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Abstract: Geothermal energy is an efficient alternative for convective drying of food. This re-
search aimed to determine the efficiency of a low-temperature geothermal dryer (LTGE) systemin
dehydrating high-moisture foods and its effects on the kinetic parameters and properties of the
dehydrated foods. This study used a prototype laboratory-scale geothermal dehydrator built at
the Geothermal Laboratory of the Engineering Institute of UNAM. The influence of the geothermal
dehydrator operating parameters- average temperature (60, 65, 70 °C) and airflow velocity (2.5,
3.0, 3.3 m/s) on moisture content kinetics, drying rate, moisture-effective diffusion coefficient
(D.g)» Physicochemical properties, and drying efficiency was determined. The results indicated
that mean temperature and airflow rate influenced the drying kinetics and properties of dried ap-
ples and mangoes. With increasing temperature and airflow velocity, the drying rate and effective
diffusion coefficient increased. The drying curves were dominated by the period of decreasing
rate, which is typical of the drying kinetics of biological materials under constant-temperature
conditions. The increase in temperature and airflow velocity increased the effective diffusion
coefficient and drying efficiency. The D ranged from 0.43-8.59 x 10~ m?/s for the dried apple
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samples and from 5.54-8.92 x 107° m?/s for the dehydrated mango samples. Moisture content
curves showed moisture contents below 10% at drying times similar to those achieved with a
conventional convective dryer, demonstrating that geothermal energy can be used for fruit de-
hydration, producing high-quality dehydrated products and enabling efficient drying processes.

Keywords: geotermal drying; efficiency; kinetic parameters; food properties

1. Introduction

In the food industry, energy consumption for food dry-
ing accounts for 10% of total energy demand (Li et al.,
2019; Yahya et al., 2022). Using renewable energy for food
drying, such as geothermal energy, is an alternative to
reduce fossil fuel use and promote the transition to clean
energy in this sector. Mexico has high geothermal ener-
gy potential, which has been used primarily for electric
power generation. However, medium- and low-enthalpy
geothermal energy can be used efficiently in industrial
processes that require heat, such as drying agricultural
products such as fruits, vegetables, and grains.

In terms of renewable energy, solar drying has been
the most commonly used conventional method for de-
hydrating fruit. However, both open-air solar drying as
in solar dryers have the disadvantage of variable tem-
perature air, due to the daily and seasonal changes in
solar intensity in the limited time that sunlight is available
during the day making the solar drying process intermit-
tent, causing impairments in the quality properties of the
dehydrated product due to excessive drying times, which
require several days of processing, especially in foods
with high moisture content such as fruits. Recently, there
has been growing interest in the direct use of geothermal
heat for processes that require heat, such as food drying
(Andritsos et al., 2003; Helvaci & Akkurt, 2014; Prasetyo
et al., 2018; Sircar et al., 2021). The implementation of a
geothermal dehydrator system for fruit preservation is
attractive due to the advantages of geothermal energy
for continuous processes such as drying: constant tem-
perature due to geothermal fluid flow at a constant rate
throughout the year, making it a continuous resource. The
constant temperature and airflow speed during the geo-
thermal drying process result in improved dried product
quality and reduced drying time.

Some studies have addressed the design and eval-
uation of geothermal dryers (Helvaci & Akkurt, 2014;
Prasetyo et al., 2018; Sircar et al., 2021). However, few

reports in the literature explore the effects of different
drying temperatures and airflow rates on the drying ef-
ficiency using geothermal energy, kinetic parameters,
and changes in food properties during the process. Dry-
ing efficiency and kinetic parameters: moisture content,
drying rate, and effective diffusivity coefficient play an
important role in evaluating the design of the geothermal
food dehydrator system and optimizing the geothermal
drying process. The main objectives of this research are
presented as follows: 1) To explore the effects of drying
temperature and airflow rate on the drying efficiency of
food using geothermal energy; 2) To analyze the influence
of drying temperature and airflow rate on drying kinetics:
moisture content, drying rate, mass transfer, and activa-
tion energy; 3) Determine the effect of geothermal drying
parameters on the main properties of dehydrated food.

2.Materials and methods

2.1 Description of the geothermal dryer system.

The experimental study was conducted in a laborato-
ry-scale geothermal food dehydrator (GFD) prototype.
The working principle of the geothermal food dehydrator
is shown in Figure 1. The low-enthalpy geothermal fluid
was simulated by using a water heater (Rheem, model
89VP20). A hydraulic circuit was installed to circulate hot
water, driven by a recirculation pump (Truper pressur-
ized pump, 1/6 HP). The water leaves the storage tank
and passes through the electric water heater (Rheem,
model 89VP20) to gain the necessary thermal energy.
The heater capacity is 9 kW, and the pump capacity is 15
L/m. Finally, the hot water enters the upper head of the
finned tube heat exchanger (IC-SV-01) to avoid thermal
shock, and the air enters at a medium temperature and
ends at a high temperature, similar to a heating process
(preheating). The ambient air is sucked in by the centrif-
ugal fan and propelled around the finned tubes of the
heat exchanger. As the temperature increases, the hot air
flows by convection towards the drying chamber. The fan
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Figure 1. Schematic diagram of geothermal drying.

speed is adjusted up to 2 m/s by the inverter, with the air
flowing from the air inlet through the drying chamber. In
the drying chamber, hot air from convection evaporates
moisture from the food and exits through a chimney.
The drying chamber has a cabinet with two columns of
racks that support the trays with the dehydrated food.
The chamber was constructed from 19 mm aluminum
sheets, measuring 0.7 m x 0.50 m x 0.550 m (length x
width x height). During drying, hot air enters through the
bottom of the chamber and is directed to the trays by the
centrifugal fan, which is equipped with a filter to prevent
food contamination. The schematic of the dryers used is
shown in Figure 1.1, and the geothermal dryer laboratory
prototype is shown in Figure 2.

2.2. Experimental procedures

Sample preparation

Apple (var. Red Delicious) and mango (var. Paraiso) were
purchased at a local market. The criterion for fruit se-
lection was firm to touch and with no visible physical
damage. The same fruit lot was used in each experiment
to minimize biological variability and changes in cellular
structure. The fruits were washed and disinfected with
a colloidal silver solution (0.05% w/w). Then, fruits were
cutinto longitudinal slices 5+0.15 mm thick using a stain-
less-steel slicer and placed on trays.

Geothermal drying process
To study the geothermal drying process, a frequency con-
verter was installed on the fan motor. For each frequency

Figure 2. Geothermal dryer system laboratory prototype.

value, an airflow speed and, therefore, a different tem-
perature value were obtained inside the drying chamber.
The experimental variants are presented in Table 1.

V,—experimental variant for apple dried at 60 °C and
airflow speed: 2.5 m/s; V,—experimental variant for apple
dried at 65 °C and airflow speed: 3 m/s; V,—experimental
variant for apple dried at 70 °C and airflow speed: 3.3
m/s; V,—experimental variant for mango dried at 60 °C
and airflow speed: 2.5 m/s; V,—experimental variant for
mango dried at 65 °C and airflow speed: 3 m/s; V,—ex-
perimental variant for mango dried at 70 °C and airflow
speed: 3.3 m/s.

Finally, the geothermal drying process for the fruits
was carried out at average temperatures of 60, 65, and 70
°C and airflow speeds of 2.5, 3.0, and 3.3 m/s.

Vol. 24, No. 3, June 2026 411



Aljojo et al. / Journal of Applied Research and Technology 409-422

Table 1. Experimental variations regarding the geothermal drying of fruits,
according to temperature in the dryer chamber and airflow velocity.

Products Experimental Frequency (Hz) Mean drying Mean airflow Activity
Variants temperature (°C) velocity (m/s)

Apple A 20 60 2.5 Mass-transfer kinetic

Apple v, 30 65 3 parameter determination:

Aol v 40 20 3.3 moisture content, drying

pple 3 ’ rate, effective diffusivity,

Mango \A 20 60 2.5 drying efficiency.

Mango A 30 65 3 Physical and chemical

Mango v, 40 70 3.3 determlr?atlon: moisture
content in dry matter; color
index and °Brix.

Geothermal drying efficiency 2.2 Drying kinetics

Drying efficiency is a critical factor in the geothermal
food-drying process. It measures how effectively the
drying system removes moisture from the product and
significantly affects the final dried product’s quality and
shelf life.

In the literature, drying efficiency is calculated in two
ways: the first is by comparing the amount of moisture
removed from the material with the amount of energy
used in the drying process, it the initial and final material
moisture content must be determined, as well as the en-
ergy consumption during the drying (Djaeni et al., 2019).
Air humidity and temperature were measured by a T-RH
sensor (HOBO, model MX2302). The recorded data were
used to calculate drying efficiency during the geothermal
drying process, and the following equations were used:

n=%= 0100(%) )
Qevap = Wp(Xw,o - Xw,f) " A (2)
Qca = Cpa tmg- AT 3)

Where: n- Drying efficiency (%); Qevap-total heat to evap-
orate water from product (kJ); Q_,-heat to heating up air
for dryer (kJ/h); W -mass of dry product in dryer (kg);
X,,,-moisture in product entering dryer (kgw‘,jter/kgdry prod-
ucth X,,r-moisture in product exiting the dryer (Kg\yater /
kgdry product); A- latent heat of water evaporation (kJ/kg);
Cpa-specific heat of air (kJ/ kg-°C); m_-air mass flow (kg/h);
AT-air temperature gradient at the inlet and outlet of the
dryer chamber (°C).

Moisture content and drying rate

Moisture content samples taken at different periods of
geothermal drying were analyzed. Moisture content on
a dry basis (Xdb) of fresh and dehydrated slices was de-
termined gravimetrically, with the dried mass obtained
in a vacuum dryer at 70 °C until constant weight (AOAC,
1999). Moisture content using equation 4 was calculated
where w is the initial weight of the sample and w, is the
sample weight during drying. The drying time for each ap-
plied drying condition was determined when the samples
reached a dry-basis moisture content of 10%.

Xap = (Wlw;lm> (4)

The drying rate kinetics were calculated using the first
derivative of the regression equation of moisture content
versus time for each dehydration treatment studied.

Effective diffusivity

To model water transfer within the food matrix, Fick’s
second law for a semi-infinite flat plate was used (equa-
tion 5).

.o ®

Crank’s solution was used to model mass transfer. One-di-
mensional diffusion, moisture distribution is uniform,
external resistance is negligible, and diffusivity is con-
stantly considered. The mass transfer was determined
through the estimation of the water diffusion coefficient
for an infinite slab (equations 6-9).
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Initial condition

Boundary condition

t>0 %:0 z=0 (M)

t>0 X=X, z=%1L (8)

— ,’[2
% = 1% ZEO:O (21’111)2 exXp |:_Deff(2n + 1)2 41,2 t:| (9)

Where: D,- effective diffusivity (m?/s); L-half thickness
of the slab (m); t-drying time (s); X- moisture content of
drying samples (8 1e//8dry matter)- MR is the moisture ratio
defined as Equation 10:

Xi—Xx
MR = == (10)

In the solution of equation 2.9, the first term in the series
was used due to the long drying time; all other terms of
the series are negligible given the first and hence are zero.

Activation energy

The Arrhenius equation was applied to evaluate the
relationship between the effective diffusivity and the
geothermal drying temperature. In all cases, the activa-
tion energy was determined (equation 11).

Deff = D()eXp (7 R.E,I"“abs ) (11)

Where: D -Arrhenius constant or the constant equivalent
to the diffusivity at infinitely high temperature (m?/s),
R-universal gas constant (8.314x103 kJ/mol:K), T ,.ab-
solute temperature (K), E -activation energy (kJ/mol).

2.3 Study of the changes in food properties
during the geothermal drying process

Color

Color is one of the organoleptic properties that deter-
mines the quality of dehydrated products, with a direct
effect on consumers. The effect of geothermal drying
operating parameters on the color of fruit samples was
monitored throughout the process (Alibas & Yilmaz, 2022;
Velescu et al., 2023). The chromatic indices (of the L*, a*,
b* system) were determined with the digital colorimeter
(Model WR-10QC, 8 mm, CIELAB). The measurement was
performed on fruit slices, using samples with a diameter
of 3+0.05 cm to cover the entire area of the colorimeter

lens. The collected spectral data were used to calculate
the CIELAB’76 color parameters: L* (Luminance), a* (red-
green coordinate), and b* (yellow-blue coordinate). In the
study, the parameters: total color difference (AE), color
index (Chroma), Hue angle (h°), and Browning index (BI)
were determined (equations 12-16).

The color difference (AE) is the most important param-
eter of color variation because it helps to establish the
differences in the L, a* b* system of the color changes
that the sample undergoes during the drying process. The
total color difference (AE) of the fruits before and after the
drying process was calculated using equation 2.12:

ABpsane = /(L' = L3)? + (2" —ap)* + (b — b;)? (12)

Where: L¥, a*, y b*, -Initial spectral parameters of the
fresh sample; L*, a*, b*-Final spectral parameters of the
dry sample.

The color index (Chroma) is the factor that differen-
tiates a pure tone from a gray tone. The changes in this
parameter can range from 0 (matte) to 60 (intense) (equa-
tion 13):

Chroma = 1/a*2 + b™2 (13)

Hue angle (h°) is defined as the degree to which a stimu-
lus can be described as red, green, blue, and yellow. Hue
angle is defined as follows:

whena” > 0yb" > 0 — hg*a*b* =tg! (Z—) (14)

whena” <0 —h?. . =180+tg! (Z—) (15)

Where: the values of a* and b* are calculated and
expressed in degrees: 0-red, 90-yellow, 180-green, 270-
blue. The browning index (BI) is used to assess the purity
of the brown color resulting from enzymatic activity and
oxidation in fruits such as apples. Equation 16 was used
for the calculation.

100
BI = 3% (

a +1.75xL"
5.645xL*+a"—3.012xb*

- 0.31) (16)

Brix measurement during geothermal drying

Samples were removed at different periods of the geo-
thermal drying. Brix determination was performed by
refractometry (°Brix) on previously homogenized sam-
ples. After homogenization, a small apple sample was
taken with a transfer pipette, and a drop of the extract
was placed on the refractometer.
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2.4 Experimental design and statistical analysis

A completely randomized block design experiment was
used with three replicates, and an analysis of variance
was conducted on the moisture content. The data anal-
ysis for this experiment was carried out using the NCSS
statistical software, version 2020. ANOVA was used to de-
termine statistically significant differences (P<0.05).

3. Results and discussion

3.1 Drying efficiency

Temperature, airflow velocity, and relative humidity sur-
rounding the food are key factors in removing moisture
during drying. Drying efficiency depends on both the op-
erating parameters applied and the energy consumption
of the drying system. Hence, an efficient drying process
requires balancing temperature, air velocity, and humid-
ity to achieve an adequate drying time and the desired
moisture removal level without compromising the dried
product’s final quality. Humidity plays a crucial role in
drying efficiency. On the one hand, the relative humidity
of the air surrounding the food directly affects the rate at
which water evaporates from the product. High relative
humidity in the drying chamber can reduce drying effi-
ciency by slowing the process, while low humidity levels
can speed it up. The drying efficiency as a function of
energy consumed in drying apple and mango slices at
different air temperatures and flow rates is presented in
Table 3.

Drying efficiency was highest with the 65 °C-3.0 m/s
variant, followed by the 60 °C-2.5 m/s variant for both
fruits studied. Drying efficiency decreased with increas-
ing temperature to 70°C and airflow velocity to 3.3 m/s.
Similar results were reported by other authors (Beigi,
2016; Djaeni et al., 2019). During convective drying, heat
and mass transfer occur simultaneously, with moisture
diffusion occurring from the interior of the product to the
air-food interface, followed by evaporation of water from

the interface into the air stream (Tulek, 2011). Drying effi-
ciency is highly dependent on temperature, air humidity,
air velocity, and the inherent properties of the food being
dried (Grau et al., 2014). High air temperatures accelerate
the drying process; however, they can negatively affect
the rate of moisture evaporation in the food and, conse-
quently, the efficiency of the process. High temperatures
cause hardening of the food shell because the outer
surface of a material dries much faster than the core, re-
sulting in a dry, hard, impermeable crust that prevents
moisture from the core from reaching the surface of the
food matrix to evaporate (Gulati & Datta, 2015).

3.2 Drying kinetics

Moisture content and drying rate

Understanding the kinetics of the drying process is es-
sential to achieving an optimal and efficient geothermal
drying process. Kinetics refers to the monitoring of the
rate of water loss over processing time under the technol-
ogy’s specific operating conditions. The drying kinetics
of dehydrated apples and mangos are shown in Figure 3.
The trends in moisture kinetics were similar; in all cases,
moisture content decreased exponentially with time.

In all drying curves, the moisture content decreased
significantly during the first 210 min of drying, followed
by a small loss of water until reaching a moisture con-
tent below 10%, at which point drying was stopped. The
drying times for the experimental conditions evaluated
using geothermal energy were as follows: 330, 300, and
360 min for apple slices dried at the conditions of 60 °C-
2.5 m/s, 65 °C-3.0 m/s, and 70 °C-3.3 m/s, respectively;
while during mango drying times of 400, 360 and 420 min
were found for 60 °C-2.5 m/s, 65 °C-3.0 m/s, and 70 °C-
3.3 m/s, respectively. The drying times found with the
geothermal dehydrator are similar to those reported by
other authors using conventional (electric) convective
dryers (Paunovic et al., 2010; Cruz et al., 2015; Velescu

Table 3. Drying efficiency.

Products Mean temperature (°C) Mean airflow velocity (m/s) Drying time (min) Drying efficiency (%)
Apple 60 2.5 330 1842.17
Apple 65 3.0 300 27+2.32
Apple 70 3.3 360 22+3.61
Mango 60 2.5 400 16+2.53
Mango 65 3.0 360 24+2.95
Mango 70 3.3 420 21+2.87

Vol. 24, No. 3, June 2026 414



Aljojo et al. / Journal of Applied Research and Technology 409-422

et al.,, 2023). Drying temperature and air speed signifi-
cantly influenced moisture loss in the samples (P<0.05).
The temperature-airflow velocity condition of 65 °C-3.0
m/s led to lower moisture contents in the samples and
shorter drying times (Figure 3), which is consistent with
the experimental variant where the drying efficiency val-
ues were higher (Table 3) (P=<0.05).

At a drying temperature of 70 °C and an airflow ve-
locity of 3.3 m/s, a reduction in moisture loss in the food
was observed. It is well known that increasing tempera-
ture leads to increased evaporation and therefore to
increased moisture loss. Moisture loss from the mate-
rial during the drying process is limited internally and
externally, with free water removed from the material
(Schrader & Litchfield, 1992; Agbisit et al., 2007; Gulati &
Datta, 2015). Therefore, higher temperature and drying
air velocity lead to faster drying due to reduced exter-
nal heat and mass transfer resistances. However, some
authors (Rahman et al., 2005; Gulati & Datta, 2015) have
reported that during convective drying of food matrices
at temperatures of 40-60 °C, the moisture distribution is
uniform since the moisture content near the surface and
in the interior are very similar, i.e., drying is uniform. On
the contrary, high temperatures and high air velocities
induce large differences in moisture content between the
surface and the core, so that the humidity drops sharply
near the surface and leads to the formation of the dry
outer layer that creates a barrier to moisture transport
from the interior (Gulati & Datta, 2015).

The drying rate curves as a function of moisture con-
tent are shown in Figure 4. In all curves, the period of
decreasing rate predominated, and in no case was the
period of constant rate observed. This indicates that the
drying rate decreased continuously as moisture content
in the food decreased and that the diffusion mechanism
controlled moisture migration within the food matrix.
This drying period depends on the material properties
(internal conditions), which is typical of the drying kinet-
ics of biological materials. Similar results were reported
by other authors in studies of convective drying of fruits
(Togrul, 2005; Sacilik & Elicin, 2006; Seiiedlou et al., 2010).
The drying rate increased with increasing temperature
and air flow rate. The difference between the drying rate
curves for the experimental variants applied was high-
est during the first hours of the process, when humidity
was higher. However, at the end of drying, where the
sample had low moisture content, this difference was in-
significant. Increasing the temperature of the drying air
increases the rate of heat transfer between the hot airflow
and the food, especially in the early stages of the drying
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Figure 3. Moisture content observed in fruit samples
during geothermal drying: a) apple; b) mango.

process, when the moisture content is higher. The effect
of temperature was significant in the range of 60-65°C;
from 70°C onwards, a slowdown in the drying process was
observed, most likely due to a superficial hardening of the
food crust, which affects the rate of moisture evaporation
as it prevents the moisture in the core from reaching the
surface of the food and being able to evaporate.

Modeling mass transfer

Modeling mass transfer during the geothermal fruit dehy-
dration process is essential to ensure high-quality dried
products and more energy-efficient, lower-impact pro-
cesses. In this research work, Crank’s solution to Fick’s
Law was used to calculate the effective diffusivity coef-
ficient (D ), which describes how quickly water diffuses
through a product. The moisture content data as a func-
tion of drying time were converted to a dimensionless
moisture ratio (MR) and fitted to the Fick model (Figure 5).
As shown in Figure 5, increasing the drying temperature
and airflow velocity can significantly accelerate moisture
transfer, thereby decreasing the geothermal drying time
and improving process efficiency. Across all conditions
analyzed, the greatest moisture loss occurred during the
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Figure 4. Drying rate based on moisture
content during geothermal drying.

first 200 minutes of drying, after which water loss was
lower. The temperature-airflow velocity variant 65 °C-3.0
m/s promoted the greatest moisture loss in the food and
a significant reduction in drying time compared to the
variant 70 °C-3.3 m/s for both fruits studied (P< 0.05). It
is well known that increasing the drying temperature can
accelerate the migration of moisture from the interior of
the food matrix to the surface, resulting in rapid mois-
ture evaporation. However, very high temperatures and
air velocities can slow the decrease in moisture content
by forming a dry outer layer that acts as a barrier to the
diffusion of moisture from the interior to the surface of
the food.

Figure 6 presents the Ln (MR) graphs versus time (s)
forthe drying temperature-air flow velocity variants stud-
ied. The plotted curves show that increasing temperature
and airflow velocity increases the slope of the straight
line, which means that the effective moisture diffusivity
increases. The effective diffusivity coefficient helps us
understand moisture content diffusion within the food
during geothermal-energy-driven drying. The effective
diffusivity coefficient (Table 3.2) was obtained by deter-
mining the slope of the straight line fitted to the natural
logarithm of the moisture content rate versus drying time
(Figure 6). The values of Deff found for the experimental
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Figure 5. Dimensionless evolution of moisture content
(MR) during the geothermal drying process of apple
and mango samples under different temperature
conditions (60, 65, 70 °C) and air flow velocity (2.5, 3.0,
3.3 m/s). Each curve represents three replicates.

& Apple-20Hz-60°C-2.5m/s
2 A Apple-30Hz-65°C-3m/s
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Figure 6. Moisture content versus drying time for
estimating the effective moisture diffusivity.

variants explored are within the range of those reported
in the literature (Aghbashlo & Samimi-Akhijahani, 2008;
Chokngamvong & Suvanjumrat, 2023; Barforoosh et al.,
2014; Zeng et al., 2024). The maximum value of moisture
diffusivity was 8.59 - 10° m?/ s and 8.92 - 10-° m?/ s for
the apple and mango samples, respectively, when the air
velocity is 3.0 m/s and the drying temperature is 65 °C
(Table 3.2). The increase in drying temperature and air-
flow speed caused an increase in the effective diffusivity
coefficient. The increase in drying temperature can raise
internal pressure and enhance the activity of water mole-
cules within the food matrix, thereby increasing moisture
diffusion and improving the drying rate. Similar results
were reported by other authors (Susanti et al., 2021; Zeng
etal., 2024).
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Table 4. Effective diffusivity coefficient calculated with the Crank model.

Product Mean temperature Mean airflow Deff-10-? (m?%/s) Determination Arrhenius Equation
(°C) velocity (m/s) coefficient (R?) Ea (kJ/mol) R2
Apple 60 2.5 2.43+0.22 0.92 29.18 0.94
Apple 65 3.0 8.59+0.25 0.96 27.77 0.96
Apple 70 3.3 4.38+0.18 0.95 23.44 0.93
Mango 60 2.5 4.36+0.20 0.94 26.33 0.96
Mango 65 3.0 8.92+0.19 0.97 24.54 0.96
Mango 70 3.3 5.97+0.23 0.96 21.14 0.94

The activation energy required for moisture diffusion
within the food matrix is an indicator of the thermal sen-
sitivity of effective moisture diffusivity. The values of E,
for the analyzed temperature and airflow velocity condi-
tions are shown in Table 4. The E, varied in the range of
23.44-29.18 kJ/mol during the geothermal drying of ap-
ples and between 21.14-26.33 kJ/mol for mango drying.
The results obtained agree with the values of Ea found
by other authors during fruit drying (Babalis & Belessio-
tis, 2004; Aghbashlo & Samimi-Akhijahani, 2008) and are
within the general range for most high-moisture foods
and agricultural products of 12.7 to 110 kJ/mol (Aghbash-
lo & Samimi-Akhijahani, 2008; Chen et al., 2023). In plant
foods, surface and chemical absorption are the two forms
of water present within the food matrix. In fruits such
as apples and mangos with high moisture content, most
of the moisture is in the form of surface absorption, so
little energy is required to evaporate the water if an ap-
propriate convective drying process is carried out. The
activation energy decreases with increasing temperature
and airflow velocity. The effect of drying temperature and
airflow rate on Ea during drying plant foods has been ver-
ified by other authors: Waramit et al. (2021) in convective
drying of cassava and Barforoosh et al. (2024) in peach
drying.

Changes in food properties during the
geothermal drying process

Color index

The quality of dried fruits in terms of color change has
mostly been described by color differences between fresh
and dried samples (Lee et al., 2003; Sacilik & Elicin, 2006;
Seiidlou et al., 2010). In this study, the color change during
geothermal drying of apples and mangoes was measured
using color difference (Figure 7), Chroma (Figure 3.6), Hue
angle (Figure 3.7), and Browning index (Figure 3.8). The

color difference curves over time show that increasing
drying temperature and airflow velocity led to greater
color change in dried samples than in fresh fruits (Figure
3.5). In all cases, the greatest color difference was ob-
served during the first 150 min of drying, after which the
rate of color change slowed markedly. This behavior coin-
cides with the stage of geothermal drying where moisture
loss in the food is greatest (Figure 3.1). On the other hand,
several authors have reported that in the first stage of
drying, heat can cause degradation reactions involving
the degradation of thermolabile pigments, ascorbic acid
browning, and non-enzymatic Maillard browning (Ibarz
et al., 1999; Maskan, 2001).

The color difference increased significantly with high-
er temperatures and air velocities at 70°C and 3.3 m/s
(P< 0.05). The experimental variant temperature-airflow
speed 70°C-3.3 m/s promoted the drying time, which was
the longest, due to the formation of a dry, hard, and im-
penetrable crust on the outside of the food that limited
the moisture loss during drying. Increasing the tempera-
ture to 70 °C and the long drying times increased the rate
of color deterioration in the samples of the two fruits
analyzed. High temperatures and long drying times can
affect heat-sensitive compounds such as carbohydrates,
proteins, and vitamins, causing noticeable color changes
in dried fruits (Rasooli Sharabiani et al., 2021). The colour
difference was remarkably higher in dried apple samples
compared to dried mango samples (P< 0.05). The apple
samples were dried without pretreatment, which justifies
the greater color difference observed. The temperatures
applied during geothermal drying can generate oxidation
and Maillard reaction processes in the apple slices result-
ing in golden brown samples and a more intense scent.

Chroma* is a parameter that indicates the degree of
color saturation and is proportional to color intensity
(Maskan, 2001). In all cases, the chroma* value increased
with increasing temperature and airflow speed (Figure
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Figure 7. Total color change (AE) of apple (a) and
mango (b) during the geothermal drying process.

3.6). However, the chroma* curves did not show a notice-
able change with drying time, particularly during mango
drying, where chroma did not change significantly over
time (P=0.05). This result corresponds to the physical ob-
servation of greater stability of the yellow color in the
dried mango samples.

The Browning index (Bl) indicates the purity of the
brown color in samples (Figure 9). It is an important
parameter in fruit drying processes, such as in apples,
where enzymatic and non-enzymatic browning occurs
due to temperature. In this research, the Bl value varied
significantly with drying time for both fruits (P< 0.05). In-
creasing drying temperature and airflow rate increased
the Bl value. These results suggest that the conditions of
geothermal drying: temperature and airflow rate affected
the quality of dried apples and mango in terms of color
changes, as more brown compounds were produced in
the food, more visibly observed in dried apples.

Hue angle has been widely used to characterize the
color of plant foods subjected to drying processes. The
Hue angle is described as follows: 0° and 360° represent
the red hue, while 90°, 180°, and 270° represent the yel-
low, green, and blue hues, respectively (Barreiro et al.,
1997; Akman et al., 2022). The hue angle values in apple
samples showed an increase of 0.79-1.32, 0.76-1.37, and
0.86-1.52 for 60 °C-2.5 m/s, 65 °C-3m/s, and 70 °C-3.3m/s
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Figure 8. Chroma of apple (a) and mango (b)
during the geothermal drying process.
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Figure 9. Browning index (Bl) of apple (a) and mango
(b) during the geothermal drying process.

conditions, respectively (Figure 10). A hue > 90° suggests
a greener color, while a hue < 90° indicates a red-orange
color. The changes in the hue angle values in mango sam-
ples were insignificant compared to the dehydrated apple
samples (P= 0.05).
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Figure 10. Hue angle of apple (a) and mango (b)
during the geothermal drying process.

The variation of °Brix in apple and mango samples under
different conditions during the geothermal drying pro-
cess is shown in Figure 11. In apple samples the values
varied between: 2.4-7.8, 2.4-9.4, 2.6-10.2 for the experi-
mental conditions of 60 °C-2.5 m/s, 65 °C-3 m/s, and 70
°C-3.3 m/s, respectively; while, in mango slices the °Brix
varied between 2-4.7,2.2-5.4, 2-8.11 for the experimental
conditions of 60 °C-2.5 m/s, 65 °C-3 m/s, and 70 °C-3.3 m/s,
respectively. The conditions applied during geothermal
drying significantly affected the increase in °Brix in the
studied samples (P<0.05). The increase in temperature
and flow rate caused an increase in °Brix values in the
analyzed samples. Other authors, such as Izli and Polat
(2020), reported the effect of the drying process condi-
tions on the increase in °Brix in plant foods.

Conclusions

This work demonstrated that a geothermal food dryer can
achieve temperature and airflow velocity conditions suffi-
cienttodehydrate fruitinareasonably short time, between
5 and 7 hours, similar to that reported for conventional
convective drying. To determine the benefits and disad-
vantages of geothermal drying, the drying kinetics were
investigated. The effects of operating temperature and
airflow velocity on quality properties, including moisture
content, color changes, and °Brix of the dehydrated apple

12
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Figure 11. °Brix of apple (a) and mango (b)
during geothermal drying process.

and mango slices, were examined. At 65°C-3.0 m/s, the
greatest reduction in total drying time and higher drying
efficiency were achieved, whereas at 70°C-3.3 m/s, drying
slowed due to the formation of a dry surface layer that
acted as a barrier to moisture removal. At 65°C-3.0 m/s, the
drying rate increased and the mass transfer coefficient was
higher. The color indices were strongly affected by increas-
ing temperature and airflow velocity. The largest changes
in color parameters were observed at 70°C-3.3 m/s, where
darkening of the samples during drying was evident, more
visible in dried apple slices than in dehydrated mango slic-
es. °Brix values also increased with increasing temperature
and air velocity. Among the applied variants, the 65°C-3.0
m/s condition was chosen as optimal, considering the re-
sults of drying kinetics, drying efficiency, process duration,
and the physicochemical characteristics of the dried prod-
ucts (moisture content, total color difference (AE), color
index (Chroma), Hue angle (h°), Browning index (BI), and
°Brix). This study has shown that the geothermal drying
process can produce high-quality dried fruits, with the
added advantage of reduced processing times.
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