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Abstract

This study investigated how drying temperature, air velocity, and drying time affect the colour evolution of
Shahani date slices during electrohydrodynamic (EHD)-assisted drying integrated with forced convection. Drying
experiments were conducted at 25, 35, and 60 °C and air velocities of 0.5, 1.0, and 1.5 m s until the moisture
content reached approximately 12% (wet basis). An online machine vision system monitored the CIELAB
coordinates (L*, a*, and b*), total colour difference (AE), Chroma, Hue angle, and browning index (BI) during
drying. To facilitate comparison of colour changes relative to the initial state, relative values of lightness (L*/Lo),
redness (a*/ao), yellowness (b*/bo), and browning index (BI/Blo) were used. Linear mixed-effects models evaluated
the main and interactive effects of the drying variables, while polynomial regression models were developed for
prediction. Drying time decreased markedly with increasing temperature and air velocity, with the shortest duration
obtained at 60 °C and 1.5 m s™'. Colour evolution was time-dependent and parameter-specific: L*/Lo and b*/bo
generally decreased, whereas relative redness, AE, and BI/Blo increased. Significant interactions indicated that the
effects of drying conditions on colour responses varied with the drying stage. The predictive models, based on
MR, temperature, and air velocity, achieved validation-set R? values of 0.8717-0.9490, with corresponding RMSE
and MAE values of 0.00292-0.06375 and 0.00226-0.05148, respectively. These results demonstrate the potential
of combining online colour monitoring with interpretable models for non-destructive process monitoring and
future optimisation of EHD-assisted drying.
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Abbreviations and Nomenclature

Abbreviation Definition Abbreviation Definition
EHD Electrohydrodynamic AE Total colour difference
MR Moisture ratio c* Chroma
Mo Initial moisture content (w.b.) h° Hue angle
M Moisture content at time t BI Browning index
Me Equilibrium moisture content Blo Initial browning index
L* Lightness RGB Red—green—blue colour space
T Temperature (°C) AR (1)  First-order autoregressive covariance structure
\ Air velocity (m s?) AIC Akaike information criterion
t Drying time (min) BIC Bayesian information criterion
a* Redness—greenness coordinate RMSE Root mean square error
b* Yellowness—blueness coordinate MAE Mean absolute error
Lo Initial lightness R? Coefficient of determination
ao Initial redness—greenness coordinate R2adj Adjusted coefficient of determination

bo Initial yellowness—blueness coordinate
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Introduction

Date palm (Phoenix dactylifera L.) fruitis an
economically important agricultural
commodity and a valuable source of
carbohydrates, dietary fibre, minerals, and
bioactive compounds. Depending on cultivar
characteristics, climatic conditions, and market
preferences, date fruits are harvested and
consumed at different maturity stages,
including the khalal, rutab, and tamar stages.
At the khalal stage, fruits generally contain
relatively high moisture contents and are
therefore more susceptible to microbial
deterioration and quality loss during storage.
Consequently, dehydration is commonly used
to reduce moisture content, extend shelf life,
facilitate handling and transportation, and
improve product stability. Drying, however,
may induce substantial changes in the physical
and sensory properties of date fruits (Kiumarsi
Darbandi, Selahvarzi, Abedy, Kamali, &
Sadrnia, 2025). Among these properties, colour
is particularly important because consumers
perceive it first and it strongly influences
product acceptance and marketability (L0,
Chen, Li, Hu, & Bi, 2023). During drying,
changes in lightness, redness, and yellowness
may result from several simultaneous
phenomena, including moisture removal,
pigment degradation, enzymatic and non-
enzymatic browning reactions, and structural
modifications of the food matrix (LU et al.,
2023; Tuly, Mahiuddin, & Karim, 2023).
Therefore, monitoring the evolution of
CIELAB colour parameters during drying is
important ~ for  understanding quality
deterioration and for identifying suitable drying
conditions. Recent studies on food drying have
increasingly emphasised the importance of
achieving an appropriate balance between
product quality retention, particularly colour
and other quality attributes, and reductions in
drying time and energy consumption
(Bhattacharjee, Mohanty, Sahu, & Sahu, 2024;
Nowacka, Matys, & Witrowa-Rajchert, 2024;
Teymori-Omran, Askari Asli-Ardeh, Motevali,
& Taghinezhad, 2026).

Conventional thermal drying methods can

effectively reduce the moisture content of
agricultural products; however, exposure to
elevated temperatures may  accelerate
undesirable quality changes, particularly
discolouration and browning. In this context,
electrohydrodynamic  (EHD) drying has
attracted considerable attention as an emerging
drying technology. In EHD drying, a high-
voltage electric field generates a corona wind
that enhances heat and mass transfer near the
product surface. This technology can operate
under relatively mild thermal conditions and
has been investigated for its potential to
improve drying efficiency while maintaining
product quality. Recent reviews have
highlighted EHD drying's potential to improve
energy efficiency while preserving sensory
quality and heat-sensitive nutrients compared
with conventional thermal drying (Martynenko,
Bashkir, & Kudra, 2021; Onwude, Iranshahi,
Martynenko, & Defraeye, 2021; Prakasha,
Vinay, Pandey, & Bhoi, 2025). However, these
reviews have also highlighted important
research needs in EHD drying. These include a
better understanding of coupled transport
mechanisms, improved dryer design, and safe
and efficient scale-up of EHD systems (Ham et
al., 2024; Onwude et al., 2021). The drying
behaviour and quality evolution of food
products are influenced by several process
variables, including drying temperature, air
velocity, and drying time. These factors may
affect not only the rate of moisture removal but
also the progression of colour changes
throughout the drying process. Different drying
conditions can produce similar moisture states
at different times. Thus, relating quality
changes to the moisture state rather than drying
time alone may provide a more meaningful
basis for comparing drying processes.

These considerations highlight the need for
approaches that can relate quality changes to
the drying state. Mathematical modelling is an
important tool for describing quality changes
and predicting product behaviour under
different drying conditions. However, few
studies have modelled the continuous evolution
of individual CIELAB parameters as a function
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of drying conditions and MR. Such models can
provide useful information for process
monitoring, optimisation, and the development
of intelligent drying systems. Previous studies
have shown the potential of mathematical
modelling to describe and predict colour
changes in foods during drying (Chen & Pan,
2023; Tuly et al., 2023). However, the coupling
among drying conditions, moisture removal,
and the evolution of individual colour attributes
remains insufficiently understood. Further
research is, therefore, needed to develop robust
predictive models. Despite the growing interest
in EHD-assisted food drying, the evolution of
individual colour attributes in relation to both
drying conditions and moisture removal has
received comparatively limited attention. In
particular, the independent and interactive
effects of drying temperature, air velocity, and
drying time on individual CIELAB colour
coordinates and derived colour indices remain
insufficiently explored. Their predictive
modelling as a function of MR has also received
limited attention. Therefore, the present study
investigated the evolution of colour quality in
date slices during drying under different
temperatures and air-velocity conditions. The
relative CIELAB coordinates, including
lightness (L*/Lo), redness (a*/a0), and
yellowness (b*/bo), as well as total colour
difference (AE), chroma (C”), hue angle (h°),
and relative browning index (BI/Blo), were
systematically evaluated. Statistical analysis
quantified the individual and interactive effects
of the drying variables. Mathematical
modelling was used to develop predictive
relationships between the selected colour
parameters and MR under different drying
conditions.

The novelty of this study lies in linking the
continuous evolution of colour quality to the
moisture state of the product during EHD-
assisted drying. This approach goes beyond
evaluating colour only at selected drying times
or comparing initial and final colour values. By
relating colour changes to moisture ratio under
different drying conditions, the study provides
an interpretable framework for predicting
colour evolution during the drying process.

This framework may support non-destructive
process monitoring and future optimisation of
colour quality.

Materials and Methods

The experimental setup and operating
conditions of the EHD-assisted drying system
have been described in detail in previous
studies (Keramat-Jahromi, Mohtasebi,
Musazade, Ghasemi-Varnamkhasti, & Nasiri,
2018; Keramat-Jahromi, Mohtasebi,
Mousazadeh,  Ghasemi-Varnamkhasti, &
Rahimi-Movassagh, 2021). The 2018 study
investigated the drying Kkinetics and
mathematical modelling of Shahani date slices
under EHD, hot-air, and hybrid EHD-hot-air
conditions, whereas the 2021 study focused on
real-time estimation of moisture ratio from
online image attributes using k-nearest
neighbour and random forest regression
models. In the present study, we used the same
experimental platform to investigate colour
evolution during drying, emphasising the
effects of drying conditions and moisture
removal on CIELAB colour parameters and
derived colour indices.

Raw material and sample preparation

Fresh Shahani date fruits at the Khalal stage
were harvested randomly from date palm
orchards in Jahrom, Fars Province, Iran. The
initial moisture content of the date samples was
determined using the standard oven-drying
method at 105 °C until a constant weight was
reached and was approximately 60% on a wet
basis (w.b.). Immediately after harvesting, the
fruits were placed in polyethylene bags and
stored under refrigerated conditions at
approximately 5 °C to minimise physiological
and biochemical changes before the
experiments. Prior to each drying experiment,
the samples were allowed to equilibrate at room
temperature for approximately 3 h. The date
fruits were then sliced with an electric deli meat
slicer (Maysan, model MMS-275) to obtain
thin, relatively uniform slices approximately 3
mm thick. Approximately 10 g of sliced date
material was used in each experimental run.
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Drying system and experimental procedure

The drying experiments were conducted
using a laboratory-scale electrohydrodynamic
(EHD)-assisted drying system integrated with
forced convection (Fig. 1). The experimental
setup consisted of an EHD chamber, a high-
voltage DC power supply, a needle-to-plate
electrode configuration, an airflow and
temperature control system, an online machine
vision system, and a data acquisition unit. The
EHD chamber was constructed from 5-mm-
thick Plexiglas sheets and had internal
dimensions of 340 x 270 x 270 mm3. A high-
voltage DC power supply (Fanavaran
Nanoscale, Iran), with an adjustable output
range of 0-50 kV and a maximum output power
of 35 W, was used to generate the electric field.
The applied voltage was maintained at 50 kV
throughout the drying experiments. The
electrode system consisted of a needle
discharge electrode positioned above a
grounded copper plate. The discharge electrode
comprised 25 chromium-coated stainless-steel
needles, each 40 mm long, arranged in a square
array with 25 mm centre-to-centre spacing. An
18 x 18 cm? copper plate served as the grounded
electrode. Airflow was generated using a
centrifugal blower (Guangdong Shunde
Electric Motor Co., Ltd.) with adjustable
rotational speed. The blower was operated at
1400 rpm and 23 W and connected to a
rectangular outlet duct measuring 25 x 10 cm2.
A 1500 W heater (198 x 35 x 38 mm?3) was
installed downstream of the blower to provide
the required drying-air temperature. Air
velocity was measured using a hot-wire
anemometer (Testo SE & Co. KGaA,
Lenzkirch, Germany) with a resolution of 0.01
m s! and an accuracy of 0.1 m s™'. Forced
convection was supplied to the drying chamber
at air velocities 0of 0.5, 1.0, and 1.5 m s}, while
the drying-air temperature was controlled at 25,
35, and 60 °C. Shahani date slices were placed
in a single layer on the sample holder within the
treatment zone. The variation in sample mass
during drying was monitored using a high-
precision electronic balance (GF-3000, A&D
Co., Japan) with a measurement capacity of 610

g and a resolution of 0.001 g. The balance was
interfaced with a computer for automatic
acquisition and storage of mass data throughout
the drying process. Sample mass was recorded
at 300 s intervals and used to monitor moisture
removal and determine the MR. Air conditions
were monitored at the inlet and outlet regions of
the drying chamber. Air temperature and
relative humidity were measured using digital
DHT22 (AMZ2302) sensors. Sensor signals
were acquired through an Arduino MEGA 2560
microcontroller and transferred to a computer-
based data acquisition system for real-time
visualisation and storage. Air velocity was
maintained at the prescribed experimental level
throughout each drying run. The continuously
recorded mass data were used to determine the
moisture content and MR throughout the drying
process. The moisture ratio (MR) was
calculated on a wet basis as:
MR = 2=He (1)
MO_MB

where M is the moisture content at time t, Mo is
the initial moisture content, and M. is the
equilibrium moisture content. Because the
equilibrium moisture content was considered
negligible relative to the initial moisture content
under the experimental drying conditions, Me
was neglected. Therefore, the moisture ratio
was simplified to (Moradi, Fallahi, & Mousavi
Khaneghah, 2020; Yousefi, Niakosari, &
Moradi, 2013):

MR =2t @)

where both Mt and Mo were expressed on a wet
basis. Under the present experimental
conditions, the initial moisture content was
approximately 60% (wet basis), and the drying
process was terminated at approximately 12%
(wet Dbasis), corresponding to an MR of
approximately 0.20. This definition should be
considered when comparing the present MR
values with those reported in conventional
drying models, particularly when different
moisture bases or non-negligible equilibrium
moisture contents are used.



High-Voltage Source

—cc

EHD Dryer Chamber  Digital Balance

Camera Data
'—_—-'

Fig. 1. Schematic of the drying system

Online image acquisition system

An online machine vision system was
developed to monitor the samples during
drying. The system consisted of a digital
camera, an illumination system, a computer,
and a custom-developed graphical user
interface for image acquisition, data recording,
and process monitoring. A Microsoft LifeCam
camera (Microsoft Corporation, USA) with an
image resolution of 960 x 544 pixels was
positioned vertically above the centre of the
sample tray at a distance of approximately 30
cm. The camera was connected to the computer
through a USB interface and was used to
acquire top-view images of the date slices
during drying. To ensure consistent
illumination among experimental runs, LED
lamps were used as the light source. The
illumination intensity was controlled using a
pulse-width modulation system to maintain
stable imaging conditions. The light source was
positioned above the sample tray at an angle of
approximately 45° relative to the horizontal
plane. The developed software enabled
automatic online image acquisition at
predefined time intervals. Images were
captured at 300-s intervals throughout the
drying process and stored for subsequent
processing and analysis. The graphical user
interface simultaneously recorded image data
and received mass measurements from the
weighing  system,  enabling  real-time
monitoring of MR. Digital images of the
samples were acquired in JPEG format with a
resolution of 960 x 544 pixels.
Image preprocessing and sample segmentation

The acquired colour images were processed
using custom-developed algorithms
implemented in MATLAB R2024a. Before
colour analysis, the images were preprocessed
to isolate the date slices from the background
and reduce the influence of irrelevant regions.
Threshold values were determined from the
image histograms and used to separate the
sample from the background. Morphological
opening and closing were then applied to
remove small artefacts and fill holes in the
segmented regions. The resulting binary mask
was applied to the colour images to remove the
background, and only pixels within the
segmented date slices were retained for
subsequent colour analysis.

Camera calibration and colour conversion

To improve the accuracy and consistency of
image-derived colour values, the imaging
system was calibrated using a 24-colour
reference chart. The reference chart was imaged
under the same camera position and
illumination conditions used for the drying
experiments. Colour values were extracted
from the reference patches using the image-
processing procedure and compared with the
corresponding standard CIELAB values
provided for the chart. Calibration relationships
were then established to minimise the
differences between the image-derived and
reference  colour values. The resulting
calibration equations were subsequently
applied to the date-slice images. The RGB
image data were converted to the CIELAB
colour space, which provides an approximately
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perceptually uniform representation of colour
and separates lightness from chromatic
information. The three principal CIELAB
coordinates were considered: L*, representing
lightness; a*, representing the red—green
chromatic coordinate; and b*, representing the
yellow-blue chromatic coordinate. For each
image, the mean L*, a*, and b* values of the
segmented sample pixels were calculated and
used for subsequent colour analysis.

Colour measurement and calculation of colour indices
The evolution of colour during drying was
evaluated wusing the CIELAB colour
coordinates L*, a*, and b*. To reduce the
influence of the initial colour variability among
samples and experimental replicates, the
CIELAB coordinates were normalised to their
initial values: L*/L, , a*/ay,, and b*/b, ,
representing relative lightness, relative redness,
and relative  yellowness,  respectively.
Accordingly, 1 represents the initial colour,
whereas values above or below 1 indicate
increases or decreases, respectively. In addition
to the individual CIELAB coordinates, several
derived colour indices were calculated to
provide a more comprehensive characterisation
of colour changes. The AE was calculated as:

AE = /(L' = Lp)* + (a” — ap)® + (b" — by)? (3)
C" was calculated as:

' =Va? +b*? (4)
The h° was calculated as:

K = tan™'(%) (5)
with appropriate quadrant correction where
required.

The browning index (Bl) was calculated
according to the standard CIELAB-based

relationship:
100(x—0.31
B = 120931 (6)
0.172
where:
*+1.75L*
Xx=— (7)
5.645L*+a*—3.012b*

All colour parameters were determined from
the mean values obtained from the segmented
sample regions.

Experimental design and statistical analysis

Drying experiments were conducted at three
drying-air temperatures (25, 35, and 60 °C) and
three air velocities (0.5, 1.0, and 1.5 m s™!), with
three independent replicates for each treatment
combination. The experiments conducted at 60
°C were considered a hybrid
electrohydrodynamic-hot-air drying process.
The effects of drying temperature, air velocity,
and drying time on the relative CIELAB colour
parameters were evaluated using linear mixed-
effects models. Drying temperature and air
velocity were treated as fixed experimental
factors, whereas drying time was treated as a
repeated within-unit factor because colour
measurements were repeatedly obtained from
the same experimental unit throughout the
drying process. A unique subject identifier was
assigned to each experimental unit to account
for the correlation among repeated observations
obtained under the same drying condition and
experimental replication. The fixed-effects
structure included the main effects of drying
temperature, air velocity, and drying time, as
well as all possible two-way and three-way
interactions among these factors. The general
model structure was expressed as:

Y=u+T+V+t+(TXV)

+ (T xt)+(Vxt) (®)

+(TxXxVxt)+u

+ €
where Y represents the response variable, T, V,
and t denote drying temperature, air velocity,
and drying time, respectively; u represents the
random effect associated with the experimental
unit; and ¢ is the residual error. Several
covariance structures were evaluated, and the
first-order autoregressive [AR (1)] structure
was selected based on the lowest information
criteria (AIC and BIC). The significance of
fixed effects was evaluated using Type Il tests.
Statistical significance was set at p < 0.05. All
statistical analyses were performed using IBM
SPSS Statistics 16.0.
Mathematical modelling and prediction of colour
evolution

Mathematical modelling was performed to
describe and predict the evolution of colour
parameters during drying as a function of the
drying conditions and moisture removal.
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Regression-based modelling was selected
because it provides explicit mathematical
relationships between the response variables
and the processing variables, thereby
facilitating the interpretation and practical
application of the developed models. The
primary response variables considered for
model development were the relative CIELAB
colour parameters, including relative lightness,
relative redness, and relative yellowness.
Drying temperature, air velocity, and MR were
considered as predictor variables. For model
development, the experimental responses were
first averaged over the three replicates at each
drying condition and sampling time. The
resulting observations were randomly divided
into training (80%) and validation (20%)
datasets.  Several regression  structures,
including linear, quadratic, cubic, and reduced
cubic models, were developed using the
training dataset. The candidate models were
compared based on their predictive
performance on the validation dataset,
goodness of fit, and model parsimony. The
best-performing model structure was selected
for each response and subsequently refitted
using the complete dataset to obtain the final
regression coefficients.

Candidate model development and selection

Several regression structures with different
levels of complexity were evaluated to identify
suitable relationships between the colour
parameters and the predictor variables. The
candidate models included linear, quadratic,
cubic, and interaction terms involving drying
temperature, air velocity, and MR. Model
structures were simplified by removing terms
that provided limited improvement in
predictive performance. The final model for
each response was selected by balancing
goodness of fit, predictive performance, and
parsimony. Model selection considered R?,
adjusted R?, RMSE, MAE, predictive
performance on the validation dataset, and the
number of retained terms. This approach was
used to obtain accurate, simple, and
interpretable equations for describing colour
evolution as a function of the drying variables.

Model performance evaluation

The performance of the selected model
structures was evaluated separately using the
training and validation datasets before final
refitting. The R?, R%gj, RMSE, and MAE were
used to assess model fit and predictive
accuracy. The R? value was used to quantify the
proportion of variation explained by the model
and was calculated as follows (Sharifi, Hafezi,
& Aghkhani, 2025):

2 _ 4 _ S 0i-9)?
ke=1 L 0i=y)? ®©)

The adjusted coefficient of determination
was considered during model selection to
account for the number of predictor terms
included in the regression equation. The RMSE
was calculated as follows (Sharifi et al., 2025):

. 105
RMSE = [ﬁ i=1 (Vi = Ji) ] (10)

The MAE was calculated according to
Namjoo, Moradi, Nematollahi, and Golbakhshi
(2025):

MAE =~ |y; - 9l (12)

where vyi, y;, and y represent the observed
value, predicted value, and mean observed
value, respectively, and N is the number of
observations. The training dataset was used to
establish the candidate regression relationships,
whereas the validation dataset was used to
assess the predictive performance of the
candidate model structures. The final
regression coefficients and corresponding
mathematical equations are presented in the
Results and Discussion section.

Results and Discussion

Effect of drying temperature and air velocity on
drying time

Figure 2 illustrates the drying time required
to reach the target MR (0.2) under the
investigated conditions. Drying time decreased
substantially as air temperature and air velocity
increased. At 25 °C, increasing air velocity
from 0.5 to 1.5 m s™! reduced drying time from
155 to 110 min, while at 35 °C it decreased
from 125 to 95 min. The shortest drying times
were obtained at 60 °C, decreasing from 55 min



?  Journal of Agricultural Machinery Vol. ?, No. ?, ?

at0.5ms!'to40minat 1.5ms™.

200
150

100

a1
o

Drying time (min)

o

25°C

m05ms?t m10ms?

35°C 60 °C

15ms?t

Fig. 2. Effect of air temperature and air velocity on the drying time required to reach an MR of 0.2

Temperature had the strongest effect on
drying duration. Increasing the temperature
from 25 to 60 °C reduced drying time by
approximately 65% at 0.5 m s™! and 64% at 1.5
m s'. Higher temperatures increased the
driving force for moisture removal, whereas
higher air velocity enhanced convective mass
transfer at the product surface. These results
highlight the combined role of thermal and
convective conditions in controlling drying
duration. These trends align with previous
findings for convective and EHD-assisted
drying systems. Corona wind can enhance
external heat and mass transfer, while drying
performance  depends on the drying
environment and the interaction between
electrically induced and mechanically imposed
airflow (Anukiruthika, Moses, &
Anandharamakrishnan, 2021; Ham et al,
2024). Comparable behaviour has also been
reported for hybrid drying systems. Meng et al.
(2022) reported that integrating EHD with hot-
air drying reduced the drying time of fruit and
vegetable slices compared with hot-air drying
alone. Although direct quantitative
comparisons are limited by differences in

product characteristics, sample geometry,
initial moisture content, electrode
configuration, electric-field intensity, and

drying endpoint, the overall trend is consistent
with the present results: stronger thermal and
convective driving forces accelerate moisture
removal and shorten drying time. Differences in
drying duration also affect product quality.
Shorter drying times may reduce exposure to
drying conditions, whereas higher temperatures

may simultaneously intensify undesirable
colour changes. Therefore, Figure 2 provides an
important basis for interpreting the subsequent
evolution of CIELAB colour parameters and
evaluating the trade-off between drying
efficiency and colour preservation.

Effects of drying conditions on CIELAB colour
parameters

The effects of drying temperature, air
velocity, drying time, and their interactions on
the relative CIELAB coordinates and derived
colour indices are summarised in Table 1. The
linear mixed-effects analysis showed that the
responses differed in their sensitivity to the
drying variables. Overall, drying time was the
most consistently significant factor, affecting
all three relative CIELAB coordinates, total AE,
C*, and browning index (Bl), whereas h® was
not significantly affected by any of the
investigated factors or interactions. For relative
lightness (L*/Lo), neither temperature nor air
velocity had a significant main effect (p > 0.05),
whereas the temperature x time interaction was
significant (p < 0.001). Thus, the effect of
temperature on lightness was expressed
primarily through its temporal trajectory rather
than through a uniform difference in mean
L*/Lo values. Similarly, relative yellowness
(b*/bo) was significantly affected by drying
time and by its interactions with temperature
and air velocity, despite the absence of
significant main effects of these two variables.
These results indicate that drying conditions
affected the temporal evolution of lightness and
yellowness rather than their overall mean
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levels. This behaviour is consistent with the
dynamic nature of colour development during
dehydration. Changes in moisture content and
product structure may alter the optical
properties of the material and, consequently, the
measured colour parameters. As noted in a
recent critical review, colour changes during
fruit and vegetable drying can be associated
with concurrent changes in moisture content
and product structure, although the underlying
mechanisms and their relative contributions
depend on the drying conditions (Tuly et al.,
2023). Relative redness (a*/a,) showed the most
complex response among the primary CIELAB
coordinates. Temperature and drying time had
significant effects, and significant temperature
x time, velocity x time, and three-way
interactions were also observed. These findings
indicate that the evolution of redness depended
on both the drying stage and the specific
combination of temperature and air velocity.
Notably, although air wvelocity had no
significant main effect, it significantly modified
the temporal evolution of relative redness. This
suggests that the effect of air velocity on colour
trajectory may be related partly to differences
in drying kinetics and process duration. Similar
behaviour has been reported in drying studies,
where changes in drying conditions did not
produce uniform responses across individual
CIELAB coordinates, reflecting the different
kinetics of colour evolution during drying
(Lamadrid De Vela & Recidocruz Elepafio,
2024). Among the derived indices, AE was
significantly affected by temperature and
drying time, with additional significant
temperature x time and three-way interactions.
Because AE integrates simultaneous changes in
L*/Lo, a*/ao, and b*/bo, these results indicate
that the overall deviation from the initial colour
developed differently according to both the
drying environment and the drying stage.
Consistent with this observation, Jia, Liu, and
Xiao (2024) showed that drying conditions
significantly affected colour kinetics in apple
slices, with changes in colour responses
observed across different drying temperatures
and humidity-control conditions. Chroma

exhibited a comparatively simple response and
was significantly affected only by drying time,
suggesting that changes in colour saturation
were more closely associated with drying
progression than with the individual effects of
temperature or air velocity within the
investigated ranges. In contrast, h° was
unaffected by any of the investigated variables
or interactions. Therefore, although the
magnitude of individual colour components
changed during drying, the overall hue
remained relatively stable. This difference
between C* and h° further demonstrates the
value of evaluating multiple colour descriptors
rather than relying on a single parameter. The
BI/Blo was significantly affected by
temperature and drying time, as well as their
interaction,  indicating  that  browning
development depended on both the drying
environment and process progression. This
pattern is consistent with previous evidence that
thermal exposure and drying conditions can
contribute to discolouration during the
dehydration of fruit and vegetable products (LU
et al., 2023). However, because the underlying
chemical changes were not directly measured in
the present study, the observed changes in Bl
should be interpreted as colour responses rather
than direct evidence of specific browning
mechanisms. Overall, colour evolution during
drying was both time-dependent and parameter-
specific. Drying time exerted the most
consistent influence, whereas temperature
affected several responses, either directly or
through its interaction with time. Although air
velocity showed no significant main effect, its
interactions with drying time significantly
influenced relative redness and yellowness.
These findings support previous research
indicating that colour preservation depends on
the combined effects of drying intensity and
exposure duration rather than on individual
operating variables alone. Gongalves et al.
(2023) similarly reported that drying time had a
greater overall effect on product quality than
temperature, while CIELAB colour parameters
changed progressively during drying.
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Table 1- Results of the mixed-model analysis of the effects of drying variables on colour parameters
Panel A. Relative CIELAB colour coordinates

Source of variation F (L*/Lo) p (L*/Lo) F (a*/a0) p (a*/ao0) F (b*/bo) p (b*/bo)

T 1.083 0.359  8.740 0.002  0.427 0.659

\% 0.871 0.435 1750 0.199 0.646 0.536

t 8.409 <0.001 16.465 <0.001 5.791 <0.001
TxV 0.416 0.795 0211 0929 0.320 0.861
Txt 2222 <0.001 5134 <0.001 1.659 0.012
V xt 1.177 0.209 1.793 0.002  1.430 0.040
TxVxt 1.035 0.413 1576 0.008 1.142 0.239

Panel B. Derived colour indices
Source of variation F (AE) p (AE) F (C*) p (C*) F (h°) p (h°) F (BI/Blo) p (BI/Blo)

T 8.308 0.002 0.491 0.62 1.687 0.201 5.939 0.010
\% 0.077 0.926 0.984 0.392 1.211 0.311 0.697 0.510

t 15.846 <0.001 1.728 0.011 0.761 0.819 9.687 <0.001
TxV 09 048 0.281 0.887 1.610 0.195 0.241 0.912
Txt 4.885 <0.001 1.022 0.439 1.089 0.340 8.241 <0.001
V xt 0.664 0.956 1.125 0.275 0.833 0.775 1.259 0.129
TxVxt 1.737 0.002 0.753 0.902 1.358 0.055 1.051 0.384

T, V, and t denote drying temperature, air velocity, and drying time, respectively.

Interactive effects of drying temperature and time on
relative CIELAB colour parameters

Figure 3 presents the temporal evolution of
relative CIELAB colour parameters under
different drying temperatures. Overall, relative
lightness and yellowness decreased during
drying, whereas relative redness increased.
Because the target MR was reached at different
times under each temperature condition, the
curves illustrate both the magnitude and rate of
colour evolution.

Relative lightness

As shown in Figure 3a, relative lightness
generally decreased during drying at all
temperatures, indicating progressive darkening
relative to the initial state. The decline was most
rapid at 60 °C, whereas changes occurred more
gradually at 35 and 25 °C. At 25 °C, the
decrease extended over the longest drying
period and reached comparatively low values
toward the end of drying. A localised increase
in relative lightness was observed at an
intermediate stage under the 25 °C condition.
The measurements were rechecked and retained
because no data processing or recording error
was identified. Because the mechanisms

underlying this fluctuation were not directly
investigated, its precise origin cannot be
established. It may reflect transient changes in
the optical properties of the sample surface
during moisture removal. Despite this local
variation, the overall trend remained
downward. The reduction in lightness agrees
with previous studies reporting substantial
colour changes in fruit tissues during drying.
Dajbych, Kabutey, Mizera, and Herak (2023)
observed marked changes in the lightness of
apple slices under different drying conditions,
while alterations in the colour characteristics of
dried date fruits have also been reported by
Elwakeel et al. (2023) and Hadibi et al. (2024),
with the extent of change depending on the
drying method and operating conditions.

Relative redness

Figure 3 b shows the relative redness
profiles. In contrast to lightness, a*/ao increased
during drying at all temperatures. The increase
was most rapid at 60 °C, exceeding 1.06 within
about 50 min, whereas increases were more
gradual at 35 and 25 °C. These results indicate
that higher drying temperatures accelerated
changes in the red—green colour component.
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However, the different process durations
should also be considered when comparing
treatments, as lower-temperature conditions
involved substantially longer exposure times.
Previous studies likewise indicate that a* can be
particularly sensitive to drying conditions,
although the direction and magnitude of the
change are product-dependent. Variations in a*
during drying have been reported for apple and
other plant materials under different drying
methods, temperatures, and  processing
durations (Dajbych et al., 2023; Getahun &
Ebissa, 2024).

Relative yellowness

Figure 3c shows the evolution of relative
yellowness during drying. The b*/bo values
generally decreased at all temperatures. The
decline was rapid at 60 °C, reaching
approximately 0.985 by the end of drying,
whereas changes occurred more gradually at 35
°C. Under the 25 °C condition, the reduction
extended over the longest drying period and
reached the lowest values among the
temperature treatments. A temporary increase
was also observed at an intermediate stage at 25
°C. As with relative lightness, the
measurements were verified and retained.
Because this study did not directly investigate
the underlying physical or chemical changes,

we cannot provide a definitive explanation for
this localised variation. The overall decrease in
relative yellowness is consistent with previous
observations that the b* coordinate can change
considerably during dehydration, although its
response depends strongly on product
characteristics and drying conditions (Dajbych
et al., 2023; Elwakeel et al., 2023). Overall,
Figure 3 demonstrates that drying temperature
influenced the temporal evolution of all three
relative  CIELAB  coordinates.  Higher
temperatures accelerated the observed colour
changes but also substantially shortened the
drying period, whereas lower temperatures
produced slower changes over longer exposure
times. This highlights the trade-off between
drying intensity and process duration:
increasing the temperature may accelerate both
moisture removal and colour evolution, while
lower temperatures reduce the instantaneous
rate of change but prolong the drying process.
Similar trade-offs between drying efficiency
and quality retention have been reported in fruit
drying studies (Getahun & Ebissa, 2024; Hadibi
et al., 2024). Therefore, the complete temporal
profiles provide more informative evidence of
colour evolution than considering drying
temperature or drying time independently.

1.02 - —25°C 1.08 —25°C 1.01 - —25°C
° 35 °C
1 4 e 35 °C 1.06 60 °C 14 e 35 °C
—60 °C ——60°C
3 0.98 - S" 1.04 g 0.99
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0.94 1 1 0.97
0.92 : : : . 0.98 | . , , , 0.96 —_—
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(b)
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(©

Fig. 3. Interaction between drying temperature and drying time on the relative CIELAB colour parameters: (a) relative
lightness (L"/Lo), (b) relative redness (a"/ao), and (c) relative yellowness (b"/bo)

Interactive effects of air velocity and drying time on
relative CIELAB colour parameters

The interactive effects of air velocity and
drying time on relative redness and relative

yellowness are presented in Figure 4. The
results show that the influence of air velocity on
colour development depended on the stage of
drying rather than producing a uniform
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response throughout the process.
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Fig. 4. Interactive effects of air velocity and drying time on the relative CIELAB colour parameters: (a) relative redness
(a"/a0) and (b) relative yellowness (b*/bo)

Relative redness

As shown in Figure 4a, relative redness
generally increased during drying at all air
velocities, although its magnitude and temporal
pattern differed among treatments. The
trajectories were relatively similar at the
beginning of drying, with clearer differences
emerging later. The intermediate air velocity of
1.0 m s generally produced the highest
relative a* values during the later stages,
whereas the responses at 0.5 and 1.5 m s7!
followed different trajectories. The absence of
a monotonic relationship between air velocity
and relative redness indicates that airflow
intensity alone did not determine the observed
response. Instead, changes in air velocity
altered the drying history by modifying external
moisture transfer and the time required to reach
successive drying stages. The resulting colour
response therefore reflected the combined
effects of airflow and drying progression.
Direct comparison with studies specifically
examining  air-velocity  effects should,
nevertheless, be made cautiously. Polat (2024a)
maintained the air velocity at 1.5 m s' while
varying temperature, electric-field strength, and
drying method, and therefore did not directly
quantify the effect of air velocity on redness.
However, the study showed that individual
CIELAB coordinates responded differently to
EHD, hot-air, and hybrid EHD-hot-air
treatments. Similarly, Polat (2024b) reported
higher a* values for strawberry slices under
combined EHD-hot-air drying than under EHD
or hot-air drying alone. Although the operating
conditions differed from those investigated

here, these findings support the interpretation
that redness is not necessarily proportional to
the intensity of a single processing variable.
Accordingly, the increase in relative redness
observed in the present study should be
interpreted as a condition- and time-dependent
colour response rather than being attributed to a
specific chemical mechanism that was not
directly measured.

Relative yellowness

As illustrated in Figure 4b, relative
yellowness decreased progressively under all
air-velocity ~ conditions,  although  the
trajectories diverged during the later stages of
drying. The decline in b*bo was most
pronounced at 1.5 m s™!, whereas the reductions
at 0.5 and 1.0 m s were more gradual. This
pattern indicates that the highest air velocity
accelerated the temporal reduction in the yellow
colour component under the investigated
conditions. However, because higher air
velocity also enhanced convective mass
transfer and shortened drying time, the response
cannot be attributed to airflow intensity alone.
Rather, the observed b* trajectories reflected
the different moisture-removal histories
associated with each air-velocity condition. In
the peach study of Polat (2024a), air velocity
was fixed at 1.5 m s, but b* wvaried
significantly with other processing variables.
Specifically, b* decreased with increasing
electric-field strength during EHD drying,
whereas the relationship with temperature
differed under hot-air drying. These results
demonstrate that increasing the intensity of a
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drying treatment does not necessarily produce a
uniform response in yellowness across different
drying configurations. Comparable complexity
was reported by Moradi, Raeesi, Rashidi, and
Keramat-Jahromi (2026) for apple slices, where
drying temperature and sample thickness
significantly affected colour-related quality.
However, the shortest drying time at the highest
temperature did not necessarily produce the
greatest overall colour deterioration. One high-
temperature condition resulted in the lowest
AE. This finding supports the interpretation that
colour quality depends on the balance between
drying intensity and exposure duration rather
than on a single processing variable.
Comparable product-dependent responses have
also been reported for other dried fruits. Han et
al. (2025), for example, observed an increase in
Ab* during hot-air—infrared drying of banana
slices. This contrasts with the progressive
reduction in relative b* observed here and
further demonstrates that the direction of
yellowness changes depends on the product and
drying technology. Overall, Figure 4
demonstrates that air velocity modified the
temporal evolution of relative redness and
yellowness, but the responses were not
proportional to airflow intensity. The
intermediate velocity produced comparatively
higher relative redness during the later stages of
drying, whereas the highest velocity was
associated with the greatest reduction in relative
yellowness.

Interactive effects of drying temperature and time on
total colour difference

The interactive effects of drying temperature
and time on AE are presented in Figure 5. AE
increased progressively at all temperatures,
indicating an increasing deviation from the
initial colour; however, both the rate and
magnitude of this change depended on
temperature. The most rapid increase was
observed at 60 °C, where AE reached
approximately 0.98 within about 55 min. At 35
°C, AE increased more gradually and reached
approximately 0.87 after about 125 min,

whereas at 25 °C it developed most slowly,
reaching approximately 0.76 at the end of
drying.  Thus, increasing  temperature
accelerated the overall colour change despite
substantially shortening the drying period.
Under the present conditions, the greater drying
intensity at 60 °C appeared to outweigh the
potential benefit of reduced exposure time. A
similar temperature-dependent deterioration of
colour was reported by Getahun and Ebissa
(2024) for red chilli peppers dried in a hot-air
cabinet dryer at 40-60 °C. They reported
greater colour deterioration with increasing
drying temperature, with a AE value of 4.1
under the optimum condition of 50 °C and 35%
relative humidity. In the present study, AE
increased progressively during drying and
reached approximately 0.76, 0.87, and 0.98 at
25, 35, and 60 °C, respectively. Both studies
showed greater colour changes at higher drying
temperatures. However, the magnitude of AE
cannot be directly compared because the
products, drying methods, and experimental
conditions differed. The present results further
demonstrate the temporal evolution of colour
change rather than only the final colour
difference.

Nowicka, Lech, and Wojdylo (2025)
reported substantial differences in AE among
conventionally dried peach samples, with
prolonged hot-air  treatments producing
markedly greater colour differences than freeze
drying. Similarly, Hadibi et al. (2024) showed
that drying temperature and airflow jointly
influenced both drying performance and AE in
date fruits. Together, these findings indicate
that the colour change reflects the combined
effects of drying intensity and exposure
duration, with their relative importance
depending on the product and drying
configuration. Overall, Figure 5 shows that
shortening drying time does not necessarily
ensure better colour preservation. Within the
investigated conditions, the higher temperature
was associated with a faster and greater
increase in AE despite the shorter drying time.
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Fig. 5. Interactive effects of drying temperature and time on AE

Interactive effects of drying temperature and time on
browning index

The interactive effects of drying temperature
and time on the BI/Blo are presented in Figure
6. BI/Blo increased under all temperature
conditions, although both the rate and
magnitude of the increase differed among
treatments. At 60 °C, BI/Blo increased rapidly
to approximately 1.05 during the relatively
short drying period. At 35 °C, browning
developed more gradually but reached
approximately 1.04 by the end of drying. In
contrast, BI/Blo remained close to 1.02 at 25 °C
despite the substantially longer drying duration.
These results indicate that prolonged exposure
at the lowest temperature did not produce
browning comparable to that observed under
the higher-temperature conditions. These
trajectories provide a practical illustration of the
significant temperature x time interaction
identified by the mixed-effects analysis.
Temperature influenced not only the final
extent of browning but also the rate at which it
developed. Under the present conditions, the
greater thermal intensity at 60 °C appeared to
outweigh the shorter processing time, whereas
the prolonged drying period at 25 °C resulted in
only limited changes in BI/Blo. Similar
interactions between drying intensity and
exposure time have been reported previously.

Sun, Wang, Wang, and Ren (2024) showed that
the CIELAB colour response of Hami melon
slices depended on both drying temperature and
duration, with more pronounced colour changes
occurring under conditions of higher thermal
intensity or prolonged exposure. Likewise,
Bulantekin and Kuscu (2024) reported greater
colour changes during the relatively prolonged
hot-air drying of apple compared with faster
microwave-vacuum treatments. Guan et al.
(2024) reported that EHD drying Dbetter
preserved the surface colour of apricot abalone
mushrooms than hot-air and natural-air drying.
Although these studies differ in product and
drying technology, they support the present
finding that browning cannot be explained by
temperature or drying duration alone. Instead, it
reflects their combined influence on the drying
history of the product. Nevertheless, because
the chemical pathways responsible for
browning were not directly measured, the
present results should not be interpreted as
evidence of a specific reaction mechanism. The
increase in BI/Blo should therefore be regarded
primarily as an instrumental indication of
progressive browning. Overall, Figure 6 shows
that higher drying temperatures accelerated
browning development, whereas drying time
alone did not determine its magnitude.
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Fig. 6. Interactive effects of drying temperature and drying time on the BI/Blo

Mathematical modelling of colour responses
Polynomial  regression models  were
developed to predict the normalised CIELAB
coordinates (L*/Lo, a*/a0, and b*/bo), AE, C",
h°, and BI/Blo as functions of MR, drying
temperature, and air velocity. After model

selection and validation, the selected models
were refitted using the complete dataset. The
resulting regression coefficients are presented
in Table 2. The predictive performance of the
models is summarised in Table 3.

Table 2- Regression coefficients of the selected polynomial models for predicting normalised CIELAB colour
parameters and colour indices

Term L*/Lo a*/ao b*/bo AE (o h° BI/Blo
Intercept 0.866 0.983 0.962 0.702 0.960 -0.662 0.966
MR 0.266 — 0.135 -0.841 0.017 -0.419 —
T 0.001 0.002 — 0.023 0.002 0.058 0.003
\ — 0.134 -0.041 1.159 — 1.911 0.033
MR? — — -0.014 — — — —
T? — — — — -2.473 x 107 — —
V? -0.136 — -0.062 — 0.053 — —
MR x T -0.010 -0.001 -0.005 -0.016 — 0.007 -0.002
MR x V — -0.136 — — — 0.316 -0.059
TxV 0.008 -0.004 0.005 -0.079 -0.002 -0.083 —
MR3 -0.011 0.022 — 0.246 — 0.065 0.072
T3 — -7.613 x 10°® 2.369 x 10°* -3.370 x 10°° — -7.192 x 10°¢ -3.235 x 1077
V3 -0.004 -0.066 — — 0.008 -0.250 -0.058
MRz x T — — — — -9.252 x 107 — -0.002
MR? x V -0.033 -0.022 -0.008 — — — -0.029
MR x T2 1246 x 10 1.612x 10 6.906 x 10— — -9.614 x 10°° — 6.056 x 10
MRxTxV  -0.002 -0.001 -0.001 — 0.001 -0.006 -0.002
MR x V2 0.065 0.117 0.036 0.106 -0.037 — 0.105
T2xV  -1.297 x 10+ — -6.866 x 10~° 0.001 4.086 x 10 0.001 -2.491 x 10~
T x V2 0.002 0.002 0.001 — -0.001 0.015 0.002

Table 3- Predictive performance of the selected polynomial models for normalised CIELAB colour parameters and
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colour indices

Response No. of R? R? R? RMSE RMSE MAE MAE
variable terms  (Train) (validation) (Total) (train) (validation) (Train) (validation)
L*/Lo 14 0.8882 0.8717 0.8872  0.00733 0.00777 0.00593 0.00614
a*/ao 14 0.9710 0.9490 0.9682 0.00344 0.00349 0.00269 0.00282
b*/bo 14 0.8757 0.8837 0.8790 0.00349 0.00353 0.00266 0.00269
AE 10 0.9243 0.8995 0.9220 0.07656 0.06375 0.06014 0.05148
c 13 0.8882 0.8781 0.8860  0.00235 0.00292 0.00179 0.00226
h° 13 0.8584 0.9031 0.8675 0.03492 0.02844 0.02417 0.02293
BI/Blo 15 0.9430 0.9279 0.9402 0.00476 0.00520 0.00393 0.00445

Model performance and prediction of CIELAB
responses

The selected polynomial models provided
satisfactory predictive performance for all
investigated colour responses (Table 3).
Validation-set R? values ranged from 0.8717 for
L*/Lo to 0.9490 for a*/ao. The relatively small
differences between training and validation
performance indicate a limited but apparent
overfitting under the adopted data partition.
Cubic polynomial structures were selected for
most responses, whereas AE was adequately
described by a reduced cubic model, indicating
nonlinear relationships among MR,
temperature, and air velocity within the
investigated experimental range. Among the
normalised CIELAB coordinates, a"/a, showed
the highest predictive accuracy, with training
and validation R2 values of 0.9710 and 0.9490,
respectively. The corresponding validation-set
R2 values for L"/L, and b*/bo were 0.8717 and
0.8837.

Prediction of derived colour indices and graphical
validation

The derived colour indices were also

predicted satisfactorily. The validation-set R2
values were 0.8995 for AE, 0.8781 for C,
0.9031 for h°, and 0.9279 for BI/Blo (Table 3).
BI/Blo showed particularly strong predictive
performance, with training and validation R?
values of 0.9430 and 0.9279, respectively,
together with low validation RMSE (0.00520)
and MAE (0.00445). The agreement between
predicted and experimental values is illustrated
in Figure 7. Most observations were distributed
close to the 45° reference line, indicating good
agreement between model predictions and
measurements. Some deviations were observed
at the extremes of the experimental ranges, but
no pronounced systematic deviation from the
45° reference line was visually apparent. Thus,
the graphical assessment supports the statistical
indicators reported in Table 3.

For some responses, the validation dataset
yielded slightly lower RMSE and MAE values
than the training dataset. These differences can
arise from the random 80/20 data partition and
the different compositions and variability of the
two subsets. Therefore, a lower validation error
than the training error does not by itself indicate
overfitting or model instability.
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Fig. 7. Predicted versus experimental values for the modelled colour responses

Comparison with previous modelling approaches kinetics and moisture removal. In contrast, the

Mathematical modelling in drying research present study directly predicts multiple quality-
has traditionally focused on MR or moisture related colour responses using MR together
content as functions of drying time and with temperature and air velocity. This
operating conditions. For example, Al Faik et approach accounts for both the drying state and
al. (2024) compared conventional and semi- processing conditions rather than relying solely

empirical models mainly for describing drying on drying time. Recent studies have
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increasingly combined predictive modelling
with non-destructive quality monitoring. Yu,
Zheng, Wilson, Yu, and Young (2024)
integrated image analysis with multivariate and
machine-learning methods to predict MR and
evaluate appearance-related characteristics
during Kkiwifruit drying. Similarly, Azizi
Ishkooh, Zareiforoush, and Bakhshipour (2025)
combined machine vision with response surface
methodology to monitor and optimise colour
change and other quality attributes. These
studies demonstrate the potential of integrating
image-based monitoring with  predictive
models for drying-process control. More
complex machine-learning approaches can
provide higher predictive accuracy but
generally involve greater model complexity.
Rodriguez-Ortiz, Garcia-Moreira, Vidafia,
Alanis, and Moreno (2026), for example,
applied optimised neural-network models to
predict CIELAB colour changes in solar-dried
fruit and reported a very high predictive
accuracy. The polynomial models developed in
the present study provide a more explicit and
interpretable alternative. Their analytical
equations can be directly incorporated into
process calculations and monitoring systems.
The present findings also complement recent
research on date drying. Hadibi et al. (2024)
investigated hot-air drying of date fruit under
different temperatures and airflow conditions
and combined drying analysis with colour
evaluation and response-surface optimisation.
Their study integrated drying kinetics, colour
evaluation, and process optimisation, whereas
the present study focused on explicit predictive
equations for the evolution of multiple image-
derived colour parameters.

Practical implications

The developed equations can estimate colour
attributes within the investigated ranges of MR,
temperature, and air velocity. Combined with
online machine vision, the proposed framework
may  support  non-destructive  process
monitoring and future optimisation by
considering colour quality alongside drying
time and energy consumption.

Limitations and future research

The models were developed within a limited
range of MR, temperature, and air velocity, and
therefore require validation before application
beyond these conditions. Averaging replicate
observations reduced random variability but
removed replicate-level variation from the
modelling dataset. In addition, the random
80/20 split may not fully account for statistical
dependence among observations from the same
drying trajectory. Condition-wise, trajectory-
wise, or leave-one-condition-out validation
could provide a stronger assessment of model
transferability.  Finally, the models are
empirical and do not explain the
physicochemical mechanisms of colour change.
Future studies should combine colour
modelling with pigment, structural, and other
physicochemical measurements and compare
the present polynomial models with advanced
machine-learning approaches using the same
dataset. As suggested by Li, Malvandi, Feng,
and Shao (2025), more flexible and uncertainty-
aware methods may be beneficial with larger
and more diverse datasets, although
improvements in accuracy should be weighed
against increased model complexity.

Conclusion

This study showed that colour evolution in
Shahani date slices during EHD-assisted drying
was strongly influenced by drying conditions
and progress. Increasing temperature and air
velocity reduced the time required to reach the
target MR, with temperature having the
strongest effect. Relative lightness and
yellowness generally decreased, whereas
relative redness, AE, and BI/Blo increased
during drying. Mixed-effects analysis identified
drying time as the most consistently significant
factor, with several colour responses also
showing significant interactions between
drying conditions and time. Polynomial models
based on MR, temperature, and air velocity
provided satisfactory  predictions, with
validation-set R? values of 0.8717-0.9490 and
the highest accuracy for relative redness. The
integration of online machine vision, statistical
analysis, and interpretable modelling provides a
potential basis for non-destructive monitoring
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and future process optimisation. However, the
models should be applied only within the

investigated experimental domain. Further
validation  under  independent  drying
conditions, together with trajectory-based

validation and physicochemical measurements,
is needed to improve model transferability and
clarify the mechanisms underlying colour
changes.
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