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KEYWORDS yellow color, a crisp and porous texture, and maintaining acrylamide levels
within the permissible limit. Experiments were conducted to establish five
objective functions: y1 (KWh/kg) — energy consumption; y. (%) — product
Vacuum frying technology; moisture content; ys — color difference index between the product and the
Vacuum frying technique: standard sample; ys — product porosity, ys (1g/kg) — acrylamide content
after frying, all of which depend on three process variables: Z; (°C) —
vacuum frying medium temperature; Z, (kPa) — vacuum frying chamber
Multi-objective optimization. pressure; Zz (min) — vacuum frying time. Based on this, a multi-objective
optimization problem (29) was formulated, solved, and experimentally
validated. The results identified the optimal process conditions as: Z; =
96.97°C; Z, = 9.65 kPa; Z; = 18.77 min, corresponding to y; = 2.10
kWh/kg; y» = 2.30%; ys = 0.88, y4 = 0.24, y5s = 76.68 g/kg. These findings
demonstrate that vacuum frying under the optimal conditions provides
products with near-minimal energy consumption, desired moisture content,
appealing bright yellow color, crisp and porous structure, and acrylamide
levels lower than the permissible limit.
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1. Introduction

Vacuum frying is a process carried out under pressures lower than atmospheric pressure, which
lowers the boiling point of water in the food and allows frying at temperatures lower than those of
conventional frying. As a result, the rate of oil oxidation, the Maillard reaction, and other undesirable
thermal degradations are suppressed; meanwhile, oil uptake is reduced, and the natural color, texture,
and nutritional components (such as vitamins, polyphenols, carotenoids, etc.) are better preserved.
Moreover, the formation of acrylamide and furan is significantly reduced compared to atmospheric
frying, [1]-[2]. Both classical and recent studies on vacuum frying of raw materials such as potato, apple,
carrot, and mango have demonstrated that the resulting products exhibit superior quality compared to
those obtained under atmospheric frying [2]. Specifically, vacuum-fried products show lower oil uptake,
brighter and more appealing color, crispier and more porous texture, and up to ~90-98% reduction in
acrylamide content, depending on the type of raw material and processing conditions, [3]-[6].

Under vacuum conditions, the core temperature of the material rapidly reaches the boiling point of
water corresponding to the frying pressure, and then remains almost constant until the moisture
evaporation process is completed; thereafter, it gradually increases toward the oil temperature. This
mechanism, together with the reduction in the number of pores within the product structure, is
considered a key factor in limiting oil uptake during vacuum frying, especially after centrifugation is
applied to remove excess surface oil, [1], [3], [7]-
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Results from numerous studies have confirmed that vacuum frying (at temperatures of 80-110 °C
and pressures of 8-20 kPa) helps suppress oxidation and occurs at lower temperatures, thereby yielding
products with higher L values (brighter color) and less browning compared to atmospheric frying [1],
[3]. In addition, vacuum frying produces products with a crispier and more porous texture at the same
moisture content, due to the formation of a favorable micro-porous structure and reduced tissue damage
compared to conventional frying [1], [8]. This method also contributes to better retention of nutritional
value, as heat- and oxygen-sensitive compounds (such as vitamins, carotenoids, and polyphenols) are
significantly less degraded [2]. Notably, many studies have also reported that vacuum frying markedly
reduces acrylamide content (by approximately 90-98% in potato chips, depending on the raw material
and processing conditions), owing to the combined effects of lower frying temperature and reduced
oxygen concentration in the frying medium [1], [5], [6], [9].

Jackfruit (Artocarpus heterophyllus) is a tropical fruit with high nutritional value. The major
chemical composition per 100 g of fresh pulp includes: water (72—77 g), carbohydrates (glucose,
fructose, sucrose, and starch) (18-25 g), protein (1.2-2.0 g), fat (0.1-0.6 g), dietary fiber (1.0-2.5 g),
vitamins (A, C, and B group) (8-20 mg), and minerals such as K (200-450 mg), Ca (15-30 mg), Mg
(25-45 mg), with an energy content of 90-110 kcal. Ripe jackfruit is rich in easily digestible sugars that
provide rapid energy, and it also contains antioxidants such as carotenoids and polyphenols, which are
beneficial to human health. The economic value of jackfruit has been increasing due to the growing
domestic and export demands in diverse forms (fresh fruit, dried products, canned goods, and snacks).
However, postharvest jackfruit is highly perishable because of its high moisture content and intense
physiological activity; therefore, appropriate preservation methods such as refrigeration, packaging
treatment, or immediate processing after harvest are required to maintain quality.

Traditionally, postharvest jackfruit has mainly been preserved by two methods: refrigeration and
drying, for domestic consumption, trade, and export. However, these methods have not substantially
enhanced the value of jackfruit. Recently, many enterprises have adopted vacuum frying technology to
produce high-quality products, thereby contributing to an increase in the economic value of jackfruit.

To date, many studies have been conducted on vacuum frying techniques and technologies. However,
the development and solution of a multi-objective optimization problem to determine the optimal
vacuum frying conditions—so that the product simultaneously achieves low energy consumption, the
required moisture content, bright golden color, crisp and porous texture, and acrylamide levels within
permissible limits—have not yet received adequate attention. This remains a practical issue in
production that has not been thoroughly resolved.

Building upon this practical context, the present study focuses on formulating and solving a multi-
objective optimization problem to determine the optimal vacuum frying conditions, thereby contributing
to overcoming the current limitations in vacuum frying techniques and technologies.

2. Materials and Methods

2.1. Materials

- Yellow-fleshed jackfruit harvested from the Southeastern region of Vietnam was used. The ripe fruit
has a bright yellow color, characteristic aroma, and sweetness. After harvest, the fruit was processed by
removing the rind, fibrous tissues, and seeds; only the arils were collected, washed, and drained in
preparation for frying. The proximate composition of jackfruit arils (per 100 g fresh weight) was as
follows: moisture ~75.6 g, carbohydrates (glucose, fructose, sucrose, and starch) ~21.5 g, protein 1.68
g, lipid 0.43 g, dietary fiber 1.95 g, vitamins (A, C, and B group) ~9.2-16.7 mg, and minerals including
potassium (212-430 mg), calcium (13-26 mg), magnesium (2641 mg). The total energy content ranged
from 92 to 107 kcal.

- The oil used as the heat transfer medium in vacuum frying is peanut oil that meets edible oil
standards.

2.2. Research Equipment

- In this study, the main equipment used was a modern DVF-03 vacuum frying system, in which the
frying process was controlled and monitored through a computer-based programmable system (It can
be seen in Figure 1).
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- LC-MS/MS (Liquid Chromatography — Tandem Mass Spectrometry, Model: Agilent 6460 Triple
Quadrupole, Agilent Technologies, USA) was employed to determine the acrylamide content in the
product.

- A spectrophotometer (Model: UV-1800 Spectrophotometer, Shimadzu, Japan) was used to determine
the color spectrum.

- In addition, several other instruments were employed, including an infrared moisture analyzer for
determining moisture content, a volumetric measuring device, an analytical balance, and a wattmeter
for measuring energy consumption.

Figure 1. DVF-03 vacuum frying system with automated control, operated and monitored through a computer-
based programmable system [10]

2.3. Determination of the technological parameters of the vacuum frying process

- To determine the temperature of the vacuum frying medium Z; (°C) and vacuum frying chamber
pressure Z, (kPa), the DVF-03 vacuum frying system was equipped with temperature and pressure
sensors, which enabled automatic measurement and control of these parameters throughout the frying
process via computer-based monitoring, [10].

- To determine the vacuum frying time Zs (min), the system employed a computer-based timer
preprogrammed in the control software, ensuring high accuracy, [10].
2.4. Determination of objective functions in the vacuum frying process

= Determination of energy consumption

A wattmeter was used to determine the energy consumption of the vacuum frying process of jackfruit.
The energy consumption was calculated per 1 kg of vacuum-fried jackfruit product and was determined
according to the following equation [10], [11]:

y1:P:—UXI>C;COS(P, KWhikg )

In which: y: (kWh/kg) is the specific energy consumption per 1 kg of product; G (kg) is the mass of
the jackfruit product; U (V), I (A), and cose are the voltage, current, and power factor of the power
supply for the vacuum frying system, respectively, as measured by the integrated wattmeter.

» Determination of moisture content of vacuum-fried jackfruit

Moisture content of vacuum-fried jackfruit was determined using an analytical balance equipped
with an infrared moisture analyzer. The moisture content of the product was calculated according to the
following equation, [10], [12]:
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In which: mo (g) — weight of the empty sample dish; m: (g) and m2 (g) — weight of the sample before
drying and weight of the sample after infrared radiation until a constant mass is reached, respectively,
indicating that no further moisture is released and only dry matter remains.

= Determination of the color difference index between the product and the reference sample

Yo = AE* = \[(AL*) +(Aa*) +(Ab*) (3)

In which: AL* denotes the difference in lightness; Aa* denotes the difference along the green—red
axis; Ab* denotes the difference along the yellow-blue axis; AE* is referred to as the total color
difference between the product and the reference sample, which in this study is defined as the color
attribute of the product, [11], [12].

= Determination of product porosity

p
ys=e=1-— (4)
Po
Where: p (kg/m?) — apparent density (calculated based on the external volume of the sample, without
excluding the pore volume); po (kg/m®) — true density (calculated based on the external volume of the
sample after excluding the pore volume); 0 <ys <1, [11], [12].

» Determination of true density (po) and apparent density (p) of the sample (kg/md): First, the
sample mass ms (g) was measured. A volumetric device filled with edible oil was used to determine the
initial volume V1 (ml). The vacuum-fried jackfruit sample was then immersed in the oil and kept for a
period of time to allow the oil to penetrate and fill the internal pores. The new volume V2 (ml) was
subsequently recorded. Thus, the true volume of the sample was calculated as follows:

V =V, - Vi (ml) (5)
True density:

P, = mV (g/ml or kg/m?) (6)

Next, the oil-immersed sample was removed and drained (without drying, since drying would cause
the oil inside the pores to evaporate). At this stage, the pores were completely filled with oil. The sample
was then placed into another graduated container filled with cooking oil, in which the initial volume was
Vi (ml). After the sample was immersed, the oil volume increased to Vs (ml). The apparent volume of
the sample was therefore determined as:

Vs=V3-Vi1 (mI) (7)
Apparent density:

m
p= VS (g/ml or kg/m?3) (8)

S

» Determination of acrylamide content in vacuum-fried products
The acrylamide content in the product was determined using a modern analytical instrument, LC—
MS/MS (Liquid Chromatography—-Tandem Mass Spectrometry). The analytical procedure for
acrylamide determination was as follows [13]:

v Prepare acrylamide standard solutions at different concentrations.
v Analyze by LC-MS/MS and record the peak area (from integration).
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v Construct a calibration curve by plotting peak area versus concentration.

v Analyze the sample, obtain the peak area, and interpolate on the calibration curve to determine
the acrylamide concentration.

v Multiply by the extract volume and divide by the sample mass to calculate the acrylamide content
(Mg/kg or ng/g).

Finally, the acrylamide content in the product is determined according to the following equation:

ys = Acrylamide(pg/ kg) = Cou VeXtr: DFx1000 = 1 , ug/kg 9)

S recov

Where: Cex (Mg/mL) — the concentration of the extract; Vex (Ml) — the volume of the extract; DF —
the dilution factor (DF = 1 indicates no dilution); ms (g) — the sample mass; Rrecov — the recovery
correction factor (Rrecov = 1 indicates no recovery correction).

2.5. Method for Developing Mathematical Models of the Objective Functions

By employing a systematic approach to analyze the techniques and technology of vacuum frying, the
results show that the objective functions of the process include: y: (kWh/kg) — energy consumption per
kilogram of product; y» (%) — product moisture content; y; — total color difference between the product
and the reference sample; y. — product porosity; ys (1g/kg) — acrylamide formed in the product after
frying. These objective functions depend on three main technological factors: Z; (°C) — the temperature
of the vacuum frying medium; Z, (kPa) — vacuum frying chamber pressure; Z; (min) — the vacuum
frying time.

léi:errors
— %’\ Vacuum 23
zZ | Lz —> frying %5‘3 Y
% 4
L ————> technology |[——3

Figure 2. Diagram of vacuum frying technology.

To develop the mathematical models for the objective functions of the vacuum frying process (yi,
Y2, V3, Ya, ¥s) as dependent on the three main technological factors (Z1, Z», Zs), this study employed a
second-order orthogonal experimental design. Denoting X1, X2, X3 as the coded variables corresponding
to the actual variables Z;, Z,, Zs, the general quadratic regression equations can be expressed in the
following form (It can be seen in Figure 2) [10]:

Y :fj(xl,xz,xg)=b0+Zk:buxu + Zk: b,iX,X; +Zk:buu (xﬁ—k)
u=1 u=1

u=ziu=l

(10)
With j=1+5

In which: X1, X2 and xs are the coded variables of the actual variables Z;, Z, and Zs, respectively, and
are determined according to the following equations:

Z,-7;
Xi= ———; Zj = x.AZj+ Z}° (1)

Az,

ZP0 = (Zf™ + Z")/2; AZj= (Z™ - Z"M)/2; Z < Z < Z™*;j=1103 (12)
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The number of experiments designed according to the second-order orthogonal experimental scheme
is determined by the following equation:

N=ng+n+no=2+2k+no=18 (13)

where kis the number of technological factors influencing the vacuum frying process (Zi, Z2, Zs),
with k=3; and no is the number of experiments at the center point, with no = 4.

The value of the star point is determined by equation (14):

R NP B L I (14)

The condition of the orthogonal matrix is determined by equation (15):

1(,k 2\ 3
n=py (2K r20?)=3 (15)
2.6. Multi-objective Optimization using the Restricted Area Method (RAM) with Combination Criteria
R

When studying the technigques and technology of vacuum frying, it is crucial to determine the optimal
process conditions. Under optimal conditions, the frying process not only produces a product with the
lowest energy cost and appropriate moisture content to extend shelf life, but also ensures sensory quality
and food safety. In other words, it is necessary to identify the frying environment temperature Z; (°C),
frying environment pressure Z, (kPa), and frying time Zs (minutes) such that: the energy cost y1
(kWh/kg) is minimized; the product moisture content y, (%) is reduced to the lowest acceptable level;
the color difference index ys compared to the reference sample is minimized; the product porosity ya is
maximized; and the acrylamide content ys (ug/kg) is minimized, while always remaining below the
permissible limit to avoid potential carcinogenic risk [10].

Thus, in the technique and technology of vacuum frying, a multi-objective optimization problem has
been established, in which the objective functions ys, y», y3, and ys are to be minimized, while y, is to
be maximized. To convert all objective functions into a minimization form, which facilitates solving the
problem, the objective functions are redefined as follows: 1 = y1; b =y2; ls=y3, la = 1 — ya; Is = ys,
With this definition, when y, reaches its maximum value, |4 attains its minimum. Therefore, the multi-
objective optimization problem can be formulated as follows: Find the solution (X1, X%, x3°"") e Qx
= [-1.414, 1.414] such that [10]:

=f,(x,™, x,™, x,*®) = Min {fl(xl, Xy, xs)} <C,

I2min = fz (X1optfxzopt’x3opt) =Min {fz (le Xy, Xa)} < Cz

I3min = f3 (Xlopt ' Xzopt ' Xsopt) =Min {fs (X1’ Xy, Xs)} < Cs (16)
Limax =1 F, 06, %,™, %,™) = Min {1-f,(x;, X,,X;)} <C,

g = o (2, X, X, %) = Min {f5(x1, X,,X3)} <Cq

Ilmin

4max

5min

Where X1, X2, X3 are the coded variables corresponding to the technological factors Zi, Z,, Zs and C;j
(j = 1 + 5) are the optimal values of the objective functions constrained by techno-economic conditions.

Now, by solving the system of equations (16) for each objective function sequentially, the optimal
solutions (x1°PY, x.%PY, x3°PU) e Q) = [-1.414, 1.414] can be determined such that I; = ljmin for j = 1 + 5.
= Case 1: Consider the five solution sets (x1%°Y, x,°?9, x5°9) for j = 1 + 5. If these five solution sets
coincide, i.e., (X1%P, X%, x5%PU) = (x1°P!, %P, X5%), thi (X%, X%, X3°P") is the solution of the multi-
objective optimization problem (16). This optimal scheme is called the utopian optimal scheme, and the
utopian point (or utopian objective vector) is defined as: 1T = (limin, l2min, l3min, l4min, I5min).

JTE, Volume 20, Issue 04, 11/2025 23


https://jte.hcmute.edu.vn/index.php/jte/index
mailto:jte@hcmute.edu.vn

JTE JOURNAL OF TECHNICAL EDUCATION SCIENCE
Ho Chi Minh City University of Technology and Education

HCMUTE Website:https://jte.hcmute.edu.vn/
ISSN: 2615-9740 Email:jte@hcmute.edu.vn

= Case 2: In practice, it is rare for all five solutions to coincide, meaning that the utopian optimal
solution does not exist. However, the utopian point can still be determined: 1T = (Iimin, I2min, I3min, lamin,
Ismin). In this context, the problem is to find a common optimal solution for all five objective functions
such that the Pareto-optimal objective vector IR = (limin™?, lamin™ R, lamin™ =, lamin =, Ismin™ ) is as close as
possible to the utopian point. Therefore, in this case, the restricted area method with combination
criterion R is used to determine the solution of the multi-objective optimization problem (16).

Set up the combination criterion R as follows: In practice, many multi-objective optimization
problems are subject to constraints on the values of the individual objective functions fj(Z), in other
words, these constraints define the feasible range of the component objective functions fj(x) as dictated
by the technological problem, where x = (X1, X2, X3) aries within the defined domain Q..

Notation:  fj(x) = fj(Xz, X2, X3) <Cj, Vj=1+5 a7)

Usually, for a minimization problem, C; is the upper bound of the component objective function fj(x),
whereas for a maximization problem, C; is the lower bound of fj(x), When the value of the objective
function fj(x) lies outside its feasible range, it is considered a restricted area.

The conditions in (17) define the restricted area:
C = {fij(x) > C;j} for the objective function fj(x) (18)

The restricted area method is proposed to solve the multi-objective optimization problem (16), with
the combination optimality criterion R(x) defined by the following expression:

R(x):%/rl(x).rz(x).rs(x).r4(x).r5(x) (19)

In which: rj(x)=m khi f;(x)<C; (20)
Cj_fjmin

r(x)=0 khi f;(x)>C; (21)

From (20), it can be seen that when fj(x) — fjmin then rj(X) — rjmax = 1. Thus, using the combination
optimality criterion R(x) the multi-objective optimization problem (16) can be reformulated as follows:

find a solution X" = (le, XZR, X? ) € (), such that the objective function R(x) reaches its maximum value

within the feasible domain €2 .

Rmasz(xR):max{R(x)}zmax 5ﬁrj(x) (22)

Where X = (X1, X2, X3) € Q

It is easy to see that 0 < R(xR) < 1, where R(x®) = 1 when the optimal solution is exactly the utopian
solution xUT and R(x®) = 0 when even a single value fj(x) iolates inequality (17), meaning that the point
f(x) falls within the restricted area CCC, as defined in (18).

3. Results and discussion
3.1. Set up atable of technological factors affecting the vacuum frying process

The experiment was conducted at a vacuum frying environment pressure of Z, = 8 kPa and a vacuum
frying time of Zs = 25 minutes. The results show that when the frying temperature Z; < 85°C, the porosity
of the fried jackfruit reaches y. = 0.16, resulting in a product density of I, =1 —y,=1-0.16 = 0.84,
which is greater than C, = 0.80 (the maximum allowed porosity of the product is 0.2, meaning the
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product density must be below 0.8). Therefore, the product does not meet the porosity requirement.
Conversely, when the frying temperature Z; > 115°C, the color difference index of the product reaches
ys = 2.85, exceeding Cs = 1.0 (the limit for the color difference index of the product). Hence, the product
fails to meet the color quality requirement.

The experiment was conducted at a vacuum frying environment temperature of Z, = 100°C and a
vacuum frying time of Zs = 25 minutes. The results show that when the vacuum frying environment
pressure Z, < 5 kPa, the energy cost of the fried jackfruit reaches y: = 3.8 kWh/kg, which is higher than
C1 = 3.0 kWh/kg (the product cost limit requires it to be below 3.0 kwh/kg). Therefore, the product has
a high energy cost, resulting in a high price, and does not meet the techno-economic requirements of the
vacuum frying technology. Conversely, when the frying environment pressure Z, > 11 kPa, the
Acrylamide content in the fried product reaches ys = 126 ug/kg, exceeding Cs = 100 pg/kg (the product
safety limit; exceeding this threshold is undesirable since Acrylamide is a carcinogenic substance).
Hence, the product fails to meet the safety quality requirement.

The experiment was conducted at a vacuum frying environment temperature of Z; = 100°C and a
vacuum frying environment pressure of Z, = 8 kPa. The results show that when the vacuum frying time
Z3 < 17 minutes, the moisture content of the fried jackfruit reaches y, = 4.2%, which is higher than C,
= 2.5% (the storage requirement limit requires it to be below 2.5%). Therefore, the product does not
meet the preservation requirement. Conversely, when the vacuum frying time Zz; > 33 minutes, the
energy cost of the fried jackfruit reaches y: = 4.2 kWh/kg, which is higher than C; = 3.0 kWh/kg (the
product cost limit requires it to be below 3.0 kWh/kg). As a result, the product has a high energy cost,
leading to a high price, and thus does not satisfy the techno-economic requirements of the proposed
vacuum frying technology.

From the experimental results, a table of technological factors affecting the vacuum frying process
has been established (see Table 1).

Table 1. The technological factors affecting the vacuum frying process

Levels .
Deviation
Parameters - Low Central High +a AZ.
(-1.414) (1) (0) (+1) (1.414) '
Z1 (OC) 85.86 90 100 110 114.14 10
Z, (kPa) 5.17 6 8 10 10.83 2
Z; (min) 17.93 20 25 30 32.07 5

3.2. Developing mathematical models y1, Y2, Y3, Ya, Y5 to describe the vacuum frying proces

To construct the statistical mathematical models for the objective functions yi, Y2, Vs, Ya, Y5 as
dependent on the three technological factors xi, Xz, Xs, this study employed a second-order orthogonal
experimental design. The technological factors affecting the vacuum frying process are presented in
Table 1, while the second-order orthogonal experimental matrix is given in Table 2.

Table 2. The second-order orthogonal design matrix was constructed with k =3 and no =4

N Z;(°C) Z,(kPa) Zs (min)  x1 X2 X3 Vi Y2 Ys Ya Ys
1 110 10 30 1 1 1 291 163 138 0.295 99.23
2 90 10 30 -1 1 1 225 222 1.11 0.242 78.49
3 110 6 30 1 -1 1 2.87 1.49 1.30 0.295 79.47
2K 4 90 6 30 -1 -1 1 216 208 0.86 0.230 79.57
5 110 10 20 1 1 -1 204 227 1.22 0.278 86.81
6 90 10 20 -1 1 -1 187 210 086 0.234 76.47
7 110 6 20 1 -1 -1 217 213 112 0.229 67.05
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8 90 6 20 -1 -1 -1 182 197 066 0.167 77.55
9 11414 8 25 1.414 0 0 294 173 148 0347 8141
10 85.86 8 25 -1.414 0 0 235 203 061 0172 7417
2k 11 100 10.83 25 0 1.414 0 256 247 096 0314 8559
12 100 5.17 25 0 -1.414 0 267 228 086 0224 7238
13 100 8 32.07 0 0 1414 302 171 140 0.273 8227
14 100 8 17.93 0 0 -1.414 237 208 084 0.208 72.06
15 100 8 25 0 0 0 283 216 079 0212 71.82
n 16 100 8 25 0 0 0 274 221 078 0216 72.63
17 100 8 25 0 0 0 267 217 080 0.228 70.29
18 100 8 25 0 0 0 269 219 086 0.207 73.05

The vacuum frying experiments were carried out according to the second-order orthogonal design
scheme presented in Table 2. The results for the objective functions (yi, Yo, Vs, Ya, Ys) were determined,
and these values are presented in Table.

From the data in Table 2, the results were transferred to Table 3 for processing and for constructing
the mathematical models (regression equations) of the objective functions (y1, Yz, Y3, Y4, Ys).

Table 3. Experimental data processing

N X X X2 X3 XiXz XiX3 XoX3 Xi2-2/3 X2- 213 x32-2/3  y1 V2 V3 Ya ys
1 1 1 1 1 1 1 1 0333 0333 0333 291 1.63 1.38 0.295 99.23
2 1 -1 1 1 -1 -1 1 0333 0.333 0333 225 222 111 0.242 78.49
3 1 1 -1 1 -1 1 -1 0333 0.333 0.333 287 149 130 0.295 79.47
ok 4 1 -1 -1 1 1 -1 -1 0333 0333 0333 216 2.08 0.86 0.230 79.57
5 1 1 1 -1 1 -1 -1 0333 0333 0333 204 227 122 0.278 86.81
6 1 -1 1 -1 -1 1 -1 0333 0333 0333 187 210 0.86 0.234 76.47
7 1 1 -1 -1 -1 -1 1 0333 0333 0333 217 213 1.12 0.229 67.05
8§ 1 -1 -1 -1 1 1 1 0333 0333 0333 182 197 0.66 0.167 77.55
9 1 1414 O 0 0 O 0 1333 -0.667 -0.667 294 173 1.48 0.347 81.41
10 1 -1414 O 0 0 0O 0 133 -0.667 -0.667 235 203 0.61 0.172 74.17
11 1 0 1414 0 0 0O 0 -0667 1333 -0.667 256 247 0.96 0.314 85.59
2k 12 1 0 -1414 0 0 0O 0 -0667 1333 -0.667 2.67 228 0.86 0.224 72.38
13 1 0 0 1414 0 0 0 -0.667 -0.667 1.333 3.02 171 140 0.273 82.27
14 1 0 0 1.1;14 0 0O 0 -0667 -0.667 1333 237 2.08 0.84 0.208 72.06
15 1 0 0 0 0 0O 0 -0.667 -0.667 -0.667 283 216 0.79 0.212 71.82
6 1 0 0 0 0 O O -0667 -0.667 -0.667 274 2.21 0.78 0216 72.63
171 0 0 0 0 0 0 -0667 -0667 -0667 267 217 0.80 0228 70.29
18 1 0 0 0 0 0O 0 -0.667 -0.667 -0.667 2.69 219 0.86 0.207 73.05

Using Microsoft Excel 2024 to process the data in Table 3, the coefficients bo, by, by and by, of
equation (10) were determined. The coefficients in the regression equation (mathematical model) were
tested for significance using Student’s criterion, while the adequacy of the equation compared with the
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experimental data was evaluated using Fisher’s criterion. On this basis, the mathematical models
(regression equations) for the objective functions (y1, V2, Vs, Vs, Ys) were developed and presented in
equations (23), (24), (25), (26), and (27).

2 2 2 (23)
(24)
—0.189x,X5 —0.153%Z +0.097x5 +0.147x3
Y = F3(X, Xy, X3) = 0.841+0.32x, +0.064x,, +0.132x, +0.095x2 +0.135%3 (25)
Y4 =T4(X1, X5, X3) =0.233+0.039x, +0.021x, +0.021x4
(26)
—0.013%,X5 +0.012xZ +0.016x5
(27)

+ 2.6X X5 +2.763x7 +3.339x5 + 2.425x5

3.3. Solving the one-objective optimization problems

The single-objective optimization problems are formulated as follows: Find the solution (X1, X2, X3)
e O ={-1.414 < Xy, X2, X3 < 1.414%} such that the objective functions yi, Y2, s, Y4, Ys in equations (23),
(24), (25), (26), and (27) attain the following values: yimin = minfi(X1, X2, X3); Yamin = Minfa(X1, X2, X3);
Yamin = Minf3(X1, X2, X3); Yamax = Maxfa(Xi, Xz, X3); Ysmin = Minfs(X1, X2, X3).

By using the Excel-Solver software, the solutions of equations (23), (24), (25), (26), and (27) were
obtained and summarized in Table 4.

Table 4. Solutions of the single-objective optimization problems

Vi Optimal values of y; values of x,/ o values of xo! values of x ot
Yimin 1.37 -1.414 1.414 -1.414
Yamin 0.861 1414 -0.345 1.414
Y3min 0.58 -1.211 -1.414 -0.489
Yamax 0.37 1414 1414 1.414
Ysmin 65.42 1.414 -1.414 -1.414

The results in Table 4 show that the solutions of the single-objective optimization problems do not
coincide. This indicates that the utopian optimal scheme does not exist; however, the utopian point has
been determined as: fYT = (fimin, famin, famin, famax, fsmin) = (1.37, 0.861, 0.58, 0.37, 65.42).

3.4. Solving the multi-objective optimization problem by the restricted area method

To facilitate solving the multi-objective optimization problem, the component objective functions
need to be transformed into the same form (either minimization or maximization). Therefore, the
objective functions (ys, Y2, Y3, Y4, Ys) are reformulated as follows:

l1 = y1 = fa(X1, X2, X3); |2 = Yo = Fa(X1, X2, X3); |3 = Y3 = f3(X1, X2, X3);

(28)
ls=1-ys=1-TfsX1, X2, X3); Is = Y5 = T5(X1, X2, X3);
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With the above reformulation, the multi-objective optimization problem can be stated as follows:
Find the solution x = (x:, x2°", x3°") € O, = [-1.414, 1.414] such that:

{ jmin =T (X X Opt’xsopt) =Min {fi(xl’ Xz’Xs)} < Ci

] (29)
-1.414<X,,X,,X,<1.414; j=1+5

With the above definitions: limin = Yimin; l2min = Yomin; 13min = Yamin; lamin = 1 — Yamax; Ismin = Ysmin.
Accordingly, the utopian point is rewritten as: 1T = (limin, l2min, lamin, lamin, Ismin) = (1.37, 0.861, 0.58,
0.63, 65.42).

Since it is impossible to find a solution that simultaneously satisfies all objective function values
(Y1min, Y2min, Y3min, Yamax, Ysmin) OF ((I1min, l2min, I3min, lamin, Ismin). the idea of the multi-objective optimization
problem (29) is to find the Pareto optimal solution x? = (xi?, X2, x3%), at which the Pareto efficiency:
IPR = (1R, PR, 15PR, 1PR, 157R) is both closest to the utopian point and farthest from the restricted area,
where I; (1 + 5) must satisfy the technological conditions and the initial requirements.

1<C:1=3.0; 1h<Cy,=25; 13<C3=1.0; 14<C4=0.8; Is<Cs5=100 (30)

The combination optimality criterion R or R(ly, I2, I3, 14, Is) = R(y1, Y2, Y3, Y4, ¥5) = R(X1, X2, X3) =
R(X) is rewritten as follows:

R(X) = R(xy, X3, X3) —i/ Hr (X1, X5, X3) —i/ Hr (x)

i (1)
Q, ={-1414 < x|, X,, X3 < L414}; X = (X}, X5, X3)

C;—1;(x)
C -1

j jmin

With: rj(x):( J when  1;(x) <C; (32)

r;(x)=0 when  1;(x) > C; (33)

At this stage, the multi-objective optimization problem is restated as follows: Find the Pareto optimal
solution xR = (X1, X2R, X3%) € Qy such that R(x1R, X2}, x37) = Max{R(X1, X2, X3)}.
The maximum value of (31) was determined by using the Excel — Solver sofware:
R(X)max = Max{R(X1, X2, X3)} = R(x:%, xR}, x3%) = 0.312
With: x:R =-0.303; xR =0.826;  x3R =-1.246;
Then, transforming into real variables:
Z:°"' = 96.97°C; Z,°"'=9.65 kPa; Z;"' = 18.77 minutes
Substituting xi?, X2, xs® into these equations (28), the results were obtained as:
I,"R = 2.10; I,°R = 2.30; 1s"R = 0.88; 1,”* = 0.76; Is"R = 76.68

Substituting X1, x2R, 3R into these equations (23), (24), (25), (26) and (27), the results were obtained
as:

yi"R = 2.10; y,"R = 2.30; y3"R = 0.88; v,/ = 0.24; ys"R = 76.68

Where: fPR = yPR = (y,PR y,PR ya™R Oy, PRyePR) = (2,10, 2.30, 0.88, 0.24, 76.68) called the optimal
Paréto effect.

The results show that at R(X)max = 0.876, the Pareto optimal solution is: xiR = -0.303; xR = 0.826;
x3® = -1.246, corresponding to the technological parameters: optimal vacuum frying temperature Z;°" =
96.97°C; optimal vacuum frying pressure Z,°* = 9.65 kPa and optimal frying time Zz°"* = 18.77 minutes.
Under these optimal conditions, the energy consumption for the vacuum frying process is y:"R = 2.10
kWh/kg; the moisture content of vacuum-fried jackfruit is y,"? = 2.30 %; the color difference index is
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ysPR = 0.88; the porosity of the product is y,*? = 0.24; and the acrylamide content in the product is ys"R
= 76.68 ug/kg. Compared with the experimental results in Table 2, these outcomes are consistent and
meet the objectives set forth in the optimization problem.

3.5. Experiment to test the results of multi-objective optimization problem

Vacuum frying of jackfruit was carried out using technological parameters corresponding to the
Pareto optimal solution: vacuum frying temperature Z;°"* = 96.97°C; vacuum frying pressure Z,°"* = 9.65
kPa and vacuum frying time Z;°"* = 18.77 minutes. The results obtained were: energy consumption of
1kg product y; = 2.10 kWh/kg; moisture content of the vacuum-fried jackfruit y. = 2.30%; color
difference index ys; = 0.88; product porosity ys = 0.24; and acrylamide content in the product ys = 76.68
Ha/kg.

)

~ : -
Figure 3. Vacuum-fried jackfruit under optimal conditions (x;® = -0.303; xR = 0.826; x3R = -1.246)

These results are close to the Pareto optimal values: y:"R = 2.10 kWh/kg; y."R = 2.30%; ys"* = 0.88;
ya"R = 0.24; ys"R = 76.68. Thus, the Pareto optimal solution (xi? = -0.303; xR = 0.826; x5 = -1.246)
determined from the multi-objective optimization problem is fully consistent with the experimental
results of vacuum frying of jackfruit. As shown in Figure 3, the vacuum-fried jackfruit under optimal
conditions has a natural bright yellow color, does not shrink, exhibits crisp porosity, and retains its
characteristic flavor. Therefore, the vacuum frying process under optimal conditions produces a high-
quality product.

This study shows differences in product color compared to the research by Tanushree Maity, A. S.
Bawa & P. S. Raju [11]. This discrepancy is mainly due to differences in jackfruit varieties and soil
conditions between India and Vietnam, which lead to variations in chemical composition, thereby
affecting the product’s color. Conversely, when compared with the study by Akshata M.G and Shrikant
B.S [12], the results are fully consistent regarding moisture content, porosity, and acrylamide formation
in the product. Additionally, according to Patra et al. [8], the acrylamide content in vacuum-fried
products is below 120 pg/kg; the results of this study also show similarity with these experimental data.

From the analysis and comparison of this study’s results with previously published works, it can be
concluded that the Pareto optimal solution (xi? = -0.303; x2R = 0.826; xs® = -1.246), corresponding to
the technological parameters: vacuum frying temperature Z;°" = 96.97°C; vacuum frying pressure Z,°"
= 9.65 kPa and vacuum frying time Zz°* = 18.77 minutes represents the optimal vacuum frying process.
Under this optimal condition, the energy consumption for vacuum frying is y:"® = 2.10 kWh/kg; he
moisture content of the vacuum-fried jackfruit is y,"? = 2.30%; the color difference index is ys"? = 0.88;
the product’s porosity is y4™R = 0.24; and the acrylamide content in the product is ys"R = 76.68 pg/kg.

4. Conclusions

The multi-objective optimization of the vacuum-frying process for jackfruit using the restricted area
method with the established combination criterion R yielded the Pareto optimal solution (x,® = -0.303;
X2R = 0.826; x3® = -1.246). This solution corresponds to the technological parameters: vacuum frying
temperature of 96.97°C; vacuum frying pressure of 9.65 kPa and vacuum frying time of 18.77 minutes,
and has been successfully applied in practical production.
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At this optimal condition, the obtained product exhibits the lowest energy cost (2.10 kWh/kg), a
moisture content meeting the requirement below 2.5% (2.30%), the lowest color difference index (0.88),
the highest porosity (0.24), and a minimum acrylamide content (76.68 pug/kg). These results indicate that
the vacuum-fried jackfruit achieves high product quality.
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