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The world faces three major challenges: ensuring reliable 
energy, achieving food security, and combating global 
warming. The  food industry accounts for 30% of  global 
greenhouse gas emissions, while food waste intensifies 
global warming, with 1.3 billion tons discarded annually. 
A  potential solution to reducing emissions from both 
the food industry and food waste is the adoption of effective 
food preservation methods, such as drying, combined with 
the use of  renewable energy sources (Hassan et al., 2023). 
Drying is one of  the  most effective methods to reduce 
additional costs, as it decreases the weight of  the product 
to less than one-third of  its initial weight. Furthermore, 
lowering moisture content helps minimise microbial and 
enzymatic activities during storage, thereby significantly 
extending the  product‘s shelf life (Bouhdjar et al., 2020; 
Meisami-asl and Rafiee, 2009). The  primary objectives 
of drying include preventing decay and spoilage, extending 
shelf life, reducing storage, handling, and transportation 
costs, and enhancing product quality (Odewole and Falua, 
2021). The  increasing cost and limited availability of  fossil 
fuels are driving a  shift towards solar energy for drying 
processes, as it offers a free and readily accessible alternative 
to reduce fuel consumption (Lingayat et al., 2017; Atalay and 
Cankurtaran, 2021). Solar dryers can significantly contribute 
to reducing post-harvest losses in  both developed and 
developing nations, while also enhancing value addition 
(Musembi et al., 2016; Hasan and Langrish, 2016). 

The research introduces advancements in  the  solar 
drying technology for agricultural products, particularly 
through the  innovative design, fabrication, and testing 
of a solar dryer. The research evaluates the key performance 
metrics such as moisture loss and drying kinetics, various 
thin-layer drying models for describing apple slice drying, 
and analyses colour changes to understand the  impact 

of drying conditions on product quality. The study provides 
valuable insights into the  thermal behaviour of  solar 
drying systems, offering a  basis for future optimisation 
in agricultural drying practices.

Study area 
The solar air heater and the  drying chamber, as depicted 
in Figs 1–2, were designed and fabricated at the Hungarian 
University of  Agriculture and Life Sciences (47° 35‘ 39“ N 
and 19° 21‘ 59“ E). Golden apple slices were used as drying 
sample. The experiment was conducted on selected sunny 
days of July to August 2024. 

However, in this case, three sunny days were utilised to 
analyse the thermal performance of the drying system and 
to model the drying behaviour of the golden apple slices.

Tools used during the experiment 
A solar air heater with a diffuser-shaped inlet (1.25 × 0.5 m) 
was designed, incorporating a 4 mm thick plexiglass sheet, 
and a  1.2 mm thick copper absorber plate was integrated 
with the drying chamber. The drying chambers were made 
up from polystyrene (XPS) boards. The doors, which are used 
to close the dryers, were fabricated from Akrylon XT acrylic 
sheets. The  dryers are equipped with four trays inside. 
The trays are made up from fiberglass. The dimension of tray 
is 0.48 × 0.50 m, arranged with a uniform spacing of 0.1 m. 
The chamber‘s inlet and outlet have a circular cross-section 
with a diameter of 0.1 m and an axial length of 0.2 m. Four 
trays were filled with apple slices, each with a  thickness 
ranging from 4 mm to 6.5 mm and a diameter between 5 cm 
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Fig. 1	 Manufacturing process of the solar air heaters
 

Fig. 2	 Manufacturing process of the drying chambers
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and 8.35 cm. The slices were carefully laid out to ensure even 
distribution across the trays.

Data collection 
A humidity sensor (model: HIH-40000-004, produced 
by Honeywell, USA) with an accuracy of  ±3.5% and an 
operational range of 0% to 100% RH was used to measure 
humidity. The pressure and flow rate sensor (model: SDP816-
500Pa, manufactured by Sensirion, Switzerland) with an 
accuracy of ±5 millibar and a  range of  -500 to 500 Pa was 
provided with two units. Temperature was monitored using 
a  resistance temperature detector (RTD) sensor (PT-100) 
with an accuracy of ±0.1 °C at 0 °C, operating within a range 
of  -75 °C to 250 °C. Solar radiation was measured using 
a  pyranometer (model: Kipp and Zonen CM11, produced 
by Kipp and Zonen, The  Netherlands) with an accuracy 
of ±0.1 Wm-2 and a range of 1 to 4000 Wm-2.

Performance evaluation of solar drying 
system components

The detailed calculations used for sizing the  drying 
components are not included here; only the  basic 
performance indicators and parameters are provided. 
Additionally, the  fundamental characterisation methods 
of the sample being dried are discussed.

Energy analysis of solar air heater
The basic performance indicators are discussed 
in the following sections.

The efficiency of the solar air heater (ηSAH) is computed 
by employing the  following equation (Mugi and 
Chandramohan, 2021):

		  (1) 

where:	 – the mass flow rate of heated air (kg·s-1); Cp – 
specific heat capacity (kJ·kg-1·K-1); α –absorbance 
of  the  glass cover = 0.85; τ – transmittance 
of  the  glass cover = 0.95; ASAH – the  surface area 
of the solar air heater; TSAHo – temperature leaving 
the SAH

The heat obtained (Qu) from the  solar air heater and 
given by Mugi and Chandramohan (2021):

	  	 (2)

where:	 Tamb – ambient temperature (°C)

The specific heat (J·kg-1·°C-1) of air was calculated using 
the Eq. (3) provided by (Ekka and Palanisamy, 2020):

	 Cpa = 999.2 + 0.1434 Tav + 1.101·10-4 T2
av - 6.758 10-8 T3

av	 (3)

The system efficiency of  a  solar dryer quantifies 
the  effectiveness of  utilising input energy (solar radiation) 
for product drying. For forced flow, we are considering 
the power of the available auxiliary devices like a fan, pump, 
or any other external energy supplier (Rabha et al., 2017).

The efficiency of  the  forced type of  solar dryer (ηof) is 
given as follows:

		  (4)

where:	 hfg – the latent heat of vaporisation (kJ·kg-1); mrw – 
the  mass of  water removed; Ir – solar intensity 
striking on the  surface of  SAH (W·m-2); Fp – 
the power of the fan (W); Ad – the area of the drying 
chamber (m2)

The quantity mrw is given by the following equation:

	 mrw = mi - mf	 (5)

where:	 mf – the  final mass of  the  dried product (g); mi – 
the initial mass of the product (g)

The value of the latent heat of vaporisation (hfg) of water 
can be estimated using the following formula (Forson et al., 
2007):

	  	 (6)

where:	 Pcr – the critical pressure of water (2.206 × 107 Pa); 
Rg – gas constant for water vapour (461.5 J·kg-1·K-1); 
Tb – temperature at which water boils under 
standard atmospheric pressure (°C); Tcr – the critical 
temperature of water (377 °C); Tp – the temperature 
of product (°C)

Mathematical model of products
Numerous parameters are employed to characterise 
the drying behaviour and conditions of products processed 
in solar drying chambers, including temperature, humidity, 
air velocity, moisture content, and moisture ratio. These 
parameters are critical for optimising the  drying process, 
ensuring energy efficiency and preserving the  quality 
of dried products.

Moisture content
To assess the  moisture content (Mc) of  the  samples on 
a wet basis throughout the day as they undergo the drying 
process (Rajesh et al., 2024):

	  	 (7)

where:	 mw – the  mass of  the  wet sample at time t (kg); 
ms – the  mass of  the  dried sample at time t (kg); 
mi – the initial mass of the sample (kg)

Moisture ratio
The moisture ratio (MR) of  the  product is calculated using 
Eq. (8) (Doymaz and Ismail, 2011):

	  	 (8)
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were 46.67%, 60.70%, and 63.32% at the inlet, middle, and 
outlet, while day 3 showed 38.99%, 47.55%, and 48.51% at 
the same locations.

Performance analysis of the system 
The efficiency of the solar air heater was analysed over three 
days, as shown in Fig. 3(a). Day 3 recorded the highest overall 
peak, followed by day 1 and day 2. Mid-day performance 
fluctuated, with day 1 and day 2 experiencing drops due 
to external factors. Late-day performance exhibited earlier 
peaks but maintained high efficiency until 16:00. Day 3 
outperformed the others, achieving the highest maximum 
efficiency and demonstrating a  gradual improvement 
in  performance, indicating optimal conditions and system 
functionality. The  average efficiency was 45.36%, 44.82%, 
and 57.07% for day 1, day 2, and day 3, respectively.

The efficiency of the drying chamber over three days was 
analysed, as shown in Fig. 3(b). The dryer‘s efficiency varied 
significantly across the three days, with day 3 being the most 
efficient due to higher and more consistent solar radiation. 

where:	 Mt, M0, and Me – the moisture content at any given 
time during drying (kg of  water per kg of  dry 
matter), the  initial moisture content (kg of  water 
per kg of dry matter), and the equilibrium moisture 
content (kg of  water per kg of  dry matter), 
respectively

The products were not continuously subjected 
to consistent relative humidity and temperature, and 
the values of Me were significantly smaller than Mt or M0. As 
a  result, the  error caused by simplification is insignificant. 
Thus, Eq. (8) will be simplified to Eq. (9) (Doymaz, 2007; 
El-Beltagy et al., 2007):

	  	 (9)

Thin-layer drying models
To choose an appropriate thin-layer model for drying apple 
slices in all days, four thin-layer mathematical models (listed 
in Table 1) were utilised to compare the  experimental MR 
and theoretical moisture ratio data over time. The R² value 
approaching 1 signifies a  strong relationship between 
the  model and the  data, whereas an R² value close to 0 
indicates a weak fit. A model with lower RMSE and x² values 
is considered to have better performance compared to one 
with higher RMSE and x2 (Ullah et al., 2022).

Solar radiation, ambient temperature variation, 
and humidity analysis

The average solar radiation levels recorded over the  three 
days were 854.34 W·m-2, 868.91 W·m-2, and 897.93 W·m-2 
for days 1, 2, and 3, respectively. During the  same period, 
the  average temperatures were 30.73 °C, 26.38 °C, and 
31.4  °C for days 1, 2, and 3, respectively. The  average 
humidity levels varied across the drying chamber, with day 
1 recording 41.08%, 46.73%, and 48.99% at the inlet, middle, 
and outlet, respectively. On day 2, the  humidity levels 

Results and discussion
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Table 1	 Selected thin-layer models and statical metrices

Name of the model Model equation Statistical tools and corresponding formula 

Newton MR = exp (-kt) 

Page model MR = exp (-tn)

Modified page MR = exp (-(kt)n)

Midilli and Kucuk MR = a exp (-ktn) + bt

Source: Doymaz, 2013; Mellalou et al., 2023
k, a, b, and n – empirical constants derived from experiments; t – time; c – the number of constantans in model; R2 – coefficient of determination (%); 
RMSE – root mean square error (%); x – experimental data; x2 – chi-square; y – predicted (calculated) data
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Fig. 3a Average efficiency of the solar air heater over the three 
days
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Day 1 also performed well, while day 2 was less efficient, 
likely due to the  environmental factors such as humidity 
or cloud cover. These results highlight the  importance 
of  solar radiation and ambient conditions in  determining 
the efficiency of solar drying systems. Future improvements 
could focus on optimising the system to maintain consistent 
performance even under less ideal conditions.

Moisture analysis
Mass reduction during the  drying period over the  three 
day is shown in Fig. 4a, b, c. Day 3 exhibits a mass reduction 
pattern similar to day 1 and day 2, characterised by 
a rapid initial loss followed by a gradual decline. However, 
the overall mass reduction on day 3 appears slightly greater, 
likely due to improved drying conditions. This can be 
attributed to more favourable environmental conditions 
on day 3, characterised by higher solar radiation intensity 
and ambient temperatures, along with lower humidity 
compared to other days.

Moisture ratio and drying curves
To calculate the  moisture ratio (MR) and drying curves, 
the total mass of the drying chamber was considered instead 
of  individual tray measurements for simplicity. Hourly 
mass readings were recorded, starting with an initial mass 
of 1620 g (405 g) at 10:00 AM, and subsequent measurements 
followed. As presented in Fig. 5(a), the moisture ratio (MR) 
values for three days of  drying have been investigated at 
hourly intervals starting from 10:00 AM. The  initial MR at 
10:00 AM for all days is 1, which represents the fully saturated 
condition of  the  material (maximum moisture content 
relative to dry weight). As drying progresses, MR decreases 
steadily over time, indicating moisture loss. The drying curve 
data demonstrate a typical drying process characterised by 
an initial rapid phase and an intermediate slowing phase, as 
shown in Fig. 5(b). 

The drying kinetics of  materials involves two primary 
phases: the  constant rate period and the  falling rate 
period. During the  constant rate period, moisture content 
decreases steadily as surface moisture evaporates, driven by 
the external factors such as temperature and air velocity. This 
phase is followed by the falling rate period, which consists 
of two stages: the initial falling rate period, where the rate 
of moisture removal slows compared to the constant rate, 
and the curvilinear falling rate period, marked by a further 

Fig. 3b Average efficiency of  the  solar drying chamber over 
the three days

Fig. 4a	 Weight loss with time across the trays

Fig. 4b	 Weight loss with time across the trays

Fig. 4c	 Weight loss with time across the trays
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gradual and curvilinear reduction in  moisture content 
(Erbay and Icier, 2010).

Thus, in our case shown in Fig. (5b), the drying process 
entirely occurs in the falling period.

Selecting the best fitting model 
As shown in Table 2, the  Midilli and Kucuk mathematical 
models consistently demonstrate strong performance 
across all days, with higher R² values and lower x² and 
RMSE compared to the Newton, Page, and Modified Page 
models.

The Midilli and Kucuk equation, selected to describe 
the  drying behaviour of  the  golden apple, is presented 
in Eq. (10):

	 MR = 2.82 exp (-5.02 t1.80) + 0.0029 t	 (10)

The predicted values of  the  moisture ratio (MR) using 
the  model and the  experimental values are shown in  Fig. 
6. As illustrated in  Fig. 6, the  predicted and actual values 
are well-fitted, demonstrating the  model‘s accuracy and 
reliability in capturing the experimental data trends.

Fig. 5	 Moisture ratio (a) and drying curve (b) of the apple slices

 (a) (b)

Table 2	 Statistical results of drying curve models for apple slice moisture data of three days

Model Name Constants R2 RMSE x2

Day 1

Newton k = 1.1 0.999249 0.07682 0.5306

Page model n = 0 – 1.3977 7.8150

Modified Page k = 1, n = 1 0.9991 0.2611 0.13637

Midilli and Kucuk a = 2.82, b = 0.0029, k = 5.02, n = 1.80 0.9969 0.03105 0.00385

Day 2

Newton k = 1.1 0.9974 0.4980 0.2480

Page model n = 0 – 5.6015 31.3778

Modified Page k = 1, n = 1 0.9972 0.2451 0.05842

Midilli and Kucuk a = 2.82, b = 0.0029, k = 5.02, n = 1.80 0.9985 0.0289 0.0033

Day 3

Newton k = 1.1 0.9944 0.5002 0.2502

Page model n = 0 – 5.5915 31.2649

Modified Page k = 1, n = 1 0.994 0.2457 0.1208

Midilli and Kucuk a = 2.82, b = 0.0029, k = 5.02, n = 1.80 0.9989 0.0308 0.0038
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Fig. 6	 Moisture ratio (MR) of  the  experimental results vs 
predicted results using the Midilli and Kucuk models

Conclusion
The study assessed the  thermal performance of  a  solar 
drying system using golden apple slices as the  drying 
sample. Key findings highlight that higher solar radiation 
and ambient temperatures significantly enhance drying 
efficiency, while lower humidity levels further improve 
drying rates. Additionally, tray positioning was found to 
play a  crucial role in  moisture loss, with the  bottom trays 
experiencing the  highest mass reduction compared to 
the  top trays. Among the  tested models, the  Midilli and 
Kucuk model emerged as the  most accurate in  describing 
the drying kinetics of apple slices, providing a reliable tool for 
predicting moisture loss. Overall, the research underscores 
the  potential of  solar drying systems as a  sustainable and 
energy-efficient alternative to conventional drying methods, 
particularly for preserving agricultural products.

Future studies should extend the experimental period to 
include diverse weather conditions and test a wider range 
of agricultural products. Optimising the chamber‘s design, 
such as improving airflow and insulation, could enhance 
efficiency. Economic and environmental analyses are 
needed to assess feasibility for large-scale use.
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