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Abstract. The work presents the optimization of the quality characteristics of dried apples and celery obtained
during the convective drying process with forced air blow and microwave-convection due to the minimization of
qualitative changes, such as colour, taste and smell. For this purpose, the study was performed, during which the
samples of apples and celery were dried by methods of convection and microwave-convection. The quality
characteristics – taste and smell -– determined using a five-point Tilgner’s scale, and colour were evaluated
using the computer image analysis. Functional dependencies were then formulated, specifying the changes in the
examined quality characteristics on the decision variables, which were: the drying rate in case of convective
drying and the microwave power for microwave-convection drying. The issue of the optimization constituted a
multi-criteria task. Solutions were sought in the area of feasible solutions defined by the limiting conditions. The
optimal solution for the adopted methods of drying and the materials tested were obtained using the method of
genetic algorithm.
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Introduction
Drying is one of the oldest methods of thermal preservation of plant materials. During drying the
water content in the product is reduced, thus reducing the activity value preventing the growth of
microorganisms, as well as minimizing the enzymatic and non-enzymatic changes. This operation,
which, depending on the conditions employed, has significantly changed the quality of the finished
product, among other things, the colour, smell, taste and chemical composition, and shape. The quality
of the final product is affected by the choice of the drying method and the parameters associated with
the process, such as the temperature, microwave power, air velocity, humidity, the type of raw
material and the pretreatment applied, which maintains the sensory characteristics and substances
sensitive to high temperatures [1-8]. It has been found that as far as the nutritive value is concerned –
in particular the vitamin content in the product, the greater the degree of degradation is, the higher the
temperature and the drying time [9; 10].
The choice of the appropriate method and drying parameters, capable of producing a good quality
product, can be done by optimizing the process of maximizing the quality of the dried product. One of
the tools applicable to the issues of optimization is genetic algorithms [11]. Genetic algorithm is a
method based on the natural evolution, described by the search and inheritance procedures that use
evolutionary principles of survival of the best adapted individuals. For every generation, a new team
of artificial organisms (bit strings) is formed, created from a combination of fragments of the best
adapted representatives of the former generation [11; 12]. In Fig. 1 a schematic diagram of the
classical genetic algorithm is shown.
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Fig. 1. Function diagram of the genetic algorithm
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For drying issues the genetic algorithms were used mainly to optimize the neural network
architecture by which the processes were modelled [13; 14].
The work attempts to define the drying parameters for apples and celery, through formulation and
solution of multi-criteria optimization problems, including minimizing the changes in the quality of
the dried material.
Materials and methods
The object of the study was the quality of dehydrates defined by such sensory characteristics as:
colour, taste and smell. Samples of apples (variety Champion, representative for consumption fruits)
and celery (var. President, commonly used for the production) were dried in the convection oven with
forced air blow and in the convection microwave oven, under isothermal conditions. From the material
obtained under isothermal conditions in the stage of consumptive maturity there were cubes of 10 mm
side prepared, and then they were dried in a thin layer – until the final moisture content of 7 % has
been achieved. The convective drying took place with the air flow at rates 0.1-0.3 m·s-1 at the
temperature of 51 ºC. The microwave-convection drying was carried out for three microwave power
values: 170 W, 210 W and 340 W – at the temperature of 50 ºC.
The colour of the fresh material and the dried product was determined by the photograph image of
the sample surface. The obtained images of the surface samples were analysed in terms of the colour
(brightness) using the program MultiScan v 6.08.
The taste and smell of the samples were evaluated on a five-point Tilgner’s scale that includes
five classes of quality [15], where the score 5 indicates a very good quality and 1 bad quality. The
sensor assessment of each sample, according to the above scale, was performed by five experts.
All measurements were performed in five replicates for each case of convective drying (for the
five drying medium flow rates: 0.1, 0.15, 0.2, 0.25, 0.3 m·s-1) and microwave-convection (for three
microwave power: 170, 210, 340 W).
Optimisation issues
While drying, physicochemical and sensory modifications of the material mainly depend on the
drying time and temperature reached by the material. Conditions of the heat and mass transfer affect
the drying time and increase of the temperature of the dried material – on the edges of the area there is
convective heat and mass transfer whereas diffusion processes occur inside the material. In both
drying methods, convective heat exchange and mass transfer depend on the coefficients of heat and
mass transfer. These coefficients are a function of the flow rate of the drying agent and its
temperature. However, the diffusion processes occurring inside the material have an influence on the
thermal properties - as unchangable parameters – and the drying time, which depends on the flow rate
of the drying air forced convection conditions [15]. During microwave and convective drying the
diffusion processes depend on the dielectric properties of the material (unchangable) and the
microwave power [16]. Therefore, when formulating the optimization problem the key variable in the
mathematical description of the convective drying process is the flow rate of the drying agent while in
the case of the microwave-convection drying it is the microwave power.
The issue of optimization consisted of designating the optimal values of decision variables (the air
flow rate and the microwave power, according to the accepted methods of drying), for which the
analysed changes in the quality characteristics of the dried material reach a minimum. This issue is a
multi-criteria task, due to the adopted criteria for assessing the quality of materials: colour, taste,
smell. The functions, defining the changes in the quality characteristics on the speed of the air or
microwave power for the adopted drying methods, are described in the empirical models developed by
the STATISTICA program using nonlinear estimation methods. The correctness of the model was
determined using the coefficient of determination R2.
The overall multi-criteria optimization model was formulated in the following form – the criterion
of optimization as the objective function in the form of a general functional:

F ( x ) = w1b( x ) + w2 s (x ) + w3 z ( x ) → min
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where w1, w2, w3 – weight values (it was assumed that each of the criteria has the same meaning,
because the weight is 1).
b – colour;

b( x ) =

b f − bd . m .
bf

→ min

(2)

→ min

(3)

→ min

(4)

s – taste

s( x ) =

s f − s d .m .
sf

z – smell:

z (x ) =

z f − z d .m .
zf

x – decision variable: air flow rate v, m·s-1 during convection drying, microwave power
during microwave-convection drying N, W;
f – fresh, d.m.– dry material.
Each of these functions as described by equations (2), (3) and (4) expresses the relative changes in
the analysed values for their values for the fresh material. The solution of the formulated optimization
issue proceeded in two stages.
In the first, the optimum solution for the general task described by the objective function
expressed by the equation (1), in the domain of feasible solutions, as defined by the following
boundary conditions:
0 ≤ b ≤ 0.04; 0 ≤ s ≤0.8; 0 ≤ z ≤ 0.8
To determine the optimal solution the genetic algorithm method has been applied. To create the
genetic algorithm the software Opty.Gen 1.0 was used [17]. It is a program based on the classical
genetic algorithm, which consists of the following steps: initiation, the choice of the initial population
of chromosomes, evaluation of the suitability of chromosomes in the population, verification of the
detention condition, selection of chromosomes, application of genetic operators, establishing a new
population, introduction of the “best” chromosome. The program enables to determine the extreme of
the function up to nine variables, to follow the progress of the calculations and to save them.
The initial step was to optimize the assumptions and parameters (of chromosomes) in the genetic
optimization: the fitness function (objective function), the fields and the accuracy of the calculations.
The optimization parameters can be determined by using the following types of selection: roulette,
tournament, ranking, genetic operators – crossover, mutation, inversion, and the size of the population
[11].
To perform the optimization the Ranking Selection with the Elite Model was used (draft). This
model guarantees the “protection” for the best individual throughout the entire course of the
calculation, whereas the selection type is highly significant for the speed and accuracy of the found
extreme. The Ranking Selection is based on calculating of the function for each individual, then
arranging in a series of “the best - the worst” and selecting the best.
The results were recorded to the nearest two decimal places, the selected population was size 15,
the crossover probability was 25 %, and the mutation probability was 8 % and the probability of
inversion 3 %. The STOP condition was the number of iterations equal to 5.
In the second stage of the search for optimal solutions, the functional F, specifying the objective
function in the optimization output task (equation 1), has been described by the decision functions of
one variable for each experience combination. The optimal values of particular functions obtained in
the first stage, describing the best quality of dehydrates, as well as the optimal value of the functional
F, allowed to determine the values of the decision variables for which it was possible to obtain
minimum qualitative changes of the dehydrates.
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Results and discussion
The obtained results were statistically analysed. The functions, defining the changes in the quality
characteristics on the speed of the air or microwave power (in terms of their variability), are described
in the empirical models developed by the STATISTICA program using nonlinear estimation methods.
The correctness of the models was verified using the deterministic factor R2. The developed models
were used to formulate the objective function as an additive function, determining the overall quality
index, which is the sum of the functional dependencies that describe the changes in taste, smell and
colour.
And in this manner the dependencies were obtained:
• of convective drying;
for apples:

F ( x ) = −26.91x 2 + 10.74 x − 0.38 → min

(5)

at the limiting condition: 0.1 ≤ x ≤ 0.3 m·s-1;
for celery:

F ( x ) = −2.02 x 2 + 1.21x + 0.5 → min

(6)

at the limiting condition: 0.1 ≤ x ≤ 0.3 m·s-1;
• of microwave-convection drying;
for apples:

F ( x ) = −0.0001x 2 + 0.029 x − 0.49 → min

(7)

at the limiting condition: 170 ≤ x ≤ 340 W;
for celery:

F ( x ) = −0.00008 x 2 + 0.11x − 3.71 → min

(8)

at the limiting condition: 170 ≤ x2 ≤ 340 W.
The deterministic factor R2 changes between 0.6 and 0.8.
As a result of iterative calculations, using the genetic algorithm, the following minimum values
for the analysed relative loss of the quality characteristics were achieved: colour b(x) = 0.03, taste
s(x)=0.02, aroma z(x) = 0.02 for which the value of the objective function reached a minimum (F =
0.04).
On the basis of a minimum for the functional F and functional dependencies describing the the
relative qualitative loss: b, s, z the optimal values of the decision variables were determined – the air
flow rate and microwave power for different methods and analysed materials.
Conclusion
Based on the analysis results, it was found that the drying time of the test samples of the material
depends on the flow rate of the drying agent and convective drying of microwave power, in the case of
microwave-convection drying – the flow rate of the drying agent and higher microwave power, the
shorter the drying time. During drying, the temperature of the material increases. Extension of the time
of drying and an excessive temperature rise can cause adverse physical and chemical properties of the
material (e.g., apple high temperature may lead to caramelization of sugars, change in the vitamin C
content in the material. Therefore, the drying time was determined in such a range so as the change
characteristics sensory generally do not exceed the values obtained during the process carried out on
an industrial scale.
The application of genetic algorithms has enabled to solve a multi-criteria optimization problem,
which consists in minimizing the changes in the quality characteristics of dried apples and celery,
obtained during convective drying depending on the speed of the air flow and microwave convection,
depending on the microwave power. Based on iterative calculations using genetic algorithms, it was
found that the minimum qualitative loss during the convective drying is obtained for apples at the
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speed of v = 0.3 m·s-1, celery v = 0.1 m·s-1 and during the microwave-convection drying for the apples
at the microwave power of N = 340 W and celery N = 170 W.
References
1. Biller E., Ekielski A., Zaremba R. Zmienność poszczególnych wyróżników barwy w czasie
przebiegu procesu suszenia jabłek, w zależności od zastosowanej metody blanszowania (The
variability of various colour parameters during the process of drying apples, depending on the
method of blanching). Agricultural Engineering. Inżynieria Rolnicza. Nr 5 (93), 2007, pp. 31-36
(In Polish).
2. Deng Y., Zhao Y. Effect of pulsed vacuum and ultrasound osmo-pretreatments on glass transition
temperature, texture, microstructure and calcium penetration of dried apples. Food Science and
Technology, 41, 2008, pp. 1575-1585.
3. Khin M.M., Zhou W., Perera C.O., 2007. Impact of process conditions and coatings on the
dehydration efficiency and cellular structure of apple tissue during osmotic dehydration. Journal
of Food Engineering, 79(3), 2007, pp. 817-827.
4. Krzysztofik B., Łapczyńska-Kordon B. Wpływ sposobów i czasu przechowywania na wybrane
cechy sensoryczne jabłek (Effect of storage time and methods on the selected sensory
characteristics of apples). Agricultural Engineering. Inżynieria Rolnicza, No 2 (100), 2008, pp.
121-128. (In Polish).
5. Lenta K., Witrowa- Rajchert D. Wpływ warunków blanszowania tkanki selera na właściwości
teksturalne suszu (The effect of the celeriac tissue blanching conditions on the textural properties
of dehydrates). FOODS. Science Technology. Quality. ŻYWNOŚĆ. Nauka. Technologia. Jakość
2008, 4 (59), pp. 207-215. (In Polish).
6. Łapczyńska-Kordon B., Krzysztofik B. Wpływ metod i parametrów suszenia na zmiany barwy
suszów owocowo-warzywnych (Effect of drying methods and parameters on the change of the
dried fruit and vegetable colour). Agricultural Engineering. Inżynieria Rolnicza, No 1 (99), 2008,
pp. 251-258. (In Polish).
7. Zaremba R., Biller E., Ekielski A. The changes in the apples colour during the convection drying
process. Agricultural Engineering. No. 5 (93), 2007, pp. 429-435
8. Zhao Y., Xie J. Practical applications of vacuum impregnation in fruit and vegetable processing.
Food Science and Technology, 15, 2004, pp. 434-451.
9. Chou S. K., Chua K. J.New hybrid drying technologies for heat sensitive foodstuffs, Trends in
Food Science & Technology, Vol. 12(10, 2001, pp. 359-369
10. Sokhansanj S., Jayas D.S.Drying of Foodstuffs. Handbook of Industrial Drying (ed. A.S.
Mujumdar), CRC, New York, 2006, pp. 539-544.
11. Rutkowska D., Piliński M., Rutkowski L. Sieci neuronowe, algorytmy genetyczne i systemy
rozmyte (Neural networks, genetic algorithms and fuzzy systems). PWN, Warsaw, 1997. (In
Polish).
12. Goldberg D. E. (translation by Grygiel K.). Algorytmy genetyczne i ich zastosowanie (Genetic
algorithms and their application). WNT, Warsaw, 1998. (In Polish)
13. Erenturk S., Erenturk K. Comparison of genetic algorithm and neural network approaches for the
drying process of carrot. Journal of Food Engineering, vol. 78(3), 2007, pp. 905-912.
14. Liu X., Chen X., Wu W., Peng G. A neural network for predicting moisture content of grain
drying process using genetic algorithm. Food Control, 18, 2007, pp. 928-933.
15. Pabis S. (1982): Teoria konwekcyjnego suszenia produktów rolniczych. (Theory of convection
drying). PWRiL, Warszawa, pp. 43-46.
16. Szarycz M. Matematyczne modelowanie mikrofalowo-konwekcyjnego suszenia surowców
rolniczych na przykładzie jabłek. (Mathematical modelling of microwave-convection drying of
agricultural raw materials on the example of apples). Wyd. AR, Wrocław, 2001.
17. OptAlg – serwis metod i zastosowań optymalizacji. [online][22.11.2012] Available at:
http://www.optalg.com/news.php.
18. PN-ISO 4121: Analiza sensoryczna. Metodologia. Ocena produktów żywnościowych przy użyciu
metod skalowania. (Sensory analysis. Methodology. The assessment of food products using
scaling methods). 1998. (In Polish)

632

