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Ginger is widely used as a traditional medicine for several diseases and has gained more attention due to
how healthy and safe it is. Freshly harvested gingers have high moisture content and may cause product
deterioration if treated incorrectly. Most ginger farmers still implement the traditional drying method, which
requires a long drying time and relies heavily on the weather. In this paper, hybrid solar drying method for
ginger is introduced. The performance of hybrid solar dryer, thin-layer modeling, and the quality of dried
ginger were investigated. Experimental results show that in four hours of drying, only drying at 60 °C can
satisfy the maximum moisture content limit of ginger, which is 12 % wet basis. The decreasing value of drying
rate over time indicates that drying of ginger mostly takes place in the falling rate period. Page model is found
to be the best thin-layer model to describe the behavior of ginger drying. The values of effective diffusivity are
in agreement with the generally accepted value. Although the dried gingers have a good quality according to
the standards, the efficiency of hybrid solar dryer is lower compared to other drying methods. Therefore, it can
be concluded that hybrid solar drying is applicable for ginger due to fast drying process and acceptable quality

of dried ginger, although further improvements are required.

Keywords: Ginger, Hybrid solar dryer, Thin-layer modeling, Dryer efficiency, Quality analysis

http:/ /dx.doi.org/10.6180/jase.202108_24(4).0011

1. Introduction

Ginger (Zingiber officinale) is one of the oldest spice plants
originated from South East Asia that has high potential to
be cultivated for various purposes [1]. The ginger family
is a tropical group, especially abundant in Indo-Malaysian
region, consisting of more than 1200 plant species in 53
genera [2]. Unlike other Zingiber species, ginger has dis-
tinct anatomical features such as the absence of periderm,
short-lived functional cambium, and occurrence of xylem
vessels with scalariform thickening in the rhizome [3]. It is
widely used around the world as a flavoring or fragrance
in foods, but also in traditional oriental medicine since
ancestral times. Ginger has been an integral part of the
various traditional medicine for treating several diseases
such as headaches, colds, muscle pains, toothache, nervous
diseases, and asthma [4]. Recently, medicinal herbs such as
ginger are gaining importance in mainstream healthcare as
more people begin to seek for safer remedies [5].

In 2017, Indonesia ranks fifth in ginger production
around the world, behind India, China, Nigeria, and Nepal
[6]. In 2018, according to the Statistics Indonesia, Indonesia
had exported 3,203 tonnes of gingers with Free On Board
(FOB) value of 3.65 million dollars. However, from 2017 to
2018, the harvested area of ginger in Indonesia saw a 3.32
% decrease, as well as declining production, from 216,587
tonnes to 207,412 tonnes [7]. One of the problems encoun-
tered during the whole ginger production process is the
postharvest processing. Most ginger rhizomes are sold
commercially as fresh vegetable without processing, de-
spite having a high moisture content during harvest (up
to 82 % wet basis) [8]. This high moisture content will
promote microbial growth and undesirable biochemical
changes, while also increasing the cost of packaging, stor-
age, and transportation. Therefore, proper drying process
is a major concern [9, 10]. According to Indonesian Na-
tional Standard [11], the maximum moisture content, ash
content and foreign objects allowed in dry ginger product
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are 12 % wet basis, 8 %, and 2 % respectively, while the fat
content should be at least 1,5 %. The unique odor and taste
of ginger must be retained in the dry ginger product while
molds and insects are not allowed to be present.

To this date, most ginger farmers in Indonesia still imple-
ment the conventional method to dry the ginger, by drying
it directly under the sun. However, this method requires
long drying time, has a high risk of contamination from
dust or insects due to the exposure to the environment dur-
ing drying, and unable to operate during bad weather or
during rainy season [12, 13]. These disadvantages will de-
grade the food quality and ultimately results in a negative
trade potential and economical worth. On the other hand,
while using mechanical energy-driven dryers will greatly
reduce drying time and prevent product deterioration, they
are not economical because of the high cost and generally
not favorable by traditional farmers who mostly live on
rural areas [14].

Due to the complexity of the measurements of some vari-
ables during drying process, mathematical models can be
used to simulate the distribution of temperature, moisture,
and velocity among other variables [15]. Thin-layer drying
is the procedure of drying one single layer of particles or
slices of a product. The thin-layer equations predict the
temporal evolution of the moisture contents of the samples,
based on empirical models of the drying process, such as
Newton, Page, and Modified Page models, among others.
Thin-layer modeling has been widely used to study the dry-
ing kinetics or to obtain the effective diffusivity coefficient
of various agricultural products [16].

Based on several problems that are still present on con-
ventional drying, solar dryer is a favorable solution. Al-
though there are many types of solar dryers available,
generally solar dryer consists of a closed-shaped housing
which acts as a “drying chamber”, air ducts at the side,
and a transparent cover to absorb solar radiation. This will
protect the product from contamination as well as making
drying process much easier to control. Solar dryer has been
widely used for drying various commodities [17]. The main
advantage of solar dryer over another dryer types is its uti-
lization of solar energy, which is a renewable energy that
is free, limitless, and economically viable for local farmers
[18] Several researchers have studied the applications of
solar dryer for ginger drying [10, 12, 14]. All studies re-
ported that their solar dryers were able to reduce ginger’s
moisture content to the safe level, although drying times
vary from 10 to 33 hours.

However, despite the advantages solar dryer may give,
it is still reliant to solar radiation, therefore it cannot be
used during the rainy season. To solve this problem, an-

other heat source can be integrated to the existing solar
dryer. This will enable the dryer to operate even without
the presence of solar radiation. These dryers are called “hy-
brid solar dryers” [19]. To the best of authors’” knowledge,
there are no study or literature that discuss the application
of hybrid solar dryer for ginger drying. Therefore, the aim
of this paper is to investigate the application of hybrid solar
dryer for ginger drying. In this study, Liquefied Petroleum
Gas (LPG) is used as an auxiliary heater to support the so-
lar dryer. Several analysis such as moisture content curve,
drying rate curve, dryer efficiency, and product quality
were analyzed. Thin-layer modeling was also performed
to determine the best model that can accurately describe
the drying behavior of ginger using hybrid solar dryer.

2. Theory and formula

After the drying processes have been finished, the experi-
mental data can be used to perform several analyses, such
as moisture content, drying rate, dryer efficiency and thin-
layer modelling.

2.1. Determination of Moisture Content

Using the measurement data of ginger mass obtained from
the experiment, the ginger’s moisture content (M) in wet
basis at specific time can be calculated using Eq.1 [20]. m;
is the mass of wet ginger (g) while m; is the mass of dry

ginger (g).
i 100% 1)

mi

M =

2.2. Determination of Drying Rate

The drying rate (R;, g/minutes) was determined by divid-
ing the difference of ginger’s mass (g) at two consecutive
measurement (1, ; — m;) and the time interval (f, min-
utes), as shown in Eq.2 [20].

R, = w % 100% ?)

2.3. Determination of Dryer Efficiency

The ginger mass and solar radiation data measured from
the experiment can be further processed to obtain dryer
efficiency, using Eq.3 [21].

. mw.hfg
o IAt+E + ﬂ’quel.Cv

14 x 100% (3)
Where 7, is dryer efficiency (%), my is the total mass of
evaporated water (kg), hso is water’s latent heat of vapor-
ization, I is the solar radiation (W/m?2), A is the area of
solar collector (m?), t is the drying time (s), E is the energy
consumption by the blower (K]), m,, is the mass of fuel
used (kg), and C; is the heating value of LPG (k] /kg).
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2.4. Thin-layer Modelling

In this experiment, seven thin-layer drying models were
used to determine the most suitable model that can describe
the drying behavior of ginger using hybrid solar dryer. The
modeling was carried out using MATLAB software. Table
1 shows the drying models used. These thin layer drying
models are often used on fruits and vegetables [22]. A new
parameter, namely Moisture Ratio (MR) is defined using
Eq.4 [23].

M- M, .

M is the moisture content at any given time, while M,

MR =

is the initial moisture content, and M, is the equilibrium
moisture content. However, in this experiment, the relative
humidity values varied continuously during drying and
the values of M, are relatively small compared to M or M,
[23, 24]. Therefore, Eq.4 can be simplified into Eq.5.

M

MR = M x 100% (5)
Three parameters were used to evaluate the accuracy
of the drying models, namely correlation coefficient (R?),
Root Mean Square Error (RMSE), and reduced chi-square
(x?) The model with the highest value of R? and lowest
value of both RMSE and x2 will be chosen as the most
suitable model [25]. The value of RZ, RMSE, and XZ can
be determined using Eq. (6-8) [14, 26]. MR,y is moisture
ratio from experimental data, MRy is predicted moisture
ratio using thin-layer drying models, while straight lines
above MReyxp or MRy indicate average value. N is the
number of observations and 7 is the number of constants

in drying model.

1
RMSE_JN

2
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Ertekin and Firat [27] have stated that drying charac-
teristics in the falling rate period can be described using
Fick’s diffusion equation. Assuming long drying time, uni-
form moisture distributions, and slab geometry for ginger,
the value of effective diffusivity (D,s) can be determined
using Eq. 9 [28].

8
MR = 32X )

Deffn2 ;
412

Where D, ¢ is effective diffusivity (m?2/s), L is the half-
thickness of ginger (m), t is drying time (s), and 7 is a

constant. By changing Eq. 9 into logarithmic form, a new
linear equation is obtained, as shown in Eq. 10. The value
of D¢ can be obtained by plotting MR and t in a linear
graph. All calculations of D, are performed using Mi-
crosoft Excel.

8
InMR =In 2P | 12

D 2
of 7 t} (10)

2.5. Quality Analysis

To determine the quality of dried ginger, four quality pa-
rameters were analyzed, namely aroma, fat content, ash
content, and the presence of molds and insects in the ginger
sample. All quality analyses were performed at the Inte-
grated Laboratory of Diponegoro University. Ash content
was analyzed using electrical furnace at 550 °C, while fat
content was determined by solvent extraction method [29].

3. Experimental setup

The hybrid solar dryer can be divided into two parts,
namely drying chamber and blower and burner unit, as
shown in Fig. 1. The drying chamber is box-shaped, with
dimensions of 90 cm in length, 90 cm in width, and 120 cm
in height. The outer frame of the drying chamber was cov-
ered by aluminium with 1 mm thickness, which gives the
dryer good heat conductivity, as well as for protection due
to its good strength. The inside wall of the drying chamber
was covered by stainless steel with 1.2 mm thickness for
strengthening purposes and further increases the heat con-
ductivity of the dryer as a whole. Glass wool was added
to the inside wall as an insulating material due to its high
thermal insulating properties. An acrylic panel with 90 cm
in both length and width and 0.5 cm thick was installed at
the top of the dryer, which acted as solar radiation absorber
and placed diagonally for better absorbance of solar radia-
tion. Four wheels were installed at the bottom edge of the
dryer for transporting purposes and to adjust the dryer’s
position for maximum solar radiation absorption.

Fig. 2a shows the inside view of the drying chamber.
Three drying trays, each with 80 cm in length and 80 cm
in width were placed inside the drying chamber. The trays
were made from perforated wire so drying air may pass
through from the bottom to the top. The humid drying
air would exit through a circular duct installed at the top
of the dryer. The edges of each tray were covered with
aluminum for heat conducting purposes as well as to ease
the placement of trays to the tray holders which were in-
stalled at the left and right sides of the drying walls. At
each drying tray, the top, and the bottom wall of the dry-
ing chamber, temperature and relative humidity indicators
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Table 1. Thin-layer drying models [22].

No Thin-layer Models Formula

1 Newton MR = exp (-kt)

2 Page MR = exp (-kt")

3 Modified Page MR = exp [-(kt)"]

4 Midilli et al. MR = a exp (-kt) + bt

5 Modified Midilli et al. MR = a exp (-kt) + b

6 Approximation of Diffusion MR = a exp(-kt) + (1-a) exp (-kbt)
7 Demir et al. MR = a exp(-kt)" +b

Fig. 1. Complete view of hybrid solar dryer system.

were installed. These data can be read in the LCD placed
inside the control panel at the left side of the dryer. At the
right side of the drying chamber, a pipe was installed to
connect the air pipe containing drying air from the blower
unit. Meanwhile, Fig. 2b shows the blower and burner unit.
In this unit, Liquefied Petroleum Gas (LPG) will heat the
drying air through the burner unit. At the side end of the
unit, a blower unit blew the air, passing through the burner
section (in which the drying air would heat up), and flew
to the drying chamber through air pipes that connected the
burner unit and the drying chamber. A control panel was
installed at the burner unit to monitor the drying temper-
ature. The on/off switch for the burner unit was located
inside this control panel.

The main material used in this experiment was fresh
ginger rhizomes, obtained from ginger farmers in Ungaran,
Semarang, Indonesia. The harvesting age of the fresh rhi-
zomes was nine months. The supporting tools required
were stopwatch, digital mass balance, plastic sheet temper-
ature and relative humidity meter (@Krisbow S000052505),
and SM206 Solar power meter. This experiment was per-
formed at the Laboratory of Department of Chemical En-
gineering, Diponegoro University. During hybrid solar

(b) Blower and burner unit
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drying, the independent variables used were tray locations
(tray 1 is in the bottom while tray 3 is located at the top)
and drying temperatures (40, 50, and 60 °C). The fixed vari-
ables were drying time (4 hours, from 10:00 A.M. to 02:00
P.M), initial moisture content of ginger rhizomes (82.6 %
wet basis), and the weight of gingers on each tray, which
was 100 grams. Initial moisture content of ginger rhizomes
was obtained using oven method [29].

Before drying process began, fresh ginger rhizomes
were washed, then the outer thin layer of the rhizomes
were peeled. After that, the rhizomes were cut horizontally
with 5 mm thickness. Next, 300 grams of ginger rhizomes
were placed equally on three drying trays to undergo dry-
ing process. However, before the drying process began,
the dryer must be prepared first. Firstly, the blower is con-
nected to the bottom part of the drying chamber using air
pipes. Next, the LCD was turned on using switch inside
the control panel. After that, the LPG heater can be turned
on to set the desired drying temperature, and let the dryer
run without any load for awhile. This served as a means
to calibrate the dryer. At the first day, drying process was
done with dryer temperature of 40 °C, second day with
drying temperature of 50 °C, and the third day with drying
temperature of 60 °C. The temperature and relative humid-
ity data at the dryer inlet, outlet, and at the each tray were
displayed on the LCD. The solar intensity near the collector
was measured using solar power meter. Every 30 minutes,
the ginger rhizomes were taken out and weighed using
digital mass balance to determine the weight reduction.

4. Results and Discussions

4.1. Temperature, relative humidity, and solar intensity
profiles

The measurement data of temperatures, relative humidity,
and solar radiation were put into a graph to understand its
relation with drying time. Fig. 3 shows the profiles of tem-
perature, relative humidity, and solar intensity at drying
with the temperature of 60 °C, which was performed at the
third day of experiment. It can be seen from Fig. 3 that the
ambient temperature varied from 29 to 33 °C while the solar
intensity varied between 845.54 to 1510.72 W/ m2, with the
average of 1178.13 W/m?. It was observed that the outlet
temperature was lower than drying chamber temperature.
This indicates that the drying air exiting the dryer carries
higher moisture compared to when it first entered the dryer,
which proves that drying process does occur [30]. The tem-
perature of the drying chamber remained relatively stable
(between 60-65 °C) throughout the drying process due to
the addition of LPG heater. The dryer is designed to trap
the heat inside it, which can help maintaining relatively

stable temperature inside the dryer. This may explain why
the highest dryer temperature was recorded at 12:30, even
though the solar radiation at that time was not the highest.
However, the dryer temperature began to decrease at 12:30
onwards due to decreasing solar radiation. Contrary to
the temperature, relative humidity profiles are shown to
be increasing as drying continues. These findings about
the temperature and relative humidity profiles were also
found on similar hybrid solar dryer researches [20, 21, 31].
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Fig. 3. The profiles of temperature, relative humidity, and
solar intensity during hybrid solar drying at 60 °C.

4.2. Moisture content analysis

Fig. 4 shows the moisture content curve at different temper-
ature and at the top tray, while Fig. 5 shows the moisture
content curve at different trays during drying at 60 °C. As
seen in Fig. 4, drying with higher temperature resulted
in faster moisture reduction. High drying air temperature
means the drying air is less humid, therefore it is able to
evaporate and take more moisture from ginger [19, 32]. The
final moisture content of ginger dried at the temperature
of 40, 50, and 60 °C was 29.12 %, 13.39 %, and 9.61 %,
respectively, all in wet basis. Comparing these final mois-
ture content results to the safe limit stated by Indonesian
National Standard (maximum 12 % w.b.), only drying at
60 °C is satisfactory. However, considering the time re-
quired to dry the ginger into safe moisture content, hybrid
solar dryer used in this experiment is much faster than
other types of dryers for ginger drying studied by several
researchers [5, 10, 14].

The final moisture content of ginger dried at the top,
middle, and bottom tray during drying at 60 °C was 9.61
%, 10.45 %, and 11.72 %. From Fig. 5, it can be seen that the
fastest moisture reduction ocurred at the top tray. The solar
dryer used in this experiment was a direct type, combined
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Fig. 4. Moisture content curve at different temperatures

during drying at the top tray.
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Fig. 5. Moisture content curve at different trays during
drying at 60 °C.

with indirect heating by LPG. The heat from LPG entered
the bottom tray first while heat from the solar radiation
entered from the top. This interaction caused the top tray
to gain more heat compared to the middle tray or bottom
tray. The aluminum covering enabled the dryer to store
high amount of heat obtained from solar radiation. This
explains why the top tray is the hottest despite the drying
air flows from the bottom tray first [33-35].

4.3. Drying rate analysis

Fig. 6 shows the drying rate curve of ginger at different
temperatures at the top tray, while Fig. 7 shows the drying
rate curve of ginger at different trays during drying at 60
°C. It can be seen from Fig. 6 that using higher drying
temperature would increase the drying rate, while from
Fig. 7, the tray locations did not affect the drying rate,

although drying at the top tray yielded slightly higher
value of drying rate. This phenomenon was also found
on other solar drying researches that utilized trays in their
drying chambers [14, 35]. The average drying rate during
drying at the top tray at 40, 50, and 60 °C was 0.31, 0.33,
and 0.34 g/minutes respectively. During drying at high
temperature, the partial vapor pressure difference between
drying air and ginger became higher, which increased the
evaporation rate [36].
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Fig. 6. Drying rate curve of ginger at different tempera-
tures during drying at the top tray.
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Fig. 7. Drying rate curve of ginger at different trays dur-
ing drying at 60 °C.

From both Figs. 6 and 7, it can be seen that the value of
drying rate was intitially high, then gradually decreased
as drying process continues. This indicated that drying
of ginger primarily took place at the falling rate period,
proved by the decreasing value of drying rate over time
[37]. During initial hours of drying, there was still high
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moisture transport from the ginger’s surface to the ambient.
At the later part of the drying, the moisture from ginger’s
inner core would migrate to the surface. At this point, the
moisture transport from ginger’s surface to the ambient
became lower, hence the drying rate was decreasing in the
last stage of the drying process [38].

4.4. Dryer efficiency analysis

Fig. 8 shows the curve of dryer efficiency during drying
at different temperatures. The range of dryer efficiency
during drying at 40, 50, and 60 °C was 3.76 - 18.7 %, 1.04 —
33.16 %, and 1.09 — 44.62 %, respectively. The average dryer
efficiency at 40, 50, and 60 °C was 9.64 %, 10.31 %, and
10.86 % respectively. It can be seen that using higher dry-
ing temperature would increase the dryer efficiency. This
happens because higher drying temperature used will gen-
erate more heat, which will increase the moisture uptake
by drying air and speeds up the drying process. This will
increase the dryer efficiency [39, 40]. However, the values
of dryer efficiency found in this experiment are lower com-
pared to other similar studies. Murali et al. (2020) reported
that energy efficiency of solar LPG hybrid dryer applied
for shrimps were varied from 24.21 to 37.09 %, with the
average value of 29.93 %. Aviara et al. (2014) found that
using tray dryer for cassava starch drying, dryer efficiency
was increased from 16 % to 30 % when drying temperature
increased from 40 °C to 60 °C. Fudholi et al. (2014) reported
an average dryer efficiency value of 27.1 % during seaweed
drying using solar tray dryer.
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Fig. 8. Dryer efficiency curve at different drying tempera-

tures.

The maximum dryer efficiency during drying at 40, 50,
and 60 °C was 18.7 %, 33.16 %, and 44.62 % respectively.
It can be seen from Fig. 8 that dryer efficiency reached
maximum value at the start of the drying, then gradually

decreased over time. During the initial phase of drying, the
ginger’s surface was saturated with free moisture, which
will be evaporated first by the drying air. As drying process
continues, the free moisture at the ginger’s surface became
fewer and the moisture at the inner structure of the ginger
began to diffuse from the inner structure to the surface of
ginger. This will reduce the moisture uptake of the drying
air, which also reduce the value of dryer efficiency [10, 41].

4.5. Mathematical modelling

The moisture ratio data obtained from the experiment were
plotted into seven thin-layer drying models to find the suit-
able model that can accurately describe the drying behavior
of ginger using hybrid solar dryer. It should be noted that
the thin-layer modeling was only performed at the top tray
because it had the fastest moisture reduction and yielded
the best result compared to the middle and bottom tray. Ta-
ble 2 shows the thin-layer modeling results for each model
at different temperature, including all of the empirical con-
stants of the thin-layer models (k, n, a, and b) as well as the
values of R2, RMSE, and )(2.

A thin-layer model is said to be suitable to the experi-
mental data if it has high R? value (close to one) as well
as low RMSE and x? value. By taking average value of
all the parameters of every thin-layer model at different
temperatures, Page model is the most suitable model. The
average R%, RMSE, and )(2 value of Page model is 0.9966,
0.0171, and 0.0004 respectively. Modified Page model and
Midilli et al. model. also fits well since the parameter val-
ues only differ slightly. Similar research about thin-layer
drying of ginger using solar dryer also reported that Page
model showed the best fit to experimental data [14]. Page
model has also been adopted by American Standard as a
standard model for thin-layer drying of most agricultural
and biological products [22]. Egs. (11-13) show the MR
equation of ginger drying using Page model at 40, 50, and
60 °C, respectively, with t in minutes.

MR = exp(—0.0006t330) (11)
MR = exp(—0.0009t4126) (12)
MR = exp(—0.0027t-2277) (13)

Fig. 9 shows the curve fitting of Page model against the
experimental data at 60 °C. It can be seen that the predicted
values using Page model are scattered close to the diagonal
lines (representing the experimental data), indicating Page
model shows a good fit with moisture ratio data of ginger
during drying. Both curve fitting of Page model at 40
and 50 °C also exhibit good fit, although the curves are
not presented here. Similar results can also be found on



560 Suherman Suherman et al.

Table 2. Thin-layer drying modelling results.

Models T (°C) k n A b R? RMSE x>
40 0.0036 0.9785 0.0480 0.0026
Newton 50 0.0064 0.9856 0.0500 0.0028
60 0.0081 0.9860 0.0471 0.0025
40 0.0006 1.3730 0.9979 0.0118 0.0002
Page 50 0.0009 1.4126 0.9969 0.0168 0.0004
60 0.0027 1.2297 0.9950 0.0228 0.0007
40 0.0039 1.1578 0.9914 0.0309 0.0012
Modified Page 50 0.0067 1.2652 0.9971 0.0185 0.0004
60 0.0081 1.2192 0.9949 0.0234 0.0007
40 0.0016 1.0020 -0.0013 0.9926 0.0265 0.0011
Midilli et al. 50 0.0051 1.0020 -0.0006 0.9904 0.0347 0.0018
60 0.0074 1.0020 -0.0002 0.9878 0.0403 0.0024
Modified Midill 40 0.0049 0.8228 0.8660 0.9655 0.0546 0.0045
ol 50 0.0077 0.904 0.0941 0.9781 0.0604 0.0055
‘ 60 0.0102 0.9272 0.0934 0.9748 0.0579 0.0050
40 0.0016 1.9297 0.0134 0.9903 0.0331 0.0016

Approximation

S Diffusion 50 0.0030 1.8645 0.1627 0.9896 0.0321 0.0015
60 0.0061 1.6476 0.6333 0.9884 0.0405 0.0025
40 0.0122 0.4975 0.4942 0.5111 0.9748 0.0536 0.0052
Demir et al. 50 0.0203 0.5131 0.5620 0.4688 0.9905 0.0286 0.0015
60 0.0195 0.5387 0.6300 0.3897 0.9872 0.0349 0.0022

thin layer-drying of turmeric [24], cashew kernels [42], and
apricot kernels [43].

Table 3. Effective diffusivity of ginger.

No Temperature Effective diffusivity
(°O) (m2/s)

1 40 2,57 x 10710
50 465x10~10

3 60 5,62 x 1010

It has been widely accepted that during drying at the
falling rate period, Fick’s second law can be applied as dry-
ing is mainly controlled by diffusion [43]. Table 3 shows

the effective diffusivity (D,fs) values of ginger dried at
different temperatures. It can be seen that the values of
effective diffusivity increase when higher temperature is
used. An increase in temperature will increase the vapor
pressure inside the ginger. This will cause the rapid move-
ment of water molecules inside the ginger since the water
molecules are loosely bound to the inner structure of the
ginger [44]. The D, ff values found in this experiment were
in the range of 10~ to 107 m? /s, which is a general range
of effective diffusivity value for most agricultural and food
products [45]. Deshmukh et al. [14] reported that the ef-
fective diffusivity of ginger using solar drying is 1.789 x
1072 m?/s. Other researches about thin-layer modeling
also reported similar values of D, ff from 3.23 x 10710 to
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Fig. 9. Curve fitting of Page model and experimental
data at 60 °C.

7.82 x 10719 m? /s for quince slices [28], from 1.39 x 10-8
t0 3.5 x 1078 m?2 /s for apricot kernels [43], and from 7.2 x
1072 t0 1.91 x 10~8 m?2 /s for sorghum stalk [46].

4.6. Quality of dried ginger
Four quality parameters of dried ginger that were tested
in this experiment consisted of aroma test, fat content, ash
content, and presence of molds and insects during storage
Table 4 shows the value of ginger’s quality parameters
dried at different temperatures compared to the standard
value, as governed by Indonesian National Standard.
During the quality test, there were no changes in dry
ginger’s aroma, also no molds and insects were present
during storage of dried ginger. Both fat and ash contents
of dried ginger have satisfy the range of their respective
standard value. It can be seen from table 4 that fat content
decreases when higher temperature is used. This happens
because higher temperature will deactivate the enzymes,
thus halting the production of volatile fatty compounds
and reducing fat content [47]. However, drying helps con-
serve the bioactive compounds and unsaturated fatty acids
which are more adequate for consumption [48].

5. Conclusions

An investigation and thin-layer modeling of ginger dry-
ing using hybrid solar dryer has been performed. It was
found that only final moisture content of ginger dried at
60 °C gives the best result according to the Indonesian Na-
tional Standard. However, the drying process only takes
four hours, which is much faster than other ginger drying
studies using other types of dryer. It is implied that ginger
drying mostly happens at the falling rate period, indicated

by decreasing value of drying rate over time. Page model
is found to be the best model to describe drying behavior
of ginger. The effective diffusivity values of ginger in this
experiment are in the range of standard values of most agri-
cultural products. It is shown that hybrid solar drying does
not affect the aroma of ginger and no molds or insects are
present during storage. The fat and ash contents of dried
ginger in this experiment are in accordance to the Indone-
sian National Standard. It can be concluded that hybrid
solar drying method introduced in this study is suitable for
ginger and much faster compared to other methods of gin-
ger drying, while still able to maintain the quality of dried
ginger. However, the dryer efficiency in this experiment is
lower compared to other similar studies about solar drying.
Therefore, further investigation and optimization of hybrid
solar dryer is required to maximize the dryer efficiency.
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Table 4. Quality parameters of ginger dried at different temperatures.

Parameter value
Parameters Standard Value
40 °C 50°C 60 °C
Aroma ginger ginger ginger Unique, ginger-like
Fat content (%) 5.56 3.44 2.93 1.5 % min.
Ash content (%) 293 4.18 4.77 8% max.
Molds and insects Not present Not present Not present Not present
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