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A B S T R A C T

This article presents a study of a modular hybrid active solar drying system (MHASD) with parallel collector
configuration for the dehydration process of the Citrus Hystrix plant in a cylindrical drying chamber. The system
utilized a novel cylindrical drying chamber for solar and low temperature drying integrated into the MHASD
system. The experiments were conducted outdoors and exposed to the external environment. The dryer per-
formance was studied by measuring the heat recovered in the drying chamber, the moisture removal capacity,
and the efficiency of the MHASD system based on the drying load of Citrus Hystrix sheets. The effectiveness of air
flow and temperature distribution in the cylindrical drying chamber was investigated using the computational
fluid dynamics (CFD) method. The air temperature in the drying chamber with the hybrid system reached 45 ◦C
to 60 ◦C on a day with clear skies and variable weather. The drying time of the leaves was 6.5 h when collectors
were used, while with the hybrid system it took 4 h to reach the final mass of 16 g. In intermittent weather
conditions, the highest drying efficiency of 35.24 % was observed with the hybrid system, while drying with
collectors was 17.26 %.

1. Introduction

Technological innovation encourages people to explore more energy
sources for industrial processes. In 2030, there is an expected rise of
more than 60 % of the world’s energy demand, worsening climate
damage, and increasing the security issue of energy supplyMoudakkar
et al. [7]. Integrating solar thermal technologies into the industrial
sector is a promising alternative to replacing fossil fuels since it is
environmentally friendly and unlimited. More than 30 % of the energy
produced worldwide is used in agriculture, with 3.6 % going toward dry
biological wet goods[24].

The leaves of Citrus hystrix are known as one of the most aromatic
herbs and are abundantly grown in Asian countries such as Laos,
Indonesia, Malaysia, Vietnam, and Thailand. Citrus Hystrix leaves are
known to bring many health benefits and are used in cooking. Leaves
can help reduce headaches and gout and maintain our health care.
Furthermore, cooking with Citrus Hystrix leaves is integral to Southeast
Asian cuisine, especially in Thai dishes. Since fresh Citrus Hystrix has a
short post-harvest life, they are dried and packed in plastic film before

they are exported to other countries such as the United States of
America, the United Kingdom, and Australia[13]. A fluidized bed dryer
with inert sand particles was used to dry Citrus Hystrix leaves at 50 ◦C
with different air velocities[22]. The findings demonstrated the surface
air velocity and drying rate of Citrus Hystrix leaves [9]. The addition of
inert particles to the dryer improved the drying process. Phoungchan-
dang et al. [12] analyzed the drying process of Citrus Hystrix leaves
using a heat pump-dehumidified and compared it with tray drying. The
citronellal content was higher with the heat pump-dehumidified drying
used because of the reduced drying time compared to tray drying.

Drying is one of the most determining post-harvest processes, as it
discourages enzymatic degradation and microbial growth and preserves
agricultural and marine products for longer periodsOliveira et al.
[10,26] by reducing the moisture content of the products until it reached
a safe limit to prevent the microorganism from spreading (S. [19].
Before modern technologies were widely applied in agriculture, drying
activities were traditionally carried out in the open sun. Although this
conventional method requires a lower investment cost, open-sun drying
requires a large open space since the dried products must be spread to
obtain radiation directly from the sun. The approach also causes a longer
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drying period since it is highly dependent on the availability of sunlight.
There is a high possibility of producing low-quality products that thrive
in moist conditions. Therefore, a solar drying system could be an
excellent alternative to replace open sun drying.

Solar drying can be classified into four main groups: open sun drying,
direct solar drying, indirect solar drying, and hybrid solar drying[6].
They can be divided by distinguishing the solar thermal componentsHao
and Shuonan Liu [27]. [18] innovated a technique to improve the
thermal performance of a direct solar dryer by using a geothermal water
heat exchanger as an additional heat source. The findings showed that
the installation of a heat exchanger improved the performance of the
solar dryer. The lowest recorded temperature was 46◦ C, while the
highest was 58◦ C. Installing a heat exchanger provides continuous
drying at night or on cloudy days. [11] investigated an indirect solar
dryer by evaluating the dryer’s characteristics and the effect on sweet
cherry drying. The authors concluded that the solar dryer was less

energy-intensive and affordable. The electrical heating cost was less
than 5 %, and the indirect forced solar dryer also did not significantly
impact the quality of sweet cherry fruit, resulting in a more efficient
drying process than open sun drying. [5] presented a study on indirect
grape drying. The heat transfer from the water storage tank kept the
grapes’ temperature higher than the ambient temperature during the
intermittent solar radiation conditions. The initial moisture content was
79.8% (w.b.) and was reduced by 20.2 % (w.b.) in 120 h of indirect solar
drying and 201 h during open sun drying, respectively. [2] conducted
experiments and a numerical method to analyze the efficiency of
cylindrical-type drying chambers developed, increasing the drying
performance and time from 3.03 to 1.73 and 3.07 to 1.77. Bhavsar and
Patel [31] used a cabinet-type dryer with more capacity, in which the
efficiency can be increased beyond 3 % by using the dryer’s thermal
energy storage material efficiency.

In order to overcome the insufficient heat supplied to the solar dryer,

Nomenclature

A area (m2)
Cp specific heat capacity (kJ/kg K)
G solar irradiance (W/m2)
hfg latent heat of evaporation (J/kg)
ṁ mass flow rate (kg/s)
P pressure (Pa)
Pr productivity of the system (kg)
Q̇ power gain (W)
T temperature (0C)
t time (s)
U.R. uncertainty
V̇ volume flow rate (m3/s)

v velocity (m/s)
W auxiliary heater power (W)
ρ density (kg/m3)
η efficiency
ΔT temperature difference (0C)
σ tolerance

Subscript
a air
c collector
d drying chamber
f fluid
o outlet
i inlet

Fig. 1. Details of the cylindrical solar drying chamber: (a) design geometry; (b) boundary condition.
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a hybrid element can be added to the drying system. Suherman [20],
developed a hybrid drying system with an auxiliary thermal source.
Coffee beans were used as the target product and the results showed that
drying was faster, with a collector efficiency of 54.15 % compared to the
solar process of 50.07 %. To construct a prototype hybrid solar thermal
drying system, Yassen and Al-kayiem [28] employed a hybrid dryer with
an additional recovery dryer that increased to 13 % from 10.3 % when
using hybrid drying without recovery.

This paper discussed the drying process of Citrus Hystrix leaves using
a hybrid-active solar drying system in a parallel solar collector mode and
a cylindrical type of drying chamber. The MHASD system consists of 4
components: solar collectors with cross-matrix absorbers, a mixing
chamber, a novel (low-temperature drying) cylindrical drying chamber,
and an auxiliary heater element as the hybrid element. Four layers of the
tray are placed in the drying chamber to place fresh Citrus Hystrix leaves
until dry. The solar dryer can operate in any weather since the drying
temperature within the drying chamber can be adjusted with the help of
an auxiliary heater. The solar dryers are compared to the system oper-
ation with and without an auxiliary heater.

2. Materials and methods

2.1. Simulation setup of cylindrical drying chamber

The CFD approach was used to assess the thermal energy and tem-
perature distribution of the drying chamber. In addition to theoretical
calculations, the simulation analysis used in this work is helpful to offer
a better comparison between the outcomes. Ansys Fluent software was
used as a CFD tool in the simulation study for this work to evaluate the
behavior of the airflow and temperature distribution in the drying
chamber, Al-Kayiem and Gitan [29]. A novel cylindrical design for the
MHASD system was developed to improve its performance. The initial
phase involved designing and simulating a cylindrical solar drying
chamber. The primary goal of this simulation is to evaluate the airflow
efficiency and temperature distribution by examining the contours of
the velocity and temperature results.

Furthermore, because of the cylindrical shape of the drying cham-
ber’s extension residence period of air inside, these configurations allow
the chamber to increase the time and collect more hot airflow. The Ansys

Fig. 2. Meshing structure of cylindrical drying chamber: (a) Side view with enlarged top view of inflation region; (b) Meshing structure volume mesh cut section near
tray section layers.
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Fluent Geometry module was used to develop the system’s geometry.
Fig. 1(a) and (b) depict the geometry of the cylindrical drying chamber
design and the boundary conditions. Aluminum material is used for
better heat conductivity. Fig. 2 shows the mesh created for the chamber
with 2,286,537 elements. The comparison graph of the velocity
magnitude at different mesh levels was chosen as shown in Fig. 3; the
chosen mesh level range is because it has a stable convergence and a
smooth curve compared to other meshes. In order to ensure that the CFD
modeling is in a condition similar to the experimental work, the working
fluid domain was modeled as air at room temperature and entered into
the plenum chamber with known specific pressure. The inlet static
pressure was measured experimentally and used as boundary input for
the simulation. The initial gauge pressure at the outlet boundary was
assumed to be 0 Pa for initialization. The non-slip boundary condition
was applied to the remaining solid boundaries. Enhanced wall function
was used in the input region and throughout the solar drying chamber
wall. The Re-Normalization Group (RNG) k − ε model was used in this
study since it is a widely used turbulence model for the solution of
practical engineering flow problems [30]; Liu & Bai, 2015 and Sergioet
al, 2011).

2.2. Experimental setup

The hybrid solar dryer consists of four main components: double
solar collectors, a drying chamber, a mixing chamber, and one heating
element, as shown in Fig. 4(a), with the schematic diagram of the setup

in Fig. 4(b). Designing a thermal absorber and choosing suitable coat-
ings are essential for effectively harvesting solar energy[25]. A pair of
cross-matrix absorber solar air collectors was used during the experi-
ment. It has the ability to produce higher energy gains compared to the
flat-plate solar air collector[32]. A flat black spray was applied to the
absorbers to prevent heat reflection and maximize heat absorption. The
assembly of the solar dryer design is illustrated in Table 1:

The geometrical layout of the drying chamber offers the benefit of
achieving an even distribution of airflow around the dried goods.
Furthermore, it is very effective in drying lightweight herbs[1] as drying
occurs in a closed environment, preventing dried products from
escaping due to airflow. A four-layer tray was used to place the Citrus
Hystrix leaves inside the drying chamber, as shown in Fig. 5. Citrus
Hystrix leaves were obtained from the market and kept in the refriger-
ator for one night at temperatures ranging from about 2 ◦C to 5 ◦C to
ensure freshness, as experiments were carried out early in the morning.
The experiments were conducted from 9 am to 5 pm at Universiti
Malaysia Pahang, Malaysia. 260 g of leaves were weighed, 65 g of Citrus
Hystrix leaves were placed on four layers of the tray and the arrange-
ment of leaves was set into three groups at each thermocouple location.
The leaves are weighed at 30 min interval until they reach their equi-
librium mass.

2.3. Evaluating the performances of MHASDS

The solar dryer was tested by drying Citrus Hystrix leaves without
the hybrid system and then comparing the results with the hybrid system
during clear skies and intermittent weather conditions. Ventilation fans
were set at 2 m/s for all three tests to transfer heated air to the drying
chamber. The experiments were carried out for 8 h, from 9 am to 5 pm.
Radiation and ambient temperature in the system are measured using a
pyranometer and K-type thermocouples. Fig. 6 shows that the collectors
in series arrangement required a longer distance for air to move from
collector 1, collector 2, the mixing chamber, and the drying chamber.
Although a higher air temperature was achieved at the outlet of collector
2 for the series configuration, a more significant heat loss occurred. The
long air travel distance from the collector to the drying chamber in-
creases the chance of heat losses due to conduction [23]. More air par-
ticles collide and heat transfer activity occurs, leading to a lower air
temperature gain in the drying chamber. Although the 20 mm thick
insulator was mounted on the surface area of the conduit to reduce heat
escaping into the environment, much heat remained lost. The maximum
air temperature achieved inside the drying chamber for the parallel
arrangement was 4 ◦C higher than the series arrangement when the air
velocity was increased to 2 m/s. Therefore, a parallel collector config-
uration was used since it reduced the air travel distance from the col-
lector to the drying chamber[33]. A higher air velocity was also required
to minimize potential heat losses to the environment and provide
maximum heated air in the drying chamber, especially in a case with a
long air travel path.

2.4. Thermal analysis

The power gained in this section was analyzed on the basis of the first
law of thermodynamics. The power balance during the experiment was
presented in Eq. (1):

Q̇A = Q̇u + Q̇loss (1)

where Q̇A, Q̇u and Q̇loss were the energy absorbed, useful and loss.
The Q̇A which the power gained by the collector can be expressed in

Eq. (2) below:

Q̇A = AcG (2)

The power gain in the system involves the mass flow rate of air, the
specific heat capacity of the air, and also the temperature difference

Fig. 3. Mesh independent study of the velocity magnitude against the mesh
element in the mesh tray area.

Fig. 4a. Setup for solar drying system.
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between the inlet and outlet of the solar collector. The air passing
through each collector undergoes convection with the absorber to pro-
duce heat that is transferred into the drying chamber. The power bal-
ance can be presented by the following equation:

Q̇u = ṁaCpa(To − Ti) (3)

The mass flow rate was calculated by measuring the velocity of the
air across the collector and using the following expression (4):

ṁa = ρaAva (4)

Since the system is in steady flow with one inlet and one outlet, the mass
flow rate of the air into and out of the control volume is identical where:

ṁin = ṁcv = ṁout (5)

The initial and final phases inside the drying chamber are all factors
that affect the increase in energy of the system. The air supplied from the
ambient passes through solar collectors, which are heated through
convective heat transfer between the heated absorber and the air. The
heated air is then transferred into the drying chamber through ducts that
connect both components. The following equation presents the energy

transfer:

Q̇ = ρfAvfCpf (Tfinal − Tinitial) (6)

The difference between the initial and final temperatures of the
drying chamber determines how much energy is used. ρf and Cpf ,
respectively. It is assumed that the fluid density, ρf and specific heat
capacity, Cpf remain constant at 1.1 kg/m3 and 1007 J/kg⋅K, respec-
tively. (Cengel & Boles, 2002). Equation (3) is applicable in the low air
temperature range between 40–60 ◦C and at a pressure of 1 atm.

2.5. Moisture content measurement

The fraction of moisture content (X) of Citrus Hystrix is calculated
using Eq. (7) [21]and the effective diffusion coefficientCorrêa et al. [4]

X =
mt − mk

mk
[gg− 1] (7)

Where mt is the weight of the wet Citrus Hystrix leaves (g) and mk is
the dry weight sample (g), with the unit of gg− 1.

The moisture ratio (M.R.) is calculated in Citrus Hystrix using
Equation (8) [22].

MR =
X − Xeq

X0 − Xeq
[nounit, d.b] (8)

Where X0 is the initial moisture content and Xeq is the equilibrium
moisture content. However, since the value for Xeq is relatively small
compared to X and X0, it is negligible [3,14]. Therefore, Eq. (9) can be
simplified to Eq. (6).

MR =
X
X0

(9)

The drying rate can be calculated using Eq. (10):

DR =
Xt+dt − Xt

dt
[gg− 1h− 1] (10)

where dt is the time interval.

Fig. 4b. Schematic diagram of the experimental setup of the solar drying system.

Table 1
Detail of the solar dryer system.

Collectors (unit) 2

Material (absorber) Square tube Aluminium
Type (absorber) Cross-matrix absorber
Dimension (absorber) 1.12 m X 0.59 m
Aperture area 1.219 m2

Working fluid Air
Insulation material Insulfex®

closed-cell elastomeric nitrile rubber foam
with thickness of 20 mm

Material (cover plate) Polycarbonate
Ventilation fan (unit) 4
Ventilation fan (specifications) 12 V DC, 0.55A
Material (drying chamber) Stainless steel
Dimension (drying chamber) 50 cm x 80 cm
Auxiliary heater (specification) 300 W 220 V AC heater

M.A.A. Azmi et al.
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2.6. Solar dryer efficiency

By dividing the output of each component of the system by its input,
the efficiency is calculated. The efficiency of the collector can be said in
the following way:

ηcol =
Q̇a

GAcol
=

V̇.ρa.ΔT.Cpa

G.Acol
(11)

The efficiency of the drying chamber is shown by the following equa-
tion.

ηd =
Pr.hfg

(G.Acoll + W)t
(12)

Here Pr the productivity of the system (kg), h_fglatent heat of
evaporation (J/kg), G the solar irradiance (W/m2), A_c area of collector
(m2) and W the auxiliary heater power (W).

Fig. 5. Photographs of Citrus Hystrix leaves (a) side view 4 layer mesh trays; (b) top view 4 layer mesh trays.

Fig. 6. Air flow direction for collector arrangement configuration.
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For the heater, the efficiency is calculated as follows:

ηh =
ṁ.Cp.ΔT

I.V
(13)

The overall efficiency of the system:

ηoverall = ηcolXηdXηh (14)

2.7. Uncertainty analysis

The measurements performed were subject to uncertainties, which
are elaborated on in this section. The accuracy of each instrument used
was determined and presented in Table 2, while the parameters that are
studied in this article involve uncertainty were shown in Table 3 based
on the previous study by [15] and (Ahmad Fadzil [16].

Every xn, the measurements have the measurement tolerance of σn,
and the uncertainty of the measurement parameters, U.R., can be
calculated by using Equation (12)(A. F. [17]:

UR =

{(
UR

dx1
.σ1

)2

+

(
UR

dx2
.σ2

)2

+

(
UR

dx3
.σ3

)2

+ ⋯
(

UR

dxn
.σn

)2
}1

2

(12)

Based on Equation (12), the uncertainty of the power gained by the
system was 314.14 ± 7.68 W with a relative uncertainty of 2.45 %,
respectively, on sunny 25 January 2020.

3. Results

3.1. Simulation result

To analyze the flow pattern at different locations within the drying
chamber, five horizontal planes (X-Z) were made at y = 0.05, 0.4, 0.5,
0.6, 0.7 m, were made through the 3D fluid domain. The description of
flow dynamics inside the drying chamber is discussed by analyzing the
velocity contours and velocity streamlines of different computational
fluid domains. The flow patterns within the drying chamber were het-
erogeneous in the cylindrical solar drying chamber design. The airflow
inside the drying chamber was spread uniformly as the heated air flow
passed through to the chamber’s intake. Interestingly, the cylindrical
shape of the drying chamber affected air mobility by improving the
eradication of large dead zone regions. A numerical analysis of the cy-
lindrical drying chamber was performed to investigate the effects of
airflow and temperature distribution. To illustrate the velocity distri-
bution in the air domain of the cylindrical drying chamber, a 3D contour
and velocity streamlines are shown in Fig. 7.

The cylindrical drying chamber velocity contour in Fig. 7 demon-
strates that the air velocity peaked at two positions. The first is near the
hole’s inlet, and the second is near the drying chamber’s outlet. The low-
pressure suction fan at the solar drying chamber outlet provides ad-
vantages in airflow rate distribution. As a result, the blow and suction of

the pressurized fan blower have significantly reduced the area of the
dead zone region at the bottom of the chamber. The contours show a
distinct and uniform airflow was dispersed throughout the drying
chamber. At a constant air velocity of 3.0 m/s, airflow behavior in a
cylindrical drying chamber was investigated.

The vertical and horizontal planes shown in Fig. 8, along with the
efficiency of the drying chamber, were evaluated using a cylindrical
drying chamber in terms of temperature distribution. The interior tem-
perature distribution of the cylindrical drying chamber is increasing and
becoming more uniform as the air velocity increases. According to the
results, cylindrical drying chambers have an advantage over other types,
since they can capture a higher percentage of thermal energy while
extending the air.

3.2. Experimental result

To see the significant temperature difference between the numerical
simulation and the actual experimental results more intuitively, the
drying chamber was divided into two cross-sectional areas section A and
B according to the distribution of the digital thermocouple, namely TP1
to TP12 in the meshing tray area, as shown in Fig. 9. Since there was
little difference in temperature at the symmetrical planes of the cross-
section, six points on one side of the cross-section were selected for
temperature testing in each area. Fig. 10 is a comparison diagram of the
numerical simulation and experimental results of the maximum tem-
perature in the drying chamber at section A and section B. It can be seen
that although the maximum temperature measured at each point of the
simulation results was higher than the actual experimental results, the
overall trend and posture of the simulation results were similar to the
actual experimental results. Especially at TP3, TP4, TP5, and TP6, the
difference between the numerical simulation and the experiment was
small. It can be seen that the maximum temperatures of the points in the
two cross-sectional areas A and B were quite different. Regardless of the
conditions of Section B near the outlet of the drying chamber, the
maximum temperature of TP7 to TP12 was lower than TP1 to TP6 and
there was a certain temperature difference between TP9, TP10 and
TP11. Therefore, it can be explained that the temperature distribution
near the inlet air distribution of the drying chamber differed greatly in
the radial direction, and the degree of temperature change gradually
decreased with the change of section.

The solar radiation and the temperature changes inside the drying
chamber during the outdoor drying process are shown in Fig. 11. There
are two sets of controls, one with the solar collector as the sole heat
source (Fig. 11a), while the other set of controls (Fig. 11b) uses hybrid
heat sources (solar collector and electric auxiliary heater). Each exper-
iment used 260 g of Citrus Hystrix leaves and dried for 8 h from 9 am to
5 pm. Atmospheric parameters were recorded. Solar radiation ranged
from 236 W/m2 to 1308 W/m2, while the average ambient temperature
during the experiments was 27.3 ◦C. The data showed that the air
temperature recorded inside the drying chamber varied from 32◦ C to
60◦ C. Compared to open air sun drying, the air temperature within the
drying chamber was higher at 30◦ C than the ambient air temperature.
Both readings were taken on 25 January 2020 (sunny) and 26 January
2020 (intermittent) at the Universiti Malaysia Pahang Al-Sultan
Abdullah, Gambang, Pahang, Malaysia.

In Fig. 11a, it was observed that the air temperature inside the drying
chamber changed linearly with solar radiation. The solar collector
generates heat for the solar dryer, which depends on the intensity of
solar radiation. Initially (from 9 am to 10 am), the drying chamber
temperature was elevated at a slower rate because the energy received
was used to heat the solar collectors. After 10 am, the temperature of the
heated air supplied to the drying chamber is directly related to the en-
ergy absorbed by the collectors and the ambient temperature. The
highest air temperature in the drying chamber was 56.37 ◦C, around 1
pm when the maximum solar radiation recorded was 1254.4 W/m2.

For the hybrid system, as in Fig. 11b, a rapid increase of 22◦ C in the

Table 2
Accuracy of measuring instruments.

Instruments Quantity Accuracy

K-type thermocouple 23 − 1.5 ◦C to + 1.5 ◦C
Pyranometer 1 0.1 W/m2

Table 3
Parameters of uncertainty.

Description Unit Uncertainty Relative uncertainty (%)

Ambient temperature ◦ C ±0.10 0.48
Internal temperature ◦ C ±0.10 0.72
Ambient temperature ◦ C ±0.10 0.48
Solar radiation W/m2 ±12 2.04

M.A.A. Azmi et al.
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Fig. 7. Combined velocity contours and velocity streamlines of a cylindrical solar drying chamber.
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air temperature inside the drying chamber was recorded from 9 am to 11
am. Air inside the drying chamber could reach a maximum temperature
of 60◦ C at 11.30 am before drying using the solar collector, since the
auxiliary heater provided additional heat energy to the air inside the
mixing chamber before the heated air entered the drying chamber. After
3 am, the drying temperature inside the chamber remained at 45◦ C to
53◦ C, although solar radiation decreased (from 510 W/m2 to 480 W/

Fig. 8. Temperature contour: (a) vertical plane; (b) horizontal plane.

Fig. 9. Meshing tray regional division of drying chamber.

Fig. 10. Comparison chart of temperature distribution differences.

M.A.A. Azmi et al.



Solar Energy 278 (2024) 112764

10

Fig. 11. The drying chamber temperature profile with (a) a solar collector and (b) a hybrid system.

Fig. 12. Variations in solar radiation during drying on a clear-sky day and intermittent weather on 27 January 2020 and 7 February 2020.

M.A.A. Azmi et al.
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m2). The electrical heater was on for 2 h and consumed 0.995kWh electrical power to supply additional heat to the system. Using the solar
collector and the auxiliary heater, the hybrid drying system was able to
maintain an ideal air temperature for the drying process, although the
ambient temperature fluctuated as presented from 11.30 am to 2.30 am
compared to drying using the solar collector alone, which relies on solar
radiation from the Sun to produce heat.

The variation of solar radiation during two different weather con-
ditions, clear skies and intermittent weather, is presented in Fig. 12.
Both data were taken on a clear sky day and intermittent weather during
hybrid solar drying of 260 g Citrus Hystrix leaves. The ambient tem-
perature ranged from 20◦ C to 30◦ C. It was observed that solar radiation
during clear sky days was higher compared to intermittent weather,
especially during the afternoon between 12 am and 2 am.

The relationship between solar radiation and the increase in tem-
perature inside the drying chamber is shown in Fig. 13. The average air
temperature inside the drying chamber on a clear day was 53.39 ◦C,
while during intermittent weather, the temperature was 53.47 ◦C. For
both days, the temperature inside the drying chamber was retained

Fig.13. The drying chamber temperature profile during (a) clear skies and (b) intermittent weather.

Fig. 14. Electricity consumption by the auxiliary heater during the
experiments.

M.A.A. Azmi et al.
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between 45◦ C and 60◦ C, although the intensity of solar radiation, the
primary heat source, was relatively low, particularly during intermittent
weather. It can be seen in Fig. 13b that from 12 pm to 2.30 pm, the
intensity of solar radiation was very low due to intermittent weather
conditions. Additional warm air was supplied to the drying chamber by
integrating the hybrid system into the solar dryer. A temperature
controller regulates the air temperature within the drying chamber via
responses from thermocouples and an electrical ceramic heater installed
at the chamber’s inlet. The auxiliary heater provides additional heat and
is automatically turned off when the temperature reaches 60◦ C. This
provides a uniform temperature distribution for drying Citrus Hystrix
leaves, as the air temperature was maintained even though the solar
collector produced low heat energy due to low solar radiation, especially

during intermittent weather.
The electrical power consumption of the electrical heater was

monitored using a digital power meter during the experiments, and the
values are presented in Fig. 14. From the results, the power consumed by
the heater in intermittent weather doubled compared to the day of clear
skies. The electrical heater was turned on for 2 h and consumed elec-
trical power of 0.995 kWh to supply additional heat to the system during
the day of clear skies, while it was on for 4 h during intermittent weather
with an electrical power consumption of 2.098 kWh. Since the solar
radiation on the clear sky day was high, the collectors could produce the
required heat energy to warm the air. This decreases the dependence on
the auxiliary heater compared to the experiment during intermittent
weather, where the heater was used more frequently to maintain the

Fig.15. Drying curve of Citrus Hystrix leaves using a solar collector on clear sky (hybrid) and intermittent weather (hybrid) days.

Fig.16. Drying rate of Citrus Hystrix leaves during (a) clear sky hybrid, (b) intermittent weather hybrid, and (c) collector.

M.A.A. Azmi et al.
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desired air temperature inside the drying chamber.
Fig. 15 shows the results of the drying curves for all three tests. Data

were collected at a 30-minute interval until Citrus Hystrix leaves
reached an equilibrium moisture content of 1.5 d.b. The 4-hour drying
period for the hybrid system was observed to have clear-sky and inter-
mittent weather. A drying system with a solar collector takes only 6.5 h
to dry. The drying time was reduced by 38.46 % using the hybrid system
compared to the collector-only drying system.

Meanwhile, the Citrus Hystrix leaves that are being dried by the
collector drying system rely only on the performance of solar radiation.
For the hybrid drying system, only 4 h were needed to dry the Citrus
Hystrix leaves, although the weather changed. The auxiliary heater
raises the temperature of the feed air from the solar collector before
entering the drying chamber, ensuring a consistent ideal air temperature

during the drying process.
The experimental results of the Citrus Hystrix leaves are shown in

Fig. 16. The findings show that the Citrus Hystrix leaves dried more
quickly in the beginning phases. The heat of the feed air that traveled
through the meshing trays helped to evaporate the moisture from the
surface of the leaves. As the drying process progressed, the drying speed
slowed, reducing the amount of moisture that evaporated into the
environment.

Fig. 16(a) and (b) showed similar patterns, as both used hybrid el-
ements. In contrast to Fig. 16c, the solar collector’s heat source is based
on solar radiation, which, in this case, fluctuates. As a result, the
moisture removal rate is reduced.

The efficiency of the collector was determined by considering the
performance of the solar collector[8]. From the results in Fig. 17, it can

Fig. 17. Instantaneous efficiency of the solar collector during the drying of Citrus Hystrix leaves under outdoor conditions: (a) use of the collector; (b) hybrid on clear
sky day; (c) hybrid in intermittent weather.
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be observed that the efficiency of the collector during hybrid drying on
the clear-sky day and the drying with the collector was higher than the
efficiency during intermittent weather for both sets. Efficiency ranged
between 32.25–58.97 % during hybrid drying on clear sky days,
28.65–59.34 % during collector only, and 10.55–54.9 % during hybrid
drying in intermittent weather. The collector efficiency increased from 9
am to 12 am and was maintained until 1 am, except for intermittent
weather due to increased incident solar radiation on the solar collector
surface. The maximum instantaneous collector efficiency recorded was
at 12 am on noon, which was 59.34 % (collector), 58.97 % (hybrid on
clear sky day), and 54.9 % (hybrid on intermittent weather).

The drying efficiency for the drying process was calculated consid-
ering the amount of heat energy received by the solar collectors, the
additional heat energy supplied by the auxiliary heater, and the elec-
trical consumption of the ventilation fans[8]. The ability of the Citrus
Hystrix leaves to dry was influenced by the temperature inside the
chamber. Fig. 18 shows the efficiency of the process that uses the col-
lector only for drying, hybrid drying under clear skies and during
intermittent weather. The highest recorded drying efficiency was 35.24
% when using the hybrid system during intermittent weather, compared
to the clear-sky day of 17.26 %. The auxiliary heater operated contin-
uously during the drying process to support the heat production of the
solar collector. The solar collector’s efficiency was also 17.18 %, a
reduction compared to the hybrid system. This result leads to a lower

water removal rate from the surface of Citrus Hystrix leaves, subse-
quently causing a low drying efficiency.

4. Conclusions

The air temperature of the cylindrical solar drying chamber has a
maximum temperature of 56.37 ◦C, the temperature of which is influ-
enced by the varying solar radiation. The CFD results showed that the
airflow and temperature distribution in the cylindrical drying chambers
were uniform because of the curved surface of a cylinder, creating a
smoother path for heated air to circulate combined with the slanted
funnel. The drying air temperature in the hybrid drying system can be
maintained between 45◦ C and 60◦ C with the implementation of the
auxiliary heater. The hybrid setup significantly reduced the drying
period to 4 h compared to 6.5 h using the purely solar collector mode.
The hybrid system achieved the highest drying efficiency of 35.24 %
during intermittent weather compared to the hybrid system on clear-sky
days and using solar collectors at 17.26 % and 17.18%, respectively. For
future recommendations, further investigation of the influences of
various factors on drying performance would be beneficial. These fac-
tors include the diameters and sizes of the chambers, the thickness of the
walls, and the materials used in construction. Understanding these in-
fluences could lead to significant improvements in drying efficiency.
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Fig. 17. (continued).

Fig. 18. Drying efficiency during drying of Citrus Hystrix leaves.
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