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ARTICLE INFO ABSTRACT

Keywords: Optimizing convective tray drying for carrot slices requires addressing various process variables and objectives.
Optimization Balancing quality, throughput, and energy consumption requires understanding mechanisms and considering the
Food

effort and effect of individual practical use cases. This study uses Monte Carlo simulations of a physics-based

I];/Ifgcclle;ncgy model to assess dehydration and identify ideal optimization measures from a base case. Reducing slice thick-
Carotene ness from 5 mm to 2 mm cuts drying time by 62 % while preserving 220 % more p-carotene, making it the most
Vegetable effective optimization strategy. The effects on the throughput of fresh produce (+6 %) and energy consumption
(+6 %) are negligible. To reduce energy consumption, it proves beneficial to reduce the airspeed from 1.8 m/s to
0.6 m/s - a 35 % reduction. However, this adjustment results in a 77 % drop in carotene retention and a 48 %
reduction in throughput. Increased carotene retention (+39 %) and throughput (+28 %) can be achieved by
increasing the airspeed from 1.8 m/s to 3 m/s. However, this improvement requires 30 % more energy. Given
these trade-offs, it is essential to consider the constraints imposed by the production environment and situation.
The results of this study support the identification of the ideal case-specific optimization strategies and thus help

to avoid costly trial-and-error approaches in the future.
individual dried products is mostly not considered, complicating risk
1. Introduction assessments and necessitating safety margins, particularly regarding the

drying time necessary to ensure a microbially safe product [4].

Convective drying is widely used in food processing because it is a Physics-based numerical hygrothermal simulations are increasingly
crucial part of many processing chains. The necessary phase change of used to study convective tray drying processes of fruits and vegetables
water in this process significantly contributes to energy consumption in due to their ability to model complex interactions between heat and
the food processing industry [1]. The nutritional quality of the end mass transfer [5-7]. These simulations provide detailed insights into the
product is affected by the thermal drying process. Yet, the potential for drying process, allowing for the optimization of drying parameters to
nutrient retention versus energy consumption and drying time optimi- improve product quality and energy efficiency. However, a significant
zation through adjusted process control has yet to be fully realized [2,3]. challenge remains in accurately representing the heterogeneity of a
The intricate interplay between process, design, and produce pa- produce particle population inside a dryer. Published work that con-
rameters, along with the resultant properties of the end product, makes siders this heterogeneity of agrifood products mainly applies the Monte
batch tray drying a highly case-specific process. Investigations typically Carlo technique to tackle this challenge by considering differences be-
employ limited parameter spaces, which constrains the generalizability tween individual products [4,8-10]. Monte Carlo simulation uses
of the results. Furthermore, the heterogeneity in drying between the random sampling of input parameters. It reveals probability
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Nomenclature

Symbols

Ay water activity [-]

cp B-carotene content cg [kg/kgdml

Cp specific heat capacity [J/(kgeK)]
Ahy latent heat of water [J/kg]

e specific air heating energy consumption [J/kg]
h specific enthalpy [J/kg]

m mass flow of fresh carrots [kg/s]
tq drying time [s]

Thyer relative throughput [%]

Va drying air velocity [m/s]

Ya specific humidity of air [kgy/kggal
Z slice thickness [mm]

Greek symbols

€ mesh tray porosity [-]
9 temperature [°C]
Subscripts

a air

i p-carotene

i process setting

ref reference setting

v water vapor

0 initial value att =0's
Abbreviation

PTFE Polytetrafluoroethylene
PEF Pulsed electric field
CR carotene retention

distributions through an increased number of simulation runs, each with
a newly generated set of pseudo-random input parameters. This method
was preferred over other uncertainty quantification techniques. Unlike
Design of Experiments (DOE) and Bayesian methods, which often
require specific assumptions or complex formulations, Monte Carlo
simulations can handle high-dimensional problems with greater flexi-
bility and simplicity. In addition to the underrepresentation of product
heterogeneity, most publications on fruit and vegetable drying are
limited to the effect of selected parameter sets such as air temper-
ature/velocity or shape/temperature and rarely consider all technically
relevant factors in a production environment at once. However, all
influencing factors must be examined to find the best balance between
the effort and effect of optimization measures and advise practitioners.

Applying a hybrid physics-based digital shadow - a Monte Carlo
simulation of the physics-based hygrothermal model presented by
Schemminger et al. [4] - can case-specifically reduce drying time, energy
consumption, and nutritional quality losses. This can lead to upgrading
existing production lines without high investment costs, thus increasing
efficiency. These existing production lines, which were often designed
through trial and error due to the long machine lifespans, have a po-
tential for optimization [3,11]. However, drying processes that have
been running stably for many years must be modified to exploit this
potential. It is, therefore, necessary to provide operators with knowledge
about the impact of changes in the process to provide consistent or
improved product quality through an understanding of the
physio-chemical mechanisms that take place and their interrelations.
The confidence gained through these comprehensive insights allows for
risk assessment in the given production environment and the imple-
mentation of optimization measures.

This study uses a hybrid physics-based digital shadow, a Monte Carlo
simulation of a physics-based hygrothermal model, as Schemminger
et al. [4] presented. This approach aims to reduce drying time, energy
consumption, and nutritional quality losses in a case-specific manner.
Using this hybrid model, the present work takes the next step by
analyzing the factors of drying air flow speed, specific air humidity, tray
porosity, slice thickness, and drying air temperature. The primary goal
of this study is to provide operators with knowledge about the impact of
process-, design-, and produce-parameter adjustments in the drying
process, as well as their impact on the drying of each individual slice of
food to be dried. This knowledge is crucial for maintaining and
improving product quality by understanding the physio-chemical
mechanisms and their interrelations. The insights gained will enable
risk assessment and the implementation of optimization measures in
existing production environments. Utilizing a hybrid physics-based
digital shadow generates a comprehensive dataset by computing the
parametric space of technically relevant parameter ranges. This study

identifies and quantifies the factors with the most significant positive
effects, depending on the case-specific targeted optimization goal. The
approach presented here aims to process this design space so that con-
crete actions can be derived for the production engineering application
of convective tray drying. As carrots are widely used and have one of the
most significant agricultural production volumes of vegetables in the
world, they represent an ideal subject for this study [12,13].

2. Materials and methods
2.1. Computational model, domain, and assumptions

A hygrothermal model of carrot slices, Daucus Carota L. Laguna va-
riety, is applied as described by Schemminger et al. [4], using a 2D
geometry (Fig. 1). Details on material properties and computational
realization are adopted from Schemminger et al. [4]. Here, only the
main characteristics and improvements are discussed. The model pa-
rameters used, more precisely the material and thermodynamic corre-
lations and values, can be found in Appendix A. In this study, this model
is used to (i) calculate the hygrothermal behavior of carrot slices
exposed to different combinations of process-, design- and
produce-parameters, see Table 1; (ii) understand the heterogeneity of
the carrot slice population in the dryer and derive the termination of the
drying process based on this. The latter is achieved with the help of
Monte Carlo simulations. Here, the intra-batch variability of the carrot
slice thickness, diameter, initial moisture content, initial B-carotene
content, initial temperature, sorption behavior, effective diffusivity, and
convective heat transfer coefficient is pseudo-randomly resampled for
700 consecutive simulation runs. Numerical values, parameter ranges,

\

computational grid,

convective 3208 elements

mass flux

convective
heat flux

reduced by mesh tray
porosity

Fig. 1. Rotated illustration of the 2D geometry, the computation grid used, and
the boundary conditions of the purely convective heat and mass transfer of the
top and side surfaces, indicating a slice on a tray. The bottom heat and mass flux
(dotted line) are reduced through multiplication with the mesh tray porosity e.
The color map shows the relative temperature distribution during drying, with
red indicating higher and blue cooler temperatures.
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Table 1
Parametric space and parameter increments examined.
Lowest Base Highest
increment case increment
Drying air flow speed v, [m/s] 0.6 1.8 3
Specific humidity Y, [gw/ 4 17 30
kgdryair]
Tray porosity €iay [-] 0.2 0.5 0.8
Slice thickness z [mm] 2 5 8
Drying air temperature 9, [°C] 50 65 80

and the type of random number generation are adapted from Schem-
minger et al. [4] and listed in Appendix A. A sensitivity analysis in the
previous work has shown that, in addition to the thickness of the slice,
the drying time is mainly influenced by the initial moisture content, the
parameterization of the sorption isotherm, and the assumed effective
moisture diffusivity [4]. The resulting data set is statistically analyzed
concerning the metrics of drying time, throughput, f-carotene retention
CR, and relative energy consumption for heating the drying air, which
will be discussed in more detail later. Deformation and shrinkage of the
carrot slices during the drying process are not considered in the present
work.

Schemminger et al. [4] discuss the influence of the metal tray often
used in experimental tray drying applications. The present work de-
viates from this but applies a common practice in producing dried fruit
and vegetable slices: the carrot slices are positioned on a
temperature-resistant perforated plastic mat. The purpose is to prevent
sticking to the metal tray caused by juices released after cutting. This
causes increased cleaning and labor costs when loading the drying unit
and is avoided [14]. A typical material for these mats is heat-resistant
PTFE, silicone, or polypropylene PP. Compared to a stainless steel
mesh tray, the thermal conductivity is approximately 60 times lower for
PTFE, 90 times lower for silicone, and 70 times lower for PP [15].
Therefore, the conductive heat flux from the perforated mat to the carrot
slice can be neglected. Since the bottom surface area of the carrot slices
exposed to airflow is reduced by the plastic mat and the tray, the
convective heat and mass flux are decreased there. This reduction is
implemented by multiplying the heat and mass flux at the bottom of the
carrot slice by the porosity ¢ of the perforated mat, which is given by the
ratio of the free area to the total area.

Depending on the design of the dryer and the way the drying air is
guided, inhomogeneous distribution of drying air between drying trays
can exist. This circumstance might also lead to crossflow effects: air does
not optimally overflow the drying tray but flows vertically through the
drying trays. In this study, longitudinal overflow of the drying trays is
assumed.

To perform the simulations, COMSOL Multiphysics® software
(version 6.1, COMSOL AB, Stockholm, Sweden) was used to solve the
hygrothermal model and to perform Monte Carlo simulations using the
Random function, see Schemminger et al. [4] for details. Sensitivity
studies of the computation grid and the relative tolerance of the solver
were performed to achieve acceptable minor errors (see Appendix A).
The required number of Monte Carlo runs was determined by gradually
increasing the number of runs and evaluating the relative change aiming
at <5 % towards the moisture content and ratio, water activity,
B-carotene content, and retention. Evaluations, statistical analyses, and
graphical visualizations were performed using Python 3.11.4 script,
Microsoft® Excel® 2016, and Origin® (Version 2022. OriginLab Cor-
poration, Northampton, MA, USA).

2.2. Parametric space

Several measures can be taken to optimize an existing drying pro-
cess. These measures can be categorized into process, design, and pro-
duce parameters. On the process parameters side, one can change the
drying airspeed by either increasing the fan’s rotational speed or
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changing the fan type and/or size entirely. Also, the drying air tem-
perature can be influenced by adapting the air heater’s design, opera-
tion, and/or settings. Dehumidification devices can influence the
humidity of intake air. A design parameter that the producer can easily
influence is the porosity of the drying tray: how fine a mesh is selected
and the ratio of free to covered area. Finally, the produce characteristics
can be adjusted by changing the slice thickness. In the use-case that a
customer specifies a, for example, slice thickness requirement, it high-
lights a common limitation for broadly applicable optimization advice:
what works for one producer may not suit another due to varying
customer requirements. To address this challenge, the parametric space
starting from a base case is explored and run through combinations of
two parameters in technically common ranges, see Table 1. The
parameter ranges were defined to optimally encompass the values
compiled from a literature review on the convective drying of fruits and
vegetables, see Appendix A. The base case represents the midpoint be-
tween the defined extreme values. It is thus possible to read directly
from the results which optimization measures are best for the individual
case at hand.

In addition to the influencing factors listed here, some technologies
change the cell structure of the material to be dried and thus influence or
accelerate the drying process. For example, cell walls are punctured by
the formation of ice crystals during freeze-drying, (local) overheating
damages the cell walls thermally during microwave and infrared drying,
and by pre-treatments such as blanching. In addition, applying ultra-
sonic and pulsed electric field PEF treatments before and during drying
impacts the cell wall permeability and potentially shortens the drying
time [16,17]. These advanced methods are described and known but are
rarely used for products with large production volumes and compara-
tively low product value, such as the carrot slices described here.

For each calculation set, two parameters are combined, resulting in
10 sets with nine calculations for each set. In a production environment,
mainly when producing for customers, it is not advisable to implement
multiple optimization measures simultaneously due to loss of causality
and inefficient resource use. Typically, individual measures are taken,
with up to two parameters changed at a time. Thus, combinations of two
parameters are selected for this work. The effect of these combinations
on drying time, throughput, air heating energy consumption, and
carotene retention is calculated and plotted using the hybrid digital
shadow. If the evaluation shows that a particular area needs to be more
detailed, additional parameter increments are introduced and
calculated.

Based on Onwude et al. [18] and additional studies, especially on
carrots, the drying airflow speed, temperature, and humidity ranges
were defined (see Appendix A). Typical thickness of carrot slices for tray
drying applications can be found in the literature between 2 mm and 8
mm: Wang and Xi [19] and Doymaz [20] investigated ranges of 1.5 mm
to 9 mm and 4 mm to 10 mm with multiple intermediate thicknesses.
Other studies distinguish between two values of slice thickness, such as 3
mm and 6 mm, by Md Saleh et al. [21] and Cui et al. [22]. Single-defined
slice thicknesses are in the range of 3 mm by Raut et al. [23], 3.5 mm by
Md Saleh et al. [24], 4 mm by Frias et al. [25], Chen et al. [26], and Lin
et al. [27], 5 mm by Kroehnke et al. [28], Aghbashlo et al. [29], and
Zhao et al. [30], 6 mm by Kocabiyik and Tezer [31].

To avoid temperature dependency, air humidity is expressed in the
specific form, not the more commonly used relative humidity form. The
explored range spans from one realistic extreme case to another. A high
humidity case corresponds with an intake air temperature of 35 °C and
85 % relative humidity (dew point 32.1 °C) that is then heated to the
process temperature. The second extreme case representing the low
humidity case is given by a specific humidity corresponding to 10 °C
intake air with a relative humidity of 50 % (dew point 0.1 °C). This case
also describes using a dehumidification device, such as a commonly
applied condensation dehumidifier, to reduce relative humidity to
approximately 40 % to 50 %.

In addition to these drying air-related parameters, design parameters
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can be used for optimization. Drying trays and applied non-sticky plastic
mats can be found in different shapes and sizes on the market. A range of
porosities of 0.2 to 0.8 was selected for this study. A porosity of 0.2
represents a dense mesh, whereas 0.8 represents a wide mesh, see Fig. 2.

2.3. Metrics to evaluate and optimize the drying process

2.3.1. Drying time

The drying time is crucial as it signifies the duration required to dry a
single produce batch. In this study, the drying time is defined as when 99
% of carrot slices are dried to a volume averaged water activity of a,, <
0.6, as Schemminger et al. [4] described. Reducing drying time leads to
decreased overall cycle time, enabling more cycles to be produced.
Consequently, this results in more produce batches being dried, leading
to an overall increase in particle production output. The time taken to
charge the dryer, involving unloading dried produce and loading it with
fresh produce particles, is assumed to be optimized for efficiency.
Minimizing this time for charging is essential not only for productivity
reasons but also for quality considerations, such as reducing oxidative
discoloration. This charging procedure takes only a few minutes, which
is negligible compared to drying times exceeding 150 min. It should be
noted that a higher throughput and the associated increased number of
loading and unloading the dryer correlates with increased workforce
demands and the necessity of more shifts.

2.3.2. Throughput

Reducing the slice thickness has implications for the quantity of
produce dried per unit of time. The mass of processed fresh carrots per
time unit is compared with a base case to account for this. When
comparing fresh produce, assuming constant density allows using vol-
ume ratios. In cases where the average diameter remains constant, as in
the present scenario, a ratio factor based on the thicknesses of the slices
is sufficient to define the relative throughput Thy:

M;  tire 2
Threl — i ~ d.ref "4i (1)
Myef td.i'zref

with the drying time tq [min] and the slice thickness z [mm]. Index ref
represents the base case, i for a different process setting. This relative

Afree _ Atotal - (Awire,x + Awire,y - Across)
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throughput Thy is used for optimization in the present study.

2.3.3. p-carotene retention

The fB-carotene retention CR is defined as the normalized concen-
tration of p-carotene ¢y [kg/kgqm] at time t compared to the initial value
cp,0 [kg/kgam] at t = 0 s. The CR of a parameter setting that differs from
the base case CR; is compared to the CR value of the base case CRef to
obtain a relative change CRye].

CR; ¢3¢
CRrel: i _ p.i"Cpref0

(2)
CRref Cﬁ.i,O‘Cﬂ,ref
The initial value cp is newly generated pseudo-randomly for each
Monte Carlo run. The advantage of this relative approach is that it allows
the effects and their significance to be evaluated despite possible sys-
tematic deviations.

2.3.4. Air heating energy consumption

The comparison of the absolute energy consumption of different
drying processes is challenging because losses due to design are indi-
vidual to each dryer design and the level of insulation. Relative com-
parison is a straightforward approach to understanding how different
settings of process parameters impact energy consumption. Heating the
drying air is the most energy-consuming part of the drying process. The
energy required can be approached by calculating the specific enthalpy
h, [J/kg] of the drying air at different temperatures [15]:

ha = Cpa9a + Ya(Ahyo + Cpy-8a) 3

with the specific heat capacity of dry air ¢, 5 [J/(kgeK)], the temperature
8 [ °Cl, specific humidity Y [kgw/Kkgairl, latent heat of water Ahyg [kJ/

Table 2

Thermodynamic properties.
Properties Symbol Value Source
Specific heat capacity of water vapor Cpv 1932 J/(kg K) [15]
Specific heat capacity of dry air Cpa 1007 J/(kg K) [15]
Latent heat of water Ah,, 2453.58 kJ/kg [15]

gtray - Atotal Atatal
0.8
:A total
Fe """l """ """ """ """ I —_ 4
| ! >
l ! > 0.6
1 i e
: . Awire,x : 8.
| : o
: Awirey | g
| ! < 044
E | Across E GE) |
: !
! 1
e W ____ ! 02
0

wire width [mm]

Fig. 2. Mesh tray porosity of different plastic mesh mats and trays is shown in the wire width and mesh tray porosity dimensions: a range of 0.2 to 0.8 covers all the

technically applied mesh trays and mats (see Appendix A for details).
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kgl, specific heat capacity of water vapor cpy [J/(kgeK)]. Values of the
constants are shown in Table 2. To relatively compare drying settings i
with the reference case ref, the ratio of airspeeds vi/vrf, drying times tq,
i/td rer and the reverse ratio of slice thicknesses z.¢/z; are also considered
for the relative energy consumption for air heating e, /e, ref which is
used as the energy consumption determining metric in the current study:

€qi _ ha.i'Va,i'td.i'zref

(€3]

ea.ref B ha.ref'va.ref'td.ref'zi

The fan’s energy consumption also contributes to the total energy
consumption, but the mechanical energy input only accounts for < 1 %
of the total energy input (see Appendix A). The mechanical energy input
is neglected in this work because of the low contribution to overall en-
ergy usage. Advanced drying processes use temperature and air velocity
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profiles, which are also not covered by this work [23]. Intermittent,
infrared, and microwave-assisted drying has been found to improve the
effectivity of drying processes, which is also not covered by the present
work. Despite the limitations described, the results are relevant because
a large proportion of the drying processes used in the industry are
conventional tray drying processes [32-34].

3. Results
3.1. The impact of adjusted parameters on drying time and throughput
Shorter process cycles increase throughput, assuming that prepara-

tion times to load and unload the batch dryer cannot be shortened any
further, as assumed in this work. Thus, shortening the drying time is an

Drying time
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Fig. 3. Drying times resulting from varying two parameters for each diagram. A circle indicates the base case.
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essential goal for optimization efforts in batch-wise tray drying. This
section explores how adjustments in air velocity, specific humidity, tray
porosity, slice thickness, and air temperature influence the metrics of
drying time and throughput. The basis is the approach described by
Schemminger et al. [4], where the drying process is terminated when 99
% of carrot slices have a volume averaged water activity of a,, < 0.6.
This is the first time that the majority of carrot slices have a safe water
activity level regarding microbial growth [13,35].

Air velocity. Fig. 3a, b, ¢, and d shows the impact of air velocity on
drying time in combination with an adjusted specific humidity, tray
porosity, slice thickness, and air temperature, respectively. Fig. 4 shows
the equivalent for throughput. From the base case as a starting point,

International Journal of Thermofluids 27 (2025) 101221

decreasing the air velocity from 1.8 m/s to 0.6 m/s strongly increases
the drying time from 436 min to 846 min - 94 % more time required for
drying. Increasing the airspeed to 3 m/s, on the other hand, has a less
pronounced but still significant shortening effect from 436 min to 340
min - 22 % less time required. Derived from this, the relative throughput
is reduced by 48 % at the lower airspeed described above. An increased
airspeed leads to a 28 % higher relative throughput.

The drying time is shortened as the flow velocity increases, but this
effect flattens out towards higher values. One reason for this is the
increased vapor load of the air, which reduces the removal of moisture
[14]. Airspeed has a significant influence on drying time and, therefore,
relative throughput compared to the base case. Influencing the airspeed
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N A O
o O O
L L

Throughput
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Fig. 4. Relative throughput toward the base case (marked with a circle) for different parameter combinations.
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requires increased technical effort, either by using a frequency converter
or replacing electrical or mechanical components. However, the po-
tential for significant drying time reduction and throughput increases
makes such investments worth considering.

Specific humidity. Fig. 3a, e, f, and g shows the impact of specific
humidity on drying time in combination with an adjusted air velocity,
tray porosity, slice thickness, and air temperature, respectively. Fig. 4
shows the equivalent for throughput. The influence of the specific hu-
midity on the drying time and, thus, on the throughput is limited. If
dehumidification is carried out to a specific humidity of 4 g/kg, starting
from the base case, it is possible to reduce the drying time from 436 min
to 392 min (10 % less) and thus increase throughput by 11 %.

Given the technical and energy-related dehumidification costs,
adjusting air humidity is not a relevant drying time and throughput
optimization option for most cases. Influencing the humidity impacts
drying time and throughput but is negligible in the effort required
compared to the effect and the other measures examined.

Tray porosity. Fig. 3b, e, h, and i shows the impact of tray porosity
on drying time in combination with an adjusted air velocity, specific
humidity, slice thickness, and air temperature, respectively. Fig. 4 shows
the equivalent for throughput. Increasing the mesh porosity to 0.8, a
throughput increase of 13 % can be achieved. If the porosity tends to-
wards low values, a negative influence on the drying time and
throughput can exist. Here, a throughput reduction of 18 % compared to
the base case can result from a decrease of porosity from 0.5 to 0.2.

Reducing the tray porosity has a comparatively small effect on dry-
ing time and throughput. However, since restocking with wider-meshed
mesh trays and/or plastic mats is comparatively cost-effective, this
optimization measure should be considered for most cases.

Slice thickness. Fig. 3c, f, h, and j shows the impact of slice thickness
on drying time in combination with an adjusted air velocity, specific
humidity, tray porosity, and air temperature, respectively. Fig. 4 shows
the equivalent for throughput. A 5 mm to 2 mm thickness reduction
reduces drying time from 436 min to 160 min (63 %). This is presumably
due to an increased surface-to-volume ratio [14]. If the slice is thickened
from 5 mm to 8 mm, the drying time is prolonged to 846 min (94 %).
Note that the throughput of fresh product is minimally affected by
changes in slice thickness; the corresponding increase or decrease in the
number of required batches offsets the variation in individual slice
weight. Thus, reducing slice thickness from 5 mm to 2 mm increases the
throughput by only 6 %.

The thickness of the slices represents the most impactful of the
influencing parameters on the drying time investigated and should,
therefore, be considered in optimization efforts. However, since
customer requirements often dictate the required material thickness, the
scope for customization may be limited. Altering the slice thickness to
enhance fresh produce-based throughput is only marginally beneficial.

Drying air temperature. Fig. 3d, g, i, and j shows the impact of air
temperature on drying time in combination with an adjusted air veloc-
ity, specific humidity, tray porosity, and slice thickness, respectively.
Fig. 4 shows the equivalent for throughput. Lowering the temperature
from 65 °C to 50 °C significantly increases drying time by 47 %. In
contrast, raising the temperature by the same amount to 80 °C results in
a less pronounced shortening effect on the drying time of 23 %. The
corresponding changes in throughput are in positive and negative di-
rections in a similar range. 32 % less throughput is achieved at 50 °C,
and 30 % more throughput is reached at an elevated temperature of 80
°C due to the increased air heating requirement at elevated
temperatures.

Increasing the air temperature is a preferred way of reducing drying
times and increasing throughput. It is important to note that lowering
the temperature disproportionately prolongs the drying process and
should be avoided.

International Journal of Thermofluids 27 (2025) 101221
3.2. The impact of adjusted parameters on carotene retention

This section investigates how different parameters affect p-carotene
retention (CR) during the convective drying of carrot slices. It examines
the influence of air velocity, specific humidity, tray porosity, slice
thickness, and air temperature on the relative change of CR compared to
the base case. Based on this evaluation, the optimal conditions for
maximizing CR are determined as a proxy for thermally degrading in-
gredients and evaluate the potential investment advantages in these
areas.

Air velocity. Fig. 5a, b, ¢, and d shows the impact of air velocity on
CR in combination with an adjusted specific humidity, tray porosity,
slice thickness, and air temperature, respectively. The colored area
represents the area between the 1 % and 99 % quantile. Reducing the air
velocity from 1.8 m/s to 0.6 m/s results in a 77 % reduction in mean CR
due to the prolonged drying time and, thus, longer exposure of the carrot
slices to elevated temperatures and the associated increased thermal
degradation of p-carotene. If the air velocity is increased and, therefore,
the drying time is reduced, an increase in CR of 39 % is achieved
compared to the base case.

An increase in airspeed leads to an improved retention of p-carotene
due to the shortened drying time and thermal exposure of the carrot
slices. The negative effect of lower airspeed is more pronounced than the
effect of increased higher airspeed.

Specific humidity. Fig. 5a, e, f, and g shows the impact of specific
humidity on drying time in combination with an adjusted air velocity,
tray porosity, slice thickness, and air temperature, respectively. A
reduction in the specific humidity from 18 g/kg to 4 g/kg and the
associated drying time that is 10 % shorter results in a 32 % higher CR
than the base case. In the investigated range, the specific humidity has
an almost linear effect on the CR. Accordingly, an increase in the specific
humidity and the associated drying time extension of 13 % results in a
30 % reduction in CR compared to the base case.

At lower air humidity, the evaporative cooling effect becomes more
pronounced. This reduces the mean slice temperature. As a result, the
B-carotene is less degraded. A reduction in humidity thus leads to a
significant improvement in CR. If the aim is to optimize CR, a reduced
humidity of the drying air should be considered.

Tray porosity. Fig. 5b, e, h, and i shows the impact of tray porosity
on carotene retention in combination with an adjusted air velocity,
specific humidity, slice thickness, and air temperature, respectively. If
the tray porosity is reduced from 0.5 to 0.2, the CR is reduced by 33 % - a
result from the longer drying time and the associated increased thermal
exposure. Another reason is the reduced heat and mass transfer at the
underside of the slice, which leads to less evaporation cooling and, thus,
an increase in the average slice temperature, therefore, thermal degra-
dation of B-carotene during drying. If the dryer is equipped with a wider
mesh, an improvement in the CR of 21 % compared to the base case can
be achieved by increasing the porosity to 0.8.

The potential for improving CR with increased tray porosity is
slightly lower than reduced air humidity. The simpler and more cost-
effective application nevertheless makes it a recommended optimiza-
tion measure.

Slice thickness. Fig. 5S¢, f, h, j shows the impact of tray porosity on
drying time in combination with an adjusted air velocity, specific hu-
midity, tray porosity, and air temperature, respectively. A reduction
from 5 mm to 2 mm can improve CR by 222 % thanks to a significantly
reduced drying time, shorter diffusion paths for heat and mass transfer,
and less moisture to evaporate and discharge by the drying air. How-
ever, when the slice thickens, the strong influence leads to a 77 %
reduction in CR compared to the base case.

The slice thickness has the greatest influence on the CR of the pa-
rameters examined due to the reduced duration of heat exposure and
shorter transport distances for heat and mass transfer. Thus, the possi-
bility of reducing the slice thickness should be considered. Thickening
the slices should be avoided: at 8 mm the CR deteriorates to such an
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Fig. 5. Relative change of the f-carotene retention CR towards the base case (marked with a circle) for different parameter combinations. The colored areas show the

range between the 1 % and 99 % quantile.

extent that practically no f-carotene is left without having a significantly
positive effect on throughput.

Drying air temperature. Fig. 5d, g, i, j shows the impact of air
temperature on the CR in combination with an adjusted air velocity,
specific humidity, tray porosity, and slice thickness, respectively. If the
temperature is increased, the temperature-dependent parameters such
as the effective diffusivity, the saturation vapor pressure of the drying
air, and thus the evaporation rate and evaporation cooling effect change,
and with them, the temperature and its distribution in the carrot slice. A
change in air temperature also has a strong effect on drying time and,
thus, on the duration of thermal exposure. Subsequently, the CR

improves by 26 % when the temperature increases from 65 °C to 80 °C,
mostly caused by the corresponding reduction in drying time. However,
if the temperature is reduced, the CR is 40 % lower compared to the base
case, mainly due to the extended drying time. The variability of CR
within a batch is noticeably higher at the elevated temperature of 80 °C.

An increase in air temperature also increases the CR, while drying at
a cooler temperature worsens the CR. Since, in many cases, changing the
air temperature is a relatively simple process intervention, a positive
effect on drying time (-23 %), throughput (+30 %), and also CR (+26 %)
can be achieved by increasing air temperature to 80 °C.
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3.3. The impact of adjusted parameters on air heating energy
consumption

This section aims to investigate how various operational parameters
affect energy consumption in a drying process. The impact of adjusting
air velocity, specific humidity, tray porosity, slice thickness, and air
temperature on the energy requirements is assessed. Furthermore, it is
assessed whether investments in changes to these parameters are cost-
effective.

Air velocity. Fig. 6a, b, ¢, d shows the impact of air velocity on the
relative energy consumption in combination with an adjusted specific
humidity, tray porosity, slice thickness, and air temperature, respec-
tively. An increased air velocity leads to increased airflow, so more air

International Journal of Thermofluids 27 (2025) 101221

has to be heated per unit of time to operate the dryer, not considering
potential downstream heat recovery here. This is counteracted by a
shorter drying time due to improved heat and mass transfer. Together,
both effects cause a 30 % increase in energy consumption when the
airspeed is increased from 1.8 m/s to 3 m/s, resulting in a drying time
reduction of 22 %. Reducing the airspeed to 0.6 m/s from the base case
results in a 35 % reduction in energy consumption.

An increased airflow due to an increased airspeed requires more
energy to be heated. This additional energy is partially compensated for
by a shorter drying time. Thus, reducing airspeed is an important factor
in saving energy.

Specific humidity. Fig. 6a, e, f, g shows the impact of specific hu-
midity on the relative energy consumption in combination with an
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adjusted air velocity, tray porosity, slice thickness, and air temperature,
respectively. If the specific air humidity is reduced, this has an effect on
the specific enthalpy of the air due to a reduced proportion of the sen-
sible heat of the moisture contained (see Eq. (3)). The heating energy
requirement is reduced by 38 % with reduced humidity. It should be
noted that the energy for possible dehumidification is not taken into
account here, which could nevertheless lead to an increased total energy
requirement. If the specific humidity of the air is increased, this has a
comparatively greater negative effect on the heating energy requirement
of the air: an increase from 18 g/kg to 30 g/kg of the specific humidity
results in an increased energy requirement of 48 %.

A decreased air humidity reduces the energy consumption of the
drying process. Since influencing the air humidity is usually associated
with increased technical and/or energy expenditure, this is not the first
choice with regard to an energy optimization target. Increased air hu-
midity, e.g. by recirculating the drying air inside the dryer, should be
avoided due to increased energy requirements.

Tray porosity. Fig. 6b, e, h, i shows the impact of tray porosity on
the relative energy consumption in combination with an adjusted air
velocity, specific humidity, slice thickness, and air temperature,
respectively. If the tray porosity is reduced from 0.5 to 0.2, the drying
time and, thus, the heating requirement of the drying air increases by 22
%. A reduction of 11 % can be achieved by using a wider mesh with a
porosity of 0.8.

Optimization towards a wider mesh can be a relatively simple to
implement measure to improve energy consumption.

Slice thickness. Fig. 6¢, f, h, j shows the impact of slice thickness on
the relative energy consumption in combination with an adjusted air
velocity, specific humidity, tray porosity, and air temperature, respec-
tively. The slice thickness is a parameter that has a strong impact on the
drying time. However, as the heating requirement discussed here is
related to the fresh product throughput, this shorter drying time only has
a minor effect on the energy requirement: only 6 % less energy is
consumed per kg of fresh product to be dried with a reduced slice
thickness. An increased slice thickness of 8 mm, on the other hand, in-
creases energy consumption by 7 %.

Contrary to the strong influence of the slice thickness on the drying
time and CR, it has little effect on the energy requirement. Changing the
slice thickness is, therefore, not a relevant energy-saving measure.

Drying air temperature. Fig. 6d, g, i, j shows the impact of air
temperature on the relative energy consumption in combination with an
adjusted air velocity, specific humidity, tray porosity, and slice thick-
ness, respectively. Air needs to be heated less to a lower temperature.
However, at a lower temperature, the drying time is longer, so a larger
volume of air must be heated. The latter predominates so that a reduc-
tion of the temperature from 65 °C to 50 °C increases the energy
requirement by 26 %. On the other hand, an increase in temperature
from 65 °C to 80 °C leads to a 12 % reduction in heating energy re-
quirements compared to the base case.

The effect of reducing the drying time outweighs the additional en-
ergy required by the increased temperature. From an energy perspec-
tive, increasing the temperature is a reasonable measure.

Alternative approaches to reducing energy consumption in fruit
and vegetable drying include using energy-efficient technologies such as
heat pumps and heat recovery in general, as well as microwave- and
infrared-assisted drying [36-38]. Improving insulation helps minimize
waste heat, while renewable energy sources like solar and biomass can
lower energy costs [39-41]. Additionally, machine learning, Al, and
digital twin technologies can optimize process conditions in real time,
further enhancing energy savings [42-44].

3.4. The trade-off between throughput, CR, and energy consumption
When a process, design, or production parameter is adjusted, it

simultaneously affects the metrics of throughput, CR, and energy con-
sumption to varying degrees. In this section, these interrelationships are
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examined.

Fig. 7 shows how throughput and air heating energy demand are
correlated in their relative form, as used in this study. The bubble size,
representing the relative carotene retention, shows that thin carrot slices
have the best carotene retention. An increased airspeed is beneficial
towards increased throughput and slightly better CR to the cost of
increased energy demand. A reduced air humidity, increased tray
porosity, thinning of carrot slice thickness, and increased air tempera-
ture support this effect.

A combination of increased airspeed with reduced humidity (a) can
improve energy consumption by 18 % while also increasing throughput
by ~40 % and increasing CR by 70 %. A combination of increased
airspeed with also increased tray porosity (b) improves the throughput
by ~40 % but requires ~20 % more energy at 56 % higher CR. Reduced
slice thickness and increased air velocity (c) increase throughput by ~50
% and >280 % higher CR while the energy consumption slightly in-
creases by 10 %. An increase in air temperature and velocity strongly
increases the throughput to values >60 % compared to the base case,
while energy consumption only increases to <15 % at a higher CR of 67
%. Lowering air humidity while increasing tray porosity (e) can reduce
energy consumption by >40 % and, at the same time, increase
throughput by >20 % with a CR improvement of 56 %. For thick carrot
slices, a reduction of humidity (f) does have a limited effect, but for
thinner slices, lowering humidity has a positive effect on throughput
(>25 %) with a strongly positive effect on CR due to short drying times.
The reduced energy requirement of 46 % towards the base case must be
understood in the context of a potentially energy-intensive dehumidi-
fication process used. Increased humidity in combination with low
temperatures (g) is a combination that should be avoided because the
strong negative effect on energy consumption (131 % more energy use)
is accompanied by 50 % less throughput. This amplification effect of the
two parameters is less pronounced at higher temperatures. Increased
tray porosity and thinner slices (h) result in >20 % more throughput and
a 20 % lower energy consumption. Once again, the strong positive effect
on CR is evident thanks to thin slices’ much shorter drying time. An
increase in tray porosity contributes to higher throughput when com-
bined with increased drying temperatures (i). From a variation of drying
temperature together with the slice thickness (j), an effect of increased
fresh produce mass-related throughput by 41 % and decreased energy
consumption by 19 % can be found. The temperature is the main factor
responsible for the improved throughput, as it relates to the mass-related
throughput.

A change in air temperature affects energy consumption, and
different slice thicknesses influence the throughput through more
batches necessary to achieve the production target. A combination of
both of these factors shows that the temperature strongly influences the
throughput while energy demand is not affected much. The effect of
changes in slice thickness on throughput and energy demand is limited
compared to the other factors examined in this study. Take-home mes-
sages are that

- Energy demand and throughput can be influenced significantly by
optimizing the airspeed and temperature on a process condition
level.

- If the slice thickness can be reduced, this will lead to vastly improved

carotene retention while comparatively affecting the throughput

only little, even reducing the energy demand to the cost of more
labor necessary to deal with loading and unloading of the dryer for
the increased number of batches required.

Tray porosity - a simple design parameter that can be optimized -

reliably leads to significantly better throughput and better energy

efficiency

Air humidity is especially critical at low temperatures: this combi-

nation should be avoided



J. Schemminger et al.

International Journal of Thermofluids 27 (2025) 101221

- Interdependencies o
< 100, © 49/kg spec.umldlty _ ® 0.2 tray porosity i © 2mm sllcethlckn?sds_ﬁ .
o 80 b rel.di.ofCR  JC © 5mm rel. di- of LR
= g © 05 20 200 %
g-§ 60 ] 0% - @ 8mm @100%
a 8 40+ ] —wog:;: ] '108"2
S ® 204 ] ]
°9 o] : ;
=& 201 ]
& & 404 .
@' -60- 8
-60 40 -20 0 20 40 60 -60 40 -20 0 20 40 60 -60 40 -20 0 20 40 60
relative throughput [%] relative throughput [%] relative throughput [%]
100+ - o ) .
&R 601 ﬁwggf © 65°C ® 80°C ] ® 05 @ 08
5 o 40 0% ] ] 30 gkg
%% 201 ] 30 g/kg ]
;-OC) 0 17 gk
= . i 1. diff. of CR g’kg
§.§ 2201 5 : . ] reIAd|ff.of2%oR% & Jrel.ar 0200%
BE G (e
o 100 % -100 % B
-60 40 -20 0 20 40 60 -60 40 -20 0 20 40 60 -60 40 -20 0 20 40 60
relative throughput [%] relative throughput [%] relative throughput [%]
s 1004131% 1\ \@ 50 °C air temperature h © 2 mm slice thickness | © 50 °C air temperature
2 < 8019 65 °C 1 ® 5mm © 8mm © 65°C ® 80°C
E o, 60‘ O 80 oC b b
3 2 40] - -
& ® 20 30 glkg ] 1
>£€ 0 . A ]
O .= _o( rel. diff. of CR N 17 gikg 1 rel. diff. of CR 0-2 1 rel diff of CR
[0) E 200 % Moy o - 200 % 0E 200 %
& o 40 100% & € ) 4gkg 4 100 % : : E 100 %
. 60 0% ] 0% 0.8 tray porosity 1 0%
9 -100 % -100 % -100 %
-60 40 -20 0 20 40 60 -60 40 -20 0 20 40 60 -60 40 -20 0 20 40 60
relative throughput [%] relative throughput [%] relative throughput [%]
100+,
é _. 80i] © 50 °C air temperature
g = 601 © 65°C ® 80°C
g 2 401
6 ® 204
(S}
- < 0
%-§ 204 rel. diff. szgoR%
& & 401 @100%
§ -60 -10802 2mm

60 -40 20 0 20 40 60
relative throughput [%]

Fig. 7. Correlation of relative throughput and relative air heating energy demand. The bubble size represents the relative difference of the CR towards the base case.
a: airspeed/humidity; b: airspeed/tray porosity; c: airspeed/slice thickness; d: airspeed/air temperature; e: humidity/tray porosity; f: humidity/slice thickness; g:
humidity/air temperature; h: tray porosity/slice thickness; i: tray porosity/air temperature; j: slice thickness/air temperature.

4. Discussion

The approach described in this study utilizes physics-based simula-
tion combined with statistical modeling. Consequently, the results
should be compared with those from other experimental studies, as
detailed in this section.

In most published experimental work, the mean moisture content of
random samples is used as the criterion for terminating the drying
process. As soon as a threshold value of moisture content is undershot,
drying is terminated. This threshold can be different, such as at 0.14 g,/
gdm for Md Saleh et al. [21] and 0.11 g/g4m for Doymaz [20]. In more
practice-oriented sources, lower final moisture contents of 0.06 gv/gdm

are described [13]. This study uses the 99 % quantile to find 99 % of
particles to have a,, < 0.6 as the termination criterion. This corresponds
to an overall mean dry-based moisture content of 0.11 gv/gdm, see Ap-
pendix A. The approach of the current work thus confirms the termi-
nation criterion described in the literature.

A reduction of carrot slice thickness from 6 mm to 3 mm led to a
reduction in drying time from 240 min to 195 min (19 % reduction at 65
°C, 2 m/s), as found by Sonmete et al. [45]. This 6 mm to 3 mm thinning
leads to a reduction of 480 min to 360 min (25 % reduction at 60 °C, 2
m/s) as found by Md Saleh et al. [21]. Doymaz [20] found for a
reduction from 7 mm to 4 mm a reduction of drying time from 403 min
to 314 min (22 % reduction). The current study finds for 6.5 mm to 3.5
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mm slice thinning at 65 °C and 1.8 m/s air velocity a reduction from 588
min to 292 min (50 %). For an increased air velocity of 2.4 m/s the
reduction ranges from 516 min to 248 min (52 %). We, therefore, find
generally longer drying times and a stronger drying time shortening
effect due to slice thinning.

The extended drying times observed in this study are primarily
attributed to the assumption of diminished heat and mass transfer along
the overflown drying plate. In most experimental setups, individual
slices are exposed to the drying air. When a fully loaded tray is subjected
to the drying air, the heat and mass transfer along the plate’s overflown
length is reduced. This reduction is described by the Nusselt number
correlation for an overflown flat plate under turbulent flow conditions,
as detailed by Schemminger et al. [4]. Consequently, the drying time
varies depending on the overflow length of the tray. For a randomly
selected 3 mm thick slice at base case settings, after a tray length of 30
mm, the drying time is 142 min for a, < 0.6, details see Appendix A. At
the downstream end of the plate, after 510 mm, the drying time for the
exact same slice increases by 70 % to 242 min. For a 5 mm thick slice, the
corresponding drying times increase by 57 % from 264 min to 414 min.
In addition, the influence of the tray porosity is taken into account,
which also leads to a reduction in heat and mass transfer and, thus, to an
increase in drying time. Under production conditions, we, therefore,
systematically find longer drying times for the similar final moisture
termination criterion due to the consideration of the overflowed tray
length. However, the comparability of the drying times of this study
with experimental studies is affected.

The base case parameter combination at 5 mm slice thickness pro-
vides a final CR of 16.5 %. Literature provides for both slice thicknesses
of 3 mm and 6 mm CR values >40 % [21] or even >50 % [23]. The
current model shows mean CR in the range of 37 % (3.5 mm) to 4 % (8
mm), thus significantly lower values. As discussed, the current model
results in longer drying times due to the reduced heat- and mass transfer
along the loaded overflown drying tray. The longer drying times - e.g.
the time the carrot slices are exposed to elevated temperatures - lead to a
longer time the p-carotene can thermally deteriorate. As a consequence,
the final p-carotene contents are lower, and the CR is also lower
compared to studies from the literature. In addition, the simplification of
modeling B-carotene as a solely temperature-dependent decay reaction
following a first-order reaction has limitations as, in reality, multiple
factors are influencing the decay, such as pH value, moisture content,
water activity, and oxygen availability. Sarpong et al. [46] found for
slices of 2.5 mm thickness at 2 m/s in a range of 60 °C to 80 °C CR values
ranging from 64 % to 42 % for 10 % relative humidity RH (60 °C: 12.5
g/kg; 70 °C: 19.8 g/kg, 80 °C: 30.7 g/kg). The current study also here
finds significantly lower mean values of 35 % to 52 % for 2.5 mm slice
thickness in the 50 °C to 80 °C temperature interval at a specific hu-
midity of 17 g/kg. The differences can be partly explained by the
reduced heat- and mass transfer, and partly by the simplifications of the
decay reaction model. Consequently, the absolute CR values are limited
in terms of comparability. However, the effects relative to the base case
are still a valuable source of information due to the systematic nature of
the errors introduced: which measure leads to which degree of CR
change? Therefore, this study does not compare the CR values, but
rather the relative change in the CR values compared to the base case.

However, it should be noted that also the variety, growing condi-
tions, and the associated sorption behavior have an influence on the
termination of the drying process: the sorption isotherms used for the
model of this current study is Daucus Carota L. var. Laguna, based on data
from Raut et al. [23]. Md Saleh et al. [21] also used the Laguna variety
for their experiments and found that the water activity values were
slightly higher than those indicated by the sorption isotherms used here
(50 °C 0.35 vs. 0.29; 60 °C 0.36 vs. 0.28; 70 °C 0.35 vs. 0.28). These
differences between studies of sorption isotherms is within a known
wide range as also discussed by Md Saleh et al. [21] - other studies, such
as by Kaya et al. [47] (variety not reported) and Eim et al. [48] on
Daucus Carota v. Nantes showed comparatively low moisture contents of
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~0.15 kg/kgym that correlate with the water activity of a,, = 0.6.
Consequently, conservatively speaking, this study’s absolute drying
time results are limited to Daucus Carota L. var. Laguna, more precisely
to the cultivation conditions described by Raut et al. [23].

Metal grids, as partly used in experimental dryers used for research,
affect the hygrothermal behavior of carrot slices during drying due to
thermal contact, impacting the overall drying time [4]. Therefore, their
use and design can not be ruled out as a source of differences between
the current findings and literature data. Subsequently, differences in the
porosity of the tray can influence drying times. Md Saleh et al. [21]
reported a drying time of 206 min for 3 mm slices at 0.6 m/s and 50 °C
with a final MR of ~0.04. The current study shows a drying time of 263
min under similar conditions, a 57 min difference, partly due to tray
porosity and the use of a metal tray in their studies.

The single-slice model, as validated by Schemminger et al. [4], may
show deviations when applied to commercial tray dryers due to scaling
effects, different operating conditions, and material variability. Factors
like non-homogeneous airflow or varying tray loading procedures can
impact results. The relevant energy consumption and associated costs
may also differ when heat recovery systems are used. The inherent
variability of biological materials inevitably causes discrepancies not
only between the model and its application but also among different
commercial applications.

5. Conclusions

In this study, Monte Carlo simulations were used to comprehensively
show how adjustments to process, produce, and design parameters affect
the population of carrot slices in the dryer. The metrics of drying time,
throughput, and the retention of p-carotene (CR) relative to the base
case were examined.

The findings revealed that increasing air velocity significantly re-
duces drying time and enhances throughput, although the benefits
diminish at higher velocities. Higher airspeed also improves f-carotene
retention due to reduced thermal exposure. Adjusting air humidity,
while less effective for drying time and throughput, plays a significant
role in p-carotene retention. Lower humidity enhances evaporative
cooling, reducing slice temperature and preserving p-carotene, although
the costs of dehumidification often outweigh the benefits.

Tray porosity has a modest impact on drying time and throughput
but offers a cost-effective optimization measure. Wider-meshed trays
with plastic mats provide reliable efficiency and energy consumption
improvements. Slice thickness emerged as the most influential param-
eter on both drying time and f-carotene retention. Thinner slices
significantly reduce drying time and improve nutrient retention, while
thicker slices degrade p-carotene without substantial throughput bene-
fits. Increasing air temperature is highly effective for reducing drying
time, increasing throughput, and enhancing p-carotene retention. An
optimal temperature of 80 °C achieves significant improvements.

In essence, this research bridges theoretical understanding and
practical application, offering a roadmap for optimizing drying pro-
cesses. The general statement of the results is transferable to other fruit
and vegetable slice drying processes. Design-specific challenges related
to heat losses to the environment, non-flow-through areas in the dryer,
and varying airspeeds on different stacked trays and energy efficiency of
electrical components were not addressed but should be considered for
individual optimization cases.

Technical adjustments like frequency converters and component
replacements should be implemented to optimize air velocity to enhance
airflow and efficiency. Lower humidity should be considered for better
f-carotene retention, despite higher costs. Utilizing wider-meshed trays
can provide modest efficiency improvements. Thinner slices should be
aimed for to improve drying time and nutrient retention, although
customer requirements may impose restrictions here. Higher tempera-
tures, such as 80 °C, should be used for significant improvements in
drying time, throughput, and f-carotene retention.
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Future research should use throughput as a metric and incorporate
pre-treatments and auxiliary technologies like microwave-assisted dry-
ing into hybrid modeling approaches.
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