life. Among the wide variety of plant materials, medicinal
and aromatic plants (MAPSs) are particularly sensitive to drying conditions, as excessive
temperatures can degrade volatile compounds, essential oils, and active pharmaceutical
ingredients (Rakesh & Singh, 2020). Consequently, selecting an appropriate drying method is
critical for preserving their therapeutic and commercial value.

While numerous drying technologies exist from freeze-drying to microwave-assisted drying
many remain energy-intensive and economically unviable for small-scale farmers in developing
countries. Solar drying offers a sustainable alternative, yet conventional solar dryers often suffer
from low efficiency, uneven drying, and lack of temperature control (Belessiotis & Delyannis,
2011). This study focuses specifically on clay-based solar dryers, which are low-cost, locally
manufacturable, and possess favorable thermal mass properties. Two configurations are
examined: direct solar dryers (where the product is exposed to direct sunlight) and indirect solar
dryers (where solar-heated air is channeled through a separate collector). The scope of this
research is limited to the renovation and improvement of existing clay-based dryer designs for
drying medicinal and aromatic plants (e.g., rosemary, thyme, mint, sage) under the climatic
conditions of Ghardaia, Algeria.

In a world where global food security is increasingly threatened by climate change, population
growth, and significant postharvest losses, the need for efficient and sustainable drying methods
has never been more pressing. It has been estimated that globally, approximately 14% of food
crops are lost across the supply chain due to quality degradation during transport and storage
(FAO, 2019), while nearly one-third of all food is lost or wasted annually (Gustavsson et al.,
2011). At the same time, the agriculture and food system as a whole is responsible for a
significant portion of global greenhouse gas emissions, contributing 31% of the annual total,
which amounts to roughly 16.5 billion tons (IPCC, 2022). This creates a dual imperative: to
preserve plant materials effectively while simultaneously reducing the environmental footprint
associated with processing.

Specifically for medicinal and aromatic plants, improper drying leads to substantial economic
losses. For example, the essential oil content of thyme (Thymus vulgaris) can drop by up to 40%
when dried at temperatures exceeding 45 °C in conventional dryers (Rakesh & Singh, 2020).
Clay-based solar dryers, owing to their thermal inertia, can maintain lower and more stable
drying temperatures, thus better preserving volatile compounds. However, existing clay dryer
designs have limitations: poor airflow distribution, long drying times, and susceptibility to
humidity reabsorption (Lingayat et al., 2020). Renovating these systems for instance, by
integrating improved chimneys, phase-change materials, or hybrid heating could significantly
enhance performance.

This research addresses the following main question:



How can direct and indirect clay-based solar dryers be renovated and improved to achieve faster,
more uniform, and higher-quality drying of medicinal and aromatic plants, while remaining
energy-efficient and cost-effective?

The specific objectives are:

o To analyze the existing design flaws of traditional clay-based solar dryers (both direct
and indirect configurations).

o To propose and implement design improvements (e.g., modified air inlet geometry,
enhanced chimney draft, thermal mass optimization).

o To experimentally compare the performance of renovated dryers against conventional
clay dryers and open sun drying.

o To evaluate drying kinetics (moisture ratio, drying rate) and final product quality
(essential oil retention, color, rehydration capacity) for selected medicinal and aromatic
plants (thyme, mint, rosemary).

o To assess the environmental and economic benefits of the improved dryers.

This thesis is organized into three chapters. Chapter 1 provides a comprehensive literature
review on drying theory, medicinal and aromatic plant preservation, solar drying technologies,
and clay-based dryer designs. Chapter 2 describes the methodology, including the renovation
process for direct and indirect clay dryers, instrumentation, experimental setup. Chapter 3
presents the experimental results and data analysis procedures. Then discussing the findings,
interprets their implications for small-scale farmers in arid regions, and proposes further
improvements. Finally, the Conclusion summarizes the main contributions, highlights
limitations, and suggests directions for future research



Chapter I: bibliographic study

1. What is plants drying

1.1 Definition and Scientific Basis

Drying, as applied to plant materials, is a mass transfer process in which heat and water vapor
removal are applied simultaneously to biological products. The fundamental goal is to reduce
the moisture content to a level so low that it prevents the growth of spoilage microorganisms
such as bacteria, yeasts, and moldsand minimizes moisture-mediated deterioration reactions.
Water is a key element for life, and by removing "free" water, the metabolic processes of
spoilage organisms are arrested, and enzymatic degradation within the plant material is
significantly slowed.

From a physics perspective, drying is a coupled phenomenon of heat and mass transfer. Heat
energy supplied by methods such as convection, conduction, radiation, or electromagnetic fields
provides the latent heat needed to vaporize the liquid water contained within the plant's cellular
structures. Once this vaporization occurs, the water vapor must then travel, or diffuse, through
the internal structure of the product, cross the surface, and be carried away by the surrounding
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Figure 1.1.scientific basis of solar drying

1.2 Water Activity and Preservation Mechanisms

The preservation effect of drying is more precisely linked to the concept of water activity
(aw) rather than the total moisture content. Water activity represents the amount of "free" water
available to support biochemical reactions. Most spoilage bacteria require a water activity level
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above 0.91 to thrive, whereas molds can be active at aw levels as low as 0.70. Effective drying
aims to reduce the water activity to below 0.60, which creates an environment where neither
common spoilage microorganisms nor the plant's own destructive enzymes can function
effectively.

Dehydrated products are not sterile, but the remaining moisture is "bound” to the product's solids
in such a way that it is not accessible for reactions. This is why a properly dried product can be
stored for many months or even years at room temperature without spoiling. This principle is
the foundation of all modern food and medicinal plant preservation.
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Figure 1.2 Water activity of drying grapes (white and red) during the solar drying experiments
(open-—air and tunnel) conducted in September 2020. (“pred” stands for predicted).

1.3 Quality Deterioration in Drying

The greatest challenge in plant drying is not removing the moisture itself, but achieving this goal
while preserving the material's desirable attributes. For culinary herbs, this means maintaining
the aroma, vibrant color, and flavor that define their market value. For medicinal plants, the
priority is to preserve bioactive compounds polyphenols, flavonoids, alkaloids, essential oils
which are the very source of their therapeutic efficacy. These compounds are often sensitive to
environmental factors, particularly heat and exposure to ultraviolet (UV) radiation. High drying
temperatures have been shown to cause significant losses of key active ingredients; for example,
studies have reported a substantial loss of cannabidiol (CBD) in commercial drying processes
when temperatures exceed 60-80 °C. Similarly, traditional open sun drying has been shown to
cause significant losses of nutritive vitamins like A and C, with losses reported as high as 58%
for B-carotene and 84% for vitamin C.

The optimal drying temperature varies considerably depending on the plant material. Research
indicates that medicinal herbs are best dried in a temperature range of 30-50 °C to preserve their
therapeutic compounds, while fruits and vegetables can tolerate slightly higher temperatures of

4
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50-65 °C. Specific crops have even narrower ranges; for instance, the optimal drying
temperatures for ginger and turmeric have been identified as 50-60 °C and 40-50 °C,
respectively. Maintaining these specific ranges is critical to preventing the degradation of
gingerol and curcumin, the primary compounds responsible for their medicinal qualities.
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2. Materials and Drying Methods

2.1 Common Plant Materials Subject to Drying

The variety of plant materials that undergo postharvest drying is extensive, spanning virtually
every agricultural category. These include:

Cereals and Grains: Wheat, rice, maize, and barley are dried immediately after harvest to
reduce moisture content from around 20-25% to a safe storage level below 14%, preventing
mold growth and spoilage.

Fruits: High-value products such as grapes (raisins), dates, figs, apricots, and apples require
careful temperature management during drying to prevent “case hardening"—a phenomenon
where rapid surface drying forms an impermeable skin, trapping moisture inside and leading to
internal spoilage.

Vegetables: Commodities like tomatoes, onions, carrots, and potatoes are frequently dried.
Pretreatments such as blanching are often used to inactivate enzymes within the vegetable before
the drying process begins, helping to preserve color and texture.

Medicinal and Aromatic Plants: This category includes ginger, turmeric, mint, oregano, tea
leaves, and chamomile, among many others. These materials are particularly delicate and highly
vulnerable to thermal degradation of their active and aromatic compounds.

Spices: Pepper, cardamom, cinnamon, and cloves must be dried in a manner that balances
moisture removal with the preservation of volatile oils, which are directly responsible for their
characteristic aromas and flavors.


http://wileyonlinelibrary.com/
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2.2 Conventional Drying Methods

Drying methods can be broadly categorized based on their operating principle, energy source,
and engineering design.

2.2.1 Traditional and Open-Sun Drying

Open sun drying is the most ancient and, in many developing regions, still the most widely
practiced method. It involves spreading plant material directly on mats, rooftops, or the ground,
exposed to the full heat of the sun. While economically accessible, this method is plagued by
significant drawbacks. The product is directly exposed to dust, insects, birds, and rain, leading
to contamination. Furthermore, there is no way to control the temperature or humidity, leading
to long drying times and uneven results. In many developing nations, these traditional practices
are linked to substantial postharvest losses, often accounting for as much as 30-40% of total
crop yields. Shade drying, while preventing direct UV damage, extends the drying process even
further, which can also promote mold growth.
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N
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figurel.4 . Schematic of working principle of open sun drying method.

2.2.2 Conventional Mechanical Drying

This category encompasses systems that rely on mechanical and electrical energy to generate
heat and airflow.

. Hot Air Drying: This is the most common industrial method. Heated air is circulated
through a drying chamber or passed over a product on a conveyor belt. It offers relatively
consistent results and high thermal efficiency but requires a significant amount of floor space
and can cause surface hardening if the airflow is not managed correctly. A comparative analysis
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has shown that compared to other methods, hot air drying has the advantage of low equipment
cost and high thermal efficiency.

. Oven Drying: Suitable for small-scale applications, oven drying provides a controlled
environment but is limited in its processing capacity. It is primarily used for laboratory analysis
or artisanal production where batch sizes are small.

Blower Air conveying
Inner bin pipe
Quter bin Bumer
Gas

(a)
Figure 1.5 BAU-STR dryer (a) schematic view and (b) pictorial view.
2.2.3 Advanced Drying Technologies

. Freeze Drying (Lyophilization): This sophisticated technology freezes the plant
material and then reduces the surrounding pressure. The frozen water in the product sublimates
directly from a solid to a vapor, bypassing the liquid phase. This results in minimal structural
damage, excellent nutrient preservation, and near-perfect rehydration. However, it is
characterized by high equipment costs, long processing times, and substantial energy
consumption, limiting its use to high-value pharmaceutical or specialty food products.

. Microwave Drying: This method uses electromagnetic waves to penetrate the product,
causing water molecules to rotate rapidly and generate heat internally. By heating the product
from within, drying times can be dramatically reduced compared to conventional methods.
Nevertheless, the technology has a significant drawback: the tendency for uneven heating, which
can create "hot spots" or localized overheating, potentially damaging sensitive compounds.

. Spray Drying: This technique is used almost exclusively for producing powders from
liquid extracts or juices. The liquid is atomized into a fine mist inside a heated drying chamber
where rapid evaporation occurs almost instantaneously. It is a continuous, high-volume process
but is not suitable for solid plant pieces. Furthermore, its thermal efficiency is relatively low
because the air tends to cool as it transfers heat to the atomized droplets.

3. Exploitation of Renewable Energies in Drying Different Types of Plants

In response to the high operational costs and environmental impacts of conventiona drying,
renewable energy-based systems have emerged as viable, eco-efficient alternatives that align
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with global decarbonization goals. These systems can be designed for any scale, from a single
farmer's field to a large industrial processing plant.

3.1 Solar Energy-Based Drying

Solar energy is the most abundant and widely available renewable resource and, consequently,
has received the most research and application for drying.

Direct Solar Dryers: These are essentially enhanced greenhouses. The plant material is placed
inside a chamber with a transparent cover that traps solar radiation, creating a greenhouse effect.
The temperature inside rises above the ambient level, accelerating drying while the cover
protects the product from contaminants and pests. While simple and cost-effective for home use,
direct exposure to UV radiation can degrade photosensitive compounds and nutritive vitamins,
as research has demonstrated significant losses of p-carotene and vitamin C in direct solar
drying.

Indirect Solar Dryers (ISD): This configuration represents a significant technological step
forward. It physically separates the product from direct sunlight. Solar radiation heats air in a
separate solar collector. This heated air is then directed through a separate drying chamber
containing the product, effectively drying it without UV exposure. This method offers far greater
control over conditions, effectively preserving the color, flavor, and nutritional value of the
product. It is particularly well-suited for drying delicate medicinal herbs and spices that are
highly sensitive to light. Research shows that indirect solar drying maintains consistently
moderate temperatures (30-50°C for herbs), preventing discoloration and nutrient loss.
Hybrid and Mixed-Mode Solar Dryers: To overcome the primary limitation of solar energy—
its intermittency due to cloud cover and nighttime—mixed-mode and hybrid systems have been
developed. Mixed-mode dryers combine direct and indirect techniques, exposing the product to
both captured solar heat and direct sunlight. Hybrid Solar Dryers (HSDs) go a step further by
integrating solar power with an auxiliary energy source, such as biomass, heat pumps, or a small
amount of electricity from the grid or a photovoltaic (PV) panel. These systems are far more
effective than standalone solar dryers, ensuring continuous, regulated operation regardless of
weather conditions. They have been shown to reduce drying time by as much as 70% while
significantly improving the quality of the end product.

Direct Solar Drye Indirect Dryer
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Fig. 1.6. (a) General Information of Direct / Indirect solar dryers (b) Fabricated hybrid mixed-
mode solar dryer. 1- Drying section 2- Battery 3- PV module 4- DC fans 5- drying trays 6-

Dryer stand 7- Heating Section.
3.2 Biomass Energy for Drying

Biomass, derived from agricultural residues, is another key renewable source for drying. This is
particularly synergistic because a facility or farm processing plant products will often have on-
site residues. Commonly used residues include rice husks, groundnut shells, corn cobs, coffee
parchment, and fruit pits. These can be combusted directly in a furnace to generate heat for
drying air, or they can be processed in a gasifier to produce a combustible synthesis gas (syngas).
This approach is especially valuable in agricultural regions where fossil fuel infrastructure is
limited but residues are abundant.

3.3 Geothermal and Wind Energy

While less common, other renewables are also being integrated. Geothermal energy provides a
stable, baseload heat source, perfectly suited for applications that require constant, steady-state
temperatures over extended periods. Wind energy is most often used to generate electricity to
power the fans and blowers in forced-convection drying systems, reducing or even eliminating
grid electricity consumption. Hybrid systems that combine solar thermal energy for heating with
wind-powered electricity for circulation have shown promise.

3.4 Energy Storage for Reliable Drying

The greatest obstacle to the widespread adoption of solar drying has been its intermittent nature.
Recent advances in Thermal Energy Storage (TES)are making solar dryers far more
reliable. Sensible heat storage uses materials like water, rocks, or concrete to store heat, but
they require significant volume. Latent heat storage using Phase Change Materials
(PCMs) is a more advanced solution. PCMs are substances (like paraffin wax or salt hydrates)
that absorb and release large amounts of energy as they change between solid and liquid phases
at a nearly constant temperature. Integrating PCMs into conventional solar dryers has proven to
be highly effective. Research indicates that PCM integration can reduce drying time by up to
70.5% and improve thermal efficiency by 10-20%. Furthermore, hybrid systems equipped with
PCM can maintain temperatures 5-20 °C above ambient levels even after the sun has set,
allowing for near-continuous operation.

3.5 Smart Integration and Control

The latest advances in renewable drying include the integration of smart technologies. The
incorporation of Internet of Things (loT) sensors allows for real-time monitoring of
temperature, humidity, and product moisture content, while Artificial Intelligence
(Al) algorithms process these data to dynamically optimize drying parameters. This level of
control maximizes product quality while minimizing energy consumption. Computational
Fluid Dynamics (CFD) modeling is also used to simulate airflow patterns and temperature
distribution within drying chambers, leading to improved designs that offer greater uniformity
and efficiency.


https://www.sciencedirect.com/science/article/pii/S2405844023013518#sec2

Chapter I: bibliographic study

4. Benefits of Drying Using Renewable Energy Sources

The shift from fossil-fuel-based drying to renewable energy sources is not merely an
environmental gesture; it is a strategic move that yields significant benefits across economic,
quality, environmental, and social domains.

4.1 Environmental Benefits

The most obvious benefit is the direct reduction of greenhouse gas (GHG) emissions.
Conventional drying is an energy-intensive operation that historically relied on burning fossil
fuels. Solar dryers have been reported to reduce energy consumption by 75% compared to
conventional fossil-fuel-powered systems, with a corresponding reduction in CO: emissions.
For specific crops like grapes, advanced mixed-mode solar dryers with heat recovery have been
shown to reduce CO: emissions by 1.73 tons over the system's life, yielding carbon credit
savings. In a phase change material (PCM)-enhanced dryer, the potential for CO» mitigation is
even more dramatic, with some studies estimating savings of up to 21,650 tons over the dryer's
lifetime. By using inexhaustible resources like sunlight and biomass residues, renewable drying
systems break the link between food preservation and fossil fuel consumption, directly
contributing to climate change mitigation.

4.2 Economic Benefits

For the end-user whether a farmer, a cooperative, or a small business the economic case is
compelling. After the initial capital investment, the operating costs are dramatically lower, as
sunlight is free and agricultural residues are simply a waste product. For smallholder farmers,
this means processing becomes economically viable, adding value to their harvest rather than
selling it raw.

Perhaps the greatest economic benefit for developing regions is the reduction of postharvest
losses. In Sub-Saharan Africa, it is estimated that up to 50% of fruits and vegetables are lost
annually. By enabling on-farm drying, these losses can be converted into shelf-stable products.
For example, a solar dryer can process vegetables in two to three days, compared to a week in
open sun, producing a product that can be stored for up to a year. Dried products command a
higher price per unit weight, have lower transportation costs, and can be stored to be sold when
fresh products are out of season and prices are highest. Kenyan farmers using solar drying have
seen their monthly income from vegetables increase by 30 to 50%, while the time spent waiting
in markets was reduced by up to 80%.

The financial feasibility is well-documented. Economic analyses of hybrid solar dryers have
revealed realistic payback periods, with some advanced systems achieving payback in as little
as 0.39 years (about 4.7 months) and operational costs saved on a significant scale. Furthermore,
renewable drying systems reduce energy bills, which are a major operating expense, and provide
energy independence from an unreliable grid, which is common in many rural areas.

4.3 Quality and Product Benefits
As previously noted, the quality of the final product is paramount. By controlling temperature

and eliminating direct sunlight, renewable dryers—especially indirect and hybrid systems—
produce a superior product. Open sun drying often causes significant browning and shrinkage,
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but indirect methods maintain the natural colors and preserve bioactive compounds. For
medicinal plants, this is crucial; for foods, it means better taste and consumer appeal.
Additionally, the enclosed drying chambers exclude dust, insects, and other contaminants,
improving the hygiene of the final product and enabling it to meet stricter food safety standards
required for export markets.

4.4 Social and Development Benefits

The benefits of renewable drying extend beyond the product itself. These technologies empower
communities by creating economic opportunities. The Kenya Ministry of Agriculture estimates
that the country loses food worth an estimated $942 million annually to postharvest losses. By
adopting simple, locally-made solar dryers, this wealth can be retained within the community.
These systems create employment opportunities in harvesting, preparation, drying, packaging,
and marketing, providing more stable income than seasonal farming. Furthermore, drying
activities are often led by women; access to improved technology increases their productivity
and income while reducing the physical labor associated with heavy baskets and open fires.

Finally, by saving surplus harvests from spoilage, renewable drying directly contributes to food
security, ensuring that food is available during the "lean seasons™ when nothing is growing. As
Mercy Manyange, co-founder of a Kenyan enterprise, stated, "We chose to use a solar dryer
because it is energy-efficient, unlike electric dryers that are expensive and often inaccessible to
smallholder farmers in rural areas. This technology is simple, but the impact is powerful. It
protects food, protects farmers, and strengthens resiliance.

11
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11.1 Experimental setup:

This study focuses on the performance enhancement of two solar dryers for drying a local
medicinal and Aromatic herbs. The objective is to improve moisture extraction while
maintaining high phytochemical quality and low operational cost. Current practice uses open
sun drying on wooden-framed mats, resulting in significant loss of medicinal properties and
scent. To address this, the proposed dryer enhancements integrate hot dampening and
controlled slow drying-methods known to preserve herbal integrity. Upgrades were designed
and applied to validate the impact against traditional techniques.

11.2 Description of the Developed Prototypes: Enhancing Dryer

Performance

To improve the thermal behavior, airflow dynamics, and drying kinetics of solar dryers, this
experimental study was conducted at URAER as part of this master’s thesis. Two solar dryers
were designed and built, with specific modifications to overcome common shortcomings and
integrate practical upgrades.

2.1. Addressing existing flaws:
Both dryers use clay as the wall material a natural, widely available insulator to reduce heat
losses, a key flaw in conventional dryer constructions. The indirect solar dryer incorporates a
2 m? hot air production unit (solar collector) with single-glazed 6 mm polycarbonate (more
durable and impact-resistant than glass, but worns out faster in direct contact with heavy sun
radiation). The absorber is 0.5 mm multi-pieces matte black aluminum panel (with air flow the
gaps between the pieces leaks the heat resulting in poor performance of the dryers) (2.06 m x
1 m), and 4 cm sandwich panel insulation is placed beneath it eliminating the common
problem of poor back insulation. The 5 cm air gap between polycarbonate and absorber
ensures optimal heat transfer while avoiding overheating, the wooden floor is worn out and
damaged from the process of loading the trays in an out resulting in difficulties in
loading/unloading the dryers with products

2.2. Applying Practical upgrades for enhanced performance:
Fixing the existing problems with modern, cost efficient, natural methods:
e The polycarbonates short life span and vulnerability to the dificult circumstances of
Ghardaia’s weather conditions (extreme sun radiation exposure).
e The solar collector’s leak of hot air and dust.
e The loading difficulty of the trays.
e Few custom touches.

Before the Renovation:

12
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Initial schematic diagram of solar dryers:
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Figure I1. 1. Preliminary schematic diagram of the direct solar dryer
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Figure I1. 2 Initial schematic diagram of the indirect solar dryer
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Figure I1. 4. Prototype of a direct solar dryer (before)

11.1.3. Prototype Component

11.1.3.1. Drying Cabinet

The drying cabinet is designed using natural, low-cost, and highly efficient materials. Clay
molds were utilized in the construction and design of the walls, consisting of a mixture of
60% clay, 40% sand, and straw.

The buildup of clay mixed with wheat stalks and straw plays a vital role in thermal
insulation, allowing the cabinet to maintain internal temperatures more effectively than other
insulating materials.
Structure and Dimensions
The dryer is composed of three trapezoidal earthen walls:

e Back Wall: 2.06 m long, 15 cm thick, and 1 m high.

o Front Wall: Positioned opposite the back wall with the same length and thickness, but

with a height of 45 cm.
« Angle: This height difference creates a slanted profile at an angle of 32°.

14
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o Side Wall: This wall shares the same length as the front and back walls, as shown in
Figure 3.

Internal Components and Air flow

« Ventilation: The wall includes a fan to create forced air circulation and to exhaust air
from the chamber during the drying process (50 watts” fan mounted on a wooden frame
measuring 45 cm x 45 cm).

o Capacity: Each dryer contains 4 trolleys, and each trolley is equipped with 6 shelves
to hold the products being dried.

o Door Design: The door is designed with the same shape as the front wall; however, it
is constructed from polycarbonate to allow more solar energy to enter the chamber.

Figure 11. 5. Photograph of the drying chamber: Left) Direct solar dryer; Right) Indirect
solar dryer

11.1.3.2 Solar Collector (Indirect dryer especially)

In the indirect solar dryer, we installed a hot air production unit. The solar collector consists of
6 mm thick polycarbonate with a surface inclined at 32°. Beneath it is an absorber plate
made of 0.8 mm aluminium coated in matte black, with dimensions of 2.06 m x 1 m.
Thermal insulation is provided by a sandwich panel; in this section, a 4 cm thick sandwich
panel is used, and the same insulation is applied to the lateral sides. The distance between the
straw [absorber] and the glass is 5 cm. The collector was placed directly above the desiccant,
as shown in Figure 4.

15
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Figure 111.4 Solar collector aluminum panel

11.1.4 Instrumentation of the prototypes

11.1.4.1 Temperature measurement
Temperatures were measured using nickel-chromium/nickel-aluminum thermocouples, type K.

These thermocouples, with a diameter of 0.05 mm, can withstand temperatures up to 750 °C
and provide an accuracy of 0.1 °C. Figure I11.6 shows the locations of these sensors.

A) Prototype de séchoir solaire indirect
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B) Prototype sechoire direct

Figure 11. 8. Instrumentation f the solar dryers
11.1.4.2 Measure of the ambient air temperature

A K type 0.05mm nickel-chromium/nickel-aluminum thermocouple was used in
this measure, because the experiment is based on improving the internal
performance of the dryers, the ambient Air temperature is relative but essential
data to assure the same working conditions before and after the evolution of the

solar dryers, therefore the comparison remains fair and scientifically honest.

Figure 11.9. Ambient air temperature measuring sensor

11.1.4.2Acquisition and data treatment:

17
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The 12-channel thermocouple data logger is a device that monitors and records
temperature readings from up to 12 thermocouples at the same time. It covers a wide
temperature range from -200°C to 1800°C, making it suitable for a variety of
environments. Thanks to its high accuracy, you can count on precise temperature
measurements. This tool is essential for industries like research and development,

providing reliable data for quality control and process optimization.

S I S v S s R
i e Do e St
o TS S E e et

e - pros

Figure 11.10. Photograph of the data acquisition and processing system.

11.1.4.3 Anemometer:

Figure. 11.10.1Anemometer used to measure mass flow rate

The mass flow rate measured during the drying process was 2.7m/s as an average rate in the
drying conditions

After the Renovation:

11.2.1 Installing Black Floor Tiles
18
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Black floor tiles eliminate difficult access and poor heating of lower trays. The smooth surface
allows easy movement of loaded chariots, while the dark color increases heat absorption,

ensuring uniform air circulation for lower plates.

figure.11.11.the steps and results of installing floor tiles

11.2.2 Replacing Polycarbonates with 5mm Glass panes

figure.11.12. results of installing aluminum framed 5mm glass panes
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Replacing old, scratched, yellow polycarbonates panel with glass panes eliminates poor
durability and low transparency. The glass increases ray absorption and thermal confinement

for ideal temperatures, plus it gives a more modern appearance.
11.2.3 Dust Filters

Dust filters eliminate the problem of airborne dust contaminating produce during sandstorms.
They trap particles before they enter the drying chamber, keeping products cleaner and

healthier.

figure.l1.13. Air conditioner filters installed in the inlet of Air

11.2.4 Collector panel and Aesthetics (Wall Repair & Painting)

Repairing cracked walls with clay and painting with limestone prevents long-term clay
dusting, especially inside the drying shell. Green agro-nets prevent loss of dried herb mass.
This ensures a cleaner, safer, and more professional-looking dryer.

Also a full one piece aluminum solar collector panel painted in matte black to assure

maximum absoption.
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figure.11.14. final look of both dryers after all the renovation labor

11.3 EQUIPMENT USED IN THE URAER LABORATORY

A) Desiccator
This is a glass laboratory device that protects materials from moisture. It consists of a circular

base vessel topped with a lid. The assembly comes with a perforated disk and an adequate

amount of desiccant (silica gel) (Figure 111.12).

content.
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B) Oven (Etuve 05)

This is a heating device operating under atmospheric pressure, used to carry out various heat
treatments. In our work, it was set to 105°C for 24 hours in order to determine the dry matter
content of the samples prepared in Figure 111.13.

Figure 11.12. Photographs of the oven used to determie the dry matter content

C) Balance

This is a measuring instrument used to monitor mass during drying. The measurement is
carried out by weighing on a precision balance (type KERN PCB 3500-2, precision balance up

to 3500g, and type KERN ABT20-4M balance, 220g / 0.1mg). As shown in Figure 11.14 and
Figure 111.15.

Figure 11.13. KERN ABT balance Figure 11.14. KERN PCB 3500-2 balance

11.3 VEGETAL MATERIAL
Before Renovation:

Before evolving the dryers, we tested them in their worn form to gather the necessary data for

the comparison thus proving that the outdated design flaws need to be fixed to assure maximum
efficiency.
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11.3.1 Asphodelus tenufolius (TAZIA)

Asphodelus tenuifolius (onionweed), a perennial herbaceous plant, is native to North Africa,
Southern Europe, the Middle East, It is considered an invasive species. It thrives in dry, disturbed,
sandy, and gravelly soils. The plant has high water content (85-92%) and is regarded as an
agricultural weed. it forms dense monocultures and reduces pasture quality. Asphodelus
tenuifolius has also been used as a traditional medicine (as a diuretic and laxative) and as

an emergency food during famines. The plant has some value for erosion control. Due to it being

a traditional plant known among the locals in Ghardaia (Metlili Chaanba) region for its various

Figure.l1.15. Asphodelus tenuifolius

After the Renovation
11.3.2 Mint

Mint is a fragrant herb containing 85-90% water, offering health benefits like digestive relief,
nausea reduction, and anti-inflammatory effects. It is widely used in teas, cocktails, sauces,
essential oils, and as a natural breath freshener.

Figure.11.16 home gardened Mint
23
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I1.4 Drying Protocole
11.4.1. Sample Preparation of the Asphodelus tenufolius

First, we brought some freshly harvested Asphodelus tenuifolius from the desert of Metlili,
province Ghardaia to ensure good quality.

Then in the laboratory, we placed 5 samples of the plant in the oven to determine the moisture
content of this medicinal herb. The initial moisture content of Asphodelus tenuifolius was
7.33+£0.111 kg H20 / kg dry basis (88% wet basis). Then we filled the trays with the plant
material, placed them into the drying carts (which allow easy loading and unloading of the
product), and finally placed in each dryer a basket containing a weighed amount of Asphodelus
tenuifolius at different drying intervals in order to draw conclusions and compare between the
direct and indirect solar dryers. Figures 17 and 18 illustrate these results.
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Figurell.18. photography of the Asphodelus tenuifolius during the drying proccess
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11.4.2. Preparation of mint samples

figurell.19. mint’s lab preparation

we brought Homegrown mint, in the province of Ghardaia. The initial water content of the
mint was 3.83£0.23 kg H.O / kg d.b (77.74% wet basis). First, we thoroughly washed the mint
with water to remove dust and insects, then we cut it into pieces and placed 5 samples in the
oven to determine the water content of the mint. Next, we filled both dryers with mint, and
then placed a basket containing a quantity of mint in each dryer to weigh it at different drying
time intervals in order to draw conclusions and compare the direct and indirect solar dryers.
Figures 19 and 20 show the working steps.

. \Ng

figurell.20. photage of honﬁe_grown‘mint while drying
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In this chapter of the study, specifically at the stand of URAER in Ghardaia, during the period
from February 22 to Mai 19, 2026, the effect of solar drying of plants was studied based on the
thermal behavior of direct and indirect solar dryer models. Experiments were conducted under
real operating conditions in the Ghardaia region, located at 32.37° N latitude and 3.77° W
longitude. The drying properties of peppermint and Asphodelus tenufolius were studied over
three consecutive days. Temperatures were measured at different positions in the prototypes of
direct and indirect solar dryers, and the thermal performance of these models was evaluated.
The study was carried out systematically under realistic operating conditions, and the
corresponding results and analyses were obtained. The available data were used to evaluate the
performance of each model, determining its ability to effectively dry mint, Asphodelus
tenufolius, and other plants.

I11.1. Thermal behavior of direct and indirect solar dryers

Before the Improvement:

The study examined the thermal performance of direct and indirect solar dryers under load
(23-26/02/2026) and no-load conditions. Temperature sensors were placed at key points (inlet,
outlet, middle, ambient). Results showed that the indirect dryer air temperature ranged from
6.4 °C to 42.1 °C, while ambient temperature varied between 6.5 °C and 26.6 °C. Collector
outlet temperatures reached 25-50 °C, and indirect dryer internal temperatures reached 25—

47 °C. At low solar radiation (end of day), internal temperatures dropped to ambient levels.
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Figure 111.1. temperature variation in the indirect solar dryer
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Figure 111.2. temperature variation in ambient air during the drying period
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Figure 111.3. temperature variation in the direct solar dryer during the drying period

After the renovation
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I11.2. Performance of direct and indirect solar dryers:
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Figure I11. 4. Variations in ambient temperature during the test days (17-20/05/2026)
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Figure 111.6. Temperature variation at the center and outlet of the indirect solar dryer (17-
20/05/2026)

111.3 Comparison between the phases (before & after)

Before renovation: The dryers had problems with difficult tray access, uneven heating, poor
heat absorption (degraded polycarbonate covers), dust infiltration during sandstorms, and
cracked clay walls shedding dust onto products.

After renovation: Black floor tiles improved loading/unloading and heat distribution to lower
trays. Replacing polycarbonate with 5 mm glass enhanced durability, heat absorption, and
thermal confinement (especially in the indirect dryer). Dust filters reduced airborne dust
contamination. Cracked walls were repaired with local clay and limestone paint, preventing
dust shedding, while green agro-nets minimized loss of dried herb mass.

Outcome: The renovated dryers achieved higher thermal efficiency, better product quality,
and improved hygiene compared to the original state.

I11.4 Comparative thermal Analysis: May vs February (T2, T3, T6, T7 and
AT):

The comparison between the two measurement campaigns May (17-20/05/2026) and February
(23-26/02/2026) reveals significant differences in the thermal behavior of all four sensors.
During May, the indirect solar dryer sensors T2 and T3 recorded higher mean temperatures of
29.58 °C and 30.53 °C, respectively, with peaks reaching 46.5 °C and 50.1 °C, consistent with
the stronger solar irradiation typical of the summer period. In February, the same sensors T2
and T3 showed considerably lower mean values of 22.57 °C and 17.04 °C, with T3 being notably
cooler than T2, suggesting reduced thermal accumulation inside the dryer chamber under winter
conditions.

Regarding T6 and T7, February actually produced higher peak values (60.3 °C and 47.5 °C)
compared to May (48.7 °C and 49.4 °C). This likely reflects that the external or collector-side
sensors are more directly exposed to solar radiation and respond more intensely during clear
winter days with lower sun angles. This also explains why the AT values reversed between
seasons. In May, AT(T2—-T6) averaged +0.52 °C and AT(T3—T7) averaged +1.58 °C, confirming
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that the indirect dryer was warmer than the T6—T7 reference points. In February, however, both
AT values turned strongly negative AT(T2—T6) =—2.75 °C and AT(T3-T7) =—5.49 °C meaning
T6 and T7 consistently exceeded the dryer temperatures, indicating that the indirect dryer
chamber in winter fails to retain enough heat to surpass the collector-side temperatures.
Overall, these results demonstrate that the indirect solar dryer performs more efficiently in May
than in February, with a clear thermal advantage of the dryer over external reference points in
summer, while the winter campaign shows the opposite behavior, highlighting the strong
seasonal dependency of the system's thermal performance.

Scientific Reconstruction: Dryer Thermal Performance — Before (Feb) vs After (May) Renovation
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Figure.l11.7 Graph A Raw absolute temperatures with +1¢ shading.

Graph B The original AT approach flagged with a warning annotation showing where the
seasonal confound misleads interpretation.
Graph C both periods normalized to the same Feb baseline ambient

The comparison chart showing averaged daily profiles across all available days in each
dataset. A few key observations :

The charts show averaged daily profiles across all available days in each dataset, comparing
pre-renovation (February) and post-renovation (May) performance.

Graph A (Absolute Temperatures): Both the Direct (T6-T8) and Indirect (T1-T4) dryer
zones reach similar peak temperatures (45-50°C) before and after renovation. The key
difference is the ambient baseline, May ambient peaks 10°C higher than February, which must
be accounted for before drawing conclusions.

Graph B (Raw AT Confounded): When each period is referenced to its own ambient, the
May AT appears lower. However, this is misleading , the warmer May ambient naturally
compresses the difference, and this graph cannot isolate the renovation effect from the
seasonal shift.

Graph C (Normalized AT Scientifically Valid): By referencing both periods to the same
February baseline, the seasonal effect is removed. The remaining 8°C difference at peak is
attributable to the renovation itself, confirming that the dryer now performs more efficiently
and consistently consistent with a well-functioning solar dryer showing a symmetrical bell
curve peaking between 12:00 —15: 00.

Energy Performance: Power Output & Gain (Indirect Dryer)

111.6 Energy Performance: Power Output and Thermal Gain (Indirect
Dryer)

The thermal power delivered by the indirect dryer was calculated for each drying day using the
sensible-heat balance on the drying air, O = sz x Cp x AT, where 1 is the air mass flow rate, Cp
the specific heat capacity of air, and AT the temperature rise across the collector and drying
chamber. This calculation was repeated for each day of the pre-renovation campaign (February
2026) and the post-renovation campaign (May 2026), allowing a direct day-by-day comparison
of energy performance before and after the renovation work.
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Figure 111.8. Daily thermal power output Q (W) of the indirect dryer before renovation (Feb.,
red) and after renovation (May, green),

As shown in Figure 111.8, the daily thermal power before renovation fluctuated between 173 W
and 198 W, averaging 198 W. After renovation, the daily values rose markedly, ranging from
340 W to 393 W and averaging 363 W, which corresponds to an overall thermal gain of +83.7%.
This improvement is attributed to the combined effect of the five renovation upgrades: the higher
solar transmittance and better thermal confinement provided by the 5 mm glass panes, the
elimination of air leaks through the one-piece absorber panel, and the more uniform, better-
sealed airflow confirmed by the 2.7 m/s outlet air-velocity measurement (Section 11.1.4.3).
Notably, this gain was achieved even though the summer campaign is expected to involve a
lower air density and therefore a somewhat reduced mass flow rate for a given fan setting —
indicating that the renovation effect on AT and on effective airflow more than compensates for
this seasonal penalty.

Period Average thermal Range (daily Thermal
power values) gain
Before renovation (Feb. 2026) 198 W 173 -198 W /
After renovation (May 2026) 363 W 340 - 393 W +83.7 %

Table I11.9. Daily and average thermal power output of the indirect dryer, before and after
renovation.
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Indirect Dryer — Thermal Energy Q (W): Before (Feb) vs After (May) Renovation
Continuous daily profile, smoothed, overnight gaps removed
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Figure 111.10. Continuous daily thermal energy profile of the indirect dryer, smoothed and
with overnight gaps removed, comparing the pre-renovation period (Feb., dashed) to the post-
renovation period (May, solid), over the 10:00-18:00 drying window.

Figure I11.9 presents the continuous thermal-power profile across the four monitored drying days

of each campaign, restricted to the 10:00-18:00 window during which the dryers are in active

operation, with overnight gaps removed for clarity. The May (post-renovation) curve

consistently runs above the February (pre-renovation) curve throughout the central part of each

drying day, confirming that the improvement observed in the daily averages (Figure 111.8) is not
the result of a few isolated peaks but reflects a sustained increase in thermal power across the
whole productive period of the day. Both profiles show the expected bell-shaped daily pattern,
rising from the morning, peaking around midday to early afternoon, and decreasing towards the
evening, which is characteristic of a solar-driven thermal system. The post-renovation profile
also appears visibly smoother and less erratic than the pre-renovation one, which is consistent
with the improved sealing and more stable airflow achieved through the renovation.

Taken together, these results confirm that the renovation not only raised the peak and average
thermal power of the indirect dryer, but also made its energy delivery more consistent from
one day to the next and more stable throughout each drying day both of which are favorable
characteristics for preserving the quality of the medicinal and aromatic plants being dried.

General conclusion

This thesis successfully demonstrated that low-cost, practical renovations to clay-based solar
dryers significantly improve their performance for drying medicinal and aromatic plants in

Ghardaria, Algeria.
Key Findings:
Identified major flaws in existing dryers: degraded polycarbonate covers, uneven heating,

dust infiltration, cracked walls, and a poor solar collector design.
Implemented five simple upgrades: black floor tiles, 5 mm glass panes (replacing
polycarbonate), dust filters, a one-piece black aluminum collector panel, and clay wall repair
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with limestone paint.

Achieved clear improvements: post-renovation tests showed peak temperature gains of up
to 11 °C in the indirect dryer, better temperature uniformity, cleaner products, and easier
loading/unloading.

83.7% clear thermal gain: from 198W in February to 363W in May displaying the results of
the renovation.

Discovered seasonal limitations: winter performance remains inadequate, suggesting future
integration of thermal energy storage (e.g., phase-change materials).

Main Answer to the Research Question
Renovating clay-based solar dryers with targeted, locally available materials yields faster,
more uniform, and higher-quality drying without expensive technology.
Limitations
Pre/post-tests occurred in different seasons (February vs. May), so weather effects are not fully
isolated.
Only two plant types tested; essential oil retention not quantitatively analyzed.
No formal economic payback calculation.
As a “Final Takeaway”. Simple, appropriate technology renovations can transform
underperforming dryers into effective, sustainable tools that reduce postharvest losses,
empower small-scale farmers, and preserve both product quality and local heritage.
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In English:

This work presents a techno-economic feasibility study for a micro-project aimed at drying and

packaging medicinal and aromatic plants using solar energy in Ghardaia province,

southern Algeria. The project leverages the region's exceptional natural advantages,

including over 3,000 sunshine hours annually and an abundance of locally grown medicinal plants, to

produce high-quality dried herbs free from chemicals and sulfur. The study

highlights the economic, social, and environmental viability of the project, its role in valorizing local
resources, creating jobs, and supporting small-scale farmers, within the national framework of

diversifying income sources beyond the hydrocarbon sector.

Keywords: Medicinal and Aromatic Plants — Solar Drying — Micro-Enterprise — Ghardaia
— Entrepreneurship — Renewable Energy — Natural Quality — NESDA — Local

Development — Agro-processing
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