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This study was conducted to develop a solution for the efficient and sustainable use of solar energy in food drying
in response to the depletion of fossil fuels, environmental concerns, and increasing energy demand. The moti-
vation is to improve energy efficiency and provide environmentally friendly alternatives in food drying appli-
cations. This study experimentally evaluated the performance of a greenhouse dryer equipped with a parabolic
trough solar collector (PTSC) with an air-fluidized, dual-axis solar tracking system (STS). The experiments were
conducted between June 12 and June 17, 2023, in Tokat, Turkey, located between 39°51'-40°55' North latitudes
and 35°27'-37°39' East longitudes, between 10:00 a.m. and 5:00p.m. each day. In the apple drying experiments,
solar radiation was continuously directed to the collector at an optimum angle with STS, and energy efficiency
and exergy efficiency increased by 28.7 % and 36.2 %, respectively. Drying time decreased by 57.2 %, and the
product surface temperature reached 76.1 °C. With the effect of STS, solar radiation on the system increased by
an average of 18.8 %, and drying efficiency improved by 47.2 %. The study’s originality is using air-fluid in the
tube system, which is equipped with a dual-axis, fully automatic solar tracking mechanism. In the literature,
water-based and single-axis systems have generally been studied. This study introduces an innovation that en-
hances the efficiency and sustainability of solar energy usage in food drying. It offers a transformative approach
to integrating energy systems within agricultural practices, paving the way for a more effective and environ-
mentally friendly future in food drying.

wide range of applications [4]. All these features make solar energy a

renewable option with environmental and economic benefits.
Technologies developed for the practical use of solar energy include

thermal solar collectors and photovoltaic cells. Thermal collectors

1. Introduction

The serious problems faced in the energy field today are the rapid
depletion of fossil fuels, the increasing effects of global warming, and the
ever-growing demand for electricity [1] Solar energy is a sustainable
alternative that can solve these challenges [2]. The fact that it is an
abundant and accessible resource makes it very attractive regarding
energy production. The sun sends about 1.7 x 1014 kW of energy to the
earth’s surface every year, and even a small fraction of this amount is
enough to meet global energy needs [3]. Solar energy, which is also
advantageous in flexibility and convertibility, can be used in electricity
generation and heating applications. In addition, the high energy con-
tent of the radiation emitted from the sun enables this resource to offer a

* Corresponding author.

collect solar radiation and convert it into usable heat, while photovoltaic
cells generate electricity directly. Thermal collectors fall into two main
categories: flat-plate collectors and concentrator-type systems. While
flat-plate collectors can generally generate temperatures of up to 90 °C,
evacuated tube collectors raise this limit to 150 °C [5]. For applications
requiring higher temperatures, concentrator systems come into play;
these systems can operate in the 150-500 °C temperature range [6].
PTSC are considered the most advanced technology among concentrator
systems and excel in efficiency and longevity [7]. Developing these
technologies and making them more accessible will increase solar
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Nomenclature

Symbol/Abbreviation

PTSC Parabolic Trough Solar Collector (—)
STS Solar Tracking System (—)

GD Greenhouse Dryer (—)

LDR Light Dependent Resistor (—)

PLC Programmable Logic Controller (—)

T.,T; Dryer Inlet Temperature (°C)
T, T, Dryer Outlet Temperature (°C)
T3, T, Ambient Temperature (°C)

T4, Tpo Tube Outlet Temperature (°C)

Ts, Ts Product Surface Temperatures (°C)
T, Inside Dryer Temperature (°C)

Ty Tube Inlet Temperature (°C)

Hj, Hy, Hs Relative Humidity Values (%)

14 Air Velocity (m/s)

w Product Weight (g)

Wi Dry Product Weight (g)

W Wet Product Weight (g)

WS Wind Speed (m/s)

MC,, Moisture Content (wet basis) (%)

MCq.p Moisture Content (dry basis) (%)

M, Equilibrium relative humidity value (g water/g solids)
M, Initial Product Weight (g)

MR Moisture Ratio (Dimensionless)

Nth Thermal Efficiency (%)

Nd Drying Efficiency (%)

Nexergy ~ Exergy Efficiency (%)

Qu Useful Heat Energy (kJ)

Qs Heat Energy Absorbed by the PTSC (kJ)

A, Collector Aperture Area (m?)

Iy, SR Global Solar Radiation (W/m?)

L, W, Reflector Dimensions (Length/Width) (m)
Ly Latent heat of evaporation (540) (kcal/kg)
A, Arpeture Area (m?)

Cg Geometric Concentration Ratio (—)

] Reflector Rim Angle (°)

(& Specific Heat Capacity (kJ/kg-K)

ET Energy Consumption Of The System Components (kJ)
Qs Absorbed Solar Heat by Collector (kJ)

Tpi, Tpo  Collector Inlet and Outlet Temperatures (K)
Tsun Sun Surface Temperature (4350) (K)

energy’s role in meeting the world’s energy needs. In addition, these
systems’ high efficiency and diversity are accelerating developments in
the renewable energy sector. In the future, such environmentally
friendly methods of energy production will contribute to both sustain-
able development and environmental protection goals.

The literature contains many valuable scientific studies of PTSCs.
These studies have examined the energy performance of parabolic solar
collectors in power generation, food drying, and various hot fluid pro-
cesses. Othman et al. used a thermal oil parabolic solar collector for an
olive mill sludge drying system in Borj Cedria, Tunisia. They designed a
heat exchanger to heat the air with hot oil from the solar collector. They
used the hot air from the heat exchanger to dry the olive sludge. With
this heat exchanger, they obtained drying air at a temperature of 128 °C
at an air velocity of 3 m/s [8]. Nain et al. investigated the thermal
performance of a vacuum tube parabolic solar collector in Haryana,
India by passing air fluid through the collector. As a result of their study,
they obtained an average of 95 °C hot air for an air flow rate of 4.5 kg/h
[9]. Mathew et al. used a water parabolic solar collector to store energy
in a thermal store. They used this storage as a heat exchanger and ob-
tained hot air for drying apples. They obtained a maximum temperature
of 118 °C at an air velocity of 2 m/s [10]. Guan and others designed a
new parabolic trough solar air collector (PTSAC-TRT) with triple
receiver tubes to address the issues of high outlet temperatures and
significant temperature differences between the inlet and outlet in
parabolic trough collectors (PTCs). They set the air velocity in the PTC to
5.4 m/s and achieved an instantaneous collection efficiency (ICE) of up
to 76.0 % [11]. Limboonruang et al. investigated the increase in thermal
efficiency of PTC using seven suction tube models with different finned
tube characteristics. In a PTC with finned suction tubes having a fin
spacing of 2.28 mm and a fin diameter of 22 mm, they achieved a
maximum temperature increase of 9.60 °C and a thermal efficiency of
58.66 % at a flow rate of 1.0 L/min [12]. Parlamis et al. passed air in
different geometries in a parabolic corrugated vacuum tube solar col-
lector in Konya, Turkey. With a copper helical helix placed inside the
vacuum tube, they obtained an average of 20 % more energy efficiency
than the empty vacuum tube [13]. Pandey et al. placed a U-tube copper
tube inside the vacuum whole in a parabolic trough vacuum tube solar
collector system in Himachal Pradesh, India. Their study obtained
151 °C hot air at a mass flow rate of 0.0062 kg/s [14].

Solar tracking mechanisms have been used for solar energy systems

to maximize the benefit of solar radiation. The performance of solar
energy systems has increased significantly due to tracking systems. The
literature contains many valuable studies on parabolic solar collectors
with solar tracking mechanisms. Stanek et al. installed a manually
controlled two-axis solar tracking mechanism on Poland’s vacuum tube
aqueous parabolic solar collector. They investigated both the effects of
the solar tracking system on energy performance and solar tracking er-
rors [15]. Gharzi et al. added a thermoelectric system and a two-axis
ardinuo-powered solar tracking system to an aqueous parabolic trough
solar collector in Gorgan, Iran. They operated the solar tracking system
according to the ardinuo command system and investigated the effects
of the tracking system on electrical and thermal energy performance
[16]. Wang et al. developed a single-axis tracking model using the Solar
Position Algorithm (SPA) for PTC and analyzed the operating charac-
teristics of the collector. Through comparative analysis of tracking an-
gles and field tests, they verified the robustness and overall performance
of the system in distributed heating applications [17]. Fathabadi
designed a two-axis solar tracking mechanism to improve the thermal
performance of an aqueous vacuum tube parabolic solar collector and
provided axis tracking control with microcontrollers [18]. Saldivar-
Aguilera and others have investigated a dual closed-loop control strat-
egy for single-axis solar tracking systems in PTC. They conducted a
comparative analysis between the proposed control algorithm and a
simple closed-loop control typically used in PTC. The experimental re-
sults they obtained indicated that the average solar tracking error ach-
ieved with the simple control was 0.97°, while the error of the proposed
dual control was 0.21° [19].

Furthermore, a wealth of significant research has been carried out on
hybrid systems integrated with solar greenhouse dryer systems, as
detailed in Table 1. This table categorizes the studies based on energy
sources, system types, and performance enhancements and summarizes
the innovative advancements achieved, providing a clear comparison
with the current study.

When the studies in the literature on PTSC were analyzed, some of
the following study gaps were identified.

1. Low airflow rates have generally been studied. This is because the
tube’s heat transfer area is insufficient.

2. Since hot air is produced with a single tube, it is insufficient for
processes requiring a high hot air flow rate.
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Table 1

Comparison of studies related to solar greenhouse dryers with the current study.
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Reference

Energy Source

System Type

Performance Improvement

Innovation Summary

Arbaoui et al.
[20]

Tiguh et al. [21]

Zine et al. [22]

Rajesh et al. [23]

Patel et al. [24]

Sehrawat et al.

[25]

Philip et al. [26]

Koli et al. [27]

Selimefendigil

et al. [28]

Singh et al. [29]

Singh et al. [30]

Singh et al. [31]

Karthikeyan et al.
[32]
Current Study

Solar Energy (Conversion of
agricultural greenhouse to dryer)

Solar Energy (Dual-shaped design)

Solar Energy (Natural and forced
convection greenhouse dryer)
Solar Energy (New generation
greenhouse dryer — NGHD)

Solar Energy (Greenhouse dryer
with glass material variations)

Solar Energy (Portable greenhouse
solar dryer with ETAH)

Solar Energy (Parabolic hybrid
greenhouse dryer)

Solar Energy (100 kg capacity
greenhouse solar dryer)

Solar Energy (Parabolic hybrid
active greenhouse solar dryer)

Solar Energy (Greenhouse dryer
with latent heat thermal storage
using nano-paraffin)

Solar Energy (Greenhouse dryer
with evacuated tube solar air
heater)

Solar Energy (Hybrid active
greenhouse dryer with ETC)

Solar Energy (Hybrid active
greenhouse dryer with ETC)

Solar (Parabolic Tube + Dual-Axis
Tracking)

Indirect Greenhouse Dryer
(Double-glazed roof + thermal
storage)

Dual-Shaped Greenhouse Dryer

Natural and Forced Convection
Greenhouse Dryer

New Type Greenhouse Dryer
(Sandwich-panel insulated
structure)

Passive and Active Greenhouse
Dryer (DL and UVP coated
glasses)

Portable Active Greenhouse
Dryer (Fan + ETAH + air
distribution system)

Parabolic Hybrid Active
Greenhouse Dryer (SAH
assisted)

Large Capacity Greenhouse
Solar Dryer

Parabolic Hybrid Active
Greenhouse Solar Dryer
(PHAGSD)

Active Greenhouse Dryer +
Al;03 Nano-paraffin Thermal
Storage System

Greenhouse Dryer + Evacuated
Tube Solar Air Heater (Walk-in
type)

Hybrid Active Greenhouse
Solar Dryer (HAGSD) with
internal heat exchanger
Hybrid Active Greenhouse
Solar Dryer (HAGSD)

PTSC + Dual-Axis Solar
Tracking System

Copper pipe heat collector on roof and
forced hot air flow

Higher load/volume ratio and improved
land use efficiency

Adaptation to climatic conditions with
optional forced fan mode

Thermally insulated drying chamber and
black painted absorber surfaces

Comparison of double-layer and UV-
protected glass coatings

Circulating fans, evacuated tube solar air
heater, air management system

Integration of solar air heater for drying
acceleration

Increase in drying area and product
capacity with economic evaluation

Solar air heater integration to enhance
drying efficiency and reduce drying time

Latent heat thermal storage unit
integration using nano-enhanced paraffin

Air heating via evacuated tube solar
collector; insulated north wall; semi-
continuous and batch mode tested
Evacuated tube collector heat exchanger
bed; forced air circulation

Higher convective and evaporative heat
transfer coefficients with ETC integration
Drying time reduced by 57.2 %, efficiency
improved by 80 %

Seasonal conversion of greenhouse into
dryer for dual usage (farming + drying)

New dual-shaped design for improved
drying quality and economic
performance

Customized greenhouse dryer solution
for Teff farming

32 % faster drying compared to
conventional greenhouse dryers with
better product quality

Performance improvement with DL-
coated glass in greenhouse dryer

Thermal efficiency enhancement up to
60 % by optimized air flow
management

Drying time reduced by up to 30 %
using parabolic hybrid design

Short drying time with low operational
cost for high-volume agricultural
products

30 % reduction in drying time and
improved drying uniformity with
parabolic hybrid system

15 % enhancement in thermal
efficiency and specific moisture
removal rate improvement

Energy and cost payback periods of
2.95 and 1.10 years; CO2 mitigation of
209.21 tons over 20 years

Drying time reduction up to 61.9 %;
significant CO2 mitigation compared to
conventional dryers

New drying kinetic model developed
for better prediction of moisture ratio
The first use of a fully automatic dual-
axis tracking system with air-based
PTSC

3. Using solar tracking systems to utilize the sun in PTSC systems
effectively is rare.

4. Tracking mechanisms are not fully automatic PLC (Programmable
Logic Controller) systems with LDR (Light Dependent Resistor) sen-
sors. It is usually manual and single-axis.

5. Water is generally used as a fluid in PTSCs. Food drying studies using
air fluid are very rare.

This study investigated the performance of a greenhouse dryer
operating air-fluid with a two-axis sun-tracking mechanism to fill the
above-mentioned literature gaps. High air temperatures were obtained
with the sun-tracking feature of the parabolic tube collector, and
adequate drying conditions were obtained. Drying with and without
solar tracking and drying in open sun conditions were compared. The
parabolic trough collector technology, which usually works with liquid
fluid, was tested with air-fluid in this study and obtained high drying
performance. This study is one of the rare studies in the field.

2. Material and methods
2.1. Experimental procedure

In the greenhouse dryer (GD) with PTSC, 15 mm thick oval cut and
hollowed apple slices were used in the climatic conditions of Tokat
province. Drying operations were carried out on 12-17 June 2023. A
total of 6 drying experiments were carried out with and without STS.
The climatic conditions (temperature, humidity, wind speed, and solar
radiation) were similar on the dates of the experiments. In the study,

experiments were carried out for 3 days (12-14 June) in the PTSC
greenhouse dryer with STS, and the results were averaged. The same
procedure is valid for PTSC without STS (15-17 June). The schematic
representation of the equipment and measurement parameters of the
greenhouse drying system with PTSC is given in Fig. 1.

Table 2 lists the measurement sensors used in the experiments and
their specifications. It also details sensor sensitivities, measurement
ranges, and brands. Table 3 shows the geometrical properties of the
reflector and receiver in the PTSC system. Oval-cut apple slices of 15 mm
thickness and 150 g were placed on the drying trays, and the experi-
ments were stopped when the weight changes during the drying process
were less than 0.5 g. One commonly used method to determine that the
drying process is complete is to wait for the weight change over a spe-
cific period to be very small—typically + 0.5 g or less [33]. This method
indicates that the product is no longer losing moisture and has reached
its equilibrium moisture content [34]. A small change threshold of 0.5 g
is highly sensitive and reliable, especially when using load-cell sensors.
This criterion aims to standardize the experiment, ensure comparability
between different experiments, and prevent over-drying of the product.

The PLC controlled the drying speed. In the experiments, fan speed
control can be used in the PLC system to control the drying airspeed. The
drying airspeed is 1.5 m/s in all experiments. The parameters and units
measured during the experiments are given in Table 4. The PLC system
recorded the data obtained from the experiments in the data logger at
one record per second. In this way, changes in the data could be
observed immediately.

The geometric concentration ratio of the PTSC system is one of the
basic performance criteria and is calculated using Eq. (1). Eq. (1) is
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Ts, T
Collector and Drying Produ::; Su;’face
Chamber Connection Temperature Measurements Disyip/Chailies Drying Chamber
Outlet Temperature
Vacuum Tube and Humidity 2 H,
Outlet Temperature Measurement
Measurement
T4 N .
Drying Tray
Fan Inlet
Temperature N
and Humidity | Product Weight Measurement
Measurement / ALY
Ts, Hs Drying Chamber Inside T,

Temperature Measurement

. = <.
Centrifugal Q Sensors
Blower +
Pyranometer
Vacuum Tube
Wireless Datalogger
Electric Motor LDR Sensor Pyranometer T . Hl, \%
Linear Motor L Drying Chamber Ir}le_t
Parabolic Collector Temperature, Humidity, and -
Air Speed Measurement Computer
Fig. 1. System elements and measurements.
Table 2 Table 4
Sensor specifications. Parameters measured in the experiments.
Sensor Measuring Range Brand Accuracy Parameter Unit Symbol
Air Velocity 0 to 20 m/s HK +0.2 m/s Greenhouse Dryer Inlet Temperature °C T1
Transmitter Instruments Greenhouse Dryer Outlet Temperature °C T2
Light Dependent 20 kQ to 100 kQ RS +0.5 kQ Ambient Temperature (Tube Inlet Temperature) °C T3
Resistor Components Tube Outlet Temperature °C T4
PT100 —50 °C to 205 °C Baumer +0.3°C Product Surface Temperature-1 °C 5
Pyranometer 0 to 2000 W/m? Kipp & Zonen ~ +0.2 W/m? Product Surface Temperature-2 °C T6
Load cell 10 kg Zemic Output Sensitivity Greenhouse Dryer Inside Temperature °C T7
+ 0.5 mV/V Solar Radiation W/m? SR
Temperature & —40°Cto125°C&  DFROBOT +0.3 °C & £3% Greenhouse Dryer Inlet Relative Humidity % H1
Relative Humidity 0 to 100 % Greenhouse Dryer Outlet Relative Humidity % H2
Ambient Relative Humidity % H3
Greenhouse Dryer Inside Relative Humidity % H1
Ambient Relative Humidity % H2
Table 3 Air velocity m/s 14
Geometrical properties of the reflector and receiver. Electric Consumption Wh Watt
_ Product Weight gram w
Parameter Unit Value
Length (reflector/receiver) L, 2m
Diameter (receiver) D 0.057 m tube. The heated air is directed to the greenhouse drying chamber at the
Width (reflector) Wy 1.2m end of the tube. Here, it comes into contact with the products, facili-
Focal di il .2 . . . .
oca distance (re ?Ctor) I 027 m2 tating moisture removal. The figure demonstrates that the airflow path
Receiver area (receiver) A, 0.32m N . .
The rim angle (reflector) v 83.6° is controlled and that all components work in an integrated manner to
Geometric concentration ratio (receiver) Cg 6.7 ensure efficient heat transfer.
Aperture area (reflector) Aq 3.6 m* The hot air obtained at the PTSC outlet is maintained at a tempera-

defined as follows: A,; reflector aperture area (collected radiation area);
A,; receiver surface area (heat-transferring surface); Wy; reflector aper-
ture; D; receiver tube diameter; and L,; receiver length [35]. Fig. 2
schematically presents the geometric parameters of the PTSC.

ﬁ _ WxL, w,

A, 7xDxl, xxD M

C, =
Fig. 3A shows the airflow and heating process inside the tube. Fresh air
drawn from the outside environment by a fan is heated by solar energy
as it travels through a 50 mm diameter copper pipe in the center of the

ture of 60-80 °C by the system controllers and fan-assisted air circula-
tion, considering the product’s drying curve. This range corresponds to
the optimum drying temperature recommended for many agricultural
products [36,37]. Hot air is drawn in from the PTSC outlet, as shown in
Fig. 3B and directed directly to the drying tray via a fan. The airflow is
distributed so that it affects the lower surface of the product. Since there
is only a single tray in the system, the airflow passages are simple. This
situation has positively affected temperature control and energy
management.

The components of the GD system with PTSC and the elements of the
2-axis STS are shown in Table 5. Fig. 4 shows the dual-axis STS elements
of the PTSC.
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Wr=12m

Ly=2m
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D=0.057 m

Fig. 2. Dimensions of PTSC.

25 pm PVC
greenhouse

. cover
Air

Outlet

Tube Air Outlet

| - - - \
T

=S - - -/

A«

Tube Air Inlet

Hot air inlet
from the PTC

Fig. 3. Airflow and Heat Transfer Process Inside the Tube (A), Air distribution in the drying chamber (B).

The STS system in the PTSC_GD system operates in on/off control
mode. When STS is activated, the LDR sensor tracks the sun so that it is
perpendicular to the sensor at 90 degrees. For this purpose, it uses the
motor and operating system shown in Fig. 4. When STS was deactivated,
the PTSC system is fixed in a southeast direction with a tilt angle of 37.2
degrees for Tokat province. For this arrangement, angle control and
manual control modes are used. Thus, the same system operates both
with STS and without STS.

Fig. 4A shows the mechanical and electronic components of a dual-
axis solar tracking system designed to position a parabolic trough
solar collector relative to the sun. A high-torque worm gear DC motor
provides east-west movement, while a linear DC actuator motor

achieves north-south linear movement. The PLC system evaluates light
intensity data from LDR sensors to ensure that the collector surface re-
mains perpendicular to the sun’s rays. This structure is optimized to
maximize solar radiation collection and enhance the system’s energy
efficiency. Fig. 4B shows the PLC operation diagram. The PLC control
system processes the irradiance data from the LDR sensors and positions
the platform so that the sun’s rays fall at a 90° angle to achieve
maximum energy harvesting efficiency from sunlight. The system’s data
logger instantly records parameters such as solar radiation, temperature,
and humidity, facilitating analysis of experimental data and optimizing
system performance. In addition, the fan transfers hot air passing
through the tube to the greenhouse dryer, speeding up the product
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Table 5

Properties of PTSC GD system elements.
PTSC GD System Properties Dimension
Components
Case (PTSC) 1 mm aluminum sigma profile 1100x1200x1500

mm
Case (GD) 0.5 mm aluminum sigma profile 1000x1000x1200
GD cover Polyethylene, 0.14 mm thickness, 1000x1000x1200
0.65 solar Transmissivity

Fan Current 0.9 (A), Pressure 350 (Pa), —

Flow rate 600 (m>/hour), Speed 1750
(RPM), Power 200 (Watt)

Linear DC actuator motor (12-24 V
DC voltage, 70 mm stroke, 25 W
nominal power), Worm Gear DC
reducer (6-24 V DC voltage, 1-200
rpm speed, 30 kg. cm maximum
torque)

1000 m wireless data transmission,
10 Mbps data transfer rate, 1 TB
memory capacity

DELTA DVP-ES3 Series, four high-
speed counter inputs

Solar Tracking
System

90x94 mm air outlet
duct

Datalogger

PLC 7" display screen

drying process and increasing efficiency.

A total of 6 days of experiments were conducted between June 12
and 17. The climatic conditions on the days of the experiments were
quite similar to each other. The average values of the climatic parame-
ters for June 12-14 and June 15-17 are given in Table 6. According to
Table 6, the average values for the experiment days for both systems are
very close. All experimental days were sunny, and the differences in the
average values of the climatic parameters were 6 W/m? 0.8°C, 0.12m/
s, and 2 % for solar radiation (G), ambient temperature (Ta), wind speed
(WS), and relative humidity (H), respectively.

2.2. Calculation procedure

The moisture content of food products is evaluated as the amount of
water contained in them. Percentage parameters are used to express this
amount of water in food. Wet and dry basis definitions are used to
determine moisture content. Eq. (2) and Eq. (3) are used to calculate the
wet basis (wb) and dry basis (db) moisture contents of the food product
[38].

Solar Energy 299 (2025) 113716

In Equations, Ws is wet weight, and Wk is dry weight. Dimensionless
moisture content (MR) values were calculated using Eq. (4) [39].

_ M-M,

MR =
M, — M,

4

In Eq. (4), Me is the equilibrium relative humidity value of the dried
product. The equilibrium moisture content of the apple slices to be dried
was determined as 22.9 g water/g solids by Shimadzu MOC63u moisture
analyzer.

Thermal efficiency (ng) is the ratio of the useful output Q, [W]
provided by the collector to the global radiation I, [W/m2] incident on
the collector aperture area A, [m2], the following Eq. (5) expression is
used to calculate the thermal efficiency of the air heater [40,41]. Eq. (6)
is used here for the aperture area. In this equation, L; is the length of the
collector mirrors, and W; is the total width of the rectangular aperture.

Q. mG,AT
o= A1, = A, )

Aa = LrWr (6)
Dryer efficiency is an indispensable factor in measuring the performance
of a solar dryer during the drying of food materials and can be quantified
as shown in Eq. (7) [42]. In the calculations of drying efficiency, the
total energy quantities used for the amount of material evaporated from
the product by the system were evaluated. In this case, for the total
energy quantity, the energy consumption of the system components
(E), the heat energy (Qs) from the PTSC, and the solar energy (Q.)
directly received from the greenhouse cover per unit time were taken
into account. Eq. (7), Qc represents the direct solar energy received
through the permeability of the greenhouse cover. This value is calcu-
lated by multiplying the greenhouse cover area and the solar radiation
value incident on the cover per unit time.

(m; — me)x(Lw + Cpw(To — To)
Er +Q, + Q.

N dryer = x100%

)

Table 6
Average values of the climatic conditions in which the experiments were carried
out.

MCw‘b _ ” WsW 100 (2) With STS (12-14 June 2024) Without SAC (15-17 June 2024)
s+ Wi Ta G(Watt/ WS H Ta G (Watt/ WS H
W Q) m?) (m/s) (%) cC) md (m/s) (%)
MCd,b = Wli (3) 29.2 652.14 1.54 29.14 28.4 658.21 1.42 31.06
Data Logger Solar Tracking
, D CARD
Radial Fan READER
. TEMP. D SPEED RADIATION o)
Linear DC Actuator oR frtal Ttorion
Worm Gear DC el o b
Reducer
Carrier Platform
@ RS232
24V
2y POWER

Fig. 4. Mechanical and Electronic Components of the Dual-Axis Solar Tracking System(A) and PLC operation diagram (B).
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The PTSC’s exergy efficiency is obtained using Eq. (8) based on the solar
temperature (4350 K) and the inlet and outlet operating temperatures
[43,44]. Tp; and Ty, are the PTSC’s inlet and outlet temperatures.

rth { (TPO'TPi)'TB (l?:f) }

(o)

Economic Feasibility Analysis

This section evaluates the economic feasibility of a greenhouse
drying unit equipped with a parabolic tube collector and a dual-axis
solar tracking system. The analysis was conducted using technical and
economic inputs obtained from the user. The data in Table 7 were used
for the economic analysis.

Payback Period-PP.

The payback period is a simple financial analysis method that shows
how long it will take to recover the cost of an investment [45]. This
method is calculated using Eq. (9).

(C))

n exergy

Total system cost
Annual net income

Payback period = (€)]
Net Present Value- NPV

NPV is the present value of all a system’s profits over its lifetime.
Annual profits and costs over the system’s lifetime are taken into ac-
count. Eq. (10) is used to calculate NPV. A positive NPV indicates the
investment is profitable, while a negative NPV may result in a loss [46].

NPV = ;%71 (10)

In Eq. (10), — Rt: Net income earned each year, Ct: Maintenance cost in
year t, r: Discount rate, n: Economic life of the system, I: Initial invest-
ment cost.

3. Results and Discussion

Drying experiments were carried out with and without STS in the GD
system with PTSC, and the effects of STS are shown in the results of the
following study. Fig. 5 shows the weight changes and SR values of the
products. The effect of STS was clearly seen in the measured SR value
and product weight change. With STS, the weight change of the product
was very fast, and the wet mass was quickly removed from the product.
Drying with STS was 2.27 times faster than drying without STS. A sig-
nificant increase in SR on PTSC was achieved with STS. The average SR
value increased by 18.8 % using STS. The performance of the GD system
with PTSC is illustrated with the temperature variations shown in Fig. 6.
There is a significant difference between the temperatures measured in
the experiments with and without STS resulting from the increase in SR
achieved by STS.

Fig. 6. shows that the average GD inlet temperature (T1) increased
from 47.7 °C to 80 °C with STS. The tube temperature (T4) increased on
average by 39.8 % with STS. The average product surface temperature
(T5) was 76.1 °C with STS and 47.3 °C without STS. Fig. 6 shows this

Table 7

Economic analysis inputs.
Parameter Value
System Cost 1700 USD
Daily Drying Capacity 5 kg/day
Annual Operating Days 300 days/year
Product Sales Price 15 USD/kg
Energy Savings (kWh/day) 1.2 kWh

Electricity Unit Price (USD/kWh)
Annual Maintenance Cost 100 USD/year
System Lifespan 15 years
Inflation Rate 35%

0.15 USD/kWh

Solar Energy 299 (2025) 113716

increase in temperature profiles with STS, illustrating how the system
maximizes solar efficiency and improves drying performance. Further-
more, this difference in temperature values highlights that the STS im-
proves the energy harvesting capacity and the ability to convert this
energy to optimize the drying process effectively.

Fig. 7 shows the change in wet and dry base moisture content. In
Fig. 7, the amount of liquid substance in the product is removed more
quickly if STS is used. Fig. 8 shows the changes in moisture content (MR)
with and without STS. The situation is similar to Fig. 7. While the
moisture content was stabilized in 185 min with STS, it was stabilized in
420 min without STS.

Fig. 9 shows the energy consumption values for the drying systems
with and without STS. When the motor powers providing two-axis solar
tracking are included in the STS drying system, the consumption value
was measured at an average of approximately 90 Wh. In the without STS
drying system, energy consumption is lower and was measured at an
average of 30 Wh. Since energy consumption values are included in the
drying efficiency values, a decrease in the drying efficiency value of the
STS system was observed. When the drying efficiencies are examined
overall, the drying efficiency value of the with STS system is approxi-
mately two times higher than that of the without STS system.

Fig. 10 compares the drying efficiency over time in greenhouse
drying systems with PTSC with and without STS. The figure shows that
the system with STS has a clear advantage in drying efficiency; the
drying efficiency in the system with STS was measured to be 80 % higher
than in the system without STS. This difference can be explained by the
fact that the STS captures solar radiation more effectively and increases
the inlet temperature of the greenhouse dryer. This higher temperature
allows faster removal of moisture from the product. The curve of in-
crease in drying efficiency of the system with STS shows a faster increase
with time, indicating that drying time is optimized together with energy
efficiency. Fig. 10 highlights this mechanism for improving drying
performance and how the solar tracking system plays a critical role in
food drying processes in terms of efficiency and sustainability. This
important finding clearly illustrates the practical benefits of integrating
STS into food drying systems.

Fig. 11 compares the variation of energy and exergy efficiencies over
time for greenhouse drying systems with PTSC with and without STS.
The figure clearly shows the superior performance of the STS system. In
the system with STS, the average energy efficiency increased from 23.2
% to 31.8 %, and the exergy efficiency increased by 60 %. These in-
creases can be explained by the increase in solar radiation intensity (SR)
shown in Fig. 5 and the increase in temperature profiles shown in detail
in Fig. 6. The continuous collection of solar radiation by the STS at the
optimum angle increased both the energy gain and the thermodynamic
efficiency of the PTSC.

Furthermore, the increase in drying efficiency in Fig. 10 confirms
that these energy and exergy gains provided by the STS directly
contribute to the drying speed and quality of the products, not just to the
system performance. Fig. 11 shows that the increase in exergy efficiency
and energy efficiency improves the energy harvesting capacity and the
efficiency of the system in utilizing the harvested energy. These results
show that the STS is a critical component for food drying processes and
energy conversion and sustainability goals. Fig. 11 is a concrete indi-
cator of the technical success of the system and its ability to maximize
the use of solar energy.

Let us analyze the drying efficiency results shown in Fig. 10 against
similar studies in the literature. The study evaluated the performance of
a parabolic trough solar collector greenhouse dryer equipped with a
biaxial STS. A significant increase in drying efficiency was observed
using the STS. Evaluating these results against similar studies in the
literature, Stanek et al. designed an aqueous parabolic collector system
using a vacuum tube with a manually controlled biaxial solar tracking
system. They observed a significant increase in energy output [15].
However, this study did not use air-fluid; it preferred water. Considering
that the system with STS in Fig. 10 is more efficient, the use of air-fluid is
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Fig. 5. Variation of SR and product weight change (W) values with time in the drying system without STS (A) and with STS (B).
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effective in this increase. Nain et al. reported an increase in thermal
efficiency of around 40 % using air-fluid in a vacuum tube parabolic
collector [9]. However, as they used a single-axis solar tracking system,
the efficiency increase was not as high as in the present study. The
advantage of the biaxial system stands out. Fathabadi achieved a 50 %
increase in average energy efficiency with a two-axis tracking system
[47]. However, the focus was on energy storage rather than drying ap-
plications. The effectiveness of two-axis systems in drying processes is
more clearly demonstrated in the current study. Biiker et al. reported
that using copper helical coils in parabolically corrugated vacuum tubes
increased energy by 20 % [48]. However, the results in Fig. 10
emphasize that the effect of the tracking mechanism on drying is higher.
The results in Fig. 10 show that solar tracking mechanisms significantly
increase the energy and drying efficiency of drying processes, particu-
larly in dual-axis applications. Studies in the literature have generally
focused on single-axis or manual systems, so the increase from the

current study with the STS system is quite remarkable.

The energy and exergy efficiencies presented in Fig. 11 show a high
performance compared to the literature’s PTSC drying studies. In the
present study, an increase in both energy and exergy efficiency was
achieved by using the biaxial solar tracking system. Comparison with
other PTSC studies in the literature is as follows: Tsongidis et al. opti-
mized thermal energy use with PTSC and achieved around 20 % energy
efficiency in drying applications with a responsive energy storage sys-
tem [49]. Naaim et al. investigated the effect of energy and environ-
mental factors with an air-heated PTSC system and increased energy
efficiency by about 25 % [50]. In their study investigating the use of
PTSCs with different heat transfer fluids, Houdji et al. reported an en-
ergy efficiency of 17.6 % and an exergy efficiency of 9.3 % in drying
applications. These values support the superior performance of biaxial
tracking systems[51]. Bori et al. optimized the ginger drying process
using a PTSC-assisted concentrate-type drying system and reported
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energy and exergy efficiencies of 22 % and 12 %, respectively [52]. The
present study extends this literature by achieving higher results with the
biaxial system. Liu et al. (2024) investigated the thermodynamic prop-
erties of PTSC for direct steam generation and observed limited increases
in energy efficiency [53]. The present study improves energy conversion
efficiency by optimizing the drying processes. Other PTSC-based drying
studies in the literature generally use fixed or single-axis tracking sys-
tems and provide limited improvements in energy efficiency. The results
presented in Fig. 11 show that biaxial solar tracking systems provide
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superior energy and exergy efficiency by continuously capturing solar
radiation at the optimum angle. This situation suggests that dual-axis
systems may find wider use in PTSC-based applications and that this
technology may be more effective in industrial drying processes.

Experimental findings demonstrate that the PTSC-equipped drying
system with a dual-axis STS operates significantly more efficiently than
its STS-free version. Energy efficiency in the STS-equipped system was
bigger than the STS-free system. Similarly, exergy efficiency reached
9.2 % in the STS-equipped system, whereas it remained at 5.7 % in the
STS-free system. The tube outlet temperature has increased to 80 °C
using STS, which means higher thermal performance than the 57.2 °C in
the STS-free system. Drying efficiency has also nearly doubled in the
STS-equipped system, reaching 9.5 %, compared to 5 % in the STS-free
system. Additionally, the average solar radiation value on the system
with the STS represented an 18.8 % increase compared to the system
without STS. These data demonstrate that the solar tracking system
significantly contributes to energy conversion and drying quality.
Table 8 is provided to compare both systems’ performance and express
the results more clearly.

Economic analysis results.

As a result of the calculated economic parameters for PTSC_GD with
STS feature, the system’s payback period (PP) was calculated as 0.76
years and the NPV value as 37,421 USD. When the economic analysis of
the system is examined, it is seen that it amortizes itself in a short period
of approximately 9 months and is highly profitable economically due to
the positive NPV value. When examining the economic analysis results
of similar systems, Singh et al. [29] found the payback period for a
greenhouse dryer supported by SAH to be 1.10 years, while Rajesh et al.
[23] found the payback period for greenhouse dryers with different
glazing materials to be 0.3-0.5 years, and Singh and Gaur [30] found the
payback period for a greenhouse dryer with evacuated tube solar col-
lectors (ETC) to be between 0.69-2.87 years. The payback period in this
study is consistent with those in similar studies.

Similar studies in the literature support the results of this study. The
PTSC-supported, solar-tracking hybrid greenhouse drying system
developed in this study was evaluated regarding key performance in-
dicators such as energy-exergy efficiency, product surface temperature,
and economic factors. It achieved more efficient results compared to
similar systems in the existing literature. Accordingly, when compared
across five different areas:

As examined in terms of STS, the STS system in this study is a PLC-
based system with dual-axis movement capability and is capable of
instantaneous sun tracking with the aid of an LDR sensor. When exam-
ining studies on STS systems developed for PTSC, it was observed that
astronomical calculations regarding the sun’s position were not used for
real-time sun tracking [18,54] and that the STS system did not operate
fully automatically for both axes [55,56].

The system’s energy efficiency showed better performance than the
20 % energy efficiency increase reported in the PTSC-supported dryer in
the study by Patel et al. [24].

Exergy efficiency at 9.18 % is significantly higher than the values of
3.01-3.45 % obtained in the Al;O3 nanoparticle-based latent heat
storage active greenhouse system studied by Selimefendigil et al. [28].
This situation demonstrates the system’s superiority not only in terms of
heat transfer but also in terms of quality preservation from a thermo-
dynamic perspective.

In terms of surface temperature, the STS system reached 77.4 °C,
exceeding the temperatures of 53-65 °C obtained in PCM or PVT-
supported greenhouse drying systems such as those reported by
Arbaoui et al.[20] and Sehrawat et al. [25]. This high temperature ac-
celerates the drying kinetics, increasing drying efficiency to an average
of 5.64 %.

From an economic evaluation perspective, although the current
study does not provide a comprehensive cost analysis, studies by Philip
et al. [26] and Mukesh Kumar et al. [57] report that similar systems
achieve an investment payback period within 1-2 years. This study’s
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of drying efficiency of the system without and with STS

calculated payback period of 0.76 years indicates that the system is also
economically competitive.

In summary, compared to current solar-assisted drying systems in the
literature, the proposed system demonstrates high energy, exergy, and
drying efficiency due to its PTSC integration, dual-axis solar tracking
system, and natural flow structure. The observed trends—high surface
temperature, short drying time, and increased energy efficiency—are
consistent with the existing literature, clearly highlighting the innova-
tive aspects of the system.

4. Conclusions

This study experimentally evaluated the performance of a
greenhouse-type drying system equipped with a dual-axis STS integrated
into a PTSC. The STS-supported system demonstrated significant per-
formance improvements compared to a conventional without STS dry-
ing system operating under the same conditions.

According to the experimental results, the drying time was reduced
by 55 % in the STS-equipped system, optimizing both process time and
energy consumption. Energy efficiency was measured at 31.8 %, and
exergy efficiency at 9.18 %; these values were 23.2 % and 5.74 %,
respectively, in the STS-less system. Additionally, the product surface
temperature reached an average of 77.4 °C with STS, remaining at
47.3 °C in the system without STS. With the help of STS, the system
operated under an average solar radiation of 784.3 W/m? and created an
efficient drying environment through natural radiation and directed
heat transfer provided via the PTSC. A significant increase in drying
efficiency was observed in the STS system compared to the system
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of energy (A) and exergy (B) efficiencies of PTSC vs. STS

Table 8
Comparison of System Performance Parameters With and Without Dual-Axis
Solar Tracking System.

Parameter With STS Without STS
Energy Efficiency 31.8% 23.2%
Exergy Efficiency 9.2 % 5.7 %

Tube Outlet Temperature 80 °C 57.2°C
Drying Efficiency 9.5 % 5%
Measured Solar Radiation (SR) 784 W/m? 664 W/m?

without STS.

The present study provides a reference point for designing PTSC
systems and applications to improve energy efficiency while contrib-
uting to sustainable energy technologies. In addition, this study provides
a solid foundation for researchers working on solar drying systems to
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develop low-cost, environmentally friendly, and high-performance so-
lutions. Scientifically, it significantly contributes to the academic liter-
ature and practical engineering applications by providing a new
perspective at the intersection of energy conversion, thermodynamic
optimization, and food drying technologies. Plans include testing the
system in larger-scale applications, performing optimizations for drying
different agricultural products, and integrating fully automated Al-
based control systems.
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