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Abstract: Albania has a long tradition in the collecting, cultivation and export of medicinal and aromatic plants (MAPs), with more than 400
wild species of economic importance, representing nearly 15% of the country’s flora. Drying is a key post-harvest process that affects
moisture reduction, microbial stability, and preservation of bioactive compounds, essential oils, color, and overall product quality. This
study evaluates innovative solar-powered drying systems for medicinal and aromatic plants and mountain fruits in Bilisht and Ersekeé,
Albania. Data collected from March to August 2023 included fresh biomass weight, layer thickness, biomass density, drying temperature and
duration, relative humidity, ambient temperature, and final dry biomass. The systems incorporated heat-absorbing materials and transparent
covers to improve solar energy capture and airflow control. Drying temperature and duration were identified as the main factors affecting
the physical, microbiological, and phytochemical quality of dried products. Results showed that solar drying systems reduced drying time
and improved product quality compared with traditional drying methods. These findings suggest that innovative solar drying systems can

improve energy efficiency, preserve product quality, and increase the commercial value of medicinal and aromatic plants in Albania.
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1. Introduction

Albania is endowed with exceptional botanical biodiversity,
hosting more than 3,200 vascular plant species, of which over 400
species of medicinal and aromatic plants (MAPs) hold significant
economic importance, representing approximately 15% of the
national flora [1,2,3]. The country's pronounced altitudinal gradient
— from Mediterranean coastal zones to alpine massifs exceeding
2,500 m generates a mosaic of microclimatic conditions that sustain
a rich and diverse MAP flora. Species of major commercial
importance include Salvia officinalis (sage), Origanum vulgare
(oregano), Thymus spp. (thyme), Melissa officinalis (lemon balm),
Hypericum perforatum (St. John's wort), Lavandula angustifolia
(lavender), Mentha spp. (mints), and Gentiana lutea (yellow
gentian), among many others.

The MAP sector provides critical livelihood support to an
estimated 50,000-70,000 rural and mountain families in Albania,
often constituting a primary or supplementary income source [1, 4,
5, 6]. Albania ranks among the leading MAP exporters in the
Western Balkans, with annual export volumes reaching several
thousand tons and generating multi-million-euro revenues. Principal
export destinations include Germany, France, Italy, and other
European Union member states, where demand for high-quality,
certified organic plant material continues to expand.

Drying is the most critical post-harvest operation for MAPs,
directly determining moisture content reduction, microbial stability,
preservation of bioactive compounds, volatile essential oil retention,
color integrity, and overall commercial quality [7, 8, 9]. Inadequate
drying practices produce substantial qualitative and quantitative
losses, compromising product marketability and compliance with
European pharmacopoeia and food safety standards. The European
Pharmacopoeia 10.0 and European Medicines Agency (EMA)
guidelines specify that drying temperatures should remain within
35-45°C for most aromatic species and below 40°C for volatile oil-
rich plants [10, 11].

Traditional drying methods prevalent in Albania — including
open-air sun drying on ground mats, shade drying under
rudimentary canopies, and attic drying offer minimal control over
temperature, relative humidity, and airflow. These methods result in
heterogeneous moisture distribution, prolonged drying periods of 5—
15 days, and elevated risks of microbial contamination by afla-
toxin-producing molds [12, 11]. Moreover, direct exposure to solar
radiation promotes photo degradation of chlorophylls, carotenoids,
and phenolic compounds, causing colour deterioration and reduced
antioxidant capacity [13]. Surface temperatures on traditional
drying mats may exceed 60-70°C during summer months, far
surpassing internationally recommended thresholds and causing
irreversible essential oil volatilization and thermo labile compound
degradation.

Solar drying technology represents a cost-effective,
environmentally sustainable alternative capable of overcoming
these limitations. Modern solar dryers create a controlled thermal
microenvironment through transparent covers and heat-absorbing
surfaces, accelerating moisture evaporation while protecting plant
material from direct UV radiation, dust, insects, and rainfall [14,
15]. The incorporation of photovoltaic-powered ventilation fans
enables active airflow regulation without grid electricity
dependency, a critical advantage for remote Albanian mountain
communities. Recent advances in low-cost photovoltaic systems
have substantially improved the economic accessibility of solar
drying technologies for smallholder MAP producers [16, 17].

The mathematical modelling of drying kinetics through
established thin-layer drying models including the Page, Henderson
and Pabis, and Midilli-Kucuk models has become an important tool
for understanding moisture transfer dynamics and optimizing solar
drying system design [18, 19]. Despite extensive global literature on
solar drying of food and agricultural products, scientific
investigations specifically addressing MAP drying under Western
Balkan and Albanian agroecological conditions remain limited. This
knowledge gap inhibits evidence-based technology adoption and
policy development in the sector.

The present study addresses this gap by comprehensively
evaluating two innovative solar drying systems a flat-bed solar
dryer in Bilisht (Devoll Municipality, southeastern Albania) and a
tunnel solar dryer in Erseké (Kolonjé Municipality) over the
monitoring period March—September 2023. The study objectives
were to: (i) characterize the thermal performance and drying
kinetics of both systems; (ii) quantify their effects on physical,
microbiological, and phytochemical product quality; (iii) compare
performance with traditional drying practices; and (iv) provide
evidence-based recommendations for the strategic up scaling of
solar drying technology in Albanian MAP-producing mountain
regions.

2. Materials and Methods
2.1 Study Areas

The study was conducted in two MAP producing areas of
southeastern Albania: Bilisht (870-925 m a.s.l.) and Erseké (1,040—
1,050 m a.s.l.). Both sites are characterized by continental climate
conditions with Mediterranean influences, including dry summers,
cold winters, and high solar irradiance during the vegetation period.
During March—September 2023, mean solar irradiance ranged from
5.2-6.4 kWh m~ 2 day™ ! in Bilisht and 4.8-5.9 kWh m™ 2 day™ ' in
Erseké.
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2.2 Solar Drying Systems

A flat-bed solar dryer was installed in Bilisht and a tunnel solar
dryer in Erseké. Both systems were equipped with photovoltaic-
powered DC ventilation fans and covered with transparent solar-
transmitting materials to enhance heat accumulation and airflow.
The flat-bed dryer had a larger processing capacity (up to 850 kg
fresh biomass per cycle), while the tunnel dryer processed up to 180
kg per cycle and provided improved thermal uniformity.
Temperature and relative humidity were continuously monitored
during operation.

2.3 Plant Material

The monitored species included Salvia officinalis, Origanum
vulgare, Thymus serpyllum, Melissa officinalis, Hypericum
perforatum, Mentha longifolia, Rosa canina, and Sambucus nigra.
Plant material was harvested at the beginning of flowering and
transported to drying facilities within 4-6 h after harvest.

2.4 Statistical Analysis

Data were analyzed using IBM SPSS Statistics v27.0 and
Microsoft Excel 2019. Descriptive statistics, t-tests, one-way
ANOVA, and Pearson correlation analysis were applied. Statistical
significance was accepted at p < 0.05.

3. Results

3.1 Thermal Performance and Relative Humidity

The flat-bed solar dryer (Bilisht) achieved a mean internal
temperature of 42.3 + 3.8°C, representing a thermal elevation of
14.7°C above ambient. The tunnel dryer (Erseké) recorded lower
values (38.7 + 2.5°C), attributable to its higher altitude (1,040 m)
and reduced thermal mass. Internal relative humidity was
maintained substantially below ambient in both systems (28.4% and
32.1%, respectively), compared with 44-65% under traditional
open-air drying. The tunnel dryer demonstrated superior thermal
spatial uniformity (£2.5°C vs. +£3.8°C), with positive implications
for product homogeneity.

Both systems achieved drying time reductions of 84-88%
relative to traditional drying (herbs: 18.4 h vs. 144-240 h; fruits:
28.7 h vs. 240-360 h). The Midilli-Kucuk model provided the best
fit for moisture ratio dynamics in both systems (R? > 0.994).
Effective moisture diffusivity was higher in the flat-bed system,
consistent with its greater PV-powered fan capacity (4 x 25 W). A
strong inverse correlation between temperature and drying duration
(r = —0.82, p < 0.001) confirmed temperature as the principal
kinetic driver. A positive correlation between biomass loading
density and drying time (r = +0.67, p < 0.01) underscores the
importance of standardized loading protocols (6—8 kg m~ 2 for leafy
herbs; 8-10 kg m™ 2 for fruits).

Table 1. Key thermal performance and biomass processing
parameters

Parameter Flat-Bed Tunnel
Dryer (Bilisht) Dryer (Erseké)
Mean internal 423+3.8 38.7+2.5
temperature (°C)
Mean internal relative 284 +6.1 321+54
humidity (%)
Thermal spatial +3.8 +2.5
uniformity (°C)
Mean drying time — 184+3.2 22.6 4.1

herbs (h)

10

Mean drying time — 28.7+5.1 342463
fruits (h)
Drying time reduction 87.2% 84.3%
vs. traditional
Total fresh biomass 8,995 3,032
processed (kg)
Total dry biomass 1,853 619
produced (kg)
Mean dry matter yield 20.6 2.4 204 +2.1

(%)

Values expressed as mean + SD. Dry matter yield difference not
statistically significant (independent t-test, p = 0.67). Traditional
drying reference: mean of ten monitored conventional operations.

3.1 Phytochemical Quality and Commercial Implications

Solar drying systems provided significantly superior
preservation of phytochemical constituents across all evaluated
species (ANOVA, p < 0.001 for all parameters). Essential oil
contents in solar-dried samples met European Pharmacopoeia 10.0
minimum thresholds (Salvia officinalis > 2.0% v/w).

Superior retention of total phenolic content (TPC) and
antioxidant capacity in solar-dried products reflects attenuated
thermal and oxidative degradation of rosmarinic acid, carnosic acid,
and luteolin derivatives key bioactive constituents of sage and
oregano within the enclosed, UV-filtered drying environment. TPC
values were statistically comparable between both solar systems
(42.3 vs. 43.1 mg GAE/g; p > 0.05), confirming adequate thermal
control in both configurations.

Table 2. Phytochemical quality indicators — solar-dried vs.
traditionally dried MAP products (mean + SD; different letters
indicate significant differences, Tukey HSD, p < 0.05)

Quality Indicator Flat- Tunne Traditio
Bed | nal

Salvia off. essential oil 231 219+ 1.42 +
(%) +0.28 a 0.24a 0.31b

Origanum vulg. 3.84 371+ 293+
essential oil (%) +04la 0.38 a 0.45b

Salvia off. TPC (mg 42.3 43.1+ 31.7+
GAE/g d.w.) +38a 42a 51b

Antioxidant capacity 68.4 70.1 + 523+
(% DPPH inhib.) +42a 39a 6.8b

TPC: total phenolic content; GAE: gallic acid equivalents;
d.w.: dry weight; DPPH: 2,2-diphenyl-1-picrylhydrazyl. Ph. Eur.
10.0 minima: Salvia off. > 2.0%;

4. Conclusions

Both investigated solar drying systems demonstrate clear
technical and economic feasibility for smallholder MAP producers
in Albanian mountain communities, delivering: (i) drying time
reductions of 84-88%; (ii) phytochemical quality compliant with
European Pharmacopoeia 10.0 thresholds; (iii) operational cost
savings of 70-75% relative to LPG alternatives. The self-sufficient,
renewable energy-based operation of both systems renders them
particularly appropriate for remote areas with limited grid access,
supporting sustainable MAP value chain development and rural
income diversification.
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